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INTRODUCTION TO THE SERIES 

It is patently impossible for any individual to read enough of the journal 
literature so as to be aware of all significant developments that may impinge 
on his or her work, particularly in an area such as stereochemistry, which 
knows no topical boundaries. Stereochemical investigations may have 
relevance to an understanding of a wide range of phenomena and findings 
irrespective of their provenance. Because stereochemistry is important in 
many areas of chemistry, comprehensive reviews of high quality play a special 
role in educating and alerting the chemical community to new stereochemical 
developments. 

The above considerations were reason enough for initiating a series such 
as this. In addition of updating information found in such standard mono- 
graphs as Stereochemistry of Carbon Compounds (Eliel, McGraw-Hill, 1962) 
and Conformational Analysis (Eliel, Allinger, Angyal, and Morrison, Inter- 
science, 1965; reprinted by American Chemical Society, 1981) as well as others 
published more recently, the series is intended also to deal in greater detail 
with some of the topics summarized in such texts. It is for this reason that 
we have selected the title Topics in Stereochemistry for this series. 

The series is intended for the advanced student, the teacher, and the active 
researcher. A background of the basic knowledge in the field of stereo- 
chemistry is assumed. Each chapter is written by an expert in the field and, 
hopefully, covers its subject in depth. We have tried to choose topics of funda- 
mental importance aimed primarily at an audience of inorganic and organic 
chemists. Yet, many of these topics are concerned with basic principles of 
physical chemistry and some deal with stereochemical aspects of biochemistry 
as well. 

We are fortunate in having been able to secure the help of an international 
board of editorial advisors who have been of great assistance by suggesting 
topics and authors for several chapters and by helping us avoid, insofar as 
possible, duplication of topics appearing in other, related monograph series. 
We are grateful to the editorial advisors for this assistance, but the editors 
and authors alone must assume the responsibility for any shortcomings of 
Topics in Stereochemistry. 

E. L. ELIEL 
S. H. WILEN 
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PREFACE 

The first of the five chapters in this volume, by E. Vedejs and E. J. Peterson, 
is concerned with the stereochemistry and mechanism of the Wittig reaction. 
An earlier chapter on the Wittig reaction, by M. Schlosser, appeared in 
Volume 5 of this series, 23 years ago. Since then, not only has this extremely 
useful reaction been most widely applied, but, especially in the last eight 
years, there has been extensive work on its mechanism, notably by 
M. Schlosser, by B. Maryanoff and by E. Vedejs himself. This work is not 
only of great interest in its own right, but also, in as much as it leads to an 
understanding of the stereochemical course of the Wittig reaction with a 
wide variety of carbonyl compounds and ylides, it is of substantial importance 
in organic synthesis. In fact, there are, in this chapter, extensive tabulations 
of Wittig reactions that will no doubt prove valuable. Even so, and despite 
a radical change of view concerning betaine intermediates in the Wittig 
reaction, the last word concerning its general mechanism has apparently not 
yet been spoken. 

The second chapter, on the anomeric effect, by P, P. Graczyk and 
M. Mikorajczyk, deals with another topic which, though by no means recent 
in development, has been much in the news in the last few years and has even 
been reviewed at regular intervals. Nonetheless, we believe that this scholarly 
and extensive discussion of the effect in its conceptual, theoretical and applied 
aspects will make an important contribution to the topic and lead to its 
deeper understanding. 

The third chapter, by Helena Dodziuk, deals with unusual saturated 
hydrocarbons. This chapter is, in the main, an overview of theoretical 
approaches to a series of “unnatural products”-most of them molecules, 
real and hypothetical, with considerable strain-with a discussion of 
important principles and an extensive list of references. 

The fourth chapter, by Douglas W. Young, deals with an entirely different 
topic, namely the steric course of metabolic reactions of a-amino acids. 
Exploration of the stereochemistry of such reactions generally centers on 
two questions: Which of two enantiotopic ligands (often enantiotopic 
hydrogen atoms) is replaced or affected in a biological reaction and how 
does the configuration of the product relate to the spatial disposition (topicity) 
of the ligand displaced or affected? Again an earlier chapter by Arigoni and 
Eliel in Volume 4 of this series (1969) dealt with this topic in a general way 

ix 



X PREFACE 

and once more the literature has mushroomed to the point where this timely 
chapter deals with an extensive and important subset of the examples of 
24 years ago. 

The last chapter, by M. G. Bures, Y. C. Martin and P. Willett, in contrast, 
deals with a very recent and novel subject, namely the searching of databases 
of chemical structures in three dimensions. It is only in the last few years 
that extensive three-dimensional databases (other than records of molecular 
structures determined by X-ray crystallography or other techniques) have 
been constructed. The question, to which much ingenuity has been applied, 
is how to search such databases for structures with a specific spatial 
relationship of ligands, for example one believed to be conducive to a desired 
pharmacological activity. The answer is not easy to come by, especially in 
view of the fact that many potential candidate molecules display several 
low-lying energy minima corresponding to different conformations, and the 
conformation expected to be active may not be the one corresponding to 
the global energy minimum. This chapter gives an authoritative picture of 
the present state of the art in this field. 

It is with great sorrow that we must report the death, on January 14, 
1992, of our advisor Gunther Snatzke. Professor Snatzke was not only a 
personal friend of both of the editors, he was also an unusually active and 
effective advisor. Several chapters in recent volumes were commissioned at 
his suggestion; and he himself had planned to contribute a chapter on aspects 
of circular dichroism to Volume 21. But this was not to be. We dedicate this 
volume to the memory of Gunther Snatzke whom we shall miss. 

In conclusion, a more upbeat note: The manuscript of our long expected 
“Stereochemistry of Organic Compounds” book finally went to the publisher 
(Wiley) late last year and we expect that the book will appear at about the 
same time as this volume. 

ERNEST L. ELIEL 
SAMUEL H. WILEN Chapel Hill, North Carolina 

New York, New York 
Novemher 1993 
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2 STEREOCHEMISTRY AND MECHANISM IN THE WITTIG REACTION 

I. INTRODUCTION 

In 1970, a review entitled “The Stereochemistry of the Wittig Reaction” was 
published in Topics  OfStereochemistry by M. Schlosser (1). This review was 
a milestone in early attempts to understand the Wittig mechanism based on 
a stepwise, ionic process (Scheme 1) (1,2). The reaction of ylides with aldehydes 
was believed to involve a partly reversible nucleophilic addition step to 
generate a betaine intermediate (1 or 2). Subsequent decomposition to the 
alkene was attributed to the formation of oxaphosphetanes 3 or 4, structures 
that were assumed to be intermediates of higher energy leading from the 
betaine to the alkene. 

No single research group was responsible for the betaine mechanism. The 
rationale had evolved from suggestions made by Wittig and Haag (3), House 
and Rasmusson (4), and Bergelson and Shemyakin (3, and it was adjusted to 
fit subsequent stereochemical observations by other authors in the secondary 
literature (1, 2a-e, h). By 1970, it was common practice to explain the (2)- 
alkene selectivity of nonstabilized ylide reactions (RCH=P(C,H,), + RCHO) 
via the initial formation of I-anti (2a-e). It was also believed that the (E)-olefin 
selectivity of carbonyl-stabilized ylides was due to increased stereochemical 
equilibration of intermediates via reversal. If the extent of reversal increases 
with increasing ylide stabilization by the a-substituent, then kinetically 
preferred decomposition of the intermediates 2 or 4 might explain increased 
selectivity for the (E)-alkene. These assumptions are summarized in the 
reaction profile diagram of Figure 1, an illustration that is reproduced directly 
from the 1970 account. 

Some version of this scheme can be found in virtually every organic 
chemistry textbook through 1990 even though the original version was 
phrased in very cautious terms. It is worth repeating a paragraph that was 
appended to the figure: 

Any attempt to rationalize the complex stereochemistry of olefin formation will 
have to be concerned with the mechanism of the Wittg reaction. Unfortunately 
many mechanistic details of this reaction have not been satisfactorily elucidated. 
Thus, it is even uncertain whether the reaction system (ylide plus carbonyl 
compound) passes, on its way to phosphine oxide and olefin, through an open 
chain zwitterion, i.e. a betaine, through a cyclic oxaphosphetane, or through 
both of them consecutively. The reaction sequence depicted in Figure 1 has no 
other merit than that ofbeing believed to be the most probable one (1). 

In light of this statement, and of contrary experimental evidence that had 
already begun to appear by 1970 (l), it may be difficult to understand why 
the betaine rationale became so widely accepted (2a-e, h). Readers who are 
interested in the controversies and the complicated chronology of the 
mechanistic investigations between 1970 and 1990 may want to consult 
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4 STEREOCHEMISTRY AND MECHANISM IN THE WITTIG REACTION 

Oxaphosphetane 5 
I 

I 

..* I 

Ylid + aldehyde -' Eetaine 0-CH-R" \: 
0 8  8 8 

R,P-CH-R' + R"-CHO R3P-CH-CH-0 
I I  
R '  R '  

'- 
Phosphine oxide + olefin 

R,PO + R'-CH=CH-R' 

Figure 1. (Assumed)energy profile of the Wittigcarbonyl olefination reaction, effected by (-) 
"reactive", (....)"moderated," or (- - - -) "stable" phosphonium ylids. (In the following figures the 
hypothetical oxaphosphetane intermediate will be omitted, since it has no further bearing on the 
discussion.) 

another recent review where historical topics are discussed in depth (6). The 
main thrust of the present review will be to summarize what is currently 
known about Wittig stereoselectivity and its origins. Historical issues will 
be included only to the extent necessary to explain how the early observations 
provided a logical basis for the betaine rationale and how subsequent events 
required its modification. 

11. BACKGROUND 

Although a carbonyl olefination reaction using a phosphorus ylide had been 
reported by Staudinger and Meyer in 1919 (7), Wittig's group was the first 
to recognize and develop its practical importance. During attempts to prepare 
pentavalent phosphorus compounds, Wittig and Geissler performed the 
reaction of phenyllithium with methyltriphenylphosphonium iodide (8). The 
experiment produced the phosphonium ylide and not the desired pentavalent 
adduct. When benzophenone was added to characterize the ylide, an unstable 
intermediate adduct 5 was obtained. Its decomposition to 1,l -diphenyl- 
ethylene (Scheme 2) occurred over 1.5 days at room temperature, and the key 
observation with regard to the Wittig olefin synthesis had been made. 
However, the fact that 5 contains LiBr was not realized until later (9). 

Soon after the first brief report, a systematic investigation was published 
by Wittig and Schollkopf (10). Three ylides (C,H5)JP=CHR were prepared 
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6 STEREOCHEMISTRY AND MECHANISM IN THE WITTIG REACTION 

with R = H, Ph, CH=CH,, all by the deprotonation of the phosphonium 
salt with phenyllithium in ether. In several examples, white precipitates 
appeared upon mixing the ylide and the carbonyl component (benzaldehyde, 
cyclohexanone, etc.), and the precipitate obtained from (C,H,),P=CH, with 
benzaldehyde was characterized as the hydrobromide salt 6. When this com- 
pound was reacted with organolithium bases, the white precipitate reappeared 
and conversion into styrene could be demonstrated upon warming. The 
deprotonation experiment suggested not only that betaines generated indepen- 
dently followed the same Wittig reaction course, but also that betaines must 
be the most stable intermediates along the reaction pathway. Only later was 
it realized that the precipitated intermediates (lithium halide betaine adducts) 
do not form in the absence of lithium salts (9), nor do they appear in strongly 
coordinating solvents (1). Ylides generated using sodium or potassium bases 
undergo the Wittig reaction without forming precipitates, but this fact was 
not widely appreciated. 

Wittig and Schollkopf had observed that allylidenetriphenylphosphorane 
(a “moderated ylide) reacts with benzaldehyde to give a mixture of the (E) 
and (2)-1-phenylbutadienes, but they did not comment on the Z:E selectivity 
of nonstabilized ylide reactions. Within a few years, many other groups had 
explored synthetic applications of Wittig’s procedure, and isolated reports 
of Z-selective olefinations had begun to appear (1 1). Eventually, Bergelson 
and Shemyakin ( 5 )  were able to show that high Z selectivity can be achieved 
with Ph,P=CHCH, generated using NaH in dimethylformamide solution 
and that other experimental conditions gave lower Z:E ratios. House and 
Rasmusson (4) also observed changes in Z: E selectivity as a function of experi- 
mental variables and found significant solvent effects in the reactions of 
carbonyl-stabilized ylides. The results were attributed to differing degrees 
of stereochemical equilibration by the Wittig intermediates. 

By 1970, several research groups had provided direct evidence to support 
the hypothesis that Wittig Z:E ratios are influenced by betaine reversal. In 
each case, the study involved the independent synthesis of a single betaine 
diastereomer followed by observation of its conversion to alkenes. Thus, 
Speziale and Bissing (1 2) found that treatment of ethyl trans-2-phenylglycidate 
7 with triphenylphosphine in refluxing ethanol was sufficient to induce the 
conversion to ethyl cinnamate in good yield (Scheme 3). The trans epoxide 
7 gave a mixture of Z:E cinnamate. Only the (Z)-isomer is expected if the 
epoxide reacts by the SN2 process to give the betaine 8, followed by cyclization 
to 9 and syn elimination of the phosphine oxide. Therefore, formation of 
the (E)-cinnamate could be the result of betaine dissociation to benzaldehyde 
and the ylide with subsequent Wittig recombination. To test this hypothesis, 
the epoxide deoxygenation was repeated in the presence of excess rn-chloro- 
benzaldehyde. The crossover product ethyl m-chlorocinnamate was detected 
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E. VEDEJS AND M. J. PETERSON 9 

(34%) together with ethyl cinnamate (66%) derived from decomposition of 
the original betaine 8 without reversal. In the case of cis-epoxide 10, only 
13% of the crossover product was obtained in refluxing ethanol, an observation 
that indicates relatively minor reversal by the betaine 11. This result would 
be expected if conversion from 1 1  to the trans-disubstituted oxaphosphetane 
12 and then to the E-enoate is relatively fast compared to the corresponding 
sequence from 8 to 9 and then to the (Z)-enoate. The evidence was consistent 
with expectations based on partly reversible formation of betaines. 

Shortly after the study of Speziale and Bissing, another important paper 
appeared that provided even more decisive evidence in favor of betaine 
reversal ( 1  3). Jones and Trippett (1 3) were able to generate betaines by deproto- 
nation of b-hydroxyphosphonium salts. Thus, reaction of trans-stilbene oxide 
with sodium diphenylphosphide gave a hydroxyphosphine 13 that could be 
methylated to afford a crystalline salt 14 (Scheme 4). Deprotonation with 
sodium ethoxide could then be used to generate the betaine 15. When this 
experiment was performed in ethanol with excess m-chlorobenzaldehyde 
added (1 7 h at 20”C), 45% of the crossover product m-chlorostilbene was 
produced, together with 55% of stilbene (ca. 9:l Z:E). The crossover 
experiment shows that betaine diastereomer 15 undergoes extensive retro- 
Wittig cleavage to the ylide 17 in ethanol at room temperature. Trippett and 
Jones also found that similar experiments in tetrahydrofuran (THF) afford 
up to 94% (Z)-stilbene, but this experiment did not attract much attention 
(132). 

A third investigation of betaine reversal was reported in 1967 by Schlosser 
and Christmann (14). The Wittig reaction of benzaldehyde with ethylidenetri- 
phenylphosphorane was quenched at - 78°C with HBr, and multiple recry- 
stallizations gave the hydroxyphosphonium salt 19 (Scheme 5). Deprotonation 
with KO-tert-C,H, in ether gave 96-97% (Z)-j?-methyIstyrene, a result that 
indicates overwhelming retention of stereochemistry from the betaine to the 
alkene. However, a more extensive series of experiments was performed in 
the presence of lithium ion. The starting material was less pure (89% 1 9  1 1 %  
of the diastereomer), but olefin ratios indicated considerable loss of stereo- 
chemistry [28-90% (E)-alkene, depending on solvent] and reversal of 20 to 
the ylide and benzaldehyde was established by the crossover test. Schlosser’s 
study demonstrated reversal to a nonstabilized ylide (Ph,P=CHCH,) under 
low temperature (Li-containing) conditions. On the other hand, it also clearly 
demonstrated > 95% stereospecific conversion from 19 to the alkene via 21 
in the absence of lithium ion (ether solution). 

Nearly all of the results available through 1967 could be interpreted to 
tell a consistent story. Betaines corresponding to carbonyl-stabilized ylides 
or to benzylic (“moderated”) ylides apparently were capable of extensive 
reversal, at least in hydroxylic solvents. Betaines corresponding to nonstabi- 
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Br- 

ph$yH HI I I  

CH3 Ph 

19 

19 

tl 
Ph3P 

H' e +  Ph CH3-'H C1C6H4CH0 
- CH3CH=CHC6H4CI 

Scheme 5 

lized ylides were less inclined to undergo the retro-Wittig cleavage, although 
they appeared to do so in the presence of lithium ion. Since nonstabilized 
ylides had been shown to react with high (Z)-olefin selectivity while moderated 
or carbonyl-stabilized ylides gave progressively larger product ratios in favor 
of (E)-alkenes, it was logical to connect the extent of(E)-alkene formation with 
the extent of reversal by the betaine. This hypothetical situation is illustrated 
in Figure 1. Energy barriers from the ylide to the betaine were assumed to 
reflect the degree of ylide stabilization, while the energy of the betaine itself 
was believed to be similar in all three ylide families (nonstabilized, moderated, 
and stabilized). Figure 1 also assumed that betaine formation is rate 
determining, that betaine intermediates are more stable than oxaphosphetanes, 
and that the oxaphosphetane decomposition barriers are reduced somewhat 
by the presence of an unsaturated group at C,. This simple and satisfying 
mechanistic picture represented a broad consensus in 1970 (1,2). 

Nevertheless, evidence had begun to accumulate that could not be easily 
reconciled with the assumptions inherent in the betaine rationale as sum- 
marized in Figure 1. Ruchardt et al. (1 5 )  had found a suprising similarity in the 
reaction rates for Ph,P=CHCO,Et with various aldehydes in benzene and 
in acetonitrile. If the mechanism involved rate-determining betaine formation, 



E. VEDEJS AND M. J.  PETERSON 11 

then the reaction should be much faster in the solvent having the higher 
dielectric constant, but no evidence for such a trend was found. Extension 
of this early work culminated in a detailed study of solvent effects by Aksnes 
and Khalil (16) for Ph,P=CHCOPh and O,NC,H,CHO. They showed 
conclusively that this Wittig reaction proceeds faster in CCI, than in methanol 
or acetonitrile. Therefore, the transition state (TS) must be less polar than 
the ylide and carbonyl reactants, a result that cannot be understood via an 
ionic, stepwise pathway involving rate-determining formation of betaine 
intermediates. A four-center transition state was proposed to explain the 
solvent effect. However, the evidence was not decisive because it could not 
exclude the prior formation of a betaine, followed by rate-determining 
cyclization to a less stable oxaphosphetane. 

A more serious complication for the betaine mechanism arose when it 
was found that oxaphosphetanes are more stable than betaines. The earliest 
evidence was encountered by Ramirez et a]. (17), who found that certain 
phosphines react with two equivalents of hexafluoroacetone to give 1,3,2- 
dioxaphospholane derivatives 23 (Scheme 6). These compounds rearrange 
into unusually stable oxaphosphetanes 26 via fragmentation to 24, followed 
by a proton shift to generate an intermediate ylide 25 (17). Shortly thereafter, 
Vedejs and Snoble (18) used 31P nuclear magnetic resonance (NMR) methods 
to show that more typical Wittig reactions of nonstabilized ylides Ph,P=CHR 
also produce oxaphosphetanes and that these intermediates can be easily 
observed at temperatures below 0". Since betaines did not accumulate in any 
of the experiments, their conversion to oxaphosphetanes could not be rate 

23 24 

Scheme 6 
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determining. These developments did not rule out betaines as transient 
intermediates in the Wittig reaction, but they proved that betaines could not 
be lower in energy than oxaphosphetanes. 

The relative energies of betaines and oxaphosphetanes suggested in Figure I 
could not be correct, nor could some of the assumptions regarding the relative 
rates for the formation, reversal, or decomposition of Wittig intermediates 
that had been advanced. Conversion from nonstabilized ylides and aldehydes 
into oxaphosphetanes is exothermic, not endothermic, as it had been depicted 
in Figure I .  Because Ph,P=CHPh or Ph,P=CHCH=CH, also react 
with unhindered aldehydes at - 78°C these reactions likewise can be 
assumed to form oxaphosphetanes in an exothermic step. Therefore, the 
activation barrier AGX,, for reversal from 3 (R = alkyl, CH=CH,, aryl, Fig. 2) 
to the ylide and aldehyde is higher than the barrier for oxaphosphetane 
formation (AG;,). 

Figure 2 illustrates several reaction coordinate diagrams that allow 
exothermic oxaphosphetane formation. Option a (four-center process) and the 
kinetically equivalent b (transient betaine precursor of the oxaphosphetane; 
two-step mechanism) are consistent with the observation that oxaphosphetanes 
are formed rapidly and decompose slowly when R = alkyl. Since the barrier 
AG;,, for decomposition to the alkene is smaller than AG,*,,, there will be 
little reversal or loss of stereochemistry in option a. Reversal should become 
less likely if the a-substituent R is unsaturated (CH=CH, or aryl), a situation 
that would decrease AG:Ec by weakening the P-C, bond (reaction profile 
c). If substituents are present that retard the rate of decomposition relative 
to reversal (as in options d or e), then oxaphosphetane reversal and equili- 
bration of stereochemistry become possible, as discussed in a later section. 
However, this behavior has not been demonstrated for members of the 
Ph,P=CHR ylide family in the absence of lithium salts. 

If the above conjectures are correct, then the highly Z-selective Wittig 
reactions of aldehydes with the nonstabilized ylide Ph,P=CHCH, should 
be more sensitive to reversal and stereochemical equilibration (reaction profile 
a) than are the relatively nonselective reactions of Ph,P=CHCH=CH, 
(profile c). Most of the experimental evidence needed to reach this conclusion 
was available in 1973, but there were also some contradictory data. In 
particular, the Trippett-Jones experiment (Scheme 4) (1  3) suggested that the 
Wittig intermediates corresponding to a benzylide reaction (MePh,P= 
CHPh + PhCHO) might be subject to reversal in protic solvents. It became 
clear that all of the betaine control experiments and key assumptions that 
had led to the adoption of Figure 1 as a working model would have to be 
reevaluated. This process has taken many years and has resulted in a modified 
view of the Wittig mechanism for the most familiar and synthetically useful 
reactions (6): 
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3 

L,P CHR 

3 

L 3 

( 1 )  
Figure 2. Possible energy profiles of the Wittig carbonyl olefination reaction. 

1. Under salt-free, aprotic conditions, ylides Ph,P=CHR (R = alkyl, 
alkenyl, phenyl) react with aldehydes to produce the oxaphosphetane 
directly (Fig. 2, options a and c): four center mechanisms are accessible 
in all cases ( 1  8, 20). 

2. The Z:E ratio of alkenes corresponds to the cis-trans ratio of oxaphos- 
phetanes in typical reactions (“kinetic control”). This is true of nonstabi- 
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lized, moderated, and carbonyl-stabilized ylides (20-22), although there 
are certain exceptions (22, 23). 

3. The oxaphosphetane decomposes by a syn-cycloreversion process to the 
alkene ( 1  8-23). 

4. There are no zwitterionic or diradical intermediates having significant 
lifetimes (6, 21). 

5. Betaines are energetically uphill compared to reactants as well as to 
oxaphosphetanes (illustrated for nonstabilized ylides in Fig. 2, f). 

The last item ( 5 )  may explain why the independent betaine generation 
control experiments gave contradictory results. If betaines are high-energy 
species that lie above the saddle point leading from the ylide to the oxaphos- 
phetane, then experiments that deliberately generate betaines (Schemes 3-5) 
may encounter pathways for stereochemical equilibration that are not 
accessible to typical Wittig reactions. 

The chronology of events that resulted in generalizations 1-5 will not be 
presented in detail because this topic is extensively discussed in another 
account (6). Complex synthetic applications will be included to the extent 
necessary to illustrate stereochemical issues. Many other interesting examples 
are explored in a recent review by Maryanoff and Reitz (2j). The emphasis 
will be on the typical reactions and on the correlation of stereochemical 
results. Exceptional cases will be discussed where necessary to illustrate the 
limitations of current mechanistic models. 

111. CHARACTERISTICS OF PHOSPHORUS YLIDES 

Carbonyl-stabilized Wittig reagents react slowly with typical aldehydes at room 
temperature (reaction times of the order of minutes for Ph,P=CHCO,Et 
or hours for Ph,P=CHC(O)R. The stabilized ylides are resistant to water 
and to oxygen and can be prepared from the phosphonium salts using aqueous 
sodium hydroxide or generated in situ using diazabicycloundecene (DBU) 
(21c). By comparison, the nonstabilized or the moderated ylides are much 
more reactive and are destroyed rapidly by exposure to oxygen or to moisture. 
Nonstabilized ylides react rapidly with nonhindered aldehydes at - 78°C on 
a time scale of minutes or less (lithium-free conditions; ether solvents). No 
detailed kinetic studies have been performed to compare ylide reactivity, but 
qualitative competition experiments indicate that Ph,P=CHPh is ca. five- 
fold less reactive than the nonstabilized ylide Ph,P=CHCH, (%), a modest 
rate difference that could be due to steric as well as delocalization effects. 

Table 1 lists some of the pK, values that have been measured for 
phosphonium salts by Bordwell et al. (24a). These values are determined under 



E. VEDEJS AND M. J.  PETERSON 15 

TABLE 1 
pK, Values of Selected Phosphoniurn Salts (24a) 

Entry Salt pKa (DMSO) 

1 Ph,P+-CH, Br- (22.5)= 

2 Ph,P+-CH(CH,), Br- (21 .3)a 

3 Ph,P+-CH,Ph Br- 17.4 

5 P h3P+-CH( CH,) C0,Et NO,- 9.3 

4 Ph,P+-CH,SPh CI- 14.9 

6 Ph,P+-CH,CO,Et NO3- 8.5 

7 P h,P+-CH,C( 0)C H, NO3- 7.1 

8 Ph,P+-CH,CN NO,- 6.9 

9 Ph,P+-(fluorenyl) Br- 6.6 

10 Ph,P+-CH,CHO NO,- 6.1 

11 Ph,P+-CH,C(O)Ph NO,- 6.0 

(a) Approximate value from one-point titration; the ylide appears to be unstable. 

aprotic conditions [dimethyl sulfoxide (DMSO) solution] and allow only a 
qualitative comparison in the ether solvents that are normally used for 
preparative Wittig reactions. The phosphonium salts are stronger acids in 
DMSO solution than are simple ketones, aldehydes, or alcohols. Their 
relative acidity shows the expected dependence on conjugating substituents 
at the ylide cr-carbon, and there is a qualitative correlation between ylide 
reactivity and phosphonium salt pK, However, the influence of a-alkyl 
substituents does not follow a simple pattern. Alkyl branching in the non- 
stabilized ylides increases acidity (entry 2 vs. I), but the pK, values are not 
accurately known. Branching in the stabilized ylides has the opposite effect 
(entry 5 vs. 6) even though sp2 hybridization should be favored by the presence 
of the a-carbonyl group. This result could be attributed to an unfavorable 
steric effect on solvation in the stabilized ylide, but steric interference with 
ylide delocalization in the crowded Ph,P enviroment may also play a role. 

Another qualitative comparison of ylide reactivity is available from the 
photoelectron spectra (PES). The first ionization potential for a series of 
ylides is given in Table 2 (IEl; corresponding to the removal of an electron 
from the ylide HOMO) (highest occupied molecular orbital) (24b). Lower 
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TABLE 2 
Photoelectron Ionization Potentials of Selected Ylides (24b) 

Entry 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Yllde 

(CH3),P=CH2 

(CH,),P=CHCH=CH, 

(CH,),P=CHCH=CHCH, 

(CH,),P=CHPh 

Ph3P=CH2 

Ph,P=CHCH, 

Ph,P=C(CH,), 

Ph,P=CHPh 

Ph,P=CHCH=CHCH, 

~~ 

IE, (ev) 

6.81 

6.20 

6.02 

6.19 

6.62 

6.15 

6.04 

6.01 

5.95 

ionization potentials for Ph,P=CHCH, (6.15 eV) and Ph,P=CMe, (6.04eV) 
compared to Ph,P=CH, (6.62 eV) suggest that increased a-alkyl substitution 
facilitates ionization. A change of the ligands on phosphorus from methyl 
to phenyl has a similar but smaller effect. This trend toward lower ionization 
potentials would be expected to correlate qualitatively with an increase in 
ylide reactivity due to a higher energy HOMO level, but the differences 
among a-substituted ylides are small and could easily be dominated by steric 
factors. 

An extensive collection of both experimental and theoretical evidence 
suggests that the most accurate description of the ylide is one in which an 
easily pyramidalized carbanion is stabilized by an adjacent tetrahedral 
phosphonium center (25-34). These conclusions are supported by NMR 
studies and X-ray crystal structure determinations. Thus, increased electron 
density at  the a-carbon of nonstabilized ylides is consistent with the upfield 
chemical shift in the ',C NMR spectrum by comparison with the parent 
phosphonium salts (Table 3, entries 1-5) (26). However, the chemical shift by 
itself is not a reliable indicator of ylide structure. This is most clearly seen 
in some of the conjugated ylides, and also in entry 3, which differs from 
entry 1 only by the presence of lithium bromide. Both the lithium-free (1) 
and the lithium-containing ylides (3) have the same 13C chemical shift, but 
they differ dramatically in the ,lP-13C coupling constant. In entry 3, 
lJp-c = 51.9 Hz is typical of phosphonium phosphorus and supports the 
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TABLE 3 
Chemical Shift and Coupling Constant Values for Representative Triphenylphos- 

phonium Salts and Ylides 

Entry Formula 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Ph,P=CH, 

I" 

** 

Ph3PzCHCH3 

Ph3P=C(CH3)2 

Ph,P=CH Ph 

Ph3PeCHCH4H2 

** 

PhsP=CHC(O)CH, 

Ph3P=CHCOsCH, 

I" 

Ph3P-Cpb 

Ph3P-F 

Salt 

6% 'JCp 

11.4 57.1 

17.0 51.6 

21.5 47.0 

30.3 47.7 

20.6 49.7 

40.1 50.0 

32.9 55.5 

Wide 

6% 'JCp 

-4.1 100.0 

-5.4 

-4.1 51.9' 

3.2 110.7 

9.0 121.5 

20.0 120.0 

20.7 131.4 

28.2 125.2 

51.3 100.0 

29.i 130.0 

29.0 

70.3 113.1 

53.3 120.7 

Reference 

26d 

26h 

26C 

26a 

26a 

26a 

26a 

26h 

26a 

26b 

26h 

26b 

26b 

(a) This compound is Ph3P+-- CH,LI B i  
(b) Cyclopentadlenylidene 
(c) Fluorenylidene 

covalent organolithium structure Ph,P(+)-CH,Li. The salt-free ylide, 
written for convenience in the inaccurate n-bonded notation Ph,P=CH, 
(entry 1) has a larger = 100 Hz, (26c) and even larger lJp-c values are 
seen for the other ylides in Table 3. More highly substituted ylides have not 
been reported to form covalent lithium halide adducts analogous to the 
example of entry 3. 

The carbon chemical shift for Ph3P=CH, (or Ph,P+--CH;) of - 4.1 ppm 
(26d) is far from the typical value for sp2-hybridized carbon and more closely 
resembles that of methylithium (- 13.2 ppm in Et20)  (27a). On the other 
hand, the yiide a-carbon (28.7 pprn) in aiiyiidenetriphenylphosphorane is 
32ppm downfield relative to the methyiide (26a), an effect that might be 
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taken to suggest increased sp2 character and delocalization. However, the 
allylic ylide chemical shift is virtually identical to that of the precursor ally1 
phosphonium salt (entry 7). Futhermore, a much larger deshielding effect is 
seen in a highly ionic allylic carbanion structure such as allylpotassiurn 
(52.8 ppm) (27b). Delocalization effects are more apparent in cyclopentadieny- 
lidene and fluorenylidene ylides (entries 12,13). Increased delocalization of 
anionic charge in the former results in an ylide carbon that is deshielded by 
25 ppm relative to fluorenylidenetriphenylphosphorane (26b) (Table 3). 

An examination of the 'J,-,, coupling constants (Table 3) reveals a large 
difference between values for ylides (100-1 30 Hz) and the corresponding salts 
(47-59Hz) in all cases (26a). These values are also different from lJc-p for 
the P-Cphcny, bond, which is approximately the same in both the ylides and 
the salts (86-92Hz) (26b). Although the 13C data provide no definitive 
answers regarding the nature of the ylide bond, these data indicate that ylides 
cannot be described as typical delocalized sp2 hybridized carbanions nor can 
they be viewed simply as localized sp3 hybridized carbanions. This informa- 
tion points instead to a substantially localized carbanion of intermediate 
hybridization, stabilized by an adjacent phosphonium center (26-28). Theore- 
tical considerations have reached similar conclusions (29). 

The issue of hybridization at the ylide a-carbon has been addressed by 
several other studies. Low-temperature NMR coalescence experiments 
indicate that rotation about the ylide C- P bond is virtually unrestricted, 
suggesting that it retains substantial single-bond character. (The activation 
barrier for bond rotation is < 8 kcal/mol) (28a). However, a recent crystallo- 
graphic study by Schmidbaur et al. (30a) on Ph,P=CH, determined an ylide 
bond length of 1.700k noticeably shorter than the bond length of the 
precursor phosphonium salt (1.800 A) (30a, 3 1). More importantly, however, 
this study showed that the hydrogen atoms on the ylide carbon are clearly 
bent out of the plane formed by the P-C bond (LP-C-H = 116", 
L H-C-H = 1 19"). Several other recent crystal structure determinations 
also show that the ylide a-carbon is partly pyramidalized (isopropylidene 
and cyclopropylidene phosphorane derivatives) (30b, c). According to 
H NMR experiments, cyclopropylidenetriphenylphosphorane undergoes 

rapid pyramidal inversion of the ylide carbon at - 110°C (32). All these data 
argue against a simple sp2 hybridized ylide structure and are more consistent 
with an easily pyramidalized geometry having partial sp2 character. 

Data obtained from crystallographic studies on stabilized ylides present 
a different picture. Speziale and Ratts (33) showed that the ylide a-carbon of 
2-chloro-2-(triphenyIphosphoranylidene) acetophenone is planar ( L P-C,- 
CI = 118.3", LP-C,-C = 120.2", LCl-C,-C = 121.1'). The ylide bond 
length is 1.736& somewhat longer than in the nonstabilized ylides. These 
data, along with the C,-C(0) and C(0)-0 bond lengths (1.361 and 
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1.301 A, respectively) led these workers to conclude that the stabilized ylide 
a-carbon is sp2 hybridized. The ylide electron distribution can be approximated 
by a charge-separated phosphonium enolate representation. 

IV. CHARACTERIZATION OF OXAPHOSPHETANES 

The discovery that oxaphosphetanes are the low-temperature intermediates 
in representative Wittig reactions was based largely on the observation of 
characteristic 'P chemical shifts for pentacoordinated phosphorus (1 9a). 
Although the phosphorus chemical shifts rule out isomeric, tetravalent 
phosphorus (betaine) structures, they are not especially informative with 
regard to other structural details. So far, none of the representative Wittig 
intermediates has afforded crystals of sufficient quality for X-ray crystal 
structure determination. However, the unusually stable oxaphosphetane A, 
Table 4 (identical with 26, Scheme 6), reported originally by Ramirez et al. (1 7) 
has been characterized by X-ray methods (34). The crystal structure indicates 
that phosphorus is at the center of a distorted trigonal bipyramid with the 
four-membered ring in an apical-equatorial plane with oxygen in the apical 
position, consistent with geometric constraints and the rules of apicophilicity 
(35). The oxaphosphetane ring is somewhat puckered (PCCO dihedral angle 
8.6"), and its shape is distorted by the differences in bond lengths between 
the ring atoms (distances in angstroms: P-C, = 1.83, P-0 = 1.79, C3-C, = 
1.52, C,-0 = 1.36). The most striking feature of the molecule is its severe 
intramolecular crowding. Between the various substituents around the oxa- 
phosphetane ring (not including hydrogens), 27 nonbonded interatomic dis- 
tances of less than 3.6 8, were found. In addition, the cis relationship between 
the C,-CH, group and one of the C,-CF, groups results in a geometry 
for the CF, substituent that is far from tetrahedral. The CF, group with a trans 
relationship does not suffer from the same steric interactions and adopts a 
tetrahedral geometry as expected. This distortion is a result of the eclipsing 
interactions imposed by the conformation of the oxaphosphetane ring and 
underscores an exceptionally demanding steric environment. Some of the 
most important bond distances and bond angles are summarized in Table 4, 
along with X-ray data for other unusually stable oxaphosphetanes (34). Two 
of the oxaphosphetane structures summarized in Table 4 (C, D) have a nearly 
planar oxaphosphetane, perhaps because they contain an sp2 hybridized 
carbon in the four-membered ring. Three others (A, E, F) have varying degrees 
of ring pucker (PCCO dihedral angles between 4.7" and 9.7'). These distortions 
from planarity may be due to steric crowding and probably reflect com- 
promises between bond angle strain and nonbonded interactions along the 
oxaphosphetane ring. 

The NMR data collected by the Ramirez (17), Roschenthaler (36), 
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Schmidbaur (37), and Okazaki (34e,f) groups on these and other related 
oxaphosphetane and oxaphospholane systems reveal characteristic spectro- 
scopic features. The 31P chemical shift is similar to that of other pentavalent 
phosphorus species, coming in the range from 6 = - 10 to - 80ppm. There 
is a large change in the magnitude of lJc-p, depending upon the apical 
(10-20 Hz) or equatorial (100- 150 Hz) orientation of the coupled carbon. In 
the 'HNMR spectrum, the hydrogens on C3, adjacent to phosphorus, are 
shifted downfield relative to those on oxaphosphetane C4, adjacent to oxygen. 
The magnitude of 2JH-c-p and ,JH-C-c-p follows the usual trend, with the 
former (1  5-20 Hz) smaller than the latter (25-30 Hz) (38). This information 
provides an important relay point between structure types that have been 
characterized by both NMR and X-ray methods (oxaphosphetanes E and F) 
(34e, f) and those that can only be studied by NMR techniques. 

The first "C characterization of an oxaphosphetane prepared by a typical 
Wittig reaction was reported by Maryanoff et al. (22a). Thus, reaction of 
butylidenetriphenylphosphorane with benzaldehyde at - 78°C (THF; LiBr 
present) was monitored by "P NMR. The spectrum contained two singlets 
at - 61.4 and - 63.8 ppm that were attributed to the cis and trans oxaphos- 
phetanes, respectively. When this experiment was repeated with "C-labeled 
starting materials, the chemical shifts and coupling constants of C, and C4 in 
both isomers could be determined cis: dC,, 71.5 ppm (lJc-p = 85 Hz), 6C4, 
69.2 ppm (2Jc-c-p = 16 Hz); trans: dC,, 75.0 ppm (lJc-p = 84 Hz), C4 72.3 
(zJc-c-p = 15 Hz). In each diastereomer, C, shows the large lJc-p coupling 
constant expected for an equatorially oriented substituent in a trigonal 
bipyramidal phosphorus environment by analogy to the precedents cited 
above (36, 37). No other 13C data were reported from this series. 

A number of other oxaphosphetanes have now been studied using natural 
abundance ' ,C NMR methods, and several representative examples are 
summarized in Table 5 (21a,b, 39). Selected 'H and ,'PNMR data are also 
included. All of the data are consistent with trigonal bipyramidal oxaphos- 
phetane structures having apical oxygen. The 13C-31P coupling constants are 
especially informative and require that C, is in the equatorial location and 
that oxygen occupies the apical site. Although no definite evidence regarding 
bond lengths and bond angles is available from the NMR data, these oxaphos- 
phetanes are likely to resemble 26 in steric congestion as well as qualitative 
geometric features. 

V. BOUNDARY CONDITIONS FOR STEREOCHEMICAL 
EQUILIBRATION OF WITTIG INTERMEDIATES 

Oxaphosphetanes are obligatory intermediates in all known aldehyde Wittig 
reactions (19, 22b). If they decompose stereospecifically to alkenes, then the 
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final olefin Z:E ratio will be the same as the cis-trans ratio of the oxaphos- 
phetanes (kinetic control). As will be shown, nearly all classes of ylides follow 
this reactivity pattern. However, there are certain well-defined exceptions to 
the rule (20, 21c, 22, 23). This section considers experimental tests that can 
distinguish between oxaphosphetanes that equilibrate and those that do not 
and tabulates representative examples of stereospecific oxaphosphetane 
decomposition (Table 6) as well as the known examples of stereochemical 
equilibration (Table 7). 

Several tests are available to determine whether equilibration of stereo- 
chemistry occurs in the course of oxaphosphetane decomposition (methods 
A-E, Scheme 7), but each method has some limitations. In method A, 
oxaphosphetane diastereomers are prepared independently by deprotonation 
of the P-hydroxyphosphonium salts 27 or 28 with base (NaHMDS, NaNH,, 
KO-tert-Bu, etc.) (20). If each isomer affords a distinct oxaphosphetane 31 or  
32 according to NMR analysis (usually, ”P or ‘H), then the solutions are 
warmed up to the decomposition temperature. Kinetic control is established 
if stereospecific conversion to the alkenes can be demonstrated from each 
diastereomer. A less rigorous version of this test is to perform the experiment 
only with isomer 27, the precursor of the cis-disubstituted oxaphosphetane 31 
(2 lc). All known examples of significant ( > 5%) stereochemical equilibration 
involve 31 and not the trans-disubstituted isomer 32 (20, 21c). A negative 
equilibration result with the cis diastereomer 31 can be assumed to apply to 
32 as well. 

It is also possible to assay stereochemical equilibration directly by 
monitoring Wittig reactions (Maryanoff et al., method B) (22). One version of 
this technique depends on resolution of the 31P signals of oxaphosphetane 
diastereomers using high-field NMR instruments. If two distinct signals can 
be resolved for 31 and 32 from a Wittig reaction performed at -40°C or 
below, then the kinetic diastereomer ratio can be determined. If this ratio 
differs from the empirical Z: E ratio of alkene products, then stereochemical 
equilibration of intermediates is established. In some cases, the ratio changes 
well below the temperature threshold for Wittig decomposition to the alkene, 
and it is possible to monitor equilibration (“stereochemical drift”) directly by 
using NMR methods. More often, the thermal conversion into alkene 
competes with equilibration of diastereomers (20, 22). Under these circum- 
stances, the diastereomer ratio observed by NMR is altered because one 
isomer decomposes faster than the other, and NMR evidence by itself is not 
sufficient to establish interconversion of oxaphosphetane diastereomers. 
However, any ambiguity can be removed by comparing the initial cis-trans 
oxaphosphetane ratio with the empirical Z: E ratio of alkenes. Occasionally, 
31P or ‘H signals of 31 and 32 cannot be resolved due to line broadening in 
the more hindered isomer 31. In this case, the isomer ratio can be determined 
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after quenching with mineral acid at - 78°C. The resulting mixture of 27 and 
28 can be assayed by conventional NMR techniques. 

Both of the above techniques can be reinforced by crossover experiments 
(method C) (12-14,20,21~,22,23a). An excess of CIC,H,CHO (ArCHO) is 
added to the solution below the temperaturefor oxaphosphetane decomposition. 
If stereochemical equilibration occurs exclusively by a retro-Wittig process 
to give the ylide 33, then an excess of the crossover aldehyde must produce the 
crossover products. Since 33 would be intercepted by excess ArCHO faster 
than it can recombine with the original aldehyde, the conversion from one 
oxaphosphetane diastereomer into the other (i.e., from 31 to 32) by way of 
any retro-Wittig mechanism will be suppressed using method C. However, it 
is essential to prove that the oxaphosphetane has not already decomposed 
prior to the addition of the crossover aldehyde. Otherwise, there is the risk of 
a false-negative crossover result. 

If the P-hydroxyphosphonium salts 27 and 28 cannot be obtained indepen- 
dently, then it may be possible to resort to a variation of the original Speziale- 
Bissing technique (12) (method D) to generate the betaines 29 and 30 from the 
reaction of a phosphine with the trans and the cis epoxides 36 and 37, 
respectively. However, this method is the least general and the most difficult 
to interpret (21c). Few epoxides are sufficiently reactive toward triphenyl 
phosphine unless the reaction mixture is heated far above the temperatures 
used in the corresponding Wittig reactions. This is a serious limitation because 
the degree of stereochemical equilibration increases substantially as the 
deoxygenation reaction temperature increases (1 2, 21 c). Valid comparisons 
are possible only if method D can be performed at the same temperature as 
the corresponding Wittig reaction. Otherwise, the technique will overestimate 
equilibration of intermediates. The most informative experiments have been 
performed with phenylglycidate esters (36 and 37 with R = C0,Et and 
R' = Ph). Interpretation of the results is complicated because the product 
enoate esters undergo 2: E equilibration under the conditions of the experiment, 
and no firm conclusions are possible unless method D is combined with 
method C (crossover experiment). 

Method E is similar to method D in that it relies upon the nucleophilic 
cleavage of epoxides to generate stereochemically defined betaines. A two-step 
procedure is employed, starting with the reaction of a lithium phosphide with 
the cis or trans epoxides (36 or 37). The resulting alkoxy phosphines 34 or 35 
are converted into betaines by direct alkylation with methyl iodide (19). This 
contrasts with method A where the betaine is generated by the deprotonation 
of a P-hydroxyphosphonium salt, and method E may therefore produce a 
different population of betaine rotamers than does method A. This subtle 
difference may explain why method E proceeds with higher stereospecificity 
than does method A in the Trippett-Jones experiment (Table 7; entry 16, 
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36-45% loss of stereochemistry iq ethanol (13); Table 6; entry 14, 2% loss of 
stereochemistry in THF (19b); see also the discussion pertinent to Scheme 4). 

Methods A, D, and E suffer from the inherent limitation that they 
deliberately generate a betaine as the precursor of the oxaphosphetane. Since 
there is no assurance that the reaction of an ylide with an aldehyde would 
involve the same ionic intermediate (19,21) these control experiments may 
provide opportunities for stereochemical equilibration that may not be 
available to the corresponding Wittig reactions. If the oxaphosphetane 
generated by methods A or E is stable enough to observe directly, then it is 
usually possible to distinguish between oxaphosphetane equilibration, betaine 
equilibration, and other mechanisms for loss of stereochemistry (2 lc). However, 
this is not possible for oxaphosphetanes that contain unsaturated substituents 
at  C, because oxaphosphetane decomposition is fast at - 78°C (21c). In these 
examples, method A (like method D or E) can only establish an upper limit 
for equilibration of all of the conceivable intermediates: betaines, betaine lithium 
halide adducts, oxaphosphetanes, and so on. 

There are some additional potential complications with the control experi- 
ments. Loss of stereochemistry in method D can be due to product equilibration 
induced by the phosphine additive as already mentioned. Furthermore, 
equilibration in method A or E can occur because of competing (reversible) 
a-deprotonation to give the oxido ylide 38 or the derived hydroxy ylide 39 
(21c). The latter problem can usually be avoided by lowering the temperature 
or by using a weaker base for the deprotonation of the /I-hydroxyphosphonium 
salt 27 or 28 (21c). Nevertheless, positive equilibration results cannot be 
attributed to retro-Wittig reaction unless (1) crossover is also demonstrated 
or (2) labeling results can rule out the intervention of 38 or 39. 

In at least one case, method C detects equilibration while methods A and 
B do not. Thus, cis-oxaphosphetane 31 (Table 7, entry 19; L,P = Ph,P; 
R = C,H,; R’ = Ph) can be generated as a single isomer (NMR assay) from 
pure 27 using potassium hexamethyl disilazide (KHMDS), and decomposi- 
tion gives a 99:l Z:E ratio of alkenes (22a). This result indicates minimal 
reversal. Nevertheless, extensive crossover occurs if p-CIC,H,CHO (22a) or 
m-N0,C6H4CH0 (39b) is added, and the presence of 32 decreases stereo- 
specificity (“synergism”) (22a, 23c). The system is easily perturbed by the cross- 
over aldehyde or other additives, but the origin of these complicating factors 
is not at all clear. 

Method B (direct monitoring of the Wittig reaction) has the advantage that 
it produces oxaphosphetanes without necessarily involving betaines and 
without using additives (CIC,H,CHO, etc.) that might perturb the system. 
The technique is usually reliable when the Wittig reaction is fast at - 78°C. 
This method assumes that the first diastereomer ratio observed (31 :32) is the 
kinetic ratio. The assumption is generally valid (22, 23), but this may not be 
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easy to prove, especially if the low-temperature Wittig reaction produces a 
strong exotherm or if the temperature for oxaphosphetane decomposition is 
unusually low, as in Table 7, entry 16 (20, 21c). Unfortunately, method B 
cannot be used with carbonyl-stabilized ylides, nor with other families of 
conjugated ylides such as Ph,P=CHX (X = aryl, alkenyl, etc.) because the 
corresponding oxaphosphetanes decompose within seconds at  - 78°C. So far, 
such reactions can only be studied using the betaine generation methods. 

Tables 6 and 7 summarize results from stereochemical equilibration studies 
performed over the past decade by Maryanoff et al. (22,23), and Vedejs et al. 
(20, 21c, 39-42). A few other convincing examples are included to expand 
the scope of the systems covered. Table 6 lists those examples where control 
experiments establish at least 90% retention of stereochemistry from inter- 
mediates. to alkene products. As already discussed, the percentage of equili- 
bration represents the upper limit for loss of stereochemistry from all possible 
pathways in the control experiments. No attempt has been made to determine 
whether the minor levels of stereochemical leakage in Table 6 occur at the 
stage of oxaphosphetanes, betaines, or other potential intermediates. Table 6 
includes entries corresponding to all of the principal families of Wittig reagents: 
nonstabilized ylides (entries 1-12, 24, 25, 29, and 30), benzylic ylides (entries 
13-17 and 28), allylic ylides (entries 22, 23, 26, and 27), and ester-stabilized 
ylides (entries 18-21). The corresponding Wittig reactions must take place 
under dominant kinetic control. 

There are also some examples where significant reversal and stereochemical 
equilibration of intermediates has been demonstrated in aldehyde Wittig 
reactions (Table 7, subset 1). Several additional examples of reversal from 
betaine generation experiments may also be relevant, depending on whether 
the same betaines play any role in the Wittig process (Table 7, subset 2). The 
following generalizations follow from the comparison of Tables 6 and 7. 

1. Lithium-free Wittig reactions proceed without significant reversal, 
except for the Et,P=CHCH, or Bu,P=CHC,H, examples with 
tertiary or aromatic aldehydes (Table 7, entries 6, 7, 8). 

2. Intermediates from ylides and aliphatic aldehydes do not undergo 
reversal (exceptions: Table 7, entries 5-7). 

3. Significant reversal occurs only for precursors of (Z)-alkenes (compare 
Table 7, entry 18 and Table 6, entry 29; see also Table 6, entries 7, 8, 9, 
10, 24, 25). Exceptions are known at high temperatures: see Table 7, 
entries 14, 15. 

4. Deliberate betaine generation maximizes the risk of reversal. The risk is 
highest for betaines corresponding to adducts of ArCHO. 

5. For Wittig reactions, the risk of reversal is highest for ArCHO 
in the presence of lithium ion (Table 7, entries 1-5), and for reactions of 
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ylides containing anionic (alkoxide, carboxylate, amido) substituents 
with lithium as the counterion. Other risk factors include hydroxylic 
solvents (compare Table 7, entry 16, with Table 6, entries 13,14) or 
high temperature (compare Table 7, entries 12,13, and Table 6, entry 19). 

Reversal correlates with the presence of lithium ion and also with the 
involvement of betaine species. These two risk factors are interrelated because 
lithium halides rapidly cleave oxaphosphetane 31 or 32 (Scheme 8) at - 70°C 
resulting in the reversible formation of the betaine lithium halide complexes 
40 or 41, respectively (18b). Donor solvents shift the equilibrium toward the 
oxaphosphetane by coordinating the lithium halides and thereby promote 
stereospecific decomposition to the alkenes. If the solvent is not an effective 
lithium coordinating agent, then 40 and 41 decompose slowly, and the risk of 

Ph,P-0 

+ R'CHO 

ii LIO,C(CH,), R' LI-O(CH,), R' 

42 43 44 45 

47 48 49 

Scheme 8 
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reversal will increase. Factors that weaken the C-C bond (unsaturated R or 
R‘) promote bond cleavage and stereochemical equilibration via 33. 

Oxaphosphetanes such as 42 or 43, containing anionic side-chain substituents, 
are especially sensitive to the lithium ion-catalyzed equilibration mechanisms 
(Table 7, entries 3, 5).  Maryanoff et al. (2j, 22a, 23b) have demonstrated that 
retro-Wittig cleavage is involved (positive crossover results, method C) and 
have suggested that the anionic group may facilitate reversal by interacting 
with the pentavalent phosphorus center in the oxaphosphetane intermediate. 
This rationale does not explain why lithium bases are more effective than 
sodium or potassium bases in the E-selective olefinations of oxido ylides. The 
present authors prefer an alternative explanation where the anionic substituent 
exerts its influence at oxaphosphetane oxygen. This involves a seven center 
interaction that is shown in the conversion from 43 to the betaine lithium 
halide adduct 44 or some equivalent aggregated species. Stereochemical 
equilibration would then occur via betaine C-C bond cleavage to give the 
corresponding ylide, followed by the usual recombination process to produce 
the more stable trans-disubstituted oxaphosphetane. 

A variety of anionic ylides reacts with high E selectivity with the reversal- 
prone aromatic aldehydes. On the other hand, aliphatic aldehyde adducts are 
more resistant to Li +-induced betaine equilibration. The y-oxido ylides 
appear to have the optimal substitution pattern for betaine reversal, and these 
reagents afford useful (E)-alkene selectivity with aliphatic as well as aromatic 
aldehydes, results that are tabulated later. Only the aromatic aldehyde 
example (Table 7, entry 4) has been studied in depth, but it seems safe to 
conclude that all of the E-selective y-oxido ylide reactions are dominated by 
betaine reversal (23b). Other anionic ylides react with aliphatic aldehydes to 
give lower, less predictable (E)-alkene selectivity (for example, Table 7, entry 
5; 42:58 Z:E). 

There are indications that a hydroxyl group in the carbonyl substrate can 
also promote E selectivity, as in the reaction of 46 with a nonstabilized ylide 
r‘near-exclusive” (E)-alkene product] (46a). A betaine reversal process may 
be involved here as well, assisted internally by the proximity between the 
hydroxyl group of the aldehyde fragment and the oxaphosphetane or betaine 
oxygen (structure 47) and externally by the deliberate addition of excess 
lithium bromide to ensure conversion of the oxaphosphetane into 47. If the 
conditions are sufficiently basic, stereochemical equilibration might also occur 
via 48 (reversible deprotonation a to phosphorus in 47). There are also some 
examples of E-selective reactions of y-hydroxy aldehydes (for example, 49 + 
Ph,P=CHCHMe,; 16:84 Z: E, Li-containing conditions) (46b). Decisive 
control experiments to probe reversal or mechanistic details in these reactions 
have not yet been reported. 

Earlier attempts to understand stereoselectivity overstated the extent of 
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retro-Wittig reaction (1,2). Part of the reason was that the early control experi- 
ments had concentrated on benzaldehyde-derived adducts, substrates that are 
especially sensitive to the catalyzed reversal process. Another reason can be 
traced to the somewhat deceptive control experiments performed at high 
temperatures or in hydroxylic solvents (12, 13). However, the fundamental 
difficulty in all of the early studies was that rates of decomposition of isomeric 
Wittig intermediates could no be measured directly in any example. This 
resulted in the logical (but incorrect) assumption that trans-disubstituted 
oxaphosphetanes would have a kinetic advantage in the decomposition step 
to afford the more stable (E)-alkene. If this were so, then any equilibration 
process that allows access to the trans-disubstituted oxaphosphetanes might 
explain increased formation of (€)-alkene. Conversely, increased (E)-alkene 
selectivity might then be used as a qualitative test for equilibration of 
intermediates. These generalizations are incorrect, as shown below. 

Recent improvements in instrumentation have made possible the direct 
monitoring of oxaphosphetane diastereomers in the decomposition step, and 
qualitative half-lives for several cis-trans pairs are now known. Three of the 
pairs are included in Table 8 (20, 21c). The results show that the cis- 
disubstituted oxaphosphetanes 51 and 53 decompose at least five times faster 
compared to the trans diastereomers 50 and 52, respectively. Earlier, Maryanoff 
et al. (22a, b) observed a similar, although smaller, trend in some related 
systems. It is not possible to achieve increased (E)-alkene selectivity by 
preferentially draining off the trans diastereomer in an equilibrium of isomeric 
oxaphosphetanes. Preferential decomposition can only favor the (Z)-alkene 
isomer because the decomposition of the cis-disubstituted oxaphosphetane 
has the kinetic advantage (20,21c, 22a, b)! The reason that interconversion of 
oxaphosphetane or betaine diastereomers promotes the eventual formation 
of (€)-alkenes is that the trans-disubstituted oxaphosphetanes are thermodyna- 
mically more stable than the cis diastereomers. This fact has been demon- 
strated conclusively using NMR methods by Maryanoff et al. [for example, 
Table 7, entries 7,8,  (22a); see also entries 6 and 18 (ZO)]. The rates of oxaphos- 
phetane decomposition do not reject the stability advantage of ( E ) -  versus 
(Z)-alkenes. The transition state for alkene formation must therefore come 
relatively early along the reaction coordinate for oxaphosphetane decom- 
position. 

Oxaphosphetanes containing an unsaturated substituent R at  C, are 
exceptionally short-lived. Only the unusually stable dibenzophosphole deri- 
vatives 52c, 53c, and 53b can be detected, but not even this phosphorus 
environment provides sufficient stabilization to allow detection of 53d, the 
oxaphosphetane that would be formed from an ester-stabilized ylide (21c). 
Strongly electron-withdrawing substituents are required in addition to a 
five-membered ring, as in structure F (Tables 4 and 5), the first known 
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TABLE 8 
Qualitative T,,* for Oxaphosphetane Decomposition 

DBP= P 
R' a. R-ALKYL c. R-VINYL 

b. R- PHENYL d. R- CARBOALKOXY 

H 

52a 7 h , S 0  

minutes, 1 loo 

53a 1 h,550 53b 30 rnin, -200 

5 2 ~  30 min. -40° 5% 5 min. -40° 53d <I min. - 7 P  
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oxaphosphetane containing an ester group at C, (340. The oxaphosphetane 
F decomposes to the alkene above 70°C while the C,-unsubstituted analog 
G (Table 5 )  must be heated to 200°C to achieve similar rates. Structures F and 
the related H (Table 5 )  are also of interest because their decomposition rates 
have been investigated in several solvents (34e,f). A 1.3-fold increase in 
decomposition rate is observed for H in acetonitrile versus toluene, while the 
corresponding ratio for F is 15. The solvent effect for F is significant, but it is 
smaller than would be expected if ionic intermediates were involved. The 
authors suggest an asynchronous cycloreversion process with relatively more 
bond breaking at P-C, compared to 0-C, (34e,f). In the analogous 
adducts of Ph,P=CHR, none of the oxaphosphetanes 50b,c,d and Slb,c,d 
has ever been detected because decomposition to the alkene occurs within a 
fraction of a minute at - 78°C. There is no time for stereochemical equilibration 
of oxaphosphetanes of this type under typical Wittig conditions. Exceptions 
to this generalization may be possible in the presence of lithium halides if the 
salt concentration is high enough to intercept the oxaphosphetane as the 
lithium halide betaine adduct [40 or 41; R = alkenyl or phenyl(47)l. However, 
there is no evidence for retro-Wittig cleavage or equilibration under lithium- 
free conditions in the allylic or benzylic ylide reactions, as expected if these 
reactions follow reaction profile c (Fig. 2). 

By the same logic, it is unlikely that the stabilized ylide reactions can be 
influenced by stereochemical equilibration. It would be difficult for any 
equilibration process to compete with the exceptionally rapid oxaphos- 
phetane decomposition step. Partial loss of stereochemistry does occur in 
some of the high-temperature control experiments at the betaine stage, as 
listed in Table 7, but oxaphosphetane decomposition takes place with 
retention of stereochemistry (Table 6, entries 18-21) (21c). 

The observations summarized in Table 8 have important preparative 
consequences. To achieve the highest possible (E)-alkene selectivity in a system 
that is capable of stereochemical equilibration, it is essential to provide 
sufficient time for oxaphosphetane equilibration below the decomposition 
temperature. This is best done by monitoring the diastereomer mixture using 
NMR methods to establish the temperature thresholds for diastereomer 
equilibration as well as for alkene formation from the more reactive cis- 
diastereomer. Once these temperatures are known, equilibration can be 
allowed to proceed below the temperature for (Z)-alkene formation until the 
optimum ratio of trans-cis oxaphosphetanes is obtained. Subsequent warming 
completes the optimized E-selective alkene synthesis in an equilibrating 
system (Table 7). 

The mechanistic studies discussed so far deal with the Wittig reactions 
of aldehydes and nearly always focus on the stereochemical aspects of 
1,2-disubstituted alkene synthesis. By comparison, little is known regarding 
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TABLE 9 
Stereospecific Decomposition of Trisubstituted Oxaphosphetanes 

~ 

METHOD E (epoxide + LiPPh,; Mel/THF. O0-2O0) 

STARTING MATERIAL 

M e 3  

H,OTHP 

p 
M e  Me 

Z:E RATIO PRODUCT Z:E RATIO YIELD REF. 

,982 <1:9s 60% 19b 

<5:95 

15:85 80:20 

60% 49 

65% 50 

MODIFIED METHOD A EETAINE GENERATION BY KETOPHOSPHONIUM SALT REDUCTION WrTH LiEH,/THF 

Me + 
Z:E RATIO - 

89:ll 80% 51 
Ph Ph 

H 

COMPARE WITH: 

p g $ h 3  1.BuLiTTHF 
20:ao 51 - 

H 2PhCHO 
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trisubstituted alkene synthesis via phosphorus ylides. According to the 
empirical results given in Table 9, trisubstituted oxaphosphetanes also appear 
to decompose stereospecifically. Although none of the examples in Table 9 
has been studied in depth, there is no reason to believe that the Wittig 
reactions of ketones are fundamentally different from the extensively studied 
reactions of aldehydes. Likewise, aldehyde reactions with ylides L,P=CR, 
also appear to be unexceptional. In the absence of evidence to the contrary, 
kinetic control can be assumed in the Wittig synthesis of trisubstituted alkenes, 
but there is little systematic information to  guide the evaluation of lithium 
ion or equilibration effects. 

VI. OXIDO YLIDE REACTIONS; MODIFICATION OF 
OXAPHOSPHETANE STEREOCHEMISTRY 

Loss of oxaphosphetane stereochemistry can take place by deprotonation 
pathways, provided that the reaction conditions allow the formation of 
betaine derivatives. The first systematic studies were described by Schlosser 
et al. between 1965 and 1970 (14, 52, 53). An ylide Ph,P=CHCH, was 
generated using an alkyl- or aryllithium base (Scheme 9) and was made to 
react with an aldehyde at -78”C, well below the temperature for alkene 
formation. Subsequent addition of a second equivalent of the organolithium 
reagent was performed to generate a /3-oxido ylide 55 (originally named a 
“betaine ylide”), and sequential addition of acid and potassium tert-butoxide 
was then performed to produce (E)-alkene of > 99% isomeric purity in the 
best examples (52,53). It was also shown that treatment of the stereochemically 
defined /3-hydroxyphosphonium salt 54 (R’ = phenyl) with an excess of the 
organolithium reagent followed by acid and butoxide as before likewise 
afforded the (Ef-alkene (14). At the time that this work was performed, it was 
not known that 56 is the stable low-temperature intermediate in the Wittig 
reaction. Accordingly, the above results were attributed to the equilibration 
of betaines 57 and 59 via 55. It was assumed that 59 is the more stable isomer 
and that an equilibrium preference for this betaine is responsible for the 
E-selective alkene formation. 

Subsequent work by Corey et al. (54,55) has left little doubt that reactions 
of the oxido ylide 55 are controlled by kinetic, not equilibrium factors. 
According to these workers, 55 is quenched irreversibly by electrophiles in a 
geometry that can be approximated by the betaine-lithium halide aggregate 
58 (55). Although the actual solution structure of 55=58 is very complex 
according to NMR evidence (56), structure 58 provides a useful guide for 
stereochemical predictions in the quenching step using protic acids or most 
other electrophiles, and it also underscores the importance of lithium halides 
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54 55 

K01Bu t 

R '  AjL Me 

Me 

64 66 65 

Scheme 9 

in many of the oxido ylide reactions. There has been some confusion on this 
point, perhaps because the first full paper on oxido ylides specified the use 
of lithium-free alkylidenetriphenylphosphoranes in the first step, the reaction 
with an aldehyde, and then used home-made (lithium halide- containing) 
organolithium reagents for the subsequent deprotonation step to form 55 
(53,57). It is now known that the oxaphosphetane 56 is formed in the first 
step. Since 56 lacks acidic C-H bonds (56), electrophilic catalysts (Li', 
hydroxylic impurities, etc.) are required to provide access to the more acidic 
betaine species (for example, 57). If such catalysts are not provided in sufficient 
concentration, the deprotonation will not go to completion and high E 
selectivity will not be achieved. Sodium or potassium cations generally do not 
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have sufficient Lewis acidity to cleave the oxaphosphetane. Therefore, sodium 
or potassium bases are not recommended for the E-selective alkene synthesis. 

Corey et al.’s (54, 55)  study established kinetically controlled oxido ylide 
trapping in a fascinating series experiments that used carbonyl electrophiles 
and resulted in the stereoselective synthesis of trisubstituted alkenes. First, 
it was observed that treatment of 55=58 with an aldehyde R”CH0 (R” = alkyl 
or aryl) produces the alkene 65 as the major product. This isomer corresponds 
to the formation and selective decomposition of an oxaphosphetane 63. 
However, it was also observed that treatment of the dihydroxyphosphonium 
salt 61b with two equivalents of methyllithium likewise affords 65 as the major 
product (93:7 65:66 for R’ = R” = CH,) (55). This experiment should generate 
the oxido betaine 61a, an intermediate that is capable of forming two different 
isomeric oxaphosphetanes, 62 as well as 63. Since the major alkene product 
65 is formed via 63, the preference for one of the two decomposition pathways 
must be due to differences in stereochemistry at the oxygenated carbons in 
61a and in the derived oxaphosphetanes. Indeed, 63 has the largest oxaphos- 
phetane substituents trans, while in 62 the largest groups are cis. In any event, 
a diastereomer of 61b (not shown) was also obtained in small amounts. 
Treatment of this material with methyllithium afforded 66 as the major alkene. 
Taken together with the first deprotonation experiment, this result proves that 
61a and 63 decompose under dominant kinetic control and that regiochemistry 
can be controlled by stereochemistry at  the stage of 61a. 

One other experimental result from the Corey et al. study is important 
for trisubstituted alkene synthesis. When 55=58 is quenched with formal- 
dehyde, the stereochemistry of C-C bond formation remains the same as 
before. However, the regiochemistry of the elimination step no longer favors 
the second aldehyde added, and the major product is now the allylic alcohol 
64 (54). This experiment suggests that both oxaphosphetanes 63 and 62 are in 
equilibrium with the lithium halide adduct 61a. Decomposition is controlled 
by the nature and degree of oxaphosphetane substitution as well as by 
stereochemistry. In the formaldehyde reaction, these factors combine to favor 
the trisubstituted alkene (via 62) over the disubstituted alkene that would be 
formed via 63 (R”=H). Several examples of trisubstituted alkene synthesis 
using Corey’s method are summarized in Table 10 without further comment 
because the origins of stereochemistry are not understood in detail, but Corey’s 
model 58 is consistent with the available evidence. 

All of the oxido ylide reactions demand the presence of at least one equi- 
valent of lithium halide. This requirement is most easily satisfied when the 
starting alkylidenetriphenylphosphorane is generated by the conventional 
butyllithium method from phosphonium salts in THF. Thus, Maryanoff et al. 
(22a) treated Ph3P+C,H9 Br- sequentially with butyllithium, benzaldehyde, 
butyllithium, and acid to give 60 ( R  = phenyl; replace Me by propyl) con- 
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taining less than 1 % of the diastereomer. Similarly, 55 = 58 (R'  = tert-Bu) was 
obtained by adding butyllithium to the mixture of 56 and 57, and low- 
temperature quenching with acid gave the P-hydroxyphosphonium salt 60 
(unoptimized ca. 9: 1 diastereomer ratio) (20). Subsequent reaction of recry- 
stallized 60 with sodium or potassium bases afforded the (E)-alkene. This 
recent variation of the Schlosser-Wittig method may prove simpler experi- 
mentally than some of the available alternatives (57), but it requires careful 
optimization of experimental variables to allow sufficient time, lithium halide, 
and alkyllithium reagent to drive the deprotonation step to completion. 
Otherwise, the product alkene will be contaminated by the (2)-isomer due to 
the presence of residual 56 or 57 in the acid-quenching step. 

One additional technique that can modify oxaphosphetane stereochemistry 
will be mentioned to underscore the subtle relationship between experimental 
conditions and the mechanistic variations that are possible. Anderson and 
Henrick have shown that Li +-containing Wittig intermediates can be partly 
equilibrated by the addition of alcohols (Scheme 10) (58). Thus, reaction of 
aldehyde 67 with pentylidenetriphenylphosphorane (generated from the 
phosphonium bromide using butyllithium) in ether afforded a 78:22 Z: E 
alkene mixture, typical for a Wittig reaction conducted in the presence of LiBr. 
When the experimental procedure was altered by adding ethanol to the Wittig 
intermediate (4.5 h between - 78 and - SOOC), considerably more of the 
(E)-alkene was formed (31:69 2:E) (58). Retro-Wittig cleavage was ruled out 
by suitable crossover experiments. However, the use of deuterated ethanol for 
the equilibration step afforded alkenes with up to 65% deuterium per mole. 
These results indicate that an a-deprotonation mechanism must be involved, 
similar to that deduced for the Schlosser (E)-alkene synthesis. However, there 
are some important differences. As before, LiBr will induce reversible 
oxaphosphetane ring cleavage to generate the betaine lithium halide adduct 
69. Subsequent ct deprotonation might conceivably involve an oxido ylide 
70, but the alternative of 8-hydroxy ylide (71) formation appears more likely 
beacuse the conditions are not strongly basic. Assuming that most of the 
material remains in the oxaphosphetane form (68 and 72). the equilibrium is 
driven by the thermodynamic preference for the trans-disubstituted isomer 72 
relative to the cis isomer 68. 

Bestmann (59) also reports one example of partial loss of stereochemistry 
and deuterium incorporation when an oxaphosphetane is treated with several 
equivalents of deuterated ethanol at - 78°C followed by warming. His 
explanation invokes pseudorotation of the oxaphosphetane to give the less 
stable pseudorotamer 73, followed by reversible C-P bond heterolysis to 
afford a zwitterion 74. Loss of oxaphosphetane stereochemistry is attributed 
to rotation about the C-C bond in 74. Competing formation of unlabeled 
alkene is suggested to involve the direct elimination of triphenylphosphine 
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Ph,P 0-Li 

70 

- 
Br 

c- - 
+ OEI 71 

EIOH 11 
rOEl 

Br 

LiBr - 
THF LiBr 

-EtOH 

74 75 

76 

Scheme 10 

77 

oxide from 74, while the D-labeled alkene is presumed to arise from the 
deuteration of 74 to give an alkoxyphosphonium salt 75 followed by elimination. 
Bestmann (59) did not dicuss the hydroxy ylide mechanism for deuterium 
incorporation, but the experimental conditions appear to be similar to those 
used by Anderson and Henrick (58).  The latter authors make a convincing 
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case for the hydroxy ylide mechanism as the pathway for deuterium exchange. 
There is also a considerable body of evidence against stereochemical equili- 
bration via high-energy intermediates such as the Bestmann zwitterion 74. 
Several of the examples of stereospecific oxaphosphetane decomposition given 
in Table 6 should have encountered 74 if such a species is energetically feasible. 
Thus, the intermediate 76 in a stabilized ylide reaction should have the best 
opportunity for C- P bond heterolysis to give the stabilized zwitterion 77. 
However, the corresponding control experiment in ethanol as well as in THF 
proceeds without significant loss of stereochemistry (Table 6, entry 20) (21c), 
and the formation of 77 is ruled out in this example as well as in a number of 
others (21c). 

To summarize the material presented so far, there are four distinct, but 
mechanistically interrelated pathways for the stereochemical modification of 
Wit tig reaction intermediates: 

1 .  Lithium Halide-catalyzed Reversal via Betaine Lithium Halide Adducts. 
This is the most common mechanism for loss of stereospecificity under 
Wittig conditions and often contributes to the stereochemical outcome 
of bezaldehyde reactions in the presence of lithium ion. The process is 
most facile for ylides containing anionic (alkoxide, carboxylate, or 
amido) substituents. 

2. Thermal Equilibration of Salt-jree cis-Disubstiruted Oxaphosphetanes. 
Only three examples of this process are known. The reaction appears to 
occur spontaneously when certain oxaphosphetanes are warmed to 
temperatures near the decomposition point. Spontaneous equilibration 
is restricted to oxaphosphetanes derived from P-trialkyl ylides and 
aromatic or tertiary aliphatic aldehydes. A catalyzed process via betaine 
derivatives is not ruled out, but there is no direct evidence to implicate 
catalysis. 

3. Schlosser Synthesis of (E)-alkenes. In contrast to the first two examples, 
this process does not involve equilibration of stereoisomers. The 
Schlosser method establishes stereochemistry in a kinetically controlled 
quenching reaction of an oxido ylide with acid. 

4. Partial Epimerization of Lithium Halide-containing Oxaphosphetanes 
by Alcohols. This process occurs via reversible formation of p-hydroxy 
ylide intermediates. 

A fifth category must be mentioned even though it may have no direct 
relevance to Wittig alkene synthesis. This is the equilibration of anti betaines 
under lithium-free conditions that was encountered in early attempts to 
design control experiments [Speziale and Bissing (1 2) and Trippett and Jones 
(13)]. As already discussed, strong evidence is now available that the 
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corresponding syn betaines as well as the derived oxaphosphetanes decompose 
without loss of stereochemistry (21c). 

Reaction conditions play a critical role in many of the above options for 
loss of stereochemistry, and factors such as the presence of Lewis acids (i.e., 
lithium ion), elevated temperatures, and hydroxylic solvents or impurities 
may well induce partial equilibration. However, the most commonly employed 
Wittig procedures rely upon inert solvents (ethers, hydrocarbons, DMSO, 
etc.) and temperatures no higher than 25°C. Under these conditions, significant 
equilibration is seldom encountered, especially with the simple nonstabilized 
ylides. 

VII. STEREOCHEMICAL RESULTS; EMPIRICAL Z:E DATA 

Alkene Z:E ratios from representative Wittig reactions are tabulated in the 
following sections. The tables begin with reactions of simple carbonyl 
substrates, organized according to ylide structural types. Reactions involving 
more complex carbonyl substrates are tabulated last, and these examples are 
organized according to the carbonyl reactant. An attempt has been made to 
restrict table entries to reactions where key variables including the phos- 
phonium counterion, solvent, base, and the temperature are specified. This 
information is not always clearly stated in the original publications, and 
assumptions were necessary in some of the entries. In a few isolated cases 
where the results appear to contradict similar experiments in the tables, the 
Z: E ratios are given in parentheses together with a question mark to alert the 
reader that the result may not be general or that the experiment may need to 
be repeated. To make systematic comparisons easier, small subsets of data 
obtained under comparable conditions have been placed a t  the end of some 
of the tables. 

VIII. NONSTABILIZED YLIDES Ph3P=CHR 

Table 11 summarizes many of the representative Wittig reactions of non- 
stabilized ylides Ph,P=CHR that contain no other functional groups that 
might influence the stereochemical outcome. The table entries have been 
compared with relevant control experiments discussed in connection with 
Tables 6 and 7. In those cases where > 5% catalyzed or spontaneous 
equilibration of oxaphosphetane stereochemistry appears likely, the stereo- 
chemical results are marked by a double asterisk. Entries for the lithium- 
containing experiments include a rough estimate of the maximum possible 
lithium ion concentration. However, the estimate assumes that all of the 
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50 STEREOCHEMISTRY AND MECHANISM IN THE WITTIG REACTION 

lithium ion remains in solution when the ylide is prepared, an approximation 
that will be inaccurate in nonpolar solvents (ether, benzene, toluene, etc.). 
Unpredictable variations in Z: E ratios among some of the lithium-containing 
entries may reflect the lack of control over [Li'] or the presence of 
precipitated lithium salts. Since the concentration of dissolved lithium ion 
remains unknown in virtually all cases, contrasting results reported by 
different research groups should be interpreted with care. 

The lithium-free experiments of Table 11 tell a consistent story, one that 
has changed little compared to the overview presented in 1970 (1). Typical 
nonstabilized ylides of the Ph,P=CHR family are > 90% selective for the 
formation of (Z)-alkenes at room temperature. The (Z)-alkene selectivity 
increases to > 95% as the reaction temperature is lowered (Table 11, entries 
10- 18) and is highest for tertiary aldehydes (entries 78-87). Relatively few 
/3-branched ylides have been studied, but the more recent entries appear to 
follow the usual pattern of (Z)-alkene selectivity (entries 88,95,96). Somewhat 
lower Z: E selectivities appear in one study of the cyclopropylcarbinyl 
member of the @branched ylide family (entries 90-92) (73), but these 
experiments involve benzaldehyde as the substrate and employ the relatively 
inefficient base sodium hydride for ylide generation. These factors may 
increase the risk of catalyzed equilibration of intermediates. A more recent 
study reports a typical Z:E ratio of 9:l in the case of a 2,3-diphenyl- 
cyclopropylcarbinyl ylide (salt-free conditions; 2,3-diphenylcyclopropane- 
carboxaldehyde substrate) (77). 

IX. LITHIUM HALIDE EFFECT ON STEREOSELECTIVITY 

According to Table 11, high (Z)-alkene selectivity is possible for lithium-free 
aliphatic aldehyde reactions in dimethyl formamide (DMF), DMSO, hexa- 
methylphosphoramide (HMPA), THF, ether, benzene, or hexane. There are 
some indications that Wittig reactions of benzaldehyde are more sensitive 
to the nature of the solvent (compare Table 11, entries 33-35, 39, 42), but 
the effect is small and may also be influenced by differences in temperature. 
The presence of relatively insoluble, nonelectrophilic metal salts such as NaC1, 
NaBr, KCI, KBr, or KI also does not exert any significant effect on Z:E 
ratios in a variety of solvents. On the other hand, the experimental conditions 
are important when Wittig reactions are performed in the presence of soluble 
salts or Lewis acids. This situation is encountered when lithium-containing 
bases are employed to prepare the ylide. Thus, Maryanoff, Reitz et al. (23c) 
have demonstrated that the Z:E ratio decreases as [Li'] increases for the 
reaction of hexanal with Ph3P=CHC3H, in THF (Table 11, entries 24-29). 
Since Z:E selectivity in the aliphatic aldehyde example is kinetically controlled 
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TABLE 12 
Effect of Conditions on the Z:E Ratio for the Reaction Ph,P=CHC,H,+ 

EtO2C(CH2)2CH=CH(CH2)2CHO (58) 

Entry 

1 

2 

3 

4 

5 

6 

7 

Base 

nBuLi 

nBuLi 

nBuLi 

nBuLi 

NaH 

NaNH, 

tBuOK 

Solvent 

Ether 

THF 

C6H6 

D M F ~  

DMF 

C6H2 
THF 

Temp Conc' (M) 

RT 0.10 

RT 0.14 

RT 0.09 

RT 0.14 

RT 0.34 

O0 0.27 

RT 0.16 

Z : E  Yleld 

78 : 22 61 Yo 

86 : 14 57% 

87 : 13 49% 

94 : 6 68% 

94 : 6 59% 

94 : 6 52% 

94 : 6 63% 

(a) Concentration of the ylide solution before addition of the aldehyde. 
(b) The ylide was initially generated in ether, which was removed in vacuo before addition of 

DMF. 
(c) The ylide was initially generated in NH3. The NH, was allowed to boil away and the 

residue was taken up in benzene. The benzene solution was then refluxed and filtered to 
produce an y l i e  solution without any inorganic salts present. 

(58, 18b) the result proves that there is a competition between Li+-catalyzed 
and Li +-uncatalyzed mechanisms. Anderson and Henrick (58) have per- 
formed a systematic study of the key variables for one pair of reactants 
(Table 12). Their results show that the lithium-free reaction (Table 12, entries 
6,7) is identical to a lithium-containing reaction (Table 12, entry 4) in DMF. 
Other polar solvents that act as efficient lithium ion complexing agents are 
likely to behave in the same way (23c). Similar conclusions had been reached 
earlier from a comparison of Z: E selectivity data (1). However, Anderson and 
Henrick (58) also demonstrated that differences in selectivity among some of 
the entries of Table 12 are due to kinetic factors (negative crossover 
experiments). Other groups have reported similar findings with aliphatic 
aldehydes (18b, 23c). 

The most dramatic medium effects on alkene Z:E ratios are seen in Wittig 
reactions of aromatic aldehydes (Table 11, entries 52-62). Maryanoff et al. 
(23c) have shown that the catalyzed Wittig reaction pathway in the system 
PhCHO + Ph,P=CHC,H, accounts for more than 50% of the total reaction 
when [Li'] > ca. 0.15 M in THF. A comparison of results obtained using 
several different values of [Li'] allowed an estimate for the stereoselectivity 
of the lithium-catalyzed reaction component, ca. 2:l in favor of the cis- 
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+ 
,a<; 

Li 

78 

Li + 

79 

A 
-7WC kOEC - <" - R C E C H R '  

D 90% cis 80 

Ph3 
R 

~ U N C A T  

t 1 L'+ 
B 

%AT --- 
~ R E V  

81 82 
(ca. 2 : 1 ) 

Scheme 11 

disubstituted oxaphosphetane. However, some of the empirical alkene ratios 
(Table 11, entries 56-60) show a much larger trend toward the (E)-alkene than 
would be expected from the influence of [Li'] on the kinetic cis-trans 
oxaphosphetane ratios. This is because the catalyzed equilibration of oxa- 
phosphetane stereochemistry by reversible formation and cleavage of the 
betaine lithium halide complex is also dependent on [Li']. This possibility 
was already discussed in connection with Schemes 7 and 8, and further details 
are provided in Scheme 1 1. 

Two different mechanisms for Li' catalysis of the Wittig reaction can be 
envisioned. One possibility involves the formation of a covalent organo- 
lithium species 79 from the phosphorus ylide. Such a process appears to take 
place with ylides of the general structure L,P=CH, (26c), and this potential 
mechanism for catalysis cannot be ruled out. However, a different mechanism 
is more consistent with some of the experimental results. Thus, reactions of 
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tertiary aldehydes are not influenced by lithium ion (see Table 11, entries 79, 
81, 84). If 79 is the intermediate resposible for catalysis (and reduced stereo- 
selectivity) in the unbranched aldehyde reactions, it is difficult to understand 
why the relatively unreactive tertiary aldehydes would also not benefit from 
the same catalytic effect. A more plausible mechanism invokes activation of 
the aldehyde as the Lewis acid complex 78, a possibility that has long been 
recognized (1). Sterically hindered aldehydes would be less likely to form 
complexes of this type, and the absence of a lithium halide effect on 
stereoselectivity in the reactions of tertiary aldehydes would be easy to under- 
stand. Activation of relatively unhindered aldehydes by reversible Lewis acid 
complexation would explain the stereochemical results as well as the modest 
rate enhancements reported by Maryanoff (23c) and would be most likely in 
solvents that do not coordinate lithium ion. 

Subsequent reaction of 78 with the ylide results in the diastereomeric 
betaine halide adducts 81 and 82 (path B), species that are capable of 
cyclization to the oxaphosphetane. The mechanism for lithium halide catalysis 
of the Wittig reaction can be regarded as the microscopic reverse of the 
lithium-catalyzed oxaphosphetane equilibration process discussed earlier. 
The details would depend on the donor properties of the solvent. Thus, 
lithium-coordinating solvents would increase the rate of cyclization from 81 
and 82 to oxaphosphetane 80 and would also increase the equilibrium con- 
centration of 80. Conversely, 81 and 82 would be favored in weak donor 
solvents such as diethyl ether, benzene, etc. With relatively long lifetimes for 
81 and 82, the chances for equilibration of the betaine lithium halide adducts 
by C-C bond cleavage would increase, especially if unsaturated substituents 
are present (R or R’ = aryl, alkenyl). The result would be a Wittig reaction with 
strongly concentration dependent stereoselectivity under lithium-containing 
conditions, due to the competition between paths A and B, Scheme 11. Since 
the catalyzed pathway B occurs without much selectivity, no attempt will 
be made to rationalize the modest 2:l ratio of 81:82 in the only case 
(R’ = C,H,) where this ratio is accurately known (23c). 

Some of the most profound lithium ion effects are observed in diethyl ether, 
benzene, or toluene, and the literature on Wittig reactions under these con- 
ditions contains a number of results that appear to be somewhat contradictory. 
The reason for this lack of consistency may be related to issues of lithium 
halide or betaine adduct solubility. Thus, Bergelson and Shemyakin et al. 
(5c, d) were able to show that ylide solutions prepared in benzene behaved 
differently if they were filtered to remove precipitated salts prior to use 
(compare Table 11, entries 3 and 4; entries 47 and 48). Later, it was shown 
that filtered toluene solutions of Ph,P=CHCH, obtained from the phos- 
phonium bromide using butyllithium contain < 0.1% bromide according to 
elemental analysis (18b). Therefore, the dramatic change in the alkene ratio 
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(23:77 Z: E) observed for the benzaldehyde/Ph,P=CHC,H, reaction in 
toluene (Table 11, entry 60) is almost certainly due to precipitated lithium 
bromide or the lithium bromide betaine adduct. The reported inverse depen- 
dence of Z:E ratios on lithium concentration in toluene is not likely to reflect 
solution phenomena because the toluene reactions were performed using’ 
suspensions, not homogeneous solutions (23c). These experiments cannot be 
interpreted in detail because they are conducted under heterogeneous con- 
ditions, but it is probable that they are influenced by lithium ion catalysis in 
the C-C bond forming step and also by substantial stereochemical equili- 
bration of intermediates because the starting aldehyde is aromatic. The 
presence of precipitated salts may also explain the variation in Z:E ratios 
reported for reactions in diethyl ether (compare Table 11, entries 12 and 23), 
but further studies are needed before the relationship between stereoselectivity 
and potentially electrophilic metal salts can be fully understood. In particular, 
it will be necessary to control [Li’]  and to remove precipitates. Selectivity data 
obtained “in the presence” of metal salts cannot be interpreted in detail unless 
the lithium ion concentration is measured under rigorously homogeneous 
conditions. 

X. PHOSPHORUS LIGAND EFFECTS IN REACTIONS OF 
NONSTABILIZED YLIDES 

Table 13 extends the coverage of stereoselectivity results to a number of 
different phosphorus environments. As shown in the data subsets at  the end 
of Table 13, modified ylides are available that allow the synthesis of alkenes 
with > 95% selectivity for either the (E)-  or the (Z)-alkene. Nearly all of the 
examples have been studied under lithium-free conditions, and there is little 
information available regarding metal salt effects on stereoselectivity. As in 
Table 11, most of the reactions are under kinetic control, with the exception 
of some of the P-trialkyl ylide examples (Table 13, entries 58-63, 65, 67, 71) 
where equilibration is assumed by analogy to the cases where specific control 
experiments were performed (entries 56, 60, 61) and also with the possible 
exception of the unusual ylide (Me,N),P=CHCH, (entry 72). Only one 
stereochemical result with this ylide is available (20). The relatively basic 
reagent is not well-behaved with enolizable aldehydes, but the promising 
result of the example of entry 72 in Table 13 suggests that the problem of 
(E)-alkene synthesis from tertiary aldehydes may have a simple solution. 

The results of Table 13 show that Z:E selectivity in phosphorus ylides 
is strongly influenced by the phosphorus substituents. There is a qualitative 
trend toward (E)-alkene formation as the bulk of phosphorus ligands 
decreases. However, there are a number of exceptions to the trend (for 
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example, the P-cyclohexyl examples, Table 13, entries 20-22, 65-69) that 
suggest the involvement of subtle, interdependent steric factors. 

In nearly all cases, (Z)-alkene selectivity is higher for tertiary than for 
unbranched aliphatic aldehydes. The combination of a tertiary aldehyde and 
bulky phosphorus ligands in the ylide usually results in the highest Z:E 
ratios, except for the cases already mentioned where oxaphosphetane inter- 
mediates undergo cis-trans equilibration according to control experiments. 
The kinetic oxaphosphetane ratios follow the general rule that cis selectivity is 
higher for tertiary than for unbranched aldehydes. If this rule is not reflected 
in the empirical alkene ratios, then equilibration of intermediates is a distinct 
possibility. 

Table 13 includes several ylide families that afford useful product ratios 
in favor of the (Z)-alkene. However, the original Wittig reagents Ph,P=CHR 
are preferred for most purposes where (Z)-alkenes are desired (Table 11). 
Selectivities of > 95% (Z)-alkene can be achieved at - 78°C for virtually 
any aliphatic aldehyde. In the event that higher Z selectivity is essential, 
modified, more hindered ylides of the general formula Ar,P=CHR may 
have an advantage (Table 13, entries 5-12) (61). However, the selectivity 
advantage is relatively small. 

There are also several nonstabilized ylide families that react with useful 
(E)-alkene selectivity. The most promising reactions to date involve ylides 
containing phosphorus in a five-membered ring environment such as the 
dibenzophospholes (“DBP” ylides, Table 13, entries 30-42) (41) or bridged 
tetrahydrophospholes ( “ B T P  ylides, entries 48-5 1) (42b). The DBP ylides 
are known to react under kinetic control (20, 41) and the analogous BTP 
ylides presumably do so as well. Both of these (E)-alkene selective ylide 
families should therefore avoid the experimental complications associated 
with reversible Wittig systems. However, the nonstabilized DBP ylides have 
the disadvantage that the intermediate oxaphosphetanes are exceptionally 
stable and must be heated to induce alkene formation (hours at 70°C; minutes 
at 110°C). Another problem is that only one of the two identical alkyl groups 
in the precursor phosphonium salt (for example, the ethylidene ylide precursor 
87) is utilized in the Wittig reaction. This factor limits the use of DBP ylides 
of the general formula 88 to examples where the substituent R is relatively 
simple and inexpensive. 

It has been found that nonstabilized ylides derived from the tetrahydro- 
phosphole nucleus (90 or 91) afford oxaphosphetanes that decompose at room 
temperature. Since 89, the phosphonium salt precursor of 90, contains only 
one alkyl group, BTP ylide 90 can be recommended for E-selective alkene 
synthesis in cases where the alkyl substituent must be used efficiently. Since 
the phosphorus environment in 90 is relatively expensive, this family of 
reagents will not provide a practical solution for large-scale synthesis of 
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(E)-alkenes until access to the bicyclic ring system can be improved. However, 
work on this problem is still at an early stage. Future studies should improve 
access to five-membered phosphorus environments having all of the desirable 
features: regioselective ylide formation, efficient utilization of the group 
R, E-selective alkene formation, and relatively facile oxaphosphetane 
decomposition. 

XI. ALLYLIC AND BENZYLIC YLIDES 

Benzylidenetriphenylphosphorane derivatives are historically important 
because their reactions with aromatic aldehydes were explored extensively 
during the first attempts to understand the Wittig reaction. Unfortunately, 
the key reaction Ph,P=CHAr + Ar'CHO has proved to be the most difficult 
to control among all of the known Wittig systems. An inspection of Table 
14 reveals inconsistencies in a number of the Z:E ratios when the work of 
different groups is compared. For example, entries 1-20 all feature the same 
benzaldehyde and benzylide reactants, but the reported Z selectivity among 
the lithium-free entries varies from 25% (Table 14, entry 13) to 74% (entry 
12), and an even higher Z selectivity of 81% is reported in the presence of 
lithium ion (entry 10). Inconsistencies in the lithium-containing experiments 
are probably the result of solubility differences caused by variations in the 
counterion, the solvent, and also the solvent composition (for example, 
reactions reported in THF with BuLi as base often contain a variable amount 
of hexane, depending on the concentration of commercial BuLi). Another 
problem is the practice of reporting reactions "in the presence" of lithium 
ion. For reproducible results, the concentration of dissolued lithium salt 
would have to be established and precipitates would have to be excluded, 
but this has rarely been done. 

The lithium-free experiments shown in Table 14 also contain surprising 
discrepancies. Many of these can be traced to experiments that were 
performed without maintaining positive temperature control. Regrettably, 
this problem has only recently been identified, and it casts doubt on some 
of the experimental results reported in Table 14. In contrast to typical 
nonstabilized ylides, benzylides of the Ph,P=CHAr family react relatively 
slowly with aldehydes at - 78°C. Thus, the common technique of combining 
reactants at -78°C followed by removal of the cooling bath results in a 
complicated reaction temperature profile that varies according to the reactivity 
of the aldehyde. The importance of this variable is clear from a comparison 
of the lithium-free benzaldehyde reactions at 0°C (Table 14, entries 17, 19; 
43% 2) and at temperatures below - 70°C (entries 18,20; 62 & 3% Z). Another, 
more striking example of this phenomenon is reported in the reaction 
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of(o-MeOCH,OCH,C,H,), P=CHPh with benzaldehyde to give stilbene as 
summarized in Table 14, entry 79 (96% Z at - 75°C) vs. 78 (53% Z at 25°C) 
(85). An earlier study of the same reaction had reported 73% (2)-stilbene at  
- 75”C, a result that reflects a variable temperature profile in a reaction that 
was not quenched or forced to completion at - 75°C (65). Experiments where 
quenching methods were used to control temperature are identified in Table 
14 by footnote a, appended as a superscript to the reaction temperature 
variable. 

Since the benzylide reactions are unusually sensitive to temperature 
variations, experiments at “room temperature” are also suspect. Such experi- 
ments may be affected by the exotherm of reaction, depending on the reactivity 
of the aldehyde. Since benzylide reactions have been so common in the 
literature, they are often published without sufficient experimental detail to 
establish whether positive temperature control was maintained (82d,e, 85)  or 
whether the temperature was allowed to vary (43). Thus, it will not be possible 
to interpret many of the results in Table 14 without repeating them. However, 
Yamataka et al. (82d) have reported a large number of aldehyde experiments 
where temperature control was maintained by quenching samples into dilute 
HCl. This information is gathered in Table 14, subset 1, together with several 
other experiments where reactions were quenched using cannula transfer into 
cold aqueous-methanolic NH,CI (82e). Where comparisons can be made, 
these methods give consistent results. 

As in the nonstabilized ylide reactions, benzylides afford alkenes with 
increasing Z selectivity as the temperature is lowered (lithium-free conditions). 
However, the inherent selectivity is lower for the benzylides, and the 
temperature effect is larger. With the exception of the ortho-methoxybenzalde- 
hyde and orrho-chlorobenzaldehyde entries in subset 1, the Z:E ratios are 
similar for a large variety of aromatic aldehydes. There is no simple effect of 
electron-releasing or electron-withdrawing groups when the temperature 
variable is controlled. 

Subset I also shows that the lithium-containing experiments tend to give 
ca. 60:40 Z:E mixtures with essentially all aromatic aldehydes. This ratio is 
similar to that determined for the lithium-catalyzed component of the 
benzaldehyde reaction with Ph,P=CHC3H, (23c). Furthermore, nearly the 
same Z:E ratio is observed in the reaction of Ph,MeP=CHPh with PhCHO 
when [Li’] exceeds ca. 0.01 M in THF (Table 14, subset 2) (42a, 43). Catalysis 
is effective at much lower lithium ion concentrations than in the analogous 
reactions of nonstabilized ylides (Table 1 1 ,  entries 52-59) (23c). This is to be 
expected because the benzylide is inherently less reactive. Lithium ion 
concentration effects have not been studied systematically for the Ph,P= 
CHPh entries of subset 1, but the similarity of Z:E ratios suggests that the 
catalyzed pathway dominates in all ofthese reactions. The influence of lithium 
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ion increases the proportion of the (Z)-alkene in most of the 0°C entries 
because the corresponding lithium-free reactions tend to be modestly selective 
for the (Ekalkene. However, lithium ion catalysis can have the opposite effect 
with aldehydes that are strongly biased toward Z selectivity, as in the 
o-chlorobenzaldehyde and o-methoxybenzaldehyde entries of subset 1. 

Most of the results summarized in subset 2, Table 14, were obtained with- 
out positive temperature control. However, the MePh,P=CHPh reactions 
are less sensitive to temperature (Table 14, entries 91, 92), and they are 
relatively fast at - 78°C by comparison to analogous Ph,P=CHPh entries. 
Futhermore, intermediates in the MePh,P=CHPh experiments can be 
studied by the method of independent betaine generation. These advantages 
have resulted in consistent Z:E data and a better understanding of experi- 
mental variables. Betaines and oxaphosphetanes derived from MePh,P= 
CHPh are resistant to equilibration in THF whether or not Li+ is present (19, 
43). The Li' effects in subset 2 are therefore due to dominant (> 98%) kinetic 
control. Catalysis is less effective in the p-nitrobenzaldehyde case (subset 2), 
as expected for a mechanism that requires Lewis acid activation of the 
aldehyde carbonyl group by Li'. The benzaldehyde reaction can also be 
catalyzed by Na+I-(see entry 96). In contrast to insoluble salts such as NaCl, 
NaBr, or KI, the relatively soluble NaI is an effective Lewis acid. Further 
studies are needed to dissect the relative rates and Z:E selectivities of catalyzed 
versus uncatalyzed pathways. However, judging from the similarity of product 
ratios (entry 96 vs. 95) the mechanisms for catalysis by NaI and LiBr appear 
to be closely related. 

Several puzzling entries in Table 14 remain to be explained, including 
reactions where hydroxylic solvents or alkoxide bases are used (entries 1 1-14). 
Betaine reversal was demonstrated under hydroxylic conditions in the 
original Trippet-Jones experiment (Scheme 4) (1 3), and it is conceivable that 
interconversion between oxaphosphetanes and betaines could be fast enough 
in hydroxylic solvents to allow significant betaine reversal to the ylide and 
aldehyde in some cases. However, there is no clear evidence to implicate 
stereochemical equilibration of benzylide-derived Wittig intermediates in 
ether solvents. 

Allylic ylides display many of the same trends as do the benzylides (Table 
15). In general, there are fewer controversial entries, probably because much 
of the work has been done under similar conditions. However, none of the 
experiments have included low-temperature quenching techniques. Only the 
initial reaction temperature is known in most examples, and temperature 
effects on Z:E selectivity have not been studied in depth. 

Four data subsets are provided, and they tell a consistent story. The 
benzaldehyde reactions (subset 1) proceed with mediocre selectivity that is 
not much affected by lithium ion. Selectivity in the Ph,P series is also poor 
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with aliphatic aldehydes (subsets 2-4), but better results can be obtained by 
modifying phosphorus substituents. Thus, allylic ylides of the MePh,P series 
afford useful ratios in favor of the (E)-alkenes, and exceptional selectivities are 
possible with the phosphole-derived reagents (Table 15, entries 40, 59, 68, 
70). In the E-selective reactions, lithium ion must be avoided because it 
moderates selectivity in much the same way as in the benzylide examples. 
Once again, some of the tertiary aldehyde reactions proceed with the highest 
selectivity for (2)-alkene formation, but few systematic comparisons are 
available. 

One other consistent feature in Table 15 will be mentioned because it has 
practical implications. Thus, many of the Ph,P-derived allylic ylide reactions 
proceed in low yield (entries 11-14, 31, 34, etc.), while the corresponding 
reactions of MePh,P-derived ylides are relatively efficient. One reason is that 
allylic ylides are capable of reacting with aldehydes at the y-carbon to give 
polar byproducts derived from the initial formation of alkenylphosphonium 
salts (90). Reduced steric bulk in the MePh,P-derived ylides promotes normal 
(Wittig) aC-C bonding, and the complication of y-capture is minimized. 
As expected from the steric effect, the MePh,P-derived ylides are also more 
reactive than the Ph,P analogues, a factor that becomes important with 
hindered aldehydes. Overall, the MePh,P-derived ylides offer a good com- 
promise of reactivity, practicality, and (E)-alkene selectivity. No analogous 
reagents have been reported for the direct synthesis of (2)-alkenes, and the 
exceptionally Z-selective environments such as (o-tolyl),P (61,82b) remain to 
be explored. Less direct phosphorus-based strategies are already available for 
Z-selective diene synthesis using modified Wittig reagents (9 1). 

XII. CARBONYL-STABILIZED YLIDES 

The utility of carbonyl-stabilized ylides for (E)-alkene synthesis was 
recognized in the early 1960s (4b, 5a, 98). Solvent and substituent effects that 
work against the inherent trend for E selectivity were also noted (4b). Thus, 
House (4b) reported that the reaction of acetaldehyde with Ph,P=CHCO,Me 
produces methyl crotonate with Z:E ratios of 3:97 in dry DMF and 6:94 in 
CH,CI,. In methanol, two different results were given, 28:72 Z:E after 
distillation and 38:62 Z:E by direct GLPC (gas liquid partition chromato- 
graphy) analysis. House (4b) also observed that lithium or  magnesium salts 
reduced E selectivity in DMF, but not in methanol. Similar results were 
obtained for the reaction of Ph,P=CHCO,Me with chloroacetaldehyde. 
This substrate gave relatively more of the (2)-enoate: Z:E = 17:83 (DMF), 
29:71 (CH,CI,), and 52:48 (CH,OH) (4b). Many subsequent studies of 
stabilized ylides are summarized in Tables 16-19. While the findings follow 
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the patterns originally reported by House, some of the more complex 
substrates (Table 19) display incredible sensitivity to experimental conditions. 
Structural details in the aldehyde are also important, especially when 
heteroatom substituents are present (2j). Before considering the most dramatic 
examples, we will examine two simple aldehyde substrates in detail to evaluate 
solvent and additive effects. 

Table 16 summarizes the solvent dependence of Z:E ratios for the 
representative reactions of an unbranched alkanal (PhCH,CH,CHO) and 
an 2-branched, a-alkoxy aldehyde (2-formyltetrahydropyran) (99a). Each 
entry provides Z:E data for the reaction of crystallized Ph,P=CHCO,Et as 
well as for the analogous reaction using an in situ method for ylide generation 
from Ph3PtCH2C02Et Br- and the amidine base DBU. The latter 
technique is included to allow comparisons with other ylides that do not 
crystallize and that are more easily handled using the in situ method (Table 17). 
I t  is apparent that the two methods give rather different Z:E ratios due to the 
variable presence of DBU.H+Br-. Substantial solvent effects are seen with 
both of the aldehydes, but the r-alkoxy substrate is affected more strongly, 
and its reactions have a smaller bias for (E)-enoate formation. Optimum 
selectivity for the (€)-enoate is obtained under aprotic conditions, and the 
most reliable conditions employ the least polar solvents. Thus, the selectivity 
perturbation due to DBU.H+Br- is smallest i ,I THF, CCl,, and C6H6, 
probably because the salt precipitates from these solvents. The effect is also 
small in alcohol solvents where the salt remains in solution, but these reactions 
are already substantially perturbed by the hydroxylic solvent compared to 
the aprotic experiments. Reactions performed in CH,CN, CH,Cl,, and DMF 
are influenced the most by DBU.H+Br-, as shown by entries 4-6 and 13-15 
in Table 16. The reaction of 2-formyltetrahydropyran with crystallized 
Ph,P=CHCO,Et (CH,CI,, room temperature) is especially sensitive to 
impurities (use of aldehyde several days after distillation, 17:83 Z:E) and to 
additives: (1) 0.5 equiv excess Ph,P+CH,CO,Et Br- added, Z:E = 25:75, 
(2) 1.1 equiv C6H,,NH:Cl- added, Z:E =41:59; (3) 1.2 equiv C ~ H S C O ~ H  
added, Z:E = 2:98; and (4) 1 equiv CH,CO,H added, Z:E = 10:90. Stronger 
acids (for example, pyridinium trifluorosulfonate) protonate the ylide and 
inhibit the Wittig reaction. 

The enhancement of E selectivity by benzoic acid is especially striking. This 
phenomenon was first reported in 1974 (100b), but little is known regarding 
its origin. In the examples mentioned above, benzoic acid preferentially 
catalyzes the E-selective Wittig pathway and does not cause E/Z equilibration 
of the products (99). Thus, the enhanced (€)-enoate selectivity is the result of 
kinetic control. 

Since solvents or additives can promote either the E-selective or the 
Z-selective pathway with Ph,P=CHCO,Et, it is crucial to focus on 
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experimental details when evaluating (or reporting) Z: E selectivity data. 
There is a substantial risk that contamination of the aldehyde by the carboxylic 
acid or by other impurities may influence Z:E ratios by catalysis. In spite of 
these potential uncertainties, the Z:E ratios collected in Tables 17 and 18 
follow consistent patterns to the extent that direct comparisons under 
identical conditions can be made. 

The Wittig reactions of simple aldehydes with a variety of ester-stabilized 
ylides are summarized in Table 17. Many of these reactions can be performed 
with high (E)-enoate selectivity in ether solvents, but the use of in situ ylide 
generation methods can be problematic unless bases such as NaOEt or 
KHMDS [KN(SiMe,),] are employed. The steric bulk of the aldehyde 
reactant is not an important factor, nor is the phosphorus substitution 
pattern under the optimum THF conditions for (E)-enoate formation. In 
contrast to the nonstabilized ylide reactions, there is no dramatic change in 
Z:E selectivity when the conventional Ph,P subunit is replaced by derivatives 
containing a phosphole ring (Table 17, entries 26, 28, 41). However, there 
are substantial differences in the way that different ylides respond to solvent 
variations. In general, the P-triphenyl derivatives respond strongly to the 
use of hydroxylic solvents, while the P-trialkyl ylides (Table 17, entries 42-48) 
are relatively insensitive and react with high selectivity for the (E)-enoates 
in ethanol. According to the crossover experiments discussed earlier (Table 6), 
all of these results are probably due to dominant kinetic control. However, no 
control experiments have been performed in the P-trialkyl series. Futhermore, 
it is possible that some of the empirical results may be influenced by equili- 
bration of product stereochemistry. This potential complication has been 
ruled out for the entries of Table 16, but most of the other stabilized ylide 
examples have not been studied in depth and the possibility of product equili- 
bration has not been tested. 

Table 18 summarizes the reactions of several other families of stabilized 
ylides with simple aldehydes. With the exception of the cyano ylide entries 
(entries 5,6), these reactions are consistently selective for the (E)-alkene, and 
the influence of solvents is small by comparison to the ester-stabilized ylides 
of Table 16 or 17. To the extent that systematic comparisons are possible 
based on the limited data, the formyl-, acyl-, or phenacyl-stabilized ylides 
all afford similar product ratios. The a-alkyl ester-stabilized ylides (Table 
18, entries 19-24) also react with a consistent preference for the (trisubstituted) 
(E)-alkene in protic or aprotic solvents. No control experiments have been 
reported for the great majority of examples, and product equilibration is a 
possibility. Nevertheless, the entries ofTable 18 are striking for their consistent 
E selectivity in a variety of solvents. Apparently, ester- or cyano-stabilized 
ylides such as Ph,P=CHCO,Et, Ph,P=CHCN, and MePh,P=CHCO,Et 
(Tables 16, 17, 19) are unique in their sensitivity to solvent changes. 
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Many reactions of stabilized ylides have been described with aldehydes 
that contain heteroatom substituents (Table 19). Due to the complexity of the 
substrates, this table is organized according to the aldehyde reactant and 
includes a variety of stabilized ylides. The table cites only a few of the more 
than 200 known reactions of complex aldehydes with Ph,P=C(CH,)CO,R” 
because they all follow the same selectivity pattern as in the simple examples 
of Table 18. Heteroatom substituents do not alter the usual preference for 
the (E)-trisubstituted enoate. On the other hand, a-heteroatom substitution 
is clearly important for the reactions of Ph,P=CHCO,R”. These results are 
covered more thoroughly. Nearly all of the reactions follow the logic of 
Tables 16-1 7, but some of the examples are exceptionally selective. Systematic 
comparisons suggest that remote heteroatoms may enhance or negate the 
a-alkoxy effect, depending on the details of aldehyde structure. 

Most of the a-oxygenated aldehydes in Table 19 display the characteristic 
trend toward (2)-enoate formation with Ph,P=CHCO,R” (2j). A simple 
example of this phenomenon was discussed in connection with Table 16 
(2-formyltetrahydropyran entries), but a number of others had been reported 
much earlier (Table 19, entries 61-93) (126-127). Table 19 also includes the 
first systematic solvent comparisons (entries 61 -67) for an a-alkoxy aldehyde 
reaction with an ester-stabilized ylide (126). This series of experiments 
represents the most dramatic known example of solvent effects on selectivity 
(92:8 Z:E in methanol; 14:86 Z:E in DMF), but the results are qualitatively 
similar to the solvent study in Table 16. In several other examples, the isomer 
ratios in methanol are reported to reach synthetically useful levels (> 90%) 
of the (Z)-enoate (Table 19, entries 19, 20, 23-25). However, most of the 
methanol entries fall in the more typical range of 70-85% (Z)-enoate. No 
similar trend is seen with p- or y-oxygenated aldehydes (Table 19, entries 
102-1 13) that lack an a-alkoxy group. 

Table 19 also includes several remarkable contrasts in selectivity. For 
example, a y-hydroxyaldehyde (entry 52) reacts with an exceptionally high 
91 :9 Z: E ratio in dichloromethane. The corresponding y-methoxy aldehyde 
(entry 56) gives a 5:95 Z:E enoate ratio. Assuming a kinetically controlled 
reaction in each case, the observations show that the normal a-alkoxy effect 
can be enhanced by the internal y-hydroxyl group and negated by the 
y-methoxy function. However, a small change in relative stereochemistry also 
appears to negate some of the a-alkoxy effect in aldehydes that contain a 
free y-hydroxyl group (entries 57-59). The results suggest the possibility of 
cooperative effects due to two or more heteroatoms, but it will be necessary 
to explore simpler model compounds before this hypothesis can be confirmed. 

Some of the reactions of Ph,P=CHC(O)Me encounter a similar but 
smaller cooperative effect that appears to depend on remote stereochemistry. 
Thus, entries 72 and 75 in Table 19 proceed normally to afford products 
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containing 70-75% (E)-alkene and 25-30% (Z)-alkene (chloroform solution), 
while entries 78,79, and 81 afford only the (Ekisomer (NMR detection limits) 
under the same conditions. Unfortunately, no experiments have been reported 
using Ph,P=CHCO,R” and the same a-alkoxy aldehyde substrates. The 
closest analogy (entry 77) contains an a-hydroxyl group in the substrate 
aldehyde, but this reaction appears to proceed normally in methanol and 
gives a 76:24 Z:E ratio of enoates. These contrasting results, like some of 
the other entries in Table 19, should be interpreted with care because control 
experiments were not reported in most of the examples. 

Product equilibration is not likely under room temperature reaction 
conditions, but there are some cases where it has been dqliberately used to 
enhance the (E)-enoate selectivity of reactions that otherwise afford mixtures. 
Entries 47-49 in Table 19 demonstrate that catalytic amounts of p-dimethyl- 
aminopyridine (DMAP) will induce the Z: E equilibration of a$-unsaturated 
thiol esters at room temperature (chloroform solution), resulting in enhanced 
(E)-enoate selectivity (101b). This procedure is not effective with the corre- 
sponding oxygen esters, however. 

Equilibration may also be involved in some of the reactions of acyl- 
stabilized ylides such as Ph,P=CHC(O)CH,, or of the formyl analogue 
Ph,P=CHCHO, reagents that tend to produce (E)-alkenes in alcohols or 
halocarbons as well as in the nonpolar, aprotic solvents. These highly stabilized 
ylides are not very reactive, and extended reaction times increase the risk of 
Z/E interconversion. On the other hand, product equilibration has been ruled 
out for at least some of the E-selective reactions of the relatively reactive 
a-substituted ylide Ph,P=C(Me)CO,R”. 

Another way to enhance (E)-enoate selectivity of a-alkoxy aldehyde 
reactions is available, based on the catalytic effect of benzoic acid in ether 
solvents (99a, 101 by 128, 131). Detailed stereochemical comparisons of 
catalyzed and uncatalyzed reactions are not available in the examples in 
Table 19, but entry 98 is reported to benefit significantly by comparison to 
the uncatalyed process (131). It has not been shown whether benzoic acid 
catalysis affects the mechanism of C-C bond formation or whether it 
equilibrates product stereochemistry in this case. The combination of the 
acid catalyst and the elevated reaction temperature in dimethoxyethane 
increases the risk of Z:E equilibration. However, in an earlier example dis- 
cussed in connection with Table 16, the (Ekenoate-enhancing effect of benzoic 
acid is due to kinetic control. It has also been shown that benzoic acid catalysis 
is more effective in CH,Cl, than in dimethylsulfoxide (99a). 

Kinetic control is plausible in many, if not all, of the other E-selective 
ylide reactions. It follows that the exceptionally solvent- and substrate- 
dependent reactions of the a-unsubstituted ester-stabilized ylides (Ph,P= 
CHCO,R”, Ph,MeP=CHCO,R”, etc.) reflect transition state preferences 
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that are unique to this ylide family. Nearly all of the complex examples of 
Table 19 follow the simpler ester-stabilized ylide precedents of Tables 16- 18, 
provided that comparisons are made in the same solvent. Optimum selectivity 
for the (E)-enoate is seen in ethers or other nonpolar, aprotic solvents, while 
the highest percentage of (Z)-enoate is consistently observed when the 
reactions are performed in methanol. 

XIII. YLIDE REACTIONS WITH KETONES 

Wittig reactions of ketones are experimentally more difficult due to dimini- 
shed carbonyl reactivity and the substantial risk of enolization. These 
potential problems can be overcome using special experimental techniques 
to be discussed at the end of this section, but some of the available Z:E 
selectivity data were obtained from experiments that were not optimized for 
maximum conversion to the alkene. This situation complicates the interpre- 
tation of stereochemical results, especially in those cases where only one 
product was isolated using chromatography or crystallization (for example, 
Table 20, entries 58-62, 64-76). If the yield is low, the isolation of a single 
product does not necessarily prove that the Wittig reaction proceeds with 
high selectivity for that product. Stereochemical comparisons are further 
complicated because there is no simple way to prove the geometry of tri- 
substituted double bonds in complex substrates. Nevertheless, there is a 
modest amount of reliable data. Table 20 includes most of the reported 
examples where the basis for stereochemical assignments appears firm, 
together with a few cases (Z:E ratios in parentheses) that may need to be 
reinvestigated. 

Nonstabilized, lithium-free ylides Ph,P=CHR react with unbranched 
a-alkoxy ketones to afford the Z-trisubstituted alkenes (Table 20, entries 
6- 1 5) ( 1  45). The reactions require no special techniques to achieve high 
conversion because the electronegative a-alkoxy substituent increases ketone 
reactivity. Alkyl branching a to oxygen reinforces Z selectivity (entry 20), but 
branching in the a' position of an sc-alkoxy ketone (entry 19) results in a 1 : 1 
mixture (145). This result suggests that an a-alkyl branch point is comparable 
to an a-alkoxy group in promoting Z selectivity and that the effects are 
roughly additive. If the same observations also apply to ketones that lack 
the a-alkoxy substituent, then Z-trisubstituted alkenes should be formed 
from the reaction of Ph,P=CHR with methyl ketones that also contain a 
branched alkyl substituent. Indeed, there are several entries that appear to 
follow this prediction (entries 4,25,31). However, there are a number of other 
ketones where the opposite trend is seen (entries 24, 35, 58-64). Some of 
the more striking examples of E selectivity (entries 58-64) involve structural 
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assignments that are based largely on the assumption that the ‘H NMR 
methyl chemical shift in the (Z)-trisubstituted alkene will be shifted approxi- 
mately 0.1 ppm to a higher field compared to the @)-isomer. Independent 
confirmation of selectivity would be helpful here, but the precedents cited are 
convincing (159, 160). Apparently, the influence of a-alkyl branch points in 
the ketone reactions is much more sensitive to overall structural details than 
in the aldehyde reactions. Small structural changes can have large and unpre- 
dictable consequences on selectivity. Thus, 2-methylcyclohexanone (entry 37) 
forms theethylidenederivative with a Z:E ratio of 14:86 while the correspond- 
ing reaction of 2-methylcyclopentanone (entry 36) is nonselective (Z:E 55:45; 
both experiments under lithium-free conditions) (42, 15 1). 

The phosphole reagents follow a more consistent trend for (E)-trisubstituted 
alkene formation (Table 20, entries 16, 17,27,35,39,40,42,43) (42, 147). The 
stereochemical preference is inverted by comparison to the conventional 
Ph,P=CHR reactions for the a-alkoxy ketones, for several enone examples 
(entries 16, 17, 27, 35), and for some of the a-alkyl branched ketones. This 
trend is similar to the E-selectivity pattern seen in the aldehyde reactions 
with phosphole-derived ylides, but more systems must be studied before 
reliable generalizations are possible. 

Several of the stabilized ylide reactions with ketones also follow consistent 
patterns. Thus, a-hydroxy ketones afford (E)-enoates (Table 20, entries 5, 
21,22,44) (144), while most of the a-alkoxy derivatives favor the (2)-isomers 
(entries 70, 74) (164). There is at least one exception in the a-alkoxy series 
where the (E)-enoate is favored (entry 77) (165), and there are several cases 
of puzzling selectivity with a,a’-dialkoxy ketone substrates (entries 71,72,74) 
(164). As in many of the ketone Wittig entries, the observations are interesting 
and high selectivity is often possible. However, the results appear specific to a 
given class of substrates, and there are insufficient data to establish general 
trends. 

As already mentioned, ketone Wittig reactions are complicated by low 
carbonyl reactivity and by enolization in the case of nonstabilized ylides. 
The level of difficulty increases with increasing steric hindrance in the 
reactants, but experimental solutions are available even for the most extreme 
cases (159, 168-171). A discussion of the key variables is included below, 
partly to dispel the notion that the Wittig approach is not practical for 
hindered, enolizable ketones and partly to guide future stereochemical studies 
of the ketone reactions. 

Enolization in ketone Wittig reactions can usually be attributed to the 
use of lithium-containing ylide solutions. Thus, 3-methyl-2-butanone reacts 
rapidly ‘with Ph,P=CHCH,/LiBr to form a precipitate, and prolonged 
heating produces only traces of the alkene (Table 20, entry 2). When the same 
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experiment is performed using 0.2 M KHMDS as the base to generate the 
ylide, the ylide color fades over a period of hours at 60°C and the alkene is 
formed normally (entry 3) (42). Since the rate-determining step (reaction of 
the ylide with the ketone) is bimolecular, the reaction shows the expected 
strong dependence on concentration. Thus, significant improvement is 
observed using 0.75 M ylide solution (entry 4), and the reaction proceeds at 
room temperature. The concentration variable is crucial for highly hindered 
ketones, and extraordinary measures must be taken to maximize the reaction 
rate. In the most impressive recent technique, the ylide is prepared using 
KO-tert-C,H, in ether or benzene, followed by removal of nearly all of the 
volatile solvents by distillation [method A, Scheme 12; Fitjer et al. (168)l. 
Addition of the ketone is performed at elevated temperatures without added 
solvent, a technique that ensures the highest possible ylide concentration and 
that permits the use of drastic temperatures as high as 130°C. The Fitjer 
method is a more extreme variant of the first optimized procedure for ketone 
olefination [Table 20, entries 58-60 Piraux et al. (1 59), see methed B, Scheme 
123. In the original procedure, a large excess of the ylide (as much as 7 
equivalents) was used and the ketone was added at elevated temperatures. 
However, the ylide solutions (prepared using sodium tert-amylate in benzene 
or toluene) may have been less concentrated (approx 0.8- 1.0 M) (159,160,169). 
By comparison, typical aldehyde olefinations proceed at convenient rates 
using a small excess of the ylide at concentrations as low as ca. 0.05 M. Method 
C, Scheme 12, (ca. 0.8 M ylide in DMSO prepared using KO-tert-C,H,; 60°C 
reaction temperature) has been used for tetrasubstituted alkene synthesis with 
Ph,P=CMe, (170) and a similar procedure has been recommended for the 
methylenation of hindered ketones containing nearby quaternary carbon 
(171). Tetrasubstituted alkenes are notoriously difficult to make by the Wittig 
method (172), although there are several other successful examples under 
lithium-free conditions (63, 173). However, enolization is the dominant or 
exclusive pathway when lithiurn-containing Ph,P=CMe, is reacted with 
simple ketones such as cyclohexanone (18b). 

It is not clear whether enolization is avoided under the lithium-free, 
high-concentration conditions, or whether it occurs reversibly enough to 
permit eventual conversion of the ketone to the alkene. However, the most 
successful procedures involve alkoxide bases (1 59, 168- 170) or require the 
presence of excess phosphonium salt (171). Proton exchange and reversible 
enolate formation are likely under these conditions, and aldol condensation 
pathways would also be reversible when potassium or sodium bases are used. 
Thus, excellent yields of alkenes are possible with the most hindered 
substrates, provided that other pathways for irreversible enolate decomposi- 
tion are not available. 
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XIV. WITTIC REACTIONS IN MULTIFUNCTIONAL SYSTEMS 

The last Compilation of empirical data (Table 2 1) contains selected examples 
from a variety of reactions where the stereochemical results may be influenced 
by one or more additional functional groups in the ylide or carbonyl reactants. 
The first two categories (ylides containing anionic carboxylate or alkoxide 
substituents) have already been mentioned in connection with the issue of 
reversibility in Wittig reactions (see Scheme 8). In general, aromatic aldehydes 
or a$-unsaturated aldehydes react with useful (E)-alkene selectivity with these 
reagents, provided that lithium ion is present. Unbranched aliphatic aldehydes 
afford Z:E mixtures under lithium-containing conditions (Table21, entries 
2 1,33), but further optimization may be possible. Thus, an a-methyl aldehyde 
(entry 31) affords a synthetically useful product ratio of 15:85 Z:E. Anionic 
P-amido ylides are similar in behavior to the oxido ylides, and E-selective 
reactions are observed with the reversal-prone aromatic or tertiary aliphatic 
aldehydes (entries, 61-64). Under lithium-free conditions, the oxido ylides 
tend to produce unpredictable Z:E mixtures. However, the lithium-free carbo- 
xylate ylides react with normal (excellent) Z selectivity (entries 4-9). 

It is likely that the (E)-alkene selective reactions of anionic ylides are due 
to equlibration of the betaine lithium halide adduct as discussed earlier. 
However, the balance is delicate and small structural changes can have 
surprising consequences. Thus, Corey’s stereospecific trisubstituted alkene 
synthesis via B-oxido ylides (Table 10) is clearly under dominant kinetic 
control, even though lithium ion is present and aromatic aldehydes can be 
used as the substrates (54,55). The only obvious difference between the inter- 
mediates of Table 10 and oxido ylide examples such as entry 11 in Table 21 
is that the latter must decompose via a disubstituted oxaphosphetane while 
the stereospecific reactions in Table 10 involve trisubstituted analogues. 
Apparently, the higher degree of oxaphosphetane substitution favors de- 
composition relative to equilibration. There are few easy and safe generaliza- 
tions in this field. Each system must be evaluated in detail before rationales 
can be recommended. 

A few systematic comparisons can be made for the reactions of simple 
aldehydes with a-heteroatom-substituted ylides. The normal Z-selectivity 
pattern of the Ph,P=CHX series decreases from X = iodine to bromine to 
chlorine or fluorine (Table 21, entries. 44-57). There may be a similar 
decrease in selectivity with decreasing atomic number from a-sulfide to a-ether 
substituents (compare entries 40-43 with 35-37). Unfortunately, no direct 
comparisons have been made, and there are very few examples involving 
reactions of simple aliphatic aldehydes RCH,CHO with either the a-alkoxy 
or the a-alkylthio ylides. It is too early for detailed generalizations, but the 



T
A

B
L

E
 2

1 
W

itt
ig

 R
ea

ct
io

ns
 w

ith
 M

ul
ti

fu
nc

ti
on

al
 R

ea
ct

an
ts

 o
n 

U
nu

su
al

 F
un

ct
io

na
l G

ro
u

p
s 

e
 E2 

C
ar

b
o

n
yl

 R
ea

ct
an

t 
L

,P
+C

H
~R

 
E

nt
ry

 X
- 

B
as

e 
W

ve
n

l 
Te

m
p 

Z:
E 

Y 
*Id

 
R

e1
 

C
ar

bo
xy

la
te

 y
lid

es
: 

Ph
CH
O 

Ph
,P
+(
CH
,)
,C
02
H 

1 
B

i 
2e

qL
iH

M
D

S
 

TH
F 

R
T

 
1

3
~

8
7

 
74

%
 

23
b 

.. 
2 

B
i 

2e
qK

O
lB

u 
TH

F 
R

T 
35

:f
fi

 
81

%
 

23
b 

n-
C

,H
,,C

H
Q

 
3 

B
i 

2e
q

L
iH

M
D

S
 

TH
F 

R
T

 
7

3
2

7
 

??
 

23
b 

I
 .. 

-- 
4 

B
i 

2e
q

N
aD

M
S

O
 

D
M

S
O

IT
H

F 
R

T
 

2
 o

nl
y'

 
??

 
17

4 
"

t
l

c
~

~
C

H
O

 
.. 

O
T

H
P

 

5 
B

r 
2e

qN
aD

M
S

O
 

W
SO

 
R

T
 

'2
 o

nl
y'

 
74

%
 

17
5 

B
O

C
 g
H

0 
C

02
1B

u 

I
 

6 
B

r' 
2e

qL
iH

M
D

S
 

TH
FM

M
P

A
 

-7
8"

 
'2

 o
nl

y 
46

%
 

17
6 

-- 
7 

B
i 

2e
qK

O
lB

u 
TH

F 
R

T 
'2

 o
w
 

59
%

 
17

7 

I
 

8 
B

r' 
2e

q
K

H
M

D
S

 
TH

F 
R

T
 

'2
 on

ly
' 

75
%

 
1 7

8 



C
am

o
xy

la
te

 y
lid

es
: 

P
h3

P
+(

C
H

,),
C

O
zH

 
9
 

B
r-

 
2e

g 
N

aD
M

S
O

 
D

M
S

O
 

??
? 

'2
 on

ly
' 

85
%

 
17

9 

L,
P+

C
H

,R
 

E
n

ty
 X

- 
m

se
 

S
ol

ve
nt

 
C

ar
b

o
n

yl
 R

ea
ct

an
t 

O
X

ld
O

 Y
lld

es
: 

P
hC

H
O

 

Te
m

p 

R
T 

R
T 

R
T 

R
T 

re
ltu

x 

A
T 

R
T 

R
T -7
8"
 

-7
80

 

-7
8"
 

R
T 

re
ltu

x 

A
T 

R
T 

Z:
E 

28
:7

2 

3
9

7
 

4%
 

4
4
:s
 

73
27

 

6
9

4
 

1
5

:s
 

54
46
 

1
5

:E
 

W
:4

0 

83
:1

7 

4
2
:
s
 

w
:1

2
 

48
52
 

n
m
 

Y
ie

ld
 

R
et

 

P
~P

+C
H

,C
H

,O
H

 
10

 

11
 

Bi
 

B
i

 

ar
- 

87
 

B
i 

B
i 

Br
- 

Bi
 

B
i 

B
i 

Br
- 

2e
qL

iH
M

D
S

 
TH

F 

2e
q

 
B

uL
i 

TH
F 

14
%

 

??
 

18
0 

18
0 

P
~P

+C
H

,C
H

,C
H

,O
H

 
12

 

13
 

". 
2e

qL
iH

M
D

S
 

TH
F 

2
e

q
K

U
B

u
 

TH
F 

80
%

 

34
% 

18
0 

18
0 

[P
h

3P
+C

H
zC

H
zC

H
,0

~]
' 1

4 15
 

.. 
50

%
 

8% 

18
0 

18
0 

M
F

 

le
q

L
iH

M
D

S
 

TH
F 

Ph
,P

+(
C

H
,),O

H
 

16
 

17
 

"
 

2e
q

L
iH

M
D

S
 

TH
F 

2e
qK

O
tB

U
 

TH
F 

??
 

??
 

18
0 

18
0 

P
$P

+(
C

H
,C

H
20

H
)C

H
,P

h 
18

 
2e

q 
B

uL
i 

TH
FM

M
P

A
 

87
%

 
18

1 

54
%

 

35
% 

P
&

P
+

C
H

~
C

H
=

C
H

C
H

~
 19

 

20
 

"
 

2e
q 

B
uL

i 
TH

F 

2e
qK

H
M

D
S

 
TH

F 

18
2 

18
2 

n-
C

5H
,,C

H
0 

P
~P

+C
H

,C
H

,C
H

~O
H

 
21

 

[P
h,

P
*C

H
,C

H
,C

H
,O

'~
 

22
 

23
 

P
hP

+(
C

H
2)

4C
+i

 
24

 

- 
2e

qL
iH

M
D

S
 

TH
F 

-- 
TH

F 

1e
qL

iH
M

D
S

 
TH

F 

2e
aL

iH
M

D
S

 
TH

F 

82
% 

63
% 

77
%

 

??
 

18
0 

18
0 

18
0 

18
0 



T
A

B
L

E
 2

1 
(C

on
ti

n
u

ed
) 

e
 

C
ar

bo
ny

l R
ea

ct
an

t 
L,

P'
C

H
,R

 
E

nt
ry

 
Y

 
B

iu
a 

M
ve

m
 

~
e

m
p

 
Z:

E 
Y

ie
ld

 
R

e1
 

0
 

O
X

ld
O

 Y
lld

es
: 

- 
n

-C
S

H
,,C

H
O

 
P

~P
'C

H
,C

H
-C

H
C

H
,(

m
 

25
 

Br
. 

2e
q 

Bu
Li

 
TH

F 
-7

r 
8
7
3
3
 

80
%

 
18
3 

.. 
26

 
B

i 
2e

q
K

H
M

D
S

 
TH

F 
-7

8'
 

9
5

5
 

60
%

 
18
3 

n-
C

6H
,.J

H
0 

27
 

.. 
le

q
L

iH
M

D
S

 
TH

F 
-2
30
 

4
6

:s
 

56
%

 

'E
 o

nl
y'

 
70
% 

-C
N

O
 

28
 

B
r- 

2e
q 

B
uL

i 
TH

FM
M

P
A

 
-7

8"
 

29
 

E
i 

2e
q 

B
uL

i 
TH

FM
M

P
A

 
-7

8'
 

'E
 o

ni
y 

25
% 

80
%

 

15
:8
5 

75
% 

85
:1

5 
??

 

-7
6'

 
4

0
5

0
 

??
 

o(
yJ
 

33
 

Br
' 

2e
q 

B
uL

i 
TH

F 

i 

18
4 

18
5 

18
5 

16
6 

16
7 

18
7 

18
8 



O
xl

d
o

 Y
lld

es
: 

P
hC

H
O

 
P

h
3

p
s

z
-

 
34
 

B
r 

C
"2

 

L~
P

+C
H

,R
 

E
n

tr
y 

X-
 

P
~P

+C
H

,0
C

H
2C

H
+M

e,
 

35
 

C
, 

R
T

 
'Z

 o
nl

yC
 

18
9 

B
as

e 
So

lv
en

t 

N
aH

 
D

M
S

O
 

Te
m

p 

20'
 

Z
E

 

50
:5
0 

Y
ie

ld
 

70
40
% 

R
ef

 

19
oa

 

C
a

rb
o

n
yl

 R
ea

ct
an

t 
a-

A
lk

o
xy

 Y
lld

e:
 

P
hC

H
O

 

TH
P C
a

rb
o

n
yl

 R
ea

ct
an

t 
p

A
lk

o
xy

 Y
lld

e:
 

P
hC

H
O

 

C
5H

,,C
H

0 

C
a

rb
o

n
yl

 R
ea

ct
an

t 
a-

A
lk

yn
hl

o 
yl

id
es

: 

1 g
ob

 

19
Oc
 

Ph
,P

+C
H

,oM
e 

36
 

C
r 

37
 

cr
 

L,P
+C

H,R
 

E
n

tr
y 

X-
 

".
 

P
h3

P
+C

H
=C

H
O

E
lb

 3
8 

B
i

 

P
h,

P
+C

H
=C

H
O

E
tb

 
39
 

B
i 

L
~

P
+

C
H

~
R

 
E

n
tr

y 
X

 

M
eS

O
C

H
,N

a 
D

M
S

O
 

K
O

fe
rS

u 
TH

F 

15
" 

0"
 

40
:6
0 

36
54
 

61
% 

87
%

 

B
as

e 
S

ol
ve

nt
 

Z
E

 
Y

ie
ld

 
R

et
 

N
aO

E
l 

TH
F 

N
aO

E
t 

TH
F 

B
as

e 
S

ol
ve

nt
 

A
T 

R
T

 

95
:5
 

92
3 

Z
E

 

86
%

 

72
96
 

19
1 

19
1 

Y
ie

ld
 

P
h3

P
*C

H
2S

P
h 

40
 

??
 

7
7

 
D

M
S

O
D

M
F

 
??

 
67
33
 

60
% 

19
2 

6 
N

aH
 

D
M

S
O

 
20' 

68
:3
2 

41
% 

12
7 

Ph
,P'C

H,
SM

e 
41
 

C
r 

55
:4
5 

89
:l
l 

53
% 

12
7 

70
% 

12
7 

P
hs

P
+C

H
,S

M
e 

42
 

C
r 

P
bP

+
C

H
$M

e 
43

 
C

I- 

N
aH

 
D

M
S

O
 

20
" 

20'
 

N
aH

 
D

M
S

O
 



T
A

B
L

E
 2

1 
(C

o
n

ti
n

u
ed

) 

C
ar

bo
ny

l R
ea

ct
an

t 
a-

H
al

o 
Y

IM
es

: 

P
hC

H
O

 

C,H
, 

,C
H

O
 

- - h
) 

P
hC

H
O

 

n-
C

aH
,,C

H
O

 

2-
m

el
hy

lc
yc

bh
ex

an
on

e 

Ph
Se

C
H

,C
H

O
 

P
h
cH

o
 

I
 

P
hC

H
2C

H
2C

H
0 

(C
H

,)3
C

C
H

0 

C
m

eM
yl

he
pI

-5
en

-Z
~n

e 

cC
,H

,,C
H

O
 

Me
 L

m
 

M
.

0
1

d
C

H
o

 

C
ar

bo
ny

l R
ea

ct
an

t 
&

cy
an

, 
Y

lld
e:

 

P
h

cH
o

 

n
C

3
H

F
H

0
 

L,P
+C

H,
R 

P
~,

P
+C

H
,F

 

". 
P

$P
+C

H
2C

I 
- I
 

@
P+

CH
,I 

P$
P+

CH
,I 

P
h,

P
+C

H
21

 

L,P
+C

H,
R 

E
nl

ry
 

X-
 

44
 

I-
 

45
 

1 

4.s
 

cr
 

47
 

cr
 

4
8
c
r
 

49
 

cr
 

50
 

B
r- 

51
 

B
i 

52
 

B
r- 

53
 

B
i 

54
 

B
i 

55
 

B
i 

56
 

B
r- 

57
 

B
i 

E
nt

ry
 X

- 

[P
hJ

P
+C

H
2=

C
H

C
N

p 
58

 
- 

IP
h3

P
+C

H
2-

C
H

C
N

f 
59

 
- 

B
as

e 

P
hL

i 

P
hL

i 

K
O

fm
lB

u 

K
O

fe
rB

u 

K
O

fe
rB

u 

B
uL

i 

K
O

fe
nB

u 

B
uL

i 

K
O

fe
nB

u 

B
uL

i 

K
O

fe
rL

lu
 

N
aH

M
D

S 

N
aH

M
D

S 

S
ol

ve
nt

 

TH
F 

TH
F 

fm
lB

u0
I-l

 

te
rB

u0
I-l

 

fe
lm

uo
H

 

TH
F 

TH
F 

TH
F 

TH
F 

TH
F 

TH
F 

TH
F 

TH
F 

TH
F/

D
M

F 

S
ol

ve
nt

 

r
a

w
 

fe
rlB

uo
H

 

T
em

p 

-7
80

 

-7
8"

 

R
T 

U
T 

R
T 

-3
0°

 

-7
8"

 

-6
0-
 

-78
' 

-6
0"
 

-6
0' 

-7
8"

 

-7
8"

 

-7
8"

 

T
em

p 

17
5'

 

1 7
5"

 

~ 

Z:
E 

5
0

5
0

 

4
5

5
5

 

54
:4

6 

56
:4

4 

8
9

2
 

40
:6

0 

8
3

3
7

 

4
9

5
1

 

86
:1

4 

98
:2

 

2
5

:E
 

92
:8

 

9
5

5
 

9
7

3
 

Z
E

 

1
5

:s
 

9
2

8
 

~ 

Y
k

ld
 

65
% 

55
%

 

81
%

 

45
%

 

89
%

 

??
 

71
%

 

44
%

 

47
%

 

6%
 

81
%

 

72
%

 

74
%

 

45
%

 

Y
k

ld
 

85
%

 

75
%

 

~ 

R
ef

 

19
%

 

1w
a 

19
3b

 

19
3b

 

19
3b

 

19
%

 

19
4a

 

19
4b

 

1%
 

19
44

 

1%
 

19
5 

19
5 

19
6 

R
ef

 

19
7 

19
7 



A
m

ln
o 

an
d

 A
m

m
o

 V
lld

es
: 

P
hC

H
O

 
Ph

3P
+C

H
,C

H
,N

M
e,

 
60
 

E
r-

 
le

q
 L

iH
M

D
S

 
TH

F 
R

T 

P
h3

P
*C

H
2C

H
2N

H
2 

61
 

8
7

 
2e

q 
E

uL
i 

TH
F 

R
T 

P
h3

P
+C

H
2C

H
2N

H
E

n 
62

 
E

i 
2e

q 
B

uL
i 

TH
F 

R
T 

i-P
rC

H
O

 
P

h3
P

+C
H

,C
H

,N
H

E
n 

63
 

B
i 

2e
q 

E
uL

i 
E1

,O
 

R
T 

1-
E

uC
H

O
 

64
 

E
i 

2e
q 

B
uL

i 
E1

,O
 

FI
T 

Ph
C

H
,C

H
,C

H
O

 
E

u,
P

+C
H

=C
H

, 
+ 

pM
ha

lim
id

eb
 

65
 

B
r' 

N
aH

 
TH

F 
23

' 

P
hC

H
-C

H
C

H
O

 
-- 

66
 

B
i 

N
aH

 
TH

F 
23

' 

-*
 

67
 

E
i

 
N

aH
 

TH
F 

23
O

 

c
c

-
 
I 

- 
68
 

B
i 

N
aH

 
TH

F 
23

" 

"u
" 

Ar
 

P
h,

P
+C

H
,C

H
S

(M
e,

 
69

 
B

i
 

N
aH

M
D

S
 

C
,H

5C
H

3 
23

O
 

P
h,

P
+C

H
,C

H
(M

e)
N

M
e,

 
70

 
E

i
 

N
aH

M
D

S
 

C
sH

5C
H

, 
23

O
 

P
h3

P
+C

H
2C

H
S

(E
u2

 
71

 
8

7
 

K
H

M
D

S
 

TH
FM

M
P

A
 

-7
8"

 

C
H

3 

31
 -6

9 
70

%
 

18
:6

2 
??

 

29
:7

1 
73

%
 

80
:2

0 
57

%
 

18
:8

2 
88

%
 

25
17

5 
60

%
 

17
18

3 
95

%
 

35
:6

5 
26

%
 

'E
 on

ly
' 

51
%

 

'2
 on

ly
' 

81
%

 

'Z
 o

nl
y'

 
82

%
 

99
:1

 
??

 

18
0 

18
0 

19
8 

19
8 

19
8 

76
b 

78
b 

19
9 

19
9 

20
0 

20
0 

20
1 



T
A

B
L

E
 2

1 
(C

o
n

ti
n

u
ed

) 

C
ar

b
o

n
yl

 R
ea

cl
an

l 
L

~
P

+
C

H
,R

 
E

n
tr

y 
X

 
S

ll
ko

n
 a

nd
 T

in
 I

n
 W

ltt
lg

 n
ac

tl
on

s:
 

P
h

C
H

O
 

P
bP

'C
H

,C
H

,S
iM

e,
 

72
 

I 

P
\P

'C
H

2C
H

2S
n

M
e3

 
73

 
1- 

(0
-to

ly
l),

P
*C

H
,C

H
,S

iM
e,

 
74

 
B

i 

n-
C

,H
,,C

H
O

 
P

tg
P

+C
H

,C
H

,S
iM

e,
 

75
 

I-
 

Ph
,P

+C
H

,C
H

,S
nM

e,
 

76
 

I-
 

P
hC

H
,C

H
,C

H
O

 
(o

-lo
ly

l),
P

+C
H

,C
H

,S
iM

e3
 

77
 

B
r-

 

c-
C

,H
,,C

H
O

 
78

 
B

r-
 

P
h,

P
*C

,H
, 

79
 

B
r-

 

CH
3'S

M
e., 

P
h,

P
*C

H
,O

M
e 

8
0

 
C

I- 

B
as

e 

M
eL

i 

LD
A

 

B
uL

i 

M
eL

i 

LD
A

 

B
uL

i 

B
uL

i 

B
uL

i 

le
nB

uL
i 

S
ol

ve
nt

 

TH
F 

TH
F 

TH
F 

TH
F 

T
H

F
 

M
F

 

T
H

F
 

TH
F 

T
H

F
 

T
em

p
 

R
T

 re
llu

x 

R
T

; r
el

lu
x 

0'
 R
T

: r
el

lu
x 

R
T;

 re
llu

x 

0"
 

0"
 

-7
8'

 

-7
8"

 

Z:
E 

36
:6
4 

5
9

5
 

79
:2

1 

25
:7

5 

30
:7

0 

96
:4

 

96
:4

 

96
:4

 

78
:2

2 

Y
ie

ld
 

63
% 

70
%

 

76
%

 

71
%

 

98
%

 

82
% 

82
%

 

82
%

 

50
%

 

R
ef

 

20
2 

20
2 

20
3 

20
2 

20
2 

20
3 

20
3 

20
4 

20
4 

Ph
3P

tC
IH

g 
81

 
O

r.
 

B
uL

i 
TH

F 
-7

8"
 

8
2

 
B

r-
 

B
uL

i 
TH

F 
-7

8"
 

98
:2
 

98
:2

 

41
%

 

37
%

 

20
4 

20
4 



A
lly

llc
 V

lld
es

: 

n
w

C
H

o
 

ph
3+

w
 

83
 

B
r-

 
B

uL
i 

. 
84

 
B

7 
K

O
Ib

 

85
 

B
i 

K
O

lB
U

 

86
 

€3
7 

K
O

lB
u 

W
C

H
O

 
ph,+-C

5H" 
87

 
M

sO
- 

LD
A

 

88
 

M
sO

- 
LD

A
 

TB
SO

,,C
HO

 
P

h
3

+
v

 
89

 
8
7
 

B
uL

i 

T
H

F
 

-3
0"

 
50

 5
0 

1
7

 
20

5 

T
H

F
 

-3
0"

 
52

 4
8

 
7
7
 

20
5 

to
lu

en
e 

-3
0'

 
47

 5
3 

7
7

 
20

5 

D
M

F
 

-3
0"

 
40

 6
0 

3
7

 
20

5 

T
H

F
M

M
P

A
 

-9
5"

 
>9

5:
5 

??
 

18
3 

T
H

F
M

M
P

A
 

-9
5'

 
m

ix
lu

re
 

25
% 

18
3 

T
H

F
 

-7
8O

 
87

:1
3 

70
%

 
20

6 

TH
F 

-7
8'

 
82

:1
8 

53
% 

20
6 

T
H

F
 

-7
8"

 
71

 :?
9
 

61
%

 
20

6 

T
H

F
M

M
P

A
 

-1
00

" 
70

:3
0 

88
%

 
20

7 

Ph
3P

-C
O

~m
 

93
 

B
i

 
L

iH
M

D
S

 
T

H
F

M
M

P
A

 
-7

8"
 

'Z
 o

nl
y'

 
56

%
 

20
8 



r 
r N 

N 

ril 

u 
5 0 

116 



P
ro

p
a

rg
yl

ic
 Y

lld
es

: 
P

h3
P

+
C

H
2C

=
C

C
2H

5 
10

4 
B

r-
 

N
aN

H
2 

C
sH

g 
0"

 

E
1

0
2

~
C

H
o

 
Ph

,P
+C

H,
C=

CC
,H

, 
10

5 
B

i
 

NH
, 

E
tO

W
N

H
, 

-7
0"

 

Ph
,P

'C
H

,C
-C

Si
M

e, 
10

6 
Br

- 
B

uL
i 

TH
F 

-7
8"

 

85
:1

5 
25

%
 

21
6 

55
:4

5 
40

%
 

21
6 

10
:9

0 
8%

 
21

7 

10
7 

B
r- 

B
uL

i 
M

F
 

-7
0'

 
<9

:9
1 

80
%

 
21

3 
"-

 
.. 

10
8 

B
r- 

B
uL

i 
T

H
F

 
-7

8' 
42

%
 

60
% 

21
8 

10
9 

B
r-

 
B

uL
i 

M
F

 
0"

 
26

:7
4 

90
70

 
21

8 

(a
) 

T
he

 p
ho

sp
ho

ni
um

 s
a

l i
s 

ge
ne

ra
te

d 
th

er
m

al
ly

 lr
om

 th
e 

m
or

e 
st

ab
le

 c
yc

lic
 o

xa
ph

os
ph

ol
an

e 
ta

ut
om

er
. 

(b
) C

on
iu

ga
te

d 
ad

di
tio

n 
O

C
C

U
R

 t
o 

ge
ne

ra
te

 th
e 

y
li

e
 in
 s

ib
. 

(c
) T

he
 E

 s
te

re
oc

he
m

is
tr

y w
as

 a
ss

ig
ne

d 
in

 re
l. 

19
3 

bu
t t

he
 2

-is
om

er
 a

pp
ea

rs
 m

or
e 

li
e

ly
. b

as
ed

 o
n

 th
e 

re
po

rt
ed

 1
2 

H
z 

vi
ct

na
l c

ou
pl

in
g w

m
ta

n
t l

o
r t

he
 s

ty
re

ne
 h

yd
ro

ge
ns

 

(d
) 

Th
e 

yl
id

e 
is

 fo
rm

ed
 b

y 
ha

lo
ge

n 
m

et
al

 e
xc

ha
ng

e,
 n

o1
 b

y 
de

pr
ot

on
at

io
n.

 



118 STEREOCHEMISTRY AND MECHANISM IN THE WITTIG REACTION 

Z selectivity of Ph,P=CHX increases qualitatively as the electronegativity 
of X decreases and the volume of X increases. 

Ylides that contain neutral heteroatom substituents at the /3 or y posi- 
tions react with normal selectivity for the (Z)-alkene. Two of these examples 
deserve special mention because they provide indirect solutions to difficult 
stereochemical problems. In the first example, the P,/?-dialkoxy ylide 
Ph,P=CHCH(OC2H5), can be generated by the conjugate addition of 
ethoxide ion to the alkenylphosphonium salt Ph,P+CH=CHOEt(l91). Sub- 
sequent reaction with an aldehyde affords the (2)-aikene acetal, and controlled 
acid-catalyzed hydrolysis leads to the a$-unsaturated aldehyde with > 90% 
Z selectivity (Table 21, entries 37, 38). This two-step sequence provides a 
Z selective alternative to the Wittig reaction of the corresponding stabilized 
ylide Ph,P=CHCHO, a process that is highly E selective. The method is also 
interesting because it uses a conjugate addition approach to generate 
the ylide in situ from an alkenylphosphonium salt. Another example of the 
in situ method is illustrated in Table 21, entries 65-68, using the conjugate 
addition of the phthalimide anion to alkenylphosphonium salts (78b, 199). 
With Bu,P+CH=CH, as the starting salt, moderate selectivity for the 
(E)-alkene is possible in the reaction with unsaturated aldehydes, as in other 
reactions that use the modified P-trialkyl phosphorus environment. 

Another indirect Wittig sequence can be used to prepare 1,3-dienes 
with selectivity for the formation of a Z-disubstituted C = C  bond. This 
technique complements the highly E selective reactions of reagents such as 
Ph,MeP=CHCH=CHR (Table 15). Thus, treatment of a hindered tertiary 
aldehyde with a /3-dialkylamino ylide Ph,P=CHCH,NMe, affords the 
allylic amine with the expected > 99% Z geometry (Table 21, entry 56). Sub- 
sequent conversion to the N-oxide (MCPBA oxidation) followed by thermal 
Cope elimination results in a conjugated diene with retention of the Z 
geometry that was established in the Wittig step (> 60% overall) (200). A direct 
Wittig reaction of the tertiary aldehyde with Ph,P=CHCH=CH, was also 
attempted, but no diene products were formed, perhaps because the allylic 
ylide can react at the less hindered y-carbon with the bulky aldehyde (90). 

Table 21 also includes reactions of allylic and propargylic ylides with 
relatively complex aldehydes (entries 83-109). These examples involve a wide 
range of experimental conditions, and the Z:E ratios are more variable than 
for the simpler entries of Table 15. Several of the reactions are surprisingly 
Z selective (for example, Table 21, entries 93,95,102,104) by comparison 
with simpler analogues, and the results appear to be strongly influenced by 
lithium ion. Overall, the situation is reminiscent of the benzylide reactions 
of Table 14 where large variations in reported Z: E ratios were noted because 
the results were obtained using a variety of experimental conditions. 

There are also some examples of silicon- and tin-containing Wittig reactions 
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in Table 21. The acyl silane olefinations (entries 79-82) (200) are analogous to 
the ketone reactions of Table 20, and they follow the same preference for 
(Z)-alkene formation as do the simplest #-branched acyclic ketones (Table 20, 
entry 4). However, the selectivity is higher and it is not clear whether a simple 
analogy can be made. Each new functional group environment has its own 
characteristic combination of steric and conformational factors. Fortunately, 
only a few of these perturbations are large enough to modify the fundamental 
trends in kinetic selectivity that have been encountered in previous tables. 

Many different research groups have contributed to the collection of 
empirical data in Tables 6-21. In some cases where the results do not fit 
overall trends, there are differences between similar experiments due to 
troublesome experimental or structural variables. A few of the “misfits” are 
probably due to uncertain structural assignments, and many of the others 
correlate with experimental procedures in which the concentration of electro- 
philic byproducts or contaminants (lithium ion, hydroxyl groups, protic or 
Lewis acids) is not controlled. There are also some misfit cases among the 
reactions of unsymmetrical ketones, and in reactions where allylic, benzylic, 
or propargylic ylides are employed. However, the great majority of cases are 
“well behaved and follow general patterns that are summarized in Table 22 
and are discussed in the section on interpretation of stereoselectivity trends. 

XV. MECHANISTIC CONSIDERATIONS 

The history of mechanistic ideas in the Wittig reaction has been reviewed in 
detail (ti), and only the essential features will be mentioned here. With a few 
exceptions as noted in Table 22, preparatively important Wittig reactions are 
performed under conditions where alkene Z:E ratios are within 5% of the 
cis-trans oxaphosphetane ratios. Therefore, stereochemistry is established in 
the TS leading to the oxaphosphetane. The TS options can be classified into 
two general categories: (1) four-center pathways (partial bonding between 
both pairs of atoms, P-0 as well as C-C, in the TS) or (2) two-center 
pathways (partial bonding between one pair of atoms in the TS). For purposes 
of our discussion, partial bonding will be defined as any stabilizing interaction 
between eventual oxaphosphetane ring atoms in the TS. This is intended as 
a broadly inclusive definition of both the four-center (cycloaddition) and the 
two-center categories. 

Several mechanistic variations might be possible under either of the main 
options (1 or 2). For example, the four-center process might involve a direct 
conversion from the P=C and the C=O reactants into the oxaphosphetane 
(asynchronous cycloaddition) (18,59,66,219,220). In this case, there would 
be no other intermediates and no energy minima between the reactants and 
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95 
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96 

the oxaphosphetane. Similarly, the two-center pathway might involve direct 
conversion from the reactants into potential intermediates 93-96 (Scheme 13) 
(5a). However, the reaction could also proceed via an electron transfer (ET) 
pathway that requires initial formation of the radical ion pair 92, (221-223) 
followed by two-center bonding to give 93-96 or four-center bonding to afford 
the oxaphosphetane 97. 

Structures 93 syn or 93 anti are the low- and high-energy forms of the hypo- 
thetical salt-free betaine intermediate that was proposed in early rationales 
(1,2a-h) as was the P-0 bonded zwitterion 95(5a). The diradical representa- 
tions 94 and 96 have appeared more recently (221,222), but the apparent 
difference between zwitterion and diradical notations may be misleading. One 
electronic representation is simply the excited singlet state of the other, and 
decay of the higher energy singlet to the ground-state singlet will probably be 
too fast for any experimental distinction. Based on the electronegativity 
difference between oxygen and phosphorus, 93 is a better approximation of 
the hypothetical singlet ground-state species than 94, but both the zwitterionic 
and diradical representations contribute to the actual structure of 1,4-diradi- 
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caloids (224). Thus, 93 (94) will have a partial negative charge on oxygen and 
the corresponding positive charge on phosphorus. For convenience, only the 
zwitterionic representation 93 will be used in the remainder of this discussion. 

The potential intermediate 93 syn cyclizes rapidly to the more stable 
oxaphosphetane according to the control experiments described earlier. The 
corresponding two-center TS may therefore be difficult to distinguish from 
the four-center TS leading directly to an oxaphosphetane. On the other hand, 
93 anti is clearly distinct in terms of geometry and has the maximum charge 
separation among all of the hypothetical species 93-96 because of the 
electronegativity difference between oxygen and phosphorus. The same 
conclusion applies if 93 anti is an intermediate or if it serves only as a TS. 
Thus, high dielectric solvents would be predicted to accelerate the Wittig 
reaction, and solvent effects on stereoselectivity would be expected. Stabilized 
ylide reactions do respond to changes in the solvent (see Tables 16-19), but 
these reactions are not accelerated in high dielectric solvents. To the contrary, 
Aksnes and Khalil have shown that the reaction of p-nitrobenzaldehyde with 
Ph,P=CHCO,Et is faster in CCI, = 58) or cyclohexane (kre, = 12) than 
in acetonitrile (krel = 9) or DMF (krel = 1) (16)! Similar results have been 
obtained more recently with aliphatic aldehyde substrates (see Table 25) (99a). 
In the case of nonstabilized ylides, the effect of solvent on reaction rate has not 
been studied systematically, but there are abundant data regarding stereo- 
selectivity (Table 11). Variations in the solvent from benzene or ether/pentane 
to THF-HMPA, DMF, or DMSO cause no significant change in the Z:E 
ratios of product alkenes under conditions of kinetic control. This is not the 
pattern expected if the stereochemistry-determining step involves 93 anti as 
an intermediate or as a competing TS. The experimental evidence is not 
compatible with these mechanistic options. 

XVI. PROBES FOR ELECTRON TRANSFER 

The ET mechanisms invoke intermediates having radical ion as well as diradi- 
caloid character. If the Wittig reaction involves species such as 92 or 95 (96), 
then reactions with suitable test substrates can be used to evaluate this 
mechanistic possibility. One of the most sensitive radical probes is the 
2-phenylcyclopropylcarbinyl system 103 (Scheme 14; kclvp > 10' ' s -  ' to give 
104) (225a). In the closest Wittig analogy, Castellino and Bruice (77) have 
reported that the reaction of the 2,3-diphenylcyclopropyl derivatives 98 and 
99 affords the alkene in 85% yield (9: 1 Z:E). The P-0 bonded diradicaloid 
species 102 cannot play a significant role in this process. Similarly, the 
radical ions I00 and 101 are not likely to survive and should undergo ring 
cleavage if they are formed (225b). Many other Wittig reactions of cyclopro- 



E. VEDEJS AND M. J. PETERSON 123 

Ph A +  a &Ph - (SALT-FREE) 85% P h v P h  

H PPPh3 H 

98 

i? 7 i  
I i 

99 9:l Z:E 

100 101 
102 

H Ph &: k- 10" set: 

FH 
H 

103 104 
Scheme 14 

pylcarbinyl substrates are known, and no case of radical ring cleavage has 
been found so far (226). 

Carbonyl compounds containing a-heteroatom substituents are sensitive 
probes for the intervention of radical anion intermediates 105 (Scheme 15) (227). 
According to Tanner (227), the a-haloacetophenone ketyl(lO5 R' = phenyl) 
undergoes exceptionally fast radical elimination to 107 (Y = Br or C1, 
kClvg > lo9 s -  Y = sulfur or oxygen, kclvg = lo6-lo8 s -  '). Rate constants 
have not yet been determined for aliphatic analogues (105, R = alkyl or H), 
but the radical elimination reactions should be at least as fast due to increased 
localization of spin density at carbonyl carbon. Since many Wittig reactions 
with a-heteroatom substituted carbonyl reactants appear in Tables 16-21, the 
absence of side reactions due to potential radical anion intermediates argues 
against the ET pathway. The a-halo acetophenone system studied by Tanner 
(227) would be the most convincing test case, but it is not a good Wittig 
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substrate due to competing enolization (42). The a-chloropropionaldehyde 
reaction with Ph,P=CH(CH2),Ph is the closest known analogy, and this 
Wittig reaction proceeds normally to afford 108 ( > 80% yield) (42a). Similarly, 
the a-seleno ketone 109 reacts smoothly with Ph,P=CH, to give the allylic 
selenide (228). A potential radical leaving group Z = SnMe, might also be 
expected to intercept 106, the radical cation partner in an ET pathway. 
However, there are no indications that C-Sn bond cleavage occurs when 
110 is used for the Wittig synthesis of ally1 stannanes such as 111 (202). 

There are some examples among the reactions of unreactive ketone 
substrates where competing radical ion decomposition reactions can be 
detected (221,223). Yamataka et al. (223b, c) report that rn-iodobenzophenone 
affords 5% of iodine-free products along with 54% of the expected alkene 
upon reaction with isopropylidenetriphenylphosphorane at 0°C. Under the 
same conditions, the ortho-iodo isomer gives no Wittig alkene and undergoes 
ca. 15% deiodination to afford benzophenone. Loss of iodide may well involve 
an ET pathway and a radical anion (ketyl) intermediate [kclvg = - lo6 s- for 
rn-iodobenzophenone ketyl] (227). This evidence does not prove that the ketyl 
intermediate is on the Wittig pathway, but kinetic isotope effects to be 
discussed later are consistent with ET (223). 

If ET intermediates play any role in representative aldehyde or ketone 
Wittig reactions, they are too short-lived for detection by the fastest available 
radical or radical anion clocks. This is conceivable if the geometry of the 
radical ion pair resembles that of an oxaphosphetane with partially developed 
bonds (223c). Such a scenario fits within the broad definition of a four-center 
mechanism and allows little (if any) distinction between the geometry of 
stereochemistry-determining TS that invoke ET versus those that do not. 
More precise distinctions may have theoretical significance, but they will not 
influence the stereochemical issues that are of concern in this review. 

XVII. PROBES FOR BETAINE INTERMEDIATES 

Ionic mechanisms based on betaine intermediates or TS are difficult to 
reconcile with the absence of solvent effects on lithium-free nonstabilized 
ylide reactions (Table 12) or reactivity-selectivity considerations (15). Also, 
there is no apparent reason why the reactants should prefer to form a 
high-energy intermediate such as 93 when the direct conversion to a more 
stable oxaphosphetane 97 is possible. Orbital symmetry should not interfere 
with the four-center process since phosphorus can provide 3d orbitals of 
appropriate symmetry for a 2s + 2s cycloaddition. Nevertheless, the betaine 
mechanism has persisted in the literature because there was no direct evidence 
against the formation of 93 as a transient intermediate until recently (229). 
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The experimental test that distinguishes the stepwise and four-center mechanisms 
is described in Scheme 16. 

The Wittig reaction of the dibenzophosphole ylide 112 (Scheme 16) affords 
two oxaphosphetane diastereomers 113 and 114 in a ratio of ca. 3-6.5:l at 
- 95°C (229). The diastereomers can be interconverted by pseudorotation, 
a process that is most easily visualized using a two-stage Ugi turnstile 
mechanism. In the first stage, a “trio” consisting of the two dibenzophosphole 
C-P bonds and the P-phenyl C-P bond is rotated 120”, while the “duo” 
(consisting of the oxaphosphetane P-0 and P-C bonds) is rotated 180”. 
This process is repeated in the second stage and results in the interconversion 
of 113 and 114 (229). Interconversion of the pseudorotamers is slow at - 95”C, 
but it occurs at a convenient rate above -70°C to give an eventual 
equilibrium ratio of 1.8: 1 of 113: 114. The initial ratio of pseudorotamers from 
the Wittig experiment has no specific mechanistic significance, but it can be 
compared to the ratio of 113: 114 from an independent experiment to generate 
the betaine. Thus, deprotonation of the P-hydroxyphosphonium salt 115 
affords a very different ratio: 1 : 1-4 of 113 and 114, depending on the solvent 
and the base employed. I t  does not matter whether a syn betaine or an anti 
betaine is generated by deprotonation because the pseudorotamer ratio 
reflects the population of syn-betaine rotamers 116a and 116b at the instant 
of cyclization to the oxaphosphetane. Since the initial isomer ratio from the 
betaine generation experiment is different from the equilibrium ratio, and even 
more different from the ratio of 113: 114 obtained from reaction of the ylide 
112 with hydrocinnamaldehyde, the Wittig reaction cannot proceed to the 
oxaphosphetane by way of the betaine as a dominant pathway. This 
experiment rules out 1 ,Cdiradicaloid intermediates (betaines or lP-diradicals; 
93 or 94, Scheme 13) having significant lifetimes. 

XVIII. THEORETICAL CONSIDERATIONS 

Many attempts have been made to evaluate the Wittig TS by computational 
methods, as summarized in Tables 23 (calculated oxaphosphetane geometries) 
and 24 (calculated TS geometries). Energy minima for four-center TS have 
been identified, but there are no reports of accessible energy minima 
corresponding to any of the hypothetical intermediates 92-96. The ab initio 
theoretical treatments have focused on the model reaction H,P=CH, + HCHO 
and have not addressed stereochemical issues due to the complexity of ylides 
that have realistic substituents at phosphorus (see Table 24) (230). Some 
attempts to incorporate P-alkyl or P-aryl groups in semiempirical calculations 
have also been reported (L,P=CHCH,; L = H, Me, Ph) (230c, h, i). Recent 
MNDO studies conclude that four-center TS geometries would be nearly 
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planar for several combinations of phosphorus and aldehyde substituents, 
including the Ph,P=CHCH, + CH,CHO example (Table 24, entries 13 and 
14) (230h, i). According to these studies, the four-center cis TS has nearly the 
same ring geometry as the trans TS, and the latter is favored by ca. 1 kcal/mol, 
contrary to the experimental result (cis TS favored by ca. 2 kcal/mol). Changes 
in phosphorus substituents from phenyl to methyl do not substantially alter 
the MNDO geometries or the predicted relative stabilities of cis versus trans 
precursors. Since these results are not consistent with experimental selectivity 
trends, Yamataka et al. (230h) and Mari, McEwen et al. (230g, i) have suggested 
that the mechanism of the reaction may not involve a four-center TS. Another 
possibility is that the semiempirical methods may not be parametrized 
correctly to deal with TS that include carbon, oxygen, and phosphorus. Until 
the MNDO-based techniques can be shown to predict TS geometries and 
barriers in simpler problems involving pentavalent phosphorus species, their 
conclusions will be difficult to evaluate. 

According to X-ray evidence (Table 4), the oxaphosphetane ring is some- 
what distorted from planarity when both C, and C4 are sp3 hybridized. Thus, 
oxaphosphetanes A and E (Table 4) have dihedral angles of 8.6" and 9.7", 
respectively, along the PC,-C40 axis, values that indicate significant ring 
puckering to relieve nonbonded interactions. The NMR evidence also suggests 
a distorted oxaphosphetane ring (Table 5). The 'H-,lP coupling constant for 
the P-C,-C,-H subunit of 3,4-disubstituted oxaphosphetanes varies 
depending on stereochemistry. Thus, the cis diastereomer has the larger three 
bond coupling between C,-H and phosphorus (3Jp.-c-c-H = 5-1 I Hz) com- 
pared to the trans-disubstituted oxaphosphetane (3J,,-c-c-H = 1-2 Hz), as 
in Table 5, entry G (cis), 3J = 6 Hz; entry H (trans), 3J = 2 Hz (20). A large 
variation in 'H-,'P coupling (3Jp-c-c-H) is not expected in a nearly planar 
oxaphosphetane having eclipsed C, and C, substituents because there would 
be no significant change in the corresponding dihedral angle. Evaluation of 
the geometric parameters derived from the computations (Table 23, entries 
10-13) suggests PC,-C,O dihedral angles of ca. 20". None of this evidence 
proves that oxaphosphetanes are puckered under typical solution conditions. 
Thus, variations in 'J values for the P-C,-C,-H segment could be due 
to bond angle distortion in the exocyclic C-H bonds as well as to ring 
puckering. In either case, the evidence suggests that there is sufficient ring 
flexibility to respond to the steric demands of substituents. The subsequent 
discussion assumes that the same conclusion will apply to early TS where the 
four-center geometry should be flexible due to a longer, partially developed 
P-Obond. 

It is hoped that future semiempirical computational attempts to explore 
the stereochemical problem will evaluate pentavalent phosphorus parameters 
in a setting where there are fewer unknowns. One relevant test would be to 
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calculate the relative stabilities of oxaphosphetane pseudorotamers. Another 
test would be to calculate the pseudorotation barriers in oxaphosphetanes. 
Both the isomer ratios and activation barriers for interconversion are known 
in several cases (229,23 1). These parameters should be sensitive to torsional 
factors and substituent effects, variables that are especially important in the 
congested Wittig TS. 

XIX. TRANSITION STATE CHARACTERISTICS 

The extent of bond formation in the TS can be probed using kinetic isotope 
effects and Hammett 0, p correlations. Yamataka et al. (223b) have measured 
the Hammett p values for the isopropylidenetriphenylphosphorane reaction 
with substituted benzaldehydes and benzophenones. The benzaldehyde reac- 
tions are complete within seconds at - 78°C and competition experiments 
indicate that p = + 0.59. This value reflects a small rate advantage for the 
more electron deficient aldehydes. On the other hand, Ph,P=C(CH,), 
discriminates quite well among substituted benzophenones in a relatively slow 
reaction (time scale of hours at OOC), p = + 1.40 (223a). The larger p value 
corresponds to a greater degree of C-C bond forming in the TS, and this con- 
clusion is supported by a large kinetic isotope effect (KIE), ki,/k,4 = 1.053 
for benzophenone. Large values for p = + 2.77 and kiz/k14 = 1.06 are also 
reported for the reaction of Ph,P=CHPh with substituted benzaldehydes 
(lithium-free conditions, OOC) (82d). 

A negligible KIE is observed for the PhCHO + Ph,P=CMe, example 
(kIJk14 = 1.003), and p = + 0.59, as already mentioned. Even smaller KIE 
and p values are reported for lithium-free Ph,P=CHC,H,: p = + 0.2 at 
0°C (kiZlk14 = 0.998) and p = - 0.25 at - 78°C (kiJk14 = 0.993) (223c). 
In an earlier study, p = + 1.1 had been found for ArCHO + Ph,P=CH, 
and Ph,P=CHCH, (232a). There may be some discrepancy between the 
two studies, perhaps due to differences in reversal induced by excess ArCHO, 
but the Yamataka results indicate a very early TS, or a TS that lacks C-C 
bonding. A possible explanation has been proposed by Yamataka et al. (223c). 
Small KIE values for the reaction of PhCHO + Ph,P=CHR are consistent 
with rate-determining ET, followed by rapid collapse of the radical ion pair 
(92, Scheme 13). For the Ph,C=O + Ph,P=CMe, example, ki-Jk14 = 1.053 
and p = + 0.59 can be explained by rate-determining radical ion pair collapse 
(223), while the large KIE(k12/k14 = 1.06) and p (  + 2.77) for the Ph,P=CHPh 
reactions can be attributed to a cycloaddition process (82d). Lithium ion 
decreases both the p (  + 1.38) and kiJk i4  (1.05) values for Ph,P=CHPh + 
PhCHO, suggesting a faster reaction and an earlier TS (82d). This is consistent 
with the pronounced effect of lithium ion on benzylide Z:E ratios (Table 14). 
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The more reactive ylides discriminate less well among the aldehydes in 
competition experiments (p,  KIE), in accordance with the reactivity-selectivity 
principle (RSP) (1 5b, 233). Thus, both the KIE and p values could be small. 
However, Yamataka et al. (223c) question the validity of the RSP in an ET 
sequence. Their arguments depend on the interpretation of KIE and c ,p  
data for the PhCHO or Ph,C=O reactions, some of which are partially 
reversible. These reactions also cover a wide range of reactivity. It would be 
reassuring to have better model reactions for comparison, but it is not clear 
what experiment would be decisive. Objections to ET mechanisms based on 
the radical anion clock experiments discussed earlier may also not be decisive 
because of differences in the counterions. Futhermore, radical clock evidence 
against ET is available for aliphatic (not aromatic) aldehydes. 

In the case of ester-stabilized ylide reactions, the p values are predictably 
large ( + 2.3 to + 2.9) (12a, 15b,232b). Giese and co-workers (15b,233) have 
noted that the RSP is not obeyed in the reactions of Ar,P=CHCO,Et with 
substituted benzaldehydes as the ylide reactivity is varied. The more reactive 
ylides tend to be more selective in this series. This behavior was cited as 
strong evidence for a four-center mechanism with substantial rehybridization 
at both pairs of interacting atoms (P-0 as well as C-C). According to 
Giese et al., an apparent violation of the RSP is possible in a four-center 
process because substituents can have opposing effects on the two developing 
bonds. Thus, substituents that help the developing C-C bond may retard 
formation of the P-0 bond. As mentioned in the preceding paragraph, 
nonstabilized ylides do appear to obey the RSP. In these reactions, the TS 
is earlier and bond formation is less advanced. If the P-0 bond is 
considerably less developed than the C-C bond (asynchronous four-center 
TS) then reactivity and selectivity for nonstabilized ylides would be controlled 
primarily by those factors that affect the C-C bonding process, and the 
influence of P-0 bonding would be small. 

From the above discussion, P-0 bonding lags behind C-C bonding 
in the TS of nonstabilized ylide reactions, and phosphorus geometry must 
be close to tetrahedral in an early TS. Carbon rehybridization would be 
more advanced, but the ylide a-carbon should be closer to tetrahedral 
geometry than the aldehyde carbon. This conclusion follows from the 
observation that the ylide a-carbon is partly pyramidalized in the ground 
state, as deduced from NMR and X-ray evidence discussed earlier. 

Further insight into structural details of possible TS depends on the 
correlation of stereochemical trends tabulated earlier and summarized in 
Table 22. Stabilized ylide reactions with simple aldehydes favor the trans- 
selective pathway. As discussed in connection with Table 7, the trans- 
disubstituted oxaphosphetanes are thermodynamically more stable than the 
cis diastereomers, and the same preference should be felt in the late TS of 
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stabilized ylide reactions. However, in this series the stereochemical result is 
not very sensitive to phosphorus substituents, nor to structural details of the 
ylide stabilizing group (ester, acyl, formyl, etc.) when the reaction is performed 
in nonpolar solvents. Apparently, the oxaphosphetane-like TS is too rigid to 
respond much to changes in the phosphorus environment, and 1,2-inter- 
actions along the developing C-C bond are dominant. 

Reactive ylides such as L,P=CHR (R = alkyl, alkenyl, aryl) are much 
more sensitive to the phosphorus environment and to steric or stereo- 
electronic constraints near the carbonyl group. Thus, 3" aldehydes consistently 
react with higher cis selectivity compared to unbranched aldehydes with all 
families of reactive ylides. Selectivity is lower when the ylide contains relatively 
compact substituents at the a-carbon (MeS, MeO, C1, F, CH,=CH, etc.). This 
behavior indicates that the accumulation of steric bulk in the early TS of 
nonstabilized ylide reactions contributes to cis selectivity at the oxaphos- 
phetane stage. However, the shape of substituents is important as well as their 
bulk, and changes in the bond angles of phosphorus ligands can have striking 
consequences (see Table 13). The empirical observations are consistent with 
a congested, substrate dependent TS but one that retains considerable 
flexibility due to the long P-0 bond. The subsequent discussion of TS models 
is based on the detailed interpretation of substituent effects presented in 1989 
by Vedejs and Marth (219). Salient features of some other proposals will be 
considered briefly later on. 

XX. INTERPRETATION OF STEREOCHEMISTRY 

In contrast to cycloadditions involving all-carbon reactants, the four-center 
TS for the Wittig reaction must accommodate a tetrahedral atom (phosphorus) 
with major steric demands in all three dimensions. Thus, planar four-center 
transition states 117 and 118 (Scheme 17) are destabilized by the gauche 
interaction between the developing P-0 bond with two phosphorus 
ligands, and also by a 1,3-interaction between the aldehyde alkyl group R' 
and the nearby phosphorus ligand (marked L* to simplify comparison of 
different perspective drawings). In addition, 117 also suffers from an eclipsing 
1,2-interaction along the developing C-C bond, especially if the aldehyde R' 
group is tertiary. 

In principle, the 1,34nteraction can be relieved by enforcing unnatural 
exocyclic bond angles at ylide phosphorus or at aldehyde carbon. If this is 
done without altering the planar arrangement of interacting C=P and C=O 
subunits, then at least four limiting structures 119-122 are possible that differ 
in subtle structural features. Bond angle distortions at the ylide a-carbon 
might also be beneficial, but these options have not been illustrated. Geo- 
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EARLY TRANSITION STATE OPTIONS: PLANAR 4-CENTER GEOMETRIES. 

cis: trans: 

117a (SIDE VIEW 117b (TW'VIEW 

cls: trans: 

119 120 

EARLY TRANSlTlON STATE OPTDNS: PUCKERED GEOMETRIES. 

cis: 

118a (SIDE VIEW) 11 8b (TOP VIEW) 

cis: trans: 

121 122 

trans: 

1238 (SIDE VIEW) 1Wb FOPVIEW) 124e (SIDE VIEW) 124b (TOP VIEW) 

Scheme 1 7  

metries 119 (cis) and 120 (trans) are obtained by compressing the tetrahedral 
phosphorus bond angles, while 121 (cis) and 122 (trans) are generated by 
forcing apart the aldehyde alkyl and oxygen substituents. Structures 121 and 
122 require unrealistic bond angle distortions for the strongest bond (carbonyl) 
in the activated complex and appear unlikely. Structures 119 and 120 are more 
plausible, but they resemble oxaphosphetanes and are more appropriate as 
models for advanced TS. On the other hand, such geometries would be 
reasonable for reactive ylides (early TS) if two or more phosphorus ligands 
are constrained in a ring that enforces small L-P-L* bond angles. 
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Another way to reduce 1J-interactions is to pucker the developing four- 
membered ring, as shown in the somewhat exaggerated drawings 123 and 124. 
This perturbation may interfere with efficient overlap, but it relieves 1,2- as 
well as 1,3-interactions. The aldehyde substituent is far from the phosphorus 
ligands in both of the puckered TS models, but the cis (123) TS is favored over 
the trans (124) TS because of smaller 1,Zinteractions between the ylide a-CH, 
substituent with R’, and with the adjacent phosphorus substituent. The 
1 ,Zinteractions depend on the dihedral angle along the R’C,-C,Me axis, and 
this angle is larger in 123 compared to 124, depending on the extent of ring 
puckering. Structure 123 also has minimal 42- and 1,binteractions compared 
to the planar four-center TS model analogue 117. It is harder to evaluate the 
possible TS candidates 118, 120, and 124 for the trans-selectile reaction 
component. The compromise between steric effects and bond angle distortion 
may vary for some of the different phosphorus environments. Geometries 
similar to the planar TS structure 120 would be best for relatively advanced 
TS (reactions of Ph,P=CHR with hindered ketones; stabilized ylide reactions) 
while TS models 124 or 118 should be preferred for the minor, trans-selective 
pathway of reactive ylides Ph,P=CHR. 

Nonplanar TS geometries in the Ph,P=CHR reactions are favored by 
a-branching in the aldehyde substituent R’ because the 1,3-interactions 
become increasingly important. However, the steric constraints decrease 
carbonyl reactivity and work against an early TS. The result is a consistent 
but relatively small trend toward the cis-selective pathway for the reaction 
of tertiary aldehydes with a variety of ylides. Heteroatom branching at the 
a-carbon has a similar effect on selectivity. In this case, the steric constraints 
may be smaller, but there are new constraints due to the need to minimize 
lone-pair or dipole-dipole interactions. There are fewer conformational 
options for the carbonyl component in the TS, and the result is an increase 
in the importance of 1,34nteractions. Since a-heteroatom substituents in the 
carbonyl reactant will also increase carbonyl reactivity, there will be a trend 
toward an earlier, more puckered TS. The combination of conformational 
constraints and increased reactivity results in higher selectivity for the 
cis-disubstituted oxaphosphetane. 

Aldehydes and phosphole-derived nonstabilized ylides react with a kinetic 
preference for the (E)-alkene (Table 13). Since the phosphole ring constrains 
bond angles for two of the three phosphorus ligands, ylide 125 will preferentially 
react via the TS geometry 126 (Scheme 18; similar to 119 or 120). The role of 
1J-interactions is reduced, especially if the third phosphorus ligand (the ethyl 
group in 126) is compact. There is little steric advantage for a puckered 
geometry, and the phosphole-derived ylides react via a planar four-center TS. 
Even though the TS is relatively early, the TS geometry resembles a planar 
oxaphosphetane and the trans-selective pathway is favored because 1,2- 
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CH,CH, 

126 

Ph Ph 

128a 128b 

bh 

127 

128C 

130 131 

132 133 134 135 

136 137 138 

Scheme 18 
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interactions are dominant. However, trans selectivity is easily degraded when 
bulkier substituents are present at phosphorus (124 with L = Ph, NMe,, etc.) 
due to increased 1,3-interactions (20). 

XXI. TRANSITION STATE GEOMETRIES OF STABILIZED YLIDES 

Increased P-0 bonding in the TS favors more nearly planar four-center TS 
geometries, as in the stabilized ylide case 127. Since phosphorus is closer to 
trigonal bipyramidal geometry, the 1,3-interactions are relieved and 1,2-inter- 
actions control selectivity. The normal thermodynamic advantage for the 
trans-disubstituted oxaphosphetane is felt in the product-like transition state, 
and the (E)-alkene is the major product. Because the TS is relatively rigid, the 
result is not much affected by changes in the phosphorus ligands, in contrast 
to the nonstabilized ylide reactions. Essentially all of the carbonyl stabilized 
ylides react with a preference for (E)-alkene formation in aprotic solvents. 

Several aspects of the stabilized ylide reactions are not well understood. 
Reactions conducted in solvents such as CH,CI,, acetonitrile, or DMF are 
sensitive to Lewis acid or protic acid additives as discussed in connection 
with Tables 16 and 17. Most of these effects tend to erode E selectivity, but 
carboxylic acid additives preferentially catalyze the E-selective pathway (99a). 
No convincing explanation can be offered for this phenomenon. The solvent 
effects encountered in Tables 16-19 are also difficult to explain, but some 
progress toward understanding them has been made. Dramatic solvent effects 
are seldom seen for the stabilized ylide families L,P=CHX (X = acyl, CHO) 
or the more highly substituted analogues such as Ph,P=C(Me)CO,Et. In 
contrast, the solvent plays an important role for the closely related ylides 
Ph,P=CHCO,R"or Ph,MeP=CHCO,R"(Tables 16-19). Stabilized ylides 
are more extensively solvated in the ground state compared to the four-center 
Wittig TS. The activation parameters are therefore sensitive to the extent of 
TS desolvation, as shown by a detailed study of the reaction between 
p-nitrobenzaldehyde and Ph,P=CHC(O)Ph (16). The activation entropy in 
methanol is relatively favorable (- 14.3 eu) compared to CCI, (- 35.1 eu) 
due to extensive TS desolvation in methanol (16). However, the reaction is 
faster in CCI, because the activation enthalpy is much lower, 8.9 kcal/mol 
versus 16.2 kcal/mol in methanol. This large difference in activation enthalpies 
arises because the polar reactants are stabilized by solvation in methanol. 

Similar activation parameters have been determined for the reaction of 
Ph, P=CHCO,Et with two representative aldehydes, hydrocinnamaldehyde 
and 2-formyltetrahydropyran (99a). As shown in Table 25, this study has also 
defined the individual activation parameters for the Z-selective and the 
E-selective pathways. The activation entropy is more favorable in methanol 



T
A

B
L

E
 2

5 
A

ct
iv

at
io

n 
P

ar
am

et
er

s f
or

 R
'C

H
O

 R
ea

ct
io

ns
 w

ith
 P

h,
P

=
C

H
C

0,
E

t9
9 

R
' 

so
lv

en
t 

Z:
E

 
ko

es
 

(L
m

ot
's

ec
")

 

Ph
CH

,C
H,

 
T

H
F

 
8:

92
 

0.
00

4 

CH
,C

I, 
4:

96
 

0.
04

7 

M
eO

H
 

38
:6

2 
0.

06
2 

I,
"
 

I
,
"
 

2-
T

H
P

 
T

H
F

 
8:

92
 

0.
00

28
 

CH
,C

I, 
10

:9
0 

0.
13

 

M
eO

H
 

75
:2

5 
0.

07
4 

*"
 

"
I
 

a
G

ia
 

A
G

,'
~

 A
H

$ 
AH

,' 

(k
ca

V
m

ol
) 

(k
ca

um
ol

) 

22
.2

 
20

.8
 

9.
5 

9.
5 

21
.2

 
19

.3
 

8
.6

 
8.

6 

19
.7

 
19

.4
 

15
.7

 
15

.7
 

22
.4

 
21

.0
 

9
B

b
 

9
.8

 

20
.0

 
18

.7
 

9.
3b

 
9

.3
 

19
.2

 
19

.8
 

14
.9

 
14

.9
 

AS
; 

A
S,

' 

(e
u)

 

-4
3 

-3
8 

-4
2 

-3
6 

-1
3 

-1
2 

-4
2 

-3
8 

-3
9 

-3
2 

-1
4 

-1
6 

(a
) A
G*

 ca
lc

ul
at

ed
 a

t 
29

8 
OK

. 
(b

) 
F

re
sh

ly
 d

is
til

le
d 

al
de

hy
de

 g
iv

es
 te

m
pe

ra
tu

re
-ir

!v
ar

ia
nt

. Z
:E

 r
at

io
s,

 r
es

ut
lin

g 
in

 
id

en
tic

al
 a

H
Z

' a
nd

 A
H,

*. 
If 

th
e 

al
de

hy
de

 is
 n

ot
 fr

es
hl

y 
di

st
ill

ed
, t

em
pe

ra
tu

re
-v

an
an

t r
a

to
s 

in
 th

e 
ra

ng
e 

of
 1

2:
88

 to
 1

7:
83

 
Z:
E a

re
 o

bt
ai

ne
d,

 th
e 

ap
pa

re
nt

 v
al

ue
s 

of
 A

G
,' 

an
d 

AH
,' 

be
co

m
e 

sm
al

le
r,
 a

nd
 th

e 
ap

pa
re

nt
 a

sz
' c

ha
ng

es
 a

cc
or

di
ng

ly
. 

L
 

W
 

W
 



140 STEREOCHEMISTRY AND MECHANISM IN THE WITTIG REACTION 

than in THF or CH,CI, due to more extensive TS desolvation while the 
activation enthalpy is lower in the aprotic solvents. In the case of hydrocin- 
namaldehyde, activation enthalpy is the same for either the Z-selective or the 
E-selective pathways and activation entropy is responsible for E selectivity 
in the aprotic solvents and also for the solvent effect on Z:E ratios. Solvation 
is relatively unimportant in THF or CH,Cl, and the more flexible (less 
sterically congested) TSE is entropically favored, presumably because a larger 
number of low-energy conformers is available. In methanol, ground-state 
solvation is more important, and extensive TS desolvation results in a more 
favorable activation entropy for both the Z-selective and the E-selective 
pathways. The interpretation of small activation entropy differences becomes 
increasingly subjective. However, similar values for activation enthalpy and 
entropy for the E- versus the Z-selective pathways in methanol suggest that 
the extent of desolvation is comparable for both TS, and TSZ. Apparently, 
the conformational flexibility advantage of TS, is smaller in methanol, 
perhaps due to some effect of specific solvation. 

The 2-formyltetrahydropyran reactions follow a similar pattern in the 
aprotic solvents. Activation entropy favors TSE, although by a smaller margin 
than in the hydrocinnamaldehyde experiments. The entropy term also 
controls selectivity in methanol, but now the Z-selective pathway is favored. 
As before, this is the result of a subtle interplay between desolvation and 
flexibility factors, and no detailed interpretation is possible. However, the 
Z selectivity arises from a combination of factors, and not from any specific 
stabilizing effect of methanol solvation in TS,. The latter phenomenon should 
have resulted in an enthalpic advantage and an entropic penalty, but neither 
is observed in methanol. In summary, the a-oxygen substituent in the 
aldehyde promotes a small trend in activation entropy toward (2)-enoates 
in the aprotic solvents and a larger trend in methanol. A similar solvent 
effect is seen with most, if not all of the aliphatic aldehydes, but it is largest 
in the case of a-alkoxy aldehydes. As discussed in connection with Table 19, 
the combination of solvent and a-alkoxy effects can be further amplified by 
a syn P-alkoxy group. Although the result in methanol can be astonishing 
(see Table 19, entries 19,20,24,68,90; 99: 1 Z:E), it requires only an additional 
advantage of ca. 3 entropy units for TS, over TSE by comparison with the 
24ormyltetrahydropyran example in Table 25. 

There are many TS geometries to consider for the reaction of 
Ph,P=CHCO,Et with 2-formyltetrahydropyran, and three limiting cases 
128a-c have been illustrated in Scheme 18, all with the ether oxygen pointed 
away from aldehyde oxygen to minimize unfavorable dipole and lone-pair 
interactions. The cis-selective options 128a and 128b differ in the orientation 
of the ester group, corresponding to the anti and syn forms of the ylide (129). In 
methanol, it is likely that 128a or 128b would benefit from solvation effects 
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that minimize unfavorable interactions among the a-alkoxy, ester, and 
oxaphosphetane oxygens. The TS, rotamer 1288 corresponds to the more 
polar ylide rotamer 129 anti, the isomer that is likely to be the most highly 
solvated ground-state species. For simplicity, only one conformer 128c is 
shown for TSE, the dominant pathway in THF or CH,CI,. Structure 128c 
corresponds to the less polar ylide rotamer 129 syn which should be favored 
in THF or CH,CI,, but conformers derived from 129 anti should also be 
accessible because the ylide rotamers interconvert on the NMR time scale. 
Other rotamers of the tetrahydropyranyl unit are by no means ruled out, 
and there are many potential variables. There is no experimental basis for 
further speculations at this time. 

Several other features of the stabilized ylide reactions deserve additional 
study. For example, it is not clear why the selectivity of the a-substituted 
ylides Ph,P=C(Me)CO,R” for E-trisubstituted enoates is so similar to the 
selectivity of Ph,P=CHCO,R” for the E-disubstituted enoates (nonpolar 
aprotic solvents). Apparently, an oxaphosphetane-like TS prefers to have the 
electron-withdrawing ester group trans to the aldehyde R’ group (131). If a 
donor-acceptor interaction is involved in this preference, then it would be 
easier to understand the high E selectivity of some of the other stabilized 
ylides in Tables 18 and 19 (for example, Ph,P=CHCHO). However, steric 
arguments are also possible. Geometries similar to 130 [(Z)-enoate precusor] 
will be destabilized by eclipsing interactions between the ester group and the 
adjacent R’, methyl, and P-Ph substituents. The alternative puckered TS 
structure 131 [(E)-enoate precursor] allows the ester function to turn away 
from the aldehyde oxygen, from the eclipsing interaction with methyl, and to 
avoid the P-phenyl groups. A similar puckered geometry does not help 130 
because of increased electrostatic repulsion between aldehyde and ester 
oxygens. This latter issue does not arise for analogous nitrile-stabilized ylides 
such as Ph,P=C(CH,)CN, and the reaction with an unbranched aldehyde 
proceeds nonselectively (Table 19, entries 127-128, Z:E = 61:39 in THF; 
Z:E = 37:63 in benzene) (142f). Once again, there are no reported examples 
where direct comparisons have been made using the same carbonyl substrate 
and reaction conditions, and further data are needed to establish a general 
trend. 

XXII. MISCELLANEOUS REACTIONS 

A. Ketones 

No consistent selectivity pattern has emerged from the reactions of alkyl- 
branched ketones with Ph,P=CHR. The phosphole-derived ylides behave 
more predictably, and their tendency to form the (E)-alkenes via 132 fits well 
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with their general reactivity pattern in the aldehyde series. The same 
stereochemical outcome is seen with the a-alkoxy ketones in the small number 
of examples studied so far. In the Ph,P=CHR series, the ketone reactions 
appear to be more sensitive to structural details and to remote steric effects 
(Table 20). Selectivity patterns are different for cyclohexanones versus cyclo- 
pentanones, and the 17-keto steroid examples are exceptionally selective for 
(2)-alkene formation (Table 20, entries 48-53). In contrast, an a-dialkylcyclo- 
hexanone reacts with modest 29:71 selectivity for the (E)-alkene (entry 37). 
The a-alkoxy ketones 133 follow a consistent pattern, probably because they 
are considerably more reactive than alkyl-branched analogues due to the 
inductive effect of oxygen. Relatively early more flexible TS such as 134 are 
possible, and the Z-trisubstituted alkenes 135 predominate. 

B. Reactions of Ph3P=CHX 

This category includes the a-alkylthio, a-alkoxy, and a-haloylides (Table 2 l), 
and also the allylic and benzylic ylides (Tables 14 and 15), most of which are 
reactive at - 78°C and marginally selective. The Z:E ratio tends to increase 
with increased reactivity of either reactant (earlier TS). When the substituent 
X is an $-hybridized alkenyl or aryl group, the 1,2-interactions in 137 can 
be minimized in conformations where the plane of the sp2 carbon is parallel 
to the carbonyl plane. The energy difference between 136 and 137 becomes 
smaller, and oxaphosphetane formation is nonselective. When the spatial 
requirements of X increase, selectivity tends to increase as well. Thus, 
a-alkylthio ylides are more Z selective than their oxygen counterparts, and 
Ph,P=CHI is the most highly cis-selective member of the halogen series 
(Table 21, entries 40-57). Electronegativity may also play a role by decreasing 
reactivity when X is F or C1 (more productlike TS). These results follow a 
self-consistent pattern, but the interpretation must be viewed with caution 
because very few systematic comparisons have been reported. 

C. Ylides with Unsymmetrically Substituted Phosphorus 

Transition state models become increasingly complicated for reactions of 
several ylides that contain two different ligands at phosphorus (Table 22, 
entries 3-5). There will be new ways to reduce 1,3-interactions, depending 
on which group occupies the position corresponding to L* in TS such as 
139. There is a qualitative trend toward E selectivity when one or more of 
the P-phenyl groups of Ph,P=CHCH, is replaced by ethyl (Table 22, entry 
4 vs. entries 1, 3; see also Table 13) because 138 has reduced 1,3-interactions 
compared to 139 with L* = phenyl. However, the trans-selective TS 138 is 
no longer favored when R is a tertiary alkyl group because of the resulting 
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increase in 1,3-interactions, and Wittig reactions of Et,P=CHCH, or 
EtPh2P=CHCH, with tertiary aldehydes become modestly cis selective 
under conditions of kinetic control. 

Only a few results are available in the case of ylides L,P=CHX that are 
structurally biased toward planar four-center geometries (similar to 126 or 
138 DBP or RPh2P phosphorus environments). Allylic or benzylic ylides 
of both types show the expected trend for trans-disubstituted oxaphosphetanes 
and the corresponding (E)-alkenes, as do allylic ylides of the Bu,P=CHX 
family. To date, no ylides with a-heteroatom substituents have been studied 
in any of the trans-selective phosphorus environments. 

There are several examples of ligand-induced selectivity trends where no 
simple argument is adequate. For example, replacement of one of the phenyl 
groups of Ph,P=CHCH, by a cyclohexyl substituent (Table 22, entry 5 )  
results in an ylide with decreased selectivity, contrary to what would be 
expected from the relative bulk of cyclohexyl versus phenyl groups. The 
shapes of phosphorus substituents are at least as important as steric bulk. 
Furthermore, the balance between 1,2- and 1,3-interactions depends on the 
conformational properties of all of the nearby substituents because the steric 
effects are highly interactive in the congested environment. Ultimately, the 
key ligand L* controls the 1,3-interactions, but neither the identity nor the 
orientation of L* can be assigned with confidence in most of the examples 
where phosphorus contains two different ligands. 

D. Lithium Ion Effects 

The stereoselectivity trends have been discussed earlier (Scheme 1 l), and only 
the conclusions will be repeated here. In general, the lithium effect reduces 
the selectivity of all classes of ylides, including those that are inherently 
trans selective. In the case of aliphatic aldehydes, the phenomenon is attributed 
to reaction via a competing pathway that involves Lewis acid catalysis at 
carbonyl oxygen. The catalyzed pathway is not very sensitive to phosphorus 
ligands or other substituent effects, but it shows the expected strong depen- 
dence on lithium ion concentration. Catalysis is especially important for 
aromatic aldehyde reactions because lithium ion also can catalyze the 
equilibration of the intermediate oxaphosphetanes via betaine lithium halide 
adducts. This process accounts for the variable selectivity that has been 
reported in some of the earlier literature. Since substrate enolization is also 
enhanced by the presence of lithium ion, many of the complications that arise 
in preparative Wittig reactions can be avoided by using lithium-free techniques. 
The NaHMDS or KHMDS/THF conditions can be recommended for 
preparative as well as mechanistic work. The lithium-catalyzed pathway 
resembles the original betaine mechanism (l), with the important difference 
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that the eventual conversion from reactants to the oxaphosphetane is 
exothermic, not endothermic. 

XXIII. ALTERNATIVE TRANSITION STATE MODELS 

The literature contains many other attempts to explain the cis selectivity of 
Ph,P=CHR reactions, several of which are briefly summarized in Scheme 19. 
Schneider's model 140 is interesting in the historical context because it shows 
that cis selectivity can be explained via the Bergelson-Shemyakin diradicaloid 
95/96 (5 )  if the interaction between the aldehyde and the ylide occurs in a 
geometry where the aldehyde plane is perpendicular to the ylide plane (234). 
If there is a significant activation barrier for ring closure, then 140 would be 
converted into the cis-disubstituted oxaphosphetane via the least hindered 
configuration-determining transition state. On the other hand, if the barrier 

140' 141 

143 143' 142 142' 

123 

Scheme 19 
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to ring closure is small as would be expected for the exothermic process, then 
AG* for the competing ring closure pathways may be too small to allow the 
necessary AAG* of ca. 2 kcal/mol in favor of the cis pathway. Although P-0 
bonded diradicaloids are inconsistent with the experiments of Scheme 14 and 
some of the kinetic isotope data, Schneider’s model is a logical predecessor of 
Schemes 17 and 18 because of its use of nonparallel C=O and P=C subunits 
to explain stereochemistry. In the context of Scheme 17, structure 140 illus- 
trates another way to use bond angle distortion to avoid 1,2- and 1,3-inter- 
actions. Like most of the early rationales, Schneider’s model implicitly 
assumes that cis selectivity is a fundamental property of phosphorus ylides. 

Bestmann (59,220) proposed that cis selectivity would result from approach 
of the ylide along the sp3 bond angle trajectory at the C=O group, illustrated 
in the original publications by the drawing 141. Deviations from cis selectivity 
were attributed to oxaphosphetane equilibration via pseudorotation to 73 and 
reversible heterolysis of the P-C, bond to a zwitterion 74 (Scheme 10). 
Specific TS models were not illustrated, with the exception of a cis-selective 
structure 142 derived from MNDO calculations that indicated a stability 
advantage for the trans-selective TS (not illustrated). Since an advantage for 
142 was expected according to the trajectory argument, Bestmann drew no 
final conclusions regarding the origins of cis-selectivity. The closest known 
experimental analogy to the hypothetical TS mjdel 142 is the reaction of 
Et,P=CHCH, with unbranched aldehydes, a process that is modestly trans 
selective (see Table 13). However, the result depends on the aldehyde sub- 
stituent R’, and cis selectivity predominates with a tertiary aldehyde under 
kinetically controlled conditions (Table 22, entry 6; see also Table 13). 

Another TS model was proposed by Schlosser and Schaub (66) as illustrated 
by structure 143. This model explicitly recognizes the importance of phos- 
phorus substituents, but it invokes a dominant P-phenyl “propeller” effect 
that requires kinetic cis selectivity for all Ph,P=CHR as well as Ph,P=CHX 
reactions and kinetic trans selectivity for reactions of ylides that do not 
contain the “propeller”. The formation of trans alkenes from ylides Ph,P= 
CHX would have to be due to equilibration. None of these generalizations is 
consistent with Table 22 or with the control experiments that demonstrate 
kinetically controlled decomposition of a variety of oxaphosphetanes. 

In Schemes 17 and 18, the lithium-free Wittig reactions of Table 22 are 
interpreted on the basis of a kinetically controlled four-center mechanism. 
No single TS geometry can be used for all of these diverse reactions, but 
qualitative models for several of the limiting situations have been suggested. 
The TS models correlate a large amount of data, but they are intuitive models 
that are not precise in terms of geometry. Indeed, some of the models have 
been drawn to exaggerate subtle structural differences for purposes of illus- 
tration. Interpretation of TS models can be difficult in cases where there is no 
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simple way to estimate the steric bulk of the substituents. It is well known that 
steric comparisons based on A values are not reliable in systems other than 
cyclohexanes because the magnitude of lateral interactions depends on the 
environment (235). The selectivity of ylides Ph,P=CHX correlates well within 
sets of related substituents X that have similar shapes and electronic structure 
(Table 21: MeS > Me0 in the ability to promote cis selectivity; similarly, 
I > Br > Cl). On the other hand, comparisons between groups that differ in 
symmetry, hybridization, or polarity are risky. Indicators of steric bulk that 
measure the spatial requirements of the interacting rotamers (phosphorus 
ligands as well as X) may be better suited for this purpose than conventional 
A values (235). 

When the various TS models are drawn using a perspective that emphasizes 
the similarities (structures 140,142,123,143, and 127), it becomes clear that 
the geometric differences are often small compared to the differences in 
terminology. Our “intuitive resolution” may not be sufficient to distinguish 
geometric options in borderline cases, and there may be other variants that 
are theoretically reasonable. However, to have predictive value, any distinction 
between four- and two-center mechanisms must be based on differences in 
geometry in the stereochemistry-determining TS. Transition state geometry 
is the only factor that controls stereochemistry in a kinetically controlled 
reaction. The path taken by the reactants to the competing TS cannot 
influence relative TS stability or affect the stereochemical outcome. For that 
reason, it will not be critical to know whether the asymmetric cycloaddition 
terminology (four-center process) is precise in the theoretical sense, as long as 
the TS geometry includes all four of the eventual oxaphosphetane atoms 
within conceivable bonding distance. 

It is too early to decide whether semiempirical computations can successfully 
evaluate TS models such as 117-124 given the current level of precision. This 
situation is likely to change as the theoretical methods refine their phosphorus 
parameters and their ability to mimic solvation effects. Table 22 provides 
many opportunities to test computational TS predictions. Selectivity in the 
Wittig reaction depends on substituents, not on some fundamental property 
of phosphorus ylides. Thus, any successful theoretical analysis of the selectivity 
issue will need to explain the substituent-induced differences in kinetic Z: E 
ratios. 

Several practical problems also remain to be solved in the Wittig reaction. 
An efficient way to recycle the starting phosphines would be especially useful, 
but little progress on this problem has been reported. With regard to the 
reagents, there are several ylide categories that need further development. 
Desirable goals include inexpensive, E-selective nonstabilized ylides, and 
stabilized ylides that react with consistently high Z selectivity. Several 
mechanistic issues also need further study, especially in the area of reaction 
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kinetics and thermochemistry. No detailed kinetic studies have been reported 
for the reactive ylides, and no information is available regarding activation 
entropy and enthalpy contributions to the cis- versus trans-selective TS. Much 
also remains to be learned about the energy profiles (Fig. 1 or 2) that have 
often been used in the discussion of Wittig mechanisms. For example, it is 
still not known whether the conversion from stabilized ylides to oxaphos- 
phetanes is exothermic or endothermic. There also are large gaps in our 
knowledge of the origin of solvent effects in the ester-stabilized ylide 
reactions. On the other hand, much has been learned about selectivity trends 
and about the issue of equilibration. Typical Wittig reactions are under 
kinetic control, and the remarkable selectivity patterns are largely due to the 
highly interactive steric effect of substituents near the developing bonds of 
a congested four-center TS. 
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The latter exhibits enhanced Z-selectivity in methanol. 
Zhang, X.;  Schlosser, M. Tetrahedron L m .  1993,34,1925. 
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I. INTRODUCTION* 

Conformational analysis originated about 100 years ago as the result of the 
pioneering suggestion by Sachse (1) that six-membered saturated rings are 
not planar but exist in puckered shapes, such that all the valence angles are 
tetrahedral. He realized that two forms of cyclohexane free of angle strain 
are possible (now they are called chair C and twist-boat TB conformers) and 

'A glossary of symbols and abbreviations used in this chapter is found at the end of the 
text (p. 336). 
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that two monosubstituted chairs could exist (they correspond to axial C, 
and equatorial C, conformers). Initial work by Mizushima et al. (2) on the 
conformation of 1,Zdihaloethanes and by Hermans (3) dealing with the effect 
of structure on the reactivity of some dioxolane derivatives did not have 
immediate impact on the organic chemical community of the 1920s, 1930s, 
and 1940s (4). Conformational analysis as a branch of theoretical chemistry 
was spurred on to rapid development only in 1950, when Barton ( 5 )  pointed 
out various chemical and physical consequences of the axial and equatorial 
attachment, respectively, of substituents in a cyclohexane ring. 

CE 
TB 

Today, conformational analysis has pervaded chemical thinking so deeply 
that one can find the keyword conjormation over 10,OOO times in each volume 
of Chemical Abstracts. The search for new conformational effects and their 
explanations is a part of conformational studies. The anomeric effect is one 
of those effects. 

Though numerous reviews (6-18) on the anomeric effect have been 
published during the past several years, certain problems should still be 
discussed and the importance of well-established interactions reevaluated. 
This chapter is intended to focus the attention of readers on such problems. 
In this context we present the appropriate results both taken from the 
literature and based on our own work. 

11. WHAT DOES ANOMERIC EFFECT MEAN? 

The main difference between conformers C,, CE, and TB is physical in nature: 
their energies are different. It is generally accepted (19a, 20a) now that a 
monosubstituted cyclohexane 1 at equilibrium usually exists in two discrete 
conformations la (C,) and let (C,) differing in free energy by AGE and 
separated by a free energy barrier A G i E  (Figure 1). The free energy of the 
TB conformation is about 22-23 kJ/mol (1 cal = 4.186 J) larger than that of 

‘For the sake of simplicity axial isomers will usually be denoted in this review as “a” and 
equatorial as “e”, provided the conformation about the exocyclic C-X bond is unimportant. 
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C, and therefore the amount of TB at 298 K is negligible (about 0.1%) (20a). 
Conformers l e  are more stable than la  (AGE<O) as a rule [though not 
without exceptionst (21)]. For instance, free energy difference AG”,,, for 
simple alkyl groups X = Me, Et, i-Pr (Figure I )  is equal to - 7.28, - 7.49, 
and - 9.25 kJ/mol, respectively (22). The equatorial preference of the alkyl 
groups and the decrease of AG”,,, on going from X = Me to Et to i-Pr has 
been rationalized (perhaps in oversimplified fashion, see Section 1I.F) in terms 
of the “steric bulk” or “size” of the substituent X. Thus la  is more destabilized 
than le, and the equilibrium should lie on the side of le. For easily polarizable 
atoms the interaction mentioned above may, however, be moderated by 
London attraction (19b). Nevertheless, simple consideration of steric inter- 
actions permits us to expect that equatorial conformers should be more stable 
than axial ones, and this relation should be correct for six-membered rings 
other than cyclohexane as well. 

A. Classical Definition of Anomeric Effect by Lernieux: 
Generalized Anomeric Effect 

Whenever our expectation based on certain theory faces an unexplained 
exception, we speak of such an exception as an “effect” (23). Thus, when 
Lemieux and Chii (24) found a-anomers (axial) of D-glucose derivatives to 
be more stable than fl ones (equatorial), they coined (25) the term anomeric 
effect for this exceptional behavior. This term has therefore a purely pheno- 
menological meaning and does not per se reflect on the origin of the 
phenomenon. 

The anomeric effect is quite general. I t  is usually defined (6) in terms of 
the preference of electronegative (26) substituent X at the anomeric center 
of pyranoses for the axial orientation (Scheme la, AG; > 0). This orientation 
corresponds to a synclinal (gauche) arrangement of X-C(Z)-O-C(6) 
bonds: in 2 (Scheme 1). Indeed, analogous preferences for synclinal sc 
conformation in various acyclic compounds of type R-Y-C-X (3) were 
found (6) and termed the generalized anomeric effect by Lemieux (27), Eliel 
(28), and Bailey and Eliel (29). Following usual practice, however, in this 

’ Recent semiempirical molecular orbital calculations by Graczyk (unpublished results) on 
various compounds containing the C-C-C-X+ (X = OH,, NH,, SH,, PH,) system show 
a predominant axial preference in cyclohexanes containing a strongly electron-withdrawing, 
X =OH, group. 

:Two numbering systems are used in this review. According to the first, which is based on the 
nomenclature of heterocyclic systems, the anomeric carbon atom is denoted as C(2) (number 
in parentheses). If carbohydrate convention is applied, this carbon atom becomes C1. and the 
number is not in parentheses. 
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chapter the generalized anomeric effect will be referred to simply as anomeric 
effect. 

Four other so-called anomeric effects are also found in the literature, 
based, however, on etiological (meaning connected with an origin) grounds. 
All of them are rationalized in terms of the concept of negative hyperconju- 
gation, which is usually regarded as a source of the anomeric effect (see 
Sections III.B.4 and III.B.5). Thus, the preference for the synperiplanar (sp) 
arrangement of a lone electron pair and a C-F polar bond (which affords 
an antibonding o* orbital) over the orthogonal (og) one in fluoromethylamine 
(4) has been termed the syn anomeric eflect by Irwin et al. (30). An analogous 
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preference for the antiperiplanar (ap)  conformation over the og one was called 
the anti anomeric eflect. The preference for the conformation 5a in which 
the C-X [X = C1, SH, SMe, S(O)Me, SO,Me] bond of benzylic derivatives 
5 is perpendicular to the plane of the phenyl ring (Scheme 2) was termed the 
benzylic anomeric effect by Penner et al. (31) and explained as due to the 
n - ~ z - ~  negative hyperconjugation. The term uinylogous anorneric efect was 
coined by Denmark and Dappen (32, 33) to describe the axial preference 
of a-chloro- and a-methoxycyclohexanone oximes and oxime derivatives 6 
(Scheme 3). This effect was also postulated by Curran and Suh (34) to account 
for accelerated Claisen rearrangements of carbohydrate glycals, but in the 
opinion of Box (15) this is not supported by the relevant X-ray data. 

5a 5a 5b 

Scheme 2 
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X 

0 6a 

X = C 1 .  OMe 

6a 6b 

Scheme 3 

B. Classical Approach to Evaluation of Magnitude of Anomeric Effect 

What should then be the magnitude of AG; (Scheme la) to allow us to say 
if we deal (or not) with an anomeric effect? The answer should be based on the 
phenomenological meaning of the term. Our expectations were based on 
steric grounds, and therefore the anomeric effect should be considered as an 
excess of axial preference over the preference determined by steric factors 
only. 

The first attempt to define the magnitude of the anomeric effect was by 
Eliel et al. (19c) and by Anderson and Sepp (35). They assumed that steric 
interactions of a given X in a cyclohexane ring remain almost unchanged 
when the latter is replaced by a pyranose (or tetrahydropyran) ring. Thus, 
steric interactions AG;,,,, are set equal to AG; (Figure I ) ,  and the magnitude 
of anomeric effect A G i E  is given as the difference between the axial-equatorial 
free energy difference in a pyranose, AG;, or generally, heteroane, AG;, and 
that for the same substituent in a cyclohexane ring AGF. 

Scientists performing molecular orbital (MO) calculations usually consider 
the magnitude AEAE of the anomeric effect as the positive difference of 
the potential energy E,, of antiperiplanar (up) and E,, of synclinal (sc) 
conformers (36): 

This approach, though simple, is somewhat misleading because it does 
not correspond to the original definition of the anomeric effect, that is, 
increased preference for the sc conformation. It does not take into account 
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the preference due to steric reasons and hence AEAE can tell nothing about 
the magnitude of the anomeric effect in the classical sense of this notion. 
Moreover, it may imply the presence of a reverse anomeric efect (AE,,  < 0) in 
cases where in fact there is no anomeric effect [as in ethyl methyl ether 
(7)] or there is a normal anomeric efeect (e.g., in the 0-C-NH, system; see 
Sections 1I.C and 11.1). 

Irwin et al. (30) took into account several criteria for estimating the relative 
strength of the syn anomeric effect in fluoromethylamine (4), that is, molecular 
energy stabilization, changes in bond lengths, energy difference between 
coplanar ( sp  and up) and orthogonal (oy) conformations, and differences in 
activation or bond-breaking energies (kinetic criterion). Interestingly, the syn 
effect is comparable to the anti one as far as the lengthening of the C-F 
bond is concerned, or, according to Irwin et al. (30), even greater when 
C- F bond dissociation energies are compared (calculated bond dissociation 
energy in the syn structure is ca. 21 kJ less than that in the anti one). 

C. Franck's Proposal 

Equation ( I )  was widely applied in this form for almost 15 years, and it was 
the main cause of numerous misunderstandings and erroneous interpretations. 
For instance, it suggested the existence of a reverse anomeric effect for the 
carbomethoxy group in a tetrahydropyran ring (37) while the opposite is 
actually true, that is, there is a normal anomeric effect (38). The main weakness 
of Eq. [I], as was already pointed out by Eliel and Giza (39), is the assumption 
that steric interactions in a heterocycle are the same as in the analogously 
substituted cyclohexane. Usually, the distances between axial X and 1,3-syn- 
axial hydrogens increase or decrease as the result of changes in bond 

TABLE 1 
Conformational Free Energy Differences AG" and Factors F ,  for Methyl 

Group in Selected Heteroanes 

AGO Temperature 
X Y (kJ/mol) F," (K) Reference 

0 0 - 16.65 2.29 298 40 
0 -11.95 1.64 163 41 

@H3 CH2 CH2 NH - 10.34 1.42 42 

S S -7.42 1.02 342 44 
Se Se -4.36 0.60 147 45 

"Calculated as F ,  = AGi/ACg; assumed to be equal to F ,  (see Section 1I.F). 
bNot stated. 

b 

CH, CH2 -7.28 1.00 300 43 
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lengths and angles when C(2) and/or C(6) of cyclohexane are replaced by 
heteroatoms Y or (and) 2. This, in turn, is reflected in the AGO values for 
axial-equatorial interconversion of a methyl group connected to the anomeric 
carbon atom of various six-membered rings (Table 1). Although the data 
refer to different temperatures, the trend is evident: the AGO values become 
more negative on going to oxygen heteroanes indicating a substantial 
increase in steric hindrance. In contrast, the appropriate AGO value for the 
1,3-diselenane ring, Ache = - 4.36 kJ/mol, is more positive than in cyclo- 
hexane, AGL, = - 7.27 kJ/mol, suggesting a diminished steric hindrance. It 
is then clear that while Eq. [l] can be satisfactorily applied for 1,3-dithiane 
derivatives (where AGL, is about the same as in cyclohexane), it completely 
fails for 1,3-diselenanes, tetrahydropyrans, and especially for 1,3-dioxanes. 

In order to obtain a more “realistic” value of the anomeric effect, AGA,BO in 
Eq. [ 11 has been replaced by the difference of potential energy AEclass obtained 
by semiempirical calculations based on classical mechanics with the assump- 
tion of invariability of entropy on going from up to sc conformations. 
The calculation methods vary in their complexity from a simple estimate of 
steric energy by atom-atom potentials (46, 47) on the one hand to highly 
sophisticated molecular mechanics calculations (48) on the other. 

The first to propose a rather simple way to overcome these difficulties 
was Franck (49), who linearly correlated free energies of “inert” substituents 
in cyclohexane, AGZ, and tetrahydropyran [at C(2)], AC;. He found that if 
such a substituent is transferred from cyclohexane to the anomeric C(2) carbon 
in tetrahydropyran, AC: increases about 1.53 times (Eq. [3]) simply because 
of the increase in steric hindrance. Thus 

where FG = 1.53 for tetrahydropyran ( C  in the subscript means that FG is 
based on AGO values). Franck (49) calculated C = 0.08 kJ/mol, but C should 
actually be zero (C = 0) because of his assumption that the steric “size” of a 
hydrogen is the same in both heteroane (tetrahydropyran) and cyclohexane 
(if AGE = 0 then AG; = 0). 

This approach allowed Franck (49) to show that methylamino (MeHN-) 
and dimethylamino (Me,N-) groups exhibit weak normal anomeric effects 
when attached to the anomeric carbon atom of the tetrahydropyran ring. 
Although he was later criticized by Booth and Khedhair (50) for inadequate 
experimental data, even their AHo values unquestionably support Franck’s 
conclusion. 

One could ask: What is the magnitude of the anomeric effect if two 
heteroatoms Y are present in a molecule, for example, in (R-Y),C-X? 
Should the anomeric effect be divided by 2? In the opinion of Tschierske 
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et al. (38) the anomeric effect in (R-Y),C-X system is twice as large as that 
for a single R-Y -C-X fragment. Therefore, the observed anomeric effect 
for the whole system should be divided by 2. As discussed by Juaristi et al. 
(51), the results on the tetrahydropyran versus the 1,3-dioxane series rather 
suggest a “saturation” of the effect. On the other hand, the anomeric effect 
of alkylthio substituents in dithianes is stronger than that in tetrahydrothio- 
pyrans, but by less than a factor of 2 (51). 

The choice of “inert” substituents for the correlation carried out by Franck 
was arbitrary. Perhaps only alkyl groups can be considered to some extent 
inert. The inclusion of vinyl, ethynyl, and hydroxymethyl groups in the 
calculation of the slope (Eq. [3]) appears to be unjustified. It must also be 
added that neither the classical definition (Eq. [l]) nor Franck‘s approach 
can be applied for estimation of the magnitude of the anomeric effect in very 
simple molecules [e.g., methanediol(8)l since the replacement of the rotating 
oxygen atom in the 8 (sc, sc) and 8 (sc, up) conformers of methanediol by a 
methylene group leads to indistinguishable molecules of ethanol (9, see 
Scheme 4). This would suggest that steric interactions do not undergo any 
change, which is not true. 

H H H - - 

- 0  
I 

Vo\H + 
O V 0  

9 9 
Scheme 4 

Franck assumed a linear relation between AG;,,,, (or generally in a 
heteroane AG&,,,) and AG; values. In fact, the relationship is more complex. 
Let us look at cyclohexane and 1,3-dithiane. For the former AG&, = - 7.28 
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and for the latter AG&,,, = - 7.42 kJ/mol; hence Franck's factor is equal to 
FG(Me! = - 7.42/ - 7.28 = 1.019. This would suggest that the methyl group 
experiences a slightly more congested steric environment in 1,3-dithiane than 
in cyclohexane, contrary to expectation based on larger C-S than C-C 
bond lengths and flattening of 1,3-dithiane ring. When tert-butyl groups are 
considered, = - 20.5 kJ/mol in cyclohexane and AG&r-Ru) = 
- 11.4 kJ/mol in 1,fdithiane (44), and FG(r-Bu) = - 11.4/ - 20.5 = 0.556, now 
in agreement with anticipation. One should also note that a hydrogen atom 
experiences the same steric interactions in cyclohexane and in 1,3-dithiane 
rings (one of Franck's assumptions, vide supra). Hence, factor FG(,, based on 
hydrogen is equal to 1. 

Now let us plot F ,  values for H, Me, and t-Bu groups (in 1,3-dithiane), 
which are perfectly inert, as a function of AG; of the substituent (Figure 2). 
It is clear that factors FG for substituents of intermediate size between that 
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Figure 2. Determination of F, factors for M e 0  and Ph,P(O) groups in some six-membered 
rings. 
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TABLE 2 
Conformational Free Energy AG", Enthalpy AH", and Entropy AS" Differences for 

Selected Substituents in Certain Six-membered Rings" 

Cyclohexane Heterocycleb 

Group AG: AH: AS" Reference AG; AH: AS" Reference 

t-Bu - 20.5 44 -11 .4 '  44 
OMe -2.4' -3.0 - 1.8 52 3.32" 0.17 - 10.5 50 
PhZP(0) - I  1.5' -8.2 10.9 53 1.57' 5.71 13.8 54 

_ _ ~  

"Units of AC" and AH* are k.l/mol and of AS" are J/mol/K; substituents are connected 
to the C(2) atom of a heterocycle. 
*For r-Bu and Ph,P(O), 1,3-dithiane; for OMe, tetrahydropyran. 
'At 342K. 
dCalculated for T =  300K based on AH" and A F  values. 

of H, Me, and t-Bu are different from factors F, for these reference groups. 
Let us consider, for instance, the Ph,P=O group, which is of intermediate 
size between that for Me and t-Bu [AGE = - 11.46 & 0.38 kJ/mol (53), see 
Table 21. If one assumes that FG is a linear function of AGE, the linear 
interpolation between the F G  values for the methyl and t-butyl groups affords 
FG(Ph2PO) = 0.87 for the Ph,P=O group at C(2) in a 1,3-dithiane ring (see 
Figure 2). 

By the same token one may find a dependence of F G  factors on AGE for 
other heterocycles, namely 1,3-dioxane, tetrahydropyran, piperidine, and 
1,3-diselenane (see Figure 2). Unfortunately, since AG; values for reference 
groups in these rings are available for the Me group only (see Table l), an 
interpolation of F G  can be performed only for substituents smaller than the 
methyl group. For instance, for the M e 0  group in tetrahydropyran an 
interpolation between F,  values for H ( F ,  = 1.00) and Me ( F G  = 1.64) gives 
F,,Meq,T = 1.21 (cf. Figure 2). Thus, in contrast to what is usually assumed, 
steric interactions experienced by the M e 0  group increase only by a factor 
of 1.2 on going from cyclohexane to tetrahydropyran. Even on going to 
1,3-dioxane they increase only by a factor of 1.43 (!). Therefore, the anomeric 
effects calculated so far for the M e 0  group in the tetrahydropyran ring 
assuming F ,  2 1.5 should be considered to be overestimated by ca. 0.8 kJ/mol. 
Ofcourse, for groups larger than methyl an interpolation of FG in 1,3-dioxane, 
tetrahydropyran, and 1,3-diselenane cannot be performed, and F ,  must be 
assumed to be equal to F,  for the methyl group in the particular heterocycle. 

Any interpolation of F ,  is based on a certain order of AGE values (order 
of size of substituents). Unfortunately, the usually assumed order of AGE is 
not perfectly constant. For the ethyl group in cyclohexane at 300 K we have 
AGE,,,, = - 7.49 kJ/mol (22); that is, the ethyl group prefers the equatorial 
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Et Me 

1 1 
- 

T<218 K 

10a 10e 

Scheme 5 

position by 0.21 kJ/mol more than methyl at room temperature. However, 
a low-temperature nuclear magnetic resonance (NMR) study of cis-1 -ethyl- 
4-methylcyclohexane (10) showed (22) that the conformation with axial ethyl, 
lOa, is preferred below 218 K (Scheme 5; see also Section 1I.F). Therefore, 
the factor F ,  for a particular substituent should not be considered constant 
but is actually a function of the special properties of the substituent, for 
example, rotational possibilities resulting in entropy differences (see also 
Section 1I.F). This suggests that Franck’s method provides only an approxi- 
mate measure of the magnitude of the anomeric effect. 

Recently, Juaristi and Cuevas (55) presented an application of Franck’s 
methodology based on temperature-independent enthalpy AHo values (see 
Section II.F., Eqs. [17] and [18]) to estimate the enthalpic contribution to 
the C-S-C-P(0) anomeric effect as AHiE = 14kJ/mol [ l l  kJ/mol in 
AG;, terms (56), but see also Section V.A]. 

D. Application of Franck’s Method to Evaluation of Magnitude of 
Anomeric Effect in Acyclic Molecules 

In the case of acylic compounds one faces another difficulty in estimating 
the magnitude of the anomeric effect. Let us consider conformational 
equilibria for up, sc and ap, up conformers of dimethoxymethane (11) and 
methyl propyl ether (12) (Scheme 6) following an approach presented by 
Wiberg and Murcko (57). They calculated (57) ab initio (6-31G*) energy 
difference between conformers ap, up and up, sc of 11 as AEH = 13.8 kJ/mol. 
In order to quantify the magnitude of the generalized anomeric effect (or 
simply anomeric effect) for a single sc fragment of 11 an ab initio (6-3 I G*) 
energy difference AE, for methyl propyl ether (12) was computed (57): 
AE, = - 5.9 kJ/mol. The magnitude of the anomeric effect in AEAE terms 
was then calculated (57) according to the equations 

AE,, = AEH - AE,, 

AEs,= F x AE, 

c41 

~ 5 1  
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5" 
/"O 

H 3 C  

(cf Eqs. [l] and [3]; A E  instead of AGO) as AEAE = 22.6kJ/mol using 
Franck's tetrahydropyran-cyclohexane factor F = 1.5. 

From the methodological point of view, a different F factor derived from 
the correlation of energies of relevant acyclic compounds should have been 
used. The anomeric carbon atom in 11 is secondary, whereas in 2-substituted 
tetrahydropyrans it is tertiary. The introduction of a third substituent at  the 
anomeric carbon may result in a change of preferred conformation (58,  59), 
appropriate angles (60), and the magnitude of the anomeric effect (61), thus 
making cyclic models inadequate for the calculation presented above. 

Let us consider equilibria pictured for relevant acyclic compounds in 
Scheme 7. If one takes into account the experimental energy differences 
AH' = - 3.7 & 0.1 kJ/mol for n-butane (13) (62) and A H  = - 6.3 0.8 kJ/mol 
for ethyl methyl ether (7) (63), the F ,  factor is calculated to be 1.7 k 0.3. This 
factor is correct for the methyl group but should be somewhat smaller for 
MeO. An interpolation of F, assuming that F ,  is a linear function of AGEt, 
according to the procedure described in Section II.C, affords F ,  = 1.23 for 
a OMe group connected to the CH,O-CH, system. Therefore, AE,, = 
AE,, - 1.23 x AEc = 21.1 kJ/rnol. Because in the sc conformers of 13 and 7 
the appropriate torsion angles 0' (20b) and 0" (64) (see Scheme 7) are both 
equal to about 70°, one may conclude that the geometries of 13 and 7 are 
very close, and the obtained factor, F = 1.23, should be treated as a more 
reliable value than that applied by Wiberg and Murcko (F = 1.5) (57). 

'The use of AG; values instead of AH; seems to be justified because the relevant entropy 
differences AS" for H and Me are negligible (see Section 1I.F.). 



174 ANOMERIC EFFECT: ORIGIN AND CONSEQUENCES 

1 3 ( s c )  

H C  '0 i"' 
CH3 

H 3 C \ O / \  

Consequently, their approach led to a slight (by ca. 1.5 kJ/mol) overestimation 
of the anomeric effect AE,; 

E. Bidirectionality of Anomeric Effect: Exo and Endo Anomeric Effects 

I .  "Bidirectional" Approach 

In 1979 Lemieux et al. (65) suggested that the exo anomeric effect (see below) 
is stronger for the equatorial (p) anomers than for the axial (a) ones. A 
quantitative approach to this problem was subsequently presented by Praly 
and Lemieux (66). Let us look more carefully at equilibria in the R'-Y- 
CH,-X-R" system 14 (Scheme 8). If X and Y are atoms that allow an 
anomeric effect to operate, one has two possible contributing anomeric effects: 
one related to the preference for the sc arrangement of the X-C bond, and 
the second dealing with the conformation around the C-Y bond. The 

sc, sc 

14a 

ap,  sc 

14b 

Scheme 8 

aP.aP 

14c 
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magnitudes of these effects in AG” terms are A G i E ( a ) x  for the C-X bond 
and AGiE(a,y for the C-Y bond in 14a and AGiE(b)x for the C-X bond 
in 14b. 

Let us examine equilibrium 14a P 14b. If only steric effects operated, the 
free energy difference for this process would be AGZ’b(st). However, anomeric 
effects influence the equilibrium. Substrate 14a is stabilized by two partial 
anomeric effects AGIE(a)x and AGi,,,), while 14b is stabilized by only one: 
AGiE(b)x. The free energy change for the reaction 14a+ 14b, AG,”-,, should 
then be given by Eq. [6]: 

Because no anomeric effect exists in 14c, the relevant anomeric effect in 
14b, AGIE(b,x, is given by 

“iE(b)X = - “;-c(st) C81 

According to Eq. [l], the magnitude of the anomeric effect found 
experimentally for the R’-Y-CH,-X-R” system as a whole, AGiE(a-b), 
is represented by Eq. [7] as a difference of appropriate anomeric effects for 
the C-X and C-Y bonds. Usually AGiE,(,,, < AGOAE(b)X because of competi- 
tion between anomeric interactions around the C-X and C-Y bonds in 
14a (65,66). This is why the anomeric effect found for a molecule as a whole 
can take positive or negative values depending on the relative magnitudes 
of all the anomeric effects in Eq. [7]. Consequently, nothing can be said 
about magnitudes of individual anomeric effects in either segment of 
14a (66). On the other hand, for 14b, AGiE(b)x can be determined exactly if 
the 1 4 b ~  14c equilibrium is evaluated. 

Analogous reasoning may be performed based on ab initio accessible AE 
values (see Scheme 8). The anomeric effect A E A E t a + )  will be given by 

AEAE(a-b) = AEAE(a)X -k AEAE(a)Y - AEAE(b)X 

AEAE(b)X = AEb-c - AEb-c(st) 

c91 
where 

ClOl 

The idea of competition between the anomeric interactions is strongly 
supported by an ah initio study (67) on proton affinities of oxygens in the sc, 
sc and up, sc conformers of dimethoxymethane (11) (Figure 3). Deslong- 
champs (7a) suggested that oxygens involved in no-oz-o hyperconjugative 
interaction should be less basic than those not so engaged. Indeed, proton 
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Figure 3. Proton affinities for oxygens in 11 (data from ref. 67). 

affinities of 0(1) and O(3) in the sc, sc conformer, which both participate in 
the no-uz-o hyperconjugative interaction are the same (67). In the ap, sc 
conformer the competition cannot occur, and the proton affinity of the non 
engaged O(1) is larger than that of the only oxygen, 0(3), participating in 
the no-a,?-, interaction (67). 

When the C-Y bond is a part of a ring, then AGIE,x describes the exo 
anomeric effect (6a) and AGiE,y the endo anomeric eflect following a suggestion 
by Booth and Khedhair (50). It must be noted, however, that Booth et al. 
(68) also extended the latter term to cases where both X and Y are members 
of the same ring, for example, in cis-decahydroquinazoline 15; note that for 
this compound the term exo anomeric effect does not apply. 

R 

15 

Praly and Lemieux (66) have estimated the exo anomeric effect to be 1.66 
times as strong for P-anomers (ap, sc; here competition between anomeric 
effects cannot operate) as for a ones (sc, sc). In order to evaluate the 
corresponding relation between anomeric effects in an acyclic system, let us 
return to dimethoxymethane (11, Scheme 9). The anomeric effect AEAE for 
the up, sc conformer of 11, calculated to be 21.1 kJ/mol (cf. Scheme 6), 
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lla llb 

12a 12b 
Scheme 9 

corresponds exactly to AEAE(b,x (Eq. [lo]). To find the anomeric effect, 
AEAE(a), for a single sc fragment of the sc, sc conformation of 11, one should 
examine processes shown in Scheme 9 (cf. Schemes 6 and 8) where AEl(a-b) 
and AE2(a-b) correspond to energy changes on going from the sc, sc to the 
ap, sc conformers of 11 and 12, respectively. Wiberg and Murcko (57) 
computed the ab initio energy difference AE,,,-,, as lO.l2kJ/mol (in 
reasonable agreement with the experimental (59) energy difference of 
10.5 f 0.8 kJ/mol). It should be pointed out that the sc conformation of the 
0-C-C-C fragment in 12 is unexpectedly more stable (57) than the a p  
one by AE2(a-b, = + 1.92 kJ/mol.+ If we then use a factor F larger than 1 (as 
for the ap, sc+ap,  up interconversion of 11, oide supra) to correct AE2(a-b) 
according to Eq. [ 5 ]  in order to obtain the part of the energy change due 
to steric causes, AEl(a-b)s,, we surprisingly find an increase of the preference 
for the sc arrangement when Y = CH, (Scheme 8) is replaced by an oxygen 
atom. This is rather difficult to reconcile with one's intuition that steric 
hindrance should increase as a result of the shorter C-0 (as compared to  
the C-C) bond. For the sake of simplicity let us assume F ,  = 1. Then, 
according to Eq. [9], 

10.12 = 1.92 + AEAE(a)Y + A\EAE(a,X - 23.8 c111 

'This unexpected conformational behavior may be considered as an effect arising from more 
effective uc -& than uc -c-u$ -o hyperconjugation. Recent semiempirical MO calculations 
by Graczyk (unpublished results) suggest that the magnitude of this effect may exceed 10 kJ/mol 
in compounds containing the C-C-C-OH; system. 
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For the symmetrical (C,) sc, sc conformation of 11, AEAE(a)Y = AEAEla)X = 

AEAE(a) and 

AEAE(a) = OS(21.1 + 10.12 - 1.92) = 14.6 kJ/mol [I21 

The relative magnitude of the anomeric effects in the up, sc and sc, sc 
conformers of 11 is then 21.1/14.6 = 1.44, in rather good agreement with the 
ratio of 1.66 estimated previously for cyclic systems (66) (oide supra). 

The calculation presented above was based on the assumption that 
anomeric interactions that refer to C-X and C-Y bonds are equal in the 
sc, sc conformer because of symmetry. Usually, however, this is not the case 
and one can estimate exactly only the anomeric effect AEAE(b)r Even if all 
other data in Eq. [9] are available, one can only compute the sum 
AEAE(a)Y + AEAE(a)X. Thus, in general, the exo anomeric effect according to 
the definition of Praly and Lemieux can be established exactly for the up, sc 

0 O* 

X 
0 a* 

a-type a-type 

X 

n-type 

JX n-type 

0 0=90° x 0 a* 

H 

Figure 4. Endo n,-a,*-, hyperconjugative interactions in 2-substituted (a) tetrahydropyran 
and (b) tetrahydrofuran. 
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conformers only (it is equivalent to that expressed by Eq. 141). Nevertheless, 
this approach has a great interpretative power. 

If R' # R", AGiE(a)x (Eqs. [6] and [7]) may even be smaller than anticipated 
on the basis of simple competition between two anomeric effects in the sc, sc 
conformer. Such a situation occurs when Y = oxygen is part of a six-membered 
(e.g., tetrahydropyranyl) ring (Figure 4a; see also Sections III.B.4 and 1V.B. 1). 
Since oxygen lone pairs are not equivalent, the arrangement of the 7c-type 
lone pair of endocyclic oxygen and the a* orbital of the exocyclic C-X bond 
is not optimal for participation in n-a* interaction [C(6)-O( 1)-C(2)-X 
torsion angle 0 = 60"]. Therefore the endo anomeric effect is weak. In 
contrast, the exo effect is much stronger than the endo one because anomeric 
interactions in the former are less constrained thanks to the relative freedom 
of the substituent to attain the optimal rotational arrangement about the 
exocyclic C-X bond. In five-membered (tetrahydrofuranyl) rings endo 
interactions are much more effective (Figure 4b, 0 = 90", the I[ lone pair and 
a* orbital are collinear) and the difference in strength of the exo and endo 
anomeric effects is less (see Section IV.B.l)+. 

The competition between the anomeric effects in C-0-C-0-C 
system is evidenced by the effect of anomeric interactions in disaccharides 
16 on bond lengths about the anomeric carbons C(2) and C(2'). The statistical 
analysis of 677 C-0-C-0-C fragments iaken from the Cambridge 
Crystallographic Database showed (69) that, in hindered aa' structures 16 
(R # H) with the C5-01-C2-01" and C2-01"-C2'-01' torsion 
angles close to 90", a specific alternation between short (sh) and long ( I )  
C-0 bond lengths occurs (see Figure 5).  Since strong anomeric hyper- 

1' 6 '  

5 '  

3 '  4 '  

16 

Figure 5. Short ( s h )  and long ( I )  bonds in disaccharides 16. 

'The importance of orientation of the lone electron pairs on nitrogen (involved in anomeric 
interaction in H-N-C-0 systems) for the strength of the anomeric effect about the C - 0  
bond is discussed for compound 83 in Section 11.1. 
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conjugative interactions are reflected in a shortening of the donor-carbon 
bond (see Section 1V.B. I),  the observed results can be interpreted in terms 
of a dominant endo anomeric effect in the furanose ring (short C2-01 and 
long C2-01” bond) and a dominant exo anomeric effect for the pyranose 
ring (short OI”-C2’ and long C2’-01‘ bonds). Moreover, they support 
the nonequivalence of oxygen lone electron pairs with n-type pair participat- 
ing most effectively in the hyperconjugative interaction. 

Large differences in the magnitude of the endo and exo anomeric effects 
can also be anticipated for different heteroatoms (which both possess lone 
pairs) connected to the same central atom, as in 2-aminotetrahydropyrans 
(2, X = N <). Due to a much stronger donor ability of nitrogen lone pairs 
compared to those on oxygen [the lone pair on nitrogen is higher lying in 
energy than the lone pair on oxygen by 170kJ/mol (70)], the exo effects 
about the C-N bond (AGiE(a)x and AGiEo), in Eq. [7]; X = N) are much 
stronger than the endo one (about the C-0 bond; AGIE(a)y in Eq. [7]; 
Y = 0). Therefore, the observed anomeric effect for the whole system, 
AGiE(a-b), is mainly dependent on the difference between AGiE,a,N and 
AGiEo,,. Because AGiE(a)N < AGiEo,, (lack of competition between anomeric 
effects in 14b Scheme 8), the observed anomeric effect AGlEfa-,,) should be 
small or even reversed, as is observed (50, 71, 72). This is why amino groups 
at  C(2) in a tetrahydropyran ring were suspected to exhibit the so-called 
reverse anomeric effect (8, 50, 70) (see Section 11.1). However, Franck (49) 
showed that a small anomeric effect is in fact exhibited by the 2-aminotetra- 
hydropyran system. 

An elegant manifestation of the importance of the relative strength of the 
exo and endo anomeric interactions was presented by Alcaide et al. (73) 
based on 1,5-dioxa-4,8-diazadecalin 17 (Scheme 10). Owing to the expected 

Me Me 

17a 17b 
Scheme 10 
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large difference between the strengths of no-cE-N and nN-cz-o negative 
hyperconjugation, compound 17 exists preferentially in conformation 17a 
with the oxygen in axial and nitrogen atoms in equatorial positions. The 
authors estimated (73) AG,"-, = 3.7 kJ/mol at 298 K for this equilibrium and 
interpreted this quantity as a free energy difference between two nN-czpo 
and no-aEpN interactions in 17. 

As may be expected based on the hyperconjugative origin of the anomeric 
effect (see Sections III.B.4 and III.B.S), the relative strength of the endo and 
exo anomeric interactions should be influenced by changes in electronega- 
tivity of X and/or Y (Scheme 8). Thus, an increase in electronegativity of X 
should lead to a decrease of donor properties of X and/or an increase of 
acceptor abilities of the antibonding orbital. As a consequence the 
endo anomeric interactions are stronger and AGIE(a)x and AGiE(b)x in Eq. [7] 

TABLE 3 
Conformational Equilibria in Variously Substituted 

Tetrahydropyrans (Scheme 1 a) 

Compound 
AG: 

No. X (kJ/mol) Reference 

18 CICH,CH,O 
19 Cl,CHCH,O 
20 C13CCH,0 
21 CH,CH,O 
22 FCH,CH,O 
23 F,CHCH,O 
24 F3CCH,0 

3.1" 
5.0" 
7.5" 
0.38b 
0.49b 
0.56b 
0.74b 

,O 1.7' 

74 
74 
74 
75 
75 
75 
75 

76 

26 H e 0  2.3' 76 

27 CF, e 0  2S' 76 

28 O,N *o 2.9' 76 

"Neat. at 31 1 K. 

'In CF,Br,/CD,Cl, (9218) at 156K. 
CD,CI,, calculated from AH' and AS' values for 273 K. 
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must decrease, while AGiEtajY increases. Finally, one should observe an 
increase in AGiE(a-b, and an increase in the preference for the sc, sc 
arrangement. 

The above relationship has indeed been observed for 2-substituted tetra- 
hydropyrans (Y = 0, X = variable). The relevant data are collected in Table 3. 
It is clear that the AG; values increase with the increasing number of 
electron-withdrawing substituents (C1 or F) at the /I-carbon of the ethyl group 
(compounds 18-20 and 21-24). An analogous order connected with the 
increasing electron-withdrawing character of the substituent was found (76) 
for 2-aryloxytetrahydropyrans (compounds 25-28). 

An extreme possibility for the anomeric effect is one-directionality. Such 
a situation occurs when there is no competition between the anomeric 
effects, that is, when both AGiE(a)x and AG&,,, are equal to zero. Then 
AG&+) = AGiE(a)y (cf. Eq. [7]) and the observed anomeric effect for a 
molecule is equal to the endo anomeric effect. If one takes into account 
only the hyperconjugative origin of the anomeric effect (see Sections III.B.4 
and IILBS), this would happen for substituents X lacking a lone electron 
pair a to the anomeric carbon atom (e.g., X = COOR). Such substituents offer 
a great opportunity to study the importance of the endo anomeric interactions 

TABLE 4 
Thermodynamic Parameters for Equilibria in Selected 2-substituted Heteroanes 

29-34'' and Relevant Anomeric Effect AHiE 

X 
I AH', As' 

Compound AH' AS' AH;; 
No. Y X (kJ/mol) (J mol- ' deg- ') (kJ/mol) 

2Y CH, COOMe -5.20 f 0.63 -2.6 _+ 3.3 0 
30' 0 COOMe -7.1 f 1.0 -18.8 f6 .1  0.5 
31' NH COOMe -2.26 f0.29 3.0 f 1.5 4.5 

0 32' CH, C-N -0.762 f 0.030 0.00 f 0.17 
33' 0 C=N 1.51 f0.29 -3.5 f 1.6 2.3 

10.1 34' NH C=N 9.3 f 2.3 24. f 11 .  

"From ref. 42. 
bCalculated based on Eqs. [I71 and [18]. 
'In Etheritoluene-d, (3: 1; v/v). 

'In CFCIJCDCI, (85: 15; v/v). 
CFCI,, data taken from ref. 77. 
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in their "pure" form. This has recently been done by Booth et al. (42) in AH' 
terms for 2-carbomethoxy and 2-cyanotetrahydropyrans and piperidines 
29-34 (Table 4). The relevant steric interactions were estimated (42) based 
on cyclohexane derivatives (compounds 29 and 32). However, the conclusion 
of Booth et al. (42) that for 30 one can observe an increased preference for 
the equatorial conformation [in contrast to the results of Tschierske et al. 
(38)] is not supported by the data presented. Application of Franck's method- 
ology (Section II.F, Eq. [18]) to the estimation of the relevant steric inter- 
actions AH:,,,, experienced by X = COOMe in the tetrahydropyran system 
affords AH&s,, = - 5.20 x 1.46 = - 7.59 kJ/mol, assuming a factor F ,  of 
1.46 (see Section I1.F). Therefore, the observed equatorial preference of 
X = COOMe in a tetrahydropyran ring ( -  7.1 kJ/mol) is smaller than that 
expected based on steric interactions ( -  7.59 kJ/mol), in qualitative agreement 
with the results of Tschierske et al. (38). The difference, equal to - 7.1 - 
( - 7.59) = 0.5 kJ/mol, reflects the magnitude of the endo anomeric effect in 
the 0-C-COOMe system in AH:, terms (see Eq. [!7], Section 1I.F). By 
the same token we calculated other AH:, values and placed them in the last 
column of Table 4 (FH values for 31, 33, and 34 were taken from Section 
1I.F). It is evident that the endo anomeric effect involving Y = NH as a donor 
is stronger than that for Y = 0, as expected (see Section III.B.4). A comparison 
of compounds 30 with 33 and 31 with 34 shows that the cyano group 
participates in the anomeric interactions more effectively than the carbo- 
methoxy group. 

It should be added that one-directionality of the anomeric interactions 
could be responsible in part for a strong anomeric effect in 1,3-dioxane 
derivatives containing COOEt [AG:, = 9.4 kJ/mo1(38)] and Ph,P(O) [AG;I, = 
19.7 kJ/mol (78), see also Section V.A] groups bonded to the C(2) atom of 
the !,3-dioxane ring. When a group attached to C(2) participates in an inter- 
action that destabilizes the equatorial isomer, as has been suggested by us 
(79) for Y-C(Z)-P=Z ( Y  = 0, S; Z = 0, S, Se) anomeric interactions 
(see Section V.B), the AG:,,b,, value is negative, which enhances the observed 
axial preference. 

The reasoning presented above has usually been applied as a test for the 
hyperconjugative origin of the anomeric interactions investigated. Thus, 
the linear increase in free energy A G O  for the equilibrium in 2-para-substituted 
aryl-1,3-dithiadecalins 35 (Scheme 11) with the Hammett constant up (which 
describes electron-withdrawing properties of X) was interpreted in terms of 
r ~ - c r z - ~  negative hyperconjugation, with the antibonding o:!c orbital of 
the anomeric carbon-aryl carbon bond in 35a as an acceptor (80). A linear 
dependence between log K ( K  = equilibrium constant) and up for 36 (Scheme 
12) was also interpreted by Bentrude et al. (81) in terms of a predominance 
of the endo anomeric effect involving overlap of the endocyclic N(3) and 
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X 

X - OMe, Et, HI C1, CN, NO, 
Scheme I 1  

Me 

Me ii Jgx d K 

t- 

X 

“FNZP‘- Me 

X-NMe2.  OMe,  F ,  H ,  NO, 

368 

Scheme 12 

36b 

37a 37e 

X - NMez, OMe, Me, HI F, C1, CF,, NO, 

Scheme 13 
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O(1) lone electron pairs with the a:-N orbital of the axial P-N bond in 
36b. An analogous approach enabled Pinto et al. (82-84) to argue for a 
stabilizing hyperconjugative interaction ns-n:-se as being responsible for 
the conformational behavior in 2-arylseleno-1,3-dithianes 37 (Scheme 13). 
The AGO values increased (84) from 2.0 kJ/mol for X = NMe, to 3.8 kJ/mol 
for X =NO,. 

2. “Nondirectional” Approach 

Usually, however, the exo anomeric effect is defined (6a, 65) as a preference 
for the gauche conformation about the exocyclic C-OR bond in the 
0-C-0-R system of 2-alkoxytetrahydropyrans 38 [i.e., 38 (sc, sc) and 
38 (up, - s c )  are the energetically preferred species], or generally as the 
preference for the gauche conformation about the exocyclic C-XR bond in 
a Y-C-X-R system (where Y and C are part of a ring). 

This problem was studied in detail by Booth et al. (85) for solutions of 
2-methoxytetrahydropyran (39) and 2-methylaminotetrahydropyran (40) by 
means of NMR methods. In the case of the axial OMe group the results 
unequivocally showed a predominance of the 39 (sc, sc) conformer. The 
presence of the sc, up rotamer was confirmed, but its relative abundance 
could not be estimated. In the equatorial conformer the major rotamer was 
shown to be the up, - sc  one. The second, minor isomer was found to be 
the up, sc one, but its proportion was again not stated. Similar results were 
obtained for 2-alkoxytetrahydropyran derivatives by Touboul and Dana (86) 
by means of infrared spectra (see Section IV.B.3.c), though the presence of 
the up, sc conformation was not supported. 

H 

39(sc, sc)  40(sc,sc) 4 0 ( a p ,  - s c )  

When a methylamino group was situated equatorially, Booth et al. (85) 
found that the preferred species was 40 (up, - sc) having the nitrogen lone 
pair antiperiplanar to the endocyclic C(2)-0 bond ( - sc arrangement of 
the 0-C-N-C system). For the axial methylamino group the preferred 
rotamer 40 (sc, sc) also had the gauche arrangement of the 0-C-N-C 



PIOTR P. GRACZYK AND MARIAN MIKOLAJCZYK 187 

system with the nitrogen lone electron pair antiperiplanar to the C(2)-0 
bond. 

According to the structure correlation method (87), a distribution of sample 
points corresponding to observed crystal structures will tend to concentrate 
in low-lying regions of the potential energy surface. Thus, the energetic 
superiority of the synclinal arrangement about the exocyclic carbon-oxygen 
bond has been strongly supported by statistical analysis of carbohydrate 
structures. Cosse-Barbi and Dubois (60) showed that for 174 fragments taken 
from 178 axial pyranosides the 0-C1-0-R torsion angle [O(l)-C(2)- 
0 - R  according to the heterocyclic convention] varies in the range from 54" 
to 125" (mean 77.0", Q 19.4"), while for 121 fragments taken from 127 
equatorial forms this angle varies from 54" to 105" (mean 77.2", Q 18.8'). 

A more rigorous treatment of the data retrieved from the Cambridge 
Structural Database by Schleifer et al. (88) confirmed, in general, the results 
of Cosse-Barbi and Dubois (60). In the whole population of 212 structures 
they found (after selection and rejection of sc, -sc, 1,3-dioxane and 
1,3-dioxolane derivatives) 119 sc, sc, 90 up, -sc, and 3 up, up fragments. 
Interestingly, the two statistical analyses here presented did not support the 
importance of the ap, sc conformation of the C-0-C-0-R system 
suggested by Booth et al. (85).  It should be added that Schleifer et al. (88) 
did not find any correlation between bond lengths and angles with the 
magnitude of the 0-C1 -0-R dihedral angle. Therefore, their earlier 
hypothesis (89) concerning a dependence of the strength of the exo anomeric 
effect on the orientation of the n, lone electron pair of endocyclic oxygen 
was not supported. This may be due, perhaps, to an insufficient database, 
since in the case of furanoses, high-level ab initio calculations (90) revealed 
that the lengths of the exocyclic C1-0 and C1-H1 bonds vary in length, 
depending on their disposition with respect to the lone-pair orbitals of the 
ring oxygen. 

It must be noted that the observed preference for the sc, sc and up, - sc 
arrangements could also be expected solely on steric grounds, assuming that 
the interaction between exocyclic OR group and endocyclic oxygen is less 
stringent than that with the C(3)H2 methylene group [Figure 6; sc, - sc and 
up, sc conformers were rejected based on gauche interactions with both O( 1) 
and CH,]. Indeed, the concept of the exo anomeric effect with respect to the 
conformation about the exocyclic C-0 bond has recently been criticized 
by Kishi's group (91-95) who showed a similarity in a conformational 
behavior between 0-glycosides and C-glycosides (CH,-R instead of 0-R). 
On the other hand, the completely different conformational behavior of spiro 
ether 41 compared with that of spiro ketal42, which can be considered good 
models for C- and 0- glycosides, respectively, led Deslongchamps and Pothier 
(96a) to the conclusion that the preferred occurrence of the above-discussed 
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41 42 43 

rotamers in a- and b-0-glycosides must result from a combination of steric 
and stereoelectronic (more precisely hyperconjugative) effects. TvaroSka 
and Bleha (13) noted that 2-ethyltetrahydropyran (43) should serve as a 
benchmark to assess steric interactions inherent in the exo anomeric effect, 
but the detailed conformational energetics of this molecule have not been 
available. It must be added that based on the preferred conformation of 
the two decahydroquinazolines 15 (Scheme 14; R = H, Me), namely 15a in 
which N(1)-H is axial and the Nf l )  lone pair is equatorial, Booth et al. (68) 
concluded that the r ~ - b , ? - ~  hyperconjugative interaction in 15a can 
outweigh steric repulsions experienced in 15a by the axial N( 1)-H hydrogen. 
Unfortunately, they did not take into account the rabbit ear effect (see Section 
III.A.4) which could be, at least in part, responsible for destabilization of 1 5 .  

15a 15e 

Scheme 14 

The importance of steric factors in conformational behavior about the axial 
carbon-heteroatom bond was seen by us (54,96b) in axial 2-phosphino-1,3- 
dithianes 44 (Scheme 15) whose rotational isomerism was studied by NMR 
methods. We had expected that if the exo anomeric interactions in the 
C-S-C-P(:) system were strong, the preferred rotamers should be T+ 
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R 1 ,  R 2  - Ph, Me 

R - H, 5,5-Me2, tBu, cis-4,6-He2 

Scheme I5 

and T-  having R 2  or R' located over the 1,3-dithiane ring. Surprisingly, we 
found in the 'H NMR spectrum of 45a that the shielding effect of the phenyl 
group@) is not observed, and therefore both phenyl groups must be located 
exo [as in the rotamer 45a(G)]. In particular, in 45a the chemical shift of 
the t-Bu protons is 0.92 ppm, while in its epimer 45e and in the parent, 
unsubstituted 5-t-butyl-1,3-dithiane (47) it is equal to 6 0.87 (in CD2C12) and 
0.92 (in CDCl,) ppm, respectively (54). On the other hand, in all salts, 46a, 
in which at least one R is phenyl, shielding by 0.3 ppm is actually observed; 
for example, for R '  = R2 = Me, R3 = Ph the chemical shift of t-Bu group 8f-Bu 
is equal to 0.59 ppm, thus suggesting the endo position of the phenyl group. 
Of course, when R' = R2 = R3 = Me, 6t-Bu is not influenced and is 0.91 ppm. 
The lack of the shielding effect of the phenyl group can also be observed for 
other nuclei in the C(4)-C(5)-C(6) region (54,96b). 

45a(G) 45e 46a 

R1, RZ, R3 - Ph, Me 
Very strong support for the conclusions presented above, which were based 

on the shielding effect of phenyl rings, is provided (54,96b) by the coupling 
constant 3Jc,4,6)+ in the 13C NMR spectra of axial 2-phosphino-1,3- 
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dithianes 44 (R’, RZ = Ph, Me). Interestingly, this coupling constant is large 
(ca. 7-8 Hz), in contrast to that in the relevant axial 2-phosphoryl-1,3- 
dithianes 48 (54, 97) and 2-phosphonio-l,3-dithianes 46a (54, 98), which is 
equal to zero. This observation may be attributed to the presence of the 
phosphorous lone electron pair in 44 being located endo; it is due to the 
orientational effect of this pair on the C-P coupling. It was demonstrated 
both experimentally (99-102) and theoretically (103, 104) that the P lone 
pair is an efficient spin information transmitter. Thus, because of the spatial 
proximity of the P and C(4,6) atoms in 44(G), the magnitude of the coupling 
seems to be governed by through-space interaction, which should be of a 
maximum for the lone pair lying over the 1,3-dithiane ring. 

W S ’  

47 48 

X-0, S, Se 

R1, R2 = Ph, OMe, OEt, OCH,CF, 

Thus, the e x o  anomeric effect is not manifested in the C-S-C-F(:) 
system, in contrast to what has been observed for the C-0-C-N system 
by Booth et al. (85) (40, vide supra). This finding has serious consequences, 
insofar as the origin of the anomeric effect in this system is concerned. They 
will be discussed in Section V.B.l. 

It must be added that 2-phosphino-1,3-dithianes 44 provide a very interest- 
ing example of noncompetitive hyperconjugative anomeric interactions in a 
system where both heteroatoms Y = S and X = P (Scheme 8) possess lone 
electron pairs. In the equatorial conformer the endo interactions cannot operate, 
while in the axial one the exo effect is not manifested. 

A quantitative approach to the exo anomeric effect, AGiE(exo), in 14 
(Scheme 8) should be based on Eq.[ 11. Thus, the exo anomeric effect in 14a is 
equal to 

A G ~ E ( a ) c x o  = “i-b - “;-b(st) 

and in 14b it is 
c131 

c141 
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A comparison of Eqs. [13] and [14] with Eqs. [6] and [8], respectively, 
shows that 

and 

Therefore, the two definitions of the exo anomeric effect are equivalent as 
far as the effect in the up, sc conformer is concerned but are different for the 
sc, sc conformer. In particular, since AGIE(a)x < AG&,)x (due to a competition 
of anomeric interactions in 14b), the AGIE(a)cxo value should always be smaller 
than AGiE,a,y. 

Finally, it must be noted that the conformational behavior character- 
istic of the exo anomeric effect could be reproduced not only by MO 
calculations but also using molecular mechanics methods, as was shown by 
Navio and Molina (105) for twelve 2-alkoxytetrahydropyran derivatives 38 
(Figure 6) (see Section IILA.6). 

F. Enthalpic Anomeric Effect 

A simple theoretical consideration of possible destabilizing interactions 
in axial and equatorial conformers of ethyl- and isopropylcyclohexane 
(1, X = Et, i-Pr, respectively) as well as the results of isomerization of the 
appropriate 1,3- and 1,4-dialkylcyclohexanes led Allinger and Hu as early as 
in 1962 to the conclusion that the free energy difference A G O  for ethyl (106) 
and isopropyl(lO7) groups in cyclohexane should not differ markedly from 
that for the methyl group. This conclusion was subsequently supported (108) 
by a calculation using a modified Westheimer method. Soon, the Allinger 
group improved the calculations and found (109) that the enthalpy differences 
AH’ increase on going from Me to Et to i-Pr (see Table 5 )  in a trend opposite 
to that expected on the basis of the “size” of a substituent. They also predicted 
(109) that the magnitude of the enthalpy change is more than compensated 
for by an opposing entropy change on passing from Me to Et to i-Pr. 
Therefore, at 298 K, the relevant A G O  values should decrease on going from 
Me to Et to i-Pr. Interestingly, both the AHa and AGO values for the t-Bu 
group (which both are equal to - 22.6 kJ/mol) are very low, in agreement with 
expectation based on the very large size of this group. 

In 1980 Booth and Everett (22) confirmed the prediction of Allinger et al. 
(109) and showed experimentally that the relative equatorial preference of alkyl 
groups in a cyclohexane ring depends on temperature because of large dif- 
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TABLE 5 
Calculated Thermodynamic Data for Conformational Equilibrium in 

Alkvlcvclohexanes 1 

AH' ASo AG; 9 8 AG40 
X (kJ/mol) (J/mol/K) (kJ/mol) (k J/mol) 

Me -7.41 0 - 7.41 - 7.41 
Et - 7.07 2.55 - 7.83 -7.17 
i-Pr - 5.86 9.12 - 8.58 - 6.22 
t-Bu - 22.6 0 - 22.6 - 22.6 

From ref. 109; see Figure 1. 

ferences in entropy, AS", between Me, Et, and i-Pr. Thus, while at room tem- 
perature the equatorial preference increases in the order Me < Et c i-Pr, it is 
reversed below about 40 K! Two years later Booth et al. (1 10) found that for 
the 39a 39e equilibrium (Scheme 16) A G O  is largely determined by the T AS" 
rather than the AHG term. In order to eliminate temperature-dependent 
entropy-based contributions to the anomeric effect, Booth and Khedhair (50) 
proposed to evaluate the anomeric effect in AH:, terms (Eq. [17]; AH" instead 

39a 39e 

SCH, 

I 

48a 48e 

Scheme 16 

'See Table 5 .  According to these data (109), the reversal should occur somewhere just above 
130K. 
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of A G O  in Eq. [l]) and presented an application of this approach to simple 
tetrahydropyran derivatives: 

AH& = AH: - AH;,,,, where AH&,,, = AH: c171 

Booth and Khedhair (50) suggested that the smaller entropy, ASo = - 11.3 
J/mol/K, of the equatorial conformer stems from a stronger exo anomeric effect 
in 39e. Interestingly, if oxygen is replaced by sulfur as in 48a P 48e the entropy 
of the equatorial conformer is larger (1 11 )  by AS" = 16.7 & 8.4 J/mol/K. This 
diversity of A T  values implies that consistency between AS" and the strength 
of anomeric effect is fortuitous and is best explained in terms of solvent-solute 
interactions (66), although the increased C-OMe bond order (resulting in 
less rotational freedom) in the equatorial conformer due to the stronger exo 
anomeric effect was invoked as well (89). Still, the proposal by Booth et al. 
(42, 50, 110, 112) to use temperature-independent enthalpy (AH") instead of 
free energy ( A G O )  differences to estimate the magnitude of anomeric effects 
seems to be justified. Appreciable entropy effects can affect the "steric size" at 
different temperatures (71). 

The approach originated by Booth is becoming increasingly accepted 
(12,18,113). Booth et al. have recently presented an estimation of the enthalpic 
anomeric effect in 2-methoxytetrahydropyran (39) (p. 186), 2-(2',2',2'-trifluoro- 
eth0xy)tetrahydropyran (24) ( 1  12) (Table 3), and carbomethoxy (COOMe) 
and cyano (CN) derivatives of tetrahydropyran (30 and 33, respectively, 
Table 4) and piperidine (31 and 34, respectively) (42). Unfortunately Franck's 
suggestion (Section 1I.C) has been overlooked in this endeavor, and AHIE 
values have been evaluated (42,50,71,112) according to Eq. [17]. 

Very recently Juaristi and Cuevas (55)  estimated the enthalpic contri- 
bution AH:, to the S-C-P(0) anomeric effect following Franck's method 
(according to Eq. [ 171, AH:,,,, given by Eq. [ 181; see also Section 1I.C): 

AH;,,,, = F ,  x AH: C18l 

It must be noted, however, that the factor F = 0.60 was determined based 
on the free energy A G O  values for the t-butyl group. Neither was factor FH 
based on AH" values ( F H  = 0.99, oide infra) nor was any interpolation of F 
performed. 

An analogous treatment to that presented in Section 1I.C can be performed 
in order to estimate the necessary F, values. Since for the reference groups, 
H, Me, and t-Bu , the relevant entropy differences AS" are practically equal 
to zero (oide supra), AGO z AH" and F ,  z F,. However, the relation between 
the size of substituents [e.g., Ph,P(O), OMe, COOMe, CN] based on AH: 
values (where known) is different from that based on AG: values (see 
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Table 2). Hence, an interpolation for these groups will afford factors F ,  that 
differ from F,. 

An application of the AGgzAH; values collected in Table 1 and AH: 
from Table 2 (AGgz  AH: was assumed for t-Bu) as well as AH: from Table 
4 enabled us to calculate the following factors F,: 

For Ph,P(O) in 1,3-dithiane 

For CN in piperidine 
For COOMe in tetrahydropyran 
For COOMe in piperidine 

F ,  = 0.99 (cf. Figure 7) 

F ,  = 1.04 (cf. Figure 7) 
F ,  = 1.46 (cf. Figure 7) 
F ,  = 1.30(cf. Figure 7) 

For CN in tetrahydropyran F ,  = 1.07 

F H  

FH 

( C O O M e  ) 

[ C O O M e )  

2.30  

2 . 2 0  

2 . 1 0  

2 .00  

1 . 9 0  

1 . 8 0  

1 . 7 0  

1 . 6 0  

1 . 5 0  

1 . 4 0  

1 . 3 0  

1 . 2 0  

1 . 1 0  

1 . 0 0  

0 . 9 0  

0 . 8 0  

0 . 7 0  

0 . 6 0  

0 . 5 0  
0 . 0  2 . 0 0  4.00 6.00 8.00 1 0 . 0  1 2 . 0  14 .0  16 .0  1 8 . 0  20.0 22 .0  -AH', 

[kJ/mol] 
I ' I  t Bu H CN OHe COOHe He 

I I  I I 

Ph,P(O) 

Figure 7. Determination of F,, factors for CN, COOMe, and Ph,P(O) groups in some 
six-membered rings. 
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Several examples of this approach are presented in Section I1.E (Table 4). 
A larger number of conformational equilibria studied in AHo terms are collected 
in reference 18. 

G .  Solvent Effects 

Extensive experimental studies, including low-temperature NMR, infrared, 
Raman, and microwave spectroscopy, of solvent effects on conformational 
equilibria have been well documented and reviewed previously (1 14). Several 
attempts to compute (9, 13, 114, 115) or correlate (1  16-120) solvent effects 
have appeared in the literature and have been described elsewhere. Interestingly, 
according to Walkinshaw (121), the overriding factor in determining the 
anomeric equilibrium for aldopyranoses is the relative hydrophilicity (defined 
as a measure of the probability that a solute-water hydrogen bond will form) 
of the two anomeric isomers. The energy gain in forming sugar-water 
hydrogen bonds outweighs both the intramolecular van der Waals and 
electronic effects (121). Recently, Navio and Molina (103, while evaluating 
the applicability of different versions of MM2, found that the energetic 
preference for the axial position decreased with increasing solvent polarity. 
The same trend is supported by quantum mechanical calculations (122-124). 
Interestingly, Kysel and Mach (124) found that a polar medium stabilizes the 
ap, up conformation more than the sc, sc one by 28 kJ/mol in methanediol(8), 
by 31 kJ/mol in methoxymethanol (49), and by 12 kJ/mol in silanediol (50). 
Thus, the magnitude of the solvent effect on the observed conformational 
behavior may be comparable to the magnitude of intramolecular stero- 
electronic interactions, which are of the order of 15 kJ/mol (see Eq. [IS]). 

MeO-CH,-OH HO-SiH,-OH 

49 50 

Let us focus on molecules 14a and 14b (Scheme 8) in which an anomeric 
effect (in AGO or AH' terms) is possible in the vapor phase. Usually, the 
dipole moment of 14a is less than that of 14b (125-128). Since the more polar 
form is stabilized in solution (114, 128) [as a rule, with several exceptions 
(29, 129); vide infra] it may happen that the anomeric effect (i.e., increased 
preference for 14a) disappears in solution or may even change its sense (from 
A G i E  > 0 to AGi ,  < 0). Such a possibility has been supported by quantum 
chemical calculations for dimethoxymethane (128). It was shown that, while 
in CCl, solution dimethoxymethane (1 1) exists almost exclusively as the 
most stable sc, sc conformer, in aqueous solution almost exclusive occurrence 
of the ap, ap conformation may be expected. Hence, all considerations 
regarding the presence, magnitude, or origin of the anomeric effect must take 
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solvent effects into account. Thus, it would seem that the anomeric effect 
should be evaluated in the vapor phase, as was postulated for conformational 
equilibria in general by Zefirov and Somoshin (1 30). This approach, based on 
the extrapolation of solution data (E > 1) to E = 1 (vapor phase), is becoming 
increasingly accepted (38, 131). 

Two contrasting concepts (i.e., qualitative interpretations) of the influence 
of solvent on the anomeric effect are found in the literature, depending on 
whether the authors stress the delocalization or the electrostatic nature of 
the anomeric effect (128). The first approach assumes that polar solvent can 
interact with the lone-pair orbitals of, for example, oxygen and hence influence 
the intramolecular hyperconjugative interactions in which they participate. 
An elegant presentation of this idea was made by Praly and Lemieux (66). 
They attributed the increasing population of 51e with the increasing proton 
donor abilities of solvent (water) for hydrogen bond formation between the 
endocyclic oxygen and a water molecule (see Scheme 17). This would decrease 

0-D 
/ 

PMe3 0 7 0  
D 

51a 51e 

Scheme 17 

the energy of the o:-c orbital of the endocyclic C-0  bond, increase its 
acceptor ability, and strengthen the exo anomeric interactions. Because of 
competition of the exo and endo anomeric interactions (see Section ILE), the 
overall equatorial preference should be expected to increase, as observed 
experimentally (66). Such a point of view seems to be strongly supported by 
the fact that the polar solvent CD,CN provides an equilibrium with nearly 
the same population of 51e as does much less polar solvent CDCI, (66). 

In contrast to the above interpretation, Booth et al. (1 12) assumed preferred 
hydrogen bonding with the exocyclic oxygen atom, which enabled them to 
explain an increase in the axial preference (in AH” terms) of 2-alkoxytetra- 
hydropyrans 24 and 39 on going from ether/toluence to etherlmethanol 
solvent. This assumption seems to be supported by an increase in AS” on 
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passing from the aprotic to the protic medium. Stronger bonding of methanol 
to the axial exocyclic oxygen than to the equatorial one (the charge at the 
former should be larger thanks to the endo negative hyperconjugation; see 
proton affinities, Figure 3, Section 1I.E) should lead to a reduction of entropy 
of the axial conformer, as observed (AS%_., = 1.6 & 2.1 J/mol/K) (1  12). Booth 
et al. (1 12) attributed the differences between water- (vide supra) and methanol- 
induced conformational changes to unique hydrogen-bonding behavior of 
water. 

It is clearly seen that the effect of stronger hydrogen bonding is not obvious 
(neglecting steric changes involved). On the one hand, hydrogen bonding 
between a hydrogen donor and an endocyclic oxygen atom occurs preferably 
in the equatorial conformer (cf. Figure 3), which should enhance the equatorial 
preference [as observed by Praly and Lemieux (66)]. On the other hand, 
however, hydrogen bonding with the exocyclic oxygen atom should be most 
effective in the axial conformer. This, in contrast, should increase the axial 
preference [as observed by Booth et al. (112)l. The actual influence of 
hydrogen-bonding solvents on the conformation of a molecule seems to 
depend on the relative importance of these two factors. 

It should be added that the importance of solvent influence on the 
conformation about the C-COOEt exocyclic bond for the overall confor- 
mational preference of the carboethoxy group in the 1,3-oxathiadecalin 
derivative 52 (Scheme 18) was recently confirmed by Tschierske et al. (38). 

COOEt 

COOE t 
S 

52a 52e 

Scheme 18 

The second approach emphasizes the influence of solvent as a polar 
dielectric on mutual interactions of dipoles of bonds and lone pairs inside a 
molecule. However the influence of solvent on chemical equilibria may be 
due to specific solvent-solute interactions (66, 116) which are not accounted 
for by a purely electrostatic approach. 

Thus, Juaristi et al. (51) observed that whereas the solvent effects at room 
temperature for 2-carbomethoxy-l,3-dithiane (53) agree with the anticipated 
trend, low-temperature A G O  measurements show an opposite relationship, 
that is, the amount of axial species 53a (Scheme 19) increases with increasing 
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53a 53e 

Scheme I9 

solvent polarity. The marked contrast between ambient- and low-temperature 
conformational behavior was suggested by Juaristi et al. (51) to originate 
from a solvent compression effect (132, 133). According to this proposal, the 
population of the conformer with a smaller molar volume (usually the axial 
one) should increase with the more polar solvent due to higher internal 
pressure by the solvent at low temperatures. 

Similar disagreement concerning the influence of a polar medium on the 
population of the more polar conformer of 2,5-disubstituted (R’ = OR; 
Scheme 20) and monosubstituted (R’ = H) 1,Cdioxanes 54 was observed by 

OR 

54a 54e 

Scheme 20 

Fuchs et al. (129). They suggested that when the molecular dipoles of the 
axial and equatorial conformers are of similar magnitude, the more polar 
double bond-no bond structure, resulting from hyperconjugative interactions 
in the axial conformer, 54a (see Scheme 20), will be stabilized in the more 
polar solvent. This hypothesis would support the importance of the hyper- 
conjugative origin of the anomeric effect. The appearance of a large proportion 
of the axial conformers of 2-(arylseleno)-l,3-dithianes 37 (Scheme 13), even in 
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polar medium, led Pinto et al. (84) to a similar conclusion, namely that 
dipole-dipole interactions do not have a dominating influence on the 
conformation of 37, and other electronic factors are important. 

In the course of our studies on the anomeric effect in the C-S-C-P 
system we also become interested in the influence of solvent on the pertinent 
conformational equilibria in the hope that solvent effects could shed light 
on the origin of the observed anomeric effect. As models for our study 
2-diphenylthiophosphinoyl- 1,3-dithianes 55 and 56 were chosen (54). Confor- 

55 56 57a 

57e 58a 58e 

mational equilibrium constants K,= and the related AGO values obtained 
(54) by the weighted average method (134) with y-effects in 13C NMR spectra 
as the conformational probe are collected in Table 6. 

As expected on the basis of least polarity, the greatest axial preference is 
observed in benzene-d,. Surprisingly, the largest amount of the equatorial 
conformer can be found in dichloromethane-d, and chloroform-d. Solvents 
which are usually considered as “polar” (CD,CN and DMSO-d,) unexpectedly 
enhance the axial preference in 55 and 56. This effect is especially pronounced 
for dimethyl sulfoxide solutions. Therefore, it is clearly seen that the confor- 
mational preference of a Ph,P=S group in a 1,3-dithiane ring is strongly 
dependent on solvent and this dependence is not stemming from “polarity” 
of the solvent but, perhaps, is due to specific solvent-solute interactions (54). 

The conclusions presented above are strongly supported by the data (54) 
from equilibration of diastereomeric 57a, 57e, %a, and 58e in various solvents. 
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TABLE 6 
y-Effect Values, Related Equilibrium Constants K,-,, and Free Energy Differences 

AG;,, for Solutions of 55 and 56 in Various Solvents“ 

y-Effectb 
(PPm) Ka-e  (kJ/mol) 

Solvent 55 56 55 56 55 56 

C6D6 ( E  = 2.28) -3.29 -3.14 0.26 0.30 3.31 2.96 
CDCI, ( E  = 4.81) -1.51 -1.57 1.00 0.91 0.00 0.23 

C,D,:CD,OD = 6:4 (v/Vy -2.34 -2.28 0.60 0.62 1.26 1.18 
DMSO-d, (&=36) -2.39 -2.49 0.63 0.59 1.14 1.30 
CD3CN ( E =  37.5) -1.30 -1.37 0.82 0.86 0.49 0.37 

“Based on data in ref. 54. 
bin I3CNMR spectra at 75.47MHz; the C(4,6) chemical shifts in the reference dithianes 
were determined in appropriate solvent. 
‘ E  = 14.4 assuming additivity of E. 

CDZCl, ( E  = 9.08) - 1.38 -1.54 1.07 0.96 -0.17 0.10 

The appropriate equilibrium constants K and free energy differences AGO 
are presented in Table 7. The most striking finding is that the replacement 
of a benzene-methanol ratio of 6:4 (v/v) solution by anhydrous ethanol 
results in an increase in AGO for 57 from 2.08 to 2.66 kJ/mol and a decrease 
in AG” from 1.69 to 1.22 kJ/mol in the case of 58. Thus, the influence of a 
solvent must not be considered solely in terms of “polarity”, a term that is 

TABLE 7 
Results of Equilibration of 57 and 58 in Various Solvents at 293 K“ 

AGO 
4 - e  (k J/mol) 

Solvent 57 58 57 58 

i-PrOH 0.339 * 2.64 f0.19 
EtOH 100% 0.336 0.606 2.66 f 0.24 1.22 f 0.14 
EtOH 95% 0.379 0.806 2.36 f 0.17 0.52 f 0.40 
DMSO-d6 0.370 2.42 f0.19 
MeOH 0.498 0.990 1.70 0.17 0.02 f 0.1 5 
C6H6: MeOH‘ 0.425 0.500 2.08 _+ 0.17 1.69 f 0.15 

“Data from ref. 54. 
bNot determined. 
‘6:4 (v/v). 

b 

b 
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very imprecise (116, 118, 120). It is clear that specific interactions between 
solvent and solute should be taken into account, the more so because they are 
not the same for the very similar compounds 57 and 58. Obviously, the nature 
of the axial preference is almost the same for 57 and 58. Hence, solvent studies 
cannot be expected to reveal the nature of the observed anomeric effect. 

It must be stressed that AG" values for 57 and 58 in the same solvent (e.g., 
MeOH or EtOH 95%) can differ by more than 1.5 kJ/mol. Such differences 
seem to arise from different solvent effects on the two equilibria under scrutiny 
(despite the very similar structure of 57 and 58). This point of view is strongly 
supported by the fact that the relevant AH" and A r  values for 57 and 58 
are also different. They are 5.19 & 0.23 kJ/mol and 10.6 & 0.7 J/mol/K for 57 
and 5.71 0.12 kJ/mol and 13.8 f 0.4 J/mol/K for 58, respectively, in 6:4 (v/v) 
benzene-methanol solution (54). We also observed analogous differences 
between the equilibria in other derivatives of 1,3-dithianes (54, 98). Support 
for the hypothesis presented above comes from the work of Tschierske et al. 
(38), who showed that AGO values for dioxanes 59 and 60 (Scheme 21) differ 

COOE t 

1 

59a 59e 

COOEt 

60a 60e 

Scheme 21 

by more than 1 kJ/mol in CH,Br, solution. However, extrapolation of the 
A G O  values for 59 and 60 to E = 1 following the method of Zefirov and 
Samoshin (130) gave (38) identical free energy differences in vacuum, AGR,, 
equal to 2.1 kJ/rnol. It is then clear that the difference between AGO for 59 and 
60 stems from the solvent effect. Therefore, we would like to point out that 
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one should not expectt the same preference of a substituent connected to the 
anomeric carbon atom of various homologous heteroanes (e.g., 55,56,57, and 
58), in contrast to what is usually done (1 35) (see especially footnote 22 in ref. 
136). 

A reversed dependence of the axial preference on solvent polarity, which 
is sometimes regarded as a proof for the reverse anomeric effect, is discussed 
together with our results on phosphonio-1,3-dithianes in Section 11.1. 

H. Energy of Bond Separation Reactions 

Estimating the magnitude of the anomeric effect as an additional preference 
for the sc conformation is difficult for several reasons detailed above. 
Therefore, once the stabilizing character of the ny-crEAx interaction invoked 
as the origin of anomeric effect (see Section 1II.B) had been recognized, 
scientists began to evalute the energy of the group (bond) separation reaction 
(1 38, 139) described by the isodesmic equation 

X-AH,-Y + AH,=H,A-X + H3A-Y + AE,,  c191 

The enthalpy change of this process for A = carbon is also called the 
methyl stabilization energy. This reaction measures the energy of substitutent 
interactions (X with Y) in the Y-AH,-X system in reiation to the reference 
compounds H,AX and H3AY. For instance, for difluoromethane(61, Table 8) 
this reaction is very endothermic, suggesting strong stabilizing interaction 
between two fluorine atoms. 

The isodesmic method has been widely applied in an ab initio approach 
(72, 141-148). The energy AE,, (Eq. [19]) is considered a measure of the 
magnitude of the anomeric effect (18, 141,144, 146, 147, 149) and/or negative 
hyperconjugation (145, 148) or specific stabilization due to cr conjugation 
(142). It must be stressed at this point, however, that the group separation 
reaction does not provide a quantitative measure either for the effect of 
negative hyperconjugation (see further discussion) or for the anomeric effect 
and cr conjugation. Does AE,, = 0 mean that we do not have anomeric effect 
and/or that negative hyperconjugation and/or cr conjugation do  not operate? 
Of course not. A good example of such a situation can be found in the work 

'This problem is also related to that of a reasonable selection of a conformational probe for 
estimation of conformational equilibria using the weighted average method. A simple testing 
procedure for conformational probes was demonstrated by Graczyk (54b). It must be added that 
any differences in conformational homogeneity between 57 and 5% have been shown to be 
unimportant as far as the determination of the axial preference of the Ph,P=S group by 
equilibration is concerned (137). 
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TABLE 8 
Bond Separation Energies A& (Eq. [19]) for Compounds 

X-AH,-Y (61-65) 

Compound 
No. X A 

61 F C 
62 CI C 
63 Br C 
64 I C 
65 CI C 

A& 
Y (kJ/mol) 

F 60.0" 
c1 - 2.4" 
Br + 3.1" 
I - 15.2" 
SH - 5.4b 

~ ~~ 

'AE,, corresponds to 
basis of data taken from ref. 140 (see text). 
bCalculated ab initio (141) for the sc conformer. 

and vapor phase. Calculated on the 

(141) of Schleyer's group. For the most stable sc conformer of chloro- 
methanethiol (65) AE,, is negative (Table 8). This would suggest that there 
is no anomeric effect in the S-C-CI system whereas the contrary is true 
(6b, 150). The explanation is very simple. As was stated in the original paper 
(138), the energy changes in isodesmic reactions measure deviations from 
additivity of bond energies. In particular, the isodesmic reaction measures 
the sum of all interactions between the separate fragments X and Y in relation 
to the sum of all interactions between X (or Y) and H in the products. Since 
the initial molecular orbital calculations were (for obvious reasons) applied 
to interactions between first-row elements for which AEls is strongly positive, 
the importance of destabilizing interactions has been underestimated. 

Let us concentrate our attention on dihalogenomethanes 61-64 (Table 8). 
The enthalpies of relevant isodesmic reactions were calculated on the basis 
of standard enthalpies of formation AH;98(gas). It is apparent that while in 
the case of difluoromethane the positive AH,", is mainly due to stabilizing 
interactions between two fluorines (or, less likely, to destabilizing interactions 
between H and F), for diiodomethane the negative AH:s results from 
destabilizing interactions between two iodines (or stabilizing interactions 
between H and I). Dichloro- and dibromomethane have AH,", close to zero 
since for them the stabilizing and destabilizing interactions are balanced (see 
Section 1II.B for discussion concerning CF,). 

Let us come back to chloromethanethiol(65, Table 8) and assume, for the 
sake of simplicity, that X(Y)-H interactions are negligible [in general this is 
not true; the importance of n,-oz-, interactions has been pointed out recently 
by Reed and Schleyer (143)]. Since for both the sc and ap conformers of 65 the 
bond separation energies, AE,",, are negative ( - 5.4 and - 14.6 kJ/mol, 
respectively), it is evident that the preference (by 9.2 kJ/mol) for the sc over 
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the ap arrangement of the H-S-C-Cl fragment cannot be attributed in 
a straightforward manner to stabilizing interactions between sulfur and 
chlorine. 

There are two extreme possibilities. The first one is that both conformers, 
sc and ap, of 65 are destabilized equally and the difference in energy between 
them is due to a larger countervailing stabilization of the sc conformer. The 
second possibility is that both conformers are destabilized but the destabiliza- 
tion of the ap conformer is greater than that of sc. The latter case would 
correspond to the "rabbit ear" eflect (see Section III.A.4). Ab initio molecular 
orbital calculations (70) show that the total energy difference between the sc 
and ap conformers of 65 ( 1  1 . 1  kJ/mol, cf. 9.2 kJ/mol in ref. 141) is close to the 
difference in magnitudes of stabilizing (negative hyperconjugation) orbital 
interactions (i.e., 11.7kJ/mol), thus pointing at the first of the above 
possibilities. Therefore, though AEiS is negative, there really is an anomeric 
effect resulting from negative hyperconjugation in 65. 

A similar conclusion may be drawn for methanedithiol, HSCH,SH (66). 
The calculated (141) AE;' = 0.4 kJ/mol for the sc, sc conformer of 66 is very 
small but indicates a slight predominance of stabilizing over destabilizing inter- 
actions between two sulfur atoms. On the other hand, for the sc, ap conformer 
AE,", = - 3.9 kJ/mol; thus destabilizing interactions between two sulfurs 
prevail. Thus, the difference in energy AE" = 4.3 kJ/mol between sc, sc and sc, 
ap conformers of 66 arises from both stabilizing and destabilizing interactions. 
This conclusion is strongly supported by the fact that the outer C-S bond 
lengths in orthothiocarbonate (PhS) *C (151) are significantly shorter than the 
inner ones, in contrast to the expectation based on the stabilizing n , - ~ $ - ~  
negative hyperconjugation (see Section IV.B.1, Figure 55). Indeed, recently 
Salzner and Schleyer (148) showed that -S-C-Se- and -Se-C- 
Se- anomeric interactions originate from several factors, contrary to earlier 
statements by Pinto et al. (45, 82-84, 152). It must thus be stressed that a 
one-sided view of the nature of the anomeric effect as being solely due to 
stabilizing iuteractions in the sc, sc conformation of 14 (Scheme 8) seems to 
be oversimplified [even though it usually leads to the correct conclusion as 
to the relative stability of isomers (7b)l. 

We would like to point out that there is no qualitative discrepancy between 
MO calculations (141, 153, 154) and experiment (6b, 51, 113) when one deals 
with the magnitude of anomeric interactions in an S-C-S system, in 
contrast to suggestions (12, 45, 83, 84, 113, 155) concerning the work (141) 
of Schleyer's group. The calculated energy difference between the sc, ap and 
sc, sc conformers of methanedithiol (66) ranges from 4.3 kJ/mol (141) to 
7.5 kJ/mol (154) to 9.04 kJ/mol (153). Experimental studies on various more 
sterically hindered systems containing the S-C-S moiety afford AG; 73K = 
2.7, 3.2, 3.8 kJ/mol (51), AG" = 1.7 kJ/mol (6b), and AG;86K = 0.5, 2.1 kJ/mol 
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(1 13) depending on the nature of substituents, temperature, and solvent. The 
agreement is surprisingly good if one takes into account that the calculated 
values correspond to energies in the vapor phase, a temperature of 0 K, and 
configurations in which the nuclei are fixed (138). The only reason for the 
misunderstanding mentioned above may be the predilection of most workers 
to use AE,, values as a measure of anomeric interactions. In fact, the plot 
of AE,, (Figure 8) as a function of the energy difference AE, - (see Scheme 8) 
between ap and sc conformers of various Y-C-X systems (data from Table 
9) shows the lack of any acceptable correlation. Though AE,+ is not equi- 
valent to the magnitude of the anomeric effect AEAE(a-b) (see Eq. [9]), it seems 
rather improbable that the involvement of AE,, or partial anomeric effects 
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Figure 8. 
Data from Table 9. 

Plot of energies AE,, (Eq. [ 191) of isodesmic reactions as a function of A€,,-,, (Scheme 8). 



PIOTR P. GRACZYK AND MARIAN MIKOZAJCZYK 207 

TABLE 9 
Ab initio Energy Differences AE,-b between 14a and 14b(Scheme 8) and Corresponding 

Bond Separation Energies AEIs for 14a” 

qb AE:-, “4 
X Y (kJ/mol) X Y (kJ/mol) (kJ/mol) 

N N 6.69 44.4d 
N S 4.52 17.6 
N 0 2.97 53.1 
N CI 43.10 43.9 
S S 7.53 0.4 
S 0 3.86 19.7 

0 s  4.02 19.7 
S c1 12.34 - 5.4 
0 0  18.87 72.8 
0 CI 26.65 24.3 
F 0 27.03 67.8 
F N 37.87 73.6 

“According to Eq. [19]. All R are hydrogen atoms. 
bData from ref. 154 except for X=y=N. 
‘from ref. 141. 
dfrom ref. 156. 

(analogous to the exo and endo effects; right side of Eq. [9]) would improve 
the correlation dramatically. 

The decomposition of AE,s into parts corresponding to stabilizing negative 
hyperconjugation AED and destabilizing interaction between geminal sub- 
stituents AE, will be presented in Section III.B.5. It reveals that while 
stabilizing hyperconjugative interactions AE, increase on passing from 
difluoromethane (61) to trifluoromethane, CHF, (67) to tetrafluoromethane, 
CF4 (68), the relevant AEIs values decrease, thus proving that the sense of 
AE,, and that of stabilizing interactions can even be opposite. Hence it seems 
reasonable to discuss AE,, in more general terms of geminal group interactions 
( 1  57a). 

Recently, Wiberg and Rablen (157b) have stressed that negative hyper- 
conjugation is not needed to explain the energetic superiority of multiple 
fluorine substitution in polyfluoromethanes; consideration of electrostatics 
may well account for both the changes in energy and the changes in C-F 
bond lengths (see Secs. III.B.5 and IV.B.1). 

It must be added that Hati and Datta (149) have recently examined various 
bond separation reactions in terms of “hardness” (158) q defined by 

where IP = ionization potential of species 
EA = electron affinity of species 
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They concluded that the driving force behind all reactions in which 
anomeric effects are believed to be operative is the generation of the hardest 
possible species. For instance, for the reaction between methane (69) and 
difluoromethane (61), 

CH, + CHZFZZ~CH~F + AH,", 1213 

69 61 

q = 10.3 7.84 9.4 

a large positive AH,", (Table 8) stems from the hardness of 69 ( q  = 10.3). 
Recently, the approach to the anomeric effect based on Eq. [ 191 has been 

criticized by Leroy et al. (1 59) as not reflecting properly the stabilization (or 
destabilization) of geminally substituted species. They proposed a new 
quantity-thermodynamic stabilization energy (SE)-which, unlike the methyl 
stabilization energy, is independent of the reference system. It is defined by 

SE = AH," - C N, E, 1223 

where AH," = enthalpy of atomization of considered species 
Ei = standard energy of i bond 
N i  = number of i bonds 

The anomeric effect AE is defined by 

AE = SE - SE,,, 

as a difference between the stabilization energy SE of a studied molecule [e.g., 
2-methoxytetrahydropyran (39, SE = 10.7 kJ/mol)J and that of a reference 
system, SE,,, [i.e., tetrahydropyran (70, SE,,, = - 7.4 kJ/mol)]. Thus, the 
anomeric effect AE = 18.1 kJ/mol in this case. For acyclic molecules the 
anomeric effect AE is equal to SE. Of course, this definition of the anomeric 
effect, like that involving bond separation energies (Eq. [19]), has nothing to 
do with the definition based on the relative energies of conformers (Eq. [ 11). 

The SE and AE values calculated (159) for some methane derivatives are 
collected in Table 10 together with the relevant AEB values. It is clearly seen that 
stabilization energies vary from negative to positive. The largest stabilization 
takes place for tetramethoxymethane (72). Interestingly, the stabilization 
energy SE (which is equal to AE) for methanedithiol (66) is negative. This 
would mean that the reverse anomeric effect is operative, which is not true 
(vide supra). Therefore, the definition of the anomeric effect given by Leroy et 
al. (159) is misleading. On the other hand, the authors appreciated the impor- 
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TABLE 10 
Thermodynamic Stabilization Energies SE, Bond Separation Energies AE,,, and 

Anorneric Effect AE for Selected Methane Derivatives 

Compound 
AEIS SE AE 

No. Formula (kJ/mol) (kJ/mol) (kJ/mol) 

8 
11 
61 
62 
66 
71 
72 
73 

HO-CHZ-OH 
MeO-CH2-OMe 

CH,CI, 

(MeO),CH 

CHZFZ 

HS-CHZ-SH 

(MeO),C 
HzN-CH2-NH2 

65.6 
54.7 
58.6 

- 15.6 
- 1.2 
128.6 
214.7 
33.2 

25.4 25.4 
18.2 18.2 
13.9 13.9 

- 24.5 - 24.5 
- 8.7 - 8.7 
34.9 34.9 
42.2 42.2 
10.2 10.2 

From ref. 159. 

tance of destabilizing interactions in methane derivatives. Their approach 
seems to better reflect the energetic consequences of geminal group interac- 
tions. It must be added that their concept of thermodynamic stabilization 
energy SE enabled Leroy et al. (1 59) to interpret .he influence of captodative 
substitution on the properties of a rather wide spectrum of molecules and 
radicals. 

1. Reverse Anomeric Effect 

The term reverse anomeric efect was introduced in 1965 by Lemieux and 
Morgan (160) to describe the additional tendency of a substituent bearing 
positive charge to occupy the equatorial position at the anomeric carbon of 
a pyranose ring. The most spectacular manifestation of this effect was 
provided (1 6 1) by the protonation of a-D-xylopyranosylimidazole 74, as 
shown in Scheme 22. The imidazole group attached to the anomeric carbon 
atom in 74 is mainly axial. However, after protonation with trifluoroacetic 
acid in chloroform-d to afford 75, it tends to be situated almost exclusively 
equatorially, forcing the three acetoxy groups into the axial orientation. Such 
a marked shift in conformational equilibrium toward 7% cannot be explained 
solely on steric grounds. Because the disappearance of a conformational 
effect (here, the anomeric effect of the imidazole group) is usually accounted 
for in terms of the operation of another conformational effect (23), this pheno- 
menon has been termed the reverse anomeric effect. 

The reverse anomeric effect was initially explained on the basis of 
electrostatic interactions by Lemieux (27). The enhanced equatorial preference 



210 ANOMERIC EFFECT: ORIGIN AND CONSEQUENCES 

OAc 

75a 

I 
OAc 

7 5e 

Scheme 22 

of the imidazolium (or pyridinium) groups in 76 (Scheme 23) is due to 
interactions between dipoles of the C(6)-0 and N-C(2) bonds, which are 
the most destabilizing in 76a, which contains a positively charged substituent 
in the axial position. 

76a 76e 

Scheme 23 
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Finch and Nagpurkar (162) presented an alternative picture of a stabilization 
of the equatorial conformer 76e based on an interaction between the p-type 
lone pair of the ring oxygen atom and the e , P *  antibonding orbital of the 
aromatic system of the imidazolium or pyridinium group (see Scheme 24). 
This interaction can occur in 76e where the aromatic ring and the C(2)-0 
bond are coplanar. Such an arrangement is not possible in the alternative axial 
conformation 76a. 

. 

76a 76e 

Scheme 24 

Box based his explanation (8, 14) of the reverse anomeric effect on the 
lone-pair interaction model analogous to that presented earlier by Finch and 
Nagpurkar (uide supra). The observed conformational behavior is a result 
of an interplay of stabilizing and destabilizing interactions. The former consist 
of attractive, stabilizing interactions between the lone pairs of the O( 1) oxygen 
and the electron deficient o*, or n*, orbitals of a substituent, which are 
favorable in 76e, as shown in Figure 9. The normal steric requirements of 

76e 

Figwe 9. Stabilizing orbital interactions in equatorial 2-ammoniotetrahydropyrans 76e (accord- 
ing to ref. 8). 
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the substituent would also lead to preference for the equatorial postion. Of 
course, the usual n-a* hyperconjugative interactions, which favour the axial 
arrangement, are present in 76a too, but they are less important than the 
sum of the previously discussed factors (14). 

Recent ab initio calculations (at the 6-31G** level) by Grein and Deslong- 
champs (163) on protonated species H,XCH2Y ‘H, (X and Y = 0 and/or N) 
revealed that the most stable species are usually not those having maximum 
number of possible hyperconjugative interactions (see Figure 10). Conformers 
of this type are among the least stable ones, for example, 77d. Furthermore, 
in the case of 79 and 80 the lowest energy species were those without any 
hyperconjugative stabilization, that is, 79e and 80a, which is in line with the 
prediction based on the concept of the reverse anomeric effect. Grein and 
Deslongchamps (163), in order to account for these results, proposed an 
energy decomposition scheme. The energy of conformers was considered to 
be a sum of the following parameters: 

r Steric component reflecting 1,3-diaxial H-H repulsive interactions, equal 
to ca. 4 kJ/mol 

1 Electrostatic component for 1,3-diaxial lone pair-lone pair repulsion, 
equal to ca. 4 kJ/mol 

h Reflecting stabilizing 1,3-diaxial H-lone pair interaction (intramolecular 
“hydrogen bonding”), equal to ca. - 4 kJ/mol 

e Electronic energy component, applicable when a lone pair is antiperiplanar 
to a polar bond; for an oxygen lone pair e, = - 8 kJ/mol, for a nitrogen 
lone pair eN = - 10 kJ/mol 

This scheme applied to uncharged systems allowed the authors to estimate 
the relative energies of conformers in rather good agreement with those 
obtained by ab initio calculations. However, for the charged systems 79c and 
80a, which were the most stable species (in agreement with expectation based 
on the reverse anomeric effect), it was necessary to introduce an extra 
stabilization factor u (uN = -2l.OkJ/mol and uo = - 16.8kJ /mol for 79c and 
80a, respectively). This led Grein and Deslongchamps (163) to the conclusion 
that the reverse anomeric effect is a stabilizing electronic effect. In their opinion 
(163) the reverse anomeric effect is a result of an electrostatic attraction 
between lone electron pairs of atom X and the positive charge of atom Y as 
pictured for 79c (X = Y = N) in Figure 11. Interestingly, while the correction 
uo was necessary to match the energy of 80a, it was not applied in 77a for 
unknown reasons. It was also not introduced for 78b. This suggests that the 
energy decomposition scheme proposed by Grein and Deslongchamps (163) 
is oversimplified and their conclusions concerning the nature of the reverse 
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77a 77b 77c 77d 

E-19. a kJ/mol E-0 kJ/mol E-4.9 kJ/mol E-7.6 kJ/mol 

70a 78b 7ac 

E-0 kJ/mol E-63.0 kJ/mol E-4.6 kJ/mol 

7 9a 79b 79c 

E-24.0 kJ/mol E-23.5 kJ/mol E-0 kJ/mol 

80a 8Ob 

E-0 kJ/mol E-15.9 kJ/mol 

Figure 10. Ah initio relative energies of some XH,-CH,-YH: (X, Y = 0, N) systems 
77-80. Data taken from ref. 163. 

anomeric effect are disputable. It seems quite possible that unlike in uncharged 
species the assumption that the magnitude of particular energy components 
does not depend on the compound studied is not valid, especially insofar as 
the electronic energy components are concerned. Perhaps a larger number of 
factors should also be taken into account, for example, hyperconjugations 
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H 

79c 

Figure 1 1 .  Attractive interactions (attr.) in 7% as a source of the reverse anomeric effect. 

involving r~ bonds as donors and $-type lone pairs of protonated oxygen 
atom [the latter interaction was assumed to be negligible by the authors 
(163)l. In the light of the results of Irwin et al. (30), which are discussed in 
Section IV.B.l, species with a lone pair of the sp3 type seem to exhibit stronger 
anomeric effects than those with a x lone pair [cf. the results of Woods et al. 
(1 64), vide infra]. Interestingly, when hyperconjugative interactions are not 
outweighed by 1,3-diaxial repulsions between hydrogen atoms, as in 77b and 
78a, the most preferred conformations are exactly those reflecting the 
generalized anomeric effect and expected on the basis of the n o - ~ C - o +  and 
nN-~C-o+ hyperconjugative interactions, respectively. On the other hand, the 
situation in solution can become even more complicated, since the solvation 
of OH:(NHi) and OH (NH,) groups is not identical, and the relation 
between energies of particular conformers can thus be altered. 

The conformational behavior of the protonated methanediol molecule 
was also studied by Woods et al. (164) with various ab initio and semiempirical 
methods. In contrast to the results of Grein and Deslongchamps (163), the 
lowest energy species was always found to be 77c; this would suggest that 
the no+ - c ~ z - ~  negative hyperconjugation is more effective than the n,-az-, + 

one. The energies of 77a, 77b, and 77d were found (at HF/6-31G* level) to be 
larger by 28.1, 7.1, and 12.6kJ/mol, respectively, Nevertheless, it is clear that 
the conformations having 1,3-diaxial H-H interactions are avoided. 

Grein and Deslongchamps (163) suggested that the large equatorial (or 
pseudoequatorial) preference of a pyridinium group regarded as being due 
to the reverse anomeric effect is simply rationalized by the fact that there is 
maximum electrostatic attraction between the ring oxygen lone pairs and 
the (pseudo) equatorially oriented nitrogen. This explanation, however, 
neglects the fact that the actual positive charge on the pyridinium nitrogen 
is smaller than the formal one, due to the influence of the x system of the ring 
(Figure 12a). In the case of the imidazolium group this positive charge must 
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Figure 12. Resonance structures of (a) pyridinium and (b) imidazolium group. 

even be smaller (162) owing to much more effective resonance delocalization 
(Figure 12b), and therefore the electrostatic explanation seems to be invalid. 
The latter conclusion seems to be supported by the fact that the equatorial 
preference of pyridinium- and imidazolium-substituted pyranosides is very 
similar (161) despite the difference in positive charge on nitrogen. 

Deslongchamps (7c) suggested that the protonation of one of the alkoxyl 
groups in an acetal affords an alkyloxonium RO'H group that is involved 
in a classical n o - ~ z - o +  interaction (cf. calculations on H,XCH,Y 'H,, vide 
supra). This interaction may be responsible solely for the generalized anomeric 
effect. Such point of view has been supported by ab initio studies (165) on 
acid-catalyzed C-0 bond cleavage in fl-glycosides. The ground-state con- 
formation of the protonated /?-glycoside 81e (Scheme 25) was found (165) to 

39e 

*n 
Y 

-H' 

*E sofa *C, chair 

81e 

Scheme 25 

be 4E sofa (ca. 25 kJ/mol more stable than the appropriate 4C, chair). This 
result stands in flat contradiction to the idea of the reverse anomeric effect, 
according to which positively charged substituents are expected to exhibit 
strong preference for the equatorial or pseudoequatorial position in the 
pyranose ring. Protonation of axial 2-methoxytetrahydropyran 39a was 
shown (165) to produce as the lowest energy species either 4C, flattened chair 
(calculation at the 6-31G*/3-21G level) or 4H3 half-chair (calculation at the 
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flattened 4C, chair 4H, half -chair 

81a 

6-31G*/6-31G* level) of 81a. In both of these conformations the position 
of the ‘OHMe moiety is axial or pseudoaxial, and the arrangement of the 
endocyclic oxygen n-type lone electron pair is optimal for the no-c:-o+ 
interaction. In other words, the ‘OHMe group does not exhibit behavior 
typical of the reverse anomeric effect. It must be added that the 4E sofa 
conformer of 81e also creates a very good opportunity for overlap between 
the d o n e  pair of the endo oxygen 0 1  and the c* orbital of the C1-OMe 
bond. This should result in concommitant maximum lengthening of the 
C1-OMe bond and maximum shortening of the endocyclic 01-C1 bond, 
as was indeed found (165). 

Very recently cations 77,80, and 2-ammoniotetrahydropyran (2, X = NH:; 
see Scheme la) have been extensively studied by Cramer (166a) at ab initio 
(MP2/6-31G**//HF/6-3lG**) and semiempirical (AM1) levels of theory. 
In the case of acyclic compounds the most stable conformers at both levels 
of theory were found to be 77b and 80b having oxygen lone electron pair 
adequately oriented to permit n-c* delocalization. This suggested to Cramer 
(166a) that the anomeric effect is present, in contrast to what has been claimed 
by Grein and Deslongchamps (163) and Woods et al. (164). Additional 
support to this conclusion Cramer (166a) based on analysis of geometric 
changes inherent in rotation about the C-0 bond in 77 and 80. Geometric 
differences between 2e and 2a (X = NH;; see Section IV.B.l) have been 
considered by this author (166a) to be indicative of the no-c:-N+ delocal- 
ization responsible for the anomeric effect in 2 (X = NH:). In his opinion this 
anomeric effect may be opposed by solvation which, according to the semi- 
empirical calculations performed (166a), may drive the equilibrium toward the 
equatorial conformer. Steric and local dipole effects may additionally lead 
to preference for 2e (X = NH:) (166a). 

In the opinion of Kirby (6c), steric requirements of the heterocyclic ring 
do not change on going from 74 to 75 (Scheme 22). Juaristi and Cuevas (18) 
claimed that “the preference for the equatorial conformation (of the imidazole 
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ring in 75) is stronger than the normal steric preference found in cyclohexane 
(represented by A-value). This is the reverse anomeric effect”. To the best of 
our knowledge nobody has studied the appropriate cyclohexane derivatives 
in order to determine the relevant A values, and so the opinion maintained 
by Kirby, and Juaristi and Cuevas is risky. The latter authors (18) considered 
the equatorial preference of the imidazolyl group as being increased upon 
protonation to an unexpectedly large degree, since three acetoxy groups are 
forced into the axial orientation. However, the equatorial preference need 
not be very large since the free energy difference AGO (Scheme 26) between 

PhCOO 

d - A G O  phcopw 
PhCOO H PhCOO PhCOO 

82a 82e 

Scheme 26 

the conformations with three benzoyloxy groups axial (in 82a) and equatorial 
(in 82e) is only 3.5 kJ/mol (166b). Consequently, the ordinary steric require- 
ments of the imidazolium group may well account for such a shift in the equi- 
librium. The observed behavior could thus be attributed to the disappearance 
of the anomeric effect of the imidazolyl group and/or the overwhelming 
increase of steric interactions on going from an imidazolyl to an imidazolium 
group. It is usually assumed (6c, 18, 161) that the steric requirements of 
imidazolyl and imidazolium groups are very similar, if not identical. However, 
this point of view may be erroneous since, in the opinion of Manoharan and 
Eliel (167a) and Abraham et al. (167b), conformational equilibria in amines 
and their salts are often quite different. Though the energies of geminal groups 
are not fully additive, Geneste et al. (168) showed that the equatorial preference 
of a positively charged piperidinium moiety attached to a cyclohexane ring is 
very large and can exceed that of the phenyl group by 18.4 kJ/mol! 

The reverse anomeric effect was postulated for the carboalkoxy group 
(29,37,42) in an 0-C-COOR system, but it was proved (38) (see also 
Table 4) that in fact one deals here with a normal anomeric effect. Recent 
calculations by Altona’s group (72) on the conformation of molecules of the 
type X-CH,-OCH, (X = COOH, COO-, C=N, C s C H )  revealed that 
the changes in bond lengths on going from the ap to the sc conformation 
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agree with the anticipated no-crz --x negative hyperconjugation. However, 
they suggested operation of the reverse anomeric effect for methoxymethy- 
lamine (83a) having a nitrogen lone pair antiperiplanar to the C-0 bond 
(Scheme 27), and for cation 88 (vide infra). An estimate of the magnitude of 

83a( sc) 

~E--1.53 kJ/mol 

0 

H ;pH 
N 

CH3 

O\ 

L 

84a(sc) 

Scheme 27 

the anomeric effect A E A E  in 83a according to Franck's methodology (Eqs. [4] 
and [ S ] ;  AE = - 3.28 kJ/mol from ref. 72) using AE = - 1.53 kJ/mol for the 
relevant carbon analogue, that is, n-propylamine (Ma) (169), and F = 1.7+ 
affords E,, = - 3.28 - 1.7 x (- 1.53) = - 0.68 kJ/mol. Therefore, the observed 
effect, if any, is negligible. 

Analogous treatment of the anomeric effect in 83g,* however, affords a 
substantial anomeric effect A E A E  = - 11.34 - 1.58 x (- 1.69) = 14.0 kJ/mol 

'Factor F,, derived from the free energy difference AG; = 6.07 kJ/mol (170) for the NH, 
group in cyclohexane, according to the interpolation procedure shown in Sections 1I.C and 
ILD, should be equal to 1.58 (assuming F, = 1.7 for the Me group, see Section 1I.D). One 
should note, however, that the nitrogen lone pair does not participate in the actual steric 
interactions in 830. Therefore, the NH2 group behaves as CH,, and the methyl factor F = 1.7 
has been used for 83a. 

?Conformers of 83 (and 84) which have a nitrogen lone pair synperiplanar or synclinal 
(gauehe) to the C-0 bond are denoted as 83s and 83g (W and Wg), respectively. 
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- 0' b 

H-N AE=- 1.69 kJ/mol \ 

84g( sc 1 
Scheme 28 

H- H\ N 0 

(Scheme 28: AE = 11.34 kJ/mol for 83g and AE = - 1.69 kJ/mol for 84g taken 
from refs. 72 and 169, respectively). Therefore, the lack of the anomeric effect 
in 83a is the result of weak acceptor properties of the C T Z - ~  orbital and strong 
competition between anomeric interactions (the lone pair of nitrogen is 
antiperiplanar to the C-0 bond) (72). 

The presence of a reverse anomeric effect was suggested (29) for chlo- 
romethyl, ClCH,--, and bromomethyl, BrCH,-, groups located at the 
anomeric carbon atom of a 1,3-dioxane ring. This claim was based on the 
observed reversed dependence of axial preference on solvent polarity, that is, 
more polar solvents increased the population of axial conformers. This obser- 
vation is in line with the fact that a-glucopyranosylimidazoles in water (very 
polar solvent) do not change conformation on protonation (162). 

In fact, however, more polar solvents may enhance axial preferences with- 
out the intervention of a reverse anomeric effect, as was shown by Lemieux 
(27), Fuchs et al. (129), Zefirov and Fedorovskaya (171), and Giralt et al. (172). 
In the course of our studies on the conformation of 2-phosphonio-1,3- 
dithianes 85 we also found (173) that the axial preference may increase with 
increasing solvent polarity, as expected based on the concept of the reverse 
anomeric effect. However, 2-phosphonio-1,3-dithianes 85 do not exhibit the 
reverse but the generalized anomeric effect (see Section V.A). Since the axial 
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85 

preference in 85 depends also on the counterion, the above findings could, 
perhaps, be attributed to the more tight character of an ion pair in nonpolar 
media, which might result in (1) a larger effective “size” of the phosphonium 
group and (2) a smaller net charge at phosphorus and hence less effective 
n,-a,* --p negative hyperconjugation. These factors would lead to a decreased 
axial preference. With increasing polarity of the medium, the interaction 
between cation and anion decreases, the effective size of the phosphonium 
group decreases, the net charge at phosphorus increases, and consequently, 
the axial preference increases. Therefore, the conformational behavior of 
charged systems cannot be interpreted solely in terms of electrostatic inter- 
actions; many other phenomena must also be taken into account. Hence, 
solvent studies cannot be used as a test for the reverse anomeric effect (see 
also Section 1I.G). 

Amino groups attached at C(2) to a tetrahydropyran ring were suspected 
to exhibit the reverse anomeric effect (8, 50, 70) for the reasons discussed in 
Section 1I.E. Wolfe et al. (70) also postulated a reverse anomeric effect for 
aminomethanol (86), ethanol (9), and ethanethiol (87) after redefinition of 

H,N-CH,-OH CH,-CH,-SH 

86 87 

this term on theoretical grounds. Hosie et al. (174) pointed out, however, that 
this approach is wholly without experimental foundation, as is the explanation 
of the reverse anomeric effect given by David et al. (175). Nevertheless, the 
phenomenological sense of this effect has been overlooked by theoretical 
chemists, and TvaroSka and Bleha (9), basing themselves on MO calculations, 
suggested the presence of a reverse anomeric effect for ethyl methyl ether (7). 
Surprisingly, they found that for the cation 88, conformer sc is less stable than 
ap (rotation about C-0 bond; Scheme 29) by 3.8kJ/mol [5.6kJ/mol 
according to Krol et al. (72)], about the same value as that for 7 C3.1 kJ/mol 
(9); 8.0 kJ/mol according to Allinger et al. (a)]. Hence, though 7 is not a 
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classical reference system,+ no increased preference for 88 (up)  is observed, in 
contrast to expectation based on the reverse anomeric effect. 

It  should be noted that semiempirical MNDO calculations (176) of the 
conformation of various N-alkylpyridinium compounds indicate an increased 
preference of AH = 13.8 kJ/mol for the og (0' = 106.1') over the up confor- 
mation about the C-0 bond in 89 (Scheme 30). For 90 the appropriate angle 
0 was found (176) in the crystal state to be 109.7'. These data are in 
disagreement with expectations based on observations (106-162,174) of sugar 
derivatives where the reverse anomeric effect is manifested in enhanced pre- 
ference of a pyridinium group for the up arrangement in the C-0-C-N+ 
system. 

90 91 

X-ray analysis of the tetraphenylborate of cation 91 revealed that its 
conformation is determined by the nc-ot-N + negative hyperconjugation 
( 1  77). No features characteristic of the reverse anomeric effect were observed. 

Recently, Ratcliffe and Fraser-Reid (178) have shown that the formation of 
a-D-glucopyranosylacetonitrilium ions 93 from the appropriate oxocarbenium 
ion 92 and acetonitrile occurs highly stereoselectively (Scheme 3 1). This result 
is in contrast to that predicted by the reverse anomeric effect as applied to the 
stability of the appropriate transition state. On the other hand, such behavior 
is anticipated based on the n,-a,*-,+ interaction. It must be added that the 
application of the concept of the reverse anomeric effect to stability of 
transition states, presented by Sinnott ( 1  l), has recently been criticized by 
Deslongchamps et al. (179, 180) (see also the footnote on p. 288). 

Chmielewski et al. (181) studied the conformational equilibrium of the 

'A reference system for 88 should be CH,CH,CH,NH:, but the detailed conformational 
energetics of this molecules is not available. 
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- + 
Me 

MeCN 
- R  R 

92 9 3  

Scheme 31 

" 1  

94a 94e 

Scheme 32 

6-carbamoyl group in a 5,6-dihydro-2H-pyran ring (Scheme 32). They found 
the magnitude of the respective equatorial preference of the CONH, group 
much larger than that of a 6-methyl group in 94. Since AGE values describing 
the preference of CONH, and Me groups in a cyclohexane ring should be 
quite similar, they concluded (181) that a strong reverse anomeric effect must 
be operative. In our opinion, however, the relation between AGE values of 
CONH, and Me groups in cyclohexane is not informative. Rather, the 
appropriate relation in cyclohexene should be taken into account, since con- 
formational behavior of the carbamoyl group there may be different from that 
observed in the saturated system. In particular, nonbonding repulsions 
between the carbamoyl group (e.g., carbonyl oxygen lone electron pairs) and 
the n-electrons of the C=C double bond in cyclohexene might destabilize the 
axial disposition of the carbamoyl group, and thereby be responsible for a 
much larger equatorial preference of a CONH, as compared to a Me group 
(cf. 94a). Furthermore, the anomeric effect of the CONH, group (if any) must 
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be smaller than that of a COOH group owing to the smaller positive charge 
at the carbonyl carbon atom and the less effective no-az-c negative 
hyperconjugation. The latter factor might perhaps be responsible for the 
observed differences between the conformations of CONH, and COOMe 
derivatives both in 5,6-dihydro-2H-pyran (1 81) and in hexapyranose (1 82) 
systems. It  must be added that according to Franck’s approach, a normal 
anomeric effect of about 0.4kJ/mol is exhibited by the CONH, group 
attached to C(2) in a tetrahydropyran ring (1 3). 

It should be mentioned that the inverse (reverse?) anomeric effect has been 
postulated (1 83) recently for propanedinitrile CH,(CN), (95) and its derivatives, 
based on a synergistic destabilization by two geminal cyano substituents. The 
authors assumed that the anomeric effect always implies a stabilizing inter- 
action between two substituents at an anomeric center (this assumption is not 
justified, see Section 1I.H) and a destabilizing interaction must therefore corre- 
spond to an inverse effect. However, such an assumption does not correspond 
to the definition of the anomeric (and reverse anomeric) effects, which is based 
on the relation between energies of conformers, not on the energy of 
interaction between substituents at an anomeric center. 

111. ORIGIN OF ANOMERIC EFFECT 

Interpretations of the anomeric effect depend on the theory that is applied, 
and only within a given theory can their correctness be checked. Hence, 
the number of explanations of the anomeric effect is quite large. They can be 
divided (23) into two basic groups: classical structural theory supplemented 
with electronic effects (Section 1II.A) and quantum chemistry (Section 1II.B). 

The quality of rationalization provided by a given theory can be evaluated 
with relative ease by its applicability to explain all phenomena caused by the 
anomeric effect and its ability (if possible) to afford quantitative predictions 
of conformational equilibria. Following this approach, the description of the 
most important interpretations of the anomeric effect will be presented. 

A. Classical Approaches 

1. Electrostatic Interactions 

The first attempt, in 1955, to explain the increased stability of axial alkoxyl 
groups at the anomeric carbon atom of a pyranose ring is due to Edward 
(1 84). He considered the anomeric effect to arise from the destabilization of 
the equatorial RO- group in 96e by repulsive interactions between two 
dipoles connected with the oxygen atoms, that is, the C(2)-0R dipole and 
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R &! / 

96e 

a)  R 

4 

96a 

b, R R 
5 3 

96a 96e 

Figure 13. Dipole-dipole interactions in 2-alkoxytetrahydropyrans 96 according to (a) Edward 
(184) and (b) Lemieux and Chu (24, 185). 

the resultant of the C(6)-0(1) and C(2)-O(1) dipoles as shown in Figure 
13a. 

Four years later, the anomeric effect was more simply attributed, by 
Lemieux and Chu (24, 185), to interactions between the dipoles of the 
C(6)-0(1) and C(2)-0R bonds in 96 (Figure 13b). This approach enabled 
Anderson and Sepp (125) to find a qualitative explanation of the observed 
axial preference in 2-halotetrahydropyrans 97 (Scheme 33) for it allowed one 

X-C1, Br, I 
97a 

Scheme 33 

97e 
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to expect smaller axial preferences of less electronegative substituents (e.g., 
X = I) as is usually observed (6). Nevertheless, they encountered considerable 
difficulty in accounting for the larger axial preference of bromine versus 
chlorine. 

The main advantage of this rationalization relates to solvent effects. In 
polar media electrostatic interactions are reduced, and hence destabilization 
of the equatorial conformer (in Figure 13a) or stabilization of the axial one 
(in Figure 13b) is attenuated. The same conclusion may be drawn if the 
polarity (representd by dipole moments) of the two conformers is scrutinized 
(cf. Section 1I.G). Such solvent trends have generally been assumed to be 
indicative of the electrostatic etiology of the anomeric effect. 

It should be pointed out, however, that the increased equatorial preference 
in more polar media may be attributed to other factors. For instance, AGE 
for the hydroxyl group in cyclohexane decreases by 1.4 kJ/mol on passing 
from aprotic solvents to water (186). This behavior was ascribed to tighter 
solvation in hydrogen-bonding solvents resulting in an increase in size of a 
hydroxyl group. Although the importance of dipole-dipole interactions in 
the conformational behavior of the C-0-C-0-C moiety has been 
supported by perturbational molecular orbital (PMO) calculations (187) (see 
Section 111.B.4), these calculations were based on arbitrary partitioning of the 
total energy into its component parts and arbitrarily attributing the dipole- 
dipole interactions to the I/, coefficient of the Fourier expansion (see Section 
III.B.2). 

The electrostatic interpretation of the anomeric effect has generally been 
regarded as incomplete because it does not lead to quantitative agreement 
with experiment (188) and does not account for the observed geometries. In 
particular, dipole-dipole repulsive interactions have been criticized from the 
theoretical point of view on the basis of ab initio (189) and semiempirical 
EHMO and CND0/2 calculations (190) and recently (191) based on the 
decreased barrier to ring inversion in 2,2-dimethoxyoxane (98, see Section 
IV.A.2). Perrin and Nuiiez (191) analyzed the possible dipole-dipole repul- 
sions in this compound and suggested that they would increase in the transi- 
tion state; thus the barrier would increase, contrary to observation. Never- 
theless, the role of the electrostatic attraction between a terminal atom in 
the R-0-C-X-R’ moiety [e.g., C(6) in Figure 131 and the hetero- 
atom X (e.g., exocyclic oxygen atom) was suggested to be worth reevalu- 
ating (192). 

Sometimes (9, 60, 84, 187, 193) the anomeric effect is discussed in terms 
of both dipole-dipole interactions, being a part of classical structural theory, 
and quantum chemistry based on n-o* overlap, with variable relative 
importance. This problem is related to the partitioning of total energy via 
Fourier expansion and will be discussed in Section III.B.2. 
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Figure 14. Double bond-no bond resonance. 

2. Solvent-induced Anomeric Effect 

The destablization of more polar equatorial conformers in nonpolar solvents 
(see Section I1.G) is supposed to enhance the anomeric effect (7 1). It should, 
however, be pointed out that the influence of solvent is always reflected in 
a decrease of the anomeric effect already present in an isolated molecule. 

3. Double Bond-No Bond Resonance 

In order to explain the shortening of carbon-halogen bonds in polyhalogeno- 
methanes as compared with methyl halides, in 1937 Brockway (194) postula- 
ted double bond-no bond resonance, pictured schematically in Figure 14. The 
changes in bond length with X are related to a progressive increase in the 
C-X bond energy. On the basis of this point of view, it was easy to explain 
the electrical properties of the trifluoromethyl group (195). 

This concept was not at first accepted universally because averaging 
the structures shown in Figure 14 suggests that no change in bond length 
should occur. Moreover, contrary to observation, it suggested larger than 
tetrahedral X-C-X (X = F) bond angles. 

Lucken (196) seems to be the first to hint at a molecular orbital counterpart 
of double bond-no bond resonance, which will be discussed in Section III.B.3. 

4.  Rabbit Ear Effect 

In 1958 Kabayama and Patterson (197) suggested that the instability of 
equatorial glycosyl halides We may arise from repulsions between lone pairs 
of electrons in the aglycon X with those of the ring oxygen (Figure 15a). 
This concept was extended by Hutchins etal. (198) to all systems in which 
unshared electron pairs on nonadjacent atoms are parallel or synaxial; they 
termed this the rabbit ear effect. The relevant interactions for the R-Y- 
C-X-R" system 14 are schematically presented in Figure 16 using sp3  
hybrid orbitals. It is clear that the up, ap conformation is destabilized by two 
interactions, but the up, sc by only one. A slight increase in the Y-C-X-R" 
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0 "l 

torsion angle can further minimize the latter interaction (a decrease in this 
angle to 0" could minimize the repulsion even better, but the resulting up, sp,  
conformation is disfavored on steric grounds). The sc,sc conformer is not 
destabilized (the use of nonequivalent lone electron pairs leads to similar 
conclusions, cf. Scheme 34 and Figure 19). With the aid of this concept, the 
authors (198) explained the tendency of various 1,3-diazanes 99 to avoid a 
conformation 99e in which both nitrogen lone pairs are located axially 
(Figure 15b). Subsequently, the term rabbit ear effect has been applied to 
account for the relative stability of conformers of, for example, 2-alkoxytetra- 
hydropyrans 96 (28,126) (Figure 13), 2-phenylthiothiane (100) (1 1 l), dimetho- 
xymethane (1 1) (6d, 199), cyclic oligomers of formaldehyde (199), and tripiperi- 
deines 101 (200). 

100 101 102 
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In the initial publications (28, 198) concerning the rabbit ear effect, its 
electrostatic nature was emphasized, since electric dipoles were attributed to 
the atom-lone pair systems. Such point of view encouraged and enabled 
other workers to criticize this concept rather successfully (see Section III.B.1). 

Nevertheless, classical electrostatic interaction has been invoked (9) as 
being in the nature of destablizing interactions between lone electron pairs. 
This perhaps need not be true. Eisenstein et al. (201) pointed out that two 
types of interactions between lone electron pairs, namely Coulomb repulsion, 
and exchange repulsion, should be taken into account. A good example is 
provided by the enthalpy AH;s of the isodesmic reaction for diiodomethane 
(64) discussed in Section 1I.H. It is clearly seen that the geminal arrangement 
of two iodine atoms is accompanied by sizable destabilization. This observa- 
tion may perhaps be attributed to the rabbit ear effect. Strong repulsive 
interaction of relevant dipoles is improbable in this case since electrons are 
expected to be disposed almost symmetrically around C--I bonds and to 
some extent around iodine atoms. Therefore, dipole moments should be too 
small to be responsible for the observed effect. Perhaps the nature of the 
phenomenological rabbit ear effect could be accounted for in terms of a 
molecular orbital description (Section 1II.B) as an n-orbital 2n-electron 
destabilizing interaction, pictured in Scheme 34 (only n-type lone pairs are 
shown) for two-orbital four-electron destabilizing interaction [ooerlap repul- 
sion; sometimes regarded (202) as the MO counterpart of a “steric effect”]; for 
the sake of simplicity only n-type orbitals are taken into account. The overlap 
between filled orbitals n, and n‘, leads to two new orbitals, n, and n;, the mean 
energy of which, E,,  is larger than the starting one, E l .  Thus, this process is 
accompanied by an overall increase in energy, which is responsible for the 
instability of the anti arrangement of the R-Y- C-X system. 

These interactions can probably play an important role as far as the 
anomeric effect of second- and third-row elements is concerned (see Section 
1I.H and especially footnote 44 in ref. 203). But even for the first-row atoms, 
in the opinion of Box (8, 14, 15), the predominant role of the destabilizing 
interactions, with a minor contribution from the n-u* interactions, is a better 
model for rationalizing the chemistry of simple acetals. This point of view 
seems to be strongly supported by the work (204) of Jorgensen and Norskov- 
Lauritsen. By means of photoelectron spectroscopy they showed that the 
energy separation of the nonbonding orbitals in dioxadecalin 102 of fl- 
anomeric-like arrangement is 0.85 eV, while in the sc, sc conformer of 
dimethoxymethane (11) only 0.02eV [calculated (204); for up, up 0.69 eV]. 
The results were interpreted (14) in terms of strong interactions of the 
nonbonding oxygen orbitals in the dioxadecalin molecule. Such destabilizing 
interactions should lead to the observed increase in the energy separation 
between the orbitals involved from A E ,  to A E 2 ,  as shown in Scheme 34. 
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5 .  Energy Decomposition Scheme 

An energy decomposition scheme in terms of classical theory proposed by 
Grein and Deslongchamps (163) is discussed in Section 11.1. 

6. Molecular Mechanics Calculations 

The anomeric effect seems to be not solely due to the interplay of simple 
van der Waals repulsions and electrostatic interactions. Therefore, molecular 
mechanics (MM) force field calculations are not expected to reproduce it 
unless the effect is deliberately included. Hence it has long been recognized 
that considerable difficulties may appear in proper description of a molecule 
by the MM method when two heteroatoms are geminally bonded (48, 205, 
206). 

The most popular and useful force field has undoubtedly been Allinger’s 
MM2 program. Its original version MM2-77 (48) was initially parametrized 
in terms of torsional energy and dipole-dipole interactions to afford the 
energies of conformers of a R-0-C-0-R system, in reasonable agree- 
ment with experiment. The energetic aspect of the anomeric effect was 
also introduced into the 1974 version of Allinger’s previous MM force field 
by Burkert (207, 208). This parametrization was satisfactorily tested in 
calculations of carbohydrates (117, 209), 1,Cdioxane 103 (210), and two 
isomeric tetraoxadecalins 104 and 105 (210). 

103 104 105 

The MM2-80 version was recently shown to reproduce ab initio high-level 
energetics of systems even as complicated as C(0-R), ( R = H ,  Me, Ph) 
( 1  55). However, since the anomeric interactions are reflected not only in 
energies but also in structure (see Section IV.B), it was necessary to extend 
the parametrization so as to include the changes in bond lengths and angles. 
The first attempt in this regard was made by Jeffrey and Taylor (206); a 
general approach to the problem was later provided by Allinger’s group (21 1 )  
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and incorporated into MM2-82. They showed a parametrization scheme 
involving a redetermination of lo (“natural” C-0 bond length used in MM2) 
for the 0-C-0 bonds as a function of the torsion angles around them. 
The changes in bond angles with changes in the C-0 bond lengths of the 
R-0-C-0-R system were included in MM2 by reparametrization of 
a stretch-bend term. 

Comparison of a considerable body of calculated and experimentally 
determined structures showed, however, that while the calculated 0-C-0 
bond lengths matched the experimental ones well, agreement for the R-0  
(outer) bond lengths was not satisfactory (21 1). Inspection of the data revealed 
that the outer C-0 bond gets longer when its adjacent inner C-0 bond 
gets shorter and vice versa. To remedy this situation, the parametrization 
scheme was extended by Aped et al. in the so-called MM2-AE force field for 
R-0-C-0-R(192)and for R-N-C-N-R(156) systems. It should 
be stressed that in the latter case the parametrization of the MM2-80 
force field was performed by Aped etal. (156) using ab initio conformations 
of methylenediamine (73) and its N-methyl derivative. This approach seems 
to be very promising since ab initio MO calculations are prohibitive for 
molecules of moderately large size [e.g., they are so far limited to analogues 
of monosaccharides such as 39 (165)]. On the other hand, the MM2 force 
field thus obtained was used for calculations of large molecules containing 
a C-N-C-N-C system [e.g., including derivatives of 1,4,5,8-tetra- 
azadecalin (106)], with satisfactory reproduction of relative energies and 
molecular geometries. Recently, Senderowitz et al. (212) improved the para- 
metrization of the N-C-N system based on higher level ab initio (6-31G* 
and MP3/6-31G*) computations and X-ray structural-statistical study. 

H H 
I I 

I I 
H H 

106 107 

The MM2-AE force field was also applied by Aped et al. (192) to confor- 
mational study of a series of trimethylsilyloxy- and t-butoxy-substituted 
1,4-dioxanes 54. Consideration of MM2-AE-derived data and M O  ab initio 
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calculations enabled these investigators to explain the alleviation of the 
anomeric effect in the compounds under investigation in terms of strong 
attractive nonbonded 0-Si ... 0 interactions within the R-0-C-0-Si 
system and inductive electron donation by the SiMe, (or CMe,) group, which 
lowers the electronegativity of the O-R (R = SiMe,, CMe,) substituent. 
Steric factors were found to be negligible. Recently, this research group 
applied MM2-AE to conformational studies on 9,10-annellated-l,4,5&tetra- 
oxadecalins 107 (21 3) and some orthoesters containing C(0-C), grouping 
(214). Good agreement was obtained between MM2-AE-derived geometries 
and X-ray structural data. On the other hand, the fit of the MM2-AE with 
the ab initio (3-21G) results for trimethyl orthoformate (71) was very good 
for the bond lengths and bond angles, but only moderately so for the dihedral 
angles (2 14). 

Results of molecular mechanics calculations were also used by us to explain 
the source of the anomeric effect in the Y-C-P=X (X, Y = 0, S) system 
(79). As mode1 compounds we chose 55,108, and 109 (Scheme 35). 

AE 
L 

55a, X-Y-S 55e 

108a, X-Y-0 108e 

109a, X-0, Y-S 109e 

Scheme 35 

The energy minimization of the 2-phosphoryl-substituted 1,3-dioxane 108 
showed that the chair conformation lo& with an equatorial phosphoryl 
group is more stable than the axial conformer by about 7 kJ/mol [experiment 
(78) gives AG",,, = - 8.3 kJ/mol]. The primary reasons for the lower stability 
of the axial conformer lO8a are, as expected, repulsive nonbonding 1,3- 
synaxial interactions between the phosphoryl group and the methylene 
groups in the ring. These interactions, reflected in the nonbonding interaction 
term E::, are stronger than the repulsive interactions (given by the lone-pair 
interaction term E::,,) between the lone electron pairs on endocyclic oxygens 
and the phosphoryl oxygen atom in the equatorial conformation 10% (see 
Figure 17; for the sake of simplicity lone pairs of X are not shown). In the 
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H H 

anti gauche 

Figure 27. 
conformers of 55,108, and 109. 

Destabilization of onti and gauche rotamers [about C(2)-P bond] in equatorial 

case of the 1,3-dithiane derivative 109 1,3-synaxial interactions are weaker 
and the axial conformer predominates by AE = 5.5-8.0 kJ/mol [ A G O  =4.1- 
4.4 kJ/mol by an experiment (54)]. The calculation for 55 leads to approx- 
imately the same population of both conformers, in excellent agreement with 
experiment (54,97, 136). 

The destabilizing interactions between lone electron pairs play a decisive 
role as far as conformation about the equatorial C(2)-P bond is concerned. 
In the gauche rotamer, with phosphoryl oxygen (X = 0) located anti to one 
of the endocyclic oxygen atoms (Y = 0), two repulsive interactions between 
the lone electron pairs on P=O oxygen and ring oxygen atom are avoided 
(Figure 17). The energy difference between anti and gauche rotamers of the 
equatorial conformer of 108 was calculated as 5.5 kJ/mol (79). Such gauche 
arrangement is indeed observed in the solid-state structures of 1,3-dioxanes 
llOe (215) and l l l e  (78). In 1,3-dithianes 112e the preferred conformation 
about the equatorial C(2)-P bond for X = 0 should be anti due to longer 
C-Y bonds and a larger Y -Y distance, as observed (54)(see also Figure 62). 

A molecular orbital counterpart of the lone electron pair repulsions, ns-ny, 
will be discussed in Section V.B. The X-ray data support this mechanism 
for 1,3-dithiane derivatives (see Section V.B.3). However, in the case of 1,3- 
dioxane 11 la  the no-o& interaction, not reproduced by molecular mecha- 
nics calculations, seems to be of greater importance (78) (see Sections 
V.B.3 and V.B.4). 

Recently, based on ab initio calculations, the MM2-85 force field was 
modified by Fernandez et al. (216) to linear and cyclic compounds containing 
N-C-0 units. The results calculated for derivatives of 113 (217), 114 (218), 
115 (219), 116 (219), 117 (218), and 118 (218) with regard to energetic 
stabilities and geometries of the different conformers were consistent with 
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113, X-CH, 115, X-N, Y-0 117, X-CH, 

114, X-0 116, X-0, Y-N 118, X-0 

the available experimental data (NMR, X-ray, infrared spectra, and dipole 
moments). 

Analogous agreement between calculation and experiment (NMR) as far 
as the preferred conformation of the acetal grouping is concerned was found 
by Anderson et al. (58) for some simple acyclic acetals. 

Navio and Molina (105) evaluated the applicability of different versions 
of MM2 CMM2-77, Jaime and Osawa version (220), and MM2-85 (221)] 
to structure calculations for twelve 2-alkoxytetrahydropyran derivatives. The 
calculations were performed using different effective dielectric constants. As 
expected, the axial conformers were 4-7 kJ/mol more stable than the equa- 
torial ones, and the energetic preference for the axial position decreased 
with increasing solvent polarity. The calculated populations of the axial 
conformers were found to be in fairly good agreement with those based on 
NMR data. The exo-anomeric effect could also be predicted. As far as the 
0-C-0 angle is concerned, the tendencies apparent in MO calculations and 
experimental data (see Section IV.B.l) were well reflected. However, the 
MM2-77 force field (unlike MM2-85) did not describe geometry well, since 
bond lengths at the anomeric carbon were the same and did not depend on 
conformation. 

It should be noted that an O-H.. .O hydrogen bond potential function 
was developed for the MM2 force field by Kroon-Batenburg and Kanters 
(222). However, Aped et al. (156) found it inadequate for the proper descrip- 
tion of "classic" hydrogen bonds and therefore took refuge in a modification 
of the existing van der Waals potential function. Recently the treatment of 
hydrogen bonding was refined (226). This version was applied by Liu and 
Waterhouse (224) to obtain a relaxed energy map of levanbiose. The authors 
compared the results with those obtained by other computational methods, 
namely MM3 (vide infra), three methods in MOPAC (225), AM1, MNDO, 
and MIND0/3. While the MM2 and MM3 methods gave comparable torsion 
angles for the global minimum structure, the semiempirical methods afforded 
rather scattered values ranging, for example, from 48.81" (AM1) to 85.23" 
(MIND0/3) when MM2 and MM3 gave 65.37" and 66.62' for the 05-C5- 
C6-02' torsion angle. MM2-85 was also favorably compared with other 
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molecular mechanics models (Sybyl 5.1, Sybyl 5.21, and ChemX) and with 
semiempirical methods by Guntertofte et al. (226) However, Woods et al. (164) 
found semiempirical methods [MNDO, AM1, and PM3 (227)] also capable 
of reproducing the trends in geometries, conformational energies, and proton 
affinities associated with the anomeric and related effects. 

Recently, Allinger et al. (228) have developed a new force field, MM3. They 
found that the various reasons for inserting lone pairs into the calculation 
in MM2 are no longer pertinent with MM3, and hence lone pairs are omitted. 
The authors (64) applied MM3 to the calculation of energy, structure, heats 
of formation, and vibrational spectra (the latter not accessible by MM2) of 
alcohols, ethers, and simple acetals. They concluded that MM3 permits one 
to calculate them with experimental accuracy. Limited accuracy was, however, 
found for vibrational spectra. Also an inspection of MM2 and MM3-derived 
outer C-0 bond lengths in dimethoxymethane (11) revealed that they were 
too short, though a parametrization analogous to that presented by Aped 
et al. (192) was expected (64) to be useful in overcoming this difficulty. 

The MM3 program was applied by Dowd et al. (229) to compute energy 
surfaces for relative orientations of the relaxed pyranosyl rings of the two 

1' 

OH/ 
OH 

119 
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anomeric forms of such disaccharides as kojibiose, nigerose, and maltose. 
The authors found similar overall characteristics of the maps. However, 
within the low-energy region (< 33 kJ/mol above the global minimum), the 
maps exhibit differences which were related to the positioning of the glycosidic 
bonds relative to the anomeric region and relative to the hydroxymethyl 
group. The results for maltose were compared with the available crystallo- 
graphic data on maltosyl-containing molecules. The MM3-predicted bond 
lengths and valence angles were in good agreement with those found 
from crystallography. However, the Cl-Ol-C4' glycosidic valence angle in 
a-maltose 119 was underestimated C113.7' in MM3 and 120.1' in the 
crystallographic structure (230)l. Interestingly, MM3 reproduced the 0 2  to 
03'  intramolecular hydrogen bond, which for a-maltose is present in the 
global minimum conformation whereas for 8-maltose it was found in the 
second lowest energy conformer. Similar results were also obtained by Dowd 
et al. (23 1) for sophorose, laminarabinose, and cellobiose. 

Aped et al. (214) used the MM3 force field to calculate the minimum 
energy conformations of propellane 120 and the corresponding transition 
states on the inversion path (Scheme 36). A comparison of the inversion 
barriers calculated for the overall process (86 kJ/mol) and found experimental- 
ly by NMR measurements (49 kJ/mol) led the authors to the conclusion that 
it is difficult to obtain accurate results, since MM3 is currently not well para- 
metrized for the gauche effect; also the solvent and entropy effects could not 
be properly assessed (214). 

120 

Scheme 36 

B. Quantum Chemical Approaches 

In principle, in order to solve a conformational problem, one must find a 
solution of the Schrodinger equation for a given system of nuclei and electrons 
to obtain the dependence of energy on geometry of this system. This solution 
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has rigorous (i.e., exact) meaning and tells nothing about the reason for the 
preferred arrangement of nuclei. As was pointed out by Zefirov (23), if the 
calculation for a given molecule is correct, one must get the description of 
the conformational behavior that conforms to the experimental data and the 
notion “conformational effect” does not emerge at all. However, since it is 
impossible to perform such calculations in most cases of interest, scientists 
have developed two simplified basic approaches to the quantum chemical 
description. Their purpose was to provide some sort of rationalization and 
to enable one to estimate conformational behavior without sophisticated 
calculations. 

The first method is based on partitioning of the energy function into its 
component parts (23) (Sections III.B.l and III.B.2). The second one uses sets 
of orbitals and evaluates their mutual interactions (Sections III.B.3-III.B.9). 

I .  Energy Component Analysis 

Wolfe et al. (1 89) performed an ab initio SCF MO computation of the energy 
of fluoromethanol (121, cf. 14, R’ = H, Y = 0, X = F, Scheme 8) as a function of 
rotation about the carbon-oxygen bond assuming constant bond lengths 
and equivalence of oxygen lone pairs. They found a maximum of total energy 
E ,  at 0 = 180” (cf. Scheme 1) and two equienergetic minima at 0 = 60” and 
0 = 300”. The differences in energy between the sc conformer (0 = 60”) and 
the ap and sp conformations (which are rotational transition states) were 
calculated to be 52.7 and 34.5 kJ/mol, respectively. Then they partitioned the 
E ,  function according to Allen’s (232) procedure into the following compo- 
nents: 

V,, = nuclear-nuclear repulsion 
V,, = electron-electron repulsion 

V,,, = nuclear-electron attraction 
T = kinetic energy 

Because the anomeric effect had been discussed at that time in terms of 
electrostatic interactions (cf. Section 1II.A. l), Wolfe et al. further separated 
the electron-electron repulsion term into coulombic Vf;’ and exchange V::’” 
terms. They assumed that Vf;’ is the quantum mechanical counterpart of 
the classical electrostatic coulombic repulsions whose significance might thus 
be estimated. 

Since the form of V:;’ as a function of 0 was not distinguishable from 
that of the other repulsive terms, namely V,,,, and T, they concluded that the 
“physical origin of the Edward-Lemieux effect cannot be ascribed in any 
straightforward way to coulombic interactions. Consequently, analyses of 
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the phenomenon in terms of dipole-dipole repulsive interactions are without 
theoretical justification" (189). 

Consideration of the magnitude of the rotational barriers showed that if 
two different barriers are present (as in the case of 121, FCH,OH), the lower 
barrier corresponds to the smaller number of bonded electron pair-bonded 
electron pair interactions, nonbonded electron pairs being of less importance. 
When polar bonds are in the sp arrangement, the repulsive Erep = T +  V,, + V,, 
term outweighs the attractive one (Vne). It results in a maximum E ,  of 
34.5 kJ/mol. In going to the up conformer, both repulsions and attractions 
decrease (Erep decreases, V,, increases). For 0 = 60" the sum of energies 
reaches a minimum. Since attractive interactions decrease (the V,, term 
increases) faster than repulsions, the energy E ,  at 0 = 180" is again at a 
maximum of 52.7 kJ/mol. Therefore, in the authors' opinion, the anomeric 
effect in fluoromethanol is the result of interactions of bonded electron 
pairs with each other and can be discussed in terms of a delicate balance 
between core-electron attractions and electron-electron and nuclear-nuclear 
repulsions. Moreover, the anomeric effect is a ground-state property only 
inasmuch as in the lowest lying singlet excited state the ap form is more 

H 

H 

39a 39e 
Figure 18. 2-Methoxytetrahydropyran conformers 3% and 3%. 
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stable that the sc one (233). Soon this interpretation was reconciled by 
Whangbo and Wolfe with a PMO-based interpretation (see Section III.B.3). 

Related work concerning 2-methoxytetrahydropyran (39) (Figure 18) was 
subsequently published by Zhdanov et al. (190). Since this system is large, 
the energy calculations were performed by semiempirical EHMO and 
CND0/2 methods without optimization of geometry. Fluoromethanol (121) 
was scrutinized in the same way to compare the results with those obtained 
by the ub initio method (189). Besides the total energy E ,  of the system 
under investigation, Zhdanov et al. calculated the interaction energy Eint of 
unshared electrons on both heteroatoms. The repulsion energy E,, of lone 
electron pairs in hybrid atomic orbitals was also estimated by dipole-dipole 
approximation. It was found that the total energy E ,  of 39 is strongly 
dependent on rotational conformation about the exocyclic C-0 bond 
(Figure 18; angles 0' and 0" in 39a and 39e, respectively). The most stable 
axial (39a) and equatorial (39e) conformers were those with 0' = 60" and 
0" = 300°, respectively, with the former more stable than the latter by 
2.5 kJ/mol (with CND0/2) or 13 kJ/mol (with EHMO); they are shown in 
Figure 18. Since in the most stable conformer of 39e with 0" = 300", the 
axial lone pair located on the endocyclic oxygen is parallel to one of the 
equivalent nonbonding electron pairs on exocyclic oxygen (cf. Figure 18 with 
Figure 15a), Zhdanov et al. concluded that the rabbit ear rule does not 
operate. However, as discussed in Section III.A.4, this interaction normally 
occurs in the up, sc conformer of the R-0-C-0-R" system (see 
Figure 16) and can be minimized by a slight increase in the 0-C-0-CH, 
dihedral angle (see Figure 19a). Moreover, if one assumes nonequivalence of 
oxygen lone pairs, the relevant destabilizing interactions for 39e will be rather 
small even at 0" = 300" (see Figure 19b). 

The repulsion energy E,  in 39e depends on 0" and reaches a minimum 

n 

H H 

39e 39e 

Figure 29. Interactions of (a) $-type and (b) 0- and n-type lone electron pairs in 3%. 
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value of - 2.4 kJ/mol at 0" = 240" (synperiplanar conformation), as expected 
(see Section III.A.4). Nevertheless, since the minimum does not occur at 
0" = 300", when 39e is most stable, Zhdanov et al. (190) considered this 
finding as a significant piece of evidence that the dipole-dipole repulsion of 
lone electron pairs on hybrid orbitals is not the main reason for the anomeric 
effect in 39. Also taking into account that the interaction energy of unpaired 
electrons Ein, depends only to a small extent on the exo rotameric 
configuration, Zhdanov et al. concluded that their results support the 
previous suggestion by Wolfe et al. (189) that electrostatic interactions are 
not the main cause of the anomeric effect. 

2. Fourier Component Analysis of Potential Function 

The energy function E T  =f(@) for a molecule rotating around a single bond 
can be analyzed (23,234) by a Fourier expansion V ( 0 )  given in Eq. [24]. The 
relation between E T  =f(0) and V ( 0 )  is expressed by Eq. [25] where the 
constant C is chosen in such a way that if 0 = 0", then V =  0. Of course, if 
rotation about two bonds is possible (as in dimethoxymethane), two dihedral 
angles 0' and 0" are variable: 

V ( 0 ) = 0 . 5 V l ( l  - c o s ~ ) +  OSVZ(1 -~0~20)+0 .5V, ( l  - c o s ~ ~ )  

+ Vl s in0  + Visin20 c241 

ET(0) = Y ( 0 )  + C c251 

For each fixed 0' one can obtain individual Fourier expansions V ( 0 " )  
with respect to rotation described by the dihedral angle 0"; this corresponds 
to a particular section through the energy surface ET=f(O', 0"). If for 
0" = 180" a molecule has a plane of symmetry, it suffices to consider only 
the first three terms of Eq. [24]. This is the case for fluoromethanol (121) 
(Figure 20) and dimethoxymethane (11 with 0' fixed at 180"). In addition, 
when one rotating alkyl group is of C 3  symmetry (as is, approximately, CH, 
in methanol), internal rotation may be adequately described by a simple 
threefold potential function expressed by Eq. [26]. 

Radom et al. (234) seem to have been the first to interpret internal rotation 
in molecules exhibiting the anomeric effect by means of a Fourier expansion 
of the potential function. They performed ab initio SCF MO calculations for 
a wide variety of molecules but without geometry optimization. It was found 
that internal rotation in ethane, propane, fluoroethane, and methylamine is 
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4(ap) 121 ( ap 1 
Figure 20. Intramolecular dipolar interactions in the s p  and a p  conformers of 4 and 121. 

adequately described by (a negative) V, in Eq. [26]. Thus for 0 = 0", 120", 
240", V =  0 (ET = - V,) and for 0 = 60", 180", 300", V =  V,  (ET = 0 because 
C = - V,  in Eq. [25]). It is clearly seen that for 0 = O", 120", 240" one has 
energetic maxima and for 0 = 60", 180", 300" energetic minima corresponding 
to eclipsed and staggered conformations, respectively. For less symmetrical 
molecules [e.g., fluoromethylamine (4), ethylamine, fluoromethanol (121), or 
ethanol (9)]  it was necessary to calculate V , ,  V,, and V,  terms. But in all cases, 
the V,  term was negative. This suggests that V ,  accounts for the usual 
preference for the staggered (sc or up) over the eclipsed (sp or ac) conformation, 
possibly as a result of some form of bond-bond repulsion (234). 

The V ,  constant is strongly negative ( V ,  = - 20.3 kJ/mol) for fluoro- 
methylamine (4) but strongly positive (V ,  = + 21.9 kJ/mol) for fluoromethanol 
(121). A negative V ,  constant indicates that the most stable conformation 
(from the V ,  term point of view) is ap and the least stable is sp. If V ,  is positive, 
on the other hand, the most stable conformation (from the V ,  term point of 
view) is sp. This finding is consistent with stabilization (or destabilization) 
of these molecules by intramolecular dipolar interactions as pictured in 
Figure 20. For 121, the apform is less stabilized (or more destabilized), whereas 
attractive, dipolar interactions in 121 are present predominantly in the sp 
conformation.+ 

+The difference in sign of the Y ,  term between FCH,OH and FCH,NH, is of nomenclatural 
origin. If the dihedral angle 0 in FCH,NH, were defined in such a way as to be zero for the a p  
or anti  arrangement of the lone electron pair and the C-F bond (contrary to the Klyne-Prelog 
convention), the V ,  term for 4 would be of opposite sign, that is, positive. 
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Let us consider the V, term. Since it is modulated by (1  - cos 20), extrema 
appear at 0 = 0", 90", 180",... . If V,  is positive, maxima of E ,  appear at  
0 = 90", 270" whereas minima are found at  0 = O", 180". This is the case for 
fluoromethylamine (4) (V,  = 17.9 kJ/mol). For fluoromethanol (121) V2 = - 9.2 
kJ/mol and the most stable form (taking only the V,  term into account) 
should be the orthogonal (og, 0 = 90", 270") one. Radom et al. (234) attribute 
the V2 stabilization of the sp and up conformations of 4 and of the 
og conformation of 121 to electron delocalization involving a-electron 
withdrawal and n-electron donation (Figure 21). Electrons are donated from 
the nitrogen (oxygen) p-type pair into the partially emptied (due to the 
inductive effect of fluorine) carbon 2 p  orbital, thus leading to stabilization 
of the pertinent conformations. In the same paper (234), they suggest that 
the effect responsible for V,  may be back donation from lone-pair n orbitals 
at  one end of the molecule into antibonding a* orbitals at  the other one. In 
our opinion, however, such interaction for 4 should be much greater in the 
up than in the sp conformation (see Sections III.B.4 and III.B.5). This finding 
is in disagreement with the magnitude of the V2 term, which has the same value 
at 0 = 0" and 0 = 180". Therefore, the fit between V2 and the n-a* interaction 
seems to be purely fortuitous. 

Since then the above approach has been applied to explain the con- 
formational behavior of various systems by separating dipole-dipole (V, ) ,  
electron delocalization ( V,), and intrinsic (V,)  contribution to the anomeric 
effect in fluoromethylamine (4) (30), methanediol(8) (235), dimethoxymethane 
(1 1) (9,236-238), methoxymethanol(49) (238), methoxymethylamine (83) (9), 
methoxymethylammonium cation (88) (9), flouromethanol (121) (9, 239), 
methoxymethyl chloride (122) (9, 236-238), methoxymethyl fluoride (123) 
(9, 238), methoxymethylthiomethane (124) (9), and some XH,-CH2-OH 

F\o 0 
CH2- N. 

0 tH 
F\o 0 

CH,-0 - H 

oL 0 
4 ( a p )  4( S P )  121(0g) 

Figure 21. The o-electron withdrawal and n-electron donation in 4 and 121. 
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TABLE 1 1  
Potential Constants V , ,  V, ,  and V3 (kJ/mol) for Internal 

Rotation in 122 and 123 

Compound v, v 2  v 3  

122 - 38.7 -46.6 - 28.6 
123 6.73 - 17.3 - 16.3 

From ref. 238. 

(X = F, 0, N, C) systems (240): 

HO-CH,-OH MeO-CH,-OMe MeO-CH,-OH 

8 11 49 

MeO-CH,-NH, MeO-CH,-NH; ClCH,OCH , 
83 88 122 

FCH ,0CH , MeSCH,OMe 

123 124 

Let us consider selected data calculated ub initio (RHF/4-3 1G level) by 
Jeffrey and Yates (238) (Table 11). These are quite reliable data, in contrast 
to data generated by lower level semiempirical methods (9, 236, 237, 239), 
which do not reproduce the anomeric effect very well (57, 211, 238). The 
constants V ,  for 122 and 123, responsible for dipole-dipole interactions, have 
opposite signs. This means that dipolar interactions favor the sp conformation 
of 123 but the up conformation of 122. A negative V ,  term for methoxymethyl 
chloride (122) should be considered “abnormal” since it does not agree with 
the expected (cf. 121 in Figure 20) most effective attractive interaction between 
C-Cl and CH,-0 bond dipoles in the sp conformer of 122. 

To avoid this inconsistency, Jeffrey and Yates (238) suggested that the V ,  
term for 122 is underestimated as a result of underestimation of steric repulsions 
resulting from the use of a minimal STO-3G basis set. Consequently, V ,  
would include some steric interactions which favor the u p  conformation. 

Similar conclusions may be drawn from the V ,  constants for some 
compounds listed in Table 12. For all compounds in Table 12, V ,  is negative 
and this implies that dipole-dipole interactions would favor the up arrange- 
ment. This may be correct for ammonium cation 88, which should favor the 
up conformation both by dipole-dipole interactions and for steric reasons. 
However, for 83 one should anticipate the V ,  term to be considerably larger 
(i.e., more positive) than the V ,  term for 88 since (1) positive charge is located 
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TABLE 12 
Potential Constants V , ,  V,, and V3 for Internal Rotation about 
C-0 Bond and sc, ap Conformational Energy Difference AE in 

CH,O-CH,X Molecules 

Compound X Vl V, v3 AE 
(kJ/mol) 

I CH3 -6.18 0.05 3.77 -3.1 
83 NH, -9.08 -6.25 -2.73 -2.1 
88 NH: -9.96 -4.96 -6.17 -3.8 

From ref. 9. 

Figure 22. The most effective dipole-dipole interactions for nitrogen-containing compounds 
presented in Table 12 (X = +NH3, NH,). 

on the carbon of the CH,NH, fragment, as shown in Figure 22, and (2) the 
steric requirements of the NH, group should be considerably smaller than 
that of NH,'. Interestingly, a negative V ,  term for 7 suggests a purely steric 
origin of this term. 

An analogous inconsistency was encountered by Grein and Deslong- 
champs (240) in the case of aminomethanol (86). They studied rotation about 
the C-0 bond in two conformers of 86: 86s with the nitrogen lone pair in 
the synperiplanar arrangement to the C-0 bond (Figure 23) and 86a having 
the nitrogen lone pair antiperiplanar to the C-0 bond (Figure 24). They 
found the V ,  term equal to 20.6 and - 4.0 kJ/mol [after correction of sign; 
note the opposite convention of signs of V,  in this review (and, e.g., refs. 9, 
234,238) and the work of Grein and Deslongchamps (240)] for 86s and 86a, 
respectively. The former value agrees well with the dipole-dipole-determined 
preference for the sp arrangement of 86s. On the other hand, a negative V ,  
for 86a would suggest that the dipole-dipole interaction favors the ap 
conformation of Ma, which is impossible. Grein and Deslongchamps (240) 
proposed that a negative V,  term for 86a reflects also a strong repulsion 
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86s(ap) 86s ( SP) 

Figure 23. Dipole-dipole interactions in 86s. 

H H  
\* / '.. 

H H  
\.. / 

8 6 d  ap) 86a(sp) 
Figure 24. Dipole-dipole interactions in 86a. 

between the hydroxyl and amino hydrogens in the sp conformer of 86a (see 
Figure 24). The authors (240) also faced difficulties in accounting for a negative 
V, term for 86a and both eclipsed and staggered (rotation about the C-C 
bond) conformations of CH,CH,OH. Eventually, they attributed these 
difficulties to artifacts of the fitting formula. 

For dimethoxymethane (1 1) with 0' fixed at 60" the maximum destabilizing 
dipole-dipole interaction given by the V,  term occurs (238) at 0"=0". 
Simple consideration of possible dipole moments (125-128) implies that the 
maximum should not occur at 0" = 0". In Kirby's (6e) opinion the maximum 
dipole moment is at 0" = 120". His suggestion that dipolar interactions may 
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appear in other terms is unconvincing. Moreover, the physical sense of his 
V, and V, terms seems to be obscure. 

The few examples discussed above show that analysis of a Fourier expan- 
sion of the potential function may sometimes lead to unexpected and rather 
improbable conclusions. This is not surprising because the decomposition 
of the potential function is less rigorous that the computation of total energy 
(70, 146). Fourier expansion almost a priori determines the physical sense of 
V, ,  V,, and V3 by assuming periods of 360°, 180”, and 120”, respectively, for the 
modulating factors. There is no proof that V, ,  V,, and V,  describe particular 
physical quantities. Radom et al. (234) and Grein and Deslongchamps (240) 
have suggested that the V ,  term may be responsible in part for steric 
interactions. On the other hand, when the latter authors obtained, for the 
CH2=OH+ cation, a steric term V3 = - 3.4 kJ/mol, they concluded that 
“due to the lack of threefold symmetry, V ,  is not meaningful” (240). Therefore, 
serious discussions concerning the importance of dipole-dipole versus 
hyperconjugative interactions as causes of the anomeric effect based solely 
on the magnitude of V ,  and V, constants are, in our opinion, inappropriate 
(54). Similar criticism concerning the assignment of dipole-dipole and 
hyperconjugative interactions to the origin of V ,  and V2 constants, respect- 
ively, has been presented by Reed and Schleyer (146). Irwin et al. (30) pointed 
out that the interpretation of conformational behavior in FCH2NH2 (4) by 
a Fourier expansion is oversimplified, because it ignores the strong coupling 
between lone-pair orientation and pyramidality at nitrogen. Nevertheless, the 
validity of the Fourier component analysis of a potential function for 
understanding the conformational behavior of molecules exhibiting the 
anomeric effect seems still to be accepted (13, 18, 240). 

Finally, it must be added that TvaroSka and Bleha, in order to support their 
V , ,  V2-based conclusion (9, 187, 236) concerning the prevailing importance 
of dipole-dipole or rabbit-ear-type electrostatic interactions in dimethoxy- 
methane (11) took refuge in PMO calculations (187). They found (187) that 
the stabilization energy stemming from delocalization [lone pair, n* (CH,)] 
is large (about 37 kJ/mol) but its conformational dependence is not pronounced. 
The increase in energy of stabilizing interactions between lone pairs with CT* 

orbitals on going from the up, up to the up, sc conformation of 11 is only 
about 1 kJ/mol. It should be pointed out that the above authors’ claim with 
regard to dipole-dipole interactions is in fundamental contradiction with 
studies (189, 190) presented in Section III.B.l. 

3. Initial MO-based Approach to Double Bond-No Bond Resonance 

In order to explain the anomalously low nuclear quadrupole resonance fre- 
quencies of 35Cl in Y-C-Cl (Y = 0, S, F, C=C, C=C) systems, Lucken 
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Figure 25. (a) Interaction between a p orbital of Y and the antibonding u:px orbital of the 
C- X bond. (b) Classical double bond-no bond resonance structures. 

(196), in 1958, proposed an interaction between a p-type orbital of the 
heteroatom Y (or group) and an antibonding orbital of the carbon-chlorine 
bond. This interaction was invoked by Altona (188,241,242) to account for 
the shortening of the Y-C (Y = 0, S; Figure 25a) and the lengthening of 
the axial C-X (X = C1) bonds in chlorinated 1, 4-dioxanes, dithianes, and 
thioxanes. Nonbonding electrons on Y are delocalized by mixing the p orbital 
of Y with a suitably oriented antibonding o* orbital of the C-Cl bond 
(188). This interaction should strengthen the Y-C bond and weaken the 
C-X bond, as may be easily concluded from classical double bond-no bond 
resonance structures shown in Figure 25b. 

This explanation, though novel, was not without its critics (126, 127) since 
it did not account for the shortening of both bonds when Y and X were 
oxygen atoms. 

A similar concept based on electron transfer from Y and X was proposed 
by Pople's group ( 1  39, 243) to explain bond separation energies of various 
Y-C-X systems (Figure 26). Thus 0 withdrawal of electrons from carbon 
along the C-X bond decreases the occupancy of the carbon 2py orbital, 
which is then available in appropriate conformations of the -Y-C-X 
system to accept more electrons from the 2py (Figure 26a; Y = C, 0, S, F) 
or sp3 (Figure 26b; Y = N) lone pair on the atom Y. The interaction of the 
bonds in Y-C-X thus depends on both the n-electron-donating and 
0-electron-accepting properties of Y and X. If Y is a strong n donor (e.g., 
NH, or OH) and X a strong 0 acceptor (e.g., O H  or F), the bond separation 
energy is large. When Y = CH, the energy AE,s is relatively small due to the 
weak n-electron-donating ability of this group. If X is a LT donor (e.g., X = Li, 
Be) and Y a n acceptor (e.g., Y = Be, B), there should be stabilization (see 
Figure 26c) because of n donation from the highly populated carbon orbital 
of the C-X bond into the acceptor orbital on Y. Similarly, if X is a o donor 
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Figure 26. Electron transfer between Y and X according to Pople et at. (139, 243). 

and Y a n donor, or if X is a a acceptor and Y a II acceptor, the corresponding 
interaction will be destabilizing. 

Soon this concept was connected (234) with the magnitude of the V, 
constant in a Fourier component analysis of internal rotation potential 
functions in molecules exhibiting the anomeric effect (see Section III.B.2). 
It was also used to account for bond lengths in methanediol (8) (235) and 
methoxymethanol (49) (244) (p. 196), but the authors claimed (235) that the 
shortening of the C-0 bonds in the ap, ap conformers of 8 cannot be 
explained by the interaction pictured in Figure 26a. 

This type ofelectron delocalization (represented by the V ,  term in Eq. [24]) 
suggests that in all cases conformer og should be preferred. However, it is not 
the only factor responsible for the actual stable conformation of a molecule. 
Since V ( 0 )  is dependent on V,, V,, and V,, the behavior of a molecule 
exhibiting the anomeric effect should in the present authors' opinion (234, 
235,244) be considered in terms of all of the following: electron delocalization, 
dipole-dipole interactions, and steric effects (see Section III.B.2). 

4. Anomeric Eflect in Light ojPerturbational Molecular 
Orbital ( P M O )  Theory 

The PMO (245,246) approach to the evaluation of structure and energy of 
molecules has raised new possibilities for the interpretation of preferred 
conformations in Y-C-X systems; initial studies dealt with cations 125 
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Figure 27. Orbital interaction diagram for XCH,CH: cation (125). 
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and anions 126, 

X-CH,-CHl X-CHZ-CH; CH,-CH,-CH,S 

125 126 127 

which may be related to anomeric-type molecules. 
Let us consider first the XCH,CHi system. In order to find the preferred 

arrangement of this cation, let us examine the interactions between XCH, 
and CH, group orbitals pictured in Figure 27. Two conformations need to 
be taken into account: eclipsed E and bisected B. Though other group orbitals 
are also present, those for which x is a symmetry axis are not influenced by 
rotation around the x axis and therefore are not shown. If X = H, n, and 
ny, n,* and n; are rigorously degenerate (247a). Because the two-electron 
two-orbital stabilization energy AE, is (Eq. [27]) (248) inversely proportional 
to the energy separation of the two molecular orbitals i and j of energy Ei 
and E,, respectively, and directly proportional to the square of their resonance 
integral H,, interaction a (Figure 27) between ny and empty ny(E) involves two 
electrons and is as stabilizing as interaction b between n, and x , ( ~ ) :  

2(Hij - EiSij)’ 
AEi, = 

E,  - Ej c271 

where Sij is an overlap integral. Interactions ~ , ( ~ ) - n :  and ny(B)-n; are not so 
important owing to the large energy difference between interacting orbitals. 
Thus one should expest that the stabilization of E and that of B are identical, 
barring differences due to molecular distortions. The situation is different if 
X = H is replaced by a more electronegative (26) substituent. The orbitals ny 
and n,* are practically unaffected for symmetry reasons (X lies in a nodal 
plane). Since the electronegativity of X is greater than that of H, the n, (as 
well as n:) orbital will decrease in energy. The energy gap corresponding 
to interaction b will increase and interaction a should become more stabilizing 
than b. This will favor the eclipsed conformation E, as was shown by 
Hoffmann et al. (249). 

It should be noted that though CH, has been suggested (250) to be more 
electronegative than H, the n-propyl cation (127) favors the bisected con- 
formation B. Jorgensen and Salem (247b) rationalized this finding in terms of 
higher energy of the C-H compared to the C-C bond, thus leading to the 
increase in n, energy on going from X = H to X = CH,. 

Whangbo and Wolfe (251), in the case of 127, considered the highest 
occupied orbitals of the ethyl group as a whole, namely occ and n&, instead 
of orbitals of a substituted methylene group (Figure 28, cf. Figure 27). The 
energies of orbitals occ and x i c  are nearly the same and from this point 
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Figure 28. Orbitals interaction diagram for n-propyl cation (127). 

of view interactions a and b should be equally stabilizing. While interaction 
a leads to n bonding with C(2) and antibonding with C(3), interaction b leads 
to bonding with both C(2) and C(3). Therefore b will be more stabilizing 
than a and thus the bisected conformation B will be favored for 127. 

The conformation of anions 126 was examined by Hoffmann et al. (249) 
in analogy with that of cations. The interaction diagram is very similar to 
that given in Figure 27 but now ny(E) and nz(B) are filled (each with two 
electrons) and the anions are not planar but pyramidalized at  the carbanion 
end. Let us assume that X is more electronegative than H. The relevant 
energy diagram is shown in Figure 29. Because of the high electronegativity 
of X, n, and n: are lowered in energy. Hence stabilizing interaction b is 
more effective than a due to a smaller energy gap. On the other hand, 
destabilizing interaction d is less effective than c because of the smaller mean 
energy of the orbitals involved. Therefore, when X is more electronegative 
than H, conformation B containing a lone pair antiperiplanar to the C-X 
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Figure 29. Energy diagram for orbital interaction in the XCHJH; anion (126). 

bond will be preferred for both the aforesaid reasons. A similar conclusion 
can be readily drawn from a simple perturbation treatment of charge densities 
in substituted ethane molecules as shown by Zefirov (23,252). Let us exchange 
X = H in the ethane molecule (Figure 30a) for a group more electronegative 
than hydrogen. The lowest and highest occupied molecular orbitals (LUMO, 
HOMO) of ethane are shown in Figures 30b and c, respectively. This per- 
turbation will not affect orbitals antisymmetric with respect to the xz plane 
and therefore they are not pictured. Such replacement may be described as a 
perturbation leading to the mixing of HOMO (c) and LUMO (b) to give the 
molecular orbital presented in Figure 3Od, and it will result in an increase in 
electron density at X and C(2) and a decrease at C(l) at Ha. Therefore, 
electropositive ligands (including lone electron pairs) attached to C(2) in place 
of a hydrogen will prefer to be antiperiplanar to the electronegative substituent 
X. However, such a simple treatment based only on the electronegativity of 
X does not account for the geometric changes involved. Moreover, the n 
orbitals of the X group may play a significant role, as shown above for the 
n-propyl cation where the electronegativity of X (=CH,) is not the sole factor 
determining the preferred conformation. We will return to this problem later. 

Obviously, the approach presented above for anions 126 can be applied 
to molecules with heteroatoms containing lone electron pairs, for example, 
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a )  

=kL X 

Figure 30. Substituted ethane molecule: (a) staggered ethane derivative, (b) LUMO for X = H, 
(c) HOMO for X = H, and (d) the result of perturbation for X moreelectronegative than hydrogen. 

:N-CH,-X. For X = F  it may be readily predicted that the nitrogen 
lone electron pair will tend to be situated antiperiplanar to the fluorine atom. 
The situation is more complicated when the heteroatom placed in the /3 
position has two lone pairs, as in the case of oxygen (e.g., -0-CH,-X). 
These two pairs are not energetically equivalent, as was found by molecular 
orbital calculations for water (253,254) and for tetrahydropyran (70) by means 
of photoelectron spectroscopy (255). The energy of a a-type lone pair is about 
1.35eV below the energy of a n-type lone pair (175). The photoelectron 
spectrum (256) of water shows four ionization bands at 12.6,13.7,17.2, and 
32eV, which could be ascribed to the p-type oxygen lone pair, two 0-H 
bonding molecular orbitals, and the s-type lone pair, respectively. Although 
it was suggested by Kirby (6f) that the use of equivalent sp3 hybrid lone pairs 
in discussing the anomeric and kinetic anomeric effects is justified, this is not 
valid for the photoelectron spectra, since in such a case only two bands should 
be expected (due to bonding orbitals and equivalent lone pairs). 

Soon, it was pointed out by Fuchs et al. (89) that the equivalence of 
oxygen lone electron pairs is not consistent with X-ray structures of carbo- 
hydrates. They scrutinized 1 1 1  structures and found torsion angles 0 in 
O,,,,-C-0-R fragments appreciably larger than 60". If lone pairs were 
equivalent, one might expect 0 = 60" to be preferred whereas nonequivalence 
implies 0 > 60". Indeed, Cosse-Barbi et al. (69,257) have recently shown that 
the endo anomeric effect is stronger in furanoses than in pyranoses. They 
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attributed this finding to more favorable orientation of the ntype endocyclic 
oxygen lone pair with respect to the polar C-X bond (and nE-x orbital) in 
furanose than in pyranose rings (see Section II.E, Figure4). If both endo 
oxygen lone pairs were equivalent, sp3-type, the no-aE --x negative hyper- 
conjugation should be stronger in the pyranose ring because of collinearity 
of the ngPx antibonding orbital and one sp3 oxygen lone pair in the 
tetrahydropyran system (see also Section 1V.B. 1). The nonequivalence of 
oxygen lone pairs was also supported by infrared studies of tetrahydropyrans 
(86) (see Section IV.B.3.c). 

Thus, if the energy levels of the two oxygen lone pairs are different, their 
interaction with low-lying antibonding orbitals should be different also. 
Following this idea David et al. (175) considered the conformational equili- 
brium in the C-0-CH-X system qualitatively. For the sake of simplicity, 
they replaced the appropriate n*-group orbital with a 0; -x hybrid orbital 
and examined its interaction with two nonequivalent oxygen lone pairs in two 
possible conformations, as shown in Figure 31. They assumed constant 
overlap and postulated that repulsion energy need not be considered since it 
is independent of the energy gap between orbitals. Thus, the interaction 
energies in the sc and u p  conformations, Ea-d, are due almost entirely to 

+n + n 
C C 

u*C-H 

Figure 31. Energy diagram for orbital interaction in C-0-CH-X system. 
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stabilizing interactions between lone pairs of the 7c or 0 type and antibonding 
orbitals of C-X (a:-X) and C-H (o:-,) bonds, which are given by Eqs. 
[28]-[3 11. The energetic preference for the sc conformation is the difference 
( E ,  - E d )  - ( E ,  - E J  = 4 h j 2 h / A E 3 :  

- 2h** 
E ,  = ~ 

A E - 1  

- 2 h j 2  

A E + E  
E , = -  

- 2hj2  
E ,  = ~ 

A E  

- 2 h j 2  
Ed = 

A E + & - A  

c291 

c301 

c311 

The authors (175) estimated this preference to be about 13.8 kJ/mol for X = C1. 
For X less electronegative than hydrogen, they expected enhanced preference 
for the up arrangement, thus suggesting the rationalization for the reverse 
anomeric effect. 

Since the stablest conformation of compounds of this type (as well as 
anions) is determined by a stabilizing interaction between a nonbonding 
HOMO level and a superjacent (LUMO) level, David et al. (179, to describe 
such interaction, proposed the term superjacent orbital control. 

This explanation of the anomeric and reverse anomeric effects has been 
criticized from various standpoints. First, as far as the reverse anomeric effect 
is concerned, X was experimentally shown to be more electronegative than 
hydrogen (as should be expected for ammonium cations), and Hosie et al. (1 74) 
pointed out that David’s hypothesis is without experimental foundation. 
Second, the above-presented arguments depend, in Dewar’s (142) opinion, 
on assessments of the energies of the orbitals involved. He stated that “this 
explanation like other similar explanations is unsatisfactory in the sense that 
the arguments used would not have led to a convincing prediction of the 
phenomenon in question, had it not already been known” (1 42).  Finally, the 
neglect of repulsive energies need not be appropriate for all systems exhibiting 
an anomeric effect, especially when X bears lone electron pairs [David et al. 
(175) neglected such pairs]. In the case under scrutiny the energy gap 
independence of the repulsive energy is not sufficient to justify neglect of 
destabilizing interactions since the latter may be overlap controlled (vide 
infra and Eq. [l] in ref. 175). As discussed in Section III.B.2, TvaroSka and 
Bleha (187) actually excluded the ny-crE-x mechanism as responsible for the 
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conformational preference when X = OMe. Destabilizing interactions in the 
F-CH,-X system were recognized by Eisenstein et al. (201), who ascribed 
the influence of X (X = C1, C=C) on the CH,F fragment to a delicate balance 
of destabilizing and stabilizing interactions of the bisecting (orthogonal to 
X-C-F plane) lone pair of fluorine. 

However, the stabilization of molecules exhibiting the anomeric effect may 
arise not solely from the n,-a,!!!, interaction, as was shown by Whangbo 
and Wolfe (251) for fluoromethanol (121). The relevant orbital diagram is 
pictured in Figure 32 for the interaction between the CH,F and OH groups. 
One can find six possible two-electron-two-orbital stabilizing interactions, 
namely a, b, c, d, e, and f. Since interaction b is less stabilizing than d due to 
a larger energy gap, conformer sc should be preferred. On the other hand, 
stabilizing interaction c,  which leads to preference of the up arrangement, 
is more effective than e.  Therefore, the interactions of n, and nu have 
opposite conformational consequences. Whangbo and Wolfe (25 1)  evaluated 
this problem by taking into account that the rotational dependence of the 
FCH,OH HOMO level parallels that of the total energy. Since the HOMO 
level should be lower in the sc conformation, interactions with nu can be 
neglected. The synclinal conformation of 121 is also preferred in a positive 
fashion by interactions a and finvolving the antibonding cg --H orbital. The 
authors stressed that a and f, where oxygen and fluorine lone electron pairs 
are not important, refer to interactions between polar C-F and 0-H bonds 
and are the group molecular equivalent of their (189) quasi-spherical lone-pair 
interpretation (see Section III.B.l). 

Let us come back to Figure32 and concentrate our attention on the 
destabilizing interactions g,  h, i, and j present in 121. It seems reasonable to 
suspect that interactions in x z  and x y  planes are overlap differentiated. 
Orbitals A, and A, (Figure 27) are rigorously degenerate. Since the barrier 
to internal rotation in the CH,CHl cation is sixfold and very small (249), 
one may conclude that there should not be any essential difference between 
overlap integral S, for the X , - - X , ( ~ )  interaction occurring in the x z  plane and 
overlap integral S, for the ~, -n , (~)  interaction taking place in the x y  plane. 
The replacement of H, lying in the x z  plane, by the more electronegative 
fluorine should not influence ny and A: for X lies in their nodal planes. On 
the other hand, in the CH,F moiety A, becomes more localized on fluorine 
and less on adjacent carbon (249,252). Thus, overlap integrals S, and S, will 
be different and S, > S,. One may expect that the same conclusion will be 
valid in a more exact treatment of the CH,F orbitals as pictured in Figure 32. 

The four-electron destabilization energy AE,, for the interaction of orbitals 
k and I is given (248) by 

c321 
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Figure 32. Orbital interaction diagram for fluoromethanol (121). 

where 
SkI = overlap integral 
E ,  = energy of orbital k 
El = energy of orbital I 

H k I  = resonance integral of orbitals k and 1 

For interactions g, h, i, and j (Figure 32), the destabilizing energies are 
expressed by Eqs. [33]-[36]. It seems justified to assume that overlap 
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integrals S,  and S j  for interactions g and j are close, for they occur in the 
same plane and are equal to S,. Similarly, S h  and Si are equal to S,. 
Consequently, let us assume that H, g Hj 2 H, and Hh z Hi Z H,. Then one 
can estimate the difference in energies between conformers up and sc of 
fluoromethanol due to destabilizing interactions (overlap repulsion) Eap(desl) - 
Ex(dcs[) according to Eq. [37]: 

- 4S,H, + 2S,Z(E, + E 2 )  
E, = ~ 

1-SB’ 

- 4SiHi + 2Sf(E, + E4) E. = 
1 - s ;  

- 4SjHj + 2Sf(E2 + E,) 
Ej = 

1 -s;  c361 

Taking into account that 

one obtains 

Since S, > S ,  and El > E, (cf. Figure 32), 

Thus the synclinal conformer of fluoromethanol (121) appears to be preferred 
due to overlap repulsion as well. This conclusion is of significance, since it 
provides additional proof for the role of destabilizing interactions in the 
origin of the anomeric effect. Though the importance of destabilizing inter- 
actions involving lone electron pairs seems to be well established even in the 
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case of first-row elements (202,258), perhaps for 121 they are not so important 
as stabilizing ones. 

Soon after a rigorous quantitative PMO analysis of ab initio SCF MO 
wavefunctions had been performed (259), Wolfe et al. (70) presented a 
quantitative PMO treatment of various X-CH,-YH (X = NH,, CH,, OH, 
F, and C1; Y = 0, S) systems in order to (1) establish the importance of 
stabilizing orbital interactions as an origin of the anomeric effect, (2) determine 
orbital interactions responsible for bond length changes (they will be discussed 
in Section IV.B.l), (3) compare calculated trends in energies and geometric 
changes with those found experimentally, and (4) find a connection (if any) 
between their study and alternative descriptions of the anomeric effect. 

They found that one of the six possible orbital interactions in difluoro- 
methane (61) (fragmentation mode: FCH,-F), namely p,-o; (cf. interaction 
d in Figure 32), is equivalent to Lucken and Altona’s n-o* mixing between a 
lone pair and an antibonding orbital of an adjacent polar bond. On the other 
hand, the authors claimed that “the rationalization of the behavior of the total 
molecular wavefunction in terms of specific orbital interaction would thus 
seem to constitute an arbitrary and incomplete description of the problem” 
(70). Since stabilizing orbital interaction energies for CH,F, -, are linear 
functions of the number of traditional double bond-no bond resonance 
structures, Wolfe et al. neglected analysis of destabilizing interactions, the 
more so because it was difficult to relate the destabilizing orbital interaction 
energies to some more traditional concept. Nevertheless, it should be noted 
that for the compounds under investigation, the calculated difference in the 
magnitude of stabilizing orbital interactions @,-a; and py-n:; cf. interactions 
d and b, respectively in Figure 32) in the sc and up conformers is close to the 
difference AET in their total energies, thus supporting the assumption of the 
predominant role of stabilizing orbital interactions (cf. discussion on negative 
hyperconjugation in methanediselenol, Section III.B.5). 

Wolfe et al. (70) found that the preference for the sc arrangement for 
oxygen HOCH,X (X = F, C1) compounds (121 and 128, respectively) is larger 
than for sulfur derivatives HSCH,X (129 and 65, respectively), contrary to 
anticipation based solely on the relative energies of the no and n, lone pairs 
(ns lies higher in energy than no): 

Cl-CH,-OH F-CH,-SH HSe-CH,-SeH 

128 129 130 

They explained this behavior as due to different overlap. Because of the 
difference in the C-Y (Y = 0, S) bond lengths, the overlap of or n:-x 
(X = F, C1) to n, is less than the overlap to n,. Since this factor predominates 
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over the larger energy difference of interacting orbitals (see Eq. [27]), the 
preference is overlap controlled. 

It is interesting to compare the results obtained by Wolfe et al. (70) 
for methanediol (8) with those presented by TvaroSka and Bleha (187) for 
dimethoxymethane (11). This is permissible because the energies of these 
compounds should not be significantly influenced by the presence of the 
methyl groups on oxygen, as was shown by Jeffrey et al. (260) (the differences 
are below 6kJ/mol). Tvaroika and Bleha (187) found that the magnitude of 
the stabilizing interactions of lone oxygen pairs with og-o is almost constant 
during the rotation around the C-0 bond (about 1 kJ/mol larger for up, sc 
than for up, up). Moreover, the total stabilization due to orbital interactions 
is also constant 34-37 kJ/mol), while Wolfe et al. (70) suggest that it is much 
greater and strongly depends on conformation: 93 kJ/mol for the sc, sc, 
85kJlmol for the up, sc, and 70 kJ/mol for the up, up conformers [cf. methane- 
diselenol(lM), Section III.B.S]. Perhaps one reason for this discrepancy lies 
in the different methods of calculation used by the two groups. However, the 
problem of rotational dependence of stabilizing orbital interactions should be 
clarified, in view of its importance for the understanding of the role of 
stabilizing orbital interactions. 

It should be noted that the frontier molecular orbital picture can be applied 
to explain the conformation of radicals, as was shown by Korth et al. (261) 
for the sofa conformation of pyranosyl radicals 131. The relevant interaction 
diagram is presented in Figure 33. A maximum energy gain arising from the 
interaction between the SOMO (single occupied molecular orbital at the 
anomeric carbon atom), n, (the n-type lone electron pair at oxygen), and the 
antibonding o* orbital of the C2-0 bond (quasi-homo-unomeric stabilization 
effect) should be expected, for overlap reasons, when the 06-C1 -C2 region 

0 o* 

I 
I 

I , 

131 

Figure 33. Orbital interaction in pyranosyl radicals 131. 
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is flat, as it is in the sofa conformation. The extra stabilization of radicals of 
this type is in accord with the calculation performed by Irwin et al. (30) for 
the homolytic breaking of the C-F bond in fluoromethylamine (4). This work 
showed easier homolysis of the C-F bond antiperiplanar to the nitrogen lone 
electron pair. 

In the molecular orbital approach to conformational problems one finds 
various types of conjugation, for example, Q conjugation, a conjugation, 
hyperconjugation, negative (positive) hyperconjugation, and anionic (cationic) 
hyperconjugation. Hyperconjugation involves the interaction of orbitals of II 
symmetry (antisymmetric with regard to a defining plane) present both in 
unsaturated and in saturated groups (262). If the second orbital is p, filled with 
two electrons or empty, respectively, one deals with negative or anionic or  
positive or cationic hyperconjugation, respectively. The case of a-a* inter- 
action has been named a conjugation (263). The problem of o conjugation will 
be discussed in Section III.B.6. 

Since the stabilization of the sc conformers of various first-row R-Y- 
C-X systems was shown (vide supra) to arise mainly from the interaction of 
a p lone pair on a heteroatom Y with an antibonding orbital (of a symmetry) 
of the C-X bond, the anomeric effect has been generally regarded as being 
due to negative hyperconjugation (138,262). It must be pointed out, however, 
that negative hyperconjugation (n-a*) also stabilizes the up conformation but 
usually to a lesser extent than the sc conformation (70). Nevertheless, negative 
hyperconjugation has been identified with the anomeric effect (262,264) and 
vice versa. This may, however, be incorrect because other mechanisms (of 
stabilizing or destabilizing character, see Sections 1I.H and III.B.6) can operate 
when two heteroatoms are geminally bonded, as will also be shown in the 
next paragraph. 

The use of negative hyperconjugation as a “key” to conformational 
problems has been criticized by Epiotis (see Section III.B.8) and Box (14-16). 
The latter author based his reasoning on the analysis of X-ray data (see 
Section 1V.B. 1) and the chemistry of monosaccharides. 

5.  Interpretation of Anomeric Eflect with the Aid of Natural Bond 
Orbital Analysis 

Natural bond orbital (NBO) analysis is a quantitative method for representing 
ab initio wavefunctions in terms of localized Lewis structures (143). In the 
PMO description (Section III.B.4) of negative hyperconjugation in fluoro- 
methane, for example, the two degenerate aF orbitals (cf. a,(B) in Figure 27 is 
one of them) interact with two degenerate arfie molecular orbitals (a: and a: 
in Figure 27) of the methyl fragment. This interaction is mathematically 
equivalent to the NBO description, wherein the xF orbitals delocalize into the 
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three oEpH orbitals (143). Therefore, NBO analysis is quite suitable for the 
study of hyperconjugative interactions. It was applied by Reed and Schleyer 
(143), for instance, to the analysis of the interaction energies AE,, and bond 
length and bond angle effects which result when the central atom A 
(A = Be, B, C, N, 0, Mg, Al, Si, and P) in X-A-Y is bonded to more than 
one fluorine. Interaction energies AEIS were determined according to the bond 
separation reaction given by Eq. [39]: 

F,AH, +(a  - I )AH,+ ,~~FAH,+ , -  1 + AEIS I391 

(cf. Eq. [19]). The authors found AEis for n = 2 (Eq. [39]) decreasing in the 
order F,PH (69.0 kJ/mol), F,S (67.8 kJ/mol), F,CH, (65.0 kJ/mol), F,NH 
(54.0 kJ/mol), F,O (37.3 kJ/mol), and F,SiH, (32.3 kJ/mol) at the MP2/6-31G* 
level. Similarly, for F,P, AE,, = 197.6 kJ/mol (!) exceeded that for FJCH 
(168.7 kJ/mol). Bond separation energies for electropositive A's were either 
close to zero (e.g., F,AIH) or strongly negative (e.g., for F,Be, AEls = - 36 
kJ/mol). Thus, bond separation energies seem to be largest when the central 
atom A is of intermediate electronegativity [phosphorus, sulfur, carbon; in 
disagreement with molecular orbital valence bond (MOVB) theory, see 
Section III.B.81. Reed and Schleyer (146) found similar trends in calculations 
performed for mono- and polyfluorinated first- and second-row amines 
F,AH,NH, (A, central first- or second-row atom), though the AEIS peaked 
near A = C. 

While considering bond separation energies AEis in terms of NBO analysis 
Reed and Schleyer (143) presented a very informative breakdown of AE,, 
into the change of energy of the localized NB'O Lewis structure AE, and the 
change in net delocalization energy BED (Eq. [40]). Let us examine poly- 
fluoromethanes. The reactions shown in Table 13 correspond to the loss of 

TABLE 13 
Decomposition of Stabilization Energies by NBO Energetic Analysis of Polyfluoro- 

met hanes 

AE,, AEL AED 
Reaction (k J/mol) (kJ/mol) (kJ/mol) 

CHZFZ + CH, + 2CH3F 58.5 -65.2 123.7 
CHF, + CH,F+2CHzFz 35.5 - 94.0 129.6 
CF, + CHZFZ + 2CHF3 - 4.6 - 176.6 171.8 

From ref. 143. 
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two nF-n,?-F stabilizing interactions. This is reflected in strongly positive AED 
values. These values suggest that stabilization by negative hyperconjugation 
is very strong (above 100 kJ/mol) and increases with increasing numbers of 
fluorine atoms. On the other hand, the change in energy of the Lewis structure, 
AEL, is negatioe, in agreement with the destabilizing character of geminal F-F 
interactions. Such destabilizing interactions increase rapidly with the number 
of fluorine atoms and play a predominant role in tetrafluoromethane (68), 
where they are sufficiently large to render AE,s < 0. It may be expected that 
for larger halogen atoms (Cl, Br, and I), for which stronger geminal destabilizing 
interactions may be anticipated, the absolute value of AEL will exceed AED 
even in less substituted methanes. As was seen in Section II.H, this is true for 
diiodomethane (64) for which AH,O, = - 15.2 kJ/mol (calculated from experi- 
mental data). In Reed and Schleyer’s opinion destabilizing factors for the 
polyfluorides may be either purely electrostatic interaction or exclusion 
repulsion (see Eq. [32]). 

It would be very interesting to obtain AEL and AED values for, for example, 
0-C-0, S-C-S, and Se-C-Se anomeric interactions as a function 
of appropriate torsion angles so as to establish the relative importance of 
stabilizing and destabilizing interactions as a source of the observed anomeric 
effects. So far, NBO analysis has been applied to the elucidation of anomeric 
effects involving silicon centers (145) (see ref. 144 for a PMO approach), to  
Se-C-Se anomeric interactions (148), and to the study of fluorinated 
amines (146) F,AH,NH,. The amine study showed that due to the two 
opposing factors of energy and overlap, the n N - & a  interaction in 132 is 
roughly of the same energy as the nN-&F interaction in 133: 

Cl-S-NH, F-S-NH, CI-CHZ-NH, 

132 133 134 

The most stable conformation of XCH,NH, (X = F, C1; 4 and 134, respectively) 
is one having the lone pair of nitrogen antiperiplanar (ap) to the C-X bond. 
The orthogonal (og) conformation is a transition state with energy 76 kJ/mol 
(X = F) or 67 kJ/mol (X = C1) above the minimum (up). 

The predominance of ~I,-c&~ delocalization stands out in the NBO 
analysis of 133 containing a planar SNH, fragment with the lone pair of 
nitrogen and the S-F bond lying in the same plane. The n N  and C T ; - ~  

NBO occupancies were found to be 1.890 and 0.094 e, respectively. These are 
the orbitals in the NBO analysis whose occupancies deviate by far the most 
from the ideal Lewis values of 2.0 for bonds and 0.0 for antibonds (see Section 
IV.B.2). 

Reed and Schleyer (146) found the energy of Lewis structure EL of 133 
(with planar SNH, as before, vide supra) higher by 100 kJ/mol than the total 
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energy E,. Interactions other than nN-oEPF were insignificant, and the energy 
of 100 kJ/mol could be regarded as a trustworthy estimate of the strength of 
the nN-aEWF interaction. The application of NBO analysis to the geometry 
of the FSNH, system will be described in Section IV.B.l. 

It is interesting to consider stabilizing hyperconjugative interactions in 
methanediselenol(l30) (148). Two interactions need to be taken into account: 
3psc-o~-sc and 3pS,-r7-,. The former, in the sc, sc, + sc, - sc, and ap, ap 
conformers, respectively, are 35.4,38.7, and 0 kJ/mol, whereas the latter 
interactions amount to 9.2,7.8, and 13.9 kJ/mol, respectively (148). Thus, the 
total stabilizations owing to these two types of hyperconjugation in sc, sc, 
+ sc, - sc, and ap, ap conformations are equal to 44.6,46.5, and 27.8 (two 
such interactions) kJ/mol. The relative energies of these conformations 
calculated from the point of view of negative hyperconjugation, Ehyp, and 
total energies, E ,  (148), are given in Table 14. It is seen clearly that negative 
hyperconjugation is more favorable for + sc, -sc as compared to sc, sc. 
Therefore, the observed greatest stability of the sc, sc conformation must be 
attributed to destabilization of the + sc, - sc conformation from other causes. 
In addition, the ap, ap conformation, which is a transition state on the 
(rotational) potential energy surface, is not as unstable (9.8 kJ/mol) as might 
be expected on the basis of negative hyperconjugation C18.7 kJ/mol, cf. 
methanediol(8) in Section III.B.41. Perhaps additional destabilization of the 
sc, sc and +sc, -sc conformations with regard to the ap, ap one or stabiliza- 
tion of the ap, ap conformer might be responsible for this finding. The 
possibility of the involvement of Se-H bonds in these interactions seems to 
have been disregarded by the authors (148). Nevertheless, Salzner and 
Schleyer (148) unequivocally showed that the hyperconjugative stabilizing 
interaction ny-a;-x (here Y = X = Se) is only one of several factors that may 
influence the actual conformation of the larger systems. In fact, the common 

TABLE 14 
Relative Energies of CH2(SeH), Based on Magnitude 
of Hyperconjugative Interactions Ehyp and Total 

Energies ETa 
~~~ ~ 

E h w  E T  

Conformer (k J/mol) (k J/mol) 

sc, sc 1.9 0 
+sc, -sc 0 3. I 

2.8 sc, ap 
aP9 aP 18.7 9.8 

- 

“Based on data from ref. 148. 
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belief in the predominant role of negative hyperconjugation has been 
questioned (see the end of Section III.B.4). 

Recently, Wiberg and Rablen (1 57b) criticized attributing the off-diagonal 
elements between the lone pairs and the partially occupied ~ J E - ~  localized 
orbitals in polyfluoromethanes to negative hyperconjugation, as has been 
done by Schleyer’s group in order to obtain, for instance, AE, (Eq. [40], 
Table 13). In the opinion of Wiberg and Rablen (1 57b) it is difficult to localize 
the bonds perfectly in any molecule. “If one wishes to attribute this difficulty 
in localization to hyperconjugation, then the latter will be found everywhere” 
(1 57b). 

6 .  Anomeric Effect in Terms of o Conjugation 

It is usually assumed that orbitals that are mutually orthogonal do not 
interact with each other. Thus, for a tetrahedral atom CR, the bonds are 
formed by interactions between four sp3 orbitals and four atomic orbitals of 
the ligands. The proper representation of the molecule should be a wavefunc- 
tion corresponding to pairs of electrons localized in two-center bonds. 
However, as was pointed out by Dewar (142), the resonance integral between 
two mutually orthogonal hybrid atomic orbitals (AOs) does not vanish. He 
found that the resonance integral between two sp hybrids of a carbon atom 
exceeds 480 kJ/mol and is about five times greater than that between adjacent 
2p AOs in a conjugated hydrocarbon. For the combination sp2-sp3, it is 
about 240 kJ/mol, still large enough to abandon the current distinction 
between conjugated x systems and nonconjugated cr ones. 

If the interactions between different hybrid atomic orbitals of an atom 
are considered, each two-orbital CH, unit in an n-alkane is seen to play the 
same role as a two-orbital =CH-CH= unit in a conjugated polyene (142). 
Thus, the ethane molecule is isoconjugate with butadiene (see Figure 34a). 
Since the 1,4 bond order pl-, in butadiene is negative (265), the same should 
be true for ethane and its derivatives Y-CH,-CH2-X (Figure 34b and c). 
The energy contribution AEl-4 arising from this interaction is given by 

nhere 
p = bond order 

H -, = resonance integral 

c411 

It can be proved (142) that the resonance integral Hl-4 is always negative, 
being most negative (or least positive) at an Y-C-C-X torsion angle of 0 = 0” 
(sp conformation) and least negative (or most positive) at 0 = 180” (up con- 
formation). Therefore the AE1-, value is least positive at @ = 18W, indicating 



270 ANOMERIC EFFECT: ORIGIN AND CONSEQUENCES 

a)  
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H 

Figure 34. u Conjugation in (a) ethane and (b) sp and (c) ap conformers of its derivatives. 

that in the least unstable conformation C-Y and C-X bonds are located 
in antiperiplanar positions, provided their interaction is more important than 
the interaction between vicinal C-X (or Y) and C-H bonds. If Y is a lone 
electron pair, it can interact a conjugatively with adjacent a bonds and 
hyperconjugatively with appropriate antibonding orbitals (see Section III.B.4, 
cf. Figure 29). Thus, CT conjugation will reinforce hyperconjugation if the 
latter involves the bond trans to the lone pair. Dewar (142) suggests that 
this treatment will be applicable to systems exhibiting an anomeric effect. 
Moreover, a conjugation might account for the anomalous stability of 
polyfluoromethanes. However, these conclusions have not been supported 
by quantitative calculations. In particular, the relative importance of a 
conjugation versus hyperconjugation for geometry (bond lengths, torsion 
angles) and energy (e.g., stability of conformers and bond separation energies) 
has not been established. 

7. Anomeric Eflect as a Result of a-Electron Delocalization Controlled 
by Orbital Phase 

In 1986 Inagaki et al. (266,267) suggested that gauche and anomeric effects 
(antiperiplanar effects) are brought about by the interaction of three bonds 
A, B, and C (see Figure 35) represented by appropriate bonding a, b, and c and 
antibonding a*, b* and c* orbitals which are linear combinations of relevant 
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G 

Figure 35. a-Electron delocalization modes for three-bond system. 

hybrid atomic orbitals. They assumed that A is a donor bond while C is an 
acceptor bond and hence a* and c* need not be taken into account. Ground- 
state configuration G (before any electron delocalization) and three bond- 
to-bond delocalization modes TI, T2, and T3 are shown in Figure 35. The 
delocalization T2 from the donor A to the acceptor bond C, believed to be 
responsible for the antiperiplanar effects, is termed uicinal delocalization. The 
delocalizations T ,  and T3 are geminal ones. 

Appropriate interactions leading to the three types of delocalization were 
estimated by Inagaki et al. (226,267) in a perturbational approach. Whereas 
in the conventional orbital interaction geminal delocalization b + c* (G-T,) 
is independent of conformation, their approximation showed (when higher 
order terms of the orbital interactions were not neglected) that G-TI is under 
the influence of the orientation of the donor bond A, that is, dependent on 
conformation. The G-T, interaction involves the occupied orbital Q of the 
donor bond, in addition to b and c*. 

As expected, the G- T2 interaction responsible for vicinal delocalization is 
dependent on conformation. However, relevant calculations reveal that the 
vicinal delocalization involves the bonding orbital b of the intervening bond 
B. Inagaki et al. (266, 267) found in addition that the interactions are 
controlled by orbital phase continuity, namely a -, b out of phase, b + c* and 
a +c* in phase. These requirements were found to be simultaneously satisfied 
for the ap arrangement, as shown in Figure 36a. In the synperiplanar 
conformation at least one requirement cannot be met, for example, orbitals 
a and c* are out of phase (Figure 36b). 
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b w 

- i n  phase - out of phase 
Figure 36. Orbital phase continuity control in (a) ap and (b) sp arrangement of three-bond 
system. 

Quantitative calculations revealed that without the intervening bond B 
not all models did exhibit the antiperiplanar effect. Thus, the geminal de- 
localization from the intervening bond Band the involvement of this bond are 
of great importance. However, while orbital b is essential, the effect of b* is 
negligible. For instance, if orbitals a, b, b*, and c* are taken into account, the 
ap conformation of the CH;-CH,F anion is more stable than the sp one 
by 15.74 kJ/mol. If only a, b, and c* are involved, the difference in energies 
is little changed: 14.3 1 kJ/mol. But if orbital b is neglected, the sp conformation 
becomes surprisingly more stable than the up one, by 7.80 kJ/mol. 

The authors scrutinized bond-to-bond delocalizations in four compounds, 
namely fluoromethylamine (4), chloromethylamine (134), anion 135, and 
phosphine 136. The lone electron pair was considered as a donor bond A: 

F-CHZ-NHZ CI-CHZ-NHZ F-CHZ-CH; HZP-CHZ-F 

4 134 135 136 

The preference of both geminal and vicinal delocalizations for the ap over 
the sp arrangement of donor and acceptor bonds was confirmed for all models 
examined. In the first three compounds, the change in geminal delocalization 
by the sp+ap conversion is larger than in the vicinal one. Inagaki et al. 
attributed this finding to the predominant role of geminal delocalization in 
stabilizing the ap versus the sp arrangement. On the other hand, if the sc to 
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up conformational change is taken into account, the increase in vicinal 
delocalization is larger than in the geminal case. For 136 both delocalizations 
are less pronounced since phosphorus is a poorer x donor, in agreement 
with the conclusion by Schleyer et al. (141). 

The concept of orbital phase as an important factor controlling the 
bond-to-bond delocalization of D electrons, presented by Inagaki et al. 
(267), seems to fit well with phase continuity conditions deep rooted in 
organic chemistry (e.g., the Woodward-Hoffmann rules). Unfortunately, the 
geometric consequences (e.g., changes in bond lengths) inherent in relevant 
delocalizations were not brought out in a quantitative way. 

8. Other General Explanations of Anomeric Eflect 

Alternative rationalizations of the anomeric effect have been presented by 
Ponec and Chvalovsky (268), by Smits et al. (269-272), and by Epiotis (203, 

Ponec and Chvalovsky (268) stressed that an equilibrium conformation 
of a molecule is the result of competition of two effects: electronic stabilization 
and core repulsion (cf. Section 1II.B. 1). Therefore, explanations based solely 
on analysis of electronic interactions would seem to be incomplete. They 
found that the effect of core symmetry can be included through a Jahn- 
Teller second-order effect. The predicted preferred conformations of fluoro- 
methylamine (4) and CH,CH,NH2 are correct, but no quantitative data 
were presented. 

Smits and Altona (269-272) have described intramolecular interactions 
using a method involving nonorthogonal, strictly local molecular orbitals 
(NOLMOs). They developed an energy decomposition scheme in terms of 
quasi-classical (overlap-independent), interference (overlap-dependent), and 
charge transfer components. They found (272) that the quasi-classical 
component stabilizes the gauche conformation of systems X-CH2-OH 
(X = CH,, NH,, OH, F). This stabilization becomes less important at high 
values ofelectronegativity of the substituent X (and thus opposes the anomeric 
effect). Interference energy stabilizes the trans conformer at low electronegati- 
vity of X, but with an increase in electronegativity, the stabilization of the 
guache conformer becomes predominant. The effect of charge transfer was 
found to contribute only to a minor degree to the stabilization of the gauche 
conformer. Thus, the anomeric effect is caused by an attenuation of the 
destructive CX-CO interference as the electronegativity of the substituent 
increases. This finding remains in contradiction to other calculations (143, 
280) in which negative hyperconjugation is taken to be the main source of 
the anomeric effect. In the model of Smits et al. (272), in which a determinant 
of standard NOLMOs is used as an approximation to the HF-SCF 

273-279). 
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wavefunction, the anomeric effect is present without admitting charge transfer 
into virtual NOLMOs. 

Epiotis (203), while considering the case of polyfluoromethanes, labeled 
the concept of hyperconjugation as a “nominal fallacy” or as a “poor algorithm”. 
He emphasized that “the idea that we can interact bond molecular orbitals 
and hope to understand stereoselection is false because all bond orbitals 
within a molecule interact even if they are orthogonal” (203) (cf. Section 
III.B.6). The assumption that orthogonal orbitals do not interact is based 
on chemists’ erroneous belief that interaction is equivalent to overlap. While 
the overlap intergral of two sp hybrids of a given atom is indeed zero, the 
resonance integral can be nonzero. The mere fact that hybrid atomic orbitals 
interact with each other virtually eliminates, in Epiotis’s opinion, any possi- 
bility of understanding what goes on even in a system as simple as methane. 
If one says that the isodesmic reaction between CH,F, and CH, (Eq. [21]; 
Tables 8 and 13) is endothermic because of negative hyperconjugation [as is 
maintained by Reed and Schleyer (143)], this is, according to Epiotis, 
essentially a restatement of the fact that the substrates have stronger bonds 
than the products (203). Smart (281) and Liebman and Greenberg (282) have 
reviewed various conflicting models for bond contraction and bond strength- 
ening in fluoromethanes and have concluded that the matter remains 
unresolved. However, according to very recent calculations by Wiberg and 
Rablen (1  57b) of various polysubstituted methanes, simple consideration of 
electrostatic interactions may well account for the trends in energy and 
geometry of polyfluoromethanes. Interestingly, the energetic superiority of 
CF,=CH, over CHF=CHF is maintained in calculations (274) in which 
fluorine lone pairs are artificially deleted. Epiotis (203) claims that both 
energy and geometry of polyfluoromethanes have nothing to do with lone 
pairs (cf. Section 1II.B.V). Both problems should be considered in terms of 
bonds and symmetry. This is impossible using valence bonds (VBs) (283) or 
resonance theories (284) because of neglect of symmetry problems. On the 
other hand, Hiickel MO theory (248) has many limitations owing to the 
neglect of interelectronic repulsion (275). To avoid all these deficiencies, 
Epiotis (203,273-279) proposed a new theory intended to couple the strong 
points of MO and VB theories, namely MOVB theory. This theory represents 
an attempt to adapt quantum mechanics to the chemist’s mind and was 
constructed with total disregard for its computer implementation potentiality 
(203). 

According to the MOVB theory, anomeric interactions in lower row 
anomeric atoms must be accompanied by a decrease of A& (Eq. [19]). Such 
a statement stands in contrast to calculations performed by Reed and Schleyer 
(143), who found the strongest anomeric interactions at atoms of intermediate 
electronegativity (see Section 1II.B.V). Nevertheless Epiotis (203) was not 
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discouraged and eventually claimed that better computations would reveal 
that he had been right. 

Recently, Epiotis (279) has criticized the art of “arrow pushing” (the art 
that expresses the mechanism of electron delocalization within a molecule) 
and negative hyperconjugation as an example of this art. In his opinion, 
while the MOVB theory is able to account for a negative AHls for the 
isodesmic reaction presented in Eq. [42] (cf. Eq. [19], Section ILH), the 
concept of negative hyperconjugation is not: 

F 2 C = 0  + CH,COCH, +2CH,(CO)F + AHls AHls = - 33.5 kJ/mol 

~ 4 2 1  

According to Epiotis (279), the insensitivity of AHls for the isodesmic 
reaction involving methylenediamine (73, Eq. [43]) to a conformation about 
both C-N bonds in 73 should be regarded as an unambiguous evidence 
against the model of negative hyperconjugation: 

H2N-CH2-NH2 + H-CH2-H +2H--CH2--NH2 + AHIs 

73 C431 

However, in our opinion, this reasoning is based on a neglect of destabilizing 
interactions, which may accompany the negative hyperconjugation and may 
decrease AH,s (see Section 1I.H). Epiotis also claims (279) that the negative 
hyperconjugation is not able to explain the shortening (with respect to 
methanol CH,OH) of both C-0 bonds in the up, sc conformer of methanediol 
(8, cf. however, Section IV.B.l). He presented (279) an explanation for these 
phenomena as well as for the rotaional behavior of various X-A-A-X 
molecules (A = 0, S ,  Se; X = H, F, Cl). 

9. Special Cases 

Sometimes one faces the situation where none of the explanations presented 
in Sections III.B.1-III.B.8 is sufficient to account for the observed confor- 
mational preference. Then, additional interactions need to be taken into 
account. They are usually discussed in terms of stabilizing two electron-two 
orbital interactions. Some of these, which may be useful in discussions of the 
anomeric effect, are presented below. 

a. nF-$ =o and nF-n0 Interactions. Such interactions were considered 
by Eisenstein et al. (201) to explain the conformational behavior of halogeno- 
aldehydes and ketones. In a-fluoroacetaldehyde (137), for example, two con- 
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H 

137( SP) 137(0g) 
Flgure37. Overlap between fluorine lone pair and carbonyl n,+=, orbital in sp and og 
conformers of lluoroacetaldehyde (137). 

formations need to be examined: synperiplanar, 137 (sp), and orthogonal, 
137 (og) (Figure 37). It can be proved that the strength of the nF-n,?=o 
stabilizing interaction is overlap controlled. Therefore, the og conformation, 
which ensures better overlap, should be preferred. In contrast, the through- 
bond (23) stabilizing interaction between oxygen no and fluorine n, lone pairs 
was shown to favor the sp conformation. The no-n, and no-nb destabilizing 
through-space (23) interactions are in the authors' opinion very similar in the 
two conformations. The observed conformational behavior of the molecule 
will thus be determined by a balance of these effects. Eisenstein et al. (201) 
predicted that the replacement of F by C1, Br, and I should favor 
the og conformation because of stronger nx-nz,o (X = C1, Br, I) interactions. 
It seems, however, doubtful that the increase in the length of the carbon- 
halogen bond resulting in diminished overlap with n,%o (cf. Section III.B.4, 
the work of Wolfe et al. (70)] can be neglected. Indeed, for cyclic a-halogeno- 
ketones Cantacuzene (285) observed an increase in the axial preference 
(analogous to the preference for the og conformation) in the series F, C1, Br, I. 
However, the assumption of similarity of repulsive through space interactions 
in the sp and og conformers may be questioned, particularly in the case of 
lower row elements. In our opinion, since carbonyl oxygen lone electron 
pairs are located in the C-C-0 plane (6g), there should be clear distinctions 
between through-space interactions in the sp and og conformers. Therefore, 
the increasing preference for the og arrangement in going from F to I may 
be attributed at least in part to increasing destabilizing through-space inter- 
actions between oxygen and halogen lone pairs in the sp conformation. 
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b. 3p-3d Interaction. It has generally been accepted that back donation 
of electrons from adequately oriented p orbitals of oxygen to vacant d orbitals 
on sulfur can occur in the S-0 bond of the sulfinyl group. This type of inter- 
action was invoked by Brunet et al. (286) and Alcudia et al. (287) to account for 
the preferred conformation of compounds containing the 0-C-C-S-0 
system. Since d orbitals lying in the plane that contains the S-0 bond are 
involved in the interaction between sulfur and suifinyl oxygen, the only 
available d orbital to interact with the C-0 oxygen is that lying in the 
plane perpendicular to the S-0 bond, as Shown in Figure 38. This 
conformation corresponds to the gauche (sc) arrangement of the 0-S-C-C 
fragment. 

The p-d donation from endocyclic sulfur to exocyclic phosphorus has 
been considered by Juaristi et al. (12,18,56,135) to explain the axial preference 
of the diphenylphosphinoyl group (Ph,P=O) bonded to the anomeric carbon 
atom of a 1,3-dithiane ring (e.g., in 109, Scheme 35). However, we cannot 
see any reason why p-d interaction should be (overlap) favored in the axial 
conformation to such an extent as to provide an effect of magnitude of almost 
16 kJ/mol (1 35). Moreover, the conformational preference during rotation 
about the anomeric carbon-phosphorus bond in the equatorial isomer should 
be dependent on p-d interaction in such a way as to prefer the P=O to be 
placed between two sulfur atoms, as shown in Figure 17 (rotamer anti). If 
p-d interactions were strong enough to create an anomeric effect of magnitude 
16 kJ/mol, the replacement of P=O by P=S (or P=Se) should not change 
the preferred conformation, contrary to the observation (54) (see also 
Section V.B.3). Finally, let us assume that (1) the p-d interaction involves 
n-type lone electron pair of sulfur, (2) the S-S and S-P nonbonding distances 
are equal to about 3.00 8, (1 73), and (3) the maximum radial extent of the 
phosphorous 3d orbital is 2.43 8, (288). In that case no (or negligible) 3p-3d 

C 

Figure 38. Favored conformation of 0-S-C-C-0 system for the po-ds interaction. 
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overlap is possible in 1@a, as shown in Figure 39. If one uses hybrid sp3 
orbitals of sulfur, the overlap will even be smaller. 

It  must be noted that the importance of p-d bonding with d orbitals of 
second-row atoms has been questioned on theoretical grounds (146). 

c. nc,0-3ds Interaction. Olivato et al. (289) explained the preference for 
the cis over the trans conformer of a-(alky1thio)thioacetates 138 as being 
due to the stabilizing interaction between the 7ccE0 orbital as donor and 
the 3d orbital of sulfur (SR) as an acceptor. This concept has recently been 
applied by Tschierske et al. (38) to account for the rotational preference of 
a carboethoxy group attached axially to the anomeric carbon atom of a 
1,3-oxathiane ring in 52. 

0 0 

H 

SR 

SEt SEt 

cis-138 trans-138 

d. nc - x - ~ z  =o and nc=o-nz --x Interactions. A ac-x-n&o hypercon- 
jugative interaction was suggested by Olivato et al. (290) to be responsible 
for the increasing stabilization of the gauche rotamers of 139 in going from 

o x  O H  

Ph Ph 

X-F, C1, Br, I 

cis-139 gauche-139 
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w-fluoro- to o-iodoacetophenone, since the donor ability of C-X bond 
should increase in that order (cf. the nF-nz=O interaction). However, when 
X = SEt, the stability of the gauche conformation is larger than expected on 
the basis of only the oc-s-n&o interaction. The carbonyl force constant 
is also smaller than anticipated. Thus, the operation of the second mechanism, 
namely ~ ~ = ~ - u z - ~  was suggested (290). 

It should be pointed out that Juaristi et al. (113) have questioned the 
importance of a nC ,o-a~-s stabilizing interaction associated with the 
anomeric effect of a carbonyl substituent in the 5-methyl-5-aza-l,3-dithia- 
cyclohexane ring. 

IV. CONSEQUENCES OF THE ANOMERIC EFFECT 

There are two main manifestations of the anomeric effect: concerning 
energy (Section 1V.A) and concerning structure (Section 1V.B). In this section, 
however, the energies of ground states are not considered further since they 
are an essential part of the dejinition of the anomeric effect. We shall deal 
here only with energies of transition states, in particular with transition states 
of chemical reactions (bond breaking) and transition states for rotation about 
bonds to an anomeric atom. 

A. Anomeric Etl'ect and Energy 

I .  Kinetic Anomeric Efect 

As far as chemical reactions are concerned, such consequences are reflected 
in the rate of the C-X bond breaking insofar as they depend on the con- 
formation of the R-Y-C-X moiety. A pioneering observation in this 
area is due to Eliel and Nader (291), who showed the lack of reactivity of 
equatorial 2-alkoxy- 1Z-dioxanes 14Oe toward Grignard reagents, in contrast 
to axial derivatives 140a (Scheme 37). Such striking behavior has been called 
the kinetic anomeric effect (6, 292). The kinetic anomeric effect is one of the 
most studied (174, 178, 179,293-302) and reviewed (6,7, 10, 11, 13, 180, 303) 
phenomena in organic chemistry. Its explanation in terms of the theory of 
stereoelectronic control (7) is an extension of the interpretation of the ground- 
state behavior of molecules R-Y-C-X based on the ny-oz-x negative 
hyperconjugation (see Figure 40a). Recently, this theory has been suggested 
(1  1) to be called the antiperiplanar lone-pair hypothesis (ALPH) since stereo- 
electronic control [or stereoelectronic effect (304)] is far too general a term. 
This theory predicts that C-X cleavage occurs readily only when a lone 
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140a 141a 

140e 141e 
Scheme 37 

electron pair of Y is antiperiplanar to the C-X bond being broken, as shown 
in Figure 40. 

First, however, one should provide an answer to a question: Which is the 
best way of bond breaking in such systems: homo- or heterolysis? The work 
of Irwin et al. (30) on fluoromethylamine (4) showed that the C-F bond 
stretching should lead preferably to radicals H,NCH; and F' rather than to 
the methyleneiminium cation H,NCHi and fluoride anion F-  because the 
calculated dissociation energy according to the latter, heterolytic mechanism 
is at least 380 kJ/mol larger than that according to the former, homolytic one. 
The usually observed heterolytic cleavage of the R-Y-C-X systems in a 
solution could be, in our opinion, attributed to much more effective solvation 
of ions than that of radicals. Since solvation energies are of the order of 
hundreds or thousands of kilojoules per mole, the actual preferred pathway 
of a bond breaking can be different from that calculated for gas phase 
conditions. 

The second question that might arise for the reaction in a R-Y-C- 
X-R" system is: Which bond will be broken, C-Y or C-X? If the pro- 
perties of Y and X are very different, an intuitive treatment can usually provide 
the answer, as for methoxymethanol, CH,O-CH,-CI (122), for instance. 
When X = Y, the situation is not so clear. This problem has been studied by 
McPhail et al. (302) for the acetolysis of methyl a- and j?-glucopyranosides 
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PAC -0Ac 

OMe \ 
142a 142e 

Figure 41. Preferred cleavage of C-0 bonds in 142a and 142e. 

142a and 142e, containing the R’-0-C-0-R” grouping. In contrast to  
the anticipation based on the proton affinities of endo- and exocyclic oxygens 
(see Figure 3, Section II.E), it was shown that it is the b, 142e, not the a, 142a, 
anomer in which both bonds are likely to be cleaved (Figure 41). Thus, the 
relative basicities of oxygens have nothing to do with the predominant 
pathway of the reaction, as would also, in our opinion, be expected on the 
basis of the Curtin-Hammett principle (305), assuming rapid and reversible 
formation of appropriate protonated species. According to this principle, the 
relative amounts of products are completely independent of the relative 
populations of intermediates (protonated pyranosides) and depend only upon 
the difference in free energy of the respective transition states (for C-0’ 
bond breaking). This cannot be related in any straightforward manner to 
oxygen basicities. 

The third question is: How is one to account for a substantial rate of 
heterolysis of a C-X bond in R-Y-C-X systems that do not possess any 
lone pair being antiperiplanar to this bond (e.g., in the ap conformer)? At first 
sight this behavior could be regarded as an evidence against the antiperiplanar 
lone-pair hypothesis. An explanation presented by Deslongchamps (7d) is as 
follows: Let us assume that 143A, B, C, D, and E (Figure 42) are chemical 
species involved in the transformations pictured (143A and 143D may be 
epimers). Compounds 143A and 143C contain lone pairs antiperiplanar to the 
C-X bond whereas 143D does not. The theory of stereoelectronic control 
implies that the activation energy for the heterolysis of the C-X bond in 
143D, AEgTE, is much greater than that for compound 143A, AEi-B. 
Therefore the 143D + 143E reaction should not occur to a noticeable extent. 
If it occurs, such a situation can be attributed (7d) to a conformational 
flexibility of 143D which enables the R-Y-C-X system to acquire a lone 
pair on Y antiperiplanar to the C-X bond by transformation to the higher 
energy conformation 143C, provided AEg-c << AE;+ to fulfill the require- 
ments of the Curtin-Hammett principle (305). For instance (7d), if 143A and 
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-X - X  -X 

+X +X +X 
143A 7 143B 143C 7 143D 1 143E 

143A 143B 143C 143D 143E 

Figure 42. Transformations of chemical species 143A. 9, C, D, and E (see text). 

143D are a- and j-anomers of aryl glycosides (Y = 0, X = Ar) existing in chair 
forms, conformation 143C may correspond to the relevant twist-boat confor- 
mation with a lone pair of the ring oxygen antiperiplanar to the pseudoaxial 
X group. Moreover, if the appropriate transition states for transformations 
143A + 143B and 143C + 143B are late, they become close in energy and the 
relative reactivity of 143A and 143D is determined solely by a difference in 
their ground-state energies (179). 

Though the stabilizing role of the lone electron pair of the oxygen atom 
(Figure 42; Y = 0) on the resulting cationic intermediate 143B (see also 
Figure 4Oc) has been supported both by experiment (306) and by calculation 
(307), the treatment of the ALPH as a dogma has been criticized from various 
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standpoints that emphasize the importance of least motion effects (1 1, 174) 
or destabilizing interactions (14). Recently, Ratcliffe et al. (308) proposed 
that the hydrolysis (or formation) of glycosides could take place in some 
cases by a synperiplanar rather than an antiperiplanar lone-pair pathway 
(vide infra). There is also a debate concerning the position of positively charged 
substituents X (e.g., OHR + in the acid hydrolysis of glycosides) in reactive 
species prior to the heterolysis of the C-OHR+ bond. In the opinion of 
Sinnott ( l l) ,  due to the operation of the reverse anomeric effect, such 
substituents must acquire equatorial or pseudoequatorial position prior to 
the cleavage of the C-X bond. 

Recently, Caserio et al. (301) found almost equal rates of formation of the 
cis-4,6-dimethyl- 1,3-dithian-2-yl cation (144) from the appropriate 2-methyl- 
thio derivatives 145a and 14% under FT-ICR conditions in the gas phase 
(Scheme 38). However, since phenomena occurring in gas phase and in liquid 
can differ markedly (309), the problem of applicability of the ALPH, when 
second-row atoms are involved in a reaction in solution, remained unresolved. 
In the course of our studies on the S-C-P system we found (310) that 
both the C- P bond breaking in 2-methylthiophosphonio-1,3-dithianes 85 
(R’ = SMe, R2, R3 = Ph; Scheme 39) and formation of 2-phosphonio-1,3- 
dithianes 85 (R’, RZ, R3 = Ph, Me, SMe) (from phosphine 146 and cation 147) 
in solution do not fulfill the requirements of the ALPH. In particular, the 
results mitigate against the participation of higher energy intermediates 148 
and 149 when the C-P bond in 8% is formed or cleaved. In our opinion the 
processes shown in Scheme 39 are controlled by several factors, which as a 
whole are responsible for the stereoelectronic control of the C-P bond 
breaking and formation. 

/ *  - RSHe -/ = 

145a 144 
Scheme 38 

145e 

85a 146 147 

Scheme 39 

85e 



286 ANOMERIC EFFECT: ORIGIN AND CONSEQUENCES 

3 / tBu- .. 

148 149 

a. ny-aE -x Negative Hyperconjugation and Conformational Adjustment. 
This hyperconjugative interaction (Y = S, X = P), according to the ALPH, 
is operative only for derivatives with axial (or pseudoaxial) C-P bonds (e.g., 
143A and 143C in Figure42). While this may be true for ground-state 
phenomena, the situation on going to a transition state could, in our opinion, 
be quite different. Figure 43 shows possible steps during a heterolysis of the 
equatorial C-P bond in 85e. With the lengthening of this bond, the C(2) 
atom becomes more and more planar (on going from a to e), and the ns-a,ZPp 
hyperconjugative stabilization increases [note that the hyperconjugation 
intervenes significantly only after the C- P bond has been deformed beyond 
its “elastic limit”( 15)]. Finally, when phosphorus is far enough away, the 
orbital is transformed into an empty K orbital of sp2 carbon, which is situated 
adequately to overlap with the lone electron pair(s) of the endocyclic sulfur 
atom($. This process, during which the H(2) hydrogen and nuclei of the 
S-C-S part of the ring change their respective position on going to the 
transition state, is called conformational adjustment. However, while confor- 
mational changes are accompanied by crossing of an energetic barrier, this 
process is similar to the vibrational movement of a ring and responds to 
monotonic movement through a potential energy surface toward the transition 
state. An analogous structural adjustment (in the reverse direction) has been 
considered (31 1,312)for the equatorial attack of a nucleophile at 3-substituted 
cyclohexanones 150, as shown in Scheme 40. 

Y ’  
150 

Scheme 40 
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Late transition states are accompanied by significant secondary H/D 
isotope effects (293). This seems also to be the case for the heterolysis of the 
C(2)-P bond in 151a and 151e where H/D isotope effects are equal to 1.14 
and 1.29, respectively (313). Hence, if situation e (Figure 43) corresponds to a 
transition state for M e ,  it will be stabilized in the same way as during the 
heterolysis of the axial C-P bond in 151a. If both transition states were of 
the same energy, the difference in the rate of the heterolysis would arise from 
the difference in ground-state energies of the isomers [this conclusion is 
identical to that presented by Deslongchamps et al. (1 79), vide supra]. 

+ 
MeSPPh2 

I 

SMe 

l5la 151e 

Analogous treatment of C-P bond formation, according to the principle 
of microscopic reversibility, shows that both isomers of 151, when formed 
in comparable amounts, can arise from chairlike transition states. 

The idea of conformational adjustment is strongly supported by an ab 
initio study (165) of the transition state in hydrolysis of the equatorial 
2-methoxytetrahydropyran (39e) (Scheme 25). Andrews et al. (165) found 
that on going to the transition state the conformation of the possible reactive 
intermediates (derived from the protonated 2-methoxytetrahydropyran 81e, 
Scheme 25) undergoes a change analogous to that shown in Figure 43. In 
particular, the C-OMe bond breaking occurs concurrently with ring 
flattening (165). The appropriate transition state for the protonated /?-glycoside 
81e was found to be 4E-endo sofa, which is close to the transition state e 
(Figure 43).+ Hence, this process is always fast enough to follow the heterolysis 
of a bond. The influence of the conformational adjustment on the energy of 
a transition state is therefore dependent on its character and increases for 
systems where it is late. This would account for the observed (1 1) inapplicability 
of the ALPH for such systems. Moreover, it fits the observations of Kirby's 
group, who in a series of excellent studies (293-296) showed that the degree 

'In contrast to what has been proposed by Sinnott ( I l ) ,  this ab initio study has shown the 
absence of the reverse anomeric effect in 81 (see Section 11.1). Therefore, a-glycosides on 
protonation need not change their conformation toward the twist-boat to place the alkyloxonium 
group OHR+ in the pseudoequatorial position prior to a heterolysis of the C(2)-OHMe+ bond. 
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of "stereoelectronic control" decreases with later occurrence of the transition 
state. The importance of the lateness of the transition state for the stereochemi- 
cal outcome of a reaction was also appreciated by Deslongchamps's group 
(179, 180). Nevertheless, they still maintain the existence of boat-type com- 
pounds as the reactive intermediates during hydrolysis of various P-glycosides. 

The problem of participation of higher energy reactive conformers is not 
limited to derivatives of heteroanes. In particular, heterolytic cleavage of the 
C-OX (X = alkyl, acyl) bond in 1-arylethanol derivatives 152 (Scheme 41) 
to produce a cation 153 could serve as a good example. As was shown by 
Kirby's group (314), this heterolysis must be accompanied by an increase in 
the stabilizing n - ~ , * ~ , ,  interaction which may occur independently (Scheme 
41 and Figure 44, pathway b) or may be coupled with the conformational 
change 152a+152b (Scheme 41 and Figure 44, pathway a). The coupled 
process, corresponding to the above-mentioned conformational adjustment, 
was assumed by the authors to be precluded by the much shorter time scale 
of a vibration (which leads to the bond breaking) compared with a rotation 
about the Ar-C bond (314). However, it seems to us that the rate of rotation 
about the Ar-C bond has nothing to do with the process Q discussed by the 
authors. Obviously, the rate of rotation is related to a particular energetic 
barrier that is due to the eclipsing interactions of H and CH, with the phenyl 
ring (see Figure 44b, transition state TS). It is clear that on going from 152a to 

gfox -0x- &" 
\ 

Y Y 

152 153 

" a " 

H 
0 ox 

'CH, 

152a 152b 

Scheme 41 

153 
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153 via pathway a such interactions are avoided, and if they do appear, they 
appear in the final product, that is, 153. This is in contrast to pathway b, where 
the benzylic hydrogen atom must first experience much stronger eclipsing 
interactions in the TS of going to 152b. The movement of substituents 
connected with the benzylic carbon atom during process a is, therefore, best 
considered in terms of vibrations within the -CH(CH,)OX fragment. It must 
be added that X-ray data on various compounds 152 unequivocally showed 
(314) a linear decrease of dihedral angle 0 (see Scheme 41) with increase in 
the C-OX bond length. This may suggest monotonic increase of X-O,??~~ 
interaction on going from 152a to the transition state TS(a) (Figure 44a). 

Now, consider in detail the appropriate reaction coordinates and con- 
formational changes corresponding to pathways a and b, which are shown in 
Figure 44. Of course, the relative contribution of both pathways a and b 
depends on the relation between free energies G20 and G,, of transition states 
TS(a) and TS(b), respectively [Curtin-Hammett principle (305)]. If transition 
state TS(a) is early, its energy G2. must be higher than G4, owing to large 
0 and inefficient 7c--0,?!~~ interaction.? In this case, and in the absence of 
other factors which might increase the energy of transition state TS(b), the 
reaction will proceed via pathway b. But if the transition states become later, 
they become similar and their energies Gza and G4, approach each other. 
According to the Curtin-Hammett principle (305), pathway b no longer 
predominates. The reaction will proceed mainly via pathway a, which 
represents the lowest lying way on the free energy surface (there is no need to 
cross the transition state TS!). In addition, since the free energy G l b  of 152b is 
larger than that of 152a, Go,  the transition state TS(b) should be, according 
to Hammond’s postulate, somewhat earlier than TS(a). Therefore, the transi- 
tion state TS(a) could be stabilized hyperconjugatively even better than TS(b), 
provided there are no overlap restrictions (i.e. 0 z 0, Scheme 41; both transi- 
tion states are late enough). Moreover, if transition state TS(b) were strongly 
destabilized due to steric reasons (as is, e.g., a boat conformation), the preference 
for pathway a might be even much greater. In our opinion, the involvement 
of two possible pathways-the first with conformational adjustment and the 
second via higher energy intermediates-must always be taken into account. 
So far, nobody has considered such a possibility. 

The idea of conformational adjustment might explain the observed lack 
of stereoselectivity for the C(2)-0R bond breaking in orthoesters 140 in 
the gas phase (309) [in a solution the axial bond is much more easily cleaved 

‘Since the importance of entropic factors in the kinetics of reactions controlled by stereo- 
electronic interactions discussed in this chapter is well recognized now (6h, 10,11,315a), the 
influence of these interactions on the rates should preferably be discussed in terms of enthalpies 
of activation (cf. Section 1I.F). This seems to be especially important when stereoelectronic 
effects are deduced from rates of reactions of nonisomeric compounds. 
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than the equatorial one (7e)l. In contrast to the situation in solution, both 
the substrate (large ion) and the products (neutral molecule and ion) resulting 
from the heterolysis are not solvated. The lack of solvation results in a much 
higher increase in energy of the products (which are smaller species) than of 
the substrate. According to Hammond’s postulate, this would result in a much 
later transition state in the gas phase, much more effective conformational 
adjustment, and the disappearance of the stereoselectivity implied by ALPH. 
By the same token, solvent dependence of the reactions of cyclic orthoesters 
(3 15b) could be explained. 

In the course of their studies on oxidative hydrolysis of conformationally 
restrained glycosides Ratcliffe et al. (308) found a similar rate of hydrolysis 
for a- and p-anomers. They concluded (308) that protonated b-anomers can 
react via half-chair (or sofa) conformers with synperiplanar arrangement of 
the endocyclic oxygen lone electron pair and antibonding a,?po orbital, 
as shown in Figure 45. In our opinion, the assumed relative arrangement of 
oxygen lone-pair and antibonding orbital before the reaction has nothing to 
do with the energy of the respective transition state, since the geometry of 
a molecule may change on going from the reactive ground state to the 
transition state. The results of Ratcliffe et al. (308) can be satisfactorily 
explained on the basis of conformational adjustment, which may easily occur 
in their system. Of course, the reasonable assumption of a late occurrence 
of the transition state is necessary. 

The possibility of conformational adjustment, though recognized by others 
(10, 13, 174, 293, 314, 316), has not been accepted so far. In particular, this 
possibility was studied by Kirby’s group (293-296) based on a solvolysis of 
some acetals containing aryloxy groups linked to the anomeric carbon atom. 
In our opinion, their studies provide no unequivocal evidence to reject (with 
one exception, vide infra ) the possibility of conformational adjustment. They 
strongly support the dependence of the degree of “stereoelectronic control” 
on the character of the transition state (293). The very small difference (by 
a factor of ca. 4.2) between the rate of spontaneous hydrolysis of two 
dinitrophenyltetrahydropyranyl acetals 156 and 157, with the leaving group 
in 157 fixed equatorially by the trans ring junction (294), is not consistent 

156 157 158 
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with the ALPH (the rate-determining steps for 156 and 157 must be the same 
as shown by a very similar deuterium solvent isotope effect). The possibility 
of conformational adjustment was indeed excluded by Kirby et al. (296) in 
bicyclic acetal 158. However, this system was designed especially for this 
purpose, and the structural restrictions in 158 are not valid in other acetals 
studied by them. 

The question of applicability of the ALPH discussed above is the problem 
of the relative magnitude of hyperconjugative and destabilizing interactions 
in appropriate transition states and the character of the latter. 

b. ~c(z)-Y-%(2)--x * and %(2)-x-~c(2)-Y * Hyperconjugations. As shown 
in Section 1V.A. l.a, the importance of the ny-o:-X negative hyperconjuga- 
tion for the stabilization of the relevant transition state (Figure 40b) is well 
accepted now. However, it is, in our opinion, of considerable concern that 
the donor abilities of o orbitals of R-Y and C-X bonds (Figure40) in 

former of the R-Y-C-X system are usually overlooked, despite theoretical 
(317-319), spectroscopic (320) (for Y = S), and X-ray crystallographic [for 
Y = 0 (318, 321) and Si (318, 322)] support. While these donor abilities are 
of relatively small importance for first-row Y (e.g., Y = 0), their role for second- 
row atoms is much greater. In 1987 Anet and Kopelevich (323) showed, for 
example, that the stretching frequencies of axial and equatorial C(2)-D 
bonds in a 1,3-dithiane ring are equal and that there is no isotope effect on 
the corresponding conformational equilibrium. Recent ab initio studies by 
Wolfe and Kim (324) on CH,(XH), (X = 0, S) systems revealed the main 
factors responsible for such behavior, with the hyperconjugation involving 
c ~ - ~  orbitals as donors as one of them [the oSPH orbitals in CH,(XH), 
correspond to the oc(4,6)--s orbitals in 1,3-dithiane; see also Section 1V.B.3~1. 

Hence, if the donor abilities of the oc(4.6)-s orbitals in 1,3-dithiane can 
influence its ground-state energy, it seems quite possible that they may influence 
the energy of 2-P-substituted 1,3-dithiane derivatives during the heterolysis 

oR-y-oC-x * and oc-x-o~-Y hyperconjugation, respectively, in the ap con- 

of the equatorial C(2)-P bond. It is probable that the a,~4,,,-s-oc(z,-p * 

159 
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interaction facilitates only initial heterolysis of the C(2)-P bond prior 
to the subsequent effective conformational adjustment. Indeed, Meyer and 
Martin (325) showed an important fractional contribution of the resonance 
stabilization by an a-heteroatomic substituent X of the resulting bridgehead 
cation resulting from the solvolysis of bicyclic chlorides 159. Nevertheless, the 
overall rate of solvolysis was shown (326) to decrease in the series X = NMe, 
CH,, 0, S. 

c. Overlap Repulsion. It must be noted that the importance of hypercon- 
jugative interactions for ground-state behavior of molecules is not universally 
accepted (see Section III.B.4). In the opinion of Box (8, 14-16) and TvaroSka 
and Bleha (13) a source of ground-state preferences can rather be found in 
destabilizing interactions in up conformations of C-0-C-0 systems 
(rabbit ear effect, see Section III.B.4). Hence, if such interactions exist and if 
they can decrease in the transition state, they could influence the stereo- 
chemical course of a reaction. This suggestion is strongly supported by the 
results of the kinetically controlled reaction between 2-chloro-1,3-dithianes 
160 and phosphines 146 (Scheme 42), which occurs according to an S,1 
mechanism (8, 310,327, 328). For compound 160 (R= 5-tBu or cis-4,6-Me2), 
if R '  = R 2  = Me and R3 = Ph both diastereomers, 85a and 85e, are formed in 
almost equal amounts (54, 310). With an increase in the number of phenyl 
rings the amount of isomer containing an axial C-P bond increases up to 
90% (54,98). This result might be attributed to, among other factors, repulsive 
interactions between lone electron pairs ns of endocyclic sulfur atoms and TC 
electrons of phenyl ring(s) as well as the lone electron pair on phosphorus, 
which can destabilize the equatorial approach of a phosphine molecule (see 
Figure 46). This is why a large molecule such as Ph,P prefers axial attack. 
Interestingly, the largest preference for axial approach is observed (54, 310) 
for Ph,PSMe (93:7). It has been argued (uide supra) that, in the sense of C-P 
bond breaking, the appropriate transition state is late. Hence, ALPH cannot 
be expected to account for the observed stereoselectivity. On the other hand, 
the interactions discussed now constitute a very good explanation, with lone 
electron pairs on the MeS sulfur (Figure 46, X = S) being involved in 
repulsions with lone electron pairs of endocyclic sulfur atoms of the 1,3- 
dithianyl cation 147. 

160 146 85 
Scheme 42 
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146 

H 

mP 00 "x 

Figure 46. Repulsive interactions during equatorial approach of a phosphine 146 (X = C, S) 
to 1.3-dithianyl cation 147. 

2. Anomeric Effect and Rotational Barriers 

As expected on the basis of a PMO/NBO approach (Sections III.B.4 and 
III.B.5) to conformational equilibria in R -Y -C-X systems, hyperconju- 
gative interactions are accompanied by a strengthening of the donor-anome- 
ric carbon bond. Deslongchamps and Taillefer (329) were the first to suggest 
that this should result in an increase in the barrier for rotation about the Y-C 
bond. At the same time, if the C-X bond is weakened, the relevant barrier 
for rotation about C-X will be lowered. 

The latter hypothesis seems to be supported by reduced barriers to rotation 
about the C-N bonds in axial N-glycosides (330). The former postulate, 
however, is still a matter of controversy. Borgen and Dale (331) found that 
1,3,7,9-tetraoxacyclododecane (161) has a much higher conformational barrier 
(46 kJ/mol) than comparable 12-membered rings such as cyclododecane 
(30 kJ/mol) (332) and 1,4,7,10-tetraoxacyclododecane (162,23 and 28 kJ/mol) 
(333). On the other hand, Perrin and Nuiiez (191), basing themselves on the 
value of AGZ = 36.3 kJ/mol for ring inversion of 2,2-dimethoxyoxane (98), 
concluded that theanomeric effect does not raise but rather reduces the barrier 
to conformational change. Their argumentation was based on higher AG# 
values for cyclohexane (43.9 kJ/mol), oxane (70, tetrahydropyran, 43.1 kJ/mol), 
and 1,l-dimethoxycyclohexane (163, 45.2 kJ/mol) and a similar low one 
for 2,2-dimethoxy-5,5-dimethyl- 1,3-dioxane (164, 36 kJ/mol). Such reasoning, 
though seductive, would seem to be misleading from a methodological point 
of view. Even if no anomeric effect operated in 98, AG# for cyclohexane, 70, 
and 163 would be larger than that for 98 because of smaller ground-state 
compression (40). In particular, the decrease in AGZ on going from 163 to 98 
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is expected as a result of the increase of the H-OMe 1,3-diaxial repulsions 
resulting from shorter C-0-C as compared to C-C-C bond distances. 

In our opinion, the best way to probe the influence of the anomeric effect 
on AG* in 98 would be to estimate a magnitude of the expected AG:xpd in 
the absence of the anomeric effect and after correction for the ground-state 
compression effect. Let us examine AG’ for 165 and 166, which can serve 
as reference systems, using modified Franck methodology (see Section 1I.C). 
First, the role of F in Eq. [3] (C = 0) will be played by a factor x = AGr66/AGr65 
that will approximately correspond to a degree of decrease of AG* (owing to 
the ground-state compression effect) on going from cyclohexane to tetrahy- 
dropyran rings substituted by two methyl groups and in the absence of the 
anomeric effect. Since the endo anomeric effect is not present in 163 
(cyclohexane analogue of 98), the expected inversion barrier in the absence of 
the anomeric effect in 98, AGZp, will be given by 

AGZp = AGr6, x x 

It should be noted that the factor x was based on dimethyl derivatives of 
cyclohexane and tetrahydropyran. As discussed for factor F ,  in Section II.C, 
x (like FG)  probably depends on the size of the substituent. Therefore, as 
shown in Section II.C, an adequate x for the OMe group can be found by 
a linear interpolation of x values found for H (unsubstituted cyclohexane 
and tetrahydropyran) and CH, (165 and 166) and assuming that the OMe 
group is of intermediate “size” (measured as AG;, Eq. [l]) between that of 
H and CH,. 

Nevertheless, the ground-state compression effect has been rejected by 
Ouedraogo and Lessard (76), who argued that the introduction of an oxy- 
genated substituent in a cyclohexane ring has virtually no effect on the ring 
inversion barrier. Based on lower barriers to ring inversion in various 
2-oxytetrahydropyrans (e.g., in 25,26, and 28, Table 3) than in unsubstituted 
tetrahydropyran 70 they concluded that the anomeric effect does lower the 
barrier to ring inversion of a tetrahydropyran ring. They rationalized their 
finding as being due to exo anomeric interactions, which can be maintained 
throughout the inversion process and thus impart some sp2 character to the 
anomeric carbon atom. The barrier is low since methylenecyclohexane, which 
has one sp2 carbon, has a lower inversion barrier than cyclohexane (76). 
However, in our opinion, the lack of a significant ground-state compression 
effect in cyclohexanes does not exclude such an effect in tetrahydropyran 
derivatives since the latter, due to shorter C-0-C versus C-C-C bonds, 
should be much more sensitive to steric interactions exerted by a substituent. 
(The question arises why the changes in the ring inversion barrier on going 
from tetrahydropyran to 2methyltetrahydropyran were not taken into 
account). Moreover, we consider their explanation of the low inversion 
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barriers on the basis of sp2 hybridization of the anomeric carbon as 
unconvincing. 

The connection between anomeric effect and rotational barrier was found 
by Reed and Schleyer (146) for FSNH, (133) by an NBO approach. They 
studied the rotation around an N-S bond assuming rigid rotation and 
planarity of the SNH, fragment to avoid complications due to pyramidaliza- 
tion at nitrogen. The rigid rotation barrier AE was decomposed into two 
components: a change in energy of Lewis structure, AEL, and a contribution 
AED from delocalization into appropriate antibonding orbitals (cf. Section 
III.B.5). The contributions of AEL and AE, to the rigid internal rotation 
barrier of the planar SNH, structure were found to be AEL = - 8.4 kJ/mol 
and AED = 138 kJ/mol. Therefore, the rotational barrier in 133 is due nearly 
entirely to the delocalization energy component AE,,. The largest contribution 
to AED comes from the nN-o:--F interaction (100 kJ/mol), although other 
hyperconjugative interactions are also significant. 

Considerably higher values (by more than 10kJ/mol) of the rotational 
barriers for heteroatom derivatives of methanol, HCH,-OX (X = F, C1, 
0-, OH, and OH;), than for methanol itself were rationalized by Wu and 
Houk (334) in terms of the ocpH-o(:px hyperconjugation and 7c-type orbital 
interactions between 7cEH3 and noPx orbitals. Brunck and Weinhold (280) 
showed by semiempirical calculations that removal of the antibonding orbitals 
in FCH,NH,, FNHNH,, and FONH, (which removal prevents hyper- 
conjugation from occurring) resulted in almost complete disappearance of 
their internal rotation barriers. These findings additionally support the original 
suggestion by Deslongchamps and Taillefer (329) of the increase in rotational 
barrier for rotation around the Y-C bond in the R-Y-C-X system, as 
stemming from the ny-o,?-x hyperconjugative interaction. 

B. Anomeric Effect and Structure 

As one might expect, the anomeric effect may be accompanied by changes 
of structural parameters such as bond lengths, angles, electron density, and 
resultant spectral parameters. Such changes are thought to be connected 
with the origin of the anomeric effect, but as will be shown, this point of 
view may sometimes be erroneous. For example, it is often difficult to separate, 
at first sight, the purely inductive effects of electronegative Y and X ligands 
in the R-Y-C-X system from effects arising from an interaction between 
Y and X. 

1 .  Bond Lengths and Angles 

Let us first consider selected bond lengths and angles, found experimentally 
and calculated, for molecules exhibiting anomeric effects. They are shown in 
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Figures 47 and 48.+ It is clear that in the sc, scconformer ofdimethoxymethane 
(DMM, 11) the C(2)-0 bond is much shorter (1.382A) than CH,-0 
(1.432 A). Ab initio high-level calculations (57) agree with this difference; 
however, the calculated CH3- 0 bond length (1.4012 A) is shorter than that 
found experimentally since ab initio geometry represents a minimum energy 
structure and fails to account for anharmonicity at the zero-point energy 
level (57). The calculated changes that occur during rotation about the 
C(2)-0 bond starting from the sc, sc conformation are remarkable. While 
the C(2)-O(1) bond undergoes considerable shortening (by 0.0139 A) in 
the up, sc conformation, the C(2)-0(3) antiperiplanar bond is longer (by 
0.0056 A) than C(2)-0(3) in the sc, sc conformer. In going from the up, sc to 
the -sc, +sc conformation the C(2)-0(3) bond again becomes short 
(1.3849 A), but not as short as it is in the sc, sc form. When both torsion angles 
refer to the antiperiplanar arrangement, both CH,-0 bonds are very short 
(1.3755 A). 

More remarkable data are provided by cis- and trans-2,3-dichloro- 1,4- 
dioxanes (167 and 168, respectively; Figure 48). The axial C(2)-C1 bond in 
167 is longer by 0.038 8, than the equatorial one. On the other hand, O(l)-C(2) 
is much shorter (by 0.031 A) than 0(4)-C(3). If both C-Cl bonds are axial, 
as in 168, they are longer and the corresponding 0-CH bonds are shorter 
compared to C(3)-C1 and 0(4)-C(3), respectively in 167. 

Though ab initio MO calculations (57, 70,90, 143-145, 153, 235,238,244, 
260,264) seem to reproduce bond length and angle changes rather well, the 
rationalization has been provided by PMO theory. Let us consider fluoro- 
methanol (121) (Figure 32) as an example. In the sc conformation the only 
significant interaction is d (0-a*). Such interaction leads to an increase of 
the 0-C bond order since the n, oxygen lone pair is involved in bonding, 
and it results in the shortening of the 0-C bond. On the other hand, the 
C-F bond is weakened and lengthened due to partial transfer of oxygen 
n, electrons into an antibonding C T Z - ~  orbital. This is just the trend observed 
for the synclinal arrangement of C-0-C-CI in 167 and 168 where axial 
C-Cl bonds are much longer than C-CI in chloroalkanes [1.79A (188)]. 
If the antiperiplanar arrangement of H-0-CH,-F is considered, one 
must take into account weaker interaction b (n-n*) and to some extent c. 
This is why the C-0 bond is also shortened, but to a much smaller degree 
than in the sc form. Therefore, one should expect the C-0 bond to lengthen 
on going from the sc to the up conformation, but C-0 in up should still 
be shorter than in simple ethers. Indeed, it is observed in 167 that the 
C(3)-0(4) is longer than the C(2)-O( 1) bond and C(3)-O(4) is shorter 
than C(4)-O(5). 

'In order to avoid confusion when bond lengths and angles are displayed or discussed 
simultaneously, the angstrom will be used instead of the picometer ( 1  A = 100pm). 
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The changes in the dimethoxymethane molecule are consistent with the 
participation of n-a* and n-x* hyperconjugative interactions. In the sc, sc 
conformation two n-g* interactions are present and there is a “competition” 
between them (see Section 1I.E). Thus, if one n-a* interaction is removed in 
the up, sc conformation, the second n-a* interaction becomes stronger. 
Therefore the O( 1)-C(2) bond becomes shorter than in the sc, sc form. The 
C(2)-O(3) bond would be short in up,sc due to the n-n* interaction, but 
it is also involved in a n-a* interaction as an acceptor bond. Since the latter 
interaction prevails, the bond is longer than in the sc, sc and up, u p  
conformations. In the up, up form no n-a* interaction occurs, and both 
bonds are short owing to n-n* interactions. One might ask: Why do C - 0  
bonds tend to be always shorter in contrast to C-Cl bonds, which become 
longer? The answer lies in the relative donor and acceptor abilities. Since C1 
is a good acceptor and a bad donor, it exhibits mainly properties connected 
with rendering the a&, orbital accessible. Oxygen, in contrast, is both a 
good donor and a good acceptor, and therefore both interactions must be 
taken into account. The result, then, is the tendency of C - 0  bonds to be 
shortened. 

Bond length changes in dimethoxymethane are accompanied by 0-C-0 
angle variation. This angle is largest in +sc, -sc  and decreases on going 
to sc, sc, up, sc, and ap, up conformations. Whereas the concept of double 
bond-no bond resonance can account for an opening of the Y-C-X angle 
(cf. Figures 14 and 25b; the Y-C-X carbon is of partial sp2 character), it 
completely fails to explain the less than tetrahedral (109.38’) 0-C-0  angle 
(106.60”) in the up, up conformation of dimethoxymethane. The rationalization 
here was provided by Gorenstein and Kar (336) (Figure 49). They suggested 
that in the sc conformation two repulsive interactions (H-Me and Me-Me) 

OMe 

11( sc)  Il(ap) 

Figure 49. 
(336). 

Repulsive interactions in dimethoxymethane (11) according to Gorenstein and Kar 
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Figure 50. Secondary overlap in orbital interactions in R-Y-CH,-X. 

tend to open up the 0-C-0 angle whereas in the up form two others (H-Me 
and Me-H) conspire to reduce it. An explanation on the basis of PMO theory 
was given by Pinto et al. (153) for the R-Y-CH,-X system. The 
appropriate secondary interactions are pictured in Figure 50 (cf. Figure 32; 
OH = YR, F = X, relevant interactions: nn-nE-F in the ap conformation, 
nn-uz-F in the sc conformation of RYCH,X). Interactions 1 and 2 in the 
up conformation are repulsive since secondary overlap occurs out of phase. 
Let us assume the CH,X group to be rigid. Since the hydrogen atoms of 
K&, have larger coefficients than X, interactions 1 are more repulsive than 
2. The R-Y-C angle increases while Y-C-X decreases. 

In the og conformation there is competition between repulsive secondary 
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overlaps 3 and 4, but now 4 is more repulsive than 3. This results in an 
increase in the Y-C-X angle from the idealized tetrahedral one. It would 
seem then that this increase is steric in nature. This point of view has been 
a matter of controversy. Norskov-Lauritsen and Allinger (21 l), in their 
parametrization of MM2 for the anomeric effect, attributed the dependence 
of the Y-C-X angle on the conformation of a R-Y-C-X system to van 
der Waals repulsions, which implies a steric effect. Similarly, in Wiberg and 
Murcko's (57) opinion the changes in bond angles in dimethoxymethane are 
in large measure due to steric interactions; however, Salzner and Schleyer 
(148), basing themselves on NBO analysis, have attributed the Se-C-Se angle 
widening in methanediselenol (130) to a 3p-a,*,-, hyperconjugative inter- 
action. 

Considerable effort has been devoted to the application of experimentally 
found geometric changes to the probing of anomeric effects, especially in 
0-C-0 systems (60,69,88,89, 153, 192,214,238,257,260,321). In order 
to find regularities in the structure of C-0-C-0-C segments, large 
sets of crystallographic data were scrutinized statistically (60,69,88,89,257). 
The most exhaustive studies, based on 546 and 529 COCOC molecular 
fragments, are due to Cosse-Barbi and Dubois (60) and Schleifer et al. (88), 
respectively. Selected data from these papers are collected in Table 15. Indeed, 
in the up, sc arrangement of the O(l)-C(2)-0(3) fragment, the length of 
the O(1)-C(2) bond is greater than that of C(2)-O(3). Moreover, the 
O( 1)-C(2) bond in up, sc seems to be longer than in the sc, sc conformation, 
while C(2)-0(3) in up, sc is shorter than the relevant bond in the sc, sc 
conformation, in good agreement with the trend presented for dimethoxy- 
methane (vide supra). Nevertheless, the shortest C(2)-O( 1) and C(2)-O(3) 
bonds do not seem to appear in the up, up conformation, in contrast to the 
situation in dimethoxymethane. 

Cosse-Barbi and Dubois (60) pointed out that the central angle, 
O( 1)-C(2)-0(3), appears particularly sensitive to conformational variation. 
On going from the sc, sc to the up, up conformation, one observes a significant 
(about 12") decrease of this angle, in rather good agreement with the reduction 
computed (57) for dimethoxymethane (8"). 

While the torsion angle C-O( l)-C(2)-0(3), which relates to the endo 
anomeric effect, is predicated by the rigidity of the chair, the exo torsional 
angle, O( l)-C(2)-0(3)-C, can assume almost any value (neglecting steric 
effects). According to the structure correlation method (87), the mean exo 
torsional angles found for five- and six-membered rings (77" and 72", respec- 
tively) may be treated as equilibrium values, and hence they have been 
attributed to the nonequivalence of oxygen lone electron pairs (60, 69, 89, 
257). Such torsion angles for the endo arrangement can be accommodated 
more easily in the (flexible) five-membered rings. This is why the endo 
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TABLE 15 
Selected Bond Lengths and Angles for C-0-C-0-C Systems' 

Average Bond Length 
(4 

Angle OCO 
Conformationb O( 1)-C(2) C(2)-0(3) (degrees) Reference 

sc, SCCJ 1.405 1.405 112.5 60 
sc, scdJ 1.420 1.420 11 1.5 60 
sc, sce4 1.416 1.41 1 111.4 60 
sc, sce*h 1.418 1.408 111.0 60 
sc, sc9 1.416 1.405 112.0 88 
ap, S C ~ . ~  1.423 1.394 107.4 60 
ap, scc'g 1.404 1.394 107.0 60 
ap, -scg 1.425 1.389 107.6 88 
ap, apcJ 1.421 1.421 100.6 60 
aP, ap" 1.404 1.409 105.2 88 
+sc, -sceJ - 107.2 60 
+ sc, - scc*h 1.444 1.392 109.9 60 
+sc, -scg 1.42 I 1.416 108.5 88 

- 

"From refs. 60 and 88. 
'Given in the order: torsional angle about O(I)-C(2) (endo) and C(2)-0(3) (exo) bonds, 
respectively. 
'C(2) quaternary. 
dC(2) secondary. 
'C(2) tertiary. 
lAcyclic structure. 
BSix-membered ring. 
hFive-membered ring. 

anomeric effect in furanoses is stronger than in pyranoses (69, 257) (see 
Figure 4) and the equatorial position of the OR group in pyranose rings is 
statistically avoided (60). 

The changes in bond lengths here presented are qualitatively consistent 
with a hyperconjugative explanation of the origin of the anomeric effect. This 
point of view has been strongly supported by the work of Briggs et al. (321) 
concerning the dependence of bond lengths in acetals and glucosides (96) 
(Figure 13) on the pK, of the alcohol (ROH) corresponding to the exocyclic 
RO ligand. They found significant increases of axial exocyclic C(2)-0R and 
decreases of endocyclic O( 1)-C(2) bond lengths with increasing acidity of 
ROH. Strongly electron-withdrawing OR groups should be weak donors in 
exo but good acceptors in endo negative hyperconjugation and thus lower the 
energy of the r ~ z - - , ~  orbital. This results in enhanced shortening of O( 1)-C(2) 
and lengthening of C(2)-0R due to the stronger endo negative hyperconjuga- 
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tion. In equatorially substituted derivatives much less pronounced changes 
were observed. However, as in axial compounds, more electron-withdrawing 
OR groups are associated with longer exocyclic C(2)-0R bonds and shorter 
endocyclic O( 1)-C(2) bonds. Though electron donation by endocyclic oxygen 
is prevented, Briggs et al. (321) attributed the above changes to hyperconjuga- 
tion involving an electron-donating oc ,, bonding orbital antiperiplanar 
to the C(2)-OR bond. 

Krol et al. (72) studied the ab initio geometry of cation 88 (Figure 51). It 
is clearly seen that the CH,-0 bond undergoes shortening by 0.021 1 A 
and the 0 - N  bond lengthening by 0.0426A on going from the up  to the 
sc conformer. These findings suggest a strong no-o,!-N negative hyper- 
conjugation, which is in contrast to expectations based on the idea of the 
reverse anomeric effect (Section 11.1). Analogous observations concerning 
bond lengths in systems tested for the reverse anomeric effect were made by 
Grein and Deslongchamps (163) for protonated species H,XCH,Y 'H, 
(X and Y = 0 and/or N) 77-80 (Figure 10). Their ab initio calculations (at the 
6-31G** level) revealed that when a lone pair of Y is antiperiplanar to the 
C-Yt bond, the C-X bond shortens, and the C-Y bond becomes much 
longer (and in some cases the tetrahedral species switch to a n complex). 
When a lone pair of X is gauche to the C-Yt bond, this bond does not 
become longer, as might be expected based jn  the nx-o,?-y negative 
hyperconjugation. Recent ab initio and semiempirical calculations by Cramer 
(166a) on 77 and 80 (see Figure 10) have shown the same trends in geometric 
changes with rotation about the C-0 bonds. Cramer (166a) also studied 
2-ammoniotetrahydropyran (2, X = NH;; see Scheme la) and found elonga- 
tion of the C-N+ bond (by 0.048 A) and expansion of the 0-C-N angle 
(by5")ongoingfromZe to2a(X = NHi),inagreement withn0-o2tpN+-based 
anticipation. 

f igure  51. Selected bond lengths in methoxymethylammonium cation (88) calculated ab inirio 
by Krol et al. (72). 
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Figure 52. Selected geometric parameters for N-C-N system (taken from ref. 212). 

It must be added that the hyperconjugative nature of the 0 - C - 0  
anomeric interactions has recently been supported by X-ray data for ortho- 
esters containing C(OC), (214) and C(OC), ( 1  55) groups [see, however, below 
for compounds containing a C(SC)4 group]. 

A structural-statistical study (2 12) performed by Fuchs's group for 
compounds containing N-C-N moiety supplemented their earlier ab initio 
and MM2 computation (156). The trends expected based on the nN-oZpN 
negative hyperconjugation were followed (see Figure 52). In particular, the 
C-N(2) bond involved in this interaction as an acceptor was shown to be 
longer by 0.015 8, than the C-N(l) one. Interestingly, the pyramidality of 
nitrogen atom N(l) (332.4'; defined as the sum of the three valence angles 
around the nitrogen), which served as a donor, was larger than that of N(2) 
(338.8'). Similar, though less pronounced results were provided by an ab 
inirio study (212) of H2N-CH,-NH, (327.3' vs. 328.9", respectively). These 
findings parallel the observation of Irwin et al. (30) concerning pyramidality 
of nitrogen in F-CH,-NH, [4, cf. results of Reed and Schleyer (141) for 
F-S-NH,; vide infra]. Senderowitz et al. (212) interpreted the observed higher 
energy of species with lower pyramidality at the donor atom as a result of 
the overwhelming cost of planarization energy as compared to the energy 
gain from better n,-o* than n,-o* overlap (n, and nu denote lone pairs 
for planar and pyramidalized donor atoms, respectively). 

Particularly strong hyperconjugation occurs in FSNH, (133) (146). The 
calculated F-S bond lengthening by 0.108, during internal rotation is 
associated with a barrier of 76 kJ/mol. Reed and Schleyer (146) reoptimized 
the geometry of FSNH, in terms of NBO analysis of its Lewis structure 
(hyperconjugation eliminated) in order to ascertain the full extent of the 
influence of the nitrogen lone-pair hyperconjugation on the molecular 
geometry. This approach resulted in a lengthening of the S-N bond by 
O.O77A, yielding a value of 1.692A (though still 0.006A less than that in 
the fully planar structure). Additionally, the S-F bond was shortened by 
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0.028w and the N-S-F angle decreased by 3”, in qualitative agreement 
with anticipation. However, the N-S-F angle could be widened by nN-oSPF 
repulsive interaction, and the authors ascribed roughly half of the N-S-F 
angle increase in “real” FSNH, to the influence of negative hyperconjugation 
and the other half to other factors that might include R ~ - B ~ - ~  repulsion. 

Reed and Schleyer (144) pointed out that the shortening of the S-N 
bond by 0.083 8, is associated with a total increase of only 0.10 in the S-N 
n-bond order. They concluded that bond lengths are clearly not proportional 
to bond orders when strong hyperconjugation is present. 

Applying an analogous procedure, Reed and Schleyer (144) found that 
nN-~:pF interaction enforces greater planarity at  the nitrogen atom. Different 
results were obtained by Irwin et al. (30), who studied the energy of conformers 
of fluoromethylamine (4) as a function of planarity at nitrogen. In the 
orthogonal conformation of the F-C-N-lp system (4 = 9 0 3  where the 
anomeric effect is switched off, the minimum energy was found for N nonplanar 
structures. For the nonorthogonal conformations minimum-energy species 
also contained pyramidalized nitrogen. The energy difference between N 
planar and N nonplanar structures was equal to ca. 19 kJ/mol [cf. the results 
of Senderowitz et al. (212) on 73, uide supra]. The preference for structures 
stabilized by hyperconjugation involving a lone pair of predominating sp3 
character over structures stabilized by hyperconjugation with a lone pair of 
the p type as a donor has its consequences as far as the conformation of 
protonated methanediol molecule in concerned [see Section 11.1, the results 
of Woods et al. (164)]. 

Bond length contraction in Y-C-X systems has been observed as a 
rule when Y and X are electronegative substituents. A good example is 
provided by polyfluoromethanes (cf. Section III.A.3). Brockway (1 94) observed 
that C-F bonds are shortened by about 0.06w on going from CH3F to 
CF,. Though stabilizing orbital interactions (6,70), or MOVB-based explana- 

TABLE 16 
Bond Length Contraction in Polyfluoromethanes in 

Terms of Lewis (L) and Full-Energy (F) Structures’ 

Bond Length Contraction (A) 
Molecules 
Compared L F 

CH,F, CH2FZ 0.036 0.027 
CH,F2, CHF3 0.025 0.02 1 
CHF,,CF, 0.01 1 0.015 

“Based on data from ref. 143. 
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tion (203), have been offered to account (at least in part) for such bond 
shortening, it seemed clear that variations in the bond lengths of polyhalo- 
genomethanes might originate (at least in part) from Coulomb attraction 
(70). On the other hand, increase in the C-X bond length in RYCX systems 
exhibiting an anomeric effect was regarded by Wolfe et al. (70) as the result 
of an overriding influence of hyperconjugation. A recent quantitative NBO 
approach (143) to this problem has revealed that the bond length shortening 
in the series CH,F, CH,F,, CHF,, and CF, is caused by the cumulative 
electrostatic effect of charge withdrawal from the carbon to the fluorines. 
This conclusion was based on the observation that the bond length contrac- 
tion in the series occurring in terms of localized Lewis structure L (Table 
16, cf. Section III.B.5) is about the same as in terms of full-energy (including 
delocalization) structure F. Similarly, Reed and Schleyer (143) found that 
40% of the 0-F contraction from FOH to F,O is of electrostatic origin. 

It should be added that electrostatic interpretation of bond lengths in 
polyhalogenomethanes has recently been advocated by Wiberg and Rablen 
(1 57b) based on results of high-level ab initio calculations for a large number 
of fluoro-, cyano-, chloro-, and silylmethanes. The authors (157b) noted, how- 
ever, that another factor that operates in the same direction is hybridization. 
With increasing substitution in, for instance, fluoromethanes the fluorines 
compete for the carbon p-rich molecular orbital. With CF4 each C-F bond 
is of 25% s character and, as a result, the C-F bond length is reduced. 

It would seem interesting to consider bond length changes in systems 
where second- or third-row atoms are involved since the origin of the 
anomeric effect in such molecules is not so obvious. In sc, sc and - sc, - sc 
fragments of 1,3,7,9,13,15-hexaselenacyclooctadecane (169) (Table 17), the 
Se-C bond lengths within the Se-C-Se system are about 0.012 A shorter 
than the outer Se-C bond lengths. For methanediselenol (130) (Figure 53) 
the calculated difference in the two C-Se bond lengths in the ap, sc 

TABLE 17 
Selected Bond Lengths (8) and Bond Angles (degrees) (in parentheses) for 1, 3, 7, 9, 

13. 15-Hexaselenacvclooctadecane (169) 

Atoms Arrangement CH, - Se - CH, - S - CH, 

18-4 - sc, - sc 1.967 1.947 1.946 1.953 

6-10 -sc, +sc 1.955 1.932 1.944 1.937 

12-16 +sc, +sc 1.951 1.946 1.939 1.955 

(94.6) (1 16.0) (96.0) 

(100.4) (118.6) (100.0) 

(98.3) ( 1  16.2) (98.8) 

From ref. 83. 
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Se7 fSe 
se-\/- Se 

fSe 
se-\/- Se 

169 

conformation is 0.013 A, not much less than in corresponding C-0 bonds 
of dimethoxymethane (11, 0.020& Figure 47) despite the fact that the 
anomeric effect in 11 seems to be due to negative hyperconjugation (6, 70), 
whereas in 130 negative hyperconjugation is only one of many factors that 
determine conformation (148) (cf. Section III.B.5). Moreover, the C(2)-Se 
bond lengths in 170a (Figure 54; cf. 37, X = OMe) and l7la (cf. 37, X = CF,, 
Scheme 13) are almost the same, in spite of the different electronegativities 
of the substituent aryl groups. If only negative hyperconjugation operated, 
different electronegativities of substituents should result in energy gap 
controlled differentiation of C(2)-Se bond lengths in 170a and 171a in such 
a way as to make the C(2)-Se bond longer in 171a. 

For a more exhaustive discussion concerning bond lengths in 2-P- 
substituted 1,3-diheteroanes see Section V.B.3. 

All the above data indicate that geometric changes must be attributed to 
hyperconjugative interactions with great caution. While bond lengthening 

Se y#;* 966 
1 . 8 0 4  

5 

1 

170a 

gF3 
Se 

1. 963 

1. 7 9 0  

171a 
Figure 54. Selected bond lengths in 2-arylseleno-l,3-dithianes 170. and 17lr(data from ref. 83). 
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seems to be mainly of hyperconjugative character, the shortening can also 
be due to nonhyperconjugative (electrostatic) factors. Moreover, even for 
bond lengthening, one should consider other explanations as, for instance, 
nonbonded lone-pair repulsions (337) or strong steric interactions (2012, 338). 
The former possibility is not, in the opinion of Box (14), sufficiently appreciated 
in the chemical literature. In his review (14) devoted to the role of lone- 
pair interactions Box argued that a much more flexible approach is needed 
to the appreciation of “normal bond lengths.” Bond lengths and angles of 
unusual magnitude are not necessarily the products of unusual stereoelectronic 
interactions operating on those bonds (14). The geometry of a molecule is 
established by the geometric adjustments required to minimize destabilizing 
interactions. In particular, X-ray data of the glycopyranosyl esters that have 
more than one ester group in a molecule showed that the length of the 
C1 - 0 A c  bond is fairly constant in value (covering a range of only 0.03 A) 
regardless of the site, or stereochemical orientation, of the C - 0  bond in 
the molecule (14). Therefore, the putative predominant role of n-o* interaction 
is, in Box’s opinion, of doubtful validity. 

The importance of destabilizing interactions for the geometry of a molecule 
is best evidenced by X-ray data (151) for compound 172 containing the 
C(S-C), fragment (Figure 55). In contrast to expectation based on stabilizing 
n s - ~ ~ - s  negative hyperconjugation, the outer C-S bonds are shorter than 
the inner ones. This finding can be attributed to destabilizing interactions 
between sulfur atoms (analogous to that between iodine atoms in CH,I,; 
see Sections 1I.H and III.A.4), which tend to elongate sulfur-sulfur distances. 
This conclusion is strongly supported by a small average S-S nonbonding 

Ph 

\ 
S 

1 . 7 7 6  A Ph 
0 s 
1 . 8 2 6  A I 

I S  

172 

Figure 55. 
from ref. 151). 

Average C-S bond lengths and nonbonding S-S distances in 172 (data taken 
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109a 173e 

Figure 56. Selected bond lengths in 2-diphenylphosphinoyl-l,3-dithianes 10911 and 173e (data 
from refs. 135 and 3401 

distance in 172 (2.980A), which is much smaller than the sum 1.80 + 1.80 = 

3.60A of the sulfur van der Waals radii [1.80A (339)l. 
The magnitude of bond length variation in methanediselenol (130) and 

dimethoxymethane (ll)(Figures 53 and 47) seems to be in line with differences 
in energies between the up, sc and up, ap conformers: in 130, AE = 7.0 kJ/mol 
(148); in 11, AE = 13.5 kJ/mol(57). One might think that though bond length 
variation cannot be connected with negative hyperconjugation in a straight- 
forward way, it may be related to the magnitude of the synclinal preference 
of a substituent. The examples 109a and 17% presented by Juaristi (135,340) 
(Figure 56) leave no doubt that this is not so. For the diphenylphosphinoyl 
group at the anomeric carbon atom in a 1,3-dithiane ring, in which a strong 
anomeric effect is observed (see Section V.A), one cannot find a palpable 
SC-P bond length difference between axial and equatorial isomers. 
Contrary to expectation, the equatorial C-P bond in 173e actually seems 
to be longer (by 0.015 A) than the axial one in 1Wa. Thus, the bond length 
changes in this system suggested to Juaristi et al. (135, 340) that n,-az-p 
interaction is quite negligible (see, however, Section V.B.3). Moreover, this 
finding proves that there is no direct connection between bond length changes 
and the magnitude of the anomeric effect when different Y-C-X fragments 
are compared. Such connection may exist within a given Y-C-X system 
(e.g., 0-C-0) ,  but as Cosse-Barbi and Dubois (60) and Schleifer et al. 
(88) have recently shown, geometric parameters depend on a variety of factors, 
for example, alkyl substituents at  the anomeric carbon atom, size of ring, 
and hybridization of the anomeric carbon. 

2. Anomeric Efect and Electron Density 

All explanations of the anomeric effect based on negative hyperconjugation 
involve charge transfer. This should result in a difference in electron density 
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distribution between synclinal and antiperiplanar conformations of anomeric 
molecules. Relevant ah initio calculations have been performed by Pichon- 
Pesme and Hansen (341) for CH,OCH,F (123) and HO-CH,-OH (8). 
Appropriate cuts for 123 through the deformation density did not show any 
clear evidence for back bonding (negative hyperconjugation) from the oxygen 
lone-pair orbital. However, in considering the quality of their 4-31G* 
calculations the authors could not be confident about differences of the order 
of 0.01 eA ~ observed between sc and up conformers. From an experimental 
point of view, variations of this size are presently unmeasurable and will, 
most likely, remain so (341). Pichon-Pesme and Hansen concluded that the 
electron density is rather insensitive to the conformation of molecules. They 
suggested, moreover, that another explanation for the anomeric effect, other 
than n back bonding, should be considered. However this proposal does not 
seem to be justified since Reed and Schleyer (1 43, 146) showed that negative 
hyperconjugation in CH,F is accompanied by delocalization of only 0.023 e 
and usually results in total charge transfers of much less than 0.10e. The 
latter authors claimed (143) that charge transfers of as little as 0.01 e can 
result in chemically significant energy stabilizations of the order of 24 kJ/mol. 

Recently, Koritsanszky et al. (342) calculated the electron density distri- 
bution in 1,Cdioxane (174) and trans-2,5-dichloro-l,4-dioxane (175). The 
charge distribution in 174 served as a reference. They found that the electron 
density deformation caused by the substitution of a ring is localized on the 
first (carbon) and second (oxygen) neighbor atoms to the chlorine (342). The 
highly correlated orientation of the lobes at 0, C1, and the anomeric C 
indicated that the observed charge rearrangement is due to three-center 
interactions that take place through the 0-C and C-CI bonds. Density 
distribution also provided evidence in favor of mixing of lone-pair orbitals 
at both ends of the 0-C-Cl system. However, the authors (342) were not 
able to attribute their observations to the no-o:-c, interaction which, in 
their opinion, might have only a secondary effect on the charge density. 

c1 

c1 

174 175 
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3. Spectroscopic Implications of Anomeric Effect 

Charge transfers that may accompany the anomeric effect, though unmeasur- 
able by the X-ray diffraction method, may result in changes in spectral 
properties of molecules. It is probably impossible to relate a given spectral 
property directly to the anomeric effect in its phenomenological sense. An 
alternative approach should then be applied, namely to relate the spectral 
observation to negative hyperconjugation (as the most probable cause of the 
anomeric effect). 

a. Chemical Shifts. David (343) rationalized the lower nuclear quadrupole 
resonance frequency of axial (sc) compared to equatorial (up) 35Cl in a 
CI-C-0 system as being due to no-a,?-c, negative hyperconjugation. 
The axial 35Cl resonates at lower field, in accord with the more ionic nature 
of the axial C-CI bond and the more symmetrical distribution of electrons 
around the CI nucleus. 

McKelvey et al. (344) observed that both endo and e m  "0 oxygen atoms 
in axial 2-alkoxytetrahydropyrans %a (Figure 13) are more shielded compared 
to those in the corresponding equatorial isomers 96e. They attributed such 
observation to the participation of steric y-gauche shielding and y-anti 
deshielding effects on 1 7 0  chemical shifts as well as to negative hyperconjuga- 
tion. If the latter involves the lone pair of the endo oxygen and the a,?-o orbital 
of the axial C-0 bond, it may be demonstrated that the ring oxygen should 
be more shielded and the exocyclic oxygen less shielded in the axial isomers. 
However, owing to the presence of gauche carbons C(4) and C(6) (y effect), the 
shielding of the axial oxygen is large enough to make the axial 1 7 0  more 
shielded than the equatorial one. McKelvey et al. (344) claimed that the 
operation of the no-a~po mechanism in 2-alkoxytetrahydropyrans % is 
consistent with the increase of chemical shift differences for both oxygens 
between anomers as one goes from hydrogen to methyl to rert-butyl in 
position 6 of the ring. With higher alkyl substitution the ionization potential 
of the ring oxygen decreases, the donating ability of the endocyclic oxygen 
increases, and negative hyperconjugation responsible for chemical shift 
differences becomes stronger. 

Similar observations concerning the order of resonances were made by 
Pinto et al. (84) for the S-C-Se system. They found that axial 77Se in 
2-arylseleno-1,3-dithianes 37 (Scheme 13) resonates at higher field than 
equatorial, just as in appropriate phenylselenocyclohexanes, thus suggesting 
the y effect to be the most important factor. 

The 13C chemical shifts for aromatic carbons are considered to be a 
sensitive probe in studies on polar and resonance effects of substituents (345). 
Thus, significant upfield I3C chemical shifts for the ortho and para carbons 
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in the axial phosphinoyl Ph,P(O) (1 39, thiophosphinoyl Ph,P(S) (136), 
phosphinyl Ph,P(:) (346), and phosphinyl-borane Ph,P-BH, (346) groups 
attached to a 1,3-dithiane ring at C(2) were interpreted by Juaristi et al. (135, 
136, 346) to prove that some form of electron transfer occurs to the axially 
located substituent. They proposed (12, 56, 135) 3p-3d donation from sulfur 
to axial phosphorus as responsible for this effect. In our opinion, the increased 
electron density at the axial phosphorus may be due (among other factors; see 
Section V.B.4) to the ns-u,!!-p and oc(4,6) -s -~p* ,y  hyperconjugations (here 
Y = 0, S), while the interaction suggested by Juaristi et al. (12, 56, 135) is not 
important (see Section III.B.9). We found (78) that the chemical shifts of ortho 
carbons are actually smaller for the axial Ph,P=O in 1,3-dioxane llla (p. 237) 
versus the equatorial Ph,P(O) in llle. However, the chemical shift of para 
carbons is almost the same for llla and llle. In 1,3-dithiane derivatives both 
ortho and para carbons resonate at higher field in axial Ph,P=O, Ph,P=S, 

TABLE 18 
Chemical Shifts of Aromatic Ortho and Para Carbons in 13C NMR (75.47 MHz, 

CD2C1,) spectra of some 5-t-Butyl- and cis-4,6-Dimethyl-l,3-dithiane Derivatives 

Compound 63 R 

151 +PPh2(SMe) 
176 
177 + P Ph Me( S Me) 
178 
45 Ph,P(:) 

179 
180 PhMeP(:) 
181 
182 ' PPh, 
183 
184 +PPh,Me 
185 
186 PPhMe, 
I87 

135.07 136.77 134.68 136.68 
134.88 136.72 134.65 136.60 
133.96 136.73 133.36 136.62 
133.61 136.55 133.39 136.59 
134.04 
133.91 
133.27 
133.15 
135.23 
135.43 

29.53 134.24 129.75 
29.45 134.36 129.74 
29.83 132.76 129.66 
29.75 132.82 129.62 
35.16 135.38 135.67 
35.17 135.10 135.50 

134.25 135.90 133.88 135.95 
134.04 135.84 133.71 135.87 
133.22 136.04 132.66 135.78 
132.79 135.32 132.60 135.72 

Data from ref. 54. r-Bu means 5-r-butyl-1,3-dithiane derivative, Me, means cis-4,6-dimethyl- 
1.3-dithiane derivative. 
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PhMeP=S, Ph,P=Se, and Ph,P(:) groups (54), which parallels Juaristi's 
observations (see Table 18). However, the opposite occurs (54) for Ph,P+SMe 
and PhMeP: substituents, where the ortho and para carbons resonate at the 
lower field in the axial isomers. An even more complicated situation exists in 
the Ph,P+Me derivatives 184 and 185 (see Table 18) since para carbons 
resonate at higher field and ortho ones at lower field when the phosphonium 
group is axial. Interestingly, the change of the chemical shift of the para carbon 
of the PhP'Me, group on going from the equatorial to the axial position is 
opposite in two different anancomeric pairs 186 and 187. Thus, the chemical 
shift of the para carbon increases by 0.26 ppm in 186 but decreases by 0.40 
ppm in 187. Analogous inconsistencies may be found for PPhMe(SMe)+ and 
P P h i  groups as far as the chemical shift of the ortho carbon is concerned. 
Therefore, the changes in chemical shifts should be interpreted with caution. 
They result, perhaps, from a much larger number of factors than those 
considered by Juaristi et al. (12, 56, 135). A similar warning with regard to 
' 7O chemical shifts [the work of McKelvey et al. (334), vide supra] has recently 
been presented by Booth et al. (1 12). 

b. Coupling Constants. As far as the direct one-bond spin coupling 
constants through the C-H bond in R-CHXY systems are concerned, one 
can find a considerable body of experimental data (317, 320, 347) showing 
lower coupling constants lJC-H for those bonds that possess up orientation 
to a lone electron pair (for first-row atoms X and Y) or for donor bonds 
(when both X and Y are atoms below the first row), as would be expected 
based on hyperconjugation. This regularity has been reviewed, reproduced by 
the relevant ab initio calculations, and termed Perlin efect by Wolfe et al. (317). 
These authors performed the relevant calculations for X, Y = C, 0, N, S. They 
found that the C-H bond length is the dominant factor that determines the 
magnitude of the 'JCPH coupling constant, and the constant decreases with 
increasing bond length. Therefore, the Perlin effect is the NMR counterpart 
of the changes in stretching frequencies v ~ - ~  (see Section III.B.3.c). The 
observed trend for 'JCPH in the 0-CH systems has also been supported by 
semiempirical calculations (3 17, 348). 

In the 1,3-dithiane system 'J,-, coupling constants through equatorial 
bonds were found (320) to be smaller than corresponding ones through axial 
ones, in contrast to what has been observed for 1,3-dioxane (349) and 
cyclohexane (350). This finding has been rationalized (317) in terms of 
dominant occ4,61-s-a&, pH [over ~-o,Z(,)-,] hyperconjugative interactions, 
which are responsible for the weakening of the equatorial C(2)-H bond in 
the 1,3-dithiane system. We found (54) that the introduction of a diphenyl- 
phosphinoyl group Ph,P(O) at C(2) of a 1,3-dithiane ring does not alter this 
regularity. In particular, one-bond coupling constants 'JCvH between the 
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anomeric carbon and proton in the 13C NMR (75.47 MHz, CDCI,) spectra 
of 188a and 188e were found to be 136 and 148 Hz, respectively (see Figure 57). 

Interestingly, a relationship analogous to the Perlin effect can also be 
found for other coupling constants, namely I3C- 199Hg in alkylmercurials 
(35 1 )  and ' 3C-31 P in glycosylphosphonates (352) and cyclohexylphosphonates 
(353). Our work (78) showed that in 1,3-dioxanes l l l a  and l l l e  'Jc-p 
coupling constants between phosphorus and the anomeric carbon atom are 
94.3 and 118.8 Hz, respectively, in agreement with the intuitive anticipation 
based on the no-ozpp interaction. In 1,3-dithiane derivatives the situation 
is not so clear (54). Only in phosphonium salts 85 (all types) is the lJc-p 
coupling constant for isomers 85e with phosphorus located equatorially larger 
than that for their epimers 85a (see Figure 58). The difference between 
coupling constants is not so large as in 1,3-dioxanes 1 1 1  and varies in a 
range from 3.3 to 11.6 Hz (54,98b). In nonionic IJ-dithianes 189, the 'JCp, 
coupling constant through the axial bond is always larger than the correspond- 
ing constant through the equatorial one, in disagreement with the intuitive 
expectation based on the ns-oz-p interaction. The difference between 
constants is, as before, rather small, from 0.6-2.6Hz for Ph,P=Se to 
11.4-13.3 Hz for (MeO),P=O derivatives (54). A similar relationship was 
found (173, 354) for 5-t-butyl-1,3-diselenanes 190 (Figure 59). 

c. Stretching Frequencies and Conformational Equilibrium Isotope Effects. 
The change in bond order that usually accompanies hyperconjugation 
(see Section IV.B.l) may be reflected in the infrared spectra of relevant 
molecules. Stretching frequencies of axial halogens in halogenocycloalkanes 
are systematically lower than those of equatorial ones (355) because of 
C T ~ - ~ - C T : ~ ~  hyperconjugation. The no-r$-H negative hyperconjugation has 
long been invoked to explain the decrease in force constants of C-H bonds 
lying outside of the symmetry plane (C-0-C) of dimethyl ether (356) and 

188a 188e 
Figure 57. One-bond ' J , - ,  and ' J ,  -p coupling constants in 188 (data from ref. 54). 
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Comp. @ 
n 

85 +PR1R2R3; R1,R2,R3-SMe, Me, Ph 

J x>l J I 189 P(X)R1R2; X-lone pair, 0, S ,  Se 

Figure 58. Relationship between coupling constants in lJaX and ' J , ,  through the axial and 
equatorial C-P bond, respectively, in 85 and 189. 

190a 190e 

Figure 59. One-bond coupling constants in 190 (data from refs. 173 and 354). 

of methanol (357) (C-0-H) with regard to C-H bonds lying in the 
symmetry plane. Lower stretching frequency of C-H bonds that are trans 
to a nitrogen lone pair can be explained in terms of nN-o:-H negative 
hyperconjugation (31 1, 358-365). The infrared spectral features associated 
with this lower stretching frequency have been called Bohlmann bands (361). 
It should be added that the decrease in stretching frequency for the acceptor 
bond has been experimentally (366) correlated with an increase in bond 
length and a decrease in bond dissociation energy. 

The larger donor ability of C-H versus C-C o bonds (31 1) is enough 
to differentiate axial and equatorial positions in cyclohexane 191 (Scheme 43; 
Y = CHI) as was found both by calculation (367) and experimentally 
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H 

191e 

192e 

193e 

194e 

Y = CH, 

0 

NMe 

S 

Scheme 43 

D 
191a 

192a 

193a 

194a 

(368-370). Williams (367) calculated ab initio stretching frequencies of 2873 
and 2928cm-' for axial and equatorial C-H bonds in ['HI,] cyclohexane. 
The corresponding C-D stretching frequencies were 21 10 and 2151 cm-'. 
The experiment gave 2884 and 2913 cm-' for CH,, and CH,, (368) and 2144 
and 2165cm-' for CD,, and CD,, (369), respectively. The smaller C-Ha, 
(and C-D,,) than C-He, (C-D,,) force constant is, in Williams's opinion, 
due to the more effective c ~ - ~ - c ~ z ~ ~ ( ~ )  than oCpC-~~-H(D)  hyperconjugation. 
One may expect that if the donor ability of Y increases, the axial bond becomes 
weaker as a result of more effective ny-crz-D negative hyperconjugation and 
the stretching frequency decreases. Experiment confirms such prediction. For 
192 (Y = 0) the stretching frequencies are 2086 and 2231 cm-' for C-D,, 
and C-D,, (371) bonds, respectively. When Y is a much better donor, as for 
instance Y = Nhle, the appropriate stretching frequencies in 193 are equal 
(323) to 1919 and 2166cm-'. 

195, X-H, Y-D 

196, X-D, Y-H 

197, X-OR, Y-D 

198, X-D, Y-OR 
X 

The importance of no-azpD interactions for stretching frequencies in 
tetrahydropyran-C(2)-D derivatives 195-198 has recently been supported 
by Touboul and Dana (86). As expected based on the no-a$_, negative 
hyperconjugation, the stretching frequency vCPD of the axial C-D bond 
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R R 

197A 197B 

Figure 60. Conformations 1WA and 197B as a result of n,-u,*-, interactions involving (a) 
equivalent and (b) nonequivalent lone electron pairs of the exocyclic oxygen atom as donors. 

in 196 (2103cm-') was lower than that of the equatorial one in 195 
(2185 cm- '). The introduction of an alkoxyl in 197 and 198 led to an additional 
decrease Av in the v ~ - ~  frequency, both of axial and equatorial C-D 
bonds, as anticipated based on an additional no-a,?-, negative hyperconju- 
gation. Interestingly, this additional lowering Av depends on the size of the 
alkyl R group and is small for large R (Av = - 15/ - 25cm-' for R = Ph, 
t-Bu; Av z - 30/ - 50cm- for R = Me, PhCH,). This finding was explained 
in terms of nonequivalence of oxygen lone pairs. In conformation 197A 
(Figure 60a), where both lone pairs on exocyclic oxygen are in sp3 orbitals, 
the angle 0 is about 60" and steric interactions between R and D,, are rather 
small. Hence, this conformation is not expected to be very sensitive to steric 
hindrance exerted by R, in contrast to the conformation 197B (Figure 60b), 
where 0 is much smaller (0 z 30") and where the increase in size of R is 
accompanied by an increase of 0. The changes of 0 must result in changes 
in strength of the no-aE-D hyperconjugative interactions and in v , - - ~ ,  as 
observed. Analogous reasoning applies to 198. It must be added, however, 
that two rotamers (198C and 198D, analogous to the up, up and up, -sc  

198C 198D 
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conformers of 2-alkoxytetrahydropyran 38 see Section II.E), containing 
nonequivalent oxygen lone pairs, should be taken into account in the latter 
case, since supplementary multiplicity due to C-D stretching is observed 
(86). 

Since the heavier isotope (e.g., D vs. H) tends to accumulate in the site 
where it experiences a larger force constant (370, 372), it may be expected 
that the equilibrium depicted in Scheme 43 for cyclohexane 191 [Y = CH,, 
vCPD = 2144 and 2165cm-' for CD,, and CD,, (369), respectively] will be 
shifted toward the left side (neglecting bending contributions). Indeed, Anet 
and Kopelevich (370) found AGO = 25 f 5 J/mol. One may expect that if the 
donor ability of Y increases, the equilibrium will be more shifted toward the 
left side (e) as a result of more effective nY-o,??D negative hyperconjugation 
involving the axial C-D bond. In line with the above, Anet and Kopelevich 
(371) found A G O  = 205 f 15 J/mol for 1,3-dioxane 192 (Y = 0; stretching 
frequencies are 2086 and 2231 cm-'  for C-DD,, and C-D,,, respectively). 
Further increase in the donor ability in 193 (Y = NMe) resulted in an increase 
in AG" to 420 k 30 J/mol (appropriate stretching frequencies are 1919 and 
2166cm-') (323). The increase of A G O  paralleled by the decrease of vCPD 
for an axial C-D bond with increasing donor ability of Y is in line with 
the assumption of a predominant role of negative hyperconjugation, at least as 
far as first-row elements are concerned. 

Based on indentical stretching frequencies for axial and equatorial C-D 
bonds (vc = 2145cm-') and the absence of an isotope effect ( A G O  = 

0 k 5 J/mol, by NMR measurments) on the conformational equilibrium in the 
1,3-dithiane system 194, Anet and Kopelevich (323) concluded that the lone 
electron pairs on sulfur are not involved in the nS-c2[-H(D) negative hyper- 
conjugation, in disagreement with the opinion expressed by Pinto et al. (45, 
82-84, 152) (see Sections 1I.H and III.B.5). As was proposed by us (54b) and 
found in ab initio studies by Wolfe et al. (317, 324), the observed differences 
in stretching frequencies between 1,3-dioxane, 1,3-dithiane, and cyclohexane 
systems result from an interplay of several factors, with nY-oz-D(H) and 
oC(4)-y-o~PD(H) hyperconjugation in 1,3-dioxane and 1,3-dithiane (Y = 0, S) 
and oc --Hpoc * - D p )  and oC--C-o,?-D(H) hyperconjugation in cyclohexane 
among the most important interactions. In particular, the nS-02[!D(H) and 
oC(4)PS-o,?-D(H) hyperconjugation effects in 1,3-dithiane 194 are of similar 
magnitude, and therefore stretching frequencies for the axial and equatorial 
C(2)-D bonds are similar as well. As far as the H/D isotope effect on the 
conformational equilibrium in the 1,3-dithiane 194 is concerned, Wolfe and 
Kim showed (324) than an analysis that emphasizes C-H (C-D) stretching 
would not account for the observations. While the stretching contributions 
in HO-CH,-OH (8) and HS-CH,-SH (66) (which served as models for 
1,3-dioxane and 1,3-dithiane systems, respectively) have the same sign, the 
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stretching and bending contributions to the free energy difference in methane- 
dithiol have opposite signs, and the bending contributions dominate. The 
calculated (324) A G O  values for methanediol and methanedithiol are - 30 and 
237 J/mol, respectively, and agree with those found by experiment (323), that 
is, AG" = 0 -t 5 J/mol and 205 & 15 J/mol for 1,3-dioxane and 1,3-dithiane, 
respectively. 

Finally, it should be noted that the decrease of the carbonyl stretching 
frequency in gauche rotamers of a-heterosubstituted acetones (373) and 
acetophenones (290) with respect to unsubstituted acetone and acetophenone, 
respectively, has been considered to arise from n & , - ~ ~ - ~  hyperconjugative 
interactions (cf. Section III.B.9). 

V. ANOMERIC EFFECT IN Y-C-P SYSTEMS (Y = 0, S,  Se) 

A. Magnitude of Anomeric Effect 

Several values of the magnitude of the anomeric effect, AG;,, based on 
Franck's methodology (Section 1I.C) and calculated by us (54, 78, 98, 173, 
354) for 2-substituted 5,5-dimethy1-1,3-diheteroanes are collected in Table 19 
(penultimate column) together with the appropriate values obtained by 
Juaristi's group (last column). The differences between these two sets of values 
can easily be explained as due to different methods of estimation of FG factors 
(see Section KC), different compounds studied, and different conformational 
probes applied. Nevertheless, except for dioxane derivative 110 (X = Y = 0) 
the trends are the same. 

Though the AG;, values can be treated only as an approximate measure 
of the anomeric effect, they undoubtedly indicate very strong anomeric inter- 
actions in the 0-C-P system 110. On passing down the periodic table with 
X and Y the anomeric effect becomes weaker and weaker (compounds 110, 
201, and 206). A replacement of the phosphoryl oxygen atom by sulfur also 
results in a decrease in AG;,. Interestingly, the anomeric effect in phos- 
phonium salts (compounds 204 and 205) is stronger than that in the relevant 
phosphines (compounds 202 and 203), which is in contrast to anticipation 
based on the concept of the reverse anomeric effect (see Section 11.1). 

B. Nature of Anomeric Effect in Y-C-P System (Y = O,S,Se) 

The nature of the anomeric effect operative in the S-C-P system will be 
considered taking into account (1) thermodynamic, (2) MM- and MO-based, 
(3) X-ray crystallographic, (4) spectroscopic, and ( 5 )  kinetic implications. It 
must be added that solvent studies were shown to be not useful to reveal 
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TABLE 19 
Magnitude of Anomeric Effect A G i E  in 2-P-substituted 5,s-Dimethyl- 

1,3-diheteroanes 

~ 

A% 
Compound X Y  P (k J/mol) 

110 0 0 P(O)Ph, 19.7 11.7" 
199 0 S P(O)Ph, 19.0 15.5" 
200 S S P(O)Ph, 14.3 ll.Ob 
56 S S P(S)Ph, 11.6 9.2" 

201 S S P(O)(OMe), 15.1 
202 S S PPh, 6.9 4.2b 

204 S S 'PPh, > 8.5 
205 S S +PMe3 >9.8 9.2' 

203 S S PMe, 5.9 

206 Se Se P(O)(OMe), 7.9 

"From ref. 375. 
bFrom ref. 18. 
'From ref. 374. 

the nature of this effect [see Section 1I.G for thiophosphoryl 55-57 and 
Section 11.1 for phosphonium derivatives (85)l. 

1 .  Thermodynamic Implications of Anomeric Effect in Y-C-P 
System ( Y = 0, S ,  Se)  

A dependence of the magnitude of the anomeric effect on the electronegativity 
of ?. substituent is usually regarded as a good test for its hyperconjugative 
nature (see Section 1I.E). Our results (54) show that the magnitude of the 
axial preference represented by AGO value for 1,3-dithiane derivative 207 
containing the (MeO),P=O group, is about 3 kJ/mol smaller than AG,",, 
for 208 with the more electronegative (and undoubtedly larger) (CF,CH,O)- 
,P=O group (Scheme 44). In addition, the anomeric effect in phosphonium 
salts 204 and 205 is stronger than that in the appropriate phosphines 202 
and 203 (see Table 19). A positive charge at phosphorus in 204 and 205 
should result in a decrease in the energy of the a:-.p+ orbital. Thus, the 
findings presented above support the ns-a:-p hyperconjugative mechanism. 
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The stronger anomeric effect for the PPh, group (202; 6.9 kJ/mol) than 
for PMe, (203; 5.9kJ/mol) is also consistent with the participation of K 

electrons of the phenyl rings in repulsive interactions with lone electron pairs 
of the endocyclic sulfur atoms, as shown in Figure 17. These interactions are 
expected to destabilize the equatorial arrangement of phosphorus and to 
increase the anomeric effect of the PPh, group, as observed. Nevertheless, 
a stronger electron-withdrawing effect of phenyl versus methyl groups, 
resulting in a decrease in energy of r$!pph versus c$-pMe orbital, must also 
be taken into account. 

A lack of manifestation of the exo anomeric effect in the S-C-P(:) 
system (see Section 1I.E) can be easily interpreted in terms of predominant 
steric over np-c:-s hyperconjugative interactions. This is in contrast to 
X-CH,-H,P(:) systems, for which the antiperiplanar arrangement of the 
C-X [X = F (267), C1 (141)] bond and phosphorus lone electron pair is 
preferred, perhaps due to much more effective np-cr:-X hyperconjugation. 

2. Molecular Mechanics- and Molecular Orbital-derived Implications of 
Anomeric EfSect in Y-C-P System ( Y =  O , S , S e )  

Molecular mechanics-derived implications were discussed in Section III.A.6. 
The a b  initio calculations on 209 by Schleyer et al. (141) showed that the 

lowest energy species is 209a, containing the phosphorus lone electron pair 

209a 210a 211 

anti to the C-S bond. On the other hand, sulfur lone electron pairs are not 
involved in the ns-tszpp interaction, thus suggesting that this interaction is 
less effective than the np-gZps one. Since the np-c$-s interaction is not 
manifested in axial phosphines 44 (Scheme 15, Section II.A.2), one may 
conclude that the (endo) anomeric effect in 202 and 203 does not stem solely 
from the ns-c:-p interaction and that other interactions, probably of 
destabilizing character (e.g., the rabbit ear effect), must also be taken into 
account . 
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Finally, it should be added that recent 3-21G* calculations (376) on two 
forms of aminomethylphosphonic acid, neutral 210 and zwitterionic 21 1, 
showed that in the most stable conformation 210a the nitrogen lone electron 
pair is antiperiplanar to the C-P bond. Since the C-N bond is considerably 
shorter in 21021 (1.477 A) than in 21 1 (1.559 A), it seems reasonable to consider 
the nN-aE-p negative hyperconjugation in 2lOa as responsible for this 
observation. However, the C-P bond in 210a (1.779 A) is shorter than that 
in 211 (1.838 A), which is opposite to the trend expected on the basis of 
nN-aZPp negative hyperconjugation. 

3. X-Ray Crystallographic Implications of Anomeric Effect in Y-C-P 
System ( Y =  0 ,  S ,  S e )  

In contrast to preliminary crystallographic data for 1,3-dithianes (377,378) 
(see also Section IV.B.l), which did not agree with n,-a:!,-based 
anticipations, the data (78) for 1,3-dioxanes 11 l a  and 11 l e  (Figure 61) provide 
more convincing arguments in favor of the ny-ac-p (Y = 0) h perconju- 

equatorial one. Moreover, while in l l l e  both C(2)-0 bond lengths are 
equal, they differ by 0.008 8, in l l l a ,  which could be interpreted in such a way 
that one endocyclic oxygen is involved in the no-c& interaction much 
more effectively than the other one. Analogous observations concerning the 
differentiation of the C(2)-Y bond lengths when phosphorus is situated 
axially were also made for Y = 0 and S (oide infra). It should be added that 
the presence of two possible donors (bonds) is known to lead to thermo- 
dynamic differentiation of chemical species which differ only in the donor 
involved in the hyperconjugation (379) (212a and 212b, Scheme 45). 

gative interaction. The axial C(2)-P bond is longer by 0.025 K than the 

1. 400 ( 3 )  

llla llle 

Figure 61. Bond lengths in dioxanes 111 (data from ref. 78). 
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H H 

212a 212b 
Scheme 45 

Selected bond lengths in cis- and trans-2-phosphoryl-, 2-thiophosphoryl-, 
and 2-selenophosphoryl-5-t-butyl- 1,3-dithianes are collected in Table 20. An 
inspection of these data reveals that the C(2)-P bond lengths in diastereomers 
are not characteristic for the position of phosphorus and, at first sight, are 
not consistent with ns-oE-P negative hyperconjugation. While the axial 
C(2)-P bonds in 188 and 213 (Table 20) are longer than the equatorial ones 
(in agreement with the nS-uClAp interaction), the opposite relationship occurs 
for 207 and 57. Similarly, the endocyclic C(2)-S bond lengths practically 
do not depend on the configuration at the anomeric carbon atom. 

Nevertheless, a comparison of the structural data between 207a and 208a 
(Table 20) supports n,-o$-, negative hyperconjugation as a source of the 

TABLE 20 
Selected Bond Distances (A) in Diastereomeric 2-P-substituted 5-r-Butyl-l,3-dithianes 

(32)-P C(2)-S C(2)-P C(2)-S Compound P 

57 P(S)Ph, 1.817(5) 1.803(4); 1.8 17(5) 1.831 (3) 1.809(4); 1.814(5) 
188 P(O)Ph, 1.834(4) 1.805(5); 1.803(5) 1.821(2) 1.807(3); 1.799(2) 
207 P(O)(OMe), 1.782(5) 1.81 l(6); 1.812(5) 1.798(4) 1.796(4); 1.791(5) 
208 P(O)(OCH,CF,), 1.794(3) 1.796(4); 1.8 14(4) 1.794(3) 1.806(3); 1.81 5(3) 
213 P(Se)Ph, 1.855(4) 1.801(5); 1.807(5) 1.841(3) 1.804(3); 1.810(3) 

From ref. 54. 
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anomeric effect in the S-C-P=O system. In the latter compound, which 
contains the more electron-withdrawing (CF,CH,O),P(O) group, the C(2)- P 
bond is longer than that in the former one containing a (MeO),P=O group 
(1.794 vs. 1.782 A, respectively), as expected based on more effective negative 
hyperconjugation in 208a (6. Section V.B.1). This conclusion is additionally 
supported by a more definitive difference between the two C(2)-S bond 
distances of 0.018 8, in 208a, while in 207a they are equal. 

Interestingly, the equatorial C(2)-P bond lengths increase (54) in the 
order 188e,57e,213e (1.821,1.831, and 1.841 A, respectively; see Figure 62). 
This observation cannot be easily accounted for in terms of hyperconjugative 
interactions. In particular, the 0c(4,6)--s-0&p hyperconjugation which 
could lengthen the C(2)-P bond must not be considered as an important 
factor. The positive charges at phosphorus, which could increase the acceptor 
ability of the a&2,pp orbital, decrease on going from 188 to 57 to 213, in 
contrast to what is needed to explain the increasing bond length [in H,P=O, 
H,P=S, and H,P=Se these charges are equal to 0.805, 0.403, and 0.378, 
respectively (288)l. On the other hand, these findings are consistent with the 
increasing 1,4-intramolecular repulsions n,-n, (X = 0, S, Se) between lone 
pairs of the endocyclic sulfur atoms and nonbonding electron pairs of phos- 
phoryl heteroatom X [repulsive interactions are known (143) to be accompanied 

H 
I 

C O ~ P .  ~ ( 2 1 - p  [ A ]  

188e, X-0 1.821 (2) 

57e, X-S 1.831 (3) 
X 

213e, X-Se 1.841 (3) 

H H H 

0 

188e 57e 213e 
Figure 62. Equatorial C(2)-P bond lengths in Sle, 188e, and 213e, and the preferred rotamers 
about the C(2)-P bond (data form ref. 54). 
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by bond lengthening]. Increasing dipole moments on going from H,P=O to 
H,P=S to H,P=Se (288) are also consistent with this interpretation. This 
n,-n, repulsive interaction, which is a molecular orbital counterpart of 
lone electron pair-lone pair repulsions proposed by us (79) on the basis of 
molecular mechanics calculations (see Section III.A.6; Figure 17), destabilizes 
the equatorial position of phosphorus and determines the conformation about 
the exocyclic C(2)-P bond. While in IS& the phosphoryl oxygen, in the solid 
state, is located between two endocyclic sulfur atoms (the H-C-P-0 angle is 
170.4"), in 57e and 213e the system H-C(2)-P-X (X = S, Se) is in the 
gauche conformation (see Figure 62). This finding agrees very well with the 
increasing n,-nx repulsionst on going from X = O to x = s to x = Se. It must 
be added that the strongest n,-ns, repulsions in 213e contribute, in solution, 
to the largest (as compared to 18& and 57e) amount of twist-boat conformer 
of 213e (Scheme 46), where these repulsions are minimized (I 37). 

Se 

21 3e ( TB ) 

Scheme 46 

213e( C) 

One should explain also why the equatorial C(2)-P bonds can be longer 

hyperconjugative interaction. This interaction should tend to lengthen the 
C(4,6)-S and the equatorial C(2)-P bonds and to shorten the C(2)-S 
bond. The C(4,6)-S bonds are, in fact, longer in 213e than in 213a (by 
0.020 A) and in 20& than in 208a (by 0.016A) (54). The differences in 188 
and 57 are not so distinct because of the opposite influence of the 
gc(4.6) -s-n:,, interaction in the a isomers, which is more effective for P = o  
and P=S than for P=Se (oide infra). The phosphoryl group in 208a is, 
perhaps, not able to participate effectively in a ( ~ ~ ( ~ , ~ ) - ~ - 7 1 p * , ~  interaction, 
as a result of the greater distance from the axial H(4,6) hydrogens and hence 
from the C(4,6) carbons (overlap control). Interestingly, the C(4,6)-S bonds 
in 208e are long, even if compared to those in other e isomers, as would be 
expected based on the strong electron-withdrawing properties of the 
(CF,CH,O),P=O group. Presumably, the gc(4.6) ps-6&2)-p interaction is 
responsible, in part, for the lack of differences in axial and equatorial C-P 

than the axial ones. A possible explanation involves the c&-(4,6)-s-(Tc(2) * -p 

'Interestingly, 1.4-intramolecular interactions of divalent sulfur (and selenium) with C-0-C 
oxygen can be either attractive (380) or repulsive in character (381). 
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bond lengths as well as for the lack of correlation between the position of 
phosphorus and C(2)-S bond lengths in 1,3-dithiane derivatives as a whole. 

The bC(4,6)-S-$,x (X = 0, S ,  Se) interaction mentioned above is possible 
only if the P=X (X = 0, S, Se) group is located axially and endo over the 
1,3-dithiane ring, and it is expected to stabilize the axial position of 
phosphorus and to lengthen the C(4,6)-S bonds. Since the energy of the 
A * ~  =Se orbital is high due to low electronegativity of selenium, this interaction 
should be negligible for 213a. This is the case because the C(4,6)-S bond 
length differences between 213a and 21% imply that these bonds are involved 
only in the oC(4,6)-s-o~~2)-p interaction (oide supra). It should be added that 
the bC(4,6)--s-7$,0 interaction could synergke the formation of the appro- 
priate H. . -O=P hydrogen bonds (see below), for example, by a transfer of 
electron density toward the P=O group. It should be added that the 3p-3d 
interaction proposed by Juaristi et al. (see Section III.B.9) is not supported by 
our X-ray data (54). It must be noted, however, that the unexpected structural 
pattern of 2-P-substituted 1,3-dithianes as compared with 1,3-dioxanes (oide 
supra) and 1,3-diselenanes (oide infra) [where features characteristic of the 
nY-c&, -p(Y = 0, Se) hyperconjugative mechanism may easily be recognized] 
may be due to variation in the magnitude of the C T ~ ( ~ , ~ ) - ~ - Q & )  --p interaction. 
This interaction in 1,3-dioxanes is weak because of low donor ability of the 

interaction is un- 
important because of overlap reasons. This is, perhaps, why 1,3-dioxanes 
and 1,3-diselenanes, unlike 1,3-dithianes, exhibit “normal” structures. 

In the case of diselenane 1Wa the difference between the two C(2)-Se 
bond lengths is very pronounced (0.07 A), and the shortest selenium-carbon 
bond in this isomer is ca. 0.05 A shorter than the two C(2)-Se bond distances 
in 1!&, which are almost equal (354) (Figure 63). Though the C(2)-P bond 
lengths are close in 1Wa and 109e, the difference in carbon-selenium distances 

oc-o orbital. In 1,3-diselenanes, the 5C(4,6)-se-oC(2)--P * 

1 . 9 5 0 ( 8 ) ”  
0 

190a 190e 

Figure 63. Selected bond lengths in diselenanes 190 (data from ref. 354). 
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is large enough to take the n,,-a:-, interaction into account as responsible 
for the shortening of C-Se bond in 190a and for the anomeric effect observed 
in this system. 

In the course of our studies (54,78,354) on 2-phosphoryl-1,3-diheteroanes 
we found also that the distances between axial hydrogens H(4,6),, and the 
phosphoryl oxygen atom connected to axially located phosphorus are not 
equal (see Figure 64). Interestingly, the shorter H. . .O=P distance a for 
11 la, 188a, IWa, 207a, and 214a is shorter than the sum of H and 0 van der 
Waals radii [H = 1.20A,O = 1.50A; sum 2.70A (140)], thus suggesting 
formation of a H ... 0 hydrogen bond (140,382). This hypothesis is strongly 
supported by the fact that the second, longer H . . . O  distance b is larger than 
or equal to the sum of van der Waals radii of H and 0, thus indicating 
attractive character of the H ... 0 interaction. This effect may additionally 
stabilize the axial conformation of 2-phosphoryl-substituted 1,3-diheteroane.s. 

A comparison of appropriate shortest H . . . O  distances in 207a (2.49 8, 
and 208a (2.72A) is very informative since the steric requirements of 

llla, Y-0, R1=Ph, 

188a, Y-S, R1=Ph, 

190a, Y=Se, Rl-OMe, 

207a, Y-S, R'-OMe, 

R2=Me, R3=H 

R2=H, R3=tBu 

R2=H, R3=tBu 

R2-H, R3=tBu 

208a, Y=S,  R'=OCH,CF,, R2=H, R3=tBu 

214a, Y=S, R1-OMe, R2-Me, R3-H 

Figure 64. 
54, 78, 354, respectively). 

Selected nonbonded distances in 1,3-diheteroanes (data for Y = S, 0, Se from refs. 
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phosphoryl oxygen in (MeO),P=O and (CF,CH,O),P=O groups should 
be very similar [the P=O bond lengths in 207a and 208a are almost the 
same: 1.455 (3) and 1.457 (3)A, respectively]. The longer (by 0.23 A!) distance 
for 208a can be easily explained on the basis of decreased electron density 
at the P=O oxygen in 208a and hence a much smaller tendency to form 
the hydrogen bond in 208a as compared to 207a. The concept of hydrogen 
bond formation is also supported by infrared spectroscopic data (see Section 
V.B.4). 

4. Spectroscopic Implications of Anomeric Eflect in Y-C-P 
System ( Y =  0, S, S e )  

The chemical shift of the carbon nuclei of a phenyl group linked to phosphorus 
is not indicative of charge transfer to phosphorus (see Section IV.B.3.a). 

The dependence of the magnitude of the coupling constant 'JcPp on the 
position of phosphorus in 2-P-substituted 1,3-diheteroanes was discussed in 
Section IV.B.3.b. While the argument supports ny-aEPp negative hyper- 
conjugation as a source of the anomeric effect in 1,3-dioxane derivatives as 
well as in all phosphonium salts, the relationship between the 'J,-p 
coupling constant through the axial and equatorial C(2)- P bonds in nonionic 
1,3-dithianes and 1,3-diselenanes does not agree with the intuitive expectation 
based on the n y - a L p  interaction. Thus, it seems reasonable to invoke the 
ny-nx repulsions as responsible, at least in part, for the anomeric effect in 
Y-C-P=X (Y = S, Se; X = 0, S, Se) systems. 

The infrared spectra in the solid state (KBr) or compounds containing 
a phosphoryl group are very interesting with regard to the P=O stretching 
frequency. The corresponding vpz0 values for llla (Figure 64) and llle 
are equal (78) to 1188 and 1196 cm-'.The smaller force constant for the axial 
P=O group than for the equatorial one is consistent with the formation of 
a weak hydrogen bond with axial H(6) (the more so because the steric conges- 
tion in llla should act on vp,o in an opposite direction). In the case of 
1,3-dithiane derivatives the decrease in the stretching frequency for axially 
situated P=O occurs (54) for 207a versus 207e (1222 vs. 1248cm-', 

0-P(OCH,CF,), 

I 

215a 215e 
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respectively); it may stem from hydrogen bond formation and/or 
r ~ ~ , ~ , ~ ) - ~ - n p * , ~  hyperconjugation. Interestingly, for 208a and 208e, where, 
as suggested by X-ray data, a hydrogen bond is not formed, the appropriate 
stretching frequencies are close (vpr0 = 1256 and 1260cm- ', respectively), 
similarly as in 215a and 21% (1262 and 1256cm-', respectively) (54). 

5. Kinetic Implications of Anomeric Effect in S-C-P System 

These were discussed in Section 1V.A. 1. 

6. Anomeric Effect in Y-C-P System ( Y =  O , S , S e ) :  Summary ( 3 8 3 )  

The conformational behavior of 2-P-substituted 1,3-diheteroanes is a result 
of interplay of several both stabilizing and destabilizing interactions depicted 
schematically in Figure 65. Their relative importance depends on a heteroane 
and on phosphorus-containing substituent. The ny-aE-p negative hyper- 
conjugation seems to be an important factor for Y = 0. The conformation 
of 1,3-dithiane and 1,3-diselenane derivatives is a result of interplay of several 
factors. The ny-aE -p hyperconjugative interactions are probably more 
important for 1,3-diselenanes and for phosphonium salts than for uncharged 

Stabilizing ny-o*c - p 

interactions ' C ( 4 ,  6)-S-m*P-X 

Destabilizing 1,3-syn-diaxial 

interactions 

X 

'C(4, 6)-S-'*C-P 

rabbit ear effect 

ns -n 

"Y -"x 
Figure 65. Stabilizing and destabilizing interactions in 2-P-substituted 1,3-diheteroanes. 
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1,3-dithiane derivatives. The axial preference resulting from this interaction 
may be enhanced by destabilizing interactions (overlap repulsion), which 
seem to play an important role for some phosphines (rabbit ear effect), 
phosphonium salts (nS-z), and compounds containing a P=Se group (ns-ns,). 
The latter interaction, ny-nx, is also responsible for the rotameric equilibria 
around the equatorial C-P(X) bond. The 0C(4,6)-&,0 hyperconjugation 
is most effective in stabilizing the axial arrangement of the P=O group. The 
equatorial conformation is stabilized by the t ~ ~ ~ ~ , ~ , - + - c r ~ - ~  hyperconjugation, 
which is responsible for the unexpected relations between bond lengths and 
coupling constants in axial and equatorial derivatives. The axial preference in 
2-P-substituted 1,3-diheteroanes is additionally moderated by 1,3-diaxial 
repulsions, which are most important for 1,3-dioxane derivatives and decrease 
on going to 1,3-dithianes to 1,3-diselenanes. 

SYMBOLS 

antiperiplanar conformation; appropriate torsion angle 0 r 180" 
anticlinal conformation; appropriate torsion angle 0 
chair conformer 
axial chair conformer 
equatorial chair conformer 
chemical shift in nuclear magnetic resonance spectra 
potential energy difference 
potential energy difference corresponding to steric interactions 
magnitude of anomeric effect in terms of potential energy 
dielectric constant (except for Figure 31) 
Franck's factor 
standard free energy difference 
standard free energy difference in cyclohexane 
standard free energy difference in a heteroane 
standard free energy difference corresponding to steric interactions 
in a heteroane 
magnitude of anomeric effect in free energy terms 
free energy of activation 
free energy of activation expected in absence of anomeric effect and 
after correction for ground-state compression effect 
standard enthalpy difference 
standard enthalpy difference in heteroane corresponding to steric 
interactions 
magnitude of enthalpic anomeric effect 
equilibrium constant for s c e a p  (axialeequatorial) equilibrium 

120" 
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og 

71* 

ASo 

S P 

71 

SC 

fs 

o* 
TB 
0 

orthogonal conformation; appropriate torsion angle 0 z 90" 
pi-type orbital (e.g., ncG0 of C=O bond) 
pi-type antibonding orbital 
standard entropy difference 
synclinal conformation; appropriate torsion angle 0 2 60" 
synperiplanar conformation; the appropriate torsion angle 0 z 0" 
sigma-type orbital (e.g., oc-s of C-S bond) or Hammett constant 

sigma-type antibonding orbital 
twist- boa t conformer 
R-Y-C-X torsion angle in R-Y-CH,-X system 

(e.g.7 op) 

ALPH 
AM1 
A 0  
CNDO 

DMM 
EA 
EHMO 

HF 
HOMO 
IP 
IR 
LUMO 
MIND0/3 

MM 
MNDO 

MO 
MOPAC 
MOVB 
NBO 
NOLMO 
NMR 
PMO 
PM3 

FT-ICR 

ABBREVIATIONS 

antiperiplanar lone pair hypothesis 
Austin Model 1 (semiempirical quantum chemical method) 
atomic orbital 
complete neglect of differential overlap (semiempirical quantum 
chemical method) 
dimethoxymethane 
electron affinity 
extended Huckel molecular orbital (quantum chemical method) 
Fourier transform ion cyclotron resonance 
Hartree-Fock (quantum chemical method) 
highest occupied molecular orbital 
ionization potential 
infrared 
lowest unoccupied molecular orbital 
modified intermediate neglect of differential overlap (semiempirical 
quantum chemical method) 
molecular mechanics 
modified neglect of differential overlap (semiempirical quantum 
chemical method) 
molecular orbital 
semiempirical molecular orbital program 
molecular orbital valence bond (quantum chemical theory) 
natural bond orbital (quantum chemical method) 
nonorthogonal, strictly local molecular orbital 
nuclear magnetic resonance 
perturbational molecular orbital (quantum chemical method) 
parametric method 3 (semiempirical quantum chemical method) 
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RHF 
SCF 
SE stabilization energy 
SOMO single occupied molecular orbital 
STO Slater-type orbitals 
VB valence bond 

restricted Hartree-Fock (quantum chemical method) 
self-consistent field (quantum chemical method) 
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I. INTRODUCTION 

From the time of van’t Hoff (1) and Le Be1 (2) the tetrahedral arrangement 
of substituents around a tetravalent carbon atom has been part of the 
foundation of organic stereochemistry. However, in the last 30 years, thanks 
to the rapid development of synthetic methods of organic chemistry as well 
as of experimental and theoretical methods of structure elucidation, many 
exciting saturated hydrocarbons with very unusual spatial structure have 
been synthesized. Cubane (1) was obtained as early as 1964 (3), triprismane 
(2) (4), a tetra-t-butyl derivative of tetrahedrane (3) (9, small-ring propellanes 
with structures involving inverted carbon atoms, 4-6 (r3.2.11, C4.1.11 and 
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r3.1.11) (6-8), and molecules possessing a planar cyclohexane ring such as 
trans-tris-a-homobenzene (7) (9) were synthesized in the 1970s. During the 
1980s, the search for new molecules possessing peculiar geometry continued 
with accelerating pace: the synthesis of small-ring propellanes reached its 
peak when [l.l.l]propellane (8) was obtained (10). [6.5]Coronane (9) (1 l), 
pentaprismane CloHlo (10) (12), and dodecahedrane C2,H2, (11) (13) were 
synthesized and unsuccessful attempts at the synthesis of two interesting 
molecules of the same C2,H2, group of saturated cage compounds, that is, 
of truncated terahedrane (12) (14) and of hexaprismane (13) (15) were reported. 
Many attempts have been also made to obtain C4.4.4.41 fenestrane (14) (16). 
The synthesis of this molecule and that of C2.2.2.21 paddlane (15a) seemed 
especially desirable since they were thought to possess a so-called planar 
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carbon atom, that is, an atom lying in the same plane with its four substituents 
( I  7b). 

Why are such molecules worth studying? In addition to their aesthetic 
appeal and possible practical applications in the future, they are of great 
cognitive importance because of difficulties related to the definition of the 
chemical bond. Such a definition should cover not only standard bonds but 
should also describe H bonding (l8), the bonding in supramolecular 
complexes (19), and that in van der Waals complexes (20), mesoionic 
compounds (21), and, last but not least, the highly distorted CC bonding in 
hydrocarbons with unusual spatial structure that are the subject of this short 
review. The question as to how far a bond can be distorted without being 
broken is fascinating and, in turn, evokes a second question as to the 
properties of such a distorted bond. These questions are not simple to answer 
since quantum chemistry (QC) correctly describes only the molecule as a 
whole. (Throughout this chapter QC will denote semiempirical and/or ab 
initio quantum chemical as opposed to molecular mechanics calculations.) 
The so-called Bader analysis (22) allows one to analyze the so-called bond 
path but does not resolve the difficulties in computing bond length. The 
difficulties with such a useful intuitive concept make studies of nonstandard 
molecules of great importance. The discussion concerning the strength, and 
even the existence, of the central bond in [ l.l.l]propellane (8) (see Section 11) 
illustrates serious conceptual problems, concerning the definition of a 
chemical bond, encountered when studying such unusual molecules. Publica- 
tions dealing with these difficulties had a considerable impact on the theory 
of the chemical bond, showing ways to the solution of the problem. High 
symmetry and a well-defined, usually rigid structure also make studying such 
molecules expedient. For this reason they are well-suited both for theoretical 
calculations and for very accurate experimental measurements. In addition, 
such molecules provide an opportunity for checking empirical relations such 
as the Karplus equation (23). 

As will be shown, theoretical calculations play an ever-increasing role in 
the quest for new and unusual systems. Elaborate quantum chemical ab initio 
calculations taking into account configuration interaction and involving big 
basis sets with full geometry optimization seem indispensable when accurate 
quantitative results are desired. Calculations for large and unusual molecules, 
such as those discussed in this chapter, are time consuming and beyond the 
possibility of most research groups. Moreover, it seems that even theoreticians 
having the appropriate ab initio computer programs and sufficient computa- 
tional facilities at their disposal have not carried out calculations for this 
kind of molecule at sufficiently high levels of sophistication. On the other 
hand, the great importance of simpler theoretical studies cannot be over- 
estimated. As will be shown in more detail, QC calculations for molecule 8 
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(24, 28) can serve as a good example of the predictive power of theoretical 
studies. Similarly, numerous estimations of the energy required to planarize 
methane (17b, 35) triggered synthetic work in the field of [k, I ,  m, n] fenestranes 
(16) and paddlanes (25), despite the fact that a planar configuration at carbon 
atoms seems less stable than the pyramidal one and does not represent an 
energy minimum (17b). On the other hand, the existence and the properties 
of small-ring propellanes allowed one to check the predictive power of the 
theory. As mentioned earlier, the pertinent studies showed the conceptual 
limitations of interpreting quantum chemical results and of the definition of 
the chemical bond. The comparison of calculated results with experimental 
ones is crucial in the research under discussion; therefore, a few additional 
general comments may be of value: 

1. Experimental data for the molecules under investigation are often 
unavailable. 

2. When available, these data sometimes refer not to the molecule of 
interest but to its derivatives (see below). 

3. Experimental structure determinations are usually carried out by X-ray 
analysis in the solid state while the calculations usually refer to an 
isolated molecule. 

4. The experimental results for bond lengths, bond angles, and so forth, 
depend on the technique [X-ray, microwave (MW), electron diffraction 
(ED) spectroscopy, etc.] used (26). 

About 15 years ago Greenberg and Liebman published their extensive review 
article and book (27) on many unusual organic molecules. In their book 
Nonclassical Structures of Organic Compounds, Minkin et al. (1 7) discussed 
the results of quantum calculations for most of the molecules that are the 
subject of the present work as well as for many organic radicals and ions. 
Several review articles on the synthesis and properties of specific groups of 
compounds covered in this chapter have appeared. A few years ago a special 
issue of Chemical Reviews devoted to strained molecules appeared containing 
a review by Wiberg on small-ring propellanes (28), another one on cubane 
(29), another one dealing with the C,H, family covering both saturated and 
unsaturated molecules of this general formula (30), and a review on bridged 
bicyclobutanes (3 1). Venepalli and Agosta (16) have discussed the syntheses 
of fenestranes, while Zipperer et al. (32) have summarized reactions of cis- and 
rrans-tris-a-homobenzenes, such as 7, that possess planar cyclohexane rings. 
The synthetic routes to the aforementioned compounds have been discussed 
in these papers and their theoretical foundations described; but only in the 
Wiberg papers have the predictive power of QC calculations and the impact 
of theoretical considerations on the design and synthesis of an unsuaual 
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group of compounds (i.e., small-ring propellanes) been shown. Quantum 
chemical calculations were successfully used by him to predict the properties 
and the possibility of existence of [ 1.1. l ]  propellane 8. The approach due to 
Wiberg is close to the one adopted in the present chapter, that is, the possibility 
of the existence of hydrocarbons possessing unusual spatial structure will be 
discussed on the basis of available experimental data and theoretical considera- 
tions. Contrary to the Wiberg work, our discussion will not be limited to 
quantum studies since recent molecular mechanics (MM) calculations by 
Dodziuk (33-37) summarized in a short review (38), as well as elegant studies 
by Osawa and co-workers (39-42), have revealed that the MM method (43) 
can also yield valuable information on the molecules under discussion. In 
addition to the influence of theory on the synthesis of molecules possessing 
unusual spatial structure, the impact of the existence and properties of these 
molecules on the development of theory, and in particular on the formulation 
of the concepts allowing one to describe and better understand chemical 
bonding in such systems, will be discussed. The interplay between theory 
and organic synthesis will be exemplified by the following groups of compounds 
molecules possessing inverted carbon atoms, “planar methane” molecules 
possessing pyramidal carbon atom, molecules possessing planarized and 
planar cyclohexane rings, and small saturated cage hydrocarbons of the 
general formula Cz,H2,. Our aim is to show how synthetic work has 
stimulated theory, which, in turn, allows one today not only to rationalize 
existing experimental results but also to predict properties of hypothetical 
molecules and to propose plausible synthetic targets. In the presentation 
special emphasis will be placed on the MM method (43), whose predictive 
power appears not to have been sufficiently acknowledged. The domain of 
hydrocarbons with unusual three-dimensional structure is a rapidly growing 
field, and in spite of many partial reviews of relevant topics that have appeared 
recently, it is not possible to cover this topic exhaustively. Therefore, reactions 
of such molecules as well as the rapidly expanding domain of their noncarbon 
analogs will not be reviewed here. 

11. MOLECULES POSSESSING INVERTED CARBON ATOM 

According to Wiberg et al.’s definition (441, an inverted carbon atom is an 
atom having four of its substituents in one hemisphere. As pointed out by 
Dodziuk (35)  in this definition no distinction was made between inverted 
and pyramidal atoms. To differentiate between them, inverted atoms should 
be defined as those having bond configuration obtained from the tetrahedral 
one by reversing the direction of one bond. Eight molecules of this type (16, 
8, 17a, 17b, 4-6, and 18) have been synthesized, [2.2.2]propellane (17c) being 
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a: k = 2 , 1  = p = 1 

c: k = 1 = rn = 2 
16 17 b: k = 1 = 2, m= 1 18 19 

the limiting case since its bridgehead atoms lie approximately in a plane with 
their three neighbors. In his latest review (28) Wiberg discussed the chemistry 
of small-ring propellanes and pointed out that the ease of formation, stability, 
structure, vibrational and photoelectron spectra, and enthalpy of formation 
of [l.l.l]propellane were all predicted prior to its preparation (10, 45). As 
stated earlier, the lack of a unique definition of a chemical bond in quantum 
mechanical descriptions of partial molecular properties resulted in vigorous 
discussions concerning the strength of the atypical central bond in 8 and 
even its existence was questioned on the basis of the calculations (46). The 
bond formed by two inverted atoms manifests its peculiarity in the lack of 
so-called deformation density (47) and the large difference in the out-of-plane 
component of the 13C chemical shift of the methylene carbon atoms in 
comparison to bicyciobutane and cyclopropane (48). The analysis of charge 
density distribution in terms of bond and ring critical points (22), developed 
as a QC description of a chemical bond, allows one to understand better 
the unusual central bond in 8. The evidence that this bond does exist is 
provided by Feller and Davidson’s calculation (49) of the bridgehead C-H 
bond dissociation energy in bicyclopentane since the dissociation of the first 
bond requires 106 kcal/mol while for that of the second bond only 47 kcal/mol 
are needed. 

Ab initio calculations using 6-3 lG* basis sets are thought to predict satis- 
factorily the geometries and enthalpies of formation of small-ring propellanes. 
d Orbitals on carbon are essential for proper description of such strained 
systems (22). But, despite remarkable achievements of such calculations (28), 
more experimental data to compare with are needed. In particular, experi- 
mental bond lengths in [2.2.2]propellane 17c would be of interest as the 
corresponding QC values calculated at the SCF (self-consistent field) level 
exhibit a very unusual trend, the bridgehead-bridgehead bond being the 
shortest and the ethylene bridge bonds the longest (24). Molecular mechanics 
calculations (43) yielded the opposite, more plausible trend with the 
bridgehead-bridgehead carbons bond being longest. Among recent experi- 
mental studies of [l.l.l]propellane the analysis of its infrared intensities (50), 
that of 13C-13C coupling (51), and X-ray structure determination at 138 K 
(52) should be mentioned. Reactions of the molecule were discussed in (53). 
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Contrary to the results of earlier calculations cited in (28), a biradical character 
of [ l.l.l]propellane was advocated by Murray et al. (54). 

As stated earlier, in spite of considerable interest in hydrocarbons possessing 
inverted carbon atoms, only eight systems (16, 8, 17a, 17b, 4-6, and 18) of 
this type are known. With the exception of bicyclobutane (16) they are all 
small-ring propellanes possessing symmetrical pairs of inverted atoms. In the 
course of the M M  study of [k.l.m]propellanes (17), with k, I, m equal to 2-4 
(55) ,  four questions have arisen: 

1. Are there propellanes possessing medium or large rings exhibiting 

2. Are there other types of molecules possessing inverted carbons? 
3. Is there a possibility of existence of an asymmetric pair of inverted 

4. Is there a possibility of existence of an isolated inverted carbon in a 

inverted carbons? 

carbon atoms? 

molecule? 

These questions have been discussed elsewhere (34). Simple stereometric 
consideration of the spatial relationships in [n.l.l]propellane (n > 4) using 
a few simplifying assumptions was used to show that such a molecule should 
possess inverted atoms independently on the value of n, and the MM calculation 
for [5.1.l]propellane (19) revealed that this molecule should not be excessively 
strained. Therefore, this molecule and higher [n.l.l]propellanes appear to 
be prospective synthetic targets yielding an infinite family of molecules with 
inverted carbons. 

The extension of Paquette’s idea (56) of fused bicyclics (called geminanes) 
to smaller molecules allowed Dodziuk (34) to propose a group of molecules 
20-29 possessing inverted carbon atoms that differ from small-ring propellanes. 
Molecular mechanics calculations for the molecules revealed that molecules 
20-23, cis- and trans-27, the two stable trans-conformers of 28, denoted as 
I and 11, and the single conformer of trans-29, (denoted analogously as I) 
(57), should have inverted carbon atoms. There are symmetry related pairs 
of inverted carbons in molecules 21 and cis- and trans-27. The corresponding 
pairs in molecules 22, 23, and trans-28(1) are not symmetry related, and in 
molecules 20, trans-28(1); trans-2qI) there is an isolated inverted carbon atom. 
In molecule 24 one of the bridgehead carbon atoms represents a limiting 
case similar to that found in molecule 17c, that is, this atom and its three 
bridging neighbors lie approximately in a plane. The MM2 parametrization 
( 5 8 )  used in the calculations (34) was developed on the basis of experimental 
results collected for hydrocarbons with standard spatial structure; nevertheless, 
the calculated values concerning energy and geometry apparently allow one 
to draw at least qualitative conclusions for the molecules under discussion. 
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20 

24 

0 CIS-27 
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In particular, they seem to indicate that the strain in molecules 20-29 is not 
large enough to preclude their synthesis. The synthesis of [ 1.1 .l]geminane 
(21) and that of molecules 22, 23, and tran~-28(I) would allow one to study 
the properties of a bond formed by inverted carbon atoms different from the 
central bond in small-ring propellanes while that of tricycloheptane 20 and 
truns-28(11) and trans-29(1) would provide the opportunity to analyze the 
bond between the carbon atoms with inverted and tetrahedral configuration 
of substituents, respectively. 

The possibility of the existence of a body-diagonal bond in 1P-dehydro- 
cubane (50), a prototype new molecule possessing inverted carbon atoms, 
has recently been discussed by Hassenruck et al. (59), Hrovat and Borden 
(60a), and Eaton and Tsanaktsidis (60b). 

The existence of an interesting molecule (30) (61) with structure analogous 
to that of [2.2.2]propellane (17c) was proposed by Wiberg et al. (61), but in 
an attempted synthesis the authors were not able to detect it. Some other 
interesting propellanes without inverted carbon atoms will be mentioned in 
the next sections. Normal coordinate treatment with calculation of the infrared 
intensities of bicyclobutane (16) and of [l.l.l]propellane (8) was carried out 
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by Wiberg et al. (50). Among molecules having inverted carbon atoms, bi- 
cyclobutane (16) has attracted the least attention. Unusual contraction of 
the linking bond in the coupled bicyclobutanes 31 and 32, analogous cubanes 
33, 34, bicyclopentane 35, and tetrahedranes 36, 37 has been analyzed by 
Ermer et al. (62) and by Schleyer and Bremer (63). 

30 

33 a : X = H  
b: X = Br 
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The fact that bicyclobutane (16) also has an inverted carbon atom is some- 
times overlooked, although its derivatives such as tricyclo[2.1 .0.02,5]pentane 
(38) reviewed in (31) exhibit unusual patterns of electron density distribution 
analogous to that found in small-ring propellanes (47). 

111. MOLECULES WITH A PYRAMIDAL CARBON ATOM 

As already stated, Wiberg’s definition of inverted carbon atoms is not limited 
to such atoms but includes also pyramidal ones. According to another concept 
by Minkin et al. (17) not only pyramidane (39) or pyramidal fenestrane (14b) 
but also cubane (l), triprismane (2), tetrahedrane (3), and the (CH): cation 
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were treated as pyramidal structures. Dodziuk (35) has defined a pyramidal 
atom as one having pyramidal arrangements of bonds around it. No molecule 
with pyramidal or planar arrangement of bonds around a carbon atom is 
known, but the so-called planar methane problem has attracted considerable 
attention of both synthetic and theoretical organic chemists. Although 
calculations on methane varying from extended Huckel theory (EHT) (64a) 
to ab initio ones with basis set 6-31G* (65) and geometry optimization 
(discussed in 17b) as well as semiempirical calculations (64b) seemed to 
indicate that the pyramidal arrangement of bonds around a carbon atom 
was more stable than the planar one, most theoretical and experimental 
efforts in this domain were focused on molecules with the planar configuration 
at the carbon atom. Understandably, the results of the calculations for 
methane were limited both by the treatment of configuration interaction and 
by the quality of the basis sets used in the 1970s. Therefore, an extension 
of the Shavitt calculations (66) using 6-31G** and CI-so far carried out only 
for the planar configuration (which does not correspond to an energy 
minimum)-to the pyramidal configuration appears essential. Interesting 
studies of a molecule possessing the pyramidal configuration at a carbon 
atom were carried out by Minkin and Minayev (67) for pyramidane (39). The 
authors found that the pyramidal configuration of the central atom in the 
molecule should possess some kinetic stability. Its strain energy was 
calculated to be only 19 kcal/mol per C-C bond, thus, the molecule was 
considered a realistic synthetic target. 

39 
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Although the estimates of the energy required to enforce planarity of 
tetrahedral methane differ from 95 to 250 kcal/mol (1 7b, 39,  the theoretical 
discussion resulted in fruitful ideas concerning possible synthetic targets. The 
results of the calculations favoring pyramidal configuration at carbon over 
the planar one seems to have been overlooked, and the effort was focused 
mainly on obtaining the planar arrangement at  a carbon atom. As a result, 
several exciting molecules have been synthesized, but none of them possessed 
either planar or pyramidal configuration at  carbon. 

At first 14.4.4.41fenestrane (14) was thought to possess a planar 
configuration at the central carbon atom and, as often happens, this erroneous 
idea inspired a lot of research on small-ring fenestranes. The calculations 
(STO-3G/6-31G* and 4-31G to second order in CI) by the Schulman group 
(68) revealed that out of two possible configurations at carbon, that is, the 
pyramidal one 14b and the quasitetrahedral one 14a, the former configuration 
is more stable by 48.3 kcal/mol. Despite massive synthetic efforts to synthesize 
C4.4.4.41fenestrane (14) described in the Venepalli and Agosta review [ 161, 
C5.4.4.41fenestrane (40) (69) is the smallest molecule synthesized in their series. 
In agreement with expectation, QC calculations by Wiirthwein, Schleyer et al. 
and by Wiberg (70) revealed that [1.1.1.1]- (15b) and C2.2.2.21paddlane (15a) 
are prohibitively strained, and the smallest paddlanes known today are 
Cn.2.2.2lpaddlanes (41) with n = 10,. . . ,12, synthesized by Eaton and Leipzig 
(25). Analyzing planarization at a tetravalent carbon atom and possible 
configurations of tetracyclo[4.2. 1.02~9.05*9]nonane (42), Wiberg calculated 
[with a 3-21G basis set and full geometry optimization (71)] that the 
configuration with a pyramidal central atom, 42b, is only 4 kcal/mol less 
stable than the most stable one. The calculated strain energies have been 
found to be quite large but somewhat smaller than that of C4.4.4.41fenestrane 
(14c). Surprisingly, the author later only discussed possible synthetic routes 
to the most stable configuration 42a and another one, 42c, dismissing the 
pyramidal configuration 42b, which was calculated by him to be 5 kcal/mol 
more stable than 42c. It should be noted that the calculated energy differences 
between the isomers 42a,c are certainly smaller than the limits of accuracy 
of the calculations. Therefore, the only practical conclusion of the calculations 
is that all three isomers are very close in energy, including 42b-the one 
dismissed by Wiberg in spite of his belief in the predictive power of theoretical 
calculations. 

43 44 45 46 
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Bowlane (43) and some of its homologues 44-49 have been the first 
molecules possessing a pyramidal carbon atom in the ground state to be 
proposed as plausible synthetic targets on the basis of M M  calculations (35). 
Work is in progress in this laboratory on other hypothetical molecules that 
should have pyramidal carbon atoms in the ground state. 

IV. MOLECULES WITH A PLANARIZED OR PLANAR 
CYCLOHEXANE RING 

The tetrahedral arrangement of bonds around a tetravalent carbon atom 
implies chair or twist conformations for a cyclohexane ring; thus talking 
about molecules 51-53 and some complexes of 54 as having planar saturated 
six-membered rings (72-75) might make a student fail his exam! Cyclohexanes 
with flattened rings have been reviewed by Kellie and Riddell (76) and by 
Vereshchagin (77), but the existence of molecules with planar cyclohexane 
rings has been overlooked by stereochemists over many years. trans-Tris-a- 
homobenzene (55) has been synthesized by Engelhardt and Luttke (9) who 
claimed that the central ring in the molecule is planar. No sound argument 
in favor of this statement was given, but the nearly planar structure of its 

NC 
0 0 

51 52 53 

54 55 56 
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57 58 59 

hexamethyl derivative 56 (78) seems to validate their claim. A planar 
cyclohexane ring was suggested by Spanget-Larsen and Gleiter (79) in their 
MNDO (minimum neglect of differential overlap) calculations and later in 
ab initio calculations by Schulman etal. (80) for diademane (57) (81, 82). 
Planar structures for the ring were also postulated, on the basis of molecular 
mechanics calculations, for hypothetical molecules 12 (37), 13 (83), and 59 
(43b). As mentioned earlier, despite considerable synthetic efforts (14, 15), 
molecules 12 and 13 have not yet been synthesized; ab initio quantum 
calculations for them (84, 85) predict planar structures for the six-membered 
rings. Molecules 12, 13, and 57 belong to saturated cage compounds of the 
general formula Cz,H2, and, as such, will be discussed in the next section. 

A planar central ring has also been found, by X-ray diffraction analysis, 
in the tribenzoderivative of tetracyclo[8.2.02~5.06~9]dodecane (58) (86). As will 
be shown, this result appears to be due to the action of crystal forces and 
not to reflect intrinsic properties of the system under investigation. The 
influence of cis fusion with a smaller ring on the planarization of a six- 
membered ring was systematically analyzed in (33) using molecular mechanics 
with MM2 parametrization (58). The sum of the absolute values of the 
torsion angles within the six-membered ring, xu, was chosen there as a 
measure of ring planarization. The calculation of steric energy and optimum 

60 61 62 

cis-63 trans-63 
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geometry was carried out for bicyclic molecules 60-62, cis- and trans- 
tricyclooctane (63), for coronanes 9,66,68, and their analogues lacking one 
ring: 64,65,67. The dimethyl derivative 70 served as a model compound for 
69. The highly strained molecules 67 and 68 have been included in the series 
for the sake of completeness. Derivatives of incomplete coronanes 64, 65 
have been synthesized by Fitjer etal. (87) but, when the work (33) was 
started, [6S]coronane (9) was not known. In the meantime, this molecule 
has been obtained by the same group (1 l), and its X-ray analysis has been 
carried out. Molecular mechanics calculations for some of these molecules 
had been performed earlier (88) but for different molecules using different 
force fields, therefore they had to be repeated for the sake of uniformity. On 
the other hand, the calculations for diademane (57) and cis- and trans- 
tricyclooctanes (71) have not been carried out in (33) since one of the torsional 
constants in the MM2 parametrization used seemed questionable (89). 

As stated, the comparison of the calculated and experimental results is 
very difficult. Most of the molecules under investigation represent highly 
strained systems for which calculations parametrized for standard hydro- 
carbons might be of limited accuracy or even fail because minor inaccuracies 
in potential functions and/or parameters used, which do  not impair results 
for less congested molecules, may influence those for highly strained systems. 



HELENA DODZIUK 365 

(Therefore, such calculations are also of value for detection of deficiencies 
and limitations of the method itself.) The problem of comparison is further 
complicated by the fact that the corresponding experimental data are scarce 
and often refer to solid-state X-ray measurements of derivatives of the 
molecules under investigation. This may be illustrated by the example of the 
experimental results for molecule 69, which had to be compared with 
calculations for its simpler analog 70. In cases where such a comparison 
could be carried out, the results of the calculations may be summarized as 
follows: 

1. The method with MM2 parametrization yields reliable estimates of 
torsion angles and, therefore, seems suitable for the analysis of planarity 
of the cyclohexane ring. 

2. MM2 performs poorly for bond lengths in highly congested systems. 
3. Poor reproducibility of bond lengths and the condition for ring closure 

Therefore, the calculations called for a refinement of the MM2 force field, 
especially in the part describing the cyclopropane unit, and this gap has been 
filled recently by the Allinger group (89). The results of the calculations (33, 
90) and the X-ray data for 72b and 72c (91a) strongly suggest that the central 
ring in 72a must be flattened but is not planar. These results are in contra- 
distinction to the planarity of the central ring in 58 established by X-ray 
analysis (86). The latter result can be understood only as the result of an im- 
position of crystal forces and not as a manifestation of the intrinsic properties 
of molecule 58. X-ray analysis of the known molecule 72a (91b) would be of 
value for clarification of the situation in 58. Synthesis of an interesting 
molecule 73, which according to MM2 calculations (1  1) should exhibit 
considerable planarization of the central ring ( C w  = 232"), is planned by 
Fitjer. 

leads to incorrect values of bond angles. 

V. SATURATED CAGE COMPOUNDS C2,,H2,, 

Discussion of C2,H2, molecules leads back to the ancient Greeks since carbon 
skeletons of molecules 1,3, and 11 (belonging to this group) are represented 
by ideal polyhedra: the cube, the tetrahedron, and the dodecahedron, 
respectively, discussed by Plato and Pythagoras (92). These molecules are 
formed by carbon atoms having three carbon and one hydrogen neighbor 
atoms. In spite of this restrictive condition, the number of isomers of such 
molecules rapidly grows with n. There is only 1 member of the group for 
n = 2 (3) and n = 3  (2), but there are 3 isomers for n = 4 (cubane (I), 
octabisvalene (74a). and cuneane (82)), 9 isomers for n = 5,  32 for n = 6, and 
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so on (93, 94). Only molecules 1 (3), 2 (4), 3 (9, 74 (94), 75 (99, 10 (12), and 
11 (13) or their derivatives have been synthesized, and this group is a subject of 
constantly growing synthetic efforts. The possibility of the synthesis of 12, 
13, and 76 has been intensely explored (14, 15, 37, 41, 84), and at the same 
time physicochemical studies of the known saturated cage molecules, 
especially cubane, are rapidly expanding. Within the group of compounds 
discussed one may consider a smaller group of [nlprismanes that has 
attracted considerable attention, the first members of which are triprismane 
(2), cubane (l), pentaprismane (lo), hexaprismane (13), heptaprismane (76) 
(n = 3,. . . ,7, respectively), and so on. There have been several studies of this 
group, which will be discussed in the following sections. 

A. Tetrahedrane 

Despite the highly unusual structure of tetrahedrane, 3, the problem of its 
synthesis had been formulated more than 70 years ago (96). The first review 
article on tetrahedrane (97) appeared almost simultaneously with the paper 
describing the first synthesis of its tetra-t-butyl derivative 77 (9, which, until 
recently (98), remained the only tetrahedrane derivative known. On the basis 
of MM calculations using different force fields Hounshell and Mislow 
predicted T symmetry for 77 (99). Minkin et al. (17c) discussed the synthesis, 
reactions, and stability of 3 and 77 pointing out that high kinetic stability 
of the latter molecule is partly due to unfavorable steric repulsions in the 

77 78 
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product of its rearrangement tetra-t-butyl-cyclobutadiene (78). Physicochemi- 
cal studies of 77 have dealt with X-ray analysis of its crystal and molecular 
structure (loo), spectral (IOl), and 13C nuclear magnetic resonance (NMR) 
(102) studies. Numerous quantum chemical studies of 3 have ranged from 
MIND0/3 (103) to ab initio RMP2 calculations using a 6-31G* basis set 
(with full geometry optimization) by Schulman et al. (104). The latter authors 
have shown that for medium-sized hydrocarbons second-order correlation 
energies yield reasonable values of heats of formation (HOFs). Indeed, their 
calculated HOF value of 148.7 kcal/mol for cubane I is very close to the 
experimental one (as is the MM calculated value (36)], but calculated values 
for the most interesting molecules under study, that is, tetrahedrane 3 and 
dodecahedrane 11, could not be checked against experiment because of the 
lack of the appropriate thermochemical data. 

As mentioned earlier, coupled bicyclobutanes, bicyclocubanes, bicyclo- 
pentane, and bicyclotetrahedranes 31-37 analyzed by Ermer et al. and by 
Schleyer and Bremer (62, 63) exhibit remarkable shortening of the linking 
bond. 

B. Triprismane 

Known since 1973 (4), triprismane, also known as [3]prismane, (2) is the most 
stable of all valence isomers of benzene according to QC calculations by 
Schulman and Disch (105). The interaction diagram for molecular orbitals 
of 2 generated through 7c--11 overlap of tangential o-Walsh orbitals and 
through 0-0 overlap of 7c molecular orbitals of cyclopropenyl fragments 
calculated by the MIND0/3 method has been discussed by Minkin and 
Minayev (106, 17d). These authors considered this molecule and higher 
prismanes 1,10,13 as products of fusion of two identical annulene fragments 
and analyzed their stability. The molecules were found to exhibit high strain 
energy; nevertheless, high energy barriers for their transition to thermo- 
dynamically more stable isomers suggest that they should be quite stable. 
In spite of the relatively early synthesis of triprismane, it appears to have 
been little studied. Its geometry has not been determined, though that of its 
hexamethyl derivative 79 has been investigated (107). The extension of 
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the MM3 parametrization in molecular mechanics calculations to include 
the cyclopropane unit covered also the triprismane molecule (89). Gleiter 
and Treptow (108) have reported a synthesis of 80, en route to 
propella[n,]prismanes (81). 

C. C8H8-Saturated Cage Compounds 

I .  Cubane 

Because of its high symmetry, cubane (1) has attracted great interest on the 
part of both theoreticians and experimentalists, and it is probably the most 
often studied molecule among those discussed in this review. Calculations 
on 1 (cited in ref. 29) have allowed one to better understand the remarkable 
stability of cubane (despite its unusually high strain). It is interesting that, 
in contrast to the results for other molecules discussed in this chapter, these 
theoretical studies [the MM studies by the Osawa group (39, 40) being an 
exception] had no immediate impact on synthetic work. The synthesis and 
chemistry of cubane has been recently reviewed by Griffin and Marchand 
(29). This review includes concise but very informative sections, “Spectral 
and Physical-Organic Studies of Cubanes” and “Theoretical Studies of 
Cubanes.” Another recent review of consequences of strain in (CH), 
hydrocarbons (30) covered both saturated and unsaturated molecules and 
dealt mainly with their reactivity. Therefore, in the following we shall limit 
the discussion to recent studies pertaining to the molecule and to the very 
interesting publications by the Osawa group (39, 40) mentioned earlier. 

Hedberg et al. (109) combined an electron diffraction study of 1 in the 
gas phase at 77°C with microwave rotational constants (1 10) for cubane-d, 
to resolve the discrepancies between the equilibrium bond lengths in the 
molecule as determined by X-ray (1 1 1) and electron diffraction (ED) (1 12) 
and to determine a quadratic force field for the molecule. In the crystal the 
average C-C bond length was equal to 1.551(3)A, the ED study yielded 
r,(CC) value of 1.575(1)A while the microwave (MW) spectrum of 
monodeuterated cubane led to the result ro(CC) = 1.5708 A. The corresponding 
r(CH) values are equal to 1.03(5), 1.100(6) and 1.097 A. The discussion in the 
study by Hedberg et al. clearly illustrates the difficulties encountered in a 
comparison of experimental results obtained by modern experimental and 
theoretical methods (26). The use of combined ED-MW data with allowance 
for multiple scatterin allowed the authors to estimate the equilibrium value 

the equilibrium bond lengths (with estimated effects of molecular vibrations) 
with the calculation revealed that the r,(CC) values from MIND0/3 (1 13) and 
from the ab initio studies with the 6-31G* and the STO-3G (1 14) basis sets 

r,(CC) as 1.5618(40) I! and that of r(CH) as 1.0960(130)A. A comparison of 
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were in good agreement with this experimentally derived result for r,(CC). 
Molecular mechanics calculations (36, 1 15) yielded reasonable values for the 
bond lengths and excellent agreement with the experimental value of the 
heat of formation [experimental, 148.7 kcal/mol (1 16); calculated, 148.9 kcal/ 
moll. 

An interesting study of the products of cubane hydrogenolysis was 
published by Stober, Musso and Osawa (39). In this reaction the authors found 
[2.2.2]bicyclooctane (83) to be the main product; tetracycl0[4.2.0.0~*~.0~-~]- 
octane (84) and tricycl0[4.2.0.0~~~]octane (85) were identified as intermediates. 
The experimental findings have been rationalized by means of MM study of 
possible products of the reaction. It should be stressed that MM is mainly 
used to determine spatial structure and strain of organic molecules, and the 
method is seldom applied to explain the reactivity and course of reactions 
as has been done by the Osawa group. 

82 83 84 85 

A combined AM1 (Austin Model 1) and MM study of an interesting 
cubane derivative, propella[3,]prismane (86), was also carried out by Osawa’s 
group (40). The molecule was synthesized by Gleiter and Karcher (1 17) by 
a [n2 + n2] photochemical ring closure of syn-tricyclo[4.2.0.02~s]octa-3,7- 
diene (87). The course of the reaction was unclear in view of the failure of 
the same reaction on tricyclooctadiene 88 to give cubane (1 18). The analysis 
by Osawa’s group (39, 40) revealed that the reaction 88+l  involves a 
prohibitively large increase in strain and that the ordering of the frontier 
molecular orbitals governed by the double bond-double bond distance is 

86 a7 88 



370 UNUSUAL SATURATED HYDROCARBONS 

the most important factor in the reaction. Potential energy calculations by 
MM2 indicated that the trimethylene bridges in 86 are so flexible that they 
should appear flat on the NMR time scale. This is in accordance with the 
I3CNMR spectra (117), which exhibit only 3 signals compatible either with 
D4,,, C4h, and/or DZh structures or an equilibrium mixture of low-energy 
conformers that averages to these symmetries. An X-ray analysis (59) of the 
4-bromobicubyl structure 33b [synthesized by Eaton's group (1  19)] indicates 
a very short length of the C-C bond linking the two cubane moieties, 
analogous to that found for dibicyclobutanes 31,32, bitetrahedranes 36, 37, 
and the molecules 34,35 discussed earlier (62,73). In references 59 and 60 
the possibility of a diagonal bond in cubane yielding 50 with two pyramidal 
carbon atoms was studied. Cubene (89) lies outside the scope of this review, 
but its successful synthesis (120) merits acknowledgment. The possibility of a 
synthisis of the highly strained face-fused dicubane (90) was recently explored 
(121). The calculations on cubane have been also used for a study of new 
computational techniques by Stanton and co-workers (122). 'H and 
I3C NMR spectra of cubane derivatives have been recently reported by 
Axenrod etal. (123). Both ab initio (114) and MM calculations (36) with the 
MM2 parametrization (58) reproduced the experimental value of 148.7 kcal/mol 
( 1  16) for the heat of formation of cubane very accurately. 

2. Octabisvalene 74a and Cuneane 82 

There are only a few studies of these molecules (30, 36, 124). They have been 
summarized in a review (30) together with those of unsaturated members of 
the C,H, family. All but one of the semiempirical quantum chemical studies 
quoted in Table 1 of the review yielded cubane (which is [4] prismane) as the 
most strained member of the family. Except in ref 36, the existence of inverted 
carbon atoms (the bridgehead ones in the bicyclobutane units) in the octabis- 
valene molecule has been overlooked. There is no agreement in the literature 
concerning the relative stability of cuneane and octabisvalene. As mentioned 
earlier, the experimental determination and ab initio calculation have been 
carried out only for 1; thus, more experimental measurements and further ab 
initio calculations for molecules 76a and 83 are necessary. 

D. CloHlo-Saturated Cages: Pentaprismane 10 and Diademane 57 

Only these two members out of nine possible saturated isomers of this family 
have been synthesized. Pentaprismane has been synthesized in the Eaton 
group (12). Its physicochemical studies have been limited to the measurements 
of photoelectron spectra (125). As mentioned earlier, the interaction diagrams 
for molecular orbitals of [3] prismane (2) and higher prismanes 1, 10, 13 
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have been analyzed by Minkin et al. (106,17d), while the results of theoretical 
calculations on the [nlprismane series will be discussed in the last section 
of this chapter. The synthesis of diademane has been described by Spielmann, 
de Meijere et al. (82) and that of this aza analog by Prinzbach’s group (126). 
The parent molecule was foreseen to possess a planar cyclohexane ring by 
MIND0/3 calculations by Spanget-Larsen and Gleiter (79); it belongs to 
the group of molecules discussed in the next chapter of this volume. The 
same conclusion concerning planarity has been reached by Schulman et al. 
(80) (who overlooked that the molecule had been synthesized and studied 
prior to their work) on this basis of ab initio calculations. 

E. ClzHl2-Saturated Cage Molecules: Truncated 
Tetrahedrane 12, Hexaprismane 13, etc. 

Both 12 and 13 have long been searched for; but no successful syntheses 
have been reported (14,15a), and the synthesis of a derivative of another 
member of the C, 2H L 2  family, 75b ( 9 3  has remained unnoticed. Ecohexapris- 
mane (91) has been obtained by Mehta and Padma (127), but an attempt to 
synthesize hexaprismane as a part of a larger system 92 proved unsuccessful 
(15b). An MM study of the influence of strain energy on the photochemical 
[n2 + n2] cage cyclization leading to hexaprisma ie was published by Mehta 
et al. (41a). Analogous calculations on 1,4-bishomo[6]prismane (93) (42) 
allowed the authors to propose demethylenation of the latter molecule and 
of 1,4-bis-homo[7] prismane (94) as a potential synthetic route to [a] and [7] 
prismanes. 

According to MM calculations (37, 41a, 128) 13 is expected to possess 
planar cyclohexane rings; thus it belongs also to the group discussed in thk 
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next section. On the other hand both MM (37) and QC calculation (85b) 
predict Td symmetry for truncated tetrahedrane (1 2). Vibrational frequencies 
have been calculated in the latter study (85b) to confirm kinetic stability of 
this highly symmetrical form of the molecule under investigation. The agree- 
ment between the calculated values of heat of formation by two methods is 
satisfying [ca. 91 kcal/mol by QC calculations (85a) and ca. 87 kcal/mol by the 
MM method (37)]. Quantum chemical calculations on 13 (84, 129) have been 
carried out on the assumption of D6h symmetry implying planarity of the 
six-membered rings. It should be stressed that not all saturated CI2H,,  isomers 
have been studied. Dodziuk and Nowinski (37) have studied several of them 
but have discussed only the results obtained for 12, 13, and 75b. In addition 
to the QC calculations for unsaturated members of the CI2Hl2 family, such 
calculations have been carried out for molecules 12, 13 and 75b by Schriver 
and Gerson (129). The same energy ordering was found by two groups, but 
the calculated energy difference between 75b and 12 was larger in the QC 
calculations. The general conclusion of both calculations is that hexaprismane 
is the least stable of the molecules studied and heptacycl0[6 .4 .0 .0~~~.0) .~~0~~~ 2 .  

06.10 4 9 . 1  1 Idodecane (75b) is the most stable one. Both groups have overlooked 
the reported synthesis of molecule 75a and they predicted 75b to be the most 
easily accessible synthetic target in the C,,H,, family. According to the MM 
calculations (37), the latter molecule should exhibit considerable deformation 
of the central cyclohexane ring toward larger puckering with the value of the 
C-C-C-C torsional angles 4 within the six-membered ring equal to 75.2'. 
The agreement between the experimental result for 95 (1 30) and the calculated 
MM value for the hydrocarbon analog 96 (131) support the calculated large 
value of thew angle in 75b. This result seems to indicate that the MM method 
is capable of reproducing not only the planarization of a six-membered ring 
(as shown in the next section) but also deformations of this ring toward greater 
puckering. 

F. [nlPrismanes and Higher Members of the CznHzn Family 

In addition to the information on specific lower prismanes, a few existing 
studies on higher prismanes and on the whole family should be mentioned. 
Photochemical reactions leading to [7]prismane analogues have been explored 
experimentally and by MM2 calculations by Mehta et al. (41b). A Dqd 
structure has been proposed for [Slprismane (97) by Reddy and Jemmis (128) 
while Jemmis et al. (132) and Miller and Schulman (84) on the basis of MNDO 
and AM1 calculations argued at the semiempirical level that this structure is 
not a local minimum. The calculation of geometries and vibrational frequencies 
of [nlprismanes ( n  = 3,. . . ,9) has been carried out by Disch and Schulman 
(84) under D,, symmetry constraint using STO-3G, 3-21G, and 6-31G* basis 
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97 98 99 

sets together with a RMP2 computation. Both heats of formation and strain 
energies yielded pentaprismane (10) as the most stable molecule within the 
series followed by triprismane (2) and cubane (1) (HOFs equal to 119.6, 136.4, 
and 148.5 kcal/mol, respectively). After that, the values increase considerably 
with increase of n. The values calculated for hexaprismane (13) by means of 
Q M  (84) and MM (37) methods differ considerably (153.1 kcal/mol by the 
former and 129.2 kcal/mol by the latter), but the direction of the differences 
underlines the conclusion based on the MM calculations (37) namely that, for 
a given n, [nlprismanes seem to be among the least stable isomers within a 
C,,H,, family of saturated cage compounds. Dodecahedrane (1 l), which also 
belongs to the family, will not be covered here, but two highly hypothetical 
molecules, israelane (98) and helvetane (99), deserve mentioning. Following a 
jocular idea of A. Eschenmoser they were proposed by Ginsburg in the April 
1 issue of the Nouueau Journal de Chimie (1 33). Nevertheless, some theoretical 
groups have studied them (1  34, 135) coming to the conclusion that helvetane, 
being only slightly less stable than [12]prismane, may be capable of existence. 
We believe, however, that QC calculations [84] and MM studies (36,37) on 
prismanes suggest that higher prismanes are not promising synthetic targets 
and that the study of molecules 98 and 99 will probably remain a theoretician’s 
exercise. 

VI. FUTURE PROSPECTS 

The domain of “unnatural chemistry” (136) will undoubtedly flourish in the 
future. Synthesis of molecules with a pyramidal carbon atom proposed in 
(17b, 35, 137) seems to be the greatest challenge in this field. Proposals of new 
types of molecules other than propellanes that should have inverted carbon 
atoms (34, 59, 60) seem promising. [6.4]Coronane (M), the fascinating tri- 
propellacyclohexane (73), and other molecules having highly planarized cyclo- 
hexane ring still await their synthesis in the Fitjer group. Massive synthetical 
and theoretical efforts by Mehta, Osawa et al. (41) may eventually yield the 
highly desirable hexaprismane (13), but the synthesis of [7]prismane (76) 
appears less probable. Synthesis of new derivatives of tetrahedrane (3) and 
that of the highly symmetrical molecule of truncated tetrahedrane (12) will 
certainly be the subject of a large research effort. Hetero analogues of the 
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strained hydrocarbons have not been discussed in this study, but both 
theoretical and experimental studies of their properties will undoubtedly be 
carried out intensively as witnessed by recent publications (1 38). Physico- 
chemical studies of most of the molecules discussed in this chapter are not 
known or are incomplete. In particular, experimental heat of formation values 
are missing for most (1 39) and experimental thermochemical studies are a 
must. The small usually highly symmetrical molecules discussed in this 
chapter are often used for parametrization purposes. They also provide a 
unique opportunity for comparison of the geometric parameters obtained by 
different experimental techniques, allowing one to derive equilibrium bond 
lengths and angles. Therefore, accurate structure determinations involving 
different experimental techniques such as the one recently carried out for 
cubane (109) will certainly follow for other molecules analyzed here. The rigid 
structure of C2,H2,, molecules will be especially useful for establishing and 
checking Karplus-type relations (23). The physicochemical studies will have 
to be accompanied by QC and MM calculations indispensable for hypothetical 
molecules especially those for which experimental results are very difficult or 
impossible to obtain. “Dry” chemistry, that is, computational chemistry, 
nowadays has enormous impact on “wet” chemistry. On the other hand, future 
syntheses of the aforementioned molecules and determination of their physico- 
chemical properties will allow further development of theory. In particular, the 
MM parameters will be refined, thereby enabling quantitative studies of 
hydrocarbons with unusual three-dimensional structure. Further insight will 
undoubtedly be gained, making possible comparison of molecular parameters 
obtained by different experimental techniques and quantum chemical cal- 
culations. Even though many of the molecules discussed have presently no 
practical applications, their importance for theory and their interesting 
features foreshadow a rapidly growing development in the field of saturated 
hydrocarbons with unusual spatial structure in the future. 

Compound 75b has been synthesized recently (140) and its X-ray structure 
(141) yielded a value of 76” for the puckering angle in the central cyclohexane 
unit. This value is in good agreement with that predicted on the basis of the 
MM calculations discussed in this review. On the other hand, analogous 
calculations for tricycloC4. 1.0.0’*3] heptane reported in ref. 89 yielded a 
pyramidal configuration of the central spiro atom. This result disagrees with 
the experimental finding (142). 
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1. INTRODUCTION 

The importance of stereochemistry in understanding the mechanism of 
biological processes has long been appreciated and, since Ogston’s classic 
paper in 1948 (l), stereochemical studies have been extended to prochiral 
molecules normally thought of as symmetrical. Prochirality has been exten- 
sively reviewed, and the literature includes chapters in this series and else- 
where (2-4) and two books (56). Extension of the concept to reactions at  
pro-prochiral centers has also been reviewed in this series (7). 

In this review, we shall concentrate on the stereochemistry of enzymic 
reactions of amino acids, many of which involve transformations at prochiral 
centers. We shall use the nomenclature of Hanson (8) to specify the stereo- 
chemistry of prochiral atoms and groups as pro-R (HR) and p r o 4  (H,) and 
of prochiral faces as Re and Si and the nomenclature of Mislow and Raban 
(2) to describe prochiral groups as having enantiotopic or diustereotopic 
relationships. Reviews on the stereochemistry of enzymic reactions of amino 
acids were published in 1978 (9, lo), and since the seminal review by Dunathan 
in 1971 (1 l), several reviews comparing the stereochemistry of pyridoxal 
phosphate-catalyzed enzymic reactions have appeared (1 2- 15). 

11. PYRIDOXAL, PY RIDOXAMINE, AND THEIR PHOSPHATES 

A broad range of enzymic reactions of amino acids is mediated by pyridoxal 
phosphate (PLP), the cofactor form of vitamin B,. The general mechanism 
of action of this cofactor was suggested independently by Braunstein and 
Shemyakin (16) and by Snell(17), and although a great deal of experimental 
work has been achieved since the Braunstein-Snell hypothesis was put 
forward, it still holds good today. 

Pyridoxal phosphate 1 readily condenses with the amino group of an 
amino acid 2 to form a conjugated imine 3, as shown in Scheme 1. The pyridine 
nitrogen will now act as an “electron sink”, especially when protonated, and 
so LY deprotonation will yield the imine 4. Protonation at C-4 in the imine 
4 will yield the imine 5, which on hydrolysis will give the ketoacid 7 and 
pyridoxamine-phosphate (PMP) 6. This process is catalyzed by transaminases. 

The intermediate 3 may also be decarboxylated, as shown in Scheme 2, 
and the decarboxylated imine 8, on protonation followed by hydrolysis, will 
yield the amine 9 and PLP 1. This process is catalyzed by amino acid decarbo- 
xylases. Retroaldol cleavage of a suitable 8-hydroxy amino acid would be 
encouraged by the electron sink in a similar manner. 

In addition to these reactions at the a-carbon of amino acids, pyridoxal 
phosphate catalyzes reactions at the /I- and y-carbon atoms of amino acids 
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'- 0 ,P OH& 

(3)  

Scheme I 

Rw+ N 
H. 4', c c  

H 

(9) 

as shown in Schemes 3-5. Just as the system 3 acted as an electron sink, so 
the imine 4a or 4b may act in similar fashion. Tautomerism in 4a to the 
enamine 10 will allow elimination of a suitably disposed y-functional group 
to yield the conjugated system 11. A series of reactions similar to those 
outlined in Scheme 1 will then yield the amino acid 12 and PLP 1. Also 
decarboxylation can occur using 4b as an electron sink, as shown in Scheme 4, 
yielding the product 14. The fully conjugated system in 4c will aid elimination 
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CHO 

2 - 0 3 p o H 2 c ~ -  

CH3 
H 

2- 

of an electron-withdrawing group on the 8-carbon atom of an amino acid 
to give the electrophilic species 15. Addition of a suitable nucleophile may 
then occur, as shown in Scheme 5, to lead eventually to the /I-substituted 
product 16. 
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In 1966 Dunathan ( 1  8) proposed that, in PLP-mediated reactions, the bond 
to be broken in the substrate-cofactor compound should be perpendicular 
to the plane of the extended conjugated system so that there would be 
maximum 0-IC overlap between the breaking bond and the ring-imine IC 

system. Thus 3a, 3b, and 3c represent the conformations of the imine 3 best 
suited to achieve transamination reactions, decarboxylation reactions, and 
retroaldol reactions, respectively. The enzyme will be responsible for the 
orientation of the amino acid-PLP complex and thus dictate the nature of 
the resultant reaction. An example of an enzyme catalyzing two distinct 
reactions was found for serine hydroxymethyltransferase (EC 2.1.2. l), which 
normally catalyzes the retroaldol process outlined in 3c when L-serine or 
L-threonine are substrates. When D-alanine was used as substrate, however, 
a slow transamination was observed (19). Comparison of the conformations 
of the amino acid-PLP complexes, 3c and 17, respectively, for the retroaldol 
and transamination reactions shows that both the proton removed from the 

(3.) 
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hydroxyl group in 3c and the a-hydrogen removed in 17 take up similar environ- 
ments in the active site of the enzyme, thus allowing the quite different 
reactions to occur. 

Transaminases will be specific for a-amino acids of one configuration and 
during the reaction (Schemes 1 and 6), conformation 3a will be transformed 
to the imine 4. This can be protonated either from the Si face (as in 4d) or the 
Re face to give 5 and thence pyridoxamine 6. 

Dunathan et al. (20) and Besmer and Arigoni (21, 22) independently 
examined the stereospecificity of this process using the apoenzyme (23) of 
aspartate aminotransferase (EC 2.6.1.1) since this could be reconstituted 
with unphosphorylated pyridoxamine 20 and still show catalytic competence. 
Dunathan et al. (20) synthesized (4S)-[4-2H,]pyridoxamine 20, H, = 2H, by 
reduction of the manganese complex 18 from its less hindered side with 
NaB'H, as in Scheme 7. Removal of the metal followed by periodate treat- 
ment then gave the stereospecifically labeled pyridoxamine 20, H, = 2H. 
Although this was not 100% enantiomerically pure, the kinetics of exchange 
with the apoenzyme and a-ketoglutarate were similar to those found for 
[4,4'-2H,]pyridoxamine and not to those found for unlabeled pyridoxamine, 
suggesting that deprotonation of the unphosphorylated analog of 4d had 
occurred from the Si face. 

(19) 

Scheme 7 
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Besmer and Arigoni (21,22) incubated the reconstituted apoenzyme with 
aspartic acid 21 in 'H,O as shown in Scheme 8. The resultant pyridoxamine 
20, H, = 3H, was then degraded to (2S)-[2-3H,]glycine 23, H, = 3H. This 
could be converted to glycollic acid 24, H, = 3H, by nitrosation with retention 
of configuration. Since this acid is known (24,25) to lose its 2-pro-R hydrogen 
on oxidation with glycollate oxidase (EC 1.1.3.1) and 3H is retained, the 
stereochemistry of the glycine and hence the pyridoxamine could be assigned 
as being (S). Thus protonation of the unphosphorylated analogue of 4d had 
occurred from the 4'23 face. 

(21)  
/ 

H 0 2 C  
+ apoenzyme 

of aspartare 
0 -  

minotransferase 

HoH2c?xoH CH3 

HS 

HR +OH HocH2xhoH CH3 C 0 2 H  

Subsequent to this work, apoaspartate transaminase was used to assay 
the stereospecificity of a variety of other transaminases, all of which were 
shown to involve protonation/deprotonation at the C-4' Si face of the 
cofactor. These enzymes included pyridoxamine-pyruvate transaminase (EC 
2.6.1.30) (26) and a-dialkylamino acid transaminase (27). L-Glutamate de- 
carboxylase (EC 4. I .  1.15) catalyzes an abortive transamination reaction when 
a-methylglutamate is used as substrate, and this too was shown to occur with 
protonation at the Si face of C-4' in the intermediate 4d (28) as was the abnormal 
transamination of D-alanine by serine hydroxymethyltransferase (29). 

Tryptophan synthase (EC 4.1.2.20) normally catalyzes the synthesis of 
tryptophan from serine by the or$ elimination-addition reaction outlined in 
Scheme 5 where X = OH and Z = indole. The B protein of the oligomeric 
enzyme will catalyze the dehydration of serine, and in the presence of PLP 
and mercaptoethanol, the intermediate 15 will form adduct 25. This will then 
react as in Scheme 9 to yield the ketoacid 26 and pyridoxamine-phosphate 
6. The net transamination has been shown to involve protonation at the 
4'-Si face in yielding PMP (30). When the apoenzyme of tryptophan synthase 
is reconstituted with the unnatural substrates (4'R)- or (4'S)-[4-3H,]pyridox- 
amine-phosphate and indole-3-pyruvic acid, an unnatural transamination 
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( 6 )  

Scheme 9 

will result giving PLP and L-tryptophan. It was shown (31) that the PLP 
derived from the (4R)-[4-3Hl]-PMP retained tritium, whereas that derived 
from the (4S)-isomer lost tritium. 

Some amino sugar dehydratases use pyridoxamine phosphate 6 as a 
cofactor. The enzyme CDP-4-keto-6-deoxy-~-glucose reductase (EC 1.17.1.1) 
is one such enzyme, catalyzing the process shown in Scheme 10. 

CH, 

Synthetic samples of (4s)- and (4R)-[4'-3Hl]- and [4-2H,]pyridoxamine 
2Oa were prepared by the route outlined in Scheme 11, the key step being 
reduction of the labeled pyridoxal derivatives 32 with alpine boranes (32). 
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(32) 
(S) borane. HA = 'H (34) 
(R) b m e .  H B =  'H 

1 LiAIH, 

HA 
'B,: ,NH2 

"O,POH,C &OH 

Unlike the earlier samples prepared by Dunathan (20), these were ca. 90% 
enantiomerically pure, and when they were converted to the phosphates 6a 
and incubated with the enzyme CDP-4-keto-6-deoxy-~-glucose reductase, 
the (4's)-labeled PMP preferentially lost tritium (33). Thus, in all of the 
enzymes studied so far, the 4'43 face is the face at which reaction occurs. 
The most studied of these enzymes, aspartate aminotransferase (EC 2.6.1. l),  
has been shown to exchange the 4'-pro3 hydrogen in the absence of substrate, 
albeit at a slower rate than when the substrate is present (34,35). The implication 
that the more reactive (4'-Si) face of the complex 3 $ 4 e 5  (Scheme 1) would 
be more exposed than the less reactive (4-Re) face was tested when the 
enzyme complex was reduced with NaB3H4. The reduced intermediate was 
degraded to show tritium in the 4 - p r o 4  hydrogen of the pyridoxamine and 
the (2s)-hydrogen of the amino acid (36). Thus reduction had occurred at  
the expected face. In the absence of substrate, however, the enzyme-lysine- 
pyridoxal phosphate Schiff base was shown to be reduced from the 4-Re 
face (36,37). When lysine 258 of the enzyme was carbamylated to prevent 
Schiff base formation, although pyridoxamine was formed in an irreversible 
transamination with 4-Si protonation (38), NaB3H4 was shown to incorporate 
tritium at the 4-Re face of the substrate-PLP imine (36). X-ray crystallographic 
studies of aspartate aminotransferase in unliganded form and in complexes 
with substrate analogues (39-41) suggest an explanation for these results 
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since the 4 - R e  face is more exposed to solvent in the absence of substrate. 
Replacement of the amino group of lysine 258 by the a-amino group of the 
substrate allows the coenzyme to tilt by 30” and the lysine 258 is in a position 
to serve as a single-base proton acceptor/donor in the C-4’, C,  protonation. 
Site-specific mutagenesis of lysine 258 to alanine removes the catalytic 
competence of the enzyme (42). 

Sodium borohydride reduction of the intermediates formed with other 
(nontransaminase) enzymes has given results very much in keeping with 
those found for aspartate aminotransferase. The tryptophan synthase (EC 
4.2.1 .20)/[4-3H]pyridoxal-phosphate complex was reduced by NaBH,, both 
in the presence of the substrate serine and in its absence (43). Degradation 
of the products to pyridoxamine showed that, in the presence of substrate, 
reduction was from the 4 - S i  face, whereas in its absence, reduction of the 
PLP-lysine imine was from the 4 - R e  face (43). Tyrosine decarboxylase (EC 
4.1.1.25) in the presence of tyrosine is reduced with NaB3H4 from the 4-Si  
face and in the absence of tyrosine from the 4 - R e  face (44). Tryptophanase 
(EC 4.1.99.1) binds alanine as its Schiff base, which on reduction with NaB3H4 
and degradation was shown to be attacked at the 4-Si  face and at the 
a-carbon to yield (2S)-[2-’H]alanine (45). 

If a single base were to act as an intermediary in transferring a proton 
between C-4 and C-a in the equilibrium 3 e 4 e 5  (Scheme I) ,  then this would 
imply suprafacial transfer. Such a single-base mechanism was indicated when 
Dunathan (26) incubated (2S)-[2-2H,]alanine with pyridoxamine-pyruvate 
transaminase (EC 2.6.1.30) for a short time, and the resultant pyridoxamine 
was shown to contain ca. 4% of deuterium by mass spectrometry. The 
pyridoxamine isolated after incubation of aspartate aminotransferase with 
[G-’Hlglutamate was shown to be radioactive and to have 82% of this 
activity in the 4’-pro-S hydrogen (46). Aspartate P-decarboxylase (EC 4.1.1.12) 
has been shown to catalyze decarboxylation-transamination at a rate of 
0.005 of that of the normal P-decarboxylation process. The pyridoxamine 
phosphate from such an abnormal transamination of (2S)-[2-3H,]aspartate 
has been isolated and degraded showing that 17% of the original tritium 
was transferred to the 4 - p r o 4  position (47). 

The suprafacial process in Scheme 6 is therefore indicated and the con- 
formations shown in 3a and 4d would fit. the results. The syn nature of the 
nitrogen and the phenolic OH can be inferred from nuclear magnetic 
resonance (NMR) (48,49) and infrared spectroscopic (50) studies. These are 
in accord with electronic absorption spectra of constrained analogues and 
bound and unbound imines (51). 

An enzyme responsible for recycling PLP from PMP, the flavin 
mononucleotide (FMN)-dependent pyridoxamine-5-phosphate oxidase 
(EC 1.4.3.5) has recently been shown to be nonstereospecific (52-54). 



DOUGLAS W. YOUNG 39 I 

111. GLYCINE 

Glycine 23, the simplest of all amino acids, has no chiral center and yet 
enzymatic reactions can discriminate between the enantiotopic hydrogens 
HR and H,. This was first shown by Besmer and Arigoni (22, 5 9 ,  who found 
that glycine could exchange ’H,O in the presence of L-alanine aminotrans- 
ferase (EC 2.6.1.2). The resultant labeled glycine, 88% ’HI by mass spectrometry, 
was degraded to glycollic acid 24 by nitrosation with retention of configuration. 
The ORD (optical rotatory dispersion) spectrum of the [2H,]-glycollate 
obtained showed it to be (2R)-[2-’H,]glycollate 24, HR = ’H, and so the 
2-pro-R hydrogen of glycine had been exchanged. An independent chemical 
synthesis of (2S)-[2-’H1]glycine 23, H, = ’H, was also achieved in this work 
(22). The key step was the asymmetric reduction of [’HJbenzaldehyde 36, 
HA = ’H, to the alcohol 37, which was then converted to (2S)-[2-’HJglycine 
23, H, = ’H, as shown in Scheme 12. 

I LiAIH, 
(37) 

,I! 
,I! (1) AczO H 

& (2) 0, MC0,H 

(4) hydrolyre 
(5) acylase 

(3) CH,N, H + - N H 2  * 
CO,H 

(23, H,= ’H) (3.9) 

Scheme 12 

When serine hydroxymethyltransferase (EC 2.1.2.1) was incubated with 
glycine and 3 H 2 0  in the absence of any other substrate, stereospecific 
exchange of tritium was observed (22,56-59). The product was shown to be 
(2,~)-[2-~H ,]glycine 23, H, = 3H, by nitrosation to (2S)-[2-3H,]glycollic acid 
24, H, = 3H, which retained tritium when oxidized with the pro-R specific 
enzyme glycollate oxidase (EC 1.1.3.1) (22). Alternatively, the p r o 4  specific 
D-amino acid oxidase (EC 1.4.3.3) was used to assay the stereochemistry 
(57,58) .  Serine hydroxymethyltransferase therefore catalyzes exchange of a 
different hydrogen from that exchanged by L-alanine aminotransferase, and 
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both enzymes have been used to prepare samples of stereospecifically labeled 
glycine for metabolic studies. 

The (2R)- and (2S)-[2-3H ,]glycines have been prepared by incubation of 
[2,2-3H2]glycine and unlabeled glycine in H,O and 'H,O, respectively, with 
serine hydroxymethyltransferase (56-59). Use has been made of these 
compounds to assess stereochemical aspects of the metabolism of glycine. 
Thus feeding the labeled samples of glycine to 5-aminolevulinate synthase 
(EC 2.3.1.37), the first enzyme involved in the biosynthesis of porphyrins, 
showed that the 2-pro-R hydrogen of glycine was lost and the 2-pro4  
hydrogen was retained in the synthesis of 5-aminolevulinic acid 39 (60). 

The full stereochemical implications of this enzymic condensation were 
assessed by coupling the synthase with 5-aminolevulinate dehydratase (EC 
4.2.1.24), as shown in Scheme 13 so that the stereochemically labile 5-amino- 
levulinate 39 was converted directly to porphobilinogen 40 (61). Degradation 
of a sample of porphobilinogen 40 obtained from a sample of [2-3H]glycine 
in a process involving oxidation of the pyrrole ring to a carboxyl group 
allowed glycine to be obtained. This lost tritium on treatment with the pro-S 
specific serine hydroxymethyltransferase. Thus, in aminolevulinic acid bio- 
synthesis, the 2-pro-R hydrogen of glycine is lost and the 2-pro4 hydrogen 
is incorporated as the 5-pro-S hydrogen of 5-aminolevulinic acid 39 (61). 

Use of serine hydroxymethyltransferase with [2,2-2H,]glycine and 3 H 2 0  
or [2,2-3H,]glycine and 2 H 2 0  gives (2s)- and (2R)-[2-2H,,2-3Hl]glycines, 
respectively, and these were incubated with glycine reductase from Clostridium 
sticklandii to yield chirally labeled acetates (62) (Scheme 14). These acetates 
were assayed as described in references 3 and 7 to show that the reduction 
proceeded with inversion of configuration (62). 

Hi! HA 
HA+ CO,H glycine r e d u w e  . HB,i/"ZH 

Scheme I4 
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Armarego et al. (63) sounded a warning on the use of serine hydroxymethyl- 
transferase to prepare samples of stereospecifically labeled glycine, since they 
were able to obtain samples containing dideuterated glycine on incubation 
of glycine with this enzyme and 'H,O. They therefore devised a synthesis 
of (2s)- and (2R)-[2-2H,]glycines from (2s)- and (2R)-O-benzylserines, as 
shown in Scheme 15 for the (2s) series. The label was introduced by reduction 
of the bromide 43 with superdeuteride, which occurred, unusually, with 
retention of configuration, possibly due to an intramolecular effect. 

(44) 

(1) oxdyl chloride 
(2)  NHj 
(3) NaOCl I 

(46) 
(23. H, ='H) 

Scheme 15 

Several other syntheses of stereospecifically labeled glycine have been 
devised, and some of these introduce chirality by reduction of a labeled aldehyde. 
Thus the pro-R specific horse liver alcohol dehydrogenase (EC 1.1.1.1) reduces 
the aldehydes 36, HA = 'H or 3H, to the corresponding (S)-alcohols (64); 
(S)- and (R)-alpine boranes reduce the aldehyde 47 to the corresponding 
(R)- and (S)-labeled alcohols, respectively (65), and Saccharomyces cereuisiae 
reduces the aldehydes 48, H A =  'H or 'H in 'H,O or H'O, to the 
corresponding (R)-  or @)-labeled alcohols (66). In each of these syntheses, 
either tosylation with azide substitution (64) or phthalimide substitution in 

HA 6 zHG zHzl :.,yh0 * o b : B o c  

11 H 

- cbz 
\ \ 

Br 
OCH, 

(36) (47) (48) (49) ( 5 0 )  
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a Mitsunobu process (65,66) is used to introduce the nitrogen. The carboxyl 
group of glycine is derived by oxidation of the aromatic ring. 

Asymmetric induction using a transition metal complex (67), use of a 
carbohydrate template (68), and use of the chiral lactone 49 (69) or ester 50 
(70) have all given effective syntheses of stereospecifically labeled samples of 
glycine. A further synthesis by Santaniello etal. (71, 72) has used glutamate 
decarboxylase to prepare labeled samples of y-aminobutyric acid 51 (Scheme 
16). On cyclization, protection, and oxidation, these gave the labeled enamides 
55, which were degraded to the labeled samples of glycine 23 (71, 72). 

0 

PhCH,Br 

0 KOH / 18-crown-6 H, 

CH,Ph 
H 

(53) 

H 1N 

(51) ( 5 2 )  

(1) LDA I-78"C 

(2) PhSeCl 

Scheme 16 

The known 2-pro-R stereospecific exchange catalyzed by L-alanine amino- 
transferase (EC 2.6.1.2) (22,55) has allowed this enzyme to be used to prepare 
stereospecifically labeled samples of glycine. We have used this enzyme to 
prepare (2R)- and (2S)-[2-,H ,]glycines by exchanging unlabeled glycine in 
'H,O and [2,2-'H,]glycine in H,O, the 'H and 2H NMR spectra of the 
camphanoates indicating a high level of stereospecific exchange (73). Samples 
prepared in this way have been fed to Streptomyces amakusaensis (74). 
Isolation of the metabolite tuberin 58 and examination of the labeling of the 
N-formyl group allowed the stereochemistry of incorporation of glycine into 
the C- 1 transfer coenzyme adduct 5,lO-methylenetetrahydrofolate 56 to be 
assessed (Scheme 17) since the stereochemistry of the dehydrogenation of 56 
to the methenyl adduct 57 was known (see Section IV). It was found that 
the 2-pro3 hydrogen of glycine 23 became the 11-pro4 hydrogen of 
$10-methylenetetrahydrofolate 56 (74). This stereochemistry was also con- 
firmed when (2R)- and (2S)-[2-3H,]glycines 23 were fed to Escherichia coli 
and the product of C-1 transfer via 56, pantolactone 59, was isolated (75). 
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H 
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(2R)-[2-'H1]Glycine, prepared using L-alanine aminotransferase, was 
converted chemically to (2R)-[2-'H ,I-2-fluorocitric acid for studies on the 
enzyme citrate synthase (EC 4.1.3.7) (76). 

Doubly labeled glycines are required for studies in which a chiral methyl 
group is created and (2R)- and (2S)-[2-2H,,2-3H,]glycines 23, HR = 'H, 
H, = 'H, and 23, HR = 'H, Hs = 'H, respectively, were prepared by exchange 
of [2-'H2]- and [2-'H2]glycines in 3 H 2 0  and 'H,O, respectively, using 
L-alanine aminotransferase (77). 

The enzyme aspartate decarboxylase (EC 4.1.1.11) will decarboxylate 
aminomalonic acid in 'H,O to yield (2S)-[2-3H,]glycine and will also 
transaminate glyoxylic acid in 'H,O to yield (2R)-[2-'H Jglycine (78). The 
chirality of the product was assayed using the pro-S specific D-amino acid 
oxidase (EC 1.4.3.3). 

IV. SERINE AND ITS DERIVATIVES 

The amino acid L-serine 60 and its derivatives, having a leaving group in 
the f l  position, are ideally situated for /?-substitution reactions via the elimina- 
tion-addition process outlined in Scheme 5,4c= 1 5 s  16. The stereochemistry 
of such processes can be ascertained if samples of serine stereospecifically 
labeled at C-3 are available. 
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One of the most used syntheses of stereospecifically labeled serines was 
devised by Floss and co-workers using a mixture of enzymes of the glycolytic 
pathway to prepare (2R, 3R)-, and (2R, 3S)-[3-3H ,]-3-phosphoglyceric acids 
66, H, = 3H, and 66, HA = 3H, respectively, as in Scheme 18 (79-81). If 
[1-3H]-~-glucose 61, HA = 'H, is incubated with a mixture of hexokinase, 
glucose-6-phosphate isomerase, phosphofructose kinase, aldolase, triosephos- 
phate isomerase, and glyceraldehydephosphate isomerase, then (2R, 3S)- 
[3-3H, I-3-phosphoglyceric acid 66, HA = 3H, is obtained. Incubation of 
[13H]-~-mannose 62. H, = 3H, with the same mixture but with mannose-6- 
phosphate isomerase replacing glucose-6-phosphate isomerase, gives (2R, 3R)- 
[3-3H,]-3-phosphoglyceric acid 66, H, = 'H. The stereochemistry of these 
steps was well known (82), and so the chirality of labeling in the samples of 
3-phosphoglyceric acid 66 was unambiguously defined. The samples of labeled 
3-phosphoglyceric acid 66 were converted to 3-phosphoserines 67 using an 

I 
CH20H 

(2) isomerase 1 dehydrogenase 

Scheme 18 
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E. coli enzyme preparation, and alkaline phosphatase then gave the labeled 
serines 60a without the chirally labeled center being involved in the reaction 
(83, 84). The (2S, 3R)- and (2S, 3S)-[3-3Hl]serines 60a, HB = 3H, and 60a, 
HA = 3H, were obtained from (2R, 3R)- and (2R, 3S)-[3-3Hl]-3-phospho- 
glyceric acids 66, H, = 3H, and 66, HA = 3H, respectively. Confirmation of 
the final stereochemistry was given by conversion to tryptophan and thence 
indolmycin, as we shall see in Section XV. 

Use of 'H,O in the two isomerase steps leading to fructose-6-phosphate 
in this synthesis has allowed the doubly labeled (2S,3R)- and (2S,3S)- 
[3-2Hl,3-3H,]serines 60a, HA = 'H, HB = 3H, and 60a, HA = 3H, HB = 'H, 
respectively, to be prepared (85-87). 

Fuganti's synthesis of serine (Scheme 19) relied on the stereospecific 
conversion of [1,1-'H2]-2-phenylethylamine 68 to (1S)-[l-'H1]-2-phenyl- 
ethanol 69 by Willia anomala (88). Acetylation, benzylic bromination, and 

Scheme 19 

azide substitution then gave the azide 71, which on reduction, acetylation, 
ozonolysis, and hydrolysis yielded (2RS, 3S)-[3-2H,]serine 60b (88). This 
method relied on the use of a microorganism and so is rather specialized. Our 
method (89,90) (Scheme 20) used the commercially available enzyme aspartase 
(EC 4.3.1.1) to add ammonia across the double bond of fumaric acid 72. 
Since this is known to be an anti addition yielding (2s)-aspartic acid (see 
Section IX), use of [2H2]fumaric acid 72, HA = 2H, in H,O gave (2S, 3s)- 
[2,3-'H2]aspartic acid 21a, HA = 'H, while use of fumaric acid 72 in ' H 2 0  
gave (2S, 3R)-[3-2H,]aspartic acid 21a, HB = 'H. Reaction with trifluoroacetic 
anhydride gave intermediate trifluoracetyl anhydrides that were opened 
regioselectively at the a-carbonyl group by methanol to give principally the 
esters 73, HA = 'H, and 73, HB = 2H. Conversion to the diazoketones 74 via 
the acid chlorides, followed by reduction with HI gave the methylketones 75, 
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Scheme 20 

HA = 'H, and 75, H, = 'H. These underwent Baeyer-Villiger rearrangement 
with retention of configuration at  C-3, and subsequent hydrolysis then gave 
samples of (2S, 3S)-[2,3-'H2]- and (2S, 3R)-[3-2H,]serines 6Oc, HA = 'H, and 
6Oc, H, = 2H, respectively (89, 90). 

Two chemical syntheses of stereospecifically labeled serines (9 1, 92) relied 
on the stereospecific reduction of the acetylene 76 followed by anti addition 
of MeOBr (91) or HOBr (92) to the product 77. The second of these syntheses 
(92) is shown in Scheme 21. It involved catalytic reduction of the anthracene 
adducts of the propiolates 76, HA = 'H, and 76 with hydrogen and deuterium, 
respectively, followed by a retro Diels- Alder reaction. The products were 
the (2)-isomer 77, HA = 'H, and the (E)-isomer 7, H, = 'H, respectively. 
Reaction of these with N-bromosuccinimide in sulfuric acid gave three parts 
of the bromohydrins 78 together with one part of the alternative regioisomers. 
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(The regioisomers were taken through the syntheses to yield isoserines and 
removed at that point.) Conversion of the bromohydrins 78 to the azides 79, 
reduction, hydrolysis, and resolution gave (2S, 3S)-[3-2H,]- and (2S, 3R)- 
[2,3-2H2]serines 6Od, H A  = 'H, and 6Od, H, = 'H, respectively. Samples of 
stereospecifically labeled D-serine were also obtained from these syntheses 
(91, 92). 

A further chemical synthesis (93) (Scheme 22) relied on catalytic cis 
reduction of the (Z)-olefin 81, yielding the protected serine 82. This was 
resolved using hog renal acylase (EC 3.5.1.4), and BBr, treatment gave 
(2S, 3R)-[2,3-2H2]serine 60e contaminated with (2S)-[2,3,3-2H,]serine. The 
(2S, 3s)-isomer could be obtained by a Mitsunobu reaction (93). 

(81) (82) + enantiomer (a?) 
Scheme 22 

We have recently provided a stereospecific synthesis of samples of D-serine 
that are stereospecifically labeled at C-3 (94) (Scheme 23). This relies on the 
known (82) stereospecificity of the enzyme fumarase (EC 4.2.1.2) which adds 
water across the double bond of fumaric acid 72 with anti stereospecificity 
to give (2s)-malic acid 83. Thus ['H,]fumaric acid, 72, HA = 'H, in H,O 
yielded (2S, 3S)-[2,3-2H2]malic acid 83, H A  = 2H, whereas fumaric acid 72 
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in ’H,O yielded (2S, 3R)-[3-’Hl]maIic acid 83, H, = ’H. These samples of 
malic acid were converted to the protected azides 84, HA = ‘H, and 84, 
H, = ’H, which underwent Curtius rearrangement with retention of configura- 
tion at the labeled carbon followed by deprotection to give the labeled samples 
of isoserine 85. Esterification, N tritylation, 0 tosylation, and ring closure then 
led to the labeled aziridines 86 which underwent ring opening and deprotec- 
tion in perchloric acid to yield (2R, 3R)-[2,3-’H2]- and (2R, 3S)-[3-’H1]serines 
60f, HA = ’H, and 60f, H, = ’H, respectively (94). 

The stereochemistry of many of the biological reactions involving serine 
and its derivatives has been studied using the labeled compounds prepared 
above. The carbon atom, C-3, of serine acts as a source of the one carbon 
unit transferred by the coenzyme tetrahydrofolic acid 87 (95) (Scheme 24). 
It is initially transferred to the coenzyme 87 to give 5,lO-methylenetetrahydro- 
folic acid 56a and glycine 23 in a reaction catalyzed by the enzyme serine 

PLP 
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hydroxymethyltransferase (EC 2.1.2.1) and the coenzyme PLP as shown in 
Scheme 24. 5,lO-Methylenetetrahydrofolate 56a can then be oxidized to 
5,l O-methenyltetrahydrofolate 57 with the enzyme methylenetetrahydrofolate 
dehydrogenase (EC 1.5.1.5) and nicotinamide adenine dinucleotide phosphate 
(NADP). The one-carbon adduct 57 will then furnish formate and the 
coenzyme tetrahydrofolate 87. 

The stereochemistry of the reverse of this process was studied by Biellmann 
and Schuber (96, 97), who isolated C3H]serine on feeding 3HC02H to rat 
liver slices. The serine was degraded to [1-3Hl]ethanol, which lost only ca. 
30% of its tritium on oxidation to acetaldehyde with the pro-R specific enzyme 
yeast alcohol dehydrogenase (EC 1.1.1.1). The label lost was shown to be in 
the reduced NAD (NADH) formed by transfer to lactate using lactate 
dehydrogenase (96, 97). The label was therefore transferred to the 3-pro4  
hydrogen of serine to the extent of ca. 70%. The groups of Benkovic and 
Floss (98) studied this reaction using samples of stereospecifically tritiated 
serine prepared as in Scheme 18. They showed that ca. 76% of the 3yro-S 
hydrogen was lost in the overall C-1 transfer/dehydrogenation and that loss 
of stereospecificity was caused by nonenzymatic racemization of 5,1 O-methyl- 
enetetrahydrofolate 56. Slieker and Benkovic were later able to prepare 
samples of (6R, 11 R)- and (6R, llS)-[9,9,1 l-'H3]-5,10-methylenetetrahydro- 
folate %a, H, = 'H, and %a, HA = 'H, respectively, proving the stereo- 
chemistry of labeling at C-11 by use of nuclear Overhauser enhancements 
between H-7R and one H-11 in the 'HNMR spectrum (99). Use of 
(2S, 3s)- and (2S, 3R)-[3-'H1]serines 60, Hs= 'H, and 60, H,= 'H, respectively, 
and isolation of the labeled adduct 56a then showed that the 3-pro4  hydrogen 
of serine was incorporated as the 11-pro-S hydrogen of adduct 56a and that 
the 1 I-pro-R hydrogen was lost on dehydrogenation of 56a to 57. In a recent 
reinvestigation of the coupled enzymes serine hydroxymethyltransferase and 
5, I0-methylenetetrahydrofolate dehydrogenase, only 10% racemization was 
observed (1 00). 

Aberhart and Russell (101) have studied the stereochemistry of transfer 
of the carbon C-3 from serine via 5,lO-methylenetetrahydrofolate 56 to yield 
D-pantolactone 59 using E. coli. Incubation with (2S, 3S)-[3-2H,]serine, 
prepared (91) by the method outlined in Scheme 21, gave D-pantolactone 59 
labeled in the 4-pro3 hydrogen so that the overall stereochemistry of the 
process is as shown in Scheme 24. 

In the biosynthesis of the deoxyribonucleic acid (DNA) base thymidine 
90, deoxyuridine monophosphate 88 reacts with the adduct 56b to yield 
thymidine 90. In this process, H, of the adduct 56b becomes the third 
hydrogen of the methyl group of thymidine, as shown in Scheme 25. When 
(2S ,  3R)- and (2S,3S)-[3-2H,,3-3H,]serines 60, H, = 3H, H, = 'H, and 60, 
H, = 'H, H, = 3H, respectively, prepared as in Scheme 18, were used as 
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substrates for the coupled enzymes serine hydroxymethyltransferase and 
thymidylate synthase (EC 2.1.1.45), samples of thymidine 90 were obtained 
(85). These samples were degraded to acetate, which was assayed (3,7) to 
show that the overall stereochemistry of the process was as outlined in 
Scheme 25 (85). 

(89) 

Scheme 25 

The (3R)- and (3S)-[3-ZH,,3-3H,]serines 60, HR = 3H, H, = 'H, and 60, 
HR = 2H, H, = 3H, respectively, were also used with the coupled enzymes 
serine hydroxymethyltransferase and methylenetetrahydrofolate reductase 
(EC 1.1.1.171) (100). Enzymic reduction of the labeled samples of the 
intermediate 5,1O-methylenetetrahydrofolic acid 56b gave samples of 5- 
methyltetrahydrofolic acid 91 (Scheme 26). These were degraded to acetate 
by a sequence that involved one inversion of configuration, and assay of the 
acetates showed that the overall stereochemistry of the reduction was as in 
Scheme 26 (100). 

The enzyme tryptophan synthase (EC 4.2.1.20) catalyzes the reaction of 
serine 60 with indole 92 give the amino acid tryptophan 93 as shown in 
Scheme 27. Fuganti etal. (88) used this enzyme to convert samples of 
stereospecifically deuterated serine, prepared as in Scheme 19, to labeled 
samples of tryptophan 93. These were shown to have the stereochemistry 
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(56b) 

Scheme 26 

(83a) 

Scheme 27 

(21a) 

shown in Scheme 27 (88) by comparison of the 'HNMR spectra of the 
N-benzoyl methyl esters with those of samples prepared by the method of 
Kirby and Varley (102) described in Section XV. The p-substitution reaction, 
occurring by the mechanism outlined in Scheme 5, had therefore taken place 
with retention of configuration (88). This result was also obtained by Floss 
et al. (83, 86, 103) using the tritiated serines prepared as outlined in Scheme 
18. The resultant labeled samples of tryptophan were degraded to labeled 
samples of malate 83a via the aspartates 21a (Scheme 27). Use of the 3-pro-R 
specific enzyme fumarase (EC 4.2.1.2) then allowed the configuration of the 
product to be defined. Synthesis of tryptophan 93 from serine was catalyzed 
by the enzyme tryptophanase (EC 4.1.99.1) with the same stereochemical 
outcome (103). 

Tryptophan synthase (EC 4.1.2.20) and tryptophanase also catalyze the 
dehydration of serine 60a to pyruvate 95, as shown in Scheme 28. Use of 
(2S, 3R)- and (2S, 3S)-[3-2H,,3-3H,]serines 60a, HA = 'H, H, = 3H, and 60a, 
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HA = 3H, H, = 'H, respectively, in this process, followed by in situ enzymatic 
reduction to lactate of the pyruvate formed, gave samples that, on degradation 
to acetate, indicated that the proton had added to the /I-carbon from the 
same side as the leaving hydroxyl group (45, 86, 103). 

In the reverse reaction, the normal direction for tryptophanase, it has 
been shown that the hydrogen at C-3 of indole 92 comes directly from the 
C, of tryptophan 93, suggesting a single base at the active site and hence a 
suprafacial transfer (45, 103). 

The reactions catalyzed by tyrosine phenol lyase (EC 4.1.99.2), shown in 
Scheme 29, are similar to those catalyzed by tryptophan synthase and 
tryptophanase. Fuganti et al. (104) incubated (3R)-  and (3S)-[3-3H,]serines 
60a, prepared by the method in Scheme 19, with this enzyme. The resultant 

Scheme 29 
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tyrosine 96, on ozonolysis to aspartate and assay as in Scheme 27, was again 
shown to be formed with retention of configuration in the 8-replacement 
reaction (104). Further, use of doubly labeled serines in the unusual 
dehydration to pyruvate 95 again showed that the hydroxyl group of serine 
was replaced by a proton with retention of configuration (105). 

Further 8-replacement reactions of serine and its derivatives have also 
been found to proceed with retention of stereochemistry. Thus 0-acetylserine 
sulfydrase (EC 4.2.99.8) catalyzes the synthesis of cysteine 98 from 0- 
acetylserine 97, as shown in Scheme 30 (84) (see also p 414). Cystathione 
synthase (EC 4.2.1.22) catalyzes the condensation of serine 6Oc with homo- 
cysteine to yield cystathione 99 (106). Both enzymes have a requirement for 
PLP. 

HOzC 

( 9 7 )  

Serine is the precursor of several antibiotics. The oxazole ring of the 
antibiotic virginiamycin M 100(Scheme 3 1) is derived from serine; incubation 
of Streptomyces oirginiae with samples of (2S, 3R)- and (2S, 3S)-[3-3H,]serine, 
derived as in Scheme 18, showed that the 3-pro-S hydrogen of serine is lost 
on formation of the double bond (107). This implies anti dehydrogenation, 
a process more commonly found to be syn. The 8-lactam antibiotic nocardicin 
101 is biosynthesized from serine, and incubation of Nocardia uniformis with 
stereospecifically deuterated serines, prepared by the method outlined in 
Scheme 21, has yielded samples of norcardicin, the 'H NMR spectra of which 
indicated that 8-lactam ring formation occurs with inversion of configuration 
(108, 109). 

Decarboxylation of phosphaditylserine with phosphaditylserine decar- 
boxylase (EC 4.1.1.65) in 'H,O gave [2Hl]phosphatidylethanolamine ( 1  10). 
Conversion of this to C2H ,]-2-aminoethanol using a phospholipase allowed 
comparison of the 'H NMR spectra of camphanoates with those of authentic 
samples (73, 11 1). This showed that decarboxylation had occurred with 
retention of configuration ( 1  10). 
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Scheme 31 

V. HOMOSERINE AND THREONINE 

The first synthesis of samples of homoserine 104 that were stereospecifically 
labeled in the p and y positions was achieved by Fuganti et al. (1 12, 113) as 
outlined in Scheme 32. Use of excess hydroxylamine in ethanol caused reductive 
syn addition of hydroxylamine to (E)-[2-’H1]cinnamic acid 102, HA = ’H. 
Resolution of the product gave the acid 103, HA = ’H, which was reduced 
to the alcohol. Acetylation, ozonolysis, and hydrolysis then gave (2S, 3R)-[3- 
2Hl]homoserine 104a, HA = ’H (1 12). (2S, 3S)-[3-’H,]Homoserine 104a, 
HB = ’H, was obtained by using unlabeled (E)-cinnamic acid and deuterated 
reagents, the addition of hydroxylamine to (Z)-cinnamic acid being only 
partially stereospecific (1 12). Since it had been shown (1 14) that reduction 
of (E)-cinnamaldehyde 105 by baker’s yeast proceeded with addition of 
hydrogen to the Re face at C-2 of the double bond, reduction of [2-3H]- and 
[2-’H]cinnamaldehyde 105, HB = 3H, and 2H, gave the alcohols 107, H, = 3H 
and 2H, which could be converted to (2RS ,  3S)-[3-3Hl]- and [3-’H,]homo- 
serines 104b, HB = 3H and ’H, respectively, as shown in Scheme 32 (1 12,113). 
The aldehyde 105, H, = ’H, and the alcohol 106, H, = ’H, were used to 
prepare samples of homoserine stereospecifically labeled at C-4 (1 12, 1 15) 
with deuterium and tritium, baker’s yeast (1 12), and yeast alcohol dehydro- 
genase (1 15) being used to effect reduction of 105 and exchange of 106. The 
(4R)- and (4S)-[4-3H1, 4-’H1]homoserines have been prepared in this way 
(1 15). 
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Kalvin and Woodard (1 16) synthesized samples of homoserine labeled in 
all of the diastereotopic hydrogens. In their first synthesis, they used ( R ) -  and 
(S)-alpine boranes to reduce the deuterated aldehyde 109. (R)-Alpine borane 
gave the (S)-[’Hl] alcohol 110, HB = ’H, (S)-alpine borane gave the 
corresponding (R)-alcohol 110, H A  = ’H. ‘H NMR spectroscopic analysis of 
the mandelate esters indicated that the (S)-alcohol was present in an enantio- 
meric excess of 88% and that the (R)-alcohol was present in an enantiomeric 
excess of 76%. The lack of enantiomeric purity in the alcohols 110 was due 
to similar lack of purity of the commercial a-pinene used in the synthesis of 
the alpine boranes. The alcohols 110 were converted to the corresponding 
(2S,4S)- and (2S, 4R)-[4-2H,]homoserine lactones, as shown in Scheme 33, 
resolution being effected by destruction of the (2R)-isomers using D-amino 
acid oxidase and catalase. 

In Ramalingam and Woodard’s synthesis (1 17) the protected aspartate 
semialdehyde 113 was synthesized from (2S)-aspartic acid and then converted 
to the labeled alcohols 115 using (R)-  and (S)-alpine boranes (Scheme 33). 
Hydrolysis then led directly to (2S,4R)- and (2.9, 4S)-[4-2H Jhomoserine 
lactones 112. Since the enzyme aspartase may be used to prepare samples 
or (2S, 3R)-[3-2H,]- and (2S, 3S)-[2,3-’H2]aspartate (see Section IX), the 
synthesis, or a modification using more direct reduction methods, could be 
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(110) (1) KOH I EtOH 
( 2 )  HCI I EtOH 
(3) D-aminoacid 

c oxidase / catalrse 

( 1  15) 

Scheme 33 

used to prepare the CorFesponding samples of homoserine lactone stereo- 
specifically deuterated at C-3 (1  17, 1 18). 

Schwab and Ho (1 19) have prepared the oxiranes 116, HA = 'H, and 116, 
H, = 'H, via a Sharpless reaction and found that the trianion 117 of hippuric 
acid would react with these to give products which, on deprotection, gave 
(2RS, 3R, 4R)- and (2RS, 3S ,  4S)-[3,4-2H,]homoserine lactones 112a, HA = 'H, 
and 112a, H, = 'H, respectively (120, 121) (Scheme 34). 

Scheme 34 

A further synthesis (122) has used asymmetric reduction of the enamine 
118 with deuterium and the chiral catalyst (R, R)-dipamp to obtain (2S, 3R)- 
[2,3-*H,]homoserine lactone 112b, as in Scheme 35. 

(119) 

Scheme 35 

(1126) 
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The enzyme homoserine dehydrogenase (EC 1.1.1.3) catalyzes the reduction 
of L-aspartate semialdehyde 120 to L-homoserine 104 using the 4-pro-S 
hydrogen of reduced NADP (NADPH) (123) (Scheme 36). Chang and Walsh 
(123) reduced aspartate semialdehyde 120 using (4S)-[4-'H ,I-NADPH and 
degraded the resultant homoserine 104 to the alcohol 121. The tritium was 
retained in the aldehyde on oxidation of the alcohol 121 with pro-R specific 
alcohol dehydrogenase, thus showing the label to be S. The stereospecificity 
of labeling was thus proven, and the enzyme was used to prepare (4R)-[4- 
2H ,]homoserine 104, HA = 'H, from [2-'H]aspartate semialdehyde 120 
HA = 'H, and (4S)-[4-'Hl]- and [4-3H,]homoserines 104, HA = 'H and 'H, 
respectively, from aspartate semialdehyde 120 and labeled NADH. 

H A  F B  H A  

?OH - PhCHz02C - 
(121) 

H2NP-oH - CHAO homosenne 

HOzC ""+ dehydrogenase wH02C 
NADH, 

(104) 

Scheme 36 

The enzyme cystathione-y-synthase (EC 4.2.99.9) catalyzes y substitution 
of 0-succinyl-L-homoserine 122 by L-cysteine 98 to yield cystathione 99a by 
the mechanism shown in Scheme 3. It will also catalyze the dehydration to 
a-ketobutyrate 124 via vinylglycine 123 in the absence of L-cysteine. When 
the dehydration was conducted in 'H,O and the ['HI-a-ketobutyrate was 
degraded to sodium propionate 125, the specific rotation was in keeping 
with that of an authentic sample of (2S)-[2-'H1]propionate 125, H, = 'H 
(124, 125) (Scheme 37). The proton had added to the intermediate 123 to 

(124) 

Scheme 37 
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give (3S)-[3-2H,]-a-ketobutyrate 124, H, = ’H. Fuganti and Coggiola, (126) 
used the samples of [3-’H1]homoserine, prepared as in Scheme 32, to show 
that the 3-pro-R hydrogen is lost on conversion to a-ketobutyrate 124. They 
identified this hydrogen as the one that had been shown to exchange with 
’H20  in ‘H NMR studies (125, 127) of exchange of 0-succinylhomoserine 
122 with this enzyme. 

When Chang and Walsh (128, 129) prepared samples of (Z)-[4-’H ,I- and 
(E)-[3,4-’H2]vinylglycines 123, H, = ’H, and 123, HA = HE= 2H, respectively. 
and incubated them with the enzyme in 3 H 2 0  and in the absence of L-cysteine, 
they were able to isolate samples of a-ketobutyrate which, when subjected to 
Kuhn-Roth degradation, gave samples of [Z3H1, 2-’H1]acetate. I t  was 
shown that the sample from (Z)-[4-’H1]vinylglycine 123, HD = ’H, gave 
(S)-acetate and that from (E)-[3, 4-2H,]vinylglycine gave (R)-acetate, and so 
the stereochemistry of the process of C-4 was as indicated in 123+ 124. 

When the samples of labeled vinylglycine 123 were incubated with 
g-cystathione synthase in the presence of cysteine, samples of labeled 
cystathione 99a were obtained (128, 129). These were converted to samples 
of homoserine by a process involving one inversion of configuration, and 
these homoserine samples were subjected to the p r o 4  specific enzyme homo- 
serine dehydrogenase (vide infra). In this way it could be shown that (Z)-[4- 
’H,]vinylglycine 123, HD = ’H, gave (4S)-[4-’H1]cystathione 99a, HD = ’H, 
and that the (E) compound 123, HA = HE = ’H, gave the (4R)-isomer 99a, 
H,=’H. The stereochemistry of the process was therefore as shown in 
Scheme 37. 

Finally, synthetic samples of (4R)- and (4S)-[4-’H ,]-0-succiny1homoserine 
122, HE = ’H, and 122, H, = ‘H, respectively, were incubated with the 
enzyme in the presence of L-cysteine (128, 129), and the ‘H NMR spectra of 
the resultant samples of cystathione 99a were compared with those of the 
samples from the vinylglycine incubations. It was evident from these that 
the g-substitution reaction had occurred with retention of configuration. 

Elucidation of the stereochemistry of the reactions catalyzed by cystathione- 
7-synthase has given a particularly detailed picture of the reactions. The 
7-substitution reaction, previously shown in Scheme 3, can now be shown 
to take place at the active site of the enzyme with the stereochemistry outlined 
in Scheme 38 if we assume a syn conformation for the PLP-Schiff base. 

The enzyme homoserine dehydratase (EC 4.4. I .  1) catalyzes the conversion 
of L-homoserine 104 to r-ketobutyrate 124. The stereochemistry of this 
reaction was shown ( I  30) to be identical to that of the abnormal reaction of 
cystathione-7-synthase, ’H,O being added as the 3-pro4 hydrogen of the 
r-ketobutyrate 124. 

The amino acid L-threonine 128 is synthesized in nature from L-homoserine 
104 via the 3-phosphate 126. Fuganti studied the stereochemistry of this 
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Scheme 38 

process by incubating synthetic samples of (3R)- and (3S)-[3-3H,]homoserine 
with yeast homoserine kinase (EC 2.7.1.39) and threonine synthase (EC 
4.2.99.2) ( 1  13). The (3R)-[3-3H,] isomer gave B sample of L-threonine in which 
the label was shown to be retained at  C-3, whereas the (3S)-[3-3H,]isomer 
gave a sample of L-threonine from which most of the tritium had been lost. 
The 3-pro-S hydrogen had been lost from the intermediate (4a, Y = OR), and 
assuming a single-base suprafacial mechanism, this would imply the stereo- 
chemistry shown in Scheme 39. The overall dehydration/hydration had 
occurred with retention of configuration at C-3. 

The enzyme threonine dehydratase (EC 4.2.1.16) has been shown to 
dehydrate both L-threonine 128a and L-allothreonine 129 in 'H,O to yield 
(3R)-[3-'H1]-a-ketobutyrate 124 (131) (Scheme 40), the configuration of 
which was proven by conversion to (ZR)-[2-'H ,]propionate and comparison 
of the ORD with that of an authentic sample. This implies either that the 
bound substrates 128a and 129 dehydrate with different stereochemistries 
and protonate from the same side or that they dehydrate in identical fashion 
and protonate from different sides. Threonine dehydratase has an important 
role in the biosynthesis of valine, as we shall see in Section VIII. 

Interestingly, D-threonine will act as a substrate for D-serine dehydratase 
(EC 4.2.1.4)and will yield(3S)-[4-2H,]-a-ketobutyrate 124, H, = 'H, in ' H 2 0  
( 1  32). 
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VI. CYSTEINE AND CYSTINE 

Synthesis of samples of L-cysteine 134 stereospecifically labeled with tritium 
was first achieved by ourselves in connection with studies on the biosynthesis 
of the p-lactam antibiotics penicillin and cephalosporin (133, 134). The key 
steps in this synthesis were conversion of the imines 130 and 130, HA = 3H, to 
the acyl enamines 131 and 131, HA = ’H, respectively, as shown (Scheme41). 
The tritiated compound 131, HA = 3H, was hydrogenated with cis addition 
of hydrogen to give 132, HA = 3H, while the unlabeled compound 131 was 
subjected to catalytic tritiation, giving 132, H, = 3H. Hydrolysis to the 
corresponding acids, resolution via the strychnine salts, and hydrolysis then 
gave the stereospecifically labeled samples of cysteine 134. 

Aberhart et al. (135) prepared the oxiranes 135, HA = 2H, and 135, HA = ’H, 
via reduction of anthracene adducts and epoxidation. These were readily 
ring opened with thiolate, and on hydrolysis, the products were resolved to 
yield the acids 136 and 137 in which the chirally labeled C-3 centers differed 
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(Scheme 42). These were separately converted via the bromides, and amines 
to (2RS,  3s)- and (2RS,3R)-[3-2H,] and [3-3H,]cystines, 134a and 134b, 
HA = 'H or 3H, respectively. 

More recently, Baldwin et al. (136) prepared samples of stereospecifically 
deuterated DL-cysteine by the method outlined in Scheme 43, and converted 
these to diastereomeric tripeptides that could be separated. It is of interest 
that the azide substitution 139- 140 occurs with retention of configuration 
in this synthesis. 

In our work (133, 134) and that of Aberhart etal. (135) and Baldwin 
et al. ( 1  36), the samples of cysteine were used to examine the biosynthesis of 
the B-lactam antibiotic penicillin 142. All three groups found that the ring 
closure step that gave rise to the a-lactam in the antibiotic occurred with 
retention of configuration (Scheme 44). We have also shown (137) that the 



414 STEREOCHEMISTRY OF METABOLIC REACTIONS OF AMINO ACIDS 

rat-( 1 3 4 ~ )  

Scheme 43 

me-( 141) 

ring closure that gives the /?-lactam moiety of cephalosporin similarly occurs 
with retention of configuration. 

The enzyme cysteine synthase (EC 4.2.99.8) catalyzes the last step in the 
biosynthesis of cysteine, converting serine acetate 97 to cysteine 134. Floss 
et al. (84) studied this /?-replacement reaction using stereospecifically tritiated 
serine acetates prepared from the labeled serines 60 synthesized as in Scheme 
18 (Section IV). Assessment of chirality of the cysteine produced by degradation 
to serine and use of tryptophan synthase showed that the /?-replacement 
reaction 97a + 134 had proceeded with retention of configuration (84) 
(Scheme 45). 

Cysteine itself is the substrate for /?-cyanoalanine synthase (EC 4.4.1.9) 
which catalyzes the /?-replacement reaction yielding /?-cyanoalanine 144 
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fumarase 

H02C " Y O z H -  H 

(Scheme 45). When samples of (3s)- and (3R)-[3-3H,]cysteine 134, HA = 3H, 
and 134, H, = 'H, respectively, prepared using 0-acetylserine sulfhydrase as 
above, were incubated with this synthase and the resultant samples of 
B-cyanoalanine 144 were degraded to malates 83a via aspartates, the pro-R 
specific enzyme fumarase could be used to assess the stereochemistry, as 
shown in Scheme 45 (87). The fl replacement 134 -+ 144 again occurred with 
retention of configuration (87). 

The samples of (3R)- and (3S)-[3-3H,]cysteine were also incubated in 'H,O 
with S-alkylcysteine lyase (EC 4.4.1.6) to yield the [3-'H,, 3-3Hl]pyruvates 
145 (Scheme 49,  which were converted in situ to lactates (87). Assessment 
of the chirality of the resultant lactates at C-3 indicated that the P-replacement 
reaction had again occurred with retention of configuration (87). 

The cysteine moiety of phosphopantothenoylcysteine (PPC, 145) can be 
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decarboxylated by the enzyme PPC decarboxylase (EC 4.1.1.36) to yield 
pantotheine 4'-phosphate 146 (Scheme 46). This reaction was conducted in 
2H20 ,  and the product 146 was degraded to [1-2H,]ethylamine 147. Raney 
nickel treatment and hydrolysis followed by 'H NMR spectroscopic analysis 
of the camphanamide showed that decarboxylation had occurred with 
retention of configuration (138, 139). 

We have recently prepared samples of stereospecifically C-3 deuterated 
D-cystine by ring opening an aziridine related to 86 (Scheme 23) with benzyl 
mercaptan and subsequent deprotection and oxidation (94). 

VII. HOMOCYSTEINE, METHIONINE, AND RELATED 
COMPOUNDS 

The amino acid homocysteine 148 is obtained on treatment of cystathione 
99 with the enzyme P-cystathionase (EC 4.4.1.8). Chang and Walsh (128) 
used the samples of (4R)- and (4S)-[4-2H,]cystathione 99a, prepared as in 
Scheme 37, in this reaction and degraded the samples of homocysteine pro- 
duced to labeled homoserinelactones. This indicated that, as expected, the 
chirally labeled center was not disturbed in the reaction. 

H02C' H02C' 

Methionine 149 is a very important amino acid, and several stereo- 
specifically labeled samples have been prepared. Golding and others (140,141) 
prepared samples of (E) -  and (Z)- [  1, 2-2H2]ethylene 150, HA = H, = 2H, and 
150, HA = HB = 2H, respectively, from C2H2]acetylene and converted these to 
the corresponding chlorides 151 by anti addition of methane sulfenyl chloride. 
Substitution by sodium acetylaminomalonate gave the products 152, the 
reaction occurring with retention of configuration via a thiiranium ion 
intermediate (Scheme 47). 

Hydrolysis then gave the [3,4-2H2]methionines 149a. A mixture of the 
(2R, 3R, 4s)-, (2R, 3S, 4R)-, (2S, 3R, 4S)-, and (2S, 3S, 4R)-isomers was obtained 
starting from (Z)-[1,2-2H2] ethylene 150, HA = HB = 2H, and a mixture of 
the (2R, 3R, 4R)-, (2R, 3S, 4S)-, (2S, 3R, 4R)-, and (2S, 3S, 4S)-isomers was 
obtained starting from (E)-[l, 2-2H2]ethylene 150, HA = H, = 2H. The stereo- 
chemistry was confirmed by 'H NMR spectroscopic methods using the cyclic 
oxidation products 154. Wiesendanger, Arigoni et al. (142) resolved the 
methionines 149a by acylase hydrolysis of the N-acetamides, obtaining the 
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(2S)-threo and (2S)-erythro pairs 149a, HA = H, = ZH, and 149a, HA = H, = ’H, 
respectively. They converted these to labeled samples of S-adenosylmethionine 
153 by literature procedures (Scheme 47). 

Two syntheses of (2S,4R)- and (2S,4S)-[4-2H1]methionine, 149b, H, = *H, 
and 149b, H A  = 2H, respectively, from the homoserine derivatives 115, 
prepared as described in Section V, are shown in Scheme 48. These involved 
conversion of the samples of 115 to the tosylates (143) or the mesylates (144) 
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and nucleophilic substitution with inversion of configuration to obtain the 
samples of methionine 149b (143,144). These compounds were used to show 
that, in the biosynthesis of nocardicin A 101, the methionine is incorporated 
with inversion of configuration (144). Labeled samples of methionine 149b 
have also been incorporated into spermidine 155 by E .  coli (141,145,146), and 
substitution of the intermediate decarboxylated S-adenosylmethionine was 
shown to occur with overall inversion of configuration (Scheme 48). This was 
shown independently (147) using the decarboxylated intermediate. Methionine 
decarboxylase (EC 4.1.1.57) has been shown to decarboxyiate methionine 
with retention of configuration (148). 

S-Adenosylmethionine 153 is the precusor of the cyclic amino acid amino- 
cyclopropanecarboxylate 156. Ramalingam et al. (1 49) and Wiesendanger 
et al. (142) have investigated the stereochemistry of this process using similar 
methods, exemplified for the threo isomers 153a in Scheme 49. Here (2S, 3S, 4R)- 
[3, 4-'H2]-S-adenosylmethionine 153a and its (2S, 3R, 4s)-isomer were in- 
cubated with aminocyclopropanecarboxylate synthase from tomatoes and the 
cyclopropanes 156 were isolated. These were shown to be meso by 'H NMR 
spectroscopy so that cyclization had taken place with inversion of configuration. 
S-Adenosylmethionine 153 is involved in a large number of methyl transfer 
reactions in nature, and Floss and co-workers ( 1  50- 152) and Arigoni (1 53) 
have synthesized samples of methionine 149c labeled stereospecifically in the 
methyl group by the method shown in Scheme 50. This involves Curtius 
rearrangement of(R)- and (S)-[2-'H,,2-'H1]acetates 157, HA = 3H, HR = 'H, 
and 157, HA = 'H, H, = 3H, respectively, to yield the methylamines 158 with 
retention of configuration. Ditosylation followed by reaction with homocysteine 
148 then gave (methyl-S)- and (methyl-R)-[methyl-3H,, 'HI] methionies 149c, 
HA = 3H, H, = 'H, and 149c, HA = 'H, H, = 'H, respectively, with invension 
of configuration (Scheme 50). 

(153.) 

Scheme 49 

Scheme 50 
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These samples of methionine were used to elucidate the stereochemical out- 
come of a number of biological methylation reactions. Thus incubation with 
Streptomyces griseus gave indolmycin 160, which on Kuhn-Roth oxidation 
and assessment of configuration of the resultant acetate showed that C 
methylation had occurred with inversion of configuration (150-152). The 0 
methylation catalyzed by catechol 0-methyltransferase (EC 2. 1.1.6) yielding 
metanephrine 161 also occurred with inversion of configuration (152,154), as 
did other 0-methylation (153- 159 ,  S-methylation (153), and C-methylation 
(1 56) reactions. An apparent C methylation with retention of configuration 
has been found in the biosynthesis of the quinaldic acid residue 162 of the 
polypetide antibiotic thiostrepton (157), but the mechanism of the process may 
be more complex than a simple methyl substitution reaction. 

When (SR-meth~l-~H,, 'H,)- and (5S-methyL3H ,, 2H,)-5-methyltetrahydro- 
folate 91, H, = 3H, H, = 'H, and 91, H, = 2H. H, = 3H, respectively, were 
prepared and incubated with the cobalamine-dependent methionine synthase 
(EC 2. I .  I .  13) from E.  coli, the degradation of the methionine produced 
showed that the overall two-step process had proceeded with net retention of 
configuration ( 1  58).  Investigation of the N methylation/ring closure steps in 
the biosynthesis of the alkaloid scoulerine 165 showed that N methylation to 
reticuline 164 proceeded with inversion of configuration at the methyl group 
and that closure of the berberine bridge to 165 was also an inversion process 
(159) (Scheme 51). 
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An enzyme preparation from jack bean meal will transfer a methyl group 
from S-methylmethionine 167 to homocysteine 148 to yield 2 mol of 
methionine 149. Use of the doubly labeled compounds 166a and 166b, 
separated by the method of Cornforth et al. (160), conversion to the 
(C,, SR)-  and (Cs, S,)-isomers of rnethylmethionine 167a and 167b, and 
incubation with the enzyme, allowed mass spectrometry to be used to show 
that the pro-R methyl group of S-rnethylmethionine is transferred to L 
homocysteine 148 (161,162), as shown in Scheme 52. 

The amino acid homomethionine 168 is involved in the biosynthesis of 
sinigrin 169 in horseradish (Scheme 53). Parry and Naidu (163) synthesised 
(4R)- and (4S)-[4-3H,]homomethionines 168, HA = 3H, and 168, HB = 3H, 
respectively, using the method outlined in Scheme 53. This relies on reduction 
of the aldehyde 170 with enantiomeric chiral boranes to give the alcohols 
171, HA = 3H or H, = 3H, which are transformed by a series of steps to the 
amino acids 168. They also prepared (5R)- and (5S)-[5-2H Jhomomethionines 
168, H, = 'H, and 168, HD = 2H, as shown (163). Feeding the labeled samples 
of homomethionine to horseradish showed that the 4-pro-S hydrogen was 
lost on incorporation into sinigrin 169, isolated as an ally1 isothiocyanate, 
and that the 5-pro-R hydrogen became the cis-5-hydrogen, H,, and the 
5-pro3  the trans-5-hydrogen, HD, in sinigrin 169. Thus anti elimination had 
occurred ( 163). 
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VIII. VALINE, LEUCINE, AND ISOLEUCINE 

The branched-chain amino acids valine, leucine, and isoleucine have very 
similar biosyntheses and catabolism. Valine 179 and leucine 205 have 
diastereotopic methyl groups and leucine 205 and isoleucine 212 have 
diastereotopic hydrogen atoms. These may be differentiated by labeling so 
that the stereochemistry of the biological processes involving these amino 
acids may be studied. 

A. Valine 

Syntheses of samples of valine 179 in which the diastereotopic methyl groups 
are differentiated by isotopic labeling have been achieved by several groups. 
In the synthesis shown in Scheme 54 (164) the 13C-labeled diester 174 was 
prepared from the acetylene 173 by stereospecific addition of labeled dimethyl- 
copper at - 78°C. This was isomerized by light in the presence of a trace of 
bromine to the trans isomer, which was then hydrolyzed to the diacid 175. 
The nonracemic chiral amino acid 176 was then obtained by ammonia 
addition using the enzyme 8-methylaspartase (EC 4.3.1.2). Treatment of 176 
with trifluoroacetic anhydride and regiospecific opening of the anhydride with 
methanol gave predominantly the a-ester P-acid 177, which was reduced with 
diborane to the corresponding alcohol. This was converted via the iodide 178 
to (2S ,  3S)-[4-13C]valine 179a as shown in Scheme 54 (164). When C2H31 was 
used to prepare the dimethylcopper, (2S, 3S)-[4,4, 4-2H,]valine was obtained 
using this synthesis (165). Reduction of the acid 177 with deutero-borane and 
further reduction of the iodide 178 with NaB'H, allowed the synthesis to be 
used to prepare (2S, 3R)-[4,4, 4-2H3]valine 179b (165). 
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Another synthesis of the stereospecifically 13C-labeled valine 179c (1 66)  
is shown in Scheme 55.  The label was introduced by reaction of the Grignard 
reagent 180 with 13C0,, and the resultant acid was esterified and isomerized 
to the thermodynamically more stable trans isomer. Hydrolysis to the acid 
181, resolution via the quinine salt, and reduction via the alcohol 182 then 
gave the cyclopropane 183. Ozonolysis and esterification of 183 gave the 
ester 184, which underwent regiospecific ring opening with lithium and 
ammonia to yield the product 185. This was then converted to the labeled 
sample of valine 179c, as shown ( 1  66). 

U 0 , C  H 

H "CHI 
H 

NH, "CHI Br 

( 1  7 9 c )  (186) (185) 

Scheme 55 

Ring opening of the enantiomerically pure epoxide 188 (from reduction 
of 187) with labeled methyllithium has been used as the key step in a synthesis 
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Scheme 56 

of (2RS, 3S)-[4,4, 4-2H3]- and [4-'3C]valines as summarized in Scheme 56 
(167,168). The enantiomeric epoxide was used to prepare the (3R)-isomers, 
and ring opening of the epoxide 191 with NH,OH allowed stereospecifically 
labeled 3-hydroxyvalines to be prepared (169). 

Samples of valine 179 in which one of the diastereotopic methyl groups 
is stereospecifically doubly labeled with the isotopes tritium and deuterium 
have been prepared. In the first such synthesis, Crout et al. (170,171) prepared 
the ( E ) -  and (Z)-[3-2H,]methacrylic acids 192, HA = 'H, and 192, HB = 'H, 
respectively, and converted them, as shown in Scheme 57, to the labeled 
derivatives 195 of dehydrovaline. Catalytic reduction using 3H, and Wilkinson's 
catalyst then proceeded with unexpected diastereoselectivity so that the 
dl-mixture 196 + 197 predominated over the dl-mixture 198 + 199 in a ratio 
of 19: 1. The chirality of the product was assessed by 3H NMR spectroscopy 
since it was known, from the synthetic samples already prepared, that the 
pro-S methyl group of (2s)-valine had the higher field chemical shift. Assuming 
cis catalytic tritiation, the product would have R-methyl in the 3-pro4 methyl, 
as in 197, and S-methyl in the 3-pro-R methyl group, as in 196, when the 
synthesis was conducted using (E)-[3-'HI]methacrylic acid 192, HA = 'H. 

A second synthesis relying on reduction of the aldehyde 200 to the alcohol 
201 by the pro-R specific horse liver alcohol dehydrogenase is also shown 
in Scheme 57. The alcohol 201 was converted via the compound 202 to 
(3R, 4S)-[4-'HI, 4-3H ,]valine 179e (172). The (3R, 4R)-isomer was obtained 
by inversion of the alcohol 201 by a Mitsunobu process and repetition of the 
synthesis (1 72). 

Stereospecifically labeled samples of valine 179 have been used to examine 
the stereochemistry of the ring closure step, which leads to the non-/)-lactam 
ring in penicillin 142 and cephalosporin 143 (see Scheme 44), NMR spectro- 
scopic methods being used to assess the stereochemistry of the products. In 
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this way, it was shown that the ring closure leading to penicillin 142 occurred 
with retention of configuration at the C-2 of penicillin (164,168,173,174). 

Further, the 3-pr0-S methyl group of valine is incorporated as the ring 
carbon, C-2, of cephalosporin 143 (175) with loss of stereochemical integrity 
(1 76- 178). although the exocyclic methylene group had evidently originated 
by stereospecific hydroxylation of the 3-pro-R methyl (176,177). 

The labeled samples of valine 179 have also been used to study the 
stereochemistry at C-3 of pantolactone 59 during the one-carbon transfer 
processes depicted in Schemes 17 and 24 (101,179,180). The one-carbon 
transfer occurred with retention of configuration at C-3 (101), although a 
previous misinterpretation ( 1  79) of the data had indicated an inversion 
process. 

Since the major catabolic and biosynthetic pathways are similar for valine, 
ieucine, and isoleucine, we shall consider these separately in Sections V1II.D 
and VII1.E. 
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B. Leucine 

Cardillo, Fuganti et al. (181) first synthesized samples of (2RS,4R)- and 
(2RS,4S)-[5-'3C,]leucine 205 using the method outlined in Scheme 58, and 
this has been reinvestigated by Anastasis, Overton et al. ( I  82). The label was 
introduced by reaction of the Grignard reagent 203 with I3CO,, and the 
resultant (RS)-acids 204 were resolved. The synthesis was then completed 
using each of the isomers separately to yield the labeled samples of Ieucine. 

Aberhart and Weiller (183) used (2RS, 3S)-[4-13C,]valine 179 prepared as 
described in the previous section to synthesize samples of (2S,4S)- and (2R, 
4S)-[5-13C,]leucine 205. More recently, in need of a synthesis of large 
quantities of labeled leucine, we have devised a synthesis of (2S, 4R)-[5,5,5- 
2H,]leucine 205b, starting from the pyroglutamic acid derivative 206 ( 1  84). 
This is shown in Scheme 59, chirality being achieved by diastereoselective 
catalytic reduction 207 + 208. 

- - 
0 

I 
(206 )  c02'Bu 

H 

Hh:021B" C0;Bu I 

(207) 

'lc<,H 2H ,C f-- - 
H2N CO,H 

C0,'BU 

I 

(205b) (209 )  C0;Bu 

Scheme 59 
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Labeled samples of leucine 205 were fed to Aspergillus urnstelodumi to 
produce the metabolite echinulin 210. The 4-pro-S methyl group of leucine 
was shown to be incorporated into the (2)-methyl groups of the isoprenoid 
residues via catabolism to HMG-CoA (hydroxymethylglutaryl-coenzyme 
A) (see Section VII1.E) and mevalonic acid (1 8 I ) .  

C. lsoleucine 

Samples of isoleucine 212 stereospecifically labeled at C-4 with deuterium and 
tritium have been synthesized by the three routes shown in Scheme 60. 
Komatsubara, Crout et al. (1 85) converted the readily available (1 R ) - [  1- 
2Hl]ethanol 211, HA = 'H, via the tosylate and reaction with sodium acetyl- 
aminomalonate to ~~-(3S)-[4~H~]2-aminobutanoic  acid and thence bio- 
synthetically to (2S ,  3S, 4S)-[4-2H,]isoleucine 212, HA = 'H. Hill et al. (186, 187) 
used the biosynthetic method described in Section VI1I.D to prepare 212, 
H, = 3H. They also used a method involving reduction of the epoxide 213 
with lithium aluminum tritide to yield the alcohol 214, HA = 3 H ,  in a synthesis 
of ( 2 R S ,  3S,4S)-[4-3Hl]isoleucine 212, HA = 3H, as shown in Scheme 60. 
( 2 S ,  3S, 4S)-[3,4-3H2]Isoleucine 212, HA = H, = 3H, has also been prepared 
by reduction of the (E)-olefin 215 with C3H2]diirnide followed by hydrolysis 
with renal acylase (1 88). 

Both synthetic and biosynthetically prepared samples of stereospecifically 
labeled isoleucine have been used to investigate the biosynthesis and catabolism 
of the amino acid described in Sections VII1.D and VIJ1.E. They have also 
been used to show that biosynthesis of 3-ethylidene-~-azetidine-(Z)-carbo- 
xylate 216 from isoleucine involves dehydrogenation with antiperiplanar 
elimination of H-3 and H-4R (1 87). 
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D. Biosynthesis 

In the biosynthesis of valine 179 the first step is a benzoin condensation of 
2 mol of pyruvate 95 to yield a-acetolactate 217. A single enzyme, a- 
acetohydroxyacid reductoisomerase (EC I .  1.1.86), then catalyzes the re- 
arrangement/reduction steps 217 +218+219 (Scheme 61). The same enzyme 
catalyzes a similar sequence implied in 222+223 in the biosynthesis of 
isoleucine 212. The substrates 217 and 222 for these reactions have been 
shown to have the (2s) configuration (189,190), the product 223 to have the 
(2R, 3 R )  configuration (191-194), and the product 219 to have ( 2 R )  configu- 
ration (1 92,193). 

H A  \ H B  H A  H A  H B  
t 

H, !A 

H IC . OH - - H p C H l  O G C H I  4 H,N=CH] 

5 5 5 
HozC CH1 HO,C CH, HO,C CHI HOZC CHI 

The reduction step catalyzed by this enzyme has been shown to use the 
4-pro-S hydrogen of NADPH (195), and when 13C-labeled a-acetolactate 217 
was used, it could be shown that the migrating methyl group eventually 
became the 3-pro-S methyl group of valine 179. The migration thus has the 



428 STEREOCHEMISTRY OF METABOLIC REACTIONS OF AMINO ACIDS 

same stereospecificity as is found in isoleucine biosynthesis (196,197). The 
stereochemistry of the subsequent dehydratase step 219 -+ 220 was discovered 
by synthesis ofthe (2R, 3R)- and (2R, 3S)-[3,3, 3-2H3]diols 219 and conversion 
to valine 179 (198). The hydroxyl group was found to be replaced by hydrogen 
with retention of configuration (198). 

Use of D L - ( ~ S ) - [ ~ - ~ H  ,]-2-aminobutanoic acid (188) and [3-’H ,]-~-threo- 
nine 128, HA = 2H (185,199), with mutant strains of Serratia marcescens 
yielded (2S,3S,4S)-[4-3H,]- and [4-2H,]isoleucine 212, HA = ’H or ’H, 
indicating retention of configuration at the migrating center in the rearrange- 
ment 222 + 223. Further, threonine dehydratase had evidently catalyzed the 
dehydration 128 -+ 221 with retention of configuration at C-3 ( 1  85,188,199) 
(Scheme 61). 

In leucine biosynthesis, the intermediate 218 on the valine pathway reacts 
with acetyl-CoA to yield a-isopropylmalate 225 whose configuration has 
been shown to be S by X-ray crystallography (200). This reaction is analogous 
to that catalyzed by citrate synthase, and indeed the subsequent reaction, 
dehydration/rehydration giving /?-isopropylmalate 226, is analogous to the 
conversion of citrate to isocitrate. The configuration of /?-isopropylmalate 226 
had been shown to be 2R,3S (201), and so the stereochemistry of the citrate 
and isopropylmalate reactions was identical. P-Isopropylmalate 226 was 
finally converted to leucine 205 by a 4-pro-R NADH specific dehydrogenase 
(EC 1.1.1.85) (202) and transamination (Scheme 61). 

Use of [‘3C,]glucose mixed with nine equivalents of unlabeled glucose 
has allowed these biosynthetic processes to be used to prepare samples of 
protein containing valine 179 and leucine 205 in which the 3(4)-pro-R methyl 
group, being derived from C-4 of the intermediate 217, will always contain 
an adjacent labeled carbon atom and show coupling. The 3(4)-pro-S methyl 
is derived from a different molecule of glucose from that of C-3 of valine 
(C-4 of leucine) and so will not show such coupling (203,204). 

E. Catabolism 

Valine 179 is degraded in nature by transamination to the corresponding 
keto-acid which is decarboxylated to yield isobutyryl-CoA 227, X = SCoA 
(Scheme 62a). Since it was found that stereospecifically labeled valine lost its 
stereochemical integrity in the process, possibly through racemization of the 
intermediate keto-acid, it was necessary to synthesize stereospecifically 
labeled isobutyric acid 227, X = OH, to study the stereochemistry of the 
subsequent catabolic reactions (205). Thus (2R)- and (2S)-[3,3, 3-2H,]isobutyric 
acid 227, X = OH (205,206), and (2S)-[3-’ 3C]isobutyric acid 227, X = O H  
(207), have been prepared and used to show that it is the 2 - p r o 4  methyl group 
that is “oxidized” on conversion to (2S)-2-hydroxymethylpropionic acid 229, 
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1 I 

H02C 

H CH3 

Scheme 62 

X = OH. The apparent oxidation in fact involves dehydrogenation to metha- 
crylyl-CoA 228, X = SCoA, and hydration, and when (E)-  and (Z)-['HJmetha- 
crylic acids 228, X = OH, HA = 'H, and 228, X = OH, HB = 'H, respectively, 
were synthesized and incubated with Pseudomonas putida, the resultant (2S)-2 
hydroxymethylpropionic acid 229 was compared to synthetic stereospecifically 
labeled samples to show that the hydration was a syn process, as in Scheme 6 2  
(208), involving the 2-Re face. 

The (E) -  and (Zf-['H,]methacrylic acids 228 were used as a starting point 
in a synthesis of (2S,  3R)- and (2S,  3S)-[3-3H,, 3-'H,]isobutyric acids 227, 
HA = 3H, HB = 'H, and 227, HA = 'H, H, = 3H, respectively (209). These were 
fed to P .  purida, and the 'H NMR spectra of the labeled (2s)-hydroxymethyl- 
propionates 229 obtained, coupled with a knowledge of the stereochemistry 
of the hydration reaction, allowed the dehydrogenation step to be assigned as 
an antiperiplanar elimination of hydrogen (209). Dehydrogenation of the 
hydroxymethylpropionate 229 to methylmalonate semialdehyde 230 has been 
shown to involve elimination of the 3-pro-R hydrogen, H, (210). 



430 STEREOCHEMISTRY OF METABOLIC REACTIONS OF AMINO ACIDS 

Catabolism of isoleucine 212 follows an almost identical path of that of 
valine 179 above (21 1) (Scheme 62b). By incubating (4R)- and (4S)-[4- 
3H ,]isoleucines prepared as in Section V1II.C above and isolation of tiglic 
acid 232, X = OH, it was shown (186) that the 4-pro-R hydrogen was lost, 
and so the dehydrogenation was antiperiplanar, as had been shown for the 
corresponding dehydrogenation 227 + 228 in valine catabolism. 

In leucine catabolism (Scheme 62c), the first steps leading to isovaleryl- 
CoA 233, X = CoA, are similar to those in the catabolism of valine 179 and 
isoleucine 212. When samples of (2R)- and ( 2 ~ [ 2 - ~ H  ,]isovaleric acid 233, 
X = OH, were fed to biotin-deficient rats, j-hydroxyisovalerate 235 was 
isolated and shown to have lost the 2-pro-R hydrogen (212), thus indicating 
that the dehydrogenation step 233-234 had occurred with loss of this 
hydrogen. The hydration step 234 + 235 proved to be nonstereospecific for 
both C-2 and C-3 (21 3). The complete stereochemistry of the dehydrogenase 
step 233 + 234 was elucidated using a sample of (3S)-[4-' 3Cl]isovalerate 
233, X = OH, prepared from the corresponding sample of valine (214). The 
product 234, X = OH, showed 13C enrichment in the (E)-methyl group so 
that the dehydrogenation was antiperiplanar, like the corresponding reactions 
in the catabolism of valine 179 and isoleucine 212 (214). 

After dehydrogenation to 234, X = SCoA, the catabolism of leucine 205 
(Scheme 62c) differs from that of the other branched-chain amino acids. A 
biotin-dependent carboxylation leads to the acid 236, X = SCoA, which is 
hydrated to HMG-CoA 237, a compound involved in isoprenoid biosynthesis. 
Feeding stereospecifically labeled samples of leucine in studies of terpenoid 
biosynthesis indicated that the (E)-methyl group was carboxylated without 
isomerization of the double bond (181, 182). Messner, Cornforth et al. (215) 
investigated the hydration 236e237 catalyzed by the enzyme 3-methyl- 
glutaconyl-CoA hydratase (EC 4. 2. 1. 18) and showed that the reversible 
reaction had syn  stereospecificity. 

IX. ASPARTIC ACID, B-METHY LASPARTATE, AND ASPARAGINE 

The enzyme aspartase (EC 4.3.1.1.) has long been known to catalyze stereo- 
specific addition of ammonia across the double bond of fumaric acid (216-218), 
and after the original assignment of stereochemistry to this reaction was 
corrected, it was realized that addition of ammonia was anti (82). Since the 
enzyme is commercially available, reaction of fumaric acid 72 in 2H,0/N2H3 
readily affords (2S, 3R)-[3-'HI]aspartic acid 2la, H, = 2H, whereas addition 
of ammonia to ['HJ fumaric acid 72, HA = 'H, yields (2S, 3S)-[2,3-*H2] 
aspartic acid 2la, HA = 'H (218-221). Recently, aspartase in immobilized 
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E. coli has been used in an improved synthesis of these compounds (118). 
The enzyme B-methylaspartase (EC 4.3.1.2) also adds ammonia across the 
double bond of fumaric acid in the same way as aspartase (222), and so an 
alternative synthesis is available. When [2H,]fumaric acid 72, HA = 'H, was 
incubated with aspartase in 3H20,  (2S, 3R)-[2,3-'H2, 3-'H1]aspartic acid 
21a, HA = 'H, H, = 'H, was obtained (47) (Scheme 63). 

H02C*B H 

- 
HO,C C02H 

0 H::HA 
HO,C CO,H HO,C CO,H 

".*LA . 

- 
H02C H A  

(72)  

Scheme 63 

A further synthesis of labeled aspartic acids 21a used the enzyme aconitate 
isomerase (EC 5.3.3.7). This enzyme interconverts cis- and trans-aconitates 
238 and 239, respectively, with exchange of the 4-pro4 hydrogen. The 
(4S)-[4-'H ,I-trans-aconitate 239, HA = 'H, produced in 3H,0  could be 
ozonized and then converted in situ with sodium periodate and glutamic 
oxaloacetic transaminase (EC 2.6.1.2) to (3S)-[3-3H,]aspartic acid 21a, 
HA = 'H (223). This process involves (3S)-[3-3Hl]oxaloacetic acid 240, 
HA = 'H, as an intermediate. 

Conversion of stereospecifically labeled samples of aspartic acid 21a to 
the corresponding asparagine derivatives 241 has been achieved by ourselves 
(224) and others (225). The enzyme 8-methylaspartase has been used to prepare 
(2S, 3S)-[3-'H ,]-3-methylaspartate and (2S, 3S)-[3-'H ,I-3-ethylaspartate 
(222, 226, 227). 

It is of interest to note that incubation of labeled aspartate with aspartate 
B-decarboxylase (EC 4.1.1.12) resulted in decarboxylation to L-alanine with 
inversion of configuration (47). This differs from most PLP-mediated 
u-decarboxylation reactions that catalyze decarboxylation with retention of 
configuration. 
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X. GLUTAMIC ACID AND ITS DERIVATIVES 

An early synthesis of labeled samples of glutamic acid involved the use of 
the citrate cycle enzyme isocitrate dehydrogenase (EC 1.1.1.41), which 
catalyzes the decarboxylation of isocitric acid 242 to yield a-ketoglutaric acid 
243 (Scheme 64). It will also catalyze exchange of the hydrogen HB from 
a-ketoglutarate 243. Thus decarboxylation of isocitrate in ’H20 followed by 
transamination gave (3S)-[3-’HI Jglutamic acid 244, H, = ’H, whereas ex- 
change of [3,3-’H2]-a-ketoglutarate 243, HA = HB = ’H, gave the (3R)- 
[3-3H1] isomer 243, HA = 3H (228). These samples of a-ketoglutarate were 
converted to (2S, 3s)- and (2S, 3R)-[3-3H,]glutamic acids 244, HB = ’H, 
and 244, HA = ’H, respectively, using the enzyme glutamate dehydrogenase 
(EC 1.4.1.2). The stereochemistry of labeling was confirmed by degradation 
to aspartic acid 21a and use of the 3-pro-R specific enzyme aspartase (see 
Section IX) (228). This sequence is generally used to prepare (3s)- and 
(3R)-[3-’H ,]glutamates, although it is more usual to use [3-3H Jisocitrate 
242, HA = ’H, prepared from cis-aconitate 238a using aconitase (EC 4.2.1.3) 
and 3H,0  for preparation of the (3R)-isomer (229-233). 

When (4S)-[4-’H1]isocitrate 242, H, = ’H, was prepared from stereo- 
specifically labeled succinate using the enzyme isocitrate lyase (EC 4.1.3. l), 
this could be used in Scheme 64 to prepare (2S, 4S)-[4-’H ,]glutamic acid 243, 
HD = ’H (234). 

Use of the isocitrate dehydrogenase/glutamate dehydrogenase system with 
isotopically labeled medium and labeled a-ketoglutarate 243 has allowed (2S, 
3R)- and (2S,3S)-[3-*H1, 3-’H,]glutamates 244, HA = ’H, HB = ’H, and 
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244, HA = ,H, H, = ’H, respectively, to be prepared (235). The (2S,4R) 
and (2S, 4S)-[4-’H, 4-2H ,] derivatives 244, H, = 3H, H D  = ,H, and 244, 
H, = ,H, H D  = 3H, were prepared from labeled samples ofacetate using mixed 
enzymes of the citrate cycle (236). A synthesis of samples of glutamic acid 
stereospecifically labeled at C-4 has been achieved by a method involving 
nonstereospecific functionalization at C-4, separation, and resolution (234, 
237, 238). 

We have prepared (2R, 3R)- and (2S, 3S)-[3-,H Jglutamic acids 244 by 
Wolff rearrangement of the diazoketones 74a (prepared as in Scheme 20) 
and deprotection (239, 240). When the Wolff rearrangement step was 
conducted in the presence of 3H,0,  nonstereospecific labeling at C-4 was 
achieved in addition to the stereospecific labeling at C-3 (239, 240). 

Glutamic acid 244 is involved in many biological processes, and several 
of these involve reaction at the prochiral atoms C-3 and C-4. The coenzyme 
B,,-mediated reaction catalyzed by the enzyme glutamate mutase (EC 5. 4. 
99. 1 )  causes the reversible migration of hydrogen from the C-3 of glutamate 
244, to C-4 and of the carboxyl from C-4 to (2-3, yielding p-methylaspartic 
acid 246, (Scheme 65). When [3-2H,]-fl-methylaspartate 246, H, = ’H, 
prepared using the enzyme j?-methylaspartase as described in Section IX, 
was used in this rearrangement, the glutamic acid 244, H, = ’H produced 
was degraded to succinic acid, shown to be (2R)-[2-’H ,]succinate by 
comparison of the ORD with that of an authentic sample (241-243). Thus 
the migration was entirely stereospecific at the C-4 of glutamate, the 4-pro-R 
hydrogen being involved. When (3s)- and (3R)-[3-3H 1, 3-’H ,]glutamic acids 
244, HA = 3H, H, = 2H, and 244, HA = 2H, H, = 3H, respectively, were used 

O H  OH 
(249) 
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in the reaction and the j-methylaspartate 246, produced was degraded to 
acetate, the results indicated that the reaction was nonstereospecific with 
respect to the methyl group of j-methylaspartate (235). This was in keeping 
with results obtained with ethanolamine ammonia lyase (EC 4.3.1.7), another 
vitamin B12-mediated enzyme (77). 

Use of the (2S,4R)- and (2S,4S)-[4-3H1, 4-2Hl]glutamic acids 244, 
H, = 3H, HD = 'H, and 244, H, = 'H, HD = 3H, respectively, with the 
organism Acidaminococcus lermentans has shown that the decarboxylation 
247 + 248 proceeds with retention of configuration (236). Feeding (2S, 3R)- 
and (2S, 3S)-[3-2H1 Jglutamates 244, HA = 2H, and 244, H, = 'H, respectively, 
to Streptomyces showdoensis has shown that the 3-pro-R hydrogen, HA, is 
lost in the biosynthesis of the nucleoside antibiotic showdomycin 249 (244). 

The vitamin K-mediated carboxylation of protein-bund glutamate resi- 
dues to y-carboxyglutamate residues 250 has been shown to exhibit a small 
isotope effect when the 4-pro-S hydrogen HD is labeled and none when the 
4-pro-R hydrogen H, is labeled, indicating that the 4-pro-S hydrogen is lost 
in the process (234, 238, 245). This result is in keeping with findings from 
incubation of stereospecifically fluorinated glutamates (246). 

The decarboxylation of glutamic acids to the neuronal transmitter 
y-aminobutyric acid (GABA) has been much studied, and since the original 
discovery that the reaction occurred with retention of configuration (247), 
the process has been used to prepare labeled samples of GABA (248-255). 

XI. PROLINE 

The cyclic amino acid proline 252 is converted to both 4-hydroxyproline 
and 3-hydroxyproline in collagen synthesis. Fujita, Witkop et al. (256) provided 
(2S, 4S)- and (2S, 4R)-[4-'Hl J- and [4-3H1 Jprolines 252, H A  = 'H or 3H, and 
252, H, = 2H or 3H, respectively, by a synthesis in which the key step was 
reduction of the protected tosylates 251, X = H, Y = Ts, and 251, X = Ts, 
Y = H, respectively, with LiAl'H, or LiAI3H, (Scheme 66). The ' H  N M R  
spectra of the deuterated compounds were different, and when the tritiated 
compounds were fed to chick embryos, the (2S, 4S)-4-hydroxyproline 253 
obtained from the collagen had lost the 4-pro-R hydrogen and retained 
4-pro4 hydrogen of the proline (256). Hydroxylation had, therefore, occurred 
with retention of configuration. The samples of [4-3Hl]proline used in the 
above study were also used to show that hydroxylation of the proline residues 
in the antibiotic actinomycin occurred with retention ofconfiguration (257). 

Prockop and others (258, 259) prepared a sample of [3,4-3H2]proline 
252, H, = HD = 3H, by catalytic tritiation of 3, 4-dehydroproline, and while 
acknowledging that some randomization of label might occur in this process, 
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(100b) 

Scheme 66 

they indicated that one tritium was lost on 4-hydroxylation by chick embryos. 
3H NMR spectroscopy has recently revealed that [3, 4-'H2] proline prepared 
in this way has ca. 5% 3H at C-5, 45% at C-3S, and 49% at C-4R with 
considerable monotritiation at C-3a and C 4 a  i ccompanying the expected 
cis ditritiation (260). 

The sample of (2S, 3S, 4R)-[3, 4-'H2]proline 252, H, = H, = 'H, was 
incorporated into virginiamycin M lOOb (Scheme 66) with retention of all 
tritium (261). A sample of(2S, 3R)-[3-3H,]proline 252, H, = 'H, was prepared 
in a synthesis involving reduction of the dehydroproline derivative 254, 
H, = 'H, and this lost tritium on incorporation into virginiamycin M lOOb 
(261). 

The (5R)- and (SS)-[S-'H,]prolines 252, HE = 2H, and 252, H, = 'H, 
respectively, have been prepared from the labeled intermediates 52, H, = 'H, 
and 52, Hs = 'H, respectively, in Scheme 16 (72, 255). 

XII. a- AND PLYSINE 

A chemical synthesis of(2RS, 3R)- and (2RS, 3S)-[3-'H1]lysines 257, HA = 'H, 
and 257, H, = 'H, respectively, has been achieved as outlined in Scheme 67 
using the, by now familiar, reduction of a ['Hlaldehyde with chiral boranes 
(262, 263). Thus reduction of the chloroaldehyde 255, with chiral boranes 
gave the alcohols 256; H, = 'H, and 256, HB = 'H. The chirality of these 
compounds was verified by 'H NMR spectroscopic methods, and mesylation 
and further elaboration, involving inversion of the labeled center, gave the 
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mutase I 

lysines 257, HA = 'H, and 257, H,, = 'H. These compounds were then incubated 
with lysine 2,3-aminomutase (EC 5.4.3.2), which caused rearrangement of 
the (2S)-isomer to 3S-P-lysine 258 with rearrangement of the 3-pro-R hydrogen 
to C-2 (262,263). The stereochemistry of labeling at  C-2 was proven by con- 
verting the labeled P-lysine 258 to the diphthaloyl ethyl ester 259, a racemic 
sample of which had been synthesized by catalytic deuteration of the (Z)-olefin 
260 and further elaboration. ' H  NMR spectroscopy then indicated that the 
mutase caused replacement of the 2-amino group by the 3-pro-R hydrogen 
with inversion at C-2 (262, 263). A similar result has been observed for a 
lysine 2,3-aminomutase involved in the biosynthesis of the metabolite strepto- 
thricin (264). 

Lysine 2,3-aminomutase is not coenzyme B,, dependent, but a further 
lysine mutase,- B-lysine mutase (EC 5.4.3.31, catalyzes the coenzyme B,,- 
dependent rearrangement shown in Scheme 68, the product 3, S-diaminohe- 
xanoic acid 261 having been shown (265) to have the (3S, 5s) configuration. 
When the reaction was conducted in the presence of [5'-3H] coenzyme B, ,  
and the P-lysine 258a was degraded to succinic acid, assay with succinate 
dehydrogenase showed the latter to be (2S)-[2-3H ,] succinate (266). Thus 

(258.) 

Scheme 68 
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the labeled P-lysine was (3S, 5S)-[5-3H,]-/?-lysine 258a, H, = 3H (266). The 
amino group had therefore been replaced by hydrogen with inversion of 
configuration. 

The enzyme a, c-diaminopimelate decarboxylase (EC 4.1.1.20) decar- 
boxylates the (R) center of (2S, 6R)-mes~-diaminopimelic acid 262 to give 
lysine 257a (Scheme 69). When this reaction was conducted in 'H,O and 
(2S, 6R)-[2,6-'H2]-a, c-diaminopimelic acid 262, HA = H, = 'H, was decar- 
boxylated in H,O, samples of [6-'H,] lysine 257a, H, = 'H, and [2, 6-2H2] 
lysine 257a, HA = HB = 'H, respectively, were obtained (267). These were 
converted to samples of [5-2H,]-N-phthaloyl-5-aminovaleric acid 263, 
H, = 'H, and 263, HA = 'H, respectively. An authentic sample of (5R)-[5- 
'H ,]-N-pathaloyl-5-aminovaleric acid 263, H, = 'H, was obtained via an 
Arndt-Eistert synthesis from (4R)-[4-'H ,I-y-aminobutyric acid 264, H, = 'H, 
prepared as in Section X, and this sample had the same optical rotation as the 
corresponding sample prepared using a, c-diaminopimelate decarboxylase. 
The decarboxylation had, uniquely for a PLP-mediated decarboxylation, 
occurred with inversion of configuration at the (6R)center (267). The result was 
so unusual that an alternative assay was used to confirm it. Here decarboxyla- 
tion of the ['Hllysine 257a produced by decarboxylation of 262 in 'H,O 
yielded a sample of cadaverine 266 (Scheme 71) that retained the label on oxi- 
dation with the pro-S specific diamine oxidase (EC 1.4.3.6) (267). It was shown 
that x ,  c-diaminopimelate from Bacillus sphaericus and from wheat germ also 
catalyzed decarboxylation with inversion of configuration (268). 

HC - H A Y C O z H  

H+co2H NH2 NPhth 

(264) 

Scheme 69 

Samples of (2S, 6R)-[6-3H,]- and (2S,6S)-[2, 6-3H2]lysine 257a, H, = 3H, 
and 257a, HA = H, = 3H, have been prepared using z, c-diaminopimelate 
decarboxylase and tritium in place of deuterium in the synthesis described 
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above for the deuterated analogues (269). These were used to assess the 
stereochemistry of L-lysine-6-aminotransferase (EC 2.6.1.36). The aldehyde 
product from the reaction catalyzed by this enzyme formed A’-piperideine- 
6-carboxylate 265 (Scheme 70), in which the 6-pro-R hydrogen was retained 
and the 6-pro-S hydrogen was lost (269). This S stereospecificity was in 
keeping with that found for GABA aminotransferase and, as we shall see in 
Section XIII, for ornithine 8-aminotransferase. 

(2571) (265) 

Srheme 70 

L-Lysine-c-dehydrogenase (EC I .4. I . I  5), an enzyme specific for the 4-pro-R 
hydrogen of NADPH (270), has been incubated with (2S, 6R)- and (2S, 6S)- 
[6-3Hl]lysines 257a, H, = 3H, and 257a, HA = 3H, respectively, and shown 
to be converted to A’-piperideine-6-carboxylate 265 with loss of the 6-pro-R 
hydrogen (271). The stereochemistry is very different from that exhibited 
by the E-aminotransferase, but it is in keeping with that of a D-amino acid 
deh ydrogenase. 

Decarboxylation of lysine 257b gives the important biosynthetic inter- 
mediate cadaverine 266 (Scheme 7 I) .  This reaction is catalyzed by L-lysine 
decarboxylase (EC 4.1.1.18), decarboxylation in ’H’O or 3 H 2 0 ,  giving 
( I  R)-[ I -’H J- and [ 1 -3H ,]cadaverines 266, HA = 2H or 3H, and decar- 
boxylation of (2S)-[2-’H ‘1- or [2-’H1]lysines in H,O, giving (IS)-[ l-*H,]- 
and [1-3Hl]cadaverines 266, H, = 2H or 3H. The stereochemistry of the 
process was shown by oxidation of the samples of C3H1]cadaverine 266, 
HA = 3H and H, = 3H, to glycine 23b, which was then incubated with the 
pro-S specific D-amino acid oxidase and the pro-R specific L-alanine amino- 
transferase (272). The reaction was shown to occur with retention of configura- 
tion, although there was a suggestion that an enzyme from Sedum might 
follow a different path (273). 
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L-Lysine decarboxylase has been used extensively to prepare stereo- 
specifically labeled samples of cadaverine for use in biosynthetic studies 
(274-280). 

XIII. ORNITHINE AND ARGININE 

Two chemical syntheses of stereospecifically labeled ornithine 269 rely on 
reduction of a labeled aldehyde with a chiral borane. The (2RS,5R)- and 
(2RS, 5S)-[5-3H,]ornithines 269, H, = 3H, and 269, HA = 3H, respectively, 
were obtained via reduction of the aldehyde 267 to the alcohols 268, HB = 3H, 
and 268, HA = 3H, and were converted to the desired products via an azide 
with inversion at C-5 (281). A second synthesis involved reduction of the 
aldehyde 270, as shown in Scheme 72 (282). 

C 0 2 H  

(269) 

I 
(271) 

Scheme 7 2  

When the labeled samples of ornithine were fed to Streptornyces clauuligerus 
it was shown that the 5-R label was retained and 5-S label was lost on 
incorporation into clavulanic acid 273 (28 1) (Scheme 73). Degradation of 

H 
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clavulanic acid to glycollic acid 24 and use of the pro-R specific glycollate 
oxidase showed the stereochemistry of the label to be (9s). Thus oxidation 
to a hypothetical aldehyde intermediate might be followed by reduction from 
the Re face. There was net inversion at C-9 of clavulanic acid 273 in the 
process (281). 

On feeding stereospecifically tritiated samples of ornithine to Streptomyces 
griseolus, it was found that the 5-pro-S hydrogen was lost on incorporation 
into sinefungin 274 so that bond formation was accompanied by inversion 
of configuration (282). 

o-Transamination may be achieved with L-ornithine aminotransferase 
(EC 2.6.1.13), and when this reversible reaction was conducted in 'H'O and 
the C2H ,] ornithine was isolated and degraded to 4-phthalimidobutyrate, 
the rotation was equal but opposite to that of an authentic sample prepared 
from (4R)[4-'H ,I-GABA (269). This reaction, as that of other w-aminotrans- 
ferases, was therefore pro-S specific. 

Decarboxylation of ornithine 269a gives the diamine putrescine 275 
(Scheme 74) which is used in the biosynthesis of many alkaloids. LOrnithine 
decarboxylase (EC 4.1.1.17) catalyzes this reaction, and when unlabeled 
ornithine is decarboxylated in 'H,O and [2-2H,]ornithine is decarboxylated 
in H'O, samples of (1R)- and (lS)-[I-2H,]putrescine 275, HB = 'H, and 275, 
HA = 'H, respectively, are obtained (283). The configuration of these samples 
was assessed by conversion to ['H,]-N-phthalimidobutyrate of known 
chirality (283) or by 'H NMR spectroscopic techniques (277,284). The enzyme 
has been used extensively to prepare stereospecifically labeled samples of 
putrescine 275 for biosynthetic studies (278, 285-290). 

The amino acid arginine 277 resembles ornithine, and samples of (3R)- and 
(3S)-arginine 277, HB = 'H, and 277 HA = 'H, respectively, have been 
synthesized using the labeled alcohols 276 (291) (Scheme 75). When these 
were fed to Srreptomyces griseochromagenes and samples of blasticidin S, 278 
were isolated, it was evident that the 3-pro-R hydrogen had migrated in a 
reaction catalyzed by an aminomutase (29 1). The stereochemistry is similar 
to that found for lysine 2,3-aminomutase (see Section XII). 

Arginine decarboxylase (EC 4.1.1.19) has the same stereospecificity as 
lysine and ornithine decarboxylases, and samples of (1  R)- and ( 1  S) - [  1 -'H ,I- 
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and [l-3H,]agmatine 279 may be prepared in this way for biosynthetic 
studies (277, 278, 283, 287) (Scheme 75). 

XIV. HISTIDINE 

Histidine 280 is catabolized by first losing ammonia to yield urocanic acid 
281. The enzyme catalyzing this process is histidine ammonia lyase (EC 
4.3.1.3), and the process being reversible, it will also exchange one of the C-3 
protons in the process. Givot, Abeles et al. (292) degraded histidine, prepared 
using the enzyme and 3H,0, to aspartic acid 21 and assessed the stereo- 
chemistry using the pro-R specific enzyme aspartase. Retey et al. (293) 
used degradation to succinate and chirality assessment with succinate 
dehydrogenase. The stereochemistry of the label was found to be (3R) by 
both groups. Since it had been shown that the hydrogen that was exchanged 
was the hydrogen eliminated on conversion to urocanate 281 (294), the 
elimination was evidently an anti process (Scheme 76). 

The next step in the catabolism of histidine 280 is conversion of urocanate 
281 to the compound 282, a reaction without analogy. In a final step, 282 
is converted to glutamic acid 244a. Kaeppeli and Retey (295) used a cell-free 
extract of P. putida in 'H20  to convert urocanic acid 281 to glutamic acid 
244a. This proved to be (2S, 3R,4R)-[2,3, 4-2H3]glutamic acid 244a, HE = 
H, = H, = 'H, by degradation to succinate and comparison of mass spectral 
and ORD data with expected values. Both hydrogens had added to the Re 
face of the double bond in urocanic acid. 
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(244.) 

Scheme 76 

(283) (284) (280.) 

Scheme 7 7  

Histidinol dehydrogenase (EC 1.1.1.23) reduces histidine 280a to histidinol 
283 using the 4-pro-R hydrogen of NADH (296) (Scheme 77). An exchange 
is catalyzed by the enzyme and NADH using the reversible step 2 8 3 ~ 2 8 4 ,  
and 'H NMR spectroscopic arguments have been used to show that the 
intermediate aldehyde 284 is reduced with [4-'H]-NADPH to give (lS, 
2S)-[1-2H,] histidinol 283, H, = 'H. This was confirmed by oxidation with 
the pro-R specific horse liver alcohol dehydrogenase (296). 

Histamine N-methyltransferase (EC 2.1.1.8) catalyzes the N methylation 
of the imidazole ring of histamine. S-Adenosylmethionine is the methylating 
agent, and methods outlined in Section VII have shown that the methylation 
occurs with inversion of configuration (297). 

Bacterial histidine decarboxylase (EC 4.1.1.22) is unique among bacterial 
amino acid decarboxylases in not requiring PLP. Mammalian histidine 
decarboxylase does have a PLP requirement. Battersby et al. (298, 299) 
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showed that the decarboxylation of histidine 280 to histamine catalyzed by 
the bacterial enzyme did so with retention of configuration, a conclusion 
tentatively made earlier by Chang and Snell (300). Battersby et al. prepared 
[2-3H]histidine and decarboxylated it to (1S)-[1-3Hl]histamine, which lost 
tritium on incubation with diamine oxidase, known to be specific for the pro-S 
hydrogen of amines (298, 299). They also presented a synthesis of stereo- 
specifically labeled samples of histidine in this work. This is outlined in 
Scheme 78, the key step being cis-catalytic hydrogenation of the (Z)-olefin 
286 (299). Resolution was effected by acylase I, and (2S,3S)- and (2S,3R)- 
[3-2Hl]histidines were obtained from the (2s)-acetate 287 and its (2R)- 
enantiomer. The stereochemistry of the histidine decarboxylase catalyzed 
reaction has been confirmed more recently using deuterium labeling (301). 

XV. PHENYLALANINE, TYROSINE, AND TRYPTOPHAN 

A. General 

The three aromatic amino acids that are biosynthesized in the shikimic acid 
pathway have much in common. The many stereochemical events occurring 
between the condensation of compounds 288a and 289 derived from carbo- 
hydrates to the formation of prephenic acid 2% have been extensively 
reviewed including a recent review by ourselves (82), and so we have 
summarized the stereochemistry of the biosynthesis in Scheme 79. Prephenic 
acid 296 leads to phenylalanine 297 and tyrosine 298. The rneta-substituted 
amino acids 299 are derived from chorismate 295, as is tryptophan 302, as 
shown. 

B. Phenylalanine and Tyrosine 

The groups of Kirby (302-304) and Battersby (305-307) developed the 
“oxazolone” synthesis for preparation of samples of phenylalanine 297 and 
tyrosine 298 stereospecifically labeled at C-3. The oxazolones 303, of well- 
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Scheme 79 

defined configuration, could readily be prepared from benzaldehyde, sub- 
stituted benzaldehydes, or C2H1]- or [3H,]benzaldehydes 306. These were 
hydrolyzed to the (Z)-olefins 304, HA = H, 2H, or %, R = H, CH,O, or 
PhCH20. Catalytic hydrogenation of the labeled compounds gave the 
products 305. HA = 'H or 3H, and catalytic tritiation of the unlabeled com- 
pounds gave 305, H, = 'H (Scheme 80). Resolution and deprotection could 
be effected, and the configuration was verified by degradation to aspartic 
acid 21 and malic acid 83 for enzymic assay or to [2Hl]succinic acid for assay 
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n A  0 

CH, 
(303) 

by ORD. Battersby et al. racemized the (2R)-isomers from their resolution 
to obtain the C-3 epimers of the labeled amino acids. Kirby’s group applied 
this synthesis to the preparation of (2S, 3R)-[3-’H1]-ortho-tyrosine 305, 
X = OH, HA = ’H (308), by using the oxazolone 303, X = PhCH,O, HA = ’H. 

In a second synthesis of labeled phenylalanine Battersby et a]. (305, 306) 
used the pro-R specific enzyme horse liver alcohol dehydrogenase to reduce 
[’HJbenzaldehyde 306, HA = ’H. The (1S)-[1-2H,]benzyl alcohol 307 
obtained was converted via tosylation and reaction with malonate anion to 
the acid 308 (Scheme 81), which, on bromination and ammonolysis, gave 
(2RS,  3R)-[3-’H1]phenylalanine 297, HE = ’H. Ife and Haslam (309) used 
the more direct replacement of the tosylates of the alcohol 307 with 
acetamidomalonic ester in a similar synthesis of (3R)- and (3S)-[3-’H1]pheny- 
lalanines. Fermenting yeast replaced liver alcohol dehydrogenase in a further 
synthesis (310). 

Simon’s Clostridium kluyveri system has been used to reduce trans-cinnamic 
acid 309 to (2S, 3R)-[2, 3-’H2]-3-pheny1propionic acid 310, and this was 
converted by bromination and ammonolysis to (2RS,  3S)-[3-’H l]phenyl- 
alanine 297, HF = ’H (31 I), as in Scheme 82. A Japanese group recently 
reduced the diketopiperazine 31 1 at the exomethylene group with asymmetric 
induction and obtained (2R, 3R)-[2,3-’H2]phenylalanine (3 12). 

The enzyme phenylalanine ammonia lyase (EC 4.3.1.5) catalyzes elimination 
of ammonia from phenylalanine 297a to yield (E)-cinnamic acid 309a, X = H, 
and various research groups (303,305,306,309) have shown that the 3-pro4 
hydrogen, HF, is eliminated in the process by using the synthetic samples of 
stereospecifically labeled phenylalanine. Elimination of ammonia is therefore 
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Scheme 82 

an anti process. Use of tyrosine 298a as a substrate for this enzyme showed 
the same anti stereospecificity (313) as did the enzyme tyrosine ammonia 
lyase from maize cobs (307, 314) (Scheme 83). 

Tyrosine decarboxylase (EC 4.1.1.25) was studied at a very early date by 
Belleau et al. (315, 316) and reinvestigated using more modern methods by 
Battersby et al. (317). These studies showed that decarboxylation to yield 
tyramine 312, X = OH, occurred with retention of configuration. Later work 
(3 18) showed that aromatic L-amino acid decarboxylase (EC 4.1.1.28) from 
Micrococcus percitreus catalyzed decarboxylation of phenylalanine 297a to 
phenylethylamine 312, X = H, with retention of configuration. 

Since the phenylethylamines 312 produced by these decarboxylases are 
substrates for systems containing dopamine 8-hydroxylase (EC 1.14.17. I ) ,  
the availability of 3R and 3s  isotopically labeled samples of the aromatic 
amino acids has allowed the stereochemistry of the hydroxylation of dopamine 
313 to yield norepinephrine 314 to be studied (Scheme 83). I t  was shown 
that the 3-pro-S hydrogen, HE, was lost from phenylalanine 297a in the 
process and that the hydroxylation yielding 314 therefore occurred with 
retention of configuration (319). 

Phenylpyruvate tautomerase from beef kidney has been shown to cause 
preferential loss of the 3-pro-R hydrogen from phenylpyruvic acid using 
samples of stereospecifically labeled phenylalanine (320). This may explain 
some unusual 3-pro-R losses (321) in biosynthetic work. 

Tyrosine phenol lyase (EC 4.1.99.2), which will reversibly break down 
tyrosine 298b to phenol, pyruvate 145a, and ammonia, also catalyzes the 
8-replacement reaction of tyrosine 298b with pyrocatechol 315 to yield 
dihydroxyphenylalanine (DOPA) 316. By using stereospecifically deuterated 
samples of tyrosine 298b and assessing the configuration of the DOPA 
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(297.) X = H 
(298.) X = OH 

X 

H02C HE 

(309.) 

316 produced, it was shown that the reaction proceeded with retention of 
configuration at C-3 and loss of deuterium from C-2 (322), as shown in 
Scheme 84. This is in line with expectation for PLP-mediated B-replacement 
reactions which occur by the mechanism outlined in Scheme 5. 

(298b) 

/ 
"%!YHF 

H E  H02C 

(145.) 

H g o C H 3  

Ho2C NHCHO 
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The condensation of (3R)- and (3S)-[3-'H1]serines 6Og, H, = 'H, and 6Og, 
HE = 'H, respectively, to yield tyrosine 298b using tyrosine phenol lyase as 
outlined in Scheme 84 was investigated using samples of labeled serine pre- 
pared as in Scheme 19. The tyrosine 298b produced was degraded via aspartic 
acid 21 to malic acid 83 and the pro-R specific enzyme fumarase was used 
to assess the stereochemistry (104). Again /I replacement occurred with 
retention of configuration. Breakdown of (2S, 3R)-[3-'H1]- and (2SR, 3SR)- 
[2,3-'H2]tyrosine 298b in 3H,0 using this enzyme gave samples of [3-'H,, 3- 
3H Jpyruvate 145a, which were degraded to acetate and analyzed (105). 
Again the /I replacement occurred with retention of configuration. 

The recent use of stereospecifically C-3 tritiated samples of tyrosine 298b 
in assessing the genesis of a /I-tyrosine 317 unit in the peptide antibiotics 
edeines A and B produced by Bacillus brevis has shown loss of the 3-pro4 
hydrogen and retention of the 3-pro-R hydrogen in the process 298b+317 
shown in Scheme 84 so that migration of the amino group is accompanied 
by inversion of configuration (323). The 3-pro4 hydrogen is also lost in 
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biosynthesis of the alkaloid securinine 318 (324). The loss of the 3-pro-R 
hydrogen when phenylalanine or tyrosine was fed to daffodils to produce 
the alkaloid haemanthamine 319 indicated retention of configuration during 
hydroxylation (302-304, 306, 325). 

Platt, Haslam et al. (326) noted 3-pro-R loss on incorporation of labeled 
phenylalanines 297 into the metabolite prunacin 320, Wintersteiner’s acid 
321, and tropic acid 322, whereas there was loss of the 3-pro4 hydrogen on 
incorporation into sombunigrin 323 (326). In keeping with these results was 
the finding that, in the biosynthesis of the epimeric cyanogenic glucosides 
dhurin 324 and taxiphillin 325, the 3-pro4 hydrogen of tyrosine was specifically 
lost on formation of dhurin 324, whereas the 3-pro-R hydrogen was specifically 
lost on formation of taxiphillin 325 (327). Hydroxylation of each epimer 
involved retention of configuration. The samples of labeled tyrosine 298 used 
in these experiments were obtained from samples of the corresponding 
phenylalanines using phenylalanine hydroxylase (EC 1.14.16.1) from rat liver 
(327). 

The glycopeptide vancomycin has two meta-chloro-/I-hydroxy-D-tyrosine 
residues 326, and it was shown (328) that the 3-pro-R hydrogen was lost in 
the biosynthesis, indicating retention in the /I-hydroxylation reaction. The 
3-pro-S hydrogen was shown to be lost on formation of the olefin in the 
biosynthesis of mycelianamide 327 (329, 330). 

C. Tryptophan 

Although Kirby and Varley (102) prepared C-3 labeled tryptophan 331 via 
the “oxazolone route” (see Scheme 80) using the (Z)-olefin 328, by far the 
most widely used source of (3R)- and (3s)-labeled tryptophans is the reaction 
of stereospecifically labeled samples of serine with indole, catalyzed by the 
enzyme tryptophan synthase (EC 4.2.1.20). This involves substitution at the 
/I-carbon of serine with retention of configuration and has been discussed in 
Section IV (86, 88, 103). 

These labeled samples of tryptophan have been used to show that, in the 

NHCH, 
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dehydrogenations leading to the metabolites 329 (33 1) and cryptoechinulin 
330 (332), the 3-pro-S hydrogen is lost in a syn elimination. It was also shown 
that the 3-pro-R hydrogen was specifically lost on methylation in the bio- 
synthesis of indolmycin 160a, implying retention of configuration at C-3 
during methylation (45, 83, 86, 333). We have seen in Section VII that this 
reaction involves inversion at the methyl carbon atom. 

Tryptophan 331 is converted to tryptamine 332 by both aromatic L-amino 
acid decarboxylase (EC 4.1.1.28) and tyrosine decarboxylase (EC 4.1.1.25), 
and in both instances (334, 335) it was shown, either by use of the pro-R 
specific monoamine oxidase (335) or by degradation of the labeled tryptamines 
to glycine and use of the p r o 3  specific D-amino acid oxidase and pro-R 
specific glutamate pyruvate transaminase (334), that decarboxylation involved 
retention of configuration. Hydroxylation that leads to sporidesmin 333 has 
been shown to involve specific loss of the 3-pro-R hydrogen, and so again 
hydroxylation involves retention of configuration (102). 

(334) (335) 

The cyclization 334 -+ 335 in ergot alkaloid biosynthesis has been shown 
to involve loss of the 3-pro-S hydrogen of tryptophan in the process, casting 
light on the stereochemistry of the ring closure step (336). 

Samples of (3R)- and (3S)-[3-3H Jtryptophans 331 have been converted 
to the corresponding kynurenines 336 using the enzymes tryptophan 
dioxygenase (EC 1.13.1 1.1 1) and formylkynurenine formamidase (EC 3.5.1.9). 
These have been used to investigate the fission of kynurenine 336 to 
anthranilic acid 300 and alanine 337 in 'H,O (337) (Scheme 85). Conversion 
of the alanine to acetate and assessment of sense of chirality indicated that 
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H 

hydrogen replaced the anthranilate moiety with retention of configuration 
(337). 

XVI. OTHER A M I N O  ACIDS 

Most common amino acids have been given full or part sections in this 
review and less common amino acids (e.g., a,o-diaminopimelic acid 262) have 
been discussed where appropriate. However, two less common amino acids 
have been left to this section mainly because of the lack of opportunity to 
discuss them in one of the other sections of this chapter. 

A. Aminocyclopropanecarboxylate 

Aminocyclopropanecarboxylate (ACPC) provides an interesting problem, 
having a plane of symmetry through the a-carbon atom. Isotopic substitution 
on one of the &carbon atoms will immediately provide a chiral molecule, 
and so labeling will allow us to see how enzymes can discriminate between 
the enantiotopic groups in the various reactions undergone by this compound. 

Adlington et al. (338) first prepared cis- and trans-[2, 3-’H,]-ACPC 
[340 + 3411 and [343 + 3441 from trans- and cis-[l, 2-’HZ]-ethylenes via meso- 
and dl-[l, 2-’H,]-1, 2-dibromoethanes 338 and 342, respectively (Scheme 86). 
Reaction of these with the lithium salt 339 then gave the desired products. 
The stereochemistry was confirmed using computer-simulated ‘H NMR 
spectral comparison. The cis-isomer has also been prepared by Pirrung (339) 
using the meso-dibromide 338 in a method worked out by Schollkopf. These 
methods have been used by Ramalingam et al. (340), who also used a similar 
technique to prepare [2, 2-’HZ]-ACPC. 

Synthesis of (1S)-[2, 2-’H,]-ACPC 347 was achieved independently by two 
groups in a joint publication (341) (cf. Scheme 87). The first synthesis 
confirmed the absolute configuration of the resolved dichloride 345 by 
conversion to a known compound. The chloride 345 was then converted to 
the acid 346 (Scheme 87). Curtius rearrangement converted the acid to an 
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amine with retention of configuration, and oxidation of the phenyl ring then 
gave the desired product 347. The second synthesis relied on Sharpless 
oxidation of the olefin 348 to achieve enantioselectivity, and the configuration 
of the resultant epoxide was correlated with that of@)-citramalic acid. Further 
elaboration to the bromide 349, reaction with lithium, accompanied by 
cyclization to 350 and an oxidation-Curtius-deprotection-oxidation sequence 
then gave the desired product 347 (341). 

A Schollkopf-type synthesis, used by Subramanian and Woodard (342) 
to prepare (1S)-[2, 2-,HH,]-ACPC, is shown in Scheme 88. Initial alkylation 
of the anion of the bis(1actim ether)351 occurred cis to the bulky benzyl group, 
in violation of observations by Schollkopf. Both addition of BrCH,C'H,- 
0-trifyl and the subsequent cyclization 352 -P 353 were stereoselective reactions. 
The (ZR)-isomer was obtained using BrC2H,CH,-0-triflyl in the synthesis, 
and both isomers were obtained in enantiomeric excesses of ca. 44%. 
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(2S, 3R)-[2, 3-’H,]Homoserine lactone 112c, HA = Hc = ’H, prepared as 
in Section V, Scheme 35, was converted to the diketopiperazine 354 (Scheme 
89). This was converted to the corresponding bromide and the bis(1actim 
ether) was cyclized to the spiro compound 355, Hc = ’H. Although the 
cyclization was not entirely stereospecific, hydrolysis of 355, H, = ’H, gave 
(IS, 2S)-[2-2H1]-ACPC, 356, H, = ’H, contaminated with the ( 1 4  2S)-isomer 
(122). Synthesis of (lS, 2R)-[2-’H1]-ACPC 356, HB = ’H, contaminated with 
the (1 R, 2R)-isomer, was achieved in the same way, starting from (2R, 3S)- 
[2, 3-’H2]homoserine lactone, prepared as in Section V, Scheme 35, but using 
(S, S)-DIPAMP in the reduction step (122). 

HB HA 

(1  12c) 
A nA CHzOH ‘ v ‘HB 

(354) (355) (356) 

Scheme 89 

We have seen in Section VII how ACPC is synthesised by cyclization of 
S-adenosylmethionine and how it was shown (142,149) that the ring closure 
occurred with inversion at the y-center. When Wiendanger, Arigoni et al. 
(343) conducted the cyclization using [4, 4-’H2]-S-adenosylmethionine, they 
were able to show that the product was (1S)-[2,2-’H2]ACPC 347 by com- 
parison of the ’H NMR spectrum of a derivative with that of a synthetic 
sample. Cyclization was therefore accompanied by the comparatively rare 
inversion at the y-center in the PLP-mediated reaction. 

The ACPC deaminase (EC 4.1.99.4) converts ACPC to 2-oxobutyrate 124, 
and incubation with (1s)- and (1 R)-[2, 2-’HZ]ACPC, which leads to labeling 
in the methyl and the C-3 positions, respectively, showed that it was the bond 
to the 2-pro4 carbon that was cleaved in the process (341). This is the bond 
made on biosynthesis of ACPC. A mechanism for the process is suggested in 
Scheme 90, and the indication of internal proton return suggests operation 
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.CO,H 

of a single base (344). Indications from feeding labeled alkylated derivatives 
of ACPC are that the 2-pro-R hydrogen is removed in 357 and that this is 
returned at the Si face of the y-carbon in 358 (344). 

The ACPC is catabolized to ethylene in apples, and it has been shown 
that there is lack of stereochemical control in the process (338). Baldwin et al. 
have shown that a net stereochemical bias exists when 2-methyl-ACPC is 
used as substrate (345). 

B. Aminomalonic Acid 

Aminomalonic acid is a substrate for aspartate b-decarboxylase (EC 4.1.1.12). 
When (3R)- and (3S)-[3-'4C]aminomalonates were prepared from [3-I4C]- 
and [ l-'4C]serines, respectively, and incubated with this enzyme, the 3-pro-R 
carboxyl group was lost (346). Since the decarboxylation had been shown to 
incorporate label into the 2-pro4 hydrogen of glycine (78), the decarboxylation 
was deemed to have occurred with retention of configuration. 

The enzyme serine hydroxymethyltransferase will also catalyze this 
decarboxylation, but early work found apparent lack of stereospecificity in 
the process (347). Thomas, Gani et al. (348, 349) reinvestigated this reaction 
and overcame inherent racemization problems to show that the process is 
stereospecific and involves retention of configuration. 
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468 SEARCHING TECHNIQUES FOR DATABASES 

I. INTRODUCTION 

Earlier this century crystallographers proved not only that molecules are 
three-dimensional (3-D) but also that small changes in chemical constitution 
often lead to subtle but real changes in 3-D structure (1). More recently, 
computerized molecular modeling, or computer-aided molecular design, has 
become a standard method to propose, visualize, and/or interpret 3-D 
molecular structures (2-8). As a key component of molecular modeling, 
computer graphics offers the advantages that molecular properties can also 
be displayed; the image can be as accurate as one knows the data and several 
3-D structures can be compared by superposition. Because of both the growth 
in computer power and the perfection of experimental techniques, protein 
crystallography and nuclear magnetic resonance (NMR) are now able to 
produce atomic resolution 3-D structures of macromolecules, frequently 
bound to small molecules of biological interest (9,lO). The challenge is to 
use this 3-D information from molecular modeling or experiment to attempt 
to solve other problems. Searching databases of 3-D chemical structures, the 
subject of this review, is one of the tools being developed to utilize this 
information. 

Pharmaceutical and chemical companies have invested millions of dollars 
in their corporate compound collections and are eager to capitalize on this 
proprietary resource by searching the 3-D structures of their existing molecules. 
For example, in a pharmaceutical company, a 3-D search might suggest a new 
biological property for some of its existing compounds, thus identifying 
possible candidates for clinical development or leads in subsequent molecular 
optimization programs. A complementary approach involves carrying out 
searches that are based on several 3-D hypotheses of pharmacological activity 
that cannot be distinguished with the available data: if active molecules are 
found in only one of these searches, then the other hypotheses can be discarded 
and interest focused more closely on the crucial structural features. A 3-D 
search of a database of existing compounds or of rigid 3-D partial structures 
can also form the basis for the de nouo design of new compounds with a 
particular 3-D arrangement of key functionality. Special algorithms then 
transform or link the identified fragments into compounds that meet the 
original 3-D search criteria. Such 3-D searches can be made over many 
conformations of one, several, or many compounds to propose the confor- 
mation and intermolecular contacts in the complex that is formed when these 
compounds bind to a macromolecule of known 3-D structure. Finally, and 
alternatively, it is possible to search over many conformations of several 
molecules that exhibit strong binding to a particular biomacromolecule of 
unknown 3-D structure, with the resulting common structural features 
representing a pharmacophore hypothesis, that is, a set of proposed 3-D 
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requirements for binding. The above are just some of the applications of 3-D 
searching; these and many others are explored in the present review, which 
describes the wide range of techniques being developed for the representation 
and searching of databases of molecules in 3-D. 

Computer techniques for searching chemical databases have been under 
active development since the early 1960s, and there is now a well-established 
body of theory and practice underlying the design and implementation of 
chemical structure retrieval systems. Almost without exception, these systems 
have been developed specifically for the storage and retrieval of information 
pertaining to two-dimensional, or 2-D, chemical structures, that is, the planar 
chemical structure diagrams that have provided the chemists’ lingua franca 
for many years. Section I1 therefore provides a brief overview of the current 
state of development of 2-D structure handling systems, with special reference 
to the problems of representation and searching; the reader is referred to other 
reviews for more detailed accounts of 2-D structure handling techniques 
(1 1-15). Then, in Section 111, we describe how these 2-D techniques can be 
extended to encompass the representation and searching of 3-D structures. 
Much of the material in this section is taken from a monograph by Willett, 
which provides a detailed review of the algorithms and data structures needed 
for efficient 3-D substructure searching (16). Other recent reviews are provided 
by Borman (17), Martin et al. (1 8), and Martin (19). 

The 3-D database searching systems described in Section 111 are comple- 
mentary in scope to the sophisticated techniques that have been developed 
for molecular modeling. The two approaches are complementary in that 
database searching provides an efficient means of scanning very large numbers 
of structures, as a precursor to the more detailed and computationally 
demanding processing required for molecular modeling. Additionally, 3-D 
searching normally requires that at least some modeling has been carried out 
so that it is possible to define a 3-D substructural query. The relationships 
between these two approaches to drug discovery are exemplified in Section 
IV, which details some recent studies on the integration of modeling and 
database searching. 

Current 3-D searching systems focus upon substructure searching (as 
defined in Section 11); in Section V, we present the first extended review of 
ongoing research to develop procedures for 3-D similarity searching, that is, 
the identification of those structures in a database that are most similar to an 
input target molecule. In Section VI we discuss three other areas that are 
the subject of much current research: (1) the development of techniques for 
the representation and searching of conformationally flexible 3-D molecules, 
rather than the rigid structures that have formed the basis for most work to 
date; (2) the development of methods for structure generation, the de nouo 
design of molecules that will fit a known biological receptor site; and (3) the 
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automated generation of pharmacophore maps. Finally, in Section VII, we 
highlight areas that are in need of further research and development. 

11. REPRESENTATION AND SEARCHING OF 
TWO-DIMENSIONAL CHEMICAL STRUCTURES 

A. Use of Graph Theory 

The primary means of representation for a 2-D chemical structure diagram 
is a connection table. A connection table contains a list of all of the atoms 
within a structure, together with bond information that describes the exact 
manner in which the individual atoms are linked together. Hydrogen atoms 
are often excluded since their presence or absence can be deduced from the 
bond orders and atomic types (although this may be difficult with organo- 
metallics and metal complexes, and in these cases it may not be possible to 
exclude the hydrogen atoms). Thus a complete and explicit description of 
the molecular topology is available for searching purposes, and connection 
tables now form the basis for most public and in-house chemical information 
systems. There are many ways in which a connection table can be represented 
in machine-readable form. However, it is generally very easy to convert from 
one form of connection table to another, and there is increasing interest in 
the use of standard formats that would lessen the need for such inter- 
conversions (20-22). 

An important characteristic of a connection table is that it can be regarded 
as a graph, a mathematical construct that describes a set of objects (called 
nodes or uertices) and the relationships (called edges or arcs) that exist between 
pairs of the objects (13, 23-26). In fact, chemical graphs are examples of 
labeled graphs, since the atoms and bonds in a connection table are char- 
acterized by their elemental and bond types, respectively. A graph, G, consists 
of a set of nodes V,  together with a set of edges E connecting pairs of nodes. 
Two nodes are said to be adjacent if they are connected by an edge. Two graphs, 
G ,  and G,, are said to be isomorphic if they have the same structure, that is, 
if there is a correspondence or mapping between the nodes of G1 and of G2 
such that adjacent pairs of nodes in G, are mapped to adjacent pairs of nodes 
in G,. A subgraph of G is a subset, P, of the nodes of G together with a subset, 
F, of the edges connecting pairs of nodes in P. A common subgraph of two 
graphs G ,  and G, consists of a subgraph g, of G,  and a subgraph 9 ,  of G ,  
such that g 1  is isomorphic to g, ;  the maximal common subgraph is the largest 
such common subgraph. 

The presence or absence of isomorphism for a pair of graphs is determined 
by an isomorphism algorithm. Specifically, graph isomorphism, subgraph 
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isomorphism, and maximal common-subgraph isomorphism algorithms are 
computational procedures that, respectively, determine whether or not two 
graphs are identical; determine whether one graph is contained within 
another, larger graph; and determine the largest subgraph that is common 
to a pair of graphs. Reviews of isomorphism algorithms have been presented 
by Read and Corneil (27) and by Gati (28). 

Graph-theoretical algorithms and data structures provide the basis for all 
modern 2-D chemical information systems, which offer three main types of 
searching facility. Structure search involves the search of a file of compounds 
for the presence or absence of a specified query compound. Such a search 
is required when there is a need to retrieve data associated with some 
compound or when a new molecule is to be added to a database and one 
needs to establish that it is not already present (a process that is normally 
referred to as registration). Substructure search involves the search of a file 
of compounds for all molecules containing some specified query substructure, 
irrespective of the environment in which the query substructure occurs. 
Finally, similarity search involves the search of a file of compounds for those 
molecules that are most similar to an input query molecule, using some 
quantitative definition of structural similarity. These three types of retrieval 
mechanism are considered now. 

€3. Structure Searching 

Structure searching is the chemical equivalent of graph isomorphism, that 
is, the matching of one graph against another to determine whether they are 
identical. This can be carried out very rapidly if a unique structure representa- 
tion is available, since a character-by-character match will then suffice to 
compare two structures for identity. However, connection tables are not 
necessarily unique since many different tables can be created for the same 
molecule, depending on the way in which the atoms in the molecule are 
numbered. Specifically, for a molecule containing N atoms, there are N! 
different ways of numbering the atoms. The obvious algorithm for detecting 
the equivalence of two such variant representations involves the generation of 
all possible numberings of one molecule for comparison with the other; how- 
ever, the factorial nature of this undertaking means that it is computationally 
infeasible for all but the smallest structures, unless some sort of heuristic 
procedure can be invoked to reduce the number of possible atom-to-atom 
equivalences that must be considered (27, 28). Two main approaches have 
been devised to overcome this problem in the chemical context, these being 
the use of canonicalization procedures, which produce a unique numbering 
of the set of atoms in a connection table (29, 30), and the use of arithmetic 
procedures, which permit the rapid generation of highly discriminating codes 
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that serve to eliminate all but a few molecules in a database from the detailed 
graph isomorphism search (31-33). 

C. Substructure Searching 

Substructure searching is the chemical equivalent of subgraph isomorphism, 
which is an example of an NP-complete problem (34, 35). This means that 
there is no algorithm known for which the running time is a simple polynomial 
function of the number of input records, that is, atoms in the structures under 
consideration; moreover, it is generally believed that such algorithms cannot, 
in fact, exist. Substructure searching involves determining the presence of a 
subgraph isomorphism between the query substructure and each and every 
one of the molecules in a database. It is thus highly demanding of computational 
resources, and efficiencies of operation are achieved by means of an initial 
screen search. This identifies that small fraction of the database that matches 
the query at the screen level, where a screen is a substructural feature, the 
presence of which is necessary but not sufficient for a molecule to contain the 
query substructure. These features are typically small, atom-, bond- or ring- 
centered fragment substructures that are algorithmically generated from a 
connection table when a compound is registered. The screen search checks 
each of the database structures for the presence of the screens that are present 
in the query substructure. Only those (hopefully) few molecules that match the 
query in the screen search are passed on for the final subgraph isomorphism, 
or atom-by-atom, search, which ensures that the features identified in the 
screen search are connected together in a database structure in the same way 
as they are connected in the query substructure. 

The slowness of the atom-by-atom search means that the overall efficiency 
of a substructure searching system is crucially dependent on the screenout, 
that is, the fraction of the database that is eliminated by the screening search. 
There has accordingly been considerable interest in the development of 
algorithmic techniques for the selection of fragment screens that will give 
high screenout. These studies have suggested that the most generally useful 
fragments are those of intermediate, and approximately equal, frequencies 
of occurrence; in addition, the occurrences of the fragments that are chosen 
for inclusion in the screen set should, wherever possible, be statistically 
independent if high screenout is to be achieved (36-40). 

The fragments that have been chosen to act as screens are listed in a 
fragment coding dictionary. When a query or a new molecule is to be 
processed, the corresponding connection table is analyzed to identify those 
screens from the coding dictionary that are present in the structure. A database 
structure or query substructure is then represented by a fixed-length bit string 
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in which the nonzero bits correspond to the screens that are present. The 
bit map is used for the first-stage search by checking for the presence of the 
bits that have been specified in the query bit string. 

Once the screen search has been completed, the second stage, atom-by- 
atom search is carried out for those few molecules matching at  the screen 
level; an atom-by-atom search will typically involve matching the query 
against less than 1% of the structures in a file. Screen searching can be 
implemented very rapidly indeed, with many thousands of structures per 
second being matched against a query, and thus the screen search stage of 
even a very large chemical database can be accomplished in a few tens of 
seconds. Conversely, the NP-complete nature of atom-by-atom searching 
means that only a few tens or hundreds of structures per second can be 
processed (depending on the hardware available), even when sophisticated 
heuristic procedures are used to minimize the number of possible query 
atom-to-database atom equivalences that need to be considered (41 -43). 

The simple, two-stage procedure described above characterizes many 
current 2-D substructure searching systems (1 5), and also forms the basis for 
the 3-D searching systems described later in this review; that said, the reader 
should note that other approaches to 2-D substructure searching are possible 
(see, e.g., refs. 44-46). 

D. Similarity Searching 

The last few years have seen substantial interest in the development of 
similarity searching systems (47, 48) in which the compounds in a database 
are ranked in order of decreasing similarity with an input query structure 
(rather than identifying those compounds that contain the query as in 
substructure searching). To implement similarity searching, one must provide 
an appropriate measure of intermolecular structural similarity, and many 
such measures are available (49). 

A simple and obvious example of a measure of structural similarity is the 
maximal common substructure (MCS) where the MCS between a pair of 
molecules is the chemical equivalent of a maximal common subgraph (as 
defined previously in Section 1I.A). The MCS for a pair of molecules thus 
represents the maximal superimposition of one molecule upon the other, this 
providing a very precise measure of the degree of similarity between them. 
Maximal common substructure algorithms have, however, been little used 
for similarity searching in 2-D databases, owing to their computational 
requirements. The identification of the MCS for a pair of molecules is another 
NP-complete problem, and one that is even more demanding of computa- 
tional resources, in practice, than is subgraph isomorphism; moreover, there 
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is no screening procedure that can be used to eliminate the great bulk of the 
definite nonhits prior to the MCS search. Accordingly, the main use of MCS 
algorithms in 2-D chemical structure handling has been in the context of 
reaction database systems; here, an MCS algorithm provides an effective 
means of identifying automatically those parts of the reacting molecules that 
are unchanged in the course of a reaction, and hence those parts that are 
changed, that is, the reaction center (50,51). The MCS algorithms have also 
been used in spectral database systems (52, 53). 

The most widely used approach to the measurement of intermolecular 
structural similarity involves determining the numbers of fragments common 
to a pair of molecules that is being compared, and then using this common- 
fragment information to calculate a similarity coefficient of some sort (47). 
Two main types of fragment have been used for similarity searching, these 
being fragments that describe the interatomic path lengths, that is, the 
numbers of bonds separating pairs of atoms in a molecule (54, 55), and the 
atom- and bond-centered fragments that are used for the screening stage of 
substructure searches (56). Whichever fragment definition is used, the similarity 
measure is obtained by comparing the fragments characterizing the query 
molecule and each database structure to determine the fragments in common, 
and then sorting the compounds into order of decreasing similarity with the 
query. Interesting compounds from this ranking can then be used as the basis 
for subsequent searches (47). 

We have noted that there is no effective screening mechanism that can be 
used prior to an MCS search. This is true if one wishes to identify the largest 
substructure common to a pair of molecules, but alternative approaches are 
possible if the user is prepared to accept similarity rankings that are based 
on large, but not necessarily on the largest, common substructures. Such 
submaximal common substructures can be identified much more rapidly 
than the true MCS, and Hagadone (57) has recently described a similarity 
searching system based on this idea, in which an initial fragment-based search 
is used as a precursor to a fast, but approximate, MCS algorithm. With 
developments in computing power, it is likely that such systems will become 
widely used, with a consequent move from fragment-based to MCS-based 
2-D similarity searching over the next few years. 

Similarity searching involves matching a single target structure against 
each of the structures in a database. Clustering involves taking each member 
of the database in turn as the target structure, and then using all of the 
resulting pairwise similarities as the input to a clustering method to produce 
groups, or clusters, of structurally related molecules. A review of clustering 
methods that can be used for this purpose is presented by Willett (47), and 
there have been several reports of the use of clustered files for the selection 
of compounds for biological screening programs (58).  



MARK G .  BURES, YVONNE C. MARTIN, AND PETER WILLETT 475 

111. REPRESENTATION AND THREE-DIMENSIONAL 
SUBSTRUCTURE SEARCHING 

The application to databases of 3-D chemical structures of the graph-theoretical 
methods of representation and searching that have been used previously for 
databases of 2-D chemical structures requires two things: techniques for re- 
presenting a database of 3-D structures as chemical graphs, which implies the 
availability of the requisite 3-D coordinate data, and efficient and effective 
techniques for searching the resulting chemical graphs. 

A. Database Construction 

Gund (59) noted that the graph-based techniques described in Section I1 for 
the representation and searching of 2-D molecules are also applicable to the 
representation and searching of 3-D molecules. In a 2-D chemical graph, the 
nodes and edges of a graph are used to represent the atoms and bonds, 
respectively, of a molecule; Gund suggested that the nodes and edges in a 
3-D chemical graph could be used to represent the atoms and interatomic 
distances, respectively. The edge labels in a 3-D chemical graph are thus real 
numbers, that is, distances in Angstrom, rather than the integer bondtype 
labels used to denote the edges of a 2-D chemical graph. Such a 3-D chemical 
graph is an example of afully connected graph, that is, one in which there 
is an edge between every pair of nodes (since there is an interatomic distance 
between every pair of atoms in a molecule) so that the graph representing 
a structure that contains N atoms will contain O(N2)  edges. This is in marked 
contrast to a 2-D chemical graph, where an individual node will typically be 
linked by an edge to onIy a small number of other nodes and there will thus 
be O ( N )  edges. The chemical graphs considered in 3-D database systems are 
thus far more complex than those considered in 2-D systems; even so, graphs 
based on atoms and interatomic distances provide a simple and effective way 
of describing the geometries of small 3-D molecules, as is demonstrated in the 
remainder of this review. 

Having identified a mechanism for the representation of 3-D structures 
as graphs, we must now consider how to obtain the coordinate data that 
are necessary for the creation of such graphs. There are two main sources 
of coordinate data: experimental coordinates or calculated coordinates. 
Experimental coordinates are usually obtained by X-ray crystallography; 
they can either be generated in-house or be accessed from one of the available 
databases of crystal coordinates, of which the best known is the Cambridge 
Structural Database, which is produced by the Cambridge Crystallographic 
Data Centre and which contains data for ca. 100,OOO organic and organo- 
metallic compounds (60). Molecular modeling studies may also make use of 
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the crystallographic data in the Protein Data Bank, which is produced by the 
Brookhaven National Laboratory and which contains data for ca. 800 macro- 
molecules (61). 

Calculated 3-D structures are obtained from a range of computational 
techniques that include quantum mechanics (62), molecular mechanics (63), 
distance geometry (64), and symbolic logic (65-67). The most popular such 
technique for the creation of in-house databases of 3-D structures is the 
CONCORD program (68). This is a rule-based system that rapidly and 
automatically generates a single, high-quality, approximate 3-D conformation 
from a 2-D structure representation; a typical small molecule will require 
only one or two seconds of CPU time on a Unix workstation. This is one 
to three orders of magnitude faster than molecular or quantum mechanics, 
which also need an initial set of 3-D coordinates. The conformation that is 
produced by CONCORD is a low-energy one, although it is not guaranteed 
to be that of lowest energy, and the program can handle a large fraction of 
the compounds that might be expected to be encountered in a typical in-house 
corporate database. An example of the use of CONCORD to produce an 
in-house 3-D database from the corresponding set of 2-D structures is 
described by a group at Lederle Laboratories (69), who used CONCORD 
to produce 3-D coordinates for about a quarter of a million structures in their 
corporate database, to which were added ca. 30,000 sets of coordinate data 
from the Cambridge Structural Database. Other descriptions of the use of 
CONCORD to generate 3-D databases are provided by Henry et al. (70), 
Haraki et al. (71), and Fisanick et al. (72). 

The expert system approach used in CONCORD provides one way of 
generating 3-D structures. Alternatively, 3-D structures can be rapidly built 
from 2-D connection tables by searching a database of 3-D structures for 
overlapping fragments that can be pieced together: this idea is the basis of 
the structure builders reported by Wipke and Hahn (67) and by Davies 
and Upton (73). More recently, Gasteiger et al. (74) have described an 
approach to the generation of 3-D coordinates that is based on the primary 
configurations that determine bond angles, for example, trigonal and tetra- 
hedral geometries, and on the linking together of these primary units to yield 
acceptable bond lengths and torsion angles. Appropriate modifications are 
made for the deviations in standard bond lengths, bond angles and torsion 
angles that result from steric repulsion or ring formation. Particular attention 
is paid to rings, with the result that the program, which is called CORINA, 
can generate acceptable structures not just for simple cycles, but also for 
macrocyclic, polycyclic and macropolycyclic molecules, and for systems that 
contain small rings within larger rings. For flexible molecules, only a single, 
low-energy conformation is generated, but the basic approach can be extended 
to permit the generation of multiple conformations. 
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The contents of 3-D automatically generated databases have received little 
attention to date, a situation that is in marked contrast to the numerous 
studies that have been carried out on the Cambridge Structural Database. 
This is, however, beginning to change with the announcement by Chemical 
Abstracts Service (CAS) of CAST-3D, which contains ca. 370, OOO CONCORD 
structures that have been identified as exhibiting limited conformational 
flexibility (72). Also, P. A. Bartlett et al. (unpublished) have systematically 
generated all the low energy conformations of all tricycles built from 4-, 5-, 
6-, and 7-membered carbocycles, with the structures optimized using MMP2; 
this exhaustive database of conformations can then be searched for molecular 
templates using the CAVEAT program (75) that is discussed in Section 1II.B. 

The availability of a graph-theoretical description of a 3-D molecule means 
that it is possible to carry out substructure searches using screening and 
subgraph-isomorphism techniques that are analogous to those presented in 
Section 11. In the remainder of this section, we describe the implementation 
of these two techniques when they are used to access a database of 3-D 
molecules. Such a search is normally carried out to identify those molecules 
that contain a query pharmacophoric pattern, or pharmacophore, that is, the 
geometric arrangement of structural features that is necessary for biological 
activity, or to identify templates on which to build such molecules. 

B. Screen Searching 

Screens for 2-D substructure searching consist of patterns of connected or, 
less commonly, unconnected atoms and bonds. There are two obvious types 
of substructural feature that present themselves as screens for 3-D sub- 
structure searching, these being the distances and angles between atoms (or, 
more generally, points as discussed further below). The continuous natures of 
these two types of feature are very different from the simple, integer-valued 
fragment occurrence data that characterizes 2-D substructure searching 
system: this implies that screens for 3-D substructure searching must involve 
ranges of values, and there have been several reports of algorithmic procedures 
for the selection of screens for 3-D substructure searching. Distance screens 
are the most common and consist of a pair of (typically nonhydrogen) atoms 
together with an interatomic distance range. For example, a screen might be 
of the form C F 2.69-4.12, denoting the presence in a molecule or a query 
pharmacophore of a carbon atom and a fluorine atom separated by a distance, 
d, in Angstrom such that 2.69 < d < 4.12. The elemental types may be augment- 
ed by additional information, such as the connectivities of atoms (76) or the 
numbers of 7t electrons (77). 

The use of such screens requires the availability of methods for the selection 
of those pairs of atoms and those distance ranges that will maximize the 
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screenout for typical pharmacophoric patterns. The first screen set generation 
algorithm was described by Jakes and Willett (76), as part of their work on 
the SOLON system for 3-D substructure searching at Pfizer Central Research 
(U.K.) (78). The algorithm involved two main stages. In the first stage, a 
detailed analysis was made of the frequencies of occurrence of pairs of 
nonhydrogen atoms in the file that was to be searched (which was a subset 
of the Cambridge Structural Database). This analysis revealed a highly skewed 
distribution of atom-pair frequencies, with a few types of atom pairs occurring 
very frequently, but with the great bulk of the atom pairs occurring very 
infrequently; similar distributions are observed when fragments are selected 
for 2-D substructure searching (36, 37). The frequency data led to the 
identification of those atom pairs that occurred sufficiently frequently for 
them to be useful for screening. The second stage then involved a two-part 
analysis of the interatomic distances for the selected atom pairs, the distance 
ranges being chosen so that each screen occurred approximately the same 
number of times in the dataset that was being processed. 

The algorithm of Jakes and Willett (76) was complex in operation and 
required the specification of several parameter values before a screen set 
could be generated that demonstrated the requisite equifrequency characteris- 
tics. It was, however, highly effective in that it produced screen sets that 
exhibited a high level of screenout in searches for pharmacophoric patterns 
from the literature (78). An alternative frequency-based selection algorithm 
was described later by Cringean et al. (79). This algorithm is markedly simpler 
in concept and gives the user a much greater degree of control over the size 
of the screen set that is produced, while still achieving high levels of screenout 
in pharmacophore pattern searches. The algorithm takes as input an alpha- 
numerically sorted list of descriptor occurrences, for example, atom pairs and 
the associated interatomic distance, and can thus be applied to any type of 
descriptor that is to be used for indexing purposes, subject to the sole 
constraint that it is possible to create a sorted list; for example, Poirrette 
et al. (80) have reported its use for the selection of valence angle screens. The 
algorithm progressively subdivides the sorted list into a set of partitions such 
that each partition contains approximately the same number of fragment 
occurrences; each of the resulting partitions then defines a range of fragments 
that is characterized by the same screen (79). 

The procedures described thus far have been developed to produce some 
small number of screens that can be encoded in a fixed-length bit string. An 
alternative, and simpler, selection procedure has been described by a group 
at Lederle Laboratories (77, 81). Their 3DSEARCH system uses an open- 
ended screen definition algorithm that results in the generation of over 13,000 
distinct screens, as against just 1471 in the fixed-size screen sets used in the 
SOLON system. The screens again consist of pairs of atoms together with 
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an associated distance range, but the atom descriptors are defined in terms 
of no less than five characteristics: elemental type, connectivity, number of 
71 electrons; calculated number of attached hydrogen atoms, and formal 
charge. The distance range screens are derived using a hashing-like scheme 
in which the bit that is to be set to represent some particular interatomic 
distance, d, is calculated from the expression X x arctan[(d - 3.0)/2] + Y, 
where X and Yare constants. This simple expression was found to provide 
a rough level of equifrequency without the need for the more sophisticated 
frequency-based procedures that are required to achieve nearequifrequency 
if small numbers of screens are to be used, as in SOLON. The distance ranges 
in 3DSEARCH are very narrow, and this, taken with the highly specific 
atomic types that are used, means that the screens are highly discriminating 
and provide a very high level of screenout in pharmacophore pattern searches 
(77). The same algorithm is used in the ChemDBS-3D system produced by 
Chemical Design Limited (73, 82). 

The screen set selection procedures that are used in the MACCS-3D 
system involve both manual and automatic processing (83). MACCS-3D 
permits the specification of a range of geometrical objects in queries, including 
points (which can be either atoms or ring centroids), lines and planes (which 
are defined in terms of either two or three points, respectively), and normals 
(to planes or lines). Of these, 30 point types have been selected for inclusion 
in the screen set (with the other types of feature being searchable only in the 
final geometric search). A total of 32 ranges has been specified for interpoint 
distances (the lowest and highest ranges being 2.2-2.5 A, and > 30.0 A, 
respectively), and angles are quantized in ranges of 180/32, that is, 5.6" (with 
an angle being defined by sets of three points). There are ca. 215 possible 
fragments that could be generated given these screen definitions, and ca. 
20,000 of these have been manually selected for inclusion in the screen set; 
however, the screen set is much smaller than that used in 3DSEARCH since 
superimposed coding techniques are used to represent this set of screens by a 
bit string containing only some 2000 bits. 

Two novel approaches to screening are described by Fisanick et al. (84) 
in exploratory work at Chemical Abstracts Service (CAS) on searching 3-D 
and related property data for CAS Registry substances, and by Bartlett et al. 
(75) in the CAVEAT program, which has been designed for the specific 
purpose of identifying ring systems that can fix functional groups in the 
correct relative positions for enzyme inhibitory activity. 

The work at CAS has used conventional interatomic distance and valence 
and torsion angle screens, as well as the partially 'bonded angular screens 
described by Bartlett et al. (75) (vide infra), and a novel class of distance 
screens, which are based on information that can be calculated from triangles, 
that is, sets of three nonhydrogen atoms and the three corresponding inter- 
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atomic distances, in 3-D molecules. Specifically, Fisanick et al. (84) have used 
equifrequent sets of screens that define the areas, heights, perimeters, and 
inscribed circle radii of such triangles of atoms. The initial work (84) is 
concerned with 3-D similarity searching, as discussed further in Section V.E, 
but such screens are also clearly applicable to 3-D substructure searching. 

The CAVEAT program uses a processed form of the Cambridge Structural 
Database (or of the exhaustive database of conformations mentioned in 
Section 1II.A) in which each molecule is characterized by the angular 
relationships between substituent bonds, where a substituent bond is a bond 
between an atom in a ring system (referred to as the base atom) and an atom 
that is not part of the same ring system (referred to as the t i p  atom). Note 
that this definition includes bonds to hydrogen atoms, which are often 
excluded in 2-D and 3-D substructure searching systems. Each substituent 
bond is considered as a vector of unit length and with an orientation defined 
by the base and tip atoms. A vector pair consists of two pairs of base and 
tip atoms (El, Tl) and (E , ,  T,), and is defined uniquely by four parameters: 
d, 6, al ,  and a2. The distance d is the length of the line segment connecting 
B, and B,; the dihedral angle, 6, is the absolute value of the two dihedral 
angles between the planes by the sets of atoms BI-B2-T2 and B,-B,-T,; 
the angle a1 is the angle between the lines B,-Tl and Bl-B,; and the angle 
a, is the corresponding angle between the lines B,-T, and Bz-Bl (a1 < a,). 
A detailed analysis of the statistical characteristics of such angle-based screens 
is presented by Poirrette et al. (80, 85). 

Each of the molecules in a database is analyzed to identify their constituent 
vector pairs. The search file consists of the parameter values for each of these 
pairs, arranged as screens in which the distance and angular ranges are 
subdivided into 32 intervals. A search requires a user to specify the parameter 
values for a vector pair, together with any tolerances, and these are used to 
access the appropriate interval ranges in the search file. Bartlett et al. (75) give 
several examples of the use of CAVEAT to design peptide structural mimics, 
and Fisanick et al. (72) have reported initial experiments using vector-based 
searching of the CAST3D file mentioned in Section 1II.A. More recent versions 
of CAVEAT allow searches for ring fragments, for example, for the purpose 
of linking a peptide into a macrocyclic structure, as well as the comparison 
of proteins to identify structural similarities that depend on side-chain 
orientations. 

The screens that are used for 3-D substructure searching thus consist of 
two, three, or four points and an associated distance range or angular range. 
A database structure or query substructure is encoded when it is added to 
the database by generating each fragment (e.g., a pair of points and the 
interatomic distance) in turn, and then searching the screen set to identify a 
set of matching points and a range that includes the distance or angular 
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value in the fragment. Once the screen has been identified, the appropriate 
location is set in the bit string that is used for the screen search, which is 
implemented in much the same way as a 2-D substructure search with the 
bit string representing the query substructure being compared with the bit 
strings representing each of the database molecules; it should be noted that 
the keying of a database is a time-consuming process that can often use 
more computer time than the initial generation of the coordinates. An 
analogous screen assignment procedure is used to characterize'query pharma- 
cophores. The detailed subgraph isomorphism search, which is normally 
referred to as a geometric search to differentiate it from conventional, 2-D 
atom-by-atom searching, is then invoked only for those database structures 
that match the query at the screen level. 

We have noted in Section 1I.C that atom-by-atom searching is needed in 
2-D substructure searching since a molecule possessing all of the query screens 
might still not match the query because the substructural features corres- 
ponding to these screens were connected in a different way from the pattern 
of linkages in the query. There is a similar problem in 3-D searching since 
the screens describe only the fact the the query screens are present, without 
taking account of the relative geometric orientations of the sets of points in 
3-D space. In fact, there is a further problem with 3-D screens in that they 
refer to ranges and not to precise values; a structure may thus well be assigned 
a query screen even though it does not contain the precise value (or range 
of values) for some distance or angle that has been specified in the query 
pharmacophore. The initial stage of a geometric search thus involves checking 
that the actual query values (to within any allowed tolerances) are present in 
the database structure that is under consideration. A molecule that passes 
this check then undergoes the final stage of a geometric search to determine 
whether or not the query pharmacophore is present; if a match is obtained, 
then the matching atoms (or sets of atoms if multiple isomorphisms are 
present) are noted, for example, for subsequent input to a structure display 
or modeling program. 

C. Geometric Searching 

The time-consuming character of geometric searching requires that the most 
efficient algorithms be used for the implementation of a 3-D substructure 
searching system. The early Pfizer work (78) used a modification of the 
well-known set reduction algorithm that had originally been described by 
Sussenguth for 2-D substructure searching (42). However, later comparative 
studies of the efficiencies of a range of subgraph isomorphism algorithms 
when they are used for geometric searching (86) demonstrated the general 
utility of the algorithm due to Ullmann (87); the general effectiveness of this 



482 SEARCHING TECHNIQUES FOR DATABASES 

algorithm has been demonstrated by subsequent studies of substructure 
searching in 2-D molecules (88) and in 3-D macromolecules (89,90), and it 
is now used in both 3DSEARCH (77) and ChemDBS-3D (82). 

The Ullmann algorithm operates by means of a backtracking tree search 
in which database atoms are tentatively assigned to query atoms and the 
match extended in a depth-first manner until a complete match is obtained 
or until a mismatch is detected; in this case the search then backtracks to 
the previous assignment. Ullmann noted that drastic increases in efficiency 
could be obtained by the use of a rejnement procedure, which limits the 
number of levels of the search tree that have to be investigated before a 
mismatch is identified. Specifically, the algorithm makes use of the fact that, 
if some pharmacophore atom P ( X )  has another atom P(W) at some specific 
distance, and if some structure atom S ( Z )  matches with P(W), then there must 
also be some atom S (  Y) at the appropriate distance from S(2) that matches 
with P ( X ) :  this is a necessary, but not sufficient, condition for a subgraph 
isomorphism to be present (except in the limiting case of all of the pattern 
atoms having been matched, when the condition is both necessary and 
sufficient). The refinement procedure is called before each possible assignment 
of a database atom to a query atom; and the matched substructure is increased 
by one atom only if the condition holds for all atoms W , X ,  Y, and Z. The 
refinement procedure seems to be particularly well suited to the processing of 
3-D chemical structures since the graphs considered here are fully connected, 
with each atom being related to all of the other atoms by the interatomic 
distance. There is thus a large amount of information available to the 
refinement procedure and mismatches are detected very rapidly. 

This brief description should serve to demonstrate that 3-D substructure 
searching is very similar in concept to 2-D substructure searching, and this 
has meant that it has been possible for systems to be developed very rapidly 
over the last few years. Systems have been developed in-house by fine-chemicals 
companies (77,78,91), by commercial software vendors (82,83,92,93), and by 
academic research groups (60,75): a review of the systems that were available 
as of mid-1992 is presented by Willett (94) and it is likely that other systems 
will be introduced over the next few years. The availability of such software 
has provided molecular modelers with new tools for the identification of novel 
active compounds. The results of combining modeling and database searching 
are discussed further in the next section. 

IV. INTEGRATION OF THREE-DIMENSIONAL 
SUBSTRUCTURE SEARCHING AND MOLECULAR MODELING 

The effectiveness of any 3-D searching program will be maximized if it is 
closely integrated with a molecular modeling and graphics program. There 
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are at least three reasons why 3-D searching and molecular modeling are 
complementary and why one might thus wish to integrate them. First, a 3-D 
search question is usually based on 3-D information that has been obtained 
from modeling or from experiment. It might be necessary to do extensive 
modeling before the search can be initiated; for example, the available con- 
formations of several bioactive compounds might be compared to suggest the 
3-D requirements for that activity, or an experimental protein-ligand complex 
might form the basis of a search. Second, if such a pharmacophore was used 
to search databases, molecular graphics comparison of each hit with the 
known actives might show that some of the hits contain unique features that 
could destroy bioactivity, for example, groups might protrude into regions in 
space different from those in the active compounds. If a search was based on 
the hydrogen-bonding geometry in a protein-ligand complex, molecular 
graphics might show that some of the compounds would not even fit into the 
binding site, or that electrostatic repulsion would disfavor the proposed 
binding mode. Such observations can help set priorities for testing such 
compounds and can suggest other analogs for synthesis that have a better 
chance for success. Third, molecular graphics studies can perform a useful 
validation function since they can often find errors in programs or search 
questions that are not obvious from tables of numbers or text. Access to energy 
calculations, conformational searching, and geometry optimization facilitates 
such error or concept checking. 

An early example of a drug discovery application is described by Milne 
et al. (95). Protein kinase C is an enzyme that controls message transduction 
for many biologically active molecules. The natural product phorbol utilizes 
the active site in this enzyme and is known to be a powerful tumor promoter. 
Studies of the geometry of two inhibitors of this tumor-promoting activity 
suggested that the binding involves a carbon-carbon double bond at an 
appropriate distance from an oxygen atom; thus, searches for molecules 
containing this pharmacophore might be expected to identify further inhibitors 
of protein kinase C. Searches were carried out using the SOLON and 
3DSEARCH systems that have been discussed previously in Section 1II.B. 
The query pattern consisted of three atoms C,,C,, and 0 with interatomic 
distances C,-C,,C,-0 and C2-0  of 1.33-1.37,3.29-3.52, and 3.46-3.55 A, 
respectively; searches for this pattern using the two systems resulted in the 
retrieval of some two dozen matching structures. One of the best fits to the 
query pharmacophore was the molecule neplanocin A, which was subsequently 
shown to exhibit antitumor activity. 

The CAVEAT program (75) discussed in Section 1II.B has also found utility 
in compound design efforts. CAVEAT searches databases of 3-D cyclic 
structures for specified spatial arrangements of vector pairs, and the program 
can thus identify structures that contain bonds that match the orientation 
of bonds selected in the target. These structures are intended to serve as 
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templates in the design process. In one study, CAVEAT was used to help 
design potential inhibitors of a-amylase, based on a crystal structure of an 
inhibitor, tendamistat, bound to the enzyme (96). The target consisted of the 
key bonds in three or four of the enzyme residues that were involved in 
inhibitor binding. A search of ca. 36,000 structures from the Cambridge 
Structural Database identified several interesting compounds from which 
novel synthetic targets could be envisioned. 

The next two examples in this section use the ALADDIN system, which 
has been developed at Abbott Laboratories (91,97). ALADDIN is based on 
an existing substructure query ianguage, called GENIE, from Daylight 
Chemical Information Systems, that allows a user to carry out highly specific 
2-D substructure searches. GENIE uses the SMILES linear notation (98) 
and an extension of SMILES, called SMARTS, for the specification of 
user-defined query patterns, for example, a phenolic oxygen connected to a 
six-membered aromatic carbocyclic ring with an acyclic saturated carbon 
attached to the para nitrogen atom. The user who wishes to carry out a 
search for a pharmacophoric pattern will first specify any topological 
structural characteristics by means of GENIE and then specify the topographic 
characteristics in terms of the bond angles, torsion angles, or distances 
between points, planes, or lines (in a manner that is analogous to the query 
definition facilities described for MACCS-3D). In contrast to MACCS-3D, 
ALADDIN can use any point, line, or plane that a user can describe, for 
example, the center of mass of an entire molecule is sometimes of interest. The 
GENIE search is carried out first and the geometric features are then searched 
for in each of the hits resulting from the initial search. The very wide range of 
query characteristics that can be specified makes it impracticable to carry out 
any sort of geometric screening and thus ALADDTN searches can be 
extremely time consuming, running for many CPU hours in some cases. 
However, this limitation is compensated for by the integration that has been 
achieved with molecular mechanics, quantum mechanics, and molecular 
graphics software as discussed above, and by the flexibility available in the 
search query. 

An early ALADDIN investigation using 3-D searching and pharma- 
cophore mapping (as discussed in Section V1.C) identified a potent D1 
dopaminergic agonist, and traditional medicinal chemistry structural modi- 
fications based on this lead resulted in the most potent and selective D1 
agonist known (99). We now present two more recent studies that exemplify 
the complementary natures of 3-D searching and molecular modeling. 

The first study relates to the identification and design of novel herbicides 
and plant growth regulators that act by inhibiting polar transport of the 
plant hormone auxin (100). Previous studies (101) had identified seven auxin 
transport inhibitors, from which it was possible to describe a three-component 



MARK G.  BURES, YVONNE C. MARTIN, AND PETER WILLETT 485 

pharmacophore containing (1) an acidic functionality, for example, carboxylic 
acid or acid hydroxyl; (2) a tertiary, quarternary, or aromatic center; and (3) 
an aromatic system. The occurrences of each of these three components were 
identified in the seven selected compounds and their 3-D structures generated 
using Abbott Laboratories' molecular modeling package. The resulting 
structures were next overlaid to identify the maximum overlap of the chosen 
sets of pharmacophore points, so as to determine the geometric relationships 
between the points that were necessary for activity. 

The pharmacophoric pattern that resulted from the modeling study was 
then used by ALADDIN to search the Abbott corporate database, which 
contains ca. 70,000 3-D structures that have been produced using the 
CONCORD program. In fact, three different searches were carried out, these 
differing in the precision with which the three components of the pharma- 
cophore were characterized and in the distance tolerances that were allowed 
for a match to be detected with a structure in the database. For example, in 
the first search, the three points detailed above were defined to be (1) a 
carboxylic acid or hydroxyl group attached to an aromatic system; (2) a 
tertiary carbon center (but excluding an aromatic center); and (3) an aromatic 
atom. The distances between points 1 and 2,2 and 3, and 1 and 3 were set to 
2.7-3.7,4.9-5.9, and 4.6-6.8 A, respectively, these ranges coming from the 
minimum and maximum separations in the seven selected compounds with 
an additional tolerance of 0.2 A. In all, the three searches identified 467 
compounds; 77 of these underwent biological testing, of which 19 showed a 
moderate to good level of activity. 'These compounds were then used to 
develop a more refined pharmacophore than was available at the start of the 
search; some of them were also used to carry out searches of the Fine 
Chemicals Directory, which resulted in the identification of further active 
molecules. The study showed that several different classes of compounds, in 
addition to the traditional benzoic acid derivatives, can act as auxin transport 
inhibitors. 

The second study (102) relates to the identification of novel, nonpeptidic 
inhibitors of human immunodeficiency virus 1 (HIV-1) protease, which is an 
important area of current research in the development of new agents for the 
treatment of the acquired immunodeficiency virus (AIDS). The query pharma- 
cophore here was derived from an X-ray crystallographic study of the complex 
formed between the protease and a known inhibitor, and consisted of five 
points (a central hydroxyl group, two symmetrically opposed, hydrogen bond 
donating functionalities, a hydrogen bond accepting moiety, and a hydro- 
phobic group) and five interpoint distances. Searches of the Abbott corporate 
database for this pattern retrieved some 600 structures; about 30 of these were 
chosen on grounds of sample availability, structural diversity, and comparison 
with the available crystallographic data for the active site of HIV-I protease. 
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Subsequent testing revealed three hydroxy-substituted benzophenones that 
exhibited moderate levels of inhibition against HIV-1 protease and that could 
be used as leads for the design and synthesis of more potent inhibitors. 

Research in the design of nonpeptidic inhibitors of HIV-1 protease has 
also been carried out by DesJarlais et al. (103), who used the DOCK program 
(104) (vide infra) to search for compounds that matched the shape of the 
active site of the enzyme. One of the compounds identified was bromperidol, 
an analog of the known antipsychotic haloperidol. The proposed binding 
orientation of bromperidol suggested that compounds of this class may have 
the ability to interact with the catalytic residues of the enzyme and show 
inhibition. Haloperidol was chosen for testing and exhibited weak levels of 
inhibition of HIV-1 and HIV-2 protease. Haloperidol, while not a useful 
therapeutic agent for AIDS, could serve as a lead for the design of useful 
inhibitors of HIV protease. 

V. THREE-DIMENSIONAL SIMILARITY SEARCHING 

A. Introduction 

Similarity searching in databases of 2-D molecules has become well established 
since its introduction in the mid-1980s and now forms an important com- 
ponent of chemical information systems (47). With the introduction of 3-D 
substructure searching, it seems a natural development to consider approaches 
to 3-D similarity between searching. There are many ways in which one can 
determine the degree of resemblance between a pair of molecules (48). As noted 
in Section 11, similarity searching in databases of 2-D structures generally invol- 
ves fragment-based similarity measures. There is much less consensus as to what 
should form the basis for similarity searching in databases of 3-D structures, 
although most of the systems that have been described to date have considered 
either the steric or the electrostatic factors that are the most important 
determinants of biological activity (105). 

There is generally a trade-off between the eflectiueness of a similarity 
searching technique, that is, the extent to which the technique is able to 
identify structures that the chemist also perceives as resembling an input 
target molecule, and its eficiency, that is, the associated computational 
requirements. This trade-off means that many of the quantum mechanical 
and molecular modeling procedures that have been used for measuring 
molecular similarity are far too time consuming to be considered for use in 
a database searching environment, where a target molecule must be matched 
against many thousands of database structures. In what follows, we shall 
concentrate on methods that are sufficiently fast to be of potential use in the 
database context. 
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B. Methods Based on Overlapping 

Steric similarities can be estimated using procedures based on the matching 
of atoms or of superimposed volumes. For example, Dean and co-workers 
have discussed the matching of pairs of atoms, one from a target structure 
and one from a database structure, so as to minimize the sum of the squared 
distance errors; both deterministic (106) and nondeterministic (107-1 10) 
algorithms have been reported, with run times of a few CPU seconds for a 
pair of structures. Meyer and Richards (1 11) measure the similarity of a pair 
of molecules by the extent to which their volumes overlap, and describe an 
efficient algorithm to obtain good, but not necessarily optimal, overlaps for 
pairs of structurally related molecules. 

The molecular volume provides one direct, and readily calculable des- 
cription of molecular shape. More sophisticated approaches to the quanti- 
fication of molecular shape, and hence to the measurement of resemblance 
between pairs of structures, have been reported in a series of papers by Mezey 
and collaborators, who have developed a range of topological similarity 
measures; an overview of this work is presented by Mezey (112). Such 
approaches provide detailed insights into the similarity relationships that exist 
between pairs of structures, but their computational requirements are far too 
great for searching large databases. A much simpler approach involves 
characterizing molecular shape by a single number or ratio; examples of this 
have been described by Cano and Martinez-Rip011 (113) and by Petitjean 
(114), but there have not been any evaluations, to date, of their search 
effectiveness. 

Carbo et al. (1  15) suggested that the similarity between a pair of molecules 
could be estimated by a similarity coefficient based on the overlap of the 
molecules’ electron charge clouds. This idea has been taken up by several 
workers, using both electron densities and molecular electrostatic potentials 
(116-120). A molecule is positioned at the center of a 3-D grid and the 
electrostatic potential is calculated by taking the product of the potentials 
at each point in the grid. The similarity between a pair of molecules is then 
estimated by comparing the potentials at each grid point and summing over 
the entire grid, with a suitable normalizing factor to bring the similarities 
into the range - 1.0 to + 1.0. This numerical approach necessarily involves 
the matching of very large numbers of grid points, unless very coarse grids 
are to be used; Good et al. (121) have recently reported an alternative 
approach in which the potential distribution is approximated by a series of 
Gaussian functions that can be processed analytically, with a substantial 
increase in the speed of the similarity calculation and with only a minimal 
effect on its accuracy. This elegant idea removes one of the main limitations 
of field-based approaches to 3-D similarity searching but still requires 
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searching for the alignments of the two molecules that are being compared 
so as to ensure that analogous grid points are matched. 

Field-based similarity searching in large databases will be feasible only 
with the identification of an appropriate alignment procedure. Exhaustive 
searching for alignments is completely infeasible unless extremely coarse grids 
are used, in which case the calculated similarities are unlikely to reflect 
accurately the true degree of resemblance of the molecules that are being 
compared. Even stochastic searching procedures can run for extended periods 
if one wishes to conduct a detailed examination of the alignment space. For 
example, Kearsley and Smith have described a method, called SEAL (Steric 
and Electrostatic Alignment), which uses a Monte Carlo procedure to 
optimize the alignment of two rigid 3-D molecules and that bases the 
matching on atomic partial charges and steric volumes (122). The method 
generates high quality alignments, but the comparison of a pair of molecules 
requires tens of minutes of CPU time on an IBM 3090 with a vector processing 
unit; an alternative alignment algorithm has been suggested recently by Kato 
et al. ( 1  23). 

The most widely used method for processing field information is CoMFA, 
Comparative Molecular Field Analysis, which was pioneered by Cramer 
et al. (124) and which describes each (superimposed) molecule of a set on 
the basis of its steric and electrostatic fields at intersections of a lattice 
enclosing the compounds. Lin et al. (125) reduced the number of steric 
descriptors to 25 using principal components analysis. A complete-linkage 
cluster analysis based on the principal component scores successfully grouped 
similar molecules together. These groups could be used for initial screening 
by systematically selecting one compound from each cluster. 

The procedures discussed above are all far too slow for database searching 
applications, unless coupled with an initial screening procedure that can 
eliminate the bulk of the database from this extremely time-consuming 
calculation; an example of such a two-stage approach is provided by the 
SPERM program of van Geerestein et al. (126), which is discussed in detail 
below. Future developments in computer hardware may enable similarity 
procedures such as these to be used for database searching; in the meanwhile, 
more efficient similarity algorithms are starting to be developed that use 
interatomic distance information. These distances provide a simple and 
obvious way of exploring the steric similarities between pairs of molecules: 
To date, four distance-based, similarity searching techniques have been 
reported, and all of these seem to be sufficiently fast in execution to be used 
on databases of nontrivial size and to provide effective measures of structural 
resemblance. There is also increasing interest in the use of calculated 
molecular properties as an alternative to the measurement of molecular 
similarity. These approaches are discussed further below. 
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C. Use of Distance Information 

Pepperrell and Willett (127) have reported a detailed comparison of four 
different ways of calculating the similarity between pairs of interatomic 
distance matrices. The comparison involved structures for which both 3-D 
coordinate and biological activity data were available and suggested that 
the most effective similarity measure of those tested was the atom-mapping 
method, which is calculated in two stages. In the first stage, the geometric 
environment of each atom in the target molecule is compared with the 
corresponding environment of each atom in a database molecule to determine 
the similarity between each possible pair of atoms. The geometric environment 
of an atom is represented by the set of interatomic distances in which it is 
involved, and thus the calculated interatomic similarities reflect the extent to 
which a pair of atoms lies at the center of similar patterns of atoms and the 
extent to which they can be mapped onto each other (i.e., to  be regarded as 
being geometrically equivalent). In the second stage, the similarity values 
associated with these atomic equivalences are used for the calculation of the 
overall, intermolecular similarity. Pepperrell and co-workers (128) have 
described a range of experiments that demonstrate the robustness and general 
effectiveness of this approach to the measurement of 3-D similarities. 

The atom-mapping algorithm has a time complexity of order 0 ( N 3 )  for 
the matching of a pair of structures each containing N atoms (where the 
atoms can either include or exclude hydrogens). The run time requirements 
can be reduced by means of upperbound calculations that permit the 
elimination of many of the structures in a database from the full atom- 
mapping search (129); alternatively, parallel hardware can be used to enable 
a target structure to be matched against large numbers of database structures 
at the same time (130). A prototype search system has been implemented at 
ICI Agrochemicals, using the upperbound procedures on a file of 4500 
structures. A typical search of this file for the 50 nearest neighbors of an input 
target structure requires about 60 s on a Unix workstation. Thus, similarity 
searches on a corporate database containing a quarter of a million structures 
would be expected to take about one hour using comparable equipment, the 
precise time depending on the target structure and the search parameters that 
are used. Pepperrell et al. (129) discuss the results of searches using this system 
and demonstrate the substantial differences that exist between the outputs of 
2-D and 3-D similarity searches that are based on the same target molecules. 

The second measure is that reported recently by Bemis and Kuntz (131). 
This again uses interatomic distance information, but in a rather different way 
in that a structure is decomposed into all possible three-atom substructures 
(so that a molecule containing N heavy atoms will produce N(N - 1)(N - 2)/6 
such substructures). The procedure represents a molecule by a frequency 
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distribution, the 64 elements of which are initially set to zero. A three-atom 
substructure is selected, and the sum of the squared interatomic distances 
calculated over all of the pairs of atoms in the chosen substructure; this sum 
is then used to increment one of the elements of the frequency distribution. 
The procedure is repeated for all of the possible three-atom substructures, and 
the resulting frequency distribution is then used to provide a simple characteri- 
zation of the shape of the chosen molecule. The similarity between a pair of 
molecules is obtained either by comparing numeric values that are derived 
from the elements of the corresponding frequency distributions or by com- 
paring the distributions directly. The latter procedure is analogous to one of 
the similarity measures tested by Pepperrell and Willett (127); they found this 
approach to be less effective than atom mapping but considered only pairs of 
atoms, rather than the more discriminating three-atom substructures studied 
here. 

Bemis and Kuntz note that an entirely comparable approach can be used 
to calculate measures of 2-D similarity using path lengths, rather than 
Euclidean distances, in the construction of the frequency distributions. They 
report an extended series of experiments to compare the two types of measure 
with each other and with a root-mean-square (RMS) fitting procedure derived 
from the DOCK program (104), which is used to dock ligands into macro- 
molecular receptor sites and is described in detail later in this section. As 
described, the procedure is limited to the comparison of pairs of molecules 
that differ in size by one heavy atom, at most. However, the methodology 
would seem to be extendable to more disparate sets of structures and to be 
sufficiently fast in operation for searching large files (even if use is made of 
the full frequency distributions, rather than the hash codes used in Bemis 
and Kuntz’s experiments). 

The two similarity searching procedures discussed thus far in this section 
make no attempt to align the target molecule with each of the database 
structures; the elimination of this step is one of the main reasons why these 
programs are so fast in operation. The remaining procedures, called DOCK, 
CLIX, and SPERM, all consider the precise alignment of the target structure 
in the calculation of similarity. 

The similarity searching methods of Pepperrell et al. (127-129) and of 
Bemis and Kuntz (131) have been developed as general-purpose tools for 
finding molecules that are sterically similar to a user-defined target structure. 
The DOCK program (104) is designed to retrieve those molecules from a data- 
base that are geometrically most complementary in shape to a protein binding 
site, and that might thus be putative ligands for this site. The approach 
assumes that the geometry of the binding site is known, typically from 
crystallographic or NMR analysis, so that it can be described by a set of 
spheres that are complementary to the grooves and ridges in the receptor’s 



MARK G. BURES, YVONNE C. MARTIN, A N D  PETER WILLETT 49 1 

surface and that fill the available binding site. The atoms comprising a 
putative ligand are represented by a similar set of spheres, and the shape 
similarity of the ligand to the site is then determined by the extent to which 
it is possible to overlap, or to dock, the two sets of spheres. The output from 
the program is a list of the best-matching equivalences, these being assumed 
to correspond with the preferred orientations of the ligand in the site; these 
orientations can then be checked by using crystallographic studies of the 
bound ligand. 

The original DOCK program considered only the docking of a single 
ligand into a site (104), but the procedure was soon generalized to permit 
the searching of a whole database of 3-D structures (132). The docking is 
effected by matching subsets of the ligand interatomic distances with subsets 
of the receptor intersphere distances until the best fit has been obtained, and 
performing a least-squares superimposition of the resulting atom-sphere 
equivalences. The structures are then ranked in order of decreasing goodness 
of fit (103, 132-134) so that DOCK provides a means of identifying those 
structures in a database that are most likely to fit the receptor site on steric 
grounds. A detailed evaluation of the use of DOCK for this purpose has 
been reported recently by Stewart et al. (133), who docked 103 ligands that 
had been previously tested as inhibitors of a-chymotrypsin catalysis into the 
active site of the enzyme. A statistically significant relationship was found 
between the DOCK goodness of fit scores of the docked ligands and the 
observed inhibition strengths, with 8 of the 10 most active inhibitors 
appearing at the top of the DOCK ranking. 

Lawrence and Davis (1 35) have recently reported a program, called CLIX, 
that performs a similar function to DOCK but that uses information from 
the GRID program of Goodford and co-workers (136,137), which identifies 
regions of high affinity for chemical probes on the molecular surface of a 
bonding site. In CLIX one takes a 3-D structure from the Cambridge 
Structural Database and then exhaustively tests whether it is possible to 
superimpose a pair of the candidate’s substituent chemical groups with a 
pair of corresponding favorable interaction sites proposed by GRID (only 
nonhydrogen atoms are considered). All possible combinations of ligand 
pairs and GRID binding site pairs are tested; if a match is obtained, then 
the candidate ligand is rotated about the two pairs of groups and checked 
for steric hindrance and coincidence of other candidate atomic groups with 
appropriate GRID sites. Lawrence and Davis demonstrate that the program 
is capable of predicting the correct binding geometry of sialic acid to a mutant 
influenza virus hemagglutin and also report the best-matching potential 
ligands resulting from a search of 29,720 3-D structures from the Cambridge 
Structural Database; this search took 33 CPU hours on a Silicon Graphics 
4D/240 workstation. 



492 SEARCHING TECHNIQUES FOR DATABASES 

The SPERM (Superpositioning by PERMutations) program has been 
developed by van Geerestein et al. (126) to provide a computationally efficient 
means of quantifying the degree of shape similarity between pairs of 3-D 
molecules (rather than the similarity between a pair of distance matrices, as 
in the case of the atom-mapping method). The work takes as its basis a series 
of studies by Dean and co-workers (138-140) that position a molecule at the 
center of a sphere and then characterize the molecule by a set of points on 
the surface of the sphere; the similarity between a pair of molecules may then 
be determined by a comparison of the corresponding sphere surfaces. The 
shape of a molecule in SPERM is described by mapping a specified property 
onto each of 32 points on a sphere surrounding the molecule, these points 
being the 12 vertices of an icosahedron and the 20 vertices of a dodecahedron 
oriented such that its vertices lie on the vectors from the center of the sphere 
through the midpoints of the icosahedral faces. In fact, not one but two 
properties are used to characterize a molecule, these being the distances from 
each hedral point to the nearest surface of the molecule and to the surface 
of the molecule along the vector linking that point to the center of the sphere. 

A database molecule is matched with an input target molecule by orienting 
the sphere representing the former molecule so as to give the greatest degree 
of agreement between the two sets of property values, this orientation being 
obtained using an algorithm due to Bladon (141). The molecules in a database 
are ranked in decreasing order of the resulting similarities, and some number 
of the top-ranked molecules are then input to the similarity measure described 
by Hodgkin and Richards ( 1  16). This is based on the superposition of a pair 
of electron-density grids and is about three orders of magnitude slower 
than the sphere-matching procedure; it is thus typically applied to just 
the top 250 structures in the ranking. The orientation with the best Hodgkin- 
Richards score for a particular molecule is then taken to be the shape similarity 
for that molecule with the target structure. 

Van Geerestein et al. (126) discuss the use of SPERM to search a 
30,000-structure subset of the Cambridge Structural Database for molecules 
that are similar to the antitumor antibiotics netropsin and daunomycin, 
which bind to DNA. The best-matching molecules represented a wide range 
of structural types, included some known active compounds, and also 
suggested novel DNA-binding molecules. There was very little overlap either 
with 2-D similarity searches using fragment bit strings (as described in 
Section I1.C) or with the outputs of DOCK searches for these two target 
molecules on a smaller subset of the Cambridge Structural Database. The 
search of the 30,000 Cambridge structures took about 24 h on a VAXstation 
3100, although van Geerestein et al. (126) suggest this could be much reduced 
by the use of screening methods that could eliminate 80-907; of the file prior 
to the SPERM search with little effect on the quality of the final output. 
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D. Organization of Search Output 

Another way to view similarity between 3-D structures is to focus on the 
pharmacophore atoms and the direction, or points, of their interaction with 
a target protein. The program FAMILY (142) assigns 3-D structures to 
families of compounds in which the variation in all distances between the 
points of interest are within a specified tolerance, usually 0.3-0.5 A. FAMILY 
uses the Bron-Kerbosh clique detection algorithm (143,144) to find these 
common 3-D substructures, and is rapid in execution since a typical test 
found that 384 compounds could be matched over seven points in under a 
minute on a VAX 9000. The points that are considered in the analysis are 
selected in an initial run of ALADDIN, and are typically the pharmacophore 
atoms and all heavy atoms that are attached to them. In a classification of 
dopaminergics, the atoms attached to these attached atoms were also used 
to increase the number of families found. In this example of compounds that 
met the pharmacophore requirements, it was shown that the set of computer- 
designed compounds (97) sorted itself into 36 families whereas compounds 
in a definitive review (145) sorted themselves into 15 families. 

FAMILY provides a substructural measure of similarity that is useful for 
organizing hits from a 3-D search into subsets of more similar 3-D core. Such 
organization is helpful if the 3-D search identifies more existing compounds 
than can be easily assayed; in such a case one could select representatives 
from each family. If the 3-D search is used to suggest molecules for synthesis, 
the classification identifies redundant suggestions, that is, molecules that 
differ only in substituents remote from the pharmacophore atoms. The 
strategy in FAMILY is also useful for classifying multiple conformations of 
the same, or different, molecules as part of a molecular modeling investigation. 
Finally, its extension to automated pharmacophore mapping will be discussed 
in Section V1.C. 

E. Use of Property Information 

The descriptions of the similarity methods thus far have focused on the use 
of distance information; however, several of them can also be used to allow 
property-based similarity searching. 

In atom mapping, pairs of atoms can be mapped to each other if they 
have comparable atomic properties (rather than the same elemental type, as 
in the basic form of the method). Specifically, an atom is described in terms 
of one or more of its hydrogen-bonding characteristics, its partial charge 
and its van der Waals radius, with each atom in a molecule being assigned 
an integer class number signifying the particular value(s) of the chosen 
characteristic(s) that is (are) associated with that atom. An analogous use of 
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atomic property values for characterizing atoms in 3-D substructure searching 
has been described by Guner et al. (146). It is also possible to specify weights 
so that the user can designate certain atoms as being of greater importance 
than others; for example, a greater degree of importance might be assigned 
to those atoms that can form hydrogen bonds than to those that cannot. If 
very high weights are assigned to some atoms, it is possible to obtain an 
output in which the top-ranked structures will contain all (or most) of the 
highly weighted atoms, so that one can execute a form of ranked 3-D 
substructure search. In the case of SPERM, the matching algorithm that lies 
at the heart of the program can be used with any property for which values 
can be calculated at the 32 vertices, for example, electrostatic or hydrophobic 
factors; indeed, searching using electrostatic potential is a standard option 
of the program that can be used instead of the distance criteria described in 
the previous section. The most recent version of DOCK augments the steric 
matching scores with electrostatic and molecular mechanics interaction 
energies for the ligand-receptor complex (147). The inclusion of the additional 
information provides more accurate dockings, but this is at the expense of 
considerably enlarged run times, which might be too great to allow rapid 
searching of a large database. 

An alternative use of property-based searching has been reported recently 
by Fisanick et al. (72), who describe experiments using a set of 6000 3-D 
CONCORD structures for which molecular property data are available. 
Each structure is represented by a total of 29 computed properties; these 
including molar refractivity, logarithm of the partition coefficient, HOMO, 
LUMO, van der Waals surface area, dipole moment, heat of formation, and 
the mean atom charge, inter ulia. The standard deviation across the whole 
database is calculated for each such property. The overall similarity between 
the target structure and a database structure is incremented by 1,2,3, or 4 if 
the property value for the target structure is within 1.0,0.75,0.5, or 0.25 
standard deviations, respectively, of the corresponding value for the database 
structure; this simple matching procedure is repeated for some or all of the 
properties. Initial experiments suggest that the most similar structures 
resulting from a database search do, indeed, closely resemble the target 
molecule. 

F. Conclusions 

I t  will be clear that there is currently much interest in the development of 
measures of 3-D similarity, and this is expected to grow as users become 
fully conversant with the capabilities of 3-D substructure searching systems. 

It is interesting to note that many of the most similar structures resulting 
from the property-based search described by Fisanick et al. (72) are very 
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different from those that are retrieved in a comparable, structure-based 2-D 
similarity search. Comparisons of 2-D and structure-based 3-D similarity 
searches have been described by Pepperrell et al. (127,129), Bemis and Kuntz 
(131), and van Geerestein et al. (126), and all of them conclude that the 
outputs of the two types of search can be very different; it is likely that 2-D 
and 3-D clustering would also give very different sets of structurally related 
compounds. An integrated similarity searching system that uses the matching 
of both 2-D fragments and interatomic distances has been described by 
Mitchell et al. (148). 

One obvious difference between 2-D and 3-D measures of molecular 
similarity is that the former are global in character, in that they return a 
number that describes the overall degree of similarity between a pair of 
objects. This number is a simple function of the number of fragments in 
common and provides no information as to which particular parts of the 
molecules that are being compared are responsible for the observed degree 
of similarity. Global measures are less appropriate in the context of 3-D 
similarity searching, since biological activity at  a receptor site is determined 
by the presence of a particular set of atoms in a particular geometrical 
arrangement, that is, the pharmacophore. The DOCK method is global in 
nature since it provides a single, real-valued number that measures the overall 
degree of complementarity between the target and each of the database 
structures; however, it is inherently local in character since its primary purpose 
is to identify the local structural arrangements that are necessary for binding. 
Atom mapping is also global in character since it provides a real-number- 
based ranking of a dataset. However, it can also be regarded as a local 
similarity measure since the atom match matrix provides information about 
the structural equivalences that apply to individual pairs of atoms, and about 
the contribution of each of these pairs to the overall, global similarity. The 
first-stage, sphere-based component of SPERM is also global in character, 
but the subsequent grid calculation provides detailed information as to the 
most similar geometric regions of the two molecules that are being compared, 
and it also can thus be regarded as a local similarity measure. 

VI. CURRENT RESEARCH AREAS 

It will be clear from what has been said in this review that 3-D searching 
systems have developed with great rapidity since their introduction in the 
late 1980s and that they already provide a range of facilities that would have 
appeared quite remarkable only a few years ago. That said, there are still 
many areas where considerable research and development is needed if 
computational chemists are to be provided with appropriate tools to assist 
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them in the search for novel, biologically active molecules. In this section, 
we focus on three of these areas. 

A. Representation and Searching of Flexible Molecules 

A major limitation of the 3-D substructure searching systems that have been 
described thus far in this review is that they often take little account of 
conformational flexibility, storing only a single low-energy conformation for 
each molecule in a database (this typically being a CONCORD or X-ray 
crystal structure). However, biological molecules can exist in a variety of 
different conformations and can shift among these conformations, depending 
on energetic and environmental conditions. This fact has considerable 
implications for 3-D searching systems since, in general, there is no simple 
relationship between a single conformation of a molecule and the receptor- 
bound conformation sought when one searches for a pharmacophore (149). 
For example, acetylcholine bound to the nicotinic receptor is known to adopt 
a conformation that is distinctly different from that which it adopts in solution 
or in the crystal state (150). Accordingly, a search for molecules that can bind 
to the nicotinic receptor would be likely to miss acetylcholine unless some 
means can be found of both representing and searching this conformationally 
flexible molecule. In what follows, we shall refer to 3-D search systems that 
operate upon single conformations as rigid searching systems and those that 
encompass multiple conformations as flexible searching systems. 

An obvious way to achieve flexible searching is to store not just a single 
structure for a flexible molecule but a whole set of representative low-energy 
conformations. The main problems with such an approach are, first, the large 
amount of storage that is required if many conformations are to be considered 
and, second, the impossibility of ensuring that the selected sample contains 
all of the important, biologically active conformations. Given the infeasibility 
of this approach, there has been some interest in developing techniques that 
permit the incorporation of flexibility information in the query. Flexible 
query search routines are now an established part of the MACCS-3D system; 
they involve a stepwise search procedure that results in an optimized query 
that will retrieve a high percentage of structures with the desired biological 
activity (151). An initial pharmacophoric pattern is obtained by taking a 
representative active molecule and then removing all parts of it that are not 
involved in the pharmacophore. The remaining features are categorized as 
rigid or flexible, and the positions of the flexible features are defined in terms 
of their distances from the rigid features. The resulting pattern is then used 
for a series of searches of a known database, in which the numbers of rigid 
points and the precise rigid-to-flexible distance ranges are varied so as to 
identify that query that gives the greatest ratio of known actives to known 
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inactives. Guner et al. (151) have suggested the use of the MDDR-3D 
database, which is based on the Prous journal Drug Data Report, but any file 
that contains both structural and activity data could be used. The optimized 
query that results from the set of searches is then used to search a database 
of rigid molecules of unknown activities, with those containing the optimized 
pharmacophore having a high a priori probability of exhibiting activity in the 
test system under investigation. 

A second and more sophisticated strategy has been adopted in the 
ChemDBS-3D system (73,82). Here, a set of representative low-energy 
conformations for each structure is generated using a rapid, rule-based 
conformational expansion routine, and screens are assigned to each confor- 
mation in the normal way. The bit strings for the set of conformers are then 
merged using a Boolean OR operation to give a single bit string for each 
structure to be matched against the query in the screen search. Thus, while a 
flexible molecule is described by a single bit string, as with any molecule in a 
rigid searching system, this string summarizes not one but many low-energy 
conformations. The structures that match at the screen level are then subjected 
to a second conformational analysis, and a geometric search is carried out on 
each of the resulting conformations to determine which of them match the 
query. While this method obviates the need for storing a number of discrete 
conformations, there is still a reliance on the selection of some set of 
representative, low-energy conformations for the creation of the original bit 
strings. Even so, Haraki et al. have demonstrated that this approach can result 
in the retrieval of substantially larger numbers of active compounds than when 
only rigid structures are used in a pharmacophoric pattern search (71). Speci- 
fically, these workers carried out a series of searches on versions of the 
Derwent Standard Drug File that had been created using the single confor- 
mations produced by CONCORD and the multiple conformations produced 
by ChemDBS-3D. It is, however, worth noting that while the total number of 
retrieved active compounds was greater in the flexible searches, the number 
of retrieved inactive compounds was still larger (71). The rigid searches were 
thus more precise than the flexible searches, and a rigid search would hence 
seem to be the method of choice, in the first instance at least; only if this fails 
to retrieve sufficient material should a flexible search be carried out. 

The ChemDBS-3D system provides a cost effective means of including 
flexibility information in a database, but it is still restricted to the set of 
conformations that is chosen for the generation of the fragment bit strings 
(and this set may not include the biologically important conformations that 
are necessary for binding to a receptor). This problem may be overcome if, 
and only if, techniques are available that can represent and can search the 
complete conformational space that is available to a flexible molecule. In a 
rigid 3-D molecule, the distance between each and every pair of atoms is a 
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single, fixed value, for example, 3.62 A. This is not so in a flexible molecule, 
where the distance between a pair of atoms will depend on the particular 
conformation that is adopted. The separation of a pair of atoms is hence 
conveniently described by a distance runye, the lower and upper bounds of 
which correspond to the minimum and maximum possible distances (though 
for some pairs of atoms, e.g., those within an aromatic ring system, these 
two distances will be the same whatever conformation is adopted by the 
molecule). The set of distance ranges for a molecule will contain all of the 
geometrically feasible conformations that molecule can adopt, and thus 
provides an obvious way of representing a flexible molecule. Martin et al. 
(18) noted that such sets of distance ranges could be generated using 
techniques derived from distance geometry (64,152,153), and this idea has 
formed the basis for an ongoing study in Sheffield (154,155) that has further 
developed the graph-theoretical searching methods described in Sections I1 
and 111. 

The distance ranges are generated using the bounds smoothing technique 
that forms an important component of the distance geometry approach to 
structure generation. Bounds smoothing starts with an initial interatomic 
distance matrix, which contains one upper and one lower bound for each 
interatomic distance. Some of these distance bounds can be set using 
considerations of molecular connectivity, together with lists of standard bond 
lengths and bond angles; the remainder are set to predetermined default 
values, typically the sum of the van der Waals radii and some arbitrarily 
large value for the lower and upper bounds, respectively. The initial bounds 
are then subjected to repeated application of the triangle inequality (64) to 
yield the final set of smoothed distances, which contain all of the geometrically 
feasible conformations for a molecule. It is possible to use higher-order 
inequalities, for example, the tetrangle and pentangle inequalities, in bounds 
smoothing, but these are very difficult to calculate and the resulting bounds 
are little better than those obtained using the much simpler triangle smooth- 
ing procedure (1  56). 

The screening and geometric searching algorithms that are used for rigid 
3-D searching operate on distance matrices where each element contains a 
single value; these algorithms require only minor modifications to enable 
them to process bounded distance matrices in which each element contains 
both a lower and an upper bound, thus allowing the retrieval of all molecules 
that could possibly adopt a conformation that contains a query pharma- 
cophoric pattern (155). Indeed, it is possible to view the rigid searching 
algorithms described in Section 111 merely as a limiting case of the more 
general algorithms that are required for flexible searching. There is, however, 
one major difference between flexible 3-D and both 2-D and rigid 3-D sub- 
structure searching, in that those molecules that match the query in the 
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geometric search must then undergo a further, and final, check that uses 
some form of conformational searching procedure (157, 158); this is required 
since bounds smoothing is known to overestimate the true range of possible 
interatomic distances (because it takes no account of correlation effects) and 
since it gives no information regarding the energies of the possible confor- 
mations. The initial experiments in Sheffield have used the distance geometry 
technique known as embedding for this final search. Clark et al. (155) have 
demonstrated the effectiveness of this three-part retrieval algorithm (screening 
search, geometric search, and conformational search) and have shown that 
it can retrieve many more matching structures than can comparable rigid 
searches. However, these authors noted that flexible searching is extremely 
demanding of computational resources, being some two orders of magnitude 
slower than conventional 3-D substructure searching, and have suggested 
that flexible searching is unlikely to become routinely available without very 
substantial improvements in both software and hardware. 

Conformational flexibility was added to the DOCK approach by Smellie 
et al. (159). Instead of using spheres to span the macromolecular binding 
site, they docked the hydrogen bond donor and acceptor atoms of ligands 
onto hydrogen bond donor and acceptor atoms in the protein. As with 
DOCK, the protein itself fixes the distances between these points in the 
protein. For the ligand, the distances between the points of interest were 
input not as single values but rather as the allowed range of distances, in all 
conformations, between the particular points. These could be derived by the 
simple distance-bounds calculations described above. If the distances between 
ligand atoms fall within hydrogen-bonding distance of the complementary 
distances in the protein, then there is a tentative match between the ligand 
and the protein site. Smellie et al. used distance geometry embedding to test 
if the proposed match could correspond to a real 3-D structure. They included, 
but kept rigid, all protein atoms within six atoms of the ligand, and found 
that only 20% of the matches that fell within the original distance bounds 
were consistent with a 3-D structure. This strategy is relatively fast since the 
distance-bounds calculation and matching algorithm take approximately one 
second on a low-end workstation, thus allowing a 60,000-compound database 
to be searched in about 20 h (and precalculation and screening approaches 
could be used to further reduce this timing requirement); however, the final, 
3-D embedding stage is far slower. 

Blaney (160) also used distance geometry for docking a flexible ligand into 
a rigid binding site. The docking points of the ligand-protein complex were 
found by the usual algorithm; then distance geometry embedding was used 
to generate several to many different conformations of the ligand with these 
points docked. For the distance matrices, the maximum distance between 
site points was used for the distance upper bounds. However, the allowed 
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distances between each pair of docked points was established by the dis- 
tances between the corresponding spanning spheres. The method was tested 
by docking methotrexate to dihydrofolate reductase. Between 10 and 100 
random fits were needed to find one that approximated the experimental 
binding conformation. One hundred fits of a ligand take about 3 min on a 
high-end workstation; however, this strategy again needs a final embedding 
and this is very slow with current algorithms. 

B. De N o w  Structure Generation 

The techniques utilized in 3-D database searching are now being extended 
to the development of a methodology for the d e  nouo generation of 3-D 
chemical structures. In this context, de nouo structure design refers to the 
generation of molecules to fit a variety of spatial and chemical constraints 
using basic structural building blocks. 

One approach to this problem follows naturally from 3-D database 
searching and involves the use of searching to find templates that can be 
converted into molecules that match the design criteria. Martin and 
co-workers used ALADDIN (91) to identify compounds that contain the 
appropriate geometric relationship between important functionality, but the 
atoms matched are more general precursors to the required atoms; these 
atomsare converted into the desired atoms usinga program called MODSMI. 
This technique was used to develop a wide range of new classes of D2 agonists 
(97). Searching 3-D databases for templates used in structure generation has 
also been employed in a program called GROW (161), and Lewis et al. have 
used DOCK (104) to generate fragments for their approach to structure 
design, (vide infra). 

Chau and Dean (162-164) have taken advantage of the wealth of 
information found in the Cambridge Structural Database (60) to generate a 
set of basic fragments for structure design. They began by constructing a 
large set of cyclic and acyclic aliphatic and aromatic fragments, consisting 
of H, C, N, 0, P, S, F, or C1 atoms. The set was pruned by considering their 
frequency of occurrence in the database. Geometric data found in the database 
were used to determine a set of bond lengths for these fragments. 

A second fundamental approach to this problem is the joining of small 
structural fragments into molecules that meet steric and chemical constraints 
(165-171) that are derived from consideration of the hydrophobic and 
electrostatic interactions found in ligand-receptor complexes. An example 
of this is the work of Danziger and Dean (172), who identify hydrogen-bonding 
interaction sites on the surface of binding regions. Lewis, Dean, and 
co-workers have published a series of papers on structure design based on 
information derived from binding sites (1 66-1 70). This method involves 
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building molecular graphs that fill a binding site and have appropriate 
functionality at vertices near site points. Fragments for structure design, 
called spacer skeletons, can be generated from the molecular graphs by taking 
the union of a set of subgraphs (166). Initially, the subgraphs used were 
planar four- to eight-membered rings. Molecular templates, from which 
potential ligands could be generated, are derived from the spacer skeletons. 
Distance matrix methods are used to fit atoms in the spacer skeletons to 
ligand points, in order to generate molecular templates that exhibit good 
complementarity to a binding region (167). 

Recently, Lewis has extended this work from 2-D to 3-D (168). Here, a 
regular diamond lattice is used as a spacer skeleton in which each atom is 
sp’ hybridized, and all torsion angles are staggered, and acyclic chains that 
span sets of site points are generated from this lattice. Lewis has also reported 
work on the formation of irregular linear chains of atoms using this 
methodology (170). This technique was used in the design of structures to 
fit the active site of HIV-1 protease (169). First, a DOCK search of a 3-D 
database was performed to find compounds that sterically matched the active 
site. Several interesting fragments derived from these searches were considered 
for joining into composite molecules. Both the regular and irregular lattice 
methods were used to generate chains of atoms to join these fragments into 
molecules that fitted the active site sterically. 

Lewis and Dean (166) note that spacer skeletons are but one of several 
approaches that can be used to generate novel structures, and Gillet et al. 
(165) have recently discussed the use of one of these alternative strategies, 
which they refer to as template joining. The structure generation problem is 
formulated as a search of a space, the states of which correspond to molecules 
that can satisfy some or all of the steric, electrostatic, and hydrophobic 
constraints that define a binding site. A systematic exploration of this state 
space is totally infeasible, and thus the A* heuristic search algorithm is used 
[this algorithm has also been used for conformational analysis ( 1  73)]. The 
current version of the program results in structures that are based on 
hydrocarbon skeletons in which individual carbon atoms can be replaced 
by heteroatoms that have the same geometry. The program has been used 
successfully to design molecular skeletons that match the APPA (p-amidino- 
phenylpyruvate) binding site of trypsin (1 65). 

Several other researchers have reported on the development and use of 
computer programs that perform structure generation. One such effort is 
a program, developed by Moon and Howe, called GROW (161). In this 
approach, the building blocks used are a database of amino acid conforma- 
tions and related fragments. Potential ligands are “grown” in a binding site 
starting from an amide group manually placed in the site. A simulated 
annealing approach, which considers steric fit, conformational energy, and 
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solvation, is used to place fragments in growing structures. In one test of the 
method, the program was able to duplicate the observed binding mode of 
an inhibitor of rhizopuspepsin, with an RMS deviation of only 0.6A. The 
program has recently been extended to allow the construction of nonpeptidic 
molecules (1 74). 

Bohm is also developing a computer program, LUDI, for the de nouo 
design of structures (171). This approach uses a large library of common 
molecular fragments, such as phenol, morpholine and acetic acid, and small 
bridging fragments such as -CH,, -0-, and -NH--. The program 
currently considers four types of interaction sites: lipophilic-aliphatic, 
lipophilic-aromatic, hydrogen donor, and hydrogen acceptor. Interaction 
sites can be generated based on a set of rules, based on a survey of nonbonded 
contacts found in the Cambridge Structural Database, or on the results of 
a GRID (136, 137) calculation. The interaction sites can be derived from a 
macromolecular binding site or from a set of superimposed ligands. LUDI 
searches the fragment library to find fragments that fit the interaction sites 
and the fragments are then bridged to form molecules. LUDI has been used 
to position several fragments that are known to bind to specificity pockets 
of trypsin like serine proteases. 

De nouo structure design is an exciting and dynamic area of research. A 
number of complementary approaches to tackle this problem are under 
continuing development. The importance of structure design in many aspects 
of chemistry ensures active work in this area for years to come. 

C. Automated Generation of Pharmacophore Maps 

Pharmacophore maps, that is, a representation of the 3-D chemical and spatial 
requirements for bioactivity, are now widely used in database searching and 
structure generation. An emerging research area is the development of 
software capable of automatically generating pharmacophore models for sets 
of biologically related compounds. 

Important facets of pharmacophore modeling include the generation of 
pharmacophore maps, quantitative prediction of potency, and identification 
of structures that match the maps. Martin and co-workers recently reported 
on their developing approach to construct pharmacophore maps, imple- 
mented in a computer program called DISCO (DIStance COmparisons)( 175). 
The program identifies a bioactive conformation and superposition rule for 
sets of active compounds. The points for superposition are typically the 
ligand hydrogen bond donor, hydrogen bond acceptor, and charged atoms; 
centers of ligand hydrophobic regions; and extensions of the hydrogen bonds 
and electrostatic interactions to binding sites in the receptor. Potential 
pharmacophore points, including hydrogen-bonding sites, are found with 
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ALADDIN (91). DISCO uses a rapid technique, clique detection, to identify 
maps from the set of all potential pharmacophore points. Typically, the maps 
are generated in a few minutes of CPU time and the results can be viewed 
in a variety of molecular modeling programs. 

Two chemical software companies, BioCAD Corporation and Biosym 
Technologies, are developing integrated programs for pharmacophore 
modeling, including pharmacophore mapping and quantitative prediction. 
The approach adopted by BioCAD, implemented in their program called 
Catalyst (1 76), encompasses structure entry, conformational analysis, phar- 
macophore mapping, quantitative structure-activity modeling, and database 
searching. Pharmacophore maps, or hypotheses, in Catalyst consist of a small 
set of features important for bioactivity, such as hydrophobic groups, 
hydrogen bond donors and acceptors, and positive and negative charges, 
and distance ranges between these points. Quantitative structure-activity 
modeling is combined with pharmacophore mapping to provide a model 
that gives the best correlation between the geometric fit of each compound 
and its potency. The hypotheses can be used to estimate the activity of new 
compounds and to search 3-D databases from within Catalyst. 

The system being developed by Biosym Technologies, Apex-3D (1 77), is 
based on the work of Golender, Rozenblit, and colleagues (178). Pharma- 
cophore maps in Apex-3D, termed biophores, are generated by classifying 
compounds into active and inactive groups and identifying structural features 
common to the set of actives. The types of structural features considered 
include those involved in electrostatic, hydrophobic, and hydrogen-bonding 
interactions. Databases of generated biophores can be searched by Apex-3D 
to propose biological activities of new compounds. Apex-3D is integrated 
with the Insight I1 (179) molecular modeling package and can be used in 
conjunction with LUDI (171) for automated structure generation. 

Methodologies for automated structure generation, pharmacophore map- 
ping, and quantitative activity prediction are in the early stages of develop- 
ment. As more researchers report on the use of this technology, the utility 
and scope of the different approaches to these problems will become more 
evident. 

VII. CONCLUSIONS 

The first operational system for searching a 3-D database of nontrivial size 
was reported in 1987 (78); since then, the field of 3-D searching has been 
extremely rapid growth, and there are already several documented examples 
of the utility of 3-D searching in real research programs, as discussed in 
Section IV. This progress has occurred because of the converging interests 
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of many diverse groups in these techniques. Software companies, academic 
laboratories, and industrial users are presenting novel solutions to problems 
identified in the early systems and are also expanding the scope and breadth 
of the field. The rich mix of this growing field is also illustrated by the 
contributions of synthetic and medicinal chemists, structural chemists and 
biochemists, chemical information specialists, and molecular modelers. Each 
brings a unique viewpoint to the key problems to be solved and how this 
should be accomplished. 

The progress that has been achieved to date can be illustrated by several 
specific statements. Originally, 3-D searching was based on structures derived 
from crystallography or careful molecular modeling and the databases were 
accordingly small; today, there are several options for converting 2D 
databases into 3-D in reasonable time. Originally, systems considered only 
a single stored conformation of the molecule; today, 3-D searching considering 
conformational flexibility is becoming a reality. Originally, 3-D searching 
identified molecules in a database that met search criteria; today, there are 
several programs that use 3-D searching to design totally new molecules that 
meet the users’ 3-D criteria. Originally, 3-D searching of a database of a few 
thousands structures was a novel, exciting prospect; today, the concept of 
3-D searching all or most of the molecules in CAS is a possibility. Originally, 
3-D searching consisted of substructure matching using simple interatomic 
distances, angles, and torsions; today, the criteria for 3-D searching have 
been expanded to include shape, similarity in 3-D, and chemical and physical 
properties. 

However, the successes that have been achieved have served only to identify 
new challenges. The first set of challenges, or opportunities if one is an 
optimist, arises from the fact that much more experimental 3-D information 
is being generated because of the revolutions that are taking place in 
molecular biology, protein crystallography, and macromolecular nuclear 
magnetic resonance spectroscopy. This increased amount of information puts 
pressure on those who aim to use such information to design better ligands 
to learn how to do so faster and more accurately. Are molecular graphics 
and human imagination the only tools available? 

Other challenges arise from limitations in the computational methods 
themselves. De nouo design based on a macromolecular binding site requires 
that we develop better methods for the calculation of interaction energies. 
Both the accuracy and the speed of the methods need improvement by at 
least an order of magnitude. De nmo design also requires far more integration 
of synthetic knowledge into the design process that is suggested by a 
structure generation program (so that the proposed structures take account 
not only of complementarity with the site but also of whether the compound 
that is being suggested can be readily synthesized). There is hence substantial 
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scope for the integration of the new generation of programs for structure 
generation with those that have been developed over many years for 
computer-aided synthesis design (180,181). 

If the 3-D structure of the macromolecular binding site is not known, 
then in order to do a 3-D search one must infer key features of the structure 
from the structure-activity relationships of the ligands that bind to it. This 
field, pharmacophore mapping, is only now entering a more automated and 
objective phase. Better ways are needed to balance how closely structures 
should match in 3-D with how high in energy the proposed bioactive 
conformation can be. This strategy would benefit from the availability of 
better interaction energy calculations. 

The challenges above all have to do with increasing the effectiveness of 
3-D database searching systems. However, substantial problems of machine 
efficiency also need to be overcome. The computational requirements associated 
with rigid 3-D searching are substantially greater than those associated with 
2-D database searching, and these requirements will undoubtedly increase 
still further with the development of techniques for flexible searching (155). 
There will thus be a continuing need for efficient algorithms and data 
structures and for the use of the most appropriate computer hardware if 3-D 
database searching is to be further developed as a potent tool for molecular 
design. 
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A* heuristic search algorithm, 501 
Abbott Laboratories, 484,485 
(R)-[2-3Hl, 2-’H I ]-Acetate, 418 
(S)-(2-3HI, 2-2Hl ]-Acetate. 418 
[2-3H~ 2-2HI]-Acetate. 410 
ACC synthase, 418 
a-Acetohydroxyacid reductoisomerase, 427 
a-Acetolactate, 427 
0-Acetylserine, 405 
0-Acetylserine sulfydrase, 405,415 
cis-Aconitate. 432 
(4S)-[4-3H I]-trun~-Aconitate. 43 1 
Aconitate isomerase. 43 1 
Aconitates, 431 
ACPC, see Aminocyclopropanecarboxylate 
(1S,2R)-[2-2H~]-ACPC. 453 
(lS,2S)-[2-2H1]-ACPC,453 
(lR)-[2,2-*H2]-ACPC,453 
( lS)-[22-2H2]-ACPC. 451-453 

~ ~ u ~ s - [ ~ , ~ - ~ H ~ ] - A C P C ,  451 
cis-[2.3-’H2]-ACPC,451 

ACPC deaminase, 453 
Actinomycin. 434 
Activation energy, 283 
Activation enthalpy, 138 
Activation entropy, 138 
Acyl silane olefinations, 120 
S-Adenosylmethionine, 417,418,442 
(2S,3R,4S)-[3,4-2H2]-S-Adenosyl- 

methionine, 418 
(2S,3S,4R)-[ 3.4-2H2]-S-Adenosyl- 

methionine, 418 
[4,4-2H2]-S-Adenosylmethionine, 453 
Adjacent nodes, 470 
ALADDIN. 484,493,500 
Alanine, 390,450 
D-Manine, 385,387 
L-Alanine, 431 
(2S)-[ 2-*H )-Alanine. 390 
(2S)-[2-3H1]-Alanine, 390 
L-Alanine aminotransferase, 391,394.395, 

438 

Alcohol dehydrogenase, 409 
Aldolase, 396 
Aldopyranoses, anomeric effect in, 196 
Alkaline phosphatase, 397 
(EFAlkene selectivity, 34.36.50, 55,76 
(E)-Alkene selectivity, in Wittig reaction, 33 
(Z)-Alkene selectivity, 55 
Alkene, (E)-trisubstituted, formation. 104 

trisubstituted, synthesis, 38 
Alkenes, (E)-selective synthesis, 55 

tetrasubstituted, synthesis, 106 
trisubstituted, 40 

Alkenylphosphonium salts, 118 
a-Alkoxyaldehydes, 81,93 
a-Alkoxyketones, 104,142 
a-Alkoxy ylides, 107,142 
Alkoxyphophines, 29 
2-Alkoxytetrahydropyrans, 238 
S-Alkylcysteine lyase, 415 
a-Alkylthio ylides, 107, 142 
L-Allothreonine, 41 1 
Allylidene triphenylphosphorane, 17 
Alpine boranes, 388,393,407 
L-Aminoacid decarboxylase, 450 
D-Aminoacid oxidase, 391,395,407,438, 

DL-(3S)-[3-3HI ]-2-Aminobutanoic acid, 

y-Aminobutyric acid (GABA), 394,434 
(4k)-[4-2H~ 1-y-Aminobutyric acid, 437 
Aminocyclopropanecarboxylate (ACPC). 

[2HI]-2-Aminoethanol, 405 
5-Aminolevulinate dehydratase, 392 
5-Aminolevulinate synthase. 392 
5-Aminolevulinate, 392 
5-Aminolevulinic acid, 392 
(3R)-[3-14C]-Aminomalonate, 454 
(3~)-[3-’~C]-Aminomalonate, 454 
Aminomutase, 440 
Aminotransferase, aspartate, 389,390 
Aminotransferase, GABA, 438 

450 

428 

418,451 

5 19 
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Aminotransferase. L-alanine, 391,394,395, 

&hinotransferase, ornithine, 438 
Aminotransferase. L-ornithine. 440 
Ammonia lyase. phenylalanine, 446 
Ammonia lyase. tyrosine. 446 
Angles, 477 

Anionic p-amido ylides, 107 
Anionic sidechain substituents, 33 
Anomeric effect and electron density, 314 
Anomeric effect and structure, 299 
Anomeric effect (AE). 208 
Anomeric effect, 161.163,164.167.200.270 

in aldopyranoses, 196 
anti-, 165 
benzylic. 165 
bidirectionality of, 174 
bond length and angles, 299 
calculated. 17 1 
competition. 179, 180, 182,303 
a-conjugation, 269 
dipole-dipole vs hyperconjugative 

interactions, 250 
due to negative hyperconjugation, 265 
electrostatic interactions, 241, 244 
electrostatic interpretation of, 227 
a-electron delocalization. 270 
endo. 174. 176. 179, 180. 182. 183,298. 

305.327 
enthalpic. 192 
exo, 174. 176, 178, 180. 186, 187, 189. 238, 

generalized, 163, 164,214,215,219 
hyperconjugative explanation of the 

hyperconjugative nature, 325 
hyperconjugative origin. 182. 199 
in AHom terms, 193 
interpretation of, 225 
interpretation. by Fourier expansion, 244 
inverse, 225 
kinetic. 257.280 
magnitude of, 172,178.203,206,314. 

magnitude of AEoEA. 166 
magnitude of AGOAE, 166 
magnitude of the generalized. 172 
nature of, 205 
nondirectional, 186 
one-directionality, 182 
origin of. 196,225 

438 

in MACCS3D. 479 

327 

origin, 306 

324,325 

other general explanations of. 273 
partial, 175,206 
reverse, 167, 180,203,209,212,214-220. 

rotational barriers. 296 
saturation. 169 
solvent effects, 196, 197 
solvent-induced, 228 
source, 235 
spectroscopic implications of, 3 16 
syn-, 164,167 
vhylogous, 165 
weak normal, 168 

Anomeric interactions, 178, 183 
competition, 175,219. 303 
competition of exo and endo, 197 
endo, 180, 182 
exo. 180,181, 197,298 
hyperconjugative origin, 183 
non-competitive hyperconjugative, 191 
one-directionality of, 183 

Anomeric stabilization effect, quasi-homo, 

Anthranilic acid, 450 
Antiperiplanar lone pair hypothesis, 280 
Apex-3D. 503 
Apoaspartate transaminase, 387 
Arcs, 470 
Arginine, 439,440 
(3R)-[3-2H~]-Arginine, 440 
(3S)-(3-’H, 1-Arginine, 440 
Arginine decarboxylase. 440 
Arithmetic procedures, 471 
Aromatic L-amino acid decarboxylase. 446 
Arrow pushing, art of, 275 
Art, of “arrow pushing”, 275 
Asparagine, 430.431 
Aspartase, 397,407.430.432.441 
(2S)-(2-’H, ]-Aspartate, 390 
(2S,3R)-[3-’H 1 ]-Aspartate, 407 
(ZS,3S)-[2,3-’H2]-Aspartate, 407 
Aspartate amhotransferase, 386,389,390 
Aspartate 8-decarboxylase, 390,431.454 
Aspartate decarboxylase. 395 
Aspartate semialdehyde, 407 
L-Aspartate semialdehyde, 409 
Aspartates, 403,415 
Aspartic acid. 387.407.430-432.441.444. 

(2S,3R)-[3-2H,]-Aspartic acid, 397.430 
(2S.3S)-[2,3-2Hz]-Aspartic acid, 397,430 
(2X3S)-[2,3-2H2. 3-3H~]-Aspartic acid, 431 

223,259,285,288,307,324 

264 

448 



SUBJECT INDEX 52 1 

(3S)-13-’H) -Aspartic acid, 431 
Asynchronous cycloaddition. 120 
Asynchronous cycloreversion, 36 
Atom-by-atom searching. 472,473,481 
Atom mapping, 490,495 
Atom-mapping method, 489,493 
Automated generation of pharmacophore 

Automated structure generation, 503 

Bader analysis, 353 
Baker’s yeast, 406 
Barrier, to ring inversion, 227,229,296 
Benzoic acid catalysis, effect on Wittig 

(lS)-(l-ZHI]-Benzyl alcohol, 445 
Benzylic anomeric effect, 165 
Benzylidenetriphenylphosphorane, 61 
Berberine bridge. 419 
Betaine equilibration, 30 
Betaine generation, 3 1 
Betaine intermediate. 2 
Betaine intermediates, probes for, 125 
Betaine lithium halide adducts, 30,42,44, 

Betaine lithium halide complexes, 32.52 
Betaine mechanism, 2 
Betaine rationale, 2, 10 
Betaine reversal. 6,33 
Betaine rotamers, 29 
Betaine ylides, 38 
Betaine-lithium halide aggregate, 38 
Betaines, 29 

anti, 44 
salt-free, 121 
syn. 45, 127 

maps, 502 

selectivity, 94 

53 

Bibicyclobutanes, 358,359,370 
Bicyclocubanes, 367 
Bicyclopentane. 367 
Bicyclotetrahedranes, 367 
Bidirectionality, of the anomeric effect. 174 
BioCAD Corporation, 503 
Biophores. 503 
Biosym Technologies, 503 
1 .CBishomo[6] prismane. 37 1 
1,4-Bishomo(7]prismane. 37 1 
Bit strings, 472.497 
Bitetrahedranes, 370 
Blasticidin S, 440 
Bohlmann bands, 320 
Bond angle, double bond-no bond 

rationalization, 303 

NBO analysis, 305 
PMO rationalization, 304 

Bond angle-NBO analysis, 305 
Bond length, 302 
Bond length-PMO rationafization, 302 
Bond lengths and angles, anomeric effect, 

Bond separation energies, 251,266 
Bond separation reaction, 266 
Bond separation reactions. and “hardness”, 

299 

207 
energy, 203 

Bounds-smoothing technique, 498 
8-Branched ylides, 50 
Bron-Kerbosh clique-detection algorithm, 

Brookhaven National Laboratory, 476 
493 

Bu,P+CH=CH,, 118 
Bu~P=CHCJH,, 31 
Butylidenetriphenylphosphorane, 22 

Cadaverine, 437-439 
(IR)-[1-2H1]-Cadaverine. 438 
(lR)-[l-3H1]-Cadaverine, 438 
(lS)-Il -2H, J-Cadaverine. 438 
(IS)-[ l-3HI]-Cadaverine, 438 
Cage compounds, C8H8, saturated, 368 
Cambridge Crystallographic Data Centre, 

Cambridge Structural Database, 475,477, 

Canonicalization, 471 
Captodative substitution, 209 
yCapture, 76 
Carbon atoms, inverted, 355 
Carbonyl-stabilized ylides, 2,9,31,76 
y-Carboxyglutamate, 434 
Carboxylation, 430,434 
CAS Registry substances, 479 
CAS, 504 
CAST-3D. 477,480 
Catalase, 407 
Catalyst, 503 
Catechol 0-methyltransferase, 419 
CAVEAT, 477,479,480,483 

475 

478,480,491,492,500,502 

base atom, 480 
dihedral angles, 480 
substituent bonds, 480 
tip atom, 480 
vector pair, 480 

CDPQKeto-6-deoxy-D-glucose reductase. 
388,389 
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2-Center pathways, in Wittig reaction, 120 
CCenter pathways, in Wittig reaction, 120, 

4-Center transition states, 134 
Cephalosporin, 412,414,423,424 
Characterization of oxaphosphetanes, 19 
ChemDBS-3D, 479,482,497 
Chemical Abstracts Service, 477.479 
Chemical constraints, 500 
Chemical Design Limited, 479 
"P Chemical shifts, 19 
Chemical structure retrieval systems, 469 
Chlorobenzaldehyde, in crossover 

m-Chlorobenzaldehyde, 6,9 
m-Chloro-p-hydroxy-D-tyrosine, 449 
2-C hloro-2-(triphenylphosphoranylidene)- 

Chorismate. 443 
[2-'H]-Cinnamaldehyde. 406 
[2-3H)-Cinnamaldehyde, 406 
(E)-[2-*H1]-Cinnamic acid, 406 
Cishrans equilibration. 55 
Citrate. 428 
Citrate synthase, 395,428 
Clavulanic acid, 439 
Clique detection. 503 
CLIX 490,491 
Closrridium kluyveri. 445 
Clustering, 474 
CoMFA, see Comparative molecular field 

Common subgraph. 470 
Comparative molecular field analysis 

(CoMFA), 488 
Competition. between anomeric effects, 

179. 180, 182 

133 

experiments, 29 

acetophenone, 18 

analysis 

between anomeric interactions, 175.219 
of exo and endo anomeric interactions, 

Computational methods, in Wittig reaction, 

Computer graphics, 468 
Computer-aided molecular design. 468 
CONCORD, 476.485.494.496,497 
Conformational adjustment. 286,288,289, 

Conformational analysis. 501 
Conformational search, 499 
Conformationally-flexible 3-D molecules, 

Conformational-searching procedure. 499 

197 

127 

290,294 

469 

SUBJECT INDEX 

Conformations. representative low energy. 

n-Conjugation, 265 
oconjugation, 203,265,270 
Connection table, 470 
CORINA, 476 
[6A]Coronane. 373 
[6.5]Coronane, 352,364 
Coronanes. 364 
Coulomb attraction, 310 
Coulomb repulsion, 232 
13C-31P Coupling, 16 
' 3 C - 3 1 ~  Coupling constants, 22 
Coupling constants, 1 3 ~ - 3 ' ~ ,  22 
Crossover experiments, 29 

with CIC6H4CH0. 29 
Crossover product, 6.9 
Crossover test, 9 
Cryptoechinulin, 450 
Crystal structures, of oxaphosphetanes, 19 

Crystallographic analysis, 490 
Cubane, 351,365,366,368 

ab initio calculations for, 368 
Cubene. 370 
Cuneane, 365,368,370 
Curtin-Hammett principle. 283,290 
P-Cyanoalanine. 414 
P-Cyanoalanine synthase, 414 
Cycloaddition, 132 

497 

of ylides. 18 

2s+2s, 125 
asynchronous, in Wittig reaction, 120 
in Wittig reaction, 120 

2s+2s Cycloaddition, 125 
Cyclopentadienylidene, 18 
Cyclopropylidene triphenylphosphorane, 

Cycloreversion, asynchronous, 36 
syn-Cycloreversion, 14 
0-Cystathionase, 4 16 
Cystathione, 405,409,410,416 
(4R)-[C2HI]-Cystathione, 410,416 
(4S)-[4-*H1 ]-Cystathione, 410,416 
Cystathione synthase, 405 
y-Cystathione synthase, 409,410 
Cysteine, 405,410,412 
L-Cysteine, 409.410 
Cysteine synthase, 414 
Cystine, 412 
(2RS,3R)-[3-ZHIj-Cystine. 413 
(2RS,3S)-[ 3-2H I 1-Cystine, 4 13 
[3-3H~]-Cystines, 413 

18 
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(3R)-[3-3HI]-Cysteine. 414,415 
(3S)-[3-3HI]-Cysteine, 414,415 

Database construction, 475 
Daylight Chemical Information Systems, 

Decarboxylases, 382 
Decarboxylation, 385,432.434,437.454 
b-Decarboxylation, 383,390 
Decomposition, of oxasphosphetanes, 30, 

Decomposition rate, of oxasphosphetanes, 

Dehydrogenase, 430 
E-Dehydrogenase, L-lysine-, 438 
Dehydrogenation, 405,430,450 
3,CDehydroproline, 434 
De novo design, 468,469,504 
De novo structure generation, 500 
Deoxyuridine monophosphate, 401 
Destabilizing interactions, 143, 192,204, 

205,207,209.21 1,225,232.236,252, 
255.259,260,262,267,275,294,295, 
313,335,336 

484 

34 

36 

Deuterium incorporation, 42 
Dhurin, 449 
Diademane, 364,370 

a.a’-Dialkoxyketone substrates, 104 
a-Dialkylamino acid transaminase, 387 
Diamine oxidase. 437,443 
3.5-Diaminohexanoic acid, 436 
a.E-Diaminopimelate decarboxylase, 437 
(2S,6R)-meso-Diaminopimelic acid, 437 
(2S,6R)-[2,6-2H2]-a.~-Diaminopimelic acid, 

Diamond lattice, 501 
Diastereomers, equilibration. 23,36 
Dibenzophosphole derivatives, 34 
Dibenzophopholes, 55 
Dihydroxyphenylalanine (DOPA), 446 
[3H2]-Diimide, 426 
2,2-Dimethoxyoxane, 227 
p-Dimethylaminopyridine (DMAP), 94 
1,3,2-Dioxaphospholane derivatives, 11 
2.3-Diphenylcyclopropanecarboxaldehyde, 

Dipole moment. 196.494 
Dipole-dipole interactions, 200,227,247, 

Dipole-dipole repulsion. 244 
Dipole-dipole vs hyperconjugative 

ab initio calculations for, 363 

437 

50 

248,250,252 

interactions, and anomeric effect. 250 
Diradical intermediates. 14 
Diradicaloids, P-0 bonded, 145 
I,+Diradicaloids, 121, 127 
DISCO, 502 
DIStance Comparisons, see DISCO 
Distance distribution, 478 
Distance geometry, 476,498 
Distance range, 498 

lower-bounds, 498 
upper-bounds, 498 

Distance screens, 477 
Distance-geometry embedding, 499 
Distances, 477 
cis-Disubstituted oxaphosphetanes, 34.52 
trans-Disubstituted oxaphosphetanes, 34 
trans-Disubstituted oxaphosphetanes, 

thermodynamically more stable. 133 
1,3-Dithianes, 190 
D W ,  see p-Dimethylaminopyridine 

Docked ligands, 491 
Dodecahedrane, 352 
Dodecahedron, 492 
p-d Donation, 277 
Dopamine P-hydroxylase, 446 
Double bond-no bond resonance, 228,250, 

Double bonds, trisubstituted, 95 
Drug Data Reporf 497 

Echinulin, 426 
Edeines, 448 
Edges, 470,475 
Electron charge clouds, 487 
a-Electron delocalization, and anomeric 

Electron densities, 487 
Electron density and anomeric effect. 314 
Electron pair-lone pair repulsions, 331 
Electron transfer (ET) pathway, in Wittig 

Electron transfer, in Wittig reaction, 122 
Electron-density grids, 492 
Electronegativities. 181,212,254,256,267, 

Electronegativity, and anomeric effect, 273 
of OR substituents, 235 

Electrostatic attraction, 214 
Electrostatic effect. 3 10 
Electrostatic interactions, 209,267,220,225, 

DOCK, 486,490,492,494.495.499-501 

303 

effect, 270 

reaction, 121 

274,325 

227,250,267,500.503 



524 SUBJECT INDEX 

Electrostatic interactions (Continued) 

Electrostatic interpretation, of the anomeric 

Embedding search, 499 
Endo anomeric effect, 174,176,179.180, 

182. 183,298,305.327 
Endo anomeric interactions, 180-182 
Energy component analysis, 241 
Energy decomposition scheme, 212 

classical theory, 233 
Energy of bond separation reactions, 203 
Enolizable ketones, 104 
Enthalpic anomeric effect. 192 
Equilibration, cishrans, 55 

in anomeric effect. 242,244 

effect. 227 

diastereomer, 23,36 
oxaphosphetane, 36 

Ergot alkaloids, 450 
Ester stabilized ylide. 34 
Esters, Z:E equilibration of a,P-unsaturated 

thiol, 94 
EtjP=CHCH3,31.143 
( lR) - [  l-ZHl]-Ethanol. 426 
Ethanolamine ammonia lyase, 434 
(2S.3S)-(3-’H1 1-3-Ethylaspartate, 43 1 
Ethylene, 454 
~is-[2,3,-~H~]-EthyIene, 451 
( E ) -  [ 1 .2-’H2]-Ethylene, 4 16 
tran~-[2.3.-~H~I-Ethylene, 45 1 
( Z ) - [  1,2-2H2]-Ethylene, 416 
3-Ethylidene-~-azetidine-(Z)-carboxylate, 

Ethylidenetriphenylphosphorane, 6,9.31 
Ethyl trans-2-phenylglycidate, 6 
2-Ethyltetrahydrofuran. 189 

Euclidean distances, 490 
Exchange repulsion, 232 
Exo anomeric effect, 174,176,178-180. 183. 

186. 187, 189, 191,192. 194,238,327 
Exo anomeric interactions. 180. 181, 197, 

298 
Exothermic oxaphosphetane formation. 12 
[ l-2Hl]-Ethylamine. 416 

FAMILY, 493 
(4.4.4.41 Fenestrane, 36 1 
[5.4.4.4]Fenestrane, 361 
Field-based similarity searching, 488 
Fine Chemicals Directory, 485 
Flexible molecules, representation of. 496 

searching of, 496 
Flexible-query, 496 

426 

EtPhzP=CHCH,, 143 

Flexible searches, 497 
Flexible-searching systems, 496 
Fluorenylidene ylides. 18 
Fluorenylidenetriphenylphosphorane. 18 
(2R)-[2-2H~]-2-Fluorocitric acid. 395 
Formaldehyde, 40 
Formylkynurenine formamidase, 450 
2-Formyltetrahydropyran, 81 
Four-center mechanisms, 13 
Four-center process, 12 
Four-center transition state, 11 
Fourier component analysis, 252 

of the potential function. 244 
Fourier expansion, 227 
Fragment. generation of. 480 
Fragment screens, 472 
Fragment substructures, 472 
Fragment-based similarity measures. 486 
Fragments, 474 

Franck’s factor, 170 
Franck‘s methodology, 167, 172,298 
Fully connected graph. 475 
Fumarase, 399,403.415.448 

for structure design, 500.501 

GABA see y-Aminobutyric acid 

GABA-aminotransferase, 438 
Gauche effect, 240,270 
Gaussian functions, 487 
Geminal delocalization. 271,272 
Geminanes, 357 
[l.l.I]Geminane, 358 
General explanations, of the anomeric 

Generalized anomeric effect. 163,164,214, 

(4R)-14-’HI]-GABA, 440 

effect. 273 

215,219 

GENIE, 484 
Geometric screening, 484 
Geometric searching, 481,498.499 
Geometrical objects, specification, 479 
Geometrically-feasible conformations, 498 
[ I-3H]-D-Glucose, 3% 
Glucose-&phosphate isomerase. 396 
D-Glucose reductase, CDP-4-keto-6-deoxy-, 

(3R)-[3-3H ~j-Glutamate, 432 
(3S)-[3-’H1]-Glutamate, 432 
(2S,3R)-[3-zH1, 3-3HI]-Glutamate, 432 
(2S,3S)-[3-zHl. 3-3Hl]-Glutamate, 432 
(2S,4R)-[4-3HL, 4-*H I ]-Glutamate, 433 
Glutamate decarboxylase, 394 

magnitude of, 172 

388,389 
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L-Glutamate decarboxylase, 387 
Glutamate dehydrogenase, 432 
Glutamate mutase, 433 
Glutamate pyruvate transaminase. 450 
(2S,3S)- [3-2H I I-Glutamates, 434 
Glutamic acid, 432,441 
(2S,3R,4R)-[2,3,4-2H3]-Glutamic acid, 441 
(3S)-[3-’H1]-Glutamic acid, 423 
(3R)-[3-%,, 3-2H~]-Glutamic acid, 433 
(3S)-[3-’H11 3-2H~]-Glutamic acid, 433 
(2R,3~)-[3-2HI]-Glutamic acid, 433 
(2S,3R)-[3-’HI]-Glutamic acid, 432 
(2S,3S)-[3-’H1]-Glutamic acid, 432,433 
(2S34R)-[4-’Hl. 4-2HI]-Glutamic acid, 434 
(2S,4S)-[4-’H, 4-2HI]-Glutamate, 433 
(2S,4S)-[4-’Hl, 4-2HI]-Glutamic acid, 434 
(2S,4S)-[4-’HI]-Glutamic acid, 432 
Glutamic oxaloacetic transaminase, 43 1 
Glyceraldehydephosphate isomerase, 

Glycine. 387,391,450,454 
[2-2H2]-Glycine, 395 
[2-3H2]-Glycine. 395 
[2,2-2H2]-Glycine, 392.394 
[2,2-’H2]-Glycine, 392 
(2R)-[2-2H~]-Glycine, 393-395 
(2S)-[2-2H~]-Glycine, 391,393,394 
(2R)-[2-’H1]-Glycine. 392,394,395 
(2S)-[2-’H1]-Glycine, 387,391,392,394, 

(2S)-[2-2H~2-’H1]-Glycine. 392,395 
(2R)-[2-2H1 ,2-’Hl]-Glycine, 392.395 
[ZHl]-Glycollate. 391 
(2R)-[2-’H I]-Glycollate, 391 
Glycollate oxidase, 391,440 
Glycollic acid, 387,391,440 
(2S)-[2-3H1]-Glycollic acid, 391 
Glycollic oxidase, 387 
Glyoxylic acid, 395 
Graph theory, use of, 470 
Graph, 470 
Graph, edges, 475 
Graph, fully connected, 475 
Graph. nodes, 475 
Graphs, isomorphic, 470 
Graphs, labelled, 470 
GRID, 491,502 
Ground-state compression effect. 298 
GROW, 500,501 

396 

395 

Haemanthamine, 449 
2-Halotetrahydropyrans, 226 
a-Halo-ylides, 142 

Hammett a,p correlations, 132 
Hammond postulate, 290,293 
Hanson, nomenclature, 382 
Hardness, and bond separation reactions, 

Hashing-like scheme, 479 
Heat of formation, 494 
Helvetane, 373 
Heptaprismane, 366 
Hexafluoroacetone, 1 I 
Hexaprismane, 352,366,371,373 
Hexokinase, 396 
Histamine, 443 
(IS)-[ l-’H1 ]-Histamine, 443 
Histamine N-methyltransferase, 442 
Histidine, 441 
(2S,3R)-[3-2HI]-Histidine, 443 
(2S,3S)-[3-2HI ]-Histidine. 443 
Histidine ammonia lyase, 441 
Histidine decarboxylase, 442,443 
Histidinol. 442 
(1S,2S)-[l-2H1]-Histidinol. 442 
Histidinol dehydrogenase, 442 
Hog renal acylase, 399 
HOMO, 494 
Homo level, 16 
trans-tris-a-Homobenzenes, 354,362 
Homocysteine, 405,416,418,420 
L-Homocysteine, 420 
Homomethionine, 420 
(4R)-[4-3H1 1-Homomethionine, 420 
(4S)-[4-’H1 1-Homomethionine, 420 
(5R)-[5-2H~]-Homomethionine, 420 
(5S)-[5-2HI 1-Homomethionine. 420 
Homoserine, 406,417 
(2RS,3S)-[3-2H1]-Homoserine,406 
( ~ R s ~ S ) - [ ~ - ~ H  I 1-Homoserine. 406 
(2S,3R)-[3-2H1]-Homoserine, 406 
(2S,3S)-[3-2H~]-Homoserine. 406 
(3R)-[3-’H1]-Homoserine, 411 
(4R)-[4-2HI]-Homoserine, 409 
(4R)-[4-’H1 ,4-2H1]-Homoserine, 406 
(4S)-[4-2HI]-Homoserine, 409 
(4S)-[4-’HI ,4-*HI]-Homoserine, 406 
(4S)-[4-3HI]-Homoserine, 409 
Homoserine dehydratase, 410 
Homoserine dehydrogenase, 409,410 
Homoserine kinase, 41 1 
(2R,3S)-[2,3-2H2-Homoserine lactone, 453 
(2S,3R)-[2,3-2H2]-Homosenne lactone, 408, 

(2RS,3R,4R )-[3.4-2H2]-Homoserine lactone, 

207 

453 

408 
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(2RS,3S,4S)-[3,4-2H2]-Homoserine lactone, 

(~S,~R)- [~- ’HI  I-Homoserine lactone, 407 
(2S,4S)-/4-2H,/-Homoserine lactone, 407 
Horse liver alcohol dehydrogenase, 393, 423, 

Hydrocarbons. small saturated cage, 355 
Hydrogen bonding, 196, 197, 212,333, 334 
Hydrogen bonds. in MM2, 238 

Hydrogen-bonding geometry, 483 
Hydrogen-bonding interations, 500, 503 
Hydrogenolysk ojcubane, molecular 

Hydrolysis, by synperiplanar pathway, 285 
Hydrophobic interactions, 500. 503 
P-Hydroxyamino acid, 382 
a-Hydroxyketones, 104 
Hydroxy-ylide, 30 
P-Hydroxy-ylide, 42 
y-Hydroxyaldehydes. reactions, 93 
P-Hydroxyisovalerate, 430 
Hydroxylation, 446.449,450 
4-Hydroxylation, 435 
(2S)-Hydroxymethylpropionate. 429 
(2S)-2-Hydroxymethylpropionic acid, 428 
Hydroxymethyltransferase, serine, 387, 391. 

P-Hydroxyphosphonium salts, 9.23.29, 

3-H ydroxyproline, 434 
CHydroxyproline. 434 
(2S,4R)-4-Hydroxyproline, 434 
3-Hydroxyvalines, 423 
Hyperconjugation. negative, 164, 181,203 
Hyperconjugative anomeric interactions, 

Hyperconjugative explanation, origin of 

Hyperconjugative interactions, 197, 199. 

Hyperconjugative nature, of anomeric 

Hyperconjugative origin, of the anomeric 

408 

442, 445 

in MM3,240 

mechanics study, 369 

392,393,401 

30,38,42 

non-competitive, 191 

the anomeric effect, 306 

212.214 

effect, 325 

effect, 182, 183, 199 

(2R)-[3,3,3-2H3 I-Isobutyric acid, 428 
(2S)-[3.3,3-’H3]-Isobutyric acid, 428 
(2S)-[3-13C]-Isobutyric acid, 428 
(2S,3R)-[3-3HI. 3-’HI I-Isobutyric acid, 429 
(2S,3S)-[3-’H1, 3-*H I 1-Isobutyric acid, 429 
[3-3Hl ]-Iswitrate, 432 
(4S)-[4-3H~ I-Isocitrate, 432 

(2S,3S,4S)-[3.4-’H2j-Isoleucine, 426 
(2SJS,4S)-[4-’H I I-Isoleucine, 426,428 
(4R)-[e3H1 1-Isoleucine, 430 
(4S)-[4-’Hl I-Isoleucine, 430 
(2RS,3S,4S)-(e3H I ]-Isolewine, 426 
(2S,3S,4S)-[4-’HI 1-Isoleucine, 428 
(3S)-[4-I3C1 1-Isovalerate. 430 
(2R)-[2-’H1]-1sovaleric acid, 430 
(2S)-[2-’H ~]-Isovaleric acid, 430 
ICI Agrochemicals, 489 
Icosahedron, 492 
Independent betaine generation, 14 
Indole, 449 
Indolmycin, 397,450 
Initial screening procedure, 488 
3p-3d Interaction, 277 
Interactions. destabilizing, 192 
1,2-1nteractions, in Wittig reaction, 136 
1,3-Interactions. in Wittig reaction, 136 
Interatomic angles, 504 
Interatomic distance information, 489 
Interatomic distance matrices, 489,498 
Interatomic distances, 480,482,491, 504 
Interconversion of pseudorotamers, 127 
Inter-point distances, in MACCS-3D. 479 
Interpretation, of the anomeric effect, 

Inverse anomeric effect, 225 
Inverted carbon atoms, 355 
Ionic intermediates, 30 
Ionic mechanisms, in Wittig reaction, 125 
Isobutyric acid, 428 
Isobutyryl COG 428 
Isocitrate, 428 
Isocitrate dehydrogenase. 432 
Isocitrate lyase, 432 
Isocitric acid, 432 
lsodesmic equation, 203 
Isodesmic reaction, 232, 274,275.204 
Isoleucine, 421,426,427 
Isomorphic graphs, 470 
Isomorphism algorithm, 470 
a-Isopropylmalate. 428 
P-Isopropylmalate, 428 
Isoserines, 399 
Isovaleryl-CoA, 430 
Israelane. 373 

225 

Jahn-Teller second-order effect, 273 

a-Ketobutyrate, 410 
(3R)-[3-’H1]-a-Ketobutyrate, 41 1 
(3S)-[ 3-’H 1 1-a-Ketobutyrate, 4 10.4 1 1 
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CDP-4-Keto-6-deoxy-D-glucose reductase, 

a-Ketoglutaric acid, 432 
Ketones, a-alkoxy, 104, 142 

388.389 

a,a’-dialkoxy substrates, 104 
a-hydroxy, 104 
enolizable, 104 
Wittig reactions, 95, 141 

Kinetic anomeric effects, 257,280 
Kinetic control, 13.23 

in Wittig reaction, 3 1.92 
in Wittig synthesis, 38,40 

Kinetic isotope effects (KIE), 132 
Kinetic oxaphosphetane ratios, 55 
Kynurenines, 450 

Labelled graphs, 470 
$-Lactam. 405,413 
Lactate, 404 
Lactate dehydrogenase, 401 
Lederle Laboratories, 476,478 
Leucine, 421,425,427 
(2R.4S)-[5-13C I ]-Leucine, 425 
(2S,4S)-[5-13Cl]-Leucine, 425 
(2RS,4R)-[ 5-I3C I 1 -Leucine, 425 
(2RS,4S)-[5-‘3CI ]-Leucine, 425 
(2S,4R)-[ 5,5,5-ZH3-Leucine, 425 
Lithium halide betaine adducts, 6 
Lithium halide, effect on Wittig 

stereoselectivity. 50 
catalysis of Wittig reactions, 53 

Lithium halides, 32 
Lithium ion catalysis, of Wittig reactions, 

Lithium ion concentration. 54 
Lithium ion effects, in Wittig reaction, 143 

London attraction, 163 
Lone electron pair-lone pair repulsions, 

33 1 
Lone electron pairs, oxygen, 

nonequivalence, 180 
Lone pairs. nonequivalence of, 179 
LUDI. 502.503 
LUMO, 494 
(2S)-[2-2Hl]-Lysine, 438 
(2S)-[2-3Hl 1-Lysine, 438 
(2RS,3R)-[3-ZHI]-Lysine, 435 
(2RS,3S)-[3-’HI I-Lysine, 435 
(2S,6S)-[2,6-3H2]-Lysine, 437 
(3S,5S)-[5-3H1 1-p-Lysine, 437 
(2S,6S)-(G3HI 1-Lysine, 438 
(2S,6R)-[ 6-3H ] -Lysine. 437,438 

70 

LogP, 494 

Lysine 2,3-aminomutase, 436 
Lysine decarboxylase, 440 
L-Lysine decarboxylase, 438,439 
p-Lysine mutase, 436 
L-Lysine-&aminotransferase, 438 
L-Lysine-Ee-dehydrogenase, 438 
a-Lysines, 435 
$-Lysines, 435 
3S-P-Lysine. 436 

MACCS-3D, 479,484,496 
Macromolecular nuclear magnetic 

Macromolecular receptor sites, 490 
Magnitude AE, of the anomeric effect, 

Magnitude of anomeric effect, 172.178, 

Magnitude of anomeric effect AGO,, 166 
Magnitude, of generalized anomeric effect, 

Malic acid, 444,448 
(2S,3R)-[3-2H1]-Malic acid, 399 
(2S,3S)-[2,3-2H2]-Malic acid, 399 
Mandelate esters, 407 
[ l-3H]-D-Mannose, 396 
Mannose-&phosphate isomerase, 396 
Maximal common subgraph, 470 
Maximal-common-subgraph-isomorphism, 

Maximal common substructure (MCS), 473 
Maximal common substructure (MCS) 

MCS, see Maximal common substructure 
MCS search, 474 
Mean atom charge, 494 
MePh2P=CHC02Et, 92 
MePh2P=CHPh, 12 
Metanephrine, 419 
(E)-[2HI]-Methacrylic acid, 429 
(E)-j3-2HI 1-Methacrylic acid, 423 
(Z)-[2H~]-Methac~lic acid, 429 
(Z)-[3-2HI]-Methacrylic acid, 423 
Methacrylyl-CoA, 429 
Methionine, 416 
(2S,4R)-[4-2H~]-Methionine, 417 
(2S,4S)-[4-2H I 1-Methionine, 41 7 
Methionine decarboxylase, 41 8 
Methionine synthase, 419 
[3,4-’H I 1-Methionines, 4 16 
Methyl stabilization energy, 203,208 
p-Methylaspartase, 421,430,431 
(2S,3S)-13-2H~]-3-Methylaspartase, 431 

resonance spectroscopy, 504 

166 

203,206,314,324,325 

172 

47 1 

search, 474 
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[3-2H~ 1-p-Methylaspartate, 433 
p-Methylaspartic acid, 433 
2-Methylcyclohexanone, 104 
2-Methylcyclopentanone, 104 
5,10-Methylenetetrahydrofolate, 394,401 

Methylenetetrahydrofolate. 401 

Methylenetetrahydrofolate. 401 

dehydrogenase, 401 

(6R,llR)-[9.9,1 1-2H3]-5,10- 

(6R,1 lS)-[9,9,1 1-2H3]-5,10- 

5.10-Methylenetetrahydrofolate 

Methylenetetrahydrofolate reductase, 402 
5,1O-Methylenetetrahydrofolic acid, 400, 

3-Methyl-glutaconyl-CoA hydratase, 430 
a-Methylglutamate, 387 
Methylmalonate semialdehyde, 429 
Methylmethionine, 420 
(Methyl-R )-[methyL3H1, ZHl 1-Methionine, 

(Methyl-S)-[methyl-3HI, 2Hl 1-Methionine, 

(5R-Methyl-'Hl, 'HI)-5- 

(5S-Methyl-3Hl, 2Hl)-5- 

5-Methyltetrahydrofolic acid, 402 
Mevalonic acid, 426 
MNDO, 127 
Moderated ylides. 6,9 
MODSMI, 500 
Molar refractivity, 494 
3-D Molecules, conformationally-flexible, 

Molecular biology, 504 
Molecular electrostatic potentials, 487 
Molecular graphics, 482 
Molecular graphs, 501 
Molecular mechanics, 355.363-365.476 

calculations, and anomeric effect, 233 
of cubane hydrogenolysis, 369 

Molecular modelling, 468,469,482 
Molecular shape, 487 
Molecular similarity, molecular-modelling 

quantum-mechanical procedures, 486 

402 

418 

418 

methyltetrahydrofolate, 419 

methyltetrahydrofolate, 4 19 

469 

procedures, 486 

Molecular templates, 501 
Molecular topology, 470 
Molecular volume, 487 
Monoamine oxidase. 450 
Monte-Carlo procedure, 488 
MOVE theory, 274 

Multiple isomorphisms. 481 
Mycelianamide, 449 

NADH, 442 
NADPH, 427 
Natural bond orbital (NBO) analysis, 265 
NBO analysis, 305 
Negative hyperconjugation, 164, 181,203 
NMR analysis, 490 

'H, 18 
I3C, 16 
3IP, 11,22 

NMR data, oxaphosphetanes, 22 
Nocardicin, 405 
Nocardicin 4 418 
Nodes, 470,475 

adjacent, 470 
Nomenclature, of Hanson, 382 
Non-competitive hyperconjugative 

anomeric interactions, 191 
Nonequivalence, of lone electron pairs, 257 

of oxygen lone electron pairs, 180,243, 
257,258,305,322 

Nonstabilized ylide reactions, 2 
Nonstabilized ylides, 9.45, 55, 56 
NP-complete problem, 472 
NP-complete, 473 
Nuclear magnetic resonance (NMR), 468 

Octabisvalene, 365,368, 370 
Olefinations, acyl silane, 120 
One-directionality, of anomeric effect, 182 

Origin of the anomeric effect, 196,225 
Omithine, 439 
(2RS,5R)-[5-3H']-0mithine, 439 
(2RS,5S)-(5-3Hl 1-Omithine, 439 
L-Omithine aminotransferase, 440 
Omithine Gaminotransferase, 438 
Omithine decarboxylase, 440 
L-Omithine decarboxylase, 440 
Overlap repulsion, 232,262,295,336 
(3S)-[3-'H ~]-Oxaloacetic acid, 43 1 
Oxaphosphetane, 2 
Oxaphosphetane ratios, kinetic, 55 
Oxaphosphetanes, 11 

characterization, 19 
cis-disubstituted, 34, 52 
crystal structures, 19 
decomposition, 10,23.29, 30.34 
equilibration, 30,36 
exothermic formation, 12 

of anomeric interactions, 183 
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NMR data, 22 
stable, 11, 19 
trans-disubstituted, 34 

Oxaphospholanes, 22 
Oxido-ylides. 30,40,42,44, 107 

reactions, 38 
fl-Oxido-ylides, 38, 107 
y-Oxido-ylides, 33 
Oxygen lone electron pairs, stabilizing 

Oxygen lone pairs, nonequivalence, 243 

[ 1.1.1. lIPaddlane, 361 
[2.2.2.2]Paddlane, 352,361 
[n.2.2.2]Paddlanes, 361 
Pantolactone, 394,424 
D-Pantolactone, 401 
Pantotheine 4’-phosphate, 416 
Partial anomeric effects, 175,206 
Path-lengths, 490 
Penicillin, 412,413,423,424 
Pentacoordinated phosphorus, 31P NMR, 

Pentaprismane, 352,366,370,373 
Pentavalent phosphorus, 4,22,129 
Pentylidenetrip henylphosphorane, 42 
Peptide structural mimics. 480 
Perlin effect 318.319 
Perturbational molecular orbital (PMO) 

approach, 252 
Pfizer Central Research, 478 
PhzMeP=CHPh, 70 
Ph3P(+)-CH2Li, 17 

interactions, 264 

19 

Ph3P=C(CH3)28,132 
Ph3P=C(CH3)CO2R”, 93.94.141 
Ph3P=CH2,16-18 
Ph3P=CHCH=CH2,12,118 
PhjP=CHCH,. 9,12,16,38 
PhjP=CHCH3,see also 

Ethylidenetriphenylphosphorane 
Ph3P=CHC,H,, 50,69 
Ph3P=CHCH(OC2H5)2. 118 
Ph3P=CHCH2N(CH3)2.118 
Ph3P=CHCHO, 94, 141 
Ph,P=CHCN, 92 
Ph3P=CHC(O)CH3,93,94 
Ph3P=CHC(O)R, 14 
Ph3P=CHC02CH~CH~,10,14,81,92,138 
Ph3P=CHI, 142 
Ph,P=CHPh. 12,69, 132 
Ph3P=CMe2, 16,106 
Pharmacophore hypothesis, 468 

Pharmacophore mapping, 484,503,505 
Pharmacophore maps, 470 

automated generation of, 502 
Pharmacophore modeling, 502 
Pharmacophores, 477,483,481 
Pharmacophoric pattern, 477,478,484,496, 

Pharmacophoric pattern search, 497 
Phenol lyase, tyrosine, 448 
Phenylalanine, 443 
(2R,3R)-[2,3-2H2]-Phenylalanine, 445 
(2RS,3R)-[3-2H1]-Phenylalanine, 445 
(2RS.3S)-(3-2H1 1-Phenylalanine, 445 
(3R)-[3-’H1]-Phenylalanine, 445 
(3S)-[3-2H1]-Phenylalanine. 445 
Phenylalanine ammonia lyase, 445 
Phenylalanine hydroxylase, 449 
(IS)-[ l-2HI]-2-Phenylethanol, 397 
Phenylethylamine, 446 
[ 1,1-2Hz]-2-Phenylethylamine, 397 
(2S,3R)-[2,3-2H2]-3-Phenylpropionic acid, 

Phenylpyruvate tautomerase, 446 
(*HI 1-Phosphaditylethanolamine. 405 
Phosphaditylserine, 405 
Phosphaditylserine decarboxylase, 405 
Phosphofructose kinase. 3% 
(2R,3R)-3-Phosphoglyceric acid, 396,397 
(2R.3S)-3-Phosphoglyceric acid, 3%. 397 
(2R,3R)-[3-3H I 1-3-Phosphoglyceric acid, 

(2R,3S)-[3-3H1 1-3-Phosphoglyceric acid, 

Phosphole reagents, 104 
Phospholes, 92 
Phosphonium salt pKas, 15 
Phosphopantothenoylcysteine, 415 
Phosphorus ligand effects, 54 
Phosphorus, pentacoordinated, ’lP NMR 

Phosphorus ylides, 4 
characteristics, 14 

3-Phosphoserines, 3% 
Photoelectron ionization potentials of 

selected ylides, 15 
Photoelectron spectra (PES), 15 
(5R)-[5-2H 1 ]-N-Phthaloyl-5-aminovaleric 

A1-Piperideine-6-carboxylate, 438 
pKa values, of phosphonium salts, 14,15 
Planar cyclohexane ring, 354,362 
“Planar methane” problem, 355,360 

498 

445 

396 

396 

19 

acid, 437 
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PLP. see Pyridoxal phosphate 
PMP, 387,390 
P-0 bonded diradicaloids, 145 
P-0 bonded zwitterions, 121 
Porphobilinogen, 392 
Potential function, Fourier component 

analysis, 244 
Potential ligands, 501 
PPC decarboxylase, 416 
Prephenic acid, 443 
Principal components analysis, 488 
[7]Prismane, 372,373 
181 Prismane. 372 
[12]Prismane, 373 
[nIPrismanes, 366.372 
Proline, 434 
( Z S , ~ I Z ) - [ ~ - ~ H  I ]-Proline, 435 
(2S,3S,4R)-[3,4-3H2]-Proline. 435 
(2S,4R)-14-2H~]-Proline. 434 
(2S,4S)-[4-2H, ]-Proline, 434 
(2S,4R)-[e3H ]-Proline, 434 
(2S,4S)-[4-3Hl ]-Proline, 434 
(5R)-[5-2H I]-Proline, 435 
(5S)-[5-2H~ ]-Proline, 435 
Propargylic ylides, 118 
Propellane, 240 
[1.1.1]Propellane, 352,355,356 
[2.2.2]Propellane, 355 
[2.2.2]Propellane, bond lengths in, 356 
Propellanes, small-ring, 355 
Propella[34]prismane. 369 
(2R)-[2-2H~]-Propionate, 41 1 
(2S)-[2-2HI]-Propionate, 409 
Protein crystallography, 468.504 
Protein Data Bank. 476 
Protic solvents. 12 
Proton affinities, 198,283 

ab  initio studies, 175 
Prunacin, 449 
Pseudorotamers, 42 
Pseudorotamers, interconversion of, 127 
Pseudorotation, 42, 127, 145 
Putrescine, 440 
( lR)-[ I-’HI I-Putrescine, 440 
(lS)-[l-2HI]-Putrescine, 440 
Pyramidal carbon atom, 355,359 
Pyramidal inversion. 18 
Pyramidane, 360 
Pyridoxal phosphate (PLP). 382,387.390 
Pyridoxal, 382 
Pyridoxamine, 382,386,387,389,390 
[4.4-2H~]-Pyridoxamine, 386 
(4’R)-[4’-’H1 1-Pyridoxamine, 388 

(4’S)-[4‘-2H~]-Pyridoxamine, 386 
(4‘R)-[4‘-3HI]-Pyridoxamine, 388 
(4’S)-[4’-)HI 1-Pyridoxamine, 388 
Pyridoxamine phosphate, 382.388.390 
(4‘R)-[43H1]-Pyridoxamine phosphate, 387 
(4‘S)-[4-3H1 1-Pyridoxamine phosphate, 387 
Pyridoxamine-5-phosphate oxidase, 390 
Pyridoxamine-pyruvate transaminase, 387, 

390 
Pyrocatechol, 446 
Pyruvate, 404 
[3-’HI ,3-3H~]-Pyruvate, 448 
[3-’HI ,3-3H1 1-Pyruvates, 415 

Quantitative activity prediction, 503 
Quantum chemical approaches, to 

conformation, 240 
Quantum mechanics, 476 
Quasi-homo-anomeric stabilization effect, 

Quinaldic acid, 419 
264 

Rabbit ear effect, 189,205,228,232,295,336 
Radical anion clock experiments, 133 
Radical anion clocks, 125 
Radical anion intermediates, in Wittig 

Radical cation. 125 
Radical ion pair collapse, rate-determining, 

Radical ion pairs, 121 
Rate-determining radical ion pair collapse. 

Rationalization by PMO theory, 302 
Reaction coordinate diagrams, 12 
Reaction profile diagram, 2 
Reaction-database systems, 474 
Reactivity-selectivity principle (RSP), 133 
Refinement procedure, 482 
Registration, 471 
Representation and searching of flexible 

Representative low-energy conformations, 

Repulsive interaction, of di, 235,295, 303. 

Resonance, double bond-no bond, 228,250 
Reticuline, 419 
Retrieval systems, for chemical structures, 

Retro-Wittig cleavage, 9.10.33 
Retro-Wittig process, 29 
Retro-Wittig reaction, 34 

reaction, 123 

132 

132 

molecules, 496 

497 

327,330 

469 
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Retroaldol cleavage, 382 
Retroaldol reactions. 385 
Reverse anomeric effect, 167,180,203,209, 

Rigid 3-D searching, 498 
Rigid searches, 497 
Rigid-searching systems, 496 
Ring inversion, barrier. 227 
Rotamers, ylide, 141 
Rotational barriers, 242 

Rule-based confomational-expansion, 497 

212,214-220.223.259,285,288,307,324 

and anomeric effect, 296 

Saccharomyces cerpvisiae, 393 
Salt-free betaine intermediate, 121 
Saturated cage compounds, CsH8, 368 
Saturation, of anomeric effect, 169 
Scoulerine, 419 
Screen searching, 472.477 
Screen set, 472 
Screen-set selection, 479 
Screening search, 499 
Screening 477,478,498 
Screenout, 472 
Screens, 497 
Search, similarity, 469,471 
Search, substructure, 469,471 
Secohexaprismane, 371 
Securinine, 449 
(E)-Selective alkene synthesis, 55 
(EFSelective reactions, 76 
Z-Selective olefinations, 6 
(E)-Selectivity, in Wittig reactions, 92 
Serine, 387,390,395,449 
D-Serine, 399 
L-Serine, 385 
(2R,3R)-[2.3-’H2]-Serine, 400 
(2S,3R)-[2,3-2H2]-Serine, 399 
(2S,3S)-[2,3-2H2]-Serine, 398 
(2S)-[2,3,3-2H3]-Serine, 399 
(3R)-[3-2Hl 1-Serine. 448 
(3S)-[ 3-2H 1 ] -Serine, 448 
(2R,3S)-[3-2HI]-Serine, 400 
(2S.3S)-[3-2H~]-Serine. 399,401 
(2RS,3S)-[3-2H1 1-Serine, 397 
(3R)-13-2H,.3-3H1 ISerine, 402 
(3S)-[3-2Hl,3-3HI]-Serine, 402 
(2S,3R)-[3-2H1.3-3H~]-Serine, 397,401,403 
(2S,3S)-(3-2Hl,3-3Hl]-Serine, 397,401,403 
(3R)-(3-3H~]-Serine, 405 
(3S)-[3-% 1 1-Serine, 405 
(2S,3R)-[3-3Hl]-Serine, 397,405 
(2$3S)-[3-3H1]-Serine, 397,405 

(2S3R)-[3-2H1 1-Serines, 398,401 
Serine acetate, 414 
D-Serine dehydratase, 41 1 
Serine hydroxymethyltransferase, 385,387. 

Set-reduction algorithm, 48 1 
Shikimic acid pathway, 443 
Showdomycin, 434 
Similarity searching, 469,471,473 

391,392,393,401,402,454 

effectiveness of, 486 
efficiency of, 486 
field-based, 488 

3-D Similarity searching, 486 
Sinefungin, 440 
Sinigrin, 420 
Small saturated cage hydrocarbons, 355 
Small-ring propellanes, 355 
SMARTS, 484 
SMILES, 484 
Sodium diphenylphosphide, 9 
SOLON, 478,479,483 
Solvent compression effect, 199 
Solvent dependence of Z:E ratios, 81 
Solvent effects, 221 
Solvent effects, in Wittig reactions, 11, 122, 

Solvent polarity, 238 
Solvent studies, 220,324 
Solvent-induced anomeric effect, 228 
Sombunigrin, 449 
Source, of the anomeric effect, 235 
Spacer skeletons, 501 
Spatial structures, unusual, 351 
Spectral-database systems, 474 
Spectroscopic implications of the anomeric 

SPERM, 488,490,492,494.495 
Spermidine, 418 
Spheres, representing ligands, 491 
Sporidesmin, 450 
Stability, of transition states, 223 
Stabilization energy, methyl, 203 
Stabilization energy, thermodynamic, 208 
Stabilized ylides. 138 
Stabilizing interactions, of oxygen lone 

Stable oxaphosphetanes, 11,19 
Standard Drug File, 497 
Stereochemical equilibration, 6 
Stereochemical equilibration, of Wittig 

Stereoelectronic control, 280,285,289,293 
Stereoelectronic control, theory, 280 

140 

effect, 3 16 

electron pairs, 264 

intermediates, 22 
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Stereoelectronic effect. 280 
Stereospecific oxaphosphetane 

decomposition, 23 
Steric constraints, 500 
Steric similarities, 487 
Strained hydrocarbons, synthesis, 35 1 
Strained hydrocarbons, theoretical and 

Streptomyces amakusaensis, 394 
Streptothricin, 436 
Structure correlation method, 187,305 
Structure generation, 469 
Structure search, 471 
Structure searching, 47 1 
Subgraph isomorphism algorithms, 481 
Subgraph, 470 
Subgraph, common, 470 
Subgraph, maximal common, 470 
Subgraph-isomorphism, 471,472,477,481 
Substructure searching, 469,471,472,475, 

Substructure searching, 3-D, 494 
Succinate. 441 
(2R)-(2-2Hl]-Succinate, 433 
(2S)-[2-3HI]-Succinate, 436 
Succinate dehydrogenase, 441 
Succinic acid, 433,436 
12H1 1-Succinic acid, 444 
0-Succinyl-L-homoserine, 409 
0-Succinylhomoserine, 410 
(4R)-[4-2H~]-O-Succinylhomoserine, 410 
(4s)-['b2Hl 1-0-Succinylhomoserine, 410 
Superjacent orbital control, 259 
Superpositioning by PERMutations, see 

SPERM 
Symbolic logic, 476 
Syn betaines, 45 
Synperiplanar lone pair pathway, 285 
Synperiplanar pathway, 293 

Taxiphillin, 449 
Template-joining, 501 
Tetracyclo[8.2.0z5.0~9]dodecane. 363 
Tetrahedrane, 366 
Tetrahydrofolate, 5,10-methylene, 394 
Tetrahydrofolic acid, 400 

5,10-methylene, 402 
5-methyl, 402 

Tetrahydrophospholes, 55 
Tetrasubstituted alkene synthesis, 106 
Theoretical considerations, in Wittig 

experimental results, 354 

496 

reaction, 127 

Theory, of stereoelectronic control, 280 
Thermodynamic stabilization energy (SE), 

208,209 
Thiostrepton, 419 
Threonine, 406 
D-Threonine, 41 1 
L-Threonine, 385,410 
[3-2Hl 1-L-Threonine, 428 
Threonine dehydratase, 41 1.428 
Threonine synthase, 41 1 
Through bond interactions, 276 
Through space interactions. 191,276 
Thymidine, 401 
Thymidylate synthase, 402 
Tiglic acid, 430 
Topological similarity measures, 487 
Torsions, 504 
Transaminase, a-dialkylamino acid, 387 

apoaspartate, 387 
pyridoxamine-pyruvate, 387,390 

Transaminases, 386 
Transamination, 385,387,389,390,428. 

Transient intermediates. 12 
Transition state desolvation, 138 
Transition states, stability of, 223 
Triangle inequality, 498 
syn-Tricycl0[4.2.0.d~~]octa-3,7-diene, 369 
cis-Tricyclooctane. 364 
trans-Tricyclooctane, 364 
Trigonal bipyramid, 19 
Trigonal bipyramidal phosphorus, 22 
Triosephosphate isomerase, 396 
Triphenylphosphine, 6 
Trippett-Jones experiment. 12 
Triprismane, 351,366,367 
Triprismane, QC for, 367 
Tripropellacyclohexane, 373 
(E)-Trisubstituted alkene formation, 104 
Trisubstituted alkenes, synthesis, 38,40, 

Trisubstituted double bonds, 95 
Tropic acid, 449 
Truncated tetradehrane, 371,373 
Tryptamine, 450 
Tryptophan, 397,402,403,443,449 
L-Tryptophan, 387,388 
(3R)-[3-3H1 ]-Tryptophan, 450 
(3S)-[3fHl]-Tryptophan, 450 
Tryptophan dioxygenase, 450 
Tryptophan synthase, 387,390,402-404, 

432 

41 

414.449 
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Tryptophanase, 390,403,404 
Tuberin, 394 
o-Transamination, 440 
Two-step mechanism, Wittig reaction, 12 
Qramine, 446 
Tyrosine, 390,405,443 
@-Vrosine, 448 
(2S.3R)-[3-*H1]-Tyrosine. 448 
(2SR,3SR)-[2,3-2H2]-%osine, 448 
(2S,3R)-(3-ZHI j-ortho-Tyosine, 445 
Tyrosine ammonia lyase, 446 
D-Tyrosine, rneta-chloro-@-hydroxy-, 449 
Qrosine decarboxylase, 390,446,450 
Tyrosine phenol lyase, 404,446,448 

Ugi turnstile mechanism, 127 
Ullmann algorithm, 481 

refinement procedure, 482 
a,@-Unsaturated thiol esters, Z:E 

Unusual spatial structure, 351 
Urocanate, 441 
Urocanic acid, 441 

equilibration, 94 

Valence-angle screens, 478 
Valine,411,421,427 
[4-I3C]-Valine, 423 
(2RS,3S)-[4-13C1]-Valine, 425 
(2S,3S)-[413C]-Va1ine, 421 
(3R,4R)-[4-2H ,e3H I]-Valine, 423 
(3R,4S)-[4-2Hl ,4-3Hl I-Valine, 423 
(2RS,3S)-[4,4,4-2H3]-Valine, 423 
(2S,3R)-[4,4,4-2H3]-Valine, 421 
(2S,3S)-[4,4,4-2H3 1-Valine, 421 
van der Waals’ radii, 498 
van der Waals’ surface area, 494 
Vancomycin, 449 
Vertices, 470 
Vicinal delocalization, 271 
Vinylglycine, 4 10 
(E)-[3,4-2H2]-Vinylglycine, 410 
(E)-[3,4-*H41-Vinylglycine, 410 
(Z )- [e2H I ] -Vinylglycine, 4 10 
Vinylogous anomeric effect, 165 
Virginiamycin M, 435 
Virginiamycin MI, 405 
Vitamin B,, see m d o x a l  phosphate, 382 
Vitamin K, 434 

Wintersteiner’s acid, 449 
Wittig intermediates, stereochemical 

equilibration, 22 

Wittig reaction, computational methods 
in, 127 

effect of Lewis acids, 50 
electron transfer in, 121 
of ketones, 95 
kinetic control, 31 
Lewis acid catalysis, 143 
Li’ catalysis, 52 
mechanistic considerations, 120 
(E)-selectivity, 92 
transition state models, 145 
transition states, 132 

Wittig stereoselectivity, effect of Lewis 
acids, 50 

X-Ray crystal structure, 496 
X-ray crystallography, 475 
X-Ray data, for oxaphosphetanes, 19 

Yeast alcohol dehydrogenase, 401,406 
Ylide, hydroxy, 30 

Ylide bond lengths, 18 
Mide reactions, nonstabilized, 2 

with ketones, 95 
Mide rotamers, 141 
Mides, a-alkoxy, 107 

a-alkylthio, 107 
alkoxide, 107 
allylic, 61 
anionic @-amido, 107 
anionic carboxylate, 107 
benzylic, 61 
betaine, 38 
@-branched, 50 
carbonyl-stabilized, 2,9,31,76 
crystal structures, 18 
ester stabilized, 34 
fluorenylidene, 18 
@-hydroxy, 42 
moderated, 6,9 
nonstabilized, 9,11,45 
oxido, 38,40,42,44,107 

oxido, 30 

fl-oxido, 107 
y-oxido, 33 
propargylic. 118, 120 
stabilized, 138 

esters, 94 
Z E  Equilibration of a$-unsaturated thiol 

Zwitterion, P-0 bonded, 121 
Zwitterionic intermediates, 14 
Zwitterions, 42,145 
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