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Preface

Over the last few years, click chemistry has taken a dramatic upturn. Since K. Barry
Sharpless defined click chemistry as a “set of powerful, highly reliable, and selective
reactions for the rapid synthesis of useful new compounds and combinatorial libraries”
in 2001, many researchers have recognized the power of this conceptual framework. It
was recognized early on that click chemistry is not limited to a specific type of reaction,
but stands for a synthetic concept that is built on common reaction trajectories, rather
than common reaction mechanisms. As a specific example of a click reaction, Sharpless
suggested the copper-catalyzed Huisgen’s 1,3-dipolar cycloaddition of azides and terminal
alkynes, which has now been used for a wide range of different applications. The area of
click chemistry is a highly creative area of research, which has literally exploded over the
last few years.

While the concept of click chemistry might have initially been introduced with a firm
eye on drug discovery, its applications to materials synthesis and biotechnology have been
a startling success story. Thus, as I look ahead toward the advances coming from click
chemistry in the next decade, some of the most promising applications are related to
materials science and biotechnology. With this book, it is my intention to share some of the
excitement surrounding click chemistry by describing the most recent progress with respect
to (i) the development of a conceptual framework of click chemistry, (ii) its application to
the precise design and synthesis of macromolecules, and (iii) its numerous applications in
materials science and biotechnology.

Chapter 1 offers an introduction of the concept of click chemistry and its potential value as
a universal ligation strategy for materials science and biotechnology. In the following three
chapters, synthetic capabilities and limitations of click chemistry are discussed. Schilling,
Jung and Bräse describe common synthons for click chemistry, while Baskin and Bertozzi
review recent progress in the rapidly emerging field of copper-free click chemistry. In
addition, Broyer, Kolodziej and Maynard describe a very exciting sub group of reactions
involving oxime chemistry.

Chapters 5 to 8 outline the versatility of click chemistry for the synthesis of a range of
different materials. Starting from the use of click chemistry for polymer synthesis (Lutz
and Sumerlin), the journey takes us to the more complex branched polymer structures
highlighted by Sinwell, Inglis, Stenzel and Barner-Kowollik. In chapter 7, Sachsenhofer
and Binder review supramolecular materials prepared via click chemistry. This extensive
survey of recent progress in this very exciting field is nicely complemented by a chapter on
dendrimer-related click reactions authored by McNerny, Mullen, Majoros, Banaszak Holl,
and Baker Jr (Chapter 8).

An interesting feature of Diels–Alder cycloadditions is their potential to be reversible.
In chapter 9 Peterson and Palmese demonstrate that this is a very attractive property,

xiii
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xiv Preface

when designing multifunction polymer networks. Moving from polymers to biohybrid and
nanomaterials, chapters 10 and 11 authored by Kitto, Lauko, Rutijes and Rowan and van
Berkel, Nijhuis, Löwik and van Hest, respectively, highlight truly emerging applications of
click chemistry at the boundary of organic chemistry.

This synthesis-focused section of the book is followed by five chapters that describe
potential applications of click chemistry in a wide range of important materials and biotech-
nology areas. In chapter 12, the use of click chemistry for surface engineering is described
with a clear focus on biotechnological applications. This chapter is complemented by chap-
ter 13, authored by Dieterich and Link, which surveys recent progress with the use of click
chemistry for protein engineering. In chapter 14, LeDroumaguet and Wang describe the
benefits of fluorogenic Huisgen’s 1,3-dipolar cycloaddition reactions for bioconjugation.
This section of the book is concluded by a comprehensive review of recent work in the area
of biofunctionalization provided by Schilling, Jung and Bräse. Finally, in chapter 16, Luo,
Kim, and Jen highlight unusual electro-optic properties enabled by Diels–Alder reactions
of polymers and dendrimers.

When I initially decided to write a book about click chemistry for materials science
and biotechnology, it was my main goal to share with a broader readership some of
the excitement that was so apparent in discussions with colleagues at conferences and
elsewhere. Thanks to my co-authors who have, in 16 loosely-connected chapters, provided
a comprehensive view on this rapidly emerging field, I truly feel that this book has delivered
on its mission.

Joerg Lahann
Michigan, April 2009
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1
Click Chemistry: A Universal

Ligation Strategy for Biotechnology
and Materials Science

Joerg Lahann

1.1 Introduction

Current advances in our understanding of molecular biology, microelectronics and sensorics
have fueled an increased need for tightly defined structural materials and surfaces. 1 The
controlled synthesis of such materials, however, imposes major challenges. Moreover, man-
made materials have struggled to achieve the superb structural and functional properties of
natural macromolecules, such as proteins, DNA or sugars. Recognizing these limitations,
researchers in the materials and polymer sciences as well as in biotechnology have been
continuously searching for well-defined ligation strategies that can be effectively used in the
presence of a wide range of different functional groups typically encountered in these fields.
Key requirements for successful ligation strategies include high selectivity, orthogonality to
other functional groups, compatibility with water and other protic solvents and, of course,
close-to-quantitative yields. To find improved ligation reactions, materials scientists and
biotechnologists have increasingly turned towards advanced synthetic organic concepts.
In this respect, the most powerful example is undoubtedly the acceptance of the click
chemistry concept by the materials science community2–8 since the first reports on the use
of click chemistry for materials science, which appeared as recently as 2004.9

In his landmark review published in 2001, Sharpless and coworkers defined click chem-
istry as a ‘set of powerful, highly reliable, and selective reactions for the rapid synthesis
of useful new compounds and combinatorial libraries.’10 Click reactions are driven by a

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
C© 2009 John Wiley & Sons, Ltd



P1: OTA/XYZ P2: ABC

c01 JWBK375-Lahann August 12, 2009 17:39 Printer: Yet to come

2 Click Chemistry for Biotechnology and Materials Science

high thermodynamic driving force (>20 kcal mol−1), which is typically associated with the
formation of carbon–heteroatom bonds. Click chemistry is not limited to a specific type of
reaction, but stands for a synthetic philosophy that comprises of a range of reactions, with
different reaction mechanisms but common reaction trajectories. The prime example of a
click reaction is the copper-catalyzed Huisgen’s 1,3-dipolar cycloaddition of azides and
terminal alkynes.10,11 This reaction is regioselective, forming only 1,4-substituted prod-
ucts, is insensitive to the solvent, and can be performed at room temperature. Moreover,
it proceeds with high yields and is about 107 times faster than the uncatalyzed reaction.
Another important aspect of the success of this reaction pertaining to materials science and
biotechnology is that the starting materials, azides and terminal alkynes, are exceptionally
stable and can be introduced in a wide range of macromolecules.

Ever since these initial publications, the area of click chemistry has turned into a highly
productive area of research with exponential growth over the last few years. A literature
search12 indicated more than 600 papers and more than 10 000 citations in 2008 that were
associated with the term ‘click chemistry’. This compares with only about 100 papers and
less than 1000 citations in 2005. Interestingly, Sharpless initially introduced the concept of
click chemistry with a clear focus on drug discovery. While researchers in the drug discovery
field still appear to be somewhat hesitant towards click chemistry, 13 the applicability of click
chemistry towards materials science, polymer chemistry and biotechnology has been an
astonishing success story, underlining the readiness of these fields for well-defined chemical
reactions with the exact reaction profiles developed under the click chemistry framework.
In a recent review, Wang and coworkers reported that only 14% of the papers published
on click chemistry are actually related to drug discovery, while two-thirds of the click
chemistry papers fall into the broad categories of materials science and biotechnology.13

1.2 Selected Examples of Click Reactions in Materials Science
and Biotechnology

The value of click chemistry for materials synthesis possibly becomes most apparent in the
area of polymer chemistry and several recent reviews have described the use of Cu-catalyzed
azide–alkyne cycloaddition (CuAAC) for the synthesis of dendritic, branched, linear and
cyclic co-polymers.5–7, 14 Hawker, Sharpless, Fokin and coworkers first introduced CuAAC
reaction to polymer chemists for dendrimer synthesis. 9 Triazole-based dendrons were
divergently synthesized via CuAAC reaction. These dendrons were then anchored to a
variety of polyacetylene cores to generate dendrimers. Since then, the CuAAC reaction has
been widely employed to synthesize or modify various dendrimers. 15,16

The remarkable functional group tolerance of click reactions enables the facile in-
troduction of reactive groups such as hydroxyl and carboxyl through conventional pre-
polymerization modification17,18 or post-polymerization modification.19 Thus, click re-
actions have been employed in combination with living polymerization techniques, such
as ring-opening polymerization (ROP), ring-opening metathesis polymerization (ROMP),
cationic polymerization, nitric oxide-mediated radical polymerization (NMP), atom trans-
fer radical polymerization (ATRP) and reversible addition fragmentation chain transfer
polymerization (RAFT).
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Scheme 1.1 List of widely exploited chemical reactions that fall within the framework of click
chemistry.
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One of the biggest strengths of click chemistry is its utility in conjunction with one
or more of these polymerization methods, thus offering a facile access to a broad range
of polymeric materials that would be difficult to prepare otherwise. For example, various
functional groups (such as carboxyl, olefin and amine groups) were attached to polymers
prepared by ATRP and modified by immobilization of biomolecules.20–22 Beyond synthesis
and modifications of functionalized polymers, click reactions have played an important role
in the cross-linking of polymeric materials. One such example is the appearance of cross-
linked polymeric adhesives synthesized from polyvalent azide and alkyne building blocks,
owing their adhesiveness to the strong affinity of triazoles for metal ions and surfaces. 23

In yet another example, poly(vinyl alcohol)-based hydrogels were synthesized by mixing
azido-appended PVA and acetylene-appended PVA in the presence of a Cu(I) catalyst.24

The controlled decoration of surfaces and design of biointerfaces are other obvious
strongholds of click chemistry. Taking advantage of either Huisgen’s 1,3-dipolar cycload-
dition or Diels–Alder reaction, several advances were made with respect to the preparation
of SAMs containing azido groups on well-defined electrode surfaces and subsequent re-
action with ethynylferrocene or propynoneferrocene.25 Moreover, well-defined surface
arrays of acetylene-containing oligonucleotides were immobilized via CuAAC reaction
onto azide-functionalized SAMs on gold.26 This chemistry was unaffected by deactivation
due to electrophiles or nucleophiles and showed remarkable stability against hydrolysis.
Similarly, CuAAC reaction of acetylenyl-terminated SAMs and azide compounds was used
as a versatile tool for tailoring surface functionalities under mild conditions. 27 In a universal
surface modification approach, alkyne-containing vapor-deposited polymer coatings were
shown to possess remarkable reactivity towards azide-functionalized moieties.28 These re-
active coatings, poly(4-ethynyl-p-xylylene-co-p-xylylene), were applied to a wide range of
substrates using chemical vapor deposition and modified by subsequent spatially directed
CuAAC reaction.

Among the more interesting examples is the application of the CuAAC reaction to-
wards chemical functionalization of nanomaterials, such as single-walled carbon nanotubes
(SWNT).29 In this case, alkyne groups introduced onto the surface of the SWNTs offered
a route towards highly specific post-modification. This method granted a greater amount
of control on the orientation and the density of the polymer attached to the surface of
the nanotube, while reducing the risk of side reactions. Similarly, Diels–Alder reactions
were used for selective modification of carbon nanotubes. For instance, o-quinodimethane
was directly coupled to SWNTs with the help of microwave irradiation.30 These reactions
open up possibilities for enhancing the solubility of carbon nanotubes, as needed in several
technological applications.

To take the application of click chemistry even a notch higher, click reactions have
been recently proposed for covalent labeling in living systems, such as cells or tis-
sue.31,32 If biomolecules expressed within cells could be fluorescently labeled, their destiny
could be tracked in real time. Moreover, important metabolic studies could be conducted
in vitro or potentially even in vivo. For such concepts to become a reality, the reactions
used for covalent labeling must not only fulfill the criteria of an efficient click reac-
tion, such as high yields, selectivity and compatibility with an aqueous environment, but
also must be bio-orthogonal. The latter refers to the necessity of exploiting reactants that
are ‘non-interacting towards the functionalities present in biological systems’. 33 Important
bio-orthogonal click reactions, including Staudinger ligation34 and strain-promoted [3 + 2]
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heterocycloadditions,35 have been proven to be effective reactions for protein labeling in
living biological systems.

From these few selected examples, it is already apparent why click reactions have been
so popular and successful for the synthesis and modification of macromolecules. The need
to effectively decorate biomaterials and biointerfaces, the ability to drive covalent reactions
inside living organisms and the promise of constructing large macromolecules through
complimentary junctions present in their constituents will be important technology drivers
for decades to come.

1.3 Potential Limitations of Click Chemistry

In spite of the undisputable success of the concept of click chemistry within just a few
years, there are still a few limitations associated with the concept. Because of the stringent
criteria that are used to identify click reactions, chemical diversity is intrinsically limited.
As a matter of fact, the CuAAC reaction is still by far the most widely used click reaction.
However, copper is believed to be cytotoxic and demonstrated side effects associated with
excessive copper intake include hepatitis, Alzheimer’s disease and neurological disorders.36

For click reactions to be used in contact with living systems, the copper catalyst must be
completely removed or alternatives, such as Staudinger ligation or strain-promoted [3 + 2]
heterocycloadditions, must be employed.

Azides, among the prime reactants for Huisgen’s 1,3-dipolar cycloaddition reaction, are
also often associated with potential toxic side effects, and certain azides may bear a very
real explosive potential. 37

Finally, a more practical limitation is that the supply of clickable starting materials often
cannot keep up with the demands of the rapidly emerging application space in materials
science and biotechnology. Meanwhile, many of the researchers that work in these fields are
not synthetic chemists, who can easily synthesize appropriate starting materials, but must
rely on commercial sources for obtaining access to these chemicals. However, as the click
chemistry philosophy continues to spread through the area of materials science, polymers
and biotechnology, more and more clickable building blocks can be expected to become
easily available.

1.4 Conclusions

To address the gap between sophisticated function that is required for future advances in
bio- and nanotechnology and the limited chemical control offered by many of the currently
available synthetic materials’ processes, novel synthetic tools are needed. In spite of the
evident differences between small molecules and macromolecules, attempts to extend
synthetic concepts from organic chemistry into the nano- and meso-scale dimensions have
been increasingly popular. It is mainly for this reason that the fields of materials science and
biotechnology enthusiastically embraced the concept of click chemistry as a versatile tool
for introducing structural control. Ideally, these efforts will offer molecular-level control
during the preparation of nanostructured materials. It is likely that this trend will continue
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and will ultimately result in an increase in the infusion of concepts from synthetic organic
chemistry into materials science and biotechnology.38
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2
Common Synthons for Click
Chemistry in Biotechnology

Christine Schilling, Nicole Jung and Stefan Bräse

2.1 Introduction – Click Chemistry

The most widely used method for the synthesis of libraries of biologically-active molecular
frameworks – particularly for the regioselective synthesis of 1,2,3-triazoles – is the copper-
catalyzed 1,3-dipolar cycloaddition (click reaction) of azides1–4 with alkynes. Meldal
et al. first published this method in 2002 for triazole synthesis on solid phases,5,6 closely
followed by the report of Sharpless and Fokin et al. dealing with the water-based catalyzed
reaction with copper sulfate and sodium ascorbate.7 Many different conditions have been
established for cycloaddition reactions.8 Moreover, this reaction fulfills certain criteria that
are particularly advantageous for biological uses: the alkyne group as well as the azide
functionality are inert within molecules that exist in living systems, and the click reaction
is generally compatible with water-containing systems (aqueous media near physiological
pH can be used at ambient temperature and in short reaction times to prevent, for example,
the denaturation of proteins). While other reactions include the use of nucleophiles or
electrophiles, the components of a click reaction do not react in an undesirable way within
biological systems. These advantages facilitate reactions in biological systems and even
in living cells. As such, the click reaction is used as an alternative to other established
methods described in the literature for the production of biomolecules9,10 (for example,
olefin metathesis of glycosides, intermolecular enyne metathesis of alkynyl and alkenyl
glycosides, native chemical ligation, glycosylation of diols and coupling of alkynyl
glycosides).

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
C© 2009 John Wiley & Sons, Ltd
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2.2 Peptides and Derivatives

The click reaction has been used to synthesize diverse derivatives of bioactive compounds
via substitution of the originally appearing functionality with the resulting triazole unit, in
order to improve the activity of the compounds. Gopi et al. investigated the structure–activity
correlation of peptide conjugates that act as receptor site antagonists of HIV-1 gp120.11

The group synthesized derivatives of the original bioactive peptide on solid phases through
the reaction of an immobilized azide-modified proline residue with alkynes containing
different side chains (Scheme 2.1).

NH-Fmoc M-M-A-E-S-W-P-I-N-N-I-R

N3

M-M-A-E-S-W-P-I-N-N-I-R

N

N
N

R

SPPS

321

a)

Scheme 2.1 Synthesis of various triazole-based covalently modified peptide derivatives of an
antagonist of HIV-1 gp120 through click chemistry. (a) CH3CN–H2O–DIEA–pyridine, alkyne
(5 equiv.), CuI (1 equiv.), overnight.11

The introduction of a triazole functionality offers the possibility of producing novel
β-turn mimics.12 The click reaction of an alkyne-containing dipeptide 5 and the azide-
functionalized dipeptide 4 generates different tetrapeptides 6 in a convergent synthesis
(Scheme 2.2). While the syntheses of Guan et al. are based on the reaction of terminally
modified azide-containing peptides, there are many approaches using peptidic structures
that bear azides in their side chains. Similar to the approach of Gopi et al. (Scheme 2.1),
these strategies yield peptides with diverse triazole derivatives as side chain substituents.

Following the click strategy, peptides can be turned into glycopeptides as shown by Rutjes
et al.13 Different routes to these target glycopeptides have been explored: the coupling of
amino acids can be performed traditionally via chemical- or alternatively enzyme-catalyzed
coupling. The click reaction itself can be undertaken before, as well as after, peptide
formation. Furthermore, azide-modified sugar-moieties and azide-containing peptides 7
have been used to perform the click reaction with alkynylated peptides as well as in the

H
N

O
N
H

O

N
N

N H
N

O

O

H
N

O
N
H

O

n

H
N

O

O

N3 n +

54

6

a) n

n

Scheme 2.2 Synthesis of tetrapeptides 6 with n = 1–4 through click reaction. (a) CuSO4

(1 mol %), sodium ascorbate, H2O/tBuOH (1:1), r.t.12
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Scheme 2.3 Enzymatic peptide coupling to give azide-containing dipeptide 8 and subsequent
click reaction. (a) Phe–NH2 or Gly–NH2, alcalase, tBuOH–DMF; (b) CuI, TBTA, NEt3, MeCN,
40 ◦C.13

inverse manner. It was ascertained that coupling through an enzymatic protocol followed by
a click reaction with either the azide- or alkyne-containing sugar yields very good results,
in terms of generating the triazole-modified dipeptides 10 (Scheme 2.3).

Aucagne and Leigh14 demonstrated that the click reaction can be performed chemo-
selectively (Scheme 2.4). This approach was used to selectively generate two triazole
linkages in a one-pot method. The first reaction is traditionally performed in the presence
of a copper(I)-species with a dialkynyl-derivative 13, which contains one free and one
TMS-protected triple bond. The second click reaction is carried out in the presence of
Cu(I) and Ag(I), which catalyze the deprotection of the second alkynyl functionality. The
starting material 12 for those click reactions is easily prepared through the substitution of
α-chlorinated peptides 11 with sodium azide.

PheGlyGly O
O

O
SiMe3

PheGlyGly O
O

O
SiMe3

N
NN

Xaa-OMe

O

b)
O

Cl
Xaa-OMe

O
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1211
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14

Scheme 2.4 Synthesis of azide-containing dipeptide analogs 12 and chemo-selective click
cycloaddition. (a) NaN3, DMF; (b) 13, CuSO4, sodium ascorbate, tBuOH/H2O, 20 ◦C, 72 h,
98%; Xaa = Phe, Leu, Pro, Lys(Boc).14

Besides the aforementioned methodologies for intermolecular click reactions, there are
examples of intramolecular approaches that result in cyclic peptides. One example is found
in the research conducted by Maarseveen et al.,15,16 in which intramolecular click reactions
were applied to the synthesis of cyclic tetrapeptides (Scheme 2.5). These tetrapeptides are
of interest in their function as tyrosinase inhibitors, because the derivatives produced are es-
tablished bioactive compounds. The synthesis of the triazole-containing cyclic tetrapeptides
can theoretically be successful via cyclization through peptide coupling or, on the other
hand, through triazole formation in the final step. It has been demonstrated that compound
16 is only accessible through ring closure via click reaction, underlining the importance of
click chemistry for the formation of triazole-containing peptidomimetics (Scheme 2.5).

In subsequent investigations of peptide-bond isosteres, the Maarseveen group synthe-
sized cyclotetrapeptide mimics containing two triazole moieties. Although these substrates
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Scheme 2.5 Synthesis of cyclo-[Pro–Val–ψ(triazole)-Pro–Tyr] by click cyclization. (a) CuBr,
DBU, toluene, reflux, 70%; (b) H2, Pd–C, MeOH, 93%.15,16

were synthesized in an analogical manner via click cyclization, only moderate yields were
attained.

Lokey et al.17 performed similar cyclizations to generate small cyclic peptide derivatives
on solid phases. The starting material 17 was initially built up with a propargyl-containing
amino acid. After standard peptide coupling on bead, the last amino acid of the linear
chain bearing the azide functionality was attached. Cyclization of 17 was performed in the
presence of CuBr, sodium ascorbate and a diamine as a ligand, followed by cleavage from the
resin achieved with TFA in methylene chloride. The successful synthesis was demonstrated
for cyclic peptides 18 containing two to five leucine units. The major drawback of the solid
phase synthesis was the appearance of varying amounts of the dimeric peptides as a result
of the incomplete conversion of the click reaction.

Another modification on solid phases involves solid-phase peptide synthesis with or-
thogonal N-protected alkylamines as side chains. These can be deprotected, selectively
acylated with propiolic acid as shown by Eichler et al., and then ‘clicked’ via the addition
of azide-modified peptides.18 Another click reaction with resin-bound terminal alkynes
has been illustrated by Meldal et al.5,6 This group investigated the formation of triazole
derivatives after solid-phase peptide synthesis. In the last step on bead, the terminal alkyne
was reacted with different primary, secondary and tertiary alkyl and arylazides and an azido
sugar moiety.19
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Scheme 2.6 Click macrolactamization of propargyl glycine azido leucine on solid phases. a)
CuBr (1 equiv.), sodium ascorbate (3 equiv.), DIEA (10 equiv.), 2,6-lutidine (10 equiv.), DMF,
25 ◦C, 6 h.17
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2.3 Peptoids

As triazole-containing mimics of peptides have been extensively investigated, there are
other groups who have synthesized peptoids modified through the click reaction of azides
with alkynes. Taillefumier et al. performed the first synthesis of functionalized β-peptoid
macrocycles via linear synthesis of polyalkyne-containing linear β-peptoids and subse-
quent macrocyclization.20 The functionalized cyclic peptoids 20 were then modified by the
addition of azides to produce polytriazole-containing cycles 21 with different residues on
the triazole side chain (Scheme 2.7).
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Scheme 2.7 Macrolactamization of linear peptoids 19 and functionalization via click chem-
istry. (a) DPPA, NaHCO3, MeCN–DMF; (b) RN3, CuSO4, sodium ascorbate, TBTA [tris-
(benzyltriazolylmethyl)amine].20

Noncyclic peptoid derivatives generated by click reaction can also be found in the
literature. Kirshenbaum et al. generated N-substituted glycine peptoid oligomers 22 on
bead that were used for click reactions on solid phases. The group incorporated azides into
the oligomer and treated them with acetylenes 23 to generate triazole derivatives 24. In
subsequent steps, the oligomer was elongated and the inverse click reaction was performed,
through the immobilization of acetylenes and reaction with azides 26. Using this conjugation
technique, complex peptidomimetic products were synthesized, containing different triazole
substituents in specific positions. After peptoid-chain elongation, Kirshenbaum et al. were
able to isolate 24-meric products and dodecamers containing two different triazole groups
and up to four different triazole ring substituents respectively (Scheme 2.8).21

2.4 Peptidic Dendrimers

Peptidic dendrimers are biologically relevant structures, for example, as channels for drug
delivery.22 The functionalization of these dendrimers enables the modulation of the surface
to generate special properties, which are essential for their specific interactions. Click
chemistry has been used by several groups to design novel dendrimeric structures.23–26

Haridas et al. synthesized triazole-based dendrimers 30 from (Lys)2Lys-alkyne 28 and the
azide-containing compound 29. Moreover, the lysine-based dendron 28 has been coupled
with cysteine cores and dendron 29 has been attached to a Lys-Asp-scaffold (Scheme 2.9).
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Scheme 2.8 Modification of peptoid side chains by a sequential series of click reaction and
oligomerization. (a) Coupling partner, CuI, sodium ascorbate, DIPEA in DMF–pyridine, r.t.,
18 h; (b) 95% TFA in H2O, r.t., 10 min.21

The groups of Liskamp et al.25 and Pieters et al.23 constructed dendrimers that contain
polyalkyne building blocks and coupled those to produce polytriazolic dendrimers. Further-
more, through the application of click chemistry, the latter group successfully synthesized
a series of pore-forming compounds in order to build up magainin-based compounds.

2.5 Oligonucleotides

The application capacity of oligonucleotides and their derivatives is seemingly boundless.
Modified oligonucleotides have the potential to widen existing diagnostic capabilities,
while also fulfilling therapeutic applications. In genomic studies, they act as primers
and probes for DNA detection and sequencing,27,28 as primers in the polymerase chain
reaction and as molecular beacons for detecting genetic mutations. As well as being used
as anti-sense agents, oligonucleotides serve as probes for measuring gene expression
in DNA microarrays and gene chips.29 The wide variety of structural modifications of
oligonucleotides is a result of the substantial number of known bases, sugar residues30
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and altered phosphodiester backbones that can influence hybridization strength, binding
affinity, mismatch discrimination, nuclease resistance and cellular uptake.27,28

Introduced by Sharpless and coworkers, the click reaction is one of the most pow-
erful methods of labeling oligonucleotides.31,32 It has been performed not only on
phosphoramidate-modified oligonucleotides,33 but also on triple bonds and azides mostly
attached through the 5′- or 3′-terminal conjugation34 of the oligonucleotides. Because the
5-position of pyrimidines and the 7-position of purines lie in the major groove of the B-
DNA duplex and have steric freedom for additional functionalities, most of the reported
DNA modifications take place in these positions.27

Seela et al. reported on some modified nucleosides and oligonucleotides, which were
synthesized through the CuI-catalyzed azide–alkyne cycloaddition. The group introduced
reporter groups as well as duplex stabilizing residues into nucleic acids, one example of
which is the cycloaddition of compound 31 and azidothymidine (AZT, 32) to form the
triazole product 33 (Scheme 2.10).27

The preceding methods facilitate the synthesis of a variety of lengths and structures
of the side chains and nucleobases. Numerous cycloadditions work best using a spacer
between the alkyne and the nucleobase.35,36 Carell et al.,37 for example, reported on the click
reaction performed directly on PCR products of alkyne-modified uridine nucleosides 34–37
instead of on natural thymidine triphosphate (Scheme 2.11). The resulting high-density
alkyne-modified DNA was subsequently derived to investigate the efficiency of the sugar
labeling of DNA under mild conditions, in which galactose azide 41 was ‘clicked’ onto
single- and double-stranded DNA to generate nucleic acids of type 42.37
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Scheme 2.10 Click reaction of a thymidine derivative 31 at the 5-position with AZT (32): (a)
CuSO4, sodium ascorbate, THF/H2O, r.t., 30 h.27
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Scheme 2.11 (A) 5-Modified pyrimidine triphosphates 34–38 used in this study; (B)
schematic description of DNA functionalization using click chemistry.37

The principle of the alkyne-derived formation of nucleic acids shown later on (Scheme
2.12), as well as subsequent click reaction, led to a high potential for nanotechnology,
including gold surface and nanoparticle functionalization.27 Furthermore, in the field of
nanotechnology, the magnetic properties and electrical conductivity of the primary sequence
and the secondary structure of DNA are currently of particular interest in the preparation of
functional self-assembled nanostructures.38 Beyond the investigations of the Carell group,

43

44

45 R = variable residues

N3 R
Cu(I)

N

N
N

R
+

Scheme 2.12 Schematic view of the cycloaddition reaction performed on duplex DNA.
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Morvan et al.39 developed an approach to sugar-modified oligonucleotides through the use
of microwave-assisted click chemistry.

Seela et al. converted 5-(octa-1,7-diynyl)-2′-deoxyuridine (46)36 into strongly fluores-
cent 1H-1,2,3-triazole conjugates 49 that incorporated two fluorescent reporters – the
pyrrolo[2,3-d]pyrimidine derivative (Pyrrolo dC 47) and the coumarin moiety 48 – via
the click reaction, amongst other methods (Scheme 2.13).40 The photophysical properties
of the Cu(I)-catalyzed azide–alkyne cycloaddition product 49 differ from those of pyrdC.
Thus, the cycloaddition reaction enabled longer excitation and emission wavelengths (ex-
citation, 340 nm, emission, 466 nm vs excitation, 327 nm, emission, 410 nm for pyrdC).
Furthermore, ds-DNA containing the click nucleotide 49 displayed a strong fluorescence
increase compared with PyrdC 47 integrated into duplex DNA.40

Nielsen and coworkers worked on triazole stacking in the major groove, which pro-
duced increased nucleic acid duplex stability.33 Moreover, Pederson et al.41 reported that
incorporated 1,2,3-triazoles stabilize parallel triplexes by twisting intercalating nucleic
acids. Furo[2,3-d]pyrimidines conjugated to carbohydrates were synthesized by Ju et al. in
2008 via Sonogashira coupling and click chemistry to enhance the efficiency of structural
diversity for structure–activity relationship studies.30 Beyond the approaches concerning
the labeling of oligonucleotides, click chemistry has been used to cross-link two ends of a
DNA strand, through the reaction of alkynes and azides positioned at the base on the 3′- and
5′-termini.42 Further examples were illustrated by Ju et al. in 2003, such as the synthesis of
fluorescent single-stranded DNA (ss-DNA) via 1,3 dipolar cycloaddition between alkynyl
6-carboxyfluorescein (FAM) and 5′-azido-labeled ss-DNA. The resulting fluorescent
ss-DNA is applicable as a primer in the Sanger dideoxy chain termination reaction, in
order to produce DNA sequencing fragments (for other examples of biomolecule-labeling
see Chapter 15).29

In the field of nanoarchitectures, nature offers an efficient tool to self-assemble artificial
and biological systems via hydrogen bonding. This property was used by Bäuerle et al.,
who combined semi-conducting oligothiophenes 50 with complementary nucleosides 51
and 52 to create novel recognition-driven self-aggregated superstructures 55 based on the
click reaction (Scheme 2.14).43

2.6 Carbohydrates

In biology, carbohydrates are a vitally important class of compounds. Oligosaccharides,
glycolipids and glycopeptides – displayed on the cell surface – play a crucial role
in cellular recognition events, including signal transduction, inflammation, immune re-
sponse, apoptosis, tumor metastasis and viral and bacterial infections.44,45 The study of
carbohydrate–protein interactions is complicated, hindering efforts to develop a mecha-
nistic understanding of the structure and function of carbohydrates. The weak binding
affinities of carbohydrate–protein interactions and the availability of structurally complex
carbohydrates remain two major challenges.46 Thus, it is highly desirable to undertake
the construction of mimics of complex saccharides, which can imitate the interaction of a
given saccharide with its receptor,47 as well as rapid screening of target saccharides through
the development of modular fluorescent sensors.48 Interest persists in different research
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Scheme 2.15 Click-dimerization-ring-closing metathesis for the synthesis of carbohydrate-
containing macrocycles. (a) NaOMe, MeOH, r.t.; TsCl, pyridine, 0 ◦C, r.t. then Ac2O; NaN3,
DMF, 90 ◦C; (b) 1,7-octadiyne, tBuOH, ascorbate, Cu(OAc)2, H2O, r.t., 12 h; (c) Grubbs I
catalyst (5 mol %), reflux, 12–24 h.49

groups for dimeric6 or amino acid glycoconjugates as well as pseudo-oligosaccharides,
glycosylated β-peptides,47 glucosamine derivatives46 and many more. Beyond the general
advantages of click chemistry outlined in the introduction, the formation of triazole mimics
of existing carbohydrates is of interest because the heterocyclic ring can participate in
hydrogen bonding – an excellent property in the context of biomolecular targets and
solubility. 1,2,3-Triazoles containing dimeric saccharides and amino acid glycoconjugates
may exhibit a broad spectrum of biological activities, including anti-bacterial, herbicidal,
fungicidal, anti-allergic and anti-HIV properties (Scheme 2.15).

Thus, new sugar-containing macrocyclic compounds were developed via click-
dimerization-ring-closing metathesis.49 Following one of the syntheses, the olefinic func-
tions were introduced at the anomeric center either as an O-allyl side chain via Königs
Knorr-reaction or via Keck-allylation, leading to the C-glycosidic compound. The azide
functionality of compound 57 was incorporated after deacetylation at the C-6 position of
the sugar core through tosylation of the primary hydroxyl group, which was followed by
substitution with sodium azide.

The carbohydrate dimers were then generated after the cycloaddition of the correspond-
ing carbohydrate azide 57 and 1,7-octadiyne in tert-butanol and after the addition of an
aqueous copper(II)acetate–sodium ascorbate mixture. The resulting diolefinic molecules
were reacted for 12–24 h in order to accomplish ring-closing metathesis. In addition, 5
mol % of Grubbs’ ruthenium catalyst were used at 40 ◦C to prevent homodimerization.
Unfortunately, nonseparable mixtures of both E/Z-isomers were observed, thus the double
bonds were reduced hydrogenolytically.

Glycodendrimers are mostly used for the study of biological processes that rely on
carbohydrate–receptor interactions such as fertilization, pathogen invasion, toxin and hor-
mone mediation, and cell-to-cell interactions, as well as on a variety of inhibitors.50 In these
cases, the syntheses of azido-terminated dendrimers were preferred over those incorporat-
ing terminal alkynes, because of the potential affinity of the latter ones to Cu(II)-catalyzed
intradendritic oxidative coupling.

Kovensky et al. have developed another procedure for the connection of saccharides
by click chemistry techniques. With or without carbon chains as spacers, different sugar-
bearing azides on C-2, C-5 or C-6 can be used as building blocks.6,51 This is also true of
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Scheme 2.16 Synthesis of pseudo-oligosaccharides and amino acid glycoconjugates via 1,3-
dipolar cycloaddition (click reaction).9

C-1 alkynylated saccharides or oligosaccharides, in the presence of a range of protecting
groups, commonly used in oligosaccharide synthesis.52

The efficient coupling of oligosaccharides to oligosaccharide–peptide conjugates 60 and
61 leads to homo- and hetero- dimeric glycoconjugates 62 (Scheme 2.16), which can act as
potent reversible cross-linking reagents useful in measuring the distances between carbohy-
drate binding sites in polyvalent recognition sites. Several pseudo-oligosaccharides 65 and
amino-acid glycoconjugates 68 were synthesized using easily accessible carbohydrate 63
and compound 67 in combination with azides 64 and 66 as building blocks for 1,3-dipolar
cycloaddition (Scheme 2.17).9

Another field of complex oligosaccharides deals with the synthesis of highly glyco-
sylated β-peptides 73 and 76. Ziegler et al. started their synthesis with Fmoc-Asp(O-
tBu)OH (69) to prepare (S)-tert-butyl 3-{[(9H-fluoren-9-yl)methoxy]carbonylamino}-
4-azidobutanoate (71) in four steps [Scheme 2.18(A)]53 or alternatively with an
alkynylated amino acid analog, the tert-butyl-protected Fmoc-asparaginic acid propar-
gylamide 74 [Scheme 2.18(B)].47

Following the copper-catalyzed coupling reaction, these asparaginic derivatives gener-
ated triazole-linked glycosylated amino acids 73 and 76. Another example was illustrated
by Du et al., who described a synthesis for C3-symmetric glucosamine oligosaccharides
using click chemistry for studies of interactions between carbohydrates and proteins.46

A new approach, the domino-click synthesis, was reported by Kumar et al. (Scheme
2.19), based on a series of consecutive intramolecular organic reactions with resonance-
stabilized allenylmagnesium bromide 78, in order to generate 1,2,3-bistriazoles 81.10 By
coding mRNAs for proteins in drug discovery, based on size-specific mRNA hairpin loop
binding agents, bistriazoles promise to be a good target. The addition of sugar azide 77 to
the Grignard reagent 78 resulted in the formation of the novel 5-butynylated triazole 79 in
good yield. A subsequent Cu(I)-catalyzed 1,3-dipolar cycloaddition with another equivalent
of sugar azide 80a or 80b generated novel unsymmetrical bis-1,2,3-triazoles 81a,b.

The proposed mechanism of this reaction is based on a similar reaction previously
published by Sharpless and coworkers. The group investigated the conversion of azides and
metalized alkynes into aryl azides through the addition of bromomagnesium acetylides,
leading to the desired 1,5-disubstituted triazole regioisomers.10 Based on these results, the
mechanism in the case of the allenylmagnesium bromide addition can be explained via
nucleophilic attack of the allenylmagnesium bromide species on the terminal nitrogen of
the azide, followed by a simultaneous ring closure through N–C heterocyclization driven
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Scheme 2.18 Synthesis of triazole-glycosylated β-peptides via A. (S)-tert-butyl 3-{[(9H-
fluoren-9-yl)methoxy]carbonylamino}-4-azidobutanoate (71) and (B) alkynylated compound
74. (a) NMM; (b) NaBH4; (c) H2O; (d) PPh3, DEAD, HN3; (e) cat. (EtO)3P–CuI, toluene,
80 ◦C, microwave, 30 min.47,53

by the excess reagent. The final product is generated through the subsequent attack by a
second equivalent of allenylmagnesium.

Another way to produce 1,2,3-triazoles is the intramolecular Huisgen-reaction on
carbohydrate-derived azido-alkynes. The azido substrates were synthesized by an SN2
displacement of the corresponding tosylates using NaN3. Hotha et al.54 and Mandal et al.55

simultaneously illustrated a procedure for intramolecular cycloaddition without using any
copper catalysts, ligands or other reagents (Scheme 2.20).
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Scheme 2.19 Domino-click approach to novel bistriazoles 81. (a) dry THF, r.t.; (b)
CuSO4·5H2O, sodium ascorbate, tBuOH/H2O (1:1), r.t.10
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95%; Mendal et al.: (e) MsCl, Et3N, CH2Cl2, r.t., 2.5 h; (f) NaN3, DMF, 90 ◦C, 6 h, N2.54,55

Very similar structures were achieved by Bräse et al. through the addition of Me3SiN3

to a resin-bound thioproparyl ether.56 Cleavage from the resin and the simultaneous
intramolecular click reaction of the liberated azide produced a triazolobenzothiazine in
14% yield over four steps.

The synthesis of a secondary azide for enantiopure carbohydrate mimetics has also been
established. The synthesis was performed using Nf-N3 (nonafluorobutanesulfonyl azide)
and copper sulfate for the substitution of an amino function and the in situ acetylation of
hydroxyl groups (Scheme 2.21).57
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Scheme 2.21 Azidation with Nf-N3 of enatiopure carbohydrate mimetics. (a) NfN3, K2CO3,
CuSO4·5H2O, MeOH/H2O, 24 h; (b) Ac2O, pyridine, DMAP; (c) alkyne, CuI, TBTA, Et3N,
MeCN, 40 ◦C, 24 h.57

2.7 Conclusion

Click chemistry is a well-established method of generating various derivatives of
biomolecules. This article has presented modifications of peptides, peptoids, dendrimers,
oligonucleotides and carbohydrates that were synthesized according to their naturally oc-
curring examples. Moreover, several synthetic methods for the formation of the azide
functionality on the precursor molecules, as well as applications of the target molecules,
have been described herein.
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3
Copper-free Click Chemistry

Jeremy M. Baskin and Carolyn R. Bertozzi

3.1 Introduction

Biological systems exhibit astounding chemical complexity. A single mammalian cell
contains thousands of proteins, DNA and RNA, glycans, lipids, myriad small-molecule
metabolites, and metal ions, all in an aqueous environment. Each of these components
displays many chemical functionalities, including nucleophiles, electrophiles, oxidants,
and reductants. Within this environment, enzymes choreograph the innumerable chemical
transformations that together constitute the life of the cell: catabolic conversion of metabo-
lites into energy, biosynthesis and posttranslational modification of proteins, replication of
DNA, and many other biochemical processes.

Chemical biologists have striven to study the molecular intricacies of living systems
by labeling individual components or groups of components – within the complexity of
the living system – with probes such as fluorophores and affinity tags. This approach
permits both the tracking of biomolecules within the living cell by imaging and also the
determination of their exact molecular identities and compositions after purification from
a cell lysate. A critical aspect of any strategy for labeling a target biomolecule inside a
living cell or organism using a chemical reaction is that the reaction must be exquisitely
chemoselective.

The term ‘bio-orthogonal’ – defined as noninteracting with biology – encompasses all
of the characteristics of such a chemical reaction. A bio-orthogonal ligation is thus a
chemical reaction in which two functional groups selectively react with one another to
form a covalent linkage in the presence of all of the functionality in biological systems
(Figure 3.1).1 In order to maximize labeling efficiency, the reaction should display the
properties of a ‘click’ reaction as outlined by Kolb, Finn and Sharpless: rapid kinetics, high
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Figure 3.1 Schematic of a bio-orthogonal reaction. Two molecules (A and B) are ligated
together in the presence of diverse biological functionality by virtue of two complementary
bio-orthogonal functionalities (gray circle and crescent) that selectively react only with each
other to form a covalent bond.

yield, lack of unwanted by-products, broad solvent compatibility (including water), and
readily accessible starting materials.2

Arguably the most widely used click reaction is the Cu-catalyzed azide–alkyne cy-
cloaddition reported simultaneously in 2002 by Sharpless and coworkers and Meldal and
coworkers.3,4 This reaction, which utilizes a Cu(I) catalyst to effect the 1,3-dipolar cycload-
dition of azides and terminal alkynes to form 1,4-disubstituted 1,2,3-triazoles, displays the
characteristics of an ideal click reaction mentioned above (Figure 3.2). It has thus been
widely employed throughout medicinal chemistry, materials science and chemical biol-
ogy,5–7 applications that are summarized in other chapters in this book. However, the strict
requirement of a Cu(I) catalyst precludes the use of CuAAC for labeling within living
systems, due to the cytotoxicity of copper.

Many copper-free, and hence nontoxic, alternatives to CuAAC exist. This chapter will
begin by describing these copper-free click chemistries, which include condensations of
ketones with hydrazide and aminooxy reagents, Staudinger ligation of phosphines and
azides, strain-promoted [3 + 2] cycloaddition of cyclooctynes with azides, and various bio-
orthogonal ligations of alkenes. After outlining the chemistries, we will present selected
applications of copper-free click chemistries in chemical biology in the context of live cells
and whole animals.

3.2 Bio-orthogonal Ligations

Amidst the plethora of organic transformations that form a covalent bond between two re-
actants, very few fit the criteria of bio-orthogonality.8 Reactions must take place in aqueous

Figure 3.2 Cu-catalyzed azide–alkyne cycloaddition. Azides and terminal alkynes react in
the presence of a Cu(I) catalyst to form 1,4-disubstituted 1,2,3-triazole products.
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solvent, involve no toxic catalysts or reagents, and – most importantly – involve two func-
tional groups that are not present in and which do not cross-react with any functionality
present in biological systems. Classic transformations such as bimolecular substitution re-
actions of alkyl halides and various nucleophiles, as well as the coupling of amines and
carboxylic acids to form amides, are not bioorthogonal, as the reagents would have sig-
nificant cross-reactivity with many amino acid side chains, other cellular nucleophiles and
water. Neither are more modern metal-promoted cross-coupling reactions, as they involve
toxic catalysts. Even standard protein bioconjugation reactions (e.g. Michael addition of
thiols to maleimides) do not qualify as bio-orthogonal, as thiols are ubiquitous within a
cellular environment.

An important principle that has emerged in roughly a decade of bio-orthogonal reaction
development is that these reactions do not fit a uniform mold. Early work focused on highly
selective nucleophile/electrophile coupling reactions, first the condensation of ketones with
heteroatom-bound amine reagents (Section 2.1) and later a modified Staudinger reaction of
phosphines and azides (Section 2.2). Much work in recent years has shifted to pericyclic
reactions, notably 1,3-dipolar cycloadditions of azides and alkynes (Section 2.3). Finally,
an emerging area is the development of bio-orthogonal ligations of alkenes (Section 2.4).

3.2.1 Condensations of Ketones and Aldehydes with Heteroatom-bound Amines

Historically, the first bio-orthogonal ligations involved ketone–aldehyde condensation re-
actions. While ketones and aldehydes can form reversible imine adducts with many amines
found in biological systems, this process is thermodynamically unfavorable in water. The
use of hydrazides and aminooxy reagents, often called ‘α-effect amines’ because the
heteroatom-bound amine is much more nucleophilic than simple amines, shifts the equilib-
rium dramatically to the hydrazone and oxime products, respectively (Figure 3.3). For ex-
ample, the equilibrium constant for the condensation of acetone and hydroxylamine in water
is 1 × 106.9 This reaction is not an optimal bio-orthogonal ligation for live cell applications,
however, because it proceeds most efficiently at pH values of 3–6, well below the phys-
iological level (pH 7.4).9 The kinetics of these condensation reactions can be improved
considerably both at acidic and neutral pH by the addition of aniline-based nucleophilic

Figure 3.3 Condensation reactions of ketones and aldehydes with (a) hydrazides to form
hydrazones or (b) aminooxy reagents to form oximes.
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catalysts, although the requisite high concentrations of these reagents (up to 0.1 m) might
preclude their use in living systems, wherein toxicity becomes a concern.10 Further, al-
though ketones and aldehydes are absent from the cell surface and from macromolecules
within the cell, these functional groups are present within many intracellular metabolites
(e.g. glucose, pyruvate) and can thus be thought of as semi-bioorthogonal. For these reasons,
the use of ketone/aldehyde ligations for labeling of biomolecules within living systems has
been somewhat limited.

3.2.2 Staudinger Ligation of Phosphines and Azides

A major breakthrough occurred in 2000, with the introduction of the azide as a func-
tional handle for bio-orthogonal chemical reactions. Unlike the ketone, the azide is truly
bio-orthogonal – it is essentially unreactive with any biological functional groups under
physiological conditions. The slow reaction of alkyl azides with thiols at physiological
pH is usually insignificant on the timescale of biological experiments.11 The azide is also
absent from virtually all biological systems. The lone exception reported to date is an
azide-containing natural product isolated from the dinoflagellate Gymnodinium breve, a
species of red algae that is responsible for the production of toxic red tides along the Gulf
Coast of Florida.12,13

Despite its kinetic stability, the azide is thermodynamically a high-energy species prone
to specific reactivity both as a soft electrophile and as a 1,3-dipole.14 The Staudinger
ligation of phosphines and azides takes advantage of the former type of reactivity. This
reaction is a modification of the classical Staudinger reduction of azides with phosphines, in
which an aza-ylide intermediate collapses in water to amine and phosphine oxide products.
However, construction of a triarylphosphine reagent with an ester positioned ortho to the
phosphorus atom enabled trapping of the aza-ylide intermediate, in aqueous conditions, as
an amide, thereby covalently ‘ligating’ the two molecules (Figure 3.4).15 The Staudinger
ligation has many positive attributes: like azides, phosphines are absent from biological
systems, and due to the relative dearth of soft electrophiles in biology, triarylphosphines have
no crossreactivity with endogenous biomolecules. Furthermore, the phosphine reagents –
derivatized as conjugates of many different epitopes such as biotin, fluorophores, and
peptides – demonstrate no toxicity.

The mechanism of the Staudinger ligation allows for a wide variety of modifications and
clever applications. For example, inversion of the orientation of the ester has enabled the
development of a so-called ‘traceless’ Staudinger ligation in which an amide is formed and
the phosphine oxide byproduct is expelled (Figure 3.5).16–18 As this variant forms native
amides, it is a powerful tool for peptide ligation; however, lower yields and slower kinetics
have hindered its use as a bioorthogonal reaction for sensitive detection of azides in living
systems.

Further, the Staudinger ligation can be used to create ‘smart’ phosphine reagents that be-
come fluorescent upon reaction with azides. Such fluorogenic reagents can be tremendously
advantageous for biological imaging experiments because they permit dynamic monitor-
ing of labeling reactions and eliminate problems associated with washing away unreacted
phosphine probe. Two different approaches have been taken to tackle this challenge, each
exploiting a different aspect of the reaction mechanism (Figure 3.6). First, a fluorogenic
coumarin–phosphine reagent was synthesized that is nonfluorescent due to quenching by



P1: OTA

c03 JWBK375-Lahann August 12, 2009 17:42 Printer: Yet to come

Copper-free Click Chemistry 33

Figure 3.4 The Staudinger ligation of azides and triarylphosphines. The mechanism begins
with nucleophilic attack of the phosphine on the terminal nitrogen atom of the azide, liber-
ating N2. The resultant aza-ylide intermediate is trapped intramolecularly by the methyl ester,
releasing methanol and forming an amide and the phosphine oxide.

the phosphine lone pair of electrons. Upon Staudinger ligation with azides, the conversion
to a phosphine oxide eliminates this quenching and the fluorophore ‘turns on’.19 Unfortu-
nately, this reagent has not seen widespread use because nonspecific air oxidation of the
phosphine also results in fluorophore turn-on, and oxygen cannot be avoided in most bio-
logical systems. A second approach utilizes intramolecular fluorescence resonance energy
transfer (FRET) quenching. Here, a phosphine–fluorophore conjugate contains a FRET

Figure 3.5 ‘Traceless’ Staudinger ligation strategies that enable amide formation concomitant
with release of the phosphine oxide by-product.



P1: OTA

c03 JWBK375-Lahann August 12, 2009 17:42 Printer: Yet to come

34 Click Chemistry for Biotechnology and Materials Science

Figure 3.6 Two approaches to the design of fluorogenic phosphine probes. (a) A coumarin
phosphine conjugate is nonfluorescent due to lone-pair quenching of the fluorophore; upon
Staudinger ligation with azides, the product is fluorescent because the phosphine is oxidized.
(b) A FRET-based fluorescein phosphine conjugate is nonfluorescent due to the action of
an intramolecular FRET quencher (Disperse Red 1), attached via an ester. Upon Staudinger
ligation, the quencher is liberated and the product is fluorescent.

quencher attached via the ester and is hence nonfluorescent. Upon reaction with azides,
the ester is cleaved, liberating the quencher and turning on fluorescence. As nonspecific
phosphine oxidation generates a silent (though nonfunctional) reagent, this probe has been
successfully employed for imaging azide-functionalized glycans in living cells.20

Despite the myriad applications that the Staudinger ligation enables by virtue of its
exquisite selectivity, it suffers from relatively slow reaction kinetics.21 Accordingly, cell
labeling reactions can often require an hour or longer. Thus, for studying dynamic
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biological processes that occur on faster timescales, improvements to intrinsic reaction
kinetics have been sought. A mechanistic study revealed that, for triarylphosphine and
alkyl azide reactants, the rate-determining step is the initial nucleophilic attack of the phos-
phine on the terminal nitrogen atom of the azide.21 Electron-rich phosphine reagents that
could accelerate this step have been designed. Although these reagents performed faster
in the Staudinger ligation, they were also highly susceptible to nonspecific air oxidation,
which both lowered reaction yields and made the reagents difficult to handle and store.21

Fundamentally, it is difficult, if not impossible, to decouple improved kinetics in reactions
with azides from increased propensity toward nonspecific air oxidation, as both properties
ultimately arise from the nucleophilic character of the phosphine. Therefore, for the study
for dynamic biological processes, it became necessary to investigate the alternative mode
of reactivity of the azide as a 1,3-dipole.

3.2.3 Copper-free Azide–Alkyne Cycloadditions

In addition to being a soft electrophile, the azide is also a 1,3-dipole, and as such, it can
undergo [3 + 2] cycloadditions with alkynes as first reported by Michael in 189322 and
studied extensively by Huisgen.23 The thermal cycloaddition of azides and unactivated
alkynes to form 1,2,3-triazoles is a highly exergonic process (�G ≈ −61 kcal/mol), al-
though it is kinetically hindered by an activation barrier of 26 kcal/mol.24 Thus, elevated
temperatures or pressures are necessary to accelerate the reaction of azides and simple
alkynes. As mentioned earlier, the use of copper catalysis is a highly effective method to
lower the activation energy and effect room-temperature triazole formation between azides
and terminal alkynes; however, for biological labeling applications, CuAAC is not an ideal
bio-orthogonal ligation due to the cytotoxicity of copper.

In an effort to activate the alkyne component for [3 + 2] cycloaddition with azides in
a biocompatible manner, we explored the use of ring strain. In 1961, Wittig and Krebs
demonstrated that cyclooctyne, the smallest stable cycloalkyne, reacts with azides to form
the corresponding 1,2,3-triazole (Figure 3.7).25 This reaction’s fast kinetics – the authors
wrote that it ‘proceeded like an explosion’ – are due to roughly 18 kcal/mol of ring strain

Figure 3.7 Huisgen 1,3-dipolar cycloadditions of azides and alkynes to form regioisomeric
mixtures of 1,2,3-triazoles. (a) Cycloaddition involving azides and linear alkynes. (b) Copper-
free, strain-promoted cycloaddition between azides and cyclooctynes.
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in the cyclooctyne starting material, much of which is released in the transition state of
the reaction.26 Building upon this precedent, we synthesized a biotinylated cyclooctyne
conjugate and demonstrated that it could selectively label azide-modified proteins in vitro
and on live cell surfaces.27 Unlike the case of CuAAC, which exclusively forms the 1,4-
disubstituted triazoles, this ‘strain-promoted cycloaddition’ forms a roughly 1:1 mixture
of regioisomeric 1,2,3-triazoles. Importantly, this reagent required no copper catalyst and
displayed no toxicity; however, its kinetics were still considerably slower than those of
CuAAC and comparable to those of the Staudinger ligation.27

We thus set out to improve the kinetics of this strain-promoted cycloaddition by in-
stalling LUMO-lowering, electron-withdrawing fluorine atoms adjacent to the cyclooctyne,
producing monofluorinated and difluorinated reagents that were roughly 2-fold and 40-fold
faster than the original reagent, respectively (Figure 3.8).28,29 In particular, this last reagent,
termed DIFO (for difluorinated cyclooctyne), labels azide-bearing proteins with similar
kinetics to CuAAC and has been particularly useful for imaging cultured cells and live an-
imals such as developing zebrafish embryos (see Section 3.3). Other recent additions to the
cyclooctyne toolkit include second-generation DIFO reagents with more facile synthetic
routes30 and a highly water-soluble azacyclooctyne reagent designed to eliminate problems
associated with nonspecific binding of the more hydrophobic cyclooctyne reagents to

Figure 3.8 Structures of strained alkynes or alkenes for Cu-free [3 + 2] cycloadditions with
azides in biological systems. These include (a) simple cyclooctyne, (b) difluorinated cyclooc-
tyne (DIFO), (c) azacyclooctyne, (d) oxanorbornadiene, and (e) dibenzocyclooctyne probes.
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biological membranes and serum proteins in vivo (Figure 3.8).31 In addition, strained
oxanorbornadiene and dibenzocyclooctyne reagents have emerged for selectively labeling
azido biomolecules (Figure 3.8).32,33 Their kinetic rate constants range from comparable to
the original cyclooctyne for the former and comparable to DIFO for the latter. Collectively,
these studies suggest a rich future for the development of Cu-free reagents for sensitive
detection of azides in biological systems.

3.2.4 Bioorthogonal Ligations of Alkenes

Ideally, a slew of bio-orthogonal ligations would exist that are each orthogonal to one
another. This scenario would permit the simultaneous use of multiple reactions to label dif-
ferent components in the same system. Thus, to complement the plethora of azide-specific
bio-orthogonal ligations, researchers have been recently looking to alternatives. One emerg-
ing example is so-called ‘photoclick’ chemistry. This reaction involves the light-induced
decomposition of 2,5-diaryltetrazoles to form dipolar nitrile imine intermediates, which
undergo subsequent [3 + 2] cycloaddition with alkenes to yield stable pyrazoline adducts
(Figure 3.9). Like the [3 + 2] azide–alkyne cycloaddition, this reaction was first explored
by Huisgen many decades ago and recently revisited in the context of bio-orthogonal la-
beling. Lin and coworkers have demonstrated that various diaryltetrazole probes can, upon
irradiation with 302 nm light, selectively label alkene-containing proteins in vitro and in
living bacterial cells with rapid kinetics.34,35 Although the irradiation time was limited to
a few minutes, this relatively high-energy ultraviolet light can be damaging to living cells.
Thus, Lin and coworkers developed second-generation diaryltetrazole reagents that are
activated at a more biocompatible 365 nm;36 in the future, this approach may be extended
to biomolecule labeling in mammalian cells.

Davis and coworkers demonstrated that olefin metathesis can be used to selectively
target allyl sulfides on isolated proteins.37 To accomplish this task, cysteine residues were
first converted to the corresponding allyl sulfides, and alkene-functionalized probes (e.g.
sugars, polyethyleneglycol) were appended via cross-metathesis using the Hoveyda–Grubbs
second-generation catalyst. The efficacy of this reaction in living systems has not yet been
established, however, and toxicity is always a concern when dealing with organometallic
catalysts.

Other bio-orthogonal ligations involving alkenes include the ligation of strained alkenes
such as E-cyclooctene or norbornene with tetrazine reagents.38,39 These inverse electron-
demand [4 + 2] Diels–Alder reactions proceed with rapid kinetics and in one case displays

Figure 3.9 ‘Photoclick’ chemistry. Light-induced decomposition of 2,5-diaryltetrazoles cre-
ates dipolar nitrile imine intermediates, which react in situ with alkenes to form pyrazoline
products.
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bioorthogonality in the context of cell-surface labeling.39 However, both components in this
reaction (i.e. the strained alkene and the tetrazine reagent) are quite large compared with an
azide or a ketone. This characteristic presents a potential limitation for metabolic labeling
experiments, where biosynthetic enzymes often tolerate only minor structural changes to
their natural substrates (see Sections 3.3.2–3.3.4).

3.3 Applications of Copper-free Click Chemistries

In order to take advantage of the click reactions for biomolecule labeling, one of the two
bioorthogonal functional groups that participates in the click reaction (e.g. ketone, azide,
etc.), often termed a ‘chemical reporter’, must first be introduced into biomolecules. Var-
ious methods have been developed for this purpose.1 This section will discuss the use
of activity-based inhibitors for labeling classes of enzymes (Section 3.1), genetically en-
coded peptide tags and unnatural amino acids for labeling proteins (Section 3.2), unnatural
monosaccharides for metabolic labeling of glycans (Section 3.3) and unnatural lipids and
nucleotide precursors for labeling lipids and nucleic acids (Section 3.4).

3.3.1 Activity-based Profiling of Enzymes

Covalent inhibitors of enzyme activity have seen widespread use as both pharmaceutical
agents and tools in basic research. In many cases, inhibitors are not selective for a specific
enzyme but instead can label entire classes of enzymes (e.g. serine proteases). Cravatt
has pioneered the use of functionalized enzyme inhibitors to probe enzymes based on
their activity. This technique, termed activity-based protein profiling (ABPP), involves the
covalent labeling of active enzymes within living cells or lysates, and even within live
animals, with a mechanism-based inhibitor derivatized either directly with an affinity tag or
fluorophore or with a bio-orthogonal chemical reporter (Figure 3.10).40,41 In the latter case,
a second step, the bio-orthogonal click reaction, can be employed to append the desired tag
or probe.

This strategy has been highly successful for labeling classes of enzymes with well-
characterized covalent, active site-directed inhibitors (e.g. serine hydrolases42,43 and gly-
cosidases44). In early studies using ABPP, active enzymes were targeted from cell or
tissue lysates and characterized by mass spectrometry following affinity capture. However,

Figure 3.10 Activity-based protein profiling. An enzyme is selectively labeled within a live
cell or cell lysate with an activity-based probe that contains a mechanism-based ‘warhead’ for
covalent labeling of the enzyme (triangle) and a bio-orthogonal chemical reporter (circle). The
labeled enzymes can be detected in a subsequent bio-orthogonal ligation with a conjugate of
a suitable reaction partner (crescent) and a biophysical probe (star).
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labeling active enzymes with imaging probes within intact cells or whole organisms could
provide critical spatial information that is lost in cell and tissue lysates. Ploegh and cowork-
ers demonstrated the use of an azido probe and the Staudinger ligation to visualize active
cathepsins, an important class of cysteine proteases, in cells.45 In principle, any enzyme
class can be studied using ABPP provided that it can be targeted with a selective inhibitor.

3.3.2 Site-specific Labeling of Proteins

For dynamic imaging of enzymes, activity-based approaches – which by design involve
the abolition of catalytic activity – may not be desirable, as they irreversibly perturb the
physiological system under study. As well, many proteins involved in important biological
processes are not enzymes, including many cell-surface receptors and transporters, tran-
scription factors, and structural proteins. Thus, more general and less invasive approaches
to visualizing proteins are necessary. Classically, proteins can be labeled at the genetic
level by fusion to fluorescent proteins.46 Although these probes have been widely used
for biological imaging studies, their large size can interfere with the functions of many
proteins.

As an alternative to fluorescent proteins, many small peptide-based methods have been
developed for site-specific labeling of proteins.47,48 These methods typically exploit short
peptide sequences that can direct the chemical or enzymatic attachment of probes. In
addition to the small size of the peptide and small molecule probe, other advantages of
these approaches include temporally controlled labeling, multicolor labeling and the use of
imaging modalities other than fluorescence. Here, we will discuss peptide tags that employ
bioorthogonal chemistry as a central component of the labeling strategy.

In pioneering work, Tsien and coworkers demonstrated that bioorthogonality could be
achieved by arranging natural amino acids to form a unique chemical environment. They
showed in 1998 that proteins containing an engineered tetracysteine motif (CCXXCC)
could be selectively tagged in live cells with biarsenical derivatives of the organic flu-
orophores.49 The two most common probes used in this technology, known as FlAsH
(fluorescein arsenical hairpin binder) and ReAsH (resorufin arsenical hairpin binder), are
initially nonfluorescent but become fluorescent upon chelation to tetracysteine-tagged pro-
teins in live cells.50 Treatment of cells expressing a tetracysteine-containing protein first
with FlAsH and then with ReAsH in a pulse-chase manner enables identification of ‘old’
and ‘new’ populations of the same protein.51 Inspired by this work, Schepartz and cowork-
ers recently developed an analogous technology for selectively labeling tetraserine motifs
on engineered proteins within living cells using a fluorogenic, bis-boronic acid derivative
of rhodamine.52

The FlAsH/ReAsH tetracysteine method has been widely used in biological studies,
including the imaging of mRNA translation,53 G-protein-coupled receptor activation,54

amyloid formation,55 viral trafficking patterns,56 bacterial secretion systems57 and mem-
brane protein conformational changes.58 In addition to its fluorescent properties, ReAsH
can initiate the photoconversion of diaminobenzidine, which ultimately provides contrast
for electron microscopy, permitting a high-resolution image of the labeled proteins in fixed
cells.50 In some instances, however, application of the biarsenical dyes can lead to back-
ground staining due to a moderate affinity for endogenous monothiol and dithiol motifs
found within the cell.59 Thus, alternative techniques have emerged to address this important
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Figure 3.11 Site-specific labeling of proteins via recombinantly fused peptide tags. Recombi-
nant proteins bearing a genetically fused peptide tag are selectively endowed with bioorthog-
onal functionality within a live cell or cell lysate by the action of a specific ligase or enzyme.
Shown are enzyme-based methods for site-specifically labeling proteins with ketones, aldehy-
des, and azides.

issue of specificity, and critical to the success of these techniques is the use of bioorthogonal
ligations discussed in Section 2.

Ting and coworkers have developed two systems that capitalize on the ability of a
bacterial cofactor ligase to covalently label a specific lysine residue within in a short peptide
acceptor sequence with unnatural versions of the cofactor (Figure 3.11). The first approach
utilizes biotin ligase, an enzyme that can attach biotin via its carboxylic acid to lysine side
chains within a 15-residue consensus sequence. The target protein of interest is genetically
modified to contain this 15-amino acid ‘acceptor peptide’, to which biotin ligase catalyzes
the attachment of a synthetic ketone-containing biotin isostere.60 The ketone biotin ligase
technology has been used to image receptor dynamics in live cells.60 A more recent addition
to the peptide-labeling toolkit is the use of lipoic acid ligase, which accepts a variety of
azide and alkyne-containing analogs of lipoic acid, a naturally occurring cofactor.61 This
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approach is an improvement over the biotin ligase technology as it allows the use of the
superior bioorthogonal ligations of azides; further, rational design of lipoic acid ligase has
enabled use of larger reporters such as aryl azides, which can be used as photoaffinity labels
for dissecting protein–protein interactions.62

Both of these enzyme-mediated methods require the chemical synthesis of an unnatural
cofactor, although the short ω-azido fatty acids recognized by lipoic acid ligase are simple
to prepare. Another approach involves direct conversion of a specific amino acid side chain
within a consensus peptide to a bioorthogonal functionality; this concept is embodied in the
‘aldehyde tag’ technology. This method takes advantage of the formylglycine-generating
enzyme (FGE), an enzyme whose natural function is to co-translationally convert cysteine
to an aldehyde-containing formylglycine residue in the active site of sulfatases.63 FGE
recognizes a six-residue consensus sequence (LCTPSR), which we discovered can be
modified in the context of heterologous proteins. Thus, expression of recombinant proteins
bearing this six-residue ‘aldehyde tag’ sequence leads to the production of proteins bearing
bio-orthogonal aldehyde residues in both bacterial and mammalian systems.64,65

An alternative approach to site-specific protein labeling is to re-engineer the protein
synthesis machinery to incorporate an unnatural amino acid at precisely one position in
the protein (Figure 3.12). To accomplish this, Schultz and others have made use of the
‘amber’ stop codon and its corresponding tRNA, termed the amber suppressor. Mutants
of amino acid tRNA-synthetase (aaRS) enzymes were evolved that charge the amber
suppressor tRNA with various unnatural amino acids instead of the cognate amino acid.66

This approach has been highly successful for the site-specific incorporation of unnatural
amino acids that possess fluorophores67–69 and photochemical crosslinkers,70,71 as well as
bio-orthogonal chemical reporters such as ketones, azides, and terminal alkynes.70,72–74

This method for site-specific protein labeling, widely applied in bacteria and yeast, has
recently been expanded for use in mammalian systems.72,75

To achieve site-specific protein labeling, the use of the amber suppressor technology
requires considerable genetic manipulation. By contrast, a ‘residue-specific’ method for
globally replacing one amino acid with an unnatural surrogate is much simpler to employ
(Figure 3.12)76. In this approach, unnatural analogs of methionine77,78 or phenylalanine79,80

bearing azides and alkynes (as well as numerous other unnatural functional groups) are rec-
ognized by the cell’s endogenous translational machinery and utilized for protein synthesis
when their natural counterparts are in short supply. Pioneered by Tirrell and coworkers,78,81

residue-specific protein labeling has been used to create novel protein-based biomateri-
als.76 Additionally, it can be used to monitor global de novo protein synthesis. Termed
bio-orthogonal noncanonical amino acid tagging (BONCAT), this technique can be used
to visualize82 and identify81 newly synthesized proteins in mammalian cells and has been
applied to generate static snapshots in fixed cells using CuAAC. By employing the nontoxic
copper-free [3 + 2] cycloaddition with cyclooctyne probes, Tirrell and coworkers used the
technique in living bacterial cells to discover novel catalytic activities through a series of
in vivo evolution experiments.83

3.3.3 Metabolic Labeling of Glycans

Residue-specific protein labeling essentially constitutes the metabolic labeling of proteins
with unnatural amino acids, and analogous technologies exist for probing other classes of
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Figure 3.12 Incorporation of unnatural amino acids into newly synthesized proteins. (a) Gen-
eral schematic for site-specific incorporation of unnatural amino acids using amber suppressor
technology (left side) or residue-specific incorporation of unnatural amino acids (right side). (b)
Structures of unnatural amino acids containing ketones, azides, and alkynes for incorporation
into proteins using these methods.

biomolecules as well. Glycans, which are linear or branched chains of sugars, constitute
a diverse class of biomolecules that are often found as posttranslational modifications
of proteins or covalently bonded to lipids. These biopolymers, found both within the
cell and at the cell surface, participate in many physiological processes, including organ
development,84 cancer85 and host–pathogen interactions.86
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Figure 3.13 Metabolic oligosaccharide engineering for labeling glycans with unnatural sugars.
Monosaccharides are imported into the cytosol (or biosynthesized de novo) and metabolically
converted to activated nucleotidyl sugars. Unnatural monosaccharides are represented here
for clarity as containing the azide group (N3), but many other unnatural monosaccharides have
been employed for metabolic labeling of glycans (see Figure 3.14). These activated sugars are
either directly attached to cytosolic proteins or transported into the ER and/or Golgi appara-
tus and then appended onto protein and lipid scaffolds by the action of glycosyltransferase
enzymes. The majority of the resultant glycoproteins and glycolipids are then transported to
the cell surface, although some are retained in the ER and Golgi apparatus or trafficked to
organelles such as the lysosome, and others still are secreted into the extracellular space (not
shown).

Glycans can be labeled with unnatural monosaccharides bearing chemical reporters in
a process termed ‘metabolic oligosaccharide engineering’.87 This approach enables both
the visualization of glycans on cells and tissues as well as the profiling of glycosylation at
the proteomic level. Analogous to residue-specific protein labeling, synthetic keto, azido or
alkynyl sugars can hijack the glycan biosynthetic machinery and label glycans both on cell
surfaces and intracellularly (Figure 3.13). Much work in this area has been devoted to the
study of cell-surface sialic acids, which can be modified by metabolism of keto,88 azido15

and alkynyl89 analogs of two natural precursors, N-acetylmannosamine (ManNAc) and N-
acetylneuraminic acid (Figure 3.14).90,91 Other classes of glycoconjugates that have been
labeled with unnatural sugars bearing chemical reporters include fucosylated glycans,89,92,93

mucin-type O-glycans94,95 and cytosolic/nuclear O-GlcNAcylated proteins96 (Figure 3.14).
Imaging of glycans has been performed using a variety of fluorophore conjugates of

phosphines20,97 and cyclooctynes.29 In particular, the rapid kinetics of the Cu-free [3 + 2]
cycloaddition using DIFO enabled us to measure, for the first time in living cells, the dynam-
ics of glycan trafficking (Figure 3.15).29 We have also extended metabolic oligosaccharide
engineering to living animals. Mice and zebrafish treated with appropriate azidosugars
can be metabolically labeled at their sialic acid residues and mucin-type O-glycans.98–100

In zebrafish, changes in glycosylation during embryonic development were imaged using
DIFO-fluorophore reagents.100 Further, the Staudinger ligation and strain-promoted [3 +
2] azide–alkyne cycloaddition proceed readily within living mice, suggesting future in vivo
imaging efforts using this powerful model organism for human disease.29,98
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Figure 3.14 Structures of unnatural monosaccharides containing ketone, azide or alkyne
functionality used as substrates for metabolic labeling of glycans.

3.3.4 Metabolic Targeting of Other Biomolecules with Chemical Reporters

In addition to proteins and glycans, other classes of biomolecules are being targeted us-
ing the bio-orthogonal chemical reporter strategy. Most notable among these are lipid-
modified proteins, which possess N-myristoylation of N-terminal glycine residues, or
S-palmitoylation or farnesylation of cysteine residues. Various groups have demonstrated
metabolic labeling of lipidated proteins with azidolipid precursors, which allows for prob-
ing the modification in living systems.101–104 Another protein posttranslational modifica-
tion that has been probed using chemical reporters is the pantetheinylation. Burkart and
coworkers have employed azido and alkynyl pantetheine analogs for metabolic labeling of
acyl carrier proteins in living cells.105 Rajski and coworkers have used azide-derivatized,
aziridine-containing S-adenosylmethionine analogs for probing substrates of DNA methyl-
transferases in vitro.106 Finally, Salic and Mitchison reported unnatural nucleotides, ethynyl
and azido deoxyuridine, that are incorporated into replicating DNA within living cells and
tissues.107 These probes, after subsequent derivatization with CuAAC reagents, permit the
mild detection of dividing cells within fixed cells and tissues and serve as a modern re-
placement for the bromodeoxyuridine (BrdU) assay that is routinely used to detect dividing
cells. Using a similar approach, Jao and Salic were able to probe RNA synthesis in cells
and animal tissues using ethynyl uridine. This unnatural nucleotide was incorporated into
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Figure 3.15 Dynamic imaging of glycans in living cells using metabolic labeling and bioorthog-
onal chemistries. (a) Experimental setup: cells are metabolically labeled with an azidosugar
(ManNAz is shown here as an example), rinsed and then reacted with a fluorescent phosphine
or cyclooctyne conjugate. (b) Dynamic imaging of sialic acids using ManNAz and DIFO-
Alexa Fluor 488. Chinese hamster ovary cells were metabolically labeled with ManNAz for 3
days, rinsed, reacted with DIFO-Alexa Fluor 488 for 1 min, and imaged by epifluorescence
microscopy. Images were acquired every 15 min for 1 h. The image on the right (60 min,
–Az) indicates a separate sample metabolically labeled with the control sugar ManNAc. The
arrowhead indicates a population of glycans that have undergone endocytosis after the Cu-free
click labeling reaction. Scale bar: 5 µm.

newly synthesized RNA during transcription, and its presence was detected by CuAAC
using azido fluorophores.108

3.4 Summary and Outlook

In this chapter, we have discussed the development and implementation of bio-orthogonal
ligations for labeling biomolecules in living systems. The strategy relies both on the in-
corporation of a chemical reporter into biomolecules and the subsequent detection of the
reporter using bio-orthogonal chemistries. Initial efforts were centered on condensation
reactions of ketones and aldehydes, and more recent work has focused on reactions of
azides with triarylphosphines and activated alkynes. In particular, copper-free [3 + 2] cy-
cloaddition with strained alkynes presents a promising area for immediate application and
future reagent development using the principles of physical organic chemistry. Reagents
with faster kinetics could enable more sensitive detection of azides in vivo, and fluoro-
genic alkynes for copper-free [3 + 2] cycloaddition would permit real-time visualization
of biological events.

Despite the numerous advances propelled by these azide-specific chemistries, there
is a need for alternatives to azides. Currently, methods to image multiple biomolecules
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simultaneously are limited by the number of ligation chemistries that are orthogonal to one
another. Fertile ground for the search for new biocompatible, copper-free click chemistries
includes other pericyclic reactions and photochemistry. The initial reports on ‘photoclick’
chemistry, a cross-section of these two areas, represent the tip of the iceberg, as a vast
literature of classic organic chemistry can be revisited in the modern context of bio-
orthogonal ligations. This expanded toolkit of copper-free click chemistries should see
wide application in chemical biology in applications ranging from biomaterial design to in
vivo imaging.
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4
Protein and Peptide Conjugation to
Polymers and Surfaces Using Oxime

Chemistry

Heather D. Maynard, Rebecca M. Broyer and Christopher M. Kolodziej

4.1 Introduction

Aldehydes and ketones react with alkoxyamines to form a stable oxime species (Figure
4.1). The process occurs in aqueous solution in the presence of a wide variety of func-
tional groups without the addition of other reagents. Oxime chemistry is compatible with
biomolecules. As a result, there has been increasing interest in employing this bond forma-
tion in conjugation reactions. This chapter focuses on studies that use oxime chemistry to
conjugate proteins and peptides to polymers and surfaces.

Oxime bond formation provides a convenient method to produce site-specific conju-
gates.1,2 Proteins and peptides often contain multiple amine groups, which also form Schiff
bases with aldehydes and ketones. Typically these are unstable in aqueous solution because
the equilibrium favors the oxo version. For O-hydroxylamine compounds, the equilibrium
favors the oxime. This is significant because site-specific conjugation is important for
retention of bioactivity, a required feature for most applications.

Aldehyde, ketone and aminooxy groups are not among the side-chains of naturally oc-
curring amino acids. Because these functionalities may be easily incorporated into peptides
and proteins, conjugation can be restricted to only the desired site on the protein or pep-
tide.3–5 Peptides are readily synthesized with either aminooxy groups or other oxo moieties
using solid-phase methods.6 A facile method to install α-oxoamides at the N-termini of
proteins was reported by Dixon.7–11 A transamination reaction in the presence of sodium

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
C© 2009 John Wiley & Sons, Ltd
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Figure 4.1 Oxime bond formation.

glyoxylate and copper sulfate forms the desired group (Figure 4.2), which, in turn, can
be used to form conjugates with amiooxy-functionalized polymers. More recently Francis
and coworkers reported that most N-terminal amino acids can be subjected to a transami-
nation reaction using pyridoxal-5-phosphate (PLP).12 They did note that the reaction was
not successful for N-terminal serine, cysteine, proline, tryptophan or threonine residues.
An artificial amino acid containing the appropriate moiety can also be introduced through
recombinant methods or by enzymatic N-terminal addition.13 Introduction of Nε-levulinyl
lysine residues site-specifically in proteins and peptides can also be achieved by solid-phase
peptide synthesis or native chemical ligation.3,4 Clearly, all of these strategies can be used
to form biomolecules for reaction with functionalized polymers or surfaces.

4.2 Protein/Peptide–Polymer Conjugates

Covalent attachment of polymers to proteins and peptides has also been shown to im-
prove properties such as stability, biocompatibility and performance compared with the
naturally derived materials.14,15 Moreover, polymers can confer new properties such as
externally switchable phase behavior or self-assembly properties. Indeed, peptide–polymer
and protein–polymer bioconjugates are hybrid materials that make up a large class of bio-
pharmaceuticals.16–18 A second class of conjugates is made from ‘smart’ polymers. ‘Smart’
polymers respond to external stimuli, such as changes in pH, temperature and light, and
can impart this response to a conjugated peptide or protein.19
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Figure 4.2 N-terminal oxidation via transamination with sodium glyoxylate.
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There are a number of different synthetic strategies available to prepare these hybrids.20–22

The more traditional approach involves synthesis of protein-reactive polymers, and covalent
attachment of the polymer to the side chains of the proteins post-polymerization. Another
strategy that we recently developed involves the synthesis of polymers directly from pro-
teins that have been modified with polymerization initiators. The final method involves
conjugation of proteins or peptides to side chain-reactive polymers.

The first reported use of oxime bond formation to achieve protein–drug conjugates was
by Webb and Kaneko in 1990.23 Their approach was to conjugate a drug molecule to mon-
oclonal antibodies (MAb) via a bifunctional linker containing a hydroxylamine and pyridyl
disulfide. The pyridyl disulfide allowed for conjugation to the free cysteine of the MAb,
while the aminooxy allowed for formation of an oxime bond with a model drug. The linkage
was found to be highly stable, requiring exposure to pH ∼2 to hydrolyze (Figure 4.3).

O

OOMe

OH

OH O

OH

N

OH

O

HO
NH2

O
S

S N

O2N

MeOH

O

OOMe

OH

OH O

OH

N

OH

O

HO
NH2

O
S

S

Phosphate buffer

Cl+H3NO
S

S N

O2N

O

OOMe

OH

OH O

OH

O

OH

O

HO
NH2

+

HS-MAb

Figure 4.3 Conjugation of adriamycin to monoclonal antibody via oxime bond formation
with a bifunctional linker. Reprinted with permission from Webb, R. R., Kaneko, T., (1990),
Bioconjugate Chemistry, 1, 96–99. Copyright 1990 American Chemical Society.
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Figure 4.4 Selective conjugation of branched PEG to synthetic erythropoietin. Reprinted with
permission from Kochendoerfer, G. G. et al., (2003), Science, 299, 884–887. Copyright 2003
AAAS.

The utility of oxime chemistry in preparing protein–polymer conjugate drugs was first
demonstrated in 2003 in the synthesis of PEGylated erythropoietin (Epo).3 Kochendoer-
fer and coworkers prepared a synthetic Epo that incorporated two Nε-levulinyl-modified
lysine residues (Figure 4.4). These ketone-functionalized residues provided specific sites
for polymer attachment. Aminooxy-functionalized four-arm PEG was conjugated to the
ketone-bearing subunits, which were then assembled to form the final drug via native
chemical ligation. The results demonstrated the orthogonality of oxime chemistry to other
functionalities in proteins and peptides. The pharmacokinetics of the conjugate was also
studied, and found to be superior to those of the native protein. Remarkably, at the same
time the conjugate displayed equivalent bioactivity. This suggested that the oxime bond
and polymer chains did not interfere with protein function.

The same group further demonstrated with the use of oxime chemistry by preparing
PEGylated CCL-5 (RANTES).4 Lys-45 of the CCL-5 subunit (34–67) was modified with
isopropylidine-protected aminooxyacetic acid. Following native chemical ligation with the
second subunit, the aminooxy functionality was revealed through oxime exchange with
methoxyamine (Figure 4.5). Linear PEG–aldehyde was then conjugated to the protein.
This result showed that either aminooxy or aldehyde functionality can be incorporated into
proteins for conjugation. The conjugate was found to be more active against HIV, a property
attributed to the polymer blocking aggregation through the GAG binding site.

CCL-5 has also been modified with branched PEG via oxime bond formation.24 Tumelty
and coworkers altered Lys-67 to contain a 1,3-dithiolane-protected Nε-levulinyl lysine.
Removal of the dithiolane protecting group was accomplished in the presence of free
cysteines by treatment with silver triflate. Following deprotection, the ketone-modified
protein was conjugated to an aminooxy-functionalized four-arm star PEG (Figure 4.6).

Francis and coworkers exploited their reported PLP method to specifically modify pro-
teins at the N-terminus to introduce aminooxy-PEG onto proteins.12 The method was also
used with expressed protein ligation (EPL) to create a protein with reactive groups at both
termini.25 eGFP was expressed in Escherichia coli as an intein–chitin fusion and a cysteine
piperidone amide was attached by EPL.26 The protein was then subjected to PLP to create a
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Figure 4.5 Conjugation of PEG to aminooxy-modified CCL-5. Reprinted with permission from
Shao, H., et al., (2005), Journal of the American Chemical Society, 127, 1350–1351. Copyright
2005 American Chemical Society.

Figure 4.6 Conjugation of PEG to ketone-modified CCL-5. Reprinted with permission from
Tumelty, D. et al., (2003), Journal of the American Chemical Society, 125, 14238–14239.
Copyright 2003 American Chemical Society.
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Figure 4.7 Preparation of protein–polymer hydrogels. N-Oxo-C-keto GFP forms oxime
crosslinks with a polymer bearing aminooxy side-chains. Reprinted with permission from A. P.
Esser-Kahn, M. B. Francis, (2008), Angewandte Chemie – International Edition in English, 47,
3751–3754. Copyright 2008 Wiley-VCH.

protein modified for conjugation to aminooxy functionalities at both termini. In this work,
the authors synthesized an alkoxyamine-co-hydroxypropyl methacrylate for conjugation
to the protein. Hydrogels were formed by mixing the activated protein with the polymer
(Figure 4.7). Furthermore, the hydrogel was found to undergo a structural denaturation from
60 to 80 ◦C, which was consistent with the properties of eGFP. This work demonstrated the
ability to create a bulk material with properties of both the protein and polymer and should
be useful to create a number of active biomaterials.

Peschke and coworkers developed a complementary method for modifying proteins for
oxime bond formation utilizing a transpeptidation reaction to incorporate ketone function-
ality at the C-terminus.27 An hGH subunit (178–191) was modified at the C-terminus with
an Nε-ketone-modified lysine derivative. The ketone-modified peptide was then conjugated
to an aminooxy-functionalized two-arm PEG (Figure 4.8). The one disadvantage of this
method was that the oxime formation required 10 days. However, this appeared to be unique
to this system.

We have focused on developing straightforward synthetic methods to produce aminooxy-
end functionalized polymers in a single step. For this purpose, controlled radical polymer-
ization was used to prepare aminooxy end-functionalized polymers suitable for conjugation
to ketone- or aldehyde-functionalized proteins.28 Two initiators for atom transfer radical
polymerization (ATRP) were prepared via reaction of Boc-aminooxyacetic acid. One,
a bromoisobutyrate, was efficient for ATRP of methacrylate monomers, and the other,
a chloropropionate, was suitable for ATRP of acrylamide or styrenyl monomers. Poly
(N-isopropylacrylamide), prepared by ATRP from the chloropropionate initiator, was con-
jugated to bovine serum albumin (BSA) modified with Nε-levulinyl lysine residues (Figure
4.9). This method has advantages over previous methods to produce the polymers, which
required installing the aminooxy moiety post-polymerization.

Oxime chemistry can also be used to prepare side-chain-functionalized polymers.
We polymerized 3,3′-diethyoxypropyl methacrylate (DEPMA) by reversible addition–
fragmentation chain transfer (RAFT) polymerization.29 Following acid deprotection, the
resulting polymer with aldehyde-functionalized side chains was conjugated to a mixture of
aminooxyacetic acid and N-terminal aminooxy-RGD (Figure 4.10). The latter is a ligand
for cell surface integrins. The polymer composition was found to be identical to that of the
feed solution, indicating that the oxime formation was efficient and that copolymers can be
readily prepared utilizing this technique.
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Figure 4.9 Ketone modification of BSA and subsequent conjugation to aminooxy-pNIPAAm.
Reprinted with permission from Heredia, K. L. et al., (2007), Macromolecules, 40, 4772–4779.
Copyright 2007 American Chemical Society.

4.3 Immobilization of Proteins and Peptides on Surfaces

Peptide and protein arrays are widely used in the fields of biomaterials, medicine and
biotechnology for applications that include diagnostics and microarray technology, as well
as cell and tissue engineering.19,22 Thus, there is a growing need for versatile synthetic strate-
gies to immobilize the biomolecules on surfaces.30–33 A number of different chemistries
have been demonstrated.34 This section focuses on the use of oxime chemistry to chemically
attach proteins and peptides to surfaces. In the beginning, oligonucleotide and carbohydrate
conjugations are also described for introductory purposes.
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Figure 4.10 Conjugation of aminooxy-RGD to a polymer bearing aldehyde side-chains.
Reprinted with permission from Hwang, J. Y. et al., (2007), Journal of Controlled Release,
122, 279–286. Copyright 2007 Elsevier.
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Figure 4.11 Immobilization of oligonucleotides via oxime bond formation. Reprinted with
permission from Boncheva, M., et al., (1999), Langmuir, 15, 4317–4320. Copyright 1999
American Chemical Society.

The first example of oxime chemistry for surface immobilization of biomolecules was
demonstrated by Boncheva et al. in 1999.35 In this work, oligonucleotides were coupled to
mixed alkanethiol-on-gold self-assembled monolayers (SAMs) to achieve arrays (Figure
4.11). The surface density of the DNA arrays was optimized to allow for high hybridization
efficiency. The materials were characterized by surface plasmon resonance (SPR) and
attenuated total reflectance-FTIR spectroscopy. This first example nicely demonstrated the
utility of oxime chemistry for immobilization of biomolecules on surfaces.

This chemoselective immobilization technique was later used by a number of other
groups to create oligonucleotide arrays36–38 as well as immobilized microarrays of car-
bohydrates.39,40 Oxime chemistry has also been used to immobilize oligonucleotides on
micropatterned glass substrates36,37 and inside glass capillaries.38 Carbohydrates immobi-
lized on polymer films using oxime bonds were demonstrated by Onodera and cowork-
ers.40 Specifically, a Boc-protected aminooxy monomer was copolymerized with methyl
methacrylate and the polymer was cast onto a 96-well plate. The hydroxylamines were de-
protected using 20% TFA and the carbohydrates were immobilized on the film in aqueous
HCl (pH 2). The sugar trapping efficiencies in this work were reported to be about 80%.
This was attributed to the fact that the pH required for glycoblotting was lower than the
optimal pH for oxime bond formation. Tully et al. demonstrated synthetic chrondroitin sul-
fate (CS) gylcosaminoglycan microarrays utilizing oxime chemistry.39 A series of synthetic
CS molecules were synthesized with allyl end groups. Upon ozonolysis and subsequent
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Figure 4.12 Formation of carbohydrate arrays via oxime bond formation. Reprinted with
permission from Tully, S. E. et al., (2006), Journal of the American Chemical Society, 128,
7740–7741. Copyright 2006 American Chemical Society.

treatment with 1,2-(bisaminooxy)ethane, aminooxy groups were created for conjugation to
aldehyde functionalized glass slides (Figure 4.12).

The use of peptides in synthetic chemistry has increased significantly since the introduc-
tion of solid-phase peptide synthesis in the 1960s. Oxime bond formation was first used
to immobilize peptides by Falsey and coworkers in 2001.41 In this work, peptide microar-
rays were fabricated (Figure 4.13) for cell adhesion and functional assays. Commercially

Figure 4.13 Aldehyde functionalization of glass substrates, and subsequent immobilization
of aminooxy-peptides. Reprinted with permission from Falsey, J. R. et al., (2001), Bioconjugate
Chemistry, 12, 346–353. Copyright 2001 American Chemical Society.
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Figure 4.14 Fabrication of streptavidin micropatterns via binding to a biotinylated surface
prepared by oxime bond formation with an aldehyde-patterned polymer. Reprinted with per-
mission from Christman, K. L., Maynard, H. D., (2005), Langmuir, 21, 8389–8393. Copyright
2005 American Chemical Society.

available microscope slides were first incubated with (3-aminopropyl)triethoxysilane to
create amine-functionalized glass slides. The slides were subsequently converted to gly-
oxyl derivates by two different routes: coupling with Fmoc-protected serine, followed by
subsequent deprotection and oxidation to the aldehydes or coupling with protected gly-
oxylic acid and subsequent deprotection using HCl. The surfaces were treated to remove
nonspecific binding by co-spotting with steric acid in a ratio of 1:4 glyoxylic:steric acid.

We reported a method of creating oxime micropatterns using a pH-responsive polymer,
poly(3,3′-diethoxypropyl methacrylate) (PDEPMA).42 The polymer was spin-coated onto
Si–SiO2 substrates. Upon exposure to acid, the acetal groups of PDEPMA were converted
aldehydes for site-specific conjugation of proteins. In this work, chemical deprotection was
achieved in two ways: incubation with aqueous HCl or photochemical deprotection using
the photoacid generator (PAG) triphenylsulfonium triflate and deep UV light. Micropatterns
of selectively deprotected acetals were achieved by exposing PDEMPMA and PAG to deep
UV light through a 1000-mesh Ni TEM grid (Figure 4.14). In order to demonstrate that
proteins and other biomolecules could also be immobilized on these micropatterns, the
surface was incubated with biotinylated hydroxylamine, thus forming streptavidin (SA)-
reactive micropatterns. Because streptavidin has four binding sites for biotin, the array may
be used as a platform to immobilize other biotinylated proteins or antibodies.

In an extension of this work, we showed that submicron patterns of streptavidin could be
produced for protein assembly.43 In this study, the photoacid generator diphenyliodonium-9,
10-dimethoxyanthracene-2-sulfonate (DIAS), which is excited at 365 nm, was spin-coated
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Figure 4.15 Fabrication of micropatterned protein assemblies using streptavidin as a gen-
eral linker. Reprinted with permission from Christman, K. L. et al., (2006), Langmuir, 22,
7444–7450. Copyright 2006 American Chemical Society.

with the PDEPMA polymer. An i-line wafer stepper and a chrome-on-quartz mask were used
to produce aldehyde features ranging from 500 nm to 40 µm. These aldehydes were then
conjugated to SA via a biotinylated hydroxylamine, in a similar fashion to the previous
report.42 In an effort to reduce nonspecific binding of proteins, after biotinylation the
background was hydrolyzed to aldehydes and conjugated to an aminooxy-terminated PEG
(Figure 4.15). The PEG background was found to reduce the nonspecific absorption of SA by
approximately 98%. To demonstrate the stepwise assembly of proteins, biotinylated anthrax
toxin receptor-1 (ANTXR-1) and the green fluorescent protective antigen component of
anthrax toxin were assembled on the patterns. This was the first example of submicron
protein patterning by photolithography.

Site-specific immobilization through oxime bond formation was also demonstrated uti-
lizing a polymer with protected aminooxy groups.44 A copolymer consisting of HEMA
and Boc-protected aminooxy tetra(ethylene glycol) methacrylate was synthesized by free-
radical polymerization. The polymer was designed with a PEG group in the monomer to
provide protein resistance. The polymer was covalently attached to the native oxide of
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Figure 4.16 Immobilization of N-terminal aldehyde-modified streptavidin on aminooxy mi-
cropatterns via oxime bond formation. A fluorescence image of the patterns (a), and intensity
profile (b) are shown. Reprinted with permission from Christman, K. L. et al., (2007), Journal
of Materials Chemistry, 17, 2021–2027. Copyright 2007 The Royal Society of Chemistry.

silicon by spin-coating a film of the copolymer on the surface. After baking at 110 ◦C
the hydroxyl groups were covalently linked to the surface. An i-line sensitive PAG was then
used to create patterns of aminooxy groups (Figure 4.16). Finally, N-terminal α-ketoamide-
modified SA was immobilized to the surface. This strategy could be used to attach numerous
proteins via the N-termini to patterned surfaces.

Park and Yousaf demonstrated use of an interfacial oxime reaction to immobilize
ligands and cells in patterns and gradients to photoactive surfaces.45 In this work
UV-active nitroveratryloxycarbonyl (NVOC)-protected aminooxy alkanethiol SAMs were
prepared. Alkoxyamine micropatterns were formed via exposure to UV irradiation through
a micropatterned mask (Figure 4.17). The micropatterns were incubated with ketone-
functionalized RGD to form cell-adhesive micropatterned substrates. Cell adhesion was
observed only in those areas which had been deprotected.

A complementary method has been reported by the same group, whereby an aldehyde-
functionalized surface was employed to conjugate aminooxy-functionalized peptides.46

Figure 4.17 Preparation of micropatterned aminooxy surfaces by photodeprotection, and
subsequent ligand immobilization via oxime bond formation. Reprinted with permission from
S. Park, M. N. Yousaf, (2008), Langmuir, 24, 6201–6207. Copyright 2008 American Chemical
Society.
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Figure 4.18 Preparation of aldehyde micropatterns via selective oxidation within microfluidic
channels and subsequent immobilization of aminooxy-functionalized ligands. Reprinted with
permission from Westcott, N. P. et al., (2008), Langmuir, 24, 9237–9240. Copyright 2008
American Chemical Society.

PEGylated SAMs were prepared, and covered with a patterned poly(dimethylsiloxane)
(PDMS) stamp to form microchannels. The SAM exposed to the microchannels was chem-
ically oxidized to form micropatterned aldehydes (Figure 4.18). The PDMS was then
removed, and the patterns were incubated with aminooxy-functionalized RGD to form
cell-adhesive micropatterned substrates.

4.4 Conclusions

Protein– and peptide–polymer conjugates and surface hybrids are important in biomaterials
and medicine. One crucial aspect to consider while preparing these materials is that the
reaction site or sites be controlled. Oxime linkages provide a means to site-specific conju-
gations with retention of bioactivity. Moreover, installation of the reactive groups into the
biomolecules is facile and can be achieved in aqueous solutions.
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5
The Role of Click Chemistry in

Polymer Synthesis

Jean-François Lutz and Brent S. Sumerlin

5.1 Introduction

The expected increased demand for novel nanomaterials is directly accompanied by a
need for efficient routes to prepare such materials. The realm of macromolecular science
has always been intimately entwined with studies in the nanosciences, and a great deal of
attention has been recently devoted to increase the diversity of available polymeric materials.
Despite the enormous progress made over the last few decades, synthetic macromolecules
generally remain rather undefined in comparison to many biopolymers, such as proteins
or nucleic acids. Such limitations of polymer chemistry may seem surprising to many
nonspecialists since modern organic synthesis provides a plethora of solutions for the
preparation of chemo-, regio- and stereo-controlled low-molecular-weight compounds.1

However, these chemical tools are not always readily transferable to the macromolecular
scale. While the last 50 years has resulted in the development of a multitude of new synthetic
polymerization and polymer modification strategies, many of these methods were plagued
by their complexity and narrow focus. Ironically, it is often the case that the more complex
a macromolecular structure is, the more important it is to have a simple pathway for its
preparation. Whether the goal is to ensure complete consumption of a plurality of reactive
functionalities or to specifically functionalize a single site on a polymer chain, efficient
and/or orthogonal synthetic strategies are crucial.

While Nature has optimized its chemistry through evolution to select robust chemical
tools perfectly adapted to Earth’s environmental conditions, the discovery and selection
of simpler and more universal synthetic methods is essential for advancement in polymer

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
C© 2009 John Wiley & Sons, Ltd
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science. Selection of the most versatile chemical tools is the essence of click chemistry,
an appealing concept proposed by Sharpless and coworkers.2 Click chemistry is not a
scientific discipline, but rather a synthetic philosophy focused on function and inspired by
the simplicity and efficiency of the chemistry utilized by Nature. Highly complex biological
systems rely on a modest library of monomers joined by only a few efficient reactions.
Similarly, the objective of click chemistry is to establish an ideal set of straightforward
and highly selective reactions in synthetic chemistry. For instance, the archetypal example
of click chemistry is undoubtedly the copper-catalyzed Huisgen 1,3-dipolar cycloaddition
of azides and terminal alkynes.3–6 In the absence of an appropriate catalyst, this reaction
is generally slow and lacks regiospecificity, but in the presence of copper(I), which binds
to terminal alkynes to form intermediate copper acetylides, this cycloaddition reaction is
dramatically accelerated, regioselective and highly efficient (Scheme 5.1). Moreover, the
copper-catalyzed azide–alkyne cycloaddition (CuAAC) can be performed in a variety of
solvents (including water) and in the presence of numerous other functional groups.5,6

Although click chemistry was initially postulated as a general concept for organic syn-
thesis, this strategy also has enormous potential in materials science.1,7 The first example
to illustrate this point was reported by the groups of Hawker, Fokin and Sharpless.8 After-
wards, the visibility of click chemistry within the materials community grew.7–26 The goal
of this chapter is not to be a comprehensive review of the application of click chemistry
in materials science, as many of these topics will inevitably be covered in other chapters
of this volume. Rather, by highlighting some specific examples, many of which represent
the first instances of click chemistry being employed in macromolecular synthesis and
functionalization, we hope to give context to the click concept and its particular utility in
polymer science.

5.2 Polymerization via CuAAC

High conversion is fundamental requirement for obtaining high molecular weight polymer
by step-growth polymerization mechanisms. Therefore, it is logical that many of the first
applications of the click concept in polymer synthesis involved the polymerization of
azide- (or nitrile-) and alkyne-containing monomers to form linear polymers, dendrimers
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Figure 5.1 Examples of CuAAC being employed to prepare linear polymer structures by
polymerization of azide and alkyne functional monomers.9,27,29 Reprinted with permission
from J.-F. Lutz, (2007), 1,3 Dipolar Cycloadditions of Azides and Alkynes: A Universal Ligation
Tool in Polymer and Materials Science, Angew. Chem. Int. Ed., 46 (7), 1018–1025. Copyright
2007 Wiley-VCH.

and rotaxanes.8,9,12,20,27–29 In these cases, the resulting structures contain multiple triazole
or tetrazole repeating units and constitute a novel class of macromolecules with potentially
interesting properties. Hawker, Fokin and Sharpless first reported CuAAC for the conver-
gent synthesis of dendrimers.8 The application of click strategies for the preparation of
dendrimers proved highly beneficial, as there is perhaps no other area of polymer synthesis
that relies so heavily on near-quantitative reaction conversions. This method proved to be
a straightforward strategy for large-scale synthesis of near-perfect triazole-containing den-
drimers. Shortly thereafter, Finn et al. extended CuAAC to prepare linear polymer chains
(Figure 5.1, 1) and macromolecular networks.9 Both cases resulted in a prominent presence
of triazole functionalities within the polymer structure, and the latter proved to be remark-
able copper–copper adhesives as a result of the ability of these triazole rings to coordinate
to miniscule amounts of copper(I) inevitably present on the surface of copper metal.

Fleury and coworkers recently conducted in-depth investigations regarding the
polymerization of difunctional azide and alkyne monomers.30 1,6-Diazidohexane and
a,w-bis(O-propargyl)diethylene glycol were polymerized with a Cu(PPh3)3Br catalyst to
yield triazole-containing copolymers. Kinetic studies were conducted, and polymerizations
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at various temperatures allowed the activation energy for the polyaddition process to
be calculated as Ea = 45 ± 5 kJ/mol. Poly(alkyl aryl) ethers containing 1,2,3-triazolyl
and perfluorocyclobutyl units (Figure 5.1, 2) were prepared by Qing et al. via click
poly(cycloaddition).29 These novel macromolecules exhibited a rather interesting thermal
stability and melting fluidity. On the other hand, polymers containing tetrazole units were
found to be significantly less thermally stable. Polymers containing multiple tetrazole
side-groups can be prepared by reacting well-defined polyacrylonitrile precursors with
sodium azide, leading to tetrazole-functionalized polymers that decompose at temperature
as low as 120 ◦C.31 In addition to polymerization of low molecular weight azides and
alkynes, Matyjaszewski and coworkers demonstrated that linear polymers with alkynyl
and/or azido end groups could be further polymerized, with the chain extension leading to
high molecular weight homopolymers32 or multiblock copolymers.33

Because of the aromaticity of the resulting triazoles, CuAAC has also proven efficient
for the synthesis of conjugated polymers. Both Reek et al. (Figure 5.1, 3) and Bunz et
al. reported the preparation of poly(fluorenylene-triazolene) via the reaction of diazido-
fluorene monomers with various diynes.27,34 Without relying on a copper catalyst, Bunz
and coworkers also reported that these polymers could be prepared by local heating with
an AFM tip.34

Overall, Huisgen cycloadditions seem to be straightforward and efficient reactions for
building novel polymer structures. However, so far the prime focus of the aforementioned
works has been on synthesis. Further studies are needed to assess comprehensively the
physical behavior of these novel triazole- or tetrazole-containing polymers. Nonetheless,
some of these early works already suggested some interesting properties (e.g. solubility,
swelling, metal adhesion).

5.3 Post-polymerization Modification via Click Chemistry

Macromolecular engineering involves the synthesis of complex macromolecular structures
with defined composition, microstructure, functionality and architecture (e.g. telechelic
polymers, block copolymers, macromolecular brushes, stars, networks), using covalent
chemistry approaches.35 In addition to versatile polymerization chemistry, the synthesis
of such complex macromolecules often requires the use of efficient and specific post-
polymerization modification techniques to incorporate functionality potentially incompat-
ible with the polymerization, characterization, or processing conditions.36 Click reactions
are especially suited for such advanced macromolecular design. Indeed, modification of
multiple points on a polymer chain requires a highly efficient reaction mechanism, since
the unreacted byproducts cannot be simply separated, as is the case is most small molecule
reactions. Click strategies have served as a complementary tools for most of the major syn-
thetic polymerization techniques, such as cationic or anionic ring opening polymerization
(ROP),37–40 ring opening metathesis polymerization (ROMP),41 polycondensation,42 con-
ventional free-radical polymerization,10,43 nitroxide-mediated polymerization (NMP),11,14

reversible addition-fragmentation transfer polymerization (RAFT)44–49 and atom trans-
fer radical polymerization (ATRP).19,31,32,50–65 The latter method has been coupled with
CuAAC more than any of the others, and the reader is directed to a review specifically
highlighting the combination of ATRP and click chemistry.66 ATRP is a facile and versatile
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polymerization technique and one of the most employed tools in modern polymer chem-
istry.35,67 Despite its inherent versatility, the range of macromolecular structures available
by ATRP can be further broadened by click strategies (Figure 5.2).

A first important application of CuAAC in polymer chemistry is undeniably the synthesis
of functional polymers (either end-functional or pendant-functional). Telechelic polymers
(i.e. polymers with functional end groups) can be efficiently prepared via a straightforward
ATRP/CuAAC combination. The halogen end groups of polymers prepared using ATRP
can be easily transformed into azide moieties68–70 and subsequently involved in CuAAC
with functional alkynes (Figure 5.2).32,51,53,63,64 Alternatively, azide- or alkyne-functional
initiators can be also utilized, though in the latter case protection of the alkyne moiety is often
required to prevent its consumption during polymerization.32,54,55 Functional telechelic
polymers can also be prepared by RAFT polymerization, as first demonstrated by the
groups of Barner-Kowollik and Stenzel46 and Sumerlin et al.45 In this case, the azide or
alkyne moiety is typically incorporated in the chain transfer agent (CTA) structure prior to
polymerization.

Polymers with multiple functional side chains have been prepared by CuAAC using
precursors built with alkyne-functional monomers.10,14,37,40,42 For example, Fréchet and
coworkers constructed dendronized polymers (i.e. linear polymer chains with bulky side
dendrons) via side-chains cycloadditions (Scheme 5.2).10 Hawker and coworkers exploited
this concept even further via cascade side-chain functionalization of macromolecules
(Scheme 5.3).14 Mantovani and Haddleton recently demonstrated that glycopolymers could
be prepared in a one pot-process by simultaneous ATRP of an alkynyl monomer and CuAAC
with azido-functionalized sugars.71 The relative rates of polymerization and click function-
alization were conveniently tunable by varying the catalyst concentration, solvent and
temperature.

Azide-containing monomers and related polymer precursors have been also studied
for preparing macromolecules with functional side-groups.38,41,43,56 For example, after
preparing homopolymers and block copolymers of 3-azidopropyl methacrylate (AzPMA),
Sumerlin et al. functionalized the resulting azido-functionalized polymer (PAzPMA) by
coupling with a variety of low molecular weight alkynyl species (Scheme 5.4).56 Interest-
ingly, the rate of azide–alkyne coupling of this polymer was observed to be significantly
higher than that for the corresponding monomer, an effect attributed to autoacceleration by
anchimeric assistance. Previous reports had demonstrated polytriazoles to be excellent lig-
ands for copper(I).72 Thus, during functionalization of PAzPMA in the absence of additional
ligand, triazoles formed along the polyAzPMA backbone were believed to complex the cat-
alyst, leading to a higher local copper(I) concentration in the immediate vicinity of neigh-
boring unreacted azido groups. Similar autocatalytic results were reported by Fokin and
Finn.73

Although efficient, such strategies are potentially experimentally risky (like any approach
involving molecules with a high density of azide groups) due to the potentially explosive
character of organic azides and should be investigated with extreme care.74,75 However, an
alternative route was reported by Matyjaszewski et al. in which poly(glycidyl methacrylate)
(PGMA) copolymers were prepared by ATRP, and subsequent ring opening of the pendant
epoxide with NaN3 led to efficient incorporation of azide groups on each PGMA repeat unit
(Scheme 5.5).76 The resulting 1-hydroxy-2-azido copolymers were reacted with alkyne-
terminated poly(ethylene oxide) (PEO) to yield graft copolymers.
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Scheme 5.3 Example of cascade functionalization (i.e. amide formation and cycloaddition)
of synthetic macromolecules.14 Reprinted with permission from J.-F. Lutz, (2007), 1,3 Dipolar
Cycloadditions of Azides and Alkynes: A Universal Ligation Tool in Polymer and Materials
Science, Angew. Chem. Int. Ed., 46 (7), 1018–1025. Copyright 2007 Wiley-VCH.

In addition to proving useful for the synthesis of pendant functional and telechelic
macromolecules, click strategies have also been employed to build polymers with complex
architectures. One of the first examples of architectural control using was reported by the
team of Van Hest, which synthesized amphiphilic block copolymers by coupling azide- and
alkyne- functional homopolymers (Figure 5.1).55 Such ligation strategy has been shown
to be quite efficient for linking segments of various natures. Barner-Kowollik and Stenzel
later used a similar approach to couple azido- and alkyne-terminated polymers prepared by
RAFT.46 Self-ligation of a-alkyne-w-azido-telechelic polymers has proven to be an elegant
strategy for preparing macrocycles, an often difficult synthetic challenge (Figure 5.1).32,61,77

Additionally, other nonlinear architectures such as stars,39,58 miktoarm stars,57,65,78 graft
copolymers,64,79 networks15,19 and hyperbranches80 were constructed using click chemistry.
All of these reports relied on CuAAC, with the exception of the approach reported by Yagci
and coworkers for preparing graft copolymers by Diels–Alder chemistry.79

As mentioned previously, CuAAC has been used to prepare triazole-containing den-
drimers. Alternatively, CuAAC can be used to functionalize the outer-shells of dendrimers
or for linking preformed dendrons (e.g. polyamidoamine or polyester-based den-
drons).13,17,81,82 The latter is an interesting route for preparing unsymmetrical dendrimers
with distinct hemispheres.17

5.4 Polymer–Biomacromolecule Conjugation

The combination of macromolecules of both natural and synthetic origin is an appeal-
ing strategy to prepare hybrid materials that combine the advantages of standard synthetic
polymers with advanced biological functions (e.g. molecular recognition, programmed self-
organization, biological targeting, enzymatic activity).83 Fortunately, the high degree of
selectivity of click reactions makes them particularly attractive for modifying biomolecules
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Scheme 5.4 Click functionalization of azido-pendant polymers with various functional
alkynes.56

that often contain a wide range of reactive functionalities. CuAAC was reported to be an
excellent method to modify biological polymers such as nucleic acids or polysaccharides
(the strategies for functionalizing biopolymers are conceptually similar to those described
above for synthetic polymers).84–86 More specifically, CuAAC is a highly versatile tool for
covalently functionalizing biological molecules with synthetic polymers.87 For instance,
several reports indicated that sequence-defined oligopeptides can be linked to synthetic
macromolecules using click ligation.37,50,63,88,89 In particular, Nolte et al. described the
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O
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O
O

n

N3
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NH4Cl
DMF, 50 oC

Scheme 5.5 Alternative strategy for preparing azido-pendant polymers by ring opening of
epoxy functionalities in PGMA.76
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Figure 5.3 Molecular structure of an amphiphilic polymer bioconjugate polystyrene-b-
oligopeptide synthesized partly by click chemistry (top) and visualization by electron mi-
croscopy of its aggregates in water [bottom: TEM (A) and SEM (B)]. Reprinted with permission
from A. J. Dirks et al., (2005), Chem. Commun., 33, 4172–4174. Copyright 2005 The Royal
Society of Chemistry.

synthesis and self-assembly in aqueous medium of bio-hybrid amphiphiles composed of
a hydrophobic polystyrene segment coupled to a hydrophilic oligopeptide (Figure 5.3).
Lutz and coworkers studied the click cycloaddition of short peptides with well-defined
synthetic polymers synthesized by ATRP (Figure 5.4).63,89 Typically, the ω-bromine chain-
ends of ATRP polymers were transformed into azides by nucleophilic substitution and
subsequently reacted with alkyne-functionalized peptides. This allowed azido-terminated
polystyrene to be coupled with an alkyne-labeled protein transduction domain, specifically
the short arginine-rich sequence GRKKRRQRRR that is known for enhancing the intracel-
lular delivery of low molecular weight drugs, proteins, oligonucleotides, and DNA plasmids
(Figure 5.4).89 A similar approach resulted in conjugation of poly[oligo(ethylene glycol)
acrylate] to oligopeptides containing the particularly useful arginine–glycine–aspartic acid
(RGD) sequence.63 In these studies, the protecting side-groups of the amino acids were not
cleaved after solid-phase synthesis to allow sufficient solubility of the peptide segment to
facilitate size exclusion chromatography in organic eluents (Figure 5.4).

This precaution was not necessary for efficient synthesis since CuAAC is a highly
chemoselective reaction. Indeed, unprotected peptides can be directly employed in click
reactions.37,50,88 Nevertheless, oligopeptides may also be deprotected after performing a
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CuAAC as triazole rings are generally not damaged in concentrated trifluoroacetic acid.16,20

Besides peptide bioconjugation, CuAAC has also been employed to functionalize linear or
dendritic synthetic macromolecules with carbohydrates (e.g. mannose, galactose, fucose or
lactose moieties)17,60,90 or cancer-targeting folate ligands.91,92

More complex biological entities such as proteins, enzymes, viruses, bacteria or cells
may also be functionalized by azide–alkyne chemistry.93–98 For example, Finn and cowork-
ers efficiently modified the surface of the cowpea mosaic virus using CuAAC.96 Such
reactions can be performed with experimental conditions compatible with biological envi-
ronments (e.g. aqueous medium and room temperature). However, such chemical modifi-
cations of biological assemblies should be cautiously characterized since many reactants
or catalysts may induce denaturation or disassembly.96 Additionally, the team of Nolte
reported interesting examples of protein conjugation [either transport proteins such as
bovine serum albumin (BSA) or enzymes such as lipases] using CuAAC to couple poly-
mers prepared by ATRP.50,99 Sumerlin and coworkers later employed a similar concept
by labeling BSA with an alkyne by reaction of its lone free cysteine with propargyl
maleimide.100 The resulting activated protein was coupled with azido-terminated PNI-
PAM, prepared by RAFT, to yield well-defined polymer–protein bioconjugates capable of
temperature-responsive self-assembly (Scheme 5.6). Alternatively, Cornelissen and Nolte
combined click chemistry and a cofactor reconstitution approach for building polymer-
protein bioconjugates. Well-defined diblock copolymers PEG-b-PS were linked to the
heme cofactor via azide–alkyne cycloaddition and subsequently reconstituted with either
myoglobin or horse radish peroxidase (Figure 5.5).101 This site-specific cofactor strategy
was more versatile than the direct click coupling approach since various proteins can be
functionalized with the same cofactor and there was no requirement for the transition
metal catalysts in the presence of the proteins. Depending on the nature of the protein and
the length of the polymer segment, a wide diversity of solution aggregate morphologies
were accessible, including rods, vesicles, toroids, figure eight structures, stars and lamellar
spheres.101

Many of the first reports detailing protein functionalization by CuAAC were by
the teams of Schultz and Tirrell.93,94,98,102 Their modification approaches relied on the
use of nonnatural amino acids containing azido moieties (e.g. para-azidophenylalanine,
azidohomoalanine, azidonorvaline or azidonorleucine), which were incorporated into
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CuSO4n
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N

O

O

S

N N
N PNIPAM

n

n = 0, 1, 3 n = 0, 1, 3
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Scheme 5.6 Polymer–protein bioconjugates prepared by CuAAC of alkyne-functionalized
bovine serum albumin and azido-terminated PNIPAM.100 Reprinted with permission from
M. Li et al., (2008), Responsive Polymer–Protein Bioconjugates Prepared by RAFT Polymeriza-
tion and Copper-Catalyzed Azide–Alkyne Click Chemistry, Macromol. Rapid Commun., 29,
12–13, 1172–1176. Copyright 2008 Wiley-VCH.
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Figure 5.5 Transmission electron microscopy images of solution aggregates composed
of myoglobin conjugated with a PS144-b-PEG113 block copolymer. (A, B) toroids, (C)
schematic figure of a toroid, (D) octopi, (E) figure eights, and (F, G and H) micellar ag-
gregates. (I) Scanning electron microscopy images of spherical aggregates consisting of
lamellae. Bars represent 100 nm for A–H and 500 nm for I. Reprinted with permission
from I. C. Reynhout, et al., (2007), Self-assembled architectures from Biohybrid Triblock
Copolymers, J. Am. Chem. Soc., 129 (8), 2327–2332. Copyright 2007 American Chemical
Society.

mutant proteins by either genetic engineering or the metabolic replacement of a natu-
ral amino acid by a noncanonical substitute.93,103 The resulting azido-functional proteins
were subsequently reacted with various functional alkynes. Such ligations were also directly
performed on cell surfaces after mutation of membrane proteins.94,98 The click strategy of
Tirrell et al. was also applied to distinguish recent proteins from old proteins in mammalian
cells.104 In this approach, only the newly synthesized proteins contained azidohomoalanine
and were therefore selectively labeled by an alkyne affinity tag.

5.5 Functional Nanomaterials

In addition to proving highly relevant in the fields of polymer synthesis and polymer-
modified biological materials, highly efficient and selective click reactions have made an
enormous impact in nanoscience. As compared with macromolecular products prepared by
covalent means, modern nanomaterials often rely on fragile supramolecular construction,
and are therefore not easily purified or isolated. In this context, straightforward in situ
reactions are invaluable in materials science. Thus, the versatility of CuAAC that allows it
to be performed at room temperature, in multiple solvents, with stoichiometric amounts of
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reactants and in the presence of other functional materials has led to it being an attractive
tool for nanomaterial synthesis and modification.

CuAAC has proven to be a versatile tool for functionalizing or crosslinking colloidal
objects such as polymer, lipid or inorganic nanoparticles.11,105–109 Wooley et al. obtained
shell-crosslinked polymeric micelles by reacting alkyne moieties present in the hydrophilic
outer-shell of the micelles with azide-functional first generation dendrimers.11 Schuber
and Kros et al. reported elegant pathways for efficiently functionalizing lipid vesicles,
employing alkyne-functional surfactants that were incorporated in the lipid bilayers and
further reacted with azide-containing molecules.105,107 The mild conditions used in the
reaction allowed the lipid membranes to not be damaged during the functionalization
process, and only the outer surfaces of the vesicles were modified. Additionally, a few routes
were reported for the click functionalization of inorganic nanoparticles with polymers.108,109

In particular, Turro and coworkers coated the surface of maghemite particles with either
azide- or alkyne functional ligands, which were evidenced to be highly versatile platforms
for further functionalization.109 Besides spherical particles, anisotropic objects such as
nanotubes were also modified by click chemistry. Adronov et al. reported an efficient route
to functionalize single-walled carbon nanotubes with polymers to promote their colloidal
dispersion in organic solvents (Figure 5.6).52

The azide–alkyne ligation has also been employed to prepare various types of bulk ma-
terials.15,16,18,21,110 The teams of Hawker and Hilborn synthesized poly(ethylene glycol) or
poly(vinyl alcohol) hydrogels that were crosslinked by triazoles.15,110 Similar chemistry was
used for attaching ligands onto gel bead surfaces to be utilized in affinity chromatography
or electrophoresis.16,21

In addition to nanoparticles and nanotubes, CuAAC has proven to be an excellent tool
for functionalizing flat surfaces. Collman and Chidsey were pioneers in this area and re-
ported several important examples of self-assembled monolayers (SAMs) functionalized
by triazole linkages.111–114 Their work primarily focused on gold surfaces but was extended
by other groups to different types of substrates such as silicon wafers or glass slides.115,116

A

Cu(I)

O
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3O n

O N N
N
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B C
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Figure 5.6 Preparation of polystyrene-modified single walled-carbon nanotubes using click
chemistry (left). The middle image shows THF solutions of either pristine (A), alkyne-functional
(B) or polymer modified (C) carbon nanotubes. The right image shows transmission electron
micrographs of the polymer-nanotubes organic/inorganic hybrid structures. Reprinted with
permission from the H. Li, et al., (2005), Functionalization of Single-Walled Carbon Nanotubes
with Well-Defined Polystyrene by Click Coupling, J. Am. Chem. Soc., 127 (41), 14518–14524.
Copyright 2005 American Chemical Society.



P1: OTA

c05 JWBK375-Lahann August 12, 2009 17:46 Printer: Yet to come

The Role of Click Chemistry in Polymer Synthesis 83

Overall, a very wide variety of functional molecules (synthetic or biological) have been al-
ready attached to SAMs using an azide–alkyne strategy, thus opening a wide range of oppor-
tunities for applications such as molecular electronic, catalysis or bio-sensors.111,112,115–118

Besides the functionalization of SAMs, the Huisgen cycloaddition of alkynes and azides
was also utilized for constructing polymer modified surfaces. For example, Caruso and
coworkers described a click layer-by-layer approach using alternating layers of alkyne- and
azide-functional polymers to construct defined polymer films on gold, silicon, and quartz
surfaces.44

In addition to the traditional CuAAC conditions being employed for surface functional-
ization, Lahann et al. described the spatial control of click cycloadditions on flat surfaces
using microcontact printing.119,120 Defined biotin functional surface patterns were pre-
pared using a poly(dimethylsiloxane) (PDMS) stamp that was inked with a solution of
copper sulfate. The stamp was used to locally catalyze the cycloaddition of an adsorbed
alkyne polymer and biotin azide.119 Alternatively, Reinhoudt and coworkers used an alkyne-
inked PDMS stamp for creating a variety of functional patterns on azido SAMs (Figure
5.7).120 Interestingly, this approach did not necessitate a metal catalyst. Because of the
high local concentration of reactants in the confined regions between the stamp and the
substrate, the azide–alkyne cycloaddition occurred spontaneously within a short period of
time.

5.6 Summary and Outlook

Since the renaissance of Huisgen’s azide–alkyne cycloaddition was initiated by Meldal
and Sharpless, CuAAC has become one of favorite ligation tools of polymer and ma-
terials scientists, proving particularly useful in areas as diverse as polymer synthesis,
molecular biology and nanoelectronics. While not all of the examples above employ
conditions that truly meet the criteria of click chemistry (especially the requirement for
equal reactant stoichiometry), it is clear that CuAAC in particular has provided a ver-
satile polymerization/functionalization procedure that is widely applicable, exceedingly
efficient and highly orthogonal. Perhaps in no other area of the chemical sciences are
these aspects as important as in polymer science. It may be true that the lasting legacy
of the click concept in this area is that it has refocused the community to encourage
the use of only the most efficient routes available to prepare complex macromolecular
structures.

Nevertheless, there are still limitations of the CuAAC reaction that must be considered
before considering its use. While perhaps mostly a problem of perception, the use of a
copper-based catalyst could pose problems in some sensitive and highly regulated appli-
cations. Thus, the further development and enhanced applicability of optimized catalytic
methods59 or metal-free reactions are important issues in this field.121–124 Similarly, while
the majority of reports of click chemistry being used in polymer science have certainly
involved the CuAAC reaction, many other reactions offer the efficiency and selectivity
necessary to enhance synthetic capabilities. Thus, the search for and further development
of alternative versatile reactions are necessary to provide a more complete toolbox of click
reactions for the future.
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Figure 5.7 Microcontact click printing in the absence of a copper catalyst. The image on top
left shows the visualization of the surface pattern by fluorescence microscopy (image width is
700 mm). Reprinted with permission from D. I. Rozkiewicz, et al., (2006), Click Chemistry by
Microcontact Printing, Angew. Chem., 45 (32), 5292–5296. Copyright 2006 Wiley-VCH.
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6
Blocks, Stars and Combs: Complex

Macromolecular Architecture
Polymers via Click Chemistry

Sebastian Sinnwell, Andrew J. Inglis, Martina H. Stenzel and
Christopher Barner-Kowollik

6.1 Introduction

The formation of complex macromolecular architectures, such as blocks, stars and combs,*

has been a constant theme in synthetic polymer chemistry over the last few decades. In the
past, anionic polymerization was the method of choice for the synthesis of well-defined
complex (co)polymer architectures, yet under relatively demanding reaction conditions.1

More recently, the development of living/controlled radical polymerization protocols have
made complex macromolecular construction a far less demanding feat. Amongst the most
prominent living/controlled radical polymerization methods are the reversible addition-
fragmentation transfer (RAFT) process,2–5 nitroxide-mediated polymerization (NMP)6 as
well as atom transfer radical polymerization (ATRP).7 RAFT and ATRP are the most
employed techniques, with RAFT arguably being the most versatile in terms of monomer
range and functionality tolerance.

All of the above three control methodologies on their own can not only be employed to
construct linear block copolymers, but also more complicated macromolecular architectures
such stars and comb-shaped entities.6,8,9 Typically, multifunctional molecular scaffolds are
employed for this purpose, carrying bromine endgroups (for ATRP), nitroxides (for NMP)

* The term comb is taken to mean a polymer which consists of a main chain and a plurality of long side chains.
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or thiocarbonly thio entities (for RAFT). Theoretically, it should be possible to generate
any combination of block copolymers via these techniques. Unfortunately, the process of
generating block structures and star polymers via such approaches has its limits and not
all desired structures can be obtained. The reasons for the limitations in block copolymer
formation are multipronged: (i) the reactivity and type of the monomers from which the
polymeric building blocks are synthesized may be very different. In using one of the forms
of living/controlled radical polymerization, for example, the reactivities of two monomers
must be comparable in order to achieve block structures through chain extension. The con-
sequences of vastly different monomer reactivities can be illustrated by the example of the
preparation of a (hypothetical) block copolymer made from vinyl acetate and styrene. The
combination of the highly reactive vinyl acetate derived radical and the relatively unreactive
styrene derived radical precludes the use of a single controlling agent or initiating system to
achieve a well-defined block structure. To date, the most convenient method to polymerize
vinyl acetate in a controlled fashion is by the RAFT process, using a xanthate control-
ling agent.10 However, this methodology is not appropriate for polymerizing most other
monomers. Additionally, in order to synthesize polymer conjugates from different classes
of monomers (e.g. vinylic monomers and lactones), polymerization initiators/controlling
agents must be specifically designed to perform different techniques of polymerization, e.g.
an NMP initiator equipped with a hydroxyl moiety to perform ring-opening polymerization
(ROP).11 (ii) It is often desirable to generate block copolymers that are amphiphilic, i.e.
featuring a hydrophobic and a hydrophilc component. Such amphiphilic block copolymers
can be assembled in solution into micellar structures or vesicles, which in turn can serve
as containers for the target delivery of pharmaceuticals.12–19 Alternatively, these hydropho-
bic/hydrophilic structures may be self-assembled in the solid state. However, due to the
bipolar nature of amphiphilic block copolymers, their preparation is often limited by the
identification of a common solvent in which the block copolymer synthesis can be carried
out. (iii) The formation of nonlinear block copolymers (i.e. block-stars or combs) is not only
beset with the above two listed problems but also with additional complications, depending
upon the method employed for their construction. While in ATRP and NMP processes,
radical propagation (i.e. chain growths) always occurs from the multifunctional core (and
thus can lead to core-core coupling and other undesirable termination reactions), the RAFT
process allows (via its so-called Z-group approach) arm growths without the interference
of coupling processes. Both approaches (radical core vs RAFT Z-group approach) have
disadvantages. When the core itself carries the radical functionalities, conversions have to
be limited as otherwise termination products contribute significantly to the product distri-
bution. While the RAFT-Z group approach yields multiarm polymers free from terminated
impurities, the molecular weights that may be reached are limited in many cases due to the
growing inaccessibility of the thiocarbonyl thio functions located at the core.

The separate preparation of the individual building blocks and their subsequent coupling
to achieve the desired complex polymer structure provides an elegant solution to problems
(i) and (iii). However, such an approach of post-polymerization coupling requires chemical
transformations of high efficiency as well as the tolerance against a variety of functional
groups and reaction conditions. These requirements are perfectly facilitated by the charac-
teristics of click chemistry. In fact, although the concept of click chemistry was initially
conceived for use in low molecular weight organic synthesis in 2001,20 it has seen a great
increase of application in polymer science since its first appearance there in 2004.21–23 In
particular, the copper(i)-catalyzed azide–alkyne cycloaddition (CuAAC) has been proven
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Figure 6.1 Frequency with which particular molecular weights (a) and polymers (b) have
been utilized in the literature to prepare complex architectures via click methodologies.

as an ideal candidate to fulfill the click criteria20 and was therefore the reaction of choice
in the vast majority of publications. However, Diels–Alder cycloadditions, nucleophilic
substitution chemistry of stained rings and additions to carbon–carbon multiple bonds
(thiol–ene reaction) have also been shown as efficient orthogonal synthetic strategies and
have been used alternatively to or in combination with the CuAAC.

Considering the above-mentioned potential of click chemistry in polymer science, one
would expect a great versatility to have emerged in the synthesis of complex macromolecular
architectures. It is therefore an interesting exercise to inspect the literature and to statistically
explore two aspects of click chemistry for the construction of complex polymer structures.
Firstly, it is instructive to establish what molecular weight ranges have thus far been utilized
as building blocks in the generation of larger and more complicated structures. Figure 6.1(a)
shows the number of studies that have used click chemistry to achieve block, star and comb
structures and the molecular weights of the building blocks used. The figure includes the
use of all types of pericyclic click reactions; however, the main preparation method has
been the CuAAC. Secondly, it is interesting to take note of the types of polymers that have
been employed in click reactions. As such, Figure 6.1(b) depicts the frequency in which
particular polymers have been utilized in the literature to prepare complex architectures
via click methodologies. By a close inspection of Figure 6.1(a and b), it is observed that
the vast majority of studies concern themselves with the use of polystyrene (PS) and
poly(ethylene glycol) (PEG) polymers with molecular weights below 10 000 g mol−1.
This may suggest that the vast majority of publications are concerned with proving the
concept rather than expanding the number of available materials. In the following, we
will highlight and summarize the most modern approaches that are employed to generate
complex macromolecular architectures via orthogonal, selective and rapid cycloadditions.

6.2 Block Copolymers

It seems apt to start our foray into the construction of complex macromolecular architectures
with block copolymers, as it was in this area where the first steps using click chemistry for the
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construction of complex polymers were made. Early in the introduction of click chemistry
to polymer science, the synthesis of the most simple of complex architectures, blocks,
was a convenient avenue towards proving the concept that click chemistry may have the
potential to be useful in the construction of more complicated architectures. Furthermore,
block copolymer structures and, in particular, amphiphilic block copolymers are of high
interest in polymer science for their self assembly properties, (both in solution and in the
solid state) as well as for their potential application in the construction of nano containers
that may be of benefit in fields such as organic synthesis and targeted drug delivery.

As mentioned in the introduction, block copolymers may be synthesized through direct
polymerization via chain extension in controlled radical polymerization or by the use of
multifunctional initiators, in which two separate polymerization reactions occur from a
single initiator. The difficulties in this strategy center around the lack of freedom in the
choice of monomers that may be used. For example, monomers of significantly different
reactivity cannot be used in a chain extension approach. An alternative strategy is to use
highly efficient conjugation reactions (click chemistry) to link two or more polymer chains
together in a post-polymerization approach.

The greatest advantage of constructing complex macromolecular architectures via click
conjugations is that it allows for the complete segregation of synthetic techniques by
which individual building blocks are generated. In the field of creating block structures
in polymeric systems, such efficient conjugation techniques have been proven to be an
invaluable addition to the collection of tools, which has been at the disposal of the organic
chemist. Since one of the earliest reports on the synthesis of block structures by click
reactions by van Hest et al.,24 the use of click chemistry has opened an entirely new
playing field in which a much wider variety of such structures may be synthesized with
unprecedented ease. For example, it enables the creation of polymer blocks from monomers
of very disparate reactivities such as vinyl acetate and styrene.25 In the following, we explore
how the click concept has been applied to the construction of a wide variety of block
copolymer structures that have been otherwise very difficult, if not impossible, to achieve.

6.2.1 Polymer Preparation for Click Conjugations

The first step in generating block structures is to equip the individual building blocks with
the complementary functional groups, which react together to establish a linkage. There are
essentially two ways in which this may be performed: (i) functionalization of the initiator
by which the polymer chain is generated; or (ii) post-polymerization functionalization of a
polymer end-group.

Pre-polymerization Functionalization

The use of clickable initiators warrants consideration of the compatibility of the click moiety
with the polymerization process. Looking at the most widely used form of click chemistry,
the CuAAC, one’s attention is immediately drawn to the alkyne moiety. The triple bond is
susceptible to addition reactions, under conditions of polymerization reactions. For exam-
ple, in anionic polymerizations, the acidic proton of terminal alkynes interferes with the
highly nucleophilic initiators used for the polymerization of styrene derivatives.26 The pre-
dominant method of generating alkyne terminated linear polymers, via pre-polymerization
functionalization, has been the use of ATRP.24,27–30 The catalyst system by which ATRP
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Scheme 6.1 Pre-polymerization strategy for equipping polymer chains with alkyne moieties.

is performed is very similar and in many instances identical to that, which is used in the
CuAAC. The mechanism by which the latter proceeds involves complexation of the alkyne
moiety with the copper(i) catalyst, thus the same may occur during ATRP with an alkyne
equipped initiator. Therefore, it would appear necessary to introduce some form of pro-
tective chemistry to the alkyne moiety. Such protection of the alkyne moiety has mostly
been achieved through the use of a trimethylsilyl (TMS) group, which can readily be re-
moved post-polymerization, e.g. by treatment with tetrabutylammonium fluoride (TBAF)
(1–10 equivalents) at room temperature (Scheme 6.1).24,25,29 Where higher-order linear
blocks, such as triblocks, are synthesized by α-azido-ω-alkyne-functionalized polymers,
completely protected alkynes is essential. However, van Hest et al. has reported that, during
an ATRP using a protected alkyne initiator, 70% of the TMS groups were removed when
using the conventional copper(i) bromide–N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
(PMDETA) catalyst system.29 The nucleophilic attack of one of the nitrogen atoms of
the PMDETA on the silyl-group was postulated as a possible side-reaction. In an attempt
to circumvent this problem, the less nucleophilic copper(i) bromide–2,2′-bipyridyl (BPy)
ATRP catalyst system was trialed, which showed an improvement in that only 10% of the
protective groups were removed. In another attempt to circumvent this problem, the TMS
group was replaced by a triisopropyl silane group. This variant proved not to be affected
by the ATRP process and, consequently, continued to protect the alkyne group.

Chain transfer agents used in RAFT polymerizations have also been equipped with
alkyne groups in much the same way as ATRP initiators in the generation of linear block
structures.25,31 Here, the TMS group was also used as the protective group and was removed
after the polymerization in the same manner as mentioned previously.

Whilst most authors claim the necessity of using protective chemistry in their alkyne-
functionalized initiators, there have been some reports on the use of nonprotected ini-
tiators/chain transfer agents. The use of a nonprotected alkyne ATRP initiator was re-
ported by Matyjaszewski et al. in the synthesis of α,ω-bifunctional polystyrene.32 Here, a
1H-NMR spectrum is provided that clearly shows the presence of the alkyne α-protons in
the polymer chain; however, a quantitative analysis is not provided. Furthermore, Nasrullah
et al.33 and Ranjan and Brittain34 report the use of RAFT agents equipped with nonpro-
tected alkyne moieties. The resulting polymers were shown to bear the alkyne moiety and
were successfully used in subsequent CuAAC reactions. It is also possible to use alkyne
based initiators for ROP. Here, propargyl alcohol is a convenient choice and no protective
chemistry is required.35,36

One of the hallmark features of the CuAAC is the benign characteristic of the azide group
in that it may be incorporated into a polymerization initiator or chain transfer agent without
it reacting during any process except for the click reaction itself. Thus, there have been
many occurrences in the literature of a pre-polymerization functionalization strategy being
used to generate polymers bearing an azide moiety.25,27,31,35 A selected example of such
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Scheme 6.2 Pre-polymerization strategy for equipping polymer chains with azide moieties
via the use of an azide functionalized RAFT (xanthate) agent.

strategy for the preparation of an azide functionalized RAFT (xanthate) agent is presented
in Scheme 6.2.25

However, there have been instances in the literature in which a decrease in the azide con-
tent has been observed during the polymerization process.37–39 Most recently, Perrier et al.
showed in a series of on-line nuclear magnetic resonance (NMR) experiments that the azide
moiety can undergo a 1,3-cycloaddition with the double bond of various monomers.40 The
electron-withdrawing character of the monomers used was identified as key in determin-
ing the extent to which the loss of azide occurred. Under the conditions applied (60 ◦C,
20 h), the reaction of an azide with methyl acrylate yielded a 95% conversion of the azide
whereas reaction with the more stable styrene achieved only 5% conversion. Therefore,
when considering using an azide equipped radical polymerization initiator, the monomer
that is to be used must also be considered and, as recommended by Perrier et al., the limiting
of these side reactions of the azide may be achieved by using short reaction times and low
temperatures.40 However, by utilizing a post-polymerization strategy, as has been the case
in the vast majority of reports,24,28,29,33,41,42 this problem has not been more widely reported.

Although the CuAAC has clearly been dominating the realm of click chemistry, other
methodologies have been employed that have proven to be equally efficient and use-
ful. The Diels–Alder cycloaddition between anthracene- and maleimide-functionalized
polymers has successfully been used to generate numerous block structures.41,42 In the
pre-polymerization approach to equip linear polymer chains with these functional groups,
9-anthracene methanol is a useful anthracence derivative. Although behaving as a reactive
diene in the Diels–Alder cycloaddtion, anthracene derivatives are stable against radical
attack, thus no protective chemistry is required under such conditions. Maleimides, on the
other hand, require protection if they are to be incorporated pre-polymerization. Maleimide
functional groups have been protected as the Diels–Alder adduct with furan and, unlike the
protective chemistry used with alkynes, the deprotection of the maleimide occurs through
an in situ retro-Diels–Alder reaction during the click conjugation step, which will be
elaborated upon in a subsequent section.

Most recently, the RAFT–hetero Diels–Alder (HDA) concept has efficiently demon-
strated the pre-polymerization functionalization strategy in that the RAFT agents used in
the synthesis of the precursor, linear polymer chains require no additional functional groups
to perform the conjugation reaction.43,44 The dithioester end-group that is inherent of the
RAFT process is sequentially used for the controlled polymerization process and as the
reactive heterodienophile in a HDA reaction. The RAFT agents that have been success-
fully utilized in this context are shown in Scheme 6.3. The principal criterion for a RAFT
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Scheme 6.3 Appropriate RAFT agents for use in the RAFT–HDA concept.

agent to be useful in the RAFT–HDA concept is an electron-withdrawing Z group. The
complementary moiety with which the RAFT end-group reacts to form a linkage is a diene.
For the purposes of the RAFT–HDA concept, trans,trans-2,4-hexadien-1-ol has been used
successfully as an initiator for the ROP of CL to produce diene terminated PCL.44

Post-polymerization Functionalization

The second method by which linear polymer chains may be equipped with the functionalities
required to perform a click conjugation is by modifying the polymer chain, typically
through some form of substitution chemistry. By inspection of the literature, the most
widely used form of post polymerization functionalization in the context of click chemistry
has been the nucleophilic substitution of the terminal bromide of a polymer that has
been prepared via ATRP, typically with sodium azide in N,N-dimethylforamide (DMF) or
azido-trimethylsilane in tetrahydrofuran (THF) in an overnight, room-temperature reaction
(Scheme 6.4).24,28–30,33,36,42,45,46 This methodology circumvents any potential side reaction
of the azide during the polymerization process and its only downfall is the fact that, for
higher degrees of polymerization, the number of polymer chains bearing the bromide
end-group decreases, thus limiting the number of polymer chains that can potentially be
transformed into a ‘clickable’ species.

The major advantage of the post-polymerization alkyne functionalization is that it cir-
cumvents the issues with protective chemistry of the alkyne moiety. The incorporation of

Br
n

N3
n

 NaN3 / DMF
        or
Me3SiN3 / THF
       
        RT

Scheme 6.4 Post-polymerization bromide substitution to prepare azide terminated polymers.
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Scheme 6.5 Functionalization of a polymer chain with an alkyne moiety.

an alkyne moiety onto the end of a polymer chain has mostly been achieved through a sim-
ple N,N ′-dicyclohexylcarbodiimide (DCC) coupling of low molecular weight derivatives
such as 4-pentyonic acid to the target polymer (Scheme 6.5).42,46–48 Other methodologies
include the use of Grignard chemistry49 or substitution chemistry.50

The anthrancene–maleimide route also lends itself easily to the post-polymerization
functionalization strategy in that the maleimide functionality can be incorporated into a
commercially available PEG chain through simple DCC couplings.41,42

6.2.2 The Click Reaction: Methodologies and Isolation

There are a variety of ways in which the CuAAC may be performed to create a linkage
between two polymer blocks. The fundamental components are the azide-functionalized
block, the alkyne-functionalized block, a source of copper(i) and an appropriate lig-
and to solubilize the copper source if necessary. The most widely used catalyst sys-
tem has been the combination of copper(i) bromide and PMDETA in either THF or
DMF solvent.27–30,33,35,36,42,45,51 Other catalyst systems that have been reported include
the combination of copper(i) iodide and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),24,25

as well as copper(i) bromide with BPy.46,47 For polymeric systems that are sensitive
to strong bases, such as those containing imide groups, the catalyzing copper complex
tris(triphenylphosphine)copper(i) bromide in DMF may also be used.48,49 Surprisingly,
catalyst systems containing copper(ii) sulfate–sodium ascorbate, which allows for the in
situ formation of a copper(i) source, have not been utilized in the synthesis of block
copolymer structures.

Scheme 6.6 illustrates the use of the CuAAC for the construction of polymeric blocks.
The CuAAC is typically performed in an overnight reaction at a temperature ranging from
ambient to 50 ◦C. Exceptions to this are observed when performing a one-pot conjugation

Scheme 6.6 Construction of block copolymers via the CuAAC.
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that utilizes two different forms of click coupling. For example, Tunca et al. synthesized
various triblock copolymers of PEG, PS, poly(methyl methacrylate) (PMMA) and poly
(ε-caprolactone) (PCL) by a one-pot combination of the CuAAC and the anthrance–
maleimide Diels–Alder cycloaddition.42 Here, as will be seen shortly, the Diels–Alder
reaction requires high temperatures (110–120 ◦C); hence the one-pot reaction was also per-
formed at this temperature. As another example Huang et al. achieved a series of triblocks
from PEG, poly(tert-utyl acrylate) (PtBA), PS and PCL from a 90 ◦C, one-pot reaction
involving the CuAAC and an atom transfer nitroxide radical coupling.28

While there have been some occurrences of authors using a 1:1 ratio of azide-
functionalized polymer to alkyne-functionalized polymer in the CuAAC,25,33 most re-
ports of block formation have involved using an excess of either the azide or the
alkyne.24,27–30,35,36,42,47–50 The vast majority of polymers investigated in the construc-
tion of block structures have been prepared by some variety of controlled free radical
polymerization technique. As such, despite obtaining narrowly disperse molecular weight
distributions, there still remains the inevitable presence of polymer chains that do not bear
a reactive end-group that would lend itself to being used in a conjugation reaction. It is
for this reason that several authors have utilized an excess of one reagent to drive the click
reactions to completion. The disadvantage here is that it is often necessary to remove the
excess reagent in some additional purification strategy.

The nature of the purification strategy is dependent upon the nature of the polymers in the
system. For example, the coupling of alkyne-functionalized PEG with azide-functionalized
PS or PMMA may be driven to completion by using an excess of the PEG segment, which
can then be removed by a washing stage with methanol.24 Alternatively, if the CuAAC
product may be precipitated into methanol, an excess of the PEG chain would remain in
solution.41 Another example of a simple purification technique was performed by Du Prez
et al.30 Here, an excess alkyne-functionalized poly(1-ethoxyethyl acrylate) (PEEA) was
removed from the click product with poly(isobornyl acrylate) by selective precipitation in
cold methanol.

However, there have been some reports on the use of more elaborate purification strategies
to remove excess reagent. In the synthesis of PS-b-PMMA, van Hest et al. used an excess
of the alkyne-functionalized PMMA, which was removed by passing the crude product
mixture through a column of azidomethyl polystyrene resin.24 Yet another more complicated
strategy involves removal of an excess of azide by first converting the excess to amines
by reaction with triphenylphosphine followed by column chromatography.29 Of course, in
situations where a simple precipitation cannot be performed, these above-mentioned more
complicated strategies still produce good results.

Whilst on the topic of purification, the use of the CuAAC bears the requirement of the
removal of the copper catalyst. This may be achieved by passing the click reaction solution
over through a column of basic or neutral alumina.28,42,47 Despite this simplicity, it is still
a technique that is really only feasible in the laboratory and not on an industrial scale. In
the context of block formation, there have been two reported examples, however, of the
removal of the copper catalyst without the use of a column. The catalyst, under the right
circumstances, may be removed by a series of precipitations. For water-insoluble polymers,
it is possible to precipitate the polymer and isolate by filtration, thus separating the polymer
from the copper salt.35 Furthermore, purification of the polymer product by dialysis against
water may also achieve an effective removal of the copper catalyst.31
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Scheme 6.7 Construction of block copolymers via the Diels–Alder cycloaddition of anthra-
cence and maleimide.

The Diels–Alder cycloaddition of anthracene and maleimide has the distinct advantage
that no catalyst is required. Where the efficiency of the CuAAC, whilst dependent upon the
system in which it is used, can range from 80% to close to quantitative, the said Diels–Alder
approach has proven to be just as efficient (97%).41 The anthracene–maleimide conjugation
can be performed by simply heating a solution of the two functionalized blocks in a high-
boiling solvent, such as toluene. The concept is illustrated in Scheme 6.7.

In a similar fashion to the CuAAC, the maleimide moiety requires protective chemistry
for the stages leading to the final click reaction. However, whereas the protection used for
the alkyne moiety in the CuAAC requires a separate deprotection step, the furan-protected
maleimide undergoes an in situ retro Diels–Alder reaction during the coupling step.41,42

Furthermore, this Diels–Alder click chemistry requires no catalyst, thus isolation of the
formed block copolymers is a simple matter of precipitation. Although, in these two areas,
the anthracene–maleimide Diels–Alder cycloaddition appears to be more convenient than
the CuAAC, high temperatures (110–120 ◦C) and long reaction times (36–120 h) are the
drawback.

Being one of the most recent forms of efficient conjugation chemistries, the RAFT–HDA
concept is an atom-economical approach to block copolymer synthesis (Scheme 6.8). The
entire concept is based upon the electron-withdrawing dithioester end-group that is inherent
in polymers prepared with specially chosen controlling agents in RAFT polymerization.
Unlike the CuAAC and the anthracene–maleimide Diels–Alder approach, the RAFT agent
used does not require additional functionalities to be used in the post-polymerization
conjugation step. The reaction is quite simply performed by keeping a solution of the
dithioester-terminated polymer, diene-functionalized polymer and catalyst at 50 ◦C for
between 10 and 24 h, depending upon the nature of the dithioester end-group.44

The reaction is catalyzed by the addition of zinc chloride in the case of the diethoxyphos-
phoryl dithioester end-group or a simple Brønsted acid such as trifluoroacetic acid in the
case of the pyridinyl dithioester end-group. The role of these catalysts is to coordinate
with specific atoms on the dithioester end-group in order to enhance the electron with-
drawing effect on the thiocarbonyl bond. This serves to lower the energy of the lowest
unoccupied molecular orbital of the thiocarbonyl so as to enhance its reactivity towards a
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Scheme 6.8 The construction of block copolymers via the RAFT–HDA approach.

hetero Diels–Alder cycloaddition with a diene. This technique has been proven to be just
as efficient as the CuAAC and anthracene–maleimide Diels–Alder cycloaddtion.43,44 It cir-
cumvents the requirement of using a copper catalyst and also circumvents the requirement
of high temperatures.

6.2.3 Polymer Characterization

As polymeric architectures become more and more complex, the use of a wide variety
of characterization techniques is necessary. As such, amongst the most important and
useful techniques that have been used to characterize complex macromolecules include gel
permeation chromatography (GPC), NMR, Fourier transform infrared (FT-IR), UV–vis as
well as mass spectrometry (MS) methods.

GPC is convenient in that the molecular weight distributions of the individual blocks
may be compared with that of the coupled product. In many respects, useful qualitative
information concerning the success of the click reaction may be elucidated by a quick
inspection of the product chromatogram. For example, the presence of shoulders or a
bimodal distribution can indicate the presence of unreacted starting material. Figure 6.2
displays three GPC analyses of block formation via the CuAAC, the anthracene–maleimide
Diels–Alder (DA) reaction and the RAFT–HDA concept. It may be observed that each
effectively showed a complete shift of the molecular weight distribution (either to lower
retention times or higher molecular weight) from the individual building blocks to the final
coupled product. It is important to note, however, that the molecular weight of the block
structure, as determined by GPC measurements, may not necessarily be in agreement with
the arithmetic sum of the building blocks. Although not being widely used in this context in
the surveyed literature, more advanced techniques such as GPC with triple detection may
allow better insights into the molecular weight of the obtained species.

When analyzing more complicated structures via GPC, such as stars or combs, one must
also take into consideration two important factors. Firstly, the relatively compact structure
of such architectures leads to an under-estimation of Mn as determined by GPC mea-
surements. As such, increases in the observed molecular weight become less pronounced
with increasing arm number. Secondly, the determination of Mn by this technique takes
into consideration any remaining linear precursor material as well as any material that
has not completely been converted, which tends to skew the observed Mn to lower values
and leads to broader polydispersity index (PDI) values. This is particularly noticeable in
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Figure 6.2 GPC spectra for block copolymer formation via (a) CuAAC (Reprinted with per-
mission from ref.24. Copyright 2005 Royal Society of Chemistry), (b) anthracene–maleimide
Diels–Alder cycloaddition (Reprinted with permission from ref.41. Copyright 2006 Wiley-VCH)
and (c) RAFT–HDA concept (Reprinted with permission from ref.44. Copyright 2008 Royal
Society of Chemistry).

starpolymers synthesized by click approaches.43,51 In order to extract more useful data out
of size-exclusion chromatography measurements, it is possible to deconvolute the data via
peak splitting and arrive at corrected Mn and PDI values as well as the relative ratios of
different products in the sample.43,51,52 Interestingly, in two reported examples of the syn-
thesis of graft copolymer structures, a reduction in molecular weight of the graft product
with respect to the linear precursors was observed.53,54 These examples nicely show the
difficulties that can occur through the above-mentioned effects.

One characteristic that all click reactions share is that the transformations from the
separate reactive functional groups to the final adduct may be verified by a number of
different spectroscopic techniques, depending upon the nature of each reaction.

NMR spectroscopy has been widely used across all forms of click chemistry in determin-
ing the success of the conjugation reaction. For example, the CuAAC may be monitored by
the shift of the azido methylene protons as well as the terminal alkyne protons to higher ppm
values after the triazole formation.28,30,32,35,47 Futhermore, the conversion of anthracene and
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maleimide into the Diels–Alder adduct41,42 as well as the conversion of dithioesters and
dienes into the HDA adduct43,44,55 may also be monitored via NMR spectroscopy.

FT-IR spectroscopy is a particularly useful technique for the monitoring of the CuAAC
in that the disappearance of the azide signal (∼2100 cm−1) can be used as a indicator of the
success of the conversion.24,25,34,36,56 UV-vis spectroscopy has also been conveniently uti-
lized in determining the progress of click reactions. The appearance of an absorbance signal
of the 1,2,3-triazole ring (λmax = 258 nm) clearly displays the success of the CuAAC.56

In the anthracene–maleimide DA approach, the characteristic absorption pattern of the
anthracene (λmax= 366 nm) completely disappears after conversion to the conjugation
adduct.41,42 Furthermore, the transformation of the chromophoric RAFT thiocarbonyl group
into the colourless 3,6-dihydro-2H-thiopyran ring in the RAFT–HDA concept can also be
conveniently followed by UV–vis spectroscopy.43

Mass spectrometry has also been used to determine the success of click reactions be-
tween polymers and low molecular weight species. However, mass spectrometry of block
structures can lead to spectra that are complex to the point of being devoid of any use-
ful information. Nevertheless, click-functionalized polymers have been converted with
low-molecular-weight species bearing the required complimentary click moiety and the
relatively small shift in the mass spectrum peaks that results, very convincingly reveal the
success and efficiency of the click reaction.29,44

6.3 Star Polymers

Star polymers can be subdivided into conventional star polymers with arms of similar chem-
ical nature, miktoarm star polymers with three or more different arms and dendrimer-type
star polymers with additional branching in each arm. While the CuAAC is predominant in all
these approaches, other pathways have been explored additionally. The RAFT–HDA con-
cept, which employs directly the thiocarbonyl group of the RAFT agent in combination with
a diene, was as successfully employed as the maleimide-anthracene Diels–Alder approach.

6.3.1 Star polymers An

The simplest case of a spherical structure is a star polymer with several chemically identical
arms.

CuAAC Chemistry Routes

For star polymer formation via CuAAC, a linear polymer chain, which carries either an
alkyne or azide functionality, is coupled onto a core with multiple opposite functionalities.
The core can theoretically be based upon either group. In reality, practical considerations
play a role such as the type of reaction that has been used to generate the arm. An azide
group can be generated at a chain end by the simple replacement of bromide groups – which
are present in ATRP generated structures. Polymers bearing hydroxyl functionality such as
PEG can be converted in a similar, facile approach via the tosylate and then into azides.
It is therefore not surprising to find more reports using alkyne containing cores, which are
then reacted with azide end-functional polymer chains (Scheme 6.9).
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Scheme 6.9 The synthesis of an A4 star polymer via the CuAAC approach using typical
reaction conditions.

The success of a click reaction is expected to be a function of not only the length
of the coupled polymer chain, but also the functionality of the core. A detailed study
using ATRP-generated and azide-functionalized PS chains with molecular weights of 1400,
6800 and 18 100 g mol−1 confirmed that the yield is highly dependent upon the chain
length of each arm. Di-, tri- and tetrafunctional alkyne containing cores were employed;
the results that were obtained showed the yield drops from 90% (difunctional core) to
83% (tetrafunctional core) already with low molecular weight polystyrene (1400 g mol−1).
As expected, a more dramatic effect was observed when using higher molecular weight
branches. A maximum yield of 80% was obtained when attempting to attach PS chains with
a molecular weight of 18 100 g mol−1 to a difunctional core.51 Similar results were obtained
when coupling other polymers such as azide-functionalized PEG (Mn = 2600 g mol−1)
or PtBA (Mn = 6700 g mol−1) to a trifunctional core. Conversions of not more than 87%
were obtained, resulting in stars with an average number of arms of fewer than three.57 An
excess of the functionality belonging to the arm can sometimes enhance the completeness
of the reaction. One such example has been observed in the case of the CuAAC between
alkyne-functionalized PCL (Mn= 2200 g mol−1) and azide-functionalized β-cyclodextrin.
The formation of the seven-arm star was reported to be quantitative after using a 9-fold
excess of the reactive linear precursor.58 However, in another example, an excess of the
linear precursor could not ensure the quantitative conversion in the synthesis of a three-arm
star block copolymer (see Scheme 6.10).59 Various ratios between PEG–azide (arm, Mn=
2000 g mol−1) and alkyne (core) were tested showing that the maximum conversion of
85% could not be improved upon using alkyne–azide ratios of up to 4.5:1. In an alternative
attempt reported by Monteiro et al., the conversion of the binding sites could be improved
(from 75 to 78%) by slowly feeding a solution of the core to the arm reaction mixture.60

The obtained star polymers described above required the use of a purification step
to remove the copper catalyst, which was in most cases coordinated by PMDETA as the
ligand. Synthetic strategies, which do not require the use of copper catalysts are therefore of
potential interest. The predominant candidates as discussed below involve the Diels–Alder
cycloaddition of anthracenes and maleimides as well as the RAFT-HDA concept.

The Diels–Alder reaction between maleimide and anthracene derivatives (Scheme 6.11)
is carried out under the absence of any type of catalyst, but requires an extended reaction
period at high temperatures.52 Interestingly, this approach was observed to gain high con-
versions even for high molecular weight arms (PMMA, Mn = 8450 g mol−1, 89%; PtBA,
Mn = 10 600 g mol−1, 93%).
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The direct reaction between the RAFT groups and dienes, as described previously, can
also be employed in the synthesis of star polymers by coupling RAFT-generated poly-
mers onto multifunctional cores, which carry a multitude of diene functionalities. Similar
to the CuAAC, the conversion between both functional groups was dependent upon the
functionality of the coupling agent. While the reaction between PS (Mn = 3600 g mol−1)
synthesized using benzylpyridin-2-yldithioformate as RAFT agent and bis-diene functional
core yielded 91% conversion, the tri- and tetrafunctional core resulting permitted a max-
imum conversion between arms and core of 86 and 81%, respectively. Interestingly, the
type of the RAFT agent employed to generate the PS arms was found to have a pronounced
influence on the reactivity, thus influencing the average number of arms. Replacing the
pyridyl-Z-group of RAFT agent by diethoxyphosphoryl group to prepare a PS arm of
similar molecular weight led to PS arms of lower HDA activity. As a result, the maxi-
mum conversion was reduced by more than 10% with conversions of 81, 77 and 65%.43

In terms of efficiency, the RAFT HDA concept is therefore comparable to the CuAAC
strategy. Importantly, both methods can be applied in a combined approach, which lends
itself to independent control of two different binding sites.55 The generation of three-arm
stars with block structures in each arm by this technique is shown in Scheme 6.12.

A range of concepts were explored in the generation of star polymers with heteroarm
structure (Scheme 6.13). These approaches typically involve the combination of a click
reaction with other techniques such as RAFT,61 ATRP,60–64 NMP62,65 or ROP.63,65 Apart
from one exception,66 the CuAAC was the reaction of choice so far to synthesize these

Scheme 6.12 Arm-first strategy for the preparation of three-arm star PS-b-PCL via a consecu-
tive combination of CuAAC and HDA chemistry. For detailed reaction conditions please refer
to Barner-Kowollik et al.55
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Scheme 6.13 Concepts to generate heteroarm star polymers: (A) AB2; (B) AB2; (C) ABC
3-miktoarm; (D) ABCD 4-miktoarm.

structures. A complete click approach to heteroarm star polymers was achieved by reacting
the reactive polymer chain (azide-functionalized) with an excess of trialkyne-functionalized
core. In a subsequent step, the remaining binding sites were coupled with further reactive
polymer chains, resulting in AB2 stars. A range of these stars with various combinations of
PS, PMMA, PtBA and poly(methyl acrylate) (PMA) have been prepared using polymers
with molecular weights of around 5000–7000 g mol−1 each.60

Most approaches to heteroarm stars, however, involve the synthesis of a multifunctional
initiators that can undergo click reactions, while acting as initiators for a range of living
polymerizations [Scheme 6.13(B, C)]. The click reaction was either carried out as an initial
step61,63,64 or as the final step after other arms had already been generated by the various
polymerization techniques.62

An elegant approach is the use of a simultaneous click reaction with ROP and NMP.
A multifunctional click-ROP–NMP compound was heated for 48 h at 125 ◦C in the
presence of styrene, ε-caprolactone, azide-terminated PMMA (or PEG) and copper(i)
bromide–PMDETA.65

Similar concepts were explored in the synthesis of ABCD 4-miktoarm star polymers.
Two different trifunctional initiators were prepared – one carrying an azide group, the
other containing an alkyne group.66,67 Prior to the click reaction, various polymerizations
were carried out, creating AB block copolymers carrying an azide group and CD block
copolymers with an alkyne group between the two blocks. The two components were then
combined – usually with a 10–30% excess of one block copolymer and an extended reaction
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period of 2 days. NMR studies were usually employed to calculate the conversion of the
reaction, which was typically around 90%.

6.3.2 Dentritic Star Polymers

Star polymers with well-defined, branched arms were prepared using alternating ATRP and
click reactions with an intermediate step replacing bromide with azide.60,68,69 Divergent68

and convergent69 synthetic pathways were explored (Scheme 6.14). While the divergent
approach involved only click reactions between polymers and a low-molecular-weight
coupling agent, the convergent approach attempted in the final step to couple three-branched
polymer chains to a trifunctional core. Not surprisingly, the reaction was reported to be
sluggish, but fractionation allowed for the isolation of well-defined G2 dendrimers.69

6.4 Graft Copolymers

Of the various macromolecular architectures, graft copolymers attract special interest owing
to their unique material properties. Depending upon the chemical nature of the backbone
and side chains, such structures are of potential application in tissue engineering, polymer-
based biomaterials, nanotechnology and drug delivery vectors.

In principle, graft copolymers can be synthesized by three different routes: ‘grafting
from’, ‘grafting through’ and ‘grafting onto’. In particular, the efficiency of the ‘grafting
onto’ methodology is often limited due to the steric repulsion of the reactive side chains.
Grafting densities are therefore usually low and unreacted side chains are often left behind
and have to be removed by further fractionation steps. To overcome these difficulties, highly
efficient coupling strategies such as click reactions are of potential benefit. It is therefore not
surprising that the first report about a CuAAC ‘grafting onto’ approach appeared already
in 2005 soon after the first applications of click chemistry in polymer science, in which
Emrick et al. grafted PEG chains and oligopeptides onto aliphatic polyesters.70 Since then,
a number of publications have appeared reporting the use of click strategies for the ‘grafting
onto’ approach, a summary of which is presented in the following.

The two principal designs for the construction of graft copolymers via CuAAC ‘grafting
onto’ chemistry are depicted in Figure 6.3. Either the macromolecular scaffold is equipped
with azide functions (Table 6.1), which are converted with polymers carrying the alkyne
moiety or alkyne-functionalized polymeric backbones (Table 6.2) are combined with azido-
terminated polymers. The question of which linking strategy should be followed mostly
depends upon which monomer family and which polymerization technique are chosen for
the construction of the according building blocks. Finally, the use of protective group chem-
istry or post-polymerization functionalization allows for the synthesis of macromolecular
scaffolds of varying chemical structure. Although there are a number of reports in the lit-
erature in which the CuAAC is used to graft low molecular weight reactants onto polymer
backbones, the following section highlights the examples describing the construction of a
variety of graft/brush copolymers. Reactive polymer chains, as counterparts in the ‘grafting
onto’ methodology, are thoroughly discussed in the blocks section (see Section 6.2.1) and
are therefore only briefly mentioned here.
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Figure 6.3 Azide- (a) and alkyne (b)-functionalized polymer chains as the two principal
macromolecular scaffolds for the construction of graft copolymers via CuAAC chemistry.

6.4.1 ‘Grafting-to’ Azide Main Chains

The main advantage of the use of azido polymer backbones is the nonrequirement of
protective group chemistry in the case of radical polymerizations of vinylic azido monomers.

However, a recent study by Perrier et al. revealed that under typical radical polymer-
ization conditions, electron-deficient monomers can undergo side reactions in the pres-
ence of organic azides, which result in a significant loss of orthogonality.40 Nevertheless,
short reaction times and low polymerization temperatures minimize the occurrence of this
side reaction and well-defined materials are obtained. One such example was reported
by Du Prez and coworkers, in which methyl methacrylate was copolymerized with 3-
azidopropyl methacrylate via ATRP.30 Subsequently, PEAA chains obtained after ATRP
with an alkyne-containing initiator were attached to the macromolecular precursor using
a copper(i) bromide–PMDETA system. GPC analysis revealed the successful coupling
reaction. However, excessive PEEA needed to be removed via preparative GPC. Similar
results were found by Liu et al., who copolymerized 3-azidopropyl methacrylate with both
tert-butyl methacrylate and 2-(dimethylamino)ethyl methacrylate.71 Successive CuAAC
‘grafting-to’ reactions with poly(N-isopropyl acrylamide) (PNIPAM) carrying an alkyne
end-group were performed with copper(i) bromide under ligand-free conditions. Complete
conversions of the alkynyl residues were achieved by using alkyne to azide ratios of <0.5:1.

The versatility of click strategies for the construction of graft copolymers was further
shown by Matyjaszewski et al., who used a combination of two consecutive click reactions
for the synthesis of polymeric brushes with PEG side chains.72 An epoxide ring containing
copolymer of glycidyl methacrylate and methyl methacrylate was converted with sodium
azide to obtain the corresponding 1-hydroxy-2-azido compound, which was further con-
verted in a CuAAC reaction in the presence of PEG pentynoate and copper(i) bromide
in a ligand-free or PMDETA environment. With an alkyne:azide ratio of 1:1 a maximum
conversion of the reactive alkyne side chains of 75% was reached within 1 h, which could
not be further increased after longer reaction times or a higher catalyst loading.

The use of ROP techniques for the preparation of aliphatic polyesters carrying azide sub-
stituents was reported by Jerome and coworkers.73 Copolymers of α-chloro-ε-caprolactone
and ε-caprolactone (CL) or lactide (LA) were transformed into the corresponding azide
containing copolymer by substitution of the chloride. After the CuAAC with an alkyne-
functionalized PEG using copper(i) iodide–triethylamine–THF, an amphiphilic graft
copolymer with a grafting density of ∼25% was obtained. In a more recent work, the
same authors improved the synthesis protocol and prepared a polyester PEG graft copoly-
mer with a grafting density of 40%.74 Finally, this synthesis protocol led to the formation
of tadpole-shaped PCL with two PEG grafted tails and eight-shaped PCL-g-PEG with



P1: OTA

c06 JWBK375-Lahann August 12, 2009 17:49 Printer: Yet to come

110 Click Chemistry for Biotechnology and Materials Science

Table 6.1 Azide-functionalized macromolecular scaffolds

Polymer structurea Polymer synthesis Reference
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aAll copolymer structures represent random copolymers.
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Table 6.2 Alkyne-functionalized macromolecular scaffolds

Polymer structurea Polymer synthesis Reference
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ATRP + 1 post-polymerization step 78

n

OO

S

SN RAFT + 1 post-polymerization step 56

aAll copolymer structures represent random copolymers.

potentially novel macroscopic and self-assembly properties.54,75 The reverse strategy –
a PEG-based main chain carrying azide groups – was presented by Huang and
coworkers.53 The polymer backbone was prepared via ROP and three consecutive post-
polymerization modifications. CuAAC reactions between the main chain and alkyne-
functionalized miktoarm star-shaped side chains were carried out in the presence of
copper(i) bromide–PMDETA with a graft-efficiency of 63% (determined by NMR spec-
troscopy).

6.4.2 ‘Grafting-to’ Alkyne Main Chains

Alternatively to the azide-functionalized main chains, polymer backbones carrying alkyne
residues have been used for the construction of graft copolymers via CuAAC ‘grafting
onto’ chemistry. ROP as well as controlled radical polymerization methods have been used
for the synthesis of the macromolecular scaffolds; a summary is presented in Table 6.2.

In this case, the ROP provides an easy access to the desired alkyne main chains
whereby routes via radical polymerization methods require the use of protective groups or
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Figure 6.4 GPC traces of PHEMA-g-PEG grafted copolymers synthesized by the ‘grafting onto’
method. For detailed reaction conditions please refer to Gao and Matyjaszewski.77 Reprinted
with permission from Gao, H. F., Matyjaszewski, K., (2007), Synthesis of molecular brushes
by ‘grafting onto’ method: combination of ATRP and click reactions, J. Am. Chem. Soc., 129,
6633–6639. Copyright 2007 American Chemical Society.

post-polymerization functionalization. Emrick and coworkers homo- and copolymerized
α-propagyl-γ -valerolactone to obtain aliphatic polyesters with different degrees of alkyne
content.70 The obtained (co)polymers were subsequently used for the grafting of PEG and
oligopeptide moieties. Interestingly, CuAAC reactions were performed in aqueous disper-
sion of the polyester, which solubilized in the aqueous environment as the reaction pro-
ceeded. The amphiphilic graft copolymers, with grafting densities of >80%, were shown
to be biocompatible. A similar approach was performed by Smith, Baker and cowork-
ers who used a lactide-based monomer with two alkyne functions for the ring-opening
(co)polymerization, resulting in polyglycolide homo and copolymers with pendant alkyne
groups.76 CuAAC reactions with an azide terminated PEG were performed with copper(ii)
sulfate in the presence of sodium ascorbate. The synthesis of polymer backbones via radical
polymerization and their successive functionalization with alkyne groups was shown by
Gao and Matyjaszewski.77 The polymerization of 2-hydroxyethyl methacrylate (HEMA)
via ATRP, followed by an esterification of the hydroxyl groups with 4-pentynoic acid
yielded polymer main chains with high alkyne functionality. CuAAC reactions with differ-
ent azide end-capped polymers, namely PEG (Figure 6.4), PS, poly(butyl acrylate) (PBA)
and PBA-b-PS, were complete within 3 h and yielded the according graft copolymers with
moderate graft densities (<50%) for the bulkier polymers like PBA and PBA-b-PS and
high densities (up to 88%) for the PEG side chains.

The use of poly(2-hydroxyethyl methacrylate) (PHEMA) as precursor for the alkyne
functionalization was also reported by Hennink and coworkers.78 In this case, propargyl al-
cohol was linked via a carbonate function onto the polymer backbone, which allowed for the
hydrolytic degradation of the polymeric brushes obtained after CuAAC with PDMAEMA.
A combination of RAFT polymerization and protective group chemistry was used by
Stenzel, Barner-Kowollik and coworkers.56 The polymerization of trimethylsilylpropargyl
methacrylate and the successive deprotection of the obtained polymers led to well-defined
polymers carrying alkyne groups on each monomer unit. CuAAC reactions with poly(vinyl
acetate) (PVAc) chains obtained after RAFT polymerizations using an azide-functionalized
RAFT agent led to PVAc brushes.
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6.4.3 Non-CuAAC Routes

Besides the number of publications using CuAAC chemistry for the ‘grafting-to’ ap-
proach, there are two examples in which alternative synthetic routes were used. The
Diels–Alder cycloaddition of anthracenes attached to a polymer backbone with maleimide-
functionalized PEG as reactive polymer side chains was successfully used in the con-
struction of graft copolymers.79 The other example involved substitution reactions on
poly(pentafluorostyrene) using amide-functionalized polymers as synthetic handles.80

6.5 Concluding Remarks

In summary, the construction of complex macromolecular architecture polymers via facile,
rapid and orthogonal conjugation chemistries is one of the key driving forces in modern
polymer science. The current chapter has highlighted, in detail, access routes to block,
star and comb (co)polymers via several click reactions including the CuAAC as well as
Diels–Alder conjugation protocols in combination with living/controlled polymerization
(including RAFT, NMP, ATRP and ROP) methodologies. The focus lies on synthetic
advances that have opened novel and efficient approaches to these architectures as well
as the monomer classes that have been employed. The chapter also provides selection
guidelines in terms of the molecular scaffolds and end-group structures to arrive at specific
complex polymers.

Many authors have described click chemistry as a technique that attempts to widen the
synthetic toolbox that is made available to the organic chemist in the generation of such
complex structures. However, from the way in which click chemistry has been used, it
more or less is akin to a universal tool that may be used to great avail in a wide variety of
circumstances in polymer science. It thus has functioned to narrow down the synthetic tool
box to a few select reactions, which attempt to vastly improve the efficiency with which
one may achieve complex macromolecular architectures.

In the introduction to this chapter, an analysis of the molecular weight ranges and types
of polymers that have been used in click conjugation methodologies is provided. However,
upon inspection of these figures, one may observe that there is a lack of the versatility that
click chemistry is claimed to be able to offer polymer science. The time has come for the
combination of click chemistry and polymer science to be taken to the next step to take
advantage of its potential versatility and drive forward the development of well-defined
complex macromolecular architectures in the pursuit of new, functional materials.
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7
Click Chemistry on Supramolecular

Materials

Wolfgang H. Binder and Robert Sachsenhofer

7.1 Introduction

A plethora of materials has been generated in the past decades, often built from molecules
in highly defined configurations and conformations. Additionally, many modern functional
materials rely on defined arrangement of molecular aggregates, in which the arrangement
of molecules dictates the use of the underlying material,1 thus putting supramolecular
structure and ordering in the limelight.2 Thus the use of optoelectronically active materials
is strongly influenced by their arrangement in crystals or semicrystals, controlling band-
overlap or charge-transport. As examples, the ordering of sexithiophenes in solar-cell
devices strongly influences their ability to harvest photons and convert them into excitons;
the conjugation length of oligo-(phenylene-vinylenes) strongly influences their absorption
spectrum and thus their use in organic-light emitting diods; push–pull liquid crystalline
molecules are ordered into liquid-crystalline phases via dipole–dipole interactions, which
can be switched by external electrical fields from one liquid crystalline phase into another,
thus changing the reflection of light as required in LCDs. Similarly, materials for use
in biochemical applications are strongly influenced by noncovalent bonds acting through
space, making hydrogen bonds or dipolar interactions the main directing forces for the
spatial arrangement of biochemical receptors (Figure 7.1).

These examples demonstrate the close proximity of material science and supramolecular
chemistry,3 which are connected via the proper spatial and orientational positioning of
intermolecular forces and interaction within molecular building blocks. Thus, often a
molecular (= functional) scaffold needs to be oriented in space via appropriately affixed

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
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supramolecular interactions, which must be properly fixed and arranged around the
molecule of interest. This often requires considerable synthetic force, since the molecules
used are multifunctional, and thus multistep pathways are necessary – with all the
disadvantages of modern synthetic organic chemistry. Thus, as most of the mentioned
structures require tedious synthetic pathways, the approach to a specific structure is often
limited by long-step syntheses and purification issues, often hampered by incomplete and
insufficient chemical reactions. Moreover, as the molecular weights approach the limit
of oligomeric and polymeric structures, the defined functionalization of such materials
becomes problematic, as purification of incompletely reacted starting materials from their
final products is difficult due to similar chemical structures or comparable size.

Universal chemical reactions, which are able to link many molecular species without pro-
tecting groups, offer high yields and provide an inherent insensitivity to chemical structure
and solvents, are an important step forward in supramolecular material science. Moreover,
as the energy of assembly in many supramolecular structures is close to the thermal energy,
such a universal reaction in the ideal case would be of catalytic nature, not requiring strong
acceleration by temperature increases, thus keeping supramolecular assemblies in place
during reaction. Click chemistry is a proponent set of reactions, able to act as universal
chemistry within supramolecular (material) science. According to the definition of Sharp-
less et al.,4 a ‘click reaction’ is defined by a gain of thermodynamic enthalpy of at least 20
kcal mol−1, thus opening way to a high-yielding and thus nearly substrate-insensitive reac-
tion. This type of reaction was found most of all in the azide–alkyne click reaction,4–6 which
represents a metal-catalyzed variant of the Huisgen 1,3-dipolar cycloaddition reaction7,8

between CC triple, CN triple bonds9 and alkyl-/aryl-/sulfonyl azides. The relevant outcomes
of this reaction are (a) tetrazoles,5,10 (b) 1,2,3-triazoles11–14 or (c) 1,2-oxazoles, respectively.
Briefly, the basic process of the Huisgen 1,3-dipolar cycloaddition2,10,11 generates 1,4- and
1,5-triazoles, respectively (Scheme 7.1). The main metal salts used to accelerate this (at
room-temperature rather slow) reaction are copper (I) salts [Cu(I)Br, Cu(I)I, in amounts
of approximately 0.25–2 mol% with respect to the azide or alkyne substrate], aqueous
regenerative systems [i.e. Cu(II) salts–ascorbic acid] as well as various copper clusters
(Cu–Cu-oxide nanoparticles, sized 7–10 nm15 or ∼4 nm16), metallic Cu(O)clusters16–18 and
copper–charcoal.19 Recently, the use of a Cu(I)-free variant using the ring-strain of sub-
stituted 1,1,-difluoro-cyclooctynes to promote the dipolar cycloaddition process has been
described, enabling mild reactions on living (cellular) systems.20 Besides copper, other
metals employed include Ru complexes21 {[CpRuCl(PPh3), [Cp*RuCl2]2, Cp*RuCl(NBD)
and Cp*RuCl(COD) favouring 1,5-addition [i.e. with Ru(OAc)2(PPh3)2]}, and Au(I),22 Ni,
Pd23 and Pt salts, although with much less catalytic activity.24

The mechanism of the reaction is different from that of a purely thermal 1,3-dipolar
cycloaddition. According to Sharpless et al.,11 modified by Finn et al.25,26 by computational
methods,27,28 and finally revised by Bock et al.,29 the metal-catalyzed reaction involves: (a)
an up to 105th-rate acceleration and an absolute 1,4-regioselectivity of the Cu(I)-catalyzed
process; (b) a kinetic feature of the reaction indicating at least second-order kinetics with
respect to the concentration of the copper species,26 thus involving at least two copper
centers within the catalytic cycle, presumably linking two acetylenes via a µ-bridge;30 (c)
a significant autoacceleration if multiple triazoles are formed,31 revealing intermolecular
ligands effects; and (d) a significant rate-reduction with strongly increasing amount of
copper. A basic feature, however is the formation of a copper-acetylide, resulting in the
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Scheme 7.1

lowering of the pKa-value of the Cu-acetylide by up to 9.8 units as calculated28 via DFT-
calculations.

Thus a relatively complex supramolecular assembly (3) can be generated from the
supramolecule with two different receptor structures (2) (Figure 7.1) (representing dif-
ferent supramolecular interactions) in a two-step procedure, using the central azide- or
alkyne-modified starting molecule (1), as nearly all functional groups are compatible with
this process, except those that are (a) self-reactive or (b) able to yield stable complexes
with the [Cu(I)-metal] under catalyst deactivation. The main interfering functional groups
are terminal azides and alkynes,32 strongly activated cyanides,5,6,10 free (= accessible)
thiol-moieties (R-SH) via the Staudinger reaction as well as strained or electronically ac-
tivated alkenes.8,33 However, the possibility to use free-thiols prior to an azide–alkyne
click reaction has been demonstrated on polymers34 and surfaces,35 thus enabling the
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use of free thiols despite the often interfering azide–amine reduction by the free thio-
moiety. Most known solvents and biphasic reaction systems (mixtures of water–alcohol
to water–toluene) can be applied with excellent results. Cocatalytic systems31 often used
include amino-bases17,36 [mono- and multivalent triazoles36, but also phosphines such as
tris(carboxyethyl)phosphine (TCPE)]. Many reviews descriebe the azide–alkyne click reac-
tion in general,4,29 for application in polymer chemistry,37–43 dendrimers,40,44 carbohydrate
chemistry,45–47 materials-chemistry37,38 and organic chemistry,42,48 as well as for peptides49

and drug discovery.50 The following review focuses on the use of the azide–alkyne click
reaction for the synthesis and assembly of multifunctional molecules in supramolecular
(material) science.

7.2 Click Reactions on Rotaxanes, Cyclodextrines and Macrocycles

Rotaxanes, cyclodextrines and macrocycles are among the ‘oldest’ supramoelcular
molecules developed. They are highly defined, and there has been intense research during
recent decades. The azide–alkyne click reaction has promoted research in this area, as many
synthetic approaches have become simpler and more effective.

7.2.1 Click with Rotaxanes

The basic approach to rotaxanes mediated via click reactions is shown in Figure 7.2.51–57

Thus interlocked structures by (a) stoppering-reactions, (b) ‘click polymerization or (c)
macrocyclization have been achieved. A recent review has focused on this topic, describing
rotaxanes and catenanes via click chemistry.52 Two classical ‘click stoppering’ approaches
have been described by Sauvage et al.54 and Stoddart et al.55 recently (see Figures 7.3
and 7.4).

Thus the assembly of the molecules is driven first by noncovalent interactions gener-
ating the complex (4), and subsequently the ‘stoppers’ fix the corresponding rotaxanes
(5) in yields above 80%. An interesting example of ‘click stoppering’ by Sauvage et al.54

(see Figure 7.4), generated the Cu-complexed molecule (7) via the click reaction. As the
copper(I)-species is directly linked to the central rotaxane-core, thus acting not only as
scaffold-forming metal, but also as catalyst in the subsequent click reaction, Leigh et al.56

have formulated a highly interesting mechanism for the catalytic cycle as shown in Figure
7.4. Thus the copper-species interlocks molecule (8) and forms the catalytic species to add
the propargylic alcohol (6) and the azido alcohol (9) to furnish the species (10) in catalytic
amounts. Thus only a small amount of copper is needed to effect the efficient formation
of the rotaxane (7). A similar formation of [3]-rotaxanes has been described furnishing the
interlocked molecule (11) (see Figure 7.5).

One of the oldest examples of rotaxane formation was described before the discovery of
Cu(I) catalysis by Steinke et al.,57,58 focusing on the reaction of cucurbiturils into rotaxanes
via ‘click polymerization’. This approach has recently been revived,53 generating pseudo-
polyrotaxanes (12) threading cucurbit[7]uril and β-cyclodextrine in an alternating fashion
onto the respective polymer, which is generated by a polyaddition process. As the click
reaction is highly moderate in its reaction condition, the simple synthesis of such molecules
is only possible via this strategy (Figure 7.6).
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Figure 7.3 Formation of rotaxanes via click stoppering.

Figure 7.4 Formation and mechanistic considerations for the generation of roatxane (7).
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Figure 7.5 Formation of interlocked structures (11).

7.2.2 Click on Cyclodextrines

As the azide–alkyne click chemistry has been strongly applied to carbohydrates45,46,59

due to their multifunctional nature and the excellent compatibility of the azide–alkyne
click reaction with multihydroxy moieties; also cyclodextrines as well as the logically
related calixarenes60 have been functionalized via this reaction. Cyclodextrines are im-
portant supramolecular molecules, with a highly defined hydrophobic cavity and a hy-
drophilic exterior, allowing the complexation of hydrophobic guest within their interior,
controlled by substituents on the outer rim. The functionalization of the outer rim via
their 6′-hydroxy-moieties thus is an important point, often hampered by steric constraints
or insufficient reactions that can nicely be accomplished vie the azide–alkyne click reac-
tion, as shown in Figure 7.7.53,61–69 The transformation of the 6′-hydroxylmoieties into
azido-moieties can be achieved via direct reactions, thus opening the possibility for the

Figure 7.6 Formation of alternating copolymers (12) consisting of rotaxanes made from
b-cyclodextrin and cucurbit[7]uril.
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Figure 7.7 Generation of modified cyclodextrines by azide–alkyne click reaction.

attachment of other carbohydrates,66,68 porphyrines,64 other cyclodextrines,63 fluorescent-
labels,67 carbon-nanotubes65 and a variety of polymers.62,69

An excellent example for the use of the azide–alkyne click reaction has been recently
described by Liu et al.64 by attaching 6′-mono-azido-cyclodextrine moieties onto all four
edges of porphyrine-molecules, thus generating brick-type structures as shown in Figure
7.8. The resulting structures [either the methoxylated structures (13) or the hydroxylated
structures (14)] can self-assemble into highly regular structures using porphyrines with
four phenyl groups, able to insert into the cyclodextrine cavities. Thus highly organized
nanostructures can be built from these easily available associates within a one-step synthetic
procedure.

Hoogenboom et al.69 have attached seven poly(caprolactones) to the 6-positions of a
β-cyclodextrin-derivative [see Figure 7.9(a)], generating a polymer-modifed cyclodextrin
(star-shaped polymer 15). As the steric demand of such polymeric chains is fairly large, the
result is important and could not have been achieved by other method.

Another modification of cyclodextrines with polymers has been reported by attaching
cationic polyimine polymers to a β-cyclodextrine-derivative.62 The resulting star-polymer
(16) can self-assemble into aggregates of about 50–100 nm and complex DNA due to its
highly poly(cationic) nature. The molecules are highly efficient, nontoxic delivery agents
for nucleic acids into HELA cells due to their complex formation and masking of the DNA
within their assemblate structure.

Modification of carbon-nanotubes has been reported with cyclodextrines. Similar to the
method employed previously with PS polymers,70 an alkyne moiety was introduced via a
nitrene addition onto the carbon nanotube backbone. Subsequently, the monofunctionalized
cyclodextrine was attached to the carbon nanotubes, leading to uniformly labeled CD
nanotubes (17), visible using TEM methods (Figure 7.10).
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Figure 7.8 Assembly of cyclodextrine-modifed porphyrines 12 and 13 into regular grids via
key/lock-type interactions. Reprinted with permission from Y. Liu et al., (2008), Complexation-
induced transition of nanorod to network aggregates: alternate porphyrin and cyclodextrin
arrays, J. Am. Chem. Soc., 130 (2), 600–605. Copyright 2008 American Chemical Society.

7.2.3 Click on Macrocycles

Macrocycles are important supramolecular structures – early examples include crown-
ethers or cryptands; later examples are often related to membrane-spanning channels,71,72

defined amphiphilic macrocycles73 or cyclic polymers.74 The engineering of such struc-
tures is difficult, since supramolecular interactions and defined rigid/flexible segments are

Figure 7.9 (a) Generation of DNA–cyclodextrine complexes via attachment of cationic poly-
mers onto the outer rim, yielding cyclodextrine 16. (b) TEM-micrograph of the complexes
formed between DNA and 16. Reprinted with permission from S. Srinivasachari et al., (2008),
Polycationic beta-cyclodextrin click clusters: monodisperse and versatile scaffolds for nucleic
acid delivery, J. Am. Chem. Soc., 130, 4618–4627. Copyright 2008 American Chemical Society.
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Figure 7.10 (a) Attachment of cyclodextrines onto carbon-nanotubes. (b) TEM-micrograph
of the formed-CD/nanotube structure. Reprinted with kind permission from Z. Guo et al.,
(2008), Covalently β-cyclodextrin modified single-walled carbon nanotubes: a novel artificial
receptor synthesized by click chemistry, J. Nanopart. Res., 10 (6), 1077–1083. Copyright 2008
Springer Science and Business Media.

difficult to be introduced into large cycles due to the poor efficiency of the cyclization
reaction, whose efficiency declines with increasing chain length and steric constraints75

(cyclization efficiency ∼1/N3/2 (N = chain length of the linear structure).76 As the topic
has been reviewed recently, only selected examples are provided in this review.

Cyclic polymers have been generated via the α,ω-end group functionalization PS (18),77

PNIPAM (20, 22)78,79 and poly(ε-caprolactones)80 with azide and alkyne groups. After
macrocyclization, this strategy yields the corresponding cyclic polymers 20, 22 in yields of
∼80% efficiency (see Figure 7.11). starting from their linear precursor-structures 19 or 21.

This method is a highly efficient method to generate cyclic polymers with higher molec-
ular weights from their linear counterparts. As the properties of cyclic polymers are very
different from those of the corresponding linear structures in terms of chain-conformation,
crystallization and supramolecular ordering, this simple approach to cyclic polymers will
definitely be a landmark for further investigations.

Haridas et al.81 have described the synthesis of macrocycles 23 and 24, starting from
the open-bisacetylene via ring-closure reaction. (Figure 7.12). The generated macrocycles
(triazolophanes) display a nonclassical hydrogen bonding system, as solvent molecules (i.e.
acetonitrile) can be embedded in the interior of the cycle via these nonclassical hydrogen
bonds. Currently, the macrocycle is investigated for its ionophoric properties due to this
hydrogen-bonding ability.81

Another example of such nonclassical hydrogen bonds for ionophoric abilities has been
reported by Flood et al.,82 generating macrocycle 25 with four triazole-rings in its cavity. A
dynamic equilibrium is observed upon addition of chlorine ions, which can be complexed to
the interior, furnishing the ioniphore 26 with an association constant of Kassn ≈ 130 000 m−1.
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Figure 7.11 Macrocyclization reactions of α,ω-modified polymers: (a) formation of cyclic-
poly(styrene) (PS) 18; (b, c) macrocyclic poly(N-isopropylacrylamides) 20 and 22.

Figure 7.12 Macrocycles 23 and 24.
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Figure 7.13 Ionophoric activity of the macrocycle 25 via its chlorine-form 26.

Again, such structures are difficult to make via conventional pathways, thus opening new
supramolecular macrocycles via the azide–alkyne click reaction (Figure 7.13).

Cyclic peptides for membrane-spanning,72 helical peptides72,83 or as binding domains
for SH2 domains84 have been prepared by the azide–alkyne click reaction. Thus the
starting peptide 27 has been reacted with Cu(I)–ascorbate system in aqueous media,
generating the SH2-binding macrocycle 28 as well as the dimeric macrocycle 29. Both were
found to exhibit increased affinities towards the Sh2-domain in sub-µm concentrations
(Figure 7.14).

Cyclic carbohydrate molecules have been generated via click reactions (see Figure 7.15).
Thus the dimerization of the trisachharide 30 furnishes the macrocycle 31 in nearly 80%
yield.68 As slightly different strategy has been used relying a combination of ring closing
metathesis (RCM) and the azide–alkyne click reaction:85 thus the macrocycles 32, 33 and
34 containing the hexo- and pentopyranoses within their ring structure have been prepared
in yields between 73 and 95% (Figure 7.15).

7.3 Click Reactions on DNA

It is unquestionable that DNA and RNA represent some of the best-studied supramolecular
systems, as several types of supramolecular interactions are present and can be used for

Figure 7.14 Dimerization of the peptide 27 into monomeric cycle 28 and the dimer 29.
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Figure 7.15 Formation of macrocyclic carbohydrates. (a) Dimerization of 30 yielding 31.
(b) Various carbohydrate containing macrocycles formed by a combination of RCM and
click.

scaffolding. The hybridization of DNA and the subsequent PCR and other detection methods
are the most prominent, followed by triplex formation (via Hogsteen-base-paring), cyclic
DNA and cross-linking. As evident by the large number of publications, the azide–alkyne
click reaction has had a strong impact on DNA modification and the subsequent use of DNA
in supramolecular recognition processes (see Figure 7.16):86–102 thus labeling of DNA with
terminal azide–alkyne moieties in the side chain or at the chain end can be either achieved
via chemical synthesis (phosphoamidite-method),90,95 the cellular DNA-polymerases87 or
PCR,90,91,93,94,97,99,100 as well as via chemical labeling of the respective end groups.96,98,102

Thus unnatural nucleosides or nucleotides 35a–f are required as shown in Figure 7.16,
displaying purine and pyrimidine bases with attached alkynes or azides,86,90,91,93,94,97,99,100

which subsequently can be incorporated into the DNA. It has been demonstrated that
the structure of the incorporated nucleoside has a pronounced impact on the efficiency
of the click reaction93 (Figure 7.16). Thus both nucleosidic structures 35b and 35c were
incorporated in the DNA via PCR and their click reaction in single- and double-stranded
DNA subsequently investigated. It could be demonstrated that nucleoside 35b is more
efficient than nucleoside 35c, presumably due to steric effects, since the alkyne moiety in
dsDNA of nucleoside 35b is sterically less hindered within the major groove of the DNA
molecule.88,93

The method of side chain modification of DNA has been intensely investigated towards
DNA metallization by Carell et al.,99 as shown in Figure 7.17. Thus the side chain of
DNA was modified with aldehyde residues via the click reaction, and subsequently met-
alized with Ag ions via the Tollens reaction by reaction with the pendant aldehydes. It
was demonstrated that the attachment of poly-hydroxylated dendrimers yields a higher
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Figure 7.17 Formation of alkyne modified DNA via PCR using the modified nucleotides 35c,
d and their metallization via attached aldehydes using the Tollens reaction.

density of aldehyde moieties on the DNA strand during the Tollens reaction, followed by
an easier metallization reaction of the DNA due to the increased presence of reducing
moieties.

An enormous improvement of assaying methods of DNA has been developed by in-
corporating nucleotide 35c directly into DNA within living cells [see Figure 7.18(a)].87,92

After incorporation of 36c by the DNA polymerases within the cells, the DNA is visualized
by addition of a fluorescein derivative, attached to the labeled DNA via the click reaction.
Thus whole amounts of large tissues or organ explants can be labeled via this method
in minutes, which represents an enormous improvement over the conventionally used
techniques. Moreover, the labeling can be achieved in live cells, thus enabling the assaying
of in-situ-gene activity.

A slightly different approach for DNA detection in vitro used a process derived from
photography for ‘naked-eye’-DNA-detection [Figure 7.18(b)].97 Thus DNA was labeled
with alkyne moieties as described before, using PCR and the nucleosides 35b, c and a pina-
cyanol dye was linked to the DNA via the azide–alkyne click reaction. Subsequent spotting
generated strongly diluted DNA, which – after incubation with Ag+-ions – generated dark-
spots, which allow the selective detection of DNA after conventional hybridization down
to 600 fmol by the naked eye.

Figure 7.18 (a) DNA-assaying in vivo by incorporation of 35c and subsequent attachment of
fluorescein-dye. (b) DNA-assaying for the ‘naked-eye’. Reprinted with permission from D.M.
Hammond et al., (2007), DNA photography: an ultrasensitive DNA-detection method based
on photographic techniques, Ang. Chem. Int. Ed., 46 (22), 4184–4187. Copyright 2007 Wiley-
VCH.
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Figure 7.19 DNA labeling at the end using the fluoresceine-molecule 36.

The classical attachment of fluorescent dyes to the end of DNA has been reported as
one of the first examples for DNA labeling (see Figure 7.19).102 MALDI-TOF methods
were used to verify the completeness of the ligation-reaction with the fluorescent dye
36, and the labeled DNA was directly used without further purification for the DNA
sequencing via capillary electrophoresis due to the high efficiency of the azide–alkyne click
reaction.

DNA cross-linking has been use as demonstrated the proximity effect of the azide–alkyne
click reaction in adjacent DNA-strands (see Figure 7.20).88 Thus exactly one nucleotide
with an azide–alkyne moiety was incorporated into the DNA strands and subsequently
hybridized. After hybridization, the addition of Cu(I) salts led to the cross-linking of
the adjacent moieties under triazol formation. Nucleotides with longer side chains (i.e.
octydiynyl 37, 38 vs ethinyl 35c) gave better cross-linking for steric reasons, as al-
ready described by Carell et al.93 for the attachment of other groups to alkyne labeled
DNA.

The transfer-printing of DNA onto azide-terminated glass surfaces is an important
method to attach DNA in a simple process to surfaces for use in biochip-technology
(Figure 7.21).94 A method reported previously on polymeric surfaces via microcontact
printing103 or AFM tips104 has thus been transferred to DNA: alkyne-labeled DNA (side
chain- or end group-labeled) was stamped via a dendri-stamp onto a glass surface and
modified with azido-moieties. The dendri-stamp presents multiple functional groups in
order to improve the adhesion process by multivalent binding effects. Because of the
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Figure 7.20 (a) Crosslinking of DNA using the click reaction. (b) Incorporated 37 and 38
used for DNA-cross-linking.

multiply-present reactive groups between the DNA (alkynes) and the surface (azides), no
Cu(I) ions were required, just a contact time of approximately 1 h while applying a load
of 120 g. Subsequent hybridization experiments demonstrated the effectiveness of the
method for DNA recognition and assaying methods.

A combined method of DNA labeling and methylation has been described using the
azide–alkyne click reaction [see Figure 7.22(a)].101 An alkyne-labeled nucleoside 39 able
to methylate DNA was incubated with DNA and a methyltransferase. During methyl-
transferase reaction, the azide–alkyne click reaction took place, thus demonstrating the
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Figure 7.21 Attachment of DNA to surfaces via stamping-methods.

possibility to conduct both reactions within the active center of the methyltransferase
enzyme.

A template-directed ligation process has been described, linking two DNA-fragments to
yield a cyclic-structure (Figure 7.22).96 Thus labeled DNA (3′-azide and a 5′-alkyne) was
hybridized and incubated with Cu(I) ions, furnishing either a template-directed ligation
into linear structures, or a nontemplated cyclization yielding cyclic DNA. The latter is very
difficult to achieve by other methods and thus represents the first example of such a reaction
to cyclic DNA.

Finally, DNA can be used for the assembly of nanoparticles, if corresponding additional
supramolecular interactions are affixed to it (Figure 7.23).91 Thus alkyne moieties were
incorporated via PCR-methods, yielding DNA with a high density of alkyne moietes in
the major groove. Au nanoparticles, equipped with high densities of azide moieties, can be
assembled on the DNA strand, and subsequently fixed covalently after addition of Cu(I)
salts via the triazole-linkages. Thus a stable adhesion and binding of nanoparticles can be
effected on the DNA without the use of a reduction process directly.

Figure 7.22 (a) Chemical structure of 39 used for DNA-methylation. (b) Formation of cyclic
DNA.
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Figure 7.23 DNA-metallization by use of alkine-modified-DNA and subsequent nanoparticle-
attachment. Reproduced with permission from M. Fischler, U. Simon, H. Nir et al., (2007),
Formation of bimetallic Ag–Au nanowires by metallization of artificial DNA duplexes, Small, 3
(6), 1049–1055; G. A. Burley, J. Gierlich, M. R. Mofid et al., (2006), Directed DNA metalliza-
tion, J. Am. Chem. Soc., 128 (5), 1398–1399.

7.4 Click Reactions on Supramolecular Polymers

Supramolecular polymers105–107 are an increasingly important class of polymeric materials,
where noncovalent bonds mediate the adhesion of oligomers or polymers. As supramolec-
ular interactions in polymers can be tuned very efficiently (i.e. hydrogen-bonds ranging
from ∼7 to ∼40 kJ/mol),107 the molecular interaction between the chains can be tuned
in high precision. Thus polymeric materials with highly dynamic properties can be gener-
ated, allowing the generation of dynamics polymers (so called ‘dynamers’),108 self-healing
materials,109 microphase-separated polymer blends110 and gels111 with tunable properties,
or new biomaterials112 and nanocomposites.105

As the topic of the azide–alkyne click reaction has had enormous impact on polymer
chemistry and synthetic macromolecular chemistry,43,113 it is not surprising that the field
of supramolecular polymer chemistry has been strongly influenced by this reaction as it
allows the affixation of supramolecular interactions at specific sites of a polymer chain.
As one of the most prosperous combinations, many living polymerization methods have
been combined with the azide–alkyne click reaction (for a recent reviews see Binder and
Sachsenhofer43,113).

We were the first to exploit the use of the azide–alkyne click chemistry for the attachment
of supramolecular entities onto the backbone of polymers prepared by living polymerization
methods.35,38,114–123 One of the first examples concerned the combination of ROMP with
click chemistry,114,116,117,123 thus achieving a controllable density of supramolecular entities
in homopolymers 40,114 statistical copolymers117 41 and blockcopolymers 42.116,123 As
shown in Figure 7.24(a–c), the possibility to ‘first-click-then-ROMP’ or ‘first-ROMP-then-
click’ proved useful for the synthesis of an enormous number of different ROMP polymers
with nearly any thinkable architecture. The method represents a universal scaffold for the
attachment of many supramolecular entities, e.g. 43 (Hamilton-receptor–barbituric acid
interaction), since the click chemistry is nearly substrate insensitive and allows the easy
attachment of even complex supramolecular entities.

The scaffolds can be used to take advantage of two highly defined supramolecular
interactions upon spreading as films, as shown in Figure 7.24 (d–f):116,117one the one hand
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Figure 7.25 Combining nitroxide-mediated polymerization (NMP) with click chemistry for
the attachment of the supramolecular structures to the Haker-type-initiator 44, yielding the
monofunctional supramolecular polymers 45. Reprinted with permission from W. Binder et al.,
(2007), Magnetic and temperature-sensitive release gels from supramolecular polymers, Adv.
Func. Mat., 17 (8), 1317–1326. Copyright 2007 Wiley-VCH.

microphase separation of block copolymers takes place if immiscible blocks exist and
the supramoelcular entities are affixed to different blocks of the blockcopolymers, and
on the other hand hydrogen-bonding interactions that can be presented by the polymer
are useful to attach nanoparticles to the surface via supramolecular recognition. Thus
statistically distributed hydrogen bonds shown in Figure 7.24(e) yield the correspondingly
statistically distributed nanoparticles on the polymer film,117 whereas the block copolymers
yield controlled aggregates of the nanoparticles on the polymeric surface.116 Thus the
density and distribution of the nanoparticles can be controlled by use of the underlying
polymeric scaffold. Without azide–alkyne click reaction it is nearly impossible to modify
the density of such interactions on a polymeric chain without enormous synthetic effort.

Another combination of living polymerization and azide–alkyne click reactions has been
reported by us, combing nitroxide-mediated polymerization (NMP) with click chemistry
(Figure 7.25).124 Thus the supramolecular entities (hydrogen bonds) have been affixed by
use of a modified Hawker-type-nitroxide initiator 44. Subsequent NMP of n-butylacrylate
or N-isopropylacrylamide furnished the correspondingly mono-functional polymer chains
45, as proven by MALDI-TOF-analysis. The method was further extended to the grafting-
from reaction of NIPAM from iron-oxide-nanoparticle surfaces. The telechelic PNIPAM
used was then incorporated into supramolecular gels, achieving an additional element of
thermoresponsiveness into the material.125

The combination of living carbocationic polymerization of poly(isobutene) with the
azide–alkyne click reaction allows the generation of star111 and block copolymers126,127

functionalized with hydrogen bonding end groups (Figure 7.26). Thus the three-arm star-
poly(isobutylene) 46 was prepared with the respective multiple hydrogen bonds affixed
to its end group moieties. MALDI-TOF and NMR-spectroscopy have been used to prove
the generated structures, which in turn can be combined into highly temperature-sensitive
amphiphilic gels by mixing with their . Superparamagnetic iron-oxide nanoparticles can be
incorporated into these gels, yielding responsive materials with two-sensitivities: (a) those
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Figure 7.26 Synthesis of three-arm-star polyisobutylene (PIB) with three attached
supramolecular hydrogen bonding receptors 46. Shown is the corresponding MALDI spec-
trum, demonstrating the effectiveness of the synthetic method.

induced by the reversibility of the hydrogen bond and another (b) induced by an oszillating
magnetic field, heating up the iron-oxide nanoparticles and stimulating the breakup of the
gel. Moreover, the gel is self-healing as it assumes its original shape after mechanical
deformation, as proven by rheological experiments.

The binding of nanoparticles to surfaces made from self-assembled monolayers (SAMs)
has been achieved by the use of hydrogen-bonding systems between surface-modifed
nanoparticles and SAMs with the matching interaction [see Figure 7.27(a, b)].35,119 Thus
a controlled density of hydrogen bonds (multiple-hydrogen bonds) was attached to mixed
self-assembled monolayers via the azide–alkyne click reaction. As the molar ratio of the
mixed SAM could be adjusted perfectly, surfaces with a defined density of molecular
‘stickiness’128 were prepared.35 Thus a large variety of nanoparticles, surface modified
with a similar strategy119,129,130 (i.e. ligands modified via the azide–alkyne click reaction)
could be deposited selectively onto the SAM-surface. Thus CdSe,119 iron-oxide124,129,131

and Au nanoparticles35,116,117 were bound to the respective surfaces, allowing control of
the layer thickness, morphology and density of the underlying layers.

A fine example of supramolecular poymer organization has been described by Hecht
et al.,132 taking advantage of selective chain-folding (see Figure 7.28). Thus pyridine units
have been linked by triazoles, generating the helical structure 47. Upon addition of metal
ions, the helically folded chains are transformed into gels due to the bridging of the chains
into networks.

The functionalization of styrene polymers with a supramolecular metal complex (irid-
ium complexes) has been described using the click reaction (Figure 7.29). As these
metallo-supramolecular structures may be important for the light-harvesting and charge-
transfer in solar cells, these systems represent another contribution towards chain-
organization via the polymeric backbones.
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Figure 7.27 (a) Modifications of surfaces via the azide–alkyne click reaction yielding control-
lable densities of supramolecular interactions using the Hamilton-receptor 43. (b) CdSe and
Au nanoparticles binding via the Hamilton receptor 43. Reprinted with permission from W. H.
Binder, R. Sachsenhofer, C. J. Straif et al., (2007), Surface-modified nanoparticles via thermal
and Cu(I)-mediated click chemistry: generation of luminescent CdSe nanoparticles with polar
ligands guiding supramolecular recognition, J. Mater. Chem., 17 (20), 2125–2132. Copyright
2007 Royal Society of Chemistry.

Figure 7.28 Reversible folding of helical polymers 47 into gels by addition of iron-(II)-salts.



P1: OTA

c07 JWBK375-Lahann August 12, 2009 17:54 Printer: Yet to come

Click Chemistry on Supramolecular Materials 143

Figure 7.29 Formation of block copolymers with attached iridium complexes.

7.5 Click Reactions on Membranes

Biological membranes are highly organized assemblates of lipid molecules, being present
either as closed lipid bilayer structures (called liposomes, vesicles) or as (artificial) mono-
layer systems (Langmuir layers).133 Usually, biological membranes display a variety of
physical effects (liquid crystalline transition temperatures, mixing/demixing effects),134

which are highly dynamic in nature and reflect the lability of biological membranes, whose
stability is limited by temperature, pressure and mechanical deformation. Another type of
membrane consists of polymers, called polymersomes, where phase-separation phenom-
ena between polymer chains (microphase-separation) or differential solubility (selective
solubility) of polymer chains generate closed membranes.135 These membranes represent
a small fraction of the overall phase structures and are kinetically labile structures. How-
ever, when compared with their lipid counterparts, their stability is significantly higher
and the membrane thickness scales with the length of the polymer chains.136 In both
cases (polymersomes and liposomes), modifications of the outer surface are important
and crucial to effect molecular recognition at the outside of the membranes, thus study-
ing, e.g., membrane-binding processes, membrane transport,71 nanoparticle–membrane in-
teraction126,137 or encapsulation and triggered release.138 Modification of polymersomes
or liposomes thus is an important point for studying such processes, but often ham-
pered by the inhereint lability of the underlying structures, especially with liposomes.
As the azide–alkyne click reaction works under relatively mild reaction conditions (low
temperature with high efficiency), it is a useful alternative to other methods such as thiol
addition, disulfide reactions or N-hydroxysuccinimide additions to effect the modification
of polymersomal–liposomal structures.82,139–143

We have described the self-assembly of hydrophilic and hydrophobic nanoparticles into
liposomal137 and polymersomal membranes126 (see Figure 7.30). One of the best systems
for this purpose proved to be a diblock copolymer made by linking PEO and PIB chains
via a click reaction.126 These blockcopolymers can be assembled into polymersomes, if the
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Figure 7.30 Incorporation of CdSe nanoparticles into polymersome membranes made from
PEO–PIB blockcopolymers and silicification of their outer shell via sol–gel-processes.

ratio between the PEO and the PIB-block is appropriate. The simple testing of different
systems can be achieved via generation of a library of different telechelic PIB-N3/PEO-
alkyne systems, clicked together in a simple manner. Thus the formation of the respective
polymersomes could be acheived, whose membrane was subsequently used to incorporate
hydrophobic nanoparticles into their hydrophobic interior. Furthermore, the outer shell was
stabilized by sol–gel processes, yielding stable capsules with the embedded nanoparticles
as a highly organized, supramolecular system.

The direct modification of polymersomal outer layers has been achieved via two different
routes [see Figure 7.31(a, b)].82,140 The use of a blockcopolymer (PS-PEG) with alkyne
end groups allowed the generation of polymersomes with pendant alkyne moieties in
multiple fashion.82 The Cu(I)-mediated azide–alkyne click reaction can be subsequently
conducted, enabling the fixation of azide-modified candida-lipase (CalB) onto the surface
of the polymersome.

The analogous pathway has been described, using an endlabeled PS-b-PAA diblock-
copolymer, which – after assembly into polymersomes – presents multiple azido-moieties
[Figure 7.31(b)].140 These were used for the reaction with either a fluorescence label (dansyl-
dye) or the attachment of green-fluorescent protein onto the surface of the polymersome.
A similar reaction pathway, reporting on the attachment of dendritic moieties onto the sur-
face of PBD-PEO-polymersomes, is reported [Figure 7.31(c)].143 Again, an appropriately
functionalized PBD–PEO–N3 diblock copolymer forms the scaffold for the polymersome,
which is then decorated with azido moieties for further reaction with alkyne-modified den-
drimers. The click reactions were carried out in aqueous systems, taking advantage of the
regenerative system (CuSO4–sodium ascorbate), thus nearly working under physiological
conditions.

With liposomes, two examples of a direct azide–alkyne click reaction have been described
(see Figure 7.32).142,144 Using a DOPE alkyne [Figure 7.32(a)], the outer surface of a
liposomal membrane was decorated with about 50% of alkyne moieties, embedded into a
membrane consisting of DOPC.142 The resulting liposomes were then incubated with an
oxazole dye, which was attached covalently to the outer surface under Cu(I) catalysis. The
presence of the oxazole dye was proven by FRET-measurements between a dye already
present within the membrane.
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Figure 7.32 Azide–alkyne click reactions using liposomes (a) using DOPE lipid; (b) using a
small unilamellar vesicle (SUV) attaching a carbohydrate ligand to the outer surface.

A similar strategy for labeling the outer surface of liposomes has been used relying on a
glycerol-anchored lipid with a terminal alkyne moiety added to a conventional liposome-
forming lipid mixture in 5–10 mol% [Figure 7.32(b)].144 After liposome formation, the
attachment of a mannose conjugate bearing a terminal azide moiety was investigated. It
turned out that the efficiency of the reaction was strongly enhanced, if an appropriate batho-
phenanthrolinedisulfonic acid ligand for complexing copper ions was present. Only under
these conditions could a complete surface functionalization be achieved, as proven via
subsequent agglutination assays, which allow for a quantification of the attached mannose
units to the liposomal surface.

Finally, it should be mentioned that the Cu(I)-mediated reactions are not useful for living
(i.e. cellular) systems, owing to the toxicity of the Cu ions, which inhibit cell growth.
Bertozzi et al.20 have therefore developed a copper-free variant of the azide–alkyne click
reaction, which relies on the use of highly strained substituted cyclooctynes, whose release
of ring strain promotes the dipolar cycloaddition process without the use of Cu species. This
method is now the method of choice for the labeling of cellular surfaces via incorporation
of artificial amino-acids into membrane proteins.



P1: OTA

c07 JWBK375-Lahann August 12, 2009 17:54 Printer: Yet to come

Click Chemistry on Supramolecular Materials 147

7.6 Click Reactions on Dendrimers

The usefulness of the azide–alkyne click reaction is well demonstrated in the build-up of
larger polymeric structures, in particular the generation of dendrimers. As dendrimers are
important scaffolds for assembly into higher-ordered supramolecular structures, the value
of the azide–alkyne click reaction is high. A recent review has been focussing on this com-
bination, especially on the use of high-yielding, high-energy reactions for this purpose.44

Besides the synthesis and functionalization of dendrimers,38,41,44,46,145–158 hyperbranched
polymers44,158–161 can also be prepared using this methodology. Briefly, dendrimers can
be generated by convergent or divergent methods, using the azide–alkyne click reaction
as internal bond for the synthesis. This can lead to hyperbranched polymers either in
one step or via sequential reaction. Additionally, whole dendron structures may be as-
sembled via the azide–alkyne click reaction, using appropriately functionalized dendrons.
Another issue concerns the generation of surface-modified dendrimers, which generates
dendrimers with a high density of outer azide–alkyne moieties, which subsequently are
then reacted with the appropriate functional groups, thus attaching a large number of these
moieties onto the outer shell of the respective dendrimer. A large variety of different
dendrimers, such as PAMAM-type dendrimers,147,162 benzyl-type,155 PS/PMDETA den-
drimers,152 triazole-containing dendrimers (in each generation)149,163 and polyester-type
dendrimers have been prepared via convergent methods, where the buildup of the central
structure has been achieved by linking azide–alkynes.148 Dendron attachment (i.e. diver-
gent synthetic methodologies) to the side chain of poly(vinylacetylenes)164 and inorganic
ruthenium oligomers have been described.165 Moreover, the generation of hyperbranched
polymers in a one step-procedure, given that the starting material is present sufficiently pure
and sterically not too crowded. This strategy has been used by several authors, generating
medium-branched hyperbranched polymers in good yields.159,166

The surface of a large variety of different dendrimers can be modified generating, e.g.,
ferrocenyl-modified triazolyl-silane dendrimers,146 dendritic peptides,150 surface-modified
polybenzyl and Boltorn dendrimers,158 PEG-modified carbamate-dendrimers167 and car-
bohydrate modified Boltorn dendrimers.151 All these surfaces are more or less designed to
act as recognition or organization sites for some supramolecular activity on the dendritic
surface, whether it is a pure steric effect of organization or a defined key/lock-recognition.

The strategy to run multiple azide–alkyne click chemistry has been also transferred to
the synthesis of polymer-brushes168,169 or cross-linked capsules.170 Similar to dendrimers,
these structures display a high density of functional groups at their surface, thus requiring
highly efficient linking-reaction for their functionalization.

7.7 Click Reactions on Gels and Networks

Gels and networks62,79,120,171–184 have been formed additionally via azide–alkyne click
reactions. This strategy has been proven useful as a simple cross-linking strategy, but
also for the formation of highly sensitive gel and network structures not accessible by
other methods.174 As gels and networks are often either highly defined structures (e.g.
fibers, organized by supramolecular interactions between small and medium-sized organic
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molecules or block-copolymeric micelles linked into gels) or relatively rough-organized
systems (weakly cross-linked gels, networks formed by covalent cross-linking), their
structural definition is sometimes vague. This makes the following rather an assembly of
gels, where the main structural definition has been achieved by use of the azide–alkyne click
reaction, or where this reaction is a main structural element of the final material generated
(see Figure 7.33). Thus multuivalent azide 48 and alkynes 49 (Figure 7.33) can be directly
reacted, generating networks with a high level of cross-linking density due to the high
efficiency of the azide–alkyne click reaction. By appropriate choice of the corresponding
building block (examples of small monomer, oligomeric or polymeric) azides–alkynes as
given in Figure 7.33(b, c), the corresponding properties of the networks, such as swelling
character, hydrophobic/hydrophilic properties, density or functionality, can be nicely
controlled.

Highly dense networks have been used extensively as scaffolds for synthetic reactions.
Thus a large number of investigations have been carried out using highly cross-linked resins
and support, mostly in the field of organic chemistry.13,29,72,185 In these cases, the highly
cross-linked Rink, Wang or Merrifield resins serve as a (porous) solid phase, presenting
terminal azido- or alkyne moieties able to attach substrates via the azide–alkyne click
reaction.

As supramolecularily preorganized molecules often tend to disintegrate upon thermal
treatment, the azide–alkyne click reactions represent an important step towards stable net-
works of defined cross-linking density, thus ‘freezing-in’ a specific supramolecular struc-
ture.175,179 Thus block copolymer micelles can be easily cross-linked using the azide–alkyne
click reaction after assembly of the block copolymers (BCPs) into the respective micelles,
yielding the well-known cross-linked BCP-micelles,154,157,186–188 with a highly defined
degree of cross-linking within their core- or corona-structure.

Besides the work of Wooley et al.157,186,187, who used the azide–alkyne click reaction
for the cross-linking of BPC-micellar core, a highly innovative example for cross-linking
the shell of a BCP micelle has been described by Meier et al.180 (Figure 7.34). Thus a
diblockcopolymer 50 generated via ROMP, whose one block was modified via a highly
cationic moiety via the azide–alkyne click reaction. The BCP was able to incorporate DNA,
generating particles sized 20–120 nm, able to deliver DNA. The particles display a highly
dendritic structure on their outside, thus presenting a high cationic charge to the outside of
the carrier nanoparticle.

An approach to highly sophisticated and smart networks has been descriebd by Turro
et al.175,181 (see Figure 7.35). Thus telechelic macromolecules (PtBuA, PMA) were prepared
via ATRP methods, and finally equipped with terminal azido–alkin-moieties. Because
of the presence of a photocleavable linker (o-nitrobenzyl-unit; Figure 7.35) or internal
double bonds, the corresponding networks can be cleaved either by UV irradiation or via
ozonolysis. As the initial chain length of the polymers is highly defined, the density of the
networks has been adjusted with high precision.

Other examples of defined networks with relatively controllable network densities have
recently been reported, derived from PEGs,171 polyvinylacohols,177 hyaluronic acids182 or
cross-linked hydrophilic polymer beads.183

A fine example of a liquid crystalline polymer via click reaction has been reported by
Grubbs et al. by using an endfunctionalized bitelechelic ROMP-polymer 51 with pendant
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Figure 7.35 Formation of photo- and ozone-cleavable networks via the azide–alkyne click
reaction. Reprinted with permission from Y. Xia et al., (2008), Well-defined liquid crystal gels
from telechelic polymers, J. Am. Chem. Soc., 130 (5), 1735–1740. Copyright 2008 American
Chemical Society.

liquid crystalline moieties (see Figure 7.36).178 The final structure was cross-linked with a
trivalent alkyne moiety, thus generating a highly defined network 52, allowing study of the
influence of network density on the orientation and nature of the liquid crystallinity.

Supramolecular gels are often generated from the interplay between hydrogen-bonding
systems and hydrophobic interaction, often well balanced by solvent effects. The stabiliza-
tion of such structures is difficult, but can be achieved using the azide–alkyne click reaction.
Thus Finn et al.184 and Diaz et al.179 have reported on gels formed from amidic-bond net-
works, subsequently stabilized by the azide–alkyne click reaction (Figure 7.37)

We have reported on the generation of supramolecular gels built from multiple hydrogen
bonds, attached to star-like PIB or PEG-poylmer (see Figure 7.38).111,125 Thus trivalent star-
PIBs 53 were prepared by a combination of living cationic polymerization and azide–alkyne
click chemistry, being able to control the chain length of the (hydrophobic) PIB polymer.
Upon assembly with matching hydrogen bonds 43 (supplied via end group-modified PEGs
54), gel formation was observed, resulting in highly thermoreversible gels.111 Further-
more, suprerparamagnetic nanoparticles or PNIPAM111 could be incorporated into the gel,
enabling strong thermoreversibility. The nanoparticles are located selectively within the
hydrophobic cavities provided by the PIB-polymer, thus leading to a microphase-induced
segregation of the nanoparticles.

The most picturesque example of network formation via the azide–alkyne click reaction
has been provided by Finn et al.172,173,189 in a series of publications (see Figure 7.39).
The simplicity correlates to the effectiveness in the buildup of mechanically highly sta-
ble thermosets. Thus small molecules, multivalent in their azide–alkyne structures, were
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Figure 7.37 Crosslinking of transient fibers, formed via amid-bond-assembly (organic gela-
tors). (b) TEM micrograph of the fibers before (top) and after cross-linking (bottom), indi-
cating the preservance of the fiber’s-integrity. Reprinted with permission from D. D. Diaz
et al., (2006), Click chemistry in a supramolecular environment: stabilization of organogels
by copper(I)-catalyzed azide–alkyne [3 + 2] cycloaddition, J. Am. Chem. Soc., 128 (18),
6056–6057. Copyright (2006) American Chemical Society.

mixed, and subsequently cross-linked between metal plates, i.e. metallic copper. Because
of the high efficiency of the azide–alkyne click reaction, enormous hardness and glue
strength could be achieved, representing the first directly applicable example of the click
reaction. It furthermore shows, that often the most simple approach may be the most
effective.

7.8 Click Reactions on Self-assembled Monolayers

Surfaces and interfaces often are not counted to supramolecular chemistry. However, as
self-assembled monolayers or nanoparticle surfaces are highly organized structures, they
are included in this review chapter. The chemistry on surfaces is as manifold as the chemistry
on polymers or other materials; therefore the present data cannot be discussed in full detail,
as they would represent a chapter on their own. An interesting aspect of the azide–alkyne
click reaction lies in the fact that a reduced or enforced distance between the reaction
partners leads to a strongly enhanced reaction rate. This effect has been demonstrated in the
azide–alkyne click reaction within the pocket of enzymes (activity-based protein profiling,
ABPP)14,32,190 by direct microcontact printing103,191 or via AFM-tips,192 thus opening the
chance for a sufficiently complete reaction at an interface.
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Figure 7.39 Thermoset-formation by cross-linking via the azide–alkyne click reaction. (a) Link-
ing of Cu plates by small-molecule-network-formation (b) Load tests demonstrating the effec-
tiveness of the final thermoset. Reprinted with permission from D. D. Diaz et al., (2004), Click
chemistry in materials synthesis. 1. Adhesive polymers from copper-catalyzed azide–alkyne
cycloaddition, J. Polym. Sci., Part A: Polym. Chem., 42 (17), 4392–4403. Copyright (2004)
John Wiley and Sons, Inc.

Table 7.1 gives an overview on the most relevant click reactions on surfaces. One of
the most important aspects is the generation of the corresponding azide–alkyne modifed
surfaces, which is a prerequisite for the subsequent azide–alkyne click reaction.

In the case of SAMs, the use of appropriately azide-35,193–197 or alkyne-
functionalized156,198–202 surfaces by direct ligand-adsorption has been described. Alter-
natively, in-situ-generation of terminal azides by bromide–azide-exchange directly on
the ω-bromoalkyl-functional monolayer can be effected,196,203 eliminating the pressing
instability of ω-azido-1-thioalkanes prior to the SAM-formation process. Thus a large va-
riety of click reactions on SAMs,35,118,156,169,193–196,198–203 polymeric surfaces191,204–210 or
Langmuir–Blodget layers (LbL layers),160,206 has been reported .

Similar to SAMs, the surface of nanoparticles can be modified with the azide–alkyne
click reaction.118,121,122,124,211–214 Thus a large variety of nanoparticles (Au,118,211,212,214

CdSe,121 Fe2O3
122,124,213 and SiO2

197) as well as viruses215 and Au nanorods216 have been
surface-functionalized with this method. Mostly, the attached ligands serve as recogni-
tion sites to direct the location of such nanosized objects onto materials via defined or
nonspecific interactions. Selected examples of such recognition processes rely, e.g., on
hydrogen bonding moieties, which allow the corresponding nanoparticles to be directed
to a SAM surface,35,119a polymeric surface,116,117 a liquid–liquid-interface217 or a block-
copolymeric phase or interface.218 The interested reader is referred to the references for
further reading.35,116,117,119,217–219

Finally, an important point has been observed upon comparing the Cu(I)-catalyzed reac-
tion with the uncatalyzed, purely thermal, click reaction on CdSe nanoparticles.121 Since
copper ions interfere with the fluorescence properties in semiconductive nanoparticles,
the use of Cu(I)-species is not advantageous for their surface modification. Thus without
the use of the Cu(I) catalyst, the photoluminescence of the final, surface-modified CdSe
nanoparticles remains nearly unchanged, whereas under Cu(I) catalysis a significant drop
in the quantum yields is observed. Therefore, the purely thermal azide–alkyne reaction may
be sometimes advantageous over the metal-catalyzed click process. Compared with con-
ventional surface-modification methods, the azide–alkyne-methodology enables an elegant,
fast and efficient approach to functionalized nanoparticles in a simple mode.
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8
Dendrimer Synthesis and

Functionalization by Click Chemistry
for Biomedical Applications

Daniel Q. McNerny, Douglas G. Mullen, Istvan J. Majoros, Mark M. Banaszak Holl and
James R. Baker Jr

8.1 Introduction

Dendrimer-based platforms have achieved increasing attention for use in biomedical ap-
plications including, but not limited to, targeted drug delivery, imaging and transfection.
Interest in dendrimers can be attributed to their unique branching structure that results in
exceptionally high degrees of monodispersity as compared with other polymeric materials.
Furthermore, well-defined terminal groups allow the conjugation of multiple functional
molecules. Dendrimer systems with multiple copies of targeting ligands enhance the inter-
action of targeting molecules with cell membrane receptors due to multivalent binding.1

While the concept of preferential targeting is not limited to dendrimer platforms, the ability
to create dendrimers that mimic the size and shape of human proteins makes the tech-
nology an ideal choice for many therapeutic and diagnostic applications. The dendrimer’s
nanometer size enables efficient diffusion across the vascular endothelium and directs in-
ternalization into cancer cells, and facilitates rapid renal clearance of these molecules from
the blood stream.

The most widely used dendrimers in biomedical applications are poly(amidoamine)
(PAMAM) dendrimers. The polyamide backbone helps the macromolecule maintain water
solubility and minimizes immunogenicity. PAMAM dendrimers exhibit little toxicity if the
surface amines have been neutralized or modified (Figure 8.1).2–7
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The PAMAM platform has been successfully used as a scaffold for the attachment of
targeting molecules including antibodies,8–12 peptides,13 T-antigens14–16 and folic acid.17–26

The targeting ligands anchor the dendrimers to locations where receptors are expressed on
cell surfaces. Dendrimers have also been used to carry and solubilize therapeutic molecules,
such as methotrexate.19,22,23,27,28 Targeted dendrimer–drug conjugates deliver a higher dose
specifically to tumor cells while avoiding normal cells, thus avoiding the systemic toxicity
of current therapeutics. PAMAM dendrimers with folate and methotrexate have been shown
to specifically bind to carcinoma KB cells expressing high levels of the folate receptor.23

Targeted chemotherapy with dendrimers showed 10 times the efficacy and decreased toxi-
city compared with standard chemotherapy with free methotrexate during in vivo studies.
Phase I clinical trials for this cancer therapy are planned (Figure 8.2).

One can imagine dendrimer scaffolds being modified to create a vast library of targeted
therapeutics, each tailored to address the properties and overexpressed receptors of an
individual target cell. Dendrimer treatment could be personalized after a screening to
determine which therapeutic would have the greatest effect.

Several dendrimer-based products are under development for the treatment of a vari-
ety of diseases. Starpharma is testing a topical polylysine dendrimer-based microbicide,
VivaGelTM, for the prevention of HIV transmission and other sexually transmitted diseases
during intercourse. SuperFect

R©
, developed by Qiagen, is an activated dendrimer used for

gene transfection in a broad range of cell lines. Dendrimers have also been used as diag-
nostic tools. Gadomer-17, a polylysine dendrimer functionalized with gadolinium chelates,
from Schering AG is used as MRI contrast agent. The US Army Research Laboratory
developed Alert TicketTM as a dendrimer-based diagnostic for anthrax detection. Stratus

R©

CS, has been commercialized by Dade Behring for the rapid diagnosis of heart attacks by
acting as a biosensor for cardiac markers.

Despite the promise and successes of dendrimer platforms, the field’s ability to pro-
vide materials for biomedical applications has been slowed by synthetic challenges in
producing mono-dispersed bulk dendrimers. PAMAM dendrimer synthesis can lead to un-
desired side reactions causing defect structures, and these defect structures propagate as
the dendrimer grows with each additional generation.29,30 Therefore, although PAMAM
dendrimers maintain a very low PDI, maintaining batch-to-batch reproducibility can be
challenging. When these polymers are conjugated with multiple targeting and therapeutic
molecules, the heterogeneity of the conjugates is magnified. Unfortunately, this makes the
characterization of these materials difficult and the material itself must be reproducible
and consistent if one hopes to eventual administer these agents to human subjects. Other
dendrimers based on different subunit structures may avoid side reactions and ease re-
producibility concerns, but are poor choices for many biomedical applications because of
poor solubility at physiological conditions and/or cytotoxicity. In addition, creating mul-
tifunctional dendrimers for therapeutic applications currently involves multiple, step-wise
conjugations that are time-consuming and hard to reproduce. New synthetic approaches
will be needed to produce consistent materials. In addition, when producing patient-specific
drugs (‘personalized medicine’) some method of parallel synthesis must be achieved to
produce many combinations of drug and targeting ligands that allow for individualized
therapeutics.

‘Click chemistry’ is an approach that could enhance the synthesis of dendrimeric
structures. There have been several examples involving the synthesis and conjugation of
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Figure 8.2 Multifunctional device on a single dendrimer. Reprinted with permission from
ref.22. Copyright 2005 American Chemical Society.
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dendrimers using click chemistry since Sharpless and co-workers popularized the copper(I)-
catalyzed 1,3-dipolar cycloaddition.31 Researchers hope to use click chemistry to obtain
greater control over the synthesis of the dendrimer platforms by minimizing defect struc-
tures and reducing the need for purification. Others use click chemistry as a means to control
the conjugation of desired functionalities.32–39 The orthoganality of click chemistry pro-
vides a means to avoid incompatible conjugation reactions, reduce product heterogeneity
and potentially add specific numbers of functional moieties.

8.2 Dendrimer Synthesis

Dendrimers have been synthesized by two methods: divergent and convergent.40 These
methods both create dendritic macromolecules through repeated growth and activation
reactions, and each additional cycle adds an additional dendrimer ‘generation’. Divergent
synthesis proceeds radially from the core. Convergent synthesis proceeds from the surface
inward, where molecular building blocks form dendrons which are then joined together at
their unique focal points. Convergent synthesis typically yields dendrimers of higher purity
and reproducibility compared with divergent methods; however, there is greater difficulty in
producing larger generation dendrimers using convergent methods due to increasing steric
constraints on the synthesis.41

Traditional synthetic approaches to dendrimer synthesis, whether convergent or diver-
gent, are inefficient in their time and materials requirements (Figure 8.3). Some of the
dendrimers that are commercially available may not be of appropriate quality for biomed-
ical purposes, including PAMAM, phosphorous-based, polypropylenimine, polylysine,
polyester and 2,2-bis(methylol)propionic acid (bis-MPA) dendrimers. A highly-trained
synthetic chemist may require months to prepare dendrimers in significant quantities and
quality adequate for bioconjugation. New synthetic methods which accelerate and simplify
dendrimer production may be required in order to increase the amount and type of den-
drimers necessary for many pharmaceutical applications. Attractive methods must produce
dendrimer in good yields, minimize defect population distribution and display tolerance
of functional groups and reaction conditions while cutting back on reaction and purifica-
tion time. To accomplish these goals, various click chemistry reactions have been used to
synthesize dendrimers by both divergent and convergent methods.

8.2.1 Divergent Synthesis

Click chemistry has been used on multiple occasions to divergently synthesize dendrimers.
The copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC) is used during the growth
step, where the dendrimer is reacted with an alkyne or azide monomer unit.43 These
reactions have been performed at quantitative yields with minimal workup. Unfortunately,
dendrimers divergently synthesized via the CuAAC have yet to be tested in biological
systems. A possible issue with these molecules is the large number of heteroaromatics in
these dendrimers, which may prohibit the material from being soluble in many physiological
conditions.

An exciting development by Hawker and colleagues employs thiol-ene click chemistry
to divergently synthesize dendrimers.44 The thiol–alkene reaction is thought to be a robust,
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Figure 8.4 Dendrimer synthesized using thiol-ene chemistry. Reprinted with permission from
ref.44. Copyright 2008 American Chemical Society.

clean reaction that avoids the use of a metal catalyst as with some other ‘click’ approaches.
In addition, this chemistry can be performed without a solvent while maintaining the
specificity properties of click chemistry. Generation 4 poly(thio-ether) dendrimers were
constructed using this approach and functionalized with various surface groups using this
chemistry. No biological studies have yet been published for this material, but the approach
may open the door for the creation of a larger number of dendritic platforms for biomedical
applications (Figure 8.4).

8.2.2 Convergent Synthesis

Convergent synthesis of dendrimers has been achieved for both symmetrical32,34,45–50 and
asymmetrical dendrimers.33,45,49,50 A click reaction can be employed as the final step to
combine dendrons with each other or to a core after traditional approaches are used to
synthesize the dendrons.33,45–52 CuAAC48,50 and Diels–Alder53 reactions have both been
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employed to make dendrimers. In 2007, Haridas reported the design of peptide dendrimers
with varied cores using CuAAC.34 The group proposes conjugating biologically relevant
molecules to the amino groups of the dendrimer. Wysozogrodzka applied the convergent
method to polyglycerol dendrons of varying generation to create core-shell structures.32

This approach successfully solubilized different hydrophobic cores and the hydrophobic
dye Nile Red. Wysozogrodzka showed the amount of Nile Red solubilized depended on
core size and generation of the polyglycerol dendrons (Figure 8.5).

The application of click chemistry to convergent synthesis also has the potential to be
used for a mix-and-match approach to creating multifunctional macromolecules based on
dendrimers. Uniquely functionalized dendrons can be selected from a library and com-
bined to create functionalized devices for specific applications. Proof-of-concept reactions
have been performed by Lee and co-workers on methyl ester-terminated, half-generation
PAMAM dendrons to create symmetrical and unsymmetrical dendrimers.49–51 This method-
ology has the potential to be adapted to functionalized full-generation dendrons that are
soluble in physiological conditions. The same group has successfully coupled dendrons
with different backbones to create diblock co-dendron devices.51 Wu and co-workers syn-
thesized unsymmetrical bis-MPA dendrimers, which were then functionalized to create a
bifunctional, targeted device.33

In general, studies have indicated that the yield of the click reaction decreases with
increasing dendron generation. It is proposed that steric effects, the dendron branches
backfolding over the focal point, cause the decreased yield (Figure 8.6).45,48–50

8.3 Dendrimer Functionalization

The orthoganality and efficiency of click chemistry makes it an attractive means to func-
tionalize dendritic macromolecules. Click chemistry has repeatedly been shown to be an
efficient way to functionalize dendrimers with either carbohydrates,35 peptides36 or sol-
ubilizing linkers37 for biomedical applications. This has provided increased potency and
multivalent targeting because of the dendritic platform.

Wu and co-workers successfully produced a multifunctional bis-MPA dendron with tar-
geted and imaging units using the 1,3-dipolar cycloaddition.33 The dendron-bound mannose
was reported to show a 240-fold greater potency in hemagglutination vs monomeric man-
nose. Dijkgraaf showed that radiolabeled tetrameric RGD dendrimers had enhanced uptake
in both in vitro binding assays and αVβ3 integrin expressing tumors in vivo when com-
pared with dimeric and monomeric RGD controls. This increased avidity was accomplished
without altering the specificity of binding.36 In 2006, Fernandez-Megia surface conjugated
unprotected carbohydrates to produce PEG-lyated glycodendrimers for potential applica-
tions in exploring carbohydrate–receptor interactions or for targeted drug delivery (Figures
8.7 and 8.8).

Urbani recently combined atom transfer radical polymerization and click chemistry to
design third-generation polymeric dendrimers with a peripheral generational layer that
could be selectively cleaved off from the second-generation via basic hydrolysis of the
dendrimers ester groups.39 This platform can be used for the applications requiring a slow
and controlled release of its peripheral layer (Figure 8.9).
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Figure 8.7 Bifunctional bis-MPA dendrimer with 16 mannose units and 2 coumarin units.
Reprinted with permission from ref.33. Copyright 2005 The Royal Society of Chemistry.

CuAAC reactions have been used as an efficient means to functionalize solid supports or
surfaces with dendritic materials. For example, Ortega-Munoz and co-workers conjugated
glyco-dendrimers to a silica core to create a bio-selective affinity chromatography matrix
for potential applications for the inmobilization of other biomolecules.38 Pohl showed the
functionalization of cellulose surfaces with propargyl–PAMAM dendrons via CuAAC.54

A model enzyme, glucose oxidase, was covalently attached to the dendron and protein
attachment was shown. These biofunctionalized surfaces have the potential to be used for
various sensor, catalytic and delivery applications.

Click reactions have also been exploited for their orthoganality and neighboring group
tolerance. When stoichiochemistry is critical, click chemistry can be used as a valuable tool
to specifically couple single functionalities. The most obvious example is having a unique
‘clickable’ focal point on a dendron (Figure 8.10).

Work has been done by the Weck group to apply unique reactive sites to dendrimers as
well. Polyamide dendrimers have been designed with a single azide or alkyne moiety on
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Figure 8.9 Generation 3 polymeric dendrimer with cleavable periphery. Reprinted with
permission from ref.39. Copyright 2008 American Chemical Society.

the surface.55,56 One can imagine using similar scaffolds when product distributions must
be avoided or to create dumbbell structures without fear of forming insoluble networks
(Figure 8.11).

8.4 Conclusions and Future Directions

The unique branched structure of dendrimers offers many benefits, from multivalent binding
to increased load capacity. Yet standard techniques in dendrimer chemistry are laborious
and the costs can be prohibitive. The inability of commercial suppliers to reproducibility

Figure 8.10 Glyco-dendrimer conjugated to a silica core for affinity chromatography.
Reprinted with permission from ref.38. Copyright 2006 Wiley-VCH.
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Figure 8.11 Polyamide dendrimer with single orthogonal surface reactive site. Reprinted with
permission from ref.56. Copyright 2007 American Chemical Society.

minimize defect structures in highly biocompatible PAMAM has slowed their progress
in reaching therapeutic trials. Many alternative dendrimers either suffer from the same
problems or lack biocompatible and nontoxic properties. For dendrimers to become reli-
able and affordable scaffolds for medical use as targeted therapeutics, detection agents or
diagnostics, their production must become more efficient and reproducible on a large scale.
Expanding the use of click chemistry in dendrimer science will most likely continue to
facilitate these goals.

Specifically, click chemistry has been applied to address dendrimer synthetic con-
cerns. New shorter-term developments will probably come via functionalization of den-
drimers, where reaction orthoganality and simpler purification will speed up and increase
the production of new devices. Longer-term solutions needed include using click reac-
tions to create methods of dendrimer synthesis. Click-type reactions have been applied
to dendrimer synthesis, but the majority have used repeated triazole-based click reac-
tions which typically produce dendrimers that are not soluble in physiological conditions.
The use of the thiol-ene reaction shows that click methodologies can be developed that
maintain biological applicability. Dendrimer synthesis will dramatically improve as addi-
tional clean, efficient reactions are developed to create non-immunogenetic, biofunctional
scaffolds.
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9
Reversible Diels–Alder Cycloaddition

for the Design of Multifunctional
Network Polymers

Amy M. Peterson and Giuseppe R. Palmese

9.1 Introduction

Click chemistries such as the Diels–Alder reaction have been used to prepare many novel
and difficult to achieve multifunctional polymer networks.1–9 Such chemistries are popular
because they offer high yields and minimal side reactions under mild reaction condi-
tions. The Diels–Alder reaction is a cycloaddition of a diene and a dienophile to form
a substituted cyclohexene.10–12 In some cases, the reaction is thermally reversible. This
reversibility makes the Diels–Alder reaction particularly desirable for the development of
multifunctional polymer networks.13

The Diels–Alder reaction, shown in its general form in Figure 9.1, was discovered by
Otto Diels and Kurt Alder in the 1920s. A substituted cyclohexene is formed in this reac-
tion through the [4 + 2] cycloaddition of a diene and a dienophile. This reaction proceeds
through unsymmetrical transition states.14 While the simplest dienophile, ethylene, reacts
poorly with dienes, there are many dienes and dienophiles that undergo the Diels–Alder
cycloaddition readily. Conjugated dienes react as long as they can achieve a cisoid geom-
etry and cyclic dienes tend to be more reactive than open chain dienes.11 The Diels–Alder
reaction is reversible when the reactants are stable molecules or when one can be con-
sumed in a side reaction. The reverse reaction is known as the retro-Diels–Alder reaction.
The chemical structures of well-known dienes, dienophiles and adducts as well as the

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
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Figure 9.1 Generalized Diels–Alder reaction of a dienophile with a diene.

temperatures at which they undergo the forward and reverse Diels–Alder reactions are
shown in Table 9.1.

Much of the literature has focused on the reaction of furan (diene) and maleimide
(dienophile), presumably because of the mild conditions under which the retro Diels–Alder
reaction occurs.15–54 However, the reactions of maleimide with cyclopentadienone,55

fulvene,56 pyrone,57,58 and anthracene,4–6,49,59–62 of benzene with cyclopentadienone63–65

and of quinone with cyclopentadiene66–69 have been investigated as well. Cyclopentadiene
has also been shown to react reversibly with itself via the Diels–Alder reaction, acting
as both the diene and the dienophile.70–80 Additionally, poly(vinyl chloride) demonstrates
reversible crosslinking when thermal degradation results in the formation of polyenes in
the polymer chain.81–84

Table 9.1 Some well known thermoreversible Diels–Alder reactions
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Since the discovery of the Diels–Alder reaction over 80 years ago, many groups have
investigated important aspects of this reaction’s behavior such as reaction mechanisms, as
well as thermodynamic and kinetic concerns. As a whole these inquiries have elucidated
factors that influence reactivity and reversibility, including the chemical nature of the
diene–dienophile selected, steric considerations, reaction conditions, solvents and diffusion
limitations. The following is not meant to be a comprehensive summary of these works
but rather one that highlights important aspects that need to be considered when polymer
networks containing Diels–Alder function linkages are designed.

The Diels–Alder adduct exhibits endo and exo isomers with different properties. The ma-
jor product of the Diels–Alder reaction is typically the endo adduct. This preference has been
explained with secondary orbital interactions, inductive or charge-transfer interactions and
overlap of π orbitals.11 Solvent choice for the reaction of furan and maleimide in solution
does not affect the isomer produced, although reaction temperature does. At 90 ◦C, the exo
product, with a melting temperature of 162 ◦C, is achieved. Performing the reaction at 25 ◦C
produces the endo isomer, with a melting temperature of 131 ◦C.85 Herndon et al. discovered
that exo-dicyclopentadiene is less reactive than the endo isomer by an order of magnitude.71

Neukam and Grimme found that the retro-Diels–Alder reaction was exothermic if
it combined the formation of an aromatic group with the release of ring strain from
the adduct.84 They also showed that the cycloreversion of the cyclopentadiene and 5-
cyanocyclopentadiene adduct can be accelerated by deprotonation. Loss of basicity was
also proposed to significantly increase the rate of cycloreversion.86 Additionally, Brand
and Klapper found that substituted furans undergo Diels–Alder reaction with normal elec-
tron demand and that the reactivity of forward and reverse reactions can be controlled by
changing the donor/acceptor character of the substituent.87

The first mention of Diels–Alder reaction order was made by Kwart and King.27

They reported that the forward reaction of a diene and a dienophile generally fol-
lowed second-order kinetics. This finding was later corroborated,44,51,52,66,67 although
pseudo-first-order conditions can be approximated with an excess of either diene or
dienophile.9,69,88,89 Liu and Hsieh found the activation energy of the forward Diels–Alder
reaction between furan and maleimide groups to be 67 kJ mol−1 in one case51 and
32.1 kJ mol−1 in another.52 In other studies the reverse reaction was found to follow a
first-order rate law with an activation energy of 21 kJ mol−1.42 There have been numerous in-
vestigations of the forward and reverse reaction rates and it is thought that for each system an
equilibrium is established over a range of temperatures so that the equilibrium concentration
of Diels–Alder linkages can be controlled by setting a temperature in this range. However,
comprehensive experimental studies have not been conducted to establish the quantitative
relationship between temperature and equilibrium composition in polymer systems.

The influence of surfaces on the Diels–Alder reaction has also been studied. In the case
of quinone immobilized on a gold surface reacting with cyclopentadiene, the reaction was
found to follow a pseudo-first-order rate law, but the rate constant is not linearly related
to diene concentration.69 Gawalt and Mrksich propose that this behavior is the result of
electrochemical oxidation, which creates two forms of quinone, with one that is two orders
of magnitude more reactive than the other. Production of the highly reactive form is the rate-
determining step in this reaction. Kwon and Mrksich studied the effect of steric hindrance
on reaction rate for the reaction of cyclopentadiene with benzoquinone contained within
a self-assembled monolayer (SAM).68 The rate constant decreased significantly when the
quinone was positioned below the monolayer interface. When the quinone was positioned
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above the other groups of the SAM, a rate constant between 0.18 and 0.22 m−1 s−1

was found, while the rate for quinone below the monolayer interface was approximately
0.03 m−1 s−1.

Although click chemistries are often selected because of the dearth of side reactions,
there are a few secondary reactions in which typical Diels–Alder dienes and dienophiles
participate. Maleimides react readily with amines, alcohols and thiols through Michael ad-
dition.46,91 Maleimides can also homopolymerize.92 Furfuryl groups have been found to be
unstable and can ring open or form dihydro- or tetrahydrofuran rings.13,80 The Diels–Alder
adduct may degrade via aromatization to form an irreversible linkage.13,29 Vinyl addition of
some dienes and dienophiles has been shown.76 Additionally, steric hindrance of reactants
can affect the extent of the Diels–Alder reaction.15 Some researchers have applied these
side reactions in the preparation of novel polymer networks.46,91,92 The focus of this chapter
is the application of reversible Diels–Alder chemistries to polymer networks to provide ad-
ditional functionality. Polymer network design considerations are presented first, followed
by examples of polymer networks with Diels–Alder linkages providing additional func-
tionality are presented. We begin the discussion of Diels–Alder functional systems with
linear polymers, which, although not network polymers, have been investigated thoroughly
and can provide important information about the behavior of the Diels–Alder reaction in
a polymer system. A number of reversibly crosslinked systems are discussed including re-
moldable crosslinked materials, thermally removable encapsulants, reversibly crosslinked
polymer-solvent gels, remendable materials, recyclable thermosets, and smart materials.

9.2 Design of Polymer Networks

A polymer network is defined as a polymeric system in which the mer units are connected
such that numerous paths exist through the macromolecule.93 Crosslinked networks are
desirable because of their mechanical properties, thermal stability and insolubility in sol-
vents. Once crosslinked, a polymer network cannot melt. This chapter focuses on polymer
networks given additional functionality with the incorporation of reversible Diels–Alder
linkages because of the ubiquity of crosslinked systems and because of the novel character-
istics of polymer networks containing such bonds. In our discussion of networks, we will
also consider branched systems such as dendrimers.

When crosslinks are formed with Diels–Alder bonds, the resulting material is a
crosslinked material at ambient conditions but can be remolded and remended at increased
temperatures.16,23,94–96 One interesting result of incorporating thermoreversible linkages is
that chains within the system can diffuse and stress can relax, allowing for creep of the
crosslinked network.97

In the design of networks containing reversible linkages, the concentration, placement
and type of reversible bonds are very important considerations. One method for making
such crosslinked networks using diene and dienophile reactive groups is to form polymer
chains with pendant functional groups (diene or dienophile) that crosslink via reaction with
difunctional molecules16,28,77 or other polymer chains72,73,78,79 with the complementary
functionality (dienophile or diene). The other method relies on the reaction of multifunc-
tional (f ≥ 3) monomers to form a network.70 If the first method is used, gelation generally
occurs at significantly lower conversion than the second method because the polymer chains
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have more functional groups than monomers. The statistical approaches of Flory98,99 and
Stockmayer100,101 state that, as the number of functional groups increases, the percolation
conversion decreases according to the following equation:

pc = 1

( f − 1)1/2
(9.1)

Equation (9.1) assumes a stoichiometric mixture of dienes and dienophiles with a difunc-
tional unit consisting of one type of functional group (A) and a branching unit consisting of
the other type of functional group (B). Additionally, equal reactivity of A and B, reactivity
independent of conversion, and no intramolecular reaction prior to gelation are assumed.
Based on Equation (9.1), gelation of a system with branching units of f = 4 (such as those
of Chen et al.21–23) is predicted to occur at pc = 0.577. However, the critical conversion of
a furan-modified polystyrene, f = 94.2 (Goussé et al.18), reacting with a bismaleimide, is
0.104.

As shown in Table 9.1, the choice of diene and dienophile affects the temperature
at which the Diels–Alder adduct forms and breaks or forms and degrades. Desired
properties and applications dictate the use of various Diels–Alder reactants. Addition-
ally, and as mentioned in the previous section, equilibrium composition is influenced
by temperature over a considerable range, so mechanical behavior would be influenced
not only by typical molecular mobility effects but also by changes in polymer struc-
ture like crosslink density. An example of these new factors that must be considered in
the design of polymer networks using reversible linkages is the influence of the retro-
Diels–Alder reaction on viscoelastic behavior. The time-temperature superposition princi-
ple states that time is equivalent to temperature for viscoelastic materials like polymers.
A phenomenon that occurs over a long time scale at a low temperature is equivalent to
the phenomenon that occurs over a short time scale at a high temperature. As a result,
behavior can be determined at a wider range of temperature and frequencies than can be
measured. One way to relate time and temperature is through the Williams–Landel–Ferry
(WLF) equation, which is given below.90,102

log10 aT = −C1(T − T0)

C2 + (T − T0)
(9.2)

In the WLF equation, aT is the shift factor and is positive if the curve is to the left
of the reference and is negative if the curve is to the right of the reference. T is the
measured temperature and T0 is the reference temperature, while C1 and C2 are constants.
In many cases, C1 = 17.4 and C2 = 51.6. Gotsmann et al. found that the indentation
kinetics of a polymer comprised of a trisfuran and bismaleimide deviate from the WLF
equation.50 Deviation from WLF behavior is expected in polymers containing Diels–Alder
linkages because the number of bonds, and therefore the inherent viscoelastic behavior of
the material, is temperature dependant.

9.3 Application of Diels–Alder Linkages to Polymer Systems

Diels–Alder bonds have been applied to many types of networks to form materials de-
signed for a variety of uses, ranging from biomedical and encapsulant24–26,39 technolo-
gies to recyclable19,53 and remendable materials.94,95 The following sections are organized



P1: OTA

c09 JWBK375-Lahann August 12, 2009 18:3 Printer: Yet to come

200 Click Chemistry for Biotechnology and Materials Science

according to the type of polymer developed and potential applications. Taken as a whole
they provide a comprehensive review of polymer architectures that can be created to provide
multifunctionality based on the thermoreversible nature of the Diels–Alder linkage.

9.3.1 Molecular Weight Control of Linear Polymers

Although linear polymers are not considered to be polymer networks, a significant portion
of the literature on reversible Diels–Alder linkages is concerned with noncrosslinked sys-
tems.12 Additionally, much of the early work in Diels–Alder-based polymers was concerned
with linear polymers.55,56,70,76,104,105 Diels–Alder bonds are desirable in linear polymers for
control of chain length,74 control of processing viscosity87 and for improved recyclability.105

Ladder polymers have also been prepared using Diels–Alder bonds.106

The first mention of Diels–Alder polymers appears in the patent literature. Upson pre-
pared copolymers of p-xylene bis(5-cyclopentadiene) and cyclopentadiene.70 Cure con-
ditions dictated the physical properties of the resulting polymer. Fusible polymers were
obtained with low temperature cure short, high-temperature cure cycles. Insoluble poly-
mers were probably formed as a result of vinyl addition.76 Kraiman prepared permanently
bonded linear polymers via the reaction of bismaleimide with cyclopentadienone55 and
alpha pyrone.55 In both cases, polymerization proceeded through the Diels–Alder reaction,
the product of which condensed a smaller group (carbon monoxide and carbon diox-
ide, respectively) and then homopolymerized. Similar polymers include the copolymer of
bismaleimide and thiophene dioxide, which emitted sulfur dioxide,103 the copolymer of
bismaleimide and cyclopentadienone, which emitted carbon monoxide,104 and the linear
polymer of bismaleimide and bispyrone, which emitted carbon dioxide.57

Figure 9.2 is a schematic showing the thermally reversible behavior of a linear polymer
based on Diels–Alder linkages. The first example of reversibly bonded polymers appears in
work from Stille and Plummer.76 Since cyclopentadiene can act as a diene and a dienophile,
dicyclopentadiene was homopolymerized and also copolymerized with p-benzoquinone and
a bismaleimide. At increased reflux temperatures, inherent viscosity decreased, indicating
the occurrence of the retro-Diels–Alder reaction. Another copolymer formed from the
reaction of cyclopentadiene with maleimide shows chain extension at 80 ◦C.74 Reaction
equilibrium was shifted towards the reactants at higher temperature, while lower tempera-
tures decreased the reaction rate. However, even when polymerized at 80 ◦C these opposing
phenomena prevented the formation of high-molecular-weight polymers.

Figure 9.2 Schematic of a reversibly forming linear polymer of a bisdiene and a bisdienophile.
Dienes are shown as notched trapezoids, dienophiles are shown as triangles and Diels–Alder
adducts are shown as trapezoids.
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A similar effect was shown in the polymerization of bisfuran with bismaleimide.
Kuramoto et al. observed that, as the reaction temperature increased from 25 to 60 ◦C,
reaction rate increased, but chain length decreased.34 Additionally, spectroscopic analysis
showed that after heating the polymerized system at 90 ◦C for 2 h, only 20% of the ini-
tial maleimide was recovered. This suggests that either some of the Diels–Alder adducts
could not be reversed at this temperature as a result of the chemical equilibrium or that
secondary maleimide reactions occurred. Teramoto et al. reported maximum molecular
weights for polymerization temperatures of 70 and 55 ◦C for two bismaleimides.53 Molec-
ular weight was shown to decrease for reaction temperatures above 90 ◦C and gel perme-
ation chromatography demonstrated that the retro-Diels–Alder reaction proceeded rapidly
above 100 ◦C. A copolymer of bismaleimide and bisfulvene also displayed reversibility of
Diels–Alder adducts.56 When heated above 60 ◦C the polymer demonstrated bond reversal
through changes in viscosity. Temperature-controlled viscosity and molecular weight were
achieved for linear polymer systems by Brand and Klapper.87 Polymerization of bisan-
thracene and bismaleimide was reported by Grigoras and Colotin.60 The product was an
oligomer, perhaps due to steric effects or equilibrium with the retro-Diels–Alder reaction
at the cure temperature of 120 ◦C. However, thermogravimetric analysis indicates that the
retro-Diels–Alder reaction occurs between 250 and 300 ◦C in these systems.

Siloxane-modified bisfurans have been prepared and polymerized with bismaleimides
for application in electronics or coatings.29 To improve thermal stability of the material,
the Diels–Alder adduct was aromatized by refluxing the solid product in acetic anhydride
for 2 h. Aromatization of the Diels–Alder adduct was also used to prepare thermally stable
polyimides31 and linear polymers bearing pendant cyano groups107 that could be further
stabilized by crosslinking through said cyano groups.

Ladder polymers have been synthesized via Diels–Alder reaction. Blatter and Schlueter
formed a soluble ladder polymer from a bisdiene and a bisdienophile.108,109 No mention
was made as to the reversible nature of this material. Kintzel et al. also prepared a ladder
polymer system.106

Monomers containing both diene and dienophile functionality are of interest because
a 1:1 stoichiometric ratio is always achieved. Mikroyannidis prepared AB monomers
from furfuryl-substitution of maleimic acids31–33 Goussé and Gandini questioned the
success of Mikroyannidis based on limited polymer characterization and prepared
2-furfurylmaleimide themselves.35 The polymerization product following reaction at
90–180 ◦C for 15 min to several hours was a brown solid insoluble in most solvents.
No mention of reversibility was made by either group; however, cure temperatures may
have degraded the maleimide17 or caused vinyl addition polymerization.76 Crosslinking
through a secondary reaction is apparent in the product achieved by Goussé and Gandini
due to its insolubility.

Grafting is also possible using the Diels–Alder reaction. Jones et al.59 and Vargas
et al.61 reported poly(ethylene terephthalate) (PET) with anthracene groups. Reaction of
these anthracenes with substituted maleimides provided hydrophobic and hydrophilic ma-
terials, depending on the type of maleimide used. This process can be applied to thin films
since the Diels–Alder reaction occurs below the melting temperature of the polymer.

Compounds with potential biological applications have been prepared through diene
modification of poly(ethylene glycol) (PEG) derivatives and subsequent reaction with
maleimides.111,112 Substitution of the maleimide can provide novel PEG derivates. Block
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copolymers were developed based on maleimide- and anthracene functionalization of
PEG, poly(methyl methacrylate) (PMMA), polystyrene (PS) and poly(tert butyl acry-
late) (PtBA).4 Controlled synthesis was achieved by protecting maleimide groups with
furan. When block copolymer synthesis was desired, the system was heated to 110 ◦C,
cleaving the furan and allowing for reaction between maleimide and anthracene termi-
nated blocks. A similar strategy was also used by Durmaz et al. to graft PEG onto PS
chains.49

9.3.2 Remoldable Crosslinked Materials

Thermosets are desirable for many applications because of their mechanical properties,
thermal stability, and resistance to solvents. However, once cast, crosslinked systems can-
not be reformed. The desire to create remoldable crosslinked networks was the catalyst
for developing polymers with thermoreversible crosslinks. One way to do this is shown
schematically in Figure 9.3, in which linear polymers with pendant dienes/dienophiles
crosslink through reaction with bisdienes/bisdienophiles.

Craven was the first to report on a reversibly crosslinking network with chains bearing
furans crosslinked via reaction with bismaleimides. Upon heating to 120–140 ◦C the mate-
rial was capable of being reshaped. Although high reversal temperatures were used, Craven
warns, ‘“Reversed” does not mean that the crosslinked polymer product can be completely
converted to its original components, but that it becomes a more plastic material, capable
of being formed and shaped’.16 This observation may be the result of secondary crosslink-
ing, perhaps through homopolymerization of maleimides or aromatization of Diels–Alder
adducts.

In another example, anthracene-functionalized PET was found to reversibly crosslink in
the presence of bismaleimides, even when the PET copolymer contained just 2 mol% of
the anthracene unit.59 Crosslinking was partially (27%, according to 1H NMR) reversible
upon heating to 250 ◦C for 7 h. Reversible Diels–Alder linkages have also been applied to
elastomeric siloxane-based polymers, with the motivation of developing a recyclable mate-
rial for tires. In this system, pendant furans react with bismaleimides at room temperature
and adducts break apart at 80 ◦C.40

When cyclopentadiene, which can act as diene and dienophile, was used as the pendant
functional group, linear polymers crosslinked via reaction with each other. Remolding

Figure 9.3 Schematic of a reversibly crosslinking system comprised of a diene-functionalized
linear polymer with a bisdienophile. Dienes are shown as notched trapezoids, dienophiles are
shown as triangles and Diels–Alder adducts are shown as trapezoids.
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was possible in one system when heated to 150–400 ◦C, although the preferred temperature
range was 200–300 ◦C.77 Kennedy and Castner also observed gelation of a cyclopentadieny-
lated polymer. When heated to 215 ◦C, the system was insoluble in hexachlorobutadiene;
however, when heated to 215 ◦C in the presence of maleic anhydride, the polymer was
soluble, demonstrating that crosslinking occurred through pendant cyclopentadienes.72,73

This material behaved as an elastomer and could be shaped by a mold when cured at
170 ◦C.78 A cyclopentadienylated polyphosphazene demonstrated crosslinking at 80 ◦C and
crosslink decoupling at 160 ◦C.79 However, degradation associated with a loss of crosslink
reversibility as well as a mass loss of 15–35% was observed when the polymer was heated to
320 ◦C.

9.3.3 Thermally Removable Encapsulants

Encapsulants are used in the electronics industry to protect components from the envi-
ronment. Thermosets are often used for their high strength, durability and resistance to
heat and chemical degradation. However, it is sometimes desirable for these encapsulants
to be removed. As a result, thermally removable encapsulants have been designed using
the Diels–Alder chemistry.39,54 These materials are similar in many ways to remoldable
materials, except that the complete removal of the encapsulant is necessary. Small et al.
reported on a thermally removable encapsulant from at least one bismaleimide and at least
one trisfuran or tetrafuran cured below 90 ◦C.39 Such encapsulants could be easily removed
by heating above 90 ◦C, preferably in a polar solvent.

Thermally removable epoxies and polyurethanes were developed by Loy et al.25,26 The
epoxy-based system was prepared by reacting bismaleimide with furfuryl glycidyl ether
to form a diepoxy, which reacted further with a diamine. Below 90 ◦C, the polymer is a
thermoset, but above 90 ◦C the reverse Diels–Alder reaction dominates and adducts break
apart. Two methods were proposed for the synthesis of polyurethanes: hydroxyl-bearing
furan reacted with bismaleimide to form a diol, which was cured with a diisocyanate; and
isocyanate-bearing furan reacted with bismaleimide to form a diisocyanate, which was
cured with a diol.

Brock et al. developed a ‘smart’ encapsulant fluid capable of flowing into a system,
polymerizing upon thermal stimulus and being removed upon further thermal stimulus.54

The original encapsulant fluid contained a multifuran with f ≥ 3 and a multimaleimide
with f ≥ 2. Either the furans or the maleimides were protected with maleimides or furans,
respectively, to prevent polymerization before it is desired. Upon heating, reactive groups
were unprotected and capable of reacting with other monomers. Gelation was observed at
room temperature in 3–6 h. The crosslinked network could then be removed by heating
above 120 ◦C.

9.3.4 Reversibly Crosslinked Polymer–Solvent Gels

Because of the high crystallinity of many bismaleimides, a number of polymer networks
have been prepared in solution, resulting in polymer–solvent gels. Such gels could be
used for biomedical applications30 or as stimuli-responsive gels,52 for example. Since the
polymer networks are thermoreversible, gels become liquid upon heating and reform gels
upon cooling. The first mention of swelled networks based on Diels–Alder chemistry in the
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literature was a copolymer of polystyrene and N-chloromethylmaleimide crosslinked with
a bisfuran and a dicyclopentadiene.28 When crosslinked with the bisfuran at 80 ◦C, gelation
occurred in 15 min, and with dicyclopentadiene at 270 ◦C, gelation was observed within
5 min.

Thermally reversible hydrogels were prepared by modifying poly(N-acetylethylenimine)
with maleimide and furan.30 Hydrogels were synthesized at room temperature in the dark
in methanol. Swelling of these gels was controlled by the degree of substitution as well as
the temperature.

Canary and Stevens compared a copolymer of polystyrene and N-chloromethylmaleimide
crosslinked with difurfuryl adipate and a polymer containing both furan and maleimide
groups.80 Gels of both were prepared with acetophenone as the solvent. The gel crosslinked
with difurfyl adipate became liquid after 2.5 min at 150 ◦C, while the gel crosslinked with the
polymer liquefied in 15 s under the same conditions. However, these polymers, particularly
the furan-modified one, are rather unstable and the authors question the practicality of using
furfuryl-based polymer networks.

A copolymer of styrene and furfuryl methacrylate was crosslinked using a bismaleimide.
Gelation was observed after 12 days in toluene for a 12 wt% solution of copolymer112 and
after 100 h in chloroform for a 25 wt% solution of copolymer.42 Solutions in toluene could
be reverted to liquid form after 1 h at 110 ◦C. Further studies showed that unconsumed
bismaleimide remains at the gel point.44 Additionally, the highest crosslinking efficiency
was observed when the ratio of maleimide to furan was 0.5.45

Reversibly crosslinking polyamide gels of maleimide-bearing polyamides and trisfurans
were prepared in N,N-dimethylacetamide and evaluated for their thermally-responsive
nature.52 As the maleimide content of the polymer increased, the time necessary to liquefy
the gel increased. By drying gels at room temperature under vacuum, reversibly crosslinked
polyamides were obtained.

Hybrid organic–inorganic gels have also been prepared. In one case Diels–Alder linkages
were applied to couple the organic polymer and the silica matrix.43 Homogeneity of the gel
was controlled by reaction temperature. The linear polymer, a furan-bearing polystyrene,
could be extracted from the gel by heating to 130 ◦C. Another hybrid gel consisted of an
interpenetrating network (IPN) of furan- and maleimide-functionalized poly(2-methyl-2-
oxazoline) and silica gel.37 The IPN increases modulus and solvent resistance. Reaction
efficiency, the fraction of reactive sites used, was 47%.

9.3.5 Remendable Materials

More recent work in reversibly bonded networks has focused on their application for ther-
mally remendable materials. The first report of a thermally remendable polymer based on
the Diels–Alder reaction came from Chen et al.21 The polymer consisted of a tetrafuran
and a trismaleimide. Based on solid-state13C NMR, the bonds in this material were irre-
versible below 120 ◦C, showed 12% reversibility at 130 ◦C and showed 25% reversibility at
150 ◦C. Healing efficiency was evaluated by breaking a compact tension specimen, realign-
ing the surfaces, heating at 120–150 ◦C for 2 h to break Diels–Alder bonds, cooling to room
temperature to reform bonds across the crack surface, and retesting the specimen. Heating
at 150 ◦C resulted in approximately 50% healing efficiency, while healing at 120 ◦C gave
41% healing efficiency. Although Chen et al. assert that the Diels–Alder reaction of furans



P1: OTA

c09 JWBK375-Lahann August 12, 2009 18:3 Printer: Yet to come

Reversible Diels–Alder Cycloaddition 205

Figure 9.4 Self-healing thermoset of a tetradiene and a bisdienophile. Dienes are shown as
notched trapezoids, dienophiles are shown as triangles and Diels–Alder adducts are shown as
trapezoids.

and maleimides is irreversible below 120 ◦C, work from our group and others shows that
the reaction equilibrium strongly favors the reverse reaction at temperatures above 90 ◦C.113

Differences in healing efficiencies for healing temperatures above 90 ◦C are more likely a
result of higher reactant mobility associated with higher temperatures.

Chen et al. also prepared remendable networks using two bismaleimides, 1,8-
bis(maleimido)-3,6-dioxaoctane (2ME) and 1,8-bis(maleimido)-1-ethylpropane (2MEP)
and a tetrafuran.22 A schematic representation of such a system is shown in Figure 9.4.
These polymers are hard, colorless and transparent at room temperature. Unlike their pre-
vious system, which was synthesized in a solvent that was evaporated off during cure, the
new materials were synthesized in bulk, thanks to lower melting point bismaleimides. The
polymer network synthesized with 2ME could be remolded at 160 ◦C; however, healing
efficiency could not be evaluated because the material changed shape at the healing tem-
perature. The polymer network prepared with 2MEP softened at 180 ◦C. When healed at
115 ◦C for 30 min, the material exhibited 80% healing efficiency for the first heal and 71%
healing efficiency for the second heal.

Plaisted and Nemat-Nasser also investigated the mechanical and healing properties of
the 2MEP4F system from Chen et al.114 They found a fracture toughness of 0.71 MPa
m1/2. Interestingly, they discovered that healing at 85 ◦C for 30 min under reasonable
pressure following by 30 min at 95 ◦C was sufficient for obtaining maximum healing. This
research relied on a different geometry for mechanical testing, the double cleavage drilled
compression specimen, which had the distinct advantage of a self-arresting crack so that
fractured samples were in one piece following testing. The geometry significantly eased
the realignment of opposing crack surfaces. The healing efficiencies reported for 4MEP4F
were generally above 98%, significantly higher than that reported by Chen et al. for the
same material.

Additional work by Wudl and Chen focused on remendable polymers based on a variety
of multifurans and multimaleimides with f ≥ 3. As with their other systems, these materials
are hard and transparent. Above 120 ◦C, approximately 30% of the Diels–Alder adducts
reverted to furans and maleimides, which reformed Diels–Alder adducts when cooled.23

Although no mention was made of secondary reactions such as adduct aromatization or
maleimide homopolymerization, it seems likely that such phenomena were at work in this
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system, since only 30% of the adducts broke apart at 120 ◦C, 30 ◦C above the temperature
at which all adducts should have reverted to furans and maleimides.

One disadvantage of remendable materials using thermoreversible bonds, such as
Diels–Alder adducts, is that the materials are not self-healing, that is, an external force
is necessary to cause healing. This lack of autonomy is why these materials are character-
ized as remendable instead of self-healing.115 In order to impart remendable materials with
the ability to self-heal, arrays of conductive elements such as copper wires and coils were
incorporated in fiber-reinforced composites of a trismaleimide tetrafuran polymer from the
Wudl group.116

Liu and Hsieh prepared two thermosetting systems that exhibited healing. The first
polymer consisted of epoxy-based trisfurans and trismaleimides that were mixed in acetone
and cured at 50 ◦C for 12 h. The retro-Diels–Alder reaction of the material was observed
after heating at 170 ◦C for 30 min. However, a cut in the material healed following 2 h
at 120 ◦C and 12 h at 50 ◦C.51 Polyamides with maleimide and furan functionality were
also crosslinked. A cut in the surface of the material was healed after 3 h at 120 ◦C and
5 days at 50 ◦C.20 The low temperature healing is curious since the reverse reaction does
not occur below 60 ◦C. However, healing is possible at 50 ◦C, provided there is sufficient
energy to bring furans and maleimides in contact with each other across the cut surface,
because the reversible nature of the Diels–Alder reaction means that bonds are continually
being formed and broken to keep the reaction at equilibrium.

Atom transfer radical polymerization was used to synthesize polymethacrylates with
pendant furans and known molecular weights, which were then crosslinked with bis-
maleimide.117 The Diels–Alder bonds were shown to be thermally mendable and fully
reversible using Fourier Transform Infrared (FT-IR) spectroscopy and differential scanning
calorimetry (DSC).

The most recent work in the area of remendable polymers based on the Diels–Alder
reaction used dicyclopentadiene-based monomer. Upon heating of the monomer to 120 ◦C,
the dicyclopentadiene opened via retro-Diels–Alder reaction, allowing the monomer to react
with other cyclopentadienes. This formed a polymer backbone. Crosslinking of the system
occurred through further reaction of backbone dicyclopentadiene with cyclopentadiene.
The maximum healing efficiency achieved was 46%.75

9.3.6 Recyclable Thermosets

One disadvantage inherent in thermosetting polymers is the inability to reuse them. Once
a thermoset has cured, it cannot be made to flow or mold to a different shape. However,
if crosslinks are formed through reversible bonds, in theory the crosslinks can be removed
generating a flowable material that can be recycled. Recyclable thermosets employing a
number of reactions, including the Diels–Alder reaction of furan and maleimide, were
proposed by Nakano et al.118 Higher molecular weight monomer units were used because
one condition of the material was that the properties of the base polymer not be compromised
by recyclability. The polymer can be recycled by heating and filtering the system or by
extracting monomer with solvent. Numerous other systems have been studied and are
described below.

A random copolymer of styrene and furan-functionalized styrene was prepared and
crosslinked with bismaleimide. Its recyclability was evaluated by heating at 130 ◦C in a
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solution of 2-methylfuran. 2-Methylfuran acted as a trap, capturing the bismaleimide and
preventing re-crosslinking.18

Watanabe and Yoshie developed recyclable polymers from furan-terminated
poly(ethylene adiapate) and bis- and tris-maleimides.19 The copolymer of furan-terminated
poly(ethylene adiapate) and bismaleimide was a linear polymer, while the copolymer con-
taining trismaleimide was a crosslinked network. Heating of both to 145 ◦C for 20 min
reversed the Diels–Alder linkages. The linear polymer was found to be recyclable at least
four times and the crosslinked network was recyclable at least eight times.

Diels–Alder crosslinking materials have also been prepared from renewable resources.
Reinecke and Ritter developed a dieneophile-modified unsaturated oligoester that formed
branched networks when reacted with trisdienes and formed crosslinked networks when
reacted with tetradienes.119 Furfuryl amides and sorbic acid were both used successfully as
dienes. No mention was made as to the reversibility of the network. Laita et al. were also
interested in using the Diels–Alder reaction to develop novel polymers from renewable
resources.15 They prepared polyurethanes and acrylic copoylmers bearing furan groups.
Crosslinking with bismaleimides occurred; however, the retro-Diels–Alder reaction did not
take place, ostensibly because of aromatization of the Diels–Alder adduct.

9.3.7 Smart Materials

A number of polymer networks have been designed that take advantage of the reversible
nature of the Diels–Alder reaction to have a thermally controllable character. The change
can be an optical property or conductivity or the formation of a new type of polymer
network.

Dendrimers, repeatedly branched macromolecules, have been proposed for use as sen-
sors and as drug delivery systems. Reversibly forming dendrimers are desirable for drug
delivery because they can be designed to reach a desired target and, upon heating, break
apart to release the chemical payload. Although the Diels–Alder chemistry was used pre-
viously to prepare dendrimers,63–65 McElhanon and Wheeler were the first to develop a
thermally reversible dendrimer.17 Up to third-generation dendrimers were reported based
on substituted maleimides and disubstituted furans as the dendrons. Dendrimers were ob-
served to break apart upon heating and reform when cooled using 1H NMR. In their work,
the formation of Diels–Alder adducts was much slower than its cleavage.

Luo et al. prepared smart nonlinear optical (NLO) polymers with Diels–Alder-controlled
crosslinks.41 Organic NLO polymers are desirable for application in electro-optic devices
with broad bandwidths and low drive voltages. However, they suffer from low thermal sta-
bility and solvent resistance, both problems that could be solved by crosslinking. Polymers
chains were functionalized by maleimide and furan, with the maleimide initially protected
by a furan. Figure 9.5 shows the reaction scheme for such a system. When crosslinking
was desired, the system was heated to 125 ◦C for 30 min (deprotecting the maleimide) and
subsequently cooled (forming the crosslinks between chains). The resulting crosslinked
material retained approximately 80% of its electro-optic coefficient, r33, value and was
significantly harder and more thermally stable.

Thermoreversible fluorescence has been achieved by functionalizing chromophores with
maleimide. Reacting maleimide-bearing chromophores with furan turned on the fluores-
cence, and the retro-Diels–Alder reaction was used to turn off fluorescence. Additionally,
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Figure 9.5 Schematic of a polymer with thermally controlled crosslinking. When crosslinking
is desired, the system is heated and dienophiles are unprotected, allowing them to react with
diene-bearing linear polymers. Dienes are shown as notched trapezoids, dienophiles are shown
as triangles and Diels–Alder adducts are shown as trapezoids.

reaction of the chromophore with furfuryl alcohol resulted in a self-organizing structure.
At a low (1.0 mg mL−1) concentration, spherical aggregates were formed, and at a high
(10 mg mL−1) concentration, dendrimers were recovered. Upon heating to 75–80 ◦C, the
structures disappeared, but would reappear after stirring at room temperature for 6 h.62

Kim et al. combined these two research areas and developed maleimide-functionalized
NLO chromophores that react with polymers bearing pendant anthryl groups.120 Both
crosslinking and linear systems were synthesized, although crosslinked systems are more
desirable for reasons mentioned previously. Changing the attaching mode of chromophores
on the polymer controls the material’s macromolecular architecture. No mention was made
regarding reversibility of maleimide–anthryl linkages.

Stimuli-sensitive films are designed to respond to a specific stimulus, such as temperature,
autonomously and in a useful way for the given application. Costanzo et al. developed a PEG
film containing gold nanoparticles that ‘bloom’ to the surface upon heating.47 Figure 9.6 is
a schematic representation of this system’s behavior. Migration of the gold nanoparticles
destroyed weak long-range order within the film. Gold nanoparticles were functionalized
with a diblock copolymer of maleimide-terminated polystyrene and furan-terminated PEG.
Increased temperature cleaved the furan-terminated PEG from the gold nanoparticle and
made the gold immiscible in the PEG film, causing gold migration.

Figure 9.6 Diels–Alder functionalized particles with controlled dispersion. Upon heating,
PEG ligands cleave from the particles, making them immiscible in the system and causing
blooming and aggregation. Dienes are shown as notched trapezoids, dienophiles are shown
as triangles and Diels–Alder adducts are shown as trapezoids.
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Maleimide-functionalized gold nanoparticles were also prepared by Zhu et al. and used
in the formation of monolayer protected nanoparticle (MPN) networks.91 Like Costanzo
et al., Zhu et al. prepared maleimide-functionalized gold nanoparticles where the maleimide
was initially protected with a furan-bearing group. Furan can be removed by heating to
100–110 ◦C for 12 h and subsequently washing. MPN networks were formed by mixing
maleimide- and furan-functionalized gold nanoparticles. These networks, which appeared
as large insoluble aggregates, broke apart and became miscible upon heating to 100 ◦C for
1 h. This reversibility was possible even after 30 cycles.

Costanzo and Beyer reported an optically active PEG film containing silica nanopar-
ticles.48 These silica nanoparticles were functionalized in a similar fashion to the gold
nanoparticles from Costanzo et al. and dispersed throughout the PEG film. Upon heating,
furan-bearing PEG ligands broke off from maleimide-functionalized silica nanoparticles.
Silica nanoparticles then aggregated as a result of their immiscibility in PEG, changing the
film from clear to opaque.

9.4 Conclusions

When developing a polymer network based on the Diels–Alder reaction, there are a num-
ber of parameters that must be considered, such as operating and reversing temperatures,
concentration and location of Diels–Alder bonds, the type of Diels–Alder bonds, and base
polymer material properties. These parameters, along with others that have been discussed,
determine the kinetic, thermodynamic and thermomechanical behavior of the material. Al-
though the Diels–Alder reaction is considered to be a classic click chemistry, there continue
to be new and exciting applications of the Diels–Alder reaction to polymer networks. The
range of dienes and dienophiles available as well as the extensive characterization of this
reaction in the literature make the Diels–Alder reaction highly desirable for application in
novel materials. However, to be able to fully exploit the reversible nature of the reaction
in relation to polymer properties and functionality, more work is needed to understand the
temperature-dependent equilibrium behavior of these systems, as well as the influence of
diffusion limitation imposed by the macromolecular nature of the materials conceived.
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10
Click Chemistry in the Preparation

of Biohybrid Materials

Heather J. Kitto, Jan Lauko, Floris P. J. T. Rutjes and Alan E. Rowan

10.1 Introduction

From a relatively small reservoir of molecules, Nature is able to construct an incredibly
wide range of materials that have highly specific functions. Scientists have made extensive
use of many natural building blocks to construct materials for applications in medicine
and nanotechnology. Molecules, such as peptides, proteins, carbohydrates and lipids, can
be assembled into large arrays or can be covalently attached to other biomolecules or
synthetic scaffolds, such as polymers, viruses or dendrimers, to generate biohybrid materials
with a diverse selection of new and improved properties. The formation of biohybrid
materials is motivated by numerous structural and functional reasons and involves the
exploitation of biological systems at various levels of their natural hierarchical organization,
these being monomeric, oligomeric, polymeric or supramolecular. Building blocks, such
as nucleobases, oligonucleotides and oligopeptides, are coupled to scaffolds because of
their exceptional capability to self-organize – a desirable property for the creation of highly
ordered synthetic nanomaterials – whereas those of higher complexity, such as proteins or
enzymes, are used more for their biological properties.1

The synthesis of biohybrid materials requires methods that are both selective and bio-
compatible to ensure the primary properties of the building blocks are retained in the final
structure. Numerous approaches have been developed with varying degrees of success.
The most critical aspect for the synthesis of biohybrid materials is that the reaction is
orthogonal in nature, that is, that it only occurs at the desired site with no side reactions.
The copper-catalyzed azide–acetylene cycloaddition reaction (CuAAC) has been found to

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
C© 2009 John Wiley & Sons, Ltd
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be ideal for this purpose.2–4 This reaction is efficient at linking two components, avoiding
the construction of large and complicated structures that would require the formation of
difficult bonds. The CuAAC reaction is high yielding, highly specific, regioselective and
has a high tolerance to other functional groups present within the components. It also
allows reactions to proceed in many different solvents, including aqueous media, without
the loss of efficiency, and is easy to work up. The versatility and scope of the CuAAC
reaction has given enormous potential for the construction of new biohybrid materials as
the relative unreactivity of azides and alkynes towards most functional groups ensures that
bioconjugation occurs only at the desired positions.5 This reaction has, therefore, been used
extensively for biohybridization in the fields of materials and medicinal sciences in recent
years and has been widely reviewed.1,5–16

10.2 Polymer-containing Biohybrid Materials

The use of polymers of both natural origin (optimized by billions of years of evolutionary
changes) and synthetic design (simpler, but chemically more diverse) is an appealing method
for the preparation of biohybrid molecules as they generate materials with interesting and
diverse properties. Polymers of various chemical and topological compositions (linear,
branched, stars) can be prepared allowing a great deal of freedom to material scientists.
The combination of biomacromolecules with synthetic polymers is an attractive method
for increasing the in vivo and in vitro applications of these compounds. The conjugation
of polymers with proteins alters the solubility and surface properties of the protein and
therefore affects its stability, activity and biocompatibility. The applications for these types
of biohybrid compounds include the areas of biosensors,17,18 artificial enzymes,19 biomet-
rics,17,18 photonics20 and nano-electronic devices.21,22 The appendage of polymers with an
alkyne or an azide moiety allows for their post modification by click chemistry with various
materials, such as biomacromolecules (proteins, nucleic acids, polysaccharides, etc.), and
opens the door to a vast range of possible biohybrid materials. The decorating of polymers
with alkyne and azide functionalities in preparation for clicking can occur by different ‘con-
trolled’ approaches. End-functionalized polymers can be obtained by the polymerization
of a monomer using a functional initiator or by the conversion of an existing functional
group of a polymer into an azide or alkyne. Side arm appended clickable polymers can be
prepared by the polymerization of azide or (protected) alkyne containing monomers using
controlled polymerization techniques to generate a variety of well-defined homo- and block
copolymers.6

10.2.1 Polymers from Controlled Techniques

One of the first reports, in which controlled polymerization techniques were used in conjunc-
tion with click chemistry for the construction of biohybrid materials, was given by Opsteen
and Van Hest.23 Using atom transfer radical polymerization (ATRP), a bromide functional-
ized polystyrene (PS) chain was obtained, which was then converted into the corresponding
azide terminated molecule [Figure 10.1(a)]. The azide reacted under CuAAC conditions
with several alkyne-functionalized polymers including poly(ethylene glycol) (PEG), PS
and poly(methyl methacrylate) (PMMA) to generate the desired block copolymers in a
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modular fashion and in high yields. Alkyne-appended PS and PPMA blocks were also
prepared by ATRP, but in this case a functional initiator, a trimethylsilane-protected
acetylene, was used [Figure 10.1(b)]. Matyjaszewski and coworkers have, however, re-
ported a case, in which an unprotected acetylene initiator was successfully used.24 Azide-
functionalized initiators are less commonly employed, but have been used by Haddleton
and coworkers to prepare azide terminated PMMA [Figure 10.1(c)].25 After the ATRP
was complete, the azide moiety was further functionalized by click chemistry in one-pot
setup using the same catalyst for both processes. The group of Emrick, using controlled
anionic ring-opening polymerization, prepared side-arm functionalized aliphatic polyesters
[Figure 10.1(d)].26 The homo- and copolymerization of α-propargyl-δ-valerolactone gen-
erated polymers that were clicked to PEG and peptide functional groups. The resulting
amphiphilic materials were shown to be biocompatible by in vitro cytotoxicity evaluation
and have the potential for use in biomaterial delivery applications. Later work by the same
authors has resulted in the formation of biocompatible zwitterionic polymers by the clicking
of the same homopolymer to phosphorylcholine (PC) moieties.27

A large number of azide and alkyne-containing end- and side-functionalized polymers,
synthesized by controlled polymerization techniques, are presented in Table 10.1. Further
details of some specific examples, with their relevant bioconjugation applications, will be
given in later sections.

10.2.2 Bio-inspired Polymers via Click Chemistry

Controlled polymerization techniques can, in some cases, limit the choice of monomers
that can be employed for this purpose and consequently limit the diversity of the polymer
backbone composition. Other techniques can give access to materials with more bio-inspired
structures based on polypeptides or DNA. These materials are of growing interest because
of their potential applications as drug delivery systems, scaffolds for tissue engineering and
repair, and protein mimics.46–49 Based on short peptides, the polyisocyanides form well-
defined, stable β-helical architectures due to the presence of a hydrogen-bonding chain
parallel to the covalent polymer backbone. The hydrogen bonding network rigidifies the
array resulting in extremely stiff polymers as seen in the AlaAlaOMe polyisocyanide (l,l-
PIAA) shown in Figure 10.2(a).50,51 The polyisocyanides have a 41 helical conformation
(i.e. four repeat units per helical turn) with an average spacing between the side chain
n and (n + 4) of 4.7 Å [Figure 10.2(b)]. The rigidity, in conjunction with the highly
organized arrangement of the side arms makes the polyisocyanides favorable materials as
scaffolds for the arrangement of many types of chemical motifs, such as biomolecules
or fluorescent markers. The rigid polymers can be readily functionalized with azide or
acetylene groups, both at end and side arm positions, which allows for post-modification
of the rigid polymers with a wide variety of functional moieties. The groups of Rowan
and Nolte prepared end-functionalized polyisocyanides for clicking using functionalized
nickel initiators.52 The use of a functional initiator was previously demonstrated in the
formation of poly(styrene)–poly(isocyanide) block copolymers; the isocyanide monomer
was polymerized by a poly(styrene)-functionalized nickel initiator.53 The polymerization of
the AlaAlaOMe isocyanide monomer with an azide functionalized nickel initiator resulted
in azide end-appended polymers, which on reaction with a coumarin dye were found to
emit strong fluorescence [Figure 10.2(c)].
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Table 10.1 Azide and alkyne-containing end- and side-functionalized polymers from
controlled polymerization techniques

Polymerization
Entry Polymer method References

(continued)
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Table 10.1 (Continued)

Polymerization
Entry Polymer method References
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Figure 10.3 The click reaction of L,L-PIAAPE to form highly functionalized side arm appended
polyisocyanides. Reprinted with permission from refs.54 and 55. Copyright 2007 and 2008
respectively, Royal Society of Chemistry.

Rowan, Nolte and coworkers have also shown that isocyano peptide monomers containing
acetylene side arms can be effectively polymerized under nickel conditions generating the
appended polymers.54,55 The polymer, poly(l-isocyanoalanyl-l-alanine prop-2-ynol ester)
(l,l-PIAAPE) was easily formed and isolated; however, it was found to be only mildly
soluble in chlorinated solvents.54 The solubility was greatly increased on clicking with
azide functionalized aliphatic tails, namely dodecyl azide (Figure 10.3). The clicking of the
same scaffold was also employed to prepare polyisocyanides decorate with ethylene glycol
chains and fluorescent markers based on perylene and coumarin moieties.55 These reactions
resulted in the formation of water-soluble homopolymers from the ethylene glycol azide
and fluorescent water-soluble random copolymers by the co-clicking of ethylene glycol
and perylene azides. The random clicking of the polyisocyanide scaffold with a mixture
of perylene and coumarin azides resulted in polymers from which both absorption and
emission from each chromophore could be observed as evidence by a quenched and blue-
shifted emission of the coumarin molecules in close proximity to a perylene molecule. The
ability to construct, using these scaffolds, water-soluble and modular systems to which
other biomacromolecules can be readily attached offers the possibility of many interesting
biologically relevant materials.

The need for reliable DNA sequencing and detection methods is important for the diagno-
sis of pathogenic and genetic disorders and is therefore an area being extensively researched.
A variety of methods are available for the sequencing of specific DNA strands,56 including
the incorporation and detection of fluorescently tagged nucleoside building blocks.57 The
enzymatic replacement of each natural building block with a fluorescently tagged analog
can, however, be a challenging exercise. An alternative method involves the incorporation
of appropriately modified nucleoside building blocks into DNA strands that can then be
post functionalized. Following this idea, Carell and coworkers employed solid-phase DNA
synthesis to prepare alkyne-functionalized oligodeoxyribonucleotides (ODNs) for CuAAC
post functionalization.58,59 The modified uridine nucleosides (Figure 10.4) were incorpo-
rated into a series of 16-mer ODNs and clicked to azido sugars or fluorescent labels under
CuAAC conditions The oligonucleotides prepared with the rigid spacer [Figure 10.4(a)]
did not result in complete conversion to the triazole due to steric crowding in cases where
there were adjacent alkyne-containing nucleotides, whereas those of containing the flexible



P1: OTA

c10 JWBK375-Lahann August 12, 2009 18:4 Printer: Yet to come

Click Chemistry in the Preparation of Biohybrid Materials 225

Figure 10.4 Rigid (a) and flexible (b) alkyne-containing modified uridine nucleosides for
DNA incorporation. Reprinted with permission from ref.58. Copyright 2006 American Chemical
Society.

spacer [Figure 10.4(b)] gave full conversion. To determine whether this method was viable
for longer DNA fragments, primers containing two flexible click sites were synthesized
and used in an enzymatic process (the PCR technique) to generate a range of products from
two different plasmids. The click reaction of these strands with fluorescein azide gave only
a single product in each case, evidenced by gel electrophoresis with no sign of degradation.
This methodology was tested on PCR fragments up to 2000 base pairs.

The same authors made use of sugars, which function as hemi-protected aldehydes,
for the sequence-selective metal deposition on DNA.60,61 Using alkyne-decorated PCR
products prepared as above, the clicking of galactose azide gave a modified DNA strand
that when silver stained gave yellow/brown spots on a gel; natural DNA was stained
under the same conditions but was not evidenced. The ability to deposit silver around the
aldehyde-modified DNA is a promising result opening the way to a highly sensitive DNA
detection method.

Oligonucleotides exhibit an extraordinary range of bioactivities, but their pharmaco-
logical properties, such as their ability to transverse the cell membrane, are often poor.
Click chemistry has therefore found a role in the modular construction of biomolecules
consisting of these components with the hope of improving their use as therapeutic agents.
Kirshenbaum and coworkers used solid-phase synthesis to build up N-substituted glycine
peptoidic oligomers containing azide and alkyne moieties.62 Repeated chain elongation,
followed by click coupling reactions with a range of azide and alkyne-containing com-
pounds, led to highly functionalized bioconjugate materials (Figure 10.5). A water-soluble
estradiol–ferrocene peptoid conjugate prepared by this method demonstrated the potential
for application in the modular synthesis of biosensors.

Barthélémy et al. have clicked a lipid moiety to oligonucleotides (ON) to increase
cellular uptake and allow intracellular delivery.63 A series of lipid ONs were prepared
by the attachement of alkyne-modified lipids derived from cholesterol and octadecanol
to an azide-appended nucleotide (Figure 10.6). The click reaction generated the triazole
intermediates, which were then converted into the phosphoramidites and further coupled
onto the ON chain using solid-phase synthesis. The ON sequence chosen for the study
was the 17-mer-2′-O-methylribonucleotide antisense (ON17mer) of the hepatitis C virus
(HCV) RNA, specifically targeting the subdomain IIId of the internal ribosome entry site
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(IRES). The lipid modification was found to significantly increase the lipophilicity of the
oligopeptide, allowing cellular uptake and therefore generating an increase in delivery. Both
lipid-containing oligonucleotides induced a dose-dependent reduction of the HCV IRES-
dependent translation in the human hepatic cells in which they were tested. The toxicity of
the lipid–ON conjugates was found to be negligible.

10.3 Biohybrid Structures based on Protein Conjugates

Structurally, proteins are linear biopolymers biosynthesized through templated processes
with unparalleled control of monomer assembly, sequence and molecular weight. Func-
tionally, proteins offer numerous desired activities such as recognition, catalysis and infor-
mation processing.11 These factors make proteins attractive building blocks for formation
of biologically active materials. They can be used either as the bioactive component or as
the macromolecular scaffold for the attachment of other bioactive motifs for applications
in biophysical, medicinal and biotechnological disciplines.

The conjugation of a protein to poly(ethylene glycol) (PEG; termed PEGylation) often
increases the stability and solubility of biomolecules and has therefore become a frequently
employed technique in the field of bioconjugation. Peschke et al. have elongated human
growth hormone (hGH) at its C-terminus by the addition of a Leu–Ala functionality.64

The C-terminal amino acid could then be converted into an azide, which was then clicked
with various sized PEG groups to give PEGylated hGH derivatives [Figure 10.7(a)]. The
PEGylated compounds were prepared in the quest to identify long-acting hGH drugs,
which would require less frequent injecting, but have the same relative activity as those
currently used. The plasma half-life of hGH is increased upon PEGylation, thereby allowing
control over its release. The in vitro biological activity of these bioconjugate molecules was
determined and was governed by both the size and the shape of the PEG group attached. The
cases in which branched PEG groups were attached saw a remarkable drop in activity of
the coordinated hGH when compared with wild-type hGH, whereas the linear PEG groups
showed only a small decrease in activity.

The use of non-natural amino acids fitted with unique reactive groups is also a powerful
technique for the site-specific modification of proteins.65 The group of Schultz has achieved
site-specific PEGylation by the incorporation of non-natural amino acids containing azide
functionalities into mutant proteins by genetic engineering.66 In this way, human superoxide
dismutase (SOD) was equipped with an azide group at a specific position in the amino acid
sequence. Conjugation with alkyne-terminated PEGs of various lengths resulted in enzymes
[Figure 10.7(b)], which showed activity similar to that of the native enzyme; a key enzyme
in the processes that prevent the formation of reactive oxygen species in cells.

As seen in the previous example, the use of non-natural amino acids can play an important
part in protein engineering.65,67 The effect of replacing an amino acid with a non-natural
analog can lead to increased protein stability68,69 and large spectral shifts in fluorescent
proteins.70 Tirrell and coworkers utilized this approach for the selective labeling on the
cell surface of E. coli bacteria by the incorporation of an azido functionalized homoalanine
moiety into porin C (OmpC; a protein abundant in the outer membrane of E. coli).71,72

Azidohomoalanine, a methionine surrogate, was metabolically incorporated into OmpC
and subsequently clicked with a biotin (Figure 10.8). The biotin-decorated cells could then
be stained with avidin allowing discrimination between cells containing the natural and
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Figure 10.8 Formation of an E. coli–biotin conjugate from a click chemistry reaction.
Reprinted with permission from refs.71 and 72. Copyright 2003 and 2004 respectively, Ameri-
can Chemical Society.

the unnatural amino acids.71 More recent experiments were conducted with three different
methionine surrogates, azidoalanine, azidonorvaline and azidonorleucine, but using highly
pure copper bromide as the catalyst instead of CuSO4/TCEP.72 The highly active catalyst
led to approximately 10-fold more extensive cell labeling than previously observed. This
method has been used in practical applications in the discrimination of recent from old
proteins in mammalian cells.73 The incorporation of the azide-bearing amino acid azido-
homoalanine is unbiased, nontoxic and was not found to increase protein degradation.

Viruses, self-assembled protein architectures, are often used as macromolecular scaffolds
for bioconjugation as they provide robust architectures with multiple functional groups on
the exterior.16 These exterior groups can be used to conjugate biomolecules directly or can
be modified by the attachment of an azide or an alkyne for CuAAC derivatization. The group
of Finn has used lysine, cysteine and tyrosine residues of the Cowpea Mosaic Virus (CPMV)
to introduce azide and alkyne moieties onto the structure.74–77 These compounds were then
successfully functionalized with fluorophores,74,76,77 peptides,74 proteins,74 oligosaccha-
rides74 and glycopolymers75 in yields and substrate loadings far superior to those possible
with previously established procedures.77–79 One example74 involved carbohydrates being
attached to the surface of the virus particle with the view of being useful for drug targeting,
as well as for the elusive goal of antibody production against carbohydrate epitopes.80 The
azide functionalized tetrasaccharide, which binds the protein galectin-4, an early marker
of breast cancer cells,81,82 was subjected to a CuAAC reaction with a dialkyne fluorescein
molecule [Figure 10.9(a)]. The resulting dye–alkyne derivatives were then successfully
grafted onto the azide appended CPMV by a second CuAAC reaction [Figure 10.9(b)].
The retention of the activity of the tetrasaccharide was verified by the formation of a gel
upon the addition of the conjugate to dimeric galectin-4. In order to determine the in vivo
effects of CPMV, the virus was derivatized with an alkyne appended gadolinium complex
of 1,4,7,10-tetraazacyclododecane-N,N ′,N ′′,N ′′′-tetraacetic acid (DOTA) and the toxicity,
biodistribution and pathology were determined in mice.83 The virus was found to be a safe
and nontoxic platform for biomedical applications.

Enzymes are also attractive molecules for the construction of biohybrid materials due to
the array of chemical conversions they are capable of catalyzing. This functional activity
means that they are of great interest as components in the preparation of biosensors and in
the areas of catalytically active materials and surfaces. The catalytic activity of enzymes has
been vastly studied in bulk, but only recently have their characteristics been studied at the
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Figure 10.10 Synthesis of a TLL–BSA heterodimer by means of a CuAAC reaction (a) and
schematic representation (b). Reprinted with permission from ref.88. Copyright 2006 Royal
Society of Chemistry.

single molecule level.84 In order to conduct the single molecule studies the group of Nolte
employed the enzyme lipase B from Candida Antarctica (Cal B), which was adsorbed
onto a surface and individually monitored by confocal fluorescence spectroscopy while
converting the profluorescent BCECF-AM substrate into fluorescent BCECF acid.85,86

While this method gave a wealth of information, the process of absorbing an enzyme
onto the surface was uncontrolled and only a limited number of enzymes were found
to remain active. To overcome this, a mutant of thermomyces lanuginosa lipase (TLL)
for which the nonspecific adsorption characteristics were too inconsistent for successful
single enzyme studies,87 was used to construct a heterodimer with bovine serum albumin
(BSA).88 The role of the BSA is to act as a ‘protein foot’ to stick the enzyme onto the
surface. The BSA was functionalized with an azide moiety and clicked to a monoalkyne-
appended lipase, constructed by derivatization of the single accessible lysine residue (Figure
10.10). Deposition of the protein dimer resulted in all bound enzymes remaining active and
exhibiting comparable behavior. The dimer also showed a two-fold increase in catalytic
activity in the conversion of the profluorescent substrates 5-(and 6-)-carboxy fluorescein
diacetate compared with that of the nonfunctionalized lipase, making this approach an ideal
method for the construction of active enzyme surfaces.

10.4 Biohybrid Amphiphiles

The material and self-assembling properties of proteins have been shown to signifi-
cantly improve on attachment to polymers,89–92 making the synthesis of polymer–protein
conjugates an important field of research for applications in areas such as nanotechnology
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Figure 10.11 Computer-generated models of molecular, super and giant amphiphiles.
Reprinted with permission from ref.96. Copyright 2002 American Chemical Society.

and medicine.93 The polymers involved are usually water-soluble and in the majority of
cases are PEG or PEG analogs. Less well studied is the attachment of a hydrophobic poly-
mer to a biomolecule, a conjugation that results in a polymer biohybrid that is amphiphilic
in character. It has been shown in studies of low-molecular weight and super amphiphiles
(Figure 10.11) that the shape of the individual molecule determines the structure of the
resulting aggregate,94,95 therefore requiring a highly specific and selective strategy for their
preparation. The requirement that, for example, only one tail is attached can be readily
controlled using click chemistry making this strategy very attractive.

The Nolte group have formed protein–polystyrene conjugates, ‘giant amphiphiles’ (Fig-
ure 10.11), using the CuAAC reaction32 and have demonstrated that these compounds ex-
hibit self-assembling properties similar to those of the classical low molecular weight am-
phiphiles.96–98 The peptide, H-GlyGlyArg-(7-amino-4-methylcoumarin) (H-GlyGlyArg-
AMC) was used as the polar head group as it is easily accessible and contains the AMC
fluorophore, a useful tool for characterization. The peptide was functionalized with an
alkyne moiety through the reaction of the N-terminus with 3-butynyl chloroformate. The
apolar PS tail was synthesized by ATRP and subsequent end-group modification. The
CuAAC reaction of the two components generated the PS–GlyGlyArg–AMC biohybrid
amphiphiles, which were found, by transmission electron microscopy (TEM) and scanning
electron microscopy (SEM), to form vesicles in water upon injection from a THF solution
[Figure 10.12(a)]. The same PS unit was then coupled to an alkyne-appended BSA molecule
generating amphiphiles that self-organized into micellular structures [Figure 10.12(b)].32 It
was shown that the biological function of the protein head groups could be (partially) pre-
served on conjugation and self-assembly, demonstrating great promise for the construction
of biologically active nano-sized assemblies.

Later work from the same authors involved the synthesis of ABC triblock architectures
by a cofactor reconstitution approach, as outlined in the schematic in Figure 10.13(a), using
well-defined PEG-b-PS diblock copolymers and hemeproteins.99 The PEG-b-PS copolymer
was chosen for these studies as it is known that this macromolecule, depending on the ratio of
the two different blocks, can phase separate into various structures. The diblock copolymer
was prepared by the functionalization of monomethoxy PEG with an ATRP initiator and
the subsequent polymerization with styrene; the terminal bromine was then converted into
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an azide. An acetylene appended heme cofactor, Zinc protoporphyrinIX (ZnPPIX), was
coupled to the diblock copolymer under CuAAC conditions [Figure 10.13(b)] and sub-
sequently reconstituted with myoglobin or horseradish peroxidase (HRP). Reconstitution
was achieved by the gentle shaking of a mixture of the polymer and the apoenzyme in a
plastic tube leading to the gradual obtainment of stable aggregates.

Since the click reaction is performed prior to reconstitution, the latter proceeds ele-
gantly in the absence of the copper catalyst, which has been known to interact with protein
structures. Reconstitution with the proteins resulted in a range of more complex aggregate
morphologies compared with those observed for PEG-b-PS, including micellular rods, vesi-
cles, toroids, figure-eight structures, octopus structures and spheres with a lamellar surface.

The groups of Velonia and Haddleton introduced a post-functionalization approach to
giant amphiphiles.100 This differs from the above method in the sense that a protein is
coupled to a hydrophilic polymer generating a water-soluble biohybrid, which can be easily
isolated and purified – a difficult feat for some amphiphilic copolymers. The hydrophobicity
responsible for the amphiphilic character of the final molecule can then be introduced
by means of a click reaction. To demonstrate this, a hydrophilic α-maleimido poly-1-
alkyne was prepared using ATRP. This polymer was then coupled to a BSA protein by the
Michael addition of the terminal maleimide with a thiol group. The resulting hydrophilic
multifunctional bioconjugate was isolated using protein purification and fully characterized
before undergoing the CuAAC reaction with hydrophobic azides to generate the amphiphilic
species (Figure 10.14). Confocal microscopy and TEM studies showed that these giant
amphiphiles exhibit aggregation behavior similar to that reported for the direct coupling of
a hydrophobic polymer to a protein. These types of compounds are particularly interesting
for potential biomedical and biotechnological applications.

10.5 Glycoconjugates

Carbohydrates, or saccharides, are an essential part of life, whether as an energy source
(starch), as structural materials (cellulose and chitin) or as the structural core of nucleic
acids. Oligosaccharides, because of their involvement in intracellular and intermolecular
communications in the majority of biological and physiological processes, have under-
gone significant investigation over the last decade in order to define and understand the
complexity of multicellular life.101–105 Because of the presence of polyvalent repeat units,
carbohydrates can polymerize in a branched or a linear fashion at a number of linkage
positions. This gives rise to many different geometries and a therefore a high degree of
complexity. This is evident when it comes to their synthesis, which, in contrast to peptides
and nucleic acids, is far from trivial as a result of the large variety of functional groups
present and the need for control over chemo- and stereochemical factors. In addition, car-
bohydrates are often attached to other biomolecules, such as lipids, proteins and nucleic
acids, highlighting the need for orthogonal coupling reactions that use mild conditions. Click
glycochemistry has proven to be a valuable tool in the construction of glycosylated biohy-
brid materials and allows the construction of materials that are otherwise unobtainable8.

10.5.1 Carbohydrate Clusters

A direct logical approach to carbohydrate containing biohybrid materials involves the
conjugation of clickable sugar moieties onto functionalized macromolecular materials, such
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as polymers or dendrimers. Sharpless and coworkers prepared, using the CuAAC reaction,
unsymmetrical dendrimers containing both mannose binding units and coumarin fluorescent
units.106 One such biohybrid, based on 2,2-bis(hydroxymethyl)propionic acid, involved the
positioning of an alkyne group at the focal point for functionalization with a coumarin
chromophore (Figure 10.15). Further alkyne groups were introduced onto the periphery
of the dendrimer and coupled with unprotected 2-azido α-d-mannopyranoside molecules.
This dendrimer was shown to be a highly efficient dual-purpose recognition/detection
agent for the inhibition of pathological conditions, such as hemagglutination conditions,
through multivalent interactions. The groups of Liskamp and Pieters also used dendrimers
in conjunction with click chemistry. In this case, azidosugars were reacted with a series of
alkyne-terminated dendrimers constructed from 3,5-di-(2-aminoethyoxy)-benzoic acid or
3,4,5-tris(3-aminopropoxy) benzoic acid repeat units.107 Since, in this research, the base
dendrimers are easily varied, contain significant rigidity and there is considerable distance
between the clickable functional groups, this approach provides a basis for the preparation
of a large array of multivalent biomolecular constructs.

In a different approach, Lee and coworkers prepared glycoclusters from an alkyne func-
tionalized carbohydrate core unit.108 Four individual alkyne groups were introduced onto a
methyl β-d-galactopyranoside unit and functionalized, using CuAAC chemistry, with azido
linked lactose or N-acetyl lactosamine derivatives (Figure 10.16). The resulting sugar-cored
glycoclusters were found to be much stronger inhibitors of the RCA120 lectin compared
with monovalent lactose.

10.5.2 Glycopeptides

The glycoproteins are a class of biomolecules involved in a large number of biological
recognitions events.109 They commonly consist of an oligosaccharide linked, through an N-
or O-atom, to a protein.80,110,111 This glycosyl–protein bond is intrinsically sensitive towards
enzymatic hydrolysis, as is the case with most biological polymers, resulting in limited
metabolic stability. In addition, the synthetic assembly of the O-glyco-peptides is hindered
by the facile elimination of the carbohydrate portion due to β-elimination under basic
conditions. The groups of Rutjes112,113 and Dondoni114 have independently investigated
the incorporation of triazole linkages as stable isosteres for native glycosidic linkages.
Although the 1,2,3-triazole functional group does not occur in nature, it is present in
diverse biologically active substances exhibiting anti-HIV115 and anti-bacterial116 behavior,
as well as selective β3-adrenergic receptor agonism.117 Interestingly, the triazole moiety
has been postulated to act as an amide isosteres in terms of electronic properties and the
placement of substituents.7,118,119 There are, however, noticeable differences between these
two functionalities, in particular an increase in the distance between R1 and R2 of 1.1 Å for
a triazole compared with an amide [Figure 10.17(a)]. The triazole, in addition, possesses a
stronger dipole moment (4.83 Debye compared with 3.92 Debye for the amide) – a feature
that may enhance peptide bond mimicry by increasing the donor and acceptor properties of
hydrogen bonding. The potential of a triazole moiety to act as an imide was demonstrated
by Ghadrir and coworkers by the comparison of a triazole-containing octapeptide to a
natural peptide.119 The triazole isostere was found to have similar behavior to the natural
peptide with both forming an extended network resulting in solvent-filled nanotubes [Figure
10.17(b)].
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Figure 10.15 Synthesis of a multivalent, asymmetrical glycodendrimer base on 2,2-
bis(hydroxymethyl)propionic acid. Reprinted with permission from ref.106. Copyright 2005
Royal Society of Chemistry.
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Figure 10.18 Synthetic strategies for click glycosylation in which the sugar functions as the
azide (a) or the alkyne (b). Reprinted with permission from ref.112. Copyright 2004 American
Chemical Society.

To determine the synthetic viability of triazolyl glycoamino acids, Rutjes et al. per-
formed the CuAAC reaction with a range of anomeric azidoglycosides with N-Boc-
propargylglycine methyl ester and isolated the triazole-linked products in good yields
[Figure 10.18(a)].112 Variation of the amino acids (either by differing the amino acid or
by changing the protecting group of propargylglycine) was then investigated and found
to generate the desired products in good yields. In addition, increasing the length of the
side chain of the amino acid resulted in no significant change in formation of the triazole
linkage. The scope of the click reaction was extended to dipeptides and disaccharides and
in both cases the triazole-linked compounds were obtained in satisfactory yields. Finally,
the inversion of the alkyne and azide moieties between the carbohydrate and amino acid
groups [Figure 10.18(b)] also readily generated the conjugated products in good yields. The
described methodology was later successfully combined with enzymatic C-terminal elon-
gation of amino acids, performing click glycosylation either before or after an enzymatic
peptide coupling step under the action of alcalase.113

To further evaluate the amido isosteric properties of the triazole moiety, Rutjes and
coworkers synthesized side chain glycosylated cyclic arginine–glycine–aspartate (cRGD)
derivatives for biological comparison studies.120 The RGD peptides are found in proteins
of the extracellular matrix, such as vitronectin, fibrinogen and laminin. This motif is
specifically recognized by integrins (heterodimeric transmembrane proteins), which link
the intracellular cytoskeleton with the extracellular matrix and therefore play an important
role in cell signalling, cell–cell adhesion, apoptosis and cell–matrix interactions. To evaluate
the binding affinities for αvβ3 integrin two glycosylated cRGD derivatives, one containing
the triazole moiety, and two reference cRGD compounds (Figure 10.19) were synthesized
by a combination of solid phase and solution phase techniques.

The affinities of c(RGDfV), c(RGDyV), c(RGDy-N-1-β-gluco-Asn]) and c(RGDy-
NTGA) for αvβ3 integrin were determined by competitive binding assays using
dimeric111In-DOTA-E-[c(RGDfK)]2. It was found that the binding of the dimer to αvβ3

was inhibited by each compound in a concentration-dependent manner with only relatively
small differences between the peptides observed [IC50: 65 nm for c(RGDfV); 144 nm
for c(RGDyV); 238 nm for c(RGDy-[N-1-β-gluco-Asn]); 144 nm for c(RGDy-NTGA)],
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indicating that side-chain modification has only a limited effect on the αvβ3 binding
affinity of compounds. Additionally, the fact that only small differences are observed
between the cRGD peptides with carbohydrates attached indicates that the glycoamino
acid binding characteristics are nearly unchanged upon substitution of the amide link-
age with a triazole. Given that side chain glycosylation of peptides is known to improve
the pharmacological properties of hydrophobic/lipophilic peptides,121 the biodistribution
of125I-c(RGDyV),125I-c(RGDy-[N-1-β-gluco-Asn]) and125I-c(RGDy-NTGA) in athymic
mice with sc αvβ3-expressing tumors was determined. All peptides were found to rapidly
clear from the blood and 2 h after injection the concentration of the glyco-containing
cRGDs was higher in the tumor cells than in any of the other tissues examined. In order to
determine the nonspecific uptake of the peptides, the biodistribution was also determined
in the presence of excess unlabeled DOTA-E-[c(RGDfK)]. In this case it was found that,
for each of the three compounds being tested, the major part of the uptake in the tumor
was αvβ3-mediated; the triazole-linked glycopeptide revealed the highest tumor-to-blood
ratio, although it showed a lower tumor uptake than that of the amide-linked analog. The
carbohydrate-bearing cRGD peptides also showed αvβ3-mediated uptake in nontargeted
organs such as the lung, spleen and intestine. These studies show that tumor uptake is not
solely dependent on the binding affinity, but rely also on factors such as blood resident
time, molecular weight, structure and charge.

10.5.3 Glycopolymers

The glycopolymers, synthetic macromolecules featuring pendant carbohydrate groups,12

have been investigated in diverse applications including macromolecular drugs,122–124 drug
delivery systems,125,126 surface modifiers127,128 and as models of biological systems.129

Many of these areas require polymers that have known molecular weight and glycosyla-
tion density, as well as the position of glycosylation. Glycopolymers have mostly been
synthesized by either the polymerization of a sugar-containing monomer or by the post-
functionalization of a pre-formed polymer with sugar moieties.12 Using the click reaction
for the post functionalization of polymers with sugars is an attractive method as libraries
of glycopolymers with the same macromolecular features can be obtained by attaching
different sugars to the polymer scaffold. This can be of great importance as the effect of
the sugar moieties on biological behavior, for example carbohydrate–lectin recognition,
can be strongly dependent on the sugar polymer chain length.130 Haddleton and cowork-
ers have used the post-functionalization of well-defined alkyne containing polymers with
sugar azides in their studies of glycopolymers.45,131,132 A trimethylsilyl methacrylate
monomer was polymerized by living radical polymerization (LRP) to form the homopoly-
mer.45 Sugar azides were coupled to the polymers under CuAAC conditions, with particular
focus on sugars able to bind lectins; concavalin A (Con A) was chosen as the model α-
mannose-binding lectin as it is involved in a number of biological processes and there are
many reports in the literature focusing on its chemical and biological behavior.133–135 The
alkyne functionalized homopolymer was used to form a library of polymers differing only
in the amount of Con A-binding mannose ligand and was achieved by the co-clicking of
mixtures of mannose- and galactose-based azides (Figure 10.20). The behavior was tested
in the presence of Con A and it was observed that the clustering rate and the stoichiom-
etry of the polymer–protein conjugates depended on the epitope density of the polymer,
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that is, the number of Con A tetramers bound by each polymer chain was found to in-
crease with an increase in the mannose units attached to that chain. This indicates that
the glycopolymers studied here are able to function successfully as multivalent ligands.
The interaction of lactose- and galactose-bearing glycopolymers with the lectin Ricinus
Communis (RCA I) was also studied and the glycopolymers were again found to act as
multivalent ligands.131

Further work by the same authors resulted in the site-directed conjugation of clicked
glycopolymers to form glycoprotein mimics.132 The maleimide-terminated glycopolymer
was prepared by the click reaction of a mannose containing monomer with propargyl
methacrylate. This then underwent living radical polymerization with a maleimide-
protected initiator in the presence of a fluorescent rhodamine B comonomer (to facilitate
characterization) to give the macromolecular intermediate, from which the furan protecting
group was removed by a retro-Diels–Alder reaction. The glycopolymer was then conju-
gated, through the maleimide terminus, to the thiol group of BSA to give the glycoprotein
mimic (Figure 10.21). Libraries of glycopolymers were prepared with the co-clicking
approach by introducing appropriate mixtures of different sugar azides. The interactions
of these glycopolymer–BSA conjugates with recombinant rat mannose-binding lectin
(MBL) were then examined by surface plasmon resonance, which revealed clear and
dose-dependent MBL binding to the conjugate. The immobilized glycopolymer–BSA
conjugates showed a significantly enhanced capacity to activate the complement system
(a biochemical cascade that helps clear pathogens from an organism) through the lectin
pathway compared with unmodified BSA.

10.6 Conclusions

A variety of biohybrid materials from the copper-catalyzed reaction between azides and
alkynes have been described in this chapter. The click reaction has found widespread use
for the synthesis of these materials due to the ease with which it is employed and the ability
to form products that are otherwise difficult to prepare. Several conjugates formed by the
click reaction are already being used in biomedical areas with promising results, and given
that this is a reasonably new field of research, there is an exciting future ahead.
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11
Functional Nanomaterials using

the Cu-catalyzed Huisgen
Cycloaddition Reaction

Sander S. van Berkel, Arnold W.G. Nijhuis, Dennis W.P.M. Löwik and Jan C.M. van Hest

11.1 Introduction

Nanomaterials represent various materials with the resembling property that their size is
‘nano’ in at least one dimension. The definition of ‘nano’ is somewhat arbitrary, but in the
majority its magnitude is considered to vary from approximately 10 to 100 nm. Nanomateri-
als are utilized in many applications. Colloidal gold (gold nanoparticles in suspension), for
instance, can be used to stain glass with an intense red color as was done in ancient times.
Recent examples are zinc nanoparticles in sun block creams and cancer medicine delivered
by liposomes. For the future, countless applications of nanoparticles are anticipated. For
these applications nanomaterials need to be connected to the macroscopic world via their
exterior. Hence, the modification of nanomaterials to acquire the desired exterior function-
ality is of major importance to utilize nanomaterials effectively in practical applications.1

Modification of nanomaterials to obtain specific functionality is often only feasible when
highly selective and efficient reactions are used. Sharpless classified reactions that meet
such challenges as click reactions.2 In respect of click chemistry the Cu-catalyzed Huisgen
1,3-dipolar cycloaddition of azides and terminal alkynes has received a lot of attention.3,4

This cycloaddition unites azides and alkynes regio-specifically to yield 1,4−disubstituted
1,2,3-triazoles. In this review the functionalization of nanosized materials via this conjuga-
tion method is described going from inorganics such as silicon, CdSe, magnetic and gold
nanoparticles, to carbon-based materials such as fullerenes and carbon nanotubes. Moreover

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
C© 2009 John Wiley & Sons, Ltd
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Scheme 11.1 Grafting of acetylene polymers prepared via RAFT to nanoparticle 1. Reaction
conditions: (i) CuSO4–sodium ascorbate; DMSO; 50 ◦C.8

organic and bio-organic, self-assembled systems will be discussed, viz. polymeric micelles,
polymersomes, liposomes and virus particles that have also been employed as a scaffold in
the Cu-catalyzed azide alkyne cycloaddition.

11.2 Inorganic Nanoparticles

When inorganic materials are downsized to nanometer dimensions new properties, found
neither in bulk nor in molecular systems, arise. For example the electronic, optical and
magnetic properties of metal and semiconducting nanoparticles strongly depend on their
size and shape.5 Moreover, surface functionality is an important aspect of such nanopar-
ticles due to the relatively large surface-to-volume ratio. In this section click chemistry
employed to functionalize silicon, CdSe, magnetic and gold nanoparticle surfaces is
surveyed.

11.2.1 Silicon-based Nanoparticles

Modified organic colloidal silica is of particular interest due to the ease of synthesis of
well-defined particles and finds applications in stationary chromatography phases, coatings
and sensors.6,7 To render silica nanoparticles compatible with polymer systems Brittain and
coworkers have modified silica nanoparticles with azides and attached a variety of acetylene
functionalized macromolecules.8 3-Bromopropyltrichlorosilane was deposited on colloidal
silica, with dimensions of 75–100 nm. Under Schlenk conditions, the bromides were
exchanged for azides to obtain azide–silica-particle 1 as shown in Scheme 11.1. Acetylene
functional polystyrene (PS) 2a and polyacrylamide (PAAm) 2b were synthesized via a
reversible addition fragmentation technique (RAFT) with acetylene functional initiators.
Employing CuSO4–ascorbic acid-catalyzed click reactions, these polymers were grafted to
yield silica nanoparticles 3a and 3b.
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Complementary to this ‘grafting-to’ approach, polymers were also ‘grafted from’
nanoparticle 1.9 A RAFT initiator was clicked onto nanoparticle 1 and subsequently
polymerization was initiated. ‘Grafting-from’ has the advantage that low molecular
weight monomers diffuse to the surface, while ‘grafting to’ concerns the mobility of high
molecular weight polymers. For that reason the grafting density is generally higher when
the ‘grafting from’ approach is applied. With elemental analysis grafting densities of
0.29 groups nm−2 were found for the ‘grafting to’ approach whereas 0.68 groups nm−2

were found for ‘grafting from’. Interestingly, when the cycloaddition reaction and
polymerization were performed simultaneously in a tandem process an intermediate
grafting density was obtained.10 CuBr–N,N,N ′,N′′,N′′-pentamethyldiethylenetriamine
(PMDETA) was used as catalyst in this tandem process because it proved to be compatible
with the RAFT polymerization. Using 0.01 mol% catalyst a grafting density of 0.51
groups nm−2 according to elemental analysis was found. When 0.1 mol% copper catalyst
was used a grafting density of 0.70 groups nm−2 was observed. With this large quantity
of catalyst available the click reaction was faster and thus shorter RAFT polymers were
clicked to nanoparticle 1 from where the polymerization continued. Using more catalyst
in the tandem process thus made it resemble more the ‘grafting-from’ approach.

11.2.2 Cadmium Selenide-based Nanoparticles

Semiconducting nanoparticles such as CdSe are also known as quantum dots and have
attracted widespread research interest because of their tuneable optical properties and
potential applications in the field of biomedical imaging, photovoltaic cells and nano-
electronics.1,11 Alkane phosphinoxide-ligands used to stabilize CdSe nanoparticles can be
replaced with azide-modified phosphinoxide-ligands via ligand-desorption using pyridine
and subsequent ligand exchange (Scheme 11.2).12 In the same way alkane phosphinoxide
ligands were replaced with acetylene phosphinoxide ligands.13 Employing either CuBr–tris-
(benzyltriazolylmethyl)amine (TBTA) catalysis or purely thermal conditions (95 ◦C) for the
Huisgen cycloaddition reactions a variety of molecules, depicted in Scheme 11.2, bearing
acetylene or azide groups were attached to nanoparticles 5 and 6 respectively.12,13 Applying
heat led to an inseparable mixture of 1,4- and 1,5-regioisomers as expected while the Cu
catalyzed reactions provided exclusively 1,4-regioisomer in quantitative yields. To check
if substrates were really covalently attached to the nanoparticles, nanoparticle 7c was used.
Nanoparticle 7c contains barbituric acid which can bind to the Hamilton bisaminopyridine
receptor as shown in Figure 11.1(c). Self-assembled monolayers on gold wafers containing
the Hamilton receptor were treated with the barbituric acid nanoparticles 7c. As a control
experiment nonfunctional nanoparticles 4 were used. AFM measurements showed a dense
layer of nanoparticles covering the gold wafer in the case where the nanoparticles 7c were
used [Figure 11.1(a)]. Relatively little nonspecifically bound particles were present in the
control experiment [Figure 11.1(b)].

11.2.3 Ferric Oxide-based Nanoparticles

Magnetic iron oxide nanoparticles with the appropriate surface modifications can be used
in a variety of applications. Examples of the use of magnetic nanoparticles (MNP) in-
clude magnetic resonance imaging contrast agents, biosensing, drug-delivery and hy-
perthermia.14 Oleic acid ligands, coating magnetic nanoparticles, can be replaced with
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Figure 11.1 Gold surface containing the Hamilton receptor treated with nanoparticles 7d (a)
and 4 (b). Interaction between barbituric acid and the Hamilton receptor (c). Reprinted with
permission from ref.13. Copyright 2007 Royal Society of Chemistry.

acetylene (9) or azide (10) containing ligands, providing functionality for further modifi-
cation (Scheme 11.3).15

MNP 9 was attached to benzyl azide and MNP 10 to chloropentyne via the click reaction,
using CuSO4–sodium ascorbate as catalyst. After recovering the particles via extraction
with organic solvents FTIR showed loss of azide respectively acetylene and appearance of
triazole absorbance bands, indicating that the click reaction had proceeded. α-Acetylene-
poly(tert-butyl acrylate) acid was clicked with MNP 10 under similar conditions to
demonstrate that complex functionalities could be introduced. Again the FTIR spectrum
showed disappearance of the azide peak.

Another application of these MNPs was explored by Gao and coworkers who investigated
the possibility of recycling Pd catalysts.16 They coated MNPs with a layer of silica and
subsequently attached an azide functionalized silane to obtain MNP 11 (Scheme 11.4).
Attachment of acetylene dipyridyl to MNP 11 was performed via a CuI-catalyzed click
reaction. The corresponding Pd–dipyridyl complex was formed by refluxing the dipyridyl
MNP together with PdCl2(MeCN)2 in toluene. MNP 12 was then used to catalyze Suzuki
coupling reactions between aryl halides and aryl boronic acid. MNP 12 was easily removed
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O
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Scheme 11.3 Replacement of oleic acid from Fe2O3 with azide or acetylene functionalized
ligands.15
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Scheme 11.4 Functionalization of MNP with Pd catalyst. Reaction conditions for the click
reaction: CuI; DIPEA; DMF–THF (1:1).16

afterwards by applying an external magnetic field and it was shown that after several
consecutive runs the complex retained activity.

Von Maltzahn et al. attached the so-called Lyp-1 targeting peptide to MNPs for pre-
cisely targeting biological locations.17 LyP-1 binds to p32 mitochondrial proteins that are
overexpressed in human cancers. The peptide sequence CGNKRTRGC was modified with
an acetylene and a fluorophore as shown in Figure 11.2(a). Azido functional MNPs were
coated with peptide 13 via copper-catalyzed Huisgen cycloaddition. The obtained MNP-13
conjugates [Figure 11.2(b)] were stable in vivo for more than 5 h and were shown to ac-
cumulate in MDA-MB-435 cancer cells, see Figure 11.2(c), whereas control azido-bearing
particles did not.

Several acetylene functional proteins, i.e. enhanced green fluorescent protein (EGFP),18

maltose binding protein (MBP)18 and human serum albumin (HSA),19 were clicked to
azide functional magnetic nanoparticles. Acetylene–EGFP and MBP were prepared via
the expressed protein ligation method.20 HSA was modified with an alkyne at the only

Figure 11.2 (a) Modified LyP-1 targeting peptide. (b) MNP–13 conjugate. (c) Fluorescence
imaging of MDA-MB-435 cancer cells incubated with MNP–13 conjugate (red), nuclear stain
cells (blue). Reprinted with permission from ref.17. Copyright 2008 American Chemical Society.
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Figure 11.3 TEM images of different stages of HSA-MNP agglomeration in response to addi-
tion of anti-HSA: (a) 0.02 mg ml−1 HSA-MNP in 0.1 M phosphate buffer (pH 7.0); (b) same
as (a) with addition of 0.01 mg ml−1 anti-HSA; (c) same as A with addition of 0.10 mg ml−1

anti-HSA. Reprinted with permission from ref.19. Copyright 2008 Royal Society of Chemistry.

cysteine residue present, via Michael addition of an alkyne-bearing acrylamide. EGFP with
an acetylene attached to its C terminus was clicked with azido MNPs similar to particles 11
employing the Huisgen cycloaddition. Covalently bonded to the MNP, EGFP was shown
to exhibit the expected fluorescence signal at 530 nm. MBP was attached to MNP in two
different ways, site-specifically at its C terminus via the click reaction or randomly via
amide bond formation with lysine and arginine residues. Both MBP-MNPs were incubated
with biotinylated maltose and the bound maltose was visualized with fluorescently labeled
streptavidin-Cy3. The fluorescence intensity of the site specifically attached MBP-MNP
was approximately twice as high as the intensity of the MBP-MNP attached via random
amide bond formation. The decreased fluorescence was explained by the fact that the
random attachment can cause blocking of the binding site. Finally HSA-MNP conjugates
were prepared via the click reaction. Solutions of HSA-MNP were incubated with different
amounts of anti-HSA polyclonal antibody (which can bind two HSA units). The level of
agglomeration of the HSA-MNP corresponded nicely to the amount of antibody added, as
is shown in Figure 11.3.

11.2.4 Gold-based Nanoparticles

Gold nanoparticles possess chemically and physically interesting properties that potentially
makes them employable in the field of medical diagnostics, catalysis and imaging.21 To
prevent gold nanoparticles from aggregating they are usually stabilized with alkanethiol
ligands. To add functionality to gold nanoparticles the alkanethiol ligands can be replaced
with functional ligands in an exchange process, yielding particles with diverse properties
such as high water solubility and fluorescence. A drawback is the need to synthesize the in-
dividual thiol ligands separately. Therefore post-exchange modification is often performed
instead, using a variety of reactions such as nucleophilic substitution, amide bond forma-
tion and olefin metathesis. Cycloaddition click chemistry is utilized in this respect as a
complementary method to introduce new functionalities to gold nanoparticles under mild
and orthogonal conditions. To modify gold nanoparticles via the CuAAC reaction, azides
or alkynes have to be present at the nanoparticle surface. In Scheme 11.5 a variety of alkyne
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2029).

and azide functional ligands are depicted, which have been used to replace alkane thiol
ligands and hence introduce the desired functionality.

Williams and coworkers partially exchanged decanethiol ligands on gold nanoparti-
cles with azide-functionalized ligands to obtain azide-functionalized gold nanoparticles 14
soluble in organic solvents.23 These nanoparticles precipitate from solutions containing
polar solvents, i.e. THF–H2O, DCM–EtOH and dioxane. Because of the hydrophobicity
of the particles, only click catalysts soluble in organic solvents were explored, including
CuI, (PPh3)3-CuBr and CuBr–2,6-lutidine. Nevertheless, all catalysts tested were found to
cause extensive particle aggregation. Others who used identical gold nanoparticles also ob-
served this aggregation phenomenon.25 Therefore, cycloaddition reactions were performed
in the absence of a catalyst. To provide a more electron-withdrawing environment, which
is known to enhance the rate of triazole formation, a series of electron poor acetylene
containing molecules was used (Table 11.1).

Williams and coworkers reported conversions of azides to triazoles typically ranging
from 5 to 15% after 60 h reaction time. Yields improved when dioxane–hexane 1:1 instead
of neat dioxane was used as solvent. From varying the solvent system they concluded
that the reactivity primarily depended on the solubility of the gold particles and alkynyl
compounds. In a later report Williams et al. claimed that the conversion rate is more
dependent on relative surface coverage with azide terminated alkanethiols, determined by
quantitative FTIR spectroscopy, than on solvent and ligand length.24 When the relative
amount of azide-terminated ligands was lower, higher overall yields were observed. This
phenomenon was attributed to steric interactions, leading to a reduced accessibility of
azides as the click reaction progresses.

Sommer et al. showed that a catalyzed click reaction could be performed on the same
type of gold nanoparticles under microwave conditions, which allowed the reaction times
to be kept under 10 min.22 A mixture of dioxane–t-BuOH–H2O (1:1:0.5) was used as
solvent and CuSO4–sodium ascorbate as the catalytic system. With these short reaction
times particle aggregation caused by the catalyst appeared to be negligible. However, when
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Table 11.1 Acetylene containing (small) molecules attached to gold nanoparticles via
cycloaddition reactions

Without catalyst, yields
5–54%23 Without catalyst25

CuSO4–Na ascorbate
catalyst, MW, 10 min, yields

78–100%22
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the particles were treated for more than 15 min particle aggregation was also observed. A
variety of alkynes (Table 11.1) was clicked to the gold nanoparticles in a yield of 78–100%.
In addition, Sommer and coworkers attached an N-heterocyclic carbene Pd complex to the
gold nanoparticles and tested its catalytic activity in a Suzuki-type reaction. Using this
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a b

Figure 11.4 (a) 1.5% agarose gel electrophoresis of AzNPs after click reaction. Lane 1:
azide nanoparticles. Lane 2: azide nanoparticle-lipase reaction without copper. Lane 3:
azide nanoparticle–lipase reaction with copper. (b) Hydrolysis of nonfluorescent ester, 5-
O-palmitoylindole, to highly fluorescent 5-OH-indole. Reprinted with permission from ref.26.
Copyright 2006 American Chemical Society.

supported Pd catalyst a series of aryl chlorides was coupled with phenyl boronic acid in
yields ranging from 85 to 99%.

Click reactions, however, can also be performed in water, thus gold nanoparticles
coated with water-soluble ligand 15 were synthesized by Brust and coworkers.26 They
attached acetylene functionalized thermomyces lanuginosus lipase to azide-functionalized
water-soluble gold nanoparticles. The lipase was genetically altered to express only one
solvent-accessible lysine which was modified with carbodiimide chemistry to provide the
required acetylene functionality. Subsequently, the click reaction was performed using
CuSO4–ascorbic acid. The gold nanoparticle–lipase conjugate was compared with two
control samples by agarose gel electrophoresis to demonstrate the covalent connection of
the lipase with the gold nanoparticles [Figure 11.4(a)]. The activity of the bound lipase
was measured as function of the cleavage of nonfluorescent ester, 5-O-palmitoylindole, to
highly fluorescent 5-OH-indole [Figure 11.4(b)]. Covalently attached to the gold nanopar-
ticles the lipase retained its enzymatic activity. However, because the exact concentration
of bound lipase per nanoparticle was unknown, the activity could not be compared with
that of the free lipase. Reasoning the other way around, assuming that the activity is neither
increased nor decreased upon binding, the lipase loading to the gold nanoparticle could be
calculated. Based on the measured activity, the attachment of seven lipase molecules per
nanoparticle was calculated.

In addition to spherical shaped gold nanoparticles, azide-functionalized gold nanorods
of length to diameter ratio ∼5 were also used to attach enzymes, viz. trypsin.30 Nanorods
coated with poly(4-styrenesulfonic acid-co-maleic acid) sodium salt (PSS-co-PMA) were
synthesized and the carboxylic acid groups were subsequently used to attach NH2-PEG-N3

with the use of EDC as coupling reagent. Using CuSO4–ascorbic acid as catalyst the
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nanorods were decorated with trypsin. The activity of this bioconjugate was determined
by incubation with casein. The amount of tyrosine released is a measure for the activity
of trypsin. Attached to the gold nanorod trypsin retained 57% of its biological activity
compared with free trypsin. When trypsin was attached to the nanorods electrostatically or
via direct EDC-coupling the activity was less then 20%. It should be noted, however, that
in the latter two cases the poly(ethylene glycol) (PEG) linker was lacking, which provides
more flexibility and thus increases the accessibility of trypsin.

In the above-mentioned studies, gold nanoparticles were successfully linked with en-
zymes and small molecules. A converse approach is to label larger structures with gold
nanoparticles. Fischler et al. clicked azide functionalized gold nanoparticles with alkyne
modified DNA strands.28 To this end gold nanoparticles of approximately 3 nm coated with
glutathione bisazide ligand 18 were synthesized. Acetylene functional DNA strands were
obtained by replacing all thymine bases of a 294 base pair long fragment with alkyne-
modified derivatives in a polymerase chain reaction (PCR) experiment. TBTA complexes
of Cu(I) were used as catalyst in the click reaction to couple the gold nanoparticles to the
DNA strand. In order to prevent cross-linking of the DNA strands as a result of the attach-
ment of multiple DNA strands to one gold particle a 1000 fold excess of azide–gold
nanoparticles was used. TEM images showed the nanoparticles to be equidistantly
(2.8 ± 0.5 nm) assembled on the DNA (Figure 11.5). The shell of the gold particles
and the DNA strand lack contrast in TEM and are therefore not visible. The spacing of the
particles corresponded nicely with the expected value of twice the thickness of the shell,
which is approximately 1.4 nm.

Vogge et al. synthesized gold nanorods with either acetylene (17) or azide function-
alized ligands (16).27 Applying a 1:1 concentration of the acetylene and azide rods in a
Cu-catalyzed 1,3-dipolar cycloaddition reaction, chainlike assemblies were formed [Figure
11.6(a)]. This preferred end-to-end assembly of gold nanorods was previously observed by
Caswell et al. and attributed to preferential ligand displacement at the (111) faces at the
end of the rods.31 If one of the functional rods was in excess compared to the other one,
more complex assemblies were obtained. Zhou et al. used a mixture of azide functionalized
gold nanoparticles and acetylene functionalized gold nanoparticles to visually detect Cu(II)
ions.29 They used gold nanoparticles 19 and 20 in a 1:1 ratio and added CuSO4 to the

Figure 11.5 TEM micrograph of one-dimensionally and equidistantly assembled gold
nanoparticles on DNA immobilized on a TEM foil. Reprinted with permission from ref.28.
Copyright 2008 Royal Society of Chemistry.
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Figure 11.6 (a) TEM pictures of chain like assemblies of gold nanorods obtained after the
click reaction with 1:1 concentrations of nanoparticles 17 and 18. Insert: the more complex
assemblies if one of the compounds is present in excess. Reprinted with permission from ref.27.
Copyright 2007 Elsevier. (b) Solution containing gold nanoparticles 19 and 20 before and after
the addition of Cu(II) and sodium ascorbate. Reprinted with permission from ref.29. Copyright
2008 Wiley-VCH.

red solution. As a result of the cross-linking of the particles the red color of the solution
disappeared [Figure 11.6(b)].

With this assay Cu(II) ions could be detected with the naked eye down to a concentration
of 50 µm. It was shown that the assay was insensitive to a variety of other metal ions and
did not work without sodium ascorbate. Finally, 2.5 and 12 nm sized gold nanoparticles
with acetylenes on their surface were conjugated with azide functionalized single walled
nano tubes (SWNTs), as was demonstrated with electron microscopy (Figure 11.7).32 The
larger structures shown in Figure 11.7 were proposed to be bundles of SWNTs, since single
SWNTs have a diameter of approximately 1 nm. The attached gold particles caused the
semiconducting nanotubes to behave as conductors.

11.3 Carbon-based Nanomaterials

In the previous section was described how acetylene-labeled gold nanoparticles were con-
jugated with azide functionalized SWNTs. SWNTs are graphite-like allotropes of carbon

Figure 11.7 Gold nanoparticles decorated with SWNTs via CuAAC: (a) 2.5 nm; (b) 12 nm.
Reprinted with permission from ref.32. Copyright 2008 Institute of Physics.
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arranged in a cylindrical form; comparable allotropes arranged in a spherical form are
referred to as fullerenes. Because of the versatile properties of SWNTs and fullerenes, they
have often been utilized as molecular building blocks.

11.3.1 Fullerenes

Fullerenes show a wide range of interesting chemical and physical properties which
make them attractive objects of investigation. However, the range of suitable reac-
tions that can be applied to functionalize fullerenes is relatively limited, because of
their high reactivity toward nucleophiles and their appropriate 2π character for the ap-
plication in cycloaddition reactions.33 To prevent side reactions with fullerene conju-
gates, often the fullerenes are introduced in the final step of a process. This turned
out to be challenging for both acetylene and azide functional fullerenes since purifica-
tion of a mixture of fullerenes with a different number of functional groups is usually
impossible.

Zhang et al. were able to functionalize a C60 fullerene with an acetylene via a Diels–Alder
reaction with 2-trimethylsiloxy-1,3-butadiene, followed by reduction of the resulting cyclo-
hexanone and subsequent esterification of the corresponding cyclohexanol (Scheme 11.6).34

Using CuBr–PMDETA as catalyst acetylene-C60 was reacted with monofunctionalized
polystyrene-azide (PS-N3) of three different molecular weights (2, 6 and 10 kg mol−1).
These conjugates showed an unusual SEC behavior as depicted in Figure 11.8. Com-
pared with unmodified 2 kg mol−1 PS-N3 the retention volume of the fullerene conjugate
was larger, as a result of which the molecular weight distribution appeared lower. For
the 6 kg mol−1 polymer this observation was less obvious while the 10 kg mol−1 poly-
mer did not show any such behavior. Apparently the C60 has a negative impact on the
hydrodynamic volume of the polymer, especially in the case of the 2 kg mol−1 poly-
mer. It was speculated that the lack of solubility of C60 in the solvent (THF) causes
the polymer to shield the fullerene from the environment, which consequentially leads
to a decreased hydrodynamic volume. In the case of the longer chains this effect is less
significant.

To demonstrate that click reactions could be performed with fullerenes, Niergarten and
coworkers prepared mono-acetylene, di-acetylene and di-azide functional C60 fullerenes.35

Click reactions with either benzyl azide or 3-phenyl-1-propyne were utilized to functional-
ize these fullerenes. When the fullerenes did not dissolve well, side reactions (most probably
cycloadditions of the azides to the fullerene core) were observed. These side reactions were

Scheme 11.6 Modification of C60 with an acetylene group to acetylene–C60 21 and subse-
quent click reaction with azide terminated PS to PS–C60 22. Reaction conditions: (i) CuBr,
PMDETA, toluene, room temperature (r.t.).34



P1: OTA

c11 JWBK375-Lahann August 12, 2009 18:11 Printer: Yet to come

268 Click Chemistry for Biotechnology and Materials Science

(a)

(b)

(c)

20 22 24 26
Rentention Volume (mL)

R
I R

es
po

ns
e

Figure 11.8 Overlay of SEC traces of PS-N3 and PS-C60. (a) Mn = 2000; (b) Mn = 6100; (c)
Mn = 10 000 for PS. Reprinted with permission from ref.34. Copyright 2008 American Chemical
Society.

reduced in the case of the fullerene bis-adduct because of its lower chemical reactivity.
Niergarten also linked azides with acetylene fullerenes; mono-acetylene fullerene was at-
tached to a di-azide fullerene and the expected triple fullerene conjugate was obtained
according to mass spectrometry. Besides mono- and di-functional fullerenes a symmetrical
addition pattern of C60 is also possible (the octahedral addition pattern with six adducts).
Most previously reported C60 hexakis adducts were prepared via a one-pot synthesis using
cycloaddition reactions with malonates. For small molecules this is an effective procedure,
but for more complex structures yields are often found to be low. Therefore, fullerene
hexakis-adducts with an octahedral addition pattern were prepared (Scheme 11.7), con-
taining two azides per adduct, hence 12 in total.36 With azides present on the fullerene six
different acetylene-containing molecules, including a Zn(II)-porphyrin, were grafted to the
fullerene in 12-fold with yields ranging from 56 to 81%.

In biological molecular recognition events the multivalent display of saccharides is an
important principle. Such a multivalent display of functional groups can be achieved in
a straightforward manner starting from fullerenes. Shiga-like toxins for example were
shown to be neutralized efficiently by a pentavalent, water-soluble carbohydrate.37 The
AB5 shiga-like toxins are produced by Escherichia coli serotype O157:H7 and cause
dysentery in humans. Shiga-like toxin is built up from one A subunit responsible for its
toxicity and five B subunits arranged in a C5-symmetrical way for recognition of specific
cell types. Isobe et al. have reported a C5-symmetrical fullerene functionalized with five
monosaccharides via sulfide linkages.38 When they wanted to apply their methodology
to larger saccharides the reaction was sluggish and many by-products were formed. To
overcome this problem they synthesized a fullerene-bearing five acetylene moieties.39 This
C5-symmetric acetylene C60 was attached to a variety of molecules including a trisaccharide
using the CuAAC reaction. Under the mild click conditions yields of 86% were achieved.
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Scheme 11.7 Functionalization of C60 with 12 azides in an octahedral addition pattern and
the acetylene molecules applied in the click reaction.36

The obtained penta-trisaccharide is expected to be an effective receptor for shiga-like toxin
(Figure 11.9).

11.3.2 Carbon Nanotubes

Single walled carbon nanotubes are cylindrical sheets of graphite with a diameter of usually
several nanometers and a possible length of up to several milimeters.40 SWNTs are among
the stiffest and strongest fibers known and possess remarkable electronic properties along

Figure 11.9 Molecular model of shiga-like toxin (the molecular surface shown in green)
complexed with a C60 trisaccharide conjugate (stick model).39
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with other unique characteristics, for example SWNTs can be semi-conducting or metallic
depending on the rearrangement of their hexagon rings. In the section on metal nanoparticles
it has already been described how SWNTs were coupled to gold nanoparticles via the
Huisgen cycloaddition reaction.

Because of their graphite-like structure, SWNTs are insoluble in most organic and
aqueous solvents. Much research effort has been put into trying to overcome this problem.
Adronov and coworkers have used the click reaction to graft azide–PS on acetylene-SWNTs
(Scheme 11.8) in order to increase solubility in the solvents in which PS is soluble.41 Reac-
tions were catalyzed with (PPh3)3CuBr or CuI–1,8-diazabicyclo[5.4.0-undec-7-een] (DBU)
in DMF; the system with CuI–DBU gave the best results. After treating this PS–SWNT
conjugate with acetyl sulfate the material dissolved in water.42 To demonstrate their in-
creased solubility SWNT-PS and SWNT-sulfonated-PS (SWNT-PSS) were dissolved in an
H2O–DCM mixture; Figure 11.10 shows that SWNT-PS dissolves in DCM and SWNT-
sulfonated-PS in H2O.

Moreover, cyclodextrins (CDs) were successfully applied by Zheng et al. to functional-
ize SWNTs. The CD-SWNTs were prepared using CuI–DBU in DMF as solvent (Scheme
11.8).43 Cyclodextrins are known to bind various organic and biological guests within
their hydrophobic cavity in aqueous solution and CD-SWNTs hybrids are therefore an-
ticipated as interesting supramolecular building blocks. To test the binding ability of the
covalently linked CDs, the association of quinine with the CD-SWNTs was examined by
fluorescence spectroscopy. As can be seen in Figure 11.11, the fluorescence of quinine was
quenched upon the addition of the CD-SWNTs, indicating binding of the CD-SWNTs to
quinine.

Phthalocyanines are planar electron-rich aromatic macrocycles that possess remarkably
high extinction coefficients in the red/near-infrared region. A combination of such an elec-
tron donor molecule with the electron accepting carbon framework of SWNTs might lead
to new photoactive materials. Such materials are potentially applicable in the develop-
ment of, for example, efficient photovoltaic cells. Campidelli et al. applied CuSO4–sodium
ascorbate to react azide zinc–phthalocyanine (ZnPc) with acetylene–SWNT to obtain a
single SWNT–ZnPc conjugate 23 (Scheme 11.8).44 To test the photovoltaic properties of
the complex, SWNT–ZnPc conjugate 23 was deposited on indium tin oxide (ITO)-coated
glass slides. These glass slides were built into a photoelectrochemical cell as depicted
in Figure 11.12. Reproducible photocurrents with monochromatic incident photon-to-
current conversion efficiency (IPCE) values of 17.3% were measured for the SWNT–ZnPc
conjugate. The monochromatic IPCE value for SWNTs coated with trimethylsilyl-
protected 4-ethynylbenzene (a precursor for the SWNT-ZnPc conjugate) was more than
50% less.

Another class of graphite-like structures was prepared by Mynar et al. They made a
graphitic diblock nanotube with an azide-covered surface via self-assembly of compound
24 (Figure 11.13).45

The diblock nanotubes were attached to dendron 25 via the CuAAC reaction as a suspen-
sion in THF–MeOH–hexane. AFM images showed that the diameter of dendron conjugated
assemblies increased 4 nm compared to the nonfunctionalized nanotubes. The size of the
dendron is roughly 2 nm and therefore this observation indicates that the exterior of the
graphitic diblock nanotube is fully occupied with dendron 25.
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Figure 11.10 Photograph of two separate SWNTs samples in CH2Cl2–H2O. (a) Polystyrene
functionalized SWNTs; (b) sulfonated polystyrene functionalized SWNTs. Reprinted with per-
mission from ref.42. Copyright 2007 Elsevier.
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Figure 11.11 Fluorescence spectral changes of quinine (2.34 × 10−5mol l−1) upon addition
of CD-SWNTs (0–39 mg l−1 from top to bottom) in aqueous buffer solution (pH = 7.4, 25 ◦C).
Insert: differential fluorescence intensity (�F) vs the concentration of CD-SWNTs relationship.
The excitation wavelength is 330 nm. Reprinted with permission from ref.43. Copyright 2008
Springer Science and Business Media.
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Figure 11.12 (a) Schematic representation of the photoelectrochemical cell used for the
IPCE measurements. (b) I–V characteristics of the SWNT–ZnPc conjugate under white light
illumination, gray line, and in the dark, black line. Three-electrode setup, 0.1 M Na3PO4,
1 mM sodium ascorbate, N2 purged. Voltages measured vs an Ag–AgCl reference electrode
(0.1 M KCl). Reprinted with permission from ref.44. Copyright 2008 American Chemical Society.

11.4 Self-assembled Organic Structures

In addition to the self-assembled nanotubes described in the previous section, here the func-
tionalization of different types of self-assembled organic structures is surveyed. Huisgen
cycloaddition reactions performed to functionalize liposomes, polymersomes and polymer

Figure 11.13 Schematic structures of (a) 24, (b) self-assembled bilayer tape, (c) graphitic nan-
otube and structures of Hexa-peri-hexabenzocoronene (HBC) 24 and dendron 25. Reprinted
with permission from ref.45. Copyright 2008 American Chemical Society.
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micelles will be discussed. Liposomes are structures similar to cells composed of an (aque-
ous) solution enclosed by a membrane. They are formed through self-assembly of naturally
occurring phospholipids into a bilayer structure. Another example of amphiphilic molecules
that can self-assemble are block-copolymers composed of a hydrophilic and a hydrophobic
segment. They can assemble into, for example, polymersomes, the polymeric equivalent of
liposomes, and polymeric micelles.

11.4.1 Liposomes

Surface modification of liposomes with for example peptides or proteins is used to ob-
tain liposomes that can for instance be used for targeting to specific cells.46 To perform
surface modification of liposomes with the click reaction, Kros and coworkers prepared
liposomes bearing alkyne groups at their surface.47 This surface modification was done by
preparing liposomes from a mixture of three different phospholipids, i.e. DOPE-acetylene
(26), DOPC (27) and DOPE-LR (lissamine rhodamine) (28) (Scheme 11.9). The differ-
ent phospholipids were mixed in a ratio of 50:49:1 DOPE-acetylene–DOPC–DOPE-LR.
Unilamelllar liposomes (32) with an average diameter in the range of 110–120 nm were
formed. Liposomes obtained with this procedure were attached to nitro-benzoxadiazole
(NBD) derivative 29 via the Huisgen cycloaddition reaction using CuBr as catalyst. Af-
ter attachment of 29 a Förster resonance energy transfer (FRET) effect between NBD
and LR was observed, indicative that the modification occurred at the liposome surface.
(Scheme 11.10). In the control sample without a copper catalyst only a minor FRET effect
was observed, probably due to random presence of the NBD.

Hassane et al. prepared acetylene containing liposomes 33 (Scheme 11.10) from DPPC,
DPPG, cholesterol and 5–10 mol% acetylene modified lipid 31 (Scheme 11.9).48 The
obtained liposomes were clicked with azido-mannose 30 using CuSO4, sodium ascorbate
and bathophenanthroline disulfonic acid disodium salt (BPhT) as catalyst system.
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Scheme 11.10 Top left: CuAAC reaction of LR and acetylene functional liposomes with NBD-
derivative 29. Right: FRET (excitation λ = 470 nm) spectra (A with CuBr and B for negative
control without CuBr).47 Bottom left: Attachment of azido-mannose 30 to liposome 33.48

To determine the mannose accessibility when conjugated to the liposome surface, con-
canavalin A (ConA), a sugar binding protein, was added. After addition of ConA to lipo-
somes 34 in HEPES-buffered saline (HBS) (pH 6.5), an increase in turbidity was observed
which was assessed by measuring the increase in optical density at 360 nm. Addition of
unbound mannose resulted in immediate decrease in turbidity. This phenomenon was not
observed for control liposomes lacking mannose.

11.4.2 Polymersomes

Polymersomes are architectures formed by self-assembly of amphiphilic block copolymers
into bilayer structures that bear a resemblance to liposomes. Polymersomes, however, show
a much greater stability compared with their low molecular weight counterparts.49

Van Hest and coworkers synthesized a diblock copolymer of poly(acrylic acid) (PAA)
and polystyrene (PS) terminated with an azide group at the PAA side (Scheme 11.11).50

After self-assembly of amphiphilic block copolymer 35, polymersome 36 was formed with
azide groups present at its periphery.

Azide containing polymersome 36 was further functionalized with various acetylene-
containing substrates. Using TBTA or BPhT as ligands for the Cu(I) catalyzed cycloaddi-
tion, dansyl-acetylene was conjugated to the azide polymersomes. To measure the degree

N3

O OH

N3

35 36

Scheme 11.11 Structures of copolymer 35 (PS-b-PAA) and azide containing polymersome
36.50
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a b

Figure 11.14 Confocal laser-scanning microscopy images [transmission (A) and fluorescence
excited at 488 nm (B)].50

of functionalization, a reference compound (dansyl-PAA-b-PS) was synthesized. By com-
parison of the fluorescence of re-dissolved polymersomes and the reference compound it
was calculated that about 23% of all azides were converted. Since the interior azides are
unavailable for reaction, approximately 40–50% of the theoretical available azide-groups
had reacted. To prove that the dansyl was really covalently attached, SEC traces of the
re-dissolved block copolymers were recorded. After conjugation with dansyl the block
copolymers were detected at 345 nm whereas unreacted block copolymer 35 did not give
a signal at this wavelength.

Under the same conditions, enhanced green fluorescent protein (EGFP) was clicked to
azido-polymersomes 36. EGFP was equipped with acetylenes by reaction of pentynoic
acid N-succinimidyl ester with one or more of the 20 available lysine residues. The EGFP-
polymersomes showed fluorescence, which was detected by confocal laser scanning mi-
croscopy (Figure 11.14). When copper was omitted, the polymersomes did not show any
fluorescence after dialysis.

Additionally, van Hest and coworkers designed an acetylene-PEG-b-PS block copolymer
for the co-aggregation into PS-b-PIAT {polystyrene-poly[l-isocyanoalanine(2-thiophen-3-
yl-ethyl)amide]}-based polymersomes.51 Polymersomes prepared from PS-b-PEG or PS-b-
PAA have the advantage that they are easily post modified. However, polymersomes based
on these polymer constructs are impermeable for most organic substrates. PS-b-PIAT-
based polymersomes, in contrast, are permeable for organic substrates. To obtain acetylene
functionalized PS-b-PIAT polymersomes, acetylene-PEG-b-PS was co-aggregated into its
bilayer membrane. Based on a calibration curve measured with SEC, the incorporation ef-
ficiency of acetylene-PEG-b-PS into PS-b-PIAT polymersomes was calculated to be 85%.
Finally, an azido-functional lipase (azido-CalB) was clicked to acetylene polymersomes
in the presence of CuSO4, sodium ascorbate and bathophenanthroline. Hydrolysis of 6,8-
difluoro-7-hydroxy-4-methylcoumarin octanoate (DiFMU octanoate) by Candida antarc-
tica lipase B (CalB), yielding fluorescent difluoro-coumarin, was used to check the protein’s
activity.52 CalB polymersomes showed the expected enzymatic activity whereas control ex-
periments did not (Figure 11.15).

Another type of polymersome was constructed by Li et al., by mixing azide-terminated
polybutadiene-b-poly(ethylene oxide) (PBD-b-PEO-N3) with hydroxyl terminated PBD-
b-PEO-OH to obtain azide functional polymersomes.53 These polymersomes were
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Figure 11.15 Activity measurement of azido-functional CalB conjugated to a polymersome
surface (•) compared with a blank experiment where acetylene-PEG-b-PS was not embedded
in the polymersomes (◦), via monitoring the hydrolysis of DiFMU octanoate to yield fluorescent
difluoro-coumarin. Reprinted with permission from ref.52. Copyright 2008 Wiley-VCH.

subsequently attached to an acetylene functional polyester dendron via the CuAAC re-
action (Figure 11.16). To prove that the dendron was covalently attached, it was modified
with a rhodamine derivative before performing the click reaction. This modification was
done in such a way that approximately one rhodamine moiety was introduced per dendron.
The yield of the conjugation was measured as a function of the PBD-b-PEO-N3 concen-
tration relative to PBD-b-PEO-OH. Again 50% of PBD-b-PEO-N3 was expected to be
inaccessible at the polymersome interior.

At low concentrations the conjugation yields were higher, as anticipated based upon the
expected accessibility and crowdedness. The authors suggested that some of the interior
azides had moved to the surface during the 24 h course of the reaction. Typically, increasing
the amount of azide block copolymer in the mixture gave a decreased conjugation yield,
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probably due to steric hindrance between the dendrons. Moreover, a deformation could be
observed for polymersomes containing more than 40% of the azide amphiphile.

11.4.3 Micelles and Cross-linked Nanoparticles

As mentioned in the introduction of this chapter, besides polymersomes, amphiphilic block
copolymers can also assemble into polymeric micelles. When polymeric micelles are cross-
linked, well-defined and stable nanoparticles emerge. The dimensions and other properties
of these cross-linked nanoparticles can easily be altered by changing the amphiphilic block
copolymer properties. Polymeric micelle systems have attracted a lot of interest, e.g. as
drug delivery vehicles or nanoreactors.54

Wooley and coworkers prepared micelles 38a–b from PAA-b-PS 37 and used the PAA
block for cross-linking and the introduction of azides or acetylenes (Scheme 11.12).55

Block copolymer 37 was synthesized via consecutive nitroxide-mediated polymerization
of tert-butyl acrylate and styrene. Afterwards the tert-butyl esters were removed with tri-
fluoro acetic acid in dichloromethane. Micelles were formed by addition of water to a
solution of the block copolymer in THF. After the formation of micelles, either azides
(38a) or acetylenes (38b) were introduced to the micelle shell by EDC-coupling of re-
spectively 3−azidopropylamine or propargylamine to the carboxylic acid functionalities of
the PAA. The nanoparticles were subsequently shell cross-linked through amidation with
2,2′−(ethylenedioxy)bis(ethylamine). The authors showed that azide or acetylene func-
tional fluorescein could be covalently linked to the cross-linked shell with the appropriate
functionality through the Cu-catalyzed Huisgen cycloaddition reaction.

To prove that the fluorescein was linked covalently, a purified sample was centrifuged
at 5000 rpm and emission spectra were recorded at different positions across the cell. The
expected absorption maximum was only visible at the cell bottom and not at the middle or
top. For the authors this was indicative that there was no free dye in solution and thus the
dye was bound covalently to the cross-linked micelles.

To introduce azides or acetylenes to the core, the PS block was modified.55,56 The
incorporation of azides to the core was achieved via polymer 39 and after assembly into
micelles the chlorides were replaced with azides. Acetylene functional core micelles were
prepared via polymer 40, which was deprotected to polymer 41 and subsequently self-
assembled. Using the CuAAC reaction acetylene dansyl was conjugated with micelle 42a
and azide coumarin was attached to 42b; in both cases IR and NMR spectroscopy confirmed
a covalent attachment to the coronas.

Acetylene functional micelles were also shell cross-linked57 and core cross-linked58 via
the 1,3-dipolar cycloaddition reaction with azide dendrimers by Wooley and coworkers.
Micelles 38b and 42b were prepared and were subsequently subjected to click reactions
with the azide dendrimers shown in Scheme 11.13. After the addition and subsequent
purification by dialysis, dynamic light scattering (DLS) showed that the size of cross-linked
particles was independent of concentration and temperature. Furthermore, it was shown the
shell was only effectively cross-linked with the first-order dendrimer whereas the core was
cross-linked for all dendrimer generations. It was suggested that the hydrophobic nature of
the dendrimers prevented efficient cross-linking of the hydrophilic shell.

Functionalities introduced at the shell or in the core of polymer micelles are likely
to be sterically and electronically hindered. To mimic a more solution-like environment
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Scheme 11.13 Dendrimers of generation (g) 0–3 used to cross-link polymeric micelles 38b
and 42b.57

attachment should only occur at the hydrophilic termini of the block copolymers. Therefore,
PAA-b-PS block copolymers terminated with azide or acetylene functionalities at the PAA
chain ends were synthesized (not shown).59 Azide-terminated copolymers were prepared
via a nitroxide-mediated polymerization, using a chloride-functional initiator, of which the
chloride was subsequently replaced by an azide. Acetylene copolymers were obtained with
a controlled RAFT polymerization starting with an acetylene functional initiator. Micelles
were prepared from mixtures of the copolymers with and without functional termini,
which were subsequently cross-linked through amidation and decorated with fluorescein
dye molecules using the CuAAC reaction. The fluorescence intensity depending on pH
was measured for both the free alkyne-functional fluorescein and fluorescein attached to
azide micelles from which the authors concluded that fluorescein conjugated to the termini
behaves as if free in solution.

Jiang et al. described the cross-linking via the click reaction of poly(N,N-dimethyl-
acrylamide)-b-poly(N-isopropylacrylamide-co-3-azidopropylacrylamide) [PDMAb-
(NIPAM-co-AzPAM)] 43 (Scheme 11.14).60 The NIPAM-co-AzPAM block is a thermo-
responsive polymer with a lower critical solution temperature (LCST). Above the LCST,
the NIPAM-co-AzPAM segment of block copolymer 43 starts to aggregate and micelles
with a NIPAM-co-AzPAM core form.

Cross-linking of the core was achieved via a click reaction of dipropargyl ether with
the azides present in the micelle interior. To prove cross-linking, the optical density as a
function of temperature was measured. Dissolved block copolymer showed a transmittance
of about 100%, which decreased to approximately 80% above the aggregation temperature.
The transmittance of the cross-linked micelles did not change over the measured interval,
indicating their stability in this temperature range.
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Scheme 11.14 Thermo-responsive block copolymer 43.60

11.5 Virus Particles

The block copolymers from which polymersomes and polymer micelles are formed always
show a distribution of molecular weight. Even if building blocks are monodisperse, like
phospholipids, the self-assembled structures still display a distribution in size. The num-
ber of building blocks in liposomes, polymersomes or polymer micelles always varies,
even under complete equilibrium conditions. Monodisperse building blocks are, however,
encountered in biological systems in the form of proteins. Well-defined protein building
blocks can assemble into highly organized 3D systems as is the case with virus particles.
Virus particles contain a protein coat formed by self-assembly of proteins and exhibit an
unparalleled monodispersity at this size scale. Virus particles are usually 50–300 nm in size
and the plant viruses in particular are extremely suitable for modification and employable
as well-defined biological nanoparticles.

An example of a well defined and characterized, easily available virus is the Cowpea
Mosaic Virus (CPMV). The CPMV particles are 30 nm in diameter and are formed by
the assembly of 60 subunits around single-stranded viral genomic RNA. Each subunit is a
complex of a large and a small protein of 42 and 24 kDa. Finn and coworkers decorated
the CPMV capsid with azides or alkynes at either reactive lysine or cysteine residues
(Scheme 11.15).61
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Fluorescein derivatives with complementary functionality to the particles were used in
a CuAAC reaction with CuSO4–tris(triazole)amine, tris(carboxyethyl)phosphine (TCEP)
and Cu wire as catalysts. Here TCEP was used as water-soluble reducing agent because
addition of sodium ascorbate or p-hydroquinone as reductants resulted in disassembly of
the virus capsids (later other conditions without TCEP were preferred62–64). Varying these
conditions, a 100% conversion could be achieved for attachment of acetylene fluores-
cein to azide–CPMV and 80% was realized for the opposite combination. Independently,
Wang and coworkers studied the attachment of various hemicyanine dyes using a similar
approach.65

The Finn group reported optimized conditions for the click reaction to virus particles.62

Using Cu(MeCN)4OTf, Cu(MeCN)4PF6 or CuBr and sulfonated bathophenanthroline as
catalyst, carbohydrates, peptides, poly(ethylene oxide) and transferrin were attached in
high yields and substrate loadings. The carbohydrates were accessible when attached
to CPMV, as was verified by the formation of a gel upon the addition of galectin-4.
Peptides (KIRGDTFAGF and GLPLKDNYKK) were modified with an acetylene moi-
ety for click reactions, and fluorescein to make them easy to detect. Sodium dodecyl
sulfate–poly(acrylamide) gel electrophoresis (SDS–PAGE) analysis by UV irradiation
showed modification of the particles with the selected peptides. This method for attachment
of a fluorescent marker was also used to show the conjugation of PEG chains to the CPMV
particles. Finally transferrin, an 80 kDa blood plasma protein for iron delivery, was attached
to the virus particles via the cycloaddition reaction. TEM images showed an increase in
particle size; the CPMV particles remained still intact after conjugation with transferrin
(Figure 11.17).

Attachment of glycopolymers to, for example, a protein carrier could be a valuable
tool in the study of carbohydrate-based cellular processes, which quite often depend on

a b

Figure 11.17 (a) Negative-stained TEM of wild-type CPMV. (b) Negative-stained TEM of
CPMV conjugated with transferrin. Automated measurement of the particles showed the aver-
age diameter to be 30 ± 1 nm for wild-type and 46 ± 5 nm for CPMV–transferrin. Reprinted
with permission from ref.62. Copyright 2005 American Chemical Society.
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Figure 11.18 (a) Glycopolymer prepared via ATRP. (b) SDS–PAGE of the glycopolymer con-
jugate (lane 1) and WT-CPMV (lane 2). The arrows mark the center of the bands derived from
the small (S) and large (L) subunits; their broad nature derives from the polydispersity of the
polymer and the possibility for more than one attachment of polymer per protein subunit.
Reprinted with permission from ref.63. Copyright 2005 Royal Society of Chemistry.

multivalency. Finn and coworkers synthesized glycopolymer 46 connected to a fluorescein
moiety via atom transfer radical polymerization (ATRP) and conjugated it to CPMV
particles via the CuAAC reaction using CuOTf–sulfonated bathophenanthroline as
catalyst.63 Figure 11.18 shows an SDS–PAGE gel of the glycopolymer–CPMV conjugates,
demonstrating that both the large and small coat protein were functionalized with the
glycopolymers (the broad bands arise from the polydispersity of the polymer). Besides
glycopolymers, tetra- and hexasaccharides (e.g. globo-H) were also arrayed on the exterior
surface of CPMV.66 Particles coated with saccharides were injected into chickens to
evaluate their IgY immune response. IgY was isolated from eggs and glycan-binding was
determined on printed micro arrays containing 200 or 264 glycans.

Normal expression of the folate receptor (FR) in cells is low, but is upregulated in a
variety of tumors. To target CPMV to a tumor cell with high FR expression poly(ethylene
oxide)–folic acid was attached to CPMV particles 45.64 A PEG-spacer was incorporated
to accomplish efficient cellular recognition of the folic acid (FA) units. CuOTf–sulfonated
bathophenanthroline was used as catalyst for the click reaction. KB tumor cells (a human
nasopharyngeal carcinoma cell line with high expression of FR) were incubated with
different modified CPMV particles. Using flow cytometry an increased binding of CPMV-
PEG-FA was established [Figure 11.19(a)].

Finally, CPMV particles conjugated with a gadolinium-tetraazacyclododecanetetraacetic
acid Gd(DOTA) analog were prepared by Finn and coworkers.67 Gd(DOTA) is a para-
magnetic Gd complex used in magnetic resonance imaging as contrast agent. Acetylene
functional Gd(DOTA) analog 47 [Figure 11.19(b)] was clicked with azide–CPMV 44
using Cu–bathophenanthroline as catalyst. With inductive coupled plasma optical emission
spectrometry (ICP-OES), it was determined that 223 ± 20 Gd complexes were attached
per CPMV particle.
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Figure 11.19 (a) Percentage of increased binding of CPMV-PEG-FA to KB cells over con-
trols. (b) Structure of acetylene functional Gd(DOTA). Reprinted with permission from ref.64.
Copyright 2007 Elsevier.

Another type of virus particle is the tobacco mosaic virus (TMV). TMV is a rod-like
virus consisting of 2130 protein subunits arranged helically around genomic single RNA
strands to form a 300 nm sized assembly. Francis and coworkers reported the exterior
modification of TMV with diazonium coupling reactions.68 Because this coupling procedure
is difficult to apply using complex molecules, Bruckman et al. modified the exterior tyrosine
molecules of TMV with the diazonium salt generated from 3-ethynylaniline in situ to
obtain acetylene functional TMV.69 Azide functional TMV was prepared by conjugating
1,4-bis-azidomethylbenzene to acetylene-TMV. A library of acetylene or azide functional
(bio)molecules was successfully attached via the copper-catalyzed Huisgen cycloaddition
reaction, see Scheme 11.16.

11.6 Conclusions

In this chapter the functionalization of a variety of nanoparticles with the copper-catalyzed
Huisgen cycloaddition reaction between azides and alkynes has been described. The popu-
larity of click chemistry in this field of science is based on its ease of execution, efficiency
and orthogonality. Quite some examples can be found in which this method outperforms
more traditional conjugation or functionalization procedures. It is also clear that there is
still no general catalytic system, which requires an optimization of click conditions for each
novel conjugation strategy. However, there are many opportunities ahead for functional par-
ticles prepared by the Huisgen cycloaddition reaction, also spurred on by new developments
in the field. One such a recent development is the introduction of Cu-free click methods,
which will further increase the application potential to areas such as microelectronics and
the biomedical field, in which Cu is regarded as an undesirable impurity. Since most scien-
tific achievements are of very recent date, it is clear that we have only witnessed the start
of the effects click chemistry will have on the preparation of well-defined nanoparticles of
both inorganic and organic origin.
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Scheme 11.16 Bioconjugation of TMV by means of CuAAC reactions. Reproduced with
permission from M. A. Bruckman, (2008), Surface modification of tobacco mosaic virus with
‘click’ chemistry, ChemBioChem, 9, 519–523.69
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12
Copper-catalyzed ‘Click’ Chemistry

for Surface Engineering

Himabindu Nandivada and Joerg Lahann

12.1 Introduction

In the past few decades, there has been rapid development in the field of surface engi-
neering, relating to the control of structure and properties of surfaces, which is of utmost
importance for applications such as cell biology, tissue engineering, microfluidics, optics
and electronics.1,2 Surface attributes (such as wettability, charge and surface reactivity)
depend on the chemical and physical details of the molecular structure at the interface. At
the same time, the ability to modify inorganic surfaces with organic molecules or biological
ligands is also a common requirement for a host of applications.

Surface modification or functionalization via covalent coupling is one of the major strate-
gies being explored by surface scientists. Surface functionalization reaction involves a solid
surface interacting with the reactant in liquid or vapor phase and may involve complicated
steric and kinetic effects. At the same time, most of the coupling reactions available for
surface chemistry are limited by incomplete conversions, nonspecificity, harsh reaction
conditions and side reactions. In this respect, copper-catalyzed Huisgen’s 1,3-dipolar cy-
cloaddition between terminal alkyne and azide groups has proven to be an excellent choice
due to its superior properties such as mild reaction conditions, high conversions, selectivity
and reproducibility.3–8 In general, this so-called click reaction is a reaction between ter-
minal alkyne and azide groups to yield 1,4-disubstituted 1,2,3-triazoles. It is compatible
with a wide range of functional groups except for groups which disrupt the catalytic activ-
ity of copper.9 Alkyne–azide click reaction demonstrates high reactivity in heterogeneous

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
C© 2009 John Wiley & Sons, Ltd
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reaction systems, so it is useful for surface reactions. This also implies that the solvent and
catalyst system utilized during click reaction is quite important.10

This chapter focuses on strategies being employed to fabricate alkyne and azide function-
alized surfaces and also highlights the applicability of click reaction for surface reactions
with a specific focus on conjugation of biological ligands such as saccharides, oligonu-
cleotides, proteins and peptide sequences.

12.2 Synthesis of Alkyne or Azide-functionalized Surfaces

The first step is to create surfaces amenable to copper-catalyzed Huisgen’s 1,3-dipolar
cycloaddition, i.e., surfaces containing alkyne or azide groups. This has been achieved
by utilizing several methods such as self-assembled monolayers (SAMs), spin-coating,
layer-by-layer assembly (LbL), lithography and polymeric methods.

12.2.1 Self-assembled Monolayers of Alkanethiolates

Self-assembled monolayers are monomolecular films, which are formed by spontaneous
organization of active surfactant molecules onto specific solid substrates.11 The most com-
monly used SAM system is the gold–alkanethiolate system due its ease of formation and the
ability to use gold as an electrode. Typically the self-assembling molecules are modified and
then assembled; however this procedure is often cumbersome and may not form the desired
monolayer. Hence various surface coupling reactions have been used to modify SAMs after
assembly. Modification of SAMs is limited by the thermal stability of the gold–thiol bond,
because thiols desorb at higher temperatures, typically above 100 ◦C. These monolayers are
also sensitive to pH conditions and solvents. Therefore Huisgen’s 1,3-dipolar cycloaddition
is an attractive option for surface reactions on monolayers. Copper-catalyzed click reaction
was first applied to mixed monolayers of azidoundecanethiol and decanethiol on gold by
Collman et al.12 These monolayers were subsequently reacted with alkyne-functionalized
ferrocene compounds (Figure 12.1). Collman et al. also assembled several other
azide-terminated monolayers and the reactive azide surface coverage and rate of click
reaction were determined via electrochemical and spectroscopic techniques.13 Other re-
searchers have also used gold-alkanethiolate SAMs in conjunction with alkyne–azide click
chemistry for the introduction of several ligands to the monolayer surface under mild
conditions (discussed later).14–20

12.2.2 Self-assembled Monolayers of Silanes and Siloxanes

Another self-assembling system that has been studied extensively is alkylsiloxane [CH3-
(CH2)n-SiOx] monolayers on silica. The high reactivity of the surface anchor group makes it
difficult to functionalize the opposite end of the monolayer. Lummerstorfer and Hoffmann
created azide-containing siloxane monolayers on silica by nucleophillic substitution of
bromine-terminated monolayers and subsequently reacted the monolayers with substituted
acetylenes.21 Several attempts have also been made to functionalize the silane monolayers
using click chemistry.22–24 Organic silanes are of special interest since they form stable
monolayer films and can be attached to substrates with hydroxyl or oxide groups such as
glass and silica. Ostaci et al. synthesized alkyne-containing silane monolayers on silicon
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substrates and grafted ω-azido-modified linear polymer brushes [such as poly(ethylene
glycol), polystyrene and poly(methylmethacrylate)] onto the monolayer-coated substrates
(Figure 12.2).23 It was further observed that the silane monolayer also acted as a passivation
layer preventing nonspecific adsorption of the polymers. A combination of silanization and
click chemistry was also used to modify glass microfluidic channels with preformed poly-
mers by Prakash et al.25 They covalently attached alkyne-terminated linear and dendritic
polymers to glass substrates and conducted electroosmotic flow measurements in these
channels. Covalent attachment of the polymers was seen to alter the surface charge in the
channel (zeta potential) and in turn affect the fluid transport properties.

Haensch et al. used click chemistry to immobilize alkyne functionalized supramolecular
terpyridine units on to azide-terminated silane monolayers.26 Terpyridine moieties typically
form complexes with a range of metal ions, which influences the physiochemical proper-
ties of the surface. In this case, the terpyridine ligand, 4′-(4-ethynylphenyl)-2,2′:6′,2′′-
terpyridine was synthesized and conjugated with Fe(II), which prevented complexation
between the copper catalyst and terpyridine. The Fe(II) protected supramolecular ligand
was immobilized onto 11-bromoundecyltrichlorosilane monolayers and deprotected under
suitable conditions to obtain free terpyridine ligands on the substrate.

To address the important issue of passivation of native silicon surfaces, Rohde et al.
acetylated silicon surfaces in a two-step process and coupled azide-functionalized benzo-
quinone using click chemistry.27 Benzoquinone was further electrochemically activated to
yield an amine-terminus, which was used for subsequent functionalization with ligands
such as ferrocene carboxylic acid and biotin. During this procedure, minimal oxidation of
silicon was observed, so it can be used in sensor applications, which are highly sensitive to
the presence of a SiO2 layer. Interestingly, Evrard et al. functionalized carbon electrodes
using the electrochemical reduction of diazonium salts of phenylazide or phenylacetylene,
which resulted in a grafted layer containing azide or acetylene groups respectively.28 This
method provided higher control over the density of the functional group and the surface
retained its reactivity.

Click chemistry has been utilized to PEGylate porous silicon (pSi) substrates, which are
of significance in biomedical applications as drug delivery vehicles and for biosensing.29

Britchet and coworkers functionalized porous Si surfaces with acetylene groups via hydrosi-
lation with 1,6-heptadiyne and then reacted with PEG–azide. The PEGylated pSi surface
demonstrated a dramatic improvement in wettability. On the other hand, Schlossbauer and
coworkers incorporated azide groups on mesoporous silica by simply treating it with sodium
azide and then immobilized alkyne-containing trypsin.30 They further demonstrated that
the surface immobilized enzyme trypsin retained its activity.

12.2.3 Block Copolymers

Another common technique for the functionalization of surfaces, such as glass and sil-
icon oxide is spin-coating.31–33 The spin-coating technique is preferred for a variety of
applications, because the thickness of the film can be precisely controlled. Rengifo et al.
reported the use of spin-coating for the self-assembly of alkyne-functionalized diblock
copolymers on various substrates, which was probed by subsequent click reaction with
fluorescently-labeled azide ligands.31 The diblock copolymer sequence, α-alkyne-ω-Br-
poly(tert-butylacrylate-b-methylmethacrylate) [poly(tBA-MMA)] was selected such that
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Figure 12.3 Click reaction on films of spin-coated diblock copolymer, α-alkyne-ω-Br-poly(tert-
butylacrylate-b-methylmethacrylate) [poly(tBA-MMA)]. Inset: chemical structure of the copoly-
mer. Reprinted with permission from ref.31. Copyright 2008 American Chemical Society.

the first block (MMA) physisorbed strongly onto the substrate and the second sequence
(tBA) possessed a low surface tension, such that it remained on the surface, thus imparting
a layered structure (Figure 12.3). The alkyne groups were attached to the second block and
thus were presented at the surface for further reaction. The density of reactive groups on the
film surface was controlled by the thickness of the film, which in turn was dependent on the
molecular weight of the copolymer, concentration of the spin-coating solution and the spin-
ning speed. This unique copolymer system was applied for the quantitative immobilization
of azide-terminated 20-mer DNA molecules.32

Fleischmann et al. synthesized a terpolymer containing styrene (base of the polymer
film), 4-(ethynyl)styrene (part containing the alkyne groups) and glycidyl methacrylate
(anchor to the silicon substrate) using nitroxide mediated radical polymerization (NMRP).33

This terpolymer was spin-coated on silicon substrates and the reactivity was probed with
fluorescently-labeled azides.

12.2.4 Layer-by-layer Films

Layer-by-layer (LbL) assembly of composite films is generally based on charge interactions
or hydrogen bonding interactions between sequential polymer layers. Crosslinking of the
films using covalent reactions between layers can increase the stability of the films. The
other advantage of incorporating covalent reactions between layers is that it enables the
assembly of polymers with similar electrostatic properties (noncharged or nonhydrogen
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Figure 12.4 Utilization of click reaction for the layer-by-layer assembly of thin polymer films
with alkyne and azide functional groups. Reprinted with permission from ref.34. Copyright
2006 American Chemical Society.

bonding), albeit with different reactive groups, thus creating single-component films. Tak-
ing advantage of these aspects, Such et al. synthesized multilayer films via LbL assembly
of alkyne and azide functionalized versions of the same polyelectrolyte (polyacrylic acid),
using copper-catalyzed click reaction as the crosslinking reaction (Figure 12.4).34 Simi-
larly, LbL assembly of alkyne- and azide-functionalized poly(n-isopropylacrylamide) was
achieved by click chemistry.35 The entire assembled film was subsequently covalently
attached to an alkyne-functionalized polyethylene surface.

12.2.5 Chemical Vapor Deposition Polymerization

Surface reaction on thin polymer films requires robust attachment of the films to the
flat substrate. In this respect chemical vapor deposition (CVD) has been used to fabri-
cate functionalized coatings with good adhesion towards a wide variety of substrates.36

This vapor-based process provides a solvent-free environment, good film adhesion and
generates conformal coatings. More recently CVD has been extended to create alkyne-
derivatized polymer coatings.37,38 Nandivada et al. synthesized a reactive coating contain-
ing alkyne functional groups, poly(4-ethynyl-p-xylylene-co-p-xylylene), via CVD poly-
merization of 4-ethynyl-[2.2]paracyclophane.37 Azide-bearing biotinylated ligands were
conjugated to this reactive coating using microcontact printing and the reaction was probed
with fluorescently-labeled streptavidin (Figure 12.5). In a different study, Im et al. synthe-
sized an alkyne-functionalized polymer coating using an initiated-CVD (iCVD) process.38

Using a single-step approach, a commercially available monomer, propargyl methacrylate,
was polymerized to form poly(propargyl methacrylate). This polymer was also patterned
using e-beam lithography to form nanometer patterns and the reactivity of the polymer was
demonstrated by click reaction with azide-functionalized biotin.
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(b)

(a)

Figure 12.5 (a) Schematic showing alkyne-functionalized polymer created using CVD and
patterned via microcontact printing of biotin azide. (b) A fluorescence micrograph demon-
strating the binding of TRITC-streptavidin on biotin azide patterns. Reprinted with permission
from ref.37. Copyright 2006 Wiley-VCH.

12.2.6 Fiber Networks

Apart from planar or flat substrates, click chemistry has also been employed to func-
tionalize fiber networks. Shi et al. demonstrated the immobilization of a testis-specific
protease (TSP50) on biodegradable polymer fibers.39 Ultrathin biodegradable lactide fibers
containing propargyl groups were created using electrospinning and azide-functionalized
TSP50 molecules were conjugated to this fiber via click chemistry. Another example of
fiber modification was demonstrated by Bhaskar et al., where biphasic fibers containing
alkyne groups in only one phase were fabricated using electrohydrodynamic co-jetting
of alkyne-modified poly(lactide-co-glycolide) (PLGA) with unmodified PLGA.40 The
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Figure 12.6 Schematic and fluorescence micrographs showing the selective click modification
of the biphasic fibers containing alkyne-functionalized PLGA in only one phase. Reprinted with
permission from ref.40. Copyright 2008 Wiley-VCH.

fibers were further selectively modified with an azide-functionalized fluorescent dye
(Figure 12.6).

The use of copper-catalyzed 1,3-dipolar cycloaddition reaction has not been limited to
biodegradable fiber surfaces. Krouit et al. employed click reaction to graft polycaprolactone
macromolecular chains to the surface of cellulose fibers.41 Cotton fibers have also been
modified by Chen et al. to incorporate alkyne groups and further reacted with azide-
functionalized methyl methacrylate polymers.42

12.3 Spatially Controlled Click Chemistry

The ability to spatially pattern a surface is quite important for electronics as well as
biotechnological applications. The versatile click reaction is compatible with microcon-
tact printing, which is a soft-lithographic process frequently employed to create micro or
nanoscale patterns by depositing molecules on surfaces using a patterned stamp.37,43–45 For
instance, Nandivada et al. microcontact printed the copper catalyst onto a thin layer of
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Figure 12.7 Schematic description of catalyst-free click reaction via microcontact printing
of alkyne-modified ss-DNA onto azide-functionalized substrate. The oxidized PDMS stamp
is inked with dendrimers, incubated with ss-DNA and stamped onto azide functionalized
surfaces. Reprinted with permission from ref.46. Copyright 2007 Wiley-VCH.

biotinylated azide ligands adsorbed on vapor-based alkyne-functionalized polymer coat-
ings.37 By decoupling the catalyst and the reactants, the reaction was catalyzed only in the
regions where the copper catalyst was deposited, thus creating patterns of covalently bound
biotin. On the other hand, Rozkiewicz et al. performed the reaction without the copper
catalyst, solely relying on the high concentration of reactants during microcontact printing
as a driving force for the reaction.43 Briefly, bromo-terminated SAMs were treated with
sodium azide to create azide-terminated monolayers and alkyne-functionalized ligands were
directly microcontact printed onto this monolayer. In the past, proximity of the ligands on
the surface has been shown to lead to an enhancement of the reaction rate thus improving the
efficiency of surface functionalization reactions.9 This catalyst-free microcontact printing
technique was further extended to pattern alkyne-containing oligonucleotides onto azide-
modified glass slides.46 To create surface patterns, a layer of positively-charged dendrimers
was first inked onto the PDMS stamp, which promoted the binding of single-stranded DNA
(ss-DNA) ‘ink’ to the stamp surface. This stamp was then brought into contact with the
azido-substrate without the presence of the catalyst and click reaction was initiated (Fig-
ure 12.7). Furthermore, the covalently immobilized oligonucleotides were hybridized with
their complementary strands.

The scope of copper-catalyzed click reactions has been broadened to create nanoscale
patterns on solid surfaces via dip-pen nanolithography.47 AFM tips were used to deliver
Cu(I) catalyst and azide-functionalized dendrons to alkyne-functionalized surfaces. This
technique takes advantage of the fact that shorter distances between the reactants may
lead to an enhancement of the reaction rate. The main advantage of this approach is that
multiple azides can be delivered sequentially or using different AFM tips to the same
alkynated surface.

Furthermore, fluorescent molecules were patterned using a technique called scanning
electrochemical microscopy (SECM), where a gold microelectrode was used to generate
Cu(I) ions locally to catalyze the click reaction between alkyne-functionalized fluorophores
and azide groups on a nonconductive glass substrate.48

12.4 Copper-catalyzed Click Chemistry for Bioimmobilization

The immobilization of biomolecules on surfaces is of tremendous interest for a wide vari-
ety of applications such as biosensors, microarrays, bioactive implant surfaces and tissue
engineering. Preservation of the biomolecular activity after the reaction is a key attribute
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for a successful bioconjugation reaction. This typically requires mild reaction conditions
and absence of cross-reactivity between the functional groups present. By definition, click
chemistry represents a collection of reactions with mild operating conditions, high yields
and nonreactivity towards other functional groups. Therefore, in this respect, alkyne–azide
click reaction is attracting a lot of attention from material and surface scientists for bio-
conjugation, specifically due to the inactivity of alkyne and azide groups towards other
functional groups present in biomolecules. Conjugation of molecules like carbohydrates,
oligonucleotide probes, proteins and peptide sequences has been successfully demonstrated
using click reaction on surfaces and will be discussed in further detail.

Several reports have described the immobilization of biotin on flat surfaces via
click chemistry and have taken advantage of the highly specific albeit noncovalent
biotin–streptavidin binding.37,49,50 For example, Lee et al. used click chemistry to func-
tionalize polymeric nanobrushes with azide end-groups.50 Ethylene glycol-based polymer
films were synthesized using surface-initiated ATRP onto initiator-containing SAMs. Sub-
sequently the bromide-presenting polymer was reacted with sodium azide to introduce
azide groups on the surface, which were then reacted with alkyne-containing biotin. This
ethylene glycol-based polymer film demonstrated nonbiofouling characteristics combined
with specific reactivity towards alkyne-functionalized ligands.

Glycan arrays provide an opportunity to study the complex protein–sugar interactions
and enhance our understanding of role of glycans present on the cell surface.51 Microarrays
also allow the screening of multiple ligands simultaneously with minimal use of material.
Copper-catalyzed click chemistry presents a robust strategy to covalently link saccharide
molecules to a flat surface, thus mimicking the cell surface expressing these glycans.52

Sugar-modified SAMs or glyco-SAMs have been used as glycan arrays because they provide
better control over the density and orientation of the saccharide molecules and can be char-
acterized after immobilization via surface analysis techniques. For example, Zhang et al.
employed alkyne–azide click reaction to immobilize azide-functionalized sugars (mannose,
lactose, α-galactose) on to alkyne-containing SAMs.20 This method is much simpler than
the direct assembly of pre-synthesized thiol-terminated sugar molecules, which require
complex synthesis procedures. The unique platform displaying sugar-functionalized
SAMs was further used to study binding interactions between sugars and lectins by
employing electrochemical characterization and surface plasmon resonance spectroscopy.
This approach represents a label-free technique to elucidate real-time structure–activity
information. Similarly, Kleinart et al. extended this study by synthesizing a series of func-
tionalized thiol molecules and comparing the assembly of pre-formed glyco molecules with
the previously described ‘click on SAM’ approach.19 Miura et al. studied the interactions
between pathogenic protein Alzheimer amyloid-β (Aβ) and monosaccharide displaying
silane-based monolayers which were created using Huisgen’s 1,3-cycloaddition.53 This
study enabled the estimation of the core saccharide interacting structure of the Aβ

protein.
Click conjugation has also been used to reversibly capture azide-modified saccharides on

an alkyne-functionalized microtiter plate.54,55 A disulfide bridge was included in the linker
to enable the cleavage and release of the captured oligosaccharide molecule for further
characterization utilizing a reductive treatment with a thiol (dithiothreitol, DTT) (Figure
12.8). Using this technique, a breast cancer antigen, Globo-H, was captured and analyzed
after cleavage, thus demonstrating the utility of this method for biosensor applications.55
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Figure 12.8 Alkyne-functionalized microtiter plates which captured azide-modified saccha-
rides. Saccharides were cleaved by DTT for further MS analyses. Reprinted with permission
from ref.55. Copyright 2004 American Chemical Society.

Copper-catalyzed Huisgen’s 1,3-dipolar cycloaddition has also been used in conjunc-
tion with another reaction from the click family, namely Diels–Alder reaction, for the
immobilization of carbohydrates on solid surfaces.49 Sun et al. synthesized a short het-
erobifunctional PEG linker with alkyne and cyclodiene terminal groups on either side.
This linker was conjugated to maleimidocaproyl-functionalized substrates via Diels–Alder
reaction leaving the alkyne-terminal end for subsequent alkyne–azide click reaction with
azide-functionalized ligands. This ‘dual-click’ approach was used for the successful im-
mobilization of biomolecules such as biotin, lactose and r-thrombomodulin. Success of
the immobilization step was further confirmed using antibody-binding via surface plasmon
resonance (SPR) spectroscopy.

Immobilization of saccharide molecules has also been achieved via microcontact printing
of alkyne-functionalized carbohydrates onto azido SAMs.44 Michel and Ravoo microcon-
tact printed carbohydrate (mannose, glucose, galactose and maltose) conjugates with alkyne
functionality and used the corresponding lectins to probe the sugars. These arrays provide
important information regarding structure–function relationships, which may ultimately
lead to better understanding of the immune responses.

On the other hand, DNA arrays are generally created using nucleophilic–electrophilic
reactions, which are hampered by the lack of efficiency, chemoselectivity and reproducibil-
ity. Immobilization of DNA further requires an aqueous reaction environment. An elegant
strategy utilizing copper-catalyzed click chemistry for the fabrication of oligonucleotide
arrays was demonstrated by Devaraj et al.18 Alkyne-functionalized oligodeoxyribonu-
cleotides were synthesized and conjugated with azide-terminated monolayers in the
presence of a triazolylamine copper ligand, tris(bezyltriazolylmethyl)amine [Cu(I)TBTA]
as the catalyst. Cu(I)TBTA accelerates the cycloaddition reaction without damaging
the structure of DNA as opposed to free Cu(I), which disrupts the oligonucleotide
structure in the presence of reactive oxygen species. On the other hand, Seo et al. created a
photocleavable DNA array using click chemistry where azido-labeled DNA was attached to
alkyne-modified glass surfaces (Figure 12.9).56 Furthermore, DNA–polymerase-extension
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Figure 12.9 Schematic demonstrating the construction of a DNA chip using copper catalyzed
click reaction. Alkyne-functionalized glass slides form a covalent bond with 5′-azide-modified
DNA. Reprinted with permission from ref.56. Copyright 2004 National Academy of Sciences,
USA.

reaction was accurately performed on this array to incorporate fluorescent nucleoside
analogs.

Protein microarrays can be used to study protein–protein and protein–ligand interactions.
Immobilized proteins are more robust than noncovalently bound proteins and also an en-
hanced sensitivity can be achieved.57 However it is challenging to maintain the activity and
conformation of the proteins during immobilization reactions. Some research groups have
demonstrated the immobilization of proteins using copper-catalyzed click chemistry.58,59

Azide- or alkyne-modified proteins were covalently bound to alkynated or azidated glass
slides via click chemistry.59 Interestingly, it was observed that immobilization of the alkyne-
functionalized protein onto an azide-presenting surface was more efficient than the other
way around. This may indicate that alkyne groups were coupling with the copper ions
during the reaction, thereby reducing the catalytic effects.

A fascinating approach for the fabrication of a density gradient of cell-adhesion peptides
by ‘clicking’ RGD azide-peptides onto an alkyne-gradient substrate has been reported by
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Gallant et al.60 Briefly, variable UV oxidation followed by a bifunctional linker was used to
synthesize an alkyne-functionalized gradient (Figure 12.10). Subsequent reaction with an
RGD azide-modified peptide resulted in a gradient of peptides, which was able to modulate
smooth muscle cell attachment. The density of the immobilized moiety depends on the
density of the functional group and the efficiency of the coupling chemistry.

12.5 Summary

In this chapter, the use of copper-catalyzed click chemistry has been discussed in the context
of surface engineering. Alkyne–azide click reactions were successfully used for coupling
of different organic compounds and biomolecules to a wide variety of substrates. These
generally robust reactions have gained immense popularity among surface scientists owing
to their functional group tolerance, mild reaction conditions and high reactivity. Numerous
strategies are being employed to incorporate the alkyne and azide functionalities onto the
surface.
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Click Chemistry in Protein

Engineering, Design, Detection
and Profiling

Daniela C. Dieterich and A. James Link

13.1 Introduction

The definition of click chemistry as first posited by Kolb, Finn, and Sharpless1 is a set
of high-yielding, energetically favorable, highly modular organic transformations that can
occur in benign solvents, particularly water. Though originally conceived as a novel phi-
losophy for synthetic organic chemistry (specifically the construction of small molecule
libraries), many of the characteristics of a click reaction are desirable in other branches of
chemistry, as evidenced by the wide array of topics covered in this book. Specifically, high-
yielding reactions that can be carried out in water, but also at physiological temperatures,
are of much interest in biology. The Huisgen [3 + 2] cycloaddition between azides and
alkynes2 is mentioned by Kolb et al. as being ‘as good as a reaction can get’, but it typically
requires temperatures well above what can be tolerated by cells and proteins, limiting its
use in biological applications. All of this changed once it was discovered that Cu(I) could
catalyze the azide–alkyne cycloaddition.3,4 The copper-catalyzed version of the reaction
works well at ambient temperatures (and at even lower temperatures), can be run in water
and in common buffer systems for biological applications and can tolerate atmospheric
oxygen. Taken together, these aspects render the copper-catalyzed azide–alkyne cycloaddi-
tion (CuAAC) nearly ideal for bioconjugation applications. CuAAC has subsequently been
used for the functionalization of many classes of biomolecules including sugars,5 nucleic
acids6 and proteins, the topic of this chapter.

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
C© 2009 John Wiley & Sons, Ltd
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The array of molecules that can be conjugated to proteins using CuAAC is nearly
limitless in large part because of the high selectivity and synthetic simplicity of adding
azides or alkynes to a molecule of interest. A survey of the literature indicates that CuAAC
has been used to decorate proteins with molecules including affinity handles such as
biotin,7 sugars,8 DNA,9 fluorophores,10 polymers,11 as well as more exotic molecules like
gadolinium complexes useful in magnetic resonance imaging.12 The other side of creating
bioconjugates using CuAAC is the necessity to introduce the azide or alkyne moiety into
the protein of interest. Neither the azide nor the alkyne is present in the canonical set of
proteinogenic amino acids, which is simultaneously a blessing and a curse. On one hand,
azides or alkynes must be grafted onto proteins in some fashion before bioconjugation via
CuAAC can occur. On the other hand, if the azides or alkynes can be added in a controlled
or site-specific fashion, there is the potential to create protein conjugates with a high degree
of specificity. The specificity of CuAAC and its ‘bioorthogonality’ are what sets CuAAC
apart from canonical bioconjugation techniques such as reacting lysines with activated
esters or reacting thiols with maleimides.

In the first part of the chapter, the posttranslational addition of azides and alkynes to
proteins will be discussed (Figure 13.1). Both chemical and enzymatic methods that add
these functional groups to proteins will be detailed as well as the applications of the protein
conjugates produced by these methods. The second segment of this chapter will focus on
the cotranslational addition of azides and alkynes into proteins via the in vivo incorporation
of unnatural amino acids (Figure 13.1). Finally, the last section of this chapter will detail
the BONCAT technology, which uses CuAAC to label and analyze the newly synthesized
pool of proteins of the cell in a time-resolved fashion.

13.2 Posttranslational Functionalization of Proteins with Azides
and Alkynes

The first use of CuAAC for bioconjugation was carried out by Wang et al. to produce
uniformly labeled cowpea mosaic virus (CPMV) particles.13 The protein capsid of CPMV
consists of 60 identical two-protein units forming a rigid, icosahedral, 30 nm particle that
the Finn group has thoroughly explored as a functional nanomaterial.14 Wild-type CPMV
contains a single surface-exposed lysine residue per asymmetrical unit with exceptional
reactivity toward electrophiles.15 Alternatively, a genetically engineered version of CPMV
with a single exposed cysteine residue (per asymmetric unit) has been designed and pro-
duced.16 These particles present 60 reactive handles in the form of either amine or a thiol
groups, the workhorses of traditional protein conjugation. Reactive linkers were added to
the amines or thiols in a quantitative fashion resulting in particles labeled with 60 azides or
alkynes. Finally, these functionalized particles were further reacted under CuAAC condi-
tions with fluorescein derivatives functionalized with the appropriate reaction partner. The
fluorophore-labeled particles were analyzed using quantitative chromatography. Complete
labeling of all 60 reactive sites was achieved with azide-labeled particles after 16 h at 4 ◦C.
A reaction with the opposite polarity (alkyne-labeled particles reacting with azide-labeled
dye) was less efficient, but could still be driven to near completion by increasing the
concentration of the copper catalyst.
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Figure 13.1 A sampling of methods for the covalent introduction of azides and alkynes into
proteins. Methods can be classified as either posttranslational or cotranslational. Examples are
given for azide incorporation into proteins; the same methods can be used for introduction
of alkynes. From top: reaction of azide-bearing activated ester with lysine residue, function-
alization of the C-terminus of a protein via protein farnesyltransferase (PFTase), multiple site
incorporation of azide-bearing unnatural amino acids and site-specific (single site) incorpora-
tion of azide-bearing unnatural amino acids.

Although the output of these seminal experiments (fluorophore-labeled virus particles)
could have been obtained more easily using traditional protein bioconjugation, this first
example of protein bioconjugation using CuAAC is significant for several reasons. The
authors claim that the kinetics of CuAAC bioconjugation are comparable to other bio-
conjugation reactions, such as the conjugation of thiols to maleimides, thus establishing
CuAAC as a viable bioconjugation method. This report also demonstrated that the con-
ditions required for CuAAC are gentle enough for the maintenance of tertiary (and even
quaternary) protein structure. Lastly, this report introduced the tris-triazolylamine family
of ligands. These ligands, particularly the benzyl derivative TBTA,17 serve the dual purpose
of both activating the Cu(I) ion for catalysis and protecting it from disproportionation. The
TBTA ligand thus further improves the kinetics of CuAAC bioconjugations and also allows
for long reaction times required in some applications. Its use has proved critical for the
success of many subsequent applications of CuAAC for protein labeling.
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Another seminal use of CuAAC in protein conjugation was carried out by Speers and
Cravatt.18 CuAAC was used to advance the field of activity-based protein profiling (ABPP).
In ABPP, reactive substrate analogs are incubated with complex proteomic mixtures in order
to covalently label enzymes at their active site.19 The promise of ABPP is to rapidly assign
functions to proteins, one of the main challenges in the postgenomic era. Traditional ABPP
used probes in which the substrate analog was directly conjugated to a fluorescent dye or
affinity handle such as biotin. The large size of the dye or biotin, however, was viewed as
an impediment to ABPP since these molecules may sterically interfere with the insertion of
the probe into the active site. To circumvent this limitation, the authors synthesized a phenyl
sulfonate probe derivatized with an azide group, which consists of only three atoms and
is much smaller than the dyes typically used in ABPP probes. The phenyl sulfonate probe
is known to specifically label the active site of several enzymes including a glutathione-S-
transferase (GSTO 1-1), aldehyde dehydrogenases (ALDH-1) and enoyl CoA hydratases
(ECH-1). The probe was incubated with several complex proteomic mixtures including
mammalian cell lysates and mouse tissue homogenates. Following this incubation, the entire
protein mixture was subjected to CuAAC conditions with an alkyne-tagged rhodamine dye.
Following separation of the proteins by electrophoresis, the labeled proteins were readily
detected by fluorescence scanning of the gel. In addition to these in vitro demonstrations of
CuAAC-enabled ABPP, the authors also injected the azide-labeled phenyl sulfonate probe
into live mice to test whether CuAAC-enabled ABPP could function in vivo. Remarkably,
following treatment of homogenates of the heart tissue from these mice with CuAAC
conditions and the rhodamine alkyne dye, labeled ECH-1 protein was readily detected via
gel electrophoresis and fluorescence scanning. These results underscore the ‘silence’ of the
azide group toward biomolecules since the probe was able to survive the metabolism of a live
animal and find its protein target. Moreover, the probe demonstrated no apparent toxicity for
the animal. This work also demonstrates the incredible tolerance of the CuAAC reaction.
The reactions were successful despite being carried out in a cellular milieu composed of
thousands of different molecules. In a subsequent report,20 the same authors present several
important refinements to CuAAC-enabled ABPP including the interesting observation that
switching the polarity of the reaction such that the probe carries the alkyne group and the
dye carries the azide leads to lower levels of background labeling in proteomic samples. In
this report, the importance of being able to perform ABPP in vivo is also underscored as
the authors report several proteins that are labeled by the probe in intact cells but not in cell
lysates.

Both of the examples discussed so far have relied on chemical derivatization of the protein
before carrying out bioconjugation via CuAAC. More recently, there have been several
reports of enzymatic or semisynthetic transformations of proteins in order to introduce the
requisite azide or alkyne moiety. Kalia and Raines carried out a study21 in which a variation
on the expressed protein ligation22 protocol was used to install the azide functionality
specifically to the C-terminus of RNAse A (Figure 13.2). Expressed protein ligation relies
on the formation of an electrophilic thioester during the N–S acyl shift of the intein protein
splicing reaction. The authors evaluated a selection of nucleophiles for their ability to
attack a model thioester, and selected the hydrazine moiety for further study. An RNAse
A-intein-chitin binding domain tripartite fusion was expressed in E. coli and immobilized
on chitin beads. Addition of a bifunctional small molecule containing both the azide and
hydrazine moieties to the beads effected the cleavage of RNAse A and the addition of
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Figure 13.2 Introduction of azide or alkyne functionality to the C-terminus of a protein via
intein-mediated thioester formation. An electrophilic thioester is formed by an N–S acyl shift.
The thioester can be attacked by an azide- or alkyne-modified nucleophile, resulting in a single,
amide-linked modification on the C-terminus of the protein.

the azide group to its C-terminus in a single step. The authors report a yield of about
1 mg/l of bacterial culture of the azide-labeled protein, which is exceptional considering
the simplicity of the protocol. Lastly, the authors used CuAAC to covalently label azido-
RNAse A with alkyne-modified fluorescein. Gel electrophoresis and fluorescence scanning
as well as mass spectrometry confirmed that the protein was specifically labeled.

A similar expressed protein ligation strategy was used by Lin et al. to label E. coli
maltose-binding protein (MBP) and green fluorescent protein (GFP) at their C-termini.23

In contrast to Kalia and Raines, the authors used a nucleophile consisting of either the
azide or alkyne linked to the carboxyl group of the amino acid cysteine via an amide bond.
Several different azide-labeled small molecules, including fluorescein, biotin, glucosamine,
a glycopeptide and a diazide linker, were conjugated to the alkyne-modified MBP using
CuAAC. Notably, the authors claim that CuAAC carried out at 4 ◦C without the TBTA
ligand led to poor product yields in these reactions. However, the addition of TBTA to the
reaction and raising the temperature to 25 ◦C led to nearly quantitative modification of
the protein in only 6 h. Lin et al. also used CuAAC to attach azide- and alkyne-modified
proteins to glass surfaces in order to test the potential of CuAAC in the fabrication of protein
microarrays. GFP labeled with either an azide or an alkyne was readily attached to surfaces
decorated with the appropriate reaction partner, although significantly more protein was
attached to the surface when alkynyl-GFP was reacted with an azido surface. Alkynyl-
MBP was also covalently linked to the azido glass surface, and binding experiments with
biotinyl-maltose indicated that the surface-bound MBP retained activity. The importance of
being able to include a single, C-terminal anchoring moiety was underscored in experiments
comparing the CuAAC-based protocol to traditional surface anchoring in which proteins are
randomly linked to the substrate via surface accessible lysines or arginines. The CuAAC-
based surface attachment of MBP led to significantly more active protein (as measured by
binding of biotinyl-maltose) on the surface when compared with the conventional random-
amide formation method.

Two groups have described an alternative way to specifically introduce an azide or alkyne
group near the C-terminus of a protein via posttranslational prenylation catalyzed by the
protein farnesyl transferase (PFTase).24,25 The natural function of PFTase is to add the far-
nesyl moiety to cysteine residues within a four amino acid motif, CaaX (a = aliphatic amino
acid, X = Ala, Ser, Met, Asn), found at the C-terminus of a protein. The yeast PFTase ac-
cepts azide and alkyne analogs of farnesyl diphosphate allowing for the facile modification
of recombinant proteins with the CaaX motif at the C-terminus. Gauchet et al. immo-
bilized alkyne-farnesylated GFP and glutathione reductase (GST) on an azide-modified
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glass surface using CuAAC.25 Duckworth et al. immobilized GFP modified with an azid-
ofarnesyl analog on agarose beads that had been modified with alkyne groups. Notably,
these authors point out that the endogenous proteome (the entity of all proteins in a cell) of
E. coli lacks any proteins with the C-terminal CaaX motif, allowing the farnesylation re-
action to be carried out in a specific fashion on total cell lysates. The orthogonality of the
farnesylation step toward the proteome of E. coli coupled with the orthogonality and robust-
ness of the CuAAC chemistry leads to a potent combination that should enable advances
in the construction of protein microarrays.

The examples presented in this section demonstrate the diversity of methods to introduce
the azide and alkyne moieties into proteins as well as the plethora of applications possible
with these modified proteins. All of these approaches, however, rely upon some posttrans-
lational modification of the protein by either chemical or enzymatic means. This ‘extra
step’ in the conjugation of proteins via CuAAC is critical in certain applications, such as
ABPP, but its elimination could speed up bioconjugation protocols and place the azide and
alkyne on equal footing with amines and thiols, the workhorses of traditional bioconjuga-
tion. Research in the past two decades into the incorporation of unnatural amino acids into
proteins has facilitated the direct, cotranslational incorporation of azides and alkynes (as
well as a host of other functional groups). These technologies and their applications will
be discussed in the next section of this chapter.

13.3 Cotranslational Functionalization of Proteins with Azides
and Alkynes

The language of proteins is the set of 20 canonical amino acids, and a veritable encyclopedia
of protein structures and functions have been assembled by Nature using this language.
However, curious researchers have not been satisfied with Nature’s language for proteins,
and have sought to add new words to it in the form of unnatural amino acids. Efforts to add
new amino acids to proteins can be classified into two distinct classes. In residue-specific
unnatural amino acid incorporation, the codon(s) for one of the 20 natural amino acids is
reassigned to an unnatural amino acid.26 Residue-specific incorporation is also referred to as
selective pressure incorporation by Budisa and colleagues.27 The second class of unnatural
amino acid incorporation experiments is referred to as site-specific incorporation in which
a twenty-first amino acid is added to the set of proteinogenic amino acids. Site-specific
unnatural amino acid incorporation is also a form of codon reassignment, but instead of
reassigning sense codons to the unnatural amino acid, one of the three nonsense codons is
reclaimed and used to code for a twenty-first amino acid.28,29

The residue-specific incorporation technique has been used for more than 50 years30

and relies on the use of auxotrophic strains of E. coli along with a chemically defined
growth medium. Site-specific incorporation was first demonstrated as an in vitro protein
expression technique in which the unnatural amino acid was chemically ligated to a tRNA
that could decode the amber nonsense codon.28 Site-specific incorporation of an unnatural
amino acid in vivo was first demonstrated by Furter in 1998.29 The key discovery in this
work was that an orthogonal aminoacyl-tRNA synthetase (aaRS)–tRNA pair is required for
the incorporation of the twenty-first amino acid. Furter introduced a yeast phenylalanine
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Figure 13.3 Azido and alkynyl unnatural amino acids that can be incorporated into proteins in
vivo. 1, p-azidophenylalanine; 2, O-propargyltyrosine; 3, azidohomoalanine; 4, homopropar-
gylglycine; 5, p-ethynylphenylalanine; 6, azidonorleucine. 1 and 2 have been incorporated in
a site-specific fashion while 3–6 have been incorporated in a residue-specific fashion; 3 and 6
(boxed) are substrates for the wild-type aminoacyl-tRNA synthetase activity of the cell while
1, 2, 4 and 5 require engineered aminoacyl-tRNA synthetase activities.

tRNA (tRNAPhe) with an altered anticodon and the yeast phenylalanyl-tRNA synthetase
(PheRS) into E. coli cells. The addition of these two components to the cells led to efficient
incorporation of fluorophenylalanine in response to a single amber nonsense codon within
the test protein, dihydrofolate reductase. Subsequently, Schultz and colleagues have greatly
expanded upon this methodology by generating high-throughput screening algorithms for
the directed evolution of both the orthogonal tRNA and aaRS.31 These advances have
made possible the site-specific incorporation of dozens of different unnatural amino acids
into proteins expressed in E. coli and in other organisms.32 Both residue- and site-specific
incorporation techniques have been used to deliver the azide and alkyne functionalities to
proteins (Figure 13.3), enabling a host of different applications.

As mentioned above, one of the advantages of directly incorporating an azido- or alkynyl-
amino acid into a protein is that the protein emerges from the cell ready for bioconjugation.
No extra posttranslational modification steps are necessary. Deiters et al. used site-specific
incorporation to introduce the amino acids p-azidophenylalanine (1, Figure 13.3) and
O-propargyltyrosine (2, Figure 13.3) into human superoxide dismutase (SOD) expressed
in the yeast S. cerevisiae.10 These modified proteins were reacted with azide- or alkyne-
modified dansyl or fluorescein dyes and imaged by fluorescence scanning after gel elec-
trophoresis. The same authors demonstrated site-specific modification of human SOD in
which p-azidophenylalanine had been incorporated with an alkyne-poly(ethylene glycol)
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(PEG) reagent.33 It is noteworthy that p-azidophenylalanine can also be incorporated into
proteins in a residue-specific fashion using an active-site variant of the E. coli phenylalanyl-
tRNA synthetase.34

Schoffelen et al. used residue-specific incorporation of the amino acid azidohomoala-
nine (AHA, 3, Figure 13.3) in place of methionine to produce an azide-modified lipase
from Candida antarctica.11 AHA has been demonstrated to be an excellent surrogate for
methionine in protein synthesis, and near-quantitative replacement of the five methionine
residues of the lipase with AHA was readily achieved. Subsequent modification of this
enzyme via CuAAC with either an alkyne-dansyl dye or an alkyne-PEG led to protein with
only a single modification. Mass spectrometric analysis confirmed that this modification
occurred only at the N-terminus of the protein despite the fact that there are five methionine
residues in the protein. The rationale for this selective modification is that the N-terminal
methionine is the only methionine residue exposed to the solvent; the other residues are
buried in the core of the protein. Furthermore, the modified enzyme retains a significant
fraction of its wild-type activity. It is important to point out that the TBTA ligand de-
scribed earlier was not used in these studies. A sulfonated bathophenanthroline ligand with
significantly improved water solubility over TBTA35 was used instead. Though both site-
specific and residue-specific unnatural amino acid incorporation techniques can be used to
produce proteins for bioconjugation via CuAAC, protein production via residue-specific
incorporation is simpler and does not suffer from the protein yield limitations sometimes
observed with site-specific incorporation.31 The relatively low abundance of methionine in
the proteome coupled with its hydrophobicity that often confines it to the core of proteins
makes residue-specific incorporation of AHA in place of methionine a promising avenue
for ‘pseudo-site-specific’ modification of proteins via CuAAC.

The ability of CuAAC to tolerate complex biological milieu has been discussed above.
In another example of the tolerance of CuAAC to biological conditions, Link and Tirrell
set out to use CuAAC to address azide-labeled proteins in their native cellular context.36,37

As a model system, AHA was incorporated into a variant of the E. coli outer membrane
OmpC. The modified protein was properly targeted to the outer membrane, and subsequent
reaction of the whole cells with a biotin–alkyne reagent under gentle CuAAC conditions
led to extensive and specific functionalization of the cell surface with biotin as determined
by western blotting experiments on outer membrane fraction of the cells. The biotinylated
cells were also readily differentiable from unlabeled cells when stained with fluorescent
streptavidin and subjected to flow cytometry. These experiments again demonstrate the
versatility of the CuAAC chemistry; the CuAAC reaction is unhindered by the complex
environment of the bacterial outer membrane, which contains lipids, proteins, polysaccha-
rides and other molecules. These experiments formed the basis for further investigations
by Link et al. in which the cell surface display of unnatural amino acids was exploited in
a high-throughput screening method for the identification of novel methionyl-tRNA syn-
thetase (MetRS) activity.38 A saturation mutagenesis library of MetRS was screened for the
ability to incorporate the long-chain amino acid azidonorleucine (4, Figure 13.3) using a
flow cytometric screen, and a variant of MetRS that can activate azidonorleucine efficiently
was discovered. In this screening protocol, the copper-catalyzed reaction was eschewed
in favor of a cyclooctyne reagent developed in the Bertozzi laboratory39 because of the
observation of toxicity of the copper catalyst toward E. coli. The increased sensitivity of
the cells to copper in this case may be attributed to perturbations of the outer membrane
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of the cells via overexpression of the OmpC protein since wild-type E. coli can typically
tolerate up to 10 mm concentrations of copper ions. Beatty et al. also demonstrated the
tolerance of the CuAAC chemistry to a complex cellular environment in experiments in
which the unnatural amino acid p-ethynylphenylalanine (5, Figure 13.3) was incorporated
into the recombinant cytosolic protein barstar.40 Cells expressing the substituted barstar
were treated with a fluorogenic azidocoumarin dye41 and were rendered fluorescent after
treatment with CuAAC reagents. Similar experiments were carried out in fixed mammalian
cells in which the methionine surrogate homopropargylglycine (HPG, 6, Figure 13.3) was
incorporated throughout the proteome.42

The Finn group has also used the residue-specific incorporation of the methionine analogs
AHA and HPG in their studies of viral capsids as functional nanomaterials. Prasuhn et al.
incorporated AHA into genetically engineered mutants of the coat protein of bacteriophage
Qb such that the azide groups from AHA are only displayed on the interior of the assembled
particle.12 CuAAC was used to covalently ligate a gadolinium complex to the assembled
particles, which were used in a study of the effect of surface charge on the plasma clearance
of the particles from mice. The same group also incorporated AHA into a surface-exposed
position of the Qb particle and could address 90% (over 300 moieties per particle) of
the displayed azide moieties with a fluorescein–alkyne reagent via CuAAC.43 Despite this
heavy functionalization, the recovery of intact particles was efficient, again underscoring
the mild nature of the CuAAC reaction conditions.

A particularly elegant use of residue-specific incorporation of AHA followed by biocon-
jugation via CuAAC was described in a recent paper by van Kasteren et al.8 The authors
were interested in being able to mimic multiple posttranslational modifications in a site-
specific fashion within a protein. To achieve this goal, they generated a mutant version of
the SSβG protein, an enzyme with LacZ-type galactosidase activity, in which all of the
methionine residues except one were replaced with the nearly isosteric isoleucine. Addi-
tionally, one of the cysteine residues found naturally in the protein was mutated to serine
creating a protein with a single methionine and a single cysteine. Despite all of the muta-
tions, the mutant SSβG retained its enzymatic activity. The protein was expressed under
conditions that led to near-quantitative replacement of methionine with AHA, resulting in
a protein with two orthogonal site-specific handles for chemical modification. As a first
test, the authors installed glucose at the cysteine thiol via a disulfide-forming reaction and
galactose at the azide sidechain of AHA via CuAAC. Both modifications proceeded nearly
quantitatively and under gentle conditions. Notably, optimized CuAAC conditions were
employed which eliminated the reducing agents used in many applications of CuAAC.
These reducing agents, such as ascorbic acid or tris(carboxyethyl) phosphine (TCEP), are
incompatible with the thiol chemistry. The authors also generated SSβG with a mimic of
tyrosine sulfonation at the cysteine moiety and either a specific trisaccharide or tetrasac-
charide at the AHA moiety. The doubly modified protein was designed to be a mimic of
the human protein P-selectin-glycoprotein-ligand-1 (PSGL-1). The chemically modified
protein was competent in binding to human selectin, and it was demonstrated that both
modifications were necessary for optimal binding. Most impressively, the doubly modified
SSβG could be used in vivo as a sensor of either acute or chronic inflammation in rat cortex.
In a similar application, the protein could be used to detect a malarial infection in a mouse
model. These studies demonstrate the power of CuAAC-based bioconjugation when used
in conjunction with conventional cysteine-based bioconjugation. The techniques described
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should be generally useful for biologists interested in mimicking multiple posttranslational
modifications to proteins. This is an application for which traditional bioconjugation to
lysines and cysteines simply would not work because of the abundance (and functional
importance) of lysine residues in proteins. The relatively low abundance of methionine
in the proteome along with some clever genetic engineering allowed once again for the
‘pseudo-site-specific’ incorporation of the azide group into a protein.

13.4 BONCAT: Identification of Newly Synthesized Proteins via
Noncanonical Amino Acid Tagging

In the last section of this chapter we want to discuss the application of CuAAC to proteomic
profiling of cultured cells and tissues. On the molecular level proteins drive all major
cellular functions. Cells, tissues, and living organisms all are dynamic entities responding
to perturbations in their environment by changing the set of proteins the proteome they
express either through posttranslational modifications of existing proteins or via adjustments
in protein synthesis and degradation. For example, the composition of protein complexes
and networks, such as the NMDA glutamate receptor complex or signaling cascades,
can be regulated by the addition of de novo synthesized proteins or removal of existing
proteins through changes in the activity pattern. Disruptions or imbalances in cellular
protein homeostasis cause severe disorders of which the various types of cancers or fragile
X mental retardation are just a few prominent examples. Therefore, a tremendous challenge
for researchers and health professionals alike is the comparison of two or more proteomes,
for example the cancerous vs noncancerous state, to eventually pinpoint and isolate the
exact cellular malfunction.

Currently, various forms of mass spectrometry (MS) based proteomic profiling tools
are the prime candidate approaches to characterize expression and functional modification
profiles of proteins. Modern proteomics, however, faces several major challenges: first,
proteins display an undisputed heterogeneity and cannot be amplified like their genomic
counterparts, aggravating their identification in complex mixtures. Second, in-depth iden-
tification of a cell’s entire proteome, let alone the comparison to another proteome, is
unarguably a difficult feat with an estimated number of approximately 10 000 different
proteins in a single mammalian cell.44 Third, copy numbers of proteins from different
mammalian cells and tissues vary with a predicted dynamic range of up to six orders of
magnitude, and this number is even several orders of magnitude larger in plasma samples.
Compared with subfemtomolar sensitivity in the analysis of a single purified protein, the
effective identification of low-abundance proteins in complex mixtures is several orders
of magnitude lower due to limited dynamic range and sequencing speed of current mass
spectrometry instruments.45 Hence, no single proteome of a mammalian cell or lower eu-
karyotic microorganism, such as yeast, has been completely characterized so far. A recent
proteomic profiling study identified 5111 proteins in murine embryonic stem cells.46

How can these obstacles be mastered? How can one achieve in-depth identification
and capture temporal and spatial proteome dynamics associated with changes in a cell’s
activation pattern, or its developmental stage if not all proteins – high or low in abundance –
can be identified with equal chances and accuracy?
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Biochemical and analytical approaches to reduce proteome complexity and to increase the
dynamic range of protein identification use fractionation and affinity-purification tools on
protein and peptide levels prior to MS analysis. In particular, fractionation methods of whole
organelles (mitochondria47 and nucleolus48) and compartments, such as the postsynaptic
density of neurons49,50 as well as affinity-purified protein complexes,49,51,52 have been
successfully used to enhance in-depth proteomic analysis.

However, not only qualitative knowledge but also quantitative knowledge of a proteome
is important to understand a cell’s activation state and overall phenotype. Therefore, ex-
tensive efforts have been dedicated to the development of differential proteomic profiling
approaches to compare proteomes with one another and to obtain relative quantification
of individual proteins among samples. These methods include differential 2D gel elec-
trophoresis53,54 (DIGE), isotope-coded affinity tags55 (ICAT) or isobaric tags for relative
and absolute quantification56 (iTRAQ), quantitative proteomic analysis using samples from
cells grown in14N- or15N-media57 and stable isotope labeling by amino acids in cell cul-
ture48,58 (SILAC).

Furthermore, the combination of MS with affinity purification for different posttrans-
lational modifications59–63 decreases sample complexity by enrichment of a specific
subpopulation of the proteome. While posttranslational modifications such as phos-
phorylation or ubiquitination readily provide a suitable handle for enrichment of the
‘phosphoproteome’ or for proteins destined for degradation, reducing sample complexity
by selectively enriching for newly synthesized proteins is troublesome, since all proteins –
old and new – share the same pool of 20 amino acids. Nonetheless, the specific enrichment
and identification of recently synthesized proteins would complement the range of
differential proteomic profiling methods already available, and add another level of
separation and simplification of complex protein mixtures, deepening our insights into the
spatial and temporal dynamics of proteomes.

To provide the proteomics community with this added feature of selecting for newly
synthesized proteins, the BONCAT (bio-orthogonal noncanonical amino acid tagging)
technology was developed. The core of the BONCAT technique capitalizes on the manifold
potential of small bioorthogonal chemo-selective groups (for a review see Prescher and
Bertozzi64). In the first step of BONCAT, newly synthesized proteins are labeled using the
azide-bearing unnatural amino acid azidohomoalanine (AHA, 3, Figure 13.3), endowing
them with novel azide functionality, which distinguishes them from the pool of pre-existing
proteins (Figure 13.4). Employing CuAAC, the reactive azide group of AHA is covalently
coupled to an alkyne-bearing affinity-tag in the second step. This tag enables the subsequent
detection, affinity purification and MS identification of AHA-labeled proteins. The enrich-
ment for newly synthesized proteins decreases the complexity of the sample, fostering the
identification of proteins expressed at low levels.

Although Dieterich et al. used an alkyne-biotin-FLAG tag in the original application
of BONCAT,65,66 researchers may wish to substitute the biotin and the FLAG epitope for
other affinity moieties. While the biotin moiety is used for avidin-based affinity purification,
the FLAG epitope provides sites for trypsin cleavage, allowing immediate proteolysis of
proteins on the affinity resin, bypassing the need for a separate elution step. Furthermore,
the FLAG epitope can be used as an alternative purification module if native biotinylation
of proteins is a concern. In this case affinity-purified AHA-tagged proteins can be eluted
using high-salt conditions or competition with the FLAG-peptide. The increasing number
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Figure 13.4 A schematic depiction of the BONCAT approach. Metabolic cotranslational
labeling with azidohomoalanine and an isotopically heavy amino acid (shown here is deuter-
ated leucine) confers bioorthogonal functionalization to newly synthesized proteins. After
incubation, cells are directly lysed or, alternatively, a subcellular fractionation for biochemical
enrichment of specific cellular compartments is performed prior to lysis. Lysates are coupled
to an alkyne-bearing affinity tag, followed by affinity purification. Purified proteins are digested
with a protease, most commonly trypsin, and the resulting peptides are analyzed by mass
spectrometry to obtain experimental spectra. Different search algorithms are used to match
the acquired spectra to protein sequences.

of new functional linkers, such as photocleavable or acid-labile groups, promises to add to
the versatility and specificity of affinity tags for BONCAT applications.

After tryptic digestion of avidin-bound or eluted proteins, peptides bearing the tryptic
remains of tagged AHA can serve as an immediate validation of candidate proteins. In
the event of failed tagging, i.e. unligated AHA, the mass loss of AHA over methionine
marks this peptide as derived from a true newly synthesized candidate protein. To increase
the chances of detecting metabolically modified peptides co-labeling cells with deuterated
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l-leucine (d10L) or any other isotopically heavy amino acid allows, in conjunction with the
modification derived from the introduction of AHA, the validation of candidate proteins.

As described in the previous section of this chapter, AHA is an effective surrogate for
methionine, and does not require any cellular manipulations to be accepted as a substrate by
the methionyl-tRNA synthetase.7,67 Methionine is an essential amino acid in mammals, and,
therefore, the prerequisite for effective depletion and, thus, increased incorporation rates
for AHA into newly synthesized proteins are favorable. However, identification of newly
synthesized proteins with BONCAT is limited to proteins that possess at least one methio-
nine residue, excluding the 1.02% of all entries in a human protein database, which do not
contain a single methionine. Given that 5.08% of the human proteome possess only a single,
N-terminal methionine and that this residue may be subject to removal by posttranslational
processing, at least 94% of the mammalian proteome are candidates for identification by
BONCAT.65 Interestingly, we have found no bias toward methionine-rich proteins in the
proteomes characterized so far.

In general, labeling with AHA is very similar to the traditional metabolic labeling
with radioactive amino acids (35S-labeled methionine or cysteine) and can be performed
in any biology or chemistry laboratory. BONCAT has been tested by us in a variety of
cell lines, primary neuronal cells as well as organotypic brain slice cultures (unpublished
observations). We found in all systems tested that the presence and incorporation of AHA is
nontoxic and does not affect global rates of protein synthesis or degradation. CuAAC can be
performed on denatured proteins in the presence of detergents, such as SDS, promoting the
identification of diverse classes of proteins, i.e. membranous and soluble, acidic and basic
as well as high and low molecular weight proteins. Indeed, the identified proteins display a
broad range of functional and biochemical diversity65 in terms of size or isoelectric point.
Since the coupling reaction withstands harsh buffer conditions, even membrane proteins can
be tagged and identified. Finally, AHA-tagged newly synthesized proteins show undisturbed
subcellular distribution, for example tagged histone proteins could be identified from and
found in the nuclear fraction.

Lastly, the BONCAT principle is not restricted to MS-based proteomic profiling, but the
spatial fate of newly synthesized proteins can directly be visualized by using fluorescent
CuAAC tags as Beatty and coworkers have demonstrated.42 It also promises the possibility
to work in combination with other proteomic approaches to directly compare different pro-
teomes in a single MS experiment or to facilitate the identification of even more specific sub-
populations of the proteome. Moreover, subcellular fractionation and immunopurification of
protein complexes can be followed by BONCAT to assess the temporal and spatial dynamics
of certain subcellular compartments, organelles and protein–protein interaction networks.

13.5 Conclusions and Future Prospects

As evidenced by the breadth of the examples provided in this chapter, the preeminent click
chemistry reaction, CuAAC, has done much to advance the fields of protein conjugation,
protein engineering and even proteomics. Protein engineers now have a viable alternative
to traditional cysteine- and lysine-based bioconjugation strategies that can function in even
the most complex biological environments. The relative synthetic ease of introducing the
azide and alkyne moieties into small molecules should ensure the continued growth of
CuAAC as a bioconjugation method by researchers across many fields of biology.
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The use of a copper catalyst is a potential limitation of CuAAC in some biological ap-
plications. If CuAAC is being performed on live cells, the concentration of copper needed
to effect CuAAC may be toxic to the cells. Similarly, if a protein bioconjugate is being
produced for therapeutic use, the removal of all traces of copper is critical. To address these
needs, Bertozzi and others39,68,69 have developed copper-free versions of the azide–alkyne
ligation in which the alkyne is activated by ring strain. These conjugation strategies, which
are discussed in detail in Chapter 3, promise to enable even more applications in bioconju-
gation and proteomics.

What is the future of click chemistry in protein engineering? One can imagine that new
click reactions beyond CuAAC will come to the forefront and may be used either as a
replacement for or in conjunction with CuAAC. In the more immediate future, protein
engineers should take advantage of the fact that CuAAC transcends any single discipline,
percolating freely through biological chemistry, organic chemistry and materials science.
Many of the future uses of CuAAC in protein science may come in interfacing proteins
with materials, both soft and hard. Such work is already underway, as evidenced by the
use of CuAAC to construct a protein microarray described earlier in this chapter.23 One
could also envision covalently interfacing redox active proteins with electronic materials via
CuAAC for sensing applications. On the soft materials front, CuAAC is an ideal chemistry
for the attachment of targeting proteins to liposomes or polymeric nanoparticles currently
being explored for drug delivery applications. The simplicity and reliability of CuAAC
has led to a plethora of uses in protein science described herein in a period of just over
five years. These same aspects ensure that CuAAC will continue to be a versatile, well-
used tool for protein engineers (and biologists in general) over the next five years and
beyond.
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14
Fluorogenic Copper(I)-catalyzed

Azide–Alkyne Cycloaddition
Reactions and their Applications

in Bioconjugation

Céline Le Droumaguet and Qian Wang

14.1 Click Reaction for Bioconjugation Applications

Bioconjugation has recently emerged as a fast growing technology that affects almost
every discipline of life sciences. It aims at the ligation of two or more molecules (or
supramolecules) to form a new complex with the combined properties of its individual
components.1 Taking advantage of the outstanding reaction profile, ‘click chemistry’, in
particular the Cu(I)-catalyzed or copper-free alkyne-azide cycloaddition reactions,2–4 was
embraced by bioconjugation chemistry in its early developmental stages.

The first demonstration in bioconjugation application of the Cu(I)-catalyzed alkyne–azide
cycloaddition (CuAAC) reaction was reported by Finn, Sharpless, Fokin and cowork-
ers.5 Cowpea mosaic virus (CPMV), a nonenveloped icosahedral plant virus, was chosen
as a protein prototype and successfully labeled at all 60 identical protein asymmetric
units of the capsid. Tris(carboxylethyl)phosphine (TCEP), a water-soluble reducing agent,
was used to reduce Cu(II) to Cu(I) at 4 ◦C. Addition of tris[(1-benzyl-1H-1,2,3-triazol-
4-yl)methyl]amine ligand (TBTA, 1)6 drastically enhanced the reaction rate and an al-
most quantitative amount of modified proteins was able to be recovered after the reaction
(Figure 14.1). The azide and alkyne moieties could be attached to lysine, cysteine or tyrosine
residues, and the reaction is quite inert to the structures to be conjugated.5,7–13

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
C© 2009 John Wiley & Sons, Ltd
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Figure 14.1 Structures of the most well-known ligands used for CuAAC-based bioconjugation
reactions.

Many ligands and catalytic systems have been developed to make CuAAC reactions
suitable for a bioconjugation process, where mild reaction conditions and high reaction effi-
ciency are necessary. Besides ligand 1, pyridine-containing compounds and benzimidazole-
related ligands were found to be effective accelerating ligands to the CuAAC reaction.14,15

The water-soluble bathophenanthrolinedisulfonic acid 2 and benzimidazole tricarboxylate
3 were confirmed to be remarkably reliable to catalyze a rapid and high-yielding synthesis
of functionalized triazoles with an extremely low quantity of copper ion at room temper-
ature or 4 ◦C (Figure 14.1). Being suitable for most of bio-platforms, CuAAC reactions
have been followed by other groups for different bioconjugation applications. For example,
Cravatt et al. used CuAAC reaction for activity-based protein profiling, where the proteomes
(enzymes) of human breast cancer cells were labeled in vivo.16,17 In this study, enzymes
were functionalized with azides, homogenized and reacted with tetramethylrhodamine-
alkynes. The labeled enzymes were detected and quantified, giving similar results with
standard activity-based protein labeling. Tirrell et al. incorporated nonnatural azido-amino
acids into the E. coli cell membrane protein OmpC, which were successfully modified with
biotin–alkyne via a CuAAC reaction.18,19 Schultz and coworkers introduced azido-amino
acids or alkyne-amino acids into proteins in yeast20,21 and the pIII protein of M13 fila-
mentous phage.22 These were sequentially reacted with fluorescent dyes or polyethylene
glycols via click reaction. Ju and coworkers have applied the click reaction to fluores-
cently label DNA.23,24 In addition, the CuAAC reaction has been applied to immobilize
oligonucleotides on glass substrates in well-defined micropatterns.25,26

14.2 Significance of Fluorogenic Reactions in Bioconjugation

One important application of bioconjugation is to modify cellular components selectively
with signaling probes for the research of in vivo imaging, proteomics, cell biology and
functional genomics.27–29 A multistep procedure is commonly employed: the cellular en-
tity is first attached with a detectable tag, such as fluorescent dyes and biotin followed with
purification of the ligated product and then detection of the conjugated tag with the target
protein. However, excess prelabeled reagents (i.e. fluorescent dyes and biotin) are generally
difficult to be removed from the intracellular environment or from tissues of living organ-
isms, which prohibits the application of a multistep labeling procedure in many biological
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Scheme 14.1 Fluorogenic reaction between fluorescamine and a primary amine.

applications. An ideal alternative is a chemoselective process that is orthogonal to bio-
logical components, and the ligated product will afford strong detectable signal while the
unbound reagent does not contribute to any background. Therefore, the fluorogenic reac-
tion, a process where non- or weakly fluorescent reagents meet each other to give rise to
visible fluorescence, would be invaluable for many bioimaging applications.

To date a wide array of fluorescent sensors and switches have been synthesized to recog-
nize important events of chemistry, biology and materials. For example, selective ligands
and ionophores for cations and ions are well established in optical sensing and in vivo
probing.30 Additionally, many fluorogenic dyes have been developed to detect neutral an-
alytes based on noncovalent interactions.31–33 In comparison, fewer reagents are available
for covalent modification of biomolecules with high specificity and fluorogenic proper-
ties. Fluorescamine is one of the best-known reagents; it is intrinsically nonfluorescent
but reacts rapidly with primary aliphatic amines to yield a blue-green-fluorescent pyrroli-
none (Scheme 14.1). It has been broadly used in protein labeling, protein sequencing,
determination of protein concentration and detection of low-molecule-weight amines in
chromatography.34–38

Table 14.1 lists a few other commercially available fluorogenic probes which are able
to tag biomolecules containing functional groups like primary amines, thiols or carbonyls,
as well as DNA or RNA.30 However, since amine, thiol and carbonyl groups are the most
abundant functional units in biosystems, all these reagents can hardly afford selective mod-
ification of a targeted biospecies under the complicated intracellular conditions. In order to
distinguish the target protein among the surrounding components, genetically encoded tags
such as green fluorescent protein (GFP) and its variants are routinely applied.39 Although
the development of the GFP technology in the past two decades has enabled the use of GFP
(or its variants) to signal physiological activation and indicate its chemical environment,
GFP is still potentially perturbative because its size (238 amino acids) is often larger than
the protein of interest. Therefore, Tsien and coworkers designed a short peptide domain
composed of six to 20 amino acids containing the sequence Cys–Cys–Xaa–Xaa–Cys–Cys
(where Xaa is a non-cysteine amino acid), and this domain can be genetically incorporated
into the protein of interest.40,41 Two fluorogenic dyes, the bisarsenical derivatives of fluores-
cein (FLAsH-EDT2) and resorufin (ReAsH-EDT2), were synthesized (Scheme 14.2). The
membrane-permeating FLAsH-EDT2 and ReAsH-EDT2 are nonfluorescent but become
brightly fluorescent upon binding to the tetracysteine motif.41 This fluorogenic reaction,
designed by Tsien et al., is a powerful strategy to label proteins; however there is still a
growing interest in visualizing biomolecules that are not amenable to such genetic modi-
fication. Furthermore, it is still not applicable for certain applications due to the potential
cytotoxicity of bisarsenical compounds at high concentration.
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Table 14.1 Structure of representative commercially available
fluorogenic reagents

a MDPF, 2-methoxy-2,4-diphenyl-3(2H)-furanone; NPA, naphthalene-2,3-carboxal-
dehyde; NBD-Cl, 4-chloro-7-nitro-2,1,3-benzoxadiazole; ABD-F, 4-fluoro-7-aminosul-
fonylbenzofuran; D-346, 7-diethylamino-3(4′-maleimidylphenyl)-4-methylcoumarin;
D-100, 5-dimethylamino-naphthalene-1-sulfonyl hydrazine; DBD-H, 4-(N,N-
dimethylam- inosulfonyl)-7-hydrazino-1,3-benzoxadiazole.
b Compound references in Molecular Probes catalog.
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Being a highly energetic functional group, the organic azide is stable and unreactive
with most biomolecules under physiological conditions as demonstrated by Bertozzi and
coworkers with a modified version of the Staudinger reaction (see Chapter 3 for further
details).42 In brief, the product of the classical Staudinger reaction between a phosphine and
an azide is an aza-ylide. Hydrolysis of the aza-ylide produces an amine and a phosphine
oxide. The Bertozzi group elegantly placed an electrophilic trap adjacent to phosphine,
which could react with the aza-ylide to form a stable amide adduct via an intramolecular
electrophilic addition reaction. This reaction is highly efficient and specific even in the pres-
ence of water and a variety of other functional groups. They further designed a fluorogenic
Staudinger reaction using a coumarin core.43 The 3-position of the coumarin core is known
to strongly influence its fluorescent properties. In compound 4, the lone pair on phosphine
quenches the fluorescence of coumarin [Scheme 14.3(a)]. After the formation of phospho-
rous oxide through the modified Staudinger reaction, the electron-donating phosphorous is
switched into an electron-withdrawing functionality, and the fluorescence was activated.

Another fluorogenic Staudinger reaction was also reported for live-cell imaging.44 In
this study, phosphine compound 6 was synthesized with fluorescein-based fluorophore
that is quenched intramolecularly by an ester-linked fluorescence resonance energy trans-
fer (FRET) quencher. The reaction performed between 6 and benzyl azide in aqueous
solution gave a compound whose fluorescence was enhanced 170-fold due to the free
of the quencher [Scheme 14.3(b)]. With that in mind, HeLa cells were incubated with
peracetylated N-azidoacetylmannosamine for 40 h in order to introduce N-azidoacetyl
sialic acid into their surface cells, and the cells incubated with 6 for 8 h at 37 ◦C. After
the incubation, fluorescence microscopy images showed highly localized fluorescence on
the cell surfaces with little to no background with the cells that were not labeled with azi-
doacetylmannosamine.44 The work by Bertozzi and coworkers highlighted that potential of
using an azido group as the anchorage for bioconjugation and the merits of the fluorogenic
reactions in real-time imaging of cellular components.

14.3 CuAAC-based Fluorogenic Reaction

As a prototype of ‘click chemistry’,45–48 the recent advance of CuAAC reaction affords
superior regioselectivity and almost quantitative transformation under extremely mild con-
ditions.2,49 Alkyne and azide groups are very small in size, are highly energetic, and have
a particularly narrow distribution of reactivity. They can be conveniently introduced to
organic compounds, and are quite insensitive to solvent and pH. Therefore, the CuAAC
reaction becomes an ideal candidate to develop new fluorogenic reactions for the bioconju-
gation purpose. Figure 14.2 shows a schematic illustration of fluorogenic 1,3-cycloadditions
between azides and alkynes, which have been reported to covalently link two biomolecules
or supramolecular complexes for imaging or as reporters to monitor the ligation efficiency.
In most situations, some prefluorophores are designed as the starting materials and the
fluorescent signals can be triggered by the formation of triazole rings.

The coumarin was simultaneously chosen to develop fluorogenic CuAAC reactions by
Fahrni et al. and Wang et al.50,51 Coumarins are easy to synthesize and biocompatible and
their photophysical properties are well known: substitution by electron withdrawing group
at the 3-position and substitution by electron donating group at the 7-position strongly
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Scheme 14.3 Fluorogenic Staudinger reactions.43,44 (b) Reprinted with permission from M. J.
Hangauer, C. R. Bertozzi, (2008), A FRET-based fluorogenic phosphine for live-cell imaging
with the Staudinger ligation, Angew. Chem. Int. Ed., 47(1). Copyright 2008 Wiley-VCH.

enhance their fluorescence intensities while addition of electron donating groups at the 4-,
6- or 7-positions or electron-withdrawing groups at the 3-position shift the fluorescence
band to longer wavelengths (Figure 14.3).52–54

The challenge was the design and synthesis of coumarin derivatives whose fluores-
cence could be quenched with an azido or alkyne moiety. Zhou and Fahrni synthesized a
coumarin-based fluorogenic probe 8 (Scheme 14.4) bearing an alkyne at the 7-position.51
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Figure 14.2 Schematic representation of fluorogenic CuAAC reaction. Reprinted with per-
mission from K. Sivakumar et al., (2004), A fluorogenic 1,3-dipolar cycloaddition reaction of
3-azidocoumarins and acetylenes, Org. Lett., 6, 4603–4606. Copyright 2004 ACS.

The formation of the triazole ring after CuAAC with an azide increases the electron-
donating strength at the 7-position and consequently strongly enhances the fluorescence
signal of the cycloaddition product. This fluorescence triggering was also confirmed by
a semiempirical quantum calculation study on the electronic frontier orbital of starting
material 8 and the final triazolo-compound 9.

Wang and coworkers designed a series of fluorogenic 3-azidocoumarins 10 as shown
in Scheme 14.5.50 The fluorescence of these compounds is quenched due to the electron-
rich α-nitrogen of the azido group. After the formation of the triazolo compound via the
CuAAC reaction, the electronic density at the 3-position is reduced because the lone pair
electrons contribute to the aromatic ring, which strongly enhances fluorescence. Moreover,
they have applied these fluorogenic CuAAC to a wide range of alkynes, allowing the
synthesis of triazolocoumarin dyes combinatorially. The formation of the triazolocoumarins
11 was directly detected by fluorescence screening of a 96-well plate upon irradiation at
365 nm (Figure 14.4). These triazolocoumarins can be prepared in large quantity by a
simple filtration. Because of the high reactivity of aromatic azides used in the synthesis,
the cycloaddition can be completed even at 0 ◦C, which benefits a real application of
ligation between biomolecules, for which elevated temperature is usually destructive and
physiological conditions are requested.

Figure 14.3 Electron donating group at the 7-position and electron-withdrawing groups at
the 3-position of the coumarin scaffold enhance its fluorescence.
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Scheme 14.4 Fluorogenic CuAAC reaction based on the nonfluorescent 7-alkynylcoumarin
8.

Two CuAAC reaction-activated fluorescent probes based on 1,8-naphthalimide were
reported by Wong and coworkers (Scheme 14.6).55 The substitution of 1,8-naphthalimide at
the 4-position by an electron donating group is known to strongly affect the fluorescence.56

The 1,8-naphthalimide derivatives 12a and 12b, bearing at the 4-position either an alkyne
or an azide, respectively, showed no fluorescence. Upon conjugation with complementary
azido- and acetylene-modified l-fucose, 13a and 13b, respectively, they afforded strongly
fluorescent triazolo-compounds.

Recently, Wang and coworkers proposed a new type of fluorogenic reaction based on the
PET (photoinduced electron transfer) process of anthracenes.57 In their work, an azido group
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Scheme 14.5 Fluorogenic 3-azidocoumarins and their CuAAC reaction. Reprinted with per-
mission from K. Sivakumar et al., (2004), A fluorogenic 1,3-dipolar cycloaddition reaction of
3-azidocoumarins and acetylenes, Org. Lett., 6, 4603–4606. Copyright 2004 ACS.
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Figure 14.4 Combinatorial synthesis and screening of triazolocoumarins (11) library in mi-
crotiter plates. The colors shown here do not represent the true fluorescent wavelengths due
to the use of UV filters. Reprinted with permission from K. Sivakumar et al., (2004), A fluo-
rogenic 1,3-dipolar cycloaddition reaction of 3-azidocoumarins and acetylenes, Org. Lett., 6,
4603–4606. Copyright 2004 ACS.

was introduced close to the anthryl core via a nonconjugated linker to allow a favorable
electron transfer from the azido donor to the excited anthryl core inducing quenching of
fluorescence. After the CuAAC reaction, the lone pair of electrons of the nitrogen is a
part of the aromatic system, thus the nitrogen is a weaker electron donor, which does
not permit the PET process and induces fluorescence activation (Scheme 14.7). In pure
DMSO, the fluorescent emission intensity of product 15a (R2 is a phenyl group) was
75-fold stronger than that of 14a, while 15a shows almost the same absorption intensity
as 14a (Figure 14.5). The quantum yield of 15a was 0.96, much higher than that of 14a
(∼0.02). Moreover, there was no shift in emission and excitation wavelength accompanying
the change of fluorescence intensity. All these results were consistent with a PET process
between the azido group and the anthryl core. This fluorogenic CuAAC was tested between
a series of azido-anthracene derivatives and a wide range of alkynes. The mild reaction

Scheme 14.6 Fluorogenic ligation between 6-modified fucose analogs and 1,8-
naphthalimide. Reprinted with permission from M. Sawa et al., (2006), Glycoproteomic
probes for fluorescent imaging of fucosylated glycans in vivo, Proc. Natl Acad. Sci. USA,
103, 12371–12376. Copyright 2006 National Academy of Sciences, USA.
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Scheme 14.7 Fluorogenic reaction of azido-anthracene 14. Reprinted with permission from F.
Xie et al., (2008), A fluorogenic “click” reaction of azidoanthracene derivatives, Tetrahedron,
64 (13), 2906–2914. Copyright 2008 Elsevier.

conditions and high fidelity of the Cu(I)-catalyzed process allowed them to screen the
fluorogenic properties of the cycloaddition reactions combinatorially.

A fluorogenic click reaction using borondipyrromethene (BODIPY) as pre-fluorophore
has also been developed.58 Since the fluorescence properties of BODIPY dyes can be
changed by modifying the 3- (or 5-) position of the pyrrole ring, an azido group was
introduced to the 3-position of the pyrrole ring to quench the fluorescence of BODIPY
16. The formation of triazole rings via CuAAC with alkynes reduces the electron-donating
effect and increases strongly the fluorescence of derivatives 17 (Scheme 14.8). It was
also noticed that the fluorescence enhancement is higher when the alkynes bear strong
electron-withdrawing than when they bear strong electron-donating groups.58

14.4 Applications of CuAAC in Bioconjugation

The very mild conditions of the fluorogenic CuAAC reaction as well as the biocompatibility
of the functional groups make it an ideal reaction for a wide range of in vitro and in vivo
bioconjugation applications (Figure 14.6).

Figure 14.5 Comparison of fluorescent emission (left) and absorption spectra (right) of 14a
and 15a (R2 = phenyl) in DMSO (10 µM for emission spectra and 50 µM for absorption
spectra). Reprinted with permission from F. Xie et al., (2008), A fluorogenic “click” reaction
of azidoanthracene derivatives, Tetrahedron, 64 (13), 2906–2914. Copyright 2008 Elsevier.
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Scheme 14.8 Fluorogenic CuAAC reaction of a 3-azido-BODIPY compound.

Figure 14.6 Schematic illustration of the bioconjugate applications of the fluorogenic CuAAC
reaction.
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14.4.1 Fluorogenic Probing of Cellular Components

In situ labeling proteins is of particular interest in biology because it allows the localization
of the cell–cell interaction and the newly synthesized proteins. Fluorogenic CuAAC can
be a useful tool in the imaging of proteins because it allows the use of profluorophore
combining advantages, including small size, membrane permeability, intense fluorescence
after activation and bioorthogonal reactivities.

Tirrell and coworkers have incorporated noncanonical amino-acids homopropargyl-
glycine (Hpg) or ethylnyl-phenylamine (Eth) into recombinant barstarproteins by cotrans-
lation [Figure 14.7(a)].59 These two alkynyl amino-acids substituted methionine (Met)
and phenylalanine (Phe) residues in the protein, respectively, and provided a triple bond
for a possible ligation with an azido-profluorophore. An overnight treatment of cell cul-
tures containing the recombinant barstar protein with the membrane-permeant 3-azido-7-
hydroxycoumarin 10b, Cu(I) and 1 at 4 ◦C was performed for in situ imaging. Excitation
at 395 nm of cells gave a very strong fluorescent signal at 470 nm with a fluorescent
enhancement up to 14-fold higher. The obtained fluorescence suggests that the protein is
localized in inclusion bodies and a study by gel electrophoresis confirms that dye-labeling
occurs mainly on the barstar [Figure 14.7(b)].

Figure 14.7 (a) Bioorthogonal labeling of newly synthesized proteins. Reprinted with permis-
sion from K. E. Beatty et al., (2006), Fluorescence visualization of newly synthesized proteins
in mammalian cells, Angew. Chem., Int. Edn, 45, 7364–7367. Copyright 2006 Wiley-VCH.
(b) Fluorogenic labeling of barstar in E. coli cells after CuAAC reaction with 10b. Cells were
induced in media supplemented with 19 amino acids and one of the following amino acids:
Hpg (a); Eth (b); Met (c); Phe (d). Scale bar is 5 µm. Reprinted with permission from K. E.
Beatty et al., (2005), Selective dye-labeling of newly synthesized proteins in bacterial cells,
J. Am. Chem. Soc., 127, 14150–14151. Copyright 2005 American Chemical Society.
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Figure 14.8 Fluorogenic labeling of proteins in different type of cells. Scale bar is 10 µm.
Reprinted with permission from K. E. Beatty et al., (2006), Fluorescence visualization of newly
synthesized proteins in mammalian cells, Angew. Chem., Int. Edn, 45, 7364–7367. Copyright
2006 Wiley-VCH.

Using the same method, Tirrell and coworkers also attempted to label newly synthesized
proteins in a wide variety of mammalian cells.60 First, mouse embryonic fibroblasts that
express a mitochondrially targeted GFP (MEF-mitoGFP) were pulse-labeled with Hpg for
4 h, then reacted overnight in the dark at room temperature with coumarin 10b, CuSO4,
TCEP and ligand 1 and then washed before visualization. The cell viability does not seem to
be affected by incorporation of Hpg. A variety of different parameters have been optimized
to find the conditions to visualize coumarin fluorescence by confocal microscopy. This
imaging strategy was extended to different kind of mammalian cells (fibroblasts, endothelial
and epithelial cells) and to different species (human, mouse, monkey and hamster). Most
of the labeled cells show intense fluorescence in nuclear structures where the ribosome
biogenesis takes place (Figure 14.8). Evidently, the fluorogenic CuAAC reaction enables a
very efficient labeling and in vivo imaging of newly synthesized proteins in a wide range
of mammalian cells.60

Wong et al. also reported the application of a fluorogenic CuAAC reaction to label
fucosylated glycans in vivo.55,61 Glycosylation is a co- or posttranslational phenomenon
which takes place in more than half of eukaryotic proteins. Because l-fucose is the final
sugar on glycans and participates in cell–cell interactions and cell migration processes in
connection with biological processes such as embryogenesis, lymphocyte trafficking and
cancer metastasis, fucosylation is a very important glycosylation process.62–65 However,
due to its high structural complexity of carbohydrates and the diversity of glycans, many
functions of fucosylated glycoconjugates remain to be elucidated and a simple strategy for
tagging glycans is of particular interest. In this study, acylated 6-azidofucose was incorpo-
rated in human hepatoma cell line (Hep3B) through the salvage biosynthetic pathway by
incubation for 3 days.55 Then cells were fixed, washed with PBS buffer and then reacted



P1: OTA

c14 JWBK375-Lahann August 12, 2009 18:14 Printer: Yet to come

Fluorogenic Copper(I)-catalyzed Azide–Alkyne Cycloaddition Reactions 341

a.

b. coumarin
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overlayWGA

Figure 14.9 (a) Schematic illustration of specific fluorescent labeling of fucosylated glycans in
cells. Reprinted with permission from M. Sawa et al., (2006), Glycoproteomic probes for fluo-
rescent imaging of fucosylated glycans in vivo, Proc. Natl Acad. Sci. USA, 103, 12371–12376.
Copyright 2006 National Academy of Sciences, USA. (b) Fluorescence imaging of sialyl gly-
coconjugates in Hep3B cells using CuAAC activated probe 10b. Cells were treated with
25 mm alkynyl ManNAc for 3 days, clicked with 10b and stained with WGA lectin (Alexa
Fluor 594). Scale bar is 20 µm. Reprinted with permission from T.-L. Hsu et al., (2007),
Alkynyl sugar analogs for the labeling and visualization of glycoconjugates in cells, Proc. Natl
Acad. Sci. USA, 104, 2614–2619. Copyright 2007 National Academy of Sciences, USA.

with naphthalimide derivative 12a in the presence of CuBr [Figure 14.9(a)]. After CuAAC,
the engendered fluorescence in the cell by the formation of the triazolo-compound was
visualized by fluorescence microscopy.55

However, acylated 6-azidofucose was found to be quite toxic for the cells, then alkynyl
ManNAc was used instead because of its low toxicity.61 Several human cancer cell lines
were treated with it and then CuAAC reaction with 12b was achieved: fluorescent-labeling
of cell surface glycoconjugates was measured by flow cytometry and intracellular glycan
labeling was controlled by fluorescence microscopy [Figure 14.9(b)], showing localization
in the Golgi.

14.4.2 Fluorogenic Conjugation of DNA

Incorporation of labeled nucleosides into DNA is of particular interest for DNA diagnosis
of genetic disorders and for exploration of structure, dynamics and interactions of nucleic
acids.66 Unfortunately incorporation of such tags is very difficult: enzymatic replacement of
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natural oligonucleotides by labeled ones relies on highly modified protocols and chemical
modification of bases by solid-phase synthesis gives poor yields. Postsynthetic introduction
of labels has also been tried but coupling yields are very low. Thus click reaction has been
recently used as an easy and successful alternative to incorporate tags via introduction of
small functional groups on DNA.

Carell et al. developed a postsynthetic method for high density labeling of DNA.67

Alkyne-modified uridine nucleosides 18 and 19 have been prepared, transformed into
their corresponding phosphoramidites and incorporated into a series of oligodeoxyribonu-
cleotides (ODNs) via solid-phase synthesis (Figure 14.10). Once triple bonds were intro-
duced, click reactions were performed with azides 10b, 20 and 21 using standard conditions
and Cu(I)-complexing ligand 1 in order to avoid strand breaks in DNA. The high-density
reliable modification of all alkyne sites was achieved by using flexible alkynes 19, whereas
rigid alkynes 18 led to partially labeled DNA, showing that linker length plays an important
role in the efficiency of the reaction. Bioconjugation by means of CuAAC reaction is very
important because it allows efficient introduction of labeled nucleosides into DNA and
permits DNA imaging either by fluorescence (fluorescence is triggered off via reaction
with 10b or by introduction of fluorescein via 21) or by Ag staining (20 is a sugar enabling
Ag staining).

They also managed to functionalize DNA with up to three different labels by successive
click reactions.68 Using the same method as in their previous work they incorporated the
cytidine building block 22 and the thymidine building blocks 23a and 23b into ODNs
(Figure 14.11). The first click reaction was performed directly on the resin by shaking
it with a solution of CuBr, ligand 1, sodium ascorbate and azido-profluorophore. Once
modified, the oligonucleotide was cleaved from the support by using aqueous solution
of ammonia which also removed the trimethylsilyl (TMS) protecting group [but did not
deprotect the triisopropylsilyl (TIPS) group] and then purified by HPLC. The second
click reaction was performed in solution followed by its precipitation from ethanol and
deprotection of the TIPS group by tetrabutylammonium fluoride. The last click reaction
and precipitation afforded the triple-modified oligonucleotide with an overall good yield
(50%). Therefore, click chemistry can be used to incorporate very sensitive labels into DNA
with good efficiency and simple work-up.

Seela et al. thoroughly investigated the conjugation of functionalized nucleoside with
nonfluorescent 3-azido-7-hydroxycoumarin 10b.69–71 Alkynyl chains were introduced into
oligonucleotides and incorporated into ODNs for further tagging. The DNA duplexes
obtained with these modified oligonucleotides shows an enhancement of the stability com-
pared with natural oligonucleotides. Functionalization of modified nucleosides or ODNs
was easily achieved by reaction with 10b via CuAAC using t-BuOH–H2O–DMSO–THF
mixture in the presence of 1:1 complex of CuSO4-ligand 1 and TCEP to afford strongly fluo-
rescent 1,2,3-triazolyl oligonucleotide conjugates. This bioorthogonal fluorogenic CuAAC
reaction which allows incorporation of tags into DNA without destabilizing DNA duplexes
is useful for DNA detection in solution or in DNA–protein complexes and can be used
for the in vivo labeling of DNA. Moreover they demonstrated that enzymatic hydrolysis
of 1,2,3-triazolyl oligonucleotide conjugates shows a strong fluorescence quenching for
7-deazapurines compared with pyrimidines. This nucleobase specific quenching, which is
probably due to an electron transfer between the nucleobase and the coumarin, can be used
to monitor conformational dynamics of nucleotides in solution.
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Figure 14.11 Phosphoramidites 22 and 23, DMT = 4,4′-dimethoxytriphenylmethyl. TMS =
trimethylsilyl; TIPS = triisopropylsilyl; Bz = benzoyl.

14.4.3 Fluorogenic Conjugation of Viruses

Finn et al. succeeded in labeling the cowpea mosaic virus (CPMV) with fluorescein.5

CPMV is a stable and structurally well-characterized particle available in large quan-
tities. Its capsid is composed by 60 identical copies of a two-protein asymmetric unit
which enveloped the single-stranded RNA genome in the core. The outside of the capsid
was decorated with azide or alkyne using either amide coupling or thio-ether formation
at lysine or cysteine residues. The fluorescein derivatives were then conjugated to these
three different virus-azides or virus-alkynes by click reaction under different conditions
(Scheme 14.9). Addition of tris(triazolyl)amine 1 in CuAAC reaction showed accelera-
tion of the reaction rate and a quasi-quantitative yield of the modified virus 25 was then
obtained.13

They also replaced tris(triazolyl)amine 1 by the water-soluble sulfonated bathophenan-
throline 2 as a ligand to modify the CPMV surface.72 Tris(triazolyl)amine 1 is not very
water-soluble, which can lead to some damage to the protein if the amount of available
ligand is not enough in heterogenous solution. Use of sulfonated bathophenanthroline 2
under the same conditions permitted a decrease in concentration of labeled substrate and

Scheme 14.9 Bioconjugation of CPMV particle via CuAAC reaction.
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also permitted, with modified procedures, modification of a wide range of molecules such
as complex carbohydrates, peptides, proteins or polymers in high yield.73,74

Wang et al. revisited the surface modification of tobacco mosaic virus (TMV) using
CuAAC reaction.7 TMV is a rod-shaped virus of 300 nm length and 18 nm diameter that
can be obtained in large quantity. It is made from 2130 identical protein subunits arranged
helically around genomic single-strand RNA that also stabilizes the coat protein assembly.
TMV is a very attractive to be used in different fields such as nanoelectronics and energy
harvesting devices75–77 or as a template to grow metal or metal oxide nanowires.78–80

Tyrosine residues were transformed into alkynes by means of an electrophilic substitution
reaction at the ortho position of the phenol ring by using a diazonium salt generated
in situ from the 3-ethynylaniline. CuAAC reactions between alkyne-derivatized TMV and
a series of azides using CuSO4 and sodium ascorbate were performed to modify the TMV
surface with molecules such as peptides or polymers.7 A double surface modification was
also achieved using a mixture of azides under the same reaction conditions.

In particular, Wang and coworkers demonstrated that fluorogenic CuAAC reaction can
be employed to titrate the reactivity of alkyne groups in a polyvalent system. For example,
trispropynyloxybenzene 26, alkyne-derivatized CPMV 28 and alkyne-derivatized TMV
30 containing 3, 60 and 2130 terminal alkyne moiety, respectively, were reacted with
nonfluorescent azido-anthracene derivatives 14a and 14b [Figure 14.12(a)]. Conversion of
28 into intensely fluorescent triazolo-anthracene 29 was confirmed by gel electrophoresis
[Figure 14.12(b)] and its integrity by TEM and size-exclusion chromatography [Figure
14.12(c, d)]. Based on the intensity of the fluorescent emission of the final conjugate product,
they can quantitatively determine the reaction efficiency of the polyvalently displayed
alkyne groups towards CuAAC reactions.

14.4.4 Fluorogenic Conjugation of Nanoparticles/Polymers

Self-assembly of amphiphilic block copolymers into polymeric micelles with a core–shell
type structure is interesting as a drug delivery vehicle, as the hydrophobic core of the
micelles can encapsulate a lipophilic molecule, whereas the hydrophilic shell stabilizes
the micelles in aqueous media and protect the contents of hydrophobic core from possible
degradation. The cross-linking of micelles in the core or in the shell plays an important role
for the robustness of nanoparticles as well as relative ratio of block length, composition
and molecular weight of amphiphilic block copolymers. Thus with the introduction of
appropriate functionalities into specific parts of the copolymer it is possible to enhance
their performance as drug delivery systems. The difficulty lies in the control of the presence
of the functional group into the polymer.

As a classical example, Wooley, Hawker and coauthors synthesized a new class of block
copolymers with acetylene group in the hydrophobic block using reversible addition frag-
mentation chain transfer techniques.81 These acetylene-functionalized block copolymers
were then self-assembled and cross-linked to give shell cross-linked knedel-like (SCK)
nanoparticles 32 with acetylene groups in the core domain. As the presence and, more
importantly, the reactivity, of the alkyne within the nanoparticle core cannot be detected by
standard analysis such as NMR and MS, fluorogenic CuAAC reaction becomes a unique
tool. Therefore, CuAAC with nonfluorescent coumarin derivative 10b was performed at
room temperature for 2 days using an organic copper(I) catalyst [CuBr(PPh)3] and triamine
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Figure 14.12 (a) Virus modifications by CuAAC reactions. (b) SDS-PAGE of 29 visualized
under UV irradiation (left) and upon staining with Coomassie blue (right). (c) TEM image of 27.
The scale bar is 100 nm. (D) Size exclusion FPLC analysis of 29. Reprinted with permission from
F. Xie et al., (2008), A fluorogenic “click” reaction of azidoanthracene derivatives, Tetrahedron,
64, 2906–2914. Copyright 2008 Elsevier.

to afford the fluorescent particle 33 (Scheme 14.10). The formation of triazolo-compound
was easily confirmed by fluorescence measurements and analytical ultracentrifugation
proved that acetylene moieties were available within the core domain. In this case, click
reaction allows the validation of the presence of triple bonds into the core and to image the
nanoparticle.

In another example, O’Reilly et al. reported the copolymerization of a terpyridine
functionalized styrene monomer with styrene using nitroxide-mediated polymerization.82

The terpyridine moiety of the nanostructure was selectively located within their hy-
drophobic core domain and was functionalized by metal complexation to afford novel
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32 33

Scheme 14.10 Fluorogenic click reaction on shell cross-linked knedel-like (SCK) nanopar-
ticles. (a) Dialysis of 32 into THF/H2O 4:1 for 3 days, then addition of [CuBr(PPh)3] (0.1
equiv), and DIPEA (1.0 equiv), 10b (1.11 equiv to acetylene functionality), RT, 2 days, fol-
lowed by dialysis against THF–buffered H2O 1:4 for 10 days, and then dialysis against pH
7.3 phosphate buffered saline, 4 days. Reprinted with permission from R. K. O’Reilly et al.,
(2006), Fluorogenic 1,3-dipolar cycloaddition within the hydrophobic core of a shell cross-
linked nanoparticle, Chem. Eur. J., 12, 6776–6786. Copyright 2006 Wiley-VCH.

metal-functionalized polymer nanostructures. The terpyridine was utilized to complex metal
centers (Fe, Cu and Ru) in the core domain. To test if the Cu-tethered metal complex within
the nanostructures was an active catalyst, they used the fluorogenic CuAAC reaction by
adding phenylethynyl and nonfluorescent 3-azidocoumarin to a solution of the nanopar-
ticles. After 4 h reaction time, a high-fluorescence enhancement was noticed at 550 nm,
confirming that Cu–terpyridin complex is active in click catalysis.

Wang and coworkers reported the chemoselective modification of horse spleen apofer-
ritin (apo-HSF) by means of a CuAAC reaction.83 Apo-HSF is derived from ferritin and its
cage contains 24 identical subunits arranged into a hollow and spherical shell with an inner
diameter of 8 nm and an outer diameter of 12.5 nm. The modification of lysine residues
was achieved by acylation with NHS ester reagent to afford an alkyne on the biomolecule.
In order to know that this chemoselective ligation has been achieved, a fluorogenic click
reaction with the nonfluorescent coumarin 10b in the presence of CuBr and ligand 2
(combination of CuSO4–NaAsc or CuSO4–phosphine did not give the triazolo-compound
since aggregation and denaturation of apoferritin were observed) was realized to afford
a triazolo-derivative, which shows very strong fluorescence at 474 nm upon excitation at
340 nm (Scheme 14.11). The triggering of fluorescence via the CuAAC reaction con-
firmed the modification of apo-HSF with an alkyne group. Twenty triazolo-coumarins by



P1: OTA

c14 JWBK375-Lahann August 12, 2009 18:14 Printer: Yet to come

348 Click Chemistry for Biotechnology and Materials Science

Scheme 14.11 Bioconjugation of apoferritin by CuAAC reaction.

apoferritin particle (i.e. about one coumarin by subunit) were found in the protein by
measuring the fluorescence intensity of final conjugates.

14.5 Conclusions

The CuAAC reaction has become a major ligation tool in bioconjugation in the past
few years. The reaction between alkyne and azide presents several advantages – easy
preparation of alkynes and azides, bioorthogonality of starting materials, high yielded
reaction and very mild reaction conditions – which make this reaction very suitable to
label cellular elements. The fluorogenic CuAAC, particularly, have shown very interesting
results for tagging diverse biomolecules (viruses, proteins, sugars, etc.), both in vitro and
in vivo, which enable the localization of biological processes in an intracellular environment.
Moreover, obtention of fluorescent triazolo derivatives from nonfluorescent polymers and
nanoparticles allows detection of the presence of functionalities such as acetylene or azido
groups other than by classical techniques. Finally, fluorogenic CuAAC is an easy way to
introduce labels into DNA in order to detect genetic diseases or investigate nucleic acid
interactions.

New perspectives have recently emerged for fluorogenic reaction including monitoring
the progress of specific reactions by increase in fluorescence. For example, Rozhlov et al.84

have reported a new fluorogenic transformation based on formation of C–C bonds catalyzed
by palladium, allowing the screening of reaction variables such as base, ligand, temperature,
etc. However the fluorescence of the final product can be quenched by catalysts if used
in high quantities, which can lead to detection problems. Tanaka et al. have synthesized
new fluorogenic imines to detect Mannich-type reactions of phenol in water, which could
also be very interesting for the screening of catalysts and conditions to tag reactions of
phenol-bearing molecules.85 Additionally, Marchand et al. have implemented this reaction
in ionic liquid micro-reactors to evaluate the efficiency of alternative mixing methods on
the reaction kinetics, opening up a wide subject.86 Finally, fluorogenic copper-free Huisgen
cycloaddition reactions have recently been developed for intracellular labeling to avoid the
potential cytotoxicity of copper,43,44 which is introduced in Chapter 3.
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15
Synthesis and Functionalization of
Biomolecules via Click Chemistry

Christine Schilling, Nicole Jung and Stefan Bräse

15.1 Introduction

The products of the click reaction – the 1,2,3-triazoles – are a desired target class as they
provide additional functionality, such as hydrogen bonding and coordination prospects.
Furthermore, they possess a broad spectrum of biological properties, not only anti-HIV,
anti-allergenic and antibacterial features but also fungicidal and herbicidal activity.1 As
such, the click reaction is a very attractive method in material science as well as in the
development of novel biologically active compounds.

There are two possible applications of the click reaction, the first of which is to con-
struct novel compounds/materials, in which new modified building blocks are added to
the material/compound. The second method is to modify existing materials/compounds
through chemical alteration.2 One example of the latter involves the labeling of molecules
in vivo and in vitro for detection and purification purposes. The click reaction also receives
substantial attention in the field of polymer sciences.4 The reaction can be applied to the im-
mobilization/modification of, for example, carbohydrates and proteins on solid surfaces,3,5

azido-sugars on gold to generate carbohydrate self-assembled monolayers (SAMs),6 and
to the addition of electroactive as well as bioactive recognition elements to electrode
surfaces.7

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
C© 2009 John Wiley & Sons, Ltd
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15.2 Labeling of Macromolecular Biomolecules

15.2.1 Fluorescent Labeling

A broad range of alternatives are known for the introduction of markers into organic
molecules. Of these, the bonding of fluorescent molecules is one of the most widely
used techniques. While coumarin, fluorescein and rhodamine are the preferred sources
for these fluorescent markers, other less frequently used molecules can be introduced
via click reaction, thus enabling the analysis of the coupled compounds via fluorescent
measurements. The principle of these fluorescent labeling strategies is demonstrated below,
with fluorescein as the example (Figure 15.1).

biooactive small
molecules flexible spacer N3

FluoresceinClick reaction

= functional
groupsbiooactive small molecules

Fluorescein-labeled
compounds

Figure 15.1 Schematic overview of the fluorescent labeling through click chemistry.8

In principle, two possible fluorescein-derivatives exist, which are useful for click chem-
istry. The first derivative – compound 3 (Scheme 15.1) – employed by Yao et al.8 differs
from the second one (not shown) used by Koberstein et al.,9 Pierters et al.10 and Woo-
ley et al.,11 in terms of the position of the clickable functionalization. Yao et al. used
O-propargylated fluorescein derivatives, whereas the other groups performed click reactions

O

OHO

OH

HO

naringenin (1)

O

OHO

OH

HO

N
Me

N3
6

O

OHO

OH

HO

N
Me

N
6

NN

O

O

OH

O
O

Mannich reaction

Click reaction

MeO

HO

O

OMe

NMe

Sinomenine-derivative (6)

N
H

H
N O

O

O

O

H2N

O
HO

O

NHAc

HO O

HO N 3
10

N
H

O

N 310

MDP-derivative (5)

a)

b)

2

4

O

O

OH

O
O

3

3

4

Scheme 15.1 Fluorescent labeling of naringenin through click reaction: (a) formaldehyde,
MeNH(CH2)6N3, ZnCl2, EtOH, 65 ◦C, 3 h, 87%; (b) CuSO4·5H2O (cat.), sodium ascorbate,
fluorescein derivative 3, tBuOH/H2O, 67%.8
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with fluorescein-azides, bearing the functionalized side chain in position 4. As natural
products in their original structure contain no azides, the desired functionality has to be
introduced through selective azidation of the target bioactive compound or through reaction
of the latter with azide-containing molecules. The second method was performed by Yao
et al.8 The group chose four bioactive compounds, which were derived in order to react in
click reactions and therefore bind the fluorescent label fluorescein. Fluorescein was selected
from the available organic dyes because fluorescein and its derivatives are still cheaper than
most of the other fluorescent molecules. Scheme 15.1 illustrates the selective attachment of
an azide-bearing side chain on naringenin (1) via Mannich reaction of the most nucleophilic
ring with formaldehyde and the azide-bearing amine.

After the introduction of the side chain, click reaction yielded the desired fluorescein-
derived flavone 4, which could then be analyzed regarding its influence on plant root
nodulation. Similar reactions to those presented in Scheme 15.1 generated natural product
derivatives 5 and 6, which were both connected to azide-containing side chains and were
used for click reaction with fluorescein-derivative 3 to give labeled analogs of the natural
products MDP (muramyl dipeptide) and sinomenine.

Fluorescent labeling with fluorescein is also used for the labeling of proteins in the
detection of cancer-linked galectin-3, as shown by Pieters et al.10 Beyond this investigation,
there are few publications dealing with the introduction of fluorescein into nanoparticles via
click reaction11 and the labeling of polymer materials. In the latter case, the immobilization
of fluorescein-derivatives is undertaken, in order to demonstrate the reactivity of surface-
bound alkynes.9

Rhodamine is a second compound used for the fluorescent labeling of enzymes and
bioactive compounds. Taunton et al.12 demonstrated that the combination of rhodamine
incorporation with photo-affinity labeling could be used to identify protein targets of
cyclodepsipeptides. For this reason, cyclodepsipeptides containing a propargyl functionality
were reacted via photo-affinity labeling with the target proteins and subsequently ‘clicked’
with azide-derived rhodamine. Similar approaches have also been recognized for the tagging
of probes with biotin.13

As shown in labeling strategies with biotin in Scheme 15.6 and Scheme 15.7 (later on in
this chapter), rhodamine derivatives are used for activity-based protein profiling (ABPP).
The bioorthogonal coupling reaction can be performed with an alkyne-modified rhodamine,
which is covalently attached to an enzyme bearing an azide functionality.14 The inverse case,
the reaction of an azide containing rhodamine with alkynylated enzymes (Scheme 15.2),
has also been established (compare to MacKinnon et al.,12). In the latter case, cytochrome
P450 (7) was labeled with a 2-ethinylnaphthalene-derived activity-based probe 8. After
metabolization of the probe and anchoring to P450, rhodamine was introduced by click
reaction to give 9.15

N
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P450
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Click chemistry

N
H

O

P450

O
N

NN

= rhodamine

P450

87
9

Scheme 15.2 Acetylene-modified 2-ethinylnaphthalene as a derivative for conjugation via
click chemistry to azide modified rhodamine.15
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There are several derivatives of fluorescein-type molecules that are applied in fluorescent
labeling and in in vivo imaging. Figure 15.2 shows four compounds (10–13) linkable via
alkyne-containing side chains, which were used for click reactions with azide-derived gly-
cans. These fluorescent molecules consist of either a linear alkyne (12, 13) or a difluorinated
cyclooctyne (10, 11). Given the ring strain of cyclooctynes in combination with the presence
of the strong electron-withdrawing group, the latter enable copper-free click chemistry.16
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Figure 15.2 Derivatives of Alexa Fluor 488 and Alexa Fluor 568 for copper-free click
chemistry.16

Rhodamine-derived molecules have also been used for the labeling of receptor ligands.
Bonnet et al. illustrated the utility of Lissamine (15) (fluorescent dye) and Patent blue
derivatives (16) (nonfluorescent dye) for the investigation of ligand interactions with the
human muscarin M1 receptor.28
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Sawa et al. showed that in vivo imaging of fucosylated glycans bearing an azide func-
tionality is possible via glycan labeling with 1,8-naphthalimide-derivative 19.17 This non-
fluorescent imide can be bound via click chemistry to the target 6-modified fucose analogs,
thus turning into its fluorescent form (Scheme 15.4). After formation of the triazole ring,
the naphthalimide-derivative 21 is strongly fluorescent and the intracellular localization of
fucosylated glycoconjugates can be detected by fluorescent microscopy.
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Scheme 15.4 Glycan labeling: (a) fluorescent adduct 21 is generated through the click
reaction of fucoside 20 with the probe 19; (b) Strategy for specific fluorescent labeling of
fucosylated glycans in cells.17

The labeling of sugar derivatives through the attachment of biotin as well as the fluo-
rogenic derivation by coumarin-derivatives has been presented by Wong et al.18 For this
reason, 3-azido-7-hydroxycoumarin (22) has been synthesized and connected via click
reaction with alkynyl-substituted sugar analogs (Figure 15.3).

Other derivatives for fluorescent labeling are those of 5-(dimethylamino)naphthalene-
1-sulfonyl-like compound 23 or 2419,20 which can be attached, for example, to azide-
containing side chains of sugar-derivatives. In order to gain information about the K30
antigen and its mode of operation, Du et al.19 demonstrated the labeling of the K30
antigen repeating unit via click chemistry of 23 with an azide containing a tetrameric
sugar-derivative.
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Figure 15.3 Derivatives for fluorogenic labeling via click chemistry.18–20

15.2.2 Labeling of Bovine Serum Albumin

Nolte et al. developed a method of synthesizing enzyme dimers via click reaction.21 These
dimers consist of one specific enzyme in combination with bovine serum albumin (BSA),
which forms a so-called ‘protein foot’ for the immobilization of the whole surface construct
(Scheme 15.5). The BSA-labeled enzyme can be further anchored onto surfaces used for
single enzyme studies. The synthesis of the acetylene moiety 26 was built up through amide
formation on the enzyme – Thermomyces lanuginosa lipase (TLL) – via the addition of
pentynecarboxylic acid under peptide coupling conditions. Compound 26 was connected
with an azide-functionalized BSA component 28 to give the triazole target compound 29.
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Scheme 15.5 BSA-labeling of enzymes: synthesis of TLL–BSA dimer 29.21

Thermomyces lanuginosa lipase has been the target of additional enzyme studies, with
the click reaction as the key step. In another approach by Nolte et al., TLL was successfully
immobilized on gold nanoparticles through the formation of triazoles as the connecting
group.22 These functional hybrids of lipase and gold nanoparticles were created through
the use of azide-functionalized gold nanoparticles that can be prepared via the treatment of
citrate-stabilized gold hydrosols with aqueous solutions of an azide-containing thiol-linker.
After functionalization of the gold surface, the addition of acetylene-modified enzymes en-
abled their immobilization via triazole linkage. The connection of BSA to macromolecules
is an established method, even in the synthesis of biohybrid amphiphiles.23 Via click
chemistry, Rutjes et al. connected terminal azide-functionalized polystyrene and alkyne-
functionalized BSA derivatives to produce giant amphiphiles.
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15.2.3 Biotin-labeling of Biomolecules: ABPP

Click chemistry is an often-used tool in order to label molecules with biotin, both in vivo and
in vitro. Biotin is a popular label because of its affinity to avidin and streptavidin. Therefore,
bioconjugations with biotin (and other markers) are of great interest in reference to ABPP.
This technique enables the binding of enzymes to a mechanism-based inhibitor that is bound
to a fluorophore, an affinity tag or a bioorthogonal chemical reporter. The bioorthogonal
chemical reporter can be reacted with different probes, such as biotin-derivatives, through
the use of click reactions. The use of this reaction in order to convert bioorthogonal
reporters in vivo into easily detectable derivatives facilitates the covalent binding of azide- or
alkyne-containing molecules to enzymes. This method is very useful because the often bulky
and noncell permeable tags can be formed afterwards in vitro. The biotin-labeled proteins
are then purified and analyzed (via bonding to avidin or strepatavidin) and can be applied for
the investigation of the proteins expressed in cancer proteomes. A schematic presentation
of the ABPP-mechanism is illustrated in Scheme 15.6.

In the first step, active enzymes of the proteome can be labeled in vivo with alkyne
or azide-containing probes (a, Scheme 15.6) that are converted into triazoles through the
in vitro addition of the counterpart (b). Subsequently, the labeled proteins have to be en-
riched by binding them to streptavidin (c). Cravatt et al.24 expanded the ABPP concept
through combination with tandem orthogonal proteolysis (d), in order to ascertain the
parallel characterization of the probe-labeled proteins and the sites of probe modifica-
tion. Afterwards, proteolysis was performed by on-bead trypsin-digestion. The supernatant
is removed after the digestion and the probe-labeled peptides can be cleaved from the
beads through incubation with tobacco etch virus protease (TEV) to give conjugates 30.
The peptides – eluted after the trypsin and TEV digestion – can be analyzed separately
(Scheme 15.6).

One recent example of biotinylation experiments can be illustrated through the proteome
analysis of Pseudomonas aeruginosa NagZ.25 Vocadlo et al. incubated the investigated
proteome with 2AA5FGF (32), which was then anchored on the activated enzymes 31 via
the formation of an ester bond with the nucleophile of the β-glucosaminidase. Thereafter,
ligation with the biotin-containing reporter group was achieved through Staudinger reaction
(not shown) or click reaction. The target enzymes 35 were purified and identified via
immobilized streptavidin stationary phase (Scheme 15.7).

The essential azido-compound 32 has been synthesized via a five-step protocol including
two fluorination steps (using DAST and AgBF4) and the transformation of an phthalimido-
protected amine into the corresponding azide through deprotection with N2H4, acylation
and substitution with NaN3.

A similar approach for the biotin-labeling of glucosamines has been recently published
by Gurcel et al.26 Given its importance for the activity of many nuclear and cytoplasmic
proteins, the group investigated dynamic glycosylation. The bioorthogonal click reac-
tion has been used to connect biotinylated acetylenes or azides with N-acetylglucosamine
(GlcNAc) analogs that contain azides or alkynes. Because of biotinylation and subsequent
affinity purification on streptavidin beads, thirty-two O-GlcNAc-azido-tagged proteins were
identified.

Furthermore, biotin-labeling was used by Tate et al.27 in a specific manner: the group used
N-myristoyl transferase for the introduction of ‘clickable’ components into target enzymes
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(Scheme 15.8). In their search for methodologies for posttranscriptional labeling concepts,
Tate et al. found that the use of N-myristoyl transferase facilitates the in vitro and in vivo site-
specific generation of N-terminal azide-tagged recombinant proteins. These tagged proteins
can be ‘clicked’ after cell lysis with the corresponding acetylenes to produce biotin-labeled
triazole linker-containing proteins. The entire procedure is briefly described in Scheme 15.8.
The required myristic acid analogs 39 were synthesized starting from bromine precursors
that could be transferred into the azide-containing compound via substitution with sodium
azide. Incubation of the target enzyme 36 with the functionalized myristic acid derivatives
40 in combination with N-myristoyl transferase 37 yielded tagged target proteins 38 in
E. coli.

Beyond these enzyme labeling methods with biotin, several biologically active molecules
have also been labeled. One example is the tagging of enzyme ligands to character-
ize ligand–receptor interactions. This concept has been extended to ligands that were
mentioned in the first chapter of this article, in reference to labeling with fluorescent
markers.28

15.2.4 Fluorine Labeling
18F-labeling has been used extensively in the observation of peptidic structures. The peptides
under investigation can be labeled with 18F-containing substances via click reaction when
either 18F-containing azides or alkynes are prepared. Scheme 15.9 illustrates the synthesis
of an 18F-labeled alkynyl-chain that has been incorporated into peptides through triazole
formation of compounds 44 and 46.29 The synthesis has been attained via the integration of
18F into the alkyne-bearing component, as demonstrated by Wuest et al. The aforementioned
group synthesized 18F-containing alkynylated aryls that have been used for the labeling of
neurotensin by click reaction.30
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r.t., 24 h.29

While the formation of the 18F-labeled building block 46 for click reaction can be
completed in a three-step synthetic protocol starting with triethyleneglycol (45), there
are other methods to prepare 18F-modified alkynes via the direct addition of 18F-sources
([18F]KF) to tosylated alkynyl alcohols.31

18F-bearing azide-derivatives for click reaction with alkynes can be synthesized following
a procedure established by Glaser and Arstad.32 This approach is favorable because of the
substantial number of readily available alkynes that can be used for the click reaction. The
synthesis of the fluorinated compound 48 was achieved via nucleophilic fluorination of
2-azidoethyl-4-toluenesulfonate using Kryptofix 222 K+[18F]F− (Figure 15.4).
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Figure 15.4 18F-containing azides and alkynes for click chemistry.30–32

15.3 Syntheses of Natural Products and Derivatives

To this day, sophisticated knowledge of molecular biology and the advances in biomedical
research have increased the number of known targets for therapeutic intervention. Thus,
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the interest in natural compounds with high bioactive potential for novel pharmacological
screenings has risen exponentially. The rapid and well-known regioselective 1,2,3-triazole
synthesis can be used to generate an enormous chemical database with potential bioactivity
for screening purposes.33,34

Glycopeptides, for example, constitute an important class of natural products, most of
which are involved in biochemical transformations. Today, the synthesis of different gly-
copeptidomimetics35,36 and analogs as well as the synthesis of new macrolide antibiotics,37

enzyme inhibitors,38,39 steroids40 and natural nucleosides41 remains a great challenge.
Specific problems, such as the instability in in vivo applications, the synthesis of

glycosidic-linked saccharides and peptides as well as antibiotic resistance, have led to
an alternative synthesis in the case of novel peptidomimetics and macrolides, e.g. C-linked
analogs or the indirect linkage via a 1,2,3-triazole ring.

In one approach, the peptide chain was replaced by either a carbamate derivative 54
(in vitro activity against HL-60 human leukemia, HT-29 human colon carcinoma and
antineoplatic activities) or by 2(1H)pyrazinones 55 via 1,2,3-triazole in a microwave-
enhanced regioselective cycloaddition reaction, thus unveiling a new class of interesting
analogs of glycopeptidomimetics (Figure 15.5).35
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Figure 15.5 Glycopeptidomimetics: carbamate derivative 54 and 2(1H)pyrazinone 55.35

Through its mechanism of action, the antibacterial drug linezolid (60), which is an oxa-
zolidinone derivative, has prompted further investigation in terms of chemical modification
and structure–activity relationship (SAR) studies. Chang and his coworkers42 designed a
variety of new molecules containing an oxazolidinone, a triazole ring as mimic of the ben-
zene ring, and a pyranose component as a surrogate of the morpholine-moiety of linezolid
(Scheme 15.10).

SAR studies have unveiled an essential N-aryl group directly linked to the oxazolidinone,
which was mimicked through triazole-formation (N-aryl-type linkage). The compounds
were tested for inhibition of various strains of bacteria and fungi but surprisingly no
inhibitory activity was observed. In the field of macrolide antibiotics, Omura et al. designed
several 8,9-anhydroerythromycin A 6,9-hemiketal analogs with anti-MRSA (multiresistent
Staphylococcus aureus) and -VRE (vancomycin-resistant enterococci) activity using click
chemistry.37 Besides many carbohydrate and nucleotide conjugates with biological activity,
natural products based on a simple organic molecule such as resveratrol 61 are also well
known. Highly concentrated in wine, resveratrol plays a crucial role in the cardiovascular
system.

A remaining challenge is to develop the targets responsible for each individual effect,
such as the impact on the lipid metabolism and platelet function of resveratrol, because
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a high micromolar concentration of the natural product is necessary to exert its effects.33

Genazzani and his coworkers observed some triazole analogs whose bioactivities are in fact
comparable to a resveratrol-like action (Scheme 15.11).
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Scheme 15.11 Resveratrol 61 and its triazole-modified analogs 62.33

Other such examples are the natural products steganacin and podophyllotoxin, both
of which inhibit the assembly of tubulin into microtubules and possess cytotoxic ac-
tivity against several cancer cell lines.43 Therefore, a lactone group was replaced with
1,5-disubstituted 1,2,3-triazoles, synthesized via well-known ruthenium-catalyzed click
chemistry.

In medical chemistry, one of the great challenges is to create novel, effective chemother-
apeutic agents with specificity for cancer cells, combined with low systemic toxicity.
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Moreover, the need for antitumor drugs continually increases. Novel targets of these drugs
are enzymes of NAD (nicotinamide adenine dinucleotide) biosynthesis and recycling path-
ways, given that tumor cells have a higher turnover rate than healthy cells. Thus, Tron
and his coworkers38 developed bioactive compounds useful for medical chemistry, such as
isosteric triazole analogs of FK866, which blocks nicotinamide phosphoribosyltranferase
(NMPRTase).

The therapeutic potential of analogs has led to novel syntheses of compounds via click
chemistry, in which the amide bond is replaced by a triazole ring, acting as a bioisostere
(Scheme 15.12). The required azide was synthesized starting from commercial available
4-piperidine butyric acid hydrochloride, which was reduced to the corresponding alcohol
using lithium aluminum hydride, N-benzoylated and then converted into an azide with
DPPA (diphenylphosphorylazide and sodium azide).

NO

NH

O

N

FK 866
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NN
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65
64

bioisostere removing double bond

63

Scheme 15.12 1,4-Disubstituted triazole analogs of FK866.38

The novel triazole analogs were then tested in a cell viability assay (neuroblastoma cell
line, SH-SY5Y) and the intracellular NAD levels were measured with a cycling assay after
incubation with compounds 64 and 65 for 24 h.38 Surprisingly, analog 64 – the closest
analog to FKK866 – displayed an IC50 value of 3.0 ± 0.2 µm, higher than the analog 65,
which lacks the olefinic moiety (shortened distance between the triazole and the pyridine
ring). Jiang et al. reported another example of an enzyme inhibitor against H5N1, an avian
influenza virus (AIV), synthesized via click chemistry.44

15.4 Enzymes and Click Chemistry

The formation of an enzyme inhibitor through chemical reaction of two components bound
to the enzyme can be effectively performed if the coupling reaction commonly takes place
with high yields. Given this and the aforementioned attributes of the click reaction, the click
reaction is the reaction of choice for the development of enzyme inhibitors. Enzyme ligands
with known affinity for the active side of enzymes were chosen to bind to two distinct,
neighboring binding sides and were connected via a linker that is able to perform click
reactions. Given the enzyme-enforced proximity of the two reaction partners, the formation
of these triazole-connected twofold ligands should be catalyzed by the enzyme. Through
this strategy, the enzyme is used to catalyze the formation of its own inhibitor.
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The most famous example for the exploration of these enzyme inhibitory ligands is
the search for acetylcholinesterase inhibitors (AChE). Sharpless and Kolb’s respective
groups investigated tacrine and phenylphenanthridinium derivatives,45,46 in terms of their
function as inhibitors of Electrophorus electricus and mouse AChE. The target acetylcholin-
esterase was chosen because of its role in the central and peripheral nervous system and its
importance in the investigation of acetylcholine in neurotransmission. Two sites of AChE
were chosen for the binding of the acetylene and the azide component: the catalytic site of
the enzyme at the bottom of a 20 Å deep narrow gorge and another peripheral binding site
near the protein surface (Scheme 15.13). The potentially potent inhibitors of AChE were
identified through the incubation of several in preliminary experiments selected ligands
66-69 (Figure 15.6, all containing azide as well as alkyne functionalities) and the target
enzyme for six days at room temperature (series of 49 binary mixtures incubated). From the
theoretically feasible combinations of products, only one was observed. It was shown that,
while the enzyme-catalyzed reaction with the triazoles was merely selective, in particular
with respect to the formation of the syn-isomer, the antitriazole was not detected.
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Figure 15.6 Azide and acetylene building blocks for the formation of 49 binary mixtures and
their incubation with AChE.45,46
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X-ray studies have proven the interaction of the bivalent ligand with protein binding
sites. It has been shown that the tacrine moiety was incorporated into the active center
of the enzyme and that the phenylphenanthridinium group is located on the peripheral
site, both connected via a triazole linker generated by click reaction. In subsequent exper-
iments, the phenylphenanthridinium group was replaced by phenyltetrahydroisoquinoline
building blocks (70), which yielded inhibitors with an up-to-three-times enhanced activ-
ity in combination with the previously used tacrine moiety (71) (Scheme 15.13). As a
well-known ligand for the active center of AChE, the tacrine group was used combined
with a two-carbon azide linker, given that preceding experiments had proven this to be the
optimal distance (see formation of 72). It is possible to perform the experiments with up to
10 acetylene-containing compounds at one time, allowing the enzyme to choose between
different ligands and to select the most suitable one for the click reaction. In these competing
experiments, out of 10 structurally different acetylenes, only two were able to react with the
enzyme-ligated azide. Interestingly, the enzyme only showed selectivity for the formation
of the syn-triazole products, but there was no preference exhibited for the formation of one
specific enantiomer. Both the R- and the S-enantiomers are used for enzyme-located click
reactions.47

Another example of target-guided synthesis (TGS) has been illustrated by Kolb et al.,
with the synthesis of enzyme-generated inhibitors of carbonic anhydrase (CA) II.48 Yet
again, the click reaction was selected because of its bioorthogonal character in the ligation
of the target-bound functionalized ligands. Compound 73 was chosen as acetylene moiety
since most inhibitors of CA are aromatic or heteroaromatic sulfonamides that are able to
coordinate to the Zn2+-ion at the active site of the enzyme. Acetylenic benzenesulfonamide
(73) was incubated for 40 h with bovine carbonic anhydrase II and the corresponding
azide-containing counterpart 74. Subsequently, triazole formation was observed
(Scheme 15.14). Altogether, the group was able to demonstrate the formation of
twelve triazoles 75, among them triazoles from piperidine azides, bicyclic azides, stilbene
azides, phenyl and ethyl azides.
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Scheme 15.14 In situ screening by click reaction in the presence of carbonic anhydrase II.
(a) Bovine carbonic anhydrase II (1 mg/mL, approx. 30 µm), aqueous buffer pH 7.4, 37 ◦C,
40 h.48

Yao et al.49 investigated inhibitors of protein tyrosine phosphatase (PTP). Inspired by
Zhang et al.’s discovery of a second binding site on PTP,50 and based on results of re-
searchers at Abbott, who found a cell-permeable bidentate PTP inhibitor, the group synthe-
sized a library of potential PTP ligands with azide and alkyne functionality and thereafter
combined the building blocks to 66 bidentate ligands. Subsequent in situ enzymatic screen-
ings revealed a potential PTP1B inhibitor with an IC50-value of 4.7 µm.
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Seto et al. extended the search for PTP inhibitors and generated two sequential libraries
of PTP inhibitors. In the first step, 4-azidobenzoylformate was reacted with fifty-six mono-
and diynes. The resulting esters were hydrolyzed and tested against Yersinia PTP and
PTP1B. Four selected examples were further investigated and one of them (the precur-
sor of compound 76) was derived to give the second-generation PTP inhibitors (Scheme
15.15). An alcohol functionality was converted into an azide group via the Mitsunobu
reaction with ZnN3 and subsequently into a triazole group through the addition of the same
fifty-six mono- and diynes from the first generation inhibitors. Click reaction of the first-
generation inhibitor-derivative 76 with 1,4-diethynylbenzene (77) produced the precursor
78, which was transferred into the target compound via hydrolysis of the ester functional-
ities. The bis(α-ketocarboxylic acid) inhibitor 78 was found to have an IC50-value of 550
nm against Yersinia PTP (IC50 = 710 nm against TCPTP).51,52

Beyond the search for phosphatase inhibitors, other enzymes have been under investiga-
tion concerning their inhibition abilities. Examples include the exploration of phosphonate
inhibitors for the regulation of serine hydrolases,53 the search for Grb2 SH2 domain-binding
macrocycles54 and the investigation of glycoconjugate benzene sulfonamides as carbonic
anhydrase inhibitors.55

15.5 Synthesis of Glycosylated Molecular Architectures

As the separation of highly polar compounds by HPLC remains a great challenge, an al-
ternative method with a polar stationary phase and an aqueous mobile phase (hydrophilic
interaction liquid chromatography, HILIC) has been developed. A variety of separation
materials such as underivatized silica, amido silica, poly(succinimide)-bonded silica, poly-
hydroxy silica with different retention characteristics and separation selectivity have been
described in the literature. Moreover, glucose, maltose and β-CD (Scheme 15.16) with sev-
eral polar groups and unique structures have been immobilized via click reaction, leading
to novel complex separation materials.56
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15.6 Synthesis of Nitrogen-rich Compounds: Polyazides and Triazoles

In recent years, the study of polyazides and their highly applicable energetic materials
has experienced a renaissance. Numerous homoleptic azides [M(N3)n], derivable salts57

as well as organic azides have been prepared.58,59 A major challenge, the isolation of
tetraazidomethane, which was expected to be a highly explosive compound, was overcome
by Banert and coworkers in 2007 (Scheme 15.17). The lower-substituted derivative,
the triazidomethane, was obtained via simple nucleophilic substitution from bromoform
(CBr4). However, all attempts to generate the homoleptic azide from halides, as well as
a variety of precursors bearing donor or acceptor substituents, through different azide
reagents were unsuccessful.58

CN

Cl Cl
Cl

(N3)3C+SbCl6
-

LiN3 or NaN3
60−87%a

N3

N3 N3

N3

colorless,
highly explosive liquid

H2O
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NH

NN
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NN

N N
NN

N N
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92
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Scheme 15.17 Attempts to prepare the tetraazidomethane (87) and further reactions with
this compound. The yield was determined by the integration of the13C NMR signal.58

The only sign of formation was generated through the treatment of C(CN)Cl3 (85)
with sodium azide in MeCN. Subsequent approaches involved the reaction of the salt
86 with dry lithium or sodium azide, leading to significantly higher yields. Against all
expectations, antimonate salts are expensive and explosive starting materials, which are
therefore unsuitable for preparative purposes. The workup is less problematic and more
reproducible for the first-mentioned procedure.

Special safety precautions have to be followed, because azides are highly energetic
and potentially explosive materials, particularly those with low molecular weights. Pure
tetraazidomethane (87) is extremely dangerous and can explode at any time without a
recognizable cause. According to convention, the ratio of nitrogen to carbon (oxygen)
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X

R4

R3

R2
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X

I

I

I
I

96 R1-4 = N3

97 R1 = N3; R2-4 = I
98 R1,2 = N3; R3,4 = I
99 R1-3 = N3; R4 = I

100 R1-4 = N3

94 X = C (methane core)

95 X = 1,3,5,7-adamantyl
(adamantane core)

a)

Scheme 15.18 Ullmann-type coupling reaction leading to polyazides 96–100. (a) NaN3,
ligand (diamine), Cu(I), sodium ascorbate, DMSO–H2O, 100 ◦C, 48 h.59

should be maximum 1:3 for a neat isolation of the yielded azide. Compounds with lower
ratios should be handled with extreme caution.

Sodium azide is very toxic, similar to sodium cyanide. The use of additional metals as
well as halogenated solvents such as dichloromethane in the presence of the sodium azide
must be avoided.60

Nowadays, aryl azides are increasingly used in organic synthesis, due to the versatile
transformations of the azide functional group. Thus, additional polyazides were synthesized,
as previously reported by Bräse et al. (Scheme 15.18).58 For the investigation of novel
nanomaterials and compounds for polymer science and polymer processes as well as
material and macromolecular sciences, rigid tetrafunctionalized molecules are promising
compounds. The tetrasubstituted polyazides were prepared via Ullmann-type coupling
reactions.

Furthermore, 1,4-disubstituted 1,2,3-triazoles, easily accessible from polyazides 96–100,
have found application in drug discovery, bioconjugation, surface modification and mate-
rial development as multifunctional ligands as well as in polymer science. Additional
examples, such as hyperbranched poly(1,2,3-triazoles), reported by Tang et al., were in-
clined to self-oligomerize and failed to yield soluble polymers using Cu(I)-catalyzed click
polymerization.61

15.7 Conclusions

The benefits of the click reaction, namely high yields and biocompatibility, enable the
very efficient application of this cycloaddition reaction to the synthesis of molecular ar-
chitectures based on biomolecules, the synthesis of labeled biomolecules and their general
application in living systems. In this article, the structure of derived markers, biomolecules,
natural products and biologically active compounds containing either an azide or an alkyne
functionality for click reactions is described. It has been illustrated that the potential of the
click reaction lies not exclusively in its application as a labeling method, but that it can also
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be used to build up novel biologically active compounds. These compounds can be created
according to known active targets, but can also be identified via direct formation of tria-
zole derivatives in the active site of enzymes through incubation with several theoretically
clickable precursors.
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S. Ōmura, (2007), Design and synthesis via click chemistry of 8,9-anhydroerythromycin A
6,9-hemiketal analogues with anti-MRSA and -VRE activity, Bioorg. Med. Chem. Lett., 17,
6304–6344.

(38) U. Galli, E. Ercolano, L. Carraro, C. R. B. Roman, G. Sorba, P. L. Canonico, A. A. Genazzani,
G. C. Tron, R. A. Billington, (2008), Synthesis and biological evaluation of isosteric analogues
of FK866, an inhibitor of NAD salvage, ChemMedChem, 3, 771–779.

(39) P. Van Der Peet, C. T. Gannon, I. Walker, Z. Dinev, M. Angelin, S. Tam, J. E. Ralton,
M. J. McConville, S. J. Williams, (2006), Use of click chemistry to define the substrate speci-
ficity of Leishmania β-1,2-mannosyltransferases, ChemBioChem, 7, 1384–1391.

(40) (a) B.-C. Suh, H. B. Jeon, G. H. Posner, S. M. Silverman, (2004), Vitamin D side chain
triazole analogs via cycloaddition ‘click’ chemistry, Tetrahedron Lett. 45, 4623–4625; (b)
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16
Unprecedented Electro-optic

Properties in Polymers
and Dendrimers Enabled by

Click Chemistry Based on the
Diels–Alder Reactions

Jingdong Luo, Tae-Dong Kim and Alex K.-Y. Jen

16.1 Introduction

Organic second-order nonlinear optical (NLO) materials have been intensively studied
for several years due to their promising applications in high-speed and broadband
information technologies, THz generation/detection systems, optical circuits integrated
in silicon chips, and multifunctional nano-devices.1–4 Recent advances in the use of
nano-scale architectural control and Rational molecular design have led to exceptionally
large electro-optic (E-O) activities in organic NLO materials and devices. For instance,
dendronized NLO chromophores and polymers have shown significant enhancement in
poling efficiency by encapsulation of the chromophore with dendritic substituents that
can electronically shield the core, π -electrons and form spherical molecular shapes.5

Another significant improvement of E-O activity was also shown in the supramolecular
self-assembly of NLO chromophores surrounded by dendritic moieties that can be poled
and crosslinked into a robust extended network.6

The ultimate goal for the NLO materials is to simultaneously achieve very large
E-O activity, good thermal stability, high optical transparency, and excellent mechanical

Click Chemistry for Biotechnology and Materials Science Edited by Joerg Lahann
C© 2009 John Wiley & Sons, Ltd
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Figure 16.1 Various types of polymeric NLO materials.

properties within the same materials. Figure 16.1 represents the various types of polymeric
NLO materials developed over two decades. It is highly desirable to covalently incorporate
chromophores into polymer networks through postfunctionalization (type 2) and crosslink-
ing reactions (type 4) to improve both their thermal and mechanical properties.1a,c The
globular shape of dendrimers (type 5) is suitable for obtaining spherical macromolecular
structures of encapsulated chromophores and engineering nanoscale macromolecular archi-
tectures with pre-organized chromophores.5 However, low poling efficiency from limited
chromophore alignment was found in postfunctionalized and crosslinked NLO polymers
and dendrimers due to reduced rotational flexibility of chromophores. Therefore, there is
a strong need to establish creative processing/poling protocols using carefully controlled
chemistry to overcome the ‘nonlinearity–stability trade-off’.

Recently, we have exploited high performance NLO polymers and dendrimers showing
unprecedented E-O properties by applying click chemistry based on the Diels–Alder
reactions for postfunctionalization and lattice hardening. The reactions meet the stringent
requirements of processing/poling protocols with comprehensive material properties. Here
we highlight these revolutionary materials achieved by click chemistry, which resulted
in ultrahigh E-O coefficients (up to ∼380 pm/V), excellent thermal stability and optical
transparency, and are suitable for the implementation into novel opto-electronic and
photonic devices.

16.2 Diels–Alder Click Chemistry for Highly Efficient Side-chain
E-O Polymers7–10

Two different synthetic strategies can be used for the preparation of side-chain E-O poly-
mers. One is the polymerization of NLO chromophores attached with reactive groups
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Figure 16.2 The postfunctionalization method for side-chain E-O polymers by click chemistry
based on Diels–Alder reaction.

by step-growth or chain-growth reactions. The other is the postfunctionalization of the
NLO chromophores into conventional linear polymers. The latter approach is a preferred
method for systematic molecular engineering of polymers with optimized properties since
we can take advantages of well-defined linear polymers as starting materials. Most of the
postfunctionalization methods used for making side-chain E-O polymers such as the azo-
coupling,11 tricyanovinylation,12 Mitsunobu etherification,13 Knoevenagel condensation14

and catalyzed esterification,5c,d often generate byproducts or trace amount of residual ionic
impurities that can significantly attenuate the effective electrical field for poling and cause
the DC bias to drift during device operation. To alleviate these problems, the selection
criteria for ideal postfunctionalization methods, as illustrated in Figure 16.2, are: (i) quan-
titative conversion with minimum byproducts, (ii) no catalyst required, (iii) free of ionic or
polar species, and (iv) mild reaction conditions and good compatibility of a host polymer
with various highly efficient, but chemically sensitive chromophores. In searching of pos-
sible solutions, the click chemistry pioneered by Sharpless et al. seems to fit most of these
criteria.15

The click-type reactions, mainly exemplified by Huisgen 1,3-dipolar azide-alkyne or
Diels–Alder cycloadditions, have led to reliable and self-directed modular organic reac-
tions to make molecular connections with absolute fidelity. They also inspired a multitude
of applications in biology, chemistry and materials science.16 As a powerful enabling
tool, it possesses great potential for meeting the aforementioned stringent criteria for post-
functionalization of E-O polymers to generate comprehensive properties. Nevertheless,
one drawback for these 1,3-dipolar azide–alkyne reactions is the high reactivity between
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azide and the cyano-containing acceptors that are commonly used for NLO chromophores
and can hinder their general applicability for E-O polymers. To solve this problem, the
Diels–Alder cycloaddition was selected as an alternative for generating new series of high-
performance E-O polymers. The Diels–Alder reaction involves a ring-forming coupling
between a dienophile and a conjugated diene, which can be described by a symmetry-
allowed concerted mechanism without forming biradical or zwitterionic intermediates.
One of the important features in a Diels–Alder reaction is that the resultant adducts can
be thermo-reversibly cleaved to render the starting materials. Wudl and coworkers have
reported a thermally amendable polymeric network by the reversible Diels–Alder cycload-
dition adapted for fracture self-healing in polymer thermosets.17 These encouraging results
have shown the potential and versatility to create sophisticated properties for polymers.

We first introduce the Diels–Alder cycloaddition reaction as a general and efficient
synthetic method for reversibly crosslinkable E-O polymers.7 Three different functional
moieties, including the derivatives of a CLD-type chromophore 1, a capped maleimide
2 (dienophile) and furanic ring 3 (diene), were sequentially attached onto the polymer
backbone as side chains to afford a crosslinkable E-O polymer PSDACLD (Figure 16.3).
The maleimide was protected with furan initially to prevent any crosslinking reaction from
occurring prior to the poling and lattice hardening step. The poling temperature is very close
to the onset temperature of the retro-Diels–Alder reaction (110 ◦C) and slightly higher than
the typical temperature range used for the Diels–Alder crosslinking reaction (60–80 ◦C).
At this temperature, the material possesses the characteristics of a typical thermoplastic
polymer. Concurrently, the chromophores can be effectively reoriented under the poling
field. After the poling process, a sequential cooling/curing process (85 ◦C for 1 h, 75 ◦C
for 1 h, and 65 ◦C for 1 h) was performed to anneal and crosslink the polymer through the
Diels–Alder reaction.

By smartly controlling the poling and crosslinking processes through the reversible
Diels–Alder reactions, it allows highly polarizable chromophores to be efficiently poled at
the stage of a low viscosity linear thermoplastic polymer. The resulting material exhibits
a combination of a very large E-O coefficient (r33) value (76 pm/V at 1.3 µm) and good
temporal stability at 70 ◦C. From this novel crosslinking system, E-O materials with optimal
physical properties can be achieved by fine-tuning a processing temperature window of
the Diels–Alder and retro-Diels–Alder reactions. Furthermore, modifying the electronic
properties of the crosslinking reagents of deactivated furan diester or anthryl groups8 led
to the ability to fine-tune the processing temperature and reversibility of these Diels–Alder
reactions to optimize thermal stability and processability. Because of the efficient lattice
hardening of the Diels–Alder reaction, these materials also exhibited very good temporal
alignment stability, retaining ∼80% of their original r33 values even after baking at 85 ◦C
for 500 h.

The Diels–Alder reactions can be utilized for click postfunctionalization in order to
make side-chain E-O polymers, as shown in Figure 16.4. Maleimide-containing NLO
chromophores can trigger click reactions to the polymer backbone (PMMA-AMA) with
pendant anthracenyl diene moieties to afford PM-1b, PM-2 and PM-3, respectively.9

This synthetic approach is very mild, versatile, quantitative and free of ionic species and
catalysts. In the side-chain E-O polymers made by using post-esterification, the typical
connection point for side-chain or dendron attachment is limited only through the donor-
or the acceptor-end of the chromophores (A-type, PS-FTC). Although the chromophore
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can be structurally shielded from its neighbors to minimize the electrostatic interactions,
this head-to-tail linking style creates a quite bulky shape, which causes substantial steric
hindrance during poling. As a result, it often needs very high electric field (∼150 V/µm) to
align the chromophore dipole. By using the efficient Diels–Alder click reaction, different
architectures of macromolecules can be easily created by changing the attaching modes of
the chromophore onto the polymers. Since both of the donor and acceptor ends were used in
the A-type side-chain polymers, the alternative site for linking the rod-shaped chromophore
is through the center of its bridge. By activating the center site of chromophoric bridge,
it also creates multiple new placements of chromophores in side-chain dendronized E-O
polymers. This provides the possibility to molecularly engineer side-chain dendronized
E-O polymers with desirable shape for ease of rotation during poling (B-, C- and D-type).
PM-1b is the one that bears the center-anchored chromophore as a side-chain (B-type or
side-on type). PM-2 also adopts the similar anchoring style, while the donor-end of the
chromophore is functionalized with a fluorinated dendron (C-type). PM-3 belongs to the
D-type construction, in which the chromophore is attached to polymer backbone via its
donor-end and also incorporated with a fluorinated dendron on its bridge center.

Thermal analysis using differential scanning calorimetry (DSC) showed relatively high
glass transition temperatures (Tgs) in these PMMA-type polymers: 152 ◦C for PM-1a,
154 ◦C for PM-1b, 140 ◦C for PM-2 and 135 ◦C for PM-3. On the other hand, the Tg

of PS-FTC only showed ∼90 ◦C. This can be attributed to the rigidity introduced by the
bulky anthryl-maleimido Diels–Alder adducts. From thermogravimetric analysis (TGA),
the onset decomposition temperatures for the dendronized polymers PM-2 and PM-3
are roughly 50 ◦C higher than those of the nondendronized PM-1b, indicating improved
thermal properties by encapsulating the NLO chromophore in fluorinated dendrons.

PM-1b, PM-2 and PM-3, with a 20 wt% chromophore loading level, exhibited excel-
lent poling characteristics. The measured E-O activities were 37 pm/V for PM-1b, 60
pm/V for PM-2 and 57 pm/V for PM-3 at 1.3 µm. The poled PM-2 and PM-3 films
showed almost twice r33 values compared with the nondendronized counterpart, PM-
1b. These results demonstrate the effect of using dendritic moieties to improve poling
efficiency of polymers. Compared with the A-type side-chain dendronized polymer, PS-
FTC, these polymers exhibited much improved electric-field-dependent poling behavior
(Figure 16.5).

Within the poling field range between 100 and 160 V/µm, the E-O activities of PM-
2 and PM-3 increase linearly with the increase in the applied field. For example, under
a poling field of 100–125 V/µm, the poled films of PM-2 and PM-3 show large r33

values of 48 and 40 pm/V, respectively, which are ∼70–80% of their optimal E-O activity
calculated by using a two-level model. For comparison, we can only obtain 36% of the
optimal E-O activity for the A-type PS-FTC. Moreover, these new side-chain dendronized
polymers, PM-2 and PM-3, can achieve high poling efficiency over a much broader range
of poling fields (100–160 V/µm). This is because the center site of chromophoric bridge has
been activated for polymer or dendron attachment, through which either the chromophore
shape is modified (more 3D extended as in the D-type PM-3 to prevent preferential 2D
packing of pristine chromophore prolate ellipsoids) or the steric hindrance is reduced for
chromophore reorientation (in C-type PM-2). This clearly demonstrates the advantage of
this new center-anchored approach over the previously used head-to-tail connecting side-
chain E-O polymers. All of these side-chain dendronized E-O polymers also exhibited
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Figure 16.5 Electric field-dependent poling behavior of different types of side-chain E-O
polymers.

promising alignment stability: more than 80% of their original r33 values were retained at
85 ◦C for more than several hundred hours (Figure 16.6).

Diels–Alder click chemistry can be also utilized in a solid state. As shown in Figure 16.7,
the highly reactive anthracenyl PMMA-AMA was reacted with maleimide-containing NLO
chromophores during the poling process to afford PA08, PA16, PA21, PA25, PA28, PA32,
PA34 and PA39 respectively.10 After adding more than 24 wt% of chromophore contents,
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Figure 16.6 Temporal stability of the side-chain E-O polymers at 85 ◦C. r33(0): initial r33

values; r33(t): r33 values at different baking time. Reprinted with permission from T.-D. Kim,
et al., (2006), Diels–Alder “Click-Chemistry” for highly efficient electrooptic polymers, Macro-
molecules, 39 (5), 1676. Copyright 2006 American Chemical Society.
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Table 16.1 Physical and optical properties of the polymers

Composition

Sample PMMA-AMA AJT100
Chromophore

contentsa (wt%)

Poling
temperature

(◦C)

Applied
voltage
(V/µm)

r33
b

(pm/V)

PA08 0.806 0.194 8 135 100 18
PA16 0.625 0.375 16 120 100 32
PA21 0.510 0.490 21 124 100 43
PA25 0.417 0.583 24 110 100 48
PA28 0.357 0.643 28 107 100 74
PA32 0.278 0.722 30 105 110 99
PA34 0.222 0.778 34 90 120 110
PA39 0.100 0.900 39 80 100 87

a The donor–bridge–acceptor core part of chromophoric contents (formula C28H21F3N4OS, molecular weight 518.6);
b E-O coefficient measured by simple reflection at the wavelength of 1.3 µm.

the unreacted chromophore remains as a guest in these systems. Very attractive features of
this click reaction, which makes side-chain E-O polymers in the bulk state, are the use of no
solvent, quantitative yields and regio-specifically formed adducts without any generation of
by-products. As a consequence, it is possible to control the chromophore loading concen-
tration in the polymers by adjusting the chromophore ratio. This system provides a means
to afford side-chain E-O polymers with different chromophore concentration to determine
its critical loading density at which electrostatic interactions occur in the polymer matrix.
Furthermore, the clicked side-chain E-O polymers can act as hosts with unreacted guest
chromophores above their certain loading density to form binary NLO polymeric systems.

Measured r33 values and poling conditions of these poled polymers are summarized in
Table 16.1. Note that PA21 polymer by the solid-phase reaction corresponds with PM-3
prepared by the solution reaction. The data of r33 values and optimal poling temperatures for
PA21 are very reproducible and are in well agreement with PM-3. For an example, the r33

values of PM-3 and PA21 are 41 and 43 pm/V, respectively, under 100 V/µm of the poling
field around 125 ◦C. The poled films of PA34 have shown the highest r33 value (110 pm/V
at 120 V/µm of a poling field). This value is extraordinary in such a high chromophore
concentration when compared with other guest–host NLO systems. This behavior can
be explained as follows: (1) dendron effects preventing the chromophore-chromophore
electrostatic interactions; (2) the difficulty of the chromophore aggregation due to the
structural shape; and (3) cooperative effects of binary polymeric systems converted to the
side-chain E-O polymers with guest chromophores.

16.3 Diels–Alder Click Chemistry for Crosslinkable E-O Polymers
Containing Binary NLO Chromophores18,19

Many studies of polymeric E-O materials have shown that lattice hardening approaches
can significantly improve long-term alignment stability. However, a reduction of 20–40%
in E-O activity is usually accompanied by such approaches, since typical poling of
conventional thermoset E-O polymers is achieved through sequential lattice hardening and
poling process, resulting in severely limited chromophore reorientation. The Diels–Alder
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cycloaddition reaction for the lattice hardening method can tune temperature windows for
crosslinking and poling. This Diels–Alder reaction has been applied successfully in lattice
hardening processes of E-O polymers with both high nonlinearity and thermal stability.
We have extended the concept of binary systems into crosslinkable E-O polymers through
Diels–Alder click reactions to further incorporate highly polarizable NLO chromophores.
This combined effort demonstrates that binary mixtures of chromophores can be loaded
into side-chain E-O polymers and efficiently poled to give E-O activities higher than the
summed value of two added chromophores. These systems can also be mildly cured to
ensure a thermally stable E-O response.

The crosslinkable E-O polymers containing binary chromophores exist as a three-
component guest–host system (Figure 16.8): PMMA-AMA as a host polymer, guest
chromophore AJC146, and secondary chromophore 1a, 1b, or 1c.18 The chromophores
are functionalized with maleimido moieties, which can act as an active crosslinker to re-
act with the anthracenyl side-chains on PMMA-AMA. After solid-state Diels–Alder click
reactions, they form chromophore-embedded networks. BMI, 1,6-bismaleimidohexane,
was also included as a passive crosslinker for a parallel comparison. After curing PMMA-
AMA/BMI/AJC146, the main absorption bands (two major absorption sub-peaks, centered
at the wavelengths of 799 nm and 951 nm) of AJC146 remained unchanged when the same
amounts of anthracenyl and maleimide groups were equivalent. However, it underwent a
significant decrease in intensity (25–40%) if an excess amount of maleimide was used.
This suggests that the anthracenyl group has a higher reactivity toward maleimide and can
serve as a scavenger to prevent the polyenic chromophore from reacting with maleimide.
In all cases, the chromophore absorption bands remained almost unchanged throughout the
thermal curing and poling, indicating that good chromophore stability was achieved under
a mild curing condition and carefully adjusted diene–dienophile ratios.

All poling processes were performed at temperatures of around 110 ◦C with a poling
field ranging from 75 to 125 V/µm. Both poling fields and currents were monitored
in-situ to optimize the entire process. All of the binary systems exhibited very large r33

values (up to 237–263 pm/V). However, it is hard to achieve more than 200 pm/V in a
singular chromophore system even at higher chromophore loading levels. These results
suggest the structural features for the chromophores and processing control desirable
for binary systems. The shape of a guest chromophore, AJC146, is a roughly prolate
ellipsoid while chromophoric crosslinkers (1a, 1b, or 1c) are �-shaped. During poling and
annealing processing, such a combination of chromophores can minimize the formation
of antiparallel or close head-to-tail centrosymmetric stacking between chromophores.
Furthermore, chromophoric crosslinkers can provide further modification of the polymer
hosts, through the in-situ Diels–Alder crosslinking, leading to better homogeneity and
stability to additional polyenic chromophore dopants. In this process-induced morpholog-
ical confinement, both guest chromophores and in-situ generated active polymer networks
could respond cooperatively to the poling field. Side-chain E-O polymers can also crosslink
with Diels–Alder reactions in the form of binary chromophoric systems.19 Figure 16.9
shows a schematic illustration for chromophore aligning/lattice hardening processes from
a side-chain E-O polymer PM-AJL. Side-chain chromophore contents were adjusted to 8
wt% with an anthracenyl group in PMMA-AMA to further crosslink the binary systems.
A guest chromophore AJL28 and passive crosslinker TMI were added with different con-
centrations to maximize poling efficiency and alignment stability. Direct spin-coating of the
dissolved mixture in 1,1,2-trichloroethane (∼8 wt%) gave high optical quality thin films,
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Figure 16.9 A crosslinked E-O polymer in-situ generated by Diels–Alder click reaction in a
side-chain E-O polymer with binary chromophores. Reprinted with permission from T.-D. Kim,
et al., (2008), Binary chromophore systems in nonlinear optical dendrimers and polymers for
large electrooptic activities, Journal of Physical Chemistry, 112 (21), 8091. Copyright 2008
American Chemical Society.

which were then subjected to the electric field to form a poled crosslinked polymer. We ob-
served lowered poling efficiency at an excess amount of TMI due to polyenic chromophore
decomposition by maleimide groups. The concentration of the side-chain chromophore
can also affect poling efficiency in the binary crosslinked polymers. Careful control of
TMI content (1–2 wt%) and side-chain chromophore concentration (8%) was taken into
account to maximize EO activity and lattice hardening. A continuous increase in r33 values
can be seen with the increase of guest chromophore AJL28 in PM-AJL.

The highest r33 value of 387 pm/V was obtained for the film containing 30% of AJL28,
which is significantly larger than that (198 pm/V) of singular guest chromophore AJL28 in
PMMA-AMA. This result suggests that binary chromophores in different morphological
confinement can cooperatively respond to the poling field. The binary systems may also
provide a unique nanoenvironment for enhancing local field factors. However, further
increase in the chromophore contents led to saturation or decrease in E-O coefficients due
to severe aggregation of chromophores. In addition, a poling voltage higher than 75 V/µm
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across the films resulted in catastrophic electrical breakdown. All crosslinked E-O polymers
showed good thermal alignment stability. After an initial fast decay, ca 75% of these E-O
activities could be maintained at 85 ◦C for over 500 h. This demonstrates that the binary
systems can be efficiently poled and cured to form thermally stable E-O lattices. These
results are again a great demonstration of the advantages offered by binary chromophoric
systems combining with well-controlled lattice hardening and poling methodology via
Diels–Alder click reactions.

16.4 Diels–Alder Click Chemistry for NLO Dendrimers19,20

E-O activities of NLO materials can be significantly improved by encapsulating the chro-
mophore with substituents that can electronically shield the core and form spherical molec-
ular shapes. In order to create a structurally more well-defined and stable NLO material, we
have explored dendrimers with multiple dendritic chromophores branched out from a pas-
sive core unit. The most important advantage of NLO dendrimers is that the active volume
fraction of chromophore can be maximized without phase separation and aggregation. It
occurs easily in the guest–host polymeric systems when the chromophore is highly loaded.
The dendrimers are also expected to have reproducible physical and optical properties with
well-defined molecular structures.

Three-arm NLO dendrimers (D3-PS and D3-DA) were synthesized by post-esterification
and Diels–Alder click reactions between the three branches of desirable core molecules
and the chromophore precursors that are surrounded by perfluorinated-phenyl dendrons
as the exterior moieties (Figure 16.10).19 In case of D3-PS, the resulting N-acrylurea and
anhydride by-products should be removed by repetitive precipitation after the condensation
reaction. As described in Chapter 2, a trace amount of residual ionic impurities or by-
products can significantly attenuate the effective poling electrical field and possibly cause
the DC bias drift during device operation. To alleviate this problem, the Diels–Alder
click chemistry was selected as an alternative for generating a new high-performance
NLO dendrimers. In order to conduct Diels–Alder click reactions for the NLO dendrimer,
a maleimide-containing NLO chromophore and an anthryl-containing diene core were
prepared. The poled NLO dendrimer PS-DA was constructed by the Diels–Alder reaction
during the poling in solid films.

The weight-percent of active chromophore content is 40% for D3-PS and 38% for D3-
DA. The NLO dendrimers can be directly spin-coated to form a monolithic molecular glass
without any prepolymerization process. Through an in-situ post-functionalization process
during the electric field poling, a very large E-O coefficient (r33 = 109 pm/V) was achieved
for D3-DA. This is significantly higher than the r33 value from D3-PS (r33 = 79 pm/V),
which was prepared by catalyzed post-esterification condensation. This is due to easier
alignment of dendronized chromophores before forming Diels–Alder adducts covalently
bonded with anthracenyl core units. Electric fields were as high as 110 V/µm applied to
the NLO dendrimer film. Furthermore the screening effect, provided by the peripheral
groups of dendrimer allows the chromophores to be spatially isolated, and the large void-
containing structure of dendrimers provides the needed space for efficient reorientation of
the chromophores. The globular geometry of dendrimers is ideally suited for the spherical
shape modification of chromophores. In terms of chromophore alignment stability, the
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dendrimers showed very promising results, retaining more than 90% of their original r33

values after several hundred hours at 85 ◦C. Unfortunately we could not achieve any
appreciable r33 values from D3-DA with additional guest polyenic-type chromophores due
to chemical sensitivity of the polyenic chromophore towards the Diels–Alder reactions.
However, since a polar substitution such as a methoxy group in the middle of the polyenic
chromophore has provided significantly reduced dienic reactivity, we expect that improved
poling efficiency and chemical stability are highly achievable in the NLO dendrimer systems
afforded by Diels–Alder click reaction in the future.

Multidiene functionalized chromophores (EOD1, EOD2, EOD3, and EOD4), shown
in Figure 16.11, were prepared to utilize Diels–Alder click reactions as a means of in-situ
crosslinking for NLO dendrimers.20 EOD1–4 were obtained using the carbodiimide-
mediated esterification between each dendronic acid and the dihydroxylated chromophore.
These materials possess clear glass transition temperatures measured by DSC, which
indicate amorphous solids. The processing temperature window for crosslinked NLO
dendrimers can be controlled by tuning the electronic properties of the diene branches.
In addition, the lattice-hardening of EOD1–4 also converts the electron-rich dendrons
into rigidified cyclic structures with far fewer electrons. This leads to a less polarizable
environment. As a result, a considerable blue shift could be observed in their absorption
spectra. Compared with the absorption maxima (λmax) for EOD4 (776 nm), the λmax of the
blend system (EOD4 and TMI) blue-shifted 40 nm (to 736 nm) even before the thermal
curing. This is attributed to the partial reaction between the reactive anthryl and maleimido
groups.

The films were baked in a vacuum at 50 ◦C overnight to ensure the removal of any
residual solvent. Although the baking temperature is well below the Tg of the dendrimers,
all of the films prereacted to a certain extent during this step because of the highly
reactive nature of the dienes and TMI. This reaction increases molecular weight and
dielectric strength of the materials and leads to films with moderate solubility in organic
solvents such as acetone. Moreover, the interchain Diels–Alder adducts can be thermally
dissociated through the retro-Diels–Alder reaction. This can be tapped to further enhance
the alignment of chromophores during poling. With all these dynamics encountered, the
optimal poling temperature is strongly dependent on proper balance between their Tgs
(after pre-crosslinking), Tdiss (dissociation) and Txs (crosslinking) to accomplish high
poling efficiency (Table 16.2). High-temperature and high-voltage poling could also be
applied concurrently to increase lattice hardening. Upon removal of the electric field and
cooling to room temperature, the poled films of EOD1–3 showed large E-O coefficients
(r33 = 63–99 pm/V), which are much higher than those from the guest–host EO polymer
(AJL8/APC) or the uncrosslinked EOD5, which contains a similar chromophore. Over
90% of the original E-O activities could be retained at 100 ◦C for more than 500 h.

16.5 Conclusions

Our recent results from organic second-order NLO materials development have shown
dramatically enhanced E-O activity compared with that of the past two decades. High-
performance E-O polymers and dendrimers were demonstrated by a facile and reliable
Diels–Alder click reaction for postfunctionalization and lattice hardening to improve EO
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activity and thermal stability. The systematic exploitation of a nanoscale architecture control
approach and supramolecular self-assembly has created a series of amorphous molecular
NLO materials, combining well-defined properties of small molecules with facile process-
ability. With these novel approaches, the E-O coefficients of a series of nanoengineered
materials have reached ∼380 pm/V, which is more than one order of magnitude higher
than that of the state-of-the-art inorganic material, lithium niobate. These materials also
possess excellent thermal stability and optical transparency, which are suitable for the im-
plementation into novel opto-electronic and photonic devices. This significant breakthrough
will lead to a new paradigm of developing high-bandwidth, low-energy-consumption and
light-weight devices for telecommunications, computation and sensing applications.
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ABC triblock polymers 233, 235
acceptor peptides 40
acetylated silicon 294
acetylcholinesterase inhibitors (AChE)

375–376
click chemistry screening with novel

peripheral site ligands47 369
acetylene

containing (small) molecules attached with
Au nanoparticles via CuAAC 263

as initiator 220
acetylene polymers

acetylene-appended PVA 4
grafting via RAFT to nanoparticles 256

acetylene–EGFP 260–261
acetylene-functionalized block copolymers 345
acetylene-modified 2-ethinylnaphthalene 357
acetylenic benzenesulfonamide, triazoles 370
activity-based protein profiling (ABPP) 38, 44,

153, 312, 357
biotin-labeling 367–371

adriamycin, conjugation to MAb via oxime
bond formation 55

agarose gel electrophoresis of AzNPs 264
aldehyde dehydrogenases (ALDH-1) 312
aldehyde micropatterns, preparation via

selective oxidation 66
aldehydes, Tollens reaction 134, 134
Alexa Fluor 488 and 568 358
alkenes

bioorthogonal ligations 37–38
Cu-free [3 + 2] cycloadditions 36
light-induced decomposition of 2,

5-diaryltetrazoles 37
alkoxyamine-co-HPMA 58
alkyne groups, polyvalent system 345
alkyne-biotin-FLAG tag 319
alkyne-containing analogs of lipoic acid 40
alkyne-containing nucleotides 224–225

alkyne-functionalized macromolecular
scaffolds 111

alkyne-functionalized PLGA 299
alkyne-modified uridine nucleosides 342, 343
alkynes, see also azides and alkynes
alkynyl ManNAc 341
alkynyl-substituted sugar analogs 358
allenylmagnesium bromide 22
Alzheimer amyloid-beta, interaction with

monosaccharide 301
amber suppressor 41
amides, traceless Staudinger ligation strategies

33
amino acids

azidohomoalanine (AHA) 228, 316–317,
319–321

with fluorophores 41
new 314–316
with photochemical crosslinkers 41
proteomic profiling tools 318–321
SILAC 319
tRNA-synthetase (aaRS) enzymes 41

amino-bases, cocatalytic systems 124
aminooxy reagents, condensation reactions of

ketones and aldehydes 31
aminooxy surfaces, micropatterned by

photodeprotection 65
aminooxy-functionalized peptides 65–66
aminooxy-modified CCL-5, conjugation of

PEG 57
aminooxy-RGD, conjugation to polymer

bearing aldehyde side-chains 60
amphiphiles 232–236, 237

computer-generated models of molecular,
super and giant 233

protein–polystyrene conjugates 233
PS azide with tripeptide and BSA protein

234
amyloid formation 39
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8,9-anhydroerythromycin A 366
anthracene–maleimide conjugation 94–98, 100
anthracenes 196

9-anthracene methanol 94
photoinduced electron transfer (PET)

335–336
anthrax detection, dendrimer-based diagnostic

178
apoferritin (apo-HSF) 347, 348
arginine–glycine–aspartate (cRGD) derivatives

60, 188, 242–244, 303–305
aminooxy-RGD 60
RGD peptide immobilization by click

chemistry 304
tetrameric RGD-dendrimer synthesized via

CuAAC 188
arsenical dyes, ReAsH-EDT2 and

FLAsH-EDT2, proposed structures 331
atom transfer radical polymerization (ATRP) 2,

3, 58, 72, 89, 218–219, 221
alkyne ATRP initiator 93
initiator-containing SAMs 301

attenuated total reflectance–FTIR spectroscopy
61

Au see gold
Aza–Wittig reaction 3
azacyclooctyne 36

structure 36
azide–alkyne click reactions

scaffold, two different supramolecular
receptors 120

on surfaces, nanoparticles and interfaces
156–163

thermoset-formation by cross-linking 16
azide–alkyne ligation, various bulk materials

82–83
azides

azidation with Nf-N3 of enantiopure
carbohydrate mimetics 25

azide-functionalized macromolecular
scaffolds 110

and diphenylphosphorylazide (DPPA) 368
explosive properties 373
18F-labeling 364–365
potential toxic side effects 5
Staudinger ligation 33
synthesis of a secondary azide 25
toxicity 374
see also Cu-catalyzed azide-alkyne

cycloaddition (CuAAC); polyazides
azides and alkynes

cowpea mosaic virus, cuAAC 80, 230–231,
281–284, 310

cycloaddition
copper-free 35–37
thermal and copper-catalyzed 70

see also Cu-catalyzed azide-alkyne
cycloaddition (CuAAC)

difunctional monomers 71–72
end- and side-functionalized polymers, from

controlled polymerization techniques
221–222

labeled with F-18 365
azido-appended PVA 4
N-azidoacetylmannosamine 332
4-azidobenzoylformate 371
3-azidocoumarins

and acetylenes 334
3-azido-7-hydroxycoumarin 342, 360

N-(2-azidoethyl)-5-(dimethylamino)
naphthalene-1-sulfonamide 360

azidohomoalanine (AHA)
labeling with AHA 321
new amino acid 228, 316–317, 319–321

3-azidopropyl methacrylate (AzPMA) 73
azidosugars 238

bacterial cofactor ligase 40
bacterial secretion systems 39
barbituric acid, and Hamilton receptor

259
BCECF-AM substrate 232
tris-(benzyltriazolylmethyl)amine (TBTA)

catalysis 257, 265, 302, 313
bio-orthogonal noncanonical amino acid

tagging (BONCAT) 319–321
bioconjugates see protein conjugates
bioimmobilization on surfaces 300–305
biological membranes 143–146
biomedical applications, dendrimer-based

platforms 177–194
biomolecules 355–378

amphiphiles 232–236
biohybrid materials 217–254
biopolymers 42
covalent labeling 4
glycoconjugates 236–247
oxime chemistry for surface immobilization

61
polymers natural and synthetic 42, 218–228
production 9
protein conjugates 228–232
‘smart’ 54

bioorthogonal click reactions 4, 29–53
ligations 30–37
noncanonical amino acid tagging

(BONCAT) 41
schema 30

biosensors 301
biotin

fluorescent dyes 328–329
immobilization on flat surfaces 301
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biotin azide, microcontact printing 298
biotin isostere 40
biotin ligase 40
biotin–streptavidin binding 301
bisaminopyridine receptor 257
bisarsenical dyes, reAsH-EDT2 and

FLAsH-EDT2, proposed structures 331
2,2-bis(hydroxymethyl)propionic acid,

glycodendrimer 239
block copolymers (BCPs) 91–101, 148,

294–295
acetylene group 345
with attached iridium complexes 148
characterization techniques 99–100
micelles, cross-linking 147–149
post-polymerization functionalization 95–98
pre-polymerization functionalization 92–95,

94
PS-PEG 148–149
RAFT–HDA concept 95
random, for Con A binding studies 245
spin-coating 294–296

Boc-aminooxyacetic acid 58
copolymerization with methyl methacrylate

61
Boc-protected aminooxy tetra(ethylene glycol)

methacrylate 64
BONCAT (bio-orthogonal noncanonical amino

acid tagging) 319–321
boron dipyrromethene (BODIPY), as

pre-fluorophore 337
bovine serum albumin (BSA) 80, 80

heterodimer construction 232
ketone modification 59
labeling 367
as a protein foot 232

breast cancer
antigen, globo-H 301
cell labeling 328

bromide substitution, azide terminated
polymers 95

bromomagnesium acetylides 22
3-bromopropyltrichlorosilane 256

C-terminal ketone modification of hGH
59

calixarenes, functionalization 126
cancer cells

breast cancer antigen 301
breast cancer cell labeling 328
folate receptor 178
mDA-MB-435 incubated with MNP–13

261
Candida antarctica, lipase B (CalB) 151,

230–231, 316
ε-caprolactone (CL) 97, 109, 129

carbocationic polymerization, poly(isobutene)
140–141

carbohydrate–protein interactions 18–25
click-dimerization-ring-closing metathesis

21
synthesis of fluorescent two-dye conjugates

19
carbohydrates 126

arrays, via oxime bond formation 62
clusters 236–237
cyclic carbohydrates 131
glycoclusters formed from click reaction of

sugar moieties to tetraalkyne
functionalized carbohydrate core
240

glycosylated biohybrid materials 236–237
macrocyclic carbohydrates 132
mimetics, azidation with Nf-N3 enantiopure

25
small unilamellar vesicle (SUV) attachment

146
see also glycans; glycoconjugates

carbon nanotubes 269–272
attachment of cyclodextrines 129
modification with cyclodextrines 127
polystyrene-modified single-walled 82
single-walled nanotubes (SWNTs) 266,

269–272, 271, 272
carbon–carbon multiple bonds 911
carbon-based nanomaterials 266–272

fullerenes 267–269
carbonic anhydrase 370
cardiac markers, biosensor 178
catenanes 123

see also rotaxanes
cationic polymerization 2
CdSe nanoparticles 257

binding via Hamilton receptor 142
polymersome membranes from PEO–PIB

144
purely thermal azide–alkyne reaction 155

cell culture, stable isotope labeling by amino
acids (SILAC) 319

cell labeling
breast cancer 328
fluorescence visualization of newly

synthesized proteins 339
fluorogenic probing 339–341

cell surface
fluorogenic labeling of proteins 340
glycan arrays 301
glycoconjugates 341
integrins 58
see also surfaces

cellulose fibers, grafting of macromolecular
chains to surface 299
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chemical reporters 38–40
metabolic targeting of other biomolecules

44–45
chemical vapor deposition (CVD) 297
chemotherapeutic agents 367
4-chloro-7-nitro-2,1,3-benzoxadiazole

(NBD-Cl) 330
chromatography

hILIC 371
hPLC 371
size-exclusion chromatography 345

chrondroitin sulfate (CS) glycosaminoglycan
microarrays 61

click chemistry
definition 1–2
limitations 5
reaction list 3

click reaction
defined 121
methodologies and isolation 96–97

click-ROP–NMP compound 106
cocatalytic systems, amino-bases 124
colloidal nanoparticles, CuACC 82–84
composite films, layer-by-layer assembly 296
confocal laser-scanning microscopy 276
conjugation reactions, proteins and peptides

53–69
copolymers see block copolymers
copper, cytotoxicity 5
copper-catalyzed azide–alkyne cycloaddition

(CuAAC) 2, 5, 70, 72, 121–123
ATRP 72–73
attachment of supramolecular entities 138
azide-modified saccharides 301–302
3-azidocoumarins and acetylenes 334
biomolecules 309
construction of polymeric blocks 96–97
copper-free nontoxic alternatives to CuAAC

31–44, 121
covalent ligatation of gadolinium complex

317
cowpea mosaic virus 80, 230, 310, 344
dendronized linear polymers, grafting-to 75
dNA chip construction 303
fluorogenic reaction, 3-azido-BODIPY 338
fluorogenic reactions 332
formation of photo- and ozone-cleavable

networks 157
functional nanomaterials 255–290
functionalizing flat surfaces 83
ligand structures 328
linear polymer structures 71
oligonucleotides 16
performed on duplex DNA 18
polymerization mechanisms 70–72

polymerization methods 138
post-polymerization modification 72–74
protein conjugates 309–326
synthesis of conjugated polymers 72
toxicity 146
triazoles 24, 35, 121
versatility and scope 218

copper-free nontoxic alternatives to CuAAC
31–44, 121

applications 38–44
azide–alkyne cycloadditions 35–37

copper(i) iodide–triethylamine–THF 110
coumarins

3-azido-7-hydroxycoumarin 342, 360
D-340 330
electron donating group at the 7-position 334
fluorogenic reactions 332–335
triazolocoumarins 336, 348–349

covalent labeling, living systems 4
cowpea mosaic virus (CPMV) 281–284, 310

bioconjugation 344, 345
CuAAC 80, 230
tetrasaccharide conjugation to fluorescein

231
crosslinked polymeric adhesives 4
crown-ethers, or cryptands 128
cucurbiturils, into rotaxanes 123, 126
5-cyanocyclopentadiene adduct 197
cyclic peptides, membrane-spanning 131
cyclo-[Pro-Val-(triazole)-Pro-Tyr] 12
cyclodextrins (CD) 126–127

attachment onto carbon nanotubes 129
CD-SWNTs 270
cyclodextrin-modifed porphyrines 128
generation of DNA–cyclodextrin complexes

128
cyclopentadiene, reacting with benzoquinone

198
cyclopentadienone 196
cysteine residues

N-palmitoylation 44
olefin metathesis 37

definition, click chemistry 1–2
dendridic star polymers see star polymers
dendrimer-based platforms 177–194

defect structures 178
multifunctional device on single dendrimer

179
dendrimers 147

Boltorn dendrimers 147
cross-linked micelles 280
functionalization 184–189
multifunctional device on single dendrimer

180
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synthesis
convergent 183–184
convergent/divergent pathways 182
divergent 179–183

see also peptidic dendrimers,
formylglycine-generating

dendronized linear polymers, grafting-to via
CuAAC 75

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) 96
1,6-diazidohexane 71
dibenzocyclooctyne probe, structure 36
Diels–Alder bonds, application to polymer

systems 199–209
Diels–Alder cycloaddition reaction 3, 37, 91,

94, 379–398
anthracene–maleimide conjugation 94–98
crosslinkable E-O polymers containing

binary NLO chromophores 388–392
degradation via aromatization, irreversible

linkage 198
endo and exo isomers 197
generalized 196
hetero Diels–Alder (HDA) concept 94, 99
in-situ generated side-chain E-O polymers

by solid phase 387
influence of surfaces 197–198
maleimidocaproyl-functionalized substrates

302
NLO dendrimers 392–394
poling 390
postfunctionalization method for side-chain

E-O polymers 381
reaction order 197
retro (reverse) Diels–Alder concept

195–216, 247
side-chain E-O polymers 380–388
see also CuAAC

dienophile, diene, diels–Alder reaction 196
diethoxypropyl methacrylate (DEPMA) 58
7-diethylamino-3(4-maleimidylphenyl)-4-

methylcoumarin (D-340) 330
differential 2D gel electrophoresis (DIGE) 53,

54, 319
differential scanning calorimetry (DSC) 385
difluorinated cyclooctyne (DIFO) 36, 43, 358

DIFO-fluorophore reagents 43
6,8-difluoro-7-hydroxy-4-methylcoumarin

octanoate (DiFMU octanoate) 276
4-(N,N-dimethylam-inosulfonyl)-7-hydrazino-

1,3-benzoxadiazole (DBD-H) 330
5-dimethylamino-naphthalene-1-sulfonyl

hydrazine (D-100) 330, 360
dimethylformamide (DMF) 95
diphenyliodonium-9,10-dimethoxyanthracene-

2-sulfonate (DIAS) 63

diphenylphosphorylazide (DPPA) 375
1,3-dipolar cycloaddition, azides and terminal

alkynes 2, 3
dithiothreitol (DTT) 301–302
DNA 131–137

arrays 302
assay in vivo by incorporation and

subsequent attachment of
fluorescein-dye 134

attachment to surfaces via stamping-methods
137

combined labeling and methylation 136
crosslinking using click reaction 136
cyclic, formation 137
detection and sequencing 14–18
detection in vitro 134
duplex DNA, cycloaddition reaction 18
fluorogenic conjugation 341–344
labeling using fluoresceine 135
metallization 132, 134
phosphoamidite method 132
polymerase chain reaction (PCR), tBTA

complexes Au nanoparticles 265
scaffolding 131–137
sequencing of specific DNA strands 224–225
strategy for incorporation of click concepts

133
transfer-printing onto azide-terminated glass

surfaces 135
see also oligonucleotides

DNA chip, construction using CuAAc 303
domino-click synthesis 22

novel bistriazoles 24
DOPE alkyne 146
dynamics polymers (dynamers) 138

electro-optic (E-O) activities 119, 379
electric field-dependent poling behavior 386
in-situ generated side-chain E-O polymers

by solid phase Diels–Alder click
reaction 388

physical and optical properties 388
electro-optics, see also nonlinear optical

(NLO) materials
electron microscopy images, solution

aggregates 81
Electrophorus electricus AChE 369
enhanced green fluorescent protein (EGFP)

260
enoyl CoA hydratases (ECH-1) 312
enzymes

activity-based profiling 38–41
formylglycine-generating enzyme (FGE)

40–41
inhibitors 368–371
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erythromycin, 8,9-anhydroerythromycin A,
anti MRSA 366

erythropoietin (Epo), PEGylated 56
Escherichia coli

cu tolerance 317
E. coli–biotin conjugate 230
intein–chitin fusion 56–57, 313
shiga-like toxins, serotype O157:H7 268,

269
2-ethinylnaphthalene, acetylene-modified 357

farnesyl transferase (PFTase), prenylation 313
ferric iron oxide nanoparticles 258–260
fiber networks 298–299
FK866 (resveratrol) 367–368
FLAG tagging 319–320
FLAsH-EDT2 329
fluorescamine, reaction with primary amine

329
fluorescein

derivatives 282, 349
fluorescent labeling through click chemistry,

schema 356
fluorescein arsenical hairpin binder (FlAsH)

39, 329
fluorescence resonance energy transfer (FRET)

quenching 33–34, 332
fluorescent markers 282, 349, 356–360

in bioconjugation 328–354
cell surface glycoconjugates 341
coumarins 332–335
naringenin 356
rhodamine 356

fluorescent molecular patterning, by SECM 300
fluorine labeling 364–365
4-fluoro-7-aminosulfonylbenzofuran (ABD-F)

330
fluorogenic reagents

borondipyrromethene (BODIPY) as
pre-fluorophore 337, 338

structures 330
folate receptor, carcinoma KB cells 178
formylglycine-generating enzyme (FGE)

40–41
Fourier transform infrared (FT-IR) 101
free-radical polymerization 72
fucose analogs 336
fullerenes 267–269

C60 hexakis adducts 268
functionalization of C60 with azides 269

fulvene 196
furan (diene) and maleimide (dienophile) 196

G-protein-coupled receptor activation 39
gel permeation chromatography (GPC) 99

GPC spectra for block copolymer formation
100

gels, formation by non-covalent interactions
(hydrogen bonds) 154

gels and networks as scaffolds for synthetic
reactions 147–153

multivalent building blocks (selected
examples) 149

gene transfection 178
glass

spin-coating 294–295
substrates incl. capillaries 61–62

glass substrates incl. capillaries, aldehyde
functionalization 62

glutathione-S-transferase (GSTO 1-1) 312
glycans

arrays on cell surface 301
fucose analogs 336
labeling 360

metabolic engineering oligosaccharides
43–44

specific fluorescent labeling 341
in living cells, dynamic imaging 45
posttranslational modifications of proteins

42
N-substituted glycine peptoidic oligomers,

chain elongation 226
glycine residues, N-myristoylation 44
glycoblotting 61
glycoconjugates 236–247

cell surface, fluorescent-labeling 341
glycodendrimer

2,2-bis(hydroxymethyl)propionic acid
239

conjugated to a silica core for affinity
chromatography 189

glycopeptidomimetics 35, 36, 366, 366
glycopolymers 244–245

prepared via ATRP 283
glycoproteins 238–240

mimic prepared by coupling of clicked
glycopolymer to BSA 246

glycosaminoglycan microarrays 61
glycosylated molecules

sugar functions as azide or alkyne 242
synthesis 371

gold nanoparticles 261–262
binding via Hamilton receptor 146, 259–262,

259
decanethiol ligands 262
decoration with SWNTs 266
modification via CuAAC reaction 261–262
TEM, on DNA 265, 266

gold nanorods, acetylene or azide
functionalized ligands 265
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graft copolymers 107–113
alkyne main chains 111–112
azide- and alkyne-functionalized polymer

chains 109
GPC traces of PHEMA-g-PEG 112
non-CuAAC routes 113
poly(ethylene oxide) (PEO) 73, 143

grafting, macromolecular chains to surface of
cellulose fibers 299

green fluorescent protein (GFP) 313
enhanced (EGFP) 260
mitochondrially targeted 340

Grignard reagent 22

Hamilton receptor, gold nanoparticles 142,
257, 259–262, 259

Hawker-type-nitroxide initiator 140
HEMA 64
hemagglutination, dendrimeric vs monomeric

mannose 184
heme cofactor, PEG-b-PS 80
hepatitis C virus (HCV) RNA, internal

ribosome entry site 225
hetero Diels–Alder (HDA) concept 94, 99
hexa-peri-hexabenzocoronene (HBC) 273
HSA-MNP agglomeration 262
Huisgen 1,3-dipolar cycloaddition reaction see

copper-catalyzed azide–alkyne
cycloaddition (CuAAC); Diels–Alder

human serum albumin (HSA) 260
hydrazides, condensation reactions of ketones

and aldehydes 31
hydrogels

PEG/PVA 82–83
poly(vinyl alcohol)-based, synthesis 4
protein–polymer 58

hydrogen bonds
ionophoric abilities 129
self-assembled monolayers (SAMs) 141

hydrogen-bonding network, L,L-pIAA 223
hydrophilic interaction liquid chromatography

(HILIC) 371

incident photon-tocurrent conversion efficiency
(IPCE) 270

inorganic nanomaterials 256–266
integrins, cell surface 58
intein-chitin binding domain, tripartite fusion

expressed in E. coli 56–57, 312
intein-mediated thioester formation 313
interlocked structures, formation 126
iron oxide nanoparticles 257–258
isobaric tags for relative and absolute

quantification (iTRAQ) 319
isotope-coded affinity tags (ICAT) 319

Keck-allylation 21
ketone-modified BSA 59
ketone-modified CCL-5, conjugation of PEG

57
ketones and aldehydes, condensations with

heteroatom-bound amines 31–32
Knorr-reaction 21

labeling
azidohomoalanine (AHA) 321
bovine serum albumin (BSA) 360
breast cancer cells 328
cell surface glycoconjugates 341
covalent labeling 4
DNA, combined labeling and methylation

136
fluorine 364–365
glycans 43–44
metabolic labeling of proteins 5, 41–44
site-specific labeling of proteins 39–41
stable isotope labeling by amino acids in cell

culture (SILAC) 319
sugar derivatives, attachment of biotin 359

Langmuir layers 143
Langmuir–Blodget layers 155
layer-by-layer assembly, composite films

296–297
light-induced decomposition,

2,5-diaryltetrazoles 37
linezolid

mimics 367
structure–activity relationship (SAR) studies

366
lipase B (CalB), Candida antarctica 144,

230–231
lipid oligonucleotides (ONs), synthesis

225–227, 227
liposomes 143–144, 274–275
liquid crystalline polymers 152
living radical polymerization (LRP) 244
LUMO-lowering, electron-withdrawing

fluorine atoms 36

macrocycles (cyclic polymers) 128–131, 131
nonclassical hydrogen bonding system 129

macrolactamization
linear peptoids 13
propargyl glycine azido leucine 12

macromolecules
blocks, stars, combs 89–118
cascade functionalization 76
cascade side-chain functionalization 73
click modification of well-defined

polystyrene prepared by ATRP 74
post-polymerization modification 72–74
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macromolecules (Cont.)
telechelic 148
see also biomolecules; supramolecular

materials
magainin-based compounds 13
magnetic nanoparticles (MNP) 257

functionalization with Pd catalyst 260
MALDI-TOF-analysis 140–141
maleimides 196–198

homopolymerization 198
maltose, synthesis 372
maltose-binding protein (MBP) 260, 313
Mannich reaction 357
mass spectrometry (MS)

with affinity purification 319
proteomic profiling tools 318–321

membrane-spanning channels 128
membranes 143–146

protein conformational changes 39
metabolic labeling of proteins 41–44
methionine, unnatural analogs 41
methionyl-tRNA synthetase (MetRS) 316, 321
methotrexate, poly(amidoamine) (PAMAM)

dendrimers 177–178
2-methoxy-2, 4-diphenyl-3(2H)-furanone

(MDPF) 330
micelles 278–281, 345

cross-linked, dendrimers 280, 345
functionalized with azides or acetylenes

279
microbicides, sexually transmitted diseases 178
microcontact printing 83

absence of copper catalyst 84
azido self-assembled monolayers (SAMs) 83
biotin azide 298
immobilization of saccharide molecules 302

micropatterned protein assemblies using
streptavidin as linker 64

monoclonal antibodies (MAb), protein–drug
conjugates 55

monosaccharides, unnatural 43
MRI, magnetic nanoparticles (MNP) 257
mRNA hairpin loop binding agents 22
mRNA translation, imaging 39
MRSA (multi-resistent Staphylococcus aureus)

366
muramyl dipeptide (MDP) 357
myoglobin, conjugated with a

PS144-b-PEG113 block copolymer 81

N-C heterocyclization 22
N-acetylmannosamine (ManNAc) 43
N-Oxo-C-keto GFP 58
N-terminal oxidation via transamination with

sodium glyoxylate 54

nanomaterials 81–84, 156–163, 255–290
applications of fluorogenic CuAAC

345–348
assembly using DNA 139
binding via Hamilton receptor 142
carbon-based 266–272
cross-linked 278–279
grafting of acetylene polymers prepared via

RAFT to nanoparticles 256
hydrogen-bonding systems, sAMs 141
inorganic 256–266
and interfaces, azide–alkyne click reactions

156–163
self-assembled organic structures 272–281
surface-functionalization 155
virus particles 281–284

nanotubes
carbon nanotubes 82, 127, 129, 269–272
formation, triazoles 241
polystyrene-modified single-walled carbon

nanotubes 82
single-walled nanotubes (SWNTs) 266

naphthalene-2,3-carboxaldehyde (NPA) 330
naringenin, fluorescent labeling 363
networks

as scaffolds for synthetic reactions 148
see also gels and networks

nicotinamide adenine dinucleotide (NAD)
assay 368
biosynthesis 368

nicotinamide phosphoribosyltranferase
(NMPRTase) 368

NIPAM-co-AzPAM block 280
4-chloro-7-nitro-2,1,3-benzoxadiazole

(NBD-Cl) 330
nitrogen-rich compounds see azides; triazoles
nitroxide-mediated polymerization (NMP) 2,

72, 140
nonlinear optical (NLO) materials 379–398

diene NLO dendrimers 395
electro-optic (E-O) activities 379
frechet–dendron chromophore 395
nLO dendrimers 392–394
summary of physical properties 396
synthesis of side-chain E-O polymers by

catalyzed post-esterification for
PS-FTC 384

synthesis of thermoreversibly crosslinkable
side-chain E-O polymer 383

three-arm NLO dendrimers 392
types of polymers 380

nuclear magnetic resonance (NMR) 94,
99–100

nucleosides, alkyne modified uridine 342, 343
nucleotides, alkyne-containing 224–225
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olefin metathesis 37
oleic acid, with azide or acetylene

functionalized ligands 259
oligonucleotides 14–18, 224–225

arrays 61, 302
CuAAC 16
immobilization, oxime bond formation 60
lipid ONs 225–227
oligodeoxyribonucleotides (ODNs) 342
thymidine derivative at 5-position with AZT

16
see also DNA

oligosaccharides 18–22
C3-symmetric glucosamine oligosaccharides

22
glycosylated beta-peptides 22
metabolic engineering 43
synthesis of pseudo-oligosaccharides 22–23

optoelectronically active materials 119
see also electro-optic (E-O) activities

oxanorbornadiene, structure 36
oxime bond formation 54

immobilization of oligonucleotides 61
protein–drug conjugates 55

oxime chemistry 3, 53–69
micropatterns 63–64

P-selectin-glycoprotein-ligand-1 (PSGL-1),
mimic 317

5-O-palmitoylindole 264
pantethienylation 44
patient-specific drugs (personalized medicine)

178
PEG-b-PS, linked to heme cofactor 80
PEGylated compounds

CCL-5 (RANTES) 56
erythropoietin (Epo) 56
porous silicon (pSi) substrates 294
proteins 228–229
SOD, site-specific azide functionality using

CuAAC 229
pentamethyldiethylenetriamine (PMDETA)

catalyst system 93, 109, 267
as ligand 102

peptide dendrimers 13–14
CuAAC 2

peptide derivatives
azide-containing dipeptide analogs 11
chain replaced by carbamate derivative 366
enzymatic peptide coupling 11
synthesis of tetrapeptides 10
synthesis of triazole-glycosylated

beta-peptides 24
triazole-based covalently modified, synthesis

10–12, 10

peptide-bond isosteres, cyclotetrapeptide
mimics 11

peptoids 12–13
linear, macrolactamization 13
modification of peptoid side chains 14
modified via click reaction of azides 12–13
noncyclic peptoid derivatives 13

perfluorocyclobutyl units 72
phenylalanine, unnatural analogs 41
phenylalanyl-tRNA synthetase (PheRS) 315
phenylphenanthridinium group 370
phosphines

phosphine–fluorophore conjugates,
fluorescence resonance energy transfer
(FRET) quenching 33–34

probes, fluorescence resonance energy
transfer (FRET) quenching 34

tris(carboxylethyl)phosphine (TCEP) 124,
282, 327, 340

phosphinoxide-ligands, replacement with azide
or acetylene derivatives 258

phospholipids, structures 274
phosphoramidites 225
photoacid generator (PAG) 63
photochemical deprotection 63
photoclick chemistry 37
photoinduced electron transfer (PET),

anthracenes 335–336
pirenzepine derivatives 358
PMDETA see pentamethyldiethylenetriamine
podophyllotoxin 367
poly(3,3-diethoxypropyl methacrylate)

(PDEPMA) 63
poly(alkyl aryl) ethers 72
poly(amidoamine) (PAMAM) dendrimers

177–178
bis-MPA dendron with targeted and imaging

units 184
convergent synthesis of asymmetrical

dendrimers 187
convergent synthesis of polyglycerol

dendrimers, nile Red solubilization
185

generation 3 polymeric dendrimer with
cleavable periphery 189

tetrameric RGD-dendrimer synthesized via
CuAAC 188

thiol-ene chemistry 183
polyazides 373–374

1,4-disubstituted 1,2,3-triazoles 374
explosive properties 373
Ullmann-type coupling reaction 374
see also azides

polybutadiene-b-poly(ethylene oxide)
(PBD-b-PEO) 276
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polycaprolactone, grafting of macromolecular
chains to surface of cellulose fibers 299

polycondensation 72
poly(dimethylsiloxane) (PDMS) 66

stamp 83
polydispersity index (PDI) 100
poly(e-caprolactone) (PCL) 97, 109
polyester dendron 277
poly(ethylene glycol) (PEG) 64

azide-functionalized PEG 102, 220
hydrogels 82–83
linker 265
PEGylated proteins 228–229
PEGylation of SOD with a site-specific

azide functionality using CuAAC
229

poly(ethylene oxide) (PEO), graft copolymers
73, 143

poly(fluorenylene-triazolene) 72
poly(glycidyl methacrylate) (PGMA)

copolymers, aTRP 73
poly(isobutene), carbocationic polymerization

140–141
polyisocyanides 220, 223, 224
poly(lactide-co-glycolide) (PLGA) 298
polymer chains, grafting of linear polymer

chains onto alkyne-functionalized
silane monolayers 295

polymer fibers
networks 297–298
testis-specific protease (TSP50) 298

polymer networks 198–199
defined 198

polymerase chain reaction (PCR), tBTA
complexes Au nanoparticles 265

polymers/polymerization
adhesives, crosslinked 4
chemical vapor deposition (CVD) 297
comparative utilization 91
controlled polymerization techniques for

CuAAC reaction 219
cyclic polymers, generation 129
dynamics polymers (dynamers) 138
initiators 55
layer-by-layer assembly 296–297
mechanisms, CuAAC 70–72
with multiple functional side chains

(CuAAC) 73
natural and synthetic 218–228
natural and synthetic biopolymers 42,

218–228
PAzPMA 73
polymer–biomacromolecule conjugation

76–81
protein and peptide conjugation 54–60

RAFT 2–3, 58
reversible folding of helical polymers into

gels 142
scaffolds 140
‘smart’ polymers 54–60
see also block copolymers (BCPs)

polymersomes 143, 275–278
membranes, PEO–PIB block copolymers

and silicification of outer shell 144
modification of surfaces via azide–alkyne

click reaction 145
PS-b-PIAT 276

poly(methyl methacrylate) (PMMA) 97, 220
anthracenyl PMMA-AMA with NLO

chromophores 386–387
poly(N-isopropyl acrylamide) (PNIPAM) 109,

129, 140
poly(propargyl methacrylate) 297
poly(tBA-MMA) 296
polystyrene

cyclic 132
functionalization 141
modified single-walled carbon nanotubes 82
prepared by ATRP 74
terpolymer, spin-coated 296
utilization 91

poly(vinyl acetate) (PVAc) 112
poly(vinyl alcohol)-based hydrogels, synthesis

4, 82–83
poly(vinyl chloride), reversible cross-linking

196–197
pore-forming compounds 13
porphyrines, cyclodextrin-modifed 128
post-polymerization modification 72–76
pre-fluorophore, boron dipyrromethene

(BODIPY) 337, 338
prenylation, protein farnesyl transferase

(PFTase) 313
propargyl glycine azido leucine,

macrolactamization 12
propargyl maleimide 80
propargyl methacrylate 297
alpha-propargyl-delta-valerolactone 220
O-propargylated fluorescein derivatives 356
a,w-bis(O-propargyl)diethylene glycol 71
1-O-propargylmaltose 379
protein conjugates 228–232, 309–326

applications of fluorogenic CuAAC 337–348
DNA 341–344
nanoparticles/polymers 345–348
probing of cellular components 339–341
viruses 344–345

azido group as anchorage for bioconjugation
332

BONCAT 318–321
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cotranslational functionalization with azides
and alkynes 314–318

fluorescent dyes 328–354
posttranslational addition of azides and

alkynes 310–314
posttranslational modification 317
protein-polystyrene conjugates, giant

amphiphiles 233
protein farnesyl transferase (PFTase),

prenylation 313
protein tyrosine phosphatase (PTP) inhibitors

370
bis(alpha-ketocarboxylic acid) 371

proteins 44
covalent introduction of azides and alkynes

311
expressed protein ligation (EPL) 56
incorporation of unnatural amino acids 42
lipid-modified 44–45
metabolic labeling 5, 41–44
micropatterned protein assemblies using

streptavidin as linker 64
profiling, activity-based (ABPP) 38, 44, 153
protein–drug conjugates, oxime bond

formation 55
protein/peptide–polymer conjugates 54–60
residue-specific labeling 41
site-specific conjugation 63
site-specific labeling 39–41
SSbG 317

proteomic profiling 318–321
pyridine units, linked by triazoles 141
pyridoxal-5-phosphate (PLP) 54–56
pyridyl disulfide 55
pyrimidine triphosphates, 5-Modified 17
pyrone 196
pyrrolinone 329

quantum dots (CdSe nanoparticles) 257
quinine, CD-SWNTs 272
quinone, immobilized on gold surface, reacting

with cyclopentadiene 197–198

regioselection 2
residue-specific protein labeling 41
resins, networks as scaffolds for synthetic

reactions 148
resorufin 329
resorufin arsenical hairpin binder (ReAsH) 39,

329
resveratrol 373

triazole-modified analogs 367, 368
reversible addition–fragmentation chain

transfer (RAFT) polymerization 2, 58,
72, 89–90, 345–346

RAFT initiator 257
RAFT–HDA concept 95
Z-group approach 90

RGD see arginine–glycine–aspartate
rhodamine, fluorescent markers 356, 358–359
ring-opening metathesis polymerization

(ROMP) 2–3, 72, 138, 139, 148
ROMP polymers, formation of DNA block

copolymeric micelles 150
ring-opening polymerization (ROP) 2, 72, 90,

109
RNA

internal ribosome entry site (IRES) 225
synthesis 44–45

rotaxanes 72, 123–126
formation, via click stoppering 125

ruthenium catalyst 21
ruthenium complexes, copper-free nontoxic

alternatives to CuAAC 121

scaffolds
alkyne-functionalized macromolecular

scaffolds 111
azide-functionalized macromolecular

scaffolds 110, 120
biopolymers 217
DNA 131–137
gels and networks, for synthetic reactions

147–153
networks as scaffolds for synthetic reactions

148
polymers 144
tissue engineering, polyisocyanides 220,

223, 224
viruses 230

scanning electrochemical microscopy (SECM)
300

SDS-PAGE 346
self-assembled monolayers (SAMs) 61, 66,

153–155
azido, microcontact printing 83
glyco-SAMs 301
hydrogen-bonding systems 141
surfaces and interfaces 153–155

self-assembled organic structures 272–281
sexually transmitted diseases 178
shell cross-linked knedel-like (SCK)

nanoparticles, fluorogenic click
reaction 345, 347

silica nanoparticles
compatible with polymer systems 256–258
passivation of native silicon surfaces 294
PEGylated porous silicon (pSi) substrates

294
silicon dioxide, spin-coating 294–295
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single-walled nanotubes (SWNTs) 266,
269–272, 272

functionalization with alkyne moieties and
reaction with azido-zinc-
phthalocyanine 271

sinomenine 357
size-exclusion chromatography 345
small unilamellar vesicle (SUV) 151
sodium azide, toxicity 373
sodium glyoxylate, transamination 54
solution aggregates, electron microscopy

images 81
spatially patterned surfaces 299–300
stable isotope labeling by amino acids in cell

culture (SILAC) 319
star polymers 101–107, 127, 151

A4, CuAAC routes 101–102
b-PEG 3-arm start block copolymers 103,

105
dendridic star polymers 107
Diels–Alder reaction

anthracene–maleimide Diels–Alder
cycloaddition 102–103

furan-protected maleimide
end-functionalized polymer and
trianthracene core 104

divergent and convergent synthesis approach
to dendridic star polymers by a
combined ATRP/click approach 108

heteroarm star polymers 106
PMDETA as ligand 102
RAFT HDA concept 102

Staudinger ligation 4, 32–35
Staudinger reaction 3, 122, 332

fluorogenic reactions 333
steganacin 367
strain-promoted cycloaddition 3
streptavidin micropatterns

immobilization of N-terminal
aldehyde-modified 65

via binding to biotinylated surface 63
structure-activity relationship (SAR) studies,

linezolid 366
styrene, nitroxide-mediated polymerization

346–347
N-substituted glycine peptoidic oligomers,

chain elongation 226
sugar derivatives, labeling 359
sugar-containing macrocyclic compounds

21–22
sugars

hemi-protected aldehydes 225
immobilization of saccharide molecules 302
tetrasaccharide conjugation to fluorescein,

and CPMV 231

unnatural monosaccharides 43
supramolecular materials 119–175

biological membranes 143–146
cyclodextrins 126–127
dendrimers 147
DNA 14–18, 131–137
gels, formation by non-covalent interactions

(hydrogen bonds) 154
gels and networks 147–153
macrocycles (cyclic polymers) 128–131
polymers 138–143
rotaxanes 72, 123–126
self-assembled monolayers (SAMs) 61, 66,

153–155
surface engineering 291–308

azide–alkyne click reactions 162–169,
292–294

glass substrates incl. capillaries 61–62
immobilization of protein and peptides

60–69
and interfaces, self-assembled monolayers

(SAMs) 155
surface plasmon resonance (SPR) spectroscopy

61, 302
surfaces

bioimmobilization 300–305
flat, CuACC 83
spatially patterned 299–300

target-guided synthesis (TGS) 370
testis-specific protease (TSP50), biodegradable

polymer fibers 298
tetraazidomethane 373
tetracysteine

FlAsH/ReAsH method 39–40
motif (CCXXCC) 39

tetrahydrofurane (THF) 95
tetrapeptides, synthesis 10
TFA, deprotection 61
thermal and copper-catalyzed cycloaddition of

azides and alkynes 70
Thermomyces lanuginosa lipase (TLL) 232,

264
TLL–BSA heterodimer 232

Thermoset-formation, by cross-linking via
azide–alkyne click reaction 155

thiol-ene reaction 3, 91
tobacco mosaic virus (TMV) 284, 285

CuAAC reaction 345
Tollens reaction 132

metallization via attached aldehydes
134

transient fibers, crosslinking, formed via
amide-bond-assembly 153

triarylphosphines, Staudinger ligation 33
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triazole-based covalently modified peptide
derivatives

dendrimers 15
dendrons 2
synthesis 10

triazoles
acetylenic benzenesulfonamide 370
analogs 367

cell viability assay 368
1,2,3-bistriazoles 22, 24
compared with amide and nanotube

formation 241
functionalities within polymer structure 71
linking pyridine units 141
1,2,3-triazole-containing dendrimers 71–72
1,2,3-triazole-containing dimeric

saccharides 21
1,2,3-triazoles 35, 121, 361

1,4-disubstituted 381
see also Huisgen-reaction

triazolocoumarins 336, 348–349
combinatorial synthesis and screening 336

triazolophanes, nonclassical hydrogen bonding
system 129

triazolyl glycoamino acids 242
triisopropylsilyl (TIPS) group 342
trimethylsilyl (TMS) 93

protecting group 342

triphenylsulfonium triflate 63
tris-(benzyltriazolylmethyl)amine (TBTA),

catalysis 257, 265, 302, 311, 313
tris-(carboxyethyl)phosphine (TCEP) 124, 282,

327, 340
tubulin, inhibition of assembly 373

Ullmann-type coupling reaction, polyazides
381

uridine nucleosides, alkyne modified 342,
343

viral trafficking patterns 39
viruses 281–284

cowpea mosaic virus (CPMV) 80, 230–231,
281–284, 310, 344

fluorogenic conjugation 344–345
modifications by CuAAC reactions 346
scaffolds 230
tobacco mosaic virus (TMV) 284, 285, 345

yeast, phenylalanyl-tRNA synthetase (PheRS)
315

zinc protoporphyrinIX (ZnPPIX) 233–234
zinc–phthalocyanine (ZnPc), reaction with

acetylene–SWNT 270
zwitterionic polymers 220
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