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Preface

Discovered by Sharpless-Fokin and Meldal a decade ago, the copper-catalyzed
azide—alkyne cycloaddition that forms 1,4-disubstituted 1,2,3-triazole, also referred
to as Click-Triazole, has found a truly widespread application in diverse areas of
chemistry. Some of these are illustrated in this volume of Topics in Heterocyclic
Chemistry, in seven chapters, written by well-established scientists.

Chapter 1, “Mechanistic Investigations of Copper(I)-Catalysed Alkyne—Azide
Cycloaddition Reactions”, by Buckley and Heaney is concerned with various
mechanistic interpretations of thermal and metal-catalyzed reactions of organic
azides and alkynes, which result in the formation of 1,2,3-triazoles.

In Chap. 2, ““Click-Triazole’ Coordination Chemistry: Exploiting 1,4-Disubsti-
tuted-1,2,3-Triazoles as Ligands”, Crowley and McMorran review the enormous
literature of 1,2,3-triazole containing nitrogen and carbene ligands and their metal
complexes, focusing only on examples in which the coordination mode of the
triazole ligand has been structurally characterized.

The ability of 1,2,3-triazole to bind anions with a C-H hydrogen bond is covered
in Chap. 3, “Binding Anions in Rigid and Reconfigurable Triazole Receptors” by
Lee and Flood. Applications including sensors, ion-selective electrodes, catalysis,
anion transport and anion regulation, as well as their use in interlocked molecules,
are discussed.

In Chap. 4, a companion to the preceding two chapters, Watkinson documents
“Click Triazoles as Chemosensors” for the detection of cations, anions, small
molecules and biomolecules. The chapter is focused on sensors in which the
triazole plays an intimate role in the sensing event.

The presence of lone pair electrons on the 1,2,3-triazole nitrogen atoms and the
acidic C—H can promote intra- and interpolymer chain interactions and enhance gel
formation in triazole-based polymers. In Chap. 5, Chow, Lo and Chen survey the
chemistry and properties of “Triazole-Based Polymer Gels”.

In Chap. 6, “Click Triazoles for Bioconjugation”, Zheng, Rouhanifard, Jalloh
and Wu describe the application of copper catalysts for conjugating biomolecules,
including proteins, nucleic acids, lipids and glycans, with biophysical probes
for both in vitro and in vivo studies. Recent development of the strain-promoted
azide—alkyne cycloaddition that eliminates the use of copper is also discussed.

Keeping with the formation of 1,2,3-triazole, in Chap. 7, Mignani, Zhou,
Lecourt and Micouin comprehensively review “Recent Developments in the

ix



X Preface

Synthesis 1,4,5-Trisubstituted Triazoles”. The focus of this chapter is the synthesis
of 1,4,5-trisubstituted triazoles by a variety of methods including condensation
reactions and rearrangements, selective preparation of trisubstituted triazoles from
disubstituted precursors and formal [3+2] cycloaddition reactions involving inter-
nal alkynes.

I would like to express my sincere gratitude to the authors of this book for their
outstanding contributions. I am grateful to the reviewers for their willingness to
participate in this process and to the people at Springer, particularly Anette Lindq-
vist, Marion Hertel and Elizabeth Hawkins, for coordinating the project. I thank
Slovenko Polanc and Bert Maes for giving me the opportunity to be the editor of
this volume.

Ljubljana, Slovenia Janez Kosmirlj
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Mechanistic Investigations of Copper(I)-
Catalysed Alkyne—Azide Cycloaddition
Reactions

Benjamin R. Buckley and Harry Heaney

Abstract The chapter concentrates on mechanistic aspects of thermal and metal
catalysed reactions of organic azides and alkynes, particularly terminal alkynes,
that result in the formation of 1,2,3-triazoles.
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2 B.R. Buckley and H. Heaney
1 Introduction: Thermal Reactions

The importance of dipolar cycloaddition reactions in the synthesis of five-membered
heterocycles is undoubtedly due to the versatility of the reactions that makes the
processes comparable to the use of Diels—Alder reactions in the synthesis of six-
membered carbocycles. There are a variety of methods available for the preparation
of 1,2,3-triazoles, including, for example recent reports of the reactions of aryl
azides with B-keto esters, for example using sodium salts [1], also reactions involv-
ing enamides [2], as well as reactions using continuous flow reactor systems [3].
Nonetheless, reactions of azides with alkynes provide the most important and most
frequently used method for the preparation of 1,2,3-triazoles. In this chapter, we will
be mainly concerned with various mechanistic interpretations of the formation of
1,2,3-triazoles by the interaction of azides with alkynes using metal catalysts and the
present understanding of the catalytic cycles involved. The formation of 1,2,3-
triazoles by means of thermal reactions of azides with alkynes is a reaction type
that has been used over a long period of time and has been studied in detail as a
special case of 1,3-dipolar cycloaddition reactions [4—8]. The reaction of dimethyl
acetylenedicarboxylate with phenyl azide was first reported by Michael in 1883 [9],
and reactions of a number of esters of acetylenedicarboxylic acid with a variety of
azides have been recorded since that time. For example, the reaction of
1-azidonaphthalene with dimethyl acetylenedicarboxylate in benzene at 80°C for
5 h gave the triazole shown in Scheme 1 in 95% yield [10], and a number of dialkyl
acetylenedicarboxylates gave the highly strained bis-triazole derivatives in high
yields in reactions with 1,8-diazidonaphthalene [11, 12].

O PhH, 80 °C, 5h N=N o

@
MeOZC N=N\ - = N
\ 95% “
MeOQC

CO,Me CO,Me

Scheme 1 Reaction of 1-azidonaphthalene with dimethyl acetylene dicarboxylate

In early work on the chemistry of cycloalkynes, cyclononyne was shown to react
slowly with phenyl azide to give the cycloadduct in 82% yield; however, the strain
energy in cyclooctyne is significantly greater, calculated to be 77.5 kJ mol !, which
accounts for the fact that a reaction of cyclooctyne with phenyl azide was reported
to proceed “like an explosion” and resulted in the formation of the 1,2,3-triazole
shown in Scheme 2 [13]. The use of cyclooctyne derivatives has been exploited in
considerable detail recently, particularly because reactions can be carried out in
biological systems where metal-catalysed reactions cannot be used because of
toxicity problems (for reviews see [14, 15]; see for example [16—19]).
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PhN, Ny
> N
73% N/
\
Ph

Scheme 2 The reaction of phenyl azide with cyclooctyne

The thermal reactions of azides with unsymmetrically substituted, including termi-
nal alkynes, can result in the formation of regioisomeric 1,4- and 1,5-disubstituted
1,2,3-triazoles. Thus, the reaction of phenyl azide with phenylacetylene results in an
almost 1:1 mixture of the two regioisomers [20]; an explanation of that result is
provided using a frontier orbital treatment [21]. With more polarized alkynes or
azides, there may be a preponderance of one of the regioisomers, as exemplified in
the reaction of phenyl azide with 1-(2-chlorophenyl)-3,3,3-trifluoro-1-propyne,
shown in Scheme 3 ([22]; see also [23]). The regioselectivity obtained in the reaction
shown in Scheme 3 can be explained as a result of the lowering of the energy of both
the HOMO and LUMO orbitals of the alkyne and where the larger atomic orbital
coefficient in the LUMO in the preferred orientation interacts with the larger HOMO
atomic orbital on the terminal nitrogen atom. An alternative simple explanation for
the formation of the preferred regioisomer in the reaction of phenyl azide with 1-(2-
chlorophenyl)-3,3,3-trifluoro-1-propyne is provided by a consideration of the polar-
ization of the alkyne triple bond by the trifluoromethyl group.

Ph— ,\ZN_N CF, Ph\N/N\\N N¢N\N—Ph
7 PhMe, 110°C, 12h = . =
T CF, CF,
cl cl cl

93:7

Scheme 3 Reaction of phenyl azide with 1=(2-chlorophenyl)-3,3,3-trifluoro-1-propyne

The uncatalysed reactions of alkynylboronates with azides are not regio-
selective; [24] however, it is interesting to note the observation that in the reaction
of the Tips-protected bis(alkyne) shown in Scheme 4, a single regioisomeric
product was reported [25].

N;N\
Si(iPrg) I SN~ CHy(CF,),CFg

| // i
CF3(CF,);CHoNg

O siiPry
o o-xylene, reflux N 0
o] - > N”\ZJ |
Nt

| N
/ CF4(CF,),CH;~

(iPry)Si Si(iPry)

Scheme 4 Reaction of a silicon protected alkyne with an azide
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2 Regiochemical Control and the Use of Highly Polarized
Alkynyl-Metal Compounds

So methods were required that would allow reliable control over the
regioselectivity in the synthesis of substituted 1,2,3-triazoles. It is evident that
reactions using nucleophilic derivatives of terminal alkynes, for example involving
highly polarized metallic species such as sodium acetylide, should lead to the
formation of 1,5-disubstituted 1,2,3-triazoles in reactions with azides [26].
A reinvestigation of reactions of azides with Grignard reagents derived from
terminal alkynes showed that 1,5-disubstituted 1,2,3-triazoles can be isolated in
excellent yields and that further functionalisation can be achieved by reactions of
the first-formed products, the 4-magnesio-derivatives, using a range of
electrophiles, an example of which is shown in Scheme 5 [27]; reactions have
also been reported using chlorodialkylphosphines [28, 29]. The method has been
exploited in the synthesis of cis-restricted analogues of combretastatin A-4 [30].
Fischer carbene complexes of arylethynes also react with azides to form fully
substituted 1,2,3-triazoles with high regioselectivity [31]. We will return to a
discussion of reactions of dimethylphenylethynylaluminium with organic azides
when addressing the use of ligands in copper(I)-catalysed reactions.

Ph
THF A 50 °C, 15 min N N
’ MgBr %
(ii) PhNg ca. 24 h N” ) 9" PncHo N~ T on

EtMgBr = \ B \

N 92% N
/ ° /

Ph Ph Ph Ph

Scheme 5 Reaction of phenylacetylene with ethylmagnesium bromide, then with phenyl azide
followed by the reaction with benzaldehyde

The strongly basic character of the unsolvated hydroxyl anion in dimethyl-
sulfoxide (DMSO) is well established and has been used, for example, in controlling
the N-alkylation of indoles and pyrroles [32] and in cross-coupling reactions [33]. As
anticipated, the highly regioselective formation of 1,5-disubstituted 1,2,3-triazoles
was obtained in reactions of terminal alkynes with azides carried out using tetrabuty-
lammonium hydroxide in DMSO [34]. 1,5-Disubstituted 1,2,3-triazoles have also
been prepared regioselectively using ruthenium catalysis [35-37].

3 Copper Catalysis: The Discovery of Copper(I)-Catalysed
Azide-Alkyne Reactions

The rapid development of the use of copper catalysts and reagents in organic
synthesis since the middle of the last century is comprehensively documented in
a number of books and reviews [38—43]. Probably the most widely studied reaction
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type involving copper(I) catalysis is the intermolecular alkyne—azide cycloaddition
reaction, which was first disclosed as an efficient method for the synthesis of 1,4-
disubstituted 1,2,3-triazoles in 2001 [44]. Interestingly, although not strictly a
copper(I)-catalysed 1,2,3-triazole-forming reaction, the serendipitous discovery of
a low-yielding copper(I)-catalysed reaction that resulted in the formation of 1,2,3-
triazoles, was recorded almost 20 years earlier [45]. For example, in an attempt to
prepare an allenyl azide, the methansulfonate derived from 3-hydroxy-1,3-
diphenylprop-1-yne was allowed to react with lithium azide and copper(I) chloride
at low temperature: the reaction resulted in the formation of a 1,2,3-triazole in
24% yield. Subsequently, allenyl azides have been prepared and have been shown
to rearrange to triazafulvenes that react with nucleophiles to form 1,2,3-triazoles
[46, 47].

Although it is possible to exclude possible mechanistic interpretations as a result
of experiment, all that we can do for any organic reaction is suggest the best
possible mechanism based on the evidence that is available at any given time.
Reactions may display a duality or multiplicity of mechanisms, and it may be
possible to bypass certain stages in a catalytic cycle by varying the precise reaction
protocol that is used. The view of the present authors is that a number of catalytic
cycles may be required to account for all of the information that is currently
available in the case of copper-catalysed azide—alkyne cycloaddition (CuAAC)
reactions. There are two extreme types of reaction that are identifiable: those
reactions that are facilitated by efficient ligands and those that are carried out
without the addition of special ligands. Examples that are of intermediate type
may exist, but for which no kinetic data are available. A number of reviews on
CuAAC reactions have appeared that discuss the question of mechanism (see for
example [48-51]).

The discovery of the highly efficient copper(I)-catalysed intermolecular
reactions of terminal alkynes with organic azides (CuAAC reactions) was made
independently by two groups of workers, and the initial publications in readily
accessible sources appeared almost simultaneously. The main features are the high
regioselectivity of the reactions and the high tolerance to a wide range of functional
groups in both the terminal alkyne and the azide. An example from the synthesis of
peptidotriazoles is shown in Scheme 6 [52], in which copper(I) iodide was used by
the Meldal group as the source of the copper catalyst, together with Hiinig’s base:
the reactions were shown not to proceed using internal alkynes, and the

/. rluo

E aOH @/\H\ J/\n/\
ClDIPA01MNO /\©\/\o
N3

87%
O = 4-hydroxymethylbenzoic acid-PEGAgqq

Scheme 6 The solid phase synthesis of a peptidotriazole
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intermediacy of a terminal alkyne—Cu(I) complex was suggested. The protocol
devised by the Sharpless and Fokin group used copper(Il) sulfate together with
sodium ascorbate, in which a stepwise mechanism was suggested, also involving
copper(]) acetylides; an example is shown in Scheme 7 [53]. Among the very large
number of papers that have been published on CuAAC reactions, the copper(Il)
sulfate—sodium ascorbate protocol is by far the most frequently used experimental
method. It is important that we should consider the function of amines in more
detail later and also whether sodium ascorbate has a role in addition to that as a
reducing agent. Although there is an explicit statement that copper(Il) compounds
do not catalyse CuAAC reactions [52], there have been a number of reports of the
direct use of copper(Il) salts ([54—60]; see also [61]). The use of hydrogen peroxide
to quench aliquots during a careful kinetic investigation (vide infra) allows us to
exclude the possible involvement of copper(Il) salts in CuAAC reactions, and
alternative explanations are required.

CUSO4.5H20, 1 mol% /N\ _B
- . Bn sodium ascorbate 5 mol% N7 NTER

N HO t-BUOH (1:1), RT,8h  pp Jz/
> \

91% o)

*
/éN

Ph—O N

Scheme 7 The CuSO4—Na ascorbate protocol for CuAAC reactions

4 The Variety of Protocols Available for Carrying Out
CuAAC Reactions

As well as the many examples where copper(I) salts were used directly ([52]; see
for example [62—-64]), there are a number of other alternative ways of generating the
required copper(I) state. One example involves the comproportionation reaction of
metallic copper together with copper sulfate [65]. There are occasions when the
presence of sodium ascorbate or its oxidation product may have deleterious effects
and the use of metallic copper together with a copper(Il) salt provides a valuable
alternative protocol [66—68]. The use of a copper nanocluster provides a particu-
larly efficient method with a significantly reduced induction period as compared to
the use of other forms of copper(0) and the copper sulfate—sodium ascorbate
protocol ([69]; see also [70]). The use of copper(I) oxide “on water,” including
high-purity material, has been shown to be particularly effective, for example, the
reaction of p-toluenesulfonyl azide with phenylacetylene gave the anticipated
triazole in 91% yield in 3 h at ambient temperature [71]. Other heterogeneous
systems have been used effectively, including copper(I) zeolites, [72, 73] a
copper—manganese spinel oxide [74], and copper on carbon [75], which is reported
to involve a mixture of copper (I) and (II) oxides [76].



Mechanistic Investigations of Copper(I)-Catalysed Alkyne—Azide Cycloaddition 7
5 Early Mechanistic Considerations

Reactions of organic azides with nucleophiles occur at the distal (N3) position, as
exemplified in Scheme 5, while reactions of azides with soft electrophilic metal
derivatives occur by interaction with the proximal (N1) nucleophilic nitrogen. Thus,
the majority of the discussions concerning the mechanisms involved in CuAAC
reactions have been concerned with the nature of the interactions of copper(I)
species with the various alkynes. Calculations, using density functional theory
(DFT), based on a monocopper(I) acetylide model, gave results that explained the
observed regioselectivity and the large rate increase (ca. 107) as compared to the
results obtained in thermal Huisgen reactions [66]. A number of important features
emerged from the calculations. Concerted cycloaddition was excluded. Although
terminal alkynes are weak acids and are frequently deprotonated by organometallic
species such as Grignard reagents (vide supra) in nonaqueous solvents, t-complex
formation was shown to lower the pK, of terminal alkynes by ca. 10 pK, units,
thereby facilitating deprotonation in aqueous solvent systems. The formation of the
alkynylcopper(I) species in an aqueous solvent was also found to be energetically
much more favourable than in, for example acetonitrile. An outline early mecha-
nistic interpretation of the catalytic cycle involved in CuAAC reactions, based on
those calculations, and involving a copper(IIl) metallacycle, is shown in Scheme 8.

N* ITI
cu. \
R! L N ,
. NT N N/’N\N/R
=N 2 >=<
=N /R J—
Ny R’ CuL >_<
R1_':__\CUL R1 H
+
H
N 2
N2 cuL
T +
R'—=——-=CuL N/éN\N/Rz
RI—==—H
H+ ! R!————H

Scheme 8 An early mechanistic interpretation of CuAAC reactions involving copper(I) catalysis

The preparation and characterisation of N-heterocyclic carbene (NHC) copper(I)
compounds [77, 78], and the use of for example N,N'-bis(2,4,6-trimethylphenyl)
imidazole-2-ylidene and other NHCs in CuAAC reactions [79, 80], led to the
successful isolation of a stable copper(I) triazolide with an NHC ligand [81].
Acceleration of CuAAC reactions by ligands such as phenantholine when carried
out using NHC copper(I) compounds has also been reported [82].
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6 The Glaser Reaction and the Conversion of Copper(II)
Pre-catalysts to Copper(I) CuAAC Catalysts

The question of how copper(Il) salts can be involved in CuAAC reactions in the
absence of an added reducing agent has been addressed by a number of workers and
has been shown to involve, in some cases, Glaser reactions. Acetylenic coupling
[83], including the copper(Il)-catalysed oxidative coupling of terminal alkynes that
was discovered by Glaser [84], has been widely studied. The Eglinton variation of
the Glaser reaction uses copper(Il) acetate and is stoichiometric in copper(Il) in the
absence of dioxygen [85, 86]. In the widely accepted Bohlmann mechanism of the
Glaser reaction, shown in Scheme 9, a dimeric copper(Il) complex collapses to
the dialkyne, together with copper(I) ([87]; see also [88]), thereby providing a ready
explanation for the role of copper(Il) salts as pre-catalysts in CuAAC reactions.

C)
°® R L\ /L
L. L Cu
cu It~ —2cu®
R—=0 + |Ha{ Hal E— i ——> R—==—==—R
u, .
|_/ L Cu\
U LR

Scheme 9 The Bohlmann mechanism of the Glaser reaction

Evidence supporting the Bohlmann mechanism was provided by the direct
involvement of a dicopper(Il)-substituted y-Keggin silicotungstate (1), shown in
Fig. 1, in catalytic oxidative alkyne-coupling reactions: the catalyst was shown to
give excellent yields of the expected conjugated diynes using a wide variety of
alkynes, an example is shown in Scheme 10 [89].

1)

Fig. 1 A representation of the anion in a dicopper y-Keggin silicotungstate using a polyhedral and
ball and stick model: blue and green balls representing copper and nitrogen atoms, respectively.
Taken from Kamata K, Nkaagawa Y, Kotani M, Yamaguchi K, Mizuno N (2008) Angew Chem Int
Ed 47:2407. “Efficient Oxidative Alkyne Homocoupling Catalysed by a Monomeric Dicopper-
Substituted Silicotungstate.” Copyright Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced
with permission
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Keggin (1) [2.2 mol%],PhCN,
N 100 °C, Oz [1 atm] -

>99% HO OH

HO

Scheme 10 A Glaser reaction using the Keggin (1)

Except when reactions are carried out using specific ligands, the fact that it has
been shown that copper(Il) salts do not function as catalysts in CuAAC reactions
requires that the concomitant formation of Glaser products is expected in reactions
that use copper(Il) salts in the absence of an added reducing agents: the copper(Il)
salts act effectively as pre-catalysts. The dicopper(Il)-substituted y-Keggin
silicotungstate (1) (mentioned above), which had two azide anions as ligands,
was used as a pre-catalyst in a reaction of benzyl azide with phenylacetylene,
carried out in acetonitrile, and gave the expected product 1-benzyl-4-phenyl-
1,2,3-triazole in 98% yield. The reaction is also significant because little of the
1,2,3-triazole was produced during an induction period of ca. 50 min, during which
time the absorption band in the visible spectrum at 700 nm, which is assigned to
the d-d transition in the Cu(Il) species, diminished; simultaneously, an amount of
1,4-diphenylbuta-1,3-diyne was formed in an amount almost equivalent to the
amount of pre-catalyst used [90]. The recovered catalytic material, in which the
absorption band in the visible spectrum at 700 nm was not present, was reusable and
did not require the former induction period: the copper in the recovered material
was evidently in the copper(I) state. An example of the method is shown in
Scheme 11. The disappearance of the absorption band at ca. 700 nm after ca.
1 min was also noted in reactions of, for example, 2-picolyl azide with propargyl
alcohol, using copper(Il) acetate in easily oxidized alcohols such as methanol;
however, the result using #-butanol as a solvent requires and alternative explanation
which is discussed (vide infra) in the section concerning ligands [91].

Keggin (1) [0.5 mol%],MeCN,
v oph—— 60 °C, Ar N
o FEN
95% N N

N3

Scheme 11 The reaction of adamantyl azide with phenylacetylene using the Keggin (1)

7 Kinetic Studies and the Involvement of Two Copper(I)
Centres

The important study of the kinetics of the reaction of benzyl azide with
phenylacetylene, mentioned above, was carried out using the copper(Il)
sulfate—sodium ascorbate protocol in the absence of added nitrogen-based ligands
[92]. The data obtained for the reaction shown in Scheme 12 gave rate orders at low
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+ CuS0,4.5H,0 (1 mol%) PUN _Bn
2N_ _Bn sodium ascorbate (5 mol%) N N
N” N H,O/DMSO (1:4), RT, 8 h )=/
Ph——= >

Rate order PnCCH 1.3 + 0.2, BnN3 1.0 = 0.2, Cu(l) 2.0 = 0.1

Scheme 12 The kinetics using the CuSO,—Na ascorbate protocol for a CuAAC reaction

concentrations of phenylacetylene and benzyl azide of 1.3 + 0.2 and 1.0 + 0.2
respectively, while using a low concentration of the copper(Il) pre-catalyst, the rate
order for copper was shown to be 2.0 £ 0.1. A second series of kinetic
measurements, carried out in the presence of a phenanthroline ligand, also gave a
kinetic rate order for copper of 2.0 £ 0.1, with two spectator ligands associated
with each copper atom [93]. Kinetics that were second order in copper(I) were also
found for early and late stages of fast reactions using water-soluble alkynes and
azides, with activation energies of 83.2 and 81.1 kJ mol ', respectively [94].

The results of the kinetic studies provided an impetus to the search for evidence
of an intermediate that involved two copper(I) atoms. Despite being entropically
disfavoured, those results clearly suggest that two copper centres are involved in the
catalytic cycle. Dinuclear and tetranuclear copper(I) complexes are known [95] and
could be involved in CuAAC reactions. Computational studies suggested ways of
alleviating the ring strain that is evident in the copper(Ill) metallacycle shown in
Scheme 8.

It is interesting to note that a calculation of the transition state energy involving a
mononuclear copper intermediate places the transition state at a higher Gibbs free
energy than the transition state involving the uncatalysed Huisgen [3 + 2] cycload-
dition reaction. This is due to the high strain energy in the six-membered transition
state which would have a bent cumulene-like structure. Calculated interactions
using methyl azide together with a simplified tetrameric alkyne—Cu(I) complex, in
the presence of phenanthroline as a spectator ligand, gave an activation energy
(G) of 78.4 kJ mol™! for the transition state (2) leading to the six-membered
metallacycle, shown in Scheme 13 [96].

In another DFT study, it was found that the incorporation of a second copper
atom into the model resulted in the calculated reactivity of such dinuclear
alkynylcopper(I) complexes being dramatically increased as compared to the cal-
culated reactivity of mononuclear alkynylcopper(I) complexes [97]. Calculations
were also carried out to locate the positions of copper atoms in dinuclear copper(I)
acetylides, transition states, and a metallacycle for a copper(I)-catalysed reaction of
propyne with methyl azide: two copper atoms were located, one of which carried as
a spectator ligand, for example a prop-1-ynyl anion. A calculated activation energy
of 54.0 kJ mol ' was found for the formation of a metallacycle in a reaction of
propyne with methyl azide. The diagrams in Scheme 14 show the calculated
geometries and distances separating the two copper atoms in a dinuclear copper
(D) acetylide in structure A, in a calculated transition state in structure B, and in a
cuprated metallacycle in structure C.
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Scheme 13 A computed mechanistic pathway for the formation of a copper triazolide, starting
from a tetrameric alkyne—copper complex using phenanthroline as a disaggregating ligand
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Scheme 14 Calculated structures for a CuAAC reaction of propyne with methyl azide with
Cu—Cu distances for (a) dinuclear intermediate, (b) a transition state, and (c) a copper metallacycle

8 The Intervention of Alkynylcopper(I) Polymers
in the Absence of Strong Ligands

A number of yellow or orange organocopper(I) compounds are known, some of
which are stabilized by ligands; they are characterised by having short inter-Cu
(D—Cu(I) distances [98—101]. Alkynylcopper(I) compounds, including the stable
yellow phenylethynylcopper(I), have been known for many years, and preparations
have been reported from copper(I) salts using a number of protocols [102-106].
Stoichiometric reactions of phenylethynylcopper(I) have been exploited, especially
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by Castro and his co-workers [107-110]. The polymeric phenylethynylcopper(I)
can also be prepared by the addition of an aqueous solution of copper(Il) sulfate to a
mixture of sodium acorbate and phenylacetylene in water/t-butanol (1:1): a brown
viscous product is rapidly formed that then gives the yellow precipitate of
phenylethynylcopper(I).

The calculated distance between the two copper atoms of 2.88 A in the dinuclear
propynylcopper(I) intermediate that could be involved in CuAAC reactions, as in
the example shown in Scheme 14a, is very similar to the distances separating the
copper atoms in the known polymeric phenylethynylcopper(l), the structure of
which is shown in Fig. 2 [111]. The novel ladder-like topology gave refined
Cu—Cu distances of 2.49-2.83 A.

Fig. 2 The top structure of the polymeric chains of the yellow phenylethynylcopper(l) showing
p,n-1,2-bridging phenylethynyl ligands connected to Cu(l) ions: the bottom structure shows the
solid state packing of the chains in the [010] direction. Taken from Chui SSY, Ng MFY,
Che C-M (2005) Chem Eur J 11:1739. “Structure Determination of Homoleptic Aul, Agl,
and Cul Aryl/Alkylethynyl Coordination Polymers by X-ray Powder Diffraction.” Copyright
Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced with permission
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The possibility of using basic copper(Il) materials as pre-catalysts in CuAAC
reactions has been investigated. Two reasons were adduced: first that the
compounds would function as heterogeneous pre-catalysts and second that the
hydroxyl ions would facilitate deprotonation of the alkynes. The deprotonation of
the terminal proton has been studied using 1-[> H]-phenylacetylene in exchange
reactions [112]: efficient exchange was found using copper hydroxide on alumina
or titanium dioxide, but "H/*H exchange hardly proceeded using copper(II) chloride
on silicon dioxide. In the event, a number of other protocols that are used in CuAAC
reactions reveal that deprotonation of the alkyne is not a major problem. Copper(II)
hydroxide, supported on alumina, was used as a heterogeneous pre-catalyst in
toluene in CuAAC reactions in which an induction period was again noted as Cu
(IT) was reduced to Cu(I) by the alkyne [113]. In another investigation of the use of
copper(II) salts as pre-catalysts in CuAAC reactions, copper(Il) hydroxyacetate was
initially chosen because of its potential use as a heterogeneous catalyst in a wide
variety of solvents [114]. Reactions in which an excess of either phenylacetylene or
its p-tolyl analogue and copper(Il) hydroxyacetate were allowed to interact in
acetonitrile gave the anticipated Glaser products in high yield; interestingly, the
polymeric yellow arylethynylcopper(I) derivatives, shown in Scheme 15, were also
produced in almost quantitative yields. The arylethynylcopper(I) polymers were
identified from their powder X-ray diffraction patterns. Reactions that were carried
out using an excess of terminal alkynes and azides, using copper(Il) hydroxyacetate
(10 mol%) as a pre-catalyst, gave good yields of the CuAAC products, in the
absence of added ligands, together with the expected Glaser products and polymeric
yellow copper(I) products. Examples of the latter reactions are shown in Scheme 16.
A good yield of the CuAAC reaction product was also obtained when using 1 mol%
of copper(Il) hydroxyacetate in a reaction of phenylacetylene with benzyl azide. An
example in which the phenylethynylcopper(I) polymer (10 mol%) was used
together with phenylacetylene and an azide is shown in Scheme 17.

Cu,(OH);0Ac, MeCN
Ar——— reflux or microwave lAr = + [(Ar;Cu')2

N

Ar = Ph, 95%
Ar = p-Tol, 90%

Scheme 15 Glaser reactions using arylethynes and copper(I) hydroxy acetate

Cu,(OH)30Ac, MeCN N. _R?
J— reflux or microwave JR— = NZ N7
RI—== + RN, _ ’ArTl? + [(Ar =———Cul )Z]n + 0\
R1
R'=Ph, 77% R' = Ph, R? =Bn, 92%
R' = p-Tol, 70% R! = p-Tol, R? = Bn, 89%
R' = BzZOCH,, 79% R' = BzZOCH,, R? = Bn, 85%

Scheme 16 CuAAC reactions using terminal alkynes and copper(Il) hydroxy acetate as a pre-
catalyst
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(Ph—=—cu) | N R
MeCN, Microwave, N N
100 °C, 10min. —
Ph—=—= + R—N > /‘
® Ph

R = Bn 86%, R = 4-F-Bn 82%, R = MeO,CCH, 88%

Scheme 17 CuAAC reactions of azides and phenylacetylene using phenylethynylcopper(I) as a
pre-catalyst

It should be noted that the recovered alkynylcopper(I) polymers were able to be
reused as catalysts, and importantly, in a reaction in which the phenylethynylcopper
(D polymer (10 mol%) was used together with p-tolylethyne and benzyl azide, the
recovered yellow polymer was shown to be the p-tolylethynylcopper(I) compound.
The origin of the hydrogen at position-5 in the triazole was investigated by carrying
out a reaction in anhydrous acetonitrile using 1-[*H]-2-phenylethyne and benzyl
azide together with phenylethynylcopper(I). 1-Benzyl-4-phenyl-5-[*H]-triazole was
isolated from the latter reaction with a quantitative incorporation of deuterium,
confirming that under aprotic reaction conditions the proton source in the triazole
product was derived from the alkyne, for example phenylacetylene. The results
described above, and the calculated requirement that two copper(I) atoms are
required in the transition state leading to the metallacycle, suggest that acetonitrile
is able to disaggregate the polymer under the reaction conditions by functioning as a
soft ligand for copper(I). Further the organic azides, although regarded as weak
ligands for copper(I), are able to displace acetonitrile and that at a late stage in the
catalytic cycle the alkyne involved is reincorporated into the heterogeneous pre-
catalyst. Tetrakis(acetonitrile)copper(I) hexafluorophosphate has been used as a
source of copper(I) in CuAAC reactions in the presence of a number of stabilizing
ligands that can displace acetonitrile, including tris(benzyltriazolylmethyl)amine
[115, 116], and in reactions where the 5-cuprio derivative reacts in an oxidation
reaction, probably involving a copper(Il) intermediate, that incorporates an addi-
tional alkynyl residue [117].

The favoured protocol, in which the copper(I) catalyst is generated using sodium
ascorbate and copper(Il) sulfate in aqueous #-butanol (vide supra) in the presence of
the terminal alkyne and an organic azide, is of mechanistic interest for several
reasons. In the related reactions, where copper(Il) acetate and sodium ascorbate in a
water/t-butanol (10:1) solvent system was used, terminal alkynes were shown to
undergo copper(I)-catalysed conjugate addition using alkylidene derivatives of
Meldrum’s acid: it was suggested that ascorbate may have an important role in
addition to that involved in reducing copper(Il) to copper(I) [118]. The first
dissociation of ascorbic acid gives a pK, ca. 4.1, which is similar to that of acetic
acid (pK, 4.76) and suggests that both acetate and ascorbate are able to deprotonate
terminal alkynes. Visually, the addition of an aqueous solution of copper(Il) sulfate
to the mixture of alkyne, azide, and sodium ascorbate results in the transient
formation of yellow material that is obscured by a white suspension after about
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15 s. Since it is known that the formation of the triazole is not rapid under those
reaction conditions, it is possible that the white suspended material is copper(I)
ascorbate. Phenylethynylcopper(I) was isolated at the end of a reaction of
phenylacetylene with benzyl azide using 1 mol% of copper(Il) sulfate and sodium
ascorbate. Reactions of, for example, benzyl azide with a number of terminal
alkynes in r-butanol/water (1:1) using the yellow polymeric alkynylcopper(I)
compounds were shown to give the anticipated triazoles in good yields, and
examples are shown in Scheme 18; in addition, a reaction of benzyl azide with
4-methoxyphenylpropargyl ether in #-butanol/water (1:1) gave an excellent yield of
1-benzyl-4-p-methoxyphenoxymethyltriazole, shown in Scheme 19 [119].

///f\]\ /R2 catalyst (1 mol%) R H2
HN N Na ascorbate (10 mol%) N~ "N~
+ -
R'—~H +BUOH / H,0 (1:1) /\
RT,15h R!
R' = PhOCH,, R? = Bn; 78%
catalyst= l(R1% Cu)2] n R' = 4-MeOC¢H,OCH,, R? = Bn; 91%

R' = BzOCH,, R? = Bn; 89%
R = Ph, R2 = 3-CF4CgH,CHy; 78%

Scheme 18 CuAAC reactions of azides and alkynes using alkynylcopper(I) derivatives as a pre-
catalyst and ascorbate as ligand

+
N///N\N/Bn

MeO
——Cu
_ (MeO—@—O )Zln RPAN
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98%

Scheme 19 CuAAC reactions of benzyl azide and alkynes using alkynylcopper(I) derivatives as a
pre-catalyst and benzyl azide as ligand

Phenylethynylcopper(l) is also formed rapidly from copper(I) acetate in cyclo-
hexane, and the addition of benzyl azide was then shown to give the expected
triazole in an excellent yield, as shown in Scheme 20, while a similar reaction in
which copper(Il) acetate and sodium ascorbate were substituted for copper(l)
acetate proceeded much more slowly. Other copper(I) carboxylates also gave
good yields of the CuAAC product formed using phenylacetylene and benzyl
azide. The enhanced reactivity of copper(l) acetate was ascribed to the presence
of acetic acid that was formed during the reaction forming phenylethynylcopper(I)
[120]. It was also found that the addition of an equivalent of acetic acid to an “on
water” reaction of phenylacetylene with benzyl azide using phenylethynylcopper(I)
as the pre-catalyst resulted in the triazole derivative being produced more rapidly
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Cu(l) OAc, 1 mol% RN, N R
Ph hexane, RT carboxylic acid N// \N/
= e —

» [([Ph—=—Cu) |
2n

Ph
R =Bn (a) or (b), 98%
R =Ph (a), 94%
R = EtOCOCH,(a), 96%

Scheme 20 CuAAC reactions of benzyl azide and phenylacetylene using copper(l) acetate in (a)
cyclohexane or hexane or (b) acetonitrile

than in reactions carried out in the absence of acetic acid [121]. Copper(I) oxide, in
the presence of a number of carboxylic acids, also serves to generate active copper
(D) species for use in CuAAC reactions [122]. The function of acetic acid may be to
aid the disaggregation of the polymeric phenylethynylcopper(I), copper(I) oxide, or
even dimeric species such as copper(I) acetate. Those results are particularly
interesting because they establish that in CuAAC reactions, the deprotonation of
terminal alkynes can be achieved in the presence of carboxylic acids. In contrast to
the reactions using phenylethynylcopper(I) in the absence of a proton source, a
reaction carried out using benzyl azide in the presence of deuteriated acetic acid
gave 1-benzyl-4-phenyl-5-[ZH]-triazole with 97% incorporation of H [123].

The various studies of CuAAC reactions that have involved polymeric
alkynylcopper(I) pre-catalysts indicate that a number of ligands can disaggregate
the polymers, some more efficiently than others. The mode of regeneration of the
pre-catalyst also depends on the reaction conditions used: in nonprotic solvents, the
alkyne protonates the 5-cuprio-triazole, whereas in protic media, for example, when
an acid such as acetic acid or ascorbic acid is present, deuteriation studies have
shown that the proton comes from the acidic medium.

9 Ligand Acceleration: Introduction

The commonly used copper(Il)-ascorbate protocol frequently allows 1,4-disubsti-
tuted-1,2,3-triazoles to be formed at rates that are ca. 10° times the rate of related
reactions carried out without a metal catalyst. A number of examples involving
drug discovery [124], and more general biological applications [125-128], were
identified at an early stage in the development the use of CuAAC reactions.
However, there are a number of applications where there is a requirement for
even more rapid CuAAC reactions. Ligand-accelerated catalysis presents such a
possibility [129]. The majority of the studies of ligand-accelerated CuAAC
reactions have involved soft nitrogen-containing ligands. Early examples gave an
indication that certain reactions appeared to be autocatalytic, which suggested
that the products of the CuAAC reactions might function as rate-enhancing ligands.
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A study using a wide structural range of potential ligands showed that the
ligand tris(benzyltriazolylmethyl)amine was the best in a particular set [115,
116]. Tris(benzyltriazolylmethyl)amine was also found to be a useful ligand in
bioconjugation reactions [130], while modification of the structure to afford
increasing water solubility and stability towards oxidation of copper(I) complexes
has led to new methodology [131] and ligand designs [132—135]. At the same time,
a study using intramolecular fluorescence quenching of the substituted naphthalene
component (the fluorophore) by the diaryldiazo component in the 1,4-disubstituted
triazole shown in Scheme 21, allowed kinetic measurements to be made as well as
establishing the accelerating effects of a number of ligands; it is interesting to note
that the rate increases using different ligands were at different maxima at different
pHs [93]. Rate increases of two orders of magnitude were observed, relative to the
standard copper(Il) sulfate—sodium ascorbate protocol. The results obtained using
the ligand shown in Scheme 21 suggested that two copper atoms and two ligands for
each copper atom were probably required in order to achieve catalytic turnover. It is
worth noting that 1,4-substituted 1,2,3-triazoles function as efficient ligands for a
wide range of metal ions [136].
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Scheme 21 Fluorescence quenching in a ligand-accelerated CuAAC reaction

10 The Use of Soft Ligands

The position of copper(I) salts as quite soft Lewis acids has resulted in a significant
number of publications where soft phosphorus- and sulfur-containing ligands have
been used and shown to enhance the catalytic process in CuAAC reactions.
A variety of phosphorus-containing ligands has been used to produce significant
rate enhancements or improved efficiency in CuAAC reactions. Examples include
the use of triphenylphosphine-copper(I) bromide [137] (e.g., in the synthesis of
dendrimers [138]), phosphoramidites [139], and bis(triphenylphosphine)-copper(I)
carboxylates [140]. In addition, triethylphosphite-copper(I) iodide complexes have
been used in sugar chemistry [141].
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10.1 The Instability of N-Sulfonyl-5-Cuprio-1,2,3-Triazoles

The copper(I)-catalysed reactions of terminal alkynes with sulfonylazides [142], or
phosphoryl azides [143], in the presence of primary and secondary amines that result
in the formation of amidines, are mechanistically interesting; they involve the
formation of somewhat unstable triazole derivatives. A similar outcome results
from the substitution of a terminal ynamide for a simple terminal alkyne [144].
The copper(I)-catalysed cycloaddition reactions of sulfonyl azides has been shown
to be complicated by the relatively low-energy barrier to ring opening of the triazole
ring system in the products which gives rise to an equilibrium involving breaking the
N1-N2 bond: that process results in the formation of a sulfonyl amide after hydroly-
sis of the intermediate amidine [145]. 2,6-Lutidine in chloroform was shown to
mitigate the problem associated with the ring opening reaction [146], as also have
tris(pyrazolyl) ligands [147]. The reactions have been studied in more detail, and
evidence for the intermediacy of 5-cuprio-triazoles has been obtained using iodine
monochloride as an electrophilic trapping agent, as shown in Scheme 22 [148].
Additional reactions of the ring-opened copper intermediates further confirm
the instability of the 5-cuprio-triazoles [149]. A copper(I) oxide—catalysed reaction
of phenylacetylene with p-toluenesulfonyl azide carried out in deuteriated water
resulted in the isolation of the anticipated 5-[2H]-triazole [71]; that result
lends support to the calculations that indicate that the 5-cuprio-triazoles are the
unstable species in the reactions and that they can be intercepted by an excess of
an electrophile. An advantage of using a sulfur-containing ligand, for example,
thioanisole, is thought to involve stabilization of the 5-cuprio-1,2,3-triazole involv-
ing ligation by sulfur at the copper atom [150]. The use of sulfur-containing ligands
[151, 152], including copper(I) thiophene-2-carboxylate, as an efficient and stable
source of a copper(]) catalyst, for example, in Ullmann-like reactions [153], has been
followed by its use in reactions of sulfonyl azides with alkynes [154].

Cul (1 equiv.)
Et3N (1.2 equiv) Tsw. Ng Tsw N
o R N" °N N° N
= —_— > — o
% TTTHF, 0°C H 49.5% )=
Cu Ph | Ph

Scheme 22 The trapping of the 5-cuprio-intermediate, formed in the copper(I)-catalysed reaction
of phenylacetylene with p-toluenesulfonyl azide, using iodine monochloride

11 The Wide Range of Ligands Involved in CuAAC Reactions

It is now be generally agreed that the ligation of copper(I) species is required in
the catalytic cycles involved in CuAAC reactions, and yet there are many
publications where no ligands are purposefully added; for example in the sodium
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ascorbate—copper(Il) sulfate protocol, illustrated in Scheme 7 [53]. One can specu-
late that ascorbate, in addition to reducing copper(Il), functions as a soft ligand for
copper(I). This proposal provides an explanation for the rapid disappearance of the
yellow material on the addition of copper(Il) sulfate to the mixture of an excess of
sodium ascorbate, the terminal alkyne, and the organic azide and on the isolation of,
for example, phenylethynylcopper(I) at the end of some reactions. In various
mechanistic proposals, an organic azide is shown to displace another ligand at an
early stage of a catalytic cycle. It is therefore reasonable to conclude that an organic
azide should also be able to act as a soft ligand for copper(l) species, as in the
reaction shown in Scheme 19 [119]. In reactions where, for example, copper(Il)
acetate is used as the pre-catalyst, a copper(Il)—azide complex will readily form the
catalytic copper(I) species, particularly where there is a suitably positioned addi-
tional functional group that can ligate the copper [91]; the result will be that the
distal nitrogen will have an increased electrophilicity in the stepwise cycloaddition
reaction [155]. We may note that the ease of reduction of copper(Il) to copper(I) has
been studied using cyclic voltammetry and is particularly easy in the presence of the
soft ligands that are found to accelerate CuAAC reactions [115, 116, 156].

In the discussion of reactions of alkynylmetallic derivatives (vide supra), we
deferred a discussion of reactions of aluminum derivatives of terminal alkynes. An
attempted reaction of dimethylphenylethynylaluminium with benzyl azide at ambi-
ent temperature in THF failed to give any product, while a reaction carried out at
150°C resulted in the formation of a mixture of regioisomeric triazoles. Although
reactions carried out using 10 mol% of copper(l) salts as catalysts gave, after
hydrolytic workup, 1,4-disubstituted 1,2,3-triazoles, the reactions proceeded slowly
at room temperature. Some improvement was noted when using 20 mol% of
dimethylphenylphosphine as an added ligand in the copper(I) iodide—catalysed
reaction of dimethylphenylethynylaluminium with benzyl azide at ambient temper-
ature; however, the best conditions were found to involve the use of the ligand
pentamethyldiethyltriamine (PMDTA) in reactions carried out in toluene or methyl
t-butyl ether [157]. The involvement of the 4-aluminated intermediate, shown in
Scheme 23, was confirmed by the products obtained in reactions with a number of
electrophiles, including N-iodosuccinimide and methyl chloroformate.

Cul (10 mol%) Bn. _N N
PMDTA (10 mol%) NN CICO,Me TSy
—_— R —
Ph—==—AlMe, + BN; — - —— _ oo _
MeoAl Ph MeO,C Ph

Scheme 23 The copper(I)-catalysed reaction of dimethylphenylethynylaluminium with benzyl
azide, followed by reaction with methyl chloroformate

A suggested catalytic cycle is shown in Scheme 24. A number of different
ligands have also been used in copper(I)-catalysed reactions of terminal
iodoalkynes that lead to the formation of 5-iodo-1,2,3-triazoles: the best ligand
was found to be tris(1-z-butyltriazolylmethyl)amine, which was found to dramati-
cally reduce the time taken for the reactions to proceed to completion [158].
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Scheme 24 A possible mechanistic cycle for the copper(I)-catalysed reaction of benzyl azide
with dimethylphenylethynylaluminium

11.1 Reactions Involving Chelating Azides

The question of the possible intervention of various copper oxidation states in
Ullmann and Goldberg reactions has been discussed from time to time (see the
summarising discussion in [159]). Although the reduction of copper(Il) to copper
(I) involving the formation of conjugated diynes by means of the Glaser reaction
and reactions carried out in easily oxidized alcohols (vide supra) provides a
ready explanation for a number of investigations carried out using copper(Il)
pre-catalysts, other studies, particularly when using organic azides that have
substituents that are capable of ligating to copper, have merited further investiga-
tion. The fact that the Glaser product has not been detected in some CuAAC
reactions where copper(Il) pre-catalysts have been used, in the absence of a
reducing agent, may be a consequence of the analytical methods used or reflect
the retardation of alkyne coupling by protic acid generation [160]: pyridine is
effectively used as a buffer to control the acidity of the system in the Eglinton
variation of the Glaser reaction [85, 86].

A number of N-(prop-2-ynyl)-2-diazenecarboxamides were shown to form
triazoles very rapidly in reactions with o-amino-w-azidoalkanes using copper
(I) sulfate as a pre-catalyst, as exemplified in Scheme 25 [161]. The addition
of particles of metallic copper to reactions did not affect the speed with which the
products were formed; however, no product was formed in the presence of
dioxygen and a route by which a copper(Il) complex pre-catalyst gives rise to
the required copper(I) catalyst in those reactions remains to be determined.
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Scheme 25 A reaction using a chelating azide and a copper(Il) pre-catalyst

It is interesting to note, for example, the formation of a stable crystalline product
from the interaction of copper(Il) chloride with cis-1-azido-2-(1-pyrazolyl)-
cyclohexane [162]. Similarly, blue 2-azidomethylpyridine crystalline copper(Il)
complexes, Ay ca. 700 nm, are clearly the precursors of the copper(I) species
involved in the CuAAC reactions mentioned earlier [91]. Representations of the
crystal structures are shown in Fig. 3 [163].

Fig. 3 ORTEP representations (50% elipsoids) of the five-coordinate complex formed by the
interaction of copper(ll) chloride (a and b) and copper(Il) nitrate (¢) with 2-azidomethylpyridine:
blue and orange balls representing nitrogen and copper, respectively, and green and red balls
representing chlorine and oxygen, respectively. Taken from Brotherton WS, Guha PM, Phan H,
Clark RJ, Shatruk M, Zhu L (2011) Dalton Trans 40:3655-3665. “Tridentate complexes of 2,6-bis
(4-substituted-1,2,3-triazol-1-ylmethyl)pyridine and its organic azide precursors: an application of
the copper(Il) acetate-accelerated azide—alkyne cycloaddition.” Reproduced by permission of The
Royal Society of Chemistry

The detailed mechanisms involved in CuAAC reactions depend on a number
of factors, especially in examples involving chelating azides: routes by which
the required copper(I) catalysts are generated differ especially from cases where
azides that are not associated with strong chelating functional groups are involved.
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In addition to the key importance of substrate structures, the choice of solvent and
counter ion is also important. The interactions of copper(Il) and copper(l) states
have been investigated and are reported in an important and detailed study of
CuAAC reactions using chelating azides and involving real-time kinetic measure-
ments, using fluorescence and '"H nmr monitoring techniques, as well as structure,
solvent, and counterion variation [164]. Reactions carried out using copper(Il) salts
as pre-catalysts in oxidisable solvents such as methanol [91, 119], as well as in
nonoxidisable solvents such as t-butanol and water, were found to proceed most
rapidly [164]. In connection with counterion studies, there is a clear parallel in the
use of copper(Il) acetate in CuAAC reactions with its use in Glaser reactions [85,
86, 165]: both reactions require two copper atoms and the known dimeric structures
of copper(Il) acetate [166], and copper(I) acetate [167, 168], provide a link. In
addition, the fact that copper(Il) acetate is now the favoured reagent in alkyne-
coupling reactions and is also more frequently reported in CuAAC reactions may
well reflect the thermodynamic advantage of having the two copper atoms in the
single molecular structure; thereby mitigating the entropic disadvantage mentioned
earlier. Importantly, the kinetic measurements carried out in methanol showed
second-order dependence on copper(Il) acetate, while reactions carried out in
acetonitrile indicated that two or more alkyne molecules are involved in important
steps as indicated by a primary kinetic isotope effect Ky/Kp of 2.3 [164].
A proposed mechanistic scheme, based on the generation of a bis[2-azidomethyl-
pyridine copper(I)] complex by Glaser coupling, and its involvement in a copper(I)-
catalysed alkyne—azide cycloaddition reaction is shown in Scheme 26.
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Scheme 26 A proposed mechanistic sequence for the copper-catalysed cycloaddition reaction
based on the use of copper(Il) acetate and 2-azidomethylpyridine with a terminal alkyne. We thank
Dr Lei Zhu for providing Scheme 26, which is an amalgam of Schemes 17 and 18 in the paper
“Experimental Investigation on the Mechanism of Chelation-Assisted, Copper(I[) Acetate-
Accelerated Azide-Alkyne Cycloaddition” by Kuang G-C, Guha PM, Brotherton WS, Simmons
JT, Stankee LA, Nguyen BT, Clark RJ, Zhu L (2011) J Am Chem Soc 133:13984
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12 Ligand Effects and Mechanism in CuAAC Reactions

It is useful at this point to bring together the most important features of the use of
ligand-accelerated reactions, particularly those studies that report kinetic measure-
ments and those that have a specific bearing on mechanistic aspects of CuAAC
reactions. The use of soft nitrogen-containing ligands has been discussed at various
points earlier in this chapter. Different groups of workers have their own favourite
ligand. The toxicity of copper has been mentioned and has led to the exploitation of
copper-free triazole synthesis involving cyclooctyne derivatives (vide supra).
Whereas a number of a number of known toxic copper complexes kill human
hepatoma cells, recent results showed that bis(histidine)copper(Il) did not show
toxicity effects after 72 h and also that copper(I)-L-histidine is effective in CuAAC
reactions involved in labeling live cells [169]. The majority of the compounds used
to act as ligands for copper(I) have a basic nitrogen that helps in the deprotonation
of the alkyne together with three soft ligating groups that stabilize the copper(I)
towards oxidation. No single ligand species has been found that acts as the best pre-
catalyst or catalyst under all reaction conditions that are used in CuAAC reactions;
however, for preparative scale reactions, a trimethylamine ligand having two
pyridinylmethyl residues together with a benzimidizolyl residue was found to be
the best among the large group of ligands studied [170]. Tris[(1-#-butyl-1-H-1,2,3-
triazolyl)methylJamine was the most successful added ligand in controlling the
ratio of macrocyclisation to dimerization in reactions carried out in a flow system
[171]. In another series of reactions, tris[2-(1-benzyl-1-H-1,2,3-triazol-4-yl)methyl]
amine was reported to be the favoured ligand [172]. Rate constants have been
evaluated for CuAAC reactions using a variety of ligands that accelerate the
reactions, under dilute reaction conditions using aliquot quenching; and also
using the more concentrated solutions that are normally used in preparative chem-
istry using thermochemical measurements: tris(2-benzimidazolylmethyl)amine
derivatives were found to be superior to a number of ligands that are frequently
used, for example, the tris(triazolylmethyl)amine derivatives that were mentioned
earlier in this chapter [173]. The results of a complementary study using a number
of different ligands indicated that the CuAAC reaction is mechanistically complex
[174]. First-order kinetics were observed for both the alkyne and the azide together
with second-order dependence on the chelated copper(I) complex. In an idealized
mechanism, the tertiary amino group supplies electron density to the copper(l)
while the softer ligands serve to produce a multidentate species that stabilizes the
copper in the copper(I) oxidation state. The final proteolysis of the 5-cuprio-triazole
was found to occur more rapidly when the ligand used has pendant carboxyl or ester
groups. A comprehensive survey of ligands used in CuAAC reactions has been
published [175].

Two additional examples serve to illustrate the complexity of copper(I)-
catalysed azide—alkyne cycloaddition reactions and the dramatic effect that differ-
ent ligands can have on the outcome of particular reactions. When the base
ammonium carbonate was used in the reaction shown in Scheme 27, the normally
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Scheme 27 The copper(I)-catalysed reaction of an arylpropargyl ether with benzyl azide in the
presence of sodium carbonate — ratio 1:2:3 = 3:95:2

expected 1,4-disubstituted-1,2,3-triazole (3) was the exclusive product. However,
changing the base to sodium carbonate resulted in the formation of a mixture of
products in which the compound (3) comprised only 3% of the mixture and the
major product (95% of the mixture) was the interesting axially chiral 5,5'-bi
(1,2,3-triazolyl) derivative (5) [176].

A divergence in product formation was also observed in reactions of
phenylacetylene with the bis(azide), shown in Scheme 28. In the reaction carried
out using the original copper sulfate—sodium ascorbate protocol, only trace amounts
the product (6) were formed; even when using an alkyne to azide ratio of 1:10, the
major product isolated was the bis(triazole (7) [92]. The reaction was reinvestigated
using a wide range of ligands, and variable amounts of the products (6) and (7) were
formed [174]. Reactions using the 2,6-di(benzimidazolyl)-pyridine ligand (8) gave
increasing amounts of the mono-triazole product (4) as the ligand to copper(I) ratio
was increased.

Ph
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", + Phm——s —M— N N + \
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HO OH HO  OH
~ ®) @)
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Scheme 28 The copper(I)-catalysed reaction of a bis(azide) with phenylacetylene in the presence
or absence of added nitrogen ligand
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Although the detailed mechanism involved in any particular CuAAC reaction
may vary, it is now clear that copper(I) catalytic species are mandatory and also that
the copper(III) metallacyclic intermediate retains exocyclic copper(I) in some form.
The ligands that are attached to the two copper atoms depend on the precise
protocol that is used. The results of a number of investigations suggest that, in
many reactions two copper(I) atoms are present in the catalytic species; while in the
presence of multidentate ligands, an equilibrium can exist between ligated copper
(D) species that have two copper atoms and species that have only one copper(l)
atom.

Acknowledgement We thank Dr Lei Zhu (University of Florida, Tallahassee) for his valuable
comments on an earlier version of this chapter.

Note added in proof An interesting short review on the synthesis of 1,2,3-triazoles involving
both thermal (Huisgen) and copper(I) catalysed intramolecular alkyne—azide cycloaddition
reactions has appeared [178].
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“Click-Triazole” Coordination Chemistry:
Exploiting 1,4-Disubstituted-1,2,3-Triazoles
as Ligands

James D. Crowley and David A. McMorran

Abstract Access to readily functionalized ligand architectures is of crucial
importance in a range of different areas including catalysis, metallopharma-
ceuticals, bioimaging, metallosupramolecular chemistry, mechanically interlocked
architectures, and molecular machines. The mild and modular Cu(I)-catalyzed 1,3-
cycloaddition of terminal alkynes with organic azides (the CuAAC “click” reac-
tion) allows the ready formation of functionalized 1,4-disubstituted-1,2,3-triazole
scaffolds, and this has led to an explosion of interest in the coordination chemistry
of these heterocycles. The parent 1,4-disubstituted-1,2,3-triazole units can poten-
tially act as monodentate or bridging ligands. Examples of both the monodentate
(through either the N3 nitrogen or C5 carbon positions of the 1,2,3-triazole) and
bridging (through the N2 and N3 nitrogen atoms) coordination modes have been
structurally characterized. A diverse array of bi-, tri-, and polydentate ligands
incorporating 1,4-disubstituted-1,2,3-triazole units have also been synthesized
and characterized. When the chelate pocket involves coordination through the N3
nitrogen atom of the 1,2,3-triazole, these are called “regular” click ligands. While
these are the most common type of “click” chelate, “inverse” ligands in which the
1,2,3-triazole unit coordinates through the less electron-rich N2 nitrogen atom have
also been synthesized and characterized. The resulting “click” complexes are
beginning to find applications in catalysis, metallosupramolecular chemistry,
photophysics, and as metallopharmaceuticals and bioimaging agents.
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Pic Picolinic acid

PPy Phenylpyridine

Pr Propyl

PS Polystyrene

py Pyridine

RAFT Reversible addition-fragmentation chain transfer
RT Room temperature

RuAAC  Ru(Il)-catalyzed azide-alkyne cycloaddition
Salen N,N’-ethylenebis(salicylimine)

SCO Spin crossover

SEC Size-exclusion chromatography

t-Bu Tert-butyl

TEP Tolman electronic parameter

Tf Trifluoromethanesulfonyl (triflyl)

THF Tetrahydrofuran

TMEDA  N,N,N',N'-tetramethyl-1,2-ethylenediamine
TMS Trimethylsilyl

TOF Turnover frequency

Tol 4-Methylphenyl

TON Turnover number

Ts Tosyl (4-toluenesulfonyl)

1 Introduction

Many areas of modern coordination chemistry would be enhanced by facile and
functional group tolerant synthetic protocols that allow for the rapid generation of
functionalized ligand scaffolds. Moreover, reactions that enable the modular tuning
of steric and electronic properties would be particularly useful in the development
of novel catalysts, materials, and metallopharmaceuticals. The recently discovered
Cu(I)-catalyzed 1,3-cycloaddition of terminal alkynes (A) with organic azides (B)
(the CuAAC “click” reaction, Fig. 1) is a synthetic protocol that potentially fulfills

these requirements.
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+ + —
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1.1 Cu(l)-Catalyzed 1,3-Cycloaddition of Organic Azides with
Terminal Alkynes: “Click” Chemistry

The thermally induced [3+2] cycloaddition between alkynes (A) and organic azides
(B) (the AAC reaction, Fig. 1) was discovered in 1893 [1] and extensively studied
by Huisgen and coworkers in the middle of the last century [2-5]. However, the
reaction was never widely adopted by synthetic chemists presumably because it
usually generates a mixture of the 1,4-disubstituted-1,2,3-triazole (C) and 1,5-
disubstituted-1,2,3-triazole (D) products. That all changed in 2002 when Tornoe
and Meldal [6] and Fokin and Sharpless [7] independently discovered the copper(I)
catalyzed version of the AAC reaction [8]." Compared with the thermal AAC
process, the rate of the CuAAC reaction is increased by a factor of 10’ making it
conveniently fast at room temperature [9]. Furthermore, the CuAAC reaction is
regioselective providing only the 1,4-disubstituted-1,2,3-triazoles (C) in very high
yields with few or no side products. The reaction is not significantly affected by steric
or electronic factors, and the presence of most organic or inorganic functional groups is
well tolerated. Additionally, the reaction proceeds in a wide variety of protic and
aprotic solvents, including water. Due to these factors, the CuAAC methodology has
become the “flagship reaction” of “click chemistry” [10]. Indeed, the CuAAC reaction
is often referred to as “the click reaction,” and it has become the synthetic method of
choice in many different areas of chemistry [11], including materials [12-16],
polymers [17-20], interlocked architectures [21-25], bioconjugation [14, 26-32],
and drug discovery [30-33]. Subsequent work by Fokin [34] has shown that ruthenium
cyclopentadienyl complexes catalyze the regioselective formation of the 1,5-disubsti-
tuted-1,2,3-triazoles (D). While the scope and functional group tolerance of the
RuAAC reaction are excellent, the reaction is more sensitive to the choice of solvent
and the steric demands of the azide reactant than the CuAAC reaction, and as such, it
has not yet been applied as widely [35, 36].

Despite their interesting structural and electronic features, initially, the 1,4-
disubstituted-1,2,3-triazole groups that are formed during the CuAAC reaction
were just viewed as innocent scaffolds or linking units. However, more and more
efforts are being made to take advantage of the heterocycle’s interesting properties
[12]. Early workers recognized that 1,4-disubstituted-1,2,3-triazoles are excellent
amide mimics [37, 38], due to the positioning of the three electronegative nitrogen
atoms on one side of the heterocycle. This leads to a large 5-Debye dipole and
increases the acidity of the C5 carbon’s proton. Building on this, a number of
groups have recently begun to use 1,4-disubstituted-1,2,3-triazoles [39, 40] and the
related 1,4-disubstituted-1,2,3-triazolium salts as novel C—H hydrogen bond donor
units in supramolecular systems. The presence of two sp’-hybridized nitrogen
atoms (with accessible lone pairs of electrons) within the 1,2,3-triazole unit means

' A referee has suggested to us that L’abbé was the first to report the CuAAC reaction in the
literature, see [8].
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that they are potentially able to coordinate metal ions. This property has led to an
explosion of interest in the complexes of 1,4-disubstituted-1,2,3-triazole ligands.

Herein, we examine the development of 1,4-disubstituted-1,2,3-triazole containing
“click” ligands and their metal complexes. This area has been recently reviewed [41];
however, even in the short time since the previous review, there has been considerable
additional work. This review will focus on examples in which the coordination mode
of the 1,4-disubstituted-1,2,3-triazole ligand has been structurally characterized. As
such, the vast amount of work on the use of the CuAAC reaction in the development of
metal ion sensors [42] will not be covered here; interested readers are referred to the
accompanying chapter by Watkinson for further information. The CuA AC methodol-
ogy has been exploited as an efficient way of assembling novel ligands [43-54], and it
has also been widely applied as a mild method for the postsynthetic modification of
metal complexes [50, 55-80]. However, in these cases, the triazole unit acts only as a
linking group; it is not involved in coordination to the metal ions; and so, again, these
examples will not be discussed further.

2 CuAAC Ligand Synthesis

2.1 General CuAAC Reaction Conditions

The CuAAC reaction is an extremely robust and versatile methodology, and
because of this, a vast number of successful experimental variations have been
developed. A wide array of different copper sources have been exploited in the
CuAAC reaction, and while coligands (with nitrogen, phosphorous, and/or NHC
donors) have been used to enhance the rate of reaction, they are by no means
required [9, 11, 29, 37, 81]. Cu(l) salts/complexes are often employed as the
catalyst; however, because Cu(I) is thermodynamically unstable and can be rela-
tively easily oxidized to catalytically inactive Cu(lIl), the exclusion of oxygen is
usually required. More commonly, the combination of a copper(Il) salt, usually Cu
(80O4)*5H,0 or Cu(OAc),, and a sacrificial reducing agent, such as sodium ascor-
bate, is used as an alternative to oxygen-free conditions. This “aqueous Cu(II)/
ascorbate” [9] method is a practically simple, economical, and efficient way of
generating 1,4-disubstituted-1,2,3-triazoles on a preparative scale, and for these
reasons, it is often the method of choice for “click” ligand synthesis. Water, in
combination with alcohols (MeOH, EtOH, -BuOH), THF, DMF, and DMSO, can
all be employed as cosolvents for the reaction, enabling a wide range of substrates
to be accommodated. Additionally, while the CuAAC reaction is usually conve-
niently fast at room temperature, heating, either conventionally or microwave-
assisted, can be used to successfully enhance the rate of the reaction when required.

While the “aqueous Cu(Il)/ascorbate” method is ubiquitous, the reducing
conditions are not always compatible with sensitive substrates. For this reason,
alternative approaches to 1,4-disubstituted-1,2,3-triazole ligands have been
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developed. Zhu and coworkers [82, 83] found that Cu(Il) salts can catalyze the
CuAAC reaction in alcoholic solvents without the presence of additional reductants
such as sodium ascorbate. Spectroscopic observations suggested that Cu(Il)
precatalyst undergoes reduction to a catalytic Cu(l) species via either alcohol
oxidation or alkyne homocoupling, or both, during an induction period. Addition-
ally, they showed that CuAAC reactions involving 2-picolylazide, or similar motif,
are extremely facile because chelation of Cu(Il) to this unit further activates the
azide for cycloaddition. During the synthesis of a family of azoamide-
functionalized “click” ligands, Kosmrlj and coworkers have developed a number
of mild CuAAC conditions that were compatible with the fragile functionally [64,
84, 85]. They showed that a mixture of Cu(SO4)*5SH,O and metallic copper in
DMSO or, better, the heterogeneous catalysts copper-on-charcoal, cupric oxide,
and cuprous oxide could be exploited to generate the sensitive azoamide-
functionalized “click” ligands in excellent yields. The heterogeneous catalysts
allowed the authors to generate the desired ligands, in almost quantitative yields,
using a simple three-step “stir—filter—evaporate” protocol. The authors found that
the resulting 1,4-disubstituted-1,2,3-triazole ligands show no, or negligible, copper
contamination.

The synthesis of phosphorous-functionalized “click” ligands also requires special
conditions. Phosphine building blocks need be protected as either the corresponding
borane complex (1-2a and 4-5a) or oxide (1-2b and 4-5b) in order to prevent an
undesirable Staudinger reaction with the azide synthons (Scheme 1). A range of bi-
and tridentate P,N “click” ligands have been synthesized, and the free “clickphines”
(3 and 6) are liberated by a final deprotection of the phosphine group with either
DABCO in the case of the borane complexes [86-90] or reduction with tri-
chlorosilane [88-92] in the case of the phosphine oxides.

linker =R? -Iinker : -Iinker N
RN)R” Na (RM)R NNy a0 mie Ny
X CuAAC X =(  forb (i =
1a(X = BHa) 2a(X= BHy) R2 3 R2
1b(X = =0) 2b(X = =0)

.. Alinker N3—R? | N, fora (i) N,
(R")R N R'):R NI N

(R')2 ] N |
b CUAAC % ! N forb (i) N
R 6 R
4a(X = BHj) 5a(X = BHj)
4b(X = =0) 5b(X = =0)

R' = alkyl, aryl, R? = alkyl, benzyl, aryl

Scheme 1 Synthesis of P,N “clickphine”[86] ligands. (i) DABCO, toluene, 70°C, 5 h; (if) HSiCl3,
toluene, reflux, 1 h
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2.2 One-Pot CuAAC Reactions for Ligand Synthesis

In the previously discussed “click” methodologies, the azide and alkyne reactants
were synthesized and isolated before their use in the CuAAC reaction. In an effort
to further improve the synthetic efficiency and safety of the CuAAC reaction, a
number of groups have developed one-pot CuAAC methodologies in which either
the alkyne or azide reactant is generated in situ and reacted immediately without
isolation and purification.

Fletcher and coworkers [93] have shown that TMS-protected alkynes can be
deprotected in situ then “clicked” onto preformed azides to generate bi- (7), tri- (8),
and quadridentate pyridyltriazole ligands in excellent yields (Scheme 2, i). Even
more impressively, the commercially available 1,4-bis(trimethylsilyl)butadiyne can
be deprotected in situ to furnish 4,4’-bis(1,2,3-triazole) ligands (9) under the same
reaction conditions, enabling the use of the flammable, explosive parent butadiyne
to be avoided. The Crowley [94, 95] and Schubert [96, 97] groups have developed
one-pot CuAAC “click” methodologies in which the organic azide is generated in
situ then “clicked” onto preformed terminal alkynes. Schubert and coworkers [96,
97] have shown that alkyl- and aryl-substituted 2-(1H-1,2,3-triazol-4-yl)pyridine
(7) and 2,6-bis(1H-1,2,3-triazol-4-yl)pyridine (8) ligands can be generated from the
corresponding pyridyl alkynes, sodium azide, and the appropriate alkyl halide or
aryl boronic acid, using Cu(SQO,4)*5SH,0 and sodium ascorbate in conjunction with
microwave irradiation. The Crowley group has also used one-pot CuAAC “click”
methodologies for the safe generation of benzyl-, alkyl-, and aryl-substituted
2-(1H-1,2,3-triazol-4-yl)pyridine (7) and 2,6-bis(1H-1,2,3-triazol-4-yl)pyridine
(8) ligands [94, 95]. Exploiting conditions that were developed by Fokin [98], the
benzyl- and alkyl-substituted ligands were synthesized from pyridyl alkynes,
sodium azide, and the appropriate benzyl or alkyl halide using a Cu(SO,4)*5H,0O/

N ‘ X N
NS qvs 7 \N'N W )
™S —
N
TR
» B )
z N "X A
T™S N = N N
R 0 ™ NN TN g (il i or iv)
N=N"N s N R-X
_ R R R = alkyl, benzyl, aryl
R = alkyl, alkyl, benzyl, aryl
bonzyl,aryi X = Cl, Br, I, B(OH),
TMS—=—=TMS R R TMS—=—=TMS
L . NN
N=\™ N
9

Scheme 2 (i) K,COj3, Cu(SO4)*5H,0, sodium ascorbate, t-BuOH/H,0 (4:1), RT, 24 h; (ii) for
R = benzyl or alkyl, NaN3, Cu(SO,4)*5H,0, ascorbic acid, Na,CO3;, DMF/H,O (4:1), RT (R =
benzyl) or 95°C (R = alkyl), 20 h; (iii) for RX = aryl boronic acid (a) NaN3, Cu(OAc),, MeOH,
55°C, 2 h; (b) sodium ascorbate, RT, 16 h; (iv) for RX = aryl iodide (a) NaN3, Cul, DMEDA,
EtOH/H,0, 100°C, 2 h; (b) Cu(SO4)*5H,0, ascorbic acid, Na,COj3, RT, 20 h
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ascorbate catalyst system in DMF/H,O (4:1). The benzyl-substituted ligands were
obtained in excellent yield after stirring at RT for 20 h; however, the synthesis of
the alkyl-substituted ligands required heating at 95°C in order to generate compa-
rable yields within a 20 h period. The aryl-substituted ligands (7 and 8) could be
synthesized from either aryl iodides or aryl boronic acids, via the in situ generated
azide, using methods developed by Guo and Liu [99] (aryl boronic acids) or Liang
[100] (aryl iodides). Subsequently, Crowley and coworkers have applied the same
methodologies to safely synthesize a family of 2-pyridyl-1,2,3-triazole ligand
architectures, containing electrochemically, photochemically, and biologically
interesting functional groups [101].

It is clear that the CuAAC “click” reaction can be exploited to rapidly synthesize
families of functionalized ligand architectures, and this synthetic versatility could
lead to many potential applications. However, before the full potential of these
“click” ligands can be realized, an understanding of the coordination properties of
1,4-disubstituted-1,2,3-triazoles is required. In the following sections, we will
examine the coordination properties of monodentate, bidentate, tridentate, and
polydentate ligands containing 1,4-disubstituted-1,2,3-triazole units.

3 Monodentate and Bridging Coordination Modes
in 1,4-Disubstituted-1,2,3-Triazole Ligands

While the coordination chemistry of 1,2,4-triazoles [102-108] and the
unsubstituted parent 1H-1,2,3-triazole [102, 108] is rich and extensive, metal
complexes of substituted 1,2,3-triazoles remain relatively unexplored. Presumably,
this was connected to the fact that before the discovery of the CuAAC reaction,
synthetic approaches to substituted 1,2,3-triazoles led to difficult-to-separate iso-
meric mixtures of products (C and D). The discovery of the CuAAC reaction has
led to an exponential increase in 1,4-disubstituted-1,2,3-triazole “click” ligands.
However, despite the ease of their syntheses, there have been very few investigations
into the coordination properties of “simple” 1,4-disubstituted-1,2,3-triazole units that
are unsupported by other donor groups. This is somewhat surprising as these 1,4-
disubstituted-1,2,3-triazoles have the potential to display an extensive array of
coordination modes including monodentate binding through the N3 nitrogen (E),
monodentate coordination through the N2 nitrogen (F), bridging of two metals
through both the N2 and N3 nitrogens (G), and monodentate binding through the
C5 carbon (H). While there are only a few structurally characterized examples, the
coordination modes, E, G, and H have all been observed (Fig. 2).

R1 R1 R1
It = = RN e
RZVN‘N/’N‘M RZ'N\N/,N RZVN‘N”N‘M' >_£
Fig. 2 Potential binding M M M R!

modes for 1,4-disubstituted-
1,2,3-triazole ligands E F G H
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3.1 1,4-Disubstituted-1,2,3-Triazoles as Monodentate
N-Donor Ligands

Van Koten and coworkers reported the first structurally characterized metal
complexes containing a “simple” 1,4-disubstituted-1,2,3-triazole ligand [109].
The 1,4-disubstituted-1,2,3-triazole complexes 10a—d were synthesized by the
addition of the appropriate triazole C to a mixture of the either the Pd or Pt
NCN-pincer complex (11) and AgBF, in CH,Cl, (Scheme 3). X-ray crystallogra-
phy confirmed that the 1,4-disubstituted-1,2,3-triazole unit is coordinated to the
Pd or Pt ions through the more electron-rich N3 nitrogen (Fig. 3a). The authors also
carried out 'H NMR competition experiments which showed that C (R, = Ph,
R, = Bn) is a better ligand than H,O, DMSO, MeCN, and Et,S, comparable in
strength to aniline, and a weaker donor than pyridine, N-methyl imidazole, and
triphenylphosphine. Additionally, they found that the binding strength of the 1,4-
disubstituted-1,2,3-triazole ligands could be fine-tuned. Competition experiments
suggested that C (R; = R, = n-hexyl) is a stronger donor than both C (R; = Bn,
R, = Bn) and C (R; = Ph R, = Bn) and has a binding strength comparable to
pyridine.

" ﬁ/:ﬁ 2 |(X)2
R' Me,N—M—NMe, R! R! L N'R 1

NMe, Br11 /=< ¢ N

M—NY : pe-N. N —— 7 N—Pd—N_~

NMe,N-N_ - () N (i M

(] R

10a (M = Pd, R' = Ph, R*= Bn) 12a (R' = Fc, R%= 4-MeOBn, L, = X = Cl)
10b (M = Pt, R' = Ph, R=Bn) 12b (R'=Ph, R®=Bn, L, = X = Cl)
10c (M = Pt, R' = Bn, R>= Bn) 12c (BF,), (R' = Ph, R®=Bn, L, = 1-benzyl-
10d (M = Pt, R'= C¢H,5, R?=CH,,) 4-phenyl-TH-1,2,3-triazole, X = BF,)

Scheme 3 Pd(II) complexes containing monodentate 1,4-disubstituted-1,2,3-triazole ligands; (i)
AgBF,, CH,Cl,, RT, 1 h; (ii) for 12a Pd(MeCN),Cl,, toluene, RT, 2.5 h; for 12b Pd(MeCN),Cl,,
acetone, RT, 1 h; for 12¢ [Pd(MeCN),](BF,),, acetone, RT, 1 h

Fig. 3 X-ray structures of the Pd(II) complexes 10a (a) [109] and 12b (b) [111] showing the
monodentate coordination through the N3 nitrogen of 1,4-disubstituted-1,2,3-triazole ligands.
Hydrogen atoms and counter ions have been omitted for clarity



“Click-Triazole” Coordination Chemistry 41

Following on from van Koten’s work, both Astruc [110] and Crowley [111] have
found that 1,4-disubstituted-1,2,3-triazole ligands bind to Pd(II) ions in a monoden-
tate fashion through the N3 nitrogen of the triazole. Mixing the 1,4-disubstituted-
1,2,3-triazole ligand, C and either Pd(MeCN),Cl, or [Pd(MeCN)4](BF,), leads to the
formation of the Pd(I)-1,4-disubstituted-1,2,3-triazole complexes, 12a—c in excellent
yields (Scheme 3). Each of the Pd(I[) complexes have been structurally characterized
using X-ray crystallography. 12a and 12b form the expected trans-[Pd(C),Cl,]
complexes (Fig. 3), whereas 12¢ is the salt [Pd(C)4](BEy),.

Elliott and coworkers [112] have synthesized a series of cationic Re(I) complexes
[Re(bpy)(CO);(C)](PFy) (14a—d) that contain a 1,4-disubstituted-1,2,3-triazole unit
coordinated in a monodentate fashion (Fig. 4). X-ray crystal structures were obtained
for 14a and 14b, which confirm that the coordination of the Re(I) is through the N3
nitrogen of the 1,2,3-triazole ligand (Fig. 4b). The positioning of the CO bands in the
IR spectra suggests that the 1,4-disubstituted-1,2,3-triazole ligands studied are margin-
ally stronger donors than pyridine. The complexes are luminescent in aerated
dichloromethane at room temperature, but the emission maxima are blue-shifted rela-
tive to the parent chloride complex. Additionally, relatively long luminescent lifetimes
are observed for these 1,4-disubstituted-1,2,3-triazole complexes (475 to 513 ns).

In a final example, Osuka, Shinokubo, and coworkers have synthesized the 1,4-
disubstituted-1,2,3-triazole appended Zn(II)-porphyrin, 15, and showed using 'H
NMR studies that it dimerizes in solution. X-ray crystallography confirmed that the
dimerization is driven by coordination of the 1,4-disubstituted-1,2,3-triazole donor
on one porphyrin to the Zn(II) ion of the adjacent porphyrin (Fig. 5) [113]. As with
the previously discussed Pd(II) and Re(I) complexes, the triazole unit interacts with
the Zn(II) ions through the N3 nitrogen.

There are a number of other reported 1,4-disubstituted-1,2,3-triazole metal
complexes in which monodentate binding is presumed [114—119]. None of these
compounds have been structurally characterized, and as such, it is unknown
whether the coordination is through the N2 or N3 nitrogen of the 1,2,3-triazole
unit. However, on the basis of the previously discussed structurally characterized
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rReN Ne R v
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N
_ N (I:I co C ~N.. | .co
" Re _ "Re. ‘
1 ~co i N~ | ~CO
= N co (i) : ) co b‘\

",_,_...-'«-.“
13 14a(R'= Ph, R2 = Me) G —%

14b (R'= Ph, R2 = Pr)
14c¢(R'= Ph, R? = Bn)
14d (R'= Pr, R% = Me)

Fig. 4 (a) Re(I) complexes containing monodentate 1,4-disubstituted-1,2,3-triazole ligands;
(i) AgPF¢, CH,Cl,, RT, 60 h; X-ray structure of the Re(I) complex 14b showing the monodentate
coordination, through the N3 nitrogen of 1,4-disubstituted-1,2,3-triazole ligands [112]. Hydrogen
atoms and counter ions have been omitted for clarity
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Ar

Ar
15

Fig. 5 Osuka’s 1,4-disubstituted-1,2,3-triazole-appended Zn(II)-porphyrin, 15, and the X-ray
structure of the dimer 15, [113]. Hydrogen atoms and the aryl substituents’ -Bu groups have
been omitted for clarity

examples and a number of theoretical studies (DFT) [120, 121], which have shown
the N3 nitrogen of the triazole is the most electron rich, it is expected when a 1,4-
disubstituted-1,2,3-triazole unit is coordinated in a monodentate fashion it will be
through the N3 not the N2 nitrogen.

3.2 1,4-Disubstituted-1,2,3-Triazoles as Bridging
N-Donor Ligands

Somewhat surprisingly, given that related diazole or triazole ligands (e.g.,
pyrazolates, 1,2,4-triazoles) with side-by-side nitrogen donor atoms are extensively
used as bridging ligands, there is only one crystallographically characterized report of
1,4-disubstituted-1,2,3-triazole units acting as bridging ligands. Crowley et al.
synthesized the dimeric silver(I) complexes, 16a—b, by mixing an acetone solution
of AgSbF¢ with a dichloromethane solution of one of the ligands (17a or 17b) and
stirring the resulting solutions at room temperature for 1 h in the absence of light
(Scheme 4) [122]. Both the complexes, 16a-b, were structurally characterized
and display the same dinuclear core in which the two silver(I) ions are bridged by

o | (SbFo);
F
X X F F
—I(SbFB)z X F R
@ " @ ] F
Z N N
N . )
=N [ (i) Ned X ) N=N. o NN F O F
A/ \A P Il}l N—A/ \A —I{ll Y,
A A D . T s WP
/ /:N F N/N £\I=N
\NgZ N%@
F
F ] E
; 17a (X = H) F F 16b
6a 17b (X = F) F

Scheme 4 Ag(I) complexes containing bridging 1,4-disubstituted-1,2,3-triazole ligands; (i)
AgSbFg, acetone/CH,Cl,, RT, 1 h [122]
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Fig. 6 X-ray structures of the silver(I) dimers 16a-b containing bridging 1,4-disubstituted-1,2,3-
triazole ligands [122]. Hydrogen atoms and counter ions have been omitted for clarity

two 1,4-disubstituted-1,2,3-triazole units. In the case of 16a, the silver ions are also
coordinated to a benzyl substituent through an unusual ' benzyl-Ag(I) interaction,
giving the Ag(I) ions a trigonal planar coordination sphere (Fig. 6). The molecular
structure of 16b was found to be similar to that of 16a, the core [(17b)2Ag2]2+ dication
supported by the bridging 1,2,3-triazole ligands, but an additional molecule of 17b
coordinates to the silver ions in a monodentate fashion generating a 2:1 ligand to metal
ratio. The Ag(I) ions of 16b are coordinated to three N donor atoms in a distorted
trigonal planar coordination environment. The unusual nl benzyl-Ag(I) interaction
that was present in 16a is replaced by the monodentate Ag—N(1,2,3-triazole) interac-
tion presumably because the donor ability of the benzyl ring has been weakened by the
presence of the electron-withdrawing fluorine substituents. While these appear to be
the only reported examples of a “simple” unsupported 1,4-disubstituted-1,2,3-triazole
unit acting as a bridging ligand, this coordination mode has been observed in more
complicated “click” ligands (vide infra).

3.3 1,4-Disubstituted-1,2,3-Triazoles as Monodentate
C-Donor Ligands

While the most obvious coordination sites on the 1,4-disubstituted-1,2,3-triazole
unit are the N2 and N3 nitrogen atoms, the acidic nature of the hydrogen on the C5
carbon means that it can be readily deprotonated to provide anionic 1,4-disubsti-
tuted-1,2,3-triazolide ligands. Straub and coworkers [123] were able to isolate a
stable copper(I) 1,4-disubstituted-1,2,3-triazolide complex (19a) by reacting the
bulky NHC-stabilized copper(l) acetylide 18a with azidodi-4-tolylmethane in tolu-
ene at RT for 24 h (Fig. 7). 19a was stable in air and water, and its molecular structure
was confirmed by X-ray crystallography (Fig. 7). The copper(I) 1,2,3-triazolide
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Fig. 7 Synthesis of 1,4-disubstituted-1,2,3-triazolide complexes; (i) azidodi-4-tolylmethane,
toluene, RT, 24 h; (ii)) RN3, [Cu(MeCN),](PFs), MeCN, RT, 12 h; X-ray structure of the copper(I)
1,4-disubstituted-1,2,3-triazolide complex 19a showing the coordination through the C5 carbon atom
of the 1,2,3-triazole unit [123]. Hydrogen atoms and counter ions have been omitted for clarity

species is presumed to be an intermediate in the catalytic cycle of the CuAAC
reaction, and Straub showed that treating 19a with acetic acid in CH,Cl, at room
temperature leads to the quantitative formation of the 1,4-disubstituted-1,2,3-
triazole and the NHC—-Cu—OAc complex. Furthermore, they demonstrated that both
19a and the NHC—Cu—OAc complex are active CuAAC catalysts, providing strong
evidence for the intermediacy of the 1,2,3-triazolide in the reaction’s catalytic cycle.

Building on this work, Gray and coworkers [124] have synthesized a family of
stable gold(I) 1,4-disubstituted-1,2,3-triazolide complexes (19b—c and 21a—f).
They showed that tetrakis(acetonitrile)copper(I) hexafluorophosphate catalyzes
the [3+2] cycloaddition of phosphine (20a—f) and (NHC)gold(I) alkynyls (18b—c)
with benzyl azide in yields of up to 96% (Fig. 7). The reaction protocol tolerates a
broad range of functionalities on the alkynyl reagent, and the resulting complexes
are air and water stable. The gold(I)-1,2,3-triazolide complexes are luminescent,
and nine of the family has been characterized crystallographically; however, none
of the structures display any gold(I)-gold(I) (aurophilic) interactions presumably
because of the steric bulk around the gold center.

The anionic 1,4-disubstituted-1,2,3-triazolides are not the only “click” triazole
ligands which display the C5 coordination mode. 1,4-Disubstituted-1,2,3-triazoles (C)
are readily and regioselectively alkyl/benzylated at the N3 position providing easy
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Scheme 5 Synthesis of 1,3,4-trisubstituted-1,2,3-triazolium salts and 1,3 4-trisubstituted-1,2,3-
triazol-5-ylidenes complexes; (i) either Mel, CH3CN, 70°C, 12 h or Me;OBF,, CH,Cl,, RT, 3 d;
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(vi) CuCl, CH,Cl,/MeCN (1:1), RT, 6 h; (vii) Au(SMe,)Cl, CH,CI,/MeCN (1:1), RT, 2 h

access to the related 1,3,4-trisubstituted-1,2,3-triazolium salts (22) (Scheme 5)
[125-131]. Albrecht has shown that these triazolium salts can be converted into
abnormal or mesoionic N-heterocyclic “click” carbene complexes [132]. Deprotonation
of 22 with Ag,O generates the modestly stable silver(I) 1,2,3-triazolylidenes (23) which
can be used to synthesize a wide variety (Pd(Il) [132—-134], Ru(II) [135], Rh(I) [132,
133], Ir(D) [132], Cu(I) [136, 137], and Au(I)[138]) of stable metal 1,2,3-triazolylidene
complexes (24-29) via transmetallation (Scheme 5) [137, 139].> The metal
complexes of these 1,3,4-trisubstituted-1,2,3-triazol-5-ylidenes have been exploited
as catalysts for a variety of reactions including CuAAC cycloadditions [136, 137],

2 While the mild Ag,O method is most commonly used for the generation of these 1,3 4-trisubstituted-
1,2,3-triazol-5-ylidene complexes, an alternative approach in which the free carbene is generated by
deprotonation of the precusor triazolium salt with KO7Bu then complexed to a metal salt also leads to
the formation of the desired carbene complexes, see [137, 139].
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Pd cross couplings [134, 140], oxidations and oxidative couplings [135], carbene
transfer reactions from diazo compounds into O—H, N—H, and C—H bonds, hydroalk-
oxylation of allenes; and enyne cyclizations [138]. A more detailed discussion of the
properties of 1,3,4-trisubstituted-1,2,3-triazol-5-ylidenes can be found in a recent
review of the field [141].

4 Bidentate Ligands Containing 1,4-Disubstituted-1,2,3-
Triazole Units

In 2006, Mindt and Schibli reported the “click-to-chelate’[142] concept, and this has
led to the development of a vast variety of chelating “click” ligands. When the chelate
pocket involves coordination through the N3 nitrogen atom of the 1,2,3-triazole,
these are called “regular” click ligands. While these are the most common type of
“click” chelate, “inverse” ligands in which the 1,2,3-triazole unit coordinates through
the less electron rich N2 nitrogen atom have also been developed.

4.1 Bidentate Ligands Containing One 1,4-Disubstituted-
1,2,3-Triazole Unit

Bidentate ligands containing 1,4-disubstituted-1,2,3-triazole units are by far the
most studied class of “click” chelates. Within this subclass of “click” ligands, the
pyridyl-1,2,3-triazole ligands 2-(1-R-1H-1,2,3-triazol-4-yl)pyridine 30 and [2-(4-
R-1H-1,2,3-triazol-1-yl)methyl]pyridine 31 have received the most attention.

The 2-(1-R-1H-1,2,3-triazol-4-yl)pyridine series of ligands have been exten-
sively examined as readily tuneable bpy analogues. Indeed, for the most part,
despite the presence of the additional nitrogen donor atom (N2) within the ligand
scaffold, these compounds act as bpy-like N-N five-membered chelates. The
ligands coordinate through the pyridyl and N3 nitrogen of the 1,2,3-triazole unit
with a wide range of metals ions (32—40, Scheme 6) including those with octahedral
(Re(I) [143-145], Tc(I) [144], Ru(D) [93, 97, 146-149], Ir(III) [147, 150-152],
tetrahedral Ag(I), Cu(I) [95, 153]), and square planar (Pd(II) and Pt(II) [101,
154-157]) coordination geometries (Fig. 8). While 30 forms a range of stable
complexes, a binding constant study by Petitjean [153] has shown, unsurprisingly,
that they are less stable than the corresponding bpy complexes presumably because
the more electron deficient 1,2,3-triazole unit is a poorer c-donor than py.

The rich photophysical properties displayed by bpy complexes such as [Ru
(bpy)s]** have encouraged a number of groups to examine the optoelectronic
properties of metal complexes of 30. Obata and Yano [145] and Benoist [143,
144] have synthesized several rhenium(I) complexes of the formulation [Re(30)
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ligand scaffold; (i) [Re(CO)sCl], MeOH, reflux, 24 h; (ii) for 32a either AgOTf or AgSbFg,
acetone/CH,Cl, (1:1), 1 h, RT; for 32b—c [Cu(MeCN),4](BF,), CHCI3/MeCN (1:1), 1 h, RT; (iii)
RuCl;-H,0, EtOH/H,0, 80°C, 24 h or (a) RuCl;-H,O, DMF, MW, 220°C, 15 min; (b) NH4PF,
RT, 1 h or (@) RuCl;-H,0, DMF, 100°C, 48 h; (b) NH4PFg, RT, 10 min; (iv) (@) [Ru(p-cymene)
Cl,],, DMF, 75°C, 6 h; (b) 2,2'-bipyridine-4,4'-dicarboxylic acid, DMF, 140°C, 3 h; (c) NH4NCS,
145°C, 5 h; (v) MeOTf, CH,Cl,, (vi) Ag,0, [{Cp*IrCl, },], MeCN, reflux, 18 h; (vii) (a) Ag,0O, [Ru
(p-cymene)Cl, ], CH,Cl,, 35 °C, 2 d; (b) AgOTt, MeCN, reflux, 18 h; (viii) for 38a (a) Ru(bpy)Cl,
or Ru(dmbpy)Cl,, EtOH, MW, 125°C, 1 h; (b) NH4PFg, RT, 2 h; for 38b (a) Ru(bpy)Cl, or Ru
(dmbpy)Cl,, 2-methoxyethanol/H,O, 90°C, 24 h; for 38c—e (a) either (ppy),Ir(n-Cl),Ir(ppy), or
(Foppy)2Ir(n-Cl), Ir(Foppy),, CHCI3/MeOH (3:1), 40°C, 3 h; (b) either NH4PFg or NH4BF,, H,O,
1 h; (ix) for 39a—f (M = Pd) Pd(cod)Cl, or Pd(CH3CN),Cl,, CH,Cl, or CH3CN, RT, 1 h; for
39a—f (M = Pt) K,[PtCl4] H,O/EtOH (1:1), 60°C, 16 h, or Pt(DMSO),Cl,, MeNO,, 5-15 h,
reflux; for 39g [Pd(cod)MeCl], CH,Cl,, RT, 1 h; (x) [Pd(CH3CN)4](BF,4),, CH3CN, RT, 1 h

(CO);CI] (32a—f) by refluxing a stoichiometric mixture of the corresponding
pyridyltriazole ligand and [Re(CO)sCl] in an alcoholic solvent. Spectroscopic
methods indicate that the expected fac isomers are generated exclusively, and this
has been confirmed by X-ray crystallography (Fig. 8c). The electronic spectra of
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Fig. 8 X-ray structures of tetrahedral 33a (a) [95], square planar 40a (b) [101], and octahedral
metal 32a (c) [145] complexes of the 2-pyridyl-1,2,3-triazole ligand 30 (R = Bn). Hydrogen
atoms and counter ions have been omitted for clarity
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32a—f display a blue-shifted maximum absorption compared with [Re(bpy)
(CO);C1]. The complexes are luminescent in solution at room temperature and
exhibit larger quantum yields and longer luminescent lifetimes than the [Re(bpy)
(CO);Cl] analogue. Benoist, Machura, and coworkers [144] have also synthesized
the radiolabeled technetium-99 complex 32f (M = **Tc) appended with the bioac-
tive (2-methoxyphenyl)piperazine pharmacophore, as part of efforts to develop
novel SHT,, imaging probes. The radiocomplex 32f (M = *°Tc) was found to
have a partition coefficient (P) of 2.34 under physiological conditions (0.1 M
phosphate buffer pH 7.4/n-octanol), indicating that 32f (M = ?°Tc) is moderately
lipophilic and suggesting that the complex might be exploited as a selective central
nervous system imaging agent.

Fletcher [93] and Schubert [97] have independently prepared the [Ru(bpy)s]**
analogues 34a-b. Heating RuCl;-H,O with three equivalents of 30 generates a
statistical mixture of the fac and mer isomers of the complexes [Ru(30)5]** which
were only separable when a bulky substituent was bound at position N1 of the
triazole heterocycle. Interestingly, and in stark contrast to their [Ru(bpy)s]**
analogues, these homoleptic complexes are only modestly colored and are not
emissive [93, 97]. A range of heteroleptic Ru(Il) complexes of the formulation
[Ru(bpy)3,n(30)n]2+ have also been synthesized [97, 148, 149]. Analysis of the
photophysical and electrochemical properties of the complexes [Ru(bpy)3_n(30)n]2+
revealed that as more pyridyl-1,2,3-triazole ligands are incorporated into the
complexes, both the UV/vis spectra and the luminescence spectra are blue-shifted,
and cyclic voltammograms indicate an increase in the energy band gap. Bauerle,
Gratzel, Zakeeruddin, and coworkers have synthesized the heteroleptic Ru(Il)
complex 35 (Scheme 6) and examined its use as a sensitizer in DSSC [158].
A DSSC consisting of 35 with an acetonitrile-based electrolyte showed a respect-
able overall power conversion efficiency of 7.8% under full sunlight intensity.
Additionally, the authors prepared solid-state devices with 2-mm-thick TiO, films
which demonstrated power conversion efficiencies of 1.92%.
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De Cola et al. [147, 150—-152] have synthesized a family of heteroleptic cationic
Ir(IIT) complexes containing ppy or Foppy ligands (38c—e) and examined their
photophysical and electrochemical properties. These complexes displayed excel-
lent emission quantum yields, long excited state lifetimes, and reversible electro-
chemical behavior. Additionally, the compounds have shown ECL which can be
modulated from the green to blue by ligand modification, and the authors suggest
that this could be exploited in the development of ECL labels for bioanalytical
applications [152]. The same series of compounds have been used to develop
LEECs, which are possible alternatives to the more-investigated OLEDs. One of
the major drawbacks of LEECs is their long turn-on time (i.e., the time needed to
see the emission after the application of the voltage); it often takes hours for
emission to occur due to the slow diffusion of charges within the device. The
LEECs generated using these Ir(IIl) “click” complexes display very blue emission
along with the fastest response time ever reported for iridium complexes bringing
practical LEECs a step closer [151].

A variety of square planar complexes of 30 with Pd and Pt have been synthesized
(39a-g and 40a—g) [101, 154—156] and crystallographically characterized. Milani
and coworkers [155] have shown that one of these palladium “click” complexes,
39¢g, is an active catalyst for styrene carbonylation producing low-molecular-weight
oligoketones. Albrecht et al. have also developed catalytic systems based on the 30
[159, 160]. Methylation of 30 with MeOTf produces the mono- and dimethylated
pyridyl-1,2,3-triazolium salts, 36 and 37. Reaction of 36 with Ag,O and [Ru(p-
cymene)Cl,], in CH,Cl, at 35°C for 2 days generates the complex [Ru(p-cymene)
(36-H)CI1](OTf) which is readily coverted into the ruthenium(II) complexes, 36a—d,
by halide abstraction with AgOTf and thermal cymene dissociation in refluxing
MeCN (Scheme 6). The related iridium(III) complex, 37a, can be generated by the
double C—H bond activation of 37 with Ag,O followed by transmetallation with
[{Cp*IrCl, },] (Scheme 6). The unusual C,C-bidentate complex 37a comprises two
different abnormally bound NHC ligands, a 1,2,3-triazoly-5-lidene and a
3-pyridylidene. Albrecht et al. have demonstrated that the ruthenium(Il) 36a—d
and iridium(IIT) 37a complexes are extremely active water oxidation catalysts in the
presence of (NH,4),[Ce(NO3)¢] (CAN) as a sacrificial oxidant. 36a—d are the most
active ruthenium water oxidation catalysts known (TONs > 400, TOFs close to
7,000 h_l), and the iridium(IIl) complex, 37a, is even more robust reaching TON's
of nearly 10,000 after 5 days. The authors suggest that the high catalytic activity of
the complexes may be connected to the mesoionic character of the 1,2,3-triazoly-5-
lidene unit which allows the ligand and metal center to act cooperatively, enabling
the bond cleavage and oxidation processes to occur simultaneously. This postulate
is further supported by the fact that related Ru(Il) “normal” NHC complexes, which
have less pronounced mesoionic character, are far less active catalysts.

The related, but more flexible, [2-(4-R-1H-1,2,3-triazol-1-yl)methyl]pyridine
series of “inverse” ligands, 31, have also been well studied. Like 30, this ligand
scaffold generally behaves as an N-N bidentate chelate, coordinating through the
pyridyl and N2 nitrogen of the 1,2,3-triazole unit forming a six-membered chelate
ring. Complexes of octahedral (Cu(Il) [82, 83, 95, 121, 161], Co(Il) [161, 162],
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Ni(I) [162], Ru(Il) [121, 163]), tetrahedral (Ag(I)[95, 121] and Zn(I)[162]), and
square planar (Ag(I), Pd(Il), and Pt(I[)[101, 121, 154, 164-166]) coordination
geometries have all been characterized crystallographically (Scheme 7 and
Fig. 9). The greater flexibility of 31 enables access to a larger number of observed
coordination modes for this scaffold. Kosmrlj et al. have shown that 31 will bind as
a monodentate donor under certain conditions [164]. Reaction of 31 (R = Ph) and
the rhodium(Il) acetate dimer [Rh,(O,CCHj)4] in hot MeOH/water solution
resulted in the formation of the rhodium complex 43 (R = Ph) in which the ligand
of 31 (R = Ph) is bound to the rhodium ions in a monodentate fashion through the
most electron-rich pyridyl nitrogen atom. The same authors have also shown that the
1,2,3-triazole unit of 31 (R = Ph) can act as a monodentate donor. Kosmrlj [121, 165,
166] and Crowley [154] have independently shown that 31 (R = Ph) forms the
expected square planar N-N bidentate chelate complexes when reacted with MCl,
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Scheme 7 Synthesis of metal complexes containing the [4-R-1H-1,2,3-triazol-1-yl)methyl]pyri-
dine (31) ligand scaffold; (i) for 41a-b either CuCl,, MeOH, RT, 1 h or CuCl,, EtOH/CHCl;,
60°C, 1 h; for 41c CoCl,, acetone, RT, 24 h; (ii) for 42a AgNO;, MeOH, RT, 24 h; for 42b
AgSbFg, acetone/CH,Cl, (1:1), 1 h, RT; (iii) [Rhy(O,CCH3)4], H,O/MeOH (1:1), 1 h, reflux,
5 min; (iv) AuCl;, MeOH, RT, 2 h or KAuCly, H,O/MeOH, RT, 2 h; (v) for 45a [Ru(p-cymene)
Cl,],, EtOH, RT, 2 d; for 45b [Ru([9]aneS3)(DMSO-S),CI](OTf), MeOH, reflux, 2 h; for 45¢
[trans-Ru(DMSO-S),Cl,], H,O, RT, 24 h (vi) AgBF,, [Pd(7]3 -C3Hs)Cl],, MeOH/CH,Cl,, RT, 2 h;
(vii) for 47a (M = Pd) Pd(cod)Cl, or Pd(CH;CN),Cl,, CH,Cl, or CH;CN, RT, 1 h; for 47b—c
(M = Pt) K,[PtCly] H,O/EtOH (1:1), 60°C, 16 h, or Pt(DMSO),Cl,, CH,Cl, or CH;CN, RT,
2-13 d; (viii) HCl(aq), H>O, hot, 5 min, (ix) [Pd(CH3CN)4](BF4),, CH;CN, RT, 1 h
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Fig. 9 X-ray structures of 41a (a) [82], 45a (b) [121], 43 (c) [164], 48 (d) [164], and the HgBr,
adduct of 31 (e) [164] showing the range of different coordination modes that the 2-pyridyl-1,2,3-
triazole ligand 31 can adopt. Hydrogen atoms and counter ions have been omitted for clarity

(M = Pd or Pt).However, during an attempted recrystallization of 48, 47a, from
aqueous HCI, Kosmrlj and coworkers isolated the complex 48 in which the ligand
31 (R = Ph) is coordinated to the Pd(II) ion through the N3 nitrogen of the 1,2,3-
triazole unit. The most basic nitrogen atom (the pyridyl N) within the ligand has
been protonated, and the second most electron-rich nitrogen atom (i.e., the triazole
N3 nitrogen) coordinates to the palladium [164]. 31 (R = Ph) has also been shown to
coordinate through all three of its nitrogen donor atoms simultaneously. Reaction of
31 (R = Ph) with Ag(I) ions leads to the formation of dinuclear (AgNOs), 42a, or
trinuclear (AgSbFg), 42b, silver(I) complexes, in which 31 displays both chelating and
bridging coordination modes. Similar behavior is also observed when 31 (R = Ph) is
reacted with HgBr, or a mixture of CuCl,/NaNj. These reactions generate oligomeric
(in the case of HgBr,) or polymeric (CuCl,/NaN3) chain complexes in which adjacent
metal ions are bridged by the 1,2,3-triazole units of 31 (Fig. 9e). Interestingly,
two different research groups have found that the reaction of 31 and Au(IIl)
ions leads to the formation of the salt [31H]"[AuCl,]~ rather than the desired chelated
gold(IIT) complex [154, 164]. These results indicate that the coordination chemistry of
31 with the square planar Au(III) is not as straightforward as that of the related Pd(II)
or Pt(II) ions.
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While the majority of workers have focused on the synthetic and structural
chemistry of the ligand 31, applications of the resulting complexes are emerging.
Scrivanti and coworkers have synthesized and characterized the cationic complex [Pd
(n*-C3H5)(31 R = Ph)](BF,) (46) and have shown that it exhibits good activity in the
Suzuki—Miyaura coupling of aryl bromides with phenyl boronic acid [167]. Bratsos,
Turel, and coworkers have synthesized a small family of Ru(Il) complexes with 31
(R = Ph) and 45a—c and tested them in vitro for activity against two human cancer
cell lines, one sensitive and one resistant to cisplatin [163]. In general, the antiproli-
ferative activity of the tested ruthenium compounds is lower than that of cisplatin.
Compound 45b was the exception; it was almost one order of magnitude more active
than cisplatin in the cisplatin-resistant A-549 cell line. Conversely, 45b does not
show any activity against HEp-2 cells, demonstrating a remarkable selectivity toward
the cisplatin-resistant cell line. KoSmrlj and coworkers used a “click” approach to
conjugate the bioactive diazenecarboxamide unit onto the cisplatin-like complex
[PtCl,(31 R = Ph)], 47a. The authors have been able to synthesize a range of
diazenecarboxamide—cisplatin conjugates, 47¢, under mild conditions but have not
yet reported on the biological activity of these complexes [165].

While the pyridyl-1,2,3-triazoles are the most abundant class of bidentate
“click” ligands, amine-1,2,3-triazole, phosphine-1,2,3-triazole, cyclometallated
phenyl-1,2,3-triazole, and bi-1,2,3-triazole scaffolds have all been reported and
are discussed in the following sections.

Gautier et al. have exploited the CuAAC reaction to synthesize a series of
“regular,” 50, and “inverse,” 51, bidentate amine-1,2,3-triazole ligands and used
them to generate cisplatin like platinum complexes [168]. Only the “regular” click
ligand, 50, formed a stable isolable platinum complex (50a) when the ligands (50
and 51) were reacted with K,PtCly, in water (Scheme 8). A second series of “click”
ligands, both regular and inverse, in which the amine donor group was replaced by a
carboxylic acid were also synthesized, and they displayed similar coordination
properties with only the “regular” ligands providing stable platinum complexes.
The authors postulated that the “inverse” click chelates have a lower stability
because the coordination motif involves the less electron-rich N2 nitrogen of the
1,2,3-triazole units; therefore, the metal-ligand interaction is weaker; this was also
supported by DFT calculations. The stable Pt complexes were tested for their
activity toward three cancer cell lines. In agreement with the well-established
structure—activity relationships of platinum drugs, only the cis-N,PtCl, coordina-
tion complex 50a showed significant cytotoxicity. In subsequent work, Gautier and
coworkers have synthesized the analogous palladium(II) complex, 50b, then
converted these complexes in the diguanosine adducts, 52a-b, which are models
for the interaction of 50a—b with DNA. The authors also examined the binding of
50a-b with DNA in vitro. These experiments suggest that the mode of action of
50a-b is similar to that of cisplatin (i.e., the formation of 1,2-intrastrand adducts
with DNA).

As part of efforts to develop novel, more efficient, OLEDs, Eisenberg and
coworkers have generated the bidentate amine-1,2,3-triazole ligands, 53a—f, and
used them to synthesize the heteroleptic copper(I) amido-1,2,3-triazole complexes
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Fig. 10 The synthesis of heteroleptic copper(I) amido-1,2,3-triazole complexes (54a—f) and the
X-ray structure of the heteroleptic copper(I) amido-1,2,3-triazole complex, 54f [169]. Hydrogen
atoms and counter ions have been omitted for clarity

(54a—f) [169]. Complexes 54a—f were prepared by treating a THF slurry of Cu,(u*-
Cl),(dppb), with a mixture of potassium fert-butoxide and the “click” ligand
(83a—f) in THF (Fig. 10). The complexes, while stable, slowly oxidize when
exposed to air in the solid state and decompose rapidly when exposed to oxygen
in solution. X-ray crystallography confirms that the ligands adopt distorted tetrahe-
dral geometries around the Cu(l) ions of 54a—f (Fig. 10b). The compounds display
properties that could make them useful for the construction of OLED devices, i.e.,
long-lived photoluminescence with colors ranging from yellow to red-orange in the
solid state and quasireversible electrochemistry, but the thermal instability of the
complexes means that vapor phase deposition processing via sublimation is cur-
rently not feasible. However, the modular CuAAC ligand synthesis should allow for
the rapid tuning of the systems, leading to improved thermal stability of the
compounds.

Pericas et al. synthesized the L-proline-derived bidentate amine-1,2,3-triazole
ligands 55 and 56 and examined their use as chiral ligands in ruthenium-catalyzed
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Fig. 11 The L-proline-derived chiral bidentate amine-1,2,3-triazole ligands 55 and 56a—d used in
the ruthenium-catalyzed ATH reaction

ATH [170]. While both ligands are active catalysts for the transformation of
acetophenone (59) into (S)-1-phenylethanol (60), 56 provided superior results in
terms of both conversion and asymmetric induction (Fig. 11). By modifying ligand
56a to give 56b—c, the authors were able to achieve good conversions (20-97%)
and ee (34-99%) for a variety of ketone substrates.

Related bidentate phosphine-1,2,3-triazole ligands or “clickphines” have also
been exploited in catalysis. Reek, van Maarseveen et al. [86] used the CuAAC
reaction to generate a family of phosphine-1,2,3-triazole ligands (61a—c) and their
corresponding Pd(Il)-allyl complexes, 62a—c and 63a—c (Fig. 12). Crystal structure
analysis of the neutral Pd(IT)—allyl chloride complex, 62b (R' = Ph), revealed that
the “clickphine” ligand is coordinated in a monodentate fashion through the
P-donor. However, 'H and *'P NMR analyses indicate that once 62a—c has been
treated with AgBF,, to abstract the chloride ligand, the “clickphines” exhibit a
bidentate coordination mode through the P and N3 nitrogen of the 1,2,3-triazole
unit (63a—c). These palladium complexes proved to be active catalysts for the
allylic alkylation of cinnamyl acetate (64) with sodium diethylmethylmalonate.
The palladium complexes are highly active and selective for the formation of the
linear product 65a (Fig. 12). Additionally, it was also observed that the cationic
palladium complexes generally gave higher initial rates than the neutral analogues,
and “clickphines” in which the triazole unit was substituted with electron-donating
groups were considerably more active (Fig. 12).

As part of their interest in phospholes, Matano and coworkers have synthesized a
family of hybrid bi-, tri-, and polydentate phosphole-1,2,3-triazole ligands [91].
Reaction of the protected 2-ethynylphosphole (66) with a range of aryl azides under
standard CuAAC conditions followed by deoxygenation with trichlorosilane
provided the bidentate phosphole-1,2,3-triazole ligands (68a—c) in excellent yields
(Scheme 9). These bidentate ligands were then complexed to Pd(II) or Pt(IT). When
68a was reacted with Pd(cod)Cl,, the expected bidentate chelate complex forms,
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and structure of this complex was confirmed by crystallography (Fig. 13). On the
other hand, when 68a was reacted with Pt(cod)Cl,, the product is the bis-ligand
complex, 70, in which only the phosphole P atom binds to the Pt(II) ions.

Spurred on by their potentially interesting photophysical and catalytic
properties, a number of groups have examined the use of phenyl-1,2,3-triazoles
[150, 171-173] and phenyl-1,2,3-triazol-5-ylidenes [133, 174] in the formation of
cyclometallated chelate complexes. Schubert and coworkers [171] have shown that
heating IrCl;*3H,0 with the “regular” phenyl-1,2,3-triazole ligands (71a—c) in
2-ethoxyethanol leads to the formation of the dichloride-bridged diiridium dimers
(72a—c, Scheme 10). While the 'H NMR spectra of the compounds were complicated,
elemental analysis and mass spectrometry were consistent with the formation of the
dimeric structure, as is observed with related ppy ligands. The dimers were treated
with series of neutral and anionic bidentate ligands (bpy, 30, acac, and pic), and this
provided the monoiridium complexes 73a—f good to excellent yields [150, 171]. In
stark contrast, efforts to generate analogous complexes with the related “inverse”
ligands, under identical conditions, lead to the formation of intractable mixtures
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Fig. 13 X-ray structure of
the hybrid phosphole-1,2,3-
triazole palladium(II)
complex, 69 [91]. Hydrogen
atoms have been omitted for

clarity
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73d R' = CyoHay, L-L = 30, X = PFg, Y=H
73e R' =Me, L-L =30, X=Cl,Y =H

73f R' = Adamantane, L-L=30,X =Cl, Y=H
R!  73g R'=Bn,L-L=dmbpy, X = PFq, Y =F

72a (R' = CyoHypy, Y =H)
72b (R' = Me, Y = H)
72c (R' = Adamantane, Y = H)

72d ("= Bn, Y = F) 74a (R'=Bn, Y =F, L = DMSO)
74b (R'=Bn,Y = F, L =MeCN)

Scheme 10 Synthesis of the cyclometallated iridium(III) complexes (72a—d, 73a—g, and 74a—b)
from phenyl-1,2,3-triazole ligands 71a—d; (i) IrCl3+3H,0, 2-ethoxyethanol or 2-methoxyethanol/
H>0 (3:1), reflux, 14-24 h; (ii) for 73a and 73d (a) L-L, CH,Cl,/MeOH, reflux, 14 h; (b) NH4PF;
for 73b and 73¢c L-L, EtOH, Na,COs, reflux, 14 h; for 73e and 73f (a) L-L, CHCl3/MeOH, reflux,
3 h; (iii) (a) 2-ethoxyethanol, dmbpy, 120°C; (b) NH4PFg; (iv) dg-DMSO or d3-MeCN, RT

which decomposed upon attempted purification. These results suggest that the
“inverse” cyclometallated compounds are much less stable than the “regular”
complexes presumably because they are coordinated through the less electron-rich
N2 nitrogen of the triazole unit. Using very similar conditions to Feiters [150] and
Schubert [171], De Cola and coworkers have synthesized and structurally
characterized the fluorinated “regular” iridium dimer, 72d (Scheme 10, Fig. 14).
Crystallographic analysis shows that the compound is not an expected dichloride-
bridged dimer but is an isomeric dimer in which one of 1,2,3-triazole units acts as a
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Fig. 14 X-ray structures of the dimeric 72d (a) and monomeric 73g (b) cyclometallated iridium
(IIT) complexes [172]. The benzyl substituents of 72d, hydrogen atoms, and counter ions have been

omitted for clarity
,N‘N/© Gj\
O™ D o
- R' / \/ Ny /
i :;)kﬁw (\DN,N—Me (iii) @/ \KD N
75b (R' = Ph)
‘ 6 [R'= B“)©/ 77a(R'=Bu, X = |)

77b (R = Ph, X = OAc)
(iv)

Scheme 11 Synthesis of cyclometallated phenyl-1,2,3-triazol-5-ylidenes complexes (77a-b);
(i) Pd(OAc),, DMSO, 120°C, 3 h; (if) NaOAc, DMSO, 120°C, 2 h; (iii) HIL; (iv) (@) Ag,0,
CH,Cl,, RT, 15 h; (b) Pd(OAc),, CH,Cl,, RT, 12 h

bridging ligand. The authors were able to cleave the dimer and generate the
monoiridium complexes 73g and 74a—-b which were also structurally characterized.

Albrecht [133] and Sankararaman [174] have independently synthesized the
cyclometallated phenyl-1,2,3-triazol-5-ylidenes complexes 77a-b (Scheme 11).
Both groups have found that the cyclometallation is selective for aryl groups in
the 1-position of the 1,2,3-triazol-5-ylidenes units presumably because the direct
attachment to the nitrogen atom increases the acidity of the 1-substituted aryl group,
making the deprotonation more facile. It is noted that 77b is a catalyst for the
stereoselective hydroarylation of alkynes [174]

In related work, Elsevier and coworkers have synthesized a family of hybrid
palladium NHC-triazole complexes (81, Scheme 12) [175]. Anion exchange to the
triflate enabled the X-ray crystal structure of 81 (R' = Mes, R> = Ad) to be
determined, and as expected, the NHC—triazole ligand is coordinated to the Pd(I)
ion in a bidentate fashion through the N3 nitrogen of the triazole unit and the C2
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Scheme 12 Synthesis of Br- a |Br o
hybrid NHC-1,2,3-triazole R BTI N @N‘R
complexes (81); (i) propargyl NC ) N @ N (i) N’<P d_>
bromide, MeCN, reflux, 2 d; [N/> l N/} N N/
(ii) Cu(SO4)+*5H,0, Na . I\ &
ascorbate, MeCN, 60°C, 2 d; N,:'{z é'\i
(iii) [Pd(ally])Cl],, KO#-Bu, 78 79 80 81
THF, RT, 4 h - .
| | Catalyst, 81
HCO,H/NEt, o \
MeCN, reflux
Fig. 15 Bi-1,2,3-triazole XX
“click” ligands 82a-c, 83a-c, R\ N
and 86a—f ,{,H,{, RSN ~N-R!
N N =N NN
N
82a (R'=Bn) 83a (R'=Bn, X =H) 84a (R' = Bn)
82b (R' = Ph) 83b (R'=Bn, X=Me)  84b (R' =PFBn)

82¢ (R' = CH,COOH)

83c (R'=Bn,X =F)

84c (R' = 4-MeOCOBN)

84d (R' = 4-MeOBn)
84e (R' = Ph)
84f (R' = n-hexyl)

carbon of the NHC. Each of the complexes are highly active precatalysts in the
transfer semihydrogenation of alkynes and are selective (>95%) for formation of
the Z-alkenes. The activity and selectivity showed some dependence of the triazolyl
substituent and the NHC nitrogen substituent, suggesting that the CuAAC reaction
could be exploited to further tune these properties in a semi-combinatorial manner.

4.2 Bidentate Ligands Containing Two 1,4-Disubstituted-
1,2,3-Triazole Units

The final class of bidentate “click” ligands are the bi-1,2,3-triazoles (Fig. 15). A number
of authors have attempted to exploit the symmetrical bis-triazole ligands 82a—c as
readily prepared bpy analogues [93, 176, 177]. Konig, Monkowius, and coworkers
synthesized the bis-triazole ligands 82a—c and showed that they formed stable
complexes with Ru(I), Cu(l), and Re(I) [177]. X-ray crystallography confirmed the
bidentate coordination of the ligands 82a—c through the N3 atoms of the triazoles to
form five-membered chelate rings. Interestingly, despite the structural similarities of
the bi-1,2,3-triazole complexes with their bpy analogues, the photophysical properties
of the complexes were completely different. The bi-1,2,3-triazole complex’s electronic
absorptions are significantly higher in energy than the corresponding bpy complexes,
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Fig. 16 X-ray structures of the dimeric (a) and tetrameric (b) Cul complexes of the bi-1,2,3-
triazole ligands 83a—c [178]. Hydrogen atoms have been omitted for clarity

and they are not emissive in solution or the solid state. As such, it has been suggested
that these ligands can be viewed as readily modified “innocent” scaffolds.

Eisenberg and coworkers have synthesized the bi-1,2,3-triazole ligands 83a—c [178].
The authors expected that reaction with Cul would provide dimeric diiodide-bridged
complexes in which the ligands act as a bidentate chelate, coordinating to the Cu(I) ions
through the N3 nitrogens, and in one case, this motif was observed (Fig. 16a). However,
more commonly, the ligands formed tetranuclear copper(I) clusters where both chelat-
ing and bridging coordination mode of the 1,2,3-triazole is present (Fig. 16b).

Crowley et al. have synthesized the bi-1,2,3-triazole ligands 84a—f [111, 122, 179].
While these ligands could potentially form bidentate chelate complexes, they act as
bis-monodentate donors forming M,L, metallomacrocycles with Ag(I) ions and ML,
helical cages with Pd(IT) which are additionally stabilized by t—n interactions between
adjacent ligands (Fig. 17a, b). "H NMR and ESI-MS experiments indicate that these
metallosupramolecular architectures are stable in solution.

Fig. 17 X-ray structures of the Ag,L, metallomacrocycle [122] (a) and Pd,L, helical cage [111,
179] (b) complexes formed with the bi-1,2,3-triazole ligands 84a and 84b. Hydrogen atoms,
counter ions, and solvent molecules have been omitted for clarity



60 J.D. Crowley and D.A. McMorran

5 Tridentate Ligands Containing 1,4-Disubstituted-1,2,3-
Triazole Units

A range of tridentate “click” ligands have been synthesized and characterized.
While the majority of these ligands contain two or three 1,4-disubstituted-1,2,3-
triazole units, there are a few examples of tridentate chelators that contain one
1,2,3-triazole unit.

5.1 Tridentate Ligands Containing One 1,4-Disubstituted-
1,2,3-Triazole Unit

Mindt and Schibli, pioneers of the “click-to-chelate[142] concept, have developed
families of amino acid-derived mono-1,4-disubstituted-1,2,3-triazole containing
tridentate chelators for Re(I) and 99Tc(I) as part of efforts to develop novel
radiopharmaceuticals [142, 180-186]. They have synthesized both “regular” and
“inverse” ligands but found that the “regular” complexes are more stable. In a
recent report, the authors developed a one-pot procedure that allows the in situ
generation of both the ligand and the radiocomplexes, 85, further improving the
synthetic efficiency (Fig. 18) [187]. The mild “click” approach to these ligands has
enabled the authors to conjugate a wide range of biotargeting molecules such as
carbohydrates, phospholipids, thymidine, bombesin, and folate; a more comprehen-
sive discussion of the area can be found in the author’s review [41]. Testament to
the success of this methodology, other groups have quickly adopted it for the
development of steroid [188] and peptide [189]-conjugated radiopharmaceuticals.

Adolfsson et al. have used related amino acid-derived mono-1,4-disubstituted-
1,2,3-triazole containing tridentate chelators, 86, as ligands in ATH reactions
(Fig. 19) [190]. The authors screened a family of ligands with different steric and
electronic properties in the Rh(I)-catalyzed ATH of acetophenone to 1-phenyethanol
and showed that the use of these “click” catalysts led to good conversion (62—79%)
and high ee (71-93%).

Chen and coworkers have synthesized a hybrid NHC-1,2,3-triazole tridentate
ligand and its Ag(l), Pd(Il), and Pt(Il) complexes. Crystallography confirmed the
tridentate coordination mode with the triazole unit bound through the N3 nitrogen.
The palladium complex, 87, was found to be a highly active catalyst for the

R, R,
o) oﬁ/'\N -
) ) OH S 0, | Nsy
Fig. 18 One-pot synthesis of + 2. [M(CO).J" /l\‘/l\
biotargeted N, oc” Lo

radiopharmaceuticals
complexes, 85 85 (M =Re, *°Tc,)
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Ph NaOi-Pr (10 mol%) Ph _NH N=
LiCI (10 mol%) Boc™ " jigand, 86
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Fig. 19 Amino acid-derived tridentate “click” chelators, 86, used as ligands in asymmetric
transfer hydrogenation (ATH) reactions
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Fig. 20 Suzuki-Miyaura cross-coupling reactions catalyzed by the hybrid NHC-1,2,3-triazole
palladium complex, 87

A1

’N=N N:N
[ N¢\\ 0 N\)\\ o, N\/\\
——
RoP PR, 2F>—M—F>R2 R,P—M—PR,
Cl
88a (R = i-Pr) 89a (M = Pd) 90a (M = Pd, R' = Me, X = I)
88b (R = Ph) 89b (M =PY) 90b (M = Pt, R' = 4CF4Bn, X = Br)

Scheme 13 Synthesis of “click” pincer complexes; (i) for 89a (tmeda)PdCl,, Et;N, DMF, 70°C;
for 89b (cod)PtCl,, Et;N, DMF, 70°C; (ii) for 90a Mel, CHCl;, 70°C, 18 h; for 90b 4-CF;Bn,
MeCN, 70°C, 48 h

Suzuki—Miyaura cross-coupling reactions of aryl bromides and 1,1-dibromo-1-alkenes
in neat water under an air atmosphere (Fig. 20) [191].

Gandelman and coworkers have recently reported a series of pincer click
ligands, 88a-b, that incorporate two phosphine donor groups appended to a triazole
(Scheme 13) [88-90, 192]. They have shown that the triazole binds to a metal ion as
a triazolidene and then, after a postmodification of the coordinated ligand in which
the triazole backbone is alkylated, as a carbene. Square planar Pd(II) and Pt(Il)
complexes of this type have been reported and characterized (89—90a,b). X-ray
structures confirm the N-alkylation, and the expected changes in metal-donor bond
lengths are observed. Palladium(IT) complexes of this type have been shown to be
excellent catalysts for the Heck reaction.

Chandrasekher and coworkers have prepared Fe(I) complexes, 91a—c, of so-
called “super-hybrid” ligands — tridentate ligands which contain pyridyl,
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Fig. 21 Fe(lI) “super-hybrid” spin crossover complexes and X-ray structure of 91b

pyrazolyl, and triazolyl N donors (Fig. 21a) [193]. For 91a and 91b, the X-ray
crystal structures (Fig. 21b) showed the octahedral Fe(I) complexes to be low
spin at 100 K (the temperature of the X-ray data collection) and deep red, while
91c was high spin and yellow. 91a (X = Cl0O, ") showed reversible spin crossover
behavior with a wide hysteresis loop, with Ty, at 287 K, while the other two
low-spin compounds appeared to have similar behavior but at much higher
temperatures.

5.2 Tridentate Ligands Containing Two 1,4-Disubstituted-
1,2,3-Triazole Units

In the same way that triazole-appended pyridines have been used as readily tunable
analogues of bipyridyl ligands, so too have 2,6-bis(1-R-1,2,3-triazol-4-yl)pyridines
been explored as analogues of terpyridine. For the most part, despite the presence of
the additional N2 nitrogen donor atoms within the ligand scaffold, these compounds
act as terpy-like tridentate chelators, coordinating through the pyridyl and N3
nitrogens of the 1,2,3-triazole units with a wide range of metals ions (93-100, Fe
(II) [194-196], Ru(I) [196], Cu(II) [95, 197], Zn(II) [196], Eu(II) [194, 195], and
Ag(I) [95], Scheme 14, Fig. 22). Interestingly, Crowley and coworkers have shown
that when Ag(I) is reacted with the 2,6-bis(1-R-1,2,3-triazol-4-yl)pyridine ligand
(R' = Bn), the 1,2,3-triazole units bridge two silver(I) ions generating a more
complicated tetrameric structure (100), which is further stabilized by n—n
interactions [95].

Flood [194] and Hecht and Limberg [195] simultaneously reported the first
preparation of ligands 92, along with representative examples of their coordina-
tion to Fe(Il) and Eu(II). More recently, a more thorough exploration of such
ligands with various electron-donating and electron-withdrawing substituents on
the central pyridine ring or the triazole rings or both has been reported by Hecht
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Scheme 14 Synthesis of 2,6-bis(1-R-1,2,3-triazol-4-yl)pyridine complexes; (i) for 93a Eu
(ClOy4)3, EtOH, reflux, 3 h; for 93b Eu(OTf);, THF, RT, 10 min; (ii) Ru(terpy)Cls, catalytic
N-ethyl morpholine, MeOH, reflux, 24 h, NH4PF; (iii) for 95a CuCl,, EtOH/CHCI; (1:1), 60°C,
1 h; for 95b ZnBr,, THF, RT; (iv) for 96a Cu(BF,),, MeCN, py; for 96b and 96e Ru(DMSO0),Cl,,
CH,Cl,, reflux, 2 h; for 96¢ Ru(DMSO),Cl,, MeCN, reflux, 1 h; for 96d Ru(DMSO0),Cl,, MeCN,
reflux, 6 h; (v) Me3;OBF,4, CH,Cl,, Ar, RT, 12 h; (vi) (a) Ag,0, MeCN, mol sieves, Ar, reflux, 12 h;
(b) Ru(terpy)(DMSO)Cl,, CH,Cl,, Ar, sealed tube, 70°C, 5 d; (¢) NH4BF,; (vii) for 99a-b
(M = Fe(Il)) FeSO,4, H,0, EtOH, 55°C, 30 min, KPFg; for 99a-b (M = Ru(Il)) Ru(DMSO),Cl,,
ethylene glycol, MeOH, H,0, 100°C, 2.5 h, NH4PFg; for 99c—e Fe(OTf),(MeCN),, MeCN, RT,
10 min; for 99f Ru(DMSO0)4Cl,, AgOTf, DMF, reflux, 12 h; for 99g—h Ru(DMSO0),Cl,, ethylene
glycol, reflux, 2 h, NH4PFg; for 99i Ru(DMSO),Cl,, DMF, reflux, 2 h, NH4PF¢; for 99j Ru
(DMSO0),Cl,, ethylene glycol, 180°C, 30 min, NH4PFg; for 99k RuCl;, DMF, 145°C, 3 h, NaPFg;
(viii) AgSbFg, acetone, CH,Cl,, RT, 1 h

and Limberg [196]. Reactions (1:1) with Cu(II) and Zn(II) salts gave five coordi-
nate complexes, 95, while 2:1 reactions with Cu(II), Fe(Il) and Ru(II) generated a
series of octahedral complexes, 96 and 99, the natures of which were confirmed by
X-ray crystallography [196]. Various spectroscopic and magnetic studies were
carried out to assess the extent to which the electron-donating/withdrawing
natures of the substituents affected the properties of the complexes. Variations
in the oxidation potentials of the octahedral Ru(Il) complexes showed a clear
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Fig. 22 X-ray structures of 95a (a) [95], 99a (M = Fe(Il)) (b) [194], and 100 (c) [95], showing
the range of different coordination modes that the 2,6-bis(1-R-1,2,3-triazol-4-yl)pyridine ligands
92 can adopt. Hydrogen atoms and counter ions have been omitted for clarity

linear correlation with the Hammett constant op,., of the substituent on the
pyridine ring. Similarly, an isothermal titration calorimetry study of the complex-
ation thermodynamics in the reaction between the ligands with Fe(II) showed a
linear correlation with the Hammett constant ¢, Of the substituents on the
triazole rings. '"H NMR studies showed that the Fe(II) complexes undergo disso-
ciative ligand exchange in coordinating solvents.

Schubert and coworkers have prepared a series of heteroleptic Ru(Il)
complexes comprising either a terpy and a 2,6-bis(1-R-1,2,3-triazol-4-yl)pyridine
ligand, 94a-b, or two different 2,6-bis(1-R-1,2,3-triazol-4-yl)pyridine ligands
[96]. These were synthesized in a stepwise manner via a [Ru(L)C13]2+ intermediate
species. The resulting octahedral complexes display electronic properties interme-
diate to the related homoleptic species. More recently, this group has reacted an N-
methylated derivative of 92 (97), with the Ru(terpy)Cl, precursor to give
heteroleptic complexes where the Ru(Il) is coordinated by both the terpy and the
mesoionic CNC ligand 98 [198]. Heteroleptic Ru(Il) complexes have also been
reported by Yao, Zhong, and coworkers, who reacted Ru(terpy)Cl; with the bis
(triazolyl)benzene ligand, 83e, to give octahedral cycloruthenated complex [199].

2,6-Bis(1-R-1,2,3-triazol-4-yl)pyridines have been used to prepare metallostar
compounds. Obata, Kakuchi, and coworkers prepared ligand 92 (R' = PS) by first
preparing, using ATRP methodologies, a polystyrene polymer with a terminal azide
group and then clicking this with 2,6-diethynylpyridine [146]. The resulting
tridentate ligand was reacted with Ru(Il) to give a four-arm metallostar architecture
which is estimated to have an absolute molecular weight of about 12,000 based on
SEC analyses and UV-vis experiments. O’Reilly and coworker have reported a
similar approach to metallostar compounds, using RAFT methodologies to elaborate
a 2,6-bis(1-R-1,2,3-triazol-4-yl)pyridine core unit with polystyrene, poly(methyl
methacrylate), or poly(z-butylacrylate) polymer chains and then synthesizing 2:1
complexes with Ru(Il) and 3:1 complexes with Eu(IIT) [200]. Experiments showed
that these aggregated further at high concentration (Scheme 14).
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The related 2,6-bis(4-R-1,2,3-triazol-1-ylmethyl)pyridine inverse ‘“click”
ligands, 101a—b, have also been studied [95, 201]. Crowley and coworkers have
explored the coordination chemistry of ligands 101 with Cu(II) and Ag(I) [95]. In
both cases, products with the expected 1:1 metal-ligand ratio were obtained.
However, while 'H NMR spectra of 102 (R = Ph) suggested a simple discrete
species, X-ray crystallography showed the Ag(I) compound to in fact be polymeric
in the solid state, with tetrahedral Ag(I) centers coordinated by pyridyl and triazolyl
donors from one ligand, along with two other triazolyl donors from other ligands,
generating a 4,4 net structure. Zhu and coworkers prepared complexes of 101 with
Cu(Il), Fe(II), and Co(II) (103) [201]. X-ray structures of these showed them have
the expected octahedral structures. They also reacted 101 with CuCl, and were able
to determine that the Cu(II) center has a trigonal bipyramidal geometry by X-ray
analysis (104) (Fig. 23).
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Scheme 15 Synthesis of 2,6-bis(4-R-1,2,3-triazol-1-ylmethyl)pyridine inverse “click” complexes;
(i) AgSbF, acetone, CH,Cly, RT, 1 h; (ii) M(ClO,),, MeOH, RT; (iii) CuCl,, EtOH/CHCl; (1:1),
60°C,1h
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Fig. 23 X-ray structures of 104 (a) and 103a (b) showing the different coordination geometries
that the 2,6-bis(4-R-1,2,3-triazol-1-ylmethyl)pyridine inverse “click” complexes adopt [201].
Hydrogen atoms and non coordinating counter ions have been omitted for clarity

5.3 Tridentate Ligands Containing Three 1,4-Disubstituted-
1,2,3-Triazole Units

Pericas and coworkers have synthesized the CuCl complex, 105, of tris(1-benzyl-
1H-1,2,3-triazol-4-yl)methanol and shown that this compound is an excellent
CuAAC catalyst, working with very low catalyst loadings on water or under neat
conditions [202] (Fig. 24).

Fig. 24 CuCl-tris(1-benzyl-
1H-1,2,3-triazol-4-yl)
methanol CuAAC catalyst,
105

6 Polydentate Ligands Containing 1,4-Disubstituted-1,2,3-
Triazole Units

6.1 Polydentate Ligands Containing One 1,4-Disubstituted-
1,2,3-Triazole Unit

There have been many polydentate ligands reported which contain a single 1,4-
disubstituted-1,2-3-triazole unit, but for the most part, these have been synthesized
to be metal ion sensors and, as such, will not be discussed further [203-209].
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Fig. 25 Lewis’ peptide-conjugated ligands for ®*Cu radiopharmaceuticals 106-107

Scheme 16 Synthesis of the Bn
Cu(II) macrocycle complex, N
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As part of efforts toward new radiopharmaceuticals, Lewis and coworkers [210]
have used CuAAC chemistry to attach peptide fragments onto the common
tetraazamacrocycle, 106 and 107, and shown that these bioconjugated ligands can
be readily radiolabeled with ®*Cu (Fig. 25).

6.2 Polydentate Ligands Containing Two 1,4-Disubstituted-
1,2,3-Triazole Units

Joly and coworkers have reported a triazole-appended aza-crown, 108, which
coordinates Cu(Il) ions, 109 [211]. The two triazole units, appended to the aza-
crown via the ring nitrogens, bind to the Cu(Il) ion via the N3 nitrogens, and these,
along with the two ring nitrogens and two of the ring oxygens, give a distorted
octahedral geometry (Scheme 16).

Hao, Wang et al.[212] have prepared a series of salen-like tetradentate ligands
by incorporating two triazole units into an ethylene diamine skeleton (110a-d).
Reaction of these with Ni(II), Zn(II), and Fe(Il) gave complexes (Scheme 17)
which, for 110a, were structurally characterized by X-ray crystallography. In
each case, the metal ion is coordinated by the two amine nitrogens and the two
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Scheme 17 Synthesis of </ \ _ %
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Scheme 18 Synthesis of tetradentate salen-like “click” complexes; (i) ZnCl,, glacial acetic acid,
reflux, 5 h; (i) K,C,0,4, CH,Cl,, RT, 4 h; (iii) NiBr,(DME), CH,Cl,, RT, 24 h

triazole N3 donors. The remaining two cis coordination sites are occupied by
solvent molecules. Complexes of each of the ligands with Mn(II) were structurally
characterized, and all showed the manganese ion to be coordinated by the four
nitrogen donors of the triazole ligand, as well as two cis-coordinated triflate anions.
The Mn(II) complexes were found to act as powerful catalysts for the epoxidation
of terminal olefins. In particular, 111a (Rl = 4-MeOPh), in combination with two
equivalents of peracetic acid, was found to achieve 98% conversion of
1-tetradecene at 0.5% loading within 3 min at 0°C.

Gomes and coworkers [213] have reported similar tetradentate ligands, in which
they incorporated triazole units into a bis(imino)acenaphthene skeleton. The
ligands were prepared by the condensation of aniline-substituted triazoles with
acenaphthenequinone in the presence of zinc chloride. X-ray crystallography of
113a-b reveals a cationic complex with the five-coordinate zinc ion and a chloride
ligand in addition to the four nitrogen donors. Treatment of the zinc complexes with
potassium oxalate removes the Zn(II) cation and gives the free ligands. Reaction of
these with NiBr,(DME) gives Ni(I) complexes 114a in high yield (Scheme 18).
X-ray crystallographic analysis revealed an pseudooctahedral Ni(II) ion, coordi-
nated by the four N donors of the triazole ligand and two bromide ions, which
coordinate in the axial positions (Fig. 26). Recrystallization in air leads to the
isolation of crystals which, upon X-ray analysis, revealed an distorted octahedral
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Fig. 26 X-ray structures of salen-like “click” complexes 111c (a) [212] and 114a (b) [213].
Hydrogen atoms and noncoordinating counter ions have been omitted for clarity

Ni(IT) complex, with two forms existing the asymmetric unit. One has the trans
bromide ligands replaced by cis water ligands, the bromides being present as
counterions only. In this form, the triazole N donors occupy the axial positions.
In the second form, the apical positions are occupied by one of the triazole N donors
and one of the water molecules. The apparent stereochemical nonrigidity of the
complex (and by inference, the [Ni(L)Br;] complex) is proposed to be due to the
lability of the Ni—N(triazole) bonds.

The complexes 114a-b were tested for their ability to catalyze the addition
polymerization of ethene, styrene, and norbornene. Using MAO as a cocatalyst, the
complexes were unsuccessful with ethene but gave good results with styrene and
norbornene. The different substituents on the ligands were found to have a small
effect on polymerization activity and resulting molecular weights. The lability of
the Ni—N(triazole) bonds was inferred as being important to the observed activity.

6.3 Polydentate Ligands Containing Three 1,4-Disubstituted-
1,2,3-Triazole Units

There have been a number of potentially polydentate ligands that contain three
1,2,3-triazole units reported [92]. The most common is the tris(benzyltriazo-
lylmethyl)amine (TBTA, 115) which is often used as a coligand in CuAAC
reaction. Donnelly, Williams, and coworkers have reacted 115 with Cu(Il) and
Cu(I) precursors with the aim of understanding the natures of these catalyst species
[214]. Reaction with CuCl, in acetonitrile gave a complex cation with the formula
[Cu(115)CI]". X-ray crystallography showed the cation to possess a trigonal bipy-
ramidal Cu(Il) ion. The ligand 115 coordinates in a tetradentate fashion, with the
central amine nitrogen occupying an apical position and the chloride ligand coordi-
nated in the other apical site. The structure is similar to that of [Cu(115)Br]Br [215].
In DMSO solution, the Cu(Il) complex is found to undergo reversible reduction to a
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Fig. 27 X-ray structures of tripodal tetradentate “click” complexes 117 (a) [214] and 119a (b)
[216]. Hydrogen atoms and non-coordinating counter ions have been omitted for clarity

Cu(I) species. However, the cyclic voltammetry experiment had to be done at slow
scan rates, indicating that a significant reorganization of the complex ion
accompanied the reduction. Reaction of 115 with [Cu(MeCN)4]BF, in acetonitrile
gave a colorless, air-sensitive complex with the formula [Cu,(115),](BF,),. X-ray
crystallography revealed a dinuclear cation in which each Cu(l) ion is coordinated
by three N3 triazole donors from one ligand and an N2 donor from a second ligand,
resulting in a distorted tetrahedral geometry (Fig. 27a). Each of the Cu(II) and Cu(I)
complexes was submitted to a model CuAAC reaction and found to successfully
catalyze the reaction, suggesting that the Cu(I) species may be related to the actual
catalytic species in these reactions (Scheme 19).

Bogani, Sarkar et al. [216] have prepared Co(II) complexes with 115 and related
ligands. These were explored for their potential as SCO systems. A 1:1 reaction of
TBTA and Co(ClO,), gave 118, which was shown by X-ray crystallography to
possess a high-spin Co(II) ion in an unusual seven-coordinate capped octahedral
geometry; the central amine N and three triazole N3 donors coordinate to the Co(II)
ion, along with three acetonitrile molecules. Reaction of this 1:1 species with a
second equivalent of ligand gives the 1:2 complex, 119a. X-ray crystallography
shows the Co(Il) ion to be coordinated by the central amine N donor and two
triazole N3 donors of the two ligands, giving an octahedral geometry (Fig. 27b).
Magnetic susceptibility and EPR spectroscopy show the Co ion in this case to be
low spin. This is proposed to be due to intermolecular m-stacking and T-stacking
interactions between the uncoordinated benzyltriazole arms of the TBTA ligands of
adjacent molecules. To confirm this, 119b and 119¢, which are incapable of such
interactions due to their cyclohexyl and n-butyl groups, respectively, were prepared
and found to contain high-spin Co(II) ions.

Mascal et al. [217] have appended phenyltriazole arms onto the azatriquinacene
skeleton to give a potentially tetradentate ligand 120. Reaction with either Zn
(OAc), or Co(OAc), in methanol, followed by anion exchange with chloride and
hexafluorophosphate, gave crystalline complexes 121a—b (Scheme 20) which could
be analyzed by X-ray crystallography. In each case, a trigonal bipyramidal
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Scheme 20 Synthesis of
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KPFg, RT

121a (M = Zn(ll))
121a (M = Co(ll))

geometry for the metal ion was found, with the central nitrogen of the
azatriquinacene ring and the chloride ion occupying the apical positions and the

three triazole N3 donors in the equatorial plane.
Reinaud and coworkers have appended triazole donors onto the large rim of
calix[6]arenes, along with imidazole donors on the small rim 122 [218, 219].
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The coordination chemistry of such ligands, containing three of each type of donor,
with Zn(II) and Cu(I) was explored. While addition of one equivalent of Zn(Il) was
shown to form the imidazole-coordinated species exclusively (and then a di-Zn(II)
species upon addition of a second equivalent), it was found that, when compared to
copper, Zn(Il) was largely ambivalent in its coordination site, with Cu(Il) preferen-
tially coordinated to the imidazole donors, and Cu(I) preferring the triazole donors
(Scheme 21). Thus, a 1-electron oxidation of the Zn(Il)/Cu(I) species led to an
electrochemically triggered double translocation of the metal ions, with the Cu and
Zn ions exchanging coordination sites [218].

Yao, Zhong, and coworkers [220] have prepared a potentially bis-tridentate
ligand by incorporating triazole units into a pyrene skeleton. Reaction with one or
two equivalents of [Ru(terpy)Cls] gave a monocycloruthenated, 125a, or dicyclor-
uthenated complex, 125b, respectively, where each octahedral Ru(Il) center is
coordinated by two triazole N donors and a carbon donor from the pyrene core,
as well as three N donors from a terpy ligand (Scheme 22). One electron oxidation
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Scheme 21 Synthesis of clix-[4]-arene-based bis-tridentate “click” complexes; (i) (a) Zn(OTf),,
MeCN, CH,Cl,, RT, 1 h; (b) [Cu(MeCN),]PF¢, THF, RT, 1 h; (ii) electrochemical oxidation
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Scheme 22 Synthesis of pyrene-based bis-tridentate “click” complexes 125a-b; (i) 1 eq Ru
(terpy)Cls, AgOTf, tBuOH, DMF, KPFg; (ii) 2 eq Ru(terpy)Cl;, AgOTf, tBuOH, DMF, KPFg
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of the diruthenium species gave a stable mixed-valence complex. Electronic cou-
pling of the resulting mixed-valent redox centers was comparable to that observed
in complexes with the related pyridine-containing ligand.

6.4 Polydentate “Click” Ligands Used for the Synthesis
of Metallosupramolecular Architectures and Coordination
Polymers

Schubert and coworkers [221] have prepared 3,6-bis(triazolyl)pyridazine ligands,
126a-b, and reacted these with Cu(I) and Ag(I) salts to synthesize tetrametallic grid
species, 127a-b (Scheme 23). Each metal ion is tetrahedrally coordinated by triazole
and pyridazine N donors from two orthogonally disposed ligands. The structures
of the compounds were confirmed by one-dimensional and two-dimensional
"H NMR spectroscopy, ESI-QTOF mass spectrometry, and sedimentation velocity
experiments.

Several groups have developed the chemistry of poly-2-(1-R-1H-1,2,3-triazol-4-yl)
pyridine ligands, 128 [222]. Crowley [94] and Policar [223] have both shown that
these ligands will form metallomacrocycles. By using a one-pot synthetic procedure, in
which the required potentially explosive polyazide intermediates are generated in situ
and then immediately captured in the CuAAC reaction, Crowley and coworkers safely
prepared a series of ligands, 128, where two or three pyridyltriazole groups are joined
by various spacer units [94]. Reaction of the ligands, 128, with AgSbF leads to the
formation of discrete metallosupramolecular architectures, and "H NMR and ESI-MS
experiments indicate that these are stable in solution (Scheme 24). The structure of the
silver(I) metallomacrocycle, 129a, was confirmed using X-ray crystallography
(Fig. 28a).
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Scheme 23 Synthesis of triazole pyridizine based grid complexes; (i) for 127a [Cu(MeCN),]PFg,
CH,Cl,, RT, 30 min; for 127b AgSbFs, CH,Cl,, RT, 1 h
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Scheme 24 Synthesis of bis-bidentate “click” complexes; (i) for 129a—g for 129h Cu(NOs3),,
EtOH, H,O, RT; (ii) for 130a-b [Ir(F,Phpy),(n-CD],, CH,Cl,, MeOH, N,, 50°C, 12 h,; for
130c—d, 130a, or 130b, [M(hfac);(H,O);] (M = Gd(II) or Tb(IIl)), CH,Cl,, RT; (iii) Pb
(C104)2, MCOH, CH2C12, RT

Policar et al. [223] have reported bis-bidentate ligands comprising two
2-pyridyltriazole arms appended to a xylo- or ribo-1,2-O-isopropylidenefurano
core. Disubstituted sugars are proposed to be attractive but underutilized, structural
scaffolds for ligand construction. In particular, the authors suggest that these
backbones provide a predetermined stereochemistry to the metal ions. Reactions
of each with 1 equiv. of Cu(NOj3), gave complexes with a 1:1 metal-ligand ratio
(Scheme 24). An X-ray crystal structure of the complex with the xylo-backbone
showed the complex to be an unsaturated Cu,L, helicate, with approximately square
pyramidal Cu(Il) cations coordinated by four N donors from two ligands, with a
water ligand completing each copper’s N4O coordination sphere (Fig. 28b).
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Fig. 28 X-ray structures of bis-bidentate “click” complexes 129a (a) [94] 130j (b) [223], and 131
(c) [224] Hydrogen atoms and non-coordinating counter ions have been omitted for clarity

Fluorescence, EPR, CD, and UV-visible spectroscopy studies suggest that both
copper complexes share the same structures in the solid state and in solution.

Ward and coworkers have prepared a ditopic pyridyltriazole ligand as part of
their studies into visible light sensitization of Tb(III) luminescence by d/f dyad
species [224]. Ligand 128, containing two pyridyltriazole-chelating sites separated
by an m-phenylene spacer unit, reacts with less than one equivalent of Ir(III) to give
a monometallic species which was characterized by X-ray crystallography and
found to have the expected octahedral coordination geometry for the Ir(IIl) ion
(Fig. 28c). Detailed spectroscopic studies of solutions of the Ir(Ill) complex to
which Tb(III) ions had been added suggested that there are two conformers of the
resulting heterodimetallic complex present in solution, and although both displayed
the desired energy transfer from the excited Ir(II) center to the Tb(III) center, one
conformer (proposed to have the metal ions closer together than the other) showed
faster energy transfer than the other.

Building on their work on ditopic ligands with pyridylpyrazolyl donor units,
Ward and coworkers have prepared Pb(I) complexes of the potentially bis-
bidentate and tris-bidentate ligands, 128 [225]. X-ray crystallographic analyses
revealed these all have polymeric structures in the solid state, with ligands bridging
Pd(II) ions. Complex 131 contains eight-coordinate Pb(II) cations, whose coordi-
nation sphere includes a DMF ligand, a perchlorate, and nitrogen donors from three
different ligands. [Pb,(p-L),] units are assembled into chains by bridging 128
(spacer = 1,3-(CH,)Ph) ligands to give one-dimensional chains, 131. The Pb(II)
complex with 128 (spacer = 1,4-(CH,)Ph) is also found to contain eight-coordinate
Pb(II) ions, but in this case, all are N donors from four different ligands, giving rise
to a two-dimensional 4,4 square net structure. In the case of the potentially tris-
bidentate ligands 128 (spacer = 1,3,5-(CH,)Ph and 1,3,5-(CHj3)-2,4,6-(CH,)Ph),
the Pb(II) complexes were found to have two-dimensional [6,3] net structures, with
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Fig. 29 “Click” ligands used in the development of novel coordination polymers

the Pb(II) cations being coordinated by six N donors from three different ligands,
along with a perchlorate ion and a DMF.

Rowan and coworkers have reported a series of Ir(III)-containing complexes
constructed from ligands containing pyridyltriazole coordinating units [226]. “Par-
allel” and “antiparallel” ligands with cyclometallated [Ir(ppy),]* units binding to
each of one, two, or three pyridyltriazole units were prepared, and studies of their
photophysical properties showed that each Ir center behaves independent of the
others. No structural characterization of the complexes was reported.

A number of groups are beginning to exploit “click” ligands (for example see
132-135) in the formation of coordination polymers [108, 227-229]. In particular,
Hor and coworkers have reported an elegant helical Cu(Il) coordination polymer
formed from 133. Addition of one equivalent of CuCl, gave a mixture of green and
blue crystals. X-ray analysis showed both the compounds to exists as one-dimensional
helical polymers, with each five-coordinate Cu(Il) ion chelated by a pyridyltriazole
unit, a benzotriazole donor from a second ligand, and two chlorides. In the case of the
green compound, these polymers, which have a helical pitch of ca. 45.2 A, assemble
into an overall chiral structure, with all chains having the same helicity, whereas for
the blue compound, a racemic mixture of helical chains is found, where the pitch is
much shorter at ca. 7.6 A, and the chains are bridged by a solvent water molecule
(Fig. 29).

7 Conclusion

The mild, modular, functional group tolerant and reliable CuAAC reaction has
emerged as a highly efficient methodology for the construction of functionalized
ligand scaffolds. The 1,4-disubstituted-1,2,3-triazole units that are generated under
these “click” conditions display a range of structurally characterized coordination
modes including monodentate binding (through either the N3 nitrogen or C5 carbon
positions of the 1,2,3-triazole) and bridging (through the N2 and N3 nitrogen
atoms). A diverse array of “regular” and “inverse” bi-, tri-, and polydentate
“click” chelators incorporating 1,4-disubstituted-1,2,3-triazole units have also
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been synthesized and characterized. The “regular” click ligands generally form
more stable metal complexes presumably because they coordinate through the more
electron-rich N3 nitrogen atom of the 1,2,3-triazole unit. “Click” complexes are
beginning to find applications in catalysis, metallosupramolecular chemistry,
photophysics, and as metallopharmaceuticals and bioimaging agents.

Addendum

This review initially covered the field up to June 30, 2011, and while the manu-
script was under review, the area has continued to grow with additional examples of
bi- [230-232], tri- [233—-237], and polydentate [238, 239] “click” ligands appearing
in literature.
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Binding Anions in Rigid and Reconfigurable
Triazole Receptors

Semin Lee and Amar H. Flood

Abstract The use of triazole CHeeeanion hydrogen bonds, strong and easy to
install, has expanded dramatically since 2008. Various aryl-triazole derivatives
have been synthesized and investigated to obtain fundamental understandings of
anion stabilization as well as to develop new receptors for applications. Receptors
have now been created to make use of triazole, triazolium, or iodotriazolium. The
triazole CHeeeanion binding motif has also been utilized in sophisticated structures
such as interlocked molecules and toward fluorescent sensors and ion-selective
electrodes. Furthermore, demonstrations on the transport of anions across
membranes and studies of light-induced anion regulation have broadened the
scope of application for this new anion binding motif. This chapter will focus on
these recent developments.

Keywords Anion receptor - CH hydrogen bond - Click chemistry - Foldamers -
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Abbreviations
Bn Benzyl

CH,Cl, Dichloromethane
CHCl; Chloroform
CuAAC Copper(I)-catalyzed azide-alkyne cycloaddition

ESP Electrostatic potential

ISE Ion-selective electrode

K, Association constant

NMR Nuclear magnetic resonance

POPC 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
TBA* Tetrabutylammonium cation

1 Introduction

Anion supramolecular chemistry [1] has traditionally created anion receptors with NH
(e.g., amide, pyrrole, and urea) and OH hydrogen bond donors or positively charged
molecular components [2]. These representative hydrogen bond donors have polarized
X—H bonds to generate an electropositive hydrogen for mediating the XHeeeanion
hydrogen bond. By contrast, CH groups are not very polar and were correspondingly
described as weak hydrogen bond donors [3]. Yet this classification is no longer strictly
valid. The fact that these hydrogen bonds have enjoyed increasing deployment using
click chemistry [4, 5] has allowed practitioners to explore a range of themes.
A common thread running through these studies is the shape matching and shape
changing that attends anion receptor binding, offering insight and opportunities alike.

Contributing to the growing recognition of CHeeeanion hydrogen bonds were
early examples involving CH hydrogens that exhibited downfield shifts in their
NMR peak positions upon anion titration [6—8]; hallmarks of hydrogen bonding.
These and other observations suggested that some CH groups do have supportive
interaction with anions yet they do not play determining roles. Overturning this
typical position, a crystal structure of a fluorinated macrocycle was found to have a
F~ ion bound inside that was held in place solely by CHeeeF interactions [9].
Nevertheless, CH donors remained as weak “second-class” interactions that were
thought to stabilize anions only in the gaseous and solid states. Perhaps, this situation
arose historically as described by Desiraju and Steiner in a section of their book on
“The Weak Hydrogen Bond” [3] that describes early work by Sutor [10] in the 1960s.
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Fig. 1 (a) Synthesis of 1,2,3-triazole by copper(I)-catalyzed azide—alkyne cycloaddition
(CuAAC) and the CHe++X™ hydrogen bonds that form with neutral triazole and positively charged
triazolium moieties. (b) Synthesis of iodotriazolium with CIeesX™ halogen bonds

Consequently, studies of this hydrogen bond in solution languished. Fortunately,
Benjamin Hay’s theoretical studies on aromatic CHeeeanion interactions [11],
beginning in 2005, reinvigorated interest. Hay showed that C—H bonds could be
extrinsically polarized by electron-withdrawing substituents such that they could
approach the strength of NH donors. With theoretical evidence at hand, several
groups synthesized receptors in 2008 with polarized CH groups to deliberately
investigate their ability to bind anions [12—-14]. For instance, Johnson and Hay
teamed up to test the prediction that dinitro-substituted benzenes within tripodal
receptors could bind halides with polarized aromatic CH groups [12].

With the importance of extrinsic polarization in mind, the ability of 1,2,3-triazoles
to bind anions with a CH hydrogen bond (Fig. 1) seems logical with hindsight.
Triazoles have three electronegative nitrogen atoms connected together within a five-
membered ring. This arrangement gives rise to a large dipole moment (~5 D) [15] and
an electron-withdrawing framework that polarizes the C*—H bond to generate an
electropositive hydrogen. This outcome meets the requirement for hydrogen bonding.

In 2008, three groups independently observed strong 1,2,3-triazole CHee*anion
interactions within aryl-triazole-based receptors. Li and Flood synthesized a shape-
persistent macrocyclic receptor, triazolophane [16, 17] (Fig. 2), with an unexpect-
edly high affinity for chloride that rivaled many synthetic receptors with NH
and OH hydrogen bond donors. At the time, the binding constant was evaluated
at K, = 130,000 M~! (CH,Cl,), but it has since been reevaluated: first to
11,000,000 M~ ! after Hiroses’s rule [18] and second to 5,500,000 M~! by taking
2:1 sandwiches [19], ion-pair formation, and ion-pair competition [20] into account
(vide infra). Experimental [16, 17, 19, 20] and theoretical [21] studies revealed that
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Fig. 2 Triazolophane 1 binding chloride with pure CH hydrogen bonds

such strong binding stems from the use of four electropositive triazole CH donors
and four phenylene CH donors generating eight donors that are rigidly preorganized
toward the center of the binding pocket. After Hay [11], the role of the phenylene
CH group was implicated using electronic substituents [17]. Craig and coworkers
synthesized a foldameric receptor 7 and observed anion-directed folding [22].
Hecht and coworkers synthesized an aryl-triazole foldamer 8 with chiral side chains
and observed that the helix inverted its handedness in response to the addition of
anions [23]. While the shape of Flood’s macrocycles [16, 17, 19, 20] changed only a
little, Craig’s [22] and Hecht’s [23] receptors were completely reconfigured from
oligomers to folded helices (Fig. 3).

Owing to the popularity and vast modularity of the copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC) [4, 5], so-called click chemistry [24] (Fig. 1), many
more 1,2,3-triazole-based anion receptors have been reported during the past
3 years (2008-2011). Reviews [25, 26] have been published to cover this new
moiety in anion receptor chemistry. Therefore, this chapter will focus on triazole-
based anion receptors that have not been reviewed to date. In addition, applications
including sensors, ion-selective electrodes, catalysis, anion transport, and anion
regulation, as well as their use in interlocked molecules, will be discussed.

2 Anion Receptors 2009-2011

2.1 Macrocyclic Receptors

Macrocycles are a traditional favorite of supramolecular chemistry and molecular
recognition. They offer size selectivity and added strength to binding affinities
by the action of preorganization, captured most succinctly by the macrocyclic
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Fig. 3 Seminal aryl-triazole-based anion receptors from 2008

effect [27]. As elaborated later, triazolophanes are unique in anion-triazole
chemistry for their high degree of preorganization. By contrast, we report on
systems that, while enjoying the benefits of a macrocycle, display some degree of
conformational reorganization upon anion binding.

Sessler’s group synthesized a macrocyclic receptor 9 (Fig. 4a) that contains four
pyrroles and four triazoles [28]. The receptor was found to bind pyrophosphate
(HP,0,>7) with high affinity, K, = 2,300,000 M, in CHCls. The X-ray crystal
structure of the free receptor (Fig. 4b) shows that two of the pyrroles are facing
outside the cavity while the remaining donors are directed inward. Upon pyrophos-
phate binding, all pyrrole and triazole donors are directed toward the central cavity
(Fig. 4c). The authors believed that the pyrroles contribute more to the anion binding
than the triazoles based on NMR titration data and the shorter NHee+O distances.

Zhu and coworkers synthesized flexible macrocycles containing indolo-
carbazoles and triazoles [29] (Fig. 5). On account of the large m-surface of the
indolocarbazole moiety and the flexible ethylene glycol-based backbone, both
macrocycles 10 and 11 form intramolecular n—n stacked structures as confirmed
by NMR (CDCl3) and X-ray structure studies. Upon chloride binding, the UV-vis
absorption spectra (CH,Cl,) show blue shifts, suggesting that the m—r stacking
becomes disrupted and the receptor refolds when the anions are bound.
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Fig. 4 A pyrrole-based triazolophane, 9, binding pyrophosphate

Flood and coworkers have prepared a propylene-based triazolophane 12 [20]
(Fig. 6), in order to compare the anion binding strength of an aliphatic CH group
with the phenylene one in triazolophane 1. In order to make a faithful comparison
between the two receptors, the 1:1 binding constants need to be evaluated. To
achieve this end, various equilibria (Fig. 7) were identified to exist in the solution,
and they were employed to determine the concentration-independent-binding
constants for all equilibria.

Such a detailed account of the processes occurring in solution has never before
been described in anion recognition, and so they deserve a restatement here. The
titration starts with an empty macrocycle in CH,Cl,. When tetrabutylammonium
chloride (TBACI) is added as a chloride source, the TBA™ cation competes with the
macrocycle for chloride binding. While ion-pair equilibrium has been acknowledged
[30], this is one of the first times it has been included quantitatively in the data
analysis. During the addition of up to 0.5 equivalents of the TBACI salt to the
solution, a 2:1 sandwich complex is formed, almost exclusively at NMR
concentrations (~1 mM). Beyond 0.5 equivalents, the 1:1 complex is progressively
formed. Unexpectedly, the authors also observed that the anionic 1:1 complex 1Cl™
has sufficient charge density to pair with the TBA™ cation to generate the 1:1:1 ion-
pair complex, 1+Cl1 *TBA*. Quantifying the role of such ion-pair complexes are
gaining interest in the community for fundamental and applied research as well as for
the challenge of designing effective receptors.
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10

Fig. 5 (a) Triazole-derived indolocarbazole macrocycles 10 and 11 and their (b) X-ray crystal
structures

Fig. 6 Triazolophane 1 and propylene-based triazolophane 12

Careful analysis of the 1:1 chloride binding constants of 1 and 12 showed that
they have the same value to within error. The authors employed 'H NMR peak
shifts and computed structures to verify that the aliphatic CH donor is weaker than
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Fig. 7 Illustrated scheme of all the equilibria occurring during titration of receptor 1 with TBACI
in CH,Cl,

the one from the phenylene. Nevertheless, this factor is compensated inside the
receptor on entropic grounds to make the binding free energies of 1 and 12 the
same.

Seeking for ways to probe the shape matching between the circular cavity of
tetraphenylene triazolophanes and anions, Raghavachari exploited the pseudohalide
classification of cyanide to see if and how it would bind [31] to model triazolophane
13 (Fig. 8). A number of unexpected results were obtained. First, even though
cyanide has a higher basicity than chloride, it was found to bind equally as strongly
as chloride using both experimental studies in solution and computational evaluation
in the gas phase. One could argue that cyanide does not fit inside properly — it has the
wrong shape. This would have been the obvious explanation for what happens in
solution and some people may well be persuaded by this straightforward line of
reasoning. However, the gas-phase analysis of the various binding modes of the
cyanide inside the triazolophane paints a more interesting picture. The second
outcome, therefore, is that the most stable binding mode is with the cyanide totally
inside the cavity pointed along the north—south axis (Fig. 8, 13*CN ™). Other modes
(east—west, diagonal, and perpendicular) were all within energetic reach either as
slightly higher minima or as nonstationary points. Commensurate with cyanide’s
compact structure and its propensity to display averaged properties [32], one might
even expect all these binding modes to be represented in solution earning cyanide’s
moniker as a pseudohalide. This brings the discussion back to the equal binding
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Fig. 8 Calculated binding modes of triazolophane 13 with C1I~ and CN™

strengths between chloride and cyanide with less weight now placed on the shape
mismatch.

A third unexpected observation arose from the computed distribution of charges
on the bare and complexed cyanide ions. It is accepted that carbon has a slightly
greater share of the negative charge, 55%, with the other 45% on the nitrogen end. It
was a surprise to see, therefore, that inside the cavity, the carbon donated a lot of its
electron density to the macrocycle whereas the nitrogen held onto most of its
charge. The outcome of this charge redistribution was shorter hydrogen bonds to
the nitrogen end of the cyanide, presumably arising from its now larger negative
charge. Whereas the carbon end presumably enjoys a larger charge-transfer com-
ponent [33] to its noncovalent interaction consistent with its greater basicity. All of
these interesting features are under further investigation.

2.2 Lessons on Anion Binding Using Macrocyclic
and Acyclic Receptors

On account of their recent discovery, the factors that determine the triazole’s ability
to stabilize anions are still being elucidated. Craig and coworkers studied
compounds 7 and 14 (Fig. 9) to investigate various fundamental aspects of aryl-
triazole receptors [34]. Anions with different sizes (X~ = Cl~, Br—, ") and shapes
(X7,PhCO, ,HSO, ,NO;5, PFg ) were tested and show that benzoate binds to 14
with relatively high affinity compared to the other anions. This observation was
rationalized from the shape complementarity between the triatomic —COO™ func-
tionality of the anionic carboxylate and receptor 14. Considering the effect of
solvation, anion titrations were conducted in solvents with a range of Gutmann
acceptor numbers, which reflect a solvent’s ability to accept lone pairs. The results
show weakened anion binding when using solvents with higher acceptor numbers
on account of the fact that solvation of the anion becomes more competitive.
During Craig’s appraisal of the factors that impact the stabilization of anions in
aryl-triazole receptors, he suggested that the rigid structure of triazolophanes (1-6)
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allows an electropositive cavity to be built up during their synthesis. In more
flexible receptors, these repulsions can be relaxed by changing the conformation.
Consequently, he proposed that anion binding to rigid triazolophanes goes a long
way to alleviate these repulsions, therefore, contributing an enthalpic driving force
that aids in the host—guest complexation event.

As a means to help investigate this effect, Flood broadly considered the contribu-
tion of preorganization and the macrocyclic effect on chloride binding. Aryl-triazole
receptors with different levels of preorganization were investigated (Fig. 10): rigidly
preorganized macrocycle 1, partially preorganized macrocycle 15, and flexible
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Fig. 9 Oligomeric anion receptors 7 and 14
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Fig. 10 Aryl-triazole anion receptors with various levels of preorganization
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oligomer 16 [35]. The analysis relies upon an estimate of the “preparation energies,”
which are defined as the free energy cost of generating the ideal geometry for the
complex from the initially empty receptor. These energies were estimated using a
combination of insight from computations and the experimental solution-phase data.
For the rigid tetraphenylene receptors like 1, the preparation energy that must be paid
upon chloride binding is about 10 kJ mol'. Based on modest entropy and solvation
changes, this penalty has been attributed to large changes in the electrostatic potentials
(ESP) observed between the two geometries of 327 and 287 kJ mol ! for the ideal and
empty triazolophanes, respectively. Using the same analysis for macrocycle 15, which
starts with an ESP of 253 kJ mol ™' and ends in the ideal geometry with an ESP of
296 kJ mol ™', gives a preparation cost of 21 kJ mol '. Therefore, the smaller
preparation energy for rigid triazolophane 1 is attributed to its greater rigidity. That
is, this rigidity prevents the electropositive hydrogens from moving away from each
other to relax the ESP. For oligomer 16, the analysis shows a larger 41 kJ mol '
preparation energy arising again from ESP factors (236 kJ mol ' and 302 kJ mol " for
the unfolded and folded oligomer, respectively) but also entropy and solvation. In this
“disorganized” case, the electropositive hydrogens are fully divergent, and even
greater costs are required to bring them together to converge upon the chloride.

2.3 Acyclic Receptors

Acyclic receptors are usually easier to make but may not always provide as great a
benefit from preorganization as macrocycles. Nevertheless, they offer a richer set of
conformational effects that have various applications. Exploring further the inter-
play between and binding, Lee and Flood prepared an aryl-triazole oligomer that
utilizes OHeeeN intramolecular hydrogen bonds to organize the receptor into a
crescent shape that is in the correct conformation for binding a chloride [36]. As
a result, the preorganized receptor 17 (Fig. 11a) had a 47-fold increase in chloride
binding constant (CH,Cl,) when compared to the nonpreorganized receptor 18
(Fig. 11b). The crystal structure of a related derivative, 19, confirmed the existence
of the intramolecular hydrogen bond and the crescent shape. This observation
emphasizes the fact that triazoles can act as hydrogen bond acceptors as well as
donors.

Haridas and coworkers have synthesized a variety of receptors based on
isophthalamides [37] to look at the effect of different hydrogen bonding units.
Receptors 20, 21, and 22 (Fig. 12) showed noticeable anion binding properties upon
titrations with TBA™" salts of various halides at NMR concentrations (CDCls).
Compared to receptor 20 without triazoles, both 21 and 22 had two- to threefold
increases in the Cl~ binding constants. However, related receptors bearing ester
groups in place of the amides or two flanking triazole units without the amides did
not bind anions. Therefore, the triazole CH donors play a supporting role for anion
binding in this series of oligomeric anion receptors.
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Fig. 11 (a) Chloride binding is stronger with receptor (a) 17 than (b) 18. (c) X-ray crystal
structure of 19 (Bn = benzyl)
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Fig. 12 Isophthalamide anion receptors with and without triazoles

Jiang and coworkers synthesized aryl-triazole-amide oligomers 23, 24, and 25
(Fig. 13) and investigated their chloride binding properties [38]. It was observed
that binding chloride induced the folding of the oligomers. Oligomer 23 with six
rings defining six CH groups and an amide contributing one NH donor creates a
binding cleft (Fig. 13a) favoring 1:1 binding with C1~. However, the elongated
oligomers 24 and 25 with 12 and 18 aromatic rings, respectively, were able to fold
into a helix with overlapping n-systems. Once folded, they could accommodate two
chlorides by changing into either a loose helix (as shown in Fig. 13b) or an S-shaped
conformation. On account of the fact that the longer oligomer 25 has more hydro-
gen bond donors than 24, it had a greater tendency to bind two chlorides.

Sanchez and coworkers synthesized amphiphilic aryl-triazole oligomers 26 and
27 (Fig. 14a, c¢) and observed their resulting morphology upon aggregation in
acetonitrile (Fig. 14b, d) [39]. Scanning electron microscope images of the
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Fig. 13 (a) Scheme of an aryl-triazole oligomer (23) binding chloride. (b) Foldamers 24 and 25
and cartoon representations of their conformations upon binding up to two chlorides

receptors show that 26 aggregates into flat lamellae structures while 27 generates
spherical structures. The authors consider that these aggregate morphologies stem
from the greater planarity of 26 relative to 27, which has out-of-plane naphthyl
groups. In an anion-responsive manner, both molecules lose their aggregated
structures upon binding bromide.

Schubert and coworkers synthesized oligomeric receptors containing triazolium
units [40]. Receptor 28 with two triazolium units is shown to have a zigzag
conformation where one triazolium CH donor is facing out of the empty anion
binding pocket (Fig. 15a). On the other hand, receptor 29 with one triazolium
and one triazole unit is believed to direct all CH donors into the binding site.
A crystal structure of an iodide ion in the 1:1 complex (Fig. 15b) certainly shows
this conformation exists in the complexed structure. Both receptors had strong
affinities with sulfate (28 in CD3;CN/CD3;0D 4:1, 29 in CD3;CN). Furthermore, 29
has a strong tendency to form a 2:1 complex with sulfate ions. Such an anion
binding motif shows promises for use as a template for making interlocked
molecules.

3 Applications

As a testament to the growing interest in anion receptor chemistry [2] and the novel
chemical profile of triazoles, not to mention their simple preparation, many
receptors are being developed to test various applications.
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Fig. 14 Amphiphilic oligomers (a) 26 and (c¢) 27 can aggregate into different morphologies,
(b) and (d), or bind anions in a nonaggregated manner (Reprinted with permission from Chem
Commun 47:5016. Copyright 2011 Royal Society of Chemistry)

3.1 Interlocked Molecules

The triazole unit in its various forms (Fig. 1) has been used to prepare rotaxanes and
enable their switching. Li and coworkers have synthesized a rotaxane (Fig. 16) that
utilizes a triazole unit as a hydrogen bonding station for a isophthalamide-based
macrocycle [41]. As synthesized, rotaxane 30"-H has the macrocycle situated at the
ammonium station where the polyether linkage can be strongly hydrogen-bonded.
Upon deprotonation to 30, the macrocycle prefers to sit at the triazole station where
two isophthalamide NH protons are bound to the triazole nitrogen and the triazole
CH proton is bound to the polyether oxygens of the macrocycle. The triazole proton
shows an upfield shift from a combination of effects, the aromatic shielding by the
macrocycle’s phenylenes, and the hydrogen bonding with the polyether group.
When TBA-halide (CI~, Br—, I") salts are titrated with 30, the cooperative anion
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Fig. 15 X-ray crystal structure of receptors (a) 28 and (b) 29 and their sulfate binding equilibria

binding of the triazole CH and the isophthalamide NH causes the macrocycle to
pirouette about the triazole station.

After their use of methylthiazolium moieties [42], Beer and coworkers
synthesized anion-templated interlocked molecules by utilizing halogen bonds
[43] (Fig. 17) derived from iodotriazolium moieties. The R*—IsesX~ halogen
bonds of iodotriazolium-halide ion pairs (31+X ™) were identified by X-ray crystal
structures (Fig. 17¢). These triazolium compounds formed pseudorotaxanes with
isophthalamide-based macrocycle 32 (Fig. 17a). It was determined that 31<Br™~ had
the strongest association constant with 32 in CDCl;. Therefore, the authors utilized
the R*—IeseBr ion pair as the thread and the template to synthesize a rotaxane
using a clipping strategy. Metathesis of premacrocycle 34 in the presence of 33+Br™
provided the rotaxane 33+Br +34’.

3.2 Sensors

Kim and coworkers synthesized an anion sensor (35, Fig. 18a) that utilizes calix[4]
arene as the backbone structure, two pyrene moieties as chromophores and two
triazoles as anion binding units [44]. Receptor 35 has a strong excimer band at
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Fig. 16 Switching of a rotaxane 30 upon acid/base and chloride addition

475 nm originating from the pyrene dimer. Upon addition of TBAI, the receptor
binds iodide and undergoes a conformational change that dissociates the pyrene
excimer, decreasing the intensity of the emission band at 475 nm in CH;CN
(Fig. 18b).

Potentiometric sensing of anions using triazole CHeesanion interactions have
also been investigated. Bachas and Flood have incorporated triazolophanes 1 [45]
and S [46] into poly(vinyl chloride) (PVC) membrane electrodes to demonstrate
their efficacy as ion-selective electrodes (ISE). The ISE with 1 exhibited anti-
Hofmeister selectivity toward bromide. In particular, the electrode showed high
selectivity and accuracy toward 10-50 mM of bromide using horse blood serum
containing interfering background anions such as chloride (~100 mM) and bicar-
bonate (~30 mM). The ISE incorporated with 5 was highly selective toward iodide.
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Detailed analysis suggested that the strong tendency of § to form a 2:1 sandwich
complex with iodide in solution [19] was also the source of selectivity in the ISE.

3.3 Catalysis

Hydrogen-bonded organocatalysis is a growing field that typically makes use of
various NH donor moieties [47]. Contributing to this new field of application, Ooi
and coworkers developed a triazolium-based organocatalyst (36, Fig. 19a) for
asymmetric alkylation of oxyindoles [48]. By analyzing the crystal structure of
37 (Fig. 19b), they observed that the chloride was bound tightly to the triazolium
and amide protons. In addition, two phenyl groups were in the proximity of the
chloride, suggesting their possible ability to influence the prochiral enolate anion
during the reaction. Various substituents on these phenyl groups and various
counter anions were tested from which 36 as the bromide salt was found to be the
optimal catalyst. The ability of 36 to catalyze the reaction between a variety of
oxyindole compounds and alkyl bromides for asymmetric alkylation was
investigated, and they show excellent yields (82-99%) and enantioselectivities
(85-98% ee).

3.4 Anion Transport

Another growth area for anion receptor chemistry involves the transport of
ions across lipid membranes [49], where practitioners seek both fundamental

a 36 b
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Fig. 19 (a) Asymmetric alkylation of oxyindoles catalyzed by a triazolium-based organocatalyst
(36) and (b) X-ray crystal structure of catalyst 37 (benzyl groups and noninteracting hydrogen
atoms omitted for clarity)
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POPC vesicle 38 n=1 \i’g\
39 n=2 o

40 n=3
39-CI- 40-Cl-

Fig. 20 (a) Scheme of triazole-strapped calix[4]pyrroles-transporting anions through a POPC
vesicle membrane. (b) X-ray crystal structure of 39+Cl™ and 40-Cl, side view (top), partial
structure focused on triazole-Cl ™ interaction (bottom)

understanding and potential benefits for human health. Gale and coworkers have
prepared triazole-strapped calix[4]pyrroles 38, 39, and 40 with three, four, and five
methylene (small, medium, and large) spacers between two triazoles, respectively
(Fig. 20a) [50]. Anion binding constants were measured by isothermal titration
calorimetry in acetonitrile. The chloride binding constant was the largest for
medium-sized cavity, 39 (39 > 40 > 38). However, X-ray crystal structures of
39+Cl™ and 40<Cl~ show that both triazoles in 40 are hydrogen-bonded to
the chloride while only one triazole is bonded in 39 (Fig. 20b). The chloride
transport abilities were tested with POPC (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine) vesicles loaded with various chloride salts suspended in an
outer solution of NaNOj. The chloride efflux rate was highest for the largest
transporter 40 (40 > 39 > 38). The results indicated that in this system the chlo-
ride transport ability does not readily follow the trend of the anion binding strength.

3.5 Anion Regulation

Taking inspiration from Shinkai’s early work with light-driven binding and release
of alkali cations [51], new studies are emerging to control anions in a similar
manner. Jiang and coworkers have synthesized an aryl-triazole oligomer (41,
Fig. 21) with a photoswitchable azobenzene unit in the center of the chain [52]
after related work by Hecht [53]. The oligomer was able to switch between trans
and cis conformations upon UV or Vis light irradiation. "H NMR ftitrations with
various TBA anion salts in dg-acetone showed that the cis form, 41, had higher
anion binding affinities than the trans form, 41,,,,,, by factors as large as four: K;/
Kians = 4.1 (C17),3.9 (Br ), 2.8 (1), 2.1 (NO3"), 1.7 (HSO,4 ). These changes in
the anion binding affinity were speculated to come from the spatial complementar-
ity between the receptor and anion, since 41.;, has a smaller anion binding cavity
than 41,,,,,;.
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Fig. 21 Photoswitchable oligomeric anion receptor
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Fig. 22 (a) A foldameric light-active anion receptor 42 and (b) its cycle of binding and releasing
chloride upon UV or visible light irradiation (Reprinted with permission from J Am Chem Soc
132:12838. Copyright 2010 American Chemical Society)

Independently, Hua and Flood synthesized a light-active aryl-triazole foldamer
(42, Fig. 22) which has two azobenzene units on each end [54]. When the
azobenzene units are photoisomerized from trans to cis with UV (365 nm) irradia-
tion, the foldamer loses two of its three aromatic m—r interactions that were being
employed to stabilize the helically folded form. Therefore, UV irradiation
destabilizes the folded helix in favor of the unfolded random-coil conformation.
The folded conformation could be reinstated by irradiation with visible light
(436 nm). In solution, the foldamer binds with chloride in its frans isomer
(K, = 3,000 M, MeCN) and releases chloride in the cis isomer (K, = 380 Mfl).
On account of the fact that free chloride ions conduct electricity through solution
better than receptor-bound chloride, the anion binding-release cycle was observed
by conductivity measurements. Consistently, a 1:1 solution of 42 and TBACI
(MeCN) showed increased conductivity under UV light and decreased conductivity
under Vis light.
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4 Perspectives

4.1 Broad Utilization of 1,2,3-Triazoles

Recent years have seen a creative flourishing of receptors that are designed to take
advantage of some aspect of the click-generated triazole’s noncovalent chemistry.
From neutral triazole [16] to cationic triazolium [40] CH hydrogen bonding and
now cationic halogen bonding [43], all are available for stabilizing anions. Some-
times the triazoles have been used with other CH donors [20, 22, 23, 31, 34-36, 39,
40, 52, 54], and in other instances, they have acted alongside NH donors [28, 29, 37,
38, 49]. Starting from these creations, practitioners have also shaped interlocked
molecules [43] and pH-driven molecular switches [41], sensors for anions [44—46]
and catalysts [48] for organic transformations as well as transporters [50] for
ferrying anions across lipid membranes. While these forays are but proof-of-
principle demonstrations, they do hint at a growing platform that may one day
enable a commercially viable molecular product.

These receptors represent a veritable smorgasbord of ways for stabilizing anions,
yet a common thread running through the majority of them is structural change — or
the lack thereof [35] — whether it is driven by anion binding or some other stimuli
(pH [41] and light [52, 54]). These changes sometimes illuminate a fundamental
aspect of the anion receptor binding event, and at other times, they are used to
generate another favorable outcome.

4.2 Structural Effects: Preorganized, Stimuli Induced,
and Stimuli Driven

Preorganization has been verified [34, 35] as a crucial factor in enhancing binding
strengths; or when stated more appropriately in reverse: Preorganization reduces
the magnitude of the energetic penalties that need to be paid to prepare the “perfect”
structure for complexation. This feature was shown in macrocycles [35] and acyclic
receptors [36] alike. It is believed that the enthalpic costs that get prepaid when
triazole-derived receptors are prepared in a preorganized format are associated with
bringing the electropositive hydrogens into close proximity with each other. Thus,
it is rewarding to spot systems that are preorganized for anion complexation. Of
course, it is also enjoyable to consider how the shape and structure of the organic
receptor changes upon anion binding. Some systems are designed to make some
good use of the energy provided by the complexation event. These types of anion
stimulation events have driven folding of long and short oligomers [38—40], as well
as promoting sensor-type readouts [44]. Finally, we are seeing the use of orthogonal
stimuli, in the form of light-driven azobenzene isomerization, to make and break
the receptor’s structure [52] for the binding and releasing of anions [54].
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5 Concluding Remarks

The click-generated 1,2,3-triazoles and its derivatives are enjoying favor among the
supramolecular community. One sees classic NH donors being replaced with
triazoles and a plethora of different receptor chemistries being trialed. Forays into
various applications, be they switches, sensors, catalysts, transporters, or regulators,
are being investigated at a level commensurate with their representation in tradi-
tional amide, urea, and pyrrole receptors. A rewarding theme has been the use of
covalent chemistry to enforce preorganization, as well as the opposite, where
structural changes that are caused by anion binding have enabled new understand-
ing and applications. Finally, as easy to install as they are, their similarity in
strength (and geometry) to NH donors bodes well for the triazoles continued use
in anion receptor chemistry.
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Click Triazoles as Chemosensors

Michael Watkinson

Abstract The “click” generation of a 1,4-disubstituted triazole from a terminal
alkyne and a terminal azide has been widely used in recent years to prepare a
plethora of sensor systems for the detection of cations, anions, small molecules and
biomolecules. The focus of the chapter is on sensors in which the triazole plays an
intimate role in the sensing event, although some examples of its use as a means of

ligation are also presented.

Keywords Click chemistry - Fluorescence - Sensors - Triazole
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1 Introduction

The detection of the interaction between a target analyte and a receptor forms the
basis of chemical sensing, and a wide range of sensors has been reported [1-6]. The
majority of sensors rely on the effect analyte binding has on a fluorophore [7],
although a number of other sensing modalities exist. In recent years, the concept of
click chemistry has been introduced by Sharpless and the archetypal click reaction
to generate a 1,4-disubstituted triazole, the Cu(I)-catalysed azide—alkyne cycload-
dition [8—10], widely used [11-13] not least in the field of chemical sensors, which
will be reviewed in this chapter. The popularity of this particular “click” reaction
lies in its modular nature as well as its synthetic simplicity and reliability. Whilst
these features make it an attractive strategy for the ligation of complex analytes to
reporter units in chemical sensors, the main focus of this chapter lies in applications
in which the 1,2,3-triazole plays a crucial role in analyte detection.

2 Cation Sensing

Due to the fundamental roles cations play in biological, chemical and environmen-
tal processes considerable efforts have been directed towards the synthesis of a
range of systems capable of their detection with high selectivity and sensitivity. Of
these methods, fluorescence-based sensors prepared using click chemistry have
undoubtedly received most attention, although there are a range of other methods
which merit discussion.

2.1 Solution-Based Switch-On Fluorescent Sensors
for the AP* Cation

Aluminium is widely used in many industrial fields as a result of it being the most
abundant metallic element by weight and the third most abundant of all elements
after oxygen and silicon. Although a modest weekly dietary intake of aluminium can
be tolerated (ca. 7 mg/kg body weight), excessive intake results in a range of
associated pathologies. Moreover, 40% of the world’s acidic soils are caused by
aluminium toxicity. There is thus a need for effective AI** chemosensors for
application in medical and environmental research. To date, there have been few
such sensors reported, but amongst these click-generated systems are prominent.
The anthraquinone-based sensor 1 showed a significant fluorescence emission in
the presence of AI** at 557 nm, with insignificant changes to the emission spectrum
in the presence of a range of other cations including Cu®* and Hg>*. Analysis
of binding by Job plot and Benesi—Hildebrand plot experiments revealed a 2:1
stoichiometry between 1 and A13+, which in addition to "H NMR titration data
lead to the proposed formation of a sandwich complex in which carbonyl and
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triazole coordinate to the Al** centre [14]. Bipyridine-containing chemosensors
2 and 3 were prepared by the same group, with click chemistry being utilised to
link the metal-binding unit to two different fluorophores. Both sensors proved
effective in the switch-on detection of AI’*. Sensor 2 showed a clear blueshift in
the presence of AI** with the emission maximum at 446 nm cf. 532 nm supporting
the coordination of the —N(CH3), moiety and an ICT mechanism [15], whilst 3
showed a slightly redshifted emission at 443 nm [16]. Analysis of the binding of AI**
to both sensors by "H NMR spectroscopy indicated the involvement of both the click
triazole and the bipyridine unit in the metal’s coordination sphere. Both sensors were
quenched by Cu®* and In**. Unfortunately, all three sensors were only reported to
operate in CH3CN solution.

~ ~N =
’\\\l // N
XN N/ N
N d
O (0] (0) e
0 X
LD 0
O
1 2 3

2.2 Solution-Based Triazole-Containing Fluorescence
Switch-On Sensors for the Cu’* Cation

Copper is an essential trace element in living systems, but the most common means
of its detection is through fluorescence quenching mode because of the paramag-
netic nature of the Cu* cation. In recent years, however, a number of fluorescence
enhancement sensors have been reported, some utilising a click-derived triazole.
Fluorescence of the anthracene moiety in sensor 4 is quenched by both Cu** and
Hg?*, but intriguingly, the closely related system 5 exhibits a switch-on response
exclusively for Cu?* [17, 18]. The diazo-containing system 6 proved to be an
effective colorimetric Cu®*-specific sensor with detection possible with the naked
eye. Binding of the metal ion induced in CH;CN/H,0 (4:1 v/v) solution induced a
blueshift in the emission maximum from 459 nm to 342 nm consistent with an ICT
mechanism, with the formation of a 1:1 metal-ligand complex supported by Job’s
method [19]. Recently, aggregation-induced emission materials have been applied
to the sensing of Cu®* with a detection limit of ca. 1 pM. The Cu* catalysed click
reaction of azide 7 and alkyne 8 resulted in THF/H,O (1:1 v/v) solution showing a
maximum fluorescence emission at 490 nm after standing for 48 h. Increasing the
concentration of Cu** (>20 mM) quenched fluorescence due to the precipitation of
highly cross-linked materials; however, heating the mixture at 50°C with stirring
resulted in a faster response (12 h) and no decrease in fluorescence at higher Cu**
concentrations. High selectivity for Cu?* was also confirmed through competition
experiments with a number of other cations [20].
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7 8

2.3 Solution-Based Switch-On Fluorescent Sensors
for Zn**, C&* and Hg’* Cations

Zinc is increasingly recognised as a key player in a host of biological processes and
disease states. This is not surprising given that it is the second most abundant
transition metal in the human body. Whilst much of this zinc is tightly associated
with the active sites in enzymes and with DNA-binding proteins, a number of
tissues contain pools of mobile zinc with a wide range of concentrations including
the pancreas, retina and brain. As a result, there has been, and continues to be, a
drive to develop a deep understanding of the biology of zinc [21]. Due to its
spectroscopically silent d'° electronic configuration, most efforts have focussed
on the development of fluorescent chemosensors, which has been the subject of an
excellent recent review [22], and it is no surprise that these have also included click-
based sensors in which the triazole plays an intimate role in zinc coordination and
detection. Frequently, these sensor systems show similar switch-on sensitivity for
the stereoelectronic isostere Cd2+, whilst Hg2+ quenches fluorescence. Nonetheless,
such molecular devices are of significant importance due to the potential toxicity of
these ions to the environment and biological systems.

The metal ion chemosensor 9 was synthesised independently by two groups by
clicking two fluorescent pyrene subunits to a calix[4]arene framework [23, 24]. As a
result of the different sensor responses to Zn®* and Cu?*, which quenches
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fluorescence (as does Hg®"), it was suggested that it could be used as an

INHIBITION NOR logic gate [23]. The Zn>*-free species exhibits a strong pyrene
excimer emission at a shorter wavelength than would be biologically desirable
(Jem = 482 nm, Aex = 343 nm) in CH;CN. Upon addition of Zn** or Cd**, 9
exhibits a ratiometric response, with increased pyrene monomer emission and
quenching of excimer emission. 'H NMR experiments suggest that the pyrene
subunits of 9 are initially involved in n—n stacking, but their separation is forced
by the introduction of the metal ion into the triazole binding pocket. To test the
effectiveness of 9 as a chemosensor, the fluorescence response was recorded in the
presence of other metal ions. Only Cu”*, Hg** and Pb** were found to disrupt the
sensor by quenching fluorescence completely [24]. The photophysical properties of
pyridin-2’-yl-1,2,3-triazole groups have been investigated through installation of
these fluorophores on a calix[4]arene framework in sensor 10 [25]. An overall
decrease in fluorescence and the appearance of a new emission band were observed
upon addition of Zn** and Cd** in MeOH, changes attributed to excimer formation.
Whilst the exact binding mode was not determined, UV—vis absorbance titrations
indicated the formation of both 1:1 and 1:2 ligand—metal complexes. The effect of
competing metal ions was not investigated. A calix[4]arene sensor was synthesised
which contained two potential binding sites attached to the lower rim: one bis-
triazole binding pocket and another consisting of two Schiff base groups
functionalised with hydroxymethyl groups [26]. Although extremely sensitive and
selective sensing of Zn>* over a range of divalent metal ions was observed, including
Cd**, 'TH NMR studies revealed that Zn>" only binds at the Schiff base site.
Furthermore, an analogue without the hydroxyl and imino groups did not show
any absorbance or fluorescence changes upon the addition of Zn**, confirming that,
perhaps surprisingly, the triazoles play an exclusively structural role in this sensor.
In an elegant extension to this work, the sensing of Zn>* was demonstrated in blood
serum as well as related albumin proteins [27]. Although sensor 11 was reported to
have a highly selective affinity for Pb®* through enhancement of the monomer
emission of pyrene in an organic/aqueous solution, a significant output was also
observed in the presence of excess Zn”* in organic solvents [28]. This feature was
utilised to develop a highly selective H,PO,  anion sensor utilising the zinc com-
plex of 11 vide infra [29].

Like calixarenes, cyclodextrins are a widely used scaffold in host—guest chem-
istry [30], although fewer examples of click-based cyclodextrin sensors have been
reported. Liu and co-workers created a fluorescent Cd** sensor 12 by attaching
8-hydroxyquinoline to a B-cyclodextrin core via a triazole linker [31]. The
hydroxyquinoline and triazole groups chelate Cd** in aqueous solution at physio-
logical pH, resulting in enhanced fluorescence of the hydroxyquinoline. The bind-
ing mode of Cd** to the sensor was confirmed by a combination of 1D and 2D
NMR techniques and by testing analogues lacking the triazole or the quinoline
nitrogen. The chemosensor exhibits reasonable selectivity for Cd**, with Zn>* the
only other metal ion able to cause a similar fluorescence response. However,
fluorescence quenching occurred in the presence of Cu?* and Fe* and to a lesser
extent Ag*, Hg?* and Pb**. Introducing an adamantine carboxylic acid guest into the
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cyclodextrin significantly enhanced the fluorescence response and selectivity for
Cd>* and Zn*, due to cooperative binding by the guest carboxylate group. Xie’s
group attached pyridin-2-yl-1,2,3-triazole fluorophores to B-cyclodextrin to pro-
vide a similar sensor to their calixarene-based system 10 [32]. Fluorescence
titrations in MeOH showed that compound 13 binds Zn>* in a 1:1 stoichiometry
with a sevenfold increase in fluorescence intensity. Initial investigations found that
of a range of metal ions, only Mg>* triggered a similar, though smaller, response,
whilst various transition metal ions quench fluorescence. However, it was later
found that Cd** also caused a fluorescence increase, forming 1:1, 1:2 and 1:3
host—guest complexes [25]. A smaller model compound representing a one sugar
subunit of cyclodextrin 13 was also synthesised and shown to form responsive but
more weakly bound 1:1 complexes with Zn** and Cd**. The importance of the
pyridinyl-triazole group for sensing was demonstrated by creating phenyl- and
hydroxymethyl-triazole model analogues that showed no observable fluorescence
emission.

12 13
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A number of small molecule sensors have also been reported. The simple
pyridine-based system 14 displayed a significant enhancement in the fluorescence
emission as well as a hypsochromic shift upon the addition of Zn>*. When a
number of anions were added to the 14/Zn**, complex fluorescence was quenched
[33]. The commonly used DPA ligand has been linked to two fluorescent aro-
matic groups using click chemistry to give the highly Zn** selective and water-
soluble sensors 15 and 16 [34]. It was found that 15 also provides a ratiometric
response with Cd**, whilst fluorescence was quenched for both sensors by Co**
and Cu”*. We have developed a number of macrocyclic-based sensors for zinc
using both the cyclam and cyclen metal-binding motif. Our initial system
appended a naphthalimide fluorophore to the cyclam centre to give 17, which
displayed excellent sixfold switch-on selectivity for Zn>* with a K4 = 43 nM
over a range of competing metal ions and physiologically relevant pH range [35].
The sensor was also shown to be able to detect a Zn** flux in apoptotic murine
thymocytes without the need to add extracellular zinc. Heterogeneous sol-gel
analogues of this system were also shown to maintain the switch-on response for
zinc, whilst the analogue 18 incorporating two triazole-linked fluorophores
showed double the response of 17 whilst upholding similar selectivity for Zn**
[36]. The related cyclen-based system 19 displayed similar, but subtly different,
behaviour to 16 in vitro, e.g. Fe’ quenches fluorescence for 19 but not 17. Both
17 and 19 were shown to be able to sense Zn>* in Danio rerio again with
subtle differences being observed in the organelle localisation of the two sensors
[37]. A number of bis(1,2,3-triazolyl)fluorenyl probes 20 have been developed
and shown to have switch-on selectivity for Zn®* and Hg?* in a range of organic
media. As expected for an ICT-based sensor, the emission maxima undergo a
blueshift upon metal binding, and probe 20d was shown to detect Zn>* in HeLa
cells [38, 39]. A triazole-linked 8-hydroxyquinoline dimer has been reported to be
an effective sensor for Cd**, showing selective turn-on fluorescence selectivity
for Cd** over Zn®** over a broad pH range in aqueous solution (CH;CN:
H,0 = 5:95) [40]. Utilising a similar approach to other sensors, particularly
pyrene-functionalised calixarene 9, two pyrene fluorophores have been joined
by alkyl and polyoxyethylene spacers. For example, enhanced monomer and
reduced excimer emission were observed for 21 in the presence of Zn>* and
Cd>*, whilst Ni**, Pb>*, Cu®*, Hg>* and Cr’* showed non-specific quenching of
both monomer and excimer emission in CH3CN [41, 42].
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19 20a R = C,Hg,R'= n-C4Hg, n=2
20b R = C,H5,R'= n-Cy4HpuSH, n=2
20cC R = CH3,R'= n-Cy{HqoSH, n=6-10
20d R = C,Hg,R"= CH,CO,CoHg, n=2

In a different strategy, Aslyn and co-workers elegantly employed the click
reaction as a means of joining an alkynyl pyrene and an azide-functionalised
coumarin to produce 22 in which the close proximity of the two fluorophores
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allowed Forster resonance energy transfer (FRET) to occur. It was shown that
addition of EDTA to the two monomers prevented the click reaction occurring
due to the chelation of Cu2+, but that the addition of exogenous Zn2+, and to a lesser
extent Pb>*, allowed the reaction to proceed as a result of competitive displacement
of Cu* from the EDTA. The FRET response was shown to have a dependence on
the competing metal ion concentration, allowing an allosteric method of Zn>*
sensing in the concentration range 3.5 x 107°—1.7 x 107> M [43]. A similar
approach has also been used by Wang and co-workers in which the synthesis of
the fluorogenic click product 23 signalled the presence of Cu* or Cu®*. Again,
addition of EDTA resulted in chelation of Cu®* which terminated the click reaction.
Subsequent addition of Ca®*, Zn** and Cd** again resulted in displacement of Cu**
and increased fluorescence [44].
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Solid-supported Hg** sensor incorporating a piperazine—pyridine functionalised
naphthalimide fluorophore has been attached to mesoporous SBA-15 silica and
shown to have a selective fluorescence response for Hg”*. Interestingly, the selec-
tivity for Hg?* was found to be higher than for the precursor alkynyl dye; however,
the click triazole was not proposed to be involved in coordination to the metal ion in
the active system [45].

2.4 Solution-Based Switch-On Fluorescent Sensors
Jor Miscellaneous Cations

In an extension of previous studies on functionalised calixarenes with on—off
fluorescence selectivity for Pb** and K*, Chung and co-workers prepared 24. It
was shown that fluorescence quenching occurred in the presence of Pb>*, but in the
presence of excess K*, strong fluorescence could be recovered. Using model
studies, the authors proposed that binding of Pb®* necessitated the presence of
two triazoles (Scheme 1) [46].

A rare example of a Pt** selective fluorescent probe 25 was reported by Tae and
co-workers in which it was hypothesised that Pt** coordination would induce ring
opening of the rhodamine spirolactam. Excellent selectivity for the detection of
Pt** over a wide range of other metal ions was observed by fluorescence emission.
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24. Pb%* 24. K*

Scheme 1 Schematic representation of the selective binding of Pb** and K* to 24

25

Scheme 2 Ring opening of rhodamine spirolactam 25 in the presence of Pt**

The response was linearly proportional to the concentration of Pt** up to the
detection limit of 125 nM. Moreover, a colorimetric change was also observed
with a solution of the sensor changing from colourless to pink upon the addition of
Pt>*. Interestingly, the colorimetric response was also observed for Pd**. It was also
demonstrated that the system was capable of detecting the presence of cisplatin in
aqueous solutions [47] (Scheme 2).

Finally, a number of 1,4-diaryltriazoles were reported to have turn-on fluores-
cence upon addition of a number of metal cations, although their selectivity was
insufficient to render them useful chemosensors [48]. Guo and co-workers have also
investigated the potential of these compounds for pH sensing [49].

2.5 Cation Selective Switch-Off Fluorescent Sensors

A number of the sensors already reported to have selective fluorescence switch-on
sensitivity for particular cations also exhibit fluorescence quenching in the presence
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of certain other cations. Whilst this is a potentially significant disadvantage if
either/both the kinetics or thermodynamics of complex formation of the competing
quenching cation render the sensor ineffective under the conditions of use, selective
quenching of fluorescence can also have attendant advantages and provide a means
of on—off detection, provided that selectivity is high. For example, Zhu and co-
workers have elegantly shown that derivatisation of a glycerol backbone with
cholic acid units provides a supramolecular assembly which binds pyrene. Addition
of a number of metal ions results in quenching of the fluorescence of the bound
pyrene, but the lack of selectivity renders this system ineffectual as a specific
chemosensor despite the elegant system design [50]. Further design iterations
resulted in a related system with the triazoles situated at the extremity of the
supramolecular pyrene binding unit, but no improved cation selectivity was
reported [51].

In contrast, Wang and co-workers reported that anthracene-functionalised
fluorophore 26 was highly selective for the detection of Cu®* with a five times
greater relative quenching observed for this cation over the range of other cations
reported to also cause quenching, which included Cd** and Pb>*, but not Hg**
[52]. A slightly less selective Cu®** quenched fluorophore based on the click-
functionalised anthraquinone scaffold 27 was reported by Chen and co-workers.
Although Cr’*, Pb®* and AI’* also quenched fluorescence to some extent, com-
plete quenching of fluorescence was achieved by the addition of only one
equivalent of Cu”* to fluorescent solutions containing ten equivalents of the
competing ions, indicating the potential of the system as a copper selective
chemosensor [53]. In the same vein, Xie and co-workers have reported a
benzothiadiazoyl click-functionalised B-cyclodextrin to be a highly selective
fluorescence switch-off sensor for Ni**. Addition of fifty equivalents of a variety
of cations to the sensor resulted in complete quenching by Ni**. Although
significant quenching was also observed for Co?*, Cu** and Hg>*, it was shown
that Ni** could be detected in the presence of these cations [54]. Li, Chen, and
co-workers reported two-click derivatised pyranoglycosides to display selective
fluorescence quenching in the presence of Ni**, whilst a number of other cations
showed no or little quenching (Na*, K*, Mn?*, Ca**, Co**, Ag*, Mg?*, Cd** and
Cu?*). Although both sensors required considerable molar excesses of Ni** to
achieve significant quenching, sensor 28 was the more sensitive of the two. Both
sensors also showed favourable inhibitory activity of protein tyrosine phosphatase
1B [55]. Bunz and co-workers have recently reported two related thiadiazole-
based triazoles. Of these, 29 showed fluorescence quenching in aqueous solutions
in the presence of Hg®*, Cu®* and Ni**; however, there was also a redshift of ca.
20-30 nm in the absorption band for the latter two ions, enabling them to be
distinguished from Hg** [56]. Zhu and co-workers reported the synthesis of
polymer 30 which showed some selectivity for the detection of Hg** over Cd**,
Co®*, Ni**, Zn** and Cu®* as a result of quenching of fluorescence. Some
quenching was also observed for Ag*, but the efficiency of quenching was
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reported to be 2.8 times higher for Hg”* [57]. A similar polymer containing a
BINOL ether also showed Hg?* quenching of fluorescence with good selectivity
except for Pd** [58]. Cheng and co-workers introduced an (S)-BINOL-based
sensor which showed only quenching in the presence of Hg®* and a modest
switch-on fluorescence in the presence of Ag*. None of the other metals tested
showed any effect on the sensor. Interestingly, an analogue of the original sensor
bearing only one-click triazole unit and a free BINOL-OH group did not show
such behaviour, indicating the importance of both triazoles in the sensing
behaviour [59, 60]. In contrast, Chen recently reported an Ag" selective switch-
off sensors based on coumarin—sugar conjugates. Excellent switch-off selectivity
was reported for 31, although a significant excess of the cation was required [61].
A calix[4]arene appended with 8-hydroxyquinoline groups via triazoles gave a
Hg”*-selective fluorescence quenching sensor in acetonitrile, with only Fe**
exhibiting quenching to a small extent [62]. Finally, Xie and co-workers have
recently reported 32 to be a highly selective Hg** sensor. In EtOH/HEPES
(v/v = 9:1), a significant quenching was observed for only Hg®* which was
accompanied by a redshift of 40 nm in the emission. In addition, a colour change
from light yellow to light orange in the absorption spectrum allowed a dual
modality of sensing this cation [63].
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2.6 Cation Sensing by Other Methods

In addition to fluorescence switch-on and switch-off cation sensors, a number of
other sensing modalities have also been reported. Of these, by far the most
common are colorimetric sensors. Indeed, a number of the fluorophore-based
sensors already discussed (vide supra) also display colorimetric sensing. In this
section, however, sensors only displaying colorimetric properties are discussed.
Li and co-workers reported that bifunctionalisation of silver nanoparticles with
2-mercaptoacetic acid and 4-(prop-2-ynyloxy)pyridine, which was then clicked to
azidoethanol, furnished a highly selective colorimetric sensor for Co**. A clear
shift from yellow (405 nm) absorption to red (550 nm) occurred exclusively for
Co®*, and the click triazole was shown to be an integral part of the sensor.
Detection of Co®* was possible in the presence of a range of competing cations
down to a concentration of ca. 7 x 10~° M [64]. In an alternative strategy, Jiang and
co-workers used the Cu™ catalysed click reaction as a means of detecting Cu>*
through the aggregation of gold nanoparticles. The nanoparticles were
functionalised with terminal azide and alkyne-functionalised thiols in addition to a
commercial PEG thiol to prevent nanoparticle aggregation. Addition of Cu®* and
ascorbate to the nanoparticles resulted in a gradual change in the solution colour
from pink to colourless with the concomitant precipitation of the nanoparticles
due to aggregation. Although this process was relatively slow, it was shown
to be selective for Cu®* with a detection limit of 50 pM. Of a number of other
cations tested, only Ag* gave a colour change, which was attributed to surface
electron effects of silver on gold nanoparticles [65]. Using the same alkyne,
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Li and co-workers used click chemistry to functionalise silver nanoparticles with
ethyl-2-azidoacetate and showed that they were selective colorimetric sensors for
Cd**, displaying a yellow to red colour change. Some changes were also reported for
Pb**, Hg** and Mn**, but Cd** could be clearly distinguished with a detection limit
of 2 x 107> M [66]. Li and co-workers subsequently adopted a different strategy
to detect Pb>" with gold nanoparticles in which click chemistry was used to
functionalise the surface with an oligo-ethyleneglycol. The nanoparticles showed
excellent selectivity for Pb** which induced a clear colour change from red to
navy blue, and the click triazole was shown to be necessary to maintain selectivity
over other cations. A detection limit of 7 mM was established, and the nanoparticles
were shown to have practical applications in the sensing of Pb** in both drinking
water and paint [67]. Kannan and co-workers reported 33 to be a highly selective
colorimetric sensor for Cu®* in CH;CN/H,O (v/v 80:20). A clear blueshift upon
binding of Cu®* was observed as a result of weakened D-n—A ICT from the
coordinated tertiary amine [19].

Chung and co-workers reported 34 as a highly selective colorimetric cation
sensor for Ca>* and Pb>* perchlorate salts, the cations causing a bathochromic
shift from 365 nm to 527 nm and 541 nm, respectively. The click triazole was
shown to be integral to sensing of the cations, although the analysis of the cation
binding properties of the derivatised calixarene was restricted to organic solvents
and was hampered by the poor of solubility of the Pb** complex [68]. In an
extension of this work, the MeO substituent was replaced with an -NO, group
which produced a system able to act as an INHIBIT logic gate with a YES logic
function for Ca** and F~, although it was not able to act as a ditopic receptor for the
ion pair [69].

A “click” derivatised analogue of glycyrrhetinic acid was reported to be a
highly selective receptor for Hg** by Ju and co-workers. Addition of Hg** was
shown to result in changes in the UV region of the absorbance spectrum, with the
loss of bands at 253 and 317 nm, and with the appearance of a new absorption at
279 nm and of the other cations tested, only Cu®* showed appreciable affinity
[70]. Similarly, Kumar and Pandey synthesised two bile-acid-based receptors
containing 1,2,3-triazoles and showed them to induce changes in the UV region
in CHCl3/MeOH (v/v 7:3) solution upon the addition of Hg2+, with the loss of
the bands at 254 and 317 nm and the appearance of a weak absorption at 279 nm.
Again, Cu®* showed some affinity for the receptor, as did Pb**. The receptors
were shown to have NOR and OR type logic gating properties using Hg** and
H* [71].

Li and co-workers reported 35 to be capable of extracting both group 1 and
divalent metal cations due to the presence of both hard and soft donor ligands.
Amongst a number of analogues prepared, this sensor showed the greatest efficacy
in the extraction of group 1 picrate salts from organic media, although with
no selectivity, as well as higher affinity for Pb®* over the other cations tested
[72]. Li and co-workers have also reported that 36 and its methyl ester analogue
show good selectivity for the extraction of Cs* from the organic phase over other
group 1 picrate salts with a Cs*/Na* extraction ratio of 10.52 [73].
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Viguier and Hulme reported a new approach to the possible in vivo detection
of Cu® through the formation of the luminescent lanthanide chelate 37 in which
the dansyl fluorophore acts as an antenna allowing energy transfer to the euro-
pium centre. Although the click triazole was not directly involved in coordination
to the europium centre, it was an essential part of the sensor as it prevented
dansyl coordination to europium and quenching of the lanthanide luminescence,
as had been observed in previously reported analogues. It was hypothesised
that Cu" chelates to glutathione in vivo, and that if this complex could catalyse
the click reaction, the system could detect Cu®. It was shown that addition of a
Cu* complex of glutathione at micromolar concentration to the alkynyl and
azide precursors of 37 induced a tenfold increase in europium luminescence
emission and confirmed its formation with control experiments, demonstrating
its potential efficacy in vivo [74]. Collman has elegantly shown that local
electrochemical generation of Cu® can be used to pattern electrodes using click
chemistry, allowing the selective functionalisation of identical but individually
addressable electrodes with analytical scaffolds [75]. Finally, Lin, Chen and co-
workers demonstrated that functionalisation of self-assembled azide-terminated
monolayers could be used as a means of detecting Cu®* using electrochemilumi-
nescence (ECL). Silica nanoparticles containing Ru(bipy)s;>* and derivatised with
an alkyne-terminated chain. The [3+2] cycloaddition was then induced by local
generation of Cu™ electrochemically which resulted in a strong ECL signal being
detected [76].

33 34
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3 Anion Sensors

As is the case for cations, anion recognition by supramolecular architectures has
received considerable attention due to the important roles they play in biology and
the environment. Generally, receptor interactions with anions rely on Coulombic
forces, hydrogen bonding, ion pairs, -stacking interactions or through coordinative
interactions with metal ions incorporated into the structure. Click chemistry has
recently attracted the interest of a number of groups, and whilst an array of anion
binding motifs have been reported [4, 6] and form the basis of another chapter in
this thematic issue by Flood, sensors, however, are more restricted. Bachas and co-
workers have exploited the eight C—H hydrogen bond donors in triazolophane 38 to
demonstrate halide binding and recently showed their application as ionophores in
poly(vinyl chloride) membrane electrodes. Selectivity for CI~ and Br~ was
achieved by optimising the proportions of triazolophane, plasticiser and a lipophilic
additive, and their practical application was demonstrated in the detection of Br™ in
horse serum [77]. Hua and Flood also demonstrated that photoinduced release and
binding of C1~ by 39 could be detected using conductivity measurements. The
trans—trans stereoisomer forms a helical arrangement which optimises hydrogen
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bonding with the halide. Upon photoisomerisation to either the cis—trans or cis—cis
form, the effectiveness of hydrogen bonding was reduced due to the conformational
change that the isomerisation induced. As a result, the binding constant for C1~ was
lowered. It was shown using TBACI as the chloride source that photochemically
induced changes in conductivity could be achieved over eight photochemical cycles
due to sequential binding and release of C1 [78]. An electrochemical ferrocene
reported and pyrene fluorophore were combined in 40 which was shown to be
capable of detecting pyrophosphate both electrochemically and by an increase in
fluorescence. Of a number of anions tested, only pyrophosphate induced a cathodic
shift of the ferrocene/ferrocenium redox couple, and it was shown that a 2:1
receptor—anion complex formed. In addition, whilst the monomer showed a weak
fluorescence emission typical of a pyrene monomer, addition of pyrophosphate
induced a significant increase in the excimer emission at 448 nm, demonstrating the
dual modality of anion sensing [79]. Triazoles have been utilised in a squaraine
rotaxanes. In one case, the squaraine fluorescence is diminished on macrocyclic
encapsulation but can be recovered by dye displacement with anions, although the
recovery was not specific to a particular anion [80]. In another application,
the rotaxane system acts as an optical chloride sensor; however, in both cases, the
triazole only plays a structural role [81]. Pandey and co-workers prepared a series of
bile acid-containing polymers 41 using click chemistry, which stabilised silver
nanoparticles formed in their presence from the reduction of AgNO;. The triazoles
were essential to the stability of the nanoparticles. The effect of a range of anions on
the nanoparticles was tested, and only I was observed to result in a colorimetric
change as a result of nanoparticle aggregation with a detection limit of 250 puM [82].
A slight modification of 9 to incorporate methyl esters containing arms at the
phenolic positions resulted in a system which exhibited enhanced pyrene emission
in the presence of I . A 1:1 complex was formed, but the binding mechanism was
not elucidated [83]. Another chemosensor containing the bis-triazole motif was
prepared during efforts to create cavitands and nanotubes from calix[4]arenes using
click chemistry. Incorporation of an anthracene fluorophore as a lower rim cap
resulted in a cavitand that bound Br~ and I in methanol, which was detected by a
small increase in fluorescence emission [84]. Meudtner and Hecht have reported
oligomers containing alternating triazole and aryl units which adopt helical
conformations in aqueous acetonitrile solution which are stabilised by m—n
interactions. Addition of ClI™ and Br~ resulted in a reversal of helicity which
could be detected by CD spectroscopy. In contrast, F~ showed no change [85].
Jiang and co-workers have employed CD spectroscopy to investigate the behaviour
of cationic aryl triazole oligomers 42 which adopt helical conformations in aqueous
methanol. In the absence of CI™ and F, the individual foldamers form aggregates
with opposite helicity; however, in their presence, aggregation is prevented as a
result of halide binding, resulting in a means of their detection [86]. Finally, Wang
and co-workers have elegantly demonstrated the efficacy of the copper-free strain
promoted double [3+2] cycloaddition of dialkyne 43 with aqueous azide as a means
of detection by LC-MS. Quantitation of aqueous azide was shown to be possible in
a dynamic range 0.5-100 pM with a detection limit of at least 21 ppb, and a wide
range of other anions did not show any interference [87].
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4 Combined Anion and Cation Sensors

Reports of triazole-containing anion and cation sensors are very limited in number.
Yamato and co-workers recently reported that addition of the H,PO, ™ anion (40
equivalents) to the Zn>* complex of 11 resulted in a 67% increase in the excimer
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band at 485 nm in the presence of small amounts of water in organic media.
The system was also demonstrated to be an efficient logic circuit for a molecular
traffic signal with the help of binary logic based on an INHIBIT and OR gate [29].
In an extension of previous work on cyclam-based zinc sensors, Todd, Rutledge and
co-workers prepared 44, a rare example of a “click” triazole which coordinates to
metals through the electron-deficient N2 triazole atom. They showed that there was
no enhancement in fluorescence in the presence of a number of cations, including
Zn**, but that it was quenched by both Cu?* and Zn?*. Addition of a range of anions
to the complexes of these metals resulted in recovery of fluorescence for Hg**
as a result of demetallation but not for Cu®*. I and S,05>~ were most effective
with less than five equivalents of the anion required. This provided a means of
distinguishing between the two cations which was demonstrated using cation-doped
water from Sydney harbour [88].

44

Astruc and co-workers have reported a number of dendrimers for sensing
applications in which ferrocenyl groups were appended at the termini of dendrons
using click chemistry. The electrochemical properties of the ferrocene units were
affected by ion binding to the triazoles. Binding of cations shifted the Fc/Fc* couple
to more positive potentials, whereas anion binding moved it to more negative
potential. By tracking these changes in potential by cyclic voltammetry, it proved
possible to non-specifically detect Pd**, Pt**, Cu* and Cu** as well as H,PO,*~ and
ATP?™ [89-91].

5 Sensing of Small Molecules

Probes for small molecules have a wealth of potential applications, e.g. in monitor-
ing health, biological systems and homeland security. As a result of the widespread
application of such sensors, it is unsurprising that click triazole sensors have been
developed in this area for an array of applications which will be presented in this
section.
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There is increasing interest in the development of effective probes for nitroxyl
(HNO) due to the recognition that it plays a number of important biological roles.
Rosenthal and Lippard recently reported 45 to be an effective nitroxyl sensor.
Fluorescence of the free ligand was quenched by Cu®*. Reduction of Cu** to Cu*
with excess cysteine resulted in recovery of fluorescence. Treatment of 45 with
Angeli’s salt which generates equimolar HNO and nitrite under physiological
conditions was shown to result in a greater than fourfold increase in fluorescence
with visualisation possible with 50 pM Angeli’s salt. The probe was shown to be
selective for HNO over a number of other reactive oxygen and nitrogen species.
Further, the efficacy of the probe for the detection of HNO in HeLa cells was
demonstrated [92]. Wang and co-workers reported 46 to be an effective probe for
the reactive oxygen species (ROS) hydrogen peroxide. In the presence of hydrogen
peroxide, boronate ester conversion to phenol resulted in a significant enhancement
in fluorescence at 475 nm as well as a 70 nm redshift in excitation wavelength. The
probe was also shown to have a twofold to fourfold increase in response to
hydrogen peroxide over other ROS [93]. The catalytic formation of a triazole has
been used to elicit a sensing response for copper (vide supra), and Li and co-
workers have used the same approach to detect ascorbic acid. They prepared gold
nanoparticles functionalised with terminal azides and alkynes. In the presence of
Cu**, no change in colour occurred, but upon addition of ascorbic acid, a red to
pink/purple colour change occurred, resulting from particle aggregation which was
demonstrated by TEM. Selectivity for ascorbic acid over a number of other
biological reductants was established, and the optimised system was shown to
have a detection limit of 3 nM. The new sensor system was used to detect ascorbic
acid in supermarket orange and grapefruit juice and gave comparable results with
standard assays [94]. Fossey, James and co-workers have reported 47 to be an
effective switch-on fluorescence sensor for the detection of saccharides. The
triazole plays a crucial role in the sensor as in the absence of saccharide fluores-
cence is quenched by the triazole. Formation of the “ate” complex at boron upon
addition of a range of saccharides prevents quenching and resulted in a significant
increase in fluorescence for p-fructose, b-galactose and p-mannose [95]. Zhao and
co-workers have reported cruciform boronic acid fluorophore 48 to be an effective
switch-on sensor for b-fructose, D-ribose, b-galactose and p-glucose. Although the
response of the system was broadly similar for all of the saccharides tested, the
affinity for fructose and ribose was higher. The triazole was proposed to play a
crucial role as a hydrogen bond donor to stabilise the boron—saccharide complex at
neutral pH. A linear analogue showed no sensitivity to the sugars [96]. A poly(vinyl
alcohol) based glucose sensor has been reported in which the polymer chain was
first decorated with pyrene units using click chemistry, and then the remaining
alcohol units were functionalised with glucose oxidase (GOx) using standard
coupling methodology. Quenching of pyrene fluorescence by dioxygen was
shown to decrease in the presence of glucose due to dioxygen consumption by
GOx. Glucose concentrations could be quantified between 0.25 and 3.0 mM, and
although it is not clear whether the triazole plays any role in sensing, the sensor was
successfully applied in the detection of glucose in fizzy and orange juice [97].
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A number of other elegant sensor systems have been reported in which the
triazole does not appear to be directly involved in the detection event. Fujimoto,
Yamada and Inouye have reported that complementary oligonucleotide sequences
with terminal pyrenes can be functionalised with cyclodextrins. Upon addition of a
range of fatty acid guests, an increase in pyrene excimer emission occurs, allowing
their detection; although there was no selectivity for the B-cyclodextrin systems,
some selectivity for oleic acid was reported for the a-cyclodextrin analogues [98].
Similarly, click triazoles have been used to produce ferrocene—B-cyclodextrin
conjugates which were shown to bind bile salts electrochemically as well as by
isothermal calorimetry and NMR spectroscopy, although the triazole appears to
only play a structural role [99]. Tetraphenylethene containing polytriazoles have
been shown to be capable of detecting picric acid as an explosive surrogate in both
solution and in model test-strip sensors. The sensor system operates through
enhanced photoluminescence of the polymers due to aggregation-induced emission
in the absence of the explosive surrogate. Addition of picric acid at concentrations
as low as 0.1 ppm resulted in observable changes, but it is unclear whether the
triazole is intimately involved in the sensing mechanism [100].

6 Biomolecule Sensing

As is the case for small molecule sensors, the detection of biological analytes
presents a wealth for of sensing opportunities, and it is no surprise that click
triazoles are employed to this end. Imperali and co-workers have previously
developed a number of fluorophores which upon binding of Mg®* show an
enhanced fluorescence response which has been used as a means of detecting
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protein kinase activity [101]. Through the use of click chemistry, the excitation and
emission wavelength of the original systems could be shifted bathochromically by
15 and 40 nm, respectively in 49, and it was shown to have comparable
chemosensing properties to the first-generation systems [102]. Our work in this
area has centred on a novel form of allosteric sensing in metal complexes. We
prepared the Cu®* complex 50 of a biotinylated click cyclam ligand and showed that
the weakly coordinated axial triazole could be perturbed by the addition of avidin
which was detected by EPR and ENDOR spectroscopy. A model analogue system
which did not contain the triazole showed no change in its EPR spectrum [103].
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Methodology to functionalise two separate oligodeoxyribosenucleotides with a
terminal azide and an alkyne-terminated naphthalimide which form a fluorescent
triazole-containing dye in the presence of Cu* has been shown to be effective in the
detection of the correct complementary DNA template. Whilst the click triazole
formation was slow in the absence of the template, a significant enhancement was
observed in the presence of the correct complementary template, resulting in a rapid
increase in fluorescence, whereas a template with only a single nucleotide mis-
match did not [104].

As is the case for small molecule sensors, a number of impressive systems have
been developed, incorporating click triazoles, but it is unclear that the triazole plays
a role in sensing other than providing a convenient means of sensor synthesis;
nonetheless, these systems merit some mention. A Xe binding crytand has been
functionalised with a matrix metalloprotein 7 (MMP7) selective peptide sequence.
MMP7 activity was detected by both reduced tryptophan fluorescence upon peptide
cleavage as well as a shift in the '**Xe NMR chemical shift [105]. In keeping with
other electrochemical systems already discussed, ferrocene—mannose conjugates have
been shown to be effective electrochemical sensors for concanavalin A lectin, although
the triazole role appears to be structural as a number of other non-triazole-containing
conjugates were also effective sensors [106]. Microemulsion polymerisation has been
used to prepare azide- and alkyne-terminated nanoparticles with sensitivity to pH
changes and also stubilisin. Although the triazole only appears to act as a spacer in
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these systems, there is no reason why this approach could not be used to incorporate it
as an integral part of the sensor system in other applications of this technology [107].
Similarly, gold nanoparticles have been functionalised with bioluminescent Renilla
luciferase and a short peptide sequence susceptible to cleavage by MMP2. Quenching
of luciferase fluorescence by the nanoparticles could be recovered through site-specific
proteolytic cleavage of the peptide by MMP2 with the triazole apparently only acting
as a convenient means of attaching the bioconjugate to the nanoparticle [108]. Finally,
Lai and co-workers have utilised click triazoles to prepare electrochemical DNA (E-
DNA) sensors. In the first example, the click triazole is employed to append a 25-base
stem-loop DNA probe to a gold electrode which is labelled with methylene blue. The
15-base loop region targets the K-ras gene, and when DNA hybridisation occurs, the
distance of the redox label from the electrode is increased, reducing electron transfer
and consequent analyte detection [109]. The same approach was then adopted to
produce a 3-pixel E-DNA sensor array through the sequential electrochemical genera-
tion of Cu™ at each pixel to facilitate the specific click reaction of the alkyne and azide
[110].

7 Concluding Remarks

Since the advent of the concept of “click” chemistry in 2001, it is without question
that the click triazole has received most attention, and it has been shown to be an
extremely versatile moiety with applications in a wide range of sensing
applications, and there is little doubt that a number of other recent developments
will soon be applied in sensing applications [6]. In the vast majority of sensors
presented in this chapter, the triazole is integral to the sensing application; however,
the utility of click chemistry is seen in its widespread application as a ligation motif
in sensors, only some of which are presented herein. It therefore seems likely that in
the coming years, practical applications of click triazole sensors in functional
sensor materials for an array of applications will soon be realised.
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Triazole-Based Polymer Gels

Hak-Fun Chow, Chui-Man Lo, and Yuan Chen

Abstract This chapter summarizes the recent progress of the chemistry of triazole-
based polymer gels from 2000 to present. Based on the gelation mechanism, the
gels are classified into reversible physical and irreversible chemical gels. The
design principles of these gel systems were examined, and the various driving
forces for gelation, such as hydrogen bonding, n—m stacking interaction, hydro-
phobic effect, covalent linkage, and metal coordination, were described. Structural
factors that affect the swelling ability of such gels and their applications in
controlled drug release were revealed. The advantages and drawbacks of using
CuAAC chemistry to create such gelating systems, as compared to other conven-
tional synthetic methodologies, were also discussed.
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1 Introduction

The heterocyclic 1,2,3-triazole ring is one of the key structural elements in many
drug molecules and polymers [1]. This functionality becomes increasingly popular
due to the discovery that it could be readily accessible via the copper(I)-catalyzed
cycloaddition between an acetylene and an azide (CuAAC) (Scheme 1) [2, 3].
Several excellent review articles have already been published on the use of CuAAC
chemistry in the preparation of polymers [4—18] and biomaterials [19-27]. It is now
becoming clear that the 1,2,3-triazole ring not only functions as a linker between
two molecular fragments but also contributes to the overall physical and chemical
properties of the resulting molecules. There are abundant examples showing that
oligo- and polytriazole compounds possess many interesting conformational and
supramolecular properties [28]. This article aims to focus on one supramolecular
aspect of such triazole-based polymers, namely, their gelation properties. The
survey covers the literature on this subject from 2000 to present. A search on the
Web of Science database using the keywords triazole and gel revealed no reports on
this particular subject prior to 2000.

The immobilization of solvent molecules by the addition of a small amount of
another molecular species (gelator) is called gelation. This phenomenon had long
been noted in the history of human activities, such as food preparation and preser-
vation. However, the scientific rationale and the molecular mechanism behind this
phenomenon have just been realized. Broadly speaking, gelators can be classified
into two categories based on their molecular weight — low molecular weight
gelators (LMWG) and polymer gelators (PG). The molecular basis of gelation by
LMWG has been extensively reviewed [29-36]. It is believed that the gelators self-
assemble into a three-dimensional (3D) network structure through noncovalent
interactions such as hydrogen bonding, n—mn stacking, hydrophobic, and/or van
der Waals interactions. The solvent molecules are then entrapped and immobilized
within the matrix via capillary force. The resulting network structure can therefore
be considered as a supramolecular polymer and can be broken down to the
individual LMWG reversibly upon external stimuli such as change of temperature
and solvent conditions. This type of gel is also known as physical gel, and the
sol—gel process is generally reversible. On the other hand, the 3D network created
by most polymer gelators is covalent in nature. Most often, the network is formed
during polymerization using polyvalent monomer units. In this case, the gel is
called a chemical gel, and the sol—gel process is mostly irreversible unless the 3D
network can be easily broken down by thermal degradation. As it turns out, polymer
physical gels are rare as compared to LMWG physical gels [37].

. N Cu(l) R'— AN -R?
R—= - _.N" R2 ——— \p!\‘
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Scheme 1 Preparation of 1,4-disubstituted 1,2,3-triazole via CuAAC reaction
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In this chapter, we will discuss the chemistry and properties of triazole-based
polymer gels according to whether they belong to physical or chemical gels.

2 Triazole-Based Physical Gels

Back in 2006, Finn first reported the gelating properties of three trans-
1,2-diamidocyclohexanes LMWG 1-3 (Scheme 2) [38]. The gelating properties
of the diacetylene 1 and diazide 2 were slightly inferior to that of 3. Hence, compounds
1 and 2 did not form gels as a 3% solution in CH;CN, but compound 3 did at the same
concentration. On the other hand, all three compounds failed to form gels in a mixed
solvent of 2,6-lutidine—CH3CN (1:20). In order to improve the gelation property of 1
and 2, they were subjected to CuA AC polymerization with various reaction partners to
produce poly(amide—triazole)s 4 and § with much improved gelation power in the
same mixed solvent system. This work provided the first examples that such poly
(amide-triazole) compounds were better organogelators than their constituent
monomers. On the other hand, the in situ—prepared poly(amide-triazole) 6 from the
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Scheme 2 Poly(amide—triazole)s 4—6 prepared from monomers 1 and 2
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Scheme 3 Poly(amide—triazole)s 7 formed copolymerization of monomers 8 and 9

CuAAC polymerization between 1 and 2 was found to be a relatively weak
organogelator in the mixed solvent system with a Ts; of 47°C. However, the thermal
stability of the organogel could be improved (T,; = 69°C) if it was prepared under
the same conditions in the presence of 9 equiv. of 3. This suggested that a synergistic
gelation effect was in operation between LWMG 3 and polymer 6. It should be noted
that in both cases, the metal catalyst Cu(I) ion was incorporated into the gel and made
it more thermally stable. Hence, the gel mixture of 3:6 (10:1) without Cu(I) ions had a
lower T of 63°C.

As an extension of the above work, Diaz reported another series of poly
(amide—triazole)s 7 from the AABB type CuAAC copolymerization of diacetylenes
8 and diazides 9 (Scheme 3) [39]. Polymers 7 were selective organogelators for
dimethylsulfoxide (DMSO) but formed brittle gels in a mixture of DMSO and a
variety of cosolvents such as toluene, ethyl acetate, and dimethylformamide. The
gelation property of polymers 7 was lost if it was pretreated with ethylenediami-
netetraacetic acid or with coppersorb. This suggested that trace amount of Cu ions
was responsible for stabilizing the network structure by interacting with the triazole
ligands. In line with this observation, polymers 7 obtained from a thermal-induced
cycloaddition polycondensation (i.e., in the absence of Cu ions) were also devoid of
any gelating power. Incidentally, no gelation property was found if the
sulphonamide group in monomer 9 was removed.

Poly(amide—triazole)s could also be used to strengthen the gelation properties of
weak gelators or nongelators (Scheme 4) [40]. The cholesterol derivative 10 is a
powerful organogelator in hydrocarbon and alcoholic solvents but cannot immobi-
lize aromatic solvents. The zinc—phthalocyanine(Zn—Pc)—cholesterol derivative 11
is also a nongelator in the same solvent system. Interestingly, a 20:1 mixture of
compounds 10 and 11 was able to gel aromatic solvents. Due to the presence of the
zinc—Pc moiety, the gel was photoactive but had low thermal and temporal
stabilities for any practical usage. To improve the stability, a 1:1 mixture of
diacetylene cholesterol derivative 12 and diazide 13 was subjected to CuAAC
reactions in the presence of 18.1 equiv. of 10 and 1.8 equiv. of 11. The resulting
organogels 14 displayed good thermal reversibility and also possessed better
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stability than the gels obtained from the 20:1 mixture of 10 and 11. Careful analysis
of the CuAAC product 14 by MALDI-TOF revealed that it consisted mainly of
short oligomers. This example hence showed that such oligotriazole compounds
could be used to reinforce the strength of multicomponent gels.

In 2007, Binder reported a supramolecular network 15 formed from the hydro-
gen bonding interactions between two types of triazole-containing polymers
16 (M, = 5,200) and 17 (M, = 700 or 2,000) (Scheme 5) [41]. Polymer 16
was a trifunctional motif possessing three bis-(2,6-diamidopyridine) units, while
polymer 17 was a bifunctional compound containing two 5,5-disubstituted barbitu-
rate functionalities. The barbiturate—bis-(2,6-diamidopyridine) partner has been
established to have a strong binding constant (K, = 10° M™") in nonpolar organic
solvent. Upon mixing the two polymers 16 and 17 in a 2:3 molar ratio in solvents
such as CH,Cl,, hexane, or toluene, a gel 15 was formed. Gelation was reversible,
and the gel state could be transformed back to solution upon warming. As expected,
gelation was due to supramolecular hydrogen bonding interactions as confirmed by
attenuated total internal reflection spectroscopic study. However, there was little
evidence to suggest that the triazole units contributed any role to gel formation.
Their sole function appeared to be just a linker to connect the hydrogen bonding
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motifs to the polymer backbone. Entrapment of octylamine-coated iron oxide
nanoparticles inside the gel was demonstrated provided that the amount of iron
oxide was less than 5% wt. Diffusion studies using different dye molecules
suggested that the gel could function as a controlled release agent.

The first example of a triazole-based dendronized polymer physical gel was
reported by Chow [42]. A G1-G3 series of dendronized poly(amide—triazole)s 18
was obtained from the CuAAC promoted polymerization of AB type macromonomers
19 (Scheme 6). As expected, due to steric inhibition, the polymerization efficiency was
inversely affected by the size of the dendron appendages. These three dendronized
polymers exhibited strikingly different physical and supramolecular properties. The
18-G1 polymer was an intractable solid, while the 18-G3 polymer possessed
extremely good solubility in many nonpolar organic solvents. On the other hand,
only the 18-G2 possessed gelating property among the three dendronized polymers. It
had very broad-spectrum gelation power and could immobilize ethyl acetate, acetone,
ethanol, THF, and, in particular, aromatic solvents at 0.5% w/v concentration level.
Accordingly to FT-IR analysis, it was found that all monomers 19 were devoid of
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Scheme 6 Dendronized poly(amide—triazole)s 18 from the CuAAC polymerization of AB
monomers 19

intermolecular hydrogen bonding interactions and gelating property. After CuAAC
polymerization, the resulting poly(amide—triazole)s 18 all exhibited strong interchain
hydrogen bonding interactions. This kind of synergistic binding upon polymerization
was explained by a zip templating effect — in which placement of many amide units
along a polymer chain in regular intervals facilitated multiple hydrogen bonding
interactions and enhanced interchain association. It was also noted that the strength
of interchain association was offset by the size of the dendron. For 18-Gl, the
dendrons were too small to dampen the strong interchain hydrogen bonding, and
this rendered the polymer poorly soluble. For 18-G3, the dendrons were too big, and
hence, interchain association was the weakest, leading to its dissolution in organic
solvents. It appeared that only 18-G2 possessed the optimal dendron size to sustain a
3D network structure without dissolution by solvent molecules. At the same time, the
internal voids could entrap guest solvent molecules and resulted in gel formation. The
formation of strong, transparent gels in aromatic solvents suggested that the phenyl
and triazole rings might be involved in n—m interactions.

Chow later extended the above work by preparing another series of dendronized
polymers 20 via the AABB CuAAC copolymerization of diacetylenes 21 and
diazides 22 (Scheme 7) [43]. In contrast to dendronized polymers 18 where the
triazole dipoles were aligned in a head-to-tail fashion along the polymer chain, the
triazole dipoles were now arranged in either a head-to-head or a tail-to-tail manner
in dendronized polymers 20. As it turned out, this difference in polymer backbone
symmetry played a subtle role in determining their self-assembling and gelation
properties. Surprisingly, the G2G2-derived dendronized polymer 20-G2G2 was
nongelating, although it possessed the closest structural similarity to the previous
gelating dendronized polymer 18-G2. On the other hand, polymers 20-G1G2 and
20-G2G1 were the only organogelators in this new series of compounds. Their gels
were found to be weaker as compared to those of 18-G2. It was suggested that the
overall polymer dipole moment, in addition to the dendron size and density of
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amide hydrogen bonding motif, was an additional factor in determining the strength
of interchain association. It should be noted that such dendronized polymers should
adopt a relative rigid rod structure due to interdendron repulsion [44]. The asym-
metric dendronized polymers 18 would have a large cumulative dipole moment due
to the head-to-tail alignment of individual triazole dipoles and resulted in stronger
interchain dipole—dipole interactions. On the other hand, in the symmetrical
dendronized polymers 20, the cumulative polymer dipole moment should be mini-
mal as the individual triazole dipoles canceled out due to their symmetrical
arrangement along the polymer backbone. Hence, interchain association between
polymers 18 should be inherently weaker than that of polymers 20. In order to
compensate for the diminishing dipole—dipole interaction, the strength of the
network could only be reinforced if a smaller dendron was in place. As a result,
only the 20-G1G2 and 20-G2G1 had the optimal dendron size to generate a stable
3D gel network.

There are also scattered examples of triazole-linked polymers that functioned as
hydrogelators. It should be noted that in most cases, the single triazole unit
functioned as a linker between different polymer blocks and most likely did not
participate in the gelation mechanism. A triazole-linked diblock copolymer 23
consisting of a poly(ethylene oxide) (PEO) block and a poly(L-glutamic acid)
(PLG) block was prepared (Fig. 1) [45]. The polymer itself was devoid of any
hydrogelation property. It was found that normal micelles consisting of a PLG core
and PEO corona were formed in water at pH 7. However, when the micellar
solution was treated with a-cyclodextrin (a-CD), complexation of a-CD with the
PEO block resulted in a change of solubility property of the PEO block and led to
the formation of a thermally reversible hydrogel. Interestingly, in the presence of
a-CD at pH 8, reverse micelles in which the core was made up of the a-CD-bound
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PEO block and an anionic L-glutamate corona were formed. When the pH of the
solution was adjusted to 5, protonation of the L-glutamate back to L-glutamic acid
occurred. This then led to extensive interchain hydrogen bonding and the formation
of reverse micellar hydrogels.

Another example was a triblock terpolymer 24 which could function as a
pH-dependent hydrogel (Fig. 2) [46]. Here, the triazole ring simply functioned as
a linker to connect the two separate polymer blocks together.

3 Triazole-Based Chemical Gels

3.1 Hydrogels

Most polymer hydrogels are based on a water-miscible PEO skeleton. The
advantages of using PEOs lie on their excellent biocompatibility, low immunoge-
nicity, and good water-swelling properties. PEOs are also available in a wide MW
range (200 to 35000 kDa) to cater for different applications. In addition, functiona-
lization of the two hydroxyl terminal groups for further manipulations is straight-
forward. Hence, they are the most popular choice of base materials for the
construction of hydrogels for use in controlled drug delivery and tissue engineering.

One of the first PEO chemical gels constructed through triazole cross-linking
was disclosed by Hilborn (Scheme 8) [47]. Poly(vinyl alcohol) derivatives with
acetylene 25 and azide side chains 26 were prepared and cross-linked to produce a
hydrogelating network 27. For comparative study, a similar type of hydrogelator 29
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Scheme 8 Poly(vinyl alcohol)-based chemical hydrogels 28 and 29 prepared by CuAAC cross-
linking

was also prepared from the cross-linking of diacetylene 25 and a PEO-derived
diazide 27. It was found that gelation by 28 was instantaneous while that by 29 was
much slower (1 h). In addition, the gels formed from 28 possessed higher gelation
capacity than that from 29. Gel fractions for the gels prepared from the former were
also higher (70-89%) than those prepared from the latter (37-64%). It was
suggested that the bifunctional diazide 27 was more prone to form single-end
linkages which reduced the extent of interchain cross-linking and the use of
multivalent azides such as 26 could provide better cross-linking efficiency.
Hawker employed a similar strategy to prepare well-defined PEO-based hydro-
gel networks 32 (Scheme 9) [48]. Hence, a PEO-based diacetylene 30 and
tetraazide 31 were cross-linked to afford the target hydrogel network 32. The
cross-linking was extremely efficient and as the gel contained less than 0.2%
unreacted azide residues as determined by derivatization study. It was also found
that gels prepared from this click strategy possessed better mechanical strength as
compared to those obtained from photochemical cross-linking. One advantage of
this preparation procedure was that the chemical and physical nature of the
resulting gels could be fine-tuned by variations of the azide/acetylene ratio and
the length of the PEO blocks, allowing greater control on the quality of the gel for
various applications. Furthermore, various additives such as carbon black,
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4-phosphonooxy-2,2,6,6-tetramethylpiperidyloxy nitroxide, and titanium oxide
nanoparticles could be incorporated within the gel network during CuAAC poly-
merization to further enrich their functional property.

Zhang utilized in situ CuAAC cross-linking between acetylene-modified 33 and
azide-modified 34 poly(/N-isopropylacrylamide-co-hydroxyethyl methacrylate) to
form thermoresponsive hydrogels 36 (Scheme 10) [49]. Based on scanning electron
microscopic study, all hydrogels had a similar porous network structure. The pore
size increased gradually with decreasing density of cross-linking acetylene unit in
polymer 33 or 34 (i.e., smaller n/m ratio). The temperature-dependent swelling
profile of these gels was similar to that of poly(N-isopropylacrylamide) (PNIPAAm).
Hence, below the lower critical solution temperature, all hydrogels exhibited a
swollen state with a high swelling ratio. As the temperature increased, the swelling
ratio decreased, and the gel turned into a shrunk state. Interestingly, the shrinking and
reswelling kinetics of the hydrogels were faster than those of the homopolymer
PNIPAAm.

The azide-modified poly(N-isopropylacrylamide-co-hydroxylethyl methacry-
late) 34 was also used to cross-link with a hexaacetylene derivative of o-CD 35
to generate structurally similar porous hydrogels [50].

Due to the high cytotoxicity of Cu(I) ion and the difficulty in completely
removing it after the CuAAC reaction, it becomes highly desirable to promote the
[243] cycloaddition between the acetylene and the azide under Cu ion—free
conditions. In this connection, Kiser reported the in situ preparation of cross-linked
hydrogels by using a Cu(I)-free Huisgen cycloaddition between an azide-
functionalized methacrylate polymer 37 and an activated diacetylene 38
(Scheme 11) [51]. However, even with 38 as the activated dipolarophile, the rate
of cross-linking was still too slow (10% completion in 49 h at 24°C) to be useful in
most in situ applications.

Hydrogels constructed from the cross-linking of polysaccharide derivatives
were disclosed by Crescenzi (Scheme 12) [52]. Water-soluble hyaluronic acid
derivatives with acetylene 40 and azide side chains 41 were cross-linked to afford
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the hydrogel 42 in situ. The resulting gels could entrap small molecules such as
benzidamine and doxorubicin. Subsequent controlled release of these molecules
under physiological conditions was realized. Furthermore, Saccharomyces
cerevisiae yeast cells could also be homogeneously entrapped inside the gel with
good adhesion property. Most importantly, the cells showed proliferating activity
inside the gel matrix. This type of click gels was therefore very useful for tissue
engineering applications. Other structurally similar hydrogels based on CuAAC
cross-linking between azide derivative 40 and 1,4-diethynylbenzene, 1,6-heptadiyne,
or 1,8-nonadiyne were also prepared, and their controlled release properties were
studied [53].

Peptide derivatives were used by Anseth in the construction of hydrogel networks.
For example, the peptidyl enediyne 43 was used to cross-link with a PEO-derived
tetraazide 44 to produce peptide hydrogels 45 (Scheme 13) [54]. The CuAAC-inert
alkene functionalities were subsequently subjected to the second functionalization
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reaction — thiol-ene click chemistry [55] with a cysteine containing compound to
create gels with a variety of 2D and 3D biochemical gradient patterns.

Anseth later reported a copper-free strain-promoted coupling [56] towards the
preparation of another peptide hydrogels. In this example, the terminal alkyne
moieties at the peptide ends were replaced by the more reactive electron deficient
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Scheme 14 Copper-free cycloaddition reaction between a 3,3-difluorocyclooctyne derivative and
an azide

3,3-difluorocyclooctyne residues (Scheme 14) [57, 58]. The efficiency of the
copper-free coupling reaction was comparable to that of the CuAAC reaction, but
the intrinsic toxicity problem of Cu ion was eliminated. This new protocol should
be of practical use in living systems.
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A chemically cross-linked hydrogel constructed from a dendritic skeleton was
recently reported by Sanyal (Scheme 15) [59]. Polyester dendrimers (e.g., 46)
functionalized with acetylene surface groups were cross-linked with a PEO-derived
diazide 47 to furnish hydrogel networks 48. Their swelling properties were strongly
dependent on the size of the dendrimer and of the diazide linker 47. The excess
leftover acetylene moieties, the amount of which could be fine-tuned by changing the
ratio of 46:47, could be further functionalized with biomolecules such as streptavidin.
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3.2 Biodegradable Hydrogels

Biodegradability is a critical issue in the design of artificial agents for drug delivery.
The most common degradation pathways are enzymatic or acid base—catalyzed
hydrolysis of the hydrogels into small, yet nontoxic molecules that could be
eliminated or reutilized by the cell. As a result, the backbone structure of such
polymer networks is usually made of polyester, polysaccharide, or polypeptide. All
of them are readily degradable under physiological conditions.

Several biodegradable triazole-based hydrogels had already appeared in the
literature. De Geest reported the design and preparation of dextran-derived acety-
lene 49 and azide 50 (Scheme 16) [60]. The acetylene and azide side chains were
attached to the polysaccharide via a base-labile carbonate linker. CuAAC cross
coupling between 49 and 50 produced a hydrogel 51 in the form of microcapsules.
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Scheme 16 Biodegradable triazole-based hydrogel 51 based on carbonate linkages
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As expected, the microcapsules gradually swelled and dissolved in the aqueous
environment upon addition of one drop of 1 M NaOH. Microcapsules pre-
encapsulated with a model drug — fluorescein isothiocyanate dextran — were also
found to degrade gradually under physiological conditions at pH = 7.4, accompanied
by a sustained release of the drug molecule.

pH-Responsive hydrogels based on the acid-labile poly(a-azido-g-caprolactone)
skeleton 52 were reported by Jérome (Scheme 17) [61]. In the first part of the
synthesis, part of the azido units was converted into amino residues to provide a pH-
sensitive amphiphilic polymer 53. In the second step, the remaining azide units
were then cross-linked with a PEO-based diacetylene 54 to create the hydrogel
network 55. The swelling behavior of the network 55 displayed different profiles
according to the pH of the medium. Hence, water uptake was higher at pH 5.5 than
at pH 9 due to protonation of the amino side chains, which conferred better
hydrophilicity and water encapsulation capability to the network. The controlled
release property of the network was also demonstrated by studying the release
profile of a dye molecule at pH 1. The biodegradable property of the gel was due
to cleavage of the polyester backbone under such strongly acidic conditions.

Yang recently disclosed a class of biodegradable PEO-peptide hydrogels with
well-defined structure and their application in cell delivery (Scheme 18) [62].
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Scheme 17 pH-Responsive biodegradable gel 39 based on a poly(e-caprolactone) skeleton
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Two Arg-Gly-Asp—containing peptide diazides (e.g., 56) were prepared and
cross-linked with a PEO-derived tetraacetylene 57 to form a hydrogel network
58. The Arg-Gly-Asp sequence was known to interact with most cell integrin
receptors [63] and enhance cell adhesion to the gel matrix. It was found that
hydrogels prepared from such peptide diazides achieved significantly improved
cell attachment ability and better cell proliferation rate when compared to
hydrogels without such a peptide sequence. These hydrogels may have the
potential to serve as a vehicle to deliver cells for tissue regeneration. However,
their biodegradability was not mentioned in this study; presumably, they could be
broken down by proteases inside the cell.

Another peptide-based hydrogels based on a p-Ala-Phe-Lys sequence were
recently disclosed by Hennink [64]. This triad is particularly sensitive to the
hydrolytic action of proteases such as plasmin and trypsin. A diazide tripeptide
59 was synthesized and then cross-linked with various multivalent PEO derivatives
60 and 61 to afford hydrogels of different degree of cross-linking (Fig. 3). It was
found that the swelling ratio and storage modulus of the hydrogels were affected by
the valency of the acetylenic derivative 60 or 61 and the initial concentrations of 59
and 60 used in the preparation of the hydrogels. In the presence of trypsin, the
hydrogels were completely degraded after 40—80 h. However, no gel degradation
was observed when the much bigger size plasmin was used. This could be due to
steric inaccessibility of this larger enzyme towards the tripeptide substrate.
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Fig. 4 Peptide diacetylenes 62 and 63

An alternative strategy for making peptide hydrogels is to anchor the acetylene
residues onto the peptide and have the azide moieties switched to the PEO skeleton.
Kopecek disclosed the preparation of a Gly-Phe-Leu-Gly—derived diacetylene 62
and a Gly-Phe-Leu-Gly-e-Lys-Gly-Leu-Phe-Gly—derived diacetylene 63 (Fig. 4)
[65]. These peptides were then coupled to the PEO-modified tetraazide 44 to
produce the target polytriazole-based hydrogels for degradation study in the pres-
ence of papain at pH 6.0 and at 37°C. It was found that the length of the PEO chain
(i.e., n in structure 44) had a large effect on the rate of degradation. Hydrogels
prepared from a higher n value (~50) were degraded much faster than those
prepared using a smaller n value (~12).

Malkoch recently reported the accelerated synthesis of a new class of degradable
polyester dendrimers that were decorated with internal and surface acetylenic
moieties (Fig. 5) [66]. The G2 dendrimer 64 was then cross-linked with 1 equiv.
of N3—PEOgo—N3 to give a hydrogel. Due to the acid- and base-labile ester
linkages, the hydrogel could be degraded within 1 h at pH 11 or 4 days at pH 4 in
aqueous solutions.
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Scheme 19 Liquid crystalline organogel 67 prepared from CuAAC cross-linking between diazide
65 and triacetylene 66

3.3 Organogels

There are only a handful of polytriazole-based organogels that exist in the form of a
chemically cross-linked network. One of the earliest examples was a class of liquid
crystal (LC) gels reported by Grubbs [67]. A series of telechelic diazide polymers
(e.g., 65) with liquid crystalline side chains were prepared by ring-opening metath-
esis polymerization following by end-group functionalization (Scheme 19). By
controlling the number of mesogen pendant in each repeating unit and using a
chain transfer agent, telechelic polymers 65 with different mesogen density and
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strand lengths were prepared. These diazides were then cross-linked with tripropar-
gylamine 66 to give a network structure which could immobilize the liquid crystal
4-n-pentyl-4'-cyanobiphenyl to form LC gels 67. The unconstrained sample gels
showed fast, reversible, and low-threshold electro-optical switching properties. It
was also shown that LC gels prepared from longer-strand polymers (larger n values)
exhibited a higher degree of switching than those made from shorter ones.

An interesting class of metal-induced cross-linking gel was reported by Hecht
[68]. A poly(triazole-pyridine) 68 was prepared by AABB CuAAC copolymeriza-
tion of a pyridyl diacetylene 69 and a chiral aryl diazide 70 (Scheme 20). Due to the
repulsive interactions between the nitrogen lone-pair electrons on the triazole and
pyridine units [69], the polymer tended to adopt a helical conformation in the
absence of metal ions. On the other hand, metallogels 71 were formed when Zn
(ID), Fe(II), or Eu(IIl) ion was added to a solution of the polymer in acetonitrile. It
was believed that the 2,6-bis(triazolyl)pyridine ligands chelated to the metal ion to
form a hexacoordinate metal complex, which then led to a metal-promoted cross-
linked 3D network that entrapped acetonitrile solvents.

Several chemically degradable triazole-based polymer networks (e.g., 72) were
reported by Finn and coworkers [70]. The network was constructed by the click
cross-linking of a linear o,w-bifunctional diazide polymer 73 containing a double
bond in the polymer main chain with either a triacetylene 74 or a tetraacetylene 75

po

69 [R'=0(CH,CH,0);Me
or CO,(CH,CH,0)3Me]

70 [R2=0(CH,CH,0);Me]

\

I)Ciﬁ‘/L >

69+70 —
N

7 Ns

—

68

71

Scheme 20 Metalloorganogel 71 prepared from metal-induced cross-linking of click polymer 68
(the substituents R' and R? in some of the structures are omitted for clarity)
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Scheme 21 Chemically degradable triazole-based cross-linked network/gel 72

(Scheme 21). The resulting network systems, depending on the polymerization
conditions (e.g., nature of alkyl amine and copper catalyst used), could form gel
with DMF or toluene. Upon treatment with ozone, the olefinic functionalities were
cleaved, and the resulting network could be degradable to give soluble oligomers
such as 76.

4 Conclusion

CuAAC provides a facile entry to a wide variety of triazole-based polymers with
very high synthetic efficiencies as compared to other cross-linking methods such as
photoinduced cross-linking of acrylate-functionalized monomers, photoinduced
thiol-ene conjugation, or Michael addition type conjugation between thiol and
acrylate or vinyl sulfone precursors. Due to the presence of the acidic triazole
C-H and lone pair electrons on the nitrogen atoms, such triazole-based polymer
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materials could also promote intra- and interpolymer chain interactions and
enhance gel formation. Although the biocompatibility and toxicity profiles of
such triazole-based materials await further evaluations, they have emerged as an
important class of compounds in many applications such as drug delivery and tissue
engineering. New triazole-based polymer gels with added functions such as pH
sensitivity, metal complexation ability, sensing capability, and/or photochemical
property will undoubtedly enrich their practical usefulness. Nonetheless, the dis-
covery of new coupling conditions without employing toxic Cu ion remains a key
issue to be addressed before such novel polymers can have genuine practical
biomedical applications.
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Click Triazoles for Bioconjugation

Tianqing Zheng, Sara H. Rouhanifard, Abubakar S. Jalloh, and Peng Wu

Abstract Click chemistry is a set of rapid, selective and robust reactions that give
near-quantitative yield of the desired product in aqueous solutions. The Cu(I)-
catalyzed azide-alkyne cycloaddition (CuAAC) that forms 1,4-disubstituted
triazoles is a prototypical example of click chemistry that features exquisite selec-
tivity and bioorthogonality—that is, non-interacting with biological components
while proceeding under physiological conditions. Over the past ten years, CUAAC
has found extensive applications in the field of chemical biology. In this chapter,
we describe the discovery of Cu(I) catalysts for this transformation and the recent
development of the strain-promoted azide-alkyne cycloaddition that eliminate the
use of copper. We also highlight several recent applications toward conjugating
biomolecules, including proteins, nucleic acids, lipids and glycans, with biophysi-
cal probes for both in vitro and in vivo studies.
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1 Introduction

Over the past forty years, a growing synergy has developed between the field of
organic chemistry and the modern biosciences as a direct result of a recent push for
translational research. This area of research is intended to transform the findings
from basic scientific research into direct, medicinal applications, and in many cases
requires a creative use of organic chemistry to address major biological problems.
For example, the discovery of chemoselective transformations has enabled the
incorporation of probes and tags onto biomolecules to create new therapeutic agents
or research tools. Covalent attachment of polyethylene glycol (PEG) chains, a
process termed PEGylation, is routinely practiced in pharmaceutical companies to
improve pharmacokinetics of therapeutic proteins. This modification is often
realized by exploiting the electrophilic reactivity of succinimidyl carbonate-
functionalized PEGs for e¢-amino groups of lysine residues or the
N-terminal amino acid of target proteins. However, since proteins often possess
multiple copies of lysine residues, site-specific labeling can be difficult to achieve.
PEG molecules randomly introduced to a target protein may interfere with its desired
biological function, hampering its therapeutic application. To address this challenge,
researchers have developed genetically encoded unnatural amino acids [1] and peptide
tags [2, 3] for introducing novel functional groups beyond those found in the 20
canonical amino acids. These new tagging methods, combined with tools from the
emerging field of bioorthogonal click chemistry [4], have conferred site specificity to
protein modification manipulations. Indeed, orthogonality and selectivity, two central
factors that govern the success of these approaches, have been increasingly adopted by
chemical biologists in recent years. Today, bioorthogonal click chemistry has found
applications beyond protein science and offers reliable methods for bioconjugation in
the covalent labeling of other biological macromolecules, including nucleic acids,
glycans, and lipids [5]. Featuring benign reaction conditions and unprecedented
selectivity, bioorthogonal click chemical transformations are the first choice for in
situ labeling of biomolecules in living systems.

2 CuAAC and Copper-Free click chemistry

Discovered by Sharpless-Fokin and Meldal in 2002, the Cu(I)-catalyzed azide-
alkyne cycloaddition (CuAAC) that forms 1,4-disubstituted triazoles is a proto-
typical example of bioorthogonal click chemistry (Fig. 1a) [6, 7]. This
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cycloaddition reaction is accelerated by Cu(I) approximately seven orders of
magnitude compared to the uncatalyzed version [8, 9]. As a ligand-assisted
process, the reaction is further accelerated by Cu(I)-stabilizing ligands, such as
tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) and tris(3-hydroxypro-
pyltriazolylmethyl)amine (THPTA) [10, 11]. Small size and inertness of azides
and terminal alkynes make them popular tags for incorporation into biomolecules,
and their detection is realized by using probes functionalized in a complementary
fashion via the CuAAC. The simplicity of the procedure and exquisite selectivity
of this transformation have gained it widespread utilization in bioorthgonal
conjugation [12, 13].

In the past few years, several protocols have been developed for the CuAAC-
mediated bioconjugation, in which CuSO,4 or CuBr is used as the copper source,
sodium ascorbate or tris(2-carboxyethyl)phosphine (TCEP) as the reducing agent,
and TBTA as the Cu(I)-stabilizing ligand [5]. However, these formulations have
two major problems: toxicity, hindering the use of CuAAC in living systems
[5, 14], and slow kinetics in aqueous solutions at micromolar substrate
concentrations [15], resulting in incomplete cycloaddition reaction [16] and ham-
pering the modification of biomolecules of limited quantities. TBTA, the ligand
utilized in the canonical CuAAC reaction to stabilize the Cu(I) oxidation state, has
very poor water solubility, which mandates the use of high Cu loading (0.2-1 mM)
to achieve reasonable reaction rates. Free Cu(l) ions that escape from the coordina-
tion sphere of TBTA promote the generation of reactive oxygen and nitrogen
species and induce detrimental consequences to cellular metabolism [17]. For
example, Escherichia coli that incorporated azidohomoalanine into their outer
membrane protein C survived the initial treatment with 100 pM CuBr for
16 hours, but were no longer able to divide [18]. Similarly, greater than 90% of
mammalian cells underwent apoptosis and cell lysis within 20 minutes when treated
with 1 mM Cu(l) under optimized CuAAC conditions [5]. Zebrafish embryos
exhibited a similar sensitivity to Cu(I). Following treatment with 1 mM CuSO,,
1.5 mM sodium ascorbate, and 0.1 mM TBTA ligand, none of the embryos survived
beyond 15 minutes [5].

To improve upon the biocompatibility of the CuACC and extend its applica-
tion into living systems, our laboratory has developed a new generation of tris
(triazolylmethyl)amine-based ligands for CuAAC, such as 2-(4-((bis((1-tert-butyl-
1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl) ethyl hydro-
gen sulfate (BTTES) [15] and 2-[4-({bis[(1-tert-butyl-1H-1,2,3-triazol-4-yl)
methyl]amino }methyl)-1H-1,2,3-triazol-1-yl]acetic acid (BTTAA) (Fig. 1a) [19].
These ligands not only dramatically accelerate the rate of the azide-alkyne
cycloaddition by coordinating with the in situ generated Cu(l), but they also
rendered the CuAAC biocompatible. At physiological conditions (pH = 7.4),
the hydrogen sulfate group in BTTES and acetic acid in BTTAA ionize to
negatively charged groups, i.e., sulfate and acetate, respectively, securing the
solubility of the ligand—Cu(I) complex and preventing cellular internalization of
the coordinated copper ions.
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Alternatively, the Bertozzi laboratory pioneered the development of a copper-
free [3+2] cycloaddition reaction by employing ring strain as a driving force for
alkyne activation (Fig. 1b) [20, 21]. Among the cyclooctyne derivatives devel-
oped by the Bertozzi and the Boons groups, 3,3-difluorocyclooct-1-yne (DIFO)
[22], 4-dibenzocyclooctynol (DIBO) [23], and biarylazacyclooctynone (BARAC)
[24] showed rapid kinetics in biomolecular labeling experiments. Particularly,
fluorescently labeled DIFO reagents have been elegantly used for imaging azide-
tagged glycans within complex biological systems, including live cells [22], C.
elegans [25], and zebrafish embryos [26, 27], with very low background fluores-
cence. However, recent in vivo studies revealed that DIFO-based probes have
nonspecific reactivity toward mouse serum albumin, presumably via covalent-
bond formation between the cyclooctyne and cysteine residues [28].

Today, CuAAC and copper-free click chemistry are serving as complementary
approaches to modify biomolecules for both in vitro and in vivo applications. In this
chapter, we will highlight the recent applications of these triazole-forming reactions
to the imaging and profiling of biomolecules. Comprehensive reviews of click
chemistry-based approaches for bioconjugation have been published recently
[12, 29].

3 Triazole Formation-Based Bioconjugation for Imaging
Cell-Surface Proteins and Newly Synthesized Proteins

The homeostasis of cellular proteins is tightly regulated by synthesis and degrada-
tion machineries in response to their ever-changing microenvironment. Within
live cells, proteins are continuously synthesized to replenish those that have been
naturally metabolized or degraded in response to stimuli. Techniques that enable
the visualization of proteins in their cellular environment are powerful tools
for analyzing their cellular dynamics and functions. Popular methods for
visualizing proteins in their native environments rely on genetically encoded
fluorescent proteins (e.g., GFP). By fusing a target protein to GFP, a protein of
interest can be visualized in live cells or organisms. However, the large size of GFP
may interfere with the structure and function of the fused protein.

Alternatively, a consensus peptide sequence that harbors a specific site for
bioorthogonal conjugation can be exploited to modify a target protein for in vivo
imaging. By treating the tagged protein on the cell surface with the enzyme that
adds a synthetic prosthetic group analog bearing the desired orthogonal functionality,
the protein can then be labeled with an imaging probe via bioorthogonal click
reactions. Biotin ligase [30], formylglycine-generating enzyme [31, 32], and
transglutaminase [33] have all been employed for this purpose. For example, Ting
and coworkers redirected a microbial lipoic acid ligase (LplA) [34] to specifically
attach an alkyl azide onto an engineered LplA acceptor peptide (LAP) fused to cell-
surface proteins in live mammalian cells. The alkyl azide was then selectively labeled
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with fluorescently conjugated cyclooctyne probes to image the dynamics of the
labeled proteins (Fig. 2) [35]. Such methods are ideal for studying the dynamics
and distribution of one or a few preselected proteins. Since genetic manipulation is
required for adding a peptide tag to the protein of interest, it is difficult to apply these
methods to monitor the newly synthesized proteins at a global level.

In order to analyze the global protein synthesis, researchers in the Tirrell group
have developed a method called BONCAT (bioorthogonal noncanonical amino
acid tagging), a two-step labeling approach. In the first step, the methionine
analogue azidohomoalanine (AHA) or homopropargylglycine (HPG) (Fig. 3) is
metabolically incorporated into the newly synthesized proteins. In the second step,
an alkyne- or azide-bearing fluorophore is used to detect these proteins in fixed cells
via TBTA-mediated CuAAC [36].

They successfully applied this method for visualizing newly synthesized
proteins in rat hippocampal neurons. After a 1-h incubation with either AHA or
HPG, newly synthesized proteins can be detected in both the somata and dendrites.
Newly synthesized proteins in spine-like protrusions from dendrites can be detected
after a 2-hour exposure to AHA or HPG.

In order to monitor the newly synthesized proteins inside live cells, the
Tirrell lab has developed a set of cell-permeable coumarin-functionalized
cyclooctynes. These coumarin cyclooctynes would ligate to the cellular azide-bearing
proteins, allowing visualization of the dynamic turnover of the newly synthesized
proteins [37].
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4 Triazole Formation-Based Bioconjugation for Imaging
and Profiling Protein Posttranslational Modifications

We have come a long way in the journey toward understanding the molecular basis
of life. Half a century ago, Francis Crick proposed the central dogma as a working
model that credits the three-dimensional structure and function of proteins to their
one-dimensional progenitors: DNAs and RNAs [38]. However, the discovery of
posttranslational modification (PTM) makes it clear that the structure and function
of proteins and polypeptides can be dictated by factors other than their encoding
nucleic acids and amino acid building blocks [39].

A major task in the postgenomic era is to assign specific functions of individual
proteins [40]. Genetic tools such as gene microarrays and RNA interference have
played major roles in revealing the expression patterns and functions of target genes
[41]. However, these techniques are insensitive to most PTMs that are under
spatiotemporal control—processes that modulate protein folding [42], functional
states [43], and their subcellular localizations [41].

In the past decade, bioconjugation techniques based on CuAAC have emerged as
new tools for profiling protein PTMs, including poly(ADP-ribosyl)ation, methyla-
tion, acylation, and glycosylation. In these methods, an azide or an alkyne moiety is
first introduced to a natural substrate (e.g., cofactor monosaccharide, etc.) of a PTM
enzyme. The modified substrate is then processed by its respective endogenous
PTM enzymes to modify the substrate proteins in their native environment or by a
recombinant PTM enzyme in crude cell lysates. In a subsequent step, an imaging
probe can be introduced, allowing the visualization of the labeled biomolecules in
living systems or in sodium dodecyl sulfate-polyacrylamide gel. Alternatively, the
tagged proteins can be conjugated with an affinity probe via CuAAC and isolated
for proteomic analysis and functional studies.

4.1 Profiling Protein Poly(ADP-ribosyl)ation

In 2010, the Lin group created a clickable analogue of nicotinamide adenine
dinucleotide (NAD), an ADP-ribose donor, to identify novel substrates of poly
(ADP-ribose) polymerases (PARPs). PARPs mediate protein poly(ADP-ribosyl)
ation by adding one or more ADP-ribose moieties posttranslationally to target
proteins. Seventeen different variants of PARP have been identified in humans,
and they are generally known to play an important role in DNA repair, transcrip-
tion, and mitosis. In order to understand the functions of individual PARPs, it is
necessary to know which substrate proteins each PARP is modifying. Using the
alkyne-tagged NAD analogue specific to PARP-1 in a PARP-catalyzed reaction,
Lin and coworkers enabled the conjugation of affinity tags to the substrates
of PARP-1 and performed affinity purification under denaturing conditions in
order to minimize nonspecific interactions within the cell lysate and give fewer
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Fig. 4 Identifying substrates of poly(ADP-ribose) polymerases using a CuAAC-based strategy

false-positive results than the alternative methods (Fig. 4). Following affinity
purification, they were able to identify over 70 candidate substrates for PARP-1
by tandem mass spectrometry, 40% of which had been previously identified by
other methods [44].

4.2 Profiling Protein Fatty Acylation

Protein fatty acylation plays an important role in normal eukaryotic cell function
and signaling as well as in human disease. Conventional approaches for detecting
protein fatty acylation involve metabolic labeling with radiolabeled fatty acids and
subsequent analysis using autoradiography. Such methods are hazardous and not
compatible with downstream proteomic studies. To circumvent these limitations,
the Hang group developed an alternative approach to metabolically treat mamma-
lian cells with alkyne-modified fatty acids and labeled the alkyne-incorporated
proteins with a biotin-azide probe by CuAAC for affinity capture and MS identifi-
cation (Fig. 5). Using this approach, Hang and coworkers were able to identify from
Jurkat cells 57 known fatty-aceylated proteins and 109 new candidate proteins with
high confidence, including histone H3 variants [45]. Recently, the same approach
was applied to profile palmitoylated proteins in dendritic cells, a type of phagocytic
cells found in the mammalian immune system. Protein S-palmitoylation is a PTM
that occurs on cysteine residues that facilitates targeting and function of membrane-
associated proteins [46]. Due to the diversity of S-palmitoylation in eukaryotic cells,
it was suggested that multiple cellular pathways could be regulated by this PTM.
Hang et al. performed large-scale profiling of S-palmitoylated proteins in dendritic
cell line DC2.4 and found that interferon-induced transmembrane protein 3
(IFITM3), a protein associated with the host immune response to microbial infection,
was palmitoylated. Further study revealed that S-palmitoylation of IFITM3 is respon-
sible for the clustering of this protein in the ER membrane, and this PTM is also
critical for IFITM3’s antiviral activity against influenza viruses [47].

Q 0
‘“\dj\ \-::‘\ N=
oH \% robe N3 ;M
cu(l)

Fig. 5 Two-step labeling strategy for detecting S-palmitoylated proteins
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4.3 Imaging Cellular Glycans

In nature, nine monosaccharides are used as building blocks to produce a variety of
polysaccharides that decorate the surface of eukaryotic cells. These glycans are
critical mediators of many biological processes, including angiogenesis, fertiliza-
tion, cell-cell communication, and neuronal development [48]. Inside the cell,
glycans regulate fundamental cellular processes including transcription, translation,
and protein trafficking [49]. Glycosylation is a dynamic process that reports on a
cell’s physiological state. When a cell undergoes a transformation of state, the
glycans on its cell surface will change. In many cases, altered glycosylation, i.e.,
over- and down-expression of naturally occurring glycans and the appearance of
glycans normally restricted to embryonic expression, is a hallmark of tumor
phenotype [50]. Therefore, the ability to visualize the dynamic changes of glycans
in vivo will augment our understanding of glycans’ physiological roles in develop-
mental processes and in malignant transformation.

Glycosylation is a posttranslational modification, not under direct genetic con-
trol. Therefore, genetic reporters (e.g., GFP) used for in vivo protein imaging
cannot be exploited for visualizing glycans. Instead, imaging of glycans is rendered
possible by integrating bioorthogonal click chemistry with metabolic oligosaccha-
ride engineering. By hijacking a cell’s biosynthetic machinery, monosaccharide
building blocks functionalized with bioorthogonal chemical tags can be
incorporated into target glycans. In a subsequent step, a complementary imaging
probe is conjugated via a bioorthogonal click reaction, enabling the visualization of
the tagged glycoconjugates (Fig. 6) [51].

Since the breakthrough discovery by the Bertozzi group in 1997 that
bioorthogonal ligation can take place on the surface of live cells [52], several
different classes of glycans have been successfully detected using this method by
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Fig. 6 Detection of cell-surface glycans using metabolic labeling and triazole-forming click
chemistry
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Table 1 Azide- and alkyne-bearing monosaccharides used for metabolic labeling of glycans
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employing the azide or the alkyne as the chemical reporter (tag) (Table 1) [51].
Detection of the azide-bearing glycans in live cells or living organism is realized
using the Bertozzi—Staudinger ligation [53] or the triazole-forming reactions [51].
Likewise, detection of the alkyne-bearing glycans in live cells can be accomplished
using the biocompatible CuAAC (Table 1) [15].

The first example of triazole-formation enabled glycan imaging in a living organ-
ism was reported by the Bertozzi group in 2007, in which the dynamic glycosylation
in zebrafish was revealed by fluorescence imaging [26]. They cultured zebrafish
embryos in media supplemented with peracetylated N-azidoacetylgalactosamine
(Ac4GalNAz) to metabolically label O-linked glycans. The embryos were then
reacted with fluorescently labeled DIFO, allowing the visualization of the O-linked
glycans tagged by the azide. They further demonstrated that dynamic O-linked
glycosylation can be visualized by quenching the unreacted azide groups on the
cell surface of the labeled embryos with TCEP, pulse-labeling the embryos with
additional GalNAz, and probing the embryos with a blue-shifted DIFO conjugate
[26]. Using this method, they discovered that newly synthesized O-glycans are
primarily located in the fins, jaw, and olfactory organs of the zebrafish. One obvious
advantage of this technique is better tissue accessibility of the DIFO-based imaging
probes compared to what can be achieved by using bulky lectins or antibodies.
However, robust labeling requires a 1-hour incubation time, limiting its application
to follow a fast biological process taking place in minute time scale [26].

The discovery of the BTTES- and BTTAA-mediated CuAAC overcomes this
obstacle and paves the way for rapid imaging of glycans in vivo. This method
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allowed the visualization of fucosylated glycans in developing zebrafish for the first
time [15]. Our lab showed that by using guanidine 5’-diphosphate-B-6-ethynyl
fucose (GDP-FucAl) directly as a metabolic precursor to bypass the guanidine
5'-diphosphate-B-L-fucose (GDP-fucose) salvage pathway, fucosylated glycans in
zebrafish embryos can be labeled with an alkyne tag. Upon a 3-minute click
reaction with a fluorophore-conjugated azide, the fucosylated glycans in enveloping
layer, the embryos’ outermost layer of cells, were lightened up for fluorescence
visualization, and the labeled glycans were detectable as early as 2.5 hour postferti-
lization (hpf) (Fig. 7) [15]. Notably, a single dose of GDP-FucAl could yield a
detectable fluorescent signal up to 96 hpf.

However, the metabolic method is only applicable for monosaccharide labeling.
Since each monosaccharide is usually found in a variety of cell-surface polysac-
charide glycans, higher-order glycans, such as disaccharides or trisaccharides, of
specific composition cannot be uniquely labeled by hijacking their biosynthetic
pathways with unnatural monosaccharides. As the first step in overcoming this
challenge, our lab developed a chemoenzymatic approach that has been success-
fully applied to label cell-surface polysaccharides bearing N-acetyllactosamine
(LacNAc; GalB1,4GlcNAc) building blocks.

This method employs a recombinant Helicobacter pylori o.(1,3)fucosyltransferase
[54] to transfer a C-6 azide- or alkyne-tagged fucose residue to the 3-OH of
N-acetylglucosamine unit of the LacNAc disaccharide. The tagged LacNAc can
then be selectively derivatized with probes via triazole-forming click reactions.
Using this method, we discovered that murine lymphocytes with an activated memory
phenotype (CD44™E"CD62L'Y, CD25%) exhibited higher levels of LacNAc com-
pared to their naive counterparts (CD44'°¥CD62L"¢" CD257) [55]. Thus, this
chemoenzymatic approach may serve as a valuable tool to discriminate differentially
activated cell subsets ex vivo (Fig. 8).

4.4 Profiling Sialylated Glycoproteins

The metabolic labeling and chemical reporter strategy also found applications in
targeted glycoproteomics. Based on the pioneering work of Bertozzi and
coworkers, the Wong laboratory designed a glycoproteomic method for identifying
sialylated glycoproteins from crude cell lysates [56]. In this method, mammalian
cells are metabolically treated with Ac;ManNAI to label sialylated glycoproteins



174 T. Zheng et al.

X C>—Y—-X

X O—Y
* Probe
GoP molecule
_— —_— >
a 1,3 FucT

B GicNAc O Gal X=N; , =

A Fuc OM LacNAc Y==Z<, |y N3

Fig. 8 A chemoenzymatic method for the detection of LacNAc disaccharides

with alkyne tags. These proteins are then biotinylated via CuAAC and enriched by
affinity capture on streptavidin beads. Following on-bead trypsin digestion and
PNGase F treatment, N-linked glycoproteins that are sialylated are selectively
released and identified by LC-MS?. Adopting this method to profile sialylated
glycoproteins in syngeneic prostate cancer cell lines PC3-N2 (nonmetastatic) and
PC3-ML2 (highly metastatic), Semmes and coworkers identified and annotated 64
(26% of total nonredundant proteins) and 72 (29%) extracellular or membrane-
bound glycoproteins from N2 and ML2 cells, respectively. Using ingenuity path-
way analysis, they discovered that the majority of glycoproteins unique to the
nonmetastatic PC3-N2 cell line were mediators of basic cell functions, such as
vesicular transport, lipid metabolism, and mRNA processing and splicing. By
contrast, the majority of glycoproteins overexpressed in the metastatic ML2 cell
line were involved in cell motility, migration, and invasion [57].

4.5 Profiling O-Linked-f3-N-Acetylglucosamine (O-GlcNAc)
Glycosylation

O-GlcNAcylation is a dynamic glycosylation that is found on cytosolic and nuclear
proteins. Today, more than 500 proteins are found to be O-GlcNAcylated [58].
These proteins participate in numerous cellular processes, including transcription,
apoptosis, signal transduction, nutrient sensing, and proteasomal degradation. To
identify O-GlcNAcylated proteins at the proteome level, Hsieh-Wilson and
coworkers developed a chemoenzymatic approach, which involves transferring
N-azidoacetyl galactosamine (GalNAz) to O-GIcNAc residues of O-GlcNAcylated
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Fig. 9 A chemoenzymatic method for the detection of protein O-GlcNAcylation

proteins in crude cell lysates. The azido-tagged proteins can then be modified
with biotin tags via CuAAC and be purified for mass spectrometry identification
(Fig. 9) [59].

Using this method, the Hart lab discovered that histones, nuclear proteins in
eukaryotic cells that assemble DNAs into nucleosomes, are O-GlcNAcylated [60].
Histones isolated from Hela cells were first subjected to tryptic digestion, followed
by the chemoenzymatic labeling and mass spectrometry identification. Among the
four core histones, three were found to be modified by O-GIcNAc, i.e., H2A, H2B,
and H4. Threonine101 of H2A, serine36 of H2B, and serine47 of H4 were identified
as the sites of O-GlcNAcylation. Interestingly, O-GlcNAcylation of serine36 of
H2B and serine47 of H4 regulate histone-tail dynamics and may induce changes in
the nucleosomal structure. It was discovered that histone O-GlcNAcylation level
increased with heat shock and this increase accompanies chromatin condensation.

5 Triazole Formation-Based Bioconjugation
for Activity-Based Protein Profiling

Another area in chemical biology that the triazole-forming click reactions have
revolutionized is activity-based protein profiling (ABPP). ABPP is a chemical
biology platform that uses active site-directed probes [61] to study the dynamic
expression and function of mechanistically similar enzymes in their various
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physiological complexes [62, 63]. ABPP complements conventional proteomic
approaches, which measure protein variations based on relative abundance [64].
By design, activity-based probes (ABPs) label only the catalytically active enzymes
to exclude — their inactive counterparts, irrespective of transcript or protein expres-
sion level of the targets [41]. Generally, ABPs contain three integral pieces: an
electrophilic reactive group (RG) that selectively binds and covalently modifies
catalytically important and reactive nucleophiles, a high-affinity binding group that
can guide and direct the ABP to structurally conserved features in the active sites of
the target enzymes, and an analytical handle for visualization and isolation of
probe-labeled targets [65, 66].

As an early success story, ABPP, integrated with CuAAC, led to the identifica-
tion of the target protein of FR182877, a natural product isolated from a fermenta-
tion broth of Streptomyces species. FR182877 shows activities to induce
microtubule assembly in vitro and antitumor activity in vivo [67].

Since this natural product contains two electrophilic sites, its biological activity
is predicted to be derived from covalent modifications of specific proteins in vivo.
An affinity tag-conjugated FR182877 derivative is ideal to verify this hypothesis.
Due to the structural complexity of FR182877 and its sensitivity toward
nucleophiles, conventional methods for its functionalization were complicated by
side reactions. Using the Cu(I)-catalyzed triazole formation, a short peptide
containing both a rhodamine tag and a biotin tag was introduced to (—)-
FR182877 to generate a trifunctional probe (Fig. 10) [68]. Incubating the probe
with a mouse heart proteome in vitro, followed by isolation of the biotin-labeled
proteins by avidin chromatography, carboxylesterase-1 (CE-1) was identified as a
specific target of this natural product. Competition experiments with the serine
hydrolase-directed probe fluorophosphonate rhodamine determined that (—)-
FR182877 is a highly potent (IC5q = 34 nM) and selective inhibitor of CE-1.

Despite the successful development of ABPP probes for several enzyme classes,
the large reporter tags, e.g., fluorophore or biotin, prevents the cellular uptake and
distribution of many ABPP probes in living organisms. To solve this problem,
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Fig. 10 Synthesis of reporter-tagged (-)-FR182877 via CuAAC
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Cravatt [69] and Overkleeft [70] independently designed a second generation
probes, in which the large reporter tag is replaced with a small, bioorthogonal
chemical handle (i.e., an alkyne or an azide). After covalent modification of target
proteins in crude cell lysates, the alkyne or azide tag can be further conjugated to
affinity probes via CuAAC or Bertozzi—Staudinger ligation [53], allowing the
enrichment of tagged proteins for further analysis (Fig. 11).

Using an azide-bearing active-site probe, azidohexyl benzenesulfonate and a
rhodamine-alkyne detection probe and this two-step labeling strategy, Cravatt
and coworkers were able to identify a number of serine hydrolases, including
ECH-1, in the human breast cancer cell line MDA-MB-435 [69]. Azidohexyl
benzenesulfonate was also active in live mice, enabling the capture of ECH-1
and its subsequent detection via rhodamine-alkyne and mass spectrometry analyses
ex vivo in mice tissue homogenates [69]. Further studies revealed that background
noise in proteome labeling can be significantly reduced by replacing the azidohexyl
benzenesulfonate/rhodamine-alkyne cycloaddition pair by the hex-5-ynyl
benzenesulfonate/rhodamine-azide pair [66]. The higher sensitivity of the latter
enabled the detection of low-abundance enzyme activity that had eluded detection
in azidohexyl benzenesulfonate/rhodamine-alkyne reaction. Since 2004, the
optimized ABPP conditions have been successfully applied to profile glycosidases
[71], cytochrome P450 [72], and other enzyme classes [73].
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Combined with photocrossing linkers, ABPP has also been utilized to profile
enzymes that do not form covalent bond with activity-based probes, including
metallohydrolases [74] and histone deacetylases [75].

6 Triazole Formation-Based Bioconjugation for Labeling
Nucleic Acids

Likewise, the remarkable selectivity of triazole-forming bioconjugation reactions
have been expoited to modify nucleic acids for a number of applications such as
detecting newly synthesized DNA and determining genomic locations of
5-hydroxymethylcytosine.

A cell’s ability to proliferate reflects its healthy conditions and is influenced
by metabolic and environmental cues. The most accurate method of measuring
this property is by directly measuring a cell’s DNA synthesis. Traditional methods
for detecting and quantitating newly synthesized DNA utilize 5-bromo-2’-
deoxyuridine (BrdU) and a corresponding antibody, which requires harsh DNA
denaturation procedures that can disrupt dsDNA integrity and complicate the
downstream analysis. In 2007, Mitchison reported that 5-ethynyl-2’-deoxyuridine
(EdU) is metabolically incorporated into DNA during replication. After cell fixa-
tion, EdU in dsDNA can be detected with a fluorescent azide probe via CuAAC
[76]. By using this procedure, newly synthesized DNA can be visualized with
excellent sensitivity under milder conditions than the BrdU-based method.

5-Hydroxymethylcytosine (5-hmc), an oxidized form of 5-methylcytosine
(5-mc), is an epigenetic mark discovered recently in certain mammalian tissues
[77, 78]. The function of 5-hmC in epigenetic regulation is thought to be different
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Fig. 12 Detecting newly synthesized DNA (a) and determining genomic locations of
5-hydroxymethylcytosine (b) via CuAAC
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from 5-mC and currently remains a mystery. Determination of genomic locations of
5-hmc serves as the first step to dissecting its functional roles. He and coworkers
developed a chemoenzymatic method for site-specific labeling of 5-hmc [79]. This
method utilizes P-glucosyltransferase to transfer an azido-containing glucose
from the corresponding uridine 5’-diphospho-a-D-glucopyranoside to the
5-hydroxymethyl group of 5-hmc. The resulting azide-modified 5-hmc can then
be conjugated to biotin probes via the triazole-formation reactions and quantified
using avidin-based assays. Using this method, they discovered that the expression
of 5-hmc in mouse cerebellum is developmentally regulated and is increased
accompanying neuronal maturation (Fig. 12).

7 Summary and Outlook

In the past ten years, the discovery of the triazole-forming click reactions has paved
the way for a number of breakthroughs in the field of chemical biology. However,
several technique challenges are waiting to be overcome. First, CuAAC, as pres-
ently formulated, cannot be applied to label biomolecules in the cytoplasm of live
cells. To mitigate the toxicity associated with CuAAC, we incorporated functional
groups that bear negative charges (at physiological pH) into Cu(I)-coordinating
ligands to minimize the membrane permeability of the coordinated Cu(I). Accord-
ingly, only cell-surface biomolecules are efficiently labeled. In a few studies,
copper-free click chemistry has been adopted to modify azide-containing cytosolic
proteins. However, high background noise is associated with this methodology
[37]. Second, the invention of cyclooctyne probes eliminates the use of Cu(I)
catalysts. Nevertheless, elevated ground-state energy of the cyclooctynes by ring
strain inevitably increases their nonspecific reactivity. Through the joint efforts of
chemists and biologists, we believe that these hurdles will be overcome in the near
future by the discovery of new accelerating ligands for Cu(I) or new bioorthogonal
reactions with better kinetics and selectivity than the triazole-forming reactions.
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Recent Developments in the Synthesis
1,4,5-Trisubstituted Triazoles

S. Mignani, Y. Zhou, T. Lecourt, and L. Micouin

Abstract Although the synthesis of 1,4- or 1,5-disubstituted 1,2,3-triazoles has
been popularized by the recent developments of metal-catalyzed 3+2 cycloaddition
of organic azides and terminal alkynes, the preparation of 1,4,5-trisubstituted
triazoles is less popular. The focus of this chapter is the synthesis of these
heterocycles, using condensation reactions and rearrangements, selective prepara-
tion of trisubstituted triazoles from disubstituted precursors, and formal [3+2]
cycloaddition reactions involving internal alkynes.
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1 Introduction

Triazole is an aromatic five-membered heterocyclic system consisting of two
carbon atoms and three nitrogen atoms including one pair of isomeric chemical
compounds: 1,2,3-triazole and 1,2,4-triazole. The triazole system is generally
chemically stable because all ring atoms have sp>-hybridation, and six electrons
are delocalized in m—molecular orbitals.

It is well known that 1,2,3-triazole derivatives have found wide use in various
domains such as pharmaceuticals, agrochemicals, dyes, photographic materials,
and corrosion inhibitors [1, 2]. There are numerous examples of biologically active
1,2,3-triazoles reported in the literature. Certain compounds have been reported as
antimicrobials [3, 4], antibacterials [5], fungicides [6, 7], anti-inflammatory
compounds [6], analgesics [6], anti-HIV agents [8, 9], obesity regulators [10],
anti-coccidiostat derivatives [11], antiallergic derivatives [12], potassium channel
activators [13], antineoplastic agents [14], antianxiety agents [15], and anticancer
compounds, inhibiting the tumor proliferation [16, 17] or invasion metastasis [18].

For a representative example, 1,2,3-triazole building block has been involved in
pharmaceutical drugs such as the commercially available antibacterial Tazobactam 1.

N
HO N

JLEAN \

SCO N

S

/ H
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Recently, within the anticancer domain, a very interesting example has been
described by Wang and coworkers [19]. The 1,2,3-triazole derivative NSC746457
is selectively inhibiting HDAC?2, a histone deacetylase, and showed promising
anticancer activities. Docking studies suggest that m-staking interactions between
the triazole and Phel15 and Phe210 of HDAC2 and chelation of the hydroxamic
acid to Zn>* linked to Aspl81, His183, and Asp269 of the active site could account
for strong binding of NSC746457 to the active site of HDAC2 (Fig. 1) [20].

Most of bioactive 1,2,3 triazoles reported in the literature have either 1,4, or 1,5
disubstitution because they can be easily prepared using a thermal Huisgen
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Fig. 1 Schematic Phei55 His183
representation of NSC746457 N —
in the HDAC?2 active site [20] 0

~ N\W on Zn2+ Asp181
— N’
N=N
Asp269
NSC746457 Phe210

cycloaddition between azides and alkynes [21] or its popular metal-catalyzed
variant, referred by Sharpless as “the cream of the crop” of click chemistry [22].
However, as the triazole can itself be important for interaction of the bioactive
compound with its target, an additional substituent can improve the overall affinity
and/or selectivity of the binding process. Thus, Goeminne et al. recently showed
that the substitution pattern of trisubstituted 1,2,3-triazolyl alkyl ribitols was critical
for displaying good inhibition of nucleoside hydrolase [23]. Interestingly, the
4-phenyl isomer 3 proved to be much more active than its regioisomer 2.

Ph Me Me Ph
O ;_( O -

N ”
N "

HO ©OH o HO

“

OH 3
Ki = 32 uM Ki=2.3 uM

This example outlines the need for the development of efficient synthetic
methods to prepare 1,4,5-trisubstituted triazoles in a selective manner.

In the present review, preparation of 1,2,3-triazoles with substituents at positions
1, 4, and 5 has been divided into three parts: condensation reactions and rearrange-
ments, selective preparation of trisubstituted triazoles from disubstituted precursors,
and formal [3+2] cycloaddition reactions involving alkynes (Fig. 2). Fused polycyclic
1,2,3-triazoles are out of the scope of this review. For simplicity, all the triazoles
described in this review will be 1,2,3-triazoles and will be called “triazoles.”

2 Synthesis of 1,4,5-Trisubstituted Triazoles by Condensations
and Rearrangements

2.1 Condensation Reactions with Active Methylene Compounds

2.1.1 General Principle

One of the useful synthetic pathway for the preparation of 1,4,5-trisubstituted
triazoles involves condensation of azides (aliphatic, aromatic, etc.) with active
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Fig. 2 Representative synthetic pathways to 1,4,5-trisubstituted triazoles

methylene compounds in the presence of a base such as sodium alkoxide or sodium
in alcoholic solution under reflux [24]. Scheme 1 summarizes at a glance the
different trisubstituted triazoles synthesized from azides and active methylene
compounds.

This reaction is generally regiospecific. It is one of the most convenient methods
to prepare triazoles with a C-heteroatom bound, generally at position 5, and/or an
electron-withdrawing group (CO,R, CO, CN) at position 4.

2.1.2 Synthesis of 4-Carboxy-5-Alkyl(Aryl) Triazoles

Cyclocondensation of aryl azides 4 with ethyl acetoacetate 5 in the presence
of sodium ethoxide has been reported to lead to the corresponding 1-aryl-4-
carboxy-5-methyl triazoles 6 with moderate to good yields (Scheme 2) [25].

A similar approach has been used to prepare triazoles 11 and 12, with good
antifungal activity against Aspergillus flavus, Aspergillus fumigatus, Candida
albicans, Penicillium marneffei, and Trichophyton mentagrophytes, from 4-azido-
8-(trifluoromethyl) quinoline 7 [7].

Condensation of 5 and 8 with 7 took place with sodium methoxide in methanol at
0°C to give 9 and 10 61% and 75% yield, respectively (Scheme 3). A CF; group on
the quinoline has been added because several triazoles with a fluorine atom on the
aromatic groups already displayed very interesting biological activities, such as
DNA cleavage [26] or potassium channel-activating properties [27].

Following a similar approach, triazole 13 with an aryl substituent at position 5
can be prepared from 4-azido-quinoline and 3-oxo-3-phenyl propionic acid. This
compound strongly inhibited specific binding of diazepam to its target [15].
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Scheme 1 Main 1,4,5-trisubstituted triazoles prepared from the corresponding active methylene

compounds and azides
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Scheme 3 a NaOMe, MeOH, 0°C; b (1) SOCl, (2) NoHs (3) 3-Me-thienyl-CHO/MeOH;
¢ NaOMe, MeOH, 0°C; d 3-Me-thienyl-CHO/NaOH [7]

Cyclocondensation of heterocyclic azides with either ethyl acetoacetate,
acetylacetone, and derivatives has also been reported [28-32].

Reaction of aryl or heteroaryl azides with active methylene compounds usually
requires a strong alkaline medium under reflux. In contrary, cyclocondensation of
glycosyl azides 14a—e with 3-oxoglutarate 15 can be performed under smooth
reaction conditions, such as K,COj3; in DMSO at room temperature, with an optimal
molar ratio azide:15:K,CO; of 1:2:1 [33]. From a variety of glycosyl azides,
compounds 16a—e were obtained as single regioisomers in good yield. Diesters
16a—e have further been used as starting materials for preparation of §-aza-3-
deazaguanine nucleosides (Scheme 4). Other nucleosides should be accessible
such as 8-aza-3-deazaadenines, xanthines, hypoxanthines, etc.

2.1.3 Synthesis of 4-Carboxy-5-Amino(Hydroxy)-Triazoles

Condensation of azides and appropriate activated methylene compounds is the
method of choice to prepare in a regioselective manner 5-heterosusbtituted
triazoles. For instance, reaction of benzyl azide 17 with ethyl cyanoacetate,
cyanoacetamide, or cyanoacetic acid 18 in basic alcoholic solution delivered
the corresponding 1-benzyl-4-substituted-5-amino-1,2,3-triazoles or I-benzyl-4-
substituted-5-hydroxy-1,2,3-triazoles 19 (Scheme 5) [34, 35]. Sometimes, care
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CO,Me
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N\ _coMe
R0 o Ns O O O a Rs0 O‘N
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RBO 0 R3O 0 N3 R3O fe) N3 RGO 0
R,O 1 1
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o><o OR, OR; OR,
Me” Me

14b 14c 14d 14e

Scheme 4 a K,CO3, DMSO, rt, 80-95% [33]

N=N
N3 N\%\X
R a Y
c g
X
17 18 19
R =-CN, -CO,Et
X = EtOCO-, NH,CO-, NC-, EtO(C=NH)-, HOCO-
Y =-NH,, -OH

Scheme 5 a NaOH, EtOH, reflux, 3 h, 20-80% [34, 35]

must be taken because the final product can undergo Dimroth rearrangement (see
below).

Substituted benzyl azides can also be used in such condensation reactions. Several
5-amino-4-carbamoyl-triazoles 21 were prepared as single isomers by condensation of
the corresponding benzyl azides 20 with cyanoacetamide under basic conditions
(NaOH/EtOH, reflux) in poor to reasonably good yields (Scheme 6) [11].

Not only benzylazides but also heteroaromatic azides can lead to interesting
triazoles. For instance, Dimitrieva et al. reported the preparation of 5-amino-
(pyrazolo[3,4-b]pyridin-3-yl)-1,2,3-triazole-4-carbonitrile 24 by condensation of
an heterocyclic azide 22 with 23 (Scheme 7) [36].

Many other examples of preparation of 5-aminotriazoles following a similar
approach have been reported in the literature (Fig. 3).

Recently, Smith et al. described a fully automated, multistep flow synthesis of a
small collection of thirteen 5-amino-4-cyano-1,2,3-triazoles [41]. In situ generation
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20 21 Y

X = H, Cl, -COCgHg-4-Cl

Y=H,Cl

Z =H, Cl, -COCgH,-4-Cl, -COPh, -COCgH,-4-CN, -CO-CgHg-2,4-Cly,
-COCgH5-3,5-Cly, -COCgH3-3,5-Cly, -COCgHg-3,5-Cl,

Scheme 6 a NC-CH,-CONH,, NaOH, EtOH, reflux, 11-73% [11]

N | CN
N’
Me N Me I
L CN L
N
| _ NN + ) B — | \N
P
Me” "N N NC Me” N7 N
22 23 24

Scheme 7 Condensation with heterocyclic azides [36]

of aryl azides was carried out from the corresponding aniline with trimethylsilyl
azide (TMSN3) and 0.1 equivalent of tert-butyl nitrite (.-BuONO). Purifications
using readily available and inexpensive scavenger resins (QP—SA and QP-DMA)
greatly improved both product purity and process safety. Then, condensation of the
azide intermediate with the anion of malononitrile immobilized on polymeric
tetraalkylammonium (QP-TMA) and gave the desired 5-amino-4-cyanotriazoles
in good isolated yields (53—85%). The whole process was carried out at 60°C in
MeCN (Scheme 8).

2.2 Condensation Reactions with Diazo Compounds

Several syntheses of 1,4,5-trisubstituted triazoles from diazo compounds have been
reported [1]. Thus, compound 26, prepared in 79% yield from 25, reacts with
primary aliphatic or aromatic amines 27 in refluxing 1,2-dichloroethane with
catalytic titanium (IV) chloride to give trisubstituted triazoles 28 in good yield
(Scheme 9) [42].

Similarly, 5-aminoaryl-4-phenyl-triazoles 31 were prepared in moderate
to good yields by condensation of various primary amines with 2-ethoxy-1-aryl-
2-piperidino-1-ethenediazonium hexachloroantimonate 30 in diethylether
(Scheme 10) [43].
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Kislyi et al.[40] L’abbé et al.[35] Beauchamp et al.[39]

Fig. 3 Representative examples of 5-amino-4-carboxamido(4-carboxyalkoxy)-1,2,3-triazole
derivatives. Source L’abbé et al. [35], Temerik et al. [37], Ewing et al. [38], Beauchamp et al.
[39], and Kislyi et al. [40]
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Ar: Ph,4M Ph, 4-OMe-Ph, 4-NO,-Ph, 4-MeOCO-Ph, 2-I-Ph, 3-Iso-Pro-Ph, 2, 4-di-CI-Ph,
3-CC-Ph, 3-OMe-Ph, 3,5-di-CF3 Ph

Scheme 8 1,2,3-Triazole-automated multistep flow synthesis [41]
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R = Me, Ph

Scheme 9 a TsNj, NEt;, MeCN, rt; b R-NH, 27, TiCl,, CICH,CH,Cl, reflux, 51-74% [42]

Ar, OEt N=N

® y=( a N-R
R-NH; + N=N N - Ar/g(
SbCle © Q <N\>
31

29 30

Ar=4-NO,-Ph R =H, -CH(Me),, cyclopropyl, cyclopentyl, cyclohexyl, benzyl,
3,4,5-trimethoxybenzyl, 2-furfuryl

Scheme 10 a Et,0 0°C, 44-80% [43]

As isolation of diazo compounds can be difficult, these reactive intermediates
can be generated in situ by diazo transfer. The general principle for diazotation of
B-amino-a,B-unsaturated ketones or esters is described in Scheme 11.

A versatile diazotation of enamines 32 with mesyl azide 33 (MsN3) afforded the
unique 4-carboxy-5-methyl-1,2,3-triazoles 34 in fairly good yields. The reaction
works very well with alkyl amines but moderately with aromatic ones [44].
[-amino-o,B-unsaturated ketones are more reactive than -amino-o,-unsaturated
esters, and mesyl azide is a better diazo transfer agent than tosyl azide. The reaction
is carried out in acetonitrile by mixing enamines 32 with NaH, followed by the
addition of MsNj in acetonitrile.

Syntheses of triazolic ribonucleosides 37 have also been reported following a
similar approach. After preparation of enamines 36 by condensation of acetyl
acetone 8 or ethyl acetonate § with 5-amino ribofuranose 35, diazotation with
MsN; delivered triazoles 37a and 37b in 74% and 70% yield, respectively
(Scheme 12) [45].

Bakulev et al. reported that 38 exclusively gives triazoles 40 after formation of
transient diazo compounds 39 with tosyl azide [46]. As the authors did not obtain
isomeric triazoles 41, resulting from cyclocondensation with the amide, these
results clearly show that reaction of the acylhydrazine with the diazo moiety is
highly favored (Scheme 13). Following the same strategy, l-arylsulfonyl-5-
hydroxy-triazoles 42 were obtained in good yields (62—-68%).

A similar approach has been described using a diazo transfer reaction to trigger
the formation of several 5-hydroxy triazoles in high yields (Scheme 14) [47].

Other representative examples of the synthesis of 1,2,3-triazole derivatives using
inter- or intramolecular reaction of the corresponding diazo compounds are
depicted in the Table 1.
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Scheme 12 a Montmorillonite K-10 clay, CH,Cl,, rt; b NaH, CH3CN, rt, 70-74% [45]
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Scheme 13 Regioselective synthesis of 1-arylsulfonyl-5-hydroxy-triazoles [46]
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CONHMe SO,N;4 CONHMe
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N/‘§\/CONHAr + © NN \\l}l
- N~ N
S S SAr
43 44 45 HO

Ar: Ph, 4-Me-Ph, 2-MeO-Ph, 4-MeO-Ph, 3-CI-Ph, 4-CI-Ph, 2,6-Cl,-Ph, 4-Br-Ph
Scheme 14 a EtONa, EtOH, rt, 58-79% [47]

2.3 Rearrangement Reactions

Table 1 Synthesis of representative 3-carboxy-1,2,3-triazole derivatives from the corresponding
diazo compounds

Starting material Final 1,2,3-triazole derivative Ref.
N, OH
EtO\”)J\H/Me [48]
O O
N’N
U] Me
OEt
O
N> NH =N O
- N [49]
NG 0 Me/N NH,
NH,
N, _N
N =
. CO,Et [49]
NC)J\COZEt /N\/)i z
Et
NH,
N2 N Me
Me\H)J\H/Me o Me [50]
—
Me
O O NN
Me N=
=N 0]
O O

HO [48]
Q
N2

N
U D—COEt
N

(0] (0] OH
[51]
MeO OMe /\/\N X—CO;Me
N, N=N

(continued)
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Table 1 (continued)

Starting material Final 1,2,3-triazole derivative Ref.
R N=N
-N ~N N Y . [52]
5 e
NN N, ph N3N
Ph R' = Ph, 4-OMe-CgH,-,4-Cl-CgHy-,

-Et,- CMeg,-CH,Ph

Within the huge field of heterocyclic rearrangements [53], the Dimroth rearrange-
ment gives S-mercapto-1,2,3-triazoles from 5-amino-1,2,3-thiadiazoles and allows
interconversion of 5-amino-1,2,3-triazoles into a mixture of isomers under basic
condition [54]. Thus, this reaction, discovered in 1909, involves a linear intermedi-
ate that can cyclize into two isomeric compounds (Scheme 15) [55]. This ring-chain
tautomerization is reversible, but the equilibrium can be pushed toward an end if
one of the two isomers is stabilized.

Interestingly, this reaction occurs not only under chemical medium but also
under biological medium. Thus, in vitro Dimroth rearrangement of 1-(2 carboxy-
ethyl) adenine to N6-(2-carboxyethyl) adenine in single-stranded calf thymus DNA

®
N N N ,
/ - ~ @) — H. N
H\N5N\1 Hoy \N\@ Hen N ;\\15\1
\ R \ R \ H R H
H 2 H 2 Ry 2

Scheme 15 Schematic representation of Dimroth rearrangement [55]

has been described [56].

2.3.1 Dimroth Rearrangement

Synthesis of 5-Mercapto-1,2,3-Triazole Derivatives from 5-Amino-1,2,3-
Thiadiazoles

5-Amino-1,2,3-thiadiazoles 46 bearing an electron-withdrawing group at position 4
can be easily rearranged into the corresponding 5-mercapto-1,2,3-triazoles 48. This
transformation, involving ring-chain tautomerization with an a-diazo thiocarbonyl
linear intermediate 47, is favored because the S—N bond in 46 is weak and is pushed
toward the right by formation of a thiolate salt (Scheme 16).
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An expeditious synthesis of 5-arylthio-1,2,3-triazole derivatives 53 has been
reported by V. A. Bakulev et al.[57, 58]. According to Scheme 17, substitution of

W NR3 |RHN W W
N
| | —d e
“g” “NHR S N, ‘N~ S HNRj
I
R

S

46 47 48
W: -CO,R;, -CONR,R,

Scheme 16 Dimroth rearrangement of 5-amino-1,2,3-thiadiazoles

5-bromo-1,2,3-thiadiazoles 49 by various aromatic vicinal diamines 50 gave the
corresponding 5-amino-1,2,3-thiadiazoles 51 in moderate yields. Following
Dimroth rearrangement (EtOH, Et;N, reflux), the resulting thiolate 52 was trapped
by a second equivalent of 49 to give adducts 53 (Scheme 17).

In addition, 5-mercapto-1,2,3-triazole derivatives 55 bearing in 1-position dif-
ferent alkyl groups have been also prepared using the same synthetic pathways

Dimroth
rearrangement
0 b OFEt
OEt a Q OEt ©)
= + HoN-R-NH, — > /§ _O
N N
il Hal I -R- N S
Neg b ) NH-R-NH, Ny
49 50 51 R-NH,
Hal: CI, Br 52
NH, i

NH; NH, NH,
©/NH2 NH, NH, t NH
Me O OFt /N\\N
OFEt Me Me S
HoN-R-NH, = " = e
NH, NH, NH, R t
NH, NH, NH, N~p 0]
R-NH,
oY 53

cl Cl CO-Ph

Scheme 17 a DMF, rt; b EtOH, reflux, EtzN 86-93% [57, 58]

(Scheme 18) [59].

Further examples of 5-mercapto-triazoles 59 and bis-triazolo[1,3,6]thiadia-
zepines 60 have been reported by these authors [60]. Compounds 59 and 60,
resulting from one or two Dimroth rearrangements, respectively, were obtained in
one step by condensation of 1,2-phenylenediamine with 5-chloro-1,2,3-thiadiazoles
56. The product distribution is highly dependent upon the reaction time and the
presence of EtzN (Scheme 19). Without base, only 59 was obtained, whereas in the
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O NHMe Oxy-NHMe
R-NH, \
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Scheme 18 5-Mercapto-1,2,3-triazole synthesis [59]
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NH, Ri i
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R1 = 'CONH2 and R2 = 'COzEt

Scheme 19 a Et;N, EtOH, reflux [60]

presence of 1 equivalent of phenylenediamine, 2 equivalents of thiadiazole 56, and
3 equivalents of Et3N, a 2:1 mixture of 59 and 60 was isolated after 3 h.

Synthesis of 4-Carboxamido-5-Amino-1,2,3-Triazole Derivatives from 5-Amino-
1,2,3-Triazoles

5-Aminotriazoles can also be engaged in Dimroth rearrangement. A series of 5-
(4'-substituted-2'-nitroanilino)-triazoles, with potential potassium channel-activat-
ing properties, has been prepared by Biagi et al. [13].

In anhydrous ethanol with sodium ethylate at room temperature, 1,3-dipolar
cycloaddition between azides 61 and cyanoacetamide gave 4-carboxamido-5-
amino-1,2,3-triazole intermediates 62. In the same pot, addition of a small amount
of 10% NaOH and heating to reflux delivered 63 after Dimroth rearrangement
(Scheme 20). In this transformation, the greater acidity of the exocyclic N-H bond
substituted by an electron-withdrawing group is the driving force that shifts
the equilibrium toward formation of 63. Finally, triazole 63a displayed good
vasorelaxant activity on endothelium-denuded rat aortic rings with a potency
comparable to that recorded for the reference compound NS 1619.
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Scheme 20 a EtONa, EtOH, rt; b NaOH, reflux [13]
2.3.2 Other Rearrangements

Based on tandem Dimroth—Cornforth rearrangements, reaction of 1,2,3-
thiadiazole-4-carboxaldehyde 64 with 1-amino-4-carbamoyl-1,2,3-triazole-5-olate
65 afforded the sodium N-(4-thiocarbonyl-1,2,3-triazol-1-yl)carbamoyl-1,2,3-
triazol-5-olate 68 with moderate overall yield (Scheme 21) [61].

A similar tandem Cormforth rearrangement — diazo condensation gave com-
pound 71. Thus, reaction of diazomalonamohydrazide 69 with the 1,2,3-
thiadiazole-4-carboxaldehyde 64 in ethanol at room temperature delivered diazo
70 in 72% yield. Addition of triethyl amine and heating at reflux finally give 71 in
40% overall yield (Scheme 22) [61].

Interestingly,  1-(imidazol-4-yl)-4-cyano/carboethoxy-5-amino/methyl-1,2,3-
triazoles 73 were prepared in moderate yield by rearrangement of 72 (Scheme 23).

3 Synthesis of 1,4,5-Substituted Triazoles by Condensation
with Alkenes

The cycloaddition of azides with alkenes is a favorable process, leading to
dihydrotriazoles. However, in some cases, these dihydrotriazoles can evolve to
the corresponding triazoles, by elimination, fragmentation, or retrocycloaddition
reactions.
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3.1 By Condensation with Dihydropyrroles

Cycloaddition between aryl azides and 1-methyl- or 1-benzyl-2,5-dihydropyrroles
74 in acetonitrile at room temperature delivers pyrrolo[3,4-d]-1,2,3-triazoles 75 as a
single isomer. After addition of methyl iodide, that intermediately gives quaternary
ammonium salts 76 (65-95%), base-catalyzed elimination in methanol at room
temperature afforded 77 in fairly good yields (40-60%, Scheme 24) [63].

3.2 By Condensation with Ketene Aminals

It is well known that heterocyclic ketene aminals are versatile compounds for the
synthesis of a wide variety of heterocycles [64, 65]. Reaction of heterocyclic ketene
aminals with 1,3-dipoles such as azides opens the avenue to prepare original
polysubstitued triazoles [66, 67].

As a representative examples, synthesis of 1-glucosyl-4-heterocyclyl-5-aryl-
1,2,3-triazoles 80 was described with high selectivity and in good yields [66, 68].

Condensation of heterocyclic ketene aminals 78 with 2,3.4,6-tetra-O-acetyl-
B-D-glucopyranosyl azide 79 in anhydrous 1,2-dichloroethane at room temperature
gave glucosylated 1,2,3-triazole derivatives 80 in very good yields (Scheme 25).
Activity screening showed that glycosylated triazole 80 possessed antitumor and
antiviral activities.

Based on similar synthetic pathway and experimental reaction conditions, the
preparation of ribosylated 1,2,3-triazole derivatives 83 has been described with
moderate to good yields. The starting materials are the ketene aminals 81 and the
2,3,5-tri-O-benzoyl-B-D-ribofuranosyl azide 82 (Scheme 26) [69].

Reaction between heterocyclic aminals 84 with benzoyl substituents and various
aryl azides in 1,4-dioxane at room temperature has been reported to give highly

N3
N Me @, N,
N T+ a - N o2 /\N/\:/L N
R—N — RN / Ry N
N
74 R

4
75 76

Ry=Me, -CHy-Ph R, =-NO,, -CN Ra
c Me N=N
— ‘NAN
R
Me Ry
77

Scheme 24 a CH;CN, rt, b Mel, CH;CN, rt ¢ NaOH, MeOH, rt [63]

Ro
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Scheme 25 a 1,2-Dichloromethane, rt, 91-95% [68]
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Scheme 26 a CHCl;, 1t, 50-75% [69]

substituted 1,2,3-triazoles 85 with poor to high yields (Scheme 27). This transfor-
mation was highly dependent upon the aromatic substituents X, Y of both the
enediamines and azides.

While electron-withdrawing substituents on enediamines (Y = —NO, > —ClI
> H > —OMe) increased the rate of the reaction, electron-donating groups para to
the azide (X = —OMe > —Me > H > —Cl) were deleterious to this transforma-
tion [70].

Very interestingly, Quast et al. described a convenient synthesis of
5-alkylamino-triazoles 89 in good to excellent yields (60-100%), using a base-
mediated eliminative ring cleavage of the spirocycles 88 as the key reaction [71].
Thus, selective 1,3-dipolar cycloaddition between azides 87 and cyclic ketene N,N-
acetals 86 afforded cycloadducts 88 [72]. Base-mediated eliminative ring cleavage
of spirocycles 88, that is facilitated by the inherent strain of the spirocycle and
formation of an aromatic compound, gave S-alkylamino-1,2,3-triazoles 89
(Scheme 28). This method is the only synthetic pathway, giving rise to these
compounds, as a classical approach relying on a [34+2] cycloaddition between
azide 87 and ynamines 90 is not possible, due to the instability of compound 90.
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Scheme 27 a 1,4-Dioxane, rt, 8-97% [70]
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Scheme 28 a Ether or toluene, rt; b NaH, Et,0, rt [72]

3.3 By Condensation with Nitro Olefins

The reaction of a-nitro-olefins with azides has only been reported scarcely by
Carrié et al. Very interestingly, in contrary to Huisgen’s cycloadditions of azides
with internal alkynes that deliver mixture of regioisomers, condensation of methyl
or phenyl azide 92 with nitro-olefins 91 gave triazoles 93 a single isomers after
rearomatization by spontaneous loss of HNO, (Scheme 29) [73]. Triazoles 93 were
obtained in good yield ( > 80%) in benzene at 60°C for methyl azide and in
refluxing toluene for phenyl azide.
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Ro
Rs N a Me\N
RZ\/\NO + Me-N; > |\\ Rs
2 N\N
91 92 93

R, = Ph, Me, 4-NO, -Ph,4-Me-Ph
Ry = -CO,Me, -CN, Ph, Me, Et, -NO,

Scheme 29 a Refluxing benzene or toluene, > 80% yield [73]

M boxﬁ

Ry = 4-F-, R2 = 3-No2

Ry =4-F, Ry = -4-Cl

R1 = 4'C|, R2= 4-Br R1 — H, R2= 3'N02
Ry = 4-F, Ry = 4-Br R~ H. R.<H
Ri=H, Ry =4-Cl Ry = 4-Cl, Ry = 4-Cl

Scheme 30 TBAHS (20 mol%), DMF, 100°C [74]

3.4 By Condensation with Chalcones

Recently, Huisgen regioselective [3+2] cycloaddition of various chalcones 94 with
l-azido sugars 95, that gives 1-(5-deoxy-D-xylofuranos-5-yl)-4,5-disubstituted
triazoles 96, has been described by Tripathi et al. (Scheme 30) [74]. This reaction
involves oxidation of a transient dihydrothiazole and proceeds well with catalytic
tetrabutylammonium hydrogen sulfate (TBAHS, 20 mol%) in DMF at 100°C.

3.5 By Condensation with Strained Activated Alkenes

An interesting piece of work by Gelmi et al. showed that specific cycloaddition
between 4-nitro-phenylazide and enamines 98a and 98b of 1,4,5,6-tetraphenyl-
bicycloheptene-2-carboxaldehyde delivers spiro-bicyclo-heptenone-triazoles 99a
and 99b. Enamines 98a and 98b were prepared in situ by addition of either
morpholine or pyrrolidine to aldehydes 97a and 97b. Finally, rearrangement of
spiro compounds 99a and 99b into triazole 100 occurred slowly in CHCl; at room
temperature (Scheme 31) [75].

Rutjes et al. recently reported a tandem [3+2] cycloaddition-retro-Diels—Alder
reaction that gives 1,4,5-substituted triazoles 104 and 105 (Scheme 32) [76]. Thus,
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Scheme 32 a Water, 37°C, > 80% [76]

reaction between azido coumarin 102 or azide-functionalized hexapeptide
GGRGDG 103 and PEGylated oxanorbornadiene 101 afforded 1,2,3-triazole 104
and 105, respectively. This reaction represents a new bioconjugation method
because it can be achieved in water at 37°C with high conversion ( > 80%), as

determined by NMR.
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4 Synthesis of 1,4,5-Substituted Triazoles from Disubstituted
Triazoles

As many reactions have been described to prepare disubstituted triazoles, one of the
possible strategy to obtain 1,4,5-substituted triazoles is to functionalize these
readily available precursors in a selective manner.

4.1 Synthesis of 1,4,5-Trisubstituted Triazoles by N-Alkylation
Reactions

N-alkylation of 1,2,3-triazoles is readily achieved with various electrophiles under
basic conditions [1]. In most of the cases, the reaction is unselective, with the N2
regioisomer being the main compound obtained [77-82]. The strong preference for
N2 substitution has generally been explained by steric reasons and/or hard base
character of the central nitrogen atom [83].

.
Ry \N\\,N Base R C’jl?\sz RX R, \N\\!\‘
NH 8 N,

Ry R, R

107

R 3

Rs
N N
R N R N
. 1 \ I!\j M /N R,
N —N
Ro Ra
108 109
Furthermore, Au(I) catalyzed addition of triazoles to nonactivated alkynes has
been reported to deliver mixture of N1 and N2 isomers, N2 being the major one

[84]. This general lack of selectivity clearly outlines that the clean synthesis of
1,4,5-trisubstituted triazoles by N-alkylation is not possible.

106

4.2 Synthesis of 1,4,5-Trisubstituted Triazoles from
1,4-Disubstituted Triazoles

4.2.1 By Deprotonation

The C-5 position of 1,2,3 N-substituted triazoles is the most acidic one and can
regioselectively be deprotonated with lithiated bases (Scheme 33) [83].

A similar strategy has been used for the preparation of chiral triazolium
precursors [85], protease inhibitors [86] C5-iodinated [87] or phosphorylated [88]
1,4,5-trisubstituted triazoles (Scheme 34)



208 S. Mignani et al.

I\I/Ie I\I/Ie
H \N\N a Et \N\N
1 —— 11
pE pE
H H
110 111 54.2%

Scheme 33 a BuLi, Hexane, THF, —40°C, 1 h then EtI, rt, 2 h [83]

Ph Ph
Bn Ph Bn Ph
OH OH

\N a Me N\N

W w

N N

Ph Ph

112 113 88%

Scheme 34 a BuLi, THF, —78 to 0°C, 5 min then Mel, 0°C, 1 h [85]

4.2.2 By Palladium-Catalyzed C-H Activation

Several 5-palladio triazoles have been prepared by a lithiation—transmetalation
sequence. Interestingly, these pincer complexes can also be obtained by from
kinetically controlled bidentate complexes 115 by a Cs—H bond cleavage that
gives the thermodynamically favored tridentate ones 117 (Scheme 35) [89].

This Pd-mediated C-H activation can be exploited in a more synthetically
oriented manner. Thus, a general access to 1,4,5-trisubstituted triazoles by a
palladium-catalyzed direct arylation of 1,4-disubstituted triazoles 118 has been
reported by the group of Gevorgyan [90]. This methodology allows for the intro-
duction of both electron-deficient and rich aryl groups, with a good functional
group tolerance. It has been latter reported that a similar arylation can be conducted
under aerobic conditions, with a recyclable palladium catalyst [91] (Scheme 36)

The use of less expensive aryl chlorides in this transformation has been reported
using microwave irradiation [92]. Best results were obtained with P(c-C¢H;1)3 as
ligand in combination with carbonate bases. Notably, under these conditions,
phenylchloride proved to be more reactive than bromide or iodide (Scheme 37).

Although a nonthermal microwave effect has been mentioned for this reaction, it
has been latter reported that similar results could be obtained under milder
(105-120°C) conventional heating [93]. The scope of this reaction is broad, leading
arange of 1,4,5-trisubstituted triazoles. This protocol is applicable to intramolecu-
lar arylations. The reactivity order of leaving group was demonstrated to be Br >
Cl > OTs. 1,2,3-triazoles bearing two N-alkyl substituents were less reactive under
these reaction conditions, but a significant rate acceleration was obtained with
addition of pivalic acid (30 mol%) in the reaction mixture (Scheme 38).

Although electron-rich aryl tosylates are electronically deactivated, the use
of monophosphine biphenyl ligand X-Phos in combination with Pd(OAc),
enables a clean arylation of 1,4-disubstituted triazoles with these electrophiles
(Scheme 39)[94].
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N=N N=N-PA
1
//N\/\\ —2 . //N\/\/ 2
PhS 114 PR PRS 415
J R= Ph, 0-MeOCgH,
l ¢ i-Pr, Cy
!\l:N NN:N
N~ _d =
PhS—p,—PR
PhS Li PRy Pd 2
o]
116 117

Scheme 35 a (CH3CN),PdCl,, THF; b Et;N, A; ¢ nBuLi, —78°C; d (L),PdCl, [89]

Ry = Bn, Tol, Ph, n-C,Hy5

N=N N=N
; a ' R = 0-NO,-Ph, 0-NH,-Ph, 0-MeO-Ph
— > ~N 2 2 ’ 2 ’ ’
Ry N A~ Ry Ri j/\Rz 0-CO,Et-Ph, Ph, CO,Et, Tol
Ar Ar = 1-Napht, 2-Napht, 0-NO,-Ph, 0-MeO-Ph,
118 119 3-Pyr, Ph

Scheme 36 a ArBr, Pd(OAc), 5 mol%, BusNOAc 2 equiv, NMP, 100°C, 61-99% [91]

N=N Ph-X N=N X = Cl, 92%
- _ - 0,
BN A ~n-CeH,q " R, N%RZ X =Br. 67%
Ph
120 119

Scheme 37 a 0.025 mmol Pd(OAc),, 0.050 mmol P(c-C¢H;);, 1 mmol PhX, 1 mmol K,COs3,
toluene (2 mL), DMF (0.4 mL), microwaves, 250°C, 15 min [92]

N=N

N=N A ! R; = Bn, Oct, 0-MeO-Ph, o-MePh
; c g /N\%\R ‘
RN A~p, —a 2 Ry=Ph, 0-MeO-Ph, Bu, CH,SiMes
Ar Ar = Ph, Tol, 0-MeO-Ph, 0-CO,Et, 3-Pyr, 2-Pyr
118 119

Scheme 38 a Pd(OAc), 4 mol%, P(c-CqH, 1) 8 mol%, K,COs, toluene, 105-120°C, 18-24 h,
37-96% [93]

N=N

,\ijﬂ\ ArOTs R('\iw/\ﬁz R, =Bn, Oct, 0-MeO-Ph, o-Me.Ph
R~ R, a R, =Ph, 0-MeO-Ph, Bu, CH,SiMe3
Ar Ar = Ph, Tol, 0-MeO-Ph, 0-CO,Et, 3-Pyr, 2-Pyr
118 119

Scheme 39 a Pd(OAc), 5 mol%, X-Phos 10 mol%, K,CO;, DMF/tBuOH, 100°C, 17-22 h,
62-99% [94]
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Arylation of monosubstituted triazole 121 delivers 1,5-disubstituted compound
as major product, with a small amount of diarylated triazole 123. This
regioselectivity is correlated by the DFT calculation of electrostatic potential
charges at C-4 and C-5 of N-methyl triazole 124 (Scheme 40).

N N
Bn\Nf N Bn\N N ,N
Cl N ‘N
Bn /N\
“N° N
o5 o Ra R
-045 +0.13
121 122 123
67% 13%

Scheme 40 a Pd(OAc), 4 mol%, P(c-C¢H, )3 8 mol%, K,COs, toluene, 120°C, 24 h

These experimental and computational data, combined with the lack of any
observable kinetic isotope effect, strongly support an electrophilic mechanism for
all these arylation reactions. In some cases, the beneficial effect of pivalic acid, in
conjunction with insoluble bases, could also be rationalized by invoking a CMD
pathway (Fig. 4) [95].

Rywn- s Ryn-Ns R~ Ry N
NTEN - ArPdXLn TITNTHN 1 ~N"°N
R, Ar[Pd] HJ R, Ar[Pd] A’ Ry

Fig. 4 Mechanistic rational for the regioselective Pd-catalyzed arylation of triazoles

Functionalization of the C-5 position of triazoles is not limited to arylation.
A direct oxidative alkenylation of 1,4 triazoles has been reported (Scheme 41) [96].
Two mechanisms have been proposed. The first one involves an electrophilic attack of
Pd" on the triazole, followed by coupling with the alkene partner. The second one
starts with a vinylpalladium species, followed by a vinylpalladation step. In both
mechanisms, Pd” reoxidation by Cu'" and O, finally closes the catalytic cycle.

- PN . /NNz/N o R = Ph, n-Bu, Ben, n-Oct
N —/ Z "Ry 1 2 R, = Ph, Tol, Hex, p-F-Ph
Ry Rz a X R, = CO,Me, Ph, Tol
118 124 R;

Scheme 41 a Pd(OAc), 20 mol%, 2 equiv Cu(OAc),, 8 atm O,, dioxane, 110°C, 42-90% [96]

Intramolecular arylation of triazoles by a palladium-catalyzed dehydrogenative
pathway has also been reported. This closely related transformation enables effi-
cient preparation of tricyclic triazoles without any prefunctionalization of arylating
agents [97]. Under optimized conditions, this coupling can be conducted at ambient
air pressure (Scheme 42).
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!\I=N /N:N
_N
R1/N\/\\ a RN R, = Ph, n-Bu, n-Pent, n-Oct, i-Bu
- X — R, = n-Pent, F, Cl, OMe
\// \ 7 X =CH,, O
R, Ro
125 126
/N=N /N—N ’\jN:N
noet-Ns n-Oct-N< 2 n-Oct™ "¢
b o °
F
f F
1252 126a 126b

Scheme 42 a Pd(OAc), 5 mol%, 1 equiv Cu(OAc),, air, toluene/PivOH 6/1, 140°C, 20 h
57-93%; b Pd(OAc), 5 mol%, 1 equiv Cu(OAc),, air, toluene/PivOH 6/1, 140°C, 20 h 83% [97]

In case of possible regioisomers formation, it has been demonstrated that the
less sterically hindered (less acidic) bond of fluorinated arene is preferentially
heteroarylated.

Only one example of palladium-catalyzed benzylation of 1,2,3 triazoles has been
reported by the group of late Fagnou (Scheme 43) [98]. The presence of pivalic acid
as a cocatalyst suggests a CMD mechanism.

N=N

1

N=N Ph~ N~ ~n-Bu
a
Ph/N\/\n-Bu e

118a 127
79%

Scheme 43 a Benzyl chloride (1 mmol), triazole (0.5 mmol), Pd(OPiv), (0.025 mmol), 2-Ph,P-
2’-(Me,N)biphenyl (0.05 mmol), PivOH (0.1 mmol), Cs,CO; (0.75 mmol), toluene (1 mL),
110°C, 16-20 h [98]

4.2.3 By Copper-Mediated C-H Activation

Although most of C-5 direct functionalizations of triazoles have been conducted
under palladium catalysis, the use of copper in such a reaction might present
an attractive alternative. Copper salts are indeed involved in the preparation of
1,4-disubstituted triazoles and could therefore be used in one-pot sequential syn-
thesis of 1,4,5-trisubstituted heterocycles. A protocol based on the use of inexpen-
sive Cul catalyst has been reported (Scheme 44) [99].

More interestingly, a sequential four component synthesis, with in situ genera-
tion of aryl azide is also possible. In this remarkable transformation, one C—C bond
and three C—N bounds are formed in a highly regioselective fashion (Scheme 45).
A related approach, using CuCl as a precatalyst, has also been reported [100].
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R N, R;=Bu, Ph
B a) N "N R,=Bu,Ph
= b) )=( Ar = 0-MePh, 1-naphtyl, m-MePh
Ar Re pCF, pCl
128 129

Scheme 44 a R N3, Cul (10 mol%), DMF, 60°C, 4 h; b Arl 3 equiv, LiOt-Bu, DMF, 140°C, 20 h
63-84% [99]

a) R~y Ry=Bu, Ph
Ry———H )=< Ar, = Ph, m-MePh, p-FPh, p-CIPh
b) A “Ar, Arp=p-MeOPh, 0-MeOPh,
128 130

Scheme 45 a NaNj;, Cul (10 mol%), Ar,I, DMEDA 15 mol%, DMF, 22°C, 2 h; b Ar,I 3 equiv,
LiOt-Bu, DMF, 140°C, 20 h 67-81% [100]

A mechanism involving an initial reversible deprotonation with LiOBu-,
followed by transmetalation into a S-cuprated heterocycle has been proposed
(Fig. 5) [101]

Ri~N
={

N
N

Ary

LiO-tBu H HO

-tBu
R1\N’N\\N R1\N’N\\N
H [CuLn] )=<
Ar2 Ar_l Li Ar1
b Li*
CN.
R1\N/N\\N Ri~n N
[Ln(Eu] Ary [LnCu] Ary
Ar,
Aryl

Fig. 5 Mechanistic rational for the regioselective Cu-catalyzed arylation of triazoles
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4.3 Synthesis of 1,4,5-Trisubstituted Triazoles from
1,5-Disubstituted Triazoles

Access to 1,4,5-trisubstituted triazoles from 1,5-disubstituted triazoles is much less
documented. One of the reason is probably that 1,4-triazoles can be easily prepared by
copper-catalyzed 2+3 cycloaddition, whereas selective access to their 1,5 isomers by a
ruthenium-catalyzed cycloaddition is still less popular. The lower acidity of C4,—H
bond, and its lower nucleophilicity, is also a problem for such a strategy. Thus,
compound 132 was obtained in only 36% yield from 1,5-disubstituted triazole 131
with high catalyst loading and prolonged heating (24 h), whereas it is obtained under
much milder conditions from the 1,4-disubstituted precursor (Scheme 46) [90].

1,5-Disubstituted triazoles can nevertheless be deprotonated by strong bases.
This route enables a modular synthesis of triazole-based monophosphine ligands
(Scheme 47) [102, 103].

N=N p-MeO-PhBr N=N
Gt a ”‘C7H15/NW/\©
Ph Ph OMe
131 132
36%

Scheme 46 a ArBr, Pd(OAc), 10 mol %, BuyNOAc 2 equiv, NMP, 110°C [90]

N=N N=N

I a ’ Ar = Ph, 1-Napht, m-OMe-Ph, 2,4-(OMe)2-Ph
Ph’N\% Ph/NW/\PRg R = Ph, Cy, tBu
Ar Ar
133 134

Scheme 47 a LDA, THF, 0°C, 1.5 h then CIPR,, t, 1 h. 58-93%

5 Synthesis of 1,4,5-Trisubstituted Triazoles by Condensation
of Azides and Disubstituted Alkynes

5.1 Uncatalyzed Cycloadditions with Internal Alkynes

The first reaction between alkynes and azides has been reported at the end of the
nineteenth century. Despite its high exothermicity, this cycloaddition suffers from a
very high activation barrier. As a result, this reaction is generally slow, even at elevated
temperature, and therefore delivers triazoles in only moderate yields. Furthermore, as the
differences in HOMO-LUMO energies for both partners are in the same range, the
uncatalyzed cycloaddition with internal alkynes generally delivers a mixture of
regioisomers which might be in favor of triazoles where the electron-withdrawing groups
are in 4-position and the electron-donating group are in 5-position (Scheme 48) [104].
One way to lower the activation barrier of this cycloaddition is to use strained alkynes.
For instance, the reaction between cyclooctyne and phenylazide has been reported to be
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Scheme 48 Cycloaddition of internal alkynes with azides: regioselectivity issue

extremely violent. This high reactivity can be explained by the distortion of the bond
angles of the sp-hybridized carbons, leading to a conformation closer to the one expected
in the transition state [105]. This effect can even be improved by the introduction of
strong electron-withdrawing groups nearby the triple bound, which lowers the LUMO
energy level, leading to a greater reactivity (Fig. 6). This concept has been used in an
extremely elegant approach by the group of Bertozzi, with the development of
bioorthogonal copper-free click reactions as tools in chemical biology [106].

Azides can also react with undistorded alkynes under thermal activation,
provided that the dipolarophile is still activated by an electron-withdrawing group.

CO,Me CO,Me

k=1.2103M"s™ k=4.3103M"s"

= . — F
©/ F

HO,C
2 \/O
CO,H
k=2.410°M"s"1 k=7.6102M"s"

Fig. 6 Rate constants of different strained alkynes in 3+2 cycloadditions [106]

Cycloaddition of organic azides with symmetrical alkynes bearing electron-
withdrawing group is obvious. Recently, Rode et al. reported for instance the synthesis
of hybrid 1,2,3-triazolo-y-lactams/lactones using Huisgen [3+2] cycloaddition between
organic azides and an activated alkyne in water in quantitative yields (Scheme 49) [107].

Thermal cycloaddition with unsymmetrical internal alkynes is however in most of
the cases not controlled [23, 108—111]. Steric effects on the regioselectivity of the
azide-alkyne 1,3-dipolar cycloaddition reaction have been reported by Hlasta et al.
[112]. The 1,2,3-triazoles derivatives 142 and 143 were synthetized via a 1,3-dipolar
cycloaddition reaction of the azidomethyl-benzisothiazolinone 141 with various elec-
tron-deficient acetylenes 135a—-k. Interestingly, only one regioisomer 142a—e was
detected using 2-(trimethylsilyl)ethynyl derivatives (135a—e) in good yields
(68-82%), whereas a mixture of stereoisomers 142f-k and 143f-k was obtained
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CO,Me
N"N—co,Me
N3 N-N
/_8 _ a /—)
O)<O + MeO,C—==—CO,Me O><C)
138 139 140

Scheme 49 a H,0, 70°C, quantitative [107]

with other acetylenes 135f-k in good yields ( > 80%). Steric effect of the
trimethylsilyl group (TMS) and stabilization of a partial positive charge on the
acetylene -carbon by TMS in the transition state could explain the exclusive forma-
tion of 142b—e (see frame). Regarding the 142f-k/143f-k ratio, the major regioisomers
143f-k have the electron-deficient group in 4-position (R;), except for 135i that
delivers a 1:1 mixture of triazoles 142i and 143i, and for 135jk that gives a ratio of
~2/1 (Scheme 50). Other examples of regioselective synthesis of 1,4,5-trisubstituted
1,2,3-triazoles starting from various 1-trimethylsilylacetylenes were presented by the
same authors in moderate to good yields (33-82%, PhMe, reflux) [113].

R.,, Ns® Me.__Me N
@N N o N\/ / g 1
R,—=—=SiMe; 1N 5
Me.__Me 39 50 ’N_/ e
0 //S\\O
N, a o) 142
/N—/ + R——=—R, +
Sy
A
do 135 Mo Me o R
141 L
/" 5 R,
S
77N
(8) Ry = Ry = -COMe ) ©° s
(b) Ry = TMS and R, = -CO,Me
(c)Ry=TMS and R,=H i — 142(a-e)
(d
(

) Ry =TMS and R, = -SO2Ph
e) Ry=TMS and R, = -SO2NMe; |
f) Ry =H and R, = -CO,Me ~
g) Ry = Ph and R, = -CO,Et

h) R1 =Hand R2 = 'SOZPh

i) Ry =Ph and Ry, = SO, Tol

j) Ry =t-Bu and R, = SO,Ph

k) Ry = t-Bu and R, = -SO,NMe,, -

> >  142(f-k) +  143(f-K)

Scheme 50 a Refluxing benzene, 5 h to 6 days

Only one 1,2,3-triazole isomer was also obtained by Yamashita et al. [114]
by the regioselective cycloaddition of (trimethylsilyl)acethylene with azido
phospholane derivatives (see Table 2)
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Table 2 Representative constructions of trisubstituted triazoles based on uncatalyzed directed or
nondirected 1,3-cycloadditions of various azides

Starting material Final 1,2,3-triazole derivative Ref.
OTNHz Example: (115]
. -N
N, ~ OH HO N N

(. HO 2
R

R = H, Bz, Ph, 4-CI-Ph, 2,5-diMe-Ph, Me,
-CH,-CONH,, -CH,-CO,Et, 3-NH,-Ph

OH  (DMF, reflux)

R4 =-CO,Et and R, = -CO,Et
R, =-CO,Me and R, =-CO,Me
R1 = -COZH and R2 = -COZH

Ry =Hand R, = SiMe;

R1 =H and R, = CMe,OH
R;=Hand R, =-CO,Me
Rs=Hand R,=Ph
R;=Hand R, = CMej;

RyH,COCHN R,
H QV N
COH Rs
Si - :2: ggz'\H"e (benzene, reflux)
R, = Ry = -CF,
R, =-CO,Me and Rz =H
R, =-CO,H and Ry3=H
R, =-CHO and Ry=H
R, =-COMe and Rg=H
(0]
HQ N _Me
2 3 /o
. R
(MeORHC™ ™o R = H, -CO,Me

(DME, reflux)

=
N, OH
02(7 N:N

NH,

Mixture of regioisomers

R, [114]

R; =-CO,Et and R, = -CO,Et
R; =-CO,Me and R, = -CO,Me
R;=-CO,H and R, = -CO,H
R;=Hand R, = SiMe;
Minor Major
\ J
4
R; =Hand R, = CMe,OH
R;=Hand R, =-CO,Me
R;=Hand R,=Ph
R;=Hand R, = CMey

Rs [4]

R{H,COCHN s RZH
N

N~ N\N'/

CO,H

~ 1/1 mixture of regioisomers for
asymetrical acethylenesi

N | [116]
N“ O H N JyCoaMe

N + N

R CO,Me R H
Minor Major

N‘/N/ coMe . _ HO. o

N
R™ CoMe (MeO)HCT g

(continued)
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Table 2 (continued)
Starting material Final 1,2,3-triazole derivative Ref.
Me [117]
N \{*Me TOZEt
CO,Et
(Toluene,100°C)
N [118]
(0] F
. =
R Me
R = Ph, -CO,Et PH
R = Ph,-CO,Et
(Toluene, 45°-60°C) . .
Minor Major
[119]
L& + MeO,C CO,Me L&
N; MeO,C \N\,!“
(benzene, 100°C, sealed tube) N
MeO,C
Ng Ph [120]
N
/R
© . |[F= Ph] ,:/ZT\],N
T Vapor phase
gr vacuum pyrolysis
j/\Ph
F
RO OH [14]
RO _N
RO Q N3 o l;\l\‘ /)
\\\ RO
RO RO” OR OH
(Toluene-pyridine 9:1, reflux)
HO OH [121]
Me O\/\ P _ OH
S Ny + e
hig 2t =y o _

o

(Toluene-pyridine 9:1, reflux)

(continued)
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Starting material Final 1,2,3-triazole derivative Ref.
N3 N _CF, [122]
o} N I(Ph)
HN— 0 CF N
o OMe s O FChF )
3
< - + J HN% 0
o__0 o OMe
Y Ph —
FsC OYO
F3C
o H o “ [123]
CO,Me
Al .
BocHN Ng CO,Me BocHN _ N
(0]
MeO,C CO,Me
(Toluene, rt)
Ari—=—=—CF3 + Ary-N3 FsC__N Ari N [124]
(Tolene, reflux) ;[NIN I N
Ar1 \ F3C N\
AR; = 4CI-Ph and Ar, = Ph Ar, Ar,
Arq = 2-Cl-Ph and Ar, = Ph
Ary = 4-NO2-Ph and Ar, = Ph Major Minor
Ar; = 4-Me-Ph and Ar, = Ph
Ary = 4-NH2-Ph and Ar, = Ph
AR, = 4l-Ph and Ar2 = 2,6-Cl,-Ph
Ar; = 2-CIPh and Ar2 = 2,6-Cl, Ph
Ar; = 4-NO2-Ph and 2,6-Cl,_.Ph
Ar; = 4-Me-Ph and Ar2 = 2,6-Cl,-Ph
Ar; = 4-CI-Ph and Ar2 = 4-NO,-Ph
o [125]

N3

P
MeOZC) TR Gy

(Toluene, reflux)

— CO,Et

Eto\é(,) CO,Et

/

-
EtO Ne N
"N Cco,Me
Minor
+
[ON
\P\’OEt
Etozc% OEt
-
- N/
NSNT Co,Me
Major

(continued)
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Table 2 (continued)
Starting material Final 1,2,3-triazole derivative Ref.
BzO— o Ns CO,Me OH [126]
N N
+ _
/= CO:Me BzN. 0Bz N\ ”~Co,Me
BzO oBz HO o] o
OH
+
(Tolene, 50-55°C)
BzO OBz BzO OBz
Major Minor
5
Cone MeO,C [5]
\A 3
—< >—< MeO,C—N, -
CO,Me Kr\ o
(Glyme, reflux) N—< >—<
O\< Me
(o]
127
Ph/\[CONHZ oe Ph \CONH, [127]
+ 7 CO,Et
Ns : ® NN
© (EtOH, reflux) )§<
, reflux
EtO,C CO,Et
127
Ph CONH, oh CONH, [127]
+ H—==—Ph R N
R) N NI
(CuSO0Oy, sodium ascorbate, t-BuOH/H20, rt) \\<Ph
N3W . =" N Z/E mixture [128]
=N
MeO S \
N
CuSQ,, sodium ascorbate, —> (1) MeOF_S/ \’MW
DMF,rt R
Cuwire, MeCN, rt —> (+ oo
(Diy=171 (:)ZE:HCC CH,-OM
Cuwire, MeCN, 70°C  — (il (I R =-CC-CH,-OMe
N3 CO,Me OH [129]
N N
_ # \\  OH {
/——CO,M N.
@ " 1d e N Noy~ COMe

(Toluene, 55°C)

O-
O

Major Minor

(continued)



220

Table 2 (continued)

S. Mignani et al.

Starting material Final 1,2,3-triazole derivative Ref.
N3 EtO,C [130]
N
0) EtO,C \N
H, Cl, -CH,Cl 102 )N
(@)
H, CI, -CH,CI
Cl
Cl
N3 Cl (-OEt, -COPh) [131]
OR'
CO,R N-N
Il )—Me (-OMe, -CO,H)
N
(Benzene, reflux)
CO,R' (-COMe)
Ts—N Ry Ts, [132]
,S———R - )
g >+ Rg-Br/NaNg O:S/’R1 R,
H,O-CH,Cl,, reflux -
(Hp 20l ) N~‘N'N‘R3

R, = 4-Me- Ph, Me, Ph

Rp = Bu, CH,0Me

Rg = -NO,-Bn, 4-MeO-Bn, Ph(CH,),-,
Ph(CH,)s-, Bn

This silyl effect has been used by Harrity and coworkers to prepare triazole
boronic esters [133]. Several boronic esters have been prepared as single regioiso-
mers under thermal activation. Interestingly, these triazoles can be further function-
alized using Pd-catalyzed coupling reactions. Replacement of the trimetylsilyl
group by an alkyl group resulted in complete loss of the regioselectivity of the
cycloaddition (Scheme 51).

Brimble et al. described an elegant synthesis of spiroacetal-triazoles 148 as
privileged natural product-like scaffolds using “click chemistry” [134]. One of the
key steps is the 1,3-dipolar cycloaddition of azido-spiroacetal derivative 147 with
various alkynes. Only one isomer was obtained with a silylated akyne (Scheme 52).

A closely related approach has been described using tributyl(3,3,3-trifluoro-1-
propynyl)stannane as a dipolarophile [135]. Once again, stanylated triazoles are
useful precursors for coupling reactions [136] (Scheme 53)

The reaction of alkynyl sulfoximines with in situ-prepared organic azides in
water—dichloromethane under reflux has been reported to afford 1,4,5-triazoles in a
fully selective manner (Scheme 54) [132]. In addition, an instructive paper on the
1,3-dipolar cycloadditions of acetylenic sulfones in solution and on solid supports
has been published by Back et al. [137].
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SiMe,
N
I e
+ RN, a )=< R = Bn, Ar, n-Oct
B Me;Si B-0O
- !
oo 3
H 145
144 ‘ b
N7 ONR R
N” °N- - . .
Ar = m-MeOPh. \—{ c 2 Ar = Ph, p-MeOPh, p-NO,Ph
m-NO,Ph, p-CIPh  Ar Ph Me,Si Ar R<Bn
119 146

Scheme 51 a DCB, 110°C, 24 h 64-84% b 5 mol% Pd,(dba)s;, 12 mol% t-BusP.HBF,, K;PO,,
Arl, MeCN, 50°C, 16 h, 66-97% ¢ NIS 5 equiv, then 5 mol% Pd,(dba);, 12 mol% t-BuzP.HBF,,
K5PO,4, ArBOPin, MeCN, 50°C, 59-75% [133]

TBDPSO TBDPSO
a
O + R—R, — 57\ R,
Q7™ 135 0 N@_
y R
Nz 2
148 N

R1 = R2 = 'CO2Et
R1 = 'COzEt and R2 = 'SiMe3

Scheme 52 a Toluene, sealed tube, reflux, 78-84% [134]

CF,
N
I Jaa
+ Ph-N3 a—> — 66%
SnBuj BusSn CF,
149 150
Scheme 53 a CH(OMe);, 80-85°C [135]
Ts< Ts<
N .'g‘ Rz Ry = 4-MeCgH,,
R a Ry \(( Ro=Bu
"¢\ O 1" N-Rs R _4.NO,BnPh(CH,),Ph(CH,)g,
Ro NN 2-Naphth-CH
151 152 2

Scheme 54 a R3Br, Na.N3 H20—CH2C12, reﬂux, 3h39-73%
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5.2 Uncatalyzed Cycloadditions with Metalated Alkynes

The reaction of metalated alkynes with azides has been investigated by Akimova
in the late 1960s [138, 139]. This reaction has been reinvestigated in 2004 by
Krasinski et al. (Scheme 55) [118]

Ro N
I O A G AR

a J— - s —
+ RNy 2 A= = R, = Ph
MgBr BrMg Ry Rs R R;=D, I, CO,H, CONHPh
153 154 155

Scheme 55 a THF, 50°C, 1-24 h, then electrophile 77-95% [140]

A similar approach has been recently described using lithiated alkynes
(Scheme 56) [141].

Pent

I N7V N-SORAT A p-SOAr R = PhCOPh,
+ ASOpN; — 2. )=( b =( CONPr, CO,BN,

Li Li Pent R Pent TBS, Me

156 157 158

Scheme 56 a THF, —78°C, 30 min, then electrophile (2 equiv) 17-80% [141]

In both cases, the metallotriazole can react with several electrophiles, leading to
1,4,5-triazoles in a regioselective manner. The mechanism proposed for these
transformations involves a nucleophilic addition of the metal acetylide, followed
by ring closure to the metallotriazole. Preferential attack on the terminal rather than
internal nitrogen of the azide explains the exclusive formation of the 4-metallo
intermediate.

The reaction of alkynylzinc or zincates with azides has been reported to deliver
metallotriazoles that can be further functionalized using a Negishi coupling reac-
tion [142]. Although the mechanism has not been discussed, formation of a
metalated heterocycle might be related to the one proposed by Krasinski
(Scheme 57).

R
1 NoRi N Ry R, = p-FPh, 2,4-F,Ph
I - N N 1 2
+ Ry-Ng ) ( _b. \—{ R,=Me, Ph
ZnCl Rs=Ar
ZnCl Ar R2 3=
159 160 161

Scheme 57 a THF, —78°C, 30 min, then electrophile (2 equiv) 17-80% [142]
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5.3 Catalyzed Cycloadditions

The discovery of Cu(I) catalysis for the Huisgen 1,3-dipolar cycloaddition reaction
has led to a tremendous number of synthetic developments [104, 143]. Even if the
exact mechanism of the reaction is still debated, the process involves formation of a
transient 5-cuprotriazole, which is protodemetalated to close the catalytic cycle. If
stoichiometric or an excess of copper is used, one can conceive to trap this transient
metalated intermediate by electrophiles (Fig. 7).

Fig. 7 Mechanistic rational for the regioselective Cu-catalyzed 3+2 cycloadditions with terminal
alkynes

This strategy has been reported for the synthesis of several 1,4,5-trisubstituted
triazoles [144] Interestingly, the electrophile is introduced at the beginning of the
reaction. Regioselectivity of the reaction, opposite to the one observed using
lithiated, magnesiated, or zincated alkynes, suggests that the mechanism is indeed
a [3+2] copper-assisted cycloaddition that proceeds via a 5-cuprotriazole, and not a
cyclometalation that would have deliver 4-substituted triazoles (Scheme 58)

R N,
o a 2>N" N
R—== + RN, + RX —— > —

R;= Ph, n-C,H,, CO,Allyl, CONH-Allyl Rs Ry
Ry = PhCHy, n-CgHyy, CFACH,
Ry = I, PhCO, MeCO, Allyl

Scheme 58 a Cul 1 equiv, Et3N 1 equiv, THF, R3X 1-2.5 equiv, rt, 20 h 27-81% [144]

This stoichiometric method has been used for the synthesis of several 1,4,5-
trisubstituted triazolyl nucleosides. In some cases, 5-halogenated compounds were
obtained in mixture with the protonated ones [145]. A slight improvement of
this methodology, by using a combination of Cul and N-bromosuccinimide
that generates in situ a reactive iodonium electrophile, allowed clean preparation
of 5-iodotriazoles [146].
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One-pot regioselective synthesis of bistriazole derivatives 162 has been
described by Burgess et al. [147]. Based on copper-assisted Huisgen reaction,
condensation of acetylenes 128 with various azides 136 in presence of Cu pow-
der/CuSO,4 and 2 M aq. Na,CO; in acetonitrile under air atmosphere at room
temperature afforded the bistriazoles 162 with moderate to good yields
(Scheme 59).

Ri Ry
a N N-N
Ri——H + RoNj 1N il
Ney DN
128 | 136 162 R, R ‘
iy A in situ
O \O m /—\
't
— N
Ry= ©/ © HO Mes-Si- H
NO,

Scheme 59 a Cu powder, CuSO,, MeCN, 2 M aq. Na,COs, air, rt, 23-87% [147]

As generation of an alkynylcopper species was believed to be a requirement for
copper-catalyzed huisgens-type cycloaddition, the use of copper salts to catalyze
reaction of azides with internal alkynes was generally not considered as a conve-
nient method for the preparation of trisubstituted triazoles. However, Hein, Fokin,
and coworkers reported that copper(I) catalyzes cycloaddition of various azides 136
with 1-iodoalkynes 163 to give 5-iodo-1,2,3-triazoles 164 as the sole isomer in
good yield [148]. Compounds 164 are versatile synthetic intermediates that are
amenable to further chemical functionalizations. Remarkably, this cycloaddition
is conducted at room temperature in presence of 5 mol% of Cul in THF with
5 mol% of tris((1-tert-butyl-1 H-1,2,3-triazolyl)methyl)amine (TTTA) as ligand
(Scheme 60). Water-soluble salts have also been reported to catalyze this reaction
in water under aerobic conditions.

The use of water-soluble salts has been reported to catalyze this reaction in water
under aerobic conditions [149].

The proposed mechanism for this transformation involves a transient vinylidene-
like transition state B (Fig. 8, left). A closely related mechanism has also
been proposed for the copper-catalyzed cycloaddition of azides on mixed
organoaluminum compounds.

Thus, it has been reported that aluminated triazoles can be prepared from the
corresponding alkynides by a copper-catalyzed condensation. The aluminum bound
can be further functionalized, leading to 1,4,5-trisubstituted triazoles [150]. No
reaction occurs in the absence of copper, and the regioselectivity of the reaction
clearly rules out a tandem addition-cyclometalation process (Scheme 61).
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Ri—

163 136

a N
|+ RpNy 2, R1/§(

N
N\R2
|
164

Selected examples:

(P iy

Ry = ? o

\I::EN_Ph )l\ OtBu
e
OHC

OMe
Ry =
o
s |

Scheme 60 a Cul (5 mol%), TTTA (5 mol%), THF, rt > 70% [148]

N=N —

\ R—
NN R

'?'
Q
@m/N\ u-L,
N
R———AIMe,
R'N3 A \
®@
-N.“.R'
Cu-L, N/ T
R———AlMe '
o 2 RN Cu-L,
AlMe,
B'
=N
\ R—=—AlMe,
RN\ N‘R'
AlMe,

Fig.8 Mechanistic rational for the regioselective Cu-catalyzed 3+2 cycloadditions with iodinated

or aluminated alkynes

Although most of the catalytic activations of Huisgen reaction involve metal
salts, a very interesting activation by boronic acids has been recently published
[151]. This remarkable mild transformation enables the access to 4-carboxy-
substituted triazoles without decarboxylation (Scheme 62).

The LUMO lowering of the dipolarophile by transient formation of a
monoacylated hemiboronic ester not only enables a rate acceleration of the reaction
with internal alkynes but also a good to excellent control of the regioselectivity of



226 S. Mignani et al.

R1
a N=N . N=N E=D,I,Br,Cl,
| | + R2-N; — R1/§(N\R2 - - R‘&(N\F@ CO,Me, CO,Bn
AlMe,. THF AlMe E R1=Ph, n-Pr, t-Bu
2 R, = Ph, Bn, CH,Pyr
165 136 166 167

Scheme 61 a Cul (10 mol%), [Me,N(CH,),],NMe (10%), toluene, rt, 48 h, 52-85% [150]

N=N
R—==—CO,H + Bn-N, 2 HOZC&(N\Bn R = Me, Ph, CO2Me, CO,H
NO, R
168 ©: 169
B(OH),
5-20%

Scheme 62 a 25-40°C, 24-96 h, 68-73% [151]

this process. It has been shown that this regioselectivity can be enhanced, if needed,
by increasing catalyst loading from 5 to 20 mol%.

Ruthenium salts are well known to catalyze several reactions involving alkynes.
These catalysts have therefore been investigated in the Huisgen reaction. The first
report of a Ru-catalyzed [3+2] cycloaddition with symmetrical internal alkynes [152]
has been further extended to dissymmetrical substrates [153]. The regioselectivity of
this reaction was generally not controlled with nonfunctional internal alkynes.
However, perfect regiocontrol was achieved with dipolarophiles substituted by
electron-withdrawing groups, giving rise to 4-carboxy triazoles, whereas alkynes
bearing an hydrogen bond donors exclusively delivered the opposite regioisomer
(Scheme 63). This directing effect was attributed to a strong hydrogen bond between
the dipolarophile and the chloride ligand of the ruthenium catalyst [154].

The use of ruthenium (CpRuCl(PPhs),) or palladium salts (Pd(OAc),/PPhs,
PdCl,(dppf) and Pd(PPhs),) to catalyze cycloadditions with internal alkynes has
been recently compared.

Thus, ruthenium-catalyzed 1,3-dipolar cycloaddition of trifluorometylated
propargylic alcohols 170a-d with azides only gave 1,5-disubstituted triazoles
171a-d in good yields (64-95%) [95], whereas palladium salts and uncatalyzed
cycloadditions afforded a mixture of the two regioisomers (171a + 171b)
(Scheme 64).

An experimental and theoretical investigation of electronic effects in ruthenium
catalyzed cycloadditions with internal diarylalkynes has shown that 5-electron-
donating group substituted triazoles should be favored [155]. This effect was
further observed in the synthesis of 5-amino-triazoles from ynamides (Scheme 65)
[156].
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N=N N=

a \ \
R—=—R, + ReNg ——— -~ R1/§(N\R3 + Rz/x(N\Rs
135 136 Ro R,
A B
R;=Ph, R,=Me A+B

R1 = Ph, R2= n-Pr

R, = Ph, R, = CH(OE),

R, = Ph, R, = CO,Et

R, = Ph, R,= COMe B
R, = n-Bu, Ry= CO,Me

R, = Et, R, = COMe

R, = Ph, R, = CH,OH

R; = Me, R, = CH,CH,OH

R; = Me, R, = CH,NEt,

R, = Et, R, = CMe,OH

Scheme 63 a 10 mol% Cp*RuCl(PPh;),, PhH, 80°C 70-100% [154]

Ph cF,
F30—< . RO Ph+ A

N= N:N
170a N
171a 171b
H,0, 80°C 52% 48%
Pd(OAC)y/PPhy(5 mol%)|  57% 81%
PdClydppf) (5 mol%) 54% 86%
Pd(PPhs), (5 mol%) 77 23%
other examples: <:] CpRuCly (10 mol%) 100% 0%
E OH OH E Ry RZOH
EFgC _ﬁkp F30 F3C—<: - Ei FSC%Z/ Pht
! 170b 170¢ 170d  Ph! N—/
! ! N:N’
! n-CgHq7-N3 ! 171b: Ry =R, =Ph

""""""""""""""""""""""""""""""""""""" 171c: R4-C-R; = cyclohexyl
171d: Ry = H; Ry = -CH= CH-Ph

Scheme 64 Catalyzed cycloaddition of azides with trifluoromethylated propargylalcohols :
regioselectivity issue
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N=
Ts N Fh
N a aN—
©/\ * + ph—=N Ph/K(
Bn
Bn/N‘Ts
17 172 173
77%

Scheme 65 a 10 mol% Cp*RuCl(PPh3),, toluene, 80°C [156]

6

Conclusion

1,4,5-Trisubstituted triazoles can be prepared using many synthetic pathways. In
most of the cases, the nature of the functional groups introduced on the final
heterocycle will dictate the synthetic route. Recent developments based on transi-
tion metal-catalyzed C-H activation or 342 cycloaddition are particularly
promising for the general access to these structures. There is no doubt that these
new approaches should enhance the chemical diversity of triazoles, leading to the
discovery of compounds with important biological and/or physical properties.
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