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[CuCl(TPh)]:     30 min. 97%
[CuCl(TMes)]:   60 min. 35%; 90 min. 100%
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R1 = nBu; R2 = Bn
R1 = iPr; R2 = Bn
R1 = iPr; R2 = nBu

R1 = Ph, R2 = Bn, R3 = Me
R1 = Ph, R2 = Thioanisole, R3 = Me
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Catalyseurs

1,10-phenanthroline

4,7-dichloro 1,10-phenanthroline

Additifs

62%
30%

86%
81%

+
0.5-1 mol-%
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R1

SiMe2Oi-Pr

R2

R4

R3

1. Pd(PPh3)4 (10 mol%) 
K2CO3 (2 equiv)

Ar1Br (1.2 equiv) 
PhMe–EtOH–H2O 

80 °C

R2

R1

Ar1

R4

R3

Ar22. Pd(PPh3)4 (10 mol%) 
Ag2O (1 equiv)

Ar2I (1 equiv) THF 
60 °C, 36 h

68–95% yield

55–79% yield

R1

Ar SiMe2OH

R2

R4

R3

N NR R

X
CH2Cl2

N NR R

AgX

[M]
N NR R

[M]

solvent

M = Au, Cu, Pd...typically 75% to >95% yield

Ag2O
(0.65 equiv)

OH

Fe

O

Fe

Ag2O (5 equiv)

MeCN

R R

84% yieldR = O(CH2)3NMe2

O2N

S
O O

NHt-Bu

O2N

S
O OEt

N
t-BuCH2Cl2 reflux

90% yield

EtI (3.6 equiv)
Ag2O (1 equiv)
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a b s t r a c t

Post-functionalization of metal N-heterocyclic carbene complexes (metal NHCs) is described in this

focused review. As metal NHCs are nowadays prominent in organometallic chemistry, functionalization

methods for these scaffolds are of high importance for numerous applications of these organometallic

compounds, ranging from catalysis to medicinal chemistry. Recently, post-functionalization e i.e.

chemical modification of a preformed metal complex e has emerged as a set of divergent and modular

methods for metal NHC modification. Examples chosen herein highlight that in a near future such

methods may increase the number and diversity of biocompatible and bioconjugated metaleNHC

complexes.

© 2014 Elsevier B.V. All rights reserved.
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Introduction

Metal N-heterocyclic carbene complexes have entered chemis-

try first as chemical curiosities in the 1960s [1,2] before becoming

part of mainstream research after the isolation of the free carbenes

in the 1990s [3,4]. They are currently the focus of a great deal of

research, as their coordination properties are now well understood

[5]. Nowadays, this family of complexes is one of the most broadly

considered for all the applications of organometallic chemistry

[6e8]. The first applications of metal-NHC complexes were

considered in the context of catalysis where NHCs replaced phos-

phine ligands for a broad range of catalytic applications [9]. Indeed,

the desirable characteristics for ancillary ligands in catalysis e

strong binding, low chemical reactivity of the ligand scaffold,

control of metal redox states, simple speciation, tailored steric

crowding etc… e are quite similar to the general requirements for
* Corresponding author. CNRS, UMR 6296, ICCF, F-63171 Aubi�ere, France.

E-mail address: federico.cisnetti@univ-bpclermont.fr (F. Cisnetti).
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metal-based molecular compounds in biological media. Hence, not

unsurprisingly NHC ligands have also been considered for the

design of metal-based drug candidates [10e15].

While several authors have reported functionalized NHCs [16] as

structures of interest for specific purposes, the concept of “func-

tionalization” is generally only implicitly defined. In this review, we

will define functionalization as the synthetic modification of

“reference” ligand scaffolds bearing only alkyl- or aryl-substituents

e as exemplified in Scheme 1 with the most frequently encoun-

tered metal complexes of imidazol(in)-2-ylidenes e with a moiety

providing the complex with new properties. These could be:

reactivity through added functional groups, modification of solu-

bility polar/charged pendants, chirality, biomolecular recognition…

In this review, we will consider both the modification of the ligand

scaffold (cases I and II) as well as the case where the added function

is carried by a non-NHC ligand (case III).

To obtain functionalized metaleNHC complexes, straightfor-

ward andmodular synthetic routes permitting easy variation of the

grafted functional group are highly desirable. In this short review,

we will focus on post-functionalization of metaleNHC complexes

to obtain well-defined molecular complexes; solid-supported

complexes (see a review [17] and a recent example [18]) will not

be discussed herein. Post-functionalization consists in performing

the synthetic step allowing the introduction of the extra func-

tionality on preformed metal complexes. The obvious advantage of

post-functionalization methods is that a single complex precursor

may allow the divergent access to a family of functionalized com-

plexes.While this topic is quite recent (<10 years), several synthetic

approaches have now attained sufficient maturity to consider them

as a toolbox to achieve molecular diversity in an efficient manner,

which is highly desirable in many areas, in particular for biological

applications.

Chemical modification of the NHC ligand scaffold

Generally, two strategies exist to obtain functionalized met-

aleNHC complexes where the extra function is carried by the

organic scaffold (Scheme 2). In the pre-functionalization strategy,

the desired functionality is added at some point in the multistep

preparation of the azolium salt [19] (often linked to the imidazo-

l(in)-2-ylidene ring via a spacer), then the compound is metalated

to yield the functionalized complex. On the contrary, in the post-

functionalization strategy, an azolium salt carrying functionaliz-

able groups is metalated and the function is introduced thanks to a

reaction performed on the resulting complex precursor.

Obviously, this strategy will be successful provided that reactive

groups required for post-functionalization are compatible with the

preparation of azolium salts and that general conditions may be

found for the functionalization step. As it will be apparent by ex-

amination of the examples discussed hereafter, this constitutes a

limitation that has impeded a broader use of post-functionalization

methods. On the other hand, for the pathway relying on pre-

functionalized ligand precursors, several synthetic steps need to

be adapted when changing the added functionality. Tedious syn-

thetic optimization of organic and organometallic synthetic steps

may be required for each compound, because the properties of the

final complex and its precursors may vary significantly due to the

added functional groups. Moreover, as steps requiring harsh con-

ditions conclude frequently imidazol(in)ium salt preparations

(typically: cyclizations in acidic conditions) [19], further limitations

of synthetic nature may appear if the additional functionality is

introduced in the early stages of the synthetic sequence.

Strategies aimed at appending functional groups by modifica-

tion of NHC ligands within metal complexes have been explored by

a few research groups worldwide since a handful of years. However,

this was preceded by NHC ligands switchable (i.e. modifiable) by

other types of external stimuli. Redox- or photo-induced post-

modifications of metaleNHC complexes were described by several

groups (Scheme 3). Redox (either electrochemically or by chemical

reagents) modifications of metal-carbene complexes are more

widespread. By analogy with extensive works performed in various

areas of inorganic chemistry with N-, P-, O- and S-ligands, early and
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Scheme 1. Various types of functionalized metaleNHC scaffolds. Black disks denote

alkyl- or aryl-substituents. I: functionalization on N-substituents (alkyl or aryl). II:

imidazol(in)-2-ylidene cycle functionalization. III: non-NHC ligand substitution. For

the sake of simplicity, cases IeIII are exemplified with imidazol(in)-2-ylidene scaffolds.
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Scheme 2. Insert: functionalized metaleNHC complexes obtained by modification of

NHC ligands. Pre- and post-functionalization strategies to access them are shown in

panels a and b, respectively.

Scheme 3. Top: NHC scaffolds fused with oxidizable or reducible groups; center:

reduced form of a redox switchable (dissolved/precipitated) olefin metathesis catalyst

by Süssner and Plenio [24]; bottom: photochemical post-modification of metaleNHC

complexes as reported by Yam et al. [27] Example shown for gold.
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seminal examples of redox-switchable NHC ligands used 1,10-fer-

rocenediyl [20,21] (see also a recent review [22]) or naphtoquinone

[23] backbones (scaffolds 1 and 2, respectively). Even without

direct redox communication between the metal and the ferrocene

centers, useful properties may be achieved such as for complex 3

reported by Plenio as early as 2005, for which olefinmetathesis was

switched on/off by oxidation to ferricinium which resulted in

catalyst precipitation [24]. These systems range among redox-

active/non-innocent ligands which are now recognized as power-

ful inorganic/organometallic tools to control catalytic processes

[25,26]. For photochemistry, a pioneering report by Yam et al.

showed the feasibility of reversible photocyclization and photo-

cycloreversion of AgI, AuI, PdII [27] and RuII [28] complexes bearing

3-thienyl groups (4a ⇔ 4b). Remarkably, this could be performed

without the observation of any demetalation. More recently, a RhI

complex based on a similar ligand has been shown by Bielawski

et al. to behave as a photoswitchable hydroboration catalyst [29].

MetaleNHC complexes displaying reactive backbones

Chemically switchable metaleNHC complexes have been

investigated by several groups. Among them, C�esar, Lavigne et al.

have performed the most extensive studies on post-functionaliza-

tion with two types of structures: 5-membered ring NHCeMLn
complexes incorporating a ketone group prone to conversion to a

reactive enolate 5, and zwitterionic metalecarbene complexes 6

obtained with maloNHC anionic 6-membered ring carbenes [30]

(Scheme 4) [31].

For maloNHCs, zwitterionic complexes were obtained with

cationic metal fragments such as [Ag(PPh3)]
þ, [Rh(COD)]þ and

[CpFe(CO)2]
þ. Their works were also extended towards the gener-

ation of polymetallic NHC-imidato system (where themetalation of

the anionic NHC scaffold may be viewed as a form of post-

functionalization) [32] and to (4-amino-imidazol-2-ylidene)

Rh(COD)Cl complexes undergoing an unexpected yet synthetically

efficient oxidation of the ligand backbone [33]. Rhodium(I) com-

plexes were subjected to a subsequent investigation of the effect of

backbone modification on the polymerization of phenylacetylene

and the hydroboration of styrene [34], whereas CpeFeII complexes

were considered as hydrosilylation catalysts [35].

For the imidazol-2-ylidene-4-olate ligand, O- and C-function-

alization of the enolate groupwere remarkably achieved depending

on the type of electrophile used. The former possibility is the

broadest in scope from a synthetic point of view [31,36]. The

enolate-containing NHC scaffolds are modified Arduengo carbenes

for which a sharp sensitiveness to external stimuli is achieved, as

shown by the modulation of the ligand donicity upon different

types of chemical modifications of the scaffold (independently,

acid-base reactivity and its impact on coordination properties were

also reported by Glorius and coworkers with iridium(I) complexes

[37]). Hashmi et al. improved the access to some of these oxo-

substituted NHCs by disclosing a one-step preparation of their

gold, palladium and platinum complexes and reported further ex-

amples of post-modified gold(I) complexes, including example 7c

bearing a photocleavable group [38].

All these pioneering reports carry rich fundamental and applied

implications, especially in the field of catalysis. However, the syn-

thetic methods are restricted in terms of diversity and functionality

of the pendants. Especially, protic and/or fragile pendants impor-

tant for biological applications require other methods (see below).

Post-functionalization by azideealkyne cycloaddition on the NHC

scaffold

Azide-alkyne cycloaddition (AAC) e yielding di- or tri-

substituted 1,2,3-1H-triazole heterocycles e is one of the re-

actions most frequently employed within the conceptual frame-

work of “click chemistry”. It is important to keep in mind that the

original definition of click chemistry by Sharpless et al. is not

focused on a type of reaction but on experimental criteria [39]. For

this reason, azide-alkyne cycloaddition may comply with click

chemistry characteristics depending on the experimental proce-

dure (for the reaction itself and purification). However, this se-

mantic “click/not click” debate for each AAC-based synthesis does

not diminish the interest of AAC methods (even if “not click”) in

numerous research areas including drug development and

chemistry-biology applications [40]. Importantly, the bio-

orthogonality of AAC has been highlighted: no azide and only rare

internal alkyne groups natively exists in biomolecules and condi-

tions for AAC in its copper catalyzed or strain-promoted variants

are generally compatible with the functional groups carried by

biological building blocks and macromolecules [41].

From the chemical point of view, AAC may be performed in

different ways (Scheme 5). While Dimroth reported in the 1900s

the reaction of organic azides with alkynes, the reaction has

attracted a greater interest since its scope and generality was

highlighted by Huisgen half a century later [42]. The so-called

Huisgen reactions consist in thermally activated [3 þ 2] cycload-

ditions. The reactions are performed typically with electron-poor

symmetrical internal alkynes yielding heterocycles 9. If unsym-

metrical ReC^CeR0 substrates (R,R0
¼ alkyl, aryl or H) are used, a

much less synthetically useful mixture of regioisomers is obtained.

In the case of terminal alkynes, AAC results typically in a

approximately equimolar mixture of 1,4- and 1,5- disubstituted

1,2,3-1H-triazoles. For these reasons, AAC was seldom used until

the reports of Sharpless' [43] and Meldal's [44] groups which

highlighted that copper(I) could catalyze the reaction, allowing it

to proceed in mild conditions and with a total regioselectivity in
Scheme 4. Top: enolate-containing maloNHC scaffolds. Representative examples of O-

functionalization: imidazol-2-ylidene-4-olate (center) and maloNHC (bottom).
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favor of the 1,4 regioisomer 12 [45,46]. Such a copper-catalyzed

azideealkyne cycloaddition (CuAAC) is often termed (abusively,

see above) the “click reaction”. Later, a ruthenium(II) catalyzed

process using [Ru(Cp*)Cl(PPh3)2] was discovered to access the 1,5-

regioisomer 11 [47]. The renewed interest on AAC sparked the

discovery of very efficient strain-promoted processes (SPAAC),

particularly useful for bioconjugation [48e50]. The inclusion of

the alkyne group in a strained cycle allows the SPAAC reactions to

proceed rapidly even in dilute condition and low temperature to

obtain heterocycles of type 10.

Quite surprisingly, very few reports highlight the use of AAC

methodologies for the functionalization of metaleNHC complexes.

The comparison with other areas of organometallic and coordina-

tion chemistry may be instructive. In the case of ferrocene de-

rivatives, azideealkyne reactivity has been used extensively

including for applications such as drug modification by ferrocenyl

groups and bioconjugation [51]. CuAAC has also been used to

generate a wide array of metal chelates [52]. For instance, in

complexes bearing a fac-[M(CO)3
þ] group (M ¼ Tc, Re), AAC pre-

functionalization approaches (including the ‘click-to-chelate’

strategy recently reviewed by Mindt allowing the facile introduc-

tion of biomolecular pendants [53]) are widely used. For the same

type of complexes, few examples deal with post-functionalization

[54,55]. Indeed, reaction strategies summarized in Scheme 5

highlight several potential issues when azide- or alkyne-

substrates are organometallic compounds. These may include re-

actions of azide- and and/or alkyne reagents at themetal center and

in the case of metal-catalyzed reactions, undesired reactivity of the

catalyst with the organometallic substrate. Not unsurprisingly, the

types of compounds discussed above concern classes of very stable

organometallic compounds for which these issues are minimized.

Going back to metal-NHC complexes, their first AAC post-

functionalization has been described by Elsevier et al. in 2010

with a palladium(II)eNHC complex bearing a propargyl group. The

functionalization was performed by CuAAC with a bulky azido-

adamantane substrate to yield 13 (Scheme 6, insert) and

described as modular access a series of complexes of catalytic in-

terest otherwise obtainedwith pre-functionalized ligands [56]. One

year later, Guichard, Bellemin-Laponnaz et al. used the

ruthenium(II)-catalyzed method to graft azide-modified molecules

on alkyne-bearing PdII and PtII complexes 14 [57]. Deprotection of a

TMS-protected alkyne moiety and RuAAC could be performed one-

pot (Scheme 6). It has to be noticed that CuAAC failed on the same

complexes likely due to the incompatibility of the various CuAAC

protocols employed with the presence of metal-halide bonds.

Indeed, copper(I) alkynyl complexes formed in the reaction may

transfer alkynyl ligands to the group 10metal in a Sonogashira-type

reactivity [58] instead of reacting in CuAAC [57]. The compounds

obtained by RuAAC were very diverse in terms of hydrophobicity

(see examples 15a,b) and bore pendants of biological interest (see

examples 15c,d, with a protected amino acid and a steroid,

respectively). Platinum(II) complexes including the latter examples

were screened against several cancerous cell-lines [59]. All com-

pounds proved to be cytotoxic in the micromolar or submicromolar

ranges, the compound bearing a simple benzyl pendant being

generally more toxic than those with the sophisticated pendants.

The amino acid derivative displayed a modified toxicity profile,

while the estrogen derivative proved to be effectively cytotoxic

(IC50 in the micromolar range) against SKOV3 and OVCAR8 cells

expressing estrogen receptors (but less so on MCF7 cells also

expressing them). Interestingly, the compound showed less toxicity

on quiescent EPC cells (but proved to be toxic against non-

cancerous rapidly dividing cells). While targeting properties have

not yet been conclusively demonstrated, these preliminary results

are very encouraging.

In our group, we adopted a different strategy consisting in AAC

post-modification of coinagemetal complexes (M¼ Cu, Au) bearing

azide groups on symmetrical or unsymmetrical imidazol(in)-2-

ylidene ligand scaffolds [60e62]. The azide groups were intro-

duced in the para position of 2,6-dialkylanilines using simple pro-

tocols [63,64]. Then, using well-established synthetic pathways

[19], NHC$HCl salts bearing one or two azide functions (mono-N3

unsymmetrical species: analog of SIPr [61], bis-N3 symmetrical

Scheme 6. Post-functionalization of group 10 metaleNHC. First example by Elsevier

et al. [56] (inset) and complexes by Guichard, Bellemin-Laponnaz et al. [57]: top:

general sketch of RuAAC post-functionalization pathways; bottom: most sophisticated

examples bearing a (protected) amino acid and an estrogen derivative.
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Scheme 5. Azideealkyne cycloadditions. Top left: thermal Huisgen conditions,

E ¼ electron-withdrawing groups; top right: prototypical strain-promoted cycloaddi-

tion with cyclooctyne, bottom: regioselectivity of metal-catalyzed reactions.

Fig. 1. [AgCl(NHC)] complex 16. The NHC ligand was obtained by CuAAC pre-

functionalization of an azide-bearing analog of the classical IPr ligand. H atoms omitted

for clarity. Redrawn from Ref. [62].
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species: analogs of IPr [62] and SIPr [60]) could be obtained and the

corresponding copper(I), silver(I) and gold(I) complexes were

prepared. Silver(I) complexes were obtained thanks to the usual

Ag2O metalation [65] and allowed to access their gold and copper

congeners by transmetalation. Interestingly, copper(I) complexes

are more straightforwardly accessible by metalation of azolium

salts with copper(I) halides in the presence of aqueous ammonia

[66] (this method has been applied to azide-tagged NHC$HCl pre-

ligands; see structure 20, Scheme 8 [61]) or of K2CO3 in acetone

[67]. These methods strengthen the interest of using copper(I)e

NHC complexes for the introduction of diversity, as carbene transfer

to other metal centers has been reported [68] (see also below).

From the steric point of view, the azide group location on the ar-

omatic substituents para to imidazol(in)ium nitrogens ensures that

no intramolecular interaction is possible with the metal center. The

same remark applies for the triazoles obtained after AAC. The

resulting complexes are peripherically functionalized but the

coordinating core retains the well-known properties of the parent

ligands [5,7]. This is exemplified by the crystal structure of the first

triazole-derivative we have obtained (by a pre-functionalization

strategy, Fig. 1): the silver(I) complex 16 bearing phenyl pendants.

With azide-bearing (S)IPr-derived complexes in hands, post-

functionalization was attempted first with gold(I) complexes. As

observed by Guichard, Bellemin-Laponnaz et al., no efficient con-

ditions for CuAAC could be found. However, the gold complexes

could be post-functionalized by thermal Huisgen AAC albeit not in

very practical conditions (60 �C, 10 days, CCl4, Scheme 7, 17 / 18).

The Huisgen AAC reactivity proved to be similar to that of purely

organic aromatic azides [69]. SPAAC post-functionalization with

bicyclo[6.1.0]non-4-yn-9-ylmethanol (BCN) [49] was also per-

formed on the gold(I) complexes, with reactions complete within

minutes at RT (Scheme 7, 17 / 19). To the best of our knowledge,

this reaction is for the moment the only reported SPAAC post-

functionalization of metaleNHC complexes.

For azide-tagged copper complexes 21, we have demonstrated

that these compounds behave as catalysts for their own function-

alization in an “auto-click” process. While their reactivity is much

lower than the best copper(I)eNHC systems considered as CuAAC

catalysts [70e72], it is sufficient to perform the reactions swiftly in

smooth conditions. The methodology is wide in scope as evidenced

by the use of alkynes of very different structures and hydrophilic-

ities ranging from a coumarin derivative whose luminescence is

switched on upon alkyne-to-triazole conversion [73] to an unpro-

tected sugar derivative (Scheme 8, examples 22aec and 23aec,

M ¼ Cu). Azide-bearing azolium salt precursors allowed also the

preparation of pre-functionalized ligands, e.g. to obtain water-

soluble copper(I)eNHC complexes [62,74]. This pre-

functionalization was performed by CuAAC in the penultimate

step of azolium salt synthesis. The sugar-conjugated complexes

highlight the interest of the post-functionalization strategy: the

typical conditions required for the last two steps of a putative pre-

functionalization approach for the same compound are clearly not

compatible with the sugar moiety: cyclization in acidic conditions

in the presence or trialkyl orthoformate followed bymetalation in a

basic medium [74]. As a follow-up of the auto-click functionaliza-

tion, gold(I) complexes could be accessed by ligand exchange,

adapting conditions published by Cazin et al. for unfunctionalized

complexes (examples 22aec and 23a,c, M ¼ Au) [68]. As a first

example of the interest of this strategy for biological applications,

the luminescent coumarin-appended gold(I) complexes were

incubated with PC3 cancer cells showing the co-localization of the

coumarin luminescence with the mitochondria-targeted Mito-

tracker® dye [61]. Indeed the mitochondrion is known to be the

target of several types of gold complexes [14].

Nucleophilic substitution

Huynh and coworkers have described the post-functionalization

of a palladium(II) complex 24a bearing a benzimidazol-2-ylidene

ligand carrying a bromopropyl side-chain (Scheme 9) [75]. 24a

was obtained from a silver(I) precursor by transmetalation with

[PdBr2(CH3CN)] followed by saturation of the coordination sphere

with pyridine. The complex was suitable for post-functionalization

Scheme 8. Post-functionalization of azide-bearing copper(I) complexes NHC com-

plexes and subsequent transmetalation to gold [60,61].
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Scheme 9. Post-functionalization strategy via nucleophilic substitution described by

Huynh et al. [75].
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Scheme 7. Post-functionalization of an azide-bearing AueNHC complex by thermal

[3 þ 2] AAC (left) and SPAAC (right). The wavy line indicates an omitted identical ar-

omatic substituent (symmetrical molecules).
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with nucleophiles: acetate or azide groups could be introduced. The

bromides could also be exchanged with iodides (24b). This ensures

a more coordinating halido ligand and simultaneously a better

leaving group allowing the introduction of azide, thiocyanate and

thioacetate groups. The latter could be even deprotected to yield a

m-thiolato dimer after a total of three post-modification steps. At

the moment, no biological application of this strategy have been

reported. However, as benzimidazole scaffolds have been used for

the generation of anticancer complexes (e.g. see Ref. [76]), similar

methods may allow the modular synthesis of complexes of high

biological interest. Moreover, a large number of preparations of

halidoalkyl tagged (benz)imidazolium salts have been reported as

these materials are classically used to prepare bis carbene ligand

precursors or for pre-functionalization with various donor groups

(see examples [77e81]). Very recently, Huynh's strategy has been

extended to indazol-3-ylidene scaffolds which were post-

functionalized by reaction with secondary amines to obtain com-

pounds such as 26 [82].

Summary and outlook

In this section, various types of chemical reactivity allowing

post-functionalization of metaleNHC complexes have been sum-

marized. The approaches developed by several groups have

allowed circumventing the difficulties inherent to performing the

functionalization reaction in the presence of metals. Examples have

been reported for which these methods have been applied to graft

biorelevant moieties on metaleNHC complexes. In a near future,

we expect further examples in terms of molecular diversity. Other

synthetic methods could also be used, see for instance a very recent

report by Yang and Rioux describing thiol-ene post-functionaliza-

tion of copper(I)eNHC complexes (to immobilize a CuI precatalyst

on a solid support) [18].

Non-NHC ligand modification or exchange

Azide-alkyne cycloaddition with metal-coordinated reagents

Gray and coworkers have disclosed a series of original com-

plexes obtained by azideealkyne cycloadditions on LeAueN3 and

LeAuealkynyl complexes (L ¼ phosphines or NHC, for NHCs see

compounds 27 and 28). From the historical perspective, these

works follow initial explorations on metal-coordinated azides

published in the 1960s and 1970s [83,84]. The initial report by

Gray et al. dealed with phosphineegold(I)eN3 complexes and

highlights the fact that their azido ligands reacted in [3 þ 2] cy-

cloadditions terminal alkynes carrying aromatic substituents. In

contrast with CuAAC, the organogold products e aurated triazoles

with a protonated N1 e are stable and could be isolated in good

yields. The same products were obtained starting from gold(I)

alkynyls with TMSN3 in protic solvent e which resulted in HN3

generation [85]. The synthetic potential of the method was

enhanced by straightforward procedures to access LeAueN3 (or

LeAgeN3) starting materials [86]. More recently, further examples

were reported for this reaction including with NHC complexes.

Among them, a biorelevant coumarin (potentially bioactive and

fluorescent) pendant on a gold(I) complex 29awas described. This

example demonstrated the compatibility of the method with a

heterobicylic core potentially subject to reduction or nucleophilic

attack [87]. In parallel to copper-free [3 þ 2] AACs, CuAAC-type

conditions have also been explored with gold(I) alkynyls 28 [88].

Again, this methodology was exemplified both with phosphine-

and NHC-gold(I) complexes. As gold(I) alkynyls were shown to be

unreactive towards organic azides [85], the reaction gives cleanly

5-aurated-1,4-disubstituted triazoles 30. The reaction was

performed initially with 10 mol-% [Cu(CH3CN)4](PF6) catalyst [88].

In a more recent report, more efficient and practical conditions

were disclosed. Metallic copper allowed the reaction to be per-

formed cleanly in hydroalcoolic conditions most often with higher

yields and greater purity. Importantly, a carbohydrate and an

amino acid derivative (see example 30a) could be grafted on the

gold complexes [89] (Scheme 10).

While, for the moment Legold(I)-triazolyl (L ¼ NHC) complexes

have not yet been considered as bioactive agents, related com-

plexes (L ¼ phosphines) have been reported as bioactive species.

Dendrimeric complexes reported by Gray and coworkers have

displayed in vitro cytotoxicity towards 3T3 mouse fibroblasts [90].

Metzler-Nolte et al. have used [3 þ 2] AAC to generate a gold(I)

complex carrying a mitochondrial targeting peptide [91]. Azide-

alkyne reactions with metal coordinated reagents have also been

used to generate di- and poly-metalated triazoles with awide array

of metallic systems [92e95].

Introduction of functionality by exchange of the non-NHC ligand

As NHCs are most frequently tightly metal-bound strong donor

ligands, it is often possible to perform ligand exchange on pre-

formed metaleNHC complexes containing more weakly coordi-

nated non-NHC ligands. In this section, the discussion will be

restricted to the cases where this strategy has been used to deriv-

atize NHC complexes with biomolecules or biocompatible moieties

bearing appropriate N- O- and S- donor groups. This strategy has

been successfully applied to two noble metals focusing the atten-

tion in the design of metal-based drugs [96], especially as anti-

cancer candidates namely platinum and gold [97].

The first examples of this strategy with gold(I) complexes Aur-

anofin e PPh3-Au-Tgt (Tgt: tetra-O-acetyl-b-D-glucopyranosyl-1-

thiolato) e is an antirheumatic agent which showed promising

(at least in vitro) activity against cancer cells [98]. Baker and

Berners-Price, reported in 2005 the preparation of NHCeAueTgt

complexes of type 32 analogous to Auranofin [99]. Nolan's and

Metzler-Nolte's groups extended this strategy to several other

biocompatible anions (among which examples 32a,b), especially

deriving from amino acids and peptides [100e102]. From the syn-

thetic point of view, the introduction of Tgt or other thiolato ligands

could be performed in several ways: a) by reacting the thiol and

NHCeAueX (31, X ¼ halide) in mildly basic conditions (K2CO3,

NEt3) [99,102], b) by using strong bases (NaH)or halogen

Scheme 10. Azideealkyne cycloaddition with NHCemetalealkynyl or NHCemetaleN3

complexes reported by Gray et al. (synthetic pathways also reported for their phos-

phine counterparts). Top: general pathways, bottom: examples of functionalized

compounds bearing a N-protected amino acid [89] and a coumarin heterobicycle [87].
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abstraction by silver (I) to obtain a [NHCeAueNCCH3]
þ precursor

[100], or c) by reaction of [Au(IPr)OH] (31, R ¼ R0
¼ dipp, R00

¼ H,

X ¼ OH) [103] with biomolecules [101]. More recently, Tacke's and

Gust's groups used this strategy (variant a) to introduce the Tgt

ligand on other AueNHC complexes [104,105] (see example 32c).

Synthetic approaches and examples are summarized in Scheme 11.

This set of studies illustrates well the interest but also the lim-

itations of derivatization by modifying the metal coordination

sphere. For instance, Metzler-Nolte et al. selected the most active

examples among a series of gold NHC complexes for derivatization

with an amino acid and a dipeptide. A decrease of cytotoxicity

against HeLa, HepG2 and HT-29 cancer cell lines was observed for

the dipeptide but not for the amino acid conjugate [102]. While

Nolan et al. reported the access to a wide array of IPreAueL com-

plexes (L ¼ Tgt, amino acids, saccharinato, b-estradiol), only the

complex containing the Tgt ligand displayed a micromolar IC50

against several types of cancer cells (prostate, bladder, breast…)

comparable to that of the parent chloride or hydroxo complexes.

Moreover, the derivatized neutral complexes were generally less

potent than cationic bis-NHC or phosphine/NHC complexes [101].

Platinum is the leading element in anticancer metal-

lochemotherapy. Indeed, the only currently clinically used cancer

metallodrugs contain platinum, albeit the number of approved

compounds remains rather limited [96]. As ligands forming stable

PteNHC complexes in physiological conditions, platinum NHC

complexes were naturally considered as for the discovery of new

anticancer agents. Among these studies, a few recent examples

used post-modification of preformed platinum complexes. Maillet,

Marinetti et al. reported trans-[Pt(NHC)X2L] complexes 35 as anti-

cancer agents (X ¼ Br, I, L ¼ amines) [106,107]. Their synthetic

methodology relies on two steps carried on with preformed metal

complexes: starting fromMark�o’s Pt(0) complex, [Pt(NHC)(dvtms)]

34 (hydrosilylation catalyst) [108]: oxidative addition of X2 is fol-

lowed by the introduction of the amine ligand by displacement of

the weakly bound dvtms ligand. This method (Scheme 12,

33 / 34 / 35) was applied to symmetrically or unsymmetrically

substituted imidazol-2-ylidenes and also to NHCs derived from

1,2,4-triazole, and (benz)imidazole. It was also used to generate

binuclear complexes, with diverse diamine spacers (aliphatic, PEG

or aromatic) [107]. The complexes were screened against several

cancer cell-lines. Micromolar cytotoxicity was demonstrated by

nearly all complexes against all types of tested cancer cells. Inter-

estingly, relatively high cytotoxicities were determined against

cisplatin-resistant cells, the latter compound being the first

discovered and benchmark platinum(II) anticancer metallodrug

[96]. The synthetic approach was also applied to NHC ligands

derived from caffeine or pre-functionalized with a protected

monosaccharide pendant, although these compounds were not the

most potent. Since cell death is induced by pathways different from

those of cisplatin, these complexes e both mono- and binuclear e

may allow circumventing cisplatin resistance issues [106,107] In

2012, Guichard, Bellemin-Laponnaz and coworkers reported an

alternative synthetic method (36 / 37 / 35) [109]. In their

strategy, a [Pt(NHC)I2(py)] complex was prepared in one step by

metalation of an imidazolium salt in mildly basic conditions

(Scheme 12, bottom). Then, the labile pyridine ligand could be

displaced by amine-containing donors. Interestingly, the method

was applied to amino acids and peptides containing only one un-

protected amine group. The peptide complex 35a was structurally

characterized by X-ray crystallography showing intermolecular

organization by hydrogen bonding (Fig. 2). Some of the complexes

of 35 type were assayed against several cancer cell lines. Remark-

ably, the complexes containing amino acid-derived ligands dis-

played the highest potency against all tested cancer cells including

cisplatin-resistant SKOV3.

Summary

Overall, examples discussed in this section highlight that the

modification or exchange of a non-NHC ligand in a NHCemetaleLn
complex allows efficient derivatization of the complex to include

biorelevant groups. All these strategies rely on to the remarkable

properties of NHC ligands resulting in robust complexes with

strong metal-carbon bonds. These properties also allow selective

ligand exchange where applicable. While the examples of these

strategies still remain scarce, they cover rather broadly various

types of moieties of biological interest (sugars, amino acid and

peptide derivatives, fluorophores, steroids…). With some of these

compounds, promising results in terms of cytotoxicity towards

cancer cells were obtained.

Perspectives

Post-functionalization of metaleNHC complexes is still at its

beginnings for historical and practical reasons: the active explora-

tion of metaleNHCs is quite recent as compared to other families of
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Scheme 11. Introduction of biocompatible ligands on gold(I)eNHCeL complexes. Top:

general principles. Bottom: selected examples: L: peptide, steroid, sugar derivative.

Scheme 12. Access to derivatized [Pt(NHC)X2L] complexes by Marinetti's method (top)

and following the procedure reported by Guichard and Bellemin-Laponnaz (bottom).

Fig. 2. Molecular structure of the [Pt(NHC)I2(peptide)] complex 35a obtained by X-ray

crystallography [peptide ¼ DVal-DPhe-Gly-OMe]. Redrawn from Ref. [109]. Most H

atoms omitted for clarity, metal coordination sphere (ball and stick style) and two

intermolecular hydrogen bonds highlighted.
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organometallic species and reactivity issues may decrease the

attractiveness of post-functionalization approaches as compared to

pre-functionalization. However, the recent literature reports sum-

marized herein highlight that the chemical background needed for

the application of efficient post-functionalization strategies has

now been sufficiently established to avoid several types of syn-

thetic pitfalls. We are convinced that some of these strategies will

allow numerous applications in bioorganometallic chemistry e

among other areas of chemical exploration e in the near future.
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