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1. Introduction

An N-heterocyclic carbene (NHC) contains a carbene
carbon incorporated in a nitrogen-containing heterocycle,
presumably reactive and difficult to isolate.! The first
isolation of free NHC dates back to 1991.2 Many advances
have since been made on the synthesis, characterization, and
reactions of NHCs with diverse electronic and steric
properties.>~> Many NHCs are now commercially available.
The chemistry of NHCs has become mainstream in organo-
metallics, rivaling the ubiquitous tertiary phosphines.!*"8 Due
to their good o-donating property, NHCs could form stronger
bonds with most metals compared with phosphines.” The
electron richness of NHCs may influence various reactions,
such as oxidative addition."” Indeed, metal—NHC complexes
prove to be more effective in many catalytic reactions than
metal—phosphine complexes.!0"!2

Coinage metal—NHCs are widely studied for their intrigu-
ing structural properties and numerous applications. Ag(I)—INHCs
have become the most studied among coinage metal -NHCs
due to their easy preparation via the Ag,0O route and because
they are sources of other metal -NHCs through transmeta-
lation.' In addition, their diverse properties in bonding and
structure and potential applications in medicine,'* nano-
materials,'>'*15 liquid crystals,'® and organic catalysis'* also
contribute to the attraction of Ag(I)~NHCs. Since the last
review in 2007,' more than 100 articles concerning
Ag(I)-NHCs have appeared. In this review, the recent
Ag(1)—NHC works are covered.

The interest toward Au(I)— and Au(III)—NHCs has surged
in the past decade because of easy preparation via the Ag
carbene transfer route and the varieties in properties and
applications. Gold compounds, long despised for low cata-
Iytic activity, have suddenly attracted the attention of
organometallic chemists.!”'8 Many new Au(I)/(1l)-catalyzed
reactions were recently devised;'° some among them made
use of Au(I)— and Au(IIl)-NHCs."*?° Au(I)-NHCs have
shown potential for applications in medicine, especially in
anticancer,?! antiarthritis,”> and antibacterial activities.??
Aurophilicity,?* with magnitude similar to hydrogen bonding,
provides additional stability to gold superstructures and
sometimes constitutes intriguing luminescence properties.?
The latter in particular gives rise to potential applications in
sensors®® and medical probing.?’ Since our 2005 review, over
70 new articles have appeared,?® including a general review
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plexes.’® In this review, we will cover Au(I)— and
Au(IIT)—NHC works published since 2005.

Despite being the least stable among the coinage
metal-NHC complexes, investigations on Cu(I)— and
Cu(II)-NHCs have increased substantially. This is mainly
due to their potential as catalysts in many organic transfor-
mations.*® Copper catalysts with a tunable NHC ligand enable
improved reactivity and reaction selectivity. Cu(I)=NHCs
may also find industrial applications, such as in CO, to CO
reduction and hydrogen storage.*® In more than 80 studies
published since 1993, relatively few well-characterized
Cu(I)— and Cu(II)-NHC complexes have been reported.

Theoretical studies have shed light into the fundamental
issues concerning the stability of free NHCs and the
metal—NHC bond.>!~3* The dissociation energies predicted
at the CCSD(T) level of theory indicate strong coinage
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metal—NHC bonds with a trend of Au > Cu > Ag.>? Density
functional theory (DFT) calculations show that the metal -NHC
bonds are dominantly electrostatic in nature with minor
covalent interactions, the covalent interaction being largely
o-bonding.*® DFT calculations also suggest that NHCs are
stronger o-donors and weaker s-acceptors than the phosphine
ligands.** Finally, DFT calculations have been performed to
understand the reaction of imidazolium iodide with Ag,O
in CH,Cl,.*® A reaction mechanism, which is thermodynami-
cally driven and takes place at low activation energies, has
been proposed.

In this review, we attempt to provide an overview of the
chemistry and physics of coinage metal -NHCs. The sections
are organized in the order Ag, Au, and Cu; the compounds
designated with I, II, and III represent silver, gold, and
copper, respectively. Each section begins with a brief
historical background, a summary of the various synthetic
methods, a description of recent progress on compound
formations and properties, and subsequently, a discussion

Scheme 1

1. Silver base route [NHC-H][X] Silver base

Ag(I)-NHC

2. Free carbene route [NHC] _ lAg

[NHC-H] = azolium moiety
Silver base = Ag,0, Ag,CO;, AgOAc
[Ag] = silver source

Scheme 2
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on applications. The chemical shifts (0) of the carbenic
carbon in the >*C NMR ("*Cyyc) are tabulated in Tables 1,
2, and 3. A section on photoluminescence for the Ag- and
Au-NHC complexes is provided. We also tabulate the details
pertaining to the luminescent properties in Tables 4 and 5.
The definitions of the abbreviated organic functional groups
used in this review are tabulated in section 7, Abbreviations,
at the end of the article.

2. Ag(l)—NHCs

2.1. Historical Background

The first well-characterized Ag(I)-NHC complex was
synthesized by Arduengo’s group in 1993, utilizing free NHC
and silver salt.’® In 1997, Bertrand and co-workers first used
silver acetate as a silver base to react with dicationic 1,2,4-
trisubstituted triazolium salts to synthesize unstable polymeric
Ag(I)=NHCs in refluxing THF.?” In the next year, Lin’s
group reported the facile formation of Ag(I)—=NHCs'® by
employing Ag,O to react with benzimidazolium salt in
CH,Cl, under ambient conditions by a serendipitous discov-
ery.*® Several reviews on Ag(I)~NHCs appeared in the past
few years. Arnold wrote a minireview partially on Ag(I)—NHCs
in 2002.% Lin’s group has reviewed Ag(I)=NHCs in 2004
and 2007.'"® Youngs’ group summarized the synthesis,
structure, and applications of Ag(I)=NHCs in 2005 and
also published a minireview on Ag(I)—NHCs as a new class
of antibiotics in 2007.!4°

2.2. General Synthetic Methods

Since our last review,'° the methods used to access
Ag(I)—NHCs can be categorized into (1) the silver base
technique and (2) the free carbene method, shown in Scheme
1. The free carbene method, although popular for the
synthesis of many metal —-NHC complexes, is very sparingly
used in Ag(I)-NHC synthesis. This may be attributed to
the simplicity of the silver base route, especially using Ag,O
as a base and Ag source. Unless otherwise stated, the
Ag(I)~NHC complexes mentioned hereafter are synthesized
by the Ag,0 silver base route.

2.3. Formation of Ag(l)—NHCs

In this section, the formation of Ag(I)—NHCs has been
classified by the types of NHCs. Chemical and physical
properties of the Ag(I)~NHCs are also discussed here. The
BCuuc O values for these complexes, ranging between 160
and 220 ppm, are given in Table 1.

2.3.1. Mono-NHC Ligands

Scheme 2 indicates the Ag(I) complexes with quinone-
annulated NHC I-1*'* and 4,5-disubstituted NHCs I-2*?
designed and synthesized to explore the nature of 7z-bonding
interactions of the Ag(I)~NHC bonds. Infrared (IR) stretch-
ing frequencies of the C=0 group in I-1 and the C=N group
in I-2 were used to monitor their bonding interactions. Both
frequencies observed were lower than those in the corre-
sponding imidazolium salts, a result attributed to the sr-back-
bonding of the NHCs in the Ag(I)—carbene bonds. I-1 has
also been utilized as NHC transfer agent in the synthesis of
Rh(I)~-NHC; a similar trend in v(C=O0) stretching vibration
has been observed. Results of '3C NMR also support the
m-back-bonding interactions of the Ag(I)—carbene bonds.
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Table 1. 3Cyuc 6 Values (Coupling 'J(1Ag,'”Ag) or 177
100Ag)) for Ag(I)-NHC Complexes
compd J, ppm (J, Hz) compd 0, ppm (J, Hz)

[-1412 193.0¢ 1-39¢  182.1°
I-2a* 192.7° 1-39d  179.0°

1-2d* 188.2° 1-402®  174.0¢
1-34 177.0¢ 1-40b7  171.0¢
1-4% 182.8¢ 1-41b77  181.5¢(238.0, 271.0)

I-5a* 181.6¢ I-41¢”7  181.4¢(236.0, 274.0)
1-5b* 181.4¢ 1-41d”7  181.9¢(237.0, 272.0)
1-6* 185.4¢ 1417 182.0¢
1-7% 179.7¢ 1-437° 184.1¢
1-8% 178.3¢ 1-44% 170.4¢
1-9%7 183.9¢ 1-46" 234.0°(232.7, 268.4)

I-10a*  179.7¢
I-10b*  178.7°

I-47a%*  205.6° (182.5, 186.8)
I-47b%  206.5¢ (185.5)
I-11a*®  175.1° 1-48a%  194.2¢
I-11b*®  173.8¢ 1-48¢®  190.5"

1-12% 181.7¢ 1-49% 182.0"

1-142°% 180.5" 1-50a%%  184.7¢
1-14b>%  180.4" 1-50b%"  183.5¢

I-14¢2  180.2° 1-51%¢ 180.16"
1-14d% 181.2% I-52b%  180.0°

I-14e  181.6" I-52¢8  178.8°

1-16% 151.2¢ 1-52d%  182.3¢

1-17% 183.0° I-53a%  184.9°

1-18% 182.1¢ 1-53b%  180.0° (185.4)

1-19% 166.9¢ 1-56% 182.5"
I-20a'* 178.6 1-57% 180.2°
I-20b'  179.7° 1-58% 184.6"

1-60a>  182.6¢

1-60b*>  180.8¢
1-21b%%  172.2¢(195.0) 1-60c¢”  179.6¢

1-23% 206.0° (223.0, 255.0) 1-60d*>  180.2¢

1-24% 205.5¢(221.9, 255.4) 1-61” 183.9¢

1-25% 209.7¢ (234.0, 270.0) I-63a”  157.0°

I-26b%  207.0¢ (167.0, 193.0°)  1-67% 178.0" (186.5, 215.5)
1-26d%  206.4¢ (224.0, 259.0) 1-69'°  170.0°

I-26e®  218.6°¢ (174.0,201.09  I1-70'°  174.0°

I-26g%  210.1¢¢(179.0,206.0°)  1-72a' 188.27¢
I-26h%  218.6° (226.0, 262.0) 173153 181.9"
1-31a%  172.5° 17419 181.3°
1-31b%7  174.0° 1-75a'%  180.5°

1-32%8 186.5° 1-75b'*  180.6"
1-33a%  193.29(234.9, 271.0) 1-76'%  181.9"
1-33b  192.1¢ 1-77'%  189.3" (189.0)

1-20c™c  182.0°
1-21a®  171.2¢

I-34a”  192.157(189.4,218.8)  I-79a'® 178.2°
1-34b™  193.949(190.5,219.7)  I-79¢!'® 180.5
I-3527%  182.0¢ 1-79d'"  177.6/(233.4,269.1)
I-35b7>  180.6° (180.3, 207.6) 1-80'10  184.4°
I-35¢>  182.7°(193.9) I-81''"  180.0/(180.8, 209.5)
I-35d>  180.8” (181.6, 209.5) 1-82!2  181.9°
I-35¢7>  180.7° (182.4,210.8) I-83!12  190.3°
1-367 199.4¢ 1-84'3  180.3°
1-377 179.6° (270) 1-86'%  179.6°

1-39a”>  180.9¢

2C¢Dg. °DMSO-ds. °CDCl;. 9CD,Cl,. ¢Dimeric isomer
([Ag(NHC),][AgBr,]);  Acetone-ds. 9D,0. "CD;CN.

The chemical shifts of the complexes I-1 (193.0 ppm), I-2a
(192.7 ppm), and I-2d (188.2 ppm) are comparable to those
of electron-withdrawing naphtha-*'* (197.5 ppm) and qui-
noxaline-annulated*'® (197.4 ppm) Ag(I)~NHCs, described
in our previous review.'®

Complexes I-3—1I-15 are sketched in Scheme 3. In an
effort to continue searching for Ag(I)-NHCs capable of
catalyzing ring-opening polymerization (ROP) of L-lactide,
complexes I-3 and I-4 were synthesized.** Low molecular
weight polylactide polymers having narrow molecular weight
distributions were obtained. Ag(I)~NHC complexes I-5a*
and I-5b—I-7* have also been synthesized as NHC transfer
agents to generate the corresponding Au(I) ~NHCs. Complex
I-8 was prepared to act as a precursor in the formation of
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Au(I)— and Pd(I)-NHC complexes for Suzuki-coupling
reactions.*® Similarly, carbonyl-functionalized complex 1-9
was employed to prepare Pd(II)-NHCs for Sonogashira
cross-coupling reactions.*’ The same research group also
developed several N-amido-functionalized Ag(I)~NHC com-
plexes. A mere change at the amido-N substituent can change
the reaction products. For a #-butyl substituent, the carbenic
proton is deprotonated to form cationic NHC I-10.*® For a
Dipp substituent, both the carbenic and the amido protons
are deprotonated to form a 12-membered macrometallocyclic
compound I-11. Conformational isomers are found for I-11
in the solid state. While I-11a adopts a chair conformation,
I-11b is found in both chair and boat conformations. The
amido-functionalized Ag(I)~NHC complex I-12 assembles
through a Ag+++Ag contact (ca. 3.197 A) to form a dimer.*°
Complexes I-10—I-12 are all luminous.

Recently, manipulation of crystal packing topology of
[M(NHC),]* type complexes through complexation with
N-amido-N'-pyrimidyl-substituted NHCs has been investi-
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gated.” Ag(I)—NHC complex I-13 adopts a trans conforma-
tion, whereas the analogous Hg(I[)-NHC adopts a cis
arrangement. Amido hydrogen bonding motifs are well-
known supramolecular synthons in crystal engineering.’! The
trans I-13 assembles to form a 2-D layer structure through
hydrogen bonding interactions between the intermolecular
amides, while the cis conformation of the Hg(II)-NHCs
forms a rectangular column architecture. N-Amido-function-
alized compounds I-14 have an infinite 1-D staircase motif
via bridging Cl--+H bonding interactions.’? Reacting N,N'-
dibutyl-imidazolium iodide with Ag,O produced unexpected
results.” Rather than the expected complex with Agl,™ anion,
I-15a with Ag(CN),™ anion was produced in acetonitrile and
I-15b with AgCl,™ in CH,Cl,. When the reaction was carried
out in THF with an additional 0.5 equiv of AgNO;, I-15¢
with NO;™ anion was formed. The reaction of Ag,O with
imidazolium iodide in CH,Cl, to give AgCl,™ anion instead
of the expected Agl,™ anion has been reported by others.>*

Scheme 4 lists three Ag(I)-NHC complexes I-16—1-18
with N-benzyl substituents.’> Compound I-18 has a three-
coordinated Ag(I) center with two NHCs and a bromide
ligand in a planar geometry, a coordination mode uncommon
in the chemistry of Ag(I)-NHCs. Recently, complex I-16
has been used to prepare a Rh(I)=NHC complex.>®

Scheme 5 shows some Ag(I)~NHCs prepared to study
their potential in medicinal applications.'*¢?37 Complex
I-19 was synthesized by the Ag,O method and used to
prepare a Au(I)— and a Pd(II)~NHC complex.?® These three
metal -NHC complexes were studied for antimicrobial
activities. Compounds I-20 of the type [Ag(NHC)(OAc)]
were synthesized using silver acetate as the silver base. Their
anticancer and antimicrobial activities were studied.'* While
the synthesis of compound I-20a required 40 h under
refluxing conditions, I-20b and I-20c with electron-with-
drawing groups at the NHC backbone could be prepared in
a few hours at room temperature. This is an indication that
the reactions are pK, dependent.

[Ag(NHC),][BF,] type complexes I-21, in which the C*3
positions of the NHCs were substituted with methyl groups,
were synthesized via the free carbene route (Scheme 6).%8
They are stable solids in dry air but slowly decompose in
solution. The decomposition rate depends on the N-substit-
uents, as monitored by 'H NMR spectroscopy. I-21a with
an N-ethyl group decomposed completely within a few hours,
whereas I-21b with an N-isopropyl group could last for a
week. An N-neopentyl group could also stabilize the
Ag(I)-NHC complex, even without the backbone substitu-
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tion at the NHC.*'® The complexes I-21 failed in the
formation of Re(V)—NHCs. The Ag(I)-NHC complexes
1-22 were synthesized via the Ag,O route.” The correspond-
ing precursor 1,3,4,5-substituted tetra-arylimidazolium chlo-
rides were prepared through cyclization of aldimine with
formaldehyde.

Scheme 7 lists complexes I-23—I-27, among which
complexes I-23—1-26 have a saturated backbone at the NHC,
whereas complexes I-27 have a benzannulation at the 5,6-
position of a nonaromatic NHC.%*~% Compounds I-23 and
I-24 were used as carbene precursors to synthesize thiones
and Pd(II)— and Rh(I)~NHC complexes.®® The Pd(Il)-NHC
complex was used as a catalyst for a Suzuki-coupling
reaction.’! Bimacrocyclic Ag(I)~NHC complex I-25 with
imidazolidin-2-ylidene was utilized to produce Cu()—,
Rh(I)—, and Ir()=NHC complexes.®> The Cu(I)~NHC was
used in catalyzing cyclopropanation of olefins with ethyl
diazoacetate. The scope of the Ag,O technique has been
extended to six- and seven-membered NHCs, as marked by
the synthesis of complexes I-26 with saturated five-, six-,
and seven-membered NHCs and I-27 with benzo-diazepanyl
NHCs.% Some free carbenes have been isolated in the form
of stable white solids and studied by single-crystal X-ray
diffraction (XRD). Seven-membered Ag(I)~NHC complexes
gave downfield *Cypc O values of 214—218 ppm compared
with 204—207 ppm for the corresponding five- and six-
membered counterparts. This would suggest less effective
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Scheme 8
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electron donation from N atoms to the carbene carbon in
the seven-membered ring and hence a higher triplet contribu-
tion to the electronic structure of the carbenes.®

Complexes I-26 and I-27 exist as neutral [Ag(NHC)Br]
or ionic [Ag(NHC),][AgBr,] species or both in solution.®®
Relative to the ionic complexes, the neutral complexes have
1071109 A g —13Cypyc coupling constant higher by 55—60 Hz and
a lower '"H NMR shift of the methyl groups by 0.5 ppm.
This is also supported by the '3Cyuc data of an analogous
seven-membered ionic complex with the BF, anion. These
features were utilized in determination of the type of the
species. Only the N-mesityl-substituted I-26b and I-26e
complexes are exclusively ionic. The N-xylyl-substituted
compounds I-26a, I-26g, and I-27a exist as mixtures of the
ionic and neutral forms in various proportions. All the other
complexes are neutral. Attempts to synthesize Pd(I)—,
Rh(I)—, and Ir(I)~INHC complexes using these Ag(I)~NHCs
as transfer agents failed.

Ag(I)-NHC complexes with an anionic heterocyclic
ligand, chelating ligands, or cluster ligands coordinated to
Ag are compiled in Scheme 8. Complexes I-28 were
synthesized by the reaction of an anionic Ga(I)-heterocyclic
ligand with [Ag(NHC)CI] type complexes in THF.* A three-
coordinated compound, I-29, was prepared by a reaction
between [Ag(NHC)CI] and a bidentate [3-diketiminate ligand
in CH,Cl, at 0 °C.%° Unexpected results were obtained on
attempting to synthesize Os—NHC complexes from the
Ag(I)-NHCs. Reaction of N-mesityl-substituted [Ag(NH-
C)CI] with [Os;3(CO)o(CH3CN),] produces a heterobimetallic
complex [Os3(u-C1)(CO);o(u-Ag(NHC))], I-30, along with
a side-product composed of an imidazolium cation and an
[(Os3(u-C1)(CO)10)2,(NCCH3),Ag] anion.% Facile insertion of
the Os cluster into the Ag—Cl bond occurred, leading to the
formation of I-30, indicating a failure of the Ag—carbene
transfer route. On the other hand, the reaction of [Ag(NH-
C)Cl] with [Os;3(u-H),(CO),o] provided [Oss(u-H)(u-
CI)(CO)y(NHC)], in which both NHC and Cl were transferred.

Scheme 9 shows several Ag()~NHC complexes with
benz/pyrido-imidazol-2-ylidenes. Silver chloride bridged
dinuclear Ag(I)-NHC complexes I-31 were obtained from
the NHC precursor N-alkyl-N'-CH,Ant-benzimidazolium
salt.”” They showed intermolecular 7— interactions between
anthracene and benzimidazole rings in the solid. The same
imidazolium salt was employed for the preparation of
[Ag(NHC),]" type compound I-32.°* Compound I-33a with
N,N'-dineopentyl substitutents was synthesized with a high
yield, and the solid state structure analysis indicated an
interaction between Ag(I) and the aryl zz-bond.®® A bulky
1,3-dibenzhydrylbenzimidazolium bromide was utilized to
synthesize Ag(I)—=NHC complex I-33b, which was further
used to prepare Pd(I)—NHC complexes.”” However, on
directly reacting Pd(OAc), with this bulky imidazolium
bromide, an unprecedented Pd(I)-NHC complex was
produced, which had an N-coordinated benzimidazole trans-
formed from one NHC ligand. In other words, the Ag carbene
transfer route provides cleaner and more predictable
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Pd(IT)—NHC products than a direct reaction of the precursor
with Pd(OAc),. Heinicke and co-workers devoted their
attention to the asymmetrically annulated Ag(I)—NHCs
1-34.7' Complexes I-34a and 1-34b were synthesized by the
free carbene route and used in preparing Rh(I)-NHC
complexes. The electron-withdrawing nature of the NHCs
in I-34 is reflected by the downfield *Cyyc O values at ca.
193 ppm. The corresponding free carbene ligand was studied
using photoelectron spectroscopy and theoretical calculations.

2.3.2. Zwitterionic Mono-NHC Ligands

Scheme 10 gives the Ag(I)~NHCs prepared from zwit-
terionic precursors. Water-soluble compounds I-35a—e were
synthesized, where the imidazolium had one alkylsulfonate
or alkylcarboxylate side arm together with a Mes, Dipp, or
Bu side arm.”® These NHCs are negatively charged; incor-
porating two NHCs to a Ag(I) requires an additional cation
to balance the charge of the [Ag(NHC),]™ type complexes.
They are hydrophilic enough to dissolve in water. Zwitte-
rionic Ag(I)=NHC I-36 was synthesized by deprotonating
a six-membered pyrimidinum betaine to form a malo-NHC
(pyrimidiniummalonate), followed by reaction with
(PPh3)AgOTf.® The electron-withdrawing nature of the
malo-NHC in I-36 leads to a downfield Cypc O value of
199.4 ppm, comparable to those of I-1, I-2, and 1-34.

2.3.3. Chiral Mono-NHC Ligands

Chiral Ag(I) -NHC complexes I-37—1-47 are displayed
in Scheme 11. An enantiomerically pure amino acid derived
NHC participated in generating Ag(I)~NHC complex 1-37.7
It has been used as a transfer agent in reactions involving
asymmetric metal complex catalysts. Prepared through the
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Ag,0 method, compounds I-38 and I-39a contain a chiral
N-trans-1-[(2S,55)-2,5-diphenylpyrrolidin- 1-yl] substituent,
and I-39b—d have a chiral thioether N-side arm.”>’® Complex
I-39a was used to synthesize Rh(I)— and Ir(I)—NHC
complexes; the others were used to prepare Pd(II)—NHCs.
The chiral thioether N-side arms of I-40a and I-40b play
the role of a potential coordinating site in the formation of
Pd(II)— and Rh(I)-NHC complexes, which are catalysts
for asymmetric allylic alkylation.”® Complexes I-41 with a
chiral amine derivative at the imidazole N-position were
employed for the in situ generation of Pd(Il) complexes to
catalyze allylic alkylations.”” Compounds 1-42, containing
N-diphenylphosphinoferrocenyl-functionalized NHCs were
used to prepare PA(II)—NHCs as catalysts for allylic ami-
nations with up to 80% enantiomeric excess (ee) values.”®
In a different approach, a sugar-modified NHC—Ag(I)
complex I-43 was synthesized and used for Ir(IIl)—NHC
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preparation.”” When a weak base, 1,8-diazabicycloundec-7-
ene (DBU), was employed, sugar-modified [Ag(NHC),]*
type complex I-44 was obtained by reacting the in situ
generated NHC with AgOTf.8° This compound was subse-
quently put to use in the preparation of two Pd(II)-NHC
complexes. Intriguingly, direct deprotonation of the imida-
zolium salt followed by addition of Pd(II) sources failed to
yield the Pd(IT)—NHC, further demonstrating the advantage
of the Ag—carbene transfer route.

Hoveyda’s group continued to synthesize Ag(I)—-NHC
complexes 1-45—1-47 with chiral saturated NHC ligands,
which were used as sources of chiral NHC to generate
Cu(I)~NHC complexes for catalytic reactions.?!:8?

2.3.4. Mono-NHC Ligands with P- and N-Donor Side
Arms

Scheme 12 shows Ag(I)~-NHCs in which the NHCs have
functionalized P- or N-donor side arms.**~°* These P- or
N-donor-functionalized groups may provide additional bind-
ing sites. Complexes I-48 with NHCs of N-alkyl-N'-(2-
phosphinoethyl)-benzimidazol-2-ylidenes, were synthesized
for the generation of Pd(II) and Pt(Il) complexes with C,P-
bidentate NHCs.*

Complexes I-49—1-64 are N-donor-functionalized Ag(I) —NHC
complexes. Compound I-49 containing an N-pyridyl sub-
stituent forms a simple [Ag(NHC),]" type complex with
dangling pyridines.®* Recently, N-picolyl imidazolium salts
have been used to prepare Ag(I)~NHC complexes 1-50.8%
These complexes were then applied to synthesize Ir(II1)—,3%
Rh(I)—,%® and Pd(IT)—NHCs.** The NHC in compound I-51
has a benzimidazolyl side arm.%® The solid-state structure
of this compound revealed an unusual trinuclear structure,
in which the central carbene-supported Ag(I) was flanked
by two Ag(I) ions coordinated to benzimidazole. Compound
I-51 was utilized to prepare a C,N-bidentate Pd(II)-NHC
complex as catalyst applied in Suzuki-coupling reaction.
N-(Aryl)imino-functionalized NHC complexes I-52 have
been studied and employed to synthesize Pd(II)—NHC
complexes.’” The ¢-butyloxylcarbonyl (Boc)-protected 1-(2-
aminoethyl)-3-methyl imidazolium salts were used to form
Ag(I)-NHC complexes with three different bonding motifs
in the solid state. This constituted (1) compounds I-53a and
1-53b consisting of a [Ag(NHC),]" type cation with a Agl,”
or a PFg™ anion, respectively, (2) compound I-53¢ comprising
two [Ag(NHC),]" type cations and a Ag,1,>~ anion, and (3)
compound I-54 being a neutral polymeric stair-case Ag(I) —NHC
composed of extended Ag,ly cores sandwiched by NHCs. %
The ball and stick diagram of I-54 is given alongside for a
better viewing of the staircase structure. Pulsed gradient spin
echo (PGSE) NMR experiments were employed to investi-
gate the hydrodynamic dimension of the imidazolium salts
and silver complexes and, consequently, to gain information
on the aggregation level in solution. Complemented by
nuclear Overhauser effect (NOE) NMR, information was
obtained on anion—cation relative orientation in aggregation.
The NHC in compound I-55 has a potential three-N-donor
chelating side arm.'!® This trinuclear complex consists of a
central [Ag(NHC),]* type moiety flanked by two fragments
of Ag(I) ions coordinated with four N donor atoms, including
one acetonitrile molecule from solvent. There is a weak
intermolecular Ag++*s interaction (ca. 2.928 A) forming an
infinite 1-D chain. N-(2-Pyrimidyl)-substituted Ag(I)—NHC
complexes 1-56,%° 1-57,%° and 1-58°° were designed recently.
XRD analysis of ionic complex I-56 shows that the two
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pyrimidines are approximately coplanar with their attached
imidazole rings and the butyl groups point toward the same
side of the coordination plane. This complex was used to
generate a Pd(I[)~NHC complex. The NHC in compound
I-57 has a 2-pyrimidyl and a picolyl side arm. Dinuclear
complex I-57 forms a metallocycle, where each Ag ion is
coordinated by a pyridine and an NHC. A Ag---Ag
interaction with a distance of ca. 3.131 A was found.
Complex I-57 was also utilized to prepare a Pd(II)-NHC
complex. The neutral Ag(I)-NHC complex I-58 was em-
ployed to prepare C,N-chelated Ni(Il)—, Pd(I[)—, and
Pt(II)-NHCs. A tetranuclear Ag(I) complex I-59, having an
NHC with a picolyl and a Ny (see section for abbreviations)
side arm, displays a planar Ag, core structure in the solid.”!
The four Ag--+Ag bonds are supported by four NHC ligands
in 77%*-bonding mode. It was used to prepare Pd(II)—NHC
complexes. N-Quinolinyl-functionalized Ag(I)-NHC com-
plexes I-60 were synthesized and used to prepare Pd(I)—,”
Rh(I)—, and Ir(I)-NHC®? complexes with dangling quino-
line. Complex I-61 was synthesized and used to prepare a
Pd(II)—NHC chelate complex.”? Compound I-62, in which
an NHC and an oxazoline are bridged by a 2,4,6-trimeth-
ylbenzene spacer, has also been prepared.”* Two unusual
complexes, 1-63 and 1-64, were synthesized.”> Compound
I-63 comprising a free phenoximine moiety and an [Ag-
(NHC)Br] fragment was employed to synthesize C,N-
bidentate Rh(I)-NHC complexes. Direct reaction of I-63
with [Fe(N(SiMe;),),] in an attempt to synthesize a C,N,O-
coordinated Fe(I)~NHC complex by the Ag—carbene trans-
fer route produced I-64 instead.

2.3.5. Multi-NHCs Linked by Spacers

Scheme 13 shows multi-NHC—Ag(I) complexes prepared
from azolium cations joined by alkyl, etheryl, or aryl linkers.
An oligoether-linked bis-benzimidazolium salt was used to
synthesize Ag(I)~NHC complex I-65.”° A similar imidazol-
2-ylidene compound has been reported earlier.”” The NHC
crown in I-66 has four NHCs linked by —(CH,);— groups
in the form of a macrocycle.’® This homoleptic complex I-66
was synthesized together with the Cu(I) and Pd(II) analogues.
The ligand flexibility allows two Ag(I) ions to be incorpo-
rated into the macrocyclic cavity. The two cationic [Ag-
(NHC),]* moieties eXhlblt an intramolecular Ag-<*Ag
interaction of ca. 2.835 A. Association of I-66 cations
fabricates a 1-D chain via a weak intermolecular Ag--+Ag
interaction of ca. 3.476 A. It is interesting to note that this
polymeric Ag chain is composed of cationic [Ag(NHC),]"
moieties. A sterically rigid tris-imidazolium cage was
designed as an NHC precursor to form Ag(I)~NHC complex
1-67, with a Ag(l) trapped in the cage by two NHCs.”
Complexes I-68 with two NHCs connected by a 2.4,6-
trimethylbenzene spacer were synthesized. These compounds
have two neutral [Ag(NHC)(halide)] moieties.”* They were
used to synthesize bidentated Pd(I)-NHC complexes.

Complexes 1-69 and I-70 with two benzimidazol-2-ylidene
moieties connected by a durene as the spacer have been
reported recently.!”’ The different N-alkyl side arms, ethyl
in I-69 and butyl in I-70, cause a conformational change.
The two neutral [Ag(NHC)Br] moieties in I-69 are associated
with two bridging Br™ and a weak Ag--+Ag interaction (ca.
3.095 A) to form a metallocycle. On the other hand, the
[Ag(NHC)CI] moieties in I-70 are antiparallel and almost
perpendicular to the durene. Intermolecular 7—s stacking
interactions between benzimidazole rings have been found
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in both I-69 and I-70. Interesting calix[4]arene like com-
plexes I-71 have been reported.'®! This compound has two
[Ag(NHC),]" type moieties linked by p-t-butyl anisole
moieties. It thus forms a cavity serving as an efficient
[60]fullerene host. Dinuclear compounds I-72 have bridging
bis-NHC ligands, each of which has a 3,5-dimethylpyrid-
2,6-yl linker.'%? Interestingly, while compound I-72a was
synthesized via the Ag,O route, compound I-72b was
prepared via the reverse transmetalation of a Ni(I)-NHC
complex. This is the first report of a reverse Ni— to
Ag—NHC transmetalation. Compound I-72a was reacted
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with NiBr,(DME) to prepare a Ni(II) -NHC complex whose
(Agelg), anion adopts an unusual arrangement of Ag atoms
in a planar six-membered ring.

Complexes 1I-73 with PF¢~ and 1-74 with OTs™ anions
were prepared and structurally characterized.!®® Both com-
pounds have two —(CH,);— bridged [Ag(NHC),]" type
moieties, each with two terminal hydroxyl pendant arms. The
anions cause a considerable difference in the solid-state
structure. The compound I-73 is “shell-like” with the
alcoholic side arms in the same orientation to form a solvent
pocket. On the other hand, the two linearly coordinated
[Ag(NHC),]" cations in I-74 arrange in a crossed conforma-
tion with a weak Ag+--Ag interaction of ca. 3.074 A.
Complexes I-75, presumably having two different neutral
[Ag(NHC)Br] moieties bridged by a —(CH,);— linker, were
employed to prepare Pd(I)-NHC complexes for Suzuki-
coupling reaction.!™ A twisted macrocyclic complex 1-76
was prepared, where two [Ag(NHC),]" moieties were
connected by two rigid —CH,—C=C—CH,— linkers.!®> A
dinuclear complex I-77 was prepared from a bis(triazolium)
salt, which has two benzyl-1,2,4-triazoles connected by a
dihydroborate linker.!% This compound has two Ag(I) ions
bridged by two negatively charged bis-NHCs to form a
neutral metallocycle. No crystal structure results are avail-
able. A similar compound with imidazole-based NHC has
been reported.'”” Compound I-77 was also used to prepare
an Au(I)>-NHC complex.

Scheme 14 displays multinuclear Ag(I) ~NHC complexes
I-78—1-81. The bis-NHC ligands in these complexes consist
of two NHC:s linked by different N-heterocycles. Trinuclear
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Ag(I)-NHC complexes I-78 have been synthesized, where
the tridentate ligand comprises two terminal NHCs and an
N-donor naphthyridin-1,8-diyl linker.!”® The central [Ag-
(Napy),]* moiety and the two flanked [Ag(NHC),]" moieties
arranged to give a linear Ag; core. Compounds I-79—1-81
possessed a type of tetradentate ligand consisting of two
NHCs and a pyrazol-3,5-diyl linker.'” """ Compounds
1-79'%~ 11 and 1-80'!'! are tetranuclear compounds. The
general structures of these compounds could be viewed as a
planar Ag, core sandwiched between two tetradentate NHC
ligands. For complexes 1-79a,'” 1-79d,'!! and 1-80,''* the
four Ag ions arranged in a near rectangular shape via two
sets of Ag-++Ag interactions. A similar framework but with
equal Ag--+Ag interactions is seen for compounds I-79b (ca.
3.113 A) and 1-79c¢ (ca. 3.116 A)."'° Octanuclear complex
I-81 has a double metallocrown structure.!'' The outer
metallocrown consists of four [Ag(NHC),]* type moieties,
and a smaller inner metallocrown comprises four [Ag(pyra-
zol),]" type moieties. Complex I-81 was not stable in
solution; '"H NMR studies showed that the octanuclear I-81
was in equilibrium with a tetranuclear and a hexanuclear
species. Intriguingly, compounds I-79 and I-81 have a
seemingly identical ligand, yet different structures are found,
possibly due to the difference in the steric bulkinesses of
N-mesityl and N-Dipp substituents.

A trinuclear complex (I-82),''? four tetranuclear complexes
(I-83—1-86''%!1%), and a hexanuclear (I-87''%) complex are
shown in Scheme 15. The general feature of the NHC ligands
in this category is that two pyridyl-functionalized NHCs are
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bridged by —(CH,)—, —(CH,),O(CH,),—, lutiden-2,6-diyl,
or pyridazin-3,6-diyl groups. Compound I-82 had a triangular
Agj core, of which two Ag ions adopted a [Ag(NHC),]"
type bonding mode and the other a [Ag(Py),]" type bonding
mode. The latter had two additional coordinating acetonitrile
molecules. The Ag+++Ag distances between [Ag(NHC),]"
type and [Ag(Py),]" type were short (ca. 2.955, 2.966 A),
while that between the two [Ag(NHC),] " type was long (ca.
3.299 A). The Ag, core in compound I-83''2 was arranged
in a zigzag fashion, but that in I-84 was linear. Both were
homoleptically bonded by two tetradentate ligands, consisting
of two inner NHC and two outer pyridine ligands. Each of
the two terminal Ag ions has an additional coordinating
acetonitrile molecule. While the Ag+++Ag bonds in I-83 were
of similar strength (ca. 3.1 A), in I-84 the terminal Ag-+-Ag
interactions (ca. 2.911 A) were stronger than the central one
(ca. 3.228 A). The bonding fashion of benzimidazole-2-
ylidene was found normal in I-83, but an #>-type bonding
was seen for imidazole-2-ylidene in I-84. Also, the change
of N-substituent from pyridyl (I-82) to picolyl (I-84) led to
compositional and structural differences, as shown. It is
interesting to note that the Ag, core in I-84 adopts a linear
geometry, and those in I-85 and I-86 adopt a near square
planar geometry. It seems that the O or N donor and the
longer length in the linker of I-85 and I-86 make the
difference. NHCs with 7>-bonding modes were also observed
in I-85 and I-86. Complex I-87 had a Ags core supported
by four potentially hexadentate ligands, in which two picolyl-
functionalized NHCs were linked by a pyridazin-3,6-diyl
group. The long Ag-+-N distances (the shortest is ca. 2.801
A) showed that the pyridazine rings did not participate in
the Ag coordination. This complex shows a pairwise
Ag-++Ag interaction. Most of these multinuclear complexes
are luminous.

2.4. The Ag,0 Route
2.4.1. Feasibility

The advantages of the Ag,O technique to synthesize
Ag(I)-NHCs are as follows: (1) Ag,O is relatively stable
and readily accessible; (2) the reactions can be carried out
under air atmosphere at room temperature; (3) solvent
pretreatments and strong bases are not required; (4) chirality
can be retained.!'* A few failures and unexpected results were
known; reactions at times were carried out at higher
temperature or for longer time. The efficiency of this method
may depend on the acidity'"®!!8 and steric hindrance®*¢7 %72
of the azolium salts and the nucleophilicity!!>!!~12! of the
NHCs.

An interesting example that evidenced the influence of
acidity on the feasibility of the Ag,O route is known.'??
Specifically, while the Ag,O route is applicable to N,N'-
diferrocenyl imidazolium salt, it failed for the N,N'-diferro-
cenyl imidazolinium salt (Scheme 16, eq 1), which was
attributed to the insufficient acidity of the C? proton of the
latter. As another example, the reactivity of Ag,O with
imidazolium salt of halide anions is superior to those with
salts of noncoordinating anions like BF,~ and PF¢~.'?* Since
the C? proton forms stronger hydrogen bonds with halides
than with BF,™ and PFg ", the halide salts are considered more
acidic than the BF,~ and PFy~ salts.''® Again, acidities of
the NHC precursors play a role. The functional electron-
withdrawing groups at C*° positions of the imidazolium
backbone affect the acidity of the C? proton and thus the
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reactivity with Ag,0.!%*? For example, it takes 12 h to
synthesize compounds I-2 with nonsubstituted C*3,** while
the reaction time is reduced with C*>-substituents of CI (2
h), NO, (3 h), or CN (4 h) groups. This signifies that the C?
proton is more acidic if the C*>-substituents have better
electron-withdrawing ability. A similar result was also found
for compounds I-20.'% The steric bulk around the azolium
cations also changes the efficiency of the Ag,O route.!?* As
simple methyl or ethyl N-substituted imidazolium salts
reacted readily with Ag,O, bulkier Ant®’%!191 or Mes!'?
groups required higher temperature, longer reaction time, or
both. An N,N'-dialkyl imidazolium salt with a hexadecyl
chain needed 12 h to react with Ag,0,'*> whereas a salt with
an ethyl chain demanded less than 2 h* As a different
example, thiazolium halides have a more acidic C? proton
than the imidazolium and imidazolinium salts.'*® Yet thiazol-
2-ylidene is too poor a nucleophile to be applied in the Ag,O
route.'?’

2.4.2. Complications

Upon prolonged reaction of more than one equivalent of
Ag,0 and N,N'-dialkyl imidazolium halide, the solution could
develop a yellow color, which can be removed by active
carbon.!> When conditions permitted, the reaction vessel at
times was coated with a brown powdery solid and silver
mirror. The yellow color has been attributed to the formation
of Ag nanoparticles (NPs). Owing to its super-electron-donor
property, bisimidazolidine, a carbene dimer, is utilized as a
reducing agent in certain reactions.'”® Carbene dimer such
as is generated during the reaction of imidazolium halide
with excess Ag,O may reduce the Ag(I) ion to Ag NPs
protected by imidazolium or NHCs.

Different anions in the imidazolium salts might cause
complications in the Ag,O route. N,N'-dipyridyl imidazolium
bromide failed to react with Ag,O to produce Ag(I)—NHGC,;
instead an undesired reaction involving base hydrolysis of
the imidazole ring produce N-(pyridin-2-yl)-N'-(2-(pyridin-
2-ylamino)vinyl) formamide (Scheme 17, eq 3).!'” However,
reacting the corresponding imidazolium tetrafluoroborate
with Ag,0 in the presence of NaOH yielded compound
[Ag(NHC),][BF,] I-93 (Scheme 17, eq 3).!'8 Apparently, the
BF, ion inhibited the hydrolysis of the imidazole ring, yet
NaOH was required to accelerate the reaction.

Reactions of imidazolium salts with Ag,O usually produce
neutral [Ag(NHC)X] or ionic [Ag(NHC),][AgX,] (Scheme
18, eq 4).>> A dynamic equilibrium between these forms in
solution has been proposed'*!®3’* and monitored by '*C NMR
spectroscopy.'*%*!2 Isolation of the neutral or ionic form
mainly depends on the steric bulk of the NHC and the solvent
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system. Generally speaking, bulkier NHC and less polar
solvent would favor the neutral form.'” In many cases,
formation of Ag(I)~NHCs is accompanied by the precipita-
tion of AgX, which leads to the isolation of nonstoichiometric
[Ag(NHC),][(AgX2),/Xi-,].1>1** Generating pure [Ag-
(NHC),]* type salts through anion metathesis by employing
anions such as BF;~, PFs~, B(Ph),, or NO;~ could avoid
this complication. In a few cases, however, prolonged
reaction time caused a complete precipitation of AgX and
produced three-coordinated [(Ag(NHC),X] type compounds
including a rare case of [(Ag(NHC),):1][1],.>>!3

The solvent system in the Ag,O method may give rise to
complicated products in the presence of iodide anion. For
example in Scheme 19, compound I-15a with Ag(CN),~
anion rather than the anticipated Agl,” was generated in
acetonitrile.®> Although the nature of this anion exchange
reaction is not certain, the acetonitrile appears to be a likely
source of CN™. On the other hand, I-15b with AgCl,™ anion
was obtained in CH,Cl, (Scheme 19). The exchange of 1"/
Cl™ is probably due to the presence of CH,Cl,.>* Despite
these complications, formation of iodide containing com-
plexes such as [Ag(NHC)I],*>?213! [Ag(NHC),][Agl,],>43>88
and many others in CH,Cl, have been reported. Note also
that Ag,O used in the formation of I-15 was prepared as a
brown powder and two equivalents were employed.>
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2.4.3. Theoretical Consideration

Recently, Peris, Lledds, and co-workers carried out DFT
calculations to understand the mechanism of the Ag,O
route.”> The system studied included two N,N'-dimethyl
imidazolium cations, two iodide counterions, and Ag,O in
CH,Cl, solvent. The results indicate that the reaction of two
imidazolium salts with one Ag,0 to form two [Ag(NHO)I]
molecules involves two deprotonations and two metalations.
Namely, a Ag,O molecule deprotonates an imidazolium
cation, and then the Ag(I) coordinates with the carbene to
generate the first [Ag(NHC)I] and AgOH (Scheme 20, eq
5). This AgOH further deprotonates a second imidazolium
cation, followed by metalation to yield the second [Ag-
(NHO)I] and H,O (Scheme 20, eq 6). All steps take place
with low Gibbs activation energies. One driving force for
the spontaneous formation of the first [Ag(NHO)I] is
presumably the pK, difference between imidazolium cation
and [Ag,OH]", the protonated Ag,O; the formation of the
strong Ag(I)—NHC bond constitutes another. The overall
process of eq 5 is predicted to be exothermic. Although the
subsequent deprotonation of a second imidazolium cation
by AgOH is not energetically favorable, the exothermic
formation of the second Ag(I)-NHC bond is the driving
force to complete the second process. Calculations therefore
predict that the Ag,0O reaction in this system would be facile.
An experiment was performed to substantiate the theoretical
calculations. A reaction between Ag,O and N,N'-dimethyl-
imidazolium iodide in DMSO-d, was followed by 'H NMR
spectroscopy. The reaction was almost complete upon mixing
the reactants, consistent with the prediction. The calculations
justify the advantage of using Ag,O and may explain some
previous experimental observations.

2.5. Applications

Ag(I)-NHCs have been utilized for several purposes.
These include (1) NHC transfer reactions,’"-!14132136 (2)
catalysis, 481821337136 (3y medicine,'***"137 and (4) na-
nomaterials.'3® In the following sections, we will discuss
these applications.

2.5.1. Ag(l)—NHCs in NHC Transfer

As already mentioned, Ag(I)~NHCs have been exten-
sively used to prepare other metal—NHCs through trans-
metalation (Scheme 21). Here we mention one recent
development to demonstrate the delicacy of using Ag()—NHC
complexes as carbene transfer agents. Crabtree and co-
workers reported the preparation of [Ir(COD)(NHC)(NHC)'T*
type complexes I-94 and I-95 via two sequential Ag—carbene
transfers.'3? Reaction of [Ir(COD)CI], with Ag(I)~NHCs first
produced [Ir(COD)(NHC)CI] type compounds,'* which upon
further reaction with [Ag(NHC),][PFs] type compounds
generated 1-94 with mixed imidazol-2-ylidene and triazol-
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5-ylidene NHCs (eq 7). Similarly, I-95 with mixed abnormal
and normal NHCs was obtained (eq 8).

Retention of chirality through the Ag—carbene transfer
route has been noticed in several cases.3!"!!*!3 Herrmann’s
group synthesized chiral Ag(I)~NHC complexes I-96 (Scheme
22) as precursors for two Rh(I)>NHC complexes. The
chirality of the imidazolinium salt was retained in the
preparation of Ag(I)~-NHC via the Ag,0O route and also in
the Rh(I)~NHC formation.!'* On the other hand, synthesiz-
ing a Rh(I)=NHC complex through the free carbene route
led to chirality loss. This again demonstrated the superiority
of the Ag,O method in producing chiral NHC complexes.
Chiral Ag(I)-NHCs also act as sources of chiral NHCs to
improve the enantioselectivity of Cu-catalyzed organic
transformations.3!-13

2.5.2. Ag(l)—NHCs in Catalysis

Peris, Fernandez, and colleagues first reported the utiliza-
tion of a Ag(I)—NHC complex to carry out alkene diboration
reactions,'*® which has been reviewed.'** The attempt to
utilize a Ag(I)-NHC complex to catalyze ring-opening
polymerization (ROP) reactions was reported by Waymouth’s
and Hedrick’s groups.'* Free NHC generation was proposed
to be responsible for this reaction instead of Ag(I)~NHC
promoted catalysis. Ghosh’s group in a continuing study
suggested an alternative reaction pathway involving silver
ion mediated polymerization.*® They found that when
Ag(I)-NHCs were used under solvent-free melt conditions,
polylactide with narrow molecular weight distribution was
obtained.*34>134

2.5.3. Ag(l)—NHCs in Medicine

Youngs’ group pioneered the use of Ag(I)—NHCs in
medicine.'?” Ag()—NHCs can slowly release Ag ions to
solution. Water-soluble pincer NHC complexes have been
shown to slow the releasing process, thus increasing the
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Scheme 23

bactericidal activities.'”” An encapsulated Ag(I)~NHC com-
plex, I-97, in nanofiber has been found as a promising
combination of sustained release and effective delivery of
Ag ions with maximum bactericidal activity over a longer
period of time than aqueous silver.!*”® A caffeine-derived
Ag(I)~-NHC complex demonstrated profound antimicrobial
activities, especially against highly resistant opportunistic
respiratory tract pathogens from the lungs of cystic fibrosis
patients, including members of the Burkholderia cepacia
complex.'**37° These studies have been extensively covered
in the reviews by Youngs’ group (Scheme 23).!4

Antibacterial activities of complex I-19 against Bacillus
subtilis and Escherichia coli were studied through measuring
the bacterial growth at different times.? The growth of Gram-
positive Bacillus subtilis was inhibited by I-19 but not that
of Gram-negative Escherichia coli. Complex I-19 did not
show any activity to inhibit cervical cancer (HeLa cell).

The stability of complexes I-20a—c in water and their
correlation with antimicrobial activity against bacterial strains
associated with cystic fibrosis and chronic lung infections
has been examined. The compound I-20b, having chlorine
substituents on the C*> of the imidazole ring, showed a
moderate initial dissociation, followed by continuous release
of Ag(I) ions.'* It has been proposed that the chloride group
shows o-withdrawing and z-donating ability, stabilizing the
Ag(I)-NHC complex I-20b. This compound appears to be
bactericidal at concentrations achievable clinically for a panel
of pathogens, primarily respiratory isolates of Pseudomonas
aeruginosa, Burkholderia species, and Escherichia coli.

2.5.4. Ag(l)—NHCs in Nanomaterials

Ag(I)-NHC complexes with long chain N-substituted
NHCs exhibited liquid crystal properties when (1) mixed with
imidazolium salt or (2) decomposited to give mixed AgX,™
and X~ anions.'> While addition of excess Ag,O to these
compounds generated stable Ag NPs, reduction of these
complexes by NaBH, in a biphasic system also gave
spherical Ag NPs. These Ag NPs were stabilized either by
the long chain imidazolium cations or by the NHCs.

Polymeric imidazolium salt in submicrometer spheres was
fabricated and reacted with Ag,O to produce a Ag(1)—NHC
polymer (I-98, Scheme 24).'3® This polymer was used to
produce Cu(I)— and Pd(II)-NHC polymers. X-ray photo-
electron spectroscopy (XPS) was used to characterize these
polymers. These experiments again demonstrated the ef-
fectiveness of the Ag,O technique coupled with transmeta-
lation. Further research into these submicroplatforms may
lead to the development of polymer-supported metal—NHC
catalysts.
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Scheme 24
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3. Au(l)— and Au(lll)—NHCs

3.1. Historical Background

In 1974, Lappert’s group reported the formation of ionic
[Au(NHC),][anion] type complexes from electron-rich ole-
fins.'* In the same year, Fehlhammer’s group described the
generation of Au(I)— and Au(III)—-NHC complexes through
the spontaneous cyclization of isocyanide ligands.!*! In 1989,
Burini’s group unexpectedly isolated Au(I)—~NHC complexes
through reaction of [Au(PPh;)CI] with lithiated benzylimi-
dazoles, followed by protonation.'*> Later, Raubenheimer’s
group was able to extend this strategy to form N-alkyl-
substituted Au()~NHC complexes.'** They further synthe-
sized Au(IIl)—NHCs through oxidative addition of halogens
to Au(I)~NHCs.'** Lock and co-workers also described the
unexpected formation of a Au(I)>NHC complex when
tris(4,5-dimethylimidazol-2-yl)phosphine was allowed to
react with tetrachloroaurate.'* In 1997, Lin’s group obtained
the first series of liquid crystalline Au(I)~NHC compounds
by reacting long chain substituted N,N'-dialkyl benzimida-
zolium salts with [Au(SMe,)Cl] under basic phase-transfer
catalysis conditions.'*® In 1998, they also developed a
technique to synthesize Au(I) ~NHCs by employing Ag(I)~NHCs
as carbene transfer agents.'® This provided a very convenient
method for access to Au(I)~NHCs. The next year, [Au(N-
HCO)Cl] was used to prepare many luminous Au(I) com-
plexes.'*” Unsupported Au-++Au interaction and its relation
to a low-energy emission have been addressed. Herrmann’s
group pioneered the utilization of Au(I)~NHCs as catalysts
for the addition of water to 3-hexyne in 2003.'*¥ In 2004,
Berners-Price, Baker, and co-workers reported the antimi-
tochondrial activities of Au(I)-NHCs.!* The same year,
Cetinkaya’s group investigated the antimicrobial activities
of Au(I)—NHCs.">® The easy accessibility of Au(I)—NHCs
and the boom in using gold complexes in catalysis have led
Au()— and Au(IIl)-NHCs into a flourishing field. Three
review articles on Au(I)~NHCs have appeared recently.!3%2
In 2005, Lin’s group summarized the syntheses, character-
izations, properties, and applications of Au(I)-NHC com-
plexes.?® In 2008, Raubenheimer’s group in a broader article
reviewed gold carbene complexes, concerning the prepara-
tion, medical applications, and types of bonding of Au(I)—
and Au(II)~NHC complexes.?’ In the same year, Nolan’s
group presented a review on the Au(I)— and Au(Ill)—NHC
complexes in catalysis.'®

3.2. General Synthetic Methods

Scheme 25 outlines the general methods employed to
prepare Au(I)~NHC complexes: (1) cleavage of electron-
rich double bonds, (2) protonation or alkylation of gold
carbeniate compounds, (3) transfer of NHCs from group 6,
7, and 11 complexes, and (4) reaction of Au(I) sources with
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Table 2. 3Cypc 0 Values for Au(I)— and Au(III)—-NHC
Complexes

compd d, ppm compd d, ppm
II-1'5% 171.9¢ I1-50b!6? 167.6¢
I1-2154% 168.7¢ 11-52163 169.2¢
I1-315% 169.9¢ 11-53'63 169.4%
I-4a1>%d 168.2,167.6/ 11-54'63 169.2¢
11-4b 5% 172.4¢ 11-55163 165.7¢
II-4¢'>* 179.9¢ 11-56'8 199.2°
I1-4d4% 174.7¢ I1-57'64 183.3¢
II-4e'>* 177.3¢ 11-58164 181.8¢
T1-4f154 181.5¢ 11-59!64 182.5¢
II-4g">* 166.4¢ 11-60'%% 180.2¢
I1-4h'5% 166.2¢ II-61'%% 182.0¢
II-5a'54c 166.1, 168.0" I1-62'0% 180.4¢
II-5b% 172.1¢ I1-63'0% 177.2¢
II-6a'>4c 173.6,°173.4" 11-64'0% 182.5¢
11-6b*° 176.7¢ 11-66'% 182.5%
II-7a'3% 175.1° 11-67'65 186.0/
11-7b*° 179.0¢ 11-68% 184.8/
11-8a'>% 166.3" 11-69'6% 183.6/
11-8b*° 170.2¢ 11-704 183.2¢
I1-9a'% 170.8¢ 11-714 182.3¢
I1-9b!> 171.5¢ 11-73'%2 187.4¢
11-10* 170.2¢ 11-74°7 183.4¢
II-11% 169.2¢ 11-75"7 183.8¢
II-12a% 167.6" 11-76"7 183.3¢
I1-12b% 170.1¢ 11-77% 182.8¢
11-13% 169.2¢ 11-78 cis?’ 187.7"
11-14% 184.4¢ 11-78 trans®’ 187.7"
11-15a% 172.6" 11-79'65 185.0/
11-15b%’ 171.3¢ 11-80'6° 166.5"
I1-15¢% 171.2¢ 11-83'13 166.3¢
11-15d% 172.9¢ 11-841662 187.4
II-17a'54% 195.0¢ 11-85'662 183.3/
11-17b*° 198.1¢ I1-874 170.0¢
11-18a'5% 196.1¢ 11-88* 169.7¢
11-18b%° 199.0¢ 11-89'% 184.5¢
II-18¢"’ 185.9° 11-90'" 164.9¢
11-19a'>% 166.0° 11-91'51° 168.5%
11-19b 3% 168.4° 11-92'51° 168.0¢
11-20'8 175.3¢ 11-93'51° 152.0°
11-21134% 167.8¢ 11-95'51® 158.4¢
11-2245:152 175.9,%175.8¢ 11-96a'%8 237.1¢
1123154 183.8¢ 11-96b %8 239.94
1124154 181.0¢ 11-96¢!%8 236.44
1125154 182.7¢ 11-96d'%® 235.0/
I1-26'5% 181.6¢ I1-97a'%8 252.2f
I1-271>% 181.1¢ I1-97b %8 249.7°
I1-28'%% 186.7¢ 11-98a'¢’ 230.7¢
I1-29'%% 175.2¢ 11-98b'%° 236.7¢
11-30154 187.9¢ 11-98¢!%° 243.9¢
I1-31154 190.6¢ 11-98d'%° 238.6¢
11-3215 198.6¢ 11-99%° 144.4¢
11-33!%% 167.6" 11-100% 146.2¢
11-34!%%¢ 166.7° 11-101% 136.8¢
I1-35!%% 157.2° 11-102%° 132.9¢
I1-36'5% 198.7¢ 11-103% 134.2¢
I1-37154 161.3¢ 11-104a%’ 142.2¢
11-381>% 156.3¢ 11-104b%7 141.7¢
11-391>% 184.9¢ 11-104¢%7 141.8¢
11-44' 196.0¢ 11-104¢%7 141.7¢
I1-45'%% 190.4° 11-105%° 172.3¢
11-46'> 190.0° 11-106%° 174.1¢
11-47'¢! 190.4° 11-107'%2 150.9%
11-49'>% 184.7¢ 11-108'5® 150.1°
11-50a'%2 165.9

4 CDCls. ® CD,Cl,. ¢ D[THF]. ¢ CDg. © Acetone-ds. "CD;CN. ¢ DMSO-
ds. "CD;0D.

free NHCs, either isolated or generated in situ. Besides these
methods, there is one example of synthesizing a Au(I)—-NHC
complex by intramolecular cyclization of Au(I)—isocyanide
ligands.'*!
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Scheme 25
"R R
N_ N 14 or [RY N
Py j Au sources Au— ]
N N ¢} (2) N
R R Au(l)}-NHCs
N - N Au sources Au sources N - N
1- ~R2 1 “R2
R R @ @ ROYTR
M}

As a typical example of the first method, the reaction of
Au(PPh;3)Cl with electron-rich olefins at 100 °C produces
Au(I)—NHC complexes.'*’ This approach has been employed
for a few cases, up to 2004.' In the second method, two
sequential steps are involved. First, Au(I)—carbeniate com-
plexes are formed by the reaction of Au(I) sources with
lithiated azoles; subsequently, the carbeniate complexes are
protonated or alkylated to produce Au(I)=NHC complexes.
The known complexes are mainly those with thiazolyl NHC
ligands. In the third method, some metal—-NHCs can react
with Au(I) sources to form Au(I)—NHCs.'3? Ag(I)—~NHCs
are the most popular for transmetalation, though some group
6 and 7 metal-NHCs can also be utilized.®*!>! While
transmetalation is frequently carried out for five-membered
ring NHCs, the situation for larger ring NHCs is yet to be
clarified. In the fourth method, Au(I) sources react with free
NHCs to form Au(I)~NHC complexes.'®? The NHCs can
be prepared in situ by reacting azolium salts with a strong
base. Recently, there have been reports of Au(I)-NHC
preparation by carboxylate or carbonate type weak base.?”!>2
Among these methods, the Ag—carbene transfer route
comprises over 70% of the published results; the free carbene
route constitutes around 20%.

Compared with Au(I)—NHC complexes, workson Au(III)—NHCs
are few. There are three methods to prepare Au(IlI)—-NHC
complexes at present. The first is through the cyclization of
Au(II)—coordinated isocyanide ligands.!*! The second method
is by oxidative addition of halogens to Au(I)-NHC
compounds.?*132153 The other is via transfer of NHCs from
group 6 compounds to a Au(IIl) source.®

3.3. Formation of Au(l)— and Au(lll)—NHCs

In this section, we describe the preparation of Au(I)— and
Au(III)—NHC complexes, their chemical and physical prop-
erties, and certain applications. The characterization of the
complexes is mainly based on 'H and '*C NMR and single-
crystal XRD analyses. The *Cyuc O values (Table 2) for
the Au(I)-NHC complexes are between 156.3 and 252.2
ppm, while they range from 132.9 to 174.1 ppm for the
Au(llT)—=NHC complexes. Au(I)-NHCs are classified as
neutral, ionic, multinuclear, and other types of bonding
modes. A description of Au(Ill)—NHCs is given at the end.

3.3.1. Neutral [Au(NHC)L]

3.3.1.1. [Au(NHC)(halide)/(pseudohalide)]. Scheme 26
lists [Au(NHC)L] type compounds II-1—II-8,'>* in which
the NHC is imidazol-2-ylidene with symmetrical N-substit-
uents and the L is halide or pseudohalide. These types of
complexes are an important class of Au(I)~NHCs. They have
been realized as robust starting materials for the preparation
of compounds containing the Au(NHC) core.'*” They have
also often been used either as catalysts or as catalyst
precursors for many chemical transformation reactions. While
most compounds in Scheme 26 were prepared through the
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Ag—carbene transfer route, compounds II-7a and II-8a were
prepared by the free carbene route.* An attempt to prepare
II-6a through the free carbene route afforded the product in
a low yield with [Au(NHC),]Cl and metallic gold as
byproducts.!3* Both methods have been carried out for the
preparations of compounds II-2, II-3, II-4a, and I1-5a.20:13424d
The Ag—carbene transfer route is more user-friendly and
gives higher product yields. Although [Au(SMe,)Cl] is the
common Au(I) source, [Au(CO)CI] is also known in prepar-
ing Il-4a and I1-6a.'>* In the Ag—carbene transfer route,
reaction of [Au(SMe,)Cl] with [Ag(NHC)(halide)] always
produced [Au(NHC)CI], despite the halide being bromide
or iodide. In one case, however, contamination of bromide
was reported.™ The bromide and iodide complexes, II-
4b—II-8b% and II-4c,'>* were generated through the reaction
of [Au(NHC)CI] with suitable alkali bromide or iodide salts.
In the synthesis of [Au(NHC)(pseudohalide)] compounds II-
4d—h,">* silver pseudohalide salts were reacted with [Au(N-
HC)Cl]. Compounds II-4a—II-8a took part in some gold-
catalyzed reactions.'®

Scheme 27 lists [AwW(NHC)Cl]-type compounds, where the
NHCs are asymmetrically N,N'-disubstituted (II-9—
11-16).2223:447464987.155 Compounds in this category were
prepared through the Ag—carbene transfer route; isolated
Ag(I)-NHCs were used for compounds II-9—II-15, while
Ag(I)-NHCs generated in situ were employed for com-
pounds II-16. In the solid state, compound I1-14 assembles
to form a dimer with a Au*+-Au distance of 3.204 A and is
luminous.** Compounds II-9a and II-9b have been used for
gold-catalyzed reactions of hydrogenation of diethyl citra-
conate and diethyl benzylidensuccinate.*'>® Complex I1-9b,
with a terminal Si(OEt;) and anchored on solid supports such
as silica gel, ordered mesoporous silica, or delaminated
zeolite, has been employed as a heterogeneous catalyst for
hydrogenation and Suzuki-coupling reactions. These hetero-
genized complexes could be reused without losing their
activity."?>!1%* Compound II-10 and II-12 are known as
catalysts for ROP reactions.***> Compound II-13 showed
antimicrobial activity.”> Compounds II-1, II-16a, and II-16b
demonstrated potencies to inhibit protein tyrosine phos-
phatases (PTPs);?? the details will be discussed in section
3.4.2.

Scheme 28 provides saturated NHC (imidazolidin-2-
ylidene) Au(I) complexes IT-17 and I1-18.2%!34157 Compound
II-17a was synthesized by the Ag—carbene transfer route
and II-18a by the free carbene method. Both compounds
were employed in catalytic reactions.'® Bromide complexes
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I1-17b and II-18b were synthesized from their corresponding
chloride compounds through halide metathesis reactions. The
first isolable [Au(NHC)F] compound, II-18¢,'>” was prepared
through the sequential formation of [Au(NHC)(O#-Bu)] (II-
44, Scheme 32), followed by the reaction with Et;N<HF.
DFT calculations suggest that II-18c¢ has a large partial
negative charge on fluorine, and there is a slight lengthening
of the Au—F bond, caused by F+--H—C (CH,Cl, solvent)
hydrogen bonding.

Scheme 29 lists [Au(NHC)CI]-type compounds, II-19—
I1-22, #3:4049.87.152,154¢,155,158 that have different NHCs from
those in Schemes 26—28. The Ag—carbene transfer route
has been used to prepare II-21 and II-22 and the free carbene
route for II-19 and I1-20. Compounds II-19b—II-22 have
been employed as catalysts.!843:158

3.3.1.2. [Au(NHC)(Ligand)]. Scheme 30 shows [Au(N-
HC)L]-type complexes, in which NHC represents sym-
metrically N-disubstituted imidazol-2-ylidene and L repre-
sents anionic ligands.5*!3*15% Analogous to the gold drug
auranofin, compounds II-23—II-28, with a thioglucose
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Scheme 29
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derivative as L, were prepared from the reaction of [Au(N-
HC)CI] with HL in the presence of a base.!>**!5% As an
analogue of the gold drug Solganol, compound I1-29 with a
saccharin anion was obtained by reacting the corresponding
[Au(NHC)CI] with a sodium salt of saccharin in the presence
of AgPFs."%* Acetylide-derived complexes I1-30 and II-31
were synthesized by reacting [Au(NHC)CI1] compounds with
[Mg(C=CH)CI1]."**! Agostic Au---H interactions were found
in the X-ray crystal structure of II-30. Similar to the luminous
carbazolyl Au()~NHC compound,'®® pyrenyl anion was
incorparated in the complex II-32 through the reaction of
II-7b with 1-pyrenylboronic acid in the presence of
Cs,C0O;.%% This compound is projected as a potential
photodevice and photosensor. Reacting [Au(NHC)C1] with
Ag[N(SO,CF3),] (denoted as Ag(NTf,)) produced I1-33—11-

Lin et al.
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35 with NTf, as L.!%¢ These complexes were used for gold-
catalyzed reactions.'®'> Compounds II-36—II-39'54:15%
were synthesized by the reaction of [Au(NHC)CI] with
Mg(CHs;),, AgOAc, AgNO;, or Tl(acac), respectively. Com-
pounds II-40 and I1-41 were prepared by reacting [Au(N-
HC)CI] with anionic Ga(I) heterocycle.®*

Scheme 31 provides [Au(NHC)L] type complexes with
saturated NHCs.""”1>% Two interesting [Au(NHC)(fluorovi-
nyl)] compounds, II-42 and I1-43, were obtained by reacting
the [Au(NHC)F] compound II-18c with unactivated alkynes
of 3-hexyne and 1-phenyl-1-propyne, respectively.!>® In this
reaction, the alkyne inserted into a Au—F bond and formed
a C—F bond. This reaction could be reversible. Compound
I1-44 with Ot-Bu as L was obtained through reaction of the
corresponding [Au(NHC)CI] with NaOz-Bu.'* The prepara-
tion of I1-45 and I1-46'°° with NTf, as L is similar to those
of II-33 and I1-34 with unsaturated NHCs. These complexes
are very useful in some gold-catalyzed organic reactions. '35

For the neutral [Au(NHC)L]-type complexes described in
the section 3.3.1, the *Cnpc O values for the saturated NHC
complexes fall between 185.0 and 199.0 ppm, more down-
field compared with those of the unsaturated NHC complexes
at 160—182 ppm.

3.3.2. lonic [Au(NHC)L][Anion]

3.3.2.1. [Au(NHC)(Ligand)][Anion]. Schemes 32 and 33
show [Au(NHC)(ligand)][anion] type ionic compounds, in
which the NHCs are imidazol-2-ylidenes except one imida-
zolidin-2-ylidene, and the non-NHC ligand L is neutral. An
interesting route to synthesize Au(I)—NHC II-48 along with
proposed mechanism is shown in Scheme 32.'®! A cationic
imidazole complex with Mn attached to one N atom was
deprotonated with KO#Bu. The resulting complex trans-
formed immediately to the carbeniate complex, showing that
the Mn ion had a preference for C-binding over N-binding.
A subsequent reaction with a mild proton source, NH,PFg,
formed a Mn(I)-NHC complex, which upon further depro-
tonation by KOH followed by reaction with [Au(PPh;)Cl]
produced a heterometallic complex. This complex trans-
formed into an isomer II-47, again displaying a different
kind of bond preference. On combination of II-47 with
HCIO,, I1-48 was generated.

Compound II-49, with a strong coordinating ligand PPh;,
was synthesized simply by reacting a [Au(NHC)Cl]-type
compound with PPh; in the presence of KPFg.!** However,
an unexpected result was observed when a [Au(NHC)Cl]-
type compound in CH,Cl, was reacted with AgBF, in EtOH.
On adding PPh;, homoleptic [Au(NHC),]" and [Au(PPh;),]*
type complexes were produced instead of the expected
[Au(NHC)(PPh;)]*-type compound.'*’ The discrepancy in
the outcomes could be attributed to the difference in the use
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of AgBF, and KPF; as Cl scavengers. Possibly the good Cl
scavenger, AgBF,, promoted the formation of thermody-
namically more stable complexes. Compounds II-50a and
II-50b with acetonitrile ligand were prepared by the respec-
tive reaction of [Au(NHC)CI] with AgBF, and AgPF; in the
coordinating solvent acetonitrile.'®> Compound II-50a was
employed as a catalyst to activate ethyl diazoacetate in
carbene transfer reactions. A [Au(NHC)(acac)]-type com-
pound II-39 (Scheme 31) was allowed to react with
[PPh;CH,Ph][BF,] to prepare phosphorus ylide-derivatized
I1-51."%¢ In this reaction, the anionic acac ligand behaves
as a weak base to deprotonate the ylide precursor phospho-
nium salt. Compound II-51 was used to study phosphine
dissociation in the gas phase by mass spectrometry. A
dissociation energy of 51.7 kcal/mol was determined. DFT
calculations using the M06-L functional gave a dissociation
energy 58.8 kcal/mol, comparable to the experimental result.
Compounds II-52—II-54 were prepared from the corre-
sponding [Au(NHC)CI]-type compounds with 2,4,6-tri-
methoxybenzonitrile and AgSbFg, compound II-55 was
obtained by reacting II-7 with PhCN and AgSbF,. Com-
pounds II-52—1II-55 were used in gold-catalyzed reactions.!®*
A saturated NHC complex II-56 with a Au—alkyne moiety
was synthesized by treating the corresponding [Au(NHC)CI]
with AgBF, and 3-hexyne.!*® The *Cygc O values for the
unsaturated complexes I1-47—1I1-55 range between 165.7 and
190.4 ppm, while that for the saturated complex II-56 is
199.2 ppm.
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3.3.2.2. [Au(NHC);,][Anion]. Scheme 34 shows [ Au(NHC), -
[anion]-type compounds where the NHCs are imidazol-2-
ylidene and benzimidazol-2-ylidene. Using the free carbene
method, direct reaction of [Au(SMe,)X] (X = Br or Cl) with
two equivalents of the appropriate imidazolium salt in the
presence of a base, lithium hexamethyl disilazide (LiHMDS),
produced compounds II-57—1II-64. These complexes showed
antimitochondrial activity.'** Similarly, compound II-65 was
obtained using [Au(PEt;)CI] as Au(l) source and #-BuLi as
base.!® Alternatively, II-65—II-72 were synthesized by the
Ag—carbene transfer route, reacting two equivalents of the
corresponding [Ag(NHO)CI] compounds with
[Au(SMe,)Cl]. 104884165 The free carbene and the Ag—carbene
transfer routes were compared for compounds II-65 and II-
72; in situ generated free carbenes gave better yields. In these
examples, the Au(I) precursor was [Au(PEt;)Cl] rather than
the commonly used [Au(SMe,)Cl]. Compounds II-65 and
I1-72 were employed as catalysts in diboration of terminal
alkenes.'® Compound II-73 was prepared by reacting 11-22
with the corresponding imidazolium tetrafluoroborate with
weak base K,CO;.'3? Auro-crown-ether complexes II-74—1I-
77 were prepared from their corresponding Ag(I)—NHCs.”’
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Scheme 35

N HUKNT - W wlT=

N N
[ >_A“_< j\l [N>jAu—<N]

@ \g <<

1-78 (CIS) 1-78 (trans)
QN Ag— NQ BF; QN Au— NQ “amF,

HHN] [ > nu j
|

11-79 11-80
g = = ™ mBF;

—N NN / N_N N\ J
< ————————————————— Afg\

#-82a A=BF, L=NCCH;

H-82b A =BF,, L=NCC¢Hs

#-82¢ A =BF,, L =NCCH,C¢H5
H-82d A=L=NO; (solv=CH;CN)

N
[>/A/ 7 I kL Bn/N >/‘Bn
)\ R Bn Au Au
,( Bn

\_ 7 N
0, N N >\ 4
A ] \_/ N L/ \—/ . N. ,N‘ /J‘l
N, BN
-84 R=Nap H H

;:}_‘ 2PFs /_\ /_\oh /—\—| 2PFq r/N\H‘B/H N

1-83 1185 R=Ant 1-86
i = /ﬁ_] 2PF;
N _R?
" NY \)k,?l NN N>/ -
Au Au Ay---------- Al
N AR
R2 \ﬂ/\N\—/N’ \N/< N)\N/
O — ey S=— N
#-87 R’ =i-Pr, R? = Dipp
1-88 R'=t-Bu, RZ = Dipp -89
TNE/ W 2eF;
( */AL

1-96

The [Au(NHC);,][anion]-type complexes often have lower
BCnuc chemical shifts than those of the neutral [Au(NH-
C)(halide)]-type compounds. This generalization is apparent
when we compare the identical sets of NHCs in II-60—II-
63 (ca. 180 ppm) and II-2—1I-4 (ca. 168 ppm). Thus *Cypuc
0 values could provide a means to differentiate between the
two types of compounds.

3.3.3. Multinuclear Au(l)—NHCs

Scheme 35 shows Au(I)-NHCs with nuclearity of two
or more, including heteronuclear compounds. The NHCs
listed in this category are imidazol-2-ylidenes except one

Lin et al.
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triazol-5-ylidene. Most of these complexes show Au(I)+++ Au(I)/
Ag(]) interactions and exhibit luminescence properties.

Dinuclear compounds II-78 were obtained by directly
reacting [Au(SMe,)Cl] with the corresponding cyclo-bis-
imidazolium salt in the presence of mild base Na(OAc).”
Complex II-67 (Scheme 35) having two pendant-picolyl arms
was allowed to react with AgBF, to produce a heterodi-
nuclear compound II-79 and with Au(tht)Cl (see section )
to generate a digold compound I1-80.'%%° [Au(NHC),]*-type
complexes I1-68 and I1-69 (Scheme 34), having two pyridyl
side arms, were reacted with AgBF, to yield polyhetero-
nuclear compounds II-81 and II-82, respectively.

Dinuclear compounds II-83—1I1-89 were prepared by the
Ag—carbene transfer route, in which the Ag(I)-NHCs were
generated in situ for II-83'* and isolated for [1-84—I1-89.45:106.10%.166
As in the Ag(I) complexes I-10 and I-11, a difference in the
amido-N-substituents (rBu vs Dipp) is responsible for
producing mononuclear compounds II-70 and II-71 and
dinuclear compounds II-87 and II-88. Interestingly, the
Au---Au interaction in II-87 and II-88 is much weaker than
the Ag+++Ag interaction in I-10 and I-11. The tetranuclear
compound II-90 was obtained from its corresponding
Ag(D)—NHC.

3.3.4. Other Classes of Au(l)—NHCs

Scheme 36 shows compounds with NHCs other than those
in Schemes 26—35. Transfer of pyrazolin-3-ylidene and
pyrazolidin-3-ylidene carbene ligands from chromium to a
Au(I) source produced the abnormal Au(I)-~NHC compounds
I1-91—11-95.15'

Bertrand’s group has developed a new class of unusual
metal —-NHC complexes, which are very useful catalysts in
many organic transformations.'®’ This type of sterically
demanding carbene, known as cyclic (alkyl)(amino)carbene
(CAACQC), has a strong o-donor character. Reaction of free
CAACs with [Au(SMe,)CI] readily produced neutral [Au-
(CAAC)CI] type NHC complexes I1-96.'° These compounds
are slightly unstable toward light. Their *Cyyc 6 values are
shifted downfield to 235—240 ppm. Recrystallization of
compound I1-96d in CD,Cl, over several days led to a
[Au(CAAC),]Cl-type complex II-97a, a product obtained
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from the disproportionation of [Au(CAAC),][AuCl] to
[Au(CAAC),]CI and AuClL.'®® Tonic [Au(CAAC),][AuCl,]-
type compound II-97b was generated via the free CAAC
route. Also similar to the known Ag(I)-NHC examples,
disproportionation reaction of [Au(CAAC),][AuCl;] to
[Au(CAAC),]CI and AuCl could lead to II-97a. The steric
hindrance and the flexibility of the substituents at the carbon
atom next to the carbene carbon affect the types of
Au(I)—CAAC complexes produced in a reaction. Bulky and
rigid substituents favor the isolation of neutral [Au(CAAC)CI]-
type compounds, while smaller cyclohexyl and cyclohexylene
groups give rise to ionic compounds. The *Cypc O values
of these [Au(CAAC),]-type compounds (ca. 250 ppm) are
10— 14 ppm downfield relative to those of the [Au(CAAC)]-
type complexes.

Several interesting cationic carbene complexes of the type
[Au(CAAC)L][anion], where L is a neutral ligand other than
CAAC, were isolated.'”! Tonic compound 11-98a with a
L of n*-toluene was obtained through the reaction of the
corresponding [Au(CAAC)CI] with a halide scavenger in
toluene.'® It appears to be a very reactive and useful starting
material for the synthesis of carbene complexes containing
the Au(CAAC) core. Reaction of this compound with excess
NHj; readily afforded compound II-98b with a coordinated
NHj; ligand. Similarly, reaction of compound II-98a with
3-hexyne gave II-98c¢ with an alkyne ligand. Reaction of
I1-98b with excess 3-hexyne produced imino-coordinated
Au(l)—CAAC compound II-98d. Compound I1-98a is also
an excellent catalyst for the cross-coupling of enamines and
terminal alkynes to form allenes.!®® A reaction pathway
involving [Au(carbene)(vinylidene)] intermediates has been
proposed.

3.3.5. Au(lll)—NHC Complexes

As shown in Scheme 37, examples of Au(III)-NHC
complexes are very limited. Compounds I1-99—1I-106 were
prepared through oxidation of the corresponding [Au(NH-
C)Br] complexes with Br,,>*!3 and a luminous compound
II-107 was obtained by oxidizing a [Au(NHC),]" type
compound II-73 with I,."? Interestingly, formation of
compounds I1-104 appeared to go through a long-range 1,7-
bromination, which occurred at two different carbon sites
spatially separated by ca. 6.4 A, across the imino-function-
alized side arm of the NHC ligand.®” Attempts to prepare
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Au(IlT)—NHCs by direct reaction of Au(IIl) sources with
free carbene resulted in mostly metallic Au along with
decomposition of the carbene and formation of Au(I) —NHCs 2152
Compound II-108 was synthesized through the transfer of
pyrazolin-3-ylidene from [Cr(NHC)(CO)s] to HAuCl,.!3!®
Surprisingly, Au(Ill) compound II-108 and its HCI adduct
were both obtained when HAuCl, was employed as the
carbene acceptor. The *Cyyc & values for the unsaturated
NHC Au(IIT) complexes are between 132.9 and 150.9 ppm,
and those for the saturated complexes appear at ca. 173 ppm.
These values are ca. 30 ppm upfield compared with those
of the corresponding Au(I)—~NHC:s, attributed to an increase
in the acidity of Au(IIl) moieties.?"!>?

3.4. Applications
3.4.1. Au(l)— and Au(lll)—NHCs in Catalysis

There is a considerable surge of using gold compounds
to catalyze organic transformations, popularly called the Gold
Rush in the past few years. Although simple Au salts like
AuCl or NaAuCl, are known to catalyze many organic
reactions, the lack of a stabilizing ligand usually causes
spontaneous reduction of Au(I) or Au(IIl) to inactive metallic
gold. This renders low turnovers of catalytic performance
and hampers the growth of homogeneous catalysis. Phos-
phine ligand supported Au compounds suppress the forma-
tion of metallic gold. Indeed, higher catalytic efficiency could
be obtained with Au(I)—phosphine complexes as catalysts.
A number of reviews regarding the insight and development
of Au-catalyzed reactions have been published.!”!7

Since the first Au(I) ~NHC-catalyzed hydration of 3-hex-
yne was reported in 2003,'*® the role of Au(I)~NHCs in
organic transformations has increased steadily. Similar to the
Au(l)—phosphine complexes,'”*® Au(I)~NHC complexes
have shown good catalytic activities toward activation of
alkynes or alkenes to nucleophiles, leading to cyclizations,
cycloadditions, or heteroatom additions. In general, the
catalytically active Au(I)-NHC moieties can be generated
in situ from treatment of [Au(NHC)(halide)] with silver salt.
The organic reactions promoted by Au(I)— and Au(Ill)—NHC
complexes, shown in Scheme 38, exhibit remarkable activi-
ties.'® It is worthy to note that a few Au(Ill)-NHC
complexes can also promote reactions of olefin polymeri-
zation and heteroatom addition to alkynes.?*!'”! In many
reactions, Au(I)— and Au(III)-NHC complexes usually
show comparable or superior efficiency compared with the
Au—phosphine or Au—pyridine complexes.'”> However, in
limited cases, Au(I)~NHC complexes with lower catalytic
reactivities are known.'”? In the last two years, Au(I)— and
Au(IIT)—NHC-catalyzed organic reactions have been partly
reviewed.!”* #1700 Very recently, Marion and Nolan specif-
ically reviewed the Au(I)— and Au(IIl)-NHC complex
catalyzed reactions.'® Reactions summarized in these reviews
are given in Scheme 38. We herein focus on the new results,
which have appeared after that review.

Scheme 39 shows the use of [Au(NHC)CI] complex II-
7a as a highly regio- and stereoselective catalyst in inter-
molecular hydroalkoxylation'” and hydroamination'” at
either of the allene C=C bonds. Particularly, II-7a in
combination with AgOTTf as a catalyst has a better conversion
than that with AgBF,. Moreover, there is a contrasting
regioselectivity between the hydroalkoxylation and hy-
droamination of differently 1,3-disubstituted allenes; while
the alcohol preferentially attacks at the less substituted
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2. Alkyne Hydration and Related Reaction:
Hydroamination/Hydrohydroxylation
Hydrofluorination
Hydrosilylation of Styrene and Benzaldehyde

Ar’NYN\Ar Dipp/NYC@
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4. Propagylic esters activation:
1,2/1,3 Shift of The Ester
Tandem [3,3] Rearrangement-hydroarylation Reaction
Rearrangement of Alkynyl Sulfoxides
Intramolecular Redox Reaction of Sulfinyl Alkynes

Scheme 41 shows several organic transformations cata-
lyzed by complex II-33. 1,3-Diene derivatives were the
dominating products through 1,2-acyloxy migration from
propargylic pivalates (eq 1).'”> Complex II-33 promoted the
[4 + 2] annulation of the “all carbon 1,4-dipoles” 1-(1-
alkynyl)cyclopropyl ketone to give a series of furans (eq
2).176 Similarly, functionalized bicyclic compounds were
efficiently synthesized using II-33 as a catalyst in a lower
loading than that using AuCl; (eq 3).'”’

Scheme 42 shows Au(I)-CAAC-catalyzed hydroamina-
tion of alkynes and allenes with NH3.'% The reaction of
alkynes with NHj, catalyzed by I1-98a gave moderate to high
yields of cyclic and acyclic hydroamination products (entry
1 and 2). Reaction of allenes with NHj, catalyzed by II-
98a, gave high yields of allylamine. The selectivity of mono-,
di-, and triallylamine could be controlled by changing the
ratio of the substrate and NHj3 (Scheme 42, entries 3—5).

3.4.2. Au(l)—NHCs in Medicine

The medicinal properties of Au(I)—phosphine complexes
have long been realized.'”® For example, auranofin, a well-
known antiarthritis drug, is a Au(I) complex with a trieth-
ylphosphine and a ligand derivatized from thioglucose.
Recently, compounds of the auranofin family have been
found to initiate apoptosis, that is, cell death by a mitochon-
drial pathway, through selective inhibition of mitochondrial
thioredoxin reductase.!” Many Au(I)—phosphine complexes
were found to affect the normal functioning of mitochondria;
however only the ionic Au(I)—phosphine complexes with

optimized lipophilicity selectively affected the tumor cells.'®

The similarity between phosphine and NHC and the ease
of systematic modification of NHCs from imidazolium salts
have rendered Au(I)-NHC:s attractive in medicinal applica-
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terminus, the amine favors the addition to the more electron-
rich terminus.

Scheme 40 shows the addition of carbon nucleophiles,
including indoles and 1,3-dicarbonyl compounds, to 1,6-
enynes catalyzed by some Au(I)~NHC complexes.'®> When
Au(I)-NHC complexes II-6a and II-52—II-S5 were em-
ployed as catalysts and 1,3-dicarbonyl compounds as nu-
cleophile, f-type products were favored. With indole as
nucleophile, while II-6a, I1-52, II-54, and II-55 favored
p-type products, the less bulky N-substituted II-53 favored
o-type products.

tions. In 2007, Berners-Price and Barnard reviewed the
medicinal applications of Au(I)-NHC complexes.?! They
summarized that a family of ionic cyclophane and cyclo-
phane-like dinuclear Au(I)-NHCs were able to induce a
mitochondrial permeability transition via pore formation on
the inner membrane.'®! This process was Ca*' sensitive, so
without Ca®>", these Au(I)~NHCs were either inactive or
substantially less active. lonic [Au(NHC),]"-type compounds
(I1-57, 11-60—1I-64, Scheme 34) were also mentioned to
permeate the mitochondrial inner membrane of isolated rat
liver cells.!®™** A correlation was seen between the com-
pounds’ lipophilicity and their mitochondrial membrane
permeation. Neutral [Au(NHC)L] type compounds II-23—1I-
28 (Scheme 30), analogues of [Au(PEt;)Cl] and auranofin,
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Scheme 42 plexes, NHCs being imidazol-2-ylidene with symmetric
11-98a simple N-methyl, ethyl, propyl, and i-propyl-substituents (II-
Substrate -+ NH; 110~ 175°C Product 57—11-60, Scheme 34), were found to induce apoptosis only
16~36h in cancer cells. A two-step sequential substitution of the
. ; " ligands in II-57 and II-60 by cysteine and selenocysteine
ety ~ Substate  R' R Product has been proposed to explain the process.
NH Ghosh’s and Panda’s groups have tested the anticancer
1 R—==-R? Tol H g and antimicrobial activities of metal-NHCs.?*> A neutral
Tol [Au(NHC)CI], II-13 (Scheme 27), was found inactive toward
human cervical cancer, breast cancer, and colon cancer.
7\ However, this compound showed bactericidal activity toward
2 7/ N\ H /?\ Bacillus subtilis and was twice as potent as the Ag analogue.
R’ R? Mulliken and natural charge analyses of II-13 and its silver
analogue show that the Au(I) complex has a higher electron
Product density at the metal center, which probably enhances its
entry substrate NHa/substrate ratio @ bactericidal activity.
3 H__H 1.4/1 114337 Cytotoxicity studies of a heterobimetallic Au(I)—NHC
il A0/ o with ferrocenyl ligands (II-66, Scheme 34) showed that the
4 j\ o 6.2/11- cytotoxicity assays were sensitive to the Jurkat T leukemia
5 H” H 1/4.5 1/6/73 and the MCF-7 breast cancer cell lines.'®* However, the role
of the ferrocenyl group was uncertain.
R NH, R NH Rl AN In addition, negtral .[Au(NHC).C_l]-type compounds were
a 1>=/_ P R’ also tested for their ability to inhibit the cysteine-dependent
R R , s protein tyrosine phosphatase (PTP) activity that were known
mono- / di- / tri-allylamine to have implications in several disease states.?> Au(I) ~NHCs

have also been discussed. Although these compounds
demonstrate different lipophilicities with different N-alkyl
substituents, their applications in mitochondrial function have
not been reported.!>#+15%

Recently the ionic [Au(NHC),]Cl-type compound II-60
(Scheme 34) and a neutral compound II-2 (Scheme 26) were
tested for anticarcinogenic activities in three different liver
cell lines, of which one was cancerous.'®? Compound II-60,
with an optimal range of lipophilicity, selectively penetrated
the cancerous cells and accumulated in the mitochondria.
On the other hand, II-2 induced nonselective cell death in
all the three cell lines. The authors proposed that the
cancerous cells have a higher mitochondrial membrane
potential (AW,,). This results in a selective accumulation of
the ionic compound into the mitochondria of cancerous cells.
This accumulation depolarizes the AW, and diminishes the
ATP pool, resulting in the activation of apoptosis via the
mitochondrial pathway.

Mitochondria-targeted chemotherapeutic cationic Au() —NHC
complexes that possess selective toxicity to breast cancer
cells have been designed.!5*® [Au(NHC),][halide]-type com-

II-1 and II-16a,b (Schemes 26 and 27) inhibited PTP activity
in Jurkat T leukemia cells with some selectivity. These
compounds also inhibited phosphatase activity in primary
mouse thymocytes. The affinity of Au(l) for thiolate ligands
suggested an inhibition occurring through complexation with
the cysteine residue. Further structure—activity relationship
studies may lead to better therapeutically relevant, membrane-
permeable PTP-selective Au(l) inhibitors.

4. Cu(l)— and Cu(ll)—NHCs

4.1. Historical Background

The chemistry of Cu(I)— and Cu(II)-NHC complexes has
been relatively less studied compared with the other coinage
metal —NHCs, although the first Cu(I) ~NHC complex was
reported in 1993 by Arduengo.*® Two reports regarding the
synthesis of the neutral [Cu(NHC)(halide)]-type complexes
were provided by Raubenheimer and co-workers in 1994 and
1995.183184 Boehme and Frenking reported theoretical cal-
culations on the nature of the Cu—NHC bond in 1998.'%
Danopoulos and co-workers presented the first use of Cu,O
as both base and Cu source to make Cu(I)—NHCs in 2001.'3
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Table 3. *Cyuc 0 Values for Cu(I)-NHC Complexes

compd (ppm) compd 0, ppm
III-1a% 178.2¢ II1-302a%%° 182.6¢
II-1b*%° 178.8¢ 111-30b**’ 204.8¢
I-1¢%° 178.8¢ 1I1-30¢**7 180.9¢
II1-1e*! 177.4¢ II1-31a%% 186.5¢
TII-1£2°! 178.4¢ II1-31b%% 182.84
I-1g>® 171.2¢ II-31¢% 184.74
II-1h*® 171.7¢ 111-31d%% 186.3¢
III-1i2%° 169.9¢ 111-322a%% 182.24
II1-1j2% 169.8¢ II1-32b%! 204.7¢
III-1k>% 173.8¢ II1-32¢%! 181.84
TIL-112% 174.2¢ II1-33a228 2054
I-1m?? 201.4¢ II1-33b*! 2054
II-1n>% 199.8¢ 111-34a%%8 182.8¢
I-10*" 201.3¢ 111-34b?! 205.2¢
II1-1p>® 201.4¢ II1-34¢>! 181.14
1I1-2%02 198.9¢ II1-3522% 182.8¢
II1-6a' 180.2¢ II1-35b%% 200.6¢
II1-6b*'2 181.2¢ II1-36a>* 183.34
I1-6¢2 182.8¢ I11-36b** 215.6¢
II1-722% 178.7¢ II1-37a%%8 184.24
II1-7b2%8 174.2¢ I11-38%% 163.34
111-821° 172.1¢ 111-39>% 177.94
111-92% 202.8¢ 111-40b?3? 179.14
1I1-102%"" 202.6¢ II1-412% 181.2¢
II-10b>” 202.8¢ 111-41b% 182.7¢
II-11a%? 194.7¢ II-41¢% 173.74
I11-11b>* 195.1¢ 111-42%3 164.07
I-1221 165¢ 11143230 204.7%
II1-15% 205.3¢ TI1-44%3 185.3¢
I1-16b'** 174.2¢ I11-45%% 188.3¢
I11-17a'% 198.3% 111-46a2'° 183.64
III-17b'% 203.5° II1-46b*'° 184.94
II-17¢'% 216.3" 1I1-46¢>'° 184.0¢
I1-174'% 177" 111-464°'° 184.74
TII-17£1% 202.5" 111-46¢"° 191.64
II-17g'8 205" 111-46f21° 184.0¢
II-17h'8 214.3" 111-46g>'° 184.8¢
1I1-18a%5 184.4¢ 111-482a%% 187.0
II1-18b** 177.5¢ II1-48b>° 189.7
I-1921 186.9¢ II1-53a2% 178.6¢
II1-20a%"7 187.24 II1-53b>¢ 184.5¢
II1-20b%" 182.7¢ II1-54'%% 165.2°
111-21a%" 183.2¢ II1-55%% 157.6°
I11-21b?"° 182.4¢ 111-56% 178.28
II1-22a2%%° 186.0¢ I11-60a>*! 181.8¢
TI1-22b*%° 186.0¢ II1-60b>*! 182.4¢
TI1-22¢>% 186.1¢ III-60¢>*! 181.7¢
1I1-22d%% 186.1¢ 111-60d>*! 179.1¢
I1-22¢*%° 186.4¢ II1-61%* 188.9, 188.7"¢
1I1-22f2%0 186.7¢ 1I1-61* 168.74¢
II1-22g>2° 185.84 II1-6224 178.0¢
II1-22h*%° 185.64 II1-63>%¢ 178.4f
II1-23?20 184.94 111-64'7 177°
I11-24%%0 186.1¢ I11-68%%* 176.7¢
II1-25%% 185.54

2CDCl,. b CD2C124 ¢D[THF]. ¢ C¢Ds. ¢ Acetone-ds. 'CD;CN. IDMSO-
de. "Normal. ' Abnormal.

Soon after, Arnold’s group communicated the Cu(l) N-
alkoxide-functionalized NHC complex obtained via the Ag
carbene transfer route.!®” In the same year, Fraser and
Woodward provided the first utilization of NHCs in the Cu-
catalyzed conjugate addition of ZnEt, to enones.'s® In this
case, Cu(I)-NHCs were presumably formed through the
addition of free NHC to a Cu(Il) source.'®® However, the
catalytic systems were often prepared in situ without
isolation.

In 2003, Sadighi’s and Buchwald’s groups reported the
isolation of a neutral [Cu(NHC)Cl]-type complex and its use
in the conjugate reduction of a,f-unsaturated cyclic enone
and ester.'”® Motivated by this work, the synthesis of Cu(I)—

Lin et al.
Scheme 43
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B
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and Cu(I)-NHCs and their use in organic transformations
arose rapidly. To date, most applications of Cu(I)— and
Cu(II)—NHC:s are focused on catalysis. Compared with their
phosphine counterparts, Cu-NHCs with bulky substituents
present many advantages as catalysts; they are more stable
to air, water, and heat and, further, easy to prepare. There is
also one report of preparation of polymeric Cu(I)=NHC in
submicrometer spherical particles for potential heterogeneous
catalysis.'?® Recently, two reviews on the catalytic applica-
tions of Cu(I)— and Cu(Il) ~NHC complexes have appeared.**!!

4.2. General Synthetic Methods

Scheme 43 shows the four methods usually employed for
the synthesis of Cu(I)— and Cu(Il)—NHC complexes: (1)
reaction of free carbenes with suitable copper sources; (2)
transmetalation from relevant NHC complexes; (3) alkylation
of azolylcuprates; (4) direct reaction of imidazolium salts
with copper base.

In the first method, imidazolium salts are deprotonated by
a strong base to produce free NHC ligands. The isolated
NHCs are then reacted with copper sources to produce
Cu(l)— and Cu(II)-NHC complexes. Cu(I)~NHC com-
plexes are mostly prepared in a one-pot reaction of an
azolium salt with a base and a copper source. In common
practice, one uses NaOz-Bu, KO#-Bu, or KH as strong base,
dry THF or acetonitrile as solvent, and Cu(I) halide as Cu
source. When azolium salts with weak coordinating anions
such as BF,~ or PFs  are employed, [Cu(NHC),]"-type
compounds are usually obtained instead of [Cu(NHC)(ha-
lide)] type complexes. Until now, the free carbene route has
been the most used method for Cu(I)— and Cu(Il)-NHC
preparation.'®!

In the second method, Ag(I)~NHCs as carbene transfer
agents, isolated or generated in sifu, are often employed to
prepare Cu(I)— and Cu(II)—NHCs.'*® One of the driving
forces of the smooth transmetalation is the stronger Cu—NHC
bond than the Ag—NHC bond, as predicted from theoretical
calculations.'® For many catalytic reactions, on site prepara-
tion of Cu(I)~NHC complexes is preferable,8!:82.1362.192-195
Attempts to prepare Cu(I)— and Cu(II)-NHCs using group
6 or 7 metal complexes as NHC transfer agents, however,
have not been successful.!**1”7

In the third method, alkylation of thiazolyl or imidazolyl-
cuprates can produce Cu(I)=NHCs.'3* Details of this method
will be mentioned in the appropriate place. In the fourth
method, reaction of imidazolium halide with Cu,O or CuOAc
can give Cu(I)—NHCs. Till now, two examples of using
Cu,0%1% and one of using CuOAc'® are known. The ease
of deprotonating the C?-proton by Cu,O depends on the
acidity of the imidazolium moiety.*

A survey of the methods used to synthesize Cu(I) -NHCs
indicates that over 60% of the papers describe the use of
the free carbene method and only 22% the Ag—carbene
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transfer route. A direct comparison between these two
methods has been made in only two reports, one stated that
the Ag—carbene transfer route gave a higher yield (section
4.3.4); the other mentioned a failure of the free carbene
method (section 4.3.2). In the synthesis of Cu(Il)-NHC
complexes, the Ag—carbene transfer technique was utilized
in two reports (sections 4.3.1 and 4.3.4) and the free carbene
route (section 4.3.3) and the transfer from a lithium salt
(section 4.3.1) in one each.

4.3. Formation of Cu(l)— and Cu(ll)—NHCs

Similar to the Au(I)>-NHCs, stable [Cu(NHC)(halide)]-
type complexes represent a major theme in the chemistry of
Cu(I)—-NHCs; one of them is commercially available.'”
Many compounds containing the Cu(NHC) core can be
prepared from [Cu(NHC)(halide)]. Those Cu(I)— and
Cu(II)-NHC complexes that were synthesized and used
without isolation will not be included in our discussion.
Characterization of Cu(I)— and Cu(II)-NHCs relies mainly
on 'H and '3C NMR and single-crystal XRD analyses. The
3Cnac O values for the Cu(I)—NHC complexes are between
159.6 and 216.3 ppm (Table 3). For the unsaturated imidazol-
2-ylidene complexes, 0 values fall between 163.3 and 205
ppm, whereas for the saturated complexes, except one at 165
ppm, the range is 182.2 to 215 ppm. According to the
Cambridge Crystallographic Data Centre, relatively few
Cu(l)=— and Cu(Il)-NHC structures are known among
coinage metal -NHCs. Well-characterized Cu(I)— and
Cu(II)-NHC complexes usually contain sterically bulky
N-substituents. In general, the structures of Cu(I)— and
Cu(Il)—NHCs are simpler than those of Ag(I)~NHCs and
similar to those of Au(I)—~NHCs.

Despite many review articles covering the catalytic
properties of Cu(I)— and Cu(II)—NHCs, no comprehensive
review has appeared on the synthesis of Cu(I)— and
Cu(II)—NHC:s. In this section, we arrange the discussion of
Cu(I)— and Cu(Il)-NHCs according to their bonding mode
and nuclearity. Examples are given for the formation,
bonding mode, and related reactions of the complexes.®

4.3.1. Complexes Containing the Cu(NHC), Core

Scheme 44 represents some simple complexes with a
Cu(NHC), core. Chronologically, the first [Cu(NHC),] *-type
compound ITI-la was synthesized via the free carbene
route.*® Thereafter, a series of [Cu(NHC),]"-type compounds
III-1b—p were synthesized.?**?°! Among them, compounds
III-1a—f, III-1h, III-1i, III-1n, I1I-10, and III-1p were
structurally analyzed by single-crystal XRD. The steric
congestion resulting from the linear arrangement of two NHC
ligands on the Cu center could be minimized either by an
increase in the torsion angle between the two NHCs
(28°—86°) or by an increase in the Cu—NHC bond distance
(1.9-2.0 A). The compounds III-1h, ITI-1i, and ITI-1j with
Dipp, #-Bu, and Ad substituents have large torsion angles
(80°—85°). On the other hand, the steric congestion in III-
1In is released mainly by increasing the Cu—NHC distance
(2.000 A).

Scheme 45 provides other types of NHCs with a similar
coordination mode. Compound III-2, which has a six-
membered NHC ring, was obtained by the free carbene
route.22 It shows a Cu—NHC bond of 1.934(2) A with a
large torsion angle (80.91°) between the NHC rings. The
six-membered ring brings the Mes groups closer to the Cu(I)
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center than the five-membered rings. This results in a greater
steric hindrance and hence a longer Cu—NHC bond along
with a greater ring twist compared with the analogous five-
membered ring compounds, III-1o and III-1p. Compound
II-3 with a chelating ligand was synthesized by the
Ag—carbene transfer route.””® The Cu center was coordinated
by two NHC rings twisted at ca. 53.4°.

Scheme 46 lists Cu(I)~NHC compounds ITI-4** and III-
5.205 Compounds III-4 were obtained by reacting lithium
N-alkoxide-carbenes with CuCl, or Cu(OTf),. The Ag—carbene
transfer route was employed to synthesize C,O-chelating
Cu(Il)—NHC III-S by reacting a C,N-bonded Ag(1)—-NHC
with CuCl,. The reaction is fast and gives a good yield.

4.3.2. [Cu(NHC)(Halide)]

Scheme 47 lists complexes of the type [Cu(NHC)(halide)]
with symmetrical N-substituents on the NHC. Compounds
II1-6—1III-14 were synthesized through the free carbene
route, 2022967214 whereas II-15%* and I11-16'> were synthe-
sized via the Ag—carbene transfer route. Interestingly, the
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free carbene route failed to synthesize complex III-15. The
two quinolyl groups at the NHC of complex III-12 give
inequivalent '"H and '*C NMR patterns, suggesting the
absence of a plane or axis of symmetry, presumably resulting
from the coordination of the quinolyl nitrogen to Cu(l).
Compounds IIT-6—III-11 were used in catalysis and have
been reviewed elsewhere.** Compounds II1-13, I1I-14, and
ITI-16 were used to catalyze Sy2' allylic alkylation reactions.
While III-16 showed good ee values, III-13 and III-14
showed only moderate ee values. Compound III-15, bearing
a bimacrocyclic NHC, was used to catalyze the cyclopro-
panation of styrene and indene.'®

Scheme 48 presents neutral [Cu(NHC)(halide)]-type com-
plexes III-17, where NHCs are mostly thiazol-2-ylidene.
They were synthesized by methylating azolylcuprates with
MeOTf. The azolylcuprates in turn were obtained from
reaction of CuX (X = Cl or I) with lithiated thiazoles or

Lin et al.
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imidazoles.!831%* The *Cyyc O values for the thiazole
complexes are in the range from 198.3 to 214.3 ppm, more
downfield compared with those of imidazole-2-ylidene
complexes. These chemical shifts are affected only slightly
by the halide X but to a larger extent by the substituents R
and R’ at the backbone. Single-crystal XRD shows that
complex III-17a crystallized in a Cl-bridged dimeric form,
while III-17b was monomeric.

4.3.3. [Cu(NHC)(Ligand)]

Scheme 49 summarizes the preparation of [Cu(NHC)(li-
gand)]-type complexes, where the ligand is not a halide. Most
of these compounds are prepared from [Cu(NHC)Cl]-type
compounds in which only the Cu—ligand moieties are
involved in the preparation; the NHC acts as a spectator.
Scheme 49 also depicts the rich chemistry of [Cu(NHC)(Or-
Bu)]- and [Cu(NHC)(boryl)]-type compounds, pioneered by
Sadighi’s group. The reactions are numbered in lower case
roman numerals in square brackets for cross-reference.

Equation 1 gives the formation of [Cu(NHC)(Oz-Bu)]-type
compounds, ITI-18a and III-18b, obtained in good yield from
the direct treatment of [Cu(NHC)Cl]-type compounds III-
6a and III-7b with NaO-Bu in THF, respectively (path i of
Scheme 49).2!% In an attempt to synthesize compound III-
18a in a one-pot reaction by mixing imidazolium chloride,
CuCl, and NaO#-Bu (1:1:2 equiv.), a homoleptic [Cu(N-
HC),]" species was obtained instead. The synthesis of
Au(I)-NHC complexes by the free carbene route shows a
similar trend. Subsequent reaction of complex III-18a with
triethoxysilane in the presence of excess 3-hexyne gave
[Cu(NHC)(vinyl)]-type complex III-19 (path ii in Scheme
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49; eq 2), the first hydrocupration product.?'® The vinylcopper
species appeared to be more stable than expected.?!®

R R
N N t-Bu
_ THF [ /
[N>_ w0 Gortu | N>_ Cu-0 )
R R
ll-6a R = Dipp ll-18a R = Dipp
I-7b R=Cy N-18b R =Cy
Dipp Dipp
N J4Bu (EtO);8H N
[N>_CU—O 3-hexyne [ >_CU N\ @
\ N
Dipp Dipp
ll-18a n-19

The first well-defined copper boryl complex III-20a was
also obtained from compound ITI-18a through a reaction with
(B(pin)), (path iii in Scheme 49).2!” Compound II1-20a can
catalytically reduce CO, to CO (eq 3). Reaction of this
compound with CO, readily produced CO and compound
III-21a (path v in Scheme 49), in which the boryl ligand
was oxidized to a borate ligand through the insertion of an
oxygen atom into a Cu—B bond. Regeneration of III-20a
by reacting III-21a with (B(pin)), completed the catalytic
cycle (path iv in Scheme 49). The catalytic turnover
frequency improved when the bulky N-Dipp substituent in
complex III-20a was replaced by the sterically less demand-
ing N-Cy substituent. DFT calculations have been performed
to understand this mechanism.*'® The strong trans influence
of the NHC ligand could weaken the Cu—B bond and
facilitate the O insertion reaction. A subsequent o-bond
metathesis between (B(pin);) and [Cu(NHC)(OB(pin))]
would produce O(B(pin)), and [Cu(NHC)(B(pin))].

An interesting reaction occurs between [Cu(NHC)(stan-
nyl)] complex III-20b and CO, gas. Rather than a product
from an insertion of CO, into the Cu—Sn bond, a benzoate
complex III-21b is produced by a net electrophilic cleavage
of a Sn—Ph bond.?"® The authors proposed two possible
mechanisms for this reaction. The Sn—Ph bond is cleaved
by CO; in a concerted process with SnPh, extrusion.
Alternatively, a two-step reaction takes place via an equi-
librium between III-20b and a [Cu(NHC)Ph] complex, which
reacts with CO, to form III-21b.
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8 “co | B(pin)
-DU . in
o B(pin) o
Cu B(pin o Cu Cu
Dipp\N/\N,DiPP B, D'DP\N)\N/D'PP Dipp\N)\N/Dipp &
\—/ \—/ \—/
1-18a Hi-20a Hi-21a
(B(pin)),
- O(B(pin))
R —
Ph.SnH Dipp’NYN‘Dipp Dipp’NYN‘Dipp
35N Clu CO, Cu @)
Sn. 0._0
Ph1 Ph
Ph Ph
fil-20b m-21b

As shown in Scheme 50, III-20a is also active toward
alkenes. Insertion of alkenes into the Cu—B bond produces
[Cu(NHC)(B-boroalkyl)]-type complexes III-22 with good
yields and high regioselectivities (path vi in Scheme 49).720.221
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A Hammett plot of the rates of the insertion of 4-substituted
styrenes into ITI-20a indicates that the substrate acts as an
electrophile.

As shown in Scheme 51, complex III-22a isomerized to
a new complex III-23 upon heating at 70 °C for 24 h (path
vii in Scheme 49; step a in Scheme 51).° The authors
proposed that a 5-hydride elimination gave an intermediate
[Cu(NHC)(alkene)H] complex as shown; reinsertion of the
resulting olefin generated the isomeric III-23. Three separate
reactions (steps b—d in Scheme 51) were performed to
support this mechanism. In the first experiment (reaction b),
insertion of trans-2-(phenyl)vinyl(pinacol)boronate (denoted
as B-1) to [Cu(NHC)H] (for structure see Scheme 57) was
performed; compound ITI-23 was obtained in 1 h at room
temperature. The facile reaction of step b implies a high
activation barrier of the 3-hydride elimination step in reaction
a. In another experiment monitored by 'H NMR spectros-
copy, reaction between III-23 and trans-2-(p-tolyl)vinyl(pi-
nacol)boronate (denoted as B-2) at 70 °C for 24 h led to the
formation of II1-24 and B-1 (reaction c). This indicates that
the o-boroalkyl complex III-23 also undergoes S-hydride
elimination to form an identical intermediate. In a parallel
experiment (reaction d), reacting III-22a with B-2 produced
a mixture of III-23, II1-24, and B-1. These reactions further
support the suggestion that an intermediate with a labile
alkene is generated during the rearrangement. DFT calcula-
tion suggests that the insertion of an alkene molecule into a
Cu—B bond involves a nucleophilic attack of the boryl ligand
on the coordinated alkene.?2%222
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Scheme 52 see Scheme 57) with CF;SiMe; generated ITI-29 as the sole
Ar Cu(I)~-NHC complex (eq 7). These results indicate that
N silylation occurs only at unsaturated NHCs.
Ar [ >—Cu—Me/Et Dipp Dipp Dipp
/ N N . N
N \ _ CF3;SiMe. _
[N}CU_OAC Ar [N>—CU O™ [N>—CU CFy + I >cu-cr, ©
\ Alkylating Dipp Dipp D
A m31 su A ipp
’ Reagent Hi-18a 27 28
30 SU A a U Dipp MeAI(OEt) 20 80
b S Di es [ u. P
c U me d U Dipp EtA P =P, a
[ >—Cu CU—< ] —CFsSiMe; [ »—Cu—CFs )
Complex III-20a is also reactive to aldehyde (path viii in \pr N Pr pr
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carbon into a Cu—B bond gave II1-25 with a [Cu—C—0—B]
linkage (eq 4).2** In an attempt to synthesize I1I-26 with a
[Cu—O—C—B] linkage, compound III-31a (for structure see
Scheme 52) was reacted with a-borobenzyl alcohol (path ix
in Scheme 49). Surprisingly, compound III-25 was obtained
instead (eq 5). Apparently an isomerization involving the
breaking of a B—C bond and forming a B—O bond occurred.
DFT calculations suggest that the [Cu—O—C—B] linkage is
not stable, so the boryl group can migrate to the oxygen atom
to give a complex with a [Cu—C—O—B] linkage.?**
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Reaction of [Cu(NHC)(Oz-Bu)]-type complex III-18a with
CF;SiMe; produced compounds III-27 and III-28 in a 1:4
ratio (path x in Scheme 49, eq 6).2% Silylation of the NHC
ring backbone occurred in III-28. In a parallel reaction,
treatment of a saturated NHC complex ITI-52 (for structure

[Cu(NHC)(OAC)]-type compounds ITI-30, listed in Scheme
52, were prepared by the treatment of free carbene with Cu(I)
acetate.??*??” Compounds ITI-30 with a monodentate acetate
ligand also exhibit rich chemistry. Treating III-30 with
suitable alkylating agents at low temperature produced two-
coordinated [Cu(NHC)(alkyl)]-type compounds ITII-31 (Scheme
52). The alkylating agent Me,AIOEt was used for the
preparation of III-31a, Me;Al for ITI-31b and III-31¢, and
Et;Al for ITI-31d.7%72?8 Further reaction of complex ITI-31a
in benzene with CO; at 1 atm at room temperature produced
the insertion product III-30a with a 98% isolated yield. This
reaction was monitored by 'H NMR in C¢Ds; a 95%
completion was detected after 2.5 h.

Scheme 53 gives a series of Cu(I)-NHCs derived from
the [Cu(NHC)(alkyl)]-type compounds III-31. Equation 8
represents the general reaction of III-31 with RXH of PhNH,,
EtOH, PhOH, PhSH, PhCH,SH, PhC=CH, or pyrrole.?*$~2%
Thus reacting ITI-31 with aniline produced [Cu(NHC)(N-
HPh)] complexes III-32 along with methane/ethane gas. The
formation of these gases was evidenced by 'H NMR
studies.??® Likewise, reaction of ITI-31 with other substrates,
for example, ethanol, phenol, benzenethiol, benzylmercaptan,
phenylacetylene, and pyrrole,?? 23 generated compounds
[Cu(NHC)(OEt)] III-33, [Cu(NHC)(OPh)] II1-34, [Cu(N-
HC)(SPh)| II-35, [Cu(NHC)(SCH,Ph) ] ITI-36, [Cu(NHC)(C=CPh)]
II1-37, and [Cu(NHC)(pyrrolate)] ITI-38, respectively. The
nucleophilicity of complexes III-32a—c toward bromoethane
(eq 9) decreases (i) with the increasing steric bulk of the
N-substituent and (ii) in the case of saturated NHC in the
order II1-32¢ > I11-32a > I11-32b.%!

[Cu(NHC)(OTf)]-type compound III-39 along with ethane
or butane was obtained by reacting either III-31a (R = Me)
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or II-31d (R = Et) with AgOTf (eq 10).*” Reacting a
mixture of III-31a and III-31d with AgOTTf also generated
I11-39 along with ethane, propane, and butane (eq 11). This
observation led to the proposition that reaction of Cu—alkyl
complexes with a single electron oxidant AgOTf initially
oxidizes Cu(I) to Cu(Il) and is then followed by a reductive
elimination of the alkyl group to produce Cu(I) complex III-
39 and R.,.
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Scheme 54 shows neutral [Cu(NHC)(L)]-type compounds,
where L is cyclopentadienyl, Ga(I) heterocycle, mesityl, or
acetylide ligands. Compounds III-40 (path xi in Scheme
49)?3? and III-41 (path xii in Scheme 49)%* were obtained
by the reaction of a [Cu(NHC)CI]-type compound with
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cyclopentadienyl lithium and a Ga(I) heterocyclic salt,
respectively. The structures of III-40 showed an 7°-type
bonding mode for the cyclopentadienyl ligand. The longer
Cu Ga bonds (ca. 2.294 A) than Cu—C bonds (ca. 1.918
A) and the torsion angles of 24°—33° adopted by the
compounds III-41a and III-41b might release the steric
congestions from the four bulky N-substitutents. A com-
parison of the structural results of [Cu(NHC)CI]-, [Cu(NH-
C)(gallyD)]-, and [Cu(NHC)(boryl)]-type compounds suggests
that the frans influence of the ligands other than NHCs goes
in the order Cl < gallyl < boryl. Direct addition of a free
NHC on Cus(Mes)s resulted in compound III-42.733 Reaction
of [Cu(NHC)(C=CPh)]-type compound III-37b with azi-
dodi-4-tolylmethane gave III-43,>° a result suggesting a
mechanism involving Cu-catalyzed [3 + 2] cycloaddition
of azides with terminal alkynes.

Equations showing the preparation of some three-
coordinated Cu(I)-NHCs are given in Scheme 55. Displace-
ment of a germylene ligand on a [-diketiminate Cu(I)
complex by an NHC produced IT1I-44 (eq 12).2** A similar
displacement reaction shown in eq 13 produced II1-45.2%
The steric congestions in III-44 and III-45 were released
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by the adoption of large torsion angles (75.22° and 82.19°,
respectively). A series of Cu(I)-NHCs III-46a—g were
prepared by replacing the halide in the [Cu(NHC)(halide)]-
type complexes with dibenzoylmethanoate, a -diketonate
(path xiv in Scheme 49, eq 14).2'° These complexes acted
as efficient Cu(I) catalysts for a three-component reaction
of alkenes, aldehydes, and dimethylethoxysilanes.

Several miscellaneous Cu(I)— and Cu(Il)>-NHCs are
presented in Scheme 56. Compound III-47 was prepared by
the treatment of a pyridyl-functionalized imidazolium salt
with Cu,0.'% The compound crystallized in a T-shaped
geometry with a Cu—N distance of 2.454(5) A. N-Anchored
tripodal Cu()-NHC complexes I11-48%*¢ and the Cu(Il)
complex III-49%7 were produced through the free carbene
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route. Complexes III-48 might mimic enzyme systems and
help in the study of biological processes. Structural analyses
of III-48a and III-48b indicate that the Cu(I) center is
coordinated with three NHCs in a pseudo-Cs-propeller
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Preparation of N-sulfonylimidazolines,
Atom Transfer Radical Polymerization,
Oxidative Carbonylation,
N-monoarylation of aniline
or 1,2 Diboration on C=C or C=0
arrangement and a weakly interacting N atom. Oxidation of
II1-48b by AgOTf or, alternatively, direct reaction of
Cu(OTY), with the tripodal NHCs produced Cu(I)—NHC:s.
Based on EPR and SQUID magnetization measurements, a
structure with a trigonal-planar ligand environment and a
weak axial Cu-+*N interaction has been suggested for this
Cu(Il) compound. Compound III-49 with two monodentate
acetates has proved to be a robust and efficient precatalyst
for hydrosilylation of carbonyl compounds. Compound III-
50 was produced by reaction of CuCl, with lithium N-
alkoxide-carbenes; a tetra-coordinated environment on the
Cu(Il) ion was speculated.?® This complex could promote
conjugate addition of an ethyl group to cyclohexenone.

4.3.4. Multinuclear Cu(l)— and Cu(ll)—NHCs

Scheme 57 displays several dinuclear and a trinuclear
Cu(I)=-NHCs with bridging H, O#-Bu, Cl, or 1. The hydride-
bridged complex III-51 was prepared by the reaction of
[Cu(NHC)(Or-Bu)] ITI-18a with triethoxysilane (path xiii of
Scheme 49).2'> NHC ligands are able to stabilize the
Cu(I)—hydride species in lower nuclearity compared with
the phosphine ligands. This hydride species is a powerful
catalyst for the hydrosilylation of ketones and for the
conjugate reduction of o.f-unsaturated cyclic enone and
ester. In practical use, the hydride is usually prepared in situ
by directly treating [Cu(NHC)(halide)]-type compounds with
NaOt-Bu/KOz-Bu in the presence of silane.?'® The complex
II1-52, with two bridging Ot-Bu groups, was prepared by a
procedure analogous to that for the monomeric compound
II1-18.>% The less sterically demanding N-substituents in ITI-
52 favor the bridging bonding mode, whereas the more
sterically demanding N-substituents in III-18a lead to a
mononuclear compound.

Dinuclear complexes III-53a and III-53b, with two
triazole-based NHCs, have been synthesized via the free

Cyclopropanation and Insertion Reaction
to Alkene or X-H (X=N, O)
via Carbene Transfer from Ethyl Diazoacetate

carbene route.?*® The structure of IIT-53b highlighted a Cu,I,
core bridged by a biscarbene ligand. The phosphine-
derivatized ferrocenyl III-54, prepared by the free carbene
route, is the first Cu()=NHC with a bridging-type carbene.'*®
The two four-coordinated Cu(l)’s had a short Cu-+-Cu
contact of ca. 2.356 A. The free carbene route was also
employed to prepare III-55.2% Its structure, consisting of a
Cusl; core coordinated by three NHCs, could be viewed as
an adduct of [Cu(NHO)I] and a dinuclear [Cu(NHO)I],
molecule, resulting in the formation of two Cu-++Cu contacts
(ca. 2.635 and 2.658 A).

Scheme 58 lists Cu(I)~NHCs of nuclearity two or more
with bridging ligands other than NHCs. Compound III-56,
a homoleptic crown complex, was prepared by the Cu,O
route.”® This compound exhibits two Cu(NHC), moieties
associated with a Cu+++Cu contact of 2.553(2) A. Unlike
the analogous Ag(I) complex I-64, no intermolecular Cu+++Cu
interaction is observed. Two stoichiometrically identical
[Cu(NHC)Br] compounds, ITI-57 and ITI-58, were synthe-
sized by reacting N-picolyl-functionalized imidazolium salts
and Cu,O in the presence of 4 A molecular sieves in
chlorinated solvents.'®® The dimeric form of III-57 was
obtained by recrystallization from CH,Cly/ether, whereas
polymeric III-58 was isolated from CDCl;. Compound III-
57 shows an intramolecular Cu-++Cu distance of 2.647(2)
A. Each Cu(l) center in ITI-57 and III-58 is coordinated with
NHC, Py, and Br ligands. Another polymeric Cu(I)-NHC,
III-59, was obtained directly through the reaction of a
zwitterionic imidazolium carboxylate with Cus(Mes)s, which
acted as a base and a source of Cu(I).>*’ The building block
of the polymer consisted of atwo-coordinated NHC—Cu—OC(O)
moiety. A series of Cu(I)=NHC complexes III-60 containing
NHC ligands with oxazolinyl side arms were generated via
the free carbene route.?*! They were all monomeric in
solution, yet compound ITI-60a was crystallized as a dimer,
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and III-60b was polymeric. This suggests that the R? and
R? substituents at the oxazolinyl moiety influence the
structure. The dimeric compound III-60a has a Cu---Cu
distance of 2.707(2) A.

Lin et al.
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Scheme 59 lists two tripodal NHC complexes of Cu(l)
with nuclearity of two and three. Compound III-61 was
obtained via the free carbene route and was structurally
characterized.?*? It consists of two [Cu(NHC)s] moieties, each
with two normal and one abnormal NHC. Despite the known
chemistry of abnormal metal—NHCs,?** III-61 is the only
known Cu(I)-NHC in which the NHCs adopt both an
abnormal bonding mode and a normal binding mode. The
authors suggested that the occurrence of the abnormal NHC
might be attributed to the large steric hindrance of the #-Bu
group at the NHC.?3® Trinuclear compound III-62 has been
synthesized by both the Ag—carbene transfer route and the
free carbene route; the former gave a better yield than the
latter (56% vs 27%).>** This compound, having three linear
NHC—Cu—NHC units, exhibits a D3 symmetry in the solid
state with the 3-fold axis passing through the central carbon
atom anchoring three NHC ligands. Compound III-63, also
containing three [Cu(NHC),] moieties, was synthesized
through the Ag—carbene transfer route.*® The solid-state
structure of III-63 showed a central [Cu(NHC),] fragment
flanked by two [Cu(NHC),] moieties bearing an additional
weak Cu-++N interaction.

Scheme 60 shows three Cu(I) or Cu(Il) complexes, III-
64—1I1I1-67, with N-alkoxide- and phenoxide-functionalized
NHCs, prepared by the Ag—carbene transfer route.?*>246 A
special structural feature of compound III-64 is a nearly
square planar framework at the Cu(I) center, suggesting that
an oxidation to Cu(Il) might be possible.'®” Indeed, the
authors later synthesized a Cu(Il) complex III-65 from III-
64.2* The chiral Cu(I)-NHC compounds III-66 and III-
67 are efficient catalysts for asymmetric allylic alkylation
with good ee values.
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4.4. Catalysis

Considering the huge volume of literature on the catalytic
applications of Cu(I)— and Cu(Il)-NHCs, an overview of
the development is necessary. Details of the use of Cu(I)—
and Cu(I)-NHC complexes in catalysis have been addressed
in several reviews 30-3%1360:191.2477249 T ayoid duplication, we
briefly summarize the major reviews,30247.1360.191.248.249 T
is then followed by a description of recent advancements
that appeared after these reviews.

Crystalline 11-109

Relative Intensity

Powdery 1I-109

s \‘-.._Cr.ystallme 1I-110
400 500 - 600
Wavelength (nm)

Figure 1. Solid state emission spectra of II-109 and II-110 at
room temperature.
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4.4.1. Past Events

Douthwaite, while reviewing metal-mediated asymmetric
alkylation in general, summarized Cu(I)— and Cu(Il)-NHC-
catalyzed reactions of asymmetric allylic alkylation and
analogous conjugate addition.'**®® An important conclusion
was drawn that the ee values of the products might be
influenced by the chirality of the N or C** substituents at
the NHC ring. However, it is difficult to correlate the ee
values with the structural configurations of the compounds,
due to the insufficient structural data available. Later on,
Falciola and Alexakis also partly covered Cu(I)— and
Cu(II)-NHC-catalyzed asymmetric allylic alkylation reac-
tions.>*

Gunnoe, in reviewing the reactivity of Ru(Il) and Cu(I)
complexes, has discussed the chemistry of [Cu(NHC)(L)]-
type compounds, where L is amido (III-32a), alkoxo (III-
33a), aryloxo (III-34a), or thiolato (ITI-35a and III-36a)
ligand.?* The author suggested that the high catalytic activity
of these compounds could be attributed to the rich electron
density on the anionic ligand, accelerating the “anti-Mark-
ovnikov” nucleophilic addition of N—H, O—H, and S—H
across the olefin C=C bond. Kinetic study shows that
Cu()—NHCs III-32, when L is NHPh, are more active in
these Sn2-type reactions than the analogous phosphine
complex [(dtbpe)Cu(NHPh)], where dtbpe = 1,2-bis(di-#-
butylphosphanyl)ethane.*

Recently, Deutsch, Krause, and Lipshutz, in reviewing
CuH-catalyzed reactions, discussed the general preparation
of [Cu(NHC)H] species and their catalytic reactions, includ-
ing conjugated reduction of a,f3-unsaturated carbonyl com-
pounds, hydrosilylation of carbonyl compounds, and SN2'-
reduction of alkynes.?!® The formation of vinyl cuprate III-
19, along with its importance in organic synthesis, has also
been introduced.

Lately, Diez-Gonzdlez and Nolan have surveyed the
development and performance of [Cu(NHC)(ligand)]- and
[Cu(NHC),]"-type complexes in homogeneous catalysis.**!?!#
These reviews gave a brief description of synthetic strategies
for the known Cu(I)— and Cu(Il)-NHC complexes. They
also provided a comprehensive but condensed introduction
to the catalytic properties of Cu(l)— and Cu(Il)—NHC
systems on organic transformations. Scheme 61 provides a
short summary of the reactions covered.

4.4.2. Recent Advancements

Scheme 62 summarizes the ongoing research on the
catalytic applications of Cu(I)— and Cu(Il)-NHC complexes.
Complex III-18b has been used as a catalyst to synthesize
functionalized o-amino boronate esters from N-sulfinyl imine
substrates with good yields and high diastereoselectivities
(eq 1) An efficient aziridination of aliphatic alkene
catalyzed by III-46a was also explored (eq 2).%' In these
reactions, the aziridines were produced with moderate to high
yields. The well-defined [Cu(NHC)(CF;)] complex III-29
has been effectively used in trifluoromethylation of organic
halides under mild conditions for over 112 h (eq 3).2%
Complex III-6a catalyzed the carboxylation of aryl and
alkenylboronic esters with good yields (eq 4); reaction
intermediates were isolated and characterized.??

Complex III-10b was found as a latent catalyst for the [3
+ 2] cycloaddition reaction of azides with alkynes, in which
the catalytic reaction was triggered only upon gentle heating
in the presence of water (eq 5).2'* A recent study of
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Table 4. Photoluminescent Properties of Ag—NHC Complexes”
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j-max (}'ex)» nm

compd solid solution Ag+++Ag distance, A
1-10a* 459° (264) 4635 (264)

454%¢ (244)
1-10b* 445° (264) 3807< (264)

445%¢ (244)
I-11a* 443, 6357 (264) 442, 6477¢ (264) 3.403"

453, 580%¢ (244) 3.550°
1-11b* 440, 6327 (264) 435, 6307¢ (264) 3.771"

447, 5914¢ (244) 3.505°
1-12% 483, 527, 580%¢ (244) 3.1970(12)
1-55'10 442 (368) 3.223(1), 3.232(1)
1-59°! 430"/ (355) 2.8365(7)

2.8661(8)

I-71b'*! 400, 420, 4457 (370) 3.77
1-76'% 365, 388, 410 (292) 3.252(1)
1-78a!% 415, 436, 444, 470, 483, 496, 515 (230) 3.2695(7), 3.2404(7)
1-78b'%8 432, 445, 471, 487, 496, 523 (230) 3.1902(14), 3.1063(14)
1-79a'% 425 (330) 3.208(2), 3.295(2)
1-79b!10 362, 463 (318) 3.113(1)
1-83!12 442.8 (326) 2.911(1), 3.288(1)
1-85'13 475.9 (304) 2.790(1), 2.791(1), 3.316(2), 2.792(2)
1-86'13 486.7 (332) 2.784(1), 2.820(1), 3.293(2)
1-99a 420 (300)
1-99b>* 420 (300)
1-100%° 400, 425, 450, 515> (256)
1-1015* 413 (295)
1-102a> 395 (340)
1-102b°* 402 (302)
1-103a> 392 (330) 544 (316)
1-103b** 390 (340) 538 (324)
1-104a!6%® 460 (370) 3.65
1-104b 6% 413%4(305) 3.650
1-105°¢! 435/ (305) 2.7718(9), 2.7688(9), 2.7249(10)
1-106—1-107'6® 445 (370) 465" 465, 4014/ (370) 2.7765(8), 2.7832(8), 2.7598(8)

“Wavelengths assigned to MC transitions are underlined. * RT. ¢ CHCls. 977 K. ¢ EtOH/MeOH. acetonitrile. ¢ CH,Cl,. " Chair. 'Boat.

stereocontrolled Cu-catalyzed conjugate ethylation revealed
that the NHC N-substituent might be responsible for the
generation of an asymmetric environment around the reaction
site and controlling the ee values (eq 6).23 Equation 7 shows
a trinuclear Cu(I) complex III-68 used as a catalyst in the
Ullmann-type arylation reaction.>* This complex, bearing
tricarbene ligands, showed good reactivity, which has been
attributed to its polynuclear nature.

Heterogeneous Cu(I)—NHC catalysts have been designed
for easy separation and reuse by immobilization of homo-
geneous catalysts on a solid support (Scheme 63). Buch-
meiser’s group prepared Cu(I)=NHC complex III-69 with
a PS—DVB (polystyrene—divinylbenzene) support and ap-
plied it as a catalyst in the C=O cyanosilylation with an
acceptable yield.?”> The products were almost free from any
copper residues (<1 ppm) due to low copper loadings (12—71
umol %) and immobilization. The same research group
reported other examples of monolithic supported Cu(I)—NHC
complexes III-70a and III-70b as catalysts in the cyanosi-
lylation of carboxyl groups.? In a continuous process, the
catalysts remain active for days. Another attempt to design
reusable catalyst has been made by the immobilization of
Cu—NHC complex in silica. The silica-supported complex
ITI-71 was found to be highly reactive on the synthesis of
propargylamines through a three-component coupling of
aldehydes, amines, and alkynes at room temperature under
solventless conditions.?*® It can be reused ten times without
significant loss of activity.

5. Photoluminescence

Photoluminescent properties of coinage metal -NHC com-
plexes have been investigated less often compared with those
of other coinage metal complexes.?>”>8 While the first report
on Au—NHC complexes appeared in 1999,'*” Ag—NHC
complexes were not studied until 2002.%* Surprisingly, there
is no report of luminescence from Cu—NHC complexes. The
luminescence data for the Ag— and Au—NHCs, along with
the metal -« *metal distances are summarized in Tables 4 and
5. Diagrams for the compounds not covered in the previous
sections are provided in Schemes 64 and 65.

The emissive properties of Ag()— and Au(I)-NHC
complexes usually involve transitions that are strongly
affected by the nature of the ligand. Their assignments are
based on a comparison with the spectra of the ligand
precursors in terms of position and shape. Simple N-alkyl
substituted [M(NHC)CI] and [M(NHC);][anion] M = Ag
or Au) type complexes such as 1-101,%* 1-102,* 1-110,'¥
and II-117'% exhibit structured emission bands at A, of
390—440 nm. Other N-functionalized NHCs can change the
emissive behavior of the NHC complexes. For example,
compound I-104a'%® with an N-methyl-N'-picolyl function-
alization emits at A, = 460 nm, whereas an N,N'-bipyridyl
functionalization in II-119'"® leads to a shift to 545 nm. The
compounds with N-pyridyl groups appear to have emissions
at longer wavelength compared with those with N-alkyl-
substituted NHCs. The chromophoric N-CH,Ant substituent
in compound I-100 strongly influences the emissive property,
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Amax (}'EX) ’ nm

compd solid solution Au--+Au distance, A

11-14% 427, 529, 5754 (244) 3.4042(2)

I1-3215% 400—5007¢(355)

11-68%* 472 (380)

11-69'6%¢ 541,0 506¢ (348)

11-70* 411 (264) 43854(264) 426/ (244)

11-714 435 (264) 44004(264) 449¢7 (244)

11-78% 396”4 (313) 496”¢ (355)

11-79'6 416" (300) 416" (300) 3.0318(5)

11-80'6° 423 (300) 47550 475, 423" (300) 3.1730(5)

1I-81% 453" (350) 2.9845(5)
2.9641(5)f

11-82a'0>¢ 480,” 450°¢ (360) 2.9239(6)’
2.8912(6)
2.8633(6)
2.8873(6_)"

I1-82b'6>¢ 474> 480° (360) 2.835(1)"
2.833(1)"

11-82¢'0% 5220 453¢ (360) 2.8448(5)
2.8940(5)f

11-824'%% 469.” 466 (383) 2.8125(2)
2.8460(2)"
2.8397(2)

‘ 2.9428(2)

11-874 442, 630 (264) 429, 6237 (264); 449, 581¢ (244)

11-88* 446, 631 (264) 428, 627" (264); 446, 588 (264)

11-891%° 425 (358)

11-90'% 431 (344) 3.292(1)
3.276(1)

11-107'%2 580" (390)

11-109a'4 420, 620 (280) 334> (350) 3.1664(10)

11-109b'4 438, 620 (280) 334> (350)

11-109¢'¥ 440, 620 (280) 335" (350)

II-110a'4’ 435 (280) 3355 (350)

1I-110b'Y 397 (280) 337" (350)

11-110¢'Y 397 (280) 348" (350)

II-111a'% 420, 650 (330) 3.5405(3)

I1-111b'° 410, 580 (335)

II-112a'47 425, 475 (280) 350%" (350)

II-112b'¥ 397 (280) 335%" (350)

I1-113a' 404, 584 (330) 3.9352(5)

11-113b'¥ 410, 592 (330)

11-114a'¥ 413, 589 (330)

11-114b'¥ 438, 516 (330)

11-115a' 421 (280) 42154 (350)

II-115b'% 421 (280) 3405 (350)

1I-116a'’ 441 (280) 325%" (350)

1I-116b'Y 397 (280) 335%" (350)

I1-117a'% 422 (330)

I1-117b !0 422 (307)

II-118'"8 44351 (346)

I1-119'8 545 (284) 3455 (284)

11-120%%° 400, 780”¢ (260) 3.0485(3)

1I-121'"8 446 (346) 443" (346) 3.2197(17)
3.2819(17)
3.431(2y
3.3262(13)

II-122'"8 515 (284) 345" (284) 2.8359(4)
2.9042(4)

“Wavelengths assigned to MC transitions are underlined. °RT. 77 K. ¢ EtOH/MeOH. ¢2-MeTHF. 'CHCl;. 9H,0. " Acetonitrile. ' Au--+

JAg--Ag.

Ag.

as indicated by the well-resolved structure profile of Ant
fluorescence from 380 to 550 nm in CH,Cl,.>

When molecular aggregation occurs as a result of M+++M
interactions, a featureless band involving a metal-centered
(MC) transition may be present. The set of N-methyl- and
N-ethyl-substituted [Au(NHC)X]-type compounds II-109—II-
111 nicely demonstrate this phenomenon. In the crystalline
state, these compounds share a common NHC-based high-
energy (HE) emission band at An,, = 430 &= 10 nm. 4716
For the N-methyl-substituted compounds of II-109 and II-

111, Au--+Au interactions give rise to a featureless MC low-
energy (LE) band between 580 and 650 nm. This band is
not found for the N-ethyl-substituted compounds I1-110,
which lack Au-:*Au interactions.'’ Interestingly, when
powder samples are used, the intensities of the LE bands
for II-109 and II-111 decrease, presumably resulting from
the diminishing number of Au*--Au interactions. These facts
support the MC nature of the LE band and are illustrated in
Figure 1. Similar dual emissions are also found for
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[Ag(NHC),][AgX,] type compounds I-103, which possess
extended Ag+-+Ag interactions.>

[Au(NHC)(ligand)]-type compounds typically display dual
emissions from NHCs or anionic ligands. The solid com-
pounds II-112—1I-114 have a common structured HE band
of NHC parentage at A,.x = 420 £ 20 nm; additional LE
bands in the range between 475 and 590 nm are observed
and are due to transitions involving an SPh (for compounds
II-112) and a cbz ligand (for compounds II-113 and
I1-114).'%7 On the other hand, compound II-32 shows only
a structured emission from the pyrenyl ligand. This emission
band is concentration-dependent in solution at 77 K due to
the formation of excimers.!>

The calix[4]arene like dinuclear complex I-71b emits in
solution with ligand-based transitions at ca. 420 nm. It could
serve as a Cg fullerene indicator in solution, where the extent
that the emission profile is suppressed upon the addition of
fullerene is utilized to monitor the guest—host interactions.'”!
Dinuclear NHC compounds such as 11-78,” I1-87, I1-88,*3
and I1-120%° with intramolecular Au*++Au interactions also
display dual emissions from NHC-based and MC-based
transitions. Interestingly, II-78 is stable for over 28 h in water
toward glutathione. This property has been employed to
investigate cellular processing using confocal fluorescence
microscopy for potential medical applications.

Structureless emissions in the vicinity of 460 + 20 nm
are observed for the trinuclear compound I-106'%® and the
tetranuclear compounds I-79b,'!? 1-85,!3 and 1-86'"* in the
solid state. The assignments of these luminescences are
hindered by the complexity of their structures. The tetra-
nuclear compound I1-90'%” emits at A, = 431 nm in the
solid state, which is believed to be of intraligand rather than
MC parentage, despite the relatively shorter Au--+Au
distances of ca. 3.3 A. With relatively short Auce+Ag
distances, the heteronuclear compounds I1-79,'% 11-80,'6°°
I1-81,'5" 11-82,'%% 11-89,'5 TI-121,'"® and II-122'% are
luminous within the range of 416—522 nm in the solid state.
The nature of these emissions has not been studied.

For the Au(Ill) compound II-107, a charge transfer from
the iodo ligands to the Au(IIT) metal center has been proposed
to give an emission band at Ay, = 580 nm.'>? This is the
only Au(Ill)=NHC complex reported so far to exhibit
photoluminescence.

Although the emissive nature of many Ag—NHC and
Au—NHC compounds is still not certain, it is presumed that
the luminescence is mainly related to the ligands, though
occasionally the metal * +»metal interaction provides additional
MC emissions. There is no definite correlation between the
MC emission band position and the strength of the
metal - - »metal interactions. More experiments and theoretical
calculations of triplet excited states are required for a better
understanding of the nature of the luminescent properties.
A proper modification of the NHC or a judicious choice of
ligand would tune the emission properties for many potential
applications, such as molecular LEDs, selective optical
sensing of hazardous small molecules and heavy metals,
optical telecommunication devices, biological sensors, and
solar cell dyes.2:2:28

6. Conclusions

The past decade has witnessed an enormous amount of
research work on coinage metal -NHCs. This has been driven
by the rapid development of various new chemistries,
especially in catalysis. The ease of producing metal —NHC's

Lin et al.

by the Ag,O route has encouraged research in this field.
Many complexes with C,Y-chelating NHCs, where Y is a
hetero donor atom, have been successfully prepared. The
retention of chirality during the entire process is a great asset
to this technique. The strong o-donor property of NHCs
would also contribute to new findings of coinage metal -NHCs
and catalytic performance. As mentioned in the preceding
sections, many exciting results have already been found, yet
many more can be expected to come. The easy accessibility
of a wide variety of these metal complexes with properties
that can be modified will certainly attract more investigation
in this field.

Considerable effort has been devoted to find new thera-
peutic uses of silver and gold compounds. In this regard,
the investigation of Ag(I)— and Au(I)-NHCs in medicinal
applications has increased rapidly. The advantage of
Ag(I)—NHCs over other silver compounds as antimicrobial
agents for wound healing has been reported. This was
attributed to their stability in water, which allowed for the
slow release of Ag(I). Tuning the lipophilicity of Au(I)=NHCs
to differentiate normal and tumor cells has been demon-
strated. The easy modification these NHC complexes is an
important factor to facilitate these studies. Despite some
promising results, further studies are needed if there are to
be major advances in drug discovery.

Due to their easy accessibility and modification, the
fundamental science of coinage metal-NHCs has been
extensively studied. Argentophilic and aurophilic interactions,
which at times give rise to luminescent properties, have
always been an interesting research subject. Structurally,
metal -NHCs have a fan- or fence-like shape with ligands
pointing toward the metal, thus forming a pocket. This is
different from metal—phosphine complexes having a cone-
like ligand pointing away from the metal. The influence of
substituent change on the steric and the electronic properties
of coinage metal—NHCs is not well understood, and further
work is needed. Research is vibrant in the field, and one
should expect many novel and exciting results in the near
future.

7. Abbreviations

Acac acetylacetonate

Ad adamantyl

Ant 9-anthracenyl

Bh benzhydryl

Bn benzyl

Boc t-butyloxylcarbonyl

Bu butyl

COD 1,5-cyclooctadiene

Cy cyclohexyl

Dipp 2,6-dimethylphenyl

Et ethyl

Fc ferrocenyl

Hex hexyl

Me methyl

Ment 1-methyl-3-(+)-methylmenthoxide
Mes 2,4,6-trimethylphenyl

Nap 1-naphthylenyl

Np neopentyl

NTf, bis(trifluoromethylsulfonyl)amide
Ny 2,4-dimethyl-1,8-naphthridinyl
OAc acetate

OTs p-toluenesulfonamide

OTf trifluoromethylsulfonate

Ph phenyl

Pr propyl
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Py 2-pyridyl

Tht tetrahydrothiophene
Tol tolyl

Xyl 2,6-dimethyl
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