
R

S
c

M
D

C

a

A
R
A
A

K
N
S
T
C
I

B
D
d
e
a
n
p
T

0
d

Coordination Chemistry Reviews 255 (2011) 574–590

Contents lists available at ScienceDirect

Coordination Chemistry Reviews

journa l homepage: www.e lsev ier .com/ locate /ccr

eview

ulfur-functionalized N-heterocyclic carbenes and their transition metal
omplexes

atthias Bierenstiel ∗, Edward D. Cross
epartment of Chemistry, Cape Breton University, 1250 Grand Lake Road, Sydney, Nova Scotia, Canada B1P 6L2

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 574
2. Sulfur-functionalized NHC compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 576

2.1. Thiolate-tethered NHCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 576
2.2. Thioether-tethered NHCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 578

2.2.1. Aryl-tethered thioethers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 578
2.2.2. Alkyl-tethered thioethers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 580
2.2.3. Ferrocenyl-tethered thioethers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 582
2.2.4. Chiral ligands with thioether functionality. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 583

2.3. Sulfoxide-tethered NHCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 583
2.4. Thiophene-tethered NHCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 583
2.5. Sulfonate-tethered NHCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 586
2.6. Sulfonamide-tethered NHCs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589
2.7. Tetraazapentalene-based S–NHC compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589

3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589

r t i c l e i n f o

rticle history:
eceived 25 August 2010
ccepted 28 October 2010

a b s t r a c t

Donor group functionalized N-heterocyclic carbenes (NHC) are an important class of ligands used in tran-
sition metal complex chemistry. Herein, the growing field of sulfur-functionalized NHC compounds and
their respective transition metal complexes are described comprehensively. The sulfur-functionalized
vailable online 5 November 2010

eywords:
-Heterocyclic carbenes
ulfur
ransition metal complexes

NHC compounds are categorized by functional groups such as thiolate, thioether, sulfoxide, thiophene,
sulfonate and sulfonamide. Chiral compounds and the hemilabile behaviour of sulfur-functionalized NHC
compounds are reported.

© 2010 Elsevier B.V. All rights reserved.
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ropyl; pyr, pyridine; RT, room temperature; S–NHC, sulfur-functionalized NHC;
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1. Introduction

The discovery of N-heterocyclic carbenes (NHCs) by Wan-
zlick and Öfele in the 1960s [1–4] and the isolation of the first
isolable NHC by Arduengo in 1991 [5] has attracted enormous
attention for NHCs and their corresponding metal complexes in
the past two decades [6–17]. The chemistry of NHC ligands has

become ubiquitous in organometallic chemistry rivaling that of
phosphine ligands [18], which is also reflected by the current
commercial availability of a wide range of NHCs and their pre-
cursors. The usefulness of NHCs is due to the relative ease of
synthetic preparations, nearly independent manipulations of the

dx.doi.org/10.1016/j.ccr.2010.10.040
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:matthias_bierenstiel@cbu.ca
dx.doi.org/10.1016/j.ccr.2010.10.040
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Fig. 1. Comprehensive overview of representative struc
lectronic and steric properties, and the strong �-donating char-
cter resulting in stronger metal–NHC bonds compared to related
etal–phosphine bonds [10]. In addition, a wide range of synthetic
ethodologies have been reported to generate metal–NHC com-
of sulfur-functionalized NHCs discussed in this review.
plexes such as direct complexation of isolated NHCs to metals,
deprotonation or �-elimination of imidazolium and imidazolinium
salts and the transmetalation reaction with silver–NHC complexes
[6,8]. Furthermore, NHCs containing additional donor functionali-
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lation of the free S–NHC compound (9a) was unsuccessful and
resulted in the formation of the S–NHC dimer 9b which oxidizes
in air and elevated temperature to the bis-disulfide macrocycle
(10) containing two urethane functionalities (Scheme 2) [46]. Cat-
76 M. Bierenstiel, E.D. Cross / Coordinati

ies provide enhanced metal centre stability through chelation of
hese polydentate ligands [9,19]. Among these complexes, ligand
rchitectures range from simple chelating bidentate structures, tri-
entate pincer ligands [20] and tripodal structures [21], to intricate
ligodentate and macrocyclic systems [6,7] which are widely used,
ith the pivotal concept of hemilability being observed through-

ut [9,22]. Hybrid ligands, i.e. ligands containing two or more
ifferent donor functionalities, can exhibit hemilability when com-
lexed to a metal. Hemilability can be defined as “the ability to
rovide open coordination sites at the metal during reaction that
re ‘masked’ in ground state structure, and to stabilize reactive
ntermediates” [22]. Such hemilability property is predominantly
bserved when the donor-functions in a hybrid ligand vary greatly
uch as hard and soft donor functions as described by Pearson’s
ard–Soft Acid–Base theory [23]. The structural architectures of
onor-functionalized NHCs are wide ranging and incorporate many
eutral and anionic two-electron donor functionalities from groups
5 and 16, reported by Cavell [9] and Lee [19]. These review articles
rovide a good overview of donor-functionalized NHCs and their
omplexes with emphasis on the majority of donor-functionalized
HC containing various N, O and P donor functions. Surprisingly,

elatively little has been reported about sulfur-functionalized NHCs
S–NHCs) and their corresponding transition metal complexes,
hich have seen a remarkable growth of publications in the past

ew years (Fig. 1). Compared to other donor-functionalized NHCs,
he usage of S–NHC complexes is in its infancy. Their versatility
as however been demonstrated in catalytic transformations such
s Suzuki–Miyaura [24–29], Mizoroki–Heck [30], Sonogashira [29],
thylene polymerization [31], aryl amination [32], hydrogenation
33,34], hydrosilylation [35,36], allylic substitution [37,38], asym-

etric 1,3-cylcoaddition of imino glycinates [39], asymmetric 1,4
ddition of �-keto esters [40] as well as the palladium-catalyzed
,2-addition of aldehydes with boronic acids [41] and trifluorobo-
ates [42]. The intent of this review is to provide a comprehensive
eview on sulfur-functionalized NHCs and their transition metal
omplexes by categorization according to sulfur functionalities.

. Sulfur-functionalized NHC compounds

.1. Thiolate-tethered NHCs

In 1992, Sellmann et al. [43] reported the first sulfur function-
lized NHC compound (1) discovered in the unexpected formation
f the dimeric nickel complex, [Ni(S–C–S)2]2, by the reaction of
,2-ethanediamine-N,N′-bis(2-benzenethiolate) (2) with nickel(II)
hloride in DMF. The intended target was the N2S2-chelation com-
lex with a Ni centre as a biomimetic model for the active sites
f nickel containing CO dehydrogenases. The dimeric nickel com-
lex 1 demonstrates remarkable thermal and chemical stability and
an be obtained by a more efficient template synthesis using ethyl
rthoformate, nickel(II) chloride and 2 as outlined in Scheme 1 [43].
was synthesized by a sodium borohydride reduction of the 1,2-

is-(2-mercaptoanilino)ethane zinc complex that was formed by
he template synthesis reaction of ortho-aminothiophenol, glycol
nd zinc acetate [44,45]. Alternatively, 1 can also be synthesized
n high yields using nickel(II) chloride and the dimerized S–NHC
ompound 9b that generates the monomeric S–NHC (9a) in situ
y thermal cleavage of the N2C CN2 bond (Scheme 2) [46]. The
imeric nickel complex 1 is extremely stable even against con-
entrated sulfuric and hydrochloric acids and typically precipitates

ut of organic solutions. However, the mononuclear nickel com-
lexes (3a–c) were obtained by cleavage of the nickel dimer
by addition of excess coordinating neutral monodentate lig-

nds, trimethylphosphine and triphenylphosphine, and anionic
yanide. The formation of 3a–c is reversible and dimeric structure
Fig. 2. S–NHC nickel complex 8 with proposed agnostic Ni–H interaction [43].

1 precipitates readily upon dissolving in organic solvents in the
absence of the auxiliary ligand [43]. The Ni–methyl complex (3d)
is generated by reaction of 1 with excess of methyl lithium and
presence of crown ether, 12-crown-4. 3d is remarkably thermally
stable at ambient temperature but sensitive to air and decom-
poses to unidentified products. Ni–methyl complex (3d) reacts with
hydrogen gas and methyl iodide to liberate methane and ethane,
respectively. 3d also forms a very labile Ni–acetyl complex (3e)
under CO atmosphere. While 1 does not react with NaBH4, treat-
ment with LiBEt3H in THF suspension produces the desulfurized
mononuclear, homoleptic nickel complex Ni(S-C)2 (8). 8 contains
an unsymmetrical S–NHC ligand and exhibits a relatively short
Ni–ortho-phenyl-CH distance of 262 pm in the crystal structure, an
indication of agnostic interaction (Fig. 2). The mechanism for this
desulfuration reaction is unknown.

The chemistry of the S–C–S ligand was expanded to include
other group 10 elements, Pd (4, 5) and Pt (6, 7) as shown in
Fig. 3, through ligand displacement reactions using MCl2[COD]
(M = Pd, Pt) as the metal precursors in a template synthesis reac-
tion with N2S2H4 (2) and ethyl orthoformate [46,47]. Cleavage
of the dimeric palladium and platinum complexes (4, 6) to form
the respective mononuclear complexes 5 and 7 was observed
with neutral phosphine and t-butylisonitrile ligands, anionic sulfur
reagents such as hydrogensulfide (HS−), ethylthiolate, phenolthio-
late and ortho-aminophenolthiolate. Neutral sulfur reagents, such
as S8 and protonated thiols did not cleave the dimers [47]. The
mononuclear nickel complex (3·L) with 1,3-diphenylimidazoline-
2-ylidene as the auxiliary ligand L is highly insoluble in any
organic solvent and proved useless for further investigation. Iso-
Fig. 3. Dimeric and mononuclear S–C–S complexes with neutral ligands (n = 0) and
anionic ligands (n = −1) [43,46,47].
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Ru (14a, b) or Os (14c, d) added oxidatively across the C–S bond
(Fig. 4); the N-methylated (−)-levamisole (11) forms the chloride
bridging complexes, and the protonated (−)-levamisole (10·HCl)
forms the hydride bridging complexes as a mixture of two diastere-
Scheme 1. Synthesis and chemical properties of the first

lytic applications of group 10 complexes (1, 3–7) have not been
eported.

A very elegant synthesis forming S–NHC complexes with thi-
late donors was developed by Cabeza et al. [48–50] using the
nexpensive, commercially available and enantiopure natural prod-
ct (−)-levamisole (10). N-Methylated levamisole (11), a masked
HC-thiolate ligand generated by reaction of methyl triflate and

−)-levamisole (10) [51,52], can be complexed to palladium form-
ng a dimeric (12) or monomeric complex (13) as outlined in
cheme 3. The resulting S–NHC compound is obtained by the
xidative addition of a Pd(dba)2 solution prepared in situ, yielding

imeric binuclear Pd complexes in the presence of triphenylphos-
hine (12a) and pyridine (12b), featuring a slightly bent Pd2S2 ring
ystem [49]. Mononuclear Pd complexes were obtained with the
helating ligands 2,2′-bipyridine (13a) and 1,10-phenanthroline

Scheme 2. Synthesis of 9 and 10 [46].
ed sulfur-functionalized NHC nickel complex (1) [43,46].

(13b). Typically, neutral (−)-levamisole (10) does not undergo C–S
bond activation, and binds through the sp2nitrogen as a two elec-
tron donor to metals such as Co, Ni, Cu, Zn, Pd and Pt [53–56]. C–S
activation was only observed in Pd, Ru, and Os complexes involv-
ing the cationic ligand 10·HCl or the N-methylated derivative (11)
[48–50]. Trinuclear carbonyl metal clusters with Ru [50] and Os
[48,50] have been reported with 10·HCl and 11 in which the metal,
Scheme 3. Palladium NHC–thiolate complexes (12, 13) derived from (−)-levamisole
(10) [48,49].
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cyclization reaction with ethyl orthoformate. These aryl-tethered
imidazolinium ligands were evaluated for palladium-catalyzed
transformations by in situ generation of the palladium catalyst
involving the combining of [Pd(allyl)Cl2]2, 22 or 23 in presence
of cesium carbonate. Analysis and characterization of these pal-
ig. 4. Trinuclear metal complexes with C–S activated (−)-levamisole ligand [50].

mers in an approximately 1 to 1 ratio. Catalytic activities of 12–14
ere not reported.

.2. Thioether-tethered NHCs

The most common sulfur functional group in S–NHCs is the
hioether group which can be dialkyl, diaryl and aryl alkyl mixed
hioether functionalities.

.2.1. Aryl-tethered thioethers
Kuriyama et al. [24] reported the first aryl thioether-tethered

midazolinium salt synthesis (22 and 23) from S-alkylated
rtho-aminothiophenols (15a–c), and mesityl and 2,6-diisopropyl
nilinyloxamic acids (16 and 17) as outlined in Scheme 4. The three-
tep pathway involves the formation of the N,N′-disubstituted
xalamides (18 and 19) by the reaction of oxamic acids with
,3-dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole
HOBT), or alternatively with oxalic chloride and catalytic amounts

f DMF followed by treatment with triethyl amine. The oxalamide
ntermediates (18 and 19) were reduced with BF3

• THF at room
emperature, and the N,N′-disubstituted ethylene diamines as
ydrochloride salts (20 and 21) were afforded in moderate to

Scheme 4. Aryl thioether-tethered imidazolinium compounds [24].
Scheme 5. Palladium catalyzed 1,2-additions of aldehydes with boronic acids and
trifluoroborates [41,42].

high yields upon treatment with hydrochloric acid. The imida-
zolinium compounds (22 and 23) were then obtained by the
Scheme 6. Synthesis of aryl-tethered imidazolium and benzimidazolium S–NHC
[25,57].
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Scheme 7. Reactivity and hemilabi

adium complexes was not reported. S–NHC palladium complexes

ith ligand precursors 22a and 22b showed the highest activity

owards Suzuki–Miyaura coupling reactions of substituted bro-
obenzenes and substituted phenyl boronic acids with excellent

solated yields of the desired biaryl products [24]. These reaction
onditions also provided excellent yields for the C–C coupling of
S–NHC (24a) with palladium [25].

bromo-N-heterocyclic compounds with substituted phenyl boronic

acids [24]. The new S–NHC ligands were further evaluated in other
catalytic transformations as outlined in Scheme 5 [41,42]. S–NHC
precursors 22 and 23 showed catalytic reactivity of palladium allyl
chloride catalyzed 1,2 addition of aldehydes with aryl and alkenyl
boronic acids to secondary alcohols [41]. This transformation is
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mono-palladium NHC complexes 37a–d in a square planar geom-
etry with cis configuration. The thioether functionality does not
show complexation to the Pd centre in 37a–d. However, removal
of the triphenylphosphine ligand of 37a by the scavenging reac-
80 M. Bierenstiel, E.D. Cross / Coordinati

enerally applicable to a wide range of aryl and alkyl aldehydes,
nd also boronic acids of aryl, alkenyl and heterocyclic aromatic
ompounds, producing the secondary alcohols in high yields. In
ddition, the S–NHC ligands are also suitable for the 1,2-addition of
ldehydes with trifluoroborates [42] rather than boronic acids [41].
gain, 23c showed the highest reactivity and the secondary alco-
ols were obtained as racemic mixtures in excellent yields within
hort reaction times (30 min to 2 h) [42]. This transformation is
lso applicable to a wide range of aryl and alky aldehydes and the
otassium salts of trifluoroborate substituted aromatic, olefinic and
romatic heterocyclic compounds.

Huynh et al. reported the first experimental evidence of hemi-
ability in an aryl tethered thioether S–NHC complexed to a
alladium centre [25,57]. The imidazolium salts 24a [57] and 24b
25] and the benzimidazolium salts 25a, b [25] were synthesized in
five step synthesis from commercially available thiosalicylic acid

26) as outlined in Scheme 6. The thiophenol group is alkylated
sing methyl iodide or isopropylbromide, and the hydroxymethyl
roup (27) is obtained by conversion of the carboxylic acid group
o the methyl ester followed by reduction with lithium aluminum
ydride. Bromination to 28 is accomplished by reaction with
hosphorus tribromide. The imidazolium salts (24) and benzim-

dazolium salts (25) are obtained by the N-alkylation reaction of
-methylimidazole and 1-methylbenzimidazole, respectively, in
verall isolated yields from 26 of 57–64%. The resulting palladium
omplexes were obtained by treatment of 24 [57] and 25 [25]
ith silver oxide in dichloromethane to generate the corresponding
HC–Ag complex (29), which was reacted without isolation with

is-palladium diacetonitriledibromide (0.5–1 equiv.) (Scheme 7).
hen a ligand to palladium ratio of 2 to 1 is employed a set

f three bis-NHC complexes 30 and 31were observed with a cis
nd a trans configuration, respectively, which can be easily sep-
rated by washing with acetone. The insoluble trans-isomer 31
s obtained as a mixture of trans-anti (31a) and trans-syn (31b)
otamers which cannot be further separated. If ligand and pal-
adium are present in an equimolar ratio, a complex mixture of
alladium–NHC complexes is present forming three postulated
imeric complexes (32a–c) that can be cleaved at the bridging
-bromide ligands (32a, b) or at the S–Pd bonds in 32c to form

he mononuclear palladium–NHC complexes 33a and 33b. 1H NMR
pectroscopic evidence of diastereotopic benzylic CH2 in 33a, b at
30 ◦C supports the formulation of an S-complexed tether as proof
f hemilability. The interconversion of 33a and 33b at room tem-
erature produces a broadened 1H NMR resonance of the benzylic
rotons. In addition, the 1H NMR resonance of the N-CH3 and S-
H3 protons are observed as two sets of signals. Complex 33a was
btained as single crystals and X-ray crystallographic analysis con-
rmed an anti configuration of the N-CH3 and S-CH3 groups. Upon
ddition of triphenylphosphine, the mononuclear palladium–NHC
omplex 34 was obtained in quantitative yield shifting the equi-
ibrium between dimeric (Pd–NHC)2 (32a–c) and mononuclear
d–NHC (33a, b) completely to 34. Similar reactivity and hemilabil-
ty properties, as outlined in Scheme 7 with the benzimidazolium
25a, b) derived Pd–NHC complexes, have also been observed [25].

Complexes 31 and the related benzimidazolium–Pd complex
25a) show high catalytic activities in the Suzuki–Miyaura C–C
ross-coupling reaction of substituted para-bromobenzenes with
henyl boronic acid to the biaryl products in aqueous solu-
ion at room temperature in high yields after 8 h [25]. The

onosubstituted (S–NHC)–Pd complexes catalytic reactivity are
lso similar to the bis-(S–NHC)–Pd complex. Unfortunately, the

ctivity cannot be identified for a particular catalyst as dimeric
Pd–NHC)2 (32a–c) and mononuclear Pd–NHC (33a, b) com-
lexes are present in equilibrium. The activity for the coupling
f aryl chlorides is poor with these complexes. The phosphine
dduct mononuclear triphenylphosphine palladium–NHC complex
Fig. 5. Alkyl thioether-tethered imidazolium salts [26].

(34) showed the highest catalytic activity in the Suzuki–Miyaura
reaction [25].

2.2.2. Alkyl-tethered thioethers
Hemilability was also observed in the dialkyl thioether-

functionalized S–NHC palladium complexes derived from the
imidazolium salts (35) presented in Fig. 5 [26]. Compounds 35a–d
were synthesized by alkylation of 1-methylimidazole and 1-(n-
butyl)imidazole with 2-chloroethyl ethyl sulfide and 2-chloroethyl
phenyl sulfide. Different salts of 35 were obtained by a metathe-
sis reaction using potassium hexafluorophosphate and sodium
tetrafluoroborate. The Ag–(S–NHC) complexes (36a–d) were gen-
erated using silver oxide with the corresponding imidazolium salt
(35a–d). The chemistry of the Ag–(S–NHC) complexes (36a–d)
is outlined in Scheme 8 [26]. Reaction of 36a–d with one half
equivalent of [Pd(�-Cl)Cl(PPh3)]2 generates in high yields the
Scheme 8. Hemilability of S–NHC compounds and their Pd complexes [26].
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ig. 6. Hemilability in ruthenium carboxylate complex (50) analogous to 47 [33].

ion with gold (I) chlorotetrathiophene complex produces the

helated S–NHC palladium complex 38a, confirmed by X-ray struc-
ure analysis. This step is evidence for hemilability as the reaction,

onitored by 31P NMR spectroscopy, is fully reversible and 37a is
egenerated by addition of triphenylphosphine. Alternatively, 38a
an be synthesized directly from the silver complex 36a by reaction

Scheme 9. Synthesis and reactions of alk
mistry Reviews 255 (2011) 574–590 581

with one equivalent dibenzisonitriledichloro palladium. Addition
of one half equivalent of dibenzisonitriledichloro palladium pro-
duces the bis-(S–NHC) Pd complex 39a in trans-configuration.
Thioether coordination was not observed in 39a as confirmed
by X-ray crystallography. Complexes 37a and 38a exhibit C–C
cross-coupling activity in the Suzuki–Miyaura reaction of para-
bromotoluene with phenyl boronic acid in 78% and 80% conversion
using the reaction conditions reported by Nolan and co-workers
[58]. The reactivity of the complexes is enhanced in DMSO solvent
due to a better solubility of the complexes.

Labande and co-workers [35] reported the formation of alkyl
tethered thioether NHC compounds containing nickel, palladium
and rhodium centres. The thioether imidazolium salts (41a–e)

were obtained by nucleophilic substitution of alkyl bromide
tethered (2-bromoethyl) and (3-bromo-n-propyl) mesityl and 2,6-
diisopropylphenyl imidazolium salts (40a–d) with ethylthiolate
and t-butylthiolate as outlined in Scheme 9. Reaction of 41a with
nickel(II) bromide did not yield the bis-(S–NHC) nickel complex

yl-tethered thioether S–NHCs [35].
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n-butyl lithium followed by addition of diphenyl sulfide. This inter-
mediate is transformed to 55a, b by methylation of the amine group
with methyl iodide and N-substitution of 1-methylimidazole and
1-(para-t-butylphenyl)imidazole, respectively (Scheme 12). Reac-
Scheme 10. Ruthenium comple

ut rather the tetrabromonickelate salt with two imidazolium ions
40a) as the counter cations. In order to increase the basicity of
he reaction solution for the deprotonation of the �-hydrogen
f 40a, addition of base, such as potassium t-butoxide or potas-
ium bis(trimethylsilyl)amide, deprotonated the imidazolium salt
nd formed the trans dibromonickel complex 43a, which can
lso be synthesized directly from 41a. S–Ni coordination was not
bserved in 43a presumably due to the steric bulk of the t-butyl
roup. In addition, no sulfur coordination was observed with the
maller ethyl S-substituent indicating that the thioether group has
low donor ability towards nickel. In contrast to nickel, palla-

ium does complex to the thioether function but, in absence of
ase, no NHC–Pd bond is formed. Instead the zwitterionic com-
ounds 44a–e with the imidazolium moiety as the cation are
enerated. Deprotonation of the �-hydrogen of the imidazolium
oiety with potassium t-butoxide leads to the formation of a bridg-

ng bis(S–NHC) ligand to form the dinuclear palladium complex
5a. In contrast to nickel and palladium, the rhodium(I) chloro
OD complex is basic enough and forms bidentate S–NHC ligand
ononuclear rhodium chloro complexes 46a, b and d indepen-

ent on the substituents on sulfur and nitrogen (Scheme 9). The
hodium complexes 46a, b and d show high activity in the catalytic
ydrosilylation reaction of substituted acetophenones to the cor-
esponding secondary alcohols with quantitative yields after a few
ours at room temperature [35].

Albrecht and co-workers [33] reported two ruthenium S–NHC
identate complexes 47 and 48 that were prepared from the

midazolium salt (49) as shown in Scheme 10. The analogous
uthenium carboxylate complex (50) demonstrated hemilability
etween R–COO− and the Ru centre (Fig. 6). The silver com-
lex of 49 is generated by addition of silver oxide and is further
eacted with the ruthenium cyclopentadienide triphenylphosphine
omplex or ruthenium dichloro para-cymene dimer. The tetraflu-
roborate salts of 47 and 48 were obtained by metathesis reaction
sing potassium tetrafluoroborate. The ruthenium complexes were
haracterized spectroscopically and by X-ray crystallography (47).
he catalytic activity of 47 and 48 was tested with the hydrogena-
ion reaction of styrene to ethyl benzene; both complexes show
ittle activity.

Huynh et al. prepared a tridentate benzimidazolium derived
HC–S–NHC ligand (51a, b) and reported a counterion depen-
ent palladium complex formation process (52, 53) (Scheme 11)
30]. 51a is synthesized from 1-benzylbenzimidazole by alkylation
ith 1,2-dibromoethane followed by a nucleophilic substitution

eaction of sodium sulfide. Particularly interesting is the depen-
ency on the nature of the counterion such as coordinating bromide
51a) and non-coordinating nitrate (51b). The pincer type triden-
ate palladium complex 53 was generated using palladium acetate

◦
n DMSO at 80 C. 53 has square planar geometry with a trans
rrangement of the two benzimidazol-2-ylidiene ligands and a Pd-
bond with the thioether bridge. The bromide ligand is opposite

f the sulfur ligand and the overall cationic palladium complex
as a non-coordinating nitrate anion. However, under the same
ntaining bidentate S–NHC [33].

conditions for the formation of 53, the neutral bis-NHC palladium
complex (52) with cis configuration is formed in the presence of
the additional bromide counterion. 52 does not possess any S coor-
dination to the palladium centre as the dialkyl thioether bridge is
bent away from the Pd centre [30]. Complexes 52 and 53 demon-
strated high catalytic activities in the Mizoroki–Heck reaction in
a broad range of aryl bromide substrates with t-butyl acrylate.
Notably, pincer complex 53 had the highest activity with a TON as
high as 180,000 for the reaction of para-bromobenzaldehyde and
t-butyl acrylate [30]. The complexes 52 and 53 are also moder-
ately active towards chloroarene substrates. The formation and the
chemistry of the sulfoxide ligand derivative (54) by oxidation of the
thioether functionality on 51a by hydrogen peroxide is discussed
in the sulfoxide-functionalized NHC (Section 2.3).

2.2.3. Ferrocenyl-tethered thioethers
Chung and co-workers [34] reported the synthesis and chem-

istry of ferrocenyl tethered thioether imidazolium compounds
(55a, b). 55a, b are synthesized in a two-step synthesis from chi-
ral ferrocenylamine (56) by ortho-lithiation of the ferrocene with
Scheme 11. Palladium complexes of benzimidazolium C–S–C pincer ligands 51 [30].
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cheme 12. Rh and Ir complexes containing chiral ferrocenyl thioether NHC ligands
34].

ion with rhodium(I) affords the S–NHC bidentate ligand complex
7 isolated as tetrafluoroborate salt, while the iridium(I) complex
8 does not form the S–NHC bidentate chelating ligand com-
lex, but rather two imidazol-2-ylidiene bound complexes without
oordination of the thioether functionality. The structures of both
omplexes were confirmed by X-ray crystallography. Both com-
lexes, 57 and 58, were tested in the catalytic hydrogenation
f dimethyl itaconate. Iridium complex 58 showed no catalytic
eactivity and the rhodium complex 57 demonstrated only minor
ctivity [34].

.2.4. Chiral ligands with thioether functionality
Chiral compounds (−)-levamisole derived NHC–thiolate com-

lexes 12–14 [48–50] and the planar chirality containing ferrocenyl
hioether complexes 57 and 58 [34] were described above. Hov-
yda’s [40] asymmetric aryl sulfonate ligand and silver complex (84
nd 85) is described under sulfonate functionalized NHCs (Section
.5).

A suite of chiral thioether functionalized imidazolium and ben-
imidazolium salts (59–63) for asymmetric reactions have been
eported by Fernandez (Fig. 7) [37–39]. Generally, the compounds
re synthesized from commercially available (2S,5S)-1-amino-2,5-
iphenylpyrrolidine by reaction with formylaminoacetaldehyde
nd phosphoroxy chloride, forming the imidazole intermediate,
ollowed by a reaction with halo thioether reagents to form
ptically active S–NHC precursors (59–63). The corresponding
alladium–NHC complexes are obtained by the complexation reac-
ion of palladium allyl centre with the respective silver–NHC
omplex, and a subsequent transmetallation reaction with palla-
ium allyl chloride. A representative synthesis for allyl palladium
omplexes (65d–f) is outlined in Scheme 13 [37]. In all cases, the
–NHC compound binds in a chelating mode to the palladium cen-
re and forms a Pd–S bond, which can exhibit hemilability. The

omplexes 65d–f show catalytic activity towards the enantios-
lective allylic substitution of 1,3-diphenylpropenyl acetate and
imethyl malonate with high yields [37]. The enantiomeric ratios
anged between 6% ee to 82% ee with the S isomer product in
xcess [37]. The most active catalyst (65e) contained the S–NHC
mistry Reviews 255 (2011) 574–590 583

derived from 59e, a thioether with an ethyl tether providing the
most flexibility and least S-donor ability, and thus, the greatest
hemilability of the thioether group. Complex 65f, derived from
59f with R = cyclohexyl and R′ = isopropyl, imparted the highest
ee which was explained by the highly stereogenic palladium cen-
tre which is additionally shielded by the cyclohexyl group. In an
analogous fashion, ligands 59a–c, 60a–c and 61 were successfully
complexed to palladiumallyl centres (66–68) and rhodium–COD
(69) via the Ag–NHC route described above (Fig. 8) [37,38]. Com-
plexes 66 and 67 showed high activities in the enantioselective
allylic substitution of 1,3-diphenylpropenyl acetate and dimethyl
malonate with ee ranging from 10% to 91% [38]. Complexes 70–72
belong to a new class of C2 symmetric S–NHC–S pincer ligands,
derived from imidazolium salts 62 and benzimidazolium salt 63,
of which the silver complexes and one palladium complex (61)
have been reported (Fig. 9) [39]. The square planar palladium
complex 61 contains two thioether pendants which coordinate
to the Pd centre and stabilize it while providing hemilability.
In addition, the silver complexes 70 and 72 have shown good
reactivity in the asymmetric catalytic 1,3-cylcoaddition of t-butyl
acrylate and iminoesters albeit with poor to moderate ee [39].
The square planar Pd complex with a cis arrangement of dichlo-
rides was obtained in quantitative yield by reacting 67a with
PdCl2(MeCN)2.

2.3. Sulfoxide-tethered NHCs

The most common derivatization of thioether groups is the oxi-
dation to the corresponding sulfoxide. The only reference of an NHC
ligand with sulfoxide tether is by Huynh et al. [30] describing the
C–S–C pincer-type ligand (54) which is obtained by oxidation of
the thioether bridged benzimidazolium salt (51a) as outlined in
Scheme 14. The corresponding palladium complex (73) is obtained
similarly to the related palladium complex 52 by reaction of 54
with palladium acetate (Scheme 11). 73 does not possess a Pd–S nor
Pd–O coordination of the sulfoxide group as the S O functionality
points away from the Pd centre, demonstrated by X-ray crystallog-
raphy [30]. Similar to 52, complex 73 showed high catalytic activity
in the Mizoroki–Heck reaction of activated bromoarenes with t-
butyl acrylate. The related chloroarene substrates had moderate
yields after 24 h under the same conditions.

2.4. Thiophene-tethered NHCs

Thiophene-tethered 1-(2-thienylmethyl)-3-methylbenzimida-
zolium bromide (74) was synthesized in a two-step synthesis
from 2-thiophenemethanol by bromination of the hydroxyl func-
tion with phosphorus tribromide followed by N-alkylation with
1-methylbenzimidazole [27]. The corresponding palladium bro-
mide complexes (75) were synthesized by reaction of palladium
acetate with two equivalents of 74 (Scheme 15). The two rotamers,
75a and 75b, have the thiophene pendant on the opposite side of
the palladium square planar plane, cis-anti (75a), and on the same
side, cis-syn (75b). The cis-anti complex 75a is obtained in a 3.5 to
1 ratio over 75b presumably due to steric interactions of the thio-
phene pendants. The rotameric mixture is readily interconverted
at elevated temperature, as measured by 1H NMR spectroscopy,
where the thermodynamically favoured cis-anti conformer 75a was
formed. The trans-isomer of 75 was not observed. The rotameric
mixture of 75 showed high activity for the Suzuki–Miyaura reaction
in the C–C cross-coupling of activated para-substituted bromoben-

zenes with phenyl boronic acids to biaryls in aqueous solution
at room temperature after 8 h. Deactivated para-substituted bro-
mobenzene substrates required elevated temperatures to obtain
the biaryl products in quantitative yields. 75 is also catalytically
active with chloroarene substrates resulting in low yields of 9 and
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Fig. 7. Overview of chiral S

4% for para-chlorobenzaldehyde and para-chloroacetophenone
fter 21 h at 85 ◦C [27].

McGuinness et al. [31] reported the thiophene-tethered C–S–C
incer ligand (77) that was obtained by a copper iodide cat-
lyzed arylation of imidazole with 2,5-diiodothiophene forming
he neutral, thiophene bridged intermediate 76 (Scheme 16). 77
as generated by standard N-alkylation reaction with isopropyl
romide in refluxing DMF. The corresponding chromium complex
8 was obtained by reaction of the imidazolium salt (77) with
hromium trichloride tris-(tetrahydrofuran) complex (Fig. 10). The
elated chromium complex 79 is obtained by the reaction with 1-

Scheme 13. Synthesis of chiral Pd–(S

Fig. 8. Chiral Pd and Rh complexes contain
ligand precursors [37–39].

isopropyl-3-thienylimidazolium bromide, which was synthesized
from 2-iodothiophene analogously to 77. 79 is an active ethylene
polymerization catalyst. With the addition of cocatalyst methyl alu-
minum oxide (MAO), 77% polyethylene and 23% oligoethylene is
produced with a low TON of 1030. Unfortunately, 78 is not active
for ethylene polymerization catalysis. It is hypothesized that the
central thiophene group in the pincer ligand of 78 is an effective

catalyst poison of the hexacoordinated chromium centre [31].

The thiophene bridged bis-imidazolium bromides (80a–c,
Fig. 11), homologous to 77, were reported by Cavell and co-workers
in 2005 [32]. Compounds 80a–c were prepared by nucleophilic sub-

–NHC) complexes (65d–f) [37].

ing chelating S–NHC ligands [37,38].
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Scheme 14. Synthesis of sulfoxide-functionalized NHC palladium complex (73) [30].

Scheme 15. Rotameric mixture of palladium complexes (75a, b) with thiophene-tethered NHC ligands [27].

Fig. 9. Chiral silver and palladium complexes with C2 symmetric S–NHC–S pincer ligands [39].

Scheme 16. Synthesis of thiophene bridged bis-imidazolium C–S–C pincer ligand
precursor 77 [31].

Fig. 10. Chromium complexes with thiophene-tethered NHC ligands [31].

Fig. 11. Thiophene bridged bis-imidazolium NHC ligands [32].



586 M. Bierenstiel, E.D. Cross / Coordination Che

s
o
r
i
b
N
r
t
t
w
t
w
a
n

2

i
d
(
a
m
N
a
a
i
a
g
c
v
b

ond silver ion. A coordination of the sulfonate groups to the Ag
Fig. 12. Thiophene-functionalized Ag–NHC dimer 81 [32].

titution of 2,5-bis-(bromomethyl)thiophene with two equivalents
f the respective 1-methyl-, 1-tert-butyl- and 1-mesityl-imidazole
eagent in moderate to high yields. Reaction of 80 with silver oxide
n dichloromethane–methanol solvent precipitates highly insolu-
le silver complexes, characterized by mass spectrometry and 1H
MR. Treatment of this silver complex with silver tetrafluorobo-

ate produces a bis-silver bridged complex dimer (81), obtained for
he N-methyl ligand (80a), which possesses a zig-zag conforma-
ion as shown in Fig. 12. The imidazolium S–NHC precursors 80a–c
ere tested as ligands with Pd(dba)2 in the presence of potassium

-butoxide for the catalytic aryl amination of para-bromotoluene
ith morpholine as a benchmark reaction but showed poor cat-

lytic activity. The palladium complexes with ligands 80a–c were
ot isolated.

.5. Sulfonate-tethered NHCs

A limited number of alkyl sulfonate-tethered imidazolium and
midazolinium salts (Fig. 13) have been reported in the literature
espite the fact that the first sulfonate-tethered imidazolium salts
82, 84a and 86) were reported by Herrmann et al. [59] as early
s 1996. Sulfonate groups can only coordinate to a metal via a ter-
inal oxygen donor and therefore do not form a S-metal bond.
evertheless, sulfonates are classified as a sulfur functional group
nd are reviewed herein due to their inherent properties they
dd to the NHC. These imidazolium salts are mainly employed as
onic liquids. The functionalization with sulfonate groups has the

dvantage of providing an anionic group within the ionic liquid
enerating a zwitterion that does not require a separate anionic
ounterion. The sulfonate groups are alkyl sulfonate groups with
arious tether lengths, mainly ethylene, 1,3-propylene and 1,4-
utylene bridged systems (Fig. 13). The synthesis of these sulfonate

Fig. 13. Overview of sulfonate-functionalized imidazoliu
mistry Reviews 255 (2011) 574–590

tethered groups with C3 and C4 bridge is conveniently conducted
in high yields by ring opening reaction of 1,3-propane sultone
(87)and 1,4-butane sultone (88), respectively, with imidazole at
high temperatures resulting (Scheme 17) [36,59–61]; alternatively,
a haloalkyl sulfonate can be used as N-alkylation agent [59]. Dis-
ubstituted sulfonated tethered groups at both N-termini (86) have
also been reported [59].

The imidazolinium sulfonate zwitterion (85) and triflate imi-
dazolium salt (84c) have been successfully employed by Davis
and co-workers [62] as Brønsted acid catalysts and ionic liquid
medium solvent for Fisher esterifications, alcohol dehydrodimer-
izations and pinacol/benzopinacole rearrangement reactions. The
n-butyl imidazole (83b) has been used as ionic zwitterionic liquid
for anhydrous proton transport studies [63]. Ethyl and vinyl analogs
(83a, c) have been successfully incorporated in polymers and used
as ionic liquids [64].

The sulfonate-tethered imidazolium and imidazolinium salts
(82–86) can be used as ionic liquids. In addition, anionic functional
groups tethered to organic compounds solubilize hydrophobic lig-
ands and allows the use of the respective metal complexes as
catalysts in aqueous solutions. Shaughnessy and co-workers [60]
reported the silver (89–91) and palladium (92) alkyl sulfonate con-
taining NHC complexes where the alkyl sulfonate groups increase
solubility in water (Fig. 14) so that the respective Pd and Rh
complexes can be used for potential catalytic transformations in
aqueous conditions. The silver complexes (89, 90) were synthesized
with ligand precursors 83b, d and e using the silver oxide route.
89 is unstable, particularly when exposed to light, and a Ag mir-
ror precipitates out as the complex decomposes. Palladium iodide
complex (92), which has a trans configuration, has been made by
the direct reaction of the imidazolium compound 83d with palla-
dium acetate with potassium t-butoxide and sodium iodide in low
yield [60].

Gebbink and co-workers [36] published the synthesis and char-
acterization of the anionic alkyl sulfonate tethered imidazolium
compound 84c via the 1,4-butane sultone route. 84c was then
reacted with silver oxide forming the homoleptic (NHC)2–Ag2 com-
plex, 91, in which one silver ion is complexed linearly by the two
NHC functional groups and the neutral charge is balanced by a sec-
m and imidazolinium compounds [36,59–61,63].

centre was not observed. 91 was then used in the transmetalla-
tion reaction with AuCl(thp)4 and [RhCl(COD)]2 in the presence
of PPh4Cl or n-Bu4NCl as the chloride sources forming 93 and
94, respectively, in high yields (Fig. 14). The gold and rhodium
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Fig. 14. Sulfonate-tethered NHC complexes wi

omplexes (93, 94) were successfully incorporated and immobi-
ized in non-covalent bonding in a dentritic framework containing

ationic ammonium groups. These dentritic metal complexes con-
ain eight gold or rhodium centres each and were characterized
y NMR spectroscopy and mass spectrometry. The rhodium com-
lex (94) and the rhodium immobilized dentrimer show catalytic

cheme 17. Synthesis of C3 and C4 tethered sulfonate-functionalized imidazolium
alts using sultones [36,60,61].

cheme 18. Synthesis of sulfonamide-tethered imidazolium compounds [64].
er (I), gold (I) and rhodium (I) centres [36,60].

activity in the hydrosilylation of cyclohexanone with diphenylsi-
lane. The dentrimer has a slightly smaller activity compared to the
non-immobilized rhodium complex (94).

Santini and co-workers [61] reported the water-soluble dimeric
silver–NHC complexes (95) (Fig. 15). The bis-1,2,4-trialzolium
(96a) and bis-imidazolium (96b) based ligands have a butyl
sulfonate tether and were obtained by the N-alkylation of the
bis-(1,2,4-triazoly-1-yl)methane and bis-(imidazole-1-yl)methane
with 1,3-propane sultone. 96a and 96b form the silver complexes
(95a, b) as water-soluble complexes for potential transmetalation
reactions (Fig. 15).

Plenio and co-workers [28] reported aryl sulfonate pendant

imidazolinium (97) and imidazolium (98) ligands for the pal-
ladium catalyzed Suzuki–Miyaura reaction in aqueous medium
(Fig. 16). The ligands 97 and 98 were tested in the chloroarene C–C
cross-coupling reactions with para-tolylboronic acid and Na2PdCl4

Fig. 15. Sulfonated bis-triazolium (96a) and bis-imidazolium (96b) compounds and
the related dimeric silver complexes [61].
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Fig. 16. Imidazolinium (97) and imidazolium (98) NHCs with aryl sulfonates [28,29].
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ig. 17. Isolated aryl sulfonate-functionalized NHC–Pd complex 99 [29].

howing outstanding activation of chloroarenes in moderate to
igh conversions to the biaryl products [28]. It was found that the
,6-subsituted isopropyl derivatives were more reactive than the
ethyl analogs. The palladium catalyst was prepared first in situ

nd later isolated as the allylic palladium complex 99 shown in
ig. 17 [29]. Ligands 97and 98 were loaded with palladium and
sed successfully for copper free Sonogashira coupling reactions.
he isolated Pd complex 99 was also an effective catalyst for aque-
us Suzuki–Miyaura reactions and Sonogashira reactions of N- and

-heterocyclic aryl bromides and chlorides with aryl- and alky-
acetylenes [29].

Chiral NHC ligand precursor 100 is a variation of a sulfonated
ryl tether and was used to form the chiral, dimeric silver com-
lex (101, Fig. 18) [40]. 101 was successfully employed as catalyst

Scheme 19. Sulfurane compounds and their
Fig. 18. Chiral aryl sulfonate imidazolinium compound (100) and dimeric Ag com-
plex (101) [40].

precursor in the enantioselective catalyzed conjugate additions of
�-keto esters to form chiral all-carbon quaternary centres. 101 per-
formed exceptionally well with Cu and Zn promoted asymmetric
conjugate additions. The imidazolinium compound 100 was syn-

thesized in a five-step synthesis from 2-bromobenzenesulfonyl
chloride. It is noteworthy that in the silver complex catalyst pre-
cursor (101) the sulfonate coordinates with a second silver metal,
forming a dimeric compound. This is due to the ortho-position of the
sulfonate group in the benzene ring, as other aryl sulfonate tethers

metal complexes (106–109) [70–72].
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cheme 20. Monooxo (110) and dioxo (112) ligand analogs of 105 and their
hodium complexes [66].

ypically have the sulfonate group in the meta- or para-position (97
nd 98).

.6. Sulfonamide-tethered NHCs

Ohno and co-workers [64] reported the synthesis of
ulfonamide-tethered imidazolium zwitterions 102 and 103.
he sulfonamide compounds were synthesized in a two step
ynthesis from commercially available imidazole compounds,
-methlyimidazole, 1-ethylimidazole and 1-vinylimidazole by
-alkylation reaction with chloro 1-ethanesulfonylchloride and
hloro 3-propanesulfonyl chloride (Scheme 18). The sulfonyl
hloride functionalities are then reacted with amines or amide
o the sulfonamide products. Compounds 102 and 103 have
een successfully used in the application of ionic liquids and as
onomers for ionic polymers (103) [64].

.7. Tetraazapentalene-based S–NHC compounds

Matsumura and co-workers [65–69] reported the formation
f a completely unique sulfur NHC compound; a pincer-type
etrahydropyrimidine-based NHC (106–109) synthesized via a

etallation reaction of 10-S-3 tetraazapentalene 105 through
reatment of palladium(0) and platinum(0) triphenylphosphine
omplexes that can form symmetric S–C–S pincer complexes
06a–d with small alkyl groups (methyl and ethyl) and the asym-
etric N–C–S isomers 107a–d [66] where the R groups are aryl

Scheme 19). The same is observed with the formation of the hex-
coordinated rhodium complexes 108a, b and 109a, b [67]. The
hodium complex of the monooxo ligand analog (110) affords the
–C–N complex 111 while the dioxo ligand derivative (112) does
ot produce the S–NHC carbene complex and instead, an octahe-
ral rhodium complex with N,S bidentate ligand coordination 113

s isolated, as shown in Scheme 20 [66]. The ligands 110 and 112
re synthesized analogously to the ligand 105a–d, but with addi-
ion of isocyanates instead of isothiocyanates [66]. The ligand 110 is
eadily synthesized from cyclic thiourea 104 by deprotonation with
wo equivalents of n-butyl lithium, addition of phenacyl chloride
nd reaction with thioisocyanate [70–72].

. Conclusion
Sulfur-functionalized N-heterocyclic compounds belong to a
ew, expanding field of ligands for applications in transition metal
hemistry and catalysis. Surprisingly, to date only a few funda-
ental S–NHCs and their transition metal complexes have been

eported. The donor functionalization with various sulfur function-

[
[

[

[

mistry Reviews 255 (2011) 574–590 589

alities opens promising new research directions for hybrid NHCs.
The benefit of the S–NHCs is based on the chemical properties of
the respective transition metal complexes, in particular the hemil-
ability of sulfur compounds, as well as their easy modifications for
tune-ability of the catalytic process applications.
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