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N-Heterocyclic carbenes (NHCs) form stable zwitterionic
adducts with a range of heteroallenes, ketenes, and allenes.
Although the first representatives of this class of inner salts
were first investigated as far back as the 1960s, they have
enjoyed a sustained interest from the chemical community
over the years. Depending on the nature of their anionic moi-
ety, NHC betaines display a very broad palette of reactivities
and have found applications in various fields of organic syn-
thesis and catalysis. In this Microreview, the synthesis, prop-
erties, and reactivity of NHC betaines are surveyed. The

NHCs under consideration include ylidenes derived from
imidazole, benzimidazole, imidazoline, thiazole, or triazole,
and the heteroallenes investigated so far are carbon dioxide,
carbon disulfide, isocyanates, isothiocyanates, and their sele-
nium analogues. A historical background is provided for
each type of adduct under consideration, but emphasis is
placed mainly on developments that have appeared in the
literature within the past few years.
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Germany, 2009)
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1. Introduction

N-Heterocyclic carbenes (NHCs) have become ubiqui-
tous in organometallic chemistry and catalysis over the past
two decades."”) These divalent carbon species behave as
neutral, two-electron ligands with only little n-back-bond-
ing tendency.[’! They serve as phosphane mimics, yet they
are better o-donors and form stronger bonds to metal cen-
ters than most phosphanes. Their electronic and steric
properties are liable to ample modifications simply by vary-
ing the substituents on the heterocyclic ring, and as they
are powerful nucleophilic agents, they have also been widely
used as reagentsl and organocatalysts!® in their own right,
sometimes in an asymmetric fashion.[®]

Most NHCs investigated so far are derived from imid-
azole, triazole, or thiazole (Scheme 1). These five-mem-
bered, electron-rich heterocycles provide a suitable frame-
work that stabilizes the carbene center located between two
donor atoms.I”! So far, investigations have focused mainly
on imidazolin-2-ylidene and imidazolidin-2-ylidene deriva-
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tives. Countless structural variations have been performed
on the nitrogen substituents of these two ring systems, in
either a symmetric (R! = R?) or asymmetric (R' # R?)
fashion.[®! Substitution on the 4- and 5-positions of the het-
erocycle is also common, although slightly less frequent.
Suitable R? and R* groups include hydrogen, chlorine, bro-
mine, methyl, and phenyl groups, among others.”” Stable
carbenes derived from thiazole or triazole have been less
studied than their imidazole-based counterparts, yet they
have proven to be valuable intermediates for various or-
ganic or organometallic catalytic processes.!']
R R® R R®

R1,N\'{N\Rz R1—NYN~R2

imidazolin-2-ylidene imidazolidin-2-ylidene

R® R? R?
= =N
R1’N\/S R1—NVN\R2

thiazolin-2-ylidene triazolin-5-ylidene

Scheme 1. Stable NHCs derived from various ring systems.

Thanks to their remarkable electron-donating properties
and structural diversity, NHCs form stable complexes not
only with all the transition metals, whether in high or low
oxidation state,? but also with main group elements,!'!]
such as lithium or beryllium, as well as lanthanides and
actinides!'” [Equation (1)]. Carbenes also form stable, neu-
tral adducts with a variety of organic species, including
alcohols,"3 amines,[!* and chloroform.l'>) The reaction
proceeds via insertion of the carbene into a labile H-Z bond
and is thermally reversible [Equation (2)].
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The formation of zwitterionic adducts via nucleophilic
attack of a suitable electrophile is a distinct type of transfor-
mation [Equations (3) and (4)]. Reactions with halogens,'¢]
boranes,!7! silicon tetrachloride,!'® or phosphorus penta-
fluoride,"! to name just a few, lead to ylide products
[Equation (3)], whereas the use of allenes, ketenes, or het-
eroallenes of the X=C=Y type affords betaines [Equa-
tion (4)].120

@

R R
N, X=Y N s
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The various addition compounds of carbenes with non-
metals were reviewed by Kirmse in 2005.2!] The same year,
Kuhn and Al-Sheikh published a more specific survey on
the chemistry of imidazolin-2-ylidene species and main
group elements.'!! In this contribution, we shall focus on
the synthesis, properties, and reactivity of zwitterions of the
betaine type, in other words neutral molecules having
charge-separated forms with an onium atom bearing no hy-
drogen atoms and which is not adjacent to the anionic
atom.??l Unlike ylides, for which a non-charged ylene reso-
nance form may be written, these compounds cannot be
represented without formal charges. Although a historical
background will be provided for each type of adduct under
discussion, emphasis will be placed mainly on developments
that have appeared in the literature within the past few
years.

2. Adducts of NHCs with Carbon Disulfide

2.1. Synthesis

Although stable free carbenes were first isolated and
characterized by Arduengo in 1991,1231 the chemistry of
their formal enetetramine dimers has been under investiga-
tion since the 1960s.?4 It was soon recognized that these
electron-rich olefins could be cleaved in exothermic reac-
tions by various electrophiles, including carbon disulfide, to
afford stable zwitterionic adducts, and initial reports de-
scribing the preparation of imidazol(in)ium-2-dithiocarbox-
ylates were based on this approach. The procedure was suc-
cessfully applied to a range of N-alkyl or N-aryl bis(imid-
azolidin-2-ylidene) starting materials (R = Me,[>9) Et,[25:20]
CH,Ph,1?31 Ph,[25:27:28] p_C H,4CD)?*! (Scheme 2). It was also
subsequently extended to symmetrical (R = R’ = Mg,
CH,CH,Ph)P% or unsymmetrical (R = CH,CH,Ph, R’ =
Et)P% benzimidazolidine derivatives [Equation (5)]. Some
of these dimers were shown to be in equilibrium with the
corresponding NHCs in solution (the so-called “Wanzlick
equilibrium™).B!1 Their prior dissociation into carbenes is
not required, however, to account for the formation of
NHC-CS, adducts — a more likely mechanism involves the
direct reaction of enetetramines with carbon disulfide, fol-
lowed by cleavage of the remaining exocyclic C—C bond in
a subsequent step (Scheme 2).[3]

R R R
NN N S
©I p D +2CS, 2 C[D}—(-
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R R R = Me, CH,CH,Ph R
R' = Me, Et, CH,CH,Ph )
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Scheme 2. Reaction of enetetramine dimers with carbon disulfide.

Another less common strategy to obtain NHC-CS, beta-
ines from stable NHC precursors involves the displacement
of chloroform by carbon disulfide upon thermolysis of
NHC-CHCI; adducts [Equation (6)]. To the best of our
knowledge, only two examples of this reaction have been
reported in the literature starting from saturated imid-
azolidine heterocycles bearing either p-anisyl’>’! or mes-
ityl®?! substituents on their nitrogen atoms.

R R
N N S
[ X e, [+)>—<(— + CHCl,
'\{ CCl3 N\ S
R R = p-C¢H4,OMe, Mes R (6)

In 1993, Kuhn et al. isolated a series of 1,3-dialkyl-4,5-
dimethylimidazolin-2-ylidene species by reduction of the
corresponding thioketones with potassium in refluxing
thf.[33 These free carbenes were treated with a stoichiomet-
ric amount of carbon disulfide in thf at 0 °C to afford dithi-
ocarboxylate inner salts in good yields [Equation (7)]. A
first report focused on the preparation and characterization
of three adducts bearing simple alkyl groups on their nitro-
gen atoms (R = Me, Et, iPr).3* The authors later comple-
mented this study by introducing alkoxy-terminated alkyl
chains at the heterocycle 1,3-positions [R = (CH,),OMe or
(CH,);0Me].[331 Their methodology was further exploited
by Enders and co-workers in 1996 to prepare the CS, ad-
duct of 1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylid-

ene [Equation (8)].13¢
R R
N NS
I > 4GS — I+>>—<<—
N N 8
R R
R = Me, Et, iPr, (CH,),0Me, (CH,);0Me %)
Ph Ph
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Synthesis of a 1,3-dixylylimidazolium-2-dithiocarboxyl-
ate with silylated alkynyl functional groups on its 4,5-posi-
tions was accomplished by Faust and Gobelt in 2000 using
a similar procedure [Equation (9)]. In this case, the free car-
bene was generated by deprotonation of the corresponding
imidazolium chloride using BuLi or LDA in thf at —78 °C
and then treated with CS, without isolation.[3]

iPrySi \Q/
N

N N S
| > +CS | >—C
N N S

Y
iPrsSi ” /@\ PrsSi /@\
)

An in situ protocol was also chosen by Delaude et al.
for the synthesis of five representative NHC-CS, adducts
bearing alkyl or aryl groups on their nitrogen atoms [Equa-
tion (10)]. Imidazol(in)ium chlorides served as starting ma-
terials and were treated with sodium hydride in thf. Once
the deprotonation was complete, the suspensions were al-
lowed to settle and the inorganic by-product (NaCl) was
filtered off. Addition of a small excess of carbon disulfide
to the free carbene solutions led to an instantaneous color
change and the rapid formation of zwitterionic adducts. 1,3-
Dimesitylimidazolium-2-dithiocarboxylate (IMes-CS,) and
its saturated heterocycle analogue (SIMes-CS,) precipitated
from the reaction medium, whereas betaines bearing 2,6-
diisopropylphenyl (IDip-CS, and SIDip-CS,) or cyclohexyl
substituents (ICy*CS,) on their nitrogen atoms remained
soluble in thf.[3%

iPr3Si

—_—

N\ 7

1. NaH
R 2. — NaCl (filtration) R
N 3.CS, N S
[+)>7H cr — - [B)—((—
: NS
R R = Cy, Dip, Mes R (10)

Last but not least, the group of Nakayama has reported
the formation of 1,3-dimethylimidazolinium-2-dithiocar-
boxylate from 1,3-dimethyl-2-methyleneimidazolidine and
disulfur dichloride in the presence of triethylamine.*°! The
reaction most likely proceeds via two consecutive addition—
elimination steps (Scheme 3). The same NHC-CS, adduct
was also obtained upon treatment of 1,3-dimethylimid-
azolinium-2-diselenocarboxylate with elemental sulfur (see
Section 6).[41 Interestingly, when carbon disulfide was em-
ployed as the electrophile in the absence of a base, a new
type of zwitterion was obtained in which the imidazolinium
cation and the dithiocarboxylate anion were separated by
an intermediate sp® carbon atom [Equation (11)].[41

/ /| S&

N R N s
el e 5L

N R N R

\ R=H, Me \ (11)
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Scheme 3. Reaction of a cyclic enediamine with S,Cl, and Et;N.

2.2. Properties

Because NHC-CS, betaines are stable, crystalline, ionic
compounds, determination of their molecular structures by
X-ray diffraction analysis is rather straightforward.[*¥] In-
deed, a wide range of imidazol(in)ium or benzimidazolium
derivatives bearing various alkyl or aryl groups on their ni-
trogen atoms have been characterized by this technique
(Scheme 4). In all the compounds investigated so far, the
central heterocycle and the dithiocarboxylate unit are ne-
arly orthogonal, with N1-C2-C6-S7 torsion angles varying
between 72° and 115° (Table 1). Nearly equivalent distances
for both C-S bonds indicate that the negative charge is
equally distributed between the two sulfur atoms. The
rather long C2-C6 distances (ca. 1.50 A) confirm the poor
electronic communication between the dithiocarboxylate
anion and the onium moiety. Similar conformations have
also been observed in acyclic amidinium dithiocarboxyl-
ates.[*?]

According to Nakayama et al., the perpendicular ar-
rangement between the CS, and N,C* parts of 1,3-dimeth-
ylimidazolinium dithiocarboxylate and its thioseleno and
diseleno analogues is probably retained in solution, as sug-
gested by '"H NMR spectroscopic data and ab initio calcu-
lations.[ 1 Through-space attractive Coulombic interactions
between the imidazolium C2 carbon atom and the lone pair
of electrons on the sulfur atoms are thought to be responsi-
ble for this situation (Scheme 5). In addition, incorporation

Table 1. Selected bond lengths [A] and angles [°] derived from the
crystal structures of various NHC-CS, betaines.[*l

Compound  C2C6  S7-C6-S8 NI-C2C6S7 Ref.
SIMe-CS, 1.484(2) 131.3(1)  88.1 401
SIPh-CS, 1.497(6) 131.33) 792 28]
SIMes-CS,  1.502(6) 130.33)  92.4(2) B8]
SIDip-CS, 1.495(2) 131.52)  92.02) B8]
IMe-CS, 1.498(3) 1294(1) 717 431
ICy-CS,! 1.483(3) 130.2(1)  87.0(3) B8]
IMes-CS,P1  1.483(8) 129.14)  114.7(5) i)
IDip-CS, 1.487(2) 128.52)  93.2(2) B8]
1 1.498(4) 129.02)  80.8 B4
2 1.5132)  129.95(10)  94.0 (331
3 1.486(6) 130.13) 775 (331
4iv) 1.484(3)  130.24(13)  95.7(2) 44

[a] See Scheme 4 for molecular structures and atom numbering sys-
tem. [b] Data from only one of the two molecules present in the
asymmetric unit.

of bulky aryl substituents, such as 1,3-bis(2,4,6-trimeth-
ylphenyl) or 1,3-bis(2,6-diisopropylphenyl) groups, on the
nitrogen atoms should further stabilize a perpendicular dis-
position of the imidazol(in)ium and dithiocarboxylate ions
due to steric effects.

6_0 5

[D/‘_‘( 05

Scheme 5. Coulombic interactions responsible for the orthogonal
disposition of the N,C* and CS,™ units in NHC-CS, betaines.

The antifungal and antibacterial properties of benzimid-
azolium-2-dithiocarboxylate (4) and another related
NHC-CS, adducts have been investigated against standard
strains of yeasts and bacteria. Although they display a sig-
nificant activity against several pathogenic agents in vitro,
none of them was found to be effective against Escherichia
coli and Pseudomonas aeruginosa at the concentrations
studied.?%-30

NEN— NCUN NN N@N
13/ 3 i_ > J/
6
787's g SO’S s7\s ST’
SIMe « CS, SIPh « CS, SiMes « CS, SIDip « CS;
-
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s7's S ﬁ’ s ﬂ’ S ﬁ'
IMe « CS, ICy « CS, IMes « CS, IDip + CS,
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Q\/@
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Scheme 4. Structures of NHC-CS, betaines determined by X-ray diffraction analysis.
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2.3. Reactivity

Various reactions of NHC-CS, adducts have been re-
ported in the literature, although none of them involve the
regeneration of free carbenes. Thus, the reactivity of these
inner salts is determined mainly by the presence of a Lewis
acid center in the N-heterocyclic ring, while the CS, group
acts as a Lewis or Brensted base. To the best of our knowl-
edge, this dual behavior has been exploited in a single cata-
lytic application so far, namely the cyanosilylation of alde-
hydes with imidazolinium-2-dithiocarboxylates as organ-
ocatalysts.[*3] Stoichiometric reactions with inorganic, or-
ganic, or organometallic compounds are better documen-
ted, and a few representative examples are listed below.

Upon alkylation with methyl iodide, SIEt-CS,?°! and
SIPh-CS,?"! afford the corresponding methyl dithiocarbox-
ylates [Equation (12)]. The same reaction also occurs with
an extra spacer inserted between the two zwitterionic
groups [Equation (13)].1411

A R
N S N S
D+ CHal _— )
[N\HS : [N\MSMG
R R=Et, Ph R 12)
S - I )
N/ L’S N/ SMe
[+) R + CHjsl |:+) R
N R N R
\ R=H, Me \ (13)
1,3-Dimethylimidazolidinium-2-dithiocarboxylate ~ has

been S-iminated with [N-(p-tolylsulfonyl)imino]phenyliodi-
nane in dichloromethane at —18 °C. The nitrene inner salt
initially obtained is very labile in solution and cannot be
isolated in analytically pure form. It decomposes during
work-up to afford a tosylisothiocyanate betaine instead
(Scheme 6). This adduct can also be obtained directly in
higher yield when the reaction is carried out at room tem-
perature.[4°]

/ /
s S
[y)>—<(— + TsN=IPh —— [B}—/( 4 Phi
N\ S N\ S-NTs

NTs

/ /
N S™ N S
— [?—ﬁms — [EHG +1/8 S
S
\

Scheme 6. Reaction of SIMe-CS, with TsN=IPh.

The reaction of 1,3-diisopropyl-4,5-dimethylimid-
azolium-2-dithiocarboxylate with two equivalents of bro-
mine in dichloromethane leads to the formation of a well-
defined ion pair whose molecular structure has been deter-
mined by X-ray crystallography [Equation (14)]. When a
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larger proportion of halogen is employed, only uncharac-
terized decomposition products are obtained, probably due
to halogenation of the alkyl side-chains.[3%

N S NS
IRHC_ + 28, — IE)—-’(
s

SBr---Bry~
(14)

A different reaction path is observed with iodine. In this
case, addition of a stoichiometric amount of halogen af-
fords the intermediate charge-transfer complex 5, whose
molecular structure has been established by XRD. In the
presence of excess iodine, a clean oxidative coupling occurs
to give the dicationic salt 6, which has been fully charac-
terized [Equation (15)].34

' '
2 IE}—(S— +2l, — 2 IT\‘)}—/{S“-'_F 5
8 8

) I3

+ 1 N S S N
I CT
N §—§ N
(15)

The reduction of 1,3-diisopropyl-4,5-dimethylimid-
azolium-2-dithiocarboxylate with potassium in thf gives the
potassium 1,1-dithiolate 7 as a yellow, air-sensitive solid
[Equation (16)]. The structure of the solvate complex
[7-(2thf)-(1/3K5S,)], which was found to include a K;,S;,
cluster, has been determined by single-crystal X-ray diffrac-
tion analysis. A detailed examination of the geometry of 7
in this supramolecular assembly revealed that the 1,1-di-
thiolate unit and the five-membered ring are coplanar,
which means that reduction of the carbene adduct signifi-
cantly alters the distribution of the n electrons and causes
a major reorientation of the CS, moiety.*”! Subsequent
electrochemical studies confirmed that the two-electron re-
duction of 1,3-dialkyl-4,5-dimethylimidazolium-2-dithio-
carboxylates is accompanied by considerable structural
changes.#8!

N g
;[EH(; +2K —— IN>=<S_ 2K
)~ >~ 6

The use of NHC-CS, adducts as cycloaddition partners
has been investigated by Regitz and co-workers. No reac-
tion occurred when a series of imidazolinium-2-dithiocar-
boxylates bearing alkyl or aryl groups on their nitrogen
atoms were treated with electron-rich alkynes, such as phen-
yl- or diphenylacetylene, or with electron-poor alkenes, such
as tetracyanoethylene. When electron-poor alkynes were
employed, however, 1,3-diaryl betaines quickly reacted to
1685
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afford the corresponding [3+2] cycloaddition products in
high yields [Equation (17)]. Some of these bicyclic products
were further treated with dimethyl acetylenedicarboxylate.
Under these conditions, a [2+2] cycloaddition followed by
electrocyclic ring-opening was postulated. The overall
transformation led to 1,3-butadiene derivatives [Equa-
tion (18)]. The intervention of zwitterionic resonance forms
was invoked to account for the broadening of some 'H
NMR signals, although this hypothesis was not further in-
vestigated.[>’] Alternatively, a stepwise mechanism may also
be operative, as evidenced in related reactions of thione S-
methylides.**! When 1,3-dialkylimidazolinium-2-dithiocar-
boxylates were used as substrates, no intermediate could be
detected and only the final butadiene products were iso-
lated, even when a sub-stoichiometric amount of alkyne
was added to the dithiocarboxylate starting materials at low
temperature.*”)

[3+2]

/ R
N S
(D€ + I —
N S
\ R
Ar

;Ar

N s_R
L= X
N ST
Ar

Ar = Ph, p-CgH4Cl, p-CgHsOMe
R= COZMG, COzEt, C02tBU, COPh, CONHz, CF3, POPhZ

(17)
Ph R
Ph
! COzMe /
N s R [2+2] (\Ns N—R
[ = I + — N S
N sy Ph
bh CO.Me MeO,C  CO,Me
R = CO,Me, CONH,, CF; \
Phot 4 rh
N o N  CO.Me
et
e =T
) S \ S
Phco,me” R Phco,Me” R (18)

Whereas phosphane—carbon disulfide adducts have been
widely employed as k'S, ¥2S,S’, or ¥3S,C,S’ ligands for
mono- and binuclear metal complexes,?” the coordination
chemistry of NHC-CS, betaines is still largely uncharted
territory. Preliminary experiments in this field were con-
ducted by Borer et al., who showed that 1,3-dimethylimid-
azolium-2-dithiocarboxylate forms stable complexes with a
range of transition metal halides or nitrates [Equation (19)].
The products obtained were characterized by IR and UV/
Vis spectroscopy only. Electrical conductivity, magnetic sus-
ceptibly, or cyclic voltammetry measurements comple-
mented the analyses in some cases, but no NMR or XRD

ML,(IMe * CS,),

/
N S
ML, +x [D—E
N S
\
ML, = NiClp, Ni(NO3),, PdCly, PdBry, PtCly, AGQNO3, NaAuCl,

(19)
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analyses were reported. Thus, the accurate structure of the
products obtained, and the binding mode of the zwitter-
ionic ligand, remains highly speculative.>!!

A more detailed investigation of the organometallic
chemistry of imidazol(in)ium-2-dithiocarboxylates was ini-
tiated by Delaude and co-workers. When treated with the
dimer [{RuCl,(p-cymene)},] and potassium hexafluoro-
phosphate, the NHC-CS, betaines retain their zwitterionic
nature and lead to cationic complexes of the [RuCl(p-
cymene)(NHC-CS,)|PF; type, in which the dithiocarboxyl-
ate group acts as a k2S,S’ chelating ligand [Equation (20)].
The molecular structure of the cationic complex bearing the
IMes-CS, ligand has been solved by X-ray crystallogra-
phy.[SZ]

<o

R
RU\ ! S

- cl ~N
R A R S
Ru S

on-Z

<
> : j* PFg~

KPFg /Ru\ s
J

- c” o\ - B + KCI
SA\/N
7

N—
s

R = Cy, Dip, Mes R (20)

3. Adducts of NHCs with Carbon Dioxide

3.1. Synthesis

The first synthesis of an NHC-CO, adduct dates back to
1974. During the course of their investigations on betaines
obtained by treating an imidazolidin-2-ylidene dimer with
acyl isocyanates or isothiocyanates (see following Sections),
Schossler and Regitz observed the formation of SIPh-CO,
by hydrolysis of more complex zwitterionic adducts under
various experimental conditions (Scheme 7).?71 A related
indirect method was devised by Castells et al. for the prepa-
ration of 3-ethyl-4,5-dimethylthiazolium-2-carboxylate via
ester hydrolysis on a basic ion-exchange resin [Equa-
tion (21)].5%

Et BF4~ Amberlite Et
N O (OH~ form) N e}
e T
S OEt S o

The preparation of a betaine by direct carboxylation of
a free carbene with carbon dioxide was achieved for the
first time by Kuhn and co-workers in 1999 using 1,3-di-
isopropyl-4,5-dimethylimidazolin-2-ylidene as starting ma-
terial [Equation (22)].1°* The same strategy was adopted by
Louie et al. for the synthesis of the adducts IMes-CO, and
IDip:CO, a few years later.’>] This latter team further
streamlined the experimental protocol by performing the
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Scheme 7. Formation of SIPh-CO, by hydrolysis of more complex zwitterionic adducts.

deprotonation of imidazolium salts with potassium zerz-bu-
toxide under a CO, atmosphere, thereby avoiding the isola-
tion of air- and moisture-sensitive free carbenes. The inor-
ganic by-products (KCl or KBF,) were removed by selective
redissolution of the zwitterionic adducts in dichlorometh-
ane and filtration through Celite. Delaude et al. used a
slightly modified version of this in situ procedure in which
the filtration step is performed prior to the introduction of
carbon dioxide [Equation (23)]. The Lie¢ge group also fur-
ther extended the scope of the method by preparing ad-
ditional saturated or unsaturated NHC-CO, betaines bear-
ing cyclohexyl, 2,6-diisopropylphenyl, or mesityl groups on
their nitrogen atoms.[>®

Y
)[:y +C0, —
J &

X

(22)
1. KN(SiMe3),
R 2. — KCl (filtration) R
N 3.COy, 1 atm N [¢]
| —Her L
& 3¢
R R = Cy, Dip, Mes R (23)

The unexpected formation of 1,3-dimethylimidazolium-
2-carboxylate from I-methylimidazole and dimethyl car-
bonate was discovered in 2003. This transformation is be-
lieved to proceed via initial alkylation of the imidazole 3-
position, followed by an acid-base reaction between the
methyl carbonate anion and the imidazolium cation. De-
composition of the unstable methyl hydrogen carbonate
into methanol and carbon dioxide would then provide the
capping group  for  1,3-dimethylimidazol-2-ylidene
(Scheme 8).°71 This procedure was further extended to 1-
ethylimidazolel® and 1-butylimidazolel*! [Equation (24)].
Prolonged heating at high temperature (70-120 °C) in se-
aled tubes was required to complete the transformation in
all cases. Under these conditions, competitive formation of
the thermodynamically more stable 4- and 5S-carboxylate
isomers was sometimes observed. Careful optimization of
the reaction conditions led to the isolation of almost pure
1,3-dimethylimidazolium-2-carboxylate when the alky-
lation/carboxylation of I-methylimidazole with dimethyl
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carbonate was performed below 95 °C, whereas the 4-car-
boxylate isomer was obtained in pure form when working
above 120 °C.[6%

/ /9
N o] PSS
[ Y + =0 @))\0 + MeOH
N o N
R R = Me, Et, nBu R (24)
N e N/ o N/ HO,
S+ o — |[|O—H — .
[N> o>: [N>_ o>:O [N> o>:O
\ \ \ \ \ \
/
N N O
— [ )t +CO + MeOH —= [H—C + MeOH
\ NP

Scheme 8. Reaction of 1-methylimidazole with dimethyl carbonate.

The direct carboxylation of two 1,3-dialkylimidazolium
chlorides with Na,CO5/CO, in dmf was reported by Tom-
masi and Sorrentino in 2006 [Equation (25)]. High pressure
(50 bar CO,) and high temperature (110 °C) were required
to achieve satisfactory conversions. Carrying out the reac-
tion at 135 °C decreased the selectivity in favor of the 1,3-
dialkylimidazolium-2-carboxylates by enabling the forma-
tion of the 4- and 5-carboxylate isomers in significant pro-
portions.[!]

/ /
N CO,, 50 bar N O
[D}—H CI + NayCOs [+)>—<(— +NaHCO,
N N O +NaCl
R R = Me, nBu R

(25

To avoid any complication due to isomerization, 1,3-di-
methylimidazolium-2-carboxylate was prepared in two steps
by methylation of ethyl 1H-imidazole-2-carboxylate with
dimethyl sulfate in the presence of nitrobenzene, followed
by hydrolysis with 50% aqueous sulfuric acid [Equa-
tions (26) and (27)]. A closely related procedure starting
from imidazole-4-carboxylic acid and using basic condi-
tions for saponification led to the corresponding 4-carbox-
ylate adduct [Equations (28) and (29)].1°%
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/ HSO4~
N O N O
| \>—< + Me,SO | +)>—<
I:N oEt . PHNO, [N oEt
H \ (26)
/ HSO4~ /
N O N O
[D}—/{ + H,0 [9)—(6 + EtOH
N  OEt H,S04 N O + HySO,4
\ \ (27)
(e} o / HSO,4~
HO N MeO N
| D + MeyS0, | £
N PhNO, N
H \ (28)
o] | HSO& _)0 /
N N
Meo | ©) + H0 OJ\[O} + MeOH
N KOH N+ HySO,
\ \ (29)

Although this method has limited preparative value, for-
mation of IrBu-CO, was evidenced after UV irradiation of
an oxygen-saturated solution of 1,3-di-zerz-butylimidazolin-
2-ylidene and meso-tetraphenylporphyrin (TPP) in ben-
zene % Singlet oxygen was held responsible for the forma-
tion of an initial carbonyl oxide, which cyclized into an un-
stable dioxirane intermediate before affording the NHC-CO,
product and the corresponding diimine (Scheme 9). In the
absence of TPP, no consumption of the free carbene was
detected, thereby suggesting that oxidation occurred only
with 'O, but not with 30,. Thus, the spin-selection rule was
respected by the singlet carbene. For control purposes, the
carboxylate adduct under study was also prepared by bub-
bling carbon dioxide into a solution of I#Bu [Equation (30)].
Its structure was established by 'H NMR spectroscopy.

¥ ¥

[:}: + CO, [%)—((Z—

(30)

Q< — X
- -
Iy
- €
A

N _N

+ | . —_— -
» E;v

Scheme 9. Reaction of IzBu with singlet oxygen.
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3.2. Properties

NHC-CO, adducts are more labile in solution and less
thermally stable in the solid state than their dithiocarboxyl-
ate analogues. This latter point has been evidenced by ther-
mogravimetric analysis (TGA) of several imidazol(in)ium-
2-carboxylates!>>-3¢! and dithiocarboxylates.*®! The case of
1,3-dicyclohexylimidazolin-2-ylidene adducts is representa-
tive (Figure 1). ICy*CO, begins to lose weight at around
80 °C, whereas ICy-CS, resists decomposition until about
200 °C. Both NHC adducts are, however, more stable than
tricyclohexylphosphonium dithiocarboxylate, which cleanly
starts losing its CS, fragment at around 60 °C.[3® These ob-
servations are in line with the greater nucleophilicity and
basicity of NHCs compared to phosphanes.[**l Indeed, only
strongly basic trialkylphosphanes form stable, isolable zwit-
terions with carbon disulfide.’”) Less basic triarylphos-
phanes do not afford stable adducts with CS, alone, and,
to the best of our knowledge, no phosphane whatsoever
reacts with CO,.

100
80-
g
5 60
o
=
40-
PCy3.CS; TN
20l |--—- 1cy.Cop S -
— . ICyCS) ~
0 T T T T T
50 100 150 200 250 300 350

Temperature (°C)

Figure 1. TGA curves of three betaines derived from PCyj; or ICy.

The relative stabilities of three NHC-CO, adducts in
solution have been determined by Louie and co-workers
from crossover experiments between free carbenes and their
betaines. Thus, the addition of 1,3-diisopropyl-4,5-dimeth-
ylimidazolin-2-ylidene to either IMes:CO, or IDip-CO,
leads to quantitative formation of carboxylate 8 and IMes
or IDip, while the reverse addition of IMes or IDip to ad-
duct 8 gives no reaction. Similarly, the addition of IMes to
IDip-CO, affords IMes-CO, and IDip, whereas the reverse
reaction was not observed. The relative order of stability is
therefore: 8 > IMes:CO, > IDip-CO,. TGA data corrobo-
rated this analysis.[>>! Transfer of the CO, moiety between
1,3-dimethyl- or 1-butyl-3-methylimidazolium-2-carboxyl-
ate and 1,3-diisopropyl-4,5-dimethylimidazolin-2-ylidene
has also been observed by Tommasi and Sorrentino by '3C
NMR spectroscopy.l>”!

Both 1,3-dimethyl- and I-butyl-3-methylimidazolium-2-
carboxylates are very stable toward decarboxylation at
room temperature in common organic solvents (acetone,
alcohols, dmf). Above 100 °C, however, their behavior de-
pends on the nature of the solvent used. For example, they
resist degradation until 140 °C when heated in ethylene
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glycol under a slow stream of nitrogen, whereas significant
decomposition occurs in the presence of oxygen, as evi-
denced by '3C NMR analysis.>!

Very recently, Lu et al. further investigated the stability
of IDip-CO, and SIDip-CO, in dichloromethane at various
temperatures by in situ FT-IR monitoring of their v(CO,)
asymmetric stretching vibration bands. The latter adduct is
more stable in solution than its aromatic heterocycle coun-
terpart. As expected, temperature was found to have a
marked influence on the rate of decomposition. Thus,
IDip-CO, remains unchanged after 4 h in CH,Cl, at 12 °C
but disappears almost completely within 1 h at 100 °C. De-
gradation was significantly retarded when a high CO, pres-
sure was applied to the IR cell (20 bar), thereby suggesting
that a dynamic equilibrium exists in solution between the
zwitterionic compound and its neutral constituents.®4 A
similar conclusion was also reached by Louie et al. based
on the enhancement of the carbonyl resonance observed by
13C NMR spectroscopy when a solution of IDip-CO, was
placed under 1atm of '3CO,.5%! Unrelated experiments
from the group of Schmidt showed that H/D-exchange
takes place at the C4 and C5 positions of 1,3-dimethylimid-
azolium-2-carboxylate dissolved in MeOD, but not in [Dg]-
DMSO.[62

The solid-state geometries of three carboxylate inner
salts were determined by X-ray diffraction analysis
(Scheme 10 and Table 2). The same conclusions that were
drawn from the crystal structures of NHC-CS, adducts also
apply to IDip-CO, and compound 8. As discussed pre-
viously in Section 2.2, no delocalization of the electron den-
sity from one end of the molecule to the other is possible
because the imidazole ring is almost perpendicular to the
plane defined by the O-C-O unit. Only in 1,3-dimethyl-
imidazolium-2-carboxylate are the imidazolium and the
carboxylate groups almost coplanar, with a twist angle of
29°. In this case, steric requirements from both the nitrogen
substituents and the CO, moiety are minimized, thus al-
lowing the formation of hydrogen-bonded sheets with a
dense columnar n—r stacking in the crystal structure.l>”]

= = =(
NG N NN YN@N\(
e L
6
70704 070 070

IMe - CO, IDip - CO, 8

G

D)

Scheme 10. Structures of NHC-CO, betaines determined by X-ray
diffraction analysis.

Table 2. Selected bond lengths [A] and angles [°] derived from the
crystal structures of various NHC-CO, betaines.[#]

Compound  C2-C6 O7-C6-08 NI1-C2C607 Ref
IMe-CO, 1.523(3)  129.66(18) 29.03 (7]
IDip-CO, 1.511(4)  129.9(3) 89.75 (551
8 1.536(5)  131.2(4) 111.0(2) (541

[a] See Scheme 10 for molecular structures and atom numbering.
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3.3. Reactivity

Following the seminal contribution of Breslow regarding
the possible intervention of NHCs in the thiazolium-medi-
ated benzoin condensation,[®] a great deal of effort was put
into the development of highly efficient, enantioselective
carbene-based catalysts for this reaction.[°) Most systems
investigated so far have been generated by deprotonation of
azolium salts, although an early example of organocatalysis
with a thiazolium-2-carboxylate was reported by Castells et
al. in 1985. This NHC precursor cleanly led to the conden-
sation of benzaldehyde or dodecanal in the absence of any
base.’3] More recently, the catalytic activity of five imid-
azol(in)ium-2-carboxylates was probed in the coupling reac-
tion of carbon dioxide and epoxides to afford cyclic carbon-
ates. The mechanism postulated for this transformation in-
volves the intermediacy of a new zwitterionic adduct
formed upon nucleophilic addition of the carboxylate anion
to the epoxide (Scheme 11). Catalytic tests were performed
at 120 °C under CO, pressure (20 bar) for 24 h using a
0.2 mol-% loading of zwitterionic adduct. Due to its high
solubility and lability, IDip-CO, was singled out as the most
efficient coupling agent in the series under examination.
Addition of an electrophilic co-catalyst such as (Salen)AlEt
further enhanced its activity because of intermolecular co-
operative effects.[4

N O 0
R VAN
R
CO, R
A RO
N N K. o)
[ o—
N R N o©
R H R
o__0
g R = Me, Dip, 2,6-Xylyl
o) R' = Me, Et, nBu, Ph, CH,CI

Scheme 11. Possible mechanism for the coupling reaction of CO,
with epoxides catalyzed by NHC-CO, betaines.

The ability of NHC-CO, betaines to catalyze the carbox-
ylative cyclization of propargyl alcohols into 4-alkylidene-
1,3-dioxolan-2-one derivatives was first disclosed in a 2006
patent by Kayaki and Ikariya [Equation (31)]. The reactions
were carried out in autoclaves at high pressure (up to
100 bar) and high temperature (up to 200 °C) with a range
of imidazol(in)ium-2-carboxylates bearing isopropyl, ferz-
butyl, or mesityl groups on their nitrogen atoms.[®”] Sub-

R\ R
R? COy, 60-100 bar MR
3 2
RI——£R o_o0
OH NHC - CO, cat. hig
o)
R"=H, aryl, alkenyl, alkynyl  R2, R®= alkyl, cycloalkyl, phenyl (31
www.eurjic.org 1689
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strates with a terminal triple bond (R! = H) instead of an
internal one (R! = aryl, alkenyl, alkynyl) were found to be
more reactive and required slightly less forcing condi-
tions.[%8]

A few stoichiometric reactions between NHC-CO, beta-
ines and inorganic reagents have been carried out by Kuhn
and co-workers (Scheme 12). Thus, protonation of 1,3-di-
isopropyl-4,5-dimethylimidazolium-2-carboxylate (8) with
hydrogen chloride or tetrafluoroboric acid under anhydrous
conditions affords the corresponding imidazoliumcarbox-
ylic acid, whose dissociation constant was determined in
aqueous solution. The rather high acidity observed (pK, =
1.8) reflects the strong electron-attracting effect exerted by
the imidazolium substituent on the carboxylic acid func-
tion. Other standard functional group interconversions in-
clude the formation of an acid chloride upon treatment of
the betaine with thionyl chloride or its alkylation with tri-
ethyloxonium tetrafluoroborate (Scheme 12).1>4

Y
prod
).

+ 2 SOCl, + HX + Et;0" BF4~
- S0,

SOCl5 X BF4~
N O N o]
| < | >
;\ OH ik OFEt
HX = HCI, HBF4

Scheme 12. Functional group interconversion of the carboxylate
group of 1,3-diisopropyl-4,5-dimethylimidazolium-2-carboxylate
@8).

The carboxylation of various activated hydrogen com-
pounds with 1,3-dialkylimidazolium-2-carboxylates in the
presence of alkali metal salts has been investigated by Tom-
masi and Sorrentino [Equation (32)]. Initial experiments fo-
cused on the reaction of methanol or acetophenone to af-
ford methylcarbonate or benzoylacetate derivatives.’”) The
procedure was subsequently extended to acetone, cyclo-
hexanone, and phenylacetonitrile.®! In all cases, a quanti-
tative transfer of CO, was achieved at room temperature
after a variable period of time, depending on the solubility
of the ionic starting materials in the reaction mixture. Be-
cause the imidazolium salt by-products are ionic liquids,
they could be easily separated from the metal carboxylates.

N o N o
[+)>—<(— + R-H + MX [+)>—H + R~
N\ (o] N\ o* M~
R R
R=Me, nBu MX = Nal, NaBF,, NaBPh,, KPFg
R'-H = MeOH, PhCOCHj3;, CH3COCH3;, PhCH,CN, cyclohexanone (32)
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The reaction of benzaldehyde with 1,3-dimethylimid-
azolium-2-carboxylate and NaBPh, under similar condi-
tions affords a single insertion product that still contains
the imidazolium and the carboxylate units. This betaine was
isolated as a 1:1 complex with the metal salt [Equa-
tion (33)].5%

/ /
N 0O o) N o]
[D}—(C— + Ph—4 + NaBPh, —~ [9}—(
N\ e} H N P

NaBPh,

[¢]
¢

(¢]
h

(33)

Three imidazolium-2-phosphane chlorides have been
synthesized by electrophilic addition of a suitable chloro-
phosphane to  1,3-dimethylimidazolium-2-carboxylate
[Equation (34)]. Ion metathesis with a small excess of potas-
sium hexafluorophosphate then leads to the corresponding
halide-free salts in high yields. The electronic and steric
properties of these new phosphane ligands have been thor-
oughly investigated and their coordination chemistry with
nickel and platinum explored.[*”]

/ | cr

N O N
[9}—((— + RPCl  —— [+)>—PR2 + CO,
\° \

R =iPr, Cy, Ph (34)

Currently, the most common synthetic pathways for pre-
paring imidazol(in)ium-based ionic liquids (ILs) with bulky
polyatomic anions such as BF,, PF¢, CF3SO5; (TfO"), or
(CF5S0,),N" (Tf,N") involve metathesis reactions from ha-
lide intermediates.’”® The ion exchange is usually achieved
via liquid/liquid separation or precipitation of an inorganic
halide salt, such as AgCl. Contamination of the final prod-
ucts with water or halide traces is a major concern as these
impurities may dramatically alter the physical and chemical
properties of the ILs”! and interfere with their catalytic
activities.””) New, halide-free methodologies that would al-
low direct access to a wide range of organic and inorganic
counterions are therefore eagerly sought.’”3l A promising
strategy relies on 1,3-dialkylimidazolium-2-carboxylates,
whose preparation from 1-alkylimidazoles and dimethyl
carbonate circumvents the need for any halide-containing
reagent [cf. Equation (24)]. Protonation of IMe:CO, to
form the corresponding imidazoliumcarboxylic acid, fol-
lowed by thermal or DMSO-catalyzed decarboxylation, af-
fords pure ILs with nitratel’ or hydrogen carbonatel’!
counterions [Equation (35)]. A solvent-less route to 1-ethyl-
3-methylimidazolium fluoride that does not require the in-
tervention of chloride salts has also been devised along the
same lines.!*8

Y N0l -
[+>—<(— + HX — [+)>—/< — [+)>—H + CO,

\ v oon N

R R R

R =Me, Et HX=HF, HNO3, H,CO3 (35)
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When transition metal species react with NHC-CO, beta-
ines they generally behave as convenient, air- and moisture-
stable, free carbene surrogates. They have therefore been
used to transfer NHC ligands to a variety of metal com-
pounds with concomitant release of carbon dioxide [Equa-
tion (36)]. Work in this field was pioneered by Crabtree et
al., who successfully isolated a variety of late transition
metal-NHC complexes by treating 1,3-dimethylimid-
azolium-2-carboxylate with suitable metal precursors
(Table 3). Experimental observations and DFT calculations
ruled out the dissociation of the betaine prior to its reaction
with a metal source. Thus, IMe-CO, was believed to coordi-
nate via two cis vacant sites on the metal, followed by C—
C bond cleavage and transfer of the NHC moiety to the
metal.[60-76]

N o .
[D}—(C— + ML,  —— [ ML, + CO,
N O N
\ \ (36)

Table 3. NHC-metal complexes obtained by reaction of suitable
metal precursors with IMe-CO,.

Reactant! Product® Isolated yields (7o)
[{RuCl,(p-cymene)} -] RuCl,(p-cymene)(IMe) 85
[Rh(COD)CI], Rh(COD)(IMe)Cl 93
[I(COD)CI], I(COD)(IMe)Cl 82
[I(COD)(PPh,),JPF,  [I(COD)(PPh,)(IMe)|PF, 89
[I(COD)(PPh,,JPFy  [ICOD)(IMe),|PF, 84
[I(COD)(py),IPFs [I(COD)(py)IMe)]PF, 78
[Ir(COD)(py),]PF¢ [Ir(COD)(IMe),|PF¢ 76
IrCI(CO)(PPhs), [Ir(CO)(PPhs),(IMe)]CL 79
Pd(OAc), [Pd(IMe);(OAC)|OAC 71
PdCl,(MeCN), [PACI(IMe);]CL 65
K,PtCl, [PtCI(IMe);]Cl 76

[a] COD = 1,5-cyclooctadiene, p-cymene = 4-isopropyltoluene, py
= pyridine, IMe = 1,3-dimethyl-imidazolin-2-ylidene.

As an alternative to the deprotonation of imidazol(in)-
ium salts with a strong base, Delaude and Demonceau have
used CO, adducts to generate active metal-NHC species in
situ for various catalytic processes. Thus, a series of five
imidazol(in)ium-2-carboxylates bearing cyclohexyl, 2,6-di-
isopropylphenyl, or mesityl groups on their nitrogen atoms
were probed in ruthenium-promoted olefin metathesis and
cyclopropanation reactions. At 60 °C in the presence of
[{RuCl,(p-cymene)},], the use of NHC-CO, betaines or a
mixture of NHC-HX salts (X = Cl, BF,) and tBuOK led
to similar results. When metathesis polymerizations were
performed at room temperature, the carboxylates proved far
superior to the corresponding imidazol(in)ium salts and
displayed the same level of activity as the preformed com-
plex [RuCly(p-cymene)(IMes)].I>®! Active species generated
in situ from palladium acetate and a variety of imidazol(in)-
ium carboxylates and dithiocarboxylates have also been
screened in the Suzuki-Miyaura cross-coupling of aryl ha-
lides with trans-2-phenylvinylboronic acid. The NHC-CO,
adducts showed excellent activity, comparable to that of the
parent imidazol(in)ium chlorides, whereas NHC-CS, inner
salts were poorly efficient.’”] To account for this dichot-
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omy, the reactivity of NHC-CX, adducts (X = O, S) toward
the dimer [{RuCl,(p-cymene)},] was investigated in de-
tail.’? The CS, betaines led to cationic complexes of the
[RuCl(p-cymene)(NHC-CS,)]PF¢ type [cf. Equation (20)],
which did not show any significant catalytic activity in the
systems under consideration, whereas the CO, adducts
cleanly afforded ruthenium-arene complexes bearing NHC
ligands [Equation (37)], which are well-known catalyst pre-
cursors for several ruthenium-mediated organic transforma-
tions.[78!

European Journal
of Inorganic Chemistry

+ CO,

R = Cy, Dip, Mes (37)

When  1,3-diisopropyl-4,5-dimethylimidazolium-2-car-
boxylate (8) was treated with titanium tetrachloride in
dichloromethane, a yellow precipitate of molecular formula
[8-TiCly] was initially obtained (Scheme 13). This com-
pound was not further characterized because of solubility
issues, but it probably has a polymeric structure. When left
in contact with organic solvents containing traces of water,
it slowly undergoes hydrolysis into well-defined crystalline
adducts 9 or 10. X-ray diffraction analysis showed that the
imidazolium-2-carboxylate zwitterion is preserved in these
complexes and acts as a k20,0’ bridging ligand.” This is
in sharp contrast with the loss of CO, observed in the ex-
amples described above. The higher oxophilicity of titani-
um(IV) compared to late transition metals is most likely
responsible for this difference of behavior.

+ TiCly —

[8 * TiCly)

}/
N (o]
EDH(—
N (o]
)\
8 H,0 / MeCN/

,,,,,,

H,0 / MeCN / CH,Cl,

MeCN CI

CI) I Y‘CI |
cl NCMe
9 10

Scheme 13. Reaction of 1,3-diisopropyl-4,5-dimethylimidazolium-
2-carboxylate (8) with TiCly.
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3.4. Natural Alkaloid Betaines

There is a close relationship between the NHC-CO, beta-
ines described in this section and the family of alkaloid
compounds referred to as heterocyclic mesomeric beta-
ines.®% According to the classification of Ollis, Stanforth,
and Ramsden, these natural products may be divided into
four main classes, namely heterocyclic N-ylides, conjugated
mesomeric betaines (CMB), cross-conjugated mesomeric
betaines (CCMB), and pseudo-cross-conjugated mesomeric
betaines (PCCMB).B!1 This latter category encompasses
several indazolium, pyrazolium, or quinolinium carboxyl-
ates, among others, and includes representatives such as ni-
gellicine  [(6,7,8,9-tetrahydropyridazino[l,2-alindazolium-
11-carboxylate (11)], an alkaloid isolated from the widely
distributed herbaceous plant Nigella sativa L. (black cum-
min) (Scheme 14).821 Imidazol(in)ium-2-carboxylates may
be viewed as PCCMBs, whereas their 4-carboxylate isomers
would fall into the CCMB category. Indeed, 1,2-dimethyl-
imidazolium-4-carboxylate (12) is also known as nor-
zooanemonine and has been identified as the alkaloid in
marine sponges such as Pseudopterogorgia americana, Ca-
cospongia scalaris, and Astrosclera willeyana LISTER

1900.1831
N
OH o ™ (e}

Nigellicin (11)

o
A
&[+>>
N
\

Norzooanemonine (12)

Scheme 14. Structures of the PCCMB alkaloid nigellicine (11) and
of the CCMB alkaloid norzooanemonine (12).

Although natural alkaloid betaines and their derivatives
display a very rich chemistry and have been shown to gener-
ate new NHCs upon extrusion of CO,,°>%4 their study is
beyond the scope of the present survey. Interested readers
are referred to the recent review of Schmidt et al. for the
latest advances in the field of indazole-based NHCs and
betaines.[®3]

4. Adducts of NHCs with Isothiocyanates

4.1. Synthesis

The cleavage of a 1,1’,3,3'-tetracthylbis(imidazolidin-2-
ylidene) dimer with phenyl isothiocyanate was the first ex-
ample reported in the literature of a reaction leading to an
NHC-RNCS zwitterionic adduct.*’ This procedure was
subsequently extended to a few other starting materials
bearing aryl groups on their nitrogen atoms [Equa-
tion (38)],127-8¢871 and to symmetrical (R = R’ = Me)?*! or
unsymmetrical (R = CH,CH,Ph, R’ = Me, Et)3% benz-
imidazole derivatives [Equation (39)].
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R R R
NN NS
C Je2e —— 2 [D<€
N N II\ N NRI
\ / R' \
R R R=Et, Ph R
R' = Ph, p-C¢H4OMe, p-CgH4NO, (38)
R R R
! ; ‘s
11
<) 28 = I
NN N-pn NP
R R R
R = Me, CH,CH,Ph
R' = Me, Et, CH,CH,Ph (39)

In many cases, however, the reaction of enetetramines
with isothiocyanates bearing electron-donating alkyl or aryl
substituents does not afford NHC-RNCS betaines as these
adducts react further with the heteroallene via 1,3-cycload-
dition (see below). Conversely, introduction of electron-
withdrawing acyl®”! or carbamoyl®”! moieties onto the iso-
thiocyanate function effectively stabilizes the corresponding
NHC zwitterionic adducts and allows their isolation in sat-
isfactory yields [Equation (40)].

Ph PR o

N N 3 N S
T B o &
N N N oo NN
\ / \

Ph Ph Y Ph X

X = Ph, p-CgH4sOMe, p-CgH4NO,, NEt,, NCy, (40)

The deprotonation of azolium salts with a strong base,
followed by in situ trapping of the free carbenes with suit-
able isothiocyanates, has provided a convenient alternative
access to NHC-RNCS betaines. Because imidazol(id)in-2-
ylidene species are better nucleophiles than enetetramine di-
mers, their reaction with isothiocyanates can be successfully
carried out at lower temperatures, thereby limiting side-re-
actions. An early application of this strategy was reported
by Schonherr and Wanzlick in 1970 for the preparation of
IPh-PhNCS from 1,3-diphenylimidazolium perchlorate, po-
tassium tert-butoxide, and phenyl isothiocyanate.®® More
recently, the group of Cheng has successfully extended the
scope of the procedure to the synthesis of a wide range of
imidazol(in)ium-2-arylthiocarbamoyl inner salts using so-
dium hydride as a base [Equation (41)].[8%-901

R R

N S N S
[—Hor +NaH+ ¢ —— [O—€ +H

N Noy, N NAr + NaCl

R R

R, R' = Et, iPr, nBu, Bu, CH,Ph, Ph, p-MeOCgH,CHy, p-CICgH4CH,
Ar = Ph, p-C|CeH5, p—NOQCsH5

(41
The generality of the method has been further demon-
strated by applying it to benzimidazolium bromides or chlo-
rides bearing identical (R = R’) or different (R # R') alkyl
groups on their nitrogen atoms [Equation (42)].189-°1
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R X A
N S N S
[ —H +NaH + ¢ —> [::I[%»——«% * Hy
N N N NAr + NaX
R “Ar R
X =Cl, Br R, R' = Et, iPr, nBu, CH,Ph

Ar = Ph, p-MeOCgHs, p-CICgH5, p-NO,CgHg (42)

The deprotonation of thiamine hydrochloride and related
thiazolium salts in the presence of aryl isothiocyanates was
first carried out with triethylamine in dmf heated from
room temperature to 50 °C. Under these conditions, the
presence of an electron-attracting substituent on the aryl
group favors betaine formation, while an electron-donating
substituent leads to a higher proportion of the 1:2 cycload-
duct instead (see below). In most cases, however, a complex
mixture of both adducts and additional side-products is ob-
tained.®”l A much cleaner reaction occurs when N-alkyl thi-
azolium chlorides or bromides are deprotonated with so-
dium hydride at —30 °C, followed by dropwise addition of
an aryl isothiocyanate. Indeed, with this experimental pro-
tocol, Cheng et al. were able to isolate sixteen different thia-
zolium-2-arylthiocarbamoyl compounds in high yields
[Equation (43)].13

r X i
N S N S
[ )—H +NaH+ ¢ — [ H—C + Hy
S N S NCgHsY + NaX
CeHaY

R = Et, nBu, CH,Ph, CH,CH,Ph, p-BrCgH,CH,, p-MeCgH4CH,
X=Cl,Br Y =H, p-Me, p-F, p-CF3, p-NO,, m-NO,

43)

During the course of their investigations on a stable tria-
zolin-5-ylidene,® Enders and co-workers studied its reac-
tion with phenyl isothiocyanate and isolated the corre-
sponding betaine adduct in a straightforward manner
[Equation (44)].13¢]

h mh
N-N $ NNS
ot e —— g9
N N Ph” "N NPh
pn” N . ]
Ph Ph (44)

Last but not least, addition of an equimolar amount of
phenyl isothiocyanate to two 2-alkylidene-1,3-dimethyl-
imidazolidine compounds in thf at 0 °C has afforded ther-
mally stable, crystalline adducts having a 1,4-dipolar struc-
ture [Equation (45)]. Examination of the various bond
lengths and angles obtained by X-ray diffraction analysis
indicated that the negative charge is mostly located on the
sulfur atom and that it interacts with the carbenium carbon
atom via through-space Coulombic attraction.[®]

N/ R S N/>_822NPh
[ ‘ : * 1 [+> R
N R . N R
\ Ph R=H Me \ (45)
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4.2. Reactivity

Exclusive S-methylation rather than N-methylation takes
place when NHC-RNCS zwitterions bearing aryl or acyl
groups on their exocyclic nitrogen atoms are treated with
methyl iodide [Equation (46)].2627871 Conversely, proton-
ation occurs on the nitrogen end of the thiocarbamoyl func-
tion when imidazolinium-2-acylthiocarbamoyl betaines are
treated with perchloric acid diluted in ethanol or n-butanol
[Equation (47)].2"! Under more forcing hydrolysis condi-
tions, the resulting benzamido moiety is cleaved off and the
corresponding NHC-CO, adduct ultimately obtained (cf.
Scheme 6).

R RO
N S N SMe
[+)>—<(— + CHjl _— [+)>—<
N\ NR' N\ NR'
R R =Et, Ph R
R' = Ph, p-NO,CgHj, EtOCO-, PhCO-, p-MeOCgH,CO-, p-NO,CgH,CO- (46)
Ph Ph Clo,”
N S N S
(D0 + Hcio, (D4 o
NN N HN—
Ph X Ph X
X = Ph, p-MeOCgHy, p-NO,CgH, A7

Because 2-thiocarbamoyl imidazol(in)ium, thiazolium,
and benzimidazolium betaines are ambident C*-C-S~ or
C*-C-N" 1,3-dipoles, they react very easily via [3+2] cyclo-
addition with suitable dipolarophiles. This propensity has
important practical consequences. Indeed, in many cases,
the reaction of enetetramines with isothiocyanates cannot
be stopped after formation of the initial NHC-RNCS ad-
ducts and the betaines react further with the residual het-
eroallene, even when this reagent is present in sub-stoichio-
metric amounts, to finally give spirocyclic products
(Scheme 15). The intermediate zwitterionic adducts could
only be isolated in the case of isothiocyanate derivatives
bearing strongly deactivating substituents on their nitrogen
atom, such as p-nitrophenyl, acyl, or carbamoyl groups [cf.
Equation (40)].[26-27-86.87]

R &
LY ek el
+4C — 2 [
N N i\ N N’g
o N. b X
R
R R R R

+2 RNCX R +2 RNCX
N X
2 [
NoONR
R
R=Et,Ph R =alkylaryl X=0,5

Scheme 15. Reaction of enetetramine dimers with iso(thio)cyanates.

Similarly, a mixture of 1:1 and 1:2 adducts is usually ob-
tained when thiazolin-2-ylidene species generated in situ
from thiamine hydrochloride or related thiazolium salts and
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triethylamine in dmf are treated with isothiocyanates R RS
. . . N
(Scheme 16). Alkyl isothiocyanates favor the formation Qf [9 iC . ”\ [ NAr
cycloadducts, whereas phenyl, p-chlorophenyl, or p-ni- N Nar EWG N =
trophenyl derivatives mainly afford zwitterionic com- R R EWG
pounds. Hence, bolstering the negative charge of the C*— R = CHyPh, p-MeOCaH,GHy, p-CICaH(CH
C-N dipole by electron-donating substituents increases its Ar= phz, p-CICeHa T EWG = cojﬂé oN (49)
reactivity toward dipolarophiles, whereas extended delocal-
ization of this charge decreases it.>%6
A s
R X R S 2 u-N S [¢] 2 ou-N
' < I X NA
N S ol N e L :)J(\+)>—<G *c — '
J+)>—H +EN+2 C —— /& TN NA R")J\R"' e '}l o
HO S Nm $ N7%g R R R'R"
R R, R' = Et, nBu, CH,Ph, Ph, p-CICgH,CH,
R", R" = H, Me, iPr, Ph, CH,Ph, CH,CH,Ph
Ar = Ph, p-MeOCgHy, p-CICgHy X=C,N (50)

+RNGCS R +RNCS
N Ty
=N
R = Me, CHzPh,CHz—g\: )—Me  X=ClBrI
N

H,oN
R' = Me, Et, CH,Ph, CH,CH=CHy, Ph, p-Cl-CgHy, p-NO,CgH

Scheme 16. Reaction of thiamine hydrochloride and related thiazol-
ium salts with isothiocyanates.

Detailed experimental and theoretical studies by Cheng
et al. have shown that imidazolinium or benzimidazolium 2-
arylcarbamoyl betaines act as C*—~C-S~ 1,3-dipoles toward
strongly electrophilic and rather sterically hindered di-
polarophiles, such as dimethyl acetylenedicarboxylate or di-
benzoylacetylene, to afford spirothiophene derivatives
[Equation (48)]. On the other hand, when confronted with
weaker electrophilic, less hindered dipolarophiles, such as
ethyl propiolate, methyl acrylate, or acrylonitrile, they be-
have as C*—C-N" dipoles and produce imidazole spiropyr-
role derivatives in high yields [Equation (49)]. DFT calcula-
tions have suggested that an asynchronous concerted
mechanism is operative for both types of cycloadditions.[®]
An analogous reaction path has also been postulated for
the [3+2] cycloaddition of a range of NHC-ArNCS betaines
with ketenes generated in situ from acyl chlorides and tri-
ethylamine or from a-diazo ketones. Incorporation of the
nitrogen atom of the carbamoyl function into a new hetero-
cycle, which leads to imidazolidine, benzimidazolidine, or
triazoline spiropyrrolidone adducts in high yields and selec-
tivities, was observed with these dipolarophiles [Equa-
tion (50)].°7

’-‘\’ EWG R NAr
o N S 2o N
[ [ S
Lo o — LXK
¥ r et EWG
\ EW! |
R' ¢ R' EWG

R, R' = Et, iPr, nBu, {Bu, CH,Ph, Ph, p-MeOCgH,CH,, p-CICgH,CH,
Ar = Ph, p-MeOCgHy, p-CICgH4, p-NO,CgHy4

EWG = CO,Me, COPh (48)
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Treatment of 2-phenylthiocarbamoyl imidazolium inner
salts with dimethyl acetylenedicarboxylate gives the ex-
pected [3+2] cycloaddition of the C*—C-S~ 1,3-dipoles, fol-
lowed immediately by cheletropic elimination of phenyl iso-
cyanide to afford 2-(imidazolin-2-ylidene)-3-thioxobutane-
dioates, a new type of push-pull olefins with potential appli-
cations in nonlinear optical materials [Equation (51)].°00 A
distinct tandem process was observed when 2-arylthiocar-
bamoyl thiazolium betaines were used as starting materials.
In this case, the initial cycloadducts were transformed into
functionalized thieno[2,3-b]pyrazine derivatives via a com-
plex ring expansion sequence involving an electrocyclization
step, followed by isomerization and addition of a second

equivalent of dimethyl acetylenedicarboxylate
(Scheme 17).°31
R CO,Me RPN
N S N
S
[D—€ + I‘I — [
N NPh CO-Me
\ M | 2
R COMe R CO,Me
R s R s
—_PhNC [N CO,;Me N CO;Me
|l -— [+ -
N CoMe N COMe
R R’

R, R' = Et, iPr, nBu, CH,Ph (51)

Other types of tandem reactions involving cycloadducts
derived from NHC-RNCS betaines have also been investi-
gated.®] These reactions further illustrate the rich chemis-
try of these ambident C*-C-S~ or C*-C-N~ 1,3-dipoles,
although yields and/or selectivities are usually inferior to
those reported in the above examples. The different behav-
ior of thiazolium and imidazolium zwitterions compared to
their benzimidazolium or imidazolinium counterparts has
been attributed to differences in the stability of the spiro-
thiophene cycloadducts. Increases of ring strain depending
on the exact nature of the N-heterocyclic moiety or forma-
tion of aromatic systems have tentatively been invoked as
driving forces for the additional steps, but general guide-
lines to predict the reactivity of thiocarbamoyl betaines
with dipolarophiles are still missing.[°%-°]
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CgHaX
COMe NCgH.X o g
NCgH4X [3+2] S )~g S Ns_s
/[D>—<C + |l — )I _ — ;L+/ )—COoMe
COMe ) COMe N
R R CO,Me R CO,Me
CO,Me
CgHaX CeHaX + | C6H4X
electro- g N HS 'L
cyclization S COMe  peo,C
[ 2
/\[\ﬁ | )—CO,Me /\[N | )—COzMe Me/O):/ /VL DCOZM‘*
R  CO;Me R CO,Me ' CO,Me

R = Et, nBu, CH,Ph, p-BrCgH4CH,, p-MeCgH,CH,

X =H, p-Me, p-F, p-CF3, p-NO,, m-NO,

Scheme 17. Possible mechanism for the reaction of 2-arylthiocarbamoyl thiazolium betaines with dimethyl acetylenedicarboxylate.

5. Adducts of NHCs with Isocyanates

When NHCs or immediate precursors thereof are treated
with isocyanates instead of isothiocyanates, the transforma-
tion does not usually stop at the zwitterion stage. The inter-
mediate NHC-RNCO betaines undergo a further [3+2] di-
polar cycloaddition with residual isocyanate species present
in the reaction media to afford the corresponding spirocy-
clic hydantoins. Indeed, a wide range of 1:2 cycloadducts
have been isolated starting from bis(imidazolidin-2-ylid-
ene)®%871 or bis(benzimidazolidin-2-ylidene)®-3% species
[see Scheme 15 and Equation (52), respectively]. A similar
clean reaction has been observed between Ender’s stable tri-
azolin-5-ylidene and phenyl isocyanate [Equation (53)].13%

R R Ro
©:N j@ , @N%N/Ph
4C 2
' ' o
R R' Ph
R=R'=Me or R = Et, R' = CH,CH,Ph (52)
Ph PhO
Ph
N-N i NN
et — X
N N.pp Ph” "N NTSo
Ph Ph Ph (53)

When thiamine hydrochloride is treated with ethyl or
phenyl isocyanate in the presence of triethylamine, two
equivalents of the heteroallene are used to build up a spi-
rocyclic ring system [Equation (54)]. In addition, the
alcohol and possibly also the primary amino group of the
substrate side-chains react via nucleophilic attack of the iso-
cyanate reagent. Ethyl isocyanate affords a mixture of O-
and N-acylated products, whereas the less reactive phenyl
isocyanate reacts only with the hydroxy function. When a
strong base such as potassium fert-butoxide is employed in-
stead of triethylamine, however, N-acylation also takes
place with PANCO and up to four equivalents of isocyanate
per thiamine are consumed.!
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R cr
N o + Et3N %
JJ?_H LT A:[

HO N.q

=N +  EtyNH*CI
R= CH24§\: )—Me R'= Et, Ph 3

N
HoN (54)

In most cases, isolation of carbamoyl betaines has proved
impossible, even at low temperature in the presence of an
excess of carbene reagent. To the best of our knowledge,
only two examples of stable imidazolinium-2-carbamoyl in-
ner salts have been described so far, both of which were
obtained by treating an enetetramine dimer with strongly
deactivated acyl isocyanates [Equation (55)].2”)

Ph Ph Ph
N N Q

[ ,t( j +2 C —_— 2 [+)>—<L/o
NN N_o —<
\ /
Ph Ph Y P

X = Ph, OEt (55)

The difference of reactivity between isocyanates and iso-
thiocyanates is most likely due to the higher activity of
RNCO species as dipolarophiles compared to their RNCS
counterparts. Thus, the 1,3-dipolar cycloaddition probably
occurs much faster than the primary attack of the carbene
onto the heteroallene. This assumption may be rationalized
based on a stronger polarization of the C=N bond by an
oxygen atom compared to the less electronegative sulfur.
Moreover, the charge stabilization in the anionic part of
NHC-RNCS adducts should be more efficient than in the
corresponding NHC-RNCO betaines due to the higher po-
larizability of sulfur. This would further decrease the reac-
tivity of thiocarbamoyl species toward cycloaddition and
permit the isolation of 1:1 adducts.[*®!

6. Miscellaneous Adducts

In parallel with the synthesis of 1,3-dimethylimidazolin-
ium-2-dithiocarboxylate from 1,3-dimethyl-2-methylene-
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imidazolidine and disulfur dichloride in the presence of tri-
ethylamine, Nakayama et al. obtained the SIMe-CSe, ad-
duct using diselenium dichloride under similar conditions
[Equation (56)]. Full characterization of this compound was
achieved using various analytical techniques, including IR
and NMR spectroscopy, and XRD. The same mechanism
postulated for the reaction with S,Cl, probably also applies
in this case (cf. Scheme 3).[4

N/ + 2EN N/ Se
[ =cH, +se0,  —— [
N — 2 EtsNH* CI- N Se
\ \ (56)

Treatment of 1,3-dimethylimidazolinium-2-diselenocar-
boxylate with an excess of elemental sulfur in refluxing
chloroform for 4 h affords the corresponding dithiocarbox-
ylate inner salt in 95% yield. An iterative pathway initiated
by the nucleophilic attack of the CSe,  group onto sulfur
and involving the intermediacy of the selenothiocarboxylate
adduct has been proposed (Scheme 18). Indeed, when the
reaction is performed with only one equivalent of sulfur in
dichloromethane at room temperature, a mixture of di-
seleno-, selenothio-, and dithiocarboxylates is obtained.
Separation by column chromatography afforded the mixed
zwitterionic adduct SIMe-CSSe in modest yield.[ 0]

S7
N/ s NS s N/ S/s?
e e
[+)>_<(_ + Sy — [+)>_< - EQWSe
N\ Se N\ Se N\ Se-

—S;

— [DH Se- [ Hc — [oHc

- SeS

Scheme 18. Reaction of SIMe-CSe, with elemental sulfur.

Two examples of 2.4-diselenoxo-1,3,6,9-tetraazaspiro-
[4.4]nonane cycloadducts, obtained by treating bis(1,3-di-
phenylimidazolidin-2-ylidene) with aryl isoselenocyanates,
have been described by Regitz and co-workers [Equa-
tion (57)]. Their formation most likely involves the interme-

diacy of the corresponding 2-selenocarbamoyl betaines (cf.
Scheme 15), although no evidence for the isolation of
NHC-RNCSe inner salts was reported.®”]

,Dh Ph\ lT'h Se

N N $ N, g CotaX
L= +4& 2 [

NN N N"Ngq

\ / N | |

Ph Ph CeHaX Ph CgHaX

X = p-OMe, p-NO, (57)

Initial synthetic efforts to isolate NHC:RNCNR betaines
by treating thiazolin-2-ylidene species generated in situ with
di-p-tolylcarbodiimide led to the corresponding hydrogen
halides instead (Scheme 19). Various attempts to depro-
tonate these products failed, and a different reaction path
was evidenced when aqueous sodium carbonate was used
as a base. Nucleophilic attack by hydroxide anions takes
place on the thiazolium C2 carbon atom to afford a tetrahe-
dral intermediate, which rearranges and undergoes ring ex-
pansion with extrusion of p-toluidine.['%]

The successful preparation of an imidazolium-2-amidin-
ate was reported by Kuhn and co-workers in 1999 using
1,3-diisopropyl-4,5-dimethylimidazolin-2-ylidene and di-
isopropylcarbodiimide [Equation (58)]. Steric congestion
across the C—C zwitterionic link results in a lowered sym-
metry of the amidinate fragment, as evidenced by NMR
and XRD spectroscopy. The dihedral angle between the
N,C* and N,C  moieties was found to be 85.6° and the
molecule displays strongly basic properties toward Brensted
acids.[190]

) NN
I e & —— T
N—\.,/

LYy

In addition to heteroallenes of the X=C=Y type (X, Y
=NR, O, S, Se), a few ketenes and allenes also afford stable
zwitterions when treated with NHC precursors. Two exam-
ples of diphenylketene adducts have been reported by Re-
gitz et al. to illustrate the reactivity of electron-rich olefins
[Equation (59)]. These betaines are characterized by the ex-

(58)

R X A R X R
! r< ] 7
N N N NHAr N NAr
[Dh vBN ¢ & —— < > [
HO s Ny, o S NAr Ho S NAr
aq}W
R R o R o
N oH N4 NHAr N Ar = p-tolyl
/\I CNAr N —_— \ J=NAr + AH, R = Me, CH,Ph
s\~ S “NHAr s X =Br, |
HO
NHAr
HO HO

Scheme 19. Possible mechanism for the reaction of thiazolin-2-ylidene species generated in situ with di-p-tolylcarbodiimide followed by

treatment with aqueous Na,COs.
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treme readiness with which they undergo [3+2] cycload-
dition with dipolarophiles, such as phenyl isothiocyanate or
dibenzoylacetylene, although no experimental details about
these transformations were given.[101]

R R R
NN N O
[ ] +2 ¢ — 2 [D}—(C—
1"
NN Ph”~“Ph N CPh
R R R

R = Ph, p-C¢H,OMe (59)

The reaction of allene di-, tri-, or even tetracarboxylic
esters with a range of nucleophilic substrates has been in-
vestigated by Gompper and Wolf. Besides phosphanes and
pyridines, two types of N-heterocyclic carbenes derived
from enetetramines [Equation (60)] and thiazolium salts
[Equation (61)] were examined, and satisfactory yields of
highly colored zwitterionic adducts were obtained in all

cases.[192]
Ph _,
Ph Ph R'_R" "R
N N ¢ N R"
=T -2 ¢ — 2 [«
N N R N CO,R
;Dh Ph/ RO,C CO,R F|>h CO,R
R = Me, Et
R', R" = Me, Ph, CO,Et (60)
| CO<  Eo,c. _CoEt /| COqEt
N % N CO,Et
Orfpnee s £ — O3
S .C. S CO,Et
Et0,C”~ “CO,Et Et0,C
+ EtzNH* CIO4~ (61)

7. Conclusion

N-Heterocyclic carbenes form stable zwitterionic adducts
with a range of heteroallenes, ketenes, and allenes. Al-
though the first representatives of this class of inner salts
were first investigated as far back as the 1960s, they have
enjoyed sustained interest from the chemical community
over the intervening years. Depending on the nature of their
anionic moiety, NHC betaines display a very broad palette
of reactivities and have found applications in various fields
of organic synthesis and catalysis.

The dithiocarboxylate adducts are usually highly stable,
crystalline compounds that do not readily dissociate, hence
they are convenient derivatives for probing the steric and
electronic properties of air- and moisture-sensitive free
carbenes. Their chemistry is governed mainly by the reactiv-
ity of the CS, group and they have been shown to act as
bridging «2S,S” ligands toward ruthenium-arene com-
plexes. Conversely, the NHC-CO, zwitterions are labile in
solution and lose their CO, moiety upon coordination with
late transition metals. They have been successfully em-
ployed as CO, transfer agents in various carboxylation pro-
cesses, either in stoichiometric or catalytic amounts.
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Isothiocyanate adducts are ambident C*—C-S~ or C*-C-~
N~ 1,3-dipoles which react primarily via [3+2] cycloaddition
in the presence of suitable dipolarophiles. Reactions usually
proceed with remarkable selectivities. Depending on the ex-
act nature of the reaction partners, a wide range of hetero-
cyclic products are accessible, some of which are not easily
available by any other synthetic methods. The isocyanate
betaines are even more reactive than their sulfur analogues,
hence it is more difficult to control their reaction path as
they tend to undergo immediate cycloaddition with residual
isocyanate starting materials to afford 1:2 spirocyclic hy-
dantoin adducts.

Additional NHC betaines can be obtained by substitu-
tion of sulfur with selenium in heteroallenes, thereby afford-
ing NHC-CSe,, NHC-CSSe, or NHC:RNCSe zwitterions.
Examples of adducts prepared from carbon-based allene or
ketene derivatives are still scarce in the literature, but pre-
liminary results indicate that they are good candidates for
performing cycloaddition reactions.
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