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Abstract

The coordination chemistry of stable or in situ accessible carbenes is still rapidly developing. Owing to their strong basicity, they may
act both as ligands in coordination compounds and as bases or reducing agents. This report reviews the reactions of 2,3-dihydroimidazol-2-
ylidenes with main group element compounds and the reactions of the resultant products. A list of compounds including information about
synthesis and instrumental analysis is given at the end of the report.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
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There has been much interest in 2,3-dihydroimidazol-2- I \>I j: >¥
ylidene carbeneslj [1] since the pioneering work of Wan- , N
zlick [2] and Arduengq[3]. The deprotonation of imida- R* \
zolium ions2 [3] and reduction of the corresponding thiones 1 R' 2
3 with potassium metgH] opened up convenient routes for R!

their synthesis, and further investigation.

* Corresponding author. Tel.: +49 7071 29 76218; fax: +49 7071 29 5224.
E-mail addressnorbert.kuhn@uni-tuebingen.de (N. Kuhn).
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Owing to their highly nucleophilic character, heterocyclic
carbenesdl act as ligands in complexes of metal and met-
alloid centres in a similar manner to tertiary phosphanes.
There is special interest in carbene complexes as part of
catalytic cycles, and the extensive chemistry of their tran-
sition metal complexes has been reviewed separgfgly
Thiones 8), selones4) and their benzimidazole derivatives
are commonly prepared by routes not involving carbenes.
Their chemistry has been extensively investigated, espe-
cially reactions involving halogens and pseudohalogens, and
has been reviewed elsewhg6g. In addition, a comprehen-
sive overview focussing on the chemistry of basic imie (
and methylenef) derivatives has been previously presented
[7,8].
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2. Reactions with hydrogen compounds

As a result of the strongly basic character of heterocyclic

carbenesl [9], they react withBroenstedtacids and have
| 7>:Se consequently been used as selective deprotonation reagents.
2 N The 2H-imidazolium saltg [10] formed by this method are
accessible by other routes; alkylation of 2H-imidaz¢le,
cyclization reaction§l2] or from the thiones and nitric acid
[13]), and may be used as precursors in the synthesis of
through deprotonatiofB,14]. The reaction of the carbenes

sults[15]. The reaction ofl with deuterated solvents starting

R? / ) ) . o :
IN with the corresponding ammonium salts gives interesting re-
>=—=NH

with the deuteration at C2 has been discudd&d. In the
solid state, a couple of salts containing ion p§lrg] linked
by hydrogen bondsl{) have been characterised by struc-
tural analysis (e.g. X =HH18], Cl[3,12,19-24]Br[28,29],

| [28,29,31-33] ClOy4 [34], 1/2 SQ, [35], 1/2 $07 [36],

tadienide[40], fluorenide[41], N,N'-diphenylureateg42],

Rz\l/:mg: CFsS0; [37], NO, [35], NO;3 [35], PRs [38,39] cyclopen-
CH,

CsHeBrO4 [43], TCNQ[44,45], BF4 [46,47], B(OMe), [48],

BR4 [49-51] hydroborate$52], AlBr4 [28,29], Gals [53],
InBry4 [54], (Carb)InC} [55], (Carb)InBg [55], CpYbCI,

[40], 1/2 CoC} [56], 1/2 NiCly [56], 1/2 PdC} [57,58]

This review describes reactions of derivativesloand
7 with Lewis-acidic reactants, and the chemistry of the

PtCk-H20 [59], 1/2PtC}, [59], Ag(CN), [60]).
The nature of the hydrogen bonds apparently depends on

compounds formed. A list of compounds of typg&sand the properties of the counterions, and appears to be weaker
9 (E being linked to the carbene by a main group ele- with hard and less basic counterions. With imidazolium ions
ment) will be given at the end of the report. The chem- andthe correspondingamines and alcohols, the stable adducts

istry of tetrahydroimidazol-2-ylidene& () is not part of this
review.

12 (R1=Mes, R=H [26]), 13(R!=Mes, R=H [61]), and
14 (R =Mes, R =H [61]) are formed.

I>\_Hx

11
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The carbene4 appear to be inert towards hydrogen un-
der normal conditiong62] (for MO calculations see also
[63]). The imidazolined 5 (R} ='Bu, Mes, R =H) are con-
veniently obtained from the imidazolium saksind LiAlH,
[62], or by the thermal decomposition of an Ineldduc{64].
The corresponding compourd® (R = Neo[65]) has been

synthesised by the reduction of the corresponding thione in
THF using potassium (for MO calculations of the parent com-

pound se¢62]). The reaction ol with hydrogen (muonium)
atoms to give the radicalk7 and 18 has been discussed by

use of MO calculations as well as by muon spin rotation and

muon level-crossing spectroscof$6]. The intermolecular
hydrogen transfer frort (R, R% = H) to imidazole has been
investigated by computational methdé3].
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3. Reactions with group 1 element compounds

There are only rare examples of carbdnadducts at al-
kali metal centres. The addu#® (R'='Bu, R®=H [68])
is formed by the reaction df with LiOMes. Similarly, the
adduct®20 (R ='Bu, Ad, Mes, R=H, R® = SiMe3 [69]) are
obtained from the carbenésind LiGsH,R33. The dinuclear
chelate complex22 (R='Bu [70]) is formed by the reac-
tion of the imidazolium sal1 with "BuLi. The adduct®3,
24, and 25 (R1='Pr, R=H, R®=SiMes [71]) have been
obtained from the reaction df with MNR33 (M=Li, Na,
K) in toluene, and have only been characterised'#@
NMR in solution. The chemistry of the imidazolide—borane
anion adducts of the typ86 [72-74] is not part of this
review.
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4. Reactions with group 2 element compounds

The tris(carbene) compour? (R1=Me, RR=H [75])
obtained from BeGl and 1 is a unique example of a
beryllium—imidazoline complex. Complex@8 are formed
from the reaction of EMg with the carbened (R'=Ad,
Mes, R=H [76]). Carbenesl react with group 2 met-
allocenes CgM (M=Mg, Ca, Sr, Ba) and their solvate
adducts to give the adduc9 (R!, R?, R3, R*=Me
[77]; R ='Pr, R=Me, RR=H, R*=Me; R ='Pr, R = Me,
R3=SiMe;, R*='Bu [78]), 30 (R, R?, R, R*=Me
[77]; R='Pr, R=Me, RR=H, R*=Me; R ='Pr, R =Me,
R3=Pr, R*=Me [78)]), 31 (R, R?, R®, R*=Me [77];
Rl=1Pr, R, R%, R*=Me[78]) and32 (R, RZ, R3, R*=Me
[77]; R* ='Pr, RR = Me, R ='Bu, R* =Me [78]). The dicar-
bene complexe83 and34 (R, R?, R3, R*=Me [77]) pre-
pared by the same method apparently require carbenes con-
taining less bulky substituents.
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5. Reactions with group 13 element compounds I H
| SiMe:
The carbenes react with the adducts BX3 (S = GHsO, '
Et,0, SMe; X=H, F) to give the complexe35 (R = Me, 41
Et, 'Pr, R=Me [79]; Rl =Mes, R=H [80]) and 36 (R, Rl R
R?=Me [79,81} R'=Mes, R=H, Cl [82]). An alterna- R/ \ ®
tive route involves the reaction of the lithium salt 87 | > e | B©
with methyl iodide to give the comple®8 (R, R2=Me - \q '
[72]). A further derivative of38 (RL=Pr, R=Me, RR=p- R? \ /
CF3CH,CH,SiMe>CgHj [50]) is obtained by the hydrolysis Rp ¥
of the corresponding imidazolium tetraarylborate salt. The
dinuclear adducB9 has also been report¢83]. When re- R }*1 R
acted with the boron heterocycléé and41, 1 gives the bi- RS N /
cyclic compoundg?2 (R = Me, 'Pr, RR = Me, R®='Bu [83]) I >—B \
and43(R!, R2, R® = Me[84]). Borane adducts of the tygd g?” N —
(e.g.[85]) are not part of this review. ‘kl )3
43

RI
R2 /
N

" 2
II\T?—BHx (__?\/ \N_B

35 R, T
R 44
/ .
RN The alane adductd5 (R'=Mes, R=H [86]; R'='Pr,
| >—1;~n:3 R2=Me [87]; R} =2,6!Pr,CgH3, R?=H [54]) are obtained
R2 N from the carbenesl and LiAlHs [54] or AlH3-NMes

! [86,87] Similarly, the bifunctional carbené6 reacts with
36 AlH 3-NMegs to give the dinuclear comple&7 (R ='Bu [25]).

:o"z
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The trimethylalane comple#8 (R1='Pr, R =Me [88]) is
synthesized through the reaction of the cartienih AlMe 3.
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Reaction of the carbendswith LiGaH4 gives the gallane
adductsA9 (R =Mes, R=H [64]; R ='Pr, R =Me [87]),
while the dinuclear comple®0 (R ='Bu [25]) is obtained
from the carbend6 and GaH-NMejs. The trimethylgallane
complex51 (R =Pr, R = Me[88]) is obtained from the re-
action of the carbentwith GaMe;. Reaction of the carbene
1 with “Gal” gives the anionic carbene complgg (R =Isi,
R2=H [53]). The cyclopentadienylgallane addi&s is ob-
tained from the reaction of the carbehwith Cp 3Ga[89].
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There has been a considerable interest in carbene indium
complexes (for a comprehensive microreview[§€43). InH3
adducts54 (R =Mes, R =H, the InD; complex has also
been mentionefb4]; Rl ='Pr, R = Me[87,91] are obtained
from the carbenesand LilnH; or InH3-NMes [64,91] Sim-
ilarly, the dinuclear comple®5 (R ='Bu [25]) is obtained
from 46 and LilnHs. Compounds4 (R =Mes, R =H) de-
composes intoluene at 10Q to give the carbenk while the
imidazolinel5(R! = Mes, R = H) is obtained in the presence
of indium in tetrahydrofuran at 25 [64]. The reduction of
ketones to alcohols by4 (R = Mes, R =H) has also been
reported92]. The comples8(R! = Mes, R = H [64]) is ob-
tained from54 and quinuclidineHCI or from the carbené
and InkbCIl-(NMe3)p.
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INCl3 complexes7 are obtained from the reaction 64 R2 1\{ Br Br \ R?
with CHoCl, (R1=Mes, R =H [64]) or from the carbené I N
and InCk (R ='Pr, R =Me [55]). The reactions of InBy | _>_'|“_|l”_<_ |
with the carbeneg yield the complexe$8 (Rl = Mes, Isi, RN BB N7 g
R?2=H [54]; R'='Pr, R =Me [55]). Similarly, the corre- R! 5 R!

sponding dicarbene complexg8and60 (R ='Pr, R =Me
[55]) are obtained in a similar fashion. In the presence of wa-
ter, the anionic carbene compleXdsand62are formed from
1 and the corresponding indium trihalidggb]. The chelate

i . .
complex63 (R ="'Bu [25]) is prepared by the reaction of the 68 (R1=Mes, R=H: RL, R2=Me [94]) is formed by re-

bifunctional carbend6 with InBrs. InCl reacts withl in the L . .
S fluxing in mesitylene, and yields TIX and the correspond-
presence of oxygen to form the cationic dinuclear complex .

~ . . ) . . 2-haloimidazolium halides as produg®st]. The dinu-
64 (R, R?=Me [53]), while with InBr, disproportionation N9 _t ; . .
occurs to give the dinuclear In(ll) complés (R = Mes, clear complex69 (R ='Bu [25]) is obtained from the bifunc-

The carbenél reacts with TlXg to give the complexes
66 (R1=Mes, R=H, Br [94]) and 67 (R1=Mes, R=H
[94]). With a further equivalent of, the dicarbene complex

R2=H[93]) tional carbenel6 and TICk. Similarly, 70 is obtained from
’ the reaction of the corresponding carbene withs&B3TI
R! R! 95].
R Ja a N_F o
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3 I R!
Rz N Cl N 2 5
k R! RN
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6. Reactions with group 14 element compounds

Numerous imidazolium compounds are known in which
substituents are linked to the 2-position throughQbonds
[11]. In this section, only compounds directly obtained from
2,3-dihydroimidazol-2-ylidenel(and7) reactions are men-
tioned.

The alkylation of carbeneg is apparently a process
complicated by side reactions. With Mel, reacts to
form a mixture of the corresponding 2H-imidazolium io-
dide and the iodide salfl (R'='Pr, R=Me, RP=Me
[31]), while Etl gives71 (R1='Pr, R=Me, RR=Et and
CH(Me)Et [31]). On the other hand, the exclusive forma-
tion of the 2-methylimidazolium saltl (R = 3,5-MeCgHs,

R2 = C=CSiMe;, R®=Me [96]) from the reaction ofl and
Mel has been reported. The chloride saltZ bRl RZ = Me,
R3=CHX; [97]) are obtained with CHCIX (X=F, Cl) by

a complicated mechanism. This includes the formation of
2H-imidazolium salts and the methylene compour2IgR?,
R2=Me, X =F, Cl), which can be described as intermediates.
With CCly, hydrogen/chlorine exchange of the 4,5-positions
in 1 (R'=Mes, R =H) occurs in the first step, while an ex-
cess of C{ gives a mixture of73 (R=Mes, R, X=Cl,
chloride salt) and@1 (R =Mes, R =Cl, X = Cl) [98]. From

the reaction ol and 1,2-dichloroethane or hexachloroethane,
the 2-chloroimidazolium chlorideg3 (Rl =Me, Et, 'Pr,
RZ2=Me, X=ClI [24,99) have been isolated as the only
products (see also Chapter 9). The carb&n@!=Mes,

R? = H) also reacts with CBrto give the corresponding 4,5-
dibromocarben# (R = Mes, R = Br), while a mixture of the
imidazolium and 2-bromoimidazolium bromides is obtained
with 1,2-BrC,Hy4 [30]. The reaction ofl with CH, [100]
and with CH; [101] has been investigated by computational
methods.
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Nucleophilic aromatic substitution of fluorine substituents
has also been reported elsewhere. With pentafluoropy-
ridine, 1 reacts to give the HF salts 74 (Rl=Me,
'Pr, R=Me) from which the imidazole75 is obtained
through thermolysig102]. With 2-fluoro-1,3-diisopropyl-
4,5-dimethylimidazolium tetrafluoroboraté,gives the di-
cationic salt76 R='Pr, RR=Me [103]) after addition
of BFs3-Et;0. Acylation of 1 occurs with PhC(O)F to
give the fluoride sal77 (R ='Pr, R =Me), which gives
the corresponding complex salts on addition of 3BF
PhSiFs and PhSng [104]. Surprisingly, the dicationic ke-
tone 78 (R ='Pr, RR=Me [104]) is formed on reactind
with oxalylic chloride. The 2-cyanoimidazolium sal#®
(R'=Pr, R =Me, X = Cl, Ag(CN), [105]) are obtained from
the corresponding 2-chloroimidazolium salt and KCN or
AgCN.

F B
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79

The carbend readily reacts with carbon dioxide to give
the zwitterionic adduct80 (R*=Mes, Isi, R=H [106];
Rl='Pr, RR=Me [107]). Reversible carboxylation of the

carbenesl has been detected by use of thermogravimet-

ric analysis and crossover experimefit86] 80 reacts with
HX, [Et30]BF4, and SOGI/AICI3 to give the carboxylate
derivatives81 (R ='Pr, R=Me; X, Y=0H, Cl or BF;
OEt, BFy; Cl, AlICI4 [107]). The carboxylic chloride reacts
with methanol to give the est@1 ((R1='Pr, R=Me; X,

Y =OMe, CI[107]). Coordination of80 to TiCls gives the
dinuclear complexe82 and 83 (Rl ='Pr, 2= Me [108]).
The crystal structure &0 (R! = Me, R = H[109]), obtained
from the reaction of 1-methylimidazole with dimethyl car-
bonate, has been reported. The carboxyBgR!='Bu,
R?=H [110]) is also formed by the reaction afwith 1O,.
The parent compound0 (R, R?=H [111]) has been de-
tected by irradiation of imidazole-2-carboxylic acid in matrix
experiments.

837

Similarly, the carbon disulfide addudsg (R =Me, Et,
'Pr, R=Me[112], Rt =MeO(CH)2, MeO(CHp)s, R2=Me
[113]; R =3,5-MeCsH3, R = C=CSiMe; [96]) have been
obtained from isolated or in situ prepared carbelreesd CS.
Reduction o884 with potassium in tetrahydrofuran gives the
salts85 (R1=Me, Et,'Pr, R =Me [114—-116), which react
with Mel to give the 2-methyleneimidazolin®$ (R* = Et,
'Pr, R =Me [115]). Compound84 reacts with bromine to
give the salB87 (Rl ='Pr, R = Me [112]), while with iodine,
the charge transfer addug8 (R ='Pr, R = Me [112]) and
the dicationic sal89 (R ='Pr, RR=Me [112]) are formed.
The crystal structure @4 (Rl =Me, RR=H [117]) has been
reported previously.
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The formation 00 (R! = Ph, R =H [118]) from (in situ
prepared)l and phenyl thiocyanate was reported more than
30 years ago. Its alkylation with methyl iodide to give the salt
91 has been reportefd 19]. Similarly, the in situ prepared
carbene? gives the thiocyanate addu@® (Rl =Bz [120]).
With diisopropylcarbodiimidel] reacts to give the amidinate
93(R!L, R®='pPr, RR=Me[121]). Apparently, the reaction of
1 with carbon monoxid§l22] was subsequently found to be
false[123].
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There are only rare examples of 2-methyleneimidazolines
(6) formed directly from the carbends2-Haloimidazolium
halides (see also Secti@) react with malodinitrile to give
the olefins94 (R =Et, 'Pr; R2=Me [124]), while 95 (R,
R?=Me [124]) is obtained from6 and benzoyl fluoride.
The tetramethyl derivatives( R, R? = Me [125]) is obtained
through deprotonation of the corresponding pentamethylim-
idazolium salt[126], while the reaction ofl with dia-
zomethane gives the azine as the product of initial attack of
the carbene at the terminal nitrogen atom (see Chapter 7). The
chemistry of 2-methyleneimidazoline8)( which react with
electrophiles E to give compounds of typ6, has been re-
viewed elsewherf] (for more recent results sEE27-130).

The dipyridoimidazolyliden®7 is reported to bond to the
carbon atoms of carbon nanotulj@31].
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There has been considerable interest in the dimerisation of
imidazol-2-ylidenes, which have been investigated by com-
putational method$67,132] (for a comrehensive discus-
sion of theWanzlickequilibrium see[133]), and the dou-
bly bridged olefins, mentioned below, may also be formed
by the dimerisation of the corresponding dinuclear carbenes.
The equilibrium of1 with its dimer has been studied by
NMR and computational methodi$34,135] The dimerisa-
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tion of the benzimidazol-2-ylideng (R = Me, Ph), prepared (CHq ,,
in situ through deprotonation of the corresponding benzimi-
dazolium salts, has been known for more than 30 yida@).
More recent reports of the preparation38 (R =Me, Neo >_<
[65]) start from the corresponding thione or use alternative
cyclization reaction§l137]. (CHq)ﬂ
R R 102
/ \
N N
OrL~<T0
N N
;2 @H@
98
The bridged olefir®9 obtained from the thione reduction (CHQ),,
has also been report¢ii35]. The chemistry of the doubly 103
bridged olefins has been reviewed elsewHa8]. Com-
pound100 has been obtained from the electrochemical re- (CH,}“
duction of the dicationic salfl01 [139,140] The olefins
102 (n=3, 4) are prepared either by reduction, or depro-
tonation of the dicationic diimidazolium salt3 or 104 @: >_H ”_< :@
[139,141-143]Similarly, the olefinL05is obtained from the
salt106and sodium hydridf139]. Compoundd4.02and105 (CHE)-I
oxidize in air to give the corresponding ureaphanes (see Sec- 104
tion 8) [139,141-143]For 98 (R = Me[137]), 99[135] and
102(n=3[139,141-143), the formation of transition metal m
carbene complexes is reported. N N
4
N N.
@N N:© 7\ %
- Nl
H H
106
NK\N The carbenel reacts with Si4 and RSICl; to give
N -] the adducts07 (R =Me, Et,'Pr; R =Me [144]) and 108
l N> <K1 (RL=Et,'Pr; R =Me; R =Me, Ph[144]). With MesSil, the

salt109 (Rl = Et, R2 = Me [144]) is obtained. Compleg12

(R!, R?=Neo0[145,146) is obtained from the reaction of
100 the carbene’ (R!=Neo) with the silylenelll (R =Neo,
E =Si). Structure and bonding in the silylene addutB8
(R, R2=H [100]) was investigated by computational

101

methods.

1
2

R
/
IN>—SIC14

]07
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R? N | N )
\ R? \
109 R
116
Rl
R2 / F'
- e
SiR,0
I_ SnPh2CI2
RN
ki
110
117
Rl
Rt
N 2 /
Y NG\
|E
\N© I_ »—8ncl,
/ ) N
rl Ry
111 R!
118
= 2 The adductd 17(R! = Me, Et,iPr; R2 = Me [144]) are ob-
N ~ /N tained from the reaction dfwith Ph,SnCb. The reaction ot
_>—Si\_ with SnX; gives the complexes18(R! ='Pr, R = Me[144])
N N and 119 (R'='Pr, R=Me, R®=2,4,6!PrsCgH, [148)).
R! R! CompoundL20(R?, R? = Neo[109]) is obtained from the re-
112 action of the stannylengll (R =Neo, E = Sn) with carbene
7 (R'=Neo). Similarly,120 (Rl = Me, R2 = CH,CH,NMe,
R! [149]) is formed through the reaction 88 (R = Me) with the
R stannylenel11 (E = Sn, R = CHCH,NMey). Structure and
SiH bonding in the stannylene addu@1(R?, R? = H [100]) was
2
N N investigated by computational methods.
R? \
R! R!
113 R /
The adductl14(R! = Mes, R =H [147]) is formed from N SR
1 and Gej. When reacted with the germylefié1 (R = Neo, nR

E=Ge), the carben@ (Rl =Neo) gives the complet15

(R, R?=Neo[146]). Structure and bonding in the germylene

adduct118(R?1, R?=H [100]) was investigated by computa- ”9
tional methods.

rR! R!
R! \{ ‘}\1
1\
S Q<10
- \_
I>\—Ge-z Yol
N R!' R!
\
RI ]20

114
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The carbenel reacts with BPb=PbR to give the
plumbylene complexi22 (R1='Pr, R=Me, R®=24,6-
'PrsCsH> [150]). The adductl23 (R!, R2=Neo) has been
obtained from the reaction of the carbehgR! = Neo) with
the plumbylenel1l (R =Neo, E=PH146]). Structure and
bonding in the plumbylene addut®4 (R, RZ=H [100])
was investigated by computational methods.

7. Reactions with group 15 element compounds

There are only rare examples of 2,3-dihydroimidazol-
2-ylidene reactions from which carbon-nitrogen bonds are
formed. The carbend reacts with diazo compounds to
give the azined425(R! = Et, RR = Me [151], 126 (R = Mes,
R2=H [152]) and127 (Rl =Mes, R=H [152]). Similarly,

128 (R1=Me + Fc [47]) is obtained from the in situ pre-
pared carbeng. With HN3, the corresponding imidazolium
azides are formeflL51]. Trimethylsilyl azide reacts with

to give the iminel29(R! = Mes, R =H [152]) in low yield,

the source of hydrogen being unknown. A simple route to
129(R!=Me, R2=H [153]) not involving 1, consists of the
methylation of 2-amino-1-methylimidazole followed by de-
protonation. Its extended chemistry, including the synthesis
of the silyl derivative130 (R = Me, R2=H [153]), and fur-
ther compounds of the typd81and132 has been reviewed
recently[7,8] (for MO calculations se§r,8,100).

127

841
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The carbenel reacts with PE and PhPk to give the
phosphorane adduct$33 (R'=Mes, R=H [154]) and
134 (R'=Mes, R =H, CI [82]). With POC}, the salt135
(R1="Pr, R = Me[155]) is formed which is transformed into
the phosphenic chloride addu@6(R* ='Pr, R = Me [156])
and its acid137 (R ='Pr, R =Me [155]) by stepwise hy-
drolysis. With PSGJ, regioselective desulfurisation occurs
to give the corresponding thioB4R! = Me, Et,/ Pr, R = Me
[15]) and PC4.

>—p0c17 c
N
\
R

135

1

The cationic phosphanes38 (R'=Me, RR=H, X=Cl,
PFs [157]; R1='Pr, R=Me, X=Cl, AlCl4 [158]) are ob-
tained from the reaction of isolated, or in situ prepafieahd

PhpPCI. Different results have been obtained from hydrol-

ysis, apparently depending on the nature &f[B57,158]
CompoundL38(R! ='Pr, R = Me) reacts with EtOH to give
the corresponding imidazolium chloride and,PRELt; and
the phosphane selenid89 (R1='Pr, RR=Me, X =AICl,)
is formed with seleniunj158]. Reaction of138 (Rl ='Pr,
R2=Me, X=CI) with (PhCNYMCl, (M=Pd, Pt) gives

N. Kuhn, A. Al-Sheikh / Coordination Chemistry Reviews 249 (2005) 829-857

the neutral complexed40 and 141 (R1='Pr, RR=Me)
[159]. The carbene adductsi2 (R1='Pr, R=Me, X=Cl,
CFR3S0;[160]) are obtained from and the iminophosphines
Mes N =PX.
1
2

h
R N
| >~Pl>hq X
R3

N
\
Rl

138

1
2

/
RIN
R? N\

Rl
139

R!
R2 /
N

140

I

l4l

P(Se)Phq x

;U——-

PtCly

,—z\fz\,,_

1
2

/
R< N
| >~P(x )=—NMes"
N
R2 \

142

The cyanophosphiniden#43 (Rl =Me [161]) was re-
ported more than 20 years ago. The phosphinideigs
(Rl=Mes, R=H, R®=CRs, Ph[162]; Rl, R?=Me, RR=Ph
[163]) are obtained from the reaction dfand the phos-
phacycles (RP), (n=4,5). Compoundl44 reacts with
BHs-THF to give the borane addut#5 (R =Mes, R=H,

=Ph[164]). MO calculations ori44 have been reported

[100,165,166]
R
/
N
O
N
\ 1

143
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The carbend reacts with146 (R =!Bu) to give the olefin

147 (R, R? =Me), from which the tricarbonylmolybdenum

complex 148 is formed with (Nor)Mo(CO) [167]. Simi-
larly, the carben& (R!=Neo) reacts witHBuC=P to give
the olefin149 (R! = Neo), while with'PLNC=P, the olefin
150 (R =Neo) is formed168] 1 (R, R?=Me) reacts with
'Pr,NC=P to give the phosphinident51, from which the

zwitterionic saltsl52and153are obtained on treatment with

BH3-THF and aif169].

R
/
N NPr, N iPr, |
N
N p—P|
\ _
R! /N
o R]
N 'Ph
150
/\>N1P1‘2
Lo
\

N' Pl‘ﬁ
posn
152
N/wa Pr,
I >——o
153

The arsorane derivativé54 (R =Mes, R=Cl [82]) is
obtained from the reaction df with AsFs. 1 reacts with
the arsacycles (Bs), (n=4,6) to give the arsinidends5
(R!=Mes, R =H, R®=Ph, GFs[162]). MO calculations on
155(R?, R?, R3 [100]) have been reported. The reactioriof
with SbFs gives the stiborane addut$6 (R = Mes, R = Cl
[82]). The stibane derivativé57 (R' =Mes, R = CI [170])
is obtained from the reaction afwith Sb(CF)s.

1

R2
I AsFs
RZ

154

Z.._70

70/2‘

1
2

R
/
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\
Rl
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8. Reactions with group 16 element compounds

The carbened appear to be inert t80, attack under
normal conditions, while NO causes the complete oxidation
to the ureal58[62]. In contrast, oxidation by air occurs to
give the uread59-165with the corresponding carbenes or
their dimers[139,141-143] Structure and bonding df58
(R1=H, Me, R =H) has been investigated by computational
methodg7,100] O, reacts withl to give the correspond-
ing 1,2-diimine and the betairg0 (R ='Bu, R?=H) [110].
Slow hydrolysis ofl (R ='Bu, R2 = H) has been reported to
give the formamidel66 [62]; for further comments on the
hydrolysis se¢118] (The reaction ofl with D,O and 2,4,6-
trimethylphenol has been mentioned in Chapter 2). Thiones
3 and seloned form numerous adducts with halogens and
pseudohalogens (E=S, SHj7 and168), which have been
reviewed elsewherg] (for more recent work sgd71], see
also[172,173) and are not reviewed in this report.
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In addition to other synthetic routes (see ¢4J), thiones
3 (R'=Me, R°=H [174];, R'=Fc, R =H [51]) and their
benzimidazole derivative469 and 170 [47,120,175,176]

are obtained from the direct reaction of isolated or in
situ prepared carbenes with elemental sulfur or frém

(R1=Mes, Ad, B=H) and RES (E=As, Sb)[177] Sim-
ilarly, 3 is obtained from the reaction df (R1=Me, Et,
'Pr; R2=Me) with PSC} in quanitative yield§15] Dehy-

R
/
N -
>_§Clz
N
\
RI

X

17

The formation of a stable adduct from the reactiorlof

drogenation of the corresponding imidazolidin-2-thiones has With SO, [180] has subsequently been questioffegil]. The

also been reporteld.78] Structure and bonding & (R =H,

SO; adduct175 (R ='Pr, R = Me [182]) is obtained from

Me, R2=H [7,100) has been investigated by computational the reactionof the 2-chloroimidazolium chlorosulfite salt (see

methods. For calorimetric studies on the sulfur binding to

see[177].

R!
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N
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169

— —

\/N N\/

S
170

The carbend reacts with SGl and SOC] to give the
adduct171 (R1='Pr, R =Me [179]) from which the Sk
derivativel 72(R! ='Pr, R = Me[179)]) is obtained with AgF.
When reacted with SOg|| 1 gives the adduct73 (R ='Pr,
R?=Me [179]), from which the salil74 (Rl ='Pr, R =Me
[179]) is formed when reacted with Mel. For reactionslof
with sulfuric halides see Chapter 9.

Chapter 9) with aqueous KCNI75reacts with HX to give the
cationic acids176 (R ='Pr, R =Me, X = BF4, SbFs [155]).

h
2
k N
| »—so,
) N
R \
RI
175
Rl
2 /
R N
| SOH ' X
> N
R \
Rl
176

The selonegt (R'=Me, RR=H [173]; R =Me, Et,Pr,
R? =Me [183]) and177[176] are obtained from isolated, or
in situ prepared, carbenes and selenium. Structure and bond-
ing of 4 (R =Me, R =H [7]) has been investigated by com-
putational methods. Similarly, the tellonég8 (R = Mes,
R2=H, CI [98]; R'=Me, Et,'Pr, R=Me [184]) and 179
[176] are obtained from the corresponding carbenes and tel-
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lurium. 178reacts with iodine to giva80(R! = Et, R = Me
[185]), which is also obtained from the reactionlqR* ='Pr,
=Me) with Tels [186].

e a——
\ N /
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177
/R

2
B
j[ >:Te
2 N
R \
RE
178
——— —
AN /N\H/N\ V4
Te
179
Rl
2 /
R N )
| _>_IE|2
N
R? \
180

9. Reactions with group 17 element compounds

There are a couple of reports describing the reactidh of
with halogens or halogen compounds yielding the d8ts-
184. Weak interionic interactiorl@5 X = Cl, Br, 1) has been
discussed for the salts of “soft” anions. 2-Fluoroimidazolium
salts181 (R ='Pr, R =Me, X =Sk, SO:F [179]) are ob-
tained from1 and Sk or SOQF,. Anion exchange with
BF3-Et,0 is reported to give the Bfsalt (R ='Pr, B2 = Me,
X=BF4 [102]). For nucleophilc aromatic substitution In
see Sectio.

1
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Chloride salts 0182(R! = Mes, R = H[30,94} R = Mes,
R?=CI [98]; R =Me, Et,'Pr, R = Me [24,99)) are formed
from the reaction ol and CC}, [98], 1,2-CbCoH4 [24] and
C,Clg [30,99] or by thermal decomposition @6 (R?=H)
[94]. The structure of a hydrate salt has also been reported
[24]. Additional salts 0f182 (R1='Pr, R =Me, X =SQF,
SO,CI [179,187] PO,Cl, [188], AICI4 [24,30] 1/2TeCfk
[189], Ag(CN), [105]) are obtained from the reaction af
with SO,Cl, [187] or SGCIF [179], and from the reaction
of the chloride salts with S£[24], POCE (in the presence
of water)[188], AICl 3 [24,30], TeCl, [189], or AQCN[105].

The bromide salts ofl83 (R'=Mes, R=H, X=Br
[30,94} R1=1Pr, R =Me, X =Br[190]) are obtained from
the reaction ofl with Brp [30,190]or 1,2-BrC,H4 [30] and
by thermal decomposition &7 (R2=H) [94]. The crys-
tal structure of the solvate addut83 (R!='Pr, RR=Me,
X =Br-CBrg has also been report¢tO0]. The bromide salt
reacts with TeBy to give the corresponding TeBf190] and
TeBrg [189] salts (see Chapter 6 for the formation9a).

The iodide salts 0184 (R'=Mes, R =H [191]; Rl = Et,
R2 = Me [192]) are formed by reactingj with iodine. Reac-
tion of the saltsl84 with the carbend gives the iodonium
compounddl 86 (R'=Mes, R=H, X=1, BPh; [191]). The
triiodide salts184 (R ='Pr, RR = Me; X =13 [193]) and187
[27] are obtained by reacting the corresponding carbénes
with iodine. With GFsl, 1 forms the adduc188 (R =Ad,
R2 = H [194]), while adductLl89 (R ='Pr, R = Me [195]) is
obtained with Br—GF4—I.

Iix

YZ\z

m,zw

186
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Synthesis
K A Reaction of isolated or in situ prepared carbene
N _l with E or its derivatives
[_>_‘ I B Exchange of 2-substituents in imidazolium
N cations with E or its derivatives
C Chemical alterations in the E substituents of
©©© carbene adducts
D Further methods
187
};1 10. Table of Compounds
Rz
IN —CyF, Derivatives ofl (R1, R?) and7 (R!,—),8 and9, and further
. < : 2,3-dihydroimidazol-2-ylidenes are listed in the following ta-
R? \ ble if they are obtained from the corresponding carbenes or
ISSR their reaction products. See end of table for abbreviations.
R! F,C—CF, R!
R ?1'—1/ Br—By }\1 R?
- ~X
R2 I\{ },\J R2
R! 189 R'
E Rt R? Syn Instrumental analysis Ref.
H-0-2,6!Buy-4-Me—GH> Mes H A 1H, X-ray [61]
H-NPh Mes H A 1H, X-ray [61]
bH—Carlf PR~ Mes H A 1H, 13C, X-ray [26]
Ho tBu H A 1H,18¢C, IR [62]
Ho Mes H B 1H, 3¢, MS, IR [64]
Ho Neo - (A),D 1H, 3¢ [65]
22 - - A 1H, 13C, X-ray [70]
Li-Omes ‘Bu H A X-ray [68]
Li-N(SiMes), ‘Pr Me A 3¢ [71]
Li-1,2,4—(M&Si)3CsH2 tBu H A 1H, 7Li, 13C, 29si, X-ray [69]
Li-1,2,4-(M&Si)3CsH2 Ad H A 1H, 7Li, 13C, 2%si [69]
Li-1,2,4-(M&Si)3CsH> Mes H A 1H, 7Li, 13C, 29si [69]
Na—-N(SiM&) iPr Me A 3¢ [71]
K-N(SiMe3) Pr Me A 3¢ [71]
dBe(Carb)CI*Cl~ Me H A 1H, 9Be, 13C, 1N, IR, X-ray [75]
MgEt, Ad H A 1H, 13c, 15N, [76]
MgEt> Mes H A 1H, 13¢C, 15N, X-ray [76]
Mg(CsMes)» Me Me A 1H, 13C, X-ray [77]
Mg(1-*Bu-3-SiMeCsHz)» ‘Pr Me A 1H, 13c, MS [78]
Mg(Me4CsH) Pr Me A 1H, 13C, MS, X-ray [78]
Ca(GMes), Me Me A 1H, 13C, X-ray [77]
Ca(MeCsH), ‘Pr Me A 1H, 13C, MS, X-ray [78]
Ca(M&Cs'Pr), ‘Pr Me A 1H, 13C, MS, X-ray [78]
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E R! R2 Syn Instrumental analysis Ref.
Sr(GsMes)- Me Me A 1H, 13c [77]
Sr(GMes), ‘Pr Me A 1H, 13C, MS, X-ray [78]
Sr(GMes),(Carbf Me Me A 1H, 13¢, X-ray [77]
Ba(GMes)> Me Me A 1H, 13C, X-ray [77]
Ba(Me&;Cs'Bu), ‘Pr Me A 1H, 13C, MS, X-ray [78]
Ba(CGsMes),(Carb¥ Me Me A 1H, 3¢ [77]
BH3 Mes H A X-ray, MO [80]
BH3 Me Me A 1H, 11, 13¢c [79]
BHs Et Me A 1H, 11B, 13C, X-ray, MO [79]
BHs ‘Pr Me A 1H,11B, 13C [79]
BF3 Mes H A 1H, 11, 13C, 19F, X-ray [82]
BF3 Mes cl A 1H, 11B, 13C, 19F, X-ray [82]
BF3 Me Me A 1H, 11B, 13, 19F, X-ray [79,81]
BF3 (see39) D 1H, 13¢, 19F, MS, X-ray [33]
BEts Me Me D 1H, 11, 13c, MS [72]
B(CeH4SiMe,CH2CHoCFRs)4 Bu Me D 1H, 11B, 13C, X-ray [50]
BC1oH20N> (seed?) Me Me A 1H,11B, 13C, IR, MS, X-ray [83]
BC1oH20N> (see4?) Me Me A 1H, 11, 13C, IR, MS [83]
BC7Hg (see43) Me Me A 1H, 11B, 13C, MS, X-ray, MO [84]
AlH 3 Mes H A 1H, 13c, 15N, 27Al, X-ray [86]
AlH3 Isi H A 1H, 13C, IR, MS, X-ray [54]
AlH 3 ‘Pr Me A 1H, 13C,?7Al, IR, MS, X-ray [87]
AlH 3 (seed7) A 1H, 13C, IR, MS, X-ray [25]
AlMe3 ‘Pr Me A 1H, 13C, IR, X-ray [88]
Gahs Mes H A 1H,13C, IR, MS [64]
Gahs ‘Pr Me A 1H, 13C, IR, MS, X-ray [87]
Gahs (see50) A 1H, IR, MS [25]
Gab—Gak~ (CarbH)f Isi H A 1H, 13C, IR, MS, X-ray [53]
GaMes ‘Pr Me A 1H, 13C, IR, X-ray [88]
Ga(H)Cp 2 Me Me A 1H, 13C, MS, X-ray [89]
InH3 Mes H A 1H, 13C, IR, MS, X-ray [64]
InH3 ‘Pr Me A 1H, 13C, IR, X-ray [87,91]
InH3 (see55) A 1H, IR, X-ray [25]
InD3 Mes H A 1H, 13C, IR, MS [64]
InH,Cl Mes H A, C 1H, 13C, IR, MS, X-ray [64]
InCl3 Mes H C 1H, 13C, MS, IR, X-ray [64]
InCl3 ‘Pr Me A 1H,13C, IR, MS [55]
InClz(Carby ‘Pr Me A 1H, 13C, IR, MS, X-ray [55]
InCl4~ (CarbH")9 ‘Pr Me A 1H, 3¢, 19n, MS, IR, X-ray [55]
InBr3 Mes H A 1H, 13C, IR, MS, X-ray [54]
InBr3 Isi H A 1H, 13C, MS, IR, X-ray [54]
InBr3 ‘Pr Me A 1H, 13C, IR, MS, X-ray [55]
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E RI R? Syn Instrumental analysis Ref.
InBrz(Carby ‘Pr Me A 1H, 18C, IR, MS, X-ray [55]
InBrs~ (CarbH")® ‘Pr Me A IH, 13¢c, 119, MS, IR, X-ray [55]
63 - - A 1H, 18C, IR, MS, X-ray [25]
INBro—InBry(Carby Mes H A IH, IR, MS, X-ray [93]
64 - - A IH, IR, MS, X-ray [53]
70 - - A 1H, 13C, X-ray [95]
TICI3 Mes H A 1H, 18C, IR, MS, X-ray [94]
TICI3 Mes Br A - [94]
TICl3(Carb} Mes H A 1H,13¢, IR, MS [94]
TICI3 (see69) A IH, IR, MS [25]
TIBr3 Mes H A - [94]
Me'1— Xyl Syl A - [96]
CHR*CI- Me Me A 1H, 13¢C, X-ray [97]
CHR*BPhy~ Me Me C 1H, 13¢c [97]
CHChL*CI~ Me Me A H [97]
CHCL*BPh~ Me Me C 1H, 13C, X-ray [97]
Et'l- ‘Pr Me A, C 1H, 13C, X-ray [31]
CH(Me)Et 1~ ‘Pr Me C 1H, 13c [31]
CsNF4tHF, ™ (see74) Me Me A 1H, 13c, 19F [102]
CsNF4 HF, ™~ (see74) ‘Pr Me A 1H, 13c, 19F [102]
CsNF4*Cl~ (see75) ‘Pr Me C X-ray [102]
C11H20N22*(BF4)>~ (see76) iPr Me A 1H, 13¢C, 19F, X-ray [103]
CN*CI~ Pr Me B 1H,13C, MS, IR [105]
CN*Ag(CN)~ Pr Me B 1H,3C, MS, IR [105]
C(O)PHF~ ‘Pr Me A 1H, 13C, 1%F, IR, MS [104]
C(O)PHBF4~ ‘Pr Me A 1H, 13¢C, 1°F, IR, MS [104]
C(O)PHPhs SiF> — ‘Pr Me A IH, 3¢, 19F, IR, MS [104]
C(O)PHPh SNk ~ iPr Me A 1H, 13¢C, 19F, IR, MS, X-ray [104]
C(0)C11H20N22*Cly%~ (see78) ‘Pr Me A 1H, 18C, IR, MS, X-ray [104]
CO, H H D IR, MO [111]
CO Me H D X-ray [109]
CO, Mes H A 1H,18¢C, IR [106]
CO, Isi H A IH, 13C, IR, X-ray [106]
CO, ‘Bu H D - [110]
CO, ‘Pr Me A 1H, 13C, IR, MS, X-ray [107]
COOH'CI- iPr Me C 1H, 13c, IR, [107]
COOH'BF;~ iPr Me C 1H, 13C, 19F IR, [107]
COOMeCl- ‘Pr Me C 1H, 13¢, IR, [107]
COOEtBF4~ ‘Pr Me C 1H, 13¢, IR, [107]
COCI*'SOCk™ ‘Pr Me C 1H, 3¢, IR, [107]
COCIAICI 4~ ‘Pr Me C 1H, 13¢, 27al, IR, [107]
CO,-TiCly ‘Pr Me C IR [108]
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82 ‘Pr Me C H, IR, X-ray [108]
83 ‘Pr Me C IH, IR, X-ray [108]

CS Me H - X-ray [117]

CS Me Me A 1H,13C, IR, MS [112]

CS Et Me A 1H, 13C, IR, MS, X-ray [112]

CS ‘Pr Me A H, 13C, IR, MS [112]

CS (CH,),OMe Me A 1H, 13C, MS, X-ray [113]

CS (CHp)30Me Me A 1H, 13C, MS, X-ray [113]

CS Xyl Syl A - [96]

CSBr*Bra~ ‘Pr Me C 1H, 13C, X-ray [112]

CS -l ‘Pr Me C 1H, 13C, MS, X-ray [112]
89 ‘Pr Me C 1H, 13c, X-ray [112]

C(S)NPh Ph H A IH, IR [118]

C(S)NPh Bz H A 1H, 1%C, IR, MS [120]

C(SMe)NPHI~ Ph H A H, IR [119]

C(N!Pr), ‘Pr Me A 1H, 13C, IR, MS, X-ray [121]

CH» Me Me C 1H, 13C, MS, X-ray, MO [7,125]
147 Me Me A 31p, MO [167]
148 Me Me C X-ray, MO [167]
149 Neo - (A) 1H, 13¢, 31p, MS, X-ray [168]
150 Neo - (A) 1H, 13¢, 31p, MS, X-ray [168]
98 Me - A, D 1H, 13c, X-ray, UV, MS [65,136,137]
98 Neo - A 1H, 13C, X-ray [135]
99 - - A 1H, 13C, X-ray [135]
100 - - A 1H, 13C, IR, UV, MS X-ray, CV [139,140]
102(n=3) - - A 1H, 13¢c [141-143]
102(n=4) - - A 1H, 13¢c [141-143]
105 - - A 1H, 13¢c [139]

CCl, Mes cl A 1H, 13C, X-ray [98]

CS? 2K* ‘Pr Me C H [114]

CS?% K*-2THF ‘Pr Me C X-ray [114]

C(SMe) Et Me C 1H, 13¢c [115]

C(SMe) ‘Pr Me C 1H, 13¢c [115]

C(CN), Et Me B 1H, 13C, IR, MS, X-ray [124]

C(CN) ‘Pr Me B 1H, 13C, IR, MS, X-ray [124]

C[C(O)Php Me Me C 1H, 13C, IR, MS, X-ray [124]

SiCly Me Me A 1H, 13c, 2%s;i [144]

SiCly Et Me A 1H, 13C, 29Si, X-ray [144]

SiCly ‘Pr Me A 1H, 13c, 29s;j [144]

SiMexCl, Et Me A 1H, 13c, 29g; [144]

SiMexCl ‘Pr Me A 1H, 13C, 29 [144]

SiPhCly Et Me A 1H, 13c, 2% [144]
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SiPhCly Pr Me A 1H, 13c, %s;j [144]
SiMez*1~ Et Me A 1H, 13c, %s;j [144]
112(R!, R?=Neo) A, C 1H, 13c, 295j, MS, X-ray [145,146]
Geb Mes H A 1H, 13C, X-ray [147]
115(R?, R?=Neo) A 1H, 13C, MS, X-ray [146]
SnPhCly Me Me A 1H, 13c, 119%n [144]
SnPhCls Et Me A 1K, 13¢c, 119 [144]
SnPhCly iPr Me A 1H, 13¢c, 1193, X-ray [144]
SnCh ‘Pr Me A 1H, 13, 1193, X-ray [144]
Sn(2,4,6tPr3CgHo)- ‘Pr Me A 13¢c, 1193, X-ray [148]
120(R?, R?=Neo) - - A 1H, 13c, 119%n, MS, X-ray [146]
120(R! = Me, R2 = CH,CH,NMey) C X-ray [149]
Pb(2,4,6tPr3CeH2)2 Pr Me A X-ray [150]
123(R%, R?=neo) A 1H, 13C, IR, MS, X-ray [124]
NNCH, Et Me A 1H,13¢c, Ms [151]
NNCPh Mes H A 1H, 13C, IR, MS, X-ray [152]
NNC;3Hg (seel2?) Mes H A 1H, 13C, IR, MS, X-ray [152]
128 - - A 1H, 13C, IR, MS, CV [47]
NH Me H D 1H, 13¢C, MS, X-ray, MO [7,153]
NH Mes H C H, *C, IR, MS [152]
NSiMe; Me H C H, 3¢, Ms [153]
PR Mes H A H,13c, 19 31p [82]
PFs Mes ClI A IH, 13C, 1F, 31p, X-ray [82]
PPhR Mes H A 1H, 13c, 15N, 19F, 31p, X-ray [154]
POCb*CI~ ‘Pr Me A 1H, 3¢, 31p [155]
POCI ‘Pr Me C 1H, 13¢, 31p, X-ray [156]
POzH iPr Me C 1H, 13¢, 31p, MS, X-ray [155]
PPh*CI~ Me H A 1H, 13c, 31p [157]
PPh*PRs™ Me H C 1H, 13¢C, 19F, 31p [157]
PPh*CI~ Pr Me A 1H, 3P, MS [158]
PPh*AICI4~ ‘Pr Me C 1H, 13¢, 27Al, 3P, MS, X-ray [158]
P(Se)Ph*AICI4~ ‘Pr Me C 1H, 31p, 77se, MS [158]
PPhPdCk iPr Me C 1H, 13¢, 31p, X-ray [159]
PPhPtCh Pr Me C 1H, 13c, 31p, 195pt [159]
P(Cl)=NMe$ Pr Me A 31p, IR, X-ray [160]
P =NMes*CF3S0;~ ‘Pr Me A 19r 31p IR, X-ray [160]
PCN Me - C 1H,31p, IR, UV, X-ray [161]
PCR Mes H A 1H, 13c, 19F, 31p, MS, X-ray, MO  [162,166]
PPh Mes H A 1H, 13c, 15N, 31p, X-ray, MO [162,166]
PPh Me Me A 1H, 13¢c, 15N, 81p, X-ray, MO [163,166]
PPh(BH)2 Me Me C 1H, 13¢c, 15N, 31p, X-ray [164]
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151 - - A 1H, 13¢, 31p, MS [169]
152 - - C 1H, 13¢, 31p, MS, X-ray [169]
153 - - C X-ray [169]

AsFs Mes o] A 1H, 13¢, 19F, X-ray [82]

AsPh Mes H A 1H, 13C, MS, X-ray [162]

AsCsFs Mes H A 1H, 13¢C, 19F, MS, X-ray [162]

SbFs Mes cl A 1H, 13¢, 19F, X-ray [82]

Sb(CR)3 Mes cl A 1H, 13C, 19F, X-ray [170]

o ‘Bu H A H,3c, 170, IR, MS, X-ray [62]
159 - - A 1H, 13C, IR, X-ray [141,143]
160 - - A 1H, 13C, IR, X-ray [141,143]
161 - - A 1H, 3C, IR [143]
162 - - A IH,13c, IR [143]
163 - - A 1H, 13C, IR, X-ray [143]
164 - - A 1H, 13C, IR, X-ray [142,143]
165 - - A IH, IR [139]

S Me H A 1H, X-ray, MO [7,174]

S ‘Bu H D X-ray [178]

S Mes H A X-ray [177]

S Ad H A X-ray [177]

S Fc H A 1H, 13C, IR, MS, CV, X-ray [51]

S Me Me D 1H, 13C, X-ray [4,196]

S Et Me D 1H, 13c [4]

S ‘Pr Me D 1H, 13¢ [4]
169(R!, R?=Bz) - - A 1H, 13¢ [120]
69 (R'=Me, R =Fc) - A, 1H, 3C, IR, MS, CV [47]
169 (R =Me, R2=CH,Fc) - A 1H, 18C, IR, MS, X-ray [175]
170 — — A 1H, 13¢, IR, MS, CV, MO [176]

Sk 'Pr Me C 1H,19F [179]

SCh ‘Pr Me A 1H, 13C, MS, X-ray [179]

SOCbh ‘Pr Me A 1H, 13C, MS, X-ray [179]

S(OMe)Ch*I~ ‘Pr Me C 1H, 13¢c [179]

SO; iPr Me B 1H, 13C, IR, MS, X-ray [182]

SOsH*BF4~ iPr Me C 1H, 13¢c, 19 [155]

SO3H*SbFRs™ Pr Me C X-ray [155]

Se Me H A 1H, 13C, IR, X-ray [173]

Se Me Me A 1H,13¢, "se [183]

Se Et Me A 1H,13¢, "se [183]

Se ‘Pr Me A 1H, 13C, ""se, X-ray [183]
177 - - A 1H, 13C, IR, MS, CV, MO [176]

Te Mes H A 1H, 13¢, 125Te, X-ray [98]

Te Mes cl A 1H, 13¢, 1251¢ [98]
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Te Me Me A 1H, 13¢, 125Te [184]
Te Et Me A 1H, 13¢, 1251¢ [184]
Te ‘Pr Me A 1H, 13¢, 125Te, X-ray [184]
179 - - A 1H, 13C, IR, MS, CV, MO [176]
Telp Et Me C 1H, 13C, X-ray [185]
Tel, ‘Pr Me A 1H, 13¢C, 125Te, X-ray [186]
F*SRK~ ‘Pr Me A 1H, 13¢, 19F, X-ray [179]
FF'SOF ‘Pr Me A IH, 13¢, 19F, X-ray [179]
F'BF;~ iPr Me C 1H, 13¢c, 19 [102]
cl*cl- Mes H A, B 1H,13¢, IR, MS [30,94]
CI*ClI=-MeCN Mes H (© X-ray [30]
cl*cl- Mes Cl A 1H, 13C, X-ray [98]
cl*cl- Me Me A 1H, 13¢c [24]
cl*cl- Et Me A 1H, 13¢c [24]
cl*cl- iPr Me A 1H, 13C, X-ray [24,99]
CI*CI-H,O~ ‘Pr Me C IH, X-ray [24]
CI*SOF~ Pr Me A 1H, 13c, 19F [179]
CI*SO,CI- ‘Pr Me A C 1H, 13C, IR, X-ray, MO [187]
CI*POCly~ ‘Pr Me C 1H, 13¢, 31p, X-ray [188]
CI*CN~ ‘Pr Me B 1H,18¢C, IR [105]
CI*Ag(CN)>~ ‘Pr Me B IH, 13C, IR, X-ray [105]
CI*AICI4~ Mes H C 1H, B3C, IR, MS, X-ray [30]
CI*AICI4~ ‘Pr Me C 1H, 13c 27Al [24]
Cl*1/2TeCk?~ ‘Pr Me C 1H, 13C, X-ray [189]
BrtBr- Mes H A, B 1H,13¢, IR, MS [30,94]
BrBr—-3 MeCN Mes H (©) X-ray [30]
BrtBr- ‘Pr Me A 1H, 13C, X-ray [190]
Br*Br—-CBrs ‘Pr Me C X-ray [190]
BrtTeBrs~ iPr Me C 1H, 13C, X-ray [190]
Brt1/2TeBg?~ ‘Pr Me C 1H, 13C, X-ray [189]
1= Mes H - X-ray [191]
1*1- Et Me A IH, X-ray [192]
1*1- ‘Pr Me A X-ray [190]
*13~ ‘Pr Be A 1H, 13C, X-ray [193]
187 - - A 1H, 13C, X-ray [27]
I*"BPhy— Mes H - 3¢, X-ray [191]
I*Carbi® Mes H A 3¢ [191]
I*CarbBPR—¢ Mes H A 1H, 13C, X-ray [191]
ICeFs Ad H A 1H, 13c, 1N, 19F, X-ray [194]
189 ‘Pr Me A 1H, 13C, X-ray [195]

Me = CHg, Et = GHs, Pr=n-CgH7, *Pr =iso-CzH7, !Bu =tert-C4Hg, Neo = CHCMes; Bz = CH,CgHs: Fc = GsHaFeGsHs; Ph = GsHs, Mes = 2,4,6-MgCgHo,
Mes' =2,4,6¢BusCgHa, Isi=2,6¢PrCgHs, Cp = CsMes; Xyl = 3,5-MexCgHs; Syl = C=CSiMes; PCarb =1 (R! = Mes, R = H); dimeric in the solid state;
dcarb=1 (R'=Me, RR=H); ®Carb=1 (R!, R?=Me); ‘Carb=1 (R =Isi, R =H); 9Carb =1 (R = *Pr, R = Me).
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11. Concluding remarks

Owing to high negative charge density at C2 and the sta-
bility of imidazolium ions, 2,3-dihydroimidazol-2-ylidenes
react readily with electrophilic centres of most of the main

group elements, and form stable adducts. In many cases,

those compounds are the first known complexes with neutral
ligands for these centres. In general, 2,3-dihydroimidazol-2-
ylidenes:

(a) react as strong nucleophilegcheme };

(b) reactas strong reducing agents (X e.g. halogens) or bases

(X=H) (Scheme P, and

(c) exhibit ylidic structures and properties with doubly
bound substituents (X e.g. chalcogens, NRoLC& the
2-position Scheme B
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