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3-Lithiated 4-tert-butyl-imidazoI-2-ylidene, 3-lithiated 4-tert- 
butyl-thiazol-2-ylidene, and the ZnBr species of the latter, 
are shown to be stable carbenes by X-ray crystal structure 
determination. The crystal data are confirmed by 13C-NMR 
investigations in solution and quantum-chemical calcula- 
tions. The exceptional stability of these acyl anion equiva- 

lents is due to the p(7c) stabilization of the carbene carbon 
atoms by the adjacent amino (thio) substituents, as is also the 
case in the structurally related stable carbenes, which have 
recently been isolated for the first time by A. J. Arduengo I11 
et al., and in stable nitrenium ions, as found by our group. 

Introduction 

Nucleophilic acylation with compounds of type 1 
(Scheme 1) have intrigued chemists since the beginning of 
this century" -'I. Although at least acyl(forniy1)lithiurn spe- 
cies, l a  (M = Li), are easily accessible by reaction of orga- 
nolithium reagents, RLi, with carbon monoxide, CO. at low 
temperatures, and 1 b by carbonylation of lithiated amines, 
R2NLi. (or by deprotonation of formamides, R2NC(0)H, 
with a lithium base). the trapping of 1 with electrophiles 
E+ to give the desired products, 2, was successful only in 
very rare cases (e.g. with R being sterically hindered)lll (see 
Scheme 1). 
Scheme 1 
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M - LI, Na. K, MgHal. 

In general, dimeric species, 3, (and derivatives thereof) 
have been isolated instead, even at temperatures as low as 
- 120"C[']. This strongly suggested an intermediate, struc- 
turally and chemically different from I ,  being either the 
metal-bridged, l', or even the carbene isomer, 1". Both, 1' 
and 1", would be consistent with the facile formation of 3. 

Theoretical investigations have first been concerned with 
structures and energies of carbonyl anions, -CHO[4"31r1. 

More relevant are the calculations of MCHO species with 
M = Li, Na. HBe, HMg and H2A1[4b]. In LiCHO. which is 
of foremost interest to this work, a Li atom bridges the 
elongated carbon-oxygen bond (as in l'), and the com- 
pound has "strong carbene Calculations of 
the C-lithiated carbamoyl species, LiC(NMe2)0, led to a 
similar result["]. 

The synthetic problems resulting from the undesired car- 
bene-like reactivity of acyl (formyl) metal compounds have 
been solved by two routes; the concept of u ~ n p o l ~ n g [ ~ ]  is 
complemented by the use of more stable crcyl (formy/) anion 
equivulents. In the following, we will deal with the latter. 
After a short survey on acyl (formyl) anion equivalents and 
their candidacy for the elucidation of their structure we will 
report on the X-ray crystal structures of three stable acyl 
(formyl) anion equivalents and discuss the question whether 
they are of the structural type 1, show strong carbene 
character like l ' ,  or indeed, are carbenes like 1". Finally 
we address the structural relationship between stable acyl 
(formyl) lithium equivalents and stable carbenes. 

Acyl (Formyl) Anion Equivalents 
Lithiated aldimines, 4, which are easily formed from iso- 

cyanides R'NC and RLi are much more stable than their 
oxygen analogues, 1.  They react with electrophiles, E+, to 
give 5 which are hydrolised to the envisaged products, 2 
(Scheme 2)L61. 

Scheme 2 
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Surprisingly, compounds, 4, are only rarely used in syn- 
thesisI61. So far, there is also no report of their structure in 
the literature. 

Scheme 3 

11 11 

A more widely studied, as well as synthetically used, 
group of acyl (formyl) anion equivalents are metalated het- 
erocyclic five-membered ring compounds of the types 
6-10, see Scheme 3. C2-lithiated oxazolines, 6 (and substi- 
tuted derivatives of 6), react with electrophiles at C2 to give 
the expected products, which on acidic workup lead to the 
corresponding carbon acids. In most cases, however, the 
ring-opened isocyanides 6', or a mixture of 6 and 6', are 
trapped17]. In other cases, facile decomposition of 6 by re- 
tro-l,3-dipolar cycloaddition is observed[7hJ]. 

In the case of lithiated oxatoles, 7. an even faster ring- 
opening takes place to give 7'rS1. We have determined the 
structure of the diethyleneglycol dimethyl ether (diglyme) 
complexed dimer [7'(M = Li) . diglymeI2 by X-ray crystal- 
10graphy[~]. 

I Me 

Trapping with electrophiles of either 7 or 7' from the 
equilibrium 7 + 7' depends strongly 011 the nature of the 
electrophile E+ and the gegenion M ' (Li- or ZnHal+)rs]. 

2-Lithio-benzothiazole 8 was one of the first acyl(form- 
y1)lithium equivalents used in synthesis['*]]. The racile re- 
duction of the C-S bond makes 8 an especially useful for- 
my1 anion equivalent. However, elimination to give 8' again 
takes place rather easily. Apparently, and understandably, 
this occurs to a lesser extent with 2-hthio-thiazole 9[111. 
which should therefore be a good candidate for the struc- 
ture elucidation of an acyl anion equivalent. 9, as well as 2- 
trimethylsilyl-thiazole['21 have been used with great success 
by Dondoni et al. as formyl anion equivalents in stereose- 
lective synthe~es1'~J. The latter, however, is not an appropri- 
ate model for our goal. 

2-Lithiated imidazoles, 10, have rarely been used as acyl 
(formyl) anion equivalents in organic synthesis["]. Since the 
ring opening reaction to give 10' is not reported to be a 
major problem in that ca~e [ '~ . ' ~ ] ,  10 is also of interest for 
this study. 

An X-ray crystal structure determiiiation of a compound 
of the type, 6-10, had not been reported at the outset of 
our investigations. Here we report on the crystal structures 
of two metalated thiazoles, 9 with M = LiCL6] and ZnBr, 
respectively, and of a lithiated imidazole, 10. 

Results and Discussion 
Crystal Structure of (1-Methyl-3-lithium-4-twt-butyl-imidazol-2- 
ylidene)4 . Li20 - LiOCH3 LiOCH2CH20CH3 1(12)4 * Li,O 
LiOCH3 * LiOCH2CH20CH31 

(12), . Li20 . LiOCH3 . LiOCH2CH20CH3 was prepared 
from 1 -methyl-4-tcrt-butylimida~ole (1 1) with methyllith- 
ium in fert-butyl methyl ether and diethyleneglycol dimetliyl 
ether (diglyme) at 20°C (Scheme 4). 

Scheme 4 

The tert-butyl substituted 1 1  was found to be the only 
imidazole derivative which upon deprotonation led to crys- 
tals suitable for an X-ray crystal structure analysis. Interest- 
ingly, the lithiated 12 crystallized only in the presence of 
lithium oxide Li20, lithium methanolate LiOCH3, and lith- 
ium (2-methoxy)-ethanolate LiOCH2CI120CH3. Li20 is 
part of the CH3Li solution, LiOCH3 is formed from the 
two ether solvents by fi-and/or a-elimination with 
CH3Li["l. and LiOCH2CH20CH3 results similarly from di- 
glyme. We have isolated and structurally characterized two 
different modifications of (12), . Li20 . LiOCH3 . LiOCH2- 
CH20CH3, namely monoclinic crystals of the space group 
P2,/c, 2 = 4 (Figure 1) and of the space group P21/n, 2 = 

4 (Figure 2). 
Undoubtedly, the massive accumulation of Li and 0 

atoms in the core of these supramolecules plays a significant 
role for the formation of the two crystal structures. In both 
cases the lithiated 1 -methyl-4-tert-butylimidazole molecules, 
12, together with the alkoxide molecules form a hydro- 
phobic shell which surrounds the polar Li and 0 centers. 

As one can see from Figure 3, which shows the four dif- 
ferent lithiated imidazoles 12 of the asymmetric unit of the 
P21/c modification (Figure 1) and their next Li neighbors, 
the imidazole anion N11 -C11 -N12-C13-C12 has three 
bonds to three lithium atoms, N21-1221 -N22-C23-C22 
has four bonds to three lithium atoms, and N3 1 - C3 1 - 
N32-C33-C32 as well as N41-C41-N42-C43- 
C42 have five bonds to four lithium atoms. 

The NI 1(21,31,41)-Li bonds are distinctly shorter 
(mean value 208.7 pm) than the lithium bonds to the car- 
bene C atoms C1 1(21,31,41) (mean value 230.6 pm). Since 
the individual, as well as the mean values, of the N(C)-Li 
bond lengths in the P21/n modification (Figure 2) are rather 
similar (mean values: N-Li 209.0 pm; C-Li 231.7 pm) to 
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the ones given above, we have omitted a detailcd listing of 
the numbers and an illustration of these anion-Li+ interac- 
tions here. 

Bond distances and angles within the imidazole anion 
rings of the two modifications of (12j4 . Li30 . LiOCH3 . 
LiOCH2CH20CH3 which are significant for the evaluation 
of the carbene nature of 12, are summarized in Table 1.  

Figure 2. Crystal structure of the monoclinic (12), LizO LiOCH3 
. LiOCH2CH20CH3, space group P21/n, Z = 4. The carbon labels 

have been omitted for clarity 

What is the significance of the bond lengths and bond 
angles within the imidazole anions (Table 1) and the bond 
lengths of the bonds between the Li cations and these 
anions (Figure 3)? Are these structural data consistcnt with 
12 being acyl(formy1)lithium equivalents with carbene 
character? If this is indeed the case, then the structural 
changes on going from the imidazole, 11, to the lithiated 
imidazole, 12, should be comparable to those observed in 
the transformation of imidazolium cations such as 13 into 
imidazol-2-ylidenes such as 14, the first stable carbenes 
which have been prepared and structurally characterized by 
.4. J. Arduengo 111 et al.~'sl (see Scheme 5[19.201). 

Table 1. Bond lengths [pm] and angles ["I in [(W, . Lizo ' LiOCH, 
LiOCH2CH20CH3], space group P2,/u, Z = 4. and P21/n, 2 = 

4, respectively 

P2,k mean value P 2 h  mean value 
NI1-CII 136.5 '"1-Cl" 136.7 "NI-Cl" 
N21-C21 
N31-C31 
N41-C41 
N12-Cll 
N22-C21 
N32-C3 1 
N42-C41 
N1 I-C 1 1-N 12 
N2 1-C21-N22 

N41-C41-N42 
N3 1-C31-N32 

136.2 136.8 
137.2 
137.5 
137 9 "N2 - C1" 
137.1 137.5 
138.2 
137.0 
105.5 "NI-Cl-N2" 
105.9 105.2 
104.3 
105.5 

136.4 137.2 
138 2 
137.4 

137.3 1375 
138.9 
137.1 
105.1 '"1-C1-NZ" 
1054 104.9 
104 2 
105.1 

136.9 "N2 - C1" 

Scheme 5 

+d x- f d  

Y1 Ad = adamantyl y1 
base 

Ad 
13 

Ad 
14 

The uhsolute values of the bond lengths to. and the bond 
angle at, the carbene carbon atoms in 12 and 14 are of 
special interest. Since the structural data for the terf-butyl 
substituted 11 are unknown. we have had to use those of 
the unsubstituted imidazole, 15L21]. 

In Table 2 the significant bond lengths (pm) and angles 
(") of the imidazolium cation, 13, and the imidazol-2-ylid- 
ene, 14, are listed together with the changes on going from 
13 to 14['8a]. 

Most significantly, the N1 -C2 and C2-N3 bonds in the 
carbene, 14, are longer. while the angle at C2 is inuch more 
narrow than in the cation 13. As one can see from Table 
3, exactly the same trend is observed if one compares the 
structures of the imidazole, 15 (the model for 11).  with 
those of the lithiated imidazoles, 12 

The N2-C1 and C1-Nl bonds in the four different li- 
thiated imidazole molecules, 12, are longer and the 
N2-Cl-N1 bond angles narrower, than in 15. Conse- 
quently, the lithiated imidazoles, 12, should also have at 

15 - a structural model for 11 
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Figure 3. Bonding of the Li cations to the four different 1-methyl-4-teut-butyl-imidazole anions of the as mrnetric unit in the crystal 
structure of (12), . Li20 . LiOCH3 . LiOCH2CH20CH3, P2,lc, Z = 4 (Figure l$l 

cl6 

C18 

' . .  0'". . . .. 

C24 

471 

c4e2 

C I B I  

[a] The bond lengths [pm] are as follows: Nll-Cll-N12-C13-C12: N11-Lil 195.5(5), C11-Li2 220.8(5), Cl IbLi7  235.4(5). 
N21-C21-N22-C23-C22: N21-Li3 209.3(5), N21-Lil 213.2(5), C2I-Lil 221.5(5). C21-Li8 220.2(5). N31-C31-N32-C33-C32: 
N31-Li7 217.4(5), N31-Li4 203.5(5). C31-Li4 240.9(6), C31-Li8 234.0(6); C31-Li6 225.0(5). N41-C41 -N42-C43-C42: N41-Li4 
204.3(5), N41-Ii6 217.7(5), C41 -Li6 246.5(5). C41 - L i b  238.6(5), C41 -Li2a 223.7(5). 

Table 2. Bond lengths [pm], bond angles ["I, and differences thereof, 
in 13 and 141'*"] 

13 14 A[14-13] 
Nl-C2 133.2 137.3 4.1 
C2-N3 132.9 136.7 3.8 
Nl-C2-N3 109.7 102.2 -7.5 

Table 3. Bond lengths [pm], bond angles ["I, and differences thereof. 
in 15 and (12), . Li20 . LiOCH3 . LiOCH2CH20CH3. P2Jc, 2 = 
4, and P2,/n, Z = 4. The bond lengths of the two species in the 

same line correspond to each other 

15PI ( ~ ~ ) ~ ~ L ~ ~ O ~ L ~ O C H ~ ~ L ~ O C H ~ ~ H ~ ~ C H ~ O C ~  A["(l2),"-15] 
~211~"'  ~ 2 ~ / d ' '  P ~ J C  ~ 2 l / n  

Nl-C2 135.8 "N2-C1" 137.5 137.5 1.7 1.7 
C2-N3 133.3 TI-N1" 136.8 137.2 3.5 3.9 
Nl-C2-N3 111.8 '"2-C1-N1" 105.2 104.9 -6.6 -6.9 

pa] Mean values. see Table I .  

least strong carbene character (such as 1'1, or even be car- 
benes (such as 1"). 

At this point it is necessary to return to Figure 3, which 
shows that in the lithiated imidazoles, 12, it is not only one 

Li cation which is bonded to one anion, e.g. to Nl1 (N21, 
N32, N41), but due to the supramolecular crystal structures 
of (12)4 . LizO . LiOCH3 . LiOCH2CH20CH3, P21/c (P21/ 
n). there are also interactions between Lit ions and the car- 
bene carbon atoms C11 ((121, C31, C41). The influence of 
the different (Lewis acidic) lithium cations on the carbene 
structure of the lithiated imidazole. 12, must therefore be 
considered. 

Arduengo and Tam["] have studied the influence of a 
Li+ Lewis acid on the structure of an iniidazol-2-ylidene. 
thus allowing a comparison of the structures of the free 
species with the Li+-complexed carbcne. Lf 1,3-di-terf-butyl- 

16 17 
R - (2,4,6-&irnethyl)-phenyl 
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imidazol-Zylidene (16) is treated with lithium (2,4,6-tri- 
methyl)phenolate, the complex 17 is formed. 

The X-ray crystal structure determinations of 16 and 17 
reveal that the Nl-C2 and C2-N3 bond lengths in 17 
(136.9 and 136.6 pm respectively) are essentially the same 
as in 16 (136.7 and 137.3 pm, respectively). This is also true 
for the Nl-C2-N3 bond angles: 102.8" in 17 and 102.2" 
in 16. Thus, a Li+ Lewis acid has only a marginal influence 
on the structure of  "uncharged" imidazol-2-ylidenes such 
as 16. If this is similarly the case for the lithlated imidazol- 
2-ylidenes, 12, and their interactions wih lithium cations, 
then the structural changes observed in the transformation 
of 11 to 12, and thus the carbene structure 12, must clearly 
not result from the additional Li-cation interactions with 
the carbon atoms of the Li-imidazol-2-ylidenes, 12. Rather, 
it is the inherent carbene nature of the acyl(formy1)lithium 
equivalents, 12, which is essentially unaffected by the ad- 
ditional interaction with the Li+ Lewis acids. 

A cornprison of the absolute bond lengths in the carbene, 
14, with those in the "lithiated carbenes", 12, confirms the 
carbene nature of 12: N1 -C2 (14) is 137.3 pm long (Table 
2); the corresponding bonds N2-Cl in 12 amount to 137.5 
(137.5) pm (Table 3). C2-N3 (14) is 136.7 pm long (Table 
2); the corresponding bonds C1-N1 in 12 amount to 136.8 
(137.2) pm (Table 3). Thus, the N-C bonds to the carbene 
C atoms in 14 and in the lithiated 12 are practically identi- 
cal. The bond angles at the carbene carbon atoms are 
slightly different: 14: 102.2" (Table 2); 12: 105.2 (104.9)' 
(Table 3). The widening in the lithiated 12 might be caused 
by some o h  polarization at the lithiated nitrogen atom in 
12 (Nl), which leads to a stronger shift of n-density from 
N1 to the carbenc carbon atom CI. Imidazol 15, which 
has an NC double bond between the corresonding atoms 
(C2-N3, 133.3 pm), has an angle Nl-C2-N3 of 111.8" 
(Table 3). 

In this context it is also interesting to mention the influ- 
ence of transition metals (metal fragments) in carbene com- 
plexes with imidazol-2-ylidenes such as 14 or 16 on the 
structure of the carbene part. It has been found that the 
N-C-N bond angles are slightly widened from 101 - 102" 
to 103- 105'[1x-20]. Furthermore, the X-ray data suggest a 
trend towards a shortening of the Ccarhene-N bonds in the 
carbene complexes, although the suggested trent cannot be 
regarded as proven['9"]. The other bond lenghts and angles 
are essentually unaffected. Thus, complexation with tran- 
sition metals also has no dramatic influence on the struc- 
ture of iniidazol-2-ylideneq. 

Crystal Structure of [3-Lithium-4-teri-butyl-thiazol-2-ylidene - 
Glycoldimethyl EtherIz (119 - glymelz) 

[19 . glymeI2 was formed from 4-tert-butylthiazole (18) 
by deprotonation with methyllithium in diethyl ether, gly- 
coldimethyl ether (glyme) and tert-butyl mcthyl ether. 

The dimer structure of [19 . glymeI2 is shown in Figure 4. 
Since the recent publication of our short communication 

on [19 . gly~ne]~[ '~]  Arduengo et al. have been able to deter- 
mine both the X-ray crystal structure of the thiazolium cat- 
ion 20, as well as the thiazol-2-ylidene 21r2?1. 
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CH3Li, -75 t o - 5 0 " L  ku 
tBu)$k-H Et20, glyme 

- t-BuOCH3 

18 

Figure 4. Crystal structure of [19 glyrneI2 
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7 

5 2  

5 
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S l  15 

12 14 
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20 21 

R = 1 -(2,6-diisopropylphenyl) 

22 

It is of interest to compare the structural differences be- 
tween the pairs 20121 and 22/19 by analogy with the lithi- 
ated imidazole 12; the unsubstituted 22[24] serves as a model 
for the tert-butyl-substituted 18, whose structure is not 
known. The significant bond lengths and angles of 20 and 
21 are listed in Table 4. and those of 22 and [19 . glymeI2 
in Table 5. 

Table 4. Bond lengths [pni], bond angles 1, and differences thereof, 
in 20 and 2l[* R 

20 21 A[21-201 
SIC2  166.6 171.5 4.9 
C2-N3 131.8 134.5 2.7 
Sl-C2-N3 112.0 104.2 -7.8 

As one can see from Table 5, a similar picture emerges in 
the case of the lithiated thiazole [19 . glymeI2 to that of the 
lithiated imidazoles (12)4 . LizO . LiOCH3 . LiOCH2CH2- 
OCH3 (Table 3); the bonds S1(2)-C1(8) and C1(8)-N1(2) 
are distinctly longer than in thiazole 22, while the angle 
S1(2)-C l(8) -N1(2) is much smaller than the correspond- 
ing angle in 22. Exactly the same is true for the thiazol-2- 
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Table 5 .  Bond lengths [pm], bond angles ["I: and differciices thereof, 
in 22 and [19 . glymeI2. The bond lengths in the same line corre- 

spond to each other 

22 [19.glymeIz' A["19"-22] 
s 1 -c2 172.4 S1(2)-C1(8) 176.2 3.8 

S I-C2-N3 115.1 S 1 (2)-C 1(8)-N1(2) 108.0 -7.1 
C2-N3 130.4 C1(8)-N1(2) 132.9 2.5 

Lil(2)-Nl(2) 200.0 
Li 1 (2)-C1(8) 253.5 
Li2(1)-C1(8) 217.6 
Nl(Z)-Cl@)-Lil(Z) 51.5 

Mean values of thc two different molecules 19 

ylidene, 21, if compared with the thiazoliuni cation, 20 (see 
Table 4). Since the changes of bond lengths and angles, 
given in Table 4, are important criteria for the carbene nat- 
ure of 21 (and for 14, see Table 2), the lithiated thiazole 19 
is, corresponding to the lithiated imidazole 12, an acyl(for- 
my1)lithium equivalent with strong carbene character. 

The contacts between the Li catioiis and the thiazole 
anions are also of interest. As shown in Table 5, Lil(2) has 
a short bond to Nl(2) (200.0 pm). The bridging character 
of Lil(2) is, however, rather weak since the bond 
Li1(2)-C1(8) is very long (253.5 pm). This corresponds to 
a small angle Nl(2)-C1(8)-Li1(2) (51.5'). In the model 
calculations of the bridged LiCHO[4bl (lf ,  M = Li, R = H j  
the Li-C bond length amounts to 189.1 pm, while L i - 0  
is 183.5 pm long; this leads to a Li-C-0 angle of 67.6". 
It thus seems that the interaction of Li + with the thiazole 
anion in 19 corresponds more to the non-bridged structural 
type of an acyl(formy1)lithium compound (type 1"). 

In addition to Li1(2), Li2(1) is bonded to the lithiated 
thiazole [Li2(l)-C1(8) 217.6 pm]. This bond distance 
corresponds almost exactly to the Ccarbene- Li bond dis- 
tance in the imidazol-2-ylidene . LiOR complex, 17 (215.2 
pm), in which Li+ acts as a Lewis acid at the carbene C 
atom. It was shown there that this interaction has essen- 
tially no effect on the structure of the imidazol-2-ylidene 
part of the complex 17. One can therefore conclude that the 
Lewis acid Li2(1)+ binding to Cl(2) should similarly be of 
little influence on the structure of [19 . glyrnel2. A similar 
conclusion is reached from the structure of a complex of a 
thiazol-2-ylidene in which the carbene C atom is bonded to 
gold (23)[25]. 

The C2-N3 distance in 23 (133.3 pm) corresponds 
closely to C1(8)-N1(2) in [19 . glyme], (132.9 pmj. The 
SI -C2-N3 angle in 23 (105.7') is somewhat smaller than 
S1(2)-C1(8)-N1(2) in [19 . glymeI2 (108.0'). The S-C,,,- 
bene bonds show a larger difference: in 23, S1-C2 is 172.1 
pm long. while the corresponding bond in the lithiated [19 
. glyrnel2 [S1(2)-C1(8)] amounts to the comparatively large 
value of 176.2 pm. 

The Sl(2)-Cl(Xj bond in [19 . glymeI2 (176.2 pm) is also 
rather long if compared to the Sl-C2 bond in thc carbene, 
21 (171.5 pm), while the C1(8)-N1(2) bond length in [19 . 
glyme]? (1 32.9 pm) essentially corresponds to the C2-N3 
bond length in 21 (134.5 pm). The angle in the Li com- 
pound [19 . glyineI2 (108.0") is larger than in the carbene 
21 (104.2"), which was similarly observed in the case of the 
Li-imidazolylidene, 12, il' compared with the imidazolylid- 
cne, 14. We will comment on the long S1(2)-C1(8) bond 
and the wider angle in the lithiated [19 . glymeI2 in the fol- 
lowing Section dealing with the ZnBu-thiazol-2-ylideiie [25 
' THF12. 

Crystal Structure of [3-(Zinc bromide)thiazol-2-ylidene- 
Tetrahydrofuranlz (125 - THF],) 

Since it is interesting to see how the structure of the lithi- 
ated thiazole anion is influenced by a different counterion 
to Li+, the ZnBr-species [25 . THF]? was studied next. [25 
' THF], was prepared from the thiazole bromide 24 by reac- 
tion with zinc. 

r ,ZnBr . THF1 

24 [25 ' THF] 2 

The crystal structure of [25 . THF]? is shown in Figure 
5. and Table 6 summarizes significant bond lengths and 
angles of 125 . THF]2 together with those of the lithium 
compound [19 . glymeI2. 

Fizure 5. Crystal structure of [25 . THFlz 

As shown in Table 6, the bond length from sulphur to 
the carbene carbon atom is distinctly shorter in the zinc 
compound 125 . THF]? (SlA-CIA 173.3 pm) than in the 
lithiated 119 . glyme], [S1(2)-Cl(8) 176.2 pm]. This differ- 
ence of the C-S bond lengths should indicate different 

1206 Chern. Ber.lRecuril 1997, 130. 1201- 1212 



FULL PAPER Carbene Structure of Stable Aeyl (Formyl) Anion Equivalents 

Table 6. Bond lcngths [pm], bond angles ["I in [25 . THF]? and 
[19 . glyineIl 

[25,THF]2 [i9&me]P1 
S I A-C 1 A 173.3 s 1(2)-C l(8) 176.2 
CIA-NI 132.7 C 1 (8)-N1(2) 132.9 
S 1 A-C 1 A-N 1 109.2 si(zj-ci(sj-Ni(2) 108.0 
Znl-NI 202.1 Li1(2)-N1(2) 200.0 
Znl -C 1 A 293.9 Lil(2)-C l(8) 253.5 
Znl A-CIA 200.0 LQ(I)-C1(8) 217.6 
N1 -C 1 A-Znl 36.0 N1(2)-C 1 (8)-Li l(2) 51.5 

La] Mean values of the two different niolecules 19. 

tendencies of the two compounds for ring opening (9 + 9'. 
s. Scheme 3), i.e., the cyclic Zn species, 25, should be more 
stable than the cyclic Li species, 19. To the best of our 
knowledge there is no report in the literature comparing the 
stabilities of a C-2 lithiated with a "zincated" thiazole. Two 
recent publications, however, deal with Li- and ZnX-ox- 
azoles, respectively (7, see Scheme 3)[26.271. They confirm 
nicely the conclusions drawn from the longer S-Ccarbene 

bond in the Li compound [19 . glyme], in comparison to 
the shorter one in the ZnBr-species, [25 . THF]?, first by 
synthetic investigations. NMR investigations of the metal- 
ated oxazoles also show that the ring-opened isomer, 7' is 
preferred if the gegenion is Li ' , while the cyclic 7 is fav- 
oured with ZnX+ as the gegenion[".'*1. 

The N -C,-c,lbclle bond distances are essentially the same 
in [25 . THFI2 and [19 . glyme], (132.7 and 132.9 pm, 
respectively). While there is at least a weak bridging bond 
between Lil(2) and carbene Cl(8) (253.5 pm) in the lithi- 
ated [19 . glyme],, there is no tendency for such bridging of 
Znl to CIA in [25 . THF],; the Znl-CIA distance 
amounts to 293.9 pm. Correspondingly, the angle 
N1 -CIA-Znl in [25 . THF]? is much smaller (36.0') than 
the comparable angle [Nl(2)--C1(8)-Li1(2) 51.5"] in [19 . 
glyme],. The bond angle at the carbene C atom SIA-- 
CIA-NI in [25 . THFI2 (109.2") is even wider than the 
corresponding one in the lithiated [19 . glymeI2, 

A comparison of significant bond lengths and angles of 
the ZnBr species [25 . THFI2 (Table 6) with those of the 
parent thiazole 22 (Table 5) shows that in [25 . THF12, 
S1A-C1A is 0.9 pm and CIA-Nl 2.3 pm longer than the 
corresponding bonds in 22, while the angle S 1A- C 1A- N 1 
is 5.9" smaller than S1 -C2-N3 in 22. 

As in the cases of (12), . Li20 . LiOCH3 . LiOCH2CH2- 
OCHi and [19 . glyme],, aggregation to give the dimer [25 
. THFh leads to a bond between the carbene atom and a 
"Lewis acid"; the C1A-ZnlA bond length amounts to 
200.0 pm. A longer Ccarhene-Zn bond was found in the 
complcx of carbene 14 with diethyl zinc, 14 . ZnEt2LZ'l. 

Sl(2)-Cl(S)-N1(2) = 108.0". 

Sd 

T 
"\ I -,C-ZnEt, 14 .ZnEt,, Ad = adarnantyl 

Ad 

In 14 . ZnEt2, the Ccarbenc-Zn bond is 209.6 pm long. 
As usual in such carbene c o r n p l e x e ~ [ ~ ~ ~ ~ ,  the N-Ccarbcne 

bonds in 14 . ZnEt, are slightly shorter (136.0 and 135.6 
pm) than in the uncoinplcxed 14 (136.7 and 137.3 pm), 
while the angle at the carben carbon C2, Nl-C2-N3, in 
14 . ZnEt, is wider (104.1') than in 14 (102.2') The mutual 
Lewis acid complexations at the carbene atoms of the two 
molecules. 25, in the dimer, [25 . TWFI2, should therefore 
also contribute to some shortening of the SIA-C1A and 
CIA-Nl bonds, and to some widening of the SIA-- 
CIA-Nl angle. 

Altogether it thus seems that in the "zincated" [25 . 
THFJ2 the carbene nature is less pronounced than in the 
lithiated [19 . glyme],, as indicated by the shorter C-S 
bond and wider S-C-N angle in [25. THF], than in [19.  
glyrn~]~,  and the short C(carbelle)-Zn bond in [25 . THFl2. 
The following NMR investigations fully support this in- 
terpretation. 

I3C-NMR Investigations of Acgl (Formgl) Lithium Equivalents 

NMR investigations revealed that the carbene carbon 
atoms, I3C2, of stable imidazol-2-ylidenes and thiazol-2-yl- 
idenes show a strong downfield shift. The mean value in 
the case of five imidazol-2-ylidenes amounts to 6=, = 

21 6.1 [1x-20], while two thiazol-2-ylidenes give a mean value 
of = 2S2.0[231. From the information given in the pre- 
vious sections, it is not surprising that 3-lithiated imidazol- 
2-ylidenes and 3-lithiated thiazol-2-ylidenes show very simi- 
lar behaviour. Table 7 gives the results for several examples. 

Table 7. 13C-NMR chemical shifts [ppm] of the carbene carbon 
atoms of 3-Li-iinidazol-2-ylidcnes (1 to 4), 3-Li-thiazol-2-ylidenes 

(5 to lo), and a ZnBr-thiazol-2-ylidene (11) 
- 
Entry 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

- Compound 
1 -methyl-3 -Li-imidazol-2-ylidene 
I-meth~lJ-Li-4-terf-butyl-imjdazol-2-ylidene 12 
I-methyl-3-Li-4-phenyl-imidazol-2-ylidene 
1 -methyl-3 -Li-benzoimidazol-2-ylidene 
3-Li-thiazol-2-ylidene 
3-Li-4,5-dimethyl-thiazol-2-ylidene 
3-Li-4-tert-butyl-thiazol-2-ylidene 19 
3 -Li-4-(N,N-dimethylaminomethyl)thiazol-2-ylidene 
3-Li-5-phenyl-thiazol-2-ylidene 
3 -Li-benzothiazol-Z-ylidene 

6l3c [ppm] 
201.6 
195 0 
200.9 
216.1 
231 8 
229.6 
231 9 
234 8 
231 9 
234 6 

11  3-ZnBr-thiazol-2-ylidene 25 198 5 

The mean value of the 3-lithiated imidazol-2-ylidenes 
(entries 1 to 4) amounts to 6 = 203.6, which compares well 
with the value of the non-lithiated carbenes (216.1). The 
13C signal of C2 in 1-methyl-imidazole is observed at 6 = 
137.7. The "C-NMR investigations thus nicely support the 
results of the crystal structures of (12)4 . Li20 . LiOCI17 . 
LiOCHICH20CH3 and their interpretation. 

In the case of the 3-lithiated thiazol-2-ylidenes, a meail 
value of 232.4 is determined, (entries 5 to 10). The "C sig- 
nal of C2 in thiazol is found at 6 = 152.6 pm. Thus, in 3- 
lithiated thiazoles, the I3C signal of the carbene carbon 
atom is also characterized by a significant downfield shift 
which almost equals that in thiazol-2-ylidenes (252.0). A 
remarkable difference is observed in the case of 3-ZnBr- 
thiazol-2-ylidene 25 (entry 11). in which case the I3C signal 
is found at 6 = 198.5; the mean value of the lithiated thia- 
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zol-2-ylidenes is 232.4. If this indicates a distinctly less pro- 
nounced carbene character of the 3-ZnBr-thiazol-2-ylidene 
25, then this result again nicely agrees well with the result 
of the X-ray crystal structure of [25 . THFI2. 

In spite of the corroboration of the crystal structures by 
the 13C-NMR investigations one should still express a ca- 
veat: transformation of vinylic or aromatic compounds in 
their lithiated species leads generully to a strong downfield 
shift of the respective 13C atom, as detailed in the following 
paperL9l. The interpretation of 13C-NMR data without a 
knowledge of structural details therefore can be misleading. 

Model Calculations of Lithiated Thiazole and its Dimer 

Are the structural changes observed on going from tert- 
butyl-thiazole (18) to the lithiated teut-butyl thiazole dimer, 
[19 . glymeI2, reproduced by calculations’? What are the sig- 
nificant differences between a neutral carbene such as the 
thiazol-2-ylidcne, 21, and a lithiated derivative thereof, such 
as 19? In order to investigate this problem we calculated the 
structures of two model compounds, the Li-thiazole-LiOH 
complex. 26 LiOH, and the Li-thiazole dimer, [2612, both 
unsolvated at Li. 

Table 8 gives the MP2/6-31G(d) data of 26 . LiOH and 
[26], and the experimentally determined values of [19 . 
glynie]?. 

Table 8. Calculated [MP2/6-3lG(d)] bond lengths .[pm] and bond 
angles [“I of 26 . LiOH and 1261, compared with the experimental 

ones of 119 . glyrnelz 

26.LiOH 12612 [I 9.giyme]:’’ 
s1-c2 174.2 174.3 S1(2)-C1(8) 176.2 
C2-N3 135.4 135.4 C 1(8)-Nl(2) 132 9 
Sl-C2-N3 108.6 108.6 Sl(Z)-C1(8)-N1(2) 108.0 

Lil-C2 251.1 236.0 Lil(2)-C l(8) 253.5 
Li2-C2 209.7 209.6 Li( 1)-C1(8) 217.6 

Li 1 -N3 196.6 192.5 Li1(2)-N1(2) 200.0 

la’ Mean values of the two different molecules 19 

The experimental data of the lithiated thiazole [19 . 
glyme], are in good agreement even with these simple mod- 
els; Sl-C2 in 26 . LiOH and [2612 (174.2 and 174.3 pm) 
are clearly longer than thc S-C bonds in thiazol 22 (172.4 
pm, Table S), although they do not reach the experimental 
value of [lY . glyme]? (176.2 pm). The C2-N3 bond in 26 
. LiOH and [2612 is also elongated if compared to that in 
22 (135.4 versus 130.4 pm) (Table 5); in [19 . glymeI2, 132.9 
pm is found. The calculated bond angles, Sl-C2-N3, in 
26 . LiOH and [26], amount to 108.6”, which is almost ex- 
actly the value found in [19 . glymeI2 (lO8.O0). In thiazole 
22 this angle amounts to 115.1” (Table 5). In addition, the 
bond distances calculated for the two cations Lil and Li2 
to the thiazole anions in 26 . LiOH and [26], are also in 
line with the experimental ones in [19 . glymeI2 (see Table 

8). In summary, the changes obscrved on lithiation of thia- 
zole are nicely reproduced even by calculations of simple 
model compounds. 
Why are the Acyl (Formyl) Lithium Equivalents, (12), Li20 - Li- 
OCH3 LiOCH2CH,0CH3, 119 e glymej2 and (25 * THF12 so 
stable? 

It is the purpose of this work to show, by means of appro- 
priate model compounds, that the inherent instability of 
“normal” acyl(formy1)lithtuin compounds, 1, is indeed due 
to their strong carbenc ~Jiuructcr (bridged structure 1’) or 
even to their existence as carbene isomers, 1”. 

I R R 

1‘ 1 ‘  

This is demonstrated, not only by means of derivatives 
of the lithiated thiazole 26 ([19 . glymeI2), but also the 
“zincated” [25 . THF],), and the lithiated imidazole 27 
[(12), . Li20 . LiOCH3 . LiOCH2CH20CH3], see Scheme 6. 

Why are exactly these acyl(formy1)lithium equivalents 
much more stable than “normal” acyllithiitm species? Why 
do they not dimerize to give “olefins” like “normal” acylli- 
thium species [ I ’  (1”) + 3 (Scheme l)], a reaction which is 
also typical for “normal” carbenes? 
Scheme 6. Stable acyllithium equivalents (26, 27), carbenes (28,29, 

31a, 32), and nitrenium ions (30, 31 b) 

26 27 28 29 

The much greater stability of thcsc acyl(formy1)lithium 
equivulents when compared with “normal” acyllithium 
species undoubtedly must be due to the same reason which 
also allowed the first isolation of stable carbenes of the im- 
idazol-2-ylidene type (29)[’s~20], and more recently, of the 
thiazol-2-ylidene type (28)[23] (Scheme 6). The isoelectronic 
nitrenium ions, 30 (Scheme 6), which are normally as un- 
stable as carbenes, are also strongly stabilized by such a 
structural pattern; they. too, can be isolated and charac- 
terized by X-ray crystallographyr301. 

The reasons for the thermodynamic stabilization of carb- 
enes of the type 29 has been of great i n t e r e ~ t [ ~ ” - ~ ~ I .  From 
recent theoretical s t u d i e ~ [ ~ ~ ~ ’ ~ ~ ~ ~ ]  it is quite clear that the 
carbenes, 28 and 29, as well as nitrenium ions such as 30, 
profit strongly froin cyclic delocalization in the 6n aromatic 
systems. Aromaticity, however, is not a prerequisite for car- 
bene (nitrenium ion) stability; saturatcd systems such as 31a 
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and b (and even the non-cyclic 32L20b]) (Scheme 6) profit 
strongly enough from the electronic stabilization of the for- 
mally empty p(n) orbital at C(2) [N+(2)] by the two donor 
substituents to be i ~ o l a t e d ~ ~ ~ ~ . ~ ” ~ ~ ~ ~ ~ ’ ]  (a structurally related 
acyllithium equivalent has not yet been studied). It is thus 
not surprising that the calculated p(n) populations, es- 
pecially at the atoms 1. 2, and 3 of 28, 29, 30, and 31, 
correlate well with other calculated properties which are in- 
dicative of the stabilization of these c ~ i n p o u n d s [ ~ ~ ~ ~ ~ ~ ~ ~ ] .  In 
Table 9, the p(n) populations at the ring atoms of the lithi- 
ated thiazole, 26, and the lithiated imidazole, 27, as models 
for the stable acyl(formyl)lithium equivalents [19 glymeI2 
and (12)4 . Li20 . LiOCH? LiOCH2CH20CH3, are listed 
together with those of the models for stable carbenes (28 
and 29). 

Table 9. p(n) Populations [MP2-NB0/6-31G(d)//MP2/6-31G(d)] at the 
ring atoma of the lithiated thiazolc 26 and the Iithiated imidazole 27 in 

comparison with the data of the corresponding carbcnes 28 and 29 

atoms 
1 2 3 4 5 
S o r N  C o r N  N C C 

26 1.56 0.91 1.29 1.04 1.11 
2s 1.56 0.71 1 s o  1.05 1.10 
27 1.54 0.87 1.34 1.07 1.09 
29 1.54 0.67 1.54 1.08 1.08 

Table 9 shows that the p(n) populations at the carbon 
atoms C2 of the carbenes 28 (0.71) and 29 (0.67), which 
are already rather high, are increased in the corresponding 
lithiated species 26 (0.91) and 27 (0.87). Correspondingly, 
the p(n) densities at the lithiated nitrogen atoms N3 are 
dccreased in the lithiated species from 1.50 in 28 to 1.29 in 
26, and from 1.54 in 29 to 1.34 in 27. These changes in p ( ~ )  
population are due to o h  polarization at the lithiated h-3 
atoms in 26 and 27, a phenomenon which has already been 
discussed in the section on the structure of the lithiated imi- 
dazoles (12)4 . Li20 . LiOCH3 . LiOCH2CH20CH3 to ex- 
plain structural differences to the corresponding non-lithi- 
ated carbenes. The rather long C-S bond in [19 . gIymel2 
has the same origin. 

This leads to the follow~ing final conclusions. Acyl (for- 
myl) lithium equivalents of the general type 26 and 27 can 
be isolated and structurally characterized which reveals the 
carbene nature of these compounds. They are well stabilized 
by n-donation from the donor atoms next to the carbene 
carbon atoms, as is the case for the stable carbenes of the 
same structural type (28 and 29). A similar situation is re- 
sponsible for the extraordinary stability o f  the structurally 
related nitreniurn ions, 30. One can further conclude that 
“normal” acyl(formy1)lithium compounds should also be 
carbenes; however. it will be difficult to isolate and charac- 
terize a non-stabilized species under comparable conditions, 
as is also the case for nonstabilized carbenes and nitren- 
ium ions. 

We are gratdul to the Fonds der Clrernirchen industrte, and the 
Deutsclie ForschunficXEmein~thtIfr (SFB 260 and Graduiertenkolleg 
“Metallorganische Chemie”) for wpport of this work. 

Experimental Section 

I-Metl~~l-4-trrt-hutyli~nic~~izole ( I  1): 1 I was prepared in two steps. 

a) 4-tert-Butylinzi~~zole; This compound was prcpared according 
to a modified version of Jonsson’s procedure‘“]: 345 g (1.93 mol) 
of l-bromo-3,3-dimethyl-butane-2-on were heatcd with 770 ml(870 
g, 18 mol) of formamide for 6 h to 150°C. After cooling to 20”C, 
the reaction mixture was added to 2 N HCI and briefly heated to 
reflux. The acidic solution (30°C) was then heated with a conc. 
NH3 solution from which the organic layer was separated with tert- 
butyl methyl ether. After drying with MgS04, the solvent was re- 
moved and the remaining 74.8 g (31%) of 4-rert-butylimidazole was 
further used without purification. - ‘H NMR (CT)C13) 6 = 7.40 
(s. lH,  H2), 6.50 (s, IH .  H5), 1.15 [s, 9H, -C(CH3),], the NH 
proton was not detectable. - I3C NMR (CDCl;) 6 = 146.8 (C4), 
134.9 (C2); 115.7 (C5); 31.4 (C6),  30.7 ((27,). 

b) l-Meth~’l-4-tert-bi4t~~Iiniidrrzole (11): This procedure is anal- 
ogous to the one described in 74.8 g (0.60 mol) of 4-tert- 
butyliinidazole were treated with 430 nil of a KOH solution (10%; 
0.75 mol of KOH). To this solution were added 62 in1 (82.0 g, 0.65 
mol) of diinethylsulphate at a ratc which kept the tcmperature be- 
low 40°C. The reaction was finished by heating the solution to 
80°C for 30 min. The cold (20°C) solution wms extracted with di- 
ethyl ether, and the organic layer was washed with NaOH and HZO. 
Drying with MgSO~, removing of the solvent and destillation of 
the product (60”C, 1 Torr) led to 25.8 g (32%) 11; m.p.: 11°C. - 
’ H  NMR (CDC13) 6 = 7.27 (s, 1H. H2), 6.51 (s. 1H. H5), 3.55 (s, 

153.2 (C4), 136.9 (C2), 113.7 (C5), 33.1 (CX), 31.7 (Ch), 30.2 (C7). 
11 prepared by this route is cleaner than otherwise synthe- 

sizedl“’]. 

3H. N-CH3). 1.21 [s, 9H, -C(CH,),]. - “C NMR (CDCIi) 6 

4-tert-Butylthirrzole (18): The procedure described is analogous 
to the one in rcf.rJ3l, although different from that in ref.[d4], which 
was less successful. To 173 g (0.97 mol) of bromopinacolone in 650 
ml of acctone was addcd 67.2 g (1.10 mol) of thioformamide in 
400 nil of acetone. The HBr adduct of 18 crystallized on standing 
overnight at 5°C. The basic solution (after trcatment with NaOH) 
was extracted with tert-butyl methyl cther. dried with MgS04, and 
the ether removed in wcuo. Destillation of 18 (55°C: 14 Torr) led 
to 56.1 g (41%)) 18. - ‘H NMR (CDClI 6 = 8.75 (s; IH, H2), 6.93 
(s. 1H. H5), 1.35 [s, 9H, -C(CHI)y]. - NMR (CDCII) 6 = 

167.5 (C4), 152.0 (CZ). 110.1 (C5), 34.7 (C6). 30.2 (C7). 

Preprat ion of’tlw Cr-~.srcils of (12)4 . Li20 LiOCH, . LiOCH,- 
CH20CH3: 138 mg (1 .00 mmol) or I-methyl-4-tert-butyl-imidazole 
( 1 1 )  dissolved in 3.00 ml of‘ rert-butyl methyl cther and 0.14 ml of 
diglyme were deprotonated with 0.70 ml (1.12 mmol) of a 1.6 M 

solution of methyllithium in diethyl ether at 20°C (30 min). After 
24 h at 20”<:, a n  amorphous precipitate was removed by passing 
the solution through a filter (0.2 pm). ATter another 24 h, crystals 
of (12)4 LizO LiOCH, LiOCH2CH20CH3 had formed (14 mg, 
8%) which were suitable for an X-ray crystal structure determi- 
nation. Both modifications, P2,/c, Z = 4 as well as P2,/n, Z = 4, 
were formcd simultaneously. 

described in reE.[lh1. 
Prrpcirrrrion of the Crysruls of’[ 19 gIvmej2: This procedure was 

Pwprrration of’ the Crystals of [25 . THFJ,: 1.5 g of Zn dust 
in 2 ml of THF was activated with 65 mg (0.35 mmol) of 1.2- 
dibromomethane and 21 mg (0.19 inmol) of chlorotrimethylsilane. 
Another 5 nil of THF and then 1.64 g (0.01 rnol) of 2-bromo- 
thiazolc (23) were added, the latter, slowly. and the reaction mixture 
stirred for 2 h at 35°C. After filtration and dilution with 6 1111 of 
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THE the solution was kept for 24 h at -78°C. The THF solution 
was removed from the crystalline [25 . THFI2 with a syringc, and 
the crystals dissolved in 12 ml of glyinc at 20°C. After 24 h at 
-25°C. crystals of [25 . THF],. suitable for an X-ray crystal struc- 
ture determination, were formed (2.1 g, 73%). 

Crystal Data.for (12 )4  LizO . LiOCH3 . LiOCH2CH20CHj, 
P2Jn, (12) ,  . LizO . LiOC'H, LiOCHzCH20CH3. P2Jc nnd (25 
. THF]*: (12), . Li20 . LiOCH3 . LiOCH?CH20CH3, P2Jn: 
C36H62Li8N801; monoclinic space group P2,ln: u = 1510.7(1), b = 

2041.9(2), c = 1583.5(1)pm,P = 115.70(1)", V =  4401.4(6). lop3' 
m3, Z = 4; data collection on an Enraf-Nonius CAD4 dif- 
fractometer using Cu-&radiation, T = 208(2) K, 7014 reflections. 
5504 unique (Kin[ = 0.0591). Solution with direct methods 
(SHELXTL-PLUS), full matrix Icast-squares refiiieincnt on F'- 
(SHELXL-93), nonhydrogen atoms anisotropic, C-bondcd hydro- 
gens on calculated positions wit fixed isotropic temperature factors, 
N-bonded hydrogens located and isotropically refined: wR2 = 

0.2270 (all data, on F', parameters for thc weighting shcmc calcu- 
lated by the program: 0.0813, 6.8384) conventional R = 0.0641 
for 3335 reflections with I > 20(1), Goodncss-of-fit (F') = 1.042. 
540 parainetcrs. 

( 12j4 . Li20 . LiOCH, , LiOCH2C'H2OCH.,. P2,lc: Due to the 
slightly high R value of (12),  LizO . LiOCHj . LiOCH2CH20CH3, 
P21/n, a second crystal was nieasurcd, but there was another modi- 
fication: monoclinic space group P21/c, a = 1223.2(1), h = 
2633.0(2), c = 1415.7(1) pm, IO-" 
m3, T = 193(2) K, 6852 reflections. 5511 unique (Rint = 0.0289). 
Solution and refinement as for (12)4 . LizO . LiOCH, . LiOCH2- 
CH20CH3, P2&z, wR2 = 0.1522 (parameters for the weighting 
sheme: 0.0822, 1.9736), R = 0.0496 (4070 reflections with 1 > 
20(1)), Goodness-of-Fit: 1.057, 570 parameters (some methyl 
groups were disordered). 

/ 25  . THFI2: C7HloBrNOSZn: monoclinic space group P211c; a 
= 948.5(1), b = 1415.9(3). c = 807.8(1) pm, p = 108.50(1)". V 
= 1028.8(3) m3, Z = 4: data collection on a Siemens P4 
diffractometer using Mo-&-radiation. T = 208(2) K, 3051 reflcc- 
tions, 2342 unique (Xi,, = 0.0442); semiempirical absorption cor- 
rection from '€'-scans. Solution with direct methods (SHELXTL- 
PLUS), full matrix least-squares refinement on Fz (SHELXL-931, 
nonhydrogen atoms anisotropic, hydrogens isotropic; wR, = 0.1016 
(2341 reflections, on F2, parameters for the weighting sheme calcu- 
lated by the program: 0.0541, O.O), conventional R = 0.0368 for 
1550 reflections with I > 20(I), Goodness-of-fit (h*) = 0.880, 115 
parameters. 

All calculations have been performed on a DEC AXP 3000/ 

I-iMethyl-4-pheizylitnida,-ok: The compound was synthesized ac- 
cording to a modified version of the procedure of Hazeldine, Py- 
man, and Winchester[>(']. 3 I .  1 g (0.24 mol) of 4-phenylimidazole 
were treated with 171 ml of a solution containing 10% KOH (0.30 
mol). 23 in1 (30.7 g. 0.24 niol) of diniethylsulphate were then added 
under cooling. and finally heated to 80°C for 30 min. The product 
was extracted 3 times with chloroform and dricd over CaCI2. Distil- 
lation at 147-14SoC/0.1 Torr led to 8.15 g (22%) of l-methyl-4- 
phenyl-imidazole. - 'H NMR (CDCI,) 6 = 7.71-7.69 (d, J = 7.27 

= 102.12(1)". V = 4457.9(6) 

300xr45 491. 

Hz, 2H, Hor,,70), 7.40 (s ,  IH. H?), 7.33-7.28 (t, J = 7.84 Hz. lH,  
HI,,,), 7.19-7.14 (t, J = 7.27 Hz, 2H, HrllC.,J, 7.10 (s, IH, H5), 
3.64 (s, 3H. N-CH1). - I3C NMR (CDCI,) 6 = 142.3 (C4), 137.9 
(C2), 134.2 (phcnyl-C), 128.5 (phenyl-C), 126.6 (phenyl-C), 124.7 
(phenyl-C), 115.8 (C5), 33.3 (C10). 

~-/2.lt.rh~lhen,-imi~uzole: Thc preparation was performed by 
methylation of benzimidazole according to the procedure outlined 
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in detail for I-methyl-4-phenylimidazole. Yield: 1 5'%r, m.p. 59°C 
(lit.[5'] 60-61°C). - I3C NMR (CDC13) 6 = 143.8, 143.6, 134.6, 
122.9, 122.0, 120.2, 109.4 (ring C's); 30.9 (CH,). 

4-[(~!-Di~nneth~l~~mino)tnefIi~l]rliia:ole: The compound wds 
prepared by analogy to a procedure of Spragnc, Land, and 
Ziegler[521. To a solution of 20.3 g (0.45 mol) of dimethylamine in 
ethanol was added 25.5 g (0.15 mol) of 4-(chloromethy1)thiazole 
hydrochloride and then stirred overnight. After 1 h of heating to 
80°C. the compound was extracted 3 times with dichlorornethane 
and dried over Na2S04. Distillation at 39"CIO.l Torr gave 5.79 g 
(27%) of the pure product. - 'H NMK (CDCl3) F = 8.71 (s, 1H. 
H2), 7.12 (s, lH, H5), 3.67 (s, 2H, -Cff-) ,  2.22 [s, 6H, N(CH,)>]. 
- I3C NMR (CDC13) 6 = 155.3 (C4), 152.3 (C2). 115.3 (C5),  59.1 
(C6), 45.3 (C7, 8). - CGHION2S (142.22): calcd. C 50.67, H 7.09. 
N 19.70; found C 50.52, H 7.22. N 19.72. 

5-Phenylfhiazole: 5-Phenylthiazole was prcparcd according to a 
patent of the Merck ~onipaiiy'~~1. Yield 21.6 g (l8'!/0). m.p. 40°C 
(lit.[54]40-410C). - I3C NMR (CDCIJ 6 = 152.0 (C2), 139.5 (C5). 
139.0 (C4), 131.1, 129.1, 128.4, 127.0 (phenyl C's). 

I-Methylimidnzole (Merck), thiuzole (Aldrich), 4.5-dinietlzylthi- 
azole (Lancaster). and benzothiurole (Janssen) were commercially 
available. 

Ci~mput~i/iorzal Methods: All calculations on geometries, cncrgies, 
and electronic properties were carried out at the MP2/6-3 IG(d) le- 
vel of theory using the program packages TURBOMOLE["] and 
GAUSSIAN92["'. 

d 

I l l  

Dedicatcd to Professor Dr. Peter Welzel on the occasion of his 
60th birthday. 
[la] H. Staudinger. Be? Dtsch. Cheni. Ges. 1908,41. 2217-2219. 
Staudinger mentioned that the corresponding imino com- 
pounds (NR instead of 0) should be more stable, see ref.[6] . - 
Ib]  W. Schlenk, E. Bergnann: Liebigs Ann. Chenz. 1928, 463, 
19-20. - [ I c ]  F. G. Fischer, 0. Stoffers, Liebigs Ann. Cheni. 
1933, 500, 253-270. - lid] G. Wittig. Angew C'heni. 1940, 53, 
241-247, footnote 58; M. Ryang, S. H. Tsutsumi. Bull. Chem. 
Soc. Jpn. 1962, 35, 1121-1124. - [ I e ]  M. Schlosser, AHgew,. 
Chcw7. 1964, 76, 124- 143; Angm: Chein. Int. Ed. Engl. 1964, 
3, 287-306. - L1q G. Wittig, L. Gomior, H. Vogel, Liebigs A m .  
Chenz. 1965. 688, 1 - 13. - K .  V. Puzitskii. Y. T. Eiders, K. 
G. Ryabova, I:c Alcud, I V u ~ ~ l ~  USSR, SEE Khim. 1966. 1810. - 
[Ih] U. Wannagat, H. Seyffert, Angew Chenz. 1965, 77, 457-458; 
Angew Cliem. Int. Ed. En,$. 1965, 4, 438-439. - llil U. 
Schollkopf, E Gerhart, Angew. Chem. 1967, 79, 819-820: An- 
gew Chenz. Int. Ed. Engl. 1967, 6 ,  805. - l'.d E. J. Corey, D. 
Sccbach, R. Freedman. L Am. Chem. Soc. 1967. 89, 434-436. 
- [ Ik ]  €? Jutzi, E-W. Schroder, 1 Organomet. Chrm 1970, 24, 
1-5; Angew Cheni. 1971, 83. 334; Angril: Clwm. Int. Ed. Engl. 
1971, 10, 339. - LIIl  B. Banhidai. U. Schollkopf. Angew Chem. 
1973, 85, 861-862; Angcw. Chet77. In?. Ed. Engf. 1973, I?. 836. 
- [Irn] U. S. Trzupek, 1'. L. Newirth, E. G. Kelly, N. E. Sbarti, 
G. M. Whitesidcs, J.  Am. Chem. SOC. 1973. 95, 81 18-8133. - 
["'I D. Seebach, W. Lubosch, D. Enders, Chem. Bur 1976, 109, 
1309- 1323. - LlOl V. hutenstrduch, M. Joyeaux, Angeit: Chem. 
1979, 91, 72-73; Angew Chem. Int. Ed. Engl. 1979, 18, 83-85. 
- ['PI T. Tsuda, M. Miwa, T. Saegnsa. 1 Org. Chem. 1979, 44, 
3734-3736. - V. Rautenstrauch, F. Delay, Angew.. Chem. 
1980, 92. 764-766; Angew. Chem. Int. Ed. Engl. 1980, 19, 726. 
- ["-I N. S. Nudelman. A. A. Vitale, J Orgunornet. Chem. 1983, 
241, 143- 156; N. S. Nudelman, T. 0. Perez, L Org. Chem. 1983, 
48, 133-134. N. S. Nudelman, F. Doctorovich, 1 Chem. SOC. 
Perkin Trans 2 1994, 1233-1238; P. Viruela-Martin, R. Vi- 
ruela-Martin, F. Tomas, N. S. Nudelman, J Am. Cllrm. Sue. 
1994, 116. 10110-10116. - [Is] D. Seyferth. R. C. Hui, 1 Am. 
Cheni. Soc. 1985. 107, 4551-4553. - [It]  D. Seyferth. R. M. 
Weinstein, R .  C. Hui, W. L. Wang, C. M. Archer, J Org. Cheni. 
1992.57,5620-5629. - [lU] D. Seyfcrth, R. C. Hui, W. L. Wang 
ihid. 1993, 58, 5843-5845. and papers of D. Scyferth et al. 
cited therein. 

Chem. Ber/Recueill997, 130, 1201 - 1212 



Carbene Structure of Stable Acyl (Formyl) Anion Equivalents FULL PAPER 
Formyl and acyl anions in the gasc phase: Z. Karpas, F. S. 
Klein, Int. J.  Mass. Spectrom. Ion. Plgx 1975, 18, 65-68. - 
cZb] J. M. Riveros, A.  C. Breda, L. K .  Blair, .I Anz. Chem. Soc. 
1973, Y5, 4066-4067. - [2c] D. K. Boehme, G. 1. Macka , S D 

Dillai-d. Chem. Re),. 1973, 73, 589-645. 
L3] Acyl(forniy1)metal compounds R(C0)M 1 with M = transition 

metals arc not considered here. See, e.g., [3a] J. P. Collman, L. S. 
Hegedus, J. R. Norton, R. G. Finke, Principles and Application 
of Organotransition Metal Clzemistrj: University Science Books, 
Mill Valley, 1987. - [3hl H. M. Colquhoun. D. J. Thompson, 
M. V. Twigg. Carbonylution, Plenum Press, New York, 1991. C. 
Elschenbroich. A. Salzer; Organometallics, VCH, Weinheim, 
1992. 
[4al J. Cliandrasekhar, J. G. Andrade. P. v. R. Schleyer, J.  Am. 
Clien?. Soc. 1981. 103. 5612-5614. - lab] E. Kaufmaan. P. v. R. 
Schleyer, S. Gronert, A. Streitwieser, Jr., M. Halpern, J.  Am. 
CJiem. Suc, 1987, 109. 2553-2559. 

''1 D. Seebach, Angew. Cliem. 1969, 81: 690-700. Angew Chem. 
Inf. Ed Engl. 1969, 8, 639-649. 

1'1 [6a] H. M. Walborsky, G. E. Niznik, J.  Am. Clzetn. Soc. 1969. 
91, 7778. - 16'] H. M. Wdlborsky, W. H. Morrison 111, G. E. 
Niznik, ibid. 1970, 92, 6675-6676. - Lhc] H .  M. Walborsky, W. 
H. Morrison 111, G. E. Niznik, 1 Org. Chenz. 1974. 39. 600- 
604. - Y Tto, T. Matsuurs, M. Murakami .I Am. Chem. Soc. 
1987, 109, 7888-7890. - ["el H. Watanabe, F. Yan, T. Sakai, K. 
Uneyama, .I Or,q C'liem. IY94, 5Y, 758-761. 

1'1 [7al A .  I. Meyers, E. W. Collington, J.  Am. Chem. Soc. 1970. 
52. 6676-6678. - [7b]U. Schollkopf, F. Gerhardt, 1. Hoppe, K. 
Harms, K. Handtke, K. H. Scheunemann, E. Eilers, E. Blume. 
Liebigs Ann. Chenz. 1976. 183-202. - [7c1 A. G. M. Barett, D. 
€1. R. Barton, J. R. Falck, D. Papaioannon, TI. A. Widdowson. 
J.  Chenz. Suc:, Perkin Trans 1 1979, 652-661. - ['dl A. P. Koxi- 
kowski, A. Ames, J.  Org. Chenz. 1980. 45, 2548-2550. - [7el J. 
R. Falck, S. Manna, C. Mioskowski, J.  Org. Chem. 1981, 46. 
3742-3745. - ['*I L. N. Pridgen, L. B. Killmer, J.  Org. &mi. 
1981, 46. 5402-5404. - ['El B. E. Maryanoff. Oxuzoles and Os- 
uzolines in Organic Synthesis in Heterocyclic Cornpounds, Wiley, 
New York, 1986, p. 45, 976-978 and 1002-1004. - ['"I U. 
Schollkopf. E Gerhardl, Angew Chmi. 1968,80, 842-843; An- 
geu: Chum. hit. Ed Engl. 1968, 7, 805; IJ. Schiillkopf, D. 
Hoppe, ibid 1970, #2, 482 -483; respect. 1970. Y ,  458; U. 
Schollkopf, R. Schroder, ihid. 1972, 84, 289- -290; respect. 1972, 
11. 31 1. - 0. H. Oldenziel, A. M. van Leusen Syn. Cominun. 
1972,2, 181.0. H. Oldenziel. D. van Leusen, A. M. van Leuscn, 
J.  Org. Clzcm. 1977. 42, 3114-3118. 

la] [8a] R. Schroder, U. Schollkopf. E. Blume, I. Hoppe. Liebigs 
Ann. Clzern. 1975, 533-546. - LXh]  I? A. Jacobi, S. Ueng, D. 
Carr, J Org. Chem. 1979, 44, 2042-2044. - LECl J. C. Hodges. 
W. C. Patt, C. J. Connolly, 1 Org. Chem. 1991, 56, 449-452. - 
Pdl S. E. Whitney, B. Rickborn, J Org. Chew. 1991, 56, 
3058-3063. See also the discussion in the section on '.I3C- 
NMR Investigations of Acyl (Formyl) Lithium Equivalents", 

[''I C. Hilf, M. Marsch, K. Harms. G. Boche, Clzem. BerlRecueil 
19Y7, 130: taken from the Ph. D. Dissertation of C. Hilf, Phi- 
lipps-Universitat Marburg, 1995. 

["I [Ina1 E. J. Corey, D. Boger, Tetruliedrun Lrll. 1978, 1; 5-8. - 
f inb]  Tetmhedrun Ler/. 1978, 1,  9-12. - I""] Tetraliedron Lett. 
1978; 13-16. - H. Chikashita, M. Ishibaba, K. Ori, K. 
Itoh, Bull Cliem. Soc: Jpn. 1988. 61, 3637-3648. 

[ ' I ]  [' la] M. Erne. H. Erlenmeyer, Heh: Chim. Actu 1948, 31, 
652-665. - [!Ib] A. Dondoni, M. Fogagnolo. A. Medici, P. Pe- 
drini, Tetruhedrun Lef f .  1985, 26, 5477-5480. - "lcl A. Don- 
doni. Lect. Heterocjd.  Chem. 1985, 8, 13, and lit. cit. - [ ' I d ]  J. 
Metzgcr, J. Beraud, Cornpt. Rend. 1956, 242, 2362. - ['Ie] J. 
Metzger, J. Beraud, Bull. Soc. Cliiin. France 1962, 29, 
2072-2074. 

1121 [IZd] A. Dondoni, G. Fantin, M. Fogagnolo, A. Medici, Angeiu. 
Chetn. 1986, 98. 822-824; Angew Chern. Int. Ed. Erzgl. 1986. 
25, 835. - ['"I A. Dondoni. G. Fantin, M. Fo agnolo, A. Medi- 
ci, Tetrahedron 1987, 43, 3533-3539. - [17cFA. Dondoni. G. 
Fantin, M. Fogagnolo, A. Medici. J.  Cliem. Soc: Chem. Com- 
mun. 1988. 10-12. - A. Dondoni, G. Fantin, M. Fogag- 
nolo, A. Medici. P. Pcdrini, J.  Org. Clzenr. 1988, 53, 1748-1761, 
- J Org Chem. 1989, 54, 693-702. - -  [1211 A. Dondoni, 
G. Fantin. M. Fo nagnolo, P. Pedrini, Tetrahedron 1989, 45. 

Tanner, 1 Am. Clzewz. Soc. 1980, 102; 407-409. -- I2 8 . .  1 J. G. 

and ref.['] as well as['6-'SI , 

5141-5150. - ["g 7 A. Dondoni, Pure Appl. Cliem. 1990, 62, 

643-652. - [ Izh]  A. Dondoni, D. Perrone, Synthesis 1993, 
1162-1176. 

[ I 3 ]  Li3a1 A. Dondoni, F. Junquera, F. L. Merchan, P. Merino, T. 
Tejero, Tetrahedron Lett. 1992. 33, 4221 -4224. - [13b1 A. Don- 
doni, S. Franco, F. L. Merchan, P. Merino, T. Tejero, Synlett 
1993. 78-80. - Tetrahedron Lett. 1993, 34, 5475-5478. - 

A. Dondoni, F. L. Mei-clian, I? Merino, T. Tejero, V. Berto- 
Iasi, J.  Chein. Soc., Cliem. Commun. 1994, 1731-1733. - 

A. Dondoni, S. Franco, F. Junquera, F. L. Merchan, I? 
Merino, T. Tejero, V. Bertolasi, Clietii. Euu. J.  1995, I. 505-570. 

I?. N. Preston in The Chemistry o j  Heterocyclic Compounh. 
Wiley, New York 1981, p. 40, 141-142, and reL cit. - 
'lab] D. M. Smith ibid. 1981, 40. 332-333, and ref. cit. - 

B. Abarca-Gonzales. R. A. Jones. M. Medio-Simon. J. Qui- 
lez-Pardo. J. Sepulveda-Arques, E. Zaballos-Garcia, Synthetic 
Conzmun. 1990, 20, 321-331. - F. EfY'enberger, M. Roos, 
R. Ahmad, A. Krebs, Chem Beu. 1991, 124, 1639-1650. - [Ide] 
D. A. Goff, G. A. Koolpe. A. B. Kelson, H. M. Vu, D. L. 
Taylor, C. D. Redford, H. A. Musallam, 1. Koplovitz, R. N. 
Harris 111. J.  Med. Chetn. 1991, 34, 1363-1368. - [I4fl A. Don- 
doni, s. Franco, F. L. Merchan, P. Merino, T. Tejero, letra- 
hedron Lett. 1993, 34, 5479-5482. 

[I5] R. R. Fraser, T. S. Mansour, S. Savdrd, Can. 1 CIzen?. 1985, 

[I6] The structure of this compound has been reported in a short 
communication (G. Boche. C. Hill'. K. Harms, M. Marsch. J. 
C. W. Lohrenz, Angew, Chem. 1995, 107. 509-511, Angeii: 
Chetn. In[. Ed Engl. 1995; 34, 487). 

A. Maercker, Angeiil. C'hetn. 1987, 99, 1002- 1019; Angel+>. 
Chem. hit. Ed. Engl. 1987.26; 972. - r17bl S. Harder, J. Boersma, 
L. Brandsma, Organometallics 1989. 8, 1688- 1696. - [I7'] F. 
Bosold. P. Zulauf, M. Marsch, K. Harms, J. Lohrenz, G. Boche, 
Angeil: Clicm. 1991, 103, 1497- 1499; Angew. Chem. Int. E d  
Engl. 1991, 30. 1455. - ['"'] A. Opel, Dissertation, Universitat 
Marburg, 1993 and ref. cit. 

A. J. Arduengo 111, R. L. Harlow, M. Kline, L Am. Chem. 
Soc, 1991, 113. 361-363. - A. J. Arduengo 111. H. V. R. 
Dias, R. L. Harlow. M. Kline, J.  Am. Chern. Soc. 1992. 114, 
5530-5534. - [18cl A. J. Arduengo 111, H. V. R. Dias, J. C .  
Calabrcse. F. Davidson. J.  Am. CJiem. Sot: 1992, 114, 
9724-9726. - [ lXd1 A. J. Arduengo 111, H. V. R. Dias. J. C. 
Calabrese, F. Davidson, Inurg. Clieni. 1993, 32, 1541 - 1542. - 

A. J. Arduengo 111, H. V. R. Dias, J. C. Calabrese. F. David- 
son Oi-giinonietullits 1993. 12, 340553409, - [18f l  A. J. Ardu- 
engo I l l ,  D. A. Dixon; K.  K .  Kumashiro, C. Lee, W. P. Power, 
K. W. Zilm. 1 Am. Chetn. Soc. 1994, 116, 6361-6367. - 
[Isd A. J. Arduengo Ill, H. Bock, H. Chen, M. Denk, D. A. 
Dixon, J. C. Green, W. A. Herrmann, N. L. Joncs. M. Wa ner, 
R. J. West, J.  h i .  Chern. Soc. 1994, 116, 6641 -6649. - A. 
J. Arduengo 111, S. F. Gamper, M. Tamm, J. C. Calabrcse, F. 
Davidson, H. A. Craig, J Am. Clirnz. Soc. 1995, 117. 572-573. 

['')I More recent investigations have been published by: [19al W. A. 
Herrmann, M. Elison, J. Fischer, C. Kiicher. G. R. J. Artus, 
C/iem. Ez4~ .I 1996, 2. 772-780. - (Transiti0n)metal complexes 
with these carbenes: K. Ofele. W. A. Hcrrmann, D. Mi- 
halios, M. Elison, E. Hcrdtweck. W. Schercr, J. Mink, L Or- 
ganomt. Ciienz. 1993. 459, 177-184. - W. A. Hcrrmann, 
K. Ofele, M. Elison, F, E. Kuhn, P. W Roesky, J.  Organorner. 
Chem. 1994, 480. C7-C9. - W. A. Herrmann, 0. Runte, 
G. R. J. Artus, ibid. 1995, 501, CIbC4.  - 119c1 Applied Homo- 
geneous Catalysis with Organonietrillic Comple.xes \Eds.: B. 
Cornils, W. A. Herrniann). VCH, Weinheim, 1996. - f 9fl W. A. 
Herrniann. M. Elison. J. Fischcr. C. Kochcr. G. R. J. Artus. 

[141 

63, 3505-3509. 

[I7] 

[ I8 ]  

Angew Chem 1995, 107, 2602-2605. Angew Chem Int Ed 
End 1995. 34. 2171-2374 

I"'] [2')q A recent highlight dealing with thcsc carbenes has been 
published by M. Regilz. Angeic: Clieni. 1996, 108. 791-794; 
.4tigell! Chenz. In,. Ed. Engl. 1996. 3.5, 725-728. - [2"b] The 
crystal structure o f  bis(diisopropy1amino)carbene makes clear, 
not only that heterocyclic five-membered ring carbenes are 
stable. but also that donor substituents are required to stabilize 
a carbene significantly, R. W. Alder, P K. Allen, M. Murray, A. 
G. Orpen, Atqeiv. Clienz. 1996, 108, 121 1 - 1213; Angen: Chern. 
Int. Ed. Engl. 1996, 35. 1121-1123. - [znc] Another type of 
stable carbcncs is studicd by Guy Bertrand et al., see, e.g., A. 
Igau, H. Grutzmacher, A. Baceircdo, G. Bcrtrand, 1 Am. 

[2L] R .  K. Me Mullan, J. Epstein, J. R. Ruble, B. M. Craven, Actu 
Chern. SOL. 1988, 110, 6463-6466. 

Cryst. 1979, B35, 688-691. 

Chem. BerlRecueil1997, 130, 1201 -1212 121 1 



FULL PAPER G. Boche et al. 

I2j1 A. J. Arduengo 111. ill. Tamm. personal communication, July 
1 I ,  1994. We are vcry grateful to A. J. Arduengo 111 for prcpar- 
ing the complex 17, determining its structure, and reporting its 
structural data to us. 
A. J. Arducngo 111, J. R. Gerlich, W. J. Marshall, personal coin- 
munication, July 25, 1996, and Liehigs Aizn.lRecziei1, 1997, 
365-374. We are grateful to A. J. Arduengo TI1 for providing 
us with the results prior to publication. 
L. Nygaard, E. Asmussen. J. H. Hog, R. C. Maheshwari, C. H. 
Nielsen, I. B. Petersen, .I Mul. Struct. 1971, 8, 225-233. 

Izsl H. G. Raubenheimer, F. Scott, M. Roos, R. Otte, J Chem Soc. 
Chem Conzmur~ 1990, 1722. H. G. Raubenheimer, F. Scott, G. 
J. Kriiger, J. G. Toerien, R .  Otte, W, van Zyl, 1. Taljaard, P. 
Olivier, L. Linford, J Chem. Sue. Dalton T r a m  1994, 

[261 E. Crowe, F. Hossner. M. J. Hughes, Tetrahedron 1995. 51, 

! I 7 ]  B. A. Anderson. N. K. Harn, Synthesis, 1996. 583-585, con- 
clude similarly from their synthetic studies that in the case of 
oxazoles with ZnXt at C2 the ring-closed isomer 7 is favoured. 

["l Our NMR investigations reveal that lithiated oxazoles lead to 
fast and complete (within the limits of the measurement: 
95*5%) ring opcned products 7'; even at -78 "C. The structure 
of [7'.diglyn1c]~ could bc determined by an X-ray structure 
analysis, as pointed out earlieri"J . 

1291 A. J. Arduengo 111. H. V. R. Dias, E Davidson. R. L. IIarlow. 
J.  Organonwt. Cheni. 1993, 462. 13-18. 

[3'11 G. Boche, P. Andrews, K. Harms, M. Marsch, K 
M. Schimeczek, C. Willeke, 1 Am. Chem Soc: 1996, 118, 

13'1 D. A. Dixon. A. J. Arducngo 111, J.  Plys. CFieii?. 1991, 95, 

[321 A. J. Arduengo III? H. V. R. Dias, D. Dixon. R. L. Harlow, W. 
T. Klooster, T. F. Koetzle, J.  Am. Clzcm. Soc 1994. 116. 

[331 A. J. Arduengo 111. D. A. Dixon, K. K. Kumashiro, C. Lee. W. 
P. Power. K. W. Zilm, 1 Am. Chen?. Soc. 1994, 116, 6361 -6361. 

[341 J. Cioslowski, Int. 1 Quantuiii Chem.: Qtianturii Chenz. Synp 

[3s1 C. Heinemann. W Thiel, Chem. Phys, Lett. 1994, 217, 11-16. 
[361 L. Nyuliszi, T. Kirpliti, T. Veszpremi. J Am. Cliem. Soc. 1994. 

2091 -2097. 

8889--8900. 

4925-4930. 

4180-4182. 

68 12 - 6822. 

1993,27. 309 -319. 

116. 7239-7242. 
13'1 C. Heinemam, W. A. Herrmann. W. Thiel, J.  Orgunornet. 

Chem. 1994, 475, 73-84. 
C. Heinemann, T. Muller, Y. Apeloig, H. Schwarz, J.  Am. Cheni. 

[391 C. Boehme. G. Frenkine. J.  Am. Chein. Sot. 1996, 118, 
SOC. 1996. 118. 2023-2038. 

Y 

2039 - 2046. 

i''] A. Jiinsson. Actn Chem. Scund 1954, 8, 1389-1393. 
["I Autorenkollektiv, Urgunikum. 19. A~f l . ,  Dt. Verlag der Wis- 

14?1 B. H. Lipshutz, M. C. Morey. J.  Ovg. Clzem. 1983, 48, 

Ld3] W. T. Caldwell, S. M. Fox, J An?. Chern. Soc. 1951. 73, 

[44] T. N. Rirkinshaw. S. A. Harkin, I? T. Kaye, G. D. Meakins, A. 
K. Smith, .I Chem. Suc., Perkin Trms. I 1982. 939-943. 

["I Siemens SHELXTL PLUS (VMS) Vers. 4.21, Siemens Analyti- 
cal X-Kay Instrun~ents, Inc.. Madison 1990. 

[4G1 M. Sheldrick, SHELXL-93. Progrunz ,hv the Rejinernent oj 
Crystal Structures. Gottingen 1993. 

'"1 A. L. Spek, Platon 92, Progrmz ,for (ieon?etricul Aniil,v~i.r if 
Crystal Structures, Utrecht 1992. 

[4R1 E. Kcller, SCHAKAL-88B, A FORTRAN Progrilrn ,for the 
Graphic Rep resen ta tion of Moleculav and Crystallograph ic Mod- 
els, Freiburg 1988. 

I4"1 Crystallographic data (excluding structure factors) for the struc- 
ture(s) reported in this paper have been deposited with the 
Cambridge Cristallographic Data Centre. Copies of the data 
can be obtained free of charge 011 application to The Dircctor, 
CCDC. 12 Union Road, Canibridgc, CB2 IEZ. UK (fax: int. 
codc +44 (0) 12231336033. e-mail: deposit~chemcrys.cam. 
ac.uk). 
Beilstein, Vol. 23, EII, Springer Verlag, Berlin 1954, p. 187. 

L 5 ' l  C. Grundmann. A. Kreutzberger, J.  ,4117. C/zenz. Soc. 1955, 77. 

IS2l J. M. Sprague. A. H. Land, C. Ziegler, .I Am. Cliern. Soc. 1946, 

L5?I E. Merck, Deutsches Reich.spatent 1936, 670131. 
P41 R. Willstadter, T. Wirth: Clzem. Ber. 1909; 42, 1911--1915. 
[551 TURBOMOLE:  155d1 M. Haser. R .  Ahlrichs, 1 Conzput. Clieni. 

1989, 10, 104-11 1 .  - [ssb] R. Ahlrichs, M. Biir. M. Hascr, H. 
€Iorn, M. C. Kiilmel. Chezern. Phys Lett. 1989. 162, 165-169. - 
Isscl H. Horn. H. WeiR. M. Haser, M. Ehrin , R Ahlrichs, J.  
Conipt. Chem. 1991, 12, 1058-1064. - M. HLser, J. 
Almliif, M.  W. Feyereisen, Them Chhn. Acta 1991, 79. 
115-122. - [ssel A. Schafer, H. Horn, R. Ahlrichs. J Ckv7. 
P h j ~  1992. 97, 2571-2577. - '5s*l M. HBser. R .  Ahlrichs, H. P. 
Baron. P. WeiB: H. Horn. Tlzeoe Clzim. Acfcl1992, 83, 455-470. 

[j6: GAUSSIAN 92, Revision F.3: M. J. Frisch, G. W. Trucks, M. 
Head-Gordon, I? M. W. Gill, M. W. Wong, J. B. Foresman, B. 
G. Johnson, H. B. Schlegel, M. A. Robb, E. S. Replogle, R. 
Gompcrts, J. L. Andres, K .  Raghavachari, J. S. Binklcy, C. Gon- 
zalez, R. L. Martin, D. J. Fox. D. J. Defrecs, J. Baker, J. J. P. 
Stewart, and .I. A. Pople, Gaussian, Inc.. Pittsburgh PA, 1992. 

[97030] 

sensch., 1993, p. 208-209. 

3745 - 3750. 

2935-2936. 

6559 - 6562. 

68.2155-2158. 

1212 Chern. Ber.lRecueil 1997, 130, 1201 - 1212 


