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The Thiazole Ylide : A Frequently Invoked Intermediate 
Is a Stable Species in the Gas Phase 
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Abstract: The 1,2-hydrogen shift isomers 
of neutral (singlet and triplet) thiazole (1) 
and its radical cation have been investi- 
gated by a combination of mass spectro- 
metric experiments and hybrid density 
functional theory calculations. The latter 
were used to probe the structures and 
stabilities of selected C,H,NS and 
C,H,NS'+ isomers and transition state 
structures. Although 3H-thiazole-2- 
ylidene (2) is less stable than 1, by 
31.5 kcalmol-I, it is expected to be capa- 
ble ofindependent existence, since the 1,2- 
hydrogen shift from carbon to nitrogen 
involves a very large energy barrier of 
72.4 kcalinol-I. The other 1,2-hydrogen 
shift reaction from C(2) leads not to 
the expected cyclic 1 H-thiazole-2-ylidene 
structure (3), which is apparently un- 

stable, but rather to  the ring-opened spe- 
cies HSCH=CHNC (4), which is 
34.5 kcalmol-' higher in energy than 1. 
The barrier in this case is lower but still 
large (54.9 kcalmol-I). The triplet 
ground states of 1, 2 and 4 arc consider- 
ably destabilised (69.5, 63.2 and 
58.7 kcal mol-I) relative to their singlet 
states. Interestingly, in addition to 2" 
and 4+, the cyclic radical cation 3'' is 
predicted to be stable although it is sub- 
stantially higher in energy than ionised 
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thiazole 1" (by 53.9 kcalmol-I), where- 
as 2" and 4" are much closer in energy 
(only 10.2 and 27.0 kcalmol- higher, re- 
spectively). Dissuading 2'+ and 3'' from 
isomerising to 1'+ are energy barriers of 
52.6 and 15.3 kcal mol- I ,  respectively. 
Experimentally, dissociative ionisation of 
2-acetylthiazole enabled the generation of 
2'+, which could be differentiated from 
1" by collisional activation mass spec- 
trometry. Reduction of the ylide ion 2' ' 
in neutralisation - reionisation mass spec- 
trometry experiments yielded the corrc- 
sponding neutral molecule 2. This direct 
observation of a thiazolium ylide provides 
support for postulates of such species as 
discrete intermediates in a variety of bio- 
chemical transformations. 

Introduction 

Thiamin (Vitamin B,)  is a coenzyme that is essential to several 
biochemical processes."] The decarboxylation of pyruvic acid to 
acetaldehyde exemplifies its involvement in the catalytic cycles 
of many carbon-carbon bond forming and breaking reac- 
tions.[" The enzymatic activity has been suggested to  stem from 
the relatively easy deprotonation of the thiazolium ring to form 
an active, thiazolium ylide intermediate. Breslow's fundamental 
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studies[31 on model systems laid foundations for this current 
understanding of thiamin action. Despite a considerable body 
of other supportive experimental work,". 4-y1  including the re- 
cent synthesis and characterisation of a few metallocarbene 
complexes,"0 - the direct observation of free thiazolium-2- 
ylides remains elusive. In contrast, closely related live-mem- 
bcred ring heterocycles of the imidazole-2-ylidene family proved 
to be isolable compounds,['3, j4' although the parent species 
itself was only recently generated and characterised as a gaseous 
molecule.[' 51 More highly substituted members of this class have 
been probed spectroscopically in the gas phase.[16' Among relat- 
ed heterocycles, oxazole-2-ylidene has similarly been ob- 
served" 71 in neutralisation-reionisation mass spectrometry 
(NRMS)" *' expcriments. 

Since these latter types of species are biochemically less signif- 
icant than the thiazole ylides, it is important to addrcss this 
deficit. Herein we describe the successful identification of the 
parent 3H-thiazole-2-ylidene (2) using the technique of NRMS. 
Although not identical to the suggested active form of thiamin. 
this structure is the simplest model compound for the vitamin. 
While extensive computational studies have been carried out on 
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irnida~ole-2-ylidene~'~, ", 201 much less information is available 
for the thiazole ylides;r20-241 this has prompted us to use quan- 
tum chemical calculations of the hybrid density functional theo- 
ry[251 type to  investigate aspects of the C,H,NS potential energy 
surface relevant to the characterisation of thiazole-2-ylidenes 
and their radical cations.[261 It should be mentioned that the 
issue of " a r o m a t i ~ i t y " [ ~ ~ ~  in five-membered ring heterocycles 
has long attracted attention.[2s1 Aromatic stabilisation energies 
determined by means of a b  initio calculations incorporating 
perturbation theory (MP 2)[20, 21] apparently indicated that 2 is 
less stabilised than imidazole-2-ylidene, and the exact extent of 
its aromatic stabilisation has continued to  be a subject of con- 
t r~versy ."~ .  ' y' Given the difficulties inherent to establishing 
unambiguously the exact extent of aromatic stabilisation in 2, 
notwithstanding recent calculated magnetic susceptibility an- 
isotropy data,'"] we confine ourselves to a comparison of its 
structural features and energies relative to its isomers. 

Results and Discussion 

Generation of 2 + might be accomplished analogously to previ- 
ous "gas-phase syntheses" of carbene radical cations" ', 181 by 
dissociative electron ionisation (El) of an appropriately substi- 
tuted thiazole, such as the readily available acetyl-2-thiazole 
(Scheme I ) ,  which has a sizeable C,H,NS'+ peak at  m/z 85 in its 
EI mass spectrum. 

The proper identification of neutral species by NRMS re- 
quires that one can confidently establish the parent-ion struc- 
ture. Details of neutralisation-reionisation (NR) mass spec- 
trum acquisition[291 and other tandem mass spectrometric 

used to generate and characterise C,H,NS ions 
and neutrals are given in the Experimental Section. 

The collisional activation (CA) mass spectrum of the m/z 85 
ions obtained according to  Scheme 1 was compared to  that of 
thiazole radical cations (l"), which are produced simply by 
70 eV EI of thiazole (Figure The m/z 85 ions generated 
from the two precursors give rise to reasonably similar spectra, 
except for two crucial differences. First, only the mjz 85 ions 
that are expected to have the ylide ion structure produce a peak 
at m/z 73 (C,H,NS'+), which formally corresponds to the ex- 
trusion of the ylidic carbon atom from the ring. Secondly, the 
peak at  m/z 59 (HNCS") provides definitc evidence for a struc- 
ture that can readily lose acetylene, that is, 2'+,[321 Ion 3'+, 
although energetically disfavoured compared to  2' ' (see 
Table I ) ,  could also provide m/z 59 ions (HSCN" or 
CzH,S+).[331 However, an MS/MS/MS experiment[301 con- 
firmed the identity of the ions as HNCS'+.[3441 Ring cleavage in 
1'' wouldlead to the ion N=CH-S'+,  which is undoubtedly of 
higher energy, and this process is therefore not observed. Fur- 

thermore, the near 
absence of the rnjz 59 
peak in the CID mass 
spectrum of I * +  effec- 
tively rules out the 
possibility that iso- 
merisation to ionised 
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45 
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thiazole by a 1,2-H &u\ 70 
shift occurs to a sig- 

- 

nificant extent prior 
to dissociation. Per- 
haps not surprisingly, 
an analogous situa- 
tion is observed for 

G 4  

the imidazole/imida- 
zole-2-ylidene radical 
cation system, where 
the two isomers with m/z 

similar 'ID 
mass spectra are clear- 

Figure I .  CA i n a s  spectruiii 01' the / i f ; :  85 
ions generated from a) ioniscd thiazole and 

ly distinguished on b) iOniSed 2-acetyllhiazole 

the basis of the 
acetylene elimination reaction.["] Depending upon thermo- 
chemical considerations, it may be that this is a generic differen- 
tiating feature for simple five-membered ring heterocyclic 
molecular ions and their ionic 2-yfide isomers. We hasten to add 
that such a generalisation clearly has limits, as demonstrated by 
the challenge of identifying the pyridinc-2-ylide ion, which is a 
six-membered ring heterocycle.['51 

Encouraged by the indications that the dissociative ionisation 
of 2-acetylthiazole produces m/z 85 radical cations of structure 
2'+, we employed neutralisation-reionisation mass spectrome- 
try (NRMS)"" to attempt to  generate and characterise the 
neutral ylide 2. Ideally, near vertical electron transfer to the ion 
should yield the desired neutral. However, the internal energy 
content of the neutral produced in this way will depend on the 
Franck-Condon overlap between the ion and neutral. If the 
energy barrier to iso- 
merisation in the neu- (a) 85 

tral molecules is less 
than the minimum 
bond dissociation en- 
ergy, then rearrange- 
ment of excited neutral 
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molecules is possible 
and may occur. In 
such a case, subse- 
quent reionisation 
would lead to  a mix- 
ture of ions and, as a 
result, to NR mass 
spectra that d o  not 
match the correspond- 
ing CA mass spectra. 

The neutralisation - 
reionisation (NR) 
mass spectra of the 
two ions 1" and 2" 
(Figure 2)  are quite 

m/z 

Figure 2. N R  mass spectrum of  the i>r/;X5 
ions gencrated rrom a) ionised thiazole and 
b) ionised 2-acetylthiazole. 
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similar to  the corresponding CA mass spectra and both exhibit 
survivor signals a t  m/z 85. The observation of recovery peaks is 
consistent with the computational predictions (see below), pro- 
vided that the ions generated from 2-acetylthiazole are 2" as 
opposed to  3'+, since the latter are not expected to  yield stable 
species upon neutralisation. More importantly, the distinguish- 
ing peaks at  m/z 59 and 73 again appear only in the spectrum 
assigned to  2". Because of the absence of unique peaks for the 
thiazole structure itself, we cannot say with absolute certainty 
whether or not the ion 1" is also generated from 2-acctylthia- 
zole. However, the mjz 85 ions from 2-acetylthiazoie were 
analysed after N R  by CA[351 (spectrum not shown) and they 
again showed a substantial mjz 59 peak; we therefore conclude 
that the majority of the ions have the structure 2". It is thus 
clear that thiazole-2-ylidene (2) is formed by one-electron reduc- 
tion of2'+ in the gas phase and that 2 does not readily isomerise 
to  the neutral thiazole structure I .  

The search for stationary points corresponding to the thiazole 
isomers 1-3, their radical cations and the connecting transition 

Tirhle 1 Calculatcd energies [a] Tor ?elected C,H,NS neutrals [b]. radical cationa 
and transition structures. 
a )  Neutrals. 

R3LYP,6-31G*, ZPVE, A& ZPVE, tSZz, Ere, 

1 -569.051841 34.7 69 5 31.9 2.000 0 
2 -569.001609 34.7 63.2 33.1 2.007 31.5 
4 - 568.99 1753 31.5 34.5 
TSI 2 -568.930103 30.7 58.7 29.9 2.021 72.4 
TS1 4 - 568.957245 30 2 54.9 

b) Ions 

B3LYP/6-31G** ZPVE t S Z >  I E, 

I'  -568.718007 33.6 0.750 9.04 0 
Z t  - 568.703864 34.9 0 750 x.11 10.2 
3'' -568.629387 31.9 0.750 53.9 
4 +  -568.671657 31.5 0.750 8.71 27.0 
TSI" 2" -568.613426 30.8 0.758 8.62 62.8 
TSl.' -Ti  -568.602495 30.3 0.759 9.66 69.2 

[a] Total energies are in hartree; zero-point vibrational energies (ZPVE), triplet- 
singlet gap energies (AE,- , )  and relative energies of singlet species (&,) in kcal- 
mol-'; ionisation energies (IE,) in eV. [b] Subscript S and T are used to  indicate 
values for singlet- and triplct-state neutral species. 

structures of the 1.2-hydrogen shifts was conducted on a 6-pro- 
cessor SGI-POWER-Challenge computer using the Gaussian 94 
program package.[3h1 Analytical frequency calculations con- 
firmed the assignment of stable or  transition structures based on 
the correct number of eigenvalues of the Hessian matrix, 0 or I ,  
respectively. The geometric parameters and energies of the 
structures were obtained with the 6-31G** basis set by using the 
standard hybrid density functional theory option (HF/DFT) 
designated Becke 3LYP.["71 Relative energies were corrected for 
nonscaled zero-point vibrational energy (ZPE) contributions. 
The energy data and < S2 > expectation values of the open shell 
systems are collected in Table 1. The latter show that the 
Becke 3LYP wave functions d o  not suffer appreciably from spin 
contamination.[381 Tablc 2 contains the geometric details for the 
structures shown in Figure 3. 

H 

Figure 3. Optimised Recke3LYP/6-31G** geometries of selected C,H,NS mole- 
cules, radical cations and their connecting transition structures (see also Table 2 for 
details of geometries). Torsion angles Tor nonplanar species are as follows: 1,: 
C-N-C(Z)-H, 232.6' : C-S-C(2)-H, 165.8"; S-C(Z)-N-C, 12.8' ; C(2)-S-C-C, 11.2 : 
C-C-N-C(2), 4.0". 2,: C-C-N-C(2). 21 8 ; C-N-C(2)-S. 21.8'': C-C-N-H. 127.5.'. 
3": C-C-S-H, 98 .6 .  TS1,-2,: H-C(2)-N-C, 101.5' TS1,-.2,. H-C(Z)-N-C. 
128s. .  

According to the Becke 3LYP calculations thiazole (1) ( 'A ' )  is 
planar, with C-S bonds of almost equal length (1.737 and 
1.731 A) and a typical C=C double bond. This result is remark- 
ably close to the structure of 1 determined by microwave spec- 
t r o s ~ o p y . [ ~ ~ ]  In its triplet state 1 is nonplanar. As well as having 
an out-of-plane hydrogen atom, the ring skeleton exhibits some 
torsion (z lo'), and by comparison with the singlet-state struc- 

Table 2. Optimized Becke3LYP geomctries (angles/'. bond lengtha/A) for selected C,H,NS neutrals [a]. radical cations and transition structures 

S-C(2)-N C(2)-N-C N-C-C C-C-S C(2)-X-H [c] S-C(2) C(2)-N N - C  C=C C-s X - H [c] 

L,, [bl 
1, 
1, 
1" 
25 
2,  
2' + 

3' + 

4, 
4' 

TS I \  -2, 
TS I ,  -2, 
IS]'+ 2' 
TSI, 4, 
TSI" 3' 

11 5.2 110.1 115.8 
115.2 110.4 116.1 
112.4 110.5 114.X 
114.8 110.9 115 1 
103.6 120.9 111.3 
113.5 108.3 114.9 
115.5 112.6 111.5 
11 0.6 11 7.0 113.4 
'15.8 I75 6 122.9 
95.6 179.3 122.9 

1 16.0 110.8 11 2.5 
115.3 105.6 118.2 
108.3 115.3 113.3 
93.6 130. I 114.9 

110.4 116.9 114.0 

109.6 
109.8 
11  5.6 
111.5 
108.5 
113.0 
111.8 
110.7 
123.8 
122.0 

113.2 
113.4 
112.7 
116.5 
Il6.X 

121 7 
121 5 
130 1 
120 5 
11x2 
1188 
123 5 
94 1 

162 0 
I64 2 

60 0 

60 7 
23 3 
49 4 

60 2 

1.713 
1.750 
1.848 
1.820 
1.742 
1.780 
1.682 
1 .x34 
3.806 
3.788 

1.731 
1.784 
1.768 
2.650 
1.885 

1.304 
1.300 
1.406 
1.308 
1.312 
1.390 
1.352 
1.216 
1.201 
1.183 

1.324 
1.431 
1.372 
1.196 
1.245 

1.372 
1.377 
1.294 
1.339 
1.399 
1.401 
1.398 
1.419 
1.355 
1.374 

1.385 
1.392 
1.397 
1.392 
1.371 

1.367 
1.365 
1.452 
1.450 
1.349 
1.348 
1.356 
1.306 
1.398 
1.342 

1.377 
1.357 
1.362 
1.366 
1.373 

1.713 
1.733 1.0x3 
1.746 1.088 
1672 1 ,086 
1.755 1.013 
1 778 1.022 
1.755 1.019 
1.803 1368 
1.696 1.353 
1.762 1.346 

I .737 1.308 
1786 1.339 
1.740 1.316 
1.714 1.979 
1.740 1.529 

[a] Subscript Sand T a r e  used to indicate values for singlet- and triplet-state species. [h] Compare ref. 1391. [c] X = C(2) for strtictures 1, X = N for ~tructurcs 2 and TS I - 2. 
and X = S for structures 3". 4, TSI-3'' and TSI-4. 
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ture all the bonds except C(4)--N are longer with the S-C(2)-N 
angle narrowing slightly to accommodate the change. The 
triplet-singlet gap is large, 69.5 kcalmol- I including zero-point 
vibrational energy contributions. Ionisation of 1 yields a planar 
C, structure with bond lengths and angles intermediate between 
neutral thiazole in its singlet and triplet states. According to the 
DFT calculations the separation of 1 from 1'+ is smaller than 
the experimentally determined ionisation energy for thiazole 
(9.51 eV).[401 The difference is somewhat smaller for imida- 
z ~ l e , ~ ' ~ . ~ * ~  and for the imidazole ~a rbene"~" .  1 9 f 1  theory and 
experiment concur. 

Like 1, the ylide 2 ( ' A ' )  is also planar; its C=C bond is shorter 
and its C-N bond is a little longer; the C-S distances are about 
the same. In contrast to Sauer's structure for 2 derived by using 
a method based on a single determinant,f201 the Becke 3LYP- 
derived structure (Figure 3) has longer (by at  least 0.02 A) C-S 
bonds and shorter C(2)-N and C=C bonds (by 0.043 and 
0.01 A, respectively), although the S-C(2)-N angle is virtually 
the same. On going to the triplet state of 2 the S-C(2)-N angle 
widens noticeably from 103.6 to 113.5" and the two adjacent 
heteroatom-carbon bonds lengthen. Upon ionisation, further 
widening of the S-C(2)-N angle to 115.5" occurs, but while the 
associated C-N bond becomes slightly longer in 2'+, the C(2)- 
S bond actually shortens to 1.682 A and the other C-N and 
C- S bonds remain essentially unchanged. The geometry 
changes relative to singlet 2 are consistent with substantial local- 
ization of the HOMO at C(2). Energetically, reduction of the 
ions favours the formation of singlet 2 in the NRMS experi- 
ments, although, especially considering the similarity of the 
S-C(2)-N angles in 2" and triplet 2, the possibility of some 
endothermic neutralization to the latter cannot be ruled out on 
the basis of geometric differences. 

The transition structure TS 1-2 possesses features one ex- 
pects for a 1,2-hydrogen shift and has a typical frequency 
( z 2000 cm I)  for this type of process.[421 The energy required 
to surmount the barrier is 72.4 kcalmol-' coming from 1. Sim- 
ilarly, TS 1*+-2'+, the corresponding structure for the ions, lies 
62.8 kcalmol-I above 1". 

According to our calculations there is a stable radical cation 
3'' that has a cyclic structure, but curiously there seems to be no 
corresponding neutral molecule; optimisation attempts led in- 
stead to spontaneous ring opening and eventually to structure 4. 
The ionised counterpart of the latter (4") is also lower in energy 
than the cyclic ion 3" by 27 kcalmol-'. The deprotonated 
counterpart of 4 has been proposed to rationalise reactions of 
thiazole with bases in both solution[431 and gas-phase chem- 
i ~ t r y . [ ~ ~ l  

The transition structures TS 1-4 and TS 1" -3" determined 
for 1,2-hydrogen shifts from C(2) to the sulfur atom should lie 
high enough in energy (20.4 and 15.3 kcalmol-' relative to 4 
and 3") for the stable isomers to be observable under appropri- 
ate conditions. 

If the heat of formation of thiazole and also its ionisation 
energy were well established it should be possible to evaluate 
AHf(2) and AH,(2'+) from the computed energy differences be- 
tween the various species. However, the Lias compendium["] 
indicates that AHf(l) = 37+2 kcalmol-' is an estimated value. 
If we rely on this estimate together with our calculated differ- 
ence between 1 and 2, it puts AHf(2) at 68.5 kcalmol-'. Using 

the calculated energy difference between ylide 2 and its radical 
cation, we estimate AHf(l.+) to be 256 kcalmol-' with an un- 
certainty of several kcalmol- I .  The energy difference between 
the two neutrals can be combined with AH,(C,H4NSf) = 

187 kcal mol-', from the experimental proton affinity of thia- 
zole (PA(1) = 216.5 kcalmol-').[451 Howcver, we note that the 
value PA(2) = 247 kcalmol-I thus obtained is quite different 
from the 254.7 kcal mol- predicted by Sauer's calculations.[2"' 
Further calculations and experiments are necessary, and under- 
way, to alleviate this discrepancy. 

Conclusion 

The stability of the gaseous thiazole ylide 2, a model compound 
of Vitamin B, , provides support of mechanisms of thiamin ac- 
tion involving ylidic intermediates. The high barriers to isomeri- 
sation indicated by the computational and experimental results 
point to the possibility of directly observing 2 in the condensed 
phase under appropriate conditions, for example, by low-tem- 
perature matrix isolation. 

Experimental Procedure 

The tmdeni mass spectrometry experiments were performed at McMaster 
University on the VG Analytical ZAB-R. This BE,E, (B = magnet, 
E = electric sector) instrument and the details of the neutralization~-reioniza- 
tion mass spectrum acquisition have been previously described [29]. 
The ions of interest (e.g., m/z 85 in the case of C,H,NS' ' )  are mass-selected 
by B and subsequently (in a small gas cell located bctween B and E l )  subjected 
to collision with N.N-dimethylaniline. This results in neutralisation of a frac- 
tion of the ions generated in a 10 kV source by fast electron transfer. After 
exiting the cell any remaining ions are deflected away by a positively charged 
electrode, so that only a beam of fast-moving neutral species enters a second 
gas cell, whereupon they are (dissociatively) reionised by collisions with 
oyxgen molecules. The resulting ions are analysed by scanning E,.  If instead 
the reionised species are selectively transmitted at  a fixed E l  setting and 
helium gas is introduced in a third cell located between E l  and E,, an 
NR/CLD mass spectrum characteristic of the reioniscd neutrals can bc ob- 
tained by scanning the latter sector. Comparative CID experiments are per- 
formed analogously, but with the deflector electrode switched off. Spectra 
were recorded with a PC-based data system (Mommers Technologies, 
Ottawa, Canada). 
The compounds were purchased from commercial sources and used without 
further purification. Samples were introduced to the mass spectrometer either 
through an all-glass heated inlet system equipped with a leak valve or through 
a direct insertion-type probe having a glass bore and reservoir. At indicated 
pressurcs (monitored by a remote ionisation gauge) of typically 10 Torr, 
ions were formed by electron ionisation (70 cV) with the source temperature 
at 150°C. 

Acknowledgements: The research at  the TU Berlin was funded by the 
Deutschc Forschungsgemeinschaft and the Fonds der Chemischen liidustrie. 
J. H. thanks the Acadcmy of Science computer center for providing CPU 
time. G. A. M .  thanks the Natural Sciences and Engineering Research Coun- 
cil of Canada for a postdoctoral fellowship, the Deutscher Akadeinischcr 
Austauchdienst for a Research Scholarship, and Dr. Jeremy N .  Harvey for 
valuable discussions. 

Received: August 7, 1996 [F436] 

[l] R. Kluger, Client. Rev. 1987, 87, 863. 
[Z] L. 0. Krampitz, Thiamin Dipliosphare and I t s  C ~ ~ t a l ~ r i c  Rmctions. Marcel 

Dekker: New York, 1970. 
[3] a) R. Breslow. J. Am.  Chem. Soc. 1958. NU. 3719; b) R. Brcslow. Clr~wi. Ind. 

1957, 893; c) R. Breslow, J. Am. Chem. Soc. 1957, 80. 3719. 

('hem Eur J 1997. 7, No 2 $) VCH Vi.r/axyxew/l\<hufft n?hH D-6Y4.51 Wemherm, IY97 0947-6539~9?/03O2-0235 $ 15 O O t  2510 235 



FULL H. Schwarz, J. K. Terlouw et al. 

[4] A. Dondoni, A. W. Douglas. 1. Shinkai, J Org. Chum. 1993, 5X, 3196. 
[5] F. G. Bordwell, A. V. Satish. J. Am. C h ~ m .  Sor. 1991, 113, 985. 
161 M. W Washahaugh, W P. Jencks, J,  A m .  C h r m  So(c 1989, 111,  674. 
[7] T. Matsumoto. M. Ohishi, J. Inoue, .I Org. Chem. 1985, 50. 603. 
[El] H. Stettcr, Angeir Clzrm. 1976, 88, 695: Angcw. Chmi. In[. Ed. En,ql. 1976. 15, 

639. 
[9] P Haake, 1.. P. Bauschei-, W. B. Miller. J. A m  Chcm. So<. 1969, Yf, 

1113. 
[ l o ]  Au complex: H. G. Raubenheimer, I7 Scott, M Roos, R. Otte. J C'hcni. Sue. 

Clrem. Commim. 1990. 1722. 
[I  I! Cu complex: H .  G. Raubenheinier, S. Cronje, P. van Rooyan. P.  J. Olivier, 

J. G. Toerien, Angew. Chem. 1994, 106, 687, Angeic. Chcm I n / .  Ed EngI. 1994. 
33. 672. 

[I?/ LI complex. G. Boche, C. Hilf. K .  Harms. M. Marsch, J. C W. Loh- 
ren7. Angrw. (-7ieni. 1995. 107, 509: A n g ~ w .  ('hcnt. I n f .  E d  Engl. 1996. 34. 
481. 

[ I  31 For a prCcis of the "incredible renaissance" in this area, see: M Rcgitz, Angcw. 
Chem. 1996, 108, 791, .4ng~\i' Chein. Inf. Ed. EnxI. 1996. 35, 725. and refer- 
ences therein. 

[I41 For new theoretical insights. see: a )  C. Heinemanti. T. Muller, Y Apeloig. H. 
Schwarz, J .  Ani. Clirm. Snc. 1996, 118,2023; b) C. Boehme, G. Frcnking, i h d .  

[ I S ]  G. A. McGibhon, C. Heincmann, D. J. Lavorato. H.  Schwarr, unpublished 

[I61 P. Chen. personal conim~ni~at io i i .  
[I71 T. Wong. J. W. Warkentin, J. K .  'Terlouw, I n r .  J Mas.\ Spe(.Irom. Ion Proc 

[IR] Recent reviews. a) M. Plisnier, R .  Flammang, C/iim. Nou i .  1990. 8,  893. 
b) F. W, McLtiSferty. In/. J. Mu.rs Specfrom. Inn Procrs.sr.s 1992. 1 1 8 i l / 9 >  21 1 ; 
c) F. Turecek. Org h 4 u s  "+v~/rotn. 1992, 27. 10x7: d) N. Goldberg. H. 
Schwarz, Ace. Clieiii. Res. 1994. 27, 347 

[lo] a) R. Gleiter. R. Hoffmann, .I Am. Climm. SO<. 1968, YO, 5457; b) D. A. 
Dixon. A. J. Arduengo. J Ph!,.s. C'liem. 1991, 95. 4180: c) J. Cioslowski. 1111. J. 
puimf. Chem. Quunt. Chrnz. Symp. 1993.27, 309; d) C Ileinemann, W. Thiel, 
Chmi. P/iy.s. Z,i,tt. 1994, 217, 11 : e) A. J Ardurngo 111, D. A. Dixon, D. A. 
Harlow, K. K .  Kumashiro, C .  Lee, W. P. Power, K W Zilni, J Am. Ch7.  So<. 
1994. 116. 6361: S) A. J. Arduengo 111, H. Bock. H. Chen, M.  Denk, D. A. 
Dixon, J. C. Green, W. A. Hcrrmann, N. L Jones, M. Wagner, R. West. ;hid 
1994. 116, 6641: g) R. W. Alder, P. R. Allen. S.  J. Williams, J Cliem. So(,. 
Chcwi. Commun. 1995, 1267. 

1996, 118. 2039. 

results. 

w n ,  i i 5 ,  33. 

[20] R. R. Sauers. Tr,lnrhcdron Lrtt .  1996, 37. 149. 
1211 G. Boche. P.  Andrews. K. Harms, M. Marsch. K. S. Rangappa, M.  

[22]  R. Grigg, L. Wallace. J. 0. Morley, J, Cliom Soc.. Perkin Trans. 2 1990, 51 
[23]  a)  F. Geijo, F. Lopez-Calahorrd, S. Olivella. J I lererocjd Chrm. 1984, 21. 

1785: b) F i .  S. Aldrich, W. 1,. Alworth, N.  R. Clement, J Am. Chem Soc. 1978, 
100, 2362. 

Schimeczek, C .  Wtlleke, J 4n7. Clicnr. Soc. 1996. / / X ,  4925. 

1'241 R. Glciter. R. Hoffniann. J Am. Cliem. SOC. 1968. 90, 5457. 
1211 R. G. Pan. W. Yang, Diwsity Funcmiorrul T/ienr.v of Ata im  cmd A40ic~~.u/cs. Ox- 

ford University Press. Oxford 1989. 
[26] As long ago as 1865 even the structures of the "normal" isomeric forms 0 1  

thiazole were the subject ol lively debate, see: A. Hantzsch. J. H. Weber, Err. 
Dt.sc.11. Clwm. Ces. 1887, 20. 31 18. 

236 ~ 

[27] For an up-to-date perspective on definitions and criteria [or characterising 
aromaticity, see: P. v. R. Schlcycr, H. Jiao, Pure Appl. Chem. 1996.68,209. and 
references therein. 

[28] a) R. C .  Haddon. J. Am.  Chrm. Soc. 1978. 101, 1979; b) A. R.  Katritzky, P 
Barcynski, G. Musumarra, D. Pisano. M. SzaSran, ihicl. 1989. 111. 7.  
c) P. voii R. Schleyer, P. K. Freeman, H. Jiao, B. Goldfuss, A n p r .  C/iem. 
1995, M7* 332; Angrtr. C/xw. In/ .  Ed, Erigl. 1995, 34, 337. 

[29] H. F. van Garderen, P. J. A. Ruttink, P.  C. Buigers, G. A. McGibbon. J. K .  
Tcrlouw, I n / .  .I. Mu.ss Specfroin. Ion Processes 1992, 121. 159. 

[10] K.  L. Busch. G. L. Glish, S. A. McLuckey. Miis,\ .Sprrfrornutr?,',l~ass S p c -  
tromrtry, Tcchniyurs arid Applicutions o/ Tunr1r.m Ma.rs Spec/romc/rj,,  VCH, 
New York 1988. 

[31] a )  G. M. Clarke, R. Grigg, D. 13. Williams, J. C'huii. Soc. B 1966.339: h) K.  J. 
Klohe, J. .I. V. H o n k ,  J. V. Thuijl. Org. Moss Spc,c./rom. 1972, 6, 1363. 

[32]  XAH,(HN=C=S'' +C,HJ = 314 kcalmol-I; S. G. Lias, J. E. Bartmcss. 
J. F. Liebnian, J. L. Holmes. R. D. Levin, W. G .  Mallard. .1. P h n  Chem. Ref. 
Dutu, Supplcmcvzt 1, 1988. 

[33] Based on thc enthalpy differencc between CH,NCS'+ and CH,SCN'+. the 
products HSCN.' +C,H, are expected to require 1 3 3 7  kcalmol-I. The id- 
ternativc dicsociatioii is estimated to need more energy ( Z A H ,  = 
348 kcalmol-'), since AH,(CN') =I04 kcalniol-' and coinpiitatioils (expcri- 
mental data not being available) put protonated thiirene 40 kcalmol-' above 
H,C-C=S", for which AH,  = 204 kcalinol-' 

[34] P. Kamhouris, M. Plisnier. R. Flammang, J. K .  Terlouw, C. Wentrup, Tcrrtrhie 
(iron Lcrt. 1991, 32, 1487. 

[35] D. J. Lavorato, J. K .  Terlouw, T Dargel, W. Koch, G. A. McGibbon. H .  
Schwarz, J Am. Clirm. SOC. 1996, 118, 11 898. 

[36] Gaussian94 (Revision B.2), M. J. Frisch, G. W. Trucks, H. B. Schlegel. 
P. M.  W. Gill, B. G. Johnson, M. A. Rohb, J. R. Cheeseman. T. A. Keith. G. A. 
Petersson. J. A Montgomery. K.  Raghavachari, J B. Foresman. J Cioslowski. 
B. B. Stefanov, A. Naiiayakkara, M. Challacoinbe, C. Y Peng. P. Y. Ayala, W. 
Chen, M. W. Wong, J. L. Aiidres, E. S. Reploglc, R. Gomperts. R. L. Martin. 
D. J. Fox, J. S .  Binkley, D. J. DeFrees, J. Baker, J. J. P. Stewart, M. Head-Gor- 
don, C. Gonzalez, J. A. Pople, Gaussian, Pittsburgh PA, 1995. 

[37] a) S. J. Vosko, L. Wilk, M. Nusair, C'un. J Chcm. 1980, 58. 1200; b) A. D 
Becke. Phys Rci.. A 1988, 38, 5648; c) C. Lee, W, Yang, R. G Parr, P/ii,s. Rcv. 
R1988,37,785;d) A. D. I3ecke.J. Ciimi. Phj .~ .  1993.98. 1372;e) A. D. Becke. 
i h i d  1993, YX, 5648. 

[38] J. Baker, A. Scheiner, A. Andzelm, Chem. Phys. Lrtr. 1993. 216. 1.  
1391 J. Liebscher, HouDen-W<y/, Mr/lioc/rn der Orgonisclien Uicrnic. E8b, 111-2 (Ed.: 

[40] P. Radeniachrr, K. Kowsk~, A.  Miiller. J Mol. Sfrnct. 1993, 296, 1 1  1 
[41] J. Main-Boho, S .  Olcsik, W. Ciase. T: Bacr. A. A. Mommers, J. L. Holmes, .I 

[42] B. F. Yates, W. J. Bouma, L. Radom. Tctruhedron, 198 
[43] J. V. Metzgei-. ThLuolf und I l s  Derrvutivcs. Part I (Ed 

E. C. Taylor). 1986, pp. 117-121 
[44] Deprotonatcd thiazole anions were charactcrilcd by inass spectrometry: G .  W. 

Adams, J. H Bowie. R. N. Hayes, lnt. J M m s  S / ~ ~ t r o m .  inn f'rw.msr.s 1992. 
114, 163. 

[45] A revised PA(1) was obtained by reevaluating the value from M. Meot-Ner, 
L. W. Sieck, J Am.  Climi. Soc. 1991. / / 3 ,  4448 using the PA scale of J. E 
Szulejko, T. B. McMahon, J Am. C'liem. SOC. 1993, 115. 7839. 

F,. Schaumann). Georg Thieme. Stuttgart. 1994, 1 

A m .  Chem. Soc. 1986, lO8, 671 


