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The mechanism of the addition of 2-silylthiazole to formaldehyde has been studied by ab initio
calculations at the MP2/6-31+G*//6-31G* level. The reaction is predicted to occur by the concerted
formation of anN-[(silyloxy)methyl]thiazolium-2-ylide intermediate followed by nucleophilic addition
of the intermediate to another formaldehyde molecule. Loss of the first formaldehyde gives the
addition product. An alternative mechanism involving 1,2-migration of the ylide to form 2-[(silyloxy)-
methyl]thiazole is prevented because of the high activation energy of the 1,2-shift. A third
mechanistic alternative involving the formation of an N-silylthiazolium-2-ylide through 1,2-silyl
migration is also discounted due to a high activation energy.

Introduction

The reaction of 2-(trimethysilyl)thiazole (1, 2-TST) with
aldehydes is the key step in a general method for the
stereoselective chain elongation of aldehydes to form
polyhydroxy compounds such as sugars,1,2 several ex-
amples of which are shown in Scheme 1. The reaction
formally involves the addition of the C2-Si bond of 1
across the carbonyl group, but such a reaction is orbital-
symmetry forbidden unless a pseudopericyclic mecha-
nism3 involving silicon occurs. We have carried out a
theoretical study of the reaction of 2-silylthiazole with
formaldehyde and predict a novel termolecular mecha-
nism for this reaction. Our results are consistent with
experimental results obtained in studies which were
conducted while the calculations described herein were
in progress.2d Experimental studies conducted while the
present calculations were in progress have also uncovered
evidence for a termolecular mechanism, through trapping
of corresponding intermediates.2d

Computational Methods

The calculations reported here were performed with GAUSS-
IAN 904a and GAUSSIAN 92.4b Geometries were initially
optimized with AM1,5 and then with ab initio calculations
using first the 3-21G and then the 6-31G* basis sets. Energies
were also evaluated with 6-31+G* and MP2/6-31+G* calcula-

tions on the 6-31G* geometries. Vibrational frequencies were
calculated with the 3-21G basis set. Free energies were
calculated using the default thermochemical analyses (298.15
K, 1 atm) from RHF/3-21G frequency calculations.4 The
geometries of optimized species are given in Figures 1, 4, 5,
and 6. When both structural formulas and calculated geom-
etries are given, the latter are marked with primes.
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Results and Discussion

Four possible mechanisms for the formation of 6 from
2, the model system used in this study, are outlined in
Scheme 2. We first considered the direct four-center
reaction between 2-silylthiazole (2) and formaldehyde
(mechanism 4). In spite of many trials with both 3-21G
and 6-31G* basis sets, we were unable to locate a
concerted transition structure for the insertion of form-
aldehyde into the C-Si bond of 2-silylthiazole to form
2-(siloxymethyl)thiazole. Upon constrained approach of
the formaldehyde carbon to C2 of 2, the C2-Si bond
elongates and bends toward the C2-N3 bond, so that SiH3

is stabilized by N3. Full optimization leads to a transition
structure for the 1,2 silyl shift and an isolated formal-
dehyde, which corresponds to an activation energy of 39
kcal/mol (vide infra). The activation energy for the four-
center reaction would be expected to be even higher.
Furthermore, a mechanism involving a four-center tran-
sition state should be symmetry-forbidden. In accord
with this prediction, attempted constraints of both-
forming CC and OSi bonds lead to high-energy struc-
tures. The direct four-center reaction was therefore
discounted as a possible mechanism, while the other
pathways shown in Scheme 2 were further explored.
A transition structure for the nucleophilic addition of

N3 of 2 to formaldehyde to form N-(siloxymethyl)thiazo-
nium ylide (3) was located. This structure, 7, shown in
Figure 1, has an N-C forming bond length of 1.84 Å. The
nitrogen attack angle is 104°, similar to that of other
nucleophilic addition transition structures.6 The addition
is concerted with the migration of the silyl group,
although the C-Si bond is only slightly elongated (1.94
Å compared to 1.89 Å in the starting material 2-silylthi-
azole; structure 2′, vide infra). A transition structure
with 180° rotation of the formaldehyde O away from Si
could not be located, presumably because this geometry
does not allow silyl group participation.
The transition structure 7 is only 4 kcal/mol higher in

energy than the reactants at the best level of calculations.
The estimated free energy of activation with thermal
energy and entropy corrections is 14.6 kcal/mol at 298

K. This is mainly due to a large loss of entropy (-33 eu)
in the transition state. Although this barrier is likely to
be underestimated to some extent due to overestimation
of correlation energy in transition structures by the MP2
calculations,7 this reaction can occur readily. The opti-
mized N-(siloxymethyl)thiazonium ylide (3) is shown by
structure 3′. The C2NCO dihedral angle is 110°, close to
perpendicular to the thiazole ring. The gauche effect
causes the OSi bond to be gauche to the N-C bond.8
The transition structure for the reaction of 3 with a

second molecule of formaldehyde was then calculated
(mechanism 1, Scheme 2). In the 6-31G* transition
structure (8), the forming C---C bond length is only about
1.94 Å, which is significantly shorter than that in the
transition structure of nucleophilic additions of -CN to
carbonyl compounds.6 Thus, the transition structure is
late, and C2 is only a weak nucleophile. There is a small
attractive electrostatic interaction between the second
carbonyl oxygen and the SiH3 group, as indicated by the
O-Si distance of 2.8 Å. The product of this reaction, 4,
is a cyclic structure, with a half-chair conformation (4′).
The calculated energy of the transition structure 8with

respect to two molecules of formaldehyde plus 2 is quite
dependent upon basis sets, as shown in Table 1. The
calculations with the 3-21G basis set significantly un-
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Scheme 2

Figure 1. 6-31G* geometries of transition structure 7 and
product 3′ of nucleophilic addition of N3 of 2-silylthiazole to
formaldehyde; of transition structure 8 and product 4′ of
addition of 3′ to formaldehyde; and of transition structure 9
and product 6′ of loss of formaldehyde from 4′. For atom
numbering and identities, refer to 2, Scheme 2.
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derestimate the activation energy; our estimated free
energy of activation considering thermal energy and
entropy is about 24 kcal/mol. This energy barrier is
mainly caused by a loss of 81 eu of entropy in the
transition structure for this termolecular process.
The transition structure for the final step of this

mechanism, 9, is shown in Figure 1. The N-C bond has
elongated to 2.00 Å and the O-Si bond has stretched to
1.902 Å as formaldehyde prepares to depart. Again, the
calculated energy relative to two molecules of formalde-
hyde plus 2 is very dependent on basis sets (Table 1);
the estimated free energy of activation is 14.6 kcal/mol.
The main contribution to this energy barrier is enthalpic.
Complete loss of formaldehyde leads to product 6′; the
overall reaction of the addition of one molecule of
formaldehyde to 2 to form 6 is calculated to be 23.0 kcal
mol-1 exothermic.
Another consideration in this last step is the geometry

of departure of formaldehyde to yield product 6′. Struc-
ture 9 is the transition state expected by direct O-Si
cleavage from structure 4′. This involves cleavage of an
equatorial O-Si bond in the trigonal bipyramidal inter-
mediate. It is well known that apical loss (or entry) of a
leaving group (nucleophile) is favored in such nucleophilic
substitution on Si.9 Indeed, the transition states de-
scribed earlier involving Si-O cleavage or formation (7
and 8) do have apical Si-O bonds. Structure 4′ can
undergo a Berry-type pseudorotation9 to generate an
intermediate where the two oxygens in 4′ have “switched”
positions, thereby placing the departing formaldehyde
oxygen apical. The resulting transition state would be
similar to 9 with the exception that the oxygen would
leave apically rather than equatorially. To obtain an
estimate of how much lower the barrier would be for
oxygen apical departure, we found the transition struc-
ture corresponding to apical departure, 9ax (Figure 2).
Structure 9ax is found to be 12.0 kcal/mol below 9 at our
highest level of calculations. Thus, it is likely that 4′ will
undergo a pseudorotation to a new intermediate possess-
ing an apically oriented departing oxygen; the subsequent
departure of formaldehyde through 9ax would be lower
in energy than through 9. The barrier to the initial
pseudorotation, judging from other calculations of the
pseudorotation of SiH3X2

- compounds,9b,c will be less than
5 kcal/mol, provided the 7-membered ring does not cause
too much strain. Therefore, a pseudorotation followed

by apical departure of formaldehyde is possibly lower in
barrier than the single-step, direct pathway through
structure 9. Since our interest is in showing the overall
favorability, or disfavorability, of this termolecular path-
way, whether the reaction proceeds through 9 or through
an even lower energy pathway is not extremely impor-
tant. The three steps of mechanism 1 are predicted to
have very low free energies of activation (Figure 3), with
the second step being the highest in energy; thus, the
reaction by this mechanism should occur readily.
How would solvent influence the energies of these

transition structures and intermediates? Since all of
these species have some zwitterionic character, they
should all be stabilized somewhat by solvent with respect
to the nonpolar reactants. Therefore, this reaction mech-
anism has a sufficiently low activation energy to occur
at room temperature, and the rate-determining step is
the addition to the second molecule of aldehyde.
An alternative mechanism involves initial 1,2-shift of

the silyl group of 2 to form the N-silyl ylide, 5, an
attractive intermediate due to the well-known stability
of such ylides,10 followed by nucleophilic addition of 5 to
formaldehyde (mechanism 3, Scheme 2). The calculated
geometries (6-31G*) of 2-silylthiazole (2′), N-silylthiazo-
lium-2-ylide (5′), and the transition structure of 1,2-silyl
shift (10) are shown in Figure 4, and the calculated
energies of these structures are given in Table 2. In
structure 2′, the C2-N bond is about 0.1 Å shorter than
the N-C4 bond, while the C4-C5 is a typical double bond.
In structure 5′, both C2-N and N-C4 bonds elongate, but
C4-C5 shrinks slightly, indicating weaker conjugation.
The transition structure (10) has a short N-Si distance
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Table 1. Calculated Energies (au) of Structures 7, 3′, 8, 4′, 9, and 6. The Relative Energies (in Parentheses) of 7, 3′, and
6 Are Calculated with Respect to 2-Silylthiazolea (2) Plus Formaldehyde;b the Relative Energies of 8, 4′, and 9 Are
Calculated with Respect to 2-Silylthiazole Plus Two Molecules of Formaldehyde. The Last Line Gives Estimated

Relative Free Energies (kcal/mol) Calculated by the Correction of the MP2/6-31+G* Relative Energies with the 3-21G
Thermal Energies and Entropies at 25 °C

basis set 7 3′ 8 4′ 9 6

3-21G -966.140 34 (3.4) -966.179 35 (-7.5) -1079.402 52 (-22.0) -1079.429 33 (-38.8) -1079.429 38 (-38.8)d -966.219 91 (-46.6)
6-31G* -971.211 85 (14.5) -971.224 69 (-7.5) -1085.097 39 (2.5) -1085.121 61 (-12.0) -1085.108 03 (-4.2) -971.293 11 (-36.5)
6-31+G*//6-31G* -971.221 93 (10.2) -971.257 64 (-12.2) -1085.111 16 (4.0) -1085.134 08 (-10.4) -1085.119 64 (-1.3) -971.301 99 (-34.9)
MP2/6-31+G*//6-31G* -972.29997 (3.8) -972.31368 (-4.8) -1086.49286 (-7.9) -1086.52335 (-27.0) -1086.50948 (-18.3)e -972.36608 (-37.7)
estimated ∆G(298)c 14.6 9.4 23.9 6.3 14.6 -23.0

a For energies, see Table 2 (2′). b The energy of formaldehyde is: 3-21G, 113.22182; 6-31G*, 113.86633; 6-31+G*, 113.87114; MP2/6-
31+G*, 114.17426. c The 3-21G ZPE (kcal/mol) and thermal energies (kcal/mol, 298 K), and entropies (cal/mol.K) are: formaldehyde,
18.2, 20.0, 52.1; 2-silylthiazole, 47.8, 50.2, 76.3; structure 7, 65.9, 71.3, 95.8; structure 3′, 69.6, 74.8, 93.7; structure 8, 91.7, 97.8, 99.2;
structure 4′, 93.2, 98.8, 93.7; structure 6, 70.0, 75.2, 93.8. d Energy value is for apical departure of formaldehyde (see text); unable to find
the transition structure corresponding to equatorial formaldehyde departure. e Because equatorial transition state could not be found at
3-21G, the 6-31G* thermal energy and entropy were used. The 6-31G* ZPE (kcal/mol), thermal energy (kcal/mol, 298 K), and entropy
(cal/mol.K) for structure 9 are: 92.3, 98.2, and 96.8.

Figure 2. 6-31G* transition structure for the apical departure
of formaldehyde to form product 6′.
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of 1.87 Å. At the MP2/6-31+G* level, structure 5′ is
calculated to be less stable than structure 2′ by about 26
kcal/mol. The calculated activation energy for the 1,2-
SiH3 shift is 39 kcal/mol for conversion of 2′ to 5′ and 13
kcal/mol for the 5′ to 2′ conversion. We also located the
transition structure, 11, for the addition of 5′ to formal-
dehyde (Figure 5). The free energy of this structure with
respect to the reactants, formaldehyde plus 2′, is esti-
mated to be about 37 kcal/mol. Therefore, both steps of
this mechanism have high activation energies, and this
mechanism is unlikely to occur at room temperature.
Can theN-(siloxymethyl)thiazolium ylide intermediate,

3, undergo a 1,2 shift to form the product 6 directly
(mechanism 2, Scheme 2)? To model this, we calculated
the 1,2 methyl shift reaction ofN-methylthiazolium ylide
to form 2-methylthiazole. The calculated structures are
shown in Figure 6. N-Methylthiazolium ylide (13) is less
stable than 2-methylthiazole (12) by about 40 kcal/mol,

and the transition structure (14) is calculated to be less
stable than 13 by 76 kcal/mol. Such a high activation
energy for 1,2-methyl shift is similar to those of other
1,2-shifts in carbanionic species.11 In fact, the reaction
is most likely to occur in a stepwise fashion with
homolytic N-C bond cleavage followed by C-C bond

Figure 3. Energetics (∆Grxn) of the reaction of 2 with two molecules of formaldehyde to form 6 via mechanism 1, Scheme 2.

Table 2. Calculated Total Energies (au) and Relative Energies (in Parentheses, kcal/mol) of 2-R-thiazole (R ) SiH3,
CH3), 3-R-thiazolium Ylide, and Transition Structure of 1,2-Shift

R ) SiH3 2′ 5′ 10

3-21G -852.923 88 (0.0) -852.903 54 (12.5) -852.860 54 (39.7)
6-31G* -857.368 67 (0.0) -857.336 86 (20.0) -857.304 16 (40.5)
6-31+G*//6-31G* -857.375 20 (0.0) -857.345 21 (18.8) -857.309 96 (40.9)
MP2/6-31+G*//6-31G* -858.131 70 (0.0) -858.090 58 (25.8) -858.069 65 (38.9)

R ) CH3 12 13 14

3-21G -603.197 36 (0.0) -603.147 84 (31.1) -603.012 36 (116.1)
6-31G* -606.331 98 (0.0) -606.274 16 (36.3) -606.130 18 (126.6)
6-31+G*//6-31G* -606.338 13 (0.0) -606.282 46 (27.9) -606.139 21 (124.8)
MP2/6-31+G*//6-31G* -607.144 34 (0.0) -607.080 47 (40.1) -606.948 78 (116.4)

Figure 4. 6-31G* geometries of 2-silylthiazole, 2′; N-silylthi-
azolium-2-ylide, 5′; and the transition structure, 10, for
conversion between 2′ and 5′. For atom numbering and
identities, refer to 2, Scheme 2.

Figure 5. 6-31G* transition structure for the addition of 5′
to formaldehyde.

Figure 6. 2-Methylthiazole, 12; N-Methylthiazolium-2-ylide,
13; and the transition structure, 14, for conversion between
12 and 13. For atom numbering and identities, refer to 2,
Scheme 2.
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closure.11 Therefore, this mechanistic pathway to product
can be ruled out.
The energetics at MP2/6-31+G*//6-31G* of the possible

mechanisms discussed herein are displayed pictorially
in Figure 7. In summary, our calculations indicate that
a direct four-center C-Si insertion of 2-silylthiazole to
formaldehyde is forbidden due to an extremely high
activation energy. As a result of relatively high activa-
tion barriers for 1,2-shifts, mechanisms 2 and 3 shown
in Scheme 2 are also unlikely to occur under room
temperature conditions (mechanism 2 is not shown in
Figure 7 since calculations involved model compounds
(vide supra); mechanism 3 is represented by curve 2′ f
10 f 5′ f 11 f 6, Figure 7). The calculations predict
that a termolecular mechanism involving one molecule
of 2-silylthiazole and two molecules of formaldehyde
(mechanism 1) has a sufficiently low activation energy
(2′ f 7 f 3′ f 8 f 4′ f 9 f 6′, Figure 7). This
mechanism involves fast formation of the N-(siloxymeth-
yl)thiazolium ylide intermediate, 3, followed by rate-
determining nucleophilic addition to a second molecule
of aldehyde to form intermediate 4. The fast 1,6-silyl
migration in 4 is accompanied by loss of a molecule of
aldehyde to give the final product, 6. In the case of a
chiral aldehyde, the stereoselectivity is determined by the

second nucleophilic addition to form the intermediate 4.
Such a mechanism is in agreement with experimental
observations.2d While the present calculations were in
progress, experiments were conducted in which NMR
spectroscopy was used to follow the reaction of a series
of aldehydes with 2-(trimethylsilyl)thiazole.2d It was
found that the kinetics of the reaction of acetaldehyde
with (trimethylsilyl)thiazole produce data which are
consistent with a third-order mechanism, first order in
the silylthiazole, and second order in acetaldehyde. It
should be noted, however, that the acetaldehyde was used
in excess, and the kinetics therefore also fit a second-
order equation, which appears to be due to pseudo-
second-order fitting. Furthermore, these experimental
studies support our computational results by providing
evidence, through trapping experiments, of a mechanism
consistent with the intermediacy of 3 and 4.2d
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Figure 7. Energetics (MP2/6-31+G*//6-31G*) of mechanisms 1 and 3 (Scheme 2).

1926 J. Org. Chem., Vol. 61, No. 6, 1996 Wu et al.


