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Abstract
The umpolung of aldehydes and acylsilanes in acyloin type reactions is computationally studied by a sequence of model reactions
(CPCM-THF B3LYP/6-31G(d)//B3LYP/6-31G(d)) with three different types of catalysts. Cyanide, a nucleophilic carbene and a phosphite
form adducts, transition structures for [1,2]-H-shifts or [1,2]-SiMe3-Brook rearrangements and generate the umpoled d1-species. Aliphatic
and aromatic aldehydes and acylsilanes (i.e., acetaldehyde, benzaldehyde, acylsilane, and benzoylsilane) show that p-conjugation slightly favors
the umpolung. For aldehydes, the nucleophilic carbene, N-methylthiazol-2-ylidene, is by far the most reactive catalyst, while cyanide is slightly
superior to the glycole based phosphite. For all catalysts, a dramatic decrease of activation barriers is apparent with the acylsilanes due to [1,2]-
SiMe3-Brook rearrangements, thermodynamically formations of d1-species with strong SieO bonds become highly favored.
� 2007 Elsevier Ltd. All rights reserved.

OO

1. Introduction

The cyanide catalyzed benzoin reaction, i.e., the coupling of
benzaldehyde to its diphenyl acyloin, was discovered by Wöhler
and Liebig.1 An a-hydroxyl carbanion is the key intermediate
of the mechanism, which was first proposed by Lapworth
(Scheme 1).2 Such carbanionic intermediates, emerging from
umpolung reactions, are now highly appreciated d1-synthons
from a synthetic point of view.3 Thiazolium salts were found
to catalyze the benzoin reaction as well,4 and are now known
as precursors for nucleophilic carbenes. The in vivo decarboxy-
lation of pyruvic acid with such a thiazol-2-ylidene (vitamin B1)
is mechanistically similar to the benzoin coupling, with CO2

rather than Hþ as migrating group (Scheme 1).5 This carbene
catalyzed ‘Breslow mechanism’ is analogous to Lapworth’s cy-
anide mechanism,5 and expands the scope of the reaction even
to enantioselective acyloin type couplings with a much broader
range of substrates.6,7 It was recently found out that metallo-
phosphites catalyze cross-acyloin type couplings of acylsilanes
(X¼SiR03, Scheme 1) with aldehydes.8
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Scheme 1. Catalytic cycle of acyloin type reactions for the three types of
0
umpolung catalysts and aldehyde (X¼H) as well as acylsilane (X¼SiR 3)

substrates.

Scheme 1 illustrates the common mechanistic scheme of all
three types of umpolung catalysts, i.e., cyanide, carbenes, and
phosphites. The cycle starts with the addition of the catalyst to
the aldehyde (X¼H) or the acylsilane (X¼SiR03) to build an
oxyanion. The migrating group (X) then leaves the carbon
atom without binding electrons as an electrofuge and binds
to the oxyanion, forming the crucial, carbanionic d1-species.
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Table 1

Umpolung with different substrates and catalysts according to Scheme 2a

Substrate Catalyst Eadd Ea Ets Er

Acetaldehyde Cyanide 3.7 51.6 55.3 25.4

Carbene �1.3 39.4 38.1 �5.4

Phosphite 7.0 53.4 60.4 29.8

Acylsilane Cyanide 4.9 2.8 7.7 �0.9

Carbene �0.4 1.7 1.3 �32.6

Phosphite 10.1 6.1 16.2 3.4

Benzaldehyde Cyanide 5.8 45.3 51.1 12.3

Carbene 1.4 (�5.9)b 38.8 40.2 �5.0

Phosphite 9.0 49.5 58.5 19.7

Benzoylsilane Cyanide 3.0 1.3 4.3 �17.7

Carbene 1.9 1.0 2.9 �35.4

Phosphite 10.2 2.5 12.7 �8.2

a THF-CPCM-B3LYP/6-31G(d)//B3LYP/6-31G(d) with ZPE correction,

scaled by 0.9806.
b Oxirane formation.
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Figure 1. Umpolung of acetaldehyde with [1,2]-H-shift (THF solvent,

CPCM-B3LYP/6-31G(d)//B3LYP/6-31G(d), relative electronic energies refer-

ring to isolated reactants).
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This umpolung is a [1,2]-H-shift with aldehydes (X¼H) and
a [1,2]-SiR03-Brook rearrangement9 with acylsilanes (X¼
SiR03). Finally, the d1-acyl anion equivalent adds to a carbonyl
(or Michael) electrophile and the subsequent elimination of
the catalyst leads to acyloin (or Stetter) products (Scheme 1).

Due to the high synthetic potential of these umpolung
couplings, a better understanding of catalyst and substrate re-
activities is necessary. Previous computational assessments10

point to a large kinetic and thermodynamic preference for
the umpolung step with carbenes compared to cyanide and
phosphite catalysts.

How do the structures of substrates and catalysts affect the
crucial umpolung step? We here describe kinetic and thermo-
dynamic effects of catalyst variations as well as of substrate
modifications (e.g., exchange of X¼H vs SiMe3) from catalyst
additions to the crucial umpolung step during the formation of
the central d1-intermediate.

2. Results and discussion

Thermodynamic and kinetic effects during the formation of
d1-species11 from carbonyl substrates in acyloin type reactions
(Scheme 1) are computationally assessed by analyzing activa-
tion (Ea) and reaction energies (Er, Scheme 2). N-methylthi-
azole-2-ylidene serves as an exemplary nucleophilic carbene
catalyst. Cyanide and the glycole based phosphite catalysts
are treated without counterions to estimate intrinsic effects
only. Acetaldehyde, acylsilane, benzaldehyde, and benzoyl-
silane are chosen as aromatic and aliphatic substrates. Solvent
polarity is modeled by THF-CPCM computations.
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Scheme 2. Activation (Ea) and reaction energies (Er) in acyloin type reactions
Figure 2. Transition structure of the cyanide-induced umpolung of acetalde-

hyde (cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).
(cf. Scheme 1).

Additions of cyanide and phosphite catalysts to acetalde-
hyde form destabilized adducts, relative to the isolated reac-
tants (Eadd¼þ3.7 and þ7.0 kcal mol�1), while the carbene
adduct is stable (Eadd¼�1.3 kcal mol�1, Table 1, Fig. 1). The
activation barriers for the umpolung step of acetaldehyde are
quite similar for cyanide and the phosphite (Ea¼þ51.6 and
þ53.4 kcal mol�1), but Ea is significantly lower for the car-
bene (39.4 kcal mol�1, Table 1, Figs. 1e4). The formation of
the d1-species is only exothermic for the carbene catalyst,
yielding a neutral, electron rich alkene (Er¼�5.4 kcal mol�1,
Table 1, Fig. 1).
Additions to the acylsilane substrate are less favored for all
catalysts, relative to acetaldehyde, due to its lower carbonyl
electrophilicity (Table 1, Fig. 5). However, the barriers for
the umpolung step (i.e., the [1,2]-SiR03-Brook rearrangement)
are extremely reduced for all catalysts with SiMe3 as the mi-
grating group (X) compared to acetaldehyde (X¼H), due to
the formation of strong SieO bonds (Table 1, Fig. 5). These
activation barriers (Ea) are as low as 2.8 and 1.7 kcal mol�1

for cyanide and the carbene, while it is slightly higher for
the phosphite (Ea¼6.1 kcal mol�1, Table 1, Figs. 5e8).



Figure 3. Transition structure of the carbene-induced umpolung of acetalde-

hyde (cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).

Figure 4. Transition structure of the phosphite-induced umpolung of acetalde-

hyde (cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).

Figure 6. Transition structure of the cyanide-induced umpolung of acylsilane

(cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).

Figure 7. Transition structure of the carbene-induced umpolung of acylsilane

(cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).
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Likewise, the silylated d1-species are strongly favored versus
the umpoled aldehyde, especially for the carbene
(Er¼�32.6 kcal mol�1), but also for cyanide and phosphite
(Er¼�0.9 and þ3.4 kcal mol�1, Table 1, Fig. 5). The neutral
silyloxy alkene makes the carbene umpolung strongly exother-
mic, while less stable d1-carbanions are formed with cyanide
and phosphite (Fig. 5).
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Figure 5. Umpolung of acylsilane with [1,2]-SiMe3-Brook rearrangement

(THF solvent, CPCM-B3LYP/6-31G(d)//B3LYP/6-31G(d), relative electronic

energies referring to isolated reactants).
Similar to acetaldehyde, benzaldehyde as substrate gives
unstable adducts (Table 1, Fig. 9). A more stable oxirane
(�5.9 kcal mol�1) can cyclize from the open carbene adduct
(Eadd¼þ1.4 kcal mol�1). p-Conjugation stabilizes the transi-
tion structures of benzaldehyde with all catalysts relative to
acetaldehyde, and therefore supports especially the weaker
Figure 8. Transition structure of the phosphite-induced umpolung of acylsilane

(cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).
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Figure 9. Umpolung of benzaldehyde with [1,2]-H-shift (THF solvent, CPCM-

3LYP/6-31G(d)//B3LYP/6-31G(d), relative electronic energies referring to

isolated reactants).

Figure 10. Transition structure of the cyanide-induced umpolung of benzalde-

hyde (cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).

Figure 12. Transition structure of the phosphite-induced umpolung of benzal-

dehyde (cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).
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cyanide- and phosphite-catalysis (Ea¼þ45.312 and
þ49.5 kcal mol�1, Table 1, Figs. 9e12). This p-stabilization
also leads to less destabilized d1-species with cyanide
(‘benzoin-coupling’)1 and phosphite (Er¼þ12.3 and
Figure 11. Transition structure of the carbene-induced umpolung of benzalde-

hyde (cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).
þ19.7 kcal mol�1, Table 1, Fig. 9), while the difference to
R¼Me is only small for the carbene with R¼Ph (Er¼
�5.0 kcal mol�1, Table 1, Fig. 9).

Benzoylsilane as substrate gives unstable adducts for all
catalysts, again the carbene is most favored (Eadd¼
þ1.9 kcal mol�1, Table 1, Fig. 13). Relative to benzaldehyde,
a dramatic decrease of the barriers for the umpolung step, i.e.,
the [1,2]-SiR03-Brook rearrangement, is apparent for all cata-
lysts (Table 1, Figs. 13e16), with the highest reactivity for
cyanide. The strong SieO bond also favors formation of the
d1-species (Table 1, Fig. 13).

The activation barriers (Ea) of the catalysts correlate for
umpolung steps of aldehyde substrates well with the positions
of the transition structures on the reaction coordinates (mea-
sured as CeX/OeX values, Fig. 17): the lower the activation
barriers, the earlier are the transition structures on the reaction
coordinate. With benzaldehyde, cyanide appears to be a very
suitable catalyst for ‘benzoin couplings’,1 following
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Figure 13. Umpolung of benzoylsilane with [1,2]-SiMe3-Brook rearrangement

(THF solvent, CPCM-B3LYP/6-31G(d)//B3LYP/6-31G(d), relative electronic

energies referring to isolated reactants).



Figure 15. Transition structure of the carbene-induced umpolung of benzoyl-

silane (cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).

Figure 16. Transition structure of the phosphite-induced umpolung of benzoyl-

silane (cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).

Figure 14. Transition structure of the cyanide-induced umpolung of benzoyl-

silane (cf. Scheme 2, B3LYP/6-31G(d), bond distances in Å).
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Figure 17. Activation energies vs positions of the transition structures on the

reaction coordinates (quotient d(CeH)/d(OeH), y¼123.4 x�67.8, cc¼0.98)

for aldehydes.
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Figure 18. Activation energies vs positions of the transition structures on the

reaction coordinates (quotient d(CeSiMe3)/d(OeSiMe3), y¼36.1 x�28.0,

cc¼0.3) for acylsilanes.
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immediately the highly reactive carbene (Fig. 17). With acyl-
silanes only a rough correlation between Ea and the position
on the reaction coordinate is apparent (Fig. 18), the strong re-
duction of activation barriers supported by SieO formation is
dominating for all types of catalysts.

3. Conclusion

Computational assessments of thermodynamic and ki-
netic characteristics for umpolung steps of aldehyde sub-
strates show that the nucleophilic carbene is by far the
strongest umpolungs’ catalyst for the formation of the d1-
species, while cyanide is slightly superior to the phosphite.
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The [1,2]-SiR03-Brook rearrangement in the umpolung of
acylsilanes dramatically reduces activation barriers for all
types of catalysts and also strongly favors thermodynami-
cally the formation of d1-species due to strong SieO bonds.
Hence, the intrinsically weak phosphite catalysts, which
are, however, easily accessible and enantiopure from chiral
diols, can become suitable catalysts for umpolung reactions
of a wide range of acylsilane substrates. After umpolung,
the next step in the catalytic cycle will be the addition of
the d1-intermediate to the electrophile. Subsequent studies
will show if a higher nucleophilic reactivity of the phos-
phite d1-species could overcompensate their lower umpo-
lung reactivity relative to carbene catalysts in this CeC
coupling.

4. Computational details

The computations were carried out with Gaussian03.13

B3LYP/6-31G(d) optimizations were performed in the gas
phase11,14 and all stationary points were characterized by fre-
quency calculation. Solvent effects (THF, 3¼7.58) were con-
sidered by single point CPCM-SCRF calculations.15 Zero
point energies were scaled by 0.9806.16
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