
Theoretical and Experimental Investigation of the Basicity of
Phosphino(silyl)carbenes

David Martin,†,‡ Ona Illa,§ Antoine Baceiredo,*,† Guy Bertrand,†,‡ Rosa M. Ortuño,*,§ and
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The reactivity of phosphino(trimethylsilyl)carbenes 1 with several organic acids has been examined
in order to evaluate the pKa values of the conjugate acids. Carbenes 1 react efficiently with C-organic
acids such as 1,3-dimesitylimidazolium chloride, phenylacetylene, acetonitrile, and acetyltrimeth-
ylsilane, which have pKa’s in DMSO in the range 18-31. However, the reaction of the conjugate
acids 1H+ with the anion perturbs the determination of the genuine basicity of 1. Theoretical
calculations have been performed in order to quantify the basicity of phosphino(trimethylsilyl)-
carbenes 1 and to compare them with that of N-heterocyclic carbenes 2. The pKa of 1H+ in DMSO
has been computed to be in the 23.0-23.4 range, so that 1 is not strong enough as a base to
spontaneously deprotonate organic acids such as phenylacetylene, acetonitrile, or acetyltrimeth-
ylsilane. However, its conjugate acid 1H+ is a strong electrophile and easily reacts with the
nucleophilic conjugate bases of these acids leading to the formation of the corresponding phosphorus
ylides.

Introduction

Since the discoveries of the first two families of stable
singlet carbenes, the phosphino(silyl)carbenes 11 and the
imidazol-2-ylidenes 2,2 numerous studies have been
carried out on their reactivity and electronic structure,3
with both types of carbene clearly being strongly nucleo-
philic. The acid-base chemistry of 2 and related N-
heterocyclic carbenes (NHCs) has been the subject of
recent work.4 The pKa of the conjugate acids 2H+ was
estimated to be between 16.6 and 24.4 in DMSO, depend-
ing on the nature of the R substituent.4c These values
are in agreement with the experimental results concern-

ing the protonation reactions of 2 with organic acids.
Indeed, the 1,3-dimesitylimidazol-2-ylidene 2b was pro-
tonated by a phenol (pKa ) 18, in DMSO), while only a
hydrogen bond interaction was observed with diphen-
ylamine (pKa ) 25, in DMSO) (Chart 1).5
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Here, we report on the reactions between the stable
phosphino(silyl)carbenes 1b,c and several C-organic
acids. Theoretical calculations were performed to support
and rationalize the experimental results.

Results and Discussion

The proton affinities for each of the parent carbenes
1a and 2a have already been calculated6 and are very
similar, 257.0 and 257.3 kcal/mol, respectively, which
suggests that the corresponding conjugate acids 1H+ and
2H+ have somewhat similar pKa values. Therefore, we
first studied the reaction of phosphino(silyl)carbene 1b
with imidazolium chloride 2bH+, Cl-, in order to compare
their basicity. A clean reaction took place, and the NHC
2b was obtained quantitatively along with the P-chloro-
phosphorus ylide 3 (Scheme 1). Indeed, methylenephos-
phonium ions such as 1bH+ are highly electrophilic
species7 and quickly react with the anion to give the
corresponding phosphorus ylide 3. At a first glance, this
observation indicates that phosphino(silyl)carbene 1b is
more basic than NHC 2b and should deprotonate organic
acids with pKa values lower than 24 in DMSO.

Although phosphino(silyl)carbenes 1b,c react with
electron-poor olefins to give the corresponding cyclopro-
panes with a total syn diastereoselectivity,8 no reactions
were observed with internal alkynes. In contrast, addi-

tion at room temperature of carbene 1b to phenylacety-
lene cleanly leads to phosphorus ylide 4, which was
isolated in 85% yield. It seems reasonable to postulate
that there is initial formation of the acetylide, which
quickly reacts with the methylenephosphonium 1bH+

(Scheme 2)
It is known that phosphino(silyl)carbenes 1b,c cleanly

undergo [2 + 1] cycloaddition reactions with benzonitrile
giving rise to the corresponding 2-phosphino-2H-
azirines.9 In marked contrast, carbene 1c readily reacts
with acetonitrile to give phosphorus ylide 6 (Scheme 3).
The PdCH-CN sequence was confirmed by the 13C NMR
1H-coupled signal of the cyano group, which appears as
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a doublet of doublets (2JPC ) 8 Hz and 2JCH ) 4 Hz). Not
surprisingly, the initially formed phosphorus ylide 5 was
not observed due to a rapid 1,3-proton shift leading to
the more stable isomer 6.

We have already shown that phosphino(silyl)carbene
1b reacts with aromatic10 aldehydes through a [2 +1]
cycloaddition, affording the corresponding oxiranes 7 with
excellent diastereoselectivity. When aliphatic aldehydes
such as acetaldehyde were used, in addition to the
formation of oxirane 7′, a small amount of olefin 8 was
observed; the latter results from a [2 + 2]-like cyclo-
addition giving an oxaphosphetene intermediate which
undergoes ring opening.11 To prevent both of these
processes, carbene 1b was reacted with the enolizable,
sterically hindered (methyl)(trimethylsilyl)ketone. Here,
a very clean reaction was observed and olefin 10 was
isolated in near-quantitative yield (Scheme 4). Most
probably, the initially formed enolate reacts with the
transient methylenephosphonium ion 1bH+ to give the
phosphorus ylide 9, which undergoes a rearrangement
to afford the observed product 10. Indeed, ylide 9 can be
detected by monitoring the reaction using multinuclear
NMR spectroscopy. The 31P NMR chemical shift (+54
ppm) is in the range expected for such ylides, with the
ylidic carbon appearing as a doublet (10.8 ppm, 1JC,P )
162 Hz) in the 13C NMR spectrum. The driving force for
the rearrangement of 9 into 10 is the formation of a
phosphine oxide fragment.

Since clean acid-base reactions occurred between
carbenes 1b,c and organic acids with pKa’s in the range
18-25, we turned our attention to the mechanism of the
reaction between 1b,c and DMSO.1a Indeed, two alterna-
tive pathways for the formation of sulfur ylide 13 can be
considered: (i) a [2 + 2] cycloaddition reaction with the
formation of a transient four-membered ring or (ii) an
acid-base reaction involving the deprotonation of DMSO
by carbene 1 followed by the O-alkylation of 1H+ to give
11. Then, 11 could rearrange into 12 (as observed for 9
f 10), and finally a prototropic rearrangement may occur
leading to the observed product 13, which is obviously

thermodynamically more stable than 12 because of the
presence of two electron-withdrawing groups at the ylidic
carbon (Scheme 5).

This acid-base pathway would imply that the pKa

values of 1b,cH+ would be greater than that of DMSO
(35 in DMSO). However, the situation is obviously not
so simple since the conjugate acids 1H+ are highly
electrophilic and readily react with the anion to give a
more stable phosphorus ylide. Certainly, the latter reac-
tion perturbs the experimental determination of the true
basicity of phosphino(silyl)carbenes 1.

To gain a better understanding of the reactivity of
carbenes 1 with C-organic acids theoretical calculations
were performed for reactions involving carbenes 1b
(R ) i-Pr2N) and 1d (R ) Me2N).

Theoretical Calculations. Figure 1 presents the
optimized structures of 1b, 1d, and their respective
conjugate acids. The most stable conformation of the
isopropyl groups in 1b has been determined through a
preliminary exploration of the potential energy surface
at the B3LYP/3-21G level of calculation.

The structures of 1b and 1d can be compared with the
crystal structure of a related phosphino(silyl)carbene
which bears Me2Si(tBuN)2P as phosphino group (C-Si
) 1.795 Å, P-C ) 1.53 Å, and Si-C-P) 152°).12 The
largest differences are observed for the C-P bond and

SCHEME 4

SCHEME 5

FIGURE 1. Structures of carbenes 1b and 1d and their
conjugate acids obtained at the B3LYP/6-31+G(d,p) level of
calculation. Bond lengths in Å and bond angles in deg. Values
obtained in DMSO solution are shown in parentheses.
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for the Si-C-P bond angle. Protonation produces a
remarkable variation in the Si-C-P bond angle, along
with a lengthening of the C-Si and C-P bonds. When
the geometries were optimized in DMSO solution, the
major change was observed for the Si-C-P bond angle
in 1d, which is more acute (145°).

Table 1 shows the values of the gas-phase deprotona-
tion enthalpies computed for the conjugated acids of
several phosphino(silyl)carbenes 1, diaminocarbenes 2
and for organic acids involved in reactions with 1 (see
Schemes 2-5). We have also included pyrazole, since it
has been used by Yates et al.4e as a reference for
computing relative pKa’s in DMSO.

The comparison between computed and experimental
values shows that B3LYP leads to better results than
PBE1PBE. In particular, the mean relative errors are
1.7 and 1.8 kcal mol-1, respectively, while the maximum
deviations are obtained in both cases for DMSO (3.0 and
3.6 kcal mol-1, respectively). The use of the 6-311+G-
(2d,2p) basis set improves the results and reduces the
mean relative error and maximum deviation to 1.5 and
2.6 kcal mol-1, respectively.

The gas-phase deprotonation enthalpies of 2cH+ (R )
Me) and 2dH+ (R ) t-Bu) were recently computed at the
CBS-QB3 level of calculation, which is expected to
provide very accurate thermochemical results.4e The
values computed for these two systems at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-31+G(d) level of calculation over-
estimate the enthalpies by 3.0-3.3 kcal mol-1. The use
of the CBS-QB3 method for phosphino(silyl)carbenes such
as 1b and 1d is not possible with our computational
resources due to the size of the systems and the lack of
symmetry. To get an estimate of the error introduced in
the B3LYP calculation of deprotonation enthalpies, we
studied two simple models, 1a (R ) R′ ) H) and 1e (R )
NMe2, R′ ) H). We also considered the model diami-
nocarbene 2a (R ) H). The comparison between B3LYP
and CBS-QB3 shows that, in all cases, B3LYP overesti-

mates the deprotonation enthalpies. The differences
between B3LYP and CBS-QB3 are 1.0 kcal mol-1 for 2a,
1.3 kcal mol-1 for 1a, and 2.2 kcal mol-1 for 1e. In view
of these results and those obtained for 2c and 2d, we
estimate that the CBS-QB3 deprotonation enthalpies of
1bH+ and 1cH+ would be 2-3 kcal mol-1 lower than the
B3LYP values. According to these results, 1b is more
basic in the gas phase than any of the diamino carbenes
studied.4e

In the next step, the pKa’s of acids involved in reactions
with 1 were computed in DMSO. The absolute pKa of XH
can be computed from the standard Gibbs reaction energy
associated with the reaction

in DMSO solution (∆G°DMSO) through

This Gibbs reaction energy is computed from

where ∆G°gas is the Gibbs reaction energy in the gas
phase, ∆∆Gsolv is the contribution from solvation and is
calculated from

and ∆Gcorr is the correction associated to the change in
standard state from gas phase (1 atm) to solution (1 mol
L-1) and its value at 298.15 K is 1.89 kcal mol-1.14

The value we used for the Gibbs solvation energy of
the proton in DMSO is -268.6 kcal mol-1,16 derived from
the experimental value in water (-264.0 kcal mol-1)17

and the Gibbs energy of proton transfer from water to
DMSO (-4.6 kcal mol-1).18 This value slightly differs from
the one used by Yates et al.,4e which was chosen to
minimize the absolute difference between the calculated
absolute and relative pKa’s.

Three different approaches for treating the solvent
effects were used: (a) the CPCM method using gas-phase
geometries (CPCM//gas), (b) the IPCM method using gas-
phase geometries (IPCM//gas), and (c) the CPCM method
using geometries optimized in solution (CPCM//CPCM).
The results are summarized in Table 2.

If we compare the values obtained using gas-phase
geometries, we observe that the CPCM method provides
values in closer agreement with experiment than the
IPCM method. The optimization of geometries in solution
does not generally lead to an improvement of results.

For 2dH+, 1bH+, and 1dH+ we also computed relative
pKa’s from
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TABLE 1. Gas-Phase Deprotonation Enthalpiesa of
Several Acids XH Obtained at Different Levels of
Calculation

XH B3LYPb PBE1PBEb CBS-QB3 expt

pyrazole 354.7 (355.2) 355.9 (356.4) 353.713

TMS-CO-Me 360.8 (360.1)
PhCCH 368.9 (370.2) 369.7 (370.8) 370.614

MeCN 372.0 (371.7) 372.7 (372.6) 372.9,14

373.315

DMSO 376.9 (376.5) 377.5 (377.1) 373.5,14

374.315

2aH+ 252.6 (252.7) 251.7
2cH+ 261.1 (261.3) 261.4 (261.8) 258.34e

2dH+ 270.4 (270.1) 266.84e

1aH+ 238.6 (236.7) 235.4
1bH+ 273.9 (274.4)
1dH+ 267.2 (268.2)
1eH+ 263.0 (263.5) 261.3

a In kcal mol-1 at 1 atm and 298.15 K. b For geometries
optimized with the 6-31+G(d,p) basis set. Values computed with
the 6-311+G(2d,2p) basis set are shown in parentheses.

XH f X- + H+

pKa ) ∆G°DMSO/2.303RT

∆G°DMSO ) ∆G°gas + ∆∆Gsolv + ∆Gcorr

∆∆Gsolv ) ∆Gsolv(X
-) + ∆Gsolv(H

+) - ∆Gsolv(XH)

pKa(XH) ) pKa(RH) - ∆G°DMSO/2.303RT
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where the reference acid RH is pyrazole and ∆G°DMSO is
the standard Gibbs reaction energy associated to the
proton-transfer reaction

in DMSO solution. The results obtained have been
included in Table 2.

The pKa’s of phenylacetylene, acetonitrile, and DMSO
can be compared with the values reported by Almerindo
et al.23 (29.0, 34.6, and 38.1, respectively). Our results
for acetonitrile and DMSO are closer to experiment,
whereas for phenylacetylene Almerindo’s result is better
than ours. The pKa of phenylacetylene has also been
computed by Fu et al.24 (27.1). Finally, the values
obtained for 2dH+ can be compared with those reported
by Yates et al.4e for absolute (22.6) and relative (22.8)
pKa’s.

From our results we estimate that the pKa of 1bH+ is
in the 23-23.4 range, slightly above the value corre-
sponding to 2dH+, so that 1b is also more basic than 2d
in DMSO solution.

Since we have seen that phosphino(silyl)carbene 1b is
able to react with several C-organic acids (Schemes 2-5),
we studied the reactions between 1d and these organic
acids XH in the gas phase and in toluene solution.

These reactions can be conceptually broken down into
two steps:

In this way, the roles played by the basicity of 1b and
the electrophilicity of its conjugate acid can separated.
The gas-phase reaction enthalpies and Gibbs reaction
energies associated with these two steps are shown in
Table 3.

In the gas phase, the proton transfer from XH to 1d is
very endothermic. The values of the reaction enthalpy
range between 93.6 and 109.8 kcal mol-1. For 1b these
values would decrease by 6.8 kcal mol-1.

According to Alkorta et al.,25 if ∆H°1 is lower than 102
kcal mol-1 spontaneous proton transfer could be produced
in the gas phase since the energy cost for proton transfer
may be compensated by the stabilizing interaction be-
tween both ions in the ion pair. In Table 3 there are two
cases, TMS-CO-Me and PhCCH, which satisfy this condi-
tion. For these two systems we tried to locate the
corresponding ion pairs, but in all attempts the system
evolved either to the X-1dH products or to the XH-1d
complexes. The structures of these complexes are shown
in Figure 2, and the corresponding formation enthalpies
are 2.1 and 0.2 kcal mol-1, respectively.

The structures of these complexes can be used to
estimate the formation energy of hypothetical ion pairs
in the gas phase. If we take as an estimate of the distance
between the 1dH+ and X- ions in the ion pairs as being
the distances from the carbene carbon atom to the
midpoint of the Si-C(carbonyl) bond of TMS-CO-Me (5.1
Å), and to the midpoint of the C-C(ring) bond of
phenylacetylene (5.5 Å) in the intermediates shown in
Figure 2, the stabilization energies obtained from the
Coulomb interaction energies are -65.1 and -60.4 kcal
mol-1, respectively. These interaction energies are not
sufficient to make the proton transfer favorable in the
gas phase. To compensate for the energy cost associated

(18) Marcus, Y.; Kamlet, M. J.; Taft, R. W. J. Phys. Chem. 1988,
92, 3613.

(19) (a) Liptak, M. D.; Shields, G. C. J. Am. Chem. Soc. 2001, 123,
7314. (b) Saracino, G. A. A.; Improta, R.; Barone, V. Chem. Phys. Lett.
2003, 373, 411.

(20) (a) Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456. (b) Bordwell
pKa Table: http://www.chem.wisc.edu/areas/reich/pkatable/kacont.htm.

(21) The pKa in DMSO was estimated from its value in water
(16.42)17 and the linear fitting obtained from the values of pKa’s in
DMSO and water of acetone, acetonitrile, phenylacetylene, dimethyl
sulfoxide and pyrrole:15 pKa(DMSO) ) 13.3 + 0.6763pKa(water) (n )
5, r ) 0.990).

(22) Kresgue, A. J.; Tobin, J. B. J. Am. Chem. Soc. 1990, 112, 2805.
(23) Almerindo, G. I.; Tondo, D. W.; Pliego, J. R., Jr. J. Phys. Chem.

A 2004, 108, 166.
(24) Fu, Y.; Rui-Qiong, L.; Guo, Q.-X. J. Am. Chem. Soc. 2004, 126,

814.
(25) Alkorta, I.; Rozas, I.; Mó, O.; Yáñez, M.; Elguero, J. J. Phys.

Chem. A 2001, 105, 7481.

TABLE 2. pKa’s of Acids XH

XH CPCM//gas IPCM//gas CPCM//CPCM expt20

pyrazole 20.2 17.5 20.2 19.8
TMS-CO-Me 24.1 21.1 26.0 24.421

PhCCH 27.3 24.7 27.9 28.8
MeCN 29.8 30.4 30.5 31.3
DMSO 36.8 37.1 37.3 35.1
2dH+ 23.1 (22.8)a 23.6 22.74c

1bH+ 23.4 (23.0)a

1dH+ 22.8 (22.4)a

a Values relative to pyrazole are shown in parentheses.

RH + X- f R- + XH

(1) XH + 1d f X- + 1dH+

(2) X- + 1dH+ f X-1dH

TABLE 3. Reaction Enthalpies and Gibbs Reaction
Energiesa Computed for the Reactions between 1d and
Several Organic Acids in the Gas Phase

XH ∆H°1 ∆H°2

∆H°1 +
∆H°2 ∆G°1 ∆G°2

∆G°1 +
∆G°2

TMS-CO-Me 93.6 -125.0 -31.4 93.6 -109.8 -16.2
PhCCH 101.8 -139.8 -38.0 102.3 -127.6 -25.3
MeCN 104.8 -135.0 -30.2 105.4 -121.7 -16.3
DMSO 109.8 -139.3 -29.5 111.1 -126.9 -15.8

a Computed at the B3LYP/6-31+G(d,p) level of calculation. In
kcal mol-1 at 1 atm and 298.15 K.

FIGURE 2. Structures of 1d-XH complexes obtained at the
B3LYP/6-31G+G(d,p) level of calculation. Interatomic dis-
tances in Å. Asterisks indicate the points that were used for
estimating the distance between ions in hypothetical ion pairs.
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to proton transfer, the distances between ions in hypo-
thetical ion pairs should be 3.7 Å (TMS-CO-Me) and 3.3
Å (phenylacetylene). The size of molecules prevents the
distance between the 1dH+ and X- ions from becoming
short enough to overcome the energy necessary to form
the ions.

Table 4 presents the results obtained for the reactions
in toluene solution using the gas phase optimized geom-
etries and the CPCM method for solvation. The Gibbs
reaction energies associated with the proton transfer
notably decrease with respect to the values in the gas
phase (see Table 3), but the process is still thermo-
dynamically unfavorable. Regarding the second step, the
corresponding Gibbs energies become less negative. As
a result, the Gibbs reaction energies for the overall
reactions do not significantly change with respect to the
gas phase (see Table 3).

For TMS-CO-Me and phenylacetylene the estimated
stabilization energies of ion pairs in toluene (ε ) 2.379)
are -27.4 and -25.4 kcal mol-1, respectively. In addition
to this stabilization, the formation of an ion pair also
involves an entropic destabilization. Assuming that the
entropy variation is the same as the one involved in the
formation of the hydrogen bond complexes shown in
Figure 2 (-31 and -29 cal mol-1 K-1, respectively), our
estimates for the Gibbs energy of stabilization for the ion
pairs are -18.1 kcal mol-1 for TMS-CO-Me and -16.7
kcal mol-1 for phenylacetylene. From these results, we
estimate that the proton transfer from XH to 1d to form
a 1dH+,X- ion pair involves a Gibbs reaction energy of
about 23 kcal mol-1 for TMS-CO-Me and 30 kcal mol-1

for phenylacetylene.
To provide a better insight on the reactions of 1d with

acids XH, we located the transition states corresponding
to the overall reactions. These transition states are shown
in Figures 3 and 4, and the corresponding Gibbs activa-
tion energies are presented in Table 5. Transition states
were obtained in the gas phase except for the reaction
with MeCN, where the location was only possible in
toluene solution.

For the reaction with phenylacetylene the computed
Gibbs activation energy in toluene solution (26.1 kcal
mol-1) is notably lower than the 46.6 kcal mol-1 computed
for the formation of the separated ions (see Table 4) and
close to our estimate for the formation of the ion pair (30
kcal mol-1). Indeed, this transition state (TS-4d) can be
considered as an ion pair, where the proton has already
been transferred from phenylacetylene to 1d, while the
formation of the new P-C bond has not yet begun. The
normal coordinate associated to the imaginary frequency
corresponds to a displacement of the PhCC moiety
between H and P atoms of the protonated carbene moiety.

A geometry optimization starting from the transition
state confirmed that it leads to the formation of 4d.

The transition state corresponding to the reaction with
acetonitrile (TS-5d) also resembles an ion pair. The Gibbs
activation energy is larger than the value corresponding
to phenylacetylene, in good agreement with their relative
acidities.

The transition state obtained for the reaction of 1d
with and TMS-CO-Me (TS-9d in Figure 4) does not
correspond to an ion pair and the proton transfer takes

TABLE 4. Gibbs Reaction Energiesa Computed for the
Reactions between 1d and Several Organic Acids in
Toluene Solution

XH ∆G°1 ∆G°2 ∆G°1 + ∆G°2

TMS-CO-Me 40.9 -59.6 -18.7
PhCCH 46.6 -73.3 -26.7
MeCN 52.8 -71.2 -18.4
DMSO 58.6 -74.5 -15.9
a Computed at the B3LYP/6-31+G(d,p) level of calculation. In

kcal mol-1 at 1 mol L-1 and 298.15 K

FIGURE 3. Transition states corresponding to the reactions
of 1d with phenylacetylene (TS-4d) and acetonitrile (TS-5d)
obtained at the B3LYP/6-31G+G(d,p) level of calculation.
Interatomic distances in Å and bond angles in deg. The
structure and values obtained in toluene solution are shown
in italics.

FIGURE 4. Transition state corresponding to the reaction of
1d with acetyltrimethylsilane (TS-9d), 1dH+ TMS-CO-CH2

-

ion pair, and transition states corresponding to the reactions
of 1d with dimethyl sulfoxide (TS-11d and TS-13d) obained
at the B3LYP/6-31+G(d,p) level of calculation. Interatomic
distances in Å and bond angles in deg. The structure and
values obtained in toluene solution are shown in italics.
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place simultaneously with formation of the P-O bond.
The value of the Gibbs activation energy in toluene
solution (28.9 kcal mol-1) is larger than our estimate for
the formation of the 1dH+, X- ion pair (23 kcal mol-1) so
that it is likely that the reaction takes place through the
ion pair in solution. We have been able to optimize the
geometry for such an ion pair in toluene solution and the
corresponding structure has been included in Figure 4.
The Gibbs formation energy for this ion pair is 20.8 kcal
mol-1, a value very close to our previous estimate. This
ion pair is about 30.5 kcal mol-1 above the reaction
product in terms of Gibbs energy; however, the presence
of a CH‚‚‚‚OC hydrogen bond prevents it from collapsing
to the reaction product.

For the reaction between 1d and DMSO we have
located two different transition states corresponding to
the two paths shown in Scheme 5. Table 5 indicates that
the most favorable path is the [2 + 2]-like cycloaddition
through TS-13d. This transition state directly leads to
the formation of 13d, so that the four-membered ring
shown in Scheme 5 is not a minimum of the potential
energy surface. The alternative pathway involving the
deprotonation of DMSO by 1d through TS-11d is kineti-
cally less favorable. In this case, the formation of a
1dH+,X- ion pair is not expected to be favored, since
DMSO is a very weak acid. Thus, the reactivity of DMSO
with phosphino(silyl)carbenes is not related to acid-base
reactions.

Conclusions

According to the experimental results, the phosphino-
(silyl)carbenes 1b,c behave as strong bases in the pres-
ence of several C-organic acids with pKa’s in the 24-31
range. From theoretical calculations, we can estimate
that phosphino(silyl)carbene 1b is more basic than di-
amino carbene 2d both in the gas phase and in DMSO.
In particular, the estimated pKa of 1bH+ is in the 23-
23.4 range. The theoretical study of the reactions in
toluene solution, shows that 1 is not strong enough as a
base to spontaneously deprotonate the organic acids with
which it reacts. However, the conjugate acid 1H+ is a
strong electrophile which reacts further to form a cova-
lent adduct with whatever counterion is present.

Experimental Section

Reaction of Carbene 1b with 2bH+. A THF-d8 solution
(400 µL) of carbene 1b (147 mg, 0.47 mmol) was added at -30
°C to a THF-d8 solution (100 µL) of 1 equiv of 2bH+, Cl-. After

the solution was warmed to room temperature, multinuclear
NMR spectroscopy indicated the quantitative formation of
ylide 326 and NHC 2b.27

Reaction of Carbene 1b with Phenylacetylene. One
equivalent of phenylacetylene (65 mg, 0.6 mmol) was added
at room temperature to a toluene solution (3 mL) of carbene
1b (200 mg, 0.6 mmol). After the solvent was removed under
vacuum, ylide 4 was extracted with pentane and obtained as
a yellow oil (210 mg, 85%): 31P NMR (C6D6) δ 18; 1H NMR
(C6D6) δ 0.50 (s, 9 H), 1.30 (d, 3JHH ) 7 Hz, 12 H), 1.36 (d,
3JHH ) 7 Hz, 12 H), 3.79 (d sept, 3JPH ) 16 Hz,3JHH ) 7 Hz, 4
H), 6.95 (m, 3 H), 7.46 (m, 2 H); 13C{1H} NMR (C6D6) δ 4.4 (d,
3JPC ) 4 Hz), 14.5 (d, 1JPC ) 145 Hz), 23.5 (s), 24.3 (s), 46.7 (d,
2JPC ) 4 Hz), 90.0 (d, 1JPC ) 172 Hz), 99.2 (d, 2JPC ) 31 Hz),
129.3 (s), 129.7 (s), 131.9 (s), 132.7 (s).

Reaction of Carbene 1c with Acetonitrile. Acetonitrile
(70 µL, 1.3 mmol) was added at room temperature to a toluene
solution (3 mL) of carbene 1c (200 mg, 0.4 mmol). The resulting
mixture was stirred at room temperature for 4 h, and the
progress of the reaction was monitored by 31P NMR spectros-
copy. The ylide 6 was extracted with pentane and obtained as
a colorless oil (130 mg, 58%): 31P NMR (CDCl3) δ 62.3; 1H NMR
(CDCl3) δ 0.21 (s, 9 H), 1.18 (d, 2JPH ) 12 Hz, 1 H), 1.34 (d,
2JPH ) 19 Hz, 2 H), 1.70 (m, 40 H), 3.29 (m, 4 H); 13C NMR
(CDCl3) δ 0.9 (d, 3JCP ) 3 Hz), 11.4 (d, 1JCP ) 168 Hz), 20.1 (d,
1JCP ) 83 Hz), 25.7-35.2 (m), 56.5 (d, 2JCP ) 5 Hz), 130.1 (d,
2JCP ) 8.0 Hz); IR (toluene) 2148 cm-1; MS (CI, NH3) 518 (M
+ H). Anal. Calcd for C30H56N3SiP: C, 69.58; H, 10.90; N, 8.11.
Found: C, 70.12; H, 11.22; N, 8.38.

Reaction of Carbene 1b with Acetyltrimethylsilane.
One equivalent (47 µL, 0.3 mmol) of acetyltrimethylsilane was
added at room temperature to a solution of carbene 1b (100
mg, 0.3 mmol) in benzene-d6 (0.3 mL). The resulting mixture
was stirred at room temperature, and the progress of the
reaction was monitored by 31P NMR spectroscopy. Ylide 9 was
observed and characterized by NMR spectroscopy, but then it
rapidly evolved to afford olefin 10, which was obtained after
evaporation of the solvent as an orange-red oil.

9: 31P NMR (C6D6) δ 54.2; 1H NMR (C6D6) δ 0.1 (s, 9 H),
0.42 (s, 9 H), 1.26-1.34 (m, 25 H), 3.89-4.08 (m, 4 H), 4.97 (s,
1 H), 6.08 (s, 1 H); 13C NMR (C6D6) δ -3.33 (s), -4.38 (s), 10.8
(d, 1JCP ) 162 Hz), 22.9-25.1 (m), 46.5 (d, 2JCP ) 6 Hz), 48.0
(d, 2JCP ) 6 Hz), 109.4 (d, 3JCP ) 10 Hz), 162.9 (d, 2JCP ) 13
Hz).

10: 31P NMR (C6D6) δ 32.6; 1H NMR (C6D6) δ 0.16 (s, 9 H),
0.24 (s, 9 H), 1.16-1.35 (m, 25 H), 3.36-3.53 (m, 4 H), 4.64
(d, 1 H, 2JHH ) 0.5 Hz), 4.94 (d, 1 H, 2JHH ) 0.5 Hz); 13C NMR
(C6D6) δ -2.3 (s), -2.1 (s), 22.9-24.5 (m), 45.5 (d, 2JCP ) 5
Hz), 46.4 (d, 2JCP ) 5 Hz), 104.5 (s), 166.9 (s); MS [(M + 2) -
SiMe3] 361.2.
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TABLE 5. Gibbs Activation Energiesa for the Reactions
between 1d and Organic Acids XH

XH TSb gas phase toluenec

TMS-CO-Me TS-9d 30.8 28.9
PhCCH TS-4d 34.9 26.1
MeCN TS-5d 33.6
DMSO TS-11d 30.7 30.7

TS-13d 22.1 22.8
a Computed at the B3LYP/6-31+G(d,p) level of calculation. In

kcal mol-1 at 298.15 K and 1 atm (gas phase) or 1 mol L-1

(toluene). b See Figures 3 and 4. c Gas-phase geometries except for
MeCN.
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