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Thermodynamic stabilities of ylides are measured by the ease of the carbanion formation through the
removal of a proton from their precursors. A full-spectrum scale of ylide thermodynamic stability is
important to understand the reactivities and selectivities in ylide chemistry. In the present study is reported
the first theoretical protocol for predicting the acidities of structurally unrelated ylide precursors in DMSO
whose reliability has been tested against almost all the available experimental data. The ONIOM/G3B3//
HF//CPCM/Bondi method is found to be the optimal protocol to handle the N-, P-, and S-containing
ylides, whereas the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d)//HF//CPCM/Bondi method can be used
to deal with those systems for which the ONIOM/G3B3 method is not feasible. Extensive calculations
on about 80 experimentally characterized ylide precursors show that this theoretical protocol can reliably
predict the pKa values of diverse structurally unrelated ylide precursors in DMSO with an error bar of ca.
1.6-1.9 pKa units. With the authorized theoretical protocol in hand, we have developed an extensive
scale of ylide thermodynamic stability that may find applications in synthetic organic chemistry.

1. Introduction

Carbanions neighboring a positively charged heteroatom (such
as nitrogen, phosphorus, or sulfur) are referred to as “ylides”.1

They are powerful and versatile reagents in organic chemistry,
which undergo several important types of reaction such as
olefination, cyclization to a three-membered ring, and rear-
rangement. Among these interesting compounds the phosphorus
ylides have been studied the most intensively ever since the
discovery of the Wittig reaction in the 1950s.2 Furthermore,
the past three decades have witnessed a dramatic expansion of

traditional ylide chemistry to include many other Group VB
and VIB elements (such as N, As, S, and Se) both in their
synthetic applications and in detailed structural and mechanistic
considerations.3

The preparation of a ylide is often conducted through the
deprotonation of its conjugate acid precursor named as an onium
cation. The choice of bases has been one of the key consider-
ations in ylide synthesis and is essentially relevant to the acidities
of the onium cations. Furthermore, many previous investigations
have implied that the ylide reactivities, reaction paths, and
stereochemistry are inherently stability-dependent.4,5 This makes
it important to quantitatively know the thermodynamic stability
of ylides, which is again measured by the ease of the carbanion
formation through the removal of a proton from the onium ion.
Thus, an extensive scale of the acidities of ylide precursors is
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highly valuable for synthetic chemists who need to design the
experiment involving ylides.

Early studies of the equilibrium acidities of ylide precursors
dates back to as early as 1960s, but the use of different solvent
systems in these studies makes it difficult to analyze the data.6

More recently Bordwell et al. established an “absolute” acidity
scale in the DMSO (dimethyl sulfoxide) solution by using the
overlapping indicator titration method.7 Afterward they reported
the first scale of ylide precursor acidities for a number of Ph3P+-,
R3N+-, and PyN+-containing onium salts in a single solvent,
DMSO.8 In 1999 Cheng et al. extended this ylide stability scale
to include Bu3P+-, Bu2S+-, Me2S+-, Bu2Te+-, Me2Se+-, and
Ph3As+-containing ylides by measuring the pKa values of their
conjugate acids in DMSO.9 The pioneering studies of Bordwell’s
and Cheng’s groups have led to the establishment of a fairly
extensive scale of ylide stability and contributed considerably
to the advance of ylide chemistry.

Nonetheless it should be noted that all of the ylides in
Bordwell and Cheng’s scale are “stabilized” or “semi-stabilized”
ylides containing strongly conjugating substituents (e.g., COOMe,
CN, or aryl).8,9 Many “nonstabilized” ylides that bear electron-
donating substituents have unfortunately not been examined (due
to the limitation of overlapping indicator titration method), even
though these compounds are synthetically important and enjoy
the highest reactivity. Furthermore, the sophistication of the
overlapping indicator titration method also limits the ability of
many researchers to promptly estimate the thermodynamic
stability of new ylides encountered in their experiments. At this
point it is desirable to develop a theoretical method that can
reliably predict the pKa values of various ylide precursors from
the first principles of physics. This method, if available, will
facilitate the mechanistic study and synthetic applications of
ylides. Note that in the past several decades there have been a
number of elegant studies reporting the theoretical calculation
of gas-phase basicities of ylides.10 However, there has not been
any study reporting the ab initio calculation of ylide precursor
pKa values in the organic solvents.11

In the present study we attempt to bridge the gap by reporting
the first theoretical protocol to accurately calculate the equilib-
rium acidities of various ylide precursors in DMSO. This work
is a continuation of our efforts in studying the calculation of
solution-phase organic chemistry quantitatiVely.12 It is found
that through the careful choice of theory combinations it is
feasible to calculate the absolute pKa values of structurally
unrelated ylide precursors within a precision of ca. 1.6 pKa units.
With this useful method in hand we next develop an extensive
thermodynamic stability scale of N-, P-, As-, O-, S-, and Se-
ylides bearing a full spectrum of substituents. In particular, “non-
stabilized” ylides carrying electron-donating substituents are now
included in the present scale, which yields a great deal of new,
quantitative information about the thermodynamic stability of
ylides. The availability of this body of data allows us to examine
a fundamental question of ylide chemistry: how do different
Group VB and VIB elements and the substituents on these
heteroatoms affect the ylide stability?

2. Results and Discussion

2.1. Evaluation of Different Theoretical Methods. To
calculate the pKa value of a ylide precursor (YH+) we consider
the following proton-exchange reaction between YH+ and a
DMSO anion

YH++MeSOCH2
-fY+DMSO (1)

If the free energy change of the above reaction in the DMSO
solution is defined as ∆Gexchange, the pKa value of YH+ can be
readily calculated by eq 2.12

pKa(YH+)) 35.0+
∆Gexchange

2.303 × RT
(2)

To calculate ∆Gexchange we design a thermodynamic cycle as
shown in Figure 1. The gas-phase part of the cycle can be
handled by standard quantum chemical methods whereas the
solvation free energies are calculated by using the polarized
continuum solvation (PCM) model.13
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FIGURE 1. Thermodynamic cycle used for the pKa calculation.
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Some difficulties may arise for the calculation of ylide pKa

values: (1) Although some studies have shown that the popular
PCM models can reliably predict the solvation free energies of
neutral and anionic organic species in the organic solvents,14

there has not been a comprehensive study demonstrating the
reliability of PCM in handling organic cations in the nonaqueous
solvents.15 Thus the present study on ylide pKa values provides
us a good opportunity to examine this problem. (2) Although a
number of theoretical studies on the reactions involving
various ylides have been reported,5,10 there has not been a
comprehensive examination on the accuracy of the theoretical
methods quantitatively against experimental data. To solve
the problem we selected 21 representative ylide precursors
(Figure 2) to compare the performance of different theoretical
methods (Table 1).

The first theoretical method in the examination is B3LYP/
6-311+G(3df,2p)// B3LYP/6-31G(d) in which the solvation free
energy is handled by the IEFPCM/UA0 model (entry 1). This

method has been found to be sufficient to calculate the pKa

values of neutral organic acids in nonaqueous solvents.12

However, it is found that the root-mean-square (rms) error of
this method is as high as 3.0 pKa units (or 4 kcal/mol). The
maximum error of this method is also as high as 7.4 pKa units
(or 10 kcal/mol!). The use of the 6-31+(d) basis set in geometry
optimization, which is sometimes necessary for phosphorus- and
sulfur-containing compounds, does not diminish the rms error
(entry 2). The use of other density functionals including B3P86,
B3PW91, and BMK also gives large rms errors that are over 3
pKa units (entries 3-5). These data suggest that a higher level
of theoretical method should be used to handle organic ylides.

To compromise the accuracy and cost of the theoretical
method we turn to the ONIOM-G3B3 method which was
recently examined by us to have good performances for bulky
organic systems.16 The atoms directly connected to the ylide
carbon center are placed in the core layer and treated by the
G3B3 method, whereas the remaining atoms are placed in the
low layer and handled at the B3LYP/6-31G(d) level. It is
satisfactory to find that the ONIOM method reduce the rms and
maximum errors to ca. 2 and 4 pKa units, respectively (entry
6). Change of the solvation model from IEFPCM to CPCM does
not improve the calculation. However, the use of COSMO
solvation model increases the rms error to 5.9 pKa units (entry
8).17 Furthermore, replacement of the UA0 radii by the UFF

(13) (a) Cramer, C. J.; Truhlar, D. G. ReV. Comput. Chem. 1995, 6, 1. (b)
Cramer, C. J.; Truhlar, D. G. Chem. ReV. 1999, 99, 2161. (c) Tomasi, J.;
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FIGURE 2. Twenty-one representative ylide precursors tested for the method development (core layer atoms are shown in red).
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and UAHF radii also increases the rms error to 3.8 and 10.1
pKa units, respectively (entries 9-10). This observation indicates
that the choice of atomic radii may also affect the calculation.

Previous studies showed that scaled atomic radii often can
improve the calculation of solvation free energies in nonaqueous
solvents.12,18 The rationale for the reparameterization method
is that the solvation cavity in an organic solvent may has a
different size as compared to the cavity created by the same
solute in water. Using this strategy we have examined different
scaling factors for the Bondi radii ranging from 1.00 to 1.40
(entries 11-17). Our results show that the minimum rms error
can be obtained when the scaling factor equals 1.20. Thus, we
conclude that the optimal method should be a combination of
ONIOM/G3B3 for the gas-phase energy calculation and HF/6-
31+G(d,p)//CPCM/Bondi(1.20) for the solvation energy cal-
culation. The rms error of this method is 1.6 pKa units for the
21 ylide precursors.

2.2. More Experimental pKa Values for Ylide Precursors.
Having optimized a theoretical protocol that can handle 21 ylide
precursors, we next examine whether the same method can be
applied to all the other ylide precursors whose pKa values have
been experimentally measured. To this end we have systemati-
cally calculated the cesium ion-pair acidities for 78 structurally
unrelated ylide precursors. The ONIOM/G3B3//HF//CPCM/
Bondi(1.20) method is used for all the N-, P-, and S-containing
ylides. As to the As-, Se-, and Te-containing ylides, the ONIOM/
G3B3 method is not feasible and we have to go back to the
B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d)//HF//CPCM/Bon-
di(1.20) method. Note that for the Te-containing ylides, the basis
set for Te is Lanl2dz.

Our calculation results are listed in Table 2. It is found that
the newly developed theoretical protocol can successfully predict
the pKa values for almost all the N-, P-, and S-containing ylide
precursors whose pKa values range from about 5 to 45 (Figure
3). The correlation coefficient between the experimental and
theoretical pKa values is as high as 0.9834, and the rms error is
1.6 pKa units. Note that we find six ylide precursors whose

experimental pKa values differ from the theoretical predictions
by over 3.5 pKa units. These compounds are Pyr+-CH2-COMe,
(EtO)2PO-CH2Cl, (MeO)2PO-NH2, Et3N+-CH2-C6H4COOMe,
Ph3P+-NH-C6H4Me, and Ph3P+-CHMe2. Further examinations
are needed to clarify the disagreement between theory and ex-
periment. However, it is important to point out that some of the
ylides (such as Ph3P+-CHMe2) are unstable so that only one-point
(instead of three-point) titrations are possible in their pKa mea-
surements.8f

Furthermore, it can be easily seen that the theoretical
predictions for the As-, Se-, and Te-containing ylide precursors
are less accurate (Figure 3), presumably due to the use of a
lower level theory for these heavy atoms. Nonetheless, when
all the experimental data including N, P, S, As, Se, and Te ylides
are considered, the correlation coefficient between the experi-
mental and theoretical pKa values is 0.9670 (for 93 compounds)
and the rms error is only slightly increased to 1.9 kcal/mol.

2.3. An Extensive Ylide Thermodynamic Stability Scale.
A reliable as well as extensive scale of ylide thermodynamic
stability is fundamental to the study and application of ylide
derivatives in organic chemistry. Despite the great efforts of
several groups,6,8,9 the solution-phase acidities of many impor-
tant ylide precursors have not been successfully measured. In
the above study we show that by using state-of-the-art methods
in computational chemistry, a carefully calibrated theoretical
protocol can reliably predict the pKa values of structurally
unrelated ylide precursors in DMSO with an error bar of ca.
1.6-1.9 pKa units. This theoretical protocol provides an
opportunity to obtain the first, extensive scale of ylide thermo-
dynamic stability.

In Table 3 we list the pKa values of a number of synthetically
relevant N-, P-, As-, O-, S-, and Se-ylide precursors. “Stabilized”

(17) A previous study also showed that the COSMO solvation model
exhibited systematic errors in basicity calculation, see: Eckert, F.; Klamt, A.
J. Comput. Chem. 2006, 27, 11.

(18) (a) Pliego, J. R.; Riveros, J. M. Chem. Phys. Lett. 2002, 355, 543. (b)
Almerindo, G. I.; Tondo, D. W.; Pliego, J. R., Jr. J. Phys. Chem. A 2004, 108,
166.

(19) (a) Zhang, X.-M.; Bordwell, F. G. J. Am. Chem. Soc. 1994, 116, 968.
(b) Zhang, X.-M.; Bordwell, F. G.; Van Der Puy, M.; Fried, H. E. J. Org. Chem.
1993, 58, 3060. (c) Bordwell, F. G.; Van Der Puy, M.; Vanier, N. R. J. Org.
Chem. 1976, 41, 1885. (d) Bordwell, F. G.; Fried, H. E. J. Org. Chem. 1981,
46, 4327. (e) Wheeler, J. W.; von Endt, D. W.; Wemmer, C. J. Am. Chem. Soc.
1975, 97, 442. (f) Zhang, X.-M.; Fry, A. J.; Bordwell, F. G. J. Org. Chem.
1996, 61, 4101. (g) Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456. (h) Cheng,
J.-P.; Liu, B.; Li, Z.; Huan, Z.-W. Chin. Sci. Bull. 1995, 16, 3881. (i) Liu, B.;
Huan, Z.-W.; Cheng, J. P. Acta Chim. Sinica 1995, 55, 123. (j) Cheng, J.-P.;
Liu, B.; Zhao, Y.; Zhang, X.-M. J. Org. Chem. 1998, 63, 7072. (k) Cheng, J.-
P.; Liu, B.; Zhao, Y.; Sun, Y.; Zhang, X.-M.; Lu, Y. J. Org. Chem. 1999, 64,
604. (l) Bordwell, F. G.; Algrim, D.; Vanier, N. R. J. Org. Chem. 1977, 42,
1817.

TABLE 1. Performances of Different Theoretical Methods for the 21 Representative Ylide Precursors (unit: pKa unit)

entry method
basis set for geometry

optimization
basis set for energy

calculation solvation modela rms error
maximum

error r
mean
error

1 B3LYP 6-31G(d) 6-311+G(3df,2p) HF//IEFPCM/UA0 3.0 7.4 0.9510 -1.6
2 B3LYP 6-31+G(d) 6-311+G(3df,2p) HF//IEFPCM/UA0 3.0 7.7 0.9550 -1.6
3 B3P86 6-31G(d) 6-311+G(3df,2p) HF//IEFPCM/UA0 3.4 8.2 0.9536 -2.6
4 B3PW91 6-31G(d) 6-311+G(3df,2p) HF//IEFPCM/UA0 3.3 8.0 0.9557 -2.5
5 BMK 6-31G(d) 6-311+G(3df,2p) HF//IEFPCM/UA0 3.1 8.4 0.9462 -2.1
6 ONIOM-G3B3 6-31G(d) HF//IEFPCM/UA0 2.1 4.3 0.9562 0.9
7 ONIOM-G3B3 6-31G(d) HF//CPCM/UA0 2.1 4.3 0.9564 0.3
8 ONIOM-G3B3 6-31G(d) HF//COSMO/UA0 5.9 8.2 0.9818 5.7
9 ONIOM-G3B3 6-31G(d) HF//CPCM/UFF 3.8 6.2 0.9779 -3.4
10 ONIOM-G3B3 6-31G(d) HF//CPCM/UAHF 10.1 16.4 0.9064 9.9
11 ONIOM-G3B3 6-31G(d) HF//CPCM/Bondi(1.00) 4.8 7.8 0.9720 4.5
12 ONIOM-G3B3 6-31G(d) HF//CPCM/Bondi(1.10) 2.9 5.2 0.9795 2.5
13 ONIOM-G3B3 6-31G(d) HF//CPCM/Bondi(1.15) 2.1 4.0 0.9796 1.3
14 ONIOM-G3B3 6-31G(d) HF//CPCM/Bondi(1.20) 1.6 3.3 0.9806 0.3
15 ONIOM-G3B3 6-31G(d) HF//CPCM/Bondi(1.25) 1.7 3.3 0.9809 -0.7
16 ONIOM-G3B3 6-31G(d) HF//CPCM/Bondi(1.30) 2.4 4.5 0.9804 -1.8
17 ONIOM-G3B3 6-31G(d) HF//CPCM/Bondi(1.40) 4.3 6.9 0.9782 -3.9

a The basis set for the solvation free energy calculation is 6-31+G(d,p).
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TABLE 2. Experimental and Theoretical pKa Values for Various Ylide Precursors in DMSOa
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TABLE 2. Continued
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(i.e., E+-CH2COMe and E+-CH2SO2Me), “semi-stabilized”
(i.e., E+-CH2CHdCH2, E+-CH2Ph, and E+-CH2SMe), and

“non-stablized” (i.e., E+-CH3, E+-CH2CH3, and E+-CHMe2)
ylides are all considered. To compare the effect of different

TABLE 2. Continued

a Core layer atoms are shown in red.

Fu et al.
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positively charged heteroatoms on the acidity of ylide precursors,
we also provide the theoretical pKa values for the corresponding
methane derivatives where E+ ) H. Note that the available
experimental data are also shown in Table 3. Comparing the
experimental and theoretical data one can easily conclude that
(1) the theoretical predictions are fairly accurate for almost all
the compounds and (2) the acidities of many synthetically
important ylide precursors remain unknown experimentally, but
the current theoretical approach can partly solve the problem.

2.4. Discussion. 2.4.1. Effects of Different Adjacent On-
ium Cations on Ylide Stability. Several previous studies have
compared the acidifying effects of different adjacent onium
cations.8,9 Here we can generate more conclusions on the basis
of a larger sample of data. First, we compare the acidifying

effects of Me3N+, Me3P+, Me3As+, Me2O+, Me2S+, and Me2Se+

(Figure 4). It is found that Me3N+ has the lowest acidifying
effect whose ylide-stablizing effect is only ca. 14-20 kcal/mol
(i.e., ∆pKa ) 10-15 pKa units). This value is in good agreement
with Bordwell’s and Cheng’s values which were reported to be
about 10-12 pKa units.8e,9a Compared to Me3N+, Me3P+

exhibits a significantly stronger acidifying effect that amounts
to ca. 25 pKa units. This observation is understandable because
Me3N+ shows a lack of resonance stabilization effect and
nitrogen is less polarizable than phosphorus.20 Interestingly,
although Me3As+ (∆pKa ≈ 20 pKa units) also shows a stronger
acidifying effect than Me3N+, this effect is less strong as
compared to that of Me3P+. Because the polarization and
inductive effects for P are both smaller than those of As
(polarization parameters are 24.5 versus 29.1;21 the field
parameters are 0.97 versus 1.0522), the stronger acidifying eff-
ect of Me3P+ than Me3As+ can only be interpreted by the
2p(C)-σ*(P-C) interaction being more efficient than the
2p(C)-σ*(As-C) interaction. Note that the dπ-p interaction
is usually not considered as a driving force to stabilize the ylide
because various theoretical studies have shown that the 3d or
4d orbitals are too high in energy for efficient overlap with the
lone pair orbital at the carbanion center.23

The stability of the Group VIB ylides can be understood in
a similar manner. Me2O+ is the weakest stabilization group with
an acidifying effect of ca. 15 pKa units. Me2S+ is the strongest
stabilization group with an acidifying effect of ca. 25 pKa units.
Me2Se+ is positioned in the middle with an acidifying effect of

(20) Leyssens, T.; Peeters, D. J. Org. Chem. 2008, 73, 2725.
(21) Kutzelnigg, W. Angew. Chem., Int. Ed. 1984, 23, 272.
(22) Hansch, C.; Leo, A.; Tafts, T. W. Chem. ReV. 1991, 91, 165.
(23) (a) Schleyer, P. v. R.; Clark, T.; Kos, A. J.; Spitznagel, G. W.; Rohde,

C.; Arad, D.; Houk, K. N.; Rondan, N. G. J. Am. Chem. Soc. 1984, 106, 6467.
(b) Reed, A. E.; Schleyer, P. v. R. J. Am. Chem. Soc. 1990, 112, 1434.

TABLE 3. An Extensive Ylide Thermodynamic Stability Scale (Estimated Error Bar ≈ 1.6-1.9 pKa units)a

a The ONIOM/G3B3//HF//CPCM/Bondi(1.20) method is used for all the N-, P-, O-, and S-containing ylides, whereas the B3LYP/6-311+G(3df,2p)//
B3LYP/6-31G(d)//HF//CPCM/Bondi(1.20) method is used for the As- and Se-ylides. b An estimated value, see ref 19g. c Geometry optimization of this
particular compound fails.

FIGURE 3. Correlation between the experimental and theoretical pKa

values for structurally unrelated ylide precursors.
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ca. 20 pKa units. These observations are in good agreement with
Cheng’s experiments.9 They can be explained in terms of the
polarizability of the onium cations and the energy level of the
σ*(E+-C) orbital. It is interesting to see that the Group VB
ylides are always less stable than the Group VIB ylides in the
same row when the remaining substituents on the ylides are
the same. For instance, the pKa values for Me3N+-CH3 and
Me2O+-CH3 are 41.9 and 34.8. The pKa values for Me3P+-CH3

and Me2S+-CH3 are 26.2 and 24.5. The pKa values for
Me3As+-CH3 and Me2Se+-CH3 are 32.0 and 30.5. These
observations were previously explained by the fact that the
E+-C bond lengths in Group VIB ylides are shorter than those
in the Group VB ylides.9 Thus, the Group VIB ylides are ex-
pected to exhibit a stronger σ*-p interaction than the Group
VB ylides.

Compared to Me3N+, the pyridinium cation (Pyr+) shows a
much stronger acidifying effect which amounts to 20-30 pKa

units. This result is in agreement with Bordwell’s study8e and
can be explained by the delocalization of the negative charge
on the carbon atom of the ylide into the pyridinium ring. On
the other hand, Ph3P+ and Ph3As+ are stronger ylide stabilizing
groups than Me3P+ and Me3As+ due to obvious reasons. Finally,
dimethyloxosulfonium (Me2SO+) is a much stronger ylide
stabilizing group than Me2S+ whose acidifying effect amounts
to ca. 30 pKa units. Thus dimethyloxosulfonium ylides are
thermodynamically the most stable ylides in Table 3.

2.4.2. Correlation between the Acidities of E+-CHR1R2

and H-CHR1R2. Bordwell and co-workers reported the pKa

values of a large number of carbon acids with a formula of
H-CHR1R2.

7 If there is a correlation between the acidities of
E+-CHR1R2 and H-CHR1R2, one can readily estimate the
acidity of many ylide precursors from Bordwell’s existing data.
However, due to the limitation of experimental data for ylides,
this question has not been examined in the previous studies.

Here we plot the acidities of different E+-CHR1R2 against
those of H-CHR1R2. Figure 5 shows the example plots for
Me3N+- and Pyr+-containing ylides. It is found from Figure 5
and Table 4 that the correlations are generally good between
the acidities of E+-CHR1R2 against those of H-CHR1R2. The
correlation coefficients range from 0.9643 to 0.9933. Therefore,
one can use the equations described in Table 4 to rapidly
estimate the acidities of many more ylide precursors from
Bordwell’s existing data7 for various mono- and disubstituted
methanes.

Note that the slopes of the correlation equations are always
less than unity. They decrease in the order Me3N+ (0.89) >
Me2Se+ (0.86) > Ph3As+ (0.83) > Me3As+ (0.79) > Me2O+

(0.76) > Me3P+ (0.74) > Me2S+ (0.73) > Ph3P+ (0.72) > Pyr+

(0.58) > Me2SO+ (0.55). Thus, for strongly ylide-stabilizing
onium cations (such as Pyr+ and Me2SO+), the acidifying effect
of additional substituents on the ylide is relatively small.

3. Summary

Thermodynamic acidities of ylide precursors in nonaqueous
solvents are fundamental to synthetic organic chemistry. Al-
though the acidities of some ylide precursors have been
experimentally measured, it is important to develop a theoretical
method that can reliably predict these quantities from the first
principles because not all the ylides are amenable to experi-

FIGURE 4. Compare the acidifying effects of different adjacent onium
cations.

TABLE 4. Correlation between the Acidities of E+-CHR1R2 and H-CHR1R2

FIGURE 5. Correlation between the acidities of E+-CHR1R2 and
H-CHR1R2.
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mental characterization. Here we show that by using state-of-
the-art methods in computational chemistry, a carefully cali-
brated theoretical protocol can reliably predict the pKa values
of structurally unrelated ylide precursors in DMSO with an error
bar of ca. 1.6-1.9 pKa units. Importantly, this theoretical
approach is essentially an ab initio one, with almost no resource
to experimental data. With the authorized theoretical protocol
in hand, we develop the first, extensive scale of ylide thermo-
dynamic stability that is expected to find applications in synthetic
organic chemistry. The good agreement between calculated and
available experimental results (both quantitatively and qualita-
tively) confirms that the theoretical approach described here can
be employed to obtain useful chemical results of relatively high
accuracy.

4. Computational Methodologies

All the calculations were performed with the Gaussian03
programs,24 using a HP Superdome Sever (32 × 1.5 GHz Itanium
2 Madison CPU). Geometry optimizations were conducted with
the B3LYP/6-31G(d) and B3LYP/6-31+G(d) methods. Each op-
timized structure was confirmed by the frequency calculation at
the same level to be the real minimum without any imaginary
vibration frequency. For compounds that had multiple conforma-
tions, efforts were made to find the lowest energy conformation
by comparing the structures optimized from different starting
geometries.

Harmonic vibrational frequencies were calculated by using the
B3LYP/6-31G(d) method from the optimized geometries. Zero-
point vibrational energy (ZPE) corrections were obtained by using
unscaled frequencies. Single-point electronic energies were then
calculated at the B3LYP/6-311+G(3df,2p) or ONIOM/G3B3
methods. The free energy change was then obtained after correction
with ZPE, thermal corrections (0f298 K), and the entropy terms.
It is worth noting that all the calculated gas-phase free energies
correspond to the reference state of 1 atm, 298 K.

To calculate solvation energies, we used the CPCM model of
Barone and Cossi25 at the HF/6-31+G(d,p) level11 (Solution method
) Matrix Inversion, Polarization charges ) Total charges, Cavity
) GePol (RMin ) 0.200, OFac ) 0.890). The default sphere list
was used, where NSphG ) 18, radii ) Bondi. The gas-phase
geometry was used for all of the solution-phase calculations, as it
has been demonstrated that the change of geometry by the solvation
effect is usually not significant for relatively rigid organic mol-
ecules.12 Furthermore, geometry optimization in solution often fails
to converge11,14b making this approach less user-friendly. All the
solution-phase free energies reported in the paper correspond to
the reference state of 1 mol/L, 298 K.
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