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ABSTRACT: The pKa shifts of proline induced by a family of
hydrogen-bond-donating cocatalysts were computationally evaluated
with the M06-2x/6-311++G(2df, 2p)//B3LYP/6-31+G(d)(SMD)
method. The calculation predicted that the acidity of proline could be
increased by more than 9 pKa units in nonpolar solvents (n-hexane and
toluene) when it assembles with hydrogen-bond-donating cocatalysts,
which would contribute to the dramatically enhanced catalytic
properties. For hydrogen-bond-donating cocatalysts, their relative
abilities to induce the pKa shifts of proline in the gas phase and
common organic solvents were established and were found to be well-
correlated with their acidities. The results may aid in future development
of modularly designed supramolecular catalysisthe assembly of catalyst
species by harnessing multiple weak intermolecular interactions.

■ INTRODUCTION

Catalysis plays a central role in chemistry as it provides tools for
efficiently and selectively making and breaking chemical bonds,
which is crucial for converting basic chemicals into useful
products for society in a sustainable fashion. In 2000, the
discovery of the first proline-catalyzed intermolecular aldol
reaction by List, Lerner, and Barbas1 initiated an explosive
growth of research interests in organocatalysis, which is now
recognized as the third pillar of asymmetric synthesis standing
next to metal and biocatalysis. Among numerous catalysts
developed, nature’s smallest enzyme, namely, proline, is a
remarkable one, and a broad range of C−C or C−heteroatom
bond formation reactions have been realized with this
wonderful natural product.2

Although proline is an exceptionally good catalyst for a
variety of reactions in terms of its structural simplicity and easy
availability, it exhibits some drawbacks such as poor solubility in
nonpolar solvents, a relatively low reactivity, and high catalyst
loadings. To avoid these undesired issues, considerable effort
has been devoted to the chemical modification of proline in
order to obtain catalytic systems both with better solubility in
common organic solvents and/or with higher acidity of the
directing acid proton.2

Recently, organocatalysts self-assembled in situ from
precatalysts through noncovalent interactions have received a
lot of attention.3 Compared with traditional organocatalysts,
these supramolecular catalysts are very amenable to structure
modification, and a library of catalysts can be readily obtained
for a high-throughput screening by simply combining the
precatalysts. Intriguingly, researchers have shown that the
addition of catalytic or substoichiometric amounts of hydrogen-

bond-donating cocatalysts such as chiral diols,4 Schreiner’s
thiourea,5 and guanidinium salt6 could dramatically accelerate
the reaction rate and increase the diastereo- and/or
enantioselectivity of proline-catalyzed reactions. As examples,
in 2005, Shan and Zhou disclosed that the addition of (S)-
BINOL could significantly improve both the yields and
enantioselectivities of proline-catalyzed direct asymmetric
aldol reactions (Scheme 1A).4 To explain the enhanced chiral
inductive ability of proline, the authors proposed a supra-
molecular interaction between diol, proline, and reactants in the
Houk−List transition state,7 as shown in Scheme 1.
Subsequently, Demir5 and Rios5 showed that proline in
combination with Schreiner’s thiourea could cocatalyze highly
stereoselective aldol reactions between cyclohexanones and
benzaldehydes (Scheme 1B). To justify the enhanced catalytic
activity and enantioselectivity, it was proposed that proline first
forms a host−guest supramolecular assembly with Schreiner’s
thiourea, and this new proline−thiourea complex could have
enhanced acidity of carboxyl group and better solubility. More
recently, Amo et al. demonstrated that guanidinium salt could
act as an excellent hydrogen-bond-donating cocatalyst for
proline-catalyzed direct asymmetric aldol reactions (Scheme
1C).6 Compared to the chemical modification of proline, the
approach through adding hydrogen-bond-donating cocatalysts
to interact with proline-forming supramolecular catalysts is a
very attractive strategy due to its simplicity, economy, and
effectiveness.
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Although a full-bodied mechanistic picture of the role played
by these hydrogen-bond-donating cocatalysts in the reactions is
not clear, the significant improvement of activity and/or

selectivity of proline is believed to be mainly due to the
formation of proline/cocatalyst supramolecular complexes,4−6

in which the acidity of the carboxyl group in proline is increased

Scheme 1. Proline-Catalyzed Direct Aldol Reactions in the Absence and Presence of Hydrogen-Bond-Donating Cocatalysts
Together with Corresponding Proposed Transition States

Figure 1. Hydrogen-bond-donating cocatalysts examined.
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by hydrogen-bond-donating cocatalysts. Thus, quantitative
information of the ability of hydrogen-bond-donating cocata-
lysts to change the acidity of proline is of great value for a better
understanding of this kind of cooperative catalysis.
On the other hand, asymmetric cooperative Brønsted acid

catalysis with a combination of achiral Brønsted acids and chiral
(thio)urea catalysts developed by Jacobsen and co-workers has
been proved to be an efficient methodology to realize a number
of enantioselective reactions.8 Although the main strategy of the
hydrogen-bond-donating cooperatively catalytic system was
considered to belong to the asymmetric ion-pairing catalysis
domain, the quantitative pKa shift study of a related catalysis
system should be helpful for the understanding of the
recognition ability on the corresponding anion by hydrogen-
bond-donating compounds. Moreover, pKa shifts resulting from
host−guest inclusion are also well-documented in biological
systems,9 which lead to the modification of the chemical
reactivity of guests. The corresponding study of the quantitative
data of pKa shifts is an important goal in the understanding and
mimicking of enzymatic activity.10

In connection with our ongoing project on the investigation
of organocatalysis from the perspective of physical organic
chemistry,11 herein, we wish to report the results of our
theoretical studies of the shifts in pKa of proline induced by a
variety of hydrogen-bond-donating cocatalysts. The knowledge
of these calculations is of great value for providing important
clues for more definitive study of structure−activity trends and
guide more rational design of new dual organocatalytic systems.

■ RESULTS AND DISCUSSION
General Information. In the past several years, hydrogen-

bond donors such as (thio)urea,12 guanidinium ion,13 and
squaramide14 were common structural motifs in molecular

recognition and organocatalysis. Some of them have been
shown to be good cocatalysts for proline-catalyzed reactions.4−6

The enhanced catalytic properties of proline may mainly be due
to the formation of proline/cocatalyst supramolecular com-
plexes, which leads to an increase in the acidity of the directing
acid proton. Thus, the most common hydrogen-bond donors
(Figure 1), including (thio)urea, guanidinium ion, and
squaramide, were considered in this study. Meanwhile, other
hydrogen-bond donors such as (S)-BINOL and thiosquaramide
have also been examined for deep comparison and analysis.
Thus, pKa shifting scales can be established.

Calculation Method. Over the past 2 decades, considerable
effort has been made to develop theoretical protocols to
calculate pKa constants to complement experimental techni-
ques.15−17 At present, the pKa values of organic acids in the gas
phase and in organic solvents can be calculated with similar or
greater accuracy than those obtained experimentally. For
example, Pliego et al. calculated the pKa values of organic
acids in DMSO with a root mean square error of 2.2 pKa

units.17b Guo et al. developed several PCM-based protocols for
the calculation of pKa values of organc acids in DMSO and
MeCN with a precision of around 1.7 and 1.0 pKa units,
respectively.17d−g Wang et al. calculated pKa values for a variety
of organic acids using a proton exchange method in
nonaqueous solvents, achieving a precision of less than 1.0
pKa units.

17h Recently, Trummal and co-workers applied the
IEF-PCM method to calculate the pKa values of organic acids in
1,2-dichloroethane with a mean unsigned error of about 0.6 pKa

units.17m Most recently, our study showed that the M06-2x/6-
311++G(2df,2p)//B3LYP/6-31+G(d)(SMD) method could
predict (O−H) pKa with a precision of about 0.5 pKa units.

11i

In the present study, this method was thus chosen for the

Table 1. Calculated pKa Shifting Scales for Hydrogen-Bond-Donating Cocatalysts Using the M06-2x/6-311++G(2df,2p)//
B3LYP/6-31+G(d)(SMD) Method

pKa shift

cocatalysts gas phase n-hexane toluene dichloromethane acetone acetonitrile

1a 14.6 10.0 8.9 4.7 4.5 4.0
1b 19.1 13.6 12.2 7.1 6.9 6.3
1c 13.0 9.1 8.1 4.4 4.5 3.9
1d 70.3 41.3 34.6 14.7 11.8 10.1
1e 22.1 14.9 13.1 6.9 6.2 5.5
1f 26.9 19.1 17.1 9.8 9.1 8.2
2a 21.5 14.3 12.5 6.6 6.3 5.6
2b 22.6 15.1 13.3 7.0 6.6 5.9
2c 20.4 13.7 12.2 6.7 6.6 5.9
2d 67.2 40.2 33.8 15.0 12.3 10.7
2e 27.0 18.5 16.4 9.1 8.4 7.5
2f 28.6 19.5 17.3 9.3 8.7 7.7
3a 21.4 13.8 12.1 6.2 5.9 5.2
3b 22.1 14.4 12.6 6.3 5.9 5.2
3c 22.8 15.2 13.4 7.2 6.8 6.1
3d 25.3 16.7 14.6 7.4 6.8 6.0
3e 26.6 17.6 15.4 7.7 7.0 6.2
3f 27.0 17.8 15.5 7.6 6.9 6.0
4a 31.2 24.3 18.1 9.3 8.5 7.5
4b 24.6 16.4 14.3 7.6 6.8 6.1
4c 17.6 10.5 9.0 3.5 3.3 2.7
4d 19.6 13.8 12.5 8.2 8.5 7.9
4e 65.2 38.1 31.7 12.9 10.1 8.5
4f 67.5 39.5 33.0 13.8 10.9 9.3
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calculation of pKa shifts of proline induced by a family of
hydrogen-bond-donating cocatalysts, as shown in Figure 1.
To calculate the pKa shifts, the following two processes are

considered. First, the pKa of proline, in the absence of
hydrogen-bond-donating cocatalyst, can be calculated accord-
ing to eqs 1 and 2, where ΔG is the total change in free energy
associated with the deprotonation process of proline. Similarly,
the pKa of the supramolecular complexes forming from
hydrogen-bond-donating cocatalysts and proline can be
evaluated according to eqs 3 and 4.18 Therefore, the pKa shifts
of proline induced by hydrogen-donating cocatalysts can be
calculated according to eq 5. Since nonpolar or low-polar
solvents were usually used as a medium for proline/cocatalyst-
promoted reactions, the pKa shifts of proline induced by
hydrogen-bond-donating cocatalysts were evaluated in the gas
phase, n-hexane, toluene, dichloromethane, acetone, and
acetonitrile.

Calculated pKa Shifting Abilities of Hydrogen-Bond
Donors for Proline. The calculated pKa shifts of proline
induced by hydrogen-bond-donating cocatalysts in different
medium are presented in Table 1. From the data, it is clear that
the magnitude of pKa shifts of proline induced by hydrogen-
bond-donating cocatalysts is largely dependent on the polarity
of solvents. Increasing the polarity of the solvent leads to a
decrease in the value of pKa shifts (Figure 2); for example,

Schreiner’s thiourea can increase the acidity of proline by 18.1
pKa units in nonpolar toluene, while it only increases the acidity
of proline by 7.5 pKa units in high-polar acetonitrile. This is in
good agreement with Demir et al.’s experimental observation
that the efficiency and selectivity were remarkably enhanced
when switched to nonpolar solvent from polar solvents.5a Also,
this would explain why nonpolar solvents are better than polar

solvents for proline/cocatalyst-mediated reactions.5 As the
nonpolar toluene was most commonly used as the solvent for
proline/cocatalyst-promoted reactions, we will mainly focus on
the results in toluene in the following discussion.
Among these hydrogen-bond-donating cocatalysts inves-

tigated, guanidiniums (1d, 2d, 4e, and 4f) were found to
induce the largest pKa shifts of proline. The calculation
predicted that guanidinium ion 1d could enhance the acidity of
proline by as large as 34.6 pKa units in toluene. Even in polar
solvent acetone, the acidity of proline could be increased by
10.1 pKa units when it assembled with guanidinium ion 4e.
Such an enhancement of the acidity of proline would at least
partially account for the enhanced catalytic properties of proline
for the aldol reactions.6 The ability to induce the pKa shifts of
proline for Schreiner’s thiourea was predicted to be about 13
pKa units weaker than that of guanidinium 4e. The (S)-BINOL
used by Shan and Zhou4 was found to induce the pKa shift of
proline by 12.5 and 7.9 pKa units in toluene and acetonitrile,
respectively.19 Generally, for these parent hydrogen-bond-
donating cocatalysts, namely, from 1a to 1f (and from 2a to 2f),
their abilities to inducing the pKa shifts of proline in the gas
phase and nonpolar solvents (n-hexane and toluene) are as
follows: 1(2)d (guanidinium) > 1(2)f [(thio)squaramide] >
1(2)e (squaramide) > 1(2)b (thio)urea >1(2)a urea > 1(2)c
guanidine. This suggests that (thio)squaramide might also be a
potential cocatalyst besides guanidinium ions and thiourea. A
similar result had also been observed by Wheeler through their
very recent study of the performance of (thio)squaramide and
(thio)urea-derived aminocatalysts within the context of Diels−
Alder cycloadditions of nitrostyrene and anthracene.20 Their
computations reveal that thiosquaramides engage in stronger
hydrogen bonds than squaramide, urea, and thiourea. There-
fore, we have confidence to predict that thiosquaramide and
corresponding derivatives should be explored as potential
hydrogen-bond-donating organocatalysts in the near future.
Having established the ability to induce pKa shifts of proline

for parent hydrogen-bond-donating cocatalysts, we now turn
our attention to substituent effects (from 3a−3f). Interestingly,
it was found that pKa shifts calculated in the gas phase can be
well-correlated with the Hammett constants σp (Figure 3). This
suggested that, intrinsically, a better hydrogen donor cocatalyst
would induce a larger pKa shift. Indeed, pKa shifts were found
to be well-correlated with the equilibrium acidities of hydrogen
donor cocatalysts (Figure 4).21 In nonpolar toluene (Figure 4)
and hexane (Supporting Information Figures S1 and S2),
similar correlation could be obtained. As a result of four CF3
substitutions, Schreiner’s thiourea 4a could increase the acidity
of proline by 18.1 pKa units in toluene, which is 4.8 pKa units
larger than that induced by thiourea 2b. It should be pointed
out that solvent effects may override substituent effects as the
polarity increases; for example, the pKa shifts induced by 3c, 3d,
3e, and 3f were predicted to be almost identical in high-polar
acetone and acetonitrile.

Application to the Analysis of Hydrogen-Bond-
Donating Cocatalyst-Promoted Aldol Reaction. Although
the panoramic mechanism of the studied cocatalysts is not
clear, the supramolecular assembly system can be used to
explain some phenomena in the mechanism research. For
example, Rios found that the cooperatively catalytic system of
proline and thiourea appears to be operative only in the
presence of the ketone reagent. As a result, the ketone−
oxazolidinone intermediate and its equilibration with the
“open” zwitterionic structure were both formed. Our theoretical

Figure 2. Schreiner’s thiourea-induced pKa shifts in different medium.
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calculation can also prove it. As shown in Scheme 2, the initial
free energy of oxazolidinone intermediate (INa) was predicted
to be 11.4 kcal/mol lower than its open zwitterionic
counterpart (INb). When hydrogen-bond-donating compound
thiourea (2b) was added in the reaction to conform a host−
guest supramolecular assembly system, the energy gap between
INa and INb was decreased to 0.07 kcal/mol. Further
increasing the acidity of the hydrogen-bond-donating com-
pound 4a makes the balance produce the direction of the
“open” zwitterionic structure, which is the advantage
intermediate of the catalytic activity. The corresponding
changes of the bond lengths, which were between hydrogen-
bonding donors and intermediates (INa and INb), were found
to relate to the energy gaps. Although we only conducted the
simple calculation of the recognition process between hydro-
gen-bonding donors and intermediates, the trend of the
recognition intermediate effect of thiourea was without a
doubt in accordance with our obtained pKa shift rules.
Design and Prediction of New Hydrogen-Bond-

Donating Cocatalyst System. Because of the excellent
performance of the proline-type supramolecular catalyst, it is
easy to think that the strategy may be used for other chiral acid
catalytic systems. For a typical example, phosphoric acids,22

which were considered as the superior small-molecule catalysts,
have been proven to be very efficient Brønsted acid catalysts to
enable a great number of enantioselective transformations.23

Although numerous phosphoric-acid-catalyzed highly enantio-
selective reactions have been reported to date, the relative weak
acidity of phosphoric acids24 limited their application in many

catalytic reactions. With an aim to solve this problem, we
synthesized many acidic phosphate derivatives, such as N-triflyl
phosphoramides25 and bis-sulfur-substituted phosphoric acid.26

Furthermore, some similar phosphate superacids27 were also
designed and synthesized for the activation of challenging
substrates. From a synthetic perspective, the above-mentioned
solutions are often more complex and not convenient. It is
natural for people to develop better strategies to achieve a more
acid phosphate-type catalyst system. Herein, we predicted that
the hydrogen-bond-donating cocatalyst between phosphoric
acids and hydrogen-bonding donors would be a good solution
to this challenge. Therefore, pKa shift in chiral phosphoric acid
induced by guanidinium ion 4f was calculated as a typical
example.
As shown in Scheme 3, phosphoric acid and guanidinium ion

can form the self-assembly system through hydrogen binding
interactions between guanidinium’s two N−H bonds and
phosphoric acid’s two oxygen atoms. Then the acidity of
phosphoric acid was increased by about 23 pKa units. We
summarized that this predicted phosphoric acid-type hydrogen-
bond-donating cocatalyst has three clear advantages. First, the
recognition of phosphoric acid by a hydrogen-bond donor
improves its acidity, which may really enhance the catalytic
reaction activity. Second, the changes of structure and steric
hindrance induced by the self-assembled catalyst system may
help to promote the corresponding chiral induction. Third, a
library of catalysts can be readily obtained for high-throughput
screening by a simple combination of different phosphoric acids
with varied hydrogen-bond-donating compounds. In a word,

Figure 3. Plot of pKa shifts of proline in the gas phase and in toluene against the Hammett para-substituents (σp).

Figure 4. Correlation of pKa shifts of proline in the gas phase and in toluene with the equilibrium acidities of cocatalysts in DMSO.
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the predicted self-assembly system really has the potential to
become a novel supramolecular catalyst.

■ CONCLUSION
In conclusion, the pKa shifts of proline induced by a variety of
hydrogen-bond-donating cocatalysts were computationally
evaluated in the gas phase and in common organic solvents.
The primary calculated results predicted that the acidity of
proline could be increased by more than 9 pKa units in
nonpolar solvents (n-hexane and toluene) when it assembles
with hydrogen-bond-donating cocatalysts, which might shed
light on the dramatically enhanced catalytic activity of proline.
Second, the study demonstrated that the pKa shifts induced by
substituted thioureas have linear correlations with the Hammett
substituent parameter. Furthermore, pKa shifts were found to
be well-correlated with the equilibrium acidities of hydrogen

donor cocatalysts. Finally, as an example of the prediction of a
new hydrogen-bond-donating cocatalyst system, pKa shifts in
chiral phosphoric acid induced by guanidinium ion were also
discussed. We believe that the data provided in the present
study are likely to contribute to a better understanding of
proline/cocatalyst catalysis and may aid in future other28

cocatalyst developments.

■ COMPUTATIONAL METHODS
All calculations were carried out with the Gaussian 0929 and Gaussian
0330 packages. Geometry optimizations were conducted with the
B3LYP/6-31+G(d) method. The nature of the stationary points was
confirmed by frequency calculations at the same level of theory. Single-
point energy calculations were performed at the M06-2x/6-311+
+G(2df,2p) level of theory with the B3LYP/6-31+G(d) structures.
Solvent effects of n-hexane, toluene, dichloromethane, acetone, and
acetonitrile were estimated using the B3LYP/6-31+G(d)/SMD31

method with the B3LYP/6-31+G(d) structures.
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