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Hydrogen-bonding catalysis, which is ubiquitous in nature,
has become a prominent organocatalytic motif that enables
a broad range of transformations.[1] Among a variety of hy-
drogen-bonding organocatalysts explored so far, chiral thio-
ureas have received special attention owing to their biden-
tate N�H hydrogen-bonding ability for versatile bi- or mul-
tifunctional catalysis as in the cases such as the Jacobsen cat-
alyst,[2] Takemoto catalyst,[3] the cinchona-type catalysts,[4]

and so on.[5] Although intensive research efforts have been
devoted to studying the mechanism of bifunctional thiourea
catalysis by using either experimental or computational ap-
proaches,[1,6] the in-depth knowledge is still substantially
lacking and the use, therefore, for new catalyst designs re-
mains elusive and warrants further exploration. In this
regard, few studies have been performed on systematic ex-
amination of the structure–activity–stereoselectivity rela-
tionship, particularly from the point view of electronic ef-
fects on this type of catalysis.[7]

Physical organic parameters have long been used as pow-
erful tools towards understanding reaction mechanisms and
to serve as guidelines for the development of novel reac-
tions as well as for the design of new catalysts. Recently,

Mayr and co-workers reported the quantitative measure of
nucleophilicities for a series of amines to interpret their or-
ganocatalytic behaviors, elegantly illustrating the power of
physical organic parameters in guiding modern asymmetric
catalysis.[8] However, the classical physical organic parame-
ters of chiral thiourea catalysts, such as pKa values, which
are essential for evaluating their hydrogen-bonding capabili-
ty, are still missing. Although electronic tuning has been
practiced in some of the catalyst designs on a qualitative
basis,[1a] the quantitative connections between electronic ef-
fects (pKa values) and stereoselectivity, which would be
helpful guidance for designing new catalysts, have been
largely overlooked. In a single case, a linear free energy re-
lationship (LFER) was observed between catalyst acidity
and enantioselectivity in hydrogen-bonding catalyzed Diels–
Alder reactions of Rawal�s diene.[9] However, the direct in-
dicator of the intrinsic hydrogen-bond-donating ability, that
is, the absolute acidity scale (pKa) of the catalysts, was not
applied for the correlation. Herein, we report the first pKa

scales for chiral thiourea catalysts and their correlations
with the corresponding parameters of the bifunctional catal-
ysis. The experimentally determined pKa values not only
make direct comparisons of thioureas with either conjugated
or nonconjugated substitutes possible, but also allow predic-
tion of possible behaviors of analogous organocatalysts with
varied skeletons.

With Takemoto�s catalyst as a prototype, three different
classes of thiourea–tertiary amine conjugates that represents
the currently most widely applied skeletons, namely, cyclo-
hexadiamine (Takemoto and Jacobsen catalysts), cinchona,
and amino acid,[10] were chosen in this study. Accordingly,
twenty chiral thiourea–tertiary amine compounds were syn-
thesized and electronic variations were easily introduced in
the thiourea moieties with either substituted aryl groups or
alkyl groups (Table 1). The pKa values were determined in
DMSO by using the well-established overlapping indicator
method.[11] As shown in Table 1, the chiral thioureas 1, 2,
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and 3 have pKa values greater than 13.2, indicating that they
are generally less acidic than AcOH (pKa = 12.3 in
DMSO).[12] From further comparison of the pKa values of
catalysts 1 with other thioureas, the pKa values of which
were known, we found that the acidities of the studied Take-
moto�s catalysts are a little weaker than (PhNH)2C=S
(pKa = 13.4 in DMSO),[12] and much stronger than
(NH2)2C=S (pKa =21.1 in DMSO).[12] As expected, the pKa

values of aryl thioureas were found to correlate linearly
with the corresponding Hammet s constant (see the Sup-

porting Information). Notably,
it has been determined in our
studies that the dimethyl amino
group generally decreases the
overall acidity of thioureas 1 by
0.1–0.3 pKa relative to the
parent catalyst 4. This observa-
tion indicates that the experi-
mentally determined pKa values
give an overall evaluation of
the intrinsic acidity of bifunc-
tional thioureas by taking into
consideration of the impact of
the tertiary amine group.

The Michael addition reac-
tion[13] of diethyl malonate to

nitrostyrene was selected as our initial test reaction
(Table 1). The same reaction has been frequently used as a
testing ground for new catalyst development.[3,10] To probe
the electronic effects on catalysis, thioureas 1, 2, and 3 were
subjected to the model reaction, and the corresponding
enantioselectivity and initial rate were determined (Table 1).

Inspection of the data in Table 1 reveals that, in general,
more acidic catalysts give faster reaction times and better
enantioselectivities. To verify the observed trend, plots of
the experimentally determined pKa values versus the loga-
rithm of the initial rate and enantiomeric ratio, respectively,
were constructed. Excellent LFERs were observed for both
initial reaction rates and enantioselectivity for all three sets
of reactions catalyzed by thiourea catalysts 1, 2, and 3 with
meta- and/or para-substituted aromatic groups (Figure 1).
These results represent, to the best of our knowledge, the
first reported LFERs in asymmetric bifunctional catalysis. In
addition, the LFER slopes were found to be nearly constant
for all three types of bifunctional thiourea-catalyzed reac-
tions, both in terms of the pKa�log (k) correlations (Fig-
ure 1 a) and the pKa�log ACHTUNGTRENNUNG(R/S) correlations (Figure 1 b), with
a slope of �0.31�0.01 for the former and slope �0.11�0.01
for the latter. Despite the considerable differences in the
skeletons and in the tertiary amino moieties, the obtained
parallel LFERs suggest that the working mechanism, that is,
the general pattern of forming the transition state in the re-
action coordinate, should remain quite similar for all of
these catalysts. The LFER, which is independent of the spe-
cific thiourea catalysts employed, should thus reflect the in-
trinsic electronic properties of the reactions under investiga-
tion.

Deviation from the LFERs was observed for ortho sub-
stituents (i.e., 1 f) and for aliphatic ones such as 1 i, 1 j, 2 e,
and 3 e. This observation is not totally unexpected because
ortho and alkyl substituents normally exhibit quite distinc-
tive behaviors owing to steric effects. Consequently, it has
been a standard practice to exclude ortho and adjacent alkyl
substituents from single-parameter LFER analysis.[14] Also
note that the performance of 1 f (pKa =15.2) lies far below
that of meta- or para-substituted aromatic thioureas, where-
as the alkyl-substituted thioureas (pKa values= 19.5–21.1),

Table 1. The pKa values of thiourea–tertiary amines and their catalytic
results in the Michael addition of diethyl malonate to nitrostyrene (A).[a]

Catalyst pKa
[b] kinitial [min�1][c] R/S[d]

1a 17.6 2.36 � 10�5 7.5
1b 17.5 2.49 � 10�5 7.9
1c 17.0 3.06 � 10�5 8.9
1d 16.1 5.78 � 10�5 10.6
1e 15.7 6.74 � 10�5 11.8
1 f 15.2 2.89 � 10�5 6.4
1g 16.0 5.95 � 10�5 11.0
1h 13.8 3.90 � 10�4 20.7
1 i 21.1 1.60 � 10�4 7.8
1j 20.5 5.69 � 10�5 5.8
2a 16.2 5.62 � 10�5 7.3
2b 15.8 8.13 � 10�5 7.8
2c 15.2 1.58 � 10�5 8.7
2d 13.2 5.42 � 10�5 16.2
2e 19.5 6.57 � 10�5 6.5
3a 16.9 6.13 � 10�5 7.8
3b 16.3 9.75 � 10�5 8.9
3c 15.5 1.61 � 10�5 9.9
3d 13.3 8.95 � 10�5 20.3
3e 19.9 1.75 � 10�5 8.0

[a] The reaction was carried out on a 0.1 mmol scale in toluene (200 mL)
at room temperature and the molar ratio of diethyl malonate/nitroolefin
was 2:1. [b] Determined by using overlapping indicator methods in
DMSO with the uncertainty of �0.1. [c] Determined by 1H NMR spec-
troscopy. [d] Determined by HPLC analysis.
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which are less acidic than their aromatic counterparts,
demonstrated even higher activity and better enantioselec-
tivity (Table 1, also see Figure 1). Similar phenomena
were observed with three different catalysts in the model
reaction A.

To verify the LFERs further and to prove their general
applications, two other different Michael addition reaction-
s[15,4a] were also investigated by using catalyst 1 a–1 j
(Table 2, reaction B and C). The reactions were selected be-
cause these structurally varied reaction partners often dem-
onstrate quite distinctive hydrogen-binding modes. Again,
excellent LFERs both in terms of the activity and stereose-
lectivity were obtained for reactions B and C (see Figure 2
and Figure 3, respectively).[16] In both cases, the correlations
of meta and/or para-substituted aromatic thioureas obeyed
the LFERs, whereas those of ortho-substituted aromatic thi-
oureas such as 1 f and aliphatic thioureas such as 1 i and 1 j
deviated from the lines. Their catalytic behaviors were
shown to be highly consistent with those observed in reac-
tion A. In all of these cases, negative slopes were obtained

in the LFERs, suggesting a gen-
eral trend, that is, the more
acidic catalyst leads to faster re-
action times and better enantio-
selectivities, for the bifunctional
catalysis under investigation.

As previously proposed,[2–4, 6]

the mechanism for bifunctional
thiourea catalysis should in-
volve a ternary complex in the
transition state wherein simul-
taneous activation of the two
reactants through multiple hy-
drogen bonding occurs prior to
the C�C bond formation. The
current studies indicate that a
single spot electronic tuning
may considerably impact the
overall hydrogen-bonding affin-
ity and geometry,[17] leading to
significantly varied catalytic
outcomes. In addition, the
proven LFERs in different re-
actions with different catalysts
suggest that LFERs would be
prevalent in bifunctional thiour-
ea catalysis, and consequently,
highly conserved bifunctional
catalytic modes are likely in-
volved with different thioureas
catalysts.[3b, 6,9]

The current results also pro-
vide a basis for the develop-
ment of new bifunctional cata-
lysts through electronic tuning
of a single functional group. In
this regard, both the LEFRs

and their deviations provide useful information for catalyst
design. As shown in Figures 1–3, aromatic thioureas may
not be favorable structural moieties for bifunctional cata-
lysts, a result ascribed at least partially to the unfavorable
steric effect. In this regard, the alkyl groups turned out to
be favorable structural features for the present bifunctional
catalysis that has not yet been identified.[18] Therefore, alkyl
thiourea would serve as a good starting point for the evolu-
tion of new catalysts. In our preliminary efforts, simple elec-
tronic tuning of the alkyl side chain of 1 i led to a significant-
ly improved catalyst, trifluoroethyl thiourea 5 (pKa =16.9)
with kinitial =1.84 � 10�4 min�1 and R/S=19.0 (Scheme 1) for
model reaction A, a result comparable to the current best
catalyst 1 h (Scheme 1, see the Supporting Information for
other examples). Improvements on the enantioselectivity for
reaction B and C have also been observed with catalyst 5
over its parent catalyst 1 i (Table 2, Figures 2 and 3). Fur-
thermore, the potentials of the obtained alkyl-substituted
thiourea 5 could be demonstrated in a quaternary–tertiary
C�C-bond-forming Michael addition reaction, wherein the

Figure 1. Correlations of pKa values with reaction rate (a) and enantioselectivity (b) in the Michael addition of
diethyl malonate to nitrostyrene (model A).
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aromatic thioureas might not be favorable catalysts owing to
the steric effect. Indeed, alkyl thiourea 5 exhibited superior
performance to the well-recognized aromatic thiourea cata-
lyst 1 h with much improved enantioselectivity in the Mi-

chael addition of 3-substituted oxindole to nitrostyrene
(Scheme 1).

In conclusion, we have experimentally determined the
first pKa scale of a range of asymmetric thiourea catalysts.
Correlations of pKa with catalytic activity and stereoselectiv-
ity were presented. Collectively, 1) LFERs were observed
for both pKa�log(k) and pKa�log ACHTUNGTRENNUNG(R/S) correlations in
meta- and/or para-substituted aromatic thioureas; whereas
2) deviations from the LFERs were observed with ortho-
substituted aromatic thioureas and alkyl thioureas; 3) struc-
turally distinct thioureas demonstrated highly consistent
LFERs with uniform negative slopes in both pKa�log(k)
and pKa�log ACHTUNGTRENNUNG(R/S) correlations, 4) negative slopes were ob-
tained in all the LFERs, indicating that more acidic catalysts
in a structurally related series with remotely varied substitu-
ents are generally favored leading to faster reaction and
better enantioselectivity; and 5) LFERs as well as the devia-
tion phenomena hold for different Michael addition reac-
tions. Based on the above results, we propose herein that
LFERs should be prevalent in other bifunctional thiourea

Table 2. Evaluation of thiourea–tertiary amine catalysts 1 in other Mi-
chael addition reactions. Method B: Ethyl a-phenyl cyanoacetate to
methyl vinyl ketone.[a] Method C: CH3NO2 to chalcone.[b]

Catalyst kinitial (B) [min�1][c] R/S (B) [d] kinitial (C) [min�1][c] R/S (C)[d]

1a 0.055 1.57 7.24 � 10�6 5.58
1b 0.060 1.63 7.41 � 10�6 5.94
1c 0.065 1.65 8.32 � 10�6 8.09
1d 0.079 1.80 9.55 � 10�6 9.87
1e 0.093 1.97 1.02 � 10�5 11.50
1 f 0.073 1.73 7.24 � 10�6 7.85
1g 0.090 1.84 9.77 � 10�6 10.37
1h 0.145 2.46 1.41 � 10�5 19.00
1 i 0.122 1.75 1.23 � 10�5 9.00
1j 0.103 1.51 8.91 � 10�6 7.06
5 0.096 2.39 9.77 � 10�6 12.33

[a] The reaction was carried out on a 0.1 mmol scale in toluene (200 mL)
at room temperature and the molar ratio of ethyl a-phenyl cyanoacetate
to methyl vinyl ketone was 1:2. [b] The reaction was carried out on a
0.1 mmol scale in toluene (200 mL) at room temperature and the molar
ratio of CH3NO2 and chalcone was 3:1. [c] Determined by 1H NMR spec-
troscopy. [d] Determined by HPLC analysis.

Figure 2. Correlation of pKa values of thioureas 1 with reaction rate (a)
and enantioselectivity (b) for Michael addition reaction of ethyl a-phenyl
cyanoacetate to methyl vinyl ketone.

Scheme 1. Development of a new alkyl thiourea catalyst 5 and its catalyt-
ic application.
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catalysis and a highly conserved catalytic mode is probably
involved in these reactions. In addition, alkyl-substituted thi-
oureas were identified as favorable structures for asymmet-
ric bifunctional catalysis and a significantly improved cata-
lyst 5 was evolved by simple electronic tuning of the alkyl
group, demonstrating superior performance in the Michael
addition of 3-substituted oxindoles in our preliminary test.
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