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ABSTRACT: Asymmetric olefin isomerization of β,γ- to α,β-unsaturated
butenolides catalyzed by novel cinchona alkaloid derivatives was
investigated in-depth using density functional theory (M05-2x and
B2PLYP-D). Three possible mechanistic scenarios, differing in the binding
modes of the substrate to the catalyst, have been evaluated. Computations
revealed that both the protonated quinuclidine and the 6′-OH of catalysts
may act as the proton donor in the stereocontrolling step. Variation of the
catalytic activity and enantioselectivity by tuning the electronic effect of
catalyst was well reproduced computationally. It suggested that, for certain
acid−base bifunctional chiral catalysts, the acid−base active sites of catalysts may interconvert and give new catalyst varieties of
higher activity and selectivity. In addition, the noncovalent interactions in the stereocontrolling transition-state structures were
identified, and their strength was quantitatively estimated. The weak nonconventional C−H···O hydrogen-bonding interactions
were found to be crucial to inducing the enantioselectivity of the cinchona alkaloid derivatives catalyzed asymmetric olefin
isomerization. The computational results provided further theoretical evidence that the rate-limiting step of this bioinspired
organocatalytic olefin isomerization is inconsistent with that of the enzyme catalyzed olefin isomerization.

1. INTRODUCTION
The enzyme-mediated olefin isomerization, such as the Δ5-3-
ketosteroid isomerase (KSI) catalyzed isomerization of Δ5-3-
ketosteroids to the conjugated Δ4-3-ketosteroids (Scheme 1A),
is a common and important class of chemical reactions in
biology.1 Enzymes, as the nature’s catalyst, have been a great
source of inspiration for the development of new catalytic
processes. By examining the chemical building blocks and the
modes of substrate activation in biosynthetic pathways,
considerable insights can be obtained and then similar
transformations could be developed.2 Subsequently, an
explosive growth in the field of asymmetric organocatalysis
with an impressive amount of new catalysts and their
applications in various reaction types has been witnessed in
the past decade.3 Despite the great success achieved in
asymmetric organocatalysis, the enantioselective olefin isomer-
ization catalyzed by chiral organic small molecules remains an
unusual challenge.4

Most recently, as inspired by nature’s KSI, Deng and co-
workers realized a general and highly enantioselective olefin
isomerization via biomimetic proton-transfer catalysis with a
novel cinchona alkaloid derived catalyst QD-1a (Scheme 1B).5

The strategy of “electronic tuning of the catalyst”6 was
successfully applied to improve catalytic activity and selectivity.
Ingeniously oxidizing the quinoline ring N of 6′-OH cinchona
alkaloid (QD-1b) into its N-oxide analogue (QD-1a) achieved
a significant enhancement of catalytic activity and selectivity
(Scheme 1B). It was reported that the catalyst QD-1a could

catalyze a broad range of β,γ-butenolides to yield α,β-
unsaturated butenolides with excellent yields and enantiose-
lectivities.5 The γ-substituted α,β-unsaturated butenolides are a
common structural motif in a broad array of natural products,7

and they are versatile chiral building blocks in asymmetric
synthesis.8 Therefore, substantial attention has been paid to
develop efficient methods for optically active γ-alkyl α,β-
unsaturated butenolides synthesis.9 Deng’s work not only
provided a valuable method for the asymmetric synthesis of
chiral α,β-unsaturated butenolides but also demonstrated an
excellent example of mimicking enzymatic catalysis with
artificial organic small molecule structures, one of the most
fascinating and provocative challenges presented by Nature.
Some key issues of the bioinspired asymmetric organo-

catalytic olefin isomerization remain obscure, however. First,
though the cinchona alkaloids were proposed to be the KSI
mimic, they have different rate-limiting steps. Deng’s
preliminary kinetic studies suggested that the protonation
step be the rate-limiting step of the organocatalytic asymmetric
olefin isomerization,5 whereas the KSI catalyzed olefin
isomerization features a rate-limiting deprotonation.1a Second,
the preferred binding mode between the substrate and the
catalyst in the stereocontrolling transition-state structure
remains elusive. Whether the protonated quinuclidine, or the
6′-OH group of catalyst, acts as the proton donor in the
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stereocontrolling step, still remains an open question. Third,
the origin of asymmetric induction in the cinchona alkaloids
catalyzed olefin isomerization is not yet known, though it is of
great importance for understanding the reaction and for
developing new reactions. Finally, although the strategy of
“electronic tuning of the catalyst” has been nicely applied to
optimize the catalytic activity and selectivity, the underlying
reasons is not very clear.
Quantum mechanical investigations on proline catalyzed

asymmetric aldol reactions featured the beginning of theoretical
mechanism study of organocatalysis.10 From then on, a great
number of important organocatalytic systems has been
successfully investigated with this powerful tool,11 which has
demonstrated that accurate quantum chemical calculations can
provide valuable insights into the origin of the activity and
selectivity of organocatalytic process.12 Due to commercial
availability and facile modification, cinchona alkaloids and their
derivatives have been extensively used as catalysts in
asymmetric synthesis.13−16 Though the development of
cinchona-derived compounds catalyzed reactions has emerged
as a frontier of organocatalysis, computational mechanistic
studies on these systems have received very limited
attention.12b,17 Owing to the high importance of this
biomimetic asymmetric proton-transfer catalysis, we have
conducted, as part of our continuing efforts in mechanism
study of asymmetric organocatalysis,18 an in-depth computa-
tional investigation of the novel cinchona alkaloid derivatives
promoted olefin isomerization of butenolides.
In the present study, we first investigated various possible

mechanistic scenarios that differ in catalytic modes. Calculation
revealed that both the protonated quinuclidine and the 6′-OH
of catalysts may function as the proton donor in the
stereocontrolling step. Differing from previous mechanistic
hypothesis,5 it is the 6′-OH in this case that acts as the proton
donor in the most favored catalytic mode of catalyst QD-1a. In
all three mechanistic possibilities, γ-protonation was predicted
to be the rate-limiting step of the QD-1a catalyzed reaction,
which provided theoretical evidence that the rate-limiting step
of this organocatalytic olefin isomerization differs from that of
the enzyme catalyzed olefin isomerization. Next, we explored
the origin of selectivity for this eye-catching transformation. An

analysis of the electron density and their reduced density
gradient (RDG) isosurface19 of the stereocontrolling transition
state structures revealed that the weak nonconventional
hydrogen bonds (C−H···O)20,21 play a crucial role in inducing
selectivity. Finally, the electronic effect of the catalyst on the
catalytic activity and enantioselectivity was analyzed. It was
found that tuning the electronic effect of the catalyst altered the
most favored catalytic mode. Contrasted with QD-1a, the most
favored catalytic mode for QD-1b uses the protonated
quinuclidine as the proton donor in the stereocontrolling
step. The present study would add new insight into the current
understanding of electronic effect of the catalysts6a,b and may
hold general implication for cinchona alkaloids and other acid−
base bifunctional chiral catalysts catalyzed reactions.22

2. COMPUTATIONAL METHODS
The recently developed M05-2x functional,23 together with the
standard 6-31+G(d) basis set, were used for optimizing the geometry
of all the minima and transition states (TS) in solution. Houk and co-
workers reported very good agreement between the M05-2x functional
predictions and experimental observation for the cinchona alkaloid
catalyzed rearrangement of allylic trichloroacetimidate.17c The new
SMD solvation model was used to account for the effects of
dichloromethane (DCM) environment.24 Dielectric constant of 8.93
was used for DCM. In addition, all the optimized structures were
confirmed by frequency calculations to be either minima or transition
states using the same level of theory. Single point energy calculations
were performed at the M05-2x/6-311+G(2d,p) and B2PLYP-D/6-
31+G(d,p) level with the M05-2x/6-31+G(d)(SMD) structures. The
B2PLYP-D is double-hybrid density functional with long-range
dispersion correction.25 All calculations were carried out with the
GAUSSIAN 09 packages.26 All energetics reported throughout the text
are in kcal/mol, and the bond lengths are in angstroms (Å). Structures
were generated using CYLview and VMD.27

3. RESULTS AND DISCUSSION

The catalyst QD-1a catalyzed isomerization of γ-methyl β,γ-
butenolide (R1) to γ-methyl α,β-butenolide (P1) (Scheme 2)
was first used as the model reaction to explore the details of the
reaction mechanism and the origin of enantioselectivity. Then,
the catalyst QD-1b catalyzed same isomerization reaction was

Scheme 1. Enzyme (KSI) and Organic Small Molecules Catalyzed Olefin Isomerization via Proton Shift Processes
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used to investigate the electronic effect of the catalyst on the
catalytic mode, activity, and enantioselectivity.
On the basis of the previous experimental and computational

studies of the cinchona alkaloids catalyzed reactions,14d,17 the
conformation space of catalyst QD-1a and transition states
were studied. The lowest energy anti-open conformation of
catalyst was considered in the present study.28

Mechanism of QD-1a Catalyzed Reaction. The
proposed catalytic mechanism for the QD-1a catalyzed olefin
isomerization of butenolides consists of two processes: the
deprotonation of α-carbon of substrate R1 and the subsequent
protonation of γ-carbon in the same substrate molecule.5

Considering different binding modes between the substrate and
catalyst, at least three possible mechanistic scenarios can be
envisioned. In Scenario I, the substrate R1 binds to catalyst
QD-1a by hydrogen-bonding interaction between the carbonyl
oxygen of R1 and the 6′-OH of QD-1a, and the α-
deprotonation and γ-protonation are achieved with the
quinuclidine nitrogen and the protonated quinuclidine,
respectively. In Scenario II, the substrate R1 binds to catalyst
QD-1a by hydrogen-bonding interaction between the carbonyl

oxygen of R1 and the 9-OH of QD-1a. The deprotonation and
protonation are similarly achieved as in Scenario I. In Scenario
III, the substrate R1 binds to the protonated quinuclidine of
QD-1a by hydrogen-bonding interaction. The γ-protonation is
achieved with the 6′-OH of catalyst QD-1a. The M05-2x/6-
31+G(d)(SMD) calculated results of these mechanistic
scenarios that lead to the experimentally observed major s-
product are given in Figures 1−3 (for the r-product, see Figures
S9−S11).

Scenario I of QD-1a Catalyzed Reaction. The first step in
the mechanistic Scenario I of QD-1a catalyzed reaction is the
coordination of the substrate R1 with catalyst QD-1a by
forming the hydrogen bond between the carbonyl oxygen
(O1″) of R1 and the 6′-OH of QD-1a (Figure 1). This
complexation process, generating CP1a, is endergonic by 1.3
kcal/mol due to the entropy penalty for bringing two molecules
together.29 The distance of the hydrogen bond between H10′
and O1″ is 1.851 Å in CP1a. Deprotonation of the α-proton
(H7″) of R1 proceeds via TS1a, leading to intermediate CP2a
with a barrier of 14.4 kcal/mol in free energy. During the
deprotonation process, negative charge is gradually developed
on the O1″ atom of R1. As a result, the interaction between the
6′-OH of QD-1a and the carbonyl oxygen of R1 is
strengthened, as demonstrated by the H10′···O1″ distance
shortening from 1.851 Å in CP1a to 1.768 Å in TS1a and 1.614
Å in CP2a. The CP2a is 6.5 kcal/mol downhill from TS1a.
Protonation of the γ-carbon (C4″) by the protonated

quinuclidine occurs via TS2a(s) with a barrier of 10.6 kcal/
mol in free energy. In contrast to the deprotonation process,
the hydrogen bonding interaction between the O1″ and the 6′-
OH is weakened during protonation due to the gradually
decreased negative charges on the O1″ atom. The H10′···O1″
distance is lengthened from 1.614 Å in CP2a to 1.707 Å in

Scheme 2. Isomerization of γ-Methyl β,γ-Butenolide (R1) to
γ-Methyl α,β-Butenolide (P1) Catalyzed by the Novel
Cinchona Alkaloid Derivative QD-1a

Figure 1. Energies and optimized geometries in Scenario I for the QD-1a catalyzed isomerization calculated with M05-2x/6-31+G(d)(SMD).
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TS2a(s) and 1.800 Å in CP3a. The dissociation of CP3a leads
to the release of the product. Reviewing the Scenario I of the
QD-1a catalyzed reaction, the γ-protonation is the rate-limiting
step, which requires an overall activation free energy of 19.8
kcal/mol in DCM.
Scenario II of QD-1a Catalyzed Reaction. Previous

experiments and calculations also showed that the 9-OH
group of cinchona alkaloids played an important role in some
asymmetric catalytic reactions by hydrogen bonding with
substrates.13b,17c,d,30 Thus, it is reasonable to investigate the
catalytic activity of 9-OH in QD-1a. In Scenario II, the
substrate R1 binds to the catalyst via a hydrogen bonding
interaction between the carbonyl oxygen (O1″) of R1 and the
9-OH group of QD-1a (Figure 2). CP1c is energetically 4.9
kcal/mol less stable than CP1a. The hydrogen-bond distance
between H11 and O1″ is 1.868 Å in CP1c, which is 0.017 Å
longer than that in CP1a. This is consistent with the fact that
the 9-OH group is a weaker proton donor than 6′-OH due to
its lower acidity. The subsequent α-deprotonation proceeds via
TS1c with a barrier of 11.9 kcal/mol. Similarly, the hydrogen-
bonding interaction between O1″ and H11 is strengthened as
the H7″ of R1 is transferring to the N1 of QD-1a. The
calculation showed that γ-protonation is the rate-limiting step
in Scenario II, requiring an overall activation free energy of 26.1
kcal/mol, which is 6.3 kcal/mol higher than that in Scenario I.
It is consistent with the experimental observation that the
activity of the 9-OH cinchona alkaloid catalyzed olefin
isomerization is significantly lower than that of the 6′-OH
cinchona alkaloid.5

Scenario III of QD-1a Catalyzed Reaction. Deng and co-
worker proposed that the 6′-OH of QD-1a might also act as
proton donor in the stereocontrolling step.5 Our calculation
showed, however, that the sum of free energies of the separated
butenolide anion and protonated QD-1a is 24.9 kcal/mol
higher than that of R1 and QD-1a (Scheme 3).31 Because the
γ-protonation via TS2a(s) needs only 19.8 kcal/mol to pass

through, it should be not favorable for intermediate CP2a to
dissociate into the protonated QD-1a and butenolide ion and
then finish the γ-protonation with 6′-OH as the proton donor.
This suggests that there should be other complexed form
besides CP2a to bind the catalyst and substrate together. These
dissociation and protonation steps were further validated by the
additional high level M05-2x/6-311+G(2d,p)//M05-2x/6-
31+G(d)(SMD) and B2PLYP-D/6-31+G(d,p)//M05-2x/6-
31+G(d)(SMD) calculations (see Scheme S1). Two possible
reasons might account for the high-energy barrier required for
dissociation of intermediate CP2a into the protonated QD-1a
and butenolide ion. One is due to the high instability of
butenolide ion in less polar DCM, and the other should be
related to that the dissociation requests breaking a +N−H···π
hydrogen bond and an ionic hydrogen bond (O−H···O−),
whose strength has been shown to be 5−35 kcal/mol, up to
one-third of the strength of covalent bonds.32

On the other hand, it was reported that a very small amount
of the zwitterionic form (6HQ′) of 6-hydroxyquinoline (6HQ)
could coexist with the parent 6HQ (Scheme 4) under neutral
conditions based on a meticulous analysis of their absorption
spectra.33 Moreover, it was also shown that oxidization of 6HQ

Figure 2. Energies and optimized geometries in Scenario II for the QD-1a catalyzed isomerization calculated with M05-2x/6-31+G(d)(SMD).

Scheme 3. Free Energies Required for the Dissociation and
γ-Protonation of CP2a Calculated with M05-2x/6-
31+G(d)(SMD)
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into its N-oxide form (6HQNO) significantly enhanced its
acidity and thus increased the propensity of donating the
proton of the 6-hydroxy group.34 Based on these observations,
it can be expected that the zwitterion ion QD-1a′ may also
coexist with its neutral N-oxide form QD-1a. The present
calculation has verified the hypothesis that QD-1a is easier to
intercovert into its zwitterion ion QD-1a′ than QD-1b,
although the amount of QD-1a′ might be low (cf. the
difference of relative free energies between QD-1a/QD-1a′ and
QD-1b/QD-1b′ in Scheme 4).
In order to find some unambiguous support from experiment

for the species suggested by calculation, we have deliberately
synthesized QD-1a and conducted the research using NMR
and UV−vis (for details, see Part K−M in Supporting
Information). It is known that the characteristic absorbance
band of anionic 6HQNO′ of the N-oxide 6-hydroxyquinoline
in methanol consisted of a peak at 385 nm, while that of the
neutral 6HQNO is 323 nm.34 Due to that QD-1a/QD-1a′
have very similar structural unit as in 6HQNO/6HQNO′, QD-
1a and QD-1a′ could be expected to be differentiable by their
absorbance spectra. And lucky enough, the coexistence of the
zwitterion ion QD-1a′ was indeed experimentally observed by
UV−vis in the present work. Under neutral conditions, a strong
absorbance with maxima at 327 nm, which is assigned to
neutral QD-1a, is clearly observed (Figure 3, in green). A closer
inspection further shows that there is also a notable weak
absorbance from 370 to 440 nm (with the main peak at 395
nm), which was suspected to reflect the existence of the
zwitterion ion QD-1a′ in low concentration. This was later
confirmed by varying the pH of the solution. Addition of an
acid solution (HCl) into this system caused a total
disappearance of the absorbance from 370 to 440 nm (Figure
3, in blue), while adding a basic solution (NaOH) resulted in a
gradual increase of the band at 395 nm (Figure 3, in pink).
These experimental results are clearly in line with the
hypothesis from calculation.

On the basis of the above, the third catalytic cycle in Scenario
III could be envisaged. The QD-1a first converts to the
zwitterion ion QD-1a′, in which the 6′-O− unit functions as a
base to deprotonate the α-proton of R1, while the protonated
quinulcidine works as the hydrogen-bond donor to interact
with the carbonyl oxygen of R1.
Figure 4 shows the calculated results. The binding of R1 to

QD-1a′ is realized by hydrogen-bonding interaction between
the protonated quinulcidine (N1−H10′) and the carbonyl
oxygen (O1″) and forms CP1e, which is 8.2 kcal/mol above
the separated reactant and catalyst. The hydrogen-bond
distances, N1−H10′···O1″ and C6′−O9′···H7″ in CP1e, are
1.888 and 2.134 Å, respectively. Deprotonation of the α-proton
(H7″) of R1 by the 6′-O− unit of QD-1a′ proceeds via TS1e
and has a barrier of 8.1 kcal/mol in free energy. The γ-
protonation with 6′-OH as the proton donor proceeds via
TS2e(s) and is the rate-limiting step in Scenario III, requiring
an overall activation free energy of 18.1 kcal/mol.36

Reviewing the three mechanistic scenarios aforementioned,
the γ-protonation was predicted to be the rate-limiting step in
all these mechanistic pathways (Figure 5). This is in line with
Deng’s kinetic studies.5 The overall activation free energy in
Scenario III was predicted to be 1.7 and 8.0 kcal/mol lower
than that in Scenarios I and II, respectively.
Thus, Scenario III should be the most favored mechanism for

the QD-1a catalyzed isomerization of γ-methyl β,γ-butenolide
to γ-methyl α,β-butenolide. Since Scenario III is only 1.7 kcal/
mol favored over Scenario I, these two mechanisms could
compete with one another. The more precise calculations using
the M05-2x/6-311+G(2d,p)//M05-2x/6-31+G(d)(SMD) and
B2PLYP-D/6-31+G(d,p)//M05-2x/6-31+G(d)(SMD) meth-
ods gave similar relative energies (see Figure S15).
The overall reaction was calculated to be exergonic by −1.0

kcal/mol. The formation of more stable conjugated α,β-
unsaturated butenolides would be the driving force for these
olefin isomerizations. Moreover, the calculation predicted that
the isomerization of α,γ-dimethyl β,γ-butenolide (R2) to α,γ-
dimethyl α,β-butenolide (P2) are exergonic by −4.9 kcal/mol
(Scheme S2), explaining the intriguing experimental observa-
tion that the γ-methyl α,β-butenolide (P1) underwent easy
racemization and that no detectable racemization was observed
for the α,γ-disubstituted β,γ-unsaturated butenolides even at
room temperature.

Scheme 4. Possible Tautomeric Form of 6HQ, 6HQNO,
QD-1a, and QD-1b35

Figure 3. Variations of absorption spectra of QD-1a in methanol as
added acid or base.
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Origin of Selectivity of QD-1a Catalyzed Reaction.
Since the γ-protonation is the rate-limiting and stereo-
controlling step of the QD-1a catalyzed isomerization of R1
to P1 and the overall activation free barrier in Scenario II are at
least 6 kcal/mol higher than that in Scenarios I or III, we
focused our attention on the transition-state structures
TS2a(s), TS2b(r), TS2e(s), and TS2f(r) in discussing the
origin of selectivity. According to the relative free energies
(Figure 6), the major s-product observed in the QD-1a
catalyzed isomerization should mainly arise from TS2e(s),
while the minor r-product from TS2f(r). On the basis of the
traditional transition state theory, the ee value of the QD-1a
catalyzed isomerization of R1 to P1 can be evaluated by eq 1,
where R is the ideal gas constant, T = 253.15. The predicated ee
was 98%, which is very close to the experimental value 92%.
Interestingly, the calculation using a model catalyst, in which
the 9-OH was replaced by a hydrogen atom, gives 92% ee for
the same isomerization (Figure S17). It suggests that 9-OH and
the chirality at C9 have a minor effect on the selectivity.
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Attractive noncovalent interactions in asymmetric catalysis
have been considered as the links between enzymes and small
molecule catalysts.37 However, unraveling the weak interactions
in transition states is nontrivial due to the subtle nature of these
interactions. Recently, Yang and co-workers introduced an
invaluable approach to identify noncovalent interactions on the
basis of analyzing the electron densities and their reduced
density gradient RDG isosurface.19 Such analysis is known to
be able to identify the location and strength of noncovalent
interactions by examining the peaks that appear in the RDG at
low densities. The analysis of the electron density and the RDG
for the stereocontrolling transition-state structures of the QD-
1a catalyzed isomerization of R1 to P1 was conducted by using
the NCIPLOT19 and Multiwfn.38 The results are presented in
Figure 6. It is clear that several stabilizing C−H···O20,21 and C−

Figure 4. Energies and optimized geometries in Scenario III for the QD-1a catalyzed isomerization calculated with M05-2x/6-31+G(d)(SMD).

Figure 5. Potential energy surface of QD-1a catalyzed isomerization calculated with M05-2x/6-31+G(d)(SMD).
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H···π interactions39 are present in these transition-state
structures. However, it is still not easy to discern which
hydrogen bond is the major factor in governing selectivity.
Therefore, quantitative description of the strength of the
hydrogen bonds involved in the hydrogen-bond network in
transition-state structures would be highly desirable, because it
can be directly used to quantitatively interpret the origin of
selectivity.
In recent years, there are numerous studies using quantum

theory of atoms in molecules (QTAIM) to investigate the
interatomic interactions in terms of the topological properties
of electron density.40 The analysis of the parameters derived
from QTAIM, such as the electron density (ρ(cp)) at the H···X
(X = O, N) intermolecular bond critical point (BCP) and the
laplacian of the electron density (∇2

(cp)) at this BCP, was found
to be very useful to deepen the understanding of the nature of
hydrogen bond.41 Espinosa and co-workers noted that the
energy of a particular hydrogen bond (Eint) correlated with the
local electron potential energy density V(rcp) (eq 2).42 With eq
2, one could give a quantitative description of the strength of

hydrogen bonds in the hydrogen-bond network in transition-
state structures.

=E V r
1
2

( )(int) cp (2)

The estimated energies (Eint) of the hydrogen bonds
involved in these stereocontrolling transition-state structures
are summarized in Table 1. Notably, the hydrogen-bonding
interaction between the H10′ and O1″ atoms in TS2e(s) is 1.9
kcal/mol stronger than that in TS2f(r) due to its shorter
H10′···O1″ distance (1.725 in TS2e(s) vs 1.784 in TS2f(r)).
Moreover, the favorable C9−H12···O1″ and C6−H13···O3″
interactions were found to contribute 1.5 and 1.4 kcal/mol to
the stability of TS2e(s), respectively. On the contrary, these
two stabilizing interactions were absent in TS2f(r). It should be
pointed out that there is a comparable stabilizing C5′−
H11′···O3″ interaction in both TS2e(s) (3.1 kcal/mol) and
TS2f(r) (3.7 kcal/mol). Taking all these into account, the
stabilizing C9−H12···O1″ and C6−H13···O3″ interactions and
the stronger H10′···O1″ interaction cause TS2e(s) to behave
differently from TS2f(r), leading to the experimentally
observed selectivity.
Though hydrogen-bonding interaction between the H10′

and O1″ atoms in TS2a(s) is only 0.4 kcal/mol weaker than
that in TS2b(r), the stabilizing interaction between H11′ and
O3″ can contribute 3.3 kcal/mol to the stability of TS2a(s),
whereas no such stabilizing interaction is present in TS2b(r).
Moreover, the relatively weak C9−H12···O3″ and C5′−
H11′···O1″ interactions (2.0 and 1.3 kcal/mol, respectively)
in TS2a(s) as compared to those among H11′···π (C2″C6″),
H12···π (C5″C6″), and C6−H13···O3″ (1.7, 1.3, and 1.4
kcal/mol, respectively) in TS2b(r) could also influence the
stability of the former. Obviously, the presence of the medium
strong C5′-H11′···O3″ interaction in TS2a(s) would be the
main factor that makes it more stable than TS2b(r).
In summary, though the conventional N−H···O or O−H···O

hydrogen bonds give the most stable interactions in these
transition-state structures, it is the multiple weak nonconven-
tional C−H···O hydrogen bonds that induce selectivity of the
QD-1a catalyzed olefin isomerization. The B2PLYP-D/6-
31+G(d,p)// M05-2x/6-31+G(d)(SMD) method predicted
very similar values for these weak nonconventional C−H···O
hydrogen bonds (see Table S1).
From the stereocontrolling transition structure in Scenarios

III and I, it seems that the methyl group at C4″ of substrate
would not affect the selectivity through steric interaction. To
provide further verification for the proposed mechanism, the
effect of the substituent at C4″ of substrate was studied by
using the a-isopropyl-β,γ-butenolide as a model substrate. The

Figure 6. Noncovalent interaction analysis (blue, strong attraction;
green, weak interaction; and red, strong repulsion) for stereo-
controlling transition states in the QD-1a catalyzed isomerization,
together with their relative free energies (kcal/mol), calculated with
M05-2x/6-31+G(d)(SMD).

Table 1. Estimated Strength of Hydrogen Bonds Involved in the Transition-State Structures for QD-1a and QD-1b Catalyzed
Isomerization (kcal/mol)

TS type of hydrogen bonds and its energy

TS2a(s) E(H10′···O1″) = −11.7 E(H11′···O3″) = −3.3 E(H12···O3″) = −2.0 E(H11′···O1″) = −1.3
TS2b(r) E(H10′···O1″) = −12.1 E(H11′···π(C2″C6″)) = −1.7 E(H12···π(C5″C6″)) = −1.3 E(H13···O3″) = −1.4
TS2e(s) E(H10′···O1″) = −12.2 E(H11′···O3″) = −3.1 E(H12···O1″) = −1.5 E(H13···O3″) = −1.4
TS2f(r) E(H10′···O1″) = −10.3 E(H11′···O3″) = −3.7 − −
2TS2a(s) E(H10′···O1″) = −11.6 E(H11′···O3″) = −3.3 E(H12···O3″) = −1.7 −
2TS2b(r) E(H10′···O1″) = −11.5 E(H11′···π(C2″C6″)) = −1.7 E(H12···π(C5″C6″)) = −1.3 E(H13···O3″) = −1.3
2TS2e(s) E(H10′···O1″) = −12.2 E(H11′···O3″) = −2.7 E(H12···O1″) = −1.8 E(H13···O3″) = −0.9
2TS2f(r) E(H10′···O1″) = −11.3 E(H11′···O3″) = −2.2 E(H12···O1″) = −1.4 −
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calculated ee values for the QD-1a catalyzed isomerization of
methyl and isopropyl substituted-β,γ-butenolide are nearly
identical (see Figure S18), which is in accord with Deng and
co-workers’ experimental observation.
Mechanism of QD-1b Catalyzed Reaction. In the early

stage of asymmetric catalysis, considerable efforts were devoted
to the role of steric repulsion in designing chiral catalysts.43

Recently, manipulation of electronic effect of catalyst gained
increasing attention.6 Deng and co-workers’ work was just one
of the successful applications of the “electronic tuning of the
catalyst” strategy. By rational oxidization of the quinoline ring
N of QD-1b into its N-oxide analogue QD-1a, they achieved a
significant enhancement of the catalytic activity and selectivity.5

So, it is of great interest to compare the structures and energies
of the intermediates and transition states involved in the QD-
1b and QD-1a catalyzed isomerizations. The information
deduced from the electronic effect of catalyst on activity and
selectivity would be very helpful for the design of new catalysts.
The optimized transition-state and intermediate structures in

the QD-1b catalyzed isomerization resemble those in the QD-
1a catalyzed pathway (see Figures S19−S24). Similarly, the γ-
protonation step is showed to be rate limiting for QD-1b
catalyzed isomerization of R1 to P1 (Figure 7). However, the
different acidity of the 6′-OH group in QD-1b and QD-1a
makes differences! Contrasting to the QD-1a catalyzed
isomerization, the calculated overall activation free energy in
Scenario I is 0.6 kcal/mol lower than that in Scenario III for the
QD-1b catalyzed isomerization. This suggests that the
protonated quinuclidine become a better proton donor than
the 6′-OH for the catalyst QD-1b due to the decreased acidity
of its 6′-OH group. In other words, QD-1b is slightly more
preferred to utilize protonated quinuclidine, whereas QD-1a is
more preferred to 6′-OH as proton donor in the stereo-
controlling step. Thus, the present calculations reveal that the
catalytic mode of a given catalytic reaction may change when
tuning the catalyst by varying its electronic effect.
Moreover, when the 6′-OH group functions as proton donor

in the stereocontrolling step, the overall activation free energy
of the QD-1a catalyzed reaction is 2.1 kcal/mol lower than that
of the QD-1b catalyzed isomerization (Scenario III in Figures 5
and 7). On the other hand, when the 6′-OH group acts a
hydrogen donor in the stereocontrolling step, the overall
activation free energies of the QD-1a and QD-1b catalyzed
isomerization are almost the same (Scenario I in Figures 5 and
7). Thus, one can reach the conclusion that enhancing the

acidity of the 6′-OH group has an obvious effect on catalytic
activity when it acts as a proton donor.
In addition, the QD-1b catalyzed isomerization via Scenario I

requires 19.6 kcal/mol activation free energy, which is 1.5 kcal/
mol greater than that of the QD-1a catalyzed same isomer-
ization via Scenario III (calculations using the M05-2x/6-
311+G(2d,p)//M05-2x/6-31+G(d)(SMD) and B2PLYP-D/6-
31+G(d,p)//M05-2x/6-31+G(d)(SMD) methods predicted
similar relative energies; see Figure S16). This explains the
observed lower catalytic activity of QD-1b.

Origin of Decreased Selectivity of QD-1b Catalyzed
Reaction. Catalyst QD-1b has not only a lower catalytic
activity but also a lower selectivity than those of QD-1a5 that
correspond well with our calculation. The free energy difference
was found by calculation to be only 0.9 kcal/mol between
2TS2a(s) and 2TS2b(r) and 0.4 kcal/mol between 2TS2e(s)
and 2TS2f(r) (Figure 8), resulting in a predicted ee of 62%.
Through inspection of the structure of 2TS2a(s) and

TS2a(s), it is clear that the H10′···O1″ distance in 2TS2a(s)
is longer than that in TS2a(s) (1.712 Å vs 1.707 Å). This
suggests that R1 should bind looser with QD-1b than with
QD-1a due to the low acidity of the 6′-OH group in the
former. Consequently, some hydrogen-bonding interactions
become weakened or even vanished in 2TS2a(s) (Table 1). For
example, the favorable C9−H12···O3″ interaction, which
contributed 2.0 kcal/mol to the stability of TS2a(s), becomes
weakened to 1.7 kcal/mol in 2TS2a(s) as a result of H12···O3″
distance lengthening from 2.522 to 2.577 Å; and the C5′-
H11′···O1″ interaction, which contributed 1.3 kcal/mol to
stabilizing TS2a(s), now shows a negligible effect on stability of
2TS2a(s) due to extension of the H11′···O1″ distance. On the
other hand, the stabilizing C5′−H11′···O3″ interaction
remained unchanged due to similar bonding length in
TS2a(s) and in 2TS2a(s). Besides, though the O9′−
H10′···O1″ interaction is weakened from 12.1 kcal/mol in
TS2b(r) to 11.5 kcal/mol in 2TS2b(r), the favorable C6−
H13···O3′, H11′···π (C2″C6″), and H12···π (C5″C6″)
interactions were about the same in TS2b(r) and 2TS2b(r).
That is, the 2TS2a(s) favored over 2TS2b(r) altogether by
only 0.9 kcal/mol. Similarly, the stabilizing C5′−H11′···O3″
and C6−H13···O3″ interactions in 2TS2e(s) reduced to 2.7
and 0.88 kcal/mol as their distance increased to 2.411 and
2.822 Å, respectively. The stabilizing C5′−H11′···O3″
interaction reduced from 3.7 kcal/mol in TS2f(r) to 2.2
kcal/mol in 2TS2f(r) as the H11′···O3″ distance lengthened
from 2.268 to 2.488 Å.

Figure 7. Potential energy surface of QD-1b catalyzed isomerization calculated with M05-2x/6-31+G(d)(SMD).

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja309133z | J. Am. Chem. Soc. 2013, 135, 7462−74737469



Overall, the computationally predicted decrease of enantio-
selectivity in the QD-1b catalyzed isomerization of γ-methyl
β,γ-butenolide to γ-methyl α,β-butenolide is in good agreement
with experiment. The reduced enantioselectivity is originated
from the looser hydrogen binding of substrate R1 with catalyst
QD-1b than with QD-1a, and this causes an attenuation of the
stabilizing nonconventional hydrogen interactions in the
stereocontrolling transition-state structures of the QD-1b
catalyzed reaction.

4. CONCLUSION
Computational study of the asymmetric olefin isomerization of
β,γ- to α,β-unsaturated butenolides catalyzed by cinchona
alkaloid derivatives yielded important mechanistic insights into
the bioinspired proton-transfer catalysis. First, the computation
showed that the γ-protonation step is rate limiting in olefin
isomerization and that both the protonated quinuclidine and
6′-OH of the catalyst may function as proton donor in the
stereocontrolling step. Second, it was found that QD-1a prefers
to utilize 6′-OH, whereas QD-1b prefers slightly more to
protonated quinuclidine as proton donor in the stereo-
controlling step. Thus, a catalytic reaction may proceed via
different pathways when the catalyst is modified simply by
tuning its electronic effect. Third, the noncovalent interactions
in the stereocontrolling transition state were identified, and
their strengths were estimated quantitatively. The selectivity of
the cinchona alkaloids catalyzed asymmetric olefin isomer-
ization of β,γ- to α,β-unsaturated butenolides arises mainly
from the multiple nonconventional C−H···O hydrogen-
bonding interactions. The experimentally observed lower
stereoselectivity for this catalytic olefin isomerization with
QD-1b than with QD-1a was reproduced by computation and
was rationalized by the looser hydrogen binding of QD-1b with

substrate as compared to the case of QD-1a, which was verified
to be the primary factor leading to a reduction of the
nonconventional hydrogen-bonding interactions in the stereo-
controlling transition state. In sum, the present calculation
suggested that, for certain acid−base bifunctional chiral
catalysts, the acid−base active sites of catalysts may
interconvert and yield new catalyst varieties with higher activity
and selectivity. This study is thus believed to contribute to a
better understanding of the so-called “electronic tuning of
asymmetric catalyst”,6d and to provide useful hints for designing
the cinchona alkaloids and other acid−base bifunctional chiral
catalysts promoted reactions.
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