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ABSTRACT: The enantioselective H-transfer hydrogenation of quinoline by Hantzsch ester is a relevant example of Brønsted
acid catalyzed cascade reactions, with phosphoric acid being a privileged catalyst. The generally accepted mechanism points out
the hydride transfer step as the rate- and stereodetermining step, however computations based on these models do not totally ﬁt
with experimental observations. We hereby present a computational study that enlightens the stereochemical outcome and
quantitatively reproduces the experimental enantiomeric excesses in a series of H-transfer hydrogenations. Our calculations
suggest that the high stereocontrol usually attained with BINOL-derived phosphoric acids results mostly from the steric
constraints generated by an aryl substituent of the catalyst, which hinders the access of the Hantzsch ester to the catalytic site and
enforces approach through a speciﬁc way. It relies on a new model involving the preferential assembly of one of the stereomeric
complexes formed by the chiral phosphoric acid and the two reaction partners. The stereodetermining step thus occurs prior to
the H-transfer step.

H

complementary to experiments, in the design and development
of catalysts with improved activity and selectivity in
enzymatic,16−18 heterogeneous,19 and homogeneous catalysis.20−23
Despite their widespread success,24−26 computational
methods often show their limits when it comes to giving
rationale for and/or predicting enantioselectivity levels.
Strategies developed so far to predict enantiomeric excess
(ee) in catalytic reactions include the reverse-docking
approach27 and quantitative structure−selectivity relationships
analyses, which rely on computed physicochemical properties
of the catalyst28−34 as well as screening methods based on
experimental 1H NMR data.35 Moreover, modeling of
diastereomeric transition states36−38 have been reported for

omogeneous catalysis is recognized as one of the most
important tools toward sustainable chemical processes.1
Therefore, the past decade has witnessed the continuous
development of synthetic protocols based on organocatalysis,2,3
organometallic catalysis,4−6 as well as multicatalysis.7,8 Most of
these developments rely exclusively on experimental approaches. However, because of their basically experimental
nature, both the development of new catalytic protocols and
optimization of the established ones are expensive and timeconsuming. Challenges in optimizing catalytic processes result
principally from the broad lack of knowledge on reaction
mechanisms and intermediates involved in the chemical
transformations on a molecular level. Computational approaches are suited to enlightening mechanistic and selectivity
issues, as they provide detailed information on intermediates
and transition-state structures along potential energy surfaces.9−15 They have emerged as interesting tools, often
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Scheme 1. H-Transfer Hydrogenation of 2-Phenylquinoline with Hantzsch Esters Catalyzed by (R)-BINOL-Derived Phosphoric
Acids

catalytic reactions such as rhodium-catalyzed hydrogenations,39
proline-catalyzed intermolecular aldol reactions,40 hydrophosphonylation of imines,41 and pyridine N-oxide-catalyzed
allylation and propargylation reactions.42,43 Nevertheless, even
when a detailed knowledge of the reaction mechanism is
available, delivering of predictions consistent with the
experimental results in terms of enantioselectivity remains
highly challenging. This is mainly because small energy
diﬀerences between the transition states leading to enantiomeric products suﬃce to signiﬁcantly change the enantiomeric
excesses. Moreover, the large size and ﬂexibility of the
molecular systems usually involved exacerbate even more the
challenges of calculation tasks.44−46
In the ﬁeld of organocatalysis, chiral phosphoric acids (PA)
play a unique role, and their use has experienced an impressive
increase47,48 since the seminal work of Akiyama49 and Terada50
in 2004. The scarce development of theoretical approaches
allowing rationalization and prediction of the stereoselectivity
in PA organocatalysis and, most particularly, in one of its
benchmark reactions, the H-transfer hydrogenation of quinoline by Hantzsch esters (Scheme 1),51 motivated us to start
studies in this ﬁeld. Our initial goal was to evaluate the ability of
DFT calculations to reproduce the experimentally observed
stereoselectivity. Ultimately, this work led us to re-examine the
origin of the enantioselectivity in these reactions.
Leading examples of enantioselective organocatalytic Htransfer hydrogenations of quinolines have been reported by
Rueping et al. by using the BINOL-derived phosphoric acids
(R)-4 as the catalysts (Scheme 1).52 The 1,2,3,4-tetrahydroquinoline (S)-2 was mainly obtained with ee going from 5% to
97% by using PA with diﬀerent aryl substituents on their 3,3′positions (see Table 1). Such a wide range of enantioselectivity
levels poses an interesting challenge for computational
modeling that should be able to reﬂect and give a rational for
the observed variations.
Modeling of these enantioselective processes requires, ﬁrst of
all, a thorough knowledge of the reaction mechanism and, then,
a proper description of the spatial arrangement of intermediates
and transition states in the stereodetermining step. Previous
studies on H-transfer hydrogenations catalyzed by PA have
suggested a reaction mechanism made of two subsequent
reduction cycles, each of them involving 1 equiv of Hantzsch
ester (HE) 3,52 and also that PA acts as an acid−base
bifunctional catalyst with simultaneous activation of the two
reaction partners53,54 (Scheme 2). The ﬁrst reduction cycle
(not shown) leads to the dihydroquinoline (DHQ) 5, which
then enters in the second reduction cycle which is generally
assumed to involve (i) formation of the two-component
iminium phosphate complex, 6, from the DHQ and the PA
catalyst 4; (ii) formation of a three-component complex, 7, by
coordination of HE 3 to 6; (iii) hydride transfer from HE to

Table 1. Experimental and Calculated Enantiomeric
Excesses Based on the Initial Hypothesis Indicating Step 7
→ 8 as the Enantiodetermining Step for the H-Transfer
Hydrogenation of Quinolines Catalyzed by (R)-BINOLDerived PA
expt
entry

cat.

Ar

1
2
3
4

4a
4b
4c
4d

5
6
7
8

4e
4f
4g
4h

Ph
2-naphthyl
4-biphenyl
3,5-(CF3)2C6H3
1-naphthyl
9-phenanthryl
mesityl
H

DFT calculations

eea
(%)

ΔΔGTS1b

eec
(%)

major
enantiomer

5
26
35
72

11.2
7.9
−2.5
−14.0

98
92
47
99

R
R
S
S

84
97

−6.1
−20.4
−15.8d
−3.2

84
100
100
57

S
S
S
S

a
Experimental values from ref 52. All experiments aﬀord (S)conﬁgured tetrahydroquinoline 2 using (R)-BINOL-derived PA.
b
Calculated free energy diﬀerence (in kJ mol−1) between the transition
states leading to opposite enantiomers (ΔΔGTS1 = ΔG((S)-TS1) −
ΔG((R)-TS1)) using (R)-BINOL-derived PA. cComputed values
based on the standard formula ee = 100 × ([1 − e(−|ΔΔGTS1|/RT)]/
[1 + e(−|ΔΔGTS1|/RT]). dA value of −15 kJ/mol had been calculated
previously using a simpliﬁed catalyst at the IEFPCM(toluene)-B3LYP/
6-311+G(2d,2p)//B3LYP/6-31G(d,p) level.54

DHQ; and (iv) dissociation of the ﬁnal tetrahydroquinoline 2
from the catalyst.
The hydride transfer step (7 → 8), which produces the
stereogenic center, has been previously investigated by Himo et
al.54 by applying the DFT approach to a simpliﬁed PA catalyst,
i.e., a biphenol-derived PA with mesityl substituents on its 3,3′positions. This study allowed identiﬁcation of two transition
states, with the one leading to the major enantiomer of the
product being located 15 kJ/mol below the other.

■

RESULTS AND DISCUSSION
These prominent results were taken as a starting point for our
mechanistic studies. We have analyzed the hydride-transfer step
through optimization of the geometry of intermediates 7 and 8
and the corresponding transition state TS1 for pathways
leading to the (S) and (R) enantiomers, respectively.
Calculations have been performed on the six (R)-BINOLderived phosphoric acids 4a−f used experimentally by Rueping
et al.52 as well as on the mesityl-substituted (4g) and the
unsubstituted PA 4h (Table 1). All calculations were carried
out at the DFT IEFPCM(benzene)-M06/6-311++G(2d,2p)//
M06/6-31G(d,p) level of theory (see the Supporting
Information for details) considering the whole system. The
only simpliﬁcation with respect to the real system consisted of
2780
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Scheme 2. Proposed Catalytic Cycle for the H-Transfer Hydrogenation of 2-Phenylquinoline with Hantzsch Esters Catalyzed by
Phosphoric Acidsa

a

When necessary, the name of the molecules will include the (R)-, pro-(R)-, (S)-, or pro-(S)- preﬁx to indicate the stereochemistry of the reduced
product 2 and its intermediate precursors and will be completed by the a−h letter to precise the nature of the catalyst.

Figure 1. (Top) Computed Gibbs free energies for the hydride transfer step using catalyst (R)-4a. (Bottom) Optimized structures of pro-(R)-7a
and pro-(S)-7a. For clarity, a wireframe representation of the biaryl scaﬀold of 4a is used, and the H atoms have been omitted, except those involved
in H bonding and the hydrogen atom to be transferred to the C2 position of DHQ (these H and C atoms are pointed by the red arrows).

whole series of phosphoric acids (PA = 4a−h) and the expected
enantiomeric excesses are listed in Table 1. The experimental
ee values are also given in Table 1.52 Our calculations showed
that, in (S)-TS1 and (R)-TS1, both DHQ and HE are linked to
the catalyst oxygen atoms through hydrogen bonds, irrespective
of the acid used. This result is in total agreement with previous
calculations.53,54 To our surprise, however, neither quantitative
nor qualitative agreement could be found between experiments

replacing the ethyl moieties of the HE 3 by methyl groups, as
already done previously.34,53
As a representative example, Figure 1 displays the calculated
intermediates 7 and the energy proﬁles for pathways leading to
the R and S enantiomers, respectively, for the reaction
promoted by catalyst (R)-4a.
The calculated free energy diﬀerences between the pro-(R)
and pro-(S) TS1 transition states, noted as ΔΔGTS1, for the
2781
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Figure 2. Computed Gibbs free energies for the reduction cycle with catalyst (R)-4a and optimized structures of some intermediates. A wireframe
representation of the biaryl scaﬀold of the PA is used for clarity. The H atom of the Hantzsch ester which will be transferred and the C2 position of
DHQ are identiﬁed by red arrows. For easy isomerization between pro-(R)-6a and pro-(S)-6a, see the text and SI (part II.d). The energy level of
pro-(R)-TS2a and pro-(S)-TS2a is arbitrary.

11.2 and 3.2 kJ mol−1 have been calculated, respectively, which
would correspond to excellent to good enantioselectivity.
Calculations with other functionals showed that the results
are reproducible at diﬀerent levels of theory (see Table S1 in
the Supporting Information for details). Other transition states
were sought for the hydride-transfer step for catalyst 4a, but all
other conformations of the (S) and (R) transition states were
found to be higher in energy than the previously computed (S)TS1a and (R)-TS1a (see part II.a in the Supporting

and theory on several points. Contrary to the experiments, our
calculations indicate that the preferred conﬁguration of the ﬁnal
product may depend on the nature of the substituent in the PA
catalyst: for (R)-4a (Ar = Ph) and (R)-4b (Ar = 2-naphthyl),
the (R) enantiomer of the ﬁnal tetrahydroquinoline is favored
(entries 1 and 2), while the (S) enantiomer is favored for all
other substituents. Other major inconsistencies have been
noticed concerning the ee values: even for catalysts 4a and 4h,
which are known (4a) or expected (4h)55 to induce poor
enantioselectivity for this reaction, free energy diﬀerences of
2782
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Figure 3. Model of enantioselectivity for the H-transfer hydrogenation of quinolines catalyzed by BINOL-derived PA and some optimized structures
along these reaction pathways for PA 4a. Values indicated on the potential energy surface are electronic energy computed at the IEFPCM(toluene)M06/6-311+G(2d,2p)//M06/6-31G(d,p) level and are given for catalyst 4a. Calculations on pro-(R/S)-12, which are not optimized geometries but
binary PA-DHQ complexes exactly in their conformations computed in pro-(R/S)-7a, do not allow obtaining Gibbs free energies. Dashed lines have
been used to connect pro-(R/S)-12 with pro-(R/S)-6 and pro-(R/S)-7 because the exact reaction does not go through structure pro-(R/S)-12. A
wireframe representation of the biaryl scaﬀold of PA is used for clarity. Only the phenyl group which inhibits insertion of HE on pro-(R)-6a is shown
in “ball-and-sticks” form and pointed by a red arrow.

Information for details). These results ﬁnally led us to
reconsider in more depth the mechanism under study.
The model used to compute the ee in Table 1, based on the
free energy diﬀerence between the TS leading to each
enantiomer, relies on the Curtin−Hammett principle, which
requires that intermediates pro-(R)-7 and pro-(S)-7 interconvert rapidly and lead then irreversibly to (R)-8a and (S)-8a,
respectively (Figure 2).56 Examination of the structure of pro(R)-7 and pro-(S)-7 in Figure 1 indicates that DHQ and HE
are stacked in nearly parallel planes and that both form
hydrogen bonds with the PA. Such constrained conformations,
which are required to allow the H-transfer step, prevent
rotation of DHQ and the subsequent easy interconversion of
the pro-(R)-7 and pro-(S)-7 intermediates. To further explore
the feasibility of this interconvertion, diﬀerent pathways have
been considered, namely the dissociation or the deformation of
pro-(R)-7 and pro-(S)-7 intermediates to allow a permutation

between the Re-face and Si-face of DHQ, and we have always
found a larger energetic barrier compared to the hydridetransfer elementary step (see part II.b in the Supporting
Information for details). This suggests that the Curtin−
Hammett principle does not apply as such for the H-transfer
step starting from the three-component complex 7.
These thoughts led us to turn our attention to reaction steps
and intermediates prior to the hydride transfer step, looking for
other factors which could possibly control the stereochemistry
of the reaction.57 We have investigated the entire reduction
cycle by using (R)-4a as the catalyst (Figure 2). The ﬁrst step
of the catalytic cycle generates the dihydroquinolinium
phosphates 6 whose conformers pro-(R)-6a and pro-(S)-6a
are displayed in Figure 2. It must be noted that initial
coordination of HE 3 to the phosphoric acid, leading to 10a
(see the Supporting Information for details), has been
2783
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to the expected pro-(R)-7a or pro-(S)-7a. We obtained instead
the new intermediates pro-(R)-11a and pro-(S)-11a (Figure
2), in which both DHQ and HE form H-bond with the
phosphate group of the PA, but their relative positions do not
allow hydride transfer. Finding the fully optimized transition
states for the association of HE to pro-(R/S)-6a, either
connecting 11a and 7a or between 6a + 3 and 7a, proves to be
infeasible, probably due to the high ﬂexibility of these threecomponent structures (see part II.f in the Supporting
Information for details). Nevertheless, this means that, contrary
to what is depicted in Scheme 2, formation of pro-(R/S)-7a
from pro-(R/S)-6a requires several steps.
As shown in Figure 1, the hydride-transfer step requires that
DHQ and HE are properly stacked, with the CH2 group of HE
located above the C2-carbon of DHQ. In order to obtain such a
conformation from pro-(R/S)-6a, it proves necessary to distort
the active site, giving pro-(R/S)-12a, whose conformation
corresponds exactly to that of the corresponding moiety in pro(R/S)-7a (Figure 3). To be more precise, pro-(R/S)-12
matches the frozen pro-(R/S)-7 minus the HE 3 fragment. It
should be noted that pro-(R/S)-12 is not a transition state, but
it models the geometric deformation required to allow HE to
enter into the active site. The deformation of pro-(R/S)-6a
into pro-(R/S)-12a opens the gate of the active site to HE 3
and allows formation of pro-(R/S)-7a without further
deformation.
Interestingly, pro-(S)-6a and pro-(S)-12a show small
diﬀerences, with only a tilt of DHQ that moves away its
phenyl substituent from the PO group where HE 3 will
coordinate. On the contrary, a huge variation of the geometry is
observed going from pro-(R)-6a to pro-(R)-12a. In pro-(R)6a, a phenyl substituent of the catalyst, which is parallel to the
phenyl group of DHQ, prevents insertion of HE, and therefore,
DHQ is required to move signiﬁcantly away from this
substituent to allow insertion (Figure 3). The calculated energy
needs for the deformation of pro-(R/S)-6a into pro-(R/S)12a, ΔERdeform and ΔESdeform, conﬁrm the larger geometrical
change along the (R)-pathway with respective values of 11.2
and 17.7 kJ mol−1.
This analysis suggests a new model to explain the
enantioselectivity of this H-transfer reduction. The enantiodetermining step would not be the hydride transfer step 7 → 8
but rather the coordination of HE 3 to the PA-DHQ complex
6, i.e., step 6 → 7 (Figure 3). Three key points explain the good
enantiocontrol of this catalytic reaction: (i) a fast equilibrium is
established between the pro-(R) and pro-(S) conformers of the
PA-DHQ adducts 6; (ii) the lower energy pathway allows
insertion of HE into one of the PA-DHQ adduct 6 to aﬀord
selectively pro-(S)-7; and (iii) HE insertion to form the threecomponent complexes 7 is highly exergonic and irreversible, as
hydride transfer is the easiest way from 7. This catalytic
reaction is therefore under Curtin−Hammett control, and the
origin of enantiocontrol relates to “dynamic kinetic selection”
between two prochiral conformers.
Calculation of the barrier height for step 6 → 7 could assess
the validity of this enantiocontrol model. Despite numerous
attempts (see part II.f in the Supporting Information for
details), transition states for step 6 → 7 could not be identiﬁed;
therefore, the 6 → 7 barrier height could not be calculated
directly. We therefore turn our computations to an approximate
approach. The exact pathway from 6 to 7 implies simultaneously
both structural deformation of the PA−DHQ complex 6 and
insertion of HE 3 into this complex (i.e., active site). These two

Figure 4. Plot of the computed energy diﬀerence between pro-(R)-12
and pro-(S)-12 (ΔΔEdeform) vs experimental ee in the reduction of 2phenyl-quinoline with catalysts (R)-4a−f (blue triangles) and
reduction of 2-nBu-quinoline with (R)-4f (red square). The correlation
line is based only on the values obtained for the reduction of 2-phenylquinoline with (R)-4a−f.

Table 2. DFT-Predicted vs Experimental ee in the Reduction
of 2-Substituted Quinoline with Catalysts (R)-4a−f
entry

cat.

2-R-quinoline,
R=

ΔΔEdeform
(kJ mol−1)

predicted eea
(%)

expt eeb
(%)

1
2
3
4
5
6
7

4a
4b
4c
4d
4e
4f
4f

Ph
Ph
Ph
Ph
Ph
Ph
n
Buc

6.2
12.9
20.7
27.0
30.2
37.9
34.8

1
23
48
68
79
100
94

5
26
35
72
84
97
87

a

Predicted ee values computed based on the slope and the intercept of
the correlation line shown in Figure 4: ee = (ΔΔEdeform − 5.80)/0.31.
All calculations predict (S)-conﬁgured tetrahydroquinoline products.
b
Experimental values from ref 52. All experiments aﬀord (S)conﬁgured tetrahydroquinoline products. cCalculations performed
for the 2-methylquinoline.

considered but has not been retained, as it is clearly less
exergonic.
In pro-(R)-6a and pro-(S)-6a, DHQ presents one of its faces
to the PO group on which HE 3 will coordinate (Figure 2).
Interconversion between the two conformers pro-(R)-6a and
pro-(S)-6a is expected to take place easily through rotation
along the PO···HN axis. The activation barrier of this
isomerization pathway is found at about 15 kJ mol−1, which
conﬁrms its feasibility (see part II.d in the Supporting
Information for details). This easy isomerization between
pro-(R)-6a and pro-(S)-6a agrees with a recent study
indicating that two structures are in fast exchange on the
NMR time scale for imine/BINOL-derived phosphoric acids
complexes by either rotating the imine by 180° or switching the
oxygen that forms a hydrogen bond with the imine.58
In the next step, we have attempted optimization of the
pathways leading to the three-component complexes 7 by
starting from pro-(R)-6a or pro-(S)-6a and adding an HE 3
molecule from a position located outside of the catalytic pocket
but close to its entrance (see part II.e in the Supporting
Information for details). Surprisingly, this pathway did not lead
2784
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Figure 5. Previous (A) and proposed (B) mechanisms for the enantiocontrol in phosphoric acid catalyzed H-transfer hydrogenation of quinoline.

steps have been considered successives. The ﬁrst one, leading to
12, is endothermic (deformation of the geometry-optimized 6
complex), whereas the second one is exothermic (formation of
the H-bond between PA and HE without deformation). It is
expected that this split-up description of the 6 → 7
multimolecular reaction could bring insight into the chemical
step for which it has been indicated previously that the ability of
calculations could be questionable.44 Indeed, the change in
energy from pro-(R/S)-6 to pro-(R/S)-12 corresponds to the
deformation energy of the PA-DHQ fragment (i.e., the active
site) when going from 3 + pro-(R/S)-6 to pro-(R/S)-7.
Therefore, the energy increase from 6 to 12 is anticipated to
parallel well the barrier height for step 6 → 7 and thus could be
used to compute the enantiomeric excess.
Using this model, the catalyst control of the enantiomeric
ratio can be quantiﬁed by computing the energy diﬀerence
(ΔΔEdeform) between pro-(R)-12 and pro-(S)-12 (Figure 3).
ΔΔEdeform were computed for all catalysts (R)-4a-f that have
been screened experimentally. In all cases, pro-(R)-12 is found
to be higher in energy than pro-(S)-12, in agreement with the
experiments which indicate that the (S) enantiomer is favored
for all catalysts. Furthermore, the new model above allows
quantitative agreement between experiment and theory.
Indeed, an excellent correlation between the experimental
enantiomeric excesses and the computed ΔΔEdeform is obtained
for the whole set of catalysts (R2 = 0.96, Figure 4 and Table 2).
In order to test the robustness of our model, we have applied
it also to the reduction of 2-n-butylquinoline catalyzed by (R)4f.52 Calculations, which have been performed with the simpler
2-methylquinoline model, have predicted that the (S)
enantiomer of the ﬁnal tetrahydroquinoline is favored with an
enantiomeric excess of 94%, in good agreement with the
experimental value (87%, Figure 4 and Table 2).

Thus, these calculations accurately reproduce all aspects of
the stereochemical outcome of H-transfer reactions on two
diﬀerent substrates within an homogeneous series of acid
catalysts, and a good correlation is obtained between
experimental and predicted ee. They make it possible to
provide a new proposal for the enantiocontrol in phosphoric
acid catalyzed H-transfer hydrogenation of quinoline. A
simpliﬁed representation of the mechanism is given in Figure
5 and compared to the previously accepted scheme. The
enantiodetermining step is not the hydride-transfer step but
rather the association of the Hantzsch ester to the catalyst−
substrate complex. Moreover, the calculations also allow some
understanding of the origin of enantiocontrol from the chiral
catalysts, as a function of the aryl substituents on their biaryl
scaﬀolds. Indeed, in all cases computed so far, pro-(R)-6 is
always slightly lower in free energy than pro-(S)-6 (Δ = 0.6−
8.8 kJ mol−1), and the deformation energy of pro-(S)-6 to form
pro-(S)-12 is uniformly small (see the Supporting Information
for details). On the contrary, the deformation energy of pro(R)-6 to form pro-(R)-12 varies signiﬁcantly depending on the
nature of the catalyst, ranging from 17.7 to 42.7 kJ mol−1. This
large deformation energy of the active site required to allow the
Hantzsch ester insertion can be associated with the presence of
one aryl substituent of the catalyst close to the free PO group
in pro-(R)-6 (Figure 3). Two eﬀects may account for the
inﬂuence of this substituent on the deformation energy: (i) in
pro-(R)-6, the observed intermolecular interactions between
DHQ and one of the aryl substituents of PA might depend
strongly on the nature of the aryl ring, and (ii) adjustment of
the active site to allow entrance of HE might also be aﬀected by
the size and geometry of these aryl substituents.
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(18) Muñoz-Robles, V.; Ortega-Carrasco, E.; Alonso-Cotchico, L.;
Rodriguez-Guerra, J.; Lledos, A.; Maréchal, J.-D. ACS Catal. 2015, 5,
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CONCLUSION
In conclusion, we have proven through state-of-the-art
calculations that the previously accepted mechanistic proposals
for the stereochemical control in the organocatalytic H-transfer
hydrogenation of quinolines are inadequate to explain the
enantiomeric excesses of the reaction. The simple modeling of
the transition state of hydride transfer, elemental step of the
catalytic cycle where the stereogenic center is generated, is not
suﬃcient to fully account of enantioselectivity. A thorough reexamination of the mechanistic steps allows to put forward an
alternative proposal in which the enantioselectivity would be
achieved by selective association. According to this model,
using a (R)-BINOL-derived PA, stereochemical control occurs
through the preferential formation of the three-component
complex pro-(S)-7, with respect to pro-(R)-7, since HE
insertion in the pro-(R) active site is far more diﬃcult.
Calculations based on this model accurately reproduce
experimental data for the ﬁrst time and provide enlightenment
about the origin of the enantioselectivity. Indeed, one aryl
substituent of the catalyst has been identiﬁed to inhibit
insertion of HE only for the (R)-path. This explains the larger
deformation of the active site required for the (R)-path
compared to the (S)-path. Ongoing research in our group aims
to establish the applicability of this model to other organocatalytic processes.
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ACS Catal. 2015, 5, 272−280.
(44) Plata, R. E.; Singleton, D. A. J. Am. Chem. Soc. 2015, 137, 3811−
3826.
(45) Hopmann, K. H. Int. J. Quantum Chem. 2015, 115, 1232−1249.
(46) Rohmann, K.; Hölscher, M.; Leitner, W. J. Am. Chem. Soc. 2016,
138, 433−443.
(47) Terada, M. Synthesis 2010, 1929−1982.
(48) Parmar, D.; Sugiono, E.; Raja, S.; Rueping, M. Chem. Rev. 2014,
114, 9047−9153.
(49) Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, K. Angew. Chem., Int.
Ed. 2004, 43, 1566−1568.
(50) Uraguchi, D.; Terada, M. J. Am. Chem. Soc. 2004, 126, 5356−
5357.
(51) Faisca Phillips, A. M.; Pombeiro, A. J. L. Org. Biomol. Chem.
2017, 15, 2307−2340.
(52) Rueping, M.; Antonchick, A. P.; Theissmann, T. Angew. Chem.,
Int. Ed. 2006, 45, 3683−3686.
(53) Simón, L.; Goodman, J. M. J. Am. Chem. Soc. 2008, 130, 8741−
8747.
(54) Marcelli, T.; Hammar, P.; Himo, F. Chem. - Eur. J. 2008, 14,
8562−8571.
(55) More, G. V.; Bhanage, B. M. Tetrahedron: Asymmetry 2015, 26,
1174−1179.
(56) Hopmann, K. H.; Frediani, L.; Bayer, A. Organometallics 2014,
33, 2790−2797.
(57) Bures, J.; Armstrong, A.; Blackmond, D. G. Acc. Chem. Res.
2016, 49, 214−222.
(58) Greindl, J.; Hioe, J.; Sorgenfrei, N.; Morana, F.; Gschwind, R. M.
J. Am. Chem. Soc. 2016, 138, 15965−15971.

2787

DOI: 10.1021/acs.joc.7b03248
J. Org. Chem. 2018, 83, 2779−2787

