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Computational analyses have revealed that the distortion of a catalyst and the substrates and their
interactions are key to determining the stability of the transition state. Hence, two strategies “distortion
strategy” “interaction strategy” can be proposed for
enantioselective reactions. The “distortion strategy” is used as a conventional approach that destabilizes
the TS (transition state) of the minor pathway. On the other hand, the “interaction strategy” focuses on

and improving enantiomeric excess in

the stabilization of the TS of the major pathway in which an enhancement of the reaction rate is
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Accepted 20th April 2023 expected. To realize this strategy, we envisione e stabilization of the major reaction pathway by
reinforcing hydrogen bonding and adopted the chiral phosphoric acid-catalysed enantioselective Diels—

DOI: 10.1039/d35c01637d Alder reaction of 2-vinylquinolines with dienylcarbamates. The intended “interaction strategy” led to

rsc.li/chemical-science remarkable improvements in the enantioselectivity and reaction rate.
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Introduction

The development of enantioselective catalysis using a chiral
catalyst has evolved into an active area of research over the past
half-century. In current organic synthesis, catalytic enantiose-
lective reactions are considered one of the indispensable
methodologies for affording enantioenriched compounds in an
efficient fashion. However, the development of catalytic enan-
tioselective reactions requires enormous effort and costs to
optimize not only the catalyst structure but also other reaction
conditions. Moreover, in some cases, even substrate modifica-
tions are necessary to achieve high performance in terms of
catalytic efficiency and stereochemical control. As a way to
overcome these inherent difficulties, computational studies
have been widely applied to the design of catalyst molecules and
reaction systems to achieve highly efficient enantioselective
catalysis in recent years." Indeed, clarifying the structural
features of transition states (TSs) that afford enantiomeric
products by means of DFT calculations are helpful to improve
the stereochemical outcome through rational refinement of the
catalyst molecule and the reaction system.>

Among computational approaches reported thus far, the
distortion/interaction analysis has been recognized as an
intriguing method to characterize TSs.*> On the basis of this
analytical method, two strategies can be proposed, which are
aimed at improving enantioselectivity. One approach is the

Department of Chemistry, Graduate School of Science, Tohoku University, 6-3 Aramaki
Aza Aoba, Aoba-ku, Sendai, Miyagi 980-8578, Japan. E-mail: mterada@tohoku.ac.jp
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3s5c01637d

5712 | Chem. Sci., 2023, 14, 5712-5721

“distortion strategy” (Fig. 1, strategy A), and the other is the
“interaction strategy” (Fig. 1, strategy B). The former strategy is
commonly used as a conventional approach mainly to desta-
bilize minor-TS (the transition state of the minor reaction
pathway) by the repulsive steric effect. This strategy offers the
advantage of simplicity of designing catalyst molecules and
reaction systems, because the steric effect is readily predictable
from the TS structures. In addition, a relatively large difference
in free energy is anticipated between major-TS (the transition
state of the major reaction pathway) and minor-TS.2*%&
However, in some cases, the approach results in unpredictable
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Fig. 1 Strategies for computational molecular design.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc01637d&domain=pdf&date_stamp=2023-05-27
http://orcid.org/0000-0002-0554-8652
https://doi.org/10.1039/d3sc01637d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01637d
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014021

Open Access Article. Published on 02 May 2023. Downloaded on 3/26/2026 3:44:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

conformational changes, which often generate diverse TS vari-
ants. This increases computational complexity in evaluating
whether the structural modification of a catalyst and/or
substrate is suitable or not.*

In contrast to the “distortion strategy”, the “interaction
strategy” is aimed at stabilizing major-TS (Fig. 1, strategy B). The
advantages of this strategy are that significant conformational
changes in the TSs are unlikely to occur and, more importantly,
that the stabilization of major-TS is expected to improve the
reaction rate when the stereo-determining step is also the rate-
determining step. However, the stabilization factors in major-
TS are often difficult to predict visually because TS stability in
enantioselective catalysis is determined by a delicate balance
between the strain in the catalyst-substrate complex and the
sum of weak interactions including hydrogen bonding, -
stacking, and dispersion interactions, as even relatively weak
interactions can have a significant impact on the enantiose-
lectivity.">* Another issue to consider is whether a slight change
in interaction energy could be precisely estimated by compu-
tational chemistry.® Recently, Anderson et al?* and Hartwig
et al.*>* have independently overcome this critical issue by
computational design to reinforce metal- interaction and
dispersion interaction, respectively, to improve the enantiose-
lectivity as well as the reaction rate.

Hydrogen bonding is a ubiquitous interaction that is
universally used in the formation of organized molecular
structures. It has also played an important role in the develop-
ment of enantioselective reactions using not only organo-
catalysts” but also transition metal -catalysts.>® Because
hydrogen bonding interaction, as broadly defined, is highly
directional and electrostatic, it can be readily recognized visu-
ally; this allows the strength of the interaction to be controlled
at the intended location by changing the electronic property
around the bond. We envisioned the selective stabilization of
major-TS by strengthening its hydrogen bonding interactions; it
was anticipated that the enantioselectivity and the reaction rate
would be improved efficiently without causing significant
conformational changes in the TSs. This new methodology
based on the “interaction strategy” using hydrogen bonding as
the key interaction is expected to offer a versatile approach that
will contribute to the development of a variety of catalytic
enantioselective reactions.

Enantioselective catalysis using a chiral Brgnsted acid has
been a useful tool in organic synthesis.”** Since the introduc-
tion of 1,1-bi-2-naphthol (BINOL)-derived chiral phosphoric
acids (CPAs) as privileged chiral Brgnsted acid catalysts,"
continuous efforts have been devoted to achieving a broad
range of unprecedented catalytic enantioselective reactions by
improving the acidity and the chiral environment."*** Such
catalytic enantioselective reactions have been achieved because
the acid/base dual function of the monofunctional phosphate
moiety of CPAs is able to strictly define substrate location
through hydrogen bonding and other interactions. In addition,
the pseudo-C, symmetry of CPAs has rendered the design of
CPA derivatives using computational and machine learning
approaches possible.??#®

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Previous studies have shown that the stereochemical
outcome of CPA-catalysed reactions is markedly affected by
hydrogen bonds.**#*%1¢ We hypothesized that the selective
enhancement of hydrogen bonding interactions in major-TS
would improve the stereochemical outcome. To demonstrate
the viability of this hypothesis, we adopted the CPA-catalysed
Diels-Alder reaction of 2-vinylquinolines 1 with dien-
ylcarbamates as a model reaction (Scheme 1)."”*# In the present
reaction system, it is anticipated that both vinylquinolines 1
and dienylcarbamates are captured by CPA through hydrogen
bonding interactions, and hence, the reaction would proceed
under the chiral environment created by CPA.***® In addition,
the Diels-Alder reaction generally proceeds through a concerted
fashion. This reaction profile limits the conformational flexi-
bility of the corresponding TSs, and the rate enhancement is
also expected by the intended strategy because the rate-
determining step coincides with the stereo-determining step.
Therefore, the proposed Diels-Alder reaction is an ideal system
for verifying the “interaction strategy”.

Here we report the realization of the “interaction strategy,”
which resulted in a marked improvement of the enantiose-
lectivity and the reaction rate, by computational molecular
refinement of dienylcarbamates. As the representative result
shown in Scheme 1, a slight modification (i.e., the introduction
of an electron-withdrawing nitro group) to the benzene ring of
the Cbz protecting group markedly enhanced the enantiose-
lectivity. The molecular refinement was accomplished by
a thorough analysis of the TS structures followed by adjustment
of the strength of hydrogen bonds to enhance the interaction
energy in the TS of the major reaction pathway. The present
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Scheme 1 Model reaction for the “interaction strategy”: enantiose-
lective Diels—Alder reaction of 2-vinylquinolines with dien-
ylcarbamates catalysed by CPA.
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approach provides a practical in silico molecular refinement
strategy for enantioselective catalysis as well as a synthetic route
to potentially useful quinoline derivatives in a highly endo- and
enantioselective manner.*

Results and discussion

At the outset of our study, we conducted a brief screening of
CPAs that could be used to realize the “interaction strategy”.
The model reaction was performed using 2-vinylquinoline 1a
and dienylcarbamate 2a under the influence of 10 mol% CPA
catalyst in toluene at room temperature (Table 1). The use of
typical BINOL-derived CPA catalysts (R)-4a and (R)-4b having
2,4,6-triisopropylphenyl and 9-anthryl groups, respectively, at
the 3,3"-positions resulted in the complete consumption of 1a,
and desired product 3aa was obtained in high yield (entries 1
and 2). On the other hand, (R)-4¢ having a 4-tBu group was less
effective (entry 3), affording 3aa in moderate yield presumably
because of catalyst deactivation. The endo-selectivity (80-90%)
was not markedly influenced by the substituent introduced at

Table 1 Initial screening of CPAs”

= /\J
A - T M
N Cbz

1a 2a(1.2eq.)

CPA (10 mol%)

toluene (0.1 M)

endo-3aa

Q0 Q0 =,
/P\ /P\ .
Ar Ar

(R)-4a (Ar = 2,4,64PryCgH,)
(R)-4b (Ar = 9-anthryl)
(R)-4c (Ar = 4-{BuCqH,)

(RS
(Ar = 2,4,64PryCgHy)

(s)6
(Ar = 2,4,64Pr3CgHy)

Entry CPA Time (h)  Yield of 3aa® (%)  endo/exo®  ee® (%)
1 (Rr4a 12 95 81:19 71/88

2 (R)-4b 36 95 88:12 5/-12
3 (R)-4c 36 67 87:13 5/-3

4 (R)5 20 95 74:26 71/ND?
5 (8)6 74 62 99:1 88/ND?
6° (s6 5d 91 99:1 92/ND*

“ Unless otherwise noted, all reactions were carried out using 0.1 mmol
of 1a, 0.12 mmol of 2a, and 0.010 mmol of CPA catalyst (10 mol%) in
toluene (1 mL). ” Isolated yield. ¢ Diastereomeric and enantiomeric
excess were determined by chiral stationary phase HPLC analysis.
4 ND: not determined. ¢ MS 5A (50 mg) was used as an additive.
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the 3,3"-positions of BINOL, whereas the enantioselectivity was
highly dependent on the structural property of the introduced
substituent (entries 1-3). Among typical substituents tested, the
2,4,6-triisopropylphenyl group displayed the highest enantio-
selectivity (entry 1: 71% ee for endo-3aa). To enhance the
enantioselectivity, the catalyst chiral backbone was further
investigated using 2,4,6-triisopropylphenyl substituted catalysts
(entries 4 and 5); endo-3aa was obtained exclusively with high
enantioselectivity, albeit in moderate yield, when SPINOL-
derived (S)-6 was used (entry 5). Because of the partial hydro-
lysis of dienylcarbamate 2a during the course of the reaction,
MS 5A was added (entry 6), affording (1R,6S)-endo-3aa as the
major enantiomer in high yield with slightly improved enan-
tioselectivity (92% ee) (see Table S1t for details). The relative
and absolute stereochemistry of 3aa was determined by the
derivatization of 3aa into a stereochemically known compound
(see ESIT for details).

The main goal of this study was to realize the intended
“interaction strategy” based on the initial reaction system
identified by the brief screening of CPAs. To investigate the
interaction mode between catalyst (S)-6 and substrates (1a and
2a) in the TSs, we thoroughly explored the favourable TSs for
each enantiomer of endo-3aa. Structure searches were manually
performed by primarily changing the conformation of the Cbz
group: the orientation of the benzyl moiety and the geometry of
the carbamate unit, i.e., s-cis and s-trans, because, in general,
the Diels-Alder reaction proceeds through a concerted fashion
and hence the simultaneous formation of the two carbon-
carbon bonds restricts the flexibility of the relative location
between dienophile 1a and diene 2a. As shown in Fig. 2 and
schematic models in Table 2, TSg(H) and TSs(H) for the
formation of major enantiomer (1R,65)-endo-3aa and the minor
one, respectively, were optimized by DFT calculations at the
M06-2X/6-31g(d) level of theory in gas phase (Tables S2 and S37
for details).* As expected, both dienophile 1a and diene 2a were
fixed in the appropriate positions by the phosphoric acid unit of
catalyst (S)-6 primarily through hydrogen bonding (N*---H'---O"
and N?---H>---0?) in stable TSg(H) and TSg(H) (see schematic
models shown in Table 2). TSg(H), which led to (1R,6S)-endo-
3aa, energetically more favorable than TSg(H) at
1.8 keal mol ™" (caled: 91% ee); this was in good agreement with
the experimental value (observed: 92% ee) and the absolute
stereochemistry obtained. In addition, the results of IRC
calculations suggested that the present Diels-Alder reaction
proceeds through an asynchronous concerted pathway rather
than a stepwise mechanism.*

We conducted the distortion/interaction analysis of TSg(H)
and TSs(H) (see Table S4f for details),>*%** followed by
a detailed analysis of characteristic interactions, in particular,
hydrogen bonding interactions and their energies. As shown in
Fig. 2, the conformation of the Cbz protecting group of dien-
ylcarbamate 2a is completely different. In TSg(H), the benzyl
moiety of the Cbz group and the carbamate unit are coplanar,
whereas in TSg(H), the benzyl moiety is oriented outside the
plane formed by the carbamate unit. As summarized in Table 2,
the detailed comparison between the respective TSs revealed
marked differences in some of the interactions in terms of not

was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(b)

TSs(H)
(1.8 kcal.mol™")

Fig.2 Optimized transition state structures for the endo addition. Relative free energies are shown in parentheses. The transition state structures
were fully optimized using the M06-2X/6-31g(d) level of theory in gas phase. (a) Transition state for the formation of (1R,6S)-endo-3aa. (b)
Transition state for the formation of (1S,6R)-endo-3aa.

Table 2 Schematic models of TSg(H) and TSs(H) and the summary of hydrogen bonding interactions

iPr
TSw(H) TSs(H)

L: length (A), A: angle (°),
Hydrogen bond E: energy (kcal mol ) TSr(H) TSs(H)
N'..-H':--O! L (H'-0Y 1.65 1.65

A (N'-H'-0") 169 171

E (H'-0") 13.3 12.8
NZ---H>--0? L (H>-0%) 1.75 2.16

A (N*-H>-0?) 167 123

E (H>-0?) 10.4 1.3
c'-H*.-0? L (H*-0%) 2.60 —

A (C'-H*-0?) 167 —

E (H*-0?) 0.8 —
c*-H*--0* L (H*-0%) — 2.19

A (C*-H*-0?) — 123

E (H*-0?) — 2.4
c-H---C? L (H>-CY) — 2.82

© 2023 The Author(s). Published by the Royal Society of Chemistry
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only the energy but also the site of hydrogen bonds. The
strength of the hydrogen bonds was estimated using NBO
calculations.” The interaction energy of the hydrogen bond
(H'---0") formed between dienophile 1a (N'-H") and CPA (O'=
P) was comparable between the two states [TSg(H):
13.3 keal mol ™~ vs. TSs(H): 12.8 kcal mol '] presumably because
it is the key interaction to activate dienophile 1a (i.e., through
protonation) [L (H*-0") = 1.65 A for both TSg(H) and TSs(H)]. In
contrast, the hydrogen bond (H?:--0%) formed between dien-
ylcarbamate (N®>-H?) and CPA (O®>=P) was significantly shorter
in TSg(H) than in TSg(H) [L (H?-0%) = 1.75 A vs. 2.16 A]. In
addition, the three atoms (N, H?, and O%) involved in hydrogen
bonding formed an almost straight line in TSg(H) [A (N*>~H?-0%)
= 167°], whereas in TSg(H), the corresponding bond formed
a bent structure [A (N>~-H?-0%) = 123°]. Reflecting these differ-
ences in bond length and angle, the interaction energy of the
hydrogen bond (H>--0*) in TSg(H) (10.4 kcal mol ') was
markedly higher than that in TSg(H) (1.3 kcal mol™"). The
significant difference in interaction energy appeared to
contribute to the high enantioselectivity. More interestingly, in
TSg(H), ortho C'-H? of the phenyl ring in the Cbz group formed
a hydrogen bond with the phosphoryl oxygen of CPA (O*=P),
although its interaction energy was small [E (H?-O%) =
0.8 kcal mol']. In contrast, in TSg(H), other bonds were formed
between dienylcarbamate (C>~H*) and CPA (O®>=P) [E (H*-0%) =
2.4 keal mol™"], as well as between the catalyst substituent (C-
H°) and the 7 orbital of the phenyl ring in the Cbz group
(Fig. S27).

We then moved on to redesign the substrates to further
enhance the enantioselectivity, which is the core of the present
study. The detailed analysis of the TSs revealed that, in TSg(H)
and TSs(H), different hydrogen bonds were formed between the
Cbz protecting group of dienylcarbamate 2a and CPA (S)-6: in
TSg(H), C-H---O interaction occurred between ortho C'-H> of
the Cbz phenyl ring and CPA (O*>=P), whereas in TSg(H), C-H---
7 interaction occurred between the isopropyl group of the CPA
substituent (C-H®) and the Cbz phenyl ring (Table 2 and Fig. 2).
These findings led us to hypothesize that the intended “inter-
action strategy” might be accomplished through the modifica-
tion of the phenyl ring of the Cbz moiety, ie., the protective
group of the nitrogen atom of 2a. When the electron density of
the Cbz phenyl ring is reduced by the introduction of an
electron-withdrawing group (EWG), an increase in the hydrogen
bonding interaction (C'-H?:--0*) owing to the enhancement of
the acidity of C'-H? is anticipated only in TSg(H). Consequently,
the hydrogen bond (H*:--0?) stabilizes TSg(H), i.e., the TS of the
major reaction pathway, but not TSg(H). The modification of the
Cbz phenyl ring by the introduction of an EWG is thus predicted
to result in increased enantioselectivity.>

In order to confirm the above hypothesis, we calculated the
TSs of the Diels-Alder reaction between dienophile 1a and
dienylcarbamates having a bromo group (7a: X = Br) or a nitro
group (8a: X = NO,) as an EWG at the para-position of the Cbz
phenyl ring. Characteristic hydrogen bonds in these TSs are
summarized in Table 3 [the structures of TSg(Br)/TSs(Br) for the
reaction of 1a with 7a and TSg(NO,)/TSs(NO,) for the reaction of
la with 8a are shown in Fig. S3 and S4,1 respectively]. As

5716 | Chem. Sci, 2023, 14, 5712-5721
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Table 3 Schematic models for TSg(X) and TSs(X) and summary of
hydrogen bonding interactions in the TSs of the Diels—Alder reaction
of parent 2a (X = H) with redesigned dienylcarbamates 7a (X = Br) and
8a (X = NOz)

TSw(H) TSs(H)
L: length (A),
A:angle (°)  TSg(H) TSg(Br) TSg(NO,) TSs(H) TSs(Br) TSs(NO,)
L (H'-0") 1.65  1.65 1.64 1.65  1.65 1.64
A (N'-H'-0") 169 170 170 171 171 171
E (H'-0") 13.3  13.7 13.9 12.8 125 128
L (H>-0%) 175 176 1.76 216 217 214
A (N*>-H?>-0%) 167 165 165 123 123 124
E (H*>-0?) 10.4 9.9 10.0 1.3 1.2 1.4
L (H*-0?) 2.60  2.37 2.31 — — —
A (C'-H*-0%) 167 168 172 — — —
E (H*-0%) 0.8 1.8 2.3 — — —
L (H*-0%) — — — 219 217 219
A (C*-H'-0%) — — — 123 124 122
E (H*-0%) — — — 2.4 2.6 2.4
L (H°-C?) — — — 2.82  2.81 2.76

expected, neither 7a nor 8a displayed significant changes in the
TS structures compared with those of parent dienylcarbamate
2a (X = H) (Table 3 and Fig. 2 vs. Fig. S3 and S47). Specifically,
almost no differences in hydrogen bond length and angle were
observed in TSg(X) (X = H, Br, or NO,). In contrast, the detailed
analysis of TSg(X) structure revealed that the length of the
hydrogen bond formed between the Cbz phenyl ring of dien-
ylcarbamate (C'-H?) and CPA (O*>=P) tended to become shorter
[L (H*-0%) (A), X = H: 2.60 — Br: 2.37 — NO,: 2.31] with
increasing electron-withdrawing nature of the substituent
(Hammett o, constants, X = H: 0.0 — Br: +0.393 — NO,:
+0.710).2

The introduction of an EWG to the Cbz phenyl ring decreases
the electron density of the proton H?, making the hydrogen
bonding interaction stronger and the bond length shorter.
Indeed, as shown in Table 4, the electron density around H?
decreased [P (H?), X = H: 0.7188 — Br: 0.7073 — NO,: 0.7016]
with an increase in the electron-withdrawing nature of the
substituent. NBO calculations revealed that the interaction
energy of the hydrogen bond (H?:--0?) in TSg(X) was enhanced
gradually [E (H*-0?) (kcal mol '), X = H: 0.8 — Br: 1.8 — NO,:
2.3] and more importantly, AAG* markedly improved [AAG*
(keal mol™"), X = H: 1.8 — Br: 2.0 = NO,: 3.0]. On the basis of
these calculation results, we predicted that the introduction of

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01637d

Open Access Article. Published on 02 May 2023. Downloaded on 3/26/2026 3:44:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

Table 4 Characteristics of the hydrogen bond (H*---O?) in TSg(X) for the formation of the major enantiomer

X Om L (H°-0?%) (A) P (H?)" E (H*-0%) AAGH Calcd ee (%)
2a: H 0.0 2.60 0.7188 0.8 1.8 91
7a: Br +0.393 2.37 0.7073 1.8 2.0 94
8a: NO, +0.710 2.31 0.7016 2.3 3.0 99

“ By natural population analysis. * In kcal mol ™.

an EWG at the para-position of the Cbz phenyl ring would result
in increased enantioselectivity, and hence, the intended
“interaction strategy” could improve the enantioselectivity of
the present Diels-Alder reaction.

To verify our calculation results, a series of dienylcarbamates
2b and 7b-10b having electronically different substituents X
were tested in the reaction of 1a catalysed by (S)-6a. As shown in
Table 5, the intended “interaction strategy” was achieved: the
enantioselectivity improved with the introduction of stronger
electron-withdrawing substituents [X = H (2b): 91% ee — Br
(7b): 95% ee — NO, (8b): 98% ee], as predicted by the calcu-
lations. When dienylcarbamate 8b having a nitro group* was
applied to the reaction, a large improvement in enantiose-
lectivity (98% ee) was observed compared with when parent
dienylcarbamate 2b (91% ee) was used. Since this modification

Table 5 Validation of the substituent effect in the reaction of 1a with
a series of dienylcarbamates®

N
N
N
(S)-6
0,
1a . Me (10 mol%)
/\J/ MS 5A
HN toluene (0.1 M)

n,5d

o/go
XN
X 2b: X=H _

Me
7b: X=Br N ‘
8b: X =NO, CbZX\N
9b: X=Me H
10b: X=MeO 3ab (Cbz)

11ab (Cbz®")

12ab (CbzN®?)

13ab (CbzVe)

(

14ab (CbzM<0)

Entry X Product Yield® (%) endofexo® ee® (%)
1 H (2b) 3ab (Cbz) 86 98:2 91
2 Br (7b) 11ab (Cbz®) 98 98:2 95
3 NO, (8b)  12ab (Cbz"??) 98 99:1 98
4 Me (9b) 13ab (Cbz™¢) 85 98:2 90
5 MeO (10b)  14ab (Cbz™*°) 95 98:2 90

“ General conditions: 1a (0.1 mmol), dienylcarbamate (0.3 mmol), and
(S)-6 (0.01 mmol) in toluene (1 mL) with MS 5A (50 mg) at room
temperature for 5 days. ”Isolated yield. © Diastereomeric and
enantiomeric excess were determined by chiral stationary phase HPLC
analysis.

© 2023 The Author(s). Published by the Royal Society of Chemistry

site is far from the reaction site i.e., the diene moiety, these
improvements in enantioselectivities could only be achieved by
computational predictions, otherwise it is extremely difficult to
find an appropriate modification method and site of the
substrate through experimental exploration.

On the other hand, no significant difference in enantiose-
lectivity (90% ee) was observed when electron-donating
substituents such as methyl (9b) and methoxy (10b) groups
were introduced at the para-position of the Cbz phenyl ring.
Fig. 3 shows the Hammett plot of o,,, constants vs. AAG*, which
were calculated from enantioselectivities obtained experimen-
tally. Generally, a nearly linear correlation was observed with
only the methoxy substituent slightly deviating from this rela-
tionship. This discrepancy is likely attributed to the electron-
donating methoxy substituent enhancing the C-H---7 interac-
tion in TSs(MeO),*® i.e., the TS of the minor reaction pathway.
Consequently, TSs(MeO) was stabilized, and hence, the reduc-
tion of enantioselectivity was estimated. However, the inductive
effect of the methoxy group at the meta-position (Hammett o,
constants, X = MeO: +0.115)?** could stabilize TSg(MeO), i.e., the
TS of the major reaction pathway, through the hydrogen bond
(H?---0%). It is thus presumed that the stabilization of TSs(MeO)
by the C-H---m interaction counterbalanced the stabilization of
TSg(MeO) by the hydrogen bond (H?:--0%), making the enan-
tioselectivity of 14ab (X = MeO) comparable to that of 3ab (X =
H).

Next, we investigated the generality of the “interaction
strategy” in the reactions of a series of vinylquinolines 1 with
redesigned dienylcarbamates 8 (X = NO,) having a nitro group

R?=0.9360

26

S
€ 3ab 12ab
8 (CbZNOZ)
=,
o) \
<
=
£ (Cbz®)
[0
£
[9)
g 13ab 14ab
W 14 (CbzMe)  (CbzMe0)
1
0.1 0.05 0.2 0.35 0.5 0.65 0.8

q,

m

Fig. 3 Hammett plot of AAG* vs. ¢y, constants.
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Table 6 Generality of the “interaction strategy” using a series of
substrates®

N
R! A (86 R
N (10 mol%) R2
+ RZR — >
1 ‘ MS 5A
HN N R toluene (0.1 M) N R3
(|3bz)< "

8 (X =NO,)or2 (X = H)

12 (X = NO,) or 3 (X = H)

AN
O 12aa (X = NO,) 3aa (X =H)
] NG 99% yield 91% yield
CbzX 99% endo 99% endo
m 98% ee 92% ee
cl
O N 12ba (X = NOy) 3ba (X = H)
2 NG 99% yield 95% yield
Cbz* ‘ 99% endo 98% endo
\” 99% ee 93% ee
MeO
X
O 12ca (X = NO,) 3ca® (X = H)
3 N/ 92% yield 72% yield
CbzX 98% endo 98% endo
Br \H 96% ee 82% ee
A 12da (X = NO,) 3da (X = H)
4 _ 97% vyield 97% yield
99% endo 99% endo
98% ee 86% ee
12ea (X = NO,) 3ea® (X = H)
5 96% vyield 63% yield
99% endo >99% endo
98% ee 85% ee
12fa (X = NO,) 3fa (X =H)
6 86% yield 83% vyield
99% endo 99% endo
99% ee 91% ee
O N 12ga (X = NOy) 3ga® (X = H)
;7 F NG 99% vyield 96% yield
CbzX ‘ 98% endo 98% endo
\” 98% ee 87% ee
AN
O 12ha (X = NO,) 3ha’ (X = H)
~
g Cl N 85% yield 79% yield
CbzX 98% endo 98% endo
H 92% ee 49% ee
N
12ac (X = NO,) 3ac (X =H)
= CGH13 94% vi 0, 0
o N b yield 89% yield
CbzX. 97% endo 98% endo
” 95% ee 93% ee
X
O 12ad (X = NO,) 3ad (X = H)
10 NG 98% yield 87% yield
CbzX. >99% endo 99% endo
” Me 99% ee 96% ee

7 days. © 3.0 eq. of 8 (or 2) was used.
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“ General conditions: 1 (0.1 mmol), 8 (or 2) (0.12 mmol), and (S)-6 (0.01
mmol) in toluene (1 mL) with MS 5A (50 mg) at room temperature for 5
days.
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on the Cbz phenyl ring. As shown in Table 6, all substrates
tested underwent the reactions smoothly, affording corre-
sponding products endo-12 (X = NO,) exclusively in high
chemical yields with improved enantioselectivities compared
with when parent dienylcarbamates 2 (X = H) having the
normal Cbz group were used. In fact, investigation of the
substituent effect of a variety of vinylquinolines 1 revealed that
the use of redesigned dienylcarbamate 8a facilitated the reac-
tions (entries 1-8). Corresponding products 12 were obtained in
high yields with extremely high enantioselectivities, regardless
of the electronic nature or position of the substituent intro-
duced to the quinoline ring. In particular, the enantioselectivity
in the reaction of vinylquinoline 1h having a chloride substit-
uent at the 7-position with redesigned dienylcarbamate 8a was
markedly improved (92% ee) compared with the enantiose-
lectivity in the reaction of 1h with parent dienylcarbamate 2a
(49% ee) (entry 8). Furthermore, the use of dienylcarbamates 8c
(R> = nBu, R’ = H) and 8d (R> = H, R’ = Me), whose substit-
uents and substitution pattern differ from those of 8b (R> = Me,
R’ = H), respectively, also resulted in increases in both yield and
enantioselectivity (entries 9 and 10).

Finally, we performed a kinetic analysis to determine
whether a marked improvement in the enantioselectivities of 12
could be achieved by the intended “interaction strategy” (Fig. 4).
If the improvement of enantioselectivity stems from the stabi-
lization of the TS of the major reaction pathway, the use of
redesigned dienylcarbamates 8 is expected to enhance the rate
of the present reaction, i.e., a normal electron demand Diels-

N
_ (516 O D
_ -
F N o —
1g . (10 mol%) E N
/\J MS 5A CbzX
X - N
CbZ\N N toluene-dg, rt H

H

8a (X =NO,) or2a (X =H) 12ga (X = NO,) or 3ga (X = H)

100
A A
80 -
A
g e A
© 'A
=)
kel
o
a 40 /‘
A
A
o A
A
i 3ga A12ga
”
0
0 10 20 30 40 50
time (h)

Fig. 4 'H and '°F NMR experiments. Reaction conditions: 1g (0.05
mmol), 2a or 8a (0.06 mmol, 1.2 eq.), (S)-6 (10 mol%) and activated MS
5A (10 mq) in toluene-dg at room temperature for 48 h. CH,Br, and
CeHsCF3 were used as internal standards.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Alder reaction, despite the introduction of the electron-
withdrawing nitro substituent to the diene subunit.?”*** This
prediction is also supported by the calculated activation free
energy (AGY): AG* of TSg(NO,) in the reaction of 8a with 1a
[TSr(NO,): 9.4 kecal mol™"] is lower than that of TSg(H) in the
reaction of 2a with 1a [TSg(H): 10.1 kcal mol '] (Fig. S17).
Moreover, because TSg(NO,) and TSk(H) have the highest
energy barrier, the pathway involving these TSs is the rate-
determining step, and consequently, the stereo-determining
step is also the rate-determining step. With these consider-
ations in mind, we conducted kinetic studies on the reaction of
1g with redesigned 8a catalyzed by (S)-6 and compared the
results with those of the reaction of 1g with parent 2a. The
progress of the reaction was monitored by 'H NMR and '°F
NMR measurements. As predicted, the reaction rate was clearly
higher with redesigned 8a than with parent 2a. These results
prove that the intended “interaction strategy” is successful and
confirm the validity of our molecular design.

Conclusions

We have demonstrated the enantioselective Diels-Alder reaction of
2-vinylquinolines with dienylcarbamates as a model reaction under
the influence of CPA catalyst in accordance with the “interaction
strategy”. In the development of enantioselective -catalysis,
computational studies have aided in the design of catalyst mole-
cules and reaction systems in recent years. Among computational
approaches reported thus far, the “interaction strategy”, which
focuses on the stabilization of the TS of the major reaction pathway
to improve enantioselectivity, has largely been unexplored despite
the marked advantages of the intended strategy. In order to realize
the “interaction strategy”, we envisaged the effective use of
hydrogen bonding interactions. Indeed, the hydrogen bonding
interactions made a significant impact on not only the enantiose-
lectivity but also the reaction rate and are useful in refining reac-
tion systems. Particularly, in the present molecular refinement
aided by the computational studies, these achievements could only
be realized by computational predictions, otherwise it is difficult to
find out the modification site through experimental explorations
because the modified site of the Cbz group is located far from the
reaction site. More importantly, the improvement of enantiose-
lectivity is anticipated by applying the present strategy not only to
the most stable TS, but also to the second or third most stable TS.
This is because the reinforced hydrogen bonding interaction may
also reverse the order of stability between these TSs. This new
methodology based on the “interaction strategy” using hydrogen
bonding as the key interaction is a versatile “in silico” approach that
will contribute to the refinement of a variety of catalytic enantio-
selective reactions. Further application of the “interaction strategy”
is in progress to develop efficient and distinctive enantioselective
reactions using not only CPA catalysts but also organocatalysts and
transition metal catalysts.
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introduced to the aromatic ring, irrespective of the
electron density of the aromatic ring. See: ref. 25b.

C. Eschmann, L. Song and P. R. Schreiner, Angew. Chem., Int.
Ed., 2021, 60, 4823-4832.
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