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xo-selective Diels–Alder reaction
catalysed by dual-functional Brønsted acid:
conformational restriction of transition states by
hydrogen bonds as the key interaction†

Taishi Nakanishi and Masahiro Terada *

An exo-selective Diels–Alder (exo-DA) reaction in which the formed diastereomer is different from that

formed in the conventional endo-selective Diels–Alder (endo-DA) reaction was developed, which

involves a dual-functional Brønsted acid as a catalyst and not only a dienophile (vinylquinoline) but also

an acyclic diene (dienylcarbamate) having a sterically less demanding substituent. Factors necessary for

achieving the exo-DA reaction were extracted through an exhaustive computational search of the

corresponding transition states, in which the relative orientation of the dienophile and the acyclic diene

is firmly defined by hydrogen bonding interactions with a dual-functional Brønsted acid catalyst. It was

experimentally verified that the combined use of the dual-functional acid catalyst, such as phosphoric

acid, and the conformationally restricted diene (dienylcarbamate), which was realized by the introduction

of a substituent at the 2-position of the diene unit, is the key to achieving the exo-DA reaction. A

catalytic enantioselective exo-DA reaction was also attempted by using a chiral phosphoric acid catalyst,

which gave rise to the corresponding exo-adduct with fairly good enantioselectivity.
Introduction

The Diels–Alder (DA) reaction is one of the most fundamental
and versatile reactions for the synthesis of six-membered cyclic
compounds and is widely used in total synthesis and other
applications, whether in an intra- or intermolecular fashion
(Fig. 1).1 In general, intermolecular normal-electron-demand
DA reactions proceed in an endo-selective manner.2,3 The
secondary orbital interaction has long been considered a major
contributing factor to the endo selectivity, although dipoles,
magnetic properties, and steric effects have also been found to
play an important role; this issue is still being actively debated.4

On the other hand, the development of the exo-selective DA (exo-
DA) reaction, in which the formed diastereomer is different
from that formed by the conventional endo-selective DA (endo-
DA) reaction, is an uphill battle for synthetic organic chemists,
and considerable effort has been devoted to its development
because the comprehensive synthesis of stereoisomers is ach-
ieved using versatile DA reactions.

exo-DA reactions are generally achieved by using bulky
catalysts or bulky dienes and dienophiles to restrict the direc-
tions of approach of these components in the transition state
of Science, Tohoku University, Aramaki,

-mail: mterada@tohoku.ac.jp

tion (ESI) available. See DOI:

the Royal Society of Chemistry
(TS), in which the endo-TS is destabilized by steric repulsion,
resulting in a kinetically unfavourable pathway. In principle,
dienes bearing either a cyclic structure5 or a bulky substituent6–8

are oen used. The exo-DA reactions have also been established
by designing dienophiles including (i) dienophiles anchored in
the s-cis conformation,4a,9 (ii) bulky organometallic dienophiles
(and dienes),10 and (iii) acrolein derivatives having substituents
at the a-position.11 Other exo-selective methods originating
from the use of sterically bulky Lewis acid catalysts12 and
supramolecular catalysts13 have also been reported. However,
these prior examples are essentially limited to reactions of
cyclopentadiene because the use of cyclopentadiene tends to
facilitate the exo-selective reaction. In contrast, the exo-DA
reaction using acyclic dienes is largely unexplored, and there
are only a few examples of exo-DA reactions achieved by using
acyclic dienes, which proceed through weak non-covalent
interactions, such as hydrogen bonding, rather than the steric
repulsion.14–17
Fig. 1 Intermolecular normal-electron-demand Diels–Alder reaction,
giving endo-isomer as the major product.
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Scheme 1 The developed exo-DA reaction that uses a dual-functional
acid catalyst.
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In the exo-DA reaction catalysed by bulky B(C6F5)3,14a detailed
mechanistic studies have revealed that specic C–H/F inter-
actions are the key to stabilizing the TS structure in the exo-
reaction pathway.14b Recently, computational studies predicted
an exo-DA reaction when the directions of approach of a diene
and a dienophile were restricted by hydrogen bonding interac-
tions,15 although it has yet to be proven experimentally. In 1998,
Wilson et al. reported an asymmetric exo-DA reaction that uses
an antibody as a catalyst.16 The DA reaction proceeded in an exo-
selective manner without taking advantage of the steric effect of
the substrates themselves. In this particular catalytic system,
the relative orientation of the diene and the dienophile was
controlled by the multiple hydrogen bonding interactions
between the antibody catalyst and the substrates. However, the
hydrogen bonding interaction approach has several limitations
compared with the controlling method based on the steric
repulsive effect.

Brønsted acids such as phosphoric acid and carboxylic acid
are expected to exhibit dual function even though they are
monofunctional acid catalysts because these molecules have
both acidic and basic sites in the sole functional unit. Indeed,
the dual-functional phosphoric acid unit has been effectively
utilized in catalytic enantioselective reactions18 in which
a nucleophile and an electrophile are easily captured owing to
the dual-functional nature of the acid catalyst through
hydrogen bonding interactions, and hence the reaction
proceeds in an enantioselective manner under a chiral envi-
ronment created by a chiral phosphoric acid catalyst. In this
context, we hypothesized that if the relative orientation of the
diene and the dienophile in TSs of the DA reaction could be
restricted by the hydrogen bonds formed between the dual-
functional acid catalyst19 and these substrates, the exo-DA
reaction would be realized without having to use a bulky catalyst
or the introduction of sterically demanding substituents to the
substrates (Fig. 2).

To verify this hypothesis, we devised a model reaction, that
is, the DA reaction of vinylquinolines 1 with dienylcarbamates 2
catalysed by phosphoric acid, which we had previously reported
as an endo-selective reaction.20 Computational analysis of this
reaction revealed that the dual-functional nature of the phos-
phoric acid catalyst strictly restricts the relative orientation of
the diene and the dienophile. Extraction of factors necessary for
the exo-selectivity from this reaction system by computational
studies and their experimental verication are expected to offer
new insights into the control of the endo-/exo-selectivity in the
DA reactions. Indeed, we developed an exo-DA reaction by
Fig. 2 Working hypothesis.

36294 | RSC Adv., 2023, 13, 36293–36300
designing the substrates and the catalytic system based on an
exhaustive search for TSs using DFT calculations (Scheme 1).
Herein we report new knowledge to realizing the exo-DA reac-
tion, that is, not only regulating the conformational exibility of
the diene but also employing the dual-functional acid catalyst to
restrict the relative orientation of the diene and the dienophile
by virtue of the hydrogen bonding interaction.
Results and discussion

Initially, model calculations were performed to construct an
evaluation system for endo-/exo-selectivity. The calculations
were conducted in the gas phase at B3LYP-D3/6-31g(d) level of
theory.‡21,22 In the model calculations, vinylquinoline 1b and
dienylcarbamate 2a were employed and all possible conforma-
tions, relative orientations, and enantiotopic faces of these
substrates were considered because of using chiral phosphoric
acid (R)-4 as the model catalyst (Fig. 3). For vinylquinoline 1b,
there are two types of conformational isomers, s-trans and s-cis.
For dienylcarbamate 2a, four types of conformational isomers s-
cis–cis, s-cis–trans, s-trans–cis, and s-trans–trans, in which the
rst and second s-cis/s-trans indicate the geometry of C1–

N1−C2−C3 and O1–C1−N1−C2 respectively, were considered. In
addition, four types of TSs, R-endo, S-endo, R-exo, and S-exo,
originating from the relative orientation (endo and exo) and the
enantiotopic faces (R and S) of dienylcarbamate 2a, were
generated. Totally, the existence of 2 × 4 × 4 = 32 TS structures
was assumed.

The calculated TSs and the relative free energies DDG‡ of
these TSs are summarized in Table 1. All TSs of the model
system indicate that the relative free energies DDG‡ of R-endo
‡ Since the highest priority was to grasp the overall feature of the
endo-/exo-selectivity of the present DA reaction, we selected B3LYP-D3, which
has a relatively low computational load. In our previous work, we thoroughly
searched several functions of the DFT calculation and conrmed that B3LYP-D3
is one of the reliable ones for the transition state analysis in the present
reaction system (see, ref. 20).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Method for model calculation.

Table 1 Results of model calculation

1b 2a TSa DDG‡ b (kcal mol−1) TS

s-trans cis–cis R-endo 0.4 (0.5) TS-Cc(R-en)
R-exo 13.7 (15.3) —

cis–trans R-endo 3.8 (4.1) TS-Ct(R-en)
R-exo 16.5 (−)c —

trans–cis R-endo 11.2 (11.7) —
R-exo 0.0 (1.1) TS-Tc(R-ex)

trans–trans R-endo 9.5 (9.9) —
R-exo 2.3 (3.5) TS-Tt(R-ex)

s-cis cis–cis R-endo 11.2 (14.3) —
R-exo 8.5 (7.5) —

cis–trans R-endo 9.1 (11.6) —
R-exo 10.9 (10.2) —

trans–cis R-endo 5.7 (5.6) —
R-exo 12.4 (11.0) —

trans–trans R-endo 10.3 (10.9) —
R-exo 9.4 (7.3) —

a Transition states originate from the relative orientations (endo and
exo), and enantiotopic faces (R and S) are generated. b Relative free
energies of R-endo and R-exo TSs are tabulated, and the corresponding
relative free energies of S-endo and S-exo TSs are shown in
parentheses. c The corresponding S-exo TS could not be optimized.
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and R-exo TSs are comparable to those of the corresponding S-
endo and S-exo TSs. Because vinylquinoline 1b is activated
through protonation at the nitrogen atom by phosphoric acid,
an N–H/O hydrogen bond is formed in all TSs (Fig. 4; see ESI†
for 3D structures of all TSs). Focusing on the relationship
between the conformation of vinylquinoline 1b and the free
energy of TSs, overall, the s-trans conformation of vinylquino-
line 1b is more energetically favourable than the s-cis confor-
mation. As expected, the basic site, namely, the phosphoryl
oxygen, of the acid catalyst captures the dienylcarbamate
through the hydrogen bond formed with the carbamate N–H
proton, and hence, TSs are stabilized by this hydrogen bonding
interaction. In contrast, when the carbamate N–H proton is
structurally unable to interact with the phosphoryl oxygen of the
catalyst, TSs are markedly destabilized. Indeed, when vinyl-
quinoline 1b formed the s-cis conformation, most of the cor-
responding TSs did not form a hydrogen bond and thus were
unstable (see ESI† for 3D structures). At the most stable TS in
the model calculation, a small difference in free energy (DDG‡ =

0.4 kcal mol−1) was observed between endo-TS [TS-Cc(R-en)] and
exo-TS [TS-Tc(R-ex)]. However, more importantly, exo-TS slightly
© 2023 The Author(s). Published by the Royal Society of Chemistry
predominated despite the fact that the DA reaction generally
proceeds in an endo-selective manner. It is considered that this
small energy gap originated from the hydrogen bonding inter-
action between the phosphoric acid and both substrates, as
shown in Fig. 4.

Furthermore, among the R-endo and R-exo TSs calculated, it
was found that the four TSs are relatively stable, their energies
being within 5.0 kcal mol−1 from the energy of the most stable
TS [TS-Tc(R-ex)] (Table 1 and Fig. 4). Detailed analysis of these
four TSs revealed that the geometry around C1–N1−C2−C3 of
dienylcarbamate 2a was different between the endo- and exo-
TSs: dienylcarbamate 2a had an s-cis conformation in the endo-
TS (Fig. 4a and c) and, in contrast, an s-trans conformation in
the exo-TS (Fig. 4b and d). These results suggest that if the s-cis
conformation of dienylcarbamate is selectively destabilized, the
reaction will proceed preferentially from the s-trans conforma-
tion, giving rise to the exo-adduct in a stereoselective manner.
In order to establish the exo-DA reaction, we proposed
amolecular design in which a substituent is introduced at the 2-
position of the diene unit (in the previous original numbering:
C3) to destabilize the s-cis conformation selectively with little
detrimental effect on the s-trans conformation (Fig. 5). On the
basis of this proposal, we designed six dienylcarbamates 2b–g
having a substituent at the 2-position and calculated the
difference in free energy between endo- and exo-TS in the model
system. All newly designed substrates 2b–g except 2f (R= SiMe3)
were modied without having to introduce sterically
demanding substituents.

DFT calculations were performed using newly designed
dienylcarbamates 2b–g having a substituent at the 2-position,
vinylquinoline 1b, and phosphoric acid (R)-4. The relative free
energies of selected substrates 2b, 2c, and 2g are summarized in
Table 2 (all TS energies of the model system using substrates
2b–g including S-endo and S-exo TSs are shown in ESI†). It
RSC Adv., 2023, 13, 36293–36300 | 36295
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Fig. 4 3D structures and schematic models of the most stable endo- and exo-TSs: (a) endo-TS: TS-Cc(R-en). (b) exo-TS: TS-Tc(R-ex).
Schematic models of the second most stable endo- and exo-TSs: (c) endo-TS: TS-Ct(R-en). (d) exo-TS: TS-Tt(R-ex). aRelative free energy (kcal
mol−1).

Fig. 5 Concept of newly designed substrates for exo-DA reaction.

Table 2 Selected examples of DFT calculations for transition states in
the reaction of newly designed dienylcarbamates 2with vinylquinoline
1b catalysed by phosphoric acid (R)-4

R TS DDG‡ a (kcal mol−1)

Me (2b) TSMe-Cc(R-en) 5.3 (5.2)b

TSMe-Ct(R-en) 9.4 (9.3)c

TSMe-Tc(R-ex) 0.0
TSMe-Tt(R-ex) 2.7

F (2c) TSF-Cc(R-en) 2.7 (2.6)d

TSF-Ct(R-en) 5.3
TSF-Tc(R-ex) 0.0
TSF-Tt(R-ex) 2.9

SPh (2g) TSSPh-Cc(R-en) 6.4
TSSPh-Ct(R-en) 9.5
TSSPh-Tc(R-ex) 0.0
TSSPh-Tt(R-ex) 2.4

a Relative free energies of R-endo and R-exo TSs are shown, and the
corresponding relative free energies of S-endo and S-exo TSs are
partially shown in parentheses. b DDG‡ for TSMe-Cc(S-en).

c DDG‡ for
TSMe-Ct(S-en).

d DDG‡ for TSF-Cc(S-en).
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became clear from the selected examples that while certain
reactions through the S-enantiotopic face of dienylcarbamate 2
(S-endo) and its corresponding R-counterpart gave similar DDG‡

values, the majority of cases showed that the reaction through
the R-enantiotopic face had a smaller DDG‡ value than the
reaction through its S-counterpart. More importantly, as shown
in Table 2 and all TSs in ESI,† the TSs giving the exo-adduct,
namely, TSR-Tc(R-ex) (TSR: R = substituent introduced at the 2-
position), are the most energetically favourable for newly
designed dienylcarbamates 2b–g. Noteworthy is the fact that
dienylcarbamate 2c having a small substituent such as uorine
at the 2-position undergoes the exo-DA reaction in a highly
selective manner (calculated exo/endo = >20/1).
36296 | RSC Adv., 2023, 13, 36293–36300
The 3D TSs and the schematic models derived from the
calculations using dienylcarbamate 2b (R = Me) are shown as
a representative (Fig. 6). In the endo-TS, the introduction of the
R group at the 2-position (in the previous original numbering:
C3) resulted in a marked steric repulsion between substituent R
and the carbamate unit because C1–N1−C2−C3 of dien-
ylcarbamate 2b took an s-cis conformation. As predicted, this
steric congestion resulted in a twisted conformation of the
dienylcarbamates, in which the carbamate unit markedly devi-
ated from the coplanarity with the diene unit by around 30°
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 DFT calculations of the transition states in the reaction of dienylcarbamate 2b (R=Me) with vinylquinoline 1b catalysed by phosphoric acid
(R)-4. 3D structures and schematic models of the most stable endo- and exo-TSs: (a) endo-TS: TSMe-Cc(R-en). (b) Exo-TS: TSMe-Tc(R-ex).
Schematic models of the second most stable endo- and exo-TSs: (c) endo-TS: TSMe-Ct(R-en). (d) Exo-TS: TSMe-Tt(R-ex).

aRelative free energy
(kcal mol−1). bDihedral angle of C1–N1−C2−C3 for dienylcarbamate 2b (R = Me).

Table 3 Investigation of catalyst/additive effect on endo-/exo-
selectivitya

Entry Catalyst/additive (mol%) Time (h) Yieldb (%) Endo/exoc

1 (PhO)2P(O)OH (10) 48 70 3/97
2d BF3$OEt2 (100) 24 43 81/19
3 B(C6F5)3 (10) 48 50 82/18
4 None, 100 °C 48 13 62/38
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(Fig. 6a and c). In contrast, in the exo-TS, the introduction of the
R group caused little steric repulsion because C1–N1−C2−C3

took an s-trans conformation (Fig. 6b and d). Hence the corre-
sponding dihedral angle was expected to be close to 180°.
Indeed, the dihedral angle was around 170° and the coplanarity
between the diene and carbamate units was almost maintained.
As described above, the proposal, “the introduction of substit-
uent R at the 2-position destabilizes the s-cis conformation,
pushing up the energy level of the endo-TS”, was conrmed by
the DFT calculations.

Our greatest concern was whether the exo-stereochemical
outcome predicted by the DFT calculations could be veried
experimentally. A newly designed substrate was investigated
using dienylcarbamate 2b having a methyl group at the 2-posi-
tion (R = Me) (Table 3). Furthermore, in order to conrm the
importance of the formation of hydrogen bonds between the
catalyst/additive and both substrates, vinylquinoline 1a and
dienylcarbamate 2b, we employed different acid catalyst/additive
to investigate endo-/exo-selectivity in the intended DA reaction. As
predicted, the use of diphenyl phosphate [(PhO)2P(O)OH] as the
acid catalyst facilitated the formation of an exo-adduct in a highly
selective manner (entry 1).§ In contrast, endo-selectivity was
predominant when the reaction was performed using Lewis acids
such as boron triuoride diethyl ether complex (BF3$OEt2)23 and
tris(pentauorophenyl)borane [B(C6F5)3] (entries 2 and 3). The
§ The DA reaction of parent 2-vinylquinolines (1b) with 2b using (PhO)2P(O)OH as
the catalyst (condition A shown in Table 4) gave the exo-adduct as the major
stereoisomer (69% combined yield of endo/exo-isomers) with exactly the same
stereoselectivity (endo/exo = 3/97) as the DA reaction of chloro-substituted 1a
with 2b (Table 3, entry 1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
predominant formation of the endo-adduct was also observed
under thermal reaction conditions (without using an acid
catalyst/additive) (entry 4) as a common stereochemical outcome
in the intermolecular normal-electron-demand DA reaction.
5 Cl3CCO2H (10) 48 75 15/85
6 TsOH$H2O (10) 48 52 25/75

a Unless otherwise noted, all reactions were carried out using 0.1 mmol
of 1a, 0.12 mmol of 2b, MS 5A (50 mg), and catalyst/additive in toluene
(1 mL) at room temperature. b Isolated yields. c Determined by 1H NMR
measurement of the crude mixture. d Without MS 5A.

RSC Adv., 2023, 13, 36293–36300 | 36297
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Table 4 Substitution patterns of dienylcarbamates and types of
catalyst/additive effect on endo-/exo-selectivitya

Entry Cond.b 2 3 Yieldc (%) Endo/exod

1 A 2a 3aa 68 72/28
2 B 60 83/17
3 A 2h 3ah 80 60/40
4 B 21 71/29
5 A 2i 3ai 45 25/75
6 B 50 80/20
7 A 2g 3ag 24 26/74
8 B 28 69/31

a Unless otherwise noted, all reactions were carried out using 0.1 mmol
of 1a, 0.12 mmol of 2, and MS 5A (50 mg) in toluene (1 mL) at room
temperature. b Condition A: 10 mol% (PhO)2P(O)OH was used as an
acid catalyst. Condition B: 100 mol% BF3$OEt2 was used as an acid
additive. c Isolated yields. d Determined by 1H NMR measurement of
the crude mixture.

Scheme 2 Initial attempt at enantioselective exo-DA reaction.

{ The absolute conguration of exo-3ab has not been determined yet.
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Furthermore, trichloroacetic acid and p-toluene sulfonic acid
were considered promising candidates for the dual-functional
Brønsted acid catalyst similar to phosphoric acid. In fact, under
the inuence of these acid catalysts, the exo-adduct was obtained
as the major diastereomer, albeit with a slightly low selectivity
(entries 5 and 6). These results indicate that the type of acid
catalyst/additive has a signicant impact on the endo-/exo-selec-
tivity. As hypothesized for the present reaction system, the dual-
functional nature of the acid catalyst is essential for the exo-DA
reaction. Even if the s-cis conformation of dienylcarbamate is
effectively destabilized by the steric effect of the substituent (R =

Me in Fig. 6), no exo-selectivity would be achieved when no
hydrogen bonds are formed between the acid catalyst and both
substrates. The relative stereochemistry of 3ab was determined
by comparing the 1H NMR coupling constants of the endo- and
exo-products7a,8b (see ESI† for details).
36298 | RSC Adv., 2023, 13, 36293–36300
Next, using a series of dienylcarbamates 2, we investigated
the substituent effect on the endo-/exo-selectivity (Table 4). In
the case of simple dienylcarbamate 2a, instead of 2b having
a methyl substituent, either diphenyl phosphate [(PhO)2P(O)
OH] (condition A) or boron triuoride diethyl ether complex
(BF3$OEt2) (condition B) resulted in the formation of an endo-
adduct as the major diastereomer (entries 1 and 2). Similarly,
under the same reaction conditions, dienylcarbamate 2h
having amethyl group at the 3-position underwent the reaction
with low to moderate endo-selectivity (entries 3 and 4). These
results suggest that the conformational restriction of dien-
ylcarbamate by the introduction of a substituent at the 2-
position is the key to achieving an exo-selective reaction, as
predicted by the DFT calculations (Table 2 and Fig. 5). Dien-
ylcarbamate having a methyl substituent at the 2-position was
further modied by changing the carbamate unit to the Boc
group from methoxycarbonyl (entries 5 and 6). exo-Selectivity
was observed when (PhO)2P(O)OH was used as the acid catalyst
(entry 5), whereas the endo-adduct was produced when BF3-
$OEt2 was used (entry 6). Even when the substituent at the 2-
position was replaced by a thiophenyl group instead of
a methyl group, (PhO)2P(O)OH facilitated the reaction in an
exo-selective manner (entry 7). Again, the use of BF3$OEt2
resulted in the endo-selectivity in the same reaction (entry 8). It
should be emphasized that the combined use of the dual-
functional acid catalyst and the conformationally restricted
dienylcarbamate is crucial to accomplishing the DA reaction in
an exo-selective manner.

Finally, we attempted to expand the developed exo-DA reac-
tion to an enantioselective variant using chiral phosphoric acid
(Scheme 2).24 In the reaction of 1a with 2b, the use of (R)-5
having benzyl groups at the 3,3′-positions resulted in exo-DA
product 3ab in good yield with high exo-selectivity and fairly
good enantioselectivity{ (see ESI† for catalyst screening). The
number of examples of enantioselective exo-DA reactions using
acyclic dienes under the inuence of chiral catalyst6a,7a,12j,16,25 is
far fewer than those of endo-DA reactions. Hence, the present
© 2023 The Author(s). Published by the Royal Society of Chemistry
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approach provides valuable insights into the development of
novel catalytic enantioselective exo-DA reactions using acyclic
dienes.

Conclusions

We have demonstrated a novel approach to establish an exo-DA
reaction of an acyclic diene without introducing sterically
demanding substituents into either a catalyst, a dienophile
(vinylquinoline), or an acyclic diene (dienylcarbamate). Factors
necessary for achieving the exo-DA reaction, in which the rela-
tive orientation of the dienophile and the acyclic diene is rmly
dened by hydrogen bonding interactions with a dual-
functional Brønsted acid catalyst, were extracted by thorough
computational analysis of the corresponding transition states
and veried experimentally. As predicted by DFT calculations,
conformational restriction of the diene (dienylcarbamate) by
the introduction of a substituent at the 2-position of the diene
unit is the key to achieving the DA reaction in an exo-selective
manner. Thus, the effective utilization of the hydrogen bonding
interaction realized by a combination of the dual-functional
acid catalyst and the conformationally restricted diene (dien-
ylcarbamate) is crucial to achieving the exo-DA reaction. The
present approach is expected to give new insights into the
control of endo-/exo-selectivity in the DA reactions and
contribute to the development of stereodivergent methods for
the DA reactions. Further studies along this line are in due
course in our laboratory.
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