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exo-Selective Asymmetric Diels—Alder Reaction Catalyzed by Diamine Salts
as Organocatalysts
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Abstract: An organocatalyst formed
from a binaphthyl-substituted diamine
and trifluoromethanesulfonic acid ex-
hibited unprecedented levels of exo se-
lectivity in the Diels—Alder reaction of

talyst for an asymmetric variant of this
reaction, in which the desired cycload-
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ducts were formed with high diastereo-
and enantioselectivities. The highest
diastereoselectivity observed was great-
er than 20:1 in favor of the exo cyclo-
adduct in the asymmetric Diels—Alder
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pentadiene. A novel axially chiral dia- : pentadiene.

organocatalysis

mine was also designed as an organoca-

Introduction

The Diels—Alder reaction remains one of the most powerful
tools in synthetic organic chemistry. Its broad application in
the regio- and stereochemically defined synthesis of a wide
variety of natural products has led to the development of a
number of enantioselective and diastereoselective Diels—
Alder reactions.!! In these stercoselective processes, the
enantioselectivity is controlled by chiral reagents or cata-
lysts, whereas the degree of diastereoselectivity depends
mainly on the structure of the substrates. For example, the
Diels—Alder reaction of cyclopentadiene with a,f-unsaturat-
ed carbonyl compounds, such as acrolein, methyl vinyl
ketone, and methyl acrylate, is known to give predominantly
the endo cycloadducts. This endo selectivity is considered to
be a general attribute of the Diels—Alder family of reactions.
In contrast, exo selectivity, in particular the catalyst-control-
led exo-selective Diels—Alder reaction, is not enabled readi-
ly by the deliberate modification of existing methodologies,
especially with simple o,B-unsaturated aldehydes and ke-
tones.>¥! Owing to the current importance and rapid devel-
opment of organocatalytic reactions in practical organic syn-
thesis, we have been interested in the possibility of devel-
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oping a hitherto difficult exo-selective asymmetric Diels—
Alder reaction by using a chiral organocatalyst."” Herein
we describe such a cycloaddition reaction catalyzed by
chiral diamine salts with binaphthyl-based substituents.

Results and Discussion
Optimization

To find an appropriate amine-salt catalyst for an exo-selec-
tive Diels—Alder reaction, we first examined the chemical
behavior of N-methylaniline derivatives because of the ease
of preparation and potential for further structural modifica-
tion of these secondary amines. Furthermore, the presence
of both electron-donating (methyl) and electron-withdraw-
ing (phenyl) substituents on the nitrogen atom is expected
to accelerate the formation and hydrolysis, respectively, of
the intermediate iminium salt.?»®® Thus, the Diels—Alder
reaction of cinnamaldehyde with cyclopentadiene was car-
ried out in the presence of catalytic amounts of the secon-
dary amine (12 mol%) and trifluoromethanesulfonic acid
(10mol%) in dichloromethane at room temperature
(Table 1). With N-methylaniline as the catalyst, the desired
exo adduct was obtained as the major product (exo/endo=
22:1) in 75% yield (Table1, entry1). In contrast, the
parent compound aniline showed no catalytic activity
(Table 1, entry 2), and the use of the aliphatic secondary
amine N-methylbenzylamine led to the cycloadducts in only
20% yield with slightly higher exo selectivity (Table 1,
entry 3). These findings prompted us to investigate the sub-
stituent effects of other secondary amines with an N-alkyl
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Table 1. Survey of catalysts for the exo-selective Diels—Alder reaction.l”!

NHMe I I NHMe
NHMe O‘ NHMe
=H 3

2 R Me

12 mol% amine
J/CHO @ 10 mol% TOH
R
Ph “CH.Cl, RT

Entry Amine t [h] Yield® [%] exolendo!
1 PhNHMe 20 75 2.2:1
2 PhNH, 20 0 -

3 PhCH,NHMe 20 20 2.6:1
4 2-MePhNHMe 10 30 2.8:1
5 2-tBuPhNHMe 10 15 2.1:1
6 2,6-Me,PhNHMe 10 18 2.4:1
7 PhNHCH,CH,NHPh 16 47 2311
8 1 10 86 5.8:1
9 2 23 83 8.0:1
10 3 20 99 9.2:1

[a] Reaction conditions: cinnamaldehyde (1 equiv), cyclopentadiene
(3 equiv), amine (12 mol %), TtOH (10 mol %), CH,Cl,, room tempera-
ture. [b] Yield of the isolated cycloadducts. [c] The isomer ratio was de-
termined by "H NMR spectroscopy. Tf = trifluoromethanesulfonyl.

aniline core. Although neither the introduction of ortho sub-
stituents on the aromatic ring of N-methylaniline nor the
use of N,N'-diphenylethylenediamine affected the diastereo-
selectivity significantly (Table 1, entries 4-7), improved se-
lectivity was observed with the biphenyldiamine 1 (Table 1,
entry 8). Furthermore, the axially chiral diamines 2 and 3
exhibited even higher exo selectivity (Table 1, entries 9 and
10). The high reactivity of the less nucleophilic diamine 3
equaled that of reported organocatalysts, such as highly nu-
cleophilic cyclic amines with a five-membered ring and hy-
drazine derivatives.*>%%4

We then tested the generality of our system by treating a
variety of o,fB-unsaturated aldehydes with cyclopentadiene
in the presence of diamine 3 and trifluoromethanesulfonic
acid (Table 2). In the case of acrolein and f-alkyl-substituted
acroleins, the Diels—Alder reaction proceeded smoothly to
give the corresponding cycloadducts in good to excellent
yield (>80%) with high exo selectivity (exo/endo>6.1:1;
Table 2, entries 2-5). When a less reactive aldehyde with a
furyl substituent was used, the exo cycloadduct was obtained
predominantly, albeit in only moderate yield (Table 2,

Abstract in Japanese:
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Table 2. exo-Selective Diels—Alder reaction.?!

12 mol% 3
CHO 10 mol% TfOH ﬂb/CHO A?/R
IO [y L
R CH,Cl,
R CHO
Entry R T [°C] t [h] Yield® [%] exolendo!
1 Ph RT 20 99 9.2:1
2 H —40 30 80 9.4:1
3 Me —20 20 99 11.8:1
4 nPr 0 18 83 6.1:1
5 iPr 0 18 80 7.9:1
6 2-furyl RT 96 67 7.6:1
7 CO,Et —40 20 93 9.2:1

[a] Reaction conditions: aldehyde (1 equiv), cyclopentadiene (3 equiv), 3
(12 mol %), TEOH (10 mol %), CH,Cl,. [b] Yield of the isolated cycload-
ducts. [c] The isomer ratio was determined by "H NMR spectroscopy.

entry 6). On the other hand, the reaction of an aldehyde
with an electron-withdrawing ethoxycarbonyl group pro-
ceeded to completion to give the desired cycloadduct in ex-
cellent yield with high exo selectivity (Table 2, entry 7).

With this information, we set out to design enantiomeri-
cally pure binaphthyldiamine catalysts for an exo-selective
asymmetric Diels—Alder reaction. The use of enantiopure
(R)-3 in the Diels—Alder reaction of cinnamaldehyde with
cyclopentadiene resulted in the formation of the cycloadduct
with low enantioselectivity (Table 3, entry 1). We prepared a
series of octahydrobinaphthyldiamine catalysts as novel
chiral diamines (Scheme 1). Thus, the axially chiral diamine
(R)-4®! was converted into the N,N'-dialkyl diamines (R)-5—
7 in two steps: ethoxycarbonylation or acylation and subse-
quent reduction. The careful bromination of (R)-5 with NBS
in THF yielded (R)-8, which was treated with phenylboronic
acid or 4-tert-butylphenylboronic acid under Suzuki-
Miyaura coupling conditions to furnish (R)-9 and (R)-10, re-
spectively.

Table 3. Survey of catalysts for the exo-selective asymmetric Diels—Alder

reaction.!?
12 mol%
chiral diamine
CHO 10 mol% TFOH CHO Ph
£ B A
CH,CI,, RT
Ph e Ph CHO
Entry Chiral t [h] Yield™ [%] ee!¥ [%] (config.)!
diamine (exolendo) exo endo
1 (R)-3 20 99 (9.2:1) 9 (R) 15 (R)
2 (R)-5 23 61 (82:1) 38 (S) 27 (R)
3 (R)-6 27 25 (7.3:1) 14 (S) 39 (R)
4 (R)-7 27 34 (33:1) 7 (R) # (R)
5 (R)-9 36 90 (5.6:1) 53 (R) 39 (R)
6 (R)-10 20 87 (6.5:1) 72 (R) 68 (R)

[a] Reaction conditions: cinnamaldehyde (1 equiv), cyclopentadiene
(3 equiv), chiral diamine (12 mol %), TEFOH (10 mol %), room tempera-
ture. [b] Yield of the isolated cycloadducts. [c] The isomer ratio was de-
termined by 'H NMR spectroscopy. [d] The ee values were determined by
GC analysis on a chiral phase by using a capillary column. [e] The abso-
lute configuration at the 2-position was determined by comparison of the
sign of optical rotation with reported values.
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l l NH, aorborc d l l NHR

—_—

oo OO
(R)-4 (R)-5:R = Me
(R)-6: R = Et
(R)-T:R = Bn
oed 99d
e NHMe f NHMe
— —

l l NHMe l ! NHMe
Br Ar

(R)-8 (R)-9: Ar=Ph
(R)-10: Ar = 4-tBUCcH,

Scheme 1. Synthesis of axially chiral diamines. Reaction conditions:
a) CICO,Et, pyridine, benzene; b) AcCl, pyridine, benzene; ¢) PhCOC],
pyridine, benzene; d) LiAlH,, THF ((R)-5: 84%; (R)-6: 78 %; (R)-T:
98%); e) NBS, THF (83%); f) PhB(OH), or 4-tBuC(H,B(OH),, Pd-
(OAc),, PPh;, Ba(OH),-8H,0, DME/H,O ((R)-9: 70%; (R)-10: 88%).
Bn=benzyl, DME =1,2-dimethoxyethane, NBS = N-bromosuccinimide.

With these new axially chiral diamines (R)-5-7, (R)-9, and
(R)-10, we carried out the exo-selective asymmetric Diels—
Alder reaction of cinnamaldehyde with cyclopentadiene
(Table 3). Although the octahydrobinaphthyldiamine (R)-5
exhibited lower reactivity than the parent binaphthyldi-
amine (R)-3, moderate enantioselectivity was observed
(Table 3, entry 2). However, the replacement of the methyl
groups in (R)-5 with larger alkyl groups (Et, Bn) resulted in
a decrease in both yield and stereoselectivity (Table 3, en-
tries 3 and 4). In contrast, the introduction of phenyl groups
at the 3- and 3'-positions of the octahydrobinaphthyl moiety
enhanced the enantioselectivity (Table 3, entry 5), and the
sterically more congested diamine (R)-10 showed particular-
ly good levels of exo selectivity and enantioselectivity
(Table 3, entry 6).

The reaction conditions were then optimized with the
(R)-10-TfOH salt as the catalyst (Table 4). We screened a
variety of solvents and found that a,a,a-trifluorotoluene,
which is known to be a useful alternative to CH,CL,” gave
the best results in terms of the reaction rate and stereoselec-
tivity (Table 4, entry 7). Furthermore, the lowering of the re-
action temperature to 0°C improved both the exo selectivity
and the enantioselectivity of the reaction (Table 4, entry 8).

We next investigated the effect of the Brgnsted acid co-
catalyst on the reaction (Table 5). Of several Brgnsted acids
examined, p-toluenesulfonic acid showed the highest exo se-
lectivity and enantioselectivity (Table 5, entry 2). Reactions
in which other Brgnsted acids were used gave the cycload-
duct with comparable stereoselectivities (Table 5, entries 4—
6). Finally, a reaction with p-toluenesulfonic acid at a lower
temperature (—20°C) was found to give the desired exo cy-
cloadduct with excellent exo selectivity and enantioselectivi-
ty, although a longer reaction time was required (Table 5,
entry 3).
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Table 4. Effect of the solvent on the exo-selective asymmetric Diels—

Alder reaction.?
Jeryes

12 mol% (

J/CHO @ 10 mol% TfOH
+
Ph solvent RT

Entry Solvent t [h] Yield® [%] ee!V [%]
(exolendo)! exo endo

1 CH,Cl, 20 87 (6.5:1) 72 68

2 MeOH 20 97 (6.5:1) 75 64

3 DMF 20 56 (5.1:1) 60 45

4 THF 20 80 (7.1:1) 72 68

5 hexane 20 93 (4.6:1) 74 74

6 toluene 14 93 (6.4:1) 78 76
PhCF, 9 89 (8.6:1) 79 7

glel PhCF; 50 80 (9.5:1) 86 79

[a] Reaction conditions: cinnamaldehyde (1 equiv), cyclopentadiene
(3equiv), (R)-10 (12mol%), TfOH (10 mol%), room temperature.
[b] Yield of the isolated cycloadducts. [c] The isomer ratio was deter-
mined by 'H NMR spectroscopy. [d] The ee values were determined by
GC analysis on a chiral phase by using a capillary column. [e] The reac-
tion was performed at 0°C. DMF = N,N-dimethylformamide.

Table 5. Effect of the acid cocatalyst on the exo-selective asymmetric
Diels-Alder reaction.

12 mol% (R)-10
10 mol% acid R-CHO R_Ph
IO bpee
PhCFs, 0 R R
Ph

CHO
Entry Acid Yield®™ [%] eelV [%]
(exolendo)"! exo endo
1 TfOH 80 (9.5:1) 86 79
2 p-TsOH-H,O 93 (11.1:1) 87 86
30 p-TsOH-H,O 80 (12.8:1) 92 91
4 (+)-camphorsulfonic acid 57 (10.0:1) 83 80
5 HCIO, 97 (8.9:1) 86 80
6 3 4-dinitrobenzoic acid 30 (6.7:1) 79 69

[a] Reaction conditions: cinnamaldehyde (1 equiv), cyclopentadiene
(3 equiv), (R)-10 (12mol%), acid (10 mol%), o,a,0-trifluorotoluene,
0°C, 50-60 h. [b] Yield of the isolated cycloadducts. [c] The isomer ratio
was determined by 'H NMR spectroscopy. [d] The ee values were deter-
mined by GC analysis on a chiral phase by using a capillary column.
[e] The reaction was performed at —20°C for 160 h. More cyclopenta-
diene (2 equiv) was added after 48 h and again after 96 h. Ts=toluene-
sulfonyl.

We then applied our system to various o,B-unsaturated al-
dehydes. In most cases, under the appropriate reaction con-
ditions, the corresponding cycloadducts were obtained with
good to excellent exo and enantioselectivity (Table 6, en-
tries 2-6 and 8). Although the use of acrolein and 2-nitrocin-
namaldehyde as dienophiles resulted in a significant de-
crease in diastereoselectivity, the exo cycloadducts were still
dominant (Table 6, entries 1 and 7). Unfortunately, however,
this reaction system was found to be suitable only for a com-
bination of a,B-unsaturated aldehydes with cyclopentadiene.
For example, the reactions of a,f-unsaturated aldehydes
with 1,3-cyclohexadiene and 1,3-pentadiene gave only traces
of the corresponding cycloadducts.
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Table 6. exo-Selective asymmetric Diels-Alder reaction.®)

12 mol% (R)-10
CHO R
Iy St e,
R

10 mol% p-TsOH-H,O

PhCF3 —20°C
CHO

Entry R t[h]  Yield" [%] eel¥ [%] (config.)
(exolendo)*! exo endo

1 H 45 93 (1.9:1) 86 68

2 Me 160 72 (>20:1) 88 (S) -

3t CO,Et 144 90 (5.5:1) 83 56

4lel Ph 160 80 (12.8:1) 92 (R) 91 (R)

5lhl 4-CIC4H, 96 99 (7.8:1) 92 96

6 4-NO,C.H, 40 99 (7.4:1) 95 98

el 2-NO,CH, 144 98 (1.3:1) 87 81

gled 4-iPrCH, 144 84 (6.3:1) 82 73

[a] Reaction conditions: aldehyde (1 equiv), cyclopentadiene (3 equiv),
(R)-10 (12mol%), p-TsOH-H,0 (10mol%), o,a,o-trifluorotoluene,
—20°C. [b] Yield of the isolated cycloadducts. [c] The isomer ratio was
determined by 'H NMR spectroscopy. [d] The ee values were determined
by GC or HPLC on a chiral phase. [e] The absolute configuration at the
2-position was determined by comparison of the sign of optical rotation
with reported values. [f] The reaction was performed at —60°C in tolu-
ene. [g] More cyclopentadiene (2 equiv) was added after 48 h and again
after 96 h. [h] More cyclopentadiene (2 equiv) was added after 48 h.
[i] The reaction was performed at 0°C.

Mechanism

To elucidate the origin of the rate acceleration and unprece-
dented high exo selectivity observed in the biaryldiamine-
salt-catalyzed Diels—Alder reaction, we prepared the bi-
naphthyl-substituted amines 11 and 12 with a methoxy
group and an ethyl group, respectively, in place of one of
the methylamino groups in 3, and used them as catalysts for
the reaction between cinnamaldehyde and cyclopentadiene
(Scheme 2). Both reactions proceeded slowly to give pre-
dominantly the exo cycloadduct, albeit in low yield. Thus,
the presence of two methylamino groups in 3 was found to
be essential for rate accelera-
tion. These marked differences
in reactivity were attributed to
the rate of formation of an imi-
nium intermediate on the basis
of NMR spectroscopic studies.
Whereas no change was ob-
served in the chemical shift of
the aldehyde hydrogen atom in
an equimolar mixture of 11,

7

N N
N ®

; N/H

TfOH, and cinnamaldehyde .

even after 24 h, a substantial @Q NQ}:|
N

amount of cinnamaldehyde was Tio~ \Me

consumed immediately when 3 A
was used instead of 11.

On the basis of these obser-
vations and the catalytic cycle
proposed by MacMillan and co-
workers for reactions with imi-
nium intermediates,” we pro-
pose the following mechanism
for the exo-selective Diels—
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I I NHMe
o

l l NHMe l NHMe
o O
3 11

12 mol% 3, 11, or 12
CHO 10 mol% TfOH CHO Ph
JRter L Vegy
oh CH,Cl,, RT, 20 h
Ph CHO

3: 99% (exolendo = 9.2:1)
11: 12% (exolendo = 6.6:1)
12: 13% (exolendo = 6.6:1)

Scheme 2. Comparison of the catalytic activity of 3 with that of 11 and
12, which contain just one methylamino group.

Alder reaction (Scheme 3): Initially, the free methylamino
group in the diamine-TfOH catalyst A reacts with the a,f3-
unsaturated aldehyde with the aid of the other methylamino
group protonated by TfOH to form the iminium intermedi-
ate D and the protonated aminal E. The more reactive imi-
nium intermediate D reacts with cyclopentadiene to give the
exo adduct F under the influence of the sterically hindered
binaphthyl moiety, as the binaphthyl-substituted amines 11
and 12, which cannot form an aminal-type intermediate,
also provided the exo adduct as the major isomer. The re-
sulting iminium intermediate F is hydrolyzed to give the exo
cycloadduct and regenerate the diamine-TfOH catalyst A.
The observed stereoselectivity in the asymmetric reaction
with (R)-10 can be explained by two possible transition-
state models, TS1 and TS2 (Scheme 4). In both cases, one
face of the iminium intermediate is blocked by the 4-tert-bu-
tylphenyl substituent, and the other face is open for the ap-

R

./: JQOH
+Nr\ ’

O
_Hzo}r

+Me /Me
KRG, — Sl
A N oL
Tio~ Me
Me
D E

F

Scheme 3. Plausible mechanism for the exo-selective Diels—Alder reaction.
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TS1 Ts2

Scheme 4. Possible transition-state models for the exo-selective asymmet-
ric Diels-Alder reaction.

proach of cyclopentadiene in accordance with the experi-
mental results.

Conclusions

In summary, we have developed an exo-selective Diels—
Alder reaction of o,f-unsaturated aldehydes with cyclopen-
tadiene under the catalysis of diamine salts. With binaph-
thyl-based diamines, unprecedented levels of exo selectivity
were observed. Furthermore, an exo-selective asymmetric
Diels—Alder reaction was developed with a specially de-
signed axially chiral diamine.

Experimental Section

Typical procedure for the Diels—Alder reaction with 3: Acrolein (17 pL,
0.25 mmol) was added to a solution of the diamine 3 (9.4 mg, 0.03 mmol)
and TfOH (2.2 puL, 0.025 mmol) in dichloromethane (1 mL) at —40°C.
The reaction mixture was stirred for 1-2 min, then cyclopentadiene
(62 uL, 0.75 mmol) was added. Following the complete consumption of
the starting material, the reaction mixture was purified directly by flash
column chromatography on silica gel (pentane/ether =20:1) to afford the
desired Diels—Alder adduct (80 %; exo/endo =9.4:1).

Typical procedure for the asymmetric Diels—Alder reaction: (E)-cinna-
maldehyde (32 pL, 0.25 mmol) was added to a solution of the diamine
(R)-10 (17.4 mg, 0.03 mmol) and p-TsOH-H,O (4.8 mg, 0.025 mmol) in
a,a,0-trifluorotoluene (1 mL) at —20°C. The reaction mixture was stirred
for 1-2 min, then cyclopentadiene (62 pL, 0.75 mmol) was added. After
48 and 96 h, more cyclopentadiene (41 pL, 0.5 mmol) was added. Follow-
ing the complete consumption of the starting material, the reaction mix-
ture was purified directly by flash column chromatography on silica gel
(hexane/ethyl acetate=10:1) to afford the desired Diels—Alder adduct
(80%; exolendo=12.8:1; exo isomer: 92 % ee, endo isomer: 91 % ee).
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