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Introduction

N-Substituted tetrahydroquinoxalines (THQ) represent an
important class of N-heterocycles, which are present in
numerous biologically active substances, including the pros-
taglandin D2 receptor antagonist I,> the cholesteryl ester
transfer protein (CETP) inhibitor II,* and the selective bromo-
domain protein inhibitor HII* (Fig. 1). Therefore, extensive
efforts have been devoted to the enantioselective synthesis of
this class of heterocycles. Among the different strategies,
asymmetric hydrogenation® or transfer hydrogenation® of qui-
noxalines represents one of the most straightforward choices
(Scheme 1a). Many elegant catalytic systems have been reported
using transition-metal catalysis or organocatalysis. However,
despite these advances, synthesis of multi-substituted THQ,
especially N-substituted THQ is still difficult,” owing to the prior
preparation and purification of the quinoxaline substrate, the
limited regioselectivity, or multi-step procedures. Conse-
quently, the step-economic synthesis of THQ via the in situ
generation of quinoxalines from readily available starting
materials in a regioselective,”**? diastereoselective, and enan-
tioselective way is both challenging and meaningful.

Amadori and Heyns rearrangements have been famous
among carbohydrate chemists over the decades.? Both reactions
suffer from a variety of preparative shortcomings such as
separation drawbacks, side reactions, further degradation
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Heyns rearrangement/enantioselective transfer hydrogenation in one pot. The substrate scope and the
reaction mechanism were systematically investigated.

entering into the Maillard reaction cascade, etc. Therefore, this
rearrangement appears to be highly underrated as a useful
method for synthetic chemists.” Due to the significance of the
reaction as well as the importance of the corresponding prod-
ucts, our group has paid much attention to its application.™
Recently, we investigated the production and application of the
in situ formed o-amino aldehyde intermediate and synthesized
different N-heterocycles by using different types of
nucleophiles.**

For example, symmetric o-phenylenediamine (0-PDA) reac-
ted smoothly with o-hydroxyl ketones to afford the corre-
sponding quinoxaline (Scheme 1b). Due to the important
application of N-substituted THQ as well as our interest in
Heyns rearrangement, we proposed that the substituted
unsymmetric 0-PDA could react with a-hydroxyl ketone via
Heyns rearrangement to afford the corresponding a-amino
ketone A or A’ (Scheme 1c). Then the reaction continues to form
the iminium ion B or imine B’ by cyclization. Next, the reaction
could proceed in three possible pathways: (1) B could isomerize
to enamine C which would be isomerized again to stable imine
D. Then D would be reduced to afford N-substituted THQ. (2)
Iminium ion B might be reduced directly to afford the
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Prostaglandin D2 CETP inhibitor BD2-selective inhibitor
receptor antagonist

Fig.1 N-Substituted THQ with biological activities.
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Scheme 1 The background and the proposal of this research: (a)
Previous works via catalytic reduction of quinoxalines. (b) Previous
work for preparation of quinoxalines via Heyns rearrangement. (c) Our
proposal for obtaining chiral THQ via regioselective Heyns rear-
rangement and stereoselective reduction in one pot.

corresponding product. (3) Imine B’ might be reduced to get
product 3. According to the possible reaction process, the
regioselectivity of the reaction might be controlled by the Heyns
rearrangement, while the enantioselectivity might be controlled
in different ways: enantioselective protonation and enantiose-
lective reduction of iminium ions or imine. These properties
pose great challenges for us to obtain N-substituted THQ in one
pot.

Results and discussion

Luckily, THQ 3a was obtained exclusively in 70% yield and 68%
ee using Hantzsch ester (HEH) and chiral phosphoric acid CPA

CPA 1, 5 mol%

|
@NH J:OH 70 °C, Toluene, 16 h _ ©: ]
P
NH, 07 “Ph

HEH, 4 A Ms
1a 2a
| 70% yleld 68% ee
NH OH 70 °C, Toluene, 16 h _
* L T OH, 5 mol% @[1 ; 5%
S mol% b)
NH, O7 “Ph Ph (b)
¢ HEH, D,0
1a 2a 13%

1) 110 °C, Toluen, 2 h ‘

|
N D
@[NH LOH TsOH, 5 mol% ©i1 150%
+ D,0 43 p
NH, O N0 ©

PR 2) HEH, 16h, 65 °C H Ph
1a 2a 3a
Scheme 2 Investigation of the reaction process: (a) moderate ee was

obtained if HEH was added to the reaction at the very beginning. (b)
D,0O and HEH were added to the reaction at the beginning. (c) D,O
was added at the beginning while HEH was added after 2 hours.
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Table 1 Investigation of the scope of the N-substituent of o-PDA

H R4

N (0] 1) CPA 1, 5 mol%, 110 °C I’ll
@[ B, Ph)JVOH 4 A Ms, toluene, 2 h ]
NH, )

1 2a 2) HEH, 65 °C, 16 h, one pot m “Ph
@E )., @E ), ©E ). @ J
92% ee 80% 95% ee 94% 92% ee: 90% 4% ee: 90%

;¢ Qo
©EJ @1 @J%

R =9- phenanthryl
95% 97%

ee 82% ce: 98% 96% ee:92% CPA1

1 at 70 °C after optimizing the reaction conditions (Scheme 2a,
for the optimization experiments, see Table S1 in the ESIY).
However, further improvement of the reaction yield and the ee
value was very hard. We therefore investigated the reaction
process via the addition of D,O into the reaction (Scheme 2b
and c). When the reaction was run with the addition of HEH at
the beginning, the corresponding product 3a was deuterated at
C2-H and C3-H (Scheme 2b). This means that 3a might be
formed by the reduction of intermediates B and D. In contrast,
only the C2-H was deuterated when the reaction was run in two
steps (Scheme 2c¢). This means that only the intermediate D was
reduced.

According to this result, we changed the addition sequence
of HEH to ensure that the THQ 3 was formed from the transfer
hydrogenation of imine D. To our delight, both the reaction
yield and the ee value could be improved in this way (Table S1,
see ESIT). The optimal reaction conditions were obtained as
follows: equal equiv. of 1a and 2a reacted under a nitrogen
atmosphere with 5 mol% CPA 1 in toluene for 2 h, then HEH
was added and the reaction continued to proceed at 65 °C for
16 h in one pot. The corresponding product 3a was obtained in
92% yield and 80% ee (Table 1).

Then the substituent of the nitrogen was investigated under
the optimal conditions. The results revealed that the reaction
proceeded smoothly with good yields (92-97%) and high
regioselectivities. Moreover, the ee value of 3 increased greatly
for substituents with better steric hindrance (3b and 3f).
Meanwhile, the long alkyl substituents (3¢ and 3d) and aromatic
ring substituent (3g) are proved to be feasible substrates with
good ee values. Substrates with allyl afforded the corresponding
product 3e with a moderate ee value due to the small steric
hindrance.

Next, we investigated the substituents of the aromatic ring of
0-PDA (Table 2). Generally, the reaction proceeded smoothly
with good regioselectivity. Firstly, symmetric o-PDAs were
investigated, which smoothly reacted and afforded the corre-
sponding products 3h-3j in high yield (91-95%) and ee (84-
94%). Then unsymmetric 0-PDAs were evaluated. The results

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Investigation of the substrate scope
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revealed that o-PDAs with single halogen (3k-3n) or with two
halogens (3p), with an electron donating group (30), could be
efficiently reacted to obtain the corresponding products in good
yields (85-95%) and ees (86-94%). Then the primary a-hydroxyl
ketones were investigated. Generally, they were efficiently con-
verted to the corresponding products 3q-3v in good yields (88-
98%), excellent ees (84-99%), and good regioselectivities. The
substituent of the phenyl ring was studied, which demonstrated
that halogen substituents such as F, Cl, and Br (3s-3u), and
electron donating groups such as methoxyl (3v), were efficiently
converted to the corresponding products. Moreover, o-hydroxyl
ketones with aromatic heterocycles such as furan and thio-
phene were easily converted to the corresponding products 3q
and 3r effectively. Alkyl substituted o-hydroxyl ketone was
investigated and the corresponding THQ 3w was obtained in
moderate yield and ee. The absolute configuration of the
products was confirmed according to the single crystal diffrac-
tion result of 3x, which was obtained from 3b.

Then we turned to investigate the reaction with racemic a-
hydroxyl ketone 2'a as the substrate (see ESIf). The corre-
sponding product 5a was obtained in 46% yield and 90% ee
under the optimal reaction conditions (Scheme 3a). Further
attempts to increase the reaction yield were very hard. There-
fore, we tried to investigate the reaction process based on the
deuteration experiment.

Firstly, 1 equiv. D,O was added to the reaction mixture under
the optimal reaction conditions (Scheme 3b). According to the
result, the C2-H at the a-position of the tertiary amine was
deuterated, while C3-H at the a-position of the secondary
amine was not deuterated. Moreover, the benzylic hydrogen was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Investigation of the reaction for obtaining di-substituted
THQ: (a) the optimal reaction condition for obtaining di-substituted
THQ. (b) D,O was added to investigate the reaction. (c) DHQ 5a’ was
reduced at the optimal reaction condition with the addition of D,O. (d)
Racemic DHQ 5a’ was reduced under the optimal reaction condition.
(e) No reducing reagent was added. (f) DHQ 5a’ with low ee value was
reduced under the optimal reaction condition. (g) Racemic DHQ 5a’
was reacted without the addition of HEH.

deuterated. Based on this result, we guess that the reaction
proceeded selectively by the reduction of ketone imine rather
than the iminium ion. Then dihydroquinoxaline (DHQ) 5a’ was
used as a substrate with D,O to check if the ketone imine would
isomerize into enamine or iminium ions (Scheme 3c). Accord-
ing to the result, no deuterated product was found, which
proved that the ketone imine was stable and could not isom-
erize into enamine under the reaction conditions. Finally, the
racemic DHQ 5a’ was reduced under the optimal reaction
conditions, and the corresponding product 5a was obtained in
30% yield and 68% ee (Scheme 3d). To our surprise, the
recovered substrate was obtained in 94% ee. Therefore, we
could conclude that the reaction proceeded through a kinetic
resolution process. To figure out the source of the enantiose-
lectivities we also investigated the reaction without the addition
of reduction reagents (Scheme 3e). According to the result, 5a’
was obtained with moderate yield and low ee (38%). Moreover,
5a’ with 38% ee could be reduced under the optimal reaction

Chem. Sci., 2021, 12, 4789-4793 | 4791
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Scheme 4 Plausible reaction process for obtaining disubstituted THQ.

conditions to afford 5a with similar ee (Scheme 3f). When
racemic 5a’ was stirred under the optimal reaction conditions
without adding HEH, no product was found even after raising
the reaction temperature to 100 °C for 4 days (Scheme 3g).
Therefore, we could preclude that 5a’ might act as a reductant.™

Based on the above results, we proposed a reasonable reac-
tion mechanism (Scheme 4). Firstly, the reaction selectively
proceeded via Heyns rearrangement to form a-amino ketone A.
Then the iminium ion B was formed by cyclization. Meanwhile,
enamine intermediates C and D might be formed by

Table 3 Investigation of the substrate scope for obtaining disubsti-
tuted THQ
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Scheme 5 Application of the method in the synthesis of useful
compounds.

isomerization. Next, the enantioselective protonation occurred
to form the stable DHQ 5a’ in low ee. Finally, 5a was formed by
enantioselective reduction via kinetic resolution.

Then we turned to investigate the substrate scope for
obtaining disubstituted THQ (Table 3). Generally, racemic o-
hydroxyl ketones could easily react with substituted o-PDAs to
afford the corresponding THQ (5a-5m) in moderate yields (25-
46%) and good ees (86-96%). Compared with symmetric 0-PDAs
as substrates, the use of unsymmetric 0-PDAs as substrates
afforded the corresponding THQ (5f-5g, 5m) in slightly lower
yields. Interestingly, increasing the carbon chain also afforded
the corresponding product 5h in moderate yield (35%) and ee
(82%). The absolute configuration of the products was
confirmed according to the single crystal diffraction result of 5a.

Then we tried to show the advantages of the method. DHQ
5'a could be obtained from the reaction mixture in moderate
yield and high ee, which might explain the slightly low yield of
the reaction for obtaining 2,3-disubstituted THQ 5. Interest-
ingly the other enantiomer of 5a could be easily obtained by
reducing DHQ 5'a with NaBH, (Scheme 5). Meanwhile, o-PDA 1i
was synthesized and used under the optimal reaction condi-
tions to provide the N-substituted product 3y in good yield and
ee, which could be used for the preparation of useful CETP
inhibitor 6."

Conclusions

In summary, we have developed an interesting tandem reaction
for conveniently obtaining N-substituted THQ with readily
available 0-PDA and o-hydroxyl ketones as starting materials. A
series of monosubstituted and disubstituted THQ (37 examples)
were obtained in good yields (up to 97%) and high ees (up to
99%). Moreover, good regioselectivity was achieved for reac-
tions with unsymmetric 0o-PDA as the substrate, which was
seldom used as a substrate due to its low regioselectivity. The
substituents of the amino group of 0-PDA were investigated, and
it was demonstrated that the reaction could tolerate alkyl, allyl,
and aromatic substituents for high yield and ee. Meanwhile,
different types of primary o-hydroxyl ketones and racemic a-
hydroxyl ketones could be efficiently reacted to afford the cor-
responding monosubstituted and disubstituted THQ. Gener-
ally, high regioselectivities of the reaction were realized via

© 2021 The Author(s). Published by the Royal Society of Chemistry
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selective Heyns rearrangement. The high enantioselectivities of
the reactions were investigated. For reactions with primary a-
hydroxyl ketones as substrates, the high enantioselectivities
were obtained from enantioselective transfer hydrogenation,
while for reactions with racemic secondary o-hydroxyl ketones,
the enantioselectivities came from the combination of enan-
tioselective protonation and kinetic resolution.
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