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Abstract: Diarylamines and related scaffolds are ubig-
uitous atropisomeric chemotypes in biologically active
natural products. However, the catalytic asymmetric
synthesis of these axially chiral compounds remains
largely unexplored. Herein, we report that a BINOL-
derived chiral phosphoric acid (CPA) successfully cata-
lyzed the atroposelective coupling of quinone esters and
anilines through direct C—N bond formation to afford
N-aryl quinone atropisomers with an unprecedented
intramolecular N-H—O hydrogen bond within a six-
membered ring in good yields and enantioselectivities
with the quinone ester as both the electrophile and the
oxidant. A gram-scale experiment demonstrated the
utility of this synthetic protocol. Moreover, this method-
ology provides a platform for the synthesis of structur-
ally diverse secondary amine atropisomers by nucleo-
philic addition. )

Atropisomerism is a type of axial chirality that originates
from the hindered free rotation of a molecule about an axis.
Over the past few decades, significant efforts have been
devoted to the construction of axially chiral molecules.!"
Numerous structurally unique atropisomers with axial chir-
ality, such as (hetero)biaryls,” anilides,”! and aryl alkenes,™
have attracted considerable attention from organic chemists.
Diarylamines and related scaffolds are among the most
common structural motifs in a myriad of biologically active
natural products and pharmaceuticals, such as the FDA-
approved drugs bosutinib and binimetinib, and other non-
nucleoside reverse transcriptase (NNRT) and vascular
endothelial growth factor receptor (VEGFR) inhibitors.F
Because of their low rotation barrier, diarylamine atro-
pisomers are configurationally unstable and readily inter-
changeable. As compared to the synthesis of other stable
atropisomers, the introduction of axial chirality into diaryl-
amines and related scaffolds remains challenging.

In 2009, Kawabata resolved a series of diarylamine
atropisomers that possessed an internal N—H—N hydrogen

[*] C.-Q. Guo,” Dr. C.+J. Lu,* P. Zhang, Q. Xu, Dr. J. Feng,
Prof. Dr. R.-R. Liu
College of Chemistry and Chemical Engineering, Qingdao Univer-
sity
Ningxia Road 308#, Qingdao 266071 (China)
E-mail: renrongliu@qdu.edu.cn

['] These authors contributed equally to this work.

Angew. Chem. Int. Ed. 2022, 202212846 (1 of 7)

bond by chiral high-performance liquid chromatography
(HPLC)."! They discovered that the formation of an intra-
molecular H-bond, leading to a binaphthyl surrogate, was
necessary to maintain the stable axial chirality (Scheme 1A).
Racemization of diarylamine atropisomers upon heating
showed that the energy barrier to racemization was up to
28.2 kcalmol . Clayden resolved atropisomeric enantiomers
of acyclic diarylamines without intramolecular hydrogen
bonding using four ortho substituents by chiral HPLC.
Moreover, they investigated the racemization of diaryl-
amines by heating and computational studies and deter-
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Scheme 1. Representative atropisomers containing diarylamines and
related scaffolds.
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mined the barrier to racemization to be up to
31.1 kcalmol ™. More recently, Gustafson synthesized
highly atropisomerically stable diarylamines with barriers to
racemization of 30-36 kcalmol ' by incorporating increased
conjugation into an electron-poor heterocyclic scaffold and
introducing intramolecular hydrogen bonding.®! However,
all three preparation methods for optically active diaryl-
amine atropisomers remain dependent on chiral resolution
because the atroposelective construction of axially chiral
diarylamines and related scaffolds remains challenging.
Gustafson recently reported a chiral-phosphoric-acid-cata-
lyzed enantioselective electrophilic halogenation reaction
that afforded a range of stereochemically stable N-aryl
quinones in good yields and enantioselectivities (Scheme 1
B); this is the first atroposelective synthesis of secondary
amine atropisomers in the literature.”” Quinones and related
scaffolds have long been used as synthetic precursors for
chiral compounds.['” Recently, Tan,!"! Kiirti,l'” Bella," and
Miller!” have made significant contributions to the synthesis
of a variety of non-C,-symmetric axially chiral biaryls with
2-naphthol or 2-naphthylamine as the carbon nucleophile
(Scheme 1C). However, nitrogen nucleophiles have not
been applied to these asymmetric catalytic reactions thus
far. Inspired by these studies and our continuing interest in
the field of atropisomeric synthesis,['”! we report herein the
direct C—N bond formation of anilines and quinones for
constructing axially chiral N-aryl quinones with an unprece-
dented six-membered intramolecular N-H—O hydrogen
bond."! A bifunctional chiral phosphoric acid was used as
the catalyst, and the synthesis consisted of tandem con-
jugated addition, chirality transfer, and oxidation
(Scheme 1D).

We initiated our investigation using quinone ester la
and aniline 2a in hexane at room temperature in the
presence of the typically used phosphoric acid catalyst
(Table 1)."”" When BINOL-derived CPA C1 was used as the
catalyst, the tandem N-arylation/oxidation proceeded
smoothly to afford N-aryl quinone 3a in 47 % yield, albeit
with low enantiocontrol (entry 1). In this reaction, the
oxidative capability of excess quinone ester 1a facilitated
the oxidation reaction. Based on this promising result, a
series of BINOL-derived CPA catalysts C2-C8 bearing
different 3,3'-substituents were screened to improve the
enantioselectivity of N-aryl quinone 3a (entries 2-8). In
general, phosphoric acid catalysts with bulky substituents at
the 3,3-position afforded good enantiocontrol (entries 5-8).
With (R)-TRIP C5 catalyzed the reaction effectively and
afforded the highest enantioselectivity (83 % ee) among the
reactions performed (entry5). Comparable results were
obtained when C6 bearing the 3,3'-(2,4,6-(Cy);-C¢H,) group
was used (entry 6). A bulkier group at the 3,3’-position than
2,4,6-("Pr);-C¢H, did not further improve the enantioselectiv-
ity of 3a (entries 7-8). When the backbone of CPA was
changed from BINOL to HS8-BINOL and SPINOL, no
further improvement in the enantioselectivity was observed
(entries 9-11). The evaluation of different solvents (en-
tries 12-14) showed that cyclohexane afforded a higher
enantioselectivity than that obtained by hexane (entry 14 vs.
entry 5). Moreover, the additive effect was examined using
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Table 1: Optimization of the reaction conditions.?

O OMe
~o
_CPA (10 mol%) N-H
solvent, additive O'Bu Ph
1a 2a 3a
Ph
Entry CPA  Solvent Additive  Yield [%]®!  ee [%]*
1 (o} hexane 47 12
2 c2 hexane 40 35
3 Cc3 hexane 60 61
4 C4 hexane 64 62
5 c5 hexane 72 83
6 Ccé6 hexane 70 80
7 c7 hexane 61 81
8 c8 hexane 70 80
9 c9 hexane 52 50
10 c10 hexane 55 62
n c1 hexane 57 58
12 C5 cdl, 75 77
13 cs CH,Cl, 70 64
14 c5 cyclohexane 75 85
151 c5 cyclohexane ~ MgSO, 62 84
16t cs cyclohexane 3 A MS 77 87
171 c5 cyclohexane 4 A MS 74 85
188l cs cyclohexane 5AMS 77 86
19 c5 cyclohexane 3 A MS 81 91
20! c5 cyclohexane 3 A MS

C1, Ar = 3,5-(CF3),-CgHs

Ar
OO C2, Ar = 3,5-(Bu),-CgH3
0.0 €3, Ar=9-anthryl

P

0" “oH C4, Ar=4-Ph-CgH,
OO C5, Ar = 2,4,6-(Pr)3-CeH;

Ar C6, Ar = 2,4,6-(Cy)3-CgHa

Ar C7, R = 9-anthryl
‘O C8,R = Ad

o\P//O

0" “on ""TOH 10, Ar = 2,4,6-(Pr)3-CeHy
‘Cﬂ C11, Ar = 9-anthryl

Ar i

C9, Ar = 2,4,6-(Cy)3-CgHy

[a] Reaction conditions: 2-methoxycarbonyl-1,4-benzoquinone (1a,
0.22 mmol), 5'-(tert-butyl)[1,1":3,1"-terphenyl]-4-amine (24,
0.10 mmol), and CPA catalyst (10 mol %) in 2.0 mL of solvent at room
temperature for 16 h, unless noted otherwise. [b]Isolated yield.
[c] Determined by chiral HPLC. [d] MgSO, (100 mg) was added. [e] 3 A
MS (100 mg) was added. [f] 4 A MS (100 mg) was added. [g] 5 A MS
(100 mg) was added. [h] Reaction was performed at 10°C for 24 h.-
[i] With Ta (0.11 mmol), 2a (0.10 mmol) and DDQ (0.1 mmol). DDQ:
2,3-dichloro-5,6-dicyano-1,4-benzoquinone.

MgSO, and different molecular sieves (MS) (entries 15-18).
Using 3 A MS as an additive slightly improved the
enantioselectivity to 87% ee and afforded the desired
product in 77 % yield (entry 16). Lowering the reaction
temperature to 10°C significantly improved the enantiose-
lectivity to 91 % ee. Furthermore, with DDQ as an external
oxidant, 3a was achieved in 77 % yield with comparable ee
(entry 20). Therefore, the optimized conditions were deter-
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3a, 81%, 91% ee
AG¥=30.1 kcal/mol
(90 °C in toluene)
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3f, 82%, 92% ee

O OMe

3, Ar = 4-CF3-CgHa, 70%, 90% ee
~o 3k, Ar = 4-F-CgH,, 74%, 92% ee
NfH 31, Ar = 4-CI-CgHg4, 78%, 91% ee

O'Bu‘Ar

3v, 70%, 92% ee

3aa, 63%, 90% ee

3m, Ar = 3-CI-C¢Hy, 65%, 88% ee
3n, Ar = 3-Me-CgHy, 70%, 88% ee
30, Ar = 3-OMe-CgHy, 76%, 91% ee

3w, 75%, 94% ee

3ab, 78%, 80% ee
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3r, Ar = 2,5-F»-CgH3z, 73%, 99% ee

3s, Ar = 3,5-Cly-CgHg3, 66%, 99% ee

3t, Ar = 3-F-5-OMe-CgH3, 75%, 98% ee
3u, Ar = 3,4,5-F3-CgH,, 65%, 90% ee

O OMe

3z, 84%, 92% ee

O  OMe

¢

N,H

o) I‘Me
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3ag, 70%, 20% ee

AG*= 23.9 kcal/mol
(25 °C in CH,Cly)

Scheme 2. Reaction conditions: quinone ester 1 (0.22 mmol), aniline 2 (0.1 mmol), CPA catalyst C5 (10 mol %) and 3 A MS (100 mg) in
cyclohexane (2.0 mL) at 10°C for 24 h, unless noted otherwise. [a] With DDQ (0.10 mmol) as an external oxidant. [b] CCl, was used as the solvent

instead of cyclohexane.
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mined to be: 1a (0.22 mol), 2a (0.10 mol), C5 (10 mol %),
and 3 A MS (100 mg) in 2.0 mL of cyclohexane at 10°C for
24 h. Then, a preliminary analysis of the stability of the six-
membered hydrogen-bonded atropisomer 3a was con-
ducted. The racemization barrier (AG™) of 3a was deter-
mined to be 30.1 kcalmol™ at 90°C in toluene (see
Supporting Information for details)!' and is categorized as
the class-3 atropisomer based on LaPlante and Edwards’s
atropisomer stability classification system.!"”!

The synthetic merit of this protocol was demonstrated
by varying the quinone esters 1 and aniline substrates 2, and
the results are summarized in Scheme 2. Generally, the
phosphoric acid catalyzed tandem N-arylation/oxidation
proceeded smoothly with a variety of quinone esters to
provide the corresponding products in 58-82 % yield and
81-92% ee under mild reaction conditions. Introducing
functional groups such as alkenes in the quinone esters (3d,
3e, 3f, and 3i) would afford further derivatization. Sub-
sequently, we explored the influence of structural changes in
aniline on the yield and enantioselectivity of the N-aryl
quinone atropisomers. The tandem reaction tolerated di-
verse aryl substitutions at the 2- and 4-positions of anilines.
Aryl groups bearing halogens (3k, 31, 3m), CF; (3j), alkyl
(3n), and alkoxyl (30) on the para or meta position were
well-tolerated, affording the products in 65-78 % yields and
88-92 % ee. The ee values for electron-rich aryl substitutions
were higher than those for electron-poor aryl substitutions
(3m vs 30). Aryl groups with ortho-substituted groups were
also tolerated well to afford the products in good yields (3p,
3q). Moreover, 23- (3x-3y), 2,4-3v-3w), 2,5-(3r), 3,4-
(3aa), and 3,5-(3s-3t) disubstituted as well as 2,3,4-(3z) and
3,4,5-(3u) trisubstituted aryl groups were also well-tolerated,
affording the products in 63-84 % yield and 83-99 % ee. X-
ray crystallographic analysis showed that 3s was the S
atropisomer.” Moreover, a heteroaromatic-substituted aryl
group was incorporated to afford the thiophene derivative
3ab in 78% yield and 80% ee. Aniline with an ortho-
halogen substituent produced the N-aryl quinones 3ac-3af
in good to excellent yields and 90-94 % ee. When an iodo
group was substituted in place of the ortho-t-butyl group, a
large decrease in ee (20 %) was observed for the product
3ag. The racemization barrier of compound 3ag was
measured to be 23.9 kcalmol ™. It is likely due to a low
rotational barrier for the atropisomer leading to racemiza-
tion during the course of the reaction.!

A gram-scale reaction of quinone ester 1a and aniline 2a
was performed under the standard conditions, which
furnished 3a in 75 % yield and comparable enantioselectiv-
ity, demonstrating the scalability of this method (Sche-
me 3A). The significance of this synthetic protocol was
further highlighted by building structurally diverse N-aryl
quinone atropisomers from this platform molecule 3a by
nucleophilic addition reactions (Scheme 3B). When the
nucleophile 4-methoxybenzenethiol 4a was employed, dia-
rylamine atropisomer Sa was generated rapidly by Michael
addition without any decrease in the ee value. However,
rapid oxidation upon air exposure during column chroma-
tography hindered the isolation of 5a. Therefore, we re-
oxidized 5a with DDQ, thus generating the highly function-
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A. Gram-scale reaction of quinone ester 1a and aniline substrate 2a

O OMe
o o NH,
oMe PN Bu ~9
e C5 (10 mol%) A
+ - O . N
standard conditions  QO'Bu_A Ph
(0] Ph
1a 2a 3a
(6.6 mmol) (3.0 mmol) Ph
75%, 90% ee
(1.05g)

B. Construction of diarylamine and N-aryl quinoid atropisomers from 3a

O OMe OH OMe O OMe
S0 ~o =9
i ; I
Ny NuH e N7 YN . N
0'Bu A Ph O A P Or O’BUQW
3a ph 4 5 Ph 6 Ph

with DDQ, 6b, 65%, 89% eel®!

O  OMe O OMe
ROW & s
.H v
S N O ] N~ N
0O'Bu Ph ol OBu A Ph
Me
Ph Ph

with air, 6¢, 80%, 90% eel with air, 6d, 60%, 89% eel”

Scheme 3. Reaction conditions: [a] 3a (0.1 mmol), 4 (0.2 mmol),
MeOH/toluene=1/1 (1.0 mL), under N,, at 25°C for 1 h. [b] 3a

(0.1 mmol), 4 (0.2 mmol), MeOH/toluene=1/1 (1.0 mL), under N,, at
25°C for 4 h, then DDQ (0.12 mmol) was added in one portion and
stirred for 2 h. [c] 3a (0.1 mmol), 4c (0.2 mmol), MeOH/toluene=1/1
(1.0 mL), under air, at 25°C for 12 h. [d] 3a (0.1 mmol), 4d (0.2 mmol),
Sc(OTf); (20 mol %), toluene (1.0 mL), under air, at 25°C for 12 h.

alized N-aryl quinone atropisomer 6a in 65% yield and
90 % ee. para-Bromophenthiol 4b and para-methyl phen-
thiol 4¢ also reacted well in this functionalization reaction.
Notably, even under air, N-aryl quinone atropisomer 6c¢
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could be obtained in 80 % yield and with 90 % ee. Moreover,
the representative C-nucleophile indole reacted smoothly
with 3a catalyzed by Sc(OTf); to furnish the corresponding
N-aryl quinone atropisomer 6d in 60 % yield without a
significant decrease in the ee value.

Subsequently, preliminary experiments were performed
to elucidate the reaction mechanism (Scheme 4A). When
chloro-substituted quinone 7 and aniline 2a were treated
under standard conditions, an N-arylation/oxidation product
endo-8 or exo-8 with a five-membered intramolecular
N-H—-O hydrogen bonded ring was not produced. This
result indicates that carbonyl groups play an important role
in the construction of the six-membered hydrogen-bonded
ring during the reaction. The possibility that the chloride
substrate is less electrophilic than the ester cannot be
excluded. Based on these results and previous reports,'! a

A. Control experiment o

i 2a c Ph

c C o H O---|—!
5 (10 mol%) - ! o
4 or
cyclohexane, 3 A MS O'Bu Ph o
° Cl
o
’ Ph
endo-8 (0%) ex0-8 (0%)

B. Proposed mechanism
OH R

~o
H-3 =— N,H
l[O] 0 RIAR3

3

R2

o= o
S // IO; O
z O-H R )o) 3 2
o H R! F4—O0.. O-HR O
3 0----H-N @ P . R
= & O----H-N
R® -
Ar R2 R®

Scheme 4. Control experiment and proposed catalytic cycle.

With H-bond (freezing the quinone-N axis) H Without H-bond

O OMe E
O--H Ph : O OMe
N G oyl o
A '
N’ Bu : NH
O'Bu A Ph CO.Me ' O'Bu Ph
0 I
3a 3a : 3a
(endo) Ph (exo) | Ph
6-membered H-bond

5-membered H-bond rotate both axes

AG*: 30.5 keal/mol AG*: 37.8 kcal/mol AG*: 16.6 kcal/mol

Scheme 5. Racemization mechanism of 3a.
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plausible catalytic cycle was proposed (Scheme 4B). Initially,
the bifunctional organocatalyst CPA simultaneously acti-
vates quinone ester 1 and aniline 2 through multiple H-
bonds to form intermediate A. This promotes asymmetric
conjugate addition to form central chiral intermediate C
with a six-membered intramolecular N—H—O hydrogen
bonded ring via intermediate B. Subsequent tautomerization
of intermediate C results in the transfer of central chirality
to axial chirality and affords hydroquinone [H]-3. The
oxidation of hydroquinone intermediate furnishes the final
N-aryl quinone atropisomer 3.

The mechanism of racemization was then explored by
computationally evaluating the rotation barriers of 3a
(Scheme 5). When the quinone-N axis is frozen with a six-
membered intramolecular N—H—O hydrogen bond, the
calculated barrier to rotation (AG* =30.5 kcalmol ') agreed
with our experimentally determined value (AG™=
30.1 kcalmol ™' in toluene). Whereas the rotation barrier
(AG*=37.8 kcalmol ') was much higher than the experi-
mental value with a five-membered intramolecular N-H-O
hydrogen bond. Moreover, the calculated barrier to rotation
was significantly lower than the experimental value via a
gearing  rotation  without the H-bond (AGT=
16.6 kcalmol ™). These studies supported that the racemiza-
tion could occur through formation of a H-bond with the
ester carbonyl group and rotation.

In conclusion, we have developed an efficient enantiose-
lective synthesis of N-aryl quinone atropisomers using a
chiral phosphoric acid as the catalyst under mild conditions,
in a process which occurred by tandem N-arylation/oxida-
tion reactions. A broad range of functionalized N-aryl
quinone atropisomers were conveniently constructed in high
yields with excellent enantioselectivities. The utility of the
current protocol was highlighted by a successful gram-scale
experiment. Furthermore, the obtained N-aryl quinone
atropisomers serve as platform molecules for the synthesis
of structurally diverse secondary amine atropisomers
through the nucleophilic addition of thiophenols and indoles
and subsequent oxidation.
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rotation barriers. Racemization barrier of 3a was measured to
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Deposition number 2201453 contain the supplementary crystal-
lographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures
service.

Aniline possessed an isopropyl at the 6-position was also
evaluated, resulted the product 3ah in 11 % ee after Sh at
room temperature. Racemization barrier of the isopropyl
substituted product was measured to be 23.4 kcalmol ™.
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Quinoids by Organocatalytic Tandem N-

Arylation/Oxidation A chiral-phosphoric-acid-catalyzed proc-

ess was developed for the asymmetric
synthesis of N-aryl quinoid atropisomers
through direct C—N bond formation. In
this way, a broad range of functionalized

Angew. Chem. Int. Ed. 2022, 202212846

N-aryl quinone atropisomers containing
an unprecedented intramolecular
N—H—O hydrogen bond within a six-
membered ring were constructed in high
yields with excellent enantioselectivity.
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