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Enantiodivergent Atroposelective Synthesis of Chiral Biaryls by
Asymmetric Transfer Hydrogenation: Chiral Phosphoric Acid
Catalyzed Dynamic Kinetic Resolution
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Abstract: Reported herein is an enantiodivergent synthesis of
chiral biaryls by a chiral phosphoric acid catalyzed asymmetric
transfer hydrogenation reaction. Upon treatment of biaryl
lactols with aromatic amines and a Hantzsch ester in the
presence of chiral phosphoric acid, dynamic kinetic resolution
(DKR) involving a reductive amination reaction proceeded
smoothly to furnish both R and S isomers of chiral biaryls with
excellent enantioselectivities by proper choice of hydroxyani-
line derivative. This trend was observed in wide variety of
substrates, and various chiral biphenyl and phenyl naphthyl
adducts were synthesized with satisfactory enantioselectivities
in enantiodivergent fashion. The enantiodivergent synthesis of
synthetically challenging, chiral o-tetrasubstituted biaryls were
also accomplished, and suggests high synthetic potential of the
present method.

Because of the broad utility of chiral biaryls,[1] much effort
has been directed toward the development of novel methods
for their asymmetric synthesis in recent years. The diastereo-
and enantioselective coupling reaction of two aromatic rings
has been extensively studied as the most straightforward
method.[2]

A dynamic kinetic resolution (DKR) approach, starting
from preformed racemic biaryls, is an alternative and
effective tool for the asymmetric synthesis of chiral biaryls
(Scheme 1). In 2010, Miller and co-workers reported an
atroposelective asymmetric bromination, which utilized con-
figurationally unstable monosubstituted biaryls as substrates,
to give chiral o-trisubstituted biaryls with high enantioselec-
tivities through peptide catalysis.[3] Quite recently, Miyaji,
Asano, and Matsubara accomplished a chiral-urea-catalyzed
asymmetric synthesis of 1-arylisoquinolines N-oxides on the
basis of the same strategy.[4] Cross-coupling at the 2-position
of the binaphthyl skeleton is also a viable DKR strategy, but
a slightly high temperature is required because of the
moderate configurational stability of the starting materials.[5]

Among the methods which use preformed racemic biaryls
as substrates,[6] the asymmetric ring-opening strategy,
reported by Bringmann et al.,[7] wherein biaryl lactones
serve as a substrates, is reliable from a practical point of
view, but it requires an excess amount of a chiral nucleophile.
Its utility is demonstrated in several total syntheses of
biologically active compounds.[8] The catalytic variant of the
strategy is limited to the recent study by Yamada and co-
workers wherein a chiral metal catalyst was used.[9] In this
regard, the development of an effective catalytic method, in
particular organocatalysis, is highly desired.[10]

We report herein a chiral phosphoric acid catalyzed DKR
strategy for the asymmetric synthesis of chiral biaryls
(Scheme 2).[11–13] A chiral phosphoric acid catalyzed asym-
metric transfer hydrogenation reaction plays a crucial role in
accomplishing the desired DKR strategy.[14] The ring-opening/
ring-closing equilibrium between the biaryl N,O-acetal 1 and
biaryl imine 2 (racemization), and the subsequent kinetic-
resolution-type asymmetric transfer hydrogenation of 2

Scheme 1. Strategies for chiral biaryls.

Scheme 2. Enantiodivergent synthesis of chiral biaryls by chiral phos-
phoric acid catalyzed DKR strategy.

[*] Prof. Dr. K. Mori, T. Itakura, Prof. Dr. T. Akiyama
Department of Chemistry, Faculty of Science
Gakushuin University
1-5-1 Mejiro, Toshima-ku, Tokyo 171-8588 (Japan)
E-mail: takahiko.akiyama@gakushuin.ac.jp

Prof. Dr. K. Mori
Present address:
Department of Applied Chemistry, Graduate School of Engineering
Tokyo University of Agriculture and Technology
2-24-16 Nakacho, Koganei, Tokyo 184-8588 (Japan)

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under http://dx.doi.org/10.
1002/anie.201606063.

Angewandte
ChemieCommunications

1Angew. Chem. Int. Ed. 2016, 55, 1 – 6 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! � �

http://dx.doi.org/10.1002/ange.201606063
http://dx.doi.org/10.1002/anie.201606063
http://orcid.org/0000-0003-4709-4107
http://dx.doi.org/10.1002/anie.201606063
http://dx.doi.org/10.1002/anie.201606063


proceeds to afford the chiral biaryls 3 and 4 with excellent
enantioselectivities. A noteworthy feature of this reaction is
that the atroposelectivity of the products was completely
controlled by the choice in the hydroxyaniline derivative.
Whereas use of the o-hydroxyaniline derivatives furnished
chiral biaryls with excellent enantioselectivities in favor of the
R isomer, use of the m-hydroxyaniline derivative reversed the
atroposelectivity to furnish the S isomer of the biaryl in
a highly enantioselective manner.

We selected 1 as a substrate for three reasons (Figure 1):
1) ease of ring opening to form the biaryl imine 2 ; 2) high
affinity of the resulting 2 to chiral phosphoric acids (CPA);

and 3) ease of modification of the aromatic ring of the aniline
moiety, a feature which would strongly affect both reactivity
and enantioselectivity. The selection of the transformation
from 2 was also important to achieve the high selectivity. We
envisaged that the transfer hydrogenation was suited for this
purpose because of the high reliability of the chiral phospho-
ric acid catalysis.[15–17]

An initial trial was conducted under reductive amination
conditions starting with the lactol 5a, not 1a, for streamline
the screening of reaction conditions (catalysts and anilines):
a solution of 5a in toluene was treated with 1.1 equivalents of
o-hydroxyaniline (8a) and 1.5 equivalents of the Hantzsch
ester 9a in the presence of 4� M.S. and 10 mol % of
a phosphoric acid (Table 1). When TRIP (6a), which
showed excellent catalytic performance in the asymmetric
transfer hydrogenation of imines,[16, 17] was employed, the
transfer hydrogenation reaction proceeded smoothly to
afford the biaryl 3aa in 75% yield with 33% ee (entry 1).
Catalysts bearing 9-anthryl groups (6b) and 2,4-(CF3)2C6H3

groups (6c) resulted in moderate selectivities (entries 2 and
3). The catalyst 6d, having biphenyl groups, was also
ineffective (entry 4). The catalyst 6e, having SiPh3 groups
gave the desired adduct in 91% yield with 59 % ee (entry 5).
Motivated by the results, we examined the aryl moiety on the
silyl group in detail. Gratifyingly, the catalyst 6 f, bearing Si(3-
FC6H4)3 groups, gave 3aa with 73 % ee (entry 6). Finally, we
found that the key to achieving satisfactory enantioselectivity
was the concentration of the reaction medium and the use of
modified o-hydroxyaniline. When the concentration of the
reaction medium was lowered from 0.1 to 0.01m, and further
to 0.005m, the selectivity was improved to 81 and 84% ee,
respectively (entries 7 and 8). Use of the CF3-substituted o-
hydroxyaniline derivative 8b further improved the selectivity
to give corresponding adduct 3ab in 98% yield with 90% ee
(entry 9). The absolute stereochemistry of 3a was determined

by X-ray crystallographic analysis (see the Supporting
Information).[18]

Then, we carried out the reaction with the initially
planned 1a [Eq. (1)]. When 1a was subjected to the reaction
conditions (same as entry 8 in Table 1), 3aa was obtained in
75% yield with 85 % ee, which was almost identical to the
result when 5a was used as the substrate. Further examination
was therefore conducted with 5 as the starting material, from
a practical point of view.

Interestingly, excellent selectivity (93% ee) was also
achieved when the m-hydroxyaniline derivative 10 was used
in the presence of the hydrogenated binaphthyl-type phos-
phoric acid 7b (see Table 1). bearing 9-anthryl groups
(Scheme 3). The important feature here is that the adducts
3ab and 4a showed opposite signs in optical rotation values,
and implied that atroposelectivity was controlled by the
position of the hydroxy group of aniline. We confirmed the
reversal of the atroposelectivity by transforming the ana-
logues of 3 and 4 into a common compound (see the
Supporting Information for details).

Figure 1. Three reasons for the substrate selection.

Table 1: Examination of reaction conditions.[a]

Entry Catalyst (X) Yield [%] ee [%][b]

1 2,4,6-(iPr)3C6H2 (6a) 75 33
2 9-anthryl (6b) 80 30
3 2,4-(CF3)2C6H3 (6c) 86 47
4 4-PhC6H4 (6d) 74 13
5 SiPh3 (6e) 91 59
6 Si(3-FC6H4)3 (6 f) 75 73
7[c,d] Si(3-FC6H4)3 (6 f) 72 81
8[c,e] Si(3-FC6H4)3 (6 f) 83 84
9[c,e,f ] Si(3-FC6H4)3 (6 f) 98 90

[a] Unless otherwise noted, all reactions were conducted with the lactol
5a (0.10 mmol), hydroxyaniline 8a (0.11 mmol), and Hantzsch ester 9a
(0.15 mmol) in the presence of 10 mol% 6 and 4� M.S. in toluene
(1.0 mL) at room temperature. [b] Enantiomeric ratio was determined by
HPLC analysis using a chiral stationary phase. [c] 5� M.S. was employed
instead of 4� M.S. [d] 0.01 M. [e] 0.005 M. [f ] 2-Amino-5-(trifluorome-
thyl)phenol (8b) was employed instead of 8a. M.S.= molecular sieves.
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With the atropodivergent strategy for the synthesis of
chiral biaryls in hand, a range of lactols were subjected to the
reductive amination protocol (Figure 2). Various o-hydroxy-
aniline substituted biaryls (3ab, 3b–d), having electron-
donating groups (Me, iPr) and an electron-withdrawing
group (Cl) on the upper aromatic ring, were obtained with
good to excellent enantioselectivities (77–94% ee). Biaryls
bearing substituents on the lower aromatic ring were also
found to be suitable substrates, thus affording the biaryls 3e–g
with excellent enantioselectivities (� 86% ee). This method
was applicable to the enantioselective synthesis of aryl

naphthalene derivatives (3h–j). The same tendency was also
observed when 10 was employed, and the corresponding
adducts (4a–j) were obtained with good to excellent enantio-
selectivities (up to 94 % ee) in favor of the enantiomer, as
confirmed by comparison of the optical rotations of the
products.

Next we studied the enantioselective synthesis of o-
tetrasubstituted biaryls. Interestingly, the substrate 5k was
observed as a ring-opened form, hydroxy aldehyde, and no
appreciable peaks of the lactol were observed by 1H NMR
spectroscopy,[19] although the equilibrium was largely shifted
toward 5a (lactol/hydroxy aldehyde = 10:1). The same sit-
uation holds for the corresponding imine derivative 2k, and
only the imine form was observed. These observations suggest
that the rate of the interconversion of the enantiomers of 5k
and 2k would be slow. As expected, subjecting 5 k to the
optimum reaction conditions delivered the adducts 3k and 4k
in excellent chemical yields, albeit with low enantioselectiv-
ities (� 11 % ee with 1.5 equiv of 9 ; Scheme 4).

Gratifyingly, use of 0.1 equivalents of 9 resulted in the
formation of 3k and 4k in 84 and 79 % ee, respectively. These
results imply that the slow addition of small portions of the
Hantzsch ester, which was indispensable for the requisite
racemization of the imine, markedly improve the enantiose-
lectivity. As expected, the slow addition of a toluene solution
of 1.5 equivalents of 9 with a syringe pump over 10 hours
afforded 3k and 4k with excellent enantioselectivities with
both hydroxyanilines (Scheme 5).

Figure 3 illustrates rationalization of the asymmetric
induction mechanism of the reaction. The key to achieving
excellent selectivity is twofold: 1) prominent kinetic resolu-
tion in the asymmetric transfer hydrogenation of 2, and
2) appropriate reaction rate difference between the equilib-
rium of 2 and ent-2, and the transfer hydrogenation.[20,21] The
asymmetric transfer hydrogenation of the imines 2 and the

Scheme 3. Reaction with the m-hydroxyaniline 10.

Figure 2. Substrate scope. [a] Reaction conditions A: 6 f (10 mol%),
8b (1.1 equiv), 9a (1.5 equiv), 5 � M.S., toluene (0.005m), RT, 24 h.
[b] Reaction conditions B: 7b (10 mol%), 10 (1.1 equiv), 9b (1.5
equiv), 5� M.S., toluene (0.005m), RT, 24h. [c] 0 8C, 48 h. [d] 40 8C,
24 h.

Scheme 4. Attempt to synthesize o-tetrasubstituted biaryls.
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subsequent rapid supply of the consumed isomer through the
interconversion route occurred faster than transfer hydro-
genation to imines, thereby affording the desired biaryls 3
with excellent enantioselectivities.

In summary, we have developed a strategy for the
enantiodivergent synthesis of chiral biaryls by means of
chiral phosphoric acid. Two interesting features are under-
scored: 1) the atroposelective synthesis of chiral biaryls by the
chiral phosphoric acid catalyzed DKR approach, and 2) the
accomplishment of the enantiodivergent synthesis by a proper
choice in hydroxyaniline derivatives. Investigations aimed at
clarifying the role of the position of the hydroxy group will be
reported in due course.
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Enantiodivergent Atroposelective
Synthesis of Chiral Biaryls by Asymmetric
Transfer Hydrogenation: Chiral
Phosphoric Acid Catalyzed Dynamic
Kinetic Resolution

Divergent : The title reaction proceeds by
a chiral phosphoric acid catalyzed asym-
metric transfer hydrogenation reaction.
Upon treatment of biaryl lactols with
aromatic amines and a Hantzsch ester, in
the presence of chiral phosphoric acid,

dynamic kinetic resolution by reductive
amination reaction proceeds to furnish
both R and S isomers of chiral biaryls by
proper choice of a hydroxyaniline deriva-
tive. M.S. = molecular sieves.
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