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An intramolecular dehydrogenative homo- and hetero-coupling of phenols has been successfully
developed for quick preparation of enantiopure axial diphenols under mild Cu(Il)-mediated conditions,
using ((4S,5S5)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)Jdimethanol as the chiral auxiliary. The commercially
available (R)-a-methylbenzylamine was identified as the best amine ligand for Cu(Il) in the reactions. A
variety of homo/hetero bis-dihydroxylbenzoate substrates were examined, affording the corresponding
axially chiral diphenols with satisfactory to excellent diastereomeric ratios, and a representative scalable
preparation was also attempted. A formal synthesis of natural product (+)-deoxyschizandrin has been
achieved in this work using one axially chiral diphenol as the synthetic intermediate.
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Axially chiral diphenyl motif extensively exists in a number of
bioactive natural and unnatural compounds [1]. Compared to
many other biaryls (such as BINOLs) and sp carbon-based chiral
centers, building axial chirality of diphenyls is still full of
challenges [1a,1c]. For limited availability of practically useful
scale-up methods, enantioselective synthesis of the natural
products with an axial diphenyl core remains as a very difficult
mission yet [2]. For example, chaetoglobins A/B are two
characteristic diphenyl natural products having high substituted
atropisomerism [3a] (Fig. 1). Recently, Kozlowski’s group success-
fully established axial chirality of chaetoglobin A using a
vanadium-catalyzed oxidative homo-phenol coupling (dimeriza-
tion) in a relatively low yield, and the atropoisomers were uneasy
to be completely separated [4]. Schizandrin family is another type
of diphenyl natural products [3b]. Lin’s group once developed a
nickel-catalyzed asymmetric Ullmann coupling to construct axial
chirality of (+)-isoschizandrin, in which recrystallization was
needed to increase the ee value of product [5]. Even so, asymmetric
synthesis of deoxyschizandrin has not been achieved yet [6]. As the
crucial step to construct the axial chirality in the synthesis of such
diphenyl compounds, the currently available methodologies are of
urgency for further improvement, including proper scalable
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oxidative phenol-phenol couplings for generating diphenyl prod-
ucts of high enantiopurity.

A considerable strategy to establish axially chiral diphenyls is
intramolecular coupling of two phenols linked with a chiral tether,
which is not only expected to deliver satisfying atropisomeric ratio
during the C(sp?)-C(sp?) bond formation, but also suitable for the
synthesis of both homo- and hetero-coupled diphenols [1a,1c]
(Fig. 2). Among commonly available chiral materials, the
C2-symmetrical tartaric acid and its derivatives are economic
choices for such chirality transfer in the above mentioned
dehydrogenative phenol-phenol coupling. Lipshutz and coworkers
once attempted to utilize tartaric acid derivative and cyanocuprate
to synthesize the chiral axis and achieved a single isomer [7].
Wynberg and Feringa also developed a copper/chiral amine
oxidation system for the preparation of axial binaphthols [8]
and a variety of copper/amine combinations have also been
reported in the following years [9]. In 2011, Yamada and coworkers
explored the synthesis of chiral axial diphenols by intramolecular
oxidative homo-coupling with a combination of CuCl, and
n-BuNH, [10a], and later applied to the synthesis of highly
oxygenated diaryl ethers featured in ellagitannins [10b]. Unfortu-
nately, dehydrogenative hetero-coupling between two different
phenols still keeps unsolved yet.

Inspired by the above pioneer works, we herein wish to report a
practically scalable procedure of intramolecular dehydrogenative
coupling to prepare gram-scale quantity of enantiopure axially
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Fig. 1. Several natural products containing an axially chiral diphenyl core.
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Fig. 2. Illustration of a protocol for the chiral-axis formation of deoxyschizandrin by an intramolecular dehydrogenative coupling of phenols.

chiral diphenyls by either homo- or hetero-coupling of two
electron-rich phenols. This new method is applicable in total
synthesis of the above mentioned natural products having a chiral
diphenyl axis, such as (+)-deoxyschizandrin (Fig. 2). As shown in
Fig. 2, the C2-symmetrical tartaric acid-derived diol 4 would be
introduced by esterification with two benzoic acids 3 to furnish
bis-benzoate substrates 2. The expected product, axially chiral
diphenyl 1, is a useful common synthon for the synthesis of
chaetoglobins A and B, and deoxyschizandrin as well. We propose
that the dioxolane motif of the chiral tether would help to fix the
gauche conformation of the diol 4 and thus facilitate the crucial
dehydrogenative coupling [11]. It is noteworthy that the C2
symmetric diol 4 is capable to link two different benzoic acids
through a two-step esterification procedure, providing us more
flexibility to examine a wide range of diphenol substrates including
those for hetero-coupling.

The reaction was initially performed in MeOH with CuCl,
(1 equiv.) and amine (4 equiv.) at room temperature for 30 min
under nitrogen atmosphere, and the substrate (1 equiv.) concen-
tration was set at 0.04 mol/L. Our study showed that a higher
loading of CuCl; (3.5 equiv.) was needed to complete the reaction
[8,9,12]. The released halide ion was suspected to deactivate the
oxidative potential of certain unidentified Cu(Il) complexes in the
reaction [13]. Using compound 5a as the substrate, effect of the
amine ligand was examined upon the diastereomeric ratio of
products (Table 1). Two cyclic diphenols, (aR)-6a (major product)
and (aS)-6a’ (minor product), were isolated in a combined yield of
78% using n-propylamine or n-butylamine, respectively (Table 1,
entries 1 and 2, accordingly with 17% and 35% de). While, the
corresponding reactions with t-butylamine or triethylamine did
not happen (entries 3 and 4). They might mention that steric
hindrance of the amines is unfavorable to formreactive oxidative
complexes of Cu(Il) [9]. A weaker base, aniline, could not promote
this reaction either (entry 6). The de value of the products
increased up to 55% when cyclohexylamine was applied as the
ligand, though no significant improvement was found of the yield
(76%, entry 5). When benzylamine was used, the de value was
further improved up to 75% (entry 7). However, electronic effect was
moderate when the phenyl groups of the benzylamines were
differently substituted. For example, the product de values from the
reactions with p-methoxyphenylmethylamine and p-fluorophenyl-
methylamine reduced to 60% and 40%, respectively (entries 8, 9).

Table 1
Screening of the amine ligands in the intramolecular dehydrogenative homo-
coupling of diphenol.?

OH OH

J’—@f
o] OH concllﬁcm :l/\ H
>{ o W on*

oS

OH OH

Lo (aR)-6a
Entry Amine Yield (%)°  6a/6a’(de, %)
1 n-propylamine 78 58.5/41.5 (17)
2 n-butylamine 78 67.5/32.5 (35)
3 t-butylamine - -
4 TEA - -
5 cyclohexanamine 76 77.5/22.5 (55)
6 aniline - -
7 benzylamine 70 87.5/12.5 (75)
8 p-methoxybenzylamine 60 80/20 (60)
9 p-fluorophenzylamine 60 70/30 (40)
10 (R)-a-methylbenzylamine 80 94.5/5.5 (89)
11 (S)-a-methylbenzylamine 63 83.5/16.5 (67)
12 ethylenediamine - -
13 (+£)-trans-1,2-diaminocyclohexane - -

2 Reaction conditions: A mixture of 5a (0.4 mmol), CuCl, (1.4 mmol) and amine
(5.6 mmol) in MeOH (10 mL) was stirred at room temperature for 30 min under
nitrogen atmosphere.

b Isolated combined yields of separable 6a and 6a'.

¢ The de (diastereomeric excess) values were determined by 'H NMR before
separation of the two axial products.

However, stereochemical effect of the benzylamine ligand is
significant on the ratio of two axial products. The de value increased
up to 89% when (R)-a-methyl-benzylamine was used, delivering 6a
and 6a’ (ratio 94.5:5.5) in 80% combined yield (entry 10). While,
(S)-a-methyl-benzylamine was proved to be poorly matched to the
corresponding reaction, affording 6a and 6a with 67% de
(dr 83.5:16.5) and a lower yield (entry 11). The diamine ligands
(ethylenediamine, or trans-1,2-diaminocyclohexane) totally inhib-
ited the reaction (entries 12, 13). Therefore, the optimal reaction
conditions for this intramolecular dehydrogenative coupling were
determined as follows: diphenol substrate 5a (0.4 mmol), CuCl,
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The CD spectra of (aR)-6a and (aS)-6a’ (in MeOH).
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Fig. 3. Determination of the absolute stereochemistry of the major product 6a (CD/green line) and minor product 6a’ (X-ray, and CD/purple line).

Table 2
Substrate-scope examination.*>¢
R? R?

R! R!
CuCl; (3.5 eq.)

i g
(0] o R3 (R)-a-methylbenzylamine (14 eqj 0 o
s, O RY A X @]
0~ s MeOH, r.t., 30 min o— . Q R
o R‘l' (o} O

)
w

R"
R? R?
5x 6x (major)
Group . Homo-coupling

OMe
OH

OH

OMe

6a%¢, de=89% 6b, de=33% 6c, de = 67% 6d9, de = 87% 6f, complicated 6g, complicated 6h, NR
78% 70% 76% 82%

6i,de=33%  6j, de=20% 6k, de =91% 6, de = 82% 6m% de=83%  6n,de=67% 6o, complicated  6p, NR 6q, complicated
80% 7% 86% 76% 78% 76%

4 Reaction conditions: A mixture of 5a (0.4 mmol), CuCl, (1.4 mmol) and (R)-e-methylbenzylamine (5.6 mmol) in MeOH (10 mL) was stirred at room temperature for 30 min
under nitrogen atmosphere.

b The combined yield.

¢ The de values were determined by 'H NMR before separation of two diastereomers.

dAtropisomers of 6a, 6d, 6k, 6 m were directly separated by silica gel column chromatography, other atropisomers were separated by column chromatography after
O-allylation of the phenolic products.

€A scalable preparation was examined.
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Scheme 1. A formal total synthesis of (+)-deoxyschizandrin.

(1.4 mmol), (R)-a-methyl-benzylamine (5.6 mmol) in MeOH
(10 mL) under nitrogen atmosphereat room temperature for
30 min.

The absolute configuration of the minor product (aS)-6a’'was
confirmed by a single crystal X-ray diffraction experiment (Fig. 3).
In addition, the CD spectrum (MeOH) of (aS)-6a’ shows a positive
Cotton effect at A 232 nm (Ae¢ 42.3), A 267 nm (A¢ 7.5), while the
major product (aR)-6a shows a negative Cotton effect at A 232 nm
(Ag -43.1), A 267 nm (A¢ -18.4) (Fig. 3). Such CD characterizations
were generally observed in all pairs of these products (for more
details, see Supporting information), and thus are helpful for quick
elucidation of the absolute stereochemistry of chiral axis of chiral
axial diphenols.

The substrate scope was then investigated using the
optimized combination of CuCl, and (R)-a-methyl-benzyl-
amine (Table 2). In the first group, homo-couplings of various
resorcinols having a -Me, -OMe, or -OBu group at the meta
position could be smoothly carried out, affording expected
products in good yields, but in variable de values (6a/6a’ (89%),
6b/6b’ (33%), 6¢/6c’ (67%) and 6d/6d'(87%), respectively). The
bulky substituents at the meta position seemed to favor the
formation of the major diphenyl products by “buttressing” the
ortho substituents, and thus prevent their rotation in the
transition state [1a,1c,14]. While, those highly reducible phenols
resulted in a complicated mess situation, and no products were
detected in these reactions (Table 2, 6e, 6f and 6g). In the
meanwhile, a phenol substrate of lower reducibility did not give
reaction either (Table 2, 6h). These observed results strongly
mentioned us that dihydroxybenzoates are well matched the
oxidizing potency of the combination of CuCl, and (R)-a-
methylbenzylamine in MeOH.

The second group of substrates was specially designed for
hetero-couplings, among which a variety of different resorcinol
pairs were applied as coupling partners. All the examined
resorcinols were well done under standard reaction conditions,
providing the corresponding hetero-coupled axial diphenols.
Compared to those of 6i (R! = H, R" = OMe, 33% de) and 6j (R! =
R! = 0OBn, 20% de), the de value of 6m (R! = Me, R! = H, 83% de) is
much higher. It mentions that -Me (R') may have a larger van der
Waals radii compared to that of -OMe and -OBn, which is
beneficial to “buttressing” the ortho substituents and makes the
transition state configuration more stable [14a]. Satisfactory
results were also observed in the cases of 6k (R! = Me, R =
OBn, 91% de), 61 (R! = Me, R = OMe, 82% de). Again, syntheses of

60, 6p, and 6q unfortunately failed, due to their unmatched redox
potencies. The atropisomers of 6a/6a’, 6d/6d’, 6k/6k’, and 6m/6m’
could be separated directly by silica gel column chromatography.
Other pairs of atropisomers could be separated by silica gel
column chromatography after phenolic O-allylation of the
oxidative products. Scalability of the oxidative coupling system
with CuCly/(R)-a-methylbenzylamine was also examined. The
reaction of 5a (6.8 g, 15 mmol scale) was carried out smoothly in
the laboratory, affording 6a (5.2 g, 74% yield) and 6a’ (301 mg, 4%
yield) with similar standard of de value and isolated yield as that of
milligram scale.

Transformations of representative product 6¢ were explored for
the formal total synthesis of (+)-deoxyschizandrin (Scheme 1). At
first, enantiopure axially chiral biphenol (aR)-12 was prepared
from a diasteromeric mixture of 6¢c and 6c¢ after phenolic
O-methylation in 58% yield (Note: the two diastereomers were
separated by silica gel column chromatography). Removal of the
chiral auxiliary was accomplished with LiAlH, reduction and Dess—
Martin oxidation, furnishing benzaldehyde 13 (76% yield, 2 steps
from 12). Chiral HPLC analysis showed that ee value of 13
was greater than 99% [15]. Treatment of aldehyde 13 with
ammonium acetate and nitroethane afforded compound 14 in
68% yield. Reduction of both nitroolefin functionalities of 14 with
Fe/FeCl3/HCl provided the known ketone intermediate 15 (60%
yield) to (+)-deoxyschizandrin [16].

In summary, we have successfully developed a scalable
intramolecular dehydrogenative phenol-phenol coupling under
mild conditions with CuCl, and (R)-a-methylbenzylamine, and a
series of enantiopure axially chiral biphenols have been synthe-
sized accordingly. The newly developed method, aided by a
removable tether of L-(+)-tartaric acid-derived diol, is eligible for
both the homo- and hetero-couplings of two resorcinol units. This
work greatly expands the substrate range and application in
organic synthesis of chiral axial compounds. We believe that the
above new scalable dehydrogenative coupling reaction and
the corresponding enantiopure biphenyl products will be useful
in the related study of natural and unnatural axial compounds and
materials.
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