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Axially chiral binaphthol have achieved great success in asymmetric catalysis. Compared to «-binaphthol,
axially chiral aryl-B-naphthol are far less reported. Here, we report a method of asymmetric catalysis
to construct B-naphthol with up to 99% yield, 95.5:4.5 enantiomeric ratio, using alkynyl esters as pre-
cursors and chiral phosphonic acid (CPA)/Lewis acid as catalysts. Key steps involve oxygen transfer and
de novo arene formation to set up the chiral axis. Moreover, this methodology provides a versatile plat-
form for structurally divergent synthesis of atroposelective B-naphthol analogs, which are widely found
in bioactive molecules and asymmetric catalysts.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Atropisomerism is a phenomenon whereby the constrained ro-
tation of o bond leads to the formation of stereoisomers. Atropi-
somers are considered to be useful frameworks because of their
unique structure and function [1-3], which is also key component
of catalysts [4], natural products and medicines [5,6]. Among them,
binaphthol, a representative privileged architecture of chiral ligand,
has played an important role in transition-metal catalysis. Thus the
practical synthetic strategies of axially chiral «-binaphthol and its
analogs have been extensively investigated over the past decades,
including (1) oxidative coupling of two units [7-11], (2) asymmet-
ric addition or rearrangement followed by chirality transfer [12-
19], (3) stereoselective functionalization of racemic or prochiral
precursors [20-26] and (4) de novo arene formation (Scheme 1a)
[27-29]. In sharp contrast, successful synthesis and application of
non-«-binaphthol remain limited [30,31], probably due to the con-
flicts between the inherent reactivity and desired regioselectivity
for B-binaphthol synthesis.

Aryl-B-naphthol is also a prominent skeleton of many natural
products and bioactive compounds, such as Mastigophorene A [32],
Denthyrsinone (Scheme 1b) [33]. Recently, aryl-8-naphthol deriva-
tives have received more attention especially in organic catal-
ysis. For example, in 2018, Zhao and coworkers [34] reported
an elegant biomimetic asymmetric Mannich reaction via carbonyl
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catalysis. What's more, a new contribution by the group of Guo
[35] using axially chiral B-naphthol derivatives has been devel-
oped (Scheme 1b). However, in these reports, relative lengthy syn-
thetic routes (7-9 steps) were required to obtain diverse axially
chiral B-naphthols, which indicated that it is highly appreciable
to develop more efficient synthetic methodology for such type
skeletons. Lately, a landmark achievement was realized by Sparr
and coworkers [30] through a bioinspired non-canonical polyke-
tide cyclizations, which enabled rapid access to B-binaphthols
(Scheme 1c¢).

Alkynes, readily available precursors and known as valuable
building blocks for organic synthesis, can undergo numerous use-
ful transformations [36-38]. Despite many achievements, the cat-
alytic asymmetric cyclization of alkynes to construct axially chiral
B-naphthols have rarely been reported. To the best of our knowl-
edge, only Alcarazo [31] and co-workers reported an enantioselec-
tive synthesis of the S-naphthol units through a Au-catalyzed hy-
droarylation of alkynones (Scheme 1c). In this regard, the discov-
ery and identification of novel types of non-2-binaphthol atropi-
somer as ligands/catalysts might strongly depend on the develop-
ment of new catalytic reaction model that however cannot draw
from «-binaphthol synthesis. As our continuous interest in alkyne-
based catalytic asymmetric tandem reactions [39,40], in conjunc-
tion with the inspiring contributions by other groups [30,31,41-43],
we envisioned that a tandem hydrolysis of alkynes and intramolec-
ular aldol condensation of ortho-alkynylarylketone might enable a
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Scheme 1. Representative synthesis for axially chiral binaphthol.

one-pot synthesis of B-naphthol effectively. However, realizing this
tandem reaction, especially with high regio- and stereoselectivity,
is quite challenging. Firstly, there are two possible reaction path-
ways for the cyclization (5-exo or 6-endo), thus to control the re-
gioselectivity is a difficult issue need to be address [44]. Second,
due to the low reactivity of the resulting diaryl ketone interme-
diate, it is inevitably required to identify higher active catalyst or
harsher conditions, which is usually detrimental to asymmetrical
control. To overcome these challenges, electron-withdrawing ester
groups were designed as substituents to stabilize the enol inter-
mediates, which is also benefit to catalyst coordination. Herein, we
describe the realization of such a synergistic Brgnsted/Lewis acid-
catalyzed tandem reaction of ortho-alkynylarylketone, which allows
efficient and practical synthesis of valuable aryl-S-naphthol with
high regio- and enantioselectivity.

Due to the oxophilic properties of rare earth metals, a se-
ries of rare earth metals were intuitively selected as our can-
didate cocatalysts, to promote a tandem hydrolysis/cyclization of
the engineered enynone (1a). We evaluated Sc(OTf); with dif-
ferent chiral phosphric acids (CPA), which are now prevailing in
asymmetric catalysis. As expected, the combination of Sc(OTf); (5
mol%) and CPA-1 (6 mol%) promoted the reaction at 80 °C in 1,2-
dichloroethane (DCE), affording the desired 2a in 71% yield, but
the atropisomeric ratio was only 56:44 (Table 1, entry 1). Various
other chiral CPAs were then evaluated (entries 2-6), the results
revealed that the CPA-5 having 3,3’-di-(2,4,6-tri-isopropyl)phenyl
substituents gave the highest enantioselectivity (80:20 er, entry 5).
The CPA-6, bearing a more sterically hindered substituent, showed
almost no enantioselectivity (entry 6). Different Lewis acids were
then studied with the privileged CPA-5 (entries 7-11). Delightfully,

the Y(OTf)s, La(OTf);, Yb(OTf); afforded good enantioselectivities
(up to 95:5 er, entry 11), despite Y(OTf); showed relatively low
yields. Further evaluation of the reaction parameters such as sol-
vent and temperature by using Yb(OTf); and CPA-5 as co-catalyst
partner were conducted. However, when the reaction was carried
out at 60 °C, the enantioselectivity decreased slightly (entry 12).
Interestingly, further decreasing the temperature to 40 °C not only
resulted in retard the reaction rate but also decreased stereos-
electivity (91:9 er, entry 13), which goes against the experience
wherein lower temperature typically is beneficial to the enantiose-
lectivity. The use of solvent CgHsCl did not markedly alter the yield
or enantioselectivity, whereas no reaction was observed with the
coordinative tetrahydrofuran (entries 14 and 15).

With the established optimal conditions in hand (Table 1, en-
try 11), we next explored the scope of this reaction for the atro-
poselective construction of axially chiral 8-naphthols (Scheme 2).
The absolute configuration of 2a was deduced to be (S) by X-ray
single-crystal diffraction analysis (CCDC: 2191065) and other prod-
ucts were assigned by analogy. First, examination the steric hin-
drance of the different electron withdrawing groups at the end of
alkyne showed that the introduction of a smaller methyl ester or a
bulkier isopropyl ester substituent resulted in reduced both yields
and enantioselectivities (2b, 2c). Interestingly, the enantiomeric ra-
tio of the product (2d) decreased sharply (50:50) but still with
excellent yield, when the substrate with a phosphonate terminal
was applied. Then the electronic effects on the naphthalene ring
were evaluated by the variation of substituents. Firstly, different
substituents such as fluorine and methoxy groups at the C-4’ po-
sition of naphthalene ring of substrates were tested, delivering the
products 2e, 2f with good yields (up to 93%) and excellent enan-
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Table 1
Optimization of the reaction conditions.?

7 Cok

O o M (5 mol%), L” (6 mol%)
OO Solvent (0.1 mol/L), 12 h

1a
OO R 1:R = 4-PhCgH,
2:R = 4-CF3CgH,
Ospz0 3: R = 3,5-Ph,CgHy
o “oH 4: R = 9-anthryl
OO R 5: R = 2,4,6-(Pr)3CeH,
(S)-CPA 6: R = 2,4,6-(Cy)3CgH,
Entry Lewis acid Phosphoric acid Yield (%) erc
1 Sc(OTf)3 CPA-1 71 56:44
2 Sc(OTf)3 CPA-2 61 60:40
3 Sc(OTf)3 CPA-3 99 57:43
4 Sc(OTf)3 CPA-4 92 79:21
5 Sc(OTf)3 CPA-5 93 80:20
6 Sc(OTf)3 CPA-6 99 52:48
74 AgOTf CPA-5 49 82:18
8d In(0Tf); CPA-5 58 60:40
9 Y(OTf); CPA-5 83 93:7
10 La(OTf); CPA-5 99 89:11
11 Yb(OTf)s CPA-5 93 95:5
12¢ Yb(OTf)3 CPA-5 90 94:6
13f Yb(OTf)3 CPA-5 34 91:9
148 Yb(OTf)3 CPA-5 90 92:8
150 Yb(OTf)3 CPA-5 NR -

2 1a (0.1 mmol), [1a]=0.1 mol/L, 12 h. 80 °C.

b solated yield.

¢ Determined by HPLC.

d Lewis acid (20 mol%) and phosphoric acid (24 mol%) were used.
¢ 60 °C, 12h.

f 40 °C, 36h.

¢ 1 mL CgHsCl as solvent.

" 1 mL THF as solvent. NR = no reaction.

tioselectivities (up to 93.5:6.5). However, when 2’-methoxy sub-
stituted substrate was subjected to standard conditions, the enan-
tioselectivity was dismal, which could be restored (2g, 96%, 93:7
er) by using octahydrosubstituted CPA* as cocatalyst under re-
duced reaction temperature (60 °C). Next, substrates with a chlo-
rine (2h) and methyl (2i) at the phenyl rings were also investi-
gated, and excellent yields and enantioselectivities were observed.
Excellent result was also achieved with substrate (2j) bearing a
fluorine group at both the naphthalene and the phenyl ring. The
4’-methyl-substituted substrates with either electron-donating or
electron-withdrawing groups at the phenyl of alkynyl substituted
benzene were also tolerated and gave products 2k-2n in excel-
lent yields and enantioselectivities. Yet the atroposelectivity of 8-
methyl substituted substrate (20) was reduced dramatically, indi-
cating the great sterical impact of the C-8 substituents. To our de-
light, phenanthrene (2p-2r) and pyrene (2s) substituted axially 8-
naphthol were well tolerated (78%—99%, 91:9-95.5:4.5 er). Benzo-
heterocyclic compound (2t) was also suitable for this transforma-
tion in good yield but moderate enantiomer ratio (77%, 72:28 er),
implying more steric hinderance difference between the left and
right part of heteroarene is beneficial to the enantioselectivity.

A gram-scale synthesis was carried out (2.5 mmol) and afforded
the desired product (S)—2a in 82% yield and 95:5 er. As men-
tioned, the axially chiral aryl-8-naphthol 2a could be a promis-
ing framework, thus diverse transformations were then conducted
to expand the synthetic utility (Scheme 3). As a versatile func-
tionality, the ester unit allows to readily further transformations.
For example, 2a could undergo nucleophilic addition with Grig-
nard reagent or DIBAL-H to give corresponding alcohol (3a) or
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Scheme 2. Substrate scope for chiral S-naphthol compounds. Reactions were per-
formed on 0.1 mmol scale (0.1 mol/L solution). Isolated yield, er was determined by
chiral-phase HPLC analysis. ® Reactions were carried out with octahydrosubstituted
CPA* (6 mol%) (see Supporting information for details).

atropisomeric aldehyde (3b), which recently emerged as a new
type biomimic catalyst [30,34]. More importantly, axially chiral
carboxylic acid, which exhibits unique properties in enantioselec-
tive catalysis [45-49], could be obtained (3c) via simple hydroly-
sis with almost no erosion of the enantiopurity. This methodology
might provide a new avenue for the synthesis of axially chiral car-
boxylic acid. In order to take full advantage of the phenolic hy-
droxyl group, the naphthol 2a was protected with Tf,0 to give the
triflate 3d in quantitative yield, which provided good opportuni-
ties for downstream coupling reactions, allowing quick access to
a variety of structurally diversified atroposelective binaphthyls. For
instance, Sonogashira coupling reaction with phenylacetylene pro-
ceeded smoothly to give substituted product 3e. Meanwhile, tri-
flate 3d also allowed Suzuki coupling on the 3-position of naphthol
moiety to produce the corresponding derivative 3f in 83% yield and
excellent enantiopurity. Likewise, a palladium-catalyzed coupling
with phosphite gave the aryl phosphonates 3g in good yield, then
followed by reduction to furnish the corresponding chiral phos-
phine 3h, which could potentially be used as the organocatalyst
or ligand in asymmetric transformations. In addition, triflate 3d
could undergo Buchwald-Hartwig amination with chiral amide af-
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Scheme 3. Preliminary application for chiral 8-naphthol compounds. Reaction conditions: (1) Use 2a as the substrate: ¢ CH3MgBr (5 equiv.), THE, 0 °C, 3h. » DIBAL-H (1.2
equiv.), DCM, —78 °C, 1h. ¢ 10% NaOH, EtOH, reflux, 2h. ¢ Tf,0 (2 equiv.), DCM, 0 °C, 3h. ! NBS (or NIS) (1 equiv.), CH3CN, 0 °C, 30min. ™ TBHP (1 equiv.), FeCl; (20
mol%), DCE:HFIP(1:1), 10h. © IBX (1.2 mmol), DMSO, 6h. (2) Use 3d as the substrate: ¢ Pd(OAc), (10 mol%), PPh; (0.4 equiv.), K3PO, (1.2 equiv.), 4A MS, DMSO, 80 °C, 24 h.
I Pd(PPh,); (30 mol%), K3PO4 (1.5 equiv.), 4-methoxyphenylboronic acid (1.2 equiv.), 1,4-dioxane, 100 °C, 24 h. & Ph,P(O)H (4 equiv.), Pd(OAc), (10 mol%), dppb (20 mol%),
Et3N (6 equiv.), DMSO, 110 °C, 12h. " EtsN (7 equiv.), HSiCl3 (5 equiv.), toluene, 100 °C, 18 h. ! Pdy(dba); (5 mol%), t-BuXphos (6 mol%), 4-methylbenzenesulfonamide (1.2
equiv.), K3PO4 (1.2 equiv.), t-AmOH, 80 °C, 15h.J Pd(OAc), (10 mol%), Xantphos (15 mol%), Cs,CO5 (1.4 equiv.), enantiopure amide (2 equiv.), 4A MS, toluene, 100 °C, 24 h.
k pd,(dba); (5 mol%), Xantphos (5 mol%), Cs,CO5 (2 equiv.), butyraldehyde (5 equiv.), 4A MS, 1,4-dioxane, 100 °C, 16 h. " Hiinig's base (2.2 equiv.), Tf,O (2.0 equiv.), DCM, 0 °C,
16 h. (3) Use 3p as the substrate: P (1) NayS;04(1.5 equiv.), DCM, H,0, 0 °C; (2) Tf,0 (4 equiv.), pyridine (4.4 equiv.), =78 °C, 2h. 9 FeCl; (3 equiv.), 4-methylcyclohexanone
(5 equiv.), DCE, 12h. " (CH,0), (2 equiv.), ammonium acetate (10 equiv.), AcOH, reflux, 4h. ¢ o-phenylenediamine (or maleimide) (4 equiv.), Na,SO, (1.8 equiv.), HCl, DCM,

5min. Isolated yields. er was determined by chiral-phase HPLC analysis.

forded product 3i in 88% yield and 95:5 er, or with enantiopure
primary amine afforded product 3j. Interestingly, a lactone 3k was
obtained in moderate yield when an alkyl aldehyde was used as
coupling partner. The product 31 was formed in almost quantita-
tive yield without loss of enantiomeric purity, upon treatment of
2a with NBS in dichloromethane at 0 °C for 1h, which could be
extended to other halogen sources, affording 4-iodonaphthol 3m in
high yield and enantioselectivity as well. The resulting 3m was fur-
ther transferred into a triflate bromide 3n, which holds great po-
tential in orthogonal reactions. Furthermore, the recrystallized 2a
(>99:1 er) could readily react with another molecule 2a under the
promotion of oxidant to give a multiple axially chiral dimer (30) in
80% yield and 1.9:1 dr. Oxidation of the enol group of 2a with IBX
led to the formation of o-quinone 3p in quantitative yield, which
was further transformed into the desired 3q in 77% yield upon se-
lective reduction and triflation. The synthetic utility of the newly
synthesized 1,2-naphthoquinone 3p was demonstrated by its di-
vergent transformations to complex heterocyclic compounds. As
shown in Scheme 3, a polyannulated axial chirality dibenzofuran 3r
was obtained in moderate yield by treatment of quinone 3p with
4-methylcyclohexanone under the catalysis of FeCls. The atropos-
elective imidazole 3s was also synthesized by condensation of 3p

with ammonium acetate and formaldehyde. Similarly, the reactions
of quinone 3p with benzene 1,2-diamine in the presence of hy-
drochloric acid and sodium sulfate proceeded smoothly to yield the
corresponding products 3t in 95% yield and 95:5 er, and diamino-
maleonitrile gave benzophenazine derivatives 3u in 85% yield. It is
noteworthy that no stereochemical integrity loss was observed for
all these reactions.

To probe the reaction mechanism, control experiments were
carried out. When the reaction was ran only in the presence of chi-
ral CPA-5, an excellent yield and moderate enantimeric ratio was
observed (Scheme 4a, entry 1). When the Yb(OTf); was added as
a single catalyst, the reaction could proceed more rapidly with al-
most equal yield (91% vs. 89%) obtained in a quite short time (16 h
vs. 36 h, entry 2). These results imply that great background reac-
tion need to be suppressed in order to achieve excellent enantios-
electivity. Interestingly, when combination of CPA-5 with Yb(OTf)3
(entry 3), a superior enantioselectivity was observed and the re-
action time was further shorted, demonstrating a synergistic or
cooperative effect exerted important effect in the catalytic pro-
cesses. Then, the diketone 1aa, serendipitously isolated from gram-
scale reaction, was also subjected to the optimal reaction condi-
tion, which only afforded the corresponding 2a in 73% yield and
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(a) 0.

COOEt
#~ TCOOEt OH
-
OO DCE, 80 °C DCE, 80 °C OO
1a 1aa

Entry Substrate Cat. Time (h) yield (%) er

1 1a CPA-5 36 91 74:26
2 1a Yb(OTf)3 16 89
3 1a  Yb(OTf), CPA-5 12 93 95:5
4 1aa CPA-5 36 81 60:40
5 1aa  Yb(OTf);, CPA-5 36 73 88:12
(b)inH """""" """" on T
N CO,Et %,J g CO,Et
—
> >
2 <2
(S)-2a (R)-2a
0.01
= 0004 y =-15276"a - 3.8479"10"
2 R?=0.9952
2-0014
=
002 4
i half-life time ty,; (110 °C) = 4537 hours
£-0034  AG*= 36.6 kcal/mol
0.04 4 : . T T
0 50 100 150 200
Time (h)

Scheme 4. Control experiments and racemization experiments. Reaction condi-
tions: 1 (0.1 mmol), Yb(OTf); (5 mol%), CPA-5 (6 mol%) in DCE (1 mL) at 80°C under
N, atmosphere. Isolated yields. The er was determined by HPLC analysis. Racemiza-
tion study.

compromised stereoselectivity (88:12 er vs. 95:5 er, entry 5). The
result indicated that 1aa is likely to be the intermediate, but sub-
strate 1a may be a more effective substrate in this system. We then
checked reaction process and no obvious 1aa was accumulated
during the reaction. Finally, a series of thermal racemization exper-
iments with the prepared axially chiral S-naphthol 2a were carried
out to gain insight into its conformational stability. The half-life of
enantiopure 2a was about 4537 h at 110 °C in toluene and the rota-
tion barrier AGF was identified to be 36.6 kcal/mol, thus rule out of
the probable racemic effect of prolong reaction time (Scheme 4b).

Based on these results, a possible working mechanism with
1a as an example was then proposed. As shown in Scheme 5,
the coordinative complex I undergoes an intramolecular 6-endo-
dig cyclization to give oxonium intermeidate II, which is attacted
by CPA tethered water (adventitiously introduced by solvent) to
form hemiketal III, then followed by intramolecular aldol cycliza-
tion from the Re face of the ketone and E1cB elimination, deliver-
ing the desired S-naphthol 2a via central-to-axial chirality trans-
fer. In addition, a tentative enantioselectivity induction model is
proposed, wherein the sterically hinderance between naphthyl mo-
tif and the peripheral isopropyl of the CPA restrict the rotation of
the atroposelectivity determining C-C bond [50]. Obviously, there
is less steric clashes of rotamer V-2, which make it favor over the
rotamer V-1, thus ensured the observed (S)-atropisomer.

In conclusion, we have successfully realized the synergistic
Lewis acid/chiral Brgnsted acid-catalyzed atroposelective reaction,
giving efficient access to a class of axially chiral aryl-B-naphthol
in excellent yields and enantiomer ratio. This efficient and good
functional groups tolerant approach allowed the rapid construc-
tion of versatile axially chiral compounds providing a platform for
the synthesis of structurally diverse derivatives via easily late-stage
chemical modification. Mechanistic study revealed that the syner-
gistic effect is critical to suppress the background reaction, allow-

Chinese Chemical Letters 36 (2025) 109842
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Scheme 5. Proposed working mechanism and stereochemical models.

ing the atroposelective determining central-to-axial chirality trans-
fer in high stereochemical fidelity.
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