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Abstract
Highly enantioselective arylation of aryl aldehydes catalyzed by (S)‐H8‐BINOL‐
Ti(Oi‐Pr)2 complex in the presence of N‐methylmorpholine (NMM) as an effective

and inexpensive additive is described for the first time. We found high

enantioselectivity and yield but successfully reduced the equivalents of nucleophiles

triarylaluminums by 50% compared with our previous report. The practicability of

the process was thereby greatly increased.
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1 | INTRODUCTION

Enantiopure diarylmethanols are important structural scaf-
folds in the synthesis of pharmaceuticals and bioactive com-
pounds.1-8 Accordingly, the catalytic asymmetric addition of
arylmetal reagents and aryl boronic acids to aldehydes has
attracted considerable attention over the past decades.9-17

Since Fu and coworkers seminally reported the asymmetric
addition with Ph2Zn,

18 arylzinc reagents from various aryl
sources such as arylboronic acids have been commonly
explored for the enantioselective synthesis of
diarylmethanols.19-30 Meanwhile, other active aryl metals
such as arylaluminum, arylmagnesium, and aryllithium
have transferred aryl to less active aryl titanium intermedi-
ates ArTi(Oi‐Pr)3 as nucleophiles for enantiopure
diarylmethanols because of their higher reactivity.31-40

But the enantioselectivity is still not very satisfied using
only the less active ArTi(Oi‐Pr)3 in situ‐generated from
aryl metals and Ti(Oi‐Pr)4 to arylate aldehydes in the pres-
ence of chiral catalysts. The reason is that Lewis acids
simultaneously generate in the transmetallation process
and then promote the unwanted racemic background
wileyonlinelibrary.com/journal
reactions and thus lead to low enantioselectivity.41,42 To
solve this problem, Weber and Seebach removed the Lewis
acid by centrifugation to obtain salt‐free ArTi(Oi‐Pr)3
reagents.42 Harada and coworkers chose to introduce
excessive ArTi(Oi‐Pr)3 reagents derived in situ from
aryllithium reagents or Grignard reagents with Ti(Oi‐Pr)4
for a very long period of time, or to change the solvent
during the reaction process.31,32,43 While all these mea-
sures have produced significant effects on achieving high
enantioselectivities, their practicalities are greatly hampered
by the great operational inconvenience and lower cost‐
effectiveness. Another alternative strategy is to use an
appropriate additive to inhibit the racemic background
reactions, demonstrated by the groups of Bolm,44 Chan,45

and Walsh,46,47 respectively. In their works, however,
excessive aryl metals to aldehydes are unavoidably used
and the additives are expensive.

Our group has successfully demonstrated that bis2‐(N,
N‐dimethylamino)ethylether (BDMAEE) and
tetramethylethylenediamine (TMEDA) as the additives
can suppress the background reaction in the catalytic
enantioselective arylation of aldehydes.34,48,49 The
© 2017 Wiley Periodicals, Inc./chir 1
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limitation is that excessive aryl metals are similarly used
and the two additives are still not inexpensive enough,
although the highly enantiopure diarylmethanols have been
achieved in high yield. To reduce the loading of starting
materials and to use more inexpensive additives is chal-
lenging and will generate general interest to society for
its practicability and environmental friendliness. Therefore,
we determined to explore more inexpensive additives to
replace the expensive ones and effectively reduce the used
equivalents of nucleophiles to greatly increase the practi-
cability of the process. After a series of experiments, we
found that more inexpensive N‐methylmorpholine (NMM)
can satisfactorily replace BDMAEE and TMEDA to afford
high enantioselectivity of the process and loading of the
nucleophilic triarylaluminums have become equimolar to
aldehydes for the first time, reducing by 50% compared
with the previous report.48 Herein we report such
findings.
2 | MATERIALS AND METHODS

All reactions were performed under an argon atmosphere,
and solvents were dried according to established procedures
prior to use. All of the reagents were commercial. Reac-
tions were monitored by thin‐layer chromatography
(TLC); column and preparative TLC purification were
carried out using silica gel. Melting points were recorded
on an X‐4 melting point apparatus and are uncorrected.
Optical rotations were recorded on a polarimeter. 1H
NMR and 13C NMR spectra were measured on 400 and
100 MHz spectrometers, respectively, in CDCl3 with
TMS as an internal standard; chemical shifts are reported
in parts per million. The determination of enantiomeric
excess (ee) values was carried out using chiral high‐
performance liquid chromatography (HPLC) with an OD‐H,
OB‐H, OJ‐H, or AD‐H column.
2.1 | General procedure for the catalytic
asymmetric arylation of aldehydes

Freshly distilled bromobenzene (1.0 mmol, 0.105 mL) and
1.0 mL of dry tetrahydrofuran (THF) were introduced into
a dry 10 mL round‐bottom flask equipped with a clean stir
bar under an argon atmosphere. The flask was placed into a
cold bath at −78 °C, and n‐BuLi (1.8 M, 1.2 mmol,
0.67 mL) was added dropwise. After 1 h, the mixture was
warmed to 0 °C, and a solution of AlCl3 (33.5 mg,
0.25 mmol) in 1.0 mL of dry THF was added dropwise into
the flask. Then it was warmed to room temperature and kept
stirring for about 12 h and NMM (1.0 mmol, 110 μL) was
added. After 30 min of stirring, a mixture of (S)‐H8‐BINOL
(7.4 mg, 0.025 mmol) and Ti(Oi‐Pr)4 (0.425 mmol,
125.9 μL), which had previously been mixed and stirred for
about 15 min in 1.0 mL of dry THF, was introduced, and
the resulting mixture was stirred for further 60 min. Then
1‐naphthaldehyde (39.0 mg, 0.25 mmol) was added to the
flask at room temperature, and the flask was placed into an
oil bath at 40 °C and kept stirring for about 8 h (checking
with TLC until the reaction was complete). Two drops of
ice water were added to the mixture to quench the reaction
with a pipette, followed by 3.0 mL of 5% HCl. The resulting
mixture was extracted with ethyl acetate (8.0 mL × 3), and
the organic layers were combined, washed with 2.0 mL of
brine, dried with anhydrous Na2SO4, and condensed under
reduced pressure to give an oily residue. The residue was
then purified by column chromatography on silica gel (petro-
leum ether: ethyl acetate = 8:1) to furnish the pure
diarylmethanol.
2.1.1 | (S)‐(2‐Methoxyphenyl)(phenyl)metha-
nol (1)50

Yield 49.8 mg, 93%; colorless oil; [α]D25 = −27 (c 1.0,
CHCl3); HPLC (OD‐H, hexane/i‐PrOH = 95/5, flow rate
1.0 mL/min, λ 227.9 nm) tr (major) = 20.8 min, tr
(minor) = 23.3 min, ee = 84%; 1H NMR (400 MHz, CDCl3)
δ 3.15 (s, 1H), 3.80 (s, 3H), 6.05 (s, 1H), 6.89–6.94 (m, 2H),
7.22–7.38 (m, 7H).
2.1.2 | (S)‐(3‐Methoxyphenyl)(phenyl)metha-
nol (2)48

Yield 50.1 mg, 94%; colorless oil; [α]D25 = +9 (c 1.0,
CHCl3); HPLC (OD‐H, hexane/i‐PrOH = 75/25, flow rate
1.0 mL/min, λ 261.5 nm) tr (major) = 7.4 min, tr
(minor) = 10.1 min, ee = 92%; 1H NMR (400 MHz,
CDCl3) δ 2.46 (s, 1H), 3.76 (s, 3H), 5.78 (s, 1H), 6.78–
6.80 (d, J = 8.0 Hz, 1H), 6.92–6.94 (m, 2H), 7.23–7.37
(m, 6H).
2.1.3 | (S)‐(4‐Methoxyphenyl)(phenyl)metha-
nol (3)48

Yield 51.4 mg, 96%; light yellow oil; [α]D25 = −19 (c 1.0,
CHCl3); HPLC (OJ‐H, hexane/i‐PrOH = 90/10, flow rate
1.0 mL/min, λ 235.8 nm) tr (major) = 40.0 min, tr
(minor) = 35.3 min, ee = 89%; 1H NMR (400 MHz, CDCl3)
δ 3.78 (s, 3H), 5.80 (s, 1H), 6.85–6.87 (d, J = 8.0 Hz, 2H),
7.26–7.35 (m, 7H).
2.1.4 | (S)‐phenyl(o‐tolyl)methanol (4)51

Yield 45.1 mg, 91%; white solid, mp 89–90 °C; [α]D25 = +5
(c 1.0, CHCl3); HPLC (OD‐H, hexane/i‐PrOH = 98/2, flow
rate 1.0 mL/min, λ 222.9 nm) tr (major) = 27.4 min, tr
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(minor) = 25.7 min, ee = 89%; 1H NMR (400 MHz, CDCl3)
δ 2.24 (s, 3H), 5.98 (s, 1H), 7.12–7.32 (m, 8H), 7.50–7.52 (d,
J = 8.0 Hz, 1H).
2.1.5 | (S)‐phenyl(p‐tolyl)methanol (5)48

Yield 47.5 mg, 96%; white solid, mp 57–58 °C; [α]D25 = −6
(c 1.0, CHCl3); HPLC (OB‐H, hexane/i‐PrOH = 90/10, flow
rate 0.4 mL/min, λ 227.9 nm) tr (major) = 19.0 min, tr
(minor) = 16.5 min, ee = 92%; 1H NMR (400 MHz, CDCl3)
δ 2.32 (s, 3H), 2.40 (s, 1H), 5.81 (s, 1H), 7.13–7.36 (m, 9H).
2.1.6 | (S)‐(4‐Bromophenyl)(phenyl)methanol
(6)48

Yield 61.7 mg, 94%; white solid, mp 74–75 °C; [α]
D
25 = +19 (c 1.0, CHCl3); HPLC (OB‐H, hexane/i‐

PrOH = 80/20, flow rate 1.0 mL/min, λ 236.9 nm) tr
(major) = 10.7 min, tr (minor) = 8.8 min, ee = 88%; 1H
NMR (400 MHz, CDCl3) δ 2.45 (s, 1H), 5.76 (s, 1H),
7.23–7.45 (m, 9H).
2.1.7 | (S)‐(4‐Fluorophenyl)(phenyl)methanol
(7)48

Yield 45.7 mg, 90%; light yellow oil; [α]D25 = +9 (c 1.0,
CHCl3),; HPLC (OB‐H, hexane/i‐PrOH = 80/20, flow rate
1.0 mL/min, λ 220.4 nm) tr (major) = 17.8 min, tr
(minor) = 15.3 min, ee = 89%; 1H NMR (400 MHz,
CDCl3) δ 5.80 (s, 1H), 6.99–7.03 (m, 2H), 7.25–7.35
(m, 7H).
2.1.8 | (S)‐phenyl(4‐(trifluoromethyl)phenyl)
methanol (8)48

Yield 59.9 mg, 95%; white solid, mp 79–80 °C; [α]D25 = +28
(c 1.0, CHCl3); HPLC (OB‐H, hexane/i‐PrOH = 90/10, flow
rate 1.0 mL/min, λ 229.1 nm) tr (major) = 9.4 min, tr
(minor) = 7.2 min, ee = 87%; 1H NMR (400 MHz, CDCl3)
δ 2.56 (s, 1H), 5.87 (s, 1H), 7.25–7.35 (m, 5H), 7.49–7.51
(d, J = 12.0 Hz, 2H), 7.57–7.60 (d, J = 12.0 Hz, 2H).
2.1.9 | (S)‐phenyl(thiophen‐2‐yl)methanol
(9)48

Yield 44.7 mg, 94%; white solid, mp 49–51 °C; [α]D25 = +25
(c 1.0, CHCl3); HPLC (OD‐H, hexane/i‐PrOH = 95/5, flow
rate 1.0 mL/min, λ 238.4 nm) tr (major) = 17.5 min, tr
(minor) = 19.6 min, ee = 94%; 1H NMR (400 MHz, CDCl3)
δ 2.62 (s, 1H), 6.02 (s, 1H), 6.86–6.92 (m, 2H), 7.24–7.42
(m, 6H).
2.1.10 | (S)‐furan‐2‐yl(phenyl)methanol (10)48

Yield 42.3 mg, 97%; light yellow oil; [α]D25 = −8 (c 1.0,
CHCl3); HPLC (OD‐H, hexane/i‐PrOH = 95/5, flow rate
1.0 mL/min, λ 233.0 nm) tr (major) = 15.4 min, tr
(minor) = 19.0 min, ee = 87%; 1H NMR (400 MHz, CDCl3)
δ 2.54 (s, 1H), 5.81 (s, 1H), 6.10–6.11 (m, 1H), 6.30–6.31
(m, 1H), 7.33–7.43 (m, 6H).
2.1.11 | (S)‐Naphthalen‐1‐yl(phenyl)methanol
(11)48

Yield 52.7 mg, 90%; colorless oil; [α]D25 = −45 (c 1.0,
CHCl3); HPLC (OD‐H, hexane/i‐PrOH = 75/25, flow rate
1.0 mL/min, λ 257.3 nm) tr (major) = 7.6 min, tr
(minor) = 15.6 min, ee = 96%; 1H NMR (400 MHz, CDCl3)
δ 2.75 (s, 1H), 6.51 (s, 1H), 7.23–7.49 (m, 8H), 7.61–7.63 (d,
J = 8.0 Hz, 1H), 7.79–7.86 (m, 2H), 8.00–8.02 (d,
J = 8.0 Hz, 1H).
2.1.12 | (S)‐Naphthalen‐2‐yl(phenyl)methanol
(12)48

Yield 54.5 mg, 93%; white solid, mp 44–46 °C; [α]D25 = +7
(c 1.0, CHCl3); HPLC (OD‐H, hexane/i‐PrOH = 92/8, flow
rate 1.0 mL/min, λ 235.7 nm) tr (major) = 18.3 min, tr
(minor) = 22.3 min, ee = 90%; 1H NMR (400 MHz, CDCl3)
δ 2.72 (s, 1H), 6.00 (s, 1H), 7.26–7.47 (m, 8H), 7.77–7.89
(m, 4H).
2.1.13 | (R)‐Cyclohexyl(phenyl)methanol
(13)48

Yield 32.3 mg, 68%; white solid, mp 64–65 °C; [α]
D
25 = +26 (c 1.0, CHCl3); HPLC (OD‐H, hexane/i‐

PrOH = 98/2, flow rate 1.0 mL/min, λ 218.4 nm) tr
(major) = 13.2 min, tr (minor) = 11.8 min, ee = 88%;
1H NMR (400 MHz, CDCl3) δ 0.87–1.28 (m, 7H),
1.61–1.64 (m, 3H), 1.75–1.78 (d, J = 12.0 Hz, 1H),
1.97–2.01 (d, J = 16.0 Hz, 1H), 4.36–4.38 (d,
J = 8.0 Hz, 1H), 7.27–7.34 (m, 5H).
2.1.14 | (R)‐1‐Phenyldecan‐1‐ol (14)48

Yield 41.6 mg, 71%; colorless oil; [α]D25 = +20 (c 1.0,
CHCl3); HPLC (OD‐H, hexane/i‐PrOH = 98/2, flow rate
0.7 mL/min, λ 220.5 nm) tr (major) = 12.4 min, tr
(minor) = 14.1 min, ee = 84%; 1H NMR (400 MHz, CDCl3)
δ 0.85–0.89 (t, J = 8.0 Hz, 3H), 1.24–1.43 (m, 14H),
1.68–1.80 (m, 2H), 1.93 (s, 1H), 4.63–4.67 (t, J = 8.0 Hz,
1H), 7.25–7.34 (m, 5H).
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2.1.15 | (R)‐(4‐Fluorophenyl)(phenyl)metha-
nol (15)48

Yield 49.0 mg, 97%; light yellow oil; [α]D25 = −11 (c 1.0,
CHCl3); HPLC (OB‐H, hexane/i‐PrOH = 80/20, flow rate
1.0 mL/min, λ 220.7 nm) tr (major) = 14.7 min, tr
(minor) = 19.2 min, ee = 94%; 1H NMR (400 MHz, CDCl3)
δ 2.29 (s, 1H), 5.82 (s, 1H), 6.99–7.03 (m, 2H), 7.25–7.35
(m, 7H).
2.1.16 | (S)‐(4‐Fluorophenyl)(naphthalen‐2‐yl)
methanol (16)48

Yield 56.3 mg, 89%; light yellow oil; [α]D25 = −44 (c 1.0,
CHCl3); HPLC (OD‐H, hexane/i‐PrOH = 80/20, flow rate
1.0 mL/min, λ 282.3 nm) tr (major) = 8.5 min, tr
(minor) = 9.8 min, ee = 92%; 1H NMR (400 MHz, CDCl3)
δ 2.35 (s, 1H), 5.99 (s, 1H), 7.00–7.04 (t, J = 8.0 Hz, 2H),
7.36–7.51 (m, 5H), 7.79–7.87 (m, 4H).
2.1.17 | (S)‐(4‐Fluorophenyl)(naphthalen‐1‐yl)
methanol (17)48

Yield 58.9 mg, 93%; white solid, mp 54–56 °C; [α]D25 = +5
(c 1.0, CHCl3); HPLC (OD‐H, hexane/i‐PrOH = 80/20, flow
rate 1.0 mL/min, λ 230.5 nm) tr (major) = 8.0 min, tr
(minor) = 19.1 min, ee = 95%; 1H NMR (400 MHz, CDCl3)
δ 2.37 (s, 1H), 6.51 (s, 1H), 6.98–7.02 (t, J = 8.0 Hz, 2H),
7.35–7.51 (m, 5H), 7.61–7.63 (d, J = 8.0 Hz, 1H),
7.82–7.88(m, 2H),7.97–7.99(d, J = 8.0 Hz, 1H).
2.1.18 | (R)‐phenyl(p‐tolyl)methanol (18)48

Yield 46.4 mg, 94%; white solid, mp 55–57 °C; [α]D25 = +21
(c 1.0, CHCl3); HPLC (OB‐H, hexane/i‐PrOH = 90/10, flow
rate 1.0 mL/min, λ 223.8 nm) tr (major) = 10.3 min, tr
(minor) = 12.4 min, ee = 91%; 1H NMR (400 MHz, CDCl3)
δ 2.28 (s, 1H), 2.32 (s, 3H), 5.79 (s, 1H), 7.12–7.37 (m, 9H).
2.1.19 | (S)‐Naphthalen‐1‐yl(p‐tolyl)methanol
(19)48

Yield 60.8 mg, 98%; light yellow oil; [α]D25 = −31 (c 1.0,
CHCl3); HPLC (OD‐H, hexane/i‐PrOH = 80/20, flow rate
1.0 mL/min, λ 293.5 nm) tr (major) = 7.5 min, tr
(minor) = 15.4 min, ee = 90%; 1H NMR (400 MHz, CDCl3)
δ 2.32 (s, 4H), 6.51 (s, 1H), 7.12–7.14 (d, J = 8.0 Hz, 2H),
7.25–7.30 (m, 2H), 7.40–7.51 (m, 3H), 7.65–7.67 (d,
J = 8.0 Hz, 1H), 7.80–7.87 (m, 2H), 8.00–8.02 (d,
J = 8.0 Hz, 1H).
2.1.20 | (S)‐Thiophen‐2‐yl(p‐tolyl)methanol
(20)48

Yield 47.9 mg, 94%; light yellow solid, mp 64–65 °C; [α]
D
25 = +12 (c 1.0, CHCl3); HPLC (AD‐H, hexane/i‐

PrOH = 95/5, flow rate 1.0 mL/min, λ 253.7 nm) tr
(major) = 13.1 min, tr (minor) = 15.0 min, ee = 94%; 1H
NMR (400 MHz, CDCl3) δ 2.35 (s, 4H), 6.04 (s, 1H),
6.88–6.95 (m, 2H), 7.17–7.35 (m, 5H).
2.2 | Typical procedure for the synthesis of
(S)‐H8‐BINOL from (S)‐BINOL52

(S)‐BINOL (1.43 g, 5 mmol) and 5% Pd/C (1.5 g, 50% wet)
were added to 50 mL of EtOH in a 100 mL high‐pressure
vessel. The reaction mixture was stirred under 10 MPa H2

at 70 °C for about 7 h until no more H2 consumption could
be detected. The vessel was cooled to room temperature, after
which Pd/C was filtered off and the vessel was washed with
CH2Cl2 (3 × 50 mL). The organic layers were combined
and condensed to dryness under reduced pressure to give a
white solid. The solid was recrystallized with n‐heptane to
furnish (S)‐H8‐BINOL as white crystals. Yield 1.40 g, 95%;
mp 160–161 °C; [α]D25 = −72 (c 1.0, CHCl3); 1H NMR
(400 MHz, CDCl3) δ 1.64–1.77 (m, 8H), 2.12–2.33 (m,
4H), 2.73–2.76 (m, 4H), 4.57 (s, 2H), 6.82–6.84 (d,
J = 8.0 Hz, 2H), 7.05–7.07 (d, J = 8.0 Hz, 2H).
3 | RESULTS AND DISCUSSION

We performed our exploration with the typical reaction of
catalytic enantioselective phenylation of 1‐naphthaldehyde
catalyzed by chiral BINOL and H8‐BINOL titanium com-
plexes with the amine additive to inhibit the unwanted race-
mic background phenylation (Table 1). Triphenylaluminum
was in situ prepared from benzene bromide, butyllithium
(dissolved in hexane), and anhydrous AlCl3 in THF accord-
ing to the well‐established method.46 The chiral catalyst (S)‐
BINOL‐Ti(Oi‐Pr)2 was similarly in situ generated from (S)‐
BINOL and its equivalent titanium tetrapropoxide in THF.
We wanted to find some less‐expensive amine additive than
the previously used TMEDA while using 1.6 equivalent
triphenylaluminum to the aldehyde at room temperature.
We delightedly found that NMM can be an ideal additive,
more inexpensive than TMEDA, to achieve excellent 90%
enantioselectivity in the catalysis of (S)‐BINOL‐Ti(Oi‐Pr)2
complex (Table 1, entry 1). Replacing (S)‐BINOL with (S)‐
H8‐BINOL, the enantioselectivity was further increased to
95% (entry 2). When diisopropylethylamine (DIPEA) and
trimethylamine (Et3N) were used as amine additives to
inhibit the background racemic reaction, the
enantioselectivity dropped to lower than 90% (entries 3–4).
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A decrease of the catalyst (S)‐H8‐BINOL‐Ti(Oi‐Pr)2 loading
only slightly reduced the enantioselectivity to 94% from 95%,
but it greatly lengthened the reaction time (entries 2 and 5).
An increase of the catalyst loading did not further raise the
enantioselectivity (entries 2 and 6). The decrease and
increase of titanium tetrapropoxide both slightly reduced
enantioselectivity to 94% and 93%, respectively (entries 2,
7, 8). For the loading of NMM, 1.6 mmol NMM was ideal
in view of the 95% ee (entries 2, 9, 10). As the temperature
rose from room temperature to 40 °C, the enantioselectivity
did not change but the reaction time was greatly shortened
to 8 h (entry 12). Then we tried to reduce the loading of
Ph3Al, and the amount of NMM was proportionally changed
according to the optimized load (entry 2). The results clearly
indicated that the reduced 0.25 mmol Ph3Al was ideal for the
high enantioselectivity (96%) in high conversion (entry 14).
Compared with the previous reported loading of two equiva-
lents of triarylaluminums to aldehydes, the loading of
TABLE 1 Optimization of reaction conditions of the asymmetric phenyla

Entry AlPh3 (mmol)a X Ligandb (Y mmol) Additivec (

1 0.4 0.425 L1(0.025) NMM

2 0.4 0.425 L2(0.025) NMM

3 0.4 0.425 L2(0.025) DIPEA

4 0.4 0.425 L2(0.025) Tea (1.

5 0.4 0.4125 L2(0.0125) NMM

6 0.4 0.4325 L2(0.0325) NMM

7 0.4 0.345 L2(0.025) NMM

8 0.4 0.505 L2(0.025) NMM(

9 0.4 0.425 L2(0.025) NMM

10 0.4 0.425 L2(0.025) NMM

11 0.4 0.425 L2(0.025) NMM(

12 0.4 0.425 L2(0.025) NMM

13 0.25 0.425 L2(0.025) NMM

14 0.15 0.425 L2(0.025) NMM

15 0.1 0.425 L2(0.025) NMM

16 0.25 0.425 L2(0.025) NMM

17 0.25 0.425 L2(0.025) NMM

aPhBr: n‐BuLi: AlCl3 = 4:4.8:1 were used in preparation for triphenylaluminum.
bL1 is (S)‐BINOL; L2 is (S)‐H8‐BINOL.
cThe coordinative additive. DIPEA = N,N‐Diisopropylethylamine, TEA = triethylamin
dThe conversion was determined with HPLC using diphenyl as an inner standard.
eDetermined by HPLC analysis.
fMTBE = methyl tert‐butyl ether.
nucleophilic starting aryl metals is largely reduced by 50%.
And the loading of nucleophilic triarylaluminums in the cat-
alytic enantioselective arylation of aldehydes is first reduced
to the equimolar to aldehydes, greatly increasing the practica-
bility of the process. Experiments on solvents finally con-
firmed that mixed THF/hexane was the preferred solvent
(entries 15–17). Therefore, the optimal reaction conditions
were determined (entry 13).

With the optimized reaction conditions, we then started to
extend the scope of aldehydes for phenylation and examined
other two triarylaluminums for arylation of aldehydes
(Table 2). The results show that various aldehydes are well
suited for this arylation process. Benzaldehydes with elec-
tron‐withdrawing and electron‐donating groups in the ben-
zene rings all achieved excellent enantioselectivity in high
yields (Table 2, entries 1–8). Two heterocyclic aromatic alde-
hydes also achieved up to 94% enantioselectivity as well as
high yields (entries 9, 10). 1‐Naphthaldehyde obtained the
tion of the α‐naphthaldehyde

Z mmol) Solvent oC (time) Conv. (%)d ee (%)e

(1.6) THF/hex rt (24 h) 98 90

(1.6) THF/hex rt (24 h) 99 95

(1.6) THF/hex rt (30 h) 72 76

6) THF/hex rt (24 h) 94 85

(1.6) THF/hex rt (50 h) 99 94

(1.6) THF/hex rt (24 h) 99 95

(1.6) THF/hex rt (50 h) 95 94

1.6) THF/hex rt (50 h) 94 93

(2.0) THF/hex rt (24 h) 99 95

(1.2) THF/hex rt (50 h) 99 94

1.6) THF/hex 30 (12 h) 99 95

(1.6) THF/hex 40 (8 h) 99 95

(1.0) THF/hex 40 (8 h) 99 96

(0.6) THF/hex 40 (22 h) 92 96

(0.4) THF/hex 40 (22 h) 90 96

(1.0) DIPE/THF = 1:1 40 (31 h) 74 93

(1.0) MTBEf 40 (31 h) 73 n.d

e.



TABLE 2 Catalytic asymmetric arylation of aryl aldehydesa

Entry Ar R Product Yield (%)b ee (%)c

1 Ph 2‐MeOC6H4 1 93 84

2 Ph 3‐MeOC6H4 2 94 92

3 Ph 4‐MeOC6H4 3 96 89

4 Ph 2‐MeC6H4 4 91 89

5 Ph 4‐MeC6H4 5 96 92

6 Ph 4‐BrC6H4 6 94 88

7 Ph 4‐FC6H4 7 90 89

8 Ph 4‐F3CC6H4 8 95 87

9 Ph Thienyl 9 94 94

10 Ph Furyl 10 97 87

11 Ph 1‐naphth 11 90 96

12 Ph 2‐naphth 12 93 90

13 Ph c‐hexane 13 68 88

14 Ph CH3(CH2)8‐ 14 71 84

15 4‐FC6H4 C6H5 15 97 94

16 4‐FC6H4 2‐naphth 16 89 92

17 4‐FC6H4 1‐naphth 17 93 95

18 4‐MeC6H4 C6H5 18 94 91

19 4‐MeC6H4 1‐naphth 19 98 90

20 4‐MeC6H4 Thienyl 20 94 94

a0.25 mmol Ar3Al was prepared in situ from 1.0 mmol aryl bromine, 1.2 mmol n‐BuLi, and 0.25 mmol AlCl3.
bIsolated yields.
cDetermined with chiral HPLC.
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highest enantioselectivity of 96% (entry 11). For both the [α]‐
branched and linear alkyl aldehydes, good yields and high
enantioselectivities were similarly obtained (entries 13, 14).
While the two different nucleophilic triarylaluminums, with
electron‐withdrawing and electron‐donating groups in ben-
zene rings, were utilized to replace triphenylaluminum, all
investigated aromatic aldehydes obtained high yields and
excellent enantioselectivities (entries 15–20). The highest
enantioselectivity was up to 95% (entry 17). Even the hetero-
cyclic 2‐thienylaldehyde similarly resulted in an excellent ee
of 94% (entry 20). Therefore, NMM is an ideal and cost‐
effective additive in view of enantioselectivity and yield in
this transformation.
4 | CONCLUSION

In summary, we first report the highly enantioselective
arylation of aryl aldehydes catalyzed by (S)‐H8‐BINOL‐
Ti(Oi‐Pr)2 complex in the presence of NMM as an inexpen-
sive additive. Compared with the previous report, the nucle-
ophilic triarylaluminums were largely reduced by 50% from
two equivalents to equimolar with respect to aldehydes for
the synthesis of series of enantiopure diarylmethanols with
no reduction of yield and enantioselectivity. Therefore, this
process is apparently practical for preparation of highly
enantiopure diarylmethanols.
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