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Abstract. A polystyrene-immobilized isothiourea has been applied to the enantioselective acylative kinetic resolution
(KR) of monoacylated BINOL(s) with inexpensive isobutyric anhydride in batch and flow. High selectivity values (s = 29
at 0 °C) and a remarkable stability of the catalytic system in the operation conditions have been recorded for unsubstituted
BINOL. No significant loss of activity/selectivity is recorded after 10 consecutive KR cycles in batch. A continuous flow
process has been implemented and operated with a 100 mmol (32.8 g) sample of racemic monoacetylated BINOL in
dichloromethane solution in an 84 hours experiment with a packed bed reactor containing 1g (f = 0.37 mmol.g?) of the
functional resin (s = 17-21). Residence time can be decreased to 10 min with the same reactor to achieve a conversion of
58% with a selectivity factor s = 17 when a more highly functionalized catalyst (f = 0.88 mmol.g™!) is used. This translates
into a remarkable combined productivity of 5.5 mmolyred-mmoleat-h,

Keywords: BINOL; Kinetic resolution; Isothiourea organocatalysts; Immobilization; Continuous flow

Introduction

Enantiopure  1,1’-binaphthols  (BINOLs) are
probably the most versatile building blocks for the
preparation of chiral catalysts. Their almost unlimited
applicability covers the broad areas of metal catalysis
and organocatalysis, and simple structural variations
lead to applications in the comprehensive area of
Brensted/Lewis acid/base catalysis.™ Although the
development of methods for the asymmetric oxidative
dimerization of naphthyl derivatives has experienced
significant progress in recent years,” the Kkinetic
resolution (KR) of racemic biaryl derivatives (and, in
particular, of unsubstituted BINOL) continues to be
the main entrance to the ever growing family of 1,1°-
binaphthols and derivatives.™* ¥l Within this approach,
the acylative KR of 1,1°-binaphthyl derivatives has
received comparatively low attention in spite of its
potential.™ In 2014, Sibi reported chiral 4-
dimethylaminopyridine catalysts achieving selectivity
factors of up 51 in the considered acylative process
(Scheme 1a).®! In the same year, Zhao (Scheme 1b)
reported the highly efficient NHC-catalyzed acylative
KR of a wide range of 1,1°-biaryl-2,2’-diols and amino
alcohols leading to products with consistently very
high enantiomeric purity (99% ee).[?! In spite of its

performance, these methods involve reaction
conditions, such as low operation temperature®® or
long reaction time,®! that render them impractical for
large scale operation.
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Scheme 1. Approaches to the acylative KR of BINOL and
related compounds.
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With these limitations in mind, and taking into
account the industrial importance of enantiopure
BINOLs and their derivatives, we considered
alternative processes that could operate under mild
reaction conditions with high turnover frequencies,
with the ultimate goal of developing a continuous flow
process for the preparation of enantiomerically pure
BINOL (Scheme 1c).[™
Chiral isothioureas, first reported by Birman in 2006, ®!
have become useful catalysts for the acylative KR of
alcohols® and carboxylic acids*”! and, quite recently,
for the desymmetrization of axially chiral diols.[*!
Benzotetramisole (BTM), the archetypical example of
chiral isothioureas, is among the most readily available
and effective nonenzymatic enantioselective acylation
catalysts*? reported to date.l® **1 In 2016, we reported
the preparation of a polystyrene-supported BTM
analogue which was successfully used in the domino
Michael addition/cyclization reaction with excellent
yields and very high enantioselectivities, 4 and later
applied to asymmetric [4+2] and [8+2] annulation
reactions.™> More recently, in a joint effort of our
laboratories, new polystyrene-supported isothiourea
catalysts, based on the homogeneous catalysts BTM
and HyperBTM, have been prepared and used for the
acylative KR of secondary™ and secondary and
tertiary heterocyclic alcohols*®®! in batch and in
continuous flow. However, there are currently no
examples where BTM catalysts have been applied for
the acylative KR of 1,1°-bi-2-naphthol (BINOL). We
report herein the application of second generation
immobilized BTM in the acylative KR of BINOLs
with high selectivity in batch and continuous flow, and
we show that the flow procedure can be operated at the
100 mmol scale (32.8 g) without any decrease in the
performance of the catalyst.

Results and Discussion

We decided to evaluate isothioureas 5a-d as
catalysts for this study. The selection includes
monomers 5b-c as well as the first and second
generation PS-immobilized BTM-type catalysts 5al*#!
and 5d,1*¢"! and is guided by previous results in the KR
of axially chiral diols with homogeneous isothioureas
(Figure 1).1t4

5a 5b 5¢ 5d

Figure 1. Catalysts used in this study.

For the preparation of 5d (Scheme 2) we used a
slight modification of the reported procedure that
simplifies the installment of the propargyl anchor by
performing the replacement of the methoxy by a

10.1002/adsc.201901420

propargyloxy group at the beginning of the sequence.
Thus, 2-chloro-6-methoxybenzothiazole (1) was
demethylated with BBrs; and alkylated without
isolation with propargyl bromide (2) to afford 2-
chloro-6-propynyloxybenzo[d]thiazole (3) in 93%
yield. Then, following a modification of a literature
procedure, 171 neat 3 was heated in a pressure tube (135
°C, 24 h) with a stoichiometric amount of (S)-2-amino-
2-phenylethanol and Hunig's base (2 eq.) followed by
in situ cyclization to afford 8-propynyloxy-BTM (4) in
58% vyield (3 steps). Immobilization of 4 onto
azidomethyl polystyrene, prepared from commercial
Merrifield resin, was achieved by a Cu-catalyzed
azide—alkyne cycloaddition reaction. The nitrogen
content of the resulting polymer, determined by
elemental analysis, was used to calculate the
functionalization*® of 5d (0.37 mmol g?), and this
value was used to determine the catalyst loading in all
subsequent KRs.
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Scheme 2. Synthesis of the second-generation polystyrene-
supported BTM catalyst (5d).

Our initial studies focused on the KR of parent
BINOL 6a with anhydrides, using 5 mol % of BTM 5c
as the catalyst (Scheme 3). Unfortunately, the
reactions were poorly selective, mixtures of binol with
its monoacylated and bisacylated products being
always obtained. Moreover, the reproducibility of
these experiments was rather poor.

e
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9¢ o o O QUr U
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6a 8a
R = Me, 'Pr, 'Bu, Ph

Scheme 3. Acylative KR of rac-BINOL (6a).

In light of these results, we modified our strategy to
the acylative KR of monoacylated BINOLs (Table 1).
We first used isobutyric anhydride as an acyl donor
(0.6 equiv) for the KR of a series of monoacylated
BINOLs in CHClI, at room temperature. As shown in
entry 1, the KR of monoacetyl BINOL with isobutyric
anhydride took place with a selectivity factor s = 14 at
58% conversion. The use of larger acyl groups on the
monoacylated BINOL substrate, such as isobutyryl,
pivaloyl or benzoyl, gave much lower selectivities

2
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(entries 2-4). According to this, monoacetyl BINOL 8a
was used as the model substrate to optimise the nature
of the acylating agent 7. As shown in entry 6, pivalic
anhydride did not work in this reaction, while both
acetic anhydride and benzoic anhydride (entries 5 and
7) ogave low selectivities. Accordingly, the
combination of 8a and isobutyric anhydride was
established as optimal for the planned KR process.

Table 1. Acylative KR of monoacylated BINOLs.?

e
ol

S s5¢ (5 mol%)

0 2, CS
OH OH . o)J\R2
O__R! DIPEA (0.7 eq), CH,Cl, 1t O__R! O__R!
QT T AT OO
o I o o

RZ "0” "R?

rac-8x 7y (0.6 eq) 8x 9xy

8 R 9 R2 8ee” 9ee” (o 59
[%] [%]  [o]

8a Me 9ab 'Pr 91 65 58 14

8b Pr 9bb Pr 52 42 55 4

8 'Bu 9cb Pr 43 33 56 3

7

2

8d Ph 9db 'Pr 78 51 60

8a Me 9aa Me 24 18 57

8a Me 9ac 'Bu - - - -
8a Me 9ad Ph 34 31 52 3
9 Reaction conditions: (+/-) 8 (0.5 mmol, 1 eq.), 7y (0.3
mmol, 0.6 eq.) and iPr.NEt (45.2 mg, 61 uL, 0.35 mmol, 0.7
eq.), catalyst (0.025 mmol), CH.Cl, (2.5 mL), rt. ? ee
determined by HPLC. © Conversion determined by Kagan’s
equations. 9 Selectivity factors calculated from ee data.

~No ok~ WwDN e

Since the main goal of this project was applying
immobilized isothiourea catalysts to the KR process,
5d featuring an almost unperturbed BTM structure was
directly used to optimise the reaction solvent (Table 2).
Gratifyingly, the reaction rate was not affected by the
heterogeneous nature of the catalyst (in both cases the
process was complete in 10 h) and the s value even
increased (s = 18) when chloroform was used at room
temperature (entry 1). Slightly lower selectivity (s =
14) was recorded in dichloromethane under the same
conditions (entry 4), while non-chlorinated solvents
like DMF, CH3CN, Dioxane, Et,0, toluene and THF
provided only moderate selectivities (entries 7-11).
With halogenated solvents, the effect of temperature
was also studied. Working in chloroform, a
temperature decreased to 0 °C led to an increased s
value of 29 (Table 2, entry 2) without any significant
decrease in catalytic activity. However, when the
reaction temperature was increased to 60 °C (4 h
reaction time), the s value decreased to 6. According
to these results, we decided to use CHCIs; and CH:Cl;
as solvents in the acylative KR performed in batch, and
CH,CI; for the processes in continuous flow.

10.1002/adsc.201901420

Table 2. Solvent optimization for the acylative KR. ?

Q

Q S0
/Y\O S
QL

SN

Y

5d (5 molo)
DIPEA (0.7 eq),

rac-8a 7b (0.6 eq) 8a 9ab
solvent 8a eeh gag ) S
0 ee
[%] (%] [%]
1 CHClI; 95 67 58 18
2 CHCI3z (0 °C) 95 78 55 29
3 CHCl;3 (60 °C) 70 47 60 6
4 CHCl; 90 65 58 14
5 CH:CI: (0 °C) 92 74 55 21
6 CHsCN 26 21 55 2
7 DMF 28 23 55 2
8 toluene 83 61 58 10
9 THF 89 61 59 12
10 dioxane 83 58 59 9
11 Et,0 77 55 58 8

3 Reaction conditions: rac-8a (164 mg, 0.5 mmol, 1 eq.), 7b
(47.4 mg, 50 uL, 0.3 mmol, 0.6 eq.) and iPr.NEt (45.2 mg,
61 uL, 0.35 mmol, 0.7 eq.), 5d (135 mg, 5 mol %, f = 0.37
mmol%), solvent (2.5 mL), rt or indicated temperature. » ee
determined by HPLC. @ Conversion determined by Kagan’s
equations. @ Selectivity factors calculated from ee data.

As a final step in the optimization process, we
wanted to compare the first- and second-generation
polystyrene-supported BTM analogues (5a and 5d) in
the acylative KR (Table 3) in the optimal solvent.
Results with the homogeneous catalysts 5b and 5c
have been included for comparison purposes. The
comparison gave a clear result in favour of 5d. Thus,
as shown in entry 1, 5a proved unsuitable for this
transformation, affording enantioenriched 8a and 9ab
with very poor selectivity (s = 3). It is thus strongly
suggested that the presence of the linker in position 3
of the heterocyclic nucleus leads to a much less
efficient chemzyme for this particular process. To gain
some further indication on the structural factors of 5
affecting selectivity, the reaction was also tested with
5b and 5c. With tetramisole 5b (entry 2) the reaction
was poorly selective, but benzotetramisole 5c¢ affordec
the best selectivity results over a temperature range
ranging from room temperature to -20 °C, where a
selectivity of 36 was reached (entries 3-5). A similar
decrease in temperature working with 5d (entry 8)
proved deleterious for catalytic activity and selectivity,
and this can be attributed to the arrest of mobility of
the polymer at this temperature, preventing swelling
and the achievement of an optimal conformation.
From a structural perspective it can be concluded that
the presence of a condensed benzo ring in positions 2,3
of tetramisole is necessary for high selectivity in the
acylative KR. Furthermore, a bulky substituent (the

3
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polymer chain) in one of the distal positions on the
benzo group is well tolerated in terms of both catalytic
activity and enantioselectivity.

Table 3. Comparison of catalysts 5a-d in the acylative KR

of 8a with 7b.?
SOWENOOBE
DY Y
8a 9ab

5a-d (5 mol%)
DIPEA (0.7 eq),
CHClg, 1t

SES

OH
oY

rac-8a 7b (0.6 eq)

Cat. t B8aee®” OQabee” ¢9 0

[h]  [%] [%] [%]

1 b5a 8 -41 -33 57 3
2 5b 8 42 30 58 3
3 b5c 8 98 73 57 28
4 5¢(0°C) 8 99 71 58 30
5 5c(-20°C) 16 98 78 56 36
6 5d 10 95 67 59 18
7 5d(0°C) 12 95 78 55 29
8 5d(20°C) 24 33 61 3B 6

4 Reaction conditions: rac-8a (164 mg, 0.5 mmol, 1 eq.), 7b
(47.4 mg, 50 pL, 0.3 mmol, 0.6 eq.), iProNEt (45.2 mg, 61
uL, 0.35 mmol, 0.7 eq.), 5a-d (0.025 mmol), CHCI; (2.5
mL), rt or indicated temperature. ® ee determined by HPLC.
© Conversion determined by Kagan’s equations. 9
Selectivity factors calculated from ee data.

Although our main goal in this project was the
development of a practical procedure for the
preparation of enantiopure BINOL, we decided to
investigate the scope of the catalytic acylative KR
reaction in batch using the immobilized BTM catalyst
5d in CHCI; (Table 4) at 0 °C. Catalyst 5d does not
behave as a promiscuous chemzyme being rather
specific with respect to the nature and substitution of
the substrate. Substituents on the distal ring are
generally well tolerated (8e, 8h, 8i), but excessive
steric congestion (8f) leads to a significant decrease in
enantioselectivity. Acylation of one of the oxygen
atoms in the BINOL system (8g) and the presence of
the two connected naphthyl units (8g, 8l, 8m) seem to
be strict structural requirements, as the absence of
substitution in o-, 0'- in the BINOL system (8j, 8Kk,
8m) also seems to be. Fortunately, the parent substrate
of interest 8a, stands as the optimal substrate for the
acylative KR, achieving a selectivity of up to 29 with
the immobilized catalyst 5d and up to 36 with the
homogeneous BTM 5c. It is worth noting that either
scalemic 8a or the diester 9ab can be easily converted
into the enantiomeric forms of BINOL through
saponification and recrystallization from either
toluene or chloroform (ESI).

10.1002/adsc.201901420

Table 4. Scope of the acylative KR of BINOLSs catalyzed by

5d.2
Br. Bu! ‘ O
g g o’go ‘ ‘ o/go o’go
l ! OH ! ] OH ! l OH
Br But
from rac-8f

from rac-8a
conv.: 46%, s =7

conv.: 55%,° s = 29
8a: 42% yield,[ 95% eeld] 8f: 45% yield, 51% ee
9fb: 41% yield, 61% ee

9ab: 51% yield, 78% ee
99 o “CO
v oo oo
[ l OH _O [ ! OH ] ! OH
Ph
from rac-8i

from rac-8g
conv.: 50%, s =3 conv.: 59%, s = 24
8i: 37% yield, 97% ee
9ib: 53% yield, 71% ee

from rac-8e
conv.: 58%, s = 16
8e: 40% yield, 93% ee
9eb: 47% yield, 66% ee

from rac-8h
conv.: 59%, s = 11
8h: 38% yield, 88% ee
9hb: 55% yield, 60% ee

8g: 46% yield, 35% ee
9gb: 45% vyield, 35% ee

Br Bu!
OH OH OH OH
L, 0 Q0 L,

rac-8j rac-8k rac-8l rac-8m

Unsuccessful SuTistrates

3 Reaction conditions: rac-8 (0.5 mmol, 1 eq.), 7b (47.4 mg,
50 pL, 0.3 mmol, 0.6 eq.), iProNEt (45.2 mg, 61 pL, 0.35
mmol, 0.7 eq.), 5d (135 mg, 5 mol %), CHCl3 (2.5 mL), 0 °C,
10 h. ® Conversion determined by Kagan’s equations. ©
Isolated yield. 9 ee determined by HPLC.

In view of the excellent results achieved with
catalyst 5d in the acylative KR of 8a, the study of the
recyclability of the catalyst in this particular process
was undertaken. The process was initially studied in
chloroform, however, slow deactivation of the catalyst
was observed although selectivity remained constant
over ten consecutive cycles (see Table S1). The
deactivation process can be tentatively attributed to
hydrolysis of the intermediate acylisothiouronium
species as suggested by Birman,*’@ and we reasoned
that using the less labile and less toxic anhydrous
CH.CI; could minimize the deactivation problem
without requiring solvent pre-treatments. As shown in
Table 5, no decrease in catalytic activity or
enantioselectivity was observed in a ten-cycle
experiment in this solvent.
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Table 5. Recycling of 5d in the acylative KR of rac-8a with

7b in CH2C|2.a)
5d (5 mol%)
:OH SRS, : :I
rac-8a 7b (0.6 eq)
run 8aee”[%] 9abee”[%] conv®[%] s?
1 92 74 55 21
2 91 75 55 22
3 92 74 55 21
4 93 73 56 21
5 92 74 55 21
6 92 73 55 20
7 91 73 55 20
8 91 73 55 20
9 91 73 55 20
10 90 73 55 19

% Reaction conditions: rac-8a (164 mg, 0.5 mmol, 1 eq.), 7a
(50 uL, 0.3 mmol, 0.6 eq.) iPr2NEt (61 uL, 0.35 mmol, 0.7
eq), PS-cat. 5d (135 mg, 5 mol %), CH,Cl, (2.5 mL), 0 °C,
10 h. P ee determined by HPLC. @ Conversion determined
by Kagan’s equations. 9 Selectivity factors calculated from
ee data.

Once the robustness of 5d in dichloromethane had
been established, a large scale (100 mmaol) experiment
in continuous flow was planned. The employed setup
is shown in Figure 3. Catalyst 5d (1.0 g, 0.37 mmol)
was swollen in CHCl; in a size-adjustable medium
pressure glass column to create a packed bed reactor,
and a cooling jacket was attached to maintain an
internal temperature of 0 °C. Two syringes mounted on
a single syringe pump were used to feed the reagents
to the flow reactor. One of the syringes contained a
solution of 8a and isobutyric anhydride (7b) in
dichloromethane, and the second one a solution of
iProNEt in dichloromethane, with concentrations
adapted to secure the desired ratio (0.2 M in 8a in the
combined flow). The optimal combined flow rate was
initially determined as 0.1 mL.min! at a reaction
temperature of 0 °C. Then, the preparative experiment
was performed under the optimal condition from 250
mL of a 0.4 M solution of rac-8a (32.8 g, 100 mmol)
in CH.Cl,. The experiment took 84 h to completion,
and the measured residence time of the employed
setup (visual inspection with a solution of methyl red)
was ca. 40 min. Data at different operation times have
been summarized in Table 6.

10.1002/adsc.201901420

Table 6. Continuous flow acylative KR of 8a with
isobutyric anhydride (7b) catalyzed by 5d (f = 0.37 mmol.g

1) a)
250 mL
50 pL mint oi
\’N (0.70 eq) o
e
GO W- ok )Y m)\ 0.2
(o)
faco mmol) 7b (0.60 eq) 50 pL mint (1.09, o§g7 mmol) OO O/t
250 mL Rpob
Operation 8a  8a %9ab 9ab Conv® s
time[h] € yield® ee” yield® [%] &)
o6l (% (%] (%]
0 94 40 62 57 60 14
2 91 43 69 50 57 17
12 96 40 64 58 60 17
21 96 40 64 55 60 17
32 9% 41 66 56 59 18
42 9% 43 67 52 59 19
56 97 39 66 55 60 20
66 96 43 69 55 58 21
76 9% 42 69 50 58 21
84 90 45 74 49 55 20

3 Reaction conditions: rac-8a (1 eq., 0.2 M in CH,Cl,), 7b
(0.6 eg., 0.2 M in CHxCly), iProNEt (0.7 eq., 0.2 M in
CHCl,), 5d (1.0 g), 0 °C, 0.1 mL.min' combined flow,
residence time 40 min. ® ee determined by HPLC. 9 Isolated
yield 9 Conversion determined by Kagan’s equations. ¢
Selectivity factors calculated from ee data.

It was highly rewarding to see that 5d does not show
any sign of deterioration after 84 hours operation. This
was clearly an indication of potential practical
applicability in the continuous preparation of both
enantiomers of BINOL. Taking into account that the
original preparation of ent-5d!*d provided a more
highly functionalized resin (f = 0.88 mmol.g), we
reasoned that the use of this particular resin could lead
to an important increase in the productivity of the
acylative KR. To test this possibility a new packed bed
reactor was prepared with 1.0 g of ent-5d with f = 0.88
mmol.g*. Working with this resin under the same
experimental conditions of the previous flow process,
we could easily determine that a combined flow rate of
0.4 mL.min provided a conversion of ca. 58% (Table
7). At this rate, the acylative KR of a sample of 12.6 ¢
(38.4 mmol) of rac-8a could be completed in a 8 hours
experiment. This represents an impressive four-fold
increase in productivity relative to the use of 5d with f
= 0.37 mmol.g™%, resulting in residence times of ca. 10
min. Interestingly, no variation in selectivity or
catalytic activity could be detected during the whole
experiment.
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Table 7. Continuous flow acylative KR of 8a with
isobutyric anhydride (7b) catalyzed by ent-5d (f = 0.88
mmol.g%).?

96 mL - OLN/\(\OJ@[:W‘
\,\N( el " ent-5d Oe Oi
T ©70e (1.0 g, 0.88 mmol) X oH
_m_. (R)-8a
G Lo L COL2
o O 0_0
vac- mmol) 7b (0.60 eq) 200 uL mint OO I
96 mL (S)-9ab
Operation 8a ee® 9ab ee? conv?[%] s9
time[h]  [%lI [%]
05 -90 -66 58 14
1 -92 -67 58 16
2 -93 -68 58 17
3 -93 -68 58 17
4 -93 -68 58 17
5 -93 -67 58 17
6 -92 -68 57 17
7 -93 -67 58 17
8 -93 -68 58 17

4 Reaction conditions: rac-8a (12.6 g, 1 eq., 0.2 M in
CHCly), 7b (0.6 eg., 0.2 M in CH,Cl,), iPr.NEt (0.7 eq., 0.2
M in CH,Cl,), ent-5d (1.0 g, 0.88 mmol), 0 °C, 0.4 mL.min
L combined flow, residence time 10 min. ® ee determined by
HPLC. @ Conversion determined by Kagan’s equations. 9
Selectivity factors calculated from ee data.

Although the hydrolysis of BINOL mono- and
diesters and the enantioenrichment of scalemic
BINOL (6) by recrystallization are  well
documented,*® we wanted to show that both
enantiomers of 6 can be easily obtained in highly
enantiopure form from either 8a or 9ab resulting from
the flow process. To this end, representative samples
(500 mg) of both compounds, isolated from the
effluent of the flow process mediated by 5d were
treated with finely powdered K>COs (4 eq.) in MeOH
for 2 h at room temperature, and the resulting 6
submitted to  enantioenrichment by  slow
crystallization from toluene (Scheme 4). Through this
non-optimized process (S)-8a with 96% ee afforded
(S)-6 with 99.2% ee in 75-85% yield. Starting from the
diester (R)-9ab with 67% ee, (R)-6 with 99.6% ee was
obtained in 35-41% vyield.

10.1002/adsc.201901420

I OH 1) K,CO3 (2 eq),MeOH, rt, 2 h
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Y~ 2) toluene, 30 min, 110 °C
0 3) toluene, rt, 2-3 days

(S)-8a, 96% ee

s
Y

(R)-9ab, 67% ee

75-85% yield

1) K,CO3 (4 eq),MeOH, rt, 2 h

2) toluene, 30 min, 110 °C
3) toluene, rt, 2-3 days

35-41% yield (R)-6, 99.6% ee
Scheme 4. Recovery of enantiopure BINOL (6) from its
mono- and diesters.

Conclusion

In summary, the polystyrene-immobilized
isothiourea 5d is a suitable catalyst for the acylative
KR of O-acetyl BINOL 8a and some of its derivatives
with isobutyric anhydride 7b. Working in
dichloromethane, the catalyst can used in batch for ten
consecutive cycles or in continuous flow for 84 h
without showing any decrease in catalytic activity or
in selectivity. With the use of a highly functionalized
resin (f = 0.88 mmol.g), a 58% conversion is achieved
with a residence time of 10 min. in a packed bed
reactor containing 1 g. of the functional resin. In this
manner, a productivity of 5.5 mmol r)-ga+(s)-gab: MMOlent
sa2-h™t can be achieved in a very simple manner.
Although some optimization work for the conversior
of enantioenriched 8a and 9ab into the enantiomers of
BINOL (6) is still required, the present procedure
appears as a most promising alternative for the large-
scale preparation of these industrially important
materials.

Experimental Section
General procedure for the AKR in batch

To a 5 mL glass vial at 0 °C (ice bath), cat. 5d (f = 0.37
mmol/g, 135 mg, 5 mol % loading) and 2.5 mL CHClIs,
followed by rac-8 (0.5 mmol, 1 eq.), 7b (47.4 mg, 50 uL,
0.3 mmol, 0.6 eq.) and 'ProNEt (45.2 mg, 61 L, 0.35 mmol,
0.7 eq.), were sequentially added. The reaction mixture was
shaken 10 hours. Then, it was filtered and the resin beads
were washed with CHCI; (3 x 1 mL). The solvent was
concentrated in vacuo and the product was isolated after
purification by column chromatograpﬂy on silica gel with
cyclohexane/ethyl acetate (EtOAc/c-Hex = 1:10). In the
recycling experiments, the functional resin 5d was used
directly in the next reaction cycle. After each cycle, the
organic phase was concentrated under vacuum, and the
product was isolated after purification by column
chromatography as indicated above.

Continuous flow AKR of rac-8a with

isobutyric
anhydride 7b using catalyst 5d

Catalyst 5d (1.0 g, 0.37 mmol), contained in a size-
adjustable medium pressure glass column (Omnifit glass

6
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column, 10 mm @) to create a packed bed reactor, was
swollen by pumping CH,Cl, at 0.1 mL. min~* for one hour
and a cooling jacket was attached to the reactor to maintain
an internal temperature of 0 °C. Two syringes mounted on a
single syringe pump were used to feed the reagents to the
flow reactor,one containing a solution of 8a and isobutyric
anhydride gbg in dichloromethane, and the second one a
solution of DIPEA in dichloromethane, with concentrations
adapted to secure the desired ratio (0.2 M in 8a in the
combined flow). The optimal combined flow rate was
initially determined as 0.1 mL.min! at a reaction
temfperature of 0 °C. Then, the pr%Paratlve experiment was
performed under the optimal condition from 250 mL of a
0.4 M solution of rac-8a (32.8 g, 100 mmol) and 7b (10.0
mL, 60 mmol) in dichloromethane, and 250 mL of a solution
of DIPEA (11.9 mL, 70 mmol) in dichloromethane. The
experiment took 84 h to completion, and the measured
residence time of the em(floyed setup (visual inspection with
a solution of methyl red) was ca. 40 min. Data at different
operation times have been summarized in Table S3.5 (see
Supporting Information?. When_the solutions of reagents
were consumed, CHxCl; was circulated at 0.1 mL min
until TLC analysis showed no product in the effluent (ca.
1.5 h). The collected outstream was concentrated under
reduced pressure and purified by column chromatography
on silica gel with cyclohexane/ethyl acetate (20:1) to yield
the corresponding products (S)-8a and (R)-9ab.
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Continuous Flow Preparation of Enantiomerically
Pure BINOL(s) by Acylative Kinetic Resolution
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