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Catalytic enantioselective aldol reactions of trifluoroacetophe-
nones with ketones under continuous-flow conditions have been
developed for the first time by using polystyrene-supported proli-
namides. The robustness of the flow system was demonstrated by
the continuous synthesis of a variety of trifluoromethyl carbinols
in high yields with high enantioselectivities. The unusually long
lifetimes (>195 h) of this flow process were achieved by facilitating
H,O-promoted hydrolysis of iminium intermediates on the
polymer. Mechanistic study revealed a racemization phenomenon
and an inherent reversible property of the aldol reactions in a con-
ventional batch system, both of which were suppressed under con-
tinuous-flow conditions. The synthetic utility of this flow process
was further demonstrated by the formal continuous-flow synthesis
of a chiral fenpentadiol analogue.

Chiral secondary amines such as proline and its derivatives are
commonly employed, reliable chiral organocatalysts for the
synthesis of optically active carbonyl compounds.' These cata-
lysts are generally stable and easily handled, and several types
of chiral secondary amines have been developed and applied
for catalytic asymmetric reactions. On the other hand,
although immobilization of active catalysts on heterogeneous
supports to enable their recovery and reuse has been exten-
sively investigated,” the development of heterogeneous chiral
secondary amines immobilized on supports has been proble-
matic because immobilized catalysts are sometimes easily de-
activated during asymmetric reactions, and their recovery and
reuse is generally difficult.®> Moreover, their application in con-
tinuous-flow reactions” has not been successful, mainly due to
the short catalyst lifetime.

Since chiral trifluoromethylated tertiary alcohols are preva-
lent motifs in various natural products and biologically and
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pharmaceutically relevant molecules,” the development of
efficient strategies to access enantioenriched trifluoromethyl-
ated tertiary alcohols is of great interest. Chiral secondary
amine-catalyzed aldol reactions have been recognized as one
of the most powerful carbon-carbon bond-formation methods
for the synthesis of chiral secondary or tertiary alcohols.®
Although a few catalytic systems have been developed for the
synthesis of trifluoromethylated tertiary alcohols using aldol
reactions with high enantioselectivities,” there are some
serious issues to be resolved in their practical synthesis: (1)
long reaction times and high catalyst loadings are generally
required because of difficulties arising from the construction
of quaternary carbon centers and (2) chiral trifluoromethylated
tertiary alcohols easily undergo racemization in the presence
of weak acids, protic solvents, and high catalyst loadings and
sometimes during extended reaction times. One of the solu-
tions that can be used to address these issues is a continuous-
flow reaction system using an immobilized chiral secondary
amine. There are many general advantages of continuous-flow
systems over conventional batch systems with respect to
efficiency, safety, and environmental compatibility.®
Furthermore, under continuous-flow conditions, it is possible
to realize high local catalyst loadings for reactions while avoid-
ing prolonged contact of the catalysts with the chiral products,
thereby reducing the extent of racemization. However, de-
activation of immobilized secondary amines® under continu-
ous-flow conditions is generally problematic, as described.* To
overcome these challenging issues, we herein present for the
first time a simple but efficient continuous-flow enantio-
selective aldol reaction system for the synthesis of enantio-
enriched trifluoromethylated tertiary alcohols wusing an
immobilized chiral secondary amine catalyst and an additional
small amount of water (Scheme 1).

For the target aldol reaction, we selected one of Singh’s
chiral prolinamide catalysts because of its high reactivity.'’
Inspired by the previous related reports on continuous-flow
reactions by the group of Pericas® and by our group,'’ we
employed a copolymerization strategy and prepared three
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Scheme 1 This work: continuous-flow enantioselective aldol reaction
for the synthesis of chiral trifluoromethylated tertiary alcohols.

different immobilized prolinamides by grafting styrene linkers
to small molecular catalysts and further copolymerization with
styrene and divinylbenzene (see Schemes S1-3 in the ESIT).
The activities of the prepared polymer catalysts were compared
in the aldol reaction of acetone (2a) with trifluoroacetophe-
none (1a) in a batch system. PS-Pro 1 gave the highest
efficiency, albeit with decreased enantioselectivity (Table 1,
entry 1). The reduction in the enantioselectivity might result
from emerging diastereomers of the catalyst in the copolymeri-
zation step.'”> PS-Pro 2 gave a slightly decreased enantio-
selectivity and a longer reaction time was needed compared to
the previous homogeneous report (Table 1, entry 2). PS-Pro 3
was selected as the optimal catalyst for this aldol reaction
because it exhibited the highest degree of enantiocontrol
(Table 1, entry 3)."> A range of acidic additives'* were screened
to improve the efficiency (TOF) of the aldol reaction'® (Table 1,
entries 4-6); however, no better results were obtained, with
similar racemization tendency to that of the homogeneous
cases being observed (entries 5 and 6).”>'® The lower levels of
enantiocontrol may arise either from product decomposition

Table 1 Activity evaluation of polystyrene-supported prolinamides
(PS-Pro) in a batch system?

J
2a 3a

(e}
/U\ +
Ph” CF,
1a
(}YO O/,
N
O
H o N ()\(

Catalyst (10 mol %)

Additive (x mol %) FsC, OH Q@

Acetone, 25 °C Ph

( o~ N
N NH
Ho AR Ph
PS-Pro1 PS-Pro2 Ph psprosno” “ph
O = Polystyrene Ph

Entry PS-Pro Additive/pK, in DMSO Time (h) Yield (%) ee (%)

1 1 — 4 91 82
2 2 — 9 93 86
3 3 — 7 89 90
4 3 H,0/31.4 6.5 84 86
5¢ 3 PhCOOH/11.1 4 72 78
6° 3 4-Nitrophenol/10.8 2 87 82

“Reaction conditions: 1a (0.2 mmol), catalyst (10 mol%), 2a (0.5 mL),
room temperature. ” H,0 (1 equiv). ¢ Additive (0.1 equiv).
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or from an overreaction. The recovery and reuse of the catalyst
PS-Pro 3 was investigated to examine the stability of the cata-
lyst in the batch system. Interestingly, the catalyst remained
reactive after eight runs and prolonged reaction times (14 to
35 h) (see Tables S4-5 and Scheme S4 in the ESI{).

We then investigated the aldol reaction under continuous-
flow conditions. In the continuous-flow experiment, fresh
polymer (676 mg) and Celite (4.1 g) were packed into a flow
column reactor (10 x 100 mm) and toluene was introduced to
stabilize the flow system at 1 mL min~" for 1 h in advance. The
catalyst lifetime in this case was 65 h. The column reactor size
was then reduced to 10 x 50 mm and the column was packed
with the recovered polymer from the above column (polymer
676 mg and Celite 1.4 g). Under these conditions, the lifetime
was 45 h. In contrast to the batch system, high enantio-
selectivities of the flow system were achieved in all cases. The
deactivated polymer was recovered and subjected to fluorine
elemental analysis and IR analysis (see Schemes S5 and 6 in
the ESIf). The analysis of the obtained spectra, which indi-
cated the presence of the fluorine atom, led us to speculate
that the deactivation of the flow process might arise from a
reduced rate of hydrolysis of the iminium intermediates on
the polymer due to the loss of water in the catalytic cycle
(Scheme 2).

To overcome these issues, a range of additives, such as
water, 4-nitrophenol, and HFIP, were introduced into the flow
system in an attempt to increase the efficiency and lifetime of
the catalyst (see Tables S6-S8 in the ESI,t also see Tables S1-
S37 for the additive effect in a batch system). It was found that
the inclusion of an additional 1 equivalent of H,O was the key
to success. In contrast to the batch system, H,O generated
in situ was not reusable in a flow reactor, which led to de-
activation of the catalyst. An extended-time flow reaction
(195 h) was conducted to evaluate the catalyst activity in the
flow system and, in all cases, high enantioselectivities were
obtained (>87% ee). Interestingly, high isolated yields were
still obtained even after 190 h. The high catalytic activity of the

PS-Pro 3
Celite, 25 °C

i O 0.05 mL/min
Ph CF3 + )J\;q@_,
1a,0.05 M 2a
T 90
T 00 G0 ¢
° .. [ Y ®
> 70 °
60 P o
50
40
[ ]
30
20
10
0 20 40 60 80 100

® =Fresh polymer @ = Recovered polymer Time (h)

Scheme 2 Screenings of conditions for continuous flow. (a) A 10 X
100 mm column was used for the fresh polymer and (b) a 10 x 50 mm
column was used for the recovered polymer.
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flow system benefits from the H,O-promoted hydrolysis of the
iminium intermediate of the catalyst. In addition, a short resi-
dence time might avoid overreactions and side reactions in the
flow reactor. The total TON was 38, five times higher than that
of the previously reported reaction in batch systems. The pro-
ductivity was 4.7 mmol product per mmol catalyst per day
(Scheme 3).

The substrate scope was investigated under the optimized
conditions using PS-Pro 3 for the continuous-flow aldol reac-
tions (Scheme 4). From 3a to 3h and 3a/, the reactions of all
samples were performed for 10 h. An acetone/H,0O mixture was
introduced to rinse the flow system at 1 mL min~" for 30 min
between the reactions of two different samples. The reactions

PS-Pro 3 676 mg

[¢] i i o
/U\ . O  0.05 mL/min Celite 4.1 g, 25 °C FS%OJ\
Ph” “CFs oh
1a,0.05 M 2a 3a, Total TON = 38,
:(';'go Productivity = 4.7 mmol
oea product mmol catalyst™! day™!
:\0‘140
3
& 120 °
c
Q
© 100
a e o e o
°
80 e H § © g 3§ 83
60 ©
40
20
0 50 100 150 200
Time (h)
o =Ee(%) e = Yield (%)

Scheme 3 Long-time flow reactions in the presence of 1 equivalent of
H,0.

[e) PS-Pro 3 676 mg R2 OH O
R! o 0.05mLmin Celite 4.1 R!
A R2 o ' R3
| P +)J\R3 @ | P
1,005M + H,0 2 10x100 mm 3
10eq. FaC OH O MeOOG, OH O
FsC OH O ,
R!
o OO
= 31, 81% yield, 89% ee 3g, 63% yield, 9% ee
3a, R' = H, 89% yield, 91% ee OH O
FsG OH O
3b, R' = 3-MeO, 81% yield, 89% ee  R! s
3¢, R = 4-CFa, 89% yield, 84% ee |\ X
3d, R' = 3-Br, 90% yield, 87% ee _

3e, R' = 4-NO,, 88% yield, 83% ee
R' = 2,4-Mey, 27% "H NMR yield
2, 217 vie R'= H, 'H NMR yield < 10%

FiC, OH Q
¢ FsC OH O

3i, R' = Et, 74% yield, 90% ee M/

3j, R' = Propyl, 78% yield, 85% ee  H NMR yield < 10%

3h,R" = 4-Br, 44% yield, 74% ee 3a', 65% yield, 85% ee

FsC OH O

0O

"H NMR yield < 10%

Scheme 4 Substrate scope of the sequential aldol reactions in continu-
ous flow. (a) From 3a to 3h and 3a’, a freshly prepared polymer was
packed into a flow reactor. (b) From 3i to 3j, the recovered polymer was
used.
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of 3i and 3j were performed for 5 h. Between running the two
samples, a THF/H,O mixture was introduced at 1 mL min~"
for 30 min and a toluene/H,O mixture for another 30 min to
wash the flow system. The flow rate was set as 0.05 mL min ™",
and the concentration was 0.05 mmol mL™". Degassing the
organic solvents using an ultrasonic instrument for 10 min
effectively prevented blockages caused by bubbles gathering in
the flow pipe. Notably, only one batch of the polymer was used
during the investigation of the substrate scope. The efficiency
of the flow reactions slightly dropped with respect to yields
and ee values between the beginning 3a and the end 3a'.
Noting this deactivation, we recovered and reactivated the
polymer and Celite by washing with HCOOH, 1 M NaOH, H,0,
methanol, and DCM. The reactivated catalyst was repacked
into the flow reactor for use with asymmetric ketones and sym-
metric ketones. In accordance with previous reports, methyl
ketones could smoothly react with trifluoroacetophenone, but
others could not.” In addition, not easily accessible ketones or
solid ketones that could not serve as solvents were intolerable
to this flow system. Notably, high enantioselectivities could be
achieved even after 100 hours.

In conventional batch systems, chiral products tend to race-
mize over a prolonged reaction time. In contrast, these con-
tinuous-flow systems automatically separate the product and
catalyst, guaranteeing high enantioselectivity even after 100 h.
This interesting phenomenon stimulated us to explore the
reason why the flow system could present such an advantage
over the batch system. In situ "H NMR study was conducted to
identify the possible by-products or intermediates that were
generated in the batch system. Thus, the optically active
product 3a was dissolved in acetone-ds and subjected to "H
NMR analysis (sample (a)). The spectrum showed that the rela-
tive integral value of the methyl group of 3a was 3.04, and no
acetone peak was observed. To sample (a) was added 10 mol%
of PS-Pro 3 and, after 24 h of stirring at room temperature, the
mixture was filtered and the filtrate was subjected to "H NMR
analysis (sample (b)). This spectrum showed that the relative
integral value of the methyl group of 3a was 2.78 and the inte-
gral value of the formed acetone peak was 0.82. The reduction
in the relative integral value of the methyl peak in sample (b)
indicated that about 9% of the product 3a was deuterated in
acetone-dg in the presence of 10 mol% of PS-Pro 3 after 24 h of
stirring. Moreover, the appearance of the acetone peak (0.82)
in sample (b) directly revealed that the reverse reaction
occurred over a longer reaction time (Scheme 5). These 'H
NMR data provided solid experimental support for the reverse
catalytic cycle and racemization mechanism.

Based on the '"H NMR study and fluorine elemental ana-
lysis, we proposed a reasonable catalytic cycle for this aldol
reaction (Scheme 6). The "H NMR study revealed the existence
of a reverse catalytic cycle in which the chiral product 3a could
further react with PS-Pro 3 and slowly produce 1a and 2a at the
same time. This reverse catalytic cycle explained the racemiza-
tion mechanism. In the flow process, deactivation of PS-Pro 3
was observed in the absence of the H,O additive. Intermediate
C shown in Scheme 6 was proposed to explain the deactivation

Green Chem., 2021, 23,1989-1994 | 1991
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Scheme 5 'H NMR study revealing the advantage of continuous flow
over a heterogeneous batch system.

pathway, which could be further suppressed by the addition of
1 equivalent of H,O. The structure of intermediate C was sup-
ported by IR analysis and by fluorine elemental analysis

View Article Online

Green Chemistry

. PS-Pro 3 676 mg
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CF30
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2 0.05 mL/min  10x100 mm
a
+ Hzo
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a) MeMgBr (4 eq.), THF
Ar, 50°C, 24 h
b) Recrystallization cl

FsC, OH O

Cl

Cl
1i,0.05 M 3k, 87% yield, 83% ee

4, 54% yield, 96% ee cl

Fenpentadiol

Scheme 7 Formal continuous-flow synthesis of chiral fenpentadiol
analogue 4.

(see Schemes S5 and 6%). A more detailed description of the
transition states is shown in Scheme S11.}

The synthetic utility of this continuous-flow process is
further demonstrated by the semiautomated synthesis of
chiral fenpentadiol analogue 4'” (Scheme 7). The chiral precur-
sor 3k was obtained in a high yield with high enantioselectivity
by using the developed continuous-flow system. The sub-
sequent Grignard reaction with methyl magnesium bromide
smoothly delivered the desired fenpentadiol analogue 4, pos-
sessing potential antidepressant activity.'®

In summary, we have developed highly enantioselective
aldol reactions of trifluoroacetophenones with ketones in a
continuous-flow system for the first time using PS-Pro catalysts
and a small amount of water as an additive. The efficiency of
the flow system over the batch system was demonstrated by the
continuous synthesis of a variety of chiral trifluoromethyl car-
binols in high yields with high enantioselectivities. This flow
process highlighted the long-term stability (>195 h) that was
achieved by the addition of 1 equivalent of H,O. Fluorine
elemental analysis and IR analysis provided experimental evi-
dence for the deactivated polymer. In situ 'H NMR study

Ns
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Ph Ph

HO
C (IR and F elemental analysis)

s
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" \\_—/O‘(

H NH
HO
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A

Scheme 6 Catalytic cycles including the catalyst deactivation pathway and racemization mechanism.
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revealed the existence of the reverse catalytic cycle. The syn-
thetic utility of the system was documented by the formal con-
tinuous-flow synthesis of chiral fenpentadiol analogue 4. This
flow system is anticipated to become an important component
of modular organic synthesis to access natural products, bio-
active molecules, and materials.
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17 For the homogeneous synthesis of chiral fenpentadiol, see:
J. H. Park, J. H. Sim and C. E. Song, Org. Lett., 2019, 21, 4567.

18 (a) R. Valette, U.S. Patent, US3660560A, 2018; (b) The
Dictionary of Drugs: Chemical Data, Structures and
Bibliographies, ed. J. Elks, Springer, Berlin, 2014.
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