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ABSTRACT: An original total synthesis of the antiepileptic drug brivaracetam (BRV) is reported. The key step in the synthesis
consists of an enantioselective photochemical Giese addition, promoted by visible-light and the chiral bifunctional photocatalyst A-
RhS. Continuous flow conditions were employed to improve the efficiency and allow an easy scale-up of the enantioselective
photochemical reaction step. The intermediate obtained from the photochemical step was converted into BRV by two different
pathways, followed by one alkylation and amidation, thus giving the desired active pharmaceutical ingredients (API) in 44% overall

yield, 9:1 diastereoisomeric ratio (dr) and >99:1 enantiomeric ratio (er).

B INTRODUCTION

The manufacturing of active pharmaceutical ingredients (API)
has been one of the great concerns of nations around the
world. The shortage of several medications in many countries
during the COVID-19 pandemic demonstrated that this is a
matter of sovereignty that requires more of our attention and
investment.' Epilepsy is a condition in which an individual
suffers from recurrent unstimulated seizures.” It is estimated
that about SO million® people worldwide live with this
condition and 40% of all these people do not respond well
to the conventional medication used as treatment, a condition
known as drug-resistant epilepsy (DRE).* For this reason,
there is a strong search for new antiepileptic drugs (AED) that
are capable of acting against DRE. In 2016, the European
Union and the United States agencies approved the use of a
new AED in cases of DRE called brivaracetam (BRV) (Figure
1).> BRV was developed from another drug with a very similar
structure, levetiracetam (LEV) (Figure 1).

The difference between BRV and LEV is the presence of the
n-propyl side chain attached to C4, and from the four possible
stereoisomers of BRV, the (4R2’S) shows a much higher
affinity for the synaptic vesicle protein 2A (SV2A), which is
one of the main therapeutic targets for the search of new
AEDs.’ The main challenge associated with the synthesis of
BRYV is the stereocontrolled installation of the center at C4,
and this is why many synthetic routes adopt strategies based on
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Figure 1. Structures of levetiracetam (LEV) and brivaracetam (BRV).

chiral HPLC separation or resolution with chemical or
enzymatic agents. In 2008, UCB pharmaceutical demonstrated
the preparation of BRV starting from methyl (E)-hex-2-enoate
and nitromethane (Scheme 1A).”° Preparation of (R)-4-
propylpyrrolidin-2-one is achieved in two steps, followed by
chiral HPLC separation. A diastereoisomeric mixture of BRV is
obtained after two more steps, which is then subjected again to
chiral chromatography separation, affording the final API in
7.2% overall yield. In a different approach, Mankind Pharma
demonstrated the preparation of diastereoisomeric BRV in six
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Scheme 1. Reported Approaches for the Total Synthesis of
BRV
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steps from butyraldehyde e monoethyl malonate (Scheme
1B).”" After a chiral HPLC purification step, BRV was
obtained in 12.8% overall yield. A biocatalytic route was
reported by Schiilé and co-workers, in which proteases B and
C from B. subtilis were used in the resolution of the racemic f-

carboxyl tert-butyl ester intermediate, affording the corre-
sponding R enantiomer in 42% yield (Scheme 1C).” The
synthesis was completed after a total of seven steps, and BRV
was obtained in 9.1% overall yield. Additionally, in 2020,
Clininvent Research Pvt. Ltd. reported an alternative route to
BRYV, based on chemical resolution using S-phenylethylamine
(Scheme 1D).”" The diastereoisomeric amide intermediate is
purified by recrystallization from di-isopropyl ether, affording
the correct stereoisomer that is further converted into BRV.
The synthetic route is comprised of nine steps, with 4.3%
overall yield. In another example, the synthesis reported by
Beijing Abeno Pharmaceutical Co. Ltd. employs a chiral
oxazolidine-2-one auxiliary to perform a stereocontrolled
alkylation at the a-carbonyl position of the starting material
(Scheme 1E).”™" The next step in the synthesis involves the
cleavage of the auxiliary to deliver the corresponding alcohol,
which is further manipulated to obtain the API in 13.7% yield
after eight steps. Other examples involving the synthesis of
BRV or any relevant intermediate can be found in the
specialized literature.”’

In the scenario of modern enantioselective synthesis,
asymmetric catalysis has stood out as the most efficient,
practical, and sustainable tool that might be used for
conducting stereocontrolled transformations. Up to date,
only two enantioselective total syntheses of BRV based on
asymmetric catalysis have been reported. The first one was
reported in 2019 by Jiangxi Qingfeng Pharmaceutical Co. Ltd.
and employs the MacMillan asymmetric catalyst to promote
the enantioselective reaction between diethyl bromomalonate
and pentanal as the key step.” The reaction uses BiO; as a
photocatalyst, and the product is converted into BRV (58%
overall yield) after two more steps (Scheme 2A). In the other

Scheme 2. Reported Approaches for the Enantioselective
Total Synthesis of Brivaracetam Based on Organocatalysis
(A) and Desymmetrization/Resolution Strategies (B)
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approach, reported by two Chinese companies, the synthesis of
BRV starts with 3-propylpentanedioic acid and after seven
steps, including desymmetrization of the starting acid and
chiral resolution, an enantiopure intermediate is obtained,
which is converted into BRV after two more steps (Scheme
2B).” The final API is obtained in 7.2% overall yield.

These approaches represent important advances in the
synthesis of this API, however, we believe that the develop-
ment of alternative routes based on asymmetric catalysis is still
necessary, not only because the examples reported so far are
few but because some improvements are needed, especially to
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avoid too many steps on the synthesis and a decrease of the
catalyst loading.

Aiming at contributing to the expansion of the synthetic
literature of BRV, herein we report an original enantioselective
synthesis of this API, combining the use of asymmetric
photocatalysis and continuous flow. There are several examples
where photocatalysis is combined with the continuous flow
conditions (photoflow), including the synthesis of many
known pharmaceuticals; however, to the best of our knowl-
edge, this is the first time that asymmetric photocatalysis is
combined with the continuous flow for the synthesis of an
enantiopure APL"

B RESULTS AND DISCUSSION

Our synthetic design begins with the stereocontrolled
installation of the stereogenic center at C4, which can be
achieved through an enantioselective conjugate addition of an
a-aminoalkyl radical to an @,f-unsaturated carbonyl derivative
(Scheme 3A). Cyclization between the deprotected amino

Scheme 3. (A) Synthetic Design for the Synthesis of BRV
and (B) Asymmetric Conjugated Addition Approach
Previously Reported by Meggers
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group and carbonyl functionality shall assemble the pyrrolidin-
2-one core of BRV, which can be coupled to the chiral
butanoate fragment by a substitution reaction, followed by
functional group interconversion to deliver the target APL

Aiming at high levels of stereocontrol for the asymmetric
conjugate addition step, the use of the catalyst RhS developed
by Meggers and co-workers seems to suit properly as previous
studies demonstrate its use in photochemical enantioselective
Giese addition reactions with excellent levels of enantiose-
lectivity."' In a particular example published in 2018,''® the
authors describe the f-alkylation of a,f-unsaturated acylimi-
dazoles employing Hantzsch ester derivatives as radical
precursors. This reaction was developed in mild conditions
with high yields and enantiomeric ratios (ers), using only the
chiral catalyst A-RhS, without the necessity of an additional
photocatalyst (Scheme 3B).

Inspired by this report, we started our synthetic endeavors
by investigating the conjugate addition between a,f-unsatu-

rated acylimidazole 1 and Hantzsch ester 2a in the presence of
the chiral catalyst A-RhS in CH,CIl, and visible-light
irradiation (batch condition).

After the screening of the reaction parameters in the batch
regime, we were able to obtain the target product 3 in
quantitative yield and an excellent 98:2 enantiomeric ratio (er).
This result was achieved by performing the reaction under a 15
W CFL lamp irradiation for 4 h with 1.2 equiv of 2a, 4 mol %
of A-RhS catalyst, and concentration of 1 at 0.1 M in CH,Cl,;
the compound 3 was isolated by column chromatography
(Table 1, entry 1). The use of blue LEDs or other CFL lamps

Table 1. Screening of the Reaction Parameters for the
Preparation of Compound 3 in Batch”

BocHN

o A-RhS BocHN o
n-Pr/\QKr/N . ROLC [ COR (4 mol%) > n-Pr N

/N\/) Me™ N “Me 15 W CFL /N\/)

PR H CH,Cl, (0.1 M) PH

1 2a (R = £-Bu) t4h 3
1.2 equiv. Quant. yield

er 98:2
yield )
entry deviation from optimized conditions (%) er’
1 no changes quant? 9822
2 25 W CFL instead of 15 W CFL quant?  96:4
3 4 W blue LEDs instead of 15 W CFL 92 96:4
4 30 W blue LEDs instead of 15 W CFL 96 9S8:5
S 2b (R = Me) instead of 2a 27 98:2
6 2¢ (R = Et) instead of 2a 22 97:3
7¢ 2 mol % of A-RhS instead of 4 mol % 87 96:4
8 0.05 M for 1 instead of 0.1 M 89 98:2
9 0.2 M for 1 instead of 0.1 M 78 91:9
10  no changes with scale-up (1 mmol) and 20 h 96 98:2

reaction time

“1 (0.1 mmol), degassed via freeze-pump-thaw three times before
irradiation, N, atmosphere. “Isolated yield. “Determined by chiral
HPLC analysis. “Quantitative yield: >99%. 24 h.

had a slightly negative impact in terms of yield and er (Table 1,
entries 2—4). Substitution of Hantzsch ester 2a for congeners
2b (R = Me) and 2c (R = Et) showed no influence on the er;
however, even after long periods of irradiation, the conversion
of substrate 1 was not complete and the yield of 3 decreased
drastically (Table 1, entries S and 6). Lowering the catalyst
loading to 2 mol % made the reaction much slower, requiring
24 h to reach total conversion, and leading to a small decrease
in the yield (Table 1, entry 7). The reaction concentration was
also proven to be important to ensure an efficient formation of
compound 3 as more diluted or more concentrated conditions
led both to smaller yields and, for the more concentrated
condition, a decreased er (Table 1, entries 8 and 9). Having
the optimized conditions in hand, we performed a scale-up
experiment in batch using 1.0 mmol of a,f-unsaturated
acylimidazole 1 (Table 1, entry 10). We observed an
equivalent result (96% yield, 98:2 er) compared to the 0.1
mmol scale (Table 1, entry 1); however, the reaction required
much more time to be processed (20 h).

Despite the results observed for the scale-up experiment in
batch, the elongation of the reaction time might be a problem
for the production of greater amounts of 3. Further
enlargement of the reaction scale would require the
dimensions of the reaction vessel to be enlarged as well, and
it is known that such a change in the reaction apparatus usually
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leads to a significant loss of efficiency for photochemical
reactions.' >

With that in mind, we turned our attention to the possibility
to use continuous flow reactors'> to improve and scale-up the
synthesis of intermediate 3.

Initially, the reaction was transposed from batch to the
continuous flow conditions using the racemic rhodium catalyst
(rac-RhS). The use of 0.5 and 1.0 mL min~"' provided the
desired product in 95 and 96% yield, respectively (Table 2,

Table 2. Optimization of the Residence Time in Flow Using
rac-RhS

PhotoFlow
BocHN Reactor
BocHN o
AA)K( t-BuO,C | CO,t-Bu L.> /\/g\/U\/N
J Me H Me é- N \/}
2a rac-RhS [4 mol%)], 3 Ph
CH,Cl, [0.1 M]
Blue LED (120 W), rt, [N5]
entry”  flow rate (mL min™')  residence time (ty, min)  yield (%)°
1 0.5 50 95
2 1.0 25 96
3 2.0 12.5 85
4 1.5 16.7 93

“1 (1.0 equiv, 0.1 mmol, 0.1 M), 2a (1.2 equiv, 0.12 mmol), racemic
photocatalyst rac-RhS (4 mol %), CH,Cl, (1 mL), room temperature
(rt), degassed via freeze-pump-thaw three times before irradiation,
and light source (blue LED 120 W). bIsolated yield.

entries 1 and 2). When the flow rate was increased to 2.0 mL
min~’, the yield of compound 3 was lowered to 85% (Table 2,
entry 3) and the use of 1.5 mL min™" afforded 3 in 93% yield
(Table 2, entry 4). Aiming at a balance between efficiency and
productivity, we selected condition 2 (1.0 mL min™') as the
standard for the incoming reactions using the enantiopure
rhodium catalyst.

When the reaction was performed using the enantiopure
catalyst A-RhS, the target product 3 was obtained in 95% yield
and 91:9 er (Table 3, entry 1), a slightly lower er compared to
the batch results. Aiming at minimizing this deviation on er, we
decided to decrease the reaction temperature using a jacketed
glass flow reactor."® However, in both 0 and —20 °C, the yields
were similar (91 and 89%, Table 3, entries 2 and 3) and the
enantioselectivity was significantly lower (down to 73:27 er).
These results could be surprising, but selected examples from
the literature revealed that particular reactions can follow a
reverse direction on the enantioselectivity as lower the
temperature due to the significance of the entropic factor for
the stereo-determining step.'* Lower potencies of the blue
LEDs were also tested. Using 60 W slightly improved the
performance of the reaction (98% yield, 92:8 er, Table 3, entry
4), and no improvements in the enantioselectivity were
observed when the temperature was lowered to 0 or =20 °C
(Table 3, entries S and 6). We also tested the use of 40 W blue
LEDs, which afforded product 3 in 91% yield and 93:7 er.
(Table 3, entry 7). We then decided to evaluate if a higher
temperature could improve the performance of the reaction.
Running the reaction at 40 °C provided the target product in
96% yield and er 95:5 (Table 3, entry 8), proving itself as the
best condition. Further changes in the temperature did not
provide any improvements for the reaction (Table 3, entry 9),

Table 3. Optimization of the Reaction Conditions in Flow
Using A-RhS“

PhotoFlow
o BocHN Reactor BocHN
N Pr N tBqucf\/[COZt Bu é % j\)\(J
Ph’
-RhS %)
1 12 z:wv_ CHAZCIQ T(: m20;/m|n 3
entry light source temp. (°C) yield (%)” er”
1 blue LED 120 W rt 95 91:9
2 blue LED 120 W 0°C 91 74:26
3 blue LED 120 W —20 °C 89 73:27
4 blue LED 60 W rt 98 92:8
5 blue LED 60 W 0°C 95 86:14
6 blue LED 60 W —20 °C 98 77:23
7 blue LED 40 W rt 91 93:7
8 blue LED 40 W 40 °C 96 95:5
9 blue LED 40 W 60 °C 97 9S5:§
107 blue LED 40 W 60 °C 77 9S:5
11 blue LED 20 W 40 °C 92 96:4
12 CFL 30 W 40 °C 96 96:4
13 CFL 23 W 40 °C 98 95:5
14¢ CFL 30 W 40 °C 65 95:5
15 CFL 30 W 40 °C 98 96:4
165 CFL 30 W 40 °C 94 94:6

“1 (1.0 equiv, 0.1 mmol, 0.1 M), 2a (1.2 equiv, 0.12 mmol), CH,Cl,
(1 mL), degassed via freeze-pump-thaw three times before irradiation,
N, atmosphere, flow rate (1 mL min™"), residence tlme (tg = 25 min),
and chiral photocatalyst A-RhS (4 mol %). “Isolated yield.
“Determined by chiral HPLC analysis. 9Same as 4, but with a total
flow of 1.5 mL min™" (t; = 16.7 min). “Same as a, but with a
concentration of 0.05 M to 1 and maintaining the ratio of 2a./Same as
a, but with a concentration of 0.2 M to 1 and maintaining the ratio of
2a. Same as g, but processing a total S mmol of material in total.

and running the reaction at 1.5 mL min~" flow rate led to a
significant decrease in the yield of 3 (Table 3, entry 10).

Having selected 40 °C as the best temperature for this
continuous flow protocol, we kept on trying different light
sources. Irradiation with 20 W blue LEDs was tested, affording
compound 3 in 92% yield and er 96:4 (Table 3, entry 11). We
also tried the use of CFL lamps instead of blue LEDs. Using 30
or 23 W CFL lamps provided equivalent results (Table 3,
entries 12 and 13), and we chose to keep the 30 W CFL lamp
because of its better stability for constant emission of photons.
The last parameter evaluated was the concentration of the
reaction concerning the limiting reagent (compound 1).
Making the reaction less concentrated resulted in a
significantly lower yield of 3 (65%, 95:5 er, Table 3, entry
14); albeit a more concentrated reaction medium did not affect
the reaction outcome, the productivity of the process was
improved (Table 3, entry 15).

Based on these results, we selected entry 15 as the best
condition for running this reaction in flow. The result obtained
in the continuous flow setup demonstrated no loss of yield or
er compared to the experiment performed in batch but
significantly decreased the reaction time from 4 h to only 25
min residence time. Prompted by these results, we performed a
gram-scale experiment in flow, processing a total of 5.0 mmol
of a,f-unsaturated acylimidazole 1, affording about 1.7 g (94%
yield) of product 3 with 94:6 er (Table 3, entry 16). In this
experiment, the 5.0 mmol of 1 took only 75 min to be
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processed under the current residence time, which is much less
than the 24 h demanded by the scale-up experiment performed
in batch using 1.0 mmol of 1.

Having established a suitable protocol for the gram-scale
synthesis of intermediate 3, we moved to the next step in our
synthetic approach, the conversion of 3 into lactam 4.

Using the method described by Morimoto and Ohshima,"
acylimidazole 3 was subjected to solvolysis in MeOH at 150
°C in a sealed pressure tube for 48 h. The solvolysis of 3
afforded ester S in 71% yield after column chromatography
purification. Compound § was then treated with TFA in
CH,Cl, at room temperature, providing lactam 4 in 73% yield
and 94:6 er after workup, without the necessity of further
purification (Scheme 4A).

Scheme 4. (A) Stepwise Conversion of 3 into 4 and (B)
Direct Conversion of 3 into 4

A)
BocHN o BocHNJ\/?I\ E[E)
i NH
npr _N_ MeOH (0.2 M) e ome  TFA (10 equiv)
N/ 150°C, 48h DCM (0.1 M) n-Pr
Ph’ sealed pressure m,2h
3 tube 5 4
er 94:6 1% 73%, er 94:6
B)
BocHN o
ocl °
n-Pr /\N) MeOH (0.2 M) ) NH
N7 t75°C,80n NP
PH sealed pressure
3 tube 4
er 94:6 80%, er 94:6

While performing the aforementioned reaction, a careful
analysis of the crude mixture containing ester S revealed the
presence of a small amount of lactam 4, indicating the cleavage
of the Boc group and a further cyclization under the solvolysis
conditions. We wonder if it would be possible to drive the
reaction toward the total conversion of acylimidazole 3 into
lactam 4, without isolating ester 5. We found that rising the
temperature up to 175 °C and keeping the reaction for 80 h
led to a complete conversion of 3 into 4, without any remains
of ester 5. Lactam 4 was then isolated by column
chromatography in 80% overall yield (Scheme 4B). Our
main concern regarding this direct conversion was an eventual
racemization of the stereogenic center at p-position of
compound 4. Fortunately, we observed no change in the er
of 4, compared to 3 (94:6). Although the direct conversion of
3 into 4 was able to provide the target compound with a better
yield, we recognize that depending on the circumstances, it
might be more suitably performed stepwise, by the isolation of
ester §, mitigating security issues.

Attempts to achieve the direct conversion of 3 into 4 under
continuous flow conditions were performed, but unsuccessful.
Instead of lactam 4, ester S was the main product obtained in
the methanolysis of 3, and even after treatment with TFA for a
batch cyclization, compound 5 was obtained in only 37%
overall yield ("H NMR yield) after 160 min residence time.
This result reveals that the long-time demanding batch
condition is more suitable for this transformation. With
compound 4 in hand, we focus our efforts on the final steps
of the total synthesis of BRV, which consists of the
incorporation of the chiral butyramide moiety. This trans-
formation is already reported in the literature using a strategy
that involves N-alkylation of 4 with a chiral a-carbonyl
electrophile, accompanied by manipulation of the carbonyl
functionality to access the primary amide.””"

We decided to employ the protocol described by UCB
S.A.,”" in which lactam 4 is alkylated with racemic bromoester
6, and the methyl ester group is then converted into the
desired primary amide by reaction with aqueous ammonia.
Unfortunately, in our hands, the reaction of racemic 4 and 6
did not provide the desired ester 7 (Scheme 5).

Scheme 5. Attempt to Prepare Racemic Brivaracetam
i) NaH (1.5 equiv.) n-Pr n-Pr

O THF (0.2 M), 0°C n Z—\A\
30 min NH3
ﬂNH —_——— N0 @, SNO

n-Pr i) Q WOMe \/g\n/"“"z
4 OMe [} o)
1.0 equiv. Bre 7 Racemic
1.3 equiv. Not observed Brivaracetam

Based on this result, we turned our attention to the
possibilitzr of using (R)-2-bromobutyric acid (8) instead of
ester 6.'° The racemic lactam 4 (3.0 equiv) was treated with
NaH in THF at room temperature, followed by the reaction
with the racemic bromoacid 8 (1.0 equiv). The desired acid 9
was obtained and confirmed by "H NMR analysis of the crude
reaction mixture (Scheme 6). The conversion of 9 into racemic

Scheme 6. (A) Conversion of Lactam 4 into Racemic
Brivaracetam and (B) Synthesis of BRV

A i) THF (0.1 M)
o i) THF (0.05M) n-Pr CICO,Et (1.4 equiv.) n-Pr
NaH (7.0 equiv.) 21 EtsN (3.0 equiv.) @
ﬁNH 05h o _0°C,05h N0

n-Pr oH i)aorb 3

3.0 equiv.

1.0 equiv.
,24 h

N
ii) o 3
W \/\I(NHQ
4 MOH ) )
Br 9
8

Racemic
Brivaracetam
Cond. a: 47%
Cond. b: 58%

Conditions a: NH3 0.4 M in THF (1.5 equiv.)
Conditions b: NH,CI 1.0 M in H,O (1.5 equiv.)

i) THF (0.1 M)

o 1) THF(0.05 M) n-Pr,, CICO,Et (1.4 equiv.)
Et3N (3.0 equiv.)

NaH (7.0 equiv.) &
E/fNH r)‘l 05h NSO 0°C,05h
3 ii H i
o} OH ) NHsCliag 1.0 M
(1.5 equiv.),0°C, 3 h
4 . /\,)kOH \/Ir
er 94:6 H
3.0 equiv. Br 9
8
1.0 equiv. 58%
t,24h dr 9:1, er >99:1

60% of compound 4
was recovered

n-Pr

Brivaracetam

BRV was adapted from the original protocol, in which it is
achieved by activation of CO,H with CICO,Et, followed by
the reaction with liquid ammonia. Racemic 9 was then
subjected to the activation with CICO,Et in the presence of
Et;N in THF at 0 °C, but a commercial solution of ammonia
in THF was used in the second step, instead of liquid ammonia
(Scheme 6A).

We were pleased to find that racemic BRV was obtained in
47% overall yield from 4 (Scheme 6A). Before extending this
protocol to the preparation enantiopure BRV, we observed
problems in the reproducibility of the last steps concerning the
conversion of 4 into the final API. We attributed those
difficulties to the evaporation of NH; from the available
commercial solution. Seeking alternative and more convenient
NH; sources that might be suitable for the present protocol of
activation of the CO,H group, and keeping in mind to avoid
the use of liquid ammonia, we found the use of NH,Cl
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solution as an advantageous option.'” The replacement of the
NH; solution in THF for an aqueous solution of NH,Cl
afforded racemic BRV in 58% overall yield from 4 (Scheme
6A).

The use of 4 as the limiting reagent of this transformation
was also tested using 3.0 equiv of the bromoacid 8; however,
this condition provided BRV in only 30% yield. We also tried
to reduce the excess of lactam 4 to 2.0 equiv, and once again,
this condition was not beneficial, affording BRV in 32% yield
(two last steps).

Next, we moved to the reaction between enantioenriched
lactam 4 and 8. The (R)-2-bromobutanoic acid 8 was prepared
according to the literature, but all attempts to confirm its
enantiomeric purity by chiral HPLC were unsuccessful.
However, optical rotation matched the data already reported.'®
Using the same conditions established with the racemic
compounds, enantioenriched lactam 4 and (R)-2-bromobuta-
noic acid 8 were reacted, affording BRV in 58% isolated yield
(Scheme 6B), with the recovery of the major part (1.8 equiv,
60%) of compound 4 present in excess. The diastereoisomeric
ratio (dr) of the final product was determined based on 'H
NMR analysis. According to the literature,'” the signals
observed at 3.50 and 3.60 ppm correspond to one of the 'H
of CS, assigned for the (R,S) and (R,R), respectively (Figure
2A). Integration of these signals provides a 9:1 dr in favor of
the desired diastereoisomer. The er was determined by chiral
HPLC analysis (Figure 2B).

It is expected that the combination between the major
enantiomer of lactam 4 and acid 8 forms the major
stereoisomer observed at 84.3 min in the chromatogram
shown in Figure 2B. On the other hand, a combination
between the minor enantiomer of 4 and the enantiomer of 8
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Figure 2. (A) Diastereoisomeric determination by 'H NMR analysis.
(B) Peak assignment for BRV HPLC analysis.

(which might be present in small amounts) forms the minor
stereoisomer observed at 22.1 min. Thus, we know these two
peaks correspond to the stereoisomers (4R,2°S) and (45,2'R).
Based on the aforementioned data, a >99:1 er was assigned for
the final product of the synthesis. The compound was shown
to be levorotatory, which confirms the (4R,2°S) stereoisomer
absolute conﬁguration.20

B CONCLUSIONS

In summary, we were able to synthesize acylimidazole 3 in
quantitative yield and 98:2 er in batch conditions, using white
visible-light and A-RhS as a bifunctional asymmetric catalyst/
photocatalyst in only 4 mol %. The synthesis of 3 was
successfully adapted to a continuous photoflow platform,
which allowed us to scale-up the process to gram scale, without
elongating the reaction time nor compromising its efficiency
regarding yield and enantioselectivity. The conversion of
intermediate 3 into lactam 4 was achieved in a single step with
total conservation of the chiral integrity of the compound and
80% yield. Finally, the total synthesis of BRV was
accomplished by the alkylation of lactam 4 with bromoacid
8, followed by the reaction with NH,Cl. BRV was obtained in
four steps and 44% overall yield from 1, considering that about
60% of lactam 4 was recovered in the preparation of acid 9.
The target compound displayed good dr (9:1) and er (>99:1).

B EXPERIMENTAL SECTION

General Information. The starting materials and reagents
were obtained from commercial suppliers and used without
further purification unless stated otherwise. Solvents of
technical grade were purified via distillation prior to use
(hexane, ethyl acetate, dichloromethane, and methanol), and
solvents of PA quality were used without further purification.
Reaction monitoring and retention factor (R;) determination
were performed on precoated thin layer chromatography
(TLC) sheets (TLC SILICA GEL 60 F254, MERCK) which
were visualized either by quenching of ultraviolet light (A, =
254 nm) or by immersion in potassium permanganate
developer solution, followed by heating the plate to stain the
spots. Flash column chromatography was performed on silica
gel (Silica gel 60, MACHEREY-NAGEL, 230—400 mesh
particle size). The ers of the reaction products were
determined on Shimadzu UFLC Prominence 20-A HPLC
employing a Daicel Chiralpak IG-3 chiral analytical column
(150 X 4.6 mm id.) using the n-hexane/ethanol isocratic
solvent system as mobile phase. The column temperature was
25-30 °C, and UV absorption was measured at 210 or 278
nm. Optical rotations were measured on a Schmidt—Haensch
Polartronic E polarimeter equipped with a sodium lamp (589
nm) and reported as follows: [a]), (¢ = g mL™’, solvent).
Infrared (IR) spectra were recorded on an ABB FTIR-
FTLA2000 spectrometer using KBr pellets. UV—vis spectra
were recorded on an Agilent Cary 60 UV—vis spectropho-
tometer using 1.0 cm quartz cuvettes at 25 °C. The emission
spectra of the lamps (LEDs and CFL) were measured using an
Ocean Optics (DH2000) USB4000 Fiber Optic spectrometer.
Light sources used: blue LED 4 W (Iluctron, 3.8 lux), blue
LED 30 W (Cob, 14.5 lux), CFL 15 W (Taschibra, 6.5 lux),
and CFL 25 W (Taschibra, 7.5 lux). Proton nuclear magnetic
resonance ("H NMR) and carbon nuclear magnetic resonance
(*C NMR) spectra were recorded on a Bruker AVANCE
DRX-200 (200 MHz) or Bruker AVANCE DRX-400 (400
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MHz) spectrometer. High-resolution mass spectra (HRMS)
were recorded on a Bruker microTOF-Q_II or Waters Xevo
G2-S QTOF mass spectrometer using electrospray ionization
(ESI) in positive ion mode (+). The mass error (deviation, in
ppm) of the measurements was determined by the difference
between the experimentally observed m/z and the theoretical
m/z.

Synthesis of Substrates. The substrates (E)-1-(1-phenyl-
1H-imidazol-2-yl)hex-2-en-1-one (1),''* Hantzsch ester de-
rivatives (2a—c),"'® (R)-2-bromobutanoic acid (8),'® and
catalyst A-RhS*' were synthesized according to previously
reported procedures.

Procedures Involved in the Synthetic Route. Rhodium-
Catalyzed Photoredox Reaction in Batch at 0.1 mmol Scale:
Synthesis of tert-Butyl(R)-(2-(2-oxo-2-(1-phenyl-1H-imida-
zol-2-yl)ethyl)pentyl)carbamate (3). In a 20 mL Schlenk
tube, (E)-1-(1-phenyl-1H-imidazol-2-yl)hex-2-en-1-one 1
(24.0 mg, 0.10 mmol, 1 equiv), Hantzsch ester 2a (52.6 mg,
0.12 mmol, 1.2 equiv), the catalyst A-RhS (3.4 mg, 4.0 mol
%), and HPLC grade CH,Cl, (1 mL, 0.1 M) were added. The
mixture was degassed via freeze-pump-thaw and, after
complete degassing of the mixture, the tube was sealed
under a nitrogen atmosphere and positioned approximately 5—
6 cm from a 15 W CFL lamp. The reaction was stirred at room
temperature for 4 h. At the end of this period, the solvent was
removed on a rotary evaporator under reduced pressure at 40
°C. The crude product was purified by column chromatog-
raphy with silica gel using a gradient elution system
(hexanes:ethyl acetate, 8:2—7:3). At the end of the isolation
step, 3 was obtained as a pale yellow oil (36.9 mg, 0.099 mmol,
yield 99%). Enantiomeric ratio established by HPLC analysis
using a Chiralcel IG-3 column, er = 98:2 (HPLC: 1G-3
column, 4 278 nm, n-hexane/ethanol = 90:10, flow rate 1.0 mL
min~!, 27 °C, tr (major) = 7.8 min, tr (minor) = 8.9 min).
TLC (Rp): 0.21 (hexane:ethyl acetate = 7:3). [a]¥ = —9.5
(0.02, CH,Cl,). 'H NMR (200 MHz, CDCl,): § 7.49—7.43
(m, 3H), 7.33—7.26 (m, 3H), 7.18 (s, 1H), 4.98 (s, 1H),
3.24-2.97 (m, 4H), 2.25-2.13 (m, 1H), 1.41 (s, 9H), 1.38—
1.30 (m, 4H), 0.88 (t, ] = 6.2 Hz, 3H). C{'H} NMR (50
MHz, CDCl;): § 191.1, 156.1, 143.2, 138.4, 129.5, 128.9,
128.7,127.1, 125.9, 78.8, 43.8, 41.7, 35.2, 34.6, 28.4, 19.9, 14.2.
IR (KBr), 7,,,, (cm™): 3353, 2972, 2931, 2872, 1691, 1597,
1497, 1448, 1405, 1366, 1248, 1169, 1040, 969, 914, 855, 763,
694. HRMS (ESI*): [M + H]* = 372.2264 (error = 4.8 ppm),
calculated for [C,;H;N;0;]" = 372.2282.

Rhodium-Catalyzed Photoredox Reaction in Batch at 1.0
mmol Scale: Synthesis of tert-Butyl(R)-(2-(2-oxo-2-(1-phe-
nyl-1H-imidazol-2-yl)ethyl)pentyl)carbamate (3). In a 20 mL
Schlenk tube, compound 1 (240.3 mg, 1.0 mmol, 1 equiv),
Hantzsch ester 2a (526.0 mg, 1.2 mmol, 1.2 equiv), catalyst A-
RhS (34.5 mg, 4.0 mol %), and HPLC grade CH,Cl, (10 mL,
0.1 M) were added. The mixture was degassed via freeze-
pump-thaw and, after complete degassing of the mixture, the
tube was sealed under a nitrogen atmosphere and positioned
approximately 5—6 cm from a 15 W CFL lamp. The reaction
was stirred at room temperature for 20 h. Afterward, the
solvent was removed on a rotary evaporator under reduced
pressure at 40 °C. The crude product was purified by column
chromatography over silica gel using a gradient elution system
(hexanes:ethyl acetate, 8:2—7:3). At the end of the isolation
step, 3 was obtained as a pale yellow oil (356.1 mg, 0.96 mmol,
yield 96%). Enantiomeric ratio established by HPLC analysis
using a Chiralcel IG-3 column, er = 98:2 (HPLC: 1G-3

column, 4 278 nm, n-hexane/ethanol = 90:10, flow rate 1.0 mL
min~!, 25 °C, tr (major) = 8.2 min, tr (minor) = 9.4 min).

Rhodium-Catalyzed Photoredox Reaction in Flow at 5.0
mmol Scale: Synthesis of tert-Butyl(R)-(2-(2-oxo-2-(1-phe-
nyl-1H-imidazol-2-yl)ethyl)pentyl)carbamate (3). In a 50 mL
Schlenk tube, compound 1 (1.2 g, S mmol, 1 equiv), Hantzsch
ester 2a (2.63 g, 6 mmol, 1.2 equiv), catalyst A-RhS (172.5
mg, 4.0 mol %), and HPLC grade CH,Cl, (25 mL, 0.2 M)
were added. The mixture was degassed via freeze-pump-thaw
and, after complete degassing of the mixture, the mixture was
transferred to a PFA coil loop. The mixture was pumped at 1.0
mL min~" at 40 °C. Then, the solvent was removed on a rotary
evaporator under reduced pressure at 40 °C. The crude
product was purified by column chromatography over silica gel
using a gradient elution system (hexanes:ethyl acetate, 8:2—
7:3). At the end of the isolation step, 3 was obtained as a pale
yellow oil (1.74 g, 4.7 mmol, yield 94%). Enantiomeric ratio
established by HPLC analysis using a Chiralcel IG-3 column,
er = 94:6 (HPLC: IG-3 column, A 278 nm, n-hexane/ethanol =
90:10, flow rate 1.0 mL min~', 25 °C, tr (major) = 7.5 min, tr
(minor) = 8.3 min).

Synthesis of (R)-4-Propylpyrrolidin-2-one (4). In a 10 mL
Schlenk tube, compound 3 (356.1 mg, 0.96 mmol) and
methanol (4.8 mL, 0.2 M) were added. Then, the flask was
sealed and, in an oil bath preheated to 175 °C, the reaction
mixture was kept under stirring for 80 h. At the end of the
mentioned period, the reaction mixture was cooled to room
temperature, diluted with CH,Cl,, adsorbed onto silica gel by
solvent evaporation, and then purified by column chromatog-
raphy over silica gel using a gradient elution system
(hexanes:ethyl acetate, 1:1—1:9). At the end of the isolation
step, (R)-4-propylpyrrolidin-2-one (4) was obtained as a
yellow oil (99.2 mg, 0.78 mmol, yield 80%). Enantiomeric ratio
established by HPLC analysis using a Chiralcel IG-3 column,
er = 97:3 (HPLC: IG-3 column, A 210 nm, n-hexane/ethanol =
90:10, flow rate 1.0 mL min™, 25 °C, tr (minor) = 8.4 min, tr
(major) = 9.4 min). TLC (Rg): 0.26 (hexanes:ethyl acetate =
2:8). 'H NMR (400 MHz, CDCL,): 8 6.15 (s, 1H), 3.52—3.46
(m, 1H), 3.02 (dd, J = 9.4, 6.9 Hz, 1H), 2.50—2.40 (m, 2H),
2.06—1.98 (m, 1H), 1.48—1.42 (m, 2H), 1.38—1.30 (m, 2H),
0.93 (t, J = 7.2 Hz, 3H). BC{*H} NMR (100 MHz, CDCl,): §
178.6, 48.2, 36.9, 36.8, 34.9, 20.8, 14.2. IR (KBr), 7,,,, (cm™):
3231, 2958, 2929, 2872, 1701, 1489, 1456, 1379, 1285, 1065,
742, 696, 504. HRMS (ESI*): [M + Na]* = 150.0890 (error =
0.7 ppm), calculated for [C,H;;NONa]* = 150.0889.

Synthesis of Methyl 3-(((tert-Butoxycarbonyl)amino)-
methyl)hexanoate (5). In a 10 mL Schlenk tube, compound
3 (37.2 mg, 0.10 mmol) and methanol (0.2 M, 0.5 mL) were
added. Then, the flask was sealed and the reaction mixture was
stirred for 48 h at 150 °C. At the end of the mentioned period,
the reaction mixture was cooled to room temperature, diluted
with CH,Cl,, adsorbed on silica gel by solvent evaporation,
and then purified by column chromatography with silica gel
using a gradient elution system (hexanes:ethyl acetate, 8:2—
7:3). Finally, ester 5 was obtained as a colorless oil (18.4 mg,
0.07 mmol, 71% yield). TLC (Ry): 0.55 (hexane:ethyl acetate =
7:3). '"H NMR (200 MHz, CDCL,): 6 4.62 (s, 1H), 3.61 (s,
3H), 3.19—2.88 (m, 2H), 2.22 (d, ] = 6.6 Hz, 2H), 2.05—1.89
(m, 1H), 1.37 (s, 10H), 1.29—1.16 (m, 4H), 0.83 (t, ] = 6.6
Hz, 3H). ®C{'H} NMR (50 MHz, CDCl;): § 173.8, 156.2,
79.3, S1.7, 442, 37.1, 35.9, 34.5, 28.5, 20.0, 14.3. HRMS
(ESI*): [M + Na]* = 282.1672 (error = 1.4 ppm), calculated
for [C,;H,sNO,Na]* = 282.1676.
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Synthesis of (S)-2-((R)-2-Oxo-4-propylpyrrolidin-1-yl)-
butanamide (BRV). In a 20 mL dry Schlenk tube sealed
with a rubber septum under N, atmosphere, containing a NaH
suspension (60% oily dispersion, 2.8 mmol, 7.0 equiv) in THF
(4 mL), a solution of (R)-4-propylpyrrolidin-2-one (4) (153.0
mg, 1.2 mmol, 3.0 equiv) in tetrahydrofuran (2 mL) was added
via syringe. The mixture was stirred at room temperature and,
after the evolution of gas had ceased, a solution of (R)-2-
bromobutanoic acid (8) (66.8 mg, 0.4 mmol, 1.0 equiv) in
THF (2 mL) was added. The reaction mixture was stirred for
24 h. Subsequently, the mixture was extracted with aqueous
NaOH solution (1 M) and CH,Cl, (3 X S mL). The organic
phase was dried over anhydrous Na,SO, and filtered through
filter paper, and the organic solvent was removed on a rotary
evaporator under reduced pressure at 40 °C to recover 4. The
aqueous phase was acidified with HCl solution (1 M, to pH =
2) and extracted with CH,Cl, (3 X § mL). The organic phase
was dried over Na,SO,, filtered, and concentrated on a rotary
evaporator under reduced pressure at 40 °C providing the
substitution product, which was used without purification in
the next step. Subsequently, the crude product obtained in the
previous step was transferred to a 10 mL Schlenk tube and
dissolved with THF (2.3 mL), and the resulting solution was
cooled to 0 °C. Then, ethyl chloroformate (35.6 mg, 0.33
mmol, 1.4 equiv) was added followed by Et;N (0.7 mmol, 3.0
equiv). After 0.5 h of stirring at 0 °C, an aqueous solution of
NH,Cl 1 M (035 mL, 0.35 mmol, 1.5 equiv) was added
dropwise at 0 °C to the suspension. The mixture was stirred
for 3 h at 0 °C. Then, the resulting solution was extracted with
brine and CH,Cl, (3 X 10 mL), and the organic phase was
dried over anhydrous Na,SO,, filtered, concentrated on a
rotary evaporator at 40 °C, and purified by column
chromatography with silica gel using a gradient elution system
(CH,CL;:MeOH, 9.9:0.1—9:1). After the isolation step, the
BRV was obtained as a white solid (49.4 mg, 0.23 mmol, 58%
yield relative to 8). TLC (Ry): 0.17 (hexane:ethyl acetate =
1:9). Diastereoisomeric ratio established by "H NMR analysis,
dr = 9:1 (8 (peak 1) = 3.50 ppm, § (peak 2) = 3.60 ppm).
Enantiomeric ratio established by HPLC analysis using a
Chiralcel IG-3 column, er = >99:1 (HPLC: IG-3 column, 4
278 nm, n-hexane/ethanol = 80:20, flow rate 0.5 mL min~}, 25
°C, tr (major diastereoisomer) (peak 1) = 22.1 min, (peak 2)
= 84.3 min, tr (minor diastereoisomer) (peak 1) = 23.6 min, tr
(peak 2) = 52 min). 'H NMR (400 MHz, CDCL): § 6.65 (s,
1H), 6.06 (s, 1H), 4.49 (dd, J = 8.9, 6.8 Hz, 1H), 3.50 (dd, ] =
9.8, 7.9 Hz, 1H), 3.08 (dd, ] = 9.8, 7.2 Hz, 1H), 2.57 (dd, J =
16.7, 8.6 Hz, 1H), 2.40—228 (m, 1H), 2.15-2.05 (m, 1H),
1.99—1.88 (m, 1H), 1.74—1.63 (m, 1H), 1.47—1.30 (m, 4H),
0.95-0.88 (m, 6H). BC{*H} NMR (100 MHz, CDCl,): §
175.7, 172.5, 55.9, 49.6, 37.9, 36.6, 32.0, 21.1, 20.6, 14.1, 10.5.
IR (KBr), T, (cm™): 3349, 3204, 2958, 2921, 2874, 1683,
1432, 1393, 1352, 1281, 1242, 706, 667, 583, 563. HRMS
(EST*): [M + Na]* = 235.1418 (error = 0.4 ppm), calculated
for [C;;H,0N,O,Na]* = 235.1417.
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