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BrCCl;s represents a rarely used benzylic brominating reagent with
complementary reactivity to other reagents. Its reactivity has been
revisited in continuous flow, revealing compatibility with electron-
rich aromatic substrates. This has brought about the development
of a p-methoxybenzyl bromide generator for PMB protection,
which was successfully demonstrated on a pharmaceutically rele-
vant intermediate on 11 g scale, giving 91% yield and a PMB-Br
space—time-yield of 1.27 kg L™* h™™.,

Photochemical benzylic bromination (the Wohl-Ziegler reac-
tion) represents one of the most well used methods within syn-
thetic organic photochemistry."”> This simple procedure is
initiated by the photolysis of the Br-Br bond in Br,, present in
low levels in the synthetic reagent N-bromosuccinimide
(NBS).>"® However, despite the simplicity and wide implemen-
tation of this methodology, it suffers from a number of draw-
backs; most notably incompatibility with electron-rich aro-
matic substrates, due to competing electrophilic (ring) bromi-
nation.” Although multiple alternative bromine sources for
benzylic bromination have been described, these are almost
exclusively comprised of other N-Br compounds,® which can
also function as electrophilic Br sources, or in situ Br, gene-
ration methods.’ ™"

In recent years continuous flow and photochemistry, which
previously lay in the realm of specialist users, have been
increasingly applied to challenges faced by synthetic organic
chemists. The combination of these two methods has proved
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to be fruitful in many areas, particularly in scaling up, due to
improved and evenly distributed light penetration throughout
the reaction medium.**® Indeed, many examples of Wohl-
Ziegler reactions under continuous flow conditions have been
reported.'*>* Furthermore, the advent of continuous flow
photochemistry has encouraged re-evaluation of many pre-
viously examined reaction methodologies which, upon their
initial discovery, were often limited in their application. A
greater potential for these procedures may now be realized,
owing to significant advances in synthesis technology over the
past two decades.

Photochemical benzylic bromination using BrCCl; as a
source of bromine was initially reported in 1960>*** and
expanded upon in 1976,>° where a small number of substrates
were examined using simple irradiation by a “sun lamp”, in
traditional batch apparatus. Outside of these three short
reports, no further use of this approach has been disseminated
in the following four decades.”® As a reagent, BrCCl; is readily
available,”” does not have any significant identified health con-
cerns®® and is not listed as an ozone depleting substance.>® It
has seen numerous applications in atom-transfer radical
addition (ATRA) reactions, both photochemically***' or by
classical radical methods®*™® and also as an oxidizing agent;
used directly,>*® or within a photoredox catalytic cycle.**™** It
was anticipated that by utilizing advancements in light source
and reactor technology, an improved methodology could be
developed. Accordingly, the advantages of simple separation of
a single by-product (CHCI;), highly concentrated reactions
without precipitation of solid reagents and the possibility of
accessing electron-rich benzyl bromides may be realized
(Scheme 1).

N BrCCly Br + sole by-.produ.ct is CHCly ) )
Ryr —_— + compatible with electron-rich aromatics
Z hv RT + no solubility issues with liquid reagent

=

Scheme 1 Proposed photochemical bromination in continuous flow
using BrCCls.
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Initial screening of the benzylic bromination of toluene (1a)
in continuous flow using different light sources demonstrated
only a minor extent of reaction, aside from under irradiation
by a 254 nm lamp (light source A, Table 1 entry 1) or medium
pressure Hg lamp (light source B, entry 2).** This can be
simply explained, since BrCCl; shows significant absorption at
wavelengths shorter than 300 nm.** Accordingly, only short
wavelength light-sources are capable of initiating this reaction
to any significant extent, by directly homolyzing the C-Br
bond. The computationally examined triplet energy of BrCCl;
reveals that a very low energy (46.4 kcal mol™) is required to
form the diradical species.”® Capitalizing on this observation,
addition of benzophenone (4) as a triplet sensitizer resulted in
an increased extent of reaction when using the 365 nm lamp
(light source C, entry 3 vs. entry 4). However, no improvement
was observed using the 254 nm lamp (light source A entry 5).
Furthermore, an unselective reaction was observed using the
medium pressure Hg lamp (light source B entry 6), due to
the multiple discrete emission bands of this light source
which excite both BrCCl; and benzophenone, leading to a
high transient radical concentration and reduced selectivity.
This effect was exacerbated upon increasing the reaction temp-
erature to 70 °C (entry 7), which prompted far higher selecti-
vity towards dibrominated product (3a). Although the dibromi-
nated product is undesired in this case, it should be noted

Table 1 Optimization of reaction conditions in the benzylic bromina-
tion of toluene 1a

BrCCl; (4 equiv) Br Br
hv
O o O O
neat (1.89 M)
1a 2a 3a
Light PhCOPh 4 Remaining 2a“ 3a“
Entry source loading [mol%] 1a“[%)] [%] [%]
1 A — 75 23 2
2 B - 71 26 3
3 C — 96 4 0
4 C 2 58 38 4
5 A 2 75 24 1
6 B 2 17 40 43
7° B 2 1 26 73
8 C 1 63 35 2
9 C 5 46 44 10
10° C 2 78 22 0
114 o) 2 63 34 3
12¢ C 2 37 49 14
13/ C 2 29 52 19
145 C 2 17 50 33
15" — 2 99 1 0

Light sources are as follows: A = 254 nm UV-C lamp (8 W), 7.7 min
residence time; B = medium pressure Hg lamp (150 W), 10 min
residence time; C = 365 nm UV-A lamp (8 W), 7.7 min residence time.
See ESI for full details of each setup. “ Product ratios were determined
by NMR. ? Reaction was run at 70 °C using a 5 bar backpressure regula-
tor. “Reaction was run at 0.5 M in DCM.  Reaction was run using 2
equiv. BrCCls. ¢ Reaction was run using 6 equiv. BrCCl,./ Reaction was
run using 15 min residence time. ¢ Reaction was run using 30 min resi-
dence time. " Reaction was run at 80 °C, with no light source.
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that its derivitization to yield the corresponding aldehyde is
facile, so in many cases it may be the preferred reaction
product.”® Surprisingly, it was found that an array of high
power LEDs at a narrow emission of 365 nm gave a far lesser
extent of reaction than the 365 nm 8 W fluorescent lamp (see
ESI Table S17). This is likely due to the shorter wavelengths
reached by the broad emission of the 365 nm fluorescent lamp
(light source C).**

Use of a sensitizer bestows additional reaction control and
allows the use of lower energy wavelengths which, in turn,
lowers the likelihood of observing reactor fouling by degra-
dation and polymerization pathways.””*® For these reasons,
optimization using the 365 nm lamp (light source C) was
pursued further. Both higher and lower benzophenone load-
ings were examined, whereby it was observed that a lower
loading (1 mol%) provided lower conversion (entry 8 vs. entry
4), yet a higher loading (5 mol%) began to significantly reduce
selectivity (entry 9 vs. entry 4). Several alternative triplet sensi-
tizers and photoredox catalysts were examined (see ESI,
Table S27), but none were observed to provide a combination
of product formation and selectivity comparable to that of ben-
zophenone. Diluting the reaction mixture with a range of
different solvents was observed to have a detrimental effect on
the progress of this reaction. DCM (entry 10) performed far
better than other solvents, yet still decreased reaction rate sub-
stantially, hence neat reaction conditions were retained.*?

Subsequently, the impact of brominating agent loading was
evaluated, finding that a decrease from 4 equiv. (1.89 M
toluene solution) to 2 equiv. (3.31 M toluene solution) resulted
in a slightly lower rate of reaction (entry 4 vs. entry 11).
However, increasing this loading to 6 equiv. (1.44 M toluene
solution) was observed to reduce reaction selectivity (entry 4
vs. entry 12). Accordingly, we opted to remain with 4 equiv.
(1.89 M toluene solution) and examine longer residence times
in attempt to achieve complete reaction. A 15 min residence
time (entry 13) gave an improvement in yield of monobromi-
nated product (2a) to 52%, yet further increasing this to
30 min (entry 14) actually resulted in a drop in yield of the
desired product, due to preferential formation of the dibromi-
nated product (3a). Unfortunately, as described in previous
reports, there is a low energy barrier to H-atom abstraction
from both starting material (1a) and monobrominated product
(2a), implying that differentiation between the two can be
difficult to achieve in many cases.?® Finally, a control reaction
run at high temperature without light demonstrated that this
process does not proceed to any appreciable extent when per-
formed thermally (entry 15). Although conversion to the
desired product (2a) was relatively low, reaction selectivity was
maintained, throughput is high due to neat conditions and
CHCIl; is the only reaction by-product, so its removal is
straightforward.

In order to assess the generality of this procedure, reactions
were carried out with various substrates (Fig. 1). For ease of
isolation (separation of mono and dibrominated products),*’
and to avoid handling the hazardous benzyl bromide itself,
the continuous flow reactor output was collected and reacted

Org. Biomol Chem., 2019, 17, 1384-1388 | 1385
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BrCCl; (4 equiv),
[ NH (= HNR,)

PhCOPh 4 (2 moi%), |
:gBri 0./ (2equv)
i ! 16 h, room temp.

hv (365 nm)
_—
neat (1.89 M),
1 45 °C, 15 min

5c, R = Br, 43%

5d, R = Cl, 40%

5e, R = CO,Et, 38%2°
5f, R = tBu, 63%

5g, R = Me, 67%

5h, R = Me, 67%
5i, R = Cl, 55%°
5j, R = OMe, 71%?

coTTTTTT T T MeO

f gNRzl NR; ﬁNRZ /@NRz
1 MeO MeO

3Me° ! OMe OMe OMe

! 5k, 84% | Bl 41%3b 5m, 28%2P 5n, 47%

(84% crude)®

Fig. 1 Substrate scope of benzylic bromination in continuous flow.
Yields shown are those of isolated morpholine adducts. ® Continuous
flow reaction was carried out with a 30 min residence time. ®An
increased quantity (5 mol%) of benzophenone 4 was used. © Crude yield
by NMR is displayed, since product isolated in poor yield, despite
effective bromination.

directly with morpholine (2 equiv.). The toluene-derived
product (5a) was isolated in a 47% yield, corroborating well
with NMR yields from previous optimization experiments
(Table 1 entry 13). Ethylbenzene proved to be less susceptible
to dibromination, furnishing its tertiary amine (5b) in 81%
yield, when processed using a longer residence time of
30 min. To varying degrees, para-substitution was also toler-
ated (products 5¢ to 5g), but a more significantly electron-
deficient aromatic (product 5e) required higher sensitizer
loading and residence time to achieve a synthetically useful
level of conversion.

Methylbenzenes bearing ortho-substitutents were reason-
ably well tolerated (products 5h to 5i), and a good level of
selectivity was observed when an o-methyl group was present
(product 5h). As previously observed,* p-methoxytoluene
undergoes reaction quickly using this reagent, and the corres-
ponding amine (5k) was isolated in 84% yield. The influence
of methoxy substituents was probed further, and was found to
follow the expected reactivity trend, where a meta-methoxylated
substrate (more electron-deficient) required more forcing con-
ditions to achieve 41% yield of its product (51), similarly to tri-
methoxy product (5m), where the negative reactivity contri-
bution from two m-methoxy groups appears to outweigh the
positive contribution from a single p-methoxy group. When
the p-methoxy group is counteracted by only one m-methoxy
group, reactivity returns to a good level (product 5n).

Of these substrates, the successful reaction of p-methoxy-
toluene (1k) is of particular interest, since p-methoxybenzyl
(PMB) is a commonly used protecting group in organic syn-
thesis.”® This protection is generally performed by alkylation,
but since p-methoxybenzyl bromide (2k) is unstable under
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long-term storage conditions,”" the corresponding chloride
(which also suffers from stability issues)®® is often used in its
place. This less reactive benzyl halide can require more forcing
conditions such as strong bases,” or addition of an (undesir-
able) iodide salt for reaction to proceed via the benzyl iodide.>*
For these reasons, an in situ method of generating the alkylat-
ing agent in a mild manner would be of clear advantage. The
concept of generating and consuming hazardous or unstable
reagents such as these in situ has received significant attention
in recent years, for the resulting improvement in safety and
reaction reproducibility.’> The electron-rich nature of
p-methoxytoluene means that its benzylic bromination by NBS
under photochemical conditions is challenging due to compet-
ing electrophilic bromination processes.” Consequently, the
procedure reported herein is particularly fitting for the novel
application of this brominating agent.>®

We sought to apply the developed p-methoxybenzyl
bromide (2k) generation to an intermediate in API (active
pharmaceutical ingredient) synthesis. Cipargamin is a potent
anti-malarial candidate currently in phase II clinical trials and,
as a spiroindole, represents the first new family of antimalarial
drugs in two decades.”” An asymmetric route to this com-
pound begins with PMB protection of 5-chloroisatin (6); a
more challenging protection which requires addition of pot-
assium iodide, due to the poor nucleophilicity of the aromatic
amide nitrogen.”” To achieve this transformation using in situ
generated alkylating agent, p-methoxytoluene (1k) was continu-
ously flowed through a tubing-based photoreactor, under the
developed bromination conditions, before entering a batch
vessel containing substrate (6) and potassium carbonate in
acetonitrile (Fig. 2). An elevated temperature was used to
ensure the rapid consumption of benzyl bromine (2k) as it
entered the reaction flask. Under these conditions, the PMB-
protecting isatin derivative (7) was isolated in 91% yield on a
0.6 mmol scale then scaled up, with no decrease in yield, to
isolate 11 grams following 4 hours of continual p-methoxyben-
zyl bromide (2k) dosing.

o K,COj3, MeCN, 0
60°C, 1h

PMB
11 g (91% yield)

Ly F
v

BrCCl; (4 equiv),

benzophenone 0.133 mL/min H
(2 mol%), neat 365 nm Cipargamin (KAE609)
45 °C anti-malarial

Fig. 2 Continuous flow photochemical generation of p-methoxybenzyl
bromide 2k, fed into a batch protection of API precursor 6 on a multi-
gram scale.

This journal is © The Royal Society of Chemistry 2019
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Conclusions

Within this study a previously reported, but seldom used,
photochemical bromination method has been examined in
detail under continuous flow photochemical conditions.
BrCCl; represents an underutilized bromine source for
benzylic halogenation, since it is readily available and pos-
sesses no significant safety or environmental issues.
Optimization was performed by considering multiple distinct
light sources, which also highlighted the benefits of introdu-
cing a photosensitizer to the reaction mixture. The optimized
conditions were examined against a number of substrates with
reasonable yields attained across different substitution pat-
terns. Most significantly, p-methoxytoluene, an electron-rich
substrate which is challenging for NBS-based benzylic bromi-
nation procedures, reacted smoothly. This appeared suitable
in the application of a p-methoxybenzyl (PMB) protection,
where the alkylating agent is generated from cheap and safe
starting materials in situ, with high space-time-yield of
1.27 kg L™" h™, then consumed in the reaction. The protection
method was exemplified on an 11 g scale, achieving facile reac-
tion and an excellent 91% yield, which demonstrates the com-
patibility of the bromination reaction mixture with these
general PMB protection conditions.
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