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ABSTRACT: A Cossy 5-exo-dig photocyclization of organo-
halides (X = Br, I) onto a C−C triple bond was studied using a
flow photomicroreactor, which proceeded in a minute order of
residence time. A deuterium labeling study supported the
nonchain radical mechanism proposed by the Cossy group, in
which a hydrogen source originates from a triethylamine cation
radical. Scalable flow synthesis using a larger volume of flow
reactor was also successful, providing 4 g of the product in
high yield.

Radical addition onto an internal C−C triple bond provides a
promising strategy for the construction of carbo- and

heteroring molecules with an exomethylene moiety.1 Cossy’s
photocyclization2 is unique in this regard, since the system does
not contain a typical H-donating radical mediator such as
tributyltin hydride to achieve the same 5-exo-dig type of
reductive radical cyclization (Scheme 1). The use of super-
stoichiometric amounts of triethylamine (TEA) is the key, which,
with photoirradiation, delivers one electron to organohalides.3

The resultant radical anions undergo homolysis to generate the
key alkyl radicals, which are ready to undergo 5-exo-dig
cyclization with the liberation of halogenide anions. The
hydrogen source of the Cossy reaction is thought to be the
cation radical of TEA that arises from the one-electron transfer
reaction.
By taking advantage of very narrow and shallow reactor

channels, radical reactions are promptly carried out using flow
microreactors.4,5 Thus, we believed that a photomicroreactor6,7

would help the speedy execution of Cossy radical cyclization,
which is typically carried out using a batch reactor for 0.5 to 1 h.2

In this paper, we report that (i) Cossy reaction using flow
microreactors proceeds in residence times on the order of
minutes, (ii) the labeling study using deuterated triethylamine
lends support to the nonchain radical mechanism originally
proposed by Cossy, and (iii) the scalable reaction was carried out

using a larger-volume flow photoreactor, which allowed a 4 g
synthesis of cyclized product.
As a model to establish a flow Cossy reaction, the

photocyclization of trans-3-bromo-2-(propargyloxy)-
tetrahydropyran (1a) to give 2a was chosen. An acetonitrile
solution of 1a and TEA was irradiated using a flow photo-
microreactor (YMC Co. Ltd.; inner volume 0.11 mL, width 1
mm, length 560 mm, depth 200 μm, quartz) and a compact light
source consisting of a low-pressure Hg lamp (254 nm, 1.2 W).
We tested different conditions wherein the residence time and
concentrations were systematically varied (Table 1). The flow
reaction ([1a] = 0.01 M) with a residence time of 6 min gave the
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Scheme 1. Cossy Cyclization and Tin Hydride-Mediated
Cyclization

Table 1. Flow Radical Cyclization of Bromoacetal 1a in the
Presence of Triethylaminea

entry conc. (M) residence time (min) conv. (%)b yield (%)b

1 0.01 5 100 60
2 0.01 3.8 100 90
3 0.01 1 59 37
4 0.1 5 98 92
5 0.1 3 67 60
6 (batch)c 0.1 5 13 8

aThe reactions were conducted with 1a (1 mmol), NEt3 (10 mmol),
and CH3CN using a flow photomicroreactor (YMC Co. Ltd., inner
volume 0.11 mL, width 1 mm, length 560 mm, depth 200 μm, quartz)
bGC yields using n-decane as an internal standard. cThe reaction was
carried out in a quartz test tube with an i.d. of 1.3 cm.
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desired product 2a in 60% yield, whereas starting 1a was
completely consumed (Table 1, entry 1). A shorter residence
time of 3.8 min gave 2a in 90% yield (Table 1, entry 2). Further
reducing the residence time (1 min) resulted in a low conversion
of 1a (Table 1, entry 3). The flow radical cyclization of 1a
proceeded well even at a higher 1a concentration (0.1 M) with
residence time of 5min (Table 1, entry 4). It should be noted that
the batch reaction using a quartz test tube (1.3 cm internal

diameter) with the same UV source gave only an 8% yield of 2a
with 13% conversion (Table 1, entry 6).
After the initial observation of the effective conversion of 1a

into 2a in times on the order of minutes, we next examined the
radical cyclization of various haloacetals under the optimized
conditions (Table 2). Irradiation of a 0.1 M acetonitrile solution
of iodoacetal 1a′ in the presence of TEA at 254 nm proceeded
rapidly to afford the cyclized product 2a in 93% yield (Table 2,
entry 1). In a similar manner and under otherwise identical
conditions, irradiation of bromoacetals 1b and 1c resulted in the
formation of exocyclic alkenes 2b and 2c in 91 and 75% yield,
respectively (Table 2, entries 2 and 3). In the case of
bromooxanorboranone 1d, the desired tricylic compound 2d
was obtained in 70% yield (Table 2, entry 4). The reaction of
bromoalkyne 1e gave the corresponding tricyclic product 2e in
62% yield (Table 2, entry 5). In a similar manner, bromoalkyne
1f was converted to the bicyclic compound 2f in 66% yield
(Table 2, entry 6). The reaction of bromoether 1g gave a lower
yield of the product 2g (45%), which was probably due to a
Norrish type 1 decomposition that is inherent in a ketone moiety
(Table 2, entry 7). The photochemical reaction of bromoalkynes
1h and 1i resulted in the formation of tetrasubstituted alkenes 2h

Table 2. Flow Radical Photocyclization of Alkynyl Halides 1a

aThe reactions were conducted with 1 (1.0 mmol), Et3N (10 mmol),
and CH3CN (10 mL) using a flow photomicroreactor (YMC Co. Ltd.,
inner volume 0.11 mL, width 1 mm, length 560 mm, depth 200 μm,
quartz) with residence times of 5−8 min. bIsolated yields after
purification by chromatography on SiO2 or Al2O3 (entries 3 and 5).

Scheme 2. Gram-Scale Synthesis of 2a Using a Large-Volume
Flow Photoreactor

Scheme 3. Deuterium Labeling Experiment To Support a
SET-Based Reaction Mechanism
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and 2i in 71 and 63% yield, respectively (Table 2, entries 8 and
9). In these cases, an exocyclic double bond was isomerized to
form conjugated esters. The internal alkyne 1j gave 2j in 60%
yield as a 53/47 E/Z mixture (Table 2, entry 10).
We next executed the scalable synthesis of 2a using an MiChS

L1 flow photoreactor, which has a large inner volume (6 mL,
width 2mm, depth 1mm, length 3m), and two 6W low-pressure
Hg lamps were used for photoirradiation. The reaction was
carried out with a residence time of 20 min using CH3CN
containing 10% H2O as the solvent to suppress the influence of
insoluble material, which stuck to the glass surface during the
long-time operation. After continuous operation for 18 h, we
obtained 4 g of 2a in 90% isolated yield after column
chromatography on silica gel (Scheme 2).
As for the mechanism, Cossy and co-workers already proposed

a photoelectron-transfer mechanism for the generation of alkyl
radicals, wherein TEA serves as a sacrificial electron source.2

Labeling experiments using deuterated TEA were carried out in a
batch reaction. The results reasonably supported Cossy’s
nonchain single electron transfer (SET) mechanism, since
deuterium incorporation was observed only for the experiment
using deuterated TEA and nonlabeled acetonitrile (Scheme 3).
In summary, we have demonstrated that the Cossy 5-exo-dig

photocyclization of organohalides onto a C−C triple bond can be
successfully carried out using a flow photomicroreactor and
requires a relatively short residence time. Deuterium labeling
experiments supported the nonchain radical mechanism
proposed by Cossy, in which a vinyl radical abstracts hydrogen
from a triethylamine cation radical. Scalable flow synthesis using
a large-volume flow reactor was also successful.
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