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Intramolecular [2 + 2] and [2 + 3] photocycloadditions of 2-(2-alkenyloxymethyl)naphthalene-1-carbonitriles and
their photocycloreversion using glass-made microreactors were investigated in comparison with photoreactions under
conventional batch conditions. Both the efficiency and regioselectivity were improved by use of glass-made microreac-
tors. These results can be explained by thorough absorption of light and outflow of primary product from the reaction
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system.

Recently, microreactors with narrow channel space, where
the width and depth are micrometer-size, have attracted much
attention as a new reaction vessel in organic synthesis.! There
are many reports concerning thermal reactions and catalytic re-
actions using the characteristics of microreactors.”> However,
preparative photoreactions conducted in microreactors have
not been reported as much as thermal reactions.>™ To the best
of our knowledge, photochemical formation of benzopinacol,?
the addition of photochemically generated singlet oxygen to -
terpinene,* the photocyanation of pyrene,’ the intramolecular
photocycloaddition of enones with vinyl acetates,® the photo-
chlorination of arenes,’” the photoacid generation,8 the TiO,-
catalyzed photoreactions,’ have been investigated in micro-
reactors. We have recently reported the intramolecular [2 + 2]
photocycloaddition of a 1-naphthalenecarbonitrile derivative
using PDMS-made microreactors as a preliminary communi-
cation.!® In the study presented here, we investigated the ef-
fects of substituents, solvents, residence time and flow rate,
width and depth of microreactors on intramolecular photo-
cycloaddition and photocycloreversion using Pyrex-glass-
made microreactors comparing with photoreactions under
conventional batch conditions. Especially, it is noteworthy
that the efficiency of the photoreaction dramatically increas-
ed and the selectivity of products increased by suppres-
sion of the secondary reaction using Pyrex-glass-made micro-
reactors.

Experimental

Materials. All solvents were reagent grade and were distilled
before use. Benzene was carefully fractionated from calcium hy-
dride and then from sodium. Acetonitrile was carefully distilled
with P,0s. 2-(2-Alkenyloxymethyl)naphthalene-1-carbonitriles
la—1c¢ were synthesized according to the reported procedure and
purified before use.!!

Photoreaction: Batch-Scale Experiments. Irradiation was
carried out using a 500-W Xenon lamp (M. Watanabe & Co.,
Ltd., WACOM Hx-500) under argon in Pyrex tube, of which
the diameter was 8§ mm.

Photoreaction: Micro-Flow System. The micro-flow system
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Fig. 1. Apparatus for the photoreaction in the micro-flow
system.

used in this study is shown in Fig. 1. The microreactors were
Pyrex-glass-made microchannel chips. Type A was purchased
from Institute of Microchemical Technology (IMT Co., Ltd.,
ICCDIOS5), and its two channels were connected by a fluororesin
tube (diameter = 0.3 mm). The width of the Type A microreactor
was 100 um, the depth was 40 um, and the length was 120 mm.
The Type B microreactor was hand-made by attaching an ionomer
resin film with a bored hole (2.5mm x 60 mm) in the center by
two Pyrex glass plates (Matsunami Co., Ltd., Microslide glass
S-1111, 76 mm x 26 mm, thickness: 0.8—1.0 mm). The sample so-
lutions were injected by using a syringe pump (KD Scientific Inc.,
1C3100) equipped with a gastight syringe (Hamilton, 81520,
1005TLL 5.0mL SYR). Fluororesin tubes (diameter = 0.3 mm)
were used to connect the gastight syringe, microreactors, and
outlet containers. The flowed solutions were irradiated with a
Xenon lamp. The irradiation time (min) was calculated from
the volume of microchannel chip (mL) divided by flow rate
(mLh~!). The flow rate was controlled by the syringe pump.

Published on the web June 13, 2007; doi:10.1246/bcsj.80.1157



1158 Bull. Chem. Soc. Jpn. Vol. 80, No. 6 (2007)

Photoreaction in Microreactors

Table 1. Effect of Micro-Flow System on the Intramolecular [2 + 2] and [2 4 3] Photocycloaddition of 1a-1c

Irradiation time®

Product ratio® /%

Entry Reactant  Condition? Solvent Conversion® /%
/min 2a-2c¢ 3a-3c
1 la Batch benzene 240 55 45 65
2 1a Flow benzene 1 96 4 69
3 1b Batch benzene 180 73 27 74
4 1b Flow benzene 1 93 7 75
5 1b Batch acetonitrile 50 72 28 77
6 1b Flow acetonitrile 2.9 90 10 72
7 1c Batch acetonitrile 90 3 97 33
8 1c Flow acetonitrile 2.9 10 90 40

a) Irradiated by Xenon lamp. Pyrex tubes (diameter = 8 mm) were used under batch conditions, where micro-
flow photoreactions were carried out with Glass-made microchannel chip (Type A). Irradiated by Xenon lamp,
[1a—1c]p = 30 mM. b) In the case of flow system, the irradiation time (min) was calculated by the volume of
microchannel chip (mL) per flow rate (mL h~1). ¢) Determined by 'THNMR.

CN R?
O/\%\Rl hv (> 280 nm)
R2 benzene or
acetonitrile
la-c

a:R'=R%2=Me
b: Rl = Me, RZ=H
c:R'=R?=H

2a-c

Scheme 1. Intramolecular photocycloaddition of 1la—1c.

For examples, in Entries 2 and 4 in Table 1, volume = 4.8 x
10~* mL, flow rate = 0.03mLh~!, and irradiation time = 1 min.
In Entries 6 and 8 in Table 1, volume = 4.8 x 10~*mL, flow
rate = 0.0l mLh~!, and irradiation time = 2.9min. The flow
rates in Figs. 3 and 4 are in the range of 0.01-0.2mL h~! as shown
in Figs. 3 and 4.

Product Analysis. Photoproducts were analyzed by nuclear
magnetic resonance (NMR) spectra obtained using a Varian
Mercury 300 spectrometer. Chemical shifts of la-le¢, 2a and
2b, and 3a—3c were compared with those of the reported data.!!
Compound 2c¢ is a new compound (See below). The structures
of 3a-3c were also determined by X-ray analysis. Molar ratios
of substrates 1a—1c¢ and photoproducts 2a—2¢ and 3a—3c¢ were de-
termined on a GC (Shimadzu GC-2014) equipped with a capillary
column (Quadrex corporation, No. 007-17) using dodecane as an
internal standard and the "THNMR spectra.

Data for 1-Cyano-S-oxabenzo[lO,l1]tricyclo[5.4.0.03’7]-
undec-8-ene (2¢). Colorless solid; mp 154-157°C; '"HNMR
(300 MHz, CDCl3) § 2.70-2.83 (m, 2H), 3.07-3.13 (m, 1H), 3.49
(d, J = 10.4Hz, 1H), 3.70 (dd, J = 9.7Hz, 4.7Hz, 1H), 3.87 (d,
J =9.5Hz, 1H), 4.58 (d, / = 10.4 Hz, 1H), 5.58 (d, / = 10.0 Hz,
1H), 6.42 (d, J = 9.9Hz, 1H), 7.04-7.07 (m, 1H), 7.22-7.36 (m,
3H); CNMR (75 MHz, CDCls) § 36.6, 42.4, 49.5, 52.3, 74.0,
77.3, 121.1, 125.6, 127.7, 127.9 (two aromatic carbon signals
are overlapped), 128.7, 129.4, 130.2, 132.9; IR (KBr) 2228 cm™!;
MS (ED) m/z = 223 (M™).

hv hv
(> 280 nm) (> 280 nm)
2b — = 1b ——

Scheme 2. Mechanism for the formation of 2b and 3b.
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Fig. 2. UV-vis absorption spectra of 1b, 2b, and 3b in
10~* M acetonitrile solution.

Results and Discussion

Products and Reversibility. McCullough et al. and we
have previously reported that the photoirradiation of benzene
and acetonitrile solutions containing 2-(2-alkenyloxymethyl)-
naphthalene-1-carbonitriles (la—1c) afforded photocycload-
ducts at 1,2-position (2a—2c¢) and 2,4-position (3a-3c) of the
naphthalene ring (Scheme 1).!'~!3 Compound 2b was predom-
inantly obtained at the initial stage of the reaction, but pro-
longed irradiation afforded [3 + 2] photocycloadduct 3b as
a major product, because photocycloreversion from 2b to 1b
takes place, but that from 3b to 1b does not occur (Scheme 2).
This reversibility is supported by the UV absorption spectra of
1b, 2b, and 3b measured in acetonitrile (Fig. 2). Under the
present irradiation conditions using Pyrex filter (>280nm), 1
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Fig. 3. Product ratios upon photoirradiation of benzene so-
lutions of 1b (a) under batch conditions and (b) in micro-
flow system Type A.

and 2 competitively absorbed UV light, but 3 did not absorb the
incident light.

The Effects of Substrates, Solvents, and Micro-Flow
System.  The experimental results concerning the effects
of substrates, solvents, and conditions are summarized in
Table 1. In order to compare the efficiency and product ratio
between batch and flow conditions, irradiation was ceased
when conversion of 1a—1c under both conditions reached sim-
ilar values. Photoirradiation of a benzene solution containing
la by a Xenon lamp through a Pyrex filter (>280nm) for
240 min under batch conditions gave intramolecular photo-
cycloadducts 2a and 3a in 55:45 ratio (Table 1, Entry 1).
However, we found that, when the photoreaction was carried
out in a microreactor with a flow system, both the regioselec-
tivity of the products and the efficiency were higher than those
under batch conditions. For example, only a one minute irradi-
ation of a benzene solution of 1a in microreactor Type A gave
2a and 3a in 96:4 ratio (Entry 2). A similar enhancement effect
was also observed in the photoreaction of 1b, in which both
the efficiency and selectivity increased by using micro-flow
system in benzene and acetonitrile solutions (Entries 3-6).
Photoreactions of unsubstituted allyl derivative 1¢ in acetoni-
trile predominantly afforded 3¢ (Entries 7 and 8). The ratio
of 2¢ (3%) under batch conditions increased up to 10% in
the micro-flow system.

The effects of substituents and solvents represented in
Table 1 can be interpreted as follows. As we previously sug-
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gested,'"12¢ in the photocycloaddition between electron-donat-
ing molecules (D) and electron-accepting molecules (A),
charge-transfer interaction in the singlet exciplex is important
for the photocycloaddition. Since decreasing the number of
methyl groups on the alkenyl group (la > 1b > 1c¢) makes
the electron-donating character of the alkene moiety lower,
the relative reactivity decreases. Charge-transfer nature of
the exciplex is especially important for the formation of 3,
but contribution of exciton resonance is involved for the for-
mation of 2. Indeed, dependency of the solvent polarity for
the formation of 2a and 3a was not observed among less polar
solvents, such as benzene, and polar solvents, such as aceto-
nitrile. The formation of 2b was also independent of the sol-
vent polarity, but that of 3b increased with increasing solvent
polarity. In benzene, photoreaction of 1c did not afford the
intramolecular photocycloadducts at all, but in acetonitrile
slowly gave 3c.

Time-Dependency on the Photoreaction of 1b. Time
dependency on the ratio of 1b and photoproducts 2b and 3b
in the photoreaction of 1b in benzene solutions is shown in
Fig. 3. Under batch conditions, after 1 h irradiation, about half
of the amount of 1b was consumed, and 2b and 3b were
formed in 46 and 8% yields, respectively (Fig. 3a). After 5h
irradiation, 1b decreased to 19%, and the ratio of 2b and 3b
became about 3:2. On the other hand, in micro-flow system
Type A, when the residence time was 25s, 1b decreased to
less than half amount and 2b and 3b formed in 60 and 2%
yields, respectively (Fig. 3b). When the residence time of the
solution was prolonged to 172s by reducing the flow rate to
0.01 mLh~!, the conversion of 1b became nearly equal to that
after 5h of irradiation under batch conditions, but the ratio
of 2b and 3b was about 12:1. These data suggest that difficulty
in obtaining only the initial photoproduct under conventional
batch condition can be overcome by using micro-flow system.

Time-Dependency on the Photocycloreversion from 2b.
As mentioned above, photocycloreversion from 2b to 1b com-
petitively took place in the photoreaction of 1b. Thus, we
turned our attention to the time-dependency on the photocy-
cloreversion from isolated 2b (Fig. 4). Under batch conditions,
after irradiation for 3 h, the yields of 2b and 3b were 65 and
18%, respectively (Fig. 4a). After 5h irradiation, recovery of
2b decreased to 47%, and 1b and 3b were produced in 13
and 40% yield, respectively. On the other hand, after irradia-
tion of a benzene solution containing 2b in micro-flow system
Type A, only a trace amount of 3b was formed after 60 s irra-
diation, whereas 1b was obtained in 13% yield (Fig. 4b).
Moreover, after 172s irradiation, the conversion of 2b was
nearly equal to that of photoreaction of 2b for 1 h under batch
conditions, and the yield of 3b was only 3% in micro-flow
system.

Effects of Width in Microreactors. One of the weak
points of the microreactors is that quantity of products ob-
tained is too small. In order to overcome this problem, micro-
reactor Type B having wider width (2.5 mm) than Type A was
developed without significant change of the depth. A compar-
ison of the width of the microreactors is shown in Table 2. To
keep irradiation time even with the Type A reactor, a flow rate
of 0.45mLh~! was used for the Type B reactor. As a result,
a 25-fold quantity of products with a similar regioselectivity
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Fig. 4. Product ratios upon photoirradiation of benzene

solutions containing 2b (a) under batch conditions and
(b) in micro-flow system Type A.

Table 2. Comparison of Width of Microchannels on the
Photoreaction of 1b¥

Product ratio® /%

Width Flow rate

Entry  Condition? mm /mLh-| op 3y ecovery
of 1b
1 Flow (Type A) 0.1 0.03 73 2 25
2 Flow (Type B) 2.5 0.45 69 2 29

a) Irradiated by Xenon lamp for 1min, [1b]p = 30mM, in
benzene, rt. b) Determined by 'H NMR.

was obtained when Type B reactor was used with a similar
rate and the same irradiation time (1 min) as those in Type A
reactor.

Effects of Microreactors. These results can be explained
by the inherent characteristics of micro-flow system. On the
basis of Lambert—Beer’s law (A = log(ly/I) = Ecl) using
values of ¢ =3.0 x 1072molL™! and E&3x¢nm = 2.43 x 10*
mol~!'Lem™! of 1b, 99.9% of the incident light is absorbed
by the solution from the surface of the vessel to the depth of
40 um. This means that the greater part of solution in 8 mme
Pyrex tube under batch conditions cannot absorb the light.
The increase in reaction efficiency can be attributed to the
thorough absorption of the incident light. It is also a notable
effect of microreactors that the flow rates can be liberaly chos-
en on the basis of the reactivity of the substrates. As shown in
Figs. 3 and 4, slower flow rate increased the conversion, and

Photoreaction in Microreactors

faster flow rate decreased the conversion.

As noted above, the pathway for producing 2b is a fast re-
versible process, whereas the pathway giving 3b is a relatively
slow irreversible process. Relative reaction rates of these path-
ways were calculated from the data at the lowest conversion,
shown in Figs. 3 and 4, as follows: kq_2)ko—1y:kaos) =
100:26:1. Namely, under batch condition without stirring, ini-
tial product 2b is produced only near the surface of vessel at
the initial stage of the photoreaction, then a secondary reaction
giving 3b proceeds faster than diffusion of 2b, which has al-
ready accumulated near the surface. On the other hand, in
the flow system, selectivity of products can be improved by
a quick outflow of the initial product 2b from the reaction sys-
tem. From small Reynolds number of these microreactors, it is
also thought that the laminar flow is predominant in microreac-
tors, meaning the mixing effect arising from turbulent flow is
negligible. Thus, in a reaction system, in which both fast rever-
sible process and slow irreversible process coexist, a micro-
flow system is appropriate for the selective formation of the
initial product.

Conclusion

In conclusion, the efficiency and regioselectivity on the
intramolecular [2+ 2] and [2 + 3] photocycloaddition of
alkenylnaphthalene derivatives was increased using the micro-
flow system. The increase in efficiency was explained by the
thorough absorption of the incident light. Improved regioselec-
tivity was attributed to the flow system. The quantity of prod-
ucts can be increased by widening the width without deepen-
ing the depth. It seems that glass-made micro-flow reactors
are useful for the preparative photoreactions, in which an un-
desired secondary reaction competitively takes place.
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