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Efficient synthesis of medium-sized cyclic molecules
containing an (E)-alkene was performed via the highly (E)-
selective photochemical isomerization of the (Z)-isomer, facili-
tated by AgNO3-impregnated silica gel.
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Medium-sized cyclic molecules containing an alkene group
often form the key skeleton of a variety of natural products.
Among them, (E)-alkene-containing derivatives have aroused
particular interest in structural organic chemistry because of their
unique stereochemical properties and reactivity.1 Therefore, a
variety of approaches for the synthesis of (E)-cycloalkenes and
their derivatives [(E)-cyclic molecules] have been attempted.2

However, the lower thermodynamic stability of the (E)-cyclic
molecules relative to that of the (Z)-isomer causes difficulty in
the (E)-selective synthesis by common approaches. For example,
one of the most efficient methods for constructing medium-
sized cyclic skeletons, ring-closing-olefin-methathesis (RCM),
generally affords the (Z)-cyclic molecules as the predominant
product.3,4 To address the issue of obtaining the (E)-cyclic
molecules, photochemical isomerization of (Z)-isomer to the
(E)-isomer is a prospectively efficient solution.5 Indeed, we
previously synthesized planar-chiral medium-sized cyclic mole-
cules with the (E)-alkene moiety, e.g., (E)-4-[7]orthocyclophene
[(E)-1a], where the acyclic diene 2 was subjected to RCM to
yield (Z)-1a, followed by Z to E photochemical isomerization by
irradiation with UV light (280 nm) in the presence of dimethyl
isophthalate (DMIP) or diethyl isophthalate (DEIP) as the
photosensitizer.5c,6,7 As expected, the reaction afforded (E)-1a in
22% yield, albeit the (E)-selectivity was not high [(E)-1a/(Z)-
1a = 22:78] [see a) in Scheme 1].

More recently, we found that the addition of 10wt% of
AgNO3-impregnated silica gel (10wt% Ag-silica gel)8,9 dra-
matically improved the (E)-selectivity of the reaction to (E)-1a/
(Z)-1a = 89:11 [isolated yield of (E)-1a: 76%] [see b) in

Scheme 1]. This enhancement would be attributed to selective
adsorption of the (E)-isomer by the Ag-silica gel, where the (E)-
isomer was efficiently removed from the solution during the
photochemical isomerization process, as shown in Figure 1.10

To clarify the generality of the developed method, we
examined its application to other (E)-cyclic molecules. Herein,
we provide the details of our attempts.

At the outset, we examined the Z to E isomerization of
cyclooctene (3), a representative medium-sized alkene.2b The
reaction was performed in a three-necked round-bottomed Pyrex
flask equipped with a cylindrical Teflon-coated magnetic stir bar.
A side neck was capped with a rubber septum, the center neck
was fitted with a Teflon connecter holding a quartz photoinlet
adapter, and the other neck was fitted with a three-direction cock
connected to an argon balloon (Figure 2). The flask was charged
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Figure 1. Concept of photochemical isomerization in the
presence of Ag-silica gel.
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Figure 2. Reaction apparatus for photochemical isomerization
in the presence of Ag silica gel.

CL-170937 Received: October 5, 2017 | Accepted: November 13, 2017 | Web Released: January 11, 2018

186 | Chem. Lett. 2018, 47, 186–188 | doi:10.1246/cl.170937 © 2018 The Chemical Society of Japan

http://dx.doi.org/10.1246/cl.170937


with Ag-silica gel and a solution of (Z)-3 and DEIP (2.0 equiv)
in pentane.11 UV light (280 nm) generated by an Asahi Spectra
MAX-301 was introduced into the flask through the optical fiber
inserted into the photoinlet adapter. The reaction mixture was
gently stirred at ambient temperature. After adequate photo-
irradiation, aminopropylated silica gel and Et2O were added to
the reaction mixture for the liberation of 3 from the Ag-silica
gel, and the resulting reaction mixture was washed with Et2O to
afford the crude product.

The reactions successfully provided (E)-3 as the predom-
inant product (Entries 26, in Table 1);12 this is in sharp contrast
with the reaction without the Ag-silica gel, which provided (Z)-3
predominantly [(E)-3/(Z)-3 = 23:77] (Entry 1). To optimize the
reaction conditions, we explored the influence of the AgNO3

content and the amount of Ag-silica gel. The reactions were
performed with 0.27mmol of (Z)-3 in the presence of 400 or
500mg of Ag-silica gel with UV irradiation for 42 h. The
reaction with 10wt% Ag-silica gel (Entry 3) showed higher (E)-
selectivity than those with 5 or 20wt% Ag-silica gel (Entries 2
and 4). The highest yield of (E)-3 was achieved with the use of
500mg of 10wt% Ag-silica gel (Entry 5). In this case, it was
confirmed that (E)-3 was efficiently adsorbed from the reaction
solution by the Ag-silica gel, based on GC analysis.13 On the
other hand, a shorter irradiation duration (24 h) provided low
(E)-selectivity of the product (Entry 6).

The developed protocol is applicable to the synthesis of
nine-membered heterocycles containing an (E)-alkene, such as
planar chiral (E)-[7]orthocyclophene 1b and 1c.14 As shown in
Scheme 2, the photochemical isomerization in the presence of
DMIP without the Ag-silica gel provided (E)-1b and (E)-1c as the
minor isomer [(E)-1b/(Z)-1b = 31:69, (E)-1c/(Z)-1c = 26:74].
In sharp contrast, the corresponding reactions with 10wt% Ag-
silica gel provided (E)-1b and (E)-1c, predominantly [(E)-1b/
(Z)-1b = 74:26, (E)-1c/(Z)-1c = 64:36] in good yields.15

Furthermore, highly strained eight-membered dialkoxysi-
lane (E)-416 with very stable planar chirality was synthesized
with excellent (E)-selectivity using the developed protocol
(Scheme 3). The reaction of (Z)-4a (R = tBu) provided 4a in
61% yield with high (E)-selectivity [(E)-4a/(Z)-4a = 89:11].15

Moreover, the reaction of (Z)-4b (R = Ph) provided 4b with

almost perfect (E)-selectivity [(E)-4b/(Z)-4b in>98:<2] in 48%
isolated yield. The study of the significant substituent effect
of the R group on the (E)-selectivity of the photochemical
isomerization is in progress.

In summary, a concise method for the synthesis of medium-
sized cyclic molecules containing an (E)-alkene group was
developed. The key feature of the synthesis is the Z to E
photochemical isomerization in the presence of the Ag-silica gel.
The sequential approach with the RCM to provide medium-sized
(Z)-cyclic molecules and the Z to E photochemical isomerization
may be efficient for a variety of (E)-cyclic molecules. Further
synthetic applications of this approach are being explored.
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Scheme 3. (E)-Selective photochemical isomerization of dia-
lkoxysilane (Z)-4.

Chem. Lett. 2018, 47, 186–188 | doi:10.1246/cl.170937 © 2018 The Chemical Society of Japan | 187

http://dx.doi.org/10.1246/cl.170937
http://dx.doi.org/10.1246/cl.170937
http://dx.doi.org/10.1021/ar50151a004
http://dx.doi.org/10.1021/ar50151a004
http://dx.doi.org/10.1007/3-540-13569-3_1
http://dx.doi.org/10.1246/cl.170937


2 For representative reports, see: a) A. T. Blomquist, L. H. Liu,
J. C. Bohrer, J. Am. Chem. Soc. 1952, 74, 3643. b) A. C.
Cope, R. A. Pike, C. F. Spencer, J. Am. Chem. Soc. 1953, 75,
3212. c) J. A. Marshall, V. H. Audia, T. M. Jenson, W. C.
Guida, Tetrahedron 1986, 42, 1703. d) J. A. Marshall, J.
Lebreton, J. Org. Chem. 1988, 53, 4108. e) A. Sudau, U.
Nubbemeyer, Angew. Chem., Int. Ed. 1998, 37, 1140. f ) K.
Tomooka, N. Komine, D. Fujiki, T. Nakai, S. Yanagitsuru,
J. Am. Chem. Soc. 2005, 127, 12182. g) K. Tomooka, M.
Suzuki, M. Shimada, S. Yanagitsuru, K. Uehara, Org. Lett.
2006, 8, 963. h) K. Tomooka, M. Suzuki, K. Uehara, M.
Shimada, T. Akiyama, Synlett 2008, 2518. i) K. Uehara, K.
Tomooka, Chem. Lett. 2009, 38, 1028. j) K. Tomooka, K.
Uehara, R. Nishikawa, M. Suzuki, K. Igawa, J. Am. Chem.
Soc. 2010, 132, 9232. k) K. Igawa, N. Ichikawa, Y. Ano, K.
Katanoda, M. Ito, T. Akiyama, K. Tomooka, J. Am. Chem.
Soc. 2015, 137, 7294.

3 For reviews, see: a) A. Fürstner, Top. Catal. 1997, 4, 285.
b) L. Yet, Chem. Rev. 2000, 100, 2963. c) A. Michaut, J.
Rodriguez, Angew. Chem., Int. Ed. 2006, 45, 5740.

4 A few examples of stereoselective RCM for the synthesis of
medium-sized (E)-cyclic molecules were reported. Repre-
sentative examples, see: a) D. Bourgeois, A. Pancrazi, L.
Ricard, J. Prunet, Angew. Chem., Int. Ed. 2000, 39, 725.
b) R. Matsui, K. Seto, K. Fujita, T. Suzuki, A. Nakazaki, S.
Kobayashi, Angew. Chem., Int. Ed. 2010, 49, 10068. c) S.
Nishio, T. Somete, A. Sugie, T. Kobayashi, T. Yaita, A.
Mori, Org. Lett. 2012, 14, 2476.

5 Pioneering works on the photochemical isomerization of
(Z)-cycloalkenes: a) J. S. Swenton, J. Org. Chem. 1969, 34,
3217. b) Y. Inoue, S. Takamuku, H. Sakurai, J. Phys. Chem.
1977, 81, 7. c) Y. Inoue, S. Takamuku, Y. Kunitomi, H.
Sakurai, J. Chem. Soc., Perkin Trans. 2 1980, 1672.

6 K. Igawa, K. Machida, K. Noguchi, K. Uehara, K. Tomooka,
J. Org. Chem. 2016, 81, 11587.

7 DEIP is better than DMIP as a photosensitizer for the
reaction in pentane due to the higher solubility of DEIP in
this solvent.

8 Ag-silica gel is commonly utilized as a stationary phase for

chromatography to separate alkenes. For review, see: C. M.
Williams, L. N. Mander, Tetrahedron 2001, 57, 425.

9 Preparation procedure for 10wt% Ag-silica gel: To a
solution of AgNO3 (1.0 g) in distilled water (100mL) in
an aluminum foil-wrapped one-neck round-bottom flask
(300mL) was added silica gel (9.0 g). The mixture was
stirred for 20min, and then water was evaporated under
reduced pressure with a rotary evaporator at 55 °C. The
residue in the flask was further dried under reduced pressure
with a rotary vacuum pump for 2 h at 90110 °C by heating
with an oil bath.

10 As a related important study, Fox and colleagues reported
the efficient photochemical Z to E isomerization of medium-
sized cyclic molecules with continuous circulation of a
reaction mixture pumped through a packed column of Ag-
silica gel: a) M. Royzen, G. P. A. Yap, J. M. Fox, J. Am.
Chem. Soc. 2008, 130, 3760. b) M. Royzen, M. T. Taylor, A.
DeAngelis, J. M. Fox, Chem. Sci. 2011, 2, 2162.

11 We studied an influence of the amount of DEIP to photo-
chemical isomerization reaction in range from 0.5 to
2.0 equiv, and no significant difference of (E)-selectivity
was observed. However, we used 2.0 equiv of DEIP due to a
high repeatability of the reaction.

12 Inoue and colleagues reported that the (E)-selectivity for the
photochemical isomerization of (Z)-3 was as high as (E)-3/
(Z)-3 = 38:62 in the presence of a photosensitizer such as
methyl 3,5-bis(trifluoromethyl)benzoate with UV irradiation
at 254 nm: N. Yamasaki, Y. Inoue, T. Yokoyama, A. Tai,
J. Photochem. Photobiol., A 1989, 48, 465.

13 Trace amounts of (E)-3 were detected in the supernatant at
the end of the reaction by GC analysis before treatment of
aminopropylated silica gel, which shows that most (E)-3 was
adsorbed onto the Ag-silica gel from the reaction solution.

14 K. Tomooka, C. Iso, K. Uehara, M. Suzuki, R. Nishikawa-
Shimono, K. Igawa, Angew. Chem., Int. Ed. 2012, 51, 10355.

15 The pure (E)-isomer [>98% (E)] could be obtained by
purification via column chromatography using Ag-silica gel.

16 K. Tomooka, S. Miyasaka, S. Motomura, K. Igawa, Chem.®
Eur. J. 2014, 20, 7598.

188 | Chem. Lett. 2018, 47, 186–188 | doi:10.1246/cl.170937 © 2018 The Chemical Society of Japan

http://dx.doi.org/10.1021/ja01134a052
http://dx.doi.org/10.1021/ja01109a049
http://dx.doi.org/10.1021/ja01109a049
http://dx.doi.org/10.1016/S0040-4020(01)87587-6
http://dx.doi.org/10.1021/jo00252a044
http://dx.doi.org/10.1002/(SICI)1521-3773(19980504)37:8%3C1140::AID-ANIE1140%3E3.0.CO%3B2-W
http://dx.doi.org/10.1021/ja053347g
http://dx.doi.org/10.1021/ol053141k
http://dx.doi.org/10.1021/ol053141k
http://dx.doi.org/10.1055/s-2008-1078235
http://dx.doi.org/10.1246/cl.2009.1028
http://dx.doi.org/10.1021/ja1024657
http://dx.doi.org/10.1021/ja1024657
http://dx.doi.org/10.1021/jacs.5b04340
http://dx.doi.org/10.1021/jacs.5b04340
http://dx.doi.org/10.1023/A:1019117012154
http://dx.doi.org/10.1021/cr990407q
http://dx.doi.org/10.1002/anie.200600787
http://dx.doi.org/10.1002/(SICI)1521-3773(20000218)39:4%3C725::AID-ANIE725%3E3.0.CO%3B2-I
http://dx.doi.org/10.1002/anie.201004746
http://dx.doi.org/10.1021/ol300755y
http://dx.doi.org/10.1021/jo01262a102
http://dx.doi.org/10.1021/jo01262a102
http://dx.doi.org/10.1021/j100516a003
http://dx.doi.org/10.1021/j100516a003
http://dx.doi.org/10.1039/P29800001672
http://dx.doi.org/10.1021/acs.joc.6b01799
http://dx.doi.org/10.1016/S0040-4020(00)00927-3
http://dx.doi.org/10.1021/ja8001919
http://dx.doi.org/10.1021/ja8001919
http://dx.doi.org/10.1039/c1sc00442e
http://dx.doi.org/10.1016/1010-6030(89)87024-8
http://dx.doi.org/10.1002/anie.201204484
http://dx.doi.org/10.1002/chem.201402434
http://dx.doi.org/10.1002/chem.201402434
http://dx.doi.org/10.1246/cl.170937

