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Irradiation of terminal aromatic 7y,6-epoxy ketones with a
450 W UV lamp led to Norrish type II cyclization/semi-pinacol
rearrangement cascade reaction which formed the benzocyclo-
butanones containing a full-carbon quaternary center, whereas
irradiation of substituted aromatic y,5-epoxy ketones led to the
indanones through a photochemical epoxy rearrangement and
1,5-biradicals cyclization tandem reaction.

Light is regarded as a powerful energy source for chemists to
synthesize polycyclic or highly functionalized molecules avoiding
toxic reagents. Therefore, organic photochemistry has received
considerable interest from both academia and industry.' For
example, many research efforts have concentrated on the
photochemical behavior of epoxy ketones. Compared with
well established results of the photochemistry of o,B-epoxy
ketones? and PB,y-epoxy ketones, attempts to study y,5-epoxy
ketones are still at an early stage.* Photochemical studies on
epoxy and epoxy ketones have demonstrated that the type of
photoinduced ring opening of epoxy is alternative depending
on the substitution and the nature of reactive excited states of
substrates.'? Therein, by the way of heterolytic C—C bond
cleavage of the epoxy group, pyrans or furans would be formed.?*
As our aim to continuously explore new and versatile methods to
prepare furans and other synthetic units,® recently, we discovered
a novel and efficient way to prepare polysubstituted benzocyclo-
butanones and indanones during the investigations on the
photochemistry of aromatic y,5-epoxy ketones in solution.
More importantly, the formation of benzocyclobutanones
was generated from a Norrish type 11 photocyclization’/Lewis
acid-free semipinacol rearrangement cascade reaction. In this
communication, we present what we have learned to date
about these new and serendipitous discoveries.

Our preliminary studies focused on the photochemical
behavior of aromatic y,6-epoxy ketone 1a (Scheme 1) through
irradiation of 1a in benzene solution with a 450 W medium-pressure
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Scheme 1 Initial photochemical studies of 1a in benzene solution.

mercury lamp using a Pyrex filter. Initially, the irradiation of
1a was supposed to form a benzopyran via C—C bond cleavage
of the epoxy group. However, based on the 1D and 2D NMR
spectral analysis, the photoproduct was assigned to the
benzocyclobutanone 2a containing a full-carbon quaternary
center which was isolated in 63% yield. Obviously, more
complex reaction pathways have to be considered for this
unique photochemical reaction. Importantly, the conversion
of 1a to 2a provided an easy and quick access to the synthesis
of polysubstituted benzocyclobutanones, the versatile synthetic
building blocks in total synthesis of natural products, from
simple and readily available substrates,® which urged us to
investigate this reaction in detail.

Upon initial investigations on the reaction conditions, we
were encouraged to treat 1a with a series of wavelengths’ in
combination with different solvents (anhydrous benzene, acetone,
acetonitrile, and dichloromethane). Gas chromatography
(GC) analysis showed that the reaction proceeded in anhydrous
benzene upon using a 450 W medium-pressure mercury lamp as
a light source through a Pyrex filter and led to the photoproduct
2a in 73% yield. Notably, no reaction was observed when
Lewis acids were employed in the reaction, such as TMSOTT,
Il’lC13, AlBr3.

We therefore prepared a series of aromatic v,3-epoxy
ketones (for preparations see ESIf) and subjected them to
the optimized reaction conditions. As shown in Scheme 2, the
reactions were completed within 25-30 minutes at room
temperature and formed the desired products in moderate to
good yields. The electron-withdrawing and electron-donating
groups on R; are tolerated under the reaction conditions
giving the desired products in good yields (2¢ and 2d). An
aryl group is necessary for the initial excitation of the carbonyl
group to the 1,2-biradicals, because only the diketone compound
was obtained when the alkyl group replaced the aromatic group
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Scheme 2 Photochemical studies of aromatic terminal y,5-epoxy
ketones 1 in benzene solution.
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Scheme 3 Photochemical studies on substituted epoxide 3a in benzene
solution.

in the reaction (I). The presence of electron-withdrawing or
electron-donating groups at the para position of the epoxy
group had no influence on the results, because the desired
products were smoothly formed in synthetically useful yields
(2e, 2f and 2i). While the presence of an electron-withdrawing
group at the para position of the ketone was tolerated under
the reaction conditions (2g and 2h), the p-methoxy-phenyl
derivative, whose lowest triplet state is undoubtedly m,7* in
nature,'” failed to react (2j).

Throughout our investigations, the substituted epoxy compound
3a was also synthesized to examine the influence of a terminal
substituent (Scheme 3). Interestingly, irradiation of compound 3a
under the same conditions led to a polysubstituted indanone
compound 4a with syn-Ph, Me groups as the sole product. The
stereochemistry of 4a was determined by its spectroscopic
properties, in particular its 1D and 2D 'H NMR spectra. In
comparison to the results of the terminal epoxide 1a, obviously,
different reaction pathways have to be considered in this case.

To explore the scope of this reaction, a variety of substrates
were also synthesized and subjected to the reaction conditions.
As expected, all of the substrates uniformly afforded the
indanones in good yields and excellent diastereoselectivity
after irradiation for 25-30 minutes (Scheme 4). The presence
of electron-withdrawing groups at the para position of the
aroyl groups was tolerated under the reaction conditions and
as high as 84% yield was obtained (4c, 4e and 4f). The
substitutions at the d-position of the epoxide have influence
on the reaction result, e.g., higher yield was obtained when two
d-hydrogen atoms were replaced by methyl groups (4d) in
comparison to the results of 4a and 4b. Interestingly, irradiation
of the substrate with a phenyl group substituted at the -position
directly led to 2,3-diphenylindanone (II), which possibly was
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Scheme 4 Photochemical studies on substituted epoxides 3 in benzene
solution.
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Scheme 5 Proposed mechanism for the formation of 2 and 4.

generated from the sequential dehydration of the corresponding
B-hydroxyl indanone photoproduct. Notably, the p-methoxy phenyl
ketone compound (R4 = p-OMe) failed to react owing to its lowest
m,m* triplet state albeit irradiation was for a longer time.

During the course of our investigations, a control experiment
was conducted by irradiation of the substrate 1b in which the
y-hydrogen was replaced by a methyl group (Scheme 1) under
the same reaction conditions. As predicted, no corresponding
indanone product was formed (Scheme 1, 2b), which indicated
that the y-hydrogen plays a crucial role in the process of this
reaction.

Accordingly, a proposed mechanism for the formation 2
and 4 is depicted in Scheme 5. A common step for the two
pathways is the excitation of the carbonyl group of 5 to form
the 1,2-biradicals under UV light irradiation via an n,* triplet
state, which then transformed to 1,4-biradicals intermediate 6
after y-hydrogen abstraction. The formation of 1,4-biradicals
6 features the first step of photochemical Norrish type II
reaction'! which then cyclized to yield the epoxy cyclobutanol
8 in the case of a terminal epoxide (R,, R3; = H). Sequentially,
the intramolecular hydrogen-bond involved in 8 promoted a
semipinacol rearrangement reaction'> through the epoxy ring
opening accompanied by the migration of the aromatic group
to form the final product 2. While for the case of a substituted
epoxide (R, or R3 # H), 1,4-biradicals 6 tended to form the
1,5-biradicals 7 via an epoxy rearrangement due to the stabilization
of the radical at the §-position. This is consistent with the result that
higher yield was obtained when two methyl groups replaced the
6-hydrogen (Scheme 4, 4d). Finally, 1,5-biradicals cyclization
reaction took place to afford the photoproduct 4.
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Scheme 6 Diastereoselectivity model of 4a.

The diastereoselectivity of the formation of 4 could be
rationalized using 4a as the substrate through theoretical
calculations. Based upon DFT calculations (B3LYP/6-311),
the Dreiding models showed that the intermediate 7a adopts a
conformation with the lowest energy in which the Me group
on C5 is located in the plane of C—0, C4-C5 and C5-Me, and
syn to the phenyl group on CI1 (Scheme 6). Sequential ring
closure through the C—C bond formation between C1 and C5
led to the final product 4a with syn-phenyl, Me groups.

Benzocyclobutanone and indanone derivatives are versatile
synthetic intermediates in total synthesis of natural products
with a variety of types of carbon skeletons.'® Therefore, to
demonstrate the synthetic potential of the photochemical
formation of these compounds, a solution of 500 mg of
aromatic y,0-epoxy ketone 1a and 3a in 150 mL of anhydrous
benzene was irradiated to 100% conversion to afford 2a and
4a in 67% and 59% yield respectively.

In conclusion, the photochemistry of terminal and substituted
aromatic v,0-epoxy ketones in benzene solution was investigated.
The work reported in this communication provides an easy access
to benzocyclobutanones and indanones, and highlights the
application of photochemistry in the realm of organic synthesis.
We are continuing to explore the scope of this transformation
as well as further mechanistic investigations.

We are grateful for the financial support from China NSFC
(Nos 21002018 and 21072038), the Fundamental Research
Funds for the Central Universities (No. HIT.BRET2.2010001),
WZSTP (No. G20100056) and ZJSTP (No. 2011C23116).

Notes and references

1 (@) N. Hoffmann, Chem. Rev., 2008, 108, 1052-1103; (b) M. Fleck
and T. Bach, Angew. Chem., Int. Ed., 2008, 47, 6189-6191;
(¢) P. Selig and T. Bach, Angew. Chem., Int. Ed., 2008, 47,
5082-5084; (d) M. Veerman, M. J. Resendiz and M. A. Garcia-
Garibay, Org. Lett., 2006, 8, 2615-2617; (¢) C. J. Mortko and
M. A. Garcia-Garibay, J. Am. Chem. Soc., 2005, 12, 7994-7995;
(f) M. Fleck and T. Bach, Chem.—Eur. J., 2010, 16, 6015-6032;
(2) V. Dichiarante, M. Fagnoni and A. Albini, Green Chem., 2009,
11, 942-945; (h) A. G. Griesbeck, J. Neudorfl, A. Horauf, S. Specht
and A. Raabe, J. Med. Chem., 2009, 52, 3420-3423; (i) A. Bauer,
F. Westkdmper, S. Grimme and T. Bach, Nature, 2005, 436,
1139-1140; (j) R. Jahjah, A. Gassama, V. Bulach, C. Suzuki,
M. Abe, N. Hoffmann, A. Martinez and J. M. Nuzillard, Chem.—Eur. J.,
2010, 16, 3341-3354; (k) A. Natarajan, D. Ng, Z. Yang and
M. A. Garcia-Garibay, Angew. Chem., Int. Ed., 2007, 46, 64856487,
() C. Yang and W. Xia, Chem—Asian J., 2009, 4, 1774-1784;
(m) W. Qin, Z. Xu, Y. Cui and Y. Jia, Angew. Chem., Int. Ed., 2011,
50, 4447-4449.

2 (a) E. Hasegawa, K. Ishiyama, T. Horaguchi and T. Shimizu,

J. Org. Chem., 1991, 56, 1631-1635; (b) S. P. Pappas,

R. M. Gresham and M. J. Miller, J. Am. Chem. Soc., 1970, 92,

5797-5798; (¢) C. V. Kumar, D. Ramaiah, P. K. Das and

M. V. George, J. Org. Chem., 1985, 50, 2818-2825; (d) P. Hallet,

J. Muzart and J. P. Pete, J. Org. Chem., 1981, 46, 4275-4279;

(e) L. A. Paquette, H. S. Lin, D. T. Belmont and J. P. Springer,

J. Org. Chem., 1986, 51, 4807-4813; (f) T. Solomek, P. Stacko,

A. T. Veetil, T. Posplsil and P. Klan, J. Org. Chem., 2010, 75,

7300-7309; (g) E. Hasegawa, K. Ishiyama, T. Fujita, T. Kato and

T. Abe, J. Org. Chem., 1997, 62, 2396-2400.

(a) S. Ayral-Kaloustian and W. C. Agosta, J. Am. Chem. Soc., 1980,

102, 314-323; (b) R. K. Murry, Jr., T. K. Morgan, Jr., J. A. S.

Polley, C. A. Andruskiewicz, Jr. and D. L. Goff, J. Am. Chem. Soc.,

1975, 97, 938-940; (¢) A. Padwa, J. Am. Chem. Soc., 1965, 87,

4205-4207.

4 K. Ishii, D. Gong, R. Asai and M. J. Sakamoto, J. Chem. Soc.,

Perkin Trans. 1, 1990, 855-861.

5 G. A. Lee, J. Org. Chem., 1976, 41, 2656-2658.

(a) W. J. Xia, C. Yang, P. O. Brian, J. R. Scheffer and S. Carl,

J. Am. Chem. Soc., 2005, 127, 2725-2730; (b) W. J. Xia,

Y. T. Shao, W. J. Gui and C. Yang, Chem. Commun., 2011, 47,

11098-11100; (¢) J. R. Scheffer and W. Xia, Top. Curr. Chem.,

2005, 254, 233-262; (d) C. Yang, W. Xia, J. R. Scheffer,

M. Botoshansky and M. Kaftory, Angew. Chem., Int. Ed., 2005,

44, 5087-5089; (e¢) W. Xia, J. R. Scheffer, M. Botoshansky and

M. Kaftory, Org. Lett., 2005, 7, 1315-1318; (f) W. Xia,

J. R. Scheffer and O. P. Brian, CrystEngComm, 2005, 7,

728-730; (g) W. Xia, C. Yang, J. R. Scheffer and B. O. Patrick,

CrystEngComm, 2006, 8, 388-390; (&) C. Yang, W. Xia and

J. R. Scheffer, Tetrahedron, 2007, 63, 6791-6795; (i) G. Zhao,

C. Yang, Q. Chen, J. Jin, X. Zhang, L. Zhao and W. Xia,

Tetrahedron, 2009, 65, 9952-9955.

For a general review of the Norrish type II reaction, see: P. Wagner

and B. S. Park, in Organic Photochemistry, ed. A. Padwa, Marcel

Dekker, New York, 1991, vol. 11, ch. 4.

(a) Y.J. Matsuya, N. Ohsawa and H. Nemoto, J. Am. Chem. Soc.,

2006, 128, 13072-13073; (b) A. A. Frimer and J. Weiss, J. Org.

Chem., 1993, 58, 3660-3667; (¢) J. C. Morris and C. J. Bungard,

J. Org. Chem., 2002, 67, 2361-2364; (d) E. A. Anderson,

E. J. Alexanian and E. J. Sorensen, Angew. Chem., Int. Ed.,

2004, 43, 1998-2001; (e) L. Shi, K. Meyer and M. F. Greaney,

Angew. Chem., Int. Ed., 2010, 49, 9250-9253.

9 Different filters were used to determine the wavelength.

10 N.J. Turro, Modern Molecular Photochemistry, Benjamin/Cummings,
Menlo Park, CA, 1978, ch. 11.3.

11 D. Bassani, CRC handbook of organic photochemistry and photo-
biology, ed. W. Horspool and F. Lenci, CRC, Boca Raton, 2nd edn
2004, ch. 58.

12 (@) T. J. Snape, Chem. Soc. Rev., 2007, 36, 1823-1842;
() X. D. Hu, C. A. Fan, F. M. Zhang and Y. Q. Tu, Angew.
Chem., Int. Ed., 2004, 43, 1702-1705; (¢) C. A. Fan, B. M. Wang,
Y. Q. Tu and Z. L. Song, Angew. Chem., Int. Ed., 2001, 40,
3877-3880.

13 (@) N. Takahashi, T. Kanayama, K. Okuyama, H. Kataoka,
H. Fukaya, K. Suzuki and T. Matsumoto, Chem.—Asian J., 2011,
6, 1752-1756; (b) S. H. Gao, Q. L. Wang, L. J. Huang, L. Lum and
C. Chen, J. Am. Chem. Soc., 2010, 132, 371-383; (¢) B. H. Lee,
Y. L. Choi, S. Shin and J. N. Heo, J. Org. Chem., 2011, 76,
6611-6618; (d) M. P. Winters, M. Stranberg and H. W. Moore,
J. Org. Chem., 1994, 59, 7572-7574; (¢) P. Camps, L. R. Domingo,
X. Formosa, C. Galdeano, D. Gonzalez, D. Mufioz-Torrero,
S. Segalés, M. Font-Bardia and X. Solans, J. Org. Chem., 2006,
71, 3464-3471.

w2

(=)}

~

oo

3562 | Chem. Commun., 2012, 48, 3560-3562

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2cc17960a

