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triplet sensitized [2+2] photodimerization of acenaphthylene,

and [4+4] photodimerization of 9-anthraldehyde
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Abstract—Inner cavity of Pd-nanocage has been used as a reaction vessel for performing triplet sensitized [2+2] photodimerization
of acenaphthylene using water soluble xanthene dyes (Eosin Y and Rose Bengal) as sensitizers, and [4+4] photodimerization of
9-anthraldehyde. Although the [4+4] photodimerization of 9-anthraldehyde gave similar results to solution reaction, the xanthene dye
sensitized [2+2] triplet state photodimerization of acenaphthylene encapsulated within Pd-nanocage yielded the syn dimer in quan-
titative yield. The results obtained from the triplet state [2+2] photodimerization of acenaphthylene within Pd-nanocage is remark-
able given the fact that the photodimerization reaction when performed in methanol in the presence of Eosin Y and Rose Bengal
gave the syn and anti dimers in the ratio 0.5 and 0.6, respectively. Preaggregation of molecules encapsulated inside Pd-nanocage in a
syn fashion seems to be the governing factor for such a behavior.
� 2005 Elsevier Ltd. All rights reserved.
Figure 1. Structure of Pd-nanocage.
Self-assemblies based on hydrogen bonding, metal or-
ganic coordination networks, p–p stacking, van der
Waal forces and hydrophobic–hydrophilic interactions
have been designed to mimic enzymes.1 The focus of
the present communication is to explore the use of one
such supramolecular assembly as a reaction vessel in
aqueous medium for performing photochemical trans-
formations. The host used for this purpose, a self-assem-
bly of six metal ions and four tridendate ligands (the
Pd-nanocage shown in Fig. 1) was originally designed
and utilized by Fujita et al. for performing highly regio-
selective homo and hetero [2+2] photodimerization of ace-
naphthylenes.2 We have used this assembly that is
commercially available as a reaction vessel to perform
[4+4] photodimerization of anthracene derivatives from
their excited singlet states and [2+2] photodimerization
of acenaphthylene from its triplet state.

Our interest in this cage derives from our long range
goal of achieving selectivity in photochemical reactions
using confined media. We have explored previously pho-
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toreactions in micelles, cyclodextrins, dendrimers, zeo-
lites, and in crystals.3 Our recent studies have included
the use of water soluble hosts such as octa acids, calixa-
renes, and cucurbiturils.4 These organic hosts have
dimensions similar to the Pd-nanocage that is commer-
cially available. We were particularly attracted to the re-
port in which Fujita and co-workers demonstrated that
acenaphthylene undergoes dimerization upon direct
excitation to a single dimer (syn) within the Pd-nano-
cage.6 Since acenaphthylene in solution in the absence
of the cage yields the syn dimer as the major product
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from the excited singlet state, formation of the syn dimer
within the cage did not fully demonstrate the ability of
the cage to orient molecules. Further it was not clear
whether the Pd-nanocage could be useful to perform
selective dimerization of other molecules. Ready
commercial availability of the Pd-nanocage and our
interest in exploring chemistry in confined media
prompted us to explore the Pd-nanocage as a reaction
vessel. We find that the cage has limited potential as a
reaction vessel.

Due to the water soluble nature of xanthene dyes (Eosin
Y and Rose Bengal), we envisaged that one could use
xanthene dyes as a triplet sensitizer for acenaphthylene
present inside the cage. Acenaphthylene 1 dimerizes
under both direct and sensitized irradiation conditions to
form syn and anti dimers (Scheme 1).5 In polar solvents
such as methanol, syn and anti dimers are formed in the
ratio 5.7 whereas upon triplet sensitization with xan-
thene dyes such as Eosin Y (ET = 46.8 kcal/mol) and
Rose Bengal (ET = 44.6 kcal/mol), syn and anti dimers
are formed in the ratio 0.5 and 0.6, respectively. Fujita
and co-workers have reported that acenaphthylene
forms 1:2 host:guest complex with the Pd-nanocage,
which on irradiation in aqueous solution, undergoes
highly accelerated and regioselective dimerization to
form the syn dimer.6 We visualized that if at all the cage
can accommodate formation of the anti dimer it should
happen during triplet senstization under which condi-
tion acenaphthylene preferentially yields the anti dimer.
We were also interested to probe whether a triplet sensi-
tizer present in the aqueous exterior would be able to
sensitize a molecule present inside the cage. In this con-
text we have examined the triplet sensitized [2+2] photo-
dimerization of acenaphthylene accommodated within
Pd-nanocage in aqueous medium.

On stirring a solution of the host Pd-nanocage (8 mg,
0.003 mM), acenaphthylene (2 mg, 0.013 mM), and Eosin
Y (0.5 mg, 0.72 lM) in 1 mL of D2O, a 1:2 complex of
Pd-nanocage:acenaphthylene (examined by 1H NMR)
was formed. No complexation took place when Eosin
Y was complexed with Pd-nanocage suggesting that Eo-
sin Y prefers the aqueous exterior. Irradiation of this
complex under deaerated condition using corning CS
3-69 (k > 480 nm) filter for 10 h followed by 1H NMR
analysis showed disappearance of acenaphthylene sig-
nals and appearance of new signals corresponding to
the syn dimer. Quantitative formation of the syn dimer
was confirmed by recording 1H NMR of the product
following extraction with CDCl3. Similar results were
obtained with the triplet sensitizer Rose Bengal. On stir-
ring a D2O solution of the host Pd-nanocage (8 mg,
0.003 mM), acenaphthylene (2 mg, 0.013 mM), and
Rose Bengal (0.5 mg, 0.72 lM) in 1 mL of D2O, a 1:2
complex of Pd-nanocage:acenaphthylene (examined by
1H NMR) was formed. As before, the water soluble
Rose Bengal preferred the aqueous exterior as compared
to the hydrophobic interior. Irradiation of the deaerated
aqueous solution of the complex using corning CS 3-69
(k > 480 nm) filter for 10 h followed by extraction with
CDCl3 and analysis by 1H NMR confirmed the forma-
tion of syn dimer. These results are remarkable given
the fact that sensitized irradiation of acenaphthylene in
isotropic solvents yields the anti dimer as the major
product. Consistent with this when syn and anti dimers
of acenaphthylene were stirred with the host Pd-nano-
cage, only the syn dimer complexed preferentially. We
believe that preorientation of the molecules inside the
Pd-nanocage along with the compactness of the syn
dimer (length: 7 Å, width: 8 Å) could be the reason for
the preferential formation of the syn dimer inside the
cage even from the triplet state. Due to space con-
straints, preorientation of the molecules in the anti con-
figuration (molecular dimension of the anti dimer
length: 14 Å, width: 8 Å) is unlikely within the nano size
cavity of Pd-nanocage. Further, absence of the anti di-
mer as a product suggests that the cage does not favor
reorientation of the preaggregated acenaphthylene mol-
ecules to the anti configuration within the lifetime of the
triplet state. Thus the Pd-nanocage is able to increase
the effective concentration of the reactant molecules
and prealign them in a syn configuration to yield the
syn dimer as a single product even from the triplet state.

Though Pd-nanocage is capable of accommodating var-
ious organic molecules, the serious limitation of the cage
lies in the fact that it has absorption up to 330 nm. There-
fore we could not examine the dimerization of cinnamic
acids, stilbenes, and stilbazoles, the well known model
systems often used in photodimerization reactions.6

Anthracene and its derivatives have absorption above
330 nm and therefore are ideal candidates for undergo-
ing photodimerization reaction inside the Pd-nanocage.
The 9-substituted anthracene derivatives 3, 4, 7, 8, and
9 on irradiation in isotropic solvents undergo photodi-
merization to yield head to tail (h–t) photodimer as the
only product whereas 9-substituted anthracene deriva-
tives 5 and 6 on irradiation in isotropic solvents yield
both head to head (h–h) and head to tail (h–t) photodi-
mers in 25:75 and 40:60 ratios (Scheme 2).7 Among the
eight anthracene derivatives 2–9 examined, 3–7 formed
1:2 host:guest complex (calculated from NMR) with
the Pd-nanocage whereas 2, 8, and 9 did not complex
with the Pd-nanocage. Like in the acenapthylene case,
the complexes of 3–7 were easily formed on stirring
1 mL D2O solution of Pd-nanocage (8 mg, 0.003 mM)
and the substrates (3 mg, 0.013 mM) and 1H NMR of
the filtered solution confirmed the complexation. Irradi-
ation of Pd nanocage-3 complex for 4 h followed by 1H
NMR analysis showed complete disappearance of sig-
nals corresponding to that of 3 (Fig. 2). However, extrac-
tion of the aqueous solution with chloroform resulted in
a quantitative yield of the head–tail dimer.8 Clearly,
while two anthracene molecules could be accommodated



Figure 2. 1H NMR of (a) complexation of 3 with Pd-nanocage. (b)
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within the cage in a head–tail sandwich configuration,
the head–tail dimer is too large to fit inside. Consistent
with this, when pure head to tail (h–t) dimer of 3 was stir-
red with Pd-nanocage, no complexation took place. In-
side the host Pd-nanocage, complete conversion to
photoproduct was achieved in 4 h of irradiation whereas
in isotropic solvent such as chloroform, for the same time
of irradiation (4 h), only 15% conversion was achieved
for the same concentration of anthracene. The insolubil-
ity of 9-anthraldehyde (3) in water does not allow a direct
comparison of reaction rates in the same solvent. Hence
the Pd-nanocage not only helps to solubilize the insolu-
ble anthracene derivative (3) in water, but also enhances
the rate of dimerization reaction.

Surprisingly, substrates 4–7 in spite of their long wave-
length absorption and their ability to undergo photodi-
merization in solution, were photoinactive inside the
Pd-nanocage. Irradiation of the complexes formed by
these substrates with the Pd-nanocage followed by
extraction yielded only the starting material. Examina-
tion of anthracene derivatives has revealed that lot more
need to be understood concerning the rules of the Pd-
nanocage templated photodimerization of organic mole-
cules. Also, substrates (3, 4, and 7) having carbonyl
groups formed stronger complexes with the Pd-nanocage
when compared to other anthracene derivatives. The evi-
dence for the above observation comes from the 1H
NMR studies. For example, stirring 3, 4, 5, and 7 with
Pd-nanocage led to selective complexation of 3, 4, and
7 with the Pd-nanocage and 5 was left behind in solution.

In conclusion, the nanosized cavity presented by the host
Pd-nanocage is useful to tune the outcome of two photo-
chemical reactions namely the xanthene dye sensitized
triplet state photodimerization of acenapthylene (1) and
photodimerization of anthracene derivative (3). The
encouraging results obtained during triplet state photodi-
merization of acenaphthylene, water soluble nature of
the host and its capacity to solubilize the otherwise insol-
uble organic molecules in water along with its commer-
cial availability justify further exploration of the host
as a reaction vessel for carrying out photochemical
reactions. However, there are limitations in the use of Pd-
nanocage as the reaction vessel. Its absorption character-
istics limit the choice of reactants. It is not clear why only
one of five anthracene derivatives reacted within the cage.
Clear feeling for the factors that control the inclusion and
reactivity of guests by Pd-nanocage is currently lacking.
The work presented here forms a part of our continued
interest in exploring photoreactions in confined media.3,4

Acknowledgements

V.R. thanks National Science Foundation for support
of the research (CHE-9904187 and CHE-0212042).

References and notes

1. (a) Whitesides, G. M.; Simanek, E. E.; Mathias, J. P.; Seto,
C. T.; Chin, D. N.; Mammen, M.; Gordon, D. M. Acc.
Chem. Res. 1995, 28, 37–44; (b) Stupp, S. I.; LeBonheur, V.;
Walker, K.; Li, L. S.; Huggins, K. E.; Keser, M.; Amstutz,
A. Science 1997, 276, 384–389; (c) Russel, V. A.; Evans, C.
E.; Li, W.; Ward, M. D. Science 1997, 276, 575–579; (d)
Conn, M. M.; Rebek, J., Jr. Chem. Rev. 1997, 97, 1647–
1668; (e) Fujita, M.; Umemoto, K.; Yoshizawa, M.; Fujita,
N.; Kusukawa, T.; Biradha, K. Chem. Commun. 2001, 509–
519.

2. Fujita, M.; Oguru, D.; Miyazawa, M.; Oka, H.; Yamag-
uchi, K.; Ogura, K. Nature 1995, 378, 469–471.

3. (a) Ramamurthy, V. In Photochemistry in Constrained and
Organized Media; Ramamurthy, V., Ed.; VCH: New York,
1991, pp 429–495; (b) Ramamurthy, V.; Eaton, D. F.;
Capsar, J. V. Acc. Chem. Res. 1992, 25, 299–307; (c)
Ramamurthy, V.; Eaton, D. F. Acc. Chem. Res. 1988, 21,
300–306; (d) Sivaguru, J.; Natarajan, A.; Kannumalle, L.
S.; Shailaja, J.; Upilli, S.; Joy, A.; Ramamurthy, V. Acc.
Chem. Res. 2003, 36, 509–521; (e) Kaanumalle, L. S.; Gibb,
C. L. D.; Gibb, B. C.; Ramamurthy, V. J. Am. Chem. Soc.
2004, 126, 14366–14377; (f) Natarajan, A.; Ramamurthy,
V. In The Chemistry of Cyclobutanes; Rappoport, Z.;
Liebman, J. F., Eds.; John-Wiley and Sons, in press.

4. (a) Kaanumalle, L. S.; Nithyanandan, J.; Mahesh, P.;
Jayaraman, N.; Ramamurthy, V. J. Am. Chem. Soc. 2004,
126, 8999–9006; (b) Mahesh, P.; Natarajan, A.; Kaanumalle,



4498 S. Karthikeyan, V. Ramamurthy / Tetrahedron Letters 46 (2005) 4495–4498
L. S.; Ramamurthy, V. Org. Lett. 2005, 7, 529–532; (c)
Raja, K.; Ramamurthy, V., unpublished results.

5. Cowan, D. O.; Drisko, R. L. E. J. Am. Chem. Soc. 1970, 92,
6286–6291.

6. (a) Yoshizawa, M.; Takeyama, Y.; Kusukawa, T.; Fujita,
M. Angew. Chem., Int. Ed. 2002, 41, 1347–1349; (b)
Yoshizawa, M.; Takeyama, Y.; Okano, T.; Fujita, M. J.
Am. Chem. Soc. 2003, 125, 3243–3247.
7. (a) Becker, H. D. Chem. Rev. 1993, 93, 145–172; (b) Bouas-
Laurent, H.; Castellan, A.; Desvergne, J.-P.; Lapouyade, R.
Chem. Soc. Rev. 2000, 29, 43–55; (c) Bouas-Laurent, H.;
Castellan, A.; Desvergne, J.-P.; Lapouyade, R. Chem. Soc.
Rev. 2001, 30, 248–263.

8. 1H NMR of the head to tail (h–t) dimer of 9-anthraldehyde:
(300 MHz, CDCl3) d: 10.1 (2H, s), 6.6–7.1 (16H, m), 5.5
(2H, s).


	Self-assembled coordination cage as a reaction vessel: triplet sensitized [2+2] photodimerization of acenaphthylene, and [4+4] photodimerization of 9-anthraldehyde
	Acknowledgements
	References and notes
	Acknowledgement
	References


