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A great deal of interest has developed concerning the
influence of the nature of the intervening media on electron
transfer reactions in which electrons move from donor to
acceptor sites separated by “insulating” material.! Details of
such processes can be probed by the study of triplet energy
transfer based on the proposal of Dexter that transfer involves
exchange of electrons between energy donor and acceptor.’
Recently this approach was verified when Closs showed that
energy transfer can occur between chromophoric groups sepa-
rated by long distances, but connected by networks of single
bonds.® The rates of energy transfer within a number of related
molecules, with varying interchromophoric distances and ori-
entations, were correlated quantitatively with rates of charge
transfer involving both electron and hole transfer in the same
molecular system.* The results lent increased credibility to the
Dexter mechanism but did not resolve the question as to whether
or not the intervening saturated structures played a special role
in the process (through-bond mechanism). Here we describe
the unambiguous observation of triplet energy transfer between
unconnected systems separated by a molecular barrier (through-
space mechanism).

An encapsulating host molecule (“hemicarcerand”) was used
to separate the donor and acceptor in solution so that the
through-bond mechanism as it is commonly defined would not
be operative, but the path of closest approach could still be
estimated with good certainty. Hemicarcerands are closed-
surface hosts with rigid, physically isolated interiors that form
kinetically stable complexes when large energetic barriers
prevent guest egress.” Work by Cram et al. in which the
normally highly reactive cyclobutadiene was created inside a
hemicarcerand confirms that species deeply buried within
hemicarcerand interiors have no “bond-forming” contact with
the external milieu.5 Therefore, a triplet energy donor placed
inside a hemicarcerand would not come into direct contact with
the energy acceptor.

Both CPK molecular model examination and force field
calculations” predict that acetophenone would fit tightly within
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hemicarcerand 1 to give a kinetically stable complex 1-acetophe-
none (1+Ac), Figure 1.

The formation of 1:Ac involves the synthesis of 1-dimethyl
acetamide (1'DMA) according to the literature procedure® and
the subsequent exchange of encapsulated DMA guest with
acetophenone.’ Upfield shifts in NMR peak position of the
guest protons by as much as 4.4 ppm provide evidence that the
acetophenone is isolated within the shielding environment of
the hemicarcerand interior. Analysis of peak integration areas
shows that exactly one acetophenone was encapsulated within
each hemicarcerand cage. Specific ROESY cross peaks between
the two hemispheres of 1 and the acetophenone guest indicate
that acetophenone adopts a single conformation along the long
axis of hemicarcerand 1. Variable temperature experiments'®
show the 1':Ac complex to be quite stable at 25 °C with a AG*
of acetophenone egress of 25.3 kcal/mol containing AH* and
AS* components of 19.7 kcal/mol and —18.7 eu, respectively.
Indeed, solutions of 1*Ac show no evidence of decomplexation
after standing for weeks at room temperature. The structural
data suggests that the most direct path by which triplet energy
can be transferred is directly through the walls of hemicarcerand
1 with a closest direct path of 7 A between the carbonyl within
1*Ac and an external energy acceptor.

The absorption of the cage drops off at 300 nm, making the
(n,m*) transition of acetophenone accessible by the direct
absorption of light. The absorption spectra of 1:Ac and
acetophenone are superimposable, showing that incarceration
does not distort the absorption spectrum of acetophenone.
Irradiation of 1°Ac at 320 nm in a methyltetrahydrofuran
(MTHF) matrix at 77 K yields a species with a lifetime of 10.1
ms and an emission spectrum containing the four vibrational
bands charcteristic of acetophenone phosphorescence. In order
to determine if triplet energy would be transferred through the
skeleton of 1-Ac, samples in which naphthalene was added to
the MTHF matrix were irradiated. As the concentration of
naphthalene in the MTHF matrix was increased, 1*'Ac phos-
phorescence intensity decreased while naphthalene phospho-
rescence was induced. Naphthalene phosphorescence was not
seen upon direct irradiation of naphthalene, so triplet energy
must be transferred through the skeleton of 1 in these experi-
ments. The method of Terenin and Ermolaev!! was used to
obtain formal rate constants of triplet energy transfer of 79 s~!
for 1-Ac and 300 s~! for uncomplexed acetophenone. Since
the radial distribution of quencher molecules about the 1-Ac
and acetophenone donors should be the same in the glass, there
is only a modest difference in transfer efficiencies in this case.
This is consistent with the observation that the millisecond triplet
lifetimes feasible at 77 K enable triplet energy transfer to span
10—15 A distances.'?

Rates of triplet energy transfer at ambient temperature were
addressed by the investigation of the photosensitized isomer-
ization of cis-piperylene.!> The transfer of triplet energy to cis-
piperylene results in cis/trans isomerization so that triplet energy
transfer can be monitored by the appearance of the trans-
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Figure 1. Structure of 1*Ac.

piperylene. No measurable isomerization was observed when
solutions containing only cis-piperylene were irradiated, while
isomerization was observed on irradiation of solutions containing
both acetophenone and 1°Ac. These results confirm that triplet
energy transfer occurs from both acetophenone and 1'-Ac. The
Stern—Volmer analysis is shown in Figure 2, in which the initial
rate of apperance of trans-piperylene is correlated with cis-
piperylene concentration using a conventional reciprocal plot.
The ratio of the slopes obtained with 1-Ac sensitization and
acetophenone sensitization is 4.0 £ 0.8. The lifetimes of the
1-Ac and acetophenone triplets were found using standard laser
flash photolysis techniques to be 160 and 240 ns, respectively,
so the observed variance in slope can be translated into a ratio
of triplet energy transfer rates of 2.7 between naked acetophe-
none and 1*Ac. The rate constant for triplet energy transfer
from acetophenone to cis-piperylene was verified to be 1.0 x
10" M~! s~ the diffusion-controlled limit for benzene
solvent.'* Our results show that the rate constant for triplet
energy transfer from 1-Ac to cis-piperylene must be 3.7 x 10°
M~!s~1. The rate of triplet energy transfer is at, or near, the
diffusion-controlled limit for both acetophenone and 1-Ac.
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Figure 2. Reciprocal plot for isomerization of cis-piperylene using
1-Ac (O) and acetophenone (M) as sensitizers.

Triplet energy transfer is spin forbidden and cannot proceed
by a dipole—dipole, or Forster, mechanism. Therefore triplet
energy is almost certainly transferred by the electron exchange
mechanism in these experiments. Electron exchange in solution
is believed to require close contact between the donor and
acceptor in order to create sufficient orbital overlap for the
exchange of electrons. When the acetophenone resides within
the interior of 1, direct contact between the donor and acceptor
is not possible, yet triplet energy transfer still occurs. If triplet
energy transfer does in fact involve the exchange of electrons,
our results demonstrate that there is sufficient orbital overlap
between the donor and acceptor through the hemicarcerand
skeleton for the simultaneous exchange of electrons between
the HOMO and LUMO of the donor—acceptor pair.

In conclusion, triplet energy is transferred from an aryl ketone
even when a hemicarcerand cage blocks atom-to-atom contact
with the energy acceptor. Work to elucidate the precise role
of the aromatic rings through the variation of the nature of the
intervening hemicarcerand cage, the examination of different
donor—acceptor pairs, and complementary studies on single
electron transfer are currently underway in this laboratory.

Acknowledgment is made to the donors of the Petroleum Research
Fund, administered by the American Chemical Society, for support of
this work and NSF Grant CHE-930219 for support of the NMR facilities
at BGSU. We would also like to acknowledge George S. Hammond
for helpful discussions and thank M. A. J. Rodgers and William Ford
for their assistance with the laser flash studies.

Supporting Information Available: Low-temperature phospho-
rescence, 2D-TOCSY, and 2D-ROESY spectra of the 1"-Ac hemicar-
ceplex (3 pages). This material is contained in many libraries on
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of the journal, can be ordered from the ACS, and can be downloaded
from the Internet; see any current masthead page for ordering
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