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Abstract: Picosecond absorption spectroscopy was used to investigate the singlet excited-state (S;) relaxations in two
meso-substituted porphines, triphenyl(p-benzoquinone)porphine (P;QP) and tetrakis(p-benzoquinone)porphine (Q,P), and
in solutions of meso-tetraphenylporphine with added amounts of p-benzoquinone. P;QP and Q4P have observable S, states
with lifetimes of <6 ps which decay exclusively to triplet excited states (T) and ground states (Sy). The T, states decay in
~30 ps to yield both long-lived triplet biradicals (r > 5 ns) and S, states. Since ~90% of the T, states decay to ground states
before forming relaxed electron-transfer (ET) products, reverse ET from a vibrationally unrelaxed triplet biradical to S, levels
in competition with continued relaxation of the triplet biradical seems indicated. To the extent the rapid decay of the S, states
results from ET to form a singlet biradical, the formation of T states is also likely to result from a reverse ET while the singlet
biradical is vibrationally relaxing. A working model of the multiple ET steps involved is proposed to summarize the above
results and to guide future studies of unimolecular ET processes.

I. Introduction

Numerous flash kinetic studies have shown quinones to be facile
electron acceptors.!”!! In addition they are known to be inter-
mediates in photosynthetic electron-transport chains.'>'* Recently
researchers'>!” have linked quinone electron acceptors to porphyrin
and chlorophyll electron donors to model the dynamics of pho-
tosynthetic electron transfers. The general conclusion of extensive
studies of the quenching of excited states of porphyrins and
chlorophylls by added quinones and nitroaromatic molecules is
that ionic photoproducts can be observed when the quenching
reaction proceeds from a triplet (T,) excited state, but not when
it proceeds from a singlet excited state (S;).

It has been proposed+'®!° that the singlet states are quenched
by the production of singlet radical pairs, but that the spin-allowed
recombination of the electrons and holes exceeds their rate of
dissociation. Thus ionic photoproducts are not seen. Triplet states,
however, are quenched by the formation of triplet radical pairs.
Apparently their spin-forbidden electron-hole recombination rate
is less than their dissociation rate and ionic photoproducts are
observable. In striking contrast to this behavior, recent studies?%?!
of a cofacial diporphyrin comprised of Mg-substituted and free-
base subunits (Mg—-H,) have provided evidence of a <6 ps in-
tramolecular ET reaction. The Mg*-—H,™ photoproduct is formed
from the diporphyrin’s S, state, yet it is stable for 0.2—-1.3 ns
depending on the solvent.?!

The recent synthesis?? of free-base porphyrins with either one
or four p-benzoquinones substituted at the meso positions affords
the possibility of studying the quenching of porphyrin excited states
unencumbered by the diffusional and configurational uncertainties
which plague bimolecular quenching studies. This paper reports
the results of our picosecond spectroscopic investigation of these
molecules. We also compare these results to those obtained for
bimolecular quenching of the excited states of meso-tetra-
phenylporphine with various amounts of added p-benzoquinone.

II. Experimental Procedures

Modification of meso-tetraphenylporphine (TPP), which is being de-
scribed elsewhere,?? yielded meso-triphenyl(p-benzoquinone)porphine
(P;QP) as shown in structure I. Similarly?? the three pheny! groups in
I were replaced with p-benzoquinones (BQ) to yield meso-tetrakis(p-
benzoquinone)porphine (Q,P). The BQ (Aldrich) used for bimolecular
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quenching was purified by vacuum sublimation. Iodobenzene (Aldrich)
was redistilled prior to use and stored in the dark. N,N-Dimethylform-
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amide, DMF (Aldrich), was purified®* immediately prior to use and
methylene chloride (Aldrich reagent grade) was used without purifica-
tion.

Absorption spectra were measured on Cary 14 and Cary 17 spectro-
photometers. Emission spectra and fluorescence quantum yields were
measured on a Perkin-Elmer MPF-4 spectrofluorimeter equipped with
a Hamamatsu R-446 multialkali photomultiplier tube and an automatic
emission corrector. Fluorescence quantum yields were measured in
deaerated, dilute solutions (absorbance <0.08 cm™!) and are relative to
a yield of 0.13 for TPP in deaerated benzene.>** Fluorescence lifetimes
were measured for deaerated samples in stoppered 2-mm path length
cells. The emission was detected from the front surface of the sample
with a Varian VPM-152 photomultiplier tube coupled to a 7A19 am-
plifier in a Tektronix 7844 oscilloscope. The response time of this system
to a 6-ps laser pulse was 0.8 = 0.2 ns. Red filters (Hoya O-56 and R-60)
were used to discriminate against scattered 527-nm excitation light.

For picosecond kinetic measurements of change-in-absorbance (AA4)
spectra, the samples were degassed with three freeze—pump—thaw cycles
and sealed in 2-mm path length cells. These samples were excited at 527
nm with a 6-ps laser pulse and the AA spectra of the resulting photo-
products were measured with an 8 ps (fwhm) white probe pulse. The
entire system has been described elsewhere.?

The effects of time dispersion in the white probe pulse are important
for several excited states in these systems because of their very short
lifetimes (7 < 25 ps). It is known that light of shorter wavelength travels
more slowly in dense media such as water and glass than does light of
longer wavelength. In other words if light at 775 nm is coincident in the
sample with the excitation pulse, light at 600 nm will not get to the
sample for several more picoseconds. In our apparatus there is about 1
ps of delay for each 35 nm of spectral increment in the 550~775-nm
region. These delays are not significant for optical transients with life-
times >25 ps. We have adopted the procedure of specifying the time of
arrival of the 775-nm light at the sample relative to the excitation pulse.
Negative time means that the 775-nm light arrived before or during the
excitation pulse, while positive time means that it arrived after the ex-
citation pulse. In order to tell the arrival time of any other wavelength,
the delay at that wavelength must be added to the 775-nm arrival time.
For example a A4 spectrum labeled —4 ps is probing the 600-nm region
+ 1 ps after excitation.

ITI. Results

Previous studies?®-28 have shown that the quenching of the
excited states of porphyrins and chlorophylls depends on the
reduction potentials of the added electron acceptors. Similarly
one-electron oxidation and reduction data for diporphyrins were
shown to provide good estimates of the free energy, AE, ,, required
to form intramolecular ET products from the diporphyrin’s ground
state.202! The data in Table I compare singlet excited-state en-
ergies with estimates of AE,, for producing an ET product in
P;QP, Q,P, and the molecular pair TPP/BQ.”® In each case the
S, states have 300 meV more energy than is required to drive an
internal electron transfer to form an oxidized porphyrin and a
reduced quinone. However, the energy stored in the T, state of
TPP is nearly the same as the AE, /, energies. In fact the results
below show that the T, states of the molecular systems in Table
I can be quenched in <100 ps. This suggests that the T, states
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Table 1
molecular M
system S,@ T, AE,,Pev
TPP/BQ® 1.89 1.45¢ 1.58
P,QP 1.80 1.49
QP 1.77 e

¢ Energy of the lowest-energy ground-state absorption band

about 20% up the long wavelength edge. ° Estimated free-energy
change for forming TPP*-/BQ™- and P,Q™-P*- from their respective
ground states. It was calculated from the following one-electron
reductions in CH,Cl, with 0.1 M tetrabutylammonium perchlo-
rate: TPP*-/TPP, P,QP*:/P,QP,BQ/BQ™,and P,QP/P,QP. €A
pair of electron donor and acceptor molecules. ¢ Reference 19.
€ Reversible cyclic voltamograms could not be obtained.
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Figure 1. Change-in-absorbance spectra for 6 X 10 M TPP in iodo-
benzene. The errors in A4 are the standard deviations of the mean AA4s
from a set of 15-20 A4 measurements at each of the indicated times
after excitation.

are somewhat higher in energy than the ET product states.

1. TPP. The fluorescence quantum yield (&; = 0.13) measured
for TPP in CH,Cl, is the same as that reported for TPP in tol-
uene,’ ethanol,? and deaerated benzene.?**0  Solov'ev et al.>»2
have determined the triplet quantum yield (®7) of free base TPP
to be 0.87. Therefore the sum of fluorescence and triplet quantum
yields is near or equal to unity, a common occurrence for many
aromatic molecules.®> The fluorescence lifetime for TPP in
CH,Cl, is 6.3 = 0.3 ns. In iodobenzene the low fluorescence
quantum yield, &; = 4 X 1073, is ascribed to a heavy-atom effect
similar to that reported for several other porphyrins.!-*35 If the
rate of radiative decay (k;) in iodobenzene and CH,Cl, is the same,
the S, lifetime should be 0.20 % 0.03 ns in iodobenzene. This value
agrees well with the 0.26 £ 0.03 ns decay lifetime of the initial
absorbance increase shown in Figure 1 for TPP in iodobenzene.
Thus switching solvents has not significantly changed k¢ for the
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Table II
molecular system 78, op? Yp(20.1) T, DS YET(tO.Ol)b TET, NS
TPP in CH,Cl, + 0.0 M BQ 6.3+ 0.3 ns° 0.13 0.87¢
+0.03M BQ 2.3+ 0.2 ns%e 0.03 0.3
+0.3MBQ <6,20 + 10psh 0.7/ 860 30 0.05 >5
+1.0MBQ <6 ps® 0.57 105 + 15 0.05 >5
P,QP in CH,Cl, <6 ps& 7% 107 0.47 3515 0.04 103
in DMF <6 ps® 0.4 34+ 10 0.03 >15
Q,P in CH,Cl, <6 psf <5%107* 0.457 209 0.06! >5
in DMF <6 psf 0.5" 15+ 10 0.04 >15
TPP in iodobenzene 260 + 30 ps? 4x 10 1.0¢ >157

@ Based on a reported value of 0.13 for @ of TPP in benzene (ref 24 and 30). b Based on a molar absorptivity of 1 X 10* M~ em™!
(£20%) for TPP* in the 670-nm region (ref 37). € Emission decay measurement. d dp + Pp=1 (ref 24, 30, 31,and 32). € A small num-

ber of the S, states (<10%) decayed with a lifetime of 20 £ 10 ps.

TPP (ref 36). # Lifetime obtained from the decay of an absorption transient.

during photolysis. ! +0.02. / ns.

S, state of TPP. Holten et al.! reported, in their study of bac-
teriopheophytin in (7/3) acetone/methanol and in methyl iodide,
that switching to methyl iodide increased the triplet quantum yield
from 0.54 to 0.91 without affecting the radiationless decay rate
(k,) of S| to the ground state. If this is also true for TPP, the
triplet yield in iodobenzene must be >0.99. These results are
collected in Table II.

The most significant result of this experiment is the clear view
of the AA4 spectra of the S, and T, states of TPP. The lack of
absorbance increase at 642 nm agrees with the work of Pekkarinen
and Linschitz?® which showed that the Sy and T, states of TPP
have nearly the same molar absorptivity (e) in this region. This
feature makes it possible to distinguish clearly the several in-
termediates observed in the quenching experiments (see below).

2. P,QP. The AA spectra produced during and after excitation
of P,QP in CH,Cl, are shown in Figure 2. A large absorption
increase is present during excitation (—8- and —4-ps spectra) in
the 640-nm region. The state present immediately after excitation
(+4-ps spectrum) does not absorb more than the ground state in
this region. Comparison of these results with those for TPP in
iodobenzene (Figure 1) shows that the state of P;QP observed
during laser excitation is its S, state (0.5 ps < 7 < 4 ps) and the
state populated after excitation is its T, state. The similarities
of the ground-state absorption and excited-state difference spectra
for P;QP and TPP show that the perturbation of the low-energy
TPP states in P;QP due to the bound BQ is small and that the
S, and T, states of P;QP are overwhelmingly TPP in character.
This conclusion is also supported by the observation that the
fluorescence spectra for P;QP and Q,P are identical with that for
TPP. To the extent the ¢ of T, in P,QP is the same as that of
TPP in toluene, the yield of T, (Y1) can be calculated to be 0.4
%+ 0.1. Surprisingly the T, state of P;QP has a lifetime of only
35 £ 5 ps. The broad absorbance increase corresponding to the
formation of a decay product of the T, state is consistent with
the formation of a free-base porphyrin radical cation such as
TPP*.37 Bridge and Porter® have shown that the semiquinone
radical ions (Q™) of several substituted BQ molecules do not
absorb appreciably beyond 500 nm. Therefore the decay of T,
appears to produce P;Q™-P*.. The ¢ for TPP*. in this spectral
region® is ~1 X 10* M~ em™! (£20%). Thus the yield of P,Q~P*
(Ygr) is estimated to be 0.04 = 0.01. The lifetime of the biradical,
P,Q~P*., is 10 £ 3 ns. Since it is formed from a T, state it is
probably a triplet itself (}[P;Q~P*] or *[*~]). These kinetic
pathways are summarized in eq 1.

0.1

—

3[P3Q’P*}
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P] i
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Figure 2. Change-in-absorbance data at the indicated times after exci-
tation for 4.6 X 10* M P;QP in CH,Cl,. Negative time refers to
measurements during photolysis. See the text for a discussion of time
dispersion effects for short-lived transients.

The photochemistry of P;QP in N,N-dimethylformamide
(DMF) is summarized in Table II. The patterns of reactivity
found in DMF and CH,Cl, differ only in that the final product’s
lifetime in DMF is increased to >>15 ns. A similar stabilization
of a biradical ET product was found for a Mg—H, diporphyrin
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Figure 3. Change-in-absorbance data at the indicated times after exci-
tation for 4.4 X 10# M Q,P in CH,Cl,. See Figures 1 and 2 and the
text for further details.

on going from CH,Cl, to DMF.?! Thus, the stabilization of the
final photoproduct observed upon increasing the solvents polar-
izability supports its assignment as a P;Q™-P*. biradical.

The short lifetime of S, in P;QP implies that each molecule
of P;QP can be excited from its S, to its S; state several times
by a 6 ps (fwhm) photolysis pulse. Therefore the observed yields
(Y) cannot be interpreted as quantum yields (®). In fact the
shortest S, state lifetimes consistent with the ready observation
of S, are also consistent with a & as low as 3-5%. In contrast,
the longest S, state lifetimes consistent with the decay of S, during
the pulse imply that the upper range of &y values is 15 to 20%.
The particular Y7 and Ygr values reported in this work are a
consequence of our photolysis pulse energy and the true triplet
quantum yields of the complexes studied.

A word of caution should be mentioned concerning the biradical
description, [*~], of the final photoproduct. Since the ionic
components are close to each other, their electron exchange in-
teraction may be large enough to split the ![*-~] and *[*-] levels
as much as 0.1-0.2 eV. Also, other molecular excited states (such
as the nearly isoenergetic T, state of TPP) may be mixed with
the biradical states. However, the [*™] label will be useful as
long as it is remembered that it may not be a compiete description
of the states of the electron-transfer product.
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Figure 4. Change-in-absorbance data at the indicated times after exci-
tation for 5.7 X 10* M TPP in CH,Cl, with 1.0 M p-benzoquinone. See
Figures | and 2 and the text for further details.

3. Q,P. The fluorescence quantum yield of Q4P in CH,Cl,
is <5 X 1075, The AA spectra obtained after exciting QP (Figure
3) show that the same states found after photoexciting P,QP are
also seen here: S;, observed during the pulse (r < 6 ps); T;,
observed after the excitation pulse (= = 20 % 9 ps), and Q,Q~P*..
The lifetimes and yields of these states are summarized in Tabie
II. Also, exciting Q,P in DMF produces essentially the same
results as in CH,Cl,, including a low yield of a long-lived ET
product {r > 15 ns).

It is important to note that the kinetic data for P;QP and Q,P
clearly show that the ET products are formed from T, states. Yet,
the lifetimes of both the S, and T, states are quenched relative
to their values in TPP. Also, since the longest lived photoproducts
are the 3[P;Q"P*.] and *[Q,Q~P*:] biradicals, it is reasonable
to assume that they are lower in energy than the T, states. These
biradicals last sufficiently long that they may be in thermal
equilibrium with the T, levels. Although the precise free-energy
differences are unknown, they appear to be large enough (>50
meV) to significantly favor population of the biradical ET products
over the T, levels.

4. TPP + BQ. P,QP and QP offer the advantage of a known
structure and therefore freedom from configurational and diffu-
sional ambiguities that complicate analogous bimolecular
quenching reactions. However, it is worth discovering whether
their excited-state dynamics are uniquely their own or are also
typical of the bimolecular quenching of porphyrin excited states
by added quinones. The A4 spectra obtained after exciting TPP
with 1.0 M BQ in CH,Cl, are shown in Figure 4.

A transient absorption due to the S, state of TPP is seen during
photolysis. An absorption due to the T state is seen immediately
after photolysis; its lifetime is 105 & 15 ps. Thus the excited-state
kinetics observed for P,QP and Q,P are nearly reproduced. The
data in Table IT show that the yields of the various photoproducts
are also similar for the unimolecular and bimolecular systems.
Finally, the AA spectra in Figure 4 for times >200 ps show a broad
absorbance characteristic of TPP*: formation; its lifetime is >3
ns. This absorbance appears to grow in at 642 nm after the T,
state is formed as was the case for P,QP and Q,P.

As the concentration of added BQ is reduced, both the S, and
T, lifetimes of TPP increase (see Table II). With 0.03 M BQ,
the S, state lifetime (r = 2.3 £ 0.2 ns) measured by emission
spectroscopy agrees well with the lifetime measured by absorption
spectroscopy. The intersystem crossing rate (1.3 X 108 s7!) for
this case is about the same as that of TPP without added BQ (1.4
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X 10857"). Thus dynamic quenching of S, returns it predominantly
to the ground state. In contrast, the static quenching of S; with
1.0 M BQ added and the internal quenching in P,QP and Q,P
populate both T, and ground-state levels in nearly equal amounts.
This apparent mechanistic difference between the two types of
quenching is most likely due to the fact that complexes with S,
state lifetimes (7,) <6 ps can build up T, photoproducts due to
multiple excitations of their ground states during photolysis while
those with 7, > 30 ps cannot. While dynamic quenching pre-
dominates for TPP with 0.03 M BQ, the nonhomogeneous nature
of the solution is reflected in the fact that a small fraction (<10%)
of TPP excited-singlet states are quenched with a lifetime of 20
% 10 ps. For TPP with 0.3 M BQ, about half of the absorbance
increase due to S, states decays during photolysis with time <6
ps; the remainder decays after photolysis with time of 20 + 10

ps.
IV. Discussion

Several studies of the quenching of porphyrin and chlorophyil
S; and T, states by added quinones and nitroaromatics have
demonstrated that the amount of quenching is a strong function
of the reduction potential of the added quencher.?””?®® When T,
states are quenched, yields of ionic products as high as 50-60%
are observed? in solvents with dielectric constants above ~10.
When S, states are quenched, ionic products are not observed. !
The proposed S, state quenching mechanism™!%!? involves for-
mation of a singlet radical pair, ![*]. Presumably the reason
ionic products are not observed is that the spin-allowed recom-
bination of the opposite charges in ![*-~] is much faster than their
rate of separation. The S, state quenching data reported here
are consistent with this mechanism, but also show that triplet states
can be produced in competition with Sy formation during the
charge recombination of ![*~]. This latter step appears to provide
a demonstration of ET in competition with continued vibrational
relaxation (see below).

If a critical nuclear displacement coordinate can be defined such
that motions along it govern the observed ET reactions, only this
dimension of the relevant potential energy surfaces need by ex-
plicitly discussed. One goal of ET studies on unimolecular com-
plexes is to explore the appropriateness of such an approximation.
With this in mind, it is useful to discuss the excited-state dynamics
of P;QP and Q,P in terms of a likely arrangement of potential-
energy curves. This serves not only to summarize current ex-
perimental results but also to guide future experiments.

The primary experimental observations to be modeled are the
following: (1) <6 ps production of only T, and S, states; (2) a
measurable T, lifetime of ~30 ps; (3) an ET product yield of
~10% from T,; and (4) a final ET product whose lifetime is >3
ns.

Four mechanisms could produce the very short S, and T,
lifetimes observed in P,QP and Q,P: (1) energy transfer from
porphyrin states to BQ states and back to lower porphyrin states;
(2) mixing BQ states with porphyrin states to provide fast ra-
diationless decay routes; (3) spin orbit (SO) coupling of !(m,7*),
3(m,m*), and S, porphyrin states due to quinone attachment; and
(4) quenching due to formation of biradical intermediates.

Energy transfer from the porphyrin S, (1.8 ¢V) and T, (1.5
eV) states to the lowest BQ states is too endothermic to be im-
portant. The lowest BQ excited states are (n,7*) type and the
I(n,x*) level is 2.6 eV in solution.’® If the S,—T, separation in
solution is similar to its gas-phase value,® 0.17 eV, the 3(n,7*)
level of BQ should be ~2.4 ¢V. These energy differences between
the BQ and porphyrin levels also appear large enough to prevent
them from mixing.

If the short S, and T, lifetimes of the (w,7*) levels of P,QP
are due to increased SO coupling, the similar results for the
bimolecular quenching of the excited states of TPP by BQ would

(38) Gleicher, G. J. “The Chemistry of the Quinoid Compounds”, Patai,
S., Ed.; John Wiley and Sons: New York, 1974; Part 1, p 24.
(39) Singh, R. S. Indian J. Pure Appl. Phys. 1968, 6, 91-93.
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have to be explained in the same way. Yet, it seems unlikely that
collision with BQ would induce more SO coupling than that
induced by using iodobenzene as a solvent. In iodobenzene, the
S, state of TPP still lasted 260 ps and its T, state longer than 15
ns (Table II). Also relevant are studies of the S, and T, quenching
of porphyrins by quinones which show that the efficiency of the
process depends on the ease of reduction of the quinone and on
the ease of oxidation of the porphyrin.2¢2% This result is unex-
pected if quenching collisions are inducing a large SO coupling
among the porphyrin’s states, but is expected if the quenching
is due to ET and the formation of radical pair intermediates. We
therefore feel that the most reasonable explanation for the
shortness of the lifetimes of the S, and T, states of P;QP and Q,P
is the rapid creation of biradical ET products. The fact that the
S, state is shorter lived than the T, state is consistent with the
ET reaction from S, being ~0.4 ¢V more exothermic than the
one from T,.

Figure 5 presents a model of excited-state interactions in P;QP
that is consistent with the above data. The minima of the S, and
T, potential-energy curves are shown as only slightly displaced
relative to that of the S; curve, because the Stokes shift between
the fluorescence and absorption maxima is small for porphyrins?440
and because the nuclear arrangements for the porphyrin singlet
and triplet (7,7*) states should be similar.* In contrast, a large
nuclear displacement is shown for the formation of the ET product
P,Q~P* (symbolized as *[*~]). This displacement arises
predominantly from reduction of the quinone rather than oxidation
of the porphyrin. X-ray*? and Raman*’ measurements on neutral
and ionic porphyrins show that their bond lengths, bond angles,
and frequencies are very similar. However, reduction of quinones
is thought to cause significant nuclear changes.'®# The energy
of the singlet level was determined from absorption data (see Table
1).” The energy of the T, state of TPP is 1.45 ¢V,!? a value which
we use for the T state of P;QP as well. Finally, electrochemical
measurements show that the free energy required to form P;Q~P*
from P,QP, AE, ,, is about 1.49 eV. The quenching results for
this compound suggest that the actual energy of *[P;Q™-P*] is
below that of the T, state.

If all of the T, levels are quenched by biradical formation, the
conclusion that S, is populated by reverse ET from unrelaxed
biradical states is inescapable since the relaxed triplet biradical
lives >5 ns and T, states last only ~30 ps. As discussed above,
no other mechanism for shortening the T, lifetime appears rea-
sonable. The assumption that all of the S, levels are quenched
by biradical formation is insufficient to conclude that S, is pop-
ulated by reverse ET from an unrelaxed !(P,Q~P*-) intermediate
since the lifetime of the relaxed !(P;Q~P*) product is unknown.
However, the reasonable assumptions that the minima of the
singlet and triplet biradical potential-energy curves have nearly
the same nuclear configuration and that the S|, T|, and S, por-
phyrin states are nested make population of T, by ET from an
unrelaxed biradical during the decay of S, as likely as a similar
population of S, during the decay of T, (see above).

The individual steps in the excited-state relaxations shown in
Figure 5 are given in eq 2-6. «, 8, and v are ET product yields;
open arrows indicate a spin-allowed ET; hatched arrows indicate
a spin-forbidden ET; solid arrows indicate continued vibrational
relaxation; and [*]’ represents a vibrationally unrelaxed biradical.
The ET in reaction 2 may be activationiess since S| can only be
observed during laser excitation. However, the possibility of ET
from unrelaxed vibrational levels of S| cannot be ruled out until
experiments with longer wavelength photolysis pulses (hv ~ 1.9
eV) are done. Given the extremely short singlet state lifetime and

(40) Harriman, A. J. Chem. Soc., Faraday Trans. 1, 1980, 76, 1978-1985.

(41) Gouterman, M. “The Porphyrins”, Dolphin, D., Ed.; Academic Press:
New York, 1978; Vol. III, pp 1-156.

(42) Spaulding, L. D,; Eller, P. G.; Bertrand, J. A.; Felton, R. H. J. Am.
Chem. Soc. 1974, 96, 982-987.

(43) Felton, R. H.; Yu, N.-T. “The Porphyrins”, Dolphin, D., Ed.; Aca-
demic Press: New York, 1978; Vol. III, pp 347-388.

(44) Efrima, S.; Bixon, M. Chem. Phys. Let:. 1974, 25, 34-37.
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the finite triplet yield, all of the relaxations in reactions 3 and 4
have rates >2 X 10!! 57!, Reactions 3, 4, and 6 each have steps
that involve ET in competition with continued vibrational relax-
ation. Jortner has recently developed a theoretical description
of ET reactions whose rates are faster than medium-induced
vibrational relaxation times and noted that his description is similar
to models developed earlier to explain fluorescence quenching of
the excited electronic states of F centers in solids.*

The observation that « is greater than zero suggests than an
unequilibrated distribution of T, sublevels may be produced by
the decay of S;. The short lifetimes of the T, states of P;QP and
Q,P in CH,C}, preclude epr studies of them. However, we have
found that the T state of P;QP in (7/3) acetone/methanol solution
is formed in high yield in <6 ps and persists for >15 ns. Thus
epr investigations of this system’s T, state may be possible. The
observation of polarized electron (or possibly polarized nuclear)
resonances would strongly support the above described quenching
mechanism.

The measurable lifetime of the T, state in reaction 5 is probably
due to a nuclear barrier. As noted above, the reduction of the
quinone is expected to require nuclear reorganization. After 3[*~]
is formed, it crosses the S, potential energy curve (Figure 5, panel
11, and reaction 6) as it vibrationally relaxes. In spite of the fact
that ET to the S; curve is spin forbidden, the low yield of relaxed
3[*~], ~0.05, implies that v in reaction 6 is ~0.9. The long
lifetime of the relaxed 3[*-~] is probably a consequence both of
a nuclear barrier and reduced electronic coupling between it and
the S, state. Temperature-dependence studies may be able to
measure the magnitudes of the kinetic barriers in reactions 5 and
6. Also, it will be interesting to see if changing the temperature
will affect the ET yields, «, 8, and v.

V. Conclusion

The attachment of BQ directly to a free-base porphyrin to form
P,QP and Q,P affords an opportunity to examine quenching of
porphyrin excited states without the complications of diffusional
processes. Comparing the excited-state relaxations in P;QP and
Q.P to those observed for bimolecular quenching of TPP excited
states by added BQ shows no differences except those ascribable
to diffusion. The quenching of S, states to yield some T| states
and a much larger number of S, states is readily explained in terms
of the rapid formation and decay of a singlet biradical ET product.
For P,QP and Q,P, the T, states live for ~30 ps (see Table II)
before producing triplet biradical ET products. However, the yield
of relaxed triplet biradicals is only ~0.05. This implies that ~90%

(45) Jortner, J. J. Am. Chem. Soc. 1980, 102, 6676-6686.

Bergkamp, Dalton, and Netzel

POTENTIAL ENERGY

NUCLEAR DISPLACEMENT

Figure 5. An arrangement of potential energy curves consistent with the
ET reactions and excited-state quenchings observed in P,QP and Q,P:
solid circle, a spin-allowed electronic coupling; open circle, a spin-for-
bidden electronic coupling; open arrow, a spin allowed ET; hatched ar-
row, a spin forbidden ET; solid arrow, continued vibrational relaxation;
asterisk, population of T states formed in panel I and relaxing in panel
II; A, B, and C, electronic coupling regions; 4», a photon.?®

of the T, states decay to the ground state first. This latter step
appears to involve ET from an unrelaxed triplet biradical to the
S, potential energy surface in competition with continued vibra-
tional relaxation of the triplet biradical (see the spin-forbidden
ET step in reaction 6).

Future studies involving modifications of the quinone or por-
phyrin chromophores in PyQP can explore whether or not the
production of T, states is a general phenomenon or due to the near
degeneracy of the T, and biradical levels in this system. For
example, MgTPP is 0.5 eV easier to oxidize than TPP.!® Pre-
sumably the AE,;, for ET in P;Q(MgP), meso-triphenyl(p-
benzoquinone)porphinatomagnesium(II), would be similarly
smaller than the AE, , for ET in P;QP. Also, substituting another
electron acceptor for BQ (e.g., naphthoquinone) may alter the
nuclear displacements between the potential-energy curve for the
ET product and those for the porphyrin’s S, and S, states.

Study of the ET pathways in unimolecular complexes such as
P,QP and QP can provide insight into the relative importance
of the key factors known to govern ET reactions: electronic
couplings, electron vibration couplings (nuclear displacements),
and free-energy differences.*#’ Study of similar systems as
functions of structure, redox parameters, and temperature offers
hope of providing a refined picture of ET reactions suitable for

(46) Sutin, N. Annu. Rev. Nucl. Sci. 1962, 12, 285-328.
(47) Brunschwig, B. S.; Logan, J.; Newton, M. D; Sutin, N. J. Am. Chem.
Soc. 1980, 102, 5798-5809.
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testing ET theories.
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Antiallergenic 8-Azapurines. 3. Structural

Characterization of 2-(2-Propoxyphenyl)-8-azahypoxanthine,
2-(2-Propoxy-5-(propylsulfonyl)phenyl)-8-azahypoxanthine, and
2-(2-Propoxy-5-(/N-methyl-N-isopropylsulfamoyl)phenyl-8-aza-
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Scott R. Wilson,!* Roxy B. Wilson,!* Anita L. Shoemaker,!* K. R. H. Wooldridge,!* and

Derek J. Hodgson*1*

Contribution from the Department of Chemistry, University of North Carolina, Chapel Hill,
North Carolina 27514, and the Research Laboratories, May & Baker Ltd., Dagenham, Essex,
England. Received May 26, 1981. Revised Manuscript Received August 11, 1981

Abstract: The crystal and molecular structures of 2-(2-propoxyphenyl)-8-azahypoxanthine, C,3H3N;50O,, 2-(2-propoxy-5-
(propylsuifonyl)phenyl)-8-azahypoxanthine methanolate, C,¢H;sNs0,S-CH4O, and 2-(2-propoxy-5-(N-methyl-N-isopropyl-
sulfamoyl)phenyl)-8-azahypoxanthine, C;;H,,N¢O,S, have been determined from three-dimensional counter X-ray data using
Mo Ke radiation. The 2-propoxyphenyl compound crystallizes in the orthorhombic space group Pnma with four molecules
in a cell of dimensions @ = 9.293 (2) A, b = 6.671 (2) A, ¢ = 21.020 (7) A; the structure has been refined to a final value
of the conventional R factor (on F) of 0.043 based on 1029 independent intensities. The propylsulfonyl derivative, which crystallizes
with 1 mol of methanol/mol of purine in the monoclinic space group P2,/c with four molecules in a cell of dimensions a =
12.521 (15) A, b = 5.816 (8) A, ¢ = 28.388 (40) A, 8 = 108.21 (5)°, has been refined to an R factor of 0.105 based on 918
observations. The N-methyl-N-isopropylsulfamoyl derivative also crystallizes in space group P2,/c¢ with four molecules in
a cell of dimensions a = 12.129 (8) A, b = 10.680 (9) A, ¢ = 16.958 (11) A, 8 = 116.74 (4)° and has been refined to an
R factor of 0.050 based on 1771 observations. In the 2-propoxyphenyl and propylsulfonyl derivatives, the entire ring systems
are held approximately planar (exactly planar in the former case) by a strong N(1)-H--O(2) intramolecular hydrogen bond,
where O(2) is the oxygen atom of the propoxy group. In the N-methyl-/N-isopropylsulfamoyl derivative, the purine and phenyl
rings are inclined at an angle of 52.6°. The 2-propoxy and N-methyl-N-isopropylsulfamoyl derivatives are present as the N(9)-H
tautomers, but the propylsulfonyl compound exhibits the N(8)-H tautomer. CNDO/2 molecular orbital calculations show

that, in all three cases, atom N(3) is very electron rich while the triazole atoms have smaller residual charges.

As a result of the discovery that common methylxanthines such
as theophylline (I) and caffeine (II) show certain antiallergic
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properties,? efforts are being made to determine the structural
basis for the biochemical properties of these compounds in order
to facilitate the production of more potent antiallergic drugs.>#

(1) (a) University of North Carolina. (b) May & Baker, Ltd.
(2) Orange, R. P.; Kaliner, M. A.; Laraia, P. J.; Austen, K. F. Fed. Proc.,
Fed. Am. Soc. Exp. Biol. 1971, 30, 1725.
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Substitution of a nitrogen atom for the carbon atom in the 8-
position of the imidazole ring to yield 8-azaxanthines (III) has
been shown to consistently increase the potency of the drugs with
respect to their xanthine analogues;’ this observation is especially
true with bulky substituents at the 3-position of the pyrimidine
ring. Numerous 8-azahypoxanthines with exocylic substituents
at the 2-position of the pyrimidine ring (IV) were examined,?-*
and the compounds with the most potent antiallergic properties
were found to be those with ortho-substituted phenyl groups at
C(2). It has been postulated that activity of the drugs is increased
when the 2-substituent contains a group that is capable of forming
a hydrogen bond to the N(1)-H group of the purine ring.># In
order to test this hypothesis, we have undertaken the X-ray
crystallographic investigation of three compounds of type IV,
2-(2-propoxyphenyl)-8-azahypoxanthine (V), 2-(2-propoxy-5-
(propylsuifonyl)phenyl)-8-azahypoxanthine (VI), and 2-(2-
propoxy-5-(N-methyl-N-isopropylsulfamoyl)phenyl)-8-azahypo-
xanthine (VII), all of which show marked antiallergenic activity.*
We also anticipated that this study would provide us with ad-
ditional information on the relative basicities of the nitrogen atoms

(3) Holland, A; Jackson, D. S.; Chaplen, P.; Lunt, E.; Marshall, S. M.;
Pain, D. L.; Wooldridge, K. R. H. Eur. J. Med. Chem. 1975, 10, 447.

(4) Broughton, B. J.; Chaplen, P.; Knowles, P.; Lunt, E.; Marshall, S. M.;
Pain, D. L.; Wooldridge, K. R. H. J. Med. Chem. 1975, 18, 1117.

(5) Coulson, C. J.; Ford, R. E.; Lunt, E.; Marshall, S.; Pain, D. L.; Rogers,
1. H,; Wooldridge, K. R. H. Eur. J. Med. Chem. 1974, 9, 313.
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