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given that photoexcitation of coordination compounds, which
undergo very small isotropic changes (0.01 A) in their van der
Waals radii, produces reaction volume changes readily detectible
by PAC.% The small observed reaction volume change is po-
tentially explained by the following: (i) the bond length reduction
is not isotropic but rather anisotropic which results in only a small
reaction volume change; (ii) compensating increases in other bond
lengths in the excited state occur such that the ground- and
excited-state volumes are similar; and (iii) the surrounding water
molecules do not fill the void created by the compressed excited
state, i.e., the excited state is not significantly hydrated.

In contrast, a large reaction volume decrease is observed by
PAC upon excitation of Pt(P,0OsH,)* in the presence of TI* ions,
presumably due to formation of the *Pt,TI* exciplex.'” The
difference in reaction volumes between the formation of *Pt, and
*Pt,TI*, ~11.1 cm® mol™}, yields the reaction volume for com-
plexation of the *Pt, state with TI* ion. Assuming AV, is
negligible,’ a TI-Pt bond length of ~2.6 A is suggested by
molecular mechanics calculations to account for this structural
reaction volume decrease.!® This bond length is similar to that
observed for axial substituents in Pt(IIT)-Pt(III) complexes and
also is significantly less than the combined van der Waals radii
of the two metals, 3.7 A,% indicating an appreciable interaction
between *Pt, and TI*.

Reaction volumes for excimer and exciplex formation can also
potentially be obtained via pressure measurements.?? However,
this approach is limited in that the excited state and complex must
be luminescent, and the requisite analysis involves numerous
assumptions. Consequently, PAC provides a simple alternative
method for measuring reaction volumes for excited-state com-
plexation in cases where pressure studies may or may not be
possible. In this regard, PAC may be particularly well-suited for
the detection of triplet exciplexes, where often only indirect
measures of their properties are available.

In conclusion, PAC yields reaction enthalpy, reaction volume,
and potentially kinetic information about photoprocesses involving
both luminescent and nonluminescent short-lived excited states.
The reaction volume data can be related to structural changes
in the excited state which may provide insight into excited-state
reaction dynamics. Further PAC studies will examine other
excited-state complexation processes.
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The controversy about the electronic nature of 1,3-dipoles? has
received much attention, both experimental and theoretical,? over
the last two decades. Recently, Kahn, Hehre, and Pople* used
ab initio molecular orbital theory in a novel way to investigate
a series of 22- and 24-electron 1,3-dipoles. They used the dif-
ference between the restricted Hartree-Fock (RHF) and unres-
tricted Hartree-Fock (UHF) total energies for a given molecule
as a measure of the degree of diradical character. Recent advances
in the molecular orbital theory of macroscopic solvent effects
suggested that it should now be feasible to investigate the solvent
effect on the electronic nature of 1,3-dipoles by combining the
self-consistent reaction field (SCRF) approach®” with Hehre and
Pople’s UHF/RHEF criterion to gain some insight into the nature
of 1,3-dipoles in solution. We now report results for a series of
24-electron 1,3-dipoles in three solvents, n-hexane, methanol, and
water. Since Kahn, Hehre, and Pople found no RHF — UHF
instability for 22-electron 1,3-dipoles, these were not included in
this study.

The 6-31G*? basis set was used throughout, and the geometries
used for the “solution” calculations were those obtained by op-
timization at RHF/6-31G* or UHF/6-31G* in vacuo.* Table
I shows the energy differences between the UHF and RHF
calculations. The fact that the UHF wave functions do not collapse
to RHF when the latter is more stable is surprising as the RHF
solution must also be the true UHF solution. Geometry effects
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Table I. Calculated Relative Energies (AE = (Egryp — Eynp)/keal
mol™!) Values for Some 24-Electron 1,3-Dipoles®

species® vacuum  n-hexane  methanol  water
CH,NHO 6.1 0.7 -6.0 -6.3
CH,NHNH 11.2 7.4 0.5 0.2
CH,ONH 28.7 16.5 -3.9 -4.8
CH,00 8.7 -8.0 -35.3 -38.0
HNOO 384 28.7 10.4 9.4
NHONH 427 42.8 43.1 43.1
0O, 47.8 46.1 43.6 43.5

4The sign convention conforms to that used in ref 4 (positive AE
corresponds to a more stable UHF wave function). ®The conforma-
tions and symmetry constraints used correspond to those in ref 4.

are significant in this respect. UHF/SCRF calculations at the
RHF-optimized geometries converge to a wave function close to,
but not identical with, the RHF solution. The UHF/SCRF
calculations do, however, always converge to the same wave
function if an unsymmetrical initial guess is used, even if the initial
reaction field is that obtained from a RHF calculation. SCRF
optimizations would clearly be desirable, but exceed our present
computer capacity.

Molecules with a large permanent dipole moment, such as
CH,NHO, CH,NHNH, CH,0NH, CH,0,, and NHO,, show
a consistent trend as the polarity of the solvent increases. The
calculated dipole moments in both the UHF and RHF calculations
increase rapidly at low values of the dielectric constant, ¢, and
level off between methanol (e = 32.7) and water (e = 78.4). The
expectation values of (S2?) also decrease slightly in the UHF
calculations as the solvent polarity is increased. The most sig-
nificant effect, however, is the preferential stabilization of the more
polar RHF structures by the macroscopic solvent effect. Ac-
cording to Hobb’s extension!® of Onsager’s reaction field theory,!!
the stabilization experienced by a polarizable dipole in a polar
solvent should be proportional to the square of the dipole moment
of the dipole for any given solvent. The preferential solvent
stabilization of the RHF wave functions should therefore depend
on the difference between the squares of the RHF- and UHF-
calculated dipole moments for the substrate molecules. Figure
1 shows a plot of AAE (=AE,,cuum — AE oen) VS Alu?). There
is a good linear correlation between the two quantities for each
of the solvents, suggesting that a knowledge of AE and the dipole
moments from the in vacuo calculations is enough to be able to
estimate AFE in solution. This correlation suggests that the UHF
and RHF polarizabilities for the seven molecules are all similar.!®
This may not be the case for larger systems, but this can be tested
by using semiempirical SCRF theory. The equations obtained
from a least-squares analysis of the three lines are given in the
figure caption. The slopes of the lines obtained for the three
solvents considered correlate with several of the one-parameter
empirical solvent polarity scales,!? but results for more solvents
are needed before any useful correlation can be deduced because
of the limited number and poor distribution of the solvents treated
here.

In the case of the symmetrical A-B-A species (O; and
NHONH in Table I), the solvent effect is far smaller than that
observed for the A-B~C molecules. There is therefore a funda-
mental difference between A-B-C molecules, in which the per-
manent 1,3-dipole moment leads to a strong preferential solvent
stabilization of the zwitterionic structure, and the A-B-A species,
which have much smaller dipole moments roughly bisecting the
A-B-A angle. One particularly interesting example is HNONH,
for which the calculated UHF gas-phase dipole moment is /arger
than its RHF equivalent. In this case, a small abnormal pref-
erential stabilization of the UHF wave function is found in solution,
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Figure 1. The solvent dependency of the energy difference between UHF
and RHF calculations for the molecules shown in Table I. A(u?) and
AAE are defined in the text. The lines are the best least-squares fits. The
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0.19), AAE apane = Au?)(1.70 % 0.06) + (2.44 % 0.81), and AAE,pyer
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as shown in Table I. The large UHF dipole moment for NHONH
is due to the long ON bonds in the UHF-optimized geometry
compared to those obtained at RHF. This example shows, how-
ever, that the reasonable hypothesis that solvation should always
favor the zwitterionic form need not be true.

For the more “normal” molecules, however, a natural bond
orbital (NBO)!? analysis of the vacuum and solution wave
functions confirms the preferential stabilization of the zwitterionic
forms in solution. The RHF structure for CH,0O can be de-
scribed as a combination of resonance structures a and b with some
contribution from the “no bond resonance” structure c¢. The shifts
HQ C//o+\o_ - A C‘/o\o- -~ H\Céo

} } }
a b c

observed in the charges and bond orders in going from vacuum
to water suggest that resonance form b becomes more important
in solution, as might be expected.
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Supplementary Material Available: A table of the UHF and
RHF energies, dipole moments, and (S?) values for the SCRF
calculations (2 pages). Ordering information is given on any
current masthead page.
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It is now well established that antibodies can attain enzyme-like
attributes.!  Several examples of acyl transfer reactions,? a
pericyclic reaction,’ and a S-elimination* have been subject to
acceleration by antibodies. Other types of reactions, such as
oxidation-reduction, are less obvious candidates for antibody
catalysis for lack of a general strategy for defining mimics of an
activated complex.

A common feature of oxidoreductases is the existence of
multiple binding sites for substrates and cofactors. Therefore any
attempt to use antibodies as redox catalysts should address the
possibility for two or more ligands to simultaneously occupy the
combining site. We recently described the multiligand binding
properties of anti-fluorescyl antibodies.® Their affinity for
fragments of the hapten is consistent with molecular recognition
at adjacent subsites of the combining region. The recognition of
various reducible dyes in proximity to a secondary binding site
for carboxylates suggested the possibility for redox chemistry
between ligands bound at the two subsites. Here we report the
catalytic activity of antifluorescyl antibodies in the reduction of
a dye substance, resazurin (1), by sulfite.

The benzoate fragment of fluorescein is rigidly aligned with
the xanthenyl fragment through a carbon—carbon bond to the C(9)
position. The carboxylate group is oriented above the plane of
the tricyclic group and as appropriate for nucleophilic addition
or electron transfer to the electrophilic atoms of a xanthene or
phenoxazine moiety. Antibodies to a fluorescyl hapten may be
capable of aligning two substrates in a chemically productive
complex (Scheme I). The dye resazurin has been used extensively
as a redox indicator,® and its analogy with 3,6-dihydroxyxanthenes
makes it a good ligand for anti-fluorescyl antibodies.

Resazurin is reduced by sulfite (or bisulfite)? to produce re-

* This is Contribution 6011-MB from the Department of Molecular Biol-
ogy, Scripps Clinic and Research Foundation, La Jolla, CA 92037.

¥Cancer Research Institute Postdoctoral Fellow.
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Figure 1. Lineweaver—Burk plot for reduction of 1 by 0.5 (0), 1.0 (&),
1.5 (), and 2.0 (©) mM sulfite catalyzed by monoclonal antibody
(MAb) 66D2 at 1.4 X 1077 M. Initial catalytic rates were determined
by measuring the absorbance decrease at 605 nm (ego5 = 4.3 X 10* au
M cm!) at pH 5.8 and 25.0 £ 0.1 °C in 10 mM Bis-Tris buffer
containing 80 uM EDTA, correcting for the uncatalyzed rate. Linear
regression y intercepts and slopes from this plot were used in secondary
plots to obtain the values of kg, K5, and K,,'. These values were used
to draw the lines shown.
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Figure 2. The pH dependence of 66D2-catalyzed reduction of 1 (2.6 uM)
with sulfite (1 mM) in 2 mM pyridine (O), Bis-Tris (A), and Tris (O)
buffers measured as described in Figure 1. First-order dependence in
66D2 allows calculation of kyup, from plots of ko vs [MAD] (Vopsd =
{uncar T kmas[ MADIY[sulfite] [11).
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sorufin (2) as determined by spectroscopic and chromatographic
identification.®? The reaction rate is first order in each substrate
with a second-order rate constant at pH 5.8, kypce = 0.104 M
s7!. Linear dependence of log k.. on pH, increasing with de-

(8) The reaction product has a UV-vis spectrum in alkaline pH (Ap,; at
571 nm, shoulder at 535 nm) identical with that of resorufin. The product
also coelutes with resorufin by TLC and reversed-phase HPLC (Vydac
201TP54 C-18 column; 1:1 acetonitrile-water).
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