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of biotin to bicarbonate is related to a cyclization reaction reported
by Blagoeva and co-workers.'* Our work establishes that the
tetrahedral adduct of bicarbonate and biotin should react readily
with an adjacent phosphate. Such a process, when considered in
both forward and reverse directions, is reasonable in comparison
with other mechanisms. The reverse reaction involves the attack
of phosphate on carboxybiotin, which is analogous to the transfer
of the carboxyl group to acceptors in the normal carboxylation
process. In the forward direction, the phosphate ester thus gen-
erated will decompose by expulsion of the phosphate from the
carbonyl hydrate to generate the carbonyl. The parallel reactions
are shown in Scheme V.

How Is Biotin Really Carboxylated? The mechanism of car-
boxylation of biotin remains to be discovered, and experiments
to rule out or confirm any mechanism need to be developed.
Jencks has proposed that organic reactions “choose” their
mechanism simply by finding the lowest energy stepwise pathway
involving stable intermediates.*> On the other hand, the choice
of mechanism of an enzyme-catalyzed reaction depends on the
structure of the enzyme and the pathway through which the
enzyme evolved.*#3  Evolutionary pressures can direct the de-
velopment of a pathway without necessarily leading to the overall
most rapid pathway if other considerations related to efficiency
within the environment take precedence. Consistent with such
expectations, biochemical studies are usually aimed at discovering
a reaction rather than deducing how a reaction occurs. In this
context, what advantages would cause this mechanism to be fa-
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vored? First, the efficient utilization of ATP is normally an
important evolutionary consideration. If ATP is cleaved, it should
always lead to formation of the product; otherwise, metabolic
processes that led to the generation of ATP will be wasted and
the organism will be obliged to provide a new source of energy
to permit recoupling of ADP and phosphate. In the present
mechanism, as in others, the cleavage of ATP is in a step that
produces another intermediate whose reaction is heavily favored
toward formation of the product, carboxybiotin. By comparison,
mechanisms in which ATP first reacts with bicarbonate to produce
carboxyphosphate generate a species that will produce carbon
dioxide rapidly.” This must be trapped since the lifetime of
carboxyphosphate is inherently short.” Having the reaction with
bicarbonate occur first requires no commitment of ATP until after
reaction with bicarbonate has occurred. Thus, the system can
be efficient in providing a direct route to utilize the most abundant
species.

Conclusions. Our results show that the reaction patterns of
dialkyl phosphate esters 1-3 are consistent with mechanisms that
involve the reaction of the carbonyl hydrate and the internal
phosphate ester. The resulting intermediate reacts at phosphorus
and then decomposes via C-O cleavage to form the ketone and
expel the dialkyl phosphate ester. The latter process serves as
a model for proposed reaction of the adduct of biotin and bi-
carbonate, which is completed by reaction with ATP to form
carboxybiotin. It remains to test the mechanism in an enzymic
system where key transition states can serve as targets of probes
that provide the necessary differentiation.
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Abstract: A number of methyl-substituted tetraarylethanediols 1 have been found to undergo facile electron transfer (et) to
tris(1,10-phenanthroline)iron(111) complexes (Fe'''L,). The products of this reaction are the corresponding benzophenones
when an appropriate base is added to the reaction solution. The electron-transfer rate constants (k) for the reaction of 1
and Fell'L; have been measured as a function of temperature and are higher than anticipated, based on the energetic predictions
derived from model arenes. The oxidation potential, derived from the measured AG,?*, is in good agreement with the solution-phase
AG,,°, which can be calculated from the gas-phase ionization potential. Control experiments demonstrate that the reaction
proceeds through a normal outer-sphere electron-transfer reaction. The surprisingly low oxidation potentials can only be explained

by through-space phenyl-phenyl interactions.

Introduction

There has been much recent activity directed toward under-
standing the reactivity of radical cations. The utility of radical
cations in organic chemistry has been demonstrated in their use
in photochemically'~* and thermally’® induced electron-transfer
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bond-cleavage reactions, thermally activated cycloaddition re-
actions,® and a variety of other electrocyclic reactions.”!® Our
general interest in bond-cleavage reactions has stimulated our
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interest in those compounds that undergo photochemically induced
electron-transfer-initiated bond-cleavage reactions. For these
compounds, extremely low radical-cation bond dissociation energies
have been postulated to be the main reason that efficient bond
cleavage occurs.® We hoped to exploit these low bond dissociation
energies to learn more about endergonic electron-transfer (et)
processes,''"!> with the ultimate aim of better understanding
oxidation processes and fossil fuel conversion reactions.

For radical cations having very low bond dissociation energies,
the overall bond-cleavage rate in an et reaction will be controlled
solely by the et rate (k). since the et process requires much more
energy than dissociation. Although this general strategy has been
previously used to determine k., in isolated systems,''*1¢ we hoped
that the general application of this strategy would allow new insight
into the molecular requirements controlling endergonic et pro-
cesses. For our early research efforts directed toward evaluating
the potential of this general methodology for determining en-
dergonic et rates, arylpinacols were chosen to be the electron
donors because their radical cations are known to cleave at a rapid
rate*!” and their oxidation potentials may be tuned through proper
choice of substituents. Tris(1,10-phenanthroline)iron(I1) com-
plexes (Fe''L) were chosen to be the electron acceptors because
Fe!'lL; complexes undergo electron transfer through an outer-
sphere mechanism, !® have absorptions in the visible region allowing
for facile concentration measurements, and have well-known re-
duction potentials, which may be varied systematically by proper
choice of the phenanthroline substituents.!” During our et rate
studies, we observed unusually rapid electron-transfer rates from
1,1,2,2-tetraphenylethane-1,2-diol (1a) to Fe''L,. We report here
our studics designed to understand these rapid et rates. The
methylated derivatives of 1 shown below were specifically chosen
because their rates could be measured conveniently and the
placement of the methyl groups in these compounds would allow
an evaluation of various phenyl-phenyl interaction modes.

WOH OHZ
e

compd w X Y z
1a H H H H
1b CH; H H H
1c CH3 CH3 H H
id CH;j H CHj H
1e CHg CH3 CH; CH3

Results

Starting-Material Synthesis. Compounds 1a,c,e were syn-
thesized by standard photochemical methods. Compounds 1b,d
were synthesized by addition of the appropriate Grignard reag-
ent(s) to benzil. Prior to kinetic analysis, all compounds used in
this study were recrystallized three times from hexane/ethyl
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Figure 1. Typical kinetic experiment for the appearance of Fe!'L; with
0.01 M 1a and 2.5 X 103 M DBP at 40 °C.

Table I. Product Analyses

substr base
concn concn ketone product reactn reactn
substr (M) base (mM) yield (mole %) time (h) temp (°C)
1a° 0.01 DBP 50 190 2 50
1d 0.0l DBP 25 198 1 40
le 001 DBP 25 197 1 50

2 Reference 20.

acetate. HPLC analysis showed these compounds to be uncon-
taminated by other isomers of 1. For further details of the
syntheses, see the Experimental Section.

Product Determinations. Product analyses for the oxidation
reactions of pinacols and Fe!''L, in acetonitrile solution have been
previously reported.? In the absence of an appropriate base, 1a
yields a mixture of benzophenone, tetraphenyloxirane, and tri-
phenylacetophenone. In contrast, when either 2,6-di-tert-butyl-
pyridine (DBP) or 4-cyanopyridine (4CP) is added to the reaction
solution, the acid rearrangement products are eliminated, leaving
only benzophenone as a product.?

Although we believed that these oxidation reactions resulted
only in the corresponding ketones on the basis of our previous work,
we have made product determinations for two additional isomers
of 1 to further substantiate our claim that the kinetics of the
observed reaction correspond only to a simple outer-sphere et
reaction. HPLC analyses of the reaction mixtures have been
performed for 1d,e, with the results of the quantitative analysis
shown in Table I. Clearly, quantitative production of the cor-
responding ketones is observed for these symmetrical pinacols.
Therefore, the reaction of 1 with FelllL; is described by eq 1.

(o] (o]
YZ + YZ+ FellLy + 2H* (1)

Electron-Transfer Rate Measurements. Our strategy for de-
termining k., is based on a rate-determining et step''*!6 in which
all reactions subsequent to the initial electron transfer are more
rapid than the initial et event. The reaction rates were determined
by monitoring the concentration of Fe!lL; at 506 nm. With a large
[1] relative to [Fe!''L,], pseudo-first-order kinetic behavior was
observed for the appearance of Fe!'L; over a period of 3-5

(20) Penn, J. H.; Deng, D.-L.; Chai, K.-J. Tetrahedron Let:. 1988, 29,
3635.
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Figure 2. Observed reaction rate as a function of the concentration of
1 (1a measured at 70 °C; le measured at 30 °C).

half-lives. Note Figure 1 for typical data.

The product determination studies suggested that base in the
solution may influence the observed reaction rate. In accord with
this expectation, the observed rate of reaction of 1a diminished
from 3.97 X 107557 to 3.42 X 107% 5! upon the addition of 2.5
mM DBP to the solution. However, the addition of further DBP
(0.01 M) resulted in no further decrease in the observed rate. In
addition, the observed rates were independent of the base used,
since both DBP and 4CP gave identical rates. Therefore, all rate
determinations were made with 2.5-10 mM base added to the
solution.?'

Several control experiments allow us to evaluate the kinetic
order of each reagent. Separate experiments used to monitor the
rate of disappearance of Fe''L; produced data within experimental
error of the rates of appearance of Fe'lL;. No reduction of Fe'llL,
occurred unless 1 was added to the solution. The observed rate
was identical for two different initial concentrations of Fel'lL,,
eliminating the possibility that the observed kinetics are influenced
by long-lived radical cations that may undergo reverse et with the
Fe'lL, being produced in the reaction. We conclude that the
reaction rate is kinetic first-order in Fe!''L;. The reaction rate
was confirmed to be kinetic first-order in 1 by plotting k., as a
function of concentration for 1a,e as shown in Figure 2. Although
these rate studies were conducted at two different temperatures,
the data are clearly in accord with the reaction being kinetic
first-order in 1.

The et rate constants were derived with eq 2, based on the
kinetic analysis shown in Scheme 1. Initial et from 1 to Fe'L,
yields 1"* with rate constant k. Cleavage of 1** (rate constant

Scheme I. Kinetic Analysis Used for Electron-Transfer Rate
Determinations

ke
1+ Fe”'L; —_— ]'+ + FC”L]
ke
1"+ == KH* + KH*
ke
KH* + FellL, — KH* + Fe'lL,

k
KH* + base — K + (Hbase)*

k.) yields a ketyl radical (KH*) and a protonated ketone (KH™).
KH* is oxidized by another Fe'''L, to yield a second KH* with
rate constant k,,. Since the oxidation of benzylic radicals by
Fe''IL, has previously been shown to be a kinetically fast process
relative to the initial et process from aromatics,!? we assume that
the more electron-rich KH* will be oxidized in a kinetically fast
step. The protonated ketones react with the added base to yield

(21) The observed reaction rate was very dependent on residual water in
the solution with 1073 M H,O causing a ca. 50X acceleration in the observed
reaction rate. This prevented our determination of salt effects or maintaining
a constant ionic strength of the solution.
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Figure 3. Temperature dependence of the electron-transfer rates (Y, 1a;
O, 1b; X, 1cd; O, 1e).

Table IL. Activation Parameters for the Electron Transfer to FelllL,

parameter 1a 1b ic 1d 1e

AH* (£0.5 keal/mol) 206 196 187 187 176
AS* (£1.5 cal/mol °K) -53 -62 -78 -78 -90

AGyp®* (£0.1 keal/mol) 221 215 211 211 202
k0 (X 1073 M1 s7h) 1.1 3.1 6.0 6.0 26.8
temp range (°C) 30-80 20-70 20-70 20-70 15-65

Table III. Thermodynamic Data

parameter la le 3
IP (eV) 8.42 £ 002 8.35% 005 9.01 £ 0.02
Eo2 (V vs SCE)? 1.88 1.83 2.30
Eqpy (V vs Fe(Il) complex) 1.08 1.14
AG3° (keal/mol)® 18.2 17.0 278

¢Calculated with eq 3. ®Calculated with eq 4.

another ketone in another kinetically fast step. If k. [Fe(I11)]
&K k,, then the rate-determining step of the reaction will be
ke [Fe(lIIT)], i.e., the initial et step.

kops = 2k [1] (2)

Measurement of &, over a 50 °C temperature range for each
isomer of 1 has allowed the determination of activation parameters
for et from 1 to Fe'''L;. These data are shown in Figure 3 and
gathered in Table II. Of particular note is that the rates of 1c,d
were found to be identical within experimental error for all tem-
peratures.

Calculation of AG® for the Electron-Transfer Reaction, Ul-
timately, the ideal correlation of reactivity would involve a direct
comparison of the kinetic data (evaluation of the energetics of
the transition state) and thermodynamic data (evaluation of the
energetics of the isolated species). The kinetic data have been
described above. The corresponding thermodynamic data could,
in principle, be obtained from the measurement of reversible
electrode potentials. However, our reaction scheme’s requirement
for the radical cations to have kinetically fast reactions makes
the measurement of reversible electrode potentials nearly im-
possible. Therefore, we have relied on a secondary technique to
provide an estimate of the solution-phase oxidation potential.

In an elegant study, Kochi and Wightman?? have reported a
correlation of the reversible solution-phase oxidation potentials
(E°) for a large number of polynuclear aromatic compounds
and their methylated derivatives with the gas-phase ionization
potential (1P) (as determined by ultraviolet photoelectron spec-
troscopy (UPS)). For acetonitrile, this correlation is given by eq
3, where E,,° is the oxidation potential in acetonitrile solution
(V) relative to SCE and IP is the UPS ionization potential (eV).

(22) Howell, J. O.; Goncalves, J. M.; Amatore, C.; Klasinc, L.; Wightman,
R. M.; Kochi, J. K. J. Am. Chem. Soc. 1984, 106, 3968.
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In order to estimate E,.°, the gas-phase IPs of 1a,e were de-
termined by UPS. Surprisingly, as can be seen in Table 111, 1a,e
are much easier to oxidize than toluene (8.65 eV) and have IPs
similar to that of the trialkyl 1,3,5-trimethylbenzene (8.42 eV).2
To verify that the surprisingly low IP was not due to an elec-
tron-donating effect of the hydroxy groups of 1, the IP of d,/-
2,3-diphenyl-2,3-butanediol (3) was also measured (Table III).
The AIP between 1a and 3 of 0.59 V (13.6 kcal/mol) clearly
indicates that la is much easier to oxidize than anticipated.

Further support for the facile oxidation of 1 is shown by the
irreversible Eq ) for 1a and 3 (Table III). Although the un-
certainties of the irreversible electrode potentials minimize the
AE,,° between 1a and 3, 1a is still easier to oxidize than 3, in
agreement with the IP measurements described above.

An estimate of AG® for the et reaction from 1 to Fe'''L; may
be calculated with eq 4, where E° is the reversible solution-phase
redox potential for the appropriate half-reaction and F is the
Faraday constant. AG,° is then calculated with use of
E,;°(FeL;) = 1.09 V vs SCE!* and the E,,°(1) data in Table
IT11. These data are also gathered in Table III.

8G3° = F(E,,°(1) - Es°(Fe'''Ly)) 4

Calculated Ionization Potentials. The unexpectedly low IP and
E,.° for 1, relative to those of monoalkyl-substituted arenes (vide
infra), caused us to attempt to understand the origin of these
effects from a molecular standpoint. Since phenyl-phenyl in-
teractions (Ph—Ph interactions) appeared to be important, we have
calculated the changes in IP with changes in molecular structure
through the use of semiempirical calculations of the IP for various
kinds of Ph~Ph interactions. For these calculations, the AM-1
method?? was chosen because of its ability to reproduce experi-
mental 1P data. We emphasize that our calculated IPs are not
intended to reproduce experimental IPs exactly but are intended
to provide theoretical support to the idea that possible interaction
modes can lead to IP lowering.

Our approach to understanding the nature of various Ph—Ph
interactions and their effect on the electronic structure of 1 was
to calculate the IP for specific bibenzyl and diphenylmethane
geometries. These molecules are small enough to permit rea-
sonable computation times, while geometrical changes can be
enforced on these molecules through appropriate selection of bond
angles and lengths. In this way, the calculated IPs can be com-
pared to the calculated AH° for certain interactions.

To facilitate our discussion of possible Ph—Ph interactions, we
will use the symmetry designations of the benzene = orbitals. In
benzene, the HOMO orbitals are doubly degenerate e,  orbitals.
When a substituent is added to benzene (e.g., to]uencs, the de-
generacy is removed, giving rise in C,, symmetry to an a, orbital,
which has a node at the position of the substituent, and a b, orbital,
which interacts strongly with the substituent through the large
magnitude of the wave function at the point of substitution.

X X

b, a,

We anticipated that enforced interaction of the phenyl groups
would lead to through-space interactions, leading to changes in
the MO energies, which in turn would affect the IP of the
molecule. For the proper geometry, the a, orbitals of one phenyl
group may interact with the a, orbitals of the second pheny! group,
removing the degeneracy of the two a, orbitals that would be
obtained at infinite separation. Similar arguments hold for the

(23) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Steward, J. J. P. J.
Am. Chem. Soc. 1988, 107, 3902.
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(eV) (kcal/mole)
115.0 9.31 42.23
112.8 9.31 42.19
110.0 9.26 42.51
105.0 9.20 44,01
100.0 9.12 47.11
95.0 9.0t 51.79

Figure 4. Effect of 1,1-phenyl-phenyl interactions on the IP.

Eclipsed Gauche
Conformation Conformation

(@=0" (=60

¢} 1P AHY 1P AH?
V) (kcal/mole) (eV) (kcal/mole)

120 9.26 40.82 9.23 38.40
115 9.26 40.40 9.25 36.94
110 9.10 43.24 9.27 38.21
107.5 8.97 46.71 9.26 40.16
105 8.82 52.17 9.16 43.31
100 8.52 69.78 8.86 56.25

Figure 5. Effect of 1,2-phenyl-phenyl interactions on the IP.

b, orbitals. The magnitude of the splitting of these orbital energy
levels from the symmetric and antisymmetric combinations of these
orbitals would be a function of the through-space interactions of
the phenyl groups, with greater interactions resulting in a greater
splitting of the orbital energies. If the HOMO of the molecule
originated from the antisymmetric combination of the a,~a, or-
bitals or the b,~b, orbitals, then a greater through-space interaction
would result in a higher HOMO energy with a resultant decrease
in the IP. These expectations have been realized in the calculations
described below.

Our modeling of 1,1-Ph~Ph interactions is shown in Figure 4.
The calculated minimum-energy geometry of diphenylmethane
has a bond angle (8) between the phenyl rings of 112.8°. The
effect of steric compressions forcing the phenyl rings together was
modeled by decreasing 8 while allowing all other bond lengths and
angles except 6 to be optimized during the course of the calculation.
As expected, the IP does indeed decrease as the pheny! rings are
pushed more closely together. Surprisingly, the overall change
in energy in the molecule due to steric interactions increases only
modestly relative to the changes in the IP. An IP decrease of 0.30
eV (6.9 kcal/mol) is observed with only a 9.6 kcal/mol increase
in AH® (8 = 95°).

Our modeling of 1,2-Ph-Ph interactions is shown in Figure $.
Here the situation is more complex, since the dihedral angle of
the phenyl groups (w) must be considered in addition to the
torsional angle () changes. In these calculations, the angle of
the phenyl groups relative to the benzylic C-C ¢ bond must also
be fixed in order to avoid twisting of the phenyl groups due to
the steric interactions of the two phenyl groups during energy
minimization. Our calculations include the eclipsed conformation
(w = 0°) and the gauche conformation (w = 60°) since different
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Figure 7. Orbital energies as a function of 8 for the gauche conformation
of bibenzyl.

through-space interactions would be anticipated for these two
conformations. The results of these calculations reveal that sig-
nificant 1P decreases can be obtained with only modest increases
in steric energy.

Following the molecular orbital energy levels of the highest
occupied molecular orbitals is particularly instructive for these
calculations on 1,2-Ph—Ph interactions. The four highest energy
occupied orbital energies (and their corresponding wave functions)
as a function of # are shown in Figure 6 for the eclipsed con-
formation. At the optimized geometry (8 =~ 115°), the HOMO
is an orbital containing a large amount of hyperconjugation
through the benzylic C-C ¢ bond. As 8 is varied, the energy of
this orbital does not change dramatically. The second and third
highest MOs are the antisymmetric combination orbitals of the
b, and the a, orbitals, respectively. As anticipated, the energies
of these orbitals are particularly sensitive to 8, with decreasing
8 leading to higher orbital energies and lowered IPs. As seen in
Figure 5, a AIP of 0.29 eV (6.7 kcal/mol) can be effected with
an overall molecular energy change (AAH,®) of 6.31 kcal/mol
for a 7.5° change in 6.

The MO energies for gauche 1,2-Ph-Ph interactions are shown
in Figure 7, together with their corresponding wave functions. The
orientation of the wave functions is changed with respect to that
of the eclipsed conformation. The axis of the nodes separating
the a, and b, orbitals is rotated to allow for maximal interaction
of the b, orbitals at the C,~C, positions of the pheny! groups, not
at the C,—C,. positions as in the eclipsed conformation. The
HOMO of the gauche conformation is analogous to that of the
eclipsed conformation, with a large amount of hyperconjugation
through the benzylic C-C o bond. Again, due to symmetry
considerations, the orbital energy is relatively unaffected by
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changes in 8. The second highest HOMO of the gauche con-
formation is the b,~b, antisymmetric combination orbital. The
energy of this orbital is decreased relative to the eclipsed con-
formation, signifying a slight decrease in the amount of
through-space interaction observed. Because of the initial decrease
in the through-space interactions, a greater change in 6 is required
before this orbital becomes the HOMO for § < 107°.

Discussion

Assignment of the Observed Rates to Electron-Transfer Pro-
cesses. The assignment of these rate constants to originate from
et processes is supported by several considerations. The reaction
is kinetic first-order in both 1 and Fe''L;. Product studies show
that the reaction has the proper stoichiometry for an initial single
electron-transfer reaction.? The constancy of the observed rates
as a function of both the concentration of added base and the
structure of the added base indicates that the reaction is not
base-catalyzed. The fact that only ketone products are formed
in the reaction, coupled with the independence of the rate from
structural features of the added base, does not allow an acid-
catalyzed reaction pathway. An alternative mechanism involving
a rate-determining homolysis of 1 followed by fast oxidation of
the corresponding radicals is ruled out by an experimentally de-
termined AG,o* of 32.3 keal/mol for homolytic cleavage,* com-
pared to the observed AG.,* of 22.1 keal/mol for the present
reaction.

Further support for the et nature of the reaction comes from
comparison of the AG,,* data shown in Table IT with the calcu-
lated AGy,° values shown in Table III. The reaction of 1a with
FelllL; has a calculated AG5y° and an experimentally determined
AG* of 18.2 and 22.1 keal/mol, respectively. The agreement
of these values is surprisingly good, given that the calculation of
AG+° requires the assumption that the solvation energetics of 1
are similar in magnitude to those of the monoaryl systems where
the correlation of IP and E,,° data was developed. The fact that
AG* > AG° for this reaction is consistent with the expectation
that AG* should be =AG® for any endergonic reaction. A similar
comparison of the calculated AG4,° and the experimentally de-
termined AG,,* for 1e yields 17.0 and 20.2 kcal/mol, respectively,
in complete agreement with our arguments concerning la.

The interpretation of the results being due solely to et processes
hinges upon the assumption that the rate of back electron transfer
(kye) does not compete with the rate of bond cleavage (k). An
approximate limit to the height of the barrier separating the radical
cation from cleavage products may be obtained from the lifetime
of 1,1,2,2-tetra-p-anisyl-1,2-ethanediol radical cation (1£**) of 66
ps,!” corresponding to a AG* of 3.6 kcal/mol at room tempera-
ture.”> Since If** may be expected to be the most stabilized 1+
and would result in the most stabilized intermediates, the AG*
(1**) of 3.6 kcal/mol must be considered to be an upper limit
to the cleavage barrier of 1**. The isomers of 1 included in this
study must have somewhat lower barriers. The measured AG?
for 1a is more than 3.6 kcal/mol greater than the predicted AG,,°
for the same reaction, signifying an energy preference for the
cleavage reaction relative to back electron transfer. The reaction
preference for le** is not quite so clear, since the difference
between the measured AG* and the predicted AG,,° is somewhat
less than the 3.6 kcal/mol estimate of the le** bond-cleavage
energy. In this case, ky, may be comparable to k.. Although
the exact value of the k., is less certain for le, our overall assertion
that the oxidation potential of 1 is less than predicted is unaffected.
If the bond-cleavage energy is greater than the energy required
for back et, the AG,,* must be less than the observed AG*. We
conclude that the k,, presented here are minimum values and that
the AG,,* presented here represent maximum values.

Comparison of 1 Electron-Transfer Energetics to Model Sys-
tems. The results obtained here indicate that the isomers of 1

(24) Weiner, S. A. J. Am. Chem. Soc. 1971, 93, 6978.

(25) These data are subject to the limitations discussed below. A stabilized
1f** would be expected to undergo slower back electron transfer. Therefore,
the estimated AG.*(1f**) is a lower limit, further increasing our confidence
that the observed rates correspond to et processes.
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Figure 8. X-ray crystal structure of 1a shown in perpendicular views.

included in this study undergo et more easily than expected in
both the gas phase and solution. In order to simplify the discussion,
we will focus on the gas-phase IP data. The IP(1a) = 8.42 ¢V
that 1a is oxidized more easily than toluene or zerz-butylbenzene
(IP = 8.65 eV).222¢  Additional alkyl substitution on arenes is
well-known to lower the IP.28 Therefore, the reduced IP(1a)
indicates that 1a is oxidized as easily as 1,3,5-trimethylbenzene
(IP = 8.42 V), even though only a single alkyl group is attached
to each phenyl group of 1a.

The good agreement of the IP and AG,,* data for 1a.e argues
that there is a unique molecular property of these compounds that
leads to easy oxidation. One potential rationale for the reduced
IP is the interaction of the oxygen lone-pair electrons with the
phenyl = orbitals. Such interactions have been invoked to ra-
tionalize the enhanced acidity of pentaphenylhydroxyethanes
relative to triphenylhydroxymethanes.?’” However, this type of
interaction appears to be unimportant in reducing the IP of 1.
Since 3 should have similar steric interactions as may be found
in 1, the enforced oxygen lone-pair interactions with the phenyl!
m systems should be similar in 1 and 3. However, the large
difference in the IP between 1a and 3 (0.59 eV) makes it im-
possible to believe that this effect is responsible for the easy
oxidation of 1. Therefore, Ph—Ph interactions are responsible for
the decreased IP of 1.

Origin of Ph—Ph Interactions. While there is no doubt that
enforced Ph-Ph interactions in rigid cyclic systems (e.g., cyclo-
phanes)?®? can lead to 1P and E,,° decreases similar to those
observed in this study, the evidence concerning the existence of
Ph-Ph interactions in acyclic systems is much less certain. Several
groups have observed that the UPS spectra of diphenylmethane*32
or 1,2-diphenylethane®? are identical with that of toluene, indi-
cating no significant interaction of the phenyl groups in these
molecules. However, ESR observations of methylarene’® or
anthryl®* radical cations indicate that complexation of the radical
cation with a neutral molecule gives stabilization of the odd
electronic charge. These conflicting data indicate that any pos-
tulate of Ph—Ph interactions in acyclic systems must be supported
by experimental data. Since the theoretical calculations reported
here (vide supra) indicate that both 1,1-Ph—Ph interactions and
1,2-Ph-Ph interactions may cause a decrease in the IP, we have

(26) (a) Heilbronner, E.; Hornung, V.; Pinkerton, F. H.; Thames, S. F.
Helv. Chim. Acta 1972, 55, 289. (b) Kobayashi, T.; Nagakura, S. Bull. Chem.
Soc. Jpn. 1974, 47, 2563.
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J. Am. Chem. Soc. 1980, 102, 4314,
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Adv. Chem. Ser. 1988, 217, 333.
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1979, 101, 7477.

(31) Eaton, D. F.; Traylor, T. G. J. Am. Chem. Soc. 1974, 96, 7109.
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attempted to evaluate the origin of the decreased IP in 1 by two
different methods. The first method was to examine the X-ray
crystal structure for possible interaction modes. The second
method was to experimentally evaluate k., for specifically sub-
stituted isomers of 1.

The X-ray crystal structure of 1a has been recently determined
and is shown in Figure 8.3 Two alternative views of the molecule
are presented for the sake of clarity. The view on the left is
essentially a Newman projection of the structure, by viewing down
the axis of the benzylic C—C ¢ bond. The view on the right has
been rotated by 90° to view the interactions of the A,A’- and
B,B’-phenyl groups. Although the X-ray crystal structure suffers
from some disorder in the positions of the benzylic carbons and
the OH bonds in 1a, the relative relationship of the pheny! groups
to each other should not be affected by this disordering and will
serve to show the relative geometries of the aryl groups to each
other. Supporting evidence that the X-ray crystal structure is
similar to the gas-phase and to the solution-phase structures comes
from the similarity of the AM-1 minimum-energy structure of
1a to the X-ray crystal structure.

The four phenyl groups of 1a can be divided into two sets of
equivalent groups, labeled A and B in Figure 8. The A,A’-phenyl
groups can be seen to be nearly at right angles to the B,B’-phenyl
groups. In this geometry, there can be NO 1,1-Ph—Ph interactions,
because the A- and B-phenyl groups and the A’- and B’-pheny!
groups are oriented at right angles to each other. This geometry
forces the hydrogens of the A-phenyl group into the = face of
phenyl group B, causing 8 to 