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Proton-coupled electron transfer (PCET) has been reported in a number of systems. The oxidation product of
a disubstituted.-hydroxy radical is a protonated ketone. In a case where electron transfer from such a radical
to an electron acceptor is energetically unfavorable, it was of interest to probe whether electron transfer
would occur if coupled with proton transfer to an added base. Through an experimental design based on
fragmentation of benzopinacol radical cation, diphenylketyl radical@PH, E°* = —0.25 V vs SCE) was
photochemically generated as the only radical intermediate in a moderately polar solvent (1,2-dichlorethane).
Direct electron transfer to 1,2,4,5-tetracyanobenzene (EBB= —0.65 V vs SCE) is endothermic by 0.4

eV and does not occur. In the presence of pyridine derivatives, however, PCET does, indeed, take place. In
these termolecular reactions the electron is transferred to one molecule and the proton to another. Detailed
kinetic studies by laser flash photolysis showed that a hydrogen-bonded complex between the ketyl radical
and the pyridine base is formed, which then reacts with TCB, leading to"TGRBnzophenone, and the
protonated base. In these experiments, two TGBe formed per absorbed photon in a very clean reaction.
The equilibrium constants for complex formation decrease with decreakingfpghe base {18, 6, and 2

M~1 for 2,6-lutidine, 3-chloropyridine, and 2-chloropyridine, respectively). When the driving force for the
overall reaction is~0.2—0.4 eV, the PCET rate constant reachesx.80° M~1 s, which is one-fifth of the
diffusion-controlled limit in dichloroethane. However, as the reaction becomes nearly isoenergetic, the PCET
rate constant drops by a factor of 4. The deuterium isotope effeet3? for the PCET reaction with
2-chloropyridine as base is consistent with a concurrent electron/proton transfer.

Introduction SCHEME 1
The reducing power of a radical depends strongly on the RiCOH™ + A7
stability of the cation formed upon electron transfer from the /\/(
radical to an electron acceptor. With increasing stability of the R,COH" + A
cation, the oxidation potential of the radical decreases and the +B
reducing power of the radical increaseEBhus, the presence of (PCEX& R,CO + A" + BH'

a heteroatom at the-position increases the reducing power of

a radical. In the case of an oxygen atom, the oxidation product

is an oxonium salt and, in the case of a nitrogen atom, it is an

iminium salt. For example, whereas the oxidation potential of ~ Several photochemical examples of proton-coupled electron

PhCH* is +0.73 V, that of MeOCk is —0.24, and that of transfer (PCET) reactions have been reported, and it is an area

Me,NCH,* is —1.03 V vs SCEP of current interest from both experimental and theoretical points
In the case of am-hydroxy radical (RCOH'), the resultant ~ of view? These reports include reactions of organometallic

oxidation product upon electron transfer to an acceptor is a compounds,and those of biological systerfisyith an emphasis

protonated ketone @&OHT). Because the ketone is a poor base, on designs to provide preformed structures with optimum

proton transfer from a protonated ketone to a strong base couldgeometry for proton transfer. PCET was also demonstrated in

become a highly exothermic process. Thus, the question was,an organic system in which triplet-excitecsgdeacts with a

if electron transfer from am-hydroxy radical to a particular  ground-state hydroquinone/base complewle discuss here

acceptor (A) is energetically unfavorable, would the electron another type of PCET in which the reactant is a free radical.

transfer take placi coupled with a proton transfer to an added Thjs termolecular acceptor/radical/base process further illustrates

base (B) such that the overall process becomes energeticallype diversity of PCET and helps to define the scope of these

favorable, Scheme 1. processes. In addition, the ability to modulate the reducing power

X of a free radical through extrinsic means, i.e., without changing
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Diphenyl ketyl radical (P¥COH) is a well-characterized
species that can readily be studied by laser flash photolysis.
The oxidation potential of this radical in acetonitrile has been
reported recently to be-0.25 V vs SCES With 1,2,4,5-
tetracyanobenzene (TCB) as an electron acceptor, which has a
reduction potential 0f-0.65 V vs SCE2electron transfer from
PhCOH would be endothermic by0.4 eV and, thus, quite
unfavorable. In addition, TCB has a well-defined absorption 1.09
band in the visible range that can be monitored in the presence
of the ketyl radicaf® The challenge was to devise a scheme to
generate the ketyl radical at a high enough rate to permit
investigation of the follow-up reactions. The ketyl radical can
be generated through hydrogen atom abstraction by triplet-
excited benzophenone from a number of hydrogen atom donors
such as alkyl benzenésJnfortunately, these reactions tend to
be slower than T0OM~1 s71, Although hydrogen atom abstrac-
tion from ethers is somewhat fasfewyo differento-oxy radicals
would be produced, potentially complicating the kinetics.

We chose another approach to generate the ketyl radical as
the only intermediate in the presence of TCB, Scheme 2.

4.55

Excitation of benzophenone leads, via fast intersystem crossing, d
to triplet benzophenoneBP*, Er = 68.6 kcal/mol)? Triplet
energy transfer frofBP* to TCB (Er = 64.8 kcal/mol or 2.81 400 500 600 700

eV)? leads to*TCB*. As mentioned above, TCB has a reduction
potential of—0.65 V vs SCE; its triplet state can thus oxidize
a_molecule_ with OXIQathn potentl_al a2.1 V. Benzopinacol, dichloroethane of (a) benzophenone (0.006 M) and those upon
with an estimated oxidation potential o2.1 V, would therefore  g,ccesgie addition of (b) 1,2,4,5-tetracyanobenzene, () benzopinacol,
undergo electron-transfer reaction wkRCB*, leading to the and (d) lutidine (all at 0.02 M). The spectra were obtained from
radical cation of benzopinacol, which is known to undergo fast measurements delayed by 800 ns (a and b) or by-11.5 us (c
cleavage to PICOH" and PRCOH .10 The cation PECOH" and d) after the pulse. The relative intensities of the spectra, corrected
will be formed in cage with TCB. In 1,2-dichloroethane  for laser power and for a minor decay$%) during the delay time,
(DCE), the solvent used in this study, the rate constant for out- are given on the vertical axes. The extinction coefficients of the different
of-cagé separation of an ion pair1'~s4’ % 10f 5111 Electron species (based on a value of 7000¥P*) at their absorption maxima

. are shown.
transfer from TCB~ to PhCOH" is expected from the above

discussion :]0 be exotr:lermic by04 eV and CO!J'di therefoLe, | In a nanosecond laser flash photolysis experiment (355 nm
occur much faster than separation. Accordingly, two ketyl o itation), the transient absorption spectrum of a solution

radicals could t_)e formed per triplet benzophenone and would containing benzophenone (0.006 M) and TCB (0.02 M) in 1,2-
be the only radicals present, Scheme 2. dichloroethane (DCE) was compared to one with no TCB
(Figure 1). Based on an extinction coefficient of 700098P*
at Amax Of 530 nni2 (Figure 1a), an extinction coefficient of
The objective of this work is to probe the proton-coupled 2900 can be deduced féfCB* at its Aymax of 610 nm (Figure
electron transfer in the reaction of the ketyl radical with TCB 1b). When benzopinacol (0.02 M) is added to the solution of
in the presence of an added base (B). Four transient species ar8P and TCB, a spectrum identifiable with the ketyl radical is
involved in the reaction, and they all can be monitored by flash obtained (Figure 1c). Importantly, the optical density at 540
photolysis. These are triplet benzophenoiP¢), triplet TCB nm, thedmax Of the ketyl radical, is 1.09 times that éBP* at
(°TCB*), the ketyl radical (P¥COH), and finally, reduced TCB its Amax (Figure 1a). The reported extinction coefficient of,Ph
(TCB*"), a product of PCET. In accordance with Scheme 2, COH is nearly one-half that ofBP*.12 Thus, within experi-
each®BP* leads to &TCB*, which, in turn, leads to two Ph mental error, two ketyl radicals are formed p&@P*. This
COH. In the presence of a base, if proton-coupled electron indicates that, although several steps are involved, (1) energy
transfer occurs, the two ketyl radicals would lead to two TCB  transfer, (2) electron transfer, (3) fragmentation of a radical
From the relative intensities of the absorption bands of the cation, followed by (4) a second electron transfer (Scheme 2),
individual species, together with their independently determined the reactions seem to be quite clean and proceed with essentially
extinction coefficients, the validity of the scheme can, therefore, unit efficiency. In the absence of other additives, the ketyl
be verified. radical, as expected, decays slowly by second-order coupling

Wavelength, nm

Figure 1. Absorption spectra following 355 nm excitation in 1,2-

Reaction Intermediates and Primary Rate Constants
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to reconstitute the pinacol. In other words, despite several steps, 0 1 2

under these conditions, no net reaction takes place. T T T T
The rate constant for triplet energy transfer fréBP* to

TCB, kq, determined from the decay éBP* absorption and

from the growth offTCB* as a function of [TCB], was found

to be 3.6x 10° M~1 s7L This rate constant is approximately

one-half the diffusion-controlled limit in DCE, which is reason- oD

able for a triplet energy transfer reaction wittd kcal/mol

exothermicity!3 The rate constant of the reactiondiCB* with

benzopinacolky, was similarly determined from the decay of

STCB* and from the growth of PICOH at different concentra-

tions of the pinacol. A rate constant of 6:8108 M~ s~ was 0.00

measured for this reaction, with the cleavage of the pinacol

radical cation and the in-cage electron transfer from TGB

PhCOH" being too fast to be time resolvé®¥iThe rate constant

ko, being only one-tenth of the diffusion-controlled limit, is 0.06

within the expected range because of the small driving force

for electron transfer from benzopinacol & CB*. For the

purpose of probing a subsequent proton-coupled electron-transfer oD

reaction, this process at moderate pinacol concentrations (0.01

or 0.02 M) will be faster than the follow-up reactions of the

ketyl radical. It is worth noting that, under our experimental

conditions, no direct reaction betwe#BP* and benzopinacol

could be detected.

0.10

540

Effect of Base: Proton-Coupled Electron Transfer Time, s

Having shown that the diphenylketyl radical can be generated Figure 2. Top: Growth and decay of the diphenylketyl radical {Ph-
in the presence of TCB with no subsequent reaction betweenCOH) monitored at 540 nm in the absence and presence of varying
them. we then studied the effect of an added base. To ensurdencentrations of lutidine (g|ven inmM by the Ia_bels). Bottom: Growth
’ - . of tetracyanobenzene radical anion (TCBmonitored at 465 nm at
that proton_-coup!ed electron transfer would be possible in thesethe same varying concentrations of lutidine as above. The laser power
reactions, it was important to choose a base such that the overalor the 465 nm experiment wasé times less than that used for the

reaction would be exothermic. one at 540 nm.

power of the ketyl radical. The question now is the mechanism
Ph,COH + TCB + B — Ph,CO+ TCB"™ + BH" by which this ternary reaction takes place, which is likely to
involve the formation of at least one complex between two of
As discussed above, the electron tranafeneis endothermic the reactants (radical, acceptor, and base) that subsequently
by ~0.4 eV. From the difference between thé,@f benzophe-  reacts with the third species.
none and that of the base, the driving force for the proton-
transfer step can be estimated. ThkK,pgn acetonitrile of
benzophenone is nearly’@whereas that of lutidine is-14.14 At low laser power, where the ketyl radical concentration is
Thus, the pair benzophenoneprotonated lutidine is estimated  low, and in the absence of a base, the decay of the radical (via
to be 0.8 eV lower in energy than protonated benzopherone coupling) monitored at 540 nm is barely noticeable on @2
lutidine. That is, the reducing power of the ketyl radical should scale (Figure 2). The decay rate of ROH increases with
increase by~0.8 eV, if the electron transfer is coupled with increasing concentration of added lutidine and is concurrent with
proton transfer to a base such as lutidine. Thus, the overall the grow-in signal of TCB™ at 465 nm (Figure 1d). As shown
reaction (combined electron and proton transfer) would be in Figure 2 and from data fitting, the growth rates of TCB
rendered exothermic by 0.4 eV rather than endothermic by are equal to the decay rates of,EOH:.
~0.4 eV in the absence of a base. If the difference between the The decay rates of the ketyl radical for several sets of
pKa's of benzophenone and lutidine in DCE is not much measurements at constant [TCB] and varying [lutidine], as well
different from that in acetonitrile, the estimated change in driving as at constant [lutidine] and varying [TCB], are shown in Figure
force should be similar. 3. These data were obtained by fitting the transient absorption
Indeed, addition of lutidine (0.02 M) to a DCE solution at 540 nm to a two-exponential rise and f&lUnder the reaction
containing benzophenone, TCB, and benzopinacol yieldsT,CB conditions used in these experiments, the rise represented
identified by a characteristic spectrum (see the Experimental interception ofTCB* by benzopinacol, and the fall represented
Section) with aimax at 465 nm, Figure 1d. Comparing the the decay of the ketyl radical. The concentration of benzopinacol
intensity of the TCB™ signal to that ofBP* and of PRCOH", was kept at either 0.01 or 0.02 M in order to ensure that the
together with the independently determined extinction coef- rate of formation of the ketyl radical remains greater than its
ficients of theses species, reveals that each ketyl leads to thedecay rate. This condition usually leads to higher accuracy in
formation of TCB™~ with unit efficiency. evaluation of the decay rate. At low concentration of either the
As discussed below, the addition of lutidine does lead to acceptor or the base, the rate increases in proportion to the
any detectable deprotonation of the ketyl radical to form a concentration of the varying reactant. At higher concentrations
benzophenone radical anion. Thus, the reducing species is theof either reactant, however, the rate increases more slowly,
diphenyl ketyl radical, and proton-coupled electron transfer does suggesting formation of a binary complex that is subsequently
take place, representing a dramatic increase in the reducingintercepted by the third reactant.

Reaction Kinetics
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Figure 3. Decay rate (in 19s™) of the ketyl radical as a function of
the concentration of added lutidine at fixed TCB concentrations of
0.005, 0.01, 0.02, and 0.03 M (open symbols) and as a function of
TCB concentration at a fixed lutidine concentration of 0.01 M (solid
squares). The curves are the calculated rates based on fixed values fo
ks =ks =8 x 10°® M~1s71, the diffusion-controlled rate constant, and
the fitting parameterk; = ks = 1.0 x 10° M1 s7%, K3 = 15.9 M1,
andKs = 11.9 M1 (see Scheme 3 and text for details).

Wavelength, nm

Figure 4. (---) Absorption spectrum of diphenylketyl radical obtained
from 355 nm excitation of benzophenone in dichloroethane in the
presence of 0.75 M butylbenzene:)(Corresponding spectrum in the
resence of 0.43 M lutidine. With an association constégtpf ~18
~1 for complex formation between the ketyl radical and lutidine, the
latter spectrum corresponds to a mixture~&7% complex and-13%
free ketyl radical. No absorption was detectrablg at650 nm, where
any BP~ (Amax = 690 nm) would have shown a strong absorption.

SCHEME 3 0.03 ————
3np* ky 3 *
BP" + TCB > BP + °TCB
Ph,COH k
SICB* + ] —2 > TCB + 2 PhyCOH" 0.02
Ph,COH
b ODs70
Ph,COH" + B =~ Ph,COH'/B
- 0.01
Ph,COH'/B + TCB k Ph,CO + TCB'~ + BH*
kq 0.00 L L L
Ph,COH' + TCB s Ph,COH" [ TCB 0 0.2 0.4 0.6
[lutidine], M
Ph,COH'[TCB + B b . Ph,CO + TCB'~ + BH* Figure 5. Optical density at 570 nm of photolytically generated

diphenylketyl radical as a function of lutidine concentration. The

P . o spectral change is due to complex formation between the ketyl radical
As shown in Figure 3, the tendency to level off is very similar and lutidine and is strongest at 570 nm, where the extinction coefficient

for the two sets of data where either [TCB] was varied, and the yaiig is~4.8 (see Figure 4). The curve is calculated for an equilibrium
lutidine concentration was fixed at 0.01 M or vice versa. This constant of 18 M.
similarity suggests one of two possibilities. (1) The ketyl radical
forms complexes both with the base and with TCB, and the M~ was obtained, Figure %.A reaction of this complex with
two equilibrium constants are of similar magnitude. At suf- TCB, ks, leading to TCB", protonated lutidine, and benzophe-
ficiently high base or TCB concentrations, the rate would level none would be formally a PCET.
off as most of the ketyl radical is complexed. (2) Alternatively, It is conceivable that the ketyl radical, #2OH, could also
the reaction proceeds via a single complex, where the rateform a charge-transfer (CT) complex with TCB (equilibrium
constant for complex formation is very similar to the rate constanis). We did not detect any change in the spectrum of
constant for the follow-up PCET reaction (see, further, below) the ketyl radical as a function of [TCB]. On this basis alone
(Scheme 3). such a complex should not be ruled out, however, because its
Stabilization of a complex between #OH and lutidine absorption would peak in the IR, considering, as mentioned
(equilibrium constankKs) would be through hydrogen bonding.  above, that the energy gap between the neutral components and
Changes in the spectrum of the ketyl radiah the presence  the pair with complete charge transfer is only 0.4 eV. In turn,
of lutidine are consistent with the formation of such a hydrogen- if formed, such a complex would react with the base in a PCET
bonded complex. The absorption spectrum of the complex is processks, to generate the same products.
slightly red shifted from that of the free ketyl radical, Figure 4, We also investigated the possibility of complex formation
similar to the spectra of hydrogen-bonded ketyl radical/amine between TCB and lutidine. A weak CT absorption can be
complexes’ This modest spectral change shows also that detected between these reactants in DCE. The equilibrium
lutidine is not a strong enough base to deprotonate the ketyl constant for this complex formation, however, is too small to
radical to give benzophenone radical anion; Bmvhich has a affect the reaction kinetics. From the nearly linear change in
distinctly different absorption spectrum; see the Experimental optical density of the CT absorption in the840—380 nm range
Section. with increasing lutidine concentrations up to 2 M, an equilibrium
From the change in intensity at 570 nm as a function of constant of less than 0.2 Mcan be estimated. The equilibrium
lutidine concentration, an equilibrium constant for the complex constants for complex formation between TCB and weaker bases
formation between the ketyl radical and lutidiri€;, of ~18 (see below) are still lower than that with lutidine.
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Figure 6. Same data as in Figure 3 with curves calculated on the Figure 7. Decay rate (in 19s™2) of diphenylketyl radical as a function
assumption that only the base forms a complex with the ketyl radical, of the concentration of added 3-chloropyridine at fixed TCB concentra-
using the fitting parametersks = 1.86 x 10° M~* s}, ky = 1.53 x tions of 0.005 and 0.01 M (open symbols) and as a function of TCB
10° M~ s, andKz = 18.6 M* (see text for details). concentration at a fixed 3-chloropyridine concentration of 0.01 M (solid
squares). The curves are the calculated rates based on the fitting
Thus, either only the ketyl radical/lutidine complex, which parameterss = 1.55 x 10° M~* s7%, ks = 1.51 x 10° M~* s™%, and

is spectroscopically detected, is involved in the kinetic scheme Ks = 5.9 M"* (see text for details). Because of the very close values
or, in addition, a ketyl radical/TCB complex (which, if formed, gdﬁgndﬁ?éﬁfb}\eﬂl? s(:elgvtzit?t fixed concentrations of 0.01 M are almost
would be difficult to detect) is also involved. Because the free g '

and the base-complexed ketyl radical have similar absorption . .
at 540 nm, the optical density at this wavelength is a measuremdependently from the spectral change of the ketyl radical as

. - a function of [3-chloropyridine]. These analyses provide good
of the to.tal concentration of the ra(_1|cal. ) ) fits for the data with each base and yield values for the
The different sets of data mentioned above, in which the oqyiliprium constant&s that are not very different from those
concentration of one of the reactants (TCB or lutidine) was getermined independently. However, significantly different
varied and the other was kept constant, were first analyzeda)es of the equilibrium constarits, were obtained from fitting
assuming that both complexes are formed at the diffusion- ot the two sets of data (11.9 and 4.4 Nl Therefore, although
controlled limit, i.e. ks = ks = 8 x 1° M™* s7119To decrease o gata with each base can be explained in terms of complexes

the number of fitting parameters, the rate constants of the two ¢ the ketyl radical with both the base and TCB, these apparent
proton-coupled electron-transfer reactiorg, and ks, were successes must be regarded as accidental.

assumed to be eq_ual. Under these assumptions, the best fit to Limiting the fitting of the 3-chloropyridine data to the ketyl/
the data was obtalnedifdfr% - 1,5'9 M™, Ks = 11.9 M™%, and base complex as discussed above I1?or the lutidine data gave the
ks =k = 1.0 x 10° M™% s7%, Figure 3. The value dKs, 15.9  f5ing parametersks = 1.55x 10 M~1s% Ky = 5.9 M1,
M-L, is reasonzili)ly close to the spectroscopically determined andks; = 1.51 x 1° M~* s% (Figure 7). Again, the value of
value of~18 M™". . . the equilibrium constant obtained from this fitting procedure is
Alternatively, the data were fitted assuming that only the Ph quite similar to that determined spectroscopicatys(M—1).
COH/lutidine complex is formed. In this fitting procedure the Thus, both sets of data can be explained in terms of a hydrogen-
rate constant for complex formatida@was includeq asafloating  ponded complex between the ketyl radical and the base,
parameter. An equally good fit was obtained with= 1.86 x followed by a PCET reaction with the acceptor, TCB. The
1(_)9 M~ s, K_3 = 18.6 M}, andk, = 1.53 x 1P Mtsh agreement between the spectroscopically determined equilibrium
Figure 6. Again, the computeld; of 18.6 Mt is close to the  ¢onstants for both bases and those derived from the fitting of
independently determined value ofl8 M~ the kinetic data provides strong support for this mechanism.
To distinguish between these two alternative schemes, we Dpespite the~0.2—0.25 eV difference in driving force between
replaced lutidine by another base, 3-chloropyridinks(p-10, the reactions with lutidine and with 3-chloropyridin&pKa ~
in acetonitrile)!* If a Ph,COH/TCB complex is in fact involved 4), the PCET rate constariy, in both cases is~1.5 x 10°
in these reactions, the equilibrium constant for its formation, M-t 51, The fact that these values are very similar but below
Ks, being independent of base, should be equal in the two the diffusion-controlled rate constant ¢8 10° M~ s™1) may
experiments. indicate that a restricted geometry is required for the PCET
The decay rates, as expected for a poorer base, are smallereaction to take place. The electron transfer would be faster if
than those obtained for the lutidine experiment, and the tendencyTCB were closer to the ketyl radical, but the generated ion pair
to level off is less pronounced, Figure 7. The 3-chloropyridine (TCB*~ and pyridinium derivative) would be more stable if TCB
data show, however, a trend similar to that with lutidine. The were closer to the base. Thus, the PCET reaction might be
curvature in the plot of the rate of ketyl radical decay vs [TCB] favored only at a limited, optimum configuration within the
at 0.01 M 3-chloropyridine is very similar to that of the plot vs termolecular intermediate. Alternatively, the reaction with 2,6-
[3-chloropyridine] at 0.01 M TCB, Figure 7. This behavior is |utidine, which has a larger driving force, might be slower due
again compatible with the two alternative explanations discussedto steric hindrance from the two-methyl groups.
above for the lutidine experiment. Beyond a certain point, the rate constant for PCEJ ,is
Fitting the 3-chloropyridine data under the same two-complex expected to decrease with decreasing driving force for the
assumptions used above for the lutidine experiment gave thereaction, which is controlled by the<p of the base. 2-Chloro-
following parametersKz = 5.2 M™%, Ks = 4.4 M1, andk, = pyridine seems to be the weakest bas€,(p7 in acetonitrile}*
ks = 9.1 x 10° M~1s71, The equilibrium constari; obtained that we can use to induce the reaction at a rate that can be
from this analysis is comparable to the value~&® obtained measured in our flash photolysis experiment. The dependence
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Figure 8. Decay rate (in 10s7) of diphenylketyl radical as a function

of the concentration of added 2-chloropyridine at fixed TCB concentra-
tions of 0.01 M Q). The curve is the calculated rates based on the
fitting parameterK; = 2.2 Mt andks = 3.8 x 10* M~* s%. The
corresponding fitting parameters for decay rates of the deuterated ketyl
radical @) areKz = 2.5 Mt andks = 1.2 x 1M 1sL

TABLE 1: Rate Constants (k3) and Equilibrium Constants
(K3) for Complex Formation between Diphenyl Ketyl Radical
and Different Pyridine Derivatives and Rate Constants Ka)
for Proton-Coupled Electron Transfer

base (B) k(I®PM™ts?h) Ky(M™) k(APM s
2,6-lutidine 1.86 18.6 1.53
3-chloropyridine 1.55 5.9 151
2-chloropyridine 2.2 0.38

of the reaction rate on [2-chloropyridine] is shown in Figure 8,
which shows a much clearer leveling-off than with the other
bases. This is due to a significant decreasky,jnwhich allows
the experiment to be carried out at such high concentrations of
the base that a substantial fraction of the radical is hydrogen-
bonded to the base. Because of a decreasg rielative toks,
only the equilibrium constar; and the rate constant for the
PCET reactionks, can be determined from the data. The best
fit was obtained forKs of 2.2 M~! andk, of 3.8 x 108 M1
s~1. The equilibrium constant for complex formation between
the ketyl radical and 2-chloropyridine obtained from the change
in absorption spectrum of the radical is less accurate in this
case, because of a smaller difference in the spectrum betwee
the free and the hydrogen-bonded radical. The value estimate
from the spectral change fét;, 2—3 M1, however, brackets
the kinetically determined equilibrium constant of 2.27M
providing additional support for the mechanism. Considering
the uncertainties about theKpvalues in dichloroethane, the
PCET reaction with 2-chloropyridine & ~ 7) is likely to be
isoenergetic withir~0.1 eV. Thus, the 4-fold drop in PCET
rate constant relative to those with the stronger bases, i.e., base
with larger driving force, is quite reasonable.

The kinetic data for the different bases are summarized in
Table 12° The error margin for the rate constants is likely to
be ~10%.

k3
Ph,COH + B v PhCOH/B —

(equilibrium consK)
Ph,CO+ TCB™ + BH"

Deuterium Isotope Effect

In the reactions discussed in this work, no electron transfer
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base takes place in the absence of an acceptor. The coupled
electron/proton transfer proceeds, however, at rates approaching
the diffusion-controlled limit. In principle, these processes could
be concerted or the electron transfer could precede a fast proton
transfer. For the latter to be the case, hydrogen bonding of the
ketyl radical to a pyridine base would have to lower the
oxidation potential of the ketyl radical to the extent that electron
transfer to TCB becomes energetically feasible. It is unlikely
that hydrogen bonding would lower the oxidation potential of
the ketyl radical by the~0.4 V that is needed to allow for a
fast electron transfer. Nevertheless, independent support for
concurrent electron/proton transfer was sought.

In a PCET reaction in which the proton transfer is concurrent
with the electron transfer, a deuterium isotope effect would be
expected. An example of such an isotope effect is given in ref
5a. The present reaction with 2-chloropyridine as base proceeds
at a rate constat that is considerably lower than the diffusion-
controlled limit and seemed, therefore, to be well suited to test
for an isotope effect. Replacing the OH group of the ketyl radical
by OD was achieved by carrying out the reaction using
benzopinacobh. As shown in Figure 8, deuteration does indeed
lower the reaction rate by a substantial amount. Fitting the data
as described above gives an equilibrium conskamif 2.5 M1
and a rate constant for the PCET st&p,of 1.2 x 10° M1
s 1. The equilibrium constantK; for the OD and OH
compounds are simil&t,whereas the PCET rate constants yield
a deuterium isotope effedy/k° of ~3.2. The large isotope
effect is in agreement with a concurrent, but not a sequential,
electron/proton-transfer reaction.

Concluding Remarks

The PCET described in this work represents a termolecular
reaction in which a photogenerated free radical transfers the
electron to one molecule and the proton to another. With rare
exceptiorf2in most reported PCET reactions, both the electron
and the proton are transferred to the same molecule.

Through a careful experimental design, dipheny! ketyl radicals
are formed in a fast reaction that allows the kinetics of the PCET
to be reliably studied. All the available data can be explained
in terms of complex formation between the ketyl radical and a
base, followed by a PCET reaction with the acceptor, TCB. If

t all formed, a ketyl radical/TCB complex is likely to play
only a minor role. The lack of any detectable perturbation of
the ketyl radical absorption by added TCB further diminishes
the likelihood that a ketyl radical/TCB complex is involved in
the PCET reaction. Even the tendency of the PCET rate to level
off at high concentrations of TCB is consistent with the
mechanism in which only the base forms a complex with the
ketyl radical.

Sltis interesting that the analyses can provide values for the
rate constant of complex formatiots) that are not directly
measured and are not readily determinable by other techniques.
In the present range of concentrations and rate constants, the
decay rate of the ketyl radical is governed by bkitand k.

The reason is discussed further in the Kinetic Analysis part of
the Experimental Section.

The fact that the equilibrium constakl; decreases from
lutidine through 3-chloropyridine to 2-chloropyridine is expected
on the basis of I§,. The fact thatks and ks are of similar
magnitude in the cases of both lutidine and 3-chloropyridine
must be accidental. If the reduction potential of the acceptor
became more negativé, would begin to decrease, whereas
ks, being independent of the acceptor, will not be affected. The

from the ketyl radical to the acceptor takes place in the absencedata for 2-chloropyridine suggest thiatdecreases faster than

of a base, and no proton transfer from the ketyl radical to the

ks as the basicity of the pyridine derivative decreases.
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The lower reaction rates with 3-chloropyridine relative to for PhbCOH" is the same as the value we obtained via an
those with lutidine seem to be entirely due to a smaller independent route; see below. Similarly, the ratio of 1.0:4.55
equilibrium constant for complex formation and not due to for absorption by?BP* and by TCB~ yields ane(TCB*~) of
differences in the PCET reaction. Using 2-chloropyridine as a 15 900 (assuming 2 TCB are formed pefBP*) that compares
base, a deuterium isotope effégt'/ks° of ~3.2 for the PCET well with an independently determined value-e15 000; see
reaction was obtained, which supports a concurrent electron/below.

proton-transfer mechanism. Extinction Coefficient of Diphenylketyl Radical. Diphen-
) _ ylketyl radical was generated in DCE by hydrogen atom
Experimental Section abstraction by?BP* from toluene. Solutions of BP alone and

of BP with toluene (1.5 M) were matched for absorbance (0.8)

TCB (Aldrich), was recrystallized from chloroform before use. E:][ the ?:I(citation dwa}vhelength (325hnm)t; The_ sog;i*(ins (\i/vere
Benzophenone and benzopinacol (Aldrich) were used without tNoroughly purged with argon, and the absorptions8i* an

further purification. 1,2-Dichloroethane (EM Science) was stored PhCOH Wﬁre monitored at 53;0 anq 540_nm% r(.-:‘spectively.
over sodium carbonate to remove traces of hydrochloric acid. Based on the measured optical density ratio of 1:0.54 and on

The pyridine bases 2,6-lutidine, 2-chloropyridine, and 3-chloro- the value ok(°BP*) of 7000; ¢(PhCOH) of 3800 is obtained.

- - : This extinction coefficient is comparable to literature values of
ridine (Aldrich) were passed through neutral alumina shortl X . - . .
Py ( ) P g y 35004+ 200, obtained under varied conditiol;onsistent with

Materials and General Techniques.Tetracyanobenzene,

before use. . ; . e

Benzopinacol, was prepared by dissohgnl g of the forma.tlon. of the ke.ty.l radical with unit efficiency. .
undeuterated compound in dichloroethanes (mL), adding Extinction Coefficient of Tetracyanobenzene Radical
methanole; (~4 mL), evaporating the solvents, and repeating Anion. The extinction coefficient of tetracyanobenzene radical
the procedure once. anion (TCB~) was determined using triplet benzophenone

Laser Flash Photolysis The samples were contained ina 1 (°BP*) as a reference. Laser excitation (355 nm) of benzophe-
x 1 x 4 cm quartz cell and were excited at right angles to the None (0.008 M) in the presence of TCB (0.01 M) in argon-
monitoring beam. The excitation source was an OPOTEK Purged acetonitrile generateECB* (Amax~ 610 nm). Reaction
Q-switched Nd:YAG laser system. For 355 nm excitation, the Of *TCB* with an electron donor leads to a triplet radical ion
frequency-tripled output from an OPOTEK Vibrant Q-switched Pair, which is assumed to dissociate in such a polar solvent into
Nd:YAG laser system (pulse width 4 ns-8 mJ) was used. free rad|cal ions with unit efflcu_ency. Th¢=T ratio of the optical
The excitation pulses were attenuated, when necessary, using/€NSity at 463 nm/ax of TCB*™ in acetonitrile) from such an
neutral density filters. The analyzing beam from a pulsed Oriel €XPeriment to that at 530 NMax of BP*) from an irradiated
150-W xenon lamp (model 66007) was collected and focused Selution containing only BP corresponds to the ratio of the
on the entrance slit (2 nm) of an Instrument S. A. H-20 extinction coefficients pf these |nternjed|ates at their respective
monochromator. A Hamamatsu R-446 photomultiplier tube “max Based on an extinction coefficient of 7000 fBP*, an
(PMT) in a custom housing (Products for Research) was attachegeXtinction coefficient in acetonltr!le of 15400 or 14 600 was
to the exit slit of the monochromator. A computer-controlled ©btained for TCB", using 1,2,4-trimethylbenzene orxylene
Stanford Research Systems high voltage power supply (model@S €lectron donor, respectivef.
PS310) was used with the PMT. The signals from the PMT  Complexes of Diphenylketyl Radical with BaseslIn these
were digitized using a Tektronix TDS 620 oscilloscope and experiments, the ketyl radical was formed via hydrogen atom
transferred to a PC, via a GPIB interface, for data storage andabstraction by’BP*. Laser excitation (355 nm) of BP (0.006
processing. A Quantum Composer pulse generator (Model 9318)M) in argon-purged DCE containing 0.75 or 1.5 M butylbenzene
provided TTL trigger pulses to control the timing for the laser, generates the ketyl radic&®The spectra in the absence and in
lamp, and oscilloscope. the presence of different concentrations of the pyridines were

The kinetic experiments were carried out at constant con- recorded after-1 or 0.5us, respectively, to avoid contribution
centrations of benzophenone (0.006 M) and of benzopinacol from 3BP* absorption. Because the ketyl radical decayed
(0.01 or 0.02 M). The concentration of one of the reactants (TCB slightly, but at a varied rate, on the time scale of the experiment
or the base) was kept constant and that of the other was varied (Up to 8us), the signal intensity was extrapolated to time zero.
All samples were freshly prepared and were thoroughly purged The decay rate was slightly higher in the absence of base and
with argon prior to and during irradiation. gradually decreased with increasing concentration of added

Reaction Stoichiometry and Relative Extinction Coef-  Pyridines, resulting in a larger correction for the spectrum in
ficients. The reaction stoichiometry was confirmed from relative the absence of base. In these experiments, the relative intensities
optical densities (corrected for differences in laser power) and and not the absolute values are the important parameters.
independently determined extinction coefficients. Following 355 Correction for the intensity ratio in the absence and at the highest
nm excitation, transient spectra (Figure 1) were measured fromconcentration of base wasl5%. Similar corrections were made
a DCE solution of benzophenone (0.006 M) and from those to to the optical densities used to determine the equilibrium
which successively TCB, then benzopinacol, and, finally, constants for TCB/base complexes (see, for example, Figure
lutidine (each at 0.02 M) were added. The optical density (0.66, 5)-
due to BP absorption) at the excitation wavelength (355 nm)  The transient spectrum following laser excitation (355 nm)
was essentially unaffected by the successive addition of the otherof benzophenone (0.006 M) in the presence of 1,2,4,5-

reactants. The relative intensities at the respectiyg of the tetramethoxybenzene (0.04 M) in DCE showed a sharp band at
different species in these four sampf&P*, STCB*, Ph,COH, 450 nm (tetramethoxybenzengand a broad band at 690 nm
and TCB-, were 1.0:0.45:1.09:4.55, Figure 1. The optical (BP~). From the intensity (extrapolated to zero time) relative
density ratio of 1.0:1.09 due to absorption ¥8P* and Ph- to 3BP*, the extinction coefficient of BP at 690 nm is
COH yields an extinction coefficient of 3800 for RBOH:, on estimated to be-7500 (or higher), based on whether the triplet
the assumption that 2 ketyl radicals are formed j&f* and geminate radical ion pair is formed with unit efficiency (or less).

based ore(®BP*) ~700012 The extinction coefficient of 3800  The absorption spectrum is similar to that reported for &R
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acetonitrile?* The lack of any detectable absorptiomat 640 assumed in fitting the transient absorption traces to a biexpo-
nm in the spectra of the ketyl radical in the presence of lutidine nential form.
or the chloropyridines (Figure 4) indicates that*BHRf at all
present in equilibrium with the ketyl radical/lbase complex,  Acknowledgment. We thank lan Gould, Arizona State
contributes <2% to the observed decay rates of the ketyl University, and Joseph Dinnocenzo, University of Rochester,
absorption. for very valuable discussions.

Decay Rates of Diphenylketyl RadicalBecause of differ-
ences in rate constants and the choice of concentrations for theReferences and Notes
experiments, the decay 8BP* and the formation ofTCB* (1) (a) Wayner, D. D. M.; Houmam, Acta Chem. Scand 998 52
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rate of this process is given dg[benzopinacollk, = 6.8 x (3) (a) Turro, C.; Chang, C. K.; Leroi, G. E.; Cukier, R. |.; Nocera, D.

11 ; ; G.J. Am. Chem. S0d.992 114 4013. (b) Huynh, M.-H. V.; Meyer, T. J.
108 M~1s71, and benzopinacol was used at either 0.01 or 0.02 Angew. Chem., Int. E002 41, 1395. (c) Kojima, T.. Sakamoo, T.

M. The resulting rate of growth of the ketyl absorption was matsuda, Y.; Ohkubo, K.; Fukuzumi, ngew. Chem., Int. EQ003 42,
taken as a fixed parameter, and the decay rates that were4951. (d) Chang, C. J.; Chng, L. L.; Nocera, D.J5Am. Chem. So2003

; it ; inatic 125 1866
obtaluned from the fitting procedure were used in the kinetic (4) Okamura, M. Y.: Feher, GAnnu. Re. Biochem 1992 61, 861
analyses. o ) ) and references therein.
The observed decay kinetics in the deuterated pinacol  (5) (a) BicZdk, L.; Gupta, N.; Linschitz, HJ. Am. Chem. S0d997,
experiment are somewhat complicated by a contribution from 119 12601. (b) Gupta, N.; Linschitz, HI. Am. Chem. Sod 997 119

undeuterated material, formed through D/H reexchange with ggi‘gécl)_Haddox’ R.M.; Finklea, H. Q. Electroanal. Chen2003 550~

environmental moisture during sample preparation. As aresult,  (g) (a) Formation of strong reducing radicals from radical cations is a
the decay of the ketyl radical consists of two components: one reaction of technological importané&The process described in the present

i work is another example of such a reaction, where the reducing power of
fast, due to the decay of the undeuterat_ed radical, a_lnd one SIC.Wthe radical is further increased through PCET. (b) Gould, I. R.; Lenhard, J.
due to the decay of the deuterated radical. The ratio of the two g - pmyenter, A. A Godleski, S. A.: Farid, S. Am. Chem. So@000Q

components was approximately 1:2, respectively. The fast decay122, 11934.

rate was used as a fixed parameter, determined from theT E(|7)t(61) _Mitées, St-_: Fasrid. ?rg-fF’SOéqchlelm198gh6, 2331- s(;b‘) Shidabt
: . H . ectronic Sorpton spectra o adical lons. ysiCal sSciences Data
experiment with undeuterated pinacol. 34; Elsevier: Amsterdam, The Netherlands, 1988.

Kinetic Analysis. If no complex is formed with TCB, the (8) (a) Scaiano, J. CJ. Photochem1973 2, 81. (b) Belt, S. T.;
decay rate of the ketyl absorption (decay constahptis the Rowland, S.; Scaiano, J. ®arine Chem 199§ 61, 157.
smaller root of a quadratic secular equatin, (9) Murov, S. L.; Carmichael, I.; Hug, G. L. IrHandbook of

Photochemistry Marcel Dekker: New York, 1993.
(10) Bockman, T. M.; Hbig, S. M.; Kochi, J. K.J. Am. Chem. Soc
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(11) Arnold, B. R.; Noukakis, D.; Farid, S.; Goodman, J. L.; Gould, I.
R.J. Am. Chem. S0d 995 117, 4399.
The other root is considerably larger than the time constants (12) Extinction coefficients of triplet benzophenone and of diphenylketyl

; ial fi — — radical have been reported by several authors under different conditions to
used for t.he b|expor1ent.|al fit Whe“.e . ks [B] and .q Ky be 7 000+ 800 and 3 50Gt 200, respectively: Miyasaka, H.; Morita, K.;
[TCB]. This expression is symmetric in the quantities[B] Kamada, K.: Mataga, NBull. Chem. Soc. Jpri99( 63, 3385. Hoshi, M.;

and kq [TCB]. Thus, if ks and ks happen to be equal (or  Shizuka, H.Bull. Chem. Soc. Jpri986 59, 2711. Miyasaka, H.; Morita,

approximately equal) the decay rate will have exactly the same E-: SQmSg% ;n MJaSagghgﬁhe&fh}%l{;g;%??#alnz& 153908% E;%ns&sgfn,
(or approximately the same) quantitative dependency on [B] jopnsion, L. J.; 'Lougnot, V. W.; Scaiano, J..CAm. Chem. Sod988

and on[TCB], even though only one of these reactants actually 110 518. Redmond, R. W.; Scaiano, J. C.; Johnston, U. Am. Chem.

forms a complex with the ketyl radical. The tendency toward fggalfgas jlﬁ, 3|98. fe}gmghaelN I.;LHUQ,h_Ct:“. .Il_?lm/st. Cgem.PF;]eft. IlI)J_atIa
o . . . . , 54. Hurley, J. K.; Sinai, N.; Linschitz, HPhotochem. Photobio

leveling-off as a function of elth.e.r concentration can be wewgd 1083 38, 9. Compton, R. H.. Grattan, K. T. V... Morrow. T. Photochem.

as a consequence of a competition between complex formationiggq 14, 61.

and PCET for the step that limits the rate of formation of the  (13) For example, see ref 9, Section 9.

final products (TCB-, BH*, and benzophenone,). (14) Augastin-Nowacka, D.; Chmurzynski, Anal. Chim. Actal999

. 381, 215.

If, both TCB and the base form complexes with the k.EtyI, (15) Similar rates were obtained from the sigmoidal growth of TCB
radical, the decay constant for decay of the ketyl absorption is absorption at 465 nm.

the smallest root of a cubic secular equation, for which an  (16) Formed through hydrogen atom abstraction®®* from butyl-

; PR _ benzeneky = 1.3 x 10° M~1 s71 (ref 8b).
analytical expression is well knowdf. . (17) (a) Abe, T.; Kawai, A.; Kajii, Y.; Shibuya, K.; Obi, KJ. Phys.
A least-squares procedure was used to fit the measured decayhem. A1999 103 1457. (b) Kawai, A.; Hirakawa, M. Abe, T.; Obi, K.:
rates to a set of rate constants according to Scheme 3. Data ashibuya, K.J. Phys. Chem. £001 105, 9628.

higher concentrations of base or TCB were given greater weight  (18) The largest difference between the extinction coefficients of the

because they better define the tendency of the decay rates t@rvg‘flelfg%ﬁd'cal and the hydrogen-bonded complex is observed at this

level off. The LevenbergMarquardt algorithm provided by (19) The limiting rate constant for exothermic electron-transfer reactions

IGOR was used to optimize the fit.For every case, it was  was taken as the diffusion-controlled rate constant in DCE. The rate
ifi onstants were obtained from the slopes of plotst@f vs quencher

verified that the s.ma”eSt decay constant corresponded to decayéoncentration for reactions of +t-butyl-9,10-dicyanoanthraceng({S*)

of the ketyl radical and the next smallest corresponded t0 =5 g5 ev,Eed = —0.95 V vs SCE) with 1,4-dimethoxybenzene, 1,2,4-

interception of TCB* to form the ketyl radical, as had been trimethoxybenzene, and 1,2,4,5-tetramethoxybenzgtte<1.30, 1.10, and
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0.80 V vs SCE, respectively). The rate constants with these quenchers are (22) An extinction coefficient of 13 500 for TCB at 464 nm in a poly-

7.7, 8.2, and 8.1x 10° M~ s71, respectively. (vinyl alcohol) film is reported: Taguchi, M.; Matsumoto, Y.; Moriyama,
(20) Potential complication from a hydrogen-bonded complex between M.; Namba, H.; Aoki, Y.; Hiratsuka, HRad. Phys. Chen200Q 58, 123.

the pinacol and the pyridine base that could affect the kinetics can be ruled  (23) The equilibrium constant does not change as the butylbenzene

out by the absence of a fast T€Bformation that would be concomitant concentration is varied, suggesting that this value is appropriate to apply to

with the decay ofTCB*. the kinetic experiment, where no butylbenzene is present.

(21) (a) The estimatekis with the OD-ketyl radical of 2.5 M! is slightly (24) Miyasaka, H.; Morita, K.; Kamada, K.; Mataga, Shem. Phys.
higher than that obtained with the OH-ketyl radical of 2.2 MIf real, Lett 1991, 178 504.
such an isotope effect af1 would be consistent with the inverse deuterium (25) Birks, J. B. InPhotophysics of Aromatic Molecule®Viley-
isotope effects reported for hydrogen-bonded complexes between alcoholsinterscience: London, 1970; p 304.
and pyridine derivativedt®¢(b) Mendel, J.; Mgel, A.; Kolbe, A.J. Mol. (26) Handbook of Tables for Mathematjekth ed.; Weast, R. C., Selby,
Liquids 1984 29, 127. (c) Singh, S.; Rao, C. N. Ran. J. Chem1966 S. M., Eds.; The Chemical Rubber Co.: Cleveland, OH, 1970; p 129.

44, 2611. (27) IGOR Pro Version 4.09A Carbon was used.



