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Abstract: The cleavage of radical anions of substitutephenoxyacetophenones, X;COCHOPh,lla —k, has

been studied in DMF by voltammetric and coulometric techniques. The standard pote#ftjdisr (formation of

and rate constantg, for the cleavage of the radical anions were determined using linear sweep voltammetry, LSV,
together with digital simulation and previously reported laser flash photolysis data. The rate constants cover a range
of almost eight orders of magnitude (0.24'dor X = p-MeCO- to 1.310" s71 for X = p-MeO—). The relative

driving forces, AAG°he(RX"7), for the heterolytic cleavage of the radical anions (to giverR{~) were estimated

from thermochemical cycles. A combined plot of legyersusAAG°h{RX*") for the radical anions dia —k and

of a-aryloxyacetophenones gave a curve vtk 0.5 at high driving forces and = 1 at low driving forces, where

o= 8AG§/8AG°. The plot was analyzed using a model in which reversible cleavage of the radical anions takes
place inside the solvent cage followed by (counter)diffusion of the fragments out of the solvent cage. The change
in the value ofo is interpreted as a change in the rate limiting process from chemical activation (i.e.,, fragmentation)
to counterdiffusion. The model allowed the determination of the absolute value&®E(RX"~) and the intrinsic
barrier,AGf), for the fragmentation of the radical anions£81 kcal mof1, 0.35 eV). This leads to an estimate of

the homolytic bond dissociatioinee energy of the €OPh bond in the unsubstitutedphenoxyacetophenone.

Introduction co-workers attempted to determine the rate constant for cleavage
of the a-phenoxyacetophenone radical anion from competition
by assuming the rates of cleavageosfand ring-substituents

were independenit.Unlike the reactions of neutral free radicals,

The unimolecular cleavage of radical anions has been
suggested as suitable clock-reactions to distinguish hydride

transfer from electron transfer/radical pathways in the reduction . W
of carbonyls with different hydride donofs? The idea follows one might expect substitution in either the phenoxy or acetophe-

from the well established free radical clo&kshat led to the none ring to have a significant influence on the thermodynamics
development of a number of useful chemical probes to report of both the formation and the reaction of the radical anion. While
the existence of short lived free radical intermediates. Free the relationship between the kinetics and thermodynamics of
radical clocks are now available that cover a range in radical réactions of organic radical ions is reasonably well under-
lifetime from milliseconds down to subpicosecordsWhen  Stood}*™'® the magnitude of the substituent effects on the
used as chemical probes the main consideration is to ensurex-phenoxyacetophenone radical anion fragmentation is difficult
that the “clock reaction” is much faster than the other competing to predict. This is because direct measurement of the relevant
processes. This is in contrast to the use of clock reactions as &hermochemical and/or kinetic properties of the radical anions
kinetic tool in which the kinetics of the competing processes is made difficult by their short lifetimes. The lack of directly
must be of the same order of magnitude. measured thermochemical properties have in a few cases been

In order to make use of electron transfer probes the rate circumvented by constructing thermochemical cycles in which
constants for the reactions of the intermediate radical ions mustmost of the terms are thermochemical properties of closed shell
either be known or simple to estimate. Tanner and his compoundg? Examples include the estimation dkpvalues

= , , of radical cationg®-23 basicity of radical anion}and cleavage
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Electrochemistry of Electron Transfer probes

Scheme 1
R: -COCgH4-X X: -OCgH4-Y
RCH;X + e~ === RCH,X"- (a)
RCH,X*- ——» RCH,'+ X~ (b)
RCH,' + e~ === RCH;~ (©)

RCH,' + RCH,X*~

RCH,~ + RCH,X

RCH,~ + AH

o-Aryloxyacetophenones are ideal substrates for a systematic

—

RCH;~ + RCHX

RCH; + RCHX-

RCH; + A~

(d)

(e)

®
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Figure 1. Cyclic voltammogram oflla in DMF containing 0.1 M
TEAP. HMDE, scan rate= 1 V-s™, T = 25 °C.
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study of the cleavage of radical anions. The cathodic cleavage
of the ether bond which follows an ECE/DISP type mechanism,
Scheme 1, results in the formation of an acetophenone and
phenol*® We previously reported the effect of the leaving group
on the cleavage of radical anions @faryloxyacetophenones,

I, and showed that the free energy of the cleavage of the radica

anion in that case can be calculated conveniently from eq 1,
where AG®q¢h is the difference in the bond dissociation free
energies, BDFE, of the compounds RX and HX (eq 2).

AG® (RX") = 2.30RTpK,(HX) + FE°(RX) —
FEO(H+) + AG'Qexch (1)

AG®,.,= BDFE(RX) — BDFE(HX) )

In this paper we describe a systematic study of the influence
of substitution in the acetophenone ring on the rate of radical
anion fragmentation of the--phenoxyacetophenoneiéa —k.

This substitution leads primarily to variations in tB& value
in eq 1, while keeping the other terms constant since the leaving
group (phenolate) is the same for all thesphenoxyacetophe-
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q:igure 2. Cyclic voltammogram ofllg in DMF containing 0.1 M

TEAP. HMDE, scan rate= 1 V-s™%, T = 25°C.
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Figure 3. Cyclic voltammogram oflli in DMF containing 0.1 M
TEAP. HMDE, scan rate= 1 V-s™}, T = 25 °C.

barrier and, indirectly, to the bond dissociation free energy of
the neutral, unsubstituted-phenoxyacetophenone.

— (o}
XX / OPh
IIa: p-MeO IIb: p-Me IIe: H
IId: m-MeO Ile: m-Ac IIf: m-CF3
IIg: m-CN I1h: p-CF; IIi: p-CN
IIj: p-Ac IIk: p-MeOOC

nones and since BDFE(RX) may be considered to be indepen-

dent of the substituentside infra).2®6 These data, when
combined with data from our previous stutynow cover a
range in driving force of ca. 20 kcal mdland in rate constants

of ca. 9 orders of magnitude. They are analyzed in the context
of a simple kinetic model that leads directly to the bond
dissociation free energies of the radical anions and the intrinsic
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Results

Characterization of the Cathodic Reduction. The volta-
mmetric behavior of the reduction of tlkephenoxyacetophe-
noneslla—k in DMF containing 0.1 M tetraethylammonium
perchlorate (TEAP) depends strongly on the substituent on the
acetophenone ring. The cyclic voltammograms (CV) of the
reduction of thex-phenoxyacetophenonéla —g at scan rates,

v, up to 1000 V s at a mercury electrode exhibited the same
characteristics as found for-aryloxyacetophenones with sub-
stituents on the phenoxy ring (Figures-3).132° The voltam-
mograms consist of an irreversible cathodic peak, which

was found to correspond to a one-electron reduction process,
and a reversible coupld?,/O,, at a more negative potential
which is due to the correspondingly substituted acetophenone

(29) Andrieux, C. P.; Sawmt, J. M.Bull. Chim. Soc. Fr1972 3281-
3290.
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Illa —k. The current of thé&y-peak increases to the equivalent Table 1. E° Values for the Reduction of Substituted

of a two-electron process in the presence of 2,6d- Acetophenonés
butylphenol (DBP), while the height of the peakRatincreases E° (V) versus Fc/F¢
and the anodic peal, disappears. substituent-X X-PhCOCH, X-PhCOCHOMe X-PhCOCHOPh
— O p-MeO —2.654 —2.512 2.43)
\ p-Me —2.567 —2.36°
X@_’< H —2.488 ~2.364 —2.28b¢
m-MeO —2.468 —2.343 —2.27°
IIla: p-MeO IIIb: p-Me Ilc: H mAC —2.250 —2.14,
IId: m-McO Ille: m-Ac IIf: m-CF3 m-CR; —2.244 —2.136 ¢2.08)
. m-CN —2.168 —2.03
IIIg: m-CN IITh: p-CF3 IIIi: p-CN p-CFs —2.144 —-2.051 —2.00,
. . p-MeOCO -1.997 -1.88
Ij: p-Ac IIk: p-MeOOC b—CN 1041 1sa
p-Ac —-1.923 -1.8%

The voltammetric behavior is changed gradually when the
substituent is made more and more electron-withdrawing. An  *Valuesin parentheses are interpolated/extrapolated, see text. Cyclic
: ; ; Bicp voltammetric measurements in DMF, 0.1 M TEAP, Hg-electrdde,

anodic peakDy, that was assouqted with theo%?t.ho eak 25 °C. Experimental errors for the acetophenonesnethoxyac-
can be observed at scan rates higher than 200'Vhsthe case etophenones, and the chemically reversibiphenoxyacetophenones
of llg. Furthermore, this anodic peak is unaffected by the are-0.005 V. Those for the chemically irreversibtephenoxyac-
presence of DBP. This reversiblity of tfg/O; couple can be etophenones ar¢:0.01 V.° Obtained by digital simulation, see text.
observed at lower and lower scan rates as the substiuent is madéReference 32.

more electron-withdrawing. The CV offj is completely

reversible 81 V s71, and theO; peak disappears completely at € 18+
v < 0.05V sl The separation between tRe andR, peaks p 5 1
atv = 1V s1 changed from 390 mVlia) down to 120 mV > 20 ]
(llk). The R, peak was barely visible at = 1V st in the > ol ]
case oflli andllj . § “ ]
Tetrabutylammonium perchlorate (TBAP) was also tested as S 24 |
a supporting electrolyte, but it was generally found that the half- s - g
peak widthsE,» —Ep, of all theo-phenoxyacetophenones were w26l A

larger when TBAP was used as the supporting electrolyte than 28 26 24 22 20 18

when TEAP was used. This is consistent with the rates of E*of ACOCH, (V vs. Fo/Fe')

heterogeneous electron transfer being faster in the presence oFigure 4. Plot of E° values of X-PhCOCKDMe, IVa—e, (O) and
tetraethylammonium ions than in the presence of the larger X-PhCOCHOPh, lla—i, (®) versusE® values of the corresponding
tetrabutylammonium ion¥ The working electrode was a acetophenonella —k. The slopes of the lines are 0.904 it and
hanging mercury drop electrode, HMDE, which was found to 0.841 forll .

give highly reproducible results. Glassy-carbon and gold 550 included the heterogeneous electron transferkateThe
electrodes gave the same qualitative results however, the value$,iag of cleavage of the radical anionslif andd also were

of the half-peak Widths were found to be larger than in the case yetermined previousl§t so theE° values could therefore be
of the HMDE, which indicates the heterogeneous electron getermined in a similar manner. The data are given in Table

transfer is slower on those surfaces. _ ) 1. It was found that the reductions bb were best described
Constant current coulometry U, ¢, e, i, andj was carried  py the mixed ECE/DISP mechanism, whereas the digital
out in the presence of-4%6 mM DBP gave values of, the simulation of the mixed ECE/DISP mechanism and a DISP

number of electrons consumed per substrate molecule, of 2.0mechanism (steps (a), (b) and (d) in Scheme 1) gave similar
+ 0.1. Following electrolysis and acidification with acetic acid ggits in case ofic andlid .

analysis by HPLC showed that in all cases that the products e standard potentials of the remainighenoxyacetophe-
were phenol and the corresponding acetophenones. The voly,oneg were estimated from a correlation between the known

tammetric and coulometric results are all consistent with an \5es and the standard potentials of the analogous acetophe-
ECE/DISP-type reduction mechanism similar to that which has ponegiia —k. The rationale behind this correlation was the

been found for thew-aryloxyacetophenonek, Scheme 1, where  555umption that the® values ofa-substituted acetophenones
the rate determining step is the cleavage of the radical @fion. \yoy|d be determined predominantly by the substituents on the
E® Values of thea-Aryloxyacetophenones. The standard  acetophenone ring, whereas thesubstituent could give rise
potentials E°, of the a-phenoxyacetophenonéle andlig—k 5 only a minor attenuating effect since it must transmit
were calcula.ted as the midpoint between the cathodic and anodiG|ectronic effects through a methylene group. Furthermore, the
peak potentials of the redox coup/O;. The E° values of  5cetophenonelila —k form long lived radical anions on the
lic have been determined previously from #gvalues of the  ime scale of our CV experiments, and it is therefore possible
R. peak by digital simulation of the kinetic peak shil, = {5 getermine theiE® values accurately (i.e45 mV, Table 1).
E°, and with the use of the rates of cleavage of the radical anion  This correlation was tested by plotting the knohvalues
which are available from a laser flash photolysis (LFP) s the o-methoxyacetophenonds/a —e, which also form long
study3312 The digital simulation was based on a mixed ECE/  jjyeq radical anions on the CV time scale, againstEhealues
DISP mechanism consisting of steps<&)) in Scheme 1 that 5 e acetophenonetila —k (Figure 4). Both series of

(30) Ahlberg, E.; Parker, V. DActa Chem. Scand.983 B 37, 723— compounds give excellent linear correlations when the acetyl-
730. ' substitutedu-phenoxyacetophenones are excluded. It is note-
lgéeél%g"%t{‘é‘g%algs’fl-? Johnston, L. J.; Wayner, D. D. MPhys. Chem. worthy that both slopes are less than one which indicates the

(32) Andersen, M. L.; Wayner, D. D. MI. Electroanal. Chem1996 substituents have a smaller effect on #fevalue of the two

412, 53-58. series of-substituted acetophenones than in the acetophenones
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Table 2. Rate Constants, for the Cleavage of voltammogram (Digisim Version 2.0). The errors in Ikg(
a-Phenoxyacetophenone Radical Anions, and Rate Conskanfsy estimated to be cat0.3, are mainly associated with the errors
the Heterogeneous Electron Transfer in determining theE°® values 10 mV for the chemically
substituent k(s k* (cmrs™) irreversible systems§
p-MeO 1.2x 10 1.2
p-Me 2.6x 10" 15 Discussion
-H 7.0 x 10P0 1.0 _
m-MeO 6.3x 10°° 1.1 Thermodynamics of the Cleavage of thex-Phenoxyac-
m-Ac 4.0x 10 0.7 etophenone Radical Anions.We consider the cleavage of the
mgﬁ é-ix 1834 é-é a-phenoxyacetophenone radical anions to be heterolytic, i.e.,
g-}CF3 1.0;( 108 0.4 the SOMO (and the charge) of the radical anion is mainly
p-MeOCO 15 ' located on the acet_oph_enone ring-system, whereas the charge
p-CN 11 after the fragmentation is located on the phenolate atfiéh:®
p-Ac 0.4 This mode of cleavage also has been viewed as an intramo-
“DMF, 0.1 M TEAP, Hg-electrode] = 25 °C. b Determined by lecular dISSOCIatIVi ele_ctron transfer, where the e_Iectron is
LFP (ref 29).¢ Glassy carbon working electrode (diameter3 mm). transferred from ar* orbital on the acetophenone moiety to a

o* orbital of the breaking bond between the phenacyl and
phenoxy group$? The free energy of a heterolytic cleavage
themselves. This is clearly a result of the inductive effect of of radical anionsAG°he{RX*"), can be calculated from the
the methoxy and phenoxy groups (which act as electronegativethermochemical cycle given by eq 3, whek&°(RX*") is
substituents) stabilizing the radical anions compared to the obtained as the free energy of the homolytic cleavage of the
acetophenone. This intrinsic stability difference is reflected in bond in the neutral substrate molecule, BDFE(RX), plus the
the correspondinge® values. Thea-methoxyacetophenone difference betwee®(RX) and the reduction potential of the
correlation line (slope= 0.90) is steeper than thephenoxy- radical, E°(X*).24.25
acetophenone line (slope 0.84), which is consistent with the
phenoxy group being slightly more electron withdrawing than AG®, (RX") = BDFE(RX) + F{E°(RX) — E°(X")} (3)
the methoxy groupdj (MeO—) = 0.23 andy; (PhO)= 0.38)33 ©

In order to determine the effect of substitution on the

— 0
/C/>—< acetophenone-ring oAG’h{RX*7), the effect on BDFE(RX)
XN OMe must first be understood. While the substituent effect er0C

IVa: H, IVb: p-MeO, IVe: m-MeO, IVd: m-CF;, IVe: p-CFs. bond energies in these systems has not been reported, it has

been found the €H homolytic bond energies of methyl ketones
(RCOCHH) are independent of the R-groéh.Furthermore,

The correlation between tHe® values for then-phenoxyac- ) . . . .
t5SR studies have shown that there is very little interaction

etophenones and those for the acetophenones were used g h bonvl hvl and the phemk .
interpolate/extrapolate tH* values ofil a andf for which direct etween the carbonyl methyl and the phemysystem in

determination from the electrochemical data was not possible, Substituted phenacyl radicals and that there is7vef¥ little
Table 1. delocalization of the spin into the aromatic riffgg” It is

therefore reasonable to assume that both the strength of the

Rate Constants. By having reasonable estimates of te .
values of thex-phenoxyacetophenones it is possible to determine €~ ©Ph bond in thex-phenoxyacetophenones and the change

the rate constants for the cleavage of the radical anions. Except" entropy upon cleoavage should also be mgiependenF of the
in the case ofli andllj (vide infra) the rate constants of the ~ Substituent. Sinc&*(X), the standard reduction potential of
radical anion cleavage and the rate of the heterogeneous electrof{'® Phenoxy radical, is con_staﬁ‘j(RX) is the only term |n_eq
transfer,k®, were obtained by fitting working curves obtained S that deper_lds on the substltugnt. Thus, changﬁé;me(RX' )

by digital simulation to experimental values Bf — E° and are determined by changes in the standard potentials of the

Enz — E, (obtained by linear sweep voltammetry at several %Phenoxyacetophenones. ConsequentyGne(RX™") in-

different scan rates in the range 620 V 511332 The results ~ ©'€@S€s by 17 kcal/mol fromba to Ilj .-

are shown in Table 2. The heterogeneous electron transfer rates We have studied the thermodynamics of the cleavage of the
were found to be in the range 6:3.5 cms™1, which are typical radical anions of the substitutedaryloxyacetophenonek,and
values for the reduction of aromatic compounds at a mercury found that the substituent effelcts @Ghe(RX*") could be
electrode in DMF* The cathodic reductions dfc —k were determined using egs 1 and!2. Since the unsubstituted
best described by the DISP mechanism (i.e., digital simulation ®-Phenoxyacetophenone is a member of both groups of com-
of the DISP and the mixed ECE/DISP mechanisms gave Poundsl andll egs -3 can be used to calculate the free
identical results). In the case & andllb which have the energies of the cleavage of the radical anions relative to the
fastest cleaving radical anions the mixed ECE/DISP mechanismUnsubstituted compoundAG®he(RX""), and thereby compare
gave the best result. the thermodynamics of the two series @faryloxyacetophe-

The cleavage of thik radical anion was studied using a 3 NONes on the same.relative energy sqale. The main.difference
mm glassy-carbon working electrode. This made it possible to P&tween the two series of compounds is thattime substituents
use scan rates as slow as to 20 mV* and thereby obtain modulate t_he energy of th_e products of the cleavage (i.e., the
reasonable values for the shift of the peak potential. The Phenolate ions), whereas ihthey modulate the energy of the
cleavage of théi andllj radical anions were too slow to cause "€&cting radical anion.
any significant shift of the cathodic peak potential. The (35) Maslak, P.. Guthrie, R. OJ. Am. Chem. Sod986 108 2628
determination of the cleavage rates of the radical anions were2636.

instead determined by digital simulation of the complete cyclic 96(22)6532225. H.; McLeod, D.; McBay, H. Q. Am. Chem. Sod974
(33) Hansch, C.; Leo, A,; Taft, R. WChem. Re. 1991, 91, 165-195. 1(37) Bargon,..].; Graf, F.; Lau, W.; Ling, A. Q. Phys. Cheni979 83,
(34) Kojima, H.; Bard, A. JJ. Am. Chem. Sod 975 97, 6317-6324. 269-273.
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Relation between the Kinetics and the Thermodynamics
of the Radical Anion Fragmentation. A plot of the logarithm
of the rate constants for fragmentation of the two series of
compounds versufAG°re{RX*") gives a correlation that
consists of two linear portions, Figure 5. It is noteworthy that
the two series of compounds fall on the same correlation line,
which suggests that the intrinsic barrierGf,, is similar for all
of the compounds or that the intrinsic barriers also vary with
substitutiont* It is more likely that the intrinsic barrier is nearly

constant for the entire series of compounds since there is no

reason to believe that the substitution in either aromatic ring
would have the same influence mGE

Andersen et al.

Iog(k/s'l)

0 5
AAG’/kcal mol-1
Figure 5. Logarithm of the rate constants for the cleavage of anion
radicals ofl (O) (data taken from ref 13) arith —k (®) plotted versus

The slopes of the two lines drawn in Figure 5, when expressed AAGhe(RX*") The slope of the dashed lines correspond:tealues

using the dimensionless coefficiemt = AGYIAG® (=
—RT-2.3030log(k)/0AAG®), have values of-0.5 and—1. The
transition between these two linear regions is reminiscent of
the change from activation control to equilibrium control of
electron transfer as described by Marcus thé®nRecently,
Savent and co-workers pointed out that the kinetics of a number
of radical anion and radical cation reactions fall into the region
of equilibrium or counterdiffusion contrdl. In the context of
the unimolecular fragmentation of radical ions, the latter term
refers to the fact that the fragmentation is completely reversible
on the time scale of diffusionaleparationof the radical/anion
pair (hencecountediffusion). A simple scheme describing this
competition is shown in eq 4. The possibility of diffusional
reencounter is shown to avoid confusion (i.e., diffusion is
bimolecular while counterdiffusion is unimolecular) although
it is unlikely that this will occur.

K Lo kg _
RX === [R' X | == R+ X (4)

The observed rate constakgys is according to this model
given by eq 5, wheré,; andk-, are the rate constants for the

cleavage and recombination reactions inside the solvent cage,

respectively, and_q is the rate constant for the diffusion out
of the solvent cage. This model predicts thgls = ks when

kk_q
= 5

I(obs k_4 + k—d ( )
k—s < k_gq and thatkops = kgk—g/k—4 whenk_4 > k_4. Since
ka/k—4 = exp(—AG°he(RX*7)/RT) andk_q4 is a constant (usually
taken to be ca. #9s7117), the latter case leads to a linear plot
of log(koby VersusAG°he{RX*~) with a slope that corresponds
to oo = —1. Furthermore, whekgps = k—q thenk, = k4 and
S0 AG°re{RX*7) must be equal to zero. Thus, the intersection
between the extended line (which corresponds te —1) and
the horizontal line at lodg = 10 defines the point at which
AG°hefRX*7) = 0 and allows the relative thermodynamic scale

equal to—0.5 and—1.

log(kls")

0 S

10
AG"h (RX™) / keal/mol

15

Figure 6. Logarithm of rate constants for the cleavage of anion radicals
of I (O) (data taken from ref 13) antla—k (®) plotted versus
AG°hefRX*7). The slope of the dashed line correspondite- 1. The
regression line is calculated from egsBby usingA = 10'3s7%, k4

= 10¥ 5%, andAG;, = 8 kcal/mol.

that must occur at the transition stdjethat allows the transition
from activation control @ = 0.5) to counterdiffusion control
(oo = 1.0) to be so clearly observed.

o o—\\2
AGH(RX) = AGH[1+ w (6)
4AG}
Kops= A eXp(— AGHRT) 7)

Savant and co-worketg reported reactions of radical cations
of NADH model compounds that were clearly under counter-
diffusion control. In addition, they reanalyzed data from Maslak
and co-worker® and showed that the majority of the data in
that work also were in the counterdiffusion regime. It is only
for the fastest reactions that the change over from counterdif-
fusion to activation control begins to be evident. The frag-
mention of theo-aryloxyacetophenone radicals anions in this
work is the first unequivocal observation of such a transition
and lends strong support to the model proposed by &dve

The intrinsic barrier that we derive (8 kcal mé) using this

to be put on an absolute scale. In Figure 5 this occurs at analysis is significantly smaller than that reported by ‘aave

AAG®he(RX*7) = —3 kcal/mol and leads to the result that
AG°he(RX™) = AAG®he(RX*") + 3 kcal/mol.

Since Savant has shown that the Marcus equation (eq 6)
can be applied to fragmentation reactions of radical #4A$,
these absolute values 8iG°h(RX*~) and the apparent activa-
tion free energiesAGy (RX*™) (from the Eyring equation, eq
7, setting the preexponential factor to the usual value &# 10
s71), can be used to determine a value for the intrinsic barrier,
AGE. Nonlinear regresssion gives a value of 8 kcal/mol (0.35
eV), Figure 6% It is the relatively large intrinsic barrier
(presumably a result of the significant charge reorganization

(38) Eberson, L.Electron transfer reactions in organic chemistry
Springer-Verlag: Berlin, 1987.

and his co-workers (16 kcal midi.1® Both groups obtained
the same rate constant and standard potential foro#(@-
methoxyphenoxy)acetophenone radical anion. On inspection
of the data, the diﬁeremst, values appear to be rooted in the
value for the homolytic bond dissociation energy of the neutral
aryloxyacetophenone used in a thermochemical cycle by

(39) The preexponential factor equal to'3167%, which is the value of
kT/h at 298 K, is commonly used in the case of adiabatic unimolecular
reactions. However, large variations in the preexponential factor have been
observed for the fragmentation of radical anions (Meot-Ner, M.; Neta, P.;
Norris, R. K.; Wilson, K.J. Phys. Chem1986 90, 168). Changing the
preexponential factor to #0sL, for the present case, givesG, = 11
kcal/mol, while using 18 s gives AG,, = 5 kcal/mol. Both sets of
constants give the same excellent fits to the experimental data in Figure 6.



Electrochemistry of Electron Transfer probes

Savant. The value they used (40 kcal m¥lis based on an
electrochemical determination of the—®r bond energy of

phenacyl bromide and assuming that the difference between

C—Br and C-X bond energies in the phenacyl and benzyl
systems are the san&. Thermolysig® of a-phenoxyacetophe-
none leads to an estimate of 56 kcal molwhile group
additivities predict a slightly higher value of 57 kcal mél
Since the cleavage of this radical anion is under activation
control, half of the difference in the bond energies must be
subtracted from the derived intrinsic barrier (i@~ —0.5). It
should be noted that the driving force for the radical anion

fragmentation that we have determined is independent of the

neutralo-aryloxyacetophenones; i.e., it relies only on the kinetic

data for the radical anions and assumes that the intrinsic barrier

is independent of substituent. In order to derive an intrinsic
barrier as high as 16 kcal md| we would require a preexpo-
nential term in eq 7 of ca. 18 We are currently attempting

to understand the discrepancy between the bond energy deter-
minations from the electrochemical and thermolysis measure-

mentsH

Our values ofAG°he{RX*7) can be used in the thermochemi-
cal cycle given by eq 3 to estimate the bond dissociatiea
energy (BDFE) of the €0OPh bond in the unsubstituted
a-phenoxyacetophenonic. Using AG°he{RX*") = 3 kcal/
mol and E°(PhO) = —0.19 V vs Fc/F¢ 1342 gives BDFE-
(PhCOCH—OPh)= 51 kcal/mol. This leads to a reasonable
estimate of the entropy change associated with the fragmentatio
of +17 cal moi* K~1 when combined with the bond dissocia-
tion enthalpy® of 56 kcal mofl. A bond dissociation enthalpy
as low as 40 kcal mol leads to a value oAS for the
fragmentation of-37 cal mot? K1,

Finally, it is interesting to compare the rate constant for
p-cleavage of theo-phenoxyp-bromoacetophenone radical
anion reported by Tanner at ak & 4 x 1P s) with the
values for our series af-aryloxyacetophenonésThe standard
reduction potential op-bromoacetophenone was reported to be
—1.84 V vs SCE in DMP2 which corresponds t&° = —2.31
V versus the Fc/Fc couple. This leads to a value & =
—2.14 V for a-phenoxyp-bromoacetophenone (Figure 4) and
a value ofAG°he{RX*") of 6.2 kcal/mol (Figure 6). Substitution
of this value into eqs 57 (and using the constants derived
above) leads tdks =~ kops = 4 x 10* s71, ca. 2 orders of
magnitude slower than the previous estimate. The ratio of ring-
cleavage (loss of bromide) {@-cleavage (loss of phenoxide)
was found to be approximately 7, corresponding to a rate
constant for loss of bromide of & 10° s™1. The rate constant
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Conclusions

The kinetics of fragmentation of a number of substituted
o-phenoxyacetophenone radical anions have been determined
using linear sweep voltammetry over more than eight orders of
magnitude in rate constant. When plotted as a function of the
thermodynamic driving force, the transition from activation
control to counterdiffusion control is clearly observed as
predicted by a kinetic model recently proposed by @atvand
co-workerst” This is, to our knowledge, the first clear
demonstration of this phenomenon in the chemistry of radical
anions and is completely analogous to the kinetic regimes
observed in electron transfer reactions. Analysis of these data
allows the intrinisic barrier to be determined to be 8 kcal Thol
It is this relatively large intrinsic barrier that allows the transition
to be observed in a convenient kinetic window. The large
intrinsic barrier is attributed to a significant degree of solvent
reorganization at the transition state resulting from the flow of
charge from ther* of the acetophenone radical anion to the
oxygen of the phenoxide leaving group. The clear relationship
between the driving force for the fragmentation and the kinetics
of the process (including consideration of the counterdiffusion
effect) allows for the design of electron transfer probes based
on aryloxyacetophenones over a very broad time range from
seconds to subnanoseconds. The rate constant for fragmentation
of the radical anion is easily estimated using only th&g pf
the protonated leaving group (i.e., the phenol) and Ehef

"he acetophenone (ArCOGHrom which the standard potential

of the aryloxyacetophenone can be obtained from the correlation
in Figure 4).

Experimental Section

The a-phenoxyacetophenond$a —k, were synthesized according
to a known procedur&:* All the acetophenoned|la —k, were
commercially available (Aldrich) and were used as receiveeMeth-
oxyacetophenondya, were commercially available (Aldrich), and the
other a-methoxyacetophenonedyb ,** IVc, IVd, and IVe,*® were
synthesized according to a known procedtire.

Electrochemistry. The electrochemical setup, experimental condi-
tions, data analysis, coulometry experiments, and subsequent analysis
of the catholytes were performed as previously describedhe
catholytes were acidified with acetic acid and analyzed by HPLC after
60—80% conversion of the substrate. However, the coulometry
experiment oflj were stopped after 40% conversion due to the small
difference between the reduction potentialslipfandlllj . A BAS
glassy-carbon electrode (3 mm diameter) was used as working electrode
in the study ofllk in order to use scan rates down to 20 18 during
the LSV-experiments.

reported by Tanner et al. was based on the assumption that the

substituent on the acetophenone ring did not affect on the rate  Acknowledgment. We gratefully acknowledge the financial
constant for loss of the-substituent (or vice versa). However, support from the Mechanical Wood Pulps Network (D.D.M.W)
it appears from the correlations in Figure 5 that this is not the and the Danish Natural Science Research Council (M.L.A).
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