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Abstract: The cyclic voltammetric investigation of a seriesoebubstituted acetophenones allowed the identification

of the concerted and stepwise character of the dissociative electron transfer reaction, and, in the stepwise cases, the
determination of the cleavage rate constants and the standard potentials for the formation of the anion radical. Analysis
of the data, using thermodynamical parameters derived from experiment and from literature points to three mechanism
governing factors, the oxidability of the leaving group, the bond dissociation energy of the bond being broken, and
the LUMO energy. The first of these factors appears to be largely predominant in many cases in the control of the
concerted vs stepwise dichotomy. The fluoro substituent provides a reverse example where the bond strength
overcomes the unfavorable effect of the leaving group oxidability. It is also an exception, in terms of anion radical
cleavage reactivity, where the strength of the FCbond significantly contributes to slow down the cleavage as
opposed to the other substituents where solvent reorganization appears as largely predominant. In the concerted
cases, the estimated lifetime of the anion radical is clearly larger than the time of a vibration. The concerted character
of the reaction thus results from an energetic advantage rather than from the “nonexistence” of the anion radical
intermediate.

The dichotomy between concerted and stepwise mechanisms The competition between the two reaction pathways depends

in dissociative electron transfer both upon driving force and intrinsic barrier factors. The first
of these factors results from the comparison between the
concerted: R¥e =R+ X~ (1) standard potentialsE) = —D; + Ey, + TAS for the

) _ o o i _ concerted reaction, arf) = Egyzy. fOr the stepwise reaction
stepwise:RX+e =RX" (Il) RX" =R +X (lll) (D is the bond dissociation energy in the ground stat®js
the corresponding entropy change, dfﬁb,x, is the standard
potential for the oxidation of the leaving group). The difference
between these two standard potentials represents the standard
free energy for the cleavage of the anion radical:

is an important issue in the understanding and prediction of the
type of chemistry that can be triggered upon injecting one
electron into a molecule by reaction with homogenous electron
donorg as well as by electrochemicahhotochemicat,or pulse
radiolytic means.
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Res.1993 26, 455. (c) Savant, J.-M. Dissociative Electron Transfer. In t a the . st ?tep of the step . se pathway, the C.ea age .O the
Advances in Electron Transfer ChemistiMariano, P. S., Ed.; JAI Press: ~ anion radical is thermodynamically favorable. It is sometimes

New York, 1994; Vol. 4. pp 53116. (d) Savent, J.-M.Tetrahedron 994 considered that stepwise mechanisms are followed when the
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other words, concerted pathways may be followed under -14 -1.45
conditions where RX has a finite lifetime, i.e., lives longer E, -E{ (V) E, -E! (V)E
than a vibration. As shown earlier, the kinetics of the concerted 15I\1 0 4 1 0 oaboLss
and stepwise reactions may be modeled so as to obey the ™ - k3=610"s" k=10 s |
following activation/ driving force relationships and intrinsic I
barrier expressions. For each of the three reactions, the 1.6 3 3 --1.65
activation free energyAG*, is a quadratic function of the ] h Tl g
standard free energy of the reactiaG® 1 2 el f
17 . 0 o F-175
] AG;=-1.82 eV AG3=-1.89 eV
+ s AG® \? ] - D;=3.0eV i
AG = AGH[1+ == @ asDu=30eV ki 185
0 ] Ep-EY (V) E,-E! W[
where AG; is the intrinsic barrier free energy (activation free  -1:857 e 10'%! ky=10''s™ |19
energy at zero driving force). The reaction standard free ] 1 i
energies ar€ — E3yn.x. andE — Eyrx.. for reactions | 195 [
and I, respectivelyE is the electrode potential, the standard ] .
potentials being those defined earlier) aA@3,. ..y for ] 3 .
reaction Ill. For reactions | and lll, the intrinsic barrier free 205 0 2 0 2 21
energies are related to the bond dissociation enéggnd to 14G3=-2.22 eV AGy=-222¢eV "
the solvent reorganization facto¥, according to 215 D}=3? ,";Yﬁ NN 9;135 F;YI e 22
4 0 1 2 3 a o0 1 2 3 4
Dy o st i(l) s logv (V/s) logv (V/s)
AGTO A S 3 Figure 1. Variation of the cyclic voltammetric peak potential with
the scan rate for a concerted (full line) and stepwise (dotted line)
) ) reaction.ks = 6 x 101°s™1, kT/h=6 x 102 M~1s% 1% = 0.7,1%
while for reaction Il =0.5,1% = 0.2 eV. Diffusion coefficient: 16 cn? s%, electrochemi-
cal frequency factor: 4 10° cm s1. The numbers on each section of
(Di/Z — Dé/Z)Z + /12 the curves denotes the rare determining step.
AG;°= (4)

4 on experimental grounds in the reduction of arylmethyl halfdes,
aromaticN-halosultam¥ and sulfonium cation& The role of

In view of the large number of parameters involved, it is not Dgry_.re:xe Was also demonstrated in the latter case. So far,
possible to describe the passage from the concerted to thethe role of the oxidation potential of the leaving group,
stepwise mechanism by a single equation. We may howeverg} . has received much less attention. In the case of nitro-
find typical examples where the anion radical has a finite gsybstituted\-halosultam®
lifetime and where, nevertheless, the electrochemical reaction
(as investigated for example by mean of cyclic voltammetry)
follows a concerted mechanism, at least in the lower part of
the range of scan ratésSome such examples whetg= 6 x
10"%%and 1681 s, are represented in Figure 1 as peak potentials
vs scan rate plots. The procedure for constructing these
diagrams are detailed in the Supporting Information based on
the analyses in refs 7 and 8. Upon increasing the scan rate, the
peak potential shifts toward negative values and the mechanism
passes from concerted (noted 1 in Figure 1) to stepwise with,

O,N

first, reaction Il and then reaction Il as the rate determining N—F
step. 0N /s:

As a general trend, the concerted reaction prevails over the o o
stepwise reaction less easily than predicted on mere thermo-
dynamic grounds. An increase of the driving force of the former stepwise

at the expense of the latter will nevertheless tend to make the
system pass from the stepwise to the concerted mechanism the stepwise character of the reaction with F, as opposed to Br
It follows that weak bonds, poor oxidability of the leaving and Cl, was attributed to a larger bond dissociation energy. At
group, and low energies of the orbital where the incoming the same time however, the oxidability of the leaving halide
electron may be accommodated (usually*arbital) will favor ion changes in a way that would conversely favor the concerted
the concerted pathway over the stepwise pathwaymedersa pathway Ey,, = 2.62, 1.79, and 1.44 V vs SCE for F, Cl,
The discriminating role oE9, =, has been clearly identified ~ and Br respectively). It may thus be concluded that, in this
series, the effect of bond strength overcompensates the effect
' leaving group oxidability.
In order to investigate the combined effect of these two factors
in the concerted/stepwise dichotomy and to examine whether

(6) (a) Passage from a concerted to a stepwise mechanism has bee
observed in the electrochemical reduction of sulfonium caflbAsdrieux,
C. P.; Robert, M.; Saeva, F. D.; Sa, J.-M.J. Am. Chem. S0d.994
116, 7864.
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(b) Andrieux, C. P.; Sawmnt, J.-M. In Electrochemical Reactions in

(9) Andrieux, C. P.; Le Gorande, A.; Sam, J.-M.J. Am. Chem. Soc.

Investigation of Rates and Mechanisms of Reactions, Techniques of1992 114, 6892.

Chemistry Bernasconi, C. F., Ed.; Wiley: New York, 1986; Vol. VI/4E,
Part 2, pp 305390.
(8) Savant, J.-M.J. Phys. Chem1994 98, 3716.

(10) Andrieux, C. P.; Differding, E.; Robert, M.; Sa, J.-M.J. Am.
Chem. Soc1993 115, 6592.
(11) See refs 9 and 10.
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CH; N H 8e Figure 2. Cyclic voltammetry o#4b (1.9 mM) in DMF+ 0.1 M n-Bus-
H 5a \C2H5 NBF;, at a scan rate of 0.1 V/s and variation of the difference between

anodic and cathodic peak potentials with the scan rate: temperature,

0 n-C4Hy 20 °C; 1 mm-diameter GC electrode.
4-CH3 8b N: H 8f
OCH3 H 6a n-C4Hog of electron transfer is the strong localization of the negative
6b CH; charge on the carbonyl oxygen in the anion radical. This
OC2Hs H N’ ’ H 8 interpretation is confirmed by the fact that charge transfer to
SPh H Ta *ph g acetophenone is also relatively slow. A value of 0.14 cth s
SC,Hs H b was indeed found from the variations of the cathodic and anodic

peak potentials with the scan rate.

All other compounds in th&, 2, 3, 4, 5, and7 series exhibit
two successive waves at low scan rates (below 1 V/s). The
first is irreversible, and its height corresponds to the exchange
of one electron per molecule. The electron stoichiometry of

the effect ofEy,, may be predominant, we investigated the
electrochemistry ifN,N'-dimethylformamide (DMF) at glassy
carbon electrodes of the following series of acetophenones

bearing a Ieavmg anionic group In thep(_)smon, and, forsome e first wave was checked by comparison with the one-electron
of them, a substituent on the phenyl ring (see Chart 1). reversible wave of either benzophenone or 4-cyanoacetophe-
For comparison purposes, earlier results concerning the none which have similar diffusion coefficients. In this deter-
reduction of a-alkoxy-acetophenonessgb) and a-amino- mination, the influence of the irreversibility of the first wave
acetophenonesg—f) showing that their anion radicals do not ¢ the substituted acetophenone on the peak height was taken
cleave but rather dimerize yielding the corresponding pifécol jntg account through the value of the apparent transfer coef-
will also be used in the following discussiéh. ficient, aap’ (ip = 0.496FSEDY(a,F1/RTY2) determined from
the peak-width (see below). The second is quasi-reversible and
corresponds to the reduction of acetophenone (or of the 4-nitro-
Main Characteristics of the Cyclic Voltammetric Re- or 4-cyano-, 4-methoxy- or 4-methyl acetophenones With
sponses 4b is the only compound in the whole series that 1¢ 1d, 4c, and 5b, respectively) as verified with authentic
exhibits a single one-electron reversible wave (Figure 2) down samples® The electron stoichiometry of the second wave is
to the lowest scan rate (0.1 V/s). From the variation of the half that of the first wave, thus corresponding formally to half-
peak potential with the scan rate and the value of the standardan-electron. The situation is thus quite different from what was
potential €3 = —0.79 V vs SCE}# or from the separation ~ found with the and8 series where there is a single irreversible
between cathodic and anodic peak potentials (FiguéHn one-electron wave along which the anion radical dimerizes rather

5 - .
apparent standard rate constant of electron transfer (@Gf thanh clgavej. T heds‘? obiervatlonshsuggﬁst the lreductlon d
0.22 cm stis found, a value substantially smaller than for usual Mechanism depicted in Scheme 1 where the one-electron an
aromatic compound$. The reason for this relative slowness half-an-electron stoichiometries at the first and second waves
derive from the reaction of the acetophenone enolate formed at
(12) Andrieux, C. P.; Saant, J.-M.Bull. Soc. Chim. Fr1972 3281. the first wave along a two-electron process with one molecule
(13) (a) Cleavage of several substituted acetophenone ketyls generatecyf starting material.
by homogeneous electron donors has also been investigated (see ref 13b in li ith thi fi hani the first i ibl
and references cited therein) as well as for electrogenerated arylcyclopropyl n liné wi . 1S r_eac lon mechanism, theé nrs _'rr?\/erS' €
acetophenone ketyls (see reference 13c and references cited therein). Mor@eak doubles in height when a strong enough acid is added to
Lecently, the clear\]/age rate t;30_nstﬁmtshof antion radica'%@?{)acetophenone?lhe solution. Figure 3 gives an example of this behavior in the
Searing varios pnenoisubstinionts have been rSegg.ggl(l)l?T, o4 case oftawith addition of phenol. The second wave represents
(c) Tanko; J. M.; Drumright, R. E.; Sulemen, N.; Brammer, L.JEAm. the reduction of the acetophenone generated at the first wave.
Chem. Soc1994 116 1585. (d) Andersen, M. L.; Mathivanan, N.; Wayner,  In the absence of acid, its height corresponds to 0.5 electron in
%" (14) Bard. A 1. Fauikner, L. FEiecirochermical Methodsiiley: New  37€EMeNt with the above reaction scheme. Upon addition of
York, 1980, ’ ' the acid it grows up to two electrons which falls also in line

(15) Kojima, H.; Bard, A. JJ. Am. Chem. Sod.975 97, 6317. with Scheme 1, taking into account the fact that acetophenone

Results and Discussion
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Scheme 1
First Electron Transfer Coupled with C-X cleavage
C CHz + X concerted
7 — y
? / IC.— CH,X + €
Z
0 \\\\ N . N .
(2) — C—CH - i
\ / C_CH2X 3) \ / i 2 + X stepwise
o)
Second Electron Transfer (easier than the first)
A
NG . @4 Z
\ / G—CHy + e - \ / C—CHZ ECE
0
O- ~CH, + @-c CHX 2 o O—c— CH, + O—c- CH,X DISP
Formation of Acetophenone
With No Acid Added (‘father-son' reaction)
OC(CHZ + <:/>7c CHX =—> <:>—C—CH3 O-C—CHX
O—c CH, + <:>—c CHX =—> <:>—C_CH2 <:>—C—CHX
N S
\ / C=CHpX + e — 1/2@—C CHy +12 X~ + 112 QC CHX
o
With Acid (AH) Added
7 r— N/
C—CH2+AH - C—CH; + A~
\_/ (- \_/ i
o]
Z
©) N
C=CH, + AH =—> = -
Qf S VA
OH
VA 2 r—
> C—CH,X + 2¢ + AH —>\ C—CH3;+X + A~
\_/ i \ 7/ i
0 o]
undergoes a 2e+ 2H* reduction in acidic mediurt® Table Assignment of the Cleavage Mechanismin the investiga-
1 summarizes several examples where the same behavior wasion of the concerted vs stepwise dichotomy, the simplest
found. characterization is that of the stepwise mechanism. Evidence

The reason that we have included in Scheme 1 the formationfor the intermediacy of the anion radical can be obtained in
of the enol of acetophenone (reactions 6 afjdcéncurrently two ways. When its lifetime is not too short, direct evidence
with the formation of acetophenone itself (reactions 5 and 5 can be gained if the first wave becomes reversible upon raising
from the common enolate/carbanion intermediate derives from the scan rate, while, simultaneously, the acetophenone wave
high scan rate cyclic voltammetric experiments where the should disappear. This is what is observed withat 20°C,
kinetics of these reactions manifest themselves upon raising thewhere reversibility is reached at a rather low scan rate, 10 V/s
scan rate. At lower scan rates the thermodynamically favorable (Figure 4). The fact that the acetophenone wave appears at a
formation of acetophenone predominates and therefore the enolow scan rate beyond the reduction wave #f is a clear
does not appear in the stoichiometric balances of Scheme 1l.indication that its anion radical does cleave rather than dimerizes
This point is not central to our discussion of the concerted vs as occurs for compoundisand8.12 At 20 °C, none of the other
stepwise dichotomy. Its detailed analysis will be published compounds exhibits any reversibility up to scan rates as high
elsewhere. as 30000 V/s using a gold ultramicroelectrddeHowever,

(16) (a) The acetophenone wave is not entirely reversible because ofWIth o8, upon lowering the temperature down tal6 °C,

dimerization of the anion radicals leading to the pinacoléitéb) Nadjo, (17) Andrieux, C. P.; Hapiot, P.; Saamet, J.-M.Chem. Re. 199Q 90,
L.; Savant, J.-M.J. Electroanal. Chem1971, 3, 419. 723.




2424 J. Am. Chem. Soc., Vol. 119, No. 10, 1997

304 i @A) a

203

0

103

60 1(uA) b

50—3

40

30

20

103

'10:""l""l""l'"'I"“I"
12 14 16 -18 2 22

E (V vs. SCE)

Figure 3. Cyclic voltammetry ofda (1 mM) in DMF + 0.1 M n-Bus-
NBF, at a scan rate of 0.2 V/s in the absence of acid (a) and in the
presence of 5 mM phenol: temperature, 20, 3mm-diameter GC
electrode.

Table 1. Addition of Acids
compd (concn in mM)

acid (concn in mM)

1a(2) CRHCO:H (2)
1d (2) CRHCOH (2)
2(2) CRHCO:H (2)
3(1.1) CHCO.H (4)
4a(1) PhOH (5)
7a(2) PhOH (10)
7b(1.3) PhOH (3)
7b 5a
3041 wa i@a [ 0.4
203 [
] -0.2
10 [
0 -0
1 0.2Vis 776 Vis
10— - -0.2
11(1A) 1(nA) [
100 0.1
0 Fo
] 5Vis 3300 Vis |
-100 - n -0.1
11 (uA) 1(nA)
200 0.2
0- Lo
! 10V/s 7860 Vis |
200 - 0,2
2 -6 2 -4 -18 22
E (V vs. SCE) E (V vs. SCE)

Figure 4. Cyclic voltammetry (in DMF) of7b (1.3 mM), 0.1 Mn-Bus-
NBF,, at a GC disk electrode, temperature,”2) and of5a (2.9 mM),
0.4 M E4NBF,, at a gold disk electrode, diameter, 2t (a), 10um
(b, c), temperature;-16 °C.

reversibility is reached at 8000 V/s (Figure 4). Similar
observations were made with, where full reversibility at-20
°C is reached at 22 855 V/s (see Supporting Information). In

Andrieux et al.

peak potentialE,, with the scan rate and of the values of the
half peak width,Ep>, — Ep. In order to keep ohmic drop
negligible, two GC disk electrodes were used successively: a
3 mm-diameter electrode between 0.1 and 10 V/s (open squares
in Figures 5 and 6) aha 1 mm-diameter electrode between 10
and 100 V/s (open circles in Figures 5 and 6). In order to free
the data from the kinetic influence of the follow-up protonation
steps they should be gathered either with no acid added, in which
case the electron stoichiometry is 1, or with addition of acid in
sufficient concentration for the electron stoichiometry to reach
2. Some typical results are shown in Figure 5.

If, in the stepwise mechanism (reactions Il and Ill), the rate
determining step is reaction Il while reaction Il remains at
equilibrium the peak potential varies linearly with logv with a
slopedEy/d log v = 29 mV at 20°C, while the peak widtlEy;»

— Ep, =47 mV at the same temperatureConversely, if reaction

Il is the rate determining stepEy/d log v = (29/0.2) while Ey2

— Ep = (47l02) mV. Increasing the scan rate makes the kinetics
pass from the former situation to the lattekve may thus derive
from the peak width data an apparent transfer coefficiept

= 47/(Ep2 — Ep) that is expected to vary from 1 w, (which
should be close to 0.5) when the kinetic control passes from
reaction Il to reaction Il. We have already noted that electron
transfer to acetophenone is not very rapid. It follows that mixed
kinetic control by reactions Il and il is likely to be encountered
in the present series of compounds. It is thus possible to use
as diagnostic criterion of the stepwise mechanism, the observa-
tion thatogp is larger than 0.5 in a significant portion of the
range of scan rates explored. For more precision in the
mechanism diagnosis, it is desirable to jointly useEye-log

v data andEp, — E, data. This was done by testing the
consistency of thé&, —log v andE,» — E, data according to

a procedure described in details in the Supporting Information.
That this test of consistency leads to satisfactory results can be
seen in Figure 5 by the fact that the solid line in the upper
diagrams representing the theoretical reconstruction oEthe
—log v variation from theE,, — Ep data passes through tEg

—log v points within experimental uncertainty. Fbg, the
occurrence of the stepwise mechanism-a6 °C was demon-
strated by the reversibility observed upon raising the scan rate
(Figure 4). The same conclusion holds at’®0as results from

the E, —log v andE,, — Ep data. This is also true fdkc and

3, where reversibility could not be reached even at low
temperature. Figures similar to Figure 5 for all the other
compounds of the same category can be found in the Supporting
Information. The mechanistic conclusions are summarized in
Table 2. The above test of consistency of Ee—log v and

Ep» — Ep data also provides the value of the two parameters

C, = log(Fk;D*/2RTK ,) (5)

and

C, = E3 + (RTIN10F) log(2k,D/K; ) (6)
(see Supporting Information), from the values of whigtand

E® may be derived provided the valuekf, can be estimated.

ks owas taken as equal to 0.14 cm/s, the value for acetophenone,
for 3, 4a, 46 5a,and5b and to 0.22 cmdl, the value for the
nitro-derivative4b, for 1b and 1c. Because the cyclic volta-
mmogram of7b ceases to be irreversible upon raising the scan

these three cases, the reduction thus follows a stepwiserate, the foregoing treatment is not applicable to this particular

mechanism.

compound. In this case, the valueskgfand Eg were derived

In cases where the reduction wave is irreversible over the by direct simulation of the voltammograms. The simulation
whole range of accessible scan rates, another approach to thalso provides the value dfs, 0.16 cm s, which lies, as
mechanism consists in the observation of the variation of the expected, in between the values found for acetophenone, and
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Figure 5. Cyclic voltammetric peak characteristics b (1 mM), 3 (1 mM) and5a (1 mM,) in DMF + 0.1 M n-Bus;NBF, at a 3 mm ) and 1

mm (O) diameter glassy carbon electrode: temperatur€0The lower diagrams represent the valuesigfderived from the peak width. The
solid lines in the top diagrams represent the variationgyalerived from the peak width values according to the procedure described in the text
and in the Supporting Information.

Table 2. Reductive Cleavage Mechanism cient:

compd mechanism 1857 RT
la concerted o==——=
1b stepwise F(Ep, — B
1c stepwise K,
1d concerted T RT

0

2 concerted E,=E — 0.7+ R~
3 stepwise aF  oF \/aFuDIRT
4a stepwise ) ) )
4b stepwise Inspection of Figure 6 shows that the consistency between the
4c stepwise two sets of data is again satisfactory. The fact thats
gg‘ Siep""!se significantly smaller than 0.5 in all three cases is a first
7a ztggng indication that the reduction of these compounds follows a
7b stepwise concerted mechanism. Indeed, according to the theory of

dissociative electron transfers recalled in the introduction, the
Table 3. Standard Potentials and Cleavages Rates for the StepwiseIntrInSIC barriers are ”.S”?‘"V large because they are mostly
Reactions governed by the dissociation energy of the bond being broken.

It follows that the reduction takes place at a potential much
—1 —FO
compd Cs (log(s/V)) Cz(Vvs SCE) logks(s) —E(V vs SCE) more negative than the dissociative electron transfer standard

ig 2'gg :é-;’g g'g g'gz potential, Epy r.+x_» and therefore that the transfer coefficient
3 0.79 ~157 6.1 1.75 (symmetry factor)

4a 1.15 —1.61 6.4 1.81 o

4c 2.33 -1.70 7.6 1.97 E — ErxRerx—

5a 0.10 —1.67 5.4 1.81 a=081+——""—— (7

5b 0.10 -1.74 5.4 1.88 4AG,

7a 1.00 —1.58 6.1 1.77

7o 1.z 1.87 should be significantly smaller than 0.5. This conclusion may
aFrom the CV reversibility data in Figure 4. be confirmed as follows. Because of inductive effects, the

standard potential for the formation of the anion radical af
4b. The results obtained for the whole set of compounds 1d, and2is expected to be more negative than thaB.ofThus
undergoing a stepwise reaction are listed in Table 3. if the reduction ofla, 1d, and2 were to follow a stepwise
Compoundda, 1d, and2 exhibit a different behavior (Figure mechqnism,. kinetically controlled by reaction II, their peak
6) indicating that the reduction is controlled by an electron Potentials given by

transfer reaction, either | or II, with a value afy clearly below
0.5. In these cases, the test of consistency oEgendEp, — E.=pg"— 0_78@-4_ Krm Kz
E, data (see Supporting Information) simply consists in the 2 2 aF aF /oaFuDIRT

application of the two equations relating each of these to the
transfer coefficienta, which is now a true transfer coeffi- should be more negative than
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la 1d 2
-1.05 11 -1.25
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Figure 6. Cyclic voltammetric peak characteristics d (2 mM,), 1d (2 mM), and2 (2 mM) in DMF + 0.1 M n-BusNBF4; + 2 mM CRHCO;H,

at a 3 mm [J) and 1 mm Q) diameter glassy carbon electrode: temperature,20The lower diagrams represent the values.aferived from

the peak width. The solid lines in the top diagrams represent the variatidgsdarived from the peak width values according to the procedure
described in the text. The solid lines in the lower diagrams represent the predicted vatugaafording to eq 7.

EY(3) - 0.78°1 + KT |n(—ks'2 ) a5 By (V1= 5CB)
A3) aF  oF "\ /aFyD/RT) 9 B
125 %%13
The solid line in Figure 7 represents this maximized variation :
using the data in Table 3, taking ® 1075 cn? s71, o = 0.5, '1'35_; qun 1d %Oo
andks = 0.14 cm s (the value for acetophenone). The actual 1 45_: Oty 0080
Ep values are thus in average at least 430, 400, and 250 mV T qjq:&b o
more positive than predicted for a stepwise mechanism. 155 2 Ooo
Equivalently, the stepwise mechanism would imply that the ] o]
heterogeneous standard rate constant of reaction Il would be 1,653
larger than 1028, 382, and 20 cm/s fde, 1d, and 2, ]
respectively. Obviously, these values are absurdly large; the 175
heterogeneous standard rate constant for the reduction of ] logv (V/s)
anthracene in DMF, one of the fastest electron transfer reaction, -1.85 Jrrrprrrr e
is only 3 cm/s'® We can thus safely conclude that the reduction -5 -1 050 05 1 15 2
of these three compounds follows a concerted mechanism asFigure 7. Predicted maximized variation of the peak potential variation
reported in Table 2. with scan rate forla, 1d, and 2 if they were to follow a stepwise

mechanism (solid line) as compared to the experimental variations (open

Relationships between Molecular Structure, Mechanism, squares and circles).

and Reactivity. In order to establish these relationships we

need to extract a series of parameters from the experimental€V, respectively®* pointing to a greater stability of the phenacyl
data and gather others from the literature. radical as compared to the benzyl radical as expected from the

For the compounds following a concerted mechanism, the following resonant forms

bond dissociation energy (BDE) of the starting molecule, RX,  (19) (a) A reliable value, 1.06 V vs SCE, is available for 4C1@,~,1%

i ; but not for PhC@~. The value given in ref 19b, 0.36 V vs SCE, is smaller
may be derived from the Va.lue of the p?ak.pOtentlal and .the than for CHCO,~, which seems counterintuitive in view of the fact that
value of the standard potential for the oxidation of the leaving c,co,~ is a stronger base than PheO(the [K,'s in acetonitrile are
group, E§)<-/x— (Table 4). For example, at 0.1 /¥ 22.3 and 20.7, respectivéfgd. Starting from thee® value of CHCO;™,

we estimated the value for Ph@Ofrom the following equation

D1 — %(E?(-/xf _ Ep) +0.3 (8) Eghcoz - EOCH3CO} v) Dphcq—H - chagcng(r:j:' . )
. aphcgH — PRachcon

assuming that the entropic terndsSrx/r.+H., areca. the same in both cases.
The BDE of 1a and 2 thus obtained are significantly smaller &)) Ebeésr?n, Lictg CJhe'Lr;n. Séerl]nd 1924 gggs (cgoKozltShoE‘fd)l.(l:\/l.; Chantgni#
; ; . K.; Bhownik, S.J. Am. Chem. So , 23. oetzee, J. F.
than those of the corresponding benzyl halides, 2.52 and 3.12Prog_ Phys. Org. Chemi967, 4, 76,
(20) (a) Hapiot, P.; Pinson, J.; Yousfi, New J. Chem1992 16, 877.
(18) Andrieux, C. P.; Garreau, D.; Hapiot, P.; Sang J.-M. J. (b) Andrieux, C. P.; Hapiot, P.; Pinson, J.; Samg J.-M.J. Am. Chem.
Electroanal. Chem1988 248 448. Soc.1993 115 7783.




o-Substituted Acetophenones

Table 4. Reactivity Data

J. Am. Chem. Soc., Vol. 119, No. 10, 2927

compd D1 (S —Ere- log ks(s™9) —AG) —E,"concerted —E,"stepwise
concerted [« e predicted predicted ep predicted
la 2.05 1.44 1.762.01 10.+11.0 1.32-1.57 1.19 1.461.71
2 2.40 1.79 1.762.01 10.x-11.0 1.32-1.57 1.36 1.461.71
1d 2.07 1.44 1.762.15 10.6-11.4 1.36-1.69 1.20 1.46:1.85
stepwise d exp! exp! predicted exp
1b 1.85 1.44 0.83 6.6 0.59 0.89 0.64
1c 1.90 1.44 1.04 7.8 0.75 0.96 0.88
3 3.12-3.46 2.62 1.75 6.1 1.26-1.54 1.61
4a 2.53 1.249 1.81 6.4 0.70 2.10 1.67
4b 2.53 1.249 0.79 =0.9)" —0.15 2.10 0.82
4c 2.53 1.249 1.97 7.6 0.86 2.10 1.82
5a 1.78 0.24h 1.81 54 0.44 1.98 1.69
5b 1.78 ~0.24 1.88 54 0.51 2.06 1.76
6a 2.56 0.06 1.80 (=2.8)" —0.53 3.33 1.8
6b 2.57 ~0.06 1.80 (=2.9)" —0.54 3.35 1.8
7a 1.77 0.1 1.77 6.1 0.27 2.11 1.64
7b 2.14 0.06 1.87 1.2 —0.04 2.70 1.84
8d 2.67 ~—1.0¢ 1.83 (—18.8)" -1.87 4.76 1.83

3Energies in eV, potentials in V vs SCEAt 0.1 V/s. ¢ Estimated as described in the tekErom the experimentdf, data.® See footnote 11.
f Assumed to be the same as in acetonitélBee footnote 11" From ref 20a! From ref 19bJ From ref 20bX For i-PeN~ in THF, from ref 19b.

' From ref 12.™ Estimated (see text).

benzyl :
O)
@err Chron
(®)
phenacyl :
. (o)
CH
2 /CH2 //CH2
C (] C ( C
A o N
0 (®) Oe

It also appears that the difference in BDE is larger for the
chloro (0.72 eV) than for the bromo (0.47 eV) derivative. This
observation may be interpreted in terms of repulsive dipole
dipole interactions in the starting molecule C=0°- against
o'+C-X9~) which are expected to be larger with CI than with

Br. Assuming that these interactions are weak for Br, we may

estimate the BDE s of the othersubstituted acetophenones,
43, 53, 63, 6b, 7a, and7b, from the following equation

DPhCOCI—&X = DPhCI—bX - DPhCl—EBr + DPhCOCI—&Br

using for theo-substituted toluenes the values gathered from
ref 21. Forlb andl1c, the value forla has been corrected for
the weakening of the bond by electron-withdrawing para
substituents as for the corresponding benzyl bromidésAs
seen withld and with the corresponding substituted benzyl
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Figure 8. Compounds reduced according to a stepwise mechanism
(O, O, and ¢). Experimental variation of the cleavage rate constant
with the standard free energy of the reaction. Estimation of the anion
radical cleavage rate constants for the compounds reduced according
to a concerted mechanism.

sponds to the formation of two particles out of one. It is about
constant in the series and equal in average to 0.59 meV K
As seen in Figure 8, there is a good correlation, obeying eq 2,
between the cleavage rate constant and the driving force of the
reaction with the exception & and7a which we will discuss
later on. The very existence of the correlation and the fact that

bromides, the effect of electron-donating para substituents, suchit is endowed with a large intrinsic barrier has been discussed

as CH and CHO, is weak. The same value bf; as for4a
and 5a was therefore taken fotc and5b, respectively. The
BDE of 3 cannot be derived from that dfa according to the
above procedure since the dipeldipole interactions irB are
expected to be strong, even stronger tha.ifrhe only piece
of knowledge we have for the moment is tHagncochr <
DPhCI—hF - DPhCI—kCI + DPhCOCFQCI: i.e., the BDE of3 is smaller
than 3.46 eV. For the compounds that follow a stepwise
mechanism, the free energy of reaction I&Gg, can be
derived (Table 4) from the values ob; E%..., E3 =
E2xre and AS according to eq 1. The latter term corre-

(21) (a) Benson, S. NThermochemical KineticsVNiley: New York,
1976. (b)Handbook of Chemistry and Physi@®2nd ed.; CRC: Cleveland,
OH, 1991-1992, pp 9-121.

(22) Clark, K. B.; Wayner, D. D. MJ. Am. Chem. S04991, 113 9363.

elsewher® in terms of solvent reorganization attending the
displacement of the negative charge from the carbonyl oxygen
to the leaving group as the cleavage proceeds.

We may use this correlation to estimate what would have
been the values d& for compounddla, 1d, and2 (Table 4) if
their reduction had followed a stepwise rather than a concerted
mechanism. This estimation requires the valueA®] for
each of these three compounds and thuBJof Exyy. . For
la and 2, the latter parameter can be bracketed between the
values for3 and for acetophenone, and, fbd, between the
values for3 and for 4-methoxyacetophenoneZ.15 V vs SCE).

The values ofAG] listed in Table 4 ensue.ks is then

(23) Andrieux, C. P.; Sawmt, J.-M.; Tallec, A.; Tardivel, R.; Tardy, C.
J. Am. Chem. S0d.996 118 9788.
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bracketed by means of the extrapolation procedure depicted inTable 5. Factors Governing the Concerted/Stepwise Dichotomy in

Figure 8. In all three cases the predicted valuegzpflbeit the Acetophenone Serfes
large, are clearly below #®s-1, pointing to the conclusion that comparison witl2 comparison withLa
the reduction of these three compounds follows a concerted 0 0
. . . . . . . d —1.5AD;? AEy . x-© —1.5AD 4 AEy . x-®

mechanism in spite of the fact that their anion radicals “exist” comp ! XIX ! XeIX
thus illustrating the discussion of this point given in the 3~ —1087L59 088 ~164F211 - 118
Introduction. _ 5a 0.93 ~155 0.40 ~1.20

We may also, from these predicted valuekgfbracket the 6a —0.24 173 —-0.77 —1.38
peak potential (at 0.1 V/s) that would have been observed if 6b —0.26 -1.73 —0.78 —1.38
the reduction of compoundsa, 1d, and 2 had followed a ;g 8-23 —i-gg 8-1441 —i-gg
stepwise mechanism, assuming, as seems reasonablks that ad _0:41 _2:99 _0:93 _2:64

is close to that of acetophenone. To achieve this estimation,
we used a procedure that is the reverse of the procedure that 2Energies in eV, potentials in V vs SCEAD = Dpncoctx —
was used earlier to estimakg andE; from the peak potential DPthC&CI-OCAEg :OE?(-/X- — Egi- ¢ AD = Dpncocix — Dencocrs:-
data for the real stepwise reactions. Namely, the value of log *AEx = Exux- — Egrar—
v+ Cy is derived from the values d&¢ andks > according to eq
5. Then, the value of th&, — C; is obtained from the
theoretical relationship between this parameter and/l6gC;
(Figure S3a in the Supporting Information section). Deriving
C; from the values oks, ks », andEg finally provides the value
of Ep. As expected with such fast follow-up reactions, the peak
potential is entirely governed by the forward electron transfer
step, i.e., by the values &§ » andEg. For all three compounds
(Table 4), the peak potential values thus predicted are much
more negative than the experimental values thus confirming that
their reduction does follow a stepwise mechanism. We also
see, in the lower diagrams of Figure 7, that the valuest of
derived from eq 7 in the framework of a concerted mechanism
(using eqg 8 and the numbers in Table 4) are in satisfactory
agreement with the experimental values.

Conversely, for the compounds that follow a stepwise
mechanism, the value of the peak potential (at 0.1 V/s) that = 5.5 4 counter example to these rules; in spite of the large

would have been _observed i the_|r reducthn had fOHOW?d a uncertainty on its determination, it is seen that the BDE is the
concerted mechanism may be estimated, with the exception ofy,minant factor is the increase of this factor, while the leaving

3 byk applicgtilor’J ofeq8 (;’able 4). In QII carl]ses,r':he "conperted Igroup oxidability factor plays against the stepwise mechanism,
peak potentials™ are much more negative than the experimental, g 55 already observed withhalonitrosultams (see Introduc-
peak potentials thus providing a further confirmation of the tion)

reduction mechanism. For the compounds that give rise to an
anion radical which is stable in the whole range of scan rates, 15 and1d undergo a concerted mechanism, is a reflection of

such asﬁl.k_)‘ , Or that dimerizes rather than cleaves, suchas, the decrease of the standard potential for the formation of the
6b™, 8d"", the driving force for cleavage may be estimated by 4o ragical (which is a measure of the LUMO energy) which
application of eq 1, and, from it, the predicted valueskgf  qyercomes a small decrease of the BDE. The situation is very
using the logs — AG; correlation established earlier (Figure gimilar to what has been observed previously with benzyl
8). These are very approximate estimations since the valuesnjjide€ and N-halosultamg?

of Ex,x- are themselves very approximate (Table 4). Never-  As seen in Figure 8, the points representignd 7a fall
theless, the very low values &f thus predicted allows one to  clearly out of the correlation between the kinetics and thermo-
understand why these compounds do not undergo any significanigynamics of the anion radical cleavage. The fact that the data
cleavage. The fact thdtb*~ does not dimerize, where&st™, point for 3 falls (even with a large uncertainty in the value of
6b"", and8d~ do, may be explained by the presence of the the driving force) much below the correlation line may be
nitro group in para which leaves little unpaired electron density explained within the interpretation already given for the other

potential becomes more negative, with a 1.5 coefficient, thus
favoring the stepwise mechanism over the concerted mechanism.
A decrease oEY,, has the same effect with a unity coef-
ficient. Table 5 summarizes the contributions of these two
factors which make the various compounds of the acetophenone
series follow a stepwise mechanism by comparison with the
two compounds in the same seri@gsand1a, which undergo a
concerted mechanism. Inspection of Table 5 reveals that, with
the exception oB, the stepwise mechanism (or a noncleaving
mechanism) is followed predominantly because of the poor
oxidability of the leaving group rather than because of a
strengthening of the cleaving bond. There are even cases, such
asb5a, 7a (compared with bott2 and 1a), and 7b (compared

with 2), where the BDE factors plays against the stepwise
mechanism but is overcompensated by a decrease in the leaving
group oxidability.

The fact thatlb and1cfollow a stepwise mechanism, whereas

on the carbonyl carbon. anion radicalg3® It was shown that the intrinsic barrier
The case 08 is worth some additional comments. An upper

limit of the BDE has already been obtained. A lower limit may + Dpxe T 20

be derived from the very fact that its reduction follows a AGy = ]

stepwise rather than a concerted mechanism. The valDe of

that would give rise, for a concerted mechanism, to the same consists in a intramolecular cleavage contributDgy.—/4, and
peak potential value as observed experimentally is 3.12 eV. Thea solvent reorganization contributiof®/4. From the data in
BDE of 3 should thus lie between 3.12 and 3.46 eV. Figure 8, the total intrinsic barrier may be bracketed between

We may now examine what are the molecular factors that 0.89 and 1.02 eV. The intramolecular cleavage contrib8&n
govern the occurrence of the concerted vs the stepwise mech-

anism. Among the compounds deriving from acetophenone with Dgy. /4~ (Dgry + E%X/RX-— - Eg./R_)/4

no ring substituents, there is no large variation of the standard

potential Exyry.—. The main factors that govern the con- lies between 0.34 and 0.43 eV, and thus the solvent reorganiza-
certed/stepwise dichotomy are therefde and ES., . Ac- tion contribution is in between 0.55 and 0.59 eV, i.e 768%
cording to eq 8, an increase Bf; makes the predicted peak of the total. Both contributions are larger than for the other
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anion radicals of the acetophenone setfeConcerning the It is also worth noting, that in the three cases where a
intramolecular cleavage contribution, this is essentially a concerted mechanism was identified, the lifetime of the anion
consequence of the fact than the-E bond in the parent radical is clearly larger than the time of a vibration. The
molecule is the strongest of the whole series. The increasedconcerted character of the reaction thus results from an energetic
solvent reorganization energy is the result of the small size of advantage rather than from the “nonexistence” of the anion
the fluoride ion on which the charge, initially located on the radical intermediate.
carbonyl oxygen, is transferred upon cleavage.
In the case of7a~, the intramolecular reorganization is Experimental Section

negligible and the solvent reorganization contribution is 0.57 ) ] ] ]
eV, significantly smaller than with the other compounds (0.7 __ Chemicals. N.N'-Dimethylformamide (Fluka puriss absolute) and
eV). This observation may be explained by the fact that the 1€ Supporting electrolyte-BuNBF, (Fluka puriss) were used as

. . . received. Phenacyl chloride and bromide were used as supplied by
charge is less localized than with the other acetophenones whe

-, . rAIdrich, Lancaster, or Maybridge Chemical C@ was prepared as
itis transferred from the carbonyl oxygen to the leaving group described in ref 24. Phenacyl benzoats #b, and4c) were obtained

where delocalization between the sulfur atom and the phenyl according to literature proceddfeirom the corresponding phenacyl
ring may take place. Itis presumably for the same reason thatbromides and benzoic acid in the presence of triethylamine. Phenoxy
the data point foba is somewhat above the correlation line derivatives 6a, 5b) were synthesized, under phase-transfer-catalyzed
due to some delocalization over the phenoxy moiety, albeit to conditions?®@ from the reaction between a phenacyl bromide and
a lesser extend than in the PhS case. \Blihsuch an effect m-cresol in presence of sodium hydroxi§e. Phenacyl! sulfides7ga,

is expected to be counteracted by some more charge localizatiorf?) were prepared by reacting phenacyl bromide with the sodium salt
on the carbonyl oxygen in the initial state under the influence of the appropriate thiol.7b was obtained under the same catalytic

o e -
of the electron donating 4-methyl group. conditiong® as the phenoxy derivatives.
o-(Benzoyloxy)acetophenone 4amp 118°C; IR (CHCE) 1725,

Conclusions 1705 cm; NMR (CDCly) ¢ 5.45 (s, 2H), 7.268.15 (10H).

. . . N o-(Benzoyloxy)p-nitroacetophenone 4b mp 140°C; IR 1725,
Both concerted and stepwise mechanisms were identified by 1710 cm; NMR 6 5.50 (s, 2H), 7.26:8.35 (9H).

means of cyclic voltammetry in the investigated series of g (m-Methylphenoxy)acetophenone 5amp 70°C; IR 1690 cm;
a-substituted acetophenones. In the stepwise cases, the cleavag@vr s 5.15 (s, 2H), 6.758.00 (9H).
rates and the standard potentials for the formation of the anion  ¢-(m-Methylphenoxy)-p-methylacetophenone 5b mp 68°C; IR
radical were derived from peak potential and peak width data. 1685 cnrt; NMR ¢ 5.15 (s, 2H), 6.757.90 (8H).
With the help of thermodynamical parameters obtained from  cyclic Voltammetry. The electrodes were carefully polished and
the present study and from literature data, it was possible to ultrasonically rinsed with ethanol before each voltammogram. The
identify and estimate the parameters that govern the coneerted ultramicroelectrodes were built from a gold wire (10 and 2%
stepwise dichotomy. diameter) by using a reported procedéteThe counter-electrode was
With acetophenones that do not bear electron withdrawing & platinum wire and the reference electrode an aqueous SCE electrode.
ring substituents, the two main governing factors are the bond The potentiostat, equipped with a positive_feedback compensation and
dissociation energy and the oxidability of the leaving group. CSurrent measurer, used from 0.1 V/s until 500 V/s was the same as
With only one exception, the latter parameter is largely previously describe#f2 The instrument used with ultramicroelectrodes

dominant. It ) ffect of th at high scan rates has been described elsevifferdhe cyclic
preaominant. may even reverse an opposing efiect o evoltammetry experiments were carried out at 20 using a cell

bond dissociation energy. The same is true for compounds equipped with a double-wall jacket allowing circulation of water. At
where the cleavage of the anion radical is so slow that it is |ow temperature, the cell was thermostated by an isopropyl alcohol
overrun by dimerization. o-Substituted acetophenones thus circulation and the reference electrode was maintained &C2@he
provide several striking examples of the role of the oxidability bridge containing the reference electrode was equipped with a double-
of the leaving group as a mechanism controlling parameter. wall jacket allowing circulation of water).

The fluoro-substituent provides a converse example where
the strength of the bond is so large that it overcompensates the Supporting Information Available: Equations representing
unfavorable effect of the oxidability of £ the construction of the diagrams of Figure 1 and figures of

With electron withdrawing para-substituents such as; i@l reversible cyclic voltammograms, cyclic voltammetric peak
CN, the passage to a stepwise mechanism or the formation ofcharacteristics, and theoretical variationsigfand Ep, — Ep
a noncleaving anion radical is the result of a decrease in thewith log v (5 pages). See any current masthead page for
LUMO energy. ordering and Internet access instructions.

With c_om_pounds following the stepwise mechar_lism, solyent JA963674B
reorganization appears in most cases as the major contributor
to the intrinsic barrier of the cleavage reaction. It arises from  (24) Elkik, E.; Assadi-Far, HBull. Soc. Chim. Fr197Q 991.
the transfer of the negative charge initially located on the  (25) Sheehan, J-C.; Umezawa, K.Gig. Chem 1973 38, 3771.
carbonyl oxygen to the leaving group. In this case too the fluoro 852(3?%)( ?hgrgﬂiﬁjrlg r;{r(\eN g'rea)?eaflﬂﬁ toT n I_B'éri(c?:giglrj;’ Eéﬁh}—??ﬁ%@r, for
compound exhibits a particular behavior. Not only is the solvent nis active contribution in the synthesis of phenacyl derivatives.
reorganization energy bigger, owing to the small size of the ] éﬁg&?ggggua%niégaagggué%; Hapiot, P.; Pinson, J.;"8aye).-M.
fluoride ion, but also the strength of the-€ is such that = (eyaycareay b ; Saget, J.-M.J. Electroanal. Cherml972 35, 309.
intramolecular reorganization is also much larger than with the ()" Garreau, D.; Hapiot, P.; Saaet, J.-M.J. Electroanal. Chem1989
other compounds. 2721.




