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Abstract: The reductive cleavage mechanism and reactivity of the carfioarine bonds in fluoromethylarenes are
investigated, in liquid ammonia and in DMF, by means of cyclic voltammetry and/or redox catalysis as a function
of the number of fluorine atoms and of the structure of the aryl moiety. The reduction of the trifluoro compounds,
eventually leading to complete defluorination, involves the di- and monofluoro derivatives as intermediates. Carbenes
do not transpire along the reaction pathway. Application of the intramolecular dissociative electron transfer model
allows the quantitative rationalization, in terms of driving force and intrinsic barrier, of the variation of the cleavage
reactivity of the primary anion radical with the number of fluorine atoms and of the structure of the aryl moiety as
well as with the solvating properties of the medium. When, related to the structural factors thus uncovered, the
primary anion radical generates the di- and monofluoro intermediates far from the electrode surface, their reduction
occurs homogeneously giving rise to an apparently direct six-electron process according to an internal redox catalysis
mechanism. Conversely, with rapid cleavages, the reduction of the di- and monofluoro intermediates takes place at
the electrode surface and the stepwise expulsion of the fluorides ions transpire in the cyclic voltammetric patterns.

Fluorocarbons are compounds of wide interest in view of their ates have been identified among the reduction products of
chemical and biological applications and of the importance of benzotrifluoride inN,N'-dimethylformamide (DMF) together
perfluoro polymers. For this reason, the electrochemical with toluene. The respective yields vary with the electrolysis
cleavage of carbonfluorine bonds in fluorinated organic  potential in a manner that is consistent with successive breaking
molecules has been the object of early intefest.the case of of the CG-F bonds. The intermediacy of thegldsCF,~
perfluoro polymers, electron transfer cleavage effomay be carbanion in the reduction in DMF is confirmed by its trapping
envisaged as a route to a large variety of carbon materials asby electrophiles such as GQacetone, or DMF itsef. The
well as a first step of the derivatization of such polymers. same is true for 4-fluorobenzotrifluoride in the same sol¥ent.

Previous work has shown that the reduction of the three The CFh derivative was also found among the reduction
carbon-fluorine bonds often occurs simultaneously, the only product of aaa-trifluoroacetophenone in DMFwhereas, in
product being the methyl derivative. In a few instances liquid NHz, the cyclic voltammetric data point to a dimerization
however, the CjH and CFH intermediates have been found of the initially formed anion radic&.
among the electrolysis products. Perusal of the available data So far, quantitative kinetic data are not available that would
leaves the impression that the simultaneeessus stepwise allow one to unravel the mechanism of the reductive cleavage
character of the reductive cleavage of the three carffiaorine of the three C-F bonds in trifluoromethylarenes. In the work
bonds is a complex function of molecular structure and of the reported below we have investigated in detail the direct or
nature of the solvent. Electron-donating substituents on the mediated electrochemical reduction of the 4-cyanotoluehies,
phenyl ring of benzotrifluoride makes the reduction potential 1", and 1''" where thea-carbon bears, one, two, and three
too negative for the €F reductive cleavage to be investigated. fluorine atoms, respectively (see Chart 1). An important issue
This is the reason that the available data concern only benzo-in the discussion of the reductive cleavage mechanism of
trifluorides with electron-withdrawing substituents or benzo- trifluoromethyl compounds is to know whether it involves the
trifluoride itself. Simultaneous cleavage of the three carbon intermediacy of the corresponding difluoro- and monofluoro-
fluorine bonds occurs in the reduction of 4-carboxymethyl- methyl intermediates or whether it may involve carbene
benzotrifluoride in methandl. Cyclic voltammetric data indicate  intermediates as previously observed wjgmpolychloro and
that the same is true in liquid ammonia for this compound and polybromo compound. Besides the reduction mechanism by
for the para-cyano derivative.The CRH and CFH intermedi-
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Figure 1. Reduction ofl' in DMF + 0.1 M n-BusBF, at 20°C (a, b)
liquid NH3 + 0.1 M KBr + 3 mM NH," at—38°C and (4 b') in the
- absence (a,’pand presence (b, )bof an acid. L'l =1 mM (a, b), 3
COCH; COxBu - Co, mM (a, b). Scan rate: 0.2 V/s. [PhOH} 10 mM (b), [NHBI] = 3
4 5 6 mM (b"). The potentials are referred to SCE in DMF and to 0.01 M

@ O reductive cleavage reactivity with the help of the model
N mentioned above. The preliminary results previously obtained

N for the reductive cleavage of the first-& bond in5 and 9°
OCH; will also be rediscussed and used in the general discussion of
7 8 9 the relationships between molecular structure andFCleavage
reactivity.

which the successive reductive cleavage of severdf Gonds

occurs, the analysis of the kinetic results provides the standardResults

potentials for the formation of each of the three anion radicals Compound 1. Figure 1 shows typical cyclic voltammo-
and their cleavage rate constants. The cleavage of an ion radicabrams obtained for the reduction Bfin DMF and liquid NH.
may be viewed as an intramolecular dissociative electron Tpe cleavage of the €F bond is expected to produce the

transfer. Based on this picture, a model of the dynamics of the 4_cyanotoluene carbanion which may react with acids present
reaction has been developed as an extension of the theory of

dissociative electron transférThe model has been successfully
applied to the cleavage of various series of frangible anion NC@CHZF 2
radicals?10 |t is interesting to examine whether it is also able

to rationalize the variation of the reductive cleavage reactivity l

of benzylic C-F bonds as a function of the number of fluorine

atoms borne by the functional carbon and thus to explain the NC@CW VF
mechanism by which the three fluorine atoms are successively

expelled from the molecule. All experiments were carried out ) ) )
both inN,N'-dimethylformamide (DMF) at 20C and in liquid in the medium such as residual water leading to 4-cyanotoluene.
ammonia at—38 °C in the purpose of examining the role of It may also react with the starting material thus decreasing the
the nature of the solvent and of temperature in the reductive electron stoichiometry below 2 and possibly generating several
cleavage mechanism. products which reduction is seen at more negative potentials.
We have also measured (in liquid ammonia-&8 °C) the These side reactions may be eliminated by addition of an acid
cleavage rate constants and standard potentials for the reductivétronger than water as attested by the modification of the
cleavage of one €F bond in a series of other trifluoromethyl ~ Voltammograms upon addition of NHin liquid NHz and of
derivatives where the aryl moiety is varie4 and6—8 in phenol in DMF (Figure 1). The electron stoichiometry then

Chart 1) in the purpose of examining the variation of the reaches 2, and the wave appearing at more negative potentials
is that of 4-cyanotoluene. In liquid Nithe addition of a

stoichiometric amount of NiBr is sufficient to raise the electron
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Figure 2. Variations of the peak potential () &and peak width (b, k52
b') for the reduction of 1 mM." in DMF + 0.1 M n-Bu,BF4 + 10 mM = Zﬁl'_
PhOH at 20°C (a, b) and of 3 mML' in liquid NH; + 0.1 M KBr + Fv \/RD
3 mM NH;t at —38 °C (d, b). The potentials are referred to SCE in
DMF and to 0.01 M Ag/Ag in liquid NHs. The solid lines represent From the theoretical variations of the peak potential and of
the fitting of the experimental data. the peak width with the parametgy!l® one may fit the
Scheme 1 e_:xp_erimental o!ata in DMF (takinB = 1(T5_ cn? s1) and in
liguid NH3 (takingD = 3 x 1075 cn? s71) with ke?/k2 = 1.8
EOy, ks 1, oy . x 1075 c? 5725 in the first case and#s?/kl2 = 2.4 x 1075
ArCH.F + ¢ === ArCH,F ~ ) c? 525 in the second. These fittings also provide the value
. Koo of E% + (RT/2F) In k, —1.82 V vs SCE for DMF and-1.365
ArCHF = % ACcH, + F M V vs 0.01 M Ag'/Ag for liquid NHz. Thus, ifE% or ky could
be known independently, the above relationships would provide
ArCH, + e =—= ArCH, 2 the values of all three constanEy, ky, andksy. We recourse
. to redox catalysis to obtain the lacking informatiBfi. The
ArCH, + ArCH,F~ 5 ArCH, + ArCH,F (2 reduction is observed indirectly by means of a reversible couple,

P/Q, with a standard potential less negative than the reduction
conditions, there is enough proton donor present in the diffusion potential of the compound under investigation (Scheme 2). The
layer to rapidly protonate the anion radical formed upon electron variations of the catalytic increase of the currepfi,?, upon
transfer to 4-cyanotoluene at the level of the second wave andaddition of1' to a solution of Pig andiy” are the peak currents
thus to make it a two-electron irreversible wave. in the presence and absence of the substrate, respectively) with

The first cyclic voltammetric wave remains irreversible up concentrations and scan rate provide the desired information.
to scan rates as large as 1000 V/s. The variations of the peak As seen from Scheme 2, there are two limiting kinetic regimes
potential,Ep, and of the peak widthE,» — Ep, with the scan  in the control of the catalytic response. Kf > ko[P], the
rate, v, (Figure 2) reveal that the reaction is jointly governed catalytic current is governed by forward reactiof).(ONorking
by the cleavage step (rate constar) and the electrode  curves relatingy/i® to (RTF)(ko[P]/v) for each value of the
electron transfer stefitfy, ks1 o, standard potential, standard ~ excess parameter, [substrate]/[P], are avail&8igallowing the
rate constant, transfer coefficient, respectively) as shown in derivation ofk, from the experimental data (see in Supporting
Scheme 1. Information how the rate constant was derided from iig°

A seen later on, the interference of reaction) (day be  data). Conversely, whek < k-o[P], the catalytic current is
neglected. In other words, the “ECE” pathway {01 + 2) governed by reaction (1), reaction’@hen acting as a pre-
prevails over the disproportionation pathwayQlL + 2').11ae equilibrium. Working curves relating/is® to (RT/F) (kok/

If the “ECE” reaction were to be controlled by the cleavage k-ov) for each value of the excess parameter, [substrate]/[P],

step (1), with reaction (0) acting as a pre-equilibriuiy/dlogy are availablé;*“allowing the derivation okoky/k—o from the
would be equal to 29.1 mV at Z€ and to 23.3 mV at - 38C, experimental data.
while Ep2 — Ep would be equal to 46.9 mV at 2TC and to In DMF, with all four mediators indicated in Figure 3, the
37.6 mV at - 38°C.1t catalytic process is under the control of forward reactioasD
Conversely, if the reaction were to be controlled by the soon as [P]< 2.5 mM. The variation of logw with, the
electron transfer step, for a transfer coefficient equal todEg, standard potential of the mediator couple is close to 1/58.2
dlogy would be equal to 58.2 mV at 2T and to 46.7 mV at  (mV™?) indicating that the reverse reaction is under diffusion
—38 °C while Epz — Ep would be equal to 93.8 mV at 2@ control reaction is under diffusion control. A procedure for

(1) (@) Andri C P Saesl M Electochemical Reach | determining the standard potentid!; ensues as depicted in

a ndarieux, C. P.; Saeat, J.-IVl. ectrochemical Reactions. In H

Investigations of rates and Mechanisms of Reacti@ernasconi, C. F., Figure 33‘,‘ From the value thus foynd2.02 Vs S,CE’ one

Ed.; Wiley: New York, 1986; Vol. 6, 4/E, Part 2, pp 39890. (b) Nadjo, ~ thus obtains, by use of the preceding peak potential and peak
L.; Savant, J.-M.J. Electroanal. Chem1973 48, 113. (c) Andrieux, C. width data,ky = 7 x 10f st andksy = 0.2 cm s,

P.; Hapiot, P.; Sa\ant, J.-M.Chem. Re. 199Q 90, 723. (d) Amatore, C.; [P i ; y _ i
Combellas, C.; Oturan, M. A.; Pinson, J.; Robvieille, S.; Saed.-M.; In liquid NHs, with & mediator such as 4-cyanopyridine, the
Thigbault, A.J. Am. Chem. S08985 107, 4846. () Amatore, C.; Saaet, variations ofiy/i,° with the mediator concentration (see Sup-
J.-M. J. Electroanal. Cheml977, 85, 27. porting Information) indicate that there is mixed kinetic control
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Figure 3. Redox catalyzed reduction a@fin DMF at 20°C (a) and in 1i qa) E -
lig NHz at —38 °C (b). In a, the mediators are, from left to right, 1 P :
phthalonitrile (scan rates from 0.1 to 0.5 V/s), perylene (scan rates from P F -1.45
0.2 to 2 VI/s), 4-cyanopryridine (scan rates from 2 to 20 VI/s), F
1-naphthonitrile (scan rates from 5 to 50 V/s), excess factor: from 0.5 :_'1'4
to 5.3, mediator concentration: from 2 to 4.3 mM. In b, the mediator b' -
is 4-cyanopryridine, excess factor: from 0.7 to 4.3, mediator concentra- —-1.35
tion: from 2 to 4.3 mM, scan rates from 0.1 to 1 V/s. -
_ E_mv) - -1.3
by reactions (Q and (1). The value of the apparent rate constant P2 p -
kap defined as - 90
11 K o - 80
Tk + 0-331<o—k[P] [1] vk
p v ¢ =70
can be derived from the forced treatment of thg° data by 20 1 i 60
- LN UL I IR RLAS) LA L) LA AL LR L

the working curves corresponding to pure kinetic control by
forward reaction (0}1¢ It is indeed found that the values of
1/kgpthus determined vary linearly with the mediator concentra- E (V vs. SCE) logv (V/s)
tion (Figure 3b). The validity of such an approximation rests Figure 4. Reduction of 1 mM1" in DMF + 0.1 M n-BuBF, at 20
on the fact that the shapes of the working curves for both °C (a) in the absence and (b) presence of acid (10 mM PhOH). Scan
limiting controls are almost the same. Replackgdy 3koky/ rate: (a) 0.2_V/s and (b) from bottom_ totop: 0.2,05, 1,2, V/s_. Full
k_o in the first of these working curves gives a curve which is 'g::izmgxgegggné?o:‘gf"gsh&9?2 |?Ir9§iHSITu(;a;_Ioh;] I?I(B:?irdlsng to
: H : : H . uct In hqui .

pract|c_ally |dent|ca! to the secon(_j working curve. The intercept mM NH,* at —38°C at 0.2 V/s (4. Va?riationssof the peak potential
of the linear plot (Figure 3b) providds. Assuming that reverse (') and peak with (9 with the scan rate
reaction (0) is under diffusion control thus leadsES; = —1.54 '
V vs 0.01 M Agt/Ag. The slope of the linear plot finally leads
toky =2.2x 10’s™L. Thus, the derivation d&% andky, i.e., as attested by the reversible one-electron wave following the
the parameters of main interest, does not require the use of thefirst wave (Figures 4a,a In DMF, the addition of an acid such
peak potential and peak width data. It is however interesting as phenol triggers a modest but distinct increase of the first
to check that the values thus obtained are consistent with thewave, while the second wave becomes irreversible and increases
value of E9 + (RT/2F) In k (—1.365 V vs 0.01 M Ad/Ag) up to a two-electron stoichiometry. In liquid NHhe presence
derived from these data. This is indeed the case since the valueof an equimolar amount of NH leaves the second wave, which
of the same potential found from the redox catalysis data is corresponds to the reduction of 4-cyanotoluene formed at the
—1.369 V vs 0.01 M Ad/Ag. The value ofksy can then be first wave, reversible as in the case Bf In DMF, the first
obtainedksy = 0.34 cm st wave exhibits, at all investigated scan rates {@Q V/s), a

As a test of consistency, the voltammograms obtained at 0.2 shoulder at potentiata. 70 mV more positive than the peak
V/s, in the presence of an acid (Figure 1), have been simulatedwhich is itself located at a potential very slightly more positive
using the values of the various parameters that we just derived.(ca. 30 mV) than the peak of' (Figures 4a, b). Under these
As seen in Figure 1, the agreement between simulation andconditions, the peak height is not a straightforward indication
experiment is excellent. It should be however emphasized thatof the electron stoichiometry. This is however clearly above 2
redox catalysis experiments and systematic determination of theby comparison to the height of the one-electron reversible wave
variation of the peak potential and peak width with the scan of 4-cyanotoluene. These observations points to the interme-
rate were necessary to obtain the exact valueE’of ky', and diacy of 1' in the reductive cleavage df’ and thus to the
ksy. The assumption, made at the start of this kinetic analysis reaction mechanism depicted in Scheme 3. In liquicsNhkre
that an “ECE” process is followed rather than a “DISP” process is no splitting of the first wave. However, the electron
may be justified as follows. The parameter governing the stoichiometry is also clearly above 2 and the peak width is large
competition between the two pathways ks'fki3d [1] (Fu/ (Figure 44,C) pointing to the intermediacy df in the reductive

-1.6 -1.7 -1.8 -19 -15-1-050051 152

RT)V21aewherek, is close to the diffusion limit, 5« 10° M1 cleavage ofl” in this case too. We may thus assume that the
s 1in DMF and 3x 10*M~1s 1in liquid NHz. The value of reaction mechanism still follows Scheme 3.
the parameter ranges from 971074 to 1.4 x 1072 in DMF Additional information may be derived from redox catalysis

and 1.9x 1073to 2.8 x 1072in liquid NH3z when the scan rate  experiments. Using the same mediators as already used with
varies from 0.2 to 2 V/s as in the experiments shown in Figure 1', with the same scan rates, we found that the catalytic
2 indeed pointing to a large predominance of the ECE pathway. efficiency is larger than the maximal efficiency predicted for a
Compound 1'. The reduction ofl” also leads to the  two-electron stoichiometry of the reductive cleavage'6by
formation of 4-cyanotoluene, both in liquid Ntnd in DMF, the reduced form of the mediator. Taking account of the fact
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We may thus combine this relationship with the shape and
location of the cyclic voltammograms at various scan rates to
derive the values dEf ki+, and of the heterogeneous electron
transfer rate constanksiy.. The voltammograms simulated
according to this procedure in the framework of Scheme 3 are
shown together with the experimental curves in Figure 4b. It
was thus found tha;. = —1.89 V vs SCEky» =2 x 1P s 2,
ksy» = 0.35 cm s1. It is worth noting that the results of the
simulations do not change appreciably when the homogeneous
electron transfer steps’j2(4'), and (6), where the electron
donor is the anion radical of”, are not included in the
simulation. This observation points to the conclusion that
electron transfer to ArCHEArCH,F, and ArCH: takes place
predominantly at the electrode surface according to reactions
(2), (4), and (5). In other words the various follow-up electron
transfer steps take place according to an “ECE” process rather
than to a “DISP” process®® The parameter governing the
competition between the two pathways ks'fk;23)[1"(Fu/

Scheme 3
EOIH, ks’ln, (X,ln .
ArCHF, + ¢« === ArCHF, ~
L kg .o
ArCHF,” —— ArCHF + F
(2)  AICHF + ¢« === ArcHF 2Md
AICHF + HY ——>  A(CH,F
B0, ks 1, oy
4) ArCHF + ¢ === ArcHF~ 2
L] le
ArCHF = —— ArCH, + F
6) ArCH, +e === ArcH, 2
ArCH, + H® —> AICH,
Scheme 4
P+e == Q
ko g .
ArCHF; + Q =— ArCHF,” + P (0"
ko1
: Ky .o
ArCHF,” —— ArCHF '+ F ey
AICHF + Q === ArCHF + P (2
AICHF + H' ——>  ArCH,F ©)
ko1 .
ArCHF + Q === AICH,F ™ + P (4)
k-O,l'
L klv
ArCHF ™ —— ArCH, + F (5)
ArCH, +Q === ArCH, + P (6)

that the reduction of'" takes place at a potential more positive
than the reduction potential @f, this observation confirms the
intermediacy ofl’ in the reductive cleavage af thus pointing

to the catalytic mechanism depicted in Scheme 4. In order to predominance of the ECE pathway.

obtain information pertaining solely to the reductionldf we
used scan rates large enough for the catalytic responbet@f

RT)Y2 wherek,' is close to the diffusion limit, 5 10° M~1

s 1. The value of the parameter in the present case ranges from
0.15 to 0.5 when the scan rate varies from 0.2 to 2 V/s as in the
experiments shown in Figure 4b indeed pointing to the
In other words, the
homogeneous “internal” redox catalysis of the reductior’'of

by the anion radical ofl" is inefficient in the present case

be negligible as anticipated from the experiments previously because of its instability toward fluoride cleavage.

performed withl' alone. In DMF, it was found that the catalytic

The data for liquid NH (see Supporting Information) were

response obtained under these conditions, with the threetreated in the same way as for DMF. Using 4-cyanopyridine

mediators, 4-cyanopyridingf, = —1.71 V vs SCE), phthalo-
nitrile (Epo = —1.57 V vs SCE), and quinoxalineEg, =
—1.525 V vs SCE), is governed by reaction 1 witha@ting as
a pre-equilibrium (Scheme 4), provided [P] 2 mM (see
Supporting Information). The value okg1/k—o17)ks+ could

as a mediator, it was again found that, provided $P2 mM,

the catalytic response is governed by reaction (1) withe@ing

as a pre-equilibrium. Over the whole range of excess factors
(0.5—-3.3), mediator concentrations{%.8 mM), and scan rates
(2—10 V/s), it was found thatk1-/k_o1)ki» = 37 s%, and

thus be derived with each catalyst (excess factor ranging from thus, sinceEE,Q = —1.25 V vs 0.01 M Ag/Ag, E‘l’., + RTF

0.7 to 4.1, mediator concentration ranging from 2 to 5.5 M).

Since

—In

RT ([ Koa
F

y kl,,) = ) — Elg+ in(ky)
—0,1"

it was found that
E9, + %—In(kl,,)

= —1.53 V vs SCE in average.

In(kyr) = —1.18 V vs 0.01 M Ag/Ag. The simulation of the
cyclic voltammetric responses, using this relationship, are shown
in Figures 4hc, as variations of the peak potential and peak
width with the scan rate. We thus obtaing}l = —1.45 V vs
0.01 M Ag'/Ag, ki» =1 x 1P s%, ksy» = 0.6 cm s'L.
Compound 1". The preceding results indicate that the anion
radical cleavage rate constant decreases f‘aml1’. We may
thus expect a further decrease when goind’'to We indeed
observed, both in DMF and in liquid N§ithat the reduction
wave of 1" becomes reversible upon raising the scan rate
(Figure 5), thus offering a new strategy for determining the
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60 1= - r Table 1. Standard Potentials and Cleavage Rate Constants of
s0d" (1A) 1 (pA) - 20 4-Cyanofluorotoluenes
403 3 16 medium
09 a a' 5_;2 DMF at 20°C liquid NHs 2—38°C
ig_é E_4 Compd an kcleavc EOb kcleavc
E ‘ o 1 2020  7x 10° ~1.540  2.2x 107
0_3 E Et 1" —1.890 4x 10° —1.450 1x 10°
-10 e -4 1 —1.785 3.8x 10 —1.345 3.5x 10?
g0 L5317 19 21 23 -1 -12-14-16-18 2 “V vs SCESV vs 0.01 M Ag/Ag. °In 5.

ipA) i (ua)

150 - 5—200 Table 2. Standard Potentials and Cleavage Rate Constants of the
1b b' - Trifluoromethylarenes in Liquid Nkat —38 °C
100 ~ 100
] - compd E02 Keteal compd Eoa Ketea?
30 1" 1345 35¢<1® 6  -1835 1.x 10°
04 2 —-1.480 1x 10 7 —2.180 2.8x 1¢®
E E 3 —-1.385 1.5x 1(? 8 —1.650 2x 10
9

-0
-50 e - 100 4 -1.330 75 —2.075 1x 10
.14 -1.6 -1.8 -2 22 -1 -12 -14 -16 -18 5 —1.405 2.5x 10
zg T A F 16 2V vs 0.01 M AgH/Ag. ®In s,
40 3 A [ 12 The standard potentials and cleavage rate constantt,for
3] oy " " . .
30 3 , Sof 1", and1'" are listed in Table 1.
203 ¢ ¢ :‘8 Other Compounds. We now describe the cyclic voltam-
E [ 4 metric behavior of the other trifluoro-compounds (see Chart 1),
10"; E E for which the corresponding difluoro- and monofluoro-
05 BERREEEEEE RS - 0 compounds were not available, with the aim of determining the
-1.6 -1.7 -1.8 -19-1.1 -12 -13 -14 -1.5 standard potential for the formation of the anion radical and its
Figure 5. Reduction ofl"" in DMF + 0.1 M n-Bu,BF; at 20°C (a, cleavage rate constant in liquid ammonia. Among them,
b) + 10 mM PhOH (c), and in liquid Nki+ 0.1 M KBr + 3 mM compounds2—5 resemble compound'’. At low scan rate,
NH4Br] at—38°C (d, b, ¢). [I'"]=1mM (a, b,c),3mM (4 b, c). they likewise exhibit a large irreversible wave, with a stoichi-

Scan rate: 0.2 (a,&c, €), 50 (b), and 300 (p V/s. The potentials are  ometry corresponding to six electrons per molecule, followed
referred to SCE in DMF and to 0.01 M AfAg in liquid NHs. Solid by a reversible one-electron wave corresponding to the ArCH
lines: experimental data. Open circles: simulation according to Scheme o mpound formed at the first wave upon reductive cleavage of
5. Open_trlangles: simulation according to the “internal” redox catalysis the three fluorine atoms (Figure 6). Also, like with’, the
mechanism. - .
cleavage rate constant is not very large, and thus, reversibility
mechanism and characteristics of the reductive cleavage of thisdoes not require a very high scan rate to be reached (Figure 6).
compound. At low scan rates, the first wave, which is then The ensuing values of the standard potential are listed in Table
irreversible, corresponds to the exchangecafsix electrons 2. We thus expect the reductive cleavage of these four
per molecule, pointing to the mechanism depicted in Scheme compounds to take place according to the internal redox catalysis
5. mechanism. That this is indeed the case results from the good
Once the standard potenti&!;« has been determined as the fit of the curves simulated according to this mechanism with
midpoint between the cathodic and anodic peak of the one-the experimental curves (Figure 6), thus leading to the values
electron reversible wave obtained upon raising the scan rate,of the cleavage rate constant listed in Table 2. Wiftthe
the value ofk;» andksy~ can be derived from the simulation  second wave is large, poorly defined and irreversible unlike the
of the irreversible cyclic voltammograms obtained at low scan second wave of'", 2, 3, and5. It nevertheless corresponds to
rates according to Scheme 5, taking into account the previouslythe reduction of the 4-carboxymethyl toluene as checked with

derived values oE%-, ki, ks1+ and of E%y, ky, Ksy. an authentic sample of the latter compound. The reason for
Examples of the fit between simulations and experiments are this particular behavior of the 4-carboxymethyl toluene in liquid
shown in Figure 5cjc We thus foundE®%~ = —1.785 V vs ammonia (in DMF it gives rise to a one-electron reversible
SCE, ky» = 38 s'1, ksy» = 0.1 cm st in DMF and E%» = wave) is not known for the time being. We may finally estimate
—1.345 V vs 0.01 M Ag/Ag, ki = 350 s%, ks1» = 0.25 cm the value of the parameter that governs the competition between
s7Lin liquid NHs. the internal redox catalysis mechanism and the ECE mechanism,
Since the cleavage rate constants are small in both media,(kz/ki*2)[1"1(Fo/RT)Y2, for 2, 3, 4, and5, 9 x 1(F, 2 x 105,
we expect the homogeneous electron transfer steps(49, 107, 7 x 10% respectively, thus showing that the former
(8), (8), and (10) to prevail over their heterogeneous coun- Mmechanism largely overruns the latter in all four cases.
terparts. The parametekx(ky~3?) [1"](Fy/RT)Y2 is indeed The cyclic voltammetry 06 has in common with that of "’
equal to 1.2x 1P in DMF and to 4.3x 10*in liquid NH3 in and 2-5 that it exhibits an irreversible wave with @. six-
the experiments shown in Figure 5 (parts ¢ arid&gpectively). electron stoichiometry at low scan rate (Figure 7). There are

Accordingly, simulation taking only into account the homoge- however two important differences. One is that there is no
neous electron transfer steps produces curves that were foungecond wave corresponding to the reduction of the defluorinated
to be in good agreement with the experimental curves as well product formed at the first wave. The lack of a second wave is
as with the theoretical curves involving the complete set of due to the fact that the 4-methyl-benzoate anion does not exhibit,
reactions in Scheme 5. “Internal” redox catalysis of the because of the negative charge it bears, any reduction wave prior
reduction ofl” andl' by the anion radical of""’ thus completely the discharge of the supporting electrolyte. The second differ-
overcomes their direct reduction at the electrode. ence is that the 6e-wave remains irreversible over the available
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Scheme 5
B0y, kg g, otqen
AICF, + & === ArCF;~ ©)
AICF,~ W AICF, + F M

(@) ACE+ e === ACF, 2 ACK+ ACF,” —> AICF, + ACF; ()

AICF,+ H' ——> AICHF, 3
EOI"’ kS,l”’ aln

(4) AICHF,+ ¢ === ArCHF,~ j‘grd ArCHF,+ ArCF;~ === ArCHF, "+ ArCF;, (4)

L ST .o
ArCHF,” —> ArCHF + F (5)

(6  AICHF'+ ¢ === ACHF ™ ArCHF'+ ArCF;’ — > A/CHF + AICF;  (6)

ArCHF + H® ——>  AiCH,F @)
EOp, kg p0 0 .

8) AICHF + e === ACHF~ ™ ACH,F + AiCF;~ === ArCILF~ 1 AICF, (8"

=k
ArCH)F ™ —— ACH, + F (9)

(10) ArCH, + e === ArCH, 7;’;1 AICH) + ArCF;~ —» ArCH, + ArCF, (107

ArCH, + H" —> AICH, (1

a2 The homogeneous electron transfer steps are assumed to involve only the anion radicalcdisfe@€tron donor ((B (4), (6), (8), (10))
and not the anion radical of ArCHRnd anion radical of ArCH2F in accordance with the fact that the latter species cleave much more rapidly than
the former.

2 3 4 5
12— 20 1< 12 16
102 i(uA) 16 1(UA) 103 i1(pa) 1iwa
E ] E 12
E; 12 8 ]
E 3—? 6 8_:
4_: ] 4 4 -]
2 E 23 ]
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23~ -4 2 4
404 1A 1 i@a) 1 i@ 40 1A
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303 0] 203 1
20—; 50 10 207
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10— -50 ! -10 3 ....lv.".m,v./s.zo“ _ Il|vl_‘20|V{s
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E (Vvs. 0.1 M Ag*/Ag) E (V vs. 0.1 M Ag*/Ag) E (Vvs. 0.1 M Ag*/Ag) E (V vs. 0.1 M Ag'/AD)

Figure 6. Cyclic voltammetry of2, 3, 4, and5 (3 mM) in liquid NH; + 0.1 M KBr + 3 mM NH,Br] at —38 °C. Open circles: simulation
according to the “internal” redox catalysis mechanism.

range of scan rates (6-200 V/s) indicating that the cleavage is a composite wave pointing to an ECE mechanism in which
of the anion radical of ArCkis faster. It follows that the the di- and monofluoro products formed from the initial trifluoro
standard potential cannot be derived from cyclic voltammetric compound are successively reduced at the electrode surface. In
experiments, thus preventing the application of the procedurethese two cases the instability of the primary anion radical
used withl"" and2—5. The lacking piece of information can  prevents the internal redox catalysis mechanism to compete with
however be obtained from redox catalysis as described below.the ECE mechanism. WitB, the reduction wave does not show

8 and 9 also give rise (Figure 7) to a single wave which any splitting leading to the conclusion that the internal redox
remains irreversible over the available range of scan rates. Ascatalysis mechanism overruns the ECE mechanism in this case.
with 6, the totally defluorinated products do not exhibit reduction We will see, once the cleavage rate constants will be determined,
waves within the available potential range. There is however that the cleavage of the anion radical &falbeit faster than
an important difference with, namely that the reduction wave  with 1" and2-5, is indeed slower than witB and9 thus giving
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-14  -16 -1.8 -2 .12 -14 -16 -1.8 -2 Figure 8. Figure 8. Redox catalysis of the reduction of compounds
EVvs.01M Ag+/Ag) E(Vvs.01M Ag+/Ag) 7, 8 and9 in liquid NH;z + 0.1 M KBr at —38 °C. Variation of the
apparent rate constant (eq [1]) with the mediator concentration.
9
16 1 _ ) 5
JiuA) point compd mediator —Epg’
12 B | 7 benzonitrile 1.785
8] O 4-toluonitrile 1.870
] (] 8 dimethylquinoxaline 1.300
4 (@] 4,4-bipyridine 1.330
] A 9 benzonitrile 1.785
0
) ] v=02Vis 2V vs 0.01 M Agt/Ag.
- LM B ¢ I T 11 I T 1 71 ! T

']12'6(‘, v'sl.'?)‘l N}ZA g+/"i‘g2) betweenE? andk derived from redox catalysis finally lead to
. ) o E0= —1.830 Vvs 0.01 M Ag/Ag, k=9 x 13s 1, ks=0.1
g'g“;ﬁ L‘Bfg?'fg’g'gacmno‘eg Oﬁc?égni?réilgm)r] Ir;l(lllgg:gi:H?:[(jthe cm s'L. This value of k is consistent with the fact that the redox
sinternal” redox catalyéis rzechanism- 9 catalysis is unde_r the kinetic control of reaction _1W|tha6t_|ng
’ as a pre-equilibrium. Indeeé, o[P]/k = 10* (k- is certainly
close to the diffusion limit, 3x 10'°°M~1s™1). We may also
more chance to the internal redox catalysis mechanism to estimate the value of the parameter that governs the competition
compete with the ECE mechanism. We may thus simulate the between the internal redox catalysis mechanism and the ECE
low scan rate cyclic voltammograms 6f according to the mechanism in the direct electrochemical reductiorbotky/
internal redox catalysis mechanism. However, since the stan-ki-¥9)[1"](Fo/RT)¥2. This is equal to 3x 1%, which confirms
dard potential could not be derived from cyclic voltammetry, that the former mechanism largely predominates over the later.
we need additional information to derive the values of the  Redox catalysis needed also to be used in the ca8eantl
standard potential and of the cleavage rate constant. This carf for which k is expected to be even larger than with This
be obtained from redox catalysis. As a mediator we used is also the case witfd, for which, in addition, self-inhibition
pyridazine. Because its standard potential 665 V vs 0.01 heavily perturbs the cyclic voltammetric curves so as to render
M Ag*/Ag) is rather positive, the catalytic increase of the current the extraction of kinetic information untractable. The variation
is rather modest. Under these conditions, the scan rate couldof the catalytic responses (see Supporting Information) with the
be adjusted so as to render negligible the interference of electronmediator concentration showed that catalysis is under mixed
transfer from the reduced form of the catalyst, Q, to the difluoro kinetic control by reactions (Dand (1). We may therefore treat
and monofluoro products, thus attempting to use the samethe data by means of eq [1] as summarized in Figure 8 leading
strategy that was successfully employed in the casd'of to the values of° andk listed in Table 1.
However, even if Q is unable to reduce the difluoro and In the reductive cleavage of the di- and trifluoro derivatives,
monofluoro products, the anion radical 6f produced by we did not consider so far another mechanistic possibility
reaction with Q, may well reduce these products as we know namely the intermediacy of carbenes. Such mechanisms would
from the observation that the direct reduction &foccurs involve the replacement of reactions (3), (4);)(4and (5) in
predominantly through the internal redox catalysis mechanism. Scheme 3 by reactions (3), (4),'Y4and (5) in Scheme 7.
We are thus led to treat the redox catalysis data in the frameworkFormation of carbenes as intermediate in the electrochemical
of the mechanism depicted in Scheme 6. It was found that the reduction ofgemdichloro, dibromo, and chlorobromo com-
catalytic increase of the current is independent of the catalyst pounds has precedentyThe possibility of such a reaction with
concentration showing that the kinetics are governed by the our di- and trifluoro derivatives should therefore be examined,
factork ky/k_o. Its value, derived from the appropriate working even if it has never been reported so far. Reduction potentials
curves'2is 0.0017. RT/F) In(k ko/k_o) = E0 — EgQ + (RTIF) of carbenes are not known. However, being electron-deficient
In k. ThusE® + (RTF) In k= —1.647 V vs 0.01 M Ad/Ag. species they may be easier to reduce (egs [4] affptfén the
Potentially, the cyclic voltammogram 6f (Figure 7) contains ~ starting fluoro compound. The carbene anion radical thus
two relationships betweeR?, k, andks. Simulation of the  formed would then be protonated (reaction (5)) giving rise to a
voltammogram in Figure 7 according to the internal redox radical which is easier to reduce than the starting fluoro

catalysis mechanism, taking into account the relationship compound yielding eventually the defluorinated product. If the
2 @ " : - factor, [ARER] carbene mechanism were to be followed, the monofluorinated
€ WOrKing curves 1or a given excess ractor, B , are : . : : : .
the same as the working curves pertaining to a simple EC mechanism for denvatlv,e would not be an intermediate ",1 the _reductlve c!ea\{age
an excess factor of 6 [ArC#ff[P].1%21°For 1", 7, 8, and9, the working of the difluoro compounds, and the difluorinated derivative
curves for a given excess falctolrE E:ArG]Hl;] are th(fe same as the \;vorkingf would not be an intermediate in the reductive cleavage of the
curves pertalnlng to a simpe mechanism for an excess factor of 2 ;. H
[ArCH3]/[P],10a.11bfor mediators giving rise to a small catalytic effect. (b) trifluoro (?ompounds. ,The carbene m?Chamsm may thus be
Andrieux, C. P.: Dumas-Bouchiat, J.-M.: Savi, J.-M.J. Electroanal. ruled out in the case df’ since the reduction wave @f appears

Chem.1978 87, 55. in its cyclic voltammogram. It may likewise be ruled out in
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Scheme 6

P + e

Q

ArCF; + Q ArCF; "+ P (0)

3

AICF; AICF, + F (1)
(2") ArCF,+ Q — AICF, + P ArCF, + ArCFf —> ArCF, + ArCF; (2')
ArCF,+ H' ——> ArCHF, (3
ArCHF,+ Arc1=3l = ArCHF2L+ AICF; (4)
ArCHFZL —> ArCHF'+ F  (5)
(6") ArCHF'+ Q — ArCHF + p ArCHF '+ ArCFf ——> ArCHF 4 ArCF; (6
AfCHF + H® —>  ArCH,F )
AICH,F + AfCFy~ =——= ArCH,F~+ AICF; (8"
ArCHzFi —> ACH, +F 9

(10" ArCH; + Q —> ArCH, + P ArCH; + ArCF;” — > AICH, + AICF;  (10)
ACH, + H' — = ACH,  (11)

Scheme 7

Difluoro compounds
ArCHF —> ArCH + F 3)

4  ACH+e === ACH M AcHL ACHF, === ArCH™ + AICHF, (4)

ArCH + H  —> ACH, + F  (5)

Trifluoro compounds
ArCF, ——> AICF + F 3)

4)  ACF+ e === ArCF M AP+ ACF” === AICF + AICF;  (4)

ACF + H —»= ArCHF (5)
ArCHF ——> ArCH + F (7)

followed by the same reactions as reactions (4) (4') and (5) in the case of difluoro compounds
>:< + AICF  —— >v< (8)
A’ F

the case o and 9 since both the difluoro and monofluoro  more electrophilic, we have selected the same olefin to attempt
compounds appear in their voltammograms. All other trifluoro a trapping experiment (reaction 8 in Scheme 7' was
compounds show a single 6e wave. Their reductive cleavageelectrolyzed (see Experimental Section) in the presence of a
may go through the di- and monofluoro derivatives in the large excess of 2,3-dimethyl-2-butene. The only product found
framework of the internal redox catalytic mechanism discussed was 4-toluonitrile. The lack of reaction may be explained by
earlier. However, it may alsa priori follow the carbene the observation that no reaction occurs whers deprotonated
mechanism. A first argument against the latter possibility is by t-BuO™ in the presence of the same olefin (see Experimental
that there no obvious reasons that it would be followed with Section), in exactly the same conditions as those of the

1" and2-6 and not with1", 8, and9. experiment described above where quantitative carbene addition
We investigated the possible occurrence of the carbeneis observed with bromofluorotoluene as the substrate. We may

mechanism in more details in the caseltf. Phenylfluoro- thus conclude that the carbene does not form from the base of

carbene has been previously obtained by deprotonatiaroof 1" presumably because the-€ bond is much stronger than

bromofluorotoluene. Because of its electrophilic character it the C-Br bond. These observations confirm that the carbene
reacts quantitatively with the electron rich olefin, 2,3-dimethyl- mechanism is not followed in the reductive cleavage of the
2-butene. Since 4-cyanophenylfluorocarbene should be eventrifluoro compounds we have investigated.
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Discussion 21 -2 -19 -1.8 24 25 26 27 28
The mechanism of the reductive cleavage of the compounds i e

. . . ; : . 1a Y b

investigated has been established in the preceding section. 0.6

Besides its own interest, the knowledge of the mechanism was 1

necessary to derive correct values of the standard potential and 0.5

the cleavage rate constant of the primary anion radical. These 1

are gathered in Tables 1 and 2. 0.4 [ o
We first discuss the reactivitystructure relationships for the - T e Y

reductive cleavage of the three 4-cyanofluorotoluenes. A first AG 0.3

] '
observation is that, in both solvents, the cleavage rate constant €V) {a . b
decreases when the number of fluorine increases. The intramo- 0.35 E
lecular dissociative electron transfer model of anion radical
. ; . : 0.25
cleavag@ may be applied to explain this observation. The b -
predictions of the model are contained in the following egs 0.15_3 - -
RT RT, kT " ]
?Inkc,ea\,:?lnF—AG [2] 0.05
.17 -16 -15 -14 26 27 28 29 3
. . . . . 0 0
i(:]n\}?e following, energies are expressed in eV and potentials Eqx rx-" 0.75 D¢ + Epy px -
Figure 9. Correlation between the activation free energy of the anion
AG?\2 AG? radical cleavage of (from left to righf), 1", and1'"" with the standard
AGT = AG; 1+ :| =~ AG; + == [3] potential E%xrx. (8, &) and the function 0.7Brc + 0.5E%xrx. (D,
4AG;, 2 b'), in DMF at 20°C (@) and liquid NH; at —38 °C (m).

The second, approximate, version of eq [3] is valid as long  The standard potentidq, .. becomes more and more
as the driving force of the reactior AG?, is small as compared  positive from1’ to 1" and 1" (Table 1) as a consequence of
to the total reorganization energyA@f). The driving force the increasing electron-withdrawing effect of the fluoromethyl
may be expressed by eq [4] as a function of the bond group on ther* orbital of the aromatic moiety. The driving
dissociation energy of the starting compourizkx, of the force of the cleavage reaction decreases accordingly (eq [4]).
standard potential for the formation of the anion radical, This is a first reason why the cleavage rate constant decreases
E2xrx.. @nd the standard potential for the oxidation of the from 1' to 1" and1". If the C—F bond dissociation energy
leaving anion X, (the s's are the molar entropies of the and the intrinsic barrier were to remain constant in the series,

subscript species). the linearized version of eqs [3] and [4] would imply that the
o o o activation free energy should vary linearly with the driving force
AG" = Dgy + Egyrxe- = Exux- — T(Sz T Sx. — Srx) [4] with a slope of 0.5:
The intrinsic barrier free energ;AGf, is the sum of two . EORX/RX -
terms. OneAGg ., deals with the intramolecular nuclear AG = ———+Cst

rearrangement accompanying the cleavage of th&X ®ond. 2

It may be expressed by eq [5] as a function of the bond
dissociation energy of the starting compourizkx, of the
standard potential for the formation of the anion radical,
Elyxrx. and the standard potential for the oxidation of R

As seen in Figure 9d,athis prediction is not correct in both
solvents. The experimental activation free energy varies more
than predicted from the mere variation of the standard potential.
There is evidence that the-& bond dissociation energy varies
IANGE =D -D E0 0 with the number of fluorine atoms borne by the functional

ointra— Drxe- = Drx + Eryrxe- ~ Brur- carbon. Quantitative data are available gemfluoroalkanes,
+ T(Skx — Srxe- T S — S e.g., forgemfluoroethanes (4.58, 4.70, 4.86 eV feiCH,F,
—CHF,, and —CF;, respectively}* The bond dissociation

= Dgx + (Mrx = hrx.-) — (hg. — hg) (5] energy interferes both in the driving force (eq [4]) and in the
. ) ] intrinsic barrier. Using the linearized version of eq [3], we may
(the h's are the molar enthalpies of the subscript species).  thus attempt a correlation of the experimental activation free

+ - N .
_The other,AGo,S_oh, involves the solvent reorganization that  energy with 0.7Bg¢ + 0-5ng/rex-— (where theDge's are the
arises from the displacement of the negative charge from the hond dissociation energies of tgemfluoroethanes). Such an
aromatic portion of the molecule to the leaving fluoride ion. attempt implies several assumptions: (i) the increments in the

AGg,sow may thus be estimated from eq [6] BDEs of 1, 1", 1'" are the same as for the corresponding
) fluoroethanes; (ii) the entropic term in eq [4] is the same for

AGE = S 1 1 11 1 [6] the three compounds (it essentially corresponds to the formation

0,s0v ™ 4 205y, 23, d D, D of two particles out of one and should not therefore vary much

in the series); and (iii) lkx — hrx—) — (g — hg~ +

& is the electron chargegrx- is the radius of the sphere AG?,VSO,v is about constant. The first term increases frino
approximating the region of the starting anion radical where 1" because of the increasing electron-withdrawing effect of the
the charge is initially located, aragk,x-, the radius of the sphere  fluoromethyl group on the LUMO energy. The second term
approximating the location of the charge on the leaving group increases in a parallel fashion because the increasing electron-
when the bond i§ brokend is t_he distance_ be_tween_the centers (13) (@) Moss, R. A Przybyla, J. Rietrahedron1969 25, 647. (b)

of charge. ThdD's are the optical and static dielectric constants, \oss R.'A.Acc. Chem. Red98Q 13, 58.

respectively. (14) Joshi, R. M.J. Macromol. Sci.-Cheni.974 A8, 861
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Figure 10. Cleavage of the anion radical of the trifluoromethylarenes

in liquid NHz at —38°C. Correlation between the activation free energy

with the standard potential (in V vs 0.01 M Ai\g) (a) and the reaction

standard free energy (b).

withdrawing effect of the fluoromethyl group renders the
oxidation of the anion R- more and more difficult. It may thus
be considered that the variation of the first term is compensated
by the variation of the second. In the expressiorAG;so,\,

the most important factor in the first parenthesis is the second
term because the radius of the fluoride anion is smaller than

J. Am. Chem. Soc., Vol. 119, No. 40, 9997

electron-withdrawing groupl'”’, 3, 4, and5, fall below this

line with the two compounds bearing an ester group as para
substituent being located on another 0.5 slope straight line
situated 0.08 eV below the main line. The compound with a
para cyano substituent is located 0.16 eV below the line and its
ortho isomer, 0.12 eV. The pyridine compourl,s located
further below (at a distance of 0.22 eV from the main line).

It has been shown previously that the presence of electron-
withdrawing groups in the para or ortho position of benzyl
bromide and chloride decreases the bond dissociation energy
substantially (by 0.250.30 eV) while electron-donating groups
have little influencé® This effect has been interpreted as the
result of a destabilization of the starting molecule (rather than
of a stabilization of the benzyl radical) due to the opposing
polarizations introduced by the electron-withdrawing substituent
and the CHX group when they are located in resonance
interacting positions.

We may therefore assign the downward locatiod'tf 3, 4,
and5 in Figure 10a to the same destabilizing effect. The ortho
cyano derivative8 is located slightly above the para derivative
1" because of through-space effects in the former cdsand
5 are located abovE" because the electron-withdrawing power
of ester substituent is less than with a cyano group. The strong
electron-withdrawing power of the pyridine ring, explaining why
8 is located below all other compounds, matches the greater
reducibility of the pyridine ring as compared to the benzene
ring. Application of the linearized version of egs [3] and [4]
leads to estimating the decrease of the BDE of these compounds
compared to that of the unsubstituted compouneas 4/3 of
the vertical distance between the two straight lines, i.e., 0.20,
0.16, and 0.10 eV, respectively. The same explanation holds
for 8 with a larger distance, 0.22 eV, between the data point
and the main line leading to a decrease of the BDE of 0.30 eV.

In this framework, the alignment o and 9 with the
unsubstituted compoundderives from the lack of resonance
interaction between the electron withdrawing group (CN and

the radius pertaining to the anion radical and the center-to-centerpyrigine) and the Cgroup. In the case o, the para effect

distance. The third term iAGE may therefore be regarded as
approximately constant. As seen in Figure 9lifiere is indeed
a satisfactory linear correlation between the experimental
activation free energy and 0.0z + 0.5E3,rx. . A more
guantitative analysis of the activation vs driving force relation-
ship will be presented later on, after examination of the rate
data pertaining to the trifluoro compounds in liquid NfTable
2). Another striking feature of the cleavage kinetics of the anion
radicals ofl’, 1", and1'”, is that the activation free energies
are smaller in liquid NHthan in DMF (Figure 9) in spite of a
50°C difference in temperature. As discussed later on, in more
quantitative terms, this larger cleavage reactivity in liquidsNH
derives essentially from the stabilization of By NHz as
compared to DMF, resulting in a driving force advantage (eq
[4]) which is not compensated by the decrease in temperature.
NHs is indeed a more protic solvent than DMF, hence leading
to a H-bonding stabilization of anions such as F

We now examine the rate data pertaining to the anion radica
cleavage in the whole series of trifluoromethylarenes in liquid
NH3 at —38 °C (Table 2). Figure 10a shows that there is a
rough correlation between the activation free energy and the
standard potential for the formation of the anion radical (the
more negative the later the smaller the former) as expected from
the attending variation of the driving force (eq [4]). It is
remarkable that the data points2f6, 7, and9 sit on a single
straight line with a slope of 0.5, indicating that the-E bond
dissociation energy is closely the same for these four com-
pounds. It is also noteworthy that the data points for the
compounds substituted in the para or ortho position by an

observed withl"’, 3, 4, and5 is counteracted by the negative
charge borne by the carboxylate group.

The quantitative application of the intramolecular dissociative
electron transfer model requires the estimation of the standard
free energy of the cleavage reaction. This can be done, using
eq 4, for the unsubstituted compourd, The first term can be
obtained as follows. We first estimated the bond dissociation
energy of PhChH—F from

Dencr-F = AHpnch, T AiHe — AfHppcpe = 4.06 €V

(the AfH'’s are the enthalpies of formation of the subscript
species) using literature data.

We then assume that the increase of the BDE when going to
the CHR, and CFK derivatives is the same as gemfluoral-
kanest4 ThUS,DphCHr_F =4.18 eV anchhCE_p = 4.34 eV.

The last term in eq 4 represents the entropy increase corre-
sponding to the formation of two particles out of one. Thus,
ASis approximately 0.6 meV K! 19dand the entropic term is
0.14 eV. The second term in eq 4 was determined experimen-
tally. The last factor to be estimated is the standard potential
for the oxidation of F in liquid NH3 at 235 K. The standard
potential at 298 K was derived according to the same procedure

(15) (a) Clark, K. B.; Wayner, D. D. MJ. Am. Chem. S0d.99], 113,
9363. (b) Andrieux, C. P.; Le Gorande, A.; Sawng J. M.J. Am. Chem.
Soc.1992 114 6892.

(16) (a) Benson, S. Nthermochemical kineticgViley: New York, 1976.
(b) Handbook of Chemistry and Physi@2nd ed.; CRC: Cleveland, OH,
1991-1992.
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Table 3. Standard Free Energies and Intrinsic Barrier Free
Energies for the Cleavage of the Anion Radicals of
4-Cyanofluorotoluenes

medium
DMF at 20°C liquid NH; 5—38°C

compd BDE AGP?  AGL2 AGPa AG;?
1 3.86 -093 085 -135 091
1 3.98 -0.68 075 —-1.14 0.88
i 4.14 —0.41 0.805-0.88 0.92
0.805 0.90
+0.05 +0.02

a2ln eV.

as already used for other anioH&. It was thus found that

Efieonm, = 3-33 V vs 0.01 M Ad/Ag. The value at 235 K

was then found to bEZ>°(, = 3.53 V vs 0.01 M Ag/Ag.17
Thus, Egrce \, = —1.51 eV. We may therefore recast the

activation free energies &, 6, 7, and9 in a diagram having

the reaction standard free energy as horizontal coordinate as

shown in Figure 10b. Extrapolation of the 0.5 slope straight
line to zero driving force thus provides the common value of
the intrinsic barrier free energy, for these four compounds,
AGj = 0.96 eV.

The data point forl'"" is located 0.16 eV below the main
correlation line in Figure 10a. As discussed earlier, this means
that the bond dissociation energyXf is 0.20 eV smaller than
that of the unsubstituted compourtdj.e.,Dy» = 4.14 eV. Thus
from the application of eq [4]JAG% = —0.88 eV and, from
the linearized version of eq [S]AGf, 0.91 eV. The
contribution of the intramolecular dissociative electron transfer
to the intrinsic barrier free energy may be estimated from eq
[5] in the following manner. The anion df’, produced in situ
by deprotonation by-BuO~, gives rise, at a concentration of 3
mM and a scan rate of 0.2 V/s, to an irreversible cyclic
voltammetric peak at 0.43 V vs 0.01 M AfAg. In view of

Andrieux et al.

intrinsic barrier free energy may then be derived from the
application of the linearized version of eq 3 (Table 3). Itis
practically constant over the three compouridsl”, and1'".

The constancy of this parameter points to the conclusion that
the solvent reorganization energy is about constant and that the
variations of the standard potentials for the oxidation of the
carbanion (which both shift in the positive direction frdimto

1" and1"') compensate each other.

A similar analysis can be carried out for the results obtained
in DMF with the same compounds. The standard potential for
the oxidation of F, Exie pue = 2.59 V vs SCE, was obtained
from the available free energy of transfer from water to
DMF.17ed The values of the reaction standard free energies and
intrinsic barrier free energies ensue (Table 3). The intrinsic
barrier free energy is agaga. constant over the series pointing
to the same conclusions as in liquid BH

We also note that the intrinsic barrier free energies are not
very different when going from liquid Nklat —38 °C to DMF
at room temperature. It follows that the increased cleavage
reactivity observed in the former case as compared to the latter
is essentially caused by an increase of the driving force. This
is itself mainly due to a better solvation of the leaving fluoride
ion by the protic solvent Nklas compared to the aprotic solvent
DMF. For the following reasons, the intrinsic barrier is however
not strongly affected by this variation of the anion solvating
properties. BothEn, sy and En,z_ in eq 5 are expected to
shift in the negative direction when passing from liquid bl
DMF, the latter factor more than the former (because the
negative charge is more concentrated intRan in RX~). The
ensuing increase of the intrinsic barrier is however compensated
by a decreased solvent reorganization enéfgy.

Conclusions

1. The reductive cleavage of the trifluoromethylarenes leads

the values found for the heterogeneous rate constants found foto completely defluorinated products. It goes through the

the reduction ofl’, 1", and1"’, and of the fact that the charge
is more concentrated in the anionldfthan in the anion radicals
of the preceding compounds, 0.1 cri & a reasonable estimate

intermediate formation of the difluoro and monofluoromethyl
derivatives. The monofluoromethyl derivative is likewise an
intermediate in the reduction of aryldifluoromethyl compounds.

of the heterogeneous rate constant for the oxidation of the anionunlike gemdichloro, dibromo, or chlorebromo compounds,

of 1". Assuming that the radical thus produced undergoes a
rapid dimerization, the standard potential for this oxidation is
very close to the peak potential (0.47 instead of 0.43 V vs 0.01
M Ag*/Ag.).11b

It follows that AG?,Vimra and therefore thalAGz‘)’Solv The
possibility of an important contribution of solvent reorganizafidn
to the dynamics of intramolecular dissociative electron transfer

carbenes are not formed along the reaction pathway. The
reaction involves fluoride expulsion from the primary anion
radical, followed by reduction of the neutral radical thus formed.
The resulting carbanion rapidly protonates, thus producing the
hydrogenolysis product, rather than cleaving off a fluoride ion
to form a carbene. The difference with the chloro and bromo
analogues is presumably caused by the fact that carthoorine

has recently been demonstrated in the cleavage of anion radical$onds are much stronger than with the other halogens

of a-substituted acetophenon¥sd
Turning back to the di- and monofluoro compounds in the

2. The standard potential for the formation of the anion
radical increases from the mono to the di- and the trifluoro

same series (Figure 9), we may estimate the reaction standardjerivatives. The three standard potentials are however closely
free energy in liquid NH from the bond dissociation energies  spaced, thus opening the possibility of an internal redox catalysis
(Table 3) and the standard potentials (listed in Table 1). The |eading to an apparent direct six-electron reduction of the three

(17) (a) See Table 2 in ref 9a and the references quoted therein. (b)
Eg;,z,f,{,(m - E,?.’,Z,:gj,\}fm = (298 - 235)@- - ﬁ*,NHB - ‘Q-"(,thNH3 + S/.ig) (the
s being the entropies of formatior§e. = 1.65,5, = 0.44 meV K 1,160
The entropies of formation of Fand Ag' in liquid I\ﬁ-|3 were derived from
their values in water0.14 and 0.76 meV K! respectively®) by means
of: S oraginm, = S orag o T AuSE orag-Ho-nHy (the A¢S are the
entropies of transfer)AySag+ H,0—-nH, = —0.26 meV K1.17¢ For F, we

used the following procedure in the absence of directly available data. There

is a good linear correlation between the entropies of transfer Qf &,

and I~ from H2O to NHs and from BO to HCONH: AySk-H,0-NH; =

1.52A4S¢- H,0-Hoonn, — 1.18 meV K174 Extrapolating for F we

Obtained, usingxtr& H,O—HCONH, = —0.12 meV Kl,lw Alr& JH,0—NH; =

—1.36 meV KL SinceS_ ;0= —0.14 meV K117 .. = —1.50
meV. (c) Marcus, Y.Pure Appl. Chem1985 51, 1103. (d) Marcus, Y.;
Kamlet, M. J.; Taft, R. WJ. Phys. Chem1988 92, 3613.

C—F bonds. The occurrence of such a mechanism depends
upon the stability of the primary anion radical toward cleavage.
It is followed, as demonstrated on quantitative grounds, when
cleavage of the primary anion radical is slow enough for the
resulting radical to be formed far from the electrode surface.
Then, the product in which one fluorine has been replaced by
one hydrogen is itself formed far from the electrode surface
and undergoes homogeneous electron transfer from the primary

(18) Eq 6, being based on a Born model of solvation, is likely to be a
rather poor representation of the differences between a H-bonding solvent
and an aprotic solvent although the predictions deriving from the size of
the charge location volume and to the center-to center distant are most likely
correct.
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anion radical before having time to diffusing back and being mately the same in both solvents results from the compensation
reduced at the electrode surface. For these reasons, thiof two effects. Passing from DMF to liquid Ntshifts the
“disproportionation” or internal redox catalysis mechanism standard potentials for the formation of the anion radical and
occurs with trifluoro derivatives bearing electron-withdrawing for the oxidation of the defluorinated carbanion both in the
groups on the aromatic moiety. Conversely, an “ECE” mech- positive direction; the later more than the former because the
anism, where the defluorinated intermediate being formed closenegative charge it bears is concentrated over a smaller volume.
to the electrode surface undergoes an electrode electron transfefThe resulting decrease of the intrinsic barrier is however
occurs with trifluoro derivatives bearing an electron-donating compensated by an increase of the contribution of solvent
substituent or no substituent at all as well as with the difluoro reorganization.
derivatives.

3. The variations of the cleavage reactivity with the number Experimental Section
of quorines_ on t_he functional_ carbon and \{vith the structure of Cyclic Voltammetry. In liquid NHs, the working electrode was a
the aromatic moiety were derived from cyclic voltammetric and/ o 5 mm-diameter gold disk, frequently polished with alumina. A
or redox catalysis experiments. They could be successfully platinum wire was used as counter electrode, and the reference electrode
rationalized by the intramolecular dissociative electron transfer was a 0.01 M Ag/Ag electrodel®® The potentiostat, equipped with a
model. Application of the model involves relating both the positive feedback compensation and current meadtravas used
driving force (the opposite of the standard free energy of the together with a function generator (Tacussel TPPRT), a storage
reaction) and its intrinsic barrier to structural and medium factors oscilloscope (Nicolet), and an X-Y recorder (Sefram TGM164). The
in the reactants and products. c_ychc v_oltammetry experiments were run in an_electrochemlcaPeell

4. The rate of anion radical cleavage increases rapidly from filled with 8_0 mL of liquid ammonia, and potassium b_rom_lde was used

. . 7 as supporting electrolyte. The temperature was maintaine@&frC

the trifluoro to the difluoro and to the monofluoro derivative.

L . . with a cryostat (Bioblock Scientific).
In terms of driving force, an important factor is the standard |, DMF, the working electrodes were 1 or 3 mm diameter carbon

potential for the generation of the anion radic&P)(which disks. They were carefully polished and ultrasonically rinsed with
measures the LUMO energy. The higher the later factor, the ethanol before each voltammogram. The counter electrode was a
larger the driving force, and thus, the faster the reaction. The platinum wire and the reference electrode an aqueous SCE electrode.
acceleration of the reaction indeed parallels a shift of the The potentiostat, function generator, and recorders were the same as
standard potential in the negative direction. This is however above. The experiments were carried out atQ@n an electrochemical
insufficient to account quantitatively for the magnitude of the cell equipped with a double-wall jacket allowing circulation of water
acceleration. One should take into account the variation of filled with 5 mL of DMF andn-Bu:NBF, as supporting electrolyte.
another factor, namely the homolytic bond dissociation energy =~ Chemicals. N,N'-Dimethylformamide (Fluka puriss absolute) and

of the starting molecule (D) which decreases as the number of € supporting electrolyte-BuNBF, (Fluka puriss) were used as
fluorines diminishes. This is a second reason why the driving received. . .

force increases from 3 to 2 and to 1 fluorines. This factor also All tiifluoro compounds, with the exception d8 and 6, were

infl the intrinsic barri hich d th b purchased from Aldrich or Maybridge.
Influences the Intrinsic barrier, which decreases as the number: g, ;¢ prepared according to literatéfefrom the corresponding

of fluorines diminishes. On total, the activation free energy penzoic acid chioride antBUOH. A white solid is obtained after
correlates, as predicted by the intramolecular dissociative separation of the reacting mixture is separated on a silica column. with
electron transfer model, witk%2 + 3D/4. This correlation 3 70-30 cyclohexanedichloro methane mixture as eluant. Yield:
implies that the sum of the other ingredients of the intrinsic 56%;H NMR (CDCl) 6 1.62 (s, 9 H), 7.748.14 (AABB', Jas =
barrier remains constant in the series. This constancy derives9Hz, 4H);*C NMR (CDCk) ¢ 28.1 (CH3), 80.8 (C), 123.5 (CF3, q,
from the approximate constancy of the solvent reorganization Jer = 272 Hz), 125.3 (CH, qJcr = 4 Hz), 129.8 (CH), 133.2 (C),
energy and from the fact that the variations of the standard 134.3 (C, q.Jcr = 32.5 Hz), 165.7 (C).

potentials for the formation of the anion radical and for the 6 was preparedh situ by addition of a stoichiometric quantity of
oxidation of the defluorinated carbanion compensate each othert"BUOK to the acid.

: PR : ; ; ; To obtain1",2% a mixture of 4-cyanobenzaldehyde (5 mmol) and
while shifting in the negative direction upon passing from 3 to
2 and to 1 f?uorines 9 ponp 9 diethylaminosulfur trifluoride (5.2 mmol) was heated carefully till the

. . . start of the exothermic reaction. It was then maintained at@®@or

5_' The Stand_ard potent_lal _for the f_ormatlon of _the anion 35 min. The resultant mixture was dissolved in dichloromethane (15
radical of the trifluoro derivatives varies substantially upon m|) and the solution was poured into ice (20 mL) to remove the
changing the aryl moiety. This is the main factor which makes  diethylaminoN-sulfinyl fluoride formed in the reaction. The organic
the cleavage rate constant vary in the series through the ensuingayer is dried with magnesium sulfate. The products are eluted with
variation of the driving force. The bond dissociation energy dichloromethane on a silica column. A pale yellow liquid is obtained
of the starting molecule also interferes both in the driving force after evaporation of the eluant. Yield: 79% NMR (CD;COCD:)
and in the intrinsic barrier. This is the reason that the presence¢ 6.70 (t,Jss = 56 Hz, 1 H), 7.65-7.78 (AABB', Jag = 8.3 Hz, 4 H);
of an electron-withdrawing substituent, when located in a MS: m'z 153 ('\2/‘0) 152 (M— 1), 134, 103. .
resonant interacting position with the €§roup, accelerates To preparel’,2°¢5.5 mmol of 4-bromomethylbenzonitrile were added

: . . to 10 mL of a THF solution of NB4F (1 M). The mixture was stirred
:Eg (C:’!S?vsgﬁdreactlon by means of the attending weakening Ofunder an inert atmosphere at ambient temperature during 20 h. The

o . . .. . resultant mixture was poured in pentane (15 mL) and washed 3 times
6. The activation free energy of cleavage is smaller in liquid it water (10 mL). The organic layer was dried with magnesium
NH; at —38 °C than in DMF at room temperature. This syifate, and the products separated on a silica column wittCGlas
difference in reactivity is essentially of thermodynamic origin. eluant). A pale yellow liquid was finally obtained (mp 25 °C).
It derives from a better solvation by NHH-bonding solvent) . .
than by DMF (non H-bonding solvent). In both Solvent the ¢, {19 Rerer, Bl Sec. i FASEL 1667 () Caneay. b
major contribution to the intrinsic barrier comes from the nuclear vy : Thiebault, A. J. Appl. Electrochem1993 23, 841.
reorganization attending the intramolecular dissociative electron . (\%J)é?g ?:;?chél?b?;rgg?:;fg?'aﬁ\]'ig';cﬁgnr::ih't P.hV\é.dC:i.l;_;?t%fq]:LI, A.
transfer. However solvent reorganization is far from negligible. Y88 "5 7aa 2 102,69 Markov?kli?tL. N Pashinnik,
Its contribution to the intrinsic barrier isa. one-third of the V., E. Kirsanov A. V.Synthesi€973 787. (c) Cox, D. P.; Terpinski, J..
total. The fact that the intrinsic barrier free energy is approxi- Lawrynowicz, W.J. Org. Chem1984 49, 3216.
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Yield: 85%; 'H NMR (CDsCOCD;) 6 5.63 (d,Jur = 45 Hz, 2H), Experiment 2132 1" (0.7 mmol) andt-BuOK (0.9 mmol) were

7.63-7.84 (AABB', Jag = 9 Hz, 4H); MS: m/z 135 (M), 134 (M— added, under controlled atmosphere, to 2,3-dimethyl-2-butene (8.5

1), 110, 108, 107. mmol). The mixture rapidly turned brown, and it was stirred for 24 h.
Attempted Trapping of Carbene Intermediates. Experiment 1. The mixture was then dissolved in dichloromethane and poured into

Compoundl™’ (3 mmol) and 2,3-dimethyl-2-butene (20 mmol) were water. The organic layer was dried over magnesium sulfate and then
introduced into an electrochemical cell containing 20 mL of acetonitrile analyzed by GC/MS. Starting products were recovered without
and NBuBF, (0.1 M) as supporting electrolyte. The cathode (a4 cm formation of cyclopropanic product.

stainless steel foil) and the anode (1 cm diameter magnesium rod) were . . . .
then introduced in the reactor, and the electrolysis was performed under SHPPO”',“Q Information Available: Figures S%.SA' sum-
consumption of 3 Faradays per mol of substrate. The products were constants from them (2 pages). See any current masthead page
extracted with dichloromethane, thoroughly washed with water, and for ordering and Internet access instructions.

then analyzed by GC/MS. Analysis of products gave 39% 4-toluonitrile

and 61% unreactet!". JA9710940



