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Abstract: In Sgnyl reactions, unlike in conventional nucleophilic substitutions, the nucleophile does not react
directly with the electrophile but with a radical resulting from its reductive cleavage. Mgty Sibstitutions

require an external stimulation involving the injection of a catalytic amount of electrons. In “thermgd” S
reactions, there is no other source of initiating electrons than the nucleophile which is usually a poor electron
donor. Such reactions are unlikely to be initiated by a simple outersphere electron transfer from the nucleophile
followed by the cleavage of the substrate anion radical. Rather, initiation follows a mechanism in which electron
transfer and bond cleavage are concerted. These conclusions are based on a full analysis of a model system
involving 4-nitrocumyl chloride as the substrate and the 2-nitropropanate ion as the nucleophile where all the
pertinent thermodynamic and kinetic parameters were determined by direct or indirect electrochemical methods.
They extend to other examples of thermai\$ reactions reported earlier. These results provide new and
unambiguous evidence that a decrease in driving force is able to change the mechanism of homogeneous
reductive cleavage reactions from stepwise to concerted. The observation of this mechanism change was made
possible by the kinetic amplification offered by the chain character of thd $rocess, which allows the
investigation of very slow electron transfers resulting from very low driving forces, that would have otherwise
escaped characterization.

Skal substitutions (Scheme 1) form a well documented class Scheme 1
of reactions. Unlike in conventional nucleophilic substitutions, The S chain reaction
the nucleophile, Nu, does not react with the substrate, RX,

but with the radical Rresulting from the cleavage of the-X kn, 5 RNO
bond (X is very often a halogen atom, but other leaving groups N —_/

K u .
have been used). In a number of cases, the latter reaction R
involves the anion radical, RX, as intermediate as with X—A s
aromatic substrates (Scheme 1a). With aliphatic substrates able k. ~RX

to undergo §n1 substitutions rather tharny3 or Sy1 substitu- a: electron transfer to RX and cleavage
tions1" the mechanism depicted in Scheme 1b is followed of the R-X bond are successive
instead since the anion radical does not exist and the cleavage

. . s
therefore follows a concerted mechani&hThe key step in the __/ RNu RX
Skrnl reaction is the coupling of the radical® Rvith the Nu 7
nucleophile leading to the anion radical of the substitution _
X RNu
(1) (@) Kornblum, N.Angew. Chem., Int. Ed. Endl975 14, 734. (b)
Bunnett, J. FAcc. Chem. Red978 11, 413. (c) Savant, J.-M.Acc. Chem. b: electron transfer to RX and cleavage
Res.198Q 13, 323. (d) Rossi, R. A.; Rossi, R. H. Aromatic Substitution by of the R-X bond are concerted

the S&n1 Mechanism. IPACS Monograph 1978The American Chemical
Society: Washington, DC, 1983. (e) Russel, GA&lv. Phys. Org. Chem. . -
1087, 24, 271. (f) Bowman, W. RChem. Soc. Re 1988 17, 283. (q) product, RNer. The chain process (Scheme 1) is completed

Savant, J.-M. Single Electron Transfer and Nucleophilic Substitution. In by a reaction in which one electron is transferred from the
Advances in Physical Organic Chemistiethel, D., Ed.; Academic Press:  product anion radical to the substrate, leading to the substitution

New York, 1990; Vol. 26, pp +130. (h) Rossi, R. A.; Pierini, A. B; ; : ; _
Palacios, S. M. Nucleophilic Substitution by thexd Mechanism on Alkyl product and closing the propagation Ic?o]ihls electron-transfer/

Halides. InAdvances in Free Radical ChemistryAl Press: New York, bond-breaking reaction may be stepwise as in Scheme la or

1990; Vol. 1, pp 193-252. (i) Savent, J.-M.Acc. Chem. Re<993 26, concerted (aliphatic substrates) as in Scheme 1b.
iggé‘@ﬁé“ﬂg's"z'&kieg;‘{ggtcj._G,\',l'ﬁfogf]‘;’s?bﬁéﬁ‘i%ﬂfg??ﬂ?’ﬁ{' ~ In most cases, the reaction requires an external stimulation
Savant, J.-M.Tetrahedronl994 50, 10117. (m) Rossi, R. A.; Pierini, A. in which a catalytic amount of electrons is injected into the
B.; Pérefory, A. B. Recent Advances in ther@l Reaction of Organic

Halides. InThe Chemistry of Halidesseudo-Halides and AzideBatai, (2) When an electrode is used to inject the initiating electrons into the
S., Rappoport, Z., Eds.; Wiley: New York, 1995; Vol. 24, pp 139385. solution, the reoxidation of RNu may also take place at the electrdée.
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solution. Solvated electrons in liquid ammo#fasodium Scheme 2
amalgam in the same solvettight,10-43electroded¢ electro- -
CH, CH, BG 0
generated electron dondi& ferrous salté,have been used for I . -
. 0, c—C + (F NO, «—» /C—N\ R
this purpose. (|:H3 H, HC *o
However, there are several examples where the reaction works o
without external stimulation. They mostly concern Kornblum C-substitution / \05“"5“‘“"0“
reaction$*in which the substrates are benzyl or cumyl deriva- e
tives activated by one or more electron-withdrawing substituents (H; CHy M N=C
. . {+
on the phenyl ring (generally nitro groups). A few examples of O.N ¢—¢No; O ¢—0" O
similar reactions have been reported with aromatic iodtdes. CH,; CH CHy
What is the mechanism of these reactions, the so-called leO
“thermal” Sgn1 reactions? The only species that might provide (Hh b
stimulating electrons to the system is the nucleophile ifSelf. 02 (—OH + ON=-C-H

/ L CH.
However, in most cases, the nucleophile is such a poor electron 3 CHs

donor that electron transfer from the nucleophile to the substrate

is expected to be extremely slow, apparently too slow to serve for the reaction with homogeneous electron donors, giving rise
as a viable initiation step. Previous attempts to discuss this to @ slightly uphill reaction. The observation that a concerted
question have come to the same conclusion even if the valuesreaction is taking place with poor electron donors such as the
used for the pertinent standard potentials were rather uncertain2-nitropropanate ion thus implies that a change in mechanism
and if the kinetic factors controlling initiation, propagation, and has occurred as a result of the attending change in driving force.

termination were not precisely taken into accow@ftSo far, This novel piece of evidence that the driving force controls the
the reason thermal g1 reactions work has thus remained transition between stepwise and concerted mechanisms in
mysterious. dissociative electron transfers will be discussed in conjunction

The work reported below aimed at solving this enigma. Our With previous observations pointing to the occurrence of the
strategy was to select one model pair of reactants, identify the Same phenomenon.
reaction products, measure the reaction kinetics, determine all . .
of the thermodynamic and kinetic factors of initiation, propaga- Results and Discussion
tion, and termination that allow one to predict what should be  Reaction of 4-Nitrocumyl Chloride with 2-Nitropropanate
the reaction kinetics if the nucleophile were the electron-donor |on. Reaction Kinetics. The reaction was carried out under
initiator, and compare the result with experiment. The example pseudo-first-order conditions (excess of 2-nitropropanate ions)
we selected for this purpose was the reaction of 4-nittocumyl in acetonitrile at 25C, under an argon atmosphere in a light-
chloride with the 2-nitropropanate ion. It will be shown that protecting vessel. The 2-nitropropanate ion was introduced as
the results rule out the possibility that initiation could be a simple the tetramethylammonium salt. Two products were formed
outersphere electron transfer from the nucleophile to the (Scheme 2). One is the expected C-substitution product. The

substrate, leading to an anion radical that would cleave in a other is an unstable compound which decomposes into the
successive step. The alternative is a dissociative electron transfeg.-nitrocumyl alcohol during workup and may thus be ascribed

where the electron transfer from the nucleophile and the breakingto O-substitutior?. With 4-nitrobenzyl derivatives, the C-
of the carbor-halogen bond in the substrate are concerted. After substitution product is considered to result from theylS

estimation of the pertinent thermodynamic and kinetic param- reaction and the O-substitution product fromy@ Substitutiort2
eters, it will be shown that the predicted kinetics satisfactorily Since steric hindrance at the reacting carbon preventsye S
reproduce the experimental results. Albeit with fewer details reaction to occur with 4-nitrocumyl chloride, we are led to
and less precision, we will see that the dissociative electron- conclude that both the C- and the O-substitution products result
transfer mechanism also explains the results gathered in previougrom a Syl reactior®
studies of thermal g1 reactions of 4-nitrocumyl chloride with The concentrations of 4-nitrocumyl chloride and of the two
other nucleophiles. Although, for phenyl iodide, the lack of sybstitution products vary with time as represented in Figure
pertinent thermodynamic and kinetic data precludes a detailed1a. The half-reaction time is 41 min. Repeated runs showed a
analysis of the reaction, it will be shown that the initiation step good reproducibility of the time variations.
cannot be of the outersphere type in this case, too. . The Sl character of the reaction was ascertained by the
As shown below, the electrochemical reduction of 4-nitro- effect of light irradiation and of the addition of a radical trap.
cumyl chloride, a slightly uphill process, follows a stepwise Under light irradiation (Figure 1b), the half- reaction time is
mechanism, as does 4-nitrobenzyl chloridehe same is true  considerably shortened (3 instead of 41 min). Addition of di-
(3) (a) Several possibilities have been envisaged for the mechanism of tert-butyl nlt'roxllde completely quenched th? “?aCT'O“: neither
light initiation, in particular, the excitation of a nucleophile-charge-transfer the C-substitution product nor the O-substitution product was
complex?’_b’clnthe rgaction ofthiolates_ with 1-iodoadamantane, the initiating observed after 4 h. This last experiment confirms thglS
electron is photoejected from the thiolate fr(b) Hoz, S.; Bunnett, J. F. - oharacter of the reaction. Since the radical trap may only react

J. Am. Chem. S0d 977, 99, 4690. (c) Fox, M. A.; Yonnathan, J.; Fryxell . .
J. Org. Chem1983 48, 3109. (d) Ahbala, M.; Hapiot, P.; Houmam, A.;  With the R radicals that have escaped the solvent cage where

Jouini, M.; Pinson, J.; Saaat, J.-M.J. Am. Chem. Sod995 117, 11488. R, Nu, and X~ have been formed, this experiment also indicates
(4) Galli, C.; Gentili.J. Chem. Soc., Perkin Trans.1®93 1135.
(5) (a) Kim, J. K.; Bunnett, J. 1. Am. Chem. S0d.97Q 92, 7463. (b) (8) (a) The O-substitution product is also obtained, albeit in lesser yield,

Scamehorn, R. G.; Bunnett, J. F..Org. Chem1977, 42, 1449. (c) Swarz, upon reaction with the lithium salt of 2-nitropropanétdon pairing of the
J. E.; Bunnett, J. FJ. Org. Chem1979 44, 340. (d) Scamehorn, R. G.; negative end of the 2-nitropropanate ion by the countercation is expected

Hardacre, J. M.; Lukanich, J. M.; Sharpe, L. R.Org. Chem1984 49, to be stronger with Lfi than with (CH)4N™, thus explaining why the
4881. percentage of O-alkylation is less in the first case than in the second. (b)
(6) () Eberson, LJ. Mol. Catal 1983 20, 27. (b) Eberson, LActa Kornblum, N.; Davies, T. M.; Earl, G. W.; Holy, N. L.; Manthey, J. W.;

Chem. Scand. B984 38, 439. Musser, M. T.; Swiger, R. TJ. Am. Chem. S0d.968 90, 6219.
(7) Andrieux, C. P.; Le Gorande, A.; Sa, J.-M.J. Am. Chem. Soc. (9) Ambident reactivity of nucleophiles is not unprecedented. For

1992 114, 6892. examples in aromaticgrl reactions see ref 1k and references therein.
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Figure 1. Reaction of 4-nitrocumyl chloride (2 mM) with tetramethyl-
ammonium 2-nitropropanate (10 mM). Variation of the concentrations
with time, @): 4-nitrocumyl chloride, £) C-substitution product)
O-substitution product() total of products. (a) In the dark. (b) Under
light irradiation (wavelength> 300 nm).

Scheme 3
Initiation of the Sgy1 chain reaction
i

Nu + RX Nu'+RX

-4

eu

RX

a: stepwise initiation

R+ X
Nll-+RX —kl; R’ + X-+ Nu’

b: concerted initiation

that, in the absence of radical quencher, the radicdio®s not
react with Nu before diffusing out of the cage. They may
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Figure 2. Cyclic voltammetry of 4-nitrocumyl chloride (2.68 mM) in
CHsCN + 0.1 M EtNBF,. (a) Cyclic voltammogram at 0.2 V/s. (b)
Variation of the peak potential of the first cathodic wave with the scan
rate.

As shown in Figure 2a, the cyclic voltammogram of 4-nitro-
cumyl chloride on a glassy carbon (GC) electrode exhibits an
irreversible two-electrof¥ wave. The variation of the peak
potential with the scan rate (Figure 2b, slope: 38.2 mV per
decade) indicates a mixed kinetic control of the reaction by the
electron transfer and by a follow-up first-order reacti®hnt
These observations suggest the reduction mechanism depicted
in Scheme 4. The anion radical formed upon electron transfer
to the substrate cleaves to yield a radical that is easier to reduce
than the starting material. The overall reduction is thus a two-
electron process, the second electron being transferred from the
electrode (ECE pathwa$f) and/ or from RX™ in the solution
(DISP pathwa$f9. The reduction of the radical produces an
anion which protonates rather slowly in the absence of purposely
added acid, thanks to the presence ofprétro substituent on
the phenyl ring. The carbanion gives rise to an irreversible one-
electron anodic wave around0.4 V vs SCE in which the
radical is regenerated and further undergoes dimerization
similarly to the oxidation of 2-nitropropanate ion that will be
described further on. Thus;0.4 V vs SCE is an approximate

however react outside of the cage. This observation will be usedmeasure of the standard potential of th#RR couple. This

later when simulating the reaction kinetics. The fact that the
formation of both the C- and the O-substitution products is

quenched by the radical trap confirms that both species result

from a SKn1 reaction.

Can the Syl Reaction Be Initiated by a Simple Outer-
sphere Electron Transfer from the Nucleophile to the
Substrate (Scheme 3a)7o answer this question, the deter-
mination of the standard potentials of the RX/RXand Nu/
Nu~ couples and of their intrinsic barrier is a first requirement
for simulating the experimental kinetics. A second parameter
of interest is the rate constakg, of cleavage of the anion radical
RX"".

The standard potential of th&X/RX*~ coupleandthe rate
constant of cleaageof RX*~ were determined by a combination
of direct cyclic voltammetry and redox catalysis.

observation confirms that the radical, when formed at the first
cathodic wave, is immediately reduced, explaining why a global

(10) (a) From the comparison of the peak current with the peak current
of the one-electron reversible wave of the C-substitution product, taking
into account the variation of the peak height resulting from the change in
kinetic control that occurs upon raising the scan #té.(b) Nadjo, L.;
Savant, J.-M.J. Electroanal. Chem1973 48, 113. (c) Andrieux, C. P.;
Savant, J.-M InElectrochemical Reactions in#estigation of rates and
Mechanism of Reactions, Techniques of ChemiBteynasconi, C. F., Ed.;
Wiley: New York, 1986; Vol. VI/AE, Part 2, pp 3053910. (d) The choice
of an ECE mechanism rather than a DISP mechanism is justified by the
value ofk; thus found. Indeed, the competition between the two mechanisms
is governed by the paramet® (Fy/RT)Y2is,CUKY? (CO is the bulk
concentration of substrate). The DISP solution electron transfer is a very
downhill reaction (standard free energy of eg0.7 eV) and thuskdisp =
kit = 2 x 1019 M~1 571, |t follows that, within the range of scan rates we
explored (0.3-20 V/s), the above parameter ranges from 3074 to 6 x
1073, i.e., values that are much in favor of the ECE pathway.
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reversible cathodic wave corresponds to the reduction of the
hydrocarbon, RH, that resulted from partial protonation of R 05 0 05 1 15 2

into its anion radical EgH/RH-— = —1.18 V vs SCE). As Figure 3. Redox catalysis of the reduction of 4-nitrocumyl chloride
expected, the irreversible one-electron anodic wave increasedy duroquinone in CECN + 0.1 M EuNBF.. (a) Variation of the

at the expense of the second one-electron reversible cathodicureguinone peak current with the duroquinone concentration at 0.2

wave upon increasing the scan rate, whereas the reverse i /s. (b) Variation of the duroquinone peak current with the duroquinone
L ) S€ 1Zoncentration and the scan rate in the domain where the reaction is

observed upon addition of a weak acid (phenol) to the solution. under the kinetic control of the forward electron-transfer step. At 0.2

In the absence of purposely added acid, simulation of the cyclic \;5 c© = 0.05, 0.1, 0.2, 0.377, 0.4, 0.75, 1.5 mM. At 1 Ve, =
voltammogram indicates that the pseudo-first-order rate constanty 1, 0?2 mM. For both a and b, the ratio of the concentrations of
of protonation of R, ky+, is of the order of 0.1 substrate and mediator is constant and equal to 2.9.
Coming back to Figure 2b, the value of the peak potential at
each scan rate is a function of the two following parameters Scheme 5
(assuming that the transfer coefficient is equal to &5). Redox Catalysis
e + BT n(RT) o
RXRX= " 2F "\ F wv QT+ RX === Q+ RX™

€

(or alternatively RX" —Fem R4 X

0 2RT [ [2RT\V R+ QL= R4 Q
ERX/RX-- + ? |n[ks(m 1 k
R+ Q - Rro
and 2R’ fa dimer and/or
H-atomdisproportionation products
1/2 ké

p= (_ R + H —= RH
Fvl %

RQ+ HY —~ RQH

(ks is the heterogeneous electron-transfer standard rate constanglectron reversible cyclic voltammetric wave with a standard
v the scan rate an® the diffusion coefficient). Fitting the potential of — 0.825 V vs SCE. Upon addition of RX, the
experimental data points with the theoretical curve for an ECE cathodic peak increases, and the wave loses its reversibility as
mechanls(r)n (solid line in Figure 2b) leads to two relatllon'sh|ps a result of the regeneration of the oxidized form of the mediator,
betweenEgy rx.-, ke andks. As seen below, from application  Q, by reaction of its reduced form,"Q with RX (Scheme 5).

of the redox catalysis methoB,rx.. = —1.12 V vs SCE. It The relative increase of the cathodic péalk (ip andi) are the

i p— 5 —1 — Y o1 H P
follows (takingD = 107> cn? s7%) thatke = 4 x 10’ s* and peak currents in the presence and absence of substrate respec-
ks =1.07 cm s1.10d tively) is the source of the kinetic information (Scheme 5) from

The redox catalysi®°!* experiments were carried out with  which the parameters of interest will be derived. As seen in
duroquinone as the mediator. Duroquinone exhibits a one- Figure 3a,iy/i] increases with the concentration of the media-

0 0
(11) (a) Andrieux, C. P_; Hapiot, P.; Savet, J.-MChem. Re. 199Q 90, tor, Co, for a constant value of the excess factd},/Co,
723. (b) Andrieux, C. P., rI?locman, C.; DumaS-BOU(C?iat,dJ.-M.: M'Halla, before reaching a plateau. This behavior is characteristic of a
F.; Savant, J.-M.J. Am. Chem. S0d98Q 102, 3806. (c) Andrieux, C. P.; ; _ ini i i
Blocman, C.. Dumas.Bouchiat, J.M. MHalla, F.. Sa J-M.J. change in the rate-determining step which controls the catalytic
Electroanal. Chem198Q 113 19. (d) Nadjo, L.; Saiant, J.-M.: Su, K. B. process from the forward electron transfer (rate conskanto

J. Electroanal. Chem1985 196, 23. the cleavage (rate constamht) with the preceding electron-
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Figure 4. Cyclic voltammetry of tetramethylammonium 2-nitropro-
panate (2.4 mM) in CECN + 0.1 M Et4NBF,. Variations of the anodic
peak potential with the scan rate.

-0.04

transfer acting as a preequilibrium in the latter case. It should

J. Am. Chem. Soc., Vol. 121, No. 18, 198%5

(Figure 4) indicates that the electron-transfer step is followed
by an irreversible second-order reaction (dimerization and/or
H-atom exchange disproportionation, global rate constajt,
When the scan rate is increased, the kinetic control passes
progressively from the follow-up reaction to the electron-transfer
stepl® The variation of the peak width with the scan rate was
also found to be consistent with this reaction scheme.

The value of the peak potential at each scan rate is a function
of the following two parameters (assuming that the transfer
coefficient is equal to 0.5

0
RT, [RT2ZKCnu-
BN+ 3¢ In(? — )

(or alternatively,

2RT, [, [2RT\V
Eﬁu-muﬂ“?'n[ks(m 1

also be taken into account that the catalytic process is 5pq

counteracted by the coupling of the Rdical with the anion
radical of the catalyst (rate constamtqg. In the range of

mediator concentrations where the forward electron transfer is

the rate-determining stefy/i’ is a function of two dimension-

less parameters,R(I’/F)(kecglv) and g = Kked(Ked + Kadd)-

Under these conditions, the fitting of the experimental data
points with the appropriate theoretical curve (solid line in Figure
3b) leads tke = 1.8 x 10° M1 s andq = 0.83311412The
reduction of the Rradical by the reduced form of the mediator
has a driving force of ca. 0.4 eV. It may thus be considered to
be at the diffusion limit Keq = kgt = 2 x 1000 M~1s72), It
follows thatkagq = 4 x 10° M~1 s7L. If we assume that the
electron transfer from RX to the oxidized form of the mediator

is also under diffusion limitk_e = kgt = 2 x 10*° M~1 s7),
derivation of the standard potential of the RX/RXouple from

ke F

K. exﬁ{ﬁ-(EgX/RXﬁ — Ege-)

leads toER ry.. = —1.12 V vs SCE. The assumption that

= kgt is justified by the fact that this reaction is strongly
downhill, with a driving force of ca. 0.3 eV. The data shown in
Figure 3a allow, in addition, the determination of the cleavage
rate constank; since, upon increasing the mediator concentra-

b= 31/3(E)2/3 ké
P i Deh, )™

(ks is the heterogeneous electron-transfer standard rate constant,
v the scan rate anb the diffusion coefficient,CEllr the bulk
concentration of 2-nitropropanate ions). Fitting of the experi-
mental points with the appropriate working culfeeads to
two relationships betweey,,,, , ki andks. The value ofkg
may be derived from previous data concerning tie-butyl
and the 2-cyanopropanate radiééland taken as equal to 10
M~1s7L It follows thatEy,,, = 0.077 V vs SCE andks =
0.2cm sl

The rate constant for theoupling of the 4-nitrocumyl radical
with the 2-nitropropanate igrkyy, was obtained both from direct
cyclic voltammetry and redox catalysis experiments. In each
case the experiment should be carried out quickly before the
thermal reaction takes place to a significant extent. The direct
method consists of observing the decrease of the substrate peak
current upon addition of increasing amounts of the nucleophile.

(14) (a)kq for the tert-butyl radical is practically the same in benzene
and in acetonitrilé? andkg for the 2-cyanopropanate radical is 0<910°
M~1s71in benzené? (b) Weiner, S. A.; Hammond, G. S. Am. Chem.
Soc.1969 91, 986. (c) Schuh, H. H.; Fischer, Hiely. Chim. Actal978

tion, the kinetic control passes from the forward electron transfer g1, 2130.

to the cleavage reactiok. has already been derived from the
direct cyclic voltammetry of 4-nitrocumyl chloride. To test the

agreement between these experiments and the redox catalysi

(15) () Somewhat different values B, have been reported in the
literature for the tetramethylammonium salt of 2-nitropropafzté. value
gf 0.044 V vs SCE was obtained by treating low scan rate cyclic
Voltammetric data as if the oxidation were under complete electron-transfer

experiments, we simulated the catalytic data displayed in Figure kinetic control. The pitfalls of this procedure, previously applied to the

3a using fork; the cyclic voltammetric value, 4 107 s71. Itis

reduction of NAD" analogue¥cdwhere a follow-up dimerization is also

seen that the agreement between simulation and experimentaffolved. have been previously analyz8a.The second value, 0.1 v vs

data is excellent.

Thestandard potential of thBlu’/Nu~ couplewas determined
by means of cyclic voltammetry. 2-Nitropropanate ions exhibit
an irreversible one-electron anodic wa¥evhich remains

CE, was obtained by the second harmonic AC technique using a BAS
100B instrument. Chemical reversibility of the system was claimed to be
reached at a 50 Hz frequen¥.In cyclic voltammetry, there is no trace of
reversibility at 200 V/s which corresponds to a frequency of 8000 Hz. There
is, therefore, no possibility that reversibility could be reached at 50 Hz.
The theoretical misconceptions and instrumental artifacts behind this

irreversible at the highest scan rate we have investigated (2500apparent reversibility have been previously discus&th) Fukuzumi, S.;

V/s). The variation of the peak potential with the scan rate

(12) Protonation of the two carbanions follows irreversible steps in both

Fujita, M.; Maruta, J.; Chanon, Ml. Chem. Soc., Perkin. Trans1994
1597. (c) Fukuzumi, S.; Kumitsu, S.; Hironaka, K.; Tanaka]. TAm. Chem.
Soc.1987 109, 305. (d) Fukuzumi, S.; Kitano, ™. Chem. Soc., Perkin.

cases and therefore does not interfere in the overall kinetics. The second-Trans 21991, 41. (e) Hapiot, P.; Moiroux, J.; Saaet, J.-M.J. Am. Chem.

order reactions undergone by @ not exert a significant influence because
its concentration is very low. This was checked by simulation carried out

Soc.199Q 112 1337. (f) Andrieux, C. P.; Hapiot, P.; Pinson, J.; Save
J.-M. J. Am. Chem. Sod.993 115, 7783.

in the absence of reactions and with a reaction rate constant equal to the (16) (a) Amatore, C.; Chaussard, J.; Pinson, J.; &ayd.-M.; Thidault,

diffusion limit which indeed gave the same result with a good precision.
(13) From the comparison of the peak current with the peak current of

A. J. Am. Chem. So979 101, 6012. (b) Amatore, C.; Pinson, J.; Sang
J.-M.; Thigbault, A.J. Am. Chem. S0d.982 104, 817. (c) Amatore, C.;

the one-electron reversible wave of ferrocene in the same solvent, taking Oturan, M. A.; Pinson, J.; Sasat, J.-M.; Thidault, A.J. Am. Chem. Soc.

into account the variation of the peak height resulting from the change in
kinetic control that occurs upon raising the scan téte.

1985 107, 3451. (d) Amatore, C.; Saaat, J.-M.; Thibault, A. J.
Electroanal. Chem1979 103 303.
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Figure 5. Determination of the rate constari,, for the coupling
between the 4-nitrocumyl radical and the 2-nitropropanate ion. (a)
Cyclic voltammetry of 4-nitrocumyl chloride (1.2 mM) in GBN +
0.1 M E4NBF4 in the presence of increasing amounts of tetramethyl-
ammonium 2-nitropropanate. (b) Cyclic voltammetry of duroquinone
(0.425 mM) in CHCN + 0.1 M E4NBF4 in the presence 4-nitrocumyl
chloride (1.23 mM) and of increasing amounts of tetramethylammonium
2-nitropropanate. Scan rate: 0.2 V/s.

Scheme 6
k .-
R+ Nu~ —Ma RNu

RNu'—e” === RMu
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Scheme 7

- kNu

R’ + Nu RNu®~

.- kg
RNu' "+ Q U RNu + Q°~

force of ca. 0.3 eV. The standard potential derived from the
one-electron reversible wave of an authentic sample of the
C-substitution product is indeedl1.12 V vs SCE, exactly the
same as the standard potential of 4-nitrocumyl chloride and very
close to those of the corresponding alcohel,.16 V vs SCE
(from the one-electron reversible wave of an authentic sample),
and hydrocarbon;-1.18 V vs SCE (as reported above). These
observations indicate that the main factor that governs the
standard potential in this family of compounds is the energy of
the * orbital of the 4-nitrophenyl group with little influence
of the substituents borne by the benzylic carbon. We may thus
infer that the standard potential of the O-substitution product,
which we cannot measure because of its instability, is very close
to that of the C-substitution proddétand therefore that the
driving force of the electron transfer from RNuto Q is
practically the same in both cases. Under these conditions, the
ratio iy/ip is a function of the paramet&NuCy,, /[(Ksir + Kaad
Cg]. Fitting of the experimental points in Figure 5b thus leads
to kno/(Kgit + Kagd = 4.7 x 1073, and thus tdy = 1.1 x 10°
M~1s™1 a value that is in agreement and more accurate than
the value derived from the direct cyclic voltammetry. It should
be emphasized that the rate constant thus obtained is a global
value corresponding to both C- and O-substitutions. The rate
of coupling between Rand Nu is relatively modest, signifi-
cantly smaller than in the case of aryl radicals. As discussed
earlier, this results from the fact that the-®8u bond is weaker
in benzylic derivatives (even more so for cumyl derivatives)
than with phenyl derivatives and that this effect is not fully
compensated by the activation of the radical due to the presence
of the p-nitro group*

The simulation of the oerall kinetics for an outersphere

In the present case, the decrease is very small within the rangeelectron-transfer initiatiorrequires the knowledge of the rate
of available nucleophile concentrations (Figure 5a) due to a constants of the initiation step, of each step in the propagation
rather modest coupling rate constant and to the severe competiloop, and of the termination steps.

tion with the reduction of the radical at the electrode in the

For initiation, the forward and backward rate constars,

framework of an ECE process (the mechanism involves the andk-;, are obtained from the following equatiot:¢

reactions composing the ECE version of Scheme 4 plus the
reactions in Scheme 6). Under these conditions, the decrease

of the peak current, defined as the rat[,(ﬁilip of the peak

currents in the presence and absence of nucleophile respectively,

is a function of the parametekn,Cy, /[(kair + k,',ldd)c(({)].l6
Fitting of the experimental points leads kg,/k. = 0.03 M1,
and thus tdg, = 1.2 x 108 M~1s71, As discussed above this

value is not very accurate. Redox catalysis allows a more precise

determination ofkyy. It consists of observing the decrease of

the catalytic peak current of the mediator in the presence of the
substrate upon addition of increasing amounts of the nucleo-

Ko Kiir Kot e LEO _p )’
Kgir €X RT( RX/RX+~ Nur/Nu-
K F
E = exF{ﬁ-(EgX/Rx-— - Erglu-/Nu—)] )
0 0 2
— —hom _ i& Envne- — ERX/RX-) ]
Ket=2 ex;{ RT 4(1 + 7 )

phile}” We used the same mediator, duroquinone, as in the where the preexponential factaf}°™ = (awu + arx)?(87RT
previous experiments. Figure 5b shows the decrease of the ratiq)? = 4.27 x 10" M™* s™%. (u = 61.065 g is the reduced
iN‘/ip of the peak currents in the presence and absence ofMmass.awu = 3.88 andagx = 4.53 A are the radii of the

nucleophile, respectively, upon addition of the nucleophile. The

(18) This conclusion falls in line with the following observation. In the

mechanism involves the reactions listed in Scheme 5 plus thefirst stages of the substitution reaction, when the O-substitution product
reactions of Scheme 7. The decrease of the catalytic peak currenfas not yet decomposed into the alcohol, the cyclic voltammetry of the

results from the consumption of the oxidized form of the
mediator by electron transfer from RNu The latter reaction

solution exhibits a single one-electron reversible wave for the two
substitution products.
(19) (a) Andrieux, C. P.; Saeat, J.-M.J. Electroanal. Chem1986

may be consider to be under diffusion control for it has a driving 205 43. (b) Marcus, R. AJ. Chem. Physl956 24, 4966. (c) Hush, N. S.

(17) Amatore, C.; Oturan, M. A.; Pinson, J.; Sawg J.-M.; Thidault,
A. J. Am. Chem. S0d.984 106, 6318.

J. Chem. Phys1958 28, 962. (d) Marcus, R. A. InfSpecial Topics in

ElectrochemistryRock, P. A., Ed.; Elsevier: New York, 1977; pp 161
179.
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equivalent sphere derived after a quantum chemical calculationScheme 8

where the geometries were optimized using the B3LYP density
functional method). In view of the very low driving force, only
the last two terms in the right-hand side of eq 1 are significant.
The reorganization energy, may be estimated as the sum of
the solvent and intramolecular reorganization enerdigand

Ai. Ao is obtained from eq 4°

1
2ay,

11 )
28gy  ay, T agy
(loineV,asinA) (4)

ho=4

We thus find: 1o = 0.481 eV.4; may be obtained from the

electrochemical intramolecular reorganization energies for the

two reactants according to eq 5.
2= Ainu- + Arx (5)

The electrochemical reorganization energies may themselves b

a

Termination Steps

. d1 .
2R’ —— dimerand/or
H-atom disproportionation products

. ko
2Nu" ——= dimer and/or
H-atomdisproportionation products

k
R'+Nu'—m~ RNu
. oo ko
R'+ RX*"— R +RX
. o ko -
R’ + RNu" " —~= R +RNu
- ky*
R + HY —Hw Ry

Table 1. Reaction of 4-Nitrocumyl Chloride with the
2-Nitropropanate lon. Pertinent Rate Constaatsd Simulation of
the Experimental Kinetics

derived according to eq 6 from the previously determined
electrochemical standard rates constahts.

ke = Z° ex;{— —F(/lgl A7) (6a)
4RT
with
o= \/% (M, molar mass) (6b)
and
12 (eV) = 3/a (A) (6¢)

We thus findA§y, = 0.773 eV,A%, = 0.296 eV,i§ ry
0.662 eV,/lf:qx = 0.193 eV. It is interesting to note that the
value found for/lﬂw, is close to the value, 0.253 eV, derived
from B3LYP density functional quantum chemical calculations
(see Experimental Section). Thus= 0.489 eV.A = 0.97 eV
and therefore, from eqs13, k = 1.06 x 107*° M1 s71, and
ki =1.9x 10"°"M~1s1 As expected for such a poor driving
force of the forward electron-transfer step, the backward
electron-transfer step is practically under diffusion control.

For propagation the rate constants of two among the three

Propagation
ke=4x 107 kng =1.2x 1%, ky =k p =6 x 10°
Termination
kd1:4>< 1(?, kd2=109, k«;ZZX 1(?, k(]_:k(2:2 X 1010
Initiation

outersphere electron transfer dissociative electron transfer
0 _ 0 —
Erxry- = —1.1Z E'RXIRX-JrX* =—-0.26

ki =1.09x 10720, k; = 1.9 x 10° =2.22x 10"

Simulation (Experimenta;, = 41 mirf)
outersphere electron transfer dissociative electron transfer
t12 = 4200 min ty2 =30 min

aIn M~t st unless otherwise statetis™. ¢ In V vs SCE.¢ Reaction
of 2 mM 4-nitrocumyl chloride with 10 mM tetramethylammonium
2-nitropropanate in CkCN at 25°C.

All of the pertinent rate constants are summarized in Table
1, thus allowing the simulation of the experimental kinetics.

It immediately appears th#tte outersphere electron-transfer
initiation mechanism cannot account for the ohsst kinetics
the half-reaction time being more than 100 times larger than
that observed. The chain process considerably enhances the
global rate of the reaction (without a chain process, the half-
reaction time would be 3 centuries) but the outersphere electron
transfer between the nucleophile and the substrate is still too
uphill a reaction to make it a viable initiation step.

The outersphere electrochemical reduction of 4-nitrocumyl

steps have already been determined. We now need to estimat@horide is a slightly uphill reaction (for example, at 0.2 V/s,

the electron-transfer rate constants between the RX/RXd
RNu/RNu~ couples (Scheme 1). The driving force of the
reaction between RNuand RX is equal to zero. A reasonable
estimate ok, andk-, is to take the self-exchange rate constant
of the dinitrobenzene/dinitrobenzene anion radicad, 80° M1

s 121 gs a common value.

the cyclic voltammetric peak potential is0.95 V vs SCE
whereas the standard potential+4.12 V vs SCE, i.e., the
driving force is—0.17 eV). It has been shown to consist of an
outersphere electron transfer followed by the cleavage of the
resulting anion radical. The same is true for the homogeneous
reduction of 4-nitrocumyl chloride by the anion radical of

The termination steps are those depicted in Scheme 8. Aquroquinone for which the driving force is0.3 eV. It is

reasonable estimate &fi; is 4 x 10° M~1 s71, based on the
value reported for the cumyl radical §810° M~1 s71),14Ptaking
account of some delocalization of the unpaired electron on the
nitro group kqz has already been estimated as equal foML.0O*

s L. A reasonable estimate &f; is thus 2x 10° M~1 s A

predicted on theoretical grounds that a decrease in driving force
should induce a change in the reductive cleavage mechanism
from stepwise to concerted as illustrated in Figuré®g.

Experimental evidence of the correctness of this prediction has
been reported in two electrochemical examples and for one

SeCOHd SerieS Of termination StepS inVOlVeS the I’eduction Of the homogeneous reacné’ﬁWe may thus expect that the Very low

radical R by the two anion radicals RX and RNu~. Both are
very downhill reactions with a driving force of ca. 0.8 eV. We
may thus consider that each of them is under diffusion control.

(20) Andrieux, C. P.; Sawmt, J.-M.; Tardy, C.; Saeat, J.-M.J. Am.
Chem. Soc1998 120, 4167.
(21) Kojima, H.; Bard, A. JJ. Am. Chem. Sod.975 97, 6317.

driving force offered by the 2-nitropropanate ion may trigger

(22) (a) Andrieux, C. P.; Robert, M.; Saeva, F. D.; Sawg J.-M.J.
Am. Chem. S0d994 116, 7864. (b) Andrieux, C. P.; Saaat, J.-M.; Tardy,
C.; Savant, J.-M.J. Am. Chem. S0d997, 119 11546. (c) Antonello, F;
Maran, JJ. Am. Chem. S0d.997 119 12595. (d) Severin, M. G.; Farnia,
E.; Vianello, E.; Afealo, M. C.J. Electroanal. Chem1988 251, 369.
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S = 1.65, Sx = 4.76 meV/K. We thus findEpyp.,x. =
—0.26 V vs SCE. It follows from eq 7 tha' = 2.2 x 1076

M~1 s From this value and the rate constants already
determined for the propagation and termination steps, we find
a half-reaction time of 30 min, in good agreement with the
experimental value. We may thus conclude that the mechanism
of the thermal &1 substitution of 4-nitrocumyl chloride by
2-nitropropanate ions indeed involves as the initiation step the
transfer of an electron from the nucleophile to the substrate but
that electron transfer and bond breaking are concerted rather
than successive. In other wordbge anion radical of 4-nitro-
cumyl chloride does not transpire along the initiation pathway
although it is an intermediate during propagatioRigure 6
illustrates the passage from the stepwise to the concerted
mechanism in the homogeneous reductive cleavage of 4-nitro-
cumyl chloride as the driving force is made weaker and weaker.
It is seen that this change of mechanism allows an acceleration
of the initiation by the 2-nitropropanate ion by a factor of 20 000
resulting in an acceleration of the overak\3 reaction by a
factor of 140. The chains are long (chain length: 25 000), but
the termination steps nevertheless play an important role (with
no termination the half-reaction time would be 80 s instead of
1800 s) although the termination products are formed in very
low amounts escaping detection; after the completion of the
reaction of 2x 1072 M 4-nitrocumyl chloride with 162 M
tetramethylammonium 2-nitropropanate, >3 1008 M R—R
dimer or H-atom disproportionation products are expected to

Figure 6. Passage from the stepwise to the concerted mechanism uponbe formed, 3x 1078 M RNu to be formed by coupling of R

decreasing the driving force. (Top) Potential energy profiles. (Bottom)
Reaction of 4-nitrocumyl chloride with homogeneous donors; dia-

monds: 2-nitropropanate ion, squares: duroquinone anion radical,

circles: RNu~. E: electrode potential or standard potential of a
homogeneous donor.

the passage from the stepwise to the concerted mechanis
(Scheme 3), thus resulting in an enhancement of the initiation
rate (as illustrated in Figure 6).

We thus examine now whethedassociatie electron-transfer
initiation step matcheghe experimental kinetics.

k' may be obtained from eq'%2023

, g g\
k' =Zhomex4_ %%(1+ Nu+/Nu ;U RX/R+X) with

A =BDE+ 1, +4' (7)

whereBDE is the R-X bond dissociation energy. Fadg', the

with Nu* and 4.04x 10° M RH, 4 x 10° M from the
reduction of Rby RNu~ and 4x 1071 M from the reduction
of R* by RX*~.26

Reaction of 4-Nitrocumyl Chloride with Other Nucleo-
philes. The reactions of the same substrate, 4-nitrocumyl

n{:hloride, with a few other nucleophiles have been previously

Investigated, and the half-reaction times can be estimated from
reported datd’ Although all of the pertinent rate constants are
not as precisely known as those with the 2-nitropropanate ion,
we may attempt to see whether the same mechanistic conclusion
is valid for these nucleophiles, too.

The experimental data as well as the available rate constants
with the various parameters used to evaluate them are given in
Table 2. We see that, in all cases and as for the 2-nitropropanate
ion, the rate constant for outersphere electron-transfer initiation
is much smaller than the rate constant for dissociative electron-
transfer initiation. What is lacking for a simulation of the
experimental kinetics, in the framework of the latter mechanism,

solvent reorganization energy, we may take the same value,js the value of the rate constants for the coupling of the radical

0.481 eV as already used in the outersphere ¥agg.is the

with the nucleophile,kyy. We thus adjustedky, so as to

intramolecular reorganization energy besides the cleavage ofreproduce the experimental kinetics in the framework of the

the R—X bond. Itis equal to the electrochemical intramolecular
reorganization energy for the oxidation of Nu0.296 eV.

concerted mechanism. The values thus obtained (Table 2) are
close to the value found for the 2-nitropropanate ion,<.20°

The standard potential for the dissociative electron transfer M~1 s-1 ranging from 5x 10° to 10/ M~ s 1. As discussed

may be expressed &y x- = —BDE + Eyy + T(Sk —

S¢ — XRx)- E?(.,X_ is equal to 1.89 V vs SCE in aceto-
nitrile.2> BDE and the molar entropies have been estimated by
means of B3LYP density functional quantum chemical calcula-
tions (see Experimental Sectio§DE = 2.6 eV, & = 4.62,

(23) (a) Savaent, J.-M. Dissociative Electron Transfer. Advances in
Electron-Transfer ChemistnMariano, P. S., Ed.; JAl Press: New York,
1994; Vol. 4, pp 53-116. (b) Savant, J.-M.J. Am. Chem. S0d987, 109,
6788. (c) Savent, J.-M.J. Am. Chem. S0d.992 114, 10595.

earlier, the rate constants for radicalucleophile coupling are
expected to span a rather narrow range of values because of
mutual compensation of the reactivity governing paraméters.
The fact that quite reasonable valuekaf are thus obtained is

(26) That much less RH is formed from the latter reaction than from the
former results from the instability of RX toward cleavage. That the
reduction of Rby RNu~ is a less efficient termination step than the two
other is a reflection of the fact that RNuis formed relatively slowly as
compared to its reoxidation by RX. In other words, the coupling ‘ofvEh

(24) The solvation radius of RX decreases as the reaction proceeds, butNu~ is the slowest step in the propagation loop.

this effect is likely to be compensated by the steric hindrance to solvation
within a solvation shell crowded with three particles.

(25) Andrieux, C. P.; Differding, E.; Robert, M.; Sava, J.-M.J. Am.
Chem. Soc1993 115, 6592.

(27) Kornblum, N.; Cheng, L.; Davies, T. M.; Earl, G. W.; Holy, N. L.;
Kerber, R. C.; Kestner, M. M.; Manthey, J. W.; Musser, M., T.; Pinnick,
H. W.; Snow, D. H.; Stuchal, F. W.; Swiger, R. J.Org. Chem1987, 52,
196.
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Table 2. Reaction of 4-Nitrocumyl Chloride with Other Conclusions
Nucleophiled

The solution of the riddle posed by Kornblum’s therma\ B

Nu . PhS — PhSQ NO; reactions is as follows. The nucleophile does work as a single
I EXpe“megtfl ggndmon% aln% %ata 01 05 electron-transfer initiator of the chain process. However, the
[solv]ér[lt u’l DME HMPAS DMSOP mechanism of initiation does not consist of a mere qutersphere
reaction timé 2 min 31 300 h electron transfer from the nucleophile to form the anion radical
Propagation of the substrate. It rather involves a dissociative process in which
ke=14x 107, ky= k=6 x 10° electron trans_fer and bond breaking are.con.certed. The passage
Termination from a stepwise to a concerted mechanism is a consequence of
Kes= 4 x 10, ke = 2 x 1CP the Iow driving force offered by the poor electron donor
ke 96x 10°"  96x 1P 1CPi properties of the nucleophile.
Ke1 = Kez = Kait 2 x 1010 2 x 1010 5x 1¢° The present study thus provides a new example of the
Dissociative Electron Transfer Initiation governing role of the driving force in passing from one
arx = 4.53,BDE = 2.6,Edy .. = —0.26 mechanism to the other. The possibility of investigating the
EQ 0.1« 0.58 0.8" redyctlve cleavage regcthn under §gc;h _ low _dnymg forces
aNu" 4,08 3.64 2.93 derives from the amplification of the initiation kinetics by the
Ai 0.363 0.363 0.873 chain process, therefore giving access to very slow reactions
Ad 0.467 0.502 0.503 that would otherwise escape kinetic measurements. The result
Zhoms 4.2 x 101 3.5x 101 4.3 x 101 ; ; ; : .
Kt 64% 107 13x 1011 15 10-16 pbtalneq with 4-n|'§rocumyl chIonQe and the 2-n|trop(opanate
predicted value ok, 1.1 x107 107 5y 108 ion provides a particularly unambiguous characterization of the

passage to the concerted process as the driving force decreases

Outersphere Electron Transfer Initiation . . . . )
P since the dissociative reaction is then more than 4 orders of

0 —
Ko Eﬁi(/ix'ic;ﬂl '121018 1.4 102 magnitude faster than the outersphere reaction.
predicted reaction tinfe 240 min 2400 h 100 000 h The first illustration of the theoretical expectation that a

aMonomolecular rate constants in's bimolecular rate constants decrease in driving force should drive the mechanism of

in M-t -1 eneurgies in eV potentialss in v V‘; SCE. radii in A, reductive or oxidative cleavages from stepwise to concéited
b Concentrations in M¢ N,N'-dimethylformamided Hexamethylphos-  Was found in the reduction of triphenylmethyl pheny! sulfide
phorotriamide ¢ Dimethylsulfoxide.” Half-reaction time unless other- by a series of aromatic anion radicals in DI#EThe conclusion
wise stated? Time for completion of the reactiofl.Reference 15.  was drawn with some caution because it was based on a rather
Assumed to be the same as for PhSGuessed value; an increase or  ,nqast deviation of a low driving force data point from the
a decrease by 1 order of magnitude has no significant effect on the
simulated kinetics® Reference 15f. Taken as equal to the value of outersphere electron-transfer curve. Two examples of the same
the peak potential at 0.2 V/s in tetrahydrofuf&n™ Taken as equal to phenomenon were found later on in the electrochemical reduc-
the value of the peak potential at 0.5 V/s in DMSO as measured by us. tion of sulfonium cations in acetonitrik®ab That it is not a
E)Flfgm Ej;'f-YP(/f@lCI?‘* Q_Uantl:m Cgemlr::'alh C|a|C;|a;'§?ﬁ§6°7f25‘% T/ special feature of this particular class of compounds was further
-13 cm/$* and application of eq 6, which leads 4 = 0.735 eV. demonstrated by the finding that it also appears in the reduction
p -31G* . .

Assumed to be the same as for PhSFrom B3LYP/6-31G* quantum of tert-butyl-p-cyanoperbenzoate in DMES which was ana-

chemical calculations.From eq 4.5 Z"°™ = (ay, + arx)? (87RTu)Y2 i . .
From eq 7Yk = kgt exp[(F/RT)(ES E0.n. )] " Reference  lyzeédin even greater detail thanks to the use of the convolution

27. RARX voltammetric techniqué® The present work provides a further,
unambiguous, homogeneous example which confirms the valid-

a strong indication of the correctness of the dissociative electron-ity of the concepts underlying the theoretical predicfiémit

transfer character of the initiation step. The simulation of the @lso emphasizes the practical importance that this phenomenon

experimental kinetics according to an outersphere electron-Mmay have.

transfer initiation step, using the above valuekaf leads to . .

reaction times that are considerably larger than the experimentaIE)qOe”memal Section

data, thus ruling out this mechanism. Another way to reach the  Chemicals.Acetonitrile (Merck Uvasol), the supporting electrolyte

same conclusion is to attempt adjusting the valuggeto as NEBF, (Fluka, puriss), 2-nitropropane (Aldrich), nitrocumene (Ald-

to reproduce the experimental kinetics. It is thus found that even rich), tetramethylammonium hydroxide pentahydrate (Aldrich), duro-

with values ofky, much above the diffusion limit, the predicted quinone (Fluka), dte_ert—butyl nitroxide (AIdrlch)_Were used as recelve_d.

. - . . - . 4-Nitrocumyl chloride was prepared from nitrocumene as described
_rea_ct|on t_|me remains larger than the experimental reaction time, ¢ ..vher@o The tetramethylammonium salt of 2-nitropropane was
in line with the fact that the cleavage of RXthen becomes  prepared directly in the reaction vessel as follows. A deoxygenated
the rate-determining step in the propagation loop. solution of 2-nitropropane in acetonitrile is added, under argon, to a

As to thearyl iodidesevoked in the Introduction, no sufficient ~ flask containing tetramethylammonium hydroxide pentahydrate. The
supporting data are available to conduct the same type Of‘solution is s_tirred for a few _minutes and_ th_en transferred under argon
analysis as in the 4-nitrocumyl chloride case. The occurrence " the reaction vessel. 2-Nitropropane is in small excess so that the

f h | fer initiati is h quantity of nucleophile formed is equal to the quantity of tetramethyl-
of an outersphere electron-transfer initiation step is however 4, onium hydroxide pentahydrate.

extremely unlikely. Taking the s.tar.1dard potential pf penzonitrile Silica gel (MN Kiesegel 60, 76230 mesh, Macherey-Nagel) was

(—2.25 V vs SCE) as a higher limit of the phenyl iodide/phenyl employed for column chromatography. Analytical TLC was performed

iodide anion radical standard potential an@.15 V vs SCE as 8 Ao G Bl Mousmd T Roiardo G That AV

the standard potential for the oxidation of a typical ketone J.-r(\l.T)etgﬁ:cg?énl'@l 4(;9?7"’17'_’  roando, & Thmil, A Verbeaux

enolate nucleophile, the standard free energy of the initiation  (29) (a) Imbeaux, J. C.; Saaet, J.-M.J. Electroanal. Cheml973 44,

reaction would be 2.10 eV, resulting in a rate constant of 3 169, (&) Safent, J W, Tessier, 0. Electroaral Chentas 65 57. ()
4 . . T avent, J.-\Vl.; lessier, ISCUSS. Faraday S0 3 .

1036 M~1s71, obviously much too small for a viable initiation (30) Kornbium, N.; Ackermann, P.; Swiger, R. T. Org. Chem198Q

step, whatever the rate of the propagation and termination steps4s, 5294.
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with 0.25-mm coated commercial plates (Macherey-Nagel, Polygram  The experiments devised for determining the rate constant of
SIL G/UV2s4). NMR spectra were taken in CDQlising TMS as the coupling between the 4-nitrocumyl radical and the 2-nitropropanate
internal standard folH (200.132 Hz). Melting points are uncorrected. ion by direct cyclic voltammetry or redox catalysis must be carried

A 25-cm Kromasil C18 column, using 50% GEN—50% HO as out rapidly before the thermal reaction has time to take place to a
eluent was used for high-pressure liquid chromatography analysis.  significant extent. The following procedure was applied in this purpose.
Reactions of 4-Nitrocumyl Chloride with Tetramethylammonium A 10 mL solution of 2 times the final concentration of 4-nitrocumyl
2-Nitropropanate. Identification of the Reaction Products.A 100 chloride is prepared and divided into two 5 mL portions. Mixing one

mL solution of the nucleophile (84 mM) is prepared as described above. of these portions with 5 mL of a solution of pure supporting electrolyte
It is then transferred, in the dark, under argon, into a 100 mL and recording of the voltammogram allows the determination of the
deoxygenated solution of 4-nitrocumyl chloride (42 mM) in acetonitrile. peak current in the absence of nucleophﬁERapid mixing, within a
After stirring the solution during 10 h, HPLC analysis shows that few seconds, of the second of these portions with 5 mL of a solution
4-nitrocumyl chloride has completely disappeared and that two reaction containing 2 times the final concentration of the nucleophile and
products have been formed. Acetic acid (380 was then added to  immediate recording of the voltammogram allows the determination
the solution. After solvent evaporation and addition of ,CH, the of the peak current in the presence of nucleoplijle,

remaining white solid (most probably NMel) is removed by filtration.
Evaporation of the CkCl, solution left a crude material which was
shown to contain three products by HPLC. One of the two reaction
products has been partially converted into a third product. The crude
product was purified by silica gel chromatography (CEHHCHsCN, 95:

5), and two products were recovered and identified as the C-substitution
product (one of the two reaction products) and 4-nitrocumyl alcohol
which comes from hydrolysis of second reaction product.

C-substitution product: mp 210°C (powder);*H NMR 6 1.56 (s,

Quantum Mechanical Calculations. The calculations were per-
formed with the Gaussian 94 pack&§aising the B3LYP?® density
functional method with a 6-31G%* basis set. The geometries and
electronic energies of 4-nitrocumyl chloride, 4-nitrocumyl radical, and
of the chloride atom were calculated by full optimization of the
conformations. The enthalpies and molar entropies were obtained after
calculation of the frequencies. These values were corrected by a scaling
factor (0.9804) applied to the zero-point energies and thermal energy

i 2d
12H, CH;) & 7.84 (m, 4H, H-arom). MS (CI,CH 253 (M + H™). corrections: , _ o
4-Nitrocumyl alcohol: H NMR & 1.62 (s, 6H, CH) 6 2.0 (s, 1H The rad!l of the equivalent spheres of the various species of |_nt§rest
OH) 6 7.65 (d, 2H.J = 9.0 Hz, H-arom)® 8.’17 (’d oHJ = 9.0’ Hz’ were obtained by means of a volume calculation on the optimized
H-arom); MS &CI éH) 183 (M’Jr H). T ' geometries, meaning the volume inside a contour of 0.001 electrons/
' ' bohe density.

Kinetic Studies. A 20 mM solution of tetramethylammonium . L .
2-nitropropanate in acetonitrile is prepared as described above. It is The heterogeneous internal reorganization factor of the nucleophile
transferred, in the dark, under argon, into an equal volume of a Was calculated as follow&.The intramolecular reorganization factor

. . . gl - :
deoxygenated solution of 4-nitrocumyl chloride (4 mM) in acetonitrile. fOr the electrochemical oxidation of the nucleophil§, is obtained
The transfer duration is less than one minute. The solution is from

continuously stirred. At different reaction times, 1@0of the solution

is sampled and immediately added to 2Q0of an acetonitrile solution o B -Et+E,—E

of acetic acid in order to quench the unreacted nucleophile. The resulting A= - 2

solution is then analyzed by HPLC.

The same reaction procedure was followed in the experiments where
the reaction was carried out under irradiation (continuous irradiation
with a 150-W xenon lamp). It was also employed in the experiments
where the reaction was carried out, in the dark, in the presence of di-
tert-butyl nitroxide (3.24 mM). JA9902322

In all cases, the samples were analyzed by a high-pressure liquid
chromatography (Gilson instrument) with UV detection at 270 nm. The ] r(]32) (a)BFFiGSChhMbbJ-:'\AfoCkéhG- W, SCh]]eQR?L Etl?r»] ?illbpf M. W.; o
i i i i+h Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
;ﬁ?ﬁs:tti::aggnmspgs.each product were determined by comparison with A. ; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Electrochemical Measurements.The working electrode was a 3~ Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
mm-diameter glassy carbon disk carefully polished before use. The Wong, M. W.; Andres, J. L.; Replogle, A. S.; Gomperts, R.; Martin, R. L.;
counter-electrode was a platinum wire and the reference electrode anFox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

; ; ; i~ Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision E.1; Gaussian,
?q“debousl’( SCE ele‘:tr?de' Thg pOtent'tOStat' equipped W':L‘ a POSItive - ~bittsburgh, PA, 1995. (b) Becke, A. D.Chem. Physl993 98, 5648,
eedback compensation and current measurer, was tn€ Same ayey Hariharan, P. C.; Pople, J. Afhem. PhysLett 1972 16, 217. (d)
previously described. Foresman, J. B.; Frisch, &xploring Chemistry with Electronic Structure
Methods Gaussian Inc.: Pittsburgh, PA, 1996.
(31) Garreau, D.; Saeat, J.-M.J. Electroanal. Chem1972 35, 309. (33) Klimhans, A.; Larsson, SChem. Phys1994 189, 25.

where E; and E; are the optimized energies of Nuand Nu,
respectively, whileE; is the energy Nuin the geometry of Nu, and
E4 is the energy of Nuin the geometry of Nu




