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Homogeneous Reduction of Haloacetonitriles by Electrogenerated Aromatic Radical
Anions: Determination of the Reduction Potential of*CH,CN
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The mechanism of homogeneous reduction of XCN (X = ClI, Br, 1) by organic radical anions (D) has

been investigated in DMF. All three haloacetonitriles undergo a concerted dissociative electron transfer with
formation of a fragment cluster in the solvent cage. The interaction erigy@f the fragment cluster has
been determined by applying the “sticky” dissociative electron-transfer model to the kinetic data obtained for
the reaction between each X@EN and a series of donors. The interaction energies lie in the range from
0.19 to 1.67 kcal mol and decrease from Cl to Br and to I. Both the smallnes®pf/alues and their
dependence on the bulkiness of Bonfirm the electrostatic character of these interactions. The intermediate
radical stemming from the dissociative electron transfer to Xth¥reacts with D~ either by radical coupling

(ko) or by electron transfek§). Examination of the competition between these reactions, which can be expressed
by a dimensionless parametgr= ke/(k: + ke, as a function o£p . allows determination of the standard
reduction potential ofCH,CN (E° = —0.69 V vs SCE) as well as the reorganization ener@yf the redox
process. A significant contribution of internal reorganizatiomtbas been found, indicating a change of
structure fronrCH,CN to "CH,CN.

Introduction A very important issue of the concerted dissociative ET is

whether the two fragments of the reaction may form a stable

cluster. Quantum chemical calculatiéh®9indicate that dis-

sociative electron attachment on alkyl halides in the gas phase
ay give rise to strongly interacting radical ion pairs, especially

f electron-withdrawing groups are attached to t€ of the

radical moiety. Several-ray irradiation experiments carried out

on alkyl halides in the gas phd8er in rigid organic matrixe's

have evidenced the formation of fragment clusters. These

interactions are expected to decrease or even to disappear in

Electron transfer (ET) to organic molecules, bearing suitable
leaving groups such as halides, is quite often accompanied by
fragmentation of as-bond. There are two possible reaction
mechanisms for such reductive cleavages. ET and bond breakin
can occur either in a stepwise manner with the intermediate
formation of a radical anion (eqs 1 and 2) or in a concerted
way in which two fragments, a radical and an anion, are
produced in a single step (eq 3).

Dy the liquid phase, especially in polar solvents capable of solvating
RX +e=RX Q) A . i .
the ionic fragment. There is, however, growing evidence that
RX™ —R + X~ @) fragment clustering plays a nonnegligible role in concerted
B i B dissociative ET to alkyl halides even in solvents as polar as
RX+e —R' +X 3) N,N'-dimethylformamide (DMF) or acetonitrife?:12

The existence and magnitude of the ion radical interactions
strongly influence the dynamics of the dissociative electron
transfer to the parent molecule. In fact, when fragment clustering
is significant, the dissociative ET theory in its original form
does not fit satisfactorily the experimental data, A@&* values
&redicted by the theory being considerably greater than the
experimental ones. The theory has been recently revised to take
into account possible interactions in the products stemming from
AG°) dissociative ET212 The improved model of the dissociative

A large body of examples of both types of mechanisms has
been reported for various classes of compouridshe case of
alkyl halides, both homogenedu$ and heterogeneotis’
reductive cleavages follow a concerted mechanism. According
to the dissociative ET theory developed by Saué the kinetics
of the concerted reductive cleavage process can be describe
by eq 4:

s (4) ET (the “sticky” model), which is based on Morse-type energy
0, profiles for both reagent and product system, gives the following
activation driving force relationship:

AG' = Aeg(l +

where AG* is the activation free energyG® is the reaction
free energy, an(AGf, is the intrinsic barrier, i.e., the activation Do — /D% + 2 AG° — D
free energy at zero driving force. The intrinsic barrier is given AG* = (vDrx 2 ? O{1 + P2

by AG, = (Drx + Ao)/4, where Dry is the R-X bond \ (vDgrx = 4/Dp)"t+ 4,
dissociation energy ant} is the solvent reorganization energy. (5)

* Corresponding author. E-mail: A.Gennaro@chfi.unipd.it. whereDp is the interaction energy of the ion radical pair. As
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seen in eq 5, the reaction kinetics is strongly influenced by the 100
presence of weak interactions becaDsenot only modifies the
driving force, as would do a product work term, but also it
decreases the intrinsic barrier (standard activation energy).
Equation 5 has been applied successfully to the heterogeneous
reductive cleavage of carbetnalogen bonds in a few alkyl
halides. Application of the “sticky” model to these systems also
made possible the precise determination of the halide ion radical
interaction in the fragment cluster. The experimental examples
of dissociative ET with fragment clustering are quite limited
and are mostly concerned with electrochemical reactions at inert
electrode$:”12Here we report on the homogeneous reduction E (V vs SCE)
of three haloacetonitriles by electrogenerated organic radical Figure 1. Cyclic voltammetry of 1.25 mM 1,4-dicyanobenzene in DMF
anions. The process is shown to follow a concerted dissociative+ 0.1 M (n-C4Hg)aNCIO;4 at a glassy carbon electrode at= 0.2
ET mechanism with the formation of interacting fragments, with Vs in the absence~{——) and presence of either 3.04 mM phenol
interaction energies depending on the dimension of the leaving (™ = ~) ©r 3.04 mM phenol 2.52 mM CICHCN (= - -).
halide ion. This study provides the first examples of a
homogeneous concerted dissociative ET in which interaction

of the product fragments plays an important role in the dynamics ) S
of the process. standard potential for ferrocene oxidation in DMFO0.1 (n-

A second interesting aspect of the homogeneous reductionC4Hs)eNCIOs is 0.475 V against the KCI saturated calomel

of haloacetonitriles concerns the cyanomethyl radical. Indeed, electrode (SCE). In the article, all of the potential values are

such a radical is formed as an intermediate in many processed €POrted against SCE. Digital simulations were performed by
where the solvent C#EN is engaged in H-atom transfer USing the program DigiSim 2.1 (Bioanalytical Systems).

reactions. This is the case, for example, for many electrochemi- . .
cal processes in which very reactive odd-electron species argResults and Discussion
generated® Besides being the simplest of the cyanoalkyl Kinetics of the Homogeneous Reduction of Haloacetoni-
radicals, which are intermediates in many reactiof$},CN triles. The kinetics of the homogeneous reduction of haloac-
is also of great interest in interstellar cloud chemidfriyluch etonitriles by a series of electrochemically generated organic
attention has been therefore dedicated to this interesting radicalradical anions (D) was investigated by cyclic voltammetry.
Various studies on its thermodynamic propefiess well as This indirect method, known as homogeneous redox catalysis,
its spectroscopt€ characterization have been reported. Despite has been already described in detail and applied to the electron
importance, the redox properties ‘@H,CN have never been  transfer to many compounds#1920|n the case of an alkyl
examined. In the course of the homogeneous reduction processhalide RX the following reaction sequence takes place:

the intermediately formed cyanomethyl radical may further react

electrode was Ag/AgIf-C4Hg)sNI 0.1 M DMF, calibrated after
each experiment against the ferrocene/ferricinium couple. The

with D*~ according to the following reaction pathways: D+e =D~ ®)
D*” + "CH,CN— D — CH,CN~ (6) D" +RX=D+R+X" (©)

D" + ‘CH,CN— D + CH,CN ) D" +R—~D+R (10)

D" +R —DR" (11)

where D~ is the reduced form of the donor molecule D. Kinetic
analysis of the competition between the above reactions, which  The initial step of the reaction is a rate-determining concerted

depends orER .-, makes possible the determinationf of dissociative ET from the radical anion to the alkyl halide. The

the *CH,CN/~CH,CN couplel’ alkyl radical R reacts with D~ according to two competitive
reaction pathways: (i) ET to give R(eq 10) or (ii) radicat

Experimental Section radical coupling leading to alkylation of the mediator (eq 11).

Chemicals.N,N-Dimethylformamide (DMF) (Janssen, 99%) The competition beFWee“ red_uction and coupling depends on
was kept over anhydrous MaOs for several days and stirred the standgrd reductlor_1 potentials of both D ard R :
from time to time. It was then fractionally distilled under reduced . The various _aromatlp compounds_ used as medlat_ors all give
pressure under Nwice and stored in a dark bottle undes.N rise to a reversible cyclic voltammetric wave, and their standard

Tetran-butylammonium perchlorate (Fluka 98%) was recrystal- potentlgls Eoip--). measured as the mldpomt between the
lized twice from a 2:1 waterethanol mixture and dried at 60 cathodic and anodic peaks, are gathered in Table 1. Figure 1

°C under vacuum. The haloacetonitriles and the aromatic ShOV_VS a typical examplt_a of the voltammetric beha\{ipr of a

compounds used as mediators were all commercially availableme.dlator and the catalytlcleffect observed upon .6_\dd|t|on of a

and were used as received. halide. Catalysis results in a loss of reversibility and' an
Instrumentation. The electrochemical measurements were enhancement of the cathodic peak current. We have previously

; . : : shown that reduction of XC¥CN is an overall 2e process (eq
r1n7a5di;/]\$2rzaﬁ/zliorg%orlﬁ:nlgfa%cgegtllil)isctglte?qgucl)%qegi\g/]vi[[;hl %ESR 12) yielding. the carbgnionCHch, which is then protonated
loscope. All experiments were conducted in a three electrode by the starting material (eq 13).
glass cell, thermostated at 26. A glassy carbon (Tokai GC-

20) electrode, prepared and activated before each measurement XCH,CN+2e — CHCN+ X" (12)
as previously describéd,was used as the working electrode _ _
and a platinum wire as the counter electrode. The reference CH,CN + XCH,CN— CH;CN + CH(X)CN (13)
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TABLE 1: Electron Transfer Rate Constants and q Values 1.6
for the Reactions between Haloacetonitriles and Various e 1
Radical Anions in DMF + 0.1 M (n-C4Ho)4NCIO4 at 25 °C 12k e 09
£ = S 0.8
D/D‘7 _ _ .\D-
RX donor (VvsSCE) q kf/M~1s™t = 08 0.7
CICHCN fluoranthene ~1736 1056 10 8 >
perylene —1.634 1.0 9.3% 10 0.4 0
methyl 4-cyanobenzoate —1.580 1.0 1.51x 10*
2,3-benzanthracene —1.538 0.9 1.2% 10* 0.0 "7 | 1 | 1 |
1,4-dicyanobenzene —1.532 0.9 6.61x 10°
4-nitroanisole ~1.222 0.9 2.5k 10! 32101 23
nitrobenzene —1.105 0.9 1.95
BrCH,CN 4-nitroanisole —1.222 0.9 4.68% 10¢ logIRTeoky/Ful
nitrobenzene —1.105 0.9 3.98 1C° Figure 2. Homogeneous reduction of haloacetonitriles by organic
1-nitronaphthalene —1.036 0.9 4.5% 107 radical anions in DMFH- 0.1 M (n-C4Hg)4NCIO,4. The experimental
methyl 3-nitrobenzoate —0.990 0.8 2.40¢< 1¢? data are for the catalytic systemsD)(2,3-benzanthracene CICH,-
3-nitrobenzonitrile —0.889 0.6 2.8% 10 CN, () methyl 3-nitrobenzoate- BrCH,CN, and () 4-nitrobenzal-
1,3-dinitrobenzene —-0.834 04 1.70< 10" dehyde+ ICH,CN, and they were obtained &ix/cp = 10. The dotted
4-nitrobenzaldehyde —0.786 0.2 4.79 lines are working curves calculated at the indicated values of the
ICH,CN  1-nitronaphthalene —1.036 0.8 2.1% 1° competition parameteg with crx/co = 10.
methyl 3-nitrobenzoate —0.990 0.8 1.2« 1¢®
3-nitrobenzonitrile —0.889 0.6 1.48< 10* ; e ; ;
1 3.dinitrobenzene 0834 04 116¢ 10° \_/vorkmg curves and fitting of some experimental _data is
4-nitrobenzaldehyde —0786 0.3 115 10° illustrated in Figure 2. Eor convenience of prese:ntaﬂon_ only
2-methyl-1,4-naphthoquinone ~ —0.684 0.1 4.17% 10? seven of the 11 theoretical curves are included in the figure.
2,6-ditert-butyl-1,4-benzoquinone —0.630 0.0 2.24« 10? For each mediator/halide couple, the valueky@ndg, obtained
1,4-dinitrobenzene —0.589 0.0 3.1% 10t from the best fitting of the data points on the appropriate

theoretical curve, are collected in Table 1.

The kinetics of the homogeneous reduction of haloacetoni-
triles may be analyzed according to the concerted dissociative
electron transfer theo.This requires knowledge of the
standard free energhG® = —F(Ejxr.x- — Edpp.—) and the
activation free energAG* of the reaction between XGEN
and D~. AG* was calculated from the experimental rate constant
ko according to

Such a fatherson reaction would have the effect of
diminishing the catalytic efficiency since it subtracts a fraction
of the starting material from the catalytic cycle. Equation 13
can be suppressed if a proton donor stronger than X0DHs
added to the solution. Strong proton donors, however, may also
protonate the radical anion of the mediator () severely
hampering the catalytic process. Phenol was found to fulfill the
required conditons, i.e., it protonates rapidigH,CN but its
reaction with D~ is too slow (see Figure 1) to interfere with . Z
the catalytic process. A slight excess of phenol is required to AG = RT'”(E) (15)
suppress completely the fatheson reaction, and thus most of
the catalysis experiments were carried out in the presence ofassyming a value of % 1011 M~1 s1 for the homogeneous
phenol at acpnoHCrx ratio of ca. 1.2 Cyclic voltammetry of collision frequencyZ. The standard reduction potentials of the
the mediator alone was first run at different scan rates in the haloacetonitriles, required for the calculation A6°, cannot
range from 0.1 to 50 V. The necessary quantity of acid was  pe measured experimentally. They can be calculated from the

then added, and the cyclic voltammteric measurements Werec_x pond dissociation enerddrx and the oxidation potentials
repeated. In this manner it was always possible to check the 5 the halide ions according to

effect, if any, of the acid on the voltammetric behavior of the
mediator. The halide was then added, and the experiment was ERxrax- = —Drx + TAS’ — E3. % (16)
completed.

The kinetics of the process was analyzed by cyclic voltam- whereAS’ is the bond dissociation entropy. The entropic term
metry according to published procedufeVorking curves in eq 16 has been previously estimated as 6.9 kcafhidlso,
relating the current ratidy/ips, whereip andipg are the peak  the Ej. values of all three halides are available in the
currents measured for the mediator in the presence and absenciteraturé23and are listed in Table 2. Unfortunately, the bond
of the halide, respectively, with a dimensionless kinetic param- dissociation energies of XG&N are not known, and therefore
eter ) were constructed by digital simulation of the reaction we estimated them as follows. First we calculategy of
sequence shown in eqs-81. The kinetic parameter is given iodoacetonitrile from the enthalpies of formation of IgEN,
by p = RTekd/Frv, wherecp is the concentration of the mediator I, and*CH,CN according to the equation
andv is the scan rate. The competition between the two reactions
of the radical R(egs 10 and 11) is expressed by another kinetic Dgy = A{H°("CH,CN) + AH°(X) — AH°(XCH,CN) (17)
parameterg, defined as

Experimental data on¢H° of the three species involved in the
g = Kkyf/(ks; + k) (14) dissociation of ICHCN are available in the literature. The values
of 41.24 1.0, 58.54 2.4, and 25.52- 0.01 kcal mot? reported
whereke; andk. are the rate constants of the ET (eq 10) and for AH° of ICH,CN2* *CH,CN25 and the iodine ator?f
the radicat-radical coupling (eq 11) reactions, respectively. respectively, giveDrx(I—CH,CN) = 42.8 & 2.6 kcal mof™.

Working curves with different values of which can vary from Inspection of literatur€ data on bond dissociation energies of
0 to 1, were therefore constructed by digital simulation. For various alkyl halides RX (%= ClI, Br, 1) shows that, although
each particular value of the ratmxx/cp a set of 11 [0gg/ipg) Drx values depend on the structure of the alkyl group, for any

versus logp plots with g values varying from 0 to 1 in 0.1  given R the difference betweddrx values of C-Br and C-1
increments was obtained. An example of a set of theoretical is about constant and equal to 14-®.7 kcal mot?. Likewise,
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TABLE 2: Thermodynamic and Kinetic Parameters for the Homogeneous Electron Transfer to XCHCN in DMF + 0.1 M

(n-C4H9)4NCIO4 at 25°Ca

X Drx E%x- Eyreix arx ax a o AG} (exptly AG} (pred.y Dp

cl 70.5 1.81 -0.96 2.93 1.81 2.50 17.2 16.2 22.0 16D0.12
Br 56.8 1.48 -0.69 3.02 1.96 2.65 16.5 15.5 18.4 05®.06
| 42.8 0.99 -0.57 3.06 2.20 2.82 15.8 13.1 14.7 0:49.03

a Energies are in kilocalories per mole, potentials in V vs SCE and radii are in angstrdexperimental valueS Predicted value according
to a concerted dissociative ET without interaction of product fragments.

- CICH,CN -

AG* (kcal mol™)

AG° (kcal mol'1)

Figure 3. Variation of the activation free energy as a function of the
standard free energy of the reaction betweendhd haloacetonitriles

in DMF at 25°C. The dashed and solid lines are the predictions of the
classical (eq 4) and “sticky” (eq 5) dissociative electron-transfer models,
respectively.

the difference between the values for—Cl and C-I is
approximately constant and equal to 22A:72.7 kcal mot™.
Thus, starting from th®grx value calculated for ICECN from
experimental thermochemical data, we estimatedigevalues

of BrCH,CN and CICHCN. The values oDgrx together with
the values ofEgy ..« Calculated from eq 16 are listed in
Table 228

The last parameter required for the application of the

dissociative ET theory is the solvent reorganization endegy

reduction of the same halides at inert electrodas.in the case

of the heterogeneous ET, iemlipole interactions in the solvent
cage, which have the effect of lowerings*, may be responsible

of the observed discrepancy. Therefore, we examined the
applicability of the “sticky” dissociative ET model (eq 5). All
other parameters in eq 5 being already defined (Table 2), the
fitting was achieved by adjusting the interaction enddgyuntil

a best fit of the experimental data was obtained. The best fitting
results are illustrated in Figure 3 (solid curves), and the
corresponding values d@p are gathered in Table 2.

The “sticky” dissociative electron-transfer model fits very well
the experimental data, and therefore we conclude that, as in the
heterogeneous case, homogeneous reduction of REHy
aromatic radical anions follows a concerted dissociative ET with
a weak interaction of the fragments in the solvent cage. It is
noteworthy that the values of the interaction enddgyderived
from the fitting are quite small and decrease with increasing
radius of the leaving ion. Both the smallness of Bevalues
and their dependence on the radius of the halide anion suggest
that interaction in the fragment cluster is essentially of the-ion
dipole type.

A rough estimate of the potential energy £ —Dp) of the
electrostatic interaction between the cyanomethyl radical and
the halide ions can be obtained from the following equation

L S 1 (19)
dmeu\ay + (32, ay + (1/2),

wherea; anday are the radii of the radical and the halide ion,
respectively,Na is the Avogadro numbery is the dipole
moment of the radical, anebh is the vacuum permittivity. In
deriving eq 19, which expresses the interaction energy as the
sum of an attractive and a repulsive term, the dipole was
considered to be aligned and in close contact with the negative

which was calculated from the hard sphere radii of the reagentscharge, taking the sum of the radii of the two fragments as the

using an empirical equation (eq 18) deri¥édrom an extensive
set of experimental dafd.
1

—ogft 1 1
10_95(2a+2aD a+aD)

wherea and ap are the effective radius of XCiN and the

(18)

distance of their closest approach. A further assumption in eq
19 is that the negative and positive charges of the dipole are at
a distance of 0& from the center of the dipole. The dipole
moment of'CH,CN is 3.99 D3 whereas its radius was taken
to be approximately that of GJEN (a= 2.76 A). The calculated
interaction energiesDeacd are 14.5, 13.5, and 12.2 kcal mél

for Cl7, Br7, and I, respectively. Note that the interaction

hard sphere radius of the donor, respectively. The effective radii energies were calculated in the vacuum, whereas in solution

of the halides were calculated from the equdtian= (2agx —
ax)ax/arx, While an average value of 3.7 A was used for the
radius of the donors. The calculatégvalues are reported in
Table 2.

Figure 3 shows the dependenceA®* of the ET between
each XCHCN and a series of donors axG° of the reaction.
Comparison of the experimental data with the theoretical

the fragments in the solvent cage give rise to interactions with
solvent molecules and are hence partially solvated. Thus, the
interaction energies in solution are expected to be considerably
smaller than thég°a°dvalues calculated from eq 19. Figure 4
shows a correlation betweebgeacd and the experimental
interaction energies. It can be seen that the experim@&al
values are much smaller than the calculated interaction energies

predictions (dashed curves) according to eq 4 shows that thewhile both decrease with increasirek. The considerable

predicted values ofAG* are considerably larger than the

decrease 0Dp in solution with respect to its values in the

experimental ones and the discrepancy between theory andvacuum is due to the solvation of Xy the dipolar solvent. A

experiment increases from | to Br and to Cl. This observation

remarkable solvent effect on the stability of ion radical pairs

is in good agreement with the results on the heterogeneousformed upon dissociative ET to alkyl halides has been recently
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Figure 4. Correlation of the experimental interaction energies in the EQD/DF (V'vs SCE)

solvent cage@p) with the D*ad values calculated from eq 19. The  Figure 5. Variation of the competition parametgras a function of

solid line was drawn to show the trend of the data. the standard potential of the mediators. The solid line is the best fitting
of the experimental data for BrGBN (O) or ICH,CN (2) to eq 21.

reportec®® The interaction energies in solution decrease with

ax more rapidly than th®g*advalues. Also, this effect should  (in centimeters) is the distance of closest approach between the

be related to the solvating role of the solvent molecules reagents, which can be taken as the sum of their radii. Using

surrounding the fragment cluster. In fact, the same trend obtainedap = 3.7 A for the donors and assuming the radius of;CN

in this work has been shown for the heterogeneous reduction(a = 2.76 A) for *CH,CN, we find thato = 6.46 A, which

of haloacetonitriles by comparing the experimental interaction leads to &g value of 0.68 M. ky can be calculated from the

energies withDp®@d values obtained by quantum chemical viscosity y of the medium according to the expressin=

calculations in the gas phase. 8RT/3y, which leads tdkg = 8.3 x 10° M~ s at 25°C in
The values oDp determined in this work may be compared DMF.
with those previously measured in the heterogeneous’dase, Substitutinge: in the expression fag (eq 14) and rearranging

direct comparison is not possible because slightly different yields:
parameters have been used in the two studies. The heterogeneous
data were therefore re-elaborated as previously described by 1

using theDrx andExy k., x- values reported here. The follow- q9= k. Ky 1 { FIESn. — Egr)\?
1+ 41+ _-Sex 1+ +
Ky 4RT\

ing interaction energies were obtainddp = 2.35, 1.26, and

0.50 kcal mot? for X = ClI, Br, and I, respectively. As can be K2 F(E° Eo A

seen,Dp values measured in the heterogeneous process are exr{ (Epip- — R'/R))]

always higher than those determined for the corresponding RT

homogeneous one. In the case of homogeneous dissociative ET, (21)

the donor molecule is also present in the solvent cage in close ) o

proximity to the fragment cluster. It is likely that the donor The dependence af on Ejp. is shown in Figure 4, where
molecule exercises some steric effect on the formation of the data from BrCHCN and ICHCN are reported. The values
ion radical cluster, perhaps with some distortion of the optimal derived from CICHCN fall in the plateau zone of Figure 4,

geometry of the latter. whereq becomes independent Bf .-, and were thus omitted
Determination of the Reduction Potential of “CH,CN. because of their limited importance in this analysis. It is
Analysis of the competition between the two reactionti,- interesting to note that the two seriesgpfalues obtained from

CN with D~ (egs 10 and 11) allows determination of the the homogeneous reduction of BrgEN and ICHCN lie on
standard reduction potential of the cyanomethyl radical. Equation the same curve and are essentially indistinguishable. The data
11 is a very fast radicairadical coupling, with a rate constant ~Were fit to eq 21 to obtailz, - and the reorganization energy
close to the diffusion limit and practically independent of the #. The best fitting curve is shown in Figure 5 (solid line), and
difference between thg° values of theCH,CN/"CH,CN and  the values extracted from the regression g, = —0.69+
D/D*~ couples. Values ok, of the order of 18M~1s1have ~ 0.06 V vs SCE andl = 19.2+ 2.4 kcal mot*. The self-
been reported for the coupling between alkyl radicals and €xchange reorganization energy of the cyanomethyl radiigat
aromatic radical anion¥,and thus we will use this value for ~ ¢an be estimated from the experimentalalue by using the

all coupling reactions betweetCH,CN and D~. The rate ~ Marcus cross-relation = 1/2[Ar/r~ + Aojpo], wherelpp is
constant of eq 10, which is an outer-sphere ET, is given by the self-exchange reorganization energy of the electron donor.

eq 20, according to the Marcus theory of electron trariéfer. ~ The reorganization energy is the sum of two terysand i,
the contribution from the changes in bond lengths and angles

Ky in the molecule. Since the radical anions Dof the donor
Ket = Ky F(E2p. — E2n)\ (20) molecules used in this work are highly delocalized, we neglect
14+ 4 ex;{ A {1 + D/ RY/R” ) ] + Ai and assumép,p- to be equal tdl,, which can be calculated
KoeZ 4RT\ A from eq 18. By usinga = ap = 3.7 A in eq 18,p/0-- is found

F(Edp- — ERr-) to be 12.8+ 1.2 kcal mot2. This leads to a total reorganization
ex RT energyd = 25.6 + 2.7 kcal mof? for the *CH,CN/~CH,CN
couple. Estimation of, (*CH,CN/~CH,CN) from eq 18 gives
whereky is the diffusion-limited rate constant and is the a value of 17.2+ 1.2 kcal mot, which leads tol; value of
equilibrium constant for the formation of the encounter complex. 8.4 & 1 kcal mol™. It is noteworthy thatl; in the electron
Both K4 and kqy depend on the dimensions of the molecules exchange betweerCH,CN and "CH,CN is quite high and
involved in the ET3® When at least one of the reagents is constitutes ca. 33% of the total reorganization energy. This
uncharged, the stability constant of the encounter complex cansuggests that there is a significant difference between the
be calculated from the expressig = 47Na0%/3000, wheres geometrical structures of the cyanomethyl radical and the
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cyanomethide ion. This conclusion is in agreement with J.-M.; Taylor, D. K.; Taylor, J. FJ. Am. Chem. S0d.994 116, 4653. (e)

literature reports on the structures of the two spetiég34.35
In fact, the molecular structure 6€H,CN and "CH,CN has
been the subject of several studies, both experiméritand

Borsari, M.; Dallari, D.; Fontanesi, C.; Gavioli, G.; larossi, D.; Piva, R;
Taddei, F.J. Chem. Soc., Perkin Trans. 1897, 1839. (f) Gennaro, A;
Isse, A. A.; Maran, FJ. Electroanal. Chem2001, 507, 124.

(6) (a) Pause, L.; Robert, M.; Savat, J.-M.J. Am. Chem. So200Q
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