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Abstract: The voltammogram of aryldiazonium tetrafluoroborates in acetonitrile (ACN), at low concentration,
shows a first one-electron wave followed at a more negative potential by a small second wave; this last
one corresponds to the reduction of the radical formed at the level of the first wave. Simulation of the
voltammogram permits one to determine the standard redox potential of the radical/anion couple
E°(Ph*/Ph~) = 0.05 V/SCE and the reduction mechanism of the diazonium cation. An electron transfer
concerted with the cleavage of the C—N bond furnishes the aryl radical; this radical undergoes two
competitive reactions: reduction at the electrode and H-atom transfer.

Introduction cephalotoxinon®¥ and aspidospermidiné,and they also lead
to the modification of conductive surfaces: card®&metalst”

or semiconductor® Aryl radicals can be prepared through
different means: (i) chemical reduction of an aryl halide with
NaBH,,'° with alkali metals in liquid ammoni&,with Fe*™,
Sml, or sodium amalgarfput also through the radical-polar
crossover reactidf which involves a one-electron reduction
of diazonium salt by an easily oxidized sulfide such as

tetrathiafulvalene; (ii) photochemistfy;and (iii) electrochem-

An ever increasing number of reactions involve radicals as
intermediates. This development of radical chemistry has
included the synthetic aspects of organic chemistipe
polymerization reactionsand also a new reaction: the modi-
fication of conductive surfaces through the electrografting of
organic group$? It is therefore of importance to be able to
characterize the physicochemical properties of these species
Among the many types of radicals which have been produced,
investigated, and reacted, aryl radicals are interesting intermedi-

(13) (a) Dias, M.; Gibson, M.; Grimshaw, J.; Hill, I.; Trocha-Grimshaw, J.;

ates. They can be used ipnd aromatic nucleophilic substitution
by reaction with a nucleophife2 they can add to double bongis,
giving rise to intramolecular cyclization reactions &hd?3

leading to the elegant synthesis of natural compounds such ag14)
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istry,22 a very convenient mean of generating aryl radicals
through a one-electron reduction of an aryl derivative (halide,
sulfide, ether, etc.), as shown in Scheme 1.

The electron transfer can be concerted (read®); in which
case the radical is obtained direéfpr stepwise (reactioR2

The further reduction of the radical is clearly evidenced in
liquid ammonia, a solvent where there is no hydrogen abstrac-
tion. For example, the first wave of 4-bromobenzophenone in
liqguid ammonia is bielectronig: This is possible because the
radical is more easily reduced than the starting compound. The
formation and further reduction of the radical occurs through
reactionsR2 + R3 + R6 (overall consumption of 29.

Under these conditions, it is not possible to measure the redox
potential of this radical. To achieve such a measurement, one
should look for very easily reduced aromatic derivatives in the
hope that they be more easily reduced than the follow-up radical.
Diazonium salts should fulfill these conditions; for example,
benzenediazonium tetrafluoroborate is reducethat —0.16

+ R3); that is, the reaction path goes through the cleavage of V/SCE (Table 1). However, with these derivatives, a new
a radical anion. With aryl halides, sulfides, and ethers, the reaction occurd® '8 the radical attacks the surface of the
electrochemical cleavage is most often stepwise, but iodoben-electrode (carbon, C; metal, M; or semiconductor, SC) to
zene cleaves concertedly at low scan rates, that is, at a smallestablish a covalent carbon or metatyl bond as shown in

driving force, to a phenyl radical and iodine i&hThe radical
anions of aromatic derivatives are usually very unstable (with

some exceptions, for example, in the benzophenone and
nitrobenzene series where the radical anions are stable for
fractions of seconds). For some of them, the rate of cleavage

can be observed by cyclic voltammetry at high scan rdtes (
1.7 x 10* s for 2-choroquinoling®). When the cleavage is
too fast to permit the observation of the radical anion by cyclic
voltammmetry, it is still possible to measure their lifetimes
through redox catalysi& (k =5 x 10 s~ for 4-chlorobenzo-
nitrile) or through competition with other reactions such as a
nucleophilic attack’ (k=2 x 107 s~ for 2-bromoquinoline to
2.5 x 10 s71 for iodobenzonitrile).

Therefore, aryl radicals are formed through fast reactions,
but they are also consumed through fast reactions. With no
purposely added reagent in the electrochemical cell where they
are produced, these radicals can react with the solvent (SH) to

abstract a hydrogen atom.

Ar+SH—ARH + S R4

reactionR?7.

Cc

C
M ++N24©~R + 1" — M
SC

SC

Orron

The same occurrence of this reaction is a good indication
that the radical is not reduced at the potential of the diazonium
salt; however, this reaction results in a major drawback: as the
reduction proceeds, a blocking of the electrode occurs. As a
consequence, in cyclic voltammetry, on the second scan, the
reduction wave of the diazonium decreases or even disappears.
If one could find conditions under which this blocking of the
electrode is minimized, it should be possible to observe a
voltammogram where a first one-electron wave of the diazonium
salt is followed by the wave of the more difficultly reduced
aryl radical. In this case, the system would resemble that of
alkyl halide§?2bwhere the reduction leads to an alkyl radical
which can be reduced or not depending on the potential at which
it is formed. The reduction wave @ért-butyl bromide which
is reduced at-2.5 V/SCE is bielectronic, while that of thert-

The rate of abstraction of a hydrogen atom from acetonitrile pyty| jodide— reduced at more positive potenti&,(= —1.91
(ACN), a usual electrochemical solvent, by the 4-cyanophenyl \//SCE) — is monoelectronic and is followed by the reduction

radical has been measufédo beky = 4 x 10’ s71, and the

wave of thet-Bu radical. In the same wa¥¢ the reduction of

rate of abstraction by the phenyl radical can be obtained from the -hydroxybenzyl radical could be observed during the

literature dat&®30ky = 6.7 x 10° s 1.

reduction of benzaldehyde in an ethanolic buffer at a potential

Another reaction often undergone by these radicals (mostly negative to that of benzaldehyde itself. Analysis of the volta-

when they are produced by electrochemistry) is a further mmogram, taking into account the different thermodynamic
reduction either at the electrode (this occurs in the case of fast(standard redox potentials) and kinetic (rate constant of the
cleaving radical anions or in the case of a concerted mechanism)electron transfer, follow-up chemical reaction, and diffusion of
or in solution (this occurs for slower cleaving radical aniéhs)  the species in solution) parameters, should permit one to
by the parent radical anion. determine the standard redox potential of aryl radicals as done
before for alkyl radicals and the-hydroxybenzyl radicat? This

is the main goal of this investigation. Indeed, any reaction
involving an aryl radical produced by electrochemical reduction

Ar'+1e — Ar- R5

Ar'+ ArX®™ — Ar~ + ArX R6
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will potentially be in competition with the further reduction of
the radical, and the knowledge of the redox potential should
permit one to define conditions which maximize the yield of
the reaction at the expense of a competitive ionic reaction.
Although a number of reduction potentials are known for a
variety of radical$? aryl radicals have resisted such measure-
ments. The available data concern the reverse raétion

o N M O

c°(mM)

0 2 4 6

Figure 1. Height of the wave of 4-nitrobenzenediazonium tetrafluoroborate
1 as a function of the concentration. GC electrode. Scanuate0.2 V
s 1. Reference SCET = 20 °C.

Ar —1e —Ar R8

or, in a more chemically realistic fashion, the reaction:

B + Scheme 2
ArLi —1le —Ar" +Li R9 R
By oxidation of phenyllithium in tetrahydrofuran/hexameth- BF4- 2 X=H
ylphosphoramide (30%) at65 °C, it was possible to observe 3 X =CH,

a broad cyclic voltammetric wave with a peak potential at ca.

—0.340 V/SCE. It is interesting to note that successive scansthe reaction going through reacti®{ or through reaction®2
yielded rapidly diminishing peak currents which could be + R3? If astepwise mechanism is taking place, one could expect
restored only by polishing the electrode, a phenomenon exactlythat the organic layer bonded to the electrode surface should in
parallel to the fouling of the electrode observed during the part be the result of a reaction of the diazenyl radical either on
reduction of the diazonium salts (reactigif). Although (i) the ~the radical itself or on the first grafted aryl groups. Conversely,
above peak potential concerns phenyllithium and not the phenylif the aryl radical is formed directly, this very reactive radical
anion and (i) the above potential is not a standard redox should be the only species responsible for the growth of the
potential as the wave is irreversible, the above value gives alayer’

rough estimate of the range of potential where Hieof the
phenyl radical should be located. Photoelectron injeétsh
permits one to measure redox potentials. When a laser beam is As stated in the Introduction, one should try to minimize the
shined onto the electrode, an electron is injected into the €lectrografting reaction on the glassy carbon (GC) electrode.
solution; it can then reduce a dissolved species, and the resulting™igure 1 presents the height of the cyclic voltammetric wave
product, in this case a radical, can in turn be reduced at the Of 4-nitrobenzenediazonium tetrafluoroborat€Scheme 2) as
electrode depending on its potential. This method has been used function of concentration.

successfully for the measurement of standard redox potéPitials At high concentration, the height of the wave becomes
of benzyl and arylmethyl radicals. However, phenyl radicals constant, reflecting the formation of the organic layer on the
should be reduced at relatively low potentials. When such surface and the progressive blocking of the electrode. However,
potentials are applied to the illuminated electrode, the photo- at concentrations lower than 1 mM, the curve can be ap-
injection yield (to produce the radical) is too low to record any Proximated by a straight line as it should be for a diffusion-
useful photopolarogram. Konovalov andf&tould estimate the controlled mass transport, indicating that, at these low concen-
reduction potential of 3-chlorophenyl radicat1.06 V/SCE) trations, fouling of the electrode is not too important. We

Results

produced by reduction of 3-chlorophenyl trimethylammonium
in water. This is not a standard redox potential but only a
composite reduction potential including, in addition to the
thermodynamid&®, kinetic parameters: rates of electron transfer

therefore examined the voltammogram of carefully purified
benzenediazonium tetrafluoroborate. The voltammogram at 1
V s~1is shown in Figure 2. It presents a first broad irreversible
one-electron wave (by comparisonipfC2°5with the reversible

and associated reactions. Although the standard redox potentiaPne-electron wave of ferrocene); the peak potentiak js=
of the phenyl radical has never been measured, other charac—0.17 V/ISCE. This wave is clearly followed by a smaller wave

teristics such as its Raman and electronic spectra have beer@t more negative potentialg

characterized in low-temperature argon matrikes.

A second objective of this paper is to determine the reduction
mechanism of diazonium salts. In view of further applications
of reactionR7,2%-#2it is important to know whether the diazenyl
radical is an intermediate on the reaction path or not; that is, is

(33) (a) The different methods available for the measurements of redox potentials
of radicals as well as the resulting values have been discussed in ref 33b.
(b) Daasbjerg, K.; Pedersen, S. U.; Lund, H. Measurement and Estimation
of Redox potential of Organic Radicals.@eneral Aspects of the Chemistry
of Radicals Alfassi, Z. B., Ed.; J. Wiley: Chichester, 1999; p 385.

(34) Jaun, B.; Schwarz, J.; Breslow, R.Am. Chem. S0d.98Q 102 5741.

(35) (a) Benderskii, V. A.; Krivenkov, A. GRuss. Chem. Re(Engl. Transl)
199Q 59, 1. (b) Gonzalez, J.; Hapiot, P.; Konovalov, V.; Sarg J.-M J.
Electroanal. Chem1999 463 157. (c) Gonzalez, J.; Hapiot, P.; Konovalov,
V.; Savant, J.-M.J. Am. Chem. S0d 998 120, 10171.

(36) Konovalov, V. V.; Bilkis, I. I.; Selinanov, B. A.; Shteingarts, V. D.; Tsetkov,
Y. D. J. Chem. Soc., Perkin Trans.1®93 1707.

(37) Lapinski, A.; Spanget-Larsen, J.; Langgard, M.; Waluk, J.; Radziszewski,
J. G.J. Phys. Chem. 2001, 105, 10520.

(38) Radziszewski, J. GChem. Phys. Lettl999 301, 565.

= —0.64 V/SCE. On the second
scan, the first wave shifts to more negative potentials due to
the progressive modification of the electrode but does not
disappear as occurs at higher concentrations, indicating that the
electrode is still active after one scan. A similar voltammogram
is observed in DMSO. The second wave can also be observed
under the same conditions starting from 4-methylbenzene
diazonium3 (Figure 3) or 4-nitrobenzene diazonidymhowever,

in the last case, this second wave is so small that comparison
of experimental and simulated curves would not be significant.
When the solvent is changed for dimethylformamide, the second
wave became indistinguishable from the decay of the first one.

(39
(40
(41

Bureau, C.; Levy, E.; Viel, FPCT Int. Appl.2003 WO 0318212.
Hartig, P.; Dittrich, T.; Rappich, J. Eur. Pat. Appl2003 EP 1271633.
Bureau, C.; Palacin, S.; Bourgoin, J.-P.; Ameur, S.; Charli@?CI. Int.
Appl. 2002 WO 0270148.

Levesque, L.; Lawrence, M. F.; Bourguignon, B.; Leclerc,RET Int.
Appl. 2002 WO 0266092.
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i (A) 1.00E-05 Table 1. Thermodynamic and Kinetic Parameters for the
Reduction of the Aryldiazonium Cations and the Aryl Radicals?
2in ACN 3in ACN
0.00E+00 EL (V/SCE) ~0.16 ~0.18
a1 0.34 0.30
P K (cm s 0.0026 0.003
-1.00E-05 E. (V/SCE) —0.64 —0.6%
a2 0.282 0.278P
K (cm s 0.03 0.03
-2.00E-05 AG;, (eV) 0.40 0.38
EJ (V/SCE) +0.059 —0.029
3.00E-05 a By comparison between experimental and simulated curves, the extreme
1.00 050 0.00 050 values are: (a) 0.26 and 0.30 V/SCE, (b) 0.25 and 0.30 V/SCE;@c)0
) ) ) ) and+0.26 V/SCE, and (d)-0.20 and+0.25 V/SCE.
Vvs SCE
Figure 2. Cyclic voltammetry of benzenediazonium tetrafluoroborate
C=0.60 mM in ACN+ 0.1 M NBwBF4. GC electrode. Scan raie= 1 hydrogen atom transfer from the ACN to the racf&ai® with

V s~1, Reference SCH = 25 °C. Red points, experimental; black points,

: a first-order reaction witly = 6.7 x 10° s™1. The same value
simulated curve.

is used for2 and 3. (iii) For the reduction of the radical, we
used another ButlerVolmer law with an apparent transfer
coefficienta,. As in the example of the reduction of aliphatic
radicals3?® this procedure is possible even when a small value
of a, results from a large activation energy leading to a Marcus
l’.‘--i""“""n law for this electron transfer. As an approximation, in the small
0.0E+00 . .
/ potential range of the second wave, a constant value, o§

taken into account.
The two Butler-Volmer laws are written as:
' -1.0E-05

iy ] o, FE
F—S= k1,2 EX[{— T Cl,2

20505 i1 andi, are the contributions of the reduction of the diazonium
1,00 050 000 050 salti; and of the radical, to the total currenk; andk), are the
Vvs SCE respective forward reaction rate constants of electron transfer
Figure 3. Cyclic voltammetry of 4-methylbenzenediazonium tetrafluo-  referred to the reference electrode potential, @ydndC; are
roborate3. C = 0.45 mM in ACN+ 0.1 M NBwBF4. GC electrode. Scan  the concentrations of diazonium and aryl radical at the electrode
ratev =1V s*_l. Reference SCET = 25 °C. Red points, experimental; surface.
black points, simulated curve. ) . . .
Simulated curves in ACN are presented in Figures 2 and 3.
The parameters corresponding to the best fit between experi-
Simulations of this second wave are performed to show that mental and simulated curves are listed in Table 1. The procedure
a small second wave should be observed corresponding to theused for the determination of the standard potential of reduction
reduction of an intermediate radical, this radical also undergoing Eg of the aryl radical is similar to that used for alkyl
a chemical reaction before its reduction. A similar voltammo- radicals®?® as the reduction of the radical involves a slow
gram was obtainéd® with alkyliodides where the chemical electron transfer, the possible reactions of the anion obtained
reaction of the radical is a dimerization. The small current after the second transfer are without effect on this determination.

obtained at the level of the second wave is explained by the We use a quadratic activatienriving force free energy
fact that the radical produced at the potential of the first wave relationship

is consumed by the chemical reaction and only the species
reaching the electrode at the potential of the second wave can — E9%2
be reduced by an overall two-electron transfer. Another effect AG* = AGE 1+ —¢2
of this reaction, acting as a preceding chemical reaction to the ’ 4AGy,
reduction of the radical, is the negative shift of the reduction
potential of the radical. and the value

A complete simulation of the experimental voltammogramms
must take into account several parameters. (i) As the first wave 1 E— Eg
appears as a broad peak (the difference between the peak 0‘225 AING'
potential and the half peak potential is on the order of-150 02
220 mV), it is necessary to introduce a kinetic law for the first
electron transfer leading to the aryl radical after cleavage of an

1.0E-05

i(A)

d the definition ok}:

the carbor-nitrogen bond in one or two steps; a Buttéfolmer .
law was used with an apparent transfer coefficent(ii) The K = 7¢ exy{— RTAGo,z)
chemical reaction involving the aryl radical was shown to be a 2 F

14804 J. AM. CHEM. SOC. = VOL. 125, NO. 48, 2003
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Scheme 3 0.3
+N24© +1e —> .©+ N, R1 0.2
o 0.1
leading at the peak potenti&} to: w 0
RT, Z° 01 |
AG* = 403(AG} ) = = 7t oL,ED 01
2 -0.2 -
-0.3 -0.1 0.1 0.3 0.5 0.7 0.9
and
cp
Eg = Eg + 4AG; 2(1 — 2(12) Figure 4. Peak potential of aryldiazonium salts (in ACN at 0.2 Vs

C = 0.1 mM) as a function of Hammet substituent consigntData are

. . from ref 16b and from this paper.
With z¢' = 4.6 x 10° cm s, the values ofE) in ACN are bap

listed in Table 1. assigned to the reaction of the diazonium with surface phenolic
The very positive valu&) obtained for the standard redox groups? Altogether, these results are in agreement with a
potential of the radicals is in agreement with the two-electron concerted electrochemical cleavage of the diazonium cation.
reductions observed for arylhalides. The electrografting reactions The primary events related to the reduction of diazonium salts
with aryldiazonium salts are due to the fact that the radical is have also been examined by pulse radiolysis in witén.
not reduced at its standard redox potential but at more negativestrongly acidic medium (1 M HCLg), an H adduct (ArH"")
potentials for kinetic reasons (see Figure 2). Electrografting doesis formed initially, and therefore this radiolytic reaction cannot
not occur with arylhalides as they are reduced at much more be compared to our electrochemical experiments. In neutral
negative potentials where the aryl radical is reduced to the anion.medium, the first event is the reduction of the diazonium cation
As indicated in the Introduction, a second outcome of this by a solvated electron to give a diazenyl radicatHBN,")
investigation is to demonstrate that during the reduction of the which cleaves reversibly with a rate constant of 1.3 80!
diazonium salt the transfer of the electron is concerted with the s (K = 160). Thus, under these conditions, the reduction is
cleavage of the dinitrogen molecule as shown in Scheme 3. stepwise (reactiorR2 + R3) at the difference of what we
As indicated in Table 1, the value of the transfer coefficient observe by electrochemistry. This can be easily rationalized on
oy for the first wave is far from 0.5, pointing to a very slow the basis of the driving force of the reaction. It has been
electron transfer. As discussed elsewf&fer aromatic com- demonstrated that the cleavage passes from concerted to
pounds, when an outersphere electron transfer involves only astepwise as the driving force becomes larger and larger. Under
modification of the charge between reagent and product, the our electrochemical conditions, at the peak potential, the driving
reduction potential of the reagent is expected to be not very far force is ~0.07 eV, while it is on the order of 3.20 eV when
from the standard potential even with a very fast follow-up solvated electrons are the reducing species (oxidation potential
chemical reaction. In the reduction of the aryldiazonium cations, —3.10 V/SCE); this large difference is therefore responsible for
the values ofa; are on the order of 0.3, showing that the the difference in the observed mechanisms.
reduction peak potential is far from the standard reduction Another question related to this mechanism is whether it is
potential and that the activation free energy is large. This is in general for a variety of substituents or limited to the compounds
line with a large reorganization energy and with an electron examined in this paper. The straight line of Figure 4, which
transfer concerted with the cleavage of the dinitrogen molecule represents the peak potential of different diazonium cations as
as shown in Scheme R(). Therefore, under the conditions of  a function of Hammet substituent constantclearly indicates
electrochemical reduction, the diazenyl radical is not an that there is no change of mechanism between the different
intermediate, and the analysis of the grafted layer should not substituents and that in all cases the diazenyl radical is not an
reveal any feature which could derive from this radical. We intermediate on the way from the diazonium cation to the aryl
can examine if this is indeed the case through the various radical.
investigations performed on the formation of covalently bonded
organic layers (excluding nitrobenzene diazonium where the
nitro groups could yield azo compounds upon reduction). The electrochemical reduction of the benzenediazonium
Ramart* and IR47 spectra of carbon surfaces (glassy carbon cation and its 4-nitro and 4-methyl derivatives permits one to
or highly oriented pyrolytic graphite (HOPG)) modified by observe two successive waves. The first one corresponds to the
reduction of diazonium salts have been published, and thetransfer of 1e; it is followed by a small second wave at more
authors never mention the presence of-tid=N— group. This negative potentials. Simulation of the voltammograms allows
azo group should have been detected through Raman absorptiongne to determine the standard redox potential of the phenyl
at 1412, 1449, 1470, and 1492 chas in nitroazobenzerfé. radical E° (Ph/Ph™) = +0.05 V/SCE. It also permits one to
However, XPS signals were observed at 400 eV, but they were establish the reduction mechanism: the electron transfer to the
diazonium cation is concerted with the cleavage of dinitrogen;
it leads to the phenyl radical and a dinitrogen molecule. This

Conclusion
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ARTICLES Andrieux and Pinson

radical can competitively abstract a hydrogen atom from the describeef? from freshly distilled aniline or recrystallized toluidine,
solvent or be reduced at the electrode to a carbanion. reprecipitated twice from reagent grade acetonitrile and ethyl ether.
and dried under vacuum.
The equipment for cyclic voltammetry has been described previtasly.
Glassy carbon electrodes (Tokai, Japan) were carefully polished with Simulations were performed with the help of Digisifh.
diamond paste down to/m and cleaned in acetone under sonication. jpq374574
4-Nitrobenzendiazonium tetrafluoroboréates a commercial com-

pound (A'(?'”Ch)-_ Benzene diazonium tetrafluoroboratnd 4-methy! (50) Rudolf, M.; Feldberg, S. WDigisim 3.03 Bioanalytical Systems Inc.: West
benzenediazonium tetrafluoroborate were prepared as previously Lafayette, IN, 1996.

Experimental Section
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