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The breaking of a side-chain bond § to the aromatic ring according to

(Ar-X-Y)* — ArX”* + Y*

is one of the most important reaction modes available to an aromatic radical cation.
In this paper, I will discuss the main structural factors influencing the reactivity of this
process (when X-Y = C-H) and the competition between C-H bond cleavage
pathway and that involving the breakage of a G-C, C-O, C-S or C-Si bond.
Information in this respect comes mainly from product studies concerning chemical,
electrochemical and photochemical one-electron oxidation of p-alkylbenzyl deriv-
atives, diarylethanes, benzyl ethers and sulphides and benzyltrimethylsilanes.

Aromatic radical cations present a rich and interesting
chemistry as they undergo a variety of nuclear and (or)
side-chain reactions.! The latter reactions mostly involve
the breakage of benzylic bonds or, more generally, of
bonds between an o and a §§ atom of the side-chain, to give
a cation and a free radical [eqn. (1)].

(Ar-X-Y)* — ArX™* + Y*/ (1)

A great number of side-chain reactions is therefore pos-
sible, depending on the nature of the bond cleaved. The
most common case is C-H bond scission, but also the
breakage of a C-C bond and/or various C-Z (Z = hetero-
atom) bonds can take place. An additional possibility (for
example when Z = S, Se, P) is nucleophilic attack at the
heteroatom to form heteroatom-functionalised products.

In this paper i will first deal with the main structural
factors which influence the reactivity of side-chain reac-
tions involving the cleavage of a C-H bond. Later some
systems will be discussed where the rupture of this bond
can compete with that or a C-C, C-O, C-S or C-Si bond.
The information in this respect comes mainly from product
studies on the oxidation of alkylbenzenes, diarylethanes,
benzyl ethers and sulphides and benzyltrimethylsilanes by
bona fide one-electron transfer oxidants, in most cases
electrochemical, photochemical and CAN-promoted,
[CAN = cerium(IV) ammonium nitrate] oxidations.

Side-chain reactions involving the cleavage of a C—H bond.
The most common and useful side-chain reaction of an
aromatic radical cation is that where a C,—H bond is broken
[eqn. (2)]. In solution, this reaction is often an exergonic
process and accordingly alkyl-aromatic radical cations are
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generally very strong acids. For the deprotonation of tolu-
ene radical cation in MeCN a AG” value of —17 kcal mol™!
can be estimated, corresponding to a pK, value of —13.2
The acid strength is decreased by the presence of electron
donating groups which increase the stability of the radical
cation. Thus, hexamethylbenzene radical cation is a much
weaker acid (pK, ca. 1) than toluene radical cation.?

The rate of reaction (2) is also very high. Some data are
reported in Table 1 for the deprotonation reaction of meth-
ylbenzene radical cations in H,0.* It can be noted that
electron-donating groups, which decrease the acid strength
of the radical cation, decrease its kinetic acidity as well. It
has also been shown that the influence of ring substituents
on the kinetic acidity depends upon the relative position
(ortho, meta, para) of the side-chain with respect to the
substituent itself.

Information in this respect comes from a product study
on the CAN-promoted and electrochemical oxidation of
5-substituted 1,2,3-trimethylbenzenes.’ Since the deprot-
onation step is irreversible,® the 2:1 product ratio (statisti-

Table 1. Rate constants for the deprotonation reaction of some
methylbenzene radical cations in water.?

Radical cation kis™

Toluene 1x107
p-Xylene 1.4x108
Mesitylene 1.5x10°8
Isodurene 1x10°
Pentamethylbenzene 1.6x10*

2Data from Ref. 4.

645



BACIOCCHI

H3 CH3 H3 CH3
CH, CH

Scheme 1. X = conjugate base of the solvent or whatever
nucleophile is present in the medium.

cally corrected) is a measure of the relative deprotonation
rate of the intermediate radical cation, from the methyl
groups para and meta to the substituent R (Scheme 1).

The 2:1 product ratios for the anodic oxidation of several
5-substituted hemimellitenes are reported in Table 2. These
data clearly show that the effect of a ring substituent on the
deprotonation rate strongly depends on whether the sub-
stituent is para or meta relative to the side-chain. Thus,
when Z = OCH; deprotonation takes place nearly exclu-
sively from the para-CH; group. A preference for deprot-
onation from the meta-CH; group can be inferred from the
data for Z = CO,CH; but, in this case, the effect is very
small.

Interestingly, the largest effects favoring para deprot-
onation are observed for + R substituents, independently of
their overall electronic effect. Accordingly, both CH; and
Br direct deprotonation at the para CH, group to a similar
extent, even if the former is an electron-donating and the
latter an electron-withdrawing substituent.

Certainly, these effects are too large to be rationalized
on the basis of the different stabilities of the isomeric
benzyl radicals formed in the deprotonation reactions and

Table 2. Relative rate of oxidation at 2- and 1-CH; groups (ky/k,)
in the anodic oxidation of 5-Z-1,2,3-trimethylbenzenes in AcOH.?

4 Ko/k,
CO,Me 2.0
H 34
+-Bu 24
Br 42
Me 55
OMe >200

2Data from Ref. 5. Bu,NBF, is the supporting electrolyte. The
data are statistically corrected.
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furthermore a product-like transition state would be in line
with neither the aforementioned mentioned exergonicity of
the reaction nor with experimental evidence.® Presumably,
the effects displayed in Table 2 have their origin in the
electron density distribution in the radical cation, even if it
is not yet known which factor (positive charge density,
LUMO electron density, spin density) plays the major role
in this respect.” The role of spin density appears to be
questioned by the finding that the greatest value is at the
para position with ethyl benzonate radical cation’ whereas
no preference for para-CH, deprotonation when R =
CO,Et is observed in Table 2.

The side-chain deprotonation rate should also be signif-
icantly influenced by a-substitution. Since no information
in this respect is available, a study has been undertaken of
the product distribution in the anodic and CAN-promoted
oxidations of a-substituted p-xylenes. As shown in Scheme
2, the product distribution can again be related to the
relative rate of deprotonation from the CH,R and CH,
groups in the radical cation. Preliminary data® have shown
that the effect of the a-substituent R on the rate of proton
loss decreases in the following order:

OMe > Me > PhCH, > H > OAc >> +-BU

The role of steric effects is clearly shown by the finding
that when R = -Bu the deprotonation rate from the CH,R
group becomes negligible compared with when R = H. The
observed effect should mainly be determined by the ster-
eoelectronic requirements of the deprotonation reaction.
For the breaking of the C-H bond an intramolecular elec-
tron transfer is necessary between the 6 C-H bond and the
half-empty b, molecular orbital of the aromatic system, and
this requires that the C-N bond be collinear with the -
system (conformation 3 in Scheme 3). However, when the
bulky +-Bu group is present (Scheme 3, R = t-Bu) confor-
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Scheme 2. X = conjugate base of the solvent or whatever
nucleophile is present in the medium.
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mation 3 is made unstable by the steric interaction of this
group with the ortho hydrogens and the equilibrium is
completely shifted toward conformation 4 where the C-N
bonds can no longer interact with the m-system.
Electronic effects should be responsible for the differ-
ence in reactivity observed for the other groups, which
exhibit quite similar steric requirements. The reported re-
activity order seems to indicate that a-substituents increase
the deprotonation rate according to their ability to stabilize
an adjacent positive charge. It might be suggested that the
transition state for the deprotonation reaction is similar to §

(B = base) where most of the positive charge resides in the
region of the a-carbon. This suggestion is only tentative
and the investigation of a wider series of substituents is
required to reach more firm conclusions.

C-H vs. C—C bond cleavage. When an a-carbon is bonded
to both a hydrogen atom and a saturated carbon, two
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reaction pathways become available to the radical cation as
illustrated in Scheme 4.

The possible competition between these two reaction
channels has been studied in many systems. One of the
cases which has attracted much attention is that of bibenzyl
radical cation. This is because bibenzyl is a simple coal
model compound® and there is interest in the possibility of
breaking down coal macromolecules by electron transfer
reactions, under mild conditions.

Mass spectrometric studies have clearly shown that in the
gas phase, the breakage of the C-C bond, with formation
of a benzyl radical and a benzyl cation, is a very important
decomposition mode of the bibenzyl radical cation.'® By
simple thermochemical calculations®!! the AH° value for
this process can be estimated to be ca. 27 kcal mol™!, which
compares with a AH° value of ca. 200 kcal mol™! for the
competing cleavage of the C-H bond (to give a carbon
radical and H™).

In solution, however, the situation is drastically mod-
ified. In MeCN as the solvent, the deprotonation reaction
is exergonic (AG® = —15 kcal mol™")!?3 whereas the AH®
value for the cleavage of the C-C bond should not signif-
icantly change with respect to the gas phase'? value since
solvent stabilization of the benzyl cation is not expected to
be much different from that of bibenzyl radical cation.
Thus, in solution the process thermodynamically favoured
is that involving the cleavage of the C-N bond and this is
certainly due to the very high solvation energy of the pro-
ton, much higher than that of the benzyl cation.

Kinetics however, might produce a different outcome
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and; currently there is a quite widespread belief that biben-
zyl radical cation should also undergo the rupture of the
C-C bond rather than of the C-H bond. This belief orig-
inated from the observation that when bibenzyl is oxidized
by CAN in MeCN/H,0, C-C bond cleavage products (ben-
zyl alcohol, benzyl nitrate and benzaldehyde), indeed
form, which indicated the scission shown in eqn. (3).

(C,H:CH,CH,C,H,)* — C,H,CH; + CH.CH; 3)

However, a subsequent, more detailed investigation, us-
ing p-ethylbibenzyl as the substrate, has clearly demon-
strated that reaction (3) does not occur, deprotonation eqn.
(4) being the exclusive reaction of the bibenzyl radical
cation," in line with thermodynamic predictions.

(C,H,CH,CH,CH;)*" —» CH;CHCH,C(H; + H* 4)

. —e, + H,0
C,H.CHCH,C,H, —>— 2=, CﬁHs?HCHZCOHS +H

HO ®)]

The C-C cleavage products, observed in the reaction of
bibenzyl with CAN, in MeCN/H,0, are formed by the fast
oxidation, under the reaction conditions, of the side-chain
substitution product formed as shown in eqn. (5) (vide
infra).! Accordingly, when side-chain substituted products
are formed which resist further oxidation, no C-C bond
cleavage is observed. This is the case for the anodic and
CAN-promoted oxidations of p-ethylbibenzyl in AcOH,
which lead exclusively to the formation of the side-chain
acetoxylated products 6 and 7.'° Interestingly, it was also
shown that under the same reaction conditions no C-C
bond cleavage occurs with 4,4’-dimethoxybibenzyl radical
cation.

Similar conclusions have been reached in studies of bi-
benzyl oxidation promoted by peroxydisulfate'® and light in
the presence of oxygen'” and, moreover, no evidence for
the occurrence of C-C cleavage to the state of the interme-
diate radical cation has been found in the CAN-promoted
oxidation of acenaphtene.™®
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Of course, the C-C bond cleavage pathway can compete
more favourably with the C-H bond rupture in systems
where the former reaction leads to species more stable than
the benzyl radical and the benzyl cation formed by the
cleavage of bibenzyl radical cation.

Thus, Arnold and coworkers have shown that in the
photosensitized oxidation of 1,1,2,2-tetraphenylethane (8)
in MeOH products are formed (diphenylmethane and di-
phenylmethyl methyl ether) which can be reasonably as-
cribed to C-C bond cleavage in 8*.! By this cleavage a
diphenylmethyl radical and a diphenylmethyl cation are
produced, which are significantly more stable than benzyl
radical and benzyl cation, respectively. Likewise, C-C
bond cleavage to the state of the radical cation takes place
in the photosensitized oxidation of 2-methyl-1,1,2-triphe-
nylpropane."

The absence of C-H bond breakage products is, how-
ever, remarkable as also in these cases thermochemical
calculations' indicate that these process should still be
favored thermodynamically. A possible reason is that the
stereoelectronic requirements discussed above operate
against the C—H bond cleavage. For example, in 8 two large
groups are bonded to the a-carbon and this can prevent the
alignment of the f C-H bond with the n-system. The C-C
bond should instead be collinear with the n-system, thus
further favoring the cleavage of this bond. In this respect, it
is useful to point out that whereas the stereoelectronic
requirements should hold for the breakage of whatever
B-bond in an aromatic radical cation, they always disfavor
the C-H bond breaking process when in competition with
the cleavage of other bonds. This is because the H atom has
the least steric interaction with orthro-hydrogens of the
aromatic ring.

The presence of o and/or § OH and OCH, groups in the
side-chain of the radical cation favors the C-C bond cleav-
age channel, since highly stabilized a-hydroxy or a-alkoxy
carbocations can be formed. As an example, breaking of
the C—C bond occurs to some extent in the radical cation of
methyl 2-phenylethyl ether, % and is the main pathway in
the radical cations of methyl 2,2-diphenylethyl methyl
ether and 2-phenylacetaldehyde dimethylacetal.”! Like-
wise, facile C-C bond breakage is also observed in aryl-
pinacols and arylpinacol ethers.”? When a hydroxy group is
present, the possibility should be considered that C-C bond
cleavage may be assisted by proton loss, as shown in eqn.
(6). Evidence for a concerted C-C bond cleavage and pro-
ton loss has recently been presented for the photoreactions
of B-amino alcohols.?

OH

(ArCH,CHR)* — ArCH; + RCHO + H* (6)

It should be mentioned that the basicity of the medium
might play an important role in the competition between
the C,~H and C_~C bond breaking reaction pathways of a
radical cation, the former presumably being favored in
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Scheme 5. X = conjugate base of the solvent or whatever
nucleophile is present in the medium.

more basic solvents. Even though no systematic study in
this respect is available, it appears that for the bibenzyl
radical cation deprotonation also prevails in solvents of
basicity as low as that of AcOH. Thus, the nature of the
solvent should not have a significant influence on the C-H
vs. C-C bond cleavage competition in this system. How-
ever, this possibility exists in the other cases where the
breaking of the C-C bond is the main process. Further
study in this respect is certainly welcomed.

REACTIVITY OF RADICAL CATIONS

C-H vs. C-0 bond cleavage. In the one-electron oxidation
of benzyl alkyl ethers no benzylic reaction products are
observed, only benzaldehyde and, in some case, alkyl ben-
zoate.* As illustrated in Scheme 5, this clearly shows that
the intermediate radical cation has exclusively undergone
C-H bond cleavage.

The same conclusion holds for the dibenzyl ether radical
cation® in spite of a claim to the contrary.? These results
are in line with the very large thermodynamic advantage in
solution for the C-H bond cleavage pathway with respect
to the process involving C-O bond rupture.”
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A different situation might pertain to the benzyl phenyl
ether radical cation (9). In 9 the positive charge should
exclusively be localized on the oxygen-carrying ring (ani-
sole is much more easily oxidizable than toluene), and
consequently, only the O-C bond can interact with the
positively charged n-system. Thus, in 9 the breakage of this
bond, which also leads to the formation of the stable phe-
noxyl radical, might be observed.

However, no evidence in this respect has been obtained
in a study of one-electron oxidations of benzyl phenyl
ether.”® As shown in Scheme 6 (DCA = 9,10-dicyanoan-
thracene) in no case were benzylic derivatives formed. In
addition to the ring substituted products, products were
obtained the formation of which can easily be rationalized
by the sequence shown in Scheme 5 (R = C(H,) if the
radical cation 9 undergoes proton loss.

That deprotonaation can successfully compete with ring
attack is remarkable since, as already observed, the C-H
bond cannot interact directly with the positively charged
benzene ring. It is probable that a significant part of the
positive charge also resides on the oxygen atom, as il-
lustrated by the resonance structure 10, and this could
significantly enhance the kinetic acidity of the adjacent
C-H bonds. Evidence in this respect is provided by ESR
studies that show that in methoxybenzene radical cations
the hydrogen atoms of the methoxy group exhibit a signif-
icant hyperfine coupling constant.?

it should also be mentioned that photo electron spectros-
copy measurements suggest 11 to be the preferred confor-

S
[
1"

mation of a phenyl ether radical cation.® In this conforma-
tion the O-C bond is in the plane of the ring and the
interactions between the oxygen p-electrons and the b,
molecular orbital of the benzene ring are maximized. In
this conformation, no interaction between the C-O bond
and the m-system is possible, whereas the 3-C-H bond can
overlap with the mixed p—n molecular orbital. Thus, in 9
breakage of the C-H bond is a much easier process than
breakage of the C-O bond.

In this respect, however, the benzylic nature of the C-H
bond must play a fundamental role. Accordingly, only ring
substitution products have been observed in the anodic
oxidation of phenyl 2-phenylethyl ether.?® Clearly, the de-
protonation reaction, which would involve a non-benzylic
C-H bond, cannot compete with ring attrack in the inter-
mediate phenyl 2-phenylethyl ether radical cation.

C-H vs. C-S bond cleavage. A more complex situation
exists with benzyl sulfide radical cations which, besides

C-H and C-S bond cleavage, can also undergo a nucle-
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ophilic attack at sulfur, eventually leading to sulfoxides
and/or sulfones.

The properties of benzyl phenyl sulfide radical cation are
under study and the information available so far indicates
that all the above processes actually occur, their relative
weight being strongly influenced by the reaction conditions
and the substrate structure.’'

Thus, the anodic oxidation of benzyl phenyl sulfide in
AcOH/AcO~ leads nearly exclusively to the formation of
12, indicating that in this medium the intermediate radical
cation is predominantly deprotonated. However, it has
been reported that the sulfoxide 13 and the benzyl deriv-
ative 14 are the main products in MeCN, suggesting the
predominance of the pathways involving attack at sulfur
and C-S bond cleavage.® presumably, in AcOH/AcO™ the
presence of a strong base favors deprotonation over the
other reaction modes.

The structure of the substrate, however, seems to play an
important role in this regard, since in the anodic oxidation
of benzyl 4-methoxyphenyl sulfide in AcOH/AcO~, the
corresponding sulfoxide and benzyl acetate are formed.*
Thus, the presence of a 4-methoxy substituent on the sul-
fur-containing ring profundly modifies the reactivity of the
radical cation, the deprotonation reaction being replaced
by attack at sulfur and C-S bond cleavage.

Clearly, further systematic work is necessary before con-
clusions can be drawn concerming the competition between
the different pathways available to a benzylsulfide radical
cation. In such cations most of the positive charge is prob-
ably located on the sulfur atom, even though there is con-
siderable mixing between the sulfur p-type orbital and the
si-molecular orbital.** This might play a role in making C-S
bond cleavage in benzyl sulfide radical cations easier than
the scission of the C-O bond in the radical cations of the
corresponding ethers. From a thermodynamic point of
view, the breakage of the two bonds in the corresponding
radical cations is characterized by similar AH® values.



C-H vs. C-Si bond cleavage. For the radical cations exam-
ined so far, C-H bond cleavage either is the exclusive
reaction pathway or, at least, it can compete with the other
types of bond rupture.

A completely different situation exists for benzyltrimeth-
ylsilane radical cation which exclusively undergoes C-Si
bond cleavage. Accordingly, formation of benzyl deriv-
atives is the general outcome for one-electron oxidation of
benzyltrimethylsilane under a variety of conditions: CAN-
promoted oxidation in AcOH,* anodic oxidation in
MeOH,¥ sensitized photooxidation,* and reaction with
triarylaminium radical ions.*” The CAN-promoted reaction
eqn. (7) is characterized by a very high and negative g value
(—5.5), which is in line with the slow formation of a radical
cation intermediate undergoing fast C-Si bond breaking.

CAN
i 7
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In addition, 4-methoxybenzyltrimethylsilane radical ca-
tion has recently been detected in laser flash photolysis
experiments in MeCN and the fast decay of this radical
cation to 4-methoxybenzyl radical has been demon-
strated.*

It might be possible that the exclusive occurrence of C-Si
bond breaking in benzyltrimethylsilane radical cation is
agin due to stereoelectronic requirements governing the
breaking of 3-bonds in aromatic radical cations. Trimethyl-
silyl is a bulky group and even though the C-Si bond is
longer than the C-C bond, the situation should be similar
to that previously discussed when dealing with the effect of
an a-t-Bu group in the deprotonation reactions. In other
words, in benzyltrimethylsilane radical cation only the C-Si
bond should have the required geometry to undergo cleav-
age. However, this cannot be the only explanation since
4-methylbenzyltrimethylsilane is also oxidized by CAN to
give exclusively products of C-Si bond cleavage.* In the
intermediate radical cation there is no stereolectronic con-
straint for deprotonation from the para-methyl group;
therefore the rate of C-Si bond breakage has to be in-
trinsically much higher than that of C~-H bond cleavage.

Quantitative information in this respect has been ob-
tained by laser flash photolysis experiments. In MeCN the
first-order rate constant for the desilylation of 4-methoxy-
benzyltrimethylsilane radical cation at 25°C is 1.2x10°
s~'.% This compares with a value of 2x10* s™! measured for
the deprotonation of 4-methoxytoluene radical cation in
the same solvent.** Taking into account the statistical
factor, the cleavage of the C-Si bond is ca. 200 times faster
than that of the C-H bond. It is probable that the intrinsic
difference is still higher since the stability of 4-methoxyben-
zyltriemthylsilane radical cation is higher than that of 4-
methoxytoluene radical cation.

At least two factors contribute to make the rate of C—Si
bond cleavage in an aromatic radical cation so fast. First,
there is a strong hyperconjugative interaction between the

REACTIVITY OF RADICAL CATIONS

o C-Si bond and the n-system,* which should favour the
intramolecular electron transfer from the former to the
latter. Secondly, silicon forms very strong bonds, still stron-
ger than those formed by hydrogen, with atoms (i.e., N and
O) which are the reactive centers in many nucleophiles.”
The latter actor can therefore play a major role in making
the C-Si bond cleavage pathway the most faoured for the
benzyltrimethylsilane radical cation.
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