New synthetic methods via radical cation fragmentation
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Photoinduced single electron transfer followed by radical
cation cleavage is a selective method for generating radicals
and cations from unconventional substrates under unparal-
leled mild conditions. The versatility of the method and its
synthetic significance are demonstrated through the discus-
sion of selected examples involving alkyl radicals as the key
species, such as nucleophilic aromatic substitution, addition
to unsatured esters, nitriles and Ketones, and reduction, as
well as of an example of addition to cations.

1 An unconventional synthetic method

The basis of organic synthesis is the formation of the carbon—
carbon bond. Available methods are based upon active species,

such as carbanions, carbocations or radicals, in turn prepared
through hetero- or homo-lytic cleavage of a bond. This
introduces an intrinsic limitation as only relatively weak bonds,
e.g. C-, undergo homolytic cleavage under convenient condi-
tions, while heterolytic cleavage requires the use of an
aggressive reagent. For example, astrong base must be used for
abstracting a proton (or another electrofugal group). Organic
molecules derive their stability from being closed shell species;
thus, another way of inducing fragmentation is to weaken first
amolecule by subtracting, or adding, an electron. The resulting
odd-electron species (aradical ion) is strongly destabilized, and
often fragments [e.g. egn. (1)].
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How can such a redox activation be carried out? One may
look to electrochemistry, or to the use of inorganic oxidants or
reductants (which often operate via atom transfer, not electron
transfer, however), certainly not to oxidation or reduction by
another organic molecule. Undergraduate students may some-
times be puzzled by the fact that redox reactions [e.g. egn. (2)]
are one of the main topicsin inorganic chemistry courses, while
they never hear of redox reactions between organic molecules.
This is because inorganic ions mostly have several closely
spaced redox states, while in organic molecules the HOMO-
LUMO gap is too large, and thus with a very few exceptions
single electron transfer (SET) between any pair of organic
molecules [e.g. egn. (3)] would be largely endothermic.

MM+ + NN+ 5 M(m—1)+ + N(n+1)+ (2)
A+RX A~ +R-X+ 3

However, precisely because of the HOMO-LUMO gap being
s0 large, the situation is reversed with electronically excited
states, and if SET is a rare event in ground state organic
chemistry, it is quite common in photochemistry. Indeed, the
method discussed below is based on the activation of asubstrate
by photoinduced single electron transfer (SET) to an acceptor A
[see egn. (3)] followed by fragmentation of the thus formed
radical cations giving the carbon centred radicals or carboca-
tions. It will be shown that:
® Photochemistry isaconvenient method for generating radical
cations in solution.
® Under such conditions strong bonds (e.g. C-H, C-C) are
selectively cleaved, and in this way radicals and cations are
generated from unconventional precursors under unparal-
leled mild conditions.

® The thus generated intermediates, in particular carbon-
centred radicals, can be trapped for synthetically useful
reactions via C—C bond formation.

2 Principles of the method

2.1 Photosensitised redox processes

Electronically excited states, while widely differing in their
electronic structure, and thusin their chemical reactivity, share
one common feature, viz. they are both stronger oxidants and
stronger reductants than the corresponding ground states. This
is because they can both easily donate the electron promoted in
avacant orbital and accept an electron in the vacancy created in
an occupied orhital.1 The realisation that such is the case was
attained first in photophysical studies, but somewhat later, at the
beginning of the 1970s, it was clearly demonstrated that some
photochemical reactions involve SET as the primary step [egn.
(6)], and the bond-making and bond-breaking stepstake place at
theradical ion stage[egn. (7)] rather than directly on the excited
state surface [egn. (5)].2

A+hv— A* 4

A* — Products (5)
A*+D—->A—+D+ (6)
A-— and/or D+ — Products (7)

This area has expanded in the last two decades, 211 and the
underlying motivation has changed. While it remains interest-
ing to demonstrate that a specific photochemical reaction occurs
via electron transfer, the use of photoinduced SET [egns. (4),
(6)] as an efficient and versatile method for generating radical
ions has a much more genera interest. The other methods
available either have only a spectroscopic interest, asin the case
of ionisation in the gas phase, or have intrinsic limitations, as
with radiolysis (non-specific) or electrochemistry (a conducting
salt is required, SET occurs at the electrode surface and is
influenced by absorption phenomena).
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In contrast, photochemistry allows us to carry out a redox
process between organic molecules [egn. (3)] in homogeneous
solution. Therefore, this is often the method of choice for the
unambiguous characterisation of radical ions and the assess-
ment of their reactivity, e.g. through time-resolved spectro-
scopy. Such information may be used for supporting the
intervention of aredox step in chemical or enzyme induced (or
enzyme mimetic) reactions.

More importantly, photoinduced SET makes radical ions
useful to the synthetic chemist. In fact, these are generated
directly in organic solution in a way not requiring the addition
of aggressive reagents or of inorganic saltsand allowing alarge
choice in the experimental conditions. This gives further
possihilities for controlling the course of the reaction, so that
one can use ‘synthetic' know-how and intuition for exploiting
the chemistry of these unusual species, without bothering about
the generation of the key intermediates which does not
significantly limit the choice of experimental parameters.
Furthermore, since excited states are extremely strong oxidants,
the choice of oxidizable substrates by photoinduced SET is
much larger than with thermal methods, aswill be shown below
with examples involving aliphatic radical cations generated
from poor donors, for which non-photochemical methods are
difficult to devise.

In the following part of this section the conditions for
generating radicals and cations by this method are discussed,
while their synthetic uses are discusssed in section 3.

2.2 Generation of radical ions

Severa conditions must be met in order that a photoinitiated
SET processoccursefficiently. Thefirst oneisthat the SET step
is exothemic or at least thermoneutral. The reduction potential
of a molecule in an excited state is raised by an amount
corresponding to the excitation energy, viz. by 2to 4 eV.

E(A*/A) = E(A/A") +Eexc ®)

This is a dramatic change and poor electron acceptors in the
ground state become extremely strong oxidants in the excited
state, far superior to available inorganic oxidants. Ground state
organic molecules al have largely negative reduction poten-
tias, with only very good acceptors, e.g. chloranil, approaching
E(A/A-—) = 0vs. SCE. However, as Scheme 1 shows, excited
states all have largely positive reduction potentials. ‘ Moderate'
photoexcited acceptors, such as aromatic ketones [E(A*/
A-—) = 1t0 1.6 V vs. SCE] oxidiserelatively good donors such
as amines E(RsN*/R3N ca. 1.2 V). These are comparable to
‘strong’ inorganic oxidants [e.g. E(Ce!/CeV!) = 1.28 V].
However, more effective photoexcited acceptors, such as
quinones, heterocyclic (e.g. pyrrolinium and pyrylium) salts
and aromatic nitriles have E(A*/A*—) >2 or even >3V, and
thus oxidise even weak donors.

In recent years the research has progressed upward aong the
y axis of Scheme 1. The initia results were obtained with
moderate donors, such as akenes,12 aromatic hydrocarbons!3
and stannanes. Later, the study was extended to compounds
which would usually be regarded as oxidation resistant (and
correctly so, if only thermal oxidants are considered), such as
diphatic ketals'4 and silanes'> and even aiphatic hydrocar-
bons.2¢ It was found that the corresponding radical cationswere
efficiently generated, provided that the photosensitiser was
chosen in such a way that SET was exothermic (see Scheme
1).

A peculiarity of photoinduced SET is that the oxidant is the
in situ generated, short-lived excited state (t < 10-8 s for
singlet excited states, and < 10—6 sfor triplet states), the steady
state concentration of whichisvery low. Thishastwo important
conseguences. First, the redox process is selective and little
affected by impurities, sinceit isabimolecular process between
two species one of which is present at avery low concentration.
Therefore, the rate will be significant only when the rate
constant is high (k«, See Scheme 2, approaches the diffusion
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controlled value, ca. 101° dm3 mol—1 s—1, when the process is
exothermic) and only for compounds present at a large enough
concentration (on the other hand, using the reagent at a high
concentration is desirable from the preparative point of view).
Second, further SET stepsinvolving the excited state and short-
lived intermediates forming in the course of the reaction are
usualy too slow to matter. This is particularly important for
akyl radicals, since these have alow E, and are often further
oxidised when generated by means of inorganic reagents,
obviously added a a large initia concentration, or by
electrochemical methods (see section 3.3). Thus, photoinduced
reactions usualy involve a single SET step, while thermal
reaction often leads to different products resulting from further
oxidation of an intermediate.

Scheme 2
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2.3 Fragmentation of radical cations

That radical cations fragment iswell known being the principle
of mass spectroscopy. When generated in the gas phase and with
excess energy (usually 70 eV electron impact is used) these
species undergo avariety of fragmentation processes. Thisis of
course desirable in that case, since it gives more hints for
structural identification. However, when radical cations are
generated in solution by a mild method, a single mode of
fragmentation is usually operating, and gives selectively a
radical and a cation.

Again, this is due to kinetic selection. Photoinduced SET
leads to a radical ion pair. Thus, the thermodynamically
favoured back electron transfer regenerating the reagents in
their ground state (keee > 108 dm3 mol-1 s—1)11 always

competes with any chemical reaction of the radica ions
(Scheme 2), and introduces a second requirement for the
success of the overall process. Fortunately, most radical cations
react at a rate comparable with ke, Since ionisation strongly
destabilizes the molecule. The reaction may be a non-
fragmentative process, such as a rearrangement or an addition
reaction; as an example, with alkenes and dienes single electron
oxidation may be considered as a more powerful method for
obtaining the Umpolung of the molecule than e.g. complexation
with Lewis acids, and leads to very fast ionic addition or
cycloaddition (e.g. see Scheme 3).12.17
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Scheme 3

More often, cleavage to yield aneutral radical and a charged
fragment dominates (see kg, Scheme 2). This may be expected,
since SET injectsalarge amount of energy into the substrate, ca.
1-3eV, 22to 70 kcal mol—1 (1 cal = 4.184 J), approaching the
order of magnitude of chemical bond energy. This depends on
which bond is cleaved, and the labilization occurring upon
ionisation can be evaluated through the appropriate thermo-
chemica cycle (Scheme 4), which leads to egn. (9).24.8.18

R +X*
E(X+IX *)/' \
R*+X"* R-X"*
BDE(R—X RX /E(R—X/R_x )

BDE(R-X ' *) = BDE(R-X) -[E(R-X/IR-X **) -E(X ' IX )] (9)

Scheme 4

Noticethat the quantity indicated in square bracketsisalways
positive since radicals are oxidised at a lower potential than
neutral molecules, and thus BDE(R—X+) < BDE(R-X). In other
words, all bonds are weakened. However, the effect is different
for different bonds, since it depends both on its strength [the
BDE(R—X) term] and on how good an electrofugal group is X
[E(X-IX*)]. If the second term has a small positive or, even
better, a negative value, bond weakening is substantial. Indeed,
such thermochemical calculations show that the barrier for
dissociation of some radical cations is reduced to a few kca
mol—1, and only in that case can fragmentation compete with
back electron transfer (see below for further limitations).

Some knowledge has now accumulated about radical cations
fragmentation in solution, and the main characteristics can be
summarized as follows.
® Fragmentation in solution is often efficient. As seen above,

efficiency is limited by competition with back electron
transfer. Actual quantum yields, @ eqct = Ka/(Ko + Kpet), range
from less than 1% to ca. 40%. Obvioudy, the most
synthetically interesting cases are those at the higher limit of
this interval, and there is quite a number of them.

e \While homolytic cleavage in neutral molecules is restricted
to weak bonds, e.g. carbon-iodine, fragmentation of radical
ions has amore extensive scope. Certainly, arelatively weak
bond, such as the C—Sn bond, cleaves upon ionisation, and
formation of carbon centred radicals by destannylation of
diphatic organostannanes by photoinduced (as well as
thermal) SET works well.9.19.20 However, fragmentation of
strong o bonds (C-C, C-H) can aso be obtained. In
particular, this applies to weak donors: the more difficult is
the substrate to oxidise [the larger is the E(R—X/R-X"*)
term], the more energy is accumulated in the radical cation,
and thus the easier will it be to cleave a strong bond.
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® Fragmentationishighly selective. Furthermore, the preferred
fragmentation can be predicted. A first indication isgiven by
egn. (9), and in particular by the electrofugacity scale of
leaving cations: the more shifted towards negative potentials
is E(X-/X*) (see Scheme 5(a)], the more weakened is the
R-X bond. Deprotonation is predicted to be afacile process,
despite the strength of the C—H bond, since in acetonitrile,
where the experiments referred to here are usually carried
out, the redox pair H/H* equilibrium has a very negative
potential 2t and desilylation comes near to it [Scheme 5(a)].
Deprotonation is slower than expected from the thermo-
chemical calculations, apparently because thereis a ‘kinetic
overhead’. This corresponds to the relevant internal and
external reorganisation energy involved in the transfer of a
proton to the solvent from a oc_ bond non-polarised in the
starting radical cation (since the radical cation in genera has
lower-lying MOs where the charge resides). This processis
fast when assisted by a nucleophile, which may be an added
species, e.g. an alcohol, or the radical anion when this has a
nucleophilic character (e.g. in the case of a ketone).6.22.23
Reorgani sation isless expensive when the el ectrofugal group
is larger or more delocalised. Acetonitrile, often the solvent
used in such areaction, is asufficiently good nucleophile for
assisting the detachment of atrialkylsilyl cation. With anon-
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nucleophilic radical anion (e.g. an aromatic nitrile) in
acetonitrile the experimental electrofugacity scale placesthe
silyl group in thefirst position.24 As an example, the rates of
fragmentation measured for «-substituted p-methoxybenzyl
radical cations are reported in Scheme 5(b).25 The rate
constants change greatly with different substrates; in partic-
ular al reactions will be much faster with less stabilized
radical cations. However, the order of the leaving groups
remains the same, and Scheme 5(b) reasonably represents an
‘electrofugacity’ scale for radical cations in acetonitrile.
What is important for synthetic purposes is that leaving
groups are well differentiated in this scale, and indeed
observed fragmentationsare > 90% selective. Asan example
with xylyl radical cations of the type XCH,CegH4CH,Y ++, the
rates of cleavage of group X* to yield abenzyl radical arein
the order ky (MesSi*) >10 kg (CO, + H*) > 10 ky (HY).

® Selectivity is also observed within a given type of bond. As
egn. (6) shows, a BDE difference in the neutral substrate
trand ateswithout changein theradical cation. Thus, all other
factors being equal, the rate of fragmentation follows the
order of homolytic strength. As an example, with ada-
mantane deprotonation from the radical cation occurs
selectively (=100: 1) from the bridgehead (tertiary) position
(Scheme 6).16 Likewise, with ketals or silanes akyl radicals
are generated with marked (=10 times) tertiary > second-
ary > primary selectivity.
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3 Synthetic use of radical cation fragmentation

It has been shown above that heterolytic cleavage of an organic
molecule is efficiently obtained under unparalleled mild
conditions through photoinduced single electron oxidation and
selective fragmentation of the radical cation. Unusual pre-
cursors (7, o, or n donors) can thus be used for generating
neutral radicals and cations. As an example, alkyl radicalswere
conveniently and selectively generated from aiphatic stan-
nanes, silanes or silyl ethers (via cleavage of a carbon—metal
bond),13 aliphatic ketals (C—C cleavage),4 carboxylic acids
(deprotonation followed by CO, loss),26 or akanes (C-H
deprotonation),16 provided that in each case the appropriate
photochemical oxidant is chosen (see Scheme 6). This versatil-
ity should be useful for synthetic applications, since one should
be able to choose the most convenient functionality as the
precursor of the radical in view of other groups present in the
donor and of the structure of the electron acceptor as well as of
the desired radical trap.
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3.1 Nucleophilic addition onto the cation

Both species generated, the cation and the radical, can be
exploited. The cation is trapped by a nucleophile, e.g. by
moisture present in the solvent (in most cases acetonitrile) or an
added acohol. Photosensitized fragmentation of an aiphatic
acetal gives an «,«-dioxy carbocation and an ortho-acid (or
ester) from it (Scheme 7).4 Thisrealizes amild conversion of a
ketone to an ester function. The intramolecular application of
such a scheme is of some interest in view of the possible
selectivity. A representative case is that of 1,2;5,6-di-
O-isopropylidene-p-mannitol diacetonide (Scheme 7), where
the cation formed from the fragmentation undergoes selective
addition by the hydroxy group in position 4 to give a bicylic
orthoester (the process can be repeated to give a bis orthoester).
This reaction can be considered as a method for protecting
group exchange and has been extended to some carbohydrate
derivatives.2”

3.2 Radical addition to the acceptor: aromatics, ketones
From the point of view of synthetic planning, the most
appealing side of the above method is certainly the generation of
carbon-centred radicals, and thus the use of photoinduced SET
for carbon—carbon bond forming reactions through this path.
Generation of radicals through oxidative procedures is ob-
viously largely precedented. However, comparison with re-
ported thermal reactions shows that photochemical initiation is
much broader with respect to the radical precursors. Thus,
thermal oxidants such as Mn'' or CeV oxidize only good
donors, such as conjugated alkenes, enamines and (tautomeric)
enols,28 while excited states have a more positive E,q and aso
oxidize poor donors, including akanes.

Photochemical sensitization has further important differ-
ences; as it appears from Scheme 2, in this method radicals are
generated in the presence of radical anions, and of course
coupling between two odd-electron species is fast.

When aromatic nitriles are used as the acceptors, the
corresponding radical anions are persistent, non-nucleophilic

species, which can build up to a relatively high steady state
concentration, and these couple with the alkyl radical (Scheme
8).29 This gives an unconventional method for aromatic
alkylation.30 Benzonitrile—and better polycyanobenzene
which are stronger acceptors—undergoes akylation when
irradiated in the presence of avariety of substrates, ranging from
tert-butyl esters?® to siloxanes,® ethers,3! alkylaromatics,3:32
and alkanes. 6 The reaction proceeds as shown in Scheme 8, and
addition of the alkyl radical to theradical anion isregioselective
(the position with the largest spin in the radical anionis always
attacked, independently of whether it is substituted or not). As
aresult, substitution of an akyl for a cyano group takes place
with o- and p-dicyanobenzene as well as with tetracyano-
benzene, while alkylation at an unsubstituted position occurs
with mrdicyano and 1,3,5-tricyanobenzene.’3 When cyanated
naphthalenes are used, the reaction proceedsin the sameway up
to the anion adduct, but this protonatesinstead of rearomatizing
by cyanide ion loss and gives an akyldihydro derivative (such
compounds undergo easy base-catalysed dehydrocyanation,
however).30

Freeradicalshave asignificant lifetime, since radical—radical
anion coupling is a second-order process involving two species
both at alow steady-state concentration. When using rearrang-
ing radicals (‘radical clocks’), we found that the radical
incorporated is partially rearranged, to an extent which depends
on the substrate chosen and the medium used (e.g. added sdlts;
see the cyclopropylmethyl derivative in Scheme 8).33

With ketones related reductive alkylations have been obser-
ved, but at the moment the processislimited to benzylic donors,
where the heterocoupling (Scheme 9) is accompanied by
homocoupling to give Ar'CH,CH,Ar’.23

3.3 Sensitized radical addition to C—C multiple bond

The above direct alkylation of the acceptor may be of some
interest, e.g. akylated aromatic nitriles are intermediates for the
synthesis of phthalogenines. However, a more genera issue
uses photoinduced SET and radical cation fragmentation for
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generating the radicals and uses these for alkylating an added
substrate, limiting the role of the acceptor to that of a
regenerated photosensitizer, rather than that of a reagent.

For such intermolecular trapping two further conditions must
be met, besides those mentioned above. First, the radical must
diffuse out of the cage and live long enough as a ‘free’ species
to be trapped by an added reagent rather than coupling in the
cage with the acceptor radical anion. That radicals do diffuseis
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indicated by the above ‘radical clocks' experiments, whereit is
shown that radical—radical anion coupling at least in part
involves diffusion and re-encounter.33 In view of the nucleo-
philic character of alkyl radicals, one may expect that carrying
out the irradiation in the presence of an electron-withdrawing
substituted alkene, radicals may be trapped, and indeed
photosensitized addition to such substrates occurs satisfactorily
under appropriate conditions. Second, the radical anion of the



acceptor must be re-oxidized to the starting material at some
stage of the process in order to participate in further sensitiza-
tion cycles.

The conditions for obtaining such photosensitized addition
(see Schemes 10 and 11) have been explored. The probability
that the radical escapes coupling with the radical anion of the
acceptor and is trapped by the alkene depends on the structure
of the acceptor, of the donor (in particular of the electrofugal
group in it) and on the structure of both radical and trapping
olefin. Thus, e.g. triplet state acceptors such as aromatic esters
work better in this reaction than singlet state acceptors such as
aromatic nitriles, since diffusion of the radical ions is faster in
thefirst case; alkyl radicals produced by C—C cleavage in ketals
or C-Sn cleavage in stannanes are easier to trap than radicals
arising from the deprotonation of alkane radical cations; more
stabilised tertiary radicals are better trapped than primary
radicals; the trapping ability of mono- and di-substituted olefins
depends on the bal ance between electronic activation and steric
hindrance.34.35
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Scheme 10

The following course of the reaction is characterized, asit is
typical of this kind of chemistry, by the copresence of several
radical species. Trapping of the originally formed (‘educt’)
radical by the alkene leads to a new (‘adduct’) radical. Thisin
turn interacts with A'—. The electron withdrawing group makes
the adduct radical more stable and more easily reducible than
the educt radical, and two paths are possible: it can be reduced
by A-— [Scheme 10(a)] or add to it (path b).34.35

In the latter case, which has been studied with aromatic
nitriles as the acceptor, both akylation and arylation of the
double bond occur and the final product results from a three-
component combination with formation of two C—C bonds
(Scheme 11).35
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In the other instance, the second SET closes the cycle,
regenerating the sensitiser (typically, turnover numbers of 30 to

50 are observed). The combination of the two redox steps
establishes a photosensitised radical addition where the educt
radical is generated through an oxidation step (in thiscase it is
the reduction potential of the excited acceptor which matters)
and the adduct radical is converted to the final product via a
reduction step (and in thiscaseit isthe reduction potential of the
ground state acceptor that matters) (see Scheme 12). Since one
can usually choose between different acceptors, where E;eq(A)
and E,eq(A*) changein adifferent way, it ispossibleto drive the
reaction either way, towards the three-component addition
[Scheme 10(a)] or towards the photosensitised radical addition
(path b). The latter process is the more interesting one from the
preparative point of view and can be satisfactorily carried out
with a variety of C-C multiple bonds, provided that the
acceptor—donor combination is properly chosen.27.34

This photosensitized addition has been tested with several
alkenes, the relative reactivity of which is the same as that
observed in conventional ‘free’ radical alkylation. As for
alkynes, those with two activating substituents in positions 1,2
react, and the reaction cleanly stops at the double bond level due
to the increased steric hindrance in the product.2” A further
convenient alkylation is that of ‘push—pull’ alkenes.2”

Radical benzylation can be obtained starting directly from the
hydrocarbons. In some cases addition of benzyl radicals to the
alkene is inefficient, since m-interaction between donor and
acceptor slows down diffusion out of cage. However, thiscan be
overcome by adding a protic cosolvent which weakens the
complex and alows us to obtain the efficient benzylation of
alkenes.27

It is too early to estimate the synthetic potential of this
method in comparison to classic free radical alkylation. Some
key points should be stressed, however. First, new radical
precursors are used, which pertain to neither of the categories
classically used, viz. neither have a homolytically weak bond,
nor are good donors (such as could be oxidized thermally).
Second, all of these reactions are carried out by simple
irradiation in neat acetonitrile, under neutral conditions, with
the photosensitizer (typically 10—3-10—2 mol dm—3) asthe only
added (and recovered) chemical. Third, thismethod differsfrom
thermal redox initiated reactionsin that the radical adduct isnot
oxidized, as usualy happensin that case, but rather reduced, as
has been shown above, and thus the final products are different.
A likely limitation is that, precisely because excited states are
such strong oxidants, the method may be scarcely tolerant of
other functions present in the substrates, which may undergo
competitive redox processes.

3.4 Radical addition to a,p-unsatured ketones

Differently from the previously considered unsaturated esters,
nitriles and sulfones, «,-unsaturated ketones absorb efficiently
inthenear UV and intersystem crossto the corresponding tripl et
states. These are reduced by good donors such as amines, and
Mariano has demonstrated that this can be exploited for
obtaining a convenient aminoalkylation.6 On the other hand,
adding an unsubstituted alkyl radical through a similar path
poses a problem, since suitable precursors, e.g. tetraalk-
ylstannanes, are too weak donors for reducing these triplets.
This limitation is overcome in a system where the first step is
energy transfer to an additive which has similar triplet energy
to—but is a better electron acceptor than—the unsatured
ketone, such as a pyromellitate ester.2” This exploits photo-
induced SET in adifferent cycle (see Scheme 13), showing how
photosensitization can be conveniently tuned by taking into
account both energy and redox potential of excited states. Inthis
way, an efficient alkylation is obtained with both cyclic and
acyclic ketones, provided that they are not (3,3-disubstituted
(since these are too hindered).

3.5 Radical reduction

When easily reducible (e.g. benzyl) radicals are generated by
this method, reverse SET from A-— takes place and is followed

Chemical Society Reviews, 1998, volume 27 87



7 %¢

\_<

examples

__CN BusSn CN

T™MPM, v g /_/

u

50% ref. 34

t
Yy | Me . SMe  gytsnMe;, Bu SMe
\—< —_—
SO,Ph TCB, v Me SO,Ph
50% ref. 27
— BulSnMe;  CHsOOC COOCH;z
CH;00C COOCHj3
DCN/BP, hv But 85% ref 35
0/_\0
t
pn><put  CH:00C o Bu
CH300C COOCH;
TCB, hv COOCH;z
Eandz 40%  ref27
COOCH
cH,00C  COOCH %CHBOOC ’
3 3
DCN, v PhCH; 80%  ref 27
Scheme 12
0 0
SnBuy
TMPM, hv
But
60%
1) ref. 27
(o] SnBuy
)v TMPM, hv
But
67%

Scheme 13

by protonation to yield ahydrocarbon. Inthisway, hydrolysis of
substituted bibenzyl and some related derivatives have been
obtained [egn. (10)].3:32

hv, Sen:
ArCRCRAT =R E, ArCRy + Ar'CRy*

+e,+H0
—— > ArCRzH + Ar'CR,OH

(10)
Alkyl radicals are less easily reduced than benzyl radicals, and
in this case electron transfer from A—- does not take place.
However, when the bond fragmented in theradical cationispart
of a ring, a distonic radical cation is formed. Such an
intermediate is longer lived and the radical centre, while
hindered toward addition, is activated toward hydrogen abstrac-
tion. Thus, reduction of the radical centre takes place, via atom
transfer rather than electron transfer, while the cationic centre
undergoes nucleophilic addition (cf. section 3.1). The final
result is hydrolysis (or solvolysis) of an unactivated C-C bond
under mild conditions (Scheme 14). Interestingly, with suitable
substrates, hydrogen transfer is stereosel ective.14.27
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4 Conclusion and outlook

Recent work has shown that, probably contrary to what most
chemists think, radical cations are not only the key interme-
diates in mass spectroscopy, but can also be taken down from
the gas phase to solution and they are useful synthetic
intermediates. Photoinduced SET is a convenient method for
preparing such species characterized by the mild conditions
under which it is carried out and the great potential, enabling
oxidation even of very weak donors. Radical cations often
undergo a selective (and predictable) cleavage, and thisisanew



method for preparing radicals and carbocations from unconven-
tional substrates. In the third section of this review, we have
demonstrated that this cleavage can be exploited for synthetic
purposes, in particular for carbon—carbon forming reaction with
neutral radicalsasthe key intermediates. The complex sequence
involved differslargely from therma methods via radicals. The
final output, both in terms of efficiency and product selectivity,
depends on several competitions at various stages of the
process, which have been rationalised and can be controlled.

In asense, the present stage of the study of radical ionsrecalls
the development of homolytic radical chemistry, where syn-
thetic applications were greatly accelerated only after the
underlying mechanism was understood. We believe that the
results obtained so far give only a hint of the synthetic
possihilities offered by radical ions chemistry. In particular, the
scope of photochemical SET is larger than its chemical
counterpart and there are more possibilities to control the
process by changing the conditions. Several efficient and
selective reactions have been developed. Apart from this, the
fact that photoinduced SET is essentialy independent of
experimental conditions enables us to obtain a more complete
knowledge of radical ions chemistry. This offers new elements
(and bona fide probes) for evaluating the role of electron
transfer in thermal and biological processes.
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