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Abstract Avoiding energy wasting return electron transfer reactions remains a
central challenge in the design of high efficiency photoinduced electron transfer
processes. One strategy for achieving this goal is to utilize compounds which as a
result of electron transfer undergo rapid and irreversible chemical reaction in
competion with the return electron process. Organosilanes represent a promising
class of compounds that may fulfill this requirement. We have found that some
organosilanes undergo rapid carbon-silicon bond cleavage when oxidized to their
radical cations in photoinduced electron transfer reactions. Interestingly, these radical
cation cleavage reactions occur by a rare nucleophile-assisted mechanism. We have
investigated the reactivity of different classes of nucleophiles, and have determined
the activation parameters for several of these reactions.

Keywords: Organosilane, photooxidative cleavage, photoinduced electron transfer, nucleophile,
activation energy

INTRODUCTION

Some applications of photoinduced electron transfer processes require high chemical
stability of the species formed when the electron is transferred, for example in
electrophotography and in photovoltaic devices, in which no net chemical transformation
is usually an essential condition. Other applications, however, are based upon the
chemical reactions of the charge separated species, for example in many imaging systems
in which photoinduced radical ion formation results in polymerization reactions. Studies
which explore new chemical reactions based on photoinduced electron transfer procceses
are, therefore, of general interest.] An additional objective of such investigations is an
understanding of the factors which control the efficiencies of such reactions. High
efficiency reactions can be achieved if useful processes can compete favorably with the
energy wasting return electron transfer process within the initially formed charge separated
species (the geminate radical-ion pair).2 Therefore for an efficient reaction,
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either the rate of the return electron transfer process must be low, or the rate of chemical
reaction of the radical ions must be high. Previous studies on the return electron transfer
process have clearly defined the factors controlling the rates of these reactions.2 In this
paper we describe work directed toward an understanding of the rates of chemical reaction
of a class of potentially useful radical cations.

Of the several known radical cation reactions,! e.g., rearrangements, additions,
oxygenations, etc., fragmentation reactions are currently attracting considerable interest.
In particular, C-C3 and C-Si4 bond cleavage reactions have attracted attention as possibly
efficient and useful processes. We reported recently that the fragmentation of
organosilane radical cations occurs via a nucleophile-assisted step which seems to
significantly Jower the activation energy for fragmentation, and thus leads in an increase in
the rate constant for cleavage.5 We now report on the reactivity of different classes of
nucleophiles in assisting the C-Si bond cleavage, and on the activation parameters for
these reactions.

RESULTS AND DI SSION

In the current work we studied the fragmentation of the radical cation of methoxybenzyl-
trimethylsilane (S), which was generated via a secondary, exothermic electron transfer to

p-MeO—CgH,—CH,-SiMe3 (S)

biphenyl (BP) radical cation. The latter was formed photochemically via an electron
transfer reaction with the first singlet excited state of 9,10-dicyanoanthracene (DCA) in

IpcA*+ BP ————»  DCA” + BP*

BPt + S e ——— BP + S

acetonitrile. This route was chosen since the energetics of this photochemical process
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result in the formation of free radical ions in acetonitrile (DCA*- + BP**) with a high
quantum yield (® = 0.75).2 The rate of cleavage of S** in the presence of added
nucleophiles (k;) was determined by measuring the rate of decay of the absorbance of
$°+, monitored at 500 nm (Ap,,, of S°*¥), in a laser flash photolysis experiment (410 nm,
15 ns, S mJ).5 In all cases we confirmed that the observed decay of S** is indeed due to
fragmentation by performing analogous steady state photolysis experiments which
demonstrated that the quantum yield of the cleavage product is not diminished in the
presence of the added nucleophiles. Cleavage of §*+ leads to the methoxybenzyl radical
(R*"), which adds to DCA*~, and upon protonation yields the addition product (P).

+
R—SiMe;* + Nu —— R—8iMey™ -—5——’— R + Nu—SiMe,

(S Nu
H CN

R" + DCA" + H* - O‘Q

R” CN (P)

(R = p-MeO-C¢H,-CH,—) cis & trans

We postulated previously that acetonitrile, which is the solvent used in these
experiments, can act as a nucleophile and assist the cleavage reaction even in the absence
of other additives.5 Support for this idea was obtained from the observation that the
lifetime of S** in acetonitrile increases upon replacement of the methyl groups in S by
cthyl, and more dramatically by iso-propyl groups, i.e. with increased steric hinderence at
the Si atom. Since acetonitrile was used as a solvent in these experiments, the actual
bimolecular rate constant (k¢) could not be accurately determined in this case. We sought,
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therefore, a non nucleophilic solvent to carry out such reactions in which the concentration
of acetonitrile could be varied.

Non nucleophilic solvents are usually less polar than acetonitrile. The quantum
yields for free radical ion formation, however, are usually quite low in less polar solvents
due to the increase in columbic attraction in the geminate radical-ion pair, and the
decreased stabilization of the free radical ions in the less polar medium, which suggests
that the transient absorption experiments might not be possible under these conditions. If,
however, we use a cationic excited state acceptor, N-methylacridinium (MA*), in place of
the DCA, there is no columbic attraction in the initially formed geminate pair, since a
neutral radical and a radical cation are formed in this case. Indeed, reaction of
photoexcited MA* with BP in methylene chloride results in the formation of free BP*+
with a very high quantum yield. Secondary electron transfer as described above between
BP** and § yields S** with high efficiency. In methylene chloride the radical cation S*+ is
considerably longer lived than in acetonitrile. Indeed, the decay of $*+ in this solvent
occurs mostly through a second order process, namely the diffusive recombination with
MA-*. In the presence of added nucleophiles, however, the decay of the silane radical
cation is purely first order.

=
QOGN
N

!
Me PF6-

) CH,Cl,
MA*Y" 4+ BP —-—((D—'——l-)—> MA®™ + BP**

From measurements of the increased rate of decay of $*+ in methylene chloride, as a
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Tablel Nucleophile-Induced Cleavage Rate Constants of the Silane
Radical Cation (§°*) in Acetonitrile and in Methylene Chloride

Nucleophile (k¢)acetonitrile (kc)melhylene chloride
(Nu) (106 M-15°1) (106 M-1s-1)

methanol 5.5 153
iso-propanol 0.97 29
tert-butanol 0414 0.73
tetrahydrofuran - 4.1
acetonitrile (0.12)b 0.55
4-methylpyridine 12.5 ===
pyridine 8.8 ----
3-chloropyridine 1.9 ----
2,6-dimethylpyridine 5.1 -

2 This value is probably less accurate, since the change in decay rate in the
presence and absence of zerr-butanol is relatively smail. © This value is an
estimate obtained from the measured decay rate of S** in acetonitrile of
2.3x105s°1, divided by 19, the molarity of acetonitrile.

function of increasing concentration of added acetonitrile, a value for k; of 5.5 x 105
M-1s-1 was obtained. The corresponding rate constants for reaction of various
nucleophiles with S°+ in methylene chloride were measured in the same manner. The
data are summarized in Table I, along with the corresponding rate constants in
acetonitrile. From these data it is clear that acetonitrile acts as a nucleophile in assisting
the C-Si bond cleavage of the silane radical cation. As expected, however, acetonitrile is
much less reactive than methanol. The rate constants in methylene chloride are
approximately 3 times higher than those in acetonitrile. This solvent effect on the rate
constants is analogous to that encountered in related bimolecular nucleophilic substitution
reactions.® The substituent effects on the rate constants for the pyridine derivatives are as
expected for a nucleophilic substitution. An electron donating group (4-methyl) increases
the rate and an electron withdrawing group (3-chloro) decreases the rate. The
2,6-dimethyl derivative is more electron rich, but more sterically hindered for
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Table I Activation Parameters for the Reaction of Various Nucleophiles
with the Radical Cation of Methoxybenzyltrimethylsilane

AH* AS*
Nucleophile (kcal mol-!) (cal K-1 mol-1)
Acetonitrile 5.6 -16.6
Methanol 2.0 -21.2
Pyridine 19 -20.6

nucleophilic attack than the parent compound. These two opposing effects almost cancel
each other in this case. From measurements of the decay rates of $*+ in the presence of
different nucleophiles at different temperatures (3 - 70° C in acetonitrile), the enthalpies
and entropies of activation summarized in Table II were obtained. The magnitude of the
entropy of activation is in the expected range for an SN2 reaction. Thus, we believe that
the data presented here and in the earlier communication’ strongly support the proposed
nucleophilic-assisted cleavage of organosilane radical cations.

Since the rate of fragmentation in these reactions depend on the presence of a
nucleophile, we are synthesizing organosilanes with covalently attached moities which
can function as nucleophiles. Such intramolecular reactions are likely to lead to fast
fragmentation even in non nucleophilic media.
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