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Abstract: The cation radicals of benzyltrialkylsilanes have been generated using photoinduced electron transfer and
characterized using transient absorption spectroscopy. Absolute rate constants for nucleophile-asSiseh€
cleavage have been determined, for different nucleophiles in different solvents and with different substituents on the
phenyl ring. The short lifetime<107° s) of the parent benzyltrimethylsilane cation radical in acetonitrile was
unambiguously shown to be due to a rapid nucleophile-assisted bond cleavage, with the solvent acting as the
nucleophile. Even in less polar solvents, such as dichloromethane, the lifetime of benzyltrimethylsilane cation radical

is quite short (ca. 20 ns) unless trace amounts of water, which acts as an efficient nucleophile, are removed. Consistent
with the nucleophile-assisted cleavage mechanism for the benzyltrialkylsilanes, sterically-demanding substituents on
silicon decrease the rate constant for cleavage by as much as 4 orders of magnitude, depending upon the nucleophile.
Similarly, increasing steric crowding on the nucleophile also decreases the rate constant, although smaller changes
in the rate constants are observed. Electron-donating substituents (4-methyl and 4-methoxy) on the phenyl group
also lead to a substantial decrease in the rate constant for cleavage of the cation radicals. When measurements are
performed in the least nucleophilic solvent and under conditions that minimize contributions from adventitious
nucleophiles, the lifetimes of the cation radicals of the benzyltrialkylsilanes can be so long that the rate of pseudo-
first-order decay can not be accurately determined. If the cation radicals undergo unimolee8idrddd cleavage

(i.e., not nucleophile-assisted) under these conditions, the rate constant for this process is estimated to be less than
100 st

I. Introduction reaction could occur via a nucleophile-assisted process, with
The oxidative C|ea\/age of Organos"anes and related com- the solvent aCting as the nUCIeOphile for SUfﬁCiently reactive

pounds has been the subject of numerous investigations in recen¢ation radical$™3 We recently proposed that for benzyltri-
years! Examples of reactions that have been studied include @lkylsilane cation radicalsl(*) the cleavage reaction does, in

electron transfer initiated substitutions of benzylsilahealky!-
silanes! disilanes} and enol silyl ethefsand also reactions of
tin and germanium compounds?*” The mechanism of the

fact, proceed via this mechanism, with solvents such as
acetonitrile acting as the nucleophile (ecf1).

On the basis of gas phase thermodynamic cycle calculations,

bond cleavage reactions has been the subject of considerabléhe C-Si bond dissociation energy for benzyltrimethylsilane
discussion. One interesting suggestion is that the cleavagecation radical was predicted to be ca. 30 kcal/fwothich would
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suggest a large barrier to unimolecular cleavage. The rate
constant for fragmentation for this particular cation radical in
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AICH,~SIR; — %> ArCH,-SiRg"" — Scheme 1
1 1+ A+*+ C
K
aFSE: ¢ * AYCt Ksep A4+ C*
ArCH,~--- SiRg----Nu — > ACHy + RaSINu® ) \
ArCH=SIRSN\( A" + C + ArCH,~SiRy"™
1
acetonitrile was estimated to be cax110® s, which was hv [ | K-et

taken as strong support for thgBSmechanism (eq B

Direct experimental evidence for this mechanism was ob-
tained for (4-methoxybenzyl)trialkylsilane cation radicals. A* + C
Using time-resolved nanosecond absorption spectroscopy, it was ) . .
shown that the lifetimes of the silane cation radicals decreasedknoW whether thes bond cleavage reaction of a cation radical
in the presence of a variety of added nucleophiles. Second-CCCUrs via an § or an &1 mechanism, in order to design

order rate constants for reaction between the cation radicals andfySteéms which undergo efficient cleavage. Despite its obvious
the nucleophiles were sensitive to steric effects. From these!Mmportance, however, the generality of thg2Snechanism has

and related experiments, it was clearly demonstrated that then©t Peen properly established, since direct experimental evidence
cleavage reaction for (4-methoxybenzyl)trialkylsilane cation has only been obtained for two cleavage reactions of cation

radicals occurred via reaction with the solvent, acetonitrile. radicals in addition to those of the silarfgs? 362920 , )
Evidence that the @ mechanism might be general has also Because of the issues raised here, we have further investigated

been obtained from product studies of allylsilane photo- the cleavage mechanisms of organosilane cation radicals.
oxidations® Similarly, product studies suggest that disilane Herein we describe experiments designed to test whether the
cation radicals undergo nucleophile-assisted cleafge. SN2 meqhanlsm operates under norma! cond|t|on§ for the parent
In our original work, the primary evidence in favor of the benzyltr_lalkylsuanes. We also describe experiments Wh!Ch
S\2 mechanism for the parent benzyltrimethylsilane cation generalize and br_oaden the scope of the n_ucleoph|le-aSS|sted
radical came from thermokinetic arguments based on the gasC/e@vage mechanism. Some of the data discussed here have
phase G Si bond dissociation energy. However, it was recently P€€N communicated previousi/
suggested that a unimoleculaglSmechanism may be possible
in this case, since thsolution phasdoond dissociation energy
for the cation radical of benzyltrimethylsilane might be con- A. Experimental Approach. The clearest method for
siderably less than the gas phase vdfuen addition, it was determining whether a cation radical cleavage occurs via
noted that nucleophile-assisted cleavage need not be invokedhucleophilic assistance is to measure the rate constant for the
to explain the product distributions observed in the photoinduced bimolecular reaction of the suspected nucleophile with the cation
electron transfer reactions of some alkyl- and benzylsilanes with radical and compare this with the rate constant for unimolecular
tetracyanobenzerfé. The cation radical of the parent benzyl- cleavage of the cation radical. Transient absorption spectros-
trimethylsilane has not been observed directly in transient copy using nanosecond-pulsed laser excitation represents an
absorption experiments, and thus, no direct kinetic evidence ideal technique for performing these kinetic measurements. For
regarding the mechanism of its cleavage has yet been obtainedabsolute rate studies of cation radicals, cosensitized photooxi-
As discussed above, the lifetime of the cation radical was datiort! has proven to be a useful technique. This is illustrated
previously estimated to be ca. 1 ns in acetonitrile (the in Scheme 1 for a positively charged electron acceptdr, A
fragmentation rate is estimated to be ca. 4 10° and a cosensitizer, C. Irradiation oftAyenerates the excited
s h)—considerably shorter than the 4-methoxy analogtses state A, which reacts with C via exothermic electron transfer,
too short-lived to be detected in our original nanosecond ke, to generate the AC** geminate radical/cation radical pair.
transient absorption experimerés The shorter lifetime of the ~ The oxidation potential of the cosensitizer is chosen so that
parent compound could be because th@ &action is faster  diffusional separationkse, competes efficiently with return
with acetonitrile than for the 4-methoxy derivatives or because electron transferk—¢;, resulting in a high yield of separated ion

Il. Results and Discussion

the Sy1 reaction is faster than they& reaction in this case. radicals. The separatedtCthen oxidizes the silane ArGH
The Su2 cleavage reaction is interesting because formally it SiRs (1) to generate the silane cation radical ArStBIRs™. It
represents the addition of a nucleophile to a one-electimmd. is ensured that A* reacts with C, rather than with, by using

Although the addition of nucleophiles ta organic cation a cosensitizer concentration (ca.-91.0 M) that is much higher
radicals has been very well studigthese additions to bonds than the concentration of the silane (ca:3610-2 M). When
in cation radicals are much less well-kno##. In addition to the oxidation potential of C is higher than that af the
this general interest, it is obviously of crucial importance to secondary electron transfer frointo C** occurs with a rate

(8) (3) Kojima, M Ishida, A Takamuku, S.; Wada, v.: Yanagida, S. constant cloge to the d|ﬁu5|on-controlled limit. The concentra-
Chem. Lett1994 1897. (b) Johnston, L. J.; Schepp, N.J>Am. Chem. tion of the silane has to be high enough to ensure both that its
Soc.1993 115 6564. (c) Albini, A.; Mella, M.; Mauro, FTetrahedron cation radical is formed more rapidly than it decays and also

1994 50, 575. (d) Lewis, F. D. IrPhotoinduced Electron Transfer Part C.  that C+* reacts with the silane rather than with other potential

Photoinduced Electron Transfer Reactions: Organic Substr&ies, M. reactants in the solution

A., Chanon, M., Eds; Elsevier: Amsterdam, The Netherlands, 1988; p 1. . ’ .
(9) (a) Dinnocenzo, J. P.; Lieberman, D. R.; Simpson, T.Rm. Chem. Most photoinduced electron transfer reactions are performed

Soc.1993 115 366. (b) Dinnocenzo, J. P.; Todd, W. P.; Simpson, T. R.; in polar solvents to facilitate separation of the photogenerated
Gould, I. R.J. Am. Chem. Sod99Q 112, 2462. (c) Mazzocchi, P. H.;

Somich, CTetrahedron Lett1988 29, 513. (d) Mazzocchi, P. H.; Somich, (10) Deprotonation of cation radicals may be viewed as nucleophilic
C.; Edwards, M.; Morgan, T.; Ammon, H. L1. Am. Chem. Sod 986 cleavage of a bond. For example, see: (a) Anne, A.; Fraoua, S.; Hapiot,
108 6828. (e) Gassman, P. G.; Olson, K.DAm. Chem. S0d982 104, P.; Moiroux, J.; Salent, J.-M.J. Am. Chem. Sod995 117, 7412. (b)
3740. (f) Gassman, P. G.; Olson, K. D.; Walter, L.; YamaguchiJ.RAm. Baciocchi, E.; Giacco, T. D.; Elisei, B. Am. Chem. S08993 115, 12290.
Chem. Soc1982 103 4977. (g) Mizuno, K.; Ogawa, J.; Otsuji, Chem. (c) Parker, V. D.; Tilset, M.J. Am. Chem. Socl99], 113 8778. (d)
Lett. 1981, 741. (h) Mizuno, K.; Ogawa, J.; Kagano, H.; Otsuji, Chem. Dinnocenzo, J. P.; Banach, T. E. Am. Chem. S0d.989 111, 8646.

Lett. 1981 437. (i) Rao, V. R.; Hixson, S. S. Am. Chem. Sod979 101, (11) Gould, I. R.; Ege, D.; Moser, J. E.; Farid, 5. Am. Chem. Soc.
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anion radicals and cation radicafs.In the present studies,

however, experiments had to be performed in solvents with
lower nucleophilicities than those of most commonly used polar
solvents, such as acetonitrile and methanol. For this reason

charged electron acceptor {An Scheme 1). In this case the

geminate pair consists of a neutral radical and a cation radical,

A*/C* 13 compared to the anion radical/cation radical pair which

Dockery et al.

long-lived 1**, the approximately diffusion-controlled reaction
of 1™ with D should occur and a grow-in of ® should be
observed at the same rate at which decays (eq 3).

)

most of the experiments described here made use of a positively ArCH-SiRs™ + D

@)

ArCH,-SiR; + D**
1+ 1

As discussed above, the first part of the present work deals

is formed when a neutral acceptor is used. Separation of theWith the mechanism of cleavage of the parent benzylsilane cation

A/C** pair occurs efficiently even in moderately polar solvents
due to the lack of an electrostatic barrier which characterizes
the diffusional separation of anion radical/cation radical p#irs.
N-Methylquinolinium (NMQ) salts were used for the majority
of the experiments. The high oxidizing power of the NMQ
excited stateHeq (S;) = 2.7 V vs SCE4) permits the use of a
high oxidation potential cosensitizer such as toluene. A
cosensitizer with high oxidizing power was required because
of the relatively high oxidation potential of the unsubstituted
benzylsilanes (e.g., 1.78 V vs SCE for benzyltrimethylsitdne

In addition, a neutral electron acceptor was required for some

experiments, and in these cases, 1,2,4,5-tetracyanobenzene

(TCB) was found to be useful.

X
—
Yo
CH,

(NMQ)

NC: : :CN
NC CN

(TCB)

radicals. Benzyltrialkylsilanes containing alkyl substituents with
different steric bulk at siliconla—c) are used to probe the
mechanism. In the second part, the scope of the reactivity of
nucleophiles with silane cation radicals is explored by including
the para-substituted silane$d and 1e

x—<j>7c+|2—sm3

X R
1a H CHj
1b H CH,CHy
ic H CH(CHg),
1d CHs; CH,
1e OCH; CHg

B. Benzyltrialkylsilane Cation Radicals. If the cleavage
of the benzytrialkylsilane cation radicals occurs via a nucleo-
phile-assisted mechanism, then on the basis of the previous work
on the 4-methoxyphenyl derivativésjt was anticipated that

The silane cation radicals are detected by transient absorptiontheir cation radicals would be longer lived when relatively non-
spectroscopy. In addition to the silane cation radical, a reducednucleophilic solvents were used and also when the silicon was

acceptor (either Aor A, depending upon the sensitizer) is

formed and will also absorb. For the NMQ-sensitized reactions,
one method for distinguishing the absorbances of the cation
radical from those of the reduced sensitizer is their sensitivity
to dissolved oxygen. The reduced form of NMQ reacts with

oxygen with a rate constant close to the diffusion controlled
limit (presumably due to electron transfer to form superoxide,

substituted with sterically demanding groups. Our intention was
to test this by measuring the absolute lifetimes of the silane
cation radicals. However, previous work had indicated that the
lifetime of the parent benzyltrimethylsilane was only ca. 1 ns
in acetonitrile32which was too short for direct detection using
nanosecond transient absorption spectroscopy. Therefore, our
initial efforts were directed toward determining conditions under

0O,*), whereas the cation radicals exhibit undetectable reactionwhich the benzyltrialkylsilane cation radicals lifetimes were long

with oxygen. Under ideal circumstances, the cation radicals
can also be characterized by their electron transfer reactions
The silane cation radical$t* should be formed at the same
rate that C* is reduced byl (i.e., the absorbance growth due
to 1™ should correspond to the decay of*Geq 2)).

C*" + ArCH,-SiRg C + ArCH,-SiR;* 2

1 1*°

[

Also, when donor compounds, D, which have lower oxidation
potentials than those dfare added to solutions with sufficiently

(12) For example, see: (®hotoinduced Electron TransfeFox, M.

A., Channon, M., Eds.; Elsevier: Amsterdam, The Netherlands, 1988. (b)
Kavarnos, G. J.; Turro, N. £hem. Re. 1986 86, 401. (c) Fox, M. A. In
Advances in Photochemistri/olman, D. H., Gollnick, K., Hammond, G.

S., Eds.; Wiley: New York, 1986; Vol. 13, p 237. (d) Julliard, M.; Channon,
M. Chem. Re. 1983 83, 425. (e) Mattes, S. L.; Farid, S. I@rganic
PhotochemistryPadwa, A., Ed.; Marcel Dekker: New York, 1983; Vol.

6, p 233.

(13) (a) Searle, R.; Williams, J. L. R.; DeMeyer, D. E.; Doty, J.JC.
Chem. Soc., Chem. Commur®67, 1165. (b) Farid, S.; Shealer, S. E.
Chem. Soc., Chem. Commui®73 677. (c) Okada, K.; Hisamitsu, K.;
Mukai, T. Tetradedron Lett1981, 1251. (d) Okada, K.; Hisamitsu, K.;
Miyashi, T.; Mukai, T.J. Chem. Soc., Chem. Comm(882 974. (e) Yoon,

U. C.; Quillen, S. L.; Mariano, P. S.; Swanson, R.; Stavinoha, J. L.; Bay,
E.J. Am. Chem. Sod983 105, 1204. (f) Micoch, J.; Steckhan, Bngew.
Chem., Int. Ed. Engtl985 24, 412. (g) Fukuzumi, S.; Kuroda, S.; Tanaka,
T. J. Chem. Soc., Chem. Comma886 1553. (h) Akaba, R.; Aihara, S.;
Sakurgi, H.; Tokumaru, KJ. Chem. Soc., Chem. Comma@87, 1262. (i)
Adam, W.; Dar, M. J. Am. Chem. S04987 109, 1570. (j) Kuriyama, Y.;
Arai, T.; Sakuragi, H.; Tokumaru, KChem. Lett1988 1193. (k) Mattay,

J.; Vonkenhof, M.; Denig, RChem. Ber1989 122 951.

enough to be characterized with this technique.

1. Identification of the Silane Cation Radicals. Using
NMQ hexafluorophosphate/toluene-sensitized oxidation of ben-
zyltriisopropylsilane {c), transient absorptions were observed
in argon-saturated dichloromethane solution which decayed on
a time scale of several microseconds and had an absorption
maximum at ca. 540 nm. The anticipated transient species were
the benzyltrialkylsilane cation radical¢™) and the reduced
NMQ, N-methylquinolyl radical (NM@. The absorption
maximum of the NMQis at ca. 550 n#? (i.e., consistent with
the observed transient absorptions). A contributiod@f to
the absorptions could be easily demonstrated, however, by the
effect of dissolved oxygen, as illustrated in Figure 1. In oxygen-
purged solution, a short-lived species was observed with a
lifetime of ca. 30 ns, which is assigned to NMQThe fast
decay is due to reaction of the NM@ith oxygen. A longer-
lived species decaying on a microsecond time scale was also
observed in the oxygen-purged solutions, which is assigned to
1c™. Both the short-lived and the longer-lived species were
observed at all of the wavelengths which were monitored,
indicating that the absorption spectrumiaf™ is coincidentally
similar to that of NMQ. An absorption spectrum was obtained

(14) Calculated as the singlet excitation energy (3.53 eV) minus the
reduction potential €0.85 V vs SCE) (values determined fd-meth-
ylquinolinium perchlorate). Yoon, U. C.; Quillen, S. L.; Mariano, P. S.;
Swanson, R.; Stavinoha, J. L.; Bay, EEAm. Chem. S0d983 105, 1204.

(15) Dockery, K. P.; Dinnocenzo, J. P.; Goodman, J. L.; Gould, I. R.;
Farid, S. Unpublished results.
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Figure 1. Time-resolved absorption decay observed at 550 nm for Figure 3. Time-resolved absorption decay observed at 550 nm for
excitation ofN-methylquinolinium (NMQ) hexafluorophosphate with  excitation ofN-methylquinolinium (NMQ) hexafluorophosphate with
toluene as the cosensitizer in the presence of benzyltriisopropylsilanetoluene as the cosensitizer in the presence of benzyltrimethylsilape (
(1) in oxygen-purged dichloromethane solution. Most of the decay is in argon-purged dichloromethane solution. The decay is due to the silane
due to the cation radical of the silane. A fast component at early times cation radical. Under these conditions the concentration ofNhe

(to the left of the dashed line and not included in the fitting) is due to methylquinolyl radical (NM@) is essentially constant with time.
reaction of theN-methylquinolyl radical with oxygen. The contribution

of N-methylquinolyl radical is small on this time scale because of its gjye the donor cation radicals (eq 3). These experiments,
short lifetime (ca. 30 ns). together with the observed reactivity toward added nucleophiles
. . . (see below), confirm that the 540 nm transient is the cation
radical of benzyltriisopropylsilane.

NMQ hexafluorophosphate/toluene-sensitized oxidation of
benzyltrimethylsilane ¥a) in dichloromethane solution also
resulted in transient absorptions with a maximum at ca. 540
nm. In this case, no long-lived absorptions were observed in
oxygen-purged solutions. In argon-purged solutions, a short-
lived absorption was observed at 550 nm with a lifetime of ca.
20 ns, followed by a longer-lived absorption which decayed on
a microsecond time scale (Figure 3). Inthe absence of oxygen,

. . . . . the decay of NMQis relatively slow, and the fast decay is thus
450 500 550 600 650 presumably due to a rapid, pseudo-first-order reaction of the

Wavelength, nm cation radical ofla As with the benzyltriisopropylsilane,
Figure 2. Transient absorption spectrum observed for excitation of experiments at different wavelengths showed that the absorption
N-methylquinolinium (NMQ) hexafluorophosphate with toluene as the  of 14+ overlapped extensively with that of NMQsince the
cosensitizer in the presence of benzyltriisopropylsilargif oxygen- short-lived decay was always accompanied by the longer-lived
gzgetﬂedgﬂlféogzt?:gi:%uggg;{;ﬁesf;?;;u?;g:;.recorde‘dSl's decay. _From th_ese experiments, howe\_/er, it was clear that the
absorption maximum ofa** was approximately 530 nm.

for 1c* by measuring the signal size at different analyzing  Because of the short lifetime in this case, confirmation that
wavelengths, after the decay of NMQA maximum is observed ~ the fast decaying transient waa"™ could not be obtained using
at ca. 540 nm, as shown in Figure 2. electron transfer reactions such as those described above using
ITMB and TTA. Instead, a different approach was taken
generation ofla™ from an independent source. Excitation of
ground state charge transfer (CT) complexes leads to the
formation of ion radical pairs’ Benzyltrimethylsilane and
d 1,2,4,5-tetracyanobenzene (TCB) form a CT complex in chlo-
roform, characterized by a broad absorption band with a
maximum at ca. 360 nm. Excitation of this complex with a
picosecond laser pulse at 355 nm yields a transient absorption
spectrum with two maxima, as shown in Figure 4. The
d maximum at 465 nm is consistent with that observed previously
with a fixed concentration oflc (1072 M) and variable for TCB™.1° The ba'?d with the maximum at ca. 530, nm IS
concentrations of the electron donors pigelylamine (TTA) not due to TCB* and is therefore most reasonably assigned to
and 1,2,4,5-tetramethoxybenzene (TMB) (36104 M). In the benzyltnmethylsﬂane cation r§d|cal. Under these conditions,
the presence of TTA, the decay at 540 nm occurred with the POt ibsorptlon bands decay with the same rate constant (9
same pseudo-first-order rate constant as the grow-in at 670 nm 1% S ), presumably via return electron transfer to regenerate
the absorbance maximum of the TTA® The slopes of the the groungl stgte CT cgmplex. T.he similarity of th.e. absorpanpes
plots of the rate constants for grow-in of the TTat 670 nm observed in this experlment and. in the NMQ-senS|t.|zed oxidation
and the TMB* at 460 nmé (plots not shown) gave the of 1la to the transient absorption spectrum assigneddt

bimolecular rate constants 1:6 10*° and 8 x 10° M1 s71,

Relative Intensity

PhCH,—Si(i-Pr)g**

The assignment of the 540 nm transient to the cation radica
1c™ was confirmed by measurements of its electron transfer
reactions. Experiments were performed in argon-purged dichlo-
romethane with concentrations b from 1074 to 4 x 1073 M.
Under these conditions, grow-in of the 540 nm transient coul
be clearly observed. The slope of a plot of the pseudo-first-
order rate constant for the grow-in vs the concentratiod®f
(plot not shown) gave a bimolecular rate constant of:8.40°
M~1 s71 consistent with oxidation of.c by toluene cation
radical to givelc™ (eq 2). Experiments were also performe

. : . o (17) (@) Jones, G., Il InPhotoinduced Electron Transfer, Part A.
respectively, consistent with oxidation of the donorsliey* to Conceptual BasisFox, M. A., Chanon, M., Eds.; Elsevier: Amsterdam,
The Netherlands, 1988; p 245. (b) Gould, I. R.; Noukakis, D.; Gomez-
(16) Shida, T Electronic Absorption Spectra of Radical Igri&sevier: Jahn, L.; Young, R. H.; Goodman, J. L.; Farid,Ghem. Phys1993 176,

Amsterdam, The Netherlands, 1988. 439.



1880 J. Am. Chem. Soc., Vol. 119, No. 8, 1997 Dockery et al.

¥ " " - in methylene chloride than the trimethylsilyl derivatite™
TCB™"/PhCH,~Si(Me);"" suggests that t_he c_atior_1 radical decays are due to react?on via
an S2 mechanism in this solvent also, although the identity of

Z _ the nucleophile is not so obvious in this case.

é TCB/PhCH,-Si(Me)s It seemed unlikely that methylene chloride could be suf-

° ficiently nucleophilic to account for the short lifetime &t

> 100 ps . . e . .

= 150 ps in this solvent. The possibility of the anionic counterion to the

& 200 ps quinolinium cation being the nucleophile was ruled out by
igg gz experiments in which this counterion was replaced. Thus, when

the hexafluorophosphate was replaced with the less nucleophilic
hexafluoroantimonate anion, or with the more nucleophilic
tetrafluoroborate, no difference in the cation radical decay rates
could be detected. The nucleophile responsible for the short
lifetime was identified when experiments were performed in

o S~ h
450 500 550 600 650
Wavelength, nm

Figure 4. Transient absorption spectra recorded as a function of time

after picosecond excitation of the charge transfer complex formed | . . L, -
between 1,2,4,5-tetracyanobenzene (TCB) and benzyltrimethylsilaned”ed dichloromethane. Thus, whaa™ was generated using

(14) in argon-purged chloroform solution. The absorption maximum NMQ/toluene in methylene Ch|0l’|de. that had .begn dried by
at ca. 465 nm is due to the TCB anion radical, and the absorption Storage ove3 A activated molecular sieves, the lifetimedaf™
maximum at ca. 530 nm is due to the silane cation radiest. was found to increase by an order of magnitude from ca. 20 ns

to 200 ns. Evidently, adventitious water, which has previously
(Figure 2) provides strong support for assigning the short-lived been characterized as a viable nucleophile for silane cation
530 nm absorption shown in Figure 3 to the cation radical of radicals3® was responsible for the short lifetime bé&™.

la To remove the possibility of adventitious water coming from
2. Silane Cation Radical Reaction Mechanisms.The water of crystallization associated with the ionic sensitizers, the
decay kinetics observed for the benzyltriisopropyl cation radical experiments were performed in the absence of salts. A neutral
were not simple. At higher laser energies, the decay at 540 glectron acceptor/cosensitizer system was required which would
nm in oxygen-purged solution was mainly second-order, generate a reasonable yield of cation radicals in moderately polar
presumably due to return electron transfer with superoxide (eq gglvents. A system that was found to be useful was the CT
4). At lower laser energies, a pseudo-first-order contribution complex of 1,2,4,5-tetracyanobenzene (TCB) and toluene.
Picosecond transient absorption studies revealed that a reason-
able yield of separated ion radicals (ca. 10%) were formed from
™ 1 the geminate ion radical pair formed upon excitation of this
complex in dichloromethan®. Indeed, when the CT complex
was irradiated in the presence of benzyltriisopropylsilaie (
in dichloromethane, a transient absorption spectrum recorded

energies. In previous studies on 4-methpxybenzyIS|Iane derl\{a-l us after the laser pulse was consistent with contributions from
tives, a combination of steady-state and time-resolved quenchlngthe TCB anion radicaliuy ~ 465 nm) and the benzyltriiso
ax ™~ -

studies showed that when the decays of the cation radicals Wer‘icnropylsilane cation radicall6") (imax ~ 530 nm), indicating
obserl\)/ed tc_)l_ be %selfjdﬂ'f'rs‘t'oéd_?;’ the dgca?_/ procotlass dwas du osensitized formation of the silane cation radical, as expected.
:)obgz;:vgz_sg(;fot?]eoger(]:zeiat\r{i?sgo .roe ?Ssi;uneo'ég;)onr rea: diﬁzi?yin Interestingly, the lifetime of the benzyltrimethylsilane cation
methylene chloride mayyalso Ee gﬁe to carbsiticon bond radic.all a‘.’;ﬂ) monitored at 53.0 nm using the TCB/toluene

| it mav simplv be due to reaction with imourities sensitization system was considerably Iong_er ((_:a. 1_00 n_s) than
cfer?vage, or'! y Py | it aith P . that observed using NMQ/toluene sensitization in dichlo-

If the decay Is due to bond cleavage, It either corresponds to romethane (ca. 20 ns). Using TCB/toluene sensitization in

ummolecular (3.1) reaction or to cIez_a\_/age In a blr_nolecular dichloromethane which was dried using molecular sieves, the
(Sy2) reaction with an as yet unidentified nucleophile. lifetime of 1a™ was found to increase further to 830 ns.

The much shorter lifetime fotat* compared to that ofct* " red v that the lifeti  cati dial
suggests both that decay bd** is due to bond cleavage rather was reported recently that tn€ [ITeimes ot cation ra s
nd also of some carbocatidhsan be considerably increased

than one-electron reduction, since there is no reason that reactio i hexafl 5 | (HFIP h I Wh
with impurities by electron transfer would be so much faster y using hexafluoro-2-propano ( ) as the solvent. en
NMQ/toluene-sensitized formation ofa™ and 1ct* was

for 1a™ than for 1c™, and also that bond cleavage is much . . i .
faster forlat* than foric™. If the bond cleavage occurred by performed in HFIP, the lifetimes of the cation radicals were
observed to increase dramatically. Ha', a lifetime of 1.4

an 1 mechanism for both cation radicals, then it would be di d f LS btained

expected that the triisopropyl derivatite™ would react more S .(cor.responl Ing to a decay rate o S )W"?‘SC.) tained,

rapidly thanlat, due to relief of steric interactions upon bond which is considerably longer than the ca. 20 ns lifetime initially
. observed in dichloromethane. Fdrct, the lifetime was

breaking. The fact that the reactivity pattern is reversed strongly = ;
suggests an @ mechanism, at least fdra™. The fact that sufficiently long that the decay was dominated by second-order
1la™ appears to be longer lived in dichloromethane (lifetime recombir!ation with the reduced acceptor (eq 5), and the rate of
ca. 20 ns) than in acetonitrile (lifetime estimated to be ca. 1 p_seudo_— first-order decay C.OUId only be e_stlrr_]ated to<e* .

s 1. Alikely reason for the increase in the lifetime of the cation

ns’d is consistent with this proposal, since acetonitrile has . ) X o AT
already been demonstrated to be a viable nucleophile for radicals in HFIP is that nucleophilic reactivity is reduced due

cleavage of s”ane, cation radicéind WOU|d_be eXPeCted tp be (18) Eberson, L.; Hartshorn, M. P.; Persson,JOChem. Soc., Perkin

a better nucleophile than methylene chloride. Direct evidence Trans. 21995 1735.

for an 2 mechanism forla™ in acetonitrile comes from (19h) l;or example, see: (?8) Kirmse, W.; Krzoslsa, B.; Steerr:ken, S.
i i i+ Tetrahedron Lett1996 1197. Pienta, N. J.; Kessler, R.Am. Chem.

mgasurement of th_e bimolecular rate constant for reaction with Soc 1993 115 8330, (<) Cozens, .- Li, J.- McClelland. R. A Steenken,

thls_ solvent, as discussed further bglovy. .'Ifhe fact that the 5 angew. Chem., Int. Ed. Engl992 31, 743. (d) Kirmse, W.; Kilian, J.:

lifetime of the triisopropyl derivativéc'™ is significantly longer Steenken, SJ. Am. Chem. S0d.99Q 112, 6399.

ArCH,-SiR;"™ + 0, — = ArCH,-SiR3 + O, (4)

to the decay could be observed. An estimate for this rate of
ca. 16 s ! was obtained from experiments with low laser
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ArCH,~SiRy"™" + A° — = ArCH,-SiR; + A" (5) 15
1+ 1 PhCH,-Si(Me);**
K
+ CHyCN —Nu o

to the propensity of the solvent toward strong hydrogen-bonding - 10}

interactions. These results provided further support foryh S g

mechanism in the other solvents studied. =
Thus, 1a™ appears to be very susceptible to nucleophilic 3

attack by water and other nucleophiles, as confirmed by

measurements of bimolecular rate constants (see the next

section). It is obviously difficult to measure the rate constant

kny =3.2x10° M s

for unimolecular ({1) reaction for this species, since the 0 -

. 0 1 2 3 4
cleavage seems to be controlled by small concentrations of
impurities such as water. The upper limit for thglSeaction [CHCN], mM

is presumably given by the slowest rate of decay observed in Figure 5. Plot of the pseudo-first-order rate constant for decay of
the presence of the lowest concentrations of adventitious Penzyltrimethylsilane cation radicalg™) formed using the 1,2,4,5-
nucleophilic impurities. Fota*, this would be 7.1x 10F 572, tetracyanobenzene/tqluene sensitization system in dried dlchloro_m_ethane
measured in hexafluoro-2-propanol (see above). However, a(see text), as a function of the concentration of added acetonitrile.
better estimate may be obtained from the reactions of the Taple 1. Substituent and Solvent Effects on the Second-Order
triisopropyl derivativelc™. The cation radical of this compound  Rate Constantsk(,) for the Reaction of Benzylsilane Cation

is less susceptible to nucleophilic attack due to steric hindranceRadicals with Methanol as a Nucleophile

at silicon, and thus the rate of unimolecular cleavage should be [4-X—CeH4CH—SiRg] ** kny (M™ts7)
better defined. The lifetime of the triisopropyl derivative is X R HEIP DCM
Ipngest in hexafluoro-?-propanol. Under these cond|t|o_rls, the 1a H CH, 13x 10 5 0x 10°
first-order decay rate is estimated to lessthan ca. 16s™1, 1d CHs CH, 43 % 10P 57% 108
which is thus the upper limit for the rate constant of thel S le OCHs CHs <2 x 10° 1.5x 10
reaction. Obviously this is much less than the rate constant for 1b H CHCH, 24x 100 6.1x10
ic H CH(CHy)2 <2 x 10° 8.9x 10°

decay of benzyltrimethylsilane cation radical under all of the
conditions investigated, which demonstrates that the reactions 2Rate constants measured at room temperature in hexafluoro-2-
of this cation radical must undoubtedly be due to nucleophile- propanol (HFIP) and dichloromethane (DCM).

assisted cleavage by the solvent or a nucleophilic impurity.  constants for reaction of methanol with the cation radicals
C. Reactivity of Benzyltrialkylsilane Cation Radicals.  decrease with increasing electron-donating ability of substituents
Absolute rate constants for the second-order reaction of Sllaneon the pheny| ring_ The rate constants decrease by a factor of
cation radicals with nucleophiles are readily obtained as the 3—5 for the 4-methyl derivativad, compared to the unsubsti-
slopes of plots of the pseudo-first-order rate constaatg for tuted analoguéa, and by approximately 2 orders of magnitude
decay of the cation radical vs nucleophile concentration. Values for the lowest oxidation potential compound, the 4-methoxy
for these rate constants have been reported previously by usgerivativele This trend is expected on thermokinetic grounds.
for (4-methoxybenzyl)trialkylsilane cation radicdfs.Having  Using a thermodynamic cycle, it can easily be shown that the
now identified the more reactive benzyltrialkylsilane cation c—sj bond dissociation energy in the cation radical increases
radicals and determined the conditions under which their with decreasing oxidation potential of the silane (i.e., in the
lifetimes were long enough to study reactions with nucleophiles, order1a < 1d < 1€).2! In addition, localization of the positive
we were in a position to broaden the scope of these studies. Acharge on the aryl ring will presumably increase with increasing
typical experiment is illustrated in Figure 5, where the rate electron-donating ability of the substituent, making it more
constant for pseudo-first-order decay of benzyltrimethylsilane gitficult to transfer positive charge out of the aryl group to
cation radical is plotted vs acetonitrile concentration. The sjlicon and the nucleophile, thus increasing the barrier to
experiment was performed using the TCB/toluene sensitization reaction.

system in dried dichloromethane, to ensure a sufficiently long  As expected for an @ mechanism, the rate constants are
lifetime for the cation radical in the absence of added acetoni- very sensitive to the steric nature of the alkyl substituents at
trile. The experlment illustrated in Flgure 5 qU&ntltathE'y silicon. As shown in Table 1, Changing the a|ky| group, R,
demonstra.tes thEhlgh reactivity of acetonitrile as a nucleophile from me’[hy| to isopropy] causes the rate constant to decrease
for the cation radical ofla (kyy = 3.2 x 10° M~ s7). by ca. 3 orders of magnitude. Increasing the steric crowding
Several of the factors that influence the rate constants for gn the nuc|eophi|e also has the effect of decreaging the rate
the reaction of the cation radicals with nucleophiles were constant (Table 2). In dichloromethane and acetonitrile as
investigated. These included (1) substituents on the phenyl ringsolvents, the rate constants for the reaction with 2-propanol are
that alter the oxidation potential of the silane, (2) alkyl ca.20% of those for reaction with methanol. The rate constants
substituents on silicon that have variable steric restrictions, (3) with tert-butyl alcohol are only 57% of those for methanol
the chemical nature and steric influences of the nucleophiles, (Table 2). A smaller difference in reaction rates is observed in

and (4) solvent properties. hexafluoro-2-propanol, which may reflect the unique hydrogen-
Rate constants were measured for the reaction of methanolbonding properties of this solvent (see further below).
as a nucleophile with silaneka—e in hexafluoro-2-propanol It is interesting to note that the reactivity of acetonitrile as a

and dichloromethane (Table ). The second-order rate nucleophile relative to that of methanol seems to vary signifi-

(20) When methanol was used as a nucleophile in hexafluoro2-pro-  (21) The bond dissociation energy of the cation radical (BR)ES given
pananol, some plots of the pseudo-first-order decay constants of the silaneby the following equation: BDEg = BDEy - IPy + IPr-, where BDEy is
cation radicals as a function of methanol concentration showed upward the bond dissociation energy of the neutral compoungidfhe ionization
curvature at high methanol concentrationrs0(3 M). The rate constants potential of the neutral compound, angd the lower ionization potential
reported here are all from plots with alcohol concentrations low enough to of the two radicals formed upon bond homolysis of the neutral compound,
ensure linearity. in this case'SiR; (ref 3a).
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Table 2. Comparison between the Second-Order Rate Constants
(knu) for the Reaction of Benzylsilane Cation Radicals with
Methanol, 2-Propanol, anrt-Butyl Alcohol as Nucleophiles

[4-X —CgsH4C HZ_SIR'«;] +e

X R solvent Nu kun(M7ts?) (knorel
la H CHs HFIP MeOH 1.3x 107 (2.0)
i-PrOH 6.5x 10° 0.5
t-BUOH  2.5x 10° 0.19
le OCH; CHs DCM MeOH 15x10 (1.0)
i-PrOH 2.9x 1(° 0.19
t-BUOH  7.3x 10° 0.049
le OCH; CHs AN MeOH 55x 10F (1.0
i-PrOH 9.7x 10° 0.18
t-BUuOH  4.1x 10° 0.074

2 The solvents are hexafluoro-2-propanol (HFIP), dichloromethane
(DCM), and acetonitrile (AN)® Relative rate constants to that with
methanol as a nucleophile.

Table 3. Comparison between the Second-Order Rate Constants
(knu) for the Reaction of Benzylsilane Cation Radicals with
Methanol and with Acetonitrile as Nucleophiles

kNu (M*l S*l)

[4-X—C5H4CH2—SiF{;]+' Nu = Nu=

X R solvent CH;OH CHsCN Re
la H CHs HFIP 1.3x 10° 3.6x 107 0.36
la H CHs DCM 29x 10 3.2x 10 0.90
1b H CH,CH3 DCM 6.1x 10 6.4x 1C° 0.95
1c H CH(CHz); DCM 89x 10 6.4x 1(P 1.4
le OCH; CHs DCM 15x 10° 55x 10 27
le OCH; CHg AN 55x 10° (1.2x 10" 46

a Ratio of the rate constanky) for the reaction with methanol to
that with acetonitrile as nucleophileEstimated from the measured
decay raté& of 2.3 x 10° s in neat acetonitrile, divided by 19, the
molarity of acetonitrile.

cantly. As shown in Table 3, the benzylsilane cation radicals
in dichloromethane exhibit similar rate constants in their

reactions with either of these nucleophiles, whereas the 4-meth-

oxy derivative is 36-40 times more reactive toward methanol
than toward acetonitrile. The reason for this difference is not

Dockery et al.

measured in HFIP and found to be 2 10’ M~ s71 (not
included in the tables). This is very similar to the rate constant
for methanol under the same conditions (Table 1). The lifetime
of 1a in dichloromethane for which no particular drying
procedure was applied was ca. 20 ns. If the rate constant for
reaction of water is similar to that of methanol in this solvent
(2.9 x 1® M1 s71, Table 1), then a water content of only
0.02% would account for the short lifetime of the benzyltrim-
ethylsilane cation radical. Clearly, with a cation radical as
reactive asla’™, unusual care has to be taken to minimize the
effects of adventitious nucleophiles. For this reason th2 S
process appears to dominate the cleavage reactivity of the
benzyltrialkylsilanes studied here.

lll. Concluding Remarks

The absolute rate constants for bimolecular nucleophile-
assisted () C—Si bond cleavage of benzyltrimethylsilane
cation radical, with acetonitrile and methanol as nucleophiles
in non-hydrogen-bonding solvents, are cax3L0® M~1 s71,

The estimated upper limit for unimoleculary(® C—Si bond
cleavage for this cation radical is estimated to v&0* s
These data indicate that unless unusual precautions are taken
to exclude adventitious nucleophiles, such as traces of water,
to concentrations well below 1® M, the Sy2 mechanism will

be the dominant reaction pathway for the benzyltrimethylsilane
cation radical.

The large values for the second-order rate constants measured

here clearly demonstrate the viability of the2Smechanism.
The generality of the mechanism for cation radicals other than
those derived from silanes has yet to be fully established;
however, it would seem reasonable to consider the possibility
of nucleophilic assistance in the cleavage reactions of related
cation radicals, such as those of stannanes and gerrffatiés.

IV. Experimental Section

Materials. Acetonitrile (Fisher) was distilled under nitrogen from
CaH,. Dichloromethane (Aldrich) and toluene (Baker Photrex) were

clear. It may be a consequence of the different charge densities!Sed as received. Hexafluoro-2-propanol (Acros) was successively

on silicon in the cation radicals of the benzyl and the 4-meth-
oxybenzyl derivatives. Alternatively, the reactivity difference
for the 4-methoxy compoundle may simply reflect the fact

that methanol is a better nucleophile toward benzylsilane cation

radicals than acetonitrile. If this is true, then the benzyltrim-
ethylsilane cation radicallé&™) may not distinguish between

distilled from sodium bicarbonate and activated molecular sieves (3
A). In some cases, dichloromethane was distilled under nitrogen from
Cah; prior to use, although identical results were obtained with spectral
grade solvent. Spectral grade methanol, 2-propanol, tartebutyl
alcohol were obtained from commercial sources and used as received.
1,2,4,5-Tetracyanobenzene (TCB) (TCl America) was recrystallized
from chloroform. 1,2,4,5-Tetramethoxybenzene (TMB) was generously

the two nucleophiles simply because the rate constants are onlyprovided by Kodak. Trig-tolylamine (TTA) was prepared by a

ca. 5 times smaller than the diffusion-controlled limit. The rate
constants for reaction with the triisopropyl derivatie™ are
smaller than those fdka™ because of steric interactions, which
may be similar for both nucleophiles. In HFIP, acetonitrile
actually reacts faster than methanol with the benzyltrimethyl-
silane cation radical, presumably because of differences in

literature procedur&. BenzyltrimethylsilaneXa) (Aldrich) was distilled
prior to use. Benzyltriethylsilanelb), benzyltriisopropylsilanel(c),

and (4-methylbenzyl)trimethylsilandlq) were prepared by reaction

of benzylmagnesium chloride with the appropriate chlorotrialkylsilane
and purified by distillatior?® (4-Methoxybenzyl)trimethylsilanel€)

was prepared in similar fashion from the corresponding benzyl chloride
using activated magnesiutf.

hydrogen-bonding interactions between the nucleophiles and the - pp qica| Methods. Melting points were obtained on a Thomas

solvent. The influence of HFIP as the solvent on the absolute

Hoover capillary melting point apparatus and are uncorrecteidand

values of the rate constants compared to dichloromethane isisc NMR spectra were recorded on a Bruker AMX-400 or GE QE-
dramatic. The rate constants with methanol as the nucleophile300 NMR spectrometer. Chemical shift8) (are reported in ppm
decrease by ca. 2 orders of magnitude in HFIP, as indicated inrelative to tetramethylsilane using the solvent as an internal standard

Table 1. A similar effect is also observed with acetonitrile as
a nucleophile, as shown for the reactiond af* shown in Table
3.

The bimolecular rate constants for the cation radicals studie
here with methanol and acetonitrile are sufficiently high that
for reactions performed in these solvents, reaction with the
solvent would always be much faster than the limiting rate for
the Syl reaction of<10* s, For 1a, the rate constant for
reaction of the cation radical with water as the nucleophile was

(CHD,CN (*H) 1.93; CHC} (*H) 7.24, {3C) 77.0). UV-vis spectra
were recorded on a Perkin-Elmer Lambda 19 spectrophotometer.
Detailed descriptions of the nanosecond and picosecond transient

d absorption apparatus are given elsewlieré.

(22) Gauthier, S.; Fghet, J. M. JSynthesid987 383.

(23) Coughlin, D. J.; Salomon, R. @. Org. Chem1979 44, 3784.

(24) Baker, K. V.; Brown, J. M.; Hughes, N.; Skarnulis, A. J.; Sexton,
A. J. Org. Chem1991, 56, 698-703.

(25) Chen, L.; Farahat, M. S.; Gaillard, E. R.; Farid, S.; Whitten, D. G.
J. Photochem. Photobiol. 2996 95, 21.
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Transient Absorption Experiments. Experiments withN-meth-
ylquinolinium (NMQ) as the sensitizer were performed in either

dichloromethane, acetonitrile, or hexafluoro-2-propanol solutions con-

taining NMQ (OD= 0.5 at 345 nm), toluene (1 M), and the appropriate
silane (0.02 M). In experiments where the influence of adventitious

J. Am. Chem. Soc., Vol. 119, No. 8, 1883

(200 mL). A white precipitate formed which was collected, rinsed
with cold water, and driedin vacua The crude product was
recrystallized twice from water to give 5.3 g (47%) of colorless
crystals: mp 218219°C. *H NMR (CDsCN): 6 9.08 (d,J = 9 Hz,

1 H), 9.04 (d,J = 6 Hz, 1 H), 8.46-8.20 (m, 3 H), 8.057.95 (m, 2

water was to be minimized, the solutions were dried by storage over 3 H), 4.55 (s, 3 H). *C NMR (DMSO-s): 6 150.1, 147.0, 138.3, 135.4,

A activated molecular sieves for 2 h. Samples in 2 covettes were

130.2, 129.8, 129.1, 121.9, 119.0, 45.2. Anal. Calcd for

irradiated at 345 nm, except when TMB was added, in which case the CioH10N:PiFs: C, 41.54; H, 3.49; N, 4.84. Found: C, 41.84; H, 3.48;

excitation wavelength was 360 nm.

Irradiation of the TCB/benzyltrimethylsilane charge transfer complex
at 355 nm was performed with a TCB-saturated chlorofarsoiution
containing benzyltrimethylsilane (1.33 M). The CT complex had a
broad absorption witlmax &~ 360 nm.

Experiments with the TCB/toluene charge transfer complex were
carried out in dichloromethane solutions containing TCB (1.0 mM),
toluene (1.1 M), and silane (0.026 M).

Preparation of N-Methylquinolinium (NMQ) Salts. All manipu-
lations were performed in low-light condition®\N-Methylquinolinium
tetrafluoroborate was prepared by a literature procetfurs-Meth-
ylquinolinium hexafluorophosphate was prepared by additiomN-of
methylquinolinium iodidé® (10.6 g, 39 mmol) in water (200 mL) to a

N, 4.87.

N-Methylquinolinium hexafluoroantimonate was prepared by addi-
tion of N-methylquinolinium iodide (5.10 g, 18.8 mmol) in dry
acetonitrile (120 mL) to a solution of silver hexafluoroantimonate (6.49
g, 18.9 mmol) in dry acetonitrile (25 mL). Filtration followed by
removal of solvenin vacuogave a white solid which was recrystallized
from dichloromethane to give 2.1 g (29%) of white crystals: mp-244
245°C. The'H and3C NMR spectra were identical to that of the
hexafluorophosphate salt. Anal. Calcd foriN:ShiFs: C, 31.61;

H, 2.65; N, 3.69. Found: C, 31.51; H, 2.68; N, 3.69.
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