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Abstract: The photochemistry of methylpentaphenyldisilane (1) and pentamethylphenyldisilane (7) has been investigated using
nanosecond laser flash photolysis techniques. Flash photolysis of 1 with 248-nm light in acetonitrile or isooctane solution gives
rise to a complex mixture of transient species. A strongly-absorbing transient with A, = 490 nm and 7 < 1.7 us (in acetonitrile)
has been assigned a 1,3,5-(1-sila)triene structure on the basis of comparisons to the transient spectroscopic behavior of 7, which
is known to rearrange to a silatriene intermediate in high yield upon photolysis, and on the basis of comparisons of the reactivity
of these species toward water, a series of alcohols, acetone, acetic acid, ethyl acetate, oxygen, alkenes, and silanes. The extinction
coefficient for the long-wavelength absorption band of the silatriene from 1 has been estimated. Silyl-centered radicals have
also been identified in the transient mixture on the basis of their UV spectra and quenching with 2-bromopropane. Quenching
of the silatrienes from 1 and 7 is linear in concentration for oxygen, acetone, cyclohexene, and 2,3-dimethylbutadiene. While
quenching of the two silatrienes by 2,2,2-trifluoroethanol and acetic acid are also linear in concentration, water, methanol,
ethanol, and fert-butyl alcohol give rise to curved quenching plots. These results are consistent with an addition mechanism
which involves initial, reversible formation of a zwitterionic silene—alcohol complex, followed by competing intra- and intermolecular
proton transfer. Rate constants for the bi- and termolecular quenching processes have been determined by quadratic least-squares
analysis of the quenching plots. A deuterium isotope effect of ky;/kp == 1.7 has been measured for the intracomplex proton-transfer
process for the reaction of the two silatrienes with water. Similar, nonlinear behavior is observed for the quenching of the
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silatrienes by methoxytrimethylsilane.

Introduction

Silenes, compounds that contain the Si=C moiety, have fre-
quently been postulated as reactive intermediates in the photolysis
of organosilicon compounds.? These assignments have usually
been made on the basis of chemical trapping experiments. Several
stable silenes have also been reported, and the factors that account
for their stability are well understood.? Conversely, comparatively
little is known about the properties of reactive (i.e., short-lived)
silenes which are far more common in organosilicon chemistry.
Some quantitative information has been acquired through the use
of matrix isolation techniques at low temperatures.”* However,
very few studies have employed transient spectroscopic methods
to characterize reactive silenes in fluid solution at room tem-
perature and determine rate constants for their unimolecular decay
or self-reaction and reactions with nucleophiles and other reag-
ents.>> Chemical trapping studies can afford only qualitative
information of this type.°

The steady-state photolysis of methylpentaphenyldisilane (1)
in methanolic solution has been reported to yield methylmeth-
oxydiphenylsilane (2) and triphenylsilane (3) in over 60% chemical
yield, along with other minor products (4, 5).” From the results
of deuterium labeling experiments (see eq 1), it was proposed that
2 is formed by nucleophilic trapping of 1,1-diphenylsilene (6),
which is formed from 1 either by disproportionation of tri-

(1) Natural Sciences and Engineering Research Council (Canada) Univ-
ersity Research Fellow, 1983-1993.

(2) (a) Gusel'nikov, L. E.; Nametkin, N. S. Chem. Rev. 1979, 79, 529. (b)
Wiberg, N. J. Organomet. Chem. 1984, 273, 141. (c) Raabe, G.; Michl, J.
Chem. Rev. 1985, 85, 419. (d) Brook, A. G.; Baines, K. M. Adv. Organomet.
Chem. 1986, 25, 1. (e) Brook, A. G. In The Chemistry of Organic Silicon
Compounds; Patai, S., Rappoport, Z., Eds.; Wiley: New York, 1989; Chapter
15.

(3) Shizuka, H.; Okazaki, K.; Tanaka, M.; Ishikawa, M.; Sumitani, M.;
Yoshihara, K. Chem. Phys. Lett. 1985, 113, 89.

(4) Gaspar, P. P.; Holten, D.; Konieczny, S.; Corey, J. Y. Acc. Chem. Res.
1987, 20, 329.

(5) Conlin, R. T.; Zhang, S.; Namavari, M.; Bobbitt, K. L.; Fink, M. J.
Organometallics 1989, 8, 571.

(6) (a) Davidson, I. M. T.; Wood, I. T. J. Chem. Soc.. Chem. Commun.
1982, 550. (b) Frey, H. M.; Kashoulis, A.; Ling, L. M.; Lodge, S. P.; Pidgeon,
I. M.; Walsh, R. J. Chem. Soc., Chem. Commun. 1981, 915,

(7) Boudjouk, P.; Roberts, J. R.; Golino, C. M.; Sommer, L. H. J. Am.
Chem. Soc. 1972, 94, 7926.
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phenylsilyl and methyldiphenylsilyl radicals or via concerted
dehydrosilylation.
In contrast, photolysis of pentamethylphenyldisilane (7) yields

products consistent with the initial formation of the silatriene
intermediate 8%° (see eq 2). Products consistent with competitive
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formation of simpler silenes, analogous to that from 1, are evidently
also formed but in yields of less than 5%.%* While products 8 (from
7) and 6 and 3 (from 1) are formally those of recombination and
disproportionation, respectively, of the silyl-centered radicals
formed by excited-state homolysis of the disilane Si-Si bond'° and
EPR experiments have demonstrated that silyl free radicals are
involved in aryldisilane photolysis,'! picosecond experiments
suggest that 8 is formed directly from the lowest excited singlet
state of 7.

The silatriene species 8 has been characterized by nanosecond
laser flash photolysis techniques,>* and rate constants for its
reaction with oxygen, 2,3-dimethyl-1,3-butadiene, and ethanol in

(8) (a) Ishikawa, M.; Fuchikami, T.; Sugaya, T.; Kumada, M. J. Am.
Chem. Soc. 19758, 97, 5923. (b) Ishikawa, M.; Fuchikami, T.; Kumada, M.
J. Organomet, Chem. 1978, 162, 223. (c) Ishikawa, M.; Fuchikami, T.;
Kumada, M. J. Organomet. Chem. 1976, 118, 139. (d) Ishikawa, M. Pure
Appl. Chem. 1978, 50, 11. (e) Soysa, H. S. D.; Weber, W. P. J. Organomet.
Chem. 1979, 173, 269. (f) Ishikawa, M.; Fuchikami, T.; Kumada, M. J.
Organomet, Chem. 1977, 133, 19.

(9) (a) Ishikawa, M.; Fuchikami, T.; Kumada, M. J. Organomet. Chem.
1976, 118, 155. (b) Ishikawa, M.; Oda, M,; Nishimura, K.; Kumada, M. Bull.
Chem. Soc. Jpn. 1983, 56, 2795.

(10) Hu, S.-S.; Weber, W. P. J. Organomet. Chem. 1989, 369, 155.

(11) Sakurai, H.; Nakadaira, Y.; Kira, M.; Sugiyama, H.; Yoshida, K.;
Takiguchi, T. J. Organomet. Chem. 1980, 184, C36.

0002-7863/92/1514-1195%$03.00/0 © 1992 American Chemical Society



1196 J. Am. Chem. Soc., Vol. 114, No. 4, 1992

Sluggett and Leigh

€ x 104 M-lcm’!

2.0

1.0+

Ig
(arb. units)

T T T T

260 280 250

A (nm)

r
240

Y

300

T =T

400 450
A (nm)

L
350

Figure 1. (a) Ultraviolet absorption spectrum and (b) fluorescence emission and excitation spectra of 1 in isooctane solution at 22 °C.

cyclohexane solution have been reported.* On the basis of
steady-state!? and time-resolved fluorescence emission results,3
8 has been proposed to arise from direct [1,3]-silyl migration in
a singlet (pr* — d=*) charge-transfer state of 7.> The concerted
rearrangement pathway was proposed to account for the fact that
the formation of 8 occurs at the same rate as the decay of the
charge-transfer fluorescence from 1. Sakurai and co-workers have
recently questioned the (p#* — d=*) assignment for the emissive
charge-transfer state in aryldisilanes. From a study of the
fluorescence of a series of aryldisilanes and arylsilylgermanes, they
concluded that the emissive charge-transfer state in these com-
pounds more likely has a (,7*)! configuration,!3-

In this paper, we report the results of a study of the photo-
chemistry of 1 using nanosecond laser flash photolysis techniques.
Our original goals were to examine the suitability of alkylpoly-
aryldisilanes as precursors of arylsilenes for study by flash pho-
tolysis methods and to provide a better understanding of the
mechanism(s) for formation of silenes and silatrienes from pho-
tolysis of these compounds and of the differences in the photo-
behaviors of 1 and 7. Steady-state photolysis and static emission
spectroscopy experiments have also been carried out to supplement
time-resolved experiments. The prominent transient species ob-
served in flash photolysis experiments with 1 has been charac-
terized and assigned, and rate constants for its reaction with a
number of silene and silylene trapping agents have been measured.
For purposes of comparison, we have carried out similar exper-
iments with disilane 7.

Results

Compound 1 exhibits weak fluorescence in solution at room
temperature, in the form of a diffuse band with A,, = 395 nm.
Figure 1 shows absorption and emission spectra recorded with a
solution of 1 in isooctane solution at 22 °C. Similar results were
obtained from solutions of 1 in acetonitrile solution; this contrasts
the behavior of 7, whose emission maximum is blue-shifted by
ca. 40 nm in hydrocarbon solvents relative to that in acetonitrile.!?
Emission spectra recorded with optically matched solutions of 1
and 7 in acetonitrile revealed that the emission from 1 is about
half as intense as that from 7. Fluorescence emission spectra
recorded for solutions of triphenylsilane (3) in the same solvent
verified that the spectrum observed for solutions of 1 is not due
to the formation of 3 from photolysis of 1 by the spectrometer
excitation source. Solutions of 1, photolyzed for extended periods

(12) (a) Shizuka, H.; Obuchi, H.; Ishikawa, M.; Kumada, M. J. Chem.
Soc., Chem. Commun. 1981, 405. (b) Shizuka, H.; Sato, Y.; Ishikawa, M ;
Kumada, M. J. Chem. Soc., Chem. Commun. 1982, 439. (c) Shizuka, H.;
Sato, Y.; Ueki, Y.; Ishikawa, M.; Kumada, M. J. Chem. Soc., Faraday Trans.
1 1984, 80, 341. (d) Hiratsuka, H.; Mori. Y.; Ishikawa, M.; Okazaki, K.;
Shizuka, H. J. Chem. Soc., Faraday Trans. 2 1985, 81, 1665.

(13) (a) Sakurai, H. In Silicon Chemistry; Corey, J. Y., Corey, E. Y,,
Gaspar, P. P., Eds.; Ellis Horwood: Chichester, U.K., 1988; Chapter 16. (b)
Sakurai, H.; Sugiyama, H.; Kira, M. J. Phys. Chem. 1990, 94, 1837. (c) See
also: Horn, K. A.; Grossman, R. B.; Thorne, J. R. G.; Whitenack, A. A. J.
Am. Chem. Soc. 1989, 111, 4809.
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Figure 2. Transient absorption spectra from a 1.7 X 10™ M solution of
1 in acetonitrile, recorded (a) 70~90 ns and (b) 2.9-3.1 us after 248-nm
laser excitation.
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Figure 3. Transient decay traces recorded at (a) 490 and (b) 330 nm,
from a 1.8 X 10™* M solution of 1 in acetonitrile.

of time in the emission spectrometer, exhibited fluorescence spectra
consisting of superimposed emission from both 1 and 3. Ina
methylcyclohexane glass at 77 K, 1 shows benzenoid w,x*
phosphorescence, similar to the behavior typical of 7 and other
phenyldisilanes.!?

Nanosecond laser flash photolysis experiments employed a flow
system to contain deoxygenated, ca. 2 X 10™* M, solutions of 1
in dry acetonitrile or isooctane, the pulses (248 nm, ca. 12 ns,
80-120 mJ) from a Kr/F, excimer laser, and a microcompu-
ter-controlled detection system.!* Transient absorption spectra,
recorded in point-by-point fashion 70-90 ns and 2.8-3.2 us after
the laser pulse, are shown in Figure 2 for a 1.7 X 10 M solution
of 1in acetonitrile. Representative decay traces, recorded at 490
and 330 nm, are shown in Figure 3. Transient spectra recorded
in isooctane solution did not differ significantly from those shown
in Figure 2. In acetonitrile solution, the kinetic order and lifetime
of the decay of the 490-nm transient depend on the rigor with
which the solvent is dried. With acetonitrile that had been refluxed
over calcium hydride for >1 week, the transient decayed with
mixed first- and second-order kinetics and had a lifetime of 1.7

(14) Leigh, W. J,; Workentin, M. S.; Andrew, D. J. Photochem. Photobiol.
A: Chem. 1991, 57, 97,
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Figure 4. Transient absorption spectrum from a 1.7 X 10™* M solution
of 1 in acetonitrile containing 0.1 M 2-bromopropane, recorded 120—160
ns after 248-nm laser excitation. The insert shows a decay trace recorded
at a monitoring wavelength of 330 nm (time scale, 500 ns/division).

£ 0.2 us. Less careful drying of the solvent gives rise to transients
with identical absorption spectra but which decay with clean
first-order kinetics and lifetimes in the 300-900-ns range. The
transient was signficantly longer-lived (= > 7 us) in isooctane
solution and decayed with mixed first- and second-order kinetics.
The product of the transient’s extinction coefficient and the
quantum yield for its formation, e,40¢, was estimated to be ca.
4 X 10° M™! cm™ in isooctane solution by benzophenone acti-
nometry.

The short-wavelength absorption region (300-330 nm) of the
transient absorption spectrum is much more complex in both
solvents. The decay traces show mixed kinetics with significant
residual absorption (Figure 3b). The latter is long-lived on the
microsecond time scale but is not present in the static UV spectrum
taken within minutes after photolysis of the solution to 40-50%
conversion. The relatively sharp absorption band with A, =~ 325
nm is due to absorption by triphenylsilyl and/or methyldi-
phenylsilyl free radicals; transient absorption spectra of these two
radicals were recorded independently by laser flash photolysis
(337-nm excitation) of solutions of triphenylsilane and methyl-
diphenylsilane in 1:4 di-tert-butyl peroxide (BOOB)/isooctane.
The spectrum and decay characteristics of the triphenylsilyl radical
are similar to those reported previously by Ingold and co-work-
ers.’’2  Addition of 0.1 M 2-bromopropane to acetonitrile solutions
of 1 shortened the lifetime(s) of the radicals dramatically, while
having no effect on the lifetime or yield of transient absorptions
elsewhere in the spectrum. Figure 4 shows the transient absorption
spectrum recorded 120-160 ns after the laser pulse under these
conditions. Rate constants for quenching of triphenylsilyl and
methydiphenylsilyl radicals by 2-bromopropane were not deter-
mined but can be assumed to be in the 10'-10° M~! s™! range.!¢

The lifetime of the 490-nm transient was shortened only slightly
by the addition of 0.05 M 2,3-dimethyl-1,3-butadiene, which
suggests that the 490-nm absorption is not that of a triplet-state
species (of triplet energy greater than ca. 50 kcal/mol). Similarly,
the lifetime was unaffected by the addition of up to 0.3 M tri-
ethylsilane, suggesting that the transient is not a silylene. Silylenes
are known to be quenched by trialkylsilanes with rates of 105-10°
M—l S_1.17_19

Similar experiments were carried out with disilane 7, which
has been reported to yield the silatriene 8 in high yield upon

(15) (a) Chatgilialoglu, C.; Ingold, K. U.; Lusztyk, J.; Nazran, A. S,
Scaiano, J. C. Organometallics 1983, 2, 1332. (b) Chatgilialoglu, C.; Scaiano,
J. C,; Ingold, K. U. Organometallics 1982, 1, 466.

(16) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. C. J. Am. Chem. Soc.
1982, 104, 5123.

(17) (a) Levin, G.; Das, P. K.; Lee, D. L. Organometallics 1988, 7, 1231.
(b) Levin, G.; Das, P. K.; Bilgrien, C.; Lee, C. L. Organometallics 1989, 8,
1206.

(18) Shizuka, H.; Tanaka, H.; Tonokura, K.; Murata, K.; Hiratsuka, H;
Ohshita, J.; Ishikawa, M. Chem. Phys. Lett. 1988, 143, 225.

(19) Conlin, R. T.; Netto-Ferreira, J. C.; Zhang, S.: Scaiano, J. C. Or-
ganometallics 1990, 9, 1332,
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Figure 5. Transient absorption spectrum from a 2.0 X 107> M solution
of 7 in isooctane, recorded 75-150 ns after 248-nm laser excitation.
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Figure 6. Plots of the pseudo-first-order decay rates of transients 8 (O)
and 9 (A) vs acetone concentration, from nanoseoond laser flash photo-
lysis of deoxygenated 1.7-2 X 10™* M solutions of 7 and 1, respectively,
in acetonitrile at 23 °C,

photolysis in cyclohexane solution at room temperature.>*%° Laser
flash photolysis of 2 X 10 M solutions of 7 in isooctane or
acetonitrile yields intense transient absorptions with maxima at
<300 and 420 nm. An additional weak absorption with A, =
310 nm is evident in the spectrum recorded in isooctane solution
(Figure 5); this matches the absorption spectrum previously re-
ported for the dimethylphenylsilyl radical.!*® The transient ab-
sorption spectrum recorded from 7 in the region >350 nm agrees
well with that reported.> On the basis of the similarities in the
absorption spectra and quenching behavior (vide infra) of the
long-wavelength transient from photolysis of 1 and that from 7,
we assign the former to the silatriene species 9.

SiPh,
C(SiMcth
H

9

The high degree of symmetry of the 490-nm absorption band
in Figure 2a indicates that the alternate silatriene intermediate,
which would be obtained from 1 by formal migration of tri-
phenylsilyl into the methyldiphenylsilyl group and which contains
the methylphenylsilatriene chromophore, is not formed or is formed
in much lower yield than 9. The methylphenylsilatriene chro-
mophore, such as that obtained from photolysis of 1,2-di-
methyl-1,1,2,2-tetraphenyldisilane (10), gives rise to an absorption

Ph,MeSi-SiMePh,
10 11

spectrum with A, =~ 465 nm.?® Furthermore, flash photolysis
of acetonitrile solutions of 1,1,1-trimethyl-2,2,2-triphenyldisilane
(11) gives rise to a transient (also containing the diphenylsilatrienyl
chromophore) whose absorption spectrum is very similar to that
of 9 (Apax = 490 nm).2°

Ph;Si-SiMe;

(20) Leigh, W. J.; Sluggett, G. W. Unpublished results.
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Table I. Rate Constants for Bimolecular Quenching of Silatrienes 8
and 9 by Oxygen, Acetone, Ethyl Acetate, and Alkenes in
Acetonitrile Solution at 23 £ 2 °C*

kg X 10 Ms
quencher 8 9
0, 8.5+ 08 3.8+03
acetone 9.0+ 03 2.54+£0.15
ethyl acetate 0.033 £ 0.003 d
cyclohexene 0.012 £ 0.002 0.009 + 0.001
2,3-DMB¢ 1.28 £ 0.03 0.23 £0.01

e Errors reported as 20 (95% confidence limits). °Calculated as-
suming a value of 0.01 M for the concentration of oxygen in Oy-satu-
rated acetonitrile. ©2,3-DMB, 2,3-dimethyl-1,3-butadiene; isooctane
solution. 4Not determined.

Table II. Bi- and Termolecular Rate Constants for Quenching of
Silatrienes 8 and 9 by Water, Alcohols, Acetic Acid, and
Methoxytrimethylsilane in Acetonitrile Solution at 23 & 2 °C?

8 9
kg X 10® k@ X 10° kg X 107 kg X 1078

quencher Ms M2 ¢? Ms M? §?
H,0 44+ 1.3 46 + 60 2203 135
D,0 26 +08 71 £ 36 1.3+02 21+ 5
MeOH 2.5+ 0.8 67 + 36 1.7+ 0.3 747
EtOH 1.5+ 03 326 0.67 £ 0.09 9.5+ 1.6
t-BuOH 0.37 + 0.08 1+1 0.25 £ 0.04 2104
CF;CH,- 0.236 + 0.004 b 0.039 £ 0.002 b

OH

CH;COOH 29 £0.1 b 0.97 £ 0.03 b

Me;SiOMe  0.14 + 0.05 1.0+ 03 0.074 £ 0.004 0.094 £ 0.011

4Rate constants calculated from least-squares fitting of data to eq 5.
Errors are reported as £2¢ (95% confidence limits). ?Quenching plot linear
in concentration.

Addition of oxygen, water, alcohols, acetic acid, ethyl acetate,
alkenes, acetone, or methoxytrimethylsilane results in a shortening
of the lifetime of the long-wavelength transient absorptions from
photolysis of 1 and 7. Plots of the pseudo-first-order rate constants
for decay of the long-wavelength transients from 1 and 7 vs
concentration of added quencher are linear in the cases of oxygen,
acetone, ethyl acetate, 2,3-dimethylbutadiene, cyclohexene, and
acetic acid. Figure 6 shows examples of such plots for quenching
of the transients 8 and 9 by acetone in acetonitrile solution.
Second-order quenching rate constants, obtained from the slopes
of these plots according to eq 3, are collected in Tables I and II.

kdecay = kO + kQ[Q] (3)

The rate constants for quenching of these transients by oxygen
(see Table I) have been calculated using a value of 0.0085 M for
the concentration of oxygen in oxygen-saturated acetonitrile.?'*
In isooctane solution, the transients from 1 and 7 are quenched
by oxygen with rates of (1.52 £ 0.09) X 10% and (6.9 % 0.4) X
10® M~ ¢!, respectively.

The analogous plots for quenching of 8 and 9 in acetonitrile
by water, alcohols (except 2,2,2-trifluoroethanol), and methoxy-
trimethylsilane show distinct curvature. Examples of such plots
are shown in Figure 7 for the quenching of 9 by water and D,0.
These data were analyzed according to the quadratic equation
shown in eq 4, and the second- and third-order rate constants

kdecay = kO + kQ[Q] + kQ(z)[Q]2 (4)

obtained from these analyses are listed in Table II. It should be
stressed that the third-order rate constants reported in Table II
have rather large associated errors, even though the quencher
concentrations employed in these experiments were sufficient to
cause the transient decay rate to span a factor of 10~-30 and data
from 10-12 different quencher concentrations were typically in-
cluded in the least-squares analyses. The second-order rate
constants are considerably more precise. In each case, the value
of kg obtained from the polynomial least-squares fit to eq 4
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Figure 7. Plots of the pseudo-first-order decay rates of transient 9 vs H,O
(O) or D,0 (A) concentration, from nanosecond laser flash photolysis
of deoxygenated 1.7 X 10™* M solutions of 1 in acetonitrile at 23 °C,

matched that obtained from a linear least-squares fit of the first
four or five data points to eq 3 (within the error limits defined
by the latter).

The behavior of the transient absorptions below 350 nm toward
these reagents was not investigated in detail. Oxygen quenched
the short-lived component of the transient absorption at 330 nm
as well as the long-lived residual absorptions, while methanol had
little effect on either.

Steady-state photolysis (254 nm) of a deoxygenated 0.005 M
solution of 1 in cyclohexane containing 0.1 M methanol afforded
2-5 in yields similar to those previously reported by Sommer and
co-workers (eq 2). Careful VPC and GC/MS analysis of the
photolysate failed to reveal the presence of additional, higher
molecular weight products.

Discussion

The luminescent behavior of 1 shows many of the same
characteristics exhibited by 7.!> The room temperature
fluorescence emission spectrum is broad and featureless and is
shifted to considerably longer wavelengths from the lowest energy
absorption band. On the basis of these features, it can likely be
identified as (o,7*)! charge-transfer emission, similar to that
observed for 7.'%13 The absence of a solvent effect on the emission
from 1 can be attributed to the larger number of phenyl groups
in this compound compared to 7, which render the charge-transfer
state more symmetrical and reduce its effective dipole moment.?
Compound 1 exhibits ,#* phosphorescence at 77 K in a hy-
drocarbon matrix, another general feature that is common to
aryldisilanes.!?

The assignment of the transient species absorbing at 490 nm
from flash photolysis of 1 to the silatriene 9 is based on the
similarities of its UV absorption spectrum and reactivity to those
of the 420-nm transient (8) obtained from 7 under similar con-
ditions. The structure of transient 8 has been assigned largely
on the basis of product studies; it is consistent with the major
products of photolysis of 7 in the presence of alcohols,’ alkenes,?b
dienes,® and carbonyl compounds.’ The reactions of 8 are
summarized in Scheme I.3° In the absence of trapping agents,
photolysis of 7 leads to the formation of higher molecular weight
products.® While these have not been characterized, they are
prsesumably the products of dimerization or oligomerization of
8.

The ca. 70-nm shift in the absorption spectrum of 9 compared
to that of 8 is consistent with the increased conjugation in the
diphenylsilatriene chromophore (in 9) compared to the di-
methylsilatriene chromophore (in 8).% So too is the 2-5-fold
reduction in its reactivity toward oxygen, hydroxylic reagents,
methoxytrimethylsilane, acetone, and alkenes, considering that
the accepted mechanisms for the reactions of these reagents with
silenes involve attack at trivalent silicon in (or during a fast
equilibrium prior to) the rate-determining step.? While all of these

(21) (a) Smith, G. J. J. Photochem. 1983, 22, 51. (b) Murov, S. Hand-
book of Photochemistry; Dekker: New York, 1973.

(22) Rettig, W. Angew. Chem., Int. Ed. Engl. 1986, 25, 971, and refer-
ences cited therein.
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Scheme I
PhMe)Si-SiMe3

MeOH \ j\%

CgSiM%OMe Me,
SiMe; @CL X
H
+ SiMe;

SiMe,OMe
CgSlMeJ

H
reagents are also known to react with silylenes with similar rates
as those reported here for the 490-nm transient from 1,%!"-! the
fact that the transient is unreactive toward triethylsilane effectively
rules out the possibility that it should rather be assigned a silylene
structure.

Because products attributable to the intermediacy of 9 cannot
be detected in significant yield from steady-state photolysis of 1
under any conditions (vide infra), it can be assumed that the
quantum yield for the formation of 9 is at least a factor of 10 less
than those for formation of 1,1-diphenylsilene (6) and tri-
phenylsilane (3). This leads to an estimated lower limit of ca.
4 X 10* M~ em™! for the extinction coefficient at the absorption
maximum for 9.

Apart from oxygen, the reagents listed in Tables I and II can
be divided into two groups: those in Table I react with silenes
via formal pericyclic mechanisms involving their C=X bonds,
while those in Table IT undergo addition reactions with the Si=C
bond.>® As should be expected, the former reactions proceed with
clean second-order kinetics. The latter reactions, however, gen-
erally give rise to more complex kinetics indicative of two or more
competing mechanistic pathways for reaction. It is noteworthy
that the silatrienes 8 and 9 exhibit similar relative reactivities as
do stable silenes toward the series of reagents collected in Tables
I and 11, in spite of the fact that in many cases, the course of
reaction differs substantially.?

Silenes are known to undergo Diels—Alder reactions with
conjugated dienes and (2 + 2)- or ene-addition to alkenes and
carbonyl compounds bearing a-hydrogens.? In contrast, silatrienes
such as 8 have been shown to undergo formal ene reactions in all
of these cases, in the manner shown in eq 5. Presumably, the

Miez Me,
Sie J< H
/)l(J\ » X R [5]
Tl\ R SiMe;

SiMes
8 X =CHy R = CHs MeC=CH,
X=0;R=CH;

driving force for ene-addition in the reaction of silatrienes with
dienes is the gain of aromaticity which accompanies product
formation. The photochemistry of 7 in the presence of alkenes
and carbonyl compounds has been extensively studied by
steady-state methods,®® but there is little information available
with respect to the relative reactivities of these reagents toward
8.4 However, it has been reported that methyl acetate is a sub-
stantially less efficient trap for 8 than acetone, on the basis of
the results of photolysis of 7 in the presence of a slight molar excess
of trapping agent.! The rate constants reported in Table I for
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the quenching of 7 by acetone and ethyl acetate are in accord with
those results.

Rate constants for the reaction of 8 with oxygen, 2,3-DMB,
and ethanol in cyclohexane solution have been reported previously
by Gaspar and co-workers.* The previously reported rate constants
for 2,3-DMB and ethanol agree fairly well with those reported
here. Our value for quenching of 8 by oxygen in nonpolar media
is a factor of about 4 lower than that reported previously.*
However, since no experimental details were given regarding the
procedure employed for the reported determination, it is difficult
to assess the reasons for the discrepancy. We note that the rate
constants for oxygen quenching reported here were determined
using decay rates recorded for at least five different oxygen
concentrations.

The curvature in the quenching plots for water, alcohols, and
methoxytrimethylsilane is consistent with an addition mechanism
that involves rapid, reversible formation of a silatriene—alcohol
complex,?? followed by competing uni- and bimolecular proton
transfer, the latter involving a second molecule of alcohol (eq 6).

@
R’ HQR
y SR L xR
2 Sig s/‘ Si L Si
ky g R R {6l
H +ROH o——" @ b oot H
SiMeR™’; Lol SiMeR™'s FIROM] SiMeR "'y SiMeR'",

A similar mechanism has recently been proposed by Sakurai and
co-workers to explain the concentration-dependent stereochemistry
of addition of a series of alcohols to the cyclic 1,3-(2-sila)diene
13, proposed to be formed as an intermediate upon photolysis of
disilane 12 (eq 7).%*

\ {R h H OR R*  OR

SiMe;
12

13
R’ = CH,SiMe;

Application of the equilibrium assumption to the alcohol-si-
latriene complex in eq 7 leads to the quadratic expression shown
in eq 9 for the pseudo-first-order rate constant for decay of the

Kiecay = ko + (k1ky/k))[ROH] + (k)k3/k)[ROH]*  (8)

silatriene (Kqec,,), Where k; is the rate of decay of the species in
the absence of trapping agent and the other rate constants cor-
respond to those defined in eq 6. Thus, if this mechanism is
correct, then the second- and third-order rate constants shown
in Table II can be equated with k k,/k_; and k k;/k_,, respec-
tively. The general trend in the data listed in Table IT is that kq
and k@ both decrease throughout the series H,O > MeOH >
EtOH > r-BuOH. According to the mechanism outlined above,
these trends are the result of composite variations in the equi-
librium constant for formation of the silatriene—alcohol complex
and the rate constants for subsequent proton transfer as a function
of alcohol.

The second-order component of the reactions of 8 and 9 with
water are subject to a kinetic isotope effect. This provides the
first clear indication that proton transfer is involved in the rate-
determining step for the reaction of silenic double bonds with
water.”> From the values of kq listed in Table IT for H,O and
D,O we obtain ky/kp = 1.7 £ 1.0 for 8 and kyy/kp = 1.7 £ 0.5
for 9. Within the framework of the mechanism discussed above,
these results verify that formation of the zwitterionic addition
complex is fast relative to subsequent proton transfer, at least in
the case of water. Given the similarities between the quenching
behavior of water and those of the other alcohols, it seems rea-
sonable to suggest that this is probably also true for the latter

(23) Wiberg, N.; Wagner, G.; Miiller, G.; Riede, J. J. Organomet. Chem.
1984, 271, 381.

(24) Kira, M.; Maruyama. T.; Sakurai, H. J. Am. Chem. Soc. 1991, 113,
3986.

(25) The addition of methanol to a stable silene has been reported to show
no deuterium isotope effect.?
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compounds. Unfortunately, the present data for H,O and D,0
are not sufficiently detailed to accurately reveal the expected
kinetic isotope effect on the intermolecular proton transfer which
is described by kq?.

The mechanism shown in eq 6 leads to the prediction that, in
reactions with alcohols which are strongly acidic but relatively
weakly nucleophilic, formation of the zwitterionic silatriene—alcohol
complex described by k; may be rate determining, in which case
quenching should be linear in alcohol concentration. Such appears
to be the case with 2,2,2-trifluoroethanol. Acetic acid, another
compound that satisfies this criterion, behaves similarly; it
quenches silatriene 8 with kg = (2.9 £0.2) X 10* M™' 57! and
is strictly first order in acetic acid. While acetic acid is known
to react with silenes by addition,? product studies have not yet
been carried out for the reaction with 8, so the significance of these
results must be considered tentative. We note, however, that
quenching of 8 by ethyl acetate occurs ~100 times more slowly
than this, indicating that proton transfer is likely to be involved
in the reaction of 8 with the carboxylic acid.

Owing to the substantial errors associated with the ko'® values
measured in the present work, a comparison of the ratios kq/kq®
(=k,/k;) for quenching of 8 and 9 by alcohols to those reported
previously for 12?4 is unwarranted. Nevertheless, it is interesting
to note that for 8 and 9 they appear to be all considerably less
than unity and vary only slightly throughout the series of alcohols.
In contrast, the corresponding values for 12 reportedly range from
4.6 for methanol to infinity for ters-butyl alcohol.?* The indication,
albeit tentative, is that intramolecular proton transfer within the
zwitterionic alcohol-sil(atri)ene complex is much slower (compared
to intermolecular proton transfer) in the cases of 8 and 9 than
it is in 12. This seems reasonable, since the intramolecular process
in 8 must occur by [1,5]- or [1,7]-transfer, as opposed to the
[1,3]-transfer proposed for 12,

Methoxytrimethylsilane is a widely used trapping agent for
silenes and is known to react by addition of MeO-SiMe; across
the Si=C bond.? In principle, the reaction can proceed by a
mechanism analogous to that shown in eq 6 for the addition of
MeO-H to 8, which would be consistent with the curvature in
the quenching plot for the reaction of methoxytrimethylsilane with
8 and 9. While the rate constants obtained from quadratic analysis
of these data are more than 10 times slower than those for addition
of methanol, it is not known whether this reflects a difference in
the rate of complex formation for the two quenchers or a difference
between the rates of trimethylsilenium transfer and proton transfer.
We note that the second-order component for quenching of 8 by
MeOSiMe;, kg = (1.4 £ 0.5) X 107 M 57!, is similar to that
reported by Conlin and co-workers for the reaction of this reagent
with a 1,3-(1-sila)butadiene derivative (kq = (3.4 £ 0.6) X 10’
M s™).> Unfortunately, the data reported for the latter com-
pound were not sufficiently detailed to reveal the presence or
absence of curvature in the quenching plot.

The intense transient absorptions due to the silatriene 9 and
silyl radicals combine to overpower the expectedly weaker ab-
sorptions (presumably in the region below 350 nm) due to 1,1-
diphenylsilene, even though product studies indicate that the latter
is the main product of photolysis of 1 in solution. Clearly, study
of the reactivity of simple 1-aryl or 1,1-diarylsilenes by transient
spectroscopic methods will require the use of precursors other than
alkylphenyldisilanes.

Given the similarities in the emission behavior of 1 and 7, it
is not surprising that both yield silatrienes upon photolysis in
solution. Increasing phenyl substitution in the disilane (e.g., as
in 1) results in reduced yields of the silatriene (9) and corre-
spondingly higher yields of silene (6) and free silyl radicals. This
may be due to a combination of increased steric hindrance to
concerted [1,3]-migration and a weakening of the Si-Si bond,
which favors the formation of bond homolysis products. While
we have demonstrated that free silyl radicals are produced upon
photolysis of 1 (and, to a lesser extent, 7), we are unable to
determine the extent to which they are responsible for the for-
mation of 6 or 9. In the case of 1, the formation of both 9 and
silyl radicals occurs within a time scale shorter than the duration

Sluggett and Leigh

of the excitation pulse (ca. 10 ns).

Summary and Conclusions

Photolysis of methylpentaphenyldisilane (1) in solution yields
a reactive 1,1-diphenyl-1,3,5-(1-sila)triene species (9) in low yield.
Because of the strong absorption of this species in the visible
spectrum, its formation and subsequent decay are easily monitored
by nanosecond flash photolysis techniques. Rate constants for
the reaction of 9, as well as for a 1,1-dimethyl-1,3,5-(1-sila)triene
derivative (8) (generated by flash photolysis of pentamethyl-
phenyldisilane (7)), with oxygen, acetone, acetic acid, ethyl acetate,
alkenes, methoxytrimethylsilane, water, and a series of alcohols
have been determined.

The rates of decay of 8 and 9 in the presence of water, methanol,
ethanol, rert-butyl alcohol, and methoxytrimethylsilane show a
quadratic dependence on the concentration of the quencher. A
primary deuterium kinetic isotope effect of ky/kp =~ 1.7 has been
measured for the reaction of 8 and 9 with water. The results are
consistent with an addition mechanism involving reversible for-
mation of a silatriene-ROH complex which collapses to product
by competing intracomplex and intermolecular proton transfer
involving a second ROH molecule. In the case of water and simple
alcohols, the proton-transfer steps are rate determining. An
analogous mechanism applies to the addition of methoxytri-
methylsilane. Both the bimolecular and termolecular rate con-
stants for quenching by these reagents decrease in the order H,O
> D,O0 =~ MeOH > EtOH > -BuOH > Me;SiOMe. The
kinetics for reaction of 8 and 9 with 2,2,2-trifluoroethanol and
acetic acid are consistent with the idea that when the addend is
strongly acidic and weakly nucleophilic, formation of the zwit-
terionic addition complex is the rate-determining step for reaction.

More detailed, quantitative studies of the reactivity of these
and other reactive trivalent silicon compounds toward various
nucleophiles is in progress.

Experimental Section

'H NMR spectra were recorded on Bruker AC200 (200 MHz) or
Varian EM390 (90 MHz) NMR spectrometers in deuteriochloroform
solution and are reported in parts per million downfield from tetra-
methylsilane. Ultraviolet absorption spectra were recorded on a Hew-
lett-Packard HP8451 UV spectrometer or a Perkin-Elmer Lambda 9
spectrometer equipped with a Model 3600 data station. Fluorescence
emission spectra were recorded on a Perkin-Elmer LS-5 spectrofluorom-
eter, also interfaced to the Model 3600 data station. Mass spectra were
recorded on a VGH ZABE mass spectrometer. Gas chromatographic
analyses were carried out using a Hewlett-Packard 5890 gas chromato-
graph with flame ionization detector and a Hewlett-Packard 3396A
integrator, and a HP-1 megabore capillary column (5 m X 0.53 mm;
Hewlett-Packard, Inc.). GC/MS analyses were carried out using a
Hewlett-Packard 5890 gas chromatograph equipped with a HP-5971A
mass selective detector and a DB-1 capillary column (25 m X 0.2 mm;
Chromatographic Specialties, Inc.). Melting points were determined on
a Reichert hot-stage microscope fitted with a Cole-Parmer Model
8110-10 type K thermocouple and are uncorrected.

Acetonitrile (Caledon HPLC) was refluxed over calcium hydride for
several days and distilled under nitrogen. Methanol (Fischer HPLC) was
refluxed over magnesium, distilled under nitrogen, and stored over mo-
lecular sieves (3 A). rert-Butyl alcohol (Fisher) was refluxed over cal-
cium oxide and distilled. Tetrahydrofuran used in the preparation of 1,
and 7 was refluxed over sodium benzophenone and distilled under ni-
trogen. Cyclohexene (Aldrich Gold Label) and 2-bromopropane
(Matheson Coleman and Bell) were distilled before use. Ethyl acetate
(BDH) was distilled from phosphorus pentoxide. Cyclohexane (Aldrich
spectro-grade), 2,2,4-trimethylpentane (Baker HPLC), water (Caledon
HPLC), acetone (Baker reagent), deuterium oxide (MSD Isotopes),
glacial acetic acid (Fisher), and absolute ethanol were all used as received
from the suppliers. Trimethylmethoxysilane, triethylsilane, triphenyl-
silane, methyldiphenylsilane, 2,3-dimethyl-1,3-butadiene (Gold Label),
and 2,2,2-trifluoroethanol (NMR grade) were all used as received from
Aldrich Chemical Co.

Methylpentaphenyldisilane?® (1), pentamethylphenyldisilane (7),2¢
methoxytriphenylsilane,?” and methoxymethyldiphenylsilane?” were pre-

(26) (a) Gilman, H.; Peterson, D. J.; Wittenberg, D. Chem. Ind. (London)
1958, 1479. (b) Gilman, H.; Lichtenwalter, G. D.; Wittenberg, D. J. Am.
Chem. Soc. 1959, 81, 5320.
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pared according to modifications of the published procedures and ex-
hibited melting or boiling points and spectral data that agreed satisfac-
torily with those reported in each case. The chlorosilanes employed in
these syntheses were used as received from Petrarch Systems or Aldrich.

Nanosecond laser flash photolysis experiments were carried out using
the pulses from a Lumonics TE-861M excimer laser filled with F,/
Kr/He (248 nm, ca. 12 ns, 80120 mJ) or N,/He (337 nm, 6 ns, ca. 3
mJ) and a microcomputer-controlled detection system that has been
described elsewhere.l* All laser samples were continuously deoxygenated
with bubbling nitrogen. Solutions of 1and 7 were prepared at concen-
trations such that the absorbance at the excitation wavelength (248 nm)
was 0.8 (1.7-2 X 10 M for 1; ca. 0.002 M for 7). The disilane solutions
were flowed continuously through a 3 X 7 mm quartz flow cell, supplied
by a calibrated 100-mL-capacity reservoir. Quenchers were added to the
reservoir by microliter syringe as aliquots of standard solutions in dry
acetonitrile. Oxygen quenching studies were carried out using a Math-
eson 600 gas proportioner to regulate the composition of oxygen/nitrogen

(27) (a) Brook, A. G.; Gilman, H. J. Am. Chem. Soc. 1955, 77, 2322. (b)
Brook, A. G,; Dillon, P. 1. Can. J. Chem. 1969, 47, 4347,

mixtures, which were then bubbled continuously through the solution
contained in the reservoir. A value of 3.18 X 1073 M for the concen-
tration of oxygen in air-saturated isooctane®!® was used to calculate the
oxygen concentration for the various mixtures in this solvent.

Samples for laser flash photolysis of solutions of methyldiphenylsilane
and triphenylsilane in 1:4 di-ter¢-butyl peroxide/isooctane were contained
in 7 X 7 mm quartz cells. The concentrations of the two silanes were
0.125 and 0.068 M for Ph,MeSiH and Ph;SiH, respectively.

Steady-state photolyses of deoxygenated 0.005 M solutions of 1 in
cyclohexane containing 0.1 M methanol were carried out using a Rayonet
photochemical reactor equipped with 254-nm lamps and the unfocused
pulses of the KrF excimer laser (248 nm) as excitation sources. Photo-
products were identified by GC/MS and by coinjection of the photoly-
sates with authentic samples.
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Abstract: The reversibility of the adsorption of NO,/N,0, (NO,) on a single Langmuir-Blodgett monolayer of phthalocyanine
(Pc) complexes is demonstrated using surface-enhanced Raman scattering on Au island films. The effect of the adsorbate
on the relative Raman intensity of characteristic vibrational fundamentals of the Pc molecule permits the monitoring of the
kinetics and the nature of the small molecule-macrocycle interaction. The localization and strength of the interaction can
be correlated with patterns observed in the change of the electronic and resonant Raman spectra in the series of Pc molecules.
The approach presented in this work allows one to study, at a molecular level, the properties that control the adsorption of
small molecules on Pc monolayers. The results are relevant to the general understanding of an adsorption process that has
been demonstrated to have applications in the development of phthalocyanine-based gas sensors, and the use of Pc as a catalyst.

Introduction

It is known that the surface of crystals and thin solid films of
phthalocyanine (Pc) and other organic macrocycles adsorb small
gaseous molecules which strongly alter the electrical properties
of the material.’> The changes in the semiconducting and
photoconducting properties of Pc materials due to adsorption are
so dramatic that they may be the basis for the development of
these materials as chemical sensors for gases.>* For instance,
Honeybourne and Ewen' have studied the effect of NO,/N,O,
on CuPc and reported an increase of 6 orders of magnitude in
conductance upon gas adsorption. Recently, Zhu and Petty’ have
reported a potential optical sensor for nitrogen dioxide based on
copper tetra-tert-butylphthalocyanine (CuTTPc) using surface
plasmon resonance on Ag. However, in the adsorption process
the nature of the interaction between gas and phthalocyanine is
not well known, and there is a need for experimental techniques
that would permit the characterization of the Pc adduct. It should
be pointed out that the problem of metalated Pc—small molecule
interaction is also central to the electrocatalytic activity of Pc
complexes® or the use of Pc complexes as catalysts.” Surface-
enhanced (resonant) Raman scattering (SERS or SERRS?) and
electronic absorption spectroscopy are powerful analytical tech-
niques that contribute to characterize and monitor the nature of

*To whom correspondence should be addressed.

the interaction between an electron acceptor molecule and Pc
derivatives laid down in the form of a single Langmuir-Blodgett
(LB) monolayer. In the present report the reversible adsorption
of NO, on a single LB monolayer of H,TTPc (metal-free tetra-
tert-butylphthalocyanine), CuTTPc, and YbPc, (ytterbium bis-
phthalocyanine) monitored by SERRS is presented. The ob-
servations are rationalized in terms of effect of the NO,—Pc
interaction on the molecular properties of the Pc monolayer: the
large delocalized x system (and changes in the electronic spec-
trum), the presence of pyrrole and azomethine groups in the
macrocycle (and changes in the vibrational spectrum), and the
electronic structure of the central metal atom.
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