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ABSTRACT

Laser flash photolysis of various organosilicon compounds such
as aryl-, vinyl-, and alkynyldisilanes, silacyclobutanes and silacy-
clobutenes, and a-silylketenes and -diazomethanes leads to the
formation of reactive silenes which can be detected directly in
solution, allowing detailed studies of the kinetics and mechanisms
of their reactions with nucleophiles. Over 30 transient silenes have
now been studied by these methods, providing the opportunity to
systematically assess the effects of substituents at silicon and
carbon on the reactivity of the Si=C bond.

Introduction

The study of organosilicon reactive intermediates has been
a rapidly growing field over the past 20 years. Gas- and
condensed-phase studies of such reactive intermediates
as silyl radicals,* silylenes,?? disilenes,®* and silenes have
revealed there to be many of the expected commonalities—
and many intriguing differences—between the chemistry
of these species and that of their counterparts in organic
chemistry. In addition to providing answers to basic
questions related to chemical bonding, structure, and
reactivity involving the Group 14 elements, the study of
these reactive intermediates has the potential of providing
useful insight and direction for growing fields such as
silicon-based polymers,® photolithography,® and silicon
surface science.”®

The chemistry of the silicon—carbon double bond has
been an area of active interest since 1967, when Gusel’nikov
and Flowers reported the first evidence of the possible
existence of such species as a reactive intermediate in the
high-temperature pyrolysis of a silacyclobutane deriva-
tive.? Hundreds of examples of silenes and many of the
qualitative aspects of their reactivity are now known, and
the area has been regularly reviewed since the mid-
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1970s.1° While a respectable number of “stable” derivatives
have been isolated and identified, most silenes—especially
relatively simple ones—are transients, formed as reactive
intermediates in various thermal and photochemical
reactions of organosilicon compounds. Because of this,
their direct detection and study requires either matrix
isolation or fast time-resolved spectroscopic techniques.
While many simple silenes were studied in the 1980s by
low-temperature matrix isolation techniques, information
on their absolute reactivities in solution or gas phases
requires the use of time-resolved methods that have only
become readily available in more recent years. This
Account describes our efforts to employ these techniques—
laser flash photolysis methods in particular—to study the
mechanisms of some of the more commonly known
reactions of silenes, and to systematically assess the effects
of substituents on the kinetic stability of the silicon—
carbon double bond.

Photochemical Precursors of Transient Silenes

A number of photochemical reactions in organosilicon
chemistry afford products consistent with the initial
formation of transient silenes,''2 and many of them have
proven to be ideal for laser flash photolysis studies of
silene reactivity in solution. Our initial efforts employed
phenyldisilanes (e.g., 1) as precursors to the transient (1-
sila)hexatriene derivatives 2 (eq 1),'® which sprang from
the early, product-oriented work of Ishikawa and Kumada
on the photochemistry of these compounds under various
conditions.'* Silene formation in these cases is the result
of photochemically allowed [1,3]-silyl migration into the
ortho position of one of the aromatic rings. This process
also occurs in vinyldisilanes (3; eq 2),'5718 which are also
useful precursors to transient silenes for time-resolved
spectroscopic study.!® Perhaps the most versatile precur-
sors to simple silenes are silacyclobutanes (5), which
undergo formal [2 + 2]-photocycloreversion to yield
silenes of the type RR'Si=CH, (6; eq 3).2°~28 The process
occurs with adequate efficiency in derivatives bearing a
wide range of aryl and/or alkyl substituents at silicon,
using 248-nm laser excitation for aryl-substituted deriva-
tives and 193-nm excitation for non-arylated ones.?229-33
Silacyclobutenes (7; eq 4) yield the readily detectable®*
2-vinyl-substituted silenes 8 via photoelectrocyclic ring-
opening.®-37 Also, a-silyl ketenes (9¢0) and the analogous
diazo compounds (9y2) have been used as precursors to
the family of carbon-substituted silenes 10 (eq 5). 347 In
these cases, silenes are formed by rapid (k = 10° s™%) [1,2]-
migration (from silicon to carbon)*” in the a-silyl carbene
formed in the primary photochemical process.

The silenes formed in these reactions generally have
lifetimes on the order of several microseconds, decay with
second-order kinetics in rigorously dry solution, and
exhibit UV absorption maxima ranging from 260 to 320
nm, typically 50—80 nm to the red of the corresponding
alkene of the same substitution pattern.
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The Addition of Alcohols to Transient Silenes

Silenes are potent electrophiles, reacting rapidly with
reagents such as water, alcohols, amines, carboxylic acids,
and alkoxysilanes by [1,2]-addition, with ketones and
aldehydes by ene-addition and/or [2 + 2]-cycloaddition,
and with alkenes and dienes by ene-addition, [2 + 2]- and/
or [4 + 2]-cycloaddition.101248-51 |n the absence of such
reagents, they undergo dimerization, usually by head-to-
tail [2 + 2]-cycloaddition.052756 The reactions with nu-
cleophiles are highly regiospecific, consistent with the high
degree of polarity which is expected to be associated with
the %*Si=C?%~ bond due to simple electronegativity differ-
ences between silicon and carbon.

Wiberg and co-workers first employed competition
methods to determine the relative reactivities of a large
variety of silene traps with 1,1-dimethyl-2,2-bis(trimeth-
ylsilyl)silene (11),% a transient silene related to the stable
di-tert-butylmethylsilyl analogue 12.58%° This work estab-

/SiMeS /SiMea
Me,Si=C Me,Si=C
Ay \
SiMe, SiMe(t-Bu),
11 12

lished that the most rapid reactions of silenes are those
with simple alcohols and amines, which led to the
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proposal that alcohol addition—the most commonly used
trapping reaction for transient silenes—most likely pro-
ceeds by a stepwise mechanism involving initial nucleo-
philic attack at silicon to form a o-bonded complex, which
proceeds to product by proton transfer from oxygen to
the silenic carbon. This proposal was supported by the
isolation and structural characterization of the THF
complex of 12,5 and by the theoretical studies of Nagase
and Kudo on the addition of water and HCI to the parent,
H28i=CH2.61

This mechanism was put on a firmer footing by Kira
and co-workers, who found that the stereochemistry of
addition of various aliphatic alcohols to the transient cyclic
silene 14 (formed photolytically from the vinyldisilane 13;
eq 6) varies with the alcohol and its concentration. This
concentration dependence demands the involvement of
an intermediate, such as Wiberg’s o-complex, which
collapses to product by competing uni- and bimolecular
proton transfer, the latter requiring a second molecule of
alcohol (see Scheme 1). It was proposed that the unimo-
lecular pathway yields the syn-addition product 15a, while
the anti-isomer (15b) is formed by the bimolecular
H-transfer pathway.®?

Me 4y
st | [ si-Me
SiMe,
CH,SiMe,

13 14
ROH Me Me
. Si‘OR + Si‘OR [6]
N 'y
Me,SiCH, T Me,SicH, H
15a 18b

A more pronounced effect of this type occurs in the
addition of MeOH to the transient (1-sila)hexatriene 2a,
from which three regioisomeric addition products (16a—
c) are obtained in relative yields that vary with MeOH
concentration in acetonitrile solution (eq 7).%% The [1,2]-
addition product 16a dominates at very low methanol
concentrations (<0.05 M), while the [1,4]- and [1,6]-
adducts 16b,c are the major products in the presence of
higher concentrations of methanol. This behavior is also
consistent with the intermediacy of a silene—alcohol
complex that collapses to product by competing unimo-
lecular and bimolecular proton-transfer processes.

Kinetic evidence in support of this mechanism was
obtained from a laser flash photolysis study of the reactiv-
ity of 2a in hydrocarbon and acetonitrile solution.’® The
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silene was found to react rapidly with water and aliphatic
alcohols, and the pseudo-first-order rate constant for
decay of 2a (Kgecay) Was found to vary quadratically with
ROH concentration (R = H, Me, Et) according to eq 8,
where kj is the pseudo-first-order rate constant for silene
decay in the absence of ROH, and kron and koron are the
second- and third-order rate constants for reaction of the
silene with one and two molecules of alcohol, respectively.
Figure 1 shows a plot of Kgecay Vs [ROH] for reactive
quenching of 2a by MeOH in acetonitrile solution, fitting
of which to eq 8 yields values of kyeon = (2.0 £ 0.6) x 108
M=t s and Koveon = (5.8 £ 1.0) x 10° M2 s7* for the
second- and third-order reaction rate constants, respec-
tively. The ratio of the rate constants for reaction by the
second- and third-order pathways (Kron/Kzron &~ 0.03 for
2a) increases with increasing steric bulk in the alcohol.

Kaecay = Ko T Kron[ROH] + Kopon[ROHI®  (8)

decay

This is precisely the behavior predicted by the Kira
mechanism, provided that the formation of the silene—
ROH complex is reversible and the proton-transfer steps
are rate-limiting. The complete mechanism is shown in
Scheme 1. Indeed, the first-order term in ROH (kron) Was
found to exhibit a primary deuterium kinetic isotope effect
on the order of ky/kp ~ 1.5 for both H,O and MeOH
addition. Furthermore, Kgecay Was found to obey a linear
dependence on [ROH] for addition of 2,2,2-trifluoroetha-
nol and acetic acid,*®* whose greater acidity and lower
nucleophilicity would be expected to result in a change
in the rate-determining step from proton transfer (ky) to
complexation (kc). In a later, more comprehensive kinetic
study of the addition of alcohols to 2a—c, it was shown
that the intercomplex proton-transfer process (repre-
sented in Scheme 1 by ky') most likely proceeds by initial
deprotonation of the complex by a second molecule of
alcohol or the solvent, followed by fast reprotonation at
carbon.®

Such complex kinetic behavior is not observed with
simpler silenes of the type Ar,Si=CH, (e.g., 6a,b), which
have been generated in solution by 248-nm photolysis of
the corresponding 1,1-diarylsilacyclobutane 5a,b (eq 9).%°
Reaction of these silenes with aliphatic alcohols is sig-
nificantly faster than is the case with 2, and the silene
decay rate follows a linear dependence on [ROH] over the
range of alcohol concentrations that can be studied with
our apparatus ([ROH]max = 0.01 M for these silenes).
However, evidence that the mechanism of Scheme 1 still
operates in these cases has been obtained from steady-
state competition studies where the concentration of
alcohol used can be much higher. The ratio of alkoxysi-
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FIGURE 1. Stern—Volmer plot of the pseudo-first-order rate constant
for decay of silene 2a versus MeOH concentration in deoxygenated
acetonitrile solution at 23 °C.13

lanes obtained from competing reaction of 1,1-diphenyl-
silene (6a) with MeOH and t-BuOH was found to vary with
bulk alcohol concentration over the 0—0.5 M range.5* The
results are consistent with the involvement of a second,
higher order pathway for reaction, which is more impor-
tant for MeOH than for t-BuOH at any given total ROH
concentration.

X
hy Ar, a. X=H
—_ Si=CH v [9]
O =[] v
5 6

In these cases, the linear dependence of kqps 0N [ROH]
suggests that ky > ky'[ROH] over the range of ROH
concentrations that can be studied in our experiments,
which simplifies the kinetics considerably. Under these
conditions, the overall second-order rate constant for ROH
addition (Kron), Using the steady-state approximation for
the zwitterionic complex, is given by the product of the
rate constant for complexation (kc) and the partitioning
ratio for collapse of the complex to starting materials and
product (kn/(ky + k_c); eq 10). As a result of this and the

Ky

Kror = Ke

(10)
overall strong exothermicity of the reaction, negative
activation energies are observed for addition of MeOH or
t-BuOH to 6a; indeed, this behavior appears to be typical
of simple silenes of this type.®®> The negative activation
energy results because the rate constant for decomplex-
ation exceeds that of product formation (i.e., ky < k_¢)
over the particular range of temperatures studied (=5 to
55 °C), and the latter is strongly entropy-controlled. If all
this is correct, then addition of deuterated alcohol (ROD)
should lead to a more negative Arrhenius activation energy
than ROH addition; indeed, exactly this behavior has been
reported for the addition of MeOH to 6a in acetonitrile
(Figure 2).56

VOL. 34, NO. 2, 2001 / ACCOUNTS OF CHEMICAL RESEARCH 131



Substituent Effects on the Reactivity of the Si=C Bond Morkin and Leigh

0 41 MeOH: E, =-2.5 + 0.2 kcal/mol
<~ g2k
Y_ll) L
p-- [
= 9.0f
3 [
2 [
s -
B oo
8.6F - ]
I 0O MeOD: E, =-3.2 £ 0.3 kcal/mol
| IS SR N N B | PR T T S 'Y

I NS W S N
3.0 3.2 3.4 3.6 3.8 4.0
1000K/ T

FIGURE 2. Arrhenius plots for the reaction of 1,1-diphenylsilene
with MeOH and MeOD in dry acetonitrile solution.%

We have also determined absolute rate constants and
their Arrhenius parameters for the reactions of 6a and the
ring-substituted derivative 6b with a number of other
nucleophiles, including aliphatic ketones,” acetic acid,%
aliphatic amines,% and alkoxysilanes.® All appear to react
via two-step mechanisms analogous to that for alcohol
addition, with nucleophilic attack occurring in the first
step. However, since alcohol addition is the most widely
used, most convenient, and mechanistically the best
understood of silene trapping reactions, it is the most
logical choice of a diagnostic reaction with which to
quantify the effects of substituent on silene reactivity.

Substituent Effects on Silene Reactivity

The first systematic study of substituent effects on the
electronic structure of the Si=C bond was reported in the
mid-1980s by Apeloig and Karni, who carried out ab initio
calculations on a series of simple 1- and 2-substituted
silenes of the types RHSi=CH, and H,Si=CHR, respec-
tively.”® They suggested that bond polarity factors are
primarily responsible for the high intrinsic reactivity of
silenes, and that the remarkable stability of isolable silenes
such as those of Brook and co-workers ((Me3Si),Si=C(R)-
OSiMe3y) is due mainly to electronic effects which act to
reduce the natural polarity of the ¢*Si=C°~ bond. This
proposal was made on the basis of observed variations in
calculated Mulliken charge densities, which are reduced
by m-acceptor/o-donor substituents at silicon and sz-donor/
o-acceptor substituents at carbon. These considerations
lead one to predict that Wiberg’s silenes (11 and 12),
having o-donor substituents at carbon, should in fact be
quite potent electrophiles, making the fact that 12 is
isolable all the more remarkable. It should be remem-
bered, however, that isolability implies only that the silene
is stable toward dimerization. Indeed, both Brook’s and
Wiberg’s silenes were isolated under inert atmosphere
conditions, and both evidently disappear rapidly upon
exposure to air or moisture.%® This suggests that they
both retain some degree of reactivity toward nucleophiles,
the extent of which can only be determined experimen-
tally.
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FIGURE 3. Three-parameter substituent correlation of the rates of

reaction of Si-substituted 1-methylsilenes (6¢—K) with methanol in
dry hexane solution at 23 °C.3

Our experimental studies of the effects of substituents
at silicon and carbon on silene electrophilicity have
focused on two series of simple silenes—of the types Me-
(R)Si=CH, (6¢c—k) and Me,Si=C(R)(R') (6d, 4a, 8a, 10)—
and have employed the absolute rate constants for
addition of MeOH in hydrocarbon solution as a repre-
sentative gauge of silene reactivity toward nucleophilic
addition. The silenes 6¢c—k were generated and detected

Me, c.R=H h. R = CH=CH,
‘Siz d.R=Me ) B
Si=CH, i.R=C=CH
; e. R=Et !

R j. R=CgHsq
f.R=t-Bu >
g. R = CH,SiMe, Kk R=SiMe,
6¢c-k
da. R,R'= H, CH,SiMe,
R 6d. RR'=H, H
Me,Si=C, 8a. RR'=H, CH=CH,
R' 10a. R,R'=H, Me

10b. R,R' = H, SiMe,
10c. R,R’ = Me, SiMe,

by 193- or 248-nm laser flash photolysis of the corre-
sponding 1-methylsilacyclobutanes (5¢c—k; eq 3), while the
series of C-substituted 1,1-dimethylsilenes Me,Si=C(R)-
(R") were generated in a similar fashion from silacy-
clobutene (7a; eq 4), vinyldisilane (3a; eq 2), or o-si-
lylketene or -diazomethane precursors (9; eq 5). All of
them exhibit characteristically high reactivity toward
methanol, with absolute rate constants varying over the
range 2 x 108—1 x 10 M1 s, depending on substituent.

The rate constants for reaction of the Si-substituted
silenes correlate acceptably with a three-parameter func-
tion incorporating standard resonance and inductive and
steric substituent parameters (or°, 0, and Es, respectively),
as is shown in Figure 3.2 This correlation indicates that
the electrophilic reactivity of silicon—carbon double bonds
is enhanced by sr-donor/g-acceptor substituents at silicon,
and retarded by steric effects at this position. According
to the calculations of Apeloig and Karni, substituents of
these types act to increase Si=C bond polarity, an effect
which would be expected to enhance reactivity toward
both nucleophilic attack at silicon and electrophilic attack
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FIGURE 4. Plot of log kveon Versus the resonance substituent
parameter og® for the reaction of C-substituted 1,1-dimethylsilenes
with methanol in dry hexane solution at 23 °C.#

at carbon. From the manner in which the (negative)
Arrhenius activation energies for MeOH addition vary with
substituent for several of the silenes in the series,323 as
well as the variations in absolute reactivity, we conclude
that the effect is due to a combination of an increase in
both the rate constant for complexation and the partition-
ing of the complex between product and starting materi-
als; i.e., both ke and ky/(ky + k—¢) increase as overall
reactivity increases throughout the series.

In contrast, the rate constants for addition of methanol
to the series of C-substituted silenes Me,Si=C(R)(R'") were
found to correlate acceptably with the single substituent
parameter og° (r? = 0.909; see Figure 4), and nothing is
gained upon expanding the analysis to include inductive
and steric substituent parameters.’” The fit yields a
reaction constant pr = +8.0 + 2.2, which indicates that
m-electron donor substituents at carbon stabilize the Si=
C bond toward reaction with nucleophiles. Again, this is
precisely what theory predicts and is fully consistent with
the remarkable kinetic stability of the Brook silenes.

The data discussed above underline the apparent
anomaly associated with the stability of Wiberg’s isolable
silene 12; silene 10b, with only one —SiMe; substituent
at carbon, is the most reactive silene in the series toward
nucleophiles—more reactive even than 1,1-dimethylsilene
(6d). Even greater reactivity is hence expected for Wiberg'’s
bis(trimethylsilyl) analogue 11. Following an early report
of the successful generation and detection of this silene
from the low-temperature matrix photolysis of (penta-
methyldisilyl)(trimethylsilyl)diazomethane (17; eq 11),%
we have recently prepared and studied the photochem-
istry of this compound in solution by steady-state and
laser flash photolysis methods.” Laser flash photolysis of

N, v ) SiMe, 1
Me,SiMe,Si4 ~ — | Me,Si= (1
SiMe, - Nz SiMe,

17 1

17 (eq 11) in dry hexane affords a short-lived (z < 500 ns)
transient species with a UV absorption spectrum which

is similar to that of 10b (Amax = 280 nm) and identical to
that reported by Sekiguchi and Ando in their matrix study
of 17.%5 Most significantly, the transient reacts voraciously
with MeOH, exhibiting a second-order rate constant Kyeon
= (1.3 £ 0.1) x 10 M~* s7! in hexane at 23 °C. If our
assignment of this transient to silene 11 is correct, the
result indicates it to be the most potently electrophilic
silene to have yet been studied. Thus, it can be concluded
that the isolable analogue 12 owes its kinetic stability
solely to steric shielding effects associated with the —SiMe-
(t-Bu), substituent, which must far outweigh the desta-
bilizing influence of methyl substitution at silicon and
trialkylsilyl substitution at carbon on the kinetic stability
of this silene. Inclusion of the data point for 11 with the
others in Figure 4 now makes it clear that the plot exhibits
pronounced downward curvature in the more reactive
members of the series as kyeon approaches the diffusional
limit, as would clearly be expected. The dashed line of
Figure 4 represents the pr value obtained for data points
in the linear region of the plot (i.e., Zog < 0). Thus, the
true pr value is likely to be larger than we previously
reported; it cannot yet be defined reliably but appears to
be more in the range of 9—10.

All of the silenes we have investigated so far appear to
react with MeOH by the stepwise mechanism shown in
Scheme 1, as judged by the fact that negative Arrhenius
activation energies have been observed in every example
whose temperature dependence has been studied.>* Those
derivatives for which Kyeon is on the order of 10° M~ s
or higher exhibit linear dependences of Kgecay 0N MeOH
concentration (i.e., ky > ky'[MeOH] under the conditions
of our experiments). As overall reactivity is reduced into
the 108 M~ s~ range, the kinetic plots generally assume
some degree of nonlinearity,®® consistent with the bimo-
lecular (general base catalyzed) proton-transfer pathway
for collapse of the intermediate complex taking on in-
creased importance. This is presumably due to a reduction
in the magnitude of ky as overall reactivity decreases, as
is also indicated by the fact that the Arrhenius activation
energies for addition of MeOH to 6¢c—k take on increas-
ingly negative values as overall reactivity decreases. Cur-
rent work in our laboratory is directed at investigating how
the mechanisms for addition of nucleophiles to silenes
change as overall reactivity is reduced further.

Recent computational studies by Apeloig and co-
workers are also consistent with the involvement of
silene—alcohol complexes in the reactions of water and
MeOH with many of the substituted silenes discussed
above, but suggest that the mechanism changes to a
concerted one in (relatively nonpolar) silenes of the type
(R3Si),Si=CR’,.”® The absolute reactivity of such silenes
(e.g., (MesSi),Si=CMe,) with MeOH is predicted to be on
the order of kyeon = 10°—10° M~! s7! in hexane, by
extrapolation of our kinetic data for reaction of MeOH
with Me,Si=CH, (6d; kyeon &~ 5 x 10° M1 s71),32 (MesSi)-
(Me)Si=CH, (6k; Kmeon ~ 2 x 108 Mt s71),33 and Me,Si=
CHMe (10a; Kyeon =~ 2 x 108 M~ s71).47 The behavior of
the adamantyl silene 18,”* which we are currently studying
in collaboration with Professor Apeloig and his group,”
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appears to support both of these predictions. Silene 18 is

4@=Si(SiMe3)z

18

so unreactive toward MeOH that reaction can be detected
only (at least with our laser photolysis system) in es-
sentially neat methanol solution, where the lifetime is on
the order of ca. 30 ms at room temperature, and decreases
with increasing temperature. In contrast to its sluggish
reactivity as an electrophile, it remains reactive toward
(head-to-head™) dimerization, the absolute rate constant
for which is on the order of 10° M~! s™1 in hexane solution
at 25 °C. This should be compared to that for head-to-
tail dimerization of 1,1-diphenylsilene (6a) under the same
conditions, kgim = (1.1 £ 0.3) x 1000 M1 s 176

Conclusions

Alcohol addition and [2 + 2]-dimerization are the two
best-known and most highly exothermic reactions of
silene and simple substituted derivatives in the gas phase
and in solution. With “naturally polarized” silenes such
as Ph,Si=CH; (6a), these two reactions proceed regiospe-
cifically and with absolute rate constants that are within
an order of magnitude of the diffusional rate constant in
hexane solution.

The rate of alcohol addition varies markedly with
substitution at the Si=C bond in simple silenes. Com-
parison of absolute rate data with the results of high-level
ab initio calculations of the structures and electronic
properties of substituted silenes verifies earlier suggestions
that bond polarity is the main factor affecting the elec-
trophilic reactivity of the Si=C bond; substituents at either
silicon or carbon which act to reduce the natural polarity
of the bond through resonance and/or inductive effects
kinetically stabilize silenes toward addition of nucleo-
philes. While the regiochemistry of the reaction is sub-
stituent-independent, the mechanism of the reaction
appears to change as Si=C bond polarity is reduced
significantly.

Bond polarity factors also control the regiochemistry
of [2 + 2]-dimerization”” but appear to have a smaller
effect on the absolute rate constant for the reaction. For
example, the (head-to-head) dimerization of the 1,1-bis-
(trimethylsilyl)silene 18 proceeds about 10° times slower
than the corresponding (head-to-tail) process in 1,1-
diphenylsilene (6a) under the same conditions.”® Given
that these two silenes differ by about 9 orders of magni-
tude in their reactivity toward methanol under similar
conditions, the smaller effect of substituents on the rate
of silene dimerization is fascinating indeed. Current work
in our laboratory is directed at investigating the implica-
tions of these results in greater detail.
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