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Silylenes (divalent silicon species)[1] as well as other heavier
Group 14 element divalent species are usually singlet at the
ground state (1A1) and should have two low-lying excited
states, 1B1 and

3B1, with singlet and triplet 1,1-diradical nature,
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respectively (Figure 1). Little is known, however, about the
properties of the excited states of silylenes.[2]

We have recently reported the first intermolecular
reactions of an excited silylene with benzene and its
derivatives to afford the corresponding adducts.[3] Typically,
irradiation of the stable silylene 1[4] in benzene gave the
corresponding silepin in quantitative yield [Eq. (1)].

Although all the features of the photoreactions of 1 with
benzene derivatives are compatible with a 1,1-diradical
nature of the excited silylene, the true multiplicity of the
reacting excited state so far could not be proven experimen-
tally. Herein we report that the excited state responsible for
the photoreactions of 1 with benzenes and alkenes is a 1B1
state on the basis of the fluorescence quenching behavior of
excited 1 by benzene. It is noteworthy that in contrast, similar
1B1 states are rarely encountered in carbene chemistry. The
photoreactions should be stepwise but the ring-closure
reactions of the intermediate 1-silatrimethylene-1,3-diyl dir-
adicals were estimated to be very fast with rates of more than
109 s�1 according to the photoaddition modes of silylene 1 to
bicyclopropylidene[5] and (E)- and (Z)-2-butenes.

Broad absorption and fluorescence band maxima of 1
arising from transitions between 1B1 and

1A1 states were
observed at 440 nm (e 500)[4] and 610 nm, respectively, both in
hexane and in benzene at room temperature. The spectral
features are similar to those for dimethylsilylene, the absorp-
tion and fluorescence maxima of which were observed at
450 nm and 650 nm, respectively, at 77 K in a 3-methylpen-
tane glass matrix.[6] As the intersection point of the mirror
image absorption and fluorescence spectra, the 0–0 transition
energy of 1, that is, energy gap between 1A1 and

1B1 is
estimated to be 55 kcalmol�1,[7] the value of which is in
excellent agreement with the calculated value for dimethyl-
silylene at the CISD+Q/DZ(d)//SCF/DZ(d) level of theory
(54.2 kcalmol�1).[8] The state diagram for 1 should be similar
to that for dimethylsilylene, and hence, can be drawn as
shown in Figure 2 using the theoretical energy gap between
1A1 and

3B1 for dimethylsilylene (25.1 kcalmol�1);[8] the
energy gap between the 1B1 and

3B1 states (DEST) is estimated
to be roughly 30 kcalmol�1.

Time-resolved fluorescence spectra of 1 (excited at
440 nm and observed at 610 nm)[7,9] in hexane showed that
the fluorescence decay obeyed a first-order rate law with a
lifetime of 80.5 ns (t0). The fluorescence lifetime in a
benzene–hexane mixture (t) depended on the concentration
of benzene according to Equation (2), indicating the effective
quenching of the fluorescence by benzene. From the slope of
the plot of t0/t versus [benzene] and the t0 value, the
quenching rate constant kq was determined as 9.4 >
106 s�1mol�1dm3.[7] The kq value would be adequate for the
rate constant for the addition of the highly reactive 1B1 state
of 1 having a singlet 1,1-biradical nature to benzene, because
the rate constant is only twenty times larger than that for the
addition of triethylsilyl radical to benzene (4.6 >
105 s�1mol�1dm3).[10]

t0=t ¼ 1 þ kq t0 ½benzene� ð2Þ

These results imply that though the 3B1 state is more stable
than 1B1 (Figure 2), the intersystem crossing of 1 from 1B1 to
3B1 is too slow to compete with other processes such as
fluorescence, radiationless decay, and reactions. Neither
phosphorescence nor any ESR signals due to the 3B1 state
were observed during the irradiation of 1 in a 3-methylpen-
tane glass matrix at 77 K.

No formation of 3B1 from
1B1 is rationalized in terms of

the electronic configurations of 1B1 and
3B1 states and DEST in

1.[11] Because the 1B1!3B1 transition must involve either a 3p
or an n electron spin inversion (Figure 1), the transition
should be forbidden according to the El-Sayed rule.[12] In
addition, the large DEST value should reduce the rate for the
intersystem crossing from 1B1 to

3B1.
Silyl radicals are known to add to alkenes faster than to

benzene; the second-order rate constant for the addition of
triethylsilyl radical to (E)-3-hexene is 9.6 >
105 s�1mol�1dm3.[10] Consequently, the addition of 1 in its
1B1 state to an alkene is much faster than the intersystem
crossing to the 3B1 state, and hence, should give a singlet 1,3-
biradical 1D, the ring closure of which will give the corre-
sponding silacyclopropanes as shown in Scheme 1. The
reaction profile is in agreement with that derived theoretically
for the addition of the 1B1 state of H2Si: to ethylene.

[13]

To estimate the rates for the ring closure (kc), the
photochemical reactions of 1 with bicyclopropylidene[5] and
(E)- and (Z)-2-butenes were investigated. Irradiation (l>
420 nm) of a mixture of 1 and excess bicyclopropylidene in

Figure 1. Important electronic states of silylene. Figure 2. Schematic state energy diagram for silylene 1.
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hexane at < 10 8C gave the corresponding silacyclopropane 3
quantitatively (Scheme 2). Similarly, photoreactions of 1 in
(E)- and (Z)-2-butene at < 10 8C afforded the corresponding
(E)- and (Z)-2,3-dimethylsilacyclopropanes (E)-4 and (Z)-4,
respectively, in quantitative yields (Scheme 2). The excited
state of 1 should be responsible for these reactions, because
no reactions of 1 with these alkenes took place in the dark at
< 10 8C.

The stereospecificity of the addition of a carbene to
alkenes has often been used to determine whether the added
carbene reacted as a singlet or a triplet species (SkellBs
rule).[14] However, since SkellBs rule is usually applied for the
discrimination between 1A1 and

3B1 carbenes, which prefer
the stereospecific concerted addition and the two-step
addition involving the intermediary formation of a 1,3-
diradical followed by ring closure, respectively, this rule
may not a priori be used to diagnose the multiplicity of the
excited states of silylenes responsible for the addition.

The exclusive formation of 3 in the photoaddition of 1 to
bicyclopropylidene as well as the stereospecific photoaddition
of 1 to (E)- and (Z)-2-butenes indicates that the rate constant
for the cyclization from 1D (kc) should be more than ten times
larger than the rate constants for other competitive processes
such as the cyclopropane ring-opening of 1D produced in the
former reaction and the rotation around the Ca�Cb bond of
1D in the latter reactions. The rate constant for the ring
opening of cyclopropylmethyl radical to 3-butenyl radical as a
radical clock has been determined to be 1.3 > 108 s�1.[5,15] The
rate constants for the rotation around C�C s bonds are
estimated to be larger than 108 s�1 at 10 8C, if we assume the
activation energy for the rotation is less than 6 kcalmol�1 with

an A factor of 1013 s�1.[16] Therefore, the kc value should be
larger than 109 s�1.

In conclusion, the 1B1 state generated by the irradiation of
1 reacts directly with benzene derivatives and alkenes to give
the corresponding singlet 1,3-diradicals 1D with the addition
rates of around 106 mol�1 s�1dm3, and then the ring closures of
1D to the corresponding silacyclopropanes occur with rate
constants larger than 109 s�1, while faster radical clocks are
required to determine the ring-closure rates more acculately.
The 3B1 state of 1 does not participate in the reactions because
of the strongly forbidden nature of the intersystem crossing
from 1B1 to

3B1 of 1.
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Scheme 1. Stepwise addition of 1B1 silylene to an alkene.

Scheme 2. Photoadditions of silylene 1 to various alkenes.
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