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Since the discovery of stable multiply bonded silicon com-
pounds in 1981, the synthesis and reactivity of silenes (R2Si=
CR2) has been a major focus of research and many review
articles have been published on this matter.[1] However,
despite the level of activity in this field, there is little
understanding of the radical chemistry of silenes.

The silylene 2,2,5,5-tetrakis(trimethylsilyl)silacyclopen-
tane-1,1-diyl, 1, rearranges to the silene 1,2,5,5-tetrakis(tri-
methylsilyl) silacyclopentene, 2, at room temperature by 1,2-
migration of a trimethylsilyl group (Scheme 1).[2] Herein, we

report the use of an analogue of the hydrogen atom as a probe
of the relative reactivity of the silenic carbon and silicon
atoms of 2 toward radical addition.

The hydrogen atom is an exceptional probe of reactivity
because its small size minimizes steric obstruction and its
simple structure avoids additional electronic effects; we
consider the hydrogen atom to be an unbiased radical

probe, since it is monoatomic and, therefore, not polar.
However, the hydrogen atom is not a common reagent for
solution studies, largely because of complications inherent in
its generation. Hydrogen atoms are usually produced by
photolysis or radiolysis of water or other protic solvents,
inevitably resulting in additional radical species.

Rather than make use of H atoms to generate radicals and
electron spin resonance to detect them, we have employed
muonium (Mu = [m+e�]), and detected radicals by techniques
collectively known as muon spin rotation and resonance
(mSR).[3–6] Muonium is a single-electron atom whose nucleus
is the positive muon. It is chemically equivalent to H, but has
only one-ninth the mass. The utility of muonium as a probe of
hydrogen atom chemistry is well documented.[7–9] A brief
description of the mSR techniques used in this work is given in
the Supporting Information.

A 1.5m solution of 2 in tetrahydrofuran was placed in a
beam of positive muons and investigated by transverse-field
muon spin rotation spectroscopy (TF-mSR). When positive
muons stop in matter, a fraction (30–40 % in typical organic
compounds) bind electrons and form muonium, which can
then react with unsaturated molecules, as H does. The TF-
mSR spectrum collected at 298 K in a magnetic field of
14.5 kG is shown in Figure 1. At high magnetic fields,

muoniated radicals can be identified by a characteristic pair
of precession frequencies, equally spaced about the diamag-
netic signal (196 MHz in this case). The difference between
the radical precession frequencies is equal to the muon
hyperfine coupling constant (hfc), Am. It is clear from the TF-
mSR spectrum (Figure 1) that two distinct radicals are formed.
One, labeled A, has Am = 186.66(�0.13) MHz, and the other,

Scheme 1. Rearrangement of silylene 2,2,5,5-tetrakis(trimethylsilyl) sila-
cyclopentane-1,1-diyl into silene 1,2,5,5-tetrakis(trimethylsilyl) silacyclo-
pentene.

Figure 1. TF-mSR spectrum from a 1.5m solution of 2 in THF at 298 K
and 14.5 kG. The signal near 400 MHz (labeled X) is an overtone of
the 196 MHz diamagnetic signal.
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labeled B, has Am = 136.99(�0.05) MHz. Their signal inten-
sities indicate that they are formed in different yields. Radical
B is favored over radical A by a factor of 2.2 (determined by
fitting the mSR spectra in time-space).

The two radicals expected from Mu addition to 2 are 2-
CMu and 2-SiMu (Scheme 2). Since there is no precedent in
the literature for the hyperfine constants of these radicals or
their H analogues, it was not immediately apparent which
radical corresponds to which signal.

To assist in the assignment, another sample of 2 was
investigated by muon avoided level-crossing resonance
(mLCR) spectroscopy. The spectrum obtained from a 1m
solution of 2 in THF at 312 K is shown in Figure 2. The

shape of the signal is typical of two overlapping resonances.[10]

Since protons are the only spin-active nuclei with large
enough abundance to generate the spectrum, the resonances
can be assigned to the two inequivalent protons which are b to
the radical center in 2-SiMu. In 2-CMu the closest protons are
g to the unpaired electron and would not be detected by
mLCR. In principle the proton hfcs (Ap) can be found from the
two resonance-field positions (BLCR). However, until struc-
tures have been assigned to radicals A and B there is
ambiguity in determination of Ap, because BLCR also depends
on Am. Table 1 lists the two possible interpretations of the
mLCR data, taking into account the values of Am determined
at 312 K.

To resolve the ambiguity, hyperfine constants were
computed for the two H-adduct radicals of silene 2. Geometry
optimization was performed at the UB3LYP/6-31G(d) level
(see the Supporting Information for atom coordinates), and
hyperfine coupling constants predicted at the UB3LYP/cc-
pVDZ level. Muon hfcs were then obtained by multiplying

the corresponding proton hfc by 3.18, the ratio of the muon
and proton magnetic moments. The predicted muon hfcs are
listed in Table 2, together with the b-proton hfcs for 2-SiMu.

No attempt was made to calculate the effect of vibrational
averaging, so the hfcs listed correspond to minimum energy
conformations. Furthermore, the light mass of muonium leads
to higher zero-point energies than H, resulting in significant
isotope effects from conformational averaging, such as a 30–
40% increase in the muon hfc for alkyl radicals.[11] Since there
is no precedent, either experimental or computational, for the
radicals considered here, the predictions of Table 2 must be
considered a guide only.

The average proton hfc predicted for 2-SiMu is 76.5 MHz,
which is a closer match for radical A than radical B (Table 1).
In addition, the muon hfc predicted for 2-SiMu is closer to
that of radical A. Therefore we assign the structure 2-SiMu to
radical A (larger muon hfc), and 2-CMu to radical B (smaller
muon hfc). Finally, we note that the predicted heat of reaction
for formation of 2-CMu (�340.2 kJ mol�1) is lower than that
for 2-SiMu (�322.3 kJ mol�1). Assuming that the activation
energies for the two reaction channels follow the same order,
we predict a preference for addition to the carbon atom, in
agreement with the assignment of 2-CMu to the stronger
signal (radical B).

In summary, the addition of a hydrogen atom analogue to
silene 2 was studied by mSR methods. The detected radicals
are attributed to the species formed by muon addition to the
silenic carbon or silicon atoms. The carbon atom was found to
be more reactive toward radical attack than the silicon atom
by a factor of 2.2. This report concerns the first case of
detection and identification of a muoniated silicon-centered
radical.

Experimental Section
Purified samples of 2 (1.1 g and 1.2 g) were dissolved in degassed
tetrahydrofuran (THF) (3 mL and 2 mL, respectively) under a
nitrogen atmosphere, and sealed oxygen-free in a stainless steel cell
equipped with a thin stainless steel window. mSR experiments were

Scheme 2. Radical products formed by Mu addition to silene 2.

Figure 2. mLCR spectrum of a 1m solution of 2 in THF at 312 K.

Table 1: Potential proton hyperfine coupling constants based on a mLCR
spectrum from a 1m solution of 2 in THF at 312 K.[a]

BLCR [G] Ap [MHz] if Am�190 MHz
(Radical A)

Ap [MHz] if Am�137 MHz
(Radical B)

5166(7) 92.61(30) 40.30(14)
5424(10) 87.83(33) 35.52(19)

[a] Statistical errors are shown in parentheses.

Table 2: Computed muon (Am) and b-proton (Ap) hyperfine coupling
constants for the radicals from muonium addition to 2.

Am [MHz] Ap [MHz]

2-CMu 101
2-SiMu 226 113, 40
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performed at the M20 beam line at TRIUMF in Vancouver, Canada,
using standard equipment and techniques.[12]
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