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ABSTRACT: Complexes that could be switched between two
electronic states by external stimuli have attracted much attention
for their potential application in molecular devices. However, a
realization of such a phenomenon with low-valent main-group
element-centered complexes remains challenging. Herein, we
report the synthesis of cyclic (alkyl)(amino)silylene (CAASi)-
ligated monatomic silicon(0) complexes (silylones). The bis-
(CAASi)-ligated silylone adopts a π-localized ylidene structure
(greenish-black color) in the solid state and a π-delocalized ylidene structure (dark-purple color) in solution that could be reversibly
switched upon phase transfer (ylidene [L: → :Si = L ↔ L = Si: ← :L]). The observed remarkable difference in the physical
properties of the two isomers is attributed to the balanced steric demand and redox noninnocent character of the CAASi ligand
which are altered by the orientation of the two terminal ligands with respect to the Si−Si−Si plane: twisted structure (π-localized
ylidene) and planar structure (π-delocalized ylidene). Conversely, the CAASi/CDASi-ligated heteroleptic silylone (CDASi = cyclic
dialkylsilylene) only exhibited the twisted π-localized ylidene structure regardless of the phase. The synthesized silylones also proved
themselves as monatomic silicon surrogates. Thermolysis of the silylones in the presence of an ethane-1,2-diimine afforded the
corresponding diaminosilylenes. Analyses of the products suggested a stepwise mechanism that proceeds via a disilavinylidene
intermediate.

■ INTRODUCTION
Elemental silicon, generally known in forms such as
nanostructures and bulk, has been widely applied to semi-
conductors and biomedicine owing to the high abundance, low
toxicity, and practical electronic properties of silicon.1

Recently, silylones, compounds with a monatomic silicon
coordinated by two neutral two-electron donor ligands
(general formula SiL2, L = two-electron donor ligand), have
emerged as one of the smallest units of room-temperature-
accessible elemental silicon2 and as a new class of low-
coordinate silicon species. They have attracted much attention
due to their potential application not only as ligands
complementary to carbene analogues (divalent species of
group-14 elements)3 but also as surrogates of elemental silicon
in a soluble form.
Since the seminal studies by Frenking and co-workers,4d−f

the nonclassical bonding situation of silylones has been
investigated from various theoretical perspectives4 in analogy
to their carbon analogue, carbones which have brought to light
a new field of “zerovalent group-14 element chemistry”.5

Considering the recent calculations independently reported by
Phukan and Gadre4c as well as Turek4a along with the
cumulative calculations, silylones have become to be under-
stood as formal zerovalent silicon species which possess three
major canonical resonance structures (Scheme 1): ylidone (L:
→ :Si:← :L), ylidene (L:→ :Si = L↔ L = Si:← :L), and bent
allene (L = Si = L). The ylidone structure contains symmetric

[LP(σ)] and antisymmetric [LP(π)] lone pair (LP) electron
orbitals with respect to the L−Si−L plane, and the
delocalization of the LP electrons to the vacant orbital of the
ligands increases the contribution of the ylidene and bent-
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Scheme 1. Symmetric Lone Pair Electrons [LP(σ)] and
Antisymmetric Lone Pair Electrons [LP(π)] of a Silylone
and Its Major Canonical Structures
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allene structures. Several studies on isolable silylones6 along
with the aforementioned theoretical studies have revealed that
the major canonical structure of a silylone relies on the steric
environment around the central silicon atom and the electronic
effect of the ligands. However, no silylone has been reported to
be switchable between two isomers with different electronic
features.
Reversible electron redistribution between a ligand and a

metal center is a common strategy to switch the physical
properties of transition metal complexes (Scheme 2a).7

Although various switches of main-group-element species
involving reactions such as intramolecular electro-/pericyclic
reactions8a−d and reversible dimerization8e−i have been well
established, realizing a molecular switch via electron
redistribution between a low-valent main-group element center
and a ligand remains challenging because low-valent main-
group-centered complexes are typically unstable and are often
irreversibly oxidized.
Herein, we report that newly synthesized silylone, that is,

bis(CAASi)-ligated silylone 1 (CAASi = cyclic (alkyl)(amino)-
silylene),9 exhibits phase-dependent isomerization via electron
redistribution around the formally zerovalent silicon atom
which is accompanied by a substantial change in the UV−vis
absorption spectra; 1 adopts a π-localized ylidene structure in
the solid state and a π-delocalized ylidene structure in solution
(Scheme 2b). We envisioned that unravelling the relationship
between the physical, electronic properties, and molecular
structure of silylone 1 should lead to the introduction of a
novel strategy to reversibly control the electronic state around
main-group elements for future application to molecular
devices. The details of the structure and electronic properties

of 1 will be discussed in comparison with the CAASi/CDASi-
ligated (CDASi = cyclic dialkylsilylene)10 heteroleptic silylone
2 (Chart 1) and other previously reported silylones.

Furthermore, we discovered that 1 and 2 undergo silicon
transfer reactions toward an ethane-1,2-diimine to afford the
corresponding diaminosilylenes which proves the potential of 1
and 2 as a monatomic silicon surrogate.

■ RESULTS AND DISCUSSION
Synthesis and Single-Crystal X-ray Diffraction Anal-

ysis. Scheme 3 shows the synthesis of 1 and 2. The treatment

of 2-bromo-2-(tribromosilyl)-1-aza-2-silacyclopentane 5 with
sodium dispersion in the presence of CAASi 3 at low
temperatures afforded target silylone 1 as extremely air- and
moisture-sensitive greenish-black crystals in 74% yield
(Scheme 3a). Similarly, 2 was synthesized as highly air- and
moisture-sensitive dark-green crystals in 61% yield (Scheme
3b).11 Notably, 1 exhibits greenish-black color in the solid state
but dark purple in solution. Such behavior was not observed
for 2 and A (Chart 2).6g

Single crystals suitable for X-ray diffraction (XRD) analysis
were obtained by recrystallization from hexamethyldisiloxane
for 1 and hexane for 2 at −27 °C (Figure 1). The molecular
structures show that the central silicon atom is indeed ligated
by silylene 3 or 4. Two crystallographically independent nearly
identical molecules (mol. 1 and mol. 2) were observed in the
asymmetric unit for 1. The Si1−Si2−Si3 angle of 1 (mol. 1:
99.78(6)°, mol. 2: 98.29(6)°) was highly narrow and
comparable to that of silylone Da [103.87(3)−104.38(3)°].6b
Remarkably, large discrepancies in bond distances between
Si1−Si2 and Si2−Si3 bonds as well as between Si1−N1 and
Si3−N2 bonds were observed for 1 even though the central
silicon atom was ligated by the same CAASi ligand. The Si1−

Scheme 2. Examples of Switching Molecules due to Electron
Redistribution of (a) Transition Metal Complexes and (b)
This Work

Chart 1. Heteroleptic Silylone 2

Scheme 3. Synthesis of (a) Silylones 1 and (b) 2
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Si2 bond distance of 1 [mol. 1: 2.2329(16), mol. 2: 2.2390(17)
Å] fell in the longer end of typical SiSi bonds (2.138−2.289
Å)12 and close to those of D (Da: 2.2451(7)−2.2586(7), Db:
2.2225(6)−2.2272(6) Å).6a,b The Si1−N1 bond distance
[mol. 1: 1.714(4), mol. 2: 1.708(4) Å] was longer than typical
SiN bond distances [1.55−1.59 Å] but comparable to those
of related compounds that possess the same CAASi moiety
with a partial SiN bond character [1.71−1.72 Å].9,13

Conversely, the Si2−Si3 distance [mol. 1: 2.1886(16), mol.
2: 2.1901(16) Å] was quite typical for SiSi double bonds
and close to those of A [2.177(1)−2.188(1) Å].6g The Si3−
N2 bond [mol. 1: 1.740(4), mol. 2: 1.732(4) Å] was
substantially elongated compared to the Si1−N1 bond. The
discrepancy in the Si−Si bond distances and the narrow Si1−
Si2−Si3 angle of 1 largely differs from that of the cyclic
(alkyl)(amino)carbene (CAAC)-ligated silylone B, exhibiting
similar C−Si bond lengths [1.8411(18) Å and 1.8417(17) Å]
and a wider C−Si−C bond angle [117.70(8)°].6e The two five-
membered rings of the terminal silylenes adopted a half-chair

conformation. While the ring containing the Si3 atom was
coplanar to the Si1−Si2−Si3 plane with a shorter distance to
the Si2 atom, the ring containing the Si1 atom was
perpendicular to the Si1−Si2−Si3 plane with a longer distance
to the Si2 atom [the angle between the Si1−Si2−Si3 and C1−
Si1−N1 (or C2−Si3−N2) planes, mol. 1: 81.2 (3.1)°, mol. 2:
86.3 (4.7)°]. Silylone 1 displayed a relatively planar geometry
around both Si1 and Si3 atoms (Si1: 356.7° (mol. 1), 357.3°
(mol. 2), Si3: 359.9° (mol. 1), 359.9° (mol. 2)).
The Si1−Si2−Si3 angle of 2 [119.62(2)°] was substantially

larger than that of 1 but smaller than that of A
[136.49(6)°].6b,g As expected, a large discrepancy in bond
lengths between the Si1−Si2 and Si2−Si3 bonds was observed
[Si1−Si2:2.2577(5), Si2−Si3:2.1789(5) Å]. Similar to 1, the
two five-membered rings of the terminal silylenes adopted a
half-chair conformation. The CDASi ligand was coplanar to the
Si1−Si2−Si3 plane, while the CAASi ligand was perpendicular
to the Si1−Si2−Si3 plane [the angle between the Si1−Si2−Si3
and C1−Si1−N1 (or C2−Si3−C3) plane, 83.7 (11.9)°]. The
Si1−N1 bond distance of 2 [1.7115(12) Å] was comparable to
that of the CAASi ligand oriented perpendicular to the Si1−
Si2−Si3 plane in 1. Silylone 2 displayed a significantly
pyramidalized geometry around the Si1 atom (347.1°), unlike
that of the Si3 atom (359.5°).
Unlike the NHC-stabilized disilavinylidene E (Chart 2)

reported by Filippou and co-workers14 which features a Si−
CNHC bond length [1.937(4) Å] typical for Si−C single bonds,
the Si1−Si2 bond length in both 1 and 2 [1 (mol. 1):
2.2329(16), 1 (mol. 2): 2.2390(16), 2: 2.2577(5) Å] falls in
the range of typical SiSi double bonds. The aforementioned
results imply that 1 and 2 both possess an electronic state
different from the precedented silylones or disilavinylidene in
the crystalline state and could be understood as compounds
with a contribution of both ylidene and bent-allene canonical
structures.

Spectroscopic Studies of Silylone 1. To gain insights
into the electronic properties of 1 in the solid state, the UV−
vis absorption spectrum of 1 in a KBr matrix was measured
(Figure 2a).15 Silylone 1 in a KBr matrix exhibits two broad
absorption bands at around 400 and 600 nm tailing up to

Chart 2. Examples of Structurally Related Silylones A−D
and NHC-Stabilized Disilavinylidene E

Figure 1. Molecular structures of silylones (a) 1 (mol. 1) and (b) 2 with thermal ellipsoids at 50% probability. Hydrogen atoms and 1 (mol. 2)
have been omitted for clarity. Selected bond lengths [Å], bond angles [°], and dihedral angles [°]: 1 (mol. 1): Si1−Si2 2.2329(16), Si2−Si3
2.1886(16), Si1−C1 1.881(4), Si1−N1 1.714(4), Si3−C2 1.900(5), Si3−N2 1.740(4), Si1−Si2−Si3 99.78(6), C1−Si1−N1 96.24(18), C2−Si3−
N2 95.76(19), N1−Si1−Si3−N2 62.4(2), N1−Si1−Si3−C2 125.3(4), C1−Si1−Si3−N2 76.7(2), C1−Si1−Si3−C2 95.6(4), 1 (mol. 2): Si1−Si2
2.2390(17), Si2−Si3 2.1901(16), Si1−C1 1.881(4), Si1−N1 1.708(4), Si3−C2 1.895(4), Si3−N2 1.732(4), Si1−Si2−Si3 98.29(6), C1−Si1−N1
95.97(18), C2−Si3−N2 95.75(19), N1−Si1−Si3−N2 62.8(2), N1−Si1−Si3−C2 128.3(4), C1−Si1−Si3−N2 71.7(2), C1−Si1−Si3−C2 97.2(4).
2: Si1−Si2 2.2577(5), Si2−Si3 2.1789(5), Si1−C1 1.8921(14), Si1−N1 1.7115(12), Si3−C2 1.9092(14), Si3−C3 1.9072(14), Si1−Si2−Si3
119.62(2), C1−Si1−N1 95.79(6), C2−Si3−C3 99.16(6), C1−Si1−Si3−C3 83.8(1), C1−Si1−Si3−C2 95.72(8), N1−Si1−Si3−C2 84.69(8),
N1−Si1−Si3−C3 95.7(1).
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∼1000 nm. The spectrum covers most of the visible region,
which agrees with the intense greenish-black color in the solid
state. The structural features of the optimized structure of 1
(1t) calculated at the B3PW91-D3/B1 (B1 = 6-311G(d) [Si,
N], and 6-31G(d) [C, H]) levels of theory were in good
agreement with those of 1 obtained by XRD analysis (Table
1), and the spectral features were well reproduced by time-
dependent DFT (TD-DFT) calculations of 1t (M06-2X/B2

(B2:6-311+G(d) [Si,N], 6-31+G(d) [C,H]) level of theory;
Figure S74),16 which suggests that in the solid state 1 possesses
a structure similar to that observed in the single crystal shown
in Figure 1. Unfortunately, no signals could be obtained from
the solid-state (CP MAS) NMR spectra measurements of 1,
prohibiting further spectroscopic studies in the solid state.
Dissolution of the greenish-black solid of 1 in hexane

afforded a dark-purple solution. The UV−vis spectrum of 1 in
hexane at room temperature (Figure 2b) exhibited several
distinct absorptions between 300 and 600 nm [λmax = 562
(band-I), 453 (band-II), 389 (band-III), 348 (band-IV), and
318 (band-V) nm] which is significantly different from that in
the solid state [λmax = 578 and 373 nm]. The variable-
temperature (VT) UV−vis spectrum of 1 in 3-methylpentane
at 93 K did not show a substantial change in spectral features
compared to those at room temperature (Figure S76).
Multinuclear NMR spectra provided further insights into the

structure of 1 in solution. The 29Si NMR spectrum of 1
showed only two signals for the central silicon skeleton (δ =
−95.0 [Si−Si−Si], 164.4 ppm [terminal (alkyl)(amino)Si]),
which implies that the two silicon nuclei of the terminal
silylene units are equivalent on the NMR time scale. The
chemical shift for the silicon nuclei of the central silicon atom
was significantly upfield shifted compared to A (δ = 157
ppm),6g and the difference of the observed chemical shifts
between the central and terminal silicon nuclei in 1 (Δδ =
164.4 ppm − (−95.0 ppm) = 259.4 ppm) was substantially
larger than that of A (Δδ = 39.9 ppm),6g which implies that 1
possesses a highly polarized bond character in solution.
Notably, 1 exhibited two broad signals for the silicon nuclei
of the SiMe3 moieties (δ = 1.6 and 1.7 ppm), which was also
the case for the 1H and 13C NMR spectra. Conversely, only
one set of signals assignable to the carbon nuclei of the
adamantyl or azasilacyclopentyl moeties was observed, which
suggests that only the SiMe3 moieties are unequivalent in the
NMR time scale. Similar to the VT UV−vis spectroscopic
studies, measurement of multinuclear VT NMR spectra at low
temperatures did not show a substantial change in spectral
features other than signal sharpening (Figures S16−S21).

Figure 2. UV−vis spectra of silylone 1 (a) in a KBr matrix and (b) in
hexane at room temperature.

Table 1. Selected Structural Parameters of Calculated Silylones with Planar or Twisted Structures

compound L R dL/Å dR/Å α/° β/° γ/° ΔGa,b

1p N−Ad N−Ad 2.227 2.227 100.60 29.55 29.55 0.0
1p (benzene)

c 2.230 2.230 101.09 29.64 29.64 0.0
1t 2.196 2.232 95.74 16.74 84.44 −0.2
1t (benzene)

c 2.198 2.237 96.47 17.62 83.36 4.3
6p N−Me N−Me 2.221 2.221 85.90 29.06 29.07 0.0
6t 2.201 2.221 84.19 18.70 84.34 8.3
At C(SiMe)3 C(SiMe)3 2.183 2.181 133.89 48.59 43.71 −
7p C(SiH3)2 C(SiH3)2 2.215 2.217 107.82 29.78 34.19 0.0
7t 2.172 2.271 95.54 15.98 78.28 10.0
8p CMe2 CMe2 2.217 2.217 100.01 29.85 29.84 −
2t C(SiMe3)2 N−Ad 2.174 2.260 117.69 1.23 89.86 −
9t CMe2 N−Me 2.190 2.243 87.07 2.87 67.16 −

aCalculated at the B3PW91-D3/B1 level of theory. bAt 298.15 K, in kJ/mol. cSolvent = benzene.
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At this point, the possibility of a fast equilibrium between
the unsymmetrical twisted structures of 1 as found in the
crystalline state via the rotation around the Si−Si bond could
not be ruled out. However, the aforementioned spectroscopic
studies as a whole brought us the idea that 1 in solution might
exhibit a structure different from that in the crystalline state
which was supported by DFT caclulations discussed in the
following section.
Structure of Silylone 1 in Solution. DFT calculation

provided further insight into the structure of 1 in solution. We
found another local minimum of 1 (1p, Figure 3) in addition to

1t at the B3PW91-D3/B1 (solvent = benzene) level of theory.
1t and 1p were calculated to be almost the same in relative
Gibbs energies both in the gas phase and in benzene (Table
1).17 The structure of 1p has a local C2 symmetry [Si1−Si2,
Si2−Si3: 2.2297 Å; Si1−N1, Si3−N3: 1.7413 Å; Si1−Si2−Si3:
101.09°], which was in accordance with the spectral features
observed in solution. The Si−Si distances of 1p were close to
those of D (Da: 2.2451(7)−2.2586(7), Db: 2.2225(6)−
2.2272(6) Å). Notably, the two five-membered rings of the
terminal CAASis exhibited a parallel geometry [the angle
between the Si1−Si2−Si3 and C1−Si1−N1 (C2−Si3−N2)
planes, 29.6 (29.6)°] which largely differs from the molecular
structure of 1 obtained by XRD analysis (Figure 1a). The UV−
vis spectrum in solution was also well reproduced by TD-DFT
calculations of 1p (M06-2X/B2 level of theory; Figure S74),
which is completely different from the calculated band
positions for 1t. The observed 29Si signals of 1 in solution (δ
= −95.0 [Si−Si−Si], 164.4 ppm [(alkyl)(amino)Si]) were
close to the 29Si chemical shifts calculated for 1p [GIAO/M06-
L/6-311+G(2df,p) level of theory; δcalc = −130.6 [Si−Si−Si],
176.3 [(alkyl)(amino)Si]]18 but significantly far from those
calculated for 1t (δ = −155.2 [Si−Si−Si], 129.0 ppm
[(alkyl)(amino)Si3], 187.9 ppm [(alkyl)(amino)Si1]). The
two sets of signals observed for the SiMe3 moieties should be
due to the close contact of the two adamantyl moieties
prohibiting the rotation of the CAASi ligands along the Si−Si
bond. All of the above calculations suggest that 1p should most
likely be the dominant structure of 1 in solution which implies
that the structural change of 1 should be mainly responsible for
the observed switch in optical properties.
Spectroscopic Studies of Silylone 2. As a comparison to

silylone 1, the same spectroscopic studies were conducted for
silylone 2. Figure 4 shows the UV−vis absorption spectra of 2
in a KBr matrix and in hexane at room temperature,
respectively. In both cases, two distinct absorptions were
observed around 400 and 600 nm [λmax = 605 (band-I), 404
(band-II) nm in KBr matrix; 579 (band-I, ε = 700), 400 (band-
II, ε = 24 000) nm in hexane]. The band positions calculated
for the optimized structure of 2 (2t, M06-2X/B2//B3PW91-

D3/B1 level of theory, Figures S77−S78), which resembles the
structure determined by XRD analysis, were qualitatively in
good agreement with the observed spectra in the KBr matrix
which suggests that in the solid state 2 possesses a structure
similar to that shown in Figure 1b. Notably, the spectral
features of 2 were significantly different from those of 1 but
highly resemble those of A in hexane [λmax(ε) = 584 (700),
390 nm (21 300)].6g

Three signals other than those for the SiMe3 groups were
observed for 2 in the 29Si NMR spectrum in benzene-d6 (δ =
56.6 [Si−Si−Si], 171.0 [(alkyl)(amino)Si], 191.9 ppm
[(dialkyl)Si]). While the chemical shifts for the silicon nuclei
of the CDASi and CAASi moieties were comparable to those
for A (δ = 197 ppm) and 1 (165 ppm),6g that for the central
silicon nuclei (56.6 ppm) was in between those of A (δ = 157
ppm) and 1 (δ = −94.9 ppm). The 29Si chemical shifts
calculated for 2t [GIAO/M06-L/6-311+G(2df,p) level of
theory; δcalc = 70.4 [Si−Si−Si], 165.5 [(alkyl)(amino)Si],
194.9 ppm [(dialkyl)Si]] were in good agreement with the
aforementioned experimental values. The above studies as a
whole support the sustained structure of 2 regardless of the
phase.

Investigation of the Electronic and Optical Properties
by DFT Calculations. Figure 5 shows the frontier Kohn−
Sham orbitals of silylones 1p, 1t, and 2t calculated at the M06-
2X/B2//B3PW91-D3/B1 level of theory, which reflect the
electron distribution of the formal LP(σ) and LP(π) electrons
across the Si1−Si2−Si3 skeleton. In the case of 2t, the HOMO
is the π(Si2 = Si3) orbital which is accompanied by the
corresponding π* orbital (LUMO+1). The HOMO−1 shows

Figure 3. Calculated molecular structure of silylone 1p.

Figure 4. UV−vis spectra of silylone 2 (a) in a KBr matrix and (b) in
hexane at room temperature.
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the lone pair orbital of the Si2 atom substantially delocalized to
the Si1 atom, while the LUMO displays the corresponding π*-
type orbital. The feature of HOMO−1 and LUMO resembles
that of trans-bent double (slipped π) bonds. The Wiberg bond
index (WBI) calculated for the Si1−Si2 bond (1.41) of 2t is
smaller than that for Si2−Si3 (1.82) but indicates a partial
double bond character, which agrees with the substantial
delocalization of the Si2 lone pair electrons LP(σ) to the 3p
orbital on the Si1 atom found in the HOMO−1.
In contrast to 2t, the HOMO of 1t is the π(Si2 = Si3) orbital

with a larger contribution of the Si2 atom which is
accompanied by the corresponding π*-type orbital (LUMO
+5). The HOMO−1 of 1t shows that the LP(σ) electrons of
the Si2 atom only slightly delocalized to the Si1 atom, while
the LUMO displays the corresponding π*-type orbital.
Although the WBI calculated for the Si1−Si2 bond (1.39) of
1t was significantly smaller than that for Si2−Si3 (1.68), it still
indicated a partial double bond character which agrees with the
weak delocalization of the LP(σ) electrons to the 3p orbital of
the Si1 atom found in the HOMO−1. Notably, the WBI of the
Si2−Si3 bond (1.68) is smaller than that of 2t (1.82), which is
consistent with the existence of a π-donating nitrogen atom
adjacent to the Si3 atom of 1t. The weak delocalization of the
LP(σ) electrons should be attributed to the narrow Si1−Si2−
Si3 bond angle (95.74°) of 1t compared to 2t (117.69°), which
could lower the energy level of the LP(σ) and weaken the
effective interaction between the LP(σ) orbital and the Si1 3p
orbital.
Silylone 1p also exhibits an LP(σ) orbital for HOMO−1,

while the HOMO was the LP(π) orbital substantially
delocalized to both Si1 and Si3 atoms. The LUMO was an
out-of-phase combination of the 3p orbitals of the two terminal
CAASi moieties. The WBI of 1p was 1.53 for both Si1−Si2 and
Si2−Si3 bonds, which is in accord with the substantial
delocalization of the LP(π) electrons to the vacant 3p orbitals
of the Si1 and Si3 atoms seen in the HOMO.
Natural localized molecular orbital (NLMO) analysis

provided further information on the electron distribution of
the LP(σ) and LP(π) electrons across the Si1−Si2−Si3

skeletons. The LP(σ) electrons are mainly localized on the
central silicon atom for silylones 1p, 1t, and 2t but delocalized
more to the Si1 atoms than the Si3 atoms for 1t and 2t (1p: Si3
11%, Si2 76%, Si1 11%, 1t: Si3 5%, Si2 83%, Si1 9%, 2t: Si3 4%,
Si2 79%, Si1 14%), which agrees with the weak but significant
double bond character of the Si1−Si2 bonds. The relative
contribution of the Si1 atom of 2t to LP(σ) was greater than
that of 1t, which is consistent with the stronger interaction
between the LP(σ) orbital and 3p orbital of the Si1 atom for 2t
compared to that for 1t. Perpendicular to the LP(σ) orbitals lie
the LP(π) electrons. For 1p, the two LP(π) electrons are
delocalized across the Si1−Si2−Si3 skeleton where 56% of the
electron density is located on the Si2 atom and 19% for both
Si1 and Si3 atoms. Conversely, the two electrons of 1t and 2t
are mainly delocalized over the Si2 and Si3 atoms (1t: Si3 33%,
Si2 56%, Si1 7%, 2t: Si3 39%, Si2 54%, Si1 4%).
Based on the aforementioned theoretical calculations, both

1p and 1t possess an LP(σ) orbital, and the major electronic
differences between the two silylones should be the electron
distribution of the LP(π) electrons across the Si1−Si2−Si3
skeleton controlled by the orientation of the ligands (Scheme
4a and 4b). These results were also supported by NBO-based

Natural Resonance Theory (NRT) analysis: the resonance
weightings of the corresponding contributing resonance
structures obtained from NRT analysis are ylidene (2 ×
22.3%) for 1p, ylidene (24.8%) + bent-allene (21.7%) for 1t,

19

and ylidene (46.6%) + bent-allene (34.6%) for 2t (for details,
see Figures S82−S84 (NBO analysis) and S100 (NRT
analysis)).20 Thus, 1p and 1t should both be interpreted as a
ylidene-type silylone but with the LP(π) electrons delocalized
across the Si1−Si2−Si3 skeleton for 1p (π-delocalized ylidene)
and localized on the Si2 and Si3 atoms (π-localized ylidene)
for 1t. Although 2t could also be interpreted as a π-localized
ylidene, its electronic properties differ from that of 1t in the
amount of delocalization of the LP(σ) electrons to the 3p
orbital of the Si1 atom. The larger Si1−Si2−Si3 angle of 2t
enables stronger interaction of the LP(σ) electrons with the 3p
orbital of the Si1 atom, which enhances the contribution of the
bent-allene character compared to 1t (Scheme 4c). The above

Figure 5. Selected frontier Kohn−Sham orbitals of 1p, 1t, and 2t
calculated at the M06-2X/B2//B3PW91-D3/B1 level of theory
(isosurface value = 0.05 e−/au3).

Scheme 4. Schematic Representation of the Major
Canonical Structures for Silylones 1p, 1t, and 2t

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c06654
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/jacs.1c06654?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06654?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06654?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06654?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06654?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06654?fig=sch4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c06654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


results are in accord with the recent calculations reported by
Turek and co-workers that the ylidene resonance structure is
dominant for most heavier group-14-element zerovalent
complexes, and the contribution of the ylidone or bent-allene
increases depending on the ligands.4a

With the above results, the UV−vis absorption spectra were
revisited. The TD-DFT calculations of silylones 1p, 1t, and 2t
imply that the absorptions in the visible region are mainly
attributed to the π → π*-type transitions between the frontier
orbitals shown in Figure 5 (Tables S4−S6). Notably, a
significant difference in the intensities of the longest-wave-
length absorption bands was observed between the π-localized
ylidenes 1t and 2t and π-delocalized ylidene 1p. The π-localized
ylidenes exhibit weak longest-wavelength absorption intensities
due to a symmetry-forbidden transition [2t, λmax,calcd = 720 nm,
oscillator strength ( f) = 0.0005, HOMO → LUMO;21 1t,
λmax,calcd = 644 nm, f = 0.0033, HOMO → LUMO], while the
π-delocalized ylidene 1p exhibits a band with a significantly
strong intensity due to a symmetry-allowed transition [λmax,calcd
= 577 nm, HOMO → LUMO, f = 0.1112]. The above results
suggest that the alternation of the orbital feature due to the
ligand reorientation of the terminal CAASi ligands is reflected
in the difference in intensities of the HOMO → LUMO
transitions.
Silylone 1 demonstrates the unprecedented molecular switch

via electron redistribution between a low-valent silicon center
and a redox noninnocent ligand which resembles that of
transition metal complexes. From the structural point of view,
the structural change between planar 1p and twisted 1t
resembles that of the double-bond twisting of alkenes.22

Steric and Electronic Effects on the Structure of
Silylones. The reason for the presence of two stable isomers
of 1 was investigated by theoretical calculations. This feature
should be derived from the combination of steric and
electronic effects, so various structurally related model silylones
were calculated at the B3PW91-D3/B1 level of theory. Their
relative Gibbs energies (298.15 K) were compared (Table 1:
6−9).23 As discussed in the previous section, 1t and 1p were
almost the same in relative Gibbs energies (1t is slightly more
stable by 0.2 kJ/mol than 1p in the gas phase, while 1p was
slightly more stable by 4.3 kJ/mol than 1t in benzene). With
this result as a reference, the steric effects were investigated.
Hereafter, the suffix p for the compound number is referred to
as a π-delocalized planar structure similar to 1p and the suffix t
as a π-localized twisted structure similar to 1t. Although
silylones 6p (N−Me) and 6t were both located as minima, the
planar structure 6p was energetically favorable by 8.3 kJ/mol
(gas phase), which implies that the twisted structure such as
that seen for 1t might be a result of the bulky adamantyl
substituents avoiding steric repulsion. This trend was more
conspicuous for the bis(dialkylsilylene)-ligated silylones At, 7t,
7p, and 8p. While A only exhibits a twisted structure due to the
severe steric demands of the two terminal five-membered rings,
changing the two SiMe3 moieties to sterically less demanding
substituents resulted in the stabilization of the planar structure
(7p (SiH3) and 8p (CH3)).

4e,g,6g In fact, the π-localized twisted
structure is not even located as a local minimum for 8, which
strongly suggests the importance of steric effects for the
stabilization of the twisted structure.
In contrast, heteroleptic silylones which are stabilized by

CAASi 3 and CDASi 4 exhibit only π-localized twisted ylidene
structures regardless of the substituents (2t and 9t), and the
corresponding planar structures could not be located as local

minima. Thus, the absence of a planar structure for 2 should be
attributed to the energy difference between the vacant 3p
orbitals of 3 and 4: the lower-lying 3p orbital of 4 interacts
more effectively with the LP(π) orbital to lower its energy
level.4c Consequently, 3 arranges perpendicular to 4 in order to
stabilize the LP(σ) electrons to keep it lower in energy than
the LP(π) orbital.
Thus, the switchable isomerization observed for 1 might be

attributed to the stabilization of the π-localized ylidene
structure by the balanced steric demand, crystal packing
forces, as well as the electronic effects of the adjacent nitrogen
atom of the azasilacyclopentane ring which results in the small
energy gap between the π-localized and π-delocalized ylidene
structures.

Monatomic Silicon Transfer Reactions. While silylone 1
was stable at room temperature in a benzene-d6 solution,
heating at 80 °C for 3 days yielded CAASi 3 (29%)24 along
with unidentified minor byproducts. Conversely, silylone 2 was
stable even upon heating at 120 °C (sealed tube, benzene-d6
solution). Eventually, heating at 150 °C for 3 days gave a
complex mixture with signs of CAASi 3 (40%) and silene 10
(6%), a thermal isomerization product of CDASi 4.10 These
behaviors are different from that of A which does not
decompose in the same conditions. This result prompted us
to investigate the details of the formation of the silylene
derivatives from 1 and 2. Heating a benzene-d6 solution of 1 in
the presence of an alternative Lewis base, N,N′-bis(2,6-
diisopropylphenyl)ethane-1,2-diimine (F, 3.1 equiv), at 80
°C afforded a mixture of triaminosilane 11 (48%)24 and
diaminosilylene 1225 (77%) (Scheme 5a). Triaminosilane 11 is

a (1 + 4) cycloadduct of 3 and diimine F. Thus, the formation
of diaminosilylene 12 implies that the two CAASi ligands have
been eliminated from the central silicon atom of 1 and are
likely to be exchanged by F, which could also be interpreted as
a monatomic silicon transfer reaction. Insight into the
mechanism of this reaction was obtained by the reaction of
silylone 2 with F. Heating a benzene-d6 solution of 2 in the
presence of F (1.5 equiv)26 at 150 °C afforded a mixture of
triaminosilane 11 (84%),24 silene 10 (42%), diaminosilylene
12 (36%), A (11%), and a trace amount of bicyclo[1.1.0]-
tetrasil-1(3)-ene 13a,27 all of which were identified by

Scheme 5. Reactions of (a) 1 and (b) 2 with N,N′-Bis(2,6-
diisopropylphenyl)ethane-1,2-diimine F (Yields
Determined by 1H NMR Spectroscopy)24
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multinuclear NMR spectroscopy (Figures S36−S37) as well as
HRMS (APCI) spectrometry (Figures S63−S72, Scheme 5b).
A similar result was obtained for the reaction with N,N′-di(t-
butyl)ethane-1,2-diimine (for details, see the Supporting
Information). The formation of 10, 11, and 12 implies that
silylenes 3 and 4 have both been eliminated from the central
silicon atom of 2 and exchanged by F. Thus, it is reasonable to
hypothesize that A should be obtained by the reaction of
CDASi 4 with disilavinylidene intermediate 14a (Chart 3)

which should generate after the elimination of 3. Similarly,
bicyclo[1.1.0]tetrasil-1(3)-ene 13a should be obtained by
dimerization of 14a.27 Notably, the thermolysis of A in the
presence of F resulted in the full recovery of A. The
aforementioned studies along with the absence of
bicyclo[1.1.0]tetrasil-1(3)-ene 13b and silylone 1 suggest
that the ligand exchange reaction should proceed by a stepwise
mechanism and likely via disilavinylidene intermediate 14a
rather than 14b. The presence of the thermally stable CAASi 3
or the strong ylidene character of 1 and 2 should be the major
driving force for the reaction to proceed.28 Similar silicon
transfer reactions were individually reported by Roesky29b and
Robinson’s29a group, but both involve the oxidation of the
central silicon atom during the reactions. In contrast, oxidation
is unneccesary for the reaction of 1 and 2.30

■ CONCLUSION
We have synthesized the first monatomic silicon complex
(silylone) 1 that exhibits two stable isomers that could be
reversibly switched by phase transfer. The structural,
electronic, and physical properties were investigated by
experimental and theoretical methods along with the
heteroleptic silylone 2. Silylone 1 in solution was suggested
to be best described as the π-delocalized ylidene-type silylone
in which the LP(π) electrons are delocalized across the Si−Si−
Si skeleton, while 1 in the solid state and 2 should be best
described as a π-localized ylidene-type silylone in which the
LP(π) electrons are selectively delocalized to one of the
terminal Si atoms. Delocalization of the LP(σ) of the central
silicon atom to the Si atom of the silylene ligands results in
weak but significant bent-allene character for 2 and 1 in the
solid state. The drastic differences in the UV−vis absorption
spectra observed between 1 in the solid state and in solution
are attributed to the perpendicular and parallel orientation of
the two terminal five-membered rings, respectively, which
changes the relative intensity of the longest-wavelength
absorption band (HOMO → LUMO transition). Moreover,
the ligand exchange and silicon atom transfer reactions of 1
and 2 were accomplished by thermal elimination of the
terminal silylene ligands in the presence of ethane-1,2-diimines
at high temperatures. The thermal stability of 3 and the ylidene
character of the silylones should be the major driving forces for
such reactions. The above studies should shed light on
silylones or formally zerovalent group-14 element species as

fascinating research targets for molecular switches as well as
monatomic group-14 element surrogates.
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