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ABSTRACT: Reaction of the N-heterocyclic carbene-stabilized
phosphinoaminosilylene ArN(SiMe3)Si(I

iPr)PPh2 (Ar =
2,6-iPr2C6H3, IiPr = 1,3-diisopropyl-4,5-dimethyl-imidazol-2-
ylidene) (2) with dioxygen resulted in the formation of the
two products ArN = Si(IiPr)(OSiMe3)(OPPh2) (3) and ArN =
Si(IiPr)(OSiMe3)PPh2 (4), and the ratios of the two products
can be controlled by the reaction temperatures and dioxygen concentrations.

■ INTRODUCTION

Controlled oxidation of organic and main group elemental
compounds by dioxygen presents the most environmentally
benign and atom-economic method for the synthesis of desired
oxygen-containing products.1,2 Particularly, the oxidation of
reactive intermediates can lead to the discovery of new catalytic
processes for the controlled oxidation of organic and
organometallic substrates.1 Over the past few decades, extensive
experimental and theoretical studies on the reaction of
dioxygen with carbenes have been conducted. It has been
generally accepted that the reaction may involve the initial
trapping of carbene by O2 to give highly photolabile carbonyl
oxides (diradical),3 which may undergo photolytic decom-
position via two pathways (Scheme 1): (a) loss of single oxygen
atom resulting in the corresponding carbonyl compounds and
(b) rearrangement via dioxiranes to esters.

Although the analogous studies on the reactions of silylenes,4

the silicon carbene analogues, with dioxygen have received
much less attention, the mechanism has been proposed to be
very similar to that of carbenes.4 The great successes on the
synthesis of stable silylenes including donor-stabilized silylenes5

have stimulated the renewed interest in the reactions of
silylenes with dioxygen4 and other small molecules containing

oxygen.6 However, only a few well-characterized products from
oxygenation of silylenes with dioxygen have been reported by
several groups7 (Figure 1). This is probably because the

oxidation by dioxygen cannot be easily controlled. Theoretical
studies on the reaction of silylenes with oxidants have been
conducted.8 Thus, the investigation of the factors that control
the oxidation reactions by dioxygen is of great interest and
crucial to the understanding the reaction mechanism.

■ RESULTS AND DISCUSSION
Herein, we report on the reaction of the N-heterocyclic carbene
(NHC)-stabilized silylene ArN(SiMe3)Si(I

iPr)PPh2 (2, Ar =
2,6-iPr2C6H3, IiPr = 1,3-diisopropyl-4,5-dimethylimidazol-2-
ylidene) with dioxygen, leading to the formation of the two
products ArNSi(IiPr)(OSiMe3)OPPh2 (3) and ArNSi-
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Scheme 1. Known Mechanisms for the Reactions of
Carbenes and Silylenes with Dioxygen

Figure 1. Known isolated products from reactions of silylenes with
dioxygen.
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(IiPr)(OSiMe3)PPh2 (4). Interestingly, the product distribu-
tions can be controlled by the reaction temperature and
dioxygen concentration. The phosphinoaminosilylene 2 was
obtained as red crystals in high yield by the reaction of the
aminochlorosilylene ArN(SiMe3)Si(I

iPr)Cl (1)9 with LiPPh2
(Scheme 2) and has been fully characterized by 1H, 31P, 13C,
and 29Si NMR spectroscopy, elemental analysis, and an X-ray
single-crystal analysis.

The 29Si resonance for the central silicon atom (δ = 4.23
ppm, doublet, 1JSiP = 78.37 Hz) is comparable to most observed
for the known NHC-supported silylenes (−8.78 to 10.9
ppm).10 The 13C NMR signal for the NHC central carbon
atom in 2 appears at 166.25 ppm, consistent with those found
in the NHC → Si donor−acceptor complexes.10,11 The 31P
NMR spectrum of 2 exhibits at δ −33.6 ppm. The structure of
2, shown in Figure 2, features a trigonal-pyramidal silicon

center, revealing the presence of a stereochemically active lone
pair of electrons at the Si(II) atom (the sum of angles at the Si2
atom = 309.5°), which is very similar to that of 1. The Si2−C16
bond length (1.9909(18) Å) is in the reported range for NHC-
stabilized halosilylenes (1.980(3) and 2.0023(19) Å)10 but
longer than those in the NHC → :Si(SitBu3)(R) [R = tBu3Si
(1.933(4) Å), R = H (1.942(3) Å)]11b,c and silacyclopentadie-
nylidenes.11a The Si2−P1 bond length (2.3748(7) Å) is
comparable to a Si−P single bond (2.27−2.31 Å).12

Compound 2 exhibits high thermal stability in solutions, but
it is extremely air and moisture sensitive. Exposure of the red
solution of 2 in tetrahydrofuran (THF) to O2 at −110 °C
resulted in an immediate decoloration. Colorless crystals of 3
were obtained in 64% yield by crystallization from n-hexane at
room temperature (Scheme 2). Compound 3 was fully
characterized by multinuclear NMR, IR spectroscopy, and
elemental analysis. The 31P NMR exhibits at δ 103.8 ppm. The
29Si NMR spectra for the central silicon atom of 3 exhibits a
doublet signal at δ −104.00 ppm (SiN, 2JSiP = 14.51 Hz).
The X-ray crystal-structure analysis confirmed compound 3 to
be an NHC-stabilized 1-siloxy-1-phosphinoxysilaimine, consist-
ing of a four-coordinated silicon atom attached to two oxygen
atoms (Figure 3). The Si1−N1 bond length (1.596(2) Å) is in

the range of reported free- and donor-stabilized silaimines
(1.568−1.620 Å);13 Si1−C13 bond length is 1.929(3) Å, which
is very similar to C−Si coordinate bond length.10,11 Compound
3 represents a rare example of donor-stabilized dioxysilaimine.
Interestingly, the exposure of a solution of 2 in THF to O2 at

room temperature led to the isolation of the new compound 4
as light yellow crystals in 23% yield from n-hexane extract. The
subsequent crystallization also resulted in the isolation of 3 in
ca. 50% yield (Scheme 2). Compound 4 is air and moisture
sensitive and was fully characterized by multinuclear NMR, IR
spectroscopy, and elemental analysis. The 31P NMR exhibits at
δ −35.40 ppm. The 29Si NMR spectra for the central silicon
atom of 4 exhibits a doublet signal at δ −84.94 (Si−P, 1JSiP =
38.26 Hz) ppm. The X-ray crystal-structure analysis confirmed
compound 4 to be an NHC-stabilized 1-siloxysilaimine,
consisting of a four-coordinated silicon atom attached to one
oxygen atom (Figure 4). The Si1−N1 bond length is
1.6021(12) Å, in line with the value found for SiN double
bond length (1.568−1.620 Å);13 Si1−C13 bond length
(1.9471(16) Å) is a typical coordinate bond length.10,11

The formation of 3 and 4 at room temperature prompted us
to investigate the effects of temperature on the product
distributions. Thus, the reaction of 2 with dioxygen were
conducted from −80 to 40 °C with the fixed concentration and
pressure of dioxygen in 1 min. It was found that the amount of
3 decreased with the elevation of temperatures (Table 1, entries

Scheme 2. Reaction of 2 with Dioxygen at Different
Temperatures

Figure 2. Ortep drawing of 2 with ellipsoids given at the 50%
probability level. Hydrogen atoms were omitted for clarity. Selected
bond lengths (Å) and angles (deg): P1−Si2 2.3748(7), Si1−N1
1.7518(15), Si2−N1 1.8132(15), Si2−C16 1.9909(18); N1−Si2−C16
101.58(7), N1−Si2−P1 108.47(5), C16−Si2−P1 99.47(5).

Figure 3. Ortep drawing of 3 with ellipsoids given at the 50%
probability level. Hydrogen atoms were omitted for clarity. Selected
bond lengths (Å) and angles (deg): P1−O2 1.619(2), Si1−N1
1.596(2), Si1−O1 1.643(2), Si1−O2 1.661(2), Si1−C13 1.929(3),
Si2−O1 1.646(2), N1−C1 1.369(4), N1−Si1−O1 115.36(12), N1−
Si1−O2 118.61(12), O1−Si1−O2 102.20(11), N1−Si1−C13
112.00(13), O1−Si1−C13 107.10(12), O2−Si1−C13 99.85(11),
Si1−O1−Si2 133.50(13), P1−O2−Si1 135.49(14).
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1−6). However, above 40 °C, a significant amount of impurities
were also formed. Since the temperature is related to the
solubility of dioxygen, the effects of the partial pressure of
dioxygen were also studied by mixing of oxygen with argon at 0
°C under the normal pressure. It can be seen from Table 1
(entries 5, 7, and 8) that, with the decrease of dioxygen
pressure, the amount of 4 increased substantially. In addition,
the exposure of 4 to dioxygen did not lead to the formation of
3. These experiments indicated that 3 and 4 are formed via
different mechanisms and that dioxygen concentration has
significant effects on the ratios of the two products.
On the basis of these experiments, we proposed the

formation of 3 and 4 are from two pathways. The pathway
for the reaction from 2 to 3 was explored theoretically by
density functional theory (DFT) calculations at the B3LYP/6-
31G(d,p) level of theory (Scheme 3, path a). The reaction of 2
and O2 initially gives dioxasilirane C,

7c,d which underwent first
1,2-PPh2 migration through transition state TS1 to give
silaester E, then 1,3-silyl migration from the nitrogen atom to
the oxygen to afford final product 3 via transition state TS2
(Figure 5). And the reaction step from C to E has a barrier
(free energy) of 18.56 kcal/mol. And the barrier from E to 3 is
14.57 kcal/mol. The energy difference between geometry C
with the total energy of geometry 2 and a triplet oxygen
molecule as G(C) − [G(2) + G(3O2)], which is −67.141 kcal/
mol. However, the energy difference G(E) − G(C) equals

−104.617 kcal/mol, while G(3) − G(E) is −12.049 kcal/mol.
From the calculations, we proved that this reaction pathway is
valid in each step. And the calculated free energy data indicated
that the whole pathway could proceed spontaneously.
However, the pathway for the reaction from 2 to 4 is unclear
until now. We assumed the reaction may proceed through the
intermediate silanone D under low concentration of dioxygen,
followed by 1,3-silyl migration to give 4 (Scheme 3, path b).
Since the reactions are rapid even at very low temperature,
attempts to detect the possible intermediates are not possible
under the current conditions.

■ CONCLUSIONS
In summary, we have shown that the reaction of the NHC-
stabilized silylene 2 with dioxygen resulted in the formation of
the two products 3 and 4 with different ratios under different
temperatures and dioxygen concentrations. The results
indicated that 3 and 4 are formed via different reaction
mechanisms. This is the first observation that the reaction
product distributions of a silylene with dioxygen are dependent
on the concentrations of dioxygen and temperatures. Further
studies on the reactions of various silylenes with dioxygen
under controlled manner may lead to the discovery of green
routes for the synthesis of oxygen-containing materials such as
silicones by the oxidation of silylene intermediates with
dioxygen.

■ EXPERIMENTAL SECTION
General Considerations. All operations were performed under an

atmosphere of dry argon or nitrogen by using modified Schlenck line
and glovebox techniques. All solvents were freshly distilled from Na
and degassed immediately prior to use. Elemental analyses were
performed on an Elemental Vario EL analyzer. The 1H, 13C, and 29Si
NMR spectroscopic data were recorded on Bruker Mercury Plus 300,
400, and 600 MHz NMR spectrometers. Infrared spectra were
recorded on a Bio-Rad FTS 6000 spectrometer. The UV−vis spectra
were recorded on a Shimadzu UV-2450 spectrometer, and emission
spectra were recorded on an Edinburgh Analytical Instruments
FL900CD spectrometer. ArN(SiMe3)Si(I

iPr)Cl (1)9 (Ar =
2,6-iPr2C6H3, IiPr = 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene)
was synthesized according to published procedure.

Synthesis of Ph2PLi·1.5THF. Lithium crumbs (0.35 g, 50 mmol)
was added to a stirred solution of Ph2PCl (4.41 g, 20 mmol) in THF
(50 mL) at −78 °C. The mixture was slowly warmed to room
temperature and stirred overnight, whereupon the solution became
dark red. The volatiles were removed under vacuum. The residue was
extracted with toluene (40 mL). After filtration and removal of
solvents, the remaining residue was washed with n-hexane (25 mL ×
2) to afford a yellow powder of Ph2PLi·1.5THF (5.0 g, 83.3%). 1H

Figure 4. Ortep drawing of 4 with ellipsoids given at the 50%
probability level. Hydrogen atoms were omitted for clarity. Selected
bond lengths (Å) and angles (deg): P1−Si1 2.2687(7), O1−Si1
1.6411(10), O1−Si2 1.6482(11), Si1−N1 1.6021(12), Si1−C13
1.9471(16), N1−C1 1.3654(18), Si1−O1−Si2 141.03(6), N1−Si1−
O1 116.42(6), N1−Si1−C13 113.31(6), O1−Si1−C13 106.33(6),
N1−Si1−P1 110.84(5), O1−Si1−P1 108.22(4), C13−Si1−P1
100.42(5), C1−N1−Si1 148.72(11).

Table 1. Product Distributions of the Reaction of 2a with
Dioxygen under Different Conditions

entry
temperature

(°C)
O2

pressureb
product ratiosc

(3:4)
actual yield
(%, 3:4)

1 −80 1 1:0.05 85.5:4.3
2 −60 1 1:0.08 79.4:6.3
3 −40 1 1:0.14 71.4:10.0
4 −20 1 1:0.21 63.7:13.4
5 0 1 1:0.29 62.9:18.2
6 40 1 1:0.71 30.4:21.6
7 0 0.5 1:0.38 57.1:21.7
8 0 0.1 1:0.74 50.8:37.6

aConditions: 1 min, 40 mg of 2 in 5 mL of THF. bThe partial pressure
relative to that of argon under normal pressure. cDetermined by 1H
NMR spectra.

Scheme 3. Proposed Pathways for the Dioxygen Reactions
with 2
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NMR (400 MHz, C6D6): δ 1.17 (m, 6 H,CH2CH2O), 3.41 (m, 6H,
CH2CH2O), 6.95 (m, 2H, Ar-H), 7.17 (m, 4H, Ar-H), 7.89 (m, 4H,
Ar-H). 31P NMR (161.97 MHz, C6D6): δ −25.03.
Synthesis of ArN(SiMe3)Si(I

iPr)PPh2 (2). A solution of Ph2PLi·
1.5THF (0.30 g, 1 mmol) in THF (5 mL) was added to a stirred
solution of 1 (0.49 g, 1 mmol) in THF (10 mL) at −78 °C. The
mixture was slowly warmed to room temperature and stirred
overnight. The volatiles were removed under vacuum. The residue
was extracted with toluene (30 mL × 2). After filtration and removal of
solvents, the remaining residue was washed with n-hexane (20 mL ×
2) to afford a red powder of 2 (0.29 g, 45.2%). mp 206−207 °C. 1H
NMR (400 MHz, C6D6): δ 0.15 (s, 9H, Si(CH3)3), 0.24 (d, 3H,
CH(CH3)2), 0.33 (d, 3H, CH(CH3)2), 1.17 (d, 3H, CH(CH3)2), 1.24
(dd, 6H, CH(CH3)2), 1.33 (m, 9H, CH(CH3)2, CCH3), 1.53 (s,
3H, CCH3), 1.82 (d, 3H, CH(CH3)2), 3.27 (m, 1H, CH(CH3)2),
4.21 (m, 1H, CH(CH3)2), 5.65 (m, 1H, CH(CH3)2), 6.92−7.04 (m,
5H, Ar-H), 7.28−7.40 (m, 5H, Ar-H), 7.70 (m, 1H, Ar-H), 8.33 (s,
2H, Ar-H). 31P NMR (161.97 MHz, C6D6): δ −33.66. 13C NMR
(100.61 MHz, d8-THF): δ 3.44 (Si(CH3)3), 10.08, 10.45 (CCH3),
19.61, 20.54, 21.21, 23.01, 24.23, 25.78, 26.10, 27.71, 28.81, 52.43,
55.46 (CH(CH3)2), 123.75, 124.56, 124.73, 125.85, 127.67, 127.77,
128.76, 134.60, 138.07, 145.27, 147.54, 149.99 (Ar-C), 166.25 (d, 2JCP
= 14.68 Hz, carbene-C). 29Si NMR (79.49 MHz, C6D6): δ 4.23 (d, Si−
P, 1JSiP = 78.37 Hz), 1.45 (Si(CH3)3). Anal. Calcd for C38H56N3PSi2:
C, 71.09; H, 8.79; N, 6.55. Found: C, 71.54; H, 7.88; N, 6.95%. UV−
vis (THF): ε = 5.35 × 104 L·mol−1·cm−1.
Synthesis of ArNSi(IiPr)(OSiMe3)OPPh2 (3). A solution of 2 (0.15

g, 0.23 mmol) in THF (5 mL) was cooled to 110 °C. The flask was
evacuated and placed under an atmosphere of O2. The color of the
solution soon changed from red to colorless. Removal of the solvents
afforded light yellow oil. The mixture was extracted with hexane (30
mL). Concentration to ca. 2 mL and storage at room temperature
overnight afforded colorless crystals of 3 (0.10 g, 63.5%). mp 108−110
°C. 1H NMR (400 MHz, C6D6): δ 0.25 (s, 9H, Si(CH3)3), 1.02 (dd,
12H, CH(CH3)2), 1.33 (s, 6H, CCH3), 1.37 (d, J = 6.8 Hz, 6H,
CH(CH3)2), 1.52 (d, J = 7.0 Hz, 6H, CH(CH3)2), 4.16 (m, 2H, Ar−
CH(CH3)2), 6.03 (m, 2H, carbene−CH(CH3)2), 6.96−7.20 (m, 7H,
Ar-H), 7.36 (d, J = 7.5 Hz, 2H, Ar-H), 7.76 (m, 2H, Ar-H), 7.86 (m,
2H, Ar-H). 31P NMR (161.97 MHz, C6D6): δ 103.88. 13C NMR
(100.61 MHz, C6D6): δ 2.17 (Si(CH3)3), 10.02 (CCH3), 21.39,
21.51, 24.14, 24.43 (CH(CH3)2), 28.52 (Ar-CH(CH3)2), 51.12
(carbene-CH(CH3)2), 113.69 (CCH3), 122.35, 126.40, 128.36,
128.43, 128.50, 128.86, 129.08, 130.13, 130.31, 130.35, 130.54, 139.01,

145.77, 146.00, 146.22, 149.29 (Ar-C), 153.62 (carbene-C) ppm; 29Si
NMR (79.49 MHz, C6D6): δ −104.00 (d, SiN, 2JSiP = 14.51 Hz),
8.54 (Si(CH3)3). Anal. Calcd for C38H56N3O2PSi2: C, 67.71; H, 8.37;
N, 6.23. Found: C, 67.25; H, 8.72; N, 6.44%.

Synthesis of ArNSi(IiPr) (OSiMe3)PPh2 (4). A solution of 2 (0.15
g, 0.23 mmol) in THF (5 mL) was placed in a 100 mL Schlenck flask.
The flask was evacuated and placed under an atmosphere of O2. The
color of the solution soon changed from red to light yellow. Removal
of the solvents afforded light yellow oil. The mixture was extracted
with hexane (30 mL). Concentration to ca. 2 mL and storage at room
temperature overnight afforded light yellow crystals of 4 (0.035 g,
23.1%). Concentration of the filtrates to ca. 1 mL and storage at
ambient temperature overnight afforded colorless crystals of 3 (0.078
g, 50.3%). mp 212−213 °C. 1H NMR (400 MHz, C6D6): δ 0.25 (s,
9H, Si(CH3)3), 0.69 (d, J = 6.8 Hz, 6H, CH(CH3)2), 1.16 (d, J = 6.7
Hz, 6H, CH(CH3)2), 1.25 (d, J = 6.8 Hz, 6H, CH(CH3)2), 1.34 (s,
6H,CCH3), 1.46 (d, J = 6.8 Hz, 6H, CH(CH3)2), 4.11 (m, 2H, Ar−
CH(CH3)2), 6.13 (m, 2H, carbene−CH(CH3)2), 6.93−7.05 (m, 5H,
Ar-H), 7.18−7.23 (m, 2H, Ar-H), 7.30 (d, J = 7.4 Hz, 2H, Ar-H), 7.72
(s, 2H, Ar-H), 8.09 (s, 2H, Ar-H). 31P NMR (161.97 MHz, C6D6): δ
−35.40. 13C NMR (100.61 MHz, C6D6): δ 2.55 (Si(CH3)3), 10.15 (
CCH3), 21.18, 22.31, 22.35, 24.48, 25.55 (CH(CH3)2), 28.22 (Ar-
CH(CH3)2), 50.87, 50.91 (carbene-CH(CH3)2), 114.24, 122.78,
126.68, 133.57, 136.49, 139.74, 149.39 (Ar-C), 152.64 (d,, 2JCP =
44.21 Hz, carbene-C). 29Si NMR (79.49 MHz, C6D6): δ −84.94 (d,
Si−P, 1JSiP = 38.26 Hz), 8.81 (Si(CH3)3). Anal. Calcd for
C38H56N3OPSi2: C, 69.36; H, 8.58; N, 6.39. Found: C, 69.35; H,
8.95; N, 6.28%. UV−vis (THF): ε226 = 1.0244 × 104 L·mol−1·cm−1.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.5b02580.

Text giving NMR spectra, X-ray structural character-
ization data for 2−4, computational details, optimized
geometries, and additional references. (PDF)
Crystallographic data for compounds 2−4 and computa-
tional details. (CIF)

Figure 5. DFT-calculated free energy profile for synthesis of 3.
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