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Flash Vacuum Thermolysis Synthesis of New Reactive Compounds Containing
a Silicon—Heteroatom Double Bond
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Silicon

Flash vacuum thermolysis (FVT) afforded access to various
unstable heterosilenes belonging to the silanimine (R,Si=
NR’), phosphasilene (R,Si=PR’) and silanethione (R,Si=S)
families. These extremely reactive monomeric compounds

have been characterized in the gas phase by direct coupling
of FVT with mass, millimetre wave and, particularly, photoe-
lectron spectrometry.

Introduction

Since the first evidence, reported in 1966 by Gusel'nikov,
appeared concerning the existence of dimethylsilene, the
field of double-bonded silicon species has undergone con-
siderable expansion and has been extensively reviewed.!!]
The silicon © double bond is weak,”! and so many of the
known compounds of this series, starting with tetramesityl-
disilene (R. West, 1981), are stabilized by steric or electronic
effects.’] In the years since, several Si=N double-bonded
compounds have been discovered, such as 1,1-di-zerz-butyl-
N-(tri-tert-butylsilyl)silanimine (N. Wiberg, 1985)4 and
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1,1-diisopropyl-N-(2,4,6-tri-tert-butylphenyl)silanimine (U.
Klingebiel, 1986),°! both stable at room temperature, and
trimesitylsilanimine (R. West, 1986),[ stable below —120
°C. During the same period, several phosphasilenes,
strongly stabilized by bulky groups (up to 60 °C in benzene
solution), have been reported by F. Bickelhaupt.[? On the
other hand, nonstabilized silenes or heterosilenes are highly
reactive species, and extreme conditions are required for
their synthesis and to allow their characterization as mono-
mers. Apart from photochemical generation and IR/UV
identification in a matrix, they have been obtained in many
cases by thermolytic methods and analyzed directly in the
gas phase by mass (MS), photoelectron (PES) and milli-
metre wave (MWS) spectrometry.!-8!
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The coverage of a comprehensive review including sil-
anones (R,Si=0, not considered here), silanimines (R,Si=
NR’), phosphasilenes (R,Si=PR’) and silanethiones
(R,Si=Y8), the main representatives of the class of heterosil-
enes, extends to the end of 1986.1'1 The following, nonex-
haustive references refer to more recent works or reviews
concerning the synthesis and reactivity of stabilized silanim-
ines,”! phosphasilenes!!® and silanethiones.[''] Here, we re-
port our results, and some of other researchers, concerning
the synthesis and characterization of nonstabilized hetero-
silenes of these three types (R,Si=X with X = NR’, PR/,
S). These compounds, in addition to their fundamental im-
portance, are of general interest as intermediates in the field
of organic synthesis,["!?l as well as in the technologies of
high temperature materials (e.g., silicon nitrides or carbo-
nitrides)!'’] and chemical vapour deposition.['*l Also, the
unsubstituted representatives (R, R’ = H) can be expected
to exist in the interstellar medium or in circumstellar
shells.[!3]

The low pressures and short transit times of flash va-
cuum thermolysis (FVT),['% used in conjunction with the
above-mentioned gas-phase spectrometric techniques, have
the advantage that they minimize the chance of intermol-
ecular or catalytic reactions and thus allow the direct identi-
fication of reactive, short-lived monomeric species such as
the heterosilenes considered here. For the same reasons, the
chosen precursors should afford these species by monomo-
lecular thermal fragmentation. Retro-ene reactions,!!” [21
+ 2n] cycloreversions, and cleavages of the corresponding
cyclic dimers have proven particularly efficient for these
purposes (Scheme 1).

X— S\iRz FVT X=SiR,
< — H retro-ene \\
X—S\iRz EVT X=SiR,
H e
\ retro-ene =C=
R, Si-X FVT R, Si=X
retro-[2n + 2m)] —
Rz,Si_>|( FVT R, Si=X
X—SiR, monomerization X=SiR,

Scheme 1

Silanimines (R,Si=NR")

The generation of nonstabilized silanimines was first un-
dertaken by retro-ene reaction, based on the previously re-
ported synthesis of dimethylsilanone by FVT of allyloxydi-
methylsilane.'¥ The required precursors 1, 2 and 3 were
synthesized by reaction of the appropriate chlorosilanes and
amines. Upon FVT, compounds 1 (thermally too stable)
and 2 (which more easily gave the N-silylated imine 4),
proved to be poor precursors of N-isopropylsilanimine 5.
Compound 5 was, however, obtained!'”! by dehydrochlor-
ination of the corresponding chlorosilanamine under VGSR
(vacuum gas-solid reaction) conditions™?”! (Scheme 2). On
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the other hand, FVT of 3 yielded, as expected, N-phenylsil-
animine 6, characterized in the gas phase by FVT/HRMS,
and by its adduct 7 with terz-butyl alcohol.l'”) The relative
ease of formation of a C=N double bond, compared to an
Si=N one, as observed in the case of 2, has been also ex-
ploited in the synthesis by FVT of the reactive methanimine
H,C=N-SiMe,H.[?!l

fSiMez H-SiMe,
/\/N
00 °C
— propene
Me,Si—N __VGSR | Me,Si= Mez§1
I \H (thMeSOzNK
Cl HC1
5 4
|r\ NP 900°c MeSi=N t-butanol M /NHPh
s \ — Me,Si
SxMe2 — propene 30% o~|—
3 6 7
Scheme 2

Compound 8, a priori the most direct precursor of the
N-unsubstituted silanimine 9, could not be used, for it dis-
proportionated too rapidly into allylamine and disilazane
10 (Scheme 3). Furthermore, 10 required a high FVT tem-
perature and did not yield the corresponding silanimine 11.
The allylic group in 10 was thus replaced with a propargylic
one (compound 12) in order to make the retro-ene reaction
easier, as previously reported.l’?l FVT of 12 gave the react-
ive silanimine 11 and cyclo-1,3-disila-2,4-diazane 13, char-
acterized by HRMS and PES, together with 14 (stable cyclic
dimer of 11) and azasilacyclopentenes resulting from the
internal hydrosilylation of 12. The presence of 13 is presum-
ably the result of the cyclodimerization of silanimine 9, ob-
tained by B-elimination of methylsilene from the second di-
methylsilyl group of 12 and too reactive to be observed in
the monomeric form. The intermediacy of 9 was confirmed
by the obtaining of the expected adduct 15 with ferz-butyl
alcohol.?*24 Silanimine 9, as well as di- and triphenylsilan-
imines, have been recently generated in matrix by photolysis
of the corresponding silyl azides and characterized by IR
and UV spectroscopy.?”!

FVT of silanamine 16, a possible precursor of the unsub-
stituted silanimine 17 by retro-ene reaction and double f3-
elimination of isobutene, has also been investigated in con-
junction with MWS. However, 17 appeared to be dehydro-
genated at the required temperatures and only silaisonitrile
18 was identified.?®! Silanimine 17 has been characterized
by IR spectroscopy in the matrix photolysis of silyl azide>”!
and its structural parameters and rotational constants cal-
culated.®!

The competing thermal processes observed when starting
from allylic or propargylic silanamines led us to explore the
FVT of other precursors, and particularly that of azasilacy-
clobutanes, accessible from N-allylsilanamines in the pres-
ence of a tetramethyldivinyldisiloxane/hexachloroplatinic
acid complex ([Pt]), and reported to afford silanimines by
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thermal [2r + 2x] cycloreversion.*) Compound 19 was
thus prepared and cleanly yielded the corresponding silani-
mine 5 (not directly obtained from 2), characterized by PES
and as its cyclic dimer 20 (Scheme 4).130

- - o
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Scheme 4

In the same way, the temperature required for cleavage
of the retro-ene precursor 21 (and also of its propargylic
analogue) was too high to produce silanimine 22. However,
21 could be quantitatively converted into azasilacyclobut-
ane 23, which gave silanimine 22 and its cyclic dimer 24
upon FVT at 700 °C. At higher temperatures, an increasing
loss of isobutene and formation of cyclodisiladiazane 13
were observed, showing that silanimine 9 had been formed.
Its intermediacy was also confirmed, in the presence of zert-
butyl alcohol, by the formation of compound 15.123-3%

N-Alkylcyclo-1,3-disila-2,4-diazanes 25, 20 and 24 are
known, stable and easily prepared compounds.*!l Upon
FVT in conjunction with PES, 25 and 20 proved to be excel-
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lent precursors for the corresponding silanimines, under-
going as their only reactions equilibria with monomeric
species 26 and 5, respectively (Scheme 5). The experimental
PE spectra of 26 and 5 agree quite well with the calculated
energies of the two first ionic states. These results reveal,
for these silanimines, a destabilization of the m system and
of the nitrogen lone pair, resulting in an enhanced nucleo-
philicity (see later, photoelectron spectrometry)."]

Me
Me, ?i—lTI/ 1000 2ClMe;S=N, | MeaSi-N" 900 °ClMie,Si=N
_N—SiMe, Me

N—SiMe, T-
Me —r

25 26 20 5

930 °C
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| — isobutene

Me,zSi:NX

|:Me2Si:N\H:|
NSV,

24 22 9

930 °C Mezlsi—ITI _+ Mez?i_IT] _ Me2|Si—ITI/H

— methane XN—SiMe/z :(N—SiMez H,N—Si Me,
27 28 13
Scheme 5

After FVT of 24, the cyclic dimer of silanimine 9 (cyclo-
disiladiazane 13) was present, as well as silanimine 22.5
The relatively stable N-isopropenylcyclo-1,3-disila-2,4-diaz-
anes 27 and 28, resulting from the demethylation of 24,
were also characterized, by HRMS and NMR, in the ther-
molysis products.[3?]

Phosphasilenes (R,Si=PR’)

FVT of the previously described phosphasilacyclobutane
291331 and cyclo-1,3-diphospha-2,4-disiletane 3054 was in-
vestigated in a similar manner. These precursors were
cleaved at moderate temperatures to give the first reported
unhindered phosphasilenes, compounds 31 and 32, charac-
terized by HRMS and PES (Scheme 6). The stable dimer of
31, cyclodiphosphadisiletane 33, was also found to be pre-
sent, as well as, in the FVT of 30, the P-unsubstituted cyclo-
diphosphadisiletane 34, obtained through the intermediacy
of phosphasilene 35 by elimination of isobutene and dimer-
ization.3!

Ph

|:$iMe2 500 °C Me,Si=P. \}I)—ISj Me,
~ Ph i
P\Ph ethene Me,Si P\ph
29 31 33
—Si 500-750 °C
P73iMe, 220 % [Me,Si=p
Me,Si-P X
30 32
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]:Mezsi:P\ 1. P-SiMe
H Me, Si-P,
o € "
35 34
Scheme 6
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Silanethiones (R,Si=S)

Compared to that of other compounds possessing a
double bond on silicon, the direct observation of un-
hindered silanethiones is particularly difficult, owing to
their extreme kinetic instability."! FVT of its cyclic trimer
36 led to dimethylsilanethione (37), characterized in the gas
phase by PES,*9l while difluorosilanethione, F,Si=S, was
recently obtained by FVT of (F;Si),S and identified in mat-
rix by IR spectroscopy.l''¥l The presence of the sulfur atom
makes the retro-ene reaction relatively rapid and spe-
cific,37-38 and so we have investigated the possibility of ob-
taining simple silanethiones in this way,[*®! using as pre-
cursors allylthio- and propargylthiodialkylsilanes; the latter
are preferred for their lower temperatures of decomposi-
tion. These compounds have been prepared by reaction of
the corresponding thiols with dialkylchlorosilanes in the
presence of a base.

In the FVT of compounds 38 and 39, silanethione 37 has
been characterized by the quantitative formation of its cyc-
lic oligomers 40 and 36. In conjunction with PES, it has
also been characterized directly in the monomeric state.["]
The ionization potentials thus obtained are in agreement

with those calculated and observed previously.[*%
(Scheme 7).
I
.SiMe> 700 °C
— propene
38 S—SiMe;__ Me, i siM
FVT Me,Si=S| —» T T a== eyl Ve
P . Me, Si—S S\Si,S
550 °C
Zz ™ \IS —allene Me,
,SiMe, 37 40 36
H
39
Scheme 7

Co-thermolysis of ketene dimer with thiosilane 39 re-
sulted in cycloaddition of dimethylsilanethione (37) and ke-
tene, giving oxathiasiletane 41 (Scheme 8). A tenfold excess
of ketene was necessary to avoid the formation of 40. This
excess of ketene was, however, not trapped under the FVT
conditions employed, and compound 41 was recovered in
good purity and 60% yield. Its structure, established by
HRMS and NMR, was confirmed by its FVT at higher
temperature, giving thioketene and dimethylsilanone cyclic
trimer 42.[41]

=
7z Y+ Mesi=S
,SiMe, - allene
39 37 .
H Me;Si—S 900 °C I:HZC_C_S]
co-FVT — (\) — +
oy 4 800 °C cn,  [Mesi=0]
H,C=C=0 .
D\\ 2 41 (Me,SiO);
42
Scheme 8

The Si-diisopropylated precursors 43 and 44 gave, in the
same way, diisopropylsilanethione (45), characterized by
HRMS, PES and by its cyclic dimer 46 (Scheme 9).3°1 The
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steric crowding in 46 resulted at higher temperature in the
loss of one isopropyl group to give compound 47. FVT of
the propargylic precursor 48 led similarly to a mixture of
compounds probably containing, as analyzed by HRMS
used in conjunction, di-zert-butylsilanethione (49) and sev-
eral cyclic dimers 50, possessing one to three fert-butyl
groups.[*?]

700 °C e
P —propen 4si: s — D
H/Si(iPr)z ~( (iPr), Si—S
600 °C 46 800 °C
43 45 \— propene
— allene
Z78 5— lslw_
g SIUPD): (iPr), Si—
44 47
~ 0
™ s 550°C XSiZS S— sl><
H/Sl(tBu)2 —allene >< — isobutene H‘Sl
48 49 R 50
(R=H or tBu)
S 0,
H/\ S 750-1000 °C [H2Si:S] Sis
H,Sl(tBu)2 — propene -H,
~ isobutene
51 52 53
Scheme 9

Also, similarly to silanamine 16, FVT of 51 gave, in place
of unsubstituted silanethione (52), silicon monosulfide (53),
characterized by MWS.[29]

By analogy with its interstellar counterpart carbon oxys-
ulfide (O=C=8),I'*! silicon oxysulfide (54), previously de-
scribed in matrix,[*¥ is also a possible cosmic species. We
have investigated the possibility of generating 54 in the gas
phase from propargylthiosilane 55 (Scheme 10). Two com-
peting pathways took place in the thermolysis of this com-
pound, leading respectively, by a- and B-elimination, to sil-
icon monoxide (56),1*%1 and probably, by retro-ene reaction
and B-elimination, to the desired silicon oxysulfide (54),
characterized in low quantity by IR at —196 °C, by com-
parison with the reported values. 3!

///\$ o-elimination |: Sl(OtBu)2:| B-elimination so
H/Si(OtBu)Z - ///\SH - BuOH
700 °C 50% —isobutene 56
55
SiS
retro-ene 53
50%

(fBuO), Si—S$ 800 °C o prelim. ———
| [ monomerization |:S Sl(OtBu)z] id.
—Si1(O7B
S . Si(O7Bu), 54

Scheme 10

According to FVT/IR and FVT/MS experiments, forma-
tion of 54 also occurred, in somewhat better yield, by
“monomerization” of cyclo-1,3-dithia-2,4-disiletane 57,44
and subsequent B-elimination. The high concentrations of
tert-butyl alcohol and isobutene generated in the thermo-
lyses of 55 and 57, however, precluded any characterization
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of silicon oxysulfide (54) by MWS and only compounds 53
and 56 were identified in this way as silicon derivatives.[*’]

Photoelectron Spectrometry — Theoretical Results

The short-path combination of FVT with PES provided
an essential gas phase, real-time method for analyzing the
above-mentioned, short-lived heterosilenes. Their character-
ization was based on a quantum investigation effected by
the ab initio method using the 6—31G(d) basis set at the
HFMP2 level,*! and/or by the density functional theory
(DFT)#7 with the B3LYP functional,*®! well adapted for
calculating the ionization potentials (IPs)*?1 (Gaussian
941507y,

The minimized geometries of these heterosilenes are in
fair agreement with those previously determined for more
encumbered homologues.2*33401 The calculated energies of
the two first ionic states, associated with the ejection of an
electron from the heteroatom lone pair and from the mg;—x
bond, reflect the experimentally observed ionizations fairly
well for all the heterosilenes investigated. This experimental
and theoretical data set enables the differences in electronic
structure between related Si=X and C=X compounds to
be specified. The IPs of directly comparable molecules are
collected together in Table 1.

Table 1. Experimental IPs [eV] for heteroalkenes and heterosilenes

RIR2Y=X(R?) ny Tyx
Me,C=NMe 9.2 10.2
H,C=NMe 9.9 11.4
H,C=NSiMe,H 9.1 10.7
Me,Si=NMe (26) 7.9 8.3
Me,Si=NrBu (22) 74 7.4
Me,Si=NSiMe,H (11) 7.6 8.3
MeHC=PH 10.35 9.75
H,C=PMe 9.97 9.69
Me,Si=P7Bu (32) 8.2 7.0
Me>C=$ 8.6 10.46
Me,Si=S$ (37) 8.6 9.6

As an example, we observed — between trimethylmethan-
imineB!! and the corresponding silanimine 26 — a destabil-
ization in energy of ca. 1 eV for the ionization of the nitro-
gen lone pair (sp?), and of nearly 2 eV for that of the &
double bond. These differences can be interpreted as a
stronger p character in the silanimine nitrogen lone pair
and a more diffuse 2pn—3pn overlapping of the m system.

Also interesting is the substitution effect contributed by
an SiHMe, group on the Si=N backbone, compared to a
methyl group. In the case of imines, the energetically strong
Tc—n bond and nitrogen lone pair are destabilized, because
of the hyperconjugation effect with the ogjc groups.> On
the other hand, in spite of the linearization of the Si=N
backbone by the dimethylsilyl group, very close IPs were
observed for silanimines 11 and 26. This can be explained
by a strong negative hyperconjugation effect acting on both
the o and & systems. It thus appears that N-substitution by
an SiHMe, group can provide an interesting way to pro-
duce stabilized silanimines; not only sterically, but also elec-
tronically by negative hyperconjugation ny — o¥*gic and
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Tgi—Nn — ¥ gc. The same should also be true for the Si=
P compounds.

When compared to propanethione,? dimethylsilane-
thione (37) showed the ionizations of the sulfur lone pair,
which possess a pure p character, at the same energy, to-
gether with a weak destabilization (less than 1 eV) for the
n double bond ionization.

The ionization order is inverted in the case of compounds
with phosphorus double bonds. The s character of the
phosphorus lone pair is quite strong in phosphaethene, with
an angle of 95° at the phosphorus atom, and the ionization
of the m electrons is energetically lower than that of the
phosphorus lone pair.>31 We observed the same behaviour
for phosphasilene 32, with a stabilization of the lone pair
ionization by 0.8 eV and a slight destabilization of the «
double bond, relative to silanimine 22.

Although lacking data on identically substituted systems,
a comparison of the Si=P relative to C=P moieties clearly
showed, as for the Si=N/C=N counterparts, the destabil-
ization of the m ionization.

The high reactivity of the low-coordinated silicon species
originates in the m system. We observed, relative to the car-
bon counterparts, a similar destabilization for the mg;—n and
Tgi—p 1onizations. The ng;—g bond ionization is less destabil-
ized, relative to the mc-—g one, and energetically the highest.

The energy of the m bond has been estimated® at the
MP4(SDTQ) 6—31(d) level for the three parent compounds
H,Si=NH (37.0 kcal'mol™"), H,Si=PH (29.7 kcal'mol™!)
and H,Si=S (43.6 kcal'mol~!), and we found the same or-
der from the values observed for the ionizations associated
with the ejection of a m bond electron. The authors®* pro-
posed a correlation between the © bond energy and the elec-
tronegativity of the X atom (P: 2.1, S: 2.5, N: 3.0).

While the m bond energies of the corresponding het-
eroalkenes (H,C=PH; 49.4 kcal'mol™!, H,C=S; 55.7
kcal'mol™!, H,C=NH; 80.8 kcal'‘mol~!) well fit the above
correlation, and also that with the orbital overlapping
Bprp—2pnc < 3png—2pnc << 2pnN—2pTe), it is only by
taking both these factors into account that it becomes pos-
sible, in the case of heterosilenes, to explain the higher en-
ergy of the m(Si=S) bond relative to the n(Si=N) one, the
3pnsi—3pns overlapping being more efficient than that of
3pmsi—2pTiN-

This competition between electronegativity and overlap-
ping is shown by the m charges calculated for the three cor-
responding, methyl-substituted compounds (Scheme 11).

Mg Me\
+0.199 Si—=p_-0.219 +0.417 Si——§ - 0.451
/ AN s/
Me Me Me
Me
N
+0.299 Si—N_-0.296
Ve N\
Me Me
Scheme 11

In fact, the above three silicon © systems are kinetically
very reactive towards cyclodimerization, especially in the
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case of silanethiones, which have been experimentally char-
acterized only by their cyclic dimers. The strong thermo-
dynamic stability of the cyclodithiadisiletane ring, which,
unlike its cyclodisiladiazane and cyclodiphosphadisiletane
counterparts, does not form the monomer at high temper-
ature, is presumably responsible for this enhanced reactivity.

Concluding Remarks

Flash vacuum thermolysis, mainly used in short-path
conjunction with photoelectron spectrometry, allowed us to
characterize a number of nonstabilized, short-lived hetero-
silenes, in the gas phase and in real time. However, the po-
tential of this method approached its limits here, and sev-
eral goals remained unattained. Some reasons are now put
forward to explain these failures. The high temperatures re-
quired to effect the expected cleavages, especially when
starting from allylic or even propargylic silanamines, often
led to undesired competing reactions. In these cases, a more
efficient access to silanimines was provided by using azasila-
cyclobutanes or, preferably, cyclo-1,3-disila-2,4-diazanes, or,
in the phosphasilene series, the corresponding phosphasila-
cyclobutanes or cyclodiphosphadisiletanes. On the other
hand, dialkyl(propargylthio)silanes cleaved at reasonable
temperatures and underwent only the expected retro-ene re-
action, leading to silanethiones and their cyclic dimers. The
extremely short lifetimes of R,Si=NH and R,Si=PH, as
well as the specific thermal instability of H,Si=NH and
H,Si=S, constituted a more definitive limitation to the
FVT method employed here, and precluded any character-
ization of these last-mentioned heterosilenes.
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