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Abstract

The synthesis, isolation, spectroscopic characterization (IR, multi-nuclear NMR) and single-crystal X-ray diffraction analysis of
FSi(PH,); (1a), the first isolable fluorophosphanylsilane, is reported along with the gas phase decomposition of 1a, MeSi(PH,); (1b)
and EtSi(PH,); (1¢) under flash vacuum or pulsed pyrolysis conditions and matrix isolation of the products. The title compound is
formed quantitatively by PH,/F-ligand exchange reaction of tetraphosphanylsilane Si(PH,); with the difluorodiarylstannane
Is,SnF, (Is = 2,4,6-triisopropylphenyl) in the molar ratio of 1:1 in benzene as solvent. Since 1a cannot be separated from the solvent
by fractional condensation its isolation was achieved by means of preparative GC. A single crystal of 1a (triclinic, P1) suitable for
X-ray diffraction analysis was grown by in situ crystallization on a diffractometer at 175 K through miniaturized zone melting with
focused infra-red radiation. Interestingly, the Si atom is remarkably distorted tetrahedral coordinated with F—Si—P angles of
120.4(7), 110.4(7), 106.3(1)° and normal Si—F (1.60(2) A) and Si—P distances (av. 2.241(2) A). According to ab initio (MP2/6-
31G(d,p); MP2/6-311G(2d,p)) and DFT calculations (BLYP, B3LYP, B3PW91 functionals), the distortion is not an intrinsic
property of the molecule but due to crystal packing forces. The best agreement between the experimental versus calculated
geometrical and vibrational data is achieved at the B3PW91/6-311G(2d,p) level of theory. Since la—c appeared as potential
precursors for the respective silylidyne—phosphanes (‘silaphospha—acetylene’) RSiP through stepwise extrusion of PHj, some
thermodynamical data for the decomposition and the relative energies of linear RSiP versus bent :SiPR isomers (R = H, Me, Et, Pr,
Ph, CF;, OMe, halogen and SiH3) were also calculated. The latter revealed that electronegative substituents R favor the Si—P triple
bond in RSiP (except for R = CF3 which stabilizes the :SiPR form) while strong -donating substituents R (H, SiH3) favor the :SiPR
isomer with Si=P double bond. Although elimination of PH3 and other fragmentation products could be detected by controlled
thermal decomposition and matrix isolation, neither flash vacuum experiments of 1a, 1b and 1c¢ (400—600 °C) nor pulsed pyrolyses
of 1a at (1100 °C) did provide any direct evidence for the formation of the desired species with Si—P multiple bonds.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction progress. Nowadays even inert compounds containing
Si=E double bonds (E =main-group elements) [1] are

During the last 20 years, the chemistry of low- no longer laboratory curiosities but common versatile
coordinated heavier main-group elements (e.g. Si, Ge, starting materials for the synthesis of a large variety of
Sn, P, As, Sb, Bi) has experienced a tremendous novel classes of silicon-heteroatom compounds. For

example, we have shown that the synthesis of chemically
inert Si=P and Si=As compounds (silylidene—phos-
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silicon and their stabilization is drastically increased
with triorganosilyl groups at phosphorus and arsenic
[1c,2]. One of the present challenges and efforts in main-
group chemistry is the synthesis of compounds contain-
ing silicon-element triple bonds, so-called silylidynes [3].
However, the synthesis of compounds with the compo-
sition R,SiE (E =group 14 element) is particularly
delicate because they can exist in the form of several
isomers with non-classical geometries (Scheme 1) [4].
Thus, the alkyne-analogues A with Si—C and Si—Si
triple bonds are calculated to prefer a non-linear RSiER
arrangement due to the reluctance of silicon to undergo
sp-hybridization.

Interestingly, the bridged structure B for H,Si, has
been confirmed by microwave spectroscopy [5]. Fortu-
nately, substituent effects seem to direct the stabilities of
A, B and C. Thus, strong electronegative (halogen,
alkoxy) ligands or steric congestion at silicon favor the
form A on the energy potential surface. Recently,
Schwarz et al. have proven indirectly the formation of
the alkylidyne—silane XSiCH (X =F, Cl) in the gas
phase [6], while spectacular results by Wiberg et al.
revealed evidence for the existence of the first inert
disilyne with a Si-Si triple bond (form A) [7]. It is
further expected that isovalence electronic compounds
of the type RSiE (Silylidyne—amines, —phosphanes, and
—arsanes) can also exist in different valence isomeric
forms (Scheme 2).

Because of the different electronegativity of nitrogen
and phosphorus, the situation for the equilibrium in the
cases of silylidyne—amines D (azyne-silane, ‘silacya-
nide’)/E (imino-silylidene, ‘silaisocyanide’) [8] and
silylidyne—phosphanes F  (silylidyne—phosphane)/G
(silylidene—phosphylidene) [9] is strongly substituent-
dependent. While the parent silylidyne—amine D and the
silaisocyanide:SiNPh (form E) could be detected by
matrix isolation spectroscopy [10] and photoelectron
spectroscopy [11], silylidyne—phosphanes are hitherto
unknown. We are currently investigating suitable meth-
ods for the synthesis of silylidyne—phosphanes. Since
phosphanylsilanes are thermally labile and evolve PH3,
it seemed tempting to use triphosphanylsilanes (1) as
potential precursors for the thermal synthesis of
silylidyne—phosphanes via flash vaccum pyrolysis
(FVP) or related techniques, according to Scheme 3.

R
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A: E = Group 14 element
R = H, halogen, alkoxy,
silyl, alkyl, aryl

Scheme 1. Different valence-isomers of R,SiE.
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Scheme 2. Valence-isomers of RSiN and RSiP compounds.
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Scheme 3. Proposed decomposition of 1a, 1b, 1c to F and G.

We present here the synthesis and structure of the
fluoro(triphosphanyl)silane (1a) and results on the
pyrolyses of the triphosphanylsilanes (1a—1c). Further-
more we report the energy barriers for the decomposi-
tion of la—1c¢ to the desired compounds bearing Si—P
double and triple bonds and calculations on the relative
stabilities of the expected RSiP isomers F and G.

2. Experimental

2.1. General procedures

All manipulations with reagents, synthesis and spec-
troscopic measurements were carried out under anaero-
bic conditions in an Ar atmosphere. Solvents were
purified by conventional methods and stored under an
Ar atmosphere. The starting materials Is,SnF, [12] and
RSi(PH,); (R =PH, [13], Me (1b), Et (1c) [14]) were
prepared according to the literature.

2.2. Physical measurements

'"H-NMR (250 MHz), "F-NMR (235.2 MHz), *'P-
NMR (101.2 MHz) and *’Si-NMR (99.4 MHz) spectra
were recorded in a Bruker DPX 250 and DPX 400
advance spectrometer at room temperature (r.t.) in
C¢Dg. Chemical shifts (0) are given relative to external
standards ("H, #°Si: SiMe,; *'P: 85% aq. H3;POy; 9E.
CFCly). El-mass spectra (70 eV) were recorded in a
Varian MATCH7 and in a HP GC-MS spectrometer.
IR spectra were recorded in a Bruker IFS66 spectro-
meter.
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2.3. Synthesis and isolation of
fluoro(triphosphanyl )silane (l1a)

A sample of 6.50 mmol (1.04 g) of Si(PH,); was
condensed to a frozen and degassed solution of 6.50
mmol (3.65 g) of Is,SnF, in ca. 10 ml benzene at —
196 °C. The reaction mixture was allowed to warm up to
r.t. and stirred for 48 h. *'P-NMR monitoring of
reaction progress showed that the desired product was
formed quantitatively as the only fluoro(phosphanyl)si-
lane derivative. Fractional condensation at r.t. under
normal pressure or in vacuo (10~ torr) into a cooling
trap (— 196 °C) furnished only mixtures of 1a (max. ca.
60%) and benzene. Isolation of la for in situ crystal-
lization and matrix experiments was achieved by pre-
parative GC under the following conditions: column
length: 1 m; diameter: 10 mm; stationary phase: SE 52
with 20% occupancy; column temperature: 60 °C; injec-
tion and detection temperature: 80 °C; carrier gas: He;
flow-rate 200 ml min~'; separation volume: 200 pl;
temperature of the trap for collection of 1a: — 50 °C.
Yield from 1 ml of the benzene solution: 5 mg (0.034
mmol). Compound 1a is a colorless liquid at r.t. and
extremely air- and moisture sensitive; m.p. ca. — 89 °C.
'"H-NMR: 6 =1.77 (md, PH). *'P-NMR: 6 = —216.1
(mt, 'J(P, H) = 188.8 Hz, J(P, P) =2.7 Hz, *J(P, H) =
3.8 Hz, *J(H, H)=0.6 Hz). Si-NMR: § =50.1 (sep.
qd, 'J(Si, F)=381.3 Hz), 'J(Si, P)=48.6 Hz, *J(Si,
H)=7.8 Hz). YF-NMR: 6= —142.8 (sep. q, >J(P,
F) =25.9 Hz, *J(F, H) = 9.4 Hz). EIMS; m/z (%): 146
(M] 7, 60), 127 (M —F]*, 2), 113 ((M —PH,] ", 100),
81 (SiFPH5", 7), 63 (SiPH,", 37), 47 (SiF *, 100). FT-IR
(Ar matrix, —218°C) [em ~']: v=2326 (m), 2318 (s),
2315 (m), 2311 (m), 2311 (m), 2308 (m), 1061 (m), 1057
(m), 856 (s), 853 (vs), 851 (s), 709 (w), 606 (m), 602 (w),
499 (w), 496 (s), 493 (s), 491 (s), 489 (vs), 487 (s), 485 (s);
see also Table 1.

2.4. X-ray crystal structure analysis of la

A single crystal of 1a was formed in a capillary tube
with a diameter of 0.3 mm on a four-circle diffract-
ometer at 175 K by miniaturized zone melting with
focused infra-red radiation [15]. Compound 1a: formula:
HeFP5Si, triclinic, space group P1, a =6.6194 (16), b =
7.0328 (16), ¢=9.0422) A, «=104.180(18), f=
98.332(19), y=117.724(16)°, V =344.62(14)A3, Z =2,
p=1407¢g cm 3, @nax = 32°; of 2834 measured reflec-
tions, 2307 were independent (Rpyere = 0.0328) and 2117
observed (I > 20 (I)). The intensities were measured on a
Nicolet R3m/V four-circle diffractometer (Mo-K,, ra-
diation, 2=0.71073 A, o scan, T=123 K). The
structure was solved by direct methods [16], and refined
with all measured reflections against F* [16]. The
fluorine atom F1 and phosphorus atom P1 are dis-
ordered over two sites with occupancies 0.5 together

Table 1
IR spectroscopic data for FSi(PH,); (1a)

Argon, 10 K DFT (B3PWO91/6-311G(2d,p)) Assignment ©
v(em™Y) I* No. v (cm ™Y 1?
2326.1 19 27 2400 74 P-H str
2318.3 54 26 2396 27 P—H str
2315.1 6 25 2394 25 P-H str
2311.3 7 24 2387 28 P—H str
2307.7 2 23 2386 19 P-H str
22 2382 18 P—H str
1060.5 7 21 1095 22 HPH bend
1057.2 41 20 1094 22 HPH bend
19 1088 14 HPH bend
855.5 10 18 853 100 Si—F str
852.8 73
850.7 5
708.9 22 17 716 33 HPH twist
16 714 38 HPH twist
15 712 38 HPH twist
498.8 5
495.6 16
493.2 27 11 480 70 Si—P str
488.8 100 10 479 70 Si—P str
484.7 14

# Relative intensity based on the strongest peak.
® The assignment of the experimental and calculated IR absorption
is based on peak position and peak intensities.

with the riding hydrogen atoms H(1A, 1B, 2A, 2B). The
Si, P and F atoms were refined anisotropically, and the
H atom positions were determined from the difference
Fourier maps and refined as riding groups on idealized
geometries with the 1.2-fold isotropic displacement
parameter of the equivalent Uj; of the corresponding P
atom; however the H atoms have little significance due
to their disorder character. R; =0.0461, wR, =0.1177
(all data), 74 parameter.

2.5. Pyrolyses

Flash vacuum pyrolyses (FVP) were carried out by
evaporating the sample and passing it through a 7 cm
quartz tube which was heated electrically by a tantalum
wire. Mass spectra were measured with a VG Quadru-
poles SXP Elite spectrometer. The primary ionization
energy was usually set to 20 eV for FVP experiments to
minimize secondary fragmentations caused by the ion
source.

The pulsed deposition unit, built similar to Chen and
coworker’s [17] and Maier et al.’s [18] description, was
described previously [19]. The gas mixtures (500—1000
mbar) were prepared in a 1000 ml glass vessel which was
directly connected to the pulse valve. The ratio of the
gas mixture (argon/sample) was varied from 1:125 to
1:1000 and the pulse duration from 0.5 to 5 ms
(frequency of 1 Hz) in order to optimize the experi-
mental conditions. The temperature of the heating zone
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was measured by using a Leeds & Northrup optical
pyrometer.

2.6. Matrix isolation spectroscopy

Matrix isolation experiments were performed by
standard techniques [20] with an APD CSW-202 Displex
closed cycle helium cryostat. Matrices were produced by
co-deposition of the compound or the trapped species
with a large excess of argon (Messer-Griesheim,
99.9999%) onto a cold CslI window at a rate of ca.
0.15 mmol min~'. To obtain optically clear matrices,
the spectroscopic window was retained at 30 K during
deposition and subsequently cooled to 10 K. FVP and
pulsed pyrolysis experiments were carried out without
additional heating of the spectroscopic window (tem-
perature range between 13 and 18 K).

Matrix infrared spectra were recorded by using either
a Bruker IFS66 FTIR or an Equinox 55 FTIR spectro-
meter with a standard resolution of 0.5 cm ™' in the
range 400—4000 cm !, Irradiations were carried out
using Osram HBO 500 W/2 mercury high-pressure arc
lamps in Oriel housings equipped with quartz optics. IR
irradiation from the lamps was absorbed by a 10 cm
path of water. For wavelength selection dichronic
mirrors (‘cold mirrors’) in combination with Schott
cutoff filters (50% transmission at the wavelength
specified) were used.

3. Calculations

The ab initio and density functional theory calcula-
tions were carried out using the GAUSSIAN-98 suite of
programs [21] on a Silicon Graphics Origin 2000 and
standard PC’s. Geometry optimizations were performed
at the MP2, BLYP, B3LYP and B3PWO91 level of theory
[22] with a variety of basis sets ranging from 6-31G(d,p)
to 6-311G(2d,p) and 6-311G(3df, 3pd) [23a]. Addition-
ally Dunning’s cc-pVTZ basis set [23b—d] was used to
verify the previous results. All stationary points (minima
or transition states) were characterized by performing
frequency calculations which were also used by the
standard statistical thermodynamic methods to estimate
zero-point energies, reaction enthalpies, entropies and
gibbs energies.

4. Results and discussions
4.1. Synthesis and structure of FSi(PH»); (la)

While the parent triphosphanylsilane, HSi(PH,);, is
known since 1970 [24], the first organo-substituted

derivatives of the type RSi(PH,); were prepared in
1989 [14]. It appeared that the method of salt-metathesis

reaction is most favorable for the transfer of a phos-
phanyl group to a silicon atom, which can be achieved
by reaction of halosilanes with phosphanides of the type
MPH, (M =alkali metal) [23,24]. However, the ionic
and strong basic MPH, compounds are not generally
suitable for multiple phosphanylation of a silicon atom.
Because of the high reactivity of the PH, group against
bases, two and threefold phosphanylation of halosilanes
succeeds only by using relatively mild PH,-transfer
reagents, which, as in the case of LiAl(PH,),, possesses
covalent M—P bonds. Recently, we have shown that
SiCly; can be converted to Si(PH,); in high yield
employing Al-PH, substituted aluminum phosphanides
[13,25]. In contrast, mixed-substituted halogen(pho-
sphanyl)silanes were until now only accessible as the
monophosphanylsilanes of the type X;_,SiR,PH,
(R =H, Me; X =halogen; n =0-2) [26]. Since previous
reported attempts to synthesize the desired title com-
pound FSi(PH,); (1a) from FSiX; (X =F, Cl, Br) and
different aluminum phosphanides failed, we developed a
method to synthesize 1a starting from Si(PH,), and mild
fluoride-transfer reagents in analogy to the preparation
of alkoxy(phosphanyl)silanes [13b]. HF, Me;SnF and
Is,SnF, (Is =2,4,6-triisopropylphenyl) were employed
as fluoride-donators. It appeared that the reaction of
Si(PH,), with HF furnishes SiF4, PH; and only traces of
1a, while its conversion with Me;SnF gives unidentified
mixtures of products. However, the desired metathesis
reaction occurs and can be controlled by using the
difluorostannane Is,SnF,, which reacts with Si(PH»)4 in
the molar ratio of 1:1 (Scheme 4).

Remarkably, the solvent polarity seems to have a
tremendous influence on the product distribution. While
in etherical solvents (THF, Et,O etc.) a complex mixture
of unidentified products is formed, a mixture of the
different fluorosilanes F,Si(PH,)4_, with n=1-4 re-
sults in aliphatic hydrocarbons. However, employing
aromatic solvents leads solely to the desired product 1a.
During the F/PH, ligand exchange, the difluorostan-
nane is completely converted to the respective dipho-
sphanylstannane Is,Sn(PH»),, which could also be
isolated and structurally characterized but this will be
reported elsewhere [27]. Since 1a could not be separated
from the aromatic solvent by fractional condensation we
performed its isolation by means of preparative GC in
low yield. 1a is a very volatile, colorless liquid which is
extremely sensitive towards air and moisture. In contrast
to CISi(PH,); [13b], 1a shows at room temperature no

, CeH,
Si(PH), + Is,SnF, —= FSi(PH,), + Is,Sn(F)PH,

Is = 2,4,6-iPr,C¢H, 1a

2 FSi(PH,); —=#<— F,Si(PH,), + Si(PH,),

Scheme 4. Synthesis of 1a.
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tendency to dismutation under formation of mixed
fluoro(phosphanyl)silanes and Si(PH,); (Scheme 4),
due to the high stability of the Si—F (553 kJ mol ')
[28a] versus Si—Cl bond (456 kJ mol ~') [28b]. 1a was
characterized by means of multi-NMR and IR spectro-
scopy and mass spectrometry, respectively. Its 'H-NMR
spectrum shows a doublet of multiplets of higher order
at 6 = 1.77, and the *'P-NMR spectrum (Fig. 1) a triplet
of doublets of a complex multiplet with *’Si-satellites as
expected at high field (0 = —216.1), which represents
the M part of a [A,M];DX spin system (X =2°Si,
M =3P, A='H, D="F). Spectrum simulation of
the latter [29] revealed the respective coupling constants
(see Ch. 2.3).

The ?°Si-NMR spectrum (Fig. 2) shows, as expected,
a septet of a quartet of doublets at ¢ =50.1 with
inconspicuous values of 'J(Si, F)=381.3 Hz, 'J(Si,
P)=48.6 Hz, and 2J(Si, H)=7.8 Hz, while its °F-
NMR spectrum represents a septet of a quartet at ¢ =
—142.8 with 2J(F, P)=25.9, *J(F, H)=9.4 Hz and
Si-satellites (Fig. 3).

The IR spectrum of 1a was measured in an Ar matrix
at 10 K (Fig. 4) and calculated by different levels of
theories and basis sets [21-23]. The P-H and Si-P
vibrations (Table 1), which were assigned by means of
DFT calculations (best agreement with the B3PWO91
level of theory) [22¢], are almost identical with the values
of Si(PH,), [30] and related compounds [31]. The wave-
numbers at 7#=851-856 cm ! can be assigned to Si—F
streching vibrations and have similar values as those
observed for other fluorosilanes (e.g., H3SiF: #(Si—F) =
892 cm 1) [32].

hh

(a)

| ui W

(a)

‘54 52 50 48 = 46
(b) ~—3

Fig. 2. (a) ¥Si{'H}-NMR spectrum of 1a; (b) ?Si-NMR spectrum of
la.

Furthermore, the molecular structure of la was
established by an single-crystal X-ray diffraction analy-
sis (Fig. 5). A single crystal was grown in a capillary tube
on a four-cricle diffractometer at — 98 °C (see Section
2.4). Compound 1a crystallizes triclinic in the space
group P1 with two molecules in the unit cell. The F, Si
and P atoms are anisotropic, the positions of the H
atoms were determined from a difference Fourier map.
The F1 and P(1,2) atoms are disordered over two sides
with occupancies 0.5 together with the riding H atoms at

AA

212 213

(b)

214

-215 -216

S

Fig. 1. (a) Simulated and (b) observed *'"P-NMR spectrum of 1a.
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Fig. 3. YF-NMR spectra of 1a.
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Fig. 4. Bottom (a): IR spectrum (in absorbance) of fluoro(tripho-
sphanyl)silane (1a), matrix-isolated in Ar at 10 K. Bands marked with
X are due to unidentified impurities. Top (b): IR spectrum of 1la,
calculated at the B3PW91/6-311G(2d,p) level of theory.

phosphorus H(1A, 1B, 2A, 2B). The Si atom is
remarkably distorted tetrahedral coordinated with the
F1-Si1-P2 angle of 120.4(7)°. The average Si—P
distance of 2.241(2) A is almost identical with that value
in Si(PH,)4 (2.240(1) A) [13a], and the Si—F distance of
1.60(2) Ais only marginal different from the values in
other fluorosilanes (e.g. ‘Bu,Si(F)OH: d (Si—F) =1.57
A) [33].

Several ab initio and DFT calculations of 1a were also
performed in order to evaluate the influence of different
level of theory and basis sets on geometrical parameters.

— ~FT

Fig. 5. Solid state structure of FSi(PH,); 1a.

Different rotamers of 1a were taken into consideration
but for all theoretical methods only one minimum
structure was located. Selected experimental and calcu-
lated data are summarized in Table 2. The latter results
support that the unusual distortion around the Si atom
(F-Si—P2 120.4(7)°) is not an intrinsic property of the
molecule but due to crystal packing forces. It appeared
that the most agreement between experimental and
calculated geometry and vibrational data (Fig. 4, Table
1) is achieved by using the B3PW91 functional [22¢].

4.2. Thermodynamics for the decomposition of
RSi(PH,); derivatives 1a, 1b, 1¢

Thermodynamical data of the decomposition of 1a,
1b and 1c¢ were calculated on the B3LYP/6-311G(2d,p)
level of theory to appreciate the applicability of these
compounds as suitable precursors for silylidyne-phos-
phanes. The reaction enthalpies and Gibbs energies for
the formal fragmentation of the investigated RSi(PH»);
derivatives into the corresponding Si-P double and triple
bond compounds at 298 and 1275 K are summarized in
Table 3. The latter temperature corresponds to the
lowest thermal conditions of typical pulsed flash pyr-
olyses [17].

At room temperature all reactions forming multiple
bond Si—P systems are calculated to be endothermic,
while AH, is much larger for the triple bond compounds
than for the corresponding silylidene—phosphanes. The
thermodynamics of the two organo-substituted deriva-
tives do not show any significant differences, whereas
the cleavage of 1a into two molecules phosphane and
FSi=P leads to the highest reaction enthalpy. The Gibbs
energies of these reactions are calculated to be also
strongly positive indicating that RSi(PH,); seems to be
unsuitable for generation of the desired intermediates
under normal conditions. While the influence of the
temperature on the calculated reaction enthalpies is
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Table 2
Selected experimental and calculated distances (A) and angles (°) for FSi(PH,); (1a)
d (Si-P) d (Si-F) F-Si-P P-Si-P

110.4(7) [P(1)] 102.54(8) [P(1), P(2)]
Experimental av. 2.241(2) 1.60(2) 120.4(7) [P(2)] 107.70(7) [P(1), P(3)]

106.3(1) [P(3)] 108.91(6) [P(2), P(3)]
MP2/6-31G(d,p) 2.250 1.632 106.4 112.3
MP2/6-311G(2d,p) 2.264 1.614 106.6 112.2
BLYP/6-31G(d,p) 2.303 1.644 105.9 112.8
BLYP/6-311G(2d,p) 2.300 1.638 105.2 113.4
BLYP/cc-pVTZ 2.301 1.646 105.2 113.4
B3LYP/6-31G(d,p) 2.278 1.628 106.0 112.7
B3LYP/6-311G(2d,p) 2.278 1.620 105.6 113.1
B3LYP/6-311G(3df,3pd) 2.269 1.619 105.4 113.2
B3LYP/cc-pVTZ 2.278 1.627 105.4 113.2
B3PW91/6-31G(d,p) 2.266 1.626 106.3 112.5
B3PW91/6-311G(2d,p) * 2.264 1.617 105.9 112.8
B3PWO9l/cc-pVTZ 2.266 1.623 105.8 112.9

% Best agreement with experimental data (molecular structure and IR).

Table 3

Reaction enthalpies and Gibbs energies (in kcal mol™') for the
evolution of PHj; from the triphosphanylsilanes la, 1b and 1lc
calculated at the B3LYP/6-311G(2d,p) level of theory

AH, AG,

208 K 1275K 298 K 1275K
cis-F(PH,)Si=PH 31.72 28.06 21.62 —8.44
trans-F(PH,)Si=PH 32.29 28.67 22.17 —8.03
FSi=P 80.60* 73.95* 61.09° 2.69 ¢
cis-Me(PH,)Si=PH 29.83 26.22 19.30 —12.23
trans-Me(PH,)Si=PH 30.26 26.67 19.75 —11.76
MeSi=P 67.84% 6029 47.29% —13.74%
cis-Et(PH,)Si=PH 29.55 25.90 18.92 —12.90
trans-Et(PH,)Si=PH 29.99 26.34 19.50 —11.84
EtSi=P 66.82% 59.23* 4621* —1500*

& Cleavage of two molecules PHj.

negligibly small, the values of AG, decrease strongly,
especially for the silylidyne—phosphanes, at 1275 K, and
the reactions are predicted to be even exergonic. Only
the generation of FSi=P is still slightly endergonic, but is
expected to become also negative at temperatures above
1000 °C. Accordingly, from the thermodynamical view-
point the Si—P multiple bond intermediates should be
accessible from the precursors la, 1b and 1c at high
temperatures.

4.3. Relative energies of RSiP isomers

The structures and relative energies of the isomers F,
G and the corresponding transition states with fluoro,
methyl, ethyl and further substituents are calculated
using B3LYP/6-311G(2d,p)+ZPE theory. The received
results are in good agreement with calculations on the

RSiP potential surface (R =first row substituents) by
Lai et al. [34]. Linear geometries are located for all RSiP
derivatives with Si=P triple bonds showing only very
slight differences in their bond length (1.961+0.005 A).
However, the isomeric silylidene—phosphylidenes are
predicted to be nonlinear and differ strongly in their
geometrical parameters depending on the substituent R
(Fig. 6). For instance, SiPF shows a bridged structure
with a Si—P distance of 2.124 A and a Si—P—F angle of
54.2°, whereas the phenyl substituted species is calcu-
lated to have values of 2.056 A and 128.6° and thus
clearly possesses Si—P double bond character.

In accordance with theoretical results of RSi=N
isomers [8] the relative stabilities of F versus G roughly
correlate with the electronegativity of substituent R
(Table 4). The parent system was already investigated on
the MP3/6-31G(d)//RHF/3-21G(d) and G2 level of
theory, and the hydrogen-bridged isomer was found to
be more stable by 9.4 and 10.4 kcal mol~! than the
HSi=P triple bond species, respectively [9].

The DFT calculations are in nice agreement with the
previous values and predict a further stabilization of G
relative to F if hydrogen is replaced by a o-donor
substituent like SiH;. Organic groups on the SiP moiety
lead to a slight energetically advantage of the linear
structure, even MeSi=P is 4.6 kcal mol~' lower in
energy than its isomer. As expected, the experimentally
desired fluoro and methoxy substituted silylidyne—
phosphanes are calculated to be the most stable
compounds by —21.7 and —22.9 kcal mol ! relative
to their isomers reflecting the stronger dissociation
energies of Si—F and Si—O bonds, respectively. How-
ever, the stability of RSiP strongly decreases for R = Cl
and Br resulting in approximately identical energies of F
and G for the latter substituent. Surprisingly, the non-
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Fig. 6. Schematic presentation of energy profiles and structures for FSiP and CH;SiP isomers (F, TS and G) calculated at the B3LYP/6-311G(2d,p)

level of theory. Bond lengths and angles are given in A and degrees, respectively. Relative energies in kcal mol .

the bridged structure which clearly indicate stabilizing
interactions between these two atoms.
The calculated isomerization barriers show the largest

linear Si—P double bond compound is energetically
relative energies for R =F and OCHj; (27.6 and 32.6

favored for the electron withdrawing group CFj. This
effect can be explained by the elongated in-plane C—F
bond (1.44 A) and the short Si—F distance (2.27 A) of
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Table 4

Relative energies (in kcal mol ') of RSi=P (taken as zero) and :SiPR
isomers (AE) plus corresponding transition states (AE,) calculated at
the B3LYP/6-311G(2d,p) level of theory including zero point energy
ZPE

R AE AE,
a H —11.8 11.0
b CH; 4.6 23.4
Cc C2H5 2.4 22.1
d CsH; 2.1 22.1
e Ph 3.7 20.5
¢ CF, 99 16.0
h OCH; 22.9 32.6
i F 21.7 27.6
i Cl 4.8 19.7
k Br 0.3 16.9
1 SiH; —14.7 7.4

kcal mol ~ ). Therefore the electronically stabilized FSi=
P and H;COSi=P should be excellent candidates for
synthesis and characterization of Si=P triple bond
species.

4.4. Flash vacuum and pulsed pyrolyses

The thermal decay of precursors 1a, 1b and 1c was at
first experimentally investigated by flash vacuum pyr-
olysis (FVP) with mass spectroscopic identification of
the products. At temperatures between 400 and 600 °C
all three educts decompose almost completely. This was
monitored by the strongly decreasing molecule ion
peaks. Simultaneously, for ethyl-(triphosphanyl)silane
(1c¢) new intense fragments at m/e =2, 28, 34 and 62 are
growing in which can be undoubtedly assigned to
hydrogen, ethane, phosphane and P», respectively (Fig.

62

7). Additionally, diphosphane (m/e = 66) and P4 (m/e =
124) are detected as minor products. If the same
pyrolyses are performed with matrix-IR coupling the
obtained spectra agree excellently with the results from
mass spectroscopy.

Thermolyses of the compounds la and 1b result
basically in the formation of the same products. For
the methyl-substituted precursor traces of methyl radi-
cals are observed at the highest temperature instead of
ethane, while the fluoro derivative decomposes addi-
tionally into difluorosilylene (Scheme 5).

However, the FVP experiments of 1a, 1b and 1c¢ do
not provide any direct evidence for the generation of the
desired reactive intermediates, but clearly indicate that
these precursors thermally split off phosphanes, espe-
cially PH;, which is known to decompose into H,, P,
and P, on quarz surfaces above temperatures of 400 °C
[35]. Under the described experimental conditions labile
species with Si—P multiple bonds are either not formed
or too short-lived for their spectroscopic identification.
Furthermore, the thermolysis of the three triphospha-
nylsilane derivatives was investigated by using the
pulsed pyrolysis technique with matrix-IR coupling.
The main differences compared to FVP are shorter
contact times of the precursor molecules due to near-
sonic flow velocities through the length of the pyrolysis
tube and cooling of the products in the postpyrolysis

R—Si(PH,), F—\A/P— H,, PH,, P,, P,H,, P,y ...
la-1c la:R=F — :SiF,
1b: R=Me — < Me

1:R=FEt — C,H,

Scheme 5. Products from flash-vacuum pyrolysis of la—1lc.

»— 600
500
400 T/°C

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

m/e

Fig. 7. spectrometric analysis of the fragments generated by FVP of ethyl(triphosphanyl)silane (1¢) depending on the temperature (400—600 °C). The
growing peaks at m/e =28, 34 and 62 indicate the formation of C,H4, PH3 and P,, respectively.
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supersonic jet expansion [17]. Additionally, the thermal
energy is transferred by collisions with hot inert gas
molecules to the precursor, and thus secondary reactions
and wall effects are diminished. Under these experi-
mental conditions 1¢ decomposes almost quantitatively
at temperatures above 1200 °C. The absorptions in the
product IR spectrum are assigned as ethane, phosphane
and traces of silicon monoxide, and thus the ethyl-
substituted precursor seems to be subject to the same
thermolytic decay as in the FVP experiments.

Pulsed pyrolyses of fluoro(triphosphanyl)silane 1a
lead to its complete thermal decomposition at tempera-
tures above 1100 °C resulting in a set of new IR bands
(Fig. 8).

By comparison with IR data of the literature the main
absorptions can be assigned to SiFy, SiF,, SiO and HF.
However, HF was not detected in FVP experiments of
la.

Additionally the spectrum shows small amounts of
PH; and Si,0,. However, the two intense bands at 989
and 772 cm~ !, whose corresponding products are
thermally and photochemically stable under matrix
isolation conditions, remain hitherto unassigned. Ac-
cording to band position and intensity the former is in
good agreement with the calculated Si—F stretching
vibration of FSi=P on the B3LYP/6-311G(2d,p) level of
theory, but do probably not belong to a reactive
intermediate since the same absorption is also observed
after depositing samples of 1a without pyrolysis which
were allowed to stand overnight. Although the products
generated by pulsed pyrolysis of 1a partly differ from
the results of FVP experiments, once again no evidence
is found relating to the desired reactive intermediates. In
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contrast to 1a, the methyl-substituted derivative 1b does
not decompose quantitatively by pulsed pyrolysis even
at the highest temperature of 1400 °C. Apart from the
bands of 1b a typical IR spectrum shows PH;, SiO and
CH, as main products, and additionally intense absorp-
tions in the region of 950—850 and 750—650 cm ',
respectively. Smaller bands at 2150 and 1935 cm ™!
indicate that probably molecules containing Si—H bonds
are formed during the process of thermolysis. All
products of the pulsed pyrolysis are photochemically
stable, while a set of IR-absorptions (1935, 1439, 730—
680 cm ') strongly decreases after warming up the
matrix to 38 K for several hours. Thus, contrary to the
findings for la and 1c reactive intermediates might be
generated. If the experimental absorptions are compared
with calculated spectra (B3LYP/6-311G(d,p)) of poten-
tial candidates, the formation of most species, especially
CH;Si=P and HSi=P, cannot be ruled out, but also the
data do not allow definite assignments.

4.5. Conclusions

We prepared and isolated the first fluorophosphanyl-
silane 1a which is stable with regard to F/PH, dismuta-
tion processes. Although theoretical investigations
suggest that triphosphanylsilanes could be versatile
precursors for the synthesis of unsaturated Si—P com-
pounds, neither 1a nor the alkylsubstituted derivatives
1b, ¢ are suitable for the formation of a silylidyne—
phosphane or other unsaturated Si—P compounds unter
FVP or pulsed pyrolyses and matrix isolation condi-
tions. The decomposition experiments under controlled
thermal conditions suggest that the Si—P containing

d
T NN
\ ? —
/SI—P\
H,P b
c
¥ H,P Y
/S|=P '
F
Y b
SiF F—Si=P
Sio HF
3950
A a
1200 1100 1000 900 800 700 600 500

- v/cm?

Fig. 8. (a) IR spectrum of the products generated by pulsed pyrolysis ( ~ 1100 °C) of fluoro(triphosphanyl)silane (1a), matrix-isolated in Ar at 10 K;
(b) IR spectrum of fluorosilylidyne—phosphane, calculated with B3LYP/6-311G(2d,p); (c) calculated IR spectrum of the corresponding trans-

silylidene—phosphane; (d) calculated IR spectrum of the cis-isomer.
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products, if they are formed, are highly reactive inter-
mediates which may undergo conversion on the glass
wall to SiO and SiF,. Apparently, alternative precursors
are necessary in order to synthesis a silylidyne—phos-
phane RSi=P with R =CI or F at silicon under less
drastic thermal decomposition conditions. Correspond-
ing investigations for the synthesis of other suitable Si—
P precursors are in progress.

5. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Fachinformationszentrum
Karlsruhe, CSD no. 413092. Copies of this information
may be obtained free of charge from Fachinformations-
zentrum Karlsruhe, D-76344 Eggenstein-Leopoldsha-
fen, Germany (Fax: +49-7247-808666; e-mail:
crysdata@fiz-karlsruhe.de).
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