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This study examines a variety of compounds containing silicon-phosphorus multiple bonds as well as a
selection of hydrogen-bridged species, including a doubly bridged structure. The structures of 29 minima and
37 transition states of the form Si2PHn (n ) 7, 5, 3, 1) have been optimized at the MP2(full)/6-31G(d) level
of theory; a representative subset was also optimized at the QCISD/6-311G(d,p) level. Relative energies
were computed using a modification of the G2 level of theory. The stability of these compounds was
investigated with respect to both unimolecular rearrangement and H2 addition/elimination. Barrier heights for
1-2 and 1-3 H-shifts and for H2 addition/elimination span wide ranges and are dependent on the nature of
the bonding. Structures that contain true silicon-phosphorus double bonds are particularly stable with respect
to unimolecular rearrangement.

Introduction

Interest in silicon-phosphorus chemistry has grown signifi-
cantly in recent years. Nevertheless, much less is known
experimentally about the structure and reactivity of Si-P bonds
than other aspects of silicon chemistry.1 A number of interesting
Si-P analogues of hydrocarbon structures have been prepared,
including cyclobutane,2 bicyclobutane,3 spiropentane,4 hex-
ane,5 norbornane,6 adamantane,7 and cubane.8 Compounds with
SidP double bonds are very reactive and can dimerize readi-
ly.9,10 However, with bulky substituents, SidP double bonded
species can be stabilized sufficiently to permit spectroscopic
characterization11 and X-ray crystal structure analysis.11-13 A
computational study of the isomerization and unimolecular
decomposition of Si-P-H systems would directly aid our
understanding of Si-P compounds in inorganic chemistry.

Questions of silicon-phosphorus bonding also arise in the
manufacture of electronic devices. Phosphorus-doped silicon is
one of the principal n-type materials used for MOS gates in
semiconductors. It can be formed by diffusion of dopants into
the solid or by in situ doping using chemical vapor deposition
(CVD) with a mixture of silane and phosphine.14 However, some
difficulties arise because phosphine tends to passivate the surface
even at low concentrations,15 resulting in a reduction of the
deposition rate. This effect is much less severe when disilane
is used as the silicon source. It has been suggested by Ahmed
et al.14 that this is due to the stronger adsorption of disilane to
the surface. An alternative explanation is that silylene, produced
along with silane in the decomposition of disilane, can adsorb
to the surface with a sticking probability competitive with that
of phosphine.14,16 In the gas phase, silylene can easily insert
into a phosphine PH bond, with a computed barrier height of
less than 2 kcal/mol.17,18The product of this reaction, silylphos-
phine, has been observed experimentally in the pyrolysis of a
phosphine/disilane mixture.19 Thus the present theoretical study
on Si-P bonding and reactivity could also contribute to our
understanding of the gas-phase reactions in the CVD of
phosphorus-doped silicon.

Early calculations by Gordon and co-workers18 examined
SiPH5, SiPH3, and SiPH as prototypes of single, double, and
triple SiP bonds. Cowley and collaborators20 studied various
isomers of SiPH3 to explore the stability of SidP double bonds.
Schleyer and Kost21 calculated the bond energy of H2SidPH
in a comparison of double-bond energies of second-row
elements with carbon and silicon. Raghavachari et al.17 inves-
tigated the insertion of silylene into various species, including
PH3. Mains et al.22 examined the 1,1-elimination of H2 from
H3SiPH2 to form HSidPH2. A number of authors23 have
calculated ring strain energies of heterosubstituted cyclopolysi-
lanes and have noted that cyclic SiH2SiH2PH and other
monosubstituted three-membered polysilane rings have unusu-
ally short Si-Si bonds. Nyula´szi et al.24 have calculated HSiPH2
and H2SiPH in connection with a study of substituent effects
on the stability of silylenes and silyl radicals. Schoeller and
Busch25 have computed the cations, radicals and anions of
H2SiP and SiPH2. Hrušak et al.26 have also examined cations
and radicals in the H2SiP system with ab initio and density
functional methods. In the wake of recent experimental ad-
vances,11-13 Driess and Janoschek27 have also undertaken theo-
retical studies of H2SidPH and H2SidP-SiH3.

There appear to be no systematic, experimental studies of
the thermochemistry of silicon-phosphorus compounds. To fill
this void, we recently calculated the structures, vibrational
frequencies, and heats of formation for over 50 Si2PmHn

molecules at the G2 level of theory.28 This set is a comprehen-
sive collection of all types of Si-P bonding and includes single
and multiple bonds, radicals, triplets, silylenes, cyclic systems,
and hydrogen-bridged species. A group additivity scheme has
been developed that reproduces the heats of formation with a
mean absolute deviation of 3.4 kcal/mol and can be used to
describe bonding on surfaces and in solids, as well as in the
gas phase. Zachariah and Melius29 have also computed heats
of formation for a number of Si-P-H species using the BAC-
MP4 method (MP4/6-31G(d,p) with bond additivity correc-
tions30). Their results compare well with our more accurate G2
calculations, with an average absolute difference of 2.7 kcal/
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mol. The largest error in the BAC-MP4 calculations is 8 kcal/
mol for SitP. In the present work, we have used the G2 theory
to calculate transition states for reactions connecting some of
the more stable Si2PHn species.

Methods

Molecular orbital calculations were carried out with the
Gaussian 9831 series of programs using a variety of basis sets
of split valence quality or better with multiple polarization and
diffuse functions. Geometries were optimized by second-order
Møller-Plesset perturbation theory (MP2(full)/6-31G(d)); a
subset representing all of the major bonding motifs was also
optimized at the QCISD(frozen core)/6-311G(d,p) level. A
quasi-Newton optimization method was used to locate the
minima, while the QST2 or QST3 methods32 were used to locate
many of the transition states. When the nature of the transition
state was unclear, the reaction path following33 was used to
verify the connectivity. Some of the more difficult transition
states were obtained using a combined method for the optimiza-
tion of both transition states and points along the reaction path.34

This method starts with an approximateN-point path which is
iteratively relaxed until one of the points converges to a
transition state, the end points converge to minima, and the
remaining points converge to an approximate steepest descent
path. In addition to locating transition states that resisted
optimization by conventional methods, this approach occasion-
ally identified unexpected intermediates along the path.

Vibrational frequencies and zero-point energies were calcu-
lated at the MP2(full)/6-31G(d) level using analytical second
derivatives,35 and thermal corrections to the energies were
calculated by standard statistical thermodynamic methods.36

Correlated energies were calculated by fourth-order Møller-
Plesset perturbation theory37 (MP4SDTQ, frozen core) and by
quadratic configuration interaction with perturbative correction
for triple excitations38 (QCISD(T), frozen core) with the MP2-
(full)/6-31G(d) optimized geometries. Relative energies were
computed by the G2 method39 (modified slightly, in that
unscaled MP2 frequencies were used instead of Hartree-Fock,
giving results within 0.8 kcal/mol of the regular G2 method).
The energy computed at MP4/6-311G(d,p) was corrected for
the effect of diffuse functions obtained at MP4/6-311+G(d,p),
for the effect of higher polarization functions obtained at MP4/
6-311G(2df,p), for the effect of electron correlation beyond
fourth order obtained at QCISD(T)/6-311G(d,p), and for the
inclusion of additional polarization functions at MP2/6-311+G-
(3df,2p). Higher level corrections (HLC) for deficiencies in the
wave function were estimated empirically39 by comparing the
calculated and experimental bond dissociation energies for 55
well-characterized molecules.

Results and Discussion

Figure 1 is a general map of the Si2PHn reactions considered
in this work. Figure 2 shows some of the low-energy pathways
from Si2PH to Si2PH7. Structures are grouped according to the
number of hydrogens and are labeled with the prefixes A, B,
C, and D forn ) 7, 5, 3, and 1, respectively. Within each of
these sets, the labeling indicates the order of increasing energy.
Energies are in kcal/mol relative to the lowest energy structure,
SiH3-PH-SiH3, with H2 molecules used to place then < 7
structures on this scale. Transition states are labeled by the two
structures that they connect. Unimolecular reactions are shown
in Figures 3-8, with energies relative to the lowest energy
isomer in each group. Hydrogen addition reactions appear in
Figure 9. The Si-P bond lengths at the QCISD level of theory

are on average 0.02 Å (0.8%) longer than the MP2 bond lengths
with a standard deviation of 0.03 Å (1.2%), while the average
difference in the Si-H and P-H bonds is ca. 0.01 Å (<1%).
Since a variety of minima not included in the previous study
have been found in this work, atomization energies, heats of
formation, and entropies of all the Si2PHn (n ) 7, 5, 3, 1) com-
pounds are given in Table 1. Barriers for unimolecular reactions
and H2 additions are given in Tables 2 and 3, respectively. The
differences between optimization at the MP2 and QCISD levels
are examined in Table 4, where it is shown that the relative
energies agree to within 0.5 kcal/mol, indicating that the MP2
structures are sufficiently accurate for the present work.

Si2PH7 (Figure 3). Simon et al.19 have found evidence of
these species in the mass spectral analysis of the pyrolysis of a
phosphine/disilane mixture in an LPCVD reactor. Disilylphos-
phine (A1), which contains typical Si-P single bonds (ca. 2.25
Å), is the lowest energy isomer. The corresponding ylide (A3),

with one normal and one dative Si-P bond, is 35.8 kcal/mol
higher in energy. This is in agreement with results from an
earlier study28 where SiH2PH3 was found to be 34.3 kcal/mol
above silylphosphine. These isomers may be formed through
the interaction of SiH2 with silylphosphine, SiH3PH2, which
itself is produced from the reaction of SiH2 with phosphine and
is observed in the copyrolysis of disilane and phosphine.19 Here,
the computed binding energy of SiH2 and silylphosphine to form
A3 is 22.3 kcal/mol. This agrees well with binding energies
reported for SiH2 + PH3: 21.2 kcal/mol in this work, 18-26
kcal/mol in the literature.17,40

Isomer A1 can be reached fromA3 via a 1-2 H-shift,
transition state (TS)A3-A1, with a 31.0 kcal/mol barrier. This
is 9 kcal/mol lower than the analogous SiPH5 barrier computed
at a simpler level of theory (MP3/6-31G(d)//HF/3-21G) by
Dykema et al.18 However, since the binding energy of SiH2 in
A3 is smaller than this barrier height, insertion of SiH2 into a
silylphosphine P-H bond may provide a lower energy pathway
to A1. For the SiPH5 system, the barrier for SiH2 insertion into
a phosphine P-H bond has been computed to be less than 2
kcal/mol.17,18

The SiH3SiH2PH2 isomer (A2) is only 5.3 kcal/mol higher
than A1, with no reasonable transition state to provide a
connection (other than SiH2 elimination and reinsertion). Isomer
A2 is easily reached from the higher energyA4 via a 1-3

H-shift (TS A4-A2) with a barrier of 8.7 kcal/mol. Structure
A4 can be formed from SiH2 and silylenephosphorane with a
binding energy of 35 kcal/mol. As silylene accepts the silicon
lone pair, the structure of the ylide moiety changes relatively
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little. The H-Si-H angle widens by 8° and electron density in
the Si-P bond shifts toward the silicon, increasing the bond
length by 0.024 Å. Dissociation ofA4 into the products PH3 +
Si2H4 occurs with a small barrier, 4.5 kcal/mol, and is slightly
exothermic,-1.3 kcal/mol.

Si2PH5. As shown in Figure 4, the lowest energy Si2PH5

isomer is a cyclic three-membered ring,B1. Only 2.3 kcal/mol
above this is a phosphasilene, H3SiPdSiH2 (B2), with a silicon-

phosphorus double bond. Driess et al. have synthesized com-
pounds of the formB2 with a variety substituents, including
bulky sterically stabilizing groups, and have characterized them
spectroscopically, chemically, and computationally.13,27,41Some
of these compounds were found to be stable up to 90°C.41c

This is in good accord with one of the key findings of the present
study, namely that the SidP structureB2 is calculated to be
relatively stable with respect to unimolecular decomposition and
rearrangement. Several pathways (Scheme 1) for the unimo-
lecular reactions can be contemplated: simple bond cleavage,
H2 and SiH2 eliminations, and 1-2 and 1-3 hydrogen shifts.
Elimination of H2 is endothermic by ca. 20 kcal/mol and has
an overall barrier of 50 kcal/mol, as discussed below. Silylene
elimination is endothermic by 60 kcal. The Si-P single- and
double-bond cleavages are endothermic by 50 and 80 kcal/mol,
respectively. Because these reactions are very endothermic, the
related barriers were not examined as part of this study. This
leaves hydrogen shift reactions as the most feasible routes for
unimolecular reaction.

Conversion ofB2 to B1 via a 1-2 H-shift across the Si-P
single bond is impeded by a 33 kcal/mol barrier. In this ring-
closing reaction (B2-B1), the Si-Si bond is almost fully
formed in the TS, being only 0.03 Å longer than a typical acyclic
Si-Si single bond. The shifting H atom is still significantly
bonded to the silicon, but the Si-P bond is partially broken in
the TS, with the distance 0.26 Å longer than a typical Si-P
single bond. A 1-2 H-shift across the double bond (B2-B6)
encounters an even larger barrier of 40 kcal/mol. The product
of this reaction,B6, is discussed later in the text.

The smallest barrier fromB2 is 16 kcal/mol and leads to a
symmetric H-bridged structure (B5) which lies only 4 kcal/mol
below theB2-B5 transition state. At the highest level of theory

used in the present work, this reaction is considerably more
facile than predicted by Driess and Janoschek27 (27 and 9 kcal/
mol for the forward and reverse barriers, respectively, computed
with pseudopotentials at the MP2 level of theory). Driess etal.41a

also found a similar intermediate with fluorine in the bridging
position in a theoretical examination of the 1-3 sigmatropic
shift of fluorine in FH2SiPdSiH2.

Another phosphasilene,B3, with the silyl substituent on the
silicon, lies less than 5 kcal/mol aboveB2. The SidP bond is

ca. 0.02 Å longer than the double bond ofB2 but is still in the
range of 2.062-2.094 Å found for SidP in phosphasilene crystal
structures.11-13 The stability ofB3 is also comparable to that
of B2, with a 39 kcal/mol barrier separating it from the lowest
energy isomer. This transition state,B3-B1, involves a 1-2
hydrogen shift across the Si-Si single bond combined with ring
closure. As the H atom transfers to the central silicon and breaks
the Si-P double bond, it causes partial lone-pair density to
appear on both the terminal Si and P. A bond then forms
between these two atoms and the ring closes.

The lowest TS found fromB3, 25 kcal/mol, connects toB6
via a 1-2 silyl shift that is similar to the 1-2 H-shift separating
B6 andB2 but has a relative energy that is 10 kcal/mol lower.

This SiH3-PHdSiH structure is 14.2 kcal/mol aboveB2 (SiH3-
PdSiH2), in agreement with the previous study on both these
and the related H2P-SiH and HPdSiH2 compounds, where the
energy difference was found to be 13.8 and 14.3 kcal/mol,
respectively.

StructureB6 converts readily viaB4 to the lowest energy
isomer,B1, with an overall barrier of only 2 kcal/mol. This
provides alternate pathways from the phosphasilenesB2 and
B3 to B1. In the case ofB2, the overall barrier is 7 kcal/mol
higher than the direct reaction. However, forB3, the pathway
with B6 as an intermediate has a barrier 13.5 kcal/mol lower
than the direct reaction.

The 1-3 H shift in the reactionB6-B1 is similar to the 1-3
sigmatropic H-shift,B2-B2′, in that an H-bridged intermediate
is encountered (in the latter caseB5 and in the present case
B4). This structure has two types of Si-P single bonds. One

SCHEME 1
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bond is roughly 0.06 Å shorter than a normal Si-P single bond,
indicative of some double-bond contribution from the phos-
phorus lone pair. The other bond is about 0.02 Å shorter than
the 2.35 Å dative bonds found inA3 and A4. This suggests
that the structure could be a complex of H2SidPH and SiH2;
however the binding energy is too high (50 kcal/mol) and there
is substantial lone-pair density on the phosphorus.

The H-bridge inB4 can be broken in two distinct places.
Breaking the short Si-H bond gives rise to a 6.5 kcal/mol
barrier leading to the lowest energy isomer,B1. As the H atom

moves from the bridging position, both of the Si-P bonds
become ca. 0.02 Å shorter. The shortening of the partial double
bond in the TS occurs because the Si-Si bonding is not yet
significant even though the Si-H bridge is already broken.
Breaking the longer Si-H bond inB4 leads to some difficulties.
The MP2 level of theory predictsB6 to be 1.1 kcal/mol lower
in energy thanB4 with a 3.5 kcal/mol barrier. However,
optimization at the QCISD/6-311G(d,p) level placesB6 1.3 kcal/
mol aboveB4 with a smaller 1.7 kcal/mol barrier, while the
more highly correlated G2 method places bothB4 and the TS

Figure 1. Equilibrium structures for Si2PHn optimized at the MP2(full)/6-31G(d) level of theory. Energies relative toA1 were computed at the G2
level of theory with MP2(full)/6-31G(d) zero-point corrections.
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belowB6 by 4.5 and 1.6 kcal/mol, respectively. This suggests
that B6 collapses directly to the H-bridged structureB4, from
which there is only a 6.5 kcal/mol barrier to convert toB1.

The minima discussed so far have either no or one P-H bond.
Four minima (B7-B10) with two P-H bonds were found 20-
30 kcal/mol above the lowest energy isomer,B1. A -PH3

structure,B11, lies an additional 20 kcal/mol above these-PH2

structures (Figure 5). InB11, the Si-P dative bond is actually
similar in length to a normal single bond, due to the electron-
accepting ability of the terminal silicon atom. Extra lone-pair
density on this atom is indicated by the 90° H-Si-Si angle. A
1-3 H-shift from phosphorus to the terminal silicon converts
B11 to B7, a PH2-substituted silene, with a 16 kcal/mol barrier.
The silene is particularly stable with respect to H-shift reactions
from the-PH2 group. The 1-3 H-shift,B7′-B3, has a barrier
of 31 kcal/mol, while the 1-2 shift, B7′-B1, has a slightly
larger barrier of 34 kcal/mol.

A substantially lower barrier, 12 kcal/mol, was found for
B7′-B10, the key step in the overall 1-2 H-shift reaction,B7′-
B9. In the intermediate,B10, the transferring H atom bridges
the Si-Si bond which still retains partial double-bond character.
The barrier to complete the reaction,B10-B9, is less than 2
kcal/mol. A higher energy pathway betweenB7 and B9 was
found for the 1-2 shift of the PH2 group. This reaction has an
overall barrier of 17 kcal/mol and encounters the cyclic structure
B8 as an intermediate along the path. In either case, onceB9 is
formed, there is only a 0.5 kcal/mol barrier (TSB9-B1) to
transfer a hydrogen from the phosphorus to the terminal silicon
and close the ring, suggesting thatB9 may not exist at higher
levels of theory. A small or vanishing barrier is, however,
consistent with the 2 kcal/mol barrier computed for the insertion
of silylene into a phosphine P-H bond,17,18indicating thatB9-
B1 can be viewed as a silylene insertion reaction.

Si2PH3. The three lowest isomers are good examples of Si-P
multiple bonding (Figure 6). The most stable structure, H3SiPSi
(C1), contains a 2.069 Å Si-P double bond that is 0.012 Å

longer than the corresponding bond in the analogous HPSi
structure.28 IsomerC2 is 7 kcal/mol higher and has a slightly
longer Si-P double bond. The Si-P single bond is longer as
well and there is substantial Si-Si double-bond character. This

structure is well separated fromC1 by a 20 kcal/mol barrier
for the 1-2 H-shift across the Si-Si bond. In this reaction,
lone-pair density appears on the doubly bonded silicon as the
transferring hydrogen bends toward the opposite silicon. This
reduces the Si-Si bond to a single bond and temporarily shifts
some of the Si-P double-bond character to the other Si-P bond.

IsomerC3, H3Si-SitP, has a Si-P triple bond that is 0.013
Å longer than the corresponding bond in HSitP. There is an 8
kcal/mol barrier for a 1-2 silyl shift to form C1. In theC3-
C1 transition state, the linear Si-Si-P angle bends to 95°, the
Si-Si bond lengthens by 0.04 Å, and the Si-P triple bond
shortens by 0.01 Å before it undergoes the overall 0.072 Å
increase to a double bond. Although the Si-P multiple bonds
in this system are longer than those in the HSiP system,
differences between the double- and triple-bond lengths are
essentially the same, resulting in similar energetics. IsomersC3
andC1 are 12 kcal/mol apart, comparable to the 10 kcal/mol
difference found in the HSiP system.28

The next lowest structures, isomersC4 andC5, lie 14-15
kcal/mol aboveC1. The three-membered ring,C5, readily
undergoes a 1-2 H-shift from the phosphorus to the SiH2 group

to form C1 with only a 1 kcal/mol barrier. This reaction is
facilitated by the shortening of the opposite Si-P bond in the
TS as it converts to a double bond in the product. A larger barrier
of 8 kcal/mol was found for the 1-2 shift in the opposite
direction to formC2. Although a Si-P double bond is formed
in this reaction as well, the barrier is larger because the H-shift
occurs across this bond, lengthening it in the TS. In reverse,
this reaction provides a pathway,C2-C5-C1, that has an
overall barrier 4 kcal/mol lower that the 20 kcal/mol barrier for
the directC2-C1 reaction. The doubly H-bridged form,C4, is
reasonably stable, being separated fromC1 andC5 by barriers
of 24 and 11 kcal/mol, respectively. In theC4-C5 transition
state, both bridging H atoms transfer simultaneously to one of
the silicon atoms. A similar barrier of 10 kcal/mol is found for
the conversion of the singly H-bridgedC6 to the 2 kcal/mol
higher three-membered ring,C7.

In theC6-C7 TS, the Si-Si bond forms as one H-Si bond
breaks and the corresponding Si-P bond lengthens. This

becomes a dative bond, while both Si-Si and HSi-P take on
partial double-bond character in the product,C7. This isomer
is also relatively stable, with a 12 kcal/mol barrier for the
reactionC7-C5, a 1-2 H-shift from the phosphorus across
the short Si-P bond. This bond is broken in the TS as the PH2

group tips toward SiH. Meanwhile, the dative Si-P bond
lengthens by 0.06 Å and the Si-Si double-bond character
increases. Once the hydrogen is transferred, both Si-P distances

Figure 2. Relative energies for minima and transition states along some
of the lower energy pathways connecting Si2PH to Si2PH7. The bold
line indicates the minimum-energy pathway. Energies were computed
at the G2 level of theory with MP2(full)/6-31G(d) zero-point correc-
tions.
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shorten to partial double bonds and Si-Si lengthens to a single
bond. As discussed above, transfer of the second hydrogen in
PH2, C5-C1, is much more facile.

Three closely related structures were found 33-34 kcal/mol
aboveC1 (Figure 7). In these isomers,C9 throughC11, each

heavy atom is bonded to one hydrogen. The symmetric anti,-
anti structure,C9, has a 5 kcal/mol barrier separating it from
C11. The anti,syn isomer ofC9, which is 0.8 kcal/mol higher
in energy,28 is an intermediate on the path. At the G2 level of
theory, theC11-C10barrier disappears. (The MP2(full)/6-31G-

Figure 3. Si2PH5 isomers. Minima and transition states were optimized at the MP2(full)/6-31G(d) level of theory. (Numbers in parentheses refer
to optimization at the QCISD(FC)/6-311G(d,p) level of theory.) Energies relative toA1 were computed at the G2 level of theory with MP2(full)/
6-31G(d) zero-point corrections.

Figure 4. Low-energy Si2PH5 isomers. Minima and transition states were optimized at the MP2(full)/6-31G(d) level of theory. (Numbers in parentheses
refer to optimization at the QCISD(FC)/6-311G(d,p) level of theory.) Energies relative toB1 were computed at the G2 level of theory with MP2-
(full)/6-31G(d) zero-point corrections.
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(d) barrier is 2 kcal/mol, while at QCISD/6-31G(d) it is only
0.5 kcal/mol.) These structures can readily convert to the
second lowest energy isomer,C2, through the reactionC10-
C2, a 1-3 H-shift accompanied by ring closure, with a 5 kcal/
mol barrier.

Si2PH (Figure 8). The lowest energy isomer,D1, is a four-
membered ring with the H atom bridging the two Si atoms.
The related nonbridgedD2 is 8.5 kcal/mol higher in energy.

This structure is reasonably stable with a 18 kcal/mol barrier
for insertion of the H atom into the Si-Si bond. IsomerD3,

with two partial Si-P double bonds and an unusually long Si-
Si single bond, is 11.5 kcal/mol aboveD2 and is separated from
it by an 8 kcal/mol barrier.

Unimolecular Reactions.The assorted unimolecular reac-
tions discussed above are classified in Table 2, written in the
exothermic direction. The 1-2 hydrogen shifts can be separated
into two categories according to both barrier height and reactant
type. The highest barriers, 24-38 kcal/mol, were found for cases
in which the reactants were either acyclic or hydrogen-bridged
structures. For some reactions, such asB6-B2 and the
H-bridgedC4-C1, the barrier is lower than expected for a 1-2
H-shift because of exothermicity, which contributes to decreas-
ing the barrier height. Lower barriers of 1-20 kcal/mol were
found for reactants with cyclic Si-P-Si frameworks. These
reactions may also be described as 1-3 H-shifts, which typically
have lower barriers than 1-2 H-shifts. The highest barrier, 20
kcal/mol, was found forC2-C1, the only case in which a cyclic

Figure 5. Higher energy Si2PH5 isomers. Minima and transition states were optimized at the MP2(full)/6-31G(d) level of theory. Energies relative
to B1 were computed at the G2 level of theory with MP2(full)/6-31G(d) zero-point corrections.
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reactant possesses a full Si-P double bond, giving it extra
stability. The lowest barrier, 1 kcal/mol, occurred forC5-C1,
the most exothermic of the cyclic 1-2 H-shifts.

Barriers for hydrogen bridge formation by insertion into a
Si-Si bond, 8-18 kcal/mol, fall into the same range as the
1-2 H-shifts with cyclic reactants. This is not surprising, since
these reactions are essentially 1-2 shifts with the H-bridged
structures formed as lower energy intermediates between cyclic
reactants and their mirror image isomers. Reactions that break
an H-bridge to form a lower energy product occur more easily,
with barriers of 1.7-6.5 kcal/mol.

The 1-3 H-shifts listed in Table 2 all involve transfer of the
hydrogen from the phosphorus on an acyclic P-Si-Si frame-

work to the terminal silicon. The barrier height is strongly
dependent on the nature of the Si-Si bond. The largest barrier,
31 kcal/mol, is found forB7′-B3, in which the Si-Si bond
increases from 2.169 to 2.329 Å, whereas, the smallest barrier
occurs inC10-C2, where the Si-Si bond decreases from 2.340
to 2.207 Å. Although the reactionB9-B1 may be described as
a 1-3 H-shift, both the low barrier and the structure of the
reactant suggest that this is an example of a unimolecular
silylene insertion.

H2 Addition Reactions. The Si2PHn isomers with differing
numbers of hydrogens are connected by H2 addition reactions
as shown in Figure 9 and Table 3. The simplest model for H2

addition is SiH2 + H2 f SiH4. Jasinkski and Chu42 performed
an RRKM analysis of their pressure-dependent study of the SiH2

+ H2 reaction and found the results at 300 K to be consistent
with the 1.7 kcal/mol barrier computed by Gordon et al.43 at
the MP4/6-311++G(3df,3pd)// MP2/6-311G(2d,2p) level of
theory. More detailed RRKM analyses44 of the data indicated a
lower activation energy of 0.3 kcal/mol. Using various density
functional methods, Sosa and Lee45 predict the SiH2 + H2 barrier
to be -3.52 ( 3 kcal/mol. Calculations at the QCISD(T)/
6-311++G(3df,2p)//MP2/6-31G(d,p) level of theory give a
barrier of 4.2 kcal/mol, while the G2 method, which is an

Figure 6. Low-energy Si2PH3 isomers. Minima and transition states were optimized at the MP2(full)/6-31G(d) level of theory. (Numbers in parentheses
refer to optimization at the QCISD(FC)/6-311G(d,p) level of theory.) Energies relative toC1 were computed at the G2 level of theory with MP2-
(full)/6-31G(d) zero-point corrections.

Figure 7. Higher energy Si2PH3 isomers. Minima and transition states
were optimized at the MP2(full)/6-31G(d) level of theory. Energies
relative toC1 were computed at the G2 level of theory with MP2-
(full)/6-31G(d) zero-point corrections.

Figure 8. Si2PH isomers. Minima and transition states were optimized
at the MP2(full)/6-31G(d) level of theory. (Numbers in parentheses
refer to optimization at the QCISD(FC)/6-311G(d,p) level of theory.)
Energies relative toD1 were computed at the G2 level of theory with
MP2(full)/6-31G(d) zero-point corrections.
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approximation of this level of theory, gives a value of 3.9 kcal/
mol.46 At the estimated QCISD(T)/6-311++G(3df,3pd) level
of theory, the barrier is 2.9 kcal/mol.46 Thus, on the basis of
SiH2 + H2, one would expect very facile 1,1-addition of H2 to
unsaturated silicon in Si2PHn. However, as discussed below,

this is not necessarily the case when there is significant
interaction with neighboring groups.

The transition state with the lowest overall energy found
connecting Si2PH to Si2PH3 lies between the lowest energy
forms,D1 andC1, with a 24 kcal/mol barrier. This TS occurs

Figure 9. H2 addition to Si2PHn. Minima and transition states for isomers were optimized at the MP2(full)/6-31G(d) level of theory. (Numbers in
parentheses refer to optimization at the QCISD(FC)/6-311G(d,p) level of theory.) Energies relative toA1 were computed at the G2 level of theory
with MP2(full)/6-31G(d) zero-point corrections.
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relatively early in the reaction, with the H-H bond 0.25 Å
shorter and Si-H bonds 0.15-0.17 Å longer than the corre-
sponding bonds in the SiH2 + H2 transition state. The TS for
H2 addition toD2 is 12 kcal/mol higher in energy. This reaction,
with a 28 kcal/mol barrier, connectsD2 to C2 with C8 as an
intermediate. TheD2-C8 TS occurs later in the reaction than
for D1-C1, with shorter Si-H and longer H-H distances. The
H-bridged intermediateC8, formed by insertion of one of the
adding H atoms into the Si-Si bond, is 22.5 kcal/mol below
this TS. However, the barrier to break the H-bridge and reclose
the ring is less than 4 kcal/mol. TheD2-C8-C2 connectivity
was verified by the reaction path optimization technique34 which
encounteredC8 as an intermediate minimum in the attempt to
find a TS betweenD2 and C2. Addition of H2 to isomerD3
has the smallest barrier height, 15 kcal/mol. However, the overall
energy of the TS,D3-C5, is only 1 kcal/mol lower than that
of D2-C8. The barriers for H2 addition to the Si2PH isomers
are much larger than the experimental 0.3-1.7 kcal/mol barrier
for SiH2 insertion into H2

44 because the “empty” silicon p orbital
actually contains significant electron density as evidenced by
the partial Si-P double bonds inD1-D3. The barrier for H2
1,1 -addition toD2 is, however, ca. 10 kcal/mol smaller than
the barrier for 1,2-addition of H2 across a similar Si-Si double
bond in disilene (39.5 kcal/mol, MP4/6-31G(d,p)//MP2/6-31G-
(d,p)).47

The main connection between Si2PH3 and Si2PH5 appears to
be betweenC5 andB4, with a 2 kcal/mol H2 addition barrier.

This reaction forms a hydrogen-bridged product, similar toD2-
C8 discussed above. However, theC5-B4 barrier is much
smaller because the insertion is now into a true Si-Si single
bond (2.37 Å) as opposed to the partial double bond (2.24 Å)
of D2. Furthermore, the overall energy required forC5-B4 is
17 kcal/mol less than needed forC10-B3, for which there is
essentially no barrier. These 0-2 kcal/mol barriers for H2
addition toC10 andC5 compare well with experimental and
theoretical barriers for the SiH2 + H2 insertion reaction.42-46

This behavior is easily understood forC10 from its silylene-
like structure, with an Si-Si single bond. However, the cause

TABLE 1: Atomization Energies, Heats of Formation, and
Entropies at the G2 Level of Theory

heat of
formationd,e

structurea

atomization
energyc
(0 K) 0 K 298 K

entropye,f

(298 K)

A1 SiH3-PH-SiH3 632.8 20.2 15.7 81.3
A2 SiH3-SiH2-PH2 627.6 25.5 21.0 81.2
A3 SiH3-PH2-SiH2 597.2 55.9 51.5 81.8
A4 SiH2-SiH2-PH3 577.7 75.3 71.1 84.6
B1 SiH2-PH-SiH2, c 501.8 48.0 44.6 72.4
B2 SiH3-P-SiH2 499.7 50.0 46.9 75.7
B3 SiH3-SiH-PH 495.3 54.5 51.6 77.9
B4 H-SiH2-PH-SiH, hb 489.6 60.1 56.6 71.9
B5 H-SiH2-P-SiH2, hb 487.6 62.2 58.5 70.0
B6 SiH3-PH-SiH 485.8 63.9 61.1 80.2
B7 SiH2-SiH-PH2 479.2 70.6 67.8 78.2
B8 SiH2-SiH-PH2, c 478.6 71.2 68.0 73.8
B9 SiH-SiH2-PH2 477.9 71.9 68.9 76.3
B10b SiH-H-SiH-PH2, hb 471.3 78.4 75.4 77.1
B11 SiH-SiH-PH3 451.0 98.8 96.0 79.1
C1 SiH3-P-Si 376.4 70.1 68.5 71.9
C2 SiH2-P-SiH, c 369.6 76.9 75.1 70.0
C3 SiH3-Si-P 364.5 82.0 80.8 74.5
C4 H2-Si-PH-Si, 2hb 361.6 84.9 82.8 69.0
C5 H2Si-PH-Si, c 361.5 85.0 83.4 71.5
C6 H-Si-PH2-Si, hb 351.5 95.0 93.1 69.9
C7 SiH-PH2-Si, c 349.9 96.6 94.9 71.2
C8 H-SiH-P-SiH, hb 345.2 101.3 99.9 72.7
C9 SiH-PH-SiH 343.7 102.8 101.5 73.9
C10 SiH-SiH-PH 343.0 103.5 102.3 75.6
C11 SiH-PH-SiH, c 342.7 103.8 102.4 72.4
D1 H-Si-P-Si, hb 255.7 87.5 87.2 67.1
D2 SiH-P-Si, c 247.4 95.8 95.7 68.2
D3 Si-PH-Si, c 236.0 107.2 107.1 68.6

a Cyclic and hydrogen-bridged structures are designated byc and
hb, respectively. H-bridged species are four-membered rings unless
otherwise noted.b The H-bridge is across the Si-Si bond, making a
three-membered ring.c In kcal/mol with MP2(full)/6-31G(d) zero-point
energies scaled by 0.9646.48 d Heats of formation at 0 and 298 K are
referenced to the following values in kcal/mol: 51.63 and 52.10 for
H,49 75.42 and 75.62 for P,49 108.1 and 109.1 for Si.50 e Thermal
corrections were computed using unscaled MP2(full)/6-31G(d) frequen-
cies. f In cal/(deg mol).

TABLE 2: Barriers for Selected Unimolecular
Rearrangementsa

barrier figure barrier figure

1-2 H-Shift, Acyclic and H-Bridged reactants
B3-B1 38.5 4 A3-A1 31.0 3
B7′-B1 33.8 5 B6-B2 25.8 4
B2-B1 32.8 4 C4-C1 24.4 6

1-2 H-Shift, Cyclic Reactants
C2-C1 20.4 6 C5-C2 7.9 6
C7-C5 12.4 6 C5-C1 1.1 6
D3-D2 8.4 8

1-2 H-Shift, Cyclicf H-Bridged Reactants
D2-D1 17.9 8
C5-C4b 10.5 6
C7-C6 8.3 6

1-3 H-Shift
B7′-B3 31.4 5 A4-A2 8.7 3
B11-B7 15.7 5 C10-C2 4.9 7

1-2 Silyl Shift
B6-B3 15.5 4 C3-C1 8.1 6

H-Bridge Breaking
B4-B1 6.5 4 C8-C2c 3.6 9
B10-B7′ 5.0 5 B10-B9 1.7 5
B5-B2 4.1 4

Silylene Insertion
B9-B1 0.6 5

a Barrier heights are in kcal/mol. Reactions are presented in the
exothermic direction.b Doubly bridged.c C8 is an H-bridged intermedi-
ate in the addition of H2 to D2.

TABLE 3: Barriers for H 2 Addition a

reaction barrier reaction barrier

C10-B3 0.0 C2-B5 24.2
C5-B4 2.2 D1-C1 24.8

B5-A2b 26.4
B6-A1 10.8 D2-C8 28.1
D3-C5 15.2
C9-B6 16.5

a Barrier heights are in kcal/mol. Unless otherwise noted addition
occurs at a silicon atom.b Addition at phosphorus.

TABLE 4: Comparison of QCISD/6-311G(d,p) Energies
Using the MP2/6-31G(d) and QCISD/6-311G(d,p) Optimized
Geometries

relative energya relative energya

structure MP2 opt QCISD opt structure MP2 opt QCISD opt

A1 0.00 0.00 A3-A1 73.19 73.53
A3 35.66 35.66 B6-B4 50.71 50.70
B1 35.62 35.58 B4-B1 58.01 58.51
B4 47.89 47.70 C5-C1 82.44 82.19
B6 49.17 48.98
C1 62.81 62.55 B6-A1 61.31 61.30
C5 79.67 79.19 C5-B4 82.94 82.88
D1 87.56 87.45 D1-C1 113.05 112.71

a Energies are in kcal/mol relative toA1.
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for the low addition barrier toC5 is not as readily apparent.
The partial Si-P bond on the reactive silicon inC5 suggests
that the barrier should be similar to the 15-18 kcal/mol barriers
found for H2 addition to the Si2PH isomers. However, in the
C5-B4 TS, the partial Si-P double bond becomes 0.12 Å
longer than a typical Si-P single bond. This behavior gives
rise to the small 2 kcal/mol barrier and is related to the formation
of the H-bridge in the product,B4, which, as discussed above,
can readily isomerize toB1 with a barrier of 6.5 kcal/mol. In
C9, the allylic nature of theπ system, with partial Si-P double
bonds, hinders H2 addition, giving rise to a 16 kcal/mol barrier.
An even larger barrier of 26 kcal/mol is found for H2 addition
to C2, where the silicon reaction site is not electron deficient.
Here the Si-P double bond must be broken before H2 can
interact with the silicon p orbital.

Two H2 addition reactions were found connecting Si2PH5 to
Si2PH7. The smallest barrier, 11 kcal/mol, is forB6-A1,
forming the lowest energy structure SiH3PHSiH3. This is 5.7
kcal/mol smaller than the barrier for the addition to the allylic
C9. However, the barrier does not vanish since there is still
substantial Si-P double-bond character on the reactive silicon.
The reverse barrier of 55 kcal/mol forB6-A1, the 1,1-
elimination of H2 from SiH3PHSiH3, agrees well with the 58
kcal/mol barrier found by Mains et al.22 for H2 elimination from
SiH3PH2. The second reaction,B5-A2, involves hydrogen
addition to phosphorus combined with ring opening. In this TS,
with a 26 kcal/mol barrier, the bridging H transfers to one of
the silicon atoms and the corresponding Si-P bond breaks
before any significant interaction occurs between the phosphorus
atom and the adding hydrogens.

Conclusions

This study has examined the stability of 29 minima in the
Si2PHn (n ) 7, 5, 3, 1) system with respect to unimolecular
rearrangement and H2 addition. Compounds in this work include
examples of silicon-phosphorus multiple bonds and hydrogen
bridging. StructuresB2, B3, C1, and C2 contain silicon-
phosphorus bonds that lie within the range of 2.062-2.094 Å
found for Si-P double bonds in crystal structures11-13 and are
particularly stable with respect to unimolecular rearrangement.
The phosphasilenesB2 and B3 have barriers in excess of 25
kcal/mol along both direct and indirect routes toB1, the lowest
energy Si2PH5 structure. The cyclic structureC2 is separated
from C1, the lowest of the Si2PH3 isomers, by barriers of 16-
20 kcal/mol. Structures containing partial Si-P double bonds
are typically less stable, as exemplified by the comparison of
the 1-3 H-shifts from the silyl groups in SiH3-PH,SiH (B6)
and SiH3-PdSiH2 (B2). In each case, there is an H-bridged
intermediate (B4 andB5, respectively) from which the barrier
to completion is 4-5 kcal/mol. However, the former case has
only a partial Si-P double bond andB6 is predicted to collapse
with no barrier to the intermediateB4. In the latter,B2 has a
full double bond andB2-B5 is endothermic with a 16 kcal/
mol barrier.
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