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Abstract: The geometries of 48 isomers of SiPH, (m + n = 0-5), SiHPH,SiH, (m+ n + o = 0-7), and

(SiH3)3P have been optimized at the MP2/6-31G(d) level of theory. Silylenes and cyclic structures dominate the
compounds with low numbers of hydrogens; nevertheless, there are several examples efgdilagphorus multiple
bonding. Relative energies, heats of formation, and bond dissociation energies have been calculated at the G2 level
of theory. Two empirical schemes have been constructed to fit the atomization energies. A simple bond additivity
approach reproduces the data with a mean absolute deviation of 5.3 kcal/mol. Better results are obtained with a
group additivity scheme which gives a mean absolute deviation of 3.4 kcal/mol.

Introduction

bane'* Some of these, along with simpler silylphosphines, have
found uses as ligands in transition metal compléxeSilicon—

_ Cqmpared to other aspects_of silicor_1 chemistry, surprisingly phosphorus single bonds are remarkably readtidéey react
little is known about the chemistry of SiP bonds. A number of readily with water, oxygen, carbon dioxide, halogens, halides,
interesting examples of SiP bonding and reactivity can be found etc. However, there appears to be no systematic study of the

in inorganic, organic, and organometallic chemistrgilicon—

experimental thermochemistry of silicephosphorus com-

phosphorus bonding is also relevant to chemical vapor deposi-poundsts

tion of phosphorus-doped silicon for semiconducforgVith

Far less is known about SP double bond& Thermal

this ab initio molecular orbital Study, we hOpe to contribute to decomposi[ion of substituted 2-Si|aphosphetane is [hought to
the understanding of the structure and energetics of some simplgjive an Si=P intermediate which dimerizes rapidiy. Bulky

silicon—phosphorus compounds.
Of the parent single-bonded silicophosphorus species,

groups stabilize the double bond, making it possible to
characterize these compounds spectroscopically and to study

silylphosphine has been studied by microwave spectrogcopy their reactivity*® This approach has recently culminated in the

and photoelectron spectroscopyrisilylphosphine has been
examined by electron diffractiSrand X-ray crystallograph§.

first X-ray crystal structures of compounds containing=Bi
double bondg?.20

The structures of about 200 SiP compounds have been deter- A number of calculational studies have examined various

mined by X-ray crystallograph¥.A few of the more interesting
ones include SiP analogues of cyclobutaddicyclobutané,
spiropentané? hexane'! norbornané? adamantand? and cu-
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(1) Armitage, D. A. In The Silicon-Heteroatom Bond Patai, S.,
Rappoport, Z., Eds.; J. Wiley: New York, 1989, p 151; 1991, p 183.

(2) Jasinski, J. M.; Meyerson, B. S.; Scott, B.Annu Rev. Phys Chem
1987, 38, 109.

(3) Varma, R.; Ramaprasad, K. R.; Nelson, JJFChem Phys 1975
63, 915.

(4) Cradock, S.; Ebsworth, E. A. V.; Savage, W. J.; Whiteford, RJ.A.
Chem Soc Faraday Trans?2 1972 68, 934.

(5) Beagley, B.; Robiette, A. G.; Sheldrick, G. M.Chem Soc A 1968
3002.

(6) Blake, A. J.; Ebsworth, E. A.; Henderson, S. G Agta Crystallogr
1991, C47, 486.

(7) Cambridge crystal structure database: Allen, F. H.; Davies, J. E.;
Galloy, J. J.; Johnson, O.; Kennard, O.; Macrae, C. F.; Mitchell, E. M;
Mitchell, G. F.; Smith, J. M.; Watson, D. Gl. Chem Inf. Comput Sci
1991 31, 187.

(8) Clegg, W.; Haase, M.; Klingebiel, U. K.; Sherldrick, G. i@hem
Ber. 1983 116, 146.

(9) Driess, M.; Pritzkow, H.; Reisgys, MChem Ber. 1991 124, 1923.

(10) Tebbe, K.-F.; Heinlein, TZ. Anorg Allg. Chem 1984 515 7.

(11) Driess, M.; Reisgys, M.; Pritzkow, Angew Chem, Int. Ed. Engl.
1992 31, 1510.

(12) Honle, W.; von Schnering, H. @ Anorg Allg. Chem 1978 442,
107.

(13) Honle, W.; von Schnering, H. @ Anorg Allg. Chem 1978 442
91. Baudler, M.; Oehlert, W.; Tebbe, K.-B. Anorg Allg. Chem 1991,
598 9.

aspects of silicorphosphorus bonding. Gordon and co-
workerg? carried out HF/3-21G* calculations on SiBHBIPH,

and SiPH as prototypes of single, double, and triple SiP bonds.
Cowley and collaboratof$ studied various isomers of SiBH

at the HF/6-31G** level of theory to explore the stability of
Si=P double bonds. Schleyer and K&stalculated the bond
energy of HSi=PH in a comparison of double bond energies
of second-row elements with carbon and silicon. Raghavachari

(14) Baudler, M.; Scholz, G.; Tebbe, K.-F.; Feher, Ahgew Chem,
Int. Ed. Engl. 1989 28, 339.

(15) Walsh, RThe Chemistry of Organic Silicon CompounBstai, S.,
Rappoport, Z., Eds.; J. Wiley: New York, 1989; p 151.

(16) Driess, M.; Grtzmacher, HAngew Chem, Int. Ed. Engl. 1996
35, 828.

(17) Couret, C.; Escudie, J.; Satge, J.; Andriamizaka, J. D.; Saint-Roche,
B. J. OrganometChem 1979 182 9.

(18) (a) Smith, C. N.; Bickelhaupt, Fetrahedron Lett1984 25, 3011.
(b) Smit, C. N.; Bickelhaupt, FOrganometallics1987, 6, 1156. (c) van
den Winkel, Y.; Bastiaans, H.; Bickelhaupt, F OrganometChem 1991,
405, 183. (d) Driess, MAngew Chem, Int. Ed. Engl. 1991, 30, 1022. (e)
Driess, M.; Pritzkow, HJ. Chem Soc, Chem Commun 1993 1585.

(19) Bender, H. R. G.; Niecke, E.; Nieger, Nl.Am Chem Soc 1993
115 3314.

(20) Driess, M.; Rell, S.; Pritzkow, Hl. Chem Soc, Chem Commun
1995 253.

(21) Dykema, K. J.; Truong, T. N.; Gordon, M. $. Am Chem Soc
1985 107, 4535.

(22) Lee, J.-G.; Boggs, J. E.; Cowley, A. H. Chem Soc, Chem
Commun 1985 773.

(23) Schleyer, P. v. R.; Kost, Dl. Am Chem Soc 1988 110, 2105.

S0002-7863(96)00771-8 CCC: $12.00 © 1996 American Chemical Society



Silicon—Phosphorus Compounds

et al2*investigated the insertion of silylene into various species,
including PH. Maines et af® examined the 1,1-elimination
of H, from H3SiPH; to form HS=PH,. A number of author$

J. Am. Chem. Soc., Vol. 118, No. 35, BIgG

6-31G(d) frequencies. Correlated energies were calculated by fourth-
order Mgller-Plesset perturbation thedf(MP4SDTQ, frozen core)
and by quadratic configuration interaction with perturbative correction

for triple excitations’ (QCISD(T), frozen core) with the MP2(full)/6-
31G(d) optimized geometries.
Atomization energies were computed by the G2 meffidd which

have calculated ring strain energies of heterosubstituted cyclo-
polysilanes and have noted that cyclic 88iH,PH and other

mOﬂOSL_JbSFItuted 3_mem1be.red p(;I7yS|Iane rings have ur_]usuallythe energy computed at MP4/6-311G(d,p) is corrected for the effect of
short Si-Si bonds. Nyulazi et al** have calculated HSIPH  y1c6 functions obtained at MP4/6-3£G(d,p), for the effect of higher

and HSIPH in connection with a study of substituent effects ,|arization functions obtained at MP4/6-311G(2df,p), for the effect
on the stability of silylenes and silyl radicals. Schoeller and of electron correlation beyond fourth order obtained at QCISD(T)/6-
Buscl¥® have computed the cations, radicals, and anions of 311G(d,p), and for the inclusion of additional polarization functions at

H,SiP and SiPKH In the wake of recent experimental advances,
Driess and Janosch@&have also undertaken theoretical studies
of H,Si=PH and HSi=P—SiHa.

The purpose of the present work is to expand our understand-

ing of the structure and energetics of compounds with one or
more SiP bonds. Specifically, we have used ab initio molecular
orbital calculations at the MP2/6-31G* level of theory to
determine the geometries and relative stabilities of various
isomers of SiPH, (m + n = 0—5) and SiK,PH,SiH, (m +

n + o = 0-7). Heats of formation and bond dissociation

MP2/6-31HG(3df,2p). Higher level corrections (HLC) for deficiencies
in the wave function are estimated empiric&llyoy comparing the
calculated and experimental bond dissociation energy for 55 well-
characterized molecules.

Most of the radicals hav& in the range 0.750.80, but R-P=SiH,
H,SiPSiH, and cyclic HSiIPSiH have somewhat larger spin contamina-
tion (1.1-1.3). Although energies computed with MghePlesset
perturbation theory are significantly affected by spin contamination,
energies calculated with the QCISD(T), CCSD(T), and G2 methods
are not®3%® Use of the spin-projected MPenergies in the G2
calculations instead of the unprojected values alters the G2 energies

energies were then calculated for these isomers at the G2 leveby less than 0.5 kcal/mol, even when there is significant spin

of theory30 which has been shown to give reliable values that
are within £2 kcal/mol of accurately known experimental
energy differenced

Methods

Molecular orbital calculations were carried out with the GAUSSIAN
94%2 series of programs using a variety of basis sets of split valence
quality or better with multiple polarization and diffuse functicfs.
Equilibrium geometries were optimized by Hartrgeock and second-
order Mgller-Plesset perturbation theory (HF/6-31G(d) and MP2(full)/
6-31G(d), respectively) using a quasi-Newton optimization me#hod.

contamination.

Results and Discussion

The structures considered in the present work are shown in
Figures +-3. Total energies at the MP2(full)/6-31G*, QCISD-
(T)/6-311G**, G2MP2, and G2 levels, and harmonic vibrational
frequencies calculated at the HF/6-31G* level for all of the
structures are listed in the supporting information. Structures

with the same number of hydrogen atoms are discussed as a

group; within each group, structures are ordered approximately
in terms of decreasing stability as calculated at the G2 level of

Vibrational frequencies and zero-point energies were calculated at theth rv. Structur relative enerai nd isodesmic reaction
HF/6-31G(d) level using the HF-optimized geometries and analytical eory. uctures, relative energies, a sodesmic reactions

second derivative® Thermal corrections to the energies were are considered first, followed by a discussion of the heats of
calculated by standard statistical thermodynamic methods using the HF/formation and dissociation energetics. Unless otherwise stated,
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Geometries and Relative Energies. (a) SiP{ The MP2/
6-31G* optimized geometry of silylphosphinda, and the
corresponding ylidelb, are in good agreement with previous
calculationg€02” The bond lengths idaare within 0.005 A of
the experimental values from the microwave structuteis
suggests that a typical SP single bond length is ca. 2.25 A.
The ylide 1b is 34.3 kcal/mol less stable than silylphosphine,
1a, and has a significantly longer bond length (2.327 A). By
comparison, the corresponding carbon yR8E&€H,PH, is 45.9
kcal/mol higher than methyl phosphine and shows a 0.19 A
shortening of the €P bond.

(b) SiPHs. Two different isomers can be generated by
removing a hydrogen from silylphosphine. Since the-19i
bond energy in Sih(91.3 kcal/mol) is greater than the-P
bond energy in PEI(81.5 kcal/mol), it can be anticipated that
structure2b, SiH,PH, (obtained by breaking an SH bond in
SiH3PH,), is higher in energy than SHRH (obtained by
breaking the PH bond). Theanti rotomer of SiHPH, is 1.5
kcal/mol lower than thgauche For SiHPH, two states need
to be considered. TH&\" state23, is 7.9 kcal/mol lower than
2b, has a normal SiP single bond (2.254 A), and has a small
SiPH angle (93.4 since thes lone pair orbital on P is doubly
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K M\
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<(3,2,1,4)=-156.33  <(4,1,2,5)=-122.07
3a (0.0) Cs 3b (14.3) C1 3d (46.4) Csv
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14946 < 119.71

2.0413 2.1608 -
_1.4051 e °
@ 2.0573
<94.95 <118.38 ‘m\ ® 1.9928
4) <103.00 5a (00) Cs
<(3,1,2,4)=-164.38 <(3,1,2,4)=-125.64

4a (0.0) Cs 4b (4.9) Cs 4c (9.0) Cs 6 Coov

Figure 1. Equilibrium geometries for SiPfbptimized at the MP2(full)/6-31G(d) level of theory and relative energies of isomers computed at the
G2 level of theory.

occupied). TheA' state is 38.6 kcal/mol higher than th&" o bonds are weaker than-S8i ¢ bond (e.g. 70 kcal/mol in
state, has a short SP bond (2.194 A, because of partial SiHzPH, versus 76 kcal/mol in SigBiHs).

bonding between phosphorus and silicon), and has a larger SIPH The next most stable structure is the silyledig SiHPH,,
angle (127.8, since thes “lone pair” orbital is singly occupied).  which can be derived from SgRH; by 1,1-elimination of H.

By comparison, théA; state of PH is calculated to be 53.0  In keeping with the effect of electronegative substituents on
kcal/mol higher than théB, state (experimental, 52.3 kcal/  silylenes,3b is stabilized relative to unsubstituted silyleffe:
mol*9) and has a HPH angle of 122 .@xperimental, 1232').

(c) SiPHs. Because this set of isomers contains the simplest
example of a S+P double bond, it has been studied by a number
of groups29-2227.29 Qur findings are in good accord with SiH, + SiH;PH, — SiH, + SiHPH, —8.5 kcal/mol
previous results. The planar structude, has the lowest energy
in this set. The S¥P double bond length is 2.075 A, in good SiH. + SiH.Cl — SiH, + SiHCI  —9.8 kcal/mof®
agreement with the experimental value of 2.094 A determined 2 3 ¢
by X-ray crystallography on a sterically stabilized=$t double

19 ) ) .
bond-® An estimate of ther-bond energy of SrP can be The phosphorus is significantly less pyramidal than usual (sum

obtained from the rotational barrier op8i=PH, 28-34 kcall ¢ 6 yalence angles at P is 33.and the barrier to inversion
mol.2® Another estimate of the-bond energy can be calculated is very low27 in addition, the S+P bond length, 2.170 A, is

SiH, + SiH;SiH; — SiH, + SiH;SiH  —0.7 kcal/mol

Silylene 3b is only 14.3 kcal/mol higher than Sp+PH, 3a.

from the following isodesmic reactiot: intermediate between typical single and double-Bibonds
(2.25 and 2.07 A, respectively). These facts are consistent with
SiH; + PH, + SiH;—PH, — a partial, dativer bond between the lone pair on P and the

SiH,=PH+ SiH, + PH,  —37.9 kcal/mol empty p orbital on Si that contributes to the ca. 8.5 kcal/mol
stabilization of the silylene.

2SiH; + SiH;—SiH; — _ _
) ] ] . (41) Curtiss, L. A.; Raghavachari, K.; Deutsch, P. W.; Pople, JJ.A.
SiH,=SiH, + 2SiH, —32.7 kcal/mol Chem Phys 1991, 95, 2433. o _
(42) Homolytic cleavage of the double bond in g#PH would yield
two unpaired electrons on SiHone from breaking thes bond and one
Although the SiPr bond is a bit stronger than the Sibond, from breaking ther bond) and likewise two unpaired electrons on PH.

. Thus triplet Sik} and triplet PH are the proper products if one is interested
the overall double bond strength for=8? is somewhat less i the double bond strength. For further discussion see refsia3

than that of S¥Si (e.g. 101 kcal/mol for Sip&=PH— 3SiH, + (43) Janoschek, R. lrganosilicon Chemistryfrom Molecules to
3 2 in Sj iH, — 2 3QjH.AL ; Materials Auner, N., Weis, J., Eds.; VCH Pub.: Weinheim, 1994; p 84.
PH??vs 106 kcal/mol in Si4=SiH, — 2 °SiH; ) because StP (44) Gordon, M. S.; Francisco, J. S.; Schlegel, HABv. Silicon Chem
1993 2, 137.
(40) Berthou, J. M.; Pascat, B.; Guenebaut, H.; Ramsay, OCah J. (45) Grev, R. SAdv. OrganometChem 1991, 33, 125.

Phys 1972 50, 2265. (46) Su, M.-D.; Schlegel, H. BJ. Phys Chem 1993 97, 8732.
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<(1,2,3,6)=169.04

15 C3
Figure 3. Equilibrium geometry for (Sik)sP optimized at the
MP2(full)/6-31G(d) level of theory. (X is a dummy atom on t@g
axis.)

Structure 3c, SiHzP, is a ground state triplet witlCs,
symmetry that lies 21.4 kcal/mol higher th&a It has an
typical Si—P single bond and can be derived froba by
breaking two P-H bonds. Structur8d, SiPH;, is also a ground
state triplet and is 46.4 kcal/mol abo@e.

(d) SiPH,. Compoundsta, H,Si=P, and4b, SiH=PH, can
be obtained by breaking an-SH or P—H bond in HSi=PH;
as expected, each structure is planar and has—& Siouble
bond. The HSi=P isomer is 4.9 more stable tharans
HSi=PH which is 3.9 kcal/mol more stable thais HSi=PH.

A different isomer, SFPH; 4c, is 9.0 kcal/mol higher thada;
it has a nonplanar phosphorus (sum of valence angles at P i
339.8) and an StP bond that is intermediate between a single
and a double bond. It is analogous to silyle3ie HSiPH,,
and can be obtained from the latter by breaking-atsbond.

(e) SiPH and SiP. Linear HSiP,5b, has a SiP triple bond
(1.984 A), and by comparison with HCN, it would be expected
to be the most stable isomer. However, Gordon and co-
workerg! have previously shown that a hydrogen-bridged
structure is lower in energy. This is reminiscent oft&iwhich
also has a bridged geomettyy Bridged Si(H)P5a, has an SFP
double bond, a PH single bond, and a partial SiH bond. At the
G2 level of theory it is 10.4 kcal/mol more stable than #8i
The diatomic SiP§, is ao radical and has a triple bond with

a length of 1.993 A. The SiP triple bond appears to be ca. 40

kcal/mol stronger than the double bond, based on the following
isodesmic reactions:

SiH, + PH, + SiH,=~PH—

HSi=P + SiH, + PH;  —35.3 kcal/mol
SiH; + PH, + SiH=PH—
SE=P+ SiH, + PH;  —47.2 kcal/mol

(f) Si,PH7. Disilylphosphine,7, has geometrical parameters
that are very similar to monosilylphosphinga. The bond
separation energy is small:

SiH;PHSIH, + PH; — 2SiH;PH, 2.8 kcal/mol
indicating relatively little interaction between the two-$t
bonds. By comparison witlib the corresponding ylide is
expected to be 3840 kcal/mol higher in energy. The SiH
SiH,PH, isome#? is 4.9 kcal/mol higher thaf.

(g) SkPHg. Similar to SiPH, the lowest energy gPHs
structure 8a, is the?B; state resulting from breaking a+M in
Si;PH;; the 2A; state is 29.1 kcal/mol higher. Cleavage of an

(47) Colegrove, B. T.; Schaefer, H. B.Phys Chem 199Q 94, 5593.
(48) Fanta, A. D.; Tan, R. P.; Comerlato, N. M.; Driess, M.; Powell, D.
R.; West, R.Inorg. Chim Acta 1992 198-200, 733.
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Si—H bond in SjPH; yields8b, a structure that is 8.2 kcal/mol
higher tharBa. This structure is the silyl-substituted analogue
of 2b. Thegaucherotomer is 0.9 kcal/mol higher than theti
rotomer.

(h) Si,PHs. Of the structures considered, the phosphorus-
bridged, 3-membered-rir@a has the lowest energy. The-Sp
bond length is slightly longer than an average Bisingle bond
(2.280 A vs 2.25 A), whereas the S8i bond length is
intermediate between a single and a double bond (2.264 A vs
2.335 A in HSi—SiH; and 2.164 A in HSi=SiH*). The
shortening of St Si bonds in HSi—X—SiH, 3-membered rings
(X =PH, S, NH, O) has been attributed to back-donation from
X into the HSi=SiH, 7* orbital?%2band to bond bendingf°
Ring strain can be estimated by the following homodesmic
reactions:

cyclic SiH,PHSIH, + 2SiH,PH, + SiH,SiH, —
2SiH,SiH,PH, + SiH,PHSIH,  —27.6 kcal/mot’

cyclic SiH,SiH,SiH, + 3SiH,SiH, —
3SiH,SiH,SiH;  —33.6 kcal/mol

cyclic CH,CH,CH, + 3CH,CH, —

3CH,CH,CH, —27.4 kcal/mof®
The ring strain for cyclic $Hg is higher than that of cyclo-
propane because of increased bond bending strain and greater
difficulty in forming suitable hybrid orbitals at silico#¢ The
decrease in ring strain in going from cyclics8k to cyclic
SibPHs is due to a decrease in angular strain because of the
smaller valence angles at phosphdiftsWest and co-workef8
have tentatively identified a substituted example of 3-membered-
ring 9a as an intermediate in the reaction of With disilenes.
The acyclic compound with a double bond, gi+SiH; 9b,
is only 2.0 kcal/mol higher than the cyclic structugs, The
m-bond energy is very similar to Sp+PH:

SiH; + PH, + SiH;—PH-SiH; —
SiH;—P=SiH, + SiH, + PH;  —39.6 kcal/mol
Driess et al8d have recently synthesized a sterically stabilized
R,Si=P—SiR'3;, where R and Rare large, bulky groups. They
have also compared observed and calculated properties for
R,Si=XR and RSi=PSiR:.2° The calculated geometry @b
is essentially HSi=PH, 3a, substituted by a silyl group; the
structure shows little specific interaction between the-FSi
single and double bonds.

The silylene isomer,anti SiHsPHSIH 9c, and its syn
conformer are silyl-substituted analogues3tf and are 13.8
and 14.9 kcal/mol higher tha®b. Each of these silylenes has
a remarkably small HSiP angle (less thar?)9@ 0.02-0.03 A
shortening of both the SiP bonds, and a flattening of the
pyramidal P, indicating some interaction between the silyl group
and the HSi=P moiety. This is confirmed by examining the
appropriate bond separation reaction:
SiH,PHSiH+ PH, — SiH,PH, + SiHPH, 4.9 kcal/mol

(i) Si.PH4. The lowest energy structure is tAB; state of
the 3-membered-ring0a It can be obtained by breaking the
P—H bond in the 3-membered-ringa and shows even more
shortening of the SiSi bond than the latter. TH&; state is
a ca. 10 kcal/mol less stable than tf& state. The other
3-membered ring10b, is 7.2 kcal/mol higher thadOa The
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ring strain in these structures is similar to cycligF3ik, 9a, as
computed by the following isodesmic reactions:

cyclic SiH,PSiH, + 2SiH, —

SiH;PSiH; + SiH;SiH;  —23.5 kcal/mol

cyclic SiH,PHSIH+ 2SiH, —
SiH;PHSIH, + SiH,SiH;  —22.5 kcal/mol

cyclic SiH,PHSIH, + 2SiH, —
SiH,PHSIH, + SiH;SiH;  —24.6 kcal/mol

The most stable acylic structure tans H3SiPH=SIiH, 10¢
which is 6.8 kcal/mol higher thaiOa The cis isomer of
H3SiPH=SIiH is 2.8 kcal/mol less stable than theans
Structure10d, SiHsPHSI, is 10.9 kcal/mol abov&0a and is
the silyl-substituted analogue of,PISi, 4a; both SiP bonds in
10d show ca. 0.02 A shortening, indicating some interaction
between the bonds:

SiH;PHSi+ PH, — SiH,PH, + SiPH, 5.1 kcal/mol

Breaking the SiSi bond and opening the 3-membered ring
in 10ais endothermic by only 10.5 kcal/mol (however, there is
probably a significant barrier); the resulting speci&ég is
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silylene and there is a sizable interaction between the two SiP
bonds:

SiH,=P—SiH + PH; —

SiH,=PH+ SiH—PH, 7.0 kcal/mol
Compoundanti,anti-11e the synanti isomer, and theynsyn
isomer haver systems that are isoelectronic with allyl cation
and the SiP bonds show the requisite shortening. The
structures are 25.6, 26.4, and 27.3 kcal/mol abdve,
respectively.

(k) SioPH,. Isomer 12a is the most stable and can be
obtained from10a by 1,1-elimination of H or from 11b by
PH bond cleavage. There is considerable shortening of the SiP
bond to give it nearly double bond character. The other two
cyclic structures12band12g are significantly higher in energy
(21.0 and 25.2 kcal/mol, respectively). In both cases there is a
partial multiple bond in the ring. Acyclic isomers HSIPSiH
and HSIPHSi were also considered, but were found to be
significantly less stable than the cyclic structures.

() SizPH and SiP. The three-membered ring with an-Sil
bond,134a is 11.2 kcal/mol more stable than the isomer with a
P—H bond,13b. The?A; state is the most stable state fosF5i
14; the 2B, state is 19.8 kcal/mol higher. Structut8ahas an
SiP single bond whild.3b and 14 have SiSi single bonds; the

isoelectronic with allyl radical and the SiP bond lengths are other ring bonds have partial double bond character.

intermediate between single and double bonds.
following isodesmic reaction,

2SiH; + PH, + SiH,;PHSIH, —
SiH,PSiH, + 2SiH, + PH;  —43.0 kcal/mol

one can see that the strength of the allylibond is slightly
greater thanr-bond energy of the double bond in $#HPH.
Structuresl Of and itssynisomer can be obtained by-S&i bond
cleavage and ring opening a0b (endothermic by 16.2 and
18.1 kcal/mol, respectively).
P=SiH fragments resembRb, although the P is less pyramidal;
the HSi—P fragments resembl@b, but the Si-P bond is
somewhat shorter, indicating a small interaction with the
neighboring S+=P.

(j) Si.PHs. Three different cyclic species can be constructed.

Structurellais the most stable and has a somewhat elongated

Si—P single bond and SiP double bond, but an SiSi bond that
is almost as short as8i=SiH,. The S+P w-bond energy, as
estimated by the following isodesmic reaction,

SiH; + PH, + cyclic SiH,—PH-SiH, —
cyclic SiH,—P=SiH + SiH, + PH,  —40.4 kcal/mol
is similar to acyclic SFP double bonds i8a and9b (—37.9
and —39.6 kcal/mol, respectively). Silylenklb is 7.9 kcal/
mol higher tharllaand can be obtained by 1,1;Elimination
from9a. The SiSi bond is normal, but the SiP bonds are 6.05
0.06 A shorter than normal. The ring strainlitb is somewhat

less than iabecause of the smaller valence angle of silylenes:

cyclic SiH,PHSi+ 2SiH, —

SiH;PHSIH+ SiH,SiH;  —17.8 kcal/mol

Structurellc with an S=Si double bond is a transition state
for PH migration. The acyclic isomekld has an SiP single

From the

In both of these isomers, the

(m) SizPHg. Trisilylphosphine,15, is a pyramidal with the
silyl groups in a staggered conformation. At the HartrEeck
level, the symmetry i€3,, but at the MP2/6-31G(d) level the
silyl groups twist by ca. 10to yield an equilibrium structure
with Cz symmetry. Because there are 3 pairs of-Bibond
interactions, the bond separation energy fogPSh is ap-
proximately 3 times the bond separation energy foPHj:

(SiHy)4P + 2PH, — 3SiH;PH, 9.8 kcal/mol

Heats of Formation, Bond Energies, and Decomposition
Reactions. The G2 energies (listed in the supporting informa-
tion) were used to calculate the atomization energies listed in
Table 1. These were then combined with the gas-phase heats
of formation of the atoms to give the heats of formation of the
molecules under discussion. While the heats of formation of
hydrogen and phosphorus atoms are known very*i&pR.10
and 75.62 kcal/mol, respectively, at 298 K, 1 atm), there is a
bit of uncertainty for silicon. Grev and Schaéfeand Ochter-
ski, Petersson, and Wibéfchave recently suggested the value
listed in the JANAF table$] 107.554 2 kcal/mol (at 298 K),
is too low based on a comparison between very high level
calculations and the experimental heat of atomization of silane
and disilane. We have used their recommendétidgof 108.1
=+ 0.5 kcal/mol 40 K or 109.1 kcal/mol at 298 K. For a series
of 125 energy differences whose experimental values are known
accurately, the mean absolute error in the values calculated at
the G2 level of theory is 1.3 kcal/mé&:3! The accuracy and
reliability of calculated heats of formation listed in Table 1
should be similar. For the molecules in the present study, the
mean absolute difference in atomization energies computed at
the G2 and G2(MP2) levels of theory is 0.5 kcal/mol (G2(MP2)
results are available in the supporting information).

Table 2 presents the dissociation enthalpies for the weakest
bonds in the compounds considered. Simplet$iP—H, and

(49) Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J,;

bond and an SiP double bond. This structure is 16.3 kcal/mol McDonald, R. A.; Szverud, A. N. JANAF Thermochemical Tables, 3rd ed.

abovellaand can be generated frodb by 1,1-elimination of
H, to give a silylene or by breaking the SiSi doble bond in
1la The geometry ofL1ld resembles3a substituted with a

In J. Phys Chem Ref Data 1985 14.
(50) Grev, R. S.; Schaefer, H. B. Chem Phys 1992 97, 8389.
(51) Ochterski, J. W.; Petersson, G. A.; Wiberg, K. BAm Chem
Soc 1995 117, 11299.
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Table 1. Atomization Energies, Heats of Formation, and Entropies
for SiPH,, SiPH,, and SiPH; Computed at the G2 Level of
Theony

sym- atomization heat of

structure metry  energy formation entropy
la HsSi—PH, Cs 428.5 9.7 66.1
1b H,Si—PHs Cs 394.2 44.2 67.6
2a HsSi—PH?2A" Cs 347.5 40.0 66.8
2b H,Si—PH, anti C 339.6 47.9 66.9
3a H,Si=PH Cs 293.5 42.9 62.0
3b HSi—PH, Ci 279.2 57.4 63.3
3c HsSi—P Cs, 272.1 64.3 62.4
3d Si—PH; Cs, 247.1 89.5 64.1
4a H2SFP Cs 213.7 72.1 63.0
4b HSi=PHtrans G 208.8 76.9 62.8
4c Si—PH, Cs 204.7 80.9 63.1
5a Si(H)P Cs 166.4 68.8 61.6
5b HS=P Ceov 156.0 79.0 56.0
6 Si=P Cov 83.1 100.8 54.8
7 Hs3Si—PH-SiH; Cs 633.3 15.1 80.2
8a HsSi—P-SiH;?B; C 552.9 44.8 83.1
8b H3Si—PH-SiH, anti C 544.7 53.0 80.9
9a H,Si—PH-SiH, c Cs 502.0 44.2 717
9b H3Si—P=SiH, Cs 500.1 46.5 75.5
9c Hs3Si—PH-SiH anti C 486.2 60.5 77.4
10a H,Si—P-SiH, ¢ ?B; Co, 422.7 72.8 72.5
10b H,Si—PH-SiH ¢ Ci 415.6 79.9 72.4
10c HsSi—P=SiH trans G 416.0 80.0 78.1
10d HsSi—PH-Si Ci 411.8 84.1 77.5
10e H,Si—P-SiH, C 412.2 83.9 77.0
10f H,Si—PH=SiH anti C 399.4 96.7 77.2
1la H,Si—P-SiH ¢ Cs 369.6 74.9 69.2
11b H,Si—PH-Sic Ci 361.8 83.1 71.0
11d H.,Si=P-SiHanti,anti G 353.3 91.8 73.3
1le HSi—PH-SIH Ca 344.1 101.2 77.5
12a H,Si—P-Sic Cs 300.8 93.2 71.4
12b HSIi—PH-Sic C 279.8 114.2 71.3
12¢ HSi—P-SiHc C 275.6 118.4 70.9
13a HSi—P-Sic Cs 247.4 95.7 67.7
13b Si—PH-Sic Ca 236.2 107.0 69.2
14 Si—P-Sic?A; Ca 183.1 109.2 67.1
15 (SiHs)sP Cs 842.5 16.5 92.5

a G2 atomization energies in kcal/mol at 0 K, heats of formation in
kcal/mol at 298 K, entropies in cal/deg mol at 298 K; cyclic molecules
are designated by the suffic c.

Si—P bond cleavage in saturated compounds requireQ@0
kcal/mol. The strength of an <SP double bond, 7780 kcal/
mol, is only about 10% greater than a normal single bond
strength, 76-76 kcal/mol, based on singlet silylene as a product.
If one uses triplet Sikj*2 the Si=P double bond is ca. 30 kcal/
mol stronger than the single bond. Likewise, if quartet SiH is
used, the SiP triple bond is ca. 560 kcal/mol stronger than
the single bond. Lower values for bond strengths in some of

the compounds are due to unstable reactants or particularly stable

products. For example, SH breaking in2a, 8a, and10aand
P—H breaking in2b, 8b, and10b are 45-55 kcal/mol because
of the formation of an S#P double bond. Formation of
silylenes also leads to low SH bond energies i2b, 4a, 8b,
and10e The Si-P bond energies ifib, 3d, and10d are only
20—32 kcal/mol because the reactants are relatively unstable.
Note, however, that there may be significant barriers associate
with some of the bond-breaking processes that involve rear-
rangement of bonding.

Other important routes for the decomposition of silicon
compounds are the 1,1-elimination of bnd silylene-elimina-
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Table 2. Energies for Unimolecular Decomposition Computed at
the G2 Level of Theory

bond breaking elimination

structure SiH PH SiP SiSi H SiH;
la H3Si—PH, 88.9 81.0 70.1 45.0 54.9
1b HsSiPH 54.6 20.7 —-3.5
2a H3Si—PH 54.0 75.4 64.8 345 555
2b H.Si—PH, 60.4 46.1 47.6 21.7
3a H,Si=PH 84.7 79.8 77.2(100.6) 22.9
3b HSI—PH; 746 70.4 63.6 19.0
3c HsSi—P 58.5 58.6 55.9
3d Si—PH; 425 20.7
4a H2S=P 57.7 66.6 (89.9) 26.3
4b HSi=PH 42.4 52.8 68.9
4c Si—PH, 38.2 59.8 17.3
5a Si(H)P 83.3 97.3
5b HSiEP 72.9 85.3 (126.6)
6 SEP 83.1
7 HsSi—PH-SiH; 88.6 80.4 72.3 429 57.7
8a Hs3Si—P—SiH; 52.8 67.2 32.7 59.1
8b H3Si—PH-SiH, 42.7 44.6 37.6 42,5 58.0
9a H,Si—PH-SiH,c 86.5 80.4 15.8 36.1 61.4
9b H3Si—P=SiH; 84.1 72.9 42.6 59.4
9c H3Si—PH-SIiH 74.4 70.3 63.9 38.0 59.9
9d H3Si—PH-SIiH 73.4 69.2 62.9 36.9 58.8
10a H,Si—P-SiH,¢ 53.1 6.8 17.7 61.9
10b HSi—PH-SiHc 53.8 45.9 176 315 59.6
10c H3Si—P=SiH 62.6 46.4 60.0
10d HsSi—PH-Si 50.1 31.9 60.0
10e H,Si—P—SiH, 58.9 514
10f HzSi—PH=SiH 55.3 46.0 434
11a H,Si—P-SiHc 68.8 16.3 18.0 66.5
11b H;Si—PH-Sic 81.9 60.9 21.3 48.2
11d H,Si=P-SiH 525 68.9
1lle HSi—PH-SIH 64.3 68.5 64.5
12a H,Si—P-Sic 534 32.7 70.6
12b HSi—PH-Sic 43.6 324
12c HSi—P-SiHc 28.2
13a HSi—P-Sic 83.5
13b Si—PH-Sic 72.3
15  (SiHs)sP 76.0 62.0

a1n kcal/mol & 0 K for breaking the weakest bond; cyclic molecules
are designated by the suffix @ Values in parentheses are calculated
using triplet SiH and quartet SiH; these are appropriate for determining
the SiP double and triple bond strendth.

be only a bit higher than the heats of reaction listed in the table
(by contrast, 1,2-elimination of Hcan have rather high
barrier§?). Some of the more facile decomposition reactions
include H elimination from2b, 3a, 3b, 4d, 10a 11a and11b.

In each case the product is stabilized by the formation of a
multiple bond. The heats of reaction for Sielimination are
typically 10—20 kcal/mol higher than 1,1-elimination of;H

A bond additivity schen® can be constructed to fit the
calculated atomization energies in Table 1 and related data for
SiHn, SkHy, SikHg,* and PH. Because of the special nature
of their bonding, ylides bBiPH; and SiPH and partial aromatic
3-membered ring&3a 13b, and14 were not included. Note
that the average bond energies used for the additivity scheme
are not the same as the dissociation energies (kcal/mol) for

gspecific bonds in individual compounds:

Si-H=73.5 P-H=73
Si—Si= 55 SESi=57 SESi=71
Si—P=55 SiEP =69 SEP =86

3-membered ring= —30

tion reactions. The heats of reaction for some of these processes
that can be computed from the present data are also listed inThese average bond energies yield an estimated mean absolute

Table 2. Of the reactions listed, only SiPH, — SiH, + PH;
and SikPH, — SiHPH, + H, have been studied previougHy?>
Typically, silylene insertions and additions have very low
barriers. Hence, the barriers fok ldnd SiH elimination will

deviation of 5.3 kcal/mol in the atomization energies. The major

(52) Gordon, M. S.; Truong, T. N.; Bonderson, E.XAm Chem Soc
1986 108 1421.
(53) Cohen, N.; Benson, S. \Chem Rev. 1993 93, 2419.
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errors in the bond additivity scheme are due to the stability of
silylenes, dative bonding, and conjugation. The ring strain term
was needed for a reasonable fit, but further refinement is
probably not warranted for the size of the database.

A group additivity schen®® can give a significantly better
fit to the atomization energy:

92 kcal/mol for Si with 4 single bonds

68 kcal/mol for Si with 1 double bond and 2 single bonds
56 kcal/mol for Si with 1 triple bond and 1 single bond
56 kcal/mol for Si with 3 single bonds

44 kcal/mol for Si with 1 double bond and 1 single bond
37 kcal/mol for Si with 1 triple bond

41 kcal/mol for singlet Si with 2 single bonds

17 kcal/mol for triplet Si with 2 single bonds

37 kcal/mol for Si with 1 double bond

17 kcal/mol for Si with 1 single bond

72 kcal/mol for P with 3 or 4 single bonds

65 kcal/mol for P with 1 double bond and 1 single bond
46 kcal/mol for P with 1 triple bond

43 kcal/mol for P with 2 single bonds or 1 double bond
18 kcal/mol for triplet P with 1 single bond

53.3 kcal/mol for terminal H, 60 kcal/mol for bridging H
—14 kcal/mol for 3-membered rings

14 kcal/mol for each dative bond

35 kcal/mol for allyliczr conjugation in an StP—Si group

For 18 compounds in the series for §jt$ibH,, and SiHg the
mean absolute deviation is 1.3 kcal/mol in the atomization
energies. For the entire set of SiRHBiLPH,, SisPHo, SiH,,
SibH,, SisHg, and PH (58 compounds), the mean absolute
deviation is 3.4 kcal/mol. Special terms for ring strain, dative
bonding (e.g structuresb, 4c, 9c¢, 10d, 10f, etc)., and allylic
conjugation (structure$0e 11e 12¢ 13a 13b, and14) were

required for a good fit. This scheme should to be a useful start
for approximating the energies of larger systems. As more data

become available, the group contributions will need to be

extended to a larger set of groups with more specific bonding.

Another method for estimating the energies involves iso-

desmic reactions (reactions that conserve the numbers of eac
type of bond). For example, the atomization energies of acyclic

Si,PH, can be approximated from the energies of SjRbking
the reaction:

J. Am. Chem. Soc., Vol. 118, No. 35, B3gd

SiH,PH, + SiH PH, — SiH PH, ., SiH, + PH,
For perfect additivity of bond energies, the reaction enthalpy
would be zero. For 12 acyclic $iH,, the average reaction
energy is 5.7 kcal/mol, indicating a significant 1,3-interaction.
The average deviation, however, is only 1.7 kcal/mol indicating
that the 1,3-interaction is fairly constant and that the estimated
energies are much less variable than the bond or group additivity
methods. Furthermore, isodesmic reaction energies can be
computed quite reliably at fairly low levels of theory (e.g. MP2/
6-31G(d)). Thus, the SiRtand SpPH, energies in the present
work can be used as templates to estimate the energies of larger
systems using isodesmic reactions.

Summary

The present study examined a total of 48 isomers and states
of silicon—phosphorus compounds at the G2 level of theory.
There are a number of examples of—& double bonds.
Silylenes and cyclic compounds are also abundant for structures
with low numbers of hydrogens. Some of these are stabilized
by dative bonding and allylic conjugation. Struct@ieis the
parent of a sterically stabilized compound synthesized by
Driess!® Compounds based on 3-membered-rifig and
possibly silylenéc are also interesting candidates for synthesis
because of their structure and stability. Other molecules that
might be considered include unsaturated ririsa and 11b,
and species with allylic conjugationlle and 10e The
calculated heats of formation provide a guide to the relative
energies and stabilities of the various isomers. Simple bond
additivity and group additivity schemes have been developed
for estimating the energies of larger systems.
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