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Communications 
Structure and Energetics of SiF4-NH3: Ab Initio 
Molecular Orbital Calculations 

Sir: 
The 1:l adducts of SiF4 and (CH,),NH, (n = 0-3) amines 

have recently been studied by infrared spectroscopy coupled 
with matrix isolation.'q2 The adducts are trigonal bipyramidal, 
with the amine occupying an axial site. This conclusion is 
remarkable. Of the huge range of five-coordinate derivatives 
known of P and S, all examples containing only monodentate 
groups have the axial sites occupied by the most electronegative 
ligands, with the possible exception of (CF3),,PF,.3 It would 
be surprising if this simple rule, supported by empirical evi- 
dence: the VSEPR a p p r ~ a c h , ~  and MO calculations, both 
semiempirica16 and ab initio,' were to apply to P and S com- 
pounds but not to Si derivatives. 

The vibrational assignment of SiF4.NR3 adducts was in- 
complete'2 and the crucial Si-N stretching mode not detected. 
In view of the surprising shape deduced for these adducts, and 
the difficulties associated with experimental we have 
undertaken a series of molecular orbital calculations on these 
systems. We present here results for SiF4-NH3, which support 
the experimental findings,' and offer some clues about the 
factors determining its shape. 

Most calculations used the GAUSSIAN 80 program,* em- 
ploying complete geometry optimization by gradient tech- 
niques. Full double-l basis sets were chosen: Si ( l ls7p)/  
[ 6 ~ 4 p ] , ~  F and N (9s5p)/[4s2p], and H (4~) / [2s ] . ' ~  Polar- 
ization functions were added on Si and N. Geometries of SiF4 
and NH3 were re roduced satisfactorily. The calculated Si-F 
distance, 1.560 1, compares with ra = 1.552 (2) A," while 
in NH3 the bond length, 1.005 A, and H-N-H angle, 107.1°, 
are close to experimental re values of 1.012 A and 106.7'.'* 
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Figure 1. Four different geometries investigated for SiF,.NH3. 
Optimized bond lengths are in angstroms and angles in degrees. 

Four different geometries of SiF4.NH3, illustrated in Figure 
1, were explored. I and I1 are trigonal bipyramidal, while I11 
and IV are derived from a tetragonal pyramid. NH3 occupies 
an axial site in I and I11 but an equatorial (basal) position in 
I1 and IV. Point-group symmetries of the F4NSi skeleton are 
as follows: I, C3"; 11, C%; 111, C4"; IV, C,. Optimized geo- 
metrical parameters are given in Figure 1. 

I is the lowest energy arrangement found for SiF4-NH3. Its 
energy of -743.23144 au indicates an apparent binding energy 
of 51 kl mol-', relative to SiF, and NH3. As the superposition 
error was found to be 15 kl mol-', the true SCF binding energy 
is 36 kJ mol-'. The Si-N distance in I is substantially greater 
than typical single-bond lengths of about 1.73 A.I3 Its 
stretching force constant of 1.07 mdyn A-' and the large 
positive interaction constant linking it to the N-Si-F, angle 
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mean that the vibrational motion best described as the Si-N 
stretch is expected near 200 cm-’, with a low infrared intensity 
resulting from the slight change in dipole moment. 

I1 is 47 kJ mol-’ higher than I, or unbound once the su- 
perposition error is considered, while I11 is 10 kJ mol-’ above 
11. IV is not a local minimum on the potential energy surface 
but relaxes, with progressive energy lowering, toward I. 

These calculations have shown I to be the most stable ar- 
rangement of SiF4.NHI at  the SCF level. However, such 
support for the experimental result’ must be qualified until 
that level has been passed. Although a realistic calculation 
of the adduct’s correlation energy far exceeds our computing 
resources, we believe we can show it to differ so little for I and 
I1 that the conclusions reached at the SCF level remain valid. 
Reasoning that the essence of the difference in correlation 
energies for I and I1 would be present in a suitable model 
system, we studied SiH4.NH3 at geometries I’ and 11’ analo- 
gous to I and I1 for SiF4.NH3. Correlation energies obtained 
by second-order Moller-Plesset perturbation theory’, were 
0.30731 au for I’ and 0.30730 au for 11’, a trivial difference 
of 0.03 kJ mol-’ in favor of 1’. An appreciable post-SCF 
contribution to the binding of SiF4.NH3 is indicated, since the 
correlation energy of I’ exceeds those of SiH, and NH3 added 
together by 23 kJ mol-’. 

NH, transfers 0.13 electron to SiF, on adduct formation, 
according to the population analysis.” Those orbitals mainly 
localized on NH3 are stabilized but those on SiF4 raised in 
energy. Net atomic charges are as follows: N, 1.15-; H, 
0.43+; Si, 1.81+; F, 0.49- (axial) and 0.48- (equatorial). In 
a comparison of these with the charges on N and H in NH,, 
1.01- and 0.34+, with the same basis, it appears that the 
electron density transferred from NH, to SiF, in I originated 
on the H atoms and that N in I is more negatively charged 
than either N in NH3 or F in SiF4.NH,. 

It is tempting to correlate electronegativity, “the power of 
an atom in a molecule to attract electrons to itself,l6 with 
Mulliken net atomic charges.I5 One could thereby rationalize 
the axial position adopted by NH3 in SiF4.NH3, in conformity 
with the well-known rule,4 as N would appear to be more 
electronegative than F, as judged by its net charge. Fur- 
thermore, since N has gained its excess charge chiefly from 
the H atoms in SiF4.NH3, N in PF4NHz would have a reduced 
capacity to become so “electronegative”, as it could drain 
electron density from only two N-H bonds, rather than three 
as in SiF4.NH3. The equatorial position adopted by N in 
PF4NHZl7 would thereby fit comfortably with its axial site in 
SiF4.NH3. Unfortunately, the electron density is partitioned 
in an arbitrary if plausible manner during the population 
analysis with numerical results sensitive to minor basis set 
details, so it would be prudent to regard these arguments as 
not more than suggestive. 

Other calculations have shown that H 2 0  forms an adduct 
with SiF,, of lower stability than SiF,.NH,, but that neither 
SiH, nor CF4 forms an adduct with NH,. 
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Conversion of L3MmMoL3 to LJMo(IL-L)~MoL~ Type 
Compounds and Mechanistic Implications 

Sir: 

The chemistry of dimetal compounds containing d3-d3 metal 
electron configurations (with the potential of forming met- 
al-metal triple bonds) is characterized by a rich variety of 
geometries.’-3 We report here the first observation of the 
conversion of a “Chisholm type” compound (Mo2L6 staggered 
ethane-like and typified by alkoxide and amido ligands with 
consistently strong metal-metal triple bonds) to a face-shared 
bioctahedral geometry (MozLg characterized previously by 
halide complexes and a variable metal-metal distance and 
bond strength). 

During our studies of early-transition-metal aryloxide 
chemistry we have investigated the, at first sight, trivial dif- 
ference between aryloxide and alkoxide ligands on the chem- 
istry of dimetal centers? Use of the sterically quite demanding 
ligand 2,6-dimethylphenoxide leads to substitution chemistry 
quite analogous to that of alkoxides with slight differences due 
to steric influences. Hence, addition of the parent phenol to 
Mo, (NM~, )~  yields (via an intermediate) the hexaaryloxide 
Mo,(OA~’)~ (OAr’ = 2,6-dimethylphenoxide) in good yield.s 
However, use of the less sterically demanding 4-methylphenol 
(HOAr) gives different products. Addition of HOAr to 
Moz(NMe2), in hexane results in the formation of a dark 
solution from which a compound of formula [ (H2NMe2)]+- 
[(Mo,(OAr),(HNMe&]- (1) crystallizes6 This formulation 
was confirmed by a single-crystal X-ray diffraction study.7 

Figure 1 shows an ORTEP view of the anion along with some 
pertinent bond distances and angles. The overall geometry 
can be seen to be a confacial bioctahedron with the di- 
methylamine ligands being terminal and arranged so as to 
generate C2 symmetry. The M e M o  distance of 2.60 A is only 
slightly shorter than that found in MO,CI,.~-~ Not unex- 
pectedly, the compound is slightly paramagnetic at room 
temperature (per < 0.3 pB by Evans’ method). The ‘H NMR 
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Addition of 2,6-dimethylphenol (excess) to Mo2(NMq), in hexane gave 
on standing an almost quantitative yield of orange crystals of Mo2- 
(NM&(Okv),. Anal. Calcd for Mo2C3,H,N2O4: c ,  56.53; H, 6.33; 

6 6.6-7.1 (m, OC6H,), 2.21 (s, Me), 4.43, 1.70 (s, NMe2). This com- 
pound reacts further with the excess phenol at 80 “C to give Moz(OAr’), 
as a red solid in excellent yield. Anal. Calcd for M O ~ C ~ ~ H ~ ~ O , :  C, 
62.75; H, 5.92. Found: C, 62.20; H, 6.01. ‘H NMR (30 OC, C6D6): 
6 6.6-7.1 (m, OC6H3), 2.09 (s, Me). 
Addition of 4-methylphenol (L7 equiv) to Mo2(NMe2), in hexane gave 
a dark solution from which dark crystals of [H2NMe2] [Mo2(OAr),- 
(HNMe&] (n-hexane) separated in good yield. Use of only 6 equiv 
of 4-methylphenol resulted in formation of the salt, but in reduced yields. 
Analysis of the parent solution showed the presence of a mixture of as 
yet unidentified aryloxidtamido compounds. Anal. Calcd for 
Mo2C61H79N307: C, 63.08; H, 7.21; N,  3.62. Found: C, 62.50; H, 
7.31; N, 3.62. 
Crystal data for Mo2C HMO6 at -163 OC: space group Pi, a = 14.677 
(6) A, b = 16.627 (7) f ,  c = 14.402 (6) A, a = 115.78 (2)O, p = 107.67 
(2)O, y = 77.82 (2)”, 2 = 2, daid = 1.281 g cm”. Of the 6714 unique 
reflections collected with Mo Ka radiation, 6’ > 28 > 4S0, the 5560 
with F > 2.33 o(F) were used in the full-matrix refinement. Final 
residuals are R(F) = 0.0730 and R,(F) = 0.0668. 
Cotton, F. A.; Ucko, D. A. Inorg. Chim. Acto 1972, 6, 161. 

N, 3.66. Found: C, 56.44; H, 6.49; N, 3.64. ‘H NMR (30 OC, C&): 
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