CHEMISTRY—

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200701466

Neutral and Cationic Phosphoramide Adducts of Silicon Tetrachloride:
Synthesis and Characterization of Their Solution and Solid-State Structures
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Abstract: The solution and solid-state structures of hexamethylphosphoramide
(HMPA) adducts of tetrachlorosilane (SiCl,) are discussed. In solution, the meri-

dional and facial isomers of the hexa-coordinate cationic complex 3 HMPA.SiCl;*
Cl™ (2) predominate at all HMPA concentrations, and are in equilibrium with the
hexa-coordinate neutral trans- and cis-2 HMPA-SiCl, complexes (1), as well as the
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penta-coordinate cationic cis-2HMPA-SiCl;* C1~ (3). Single crystal X-ray analyses
are reported for the ionized mer-3HMPA-SiCl;* HCl,™ and the neutral trans-

2HMPA-SiCl, complexes.

Introduction

Hypervalent silicon species play important roles as reagents
and intermediates in modern organic chemistry, in particular
as powerful Lewis acid catalysts.) Recent studies in these
laboratories have described various carbonyl addition reac-
tions that rely upon the addition of a chiral Lewis base to
the weakly Lewis acidic SiCl,.”) This Lewis acid-Lewis base
interaction leads to the formation of a silyl cation that ex-
presses increased Lewis acidity that leads to significant rate
enhancements as well as exquisite stereoselectivities.”¥ A
detailed understanding of the structure of these Lewis acid—
Lewis base complexes is fundamental to the continued de-
velopment of this class of reactions, as well as other reac-
tions of main-group elements. To this end, we have chosen
to study the solution and solid-state structures of HMPA-
SiCl, complexes.

The structures of five- and six-coordinate silicon species
have been studied extensively for many years, and interest-
ing observations of dative silicon-heteroatom interactions
have been reported recently.’! However, the great majority
of these studies rely upon a covalently attached Lewis base.
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Our current study focuses on intermolecular Lewis acid-
Lewis base interactions and the resulting hypervalent com-
plexes.

Results and Discussion
Solution structures

¥Si and *'P NMR studies:*! Initial NMR spectroscopic stud-
ies demonstrated that mixtures of HMPA and SiCl, produce
species that are fluxional at room temperature. The
*P NMR spectra showed a single broad resonance, and *Si
NMR spectra were entirely featureless. Consequently, all of
the spectral data discussed below were recorded between
—60 and —100°C, where the signals were well resolved.”’

Stoichiometric constraints: The *'P NMR spectra of mixtures
containing 0.2, 0.5, 1.0, 2.0, 3.0, and 5.5 equiv of HMPA per
SiCl, (in CD,Cl, at 0.3Mm in silicon) are shown in Figure 1,
and the corresponding *Si spectra are shown in Figures 2
and 3. It is important to note that the *'P spectra do not dis-
play any free phosphoramide (free HMPA appears at 6=
26 ppm) until more than 3.0 equiv of HMPA have been
added. Conversely, the *Si NMR spectra display free SiCl,
until 3.0 equiv of HMPA have been added. This applies an
important stoichiometric constraint upon the species in solu-
tion, namely all of the phosphoramide is coordinated to a
silicon atom until more than 3.0 equiv of HMPA have been
added. At this point, no free SiCl, remains in solution, leav-
ing a complex with a 3:1 HMPA/SiCl, ratio.
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Figure 1. P NMR spectra at —70°C (CD,Cl,, 0.3m) with different
HMPA/SiCl, ratios. a) 0.2 equiv HMPA, b) 0.5 equiv HMPA, ¢) 1.0 equiv
HMPA, d) 2.0equiv HMPA, e) 3.0equiv HMPA, and f) 5.5equiv
HMPA.
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Also, with the exception of the *'P resonance at 18.7 ppm,
the relative ratio of the *'P resonances is surprisingly static
over the entire HMPA concentration range. The resonance
at 18.7 ppm increases as more HMPA is added, until
2.0 equiv has been added. This resonance then decreases in
intensity between 2.0 and 3.0 equiv of HMPA, at which
point it is no longer observed.

»Si NMR structural assignments: Simple inspection of the
»Si spectra (chemical shift and multiplicity) allowed
straightforward structural assignments for some of the reso-
nances. The resonance at —120.5 ppm (Figure 2, triplet, J=
15 Hz) is attributed to the bisphosphoramide ligated five-co-
ordinate complex, 2HMPA-SiCl;* Cl~ (3). This resonance
was observed if any phosphoramide was present in solution,
and grew in intensity as the amount of HMPA was increased
to 2.0equiv”’ However, this resonance disappears if
3.0 equiv (or more) of HMPA are present in solution.

The remaining resonances fall within a rather small chem-
ical shift region, all of which are in the six-coordinate
regime.®™ The triplet (/=9.7 Hz) that appears at —205.5 ppm
(Figure 3e) is assigned to the neutral di-ligated complex cis-
2HMPA-SICl, (cis-1). The trans-2HMPA-SiCl, complex
(trans-1) is assigned to the singlet at —207.8 ppm, and will
be discussed in detail below.

The quartet splitting (/=35 Hz) of the resonance at d=
—210 ppm requires a six-coordinate silicon species bound to
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Figure 2. ¥Si NMR spectra at —70°C with different HMPA/SiCl, ratios. a) 0.2 equiv HMPA, b) 0.5 equiv HMPA, ¢) 1.0 equiv HMPA, d) 2.0 equiv
HMPA, e) 3.0 equiv HMPA, f) 5.5 equiv HMPA. A spectrum with no HMPA (SiCl, only) is included at the bottom for reference. Upfield plot vertical
scales (right) are exaggerated to show the minor component, and are comparable to the right-hand portion of Figure 3. Downfield plot vertical scales

(left) are comparable to the left-hand portion of Figure 3.
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Figure 3. Si NMR spectra at —70°C with different HMPA/SiCl, ratios. The right-hand series has the vertical scale exaggerated to show minor compo-
nents; the vertical scale is comparable to the right hand portion of Figure 2. a) 0.2 equiv HMPA, b) 0.5 equiv HMPA, c¢) 1.0 equiv HMPA, d) 2.0 equiv
HMPA, e) 3.0 equiv HMPA, f) 5.5 equiv HMPA. A spectrum with no HPMA (SiCl, only) is included at the bottom for reference.

three equivalent phosphoramides. Both of the possible cat-
ionic complexes with the requisite 3 HMPA-SiCl;* Cl~ for-
mula are shown in Figure 4. This resonance corresponds to
fac-2, as all three of the phosphorus atoms in this complex
are equivalent. The major resonance in all cases (0=
—207 ppm) is then assigned to mer-2.

+ +
a 1y a 1
HMPA‘S‘i,CI HMPA\S'i,CI
HMPA™ 5" ~ClI HMPA™ "HMPA
HMPA Cl
fac-2 mer-2

28j § = -209 ppm (g, J = 5 Hz)
3P §=21ppm (s)

28j § = -206 ppm (s)
3P §=19 ppm (s, int = 2.0)
P §=17 ppm (s, int=1.0)

Figure 4. The two possible 3HMPA-SiCl;* Cl~ isomers.

As demonstrated in Figure 3f, g and 2f, g, the *Si NMR
spectra only display two peaks at or above a 3:1 HMPA/
SiCl, ratio. Assigning these two resonances to the two iso-
mers, fac- and mer-2 satisfies the 3:1 HMPA/SiCl, stoichiom-
etry requirement, and is also in complete agreement with
the *'P NMR spectrum (See Figure le). The minor peak in
the *P NMR spectrum (6 =20.4 ppm) corresponds to fac-2,
as selectively decoupling this peak in the *'P NMR spectrum
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leads to the collapse of the *Si resonance at d=—210 ppm
to a singlet, demonstrating that all three of the phosphora-
mides are chemical shift equivalent. The other two *'P reso-
nances then correspond to the two different phosphorus en-
vironments in mer-2. The integral ratios of both the *P and
¥Si spectra are also in agreement with a 97:3 ratio of the
mer-2/fac-2 isomers.['"]

If the NMR spectra of the 3:1 HMPA/SiCl, mixture repre-
sent the exclusive formation of fac- and mer-2, it must
follow that the facial isomer possesses a small P-Si coupling,
while the meridional isomer does not."! Unfortunately, very
little is known about phosphoryl-silicon complexes and con-
sequently the signs and magnitudes of their %/gp coupling
constants are not available. A survey of the CCSD provided
a handful of structures containing a P=O-silicon linkage,
but there are no reports of a “Jpg for these complexes.'?
Our provisional assignment is supported by a series of mag-
netization transfer experiments on a 5.5:1 HMPA/SiCl, mix-
ture, These experiments demonstrated that the silicon-
bound *'P resonances corresponding to fac-2 and mer-2 ex-
change with each other, without exchanging with any free
HMPA in solution. This supports a facile intramolecular
phosphoramide exchange pathway that does not involve dis-
sociation of a phosphoramide. The simplest explanation for
this intramolecular exchange is isomerization between the
fac- and mer-2 isomers (i.e., via a Bailar twist!'™).
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X-Ray crystallographic structures

2HMPA-SiCl, (1): To secure further structural information
on the nature of the HMPA-SiCl, complexes, the solid-state
structures of crystalline materials were obtained. Addition
of hexanes to a 1w solution of SiCl, in a mixture of HMPA
and methylene chloride yielded large, colorless, cubic crys-
tals. A suitable crystal was chosen for an X-ray diffraction
study, which revealed the neutral trans-2 HMPA-SiCl, com-
plex shown in Figure 5.041 The structure of this complex cor-
roborates earlier vibrational and paramagnetic spectroscopic
studies™ of its structure, and the trans-relationship of the
Lewis basic moieties appears to be general.'?

Figure 5. ORTEP representation of the 2HMPA-SiCl, complex (trans-1).

The silicon atom of the complex sits on a crystallographic
inversion center, with a near-perfect octahedral ligand ar-
rangement (Figure 5). The four chlorine atoms are displayed
about the equatorial plane, with the two phosphoramides
trans to each other."”! The complex shows a lengthened P—
O bond (Ad=0.048 A) as well as shorter P-N bond lengths
(Ad=—-0.035 A for P1-N3 and —0.012 A for P1-N2 and
P1-N1) than in the free phosphoramide (Table 1),!¥ while
the Si—Cl bonds are lengthened (Ad=+0.19 and +0.26 A)
when compared with SiCl, (measured by electron diffrac-
tion, Si—Cl1 2.02 A).l”)

Interestingly, this complex can be isolated in excellent
yield and is a stable colorless powder if stored in an anhy-
drous environment. Unfortunately, the *'P and *Si NMR
spectra of solutions made from the isolated complex demon-
strate that it disproportionates rapidly to give the same com-
ponents as shown above (Figures le, 2e, and 3e), even if the
solution is mixed and maintained at —78°C.

3HMPA-SiCl;" HCl,” (2): Upon standing for one week, this
solution also yielded a crop of colorless needles, which pre-

Chem. Eur. J. 2008, 14, 234-239

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Table 1. Selected bond lengths [A] and bond angles [°] for trans-1 and
mer-2.

trans-1 mer-2
Si—CI1 2217 Si—CI1 2.210
Si—CI2 2.210 Si—CI2 2.199
Si—CI3 2.202
Si—O 1.770 Si—O1 1.766
Si—02 1.778
Si—03 1.769
P-O 1.523 P1-0O1 1.518
P2-02 1.523
P3-03 1.524
P—N1 1.631 P1-N1 1.611
P-N2 1.630 P1-N2 1.620
P-N3 1.620 P1-N3 1.604
Cl1-Si-CI2 90.0 CI1-Si-CI2 90.9
Cl1-Si-CI3 90.8
Si-O-P 148.3 Si-O1-P1 159.0
Si-O2-P2 147.6
Si-O3-P3 145.8
ClI1-Si-O 90.0 Cl11-Si-O2 90.4
CI1-Si-O3 90.9
CI3-Si-O1 88.7

cipitated from the hexanes phase. These crystals proved to
be mer-2, in which the expected chloride counter anion is re-
placed with the more complex HCL,~ (Figure 6).?! This

i ci5
C3
Y %

2

Figure 6. ORTEP representation of the 3HMPA-SiCl;* CI-H-CI~ complex
(mer-2). Full details are available in the Supporting Information.

structure is unprecedented, as it is the first report of an ion-
ized Lewis base-silicon complex that does not rely upon a
pendant Lewis base.’! Somewhat surprisingly, all three of
the Si—O bonds are similar in length and are comparable in
length to those in the neutral 2HMPA-SiCl, complex. The
two Si—Cl bonds that are anti to each other in this complex
are shorter than those in the neutral complex, however, the
Si—ClI bond that is situated trans to the phosphoramide is
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longer than the other two, and is comparable in length to
the Si—Cl bond lengths in the neutral complex.

The cationic complex mer-3 is not only structurally novel,
but it also represents compelling evidence for the intermedi-
acy of ligated silicon cations in the phosphoramide-catalyzed
reactions of SiCl,. We have posited a central role for these
species, but until now have relied solely on kinetic evidence
and common ion effects.**) We now have strong support
for this hypothesis and future reports will build on these ob-
servations to explain the behavior of chiral bisphosphora-
mide catalysts.

Conclusion

The solid-state structures of trans-1 and mer-2 have been re-
ported. Complex trans-1 is structurally analogous to the bis-
pyridine-SiCl, complexes.'®! The complex mer-2 represents
the first structure of a hexa-coordinate silicon-centered
cation derived from SiCl,. The mer-2 and fac-2 complexes
are also the only species observed in solution when three or
more equivalents of HMPA (with respect to SiCl,) are pres-
ent in solution, while they are the major components in so-
lution, at other stoichiometries. Additionally, these observa-
tions provide a solid foundation to understand the role of
the chiral bisphosphoramide-SiCl, catalysts, and these results
will be reported in due course.
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