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Abstract: Dichlorosilane, SiHCI,, forms two different kinds of coordination compounds with pyridine and
3-picoline: the simple adduttans-SiH,Clx(L), and the ionic complex [SikL)4]Cl,:4CHCL (L = pyridine,
3-picoline). The adductsans-SiH,Cly(py),, 1, andtrans-SiH,Cl,(3pic), 2, form directly from the reaction

of bis(dichlorosilyl)methylamine, NMe(SiHg@b with pyridine (py), and 3-picoline (3pic). Reaction bivith

an excess of pyridine in chloroform yielded [S{Hy)4]Cl>*4CHChk, 3. The molecular and crystal structures

of 1-3 were investigated by single-crystal X-ray diffraction. The Si atoms of all three compounds are

hexacoordinated and lie on centers of inversion.

The basic structural parameters are the follbwing:

(monoclinic, C2/c): Si—N 196.9(1) pm, Si-Cl 228.8(1) pm; N-Si—CI 90.0(1}, C—N—C 119.0(2); CI—
Si—N—C 102.4(13. 2 (triclinic, P1): Si—N 197.5(1) pm, SiCl 229.2(1) pm; N-Si—Cl 90.3(1}, C-N—C
118.8(1); CI=Si—N—C 101.2(1}. 3 (monoclinic, C2/m): Si—N 196.2(4) and 197.0(4) pm, SiCl 419.9

pm; N—Si—N 90.C¢°. All three complexes, neutral and cationic, exhibit very similar lengths of the dative
Si—N bond. Hartree-Fock calculations with 3-21G(d) and 6-31G(d) basis sets and density functional
calculations with the B3LYP functional and a 6-31G(d) basis set were employed for geometry optimizations

of trans-SiH,Cly(py), and [SiHb(py)4]%".

The optimized structures revealed similar-8i bond lengths and

geometric parameters of the pyridine moieties for both types of complexes as well. Single point energy
calculations [B3LYP/6-311G(2d,p)//B3LYP/6-31G(d)], including corrections for the basis set superposition
error, showed that the formation affrom SiH,Cl, and pyridine in the gas phase is slightly endothermic
(AH?%8 = 17.2 kJ mot?) and endergonicAG?°¢ = 113.6 kJ motl). The significance of the Lewis acidity of
SiH,Cl; is thus questioned and intermolecular interactions (e.g. hydrogen bonds) are held responsible for the

existence ofl in the solid state.

Introduction

andab initio studiest?2~2° A subset of that class of compounds,

the complexes between chlorosilanes &H-, and simple

Coordination compounds of silicon have in recent years been tertiary amines, are of fundamental interest concerning Lewis

the subject of many structur&l® spectroscopié,®reactivity 1t
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Studies on Hexacoordinated Complexes of Dichlorosilane

about their molecular structure could be obtaife#. Chlo-
rosilanes form the adducts Si€ls—n(L)?2and SiHCls-n(L)22324
(L = tertiary amine) and ionic complexes such as [Bapic)]-
Cl,*4CHCL.2” Most of them are stable only in the solid state

and dissociate quantitatively on melting, dissolving, or evaporat- <h-@

ing. SiHCly(3pic), and [SiH(3pick]Cl*4CHCE are the only

complexes of this type that have been shown to exist in

solution?” Thus, it was of interest to perform ab initio

calculations on these molecules, to get thermodynamic and
structural information on the isolated species. Recently, we

reported the reactivity of bis(dichlorosilyl)amine, NH(SiH)
toward 2- and 3-picoline in chloroform solutidh. We found

that both tertiary amines caused a rapid decomposition of NH-

(SiHCL),. 2-Picoline led to the formation of SiHEISIH,Cl,
and SiHC4, while 3-picoline yielded an equilibrium mixture
of 2 and [SiH(3pick]Cl»4CHCE (4, 3pic = 3-picoline). We
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Figure 1. ORTEP diagram ofl. Displacement ellipsoids are at the
50% probability level. Important structural parameters (distances, pm;
angles, deg) of the molecule: Si@AN(1) 196.86(14), Si(:;CI(1)
228.81(4), N(1yC(2) 134.6(2), N(1yC(6) 134.5(2), C(&rC(3)
137.9(3), C(6)-C(5) 138.2(3), C(3)C(4) 139.1(3), C(5rC(4)
138.0(3); N(1)-Si(1)—N(1a) 180.0, N(13Si(1)—Cl(1) 90.0(1), Si(1y
N(1)—C(2) 120.6(1), Si(1¥N(1)—C(6) 120.4(1), C(2¥N(1)—C(6)

obtained crystals of the latter, the first coordination compound 119.0(2), N(1}-C(2)—C(3) 122.2(2), N(1}-C(6)—C(5) 121.8(2), C(2

containing a Sik#™ dication, and investigated its crystal
structure by means of X-ray diffraction (XRB}). As crystals

C(3)-C(4) 118.6(2), C(6YC(5)-C(4) 119.2(2), C(3}C(4)-C(5)
119.1(2); CI(1}-Si(1)-N(1)—C(2) 102.3, N(1}-C(2)-C(3)-C(4) 0.0.

of 2 could not be obtained from this solution, we were

challenged to find a suitable way to grow them, thus allowing
for structural comparison between two fundamental types of
hexacoordinated Si complexes, i.e. S{AL), and [SiF(L) 42"

(L = 3-picoline, X= CI).

Results

Reaction of NMe(HSICL), with 2-Picoline. No heat of
reaction was observed when 2-picoline was added to a solution
of NMe(SiHCL); in n-pentane or chloroform. The reaction was g
repeated with CDGlas a solvent. ThéH NMR spectrum of Figure 2. ORTEP diagram of. Displacement ellipsoids are at the
this solution was shown to be the addition of the spectra of 50% probability level. Important structural parameters (distances, pm;
NMe(SiHCL), and 2-picoline. angles, deg) of the molecule: Sif@N(1) 197.45(12), Si(1)yCl(1)

Reaction of NMe(HSiChL), with Pyridine and 3-Picoline. 229.22(4), N(1)-C(2) 134.7(2), N(1)-C(6) 134.5(2), C(2)C(3) 138.7-

As with 2-picoline, no heat of reaction was observed when either (2), C(3)-C(4) 139.5(2), C(3)C(3) 150.5(2), C(4)-C(5) 138.7(2),
pyridine or 3-picoline was added to a solution of NMe(HS)gl ~ C(5)—C(6) 137.8(2); N(1)Si(1)-N(1a) 180.0, N(1)Si(1)-CI(1)
in n-pentane or CHGI Nevertheless, a white, powdery solid 90.27(4), Si(1yN(1)-C(2) 119.8(1), Si(1yN(1)-C(6) 121.4(1),

L . -~ C(2)-N(1)-C(6) 118.79(13), N(BC(2)-C(3) 123.52(14), N(by
precipitated from th@-pentane solution, soon after the addition o o
of pyridine and 3-picoline, respectively. From the chloroform CO)-C(5) 121.42(14), C(2)C(3)-C(4) 116.85(L4), CE)C(5) C(4)

, . 119.5(2), C(2C(3)-C(3) 120.21(14), C(3)C(4)—C(5) 119.87(14);
solution, colorless, well-shaped crystals formed. The time cj(1)—sj(1)-N(1)—C(6) 101.2, N(1}-C(2)~C(3)~C(4) 0.1.

required for the crystals to grow depended on the concentration

of the tertiary amine. At higher concentrations, crystals grew py 527 The crystals obtained from reaction 1 were suitable

within a few hours, while at lower concentrations (i.e. if about fqr single-crystal XRD (see below). The cyclo- or polysilazanes

g

equimolar amounts of the tertiary amine and NMe(SiiGlere

present), several days passed, before the first crystals appeared.
Elemental analysis of the white solid and the crystals showed .

that they were identical, but were not adducts of NMe(Si{CI

with pyridine or 3-picoline, respectively, but in fact dichloro-
silanebispyridine, SikCly(py). (1), and dichlorosilanebis(3-

picoline) SiHClx(3pic) (2), which thus form according to

reaction 1:

NMe(SiHCL), + 2L —
SiH,Cl,(L), + 1/n(—SiCL,—NMe-), (1)
(L = pyridine, 3-picoline)

1 also forms either directly from S#€l, and pyridine or from
SiH3Cl and an excess of pyridirfé 2 has recently been prepared

(24) Campbell-Ferguson, H. J.; Ebsworth, E. AJVChem. Soc. A967,
705-7124.
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771.

that form as a side product of reaction 1 were not isolated.

Reaction of 1 with an Excess of Pyridine. 1s not soluble

in nonpolar and most aprotic polar solvents such as THF or
MeCN. It does dissolve in CHgIif an excess of pyridine is
added to the mixturel thus behaved a3 which dissolves in
CHCl; as well, if an excess of 3-picoline is add€dut a much
higher excess of pyridine is necessary to accomplish the
dissolution ofl. From this solution, a few crystals precipitated,
which were characterized as dihydrotetra(pyridine)silicon-
chloride—tetrakischloroform, [Sik{py)4]Cl.-4CHCkL (3), by
means of single-crystal XRD.

Single-Crystal XRD Investigations. The molecular struc-
tures of1 and 2 are shown in Figures 1 and 2, respectively.
The Si atom in both compounds is hexacoordinated, by two Cl
atoms, two H atoms, and two molecules of pyridine or
3-picoline, respectively. The molecules bfand 2 exhibit C;
symmetry, due to which only one independentBNij Si—H,
and Si-Cl bond in the molecules of either compound is present.
The pyridine rings are planar within experimental errors and
the 3-picoline rings almost so. The two pyridine and 3-picoline
moieties inl and2, respectively, are essentially coplanar. The
N—Si—CI angles are very close to 90.0
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Figure 3. Diagram of [SiH(py)s]?". Hydrogen atoms of the pyridine

units are omitted for reasons of clarity. Important structural parameters

(distances, pm; angles, deg) of the molecule: Si{l(1) 196.2(4),
Si(1)-N(2) 197.0(4), N(1)-C(2) 136.1(7), N(1)-C(6) 134.1(7), N(2)
C(22) 134.3(5), C(2yC(3) 136.6(8), C(6)C(5) 137.7(8), C(22yC(23)
137.5(6), C(3)-C(4) 138.8(8), C(5yC(4) 138.1(9), C(23yC(24)
137.1(7); N(1)-Si(1)-N(11) 180.0, N(1)}Si(1)-N(2) 90.0, C(2)»-
N(1)—C(6) 118.4(5), C(22yN(2)—C(22) 119.7(5), N(1}-C(2)—-C(3)
122.5(5), N(1)-C(6)—C(5) 121.8(5), N(2)C(22)-C(23) 120.8(5),
C(2)—C(3)—C(4) 118.8(6), C(6)C(5)—C(4) 119.6(6), C(22yC(23)
C(24) 118.8(6), C(3yC(4)—C(5) 118.9(6), C(23yC(24)-C(23)
118.1(6); N(2)-Si(1)-N(1)—C(2) 90.0, N(1)Si(1)~N(2)—C(22)
—87.6(3), N(1}C(2)—C(3)—C(4) 0.0, N(2)-C(22)-C(23)-C(24)
1.1(7).

Figure 4. Diagram showing the environment of a Cion in 3.
Hydrogen bonds between-& bonds of the pyridine or the chloroform
molecules and the Clions are indicated by dashed lines.

The molecular structure & in the solid state is shown in
Figure 4. It exhibitsC; symmetry and consists of a hexacoor-
dinated Si dication, [Sik{py)s?" (see Figure 3), with slightly
distortedDg4, symmetry, two Ct ions, and four molecules of
chloroform.

Hensen et al.

Each Cf ion is coordinated by six H atoms. The difference
in lengths between the two independent-Bi bonds is not
significant, nor are the differences in bond lengths and angles
between the two crystallographically independent pyridine
molecules, except fod(N—C2) andd(N2—C22).

Ab initio Calculations. Ab initio studies allow a closer look
at molecular structures and energetics of the complex formation
between SiHCI, and pyridine, shown in reactions 2 and 3:

SiH,Cl, + 2py— SiH,Cl,(py), (2)
SiH,Cl, + 4py— [SiH,(py),]*" + 2CI” (3)

Neither2 (which is similar tol) nor the interaction of Clwith
CHCI; or pyridine was investigated by means al initio
calculations. Initial studies were carried out with the Hartree
Fock (HF) method with 3-21G(d) and 6-31G(d) basis sets,
followed by density-functional theory (DF#) calculations as
to consider effects of electron correlation. It has been shdwn
that the DFT approach yields very good estimates of several
properties of dative bond systems, including geometry and dative
bond energy, as well as acceptable vibrational frequencies, if
nonlocal corrections to the DFT exchange-correlation potential
are used®3! As the N and Cl atoms proved to exhibit highly
negative atomic Mulliken and NBO charges at HF and DFT
levels with a 6-31G(d) basis, single point energy calculations
were performed with a basis set that includes additional
polarization and diffuse functions. (For details see the Experi-
mental Section below). Only geometries and vibrational
frequencies obtained with B3LYP/6-31G(d) are given (see Table
1), while standard enthalpies of reactiaxti?°¢ and standard
Gibbs free energies of reactiohG2%, for (2) and (3) are given
for all levels of calculation employed in the present work (see
Table 2). The natural atomic chargBswithin the pyridine
moiety in pyridine itself,1, and [Sik(py)s?", are shown in
Figure 5, and the natural charges of the Si, H, and Cl atoms are
given in Table 1. Natural atomic charges are directly related
to the eigenvalues of the density matrix expressed in terms of
natural atomic orbitals and are thus more reliable than Mulliken
atomic charges.

Figure 6 shows a plot of the potential energyld@tC,) versus
the torsional angle(Cl—Si—N—C2). The difference irEejec
between the minimum at(Cl—Si—N—C2) = 60.4° and the
transition state atr(Cl—-Si—N—C2) = 90.C° (Si—H bond
eclipsing the N-C2 bond) is 2.6 kJ mof, while the energy
difference between that minimum and the transition state at
7(Cl—=Si—N—C2) = 0° (Si—Cl bond eclipsing the NC2 bond)
is 31.4 kJ mot?,

Discussion

In contrast to NH(SiHG)2,2” NMe(SiHCh), does not react
with 2-picoline. It reacts with pyridine and 3-picoline, but much
more slowly than NH(SIHG), does. These differences must
be entirely due to the presence of a Brgnsted acidic site, i.e. a
N—H group, in NH(SIHC}),. It allows NH(SiHC}), to form
a hydrogen bond with the tertiary amines, in which NH(SipI£I
acts as a hydrogen bond donor and the tertiary amine as an

(28) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.

(29) Holme, T. A.; Troung, T. NChem. Phys. Letf1993 215 53-57.

(30) Lee, C.; Yang, W.; Parr, R. Ghys. Re. 1988 B37, 785-789.

(31) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(32) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899-926.

(33) Wong, M. W.Chem. Phys. Lettl996 256, 391—399.
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Table 1. Selected B3LYP/6-31G(d) Optimized Geometric Paramete
B3LYP/6-31H-G(2d,p)//B3LYP/6-31G(d) Single Point Energies at 0 K

J. Am. Chem. Soc., Vol. 120, No. 401040%8

rs, Natural Atomic Ch@resH Vibrational Frequencies, and

() SiH?*, HzSiCl, and Pyridine

CsHsN, Co, H,SiCl,, C,, H,SiCl,, D2 SiHx2+, Dooh
d(Si—H)/pm 147.61 147.75 151.92
d(Si—Cly/pm 206.54 214.28
d(N—C?/pm 133.93
d(C?—C3/pm 139.46
d(C3—C%/pm 139.60
a(CISiCl)/deg 110.82 180.00
a(HSiH)/deg 112.87 180.00 180.00
a(C?NC?)/deg 117.11
0s/1.609x 10°1°C 1.11 1.17 1.94
gu/1.609x 1071°C —-0.17 —0.16 0.03
gc/1.609x 107 C —0.38 —0.43
VS(Si—H)/cm™ 2 2222.68 2168.39 1988.79
Ecedhartree —248.3577892 —1211.2763397 —1211.1977867 —289.6905052
(b) HzSiCly(py). and [H:Si(py)]**
1, Czh 1, D2 [stl(py)4]2+, D4h
d(Si—H)/pm 148.26 148.28 148.30
d(Si—Cl)/pm 229.06 229.19
d(Si—N)/pm 203.87 203.86 201.65
d(N—C?)/pm 134.24 134.24 135.18
d(C2—C3/pm 138.97 138.97 138.80
d(C3—C%/pm 139.47 139.47 139.62
a(CISiH)/deg 90.84 90.00
a(NSiCly/deg 90.00 90.00
a(C2NCh)/deg 119.71 119.77 118.75
t(XSINC?)/deg 60.36 58.83 0.0
0s/1.609x 10°1°C 1.21 1.21 1.54
(c/1.609x 107°C —-0.57 —0.57
gu/1.609x 10°°C -0.23 -0.22 —0.26
VS(Si—H)/cm™ 2 2110.30 2111.90 2135.00

Eeedhartree —1708.0045308

—1708.0045578 —1283.7359026

a]solated Si-H bond stretching frequencies, calculated at the B3LYP/6-31G(d) level and scaled according t§*Wong.

Table 2. Thermochemical Data of Complex Formation for
Reactions 2 1(Cz,) and 1(D,)] and 3 [SiH(py)4]?" 2

1C) UD2) [SiHzApy)a**

AH?8  HF/3-21G(d) —922 -93.0 819.7
HF/6-31G(d) 107 96 970.8
B3LYP/6-31G(d) -31.3 —32.3 1028.9
B3LYP/6-311-G(2d,p) —159 —16.0 1012.8
B3LYP/6-31H-G(2d,py 17.2 17.1 1066.5

AG®8  HF/3-21G(d) 47 67 965.2
HF/6-31G(d) 108.0 109.3 1110.5
B3LYP/6-31G(d) 650 655 1163.2
B3LYP/6-31H-G(2d,p) 80.5 81.9 1143.1
B3LYP/6-31HG(2dpf  113.6 115.0 1196.8

Ve B3LYP/6-31G(d) —294.8 —1698.8
\/ced B3LYP/6-31G(d) —261.7 —1645.1

2 AH,2%8 AG,?%8 V, and Ve are given in kJ mol'. For details see
Experimental Sectior?. AH?%® and AG?®8 given here are corrected for
the basis set superposition error (bsse). The bsse calculatg(Ciay
was taken to corredhH??® and AG?%8 for 1(Cy,) and1(D>). For details
see footnotes andd and Theoretical Method&V[1(Ca)] = Eeied 1(Can)]

— Ecied SiH2Clo(G1)] — 2Eeedpy(G1)]; VA [SiH2(py)a]*'} = Eeied [SiHz-
(PY)a]} — Eeled SiH(G3)] — 4Eeedpy(G3)]. G1 refers to the geometry
of the SIHCl, and pyridine moieties if(Cy), G3 refers to the geometry
of the SiH?" and pyridine moieties in [Sikpy)s?". ¢ V]1(Ca)] =
Eered 1(Con)] — E%ied SiHCl(G1)] — 2E%aedpy(GL)]; VP{ [SiH(py)al*'}

= Eoied [SiH2(PY)a]*'} — E%ied SIHZ*(G3)] — 4E%eiedpy(G3)]. For the
meaning of G1 and G3, see footnate E%. is the counterpoise
corrected electronic energy. The difference betwéamd Ve gives a
measure for the basis set superposition error.

acceptor. This 1:1 reaction, fast and exothermic, immediately
leads to a decomposition of NH(SiH{I and a subsequent
reaction of the released Sill, with pyridine and 3-picoliné?

pyridine

SIHLLpY),

-0.54

[Sit,(py),)>"

Figure 5. Natural atomic charges in units of the elemental charge of
the H, C, and N atoms of the pyridine moiety in pyridideand [SiH-
(Py)dl**.

Itis likely that NMe(SiHC}),, which does not exhibit a Brgnsted
acidic site, interacts via one of its Lewis acidic sites, i.e. one
of the Si atoms, with the lone pair of the tertiary amine, forming
a weak Lewis acigtbase complex as an intermediate. As the
formation of precipitates ol and2 from NMe(SiHCL), and
pyridine or 3-picoline, respectively, is much quickenipentane
than in chloroform, we suspect that this or a subsequently
formed intermediate prior to the release of gty from NMe-
(SiHCl), is better stabilized in a polar solvent with a rather
high acceptor number than in a nonpolar sol@&niThe slow
release of SikCl, is seen to be essential for the formation of
good quality crystals directly from a chemical reaction.
Comparison of the Molecular Structures of 1, 2, and [SiH-
(py)4]?*. Table 3 gives some characteristic geometric param-
eters of tetra- and hexacoordinated compounds of silicon with
pyridine and 3-picoline. The differences in the-&ll bond
lengths and in the geometry of the pyridine ring betw&emd

(34) Fleischer, H.; Hensen, K.; Burgdorf, D.; Flindt, R.; Wannagat, U.;
Burger, H.; Pawelke, GZ. Anorg. Allg. Chem1995 621, 239-248.

(35) Gutmann, V.; Wychera, Enorg. Nucl. Chem. Lettl966 2, 257—
64.
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31 Ab initio geometries are so-called structures, i.e. they refer
1 to equilibrium distances between the positions of atomic nuclei
307 . corresponding to the minimum of the potential energy. XRD
geometries represent distances between average nuclear
positions in the thermal equilibrium. Considering the same pair
of nuclei,re is always smaller than,, due to the anharmonicity
of interatomic vibrations. Furthermorep initio methods in
general do not give exact but at best accurate solutions of the
Schrainger equation, hence the geometries cannot be taken to
represent “the true structure of the isolated molecule”. It can
thus be stated that thab initio optimized geometries df(Cap)
. and [SiHx(py)4]2" (see Table 1) and the experimental geometries
obtained by XRD (see Figures 1 and 3) do agree quite well.
. . . . ¢ The only significant differences are the lengths of the dative
0 » - i o " o Si—N bond and the CtSi—N—C torsion. A potential energy
Q-SiN-C /degree sqrface scan of the parameter describing the torsion _around the
Si—N bonds (see Figure 6) revealed that the potential energy
curve is rather shallow between the minimun(Ql—Si—N—
C) = 60.4] and the eclipse of the SiH and N-C bond
Table 3. Comparison of Some Geometrical Parameters Taken [7(CI=Si—=N—-C) = 90.0], i.e. a change of torsion in that
from the Solid State Structures of Some Coordination Compounds  region does not require much energy. The shift of this parameter

N
G
1 1 n

8
1

=
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Relative Fnergy / kJ ol !
*

w
1

0 — T T

Figure 6. Potenial energy (in kJ mol relative to the global minimum)
of 1 (Ca) as a function of the CtSi—N—C2 torsion.

of Si to its value in the solid state((Cl—Si—N—C) = 77.7 = 180.C
da(Si—N) da(Si—Cl) da(N—C) aa(C3NC®)  ref — 102.3] increases the energy by 1.8 kJ mb(estimated by

1 196.9(2) 228.8(1) 134.6(3) 119.02) thiswork alinear interpola_tion of the potential_energy curve between 70.0

2 197.5(1) 229.2(1) 134.6(4) 118.8(1) thiswork and 80.0) and might well be due to intermolecular forces. The

3 196.6(8) 134.7(15) 118.6(14) thiswork  optimized Si-N bond lengths irl and [SiHh(py)4]?t are similar,

i - ig;-gggg 21834 15’3“5-?2()15) 1111%?1()4) % which corroborates the results obtained for the solid state by

4 2 . . - - .
[MesSi(py)]Br  185.6(7) 1335(15) 119.1(8) 1 XRD. The increase ofi(Si—N) from the solid state to the
[MesSi(py)]l  185.8(9) 133(3)  121(1) 1 isolated molecule is in accordance with results obtained for other

types of dative bond¥:3” The lengthening of the SiCl bond
o . . relative to SiHCIx(Cy,) is 3.7% for SiHCl, (D2y) and 10.9%
2 are not significant; the torsion angles around thef$bond  for 1(C,.) (see Table 1). Referring to its value in SEx(Cz,),
of 1 and2 are similar. Furthermore, the-SN bond lengths of  he Si-H bond is stretched by 0.1% in Sil, (D2y) and by
the hexacoordinated compounds are within a range of 1.6 pm, 494 in1(C,,). The frequency of vibration of the isolated-Si
those of3 and4 being slightly shorter than their counterparts  yonds vis(Si—H), of SiH,Cl, (D2n) and1 is, relative to Sik-
in 1 and2, and bonds of 3-picoline to Si being on average ci,(c,,), shifted to lower wavenumbers, by approximately 55
slightly longer than those of pyridine. These results suggest ang 110 cm?, respectively (see Table 1). (In an Sikoiety,
that the nature of the dative bond between N and Si in ,is(Si—H) refers toy(Si—H) in the corresponding monodeuter-
hexacoordinated Si compounds hardly depends on the chargeyteq SiHD moiety.) Fof, the calculated shift is corroborated
of the complex moiety. (See further down for a comparison of py experimental infrared bandsl( vadSi—H) = 2144 cnt?,
the Si atomic charges.) Comparing the hexacoordinated com-(SjH,Cl,): v.{Si—H) = 2231 cn139). Itis thusd(Si—Cl) and
plexes of Si to the tetracoordinated onélg5i—N) seems to  (sj—H) rather thard(Si—H) which give a good indication for
depend greatly on the coordination number, being®pm the weakening of the SiCl and Si-H bonds. Hence, the length
smaller in the latter. To introduce covalent radii for Si as @& of the Si-H bond is much better estimated by IR and/or Raman
function of the coordination number does not seem reasonabléspectra than by XRD. This refers only to the statistical error
to us as the difference(Sicn=s—X) — d(Sicn=4—X) is N0t of g(Si~H) and not to the systematic shrinkage of bonds
constant but varies with X. The differences in-8 bond  petween heavy elements and hydrogen in XRD experiments.
lengths and in the EN—C angles between tetra- and hexa- The empirical relationship between the B3LYP/6-31G(d) op-
coordinated complexes are, because of the high esds, nOimized Si-H bond lengths and the B3LYP/6-31G(d) calculated
significant, but the &N—C angles are wider and the*C ~is(sj—H,) for all species dealt with in this work (see Table 1)
bonds shorter for the tetracoordinated species (see Table 3). is not linear, as was found if only tetracoordinated Si compounds
Despite the basic structural parameterd ahd2 being very are considere® The deviation from linearity may be due to
similar, they exhibit different intermolecular interactions. The qualitatively different potentials between the Si and H nuclei

crystal structure ofl exhibits close intermolecular contacts caused by major changes in the local geometry on going from
between H atoms of the pyridine ring and Cl atoms, whereas tetra- to hexacoordinated silicon.

intermolecular contacts i@ are due to interactions between H Taking the B3LYP/6-31G(d) optimized SH, Si—Cl, and
atoms of the methyl group and Cl atoms of adjacent molecules. sj—N bond lengths, we calculated the valences of the Si atom

In contrast, the interaction between the [&it)4]*" dication according to O'Keeffé® which are shown in Table 4. We
(L = pyridine, 3-picoline), the CHGImolecules, and the ClI _
ions, as well as the way the [Sifll)4]Cl,*4CHCk units pack 1953;6?38885354 K. R.; Canagaratna, M.; Phillips, J. Acc. Chem. Res
within the crystal, are similar foB and 4 (see ref 27 for the (37) Haaland, AAngew. Chem1989 101 1017-1032. Haaland, A.
crystal structure ofl). Angew. Chem Int. Ed. Engl 1989 28, 992-1007.

Ab initio Optimized Geometries and Calculated Frequen- (T&%&Eﬁ%@g%z Cz-ggoggy_léi%Boggs, J. E.; Fan, Kangniaiol. Struct.
cies. Before comparingab initio optimized to experimental (39) O'Keeffe, M.; Brese, N. EJ. Am. Chem. Sod991 113 3226

XRD geometries, their general differences should be stressed.3229.



Studies on Hexacoordinated Complexes of Dichlorosilane

Table 4. Si—H, Si—Cl, and Si-N Bond Valencesand Valences
of the Si Atom Based on the B3LYP/6-31G(d) Optimized
Geometries of Sibt", SiH,Cl, (Cz, andDay), 1, and [SiH(py)a]?*

USiH Usicl USiN Usi
SiHz2* 0.91 1.82
SiH:Cl(Ca,) 1.01 1.01 4.04
SiH:Cla(Dar) 1.01 0.82 3.66
1(Car) 0.99 0.55 0.54 4.16
1(D,) 0.99 0.55 0.54 4.16
[SiHz(py)d]?* 0.99 0.57 4.26

2 The valencey; of an atomi is defined according to O’Keeffe et
al2® asv = Y, whereyj; is the bond valence of the bond between
the atomi and its ligand. An empirical relationship between the bond
lengthd; between atomsandj and the bond valencg is given byuj;
= exp[(R; — d;)/b]. Here,b is taken to be a “universal” constant equal
to 37 pm.R; is the so-called bond valence parameter, which gives the
length of a bond whose valence is equal to unity.

accepted thab initio data over the XRD data as more precise
values ofd(Si—H).

The valences of the Si atomsg;, of 1 and [SiHh(py)4]%™ are
only slightly bigger tharvs; of SiH,Cly(Cp,). Thus, the term
“hypervalent” forl and [SiH(py)s)%" does only apply to a small
degree. On the other side, changing the symmetry of@GiH
from C,, to Dy, decreasess;. In terms of relating the Lewis
acidity of silicon to a valence; smaller than four, it is much
more SiHClx(D2n) than SiHClx(Cy,) which exhibits that
property. How the different lengthening of the-%i and the
Si—X bond (X = F, CI, Br, 1) in different halosilanes
corresponds to the energy difference between the ground-stat
geometry and the planar (transition state) structure and how this
relates to the Lewis acidity of the halosilanes is the subject of
a current study.

Ab initio Energies and Natural Charges. The effective
charges of the Si atoms ihand [SiHh(py)s]?" (see Table 1) do
not differ by 2 units-as the formal charges ddut only by
about 0.33. Whereas the positive charge on the Si atom i
reduced on going from SiA" to [SiHx(py)s]2T, it is slightly
increased from SikCl,(Cy,) to 1. The natural atomic charges
on the H;, Cl, and N atoms become more negative as the
complexes are formed, that of the;ithnd N atoms are even
more negative in [Sik{py)s?" than in 1. This result of an
increased positive atomic charge on the acceptor atom and a
increased negative charge on the donor atom corroborate
previous investigation® It indicates an increased ionic
contribution to the bonds between the central atom and its
ligands in compounds with an extended coordination shell. The
increased electron density on thes,HCI, and N atoms is
balanced by an enhanced positive charge not only on the Si
atom but also on the C and H atoms of the pyridine ring, which
is a good precondition for the formation of intermolecular
C—H---Cl hydrogen bridges and Coulombic or local dipele
dipole interactions (see single-crystal XRD investigations above
and discussion of the energies below).

The enthalpie$12%f 1(Cy,) and1(D,) differ by only 0.1 kJ
mol~1, and the Gibbs free energ®2%, of 1(Cy,) is 1.4 kJ mot?
lower than that ofl(D,). It is thus not surprising that the
geometric parameters 4{C,n) and 1(D,) are very similar. It
follows directly that hardly any orbital interaction between the
two pyridine rings across the Si atom takes place, as otherwise
the D, structure would be destabilized by that amount of energy
against theCyn structure. It can thus be inferred that pyridine
is only ao- and not ar-donating ligand toward Si¢Cl,, a
statement that is corroborated by second-order perturbation

S

(40) Greenberg, A.; Plant, C.; Venanzi, C. RHEOCHEM 1991, 80,
291-301.

gnhase photoelectron spectrdfnyhere no SiG(py). could be
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analyses on a NBO basis (see below). The results obtained
from the potential energy surface scan (see Figure 6) imply that
the balance between the repulsion of the pyridine moiety by
the Si-H and Si-ClI bonds rather than any orbital interactions
determines the CtSi—N—C2 torsion.

The formation ofl from SiH,Cl, and pyridine requires a
change in symmetry of the Sigl, moiety from the ground-
state symmetnyC,, to Don. The latter was shown to be a
transition state (the frequency analysis revealed one imaginary
frequency) connecting two equivale@t, geometries, with an
energy differenc@\Eeec = 206.3 kJ mot! [B3LYP/6-311H-G-
(2d,p)] between ground and transition state. Formingc-
cording to reaction 2, the endothermic process;Sik{C,,) —
SiH,Cly(D2p) is—depending on the model chemistrgnore or
less compensated by the exothermic interaction ofGHD:,)
with the two pyridine molecules. The formation of [${Bly)4]Cl2
from SiH,Cl, and pyridine requires two heterolytic cleavages
of the Si-Cl bonds, i.e. the reaction SjBIx(Cy,) — SiHA"

+ 2CI~. The enthalpy to accomplish it is only in part “paid
back” by the addition of four molecules of pyridine to $.

At the B3LYP/6-31G(d) level, the interaction energi®¥s
between pyridine and S#€l, and SiH?", respectively, were
calculated (see Table 2V{[SiH2(py)4?'} is nearly six times
bigger thanV[1(Cx)], i.e. the interaction energy for each
molecule of pyridine with the Si atom is nearly three times
bigger for [SiH(py)4]2™ than forl. This is remarkable as the
dative bond distances have been shown to be very similar (see
Table 1). The NBO analyses revealed that the interaction

$etween the pyridine and the silane moietyii®t surprisingly-

dominated by the interaction between the lone pair of the N
atom and 3p orbitals of the Si atom fband for [SiF(py)4]?*.
The d-type polarization functions of the Si atom do not
contribute to the dative bond. Considering the basis set
superposition error that is still included M, an improved

._interaction energy*® was obtained performing counterpoise

correction calculation§'#? The difference betweex andVee
(i.e. 33.1 kJ mot! for 1 and 53.6 kJ mait for [SiH,(py)4]?")
is a measure of the basis set superposition error.
The positive value o”AG?% for reaction 2 means thdt is
not stable in the gas phase. This result is in accordance with
measurements of the vapor pressure of $i¥),*® and its gas-

detected.

Thus1 and [SiH(py)4]Cl, require stabilization by additional
intermolecular interaction. There are several close contacts
between CI atoms and H atoms of the pyridine and 3-picoline
moieties in the crystal structure dfand 2, respectively. As
far as the B3LYP/6-31G(d) calculations of the natural atomic
charges show, the H atoms of the pyridine ring are more
positively and the Cl atoms more negatively charged than
in pyridine and SiHCIx(Cy,). This “charge flow” favors the
formation of intermolecular €H-+-Cl interactions which can
be regarded as hydrogen bonds.3]ithe close contact between
the [SiHx(py)4)?" dication and the two Clions (St--Cl = 419.9
pm)—one could call this a “contact-ion-trie”must result in
substantial Coulombic interaction, in addition to the hydrogen
bonds between the Clions and the CHGl and pyridine
molecules, respectively. All of these intermolecular interactions
must provide enough stabilization effects to makeand
[SiH2(py)4]Cl; exist.

(41) Boys, S. F.; Bernardi, iMol. Phys 197Q 19, 553-566.
(42) Schwenke, D. W.; Truhlar, D. G. Chem. Physl985 82, 2418~
426

(4é) Welzbacher, G. Diplomarbeit, Univer&itarankfurt/Main, 1969.
(44) Rossmann, H. Ph.D. Thesis, Univeistaankfurt/Main, 1994.
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Conclusion Table 5. Crystal Data for Compounds—3
SiH.Cl, is not as strong a Lewis acid as its reactivity toward 1 2 3
pyr|d|ne and |Fs der|\{at|ve_s suggests. It is much more th_e emprical formula  GoH1.ClNoSi CioH1CLNSSi CoaHacCliaN,Si
intermolecular interactions, i.e. hydrogen bonds and Coulombic Fw/g mott 259.21 287.26 894.88
and dipole forces, between the complex molecules than the crystal system monoclinic triclinic monoclinic
formation of dative SN bonds that drives SiCl, to act as space group C2lc P1 C2/m
an electron pair acceptor toward tertiary amines. These stabiliz- temf/’/ Kcm% 113?9’5 %73% 1 135047
ing forces can be provided by the molecular environment in g};'?ng 1'.54608(1) 6.60174(2) i.0508(1)
the solid state or in solution. b/nm 0.61660(1) 0.75422(3) 1.4833(1)
Experi | Sect c/nm 1.43313(2) 0.85744(3) 1.2508(1)
xperimental Section a/deg 90 65.954(1) 90
General Procedures. All procedures were carried out under argon ~ f/deg 118.576(1) 76.746(1) 98.05(1)
or nitrogen (dried with activated 4-A molecular sieves and Sicapent) y/deg 90 77.881(1) 90
either on a vacuum line or in a glovebox. Solvents were distilled from £ 4 1 2
CaH; and stored over activated molecular sieves; pyridine and 2- and R[> 20(1)] ~ 0.029 0.0276 0.0641
goodness-of-fit  1.116 1.056 1.061

3-picoline were distilled from CajHand sealed in ampules. ;8iCl,
(Aldrich, 99.99%) was used without further purification; bis(dichlo-
rosilyl)methylamine was prepared and purified according to the
literature3* CHN analyses were performed with a CHRapid
(Heraeus) combustion analyzer, Cl was determined potentiometrically
with AgNOs. *H NMR: Bruker AMX 400, B, = 400 MHz.
Standard: TMS.

Preparation of Dichlorosilanebispyridine, SiH,Clx(py)2 (1). Bis-
(dichlorosilyl)methylamine (NMe(SiHG),, 0.60 mL (3.45 mmol)) was
dissolved in 5.0 mL of CHGland 1.0 mL (12.36 mmol) of pyridine
was added in portions of 0.2 mL with stirring. From this solution,
colorless crystals formed within several days. They were isolated and
washed withn-pentane, and a single crystal was selected for X-ray
diffraction. Anal. Calcd for GH1,ClLN,Si: C, 46.5; H, 4.7; N, 10.8;

Cl, 27.4. Found: C, 45.5; H, 4.9; N, 10.4; Cl, 27.9. IR (Nujol, NaCl,
cm1): 2920 (vs), 2848 (vs), 2144 (br, s), 1613 (vs), 1458 (s), 1374
(vs), 1195 (s), 1040 (s), 992 (s), 987 (m, sh), 962 (m) 951 (s), 772 (s),
688 (s), 658 (s), 462 (m).

Preparation of Dichlorosilanebis(3-picoline), SiHCIx(3pic),, 2.
Bis(dichlorosilyl)methylamine (NMe(SiHG),, 0.60 mL (3.46 mmol))
was dissolved in 5.0 mL of CHgland 1.0 mL (10.24 mmol) of
3-picoline was added in portions of 0.2 mL with stirring. From this
solution, colorless crystals formed within several days. They were
isolated and washed witlrpentane, and a single crystal was selected
for X-ray diffraction. Anal. Calcd for GH36CIoN,Si: C, 50.5; H,
5.6; N, 9.8; Cl, 24.7. Found: C, 47.8; H, 5.7; N, 9.2; Cl, 25.1.
(Nujol, NaCl, cntl): 2144 (br, s).

Preparation of Dihydrotetra(pyridine)siliconchloride —Tetrakis-
chloroform, [SiH 2(py)4]Cl2*4CHCI3, 3. 1(30 mg (0.12 mmol)) was
suspended in 5.0 mL of CHE&and pyridine was added dropwise until
the white solid was dissolved.1 for this experiment was prepared by
adding an excess of pyridine to SiEl, dissolved inn-pentane and
isolation of the white precipitate.) From this solution atG a few
crystals precipitated and a single crystal was selected for X-ray
diffraction.

Attempts To Grow Single Crystals of 1 and 2 by Sublimation.
Samples ofl and 2, exposed to various temperature gradients, could
be sublimed in vacuo, but tended to form thin, white films on the cooler
parts of the glassware. In no case could a suitable single crystal for
XRD be obtained.

Crystal Structure Determination. The crystal structures were
solved by direct methods and difference Fourier technique (SHELXS-
86)%5 structural refinement was agairist (SHELXL-93)46 Details
of the crystal structure determination of and the crystal datd 8
are given in Table 5.

Theoretical Methods. The ab initio calculations were performed
on various servers of the Zentrurir fDatenverarbeitung, Universtta
Mainz, using the GAUSSIAN94 software packdgeAll geometries
were fully optimized at a variety of levels of theory including Hartree
Fock [with 3-21G(d) and 6-31G(d) basis sets] and density functional
theory (DFT) [with 6-31G(d) basis s&f]. DFT geometry optimizations

IR

(45) G. M. Sheldrick SHELXS-86/SHELXTL-PC. Revision 4.1, Siemens
Analytical X-ray, 1990.

(46) G. M. Sheldrick SHELXL-93,Programm for crystal structure
refinement Universita Gottingen, Germany, 1993.

on P

employed a combination of local, gradient-corrected, and exact
exchange functionals according to the prescription of B&cked the
gradient-corrected correlation functional of Lee, Yang, and Parr
(B3LYP).20 All stationary points were characterized by calculation of
analytic force constants, from which vibrational frequencies were
obtained. Only geometries and frequencies obtained with the B3LYP/
6-31G(d) model chemistry are given in this paper. With the same
model, natural bond orbital analyses were perforited.aking the
B3LYP/6-31G(d) optimized geometries, single-point energies were
calculated at the B3LYP level of theory with a 6-32G(2d,p) basis

set and tight convergence in the SCF procedu#? and G?°¢ were
obtained from unscaled thermal corrections. By the B3LYP/6-31G(d)
optimized geometries of and [SiHx(py)s]?", counterpoise calcula-
tions*42 were performed at the same level to correct the energy of
interaction between Si and pyridine for the so-called basis set
superposition error (bss#). The following symmetry restrictions were
used for the single species considered within the present work?'SiH
Den; SiHCly, Cp, and Day; pyridine, Cpy; [SiH2(pY)s]?", Dan. Two
different symmetries ol were investigated. In both, the-N\6i—Cl
angles are rectangular and the pyridine moieties exhibit |&sal
symmetry. 1(Cya) exhibits two coplanar pyridine moieties, while in
1(D,) the two pyridine planes form an angle, which is bisected by the
NzSiClL plane. A relaxed potential energy surface scan was performed
for 1(Can) by using the B3LYP/6-31G(d) model chemistry. Here the
parameter describing the torsion of the planes of the pyridine rings
against the BSICl, plane,7[C(2)—N—-Si—ClI], was changed in steps

of 10.0 deg from 0.0 to 90.0 deg. While it was held constant, the
other geometrical parameters were optimized.

Acknowledgment. This paper is dedicated to Prof. Ulrich
Wannagat on the occasion of his 75th birthday. We thank the
Fonds der Chemischen Industrie for financial support (H.F.),
the Zentrum fu Datenverarbeitung, UniversttaMainz, for
providing the computational resources and Dr. Robert O. Gould,
Department of Chemistry, University of Edinburgh, for proof-
reading the manuscript.

Supporting Information Available: Tables of crystal data
and positional and isotropic and anisotropic thermal parameters
as well as the structure f@& (4 pages, print/PDF). See any
current masthead page for ordering information and Web access
instructions.

JA981016G

(47) GAUSSIAN 94, Revision E.2, Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman,
J. R.; Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B,
Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,
C.Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.
Gaussian, Inc.: Pittsburgh, PA, 1995.

(48) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory Wiley: New York, 1986.




