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Bis(dichlorosilyl)amine reacts in chloroform solution with 2-
picoline to give H35iCl, H,8iCl,, and HSiCl;, whereas with
3-picoline the two hypervalent silicon compounds H,SiCl,-
(3pic); and [H,Si(3pic)4]ClL, - 4 CHCI; containing hexacoordi-
nated Si atoms are formed. These complexes are in a chemi-
cal equilibrium with each other in chloroform solution, from
which crystals of [H,Si(3pic)4]Cl; - 4 CHCI; could be isolated.
The crystal structure of the latter was determined by single-

crystal X-ray diffraction. The complex can be regarded as an
“conlact ion trio” of [H,Si(3pic)4]?>” and two Cl™ ions. The
N—Si bond lengths, 7(Si—N) = 196.9(3) and 197.5(3) pm, are
similar to those found in neutral hexacoordinated Si comple-
xes. The data obtained from a 'H'H ROESY experiment sug-
gest that dissolution has no significant impact on the molecu-
lar structure of [H,Si(3pic),]|CL, - 4 CHCl;.

Dative interaction of the N—Si type is well-established,
the first example, SiF4(NH;),!!, being the first Si—N com-
pound ever described. In recent years, much research has
been done 1o investigate structural® 3! as well as spectro-
scopic!®”) aspects and the reactivity™® of that bond type.
Most of these investigations were concerned with com-
pounds exhibiting intramolecular N—Si interactions, e.g.
silatranes™ and 1-silyl-8-(dimethylamino)naphthalenesl,
but in these cases N—8i distances not only depend on
“genuine dative” Si-N interactions but also on confor-
mational and steric conditions and requirements of cage
and ring structures, We were interested in compounds with
intermolecular N—Si interaction, like the well-known
SiCla(py)-*!Y (py = pyridine), where these effects can be
largely excluded. This allowed us to study the influence of
the properties of different tertiary amines and the substitu-
ents bound to silicon on the strength of the N—Si bond.

All compounds of the type Me,SiCly- )L, (L = pyri-
dine, picoline, lutidine); n = 0—3; m = 1, 2) investigated so
far could only be shown to exist in the solid state. They are
insoluble in most organic solvents and, if soluble, dissociate
quantitativelyl!>13], the same occuring in the melt!*# and in
the gas phascl'>!6],

Disilylamines bearing clectronegatively substituted sili-
con atoms and a N—H functional group may act both as
Lewis and Bronsted acids!'7-!*). We studied the influence of
different steric demands of the Lewis base on both types of
acidity. With this in mind, we chose 2- and 3-picoline and
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investigated their rcaction with bis(dichlorosilyl)amine,
(HSiCl,),NH.

Results
Reaction of Bis(dichlorosilyl)yamine with 2-Picoline

Several thermotitrations in chloroform show a 1:1 reac-
tion between bis(dichlorosilyl)amine and 2-picoline. A small
amount of a white solid precipitates but dissolves again at
the point of 1:1 equivalence. Using CDCl;, we investigated
this solution by 'H- and 'H®Si-HSQC (Hetero Single-
Quantum Coherence) NMR spectroscopy, the latter al-
lowing the study of the Si—H connectivity. Figure 1 shows
the 'H-NMR spectrum and Table 1 compiles 'H- and ?°Si-
NMR shifts as well as 1J(*°Si-'H) coupling constants and
gives an assignment of the peaks as far as possible. The
hydrogen atoms are numbecred according to the carbon
atoms to which they arc bound. The numbering starts at
the N atom and goes along the ring, giving the smallest
possiblec numbcr to the ring C atom which carries the
methyl group.

The chemical shift of 2-picoline in this system is not
much different from that of a solution of neat 2-picoline in
CDCI1,!"). In contrast, the two signals of (HSICl:),NH [6 =
5.76, H(Si); & = 2.81, HN)]U!®! disappeared and several
others emerged instead. The pcak at 8 = 17.80 indicates a
strongly deshieldcd H atom as it usually occurs in hydrogen
bridges. Deprotonation of (HSiCl,),NH and formation of
[2picH]* can be excluded as this would exert a stronger
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Figure 1. 'H-NMR spectrum of a mixture of (HSiClL),NH and
three equivalents of 2-picoline in CDCl, (8 scale)
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Table 1. §('H), 5(*°Si), 'J(**Si-'H) and peak assignment of the 'H-
NMR (see Figure 1) and the HSQC spectrum of the mixture of
(HSiCl1,),NH with three equivalents of 2-picoline in CDCl;. Refer-
ence values for a solution of neat 2-picoline in CDCl; are given in
parenthesist!®l. For the numbering scheme see text

3('H) 3(®si) U(PSi-'H)[Hz] assignment

17.80 - - [2pic-~H-N=]
8.50 (8.47) - - H® (2pic)
1.77(1.54) - - H* (2pic)
7.36 (7.13) - - H? (2pic)
7.30 (7.05) - - H? (2pic)
6.10 95 368 HSiCl,

5.45 -10.8 292 -
545 -6.0 292 -
540 -115 288 H,SiCl,
5.15 238 270 -
455 375 238 H,SiCl

2.61 (2.55) - - H,C (2pic)

influence on the shift of the 2-picoline signals, as a compari-
son with the TH-NMR shifts of pyridine and some [pyH]X
compounds shows!!”l. The sharpness of the peak at § =
17.80 and the existence of only one set of signals for 2-
picoline show that a very fast exchange reaction according
to equation (1) occurs:

[2pic*--H~N=] + 2pic = 2pic* + [2pic--H—N=] 9]

Most of the intensity in the H(Si) region (6 = 4.0—6.5)
is not due to sharp but very broad signals, thus indicating
cleavage and reformation of Si—H bonds. This result is in
accordance with the appearance of peaks for H,SiCl,
H,SiCl,, and HSiCl;. Some 2°Si peaks of the HSQC spec-
trum could not be assigned but must for stoichiometric rea-
sons be due to oligo- or cyclosilazanes. No 2°Si signals
shifted to higher field than § = —37 were found, showing
that no penta- or hexacoordinated Si atoms are present>-20},

Reaction of Bis(dichlorosilyl)amine with 3-Picoline

Thermotitrations of this system in chloroform did not
reveal a certain point of stoichiometric equivalence, but it

766

became clear that more than one equivalent of 3-picoline
does react with (HSiCl,),NH. A solid product forms in the
course of the reaction but it dissolves again if more than
three equivalents of 3-picoline are added. This fact allowed
us to investigate the present system by high-resolution
NMR spectroscopy.

The "H-NMR spectrum of the system is shown in Figure
2. Together with a 2°Si-NMR and a 'H'H ROESY spec-
trum (Figure 4) of this sample, the "H-NMR spectrum of
3-picoline in CDCL!'’, and the 'H-NMR spectra of the
system H,SiCl,/3-picoline in CDCl; (Figure 3), an assign-
ment of the peaks was possible (see Table 2). The ROESY
experiment (Rotating Frame Overhauser Effect Spec-
troscopy)!*'-?2! measures the transient Nuclear Overhauser
Effect during irradiation of a radiofield B, (then called Ro-
tating Frame Overhauser Effect = ROE) and always
guarantees the extreme limiting conditions. Thus, in con-
trast to a NOESY experiment, the ROE does not disappear
for medium-sized molecules, and cross peaks due to chemi-
cal exchange can be distinguished by their sign from genu-
ine ROE cross peaks. The build-up rate of intensity (I) of
ROE cross peaks, (d7/d7), is inversely proportional to the
sixth power to the internuclear distance according to eq.
(2).
dl/dtep
dl/dtap

(rap)® = ( ) (rep)® @
The rate of ROE build-up is determined by varying the mix-
ing time and determining the resulting change in volume
of the two-dimensional cross peak. ROE cross peaks are
normally not observed for internuclear distances beyond
400 pm because of the r~¢ dependencel?3,

Figure 2. "H-NMR spectrum of a mixture of (HSiCl,),NH and six
equivalents of 3-picoline in CDCl;. The enlarged sections in the

upper part show the peaks of the aromatic protons and the methyl
group of 3-picoline (3 scale)
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In contrast to the system (HSiCl;),NH/2-picoline, the
TH-NMR spectrum of the system (HSiCl,),NH/3-picoline
(see Figure 2) exhibits a simple pattern in the H(Si) region,
but the aromatic region shows chemically different types of
3-picoline. A broad hump at & = 17.7 indicates the forma-
tion of a hydrogen bond, [3pic-*H—N=]. No ROE cross
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Figure 3. "H-NMR specira of a mixture of H,SiCl, and three
equivalents of 3-picoline in CDCl; at (a) 300 K, (b) 280 K (5 scale)
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Figure 4. Section of the 'H'H ROESY spectrum of a mixture of

(HSiCl);NH and six equivalents of 3-picoline in CDCI;. Spin lo-

cking time 230.9 ms. ROE cross peaks are enclosed in circles (8
scale)
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Table 2. Peak assignment of the "H-NMR spectrum in Figure 2.
Reference values for a solution of neat 3-picoline in CDCl; are
given in parenthesis'”), For the numbering scheme see text (sh =

shoulder)
3-picoline  H,SiCL(3pic), [HzSi(3pic)]Cl
CH; 231 (230) 244 2.44(sh)
15¢ 8.40 (8.45) 8.80 9.42
H 7.63 (745) 7.89 7.83
H* 7.33(7.15) 7.60 7.59
He 8.40(8.40) 8.80 947
H(Si) - 6.12 6.57

peak between this signal and any other signal could be ob-
served (the corresponding region is not shown in Figure 4).
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The broadness of this peak indicates an exchange reaction
according to equation (3).

[3pic*--H~N=] + 3pic = 3pic* + [3pic:--H-N=] (3)

It is therefore assumed that the coalescence conditions for
H?, H% H® H®, and CH; of 3-picoline in [3pic-~H—N=]
with the corresponding signals of free 3-picoline are ful-
filled, and so no individual peaks for these protons can be
observed. This also explains the slight shift of the signals of
free 3-picoline compared to the reference data (see Table 2).

The peak at § = 6.12 is due to an H atom bound to a Si
atom as the 2°Si satellites ['J(>°Si-'H) = 369 Hz] show. It
corresponds to the triplet in the *Si-NMR spectrum [§ =
—134, 'J(**Si-'H) = 370 Hz] whose strong shift to a high
field indicates the presence of a hexacoordinated Si
atom[®”!. The composition H,SiCl,(3pic), is confirmed by
the ROE cross peak at 6.12/8.80 and the corresponding
peak intensity ratio in the "H-NMR spectrum. By the reac-
tion of H,SiCl, with 3-picoline and a comparison of the
'H-NMR spectra of the reaction product (Figure 3) with
those of (HSiCl,),NH and 3-picoline (Figure 2), we could
confirm the existence of H,SiCl,(3pic), in the latter system.
H,SiCl, and 3-picoline form H;SiCl,(3pic), as a white pre-
cipitate from n-hexane. It dissolves in CDCl; on addition of
one equivalent of 3-picoline, so that high-resolution NMR
experiments could be carried out (see Figure 3). An ex-
change reaction clearly occurs at 300 K, resulting in
broader unresolved peaks. In contrast, at 280 K the peaks
are sharper, and a comparison of this spectrum with that
in Figure 2 shows corresponding chemical shifts for
H,SiCl,(3pic), (see Table 2).

Additionally, the 'H-NMR spectrum of (HSiCl,),NH/3-
picoline exhibits a peak at & = 6.57, LJ(*Si-'H) = 346 Hz.
It corresponds to a second type of silicon complex in this
system, and a weak exchange cross peak to H,SiCly(3pic),
(see Figure 4) indicates that it must also contain a H,Si
unit. Otherwise, cleavage and formation of Si—H bonds
would be involved in the exchange process, and the signal
intensity within the H(Si) region of the 'H-NMR spectrum
could not be concentrated mainly in two peaks but would
be smeared over a wider range, like in the system
(HSiCl,),NH/2-picoline (see above). The intensity ratio of
& = 6.57 to 8 = 9.42 and 9.47 shows that this second com-
plex has the composition H,SiCl,(3pic)s. The fact that no
2Gi signal belonging to this complex is observed can be
explained by its low abundancy compared to that of
H,SiCL,(3pic),.

The intensities of the exchange cross peaks between free
3-picoline, H,SiCl,(3pic),, and H,SiCl,(3pic), show that
H,SiCl,(3pic), has a shorter lifetime than H,SiCl(3pic)s,
thus being kinetically less stable. The exchange reactions
occurring in this solution can thus be formulated as in
equations (4) and (5).

H,SiCla(3pic), = H,SiCl, + 2 3pic @)
H,SiCl,(3pic), = H,S81Cly(3pic), + 2 3pic %)
Reaction (4) is much faster than (5). Neither the 'H-NMR

spectrum in Figure 2 nor the spectrum in Figure 3 exhibit
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signals attributed to H,SiCl,. This means, that equilibrium
(4) is shifted fairly completely to the left side.

The intensities of all 3-picoline species allow their abun-
dancies to be calculated relative to a total of six equivalents
of the amine, i.e. 4.2 equivalents of 3-picoline, 1.2 equival-
ents of 3-picoline in H,SiCl,(3pic),, and 0.5 equivalents of
3-picoline in H,SiCl,(3pic)4. The relative intensities of unas-
signed peaks are about 0.2 equivalent. The latter could
comprise signals of H.SiCl,(3pic), H,SiCl,(3pic); and other
possible intermediates of equilibria (4) and (5). The concen-
trations of H,SiCl,(3pic),, H.SiCly(3pic)y, and free 3-pico-
line allow the calculation of the equilibrium constant K,
and of AG® at 298 K for reaction (5):

K=132mol’17? AG°= —6.4kJmol !

This means that H,SiCly(3pic),, in spite of its kinetic stab-
ility, is thermodynamically unstable towards decomposition
into H,SiCl,(3pic), and two molecules of 3-picoline.

An octacoordinated Si atom in H,SiCl,(3pic), can be ex-
cluded. Eightfold coordination at silicon has recently been
mentioned?¥, but the N—Si bond lengths within that com-
pound [r(N—Si) = 289.5 and 311.7 pm] are far too large to
account for the observed ROE cross peak intensity in the
present case. On the other hand, any closer N—Si contacts
in an octacoordinated complex would cause too much mut-
ual steric hindrance between the ligands. A hexacoordi-
nated dicationic complex [H,Si(3pic);]JCl, is much more
reasonable, as it also explains the kinetic stability relative
to H,SiCly(3pic),. The existence of a [H,Si(3pic)4]Cl; spec-
ies could be confirmed by crystal structure analyses (see be-

low).
The *°Si-NMR spectrum of the system (HSiCl,),NH/3-
picoline exhibits besides the triplet at § = ~ 134 two singlets

at 6 = —33 and —40, which have together the same inten-
sity as the triplet. These two signals could not be assigned
to any known chlorosilanc or chlorosilazane and must
correspond to two Si atoms not bearing an H atom. These
side products were not investigated any further.

Structural Investigations on [H,Si(3pic)4]Cl,
a) Study of the Structure in Solution

Of the two complexes H,SiCl,(3pic), and [H,Si-
(3pic)4]Cl, only the latter could be structurally investigated
by using the ROESY data. It is not reasonable to calculate
r[H(Si)--H] for H,SiCl,(3pic), on the basis of the ROE
cross peak intensities. Due to the chemical exchange with
free 3-picoline, these intensities do not reflect the genuine
distance in the complex, but an average of the distances of
the coordinating and free states.

For [H,Si(3pic)4]Cl,, a trans configuration of the dication
with a symmetry close to C; or S; must be assumed, due
to the sharp peaks originating from the corresponding 3-
picoline, which indicate a similar chemical environment for
all four amine molecules in this complex. For steric reasons,
the four planes of the 3-picoline molecules cannot be per-
pendicular to the Si—H bonds but must be close to a paral-
lel arrangement. As [HaSi(3pic)4]Cl, shows only weak ex-
change peaks to H,SiCl,(3pic); and free 3-picoline,
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#[H(Si)--H] in this complex can be estimated according to
equation (2). As #[H>--HS) in [H,Si(3pic)4]CL, is unknown
and no structural data of free 3-picoline seems to be avail-
able, the appropriate distance in gaseous pyridine
[7(F*H®) = 246(1) pm!®™] was taken as a reference. All
crystal structure data for this reference distance are not re-
liable, as bond lengths to hydrogen atoms are always esti-
mated to be shorter according to this method than obtained
by gas-phase electron diffraction, microwave or NOE/ROE
measurements. The heavy atom distances and angles in gas-
eous pyridine and in 3-picoline in crystalline [H,Si-
(3pic)4]Cl, (see Table 3) do not differ considerably. Thus,
r(H>+-H®) in [H,Si(3pic),]CL, should also be very similar
to r(H>-H®) in gaseous pyridine. Considering the relative
abundancies of [H(Si)-H® and r(H*--H®), it seems that
eight distances would contribute to the former and four to
the latter. But as four of the eight H(Si)-"H® distances are
much longer than the other four, and dZ/d{H®--H(Si)] ~
[F(H®H(Si))] ¢ (see eq. 2), they do effectively not contrib-
ute to the intensity. Thus, we obtained r[H(Si):-H®] = 234
pm.

Table 3. Selected bond lengths, bond angles, and torsional angles
of [H,Si(3pic)4]Cl; - 4 CHCl;. E.s.d.s are given in parentheses

Bond lengths [pm] Bond and Torsion angles [*}

Si(1)-N(1) 196.9(3) N()-Si(1)-N(1") 89.1(2)
Si(1)-N(1%) 197.5(3) C(6)-N(1)-C(2) 119.0(4)
N(1)-CQ) 135.2(5) N(1)-C2)»-C(3) 122.4(4)
N(D-C(6) 133.7(5) C2)-C(3)-CA) 117.4(4)
C-C3) 138.7(6) C(3)-CA)-C(5) 120.5(4)
C(3)-C(4) 138.6(7) C(@4)-C(5)-C(6)] 118.7(4)
C(4)-C(5) 138.0(7) C»-C(3)-C(7) 119.9(4)
C(5)-C(6) 137.9(6) C(6°)-N(1")-C(2") 119.4(4)
C3)-CT) 150.9(7) N(L)-C(2)»-C(3") 122.3(4)
N(1”)-C(2") 134.1(5) C(2')-C(3")-C@) 117.7(4)
NC)-C(67) 134.4(5) C(3")-C@)-C(5") 120.2(4)
C2)-C(3") 138.1(6) CA)-C(5)-C(6") 118.8(4)
C(3°)-C@") 138.2(6) C(2)-C(3)-C(T) 120.2(4)
C@)-C(5) 138.1(7) N(17)-8i(1)-N(D-C(2) -96.0(4)
C(5")-C(6") 137.4(6) N(1)-Si(1)-N(1")-C(2") 110.2(4)
C(3)-C(T) 149.9(7) CI(1)-H(11)-C(11) 167
CI()~H(11) 244 CI(1)-H(21)-C(21) 171
Cl(D)-+H(21) 240 CI(1)~H(2»-C(2") 166
CI(1)-H(2) 272 CI(1)~H(2A)-C(2A) 160
CI(1)--H(2A) 280

Finally, a weak ROE cross peak from & = 7.23 (CHCl,)
to & = 9.42 (H? in [H,Si(3pic)4]Cl,) indicates a close steric
relationship between these spins. As only one very sharp
CHCI, peak appears in the "H-NMR spectrum (see Figure
2), these facts reflect a fast exchange between free CHCl,4
and a chemically different species, bound to [H,Si-
(3pic)q]Cly.

b) Study of the Crystal Structure

From a solution of H,SiCl,/3-picoline in CHCl; a single
crystal of [H,Si(3pic)4]Cl, - 4 CHCI; was grown and exam-
ined by X-ray diffraction. Its molecular structure (C; sym-
metry) i1s shown in Figure 5 to consist of a hexacoordinated
Si dication with slightly distorted C,,, symmetry (Figure 6),
two Cl~ ions and four molecules of chloroform. Each ClI~
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ion is coordinated by four H atoms in a way that the H
atoms donated by the two CHCl;y molecules occupy the api-
cal and the H(2) atoms of two crystallographically indepen-
dent 3-picoline molecules two of the three equatorial sites
of a sightly distorted trigonal bipyramid. The difference in
lengths between the two independent N—Si bonds
[(Si—N(1)) = 196.9(3), r(Si—N(1")) = 197.5(3) pm] is in-
significant, as are the differences in bond lengths and angles
between the two crystallographically independent 3-pico-
line molecules.

Figure 5. Plot of {11,Si(3pic)4]Cl, - 4 CHCl;. The capital “A” deno-
tes atoms generated by the inversion operation, a prime is used (o
distinguish between crystallographically independent atoms

Figure 6. ORTEP plot (50%) of [H,Si(3pic),]** (for the numbering
scheme see Figure 5)

To compare r[H(Si)--H®], obtained from the ROESY
experiment, with the corresponding distance in the crystal,
the X-ray diffraction values for #[C(6)-H(6)] and
r(C(6')—H(6")} were set to 108 pm, which is the value in
pyridine®?’!, and r(Si—H) was increased by 10 pm to 148.5
pm. This procedure should roughly account for the differ-

Chem. Ber. 1996, /29, 765—771
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ences between the two methods of measuring the positions
of the clectron density maxima and the locations of the nu-
clei, respectively. Thus, the results are: [H(Si)--H(C6)] =
216 and #[H(Si)--H(C6')] = 22! pm.

Discussion

2- and 3-picoline show similar as well as different aspects
of reactivity towards (1SiCl,),NH. With both amines, for-
mation of hydrogen bonds occurs. This is confirmed by the
disappearance of the H(N) signal of (HSiCl;);NH in the
TH-NMR spectra of both systems. The formation of the
hydrogen bond can be regarded as an activation towards
cleavage of the Si—N bond and dismutation. However, the
order of the latter two steps has not yet been clarified. Dis-
mutation of chlorosilanes under the influence of pyridine
was already reported by Ebsworth et al,126l,

The steric hindrance of the lone pair of 2-picoline by the
methyl group is responsible for its inability to form com-
plexes with expansion of the coordination sphere of Si?71.
In 3-picoline, the methyl group is sufficiently remotc from
the lone pair to allow this amine to coordinate to H,SiCl,.
This complexing ability has consequences for the dismu-
tation reactions. Whereas 2-picoline reacts with
(HSlclg)zNH to giVC HSIC13, sticlz, H3SIC1, and oligo—/
cyclosilazanes with Si—H bonds, H,SiCl, is the only silicon
compound with Si—H bonds formed in the system
(HSiCl,),NH/3-picoline. [t seems that the complex
H,SiCl,(3pic), is thermodynamically preferred to
HSiCl3(3pic), and SiCly(3pic),, thus driving the dismu-
tation towards H,SiCl,.

A comparison of 'J(*Si-‘H) for H,SiCl, and
1,S1Cly(3pic), shows a larger coupling constant for the
hexacoordinated compound. This result is in contrast to a
recent statement according to which 'J(*Si-'H) should de-
crease lor comparable Si compounds on going from tetra-
hedral to octahedral coordination!28!. We assume that simi-
lar to tetrahedrally coordinated Si compounds, 'J(*Si-1H)
in hypervalent Si complexes is rclated to the amount of s-
type orbital contributions to the Si~H bond. It thus scems
to be a very consequence for 'J(**Si-'H) to increase in the
sequence tetrahedral < trigonal bipyramidal < octahedral
coordination geometry at the Si atom as the type of wave-
function of the Si atom overlapping with the H orbitals is
of sp?, sp%, and sp type with 25, 33, and 50% s character,
respectively. Of course this is only a qualitative argument as
the contribution of s-type functions to bonds varies not
only with the coordination geometry but also — within one
type of geometry — with different ligands and the cffective
charge of the central atom. 'J(**Si-'H) is e.g. bigger in the
neutral complex 11,SiCl,(3pic), than in the complex cation
[H,Si(3pic)4]*". This fact might be duc to a stronger con-
traction of the atomic electron wave functions of the formal
Si dication, resulting in less efficient transmission of the nu-
clear spin interaction between Si and H.

The ecquilibrium  between H,SiCly(3pic); and [H,Si-
(3pic),ICL; [see equation (5)] can be described as an ex-
change of inner- and outer-sphere ligands. Despite its kin-
etic stability, [I1128i(3pic)4JCL is thermodynamically instable
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towards decomposition into H,SiCl,(3pic), and two mol-
ecules of 3-picoline. The exergonicity of reaction (5) is only
—6.4 kJ mol™! so that a twofold stoichiometric excess of 3-
picoline [according to equation (5)] is sufficient to shift the
equilibrium so far to the left side that [H,Si(3pic),]Cl, can
be observed in the "TH-NMR spectrum (see Figure 2). This
is a surprisingly low difference in free enthalpy, taking the
cleavage of two Si—Cl bonds, the transfer of electrons from
Si to Cl, and the separation of two Cl~ ions from the
[H,Si(3pic),]** cation into account. Several reasons for the
balance of the “energy bill” are considered:

a) The formation of two more N—Si bonds.

b) The delocalization of the positive charge over the aro-
matic systems.

c) The stabilization of the Cl~ ions by hydrogen bonds.
Chloroform may coordinate to anions by hydrogen bonds.
This is reflected in a high acceptor number on the Gutmann
scale’1, but its dielectric constant, g, = 4.8, is too small to
ensure a complete separation of the present cation from the
Cl™ ions. The formation of hydrogen bonds in the crystal is
confirmed by the heavy atom distances from which the
Cl--‘H distances are calculated for ideally positioned H
atoms. The C—H--Cl angles are close to 180° and thus op-
timize a o*(C—H)-n(Cl) interaction that was shown to be
important for hydrogen bond formation®".. These consider-
ations and the NMR result that chloroform is bound to this
complex suggest that the whole structural unit of [H,Si-
(3pic)4]Cl; - 4 CHCIl; is already present in solution. In this
case another stabilization factor arises:

d) Coulomb interaction between C1~ and [H>Si(3pic),
The distance of the CI™ ions to the complex cation is quite
large, e.g. f[CI(1)—Si(1)] = 477.2 pm, i.e. 100 pm more than
the sum of the van der Waals radii. Nevertheless, the cou-
lombic potential decreases only with r™!, so the electrostatic
energy is still quite marked in spite of this distance. This
rather close distance allows to regard [H,Si(3pic)4]ClL, - 4
CHCI; at least in the solid state as a “contact ion trio”.

Despite the fact that the four N—Si bonds are formed to
a Si dication, their lengths do not differ very much (rom
those in mneutral hexacoordinated Si complexes like
SiCli(py)> [197.6(9) pm™] or MeSiCls(3,5-lut), [202.3(6)
pmBY, lut = lutidine] and are even larger than in SiF4(py)»
[193(2) pm!??)]. Furthermore — compared to the gas-phase
structure of pyridine — the structural changes exerted onto
the NCs ring of the 3-picoline molecules are much smaller
in the present case than in py - HCIP This indicates a
weaker interaction between SiH3™ and 3-picoline than be-
tween H™ and pyridine.

The quite marked difference of r[H(Si)~H®] between
solution (234 pm) and solid state (216/221 pm) calls for an
explanation. We are aware of the assumptions we made to
make the two different structural methods comparable.
Nevertheless, the difference exceeds any amount of uncer-
tainty we might have introduced by those approximations.
The main factor for this difference is certainly the different
temperatures of the NMR (7' = 298 K) and the diffraction
experiment (150 K). Higher temperatures cause a lengthen-
ing of r(Si—N) due to an increasing population of vi-

]2+.
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brational states with v > 0. Thus, an increase of the average
value for r{H(Si)-HS] has to be expected. On the other
hand, the torsional vibration of the 3-picoline plane against
the Si—H bond has an influence on #[H(Si)-~H?] as well.
As torsional vibrations are known to have mostly low fre-
quencies and large amplitudes, a larger displacement from
the equilibrium position is expected at higher temperatures.
The equilibrium distance of H(Si) and H® is close to its
torsional minimum (see Table 3; the shortest distance oc-
curs for T = 0°) so that torsional vibrations with large am-
plitudes lead to an increase of r[H(Si)--H®). These consider-
ations show that the equilibrium structures of [H.Si-
(3pic)s]Cl, - 4 CHCI, do not necessarily differ appreciably
between solution and solid state.

Conclusion

2- and 3-picoline are similar in their Bronsted basicities
to Bronsted-acidic disilylamines, but their Lewis basicities
are different. Whereas 2-picoline does not show any Lewis
basicity towards (HSiCl,),NH, HSiCl;, H,SiCl,, or H;SiCl,
3-picoline is strong enough a Lewis base to form hyperval-
ent silicon compounds that are stable in solution,

Chloroform proved to be a very suitable solvent for our
investigations. It dissolves both systems, thus allowing high-
resolution NMR experiments as well as the growth of single
crystals from these solutions. Further reactions with other
silanes and tertiary amines in chloroform solution are the
subject of present investigations.

We thank Dr. G Zimmermann, Institut fiir Organische Chemie,
Universitit Frankfurt, for recording the NMR spectra and the
Fonds der Chemischen Industrie for a research fellowship (H.F).

Experimental

All procedures were carried out under argon or nitrogen (dried
with activated 4-A molecular sieves and Sicapent®) either in a vac-
uum line or in a glove box. Solvents were distilled from CaH, and
stored over activated molecular sieves; the picolines were distilled
from CaH, and sealed in ampoules. H,SiCl, (Aldrich, 99.99%) was
used without further purification. Bis(dichlorosilyl)amine was pre-
pared and purified according to a literature procedurel'®l, ~ C,H,N
analyses: CHN-Rapid (Heraeus) combustion analyzer; Cl was de-
termined potentiometrically with AgNO,;. — NMR: Bruker AMX
400, B, = 400 MHz, Standards: 'H and ?Si: TMS. Conditions for
the sample of (HSiCl,),NH with 2-picoline: 55.9 mg (0.26 mmol)
of (HSiCl,);NH, 74.8 mg (0.803 mmol) of 2-picoline, 1.0 ml of
CDCl;. Conditions for the sample of (HSiCl;),NH with 3-picoline:
82.1 mg (0.38 mmol) of (HSIiCl,),NH, 208.7 mg (2.24 mmol) of 3-
picoline, 1.0 ml of CDCl;. Conditions for the sample of H,SiCl,
with 3-picoline: 52.3 mg (0.182 mmol) of H,SiCl,(3pic),, 19.8 mg
(0.213 mmol) of 3-picoline, 1.0 ml of CDCl;.

Thermotitrations: About 5 mmol of (HSiCl;),NH was dissolved
in 20 ml of chloroform. The solution was stirred and 2- or 3-pico-
line added in portions of 0.2 ml. The temperature was measured
before each addition and afterwards when it peaked. The tempera-
ture differences obtained in this way were summed and plotted
against the volume of the amine.

Preparation of H,SiCl(3pic);: 1.0 ml (13.9 mmol) of H,SiCl,
(lig.) was condensed into 50 ml of n-hexane, and 6.0 ml (66.4 mmol)
of 3-picoline was added within 30 min whilst the solution was
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stirred and kept at —60°C. The solution was then allowed to warm
up to room temp. and the white precipitate which had formed was
washed with n-hexane and dried in vacuo. Yield: 100%. —
C12H 6CL,N,Si (287.3): caled. C 50.2, H 5.6, Cl1 24.7, N 9.8; found
C478, H 57 Cl25.1, N9.2.

X-ray Crystal Structure Determination!3?) of [H,Si(3pic)]JCL-
4 CHCl; at 150 K: Single crystals were grown from a solution of
about 150 mg (0.52 mmol) of H.SiCl,(3pic), and 0.2 ml (2.0 mmol)
of 3-picoline in 3.0 ml of CHCl; at 5°C within 4 d. —
CosHa,ClLuN,Si (M = 951.05 g mol™Y), colorless crystal, a =
1439.7(1), b= 1008.8(1), ¢ = 1493.0(1) pm, p = 104.25(1)°, V' =
2.1017(3) - 10° pm? Z = 2; peaiea. = 1.503 g - em™3; monoclinic,
P2i/n; Siemens P4 four-circle diffractometer, p(Mo-K,) = 0.97
mm~', & = 7.1069 pm; 4355 observed reflections in the range 50°
= 20 = 3°, of which all 3488 independent reflections were used
for refinement (R, = 0.0359); solution by direct methods and dif-
ference Fourier technique (SHELXS-86)13), structural refinement
against F2 (SHELXL-93)(*¢l, 231 parameters; w™! = [o%(F3) +
(0.0692 - P)?> + 6.56 - P], conventional R = 0.0642 for F, values of
2964 data having F2 > 26(F2), wR2 = 0.1681 for all 3588 data;
S = 1.080; residual electron density 1.01/—0.60 e/Aﬁ the highest
peak having a distance of 90 pm to CI(1A). The non-hydrogen
atoms were refined anisotropically. The H atoms were given geo-
metrically ideal positions and refined with isotropic displacement
parameters. Those bound to a C atom were refined with individual
isotropic thermal parameters [Uy = 1.2 - Uy(Cyrom) and 1.5
Ueq(Cerny1)] according to the riding model. The H atom at Si was
refined with free coordinates and free isotropic thermal parameters.
One of the two crystallographically independent CHCl; molecules
is disordered in two orientations and was refined with a split model
(site occupancies of 80:20). The higher occupied site was refined
anisotropically, the lower one isotropically. Only the major compo-
nent is given in the paper.
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