FULL PAPER

DOI: 10.1002/chem.200801273

N,N-Dimethylaminopropylsilane: A Case Study on the Nature of Weak
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Abstract: N,N-Dimethylaminopropylsi-
lane H;Si(CH,);NMe, was synthesised
by the reaction of (MeO);Si-
(CH,);NMe, with lithium aluminium
hydride. Its solid-state structure was
determined by X-ray diffraction, which
revealed a five-membered ring with an
Si-N distance of 2.712(2) A. Investiga-
tion of the structure by gas-phase elec-
tron diffraction (GED), ab initio and
density functional calculations and IR
spectroscopy revealed that the situa-
tion in the gas phase is more compli-
cated, with at least four conformers
present in appreciable quantities. Infra-
red spectra indicated a possible Si--N
interaction in the Si—H stretching

proach of the nitrogen atom in the
five-membered ring weakens the bond
to the hydrogen atom in the trans posi-
tion. Simulated gas-phase IR spectra
generated from ab initio calculations
(MP2/TZVPP) exhibited good agree-
ment with the experimental spectrum.
A method is proposed by which the
fraction of the conformer with a five-
membered ring can be determined by a
least-squares fit of the calculated to ex-
perimental absorption intensities. The
abundance of this conformer was deter-

Keywords: ab initio calculations -
conformation analysis - electron dif-
fraction - IR spectroscopy - silanes

mined as 23.7(6) %, in good agreement
with the GED value of 24(6)%. The
equilibrium Si--N distance predicted by
theory for the gas-phase structure was
highly variable, ranging from 2.73
(MP2) to 3.15 A (HF). The value ob-
tained by GED is 2.91(4) A, which
could be confirmed by a scan of the
potential-energy surface at the DF-
LCCSD[T] level of theory. The nature
of the weak dative bond in H;Si-
(CH,);NMe, can be described in terms
of attractive inter-electronic correlation
forces (dispersion) and is also inter-
preted in terms of the topology of the
electron density.

region (20002200 cm™'), as the ap-

Introduction

Organosilicon compounds have attracted attention for a
number of decades, because they have found applications in
both industry and everyday life. Examples include silicones
in the form of the materials themselves and as cross-linkers;
additives for paints, inks, adhesives (adhesion promoters)
and cosmetics; and water-repellent agents.'! Some of the si-
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lanes already in use are also hypervalent silicon compounds,
which are gaining in importance.

In recent years so called o-silanes, that is, silanes with a
donor function in geminal position relative to the silicon
centre, are replacing and complementing the industrially
used organofunctional silanes with donor functions in the &
position due to their higher reactivity.'! The fact that the
properties of silanes with donor functions in the § position
differ strongly from those with a donor in 6 position was
first established in the 1950s.”) Later Kostyanovskii et al. ex-
amined the basicity of amines with a group 4 element in
geminal position and found that amines with geminal ac-
ceptor atoms showed reduced basicity. This was explained
by the formation of a geminal donor-acceptor interaction
between the group 4 and nitrogen atoms®! and was contrast-
ed in this respect to the behaviour of the y-silanes. This in-
teraction between silicon and nitrogen leads to pentacoordi-
nate Si atoms, which were established to undergo much
faster nucleophilic substitution reactions than tetra- or hexa-
coordinate derivatives.[*
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Many intramolecular datively bonded ring systems are
known,”! but no detailed studies on simple flexible systems
and the relative stability of ring versus open chain conform-
ers have been performed so far.

We recently demonstrated that such silicon—donor interac-
tions strongly depend on the substitution patterns of the sili-
con and donor atoms, as well as on the nature of the spacer
function bridging these atoms. This work was done experi-
mentally and theoretically by analysing model compounds
including F;SiCH,NMe,,!"! (F;C)F,SiONMe,,”! F,;SiN(R)-
NMe, (R=Me, SiMe;, SnMe;),” MeHSi[ON(BH;)Me,],"”
and CIH,SiONMe,.""! It transpires that the composition of
the spacer function is highly important for enabling or dis-
abling a silicon—donor interaction. No example of an attrac-
tive silicon—donor interaction in geminally donor substituted
silanes with a methylene unit (CH,) as spacer function is
known. In contrast, the hydroxylamine (F;C)F,SiONMe,
with an O spacer exhibits a short Si--N distance and an ex-
tremely acute angle at the spacer function (solid state:
1.904(2) A, 74.1(1)°).") However, as for other compounds
exhibiting dative bonding*! this effect is exaggerated in the
solid state and the Si-O-N angle of the above compound in
the gas phase was determined to be 84(3)° for the anti con-
former and 88(2)° for the gauche conformer.!

Abstract in Midwestern Bavarian: Mia hamma des NN-Di-
methylaminobrobilsilan ausm (MeO);Si(CH,);NMe, und am
Liziumaluminiumhidrid gmachd. Wenn ma des im fesdn
Zuaschdand ois oanzeine Grisdalle durchleichd (OGD),
kimds auf, das do Ringal vo jiweis fimbf Adome drinna
hand, bei dene wo de Siliziumadome und de Schdigschdoffa-
dome grod 2.712(2) A ausananda hand. Ois a Gas, eleggdro-
na-gschdraad (GES), IR schbeggdrosgobbisch undasuachd
un ab-initio un Dichtefunktional-massig berichned, kimmd
gee aussa, das do guadding drei andaschde Konformera, ois
wia des oane mid de Ringal a no drinna hand. Am IR kend
mas deswengn scho, das do de Ringal drinn hand, wei de
symmddrischen — und  de  ned-symmididrischen  Si-H
Schdreggschwingunga um 200 Weinzoin ausanandagengand.
Vo dem hea muas des a so sei, das do no a Schdiggschdoff
an des Silizium hikoordiniad. Do is hoid naa des Wassasch-
doffadom auf da drendan Seidn vom Schdiggschdoffadom
nimma so fest hibundn an des Siliziumadom herend. Wenn
mia ofd no de IR schbeggdren ausdarichned (MP2/TZV PP)
bassds guad mid den zam wo ma gmessn ham, awa das des
naa a aggradd bassd, muas ma no zeaschd ausm IR Schbegg-
drum aussadalesn wiavui vohaidnissmassig vo dem Konform-
er mid de Ringal drinna is. Des sei Vohaidniss hamma
nochm gleansdn Fidla im Kwadrad oobassd. Ganz zlezd is
aussakemma, das ma am IR 23.7(6) % Ringal sichd und bei
da GES 24(6) %. Beim Berichna, wia weid das des
Schdigschdoffadom vo dem Siliziumadom in dene Ringal
wegga is, is vo 2.73 bis 3.15 A (HE MP2) ausanandaganga.
Bei da GES hand do 2.91(7) A aussakemma.
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The loss of the silicon-nitrogen interaction when the
oxygen spacer is replaced by a methylene group could be
due to any one of a number of reasons. These include the
greater rigidity of the methylene spacer, rearrangement of
charge, which would alter the electrostatic forces, and re-
duced electron deficiency of silicon making it less inclined
to accept electron density from nitrogen by way of a dative
bond. By increasing the number of spacer units, it should be
possible to evaluate the importance of the rigidity of the
CH, spacer. This paper therefore presents a detailed investi-
gation of the structure and conformational preference of
H;Si(CH,);NMe, (3), in which the presence of three CH,
spacer groups allows greater freedom for the Si--N interac-
tion. Where relevant, the results are also compared with re-
lated compounds H;SiCH,NMe, (1), which was described
earlier,"” and H,Si(CH,),NMe,(2), which we prepared for
spectroscopic comparison. Note that, in contrast to earlier
studies on compounds with rigid backbones between the Si
and N atoms, such as 1,8-naphthyl groups,” the highly flexi-
ble backbone of 3 does not enforce an Si-N interaction, as
the molecules can adopt linear (open chain) conformations
and ring-type conformations in which an intramolecular in-
teraction may take place.

Results and Discussion

Synthesis: The syntheses of the model compounds H,Si-
(CH,),NMe, with n=1 (1), 2 (2) and 3 (3) are straightfor-
ward procedures. The corresponding methoxy-substituted si-
lanes (MeO),Si(CH,),NMe, (n=1-3) can be reduced with
lithium aluminium hydride (LiAIH,) to give the correspond-
ing hydrido silanes (Scheme 1).

LiAIH,

(Me0)3Si(CH,),NMe, H3Si(CH,),NMe,

(2) and 3 (3).

Compound 1 was analysed and described earlier,'” but
we list some of its properties here for the sake of discussion.
Compounds 2 and 3 are liquids at ambient temperature with
boiling points of 47°C at 530 mbar for 2 and 60°C at
200 mbar for 3. The compounds were purified by fractional
condensation on a high-vacuum line prior to analysis.

NMR spectroscopy: NMR spectroscopic parameters such as
chemical shifts and coupling constants are very sensitive to
changes in the electronic environment of the observed nu-
cleus. Thus, a change in NMR properties may provide infor-
mation about the conformation of the molecule and a possi-
ble Si--N interaction. Table 1 lists some experimental multi-
nuclear NMR spectroscopic data of 1-3.

Neither the chemical shifts nor the Jg; coupling con-
stants change in such a way upon increasing the chain
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Table 1. Selected NMR spectroscopic data of 1-3.

H,Si(CH,),NMe, Solvent o(¥Si) O('H,SiH;) Vs [Hz)
[ppm] [ppm]

1 n=10 C,D, —66 3.63 196

2:n=2 CDCl, —62 3.37 195

3:n=3 CDCl, —60 3.44 193

3:n=3 [Dg]toluene —62 3.71 193

length that a conclusion on the coordination number of sili-
con can be drawn. To gain some insight it is helpful to com-
pare these results to those of similar compounds which lack
donor functions. The *Si chemical shifts of H;SiCH; and
H,SiCH,CH,CH, are —65.2 and —59.4 ppm, respectively,'’!
and the similarity of these values to those in Table 1 suggest
that no significant interactions are present. However, two
important intramolecular effects might have a strong influ-
ence on the Si chemical shifts. On the one hand there is an
inductive effect, which leads to deshielding of the Si nucleus
by bond polarisation and therefore to a low-field shift of the
»Si signals. In 1 this effect should be relatively strong, whilst
in 3 it should be weaker. On the other hand, a silicon—-nitro-
gen interaction leads to a pentacoordinate silicon centre and
consequently to a high-field shift of the *Si signal. These ef-
fects may cancel each other out, so that information on the
existence of a Si--N interaction cannot be concluded from
these NMR data.

Another piece of evidence that, if any, only a very weak
Si---N interaction may be present, is the observation that
upon cooling 3 to 220 K, the NMR spectra do not exhibit
large changes (Figures 1 and 2). In general, the NMR spec-

300 K Ihll Al A

280 K i A
265 K i I ™ A
250 K ‘ ld“ ' A
235K ‘ l“ ™ A
220 K l l N ~
/1
T T —/ T T T T T 1
4.0 2.0 15 1.0 0.5

<« 5'H/ ppm

Figure 1. Variable-temperature '"H NMR spectra of 3 (in [Dg]toluene).

troscopic data of pure 3 differ little from those in solution.
In the *Si NMR spectrum small shifts of 2ppm
([Dg]toluene) and 3 ppm (neat sample) of the signals to-
wards higher field is observed after cooling the sample. Ab
initio calculations and gas-phase electron diffraction (GED)
analysis indicate that many conformers are present in the
gas phase, and that cyclic conformer 3a may have the lowest
zero-point energy. This change in the *Si chemical shift
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Figure 2. ¥Si NMR spectra of 3 at 220 and 300 K (in [Dg]toluene).

may, therefore, be due to increased abundance of the cyclic
conformer.

In summary, the multinuclear NMR spectroscopic data
are inconclusive but indicate that, in solution, 3 is in a state
of dynamic equilibrium between cyclic and open-chain con-
formers. This dynamic process, even at low temperatures,
appears to be too fast for observation of the single species
by NMR methods.

Crystal structure: A single crystal was grown in situ on the
diffractometer from a solid/liquid equilibrium established at
a temperature of —102°C. Compound 3 crystallises in the
tetragonal space group /4m, with eight molecules in the unit
cell. The structure of 3 is depicted in Figure 3, and selected
structural parameters are listed in Table 2. Compound 3
crystallises as a monomeric, five-membered-ring conformer,
with no intermolecular distances shorter than the sum of the

Figure 3. X-ray structure of H;SiCH,CH,CH,NMe, (3) with thermal ellip-
soids at 50 % probability.

Table 2. Selected bond lengths [A] and angles [°] of
H,SiCH,CH,CH,NMe, (3) in the solid state as determined by X-ray dif-
fraction.

Sil-+N1 2.719(2) H2AA-Si1-N1 179.6(13)
Sil-H2AA 1.47(3) H2AA-Sil-Cl 103.5(13)
Si-HIAB/HIAA 1.37(2) Sil-C1-C2 118.6(2)
Sil—C1 1.875(5) C1-C2-C3 112.4(4)
c1-C2 1.507(5) C2-C3-N1 108.1(3)
C2-C3 1.518(5)
C3-N1 1.476(4)
N1-C4/C5 1.451(2)
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van der Waals radii of the respective atoms. The intramolec-
ular Si--N distance of 2.712(2) A is shorter than in the gas-
phase structure of H,;SiCH,NMe, (2.828(7) A).'"”! The
H2AA-Si1-N1 angle is very close to 180° (179.6(13)°). These
are important structural features consistent with an attrac-
tive Si--N interaction. Since the molecule lies on a crystallo-
graphic mirror plane, atoms C1 to C3 are disordered, and
the angles to hydrogen atoms HIAA and H1AB are uncer-
tain. However, the coordination geometry about the silicon
atom is between tetrahedral and trigonal bipyramidal, with
the silicon atom positioned 0.349(13) A above the plane de-
fined by HIAA, H1AB and C1.

IR spectroscopy: The solid-state, liquid and gas-phase IR
spectra of 3 each show two strong absorption bands in the
region between 1950 and 2250 cm ™" (Figure 4), which can be
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Figure 4. Detail of the solid-state, liquid and gas-phase IR spectra of 3,
showing the Si—H stretching region. The numbers refer to the maxima of
the neighbouring peaks.

attributed to Si—H stretching modes of the silane group.
Spectra were calculated for five-membered ring structure
3a, and one peak was assigned to the Si—H stretch involving
the hydrogen atom pointing away from the nitrogen atom
(Vyans(SiH), 2008-2107 cm ™). The other band was assigned
to overlapping contributions of the symmetric and asymmet-
ric stretching modes of the remaining SiH, moiety (v,(SiH,)
and v,(SiH,), 2149-2161 cm™). Comparison of the experi-
mental and simulated spectra reveals a considerable mis-
match of the relative intensities of the two observable
peaks, as shown in Figure 5, which is more pronounced in
the gas-phase and liquid-phase spectra than in the solid-
state spectrum. To explain this observation, a systematic
conformational analysis of 216 possible open-chain conform-
ers was performed. This resulted in finding eight different
low-energy conformers including 3a (the five-membered-
ring conformer) and seven open-chain conformers 3b-h that
are distinct minima on the potential-energy surface (see
Figure 6).
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Figure 5. Gas-phase IR spectrum of 3 and simulated (see text) IR spectra
for 3a showing the Si—H stretching region. The calculated frequencies
were scaled (HF 0.933, MP2 0.948, DFT 0.972) to match the experimen-
tally observed peak at 2107 cm™'. Lorentzian functions with a fixed half-
width were used for simulation of peak shapes. Note the mismatch in rel-
ative intensities of the calculated bands with respect to the experimental-
ly observed bands, and the variation in wavenumber differences with re-
spect to the employed method.
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Figure 6. Conformers of 3 showing the molar fraction of each as deter-
mined by GED (upper value, where the number in parentheses is 20)
and calculated at the MP2/TZVPP level of theory.

Spectral fitting: The relative abundance of conformer 3a at
ambient temperature was determined from gas-phase IR
spectra by employing a least-squares fitting procedure. For
that purpose, IR spectra were simulated for open-chain con-
formers 3b-h by using the calculated intensities for the peak
heights and a constant value for the peak widths. These si-
mulated spectra were then combined by using a Boltzmann
weighting with the Boltzmann factors based on calculated
AGZ®Y values (MP2/TZVPP). The transmittance (t=1/I,)
values from seven separate IR spectra were transformed
into absorbance values (A = —1g7), prior to the fitting proce-
dure. The ratio of conformer 3a to those of the open-chain
conformers was then determined by a least-squares fit of the
two simulated IR spectra to each of the gas phase IR spec-
tra in the region from 2050 to 2250 cm™'. The gas-phase

Chem. Eur. J. 2008, 14, 11027 -11038
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abundance of 3a at ambient temperature determined in this
way is 23.7(6) %, whereby the variation from one spectrum
to another is less than one standard deviation. Figure 7
shows the individual simulated spectra, the resulting fitted

Abs.

+ —log(®**IR)

23.6% H3a +
76.3% (H3b-h)
— H3a

* = H3b-h

2250 2200 2150 2100 2050

~— viem!

Figure 7. Gas-phase IR spectrum of 3 and functions used in the fitting
procedure for determination of the relative fraction of 3a (the five-mem-
bered-ring conformer) in 3. The IR intensity data and the scaled relative
wavenumbers in the region of 2200 to 2140 are taken from ab initio cal-
culations (MP2).

simulated spectrum and the experimental spectrum. Figure 8
compares the gas-phase IR spectrum with the simulated IR
spectra over a broader range of frequencies (500-
3100 cm™), also obtained by using the fitted ratio of 3a. In-
terestingly, Gaussian functions gave a closer fit of the peak
shapes to the experimental spectra than Lorentzian func-
tions (see Supporting Information for a detailed description
of the fitting procedure).
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Figure 8. Gas-phase IR spectrum of 3 versus a linear combination of si-
mulated IR spectra of conformers 3a-h, also obtained by using the fitted
ratio of conformer 3a. The asterisk denotes a band originating from CO,.
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Phase dependence of IR spectra: The spectra show different
relative intensities of the two Si—H stretching bands that re-
flect different abundances of conformers in the various
phases and at various temperatures. From the crystal struc-
ture determination, only cyclic conformer 3a is present in
the crystal. The wavenumber difference A#%(SiH) between
the v,,,(SiH) vibrational mode and the v,(SiH,) and v,-
(SiH,) vibrational modes is 54 cm™' in the gas phase,
64 cm™! in the liquid phase and 100 cm™ in the solid state
(see Figure 4). This variance indicates the flexibility (weak-
ness) of the Si--N interaction in this compound. In summary,
the Si---N interaction appears to be considerably affected by
the state of aggregation, although effects of thermal motion
may also play a role.

Dependence of calculated IR spectra on level of theory:
The calculated values of A#(SiH) also vary with the em-
ployed level of theory. As shown in Figure 5, A%(SiH) in-
creases with an increasing contribution of dynamical correla-
tion inherent in the level of theory (as in the sequence HF,
DFT, MP2). Parallel to the increase in A#(SiH) the calculat-
ed Si-~N distance decreases (Figure 9). Because Hartree—
Fock calculations do not account for dispersion forces, it
may be concluded that far-reaching, weak interactions like
van der Waals forces are crucial for the occurrence of Si--N
interactions in 3.
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Figure 9. Wavenumber difference between the v, (SiH) vibrational
mode and the v,(SiH,), v{(SiH,) modes plotted against the equilibrium
distance between silicon an nitrogen in 3a, calculated at different levels
of theory. For comparison, the experimental r,; value from this work is
also depicted. Both the Si--N distance and the value of A#(SiH) can be
viewed as indicators for the strength of the Si-N interaction. (For a de-
tailed description of the levels of theory employed, see Computational
Details.)

Theoretical structures and relative energies: To investigate
the gas-phase composition of 3 in terms of conformations
and respective molecular structures, the IR and GED inves-
tigations were complemented with first-principles calcula-
tions. The following questions were addressed:

www.chemeurj.org
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1) Which conformers are of major importance for the gas-
phase composition ?

2) What is their respective ratio in the equilibrium under
the experimental conditions?

3) Which kind of structural restraints can be used for the
GED analysis and how do the predicted geometries com-
pare to those from the GED refinement?

4) Ts there an intramolecular Si--~N interaction, and if so
which type of interaction is it?

Theoretical conformational analysis: Both NMR and IR
spectroscopy confirm that more than one conformer is of
importance for a proper description of 3a in the gas phase
and in solution. To account for all important conformers, all
216 possible molecular geometries arising from all combina-
tions of the three dihedral angles 6, (i=1, 2, 3; see
Scheme 2) with 6, € {0, 60, 120, 180, 240, 300} were generat-

W
SiMN;‘Cﬂr
.

9[ 62 3

Scheme 2. Definition of dihedral angles 6; used for the description of the
conformers of H;SiCH,CH,CH,NMe,. 6; is the C-C-N-C(4) dihedral
angle.

ed automatically. In a first step all chiral pairs were identi-
fied and all structures containing atom pairs lying closer
than 0.5 A to each other were rejected. This resulted in 80
molecular geometries including four C,-symmetric conform-
ers and 76 with a chiral counterpart. To restrict this number
further, conformations with non-eclipsed configurations
were chosen; this yielded eight chiral pairs and one C-sym-
metric conformer. However, out of interest, the three C,-
symmetric conformers which were rejected in the previous
step were also chosen for further investigation. These 12
(neglecting chirality) different conformers were first opti-
mised with respect to their geometries by using an efficient
DFT method [RI-DFT(BP86)/SV(P)], and second by using
an accurate MP2 method (RI-MP2(fc)/TZVPP). At the
MP2 level of theory the three Ci-symmetric confers (those
having an eclipsed conformation) and one asymmetric con-
former did not correspond to minima on the potential-
energy hypersurface, so seven asymmetric (3a-g) and one

C-symmetric (3h) conformers remained for further investi-
gation (Figure 6).

Theoretical estimation of conformer ratios: Total energy dif-
ferences from geometry optimisations yield AE, and rota-
tional and vibrational contributions from the vibrational fre-
quency analysis AGZ", values. Using these calculated ener-
gies and applying a Boltzmann distribution to the abundan-
ces of the conformers allows the respective ratios in thermo-

dynamic equilibrium to be estimated (Table 3).

Calculated structure of conformer 3a: The calculated equi-
librium structure of 3a showed the largest variations of all
conformers under consideration between the different levels
of theory. Table 4 lists some selected structural parameters
for this conformer (numbering scheme according to the crys-
tal structure in Figure 5). The largest deviations are found in
the parameters that are influenced strongly by an intramo-
lecular Si--N interaction. The shortest Si-N distance is pre-
dicted by the MP2 calculation; this again reflects the impor-
tance of dispersion interactions, which are known to be
overestimated by MP2.[¥

Si-N potential-energy curve of 3a: The ab initio Si---N de-
formation potential of 3a (Figure 10) is very shallow. Any

Table 4. Selected structural parameters of five-membered-ring conformer
3a (bond lengths [A] and angles [°]). The atoms are numbered according
to Figure 3.

HF DFT MP2
Si--N 3.149 2.858 2.728
Si—C1 1.895 1.894 1.898
Si—H1 1.488 1.502 1.494
C3-N 1.452 1.452 1.459
C4-N 1.445 1.444 1.453
C4A-N 1.446 1.445 1.454
Cl1-C2 1.534 1.525 1.528
C2-C3 1.524 1.518 1.520
H1-Si-C1 106.8 105.3 104.2
H1-Si-N 175.6 177.9 178.4
C1-C2-C3 114.4 112.6 110.9
C2-C3-N 113.3 111.6 110.2
C1-C2-C3-N 67.1 61.8 60.7
Si-C1-C2-C3 —61.4 —54.6 -52.9
C4-N-C3-C2 78.9 78.7 79.6

Table 3. Equilibrium energy differences AE [kJmol™'], calculated at various levels of theory for each conformer of 3, and free energy differences
AGP* [kImol™'], calculated at the MP2 level of theory by invoking the rigid-rotor and harmonic-oscillator approximations. Uncertainties in the GED

values correspond to 20.

HF DFT MP2 HF DFT MP2 HF DFT MP2 GED IR
AE AE AE AGPP AGP®P AGP™P ratio ratio ratio ratio ratio
3a (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) 11.9 16.3 43.8 24(6) 23.7(6)
3b -0.9 44 7.6 -3.1 0.6 3.9 18.5 14.4 15.3 37(6) -
3¢ 0.9 1.8 8.0 —0.4 2.4 26 12.8 23.6 23.0 28(5) -
3d —34 2.8 11.0 —6.2 -73 48 22.0 30.1 11.0 11(5) -
3e 2.5 7.0 14.8 -0.5 4.1 7.8 13.2 52 3.6 - -
3f 1.9 6.4 13.6 1.1 3.6 9.0 9.2 6.1 23 - -
3g 6.9 11.9 20.1 3.9 9.1 13.8 4.1 0.8 0.3 - -
3nb 0.8 72 16.1 -2.1 4.1 9.9 8.4 2.6 0.8 - -

[a] C,-symmetric.
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weak forces can therefore influence the molecular structure
considerably, and the differences between the HF and MP2
geometries can be interpreted as an effect emerging from
the neglect and overestimation of dispersion-type interac-
tions in HF and MP2 theory,™ respectively (as discussed
above for the IR spectra). This view is confirmed by the re-
sults of  coupled-clusters  calculations  (CCSDJ[T],
MOLPRO™!). Expectedly, the overestimation of correlation
contributions (and hereby of the attractive part of the inter-
electronic correlation, i.e., the dispersion contribution) by
the MP2 calculation is (over)compensated by inclusion of
triple excitations in the cluster expansion, which leads to a
minimum-energy Si-+N distance of about 2.9 A, which lies
between the corresponding HF and MP2 values. However,
the small 2-norm of the #, vector of the coupled-cluster cal-
culation (0.005) clearly shows that the large deviation be-
tween HF and MP2 equilibrium geometries is not a conse-
quence of an inappropriate single-reference ansatz, but
rather a rapid convergence of geometry and potential ener-
gies within the series HF, MP2, CCSD|T] can be expected.
Already, the relative stability of 3a at the HF level of
theory (see Table 3) demonstrates that electrostatic interac-
tions are important. Due to the large Si--N distance of 2.73-
3.14 A any significant p—o* interaction between the nitro-
gen lone pair and the antibonding Si—H orbital is unlikely.
In summary, the Si--N interaction in 3a can be regarded as
a synergism of conformational flexibility with electrostatic
and dispersion (van der Waals) interactions.

Gas-phase electron diffraction (GED): Electron diffraction
data were acquired for 3 and interpreted in terms of four
conformers, 3a-d (Figure 6), which were each calculated at
the MP2/TZVPP level to have greater than 5% abundance
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Figure 10. Relative ab initio potential-energy curve for the Si--N distance
in 3a. The experimentally determined equilibrium distance of 2.91(4) A
lies approximately between the HF and MP2 values. The large uncertain-
ty in the GED value can be explained by the shallowness of the curve,
which reflects the conformational flexibility of 3. Due to this shallowness
the Si-N distance is particularly sensitive to small energetic effects such
as inter-electronic correlation.
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at 298 K. The geometries of all four conformers were de-
scribed in terms of 55 independent parameters, all of which
were refined by the SARACEN method,™ with incorpora-
tion of flexible restraints derived from fully optimised geo-
metries at the MP2/TZVPP level of theory.

The final experimental and difference molecular-intensity
curves are shown in Figure 11, whilst those for the radial-
distribution function are shown in Figure 12. The conformer
ratios were determined by an iterative process, whereby the
R factor was determined as a function of the ratio of a given
conformer, with this ratio fixed to the minimum in the cor-
responding curve, repeating for each degree of freedom
until self-consistent. This yielded the set of curves shown in

|
Yl

/\
A VA

sIA

8*.(8)

Figure 11. Experimental and difference (experimental minus theoretical)
molecular-intensity curves for 3.

P(n/r

TR TRR I b

Figure 12. Experimental and difference (experimental minus theoretical)
weighted radial-distribution function for 3. Molecular scattering intensi-
ties were multiplied by s-exp[(—0.00003s%)/(Zs—fs)(Zc—fc)] prior to
Fourier inversion.

The molar fraction of 3a was determined to be signifi-
cantly lower than that predicted theoretically (24(6) vs
44%), but is in good agreement with the value of 23.7(6) %
estimated by fitting IR intensities for the Si—H stretches.
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Figure 13. R;; factor as a function of the molar fraction of 3a (solid), 3b

(dashed) and 3¢ (dot-dashed). The dotted line is the 95% confidence

limit (20), given by an R-factor ratio of 1.03, as determined from Hamil-

ton’s tables.!"”!

The molar ratio of 3b was correspondingly much greater
than predicted (37(6) vs 15 %), whilst the molar fractions of
two remaining conformers did not differ significantly. The
GED values of selected internuclear distances in 3a and 3b
are shown alongside the corresponding theoretical values in
Figure 14. In general, the GED structure parameters are
close to those obtained at the MP2/TZVPP level of theory,
the only significant difference being the Si--N distance of
2.91(4) A, which compares to 2.73 A by MP2 theory, a value
which was clearly confirmed by CCSD|[T] calculations (see
section Si-~N Potential-Energy Curve of 3a). During the re-
finement it was observed that the Si---N distance is correlat-
ed to the fraction of 3a, which was fixed to the value corre-
sponding to a minimum in Rg.

1.582(3) i 1.525(3
r1%\:s?” ‘
c -~

1.897(4)
1.898 2.91(4)
273 M
N
1.534(3) ’ N
1931 1.461(2)
1.882(2 . <
. N D)

1.45@
1452

Figure 14. Molecular geometries of 3a and 3b showing selected GED
(upper values, where the values in parentheses are o) and MP2/TZVPP
distances.
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Topology of the electron density: We recently showed for
(F5C)F,SiONMe,” and F;SiONMe,"¥ that, despite the pres-
ence of relatively short Si--N distances and acute angles at
the oxygen atoms in the three-membered SiON rings, the
electron-density topology analysed in terms of the quantum
theory of atoms in molecules (QTAIM)!™! describes these as
open-chain systems. This means that no bond paths (bp) or
bond critical points (bcp) between silicon and nitrogen
atoms can be found in the electron-density maps, although
the electron-density distribution and its features are similar
to those of related non-cyclic silane—amine adducts along
the Si—N vectors. It is thus of interest whether the long
Si--N interaction in the five-membered ring system of con-
former 3a would show the electron density topology of a
normal silane—amine adduct. For this purpose the electron
density was calculated from the wave function obtained at
the MP2/TZVPP level of theory and analysed in terms of
the QTAIM approach. Selected results are listed in Table 5
and the electron density and Laplacian maps are displayed
in Figures 15 and 16.

The bond paths derived from the charge density recover
the molecular graph drawn from classical chemical consider-
ations, including the Si-+N bonding interaction. Note that

Table 5. Parameters of the electron-density topology for selected bonds
in 3a in the calculated ground state, obtained at the MP2/TZVPP level
of theory: Distances of the bond critical points (bcp) to the nuclear posi-
tions along the bond paths [A], electron densities p(rpcp) [e A~°], Lapla-
cians 0(rpcp) [e A=) and ellipticities ¢ at the bep.

A-B d(A-bep)  d(B-bep)  p(rg) V() €

Si-N 1253 1.485 0.15 0.96 055
Si—H, ., 0.717 0.768 0.78 6.08 0.05
Si~Hygere ~ 0.713 0.758 0.80 6.43 0.01
Si-Hype 0714 0.758 0.80 627 0.02
Si—C 0.722 1177 0.78 5.67 0.04
N—Cye 0.865 0.588 1.84 ~17.7 0.04
N—Cye 0.857 0597 1.80 ~16.1 0.08
N—Cig 0.870 0.589 1.83 -173 0.04
C—C 0.770 0.749 172 ~16.0 0.03
Cs—C 0.760 0.768 1.65 —144 0.01

Figure 15. Calculated electron-density map for 3a obtained at the MP2/
TZVPP level of theory, showing bond-critical points as solid dots (lines
printed at values of 0.002x 10", 0.004 x 10" and 0.008 x 10" eA’l, with n=
0,1,2,3...).
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Figure 16. Calculated map of the Laplacian of the electron density for 3a
obtained at the MP2/TZVPP level (lines printed at values of +0.002x
10", £0.004 x 10" and £0.008 x 10" eA !, with n=0, 1, 2, 3, ...). Positive
values are printed as blue and negative values as black lines.)

the Si--N distance in the equilibrium geometry of the under-
lying calculations is shorter than experimentally determined
by GED.

Most of the bonds show the typical values of the descrip-
tors used to characterise their nature in bonding. The C—C
and N—C bonds have all high electron densities and negative
Laplacian values at their bcps, indicative of their covalent
nature. In contrast the Si—H bonds and even the Si—C bond
have values of less than half the density of the former and
positive Laplacians. This is normally seen as an indication
for closed-shell or ionic interactions.

In this respect the electron-density topology is similar to
that of other hypervalent silicon compounds such as the hex-
acoordinate  difluorobis[ N-(dimethylamino)phenylacetimi-
dato-N,O]Jsilicon with an SiO,F, core plus two nitrogen
donor substituents, recently investigated by Stalke et al.””!
This compound has much shorter and stronger Si---N inter-
actions than 3a, and consequently we find a much smaller
electron density at the bep of the Si-—-N bonding interaction
for 3a of 0.15 e A~> compared with difluorobis[N-(dimethyl-
amino)phenylacetimidato-N,O]silicon (0.50 e A%). The de-
scription of the Si--N interaction in 3a as a closed-shell in-
teraction follows from the positive Laplacian value, but its
magnitude is much less than those of the other bonds about
the silicon atom and also less than in the compound investi-
gated by Stalke et al. The relatively high ellipticity of 0.55 at
the bep is noteworthy, but care is suggested in not over-in-
terpreting this value due to the low electron density at this
bep.

The Laplacian plot of 3a (Figure 16) shows the local
charge concentration at the nitrogen atom, which corre-
sponds to the lone pair of electrons. It points towards the sil-
icon atom, which is charge-depleted. Despite the very low
electron density along the bond path in 3a, it seems to be
this alignment of charge accumulation and depletion in con-
junction and the absence of another large electron density
basin in close proximity which makes the Si--N bond path
determinable in this case. In (F;C)F,SiONMe, the contribu-
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tion of the oxygen electron density overlays the closed-shell
Si-N interaction, and therefore a Si--N bond path cannot
be found, although the electron density in this compound is
more than three times higher at the minimum point on the
Si—N vector.

Conclusions

The nature of the intramolecular Si--N interaction in N,N-di-
methylaminopropyl silane (3) has been investigated by a
number of experimental and theoretical techniques. The
solid state consists of a single molecular conformation, ar-
ranged as a five-membered ring, which is a prerequisite for
such an interaction. The Si-~N distance of 2.719(2) A and
partial distortion of the coordination sphere around Si from
a tetrahedral towards a trigonal-bipyramidal arrangement
are indicative of a weak interaction. The 'H and *Si NMR
spectra of 3 exhibit similar chemical shifts and coupling con-
stants for the SiH; group to those for the related compounds
H;SiCH,NMe, (1) and H;Si(CH,),NMe, (2), for which the
Si--N interaction ought to be very weak or absent. Variable-
temperature 'H and *Si NMR spectra exhibit some changes
in the chemical shifts, but no significant change in the 'H
coupling constants, and hence a strong interaction in solu-
tion is ruled out.

Infrared spectra also provide information regarding this
interaction by way of the Si—H stretching frequencies and
intensities in the region 2000-2200 cm . In cyclic conformer
3a, approach of the nitrogen atom towards silicon weakens
the Si—H bond frans to the nitrogen atom and results in
splitting of the absorption band. This effect is most pro-
nounced in the solid phase, but is also clearly observable in
the liquid- and gas-phase spectra. The calculated relative in-
tensities for cyclic conformer 3a and seven open-chain con-
formers 3b-h could be used to determine the abundance of
3a in the gas phase to be 23.7(6) % by fitting the measured
IR absorptions. This value was confirmed independently by
GED (24(6) %), whilst the abundances predicted by theory
vary from 12 to 44 % at the HF and MP2 levels, respectively.
As 3a is not the dominant conformer in the gas phase, the
Si--N interaction must be relatively weak. However, given
the large number of possible conformations, the presence of
this conformer in significant proportions is indicative of a
stabilising intramolecular interaction.

The Si--N distance obtained by GED of 2.91(4) A lies be-
tween the values predicted by HF and MP2 theory of 3.14
and 2.73 A, and is very close to an interpolated CCSD|[T]
value (see Figure 10). As was observed in similar cases, it is
significantly longer than in the solid state.'’! The large dis-
crepancy between the geometries calculated at HF and MP2
levels in this case is a consequence of the shallow deforma-
tion potential in 3a, which causes high sensitivity of the
Si-+N distance to small effects like electronic correlation
contributions treated differently at varying levels of theory.
So the Si--N interaction is not purely electrostatic in charac-
ter, but must also have contributions from dispersion inter-
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actions, which are unaccounted for in HF, overestimated by
MP2!"! and more accurately described in CCSD|[T].

Despite 3a having a long and weak Si--N interaction, ac-
cording to the quantum theory of atoms in molecules a
bond path and bond critical point are found between silicon
and nitrogen. This is in contrast to (F;C)F,SiONMe, and
F;SiONMe,, which have three-membered rings and a much
stronger Si--N interaction, but no detectable bond path and
bond critical point.

This work has demonstrated that only the combination of
many experimental and theoretical methods allows detailed
insight into the complicated conformational behaviour of
such a simple compound as H;Si(CH,);NMe, and a consis-
tent description of a system determined by a weak intramo-
lecular dative bond.

Experimental Section

General: All reactions were carried out under a dry and oxygen-free
argon or nitrogen atmosphere by using standard Schlenk techniques. Sol-
vents were purified by using standard methods and were distilled under
inert-gas atmosphere prior to use. All compounds other than those men-
tioned below were commercially available. NMR measurements were
carried out a Bruker Avance 400 and a Bruker Avance 200 spectrometer.
Chemical shifts are reported in parts per million (ppm) with reference to
the residual solvent signals for "H and >C NMR spectroscopy, to tetrame-
thylsilane for ?Si NMR spectroscopy and to trichlorofluoromethane for
FNMR spectroscopy. IR spectra were recorded on a Midac Prospect
IR spectrometer. Liquid compounds were analysed as a film between
two KBr plates.

General preparation procedure for aminoalkyl silanes: Lithium alumini-
um hydride was suspended in diethyl ether. At 0°C (N,N-dimethylami-
noalkyl)trimethoxysilane was slowly added with stirring of the reaction
mixture. The suspension was stirred overnight and allowed to warm to
room temperature. The volatile compounds were separated from the
solid by-products by condensation. The aminoalkyl silanes can be isolated
by distillation and purified by fractional distillation.
(N,N-Dimethylaminoethyl)silane (2): The starting material (N,N-dime-
thylaminoethyl)trimethoxysilane was prepared by a literature proce-
dure.! For the preparation of 2 the general procedure mentioned above
was applied using lithium aluminium hydride (0.91 g, 24 mmol), diethyl
ether (40mL) and (N,N-dimethylaminoethyl)trimethoxysilane (3.86 g,
20 mmol). The product (1.70 g, 16.5 mmol, 83 %) was isolated as a clear
liquid upon distillation at 47°C and 500 mbar. 'H NMR (400 MHz,
CDCl;, 25°C) 6=0.85 (m, 2H; SiCH,), 2.08 (s, 6H; NCH,), 2.26 (t,
3J(H,H)=7.9 Hz, 2H; CH,N), 3.37 (t, *J(H,H) =3.8 Hz; SiH,); *C NMR
(100 MHz, CDCl;, 25°C) 6=5.1 (t, 'J(CH)=122 Hz; SiC), 44.6 (q,
'J(C,H)=133 Hz; NCHs), 56.4 (t, 'J(C,H)=133 Hz; NCH,); ¥Si NMR
(79 MHz, CDCl,, 25°C) d=—62 (q, 'J(Si,H) =195, *J(H,H) =3.8 Hz; Si);
IR (gas phase): 7=619 (w), 703 (w), 760 (w), 860 (w), 937 (vs, SiH;),
1052 (m), 1143 (s, NMe,), 1362, 2151 (s, SiH), 2783 (m, CH), 2870 (m,
CH), 2981 cm™ (m, CH); MS (70eV): m/z (%): 103 (8) [M*], 72 (8)
[M*—SiH;], 59 (26) [M*—NMe,], 58 (100) [CH,NMe,*], 44 (12) [NMe,*],
31 (60) [SiH;].

(N,N-Dimethylaminopropyl)silane (3): The general procedure mentioned
above was applied using lithium aluminium hydride (0.91 g, 24 mmol), di-
ethyl ether (40 mL) and (N,N-dimethylaminopropyl)trimethoxysilane
(4.15 g, 20 mmol). The product was purified by fractional condensation
on a vacuum line. The pure product was isolated at —40°C, while in the
cold trap held at —78°C a mixture of product and diethyl ether was iso-
lated, which could by purified by repeated condensation (1.68g,
14.4 mmol, 72%). M.p. —102°C; '"H NMR (400 MHz, CDCl;, 25°C) 6=
0.69 (m, 2H; SiCH,), 1.15 (m, 2H; CCH,C) 2.12 (s, 6H; NCHj;), 2.20 (t,
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*J(H,H)=7.2 Hz, 2H; NCH,), 3.44 (t, *J(H,H) =3.9 Hz; SiH;); *C NMR
(100 MHz, CDCl;, 25°C) 0=3.9 (t, J(CH)=121Hz; SiC), 24.1 (t,
'J(C,H)=127 Hz; CCH,C), 452 (q, J(C,H)=133 Hz; NCH,),61.7 (t,
LJ(C,H)=131 Hz; NCH,); *Si NMR (79 MHz, CDCl,, 25°C) d=—-60 (q,
1J(Si,H) =193 Hz; Si); IR (gas phase): #=604 (w), 687 (w), 802 (w), 938
(vs, SiH3), 1043 (w), 1144 (w), 1267 (w), 1466 (m), 2107 (s, SiH), 2160 (vs,
SiH), 2780 (m, CH), 2824 (m, CH), 2945 cm™' (m, CH); MS (70 eV): m/z
(%): 117 (7) [M*], 86 (7) [M*—SiH,], 59 (25) [M*—CH,NMe,], 58 (100)
[CH,NMe,*], 44 (10) [NMe,*], 43 (14) [C;H,*], 31 (67) [SiH;].
Crystal-structure determination: A single crystal of
H,SiCH,CH,CH,NMe, was grown by slowly cooling the melt after estab-
lishing a solid-liquid equilibrium of the sample in a sealed glass capillary.
All but one of the crystals (an optically selected, very small seed crystal)
were then melted by locally warming the sample. Data were collected on
a Nonius Kappa CCD diffractometer. Graphite-monochromated Moy,
radiation was used (1=0.71073 A). Crystal data: space group l4m, a=
14.992(1), c=8.976(1) A, V=2017.3(2) A*, T=108(2) K, 20909 scattering
intensities measured, 1548 of which were unique (R;,=0.0546). The
structure was solved by direct methods and refined with the full-matrix
least-squares procedure (SHELXTL)® against F°. The hydrogen atoms
at Sil were refined isotropically, and the other hydrogen atoms at calcu-
lated positions by using a riding model. The unit cell contains two voids,
each with a volume of 219 AS, with indefinable electron density, which
was removed by using the SQUEEZE program.® To exclude the pres-
ence of impurities like disordered solvent molecules in these voids, the
crystallisation experiments were repeated four times with independent
samples. The sealed capillaries were checked before and after the diffrac-
tion experiments by NMR spectroscopy for purity and no change was ob-
served. CCDC 689072 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Computational details: All calculations (but DF-LCCSD[TF]/TZVPP
single points of 3a) were performed with the TURBOMOLE program
package (version 5.7),*" and geometries were optimised by using redun-
dant internal coordinates®® and employing either the TURBOMOLE
dscf routine®! (RHF level of theory), the RI-MP2?"=" level of theory
(using the TURBOMOLE RI-CC2 routine®>" and frozen core orbitals)
or density functional theory®"* using the BP86 local density function-
al,?*¥ the RI-method® in connection with the m3 quadrature® ! (de-
noted in the article as RI-DFT) or the PBEO gradient density function-
al®*! in connection with the m4 quadrature®®”*! (denoted in the article
as DFT). For partially optimised (MP2) geometries of 3a (at Si--N dis-
tances of 2.728 (MP2 equilibrium geometry), 2.8, 2.9 and 3.0 A, single-
point energies at the DF-LCCSD[T]/TZVPP (fully iterative triples treat-
ment) were calculated with MOLPRO (2006.1).1%!

Basis sets of either SV(P)** or TZVPP quality!* in connection with the
corresponding auxiliary basis sets for RI-DFTP** and for RI-MP2*#7]
were used for all elements. All converged structures were verified as
minima by frequency analyses. For the RI-DFT level of theory this was
done by using the aoforce routine, while for all other levels of theory, the
NumPForce routine was used.*)The following abbreviations for the level
of theory are used in this work: RI-DFT=RI-DFT/SV(P) for RI-DFT-
(BP86)/SV(P)/grid m3; DFT=DFT/TZVPP for DFT(PBE0)/TZVPP/
grid m4; HF=HF/TZVPP, MP2=MP2/TZVPP =RI-MP2(fc)/TZVPP;
CCSD[T] =RI-MP2(fc)/TZVPP//DF-LCCSD[T]/TZVPP.

GED experimental and computational details: Electron scattering inten-
sities for 3 were recorded at room temperature on reusable Fuji imaging
plates by using a Balzers KD-G 2! Gas-Eldigraph at the University of
Bielefeld (formerly operated in Tiibingen by H. Oberhammer®),
equipped with a new electron source (STAIB Instruments), operating at
about 50 kV and with a beam current of about 200 nA. During data ac-
quisition the background pressure rose from 1.3x107° to 2.5x 107> mbar,
and the optimal exposure time was 45-60 s. Exposed imaging plates were
scanned with a commercially available Fuji FLA 3000 scanner to yield
digital 16-bit grey-scale image data. The image data were reduced to
total intensities by using T. G. Strand’s program PIMAGPF! (version
040827) in connection with a sector curve, which is based on experimen-
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tal xenon diffraction data and tabulated scattering factors of xenon. Fur-
ther data reduction (yielding molecular-intensity curves), the molecular
structure refinement, and the electron wavelength determination (from
benzene data) were performed with version 2.4 of the ed@ed program.”*
The scattering factors employed were those of Ross et al.**! Further de-
tails about the Bielefeld GED apparatus and methods will be published
elsewhere.™ Table S1 (Supporting Information) gives the data analysis
parameters for each data set: R factors (R and Rg), scale factors, corre-
lation parameter values, data ranges, weighting points, nozzle-to-plate
distances and electron wavelengths. Amplitudes of vibration « and dis-
tance corrections for curvilinear perpendicular motion k;;, were calculat-
ed by using the program SHRINK ! making use of frequency calcula-
tions at the MP2/6-31G** level of theory,***" performed with the Gaussi-
an 03 software package.”®!

GED model: All bonded distances were used in the models, with a sepa-
rate average distance for each atom-pair type. Where the differences be-
tween bonded distances of the same type were calculated to be greater
than 0.002 A, these differences were also included as parameters. The
only exceptions were the C—H distances, which, given the low scattering
cross-section for hydrogen, were assumed to be identical. Local symmetry
was assumed for all hydrogen atom positions, although that of the SiHj;
group in 3a was lowered to C,, whereas C;, symmetry was applied to the
other conformers. The main difference in the models of the different con-
formers was in the description of the Si-C-C-C-N chain. For 3a this was
described in terms of a five-membered ring, so that the Si-~N distance
could be refined directly. In the other three conformers the heavy-atom
chain was described in z-matrix form. The geometry around the nitrogen
atom was calculated to be similar for all four conformers, and thus a
single average C-N-C angle was assumed, although within each confor-
mer one of these angles was allowed to differ from the others. A full list
of independent parameters and detailed descriptions can be found in
Table S2 in the Supporting Information.

GED refinement: The geometries and relative abundances of the four
conformers calculated at the MP2/TZVPP level served as a starting point
for the GED refinement. Prior to refining any of the geometric parame-
ters, the fraction of each conformer was varied then fixed at the value
corresponding to a minimum in the R factor (Rg). This was done in the
order 3a, 3b then 3¢ (the fraction of 3d was dependent on the others)
until self-consistency was achieved. The molecular geometries were then
refined by the SARACEN method" with restraints calculated at the
MP2/TZVPP level of theory. The only parameters refined completely un-
restrained were the average C—H and Si—C bond lengths and Si--N dis-
tance in 3a. The average C—C, C—N and Si—H distances were refined
with restraints on the differences [C—C minus C—N] and [C—N minus
Si—H]. The remaining parameters describing the geometry of the five-
membered ring in 3a were mostly refined without restraints being ap-
plied directly, as were the average Si-C-C angle, and the combined aver-
age of the C-C-C and C-C-N angles in 3b-d. However, the difference be-
tween the Si-C-C angles in 3a and b were restrained, as were those for
the C-C-C and C-C-N angles. Little information was contained in the
GED data for the remaining parameters. This is evident from Table S1
(Supporting Information), in which the values of these parameters are
close to those of the restraints and e.s.d. similar to the uncertainties are
placed on the restraints. Fifteen amplitudes of vibration were refined,
with restraint uncertainties of 5% of the calculated values and with those
corresponding to distances under a single peak in the radial-distribution
curve tied together. Following preliminary refinement of the geometry
and amplitudes of vibration, further scans of the R factor as functions of
the conformer ratios were performed. These conformer ratios were then
fixed to those corresponding to the minima in Figure 13, and at this point
the final set of refined parameter values was obtained.
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