Acta Chemica Scandinavica A 29 (1975) 651—660
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Oscillations, and Conformational Equilibria of Gaseous 1,1,2,2,3,3-
Hexachloropropane (CHCI,CCl,CHCl,) as Determined by Electron
Diffraction and Compared with Semi-empirical (Molecular

Mechanics) Calculations
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Gaseous 1,1,2,2,3,3-hexachloropropane has been
studied at a nozzle temperature of 112 °C. The
abundant conformer (GG) is the one without
parallel (1:3) Cl---Cl interactions. According to
semi-empirical calculations the remaining con-
formers [AG, GG(1:3), and AA] are from 3.6 to
6.0 kcal/mol less stable than GG.

Structural parameters in the GG conformer
are presented with error limits (2¢). The fol-
lowing values for bond lengths (r;) and bond
angles (/a) were obtained. Q/Vithin the
C—CHCl, groups: r(C—C)=1.558(16) A,
r(C—Cl)=1.780(10) A, £ CCCl=111.4°(0.8);
within the >CCl, group: r(C—Cl)=1.752(18)

, /.CCCl=108.8°(0.4), and /ZCCC=
108.0°(2.0). The deviations from a strictly all-
staggered (1:2) conformation are quite small.

The torsional force constant has been es-
timated from the electron-diffraction data, and
the values of the fundamental torsional fre-
quencies have been limited to the range 85 —117
em™, with 99 em™(A) and 103 ecm™%(B) as the
most probable values.

To a large extent the structural parameters
predicted by the molecular-mechanics calcula-
tions reasonably agree with the experimental
results.

I. INTRODUCTION

This work is part of a systematic conforma-
tional study of halogenated propanes, by elec-
tron diffraction in the gas phase. Results for the
following molecules have recently been pub-
lished: BrH,C-CHBr-CH,Br,! BrH,C—
CH,-CH,Br,* CIH,C—CHCI-CH,Cl,®* Cl,C~—
CCl, - CCl,,* CI,HC - CCl,—CCl,,* and CI,HC ~
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CH,— CCl,.* Also molecules with —CH,X(X;Cl
or H) groups bonded to the central C atom of a
C—C—C skeleton were studied: C(CH,CI),,”
(CH,),C(CH,Cl),,! and CH,;—C(CH,Cl),.°
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Fig. 1. The staggered conformers in
CHX,CX,CHX,.
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General information ° relevant to this in-
vestigation and to the electron-diffraction meth-
od 1 is found in Refs. 10 and 11.

The compound will be referred to as H6. The
number of all-staggered (1:2) conformers in H6
is nine, as indicated in Fig. 1. There are four
spectroscopically distinguishable conformers,
AA, AG, G@, and GG(1:3), with classical mul-
tiplicities 2 1, 4, 2, and 2, respectively. The
symbols A4 (anti) and G (gauche), used in confor-
mational names, thus indicate whether the
hydrogen atoms are anti or gauche relative to
the CCC plane. The symbols (4 and G) are also
used in order to indicate ant:i/gauche relations of
a Z’---Z” distance (Z: H, Cl) in a Z'—C—
C—-C—Z” fragment, while lower case letters (a
and g) indicate whether a Z’---Z’" distance
(Z: C, H, Cl) is anti or gaucheina Z'—-C—-C—-Z"
fragment (see Table 7).

Chlorinated propanes were extensively stud-
ied by Sheppard et al. using NMR and vibra-

tional spectroscopy. The principal results ob-
tained from such studies in the liquid phase are
found in Refs. 12, 13, and 14. In heavily chlori-
nated propanes many staggered conformers
have parallel C—Cl bonds on the same side of
the carbon skeleton. Conformers which possess
parallel (1:3) Cl---Cl interactions, are ener-

getically less stable than conformers without
such interactions.’? GG (Fig. 2) is therefore ex-
pected to be the most stable conformer of HS.

Fig. 2. The numbering of atoms in the GG con-
former (No. 6 in Fig. 1).

II. CALCULATION OF CONFORMATIONAL
ENERGIES, GEOMETRIES, TORSIONAL
BARRIERS, AND FORCE CONSTANTS

The semi-empirical energy model corresponds
to simple molecular-mechanics calculations,
including atom-atom potentials and valence
force constants as described in Ref. 1.

Energy parameters (a, b, ¢, d, and V,) were
taken from the paper by Abraham and Parry,'®
and the diagonal force constants of Table 5
were used. In minimizing the energy, the geo-
metry was constrained as described in Sect.
V-A.

The values of the structural parameters are
shown in Table 1. According to these results

Table 1. Calculated structural parameters for the stable conformers of CHX,CX,CHX,, (X=Cl).
The projection of the XCX’ angle (in C—CHZX,) on a plane perpendicular to the C—C axis was

assumed to be 120°.

Parameter (normal value) GG AG 4A Ga(1:3)
C—-X (1.760 A) in —CHX, 1.776 1.775 1.772 1.777
C-X (1.760 A) in >0CX, 1.788 1.785 1.781 1.788
C—-C (1.513 A 1.561 1.568 1.569 1.569
C—H (1.094 A) 1.094 1.094 1.096 1.094
/.CCC (110.0°) 110.6 115.5 121.1 112.7
/CCX (109.47°) in —CHX, 113.2 114.2 114.6 114.8
/CCX (109.47°) in >CX, 109.9 109.1 107.9 109.7
/CCH (109.47°) 109.6 108.9 108.9 107.4
Torsion angles
$1_,(60°)2 —118.1 +123.7 +0.0° +128.4
(—120.0) (+120.0)® (0)® (+120.0)®
$as(60°)2 —118.1 -10.3 +0.0 —128.4
(—120.0)% (0)® (0)® (—120.0)%

% $,=60° in eqn. (1) in Ref. 1. ® Torsion angles of the all-staggered (1:2) conformers GG (No. 6), AG
* (No. 2), AA (No. 1), and GG(1:3)/(No. 8); see also Fig. 1.
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Table 2. Calculated conformational energies (kcal/mol) for CHX,CX,CHX,, (X=Cl).

Type of energy?® fele] AG AA GG(1:3)
E (bonded) 4.74 7.67 10.64 8.09

E (van der Waals) 5.66 5.94 4.90 6.72

E (polar: Cl---H) —~6.22 —6.11 —6.02 —5.74

E (polar: Cl---Cl) 24.42 24.74 25.06 24.74

E (total) 28.56 32.24 34.59 33.81

E (total)—E (GG)=A4E™ 0 (min.) 3.66 6.01 5.23

% Details about the energy expression are found in Ref. 1. The zero-point vibrational energies of the

conformers are not included.

Table 3. Calculated conformational energies and torsional barriers in CHX,CX,CHX,, (X=Cl).
Details about the conformational minima are given in Tables 1 and 2. The energy values here are
relative to the GG value. See also Fig. 1 and explanations in the text.

$1-5(°)
$aa(°) — 180 —120 —60 0 60 120
180
180 25.3 14.1 29.3 13.9 29.3 14.1
~180
120 14.1 GG(1:3) 15.3 AG 15.0 Ga
5.2 3.7 0.0
60 29.3 15.3 42.1 17.5 41.9 15.0
0 13.9 AG 17.5 AA 17.5 AG
3.7 6.0 3.7
~ 60 29.3 15.0 41.9 17.5 42.1 15.3
—120 14.1 GG 15.0 AG 15.3 GG(1:3)
0.0 3.7 5.2

the value of /CCC is very large for A4 and
quite small for GG. The greatest deviation from
staggered torsion angles is found in the con-
former AG (ca. 10°), while GG is nearly stag-
gered, and 44 is exactly staggered. It is
noteworthy that the resulting conformational
symmetries are equal to those of the staggered
conformers (4A4: C,,, AG: C,, GG: C,, and
GG(1:3): Cj).

Conformational energies are found in Table 2.
According to the present energy model, GG is
the conformer of lowest energy. The desta-
bilizing effects of parallel (1:3) Cl---Cl interac-
tions are clearly demonstrated.

Torsional barriers may be estimated from the
energy values in Table 3. Each energy value in
Table 3 corresponds to a conformer having all
structural parameters adjusted; except for one
or two torsion angles (¢), corresponding to
eclipsed conformers, being kept at constant
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values (¢: + 60, + 180°). The actual values of the
geometry variables are not shown in Table 3,
however, the values of the torsion angles ¢, ,
and ¢, , are approximately those given in pa-
renthesis. Clearly, the stable conformers corre-
spond to well-defined minima of the potential-
energy function. The lowest barrier is as high
as ca. 9 keal/mol [GG(1:3)->QGq].

Torsional force constants were computed
according to their definitions (Table 4). Deriv-
atives were calculated numerically at the poten-
tial-energy minima. Except for G@, the inter-
action constants (Fg4-) are quite large in mag-
nitude.

III. CALCULATION OF VIBRATIONAL
QUANTITIES

Valence force constants, except for the tor-
sional part of the force field, were taken from
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Table 4. Calculated torsional force constants for CHX,CX,CHX,, (X=Cl).

Type of force constant (ele] AG AA GG(1:3)
[in mdyn A(rad)—2]

Fy(1—25=2E/o¢?,_, 0.49 0.51 0.45 0.53
Fy(2—3)%=02E/[0¢%, 0.49 0.50 0.45 0.53
Fygb=E0¢,_,0¢; s —-0.08 —0.28 —~0.39 —0.31

@ Diagonal force constant. b Interaction force constant (non-diagonal element).

Table 5. Valence force constants for CHX,CX,CHX,, (X=Cl).

Stretch (mdyn A-?)
4.39

C-C: CCC:
CCX: 1.08

C-X: 3.35 CCH: 0.69
XCX: 1.13

C—-H: 4.89 XCH: 0.83

Stretch/stretch (mdyn A-%; C is common)

Bend [mdyn A(rad)—?]
0.94

C-X/C-X: 0.49, C—-X/C-C: 0.73, C—-C/C—-C: 0.064

Stretch/bend [mdyn (rad)™]

C—C is common; C—C/CCX: 0.19, C—C/CCH: 0.25, C—C/CCC: 0.35
C-X is common; C—X/CCX: 0.55, C—X/XCH: 0.33, C—X/XCX: 0.40

Bend/bend [mdyn A (rad)™], bond angles on the same C atom

C-X is common; XCX/CCX:
C-C is common; CCC/CCH:

-0.13
—-0.12

C—-H is common; HCX/HCX: 0.09, CCH/HCX: 0.10

C~—C is common, but bond angles on adjacent C atoms

CCH/CCX: 0.04 (HCCX anti), CCH/CCX:
CCC/CCX: 0.04 (CCCX anti), CCC/CCX:

—0.04 (HCCX gauche)
—0.03 (CCCX gauche)

OCX/CCX: —0.09 (XCCX anti), CCX/CCX: 0.07 (XCCX gauche)

Torsion ¢ [mdyn A (rad)~?] for the GG conformer

F¢(1-2)=F¢(2-3)=0.86b and Fgg:(1-2; 2-3)=0

4 The torsional force constants were defined as follows: each fragment of type A’— C;— C,— A’ (A: C, Cl, H)
were assigned an equal torsional force constant. The total force constant (Fg) for the torsion coordinate
@i (i=1,3) is thus the sum of nine equal contributions. The input to Gwinn’s normal-coordinate program
demands a separate specification for each of the torsion fragments. b This value was estimated from the

electron-diffraction data as described in Sect. V—B.

the work ! by Schachtschneider and Snyder.
Certain compromises between force constant
values had to be made. The final values selected
for H6 are given in Table 5. The diagonal tor-
sional force constants were adjusted (Sect.
V-B).

The normal-coordinate program described
by Gwinn ! was used in computing vibrational
frequencies (Table 6) for the GG conformer of

H6. The molecular model possessed Cy symme-
try [A(14) and B (13)].

Mean amplitudes of vibration (u) and vib-
rational correction terms, D =r,—r, = (u?/r)— K,
were calculated according to the formulas
derived in Ref. 18. Their values are found in
Table 7.

According to the semi-empirical model
(Table 4), the value of the torsional interaction
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Table 6. Fundamental frequencies () in the GG conformer of CHX,CH,CHX,, (X=Cl and o in
em™).

The force constants in Table 5 and the Cartesian coordinates (C, sym.) in Table 9 were used.
Species (A and B) and approximate interpretations of modes are given: C—H, C—C, and C—X
indicate stretching of these types of bonds, while CCC, CCH, CCX, XCX, and HCX indicate bending
of these types of bond angles.

90 (A: CCX), 99 (A: torsion + +),* 103 (B: torsion + —),%
157 (B: CCX), 163 (A: CCX), 172 (B: CCX),

193 (A: CCX 4 XCX), 253 (A: XCX in >CX,), 274 (B: XCX),
344 (A: XCX), 345 (B: CCX +XCX), 365 (A: CCX +X(CX),
561 (B: CCX +C-X), 643 (A: C—-X in > CX,), 728 (B: C-X),
776 (B: C—X), 787 (A: C—X), 834 (A: CCC+C—X),

885 (B: C—X in >CX,), 982 (A: C—C), 1169 (B: C—C+CCH),
1257 (A: CCH), 1265 (B: CCH+C~—C), 1487 (A: HCX),

1490 (B: HCX), 2933 (A: C—H), 2993 (B: C—H)

@ The deformations in torsion angles (4¢) are approximately: A(4¢; ;> + 4¢, ;) and B(4d, 3~ — 4¢,_).

Table 7. Mean amplitudes of vibration (%) and Table 8. Vibrational quantities in the GG conformer
vibrational correction terms (— D) for the GG con- of CHX,CX,CHX,, calculated with different values
former of CHX,CX,CHX, at 112 °C. (X=Cl, see of the torsional force constant (Fg). (X=Cl). See
Fig. 2). The force constants in Table 6 and the also explanations given in Tables 5, 6, 7 and 9.
Cartesian coordinates in Table 9 were used in cal-
culating these quantities. The correction term cor-

responds to r,—ry=K—(u¥/r)= —D. Fyimdyn A(rad)?)  0.63 0.864 1.17
Type of dist. (r) r(A) w(d) E-@r) yx--X) w (in A units)® at 112 °C
XXy (GG) 0.2113 0.1942 0.1806
C—X’ (in—CHX,)  (L78) 0.0637  0.00615 X,---X,’ (AG) 0.1518  0.1472  0.1434
C—X (in—CHX,)  (1.78) 0.0538  0.00722 XX, (g) 0.1424 01370  0.1326
C-X (in CX,) (176) 0.0548  0.00295 X, --Xy (g) 0.1479  0.1425  0.1381
Cc-C (1.67) 0.0542 0.00171 X, --X,’ (g) 0.1417 0.1359 0.1310
C-H (1.09) 00778  0.01023
Cye--H, (2.19)  0.1090 0.00413 Low frequencies o (in ecm™ units)®
C, X, (274)  0.0758  0.00522
Cye Xy’ (2.74) 0.0758 0.00394 Torsion (A) 85 99 112
CyeeeCy (2.57) 0.0787  0.00008 Torsion (B) 90 103 117
0y X (2.72) 0.0746  0.00156 Bending (A) 91 90 91
X, -H, (2.37) 01057  0.00973 (B) 153 157 162
X, e Hy (2.37) 0.10567 0.00779 (A) 160 163 166
Xy Xy’ (2.90) 0.0739 0.00851 (B) 171 172 173
Xy Xy (2.88) 0.0721 0.00294 (A) 193 193 194
H,---H, (G&) (3.12) 0.1977 —0.00196 (A) 251 253 255
Cy+-H, (g) (2.79) 0.1544 —0.00170 (B) 271 274 279
H, X, (a) (3.69) 0.1043  0.00410 (a) 341 344 347
H, X, (g) (2.91) 01468  0.00022 (B) 342 345 348
Hy X (GG) (2.66) 0.2233 —0.00796 (A) 362 365 369
C;-Xy (g) (3.12) 0.1372 —0.00159 (B) 558 561 565
Cyo+X, (a) (4.15) 0.0772  0.00179
XX, (8) (3.22)  0.1370  0.00019 @ The best value as determined in Sect. V—B.
XXy (8) (3.22)  0.1425 —0.00079 b Mean amplitude of vibration (). ¢ All frequency
X, Xy (g) (3.22)  0.1359 —0.00056  yg)yes calculated with Fg= 0.86 are found in Table 6.
Xy X, (a) (4.32) 0.0754 0.00242
X,--X, (AA) (6.47) 0.1073 —0.00032
XX, (AG) (474) 0.1472 —0.00177
X, Xy (GG) (3.87) 0.1942 —0.00580
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Table 9. Cartesian coordinates (z,y,2) of atoms in the
GG conformer of CHX,CX,CHX,.

Atom z (A)e y (A)% z (A)a
(X=01)

C, 0b ob 0b

C, 1.2829 0.9072 0

X, 2.7334 —0.1184 0

H, 1.2829 1.5365 0.8900
X, 1.2829 1.9328 ~1.4504
G, —1.2829 0.9072 0

X, —2.7334 —0.1184 0

H, —1.2829 1.5356 —0.8900
X, —1.2829 1.9328 1.4504
X, 0 —1.0165 1.4378
X, 0 —1.0165 —1.4378

%See Fig. 2. These values of the Cartesian
coordinates were used in the calculations of all
vibrational quantities (staggered model). ® The
origin of the coordinate system is on the atom C,.

constant (Fgg4) for GG is much smaller in magni-
tude than the diagonal element (Fg). All vibra-
tional quantities were calculated with Fgg
equal to zero. Although the values of the tor-
sional frequencies depend on the value of Fg
it has been shown ¢ that the u and K values
are much less dependent on the value of Fgg.

Some of the vibrational quantities are quite
sensitive to the value of the torsional element
Fg. In Table 8 are shown low vibrational
frequencies and mean amplitudes of vibrational
corresponding to values of Fg in the range
0.63—1.17 mdyn A (rad)—.

Values of the Cartesian coordinates, which
were used in calculations of all vibrational
quantities, are found in Table 9.

IV. EXPERIMENTAL AND DATA
REDUCTION

H6 was obtained from “K & K’ laboratories.
The purity of the sample which was used,
was better than 98 9.

Electron-diffraction photographs were made
at a nozzle temperature of 112 °C in the Oslo
apparatus ** under conditions summarized be-
low.

Nozzle-to-plate

distance (mm) 480.7 200.8
Electron wave

length (&) 0.06460 0.06460
Number of plates 4 6

E(experimental)

N\\/L\ A /\Vﬂ

b + U V -~ <<|
| \/ T(theoretical )
it

Ll
25 (&)

Fig. 3. Experimental (F) and theoretical (7')
intensity curves, and D=E-T, corresponding
to the final least-squares parameters. The
straight lines give the experimental uncer-
tainties (+ 3 times experimental standard de-
viation).

Range of data,
in ¢ (A1)
Data interval,
4s (A1)
Estimated uncer-
tainty in s-
scale (%)

1.500—19.375 17.25-—43.25

0.125 0.250

0.14 0.14

The electron wave length was determined by
calibration against gold and corrected by an
experiment with CO, giving a correction of
+0.1 9% in the s-scale. The data were reduced
in the usual way % to yield an intensity curve
for each plate.

Average curves for each set of distances were
formed. A composite curve was then made by
connecting the two average curves after scaling.
The final experimental curve is shown in Fig. 3.
The intensities were modified 2 by s/f¢//2.
The scattering amplitudes were calculated by
the partial-wave method,** using Hartree-Foch
atomic potentials.??

The radial-distribution curve obtained by
Fourier  transformation of the final experi-
mental intensity curve is shown in Fig. 4.
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(X = chlorine )

l;llisl

X.-X(a)

XX (AG)
T xexan

T(theor) \/\
D-E-T ’ o ' '
— - -
n 1 1 1 PR | T 1 n ! N
1 2 3 4 5 (A)

Fig. 4. Experimental (E) and theoretical (7') radial distribution curves, and D= E-T. The curves
were calculated from the intensity curves in Fig. 3. with an artificial damping constant of 0.0020
2, Some of the peaks corresponding to non-bonded internuclear distances have been indicated;

seo also Tables 12 and 7.

V. STRUCTURE ANALYSIS

From the experimental RD-curve (Fig. 4)
several conclusions can be reached before
starting the least-squares refinements. The fact
that the peak marked X---X(AA) is present in
the experimental curve, shows that the abun-
dant conformer at 112 °C has to be either GG
or GG(1:3). Only these two conformers pos-
sess the very long (ca. 5.5 A) internuclear dis-
tance of the type X---X(AA), which corre-
sponds to X,:--X; in Fig. 2 (see also Fig. 1).

According to the calculated energy values in
Table 2, GG(1:3) is ca. b kecal/mol less stable
than GG. If the semi-emirical results are ap-
proximately correct, the percentages of other
conformers than GG have to be very small
(<1 %).

A. Least-squaresrefinements

In calculating theoretical intensities for the
least-squares refinements,? it was decided not
to consider contributions from other conformers
than GG.

Several assumptions about bond lengths and
bond angles were made in constructing the
molecular model, as summarized below (see
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Fig. 2):

(1) the >CX, group possess C,, symmetry,

(2) the C—CHX, groups are equal and pos-
sess C; symmetry.

Models were adjusted in terms of the fol-
lowing structural parameters: r(C — H), (C —C),
7(C;—X), r(C,~X)=r(C;—X), LCCC, LCCH,
£CCX, £CCX)=/CCX, [(XCX')=
£.(XC;3X’), and the torsion angles ¢, , and
Py /(XC,X’) is the projection of the XC,C’
angle on a plane perpendicular to the C,—C,
axis. For the strictly all-staggered (1:2) AA
conformation (Fig. 1) the torsion angles ¢, ,
and ¢, ;s are both zero degrees. The atoms
H—-C-C—-C—-H are then coplanar. For the
strictly all-staggered (1:2) GG conformation in
Fig. 2, the value is —120° for both ¢, , and
&s3, corresponding to a planar arrangement of
the atoms X,—C,-C,—-C;—X,.

Non-bonded internuclear distances were com-
puted as dependent quantities, restricted under
the constraints of geometrically consistent 7,
parameters.?* The bonds C—~X and C-X’
in the —CHX, group are not vibrationally
identical, (Table 7), however, this fact was al-
lowed for when D values (D =1,—1r, = (u?/r) — K)
were assigned to the internuclear distances.
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B. Determination of torsional
force constants

Assuming Fyg(l—2)=Fg4(2—-3)=Fy and
Fgg=0, the value of Fy was estimated from
the electron-diffraction data as follows: v and
K values for different values of Fy4 were cal-
culated (Sect. III) and then included in the
least-squares refinements. The value of Fy
which lead to a minimum in the error sum

VI. FINAL RESULTS

Parameters from the least-squares refine-
ments and their standard deviations (¢) cor-
rected for correlation ?® in the experimental
data, are given in Table 10. The final parameters
correspond to refinements with equal weights
for all intensities. Data beyond s=29.5 A-1
were not included in these refinements.

Parameter-correlation coefficients (g) are

shown in Table 11.

The deviation of torsion angles from a strictly
all-staggered (1:2) GG conformation is small
(3.8°), but statistically significant (o=0.7°).

(V'PV), was 0.86 mdyn A (rad)—2, within error
limits of ca. 30 %. The error limits are subjective
to a certain degree, and do not allow for system-
atic * errors.

Table 10. Structural parameters in the GG conformer of CHX,CX,CHX,, (X =Cl). Standard devia-
tions are shown in parentheses. The uncertainty (0.14 9,) in the s-scale has been included in the
standard deviations for bond lengths. An experiment with CO, gave a correction of +0.1 9%, in
the s-scale. The bond lengths are therefore 0.1 9, longer than the least-squares estimates.

Bond angles (°)%

Bond lengths (4)2
(£ x-values)

(rq-values)

7(C—C)=1.556(8)
#(C—X)=1.778(5) in —CHX,
#(C—X)=1.750(9) in >CX,
7(C—H)=1.02(4)

$ia=dps= —116.2°(0.7)

£/ CCC=108.0(1.0)

/CCX =111.4(0.4) in C—CHX,
/CCX =108.8(0.2) in >CX,

/ CCH = 105.2(4.1)

Z(XCX')e =12 o 5(0.8)

4 The geometrical assumptions were explained in Sect. V— A. ? The torsion angles of the GG conformer
were refined assuming ¢, .=, s as suggested by the results in Table 1. ¢, _,=¢, 5 corresponds to C, sym-
metry. ¢ The projection of the XCX’ angle in C— CHX, on a plane perpendicular to the C— C axis of that

group.

Tabie 11. Parameter correlation (px 100).

Parameter * 1 @ @ @ Gy (6 (7 (8 (9 (0 (11) (12)
7(C,—X) (1) 100
7(Cy;—X) (2) —85 100
r(C—C) 3) -1 -8 100
r(C—H) 4 -6 9 -7 100
/.0CcC (5) =70 78 =1 9 100
/C,CX (6) 25 —29 —72 19 —23 100
/CC,X (1) —24 26 7 —18 1 —52 100
/CCH (8) 27 32 —53 20 —20 63 —40 100
(9) 17 —24 -3 —1 —-49 30 17 -3 100

7(XCX’¢ (10) —74 63 —37 16 61 20 19 —5 6 100
u(C X)) (11) —41 46 —41 10 33 21 3 6 —6 45 100
Scale? (12) 31 —27 -—51 8 —33 63 —30 33 18 —-2 30 100

4 The geometrical assumptions were explained in Sect. V—A. ? Torsion angles: ¢,_ 2=¢ and Pos=¢.
¢ The projection of the XCX’ angle in C— CHX, on a plane perpendicular to the C—C axis of that group.
4 All 4(C—X) values were refined as one parameter. ¢ Scale factor between experimental and theoretical
intensities,
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The fit obtained between theoretical and ex-
perimental curves (Figs. 3 and 4) using v and K
values calculated with the force constants of
Table 5 is quite satisfactory. Moreover, it is
important that the large number of « values do
not have to be adjusted as individual param-
eters. However, it ought to be kept in mind that
all torsion dependent » and K values have been
adjusted simultaneously by adjusting the diag-
onal torsional force constant (Sect. V-B). The
vibrationally consistent set of « values in Table
7, which combine information from both vib-
rational spectroscopy and electron diffraction,
are considered the final ones for H6.

The w values of the C— Cl bonds were refined,
together with the structural parameters, as one
variable. The average value obtained (0.054 A)
is in excellent agreement with the calculated
values in Table 7.

VII. DISCUSSION

It has been shown that the abundant con-
former, in the gas phase, at 112 °C, is GG.
Although the percentages of 44, AG, and
GG(1:3) were not determined, it is unlikely
that the sum of contributions from these con-
formers is greater than 10 %. The conforma-
tional energies predicted by the semiempirical
model (Table 2) are thus consistent with the
experimental finding. Moreover, if the cal-
culated energies are approximately correct,
the contributions from other conformers than
GG are mnegligible at 112 °C.

The value of the torsional force constant cal-
culated in Sect. IT (Table 4) is too low compared
with the experimentally estimated value (Sect.
V-B). However, the structural parameter values
calculated for the GG conformer (Table 1) agree
quite well with the corresponding experimental
values (Table 10). The largest discrepancies are
found for r(C—H) and / CCH, however, these
parameters are experimentally very uncertain.
Although adjustments within the non-torsional
force constants and the ¢normal” reference
parameters could remove most of the remaining
discrepancies, it was felt that results from
additional molecules ought to be included before
such corrections were considered.

According to the semi-empirical calculations,
all stable conformers of H6 are nearly staggered
(Table 1), however, some bond angles are proba-
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Table 12. Comparison of structural parameters in
1,1,2,2,3,3-hexachloropropane (H6) and octachloro-
propane (O8).

H X }I{ X X X

[ [ ] ]
X—(I)—(I)—l—X X~-C-C-C-X
H6 08
Bond lengths GG con- All-stag-  Dif-
and bond former of  gered (1:2) ference
anglesin the  HG6¢ (see conformer (H6-— 08)
group®? Fig. 2) of 084

X

|
C—-C-C

|

X
ro(C—C) (&) 1.556(8) 1.655(15) —0.099
r,(C—X) (A) 1.750(9) 1.810(20) —0.060
Z.4CCC (°) 108.0(1.0)  119.0(2.0) —11.0
/.<CCX (°) 108.8(0.2) 104.5(0.5) + 4.3

% (py symmetry was assumed for this group.
b Standard deviations are given in parentheses.
¢ The remaining structural parameters are found
in Table 10. ¢ Further details about O8 are found
in Ref. 4.

bly quite different within the conformers. The
most dramatic difference is expected for the
value of / CCC, which is quite small in GG, while
the value in A4 is ca. 10° greater. Such a large
£.CCC value, (121°) for AA is consistent with
the experimental result obtained for octachloro-
propane (08). In 08 the experimental value is
119° (6=2°). The AA conformer of H6 and the
all-staggered (1:2) conformer of 08 both have
parallel C—Cl bonds on both sides of the carbon
skeleton.

The structural parameters of the §>C<g

group in H6 and O8 have been compared in
Table 12. The differences in parameter values
between the two molecules are highly signifi-
cant. The values in Table 12 clearly demonstrate
the steric effects of having parallel C—Cl bonds
on both sides of the carbon skeleton. It is
noteworthy that the deviations from all-
staggered (1:2) conformations, are small in both
molecules.

Observed vibrational frequencies for H6 were
not available, however, the force constants used
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in this work are consistent with the electron-
diffraction data. Moreover, the diagonal ele-
ment of the torsional force field in the GG con-
former have been estimated, (Sect. V-B), and
the values of the fundamental torsional frequen-

cies [wg(A) and wg(B)] have been limited to the
range 85—117 cm™1. The most probable values
are 99 and 103 cm™ for w/(A) and /(B),
respectively (Table 8). For the GG conformer
the lowest fundamental is the “CCX bending”’
frequency at ca. 90 cm™(A).
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