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The electron-diffraction data for the vapours of the title compounds at about 310
K have been interpreted in terms of prevailing anti conformations (¢ = 180°) for
both compounds. Principal bond distances (r,) and valence angles (£,) are: for
trans, trans-1,4-dichloro-1,3-butadiene, /(C=C) = 134.1(2), r(C—C = 145.2(5),
r(C-Cl) = 172.4(2) pm, £(C=C-C) = 121.9(6), £(C=C-Cl) = 122.7(3)°; for
cis, trans-1,4-dichloro-1,3-butadiene, r(C—H) = 109.5(6), r(C=C) = 134.1(2),
r(C-C) = 145.6(4), (C—Cl) = 172.3(2) pm, £(C=C—C)cis = 125.6(6),
£(C=C—C)trans = 122.0(6), £(C=C—Cl)cis = 123.9(3), £(C=C-Cl)trans =
122.9(4)°.

Thé presence of about 5 % of synclinal conformers with apparent torsion angles
of about 50° at 310 K could not be ruled out. Analyses of 473 K data (of poor
quality) confirmed the presence of 15(3) % of the second form for the trans, trans

isomer, whereas conflicting results were obtained for the cis, trans isomer.

Dedicated to Professor Otto Bastiansen on his 70th birthday

Vibrational spectroscopic data for the three iso-
mers of 1,4-dichloro-1,3-butadiene have shown
that these molecules exist predominantly in the
anti conformation [p(C=C—-C=C) = 180°],'? as
does the parent molecule, 1,3-butadiene. The
molecular structure of anti 1,3-butadiene has
been determined by gas-phase electron diffrac-
tion (GED)? and in a previous paper we have
reported the gas-phase molecular structure of
anti cis,cis-1,4-dichloro-1,3-butadiene (hereafter
referred to as CC2) as determined by GED.* The
molecular structures of some other chloro-deriva-
tives of 1,3-butadiene for which the anti conform-
ers are prevalent in the gas phase have also been
reported: the 2,3-dichloro compound (referred to
as D23) by GED?® and the cis-1-chloro,® trans-1-
chloro’ and 2-chloro® derivatives by MW spec-
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troscopy. Rather large structural substitution ef-
fects were reported and discussed for the two
1-chloro compounds.®” Comparable effects were
not observed by GED for CC2.* We now report
the results of analogous GED studies of
trans,trans- and cis, trans-1,4-dichloro-1,3-buta-
diene, hereafter referred to as TT2 and CT2,
respectively. The aim of the present paper is pri-
marily to give further information about the gas-
phase structures of the prevalent conformers of
chloro-substituted 1,3-butadienes.

Another interesting aspect of structure studies
of these compounds is, however, the possible
presence of minor conformers in the gas phase.
In fact, the nature of the minor conformer of the
parent molecule, 1,3-butadiene, has been contro-
versial for a long time, as summarized in our
previous paper.* It appears that the second con-
former (about 11-14kJ mol™! higher in energy
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than the planar anti conformer) is nonplanar syn
(¢ = 20-40°) with a low barrier to planar syn (¢
= 0°). However, the opinion that C,, symmetry
(¢ = 0°) actually represents the second potential
energy minimum persists,” and it has been argued
that the syn barrier predicted by SCF calculations
may disappear when electron correlation is in-
cluded.' An early high-temperature GED study
suggested gauche to be the less abundant con-
former of 1,3-butadiene, although conclusive evi-
dence was never published.!! A stable gauche
form (¢ = 52°) 9.2(46) kJ mol~! higher in energy
than planar anti is identified by GED for D23
and the presence of 4(3) to 10(4) % of a gauche
form (¢ = 60°) at 283 to 473 K for CC2* corre-
sponds to a gauche-anti energy difference of 6(5)
kJ mol~!. Inspection of models shows that the
conformational angles of the minor syn con-
former of CC2 and D23 could be governed by
Cl---Cl nonbonded interactions which prohibit
planar syn conformations (¢ = O"). For the title
compounds the close “7---10” and “5--+6” interac-
tions in the syn forms (cf. Fig. 1) do not involve
Cl---Cl, but H---H for TT2 and Cl---H and H---H
for CT2. It thus appears that planar syn is steric-
ally allowed for TT2 which in this respect is
similar to 1,3-butadiene. Synperiplanar conform-
ations (¢ < 30°) of CT2 could, however, be pro-
hibited by close Cl---H interactions as ¢-values of
45 to 60° would be required to give C17---H10 (cf.
Fig. 1) a length similar to the van der Waals
distance of 270-310 pm and, for example, similar
to the close Cl---H distance for planar anti for
CC2 [269(5) pm) and D23 (262(5) pm]. Experi-
mental characterizations of any minor conform-
ers of TT2 and CT2 would therefore be of in-
terest, and the remainders of the TT2 and CT2
samples were used to record data at higher tem-
peratures. It should be noted that the identifica-
tion of the second form of CC2 was marginal, the
abundance being only 10% at 473 K, which is the
upper temperature limit for these compounds
with our present equipment. However, only brief
accounts of the conformational analyses of TT2
and CT2 are included in the present paper as
these, being hampered by poor high-temperature
data, gave less conclusive results than for CC2.
Conformational predictions may also be ob-
tained from molecular mechanics (MM) calcula-
tions. We employed an approach which was said
to reproduce all trends in conformational ener-
gies, barrier heights, structural parameters and
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torsional force constants of stable conformers si-
multaneously for halogenated propenes, 1,3-bu-
tadienes and biphenyls,'? and for a number of
chloro derivatives of 1,3-butadiene.”* As de-
scribed elsewhere, we agree that experimental
findings were reproduced fairly well for the non-
planar hexachloro- and trans,trans-1,2,3,4-tetra-
chloro-1,3-butadiene,!* but several of the other
predictions seem to be unreasonable. In addition,
recalculations on 1,3-butadiene and D23, studies
of which were included in the original paper,"
revealed that the published results for these two
molecules are inconsistent with the recom-
mended set of potential parameters and structure
reference values: Firstly, the syn-anti energy dif-
ference for 1,3-butadiene is calculated as 4.6 kJ
mol~! rather than 9.6 kJ mol™! as claimed, and
consequently it is rather low compared to other
predictions of 11-14 kJ mol~". Secondly, the pub-
lished energy curves for D23"? obtained with and
without excess charges on the atoms were differ-
ent, as only the latter had a second energy mini-
mum at ¢ = 50°, about 13 kJ mol~! above anti.
Our calculations, however, failed in all cases to
reproduce a second minimum, and at ¢ = 50° the
energy was about 30 kJ mol ! above that for anti,
as compared to the experimental value® of 9.2 kJ
mol~!. Consequently, further interpretations of
results obtained by this method were abandoned.

Experimental and data processing

Samples of the three isomeric 1,4-dichloro-1,3-
butadienes (CC2, TT2 and CT2) obtained as de-
scribed previously? were used for both spectro-
scopic? and GED studies. The chromatographic
separation of the three isomers was tedious and it
was most difficult to obtain quantities of pure
TT2. Two batches of TT2 were used in the in-
vestigations. Analysis of the spectroscopic data
for TT2 showed that small amounts of CT2 could
be present in the first sample used to obtained
data at 310 K, whereas gas chromatographic ana-
lyses of a small residue left after the very last
GED experiment indicated a purity of at least
99 %.

GED diagrams were recorded for TT2 and
CT2 at three temperatures using two different
nozzle systems. Experimental details are given in
Table 1. It should be noted that the doughnut-
shaped low-pressure nozzle used to obtain data
sets A and C appears to affect the determination
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Table 1. Experimental conditions for trans,trans- and cis,trans-1,4-dichloro-1,3-butadiene (TT2 and CT2,

respectively).

Data set (nozzle temperature)

A (283 K) B (310 K) C (473 K)

Nozzle-to-plate distance/mm 484.78 334.78 477.68 197.68 484.78 334.78
Electron wavelenght/pm 6.466 6.466 6.470 6.470 6.466 6.466
No. of plates®TT2: 3x2 (3x2) 4 4 3x2 (3x2)

CT2: - 4 5 6 3x2 5
Data range
Spin/NM~! 20.0 40.0 20.0 80.0 20.0 40.0
Smax/nmM™" 180.0 270.0 197.5 390.0 180.0 270.0
As/inm™’ 1.25 25 1.25 25 1.25 25
Data weighting®
s,/nm-! 50.0 50.0 50.0 80.0 50.0 50.0
s,/nm™! 120.0 150.0 197.5 250.0 120.0 150.0
w,/107% nm? 15 15 15 0 15 15
w,/107* nm? 23 1 0 1 23 1

2Parentheses signify that analyses of these plates were uitimately abandoned due to high noise-to-signal
ratios; x2 that these plates were subjected twice to photometry. *See Ref. 4 for further comments on data

weighting.

of vibrational amplitude parameters as discussed
in the CC2-study.* In addition the data ranges
were reduced in these experiments (cf. Table 1)
due to sample limitations. Finally, we failed to
obtain usable long-camera data for CT2 at 283 K,
and other parts of data sets A and C were of poor
quality as specified in Table 1. The 283 K and 473
K data were nevertheless analysed in an attempt
to obtain some preliminary information about the
conformational compositions of the gases. How-
ever, the structure determinations of the preva-
lent conformer are based upon the 310 K data (B)
which were obtained concurrently with the spec-
troscopic work? using a conventional nozzle.

Densitometry of the electron-diffraction dia-
grams, data reduction to the s/|f ¢||f o|-modified
molecular intensities and the analysis procedure
for TT2 and CT2 were as described in our previ-
ous GED study of CC2.*

The weighting of the data in the least-squares
refinement procedures was as specified in Table
1. The experimental molecular intensity curves
for data sets B are shown in Figs. 2 and 3 for TT2
and CT2, respectively. Experimental radial dis-
tribution curves (RD curves) are shown in Figs. 4
and 5 for TT2 and Figs. 6 and 7 for CT2.

Structure analyses

Geometrical models and corrections for vibra-
tional effects. Perspective views of the planar anti
forms (¢ = 180°) and a nonplanar syn form (¢ =
30°) of the TT2 and CT2 molecules are shown in
Fig. 1. The geometries of the two molecules were
specified by the r,-type parameters defined in
Table 2. The vibrational corrections (D = r,-r,)
and root-mean-square amplitudes of vibration
(I values) at pertinent temperatures were calcu-
lated from the literature force fields? as described
for CC2.* The 310 K values are given in Tables 3
and 4.

A large amplitude model (#',) was used in ad-
dition to the r, model in the analysis of the CC2
data,* but for two reasons it was not implemented
in the present investigations of CT2 and TT2:
Firstly, the r, model and the dynamic model (’,,)
gave consistent results for CC2, suggesting that
the former accounts satisfactorily for shrinkage
effects. Secondly, the potential energy distribu-
tion obtained in the normal coordinate calcula-
tions? showed that the low-frequency modes were
mixed for TT2 and CT2, thus making the sep-
aration of the torsional mode-about the central
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Table 2. r,-type structural results for the anti conformers of trans,trans-1,4-dichloro-1,3 butadiene (TT2) and
cis,trans-1,4-dichloro-1,3-butadiene (CT2) obtained from GED data at 310 K compared with analogous resuits
for cis,cis-1,4-dichloro-1,3-butadiene (CC2)? Values in square brackets for the distances are the r, counterparts

to the r, values.

Parameters TT2® CT2¢ CcC2

(This work) (This work) (Ref. 4)
AC1-H)? 110.0(8)[111.8] 108.1(6)[109.5] 109.0(7)[110.7]
fC=C) 133.3(2)[134.1] 133.7(2)[134.1] 133.5(3)[134.3]
rC—C) 145.9(5)[146.2] 145.4(4)[145.6] 145.4(5)[145.6]
AC—Cl) 171.5(2)[172.4] 171.9(2)[172.3] 171.8(3)[173.1]
Z2(C=C-C) 121.9(6) 125.6(4) 125.1(3)
A(C=C-C) - -3.6(5)° -
Z£(C3-C2-H) 119(2) 119(2) 116(2)
£(C2=C1-H) 125(2) 125.2(12) 124.5(13)
£(C=C-Cl) 122.7(3) 123.9(3) 123.7(2)
A(C=C-Cl) - -1.0(6)°¢ -
@(C=C-C=C) 1890 (fixed) 180.0 (fixed) 180 (fixed)
R (long)® 5.0 48 48
R (short) 124 10.7 10.5
R (tot) 75 6.8 7.3

“Distances in pm and angles in degrees. Values in parentheses are estimated standard deviations (o)
accounting for data correlation (o = 20,5) and for the distances, the uncertainties in the s scale (0.1 %). °See
text for comments on gas composition; further structural results in Tables 3 and 5. The parameters refer to
the cis moiety (see text). For trans: £(C=C—C) = 122.0(6) and £(C=C—Cl) = 122.9(4), and Ar, for bond
distances are fixed to give r, (trans) = r, (cis). Further structural results in Tables 4 and 6. YThe various types
of C—H distances were assumed to have equal r, values giving fixed r, (C—H) split parameters (cf. Tables 3
and 4). °Least-squares agreement factor in %.

C—Cbond from the rest of the molecular dynam-
ics somewhat dubious. In consistency with the
results for CC2 we could not detect significant
deviations from planarity in the r, model of the
major anti conformations of TT2 and CT2, and
ultimately the torsional angles of the anti forms
(¢,) were maintained at 180°, as shown in Table
2.

A two-conformer interpretation of the data
was provided by introduction of a composition
variable, viz. the mole fraction (a,) of the major
conformer, giving o, = 1.00 — a; for the minor
conformer. The torsional angle of the second
form (p,) was the only additional geometrical

Fig. 1. Perspective views with labelling of the atoms
of the trans,trans and cis,trans isomers of 1,4-
dichloro-1,3-butadiene TT2 (lower) and CT2 (upper),
respectively. The conformers shown are planar anti,
@ = 180° (left) and a syn form (right) with ¢ = 30°.
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Fig. 2. Observed (@), final theoretical (—) and difference (below) molecular intensity curves for trans,trans-1,4-
dichloro-1,3-butadiene (TT2) at 310 K.
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Fig. 3. Observed (@), final theoretical (—) and difference (below) molecular intensity curves for cis,trans-1,4-
dichloro-1,3-butadiene (CT2) at 310 K.
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Table 3. Distances (r,) and amplitudes (/) for the interatomic interactions in trans,trans-1,4-dichloro-1,3-
butadiene (TT2), corresponding to the results of Table 2 and vibrational amplitude quantities (/ and D)
calculated from a molecular force field. All quantities in pm.

Interactions? Multi- GED results® Calculated
plicity
A / / D

1: C4-H10 2 111.8(8) 8.2(7) 7.68 -1.78

2: C3-H8 2 111.8(8) 8.3 (tied to 1) 7.74 —1.54

3: C3=C4 2 134.1(2) 3.5(4) 4.37 -0.82

4. C2-C3 1 146.2(5) 3.8 (tied to 4) 4.64 -0.32

5. C4-CI9 2 172.4(2) 4.7(2) 4.7 -0.90

6: C2.--C4 2 244.7(5) 6.5(6) 6.50 -0.53

7. C3--Cl9 2 269.3(4) 6.2(3) 6.10 -1.06

8. C2--Cl9 2 405.4(5) 6.3(4) 6.54 -0.71

9: Cl9--H10 2 238.1(7) 10.9 (tied to /6) 10.87 -1.25
10: CI9---H8 2 285(5) 13.7 (tied to 17) 13.59 -1.19
11: C3--H10 2 217.6(5) 10.3(15) 9.77 -1.89
12: C4--H10 2 212.1(7) 10.1 (tied to /11) 9.60 -1.52
13: C2---H8 2 221.8(9) 11.2 (tied to 11) 10.67 -0.71
14; C2--H10 2 276(2) - 14.18 -1.02
15: H8--H10 2 314(2) - 11.99 —-2.47
16: C1--C4 1 365.5(8) 7.4(16) 6.72 -0.13
17. C1.-C19 2 512.5(6) 8.2(5) 8.20 -0.23
18: H5---H10 2 256(3) - 21.27 ~1.48
19: Cl9---H5 2 442(5) 14.6 (tied to /18) 14.88 -0.70
20: Cl9---Cleé 1 671-0(11) 7.8(5) 7.75 0.00
21: H7--H10 1 472(7) - 16.56 -0.08
22: C4--H5 2 271(4) - 14.77 -0.81
23: C1--H10 2 408(6) - 14.12 -0.13
24: Cl6---H10 2 530(5) 17.6 (tied to N7) 17.57 -0.10
25: H5--H8 1 318(4) - 12.83 -0.79

aSee Fig. 1 for numbering of atoms. ’Numbers in parentheses are estimated standard deviations (see
comment a in Table 2). Omitted / values signify that the calculated values have been used.

variable used in the specification of the two-con-
former situation, as it was assumed that any two
conformers would differ geometrically only in the
torsional angles. The vibrational amplitude pa-
rameters (/ and D values) associated with the
torsion-sensitive distances (ten for TT2 and six-
teen for CT2) for the minor form were calculated
for appropriate geometries using the force fields
established for the anti conformers.

The interpretations of the RD curves (Figs. 4
to 7) according to the presence of only one con-
former with a torsional angle @, = 180° (i.e. anti)
are shown by the line diagrams which represent
the interatomic distances specified in Tables 3
and 4 for TT2 and CT2, respectively. To aid in
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the search for evidence in the RD curves for the
presence of any second forms we have examined
the variation in torsion angle with the magnitude
of selected distances (Fig. 8).

Refinements and results for TT2. The experimen-
tal RD curve for the 310 K experiment is shown
in Fig. 4. It is compared with a theoretical coun-
terpart corresponding to a one-conformer refine-
ment which included the [/ values and [/ value
groups specified in Table 3, giving a least-squares
agreement factor of R(tot) = 8.20 %. In this in-
terpretation the area discrepancy in the RD curve
at the location of the Cl---Cl distance (about 670
pm) is most striking. The immediate response to
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Table 4. Distances (r,) and amplitudes (/) for the interatomic interactions in c¢is,trans-1,4-dichloro-1,3-butadiene
(CT2), corresponding to the results of Table 2 and vibrational amplitude quantities (/ and D) calculated from a
molecular force field. All quantities in pm.

Interactions?® GED results® Calculated
r, I / D
1: C1-H6 109.5(6) 8.2(5) 7.68 -1.37
2: C4-H10 109.5(6) 8.2 (tied to 1) 7.68 -2.89
3. C2-H5 109.5(6) 8.2 (tied to 1) 7.74 —-1.41
4: C3-H8 109.5(6) 8.2 (tied to M) 7.74 -3.57
5. C1=C2 134.07(19) 4-0(3) 4.43 -0.34
6: C3=C4 134.07(19) 3.9 (tied to /5) 4.33 -1.12
7: C2-C3 145.6(4) 4.2 (tied to /5) 4.64 -0.18
8: CI7—C1 172.34(19) 5.10(16) 4,78 -0.49
9: Cl9—C4 172.34(19) 5.02 (tied to /8) 4.70 -0.75
10: C1--C3 248.405) 5.6(6) 6.56 -0.07
11: C2.--C4 244.1(3) 5.6 (tied to 110) 6.51 -0.58
12: CI7---C2 270.9(5) 6.1(2) 5.92 -0.51
13: CI9--C3 268.5(3) 6.4 (tied to 112) 6.20 -0.28
14. CI7--C3 315.4(7) 10.2(6) 11.20 -0.17
15: CI9--C2 404.5(6) 6.4(4) 6.56 -0.22
16: CIi7---H6 234.0(17) 9.1(18) 11.20 —0.66
17: Cl19---H10 235.8(17) 8.6 (tied to /116) 10.71 —-2.48
18: CI7--H5 366.9(20) 9.3(9) 9.51 —-0.86
19: CI9---H8 284(4) 14.0 (tied to 12) 13.80 -1.33
20: C2---H6 215.8(12) - 9.58 —0.78
21: C3--H10 216.4(12) - 9.77 -3.37
22: Ci1--H5 206(3) - 9.61 -0.92
23: C4--H8 210(3) - 9.60 -3.64
24: C3--H5 220(3) - 10.70 -0.50
25: C2---H8 219(3) - 10.70 -1.60
26: C3--H6 348.9(10) - 9.67 -0.44
27: C2--H10 276(3) - 14.21 —-2.15
28: H6---H5 244(4) - 15.58 -0.61
29: H8---H10 310(2) - 12.00 -5.85
30: C1--C4 368.2(6) 6.5 (tied to /18) 6.76 -0.33
31: ClI7--C4 448.2(7) 11.4 (tied to /15) 11.63 —-0.06
32: Cl9--C1 516.5(8) 7.9(7) 8.47 -0.04
33: Ci7---Cl9 558.7(10) 15.1(7) 17.51 0.36
34: H5--H10 256(6) - 21.38 ~-1.74
35: Cl7--H8 279(4) 20.0 (tied to 113) 19.80 -1.10
36: Cl9--H5 440(4) 14.6 (tied to /15) 14.81 -0.12
37: CI9--H6 615.6(12) 10.4(7) 10.68 -0.20
38: Cl7--H10 518.6(18) 13.4 (tied to /32) 13.99 -0.86
39: Ci1--H8 276(4) - 14.89 -0.97
40: C4--H5 269(4) - 14.86 -0.36
41: C4--Hé 458.9(19) - 10.85 -0.45
42: C1--H10 409(2) - 14.16 -1.34
43: H6---H8 384(4) - 16.39 -1.10
44: H6---H10 482(4) - 18.58 -1.10
45: H5---H8 313(4) - 12.84 -1.70

2See Fig. 1 for numbering of atoms. All interactions have multiplicities one. °See comment b, Table 3.
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Fig. 4. Experimental RD curves for (@) trans, trans-1,4-dichloro-1,3-butadiene (TT2) calculated from the 310 K
data (cf. Table 1) using damping coefficient of 1.5-10~° nm2. They are compared to theoretical counterparts
() and differences are given. They correspond to 100 % of anti TT2 (lower) and to the final results (upper)
obtained with vapour composition as explained in the text (cf. Table 2). The distance distributions (cf. Table 3)
are indicated by vertical bars (see also Fig. 8).
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this feature is the suspicion that at 310 K the gas
does not contain 100 % of anti TT2, but rather
some 85 %. However, further interpretations of
the RD curve do not suggest large contributions
from syn forms (cf. Fig. 8) although we could not
exclude the presence of about 5% of a synclinal
form for which a @, value of about 55° appeared
to be preferred. A CT2 contamination as indi-
cated by the vibrational spectra (cf. Experimen-
tal) was also considered and ultimately, the struc-

tural and vibrational parameters for anti TT2
were refined together with the composition of the
gas, assuming the coexistence of both a second
form (¢, = 55°) and CT2. This best refinement
[R(tot) = 7.49 %] gave a, = 4(4) % and o(CT2)
= 11(3) %, and the results for anti TT2 are pre-
sented in Tables 2, 3 and 5. The corresponding
difference intensities and RD curves are included
in Figs. 2 and 4, respectively.

The short-camera plates of the 283 K and 473

Do
< TRATRS

|
i, .I.I..l

0 100 200 300

L e 0 L L L L L R B NS BRSNS LS BB BB BB BURLELL LI B B

400 500 600 700
rlpm

Fig. 5. Experimental RD curves (@) for trans,trans-1,4-dichloro-1,3-butadiene (TT2) caiculated from the 48 cm
camera data (cf. Table 1) at three temperatures compared with theoretical counterparts corresponding to
100 % of the anti conformer. The damping coefficient is 6.0-10~5 nm?. The distance distribution (cf. Table 3) is

indicated by vertical bars (see also Fig. 8).
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K experiments were of poor quality and we have
chosen to present the temperature effect on the
RD curve of TT2 in the form of the 48 cm data
for all three temperatures. These experimental
RD curves are compared in Fig. 5 with theoret-
ical counterparts assuming 100 % presence of the
anti form and using calculated values for all vibra-
tional parameters. The 283 and 473 K data sets
were both recorded using a second sample of TT2
(cf. Experimental) and analyses of these GED

1,4-DICHLORO-1,3-BUTADIENES

data indicated less than 5 % of CT2. Differences
between the RD curves for these two temper-
atures point to differences in the gas composi-
tion. In contrast, in both low temperature RD
curves the RD curve for 473 K clearly showed
contributions at 630 to 650 pm and 460 to 480 pm
which may be assigned to Cl---Cl and C---Cl in-
teractions of a syn form (cf. Fig. 8). This is
matched with area deficiencies at 670 and 515 pm
which correspond to the lengths of these interac-

i

G

0 100 200 300

ML S L L L L L LN L L L L L B ML LR LB L L AL LB LN B B B AL

600 700
r’pm

400 500

Fig. 6. Experimental RD curves for (@) cis,trans-1,4-dichloro-1,3-butadiene (CT2) at three temperatures using
varying data ranges as specified in Table 1 and damping coefficient of 1.5:10~° nm?. They are compared to
theoretical counterparts (—) corresponding to 100 % of the anti conformer. The distance distributions (cf. Table

4) are indicated by vertical bars (see also Fig. 8).
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tions in the anti form. Thus, significant amounts
of a minor form appear to be present at this
temperature, and the best refinement gave 15
(3)% of a synclinal form with @, = 52(14)°. It
should be noted that the lengths of the mentioned
Cl---Cl and C---Cl interactions are rather insensi-
tive to torsion angle changes in the 0 to 60° range
(cf. Fig. 8). This accounts for the large uncer-
tainty associated with the obtained ¢, value, but
more importantly, the assumption of rigid torsion
must be considered in context with this situation.
Even small differences in, for example,
Z£(C=C-C) for the two forms could affect the ¢,
determination significantly, and it appears that
planar syn (@, = 0°) cannot be entirely ruled out.

Refinements and results for CT2. Fig. 6 shows the
agreement between experimental and theoretical
RD curves in the 100 % anti interpretation of the
data for the three experimental temperatures us-

1,4-DICHLORO-1,3-BUTADIENES

ing values for the amplitude parameters as calcu-
lated for appropriate temperatures. It should be
noted that the 273 K and 473 K intensities had
rather high noise-to-signal ratios as well as lim-
ited data ranges (cf. Tables 1). The 310 K data
could be satisfactorily interpreted in terms of
100 % of the planar anti form. Results of a final
refinement which includes several independent /
values and / value groups are presented in Tables
2,4 and 6. The goodness of fit is demonstrated by
the least-squares R factors (Table 2), and the
difference intensities and difference RD curves
shown in Figs. 3 and 7, respectively. It was not
possible to resolve corresponding bond distances
in the cis and trans moieties of the molecule, and
ultimately the assumptions specified in Table 2
were used. However, it is remarkable that the
principal contributions to the RD curve beyond
300 pm for this unsymmetric molecule are con-
tained in well resolved peaks. Consequently, it

£

o I”.l.ll l .

AR

A
[IllIllll‘r]l"(llllII“I'IIII"I!Illllll?lllllllIlllllll'llllr[llll_rfrilfY
o 100 200 300 400 500 600 700
ripm

Fig. 7. Experimental RD curve (@) calculated from the 310 K intensities (cf. Table 1), the final theoretical
counterparts (—) and the corresponding difference RD curves (below) for cis,trans-1,4-dichloro-1,3-butadiene
(CT2). The damping coefficient is 1.5-10~5 nm?2. The distance distribution (cf. Table 4) is indicated by vertical

bars (see also Fig. 8).
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Fig. 8. The lengths of important torsion-sensitive interatomic interactions as a function of the torsional angle ¢
in the cis,cis, trans,trans and cis,trans isomers of 1,4-dichloro-1,3-butadiene, CC2, CT2 and TT2, respectively.

was possible to refine difference parameters for
the C=C-C and C=C-Cl angles so as to give
pltrans) = p(cis) + Ap (cf. Table 2).

Refinements that included the two-conformer
possibility indicated that small contributions from
a synclinal form with preferred ¢, values of 40 to
50° could not be ruled out at 310 K. Fig. 8 shows
that in this case small parts of the contributions
are shifted from the 560 pm (Cl---Cl), 520 pm
(C---Cl) and 450 pm (C:--Cl) regions to already
established peaks at 450, 470 and 310 pm, respec-
tively. Comparisons of the RD curves of Fig. 6
show that the composition of the gas at 473 K is
different from that at the two lower temper-
atures, but the second component must rather
contribute to the RD curve at about 490 pm. A
two-conformer refinement gave a, = 5(2) % and
@, = 85(8)°, and only a small improvement in the
least-squares agreement factor.

Discussion

The results of our conformational analyses are
rather inconclusive, and more so for CT2 than for
TT2. The notion based on 310 K data that the
vapour of CT2 might contain 5% of a syn form
with a @ value of 40-50° appears reasonable, but
it is incompatible with the lower quality 473 K
data which failed to reveal any increased contri-
bution from this form at elevated temperature,
rather preferring 5% of an unexpected, nearly
perpendicular form. For TT2, however, the same
second form was indicated in reasonable amounts
(5 to 15 %) by analyses of the 310 and 473 K data.
However, it has been pointed out that the deter-
mination of its conformational angle (¢, = 52

490

(14)°) is ambiguous, and that the planar syn form
cannot be ruled out entirely. Thus, reliable char-
acterization of the minor conformer of TT2 is
crucially dependent on teasonable model as-
sumptions. This requires higher proportions of
the minor form (i.e. higher experimental temper-
atures) so that important valence angles can be
refined independently for the two conformers,
and preferably also supporting information about
conformational structure variations from reliable
computional methods.

The structure parameters obtained for the anti
forms appeared to be insensitive to various as-
sumptions considered regarding the gas composi-
tion, such as the presence of minor forms or
contaminants, and analyses of the various data
sets gave consistent results. The final structural
parameters given in Table 2 are those obtained
from the 310 K data for reasons explained in the
experimental section, and the corresponding re-
sults of the analogous study of CC2 are included.
Further structural comparisons with related com-
pounds are given in Table 7.

It is seen that the structures of the C=CHCI
moieties of the 1,4-dichloro compounds (CC2,
TT2 and CT2) are similar to that of vinyl chloride
(MCI, Table 7), but that there is a slight widening
of the C=C—Cl(cis) angles as compared to
£(C=C-Cl) in the trans moieties and in vinyl
chloride. This may be related to repulsions be-
tween substituents in the cis-1(4) and 3(2) posi-
tions of the carbon skeleton, i.e. Cl---H interac-
tions (cf. Fig. 1). The wider C=C—C angles ob-
served in CC2 and the cis moiety of CT2 as
compared with the C=C—C angles in TT2, in the
trans moiety of CT2 and in butadiene (BUT,
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Table 7. Comparison of structural parameters for anti forms of 1,3-butadiene (BUT), and its 2,3-dichloro (D23),
cis,cis-1,4-dichloro (CC2), trans,trans-1,4-dichloro (TT2) cis,trans-1,4-dichloro (CT2), 2-chloro (M2), cis-1-
chloro (MC1) and trans-1-chioro (MT1) derivatives; and for ethene (ETH) and its monochloro (MC1) derivative.

C2-C3 C1=C2 C1-CI C2-Cl  C1=C2-C3 C2=C1-Cl! C3-C2-Cl Ref.
C=C4 C4-CI C3-Cl  C4=C3-C2 C3=C4-Cl C2-C3-C|
BUT(r)  146.7(3) 134.43) - - 122.8(5) - - 3b
BUT(X)  146.3(3) 134.1(2) - - 1233(5) - - 3c
D23(r)  147.2(4) 133.7(2) - 1745(2) 1261(2) - 1152(3) 5
M2(r,) 1447(9) 134.9(5) - 174.1(9) 1239(6) - 119.7(7) 8
134.1(4) - - 1258(3) - -
CC2(r) 1456(5) 134.33) 173.1(3) - 1251(3)  123.7(2) - 4
MC1(r)  144.9(13) 132.7(6) 173.1(8) - 1265(3)  123.7(3) - 6
1343(2) - - 1230(7) - -
TT2(r,)  1462(5) 134.1(2) 17242 - 121.9(6)  122.7(3) - This work
MT1(r)  143.9(6) 131.3(10) 173.7(4) - 124.1(11)  1235(7) - 7
134.0(7) - - 124.8(10) - -
CT2(r)c: 145.6(4) 134.1(2) 1723(2) - 125.6(4)  1239(3) - This work
t 134.1(2) 17232 - 122.0(6)  122.9(4) -
ETH(r) - 133.72) - - - - - 15
MCl(r) - 134.2(4) 173.0(4) - - 1225@2) - 16

“Distances in pm and angles in degrees; r, structures by MW, others by GED (r; = r, + ?/n).

Table 7) also suggest H:--Cl repulsions in the
H—-C-C=C-Cl (cis) fragment of the molecules.
D23 and M2 have Cl-C—C=C—H(cis) arrange-
ments which also exhibit wide C=C-C an-
gles. 1516

It appears that terminal C—Cl bonds are rather
similar in length to the C—Cl bonds in vinyl
chloride, but slightly shorter than the central
C—Cl bonds encountered in D23 and M2. Com-
parisons of r(C=C) for the distributed butadienes
(D23, CC2, TT2 and CT2) and for the parent
molecule (BUT), as well as of r(C=C) in vinyl
chloride and ethene, suggest that chlorine sub-
stition does not affect the length of the C=C
bond significantly in these compounds. The r;
structure of M2 is also consistent with this notion,
whereas the r, structures of MC1 and MT1 sug-
gest short C=C bonds in the substituted moiety
of the molecules. This has been discussed in
terms of Cl---H interactions,®’ but it is remarka-
ble that similar effects are not observed for the
distributed molecules. Also, the central C—C
bonds of all the three monochlorobutadienes ap-
pear short as compared to the results for the
other compounds. However, the r, structures
have no well-defined relation to other types of
structural parameters. The differences between r,
and r, parameters are estimated to be 1+1 pm,
but it is noted that they sometimes deviate from

33 Acta Chemica Scandinavia B 42 (1988)

this range with no apparent systematic trend."” It
has also been stressed that caution should be
exercised in comparisons between r, parameters
for related compounds, and consequently with
other types of structural parameters, for mole-
cules with relevant atoms close to a principal axis.
To provide a basis for more meaningful structural
comparisons it seems worthwhile to determine
the structures of M2, MC1 and MT1 by joint
analyses of GED intensities and the literature®®
microwave rotational constants. Such studies, in-
cluding also results from MO calculations, are in
progress.'®
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