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The Crystal Structure of the 1:1 Complex of [3.3]Paracyclophane with Tetracyanoethylene*
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(Received 3 December 1970)

Tetracyanoethylene (TCNE) and [3-3]paracyclophane (PC) form a 1:1 complex, CsNs.CigHzo, that
crystallizes in PT, with a=8-533, b=8:538, ¢=7-705 A, «=10333, f=110-78, y=104-01°, and one
formula unit in the unit cell. The structure was solved by the study of Patterson sections, calculated from
three-dimensional diffractometer data, and was refined by full-matrix least-squares methods to R=
0-055 for 1634 reflections. Molecules are stacked in columns along the [111] direction, which is the needle
axis of the crystal, with the TCNE and aromatic ring planes approximately parallel to each other. The
geometry of the PC molecule is not significantly different from that in crystals of uncomplexed PC,
except for a slightly greater mutual parallel displacement of the rings. TCNE is disordered by rotation
about an axis through its center and normal to its plane; two orientations occur with relative weight
about 3:1. Other orientations appear to be prohibited by potentially very short N---H and N---C

contacts between adjacent columns of molecules.

Introduction

Cram & Bauer (1959) investigated the charge-transfer
spectra of tetracyanoethylene (TCNE) with a series of
paracyclophanes and compared the results with those
for substituted benzenes, which had been studied by
Merrifield & Phillips (1958). Cram & Bauer concluded,
tentatively, that the strongest #-base of the paracyclo-
phane series is [3.3]paracyclophane (PC) using as a cri-
terion the fact that its complex absorbed at the longest
wavelength. Merrifield & Phillips postulated a quasi-
parallel arrangement of donor and acceptor molecules
of complexes of TCNE with aromatic hydrocarbons.

Since these early spectrophotometric studies, the
crystal structures of both moieties in the TCNE:[3.3]
PC complex have been determined (Gantzel & True-
blood, 1965; Bekoe & Trueblood, 1960, 1964; Little,
Pautler, & Coppens, 1970); and TCNE has been

studied by electron diffraction (Hope, 1968), so that -

the precise molecular geometry of the individual mole-
cules in the absence of complexing is known.
Recently, Herndon & Feuer (1968) reported the
results of all-valence-electron calculations on molec-
ular 7-complexes of TCNE with a number of aromatic
hydrocarbons. Although they did not report such
calculations for any paracyclophanes, they predicted a
preferred orientation for TCNE in its complex with
p-xylene, which may, to a first approximation, be
considered analogous to [3.3]PC. Moreover, their
calculations support the predictions of isomeric donor-
acceptor complexes first proposed by Orgel & Mulliken
(1957), although they did not state specifically which
isomeric complexes are predicted for p-xylene. On the
basis of molecularorbital calculations, Kuroda, Amano,
Tkemoto & Akamatu (1967) have also predicted the
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existence of isomeric complexes of TCNE with both
pyrene and naphthalene. The calculated variation in
energy, with rotation about an axis perpendicular to
the molecular plane of the TCNE, in these complexes
is so small (in agreement with the calculations of
Herndon & Feuer) that no strongly preferred rotational
orientation of the TCNE molecule would be expected.
They calculated the energy barrier hindering the rota-
tion of the TCNE relative to either molecule to be less
than 1 kcal.mole™™.

In spite of the extensive interest in complexes in-
volving TCNE as an acceptor, only four crystal struc-
tures of such complexes have been reported: 1:1
complex with naphthalene (Williams & Wallwork,
1967); complex with 1:1 perylene (Kuroda, Ikemoto &
Akamutu, 1966);1:1 complex with pyrene (Ikemoto
& Kuroda, 1967); complex with ferrocene (Adman,
Rosenblum, Sullivan & Margulis, 1967). Unfortunately
none of these determinations was highly precise.
Williams & Wallwork observed slight disordering of
the naphthalene molecule in the final difference map;
Herbstein & Snyman (1969) have recently analyzed
this disorder. It seems possible that the structure of the
pyrene complex may also be disordered, but a test of
this hypothesis must await the availability of more
precise data.

The present study was undertaken to determine both
the mutual arrangement of the molecules in the com-
plex and the effects of complexing on the molecular
geometry of each constituent.

Experimental

Irregular needle-shaped crystals of the 1:1 complex of
[3-3] PC with TCNE were supplied by Cram & Sheehan
(1969). Suitable samples were obtained by fracturing
the crystals; most fragments were still elongated paral-
lel to the original needle axis. Some were twinned,
with the twinning line paralleling the needle axis. The



JOEL BERNSTEIN AND K. N. TRUEBLOOD

crystals are triclinic; a later statistical analysis of inten-
sity data indicated the space group to be PT. Cell
constants obtained from least-squares refinement with
79 values of sin #/4 (Ni-filtered Cu Ko radiation,
A(ay) = 1-54050, A(o,)=1-54434 A) are:

a,=8:533+0:002 A «=103-33+0-02°
by =28:538 +0-002 f=110-78 £ 0-02
¢o=1+705 £ 0-001 y=104-01+0-02.

In this fully reduced cell the needle axis is [111]. Unit-
cell volume is 477-23 A3, and the density calculated
for a cell containing one formula weight of complex is
1-268 g.cm™3. Observed density is 1-256 g.cm™3,

Intensities of the diffraction maxima were measured
on a Picker manual diffractometer, with Ni-filtered
Cu radiation. Because of the high vapor pressure of
the crystals, the specimens were sealed in lithium
borate capillaries. Even so, the intensity of three moni-
tor reflections decreased substantially during data col-
lection, with an accompanying increase in the amount
of material of color similar to that of the sample
deposited on the capillary walls, presumably as a
result of sublimation. Because of this intensity de-
crease three different crystals were used; the smallest
measured 0-07 x0-15x0-27 mm and the largest mea-
sured 0-12x0-24 x0-41 mm. Intensity data from all
three crystals were put on a common scale by means
of a scale factor calculated from the unweighted av-
erage of the intensity ratios for 20 reflections measured
for each crystal. The intensities of 2057 unique reflec-
tions were measured for sin 6/4 <0-64. Net counts for
1634 of these were significantly positive and these reflec-
tions were considered observed. The maximum error
in F? due to absorption is calculated at about 6% and
the average error is considerably less. No absorption
corrections were made.

Determination and refinement of the structure

Mulliken (1952) and Prout & Wright (1968) have noted
that charge-transfer complexes involving molecules
that are planar (or have planar portions) frequently
form needle-shaped crystals in which the complexes
stack with their planes approximately perpendicular
to the needle axis. Preliminary examination of data for
the present crystal suggested strongly that its structure
might be of this type. The 111 reflection was twice as
intense as any other and the spacing of the (111)
planes is about 3-17 A. This distance corresponds close-
ly to the observed separation between the aromatic
rings in the [3.3]PC molecule (Gantzel & Trueblood,
1965) and to the usual separation between donor and
acceptor components in complexes of TCNE with
planar hydrocarbons. Thus, the expected repeat dis-
tance in a TCNE-PC complex with parallel planes is
about 9:5-9:6 A, just the repeat distance along the
[111] direction of the present cell [9-63 A along the
body diagonal, 9:52 A perpendicular to the (111)
planes).
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Intensity statistics (Howells, Phillips & Rogers, 1950)
indicated the space group to be centrosymmetric.
Since each component of the complex has a potential
center of symmetry and only one formula unit exists
in the cell, it seemed reasonable to place one molecule
with its center at the origin, the other with its center at
1, 4, 4, and to search for solutions with the planes of
the TCNE molecule and the aromatic rings approxi-
mately parallel to (111). Several attempts to solve the
structure and obtain the molecular orientations by
direct methods, with the program of Long (1965),
failed. Others, have also reported some difficulties
using direct methods in P1. However, the structure
was readily solved by use of sharpened Patterson sec-
tions parallel to the (111) planes. A large number of
peaks, corresponding to the vectors predicted on the
basis of the idealized geometry of a para-substituted
benzene ring and a TCNE molecule, was present in,
or near, the zero section. Thirteen of these vectors lay
within 0-44 A of the (111) plane. The approximate
displacement of one aromatic ring relative to the other
in the same molecule was found, as before (Gantzel &
Trueblood, 1965), from the relation of the strong 3-2 A
inter-ring vector and the normal to the least-squares
plane of the vectors defining the rings.

A Fourier synthesis, which was phased conserva-
tively with only the six atoms of the aromatic ring,
revealed the other eight atoms in the asymmetric unit
(three in the PC molecule, five in the TCNE molecule),
at positions in accord with the expected geometry and
packing. Full-matrix least-squares refinement was then
started, with observed reflections only. The form fac-
tors used were N and C (valence) (Hoerni & Ibers,
1954) and H (bonded) (Stewart, Davidson & Simpson,
1965). The computer program was that of Gantzel,
Sparks & Trueblood [ACA (old), No. 317 modified]
which minimizes >w(4|F|)%. A 1/o weighting scheme
was used.

In the initial least-squares cycles, only reflections
with sin §/A below 0-4 were included; atomic temper-
ature factors were isotropic. As refinement progressed,
increasing numbers of reflections were included and
anisotropic temperature factors were introduced.
When the conventional discrepancy index, R, had
fallen to 0-128, a difference Fourier synthesis clearly
showed all 10 unique hydrogen atoms. After several
further least-squares cycles, with the positions of the
hydrogen atoms allowed to shift but the isotropic
temperature factors of these atoms held constant at
4-5 A?, another difference map was plotted. It showed
a peak of height about 1-2 ¢.A~3 surrounded by a
through extending to —0-5 e.A~3 not far from the
central carbon atom of the TCNE molecule. This
peak persisted even after further least-squares refine-
ment when isotropic temperature factors for the hydro-
gen atoms were allowed to vary; this refinement con-
verged to an R value of 0-093.

The unexplained peak height of about 1-2 e.A~?
was situated in the plane of the TCNE molecule, about
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1 A from each (equivalent) central carbon atom, and
nearly on the perpendicular bisector of the central
C=C bond (Fig. 1). This position is very near that
which would be occupied by the central carbon atom
of TCNE if the molecule were rotated by 90° about an
axis normal to its plane and passing through its center.
Examination of a TCNE model shows that the mole-
cule has approximate fourfold symmetry, if the two
central atoms are disregarded. Thus, a 90° disorder of
TCNE about its center and in its plane would result very
nearly in superposition of carbon atom TC(2) on
TC(3) (see Fig. 2) and TC(3) on TC(2"); a primed num-
ber denotes an atom related by the molecular center of
symmetry to the corresponding unprimed atom. The
corresponding mutual displacements of the nitrogen
atoms from each other after a 90° rotation would only
be about 0-4 A. Thus, such a disorder would manifest
itself in the difference map predominantly near the

central carbon atoms and only slightly, if at all, in the -

region of the other atoms in the molecule.
Least-squares calculations were then begun with a
disordered model. Initially, only the central carbon
atom was considered to be disordered, with a weight
of 20% in the alternative position. Anisotropic tem-
perature factors were assigned to all non-hydrogen
atoms. Four cycles of refinement resulted in a drop
of the R index to 0-061; shifts in the final cycle were
very small. The length of the central C—C bond, which
had been significantly short in the ordered refinement
(1-286 A), increased to 1-323 A for the higher-weight
orientation, which was in better agreement with the
value 1:339 A found in monoclinic TCNE (Bekoe &
Trueblood, 1964). (The length of this bond in the
lower-weight molecule, at this stage, was 1-35 A.)
It wasclearat this point that the disordered model was
a good one. However, because thealternative orientation
of the molecule had a relatively low weight, it seemed
preferable to assign an isotropic (rather than an an-
isotropic) temperature factor to the central carbon
atom of the molecule. Several cycles of refinement.
with this assignment led to the same R index as before.
The final B of the lower-weight central carbon was
only 2:1 A2, a value low enough to suggest that the
degree of disordering might in fact be somewhat
higher than 20%. Since our current least-squares
program did not permit refinement of occupancy fac-
tors, we tested varying proportions of disordering, with
the results indicated in Fig. 3. At the same time, we
introduced two additional nitrogen atoms to allow
for the disorder of this atom as well, because the
C-C-N bond angles in the lower-weight orientation
were only 151-6 and 152-0° and thosé for the higher-
weight orientation also departed appreciably (although
much less) from the expected near-linear arrangement,
these being 171-0 and 171-4°. Calculations were made
for five different relative occupancies, varying from
10% to 30% of the lower-weight orientation, at 5%
intervals. The only permitted variations were in the
parameters of the three disordered atoms: the central
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carbon atom [TC(1) for the higher-weight orientation,
TDC(1) for that of lower weight] and the two nitrogen
atoms [TN(2) and TDN(2), TN(3) and TDN(3)]. The
three atoms with lower weight were assigned isotropic
temperature factors; those with higher weight were
refined anisotropically. Each refinement series started
with the same initial parameters and was carried
through three cycles to convergence. Fig. 3 shows, as
a function of occupancy of the lower-weight form,
plots of final isotropic temperature factors for the
disordered atoms [TDC(1), TDN(2), and TDN(3)],
final R index, and final weighted sum of the residuals
(on an arbitrary scale). These graphs are all consistent
with the conclusion that the degree of disorder is about
25+ 3%, this value corresponds to the most reason-
able relative values of the temperature factors (nitrogen
atoms would be expected to have somewhat higher

Lo m————

Fig. 1. Section of difference Fourier synthesis at R=0-093 in
plane parallel to (111) and passing through the point %, %, 3.
Contour interval is 0-20 e.A—3; negative contours are dashed.
Minimum contour is at 0-20 e.A-3. Shaded portions include
local maxima in regions of negative electron density. Crosses
specify input positions of central atoms of TCNE.

Fig. 2. Bond lengths and angles of TCNE, including corrections
for riding motion.



JOEL BERNSTEIN AND K. N. TRUEBLOOD

660 050
1650 o048
-6.40 0.46

o

— w

X 2

= 3
1620 042
Jel0 040

. 1 L L . ,
o555 oPo  om o35 600 o038
OCCUPANGY

Fig. 3. Variation with fraction of TCNE disorder of: isotropic
temperature factors for three disordered atoms [A, TDC(1);
e, TDN(2); m, TDN(3)], discrepancy index (0O), and
weighted sum of residuals on arbitrary scale (O).

values) and to minima in both R and the weighted sum
of the squares of the residuals.

As a final stage in the structure analysis, secondary
extinction corrections were made (Zachariasen, 1963),
leading to a drop in R to 0-056. Three more cycles of
least-squares refinement (using the 25% disordered
model for the TCNE) led to the final parameters,
corresponding to R =0-055 (observed reflections only)
or R =0-082 (all reflections).

Final position parameters, with their cstimated
standard deviations are given in Table 1. Final temper-
ature factors are given in Table 2. Structure factors
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corresponding to these parameters are listed in Table
3. Anisotropic temperature factors of the carbon atoms
in the [3.3] PC molecule were used in analyzing pos-
sible rigid-body motion (Cruickshank, 1956); results
are given in Table 4. The largest discrepancy between
any observed and calculated U; was about 11%
[for Uy; of PC(1)], but the average discrepancy was
less than 5%. Because the TCNE molecule is disor-
dered and because wagging motion of the cyano
groups in cyano-olefins is always observed, it is not
surprising that thermal parameters of the TCNE-
molecule atoms do not fit a rigid-body model.

Table 1. Final position parameters* x 10*

X y z
PC(1) 1656 (3) 1034 (3) 2847 (3)
PC(2) 2529 (3) 0865 (3) 1641 (3)
PC(3) 2296 (3) 1645 (3) 0209 (3)
PC(4) 1338 (3) 2764 (3) 0217 (3)
PC(5) 0482 (3) 2929 (3) 1435 (3)
PC(6) 0541 (3) 1985 (3) 2700 (3)
PC(7) —0686 (3) 1860 (3) 3712 (3)
PC(8) —2638 (3) 0674 (3) 2308 (3)
PC(9) —2977 (3) —1237 (3) 1347 (3)
PH(1) 1771 (32) 0393 (30) 3741 (34)
PH(2) 3200 (27) 0096 (25) 1696 (29)
PH(4) 1175 (28) 3327 (28) —0746 (32)
PH(5) —0253 (32) 3634 (30) 1297 (35)
PH(7a) —0095 (32) 1434 (30) 4863 (36)
PH(7b) —0707 (34) 3078 (34) 4324 (37)
PH(8a) —3322 (27) 0734 (27) 3131 (31)
PH(8b) —3113 (28) 1162 (27) 1265 (31)
PH(%a) —2491 (32) —1702 (30) 2369 (35)
PH(%9b) —4337 (34) —1968 (30) 0660 (34)
TC(1) 4937 (4) 4661 (4) 5687 (4)
TC(2) 3866 (3) 5113 (3) 6690 (4)
TC@3) 5854 (3) 3462 (3) 6116 (4)
TN(Q2) 3018 (9) 5316 (9) 7514 (10)
TN(@3) 6502 (11) 2527 (10) 6552 (12)
TDC(1) 4487 (11) 5431 (12) 5149 (13)
TDN(Q2) 3378 (29) 5268 (34) 7839 (35)
TDN(3) 6303 (38) 2616 (39) 6855 (41)

* E.s.d.’s in parentheses are in units of the least significant
digit.

Table 2. Final temperature-factor parameters* x 10*

bn by b33 bz
PC() 0158 (4) 0154 (4) 0179 (5) 0110 (8)
PC(2) 0148 (4) 0139 (4) 0190 (5) 0128 (7)
PC(3) 0131 (4) 0140 (4) 0177 (5) 0073 (7)
PC®4) 0174 (5) 0150 (4) 0214 (5) 0131 (8)
PC(5) 0156 (4) 0148 (5) 0233 (6) 0130 (8)
PC(6) 0135 (4) 0134 (4) 0174 (5) 0075 (7)
PC(7) 0152 (5) 0192 (5) 0196 (6) 0103 (8)
PC(8) 0153 (5) 0199 (5) 0221 (6) 0149 (9)
PC(9) 0157 (5) 0177 (5) 0193 (6) 0090 (8)
TC(1) 0171 (6) 0127 (6) 0225 (7) 0135 (10)
TC(2) 0206 (6) 0182 (5) 0254 (7) 0104 (9)
TC@3) 0212 (6) 0153 (5) 0242 (6) 0151 (9)
TN(2) 0208 (11) 0205 (9) 0282 (13) 0175 (18)
TNQ@) 0289 (12) 0189 (9) 0305 (14) 0274 (17)

* Temperature factor for carbon, nitrogen (not disordered):

b3 b3 B(A?)
0139 (8) 0154 (8) PH() 4-8 (6)
0142 (8) 0129 (8) PH(2) 3-4 (5)
0130 (8) 0109 (8) PH®@4) 3-8(4)
0167 (9) 0182 (9) PH(5) 54 (5)
0165 (9) 0146 (9) PH(7a) 5-3 (6)
0125 (8) 0072 (8) PH(7b) 56 (6)
0164 (9) 0099 (9) PH(8a) 36 (4)
0199 (10) 0132 (10) PH(8b) 37 (5
0178 (9) 0134 (9) PH(%2) 4-7 (5)

PH(9b) 4-6 (5)
0190 (12) 0135 (11)
0260 (11) 0125 (10) TDC(1) 33 (1)
0165 (10) 0165 (10) TDN(2) 4-9 (5)
0289 (22) 0196 (19) TDN(3) 61 (6)
0199 (24) 0223 (19)

exp [—(b11h42 + ba2k2 + b33l2 + biohk + by3hl+ byskl)).
The e.s.d.’s in parentheses are in units of the least significant digit given for the corresponding parameter.
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Table 3. Observed and calculated structure factors
The three columns list, respectively, 4, 10F,, and 10F.. Letter U means ‘too weak to be observed’.
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Table 4. Rigid-body translational and librational tensors for [3.3] PC+

0-038 0-001 —0-001 65 22 1-4
0-038 0-005 ) A2 L= 31 1:9) (°)2
0-040, 57
Direction cosines
Principal axes Eigenvalue of eigenvector
T 0-044 A2 0-052 —0-600 —0-798
0-039 0-933 0-312 —0-180
0-034 0-357 —0-734 0-578
L 90 (°)2 0-702 0-434 0-565
47 —0-638 0-043 0:768
1-7 —-0-311 0-899 —0-309
t (o(T)) is about 0-001 A2 and {a(L)) is about 0-5 (°)2. Reference axes are a, ¢* x a, and c*,

T=
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Crystal and molecular structure

A portion of the molecular arrangement in the crystal
is depicted in Fig.4. There are no unusually short
contacts between molecules of the same type (no inter-
molecular N - -N contacts less than 4 A and only one
H---H contact less than 25 A, Table 5), indicating
that interactions between TCNE and PC dominate the
packing scheme. The shortest interatomic distances
between molecules are given in Table 5 and are illu-
strated in Fig. 4. Distances of atoms in TCNE from a
number of least-squares planes, defined by atoms in
one benzene ring of the PC, are given in Table 6. The
least-squares plane of the four unsubstituted benzene-
carbon atoms of the PC, and the least-squares plane
of the TCNE molecule, are inclined to each other by
only 2°. The close parallelism of the planes of the two
molecules appears to be characteristic of TCNE com-

2083

plexes; the angle is also 2° in TCNE:pyrene (Ikemoto
& Kuroda, 1967) and 0° in TCNE:naphthalene
(Williams & Wallwork, 1967). The absence of any out-
of-plane groups on either molecule apparently mini-
mizes steric interference.

Table 5. Shortest intermolecular distances*

Within one column of molecules

PC(1)- - - TC(1) 325 A PC(6) - TC(1) 345 A
PC(1)- - - TC(3) 3-33 PC(7)- - TNQ) 3-49
PC(2)- - - TC(1) 3-47 PC(1)-- - TDC(l’) 343
PC(2)- - -TC(3) 3-37 PC(2)- - - - TDC(1) 326
PC(3)---TC(I")  3-47 PC(3)----- TDC(1))  3-49
PC(3)---TC(2") 333 PC(6)-- - - - TDC(1) 342
PC(4)---TC(1) 335 PC(9)----TDN(2')  3-42
PC@)---TC(3) 337

PC(5)---TC(3) 336 PH(95')- - - TN(2') 271
PC(6)- - - TC(2) 3-32 PH(95")---TDN(2’) 255

Fig. 4. View of the structure along b axis, showing C--+C and C- - +N intermolecular distances less than 3-5 A, except for that
between PC(5) and TC(3"), 3-36 A, which cannot easily be shown.
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Table 5 (cont.)

Between different columns of molecules

TN()- - - -PC(8") (011) 349 A
TN(2)- - - - - PH(4) (001) 2:90
TN(2): - - - - PH(76") (011) 283
TN(2)- - - - - PH(86") (011) 2:91
TDN(2)- - -PH(4) (001) 2-87
TDN(2)- - -PH(9a’) (001) 2:90
TNQ3):-- - -PH(2') (101) 2-89
TN(3): - - - - PH(8a) (100) 2:80
TDN(3)- - -PH(2") (101) 285
PH(7a)- - - -PH(1") (001) 2-53
PH(7a)- - - - PH(9a") (001) 2:38
PH(85) - - - PH(9b) (100) 2-51

* All C---C and C---N distances less than 3-5 A, all
C---H and N---H distances less than 29 A, and all
H---H distances less than 255 A. E.s.d.s: 0:01 A for
C:-+-C,C---N; 004 A for N---H; 0:06 A for H-- -H.

Primed atoms are related to unprimed ones by a center of
symmetry in the particular molecule indicated. The triple of
numbers in parentheses after certain atoms indicates the unit
translations along a, b, and ¢ for the molecule in which that
atom is situated. In the absence of such a triple of numbers,
the molecule is assumed to be that designated in Table 1.

Table 6. Some least-squares planes*t}

I It 111 v
L 0-4028 0-4600 0-4310 0-4240
I 0-6257 0-5180 0-5727 0-5494
I3 0-6680 0-7211 0-6974 0-7200
D(A) —1-544 —1-499 —1-604 —4-807

Deviations of atoms (A)

PC(1) —0-002 0-154 —0-002 —317
PC(2) 0002 0-161 0-002 —3-19
PC(3) —0-001 0:000 —0-083 —332
PC(4) 0-158 0-000 —0-002 —326
PC(5) 0-159 0:000 0:002 —322
PC(6) 0-001 0:000 —0-076 —326
PC(7) —0-289 —0-290 —0-364 —3-51
PC(8) —1-734 -1-777 —1-832 —4-98
PC(9") —0-231 —0-228 —0-315 —3-59
PH(1) —0-08 019 —0-02 —3-15
PH(2) —0-09 018 —0-04 —322
PH(4) 0-17 -0-10 —0-05 —333
PH(5) 0-19 —008 ~0-03 —326
PH(7a) —006 0-07 —0-07 —3-19
PH(76) 035 025 0-23 —293
PH(84a) —1-79 —1-83 —1-89 —501
PH(8b) —1-88 —2:04 —2:04 —521
PH(9a") —0-38 —0-50 —0-53 —3-83
PH(9%") 0-68 0-71 0-61 —2:67
TC() 322 331 320 (3-22) 0-012
TC(2) 324 328 319 (323) 0-024
TCQ3) 3-10 337 3-16 (3-25) 0-003
TN(2) 319 320 312 (329) —0-017
TN(3) 299 3-41 3-13 (3:28) —0-007
TDC(1) 331 327 3:22 (3-20) 0-008
TDN(2) 3-35 3-40 331 (3-11) 0171
TDN(3) 302 343 316 (3-26) 0-026

* 1y, b, I3 are direction cosines relative to a, ¢* x a, c*, re-
respectively. D is the distance of the plane from the origin.

T Bold-face type indicates that atom was used to define the
plane. Negative deviations are in the direction of the origin.

T Numbers in parentheses indicate distances for centro-
symmetrically related atoms.
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Fig. 5. Stacking of molecules along the body diagonal of the
unit cell (indicated by dashed line).

Fig. 6. View of the complex in a direction normal to least-
squares plane of the aromatic ring. TCNE molecule depicted
with solid lines represents about 75% occupancy, that
shown dashed about 25 %.

As anticipated, the molecules stack along a line
almost parallel to the body diagonal of the unit cell
(Fig. 5). A view of the complex normal to the molecular
planes is given in Fig. 6, showing the disorder in the
TCNE; this is discussed later. The normals to the

least-squares planes of the TCNE and PC (planes III

and IV of Table 6) make angles of 3-8 and 3-0° respec-
tively with the [111] direction and angles of 6-8 and
8:7° with the normal to (111). This arrangement of
molecules in the crystal corresponds to Prout &
Wright’s (1968) type A for space group PT, each
molecule in the complex occupying a center of symme-
try. The geometry of [3.3]PC in this crystal structure
is illustrated in Figs. 7, 8, and 9. For clarity, hydrogen
atoms have been omitted from all but one of these
Figures. Pertinent information for hydrogen atoms is
summarized in Tables 7 and 8. The bending of the
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aromatic rings out of the planar conformation (Fig. 7)
shows the same pattern as in the uncomplexed mole-
cule and, as expected, is much less than in the [2.2]
compound (Hope, Bernstein, & Trueblood, 1971) and
its diolefin (Coulter & Trueblood, 1963). The defor-
mation angle « (average 6-3°) is apparently unchanged

Fig. 7. Out-of-plane distortion of one ring of PC molecule,
viewed edge-on.

HE) Ha)

Fig. 8. View of the [3.3] PC molecule normal to the plane of
the aromatic rings. Displacement of the center of one ring
relative to the center of the other is shown.

Table 7. Bond distances

1-2 1389 A 6-1-2

2-3 1-398 1-2-3

34 1402 3-4-5

4-5 1:384 4-5-6

5-6 1-399

6-1 1-389 2-3-4
5-6-1

6-7 1-510

9-3’ 1517 2-3-9/
4-3-9

7-8 1-541 1-6-7

8-9 1-537 5-6-7

1-H(1) 0-97 6-7-8

2-H(2) 0-97 7-8-9

4-H(4) 0-96 8-9-3

5-H(5) 0-97

7-H(7a) 1-05

7-H(7b) 1-05

8-H(84) 1-00

8-H(8b) 1-00

9-H(9a) 0-97

9_H(9b) 1-04
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on complexing (it is 6-4° in the crystal of [3.3] PC).
Moreover, B, the angle of bending of the exocyclic
C-C bonds out of the plane, exhibits qualitatively the
pattern found earlier, being different (2:3 and 5-0°)
on the two ends of the molecule (2:5 and 4:6° in the
uncomplexed molecule). This difference at the two
ends of the molecule results from the mutual parallel
displacement of the two aromatic rings relative to one
another; this displacement is slightly greater in the
present structure than in the uncomplexed molecule.
The increase in displacement is reflected in a decrease
in the perpendicular distance between the planes
C(1)-C(2)-C(4)-C(5) and C(I")-C(2)-C(4)-C(5",
from 326 in pure [3.3] to 3:20 A in the present crystal.
It also results in a closer approach of H(8b) to C(2")
and H(2') than in the uncomplexed molecule, by about
0-1 and 0-2 A respectively, and similar increases in the
distances of H(8b) from C(5) and H(5).

Dihedral angles in the methylene bridge are 63°
(6-7-8-9) and 70° (7-8-9-3"); these values agree very
closely with those for the uncomplexed molecule (65
and 70°), and with the conformation of gauche n-
butane, where the angle is 63° (Bonham & Bartell,
1959). The difference in the fold angles around atoms
PC(3) (2:8°) and PC(6) (6:1°) [i.e., the angle between
the planes PC(5)-PC(6)-PC(7) and PC(1)-PC(6)-PC(7),
and between the equivalent planes at atom PC(3)] also
reflects the slight distortion that results from the
parallel displacement of the rings.

and angles in [3.3] PC*t{i

121-9° 6 -1-H(1) 120°
1206 2 -1-H(1) 118
1212 1 -2-H(2) 119
121-2 3 -2-H(2) 120
3 -4-H(4) 119
1172 5 -4-H(4) 120
1172 4 -5-H(5) 118
6 -5-H(5) 121
121-4
121-4 6 -7-H(7a) 110
1209 6 -7-H(7b) 110
1217 8 -7-H(7a) 113
8 ~7-H(76) 107
1134 7 -8—(H8a) 106
117-1 7 -8-H(8b) 108
1158 9 —8-H(8a) 107
9 -8-H(8b) 110
8 -9-H(%) 110
8 ~9-H(9b) 111
3'-9-H(9a) 110
3'-9-H(9b) 106
H(7a)-7-H(7b) 109
H(82)-8-H(86) 108
H(92)-9-H(96) 103

* Carbon atoms are identified merely by their numbers. Hydrogen-atom numbers are the same as those of the carbon atom

to which the hydrogen atom is bonded.
1 Corrected for librational effects (Cruickshank, 1956).

1 E.s.d.’s: C-C, 0:004 A; C-H, 0-03 A; C-C-C angles, 0-25°; C-C-H and H-C-H angles, 2°.
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Table 8. Nonbonded intramolecular distances in

[3.3]PC*
8-2’ 307 A
H(8b)-2' 2-77 1-5 237 A 1-4 275 A
H(8b)-5 3-01 2-4 2-39 2-5 2-76
8-H(2") 2-84 3-1 2:42 3-6 2-83
3-5 2:42
H(8b)-H(2") 225 6-2 242 Angles:
64 2:42
1-4 329 4-2-5 101-9°
2-57 3-29 7-1 2:52 5-1-4' 1023
3-6¢ 3-13 7-5 2-54 2-1-4 86-7
7-9 2:62 4-5-2’ 85-6
6-9 3-18 9-2’ 2-54
7-3 3-30 9-4’ 2:55
6-2’ 3-30 8-3° 258
5-8 3-26 8-6 2:55
1-37 3:21

* All C-C distances less than 3:5 A, all H---H distances
smaller than 2-6 A and with at least four intervening carbon
atoms, and all C---H distances less than 3-2 A and with
at least three intervening carbon atoms. Carbon atoms are
identified by their numbers; hydrogen-atom numbers are the
same as those of the carbon atom to which the hydrogen atom
is bonded. Given angles define the parallel displacement of the
rings; they would all be 90° in an idealized molecule with
exactly superimposed rings.

All bond distances and angles for the present [3.3]
molecule (Fig. 9) are within 3¢ of those found earlier;
the largest discrepancy between bond lengths for the

COMPLEX OF [3.3]PARACYCLOPHANE WITH TETRACYANOETHYLENE

two structures is for the C(8)-C(9) distance, 0-012 A,
which is probably not significant.

Aromatic hydrogen atoms are displaced slightly
toward the inside of the molecule from the plane of the
half-aromatic ring to which they are attached (planes
I and II of Table 6), just as in [2.2] PC (Bekoe & True-
blood, 1964; Hope, Bernstein & Trueblood, 1971), its
diolefin (Coulter & Trueblood, 1963), its octafluoro
analog (Hope, Bernstein & Trueblood, 1971), and un-
complexed [3.3] (Gantzel & Trueblood, 1965). The av-
erage displacement in the present structure is about
0-09 A, with only a small deviation from the average.

The dihedral angle between the two half-aromatic
rings is 7-6°, also within one e.s.d. of the observed
value (8°) for the uncomplexed [3.3]PC. Remaining
features of the molecular geometry are very similar to
those discussed by Gantzel & Trueblood (1965) and do
not warrant further comment. The similarity of the
molecular geometries of the complexed and uncom-
plexed PC* indicates that, at least within the present
precision, no changes have occurred in this molecule
as a result of complex formation. The indicated motion
of the molecule is not large and the pattern is quite

* Although in both crystals in which it has been studied the
[3.3]PC molecule is centrosymmetric and, thus, in ‘chair’ form
in relation to the three-carbon bridges between the rings, the
‘boat’ form predominates over the ‘chair’ by 2:1 in solution in
CDCl; at —88°C (Anet & Brown, 1969).

pC(5) PC(4)
1.384 '
pCls PC(3) PC(9")
PC(T) 1.399 1.402 L5I7
1.510 1.389 1.398 .
1.389
1.537
1.541 PC(l) PC(2)
PCi8) . PC(8)
PC2) oy
113.4°
115.8° 1 ()]
PC(3) o ]
121.48° 120.6° 121.9° 120.9 PC(7)
pew! 17.2° nr.2’
121.4° i21.2° 121.2° 121.7°
pCid) PC(5')

Fig. 9. Bond lengths and angles of {3.3]PC, including corrections for molecular libration.
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plausible. Principal libration (Table 4), with a root-
mean-square amplitude of 3°, is about an axis not far
(18°) from the normal to the plane of the aromatic
rings.

Features of the molecular geometry found for TCNE
in the present study are given in Table 9 and Fig. 2.
Bond lengths have been corrected for thermal motion
by the ‘riding motion’ method of Busing & Levy (1964).
Molecular dimensions are compared in Table 10 with
those found for uncomplexed monoclinic TCNE
(Bekoe & Trueblood, 1960, 1964) and cubic TCNE
(Little, Pautler & Coppens, 1971), for TCNE in the
naphthalene complex (Williams & Wallwork, 1967)
and in the pyrene complex (Ikemoto & Kuroda, 1967),
and for gaseous TCNE (by electron diffraction) (Hope,
1968). Because of the disorder in the present structure,
with its consequence that the positions of the cyano-
carbon atoms of the two TCNE molecules are too
close to be resolved, we cannot place much credence in
the molecular dimensions involving these two atoms.
Thus, the facts that for the present TCNE molecule
(alone among those in Table 10) the C(2)-C(1)-C(3)
angle appears greater than 120°, the C-C-N angles
deviate about 6° from linearity, and the C(1)-C(2) and
C(1)-C(3) distances are longer than in the other studies
(except for the imprecisely determined pyrene complex)
may reflect no more than an inaccuracy in the C(2)
and C(3) positions. On the basis of a comparison of the
maximum-absorption wavelength of the complexes
(Table 10; Cram & Bauer, 1959; Dewar & Thomson,
1966), the [3.3]-TCNE complex appears to be interme-
diate in strength between those formed by naphthalene
and pyrene and any effects on molecular geometry
due to complex formation might be expected to reflect
this ordering. While identical features of the geometry
show some apparent changes much greater than 3¢
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between structures, there are no obvious trends that
can be legitimately construed as resulting from com-
plex formation for these three examples of complexed
TCNE.

Table 9. Distances and angles in TCNE*}

1-17 1-348 (1) A 2-1-3 1214 (3)°
1-2 1-469 (5) 2-1-1 119:3 (4)
1-3 1-469 (5) 3-1-17 119:2 (4)
2-N(2) 1-136 (10) 1-2-N(2) 1731 (5)
3-N(3) 1-147 (10) 1-3-N(3) 174:4 (7)
2-3 2-542 (5)

2-3 2:766 (4) 3-2-3’ 90-1
N(2)-N(3) 4-39 (1)

N(2)-N(3") 4-07 (1)

D(1)-D(1) 1-32 (2) 2-D(1)-3’ 132 (1)
D(1)-2 1-51 (1) 2-D(1)-D(1") 114 (1)
D(1)-3 1-51 (1) 3'-D(1)-D(1") 114 (1)
2-DN(2) 1-10 (3) D(1)-2-DN(2) 162 (2)
3-DN(3) 1-08 (4) D(1)-3-DN(3) 166 (2)
DN(2)-DN(3)  3-90 (5)

DN(2)-DN(3")  4-46 (5)

N@2)—DN(2) 0-34 (3)

N@3)—DN@3) 034 (4)

* Carbon atoms are designated by numbers only; nitrogen
atoms are designated by numbers of the carbon atoms to which
they are bonded. D indicates the lower weight (disordered)
molecule.

T Bond lengths for ordered molecule have been corrected
for thermal motion on the assumption of riding motion;
e.s.d.’s in parentheses are in units of the least significant digit.

The geometrical features of the lower-weight mole-
cule (except for the central TDC(1)-TDC(1‘) bond,
which is well enough resolved to be independent of the
atoms in the higher-weight molecule) are reported in
Table 9 only for reference and do not warrant further
discussion. Clearly, the atomic positions are very im-
precise.

Table 10. Comparison of TCNE in various phases

TCNE

TCNE Naphthalene: Pyrenc: [3-3]1 PC: Gaseous
Monoclinict® Cubic®» TCNE®© TCNE@ TCNE® TCNEW
c=C 1-339 (8) A 1-344 (1-:357) (3) A 1:351 (14) A 1-:309 (12) A 1:348 (7) A 1-357 (4) A
- 1-442 (5) 1-439 (1-433) (2) 1:426 (7) 1472 (13) 1-469 (5) 1-435 (4)
1-441 (5) 1-464 (12) 1-:469 (5)
C=N 1-135 (6) 1-153 (1-166) (2) 1-131 (8) 1-113 (12) 1-136 (10) 1-162 (1)
1133 (5) 1-124 (12) 1-147 (10)
C=C-C 121-0 (4)° 122:2 (1)° 120-9 (3)° 121-4 (9)° 119-3 (3)° 121-1°¢
120-9 (4) 120-3 (9) 1192 (4)
C-C-C 1181 (3) 115-6 (2) 1183 (6) 118-3 (7) 121-4 (4)
C-C=N 179-1 (4) 178:2 (2) 1787 (8) 177-4 (9) 173-1 (5)
179-4 (4) 1767 (9) 1744 (7)
Amax(m )@ —_ — 558 730 599 —

(a) Bekoe & Trueblood (1964). C—C (but not C-N) distances are corrected for libration by method of Leung & Marsh (1958).
(b) Little, Pautler & Coppens (1971). Distances are corrected for riding motion (Busing & Levy, 1964). Values in first set of
parentheses for C=C, C-C, C N result when positions of K and L shells are refined separately.

(¢) Williams & Wallwork (1967).
(d) Ikemoto & Kuroda (1967).

(e) Present work; corrected for libration by method of Busing & Levy (1964).

(f) Hope (1968), by electron diffraction.

(g8) Amax for complexes with naphthalene and pyrene from Dewar & Thompson (1966); for the PC complex, from Cram &

Bauer (1959).
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Discussion

Examination of the present structure (Fig. 6) shows
that the angle between the axes of the complex’s
“components is within about 15° of that predicted by
Herndon & Feuer (1968) for the TCNE: p-xylene com-
plex, presumably a fair model for the present one. They
calculated that the most stable orientation was with
the molecular planes parallel, and with an angle of
about 60° between the central double bond of the TCNE
and the long axis of p-xylene. This angle is about 45°
for both the higher-weight and lower-weight TCNE
molecules relative to the long axis of PC. The relative
population of TCNE in the two orientations (about 3:1)
indicates that the difference in free energy between
them is small, about 07 kcal.mole~!. Herndon &
Feuer calculated that the barrier to mutual rotation of
the components of a complex between TCNE and a
methylated benzene would be only a few kcal.mole™!.
Why then are there just two preferred orientations
here, rather than a whole spectrum of them?

Study of a projection of the structure along the
normal to the plane of a TCNE molecule (essentially
along the [111] direction) provides a plausible explan-
ation for the existence of two, and only two, angular
orientations of TCNE relative to PC, solely on the
basis of steric interactions.

Such a projection is shown in Fig. 10. The TCNE
molecule(s) at %, 4, 1 are depicted at the center of the
Figure, surrounded by six neighboring PC molecules
in nearly the same plane, with their centers at the indi-
cated positions. In the two observed positions of the
TCNE molecule, each unique nitrogen atom is at, or
near, a potential minimum with regard to nonbonded
N-.-H and N---C contacts. Each nitrogen atom is,
as indicated in Fig. 10 and Table 5, at a distance of
2-8 to 2:9 A from a hydrogen atom in one of the sur-
rounding PC molecules. The sum of the corresponding
van der Waals radii is 2:6 to 27 A. In these observed
TCNE positions, the minimum N-..C distance be-
tween columns of molecules is 349 A (Table 5),
well above the van der Waals sum of 31 to 32 A.

However, if either TCNE molecule is rotated, both
N-..-H and N- - - C distances decrease rapidly. A rota-
tion of either TCNE molecule by as little as 15° in
either direction gives short N: - -PC(8) or N..-PC(9)
contacts of 29 to 3:0 A. With further rotation these
distances drop even more prohibitively; a 45° rotation
of either TCNE molecule in either direction gives
N.-..C contacts of 2-4 A or less. The N . - H contacts
become similarly unfavorable; after a 45° rotation,
one nitrogen atom of each molecule is about 2:0 A
from each of two hydrogen atoms, and the other
nitrogen atom of each molecule is about 1-8 A from
each of two other hydrogen atoms. No vertical adjust-
ments of the molecules can compensate for these pro-
hibitively close contacts, because the interplanar
N...C and N---H distances are already near the
minimum (Table 5).

COMPLEX OF [3.3]PARACYCLOPHANE

WITH TETRACYANOETHYLENE

00!

110

Fig. 10. View of a portion of the structure along the normal to
the plane of the TCNE molecule, showing the surroundings
of the TCNE molecule at 4, 3, 4. The triple of numbers
beside each PC molecule denotes the position of the center
of that molecule in terms of unit-cell translations. Three
lighter dashed lines radiating from the center of the drawing
represent unit-cell edges. The eight unique N- - +H contacts
between stacks (Table 5) are indicated by dots.

It seemed tempting to try to identify the two maxima
in the visible region of the solution spectrum of the
TCNE:PC complex (Cram & Bauer, 1959) with the
two orientations of TCNE found in the crystal, but
no such identification is justified by our results. The
two new bands in the solution spectrum might seem
(de Maine, 1957) to be attributable to two distinct
orientational isomers, in which the central double bond
of the TCNE molecule is oriented respectively parallel
to, and perpendicular to, the line between the para
carbon atoms of PC; these positions parallel the nodal
planes of the two highest filled molecular orbitals of the
PC molecule. However, these are not the orientations
found in the crystal. They are, in fact, the orientations
of maximum steric interaction with adjacent columns,
as indicated above. Whatever may be the structure of
the complex in solution, it seems clear that the domi-
nating orientational forces in the crystal are steric. The
intercolumnar interactions would not, of course, be
present in a solution or in the vapor state; therefore,
our findings are quite consistent with Herndon &
Feuer’s suggestion that there may be nearly free rota-
tion in a complex of this kind when it is not constrained
by its environment. This analysis underscores the
difficulties in using evidence about the structure of a
weak complex in one phase for drawing structural
conclusions about similar complexes in other media.
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The Crystal and Molecular Structures of Hexakis(imidazole)cadmium(II) Nitrate,

[Cd(C:H4N2)6J(OH)(NOs).4H,0

By A.D.MIGHELL AND A.SANTORO
Institute for Materials Research, National Bureau of Standards, Washington, D.C. 20234, U.S.A.

(Received 21 September 1970)

The crystal and molecular structures of hexakis(imidazole)cadmium(II) nitrate, Cd(C3H4N,)g] (NO3),,
and hexakis(imidazole)cadmium(II) hydroxide nitrate tetrahydrate, [Cd(C3H4N3)6] (OH) (NO;).4H,0,
have been determined by single-crystal X-ray diffraction techniques. [Cd(C3H4N,)s] (NO;), crystallizes
in the trigonal system, space group R3. The lattice parameters (hexagonal axes) are a= 12633 (2),
c=15049 ) A, Z=3, g,=154 g.cm—3, g,=1-54 g.cm—3. The final three-dimensional full-matrix
least-squares refinement resulted in an R value of 3:6% based on 1343 observed reflections.
[Cd(C3H4N,)6] (OH) (NO5).4H,0O crystallizes in the hexagonal system, space group P6;/m. The lattice
parameters are a=9-0376 (8), ¢=21-729 3) A, Z=2, o,=145 g.cm—3, g,=1-44 gecm—3. The final
three-dimensional full-matrix least-squares refinement resulted in an R value of 5:4% based on 996
observed reflections. Both structures consist of discrete Cd(C3HN,)2* cations and NO3 anions but
as a result of the presence of water molecules and OH~ ions in the hydroxide complex, the packing of
the cations in the two structures is considerably different. The ligand imidazole molecules are coordi-
nated through the pyridine type nitrogen atoms (C>N) to the Cd?* ions with an average bond distance
Cd---N of 2-363 A and they are hydrogen bonded through the pyrrole type (— N-H) nitrogen atoms to
the nitrate groups. However, to accommodate hydrogen bonding, there is considerable difference in
the orientation of the imidazole rings in the two complexes. Specifically, each ring in one of the two
complex cations is rotated, about the Cd-N(1) direction, approximately 130° with respect to its counter-
part in the other cation. The bond distances and angles between the atoms of the imidazole molecules
are practically identical in the two structures.

[Cd(C5H4N;)6](NOs3)2, and Hexakis(imidazole)cadmium(II) Hydroxide Nitrate Tetrahydrate,

Introduction

The imidazole group occurs in a number of biologically
important molecules such as histidine and hypoxan-

thine, and it plays an important réle in the chemistry
of several biological systems by providing possible bind-
ing sites in metal-protein interactions and in other
interactions involving hydrogen bonds (Hofmann,



