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The Crystal and Molecular Structure of 1,2-Diphenylcyclopentene, an Analogue of cis-Stilbene

By J. BERNSTEIN
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1,2-Diphenylcyclopentene (C;;H;¢) is monoclinic, space group P2, with a=9-025 (3), b=9-516 (4),
c=8036 (2) A, f=112-4 (5)°, Z=2. The structure was solved by direct methods from 1647 counter
reflexions, and refined anisotropically to R =0-078. The angle between the normals to the two phenyl rings,
whose disposition approximates C, symmetry, is 62°. The pattern of deviations of atoms from the best
plane in the cyclopentene ring is consistent with approximate Cs symmetry corresponding to the ‘enve-

lope’ conformation, with a dihedral angle of 17-2°.

Introduction

Stilbene has been the subject of a wide variety of
studies, among them photochemical, spectroscopic and
theoretical. One of the central points of interest is that
of the difference in structure and properties of the trans
(I) and cis (1) isomers. In the case of the isoelectronic
analogue azobenzene, both isomers are solids at room
temperature and structural information has been ob-
tained from the respective crystal structures (Brown,
1966; Hampson & Robertson, 1941; Mostad & Rem-
ming, 1971). However, (II) is a liquid at room tem-
perature and its crystal structure has not been reported.
A good model for (1I) is 1,2-diphenylcyclopentene (1),
since it cannot undergo thermal or photochemical
cis — trans isomerism and is a solid at room temper-
ature (m.p. 59-60°C). Hence the structure determina-
tion of this model compound was undertaken.
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Experimental

Crystals of the material grown from methanolic solu-
tions are elongated along [010] and show the {010} and
{101} forms. Lattice constants were obtained from a
least-squares fit of 39 26 values determined on a dif-
fractometer ranging between 8° and 54° (Mo Ku, and
Mo Ku,). Preliminary Weissenberg and precession
photographs had indicated monoclinic symmetry with
systematic absences 0k0, k odd, compatible with space
groups P2, (No. 4) and P2,/m (No. 11); the former
was confirmed during the course of the study.

Crystal data

C,;H ¢, F.W. 220-32. Monoclinic, space group P2,,
a=9-025(3),b=9-516 (4), c=8-036 (2) A, f=112:4(5)°;
Qeate =115 g cm ™3, g, =112 (flotation, aqueous K1),
Z=2, F(000)=236, £=0-698 cm~! (Mo Kua).

A crystal of dimensions 0-52x0:16x0-30 mm
measured perpendicular to the (100), (101) and (010)
faces was mounted along b on an IBM 1800-controlled
Siemens diffractometer. Two independent sets of I(hk/)
were recorded for sin /4 < 0-66 with Mo K« radiation
and balanced zirconium and yttrium filters.

Intensities were measured by an w/26 scan technique
described by Ingartinger, Leiserowitz & Schmidt
(1970). The procedure for the treatment of the data,
including correction for absorption, is that given by
Coppens, Leiserowitz & Rabinovich (1965). Averaging
of the two sets of data yielded 1647 independent
reflexions, of which 404 had intensities <2¢ of the
mean value or 2¢ (mean) for equivalent reflexions and
were treated as unobserved.

Structure determination and refinement

The cell parameters and density indicated two mole-
cules per cell which is compatible with a general posi-
tion in P2, but requires molecular site symmetry C; in
P2,/m. Such a possibility exists for diphenylcyclo-
pentene but seemed unlikely since it requires a butter-
fly arrangement of the two phenyl rings. Statistics of
normalized structure factors (E) support the assign-
ment of the non-centrosymmetric space group P2,. E
statistics:

Theoretical*

Observed Noncentric  Centric
UER 0-987 1-000 1-000
JE*=1]) 0-689 0-736 0-968
{JEI) 0-897 0-886 0-798

* Karle, Dragonette & Brenner (1965).
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Table 1. Final positional and thermal parameters for non-hydrogen (x 10%) and hydrogen (x 10%) atoms

E.s.d.’s in parentheses are in units of the least significant digit. Hydrogen atoms are numbered according to the atom to which
they are bonded. Anisotropic thermal parameters are in the form exp [—2n2>, ;a.a,hh,;U"]; isotropic, exp [—8n2Usin? 6/7%].

X y z Ull UZZ U33 Ull UZ3 U13

C(1) 7362 (4) 2750 (0) 4955 (5) 449 (19) 537 (27) 478 (21) 47 (19) —30 (21) 196 (17)
Cc(2) 7952 (6) 2806 (8) 6987 (6) 512 (26) 946 (50) 511 (26) 75(29) —70(29) 188 (21)
C(3) 6616 (6) 2130 (9) 7417 (6) 632 (27) 1176 (54) 511 (27) 81 (35) 8 (37) 268 (22)
C4) 5145 (6) 2127 (11) 5648 (6) 556 (28) 1373 (61) 633 (30) —52 (44) 34 (42) 307 (25)
C(5) 5813 (4) 2387 (5) 4220 (5) 463 (20) 611 (30) 519 (23) 1(22) —18(25) 235(17)
C(6) 8487 (4) 3007 (4) 4048 (5) 405 (16) 560 (25) 469 (20) 36 (18) 21 (20) 118 (15)
C(7) 8487 (4) 2199 (6) 2622 (5) 462 (20) 619 (27) 574 (23) 0(23) —12(24) 197 (17)
C(8) 9628 (5) 2367 (6) 1878 (6) 565 (22) 875 (33) 597 (26) 144 (27) 43 (29) 277 (20)
C(9) 10779 (5) 3387 (6) 2541 (7) 473 (21) 1014 (39) 709 (29) 19 (25) 195 (31) 268 (21)
C(10) 10791 (5) 4214 (6) 3929 (7) 529 (24) 847 (35) 828 (33) —113(26) 81 (31) 202 (24)
C1 9670 (5) 4034 (6) 4696 (6) 531 (24) 684 (30) 628 (27) —50 (22) —55(24) 157 (21)
C(12) 4757 (4) 2296 (5) 2296 (5) 387 (16) 580 (24) 582 (21) 13(19) —4(23)  235(16)
C(13) 3793 (5) 1130 (5) 1638 (6) 557 (22) 694 (33) 700 (30) —49 (24) —11 (26) 227 (23)
C(14) 2775 (5) 1050 (7)  —154(7) 582 (25) 785 (36) 797 (35) —81(26) —172(32) 212 (25)
C(15) 2694 (5) 2119(7) —1314 (6) 516 (21) 1022 (41) 571 (26) 76 (28) —84 (32) 141 (20)
C(16) 3625 (5) 3296 (6) — 676 (6) 633 (25) 781 (35) 635 (30) 138 (27) 136 (30) 227 (25)
C(17) 4649 (5) 3386 (6) 1108 (6) 523 (21) 592 (29) 695 (30) —33(23) —31(27) 241 (22)

The structure was solved by direct methods with the Table 1 (cont.)
aid of MULTAN (Main, Woolfson & Germain, 1971) . y . yiso
:vhlch terfnployls tl"ll"eh m‘ultl_scg)luf’lonf tclalchnlquef toh the H(C2) 809 (5) 384 (8) 733 (7) 59 (20)
angen ormula. e residual’ of t e' set o phases H'(C2) 896 (4) 232 (5) 757 (5) 28 (11)
which corresponds to the correct solution was by far H(C3) 639 (5) 268 (6) 834 (7) 64 (17)
the lowest of the 64 possible sets, but the ‘absolute E((CC;’)) ggg Eg; ‘lzgg g; ;gg Eg) 28 E%g;

L) . )

figure of merit’ for this set was lpwer t'han that for H'(Ca) 457 (7) 135 () 535 (8) 56 (22)
seven other sets. R for 1441 reflexions with an overall  jc7) 772 (3) 149 (4) 224 (4) 15 (10)
isotropic temperature factor was 0-26 A? at this stage.  H(C8) 959 (5) 176 (5) 89 (6) 44 (14)

Block-diagonal least-squares refinement was carried Egg?())) Hgg g; igg % 32421 Eg) g(l) 82;

. . )

out w1tl(11.all carbodn_ a(tjgmg lnlqne blo_ck and reﬁnen}ent H(C11) 962 (3) 465 (5) 562 (6) 41 (14)
oncoordinates and individua 1sotroplctemp§rgture_ac- H(C13) 384 (5) 40 (6) 261 (6) 61 (17)
tors (three cycles). The molecule was then divided into  H(C14) 208 (5) 16 (6) —55(6) 52 (16)
three blocks corresponding to the three rings, and Eggg; ;g; Yg igz g; —ﬁg EZ; 33 83;
hydrogen atom coordinates, calculated on the basis of H(C17) 526 (4) 417 (5) 152 (5) 22 (11)

chemically expected positions, were included in the next
three cycles with individual isotropic temperature
factors. For the same three cycles carbon atoms were
assigned anisotropic temperature factcrs. Five reflex-
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Fig. 1. Molecular dimensions for 1,2-diphenylcyclopentene.
(a) Bond lengths (A); average e.s.d.’s: for bonds involving
C(2), C(3), C(4) 0-009 A, others 0-007 A. (b) Bond angles
(°); average e.s.d.’s: for angles at C(2), C(3), C4) 0-5°
others 0-4°.

ions which exhibited effects of secondary extinction
were removed from the next three cycles. The final R
was 0-078 (observed only) and 0-083 (including unob-
serveds). In the final cycle 217 parameters were refined
and 82 of them had shifts which were larger than the
corresponding standard deviation. However, the elec-
tron density in the difference map calculated at this
stage showed that it did not exceed 0-12 ¢ A3

Scattering factors were taken from [International
Tables for X-ray Crystallography (1968). Computer
programs used, in addition to MULTAN, were locally
modified versions of ORFLS (Busing, Martin & Levy,
1963), FORDAP (Zalkin, 1962) and ORTEP (Johnson,
1965).

Final positional parameters and temperature factors
are given in Table 1, observed and calculated structure
factors in Table 2.

Discussion

Bond distances and angles involving only carbon atoms
are shown in Fig. 1; those with hydrogen are given in
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Table 2. Observed and calculated structure factors

The three columns list respectively /, 10kF,, 10F,. U signifies reflexions for which F,<2-50 (F,). Asteriks indicate reflexions not
included in least-squares refinement owing to extinction.
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Table 3. For the cyclopentene ring all bond lengths and
angles agree within two e.s.d.’s with the results ob-
tained from electron diffraction (Davis & Muecke,
1970).

Table 3. Bond distances involving hydrogen atoms (A)

The e.s.d: (in parentheses) is in the units of the least significant
digit given for the corresponding distance.

C(2)-H(C2) 1-02 (6) C(9)—H(C9) 0-96 (5)
C(2)-H'(C2) 0:97 (4) C(10)-H(C10) 1-04 (5)
C(3)-H(C3) 1-00 (6) C(11)-H(C11) 0:96 (5)
C(3)-H'(C3) 1-06 (7) C(13)-H(C13) 1-03 (5)
C(4)-H(C4) 1-02 (7) C(14)-H(C14) 1-02 (5)
C(4)-H'(C4) 0-87 (7) C(15)-H(C15) 0-96 (5)
C(7)-H(C7) 0-93 (4) C(16)-H(C16) 0-92 (5)
C(8)-H(C8) 0-97 (5) C(17)-H(C17) 0-92 (4)

The average C-C length in the two phenyl rings is
1378 A [ring C(6)-C(11)] and 1380 A [ring C(12)-
C(17)] with corresponding scatters {i.e. [3, (F—r,)?]'/?/
(n—1)} of 0-011 and 0-009 A respectively. The aro-
matic distance is shorter than the normally accepted
value (1-398 A) for benzene (Kennard ef al., 1972) but
is similar to that observed in cis-azobenzene, a series of
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trans azo compounds (Mostad & Remming, 1971), and
trans-stilbene (Finder, Newton & Allinger, 1974). The
low observed value might be attributed to failure to
correct for rigid-body motion; however, the validity of
a rigid-body analysis by the method of Schomaker &
Trueblood (1968) is questionable if R is greater than
0-07 (Pawley, 1970). Moreover, for cis-azobenzene the
short average aromatic C-C distance is that obtained
after correction for librational effects. This shortening,
especially of bonds between carbons in the meta and
para positions, is very often observed in compounds
containing unsubstituted phenyl rings (Kennard ef al.,
1972), and it has been suggested (Hirshfeld, 1974) that
the effect may be due to internal vibrations. Compari-
son of accurate studies of a number of compounds at
room and low temperature would test this hypothesis.

The disposition of the phenyl rings about C(1)-C(6)
and C(5)-C(12) (dihedral angles with respect to the
cyclopentene of 43-8° and —47-5° respectively) is con-
sistent with approximate C, symmetry with the two-
fold axis bisecting C(1)-C(5) and passing through C(3).
This conformation has been favoured in theoretical
studies (Bromberg & Muszkat, 1972; Warshel, 1974a,
and references therein) over that in which the phenyl
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rings are related by a mirror plane, which would lead
to an unacceptably short H(C7)---H(C17) distance,
and is found in cis-azobenzene (Mostad & Remming,
1971) and about the double bonds in 1,2,34-tetra-
phenylcyclopentadiene (Evrard, Piret, Germain & Van
Meerssche, 1971). The dihedral angle between the best
planes of the two phenyl rings is 62° compared to 57-5°
in cis-azobenzene (Mostad & Regmming, 1971), 65-0°
and 72-5° between the phenyl rings at positions 1,2 and
3,4 respectively in 1,2,3,4-tetraphenylcyclopentadiene
(Evrard et al., 1971), and that calculated by Warshel
(1974b), 46-1°.

In the cyclopentene ring the temperature factors on
the methylene carbons are rather high with direction
of maximum displacement corresponding closely to
U?? nearly perpendicular to the ring. This feature is
often observed in cyclopentane systems (Carrell, Gal-
len & Glusker, 1973; Margulis, Dalton & Kwiram,
1973) and is attributed to pseudorotation (i.e. an alter-
nation in the puckering arrangement around the ring);
the presence of the double bond in this case lowers the
degree of torsional freedom in the ring resulting in a
reduction of the possible vertical displacement of C(2),
C(3), C(4) from the plane of the ring resulting from an
alteration in conformation of these three atoms.

Fig. 2, View of the cyclopentene ring with thermal ellipsoids
and distances (A) of each atom from best plane of the ring.

Fig. 3. View of the structure down the b axis.

The thermal ellipsoids in the cyclopentene ring are
shown in Fig. 2 with the deviations from the best plane
of all five atoms, the pattern of which is consistent with
the envelope (C;) conformation. The alternative con-
formation of the ring with C; symmetry, which may be
approximately obtained by equal and opposite dis-
placements from the ring of C(2), C(3) and C(4) from
those shown in Fig. 2, leads to positions 0-2-0-3 A
apart. Disorder of this type has been observed and
successfully refined in a number of cyclopentane
derivatives (Margulis et al., 1973; Mallikarjunan,
Chacko & Zand, 1972) where the distance between
equivalent positions of disordered atoms is about 0-6 A.
The distance found in the present case is well beyond
the resolution of the structure and renders a least-
squares refinement of such a disordered model of
doubtful value. Furthermore, a separation of atomic
positions of this magnitude is not properly accounted
for by the ellipsoidal approximation for temperature
factors, which probably leads to an R higher than that
expected based on the quality of the data.

The ‘puckering’ of the cyclopentene ring [e.g., the
dihedral angle between planes C(1)-C(2)-C(4)-C(5)
and C(2)-C(3)-C(4)], 17-2°, is somewhat less than that
found by electron diffraction, 28-8° (Davis & Muecke,
1970), far infrared spectroscopic measurements, 23-3°
(Laane & Lord, 1967), 22-1° (Ueda & Shimanouchi,
1967), or microwave spectroscopy, 22-3° (Rathjens,
1962) and exceeds that calculated theoretically by
Dashevskii, Naumov & Zaripov (1970), 14°. All these
authors estimate the barrier to inversion to be of the
order of 0-6-0-7 kcal mole~!, which is consistent with,
the possible existence of the disorder described above.

Torsion angles in the cyclopentene ring are compared
with those calculated by Warshel (1974b) and those ob-
served in 1,2-cyclopentenophenanthrene (Entwistle
& Iball, 1961) in Table 4. The agreement between the
two cyclopentene derivatives is quite good; the dif-
ferences in sign in the first two angles are not significant
since these signs merely designate whether C(3) is above
or below the plane of the other four atoms in the ring.

Table 4. Torsion angles in the cyclopentene ring (°)

For the four atoms listed, say C(1)-C(2)-C(3)-C(4), the
torsion angle is positive for a clockwise rotation about C(2)-
C(3) when viewed along the direction C(2) to C(3).

1,2-Cyclo-

pentenophen- Warshel

This work anthrene* (1974b)
C(1)-C(2)-C(3)-C4) —167 21 —-12-2
C(2)~-C(3)-C(4)-C(5) 163 —-19 77
C(1)~-C(5)-C(4)-C(3) —-9-9 -9 03
C(2)-C(1)-C(5)-C(4) —0-8 4 —8-8
C(3)-C(2)-C(1)-C(5) 11-2 16 131
C(6)-C(1)-C(5)-C(12) -17'5 -5 —13-6

* Entwistle & Iball (1961).

The angles C(1)-C(5)-C(12) and C(5)-C(1)-C(6) are
larger and the internal angles at C(1) and C(5) smaller
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than those expected for strict sp? hybridization at these
atoms [Fig. 1(b)]. A similar trend is observed in 1,2,3,4-
tetraphenylcyclopentadiene (Evrard er al., 1971), and
probably results primarily from constraints on the
atoms at the vertices due to their presence in the five-
membered ring as well as to a possible contribution
from steric factors between the two phenyl rings. Elec-
tron diffraction (Davis & Muecke, 1970) gave an angle
of 111-0°, nearly identical with that found here. The
two ‘short’ intramolecular distances are C(6)---C(12)
(3:19 A) and C(7)---C(17) (3-40 A). Analogous dis-
tances in cis-azobenzene are significantly shorter (2:79
and 3-35 A) undoubtedly due to the shorter double
bond in the bridge, but also suggesting that the role of
steric factors is secondary in the present case. Addi-
tional evidence comes from the results of the theoretical
calculations by Warshel (19745), in which the confor-
mation of the molecule is determined by a minimization
of the energy with respect to all coordinates, and the
corresponding distances are 3-17 A and 3-01 A, suggest-
ing that the contribution to the strain energy from the
C(7)- - -C(17) contact in this structure is probably quite
small.

The torsion angle C(6)-C(1)-C(5)-C(12) of —7-5°
agrees favourably with that found in cis-azobenzene 8°
(Mostad & Remming, 1971) as well as with that of the
theoretically calculated values of Warshel (1974a,b)
for cis-stilbene (—9°) but less so with Warshel’s value
for 1,2-diphenylcyclopentene (— 13-6°).

The packing is shown in Fig. 3. There are no unusu-
ally short intermolecular distances (Table 5) and the
packing appears to be due to only van der Waals
forces.

Table 5. Intermolecular distances (A)

Distances not greater than the following are given: H---H,
24A H--C,304,C--C,36A.

Symmetry operation

C(1)----- H(C10) 277 2—x y—% 1-z
C@2) - H(C10) 3-00 2—-x y— 1—z
CO):---- H(C14) 299 1-x 3+y -z
C(12)- -+ -H(C9) 2:99 x—1 y z
C(14) H(16) 3-00 1-x y—% -z
C(16)-- - -H(C3) 2-95 x y z—1
C(3)-----C(8) 3-59 x Yy l+z
H(C2)- - -H(CI13) 2-31 I-x t+y 1-z

It is a pleasure to acknowledge the computing as-
sistance of Dr D. Rabinovich and Mrs Z. Shaked of
the Weizmann Institute and the gift of the crystals by
Professor E. Fischer of the same Institute.
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