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H), 2.28-1.28 (m, 12.5 H), 1.60, 1.52 (two s, 3 H, methyl); 13C NMR 
(CDClj/75 MHz) a 141.8, 141.5, 139.9, 139.7, 120.9, 120.6, 115.3, 
114.6, 59.1, 38.8, 32.9, 32.6, 31.8, 31.2, 30.8, 29.9, 28.9, 28.4, 26.9, 26.8, 
26.4, 23.4, 21.4, 17.1, 12.7; IR (neat/NaCl) 3002, 2931, 2854, 1682, 
1456, 1447, 1380, 1234, 1209, 1173, 1136, 1092,991 cm"1; GCMS (PCI) 
m/e (rel intensity) 224 (M+, 1), 162 (7), 161 (25), 125 (9), 121 (6), 105 
(6), 93 (6), 85 (22), 81 (4), 76 (14), 75 (100), 73 (4), 59 (28); HRMS 
(EI) m/e calcd for C14H24O2 224.1776, found 224.1751. Anal. Calcd 
for C14H24O2: C, 75.00; H, 10.78. Found: C1 75.37; H, 11.04. 

l,7a-Bis(dimethoxymethyl)-l-methyloctahydro-lff-indene (15b). A 
50-mL, three-neck, round-bottom flask equipped with a platinum gauze 
anode, carbon rod cathode, and a nitrogen inlet was charged with a 
solution of 0.198 g (0.88 mmol) of bis enol ether 14b in 35 mL of a 2:8 
mixture of methanol/dichloromethane. To this solution was added 1.862 
g of lithium perchlorate and 0.316 mL (4.4 mmol) of 2,6-lutidine. The 
reaction was degassed by passing a stream of nitrogen through the so
lution and electrolyzed at a constant current of 13 mA until 175 C (2.2 
faradays) of charge had been passed and only a small amount of the 
starting material remained by TLC. The reaction was diluted with water 
and ether, and the aqueous layer was extracted with ether. The combined 
organic layers were dried over MgSO4, concentrated in vacuo, and 
chromatographed through 20 g of silica gel that was slurry-packed with 
10% ether/pentane containing 1% triethylamine. Gradient elution from 
10% ether/pentane to 40% ether/pentane afforded 0.112 g (44%) of the 
desired cyclized products. The desired products were contaminated with 
a small amount of aldehyde products arising from the hydrolysis of the 
acetals. Two diastereoisomers were separated. The major diastereoiso-
mer was found to be the /3 isomer (cis isomer with respect to the car-
boxaldehyde dimethoxy acetal substituents), which gave a 3% NOE 
enhancement of the acetal proton on the carbon attached to C1 when the 
acetal proton on the carbon attached to the bridgehead (C7a) was irra
diated. The other isomer did not exhibit this enhancement. The product 

Introduction 
(£)-Stilbene (1) is a well-known compound which has been 

extensively studied for a long time in various areas of chemistry, 
and much effort has been devoted to understanding its ground-
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was cis-fused across the bridgehead as suggested by the 1% enhancement 
on the methine proton attached to C3, when the same proton (as the one 
above) was irradiated in both isomers. The spectral data of the mixture 
of diastereoisomers (cis and trans about the five-membered ring) were 
as follows: a isomer 1H NMR (CDCl3/300 MHz) S 4.43 (s, 1 H, acetal 
proton), 4.27 (s, 1 H, acetal proton), 3.52, 3.49, 3.47, 3.46 (four s, 12 
H, methoxy protons), 2.57-2.45 (m, 1 H, methine proton), 1.99-1.20 (m, 
12 H), 0.96 (s, 3 H, methyl protons); 13C NMR (CDCl3/75 MHz) S 
112.8, 111.4, 58.7, 58.4, 57.8, 56.6, 54.6, 51.8, 35.6, 32.6, 25.9, 25.7, 24.1, 
22.8, 19.6, 17.3; /8 isomer 1H NMR (CDCl3/300 MHz) S 4.30 (s, 1 H, 
acetal proton), 4.12 (s, 1 H, acetal proton), 3.53, 3.52, 3.49, 3.44 (four 
s, 12 H, methoxy protons), 2.60-2.49 (m, 1 H, methine protn at C3a), 
1.95-1.20 (m, 12 H), 0.93 (s, 3 H, methyl protons); 13C NMR 
(CDCl3/75 MHz) S 113.0, 59.5, 59.4, 57.1, 56.6, 56.1, 51.2, 38.7, 31.2, 
27.2, 26.6, 26.3, 23.0, 20.3, 18.6; IR (neat/NaCl) a and /3 isomers 2928, 
2876, 1465, 1440, 1375, 1188, 1103, 1072, 969, 915 cm"1; GCMS (PCI) 
m/e (rel intensity) 285 (M+ - 1, 1), 253 (5), 224 (8), 223 (54), 221 (9), 
191 (12), 159 (9), 149 (9), 89 (7), 76 (11), 75 ((CH3O)2CH+, 100), 74 
(10), 61 (11); HRMS (EI) m/e calcd for Cj5H27O3 (M+ - OCH3) 
255.1960, found 255.1958. 
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and excited-state properties.1 The molecular geometry is, however, 
still not unambiguously established, because the ethylene bond 
was observed to be unusually short by X-ray diffraction.2"6 
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Abstract: Crystal structures of (£)-2,2'-dimethylstilbene (2), (£)-2,2',4,4'-tetramethylstilbene (3), (£)-2,2',5,5'-tetramethylstilbene 
(4), (£)-2,2',4,4',5,5'-hexamethylstilbene (5), and (£)-2,2',3,3'-tetramethylstilbene (6) were determined at several temperatures 
by X-ray diffraction. Analyses of these results and also of those reported for (£)-stilbene (1) and its related compounds revealed 
that the X-ray structures of compounds having the (£)-stilbene skeleton commonly show an unusually short bond length for 
the ethylene bond and a strong temperature dependence for the molecular structure. No sign confirming these anomalies 
could be detected in solution by NMR or UV spectroscopy. It is concluded that the short ethylene bond in the X-ray structures 
of these compounds is an artifact caused by dynamic averaging originating from the torsional vibration of the C-Ph bonds, 
during which the movement of the benzene rings is restrained to be a minimum. The observed temperature dependence of 
the ethylene bond length and angles and of the torsion angles of the C-Ph bonds is ascribed to the slight energy difference 
between the conformers, which interconvert by the torsional vibration. It has also been revealed that the rotational vibration 
of the benzene rings around the normal axes through Cl and Cl ' is a characteristic motion of (£)-stilbenes in the crystalline 
state. 
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Figure 1. Orientational disorder observed for I.5 

Similar phenomena were also observed in other compounds having 
the (£)-stilbene skeleton.7"1' Considering the findings of accurate 
X-ray analysis that subtle differences in bond length as large as 
0.02-0.03 A can be associated with differences in stereoelectronic 
effects and, in some cases, with a significant change in the chemical 
reactivity of organic molecules,12-14 the problem of the ethylene 
bond length in 1 and its related compounds is of great interest. 
We describe here the generality of the phenomena and their 
interpretation on the basis of a new model of dynamical disorder 
originating from the torsional vibrations of the C-Ph bonds. 

The crystal structure of the parent compound 1 was first de
termined by Robertson and Woodward in 1937 using a photo
graphic method.2 The molecular structure data were frequently 
used for theoretical and spectroscopic investigations. To obtain 
more accurate geometrical data, redeterminations of the crystal 
structure have been repeatedly carried out.3"* They reveal that 
there are two independent molecules lying at inversion centers 
in the unit cell and that one of them shows an orientational 
disorder. The molecules at the disordered site are approximately 
related to one another by a 180° rotation around their longest 
axes, as shown in Figure 1. Due to the disorder, the ethylene 
bond showed an apparent shrinking as large as 0.05 A. Similar 
phenomena were also found in azobenzenes and benzylidene-
anilines.7 

The ethylene bond at the nondisordered site of 1, however, 
showed a length of 1.313 (4)—1.326 (2) A at room temperature,3"5 
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Figure 2. Displacement PB = r - rcos $ « r02/2 caused by libration.16"18 

which is still shorter than the standard length of the ethylene bond 
(1.337 (6) A),15 but showed a nearly normal length of 1.341 (2) 
A at 113 K.6 The origin of this phenomenon has not yet been 
fully discussed. The shrinking of the ethylene bond without 
disorder was reported for many compounds having the (£)-stilbene 
skeleton.8"10 

The most remarkable example of such cases was found by 
Gandour and his collaborators.10 The observed length of the 
ethylene bond of (£')-2,2'-dimethylstilbene (2) in the crystalline 
state at room temperature was 1.284 (4) A, a value much shorter 
than expected for an isolated ethylene bond. 

We carried out independent X-ray diffraction measurements 
of 2 at 296 and 118 K.11 No disorder could be detected at either 
temperature from the final difference Fourier syntheses. The 
structure observed at 296 K was identical with the structure 
reported by Gandour's group. Although the structure observed 
at 118 K had the same crystal system as the 296 K structure, the 
molecular structure around the ethylene bond at 118 K was sig
nificantly different from the structure at room temperature. The 
length of the ethylene bond is 1.325 (2) A at 118 K, which is ca. 
0.05 A longer than that of the 296 K structure and is still sub
stantially shorter than the value expected for an ethylene bond 
conjugated with two benzene rings (1.353 A estimated by mo
lecular mechanics calculations). 

An apparent shrink of interatomic distances that does not 
originate from disorder has usually been explained by libration 
of the molecule regarded as a rigid body around an axis through 
the gravity center of the molecule (the rigid-body model).16"19 

According to this model, rotational oscillations of molecules cause 
the apparent atomic positions to be slightly displaced from the 
true positions toward the rotational axes. If the root-mean-square 
amplitude of libration around the axis is 4>, the radial displacement 
PB is given approximately by n/>2/2, where r is the distance of 
the atom from the axis (see Figure 2). If this model is applied 
to 2, the apparent shrinking of the ethylene bond is expected to 
be smaller than that of the distance between Cl and Cl', because 
the distance of Cl (Cl') from the axis which passes the center 
of the ethylene bond is larger than the distance of Ca (Q8) from 
the axis. The shrinking of the distance between Cl and Cl' was, 
however, not observed. The results for 2, therefore, cannot be 
explained by the rigid-body model. 

Another unusual feature of the observed molecular structure 
of 2 is the remarkable increase in the torsion angles of the C-Ph 
bonds with decreasing temperature (from 11.4° at 296 K to 18.0° 
at 118 K). Although the temperature dependence of torsion angles 
is known in other compounds,20 its magnitude in 2 is unusually 
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large for crystals which do not show phase transitions. 
To disclose the generality and the origin of the unusual features 

of the molecular structures of 1 and 2, the structures of 2 and 
a series of its related compounds, (£)-2,2',4,4'-tetramethylstilbene 
(3), (£)-2,2' ,5,5 '- tetramethylsti lbene (4), (£)-2,2 ' ,4,4 ' ,5,5 ' -
hexamethylstilbene (5), and (£)-2,2',3,3'-tetramethylstilbene (6), 
have been studied by X-ray crystallography and N M R and 
electronic absorption spectroscopy, and the literature data on 1 
and its related compounds have been examined. 

Experimental Section 
Melting points were determined on a hot-stage apparatus and are 

uncorrected. NMR spectra were recorded on a Varian EM-390 or JEOL 
GX-270 spectrometer. UV spectra were recorded on a JASCO Ubest-50 
spectrometer. For the low-temperature UV spectra, an Oxford Instru
ments liquid nitrogen cryostat DN1704 was used. Tetrahydrofuran 
(THF) was dried by distillation under argon from sodium. N1N-Di-
methyl[car6ony/-13C]formamide was purchased from MSD Isotopes. 
2,4-Dimethylbenzaldehyde, 2,4,5-trimethylbenzaldehyde, and 2,3-di-
methylbenzaldehyde were prepared according to the published proce
dure.21 The syntheses of (£)-2,2'-dimethylstilbene (2) (mp 81.0-82.0 
0 C from hexane) and (£")-2,2',5,5'-tetramethylstilbene (4) (mp 
161.0-162.0 0C from hexane) were previously reported.22 

Synthesis of (E)-2,2',4,4'-Tetramethylstilbene (3). Titanium tetra
chloride (4.27 g, 22.5 mmol) was added to stirred THF (150 mL) in a 
flask on an external ice bath. To the resulting turbid yellow mixture was 
added powdered zinc (2.94 g, 45 mmol), portionwise with stirring. After 
all of the zinc had been added, the cold bath was removed. To the 
solution was added a solution of 2,4-dimethylbenzaldehyde (2.01 g, 15 
mmol) in dry THF (10 mL). The resulting mixture was refluxed under 
nitrogen for 17 h. The reaction mixture was then allowed to slowly cool 
to room temperature. The reaction mixture was further cooled by ap
plication of an external ice bath, and the cooled solution was quenched 
via the gradual addition of a 10% aqueous sodium carbonate solution 
(100 mL, excess). The reaction mixture was extracted with diethyl ether 
(70 mL X 4). The combined ether layers were washed with brine (50 
mL X 3). The organic layer was dried (anhydrous magnesium sulfate) 
and filtered, and the filtrate was concentration in vacuo. The residue 
(2.17 g) was recrystallized from methanol (60 mL), affording 3 (1.17 g, 
66%) as colorless crystals, mp 109.0-109.5 0C (lit.23 mp 107 0C). 

The single crystals for the X-ray diffraction were obtained by the slow 
evaporation of the hexane solution at room temperature. 

(£)-2,2',4,4',5,5'-Hexamethylstilbene (5). The procedure was the 
same as for the preparation of 3 except that 2,4,5-trimethylbenzaldehyde 
was used instead of 2,4-dimethylbenzaldehyde: colorless crystals, mp 
168.5-169.5 "C. Anal. Calcd for C20H24: C, 90.85; H, 9.15. Found: 
C, 91.06; H, 8.91. The single crystals of 5 for the X-ray diffraction were 

(21) Dale, W. J.; Starr, L.; Strobel, C. W. J. Org. Chem. 1961, 26, 
2225-2227. 

(22) Kobayashi, T.; Suzuki, H.; Ogawa, K. Bull. Chem. Soc. Jpn. 1982, 
55, 1734-1738. 

(23) Saint-Ruf, G.; Buu-Hoi, N. P. Bull. Soc. Chim. Fr. 1970, 525-527. 

obtained by slow evaporation of the cyclohexane solution at room tem
perature. 

(£)-2,2',3,3'-Tetramethylstilbene (6) was prepared according to the 
same procedure as 3 except that 2,3-dimethylbenzaldehyde was used 
instead of 2,4-dimethylbenzaldehyde: colorless crystals, mp 144.0-145.0 
0C (lit.24 mp 144.1-144.8 0C). The single crystals of 6 for the X-ray 
diffraction were obtained by slow evaporation of the hexane solution at 
room temperature. 

(£)-2,2'-Dimethyl[a,/0-13C2]stilbene (13C-2). A solution of o-bromo-
toluene (1.28 g, 7.5 mmol) in THF (10 mL) was slowly added to mag
nesium turnings (0.27 g, 11 mmol) in THF (10 mL) under argon at 70 
0C. The mixture was stirred for 0.5 h and allowed to cool to room 
temperature with continuous stirring. To the solution was slowly added 
a solution of Ar,Ar-dimethyl[cari>o«>/-13C]formamide (0.50 g, 6.7 mmol) 
in THF (7 mL). The resulting mixture was stirred under argon for 16 
h. To the reaction mixture was added excess saturated aqueous ammo
nium chloride solution (30 mL). The solution was extracted three times 
with diethyl ether, and the combined organic layers were washed three 
times with brine, dried over anhydrous magnesium sulfate, and concen
trated in vacuo. The residue (0.56 g) was characterized as 2-methyl-
[car6o«y/-13C]benzaldehyde from NMR and IR spectra: 1H NMR (90 
MHz, CDCl3) & 10.16 (d, 1 H, V(13C, H)), 7.8-7.6 (m, 1 H), 7.5-6.9 
(m, 3 H), 2.61 (s, 3 H); IR (neat) 1662 cm"1 (1 3C=O). It was imme
diately used in the next reaction. By employing the same procedure that 
was used for the preparation of 3, 13C-2 (112 mg) was obtained as 
colorless crystals. 

(£)-2,2',5,5'-Tetramethyl[a,/0-13C2]stilbene (13C-4) was prepared by 
the same procedure as 13C-2 except that 2-bromo-p-xylene was used 
instead of o-bromotoluene. 

X-ray Crystallography. All diffraction measurements were made on 
a Rigaku AFC-5 diffractometer with graphite-monochromated Mo Ka 
radiation (X = 0.71073 A). A Rigaku cooling device was used except 
for the measurements at room temperature. For each set of measure
ments, the temperature was held constant within 2 K. The integrated 
intensities were collected in the 26-w scan mode with an a> rate of 3.0 deg 
min"1. The intensities were corrected for Lorentz and polarization effects 
but not for absorption. For the determination of unit cell dimensions, 
40-50 reflections in the range 20 < 20 < 30° were used. For the stucture 
analysis of 2, the starting parameters from the previous report were 
used." The other structures were solved by direct method with 
SHELXS-86.25 Structures were refined by the full-matrix least-squares 
method using the SHELXS-7626 or XTAL system.27 All of the hydro
gen atoms were located from difference maps. All of the carbon atoms 
were refined anisotropically. The function Sw(If0I - \FC\)2 was mini
mized, where w = [o2(F0) + ^F0

2]"1. Calculations of geometrical pa
rameters and drawings of ORTEP diagrams were performed by XTAL 
systems.28 Experimental data from the X-ray crystallography are sum
marized in Table I, while other procedure details, including unit cell 
dimensions, atomic coordinates, and anisotropic displacement parameters, 
are given in the supplementary material. 

Structure Analysis of 2 Using the Dynamical Disorder Model. The 
molecular structure of 2 was optimized as a free molecule by the mo
lecular mechanics calculations using the program MMP2.29 For this 
calculation, the averaged geometry observed at 298 K was used as the 
starting geometry. The optimized molecular structure (molecule A) was 
placed in the crystal at 298 K. The difference Fourier map calculated 
from this structure gave a skeleton of another molecule (molecule B), 
except for C4 and C5. The positions of C4 and C5 were determined by 
assuming that the benzene rings were hexagonal planar. The structures 
of both molecules were refined isotropically, fixing the site occupation 
factors at 0.60:0.40 and restraining the benzene rings to a hexagonal 
planar conformation. All of the hydrogen atoms were placed in geo
metrically idealized positions. Site occupation factors were then refined 
by an isotropic refinement in which the two molecules were treated as 
separate groups. The structure was further isotropically refined by fixing 
the site occupation factors for the refined values (0.44:0.56). For 129 
variables, R = 0.070, /?w = 0.071, g = 0.00003, and (A/V)mal = 0.379. 
All of the carbon atoms were then anisotropically refined, fixing all of 

(24) Carruthers, W.; Stewart, H. N. M. J. Chem. Soc, C 1967, 556-560. 
(25) Sheldrick, G. M. SHELXS-86; University of Gottingen: Gottingen, 

Germany, 1986. 
(26) Sheldrick, G. M. SHELXS-76; University of Cambridge: Cambridge, 

England, 1976. 
(27) Hall, S. R.; Sterwart, J. M. XTAL2.6, XTAL3.0; Universities of 

Western Australia and Maryland: Nedlands, Australia, and College Park, 
MD, 1989, 1990. 

(28) Johnson, C. K. ORTEP. Report ORNL3794; Oak Ridge National 
Laboratory: Oak Ridge, TN, 1965. 

(29) Allinger, N. L. MMP2 QCPE. 
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Figure 3. Stereoscopic views of the molecules of 2-6: a, 2 at 298 K; b, 3 at 292 K; c, 4 at 298 K; d, 5 at 298 K; e, 6 at 298 K. 

the atomic coordinates for the isotropically refined positions. For 113 
variables, R = 0.048, /?w = 0.044, g = 0.00005, and (A/ir)ml = 0.228. 

For the 118 K data, difference Fourier maps calculated from the 
MMP2 structure could not give the second molecule. However, the 
refinement using the coordinates of the disordered structure at 298 K 
could be successfully accomplished. The refined site occupation factors 
were 0.70:0.30. For the final isotropic refinement with 129 variables, R 
= 0.045, Rw = 0.054, g = 0.0001, and (A/<r)ma5 = 0.296. For the final 
anisotropic refinement with 113 variables, R = 0.037, R„ = 0.044, g = 
0.0001, and (A/<r)max = 0.127. 

13C NMR Spectra. 2 in CD2Cl2: (270 MHz) S 137.20 (Cl), 135.81 
(C2), 130.64 (C6), 128.35 (C5), 127.74 (C7), 125.50 (C4), 126.00 (C3), 
19.84 (Me). 4 in CD2Cl2: (270 MHz) 5 136.83 (Cl), 135.55 (C5), 
132.84 (C2), 130.38 (C3), 128.33 (C4), 128.09 (C7), 126.32 (C6), 21.07 
(Me), 19.47 (Me). 

Digital resolution of the 1H nondecoupled 13C NMR spectra of 13C-2 
and 13C-4 was 0.07 Hz. The spectra were analyzed by the programm 
DAISY.30 The final agreement factor for the calculated and the ob
served spectra of 13C-2 and 13C-4 were 2.2 and 1.3%, respectively. De
tailed data on the spectra are given in the supplementary material. 

(30) Hagele, G. 
1986,(5, 101. 

Engelhardt, M.; Beonigk, W. QCPE Bull. (QCPE518) 

Results and Discussion 
X-ray CrystaUographic Study. X-ray diffraction measurements 

of the crystals of 2-6 were carried out at several temperatures. 
Selected geometrical parameters are listed in Table II. Stere
oscopic views of the molecules are shown in Figure 3. 

All of the crystals belong to centrosymmetric space groups. The 
three structural isomers 3, 4, and 6 have nearly the same cell 
volume, as shown in Table I. Cell volume per molecule (K/Z) 
increases as the number of the methyl groups is increased. The 
cell volume increment per methyl group is about 20 A3. 

The unit cell volumes for all of the crystals decreased mono-
tonically as the temperature was lowered. All of the cell lengths 
decreased nearly isotropically except for 6, in which a increased 
as the temperature was lowered. All of the molecules are cen
trosymmetric except for the molecule of 6, which is asymmetric. 
In all cases, the structures were unambiguously determined and 
smoothly converged. The probability density function (pdf) el
lipsoids of any carbon atoms show no marked anomaly, and the 
final difference Fourier syntheses gave no residual atom. 

Features of the Observed Molecular Structures. The observed 
length of the ethylene bond Ca-C/3 (d) of 2-6 depends on the 



Molecular Structure of (E)-Stilbenes in Crystals J. Am. Chem. Soc, Vol. 114, No. 3, 1992 1045 

* 3 S 1 S, • 

'3?' 

-3?-

•g.1&, 

oo ^- ON 
CTv O O Vt ^ . . . 
( N f - ^ ( N ( S O O O 

— o t-
N M O ( N 
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Figure 4. Plot of d vs 8. The line represents the correlation between d 
and 8 calculated from the dynamical disorder model. 

51-
compounds and on the temperature, varying from 1.283 (3) to 
1.343 (2) A. At room temperature, the d value of 2 is the shortest 
1.283 (3) A) and the <f s of 5 and 6 are the longest (1.327 (2-3) 
). The d value for any of the compounds is always shorter than 

the standard length of an isolated C=C bond (1.337 (6) A) at 
room temperature, and it significantly increases as the temperature 
is lowered. At low temperature, the tf value of 2 (1.321 (2) A) 
is the shortest, and d for 4 is the longest (1.343 (2) A). It is to 
be noted that even at ca. 120 K, the d values are still shorter than 
those predicted by the molecular mechanics calculations using 
the program MMP2, which gave nearly identical values (1.353-4 
A) for the ethylene bonds of compounds 2-6. 

The length of the C-Ph bonds (average 1.473 A) and the 
distance between Cl and Cl' (average 3.878 A) are nearly the 
same for all of the compounds at all temperatures. The lengths 
of the other bonds are increased to a smaller extent than that of 
the ethylene bond upon lowering the temperature. Each of the 
C-C bond lengths observed at low temperature except the ethylene 
bond agrees with the corresponding values predicted by MMP2 
calculations within ±0.011 A. 

All of the observed C-C-C bond angles, except C/3-Ca-Cl 
and Ca-C/9-Cl', are normal and show marginal temperature 
dependence: The values observed at low temperature agree with 
the corresponding values predicted by the MMP2 calculations 
within ±1.1°. The magnitudes of angles QS-Ca-Cl and Ca-
Q8-C1' (0), in contrast, substantially deviate from the values 
predicted by the MMP2 calculations and show significant tem
perature dependence in all cases. They decrease as the temper
ature is lowered. The correlations between d and 6 are approx
imately linear for all of the compounds except 6 in the observed 
temperature range, as shown in Figure 4: the smaller d is, the 
larger 8 is. 

The magnitudes of the observed torsion angles of CfS-Ca-
C1-C6 and Ca-C/3-Cr-C6' (w's) strongly depend on the com
pounds and the temperature, varying from 11.7 (3)" to 40.2 (2)° 
in absolute values. Two compounds, 4 and 5, give nearly identical 
|w|'s of ca. 25°, which is nearly equal to the value obtained from 
the MMP2 calculations. Two other compounds, 2 and 3, show 
|o>|'s much smaller than those of 4 and 5. For 2-5, the |w| values 
increase as the temperature is lowered. The largest and the 
smallest increase in \a>\ are for 2 (6.3° from 298 to 118 K) and 
for 4 (1.3° from 298 to 123 K), respectively. 

The molecular structure of 6 is asymmetric and has two |a>|'s 
of ca. 25° and ca. 40°. Since the two |co| values have the same 
sign, the molecular structure of 6 has a pseudo C2 symmetry with 
a C2 axis perpendicular to the ethylene plane. The larger of the 



1046 J. Am. Chem. Soc, Vol. 114, No. 3, 1992 Ogawa et al. 

Table II. Selected Geometrical Parameters for 1-6 

compd origin T (K) 
distance (A) 

Ca-C/3 

distance (A) 
Cl-Ca 
cr-qs 

bond angle (deg) 
Cl-Ca-CiS 
Cl'-C/8-Ca 

torsion angle (deg) 
C6-C1-Ca-C/3 
C6'-C1'-QS-Ca 

distance (A) 
C l -Cl ' 

distance (A) 
H/3-H6 
Ha-H6' 

distance (A) 
Ha-H(8) 
H/S-H(8') 

2 

3 

4 

5 

6 

1 

X-ray 

MMP2 
X-ray 

MMP2 
X-ray 

MMP2 
X-ray 
MMP2 
X-ray 

MMP2 i 

X-ray 

MMP2 

298 
234 
175 
118" 

321 
292 
207 
123 

298 
123 

298 

298 

121 

rtc 

295' 
113" 

1.283 (3) 
1.300(2) 
1.310(2) 
1.321 (2) 
1.353 
1.307(4) 
1.314(5) 
1.320 (4) 
1.330 (3) 
1.354 
1.322 (3) 
1.343 (2) 
1.354 
1.327 (3) 
1.354 
1.326 (2) 

1.342(1) 

1.353 
1.318 (5) 
1.326 (3) 
1.341 (2) 
1.356 

1.473 (2) 
1.474 (2) 
1.472 (2) 
1.474 (1) 
1.478 
1.470 (3) 
1.469 (3) 
1.471 (3) 
1.469 (2) 
1.476 
1.475 (2) 
1.472 (1) 
1.477 
1.470 (2) 
1.477 
1.477 (2) 
1.476(2) 
1.479(1) 
1.479 (1) 
1.478 
1.469 (4) 
1.471 (2) 
1.471 (2) 
1.474 

128.3 (1) 
127.3 (1) 
127.0(1) 
126.4 (1) 
124.9 
127.7 (2) 
127.5 (2) 
126.8 (2) 
126.3 (1) 
124.9 
126.3 (2) 
125.1 (1) 
124.8 
126.3 (2) 
125.1 
126.3 (1) 
124.8 (1) 
125.40 (9) 
123.88 (9) 
124.5 
126.7 (3) 
126.7 (2) 
126.0 (1) 
126.1 

±11.7 (3) 
±13.6 (2) 
±15.4 (2) 
±18.0 (2) 
±25.6 
±13.6 (4) 
±13.5 (4) 
±15.1 (3) 
±15.7 (2) 
±25.8 
±25.9 (2) 
±27.6 (1) 
±26.0 
±25.0 (3) 
±25.6 

25.3 (2) 
40.2 (2) 
28.4 (1) 
40.0 (1) 
30.8 

±5.0 (3) 
±5.3 (2) 
±6.6 (1) 
±0.3 

3.876 (3) 
3.876 (2) 
3.877 (2) 
3.880 (2) 
3.890 
3.880 (4) 
3.881 (5) 
3.880 (4) 
3.877 (3) 
3.888 
3.883 (3) 
3.876 (2) 
3.889 
3.876 (2) 
3.892 
3.876 (2) 

3.881 (2) 

3.886 
3.872 (5) 
3.878 (3) 
3.884 (2) 
3.905 

2.20 (3) 
2.17 (2) 
2.18 (2) 
2.20 (2) 
2.18 
2.16 (3) 
2.19 (3) 
2.17 (3) 
2.20 (3) 
2.19 
2.32 (3) 
2.27 (2) 
2.18 
2.28 (2) 
2.28 
2.25 (2) 
2.42 (3) 
2.13 (2) 
2.44 (2) 
2.23 

2.12 

2.33 (3) 
2.33 (2) 
2.33 (2) 
2.29 (2) 
2.43 
2.36 (4) 
2.36 (4) 
2.38 (3) 
2.38 (3) 
2.43 
2.48 (3) 
2.41 (2) 
2.43 
2.49 (3) 
2.49 
2.16 (3) 
2.31 (3) 
2.16 (2) 
2.23 (2) 
2.35 

" Refined using the diffraction data of ref 11. b C1 symmetry was assumed. c Room temperature; ref 3. 'References. 'Reference 6. 

Table III. Selected Geometrical Parameters for 2 Calculated from the Disorder Model 

population" (%) 
distance (A) 

Ca-C/3 
distance (A) 

Cl-Ca 
bond angle (deg) 

Cl-Ca-C/3 
torsion angle (deg) 

C6-Cl-Ca-Q3 
distance (A) 

C l -Cl ' 
65 
70 
75 
80 
85 
90 
95 

100 

1.281 
1.287 
1.294 
1.303 
1.313 
1.325 
1.338 
1.353 

1.476 
1.477 
1.477 
1.477 
1.477 
1.477 
1.477 
1.478 

128.1 
127.8 
127.5 
127.1 
126.6 
126.1 
125.5 
124.9 

8.9 
11.8 
14.7 
17.5 
20.3 
22.9 
25.5 
28.0 

3.877 
3.878 
3.879 
3.881 
3.883 
3.885 
3.887 
3.890 

"Population of 2+. The sum of the populations of 2+ and 2- amounts to 100%. 

|o>| values of 6, 40°, is remarkably larger than those of the other 
compounds, suggesting a buttressing effect31 caused by the methyl 
groups on the meta carbons. This tendency was reproduced by 
the MMP2 calculations (30.8°). The temperature dependence 
of the |o)|'s of 6 is different from that of the others. While one 
of the |a>|'s increases from 25.3 to 28.4°, the other remains almost 
constant with a temperature decrease from 298 to 121 K. 

The nonbonding distance between the hydrogen atom on C/S 
(denoted as H/3) and the hydrogen atom on C6 (denoted as H6) 
is shorter than or approximately equal to the sum of the van der 
Waals radii.32 The distance between Ha and a hydrogen atom 
of the methyl group on C2 is also shorter than or approximately 
equal to the sum of the van der Waals radii and is always longer 
than the distance between H/3 and H6, except for 6. 

Dynamical Disorder Model. The features of the observed 
molecular geometry (the shortening of the ethylene bond, the 
enlarging of the ethylene bond angle, and the flattering of the 
molecule) could not be explained in a chemically and physically 
reasonable way if it were regarded as the "true" molecular ge
ometry. 

A careful inspection of the orientation of the pdf ellipsoids of 
the ethylene carbons of 2 reveals that their longest axes are nearly 
perpendicular to the molecular plane (see Figure 3). This ob
servation suggests that there would be an unresolved disorder 

(31) Eliel, E. R. Stereochemistry of Carbon Compounds; McGraw-Hill, 
Inc.: New York, 1962; Chapter 6. Theilacker, W.; Bohm, H. Angew. Chem., 
Int. Ed. Engl. 1967,6, 251. 

(32) C. 1.70; H, 1.20 A: Bondi, A. J. Phys. Chem. 1954, 68, 441-451. 
(33) Tirado-Rives, J.; Blake, J. MindTool; Yale University: New Haven, 

CT, 1990. 

Figure 5. Stereo picture of the disorder model for 2, drawn by the 
program MindTool.33 

which does not show strong residual peaks in the difference density 
maps and/or vibrations in the direction nearly perpendicular to 
the molecular plane. Such a disorder and/or vibrations can be 
most readily caused by the torsional vibration of the C-Ph bonds, 
during which the orientations of the benzene rings to the crystal 
lattice do not change but those of the ethylene unit do. In other 
words, the movement of the benzene rings is restrained to be as 
small as possible in the torsional vibration. Such a torsion motion 
causes an interconversion between enantiomeric conformers for 
the centrosymmetric molecules, 2-5. The enantiomeric conformers 
must have the same energy as free molecules, but this is not 
necessary in the crystalline state. The observed crystal structure 
would be an average of both conformers with temperature-de-
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Figure 6. ORTEP drawing of the averaged structure of 2 at 118 K. 

pendent, unequal site occupation factors. 
Figure 5 shows a stereo picture of a superposition of enan

tiomeric conformers of 2 designated as 2+ and 2-, whose structures 
are assumed to be "true". The torsion angles of Q3-Ca-Cl-C6 
and Ca-QS-C l'-C6' in 2+, of which the geometry was optimized 
by the MMP2 calculations, were set at +28° and -28°, respec
tively. The corresponding torsion angles of 2- are -28° and +28°, 
respectively. The two conformers are interrelated by reflection 
with the plane which is parallel with the benzene rings and passes 
the center of the ethylene bond.34 Table III shows the averaged 
geometry of these conformers with various site occupation factors. 

Figure 5 and Table III reproduce well the features of the 
observed molecular geometry and of the orientation of pdf el
lipsoids. All of the corresponding C-C bonds parallel or nearly 
parallel each other, except the ethylene bonds which cross each 
other at the center of the bond. All of the C-C bond lengths and 
C-C-C bond angles of the averaged structure are, therefore, equal 
or nearly equal to the corresponding ones of the true structure, 
except the bond length of Ca-Cp and bond angles of QS-Ca-Cl 
and Co-QS-Cl'. The bond length Ca-QS and angles C/3-Co-Cl 
and Ca-QS-Cl' of the averaged stucture are substantially shorter 
and larger than the corresponding ones of the true structure, 
respectively. The distance between Cl and Cl' of the averaged 
structure is slightly shorter than that of the true structure. The 
torsion angles QS-Ca-C 1-C6 and Co-QS-C l'-C6' of the av
eraged structure are 0° if the two true structures have equal site 
occupation factors but deviate from 0° for unequal site occupation 
factors. 

According to this model, the pdf ellipsoids of all of the carbon 
atoms would have orientations in which the longest axes are nearly 
perpendicular to the molecular plane. Since the separation be
tween the corresponding ethylene carbons (ca. 0.45 A) is slightly 
larger than that of the other carbon atoms (ca. 0.33 A), the 
mean-square displacement amplitude (MSDA) of Ca in this 
direction would be accordingly larger than that of other carbon 
atoms and that of the hydrogen atom on Ca would be still larger. 
These features are in fair agreement with the observed ones (see 
Figures 3a and 6). 

The above discussions were confirmed by the successful re
finement of the crystallographic data of 2 using the disorder model. 
Thus, the difference Fourier maps obtained after locating the 
MMP2 structure (molecule A) in the crystal gave the second 
molecule (molecule B) for 298 K data. The crystal structure at 
118 K could also be refined using the disordered structure at 298 
K, although the second molecule could not be located by difference 
Fourier syntheses. The site occupation factors changed by ca. 
26% with the temperature decrease from 298 to 118 K. Figure 
7 clearly shows that the results are in essential agreement with 
the results obtained from the calculated disorder model. 

The temperature dependence of the site occupation factors was 
roughly estimated by the comparison of the averaged observed 
geometries at different temperatures (Table II) with the geometries 
obtained from the calculated disorder model (Table III). Thus, 
the ratio 2+:2- is approximately equal to 0.65:0.35 at 298 K, 
0.80:0.20 at 234 K, 0.85:0.15 at 175 K, and 0.90:0.10 at 118 K. 

(34) The geometry of the averaged structure is very sensitive to the values 
of torsion angles C^-Ca-C 1-C6 and Ca-C/3-Cl'-C6'. The use of values 
±28° best reproduced the observed geometry. 

Figure 7. Composite view of the disordered molecules of 2 at 298 K. 

Table IV. IZ0, Values of the Carbon Atoms of the (£)-Stilbene Skeleton 

compd 

2 

3 

4 

5 
6 

T 
(K) 
118 
298 
123 
321 
123 
298 
298 
121 

298 

Cl 
Cl' 

0.0193 
0.0519 
0.0175 
0.050 
0.0117 
0.0317 
0.0399 
0.0141 
0.0148 
0.0396 
0.0406 

C2 
C2' 

0.0181 
0.0509 
0.0167 
0.050 
0.0123 
0.0337 
0.0420 
0.0148 
0.0147 
0.0413 
0.0412 

C3 
C3' 

0.0209 
0.0610 
0.0192 
0.058 
0.0151 
0.0426 
0.0468 
0.0153 
0.0152 
0.0449 
0.0440 

Vn 

C4 
C4' 

0.0243 
0.0718 
0.0199 
0.058 
0.0152 
0.0429 
0.0462 
0.0167 
0.0176 
0.0496 
0.0498 

C5 
C5' 

0.0245 
0.0732 
0.0201 
0.063 
0.0129 
0.0359 
0.0435 
0.0181 
0.0192 
0.0519 
0.0545 

C6 
C6' 

0.0230 
0.0644 
0.0198 
0.059 
0.0131 
0.0353 
0.0441 
0.0166 
0.0178 
0.0472 
0.0494 

Ca 
QJ 

0.0254 
0.0638 
0.0197 
0.059 
0.0131 
0.0361 
0.0438 
0.0158 
0.0167 
0.0434 
0.0456 

From these data, the enthalpy difference between the enantiomers 
is estimated to be ca. 0.6 kcal rnol"1 in the crystals. A variation 
in the observed geometry with a change of temperature, i.e., that 
of the site occupation factor, was completely reversible. The energy 
barrier for the interconversion between the enantiomers would 
not be much higher than the barrier for the free molecule, which 
was estimated as ca. 0.7 kcal mo!"1 by the MMP2 calculations. 
In addition, all of the pdf ellipsoids become distinctly smaller with 
decreasing temperature, as clearly seen from Figures 3a and 6 
and Table IV. It is therefore concluded that the disorder mainly 
originates from the torsional vibration of the C-Ph bonds. 

The calculated disorder model approximately reproduces the 
observed averaged geometries not only of 2 but also of 3-5 at 
various temperatures (see Tables II and III and Figure 4). 
Therefore, the true geometry around the ethylene unit of 2-5 could 
be inferred to be nearly equal to the MMP2 geometry, which is 
nearly the same for these compounds. Thus, in the true geometry 
of 2-5, the bond length of Ca-QS would be ca. 1.35 A, bond angles 
C/S-Ca-Cl and Co-QS-Cl' would be 125°, and torsion angles 
Q8-Ca-Cl-C6 and Ca-QS-Cl'-C6' would be ca. 28° and -28°, 
respectively. 

The disorder model does not hold for 6 because its observed 
structure has a pseudo-C2 symmetry. The results for 6 can be 
explained by the following model. If the true torsion angles 
QS-Co-Cl-C6 and Co-C1S-Cl'-C6' of 6 are tentatively assumed 
to be 20° and 45°, respectively, then a conformer with 45° and 
20° must have the same energy as a free molecule, but this is not 
necessary for the crystal. The observed crystal structure would 
be an average of both conformers with temperature-dependent, 
unequal site occupation factors. Figure 8 shows a stereo picture 
of a superposition of both conformers. According to this model, 
the averaged structure has a shortened Ca-C(S bond and widened 
QS-Ca-Cl and Ca-QS-Cl' angles, and the resulting pdf ellip
soids of the carbon atoms have orientations similar to the observed 
ones. One of the torsion angles in the averaged structure increases 
and the other decreases with variation of the site occupation 
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Table V. Matrix of A Values (pm2) for 2 at 118 K" 
atom 
Cl 
C2 
C3 
C4 
C5 
C6 
Ca 
C8 

C8' 
47 
35 
45 
29 

-23 
25 
15 
0 

C1S 
15 
6 
9 
8 

-35 
-35 

0 
-15 

C6' 
43 
28 
32 
54 
16 , -

35 
-25 

C5' 
44 
51 
50 
5 6 -

-—t) 
-16 

35 
23 

C4' 
-1 
-4 
- 3 _ -

- - ^ 0 
-56 
-54 

-8 
-29 

C3' 
7 

-I^ 
- - ^ 0 

3 
-50 
-32 

-9 
-45 

C2' 

JJ-"' 
-"-""o 

7 
4 

-51 
-28 

-6 
-35 

C l ' 
- - " 0 

-13 
-7 

1 
-44 
-43 
-15 
-47 

C8 
-5 
-2 

-14 
-2 
11 
-2 

9 

Ca 
6 
2 
3 

14 
-11 
-29 

C6 
3 

-3 
-4 

2 
- 4 ^ -

C5 
-6 

-14 
-3 

6 ^ 

C4 
-8 
-9 
- L ^ -

C3 
6 
4^-

C2 
3 ^ — " " 

" Each A value is the MSDA for the atom at the head of column minus the MSDA for the atom at the left end of the row, each MSDA being 
measured along the vector between the atoms (see eq 1). For triangles A (right) and B (left), see the text. 

Table VI. Root-Mean-Square A Values for the Benzene Rings 
(Column A) and for the Interaction of Different Rings in the 
Molecule (Column B) 

Figure 8. Stereo picture of the disorder model for 6. 

factors. Thus, the disorder model qualitatively reproduces the 
observed results. 

This disorder must also originate from the torsional vibration 
of the C-Ph bonds, during which the movement of the benzene 
rings is restrained to a minimum. The planar conformation is 
not passed through in the torsional vibration of 6, in sharp contrast 
with that of 2-5. 

ADP Analyses. Evidence for a large amplitude relative motion 
of the two benzene rings in a molecule is also given by the ADP 
analyses using the program THMAl 1.35 When z\ B is the MSDA 
of atom A in the direction of atom B and z\A is the MSDA of 
atom B in the direction of atom A, the difference between the 
two quantities as expressed in eq 1 serves as a good criterion for 
the rigidity of subgroups in a molecule.12,19 For atoms in a 

A = z\ B - ZB,A (D 

perfectly rigid grouping, A must be zero. The relative motion of 
the subgroups is suggested by the large deviations from zero of 
some of the intergroup A values. 

Table V shows A values calculated for 2 at 118 K. The triangle 
labeled A contains A values corresponding to the interaction of 
the atoms within a benzene ring. The triangle labeled B contains 
A values corresponding to the interaction of the atoms of different 
rings. The root-mean-square of the A values for triangle A is 6.0 
pm2, which is much smaller than 33.9 pm2 for triangle B, where 
1 pm = 0.01 A. According to Hirshfeld, in pairs of bonded atoms 
the A's should be smaller than 10 pm2 for C-C bonds in organic 
molecules.36 The benzene rings are, therefore, essentially rigid, 
and there is significant motion between different rings in a 
molecule. Essentially the same results were obtained for all of 
the other crystals, as shown in Table VI. 

It is to be noted that some benzene ring carbon atoms show 
the typical pattern of the ellipsoid orientations, which indicates 

(35) Trueblood, K. N. Acta Crystallogr. 1978, A34, 950-954. THMAU 
K. N. Trueblood, University of California, Los Angeles, 1988. 

(36) Hirshfeld, F. A. Acta Crystallogr. 1976, A32, 239-244. 
(37) Arrieta, J. M.; Lete, E.; Dominguez, E.; Germain, G.; Declerq, J. P.; 

Amig5, J. M. Acta Crystallogr. 1982, B38, 3155-3157. 
(38) Durant, F.; Lefevre, F.; Bufkens, F.; Norberg, B.; Evrard, G. Cryst. 

Struct. Commun. 1982, //, 1925-1932. 
(39) Verbruggen, M.; Zhou, Y.; Lenstra, A. T. H.; Giese, H. J. Acta 

Crystallogr. 1988, C44, 2120-2123. 

Table VII. 

:ompd 

2 
3 
4 
5 
6 

7-(K) 

118 
123 
123 
298 
121 

rms of A 

A 

6.0 
8.1 
4.5 
8.1 
4.3 
3.6 

(pm2) 

B 

33.9 
17.4 
14.0 
37.2 
21.7 
13.7 

Results of ADP Analyses for the Rotational Vibration of 
the Benzene Rings around Their Axes through Cl and C l ' 

compd 

2 

3 

4 

5 
6 

T(K) 

118 
175 
234 
298 
123 
207 
292 
321 
118 
298 
298 
123 

298 

R" 

0.123 
0.124 
0.116 
0.099 
0.118 
0.118 
0.103 
0.098 
0.076 
0.085 
0.094 
0.068 

0.076 

<02> (deg2) 

5.4 (2.8) 
7.1 (4.0) 
9.0 (5.2) 

12.3 (6.6) 
5.5 (2.3) 
9.2 (4.0) 

14.8 (5.3) 
16.7 (5.7) 
2.8 (0.7) 
8.1 (2.2) 

12.1 (4.0) 
3.9 (0.6) 
4.2 (0.6) 
9.6 (1.9) 

12.2 (1.9) 

v (cm~!) 

73 (15) 
76 (16) 
68 (14) 
76 (15) 
56(9) 
56(9) 
52(7) 
51(7) 
82(9) 
47(5) 
51 (28) 
69(5) 
67(5) 
69(6) 
61(4) 

'R = [E(AiWVLW 211/2 

Table VIII. Ethylene Bond Lengths and Isotropic Displacement 
Parameters 

compd 

1 
7 
8 
9 

10 

distance 
(A) 

Ca-QJ 

1.341 (2) 
1.320 (4) 
1.313 (9) 
1.325 (8) 
1.315 (3) 

isotropic displacement parameters (A2) 

quantity Cl Ca QS 
1AE?-!t/« 00139 0.0160 
B^ 3.54 3.86 4.05 
B^ 2.96 3.28 3.36 
U^ 0.0422 0.0472 0.0491 
B^ 3.26 4.09 4.18 

Cl ' 

3.47 
3.43 
0.0457 
4.03 

ref 

6 
8 

37 
38 
39 

the additional motion in the tangential directions of the benzene 
rings. It also deserves attention that the U^ value of Cl and Cl ' 
is nearly the smallest of all of the carbon atoms (Table IV). £/«, 
of Ca, the carbon atom closest to the center of the molecule, is 
larger than that of Cl and Cl ' . In view of these facts, rotational 
vibrations of the benzene rings around their normal axes through 
Cl and C l ' are assumed. The THMAl 1 calculations using this 
model in which the benzene rings are treated at "attached rigid 
groups" best reproduced the observed ADP's for all of the cases, 
as shown in Table VII. The mean-square librational amplitudes 
(<j>2) are essentially the same for all of the molecules at a given 
temperature and increase with raising the temperature. The 
estimated vibration frequencies are in the range 42 (5)-82 (9) 
cm"1, which is at least of the correct order of magnitude, because 
this vibration involves only the bending of bond angles C a - C l -
C6(C2) and C|3-C1'-C6'(C2'). This vibration model qualitatively 
reproduces the slight increase in the benzene ring bond lengths 
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and the little change in the C-Ph bond lengths of the observed 
averaged geometry with decreasing temperature for all of the 
compounds. 

Discussions on 1 and Other Compounds. As shown in Table 
II, the observed molecular structure of 1 at the "nondisordered" 
site has geometrical features similar to 2-5: a short ethylene bond 
and large QS-Co-Cl and Ca-QS-Cl' bond angles. The ethylene 
bond length increases, the bond angles CjS-Ca-Cl and Ca-C/S-
Cl ' decrease, and the torsion angles QS-Ca-C 1-C6 and C a -
C/S-C1'-C6' increase with decreasing temperature. The length 
of the C-Ph bonds and the distance between Cl and C l ' atoms 
are almost unchanged as the temperature is lowered. The longest 
axes of the pdf ellipsoid of all of the carbon atoms are nearly 
perpendicular to the molecular plane.5 The isotropic displacement 
parameter of Cl (Cl') is the smallest in the molecule (Table VIII). 
It is therefore concluded that a dynamical disorder similar to that 
in 2-5 is hidden at the "nondisordered site" of 1 and that a 
rotational vibration of the benzene rings around their normal axes 
through Cl and C l ' also takes place. Thus, in the true geometry 
of 1 in the crystalline state, the ethylene bond length would be 
ca. 1.35 A, and the absolute magnitude of torsion angles QS-
Ca-C 1-C6 and Ca-QS-C 1'-C6' would certainly be larger than 
6.6°. 

A similar trend in the ethylene bond length and the isotropic 
displacement parameters as observed for 1-6 is also seen in other 
compounds having the (£)-stilbene skeleton such as 7-10, for 
which such an orientational disorder as observed for 1 is not 
reported (see Table VIII). Therefore, the shortened ethylene bond 

'OCH3 

Table IX. Values of s Character and 'Z of the Ethylene Carbon in 2 
and 4 Calculated from the X-ray Geometries 

CH3O OCH3 

CH3O-H^ J 

CH3O' '0CH3 

in these compounds may be an artifact caused by the dynamic 
averaging due to the torsional vibration of the C-Ph bonds, and 
the rotational vibration of the benzene rings around their normal 
axes through Cl and C l ' must take place in all of the cases. 

Our conclusion seems to be consistent with the results of the 
spectroscopic studies of 1. It was reported that the vibrational 
frequency of the ethylene bond stretching, which is closely cor
related with the ir bond order, was 1641 cm"1 and independent 
of the temperature in the crystalline state.40 It hardly depends 
on phase (mixed crystal,41,42 single crystal,40 powder,43 melt,40 

solution,40 and gas44"46). Thus, the equilibrium length of the 

(40) Edelson, M.; Bree, A. Chem. Phys. Lett. 1976, 41, 562-564. Bree, 
A.; Edelson, M. Chem. Phys. 1980, 51, 77-88. 

(41) Dyck, R. H.; McClure, D. S. J. Chem. Phys. 1962, 36, 2326-2345. 
(42) Warshel, A. J. Chem. Phys. 1975, 62, 214-221. 
(43) Meic, Z.; Gusten, H. Spectrochim. Acta Part A 1978, 34, 101. 
(44) Syage, J. A.; Felker, P. M.; Zewail, A. H. J. Chem. Phys. 1984, 81, 

4685-4705. 
(45) Suzuki, T.; Mikami, N.; Ito, M. J. Phys. Chem. 1986, 90, 6431-6440. 

Ito, M. J. Phys. Chem. 1987, 91, 517-526. 
(46) Urano, T.; Maegawa, M.; Yamanouchi, K.; Tsuchiya, S. J. Phys. 

Chem. 1989, 93, 3459-3465. 

s character of ^1" 
s character of ^2

4 

s character of ^ / 
'Z(Ca,Q3) (Hz) 
V(Ca1Ha) (Hz) 

2 (298 K) 

0.4034 
0.3623 
0.2324 

79.74 
114.07 

4 (298 K) 

0.4089 
0.3363 
0.2548 

73.23 
126.84 

"Orbital ^1 is the carbon hybrid orbital which is involved in the 
formation of the Ca-C/S bond. 'Orbital i/»2 is the carbon hybrid orbital 
which is involved in the formation of the Ca-Cl bond. 'Orbital \p3 is 
the carbon hybrid orbital which is involved in the formation of the 
Ca-Ha bond. 

Table X. Coupling Constants0 of the Ethylene Carbons in 13C-2, 
13C-4, and 13C-I 

3C-2* i 3 C . 4 i 13Cl 
'/(Co1C(S) 
1Z(Ca1Ha) 
2Z(Ca1H(S) 
3/(Ca,H6) 

72.9 
152.2 

(±)2.1 
(±)3.4 

72.6 
151.9 

(±)2.0 
(±)3.5 

72.9C 

151.8'' 

0In hertz. 'Uncertainty is 0.2 Hz. 'Reference 56. dReference 57. 

ethylene bond of 1 does not depend on temperature and phase. 
It was also pointed out by Edelson and Bree that the torsional 
mode of the C-Ph bonds is anharmonic due to intermolecular 
interactions.40 Ito and his collaborators revealed that the potential 
of the out-of-phase torsion of the two C-Ph bonds is very an
harmonic and has a flat bottom.45 The amplitude of the torsional 
mode was estimated to be as large as 20° even in the zero-point 
level. Vibrational analyses of 2-6 must await further investiga
tions. 

NMR Study. It was confirmed by NMR and UV spectroscopy 
that there is no sign that indicates the unusually short length of 
the ethylene bond and the temperature dependence of the mo
lecular geometry of 2-6 in solution as well as of 1. 

The carbon-carbon bond coupling constant ' / (C1 C) in the 
hydrocarbons strongly depends on the hybridization of the atomic 
orbitals of each of the two carbon atoms involved47"51 and is 
roughly linear in relation to the interatomic distance.50 It increases 
as the s character of the hybrid orbitals that form the C-C bond 
increases or the interatomic distance decreases. For example, the 
following empirical equation was reported:52 

' . / ( C A C B ) / H z = -167rA B /A + 294 (2) 

where rAB is the distance between the two carbon atoms CA and 
CB. 

Similarly, the carbon-hydrogen bond coupling constant ' / (C, 
H) is sensitive to the hybridization of the atomic orbitals of the 
carbon atoms involved. It increases as the s character of the 
relevant hybrid orbital of the carbon atom increases. For example, 
the following empirical equation was reported:53 

' / (C, H ) / H z = 570J - 18.4 (3) 

where s is the s character of the relevant carbon hydrid orbital. 
If d and 8 of 2-5 in solution depend on the temperature and 

the compound as observed for crystals, the values of '/(Ca,C/3) 
and ' /(Ca,Ha) would reflect the corresponding geometry around 
Ca in the crystalline state. There would be a significant difference 
in '/(Ca,QS) and ' / (Ca.Ha) between 2 and 4, since there are 
substantial differences in d and 8 between 2 and 4. For the 

(47) Kalinowski, H.-O.; Berger, S.; Braun, S. Carbon-13 NMR Spec
troscopy; John Wiley and Sons: New York, 1988. 

(48) Breitmaier, E.; Voelter, W. 13C NMR Spectroscopy, 2nd ed.; Verlag 
Chemie: Weinheim, Germany, 1978. 

(49) Wehrli, F. W.; Marchand, A. P.; Wehrli, S. Interpretation of Car
bon-13 NMR Spectra, 2nd ed.; John Wiley & Sons: New York, 1988. 

(50) Krividin, L. B.; Kalabin, G. A. Russ. Chem. Rev. 1988, 57, 1-16. 
(51) Marshall, J. L. Carbon-Carbon and Carbon-Proton NMR Couplings; 

Verlag Chemie International: Deerfield Beach, FL, 1983. 
(52) Gunther, H.; Herrig, W. Chem. Ber. 1973, 106, 3938-3950. 
(53) Newton, D. M.; Schulman, J. M.; Manus, M. M. J. Am. Chem. Soc. 

1974,9(5, 17-23. 
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Figure 9. Electronic absorption spectra of 2-6 in 3-methylpentane solution. Solid and broken lines represent the spectra at 298 and at 77 K, respectively. 

geometries of 2 and 4 at 298 K, the ' / values were estimated by 
the use of eq 2 and 3, and the s character was calculated from 
the bond angles of Ca, as shown in Table IX.54 Although the 
calculated 1J values are only rough estimates, they show that the 
difference in '/(Ca,C/3) between 2 and 4 at room temperature 
would amount to ca. 7 Hz and that of '/(Ca1Ha) ca. 13 Hz. 

The proton nondecoupled 13C NMR spectra of the ethylene 
carbons of (£>2,2'-dimethyl[a,/S-13C2]stilbene (13C-2) and 
(£)-2,2',5,5'-tetramethyl[a,^-13C2]stilbene (13C-4) were mea
sured55 and successfully analyzed by assuming the 
AA'XX'YY'spin system, where Ca corresponds to A; C/3, A'; Ha, 
X; H/3, X'; H6, Y; H6', Y'. The results are shown together with 
the literature data for (£)-[a,/3-13C2]stilbene (13C-I)56"58 in Table 

(54) The bond angles of Cl-Ca-Ha and C0-Ca-Ha of 2 were 114.5 ± 
1.3 and 116.9 ± 1.3° in crystals at 298 K, respectively. Those of 4 were 114.6 
± 1.2 and 119.1 ± 1.2° in crystals at 298 K, respectively. 

(55) Compounds 13C-2 and 13C-4 were prepared from the corresponding 
arylmagnesium bromide with ^V,7V-dimethyl[,3C]formamide followed by 
coupling of the aldehyde (see the Experimental Section). 

(56) Hansen, P. E.; Poulsen, O. K.; Berg, A. Org. Magn. Resort. 1976, 8, 
632-637. Hansen, P. E.; Poulsen, O. K.; Berg, A. Org. Magn. Resort. 1979, 
12, 43-49. 

(57) Ernst, L. Org. Magn. Reson. 1984, 22, 789-791. 

Table XI. Data on Electronic Absorption Spectra of 2-6 

compd 

2 
3 
4 
5 
6 

obsd 

W l O 3 

cm"1) e(10") 

34.2 1.94 
33.3 2.13 
34.0 1.47 
32.6 1.92 
34.6 2.07 

"Oscillator strength. 

f 
0.600 
0.653 
0.478 
0.617 
0.616 

calcd(MMP2-C! 

IwUO 3 

cm"1) 

34.1 
33.3 
33.7 
33.0 
34.3 

f 
1.05 
1.12 
0.85 
0.96 
1.02 

MDO/S) 

« (deg) 

25.6 
25.8 
26.0 
25.6 
30.8 

X. The values of 1Z(Ca1QS) and 1J(C1H) are in the range of 
the corresponding values reported for ethylenes.47'52,59,60 Each 
/ value of 13C-2 is nearly equal to the corresponding one of 13C-4 
and 13C-I. The NMR spectra did not show any significant change 
with lowering the temperature from 300 to 200 K. The results 

(58) Meic, Z.; Vikic-Topic, D.; Giisten, H. Org. Magn. Reson. 1984, 4, 
237-244. 

(59) Lynden-Bell, R. M.; Sheppard, N. Proc. R. Soc. London, Ser. A 1962, 
269, 385-403. 

(60) Graham, D. M.; Holloway, C. E. Can. J. Chem. 1963, 41, 2114-2118. 
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Figure 10. Relevant ir molecular orbitals of (is)-stilbene in the planar 
form with C2/, symmetry. 

suggest that there is no difference in d and 8 between 2 and 4 in 
solution in the temperature range 200-300 K. It is, therefore, 
concluded that d and 6 for 2-5 in solution hardly depend on the 
compound and the temperature in the range 200-300 K. It may 
also be concluded that d and 9 for 1 in solution are nearly equal 
to the corresponding values for 2-5. 

UV Study. Electronic absorption spectra of 2-6 in solution are 
shown in Figure 9, and relevant data are listed in Table XI. The 
main absorption band of each compound at the lowest wavenumber 
is designated as band A, and only this band is discussed here. 

As reported previously, band A can be ascribed mainly to a 
one-electron transition from the highest occupied x molecular 
orbital (HOMO) to the lowest unoccupied r molecular orbital 
(LUMO) (see Figure 10).61" If bonds Ca-Cl and/or CiS-Cl' 
are twisted, the HOMO is stabilized and the LUMO is desta
bilized. As a result, band A shifts to higher wavenumbers. When 
bond Ca-QS is twisted, band A, on the other hand, shifts to lower 
wavenumbers. 

The magnitude of the electronic bathochromic effect of methyl 
substitution mainly depends on the absolute magnitude of the 
atomic orbital coefficient at the substitution position in the 
HOMO. The absolute magnitude of the atomic orbital coefficient 
increases in the order meta < ortho < para position, as shown 
in Figure 10. Hence, it is expected that Pn̂ x decreases in the order 
2 > 4 « = 6 > 3 > 5 , if they have an identical geometry around 
the ethylene bond (d, 8, and \w\). 

The results shown in Table XI agree with this prediction except 
for 6, whose <<max value is the largest. The fact that the i>max value 
of 6 is larger than that of 2 is attributed to the buttressing effect 
of the methyl groups at the meta positions. It is therefore con
cluded that 2-5 have almost identical geometries around the 
ethylene bond and that |w| of 6 is significantly larger than that 
of the other compounds in solution at room temperature. This 
is further supported quantitatively by the semiempirical SCF-
MO-CI calculation using the program CNDO/S-CI,63 as shown 
in Table XI. The MO calculations using the MMP2 structures 
as the input data reproduce vmliX satisfactorily. The sequence of 
the calculated/s agrees with that of the observed ones, except 
for 2 and 5, and with that of the molar absorption coefficient e 
for all of the compounds. 

As the temperature is lowered, band A shifts to significantly 
lower wavenumbers in all of the compounds. This is ascribed to 
the effect of an increase in the refractive index of the solvent41 

and to the change of the conformation. Since the red shift of band 
A for "stiff" stilbenes 11-13, in which the (£)-stilbene skeleton 
is geometrically fixed by alkylene chains, is much smaller than 
that for 2-6,62 it is concluded that the |co| values of 2-6 are 
appreciably decreased with lowering the temperature. However, 

(61) Suzuki, H. Electronic Absorption Spectra and Geometry of Organic 
Molecules; Academic Press: New York, 1967; Chapter 14. 

(62) Ogawa, K.; Suzuki, H.; Futakami, M. / . Chem. Soc, Perkin Trans. 
2 1988, 39-43. 

(63) Del Bene, J.; Jaffe, H. H.; Ellis, R. L.; Kuehnlenz, G. QCPE174. 

13 
they still substantially deviate from 0° at 77 K, because band A 
of 2-6 (?max (103 cm"1) at 77 K: 2, 33.03; 3, 31.60; 4, 31.51; 5, 
31.11; 6, 33.97) is located at wavenumbers larger than those of 
stiff stilbenes (11, 29.85; 12, 29.09; 13, 29.14 103 cm"162) and does 
not show vibrational structure as observed for 1 and stiff stilbenes. 
In contrast to the geometry determined by X-ray diffraction, the 
geometry inferred from UV spectra is the equilibrium geometry. 
The observed change in the equilibrium geometry of 2-6 in solution 
should be ascribed to the increase in the viscosity of the solvent. 
Thus, the molecule is substantially flattened due to the rigid glass 
of the solution at 77 K. 

Conclusion 
This study has revealed that X-ray structures of the compounds 

having the (£)-stilbene skeleton commonly show an unusually 
short length for the central ethylene bond, while UV and NMR 
spectroscopic analyses in solution do not point to these anomalies. 
It is concluded that the short ethylene bond in the X-ray structures 
is an artifact caused by two kinds of disorders. One is the 
well-known static orientational disorder in the molecular plane, 
which was not detected in this study. The other is the dynamical 
disorder in a direction approximately perpendicular to the mo
lecular plane which mainly originates from the torsional vibration 
of the C-Ph bonds, during which the movement of the benzene 
ring is restrained to a minimum. The characteristic temperature 
dependence of the ethylene bond length and angles and of the 
torsion angles of the C-Ph bonds is ascribed to the slight energy 
difference between the conformers, which interconvert due to the 
torsional vibration. 

A similar dynamical disorder as well as an orientational disorder 
may be possible not only in (£)-stilbenes but also in various 
compounds such as diarylethylenes and diarylethanes. Shrinking 
of the bond which connects the two rigid groups and the tem
perature dependence of the geometry around the bond would 
commonly occur in the X-ray structures of these compounds. 
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