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Abstract: The crystal structure of cyclobutane was determined from X-ray diffraction data at 117 K. The crystal used was 
grown by sublimation. Since a rotationally-disordered high-temperature phase is present over a temperature range of 38 deg, 
no crystals could be obtained from the melt. The cell dimensions at 117 K are a = 6.742 (4) A, b = 4.204 (4) A, c = 6.917 
(4) A, /3 = 90.17 (4)°, space group 12/m, Z = 2. The space group symmetry requires the space- or time-averaged molecules 
to have C2»(2/m) symmetry. The carbon atoms show initially large anisotropic displacement parameters perpendicular to 
the mirror plane. Two explanations are discussed. The first is based on earlier investigations and assumes the time-averaged 
molecules to undergo puckering motions, which is established for the gas phase and the solid state. The other explanation 
which is more compatible with the experimental data is a statistical disorder of bent molecules. The latter results in a dihedral 
angle of 31 (2)°, which agrees with most other investigations. 

Introduction 

The molecular structure of cyclobutane1 has been studied in 
the past by many experimental2"10 and theoretical investiga­
tions.11"14 The gas-phase equilibrium conformation, as derived 
from electron diffraction9'10 and spectroscopic experiments,2"6,8 

is nonplanar with a dihedral angle of about 35° and an inversion 
barrier of only 6 kJ mol"1.3"5 The puckering of the molecule is 
observed in Raman-spectra, and the corresponding absorption band 
is still present in the solid at 113 K.6 Theoretical calculations11"14 

using ab initio methods also result in a bent conformation as the 
energetic minimum. 

The structure and molecular conformation of cyclobutane in 
the crystal has not been previously determined. Early X-ray 
investigations15 did not yield structural information. The solid 
substance undergoes a phase transition at 14SK (melting point 
182 K),16 having a high-temperature plastic cubic phase with 
rotationally disordered molecules. The low-temperature phase 
was obtained only as powder; the pattern was identified as be­
longing to a crystal lattice with lower than cubic symmetry.15 

Therefore crystallographic molecular structure information has 
been obtained only for substituted cyclobutanes. As one would 
expect from the shallow potential of the ring inversion2"5,17 there 
are various planar and bent derivatives,18 and it does not seem 
possible to predict the ring conformation from the substitution 
pattern. Therefore derivatives with eight equal substituents are 
of particular interest for comparison with parent cyclobutane. Of 
this type there are only two crystal structures known, octa-

(1) Moriarty, R. M. Stereochemistry of cyclobutane and heterocyclic 
analogs. Top. Stereochem. 1974, 8, 271-421. 

(2) Rathjens, G. W.; Freeman, N. K.; Gwinn, W. D.; Pitzer, K. S. J. Am. 
Chem. Soc. 1953, 75, 5634-5642. 

(3) Ueda, T.; Shimanouchi, T. J. Chem. Phys. 1968, 49, 470-471. 
(4) Stone, J. M. R.; Mills, I. M. MoI. Phys. 1970, 18, 631-652. 
(5) Miller, F. A.; Capwell, R. J. Spectrochim. Acta 1971, 27A, 947-956. 
(6) Miller, F. A.; Capwell, R. J.; Lord, R. C; Rea, D. G. Spectrochim. 

Acta 1972, 28A, 603-618. 
(7) Dows, D. A.; Rich, N. J. Chem. Phys. 1967, 47, 333-334. 
(8) Meiboom, S.; Snyder, L. C. J. Chem. Phys. 1970, 52, 3857-3863. 
(9) Almenningen, A.; Bastiansen, O.; Skancke, P. N. Acta Chem. Scand. 

1961, /5,711-712. 
(10) Skancke, P. N. Thesis, University of Oslo, Norway, 1960. 
(11) Nelson, J. L.; Frost, A. A. /. Am. Chem. Soc. 1972, 94, 3727-3731. 
(12) Cremer, D. J. Am. Chem. Soc. 1977, 99, 1307-1309. 
(13) Skancke, P. N.; Fogarasi, G.; Boggs, J. E. J. MoI. Struct. 1980, 62, 

259-273. 
(14) Wright, J. S.; Salem, L. J. Am. Chem. Soc. 1972, 94, 322-329. 
(15) Carter, G. F.; Templeton, D. H. Acta Crystallogr. 1953, 6, 805. 
(16) Rathjens, G. W.; Gwinn, W. D. J. Am. Chem. Soc. 1953, 75, 

5629-5633. 
(17) Wright, J. S.; Salem, L. Chem. Commun. 1969, 1370. 
(18) CSSR, Crystal Structure Research and Retrieval, March 1991, 

Cambridge Crystal Data Centre, Cambridge, United Kingdom. 

Table I. Crystal Data and Experimental Details 

cell constants a, b, c, 0 

vol, molecules per unit cell 
space group 
density, px 
crystal size 

radiation 
absorption coeff M 
instrument 

6.742 (4) A, 4.204 (4) A, 6.917 (4) A, 
90.17 (4)° 

196.0 A3, Z = 2, F(OOO) = 112 
monoclinic, I2/m 
0.948 g cm"3 

2 mm column of liquid in a capillary of 
0.5 mm diameter 

Nb-filtered Mo Ka (X = 0.71069 A) 
0.56 cm"1 

Siemens four-circle diffractometer 
equipped with a liquid nitrogen gas 
stream cooling system 

23 with 2(U = 8.38°, 26m 31.84° 
ur-2B scan 
49 steps + 0.26°(tan o>/Ao>) with Aa> = 

0.02°, A20 = 0.04° 
0.3-1.8 s to reach //<r(7) > 25 within 

the time limit 
8.43-60° (sin 6/\ = (0.10-O.70) A"1) 
729 (129 with / < 2<r(7) = 18%) 
329 (43 with / < 2<T(/) = 13%) 
SHELXS-86" (direct method option) 
XTAL2.2i,c 

EH-(F0 - Fcy 

IM*-=) 
none 
0.357 e A"3/-0.418 e A"3 

21 (model I), 25 (model II) 
0.024 (model I), 0.016 (model II) 
7.8%/6.7% (model I), 6.2%/4.7% (model 

H) 
4.5 (2) (model I), 3.2 (1) (model II) 

no. of orienting reflcns 
scan method 
scan width 

time per step 

interval in 26 
no. of measured reflcns 
no. of unique reflcns 
structure solution 
structure refinement 
function minimized 
weighting scheme 
absorption, extinction corr 
max residual peak/hole 
no. of refined parameters 
max A/ff 
R/wR value 

goodness of fit 
"See ref 29. 'See ref 30, least-squares refinement of positional and 

anisotropic displacement parameters for C, positional and isotropic 
displacement parameters for H. "Scattering factors, see refs 31 and 
32. 

chlorocyclobutane19,20 and octahydroxycyclobutane.21 The latter 
is planar due to strong hydrogen bonding, while the chlorinated 
derivative has a dihedral angle of 26°. 

In this paper we report the single crystal structure determination 
of the low-temperature phase of unsubstituted cyclobutane. 

Experimental Section 
Cyclobutane was synthesized by Wolff-Kishner reduction of cyclo-

butanone.22 It was found that this method gave a very pure compound 
in high yield.23 Most other reported syntheses24"26 showed considerable 

(19) Owen, T. B.; Hoard, J. L. Acta Crystallogr. 1951, 4, 172. 
(20) Margulis, T. N. Acta Crystallogr. 1965, 19, 857-859. 
(21) Bock, C. M. /. Am. Chem. Soc. 1968, 90, 2748-2751. 
(22) Roberts, J. D.; Sauer, C. W. J. Am. Chem. Soc. 1949, 71, 3925-3929. 
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Table II. Final Atomic Parameters (esd's in Parentheses) for the Puckering Model (I) and the Disordered Model (II), U11 and UiK in XlOO A2 

atom/model x y z UnZUjx, Un Un CZ 1 3 " 

C(I) 

C(2) 

H(I) 
H( I l ) 
H(12) 
H(2) 
H(21) 
H(22) 

I 
II 
I 
II 
I 
II 
II 
I 
II 
II 

0.1549 (4) 
0.1551 (3) 
0.0331 (4) 
0.0333 (3) 
0.239 (3) 
0.201 (4) 
0.275 (6) 
0.060 (4) 
0.031 (4) 
0.071 (3) 

0.000 (-) 
-0.023 (1) 

0.000 (-) 
0.0499 (6) 
0.175 (7) 

-0.23 (1) 
0.124 (7) 
0.130 (6) 
0.279 (7) 

-0.080 (6) 

0.0331 (4) 
0.0332 (2) 

-0.1520 (4) 
-0.1525 (3) 

0.047 (4) 
0.035 (4) 
0.057 (4) 

-0.235 (3) 
-0.191 (4) 
-0.264 (3) 

2.8 (1) 
3.03 (6) 
3.3 (2) 
3.15 (6) 
9(1) 
5(1) 
6 (1) 
9(1) 
4.0 (7) 
4.4 (8) 

3.9 (2) 

8.9 (3) 

3.1 (2) 

2.6(1) 

-o.i (D 

-0.2(1) 

° U\2 and £/23 are 0. due to 2/m site symmetry. Displacement parameters are given as: 
e-2t2lUl[(ha')1+V22(kb')2+U„Uc')1+2Ui2hla!'b'cosy'+2U,ihla'c'ax0'+2U2)klb,c'c(>sa']i 

T. = „ - 2 t / ( 2 « i n « / A ) 2 . T -
- 1 ISO C » 1 ~~ 

Table III. Bond Lengths (A) of Cyclobutane (esd's in Parentheses) 

atom 1 atom 2 model I" model II 

C(I) 
C(I) 
C(I) 
C(2) 

C(2) 
C(2)' 
H(I) 
H(2) 

1.519 (4) 
1.513 (4) 
0.94 (3) 
0.81 (2) 

1.553 (3) 
1.548 (3) 
0.92 (4)/1.03 (4)4 

1.00 (3)/0.98 (2)6 

' Model I: parameters obtained using the puckering model. Model 
II: parameters obtained using the disordered model. b In the disor­
dered model there are two independent hydrogen atoms per carbon 
atom. 

contamination by /i-butane and were thus unsuitable for the crystalliza­
tion. 

Growing crystals of cyclobutane is complicated due to the presence 
of the high-temperature phase, which extends over a range of 38 deg. On 
annealing the melt crystals are formed in this phase, which on cooling 
down into the phase II region crack into powder grains. Crystals of phase 
II can then be grown by sublimation27 at 130 K. Therefore a sample was 
sealed into a capillary (0.5-mm diameter) and solidified as polycrystalline 
material in the nitrogen cold gas stream of the diffractometer, leaving 
a small empty compartment at one end of the capillary. The coldest part 
of the gas stream was then moved directly over the empty tip of the 
capillary. Within 24 h a few single crystals grew inside the compartment. 

It was possible to identify a sufficient number of reflections of an 
individual crystal so that the determination of lattice constants and 
orientation matrix was possible. A monoclinic unit cell was found and 
a body centered setting28 (hkl absent forh + k + l = 2n+l) was chosen. 
This nonstandard monoclinic body-centered cell was used to give a 
monoclinic angle close to 90°. 

No further systematic extinctions were detected, and thus the space 
group could be chosen from 12, Im, or 12/m. For details of the data 
collection and data analysis see Table I. 

Results and Discussion 

Refinement was carried out in all three possible space groups. 
The £-value statistics indicated the presence of an inversion center, 

(23) In a 100-mL flask which was attached to a vigreux column and a 
condenser, connected to a methanol/dry ice cooled trap, 2.5 g of cyclobutanone 
(35.7 mmol) was dissolved in 6 mL of Carbitol. After addition of 5 g of 
potassium hydroxide (89.1 mmol) in 30 mL of Carbitol and 3.6 mL of 85% 
hydrazine hydrate the dark solution was heated until no further condensation 
in the trap was observed. NMR, IR, and mass spectra were used to establish 
the purity of the obtained cyclobutane. 

(24) Smith, W. B. J. Org. Chem. 1958, 23, 509-512. 
(25) Pines, H.; Rodenberg, H. G.; Ipatieff, V. N. J. Am. Chem. Soc. 1953, 

75, 6065. 
(26) Cason, J.; Way, R. L. J. Org. Chem. 1949, 14, 31-36. 
(27) Nes, G. J. H. van; Bolhuis, F. van / . Appl. Crystallogr. 1978, 11, 

206-207. 
(28) The transformation into a conventional Q-centered cell (unit cell 

vectors ac, bc, cc) can be made by a, = a - c, bc = b, cc = c resulting in a = 
9.659 A, b = 4.204 A, c = 6.917 A, /S = 135.74°. 

(29) Sheldrick, G. SHELXS86. Program for structure solution; Univer­
sity of Gottingen, Germany, 1986. 

(30) Hall, S. R.; Stewart, J. M. XTAL2.2 User's Manual; University of 
Western Australia und Maryland, 1987. 

(31) Cromer, D. T.; Mann, I. B. Acta Crystallogr. 1968, A24, 321-324. 
(32) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 1965, 

42, 3175-3187. 
(33) Johnson, C. K. ORTEP Report ORNL-5138; Oak Ridge National 

Laboratory, Oak Ridge, TN, 1976. 

Figure 1. (a, top) ORTEP33 plot of cyclobutane in the planar confor­
mation. The displacement ellipsoids are plotted at a 50% probability 
level, (b, bottom) ORTEP33 plot of cyclobutane as disordered model II. 
The isotropic displacement spheres are plotted at a 50% probability level. 

Table IV. Bond Angles (deg) of Cyclobutane (esd's in Parentheses) 

atom 1 atom 2 atom 3 model I" model II" 

C(2) 
C(2) 
C(2)' 
H(I) 
C(I) 
C(I) 
C(I)' 
H(2) 

C(I) 
C(I) 
C(I) 
C(I) 
C(2) 
C(2) 
C(2) 
C(2) 

C(2)' 
H(I) 
H(I) 
H(I) 
C(I)' 
H(2) 
H(2) 
H(2) 

90.4 (2) 
115(2) 
117(2) 
104 (2) 
89.6 (2) 

118(2) 
125 (2) 
85(2) 

88.2 (2) 
112(2)/115(2) 
116(2)/117(2) 
108 (3) 
87.3 (2) 

115(2)/114(1) 
109 (2)/121 (1) 
109 (2) 

"See footnote a in Table III. 6In the disordered model there are two 
independent hydrogen atoms per carbon atom. 

so that 12/m was considered first. This space group implies an 
electron distribution with point group symmetry C2h. The simplest 
interpretation positions a planar molecule on the crystallographic 
mirror plane with the 2-fold axis passing through the ring center. 

However, careful investigation of the anisotropic displacement 
parameters for the carbon atoms indicates significantly larger Un 

components, which are perpendicular to the a,c plane. 
A first explanation was derived from earlier, especially Raman, 

experiments. As already mentioned, the Raman spectra of cy-
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Table V. Comparison of the Results Obtained from Different Investigations on Cyclobutane 

method 

electron-diffraction 
IR/Raman 
IR 

NMR 
X-ray-diffraction 

4-21 
6-31G* 

4-3IG 

STO-3G 

FSGO 

I 
II 

D2d 

D4h 

Du 
D<„ 
D2, 
D44 
Du 
D<„ 

length, 

C-C 

1.548 (3) 

1.516(4) 
1.551 (3) 
1.567 
1.547 
1.549 
1.554 
1.556 
1.553 
1.554 
1.524 
1.535 

A 
C-H 

1.09 (1) 

0.88 (3) 
0.98 (5) 
1.08 
1.084 
1.084 
1.081 
1.081 
1.086 
1.088 
1.116 
1.116 

angle 

H-C-H 

110 

108.1 
95(2) 

109 (3) 
109.4 
108.3 
107.9 
108.5 
108.2 
108.3 
108.8 
110 
110 

deg 

C-C-C 

77 

90.0 (2) 
87.8 (2) 
88.7 

puck. 
angle, 
deg 

35 
35 
35 
34 
37 
27 
16(2) 
31(2) 
24.1 
24 

21 

13 

32 

inv 
barrier, 
kJ mol"1 

6.19 (6) 
6.02 
5.35 

3.7 

1.67 

0.042 

14.63 

lit 

9, 10 
5 
4 
3 
7 
8 
this 

work 
13 
12 

12 

12 

11 

Figure 2. Stereoview of the crystal packing.40 Molecules are time/space averaged and hence planar. The axes directions are the following: c across 
the page, b upwards, and a into the page. 

clobutane show some absorption bands which represent the ring 
puckering in the gas phase as well as in the solid.6 The large U12 

component of the anisotropic displacement parameter for C(2) 
and to some extent that of C(I) could be the result of a puckering 
of the ring in the crystal (model I). Assuming isotropic motion 
of the carbon atoms (£/«, = 0.030 (3) A2, excluding the U22 

components), a maximum bending angle of 16 (2)° is deduced 
(Figure la and Table II). The height of the inversion barrier 
and moreover the form of the potential well cannot be determined 
by means of this experiment. Nevertheless, this bending angle 
is smaller than those reported in previous studies (Table V), and 
in particular it deviates considerably from the angle of 37 (6)° 
found in the intensity comparison of IR bands from the solid at 
21 K in an Argon matrix.7 

The C-C bond lengths obtained from the refinement of this 
model (Table III) are somewhat shorter than those from electron 
diffraction9'10 and theoretical calculations.11"14 Although the 
crystallographic site symmetry of the molecule is C2h, the higher 
point group symmetry Dlh is observed within four times the 
standard deviation. However, the large anisotropic displacement 
parameters make it difficult to obtain very precise results. The 
C-H bond lengths are even less precisely determined. The applied 
rigid body correction34 did not improve the bond lengths. All 
corrections were within the estimated standard deviations. 
However, a comparison with the average C-C bond lengths of 
cyclopropane (1.499 A, 94 K)35"37 and cyclohexane (1.52 A, 115 
K)38 in the crystal shows that the average bond length in this model 

(34) Johnson, C. K. Thermal Neutron Diffraction; Willis, B. T. M., Ed.; 
Oxford University Press: New York, 1970. 

(35) Nijveldt, D.; Vos, A. Acta Crystallogr. 1988, B44, 281-289. 
(36) Nijveldt, D.; Vos, A. Acta Crystallogr. 1988, B44, 289-296. 
(37) Nijveldt, D.; Vos, A. Acta Crystallogr. 1988, B44, 296-307. 
(38) Kahn, R.; Fourme, R.; Andre, D.; Renaud, M. Acta Crystallogr. 

1973, B29, 131-138. 

(1.516 A, 117 K) is in accordance. 
Another explanation for the larger U22 components was sought 

in a statistically disordered model (model II). This was examined 
by shifting the y coordinates of C(2) and C(I) by 0.04 A to 
opposite sites of the mirror plane. The site occupancy factor was 
fixed at 0.5. The initial displacement parameters were those of 
the isotropic refinement. After refinement of the positional and 
isotropic displacement parameters for the carbon atoms the hy­
drogen atom positions (H(11), H(12), H(21), H(22)) were cal­
culated by using standard values. Subsequent refinements included 
atomic positions and isotropic displacement parameters for all 
atoms. The final distance between C(I) and the mirror plane was 
0.097 (6) and 0.210 (3) A for C(2), respectively (Figure lb). 
According to the significance test of Hamilton39 this model is a 
significantly better description of the experimental data, even at 
a 99.5% probability level. 

The bond parameters of this disordered model are in better 
agreement with other experimental and theoretical results than 
those of model I. Particular good agreement occurs between the 
average C-C bond lengths (1.551 (3) A) of this experiment and 
the electron diffraction and theoretical calculations (Table V). 
The C-H mean bond distance (0.98 (5) A) and the H-C-H mean 
angle (109 (3)°) are consistent with standard X-ray data (Table 
IV). 

Theoretical studies by Wright and Salem14'17 show that the 
double minimum potential is reproduced only if rocking of the 
methylene groups is permitted. That means, the H-C-H angle 
is no longer bisected by the local C-C-C plane. The tilt angle 
T determined from the X-ray data is 3.4° for C(I) and 5.5° for 
C(2), averaging to 4.5°. This is in very good agreement with the 
value 4.4° obtained at the 6-3IG* level by Cremer.12 

(39) Hamilton, W. C. Statistics in Physical Science; The Ronald Press: 
New York, 1964; p 157. 

(40) Keller, E. SCHAKAL 88; University of Freiburg, Germany, 1988. 
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Figure 3. Difference map derived from difference Fourier synthesis. The 
maximum of the electron density is observed outside the direct C-C bond 
vectors. 

Due to the better agreement of model II to the experimental 
data and to the results of all the previous investigations on this 
molecule as well (electron diffraction, spectroscopy, theoretical 
calculations, as discussed above), we believe model II to be the 

Introduction 
Optically active biflavones are unique natural products in the 

sense that they are chiral molecules with molecular dissymmetry. 
Although monomeric flavones have no chiral center and hence 
are optically inactive, some biflavones can exist as chiral molecules 

(1) (a) Tohoku University, (b) Aligarh Muslim University, (c) Indian 
Institute of Chemical Biology. 

more reliable one and model I to be a less likely alternative. 
Model II was also tested in the other two possible space groups, 

/2 and Im. The refinement converged if hydrogen atoms were 
kept at those positions obtained in 12/m, but became unstable 
when hydrogen atoms were allowed to refine. 

The time- and space-averaged crystal packing is given in Figure 
2. The general arrangement is the same in both models and in 
all tested space groups. The molecules form stacks parallel to 
the monoclinic b axis. In the a,c plane the molecules are slightly 
rotated around the b axis. The angle between the a axis and 
C(I)-C(I) ' is 13°. No particular close H-H contacts are ob­
served. 

The residual electron density (Figure 3) shows significant 
maxima in positions between the carbon atoms. These maxima 
are displaced tangentially by 0.10 (3) A to the outside of the C-C 
bond vectors of the time- and space-averaged molecule, indicating 
a "banana bond" type electronic arrangement which is frequently 
found in highly strained small ring systems. In cyclopropane the 
covalent bonding maxima are displaced by 0.2 A from the C-C 
vectors of the carbon triangle. Since in cyclobutane there is 
reduced ring strain our observation is in good agreement with the 
cyclopropane findings. 
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due to the atropisomerism of the biflavone moiety.2,3 Such 
optically active biflavones have been isolated as natural products 
from various plants and their plane structures have been re­
ported.2"6 However, the absolute stereochemistry of these natural 

(2) Ilyas, M.; Usmani, J. N.; Bhatnagar, S. P.; Ilyas, M.; Rahman, W.; 
Pelter, A. Tetrahedron Lett. 1968, 5515. 

(3) Rahman, W.; Ilyas, M.; Okigawa, M.; Kawano, N. Chem. Pharm. 
Bull. 1982,50, 1491. 

Atropisomerism in Natural Products. Absolute 
Stereochemistry of Biflavone, 
(-)-4',4"^7,7"-Tetra-<9-methylcupressuflavone, As Determined 
by the Theoretical Calculation of CD Spectra 
Nobuyuki Harada,*1* Hiroshi Ono, la Hisashi Uda,1* Mehtab Parveen,lb 

Nizam Ud-Din Khan,*11* Basudeb Achari,lc and Pradeep Kumar Dutta lc 
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2-1-1 Katahira, Aoba, Sendai 980, Japan, Department of Chemistry, Aligarh Muslim University, 
Aligarh 202002, India, and Department of Medicinal Chemistry, Indian Institute of Chemical 
Biology, Calcutta 700032, India. Received October 3, 1991 

Abstract: The molecular asymmetry due to the atropisomerism of biflavone, (-)-4',4'",7,7"-tetra-Omethylcupressuflavone 
(1), has been studied by CD spectroscopy, and its absolute stereochemistry has been theoretically determined by the n-electron 
SCF-CI-DV MO calculation of CD spectra. The molecular geometry of compound (aR)-\ was calculated by molecular mechanics 
to give a stable conformation with a counterclockwise screw sense, in which the dihedral angle of the biphenyl part was 91 °. 
The calculated CD and UV curves of (aR)-\ were in very good agreement, including sign, position, and amplitude, with those 
of observed spectra of the natural product: calcd UV, Xmi 322.6 nm (e 66 200), and 226.8 (78 300); calcd CD, Xrat 359.7 
nm (Ae +28.6), 317.5 (-45.0), and 263.2 (+21.7); obsd UV, \max 324.2 nm (e 40900), 273.0 (41 400), and 225.8 (51 800); 
obsd CD, X81, 362.0 nm (Ae +25.6), 326.2 (-54.4), and 267.5 (+21.3). The absolute stereochemistry of biflavone (-)-l has 
thus been theoretically determined to be aR (or M helicity). 
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