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The Structure of 11,11-Difluoro-1,6-methano[10}annulene

By CARLO MARIA GRAMACCIOLI AND MASSIMO SIMONETTA
Istituto di Chimica Fisica, Universita, Via Saldini 50, 20133 Milano, Italy

(Received 11 September 1970)

The crystal and molecular structure of 11,11-difluoro-1,6-methano[10Jannulene has been determined
and refined by least-squares methods. The crystals are orthorhombic, space group Pna2;, with a=9-233,
b=13-235, ¢=7-055 A and four molecules per unit cell. Intensity data were collected visually from
Weissenberg photographs. The solution of the phase problem was readily obtained by finding the
orientation of a plausible molecular model with respect to the crystallographic axes through a syste-
matic search of the Patterson synthesis around the origin; the position of the molecule in the unit cell
was then found by molecular packing energy calculations. After refinement by least-squares, the final
R index is 0-080. The presence of fluorine atoms does not seem to affect the conformation of 1,6-
methano[10]annulene; the distance C(1)-C(6) is 2-25 A, excluding any ‘double norcaradiene’ character
for this compound, in agreement with chemical and spectroscopic evidence.

Introduction

In line with a recent interest in aromatic systems with
4n+2 m-electrons (n greater than 1) the chemistry of
aromatic compounds with 10 z-electrons has been
extensively developed by Vogel and co-workers
(Vogel, 1967; 1968a,b). An interesting property of
1,6-methano[l0]Jannulene is the influence of substi-
tuents in the bridge (position 11) on the stability of the
aromatic system (I). Chemical and spectroscopic
(n.m.r.) evidence are in favour of the existence of a
direct C(1)-C(6) bond for the 11,11-dimethyl derivative
which is consequently non-aromatic and has the so-
called bisnorcaradiene structure (II).

The situation for the 11,11-difluoro derivative seems

/[

|

@ (Im

to be the opposite and the substance has the chemical
character of an aromatic compound. An investigation
of the structure of these two substances by X-ray
diffraction has been suggested to us by Prof. Vogel.*
As a first result, the structure of 11,11-difluoro-1,6-
methano[l0]annulene has been solved and refined.
Although the extensive thermal vibration does not
permit a very high precision in determining the molec-
ular geometry at room temperature, it is felt that the
method here adopted for solving the structure might be
interesting and the results are anyway fully adequate
to prove the aromaticity of this compound.

Experimental

Crystals of 11,11-difluoro-1,6-methano[10]annulene
are in the form of greenish needles, elongated along c.

* We wish to thank Prof. Emmanuel Vogel for having sug-
gested this problem and for having supplied us with good
crystals of the substance.
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Weissenberg photographs indicated them to be ortho-
rhombic, with space group either Pnam or Pna2, (the
systematic absences are: Ok/ with k+/ odd and A0/
with # odd); the latter space group was confirmed by
solution of the structure.* The unit-cell dimensions
(see Table 1) were obtained from a least-squares fit to
measurements of sin® 8 for 27 A0/ and 25 hhl reflexions
on zero-level Weissenberg photographs taken at 21°C
with Cu Ku radiation; the film was held in the asym-
metric position, essentially following the Straumanis
technique. No corrections for eccentricity or absorp-
tion were included in least-squares calculations and
weights were assigned as inversely proportional to
sin? 26. The density was measured by flotation in a
dilute Thoulet (K,Hgl,) solution.

Table 1. Crystal data for 11,11-difluoro-1,6-

methano[10]annulene
a = 9233+0-003 A CnF2H;
b =13-235+0-005 M.W.=178-17
¢ =7-055+0-002 zZ =4
Din=138 g.cm—3 D, =1376 g.cm-3

A(Cu Ka;)=1-54051 A
M(Cu Kaz)=1-54433
A(Cu Ke) =1-5418

For determination of the structure, intensity data
were collected from multiple-film equi-inclination
Weissenberg photographs and measured visually. The
layers 0-6 along ¢ were obtained from one crystal, al-
most square in section, whose diameter was about 0-3
mm. The zero level about [110] was obtained from a
larger crystal (diameter=0-5 mm), almost square in
section. Of 985 reflexions within the effective sphere of
copper radiation, 856 were collected, of which 220 were
too weak to be observed (‘less than’). The intensities
were corrected for Lorentz and polarization factors;
no corrections either for absorption or extinction were
made.

Previously, data (layers 0-7 along ¢) had been ob-
tained from the first crystal using an equi-inclination
Philips diffractometer (Pailred) and Mo K« radiation,
monochromatized by a silicon [111] crystal. Owing to
very large peak breadths, an w-scan range of + 15 to
+1-6° was adopted: this fact and the abundance of
weak reflexions rendered our measurements rather un-
satisfactory. Consequently, these data were only used

* Whereas a test for piezoelectricity gives a positive result,
it may be interesting to remark that the mean values of the
normalized structure factor |E| (Hauptman & Karle, 1953),
of E2 and |E2—1] are 0-705, 1-00 and 1-01 respectively, in
marked agreement with the expected values for a centrosym-
metric crystal; the N(z) test is also in favour of a centrosym-
metric case, except for the region of high 6, where the situation
is less clear. The E values for these statistics were deduced from
the intensities scaled by a Wilson plot, following exactly the
procedure indicated by Rogers (1965). The reasons for this
anomalous behaviour can be connected with the high symmetry
(mm2) of the molecule, or with the high percentage of ‘less
thans’, whose treatment in the Wilson plot might not be fully
adequate.
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in determining the coefficients for inter-layer scaling,
and then discarded.

The processing of the observed intensities was first
carried on within the single layers, obtaining film and
time factors by minimizing >(In/,—In K7;)?, as indi-
cated by Rae (1965). Standard deviations were assigned
to single observations by means of an analysis of the
residuals (Gramaccioli & Mariani, 1967). The evalua-
tion of relative scale factors for all the layers and sub-
sequent averaging of the observed F? values were per-
formed according to the method proposed by Rollett &
Sparks, modified to account for the dependence of the
weights upon the final scale factors (Hamilton, Rollett
& Sparks, 1965; Duchamp, 1964).

Determination and refinement of the structure

In recent years, several structures have been solved by
a systematic search of the best conditions for packing
(Williams, 1966; Rabinovitch & Schmidt, 1966). These
methods are obviously most efficient either when the
parameters to be examined are limited in number, as
for rigid molecules, when a plausible model can be
assumed, or for particular situations. Our feeling is,
however, that, in spite of various claims, the calcula-
tions involved in a general case are rather lengthy,
even for a rigid molecule, especially when the effi-
ciency of other structure-solving procedures, such as
direct methods, is considered.

It is well known that orientation can be easily de-
duced for a rigid molecular group by a systematic
search of the Patterson synthesis (Nordman & Na-
katsu, 1963; Huber, 1965; Nordman, 1966; Hoppe &
Paulus, 1967; Braun, Hornstra & Leenhouts, 1969). A
program written in this laboratory in FORTRAN
language for orthorhombic crystals (Filippini & Gra-
maccioli, 1969) has been successfully applied to the
solution of two structures (Destro, Filippini, Gramac-
cioli & Simonetta, 1969; Casalone, Gavezzotti, Mu-
gnoli & Simonetta, 1970). The method is essentially
close to the procedure adopted by Nordman (1966):
the sharpened Patterson function (not necessarily on
the absolute scale or with manipulations at the origin),
evaluated at intervals of about 0-1 A along the three
crystallographic axes, is considered for this purpose
only within 3-2 A of the origin (this excludes all inter-
molecular vectors) and stored in the memory of the
computer. A map of the ‘sum function’ (Buerger,
1959) is calculated for intervals of 7-5° in the rotation
angles of the model. The correct orientation corres-
ponds to the highest or next highest peak and no
serious trouble is encountered even in cases of some
complexity; the computing time has never exceeded
one minute for the UNIVAC 1108 or fifteen minutes
for the IBM 7040.

In our case, this procedure was adopted using a
starting model derived from the structure of 1,6-
methano[l10]Jannulene-2-carboxylic acid, as found by
Dobler & Dunitz (1965). A couple of high values of
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Fig. 1. Map of packing energy for the molecule of 11,11-di-
fluoromethanoannulene as a function of x and y (fractional)
coordinates of its centre of gravity, for a fixed molecular
orientation, as found by rotational search on the Patterson.
Contours are drawn from zero downwards at intervals of
0-2 kcal.mole-!.

the sum function corresponded to possible orienta-
tions of the molecule; the highest peak was regarded as
of little significance, because in this case many vectors
fell on the section w=0, between symmetrically related
maxima lying close to each other. The other peak
corresponded to a general angular orientation, thereby
excluding any coincidence between symmetry elements
in the molecule and in the crystal. This orientation is
compatible with the non-centric space group Pna2,.

The packing energy, as a function of molecular
position in the unit cell, was calculated at intervals of
0-025 (fractional) in x and y using a program written
for non-centrosymmetric orthorhombic space groups
by Rovere, Filippini & Gramaccioli (1970); interac-
tion energies between non-bonded atoms were eva-
luated according to Bartell (1960) for C-C, C-H and
H-H. For the other contacts, involving fluorine atoms,
Kitaigorodskii’s (1961) formula was applied, assigning
‘van der Waals’ radii of 1-7, 1-4 and 1-5 A to carbon,
fluorine and hydrogen respectively. In order to save
computing time, all situations having at least one
contact shorter than 0-65 times the sum of van der
Waals radii were automatically discarded; for the re-
maining points, the corresponding energy was reported
in a map (Fig. 1). A clear minimum (—0-8 kcal. mole™!
with respect to the isolated molecule) appeared,
corresponding to the correct structure. The calcula-
tion time for this stage was about thirteen minutes for
the IBM 7040 computer.

Starting with the coordinates corresponding to this
minimum energy, the R value was 0-35 for observed
three-dimensional data with sin? 6/A2<0-10; small
shifts in positional coordinates (4x=0-020, 4y =0-010)
reduced R to 0-27.

Refinement of the positions of the heavier atoms by
block-diagonal least squares was then initiated, mini-
mizing the function >w(|F|ops— |Flca)? and using for
this purpose a program written by Albano, Domeni-
cano & Vaciago (1966). In the first cycles, weights of
the form w=1/f? were used, where f is the average
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scattering factor for all the atoms at the calculated
value of sin §/2; later, and throughout the subsequent
refinement, weights were taken as w=//(a+ b|F|gps +
cF?. ) wherea(=1-25), b(=2-5),c (=0-07) were chosen
so as to give the average of w(|F|yps — | Flca1)? approxima-
tely constant (within 5% of the average) for various
significant intervals of F (Cruickshank, 1961). Unob-
served (‘less than’) reflexions were always excluded
from the least-squares analysis.

In the last cycles, performed by full-matrix least
squares, using a program written by Busing, Martin
& Levy (1962), anisotropic temperature factors were
assigned to the C and F atoms, hydrogen atoms were
included in the structure factor calculations only, with
positional coordinates derived from the presumed geo-
metry of the molecule (C—H bond lengths=1-00 A
C-C-H bond angles=120°) and isotropic temperature
factors B =50 A2. An attempt to localize the hydrogen
atoms better by a three-dimensional difference Fourier
synthesis did not result in a reasonable geometry for
at least some of them (C—C-H bond angles from 80°
to 150°). Including these ‘Fourier’ H atoms in the
least-squares calculations led to a consistent increase
of their thermal factors (B’s up to 14 A2) and to a
better value of the R index (down to 7-2%) without,
however, any significant improvement in the mole-
cular geometry. Starting from geometrically calcu-
lated H atom coordinates did not lead to a better
situation.

For these reasons, the final stage of the refinement
was performed with the H atoms included only in
structure-factor calculations, with positional coordi-
nates derived from the presumed molecular geometry
and isotropic thermal factors B of 10 A2, Because the
larger observed F values were systematically lower
than the corresponding calculated values (with the
exception of the reflexion 020, which was the only one
remaining from diffractometer data and therefore was
poorly measured), a secondary extinction coefficient g
for which F,,,=F., (1 +gBF2,)~ "% (Zachariasen, 1963;
Larson, 1967) was considered at this stage, the re-
flexion 020 being excluded from the least squares.
After four cycles, nearly all parameter shifts were be-
low O-1 times the standard deviation; the largest shift,
012 o, occurred for B, of C(1). The final R index is
0-080; the extinction coefficient g is (28 +5).107%,

Precision of the structure

The observed and calculated structure factors are
listed in Table 2; the final parameters of the heavier
atoms are given in Table 3 and of the hydrogen atoms
in Table 4. The standard deviations in the coordi-
natesofthe heavieratoms, derived from the residuals and
the diagonal elements of the inverse matrix of the
final least-squares cycle, correspond to positional un-
certainties of the order of 0-01 A. The corresponding
standard deviations in the bond distances are around
0-015 A and in the bond angles around 1°.
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Table 2. Observed and calculated structure factors

All |F| values have been multiplied by 10. ‘Less than’ reflexions
are indicated as negative | Flons. Form factors for heavier atoms
were taken from Cromer & Waber (1965) and for H atoms
from Stewart, Davidson & Simpson (1965).
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Table 4.

H(2)
H(3)
H@#
H(5)
H(7)
H(®)
H(®
H(10)

Parameters for the hydrogen atoms

x
—0-097
—0-002
0-211
0-377
0-441
0-339
0-136
—0-029

y
—0-047
-0-209
—0-243
—-0-129

0-077
0-232
0-267
0156

z
0-118
0-053
—0-092
—0-193
—0-220
—-0-163
—0-008

0-095

Corrections for thermal libration

B(A?2)
100
100
100
100
10-0
10-0
100
10:0

The molecule of 11,11-difluoro-1,6-methano[l10]annu-
lene is substantially rigid and is therefore expected to
behave as a rigid body in undergoing thermal libration.
Accordingly, the tensors T, L and S (Schomaker &
Trueblood, 1968) were derived from a least-squares
treatment, using a FORTRAN program written by
G. Filippini. In these calculations, equal weights were
assigned to all thermal factors; the results are shown
in Table 5. The agreement between observed and cal-
culated values of B;; for each atom is fairly good, the
differences being significant (exceeding 3o) only for
By, of C(2), where the discrepancy amounts to 5 times
the standard deviation. The temperature ellipsoids are

shown in Fig.

2.

_Table 5. Rigid-body tensors for 11,11-diftuoro-

1,6-methano[10]annulene, referred to a

Cartesian coordinate system, whose origin and
directions of axes coincide with crystallographic

axes

Standard deviations are given in brackets; all the value have
been multiplied by 104.

T (A)2
L (rad2)

S (A.rad)

543 (35)

69 (9)

22 (10)
—1(14)
42 (7

Table 3. The heavy atom parameters and their standard deviations
All the values in this table have been multiplied by 104. The temperature factor is in the form

exp [— (B1142 + Bazk2 + B3312 + 2B1ohk + 2By 3hl + 2 B3k1))

X Y z By
Cc) 1038 (8) 296 (5) 1145 (**) 123 (9)

By,
83 (4

C(2) 98 (12) —558 (8) 933 (16) 238 (16) 129 (7)
CQ3) 654 (12) —1501 (7) 301 (18) 266 (16) 87 (6)
c4 1956 (16)  —1699 (6) —546 (21) 340 (22) 62 (4)
C(5) 3015 (13) —1055(8) —991 (19) 262 (17) 89 (7)

C(6) 3138 (8) —92 (6) —212.(17) 125 (8)

98 (6)

cn - 3568 (9) 809 (8) —1267 (20) 155 (10) 127 (8)
C(®) 2878 (11) 1734 (6) —1032 (19) 226 (14) 81 (5)
C%) 1632 (13) 1940 (6) —151 (18) 326 (19) 61 (5)
C(10) 721 (8) 1306 (7) 658 (17) 186 (10) 81 (5)

C(11) 2535 (7) 67 (5) 1629 (16) 134 (8)
FQ) 2679 (5) —722 (3) 2848 (13) 212 (6)
F(2) 3198 (6) 842 (4) 2594 (14) 257 (8)

59 (4)
80 (3)
86 (3)

B33

212 (15)
216 (18)
389 (27)
389 (30)
363 (28)
318 (22)
403 (29)
411 (30)
328 (26)
267 (19)
272 (17
326 (13)
398 (17)

By
13 (5)
—48 (9)
—72 8)
25 (9)
58 (9)
29 (6)
—-26 (1)
—49 (8)
5(7)
41 (7
-5@
~3(3)
—20 (4)

—-72 (27)
969 (46)

—9(8)
90 (17)

—102 (19)
74 (20)
—252 (18)

B3
—6 (10)
—15(14)
—137 (19)
~124 (24)
—13 (19)
—14 (12)
31 (15)
—51(18)
—60 (20)
—28 (12)
—69 (10)
—103 (9)
—174 (11)

—45 (40)
192 (46)
571 (63)

58 (7)

—37(8)
147 (9)

—138(16)

83 (32)

—96 (17)
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Fig. 2. A stereo pair showing the temperature ellipsoids of the heavy atoms.

Considering the approximations involved in the
method and in using the B;;’s themselves, especially
when thermal motion is large, it is not quite certain
whether we really have evidence for non-rigid libration.
The mean-square rotational displacements of the mole-
cule amount to 63, 26 and 12(°)* about the principal
axes of the tensor L.

The correction for distances have been derived under
the rigid-body assumption from the tensor L, accord-
ing to Schomaker & Trueblood (1968). This procedure

c(3)

C(4)

C(5)

C(1)-C(1)-(6)=101°

Y
R F(1)-C(11)-F(2)=103° /
2\ %3’

N1200 1280 )/
= 135 =

C(8) C(9)

Fig. 3. The molecule of 11,11-difluoro-1,6-methano[10]an-
nulene viewed along the direction corresponding to the max-
imum moment of inertia. Bond distances are corrected for
thermal libration.

AC27B-~13

resulted in a substantial increase (around 0-015 A) in
all of them; a negligible correction of the bond angles
(within 0-1°) was found. Values for all bond distances
after corrections for thermal libration are given in
Fig. 3, and torsion angles in Table 6.

Table 6. Torsion angles

The convention of Klyne & Prelog (1960) is adopted.

C(1)—C(2)—C(3)—C4) —15°
C(2)—C(3)—C(4)—C(5) -0
C(3)—C(4)—C(5)—C(6) 18
C(4)—C(5)—C(6)—C(7) — 140
C(5)—C(6)—C(7)—C(8) 137
C(6)—C(7)—C(8)—C(9) —13
C(H—C(8)—C(9)—C(10) -3
C(8)—C(9)—C(10)-C(1) 16
C(9)—C10)-C(1H)—C(2) —140
C(10)-C(1)—C(2)—C(3) 140
Discussion

The molecular structure

The molecule as viewed along the direction corres-
ponding to the maximum moment of inertia is shown
in Fig. 3. The conformation of the 1,6-methano[10]}-
annulene group is in essential agreement with the
results of previous crystallographic work (Dobler &
Dunitz, 1965) relative to 1,6-methano[l0Jannulene-
2-carboxylic acid, no substantial difference being
found in the C(1)-C(6) distance (225 A in our com-
pound against 2:257 A in the acid), a fact which ex-
cludes any ‘double norcaradiene’ character for our
difluoro derivative. It is also in complete agreement
with the chemical behaviour of the substance and with
nuclear magnetic resonance data (Vogel, 1967; Vogel,
19684, b). As in similar compounds (Dobler & Dunitz,
1965; Casalone, Gavezzotti, Mugnoli & Simonetta,
1970; Ganis & Dunitz, 1967) the atoms within the
two ‘halves’ of the annulene ring (i.e. C(1) to C(6)
through C(2) or C(1) to C(6) through C(10)) are not
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coplanar, the situation being most conveniently ex-
pressed in Table 7.

Whereas the mm2 point group is to be expected for
the isolated molecule, here significant deviations from
this symmetry can be observed, the most striking case
occurring for the C(9)-C(10) bond which is 01 A
shorter than the C(2)-C(3) bond. It can be noticed
that these distortions are not quite random, being
consistent with the conservation of the twofold axis.

Molecular packing

If we assume as van der Waals radii for carbon,
fluorine and hydrogen the values 1-7, 1-4 and 15 A,
respectively, as we used in our calculations of molec-
ular packing energy, we see that in a few cases two

atoms belonging to different molecules lie at a distance

smaller than the sum of the corresponding van der
Waals radii; among these, one [F(2)-H(4)] contact of
2:53 A seems to be particularly short. The molecular
packing seen along c is represented in Fig. 4.

This research has been made possible by a grant of
Consiglio Nazionale delle Ricerche. We wish to thank
Dr Giuseppe Filippini for his valuable help in refining
the structure and in discussing the methods and results.

References

ALBANO, V., DoMENICANO, A. & VACIAGO, A. (1966).
Gazz. Chim. Ital. 96, 922. .

BARTELL, L. S. (1960). J. Chem. Phys. 32, 827.

BrauN, P. B., HORNSTRA, J. & LeENsOUTS, J. I. (1969)
Philips Res. Repts. 24, 85.

BUERGER, M. J. (1959). Vector Space, p. 247. New York:
John Wiley.

Busing, W. D., MarTiN, K. O. & Levy, H. A. (1962).
ORFLS. U.S. Atomic Energy Commission Publication
ORNL-TM 305.

THE STRUCTURE OF 11,11-DIFLUORO-1,6-METHANO[10]JANNULENE

Fig. 4. Molecular packing seen along c.

CasaLoNg, G. L., Gavezzorti, A., MucnoLl, A. &
SIMONETTA, M. (1970). Angew. Chem. 82, 516.

CROMER, D. T. & WABER, J. T. (1965). Acta Cryst. 18, 104.

CRUICKSHANK, D. W. J. (1961) in Computing Methods and
the Phase Problem in X-ray Crystal Analysis. Vol. 6.
Oxford: Pergamon Press. L

DEsTRO, R., FiLiepiNg, G., GRaMAccioLl, C. M. & SIMON-
ETTA, M. (1969). Tetrahedron Letters, 38, 3223.

DOBLER, M. & Dunrrz, J. D. (1969). Helv. Chim. Acta, 48,
1429.

Ducaawmp, D. J. (1964). A.C.A. Meeting, Bozeman, Mon-
tana, Paper B-14, p. 29. .

FruieeinNg, G. & Gramaccionr, C. M. (1969). Ric. Sci. 39,
589.

Ganis, P. & Dunirz, J. D. (1967). Helv. Chim. Acta, S0,
2369.

Table 7. Some planes of interest

The coefﬁcieqts g are the direction cosines relative to the crystallographic axes a, b and c. In the least-squares treatment, the
method described by Sc_:h(_)maker, Waser, Marsh & Bergman (1959) was adopted, with weights inversely proportional to the
positional standard deviation along the normal to the plane. Atoms marked with an asterisk were omitted from least squares.

Plane 4 Plane A’ Plane A" Plane B Plane B’ Plane B”
c) 0-03 A C(1) -001A *C(1) 033 A c) 0-02 A c(1) -0014A. *C(1) 027A
C(2) -—-0-09 C@2) 0-01 C(2) 0-00 C(6) 0-04 C(6) 0-01 *C(6) 0-31
Cc(3) . 007 *C(3) 0-27 Cc(3) -0-00 c(7) -—-0-09 C(7) -0-01 C(7) 0-00
C(4) 0-06 *C(4) 0-26 C(4) 0-00 C(8) 0-04 *C(8) 0-21 C(8) —0-01
Cc(5) -011 C(5) -0-01 C(5) —0:00 C©) 0-07 *C(9) 0-23 (¢C)] 0:01
C(6) 0:04 C(6) 001 *C(6) 0-35 C(10) —0-08 C(10) 001 C(10) 0-00
’ Plane C defined by C(1), C(11), C(6) Plane D defined by C(11), F(1), F(2)
Plane A4: q1=0-3636 g»=—02952 g3= 08835 - D=-0913 A
" Plane B:- 0-4882 0-2500 0-8362 —-1-222
Plane A”: 0-3335. —0-3833 0-8613 —0-872
Plane A”': 0-4156 —0-1485 0-8974 —-0-737
Plane B’: 0-4927 0-3251 0-8072 —1-258
Plane B”: 0-4816 0-1214 0-8679 —0-936
Plane C: 0-2283 0-9718 —0-0593 —0-552
. Plane D: 0-8733 -—0-2390 —0-4245 —1-535
Dihedral angles:
ANB 32:6° A'NB 42:7° A NA" 14-4°
B'AB” 12:2° GAD 89:6°



CARLO MARIA GRAMACCIOLI AND MASSIMO SIMONETTA

GramaccioLl, C. M. & Mariani, C. A. (1967). Rendic.
Ist. Lombardo, A101, 704.

HamMiLTon, W, C., RoLLETT, J. S. & SPARKS, R. A. (1965).
Acta Cryst. 18, 129.

HauptMAN, H. & KARLE, J. (1953). Solution of the Phase
Problem. I. The Centrosymmetric Crystal. A.C.A. Mono-
graph No. 3. Pittsburgh: Polycrystal Book Service.

Hoppe, W. & PauLus, E. F. (1967). Acta Cryst. 23, 339.

Huger, R. (1965). Acta Cryst. 19, 353.

KrtaiGoropskll, A. 1. (1961). Tetrahedron, 14, 230.

KLYNE, W. & PRELOG, V. (1960). Experientia, 16, 521.

Larson, A. C. (1967). Acta Cryst. 23, 664.

NorbpMaN, C. E. (1966). Trans. Amer. Cryst. Assoc. 2,
29,

NorbpMAN, C. E., NAKATSU, K. (1963). J. Amer. Chemn. Soc.
85, 353.

RaBmNoviTcH, D. & ScHmIipT, G. M. I. (1966). Nature,
Lond. 211, 1391.

RAE, A. D. (1965). Acta Cryst. 19, 683.

Acta Cryst. (1971). B27, 2237

2237

RoGers, D. (1965). In Computing Methods in Crystallo-
graphy. p. 117-148. Edited by J. S. RoLLETT. Oxford:
Pergamon Press.

Roverg, C., FiLiprini, G. & Gramacciorl, C. M. (1970).
Rendic. Acc. Lincei. In the press.

SCHOMAKER, V. & TRUEBLOOD, K. N. (1968). Acta Cryst.
B24, 63.

SCHOMAKER, V., WASER, J., MARsH, R. E. & BERGMAN, G.
(1959). Acta Cryst. 12, 600.

STEWART, R.F., DaviDsoN, E.R. & SiMpsoN, W. T, (1965).
J. Chem. Phys. 42, 3175.

VoGeL, E. (1967). In Aromaticity, p. 113. Special Publication
No. 21. London: The Chemical Society.

VOGEL, E. (19684a). Chimia, 22, 21.

VoGEL, E. (1968b). In Proceedings of the Robert A. Welch
Foundation Conferences on Chemical Research. XII.
Organic Synthesis, p. 215. Houston, Texas.

WiLLiams, D. E. (1966). Acta Cryst. 21, 340.

ZACHARIASEN, W. H. (1963). Acta Cryst. 10, 629.

The Crystal Structure of L-Isoleucine
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The crystal structure of L-isoleucine has been determined by X-ray analysis. L-Isoleucine crystallizes in

the monoclinic space group P2;, Z=4, with lattice constants a=9-75, 6=5-32, ¢=14-12

A, p=958°.

Final refinement was carried out for 1387 observed structure factors by the full-matrix least-squares
method including anisotropic thermal parameters. The R value was 0-117. Two crystallographically
independent molecules have different rotational angles about the C*~C# bond. The crystal structure is
formed by hydrogen-bonded double layers of molecules stacked in such a way that their terminal groups
of the side chain face each other. The molecular and crystal structures are closely related to those in
L-valine. Crystal data for other L-a-amino acids having similar hydrocarbon side chains are given indi-
cating that they also have closely related crystal structures.

Introduction

On the basis of infrared spectroscopic study, the crystal
of L-isoleucine was assumed to belong to a rather
unusual type in which the molecules take two kinds of
conformation (Tsuboi, Takenishi & Iitaka, 1959).
L-Valine also crystallizes into the same type of crystal.
The crystal structure of L-valine was investigated by
X-ray diffraction methods; it contains two crystallo-
graphically independent molecules having different
rotational angles about the C*~C? bond: trans and
gauche 1 forms (Torii & Iitaka, 1970). The present
study of the crystal structure of L-isoleucine was
undertaken to compare its structure with that of L-
valine and to establish a typical structure of L-a-amino
acids having hydrophobic side chains.

Experimental

Crystals of L-isoleucine were grown from a warm
saturated aqueous solution by slow cooling. They are

A C27B - 13*

colourless thin plates elongated along the b axis with
well developed {001} faces.

Unit-cell dimensions were measured on 0k/ and 40/
precession photographs. The crystal density was
measured by the flotation method using benzene-
carbon tetrachloride mixture. Crystal data are as
follows:

L-Isoleucine, C¢H,;O,N, M.W. 131:2
Monoclinic

a=975+002, b=532+0:02, c=14-12+0-02 A
B=95-8+0-2°

U=7230 A?

D,=1202g.cm™3 D,=1:196 g.cm™3

Z=4

Systematic absences, 0kO when k #2n

Space group, P2;.

Three-dimensional intensity data were collected
from multiple-film equi-inclination Weissenberg photo-
graphs. For both the a and b axes, five layers from
zero to the 4th layer were taken with Cu Ko radiation.



