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Abstract—A three-dimensional X-ray diffraction study has shown that thc product obtained by
bromination of p- or L-menthone is 2,4-dibromomenthone (2(a), &(¢e)-dibromo-2(c)-isopropyl-
S(e)methyl cyclohexanone]. The two Br atoms are trans, and the isopropyl and methyl groups arc also
trans. There are four molecules in the unit cell, which has symmetry P2,2,2, and dimensions
a- 1358,b  138landc - 625 A. Oncintermolecular Br . .. Br contact of 3:52 ¢ 001 A occurs,
a distance which is about 0-4 A shorter than the van der Waals distance.

INTRODUCTION

BROMINATION of either D- or L-menthone in chloroform yiclds a corresponding di-
bromo derivative first thought to be! 1,4 dibromomenthone. Later studies® ¢ of the
reactions of this dibromide led to the 2,4 positions as more probable. A recent review®
of this evidence coupled with infrared spectra and nuclear magnetic resonance results
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raised a strong possibility that the compound is 2,2-dibromomenthone. The present
X-ray diffraction study of a single crystal was undertaken to resolve this problem and
to cstablish the stereochemistry, except for the absolute configuration, of dibromo-
menthone.

EXPERIMENTAL

Colorless necdles, obtained from cthanol solution, were covered with a thin coating of cellulosic
cement in order to prevent sublimation and decomposition during X-ray exposurc. Weissenberg
photographs of an approximately cylindrical single crystal about 0-2 mm in diameter were taken with
the use of CuKa radiation. Visual estimates of the intensities were made with the aid of a calibrated
intensity scale made from single reflections from a crystal of the same compound. A superimposed
powder pattern from aluminum was uscd as a standard for the unit cell parameters. The density of
the crystals was determined by suspending them in isopropyl iodide and adjusting the temperature to

-22° until the last crystals just floated.*

There are 4 molecules of C,;OH,Br, in an ortho-rhombic unit cell having dimensions a -+ 13-58
0-03.5 — 1381 : 005andc 625 = 003 A. The density calculated from the X-ray measurements
1s1:78 g cm?, only 0-01 g cm? less than the observed value. Systematic extinctions of h00 for h
odd, 0kO for k odd and 00! for 1odd lcad uniquely to the space group P2,2,2,. Absorption cor-
rections were madc at a later stage of the investigation with 4 -- 90:1 cm-! as the linear absorption
coefficient. A total of 1204 different obscrved hkl reflections were measured representing 82 per cent
' E. Beckman and H. Eickelberg, Ber. Disch. Chem. Ges. 29, 418 (1896).

* G. Cusmano, Chem. Zentr. 1,976 (1914).

3 O. Wallach, Liebigs Ann. 414, 300 (1918).

¢ P. C. Guha and B. Nath, Chem. Ber. 70, 931 (1937).

# M. A. Morgan, M.S. Thesis, University of Minnesota (1957).
¢ J. A. Wunderlich, Bull. Soc. Fr. Min. Crist. 81, 220 (1958).
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of the possible total on the levels of the reciprocal lattice which were photographed Al reflections
were correlated to a single scale with the aid of Weissenberg photographs of the levels hKl for 0 -
K - 9 about the 4 axis. and photographs about the ¢ axis of the levels hkl for 0 - 1 - 4

Structure deternunation and refinement

An carly attempt to solve the structure from the ¢ axis projection was abandoned
because of overlap of atomic positions. The three-dimensional Patterson function
yielded the Br positions, which were employed to determine the phase angles of the
structurc factors in a three-dimensional clectron density map. A clearly recognizable
structure for all atoms cxcept for hydrogens was found for 2.4-dibromomenthone 1n
spite of diffraction ripples especially around the Br atoms.

Threc-dimensional least squares refinement of the data uncorrected for absorption,
and assuming 1sotropic thermal parameters and neglecting off-diagonal terms was
unsatisfactory, leading to R — XI.Fg| - |F|X[F,] - 030 or so. A three-dimen-
sional difference map in which 1sotropic Br atoms were subtracted showed that the Be
vibrations were strongly anisotropic. but further least squares refinement with the use
of anisotropic temperature factors for Br atoms did not appreciably lower the value
of R. Analysis of the individual F,'s and F's and the behavior of the thermal par-
ameters indicated clearly that absorption corrections were needed.  The long square
ncedies were approximated by an cquivalent cylinder for these corrections, and only
the hkO, hk1. hk2. and hk3 data wcere felt 10 be of sufficiently high quality for further
refinement.  Successive refinement by least squares methods then reached values of
R 0-25 for all reflections and R 0-15 for the hkO data. Even so. some lack of
convergence, due probably to omission of off-dragonal terms. was indicated by ab-
normally long C,—C, and C,— C, bond distances. but there also seemed 1o be special
problems associated with the inclusion of unobserved reflections. and with reflections
observed at high angles of scattering.

Final refinement was carried out on the [ B.M. 704 with all off-diagonal terms,
with the aid of the program of Busing and Levy™. Only the 958 observed hkL re-
flecions for which0 -, L - 7and sin 0 .. 0-90 were included. The final agreement
factors of r  Xw(|F,? F, % XwiF ¢ 0168. R 0:166 for all reflections and
R 0-125 for the hkO reflections are quite satisfactory. A summary of agreement 1s
shown in Table 1.

The atomic parameters, shown in Table 2. have standard deviations of : 0-004 A
for the x. v, or = paramcters of Br. and of : 0-03 for the x. 1, or = paramcters of C or
0. as computed from the full matrix of the least squares analysis.  Although the
standard deviations of the isotropic temperature factors are - 0-S A% these parameters
are very hikely subject to large systematic crrors owing mostly to the absorption
problems in this study.

Discussion of the structure

The structure 1s shown in Fig 1. As might be expected if the bromination proceeds
through the preferred enol form, the two Br atoms arc at the 2 and 4 positions. The
well known stercochemical details of methone itsclf are confirmed: the ring is a chair
form. and the methyl and isopropyl groups are in cquatorial positions. The Brat C,
15 also equatorial, but it 1s quite interesting that the Br at C, 1+ 1n the axial posttion.

'W o R. Buuing and H A levy. Report No. 39 432, Oak Ridge National Laboratory (1939)
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TaBLe |. Vatuks of R X||F,| -~ |F|/X|F,] FOR DIFFERENT CLASSES OF REFLECTIONS

All plancs

h - k - lodd
h - k odd

k + lodd

h « Lodd

h odd

k odd

1 odd

hkO

okl®

hol*

R

017
017
017
017
017
ole
017
017
012
0-21
017

Range of sin 0 R ril::z.l:et.?f
0-00 0-40 014 12
0-40 0-50 0-14 94
0-50 0-60 017 146
0-60-0-65 0-16 89
0:65 070 017 96
0-70-0-75 018 100
0-75-0-80 0-19 120
0-80-0-85 0-21 11
0-85 0-90 018 %0

* Data somewhat incomplete becausc only obscrved reflections hkL for 0 -_ L -

are included in this table.

TABLE 2. ATOMIC PARAMETERS®

7 and forsin0 -

Atom X
Br, 0-0858
Br, - 00510
C, 0038
C, 0-007
C, 0107
C, 0151
C, 0-120
C, 0-001
C, 0147
C, 0-254
C, 0-288
Cio 0-307
[0 0-156

)‘

02655

0-0636

0-0s2
0-051
0-062
0156
0150
0139
0-038
0155
0164
0239
0-001

z Temperature parameters

B 0-0040

;‘333 0(X)l6

' Bss 00211

0-5004 4 e 0-0006

t B 0-0018

 Bas 0-0045

(3, 0-0083

Pia 00046

;‘,, 00195

0-4096 e 0-0037

f‘|) O(XX)“

B 0-0040
0-799 B 1-0 A
0-565 13 A2
0-545 25 A8
0-649 08 A2
0-875 1-8 A7
0918 22A
0-836 25 Al
0-628 1-7 A?
0-379 24 At
0754 41 A*
0484 46 A*

x, v and : arc expressed as fractions of a, b, and ¢ respectively,

221

0-90

Models suggest that the H . . . H intcractions may be serious if the isopropyl groups
became axial, although when Br is axial there are some Br...H contacts which
appear to be somewhat shorter than the sum of van der Waals radii. However, short
intramolecular Br. .. H interactions may be less drastic than short H ... H inter-

actions.
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We suspect that the equatorial preference of isopropyl may be lost in the enolic
intermediate, and hence the resulting preference of Br for the axial position at C, is a
question of preferred stability of the final arrangement rather than preservation of the
initial stereochemistry about C,, but we cannot be sure that another mechanism may
not also be involved. The complete systematic name of this compound is thus 2(a),

6(c)-dibromo-2(e)-isopropyl-5(c)-methyl cyclohexanone.

FiG. 1. The molecular arrangement in the crystal structure of 2,4 dibromomenthone.
Contours are shown for the projection data (hk0) only at contour levels 0, 5,10 . . . for Cand O
atoms and at levels of 0, 20, 40, . .. for Brin units of clectrons/A*.

Bond distances and angles, shown in Table 3, have fairly high standard deviations
of +0:04 A for C —C, : 0-04 for C — 0, +0-006 A for Br . . . Br, :0-03 A for C—Br,
1 2:5° for <C—C—C or -<C—C —Br and ~3-3°for < C—C—O0. Thescatter of bond
distances about the values expected upon comparison with other studies® is large, but
within three times the standard deviations. Thus C—Br distances tend to average®
around 1-94 A, but distances as long as 1-99 and 210 A have been found in triphenyl-
methyl bromide® and in 5’-bromo 5’-deoxythimidine,!® respectively. Also, slightly

8 Tables of Interatomic Distances and Configuration in Molecules and lons. Special Publication No. 11 of the
Chemical Society, London (1948).

* C. Stora, C. R. Acad. Sci., Paris 236, 1661 (1953); Bull. Soc. Chim. Fr. 20, 1059 (1953).

'* M. Huber, Acta Cryst. 10, 129 (1957).
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short C-- O distances of 1-15 A in CCl;CHO" and of 114 A in halogenated p-quin-
ones'? are not unreasonablc!® and compare favorably with our value of 1-16 A, but
we cannot claim that a slight shortening is significant.

Van der Waals contacts less than 4 A are shown in Fig. 1. The shortest C... O
distance of 3-31 A between Cq and O is in reasonable agreement with an expected?®

TABLE 3a. INTERATOMIC DISTANCES
All distances are in A units

8r,- -C, 198 C. -C, 1-47
Br,—C, 1-95 C.- C, 1-40
Ci- C, 1-52 C, -G, 1-68
C, -C, 1-50 C. G, 159
C,—C, 1-52 Ce—Cro 1-63
Cy—C, 1-56 o G 1-16
¢,—C, 1-58

TasLE 3b. BOND ANGLES

C,—C—C, 113 C,—C—C. 109°
C,—C, G s ¢, C—Br, 105°
Ce— C; C: 1 C, -C—C, 112
C,- C,—C, 110 C,---C4— Br, 1t
C, -C,— Br, 114" Co— Cy-—Br, 119°
Cy—C,; —Br, 110 ¢, C—C, 116°
C,—C, C, 115" ¢,—C, -C, 109°
Cy-C, -0 1227 C, C—C, 112°
C, C,—O 122° Cie—Coy—Cio 113
C,—C,-C, 104 Cy- Co—Cia 107°

contact of about 3-4 A between CH, and O. The most interesting feature of the
intermolecular interactions is the Br, ... Br, distance of 3-52 + 0-006 A, which is
approximately 0-4 A shorter than the expected van der Waals contact!® of 3-9 A. Such
short intermolecular halogen-halogen contacts are not uncommon in crystals, but
examples in substituted organic molecules of intermediate complexity are somewhat
rare. In the Br, crystal' the three contacts of 3-30, 3-30 and 375 A are all less than
the cxpected van der Waals contact. Similar shortenings have been found in Cl,2°
and in I, !8.17

The Br ... Br contacts of 3-77 A in the p-dibromobenzoate diester of iresin?® are
significantly shorter than the van der Waals contact, and are an important feature of
the molecular packing in the crystal; indeed, here the thermal vibrations in the
crystal are apparently comparatively high. An unusually short Br. .. Br contact of
3-32 A in triphenylmethyl bromide® has been attributed to partial ionization of the
C- Brbond. The 3-44 A Cl. . . Cl contacts in 2-amino-4,6 dichloropyrimidine!® have
been attributed to hydrogen bonding, not present in our crystal. On the other hand,

11 C. Degard, Bull. Soc. Roy. Liége 7, 36 (1938).

18 L. L. Boricelli and O. Bastiansen, Tidsskr. Kjemi Berg. 9, 3 (1949).

13 L. Pauling, Nature of the Chemical Bond (3rd Ed.). Cornell University Press, New York (1960).
1¢ B. Vonncgut and B. E. Warren, J. Amer. Chem. Soc. 88, 2459 (1936).

18 R. L. Collin, Acta Cryst. 8, 431 (1952).

' P. M. Harris, E. Mock, Jr. and F. C. Blake, J. Amer. Chem. Soc. 50, 1583 (1928).

7], 1. Kitaigorodskii, V. Khotsyanova and M. Struchkov, ZA. fiz. Khim. 27, 780 (1953).

1* M. G. Rossmann and W. N. Lipscomb, Tetrahedron 4, 275 (1958).

1 C, J. B. Clews and W. Cochran, Acta Cryst. 1, 4 (1948).
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the short I--I distance of 3-90 A in P,S,1,°, the Cl...Cl distance of 3-46 A in P
dichlorobenzene?! and the Br. .. Br distance of 3:76 A in p-dibromobenzene® are
further examples of distances less than the usual van der Waals contact. These com-
parisons arc interesting and probably significant, but we fecl that any detailed com-
parison of intcrmolecular contacts in organic crystals should include corrections for
the crystal vibrations which are frequently a few to several tenths of an Angstrom. In
particular, we should like to be able to distinguish between the different mechanisms
of shortening, such as (a) stronger binding forces in ionic and hydrogen bonded
crystals as compared with molecular crystals, (b) cffects associated specifically with
different thermal amplitudes of crystal vibrations. rarcly rcliably corrected for,
(c) specific charge transfer and valence interactions, probably not completely dis-
tinguishable from (a), but perhaps associated with specific electronic transitions in the
complex, and, finally, (d) van der Waals contacts which are different depending upon
the direction of approach and relative orientations of bonds and lone pair orbitals.
The present data, though as yet insufficient, gives us some hope that these various
cffects can be sorted out, or that the questions can be reformulated so that these
abnormal shortenings can be understood.

The C,—Br, ... Br, bond angle of 155-9° and the C;- ‘Br, . .. Br, bond anglc of
161-4° arc interesting aspects of this abnormally short Br, . .. Br, distance. These
extraordinarily large angles are comparable to the larger of the two X—X ... X
angles of 169° and 105° which occur in solid X, crystals, where X is Br'¢ or 1.2%17 The
meaning of these angles is not clear, even as to whether increased attraction, decreased
repulsion or both are occurring, but a study of the nuclear quadrupole coupling
constants in the dibromomenthone crystal would be of considerable interest.

The intramolecular Br, ... O distance is only 2-88 A, considerably shorter than
the expected van der Waals contact of 3-35 A. Such shortcnings are quite common,
but it is most interesting that the Br, atom is only 0-25 A out of the plane defined by C,,
C, and O atoms, in the unexpected dircction that C =0 just fails to be staggered
relative to the two bonds from C, to Br, and H. A distortion of this order of magnitude
is anticipated because of the effect of the expected near planarity of the C,C;C,0
group. Itis only remarkable that steric interactions betwecen O and Br, are not more
important, and that the distortion is not greater. It may well be that there are com-
pensating attractive interactions between O and Br,, somewhat similar to those in 1.4
dioxane-chlorine,® an cffect which may possibly show up in a charge transfer
spectrum.

It seems easicst to understand the bromination reaction as two steps in which the
first Br goes into the axial position on C because of the relatively poor steric situation
if the isopropyl group were axial. The second Br very probably goes into the equa-
torial position prefercntially to avoid a steric problem with Br,, already axial.

If a-bromocyclohexanone is taken® as a model compound for a comparison of the
H? resonance spectrum it is to be noted that the H atom on the 2-C atom is equa-
torial® in this compound, whereas the corresponding H atom of 2,4-dibromomenthone

* . A. Wright and B. R. Penfold, Acta Cryst. 12, 455 (1959).

31 J. Housty and J. Clastre, Acta Cryst. 10, 695 (1957).

¥ S. Bezzi and U. Croatto, Gazz. Chim. Ital. 72, 318 (1942).

¥ 0. Hasscl and K. O. Stromme, Acta Chem. Scand. 13, 1775 (1959).

M E. J. Corey, J. Amer. Chem. Soc. 75, 2301 (1953); sce also N. L. Allinger, J. Allinger and N. A. LeBell,
1bid. 82, 2926 (1960).
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is axial. A shift from about 152:5 c.p.s. (equatorial) to about 185 c.p.s. (axial) at
40 m.c. might be anticipated,? but it is not known whether this cffect was taken into
account.® Further substantiation of this difference between 2-bromocyclohexanone
and 2,4-dibromomenthone is that the carbonyl infrared absorption is shifted® from
about 1701 cm ! in L-menthone to about 1721 cm ! in 2.4 dibromomenthone, a
shift suggesting approximate coplanarity of CO and CBr (cquatorial). This large
shift is to be compared with the relatively small shift®* of only 4 cm~! when cyclo-
hexanone is converted to 2-bromocyclohexanone, which has an axial Br atom.
Finally, with respect to the recent chemical evidence,® the carlier synthesis® of 4-
bromomenthone could not be repeated, but monoiodomenthone is known.?
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