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Abstract-A three-dimensional X-ray diffraction study has shown that the product obtained by 
bromination of I>- or L-menthone is 2,4dibromomenIhonc [Z(a). 6(c)dibromo_Z(c)_isopropyl- 
5fe)mcIhyl cyclohcxanone]. The Iwo Br atoms arc rrunr. and the isopropyl and methyl groups arc also 
trans. There arc four molccuks In the unit cell. which has symmetry P2,2,2, and dimensions 
u 1358.h 13.81 and c -. 6.25 A. One intermolecular Br . . . Br contact of 3.52 ! 0.01 A occux. 
a distance which is about 0.4 A shorter than Ihc van dcr Waals distance. 

INTRODUCTION 

BROMINATION of either I)- or r-mcnthone in chloroform yields a corresponding di- 

bromo derivative first thought to bet 1.4 dibromomenthonc. Later studies* ’ of the 
reactions of this dibromide Icd to the 2,4 positions as more probable. A recent revicv? 

of this evidence coupled with infrared spectra and nuclear magnetic resonance results 

raised a strong possibility that the compound is 2.2dibromomenthone. The present 
X-ray diffraction study of a single crystal was undertaken to resolve this problem and 
to establish the stereochemistry, except for the absolute configuration, of dibromo- 
menthone. 

EXPPRIMENTAI, 

Colorless nccdlcs. obtained from ethanol solution. were covered with a thin coating of ccllulosic 
cement in order IO prevent sublimation and decomposition during X-ray exposure. Weissenbcrg 
photographs of an approximately cylindrical single crystal about @2 mm in diameter were taken with 
the use of CuKa radiation. Visual csIimaIn 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 used as a standard for the unit cell paramc~ers. The density of 
the crystals was determined by suspending them in isopropyl iodide and adjusting the temperature IO 

-22’ until Ihc last crystals just floated: 
There are 4 molecules of C,,OH,,Br, in an or/ho-rhombic unit cell having duncnsions u - 1 13.58 T 

0.03. b - 13.81 : 0.05 and c 6.25 I 0.03 A. The density calculated from the X-ray ~urcments 
IS I.78 g cm-‘, only 0.01 g crna less than the obscrvcd value. Systematic extinctions of M)o for h 
odd. Ok0 for k odd and 001 for 1 odd lead uniquely IO the space group P2,2,2,. Absorption cor- 
rections were made at a later stage of the mvestrgation with p . 90 I cm-* as the linear absorption 
coeflicicnt. A total of 1204 ditfcnnt obscrvcd hkl reflections were measured rcpmenting 82 per cent 

’ E. Beckman and tf. liickelbcrg. &r. Dr$rh. Chrm. tic*. 29.418 (18%) 
’ G. Custnano. Chrm. Zenrr. 1.976 (1914). 
a 0. Wallach. ficbigt Ann. 414, 300 (1918). 
’ P. C. Guha and B. Nath. Chrm. &r. 70.931 (1937). 
’ M. A. Morgan, MS. Thesis. University of Minnesota (1957). 
* J. A. Wundalich. BUN. Sot. Fr. M/n. Gist. 81. 220 (1958). 
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of the posublc lotal on the lcvch of the rcclproul Ia~~rc uhtch *crc photographed All rcktlom 

uwc correlated 16) a stnglc scale with the ad of Wcmcnkrg photograph5 of the Icvcl~ hKI for 0 

K . 9 about the h PIIS. and photographs about Ihc c ax13 of the levels hkl for 0 . I 4 

Srrucrurt+ dtvernrmotr0n oncl rcfinentent 

An early attempt IO solve the structure from the c axls proJectton was abandoned 

bccausc of obcrlap of atomic positions. The three-dlmcnslonal Patterson function 

y~eldcd the Hr posltionc, whvzh wcrc employed IO determine the phase an+\ of the 

structure factors m a three-dtmcnsional clcctron density map. A clearly rccognl/irhle 

structure for all atoms except for hydrogcns uas found for 2.4.dlbromomcnthonc In 

\p~fe of dlffracIlon rlpplcs cspcclally around the Br atoms. 
1 hrec-dlmcnslonal least squares rclincmcnt of the data uncorrected for absorption. 

and assuming lsotroplc thermal parameters and ncglcctlng off-diagonal Icrm\ u-as 

unwtlsfactory. leading to R 2 9;F,I - IF,IIIX:IF,I 0.30 or so. A threc-dlmcn- 

\lonal Mcrcncc map In uhlch lsotroplc Hr atoms uerc 4uhtractcd shoued that Ihc Br 

klbratlons were strongly anisotropic. but further least \quarcs rctinzmcnt with the USC 
of anicotroprc tcmpc!raturc factors for Br atom\ did not appreciably loucr the value 

of N. Analysi\ of the mdl\ldual F,,‘\ and 1:;s and the bchablor of the thermal par- 

amctcrh Indlcsted clcarlt that absorption corrections acre nccdcd. The long squars 

nccdlcq ucrc approxlmatcd by an cqut\alcnt cyhndcr for thc\c corrcc‘tmns. and only 

the hk0. hk I. hk?. and hk3 data were felt IO k of \ufficlcntly high quality for further 
rcfincment. Succcss~rc rctincmcnt by Icast square, msthods then rcachcd balucs of 

H 0.25 for all reflection\ and R 0.15 for the hkO data. E\cn so. some lack of 
convcrgencc, due probably IO omlsslon of off-diagonal terms. Ha> lndtcatcd by ab- 

normally long C,-C, and C,- C, bond distances. but thcrc also 5cemcd IO bc spcclal 

problcmc assoclatcd with the lncluslon of unobrerscd rcflcctlon\. and ulth reflections 

obscrvcd at high angles of scattering. 

FInal retincmcnt ua\ carried out on Ihc I.B.M. 704 ulth all off-diagonal term\. 

with the aid of the program of Busing and Lcby’. Only the 958 obxrvcd hkL re- 

flcctlons for which 0 :. L . 7 and >in 0 ‘_ 040 utrc mcludsd. I’he final agreement 

factors of r S(IF,, * F,,‘)‘;SvlFOl’ 0.168. N 0.166 for all rcflcctlons and 

R 0.125 for the hk0 rcflccflon\ are quite satl\faclory. A summary of agrccmcnt IS 

shown In Tablc I. 
The atomic parameters. shoun In Table 2. habc standard dc\latlons of : OMM A 

for the x. I’. or : paramster\ of Hr. and of : 0.03 for the .x. ,I‘, or : paramctcri of C or 

0. as computed from the full matrix of the Isa\t squares analysis. Although the 
standard dcvlatlon\ of the i\oIroplc tcmpcraturc factors arc ~0.5 A’. thcsc parameters 
arc wry Ilkcly cublcct to large \yIIcmatIc crrorq oulng mo\Ily IO the absorption 

problem* In Ihl\ \tud>. 

Dm-uuron of the* .structurc 

The ,tructurc 15 shown In FIN I. As might bc expcctcd If Ihc bromlnatlon prwced\ 
through the prcfcrrcd cnol form. the IWO Br atoms arc 31 the 2 and 4 posltlonc. I’hc 

ucll known stcrcochemlcal details of methonc itself arc confirmed: the ring IS a chair 

form. and the methyl and isopropyl group\ arc In equatorial posItIons. The Br 31 Cx 

IS also equatorial. but II IS quite mtcrestmg that the Br at C, I\ tn the axial posItton. 
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R Range of sin 0 R 
Number of 
rckclions 

- -. ._-- -_ -- -. ----.- .-.- 
All planes 0.17 

h-k I odd 0.17 

h . kodd 0 I7 

km lodd 0.17 

h : Iodd 0.17 

h odd 0.16 

kodd 0.17 

I odd 0 I7 

hk0 0 I2 

Okl* 0.21 

hOI* 0 I7 

om 040 

040 @so 
0.5-o 04lo 

0.60 0.65 

0 65 0.70 

0.704.75 

0.754 80 

0 W085 

O-85 0.90 

0.14 

0.14 

0.17 

0.16 

0.17 

0.18 

0.19 

0.21 

01x 

II2 

94 

146 

89 

96 

100 

I20 
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90 

-.-- 
* IMa somewhat mcompktc bccaux only obxrvcd reflections hkL for 0 ._ L . 7 and for sin 0 OW 

arc ~ncludcd m this labk. 

‘I‘AHI.E 2. ATOMIC PARAVF.~WS* 

Atom x ? 
__. _. .- ._.. 

Hr, 00858 0 2655 0.5004 

Hr, OOSIO 

c, 0 038 

c* oxlO 

(‘2 0,107 

c-4 0.151 

C, 0,120 

:.: 0xJO1 0 I47 

G O-254 

<‘. 0.288 

c‘,, 0 307 

0 0.156 

0.0636 04oy6 

o.os2 0,799 

0.0s I 0.565 

oD62 0 545 

0.156 0.649 

0~150 0.875 

0.139 O~YIX 
0.038 0.836 

0~155 0,628 
0.164 0.379 

0,239 0754 
0xlO1 04M 

H I.OA’ 

I.3 Aa 

2.S A: 

0 8 A’ 

I.8 A’ 

2.2 A’ 

2.5 A’ 

I ,7 A’ 

2.4 A’ 

4.1 A’ 

46A: 
--. _- 

l x, .b and : are exprcs5ed as fracuona of 0, b. and c rcspcccivcly. 

Models suggest that the H . . . H interactions 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 bc involved. The complete systematic name of this compound is thus 2(a), 

6(c)-dibromo-2(e)-isopropyL5(c)-methyl cyclohcxanone. 

FIG. 1. The molecular arrangement in the crystal structure of 2.4 dibromomcnthonc. 
(‘ontours arc shoun for the projection data (hk0) only at contour levels 0.5, 10 . . . for C and 0 

atoms and at Icvcls of 0. 20. 40. . . . for Br in units or electrons/A’. 

Bond distances and angles, shown in Table 3, have fairly high standard deviations 
of -:044 A for C --C, : 0.04 for C - 0, +0406 A for Br . . . Br, .~0*03 A for C-Br. 
.t 2.5” for CC- C-C or -: C-C -Br and : 3.3” for t C-C-O. The scatter 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 194 A, but distances as long as 1% and 2.10 A have been found in triphenyl- 
methyl bromide9 and in 5’-bromo 5’-dcoxythimidine,l” rcspectivcly. Also, slightly 

* Tablrr of Inrera:omic Distances and Con&ration in Molecules and Ions. Special Publication No. I I or the 
Chcmtcal Society. London (1948). 

’ C. Sora. C. R. Acad. Sri.. Paris 2%. 1661 (1953); Bull. Ser. Chlm. Fri. 20. 1059 (1953). 
I* M. Iluber, Aoa Cryst. 10, 129 (1957). 
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short C= 0 distances of 1.15 A in CCl&HO” and of I.14 A in halogenated pquin- 
one+* are not unreasonabP3 and compare favorably with our value of I.16 A. but 
WC cannot claim that a slight shortening is significant. 

Van der Waals contacts less than 4 A are shown in Fig. 1. The shortest C . . . 0 
distance of 3.31 A between C, and 0 is in reasonable agreement with an cxpected13 

TALIIJ 3a. ~NTFRATWIC DISTASCXS 

AII distanms are m A units 

Hr,- -c, I .98 C, -C, 1.47 
Br*-C, I.95 <‘,- c, I40 
c,- C, I.52 C, .(‘. 1.6X 
C, -c, I.50 C. C, I 59 
<:,-c, I.52 G-G, I.63 
c,.-c, I.56 0 C, l-16 
<‘,-C, I.58 

.- __- 

TALII.E 3b. &MD AWLU 
_. 

c’,--c,-c, 113’ c,- C,K. 109’ 
C-,2,. C, II5 C, C,-Br, I05 
c,- c, -C; Ill’ C, -C.-G II2 
C,.- c,-c, I IO C,-K,- Br, Ill’ 
C, -C,- Br, II4 <‘.- C,-Br, 119’ 
C,-C, -Br, II0 C, C&X, 116” 

G-Cs C, II5 <‘I-c, -C, IO9 
c,- C, -0 122’ C, C.-G 112’ 
c, C,-o 122’ C.-C,- c,, II3 
C,-c, -c, 104 G C.-c,, 107’ 

contact of about 3.4 A between CH, and 0. The most interesting feature of the 
intermolecular interactions is the Br, . . . Br, distance of 3.52 i OG06 A, which is 
approximately O-4 A shorter than the expected van dcr Waals contact13 of 3.9 A. Such 
short intermolecular halogen-halogen contacts arc not uncommon in crystals, but 
examples in substituted organic molecules of intermediate complexity are somewhat 
rare. In the Br, crystal l4 the three contacts of 3.30, 3.30 and 3.75 A are all less than 
the cxpectcd van der Waals contact. Similar shortenings have been found in Cl,ls 
and in I, 1E,17 

The Hr. . . Hr contacts of 3.77 A in the p-dibromobenzoate diestcr of ircsirP are 
significantly shorter than the van dcr Waals contact, and arc 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 triphenylmcthyl bromide0 has been attributed to partial ionization of the 
C- Br bond. The 344 A Cl . . . Cl contacts in 2-amine-4.6 dichloropyrimidine’@ have 
been attributed to hydrogen bonding, not prcscnt in our crystal. On the other hand, 
I1 c’. Dcgard. Bull. Sot. Roy. Li&gc 7. 36 (1938). 
Is L. L. Boricclli and 0. Rwmnsen. Tidsskr. A’ymi Berg. 9, 3 (1949). 
” L. Pauhng. h’ofurc o/ fhr Chrmlcal Bond (3rd td.). Cornell Unwerslty Press. New York (19~1). 
” 8. Vonncgu( and B. E. Warren. 1. Amer. Chcm. SW. 58, 2459 (1936). 
IS R. 1.. Collm. Acto CIMI. 5, 431 (1952). 
‘* P. hi. Harris, E. Mock. Jr. and F. C. Blake, 1. Amer. Chrm. Sot. SO, 1583 (1928). 
I’ 1. I. Kilalgorodskli. V. Khotayanova and M. Struchkov. Zh.fiz. Khrm. 27. 780 (1953). 
‘* M. G. Rosrmann and W. N. Lqncomb. Trrrakdron 4. 275 (1958). 
I* C. J. Il. Clcus and W. Cochran. Acre Cry~r. 1, 4 (1918). 
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the short I -,-I distance of 390 A in PJS,I,““, the Cl . . . Cl distance of 3.46 A in p- 
dichlorobenzcne2’ and the Br . . . Br distance of 3.76 A in p-dibromobenzeneag are 
further examples of distances less than the usual van der Waals contact. These com- 
parisons are interesting and probably significant, but we feel that any detailed com- 
parison of intermolecular 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) effects associated specifically with 
different thermal amplitudes of crystal vibrations. rarely reliably 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 dcr Waals contacts which are different depending upon 
the direction of approach and rclativc orientations of bonds and lone pair orbitals. 
The present data, though as yet insufficient, gives us some hope that these various 
cffccts can be sorted out, or that the questions can bc reformulated so that these 
abnormal shortenings can be understood. 

The C,--Hr, . . . Br, bond angle of 155.9” and the C,. .Hr, . . . Br, bond angle 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 X2 crystals, where X is Br” or I.1dJ7 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 quadrupolc coupling 
constants in the dibromomenthone crystal would be of considerable interest. 

The intramolecular Br, . . .’ 0 distance is only 2.88 A, considerably shorter than 
the expected van der Waals contact of 3.35 A. Such shortenings 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 0 atoms, in the unexpected direction 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 cxpectcd near planarity of the C2C,C,0 
group. It is only remarkable that steric interactions between 0 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 0 and Br,. somewhat similar to those in I.4 
dioxane-chlorine,p an effect which may possibly show up in a charge transfer 
spectrum. 

It seems easiest 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 preferentially to avoid a steric problem with Br,. already axial. 

If r-bromocyclohexanonc is taken5 as a model compound for a comparison of the 
H* resonance spectrum it is to be noted that the H atom on the z-C atom is cqua- 
toriala in this compound, whereas the corresponding H atom of 2.4-dibromomenthonc 

** ID. A. Wright and H. R. Pcnfold. Arro Crysr. 12, 455 (lYS9). 
*I J. llousty and J. Clastrc. Arm Cr,w. IO. 695 (1957). 
n S. Bc?zi and U. Croa~to. C’oxr. Chim. I1ol.12. 318 (1942). 
+) 0. Hasscl and K. 0. Slrammc. ~rro Chrm. .Scund. 13. 1775 (1959). 
u E. J. Cony. /. Amrr. Chrm. Ser. 75, 2301 (1953); see also N. L. Alhngcr. J. Allingcr and X. A. L.cBell. 

Ibtd. 8. 2Y26 (lY60). 
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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, 26 but it is not known whether this effect was taken into 
account.5 Further substantiation of this difference between 2-bromocyclohexanone 

and 2,4-dibromomcnthonc is that the carbonyl infrared absorption is shifted6 from 
about 1701 cm ’ in t.-menthonc to about 1721 cm L in 2.4 dibromomcnthonc, a 
shift suggesting approximate coplanarity of CO and CRr (equatorial). This large 
shift is to be compared with the relatively small shifP of only 4 cm-* when cyclo- 
hcxanonc is converted to 2-bromocyclohexanone, which has an axial Rr atom. 
Finally, with respect to the rcccnt chemical evidence5 the earlier synthesiP of 4- 
bromomenthone could not be repeated, but monoiodomenthonc is known.= 
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