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ABSTRACT: Various forces influence the formation of a crystal structure and sometimes an unstable balance
between different supramolecular interactions is the reason for polymorphism. Four crystal structures relating to the
interplay between bromine contacts, aromatic interactions, hydrogen bonding and the influence of the solvent used in
the crystallization process are reported. In this context1 and2 were synthesized as model compounds both containing
two hydroxy groups and two bromophenyl substituents in acis configuration attached at different sides to the basic
9,10-dihydroanthracene subunit. Variation in the position of the bromo substituents in1 and 2 allows further
comparison with reference to interaction modes and crystal packing. A variety of interactions (O—H…O, O—H…Br,
Br…Br) are realized in two crystal modifications of1, 1A and1B, with similar molecular geometry but considerably
different packing relationships. The balance of forces between the possible contacts and their endeavour to control the
crystal packing is influenced by the solvent which is used for crystallization. Modification1A crystallized from pure
toluene, whereas for1B toluene with a trace of chloroform was used. In pure chloroform1 includes solvent molecules
in a host lattice, forming a clathrate structure1C [1�CHCl3 (1:1)] with packing motifs similar to the structure1B.
Copyright  2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Investigations of the characteristic behaviour of different
functional groups and their influence on the packing
arrangement in crystal structures are of great interest in
crystal engineering.1 The knowledge of the strength and
orientation of the interaction between functional groups
gives the possibility for a design of organic solids2 with
desired properties, thus having applications in materials
science.

Hydrogen bonds with different functional groups (O—
H, N—Hx and sometimes also C—Hx) have been well
studied.3 To compare such interaction systems, the
description with synthons4 in supramolecular synthesis
or through a set of graphs5 is helpful. Unlike hydrogen
bonds, knowledge of the influence of halogen atoms on
crystal packing and their interactions with other halogen
atoms, nucleophilic and electrophilic groups and aro-

maticp-systems is still at an early stage6,7 and the nature
of these contacts is under current discussion.8

For the analysis of halogen contacts, early work was
done with simple halogen compounds including Cl2, Br2
and I2 and comparative studies between halogen-
substituted benzene derivatives,9 showing that halogen
atoms are able to form various important interactions
with preferential ranges of contact distances and angles,
relatively easy to describe between pairs of identical
halogens (Cl…Cl, Br…Br, I…I) and mixed pairs
(Br…Cl, Cl…I, Br…I). On the other hand, halogen
atoms form short contacts with nitrogen, oxygen and
sulphur. Moreover, halogen atoms could act as a
hydrogen acceptor (electron donor) in hydrogen bonds
(a good historical overview is given in Ref. 1).

Depending on the geometric parameters, two types of
halogen…halogen interactions are distinguishable.10 In
the first type (A), both carbon—halogen bonds form a
nearly colinear arrangement, so that the contact angles
�1 (C—Br1…Br2) and �2 (C—Br2…Br1) are equal
and around 160� 10°. This molecular arrangement
normally contains a centre of inversion between the
halogen atoms and is typical of triclinic structures.11 In
the second type (B), one of the two angles is 170� 10°
and the other to 90� 10°. Type B is characteristic of
monoclinic and orthorhombic space groups.11 The
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halogenatomsarecorrelatedby a screwaxis or a glide
plane.

The preferenceto form one of these two types of
halogen…halogeninteractionschangeswith thepolariz-
ability of thehalogenatoms.A CSDstudy12 of hundreds
of crystalstructuresindicatedthat the chlorineatom(as
one of the hardest halogen atoms, smaller and less
polarizablethanbromineandiodine)formsbothtypesof
contactsin thesameratio.Bromineatoms(asasoftatom,
easyto polarize)prefer the perpendiculartype (B) and
this tendencyis alsopresentin thecontactsof molecules
with iodineatoms.

For further investigationof halogencontacts,model
compoundsare desirablewhich have a more complex
structurethan the simple benzenederivativesbut being
indicative of theseinteractionsincluding also competi-
tion with groups supporting hydrogen bonds and p-
interactions.Moreover,for controlling geometry,varia-
tion of the positionof the halogensubstituentsis aimed
for. Thesepropertiesareascribedto compounds1 and2
(Scheme1),anx-raystructuralstudyof which is reported
here.

RESULTS AND DISCUSSION

Compounds1 and2 weresynthesizedin moderateyields
from anthraquinoneand the respectivedibromobenzene
using a lithium organic reaction. Both compounds
contain two hydroxy groups and two bromophenyl
substituentsin a cis configurationattachedat different

Figure 1. Molecular structure of the dibromo dihydroxy
compound 1 showing the numbering system. The thermal
ellipsoids are drawn at the 50% probability level. Hydrogen
atoms have been omitted for clarity. A C2-pseudo-symmetry
axis runs through the centre of the cyclohexa-1,4-diene
moiety. Two regions of potential contact groups are
distinguishable: region 1 around the bromine atoms being
polarizable (soft) and region 2 formed by the two hydroxy
groups

Figure 2. Molecular structure of the dibromo dihydroxy compound 2 showing the numbering system. The thermal ellipsoids are
drawn at the 30% probability level. Hydrogen atoms have been omitted for clarity. A C2-pseudo-symmetry axis runs through the
centre of the cyclohexa-1,4-diene moiety. Two conformers are distinguishable depending on the orientation of the bromines

Scheme 1
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sidesto the basic 9,10-dihydroanthracenesubunit.The
variationin thepositionof thebromineatomsin 1 and2
will allow the influenceof the bromine atomson the
crystalline packing mode relative to the interactions
betweenthehydroxyandthearyl groupsto becompared.

Perspectiveviews of the moleculesof 1 and 2 are
shown in Figs 1 and 2, respectively, including the
numberingschemesof the atoms.The diol compound2
existsin two conformers,dependingon the directionof
theC—Br bond.Theabsenceof flexible aliphaticgroups
lead to a rigidity in conformation and a block-like
molecularstructureowing to theplanearomaticsystems.
Thesetypesof block compoundstendto crystallizein a
optimal closest-packedmodel. In addition, the solvent
usedin the crystallizationprocessgivesrise to a strong
influenceonthepackingmotif dependingonthepolarity.
Toluene,asan apolarsolventusedin the crystallization

of diol 1, leads to the crystal structure 1A. For the
polymorphicstructure1B, toluenewasusedwith a trace
of chloroform.In purechloroformcompound1 includes
thesolventasguestin ahostlatticewith aratioof 1:1and
crystallizes with the clathrate structure 1C [1�CHCl3
(1:1)] with packingmotifs slightly similar to 1B.

Crystal data and selectedexperimentaldetails are
given in Table 1 and selectedconformationalfeatures,
brominecontactsandH-bondgeometriesaresummarized
in Tables2–5.

Molecular structures

Basedonthecisconfigurationin bothmolecules1 and2,
two potentialcontactregionsaredistinguishable(Fig. 1):
one (region 1) which is aroundthe two bromineatoms

Table 1. Crystal data and some selected experimental details from the crystal structures of compounds 1 and 2

Identificationcode 1A 1B 1C 2

Host:guestratio No No [1�CHCl3 (1:1)] No
Crystallizedfrom Toluene Toluenewith a traceof chloroform Chloroform Toluene
Formula C26H18O2Br2 C26H18O2Br2 C26H18O2Br2�CHCl3 C26H18O2Br2
Formulaweight 522.22 522.22 641.59 522.22
Crystalsystem Triclinic Monoclinic Orthorhombic Monoclinic
Spacegroup P-1 Cc Pbcn C2/c

Unit cell dimensions:
a (Å ) 13.701(3) 13.3880(1) 16.486(1) 28.194(2)
b (Å ) 14.752(3) 24.770(3) 13.7484(6) 16.738(1)
c (Å ) 21.790(4) 12.742(3) 22.4129(4) 18.618(1)
a (°) 73.34(3) 90 90 90
b (°) 89.83(3) 96.47(2) 90 97.453(6)
g (°) 88.17(3) 90 90 90

Volume(Å3) 4217.0(15) 4198.6(1) 5080.1(4) 8712.1(12)
Z 8 8 8 16
Dc (mg mÿ3) 1.645 1.652 1.678 1.593
Absorb.m(mmÿ1) 3.865 5.060 7.144 4.877
F(000) 2080 2080 2544 4160
Crystalsize(mm) 0.2� 0.2� 0.15 0.41� 0.38� 0.33 0.3� 0.32� 0.25 0.4� 0.3� 0.26
Crystalhabit Colourless Colourless Transparent Colourless
Temperature(K) 195(2) 195(2) 293(2) 293(2)
Radiationused[� (Å)] Mo Ka, 0.71073 Cu Ka, 1.5418 Cu Ka, 1.5418 Cu Ka, 1.5418
sin �/� 0.7135 0.6262 0.5777 0.5878
Index ranges h (0,19) h (0,16) h (0,19) h (0,33)

k (ÿ20,21) k (0,30) k (0,15) k (0,19)
l (ÿ30,30) l (ÿ15,15) l (0,25) l (ÿ21,21)

Reflectionscollected 45729 4341 4566 7682
Independentreflections 23991 4204 4084 7398
Reflections[I >2 s(I)] 14951 4176 3269 5914
Refinementmethod Full-matrix/F2 Full-matrix/F2 Full-matrix/F2 Full-matrix/F2

Data/restraints/parameters 23991/5/1374 4204/2/552 4084/0/317 7398/0/554
Absorptioncorrection No correction No correction DIFABS25 DIFABS25

Goodnessof fit on F2 1.011 1.083 1.080 1.039
R1 [I >2 s(I)] 0.0477 0.0648 0.0749 0.0749
R1 (all data) 0.0997 0.0650 0.094 0.090
wR2 (all data) 0.1017 0.1633 0.1733 0.2027
FinalDrmax/Drmin (eÅÿ3) 0.67/ÿ0.97 3.23/ÿ1.78 0.80/ÿ1.05 1.57/ÿ1.49
Diffractometer NoniusKappa–CCD Enraf-NoniusCAD4 PhilipsPW 1100 PhilipsPW 1100
Datacollectionmode !/2� scans !/2� scans !/2� scans !/2� scans
Decay(%) No decay 3 No decay No decay
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being ratherpolarizable(soft) and the other (region 2)
including the two hydroxygroupshavinga high affinity
to form hydrogenbonds.Thesefeaturesprovide them
with the ability to form intermolecularinteractionswith
soft partnersin region 1, such as bromine or chlorine
atoms(structure1C), or hardpartnersin region2, e.g.an
oxygenatom.

The centralcyclohexa-1,4-dienering in both dibromo
containingdiols 1 and2 showsa boat-conformationin
the cis configurationand thereforethe 9,10-dihydroan-
thraceneunit hasa roof-shapedgeometry.The double-
substitutedring carbonsC9 (sp3) andC10 (sp3) occupy
the edgesof the boatandform nearlytetrahedralangles
with all substituents.In contrast,themoleculargeometry
in variouscrystalstructuresof thetrans-diol compound13

is determinedby anearlyflattenedcentralcyclohexa-1,4-
dienering. The trans-diol possessesa linear molecular
geometrywith the phenylgroupsin oppositedirections
anda planar9,10-dihydroanthraceneunit. However,the
diols 1 and2 with a cis configurationindicatea parallel
arrangementof the substitutedphenyl groups,showing
distancesbetweenthe planesfrom 3.7 to 4.0Å and a
small lateraloffset (anglebetweenthe longitudinalaxis
arefrom 5 to 10°). As anindicatorfor thegeometryof the
phenyl groups,the intramolecularBr…Br distancesare
verysimilar in crystalstructures1B,1C and2, amounting
to 4.5 Å.

Thefour independentmoleculesin crystalstructure1A
aredivided in two groups.MoleculesC andD presenta
nearly identical geometry,whereasmoleculesA and B
differ in somespecialaspectsof themolecularstructure.
The differencesareconcentratedin the geometryof the
phenyl groupsand are indicatedby the intramolecular
Br…Br distances in the molecules [A 4.308(1); B
4.955(1);C 4.495(1);D 4.422(1)Å].

The diol 2 differs from diol 1 in the position of the
bromine atoms, resulting in the existence of two
conformations of 2. There are two possibilities to
orientatethe bromineatomsin the parallelarrangement
of themeta-substitutedphenylgroups,facingeachother.
Either both bromineatomspoint in the samedirection
[Br…Br = 4.456(1) Å] or in oppositedirections [Br…
Br = 5.598(2)Å]. Theconformerswerefoundin theunit
cell with a ratio of 1:1. On the whole, the molecular
geometriesof 1 and2 in thestructures1A, 1B, 1C and2
are similar. Nevertheless,the crystal structures1A and
1B arepolymorphic.

Polymorphism

Various forces influence the formation of a crystal
structureand sometimesan unstablebalancebetween
different molecular interactionsis the reasonfor poly-
morphism.On the other hand,strongand rigid interac-
tions avoid changes in crystal structures and the
formation of different crystalline modificationsof one

chemicalcompound.Although polymorphismis a well
known crystallographicphenomenon,14 no modelexists
to predict the polymorphic behaviour of chemical
compounds.Basically two reasonsfor polymorphism
are distinguishable:(1) the deviation of the molecular
arrangementat a minimum of energyor thermodynamic
equilibrium and (2) a variety of possible association
modes or packing relations of the molecules, i.e.
geometricreasons.The latter incorporatesthemolecular
structure, the conformation and configuration of the
compound.For special casesthe term conformation-
polymorphismis used.15Historicalstudiesof polymorph-
ism concern with differences in crystal structures,
dependingmainly on temperature.14 Much lessstudied
aretransitionscausedby pressureor the solventusedin
the crystallization process.The compoundsmay be
coveredby solvent moleculesconnectedat functional
groups,forming hydrogenbonds,especiallywith polar
aprotic (acetone,dimethylformamide,dimethyl sulph-
oxide) or polar protic solvents (alcohols, amines).
Additionally, the solventmoleculesare able to act asa
preorganizerin solution,predeterminethe crystal struc-
tureor beincludedin supramolecularhost–guestcrystals,
which increasethe number of possible polymorphic
structures.In that kind of clathratestructure16 the host
moleculeschangetheir associationmodesto fit guest
molecules, indicating that the host assembliesare
pseudo-polymorphsor guest-dependentpolymorphs.17

Packing arrangement

The moleculargeometryof 1 in the two polymorphic
structures1A and 1B is very similar. However, the
packingarrangementis completelydifferent, thusshow-
ing polymorphism.The following driving forces,which
influencethe modeof packing,are to be consideredas
possible reasonsfor the polymorphism here (under
constancyof temperatureand pressure):(a) bromine
contactsin region1, (b) hydrogenbondingof thehydroxy
groups in region 2, (c) tendencyto achievea closest
packedstructure,includingp–p stacking,and(d) typeof
solvent used in the crystallization process.The two
polymorphicstructuresyield colourlesscrystalsthat are
not distinguishablewith the help of a microscopeor by
melting-point.They were achievedby variation of the
crystallizationsolvent,as mentionedabove.Thesetwo
polymorphicstructuresdo not form a polymorphicpair,
where one crystal structure could be transferredinto
anotherby simpleheating.A transferis only possibleby
decomposition/dissolution of thecrystalstructure.

In thecrystalstructure1A (Fig. 3, Table2) two types
of O—H…O hydrogenbondsaredistinguishableaccord-
ing to thedirectionof interaction:typeE (equatorial)and
type A (axial). A few hydroxy groups (O1B, O1D)
participatein hydrogenbondsof typeE andjoin adjacent
moleculesto infinite chains.Phenyl rings in a nearly
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parallelorientationsupportthis arrangement,resultingin
a perfectmoleculefitting in thechain.Eachindependent
moleculeA, B, C and D containsone hydroxy group
(O1A, O1B, O1C and O1D) which participates in
hydrogenbondsof type A andactsashydrogendonor.
This hydrogenbonding joins pairs of the chains into
ladders(Fig. 4). The laddersare stabilizedby the O—
H…p interactionsof eachindependentmoleculeby the
O2A, O2B, O2C and O2D hydroxy groups. These
interactionswith an aromaticring of the 9,10-dihydro-
anthraceneunit of a neighbouringmoleculeare of the
‘edge’ rather than the ‘centroid’ type (Table 2). The
ladders form cross-links by meansof linear Br…Br
contacts to yield sheets. Only the bromine atoms
indicatedby thenumber2 areinvolvedin thesecontacts.

The Br2A…Br2A* and Br2B…Br2B* contacts are
relatedby a centreof symmetry,whereasthe Br2C…
Br2D andBr2D…Br2Carenot relatedby symmetry,but
containequaldistancesand angles.The samerelation-
shipsbetweenthe four independentmoleculesare to be
found in the four hydrogen bonds of type A. The
hydrogen bonds O1A…O1A* and O1B…O1B* are
relatedby a centreof symmetryand contain different
O…O distances[2.978(4)and3.005(4)Å , respectively],
whereas the hydrogen bonds O1C…O1D and
O1D…O1C, of the sametype of interaction,have no
symmetryrelation but identical O…O distances.How-
ever, the hydroxy hydrogenatomsH1CO—(O1C) and
H1DO—(O1D) are oriented in distinct directions and
werelocatedon thedifferenceelectrondensitymap.The
hydroxy hydrogen H1CO acts in the hydrogen bond
(axial, type A) O1C—H1CO…O1D, whereasH1DO
form a hydrogenbondO1D—H1DO…O2B (equatorial,
typeE).

Closerinspectionof thefour independentmoleculesin
the asymmetricunit showsthat the longitudinal axis of
moleculeA has a specialorientation(Fig. 4) with the
shortinteractionsof its hydroxygroupswith bromineand
the long distancesto the hydroxy groups of adjacent
moleculesin the chain that attractsattention(Table 2).
The longitudinal axis of the 9,10-dihydroanthracene
subunitof moleculeA is not parallel in relation to the
orientation of the other moleculesin the chain. The
network of hydrogenbonds in the chain (type E) is
interruptedaroundthe moleculeA. The prolongationof
the expected hydrogen bonds O1A…O2D and
O2A…O1C by 1.0 and1.5Å, respectively,is combined
with a contraction of the intermoleculardistancesto
bromine atoms. Consequently,the deviation in the
orientationof the longitudinal axis gives the possibility
for thehydroxygroupsO1A andO2A to form two O…Br
contacts.Moreover, these contactsare the only ones
whichproduceaninteractionbetweenthesheetsandjoin
them.

This competitivebehaviourof all possibleinteractions
is causedby a willingness of the hydroxy groups to
compromise.Thehydroxyhydrogenatomsaresaturated

Figure 3. View along the a-axis of the packing arrangement
in the triclinic crystal structure 1A, the ®rst modi®cation of 1.
The four independent molecules are labeled A±D. Hydrogen
atoms are omitted and contacts are depicted by dotted lines.
The molecules in 1A are joined into in®nite chains via OÐ
H¼O hydrogen bonds (equatorial type). Pairs of these chains
are joined into ladders by OÐH¼O hydrogen bonds (axial
type). The ladders form cross-links by means of linear Br¼Br
contacts to yield sheets

Figure 4. Part of the chain formed by OÐH¼O hydrogen bonds in 1A illustrating the special orientation of the molecule A. The
longitudinal axis of the 9,10-dihydroanthracene subunit of molecule A is not parallel in relation to the orientation of the other
molecules in the chain. The network of hydrogen bonds in the chain is interrupted around the molecule A and give the possibility
to form two O¼Br contacts. The four independent molecules are labeled and the values of contact distances are
donor¼acceptor distances
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with oneinteraction:O1A andO1Cform hydrogenbonds
of typeA (axial),whereasO2A andO2DshowsO—H…
p interactions.Only theelectronlonepairsof theoxygen
with partly nucleophilic character remain active for
further interaction.Consequently,it seemsto us that for
the formation of a secondcontact,both bromineatoms
andlonepairsof hydroxygroupsareacceptable.

The packing arrangementof the monoclinic crystal
structure1B, the secondmodification of 1, presentsa
layer structure(Fig. 5, Table 3). The dimer mode in
polymorph1B showsO—H…O andO…Br contactsfor
linking two molecules,twistedwith respectto eachother.
This arrangementis supportedby optimumpackingof a
substitutedphenyl group into the concave9,10-dihy-
droanthraceneunit. In thecrystallinemodification1B all
threepossiblecontacts(O—H…O, O—H…Br, Br…Br),
including the perpendicular Br…Br interaction, are
presentto form a high degreeof connection,but only in
layers.No linear Br…Br contactis present.The dimers
arearrangedby two four-centreclosedloops(Fig. 6) to
give aggregatedblocks. These blocks of dimers are

arrangedlike a brick patternin one sheet.Interactions
with the layers above and underneathare reducedto
dispersevan der Waalscontacts.The two closedloops
differ in theparticipatingatoms.Oneloop involvesthree
hydroxygroupsandonebromineatom(ring 1,Fig.6) and
the other threebromineatomsand one hydroxy group
(ring 2, Fig. 6).

Crystallizationof diol 1 in purechloroformleadto the
clathratestructure1C [1�CHCl3 (1:1)], where1 is the
hostincludingthesolventasaguest(Fig.7,Table4).At a
first approximation,theclathratestructureis determined
by the mode of dimer formation, similar to 1B. This
typical associationpatternof twisted molecules,linked
by an O—H…O hydrogen bond and an O—H…Br
contact(Table4), combinedwith anoptimalpackingof a
phenyl group in the concave 9,10-dihydroanthracene
unit, existsbetweenthehostmolecules.Closerinspection
of themolecularpackingshowsthatthebasicdimermotif
is enlargedto a chain, indicatinga zig-zagpattern.The
empty edgesin the chain are occupiedby the guest
moleculesto form an infinite molecularcolumn.These

Table 2. Bond lengths (AÊ ) and bond angles (°) of H-bondsa classi®ed in two types of interactions (equatorial direction, type E,
forming a chain and axial direction, type A, forming a ladder), linear Br¼Br and O¼Br contacts in the crystal structure of 1A
(Esds are in parentheses)

Atoms involvedb Distance Anglec

(symmetrycode) D—H H…A D…A D—H…A k � k �

Chain: O—H…O typeE k � 1 k � 2
O1B—H1By…O2C(vi) 0.73(3) 2.49(5) 3.155(4) 152(7) 120.9(2) 135.8(2)
O1D—H1DO…O2B 0.83(3) 2.13(3) 2.897(3) 155(3) 121.2(2) 142.4(2)
O1A…O2D — — 3.901(3)d — 104.6(2) 132.3(2)
O2A…O1C — — 4.220(3)d — 113.4(2) 114.2(2)

Ladder:O—H…O typeA
O1A—H1Ax…O1A(i) 0.68(3) 2.30(3) 2.978(4) 171(8) 115.1(2) 115.1(2)
O1B—H1Bx…O1B(v) 0.70(3) 2.32(3) 3.005(4) 167(8) 114.9(2) 114.9(2)
O1C—H1CO…O1D(vii) 0.75(3) 2.24(3) 2.976(3) 167(3) 114.3(2) 114.5(2)
Plane:Br…Br linear k � 3 k � 4
Br2A…Br2A (viii) — — 3.398(1) — 155.1(1) 155.1(1)
Br2B…Br2B (ix) — — 3.459(2) — 161.5(1) 161.5(1)
Br2C…Br2D (x) — — 3.387(1) — 149.3(1) 163.1(1)
O—H…Br k � 5 k � 6
O1A—H1Ay…Br1D(iii) 0.67(3) 3.23(3) 3.884(2) 166(8) 121.0(2) 113.1(2)
O2A…Br2C (iv) — — 3.814(3) — 140.5(2) 106.8(1)
O—H…C (aromatic) k � 7
O2A—H2AO…C7D(xi) 0.66(3) 2.70(3) 3.331(4) 164(3) 116.9(2) —
O2A—H2AO…C6D(xi) 0.66(3) 2.80(3) 3.445(4) 167(3) 95.1(2) —
O2B—H2BO…C7C(vii) 0.70(3) 2.61(3) 3.294(4) 164(3) 113.2(2) —
O2B—H2BO…C8C(vii) 0.70(3) 2.88(3) 3.534(4) 156(3) 126.8(2) —
O2B—H2BO…C6C(vii) 0.70(3) 2.97(3) 3.624(4) 157(3) 91.6(2) —
O2C—H2CO…C7B(vii) 0.65(2) 2.76(3) 3.367(4) 156(3) 116.8(2) —
O2C—H2CO…C6B(vii) 0.65(2) 3.01(2) 3.587(4) 150(3) 94.1(1) —
O2D—H2BO…C7A(xi) 0.71(3) 2.76(3) 3.453(4) 164(3) 98.6(2) —
O2D—H2BO…C8A(xi) 0.71(3) 2.94(3) 3.637(4) 168(3) 115.9(2) —

a All hydroxyl hydrogenatomswerelocatedon the differenceelectrondensitymap.
b (i) ÿx,ÿy,ÿz� 1; (ii) xÿ 1, y, z; (iii) ÿx� 1,ÿy� 1,ÿz� 1; (iv) ÿx,ÿy,ÿz� 1; (v) ÿx� 1,ÿy� 1,ÿz� 2; (vi) x, y� 1, z; (vii) ÿx� 1ÿy,
ÿz� 2; (viii) ÿx, ÿy� 1,ÿz; (ix) ÿx� 1,ÿy� 2,ÿz� 1; (x) ÿx� 1,ÿy� 1,ÿz� 1; (xi) ÿx� 1,ÿy, ÿz� 1.
c angles:k � 1, C9/C10—O…O*; k � 2, C9/C10—O*…O; k � 3, C18/C24—Br…Br*; k � 4, C24/C18—Br*…Br; k � 5, C9/C10—O…Br; k � 6,
C18/C24—Br…O; k � 7, C10—O2…C (aromatic).
d Thesetwo contactdistancesare greaterthan the sum of the van der Waals radii. Nevertheless,they are presentedin the table for a better
understandingof the interactionsin thepackingarrangment(seeFig. 4).

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000:13; 63–74

68 T. H. BREHMER,E. WEBER AND F. H. CANO



columnsarethedominantstructuremotif in 1C, whereno
layer structureexists.

As was shown in crystal structure 1B, the cis
configurationfavour the formationof four-centreclosed
loops.In the presentcrystalstructure1C the interaction
motif is similar, but the fourth memberof the loop is
chloroformactingwith its perpendiculargeometryasan
edgein the ring of contacts.The guestsolvent is C—
H…O hydrogenbondedto hostmolecule1 with C27…
O1= 3.104(7)Å.

A CSD analysis(ca 100 entries)of hydrogenbonds
involving hydrogenof chloroformandoxygenhasbeen
published,18 suggestingan averageC…O distanceof
3.32Å. The smallestvaluewasabout3.0Å. Hence,the
intermolecularC…O distancein 1C of 3.104(7)Å is
slightly smallerthantheaverage,but in a normalrange.

Two chlorine atoms interact with a bromine and

complete the contact ring. In Table 4, all possible
contactsin 1C aresummarized.However,thecontactsof
chlorineandoxygenareinsignificant,accordingto their
small contactangle� 2. Hence,in crystal structure1C
theinteractionsof chlorineatomsarereducedto contacts
with bromineatoms.

ConsideringFig.7 with removedchloroform,azig-zag
chain of host molecules remains besides an empty
channel. Joining the two depicted zip-like chains by
lateral movementproducesa structurewith four-centre
closedloops,in a mannersimilar to 1B, but different in
thetypeof ring members.In thetheoreticalloop, thereis
an evennumberof oxygenandbromineatoms(2� 2),
whereasin the structure1B both rings containonly odd
numbers(3� 1) and(1� 3).

In thecrystalstructureof compound2 (Fig. 8, Table5)
two moleculesA and B with different conformations

Table 3. Bond lengths (AÊ ) and bond angles (°) in O¼HÐO bonda interactions, and O¼Br and Br¼Br contacts in the crystal
structure of 1B (Esds, where given, are in parentheses)

Atoms involvedb Distance Anglec

(symmetrycode) D—H H…A D…A D—H…A k � k �

Ring 1 k � 1 k � 2
O2A—H2AO…O2B 0.84(-) 2.09(-) 2.859(9) 151(-) 120.2(5) 135.4(5)
O2B—H2BO…O1B (i) 1.05(13) 1.82(13) 2.811(8) 157(11) 123.2(5) 138.7(5)
O1B—H1BO…Br1B (i) 0.88(13) 2.53(14) 3.398(6) 168(10) 114.8(4) 91.6(3)
O2A…Br1B (ii) — — 3.186(6) — 123.5(4) 160.7(3)
Ring 2 k � 3 k � 4
O1A—H1AO…Br2B 0.89(14) 2.62(14) 3.487(6) 165(11) 87.9(3) 113.6(4)
O1A…Br1A (iii) — — 3.093(6) — 131.0(5) 160.6(3)
Br1A…Br2A (iii) — — 3.826(1) — 79.5(3) 160.0(3)
Br2A…Br2B (ii) — — 3.699(1) — 85.1(3) 159.0(3)

a TheH positionsarederivedfrom differenceelectrondensitycalculations,exceptH2AO, andarenot refined.
b (i) x, ÿy, z� 0.5; (ii) x, y, z� 1; (iii) x, ÿy� 1, zÿ 0.5.
c Angles:k � 1, C9/C10—O…O*/Br; k � 2, C9/C10/C18—O*/Br…O; k � 3, C9/C18/C24—O/Br…Br*; k � 4, C18/C24—Br*…O/Br.

Table 4. Bond lengths (AÊ ) and bond angles (°) in O¼HÐO bonda interactions, and O¼halogen and Br¼Cl contacts in the
clathrate crystal structure 1C [1�CHCl3 (1:1)] (Esds are in parentheses)

Atoms involvedb Distance Anglec

(symmetrycode) D—H H…A D…A D—H…A k � k �

Hydrogenbonds k � 1 k � 2
O1—H1ox…O2 (i) 0.82(8) 2.23(9) 2.902(7) 139(8) 135.6(5) 128.9(5)
O2—H2ox…Br2 (i) 0.60(9) 3.11(9) 3.695(5) 172(13) 102.3(3) 99.79(2)
C27—H27…O1 (iii) 0.90(5) 2.22(2) 3.104(7) 165(5) — 134.2(4)
O…Cl k � 3 k � 4
O1…Cl2 — — 3.773(5) — 156.2(3) 54.5(2)
O1…Cl3 — — 3.841(6) — 129.8(3) 52.4(3)
O2…Cl2 — — 3.781(6) — 133.4(3) 81.5(2)
O2…Cl3 — — 3.859(5) — 163.3(3) 79.2(3)
Br…Cl k � 5 k � 6
Br2…Cl2 (iii) — — 3.679(6) — 135.1(3) 105.1(4)
Br2…C13(iii) — — 3.871(7) — 159.8(3) 98.2(4)
Brl…Cl1 (iv) — — 3.880(6) — 154.1(4) 113.9(4)

a TheH positionsarederivedfrom differenceelectrondensitycalculationsandarenot refined.
b (i) 0.5ÿx, 0.5� y, z; (ii) x, y� 1, z; (iii) ÿx� 1,ÿy, ÿz; (iv) 0.5� x, 0.5ÿ y, ÿz.
c Angles:k � 1, C—D…A; k � 2, C—A…D; k � 3, C9/C10—O…Cl; k � 4, C27—Cl…O; k � 5, C18/C24—Br…Cl; k � 6, C27—Cl…Br.
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adopt the samemodeof dimer as in 1B and 1C. Two
moleculesare twisted to each other and a bromine-
substitutedphenylgroupfit into theconcaveroof-shaped
9,10-dihydroanthraceneunit. Additionally themolecules
areconnectedby a hydrogenbondO1A…O1B.Whereas
the analogousdiol 1 was capableof forming bromine
contacts,owing to the para positionof the halogen,the
metaposition of the bromineatomsin both conforma-
tionsof 2 preventsthis contact.

Dimer motifs arejoined into a four-memberedring of
molecules.Thesemoleculesare linked togetherby four
hydrogenbondssurroundinga centreof symmetry.Each
hydroxygroup,specifiedby thenumber1, participatesin
two hydrogenbondsandalsoactsashydrogendonorand
acceptor.Therefore,the oxygenshave exhaustedboth
options to form contacts, i.e. the hydrogen atom is
involved in a hydrogenbond, in the sameway as the
electron lone pair, as a hydrogenacceptor.From the
geometricpoint of view, this four-centreclosedloop of
cooperativehydrogenbondsis comparableto the ring
systemsin 1B. On theotherhand,theatomsinvolvedare
different. In the crystal structureof 2 the atomsof the
four-center closed loop are identical, which is fairly
common,for example,for crystal structuresof phenol
compounds.19

The four-memberedintermolecularring systemsare
connectedvia outside-locatedhydroxygroups(O2B)and
by a linearBr…Br contact(Br1B) to adjacentmolecules,

which are involved in the sametype of intermolecular
rings.As a resultof thesetwo andtheir two symmetry-
equivalentinteractions,eachof the planarring motifs is
part of a largeassociation.The contactsspreadout asa
layer structure in the ac-plane. Significant contacts
betweentheselayersarenot present.

In¯uence of the solvent

Calorimetrictitration of compound1 with tolueneshows
no complexation or aggregationbetween 1 and the
solvent.In contrast,chloroformappearsto interactwith
thediol, usingthechlorineatomsandthehydrogensuch
asshownin the clathratestructureof 1C. However,the

Figure 5. View along the a-axis of the packing arrangement
in one plane of the monoclinic crystal structure 1B, the
second modi®cation of 1. In this modi®cation the molecules
form dimers via an OÐH¼O hydrogen bond and an O¼Br
contact. Blocks of dimers are arranged like a brick pattern.
Two different four-centre closed loops among three blocks
are the dominant motif of interaction between these dimers
(see Fig. 6). Contacts and hydrogen bonds are depicted as
dotted lines

Figure 6. The two types of four-centre closed loops among
three blocks of dimers are dominant in the structure 1B. One
of them is formed by three hydroxy groups and one bromine
but the other involves three bromine atoms and one hydroxy
group. The values of distances indicate donor¼acceptor
distances. Depicted hydroxy hydrogen atoms were located
on the difference Fourier map, except H2AO±(O2A). Con-
tacts and hydrogen bonds are depicted as dotted lines
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determinedenthalpyof complexationof 1 with chloro-
form is small(4 KJ molÿ1) andthusratherunspecific,i.e.
no detailed information about the position of the
interactioncan be deduced.Nevertheless,this value is
indicativeof a small association.A questionis whether
the solvent molecule supports an assembly of two
molecules or avoids contacts by saturation of the
functional groups. As a good approximation, weak
contacts of the chlorine atom in region 1 (bromine
atoms) and a C—H…O hydrogen bond in region 2

(hydroxy groups) with their preorganizinginfluences
seemto bethereasonfor thepolymorphismof 1 andthe
formationof different crystalstructures1A and1B.

CONCLUSION

The block-like dibromodihydroxy-containing com-
poundspreferto crystallizein layerstructures.Optimum

Figure 7. View along the c-axis of the packing arrangement
of planes in the orthorhombic clathrate structure 1C
[1�CHCl3 (1:1)]. This clathrate, crystallizing from pure
chloroform, presents a dimer mode similar to 1B (Fig. 5).
The packing arrangement shows only small difference due to
the included solvent causing a swelling effect in the crystal
packing. In addition, the host molecules are arranged into a
chain rather than into separated dimers. The values of
distances indicate donor¼acceptor distances. Depicted
hydroxy hydrogen atoms were located on the difference
Fourier map. Contacts and hydrogen bonds are depicted as
dotted lines

Figure 8. View along the b-axis of the monoclinic crystal
structure 2 showing the packing arrangement of one plane.
Planar four-centre rings dominate the crystal structure. The
rings contain four cooperative hydrogen bonds with one
phenyl group of each molecule being oriented into the
concave roof-shaped 9,10-dihydroanthracene moiety of a
neighbouring molecule. Depicted hydroxy hydrogen atoms
were located on the difference Fourier map. Contacts and
hydrogen bonds are depicted as dotted lines

Table 5. Bond lengths (AÊ ) and bond angles (°) in O¼HÐO bonda interactions, and O¼Br and Br¼Br contacts in the crystal
structure of 2 (Esds are in parentheses)

Atoms involvedb Distance Anglec

(symmetrycode) D—H H…A D…A D—H…A k � k �

Hydrogenbonds k � 1 k � 2
O1A—H1OA…O1B 0.74(7) 2.04(7) 2.769(6) 170(8) 115.5(3) 152.8(3)
O1B—H1OB…O1A (i) 0.73(8) 2.02(9) 2.726(5) 160(9) 116.7(3) 147.7(3)
O2B—H2OB…O2B (ii) 0.62(9) 2.39(9) 2.737(8) 113(9) 159.6(3) 159.6(3)
O…Br k � 3 k � 4
O2A…Br2B (iii) — — 4.088(6) — 140.7(6) 90.5(6)
Br…Br k � 5 k � 6
Br1B…Br1B (iii) — — 3.871(2) — 121.2(2) 121.2(2)

a TheH positionsarederivedfrom differenceelectrondensitycalculationsandarenot refined.
b (i) ÿx� 0.5,ÿy� 0.5,ÿz; (ii) ÿx� 1, y, 0.5ÿ z; (iii) ÿx� 1, y, ÿzÿ 0.5.
c Angles:k � 1, C9/C10—O…O*; k � 2, C9/C10—O*…O; k � 3, C9/C10—O…Br; k � 4, C18/C24—Br…O; k � 5, C18/C24—Br…Br*; k � 6,
C18/C24—Br*…Br.
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packing,realizedby fitting aphenylgroupinto aconcave
9,10-dihydroanthracenemoiety, and nearly planarfour-
centreclosedloopsarethedominantmotifs in thecrystal
structures.Generally,five different types of loops are
possible,differing in thenumberof participatingbromine
atoms or hydroxy groups (Br:OH = 4:0, 3:1, 2:2, 1:3,
0:4). The absenceof a crystalstructurecontainingfour-
centreclosedloopsonly with bromineatoms(4:0)or with
a balancedratio (2:2) of bothfunctionalgroupsindicates
the instability of theseevenarrangementswhena planar
ring motif is requiredfrom optimum packing relation-
ships.As shownelsewhere,4b a clusterof four bromine
atomsis arrangedin a tetrahedralfashionwith distances
betweenany two bromineatomsof 3.91Å. Mixed rings
with different members(bromine atoms and hydroxy
groups) in an odd ratio (1� 3 or 3� 1) seemto be
favouredin planararrangements.

ShortO…Br contacts(3.1–3.2Å) containC—O…Br
anglesof about125� 10° andC—Br…O anglesof about
160� 10°. This indicatesthat the part of the bromine
atom situatedoppositeto the covalentbrominecarbon
bond interactswith the laterally attachedelectronlone
pair of the oxygen.The hydroxyhydrogenatomin such
arrangementsadoptsa perpendicularorientationto the
direction of this O…Br interaction. Longer O…Br
contacts(3.4–3.8Å) containcontactanglesboth in the
range90–120°.

In the caseof purebromineinteractions,the contacts
are shorter(3.4–3.5Å) in a linear geometry(� 1 = �
2 = 160� 10°), i.e. in the bond directions, whereas
longer brominecontactsof about3.7–3.85Å presenta
perpendiculargeometry(� 1 = 80� 10°; � 2 = 160�
10°).

The variation in the position of the bromine atoms
attachedto the phenyl groupsin the diol compound2
resultsin anabsenceof Br…O contacts.Thefour-centre
closedloop formed containsfour cooperativehydroxy
groups.Howeverthepackingrelationshipof 2 is similar,
accordingto the fit of the bromophenylgroup into the
concave9,10-dihydroanthraceneunit of a neighbouring
molecule.

Thus,for crystallizationof compoundstheright choice
of asuitablesolventis notaparameterto beneglected.A
sensitivebalanceof forcesbetweenvariouscontactsand
their endeavourto determineand control the mode of
associationare influenced by the solvent of crystal-
lization, and lead to polymorphismor guest-dependent
polymorphism.

EXPERIMENTAL

Synthesis. Melting-points were determinedwith a hot-
stage microscope (VEB Dresden Analytik) and are
uncorrected.1H and 13C NMR spectrawere recorded
using a Bruker MSL 300 (300MHz) instrument.The
chemicalshifts(�) arereportedasppmrelativeto SiMe4.

The IR spectrawere recordedon a Nicolet Model 510
FT-IR spectrometer.

Compounds 1 and 2. General procedure. The respec-
tive dibromobenzene(1,4-dibromobenzenefor 1, 1,3-
dibromobenzenefor 2; 11.8g,0.05mol) wasdissolvedin
dry diethylether(150ml) atÿ15°C underanatmosphere
of dry argon.A solution of n-butyllithium (1.6M in n-
hexane;31.2ml, 0.05mol) was added dropwise with
stirring during30min. Stirring wascontinuedfor 30min
at 0°C and then for 1 h at room temperature.After
cooling the stirred solution to ÿ15°C, fine 9,10-
anthraquinonepowder (2.5g, 0.012mol) was added
portionwiseunderan argonatmosphereandthe mixture
wasstirredfor 2 h at roomtemperature,thenrefluxedfor
4 h, cooled and hydrolysed with aqueoussaturated
NH4Cl solution. The ethereal phase was separated,
washedwith water and dried over anhydrousMgSO4.
Evaporationof the solventunderreducedpressureand
recrystallization from toluene yielded the pure com-
pounds.

cis-9,10-Bis(4-bromophenyl)-9,10-dihydroxy-9,10-di-
hydroanthracene(1): yield 3.4g (55%), colourless
crystals, m.p. 237–239°C (found, C 59.53, H 3.39;
C26H18O2Br2 requires C 59.79, H 3.47%); 1H NMR
(CDCl3), � 6.9 (4H, d, Ar-H), 7.17 (4H, d, ArH), 7.42
(4H, m, Ar-H), 7.81(4H, m, Ar-H); 13C NMR (acetone-
d6), � 72.1 (C-OH), 122.5(Ar-Br), 126.7(Ar-H), 129.2
(Ar-H), 140.6(Ar-C), 148.3(Ar-COH); IR (hexachloro-
butadiene),� = 3558,3529,3499,3447,3060cmÿ1; UV
(toluene),� = 247(peak),260–280nm (shoulder).

cis-9,10-Bis(3-bromophenyl)-9,10-dihydroxy-9,10-di-
hydroanthracene(2): yield 3.2g (52%), colourless
crystals, m.p. 154–155°C (found, C 59.87, H 3.56;
C26H18O2Br2 requires C 59.79, H 3.47%); 1H NMR
(acetone-d6), � 7.0(4H,d,Ar-H), 7.05(2H,s,Ar-H), 7.18
(2H, m, Ar-H), 7.48(4H, m, Ar-H), 7.85(4H, m, Ar-H);
13C NMR (acetone-d6), � 74.3 (C-OH), 121.9 (Ar-Br),
127.8 (Ar-H), 130.3 (Ar-H), 141.6 (Ar-C), 149.3 (Ar-
COH); IR (hexachlorobutadiene),� = 3530,3272,3068,
2931, 2853cmÿ1; UV (toluene),� = 241 (peak), 250–
280nm (shoulder).

Crystallography. Sample preparation. Crystalssuita-
ble for x-ray investigation were prepared by slow
evaporationof solutionsof the respectivecompounds.
Crystalsweregrownfrom toluenein thecaseof 1A and2,
andfrom toluenewith atraceof chloroformin thecaseof
1B. Crystallizationfrom chloroform gave the clathrate
1C [1�CHCl3 (1:1)].

Data collection, structure analysis and re®nement.
Intensitydatafor 1A wereobtainedon anNoniusKappa
instrumentwith a CCD detector,for 1B on an Enraf-
NoniusCAD4 instrumentwith ascintillationdetectorand
for 1C and2 on a Philips PW 1100diffractometer.The
structures1B, 1C and2 weresolvedby direct methods,
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using the program SIR9220 and refined with SHELX-
L93.21a For the structure 1A, SHELXS21b and
SHELXL9721c were used.The diagramswere prepared
using ORTEPII,22 as implementedin PLATON,23 and
with PLUTON,24

In structure 1A, the disorderedhydroxy hydrogen
atomsH1Ax, H1Ay and H1Bx, H1By and the hydroxy
hydrogenatom H2CO were located on the difference
electron density map and refined with bond length
constraints.Thedisorderwasbestmodeledby assigning
site-occupationfactorsof 0.50for thehydrogenatomsx
and y. The isotropic temperature factors of these
hydrogenatomsarerestrainedto the temperaturefactors
of the connectedoxygen,usinga multiplier of 1.5. The
remaining hydroxy hydrogenatoms and the aromatic
hydrogenatomswerelocatedon the differenceelectron
density map and refined with individual isotropic
temperaturefactors. The residual peaks of electron
densityare situatedmeanly aroundthe bromine atoms
andbesidesall C—O bonds.

For1B, thesystematicabsencespermitthespacegroup
to beeitherCc or C2/c; Cc waschosenandconfirmedby
analysis(MISSYM-algorithm,Le Page,implementedin
PLATON23). In addition,thestructurecouldnotbesolved
in spacegroupC2/c. Thehydroxyhydrogenatomswere
locatedon the differenceelectrondensity map, except
H2AO. The hydrogenatom H2AO was placedon the
positionwith the highestelectrondensityon a circle of
rotation with idealized tetragonalangle to the C—O
bond.The isotropic temperaturefactorsof the hydroxy
hydrogenatomsarerestrainedto the temperaturefactors
of theconnectedoxygenatom,usinga multiplier of 1.5.
All theotheraromatichydrogenatomswereincludedin
the refinementat calculatedpositionsandwereassigned
isotropictemperaturefactorsmultipliedby 1.2to thoseof
theatomsto whichtheywereboundandwerenotrefined.
In the final synthesisthe first peaksaredistributedvery
systematicallyaroundthebromineatoms.Theseresidues
of electron density have an averagedistance to the
bromineatomof 0.93Å.

To avoiddecompositionof theclathrate1C [1�CHCl3
(1:1)], a single crystal of reasonablequality and
appropriatesizewassealedin a glasscapillary.For 1C,
the orthorhombicspacegroupwasuniquelydetermined
by the systematic absences.For 2, the systematic
absencespermit the spacegroupto be eitherCc orC2/c;
C2/c waschosenandconfirmedby analysis.

In both crystal structures,direct methodsyielded a
reasonablepreliminary model and all non-hydrogen
atoms were located on the electron density map. On
account of the considerablenumber of heavy atom
electronsin 1C (38%,16 bromineatomsand24 chlorine
atomsin theunit cell) andin 2 (27%,32bromineatomsin
the unit cell) and the problemswith the refinementof
heavyatomstructuresmeasuredat roomtemperature,the
numerical absorptionprogramDIFABS25 was applied.
The hydroxy hydrogen atoms were located on the

differenceelectrondensitymapfor both structures.The
isotropictemperaturefactorsof thesehydrogenatomsare
restrainedto the temperaturefactors of the connected
oxygenatom, using a multiplier of 1.5. The remaining
aromatichydrogenatomswereincludedin therefinement
at calculated positions and were assigned isotropic
temperaturefactors multiplied by 1.2 to those of the
atomsto which they were boundand were not refined.
The residualpeaksof electrondensityin 1C and 2 are
systematicallydistributedaroundthehalogenatoms.

Supplementary material. Lists of the structurefactors,
atomic coordinatesand thermal componentsfor non-
hydrogen atoms and hydrogen atom parametersare
availablefrom E.W. on request.
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