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Organic Chlorine as a Hydrogen-Bridge Acceptor: Evidence for the
Existence of Intramolecular O�H¥¥¥Cl�C Interactions in Some gem-Alkynols

Rahul Banerjee,[a] Gautam R. Desiraju,*[a] Raju Mondal,[b] and Judith A. K. Howard*[b]

Introduction

In view of the growing importance of supramolecular
chemistry and crystal engineering, there has been continued
critical assessment of the weaker intermolecular interac-
tions, which although not individually strong (less than
5 kcalmol�1) may exert a substantial effect when added to-
gether.[1] The hydrogen bridge is a typical example.[2] Initial
studies of molecular recognition in organic systems focused
on strong O�H¥¥¥O, O�H¥¥¥N and N¥¥¥H�O interactions
(energy 5 to 15 kcalmol�1) and supramolecular synthons
based on these interactions are well documented.[3] More re-
cently, weaker hydrogen bridges like C�H¥¥¥O have also at-
tracted attention.[4] In this context, the acceptor capabilities

of ™organic∫ halogen, C�X (X=F, Cl, Br, I) are controver-
sial and noteworthy.[5]

Hydrogen bridges of the type O�H¥¥¥Cl�C occur very
rarely, and even when they do, they are generally in an in-
tramolecular situation in which the donor group is sterically
hindered so that the formation of intermolecular interac-
tions is difficult. Classical studies in solution include the
work of Hantzsch on dimethyl 3,6-dichloro-2,5-dihydroxyter-
ephthalate[6] and of Wulf et al. on the ortho-halogenated
phenols.[7,8] In the crystalline diterpenoid briarein A, a hy-
droxyl group forms an O�H¥¥¥Cl�C interaction (d=2.30,
D=3.11 ä, q=1398 wherein d=H¥¥¥A, D=X¥¥¥A, q=

aX�H¥¥¥A) located roughly at the bottom of the bowl-
shaped molecule, and thus inaccessible to a number of
strong carbonyl acceptors for the formation of any intermo-
lecular O�H¥¥¥O hydrogen bridges.[9] Toda et al. reported an
unusual O�H¥¥¥O�H¥¥¥Cl�C cooperative network (dCl=2.30,
DCl=3.09 ä, q=1398) in a ferrocene derivative.

[10] The hy-
droxy groups are tertiary and, because of the awkward mo-
lecular shape, intermolecular hydrogen bonding is not fa-
vourable.[11]

The issue of organic halogen as a hydrogen bridge accept-
or moved from the individual descriptive study to a more
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Abstract: The acceptor capabilities of
™organic∫ halogen, CX (X=F, Cl, Br,
I), with respect to hydrogen bonding
are controversial, and unactivated or-
ganic chlorine is generally deemed to
be a poor acceptor. Hydrogen bridges
of the type O�H¥¥¥Cl�C are uncommon
and occur mainly in an intramolecular
situation when the donor group is steri-
cally hindered, so that the formation of
intermolecular interactions is difficult.
In this paper, intramolecular O�
H¥¥¥Cl�C interactions in a series of
chloro-substituted gem-alkynols are
studied. We describe various features
of this interaction using crystallograph-
ic, spectroscopic and computational
methods. The O�H¥¥¥Cl�C interaction

occurs in five of the six compounds
under consideration here (CDDA,
14DDDA, 15DDDA, 18DDDA,
15MKA). Solution 1H NMR spectros-
copy shows that the interaction is intra-
molecular and that it is a true hydrogen
bond. DFT calculations give a stabilisa-
tion energy around 4.0 kcalmol�1. In
the crystal structures of the compounds
studied, the intramolecular O�H¥¥¥Cl�
C interactions fit into the overall
scheme of cooperative interactions.

These structures may be derived from
that of the unsubstituted compound
DDA by means of synthon exchange
and the O�H¥¥¥Cl�C interaction fares
surprisingly well in the presence of
competing stronger acceptors. The
crystal structures show an unusual
degree of modularity for compounds
that generally form interactions that
are weak and variable. It is noteworthy
that the so-called ™weak∫ acceptor, or-
ganic chlorine, is able to sustain a good
intramolecular hydrogen bridge that is
of an attractive and stabilizing nature
and which is of potential importance in
crystal engineering and supramolecular
chemistry.
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phenomenological one with a number of attempts that
assess this particular capability. The accepting property of
organic fluorine was studied by Taylor and Dunitz,[12] by
Howard et al.[13] and by Boese, Desiraju and co-workers.[14]

While there is no doubt that C�F is a very weak acceptor
indeed, there is also convincing recent evidence that C�
H¥¥¥F�C is a necessary interaction in phenomena as dispa-
rate as transition-metal-catalysed alkene polymerisation, li-
gand±enzyme binding and molecular conformation.[15] As
for the X�H¥¥¥Cl�Y interactions, CSD studies by Seddon
and Aakerˆy,[5e] by Brammer and co-workers[5b] and by
Thallapally and Nangia[5a] show that the interaction is viable
if the Cl atom is activated, whether as Cl�M (M= transition
metal), as Cl� (chloride ion) or as organic chlorine with suit-
able activating groups present. Organic halogen as an ac-
ceptor may also be considered within the rubric of ™halogen
bonding∫ as outlined by Resnati, Metrangolo and co-work-
ers.[16] The overall picture that emerges is mixed. On the one
hand, unactivated organic chlorine is deemed to be a poor
acceptor.[17] On the other, O�H¥¥¥Cl�C interactions have
been invoked even in solution, for example, to explain the
appearance of polymorphs of 2,6-dihydroxybenzoic acid
during recrystallisation from CHCl3.

[18]

The present study was prompted by the appearance of in-
tramolecular O�H¥¥¥Cl�C interactions in not just one, but in
a series of chloro-substituted gem-alkynols that were pre-
pared for other crystal engineering studies. Since the chloro
substituents in this group of compounds may hardly be con-
sidered to be activated hydrogen-bond acceptors, it was felt
that a more detailed study would be useful. In this paper we
describe various features of the O�H¥¥¥Cl�C hydrogen
bridges in this set of compounds using crystallographic,
spectroscopic and computational methods.

Results and Discussion

CSD study : A brief statistical study will place the experi-
mental results in perspective. A search of the CSD (Ver-
sion 5.25, November 2003) showed that of the 1277 crystal
structures that contain both C�Cl and C�O�H functional
groups, only 148 contain one or more O�H¥¥¥Cl�C interac-
tions.[19] Of these interactions, 68 are intermolecular, while
115 are intramolecular. Not only is the interaction observed
infrequently but it is also reported to be weak. Rowland and
Taylor mention that while values of d(H¥¥¥A) for (O,N)�
H¥¥¥N(O) interactions are markedly smaller than those for
C�H¥¥¥O(N), these preferences are actually inverted when
organic chlorine is an acceptor; in effect, values of d for
(O,N)�H¥¥¥Cl(Br) are larger than those for C�H¥¥¥Cl(Br).
Histograms for the intermolecular and intramolecular situa-
tions are given in Figure 1. This inversion is rationalised by
the fact that interactions like O�H¥¥¥Cl are often minor com-
ponents in a bifurcated hydrogen bond,[20] while the C�
H¥¥¥Cl are stand-alone interactions. Still, this is an intriguing
observation.

Molecular structures : Scheme 1 gives the structural formu-
lae of the six gem-alkynols in this study; the intramolecular

O�H¥¥¥Cl�C interactions that occur in the solid state are
shown in Figure 2. The parent compound trans-9,10-diethyn-
yl-9,10-dihydroanthracene-9,10-diol is labelled DDA and the
other compounds are given convenient related acronyms.
Several previous joint publications from the Hyderabad and
Durham groups have dealt with the gem-alkynols, and it is a
general feature in these compounds that the combination of
two hydrogen-bond donors and two acceptors in close prox-
imity and in a sterically hindered situation results in a wide
variety of hydrogen-bond patterns. This is because in a steri-
cally demanding situation, the two donors (O�H and C�C�
H) become comparable, as do the two acceptors (�O� and
C�C). Consequently it is extremely difficult to predict in ad-
vance what the hydrogen-bond pattern will be for a particu-
lar compound.[21] Nonetheless, we noted that five of the six
chloro derivatives under consideration (CDDA, 14DDDA,
15DDDA, 18DDDA, 15MKA) have an intramolecular O�
H¥¥¥Cl�C interaction, and in 15DDDA only one of the two
Cl atoms does so. TDDA does not show an intramolecular
O�H¥¥¥Cl�C interaction in the solid state. The H¥¥¥Cl distan-
ces (d) and the hydrogen-bond angles (q) are also indicated
in Scheme 1, and these distances are short (see Figure 1).
That these interactions are also highly conserved is seen

Figure 1. Histograms of intermolecular (top) and intramolecular
(bottom) O�H¥¥¥Cl�C interactions.
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Scheme 1. Compounds in this study with the geometric data of the solid state O�H¥¥¥Cl�C interactions marked.

Figure 2. Single-molecule ORTEP drawings of the molecules studied. The O�H¥¥¥Cl�C interactions are shown as dotted lines. Note that the symmetrical
15DDDA does not sit on an inversion centre in the crystal, and that TDDA and one of the two symmetry independent molecules in CDDA do not form
O�H¥¥¥Cl�C interactions
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from an inspection of Figure 3, which is an overlap diagram
of CDDA, 14DDDA, 15DDDA, 18DDDA and 15MKA.
The approach of the hydroxyl group toward the Cl atom is
very nearly the same in all five structures. Clearly this is a
geometry that is sustained well within this set of com-
pounds.

NMR spectroscopy: Solution NMR data (CDCl3) of the five
molecules studied (Table 1) further reinforce the notion of
an intramolecular O�H¥¥¥Cl�C interaction. Unlike in the
solid state, all O�H groups that can participate in intramo-

lecular O�H¥¥¥Cl�C interactions (both groups in 15DDDA
and TDDA) do so in solution. The hydroxyl H atom shifts
routinely from d=2.6 ppm in gem-alkynols that lack a
neighbouring Cl-group to around d=4.5 ppm. This down-
field shift is surprisingly large, but it is consistent and there
is some precedent.[17b,22] The lack of further change in inten-
sity or position of the peaks on dilution confirms the intra-
molecular nature of the interaction (Figure 4) and D2O ex-
change confirms the assignment of the d=4.5 ppm peak to
the hydroxyl H atom.
A further experiment with CDDA provides very clear evi-

dence of the hydrogen-bond nature of this intramolecular
interaction (Figure 5). In this compound, there are two non-
equivalent O�H groups, with only one able to form an O�
H¥¥¥Cl�C interaction. Addition of D2O showed that while
the ™free∫ O�H group exchanges immediately, the hydrogen

bonded O�H requires one hour for complete exchange. In-
spection of Figure 3 shows that the O�H groups in CDDA
lie out of the mean plane of the three six-membered rings.
Therefore both O�H groups in CDDA are sterically accessi-
ble to D2O. So the difference in exchange rates cannot be
attributed to a different steric situation for the O�H groups
on the chlorine-rich and chlorine-poor faces of the molecule.
The difference in exchange rates is therefore a direct conse-
quence of the O�H¥¥¥Cl�C interaction. In any discussion of
weak interactions, nagging doubts (and rhetorical objec-
tions) have been expressed that observed geometries in crys-
tals could well arise from forced contacts (intramolecular)
or simple close packing considerations (intermolecular).
Our observation on the slow exchange of the d=4.5 ppm
peak indicates that this particular so-called ™weak∫ acceptor,
namely organic chlorine, is well able to sustain a decent in-
tramolecular hydrogen bridge, which is of an attractive and
stabilizing nature.
As for 15DDDA and TDDA, intramolecular hydrogen

bonds are formed by one and neither of the hydroxyl
groups, respectively, in the solid state. In solution, however,
both hydroxyl groups are available for hydrogen-bond for-
mation and this is the consistent outcome. In summary, the
NMR data show that the intramolecular O�H¥¥¥Cl�C inter-
action is the preferred mode of association in appropriately
chloro-substituted gem-alkynols, and further that it is attrac-
tive and of the hydrogen-bond type. It is not a fortuitous
forced contact.

Figure 3. Overlay diagram of CDDA, 14DDDA, 15DDDA, 18DDDA
and 15MKA. 14DDDA has been superimposed twice to show the intra-
molecular O�H¥¥¥Cl�C interaction for each of the symmetry-independent
hydroxyl groups.

Table 1. 1H NMR chemical shifts of hydroxyl H atoms in gem-alkynols
showing the existence of intramolecular O�H¥¥¥Cl�C interactions.
Compound d(O�H¥¥¥Cl�C) [ppm][a] d (free O�H) [ppm]
DDA ± 2.80
CDDA 4.61 2.78
14DDDA 4.39 ±
15DDDA 4.46 ±
18DDDA 4.51 2.79
TDDA 4.40 ±
15MKA 4.71 ±

[a] Hydrogen-bonded hydroxyl proton.

Figure 4. 1H NMR spectra of 14DDDA (CDCl3). Top: Initial spectrum.
Middle: twice diluted. Bottom: D2O added.

Figure 5. Time-resolved D2O exchange NMR spectra of CDDA. Note
that the intramolecular O�H¥¥¥Cl hydrogen-bonded proton (d=4.61 ppm)
exchanges slowly relative to the ™free∫ hydroxyl proton at d=2.78 ppm,
which exchanges immediately.
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Theoretical calculations : The above observations show that
organic chlorine is a respectable acceptor of hydrogen
bonds. We therefore calculated the energy of the O�H¥¥¥Cl�
interaction using the work of Kovµcs et al. on the blue shift-
ing of C�H¥¥¥X (X=O, halogen) dimers of formaldehyde,[23]

and taking other work on intramolecular hydrogen-bond en-
ergies as background.[24] The results in Table 2 pertain to

both the Hartree±Fock ab initio method (PC Spartan; 6±
31G*) and to DFT (GAMESS; B3LYP/6±31G*).[25] The
Hartree±Fock optimised structure corresponds quite well
with that obtained crystallographically, even though we note
that the low-level basis set used may overestimate the ener-
getics.[24c] The hydroxyl group H atom(s) of the trial mole-
cule were rotated anti relative to the Cl�C bond, so that the
O�H¥¥¥Cl�C interaction is excluded.[26] The hydroxyl H
atoms were fixed in their new positions and the structure
was optimised at the 6±31G* level. The difference in the
total energy of both the optimised conformational isomers
gives the O�H¥¥¥Cl�C bond energy. A similar strategy was
employed for the DFT calculations. The respective trial mol-
ecules with and without O�H¥¥¥Cl�C hydrogen bridges were
optimised at the AM1 level. These geometries were then
input into GAMESS for DFT calculations. The results show
that the stabilisation energy for the interaction in question is
surprisingly high (as is that for an intramolecular interac-
tion), and that it occurs at the upper limit for weak hydro-
gen bonding. For example, Desiraju and Steiner have
quoted an energy range of 0.5 to 4.0 kcalmol�1 for a weak
hydrogen bridge.[1]

Crystal structures : The crystal structures of the four mole-
cules of interest (14DDDA, 15DDDA, 18DDDA, CDDA)
may be considered in terms of: 1) how the intramolecular
O�H¥¥¥Cl�C interactions fit into the overall hydrogen bridge
scheme, 2) how these structures may be derived from that of
the unsubstituted compound DDA through synthon ex-
change and 3) how the O�H¥¥¥Cl�C interaction fares in the
presence of competing acceptors. All these descriptions are
useful.
We recapitulate also that crystalline TDDA does not form

an intramolecular hydrogen bond. Why this is the case is a
matter of debate. Perhaps the extent of chlorination is so
high and the O�H groups consequently so activated that O�
H¥¥¥O hydrogen-bridge formation competes favourably. In
any event, the packing of the TDDA molecules is reminis-
cent of the packing of one of the CDDA molecules that
does not form an intramolecular O�H¥¥¥Cl�C bridge, in that
a cooperative O�H¥¥¥O�H¥¥¥p arrangement is seen. Further

details of this interesting structure will be published else-
where.[27]

Table 3 gives pertinent crystallographic data and Table 4
gives the geometric data of the hydrogen bridges in these
structures.

Hydrogen-bridge patterns : Figure 6 shows the packing of
14DDDA. The most notable structural feature is the ab-
sence of O�H¥¥¥O hydrogen bonds. There is cooperative as-
sistance to the O�H¥¥¥Cl�C interaction from a C�H¥¥¥O in-
teraction and the O�H¥¥¥Cl�C distance (d=2.22 ä; q=

135.18) is the shortest in the series.

Figure 7 shows the packing of 15DDDA. The dominant
interaction pattern here is a cooperative arrangement of
three hydrogen bridges, an intermolecular C�H¥¥¥O bridge
from the ethynyl group (d=2.22 ä; q=160.58), an intermo-
lecular O�H¥¥¥O bridge between hydroxyl groups (d, 1.83 ä;
q, 173.88) and an intramolecular O�H¥¥¥Cl�C bridge (d,
2.25 ä; q, 135.38).
Figure 8 shows the packing of 18DDDA. Once again

there is a cooperative arrangement of the type C�H¥¥¥O�
H¥¥¥O�H¥¥¥Cl�C (intermolecular, intermolecular, intramolec-
ular). To summarise, we note that in all three cases
(14DDDA, 15DDDA and 18DDDA), the intramolecular
O�H¥¥¥Cl�C interaction gets cooperative assistance from
other hydrogen bridges. Whatever the situation in solution
(and the NMR results show that the interaction is far from
negligible there), this cooperative assistance can only further
stabilise the interaction in the solid state. The appearance of
a C�H¥¥¥O dimer synthon in all three structures results in a
general similarity in the overall packing.

Table 2. O�H¥¥¥Cl�C hydrogen-bond energies in the simulated structures.
Compound Hartree±Fock level DFT level

[kcalmol�1] [kcalmol�1]

CDDA 4.446 4.320
14DDDA 3.558 4.384
15DDDA 4.150 4.681
18DDDA 3.662 2.889

Figure 6. Packing diagram of 14DDDA. Notice the intramolecular O�
H¥¥¥Cl�C interaction. The planar C�H¥¥¥O dimer synthon and intermolec-
ular C�H¥¥¥Cl hydrogen bridge are also shown.
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Synthon distortion and replacement : The representative syn-
thons in DDA are I and II. Synthon I is composed of alter-
nating strong (O�H¥¥¥O) and weak (C�H¥¥¥O) bridges, while
II is made up of a loop of alternating C�H¥¥¥O and C�H¥¥¥p
hydrogen bridges. It is found that the structure of DDA is
related to those of 14DDDA, 15DDDA and 18DDDA via
that of the monochloro derivative CDDA. It is therefore
useful to discuss this last named compound in detail.
The CDDA molecule exposes a chlorine-rich face (A)

and a hydrogen-rich face (B) in its self-assembly to the crys-

Table 3. Crystallographic data and structure refinement parameters.

CDDA 14DDDA 18DDDA 15MKA TDDA

solvent EtOH/benzene (1:1) EtOH/benzene (1:1) CHCl3/benzene (1:1) CHCl3/benzene (1:1) CHCl3/benzene (1:1)
formula C18H11O2Cl C18H10O2Cl2 C18H10O2Cl2 C16H8O2Cl2 C18H8O2Cl4
Mr 294.72 329.16 329.16 303.12 398.04
crystal system triclinic triclinic monoclinic monoclinic monoclinic
space group P1≈ P1≈ C2/c P21/n P21
a [ä] 8.4500(17) 6.7496(4) 27.597(6) 7.2693(2) 9.3730(5)
b [ä] 9.2334(18) 7.2021(4) 6.8419(14) 11.5276(3) 9.5301(5)
c [ä] 14.108(3) 15.5160(8) 15.099(3) 15.4191(4) 10.3102(5)
a [8] 84.52(3) 76.992(2) 90 90 90
b [8] 89.85(3) 87.075(2) 101.48(3) 98.775(1) 114.559(2)
g [8] 73.53(3) 74.353(2) 90 90 90
Z’ 1.5 1 1 1 1
V [ä3] 1050.4(4) 707.63(7) 2793.8(10) 1276.96(6) 837.65(7)
l [ä] 0.71073 0.71073 0.71073 0.71073 0.71073
1calc [gcm

�3] 1.398 1.545 1.565 1.577 1.578
m [mm�1] 0.273 0.462 0.468 0.504 0.714
2q [8] 4.62±54.94 2.70±58.10 5.50±54.99 5.34±55.00 4.34±57.97
index range �10�h�10 �9�h�9 �35�h�35 �9�h�9 �12�h�12

�11�k�11 �9�k�9 �8�k�8 �14�k�13 �13�k�13
�18� l�18 �21� l�21 �19� l�19 �19� l�20 �14� l�13

reflns. collected 12642 8590 15923 12801 10227
unique reflns. 4803 3693 3211 2925 4398
observed reflns. 3970 3175 2886 2436 4344
R1 [I>2s(I)] 0.0408 0.0969 0.0350 0.0348 0.0283
wR2 0.1025 0.2786 0.0999 0.0912 0.0748
goodness-of-fit 1.028 1.238 1.058 1.052 1.057
T [K] 120(2) 120(2) 120(2) 100(2) 120(2)
CCDC number 224902 224905 224903 224904 224901
crystal size [mm3] 0.44î0.32î0.08 0.34î0.28î0.08 0.32î0.22î0.16 0.22î0.18î0.06 0.58î0.28î0.12

Table 4. Hydrogen-bridge geometric data for the crystal structures in this
study.

Compound Hydrogen d [ä�1] D [ä�1] q [8]
bridge (H¥¥¥A) (X¥¥¥A) aX�H¥¥¥A

CDDA O1�H1¥¥¥Cl1 2.33 3.071(1) 131.1
O1’�H1’¥¥¥O2 1.87 2.819(8) 162.3
C16�H16¥¥¥O1’ 2.03 3.106(1) 174.1
C18�H18¥¥¥O1 2.35 3.376(2) 158.3

14DDDA O1�H1¥¥¥Cl1 2.29 3.055(5) 134.1
O2�H2¥¥¥Cl2 2.22 3.000(5) 135.1
C16�H16¥¥¥O1 2.40 3.436(9) 160.1
C18�H18¥¥¥O2 2.44 3.453(9) 156.0

15DDDA O1�H9¥¥¥Cl1 2.25 3.025(1) 135.3
O2�H10¥¥¥O1 1.83 2.814(2) 173.8
C10�H5¥¥¥O2 2.44 3.501(1) 164.7
C16�H7¥¥¥O2 2.22 3.021(1) 160.5

18DDDA O1�H1A¥¥¥Cl1 2.35 3.021(1) 124.4
O2�H2A¥¥¥O1 2.14 2.894(2) 132.2

15MKA O2�H1¥¥¥Cl2 2.39 3.017(1) 120.7
O2�H1¥¥¥O1 2.06 2.801(2) 130.2
C16�H16¥¥¥O2 2.44 3.254(2) 131.1
C16�H16¥¥¥O1 2.42 3.331(2) 140.4

Figure 7. Packing diagram of 15DDDA to show the intramolecular O�
H¥¥¥Cl�C interaction. Notice again the C�H¥¥¥O dimer synthon.
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tal (P1≈ , Z’=1.5). The packing of CDDA is shown in
Figure 9. There are two symmetry-independent molecules.
The one which lies on a general position forms an intramo-
lecular O�H¥¥¥Cl�C interaction while that which lies on the
special position does not.[28] Further it may be seen that face
B forms synthon II, characteristic of the unsubstituted

DDA, while on face A the formation of the intramolecular
O�H¥¥¥Cl�C bond disturbs the formation of synthon I, in
part, leading to the C�H¥¥¥O dimer already seen in the three
dichloro derivatives, 14DDDA, 15DDDA and 18DDDA. In
effect, the crystal packing of CDDA is a composite of the
crystal structures of DDA and of the dichloro compounds.
This is shown in Scheme 2. Compound CDDA may be

therefore be considered as a supramolecular intermediate
between DDA and the dichloro derivatives.
When there are two Cl atoms as in 14DDDA, both faces

become chlorine-rich and, therefore, synthon I and the O�
H¥¥¥O hydrogen bonding vanish completely (Scheme 3).
In 18DDDA, there are again chlorine-rich and hydrogen-

rich faces and an orderly shuffling of hydrogen-bonded syn-
thons leads to the observed packing (Scheme 4). Once again
O�H¥¥¥Cl�C hydrogen bonding modifies the prototype
DDA structure in an understandable way.
In 15DDDA the crystal packing is unusual (Figure 7) as

has been described elsewhere.[29] The major structural fea-
ture is the Cl4 supramolecular synthon, which is composed
of two Cl atoms that are intramolecularly hydrogen bonded
to O�H groups and two which are not. However the feature
of note again is the absence of synthons I and II and this
may be ascribed to presence of intramolecular O�H¥¥¥Cl�C
bridges.

Competition between organic chlorine and a stronger accep-
tor : To assess the effectiveness of the intramolecular O�
H¥¥¥Cl�C interaction, we studied the keto-alcohol 15MKA,
in which a much stronger acceptor (C=O) is present in a
sterically unhindered situation.
If interaction hierarchy is to be followed, one would

expect a strong O�H¥¥¥O=C interaction. The actual crystal
structure is most instructive (Figure 10). While there is an

Figure 8. Packing diagram of 18DDDA to show the hydrogen bridges.

Figure 9. Packing diagram of CDDA. Notice the planar C�H¥¥¥O dimer
synthon, seen in all three dichloro isomers, and synthon II seen in DDA.

Scheme 2. Supramolecular distortion of synthon I by the Cl atom through
intramolecular hydrogen bonding. Note how the vestigial synthon on the
hydrogen rich side B of the molecule retains its original identity.
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O�H¥¥¥O=C interaction (d=2.06 ä; q=130.28), it is long be-
cause the donor is bifurcated, participating also in an intra-
molecular O�H¥¥¥Cl�C hydrogen bridge (d=2.39 ä; q=

120.78), which is short by the standards of this interaction.
As if to ™make up∫ for its ™unfulfilled∫ acceptor capability,
the C=O group accepts a weak hydrogen bridge from an
ethynyl hydrogen atom (d=2.44 ä; q=131.18); this H atom
is also bifurcated and forms a bridge to an hydroxyl oxygen
atom (d=2.42 ä; q=140.48). In this interesting pattern of

four interactions, it is indeed difficult to say which is more
important and which is less important. Each is probably im-
portant for the viability of the overall synthon, and it is ex-
amples such as this that argue for the use of the term ™hy-
drogen bridge∫ rather than ™hydrogen bond∫ in describing
the phenomenon.

Conclusion

This work shows that the O�H¥¥¥Cl�C interaction is a nota-
ble example of a hydrogen bridge. Despite the fact that un-
activated organic chlorine is not considered to be a good ac-
ceptor and the interaction is of the hard-donor/soft-acceptor
type, it makes its appearance in a whole series of related
compounds. Its significance is estimated by that fact that its
effects on intra- and intermolecular structure are steady and
consistent. The NMR results argue in favour of an attractive
interaction and theoretical studies show that it is stabilizing
to the extent of ~4.0 kcalmol�1. These interactions are
hardly forced contacts caused by functional groups that are
merely juxtaposed.
The crystal structures in this paper show a surprising

degree of modularity that one would not usually associate
with these gem-alkynols, compounds that form a variety of
hydrogen-bond patterns, because all the interactions are
weak and variable. The perturbation that the adjacent Cl
atom is able to make on the hydrogen-bond pattern of the
parent gem-alkynol can be easily understood if the intramo-
lecular O�H¥¥¥Cl�C interaction is of more importance than
a competing intermolecular O�H¥¥¥O�H interaction. We
conclude that O�H¥¥¥Cl�C hydrogen bridges are of more
significance than has been previously thought, and we be-
lieve that their potential importance in crystal engineering

Scheme 3. Supramolecular distortion of synthon I by two Cl atoms in
14DDDA.

Scheme 4. Supramolecular relationship between DDA and 18DDDA.

Figure 10. Packing diagram of 15MKA. Cl and O atoms are shaded.
Notice the four distinct hydrogen bridges.
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and supramolecular chemistry has been somewhat underes-
timated.

Experimental Section

Solvents were purified by standard methods and dried if necessary. Re-
agents used were of commercial quality. All these compounds were char-
acterised with NMR and IR spectra. The 1H NMR spectra were recorded
at 200 MHz on a Bruker ACF instrument. IR spectra were recorded on a
Jasco 5300 spectrometer. All melting points were measured in a Fisher±
Jones melting point instrument.

All operations were carried out in a dry N2 atmosphere. CDDA,
14DDDA, 15DDDA, 18DDDA and TDDA were prepared from 1-
chloro-9,10-anthraquinone, 1,4-dichloro-9,10-anthraquinone, 1,5-dichloro-
9,10-anthraquinone, 1,8-dichloro-9,10-anthraquinone and 1,2,3,4-tetra-
chloro-9,10-anthraquinone, respectively. A solution of trimethylsilylacety-
lene (4.4 mmol) in THF (15 ml) was mixed with n-butyllithium
(4.2 mmol) at 195 K. After stirring for 15 minutes, a solution of the re-
spective quinone in THF (15 ml) was added dropwise and stirring was
continued for 30 minutes at 195 K and for a further 1 h at room tempera-
ture. The solid product recovered after workup was treated with metha-
nolic KOH to yield the desired compound. Crystals for X-ray analysis
were obtained by purification of the crude material (column chromatog-
raphy 30% EtOAc/hexane) followed by recrystallisation from 1:1 CHCl3/
benzene or 1:1 EtOH/benzene.

1-Chloro-trans-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol (CDDA):
Yield 65%; 1H NMR (200 MHz CDCl3); d=8.15 (m, 3H), 7.58 (m, 4H),
4.61 (s, 1H), 2.87 (s, 1H), 2.78 (s, 1H), 2.68 ppm (s, 1H); IR: ñ=3508,
3387, 3252, 3215, 2108, 1591, 1568, 1489, 1435, 1356,1286, 1248, 1228,
1149, 1111, 1026 cm�1.

1,4-Dichloro-trans-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol
(14DDDA): Yield 68%; 1H NMR (200 MHz CDCl3): d=8.01 (s, 2H),
7.58 (m, 2H), 7.51 (m, 2H), 4.39 (s, 2H), 2.70 ppm (s, 2H); IR: ñ=3530,
3248, 2100, 1435, 1336, 1219, 1151, 1026 cm�1; m.p. 554 K (with decompo-
sition).

1,5-Dichloro-trans-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol
(15DDDA): Yield 60%; 1H NMR (200 MHz CDCl3): d=8.10 (dd, J=8,
3 Hz, peri 2H), 7.51 (m, 4H), 4.46 (s, 2H) 2.70 ppm (s, 2H); IR: ñ=3312,
3288, 3177, 3001, 2881, 2116, 1973, 1811, 1595, 1562, 1456, 1300, 1205,
1039 cm�1; m.p. 553 K (with decomposition).

1,8-Dichloro-trans-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol
(18DDDA): Yield 50%; 1H NMR (200 MHz CDCl3): d=8.08 (m, peri
2H), 7.60 (m, 2H), 7.48 (m, 2H), 4.51 (s, 1H), 2.85 (s, 1H), 2.79 (s, 1H),
2.68 ppm (s, 1H); IR: ñ=3530, 3256, 3048, 2106, 1591, 1562, 1437, 1340,
1222, 1176, 1149, 1024 cm�1; m.p. 501 K.

1,2,3,4-Tetrachloro-trans-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol
(TDDA): Yield 55%; 1H NMR (200 MHz CDCl3): d=8.01 (dd, J=8,
3 Hz, 2H), 7.58 (dd, J=8, 3 Hz, 4H), 4.40 (s, 2H), 2.70 ppm (s, 2H); IR:
ñ=3485, 3414, 3271, 3229, 2110, 1444, 1396, 1356, 1249, 1165, 1116 cm�1;
m.p. 506 K.

1,5-Dichloro-10-ethynyl-10-hydroxymonohydroanthracene-9-one
(15MKA): This compound was obtained as a side product during the
preparation of 15DDDA and separated by column chromatography.
Yield 35%; 1H NMR (200 MHz CDCl3): d=8.27 (dd, J=8, 3 Hz, 1H),
8.15 (dd, J=8, 3 Hz, 1H), 7.73 (m, 4H), 4.71 (s, 1H), 2.66 ppm (s, 1H);
IR: ñ=3518, 3271, 2926, 1168, 1585, 1442, 1278, 1138 cm�1; m.p. 470 K.

Crystal structure analysis : X-ray diffraction intensities for all molecules
were collected at 120 K (Oxford Cryosystems cryostat) on a Bruker
SMART CCD diffractometer (Bruker Systems Inc., 1999a) by using
MoKa radiation. Data were processed by using the Bruker SAINT pack-
age (Bruker Systems Inc., 1999b), with structure solution and refinement
by using SHELX97 (Sheldrick, 1997).[30] The structures of all the com-
pounds were solved by direct methods and refined by full-matrix least-
squares on F2. Hydrogen atoms were located in all six structures and re-
fined freely with isotropic displacement parameters. The hydrogen atom
positions were neutron normalised for all geometrical calculations. Crys-
tal data and details of data collections, structure solutions and refine-

ments are summarised in Table 3. We note that the disorder model for
compound CDDA as well as the location of one of the symmetry inde-
pendent molecules on a special position necessitates that the crystal con-
tain both enantiomers of the molecule. This is not surprising given the
method of synthesis. CCDC-224901 to CCDC-224905 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).

Calculations : All calculations were carried out on Indigo Solid Impact
and Indy workstations from Silicon Graphics.[31] All interatomic distances
and related calculations were carried out with the PLATON pro-
gramme.[32] Details of the ab initio calculations are given in the results
section.
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