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There is a very strong tendency for carboxylic acids to form centrosymmetric, hydrogen-bonded dimers
in the solid state, and recent studies have attempted to use this dimeric building block in the crystal
engineering of molecular solids. However, hydrogen-bonded molecules of (4-chlorophenyl)propiolic acid,
p-CIC¢H,C=CCO,H, do not pack in the crystal according to the predicted dimer motif but, in an unusual
manner for this category of molecule, in the catemer arrangement. Crystals of this compound are triclinic,
space group P1,Z=2,a =6.120 (4) A, b = 17.323 (13) A, ¢ = 3.944 (2) &, o = 90.47 (6)°, 8 = 92.70 (5)°,

= 102.26 (6)°, R = 0. 065 R, = 0.071, with 831 nonzero reflections. The catemer arrangement observed
in this case might have been anticipated for some other carboxylic acids, but it is unexpected here and
could arise due to the inability of the molecules to form C-H--O hydrogen bonds. This study shows that
weak C-H--O hydrogen bonds need to be considered as important contributors in the formation of hy-
drogen-bond patterns and that their presence or absence could well determine the manner of networking
of stronger O-H---O hydrogen bonds in molecular crystals. Consequently, an ability to predict hydrogen
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bond patterns could be improved by a better understanding of C-H-+O interactions.

Introduction Table I. Summary of the Crystallographic Information for
The supposed predictability of the connectivity of strong Acid 2
hydrogen bonds such as O-H:+O and N-H:.O has moti- formula CoH;ClO, v, deg 102.26 (6)
vated several efforts aimed at rationalizing, predicting, and formula we  180.5 ] v, A3 408.1
ultimately designing the crystal structures of hydrogen- cryst method eﬂ;‘an"l solution T,°C 25
bonded organic solids'™¢ such as those that may have giozl:rmm Soogrlfsg 11 X 0.45 gata coll f192
useful nonlinear optical properties.!®¥ One of the com- cryst syst triclinic ' & cutoff 9
monest and most easily predicted of hydrogen-bond net- space group  PI unique data 831
works is the centrosymmetric dimer motif (1) for carboxylic a, 6.120 (4) 26 range, deg  2-45
b, A 17.323 (13) R, R, 0.065, 0.071
//O seeH —0\ c, A 3.944 (2) solved with  SHELS-86%
R—C C—R Cl—-@—CEC—CogH a, deg 90.47 (6) refined with ~ SHELX-76%
NO—He e O// B, deg 92.70 (5)

1 2

acids.2114 In certain acids, the absence of the dimer motif

Table II. Atomic Fractional Coordinates of Acid 2 (Esd’s
Given in Parentheses)

is easily anticipated. It has been pointed out,? for example, atom x/a y/b z/c
that a chiral acid cannot form a centrosymmetric dimer; C(1) 0.4916 (8) 0.2546 (5) 0.474 (1)
likewise, the formation of a dimer may also be difficult in C(2) 0.3918 (9) 0.1757 (5) 0.503 (1)
sterically hindered acids such as 2,6-disubstituted benzoic gg; 8-4718;1 8; gﬂgg Eg; 8328 EB
i h n ic ri n . - -
o comora) bydrozom oot sine Gai e i OB 08064(®)  0292(8) 02181
’ C(6) 0.6982 (9) 0.2760 (7) 0.330 (1)
C(m 0.3823 (8) 0.3149 (3) 0.591 (1)
(1) Desiraju, G. R. Crystal Engineering. The Design of Organic 88; ggg?? Eg; 832:;2 8; 832; 8;
Solids; Elsevier; Amsterdam, 1989; pp 115-173. ' ‘ :
(2) Jeffrey, G. A.; Takagi, S. Acc. Chem. Res. 1978, 11, 264. 0(1) 0.3261 (7) 0.5033 (2) 0.670 (1)
(3) Taylor, R.; Kennard, Q. Acc. Chem. Res. 1984, 17, 320. 0(@) 0.0477 (7) 0.4299 (2) 0.939 (1)
(4) Taylor, R.; Kennard, O. Acta Crystallogr. 1983, B39, 133. Cl(1) 0.8398 (3) 0.0682 (1) 0.1090 (4)
(5) Taylor, R.; Kennard, O.; Versichel, W. J. Am. Chem. Soc. 1983, H(2) 0.256 (8) 0.156 (3) 0.589 (6)
105, 5761. . H(3) 0.435 (11) 0.071 (4) 0.400 (5)
(6) Taylor, R.; Kennard, O.; Versichel, W. J. Am. Chem. Soc. 1984, H(5) 0.941 (8) 0.240 (3) 0.121 (6)
106, 244. H(6) 0.752 (9) 0.323 (3) 0.295 (6)

(7) Taylor, R.; Kennard, O.; Versichel, W. Acta Crystallogr. 1984, B40,
80.

(8) Murray-Rust, P.; Glusker, J. P. J. Am. Chem. Soc. 1984, 106, 1018.

(9) Leiserowitz, L. Acta Crystallogr. 1976, B32, 775.

(10) Berkovitch-Yellin, Z.; Leiserowitz, L. J. Am. Chem. Soc. 1980, 102,
7671.

(11) Berkovitch-Yellin, Z.; Leiserowitz, L. J. Am. Chem. Soc. 1382, 104,
4052

(12) Leiserowitz, L.; Hagler, A. T. Proc. R. Soc. London 1983, A388,
133

(13) Ducharme, Y.; Wuest, J. D. J. Org. Chem. 1988, 53, 5787.

(14) Miller, R. S.; Curtm,D Y.;Paul, 1. C. J. Am. Chem Soc. 1974,
96, 6334.

(15) Panunto, T. W,; Urbanczyk-Lipkowska, Z.; Johnson, R.; Etter, M.
C. J. Am. Chem. Soc. 1987, 109, 7786.

(16) Etter, M. C.; Frankenbach, G. M. Chem. Mater. 1989, 1, 10.

leading to a nonplanar (and consequently less compact)
dimer. However, achiral, sterically unhindered carboxylic
acids show an overwhelming preference for motif 1 since
the considerable stability of the motif is largely unaffected
by the nature of the substituent, R. In the crystal, this
dimer motif acts as the basic building block, packing ac-
cording to the directional requirements of the atoms in the
R substituent. It is therefore surprising that the crystal
structure of (4-chlorophenyl)propiolic acid p-CICgH,C=
CCO,H, displays a catemer hydrogen-bond pattern, which
does not incorporate motif 1. This catemer pattern is
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Figure 1. Atom-numbering scheme for acid 2.

Table II1. Bond Lengths and Angles for Acid 2 (Esd’s
Given in Parentheses)

C(1)-C(2) 1.38 (1) C(8)-C(9) 1.44 (1)
C(2)-C(3) 1.39 (1) C(9)-0(1) 1.26 (1)
C(3)-C(4) 1.38 (1) C(9)-0(2) 1.27 (1)
C(4)-C(5) 1.39 (1) C(4)-CH1) 1.75 (1)
C(5)-C(6) 1.38 (1) C(2)-H(2) 0.91 (5)
C(6)-C(1) 139 (1) C(3)-H(3) 0.83 (6)
C(1)-C(7) 1.44 (1) C(5)-H(5) 0.93 (5)
C(1-C(8) 1.20 (1) C(6)-H(s) 0.83 (5)
C(2)-C(1)-C(8) 120.0 (5) C(5)-C(6)-C(1)  120.8 (6)
C(2)-C(1)-C(7) 1203 (5) C(1)-C(7)-C(8) 176.7 (5)
C(6)-C(1)-C(7)  119.8(6) C(7)-C(8)-C(9)  173.0 (6)
C(1)-C(2)-C(3) 120.2 (6) C(8)-C(9)-0(1) 118.8 (5)
C(2)-C(3)-C(4) 1186 (8) C(8)-C(9)-0(2) 118.4 (8)
C(3)-C(4)-C(5) 1223 (5) O(1)-C(9)-0(2) 122.8 (5)
C(3)-C(4)-Cl(1) 119.3 (4)
C(5)-C(4)-Cl(1}) 1185 (4)
C(4)-C(5)-C(6) 118.1 (6)

unusual for this category of compound and exhibits certain
features that are hitherto unreported.

Experimental Section

Acid 2 was prepared from 4-chlorobenzaldehyde by methods
described elsewhere.’” Fine needle-shaped crystals suitable for
X-ray work were obtained by slow cooling from EtOH. Data were
collected on a Syntex P1 diffractometer at the Department of
Chemistry, Ben Gurion University. Details of the crystal structure
determination are given in Table I and Figure 1. Carbon and
oxygen atoms were refined anisotropically and hydrogens iso-
tropically, but the acid hydrogen atom could not be located.

Results and Discussion

The crystal structure of acid 2 was investigated in con-
nection with its solid-state thermal reactivity to form
self-Diels—Alder adducts.!” The crystal structure was
solved and refined routinely (see Table I). Table II gives
the positional parameters of the atoms (with esd’s), and
Table III gives the intramolecular bond lengths and angles
(with esd’s). Figure 1 shows the atom-numbering scheme.
A view of the crystal structure of acid 2 looking down the
short axis is shown in Figure 2. The carboxyl group is
completely disordered (C-O distances 1.26 (1), 1.27 (1) &),
and yet the environments around the two oxygen atoms
are quite distinct.!® The hydrogen-bond network is of the
catemer type, the two O-+O distances being 2.59 (1) and
2.66 (1) A. In this unexpected arrangement, one of the
0=C-0-H conformations is syn-planar while the other
is anti-planar. The syn-planar arrangement is by far the
commoner,? but the novel feature of this structure is that
both conformations coexist in the crystal even though the
carboxyl group is disordered. The hydrogen-bonded ca-
temers are further linked with short Cl.--Cl contacts of 3.50
(1) A to form molecular sheets. The tertiary or complete

(17) Desiraju, G. R.; Kishan, K. V. R. J. Am. Chem. Soc. 1989, 111,
4838.

(18) Complete disorder of the carboxyl group is usually associated with
almost identical environments at the two oxygen atoms. See ref 11 and
also: Tavale, M. G.; Pant, L. M. Acta Crystallogr. 1971, B27, 1152.
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Figure 2. Crystal structure of (4-chlorophenyl)propiolic acid (2)
down the short axis [001] to show O-H«-O hydrogen bonding and
Cl---Cl interactions. Oxygen atoms are shaded. Molecular layers
such as shown here are stacked along [001] to generate the com-
plete structure.

structure is obtained by a van der Waals stacking of these
sheets in the short-axis direction. Such a stacking ar-
rangement permits the thermal Diels-Alder reaction in
crystalline 2 referred to above.l?

Clearly, there would be no steric constraint if acid 2 were
to adopt the dimer motif 1, which is observed not only in
the corresponding cinnamic acid 3! but also in the pair
of isomorphous methylenedioxy acids 4% and 5.1%%' Other

COzH /COZH CO,H
/
| ¢ 2 ¢ |
Ci o) (¢}
3 4 5

derivatives such as (4-methoxy-, (3,4-dimethoxy-, and
(3,4,5-trimethoxyphenyl)propiolic acids all exhibit motif
1.17 In crystal engineering it is perhaps useful to inquire
why a particular compound does not adopt a particular
structure. Accordingly, in the present context, one might
ask why molecules of acid 2 do not pack employing the
almost exclusively observed motif 1.

It may be noted that the crystal structures of oxygenated
aromatic compounds are stabilized by a large number of
weak, yet directional, C-H--O bonds that are seemingly
possible within the framework of the supposedly more
dominant O-H--O and N-H--O bonds.>¥% In the crystal
structures of a number of substituted benzoic and cinnamic
acids, for instance, centrosymmetric dimers 1 are further
linked through these C-H-~+O bonds involving carboxyl and
other oxygen atoms. In several cases, the alkene—carboxyl
conformation is decided by the C-H--O bond arrangement.
Acids 4 and 5 are efficiently C-H-~O bonded through the
heterocyclic groups, while acids 3 and 5 form C-H--O
bonds that involve olefinic hydrogen atoms. Although it
is not yet possible to precisely quantify these weak in-
teractions, their strength and frequency of occurrence seem
to depend on the number and donor-acceptor abilities of
the hydrogen and oxygen atoms in the molecular struc-
ture.?22® By this token, acid 2 is a poor candidate for
C-H--0 bonding. There are no oxygen atoms other than
those in the carboxyl group, and furthermore olefinic hy-
drogens (in contrast to acids 3 and 5) are absent. The
observed crystal structure in fact does not exhibit any
pronounced C-H-O bonding. It is suggested accordingly

(19) Glusker, J. P.; Zacharias, D. E.; Carrell, H. J. Chem. Soc., Perkin
Trans. 2 1975, 68.

(20) Desiraju, G. R.; Kamala, R.; Kumari, B. H.; Sarma, J. A. R. P. J.
Chem. Soc., Perkin Trans. 2 1984, 181.

(21) Kishan, K. V. R.; Desiraju, G. R. J. Org. Chem. 1987, 52, 4640.

(22) Sarma, J. A. R. P.; Desiraju, G. R. Acc. Chem. Res. 1986, 19, 222.

(23) Sarma, J. A. R. P.; Desiraju, G. R. J. Chem. Soc., Perkin Trans.
2 1987, 1195.
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that C-H--O bonds, far from being passive bystanders,
may actually discriminate between alternative O-H--O
networks which, though geometrically reasonable, are
structurally quite distinct. In the present context, it could
be possible that the manifestation of C-H-+O bonds would
lead to the dimer motif and their absence to the catemer.
Such a conclusion is in agreement with calculations that
show that the isolated catemer is slightly more stable than
the dimer.%1!

In spite of its greater stability, the catemer is far more
sensitive than the dimer to steric factors. Therefore, a
possible auxiliary reason for the adoption of the catemer
by the title compound could be the lack of substituents
adjacent to the carbonyl group or even an interaction of
the acidic proton with the alkyne bond. However, the five
other phenylpropiolic acids with known crystal structures!’
adopt the dimer motif, and the lack of more detailed
structural information on this family of compounds makes
further discussion speculative.

As in several other planar chloroaromatic compounds,
the crystal structure of acid 2 is characterized by short
Cl..+Cl contacts (which lead incidentally to the adoption
of a 4-A short axis?), and a pertinent question is whether
the catemer motif is forced on the structure because of the
optimization of these Cl--Cl interactions. However, these
short contacts are also found in 4-chlorobenzoic acid (3.44
A)M and 4-chlorocinnamic acid (3.79 A),'® and yet both of
these acids display the centrosymmetric dimer motif with
the dimer units being linked by C-H-+O bonds. It would
appear then that Cl-Cl interactions are not incompatible
with the dimer motif.

It could also be argued that the absence of significant
C-H.O bonding ability in acid 2 is correlated with an

awkward molecular shape; inspection of Figure 2 shows
that there is a close packing of carboxylic and alkynic
residues in neighboring molecules that seems to decide the
hydrogen bond geometry. However, these are post facto
rationalizations, and the manifestation of crystal structures
such as those of compound 2 shows that the prediction of
hydrogen-bonded structures is still a complex and tricky
issue. 1.

In spite of these difficulties, it is suggested that materials
chemists will find it worthwhile to consider all interactions,
strong and weak, while attempting to understand novel
and unexpected hydrogen-bond arrangements. Only
through such understanding would it be possible to ad-
vance confidently to the next step of structure prediction
and design.
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Chemicallﬁv cleaned (1:1 HCl(conc) /H,0) GaAs(100) was ion bombarded with 3-keV Net and Xe* at

10 ions/cm

and subsequently exposed to NO in the range 10°-10® langmuirs and N;O in the range 107-10%

langmuirs. Ion-bombarded GaAs exposed to N,O yields only Ga,0;. However, when ion-bombarded GaAs
is exposed to NO, both gallium and arsenic oxides are formed, with Ga,0; being the major component.
The extent of oxidation for ion-bombarded GaAs exposed to a series of gases is NO > O, > N,O. The
ion-bombarded surface is composed of defects consisting of singly occupied Ga bonds, Ga—Ga bonds, and
As vacancies. The limited reaction of N,O and the greater reactivities of O, and NO with ion-bombarded
GaAs are due to the interaction of each of these molecules with the defects on the ion-bombarded GaAs

surface.

Introduction

The experiments of Bertness et al.! for NyO and O,
adsorption and Bermudez et al.2 for NO and O, adsorption
on GaAs(110) suggest that dissociative adsorption is de-

(1) Bertness, K. A.; Chiang, T. T.; McCants, C. E.; Mahowald, P. H.;
Wahi, A. K.; Kendelewicz, T.; Lindau, L.; Spicer, W. E. Surf. Sci. 1987,
185, 544.

(2) Bermudez, V. M.; Williams, R. T.; Long, J. P.; Rife, J. C.; Wilson,
R. M.; Tuttle, A. E.; Williams Jr., G. P. J. Vac. Sci. Technol. A 1987, 5,
541.

pendent upon the bond energies of the molecules. Nitrous
oxide, with the weakest (N-0O) bond energy, shows the
greatest reactivity with GaAs(110).! Bermudez et al.? also
observed that NO reacts more slowly than O, with GaAs
in the exposure range 10*~107 langmuir (1 langmuir = 1.33
X 107 Pas). Defects are thought to play an important role
in the dissociation process on cleaved or annealed material.

Ion-bombarded GaAs(100) exhibits increased reactivity
compared to chemically cleaned GaAs(100) upon exposure
to O, or H,0 at 107-10'3 langmuirs. The quantity of
gallium and arsenic oxides increased with increasing en-
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