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Weak hydrogen bonding. Part 2.! The hydrogen bonding nature
of short C-H - - - «t contacts: crystallographic, spectroscopic and
quantum mechanical studies of some terminal alkynes

Thomas Steiner,*1* Evgeni B. Starikov,” Ana M. Amado® and José J. C. Teixeira-Dias®
@ Institut fiir Kristallographie, Freie Universitat Berlin, Takustrape 6, D-14195 Berlin, Germany
b Molecular Physical Chemistry, University of Coimbra, P-3049 Coimbra, Portugal

In a number of crystalline terminal alkynes, the alkyne C-H groups form short intermolecular contacts wit.h
other alkyne or with aromatic moieties. A particularly short C-H--- phenyl contact is found in

(*)-3-phenylbut-1-yn-3-0l, with an H-..midpoint separation of only 2.51

Crystallographic,

spectroscopic and computational evidence is given to show that these contacts represent hydrogen-bond-
type interactions. Quantum chemical calculations indicate hydrogen bond energies in the range 1-2.2 kcal
mol!. Interconnected contacts such as C=C-H - - - C=C-H - - - C=C-H exhibit a pronounced cooperativity
effect, with energy increases of ~ 0.5 kcal mol™ compared with isolated contacts. Based on these results, the
role of the terminal alkyne group in cooperative hydrogen bond networks is described as topologically

paralleling that of hydroxy groups.

Acidic C-H groups are weak hydrogen bond donors, and
hydrogen bonds from C-H to strong acceptors such as O, N,
Cl~ are abundant in organic, metal-organic and biological
systems.}-2~> Weaker hydrogen bond acceptors than O, N and
Cl~ are n-bonded functional groups such as C=C, C=C, Ph,
heteroarenes, efc. For these acceptors, hydrogen-bond-type
interactions with the strong donors O-H, N-H and the
hydrogen halides have been observed in various configur-
ations§°® (usually called X-H - - - © hydrogen bonds, note that
the mn-bonded C-acceptors must be distinguished from the
stronger carbene C-acceptors °). For fundamental reasons, one
must also expect hydrogen-bond-like interactions to be formed
between weak donors and weak acceptors, and this includes
C-H-...n hydrogen bonds. Actually, cohesive directional
interactions between highly acidic C-H groups and n-bonded
systems have been reported,'® but it remains unclear as to what
degree they parallel conventional O-H::-O or N-H.:- O
interactions, and if they really deserve the classification as
‘hydrogen bonds’. Recently, in a preliminary communication,
chains of short C=C-H:..C=C-H...C=C-H contacts in
crystalline DL-prop-2-ynylglycine were interpreted as being
cooperative C-H - - - © hydrogen bonds,'! and it is the aim of
the present study to put this view on solid ground.

To study C-H - - - n interactions, we have selected a model
system with high acidity C-H donors and good n-bonded
acceptors. Such a system is represented by the terminal alkynes,

t On leave from the Max-Delbriick-Centrum fiir Molekulare Medizin,
Forschungsgruppe Kristallographie, Robert Réssle Strae 10, D-13122
Berlin, Germany.

{ For O acceptors, numerous crystal structures have been reported,
where C--H - - - O hydrogen bonds play important roles in determining
crystal packing arrangements and/or molecular conformations (a
necessarily incomplete selection is given in ref. 3). The general structural
properties of C-H-..O hydrogen bonds are being extensively
explored.*->

§ The phenomenon of X-H ... n hydrogen bonding is not yet well
studied even for the most common configurations with O-H and N-H
donors. For example, it is still questionable whether the individual C
atoms or the electrons of the n-bond should be regarded as the acceptor.
X-H.+-mn hydrogen bonds are neglected or overlooked in most
publications of crystal structures, where they occur. Some overviews
are given in ref. 6, a selection of individual spectroscopic and
crystallographic studies in ref. 7, and some theoretical work in ref. 8.

R-C=C-H, which are, at the same time, strong C—-H donors and
strong m-acceptors. This potential to donate and accept
simultaneously led us to hope to find cooperativity phenomena
similar to those for conventional hydrogen bonding groups.

Crystal structures were determined for a series of such
molecules,Y and for three of them (1-3) short C=C-H:--n
contacts were actually found. For these compounds, additional
vibrational spectroscopic experiments and quantum chemical
calculations were performed. The results clearly show that the
C-H ...t interactions possess the essential characteristics of
hydrogen bonds, including the property of cooperativity. The
study was completed by a database analysis to quantify the
frequencies with which the described interactions occur in
crystal structures.

HC=C —(|3 —CH;

LD

OH
1 2 3
Experimental
Crystallography

X-Ray diffraction data for 1-3 (all commercially available || )
were measured on an Enraf-Nonius Turbo-CAD4 diffracto-
meter (FR571 rotating anode X-ray generator, Ni-filtered
Cu-Ka radiation with 4 = 1.542 A, 4/2sin 6, = 0.89 A, room
temperature). Structures were solved by direct methods and
refined with standard techniques '? (anisotropic refinement for
non-H atoms and isotropic refinement for H atoms).}+
Relevant numerical data are given in Table 1.

9 In most of the structures, we observe ‘normal’ C=C-H...O
interactions. These crystal structures will be published elsewhere.

il 1 was purchased from Aldrich; 2, 3 from Lancaster.

tt Atomic coordinates, bond lengths and angles and thermal
parameters have been deposited at the Cambridge Crystallographic
Data Centre. For details, see ‘Instructions for Authors (1995),” J. Chem.
Soc., Perkin Trans. 2, 1995, issue 1.
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Table 1 Crystallographic data

Compound

1 2 3
Formula CioH;00 CysH O C;HO,
Crystal system Monoclinic Monoclinic Orthorhombic
Space group C2fc 12/a Pbca
af 19.817(2) 22.655(4) 6.862(1)
b/A 8.5626(6) 8.6034(5) 5.7465(7)
c/A 21.167(3) 24.256(2) 27.192(8)
Bl 101.43(1)  10521(1)  90.0
VA3 3520.5(7)  4562.3(9) 1072.2(4)
V4 16 16 8
Mol. per asymm. unit 2 2 1
D /g cm™ 1.10 1.20 1.22
Crystal size/mm? 06 x04 03x03 05x04

x 0.15 x 0.3 x 0.1
Unique reflections 2402 3060 656
o-cut-off level 1.0 1.0 3.0
Reflections with 2284 2893 486
F, > na(F)
Reflections per 8.2 79 5.6
parameter

R [for F, > na(F,))] 0.041 0.049 0.063

Table 2 Alkynyl stretching frequencies (cm™). vey determined by
FTIR spectroscopy, vcec determined by Raman spectroscopy.
Standard errors are ~ 1 cm™!

Compound
1 2 3
VCH
in apolar solution ~ 3310¢ 3305° 3314¢
crystal® 3272, 3288 3285, 3298 3281
shift Avey —38, -22 -20, -7 -33
vesC
in apolar solution ~ 2115¢ 2119 2123«
crystal 2108, 2118 —d 2114
shift Avec -7, +3 —1 -9

4In CCl,. * In CHClI,. < In KBr. ¢ Crystal is unstable in the laser beam.

Vibrational spectroscopy

FTIR and Raman spectra were recorded for crystals (in KBr)
and solutions in apolar solvents (Nicolet FTIR 7400 Spectro-
meter, equipped for the 4000400 cm™' region with a
germanium on CsI beam splitter and with a DTGS detector
with CsI windows. Raman spectroscopy: Jobin-Yvon T64000
Raman spectrometer, Coherent-Innova 300-05 Ar* laser, A =
514.5 nm, 100 mW at the sample position). The intensity of the
alkynyl vcy is high in the FTIR and low in the Raman spectra;
for vec, the situation is vice versa. Numerical data of vcy
(FTIR) and vec (Raman) are given in Table 2.

Computations

The quantum-chemical calculations were performed at the
ab initio MO LCAO SCF (HF + MP2) approximation using
the GAUSSIAN 92/DFT routine package.!® Hydrogen-bond
energies and atomic partial charges were calculated using the
6-31G** basis set and by taking into account the BSSE (basis
set superposition error) by means of the MASSAGE option of
the program (hardware: CRAY Y-MP4D/464 of the Konrad-
Zuse-Zentrum, Berlin). Calculations proceeded smoothly.

Database study
Cambridge Structural Database,'* August 1994 update with
126 353 entries, ordered and error=free crystal structures of
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terminal alkynes, R < 0.07, C=C-H+++X and Y-H ... C=C
contacts with H -+« X separations <2.8 A (X = O, N, Cl, Br,
F, S centroid of n-bonded systems including that of C=C),
normalized C-H bond based on C-H = 1.08 A and a linear
C=C-H group.

Results and discussion

Experimental results

(a) (*)-3-Phenylbut-1-yn-3-ol (1). The crystal structure of 1
(Fig. 1) contains two symmetry-independent molecules 1A
and 1B, which exhibit different intermolecular contacts (and
also a different conformation of the phenyl ring with respect to
the alkynyl groupif). The hydroxy groups of neighbour-
ing molecules form four-sided (‘quadrilateral’) cooperative
hydrogen-bonded rings, which nicely satisfy the hydroxy donor
and acceptor potentials. This is certainly the dominating
hydrogen bond motif of the structure. The alkynyl groups of
molecules 1A and 1B form short intermolecular contacts as
shown in Scheme 1. The C=C-H group of molecule 1A points

A A’

_CE'C_H__%S_I_.
W

®
—o0z0-me2l

Scheme 1

almost linearly to the midpoint M (Ph) of the phenyl ring of
molecule 1B (angle at H = 171°). The H . . « M (Ph) separation
of 2.51 A is in the typical range for X—-H « + « 7 hydrogen bonds
with strong O-H and N-H donors® and is immediately
suggestive of a significant bonding interaction (more detailed
geometrical data are given in Table 3). To our knowledge, such
a short C-H - .« Ph interaction has not been discussed before.
At the same time, this C=C-H group accepts a C=C-H .+ n
contact from molecule 1B, with an H .. « M (C=C) distance of
2.62 A which is also in the range for weak hydrogen bonding
[here M (C=C) is the midpoint of the C=C bond]. The alkynyl
group of molecule 1B does not accept a similar interaction, so
that the arrangement as a whole is finite, C=C-H ... C=C-
H.-.Ph.

To verify the bonding nature of these contacts, the IR and
Raman spectra were recorded, Table 2. Generally, in a C=C-
H ... X hydrogen bond, the C-H stretching frequency vcy is
lowered. For C=C-H +.+ O hydrogen bonds, typical shifts of
ven compared with free C-H are —20 to — 120 cm™?, ref. 2(f).
If a C=C moiety accepts a significant hydrogen bond, the triple
bond is weakened and vc_c should decrease. In crystals of 1,
vey and vee are each split into two sharp bands, indicating
the presence of two symmetry-independent molecules in the
crystal lattice. Both vcy values are lowered compared with
vcn in apolar solution, and the shifts of —22 and —38 cm™
are indicative of two hydrogen bonding interactions of unequal
strength. Of the vcc values, one is lowered by —7 cm™!,
whereas the other is marginally increased by +3 cm™
compared with apolar solution. Looking at Scheme 1, these
data can be easily interpreted as follows. Of the two C-H---n
interactions, that with the molecule A acting as the donor is
expected to be the stronger one, because (i) it has the shorter
H... M distance, and () its strength should be enhanced by

1} Torsion angles C2-C3-C5-C6 are —23.3(3)° for molecule A and
—9.1(3)° for molecule B (Table 1-5 of the deposited material).
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Table3 Geometry of the C=C-H - - - 1 contacts, for normalized H-positions based on a linear alkyne group with C-H = 1.08 A. M designates the

midpoint of the acceptor group

Contact

H---M(A) H...C(A) C.o M(A) CH.«.-M()
1; (£ )-3-Phenylbut-1-yn-3-ol
C2(A)=CI(A)-H - - - Ph(B) 2.51 2.70-2.93 3.58 171
C2(BECI(B)-H... C=C(A) 2.62 2.60,2.77¢ 3.67 164
2; 9-Ethynylfluoren-9-ol
Cl14(AECIS(A)y-H - - - Ph(A) 2.77 3.03-3.17 3.72 147»
Cl14(B)=C15(B)-H - - - C14(B)=C15(B) 297° 331t 98
3; Pent-4-ynoic acid
C4=C5-H ... C4=C5 2.67 2.75,2.71°¢ 3.70 159
4; pL-Prop-2-ynylglycine (ref. 11)
C,=Ci-H..-C=C, 2.71 2.99, 2.54¢ 3.78 172

“ Acceptors C1(A) and C2(A), respectively. * Acceptor C15(B). ¢ Acceptors C4 and C5, respectively. ¢ Acceptors C, and C;, respectively.

Fig. 1 Molecular and crystal structure of 1 [(%)-3-phenylbut-1-yn-
3-ol)]. Projection is along the b-axis. Two symmetry-independent
molecules are drawn with filled bonds. Hydroxy groups are indicated
by filled O-H bonds.

the accepted interaction, ie., by the cooperative effect.
Therefore, the alkynyl C-H band shifted by —38 cm™ is
assigned to molecule A, and that shifted by only —22 cm™! to
molecule B. This assignment is supported by the quantum-
chemical calculations presented below. Only alkynyl group A
accepts a C-H---m contact, and is therefore assigned the
vec downshift of —7 cm™.

(b) 9-Ethynylfluoren-9-ol (2). In the crystal structure of 2,
there are two symmetry-independent molecules 2A and 2B, Fig.
2. Similar to the crystal structure of 1, the hydroxy groups form a
four-sided cooperative cycle which satisfies all O-H hydrogen
bond potentials. The alkynyl groups of 2A and 2B form very
different intermolecular interactions as shown in Scheme 2. The

A A’ _
—C=C—H
- 2717 \oed
—C=C—H------ R .
H—-C=C—
Scheme 2

alkynyl group of molecule A points to one of the aromatic six-
membered rings of a symmetry-related molecule A’, with an

Fig. 2 Molecular and crystal structure of 2 (9-ethynylfluoren-9-ol).
Projection is along the b-axis. Two symmetry-independent molecules
are drawn with filled bonds. Hydroxy groups are indicated by filled
O-H bonds.

H...- M(Ph) separation of 2.77 A. The alkynyl group of
molecule B forms a very long contact with an antiparallel
alkynyl group of a symmetry-related molecule B° (H.-. C =
2.97 A); this geometry has been referred to as the ‘tandem’-
configuration,?® and should (if cohesive at all) be strengthened
by mutual polarization of the engaged groups.

The IR study on crystals of 2 is summarized as follows. Here,
the alkynyl vcy is split into two bands with shifts of —20 and
—7cm™!, as compared with apolar solution. This indicates weak
hydrogen-bonding interactions of both symmetry-independent
alkynyl groups, one of which, however, is only very weak. As
will be seen below, quantum chemical calculations suggest the
assignment of the stronger downshift to alkynyl residue A, and
the marginal downshift of —7 cm™ to residue B. Unfortunately,
the crystals are unstable in intensive laser light, so that it was not
possible to record Raman spectra to be able to deduce the
behaviour of veoc.

(¢) Pent-4-ynoic acid (3). The crystal structure of 3 contains
only one molecule per asymmetric crystal unit. As expected, the
typical dimer structure of carboxylic acids is formed, Fig. 3.
These dimers are arranged in layers stacked along the g-axis,
in which the alkyne groups form an infinite zigzag pattern,
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Fig. 3 Molecular and crystal structure of 3 (pent-4-ynoic acid).
Projection is along the g-axis. One molecule is drawn with filled bonds.

Table 4 Database analysis: acceptors of the shortest intermolecular
contact <2.8 A formed by terminal alkynes (141 C=C-H residues in
113 crystal structures, present work included)

Acceptor Number
(0] 66
N 8
CL Br, F 7
S 1
c=C 18
C=C 5
Arene 8

No. contacts <2.8 A 28

Scheme 3. This zigzag chain parallels the pattern classified as
cooperative hydrogen bonds for DL-prop-2-ynylglycine.'!

N\ N\ c
o/ N e
N": RN S, PN
I“”L N H:~ e H
JH e, M
C “ >
& &
/ /
Scheme 3

Analogous patterns are also formed by the lower homologues
but-3-ynoic acid '°® and prop-2-ynoic acid ' (despite different
space groups).

In the IR-spectrum of crystalline 3, a single band for vcy
is observed, which shows a downshift of —33 cm™! compared
with the apolar solution.§§ This is a significantly stronger shift
than for the C=C-H . . - C=C contact in 1 (—20 cm™"), which
has very similar geometry (Table 3), but is not a part of an infinite
cooperative pattern. This indicates that in the above zigzag
pattern, the strength of the individual interactions significantly
increases due to cooperativity, as compared with isolated
contacts. In the Raman spectrum, a single band for ve is
observed, which is shifted by —9 cm™ compared with apolar
solution, indicating weakening of the C=C bond.

Quantum chemical calculations

The energies of the intermolecular interactions discussed above
were estimated by means of ab initio quantum chemical
calculations. For reasons of limited computer capacity, such

§§ Crystals of 3 dissolve well in CCl,. In the IR spectrum of the solution,
the typical broad and intense band for hydrogen bonding O-H is
observed, but no band for free O—H. This shows that 3 dissolves as a
dimer (as is often found for carboxylic acids).
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calculations must be restricted to polyatomic fragments with the
total number of atoms <30. Therefore, the hydrogen-bonded
patterns in question were approximated by contacts of identical
geometry between appropriate smaller molecules: the alkyne
residues were approximated by propyne (CH,-C=C-H), and
the aromatic moieties by methylbenzene for 1 and by benzene
for 2. Owing to this gross but necessary simplification, the
results can be taken as only (rough) estimates; however, they
should reflect the general trends of the interactions in a
qualitatively correct way.

(a) Isolated contacts (dimers). The bond energy of a T-shaped
propyne dimer was calculated to be —0.9 kcal mol™ with the
geometry observed in 1 [H + -« M(C=C) = 2.62 A], —1.1 keal
mol! with the geometry observedin 3 [H+++ M(C=C) = 2.67
A], and —0.7 kcal mol™! with the geometry found in DL-prop-
2-ynylglycine'! [H..- M(C=C) = 2.71 A]. For a dimer
propyne-methylbenzene with the geometry as in 1 [H--.
M(Ph) = 2.51 A], a bond energy of —1.6 kcal mol! was
calculated, and for propyne-benzene in the geometry as in 2
[H..-M(Ph) = 2.77 A}, an energy of — 1.4 kcal mol™' was
obtained.. These values indicate that aromatic moieties are
somewhat stronger acceptors than alkynyl residues.

For a propyne dimer with antiparallel molecules as in 2
(Scheme 1, left), a bonding energy of only —0.1 kcal mol™! was
obtained, which can only be regarded as marginal or
insignificant.

For 2, both types of C-H .-+t contact are isolated and
should not be (strongly) influenced by cooperativity effects.
Therefore, the energy estimates of —1.4 and —0.1 kcal mol™!
can be directly applied to the realistic contacts shown in
Fig. 2. This allows assignment of the alkynyl IR stretching
frequencies: the band shifted by —20 cm™ compared with
apolar solution is assigned to residue A, and that shifted by
only —7 cm™ to residue B.

(b) Cooperative patterns. For 1 and 3, the C-H - - - w contacts
are interconnected. If they actually are of hydrogen-bonding
type, they must possess the property of cooperativity, i.e., the
interactions must mutually increase each other’s strengths, and
the bond energy per contact must be greater than the sum of
individual isolated contacts. Actually, for the finite chain of
C-H - - - mcontacts found in 1 (Scheme 1), energies of — 1.4 kcal
mol™! are calculated for the C=C-H - « - C=C contact, and —2.2
kcal mol™! for the C=C-H . - - Ph contact. This means that the
energy of the former contact is enhanced by —0.5, and that of
the latter by —0.6 kcal mol™' compared with isolated dimers,
clearly showing a pronounced cooperativity effect (Sharma and
Desiraju calculated energy increases of similar magnitudes for
cooperative C-H - - - O hydrogen bonds °). In the IR spectrum,
the alkynyl vcy value shifted by —38 cm™ compared with
apolar solution should therefore be assigned to residue A, and
that shifted by —22 cm™! to residue B.

For the zigzag chain of interconnected alkyne-alkyne
contacts, Scheme 3, bond energies are calculated as —1.1 kcal
mol! for the dimer, — 1.6 kcal mol™! for an additional contact,
and — 2.1 kcal mol™! for the contact between two dimers (i.e., for
the central bond in a tetramer). Addition of a fifth residue
produced no further increase in the energy of the central bonds,
so that the energy per bond in the infinite chain is estimated to
be around — 2.1 kcal mol™!, again clearly showing enhancement
due to cooperativity.

Database studies
To see whether the above arrangements occur frequently in
crystal structures, the closest contacts C-H « -« X formed by

99 For interactions of the stronger N-H donors with benzene, bond
energies around 3 kcal mol™! have been calculated.®”
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Table5 C=C-H---Ph hydrogen bonds with H.++M < 2.8 A found
in the Cambridge Structural Database (M = midpoint). For
normalized H position

H... M H...C Ceee M C-H..-M

Ref.code® Ref. (A) A) A) ©

This work, 1 2.51 2.70-2.93 3.58 171
This work, 2 2.77 3.03-3.17 3.72 147
DIJZOL 16(a) 2.59 2.72-3.13  3.60 154
PENMAW  16(b) 2.53 2.72-3.03 3.60 170
PENTYN  16(c) 2.79 2.79-341 3.82 159
TADJUD  16(d) 2.58 2.58-3.23 3.63 162
VEFPIF! 16(e) 2.84 2.51-3.68 3.87 158
VUYXES  16(f) 271 2.75-3.30 3.76 165

% Reference code with the Cambridge Structural Database. > H.++« M
> 2.8 A, but included because of the short H - + « C contact of 2.51 A.

terminal alkynes were investigated in a crystallographic
database analysis, Table 4. Of 141 C=C-H residues in 113
crystal structures (including those from the present work),
82 (=58%) form hydrogen bonds H.--X <2.8 A with the
‘conventional’ acceptors O, N, Cl, Br, F, S. The number of
31 C-H..-n interactions (=22%) is surprisingly high; of
these, the acceptor is 18 times C=C, 5 times C=C and 8 times
an arene. 28 of the alkyne groups (=20°%) form no inter-
molecular contact <2.80 A(for a longer H - - - X cut-off value,
some of these would also fall into one of the other classes).

The conventional C-H - - - X hydrogen bonds need not be
discussed here (only the eye-catching single C-H -+ - S hydro-
gen bond in Table 4 should be mentioned, which is short and
linear with H+++S = 2.58 A, C-H ... S = 169°, and is found
in VITYUS'"). For the C=C-H-...C=C contacts, no
information going beyond the earlier study !! is obtained. For
the novel C=C-H - .- Ph interactions, however, a number of
examples with geometries similar to 1 are found, Table 5. The
distances from H to the arene midpoint M (Ph) may be as short
as 2.5 A. In most of the cases, the H - - - M (Ph) separation is
significantly shorter than any of the individual H..-C
distances, i.e., the C=C-H donor points actually at M (Ph).
However, there are also exceptions with one or two H-..C
distances of lengths similar to or even shorter than H--..
M (Ph). The shortest H- - C distances observed are slightly
above 2.50 A, which is the same value as for the shortest H+ « « C
distances in C=C-H...C=C contacts'' (and also in the
C=C-H - . - C=C contacts in Table 4, for which, however, the
data quantity seems to be too small for an extended discussion).

Conclusions

The above results show that short contacts of sufficiently acidic
C-H groups with n-bonded acceptor groups (C=C, C=C, arenes)
possess the essential properties of weak hydrogen bonds. (i)
Geometrically, the contacts are directional with close to linear
C-H ... n angles, and short H---n (and H- .. C) distances
down to 2.5 A; these are the typical geometries for weak
hydrogen bonding. (ii) In the infrared spectrum, the donor C-H
stretching frequencies are reduced by over 20 cm™' compared
with solutions in apolar solvents, which are the IR frequency
shift values typically observed for C-H « - » O hydrogen bonds.
(iii) Ab initio quantum chemical calculations suggest bonding
energies in the range 1-2.2 kcal mol™!, which again are similar
to what is usually calculated for C-H - - - O interactions. (iv)
Interconnected systems of C-H - - - & interactions possess the
property of cooperativity, i.e., the contacts enhance the strengths
of each other, and the hydrogen-bond energy per contact is
greater than the energy of an isolated interaction. Energy
enhancements due to cooperativity are estimated ~ 0.5 kcal
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mol™! per contact. Also this value parallels that from the
calculations for interconnected C-H - - - O interactions.

The above conclusions should be valid not only for terminal
alkynes, but also for other C-H groups that are capable of
donating hydrogen bonds. However, the simultaneous donor
and acceptor potential distinguishes C=C-H from most other
types of C-H donor, making it an excellent model to study
cooperativity phenomena. Actually, in crystal structures, C=C-
H..-n interactions are often found as part of cooperative
patterns. These patterns may be finite such as C=C-H..- C=
C-H-..-Ph in 1 of the present study, or as C=zC-H---
C=C-H... 0 in l-ethynyl-2,7-dimethoxynaphthalene.'® The
cooperative patterns may also be infinite, such as the zigzag
chain C=C-H..-C=C-H..-C=C-H in 3 and many other
crystal structures,!! or the two-dimensional network of C=C-
H..-C=C contacts in the orthorhombic phase of solid
acetylene.'®

These results complement earlier studies where infinitely
hydrogen-bonded networks have been reported, in which
terminal alkynes act as donors of ‘normal’ C-H - .- O inter-
actions, such as C=C-H..--O-H.:-C=C-H-..:-O-H in
donazole 5% and C=C-H+++O-H++s O-H+++C=C-H s+
O-H in 2-ethynyladamantan-2-o0l.6+2® Topologically, C=C-H
may therefore play the same role in hydrogen-bond networks
as the hydroxy group O-H.
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