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In the crystal structuores of three terminal alkynes, long GC-H * G42 contacts with H C separations 
in the range 2.7-3.1 A are observed. Despite the long distances, these contacts possess the characteristic 
infrared spectroscopic features of weak hydrogen bonds. This provides direct evidence that the range of 
C-H A interactions donated by sufficiently acidic C-H groups extends beyond van der Waals 
separation. In two of the crystal structures, the C-H - - 4 R interactions form interconnected systems 
C S - H  CZEZE-H * CEEEE-H. 

Introduction 
It is well known that acidic C-H groups like in M - H  or 
CHCI, can donate,* and that n-bonded systems like C S  or Ph 
can accept hydrogen b0nds.i.3~ Consequently, hydrogen-bond 
type interactions C-H n must be expected to occur in sys- 
tems that contain acidic C-H donors and suitable x-acceptors. 
Actually, in a number of crystal structures, short C g - H  n4 
and C13C-H x s  contacts were observed and interpreted as 
weak bonding interactions (for a heteroarene acceptor, see 
ref. 6).  Of particular interest is the observation of short 
C--H * * Ph’ and C-H * C=C8 contacts in the stabilisation of 
inclusion complexes. However, it remained unclear to what 
degree these interactions parallel conventional hydrogen bonds, 
and most authors cautiously characterized them just as 
‘C-H n interactions’. Only recently, by a combination of 
crystallographic, I R spectroscopic and quantum-chemical 
techniques, could it be shown for the acidic ( 3 2 - H  donors that 
short contacts to C e  and Ph acceptors have in fact the struc- 
tu ral and spectroscopic properties of weak hydrogen bonds,’ 
very similar to 0-H - * n and N-H n interactions. 

The previous studies of C-H***n bonds were focused on 
the shortest occurring contacts, in which the donor H-atom 
approaches the centroid M of x-acceptors to distances down to 
2.!i A.’ The long-distance behaviour of these interactions has 
as yet not been investigated. Hydrogen bonds in general have a 
pronounced long-range character, and operate also far beyond 
van der Waals separations.u This is of great importance for 
their role in steering molecular association. If they are of 
hydrogen-bond nature, C-H x interactions should operate 
at similarly long ranges. 

In the present study, we report structural and spectroscopic 
investigations of the crystalline compounds 1-3, which shed 
light upon the nature of long C-H - * IT contacts occurring in 
these substances. 

t The x-bonded C-acceptors like C=C or Ph should be distinguished 
from the chemically different cdrbene C-accceptors.” 
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Ethynylferrocene 1 
The crystal structure of ethynylferrocene, 1, contains three 
symmetry-independen t molecules, A, B, C (crystallographic 
data in Table I ) .  Since their conformations are virtually identi- 
cal, the molecular structure and the atomic numbering scheme 
needs to be shown for only one molecule, Fig. l(a). The crystal 
packing scheme is complex, with the ethynyl groups crowded 
around the inversion centre of the space group, Fig. 2. Each 
ethynyl residue points at the ethynyl residue of a neighbouring 
molecule, whereby a six-membered cyclic arrangement is 
formed, Fig. 3 (this pattern has not been reported for 
C-H**.C=C interactions before). In Fig. 3, the ethynyl 
groups alternately point ‘up, down, up, down, up, down’, 
i.c they form a chair-type puckered ring with approxi- 
mate &-symmetry, Scheme I (in Fig. 2, this ring is seen in 
side-view). 

The contact geometries within the ring are unequal, Fig. 3 
and Table 2. In all three independent contacts the ethynyl 
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Table 1 Crystallographic data 

Compound 

1 2 3 

Formula 
M w  
Temperature 
Crystal system 
Space group 
U l A  
M A  
CIA 
do 
PIQ 
rp 
VIA3 
Z 
Mot. per asymm. unit 
De/g ern-.' 
Crystal sizelmm3 
flrnm-' 
Measured reflections 

Unique reflections 
Unique refl. F2 > 2a(F2) 
wR(F2) [for F2 > 2a(F2)] 
R [for F2 > 2a(F2)] 

Rmerge (F2)  

C12HmFe 
210.1 
100 K 
Triclinic 
pi 
9.4068(9) 
11.668(1) 
I3.626( 1) 
74.598(6) 
79.703 7) 
70.815(7) 
1354.8(2) 
6 
3 
1.55 
0.7 x 0.7 x 0.7 
I .61 
666 1 
0.048 
6205 
5893 
0.078 
0.029 

CllHRO 
156.2 
I 0 0  K 
Te tragon a 1 
14 
16.270(2) 
16.270( 2) 
6.5893(6) 
90 
90 
90 
1744.2(3) 
8 
1 
1.19 
0.5 x 0.5 x 0.2 
0.08 
1328 
0.03 1 
1292 
121 I 
0.083 
0.032 

~ 

CZ5H3202*0.5CH40 
380.5 
Room temp. 
Monoclinic 
p2 I 
10.346( 1 ) 
6.51 14(4) 
32.805( 5) 
90 
92.79(2) 
90 
2207.3(5) 
4 
2 
1.15 
0.6 x 0.05 x 0.03 
0.56 
3690 
0.047 
3621 
I919 
0.148 
0.073 

Fig. 2 Crystal structure for 1. Projection is along the x-axis 
Symmetry-independent molecules A. B and C are labelled near Fe. 

Fig. 1 Molecular structure and atomic numbering scheme for 1, mole- 
cule A (top), 2 (centre) and 3, molecule A (bottom). Displacement 
ellipsoids are drawn at the 50% probability level for 1 and 2, and at the 
30% probability level for 3. 

Scheme 1 

groups point at the neighbouring terminal C atom rather than 
at the midpoint of the C Z  bond. The shortest of the contacts, 
C( 12A)-H - C( 12l3), is geometrically similar to the 
C-H C=C hydrogen bonds of the previous 
whereas the longest contact, C( 12C)-H * C( 12A'), is outside 
the normally accepted hydrogen bond ranges. 
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fig. 3 The intermolecular contacts of the ethynyl groups, forming a 
cooperative cycle of six C-H - - - M hydrogen bonds. For clarity, only 
the fragment C(6)-C( 1 I)rC( 12)-H of each molecule is drawn. The crys- 
tallographic inversion centre in the midpoint of the arrangement is 
marked by a dot. 

Table 2 Geometry of the C-H--.GC interactions in 1 in 8, and 
degrees. M = centre of the C=C bond (for ideal H-position based on a 
C-H bond length of 1.09 A) 

C( 12A)-H * C( 12B) 
* * C( 1 1 B) 

* * * M(B) 

C(12B)-H*-*C(12C) - C( 1 1C) 
* * M(C) 

C( 12C)-H * * C( 12A) 
* * C( 11A) 

* - M(A) 

2.69 
3.06 
2.82 

2.77 
3.45 
3.07 

2.92 
3.15 
2.98 

3.547( 3) 
3.80 l(3) 
3.628(3) 

3.695(3) 
4.187(3) 
3.903(3) 

3.964(3) 
4.11 5(3) 
3.996(3) 

135 
126 
131 

142 
127 
134 

1 60 
147 
155 

If only the contact pattern is looked at, the regular motif of 
Fig. 3 immediately suggests that the arrangement represents 
a cooperative cycle of six C-H - - C=C hydrogen bonds, 
irrespective of the rather long contact distances. Such an image 
cannot, however, be taken as a proof. Conclusive interpretation 
of the arrangement requires experimental evidence for the 
bonding nature of the contacts. A most sensitive method to 
detect a bonding situation of an X-H group is IR spectroscopy: 
if of bonding nature, a given contact is normally associated 
with spectral red-shift of the X-H stretching frequency com- 
pared to 'free' X-H groups [see, eg .  ref. 3(6)]. For the weak 
C-H X interactions, these red-shifts are typically S100 
cm-'.$ For a dilute solution of 1 in CCI,, the ethynylic C-H 
stretching vibration is found at 331 1.2 cm-'; this is the typical 
value for 'free' ethynyl groups." Since the X-ray data of 1 was 
measured at cu. 100 K, the corresponding solid state IR spectra 
were taken at a similar temperature. The relevant spectral 
region is shown in Fig. 4 (curve 1); numerical data are given in 
Table 3. The v ~ - ~  band is split into a triplet, with the individual 
bands exhibiting shifts of Av = -35.7, -25.6 and - 16.6 cm-I, 
respectively, compared to solution in CCI,. These we associate 
with the three symmetry-independent C-H - C=C contacts, 
the largest shift with the shortest contact and the smallest shift 
with the longest contact. All three values are indicative of a 
weak but significant bonding effect, and even the longest of the 
contacts (appreciably longer than van der Waals separation) 
must be assessed as hydrogen bonding in nature. This clearly 

$ In some exceptionally strong C-H * . * 0 interactions, spectral down- 
shifts appreciably larger than 100 cm-' are observed." 

1 
I I I I I I I 

3320 3300 3280 3260 
vlcrn -1 

Fig. 4 IR spectra of crystalline 1 at 95 K (bottom curve) 2 at 95 K 
(middle curve) and 3 at room temp. (top curve). Only the spectral region 
of the alkynyl C-H stretching band is shown. The position of vX-" in 
dilute CCI, solution is indicated by an arrow. Numerical values are 
given in Table 3. Spectra 1 and 3 contain minor artifacts, presumably 
due to crystal inhomogeneity. 

Table 3 Relevant IR stretching frequencies in cm-', for solutions in 
CCI, at room temp. and for crystals (for 1 and 2 at CLI. 95 K. for 3 at 
room temp.) 

In CCI, Crystal Shift A v ~ ~ ~ ~ ~  

Compound 1 
V S - H  

331 1.2 3275.5 
3285.6 
3294.6 

Compound 2 
V*-H 

331 1.0 3288.1 
3275.8 
3267.1 

'0-H 
3592.3 3207.1 

Compound 3 
V C - H  

3309 3314.4 
3300.4 

VO-H 
3615 3171.9" 

-35.7 
-25.6 
- 16.6 

-22.9 
-35.3 
-43.9 

-385.2 

+5 
-9 

-443 

" Very broad composed band. 

supports the view that the arrangement in Fig. 3 represents a 
cycle of weak hydrogen bonds. 

It is of importance that the three Av values differ from each 
other, reflecting the differences of the contact geometries. The 
variation of cu. 0.23 8, in the H Cdistance (Fig. 3) is associated 
with a variation of Av by more than a factor of two, Although the 
three interactions are functionally equivalent within the pattern, 
they appear to have significantly different strengths. 

3-PhenyIpenta-l,4-diyn-3+12 
The conformation of 2 in the crystal structure is shown in Fig. 
1 (b). The phenyl ring is almost coplanar with one of the ethynyl 
groups [torsion angle C(2)-C(3)-C(6)€(7) = 4.1(2)"]. The 
orientation of the hydroxy group is twofold disordered, with 
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Fig. 5 Crystal structure of 2. projection is along the tetragonal axis z. 
The section that is shown in Fig. 6, and the direction of view, is indi- 
cited by a dashed line and an arrow. 

both orientations staggered with respect to the other residues.$ 
Although there is only one molecule per asymmetric crystal 
unit, the centred tetragonal symmetry causes a complex crystat 
packing scheme, Fig. 5. The dominant pattern of inter- 
molecular interactions is a cooperative cycle of four 0-H * * * 0 
hydrogen bonds, which satisfies the hydroxy hydrogen bond 
potentials. The disorder of the hydroxy orientation results in 
disorder of the hydrogen bond orientation in the cycle. 

The system of intermolecular contacts formed by the ethynyl 
groups is shown in Fig. 6 (numerical data in Table 4). 
C(2)S( 1 j H  donates a conventional C-H - 0 hydrogen 
bond to the hydroxy group of a neighbouring molecule. The 
other ethynyl group points directly into the central angle of 
an adjacent pen tadiyne molecule, thereby contacting both 
C S  moieties with long H - - - C distances c a  2.9 A. Of these 
contacts, crystal symmetry generates infinite chains (or rib- 
bons) of molecules which chelate ethynyl groups of their 
neighbours. At a first glance, this arrangement could be inter- 
preted as van der Waals contacts in a favourable close pack- 
ing pattern. In the light of the previous observations (on 1 
and in ref. 9), it is tempting to interpret the pattern as an 
infinite chain of cooperative three-centred ('bifurcated') 
C-H-=*.rr hydrogen bonds (again, a motif that has not been 
reported before). 

To see if the ethynyl groups actually experience bonding 
effects, the IR spectra were recorded. In CC1, solution, the typ- 
ical v ~ - ~  value for free C-H is found (Table 3).7 In the solid state, 
the band is split into at least three components, which 
exhibit spectral red-shifts between -22.9 and -43.9 cm-' 
[Table 3, Fig. 4(6)]. This complex behaviour for the two 
symmetry-independent C X - H  groups is presumably due to the 
twofold hydroxy orientational disorder, which results in differ- 
ent intra- and inter-molecular environments of the two ethynyl 

Q O-H(a) is oriented trans with respect to the phenyl ring, and f gauche 
with respect to the ethynyl groups 0-H(h) is oriented [runs with respect 
to the ethynyI group C(4w(S)-H, and guztche with respect to the 
other ethynyl group and the phenyl ring. Fig. l(6). The hydroxy orient- 
ations are therefore associated with different intramolecular 0 - X  - - - K 
interactions. 
1 It is of interest that in CCI,, the 0 - H  stretching frequency, 3592.3 
cm-', is reduced compared to free tertiary a-ethynyl alcohols cue 
3610 cm-'. Two effects may be responsible for this frequency red shift, 
intramolecular 0-H - - - K interictions and through-bond effects of 
the x-substituents viu C,, respectively. I9 

Fig. 6 The intermolecular contact pattern of the alkynyl groups of 2 
(distances in A) 

Table 4 Geometry of the 0-H - - - 0, C-H * -0 and C-H * E C  
interactions in 2 in A and degrees. M =centre of the CkC bonds 
(for ideal H-position based OR bond lengths of O-H=0.98 and 
C-H = 1.09 A) 

0-H(a) - 0 
0-H(b) 0 

C-ff - 0 bond 
C(l)-H---O 

C-H - - K bonds 
C(5)-H * * C( I )  

' C(2) 

* * - C(4) - C(5) 

- * * M(1,2) 

* M(4,5) 

I .80 
1.80 

2.41 

2.98 
2.90 
2.88 
2.87 
2.92 
2.84 

2.737(2) 
2.737(2) 

3.376( 2) 

3.919(3) 
3.971(2) 
3.9OO(2) 
3.79 1 (2) 
3.577(2) 
3.638( 2) 

158 
159 

147 

I45 
168 
156 
1 42 
I19 
I30 

groups. The intramolecular 0-H - - C=C interactions, gauche- 
oriented, may enhance the donor properties of the accepting 
ethynyl groups. The important point is that the spectrum con- 
tains no band for free ethynylic C-H, i.c both the C-H * * = 0 
and the bifurcated C-H * - 71: interactions cause appreciable 
spectral shifts. Even if the C-H - 71: contacts are associated 
with the band exhibiting the smallest shift, Av = -22.9 cm-', it 
still is clearly of a weak hydrogen bonding nature. 

Quinestrol hemi-methanolate 3 
If grown from methanolic solution, crystals of the ethynyl- 
steroid 3 contain two molecules per asymmetric crystaI unit, 
and one additional MeOH molecule. The steroid molecules 
have very similar geometries, so that only one needs to be 
shown in Fig. l(c). The steroid skeleton has virtually the same 
conformation as the parent molecule 17-a-ethynyl-estradiol 
(in ref. 1 1  described for the hemihydrate crystal form) and is 
therefore not further discussed here. 

A section of the crystal packing scheme is shown in Fig. 7. 
The steroid and MeOH hydroxy groups form an infinite 
cooperative chain of 0-H 0 hydrogen bonds, O( 17A j 
H - O( 17B)-H OMe-H- *O( 17A')-H, running in the 
direction of the crystallographic y-axis. This nicely satisfies the 
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8, the spectral data can be interpreted as follows: the red-shifted 
component belongs to residue A and indicates a weakly bond- 
ing nature of the long C-H * * * = contact. The other com- 
ponent belongs to residue B which forms W - H  e e H-C(sp3) 
contacts; the slight bIue-shift might indicate a weakly repulsive 
character of these interactions. Additional evidence for a 
repulsive nature of the C-H H-C(sp3) contacts comes from 
iow temperature IR spectra (ca. 100 K), where the blue-shift is 
increased to +7 cm-' (v*+ = 33 16 cm-I). 

Conclusions 
The crystal structures of 1, 2 and 3 contain long C S - H  
C=C contacts with H * * * C  distances in the range 2.7-3.1 A. 
Despite the long distances, these contacts exhibit the charac- 
teristic spectroscopic features of weak bonding interactions. 
Even for an H * * * C  separation of 3.06 A, an effect on the 
vibrational properties of =C-H is shown. This provides direct 
evidence that for sufficiently acidic C-H, the range of 
C-H R interactions extends beyond van der Waals separ- 
ation (cu. 2.7 A), which is one of the essential characteristics of 
hydrogen bond-type forces.= The previous classification of 
(much shorter) C-H - A contacts as weak 'hydrogen bonds'g 
is thereby confirmed. 

Topologically, the C-H 7c contacts in 1 and 2 are fused 
into patterns that resemble the cooperative patterns formed by 
conventional hydrogen bonds.I2 These patterns can be com- 
posed of only C--H.-*z interactions, such as the six- 
membered ring in 1 (or the infinite chains reported previous- 
IY&-~*), or they can consist of different types of hydrogen 
bonds like the system of O-H 0, C-H 0 and C-H x 
bonds in 2. 

Fig. 7 Crystal structure of 3, projection is along the monoclinic axis y .  
Symmetry independent molecules A and B are labelled near C17. 

n 

Experimental 
Source of the compounds 

Compound 1. Ethynylferrocene 1 was synthesised according to 
published  procedure^.'^ Bulky brown crystals were obtained by 
crystallization from hexane-diethyl ether (1 : 1, v: v) at -26 "C. 

Compound 2 (3-phenylpenta-l,ediyn-34). The synthesis of 
2 has been published previously.'' In the present work, 2 was 
synthesized by a modified method from ethylbenzoate and tri- 
methyIsilyfacetylene following Scheme 2; experimental details 

C21B C20B 

U 

Fig. 8 The intermolecular contact pattern of the alkynyl groups of 3 
(distances in A) 

Table 5 Geometry of the 0-H - * * 0 and C-H * - * GC interactions in 
3 in A and degrees M = centre of the (232 bond (for ideal H-position 
based on bond lengths of 0-H = 0.98 and C-H = 1.09 A) 

0-H 0 bonds 
0(17A)-H O( 17B) 1.92 2.893(9) 177 
0(17B)-H***OM 1.75 2.72011 1) 170 
OM-H * O( 1 7A) 2.00 2.792(9) 137 

C.-H IC bond 
C(21A)-H -**C(21B) 3.06 4.05(1) 152 

C(20B) 3.41 4.26(1) 135 - M[C(21),C(20)] 3.19 4.12(1) 143 

hydroxy hydrogen bond potentials. The two symmetry- 
independent ethynyl groups form only long intermolecular 
contacts: ethynyl residue A points in the direction of residue B, 
with an H C(21) separation of 3.06 A, Figs. 7 and 8, and Table 
5. Residue B points at the edge of the cyclopentyl group of a 
neighbouring molecule, with all H H separations >2.8 A. 
These contacts are well beyond van der Waals separation, so 
that both ethynyl groups might be regarded as 'free' or 
'undisturbed'. Such a view, however, contradicts with the IR 
absorption spectrum which shows a splitting of the v ~ - ~  band 
into two components. One component experiences a red-shift 
of -9 cm-' compared to solution in CC14, and the other one a 
slight blue-shift of +5 cm-I, Table 3. These are only small shifts, 
but they still indicate different effects from the intermolecular 
surrounding on the two ethynyl H-atoms. On the basis of Fig. 

'I' A 
Scheme 2 

for this synthetic path have been published previously.'* Needle 
shaped colourless crystals were obtained by crystallization from 
diethyl ether at -26 "C. 
Compound 3. Quinestrol [3-O-cyclopentyl- 17a-ethynylestra- 

diol; 3-cyclopentyloxy-l7a-ethynyl-l,3,5( lO)-estratrien-1 'ff3-0lj 
3 is commercially available (Sigma), and was recrystallized by 
slow evaporation of solutions in MeOH. Crystallization from 
EtOH yields a hemi-ethanolate with different crystal packing 
[PZ,, CL = 13.950(6), b = 6.5945(8), c'= 25.403(8) A, /?= 
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104.78(4)", V =  2260( 1) A3, 2 = 4; crystal structure un- 
published]. 

Cr ystalography 
Crystals of 1 are stable at ambient conditions, but decay in the 
X-ray beam within a few hours (at room temp.). Therefore, 
X-ray data collection had to be performed at liquid nitrogen 
temperature (ca. 100 K, Enraf-Nonius CAD4 diffractometer, 
Mo-Ka radiation, 1 = 0.710 73 A). X-Ray data for 2 were col- 
lected under the same conditions. X-Ray data for 3 were col- 
lected at room temp., Enfraf-Nonius Turbo-CAD4 diffracto- 
meter with Ni-filtered Cu-KCY radiation, A =  1.541 84 A. The 
crystal structures were solved by direct methods Is and refined 
with standard techniques (refinement on of all reflections; 
H-atoms of 1 and 2 refined isotropically; for 3, H-atoms bond- 
ed to C calculated to ideal positions, H-atoms bonded to 0 
refined isotropically).)) Relevant numerical data are given in 
Table I.** 

Vibrational spectroscopy 
IR spectra were recorded, versus open beam background, in 
transmission on a Mattson research Series FTIR spectrometer 
equipped with a DTGS detector and connected to a personal 
computer operating with standard WINFIRST software. Scan- 
ning parameters: spectral range 4000450 cm-', optical reso- 
Iution 2 cm-'; apodization: medium; number of scans averaged: 
16. Solution spectra were recorded in 10 mm Infrasil Quartz 
cells at ambient temperature at a concentration < 1 O-' mol 
dm-3 in CCI, (Merck; dried over 4 A molecular sieves). 
(Micro)crystalline samples were prepared as KBr pellets for 1 
and as a mull in poly(chlorotrifluoroethy1ene) oil for 2 and 3. 
A programmable variable temperature vacuum cell (SPECAC 
2 1525) connected to a microprocessor-based controller, and 
with nitrogen as coolant, was used to record spectra in the 
range between 95-300 K. 
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