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The concept of a C-H.-O hydrogen bond, which is 
becoming increasingly important for our understanding 
of how molecules align themselves in crystals, dates 
back to Pauling's observation that the boiling point of 
acetyl chloride (51 "C) is substantially higher than that 
of trifluoroacetyl chloride (<O "C). He ascribed this 
discrepancy to hydrogen-bond formation even though 
the expected hydrogen-bonding groups are not present.' 
In other early studies, Glasstone suggested that com- 
plexes of haloforms with ketones (X,C-H*-O=C<) 
have a definite existence,2 while Jeffrey correlated the 
relatively high melting point of dimethyl oxalate (54 "C) 
with methyl-carbonyl interactions in the crystal? The 
ever-growing literature on C-H--O bonds, the increasing 
interest in molecular and crystal engineering: and the 
work carried out in our laboratories during the last three 
years has prompted the writing of the present Account. 

Posing the question in the title of this Account in a 
provocative a r t i ~ l e , ~  Donohue gave a derisive answer: 
"It isn't". His remark proved to be the nemesis of 
structural chemists, who for more than a decade 
thereafter shunned the idea of a C-H group forming a 
hydrogen bond with electronegative atoms. Donohue's 
comment was a rebuttal to Sutor, who assumed a van 
der Waals distance of 2.6 A for the H-0 contact and 
claimed that C-H--0 hydrogen bonds exist in caffeine 
(H-0, 2.07 A), theophylline (2.25 A), and other com- 
pound~ .~~ '  Donohue, however, argued that the 2.6-A 
value was inappropriate. Quotin Ramachandran's 

(2.2 A) O-.H distances,* he claimed that no special 
bonding effects are needed to explain Sutor's C-H.-0 
geometries. In retrospect, it is interesting to note that 
Ramachandran always believed that C-H--O hydrogen 
bonds exist and that they contribute significantly to the 
stability of biomole~ules!~ The distance ranges were 
apparently mentioned by him merely to alert crystal- 
lographers about different types of 0-H contacts. In 
the hiatus that followed, a solitary article by Cohen on 
the structural chemistry of quinones is noteworthylO 
because it hints that C-H-0 bond strengths need not 
be well-correlated with 0.-H distances and because it 
identifies C-He-0 interactions as "lateral" in crystal 
structures of planar molecules. 

A landmark study by Taylor and Kennard in 1982 
provided conclusive evidence of the existence of C-Ha-0 
hydrogen bonds in crysta1s.l' These authors showed 
that C-He-0 contacts are electrostatic and that they 
occur within certain distance (C-0, 3.0-4.0 A) and 
angle (C-H-0, 90-180°) ranges. We identified these 
directional preferences in several crystal structures of 
planar oxygenated compounds,12 and an Account pub- 
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lished in 1986 delineates the role of these C-H-0 in- 
teractions in crystal engineering.', The choice between 
several competing packing arrangements of these planar 
compounds may be understood only by a consideration 
of the directional properties of weak C-H-0 bonds 
present in these structures. 

Today, there is a consensus that C-He-0 bonds have 
significant implications in many diverse areas of 
structural chemistry. These interactions are no longer 
considered an esoteric phenomenon with little practical 
importance or as a mere hunting ground for crystallo- 
graphic disputes. Owing to the frequent occurrence of 
oxygen in organic compounds (68% of 1991 Cambridge 
Database14 entries), thousands of crystal structures 
must contain short C.-O distances, many of which could 
arise from C-H-0 bonds. The significance of these 
C-H-0 interactions in a particular structure increases 
with their number relative to the stronger O-H-.O and 
N-H--0 interactions. Further, the energy of the C- 
H--0 bond (1-2 kcal/mol) is just in the range where it 
can compete with conformational forces in small mol- 
ecules and with forces responsible for the tertiary 
structure of macromolecules. Accordingly, a preferred 
molecular conformation in an organic solvent may yield 
to an "unfavorable" conformation in aqueous media 
because of additional C-H--0 stabilization, while an 
appropriate C-H--O bond may clinch the site of protein 
folding. C-H.-O interactions seem to determine the 
ordering of CO and alkylidyne molecules in a mixed 
adsorbate on a clean Pt(ll1) surface,15 and to specify 
the stereochemistry of CHBOH inclusion within ZSM-5 
zeolite channels.16 

In this Account, an attempt has been made to un- 
derstand the significance of C-H-.O hydrogen bonds 
in organic crystals and to evaluate them more rigorously 
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Figure 1. Schematic view of a C-H--Ointeraction in the compounds (CI,R,)CH showing chosen limits for distances (0) and angles 
(e) along with histograms of C-0 distances for the four compound categories (n = 0, 1,2,3). Note that the histograms are offset according 
to C-H acidity. C, Cat and C3 refer to any alkyl or aryl groups R which are not electron-withdrawing. 

using criteria which are customary for the stronger 
N-H-0 and 0-H-0 hydrogen bonds: lengths, angles, 
and effects on physical, spectroscopic, and crystallo- 
graphic properties. One may ask: (a) Are certain in- 
termolecular C-He-0 lengths and angles characteristic 
of certain donor and acceptor groups? (b) Do C-H-0 
interactions resemble van der Waals forces or O-H--O 
and N-H-0 hydrogen bonds? (c) Are some organic 
crystal structures defined and controlled by C-H-0 
interactions, or do structures merely accommodate the 
C-H-0 geometry within the overall framework of van 
der Waals forces and strong hydrogen bonds? 

C-He 00 Lengths 
The length, D, of a hydrogen bond is one of its most 

characteristic attributes. For strong bonds, O--O and 
Ne-0 distances are centered around 2.75 and 2.85 A, 
respectively, and cluster within a narrow range (0.2 A). 

-cv88 8 

These nonbonded distances are significantly shorter 
than the conventional van der Waals ~eparati0ns.l~ 
The value of D is more sensitive to the nature of the 
H atom than to the nature of the basic acceptor: the 
more acidic the hydrogen, the shorter the bond. For 
C-H-0 bonds, the situation is far less clear-cut. Be- 
cause of the very weakness of the interaction, C-H-0 
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N. Znt. J.  Protein Res. 1971,111,209. (c) Mitra, G.; Ramakrishnan, C. 
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Versichel, W. J.  Am. Chem. SOC. 1983, 105, 5761. 

bonds can be distorted by other crystal forces and C--O 
distances with 3.0 < D < 4.0 A are common. Here, van 
der Waals radii are not so helpful. 

At this point, it should be emphasized that such radii 
are empirical quantities that permit only an approxi- 
mate rationalization of nonbonded distances in crystals. 
Deviations are marked for weaker interactions. The 
Sutor-Donohue-Ramachandran controversy arose 
largely because of the erroneous assumption that a 
particular set of van der Waals radii are constants of 
fundamental importance and that interactions may be 
termed “short” or “long” on this basis. Even aniso- 
tropic radii, advocated in recent times,l8,l9 appear to be 
overparametrized quantities, allowing for good agree- 
ment with experiment but offering little by way of 
chemical insight. In general, the use of any one con- 
sistent set of isotropic radii is probably adequate. What 
is of chemical importance is a statistically significant 
shift toward shorter or longer intermolecular distances 
within a group of compounds. 

The basic problem in evaluating the geometrical at- 
tributes of a weak interaction such as the C-H-0 hy- 
drogen bond is a high noise-to-information ratio. Since 
the interaction is so easily deformed, the variation in 
bond geometry is considerable and even careful crys- 
tallographic studies may not lead to sensible conclusions 
if the number of structures sampled is small. If a large 
number of structures are examined, however, systematic 
trends in the data may lead to a meaningful chemical 
result. Chemistry emerges from crystallography. A 
statistical approach, greatly facilitated by the availa- 
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bility of crystallographic databases, is therefore inva- 
luable in the study of weak intermolecular interactions. 

Accordingly, let us consider Figure 1, which is a his- 
togram of C--0 distances in chloroalkanes (C13-,R,)- 
C-H--O with 0 I n I 3. The Cambridge Database was 
used to retrieve all ordered structures of chloroform 
solvates which have nonbonded contacts from the C-H 
group of CHC13 to an 0 atom." The mean C-0 length 
for the 100 retrieved contacts with D < 3.90 A is 3.32 
(2) A. When contacts from C-H groups in compounds 
of the types RCHC12, R2CHC1, and R3CH to intermo- 
lecular 0 were also retrieved (excluding cases with 
strongly electron withdrawing substituents, R), the 
mean C-0 lengths obtained for 23,87, and 868 contacts 
respectively are 3.40 (3), 3.46 (2), and 3.59 (1) A. The 
histograms for these four groups of compounds are 
offset regularly, showing that, in general, shorter C- 
H-0 contacts are obtained for more acidic C-H 
groups. One must appreciate that this kind of infor- 
mation could not have been obtained from a few 
structures, since the histograms overlap in almost the 
entire range 3.00-4.00 A and, in particular, in the region 
3.30-3.80 A. 

A similar analysis was performed for C-H-0 bonds 
involving alkyne (-CS-H-*O) and alkene (>C=C- 
(R)-H-O) gr0ups.2~ The mean C-*O distance for 105 
alkyne geometries is 3.46 (2) A while that for 622 alkene 
geometries is 3.64 (1) A. This large difference cannot 
be rationalized on the basis of C-H bond length dif- 
ferences but must result from carbon acidity differences 
between alkyne and alkene C-H groups. 

Are C-H-0 distances greater than the van der Waals 
limit significant? The above results show that system- 
atic gradations in C-0 distances for different types of 
very weakly acidic C-H groups extend well beyond the 
"conventional" van der Waals limit. This means that 
the C-H--O contact is not really a van der Waals in- 
teraction but is primarily electrostatic, falling off much 
more slowly with distance. Now, electrostatic forces 
between approaching molecules prior to crystallization 
(r-' dependence) are effective at distances longer than 
those at which dispersion forces (r*) are important. So, 
even long C-0 separations (3.50-4.00 A) may have to 
be considered seriously, and C-H-0 bonds may have 
an orienting effect on molecules before the influence is 
felt of van der Waals forces which will eventually de- 
termine the packing of hydrocarbon residues in the 
crystal. If this is the case, the surprising constancy of 
the C-H-0 angular geometry is readily explained. 
C-H 0 0 0 Angles 

The relatively fixed angular geometries of C-H-0 
bonds are striking because intermolecular angles are 
usually deformed more easily than lengths. The im- 
portant angular attributes of the C-H*-0 bond are the 
C-Hq-0 bending angle (e) and the H-O-C angle (4). 
While observed e values cluster in the range 150-160°, 
Ramachandran and others have shown that, purely 
from geometrical considerations and excluding energy 
factors, the number of A-Ha-B bonds whose bending 
angle lies in the range 6 to 6 + dB is proportional to 27r 
sin 0 d0.11922323 This geometrical correction leads to a 

(20) Desiraju, G. R. J. Chem. SOC., Chem. Commun. 1989, 179. 
(21) Deeiraju, G. R. J. Chem. SOC., Chem. Commun. 1990, 454. 
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distribution that is clearly indicative of a linear inter- 
action. 

Curiously, this tendency toward linearity is shared 
by both strong and weak C-H-.O bonds. In the study 
of 622 alkene and 105 alkyne C-H--O bonds discussed 
above, there is a 50% (alkyne) and 60% (alkene) 
probability that 8 lies in the range 165-180'. It is in- 
teresting that the longer alkene contacts are as linear 
as (or even more linear than?) the shorter alkyne con- 
tacts. In contrast, it appears that, for O-H-*O and 
N-H-.O hydrogen bonds, 0-0 and N-0 nonbonded 
repulsions tend to straighten out the shorter bonds; in 
other words, the stronger the bond, the more linear it 
is likely to be.24 That both strong and weak C-H-*O 
bonds are linear would suggest that analogous C--O 
repulsion is not a major factor in determining bond 
linearity. Perhaps the C-0 distances are too long for 
such repulsions to exert a significant effect on angle 
geometry. Alternatively, alkyl-oxygen repulsion (R-0), 
which is a possibility in alkenes (>C=C(R)-H-O) but 
not in alkynes (-C=C-H.-O), may result in the al- 
kene contacts being more linear. 

That the C-H-0 bond is electrostatic in character 
is evidenced by the fact that the H atom tends to point 
toward the lone pairs of the 0 atom rather than be 
repelled by them, an illustration of the so-called Le- 
gon-Millen rules.25 There is general agreement that, 
for carbonyl acceptors, the H--O=C angle 4 is distrib- 
uted around 120' and that the C-H group lies in the 
plane defined by the 0 lone pairs. For ethereal ac- 
ceptors, the C-H bond tends to be in the plane of the 
0 lone pairs, but the directional preferences within this 
plane, say toward the conventional lone pair directions, 
are far less apparent. These preferences or lack thereof 
have been justified theoretically.26 

Spectroscopic Studies 
If the C-H-0 interaction is to be termed a hydrogen 

bond, appropriate spectroscopic measurements should 
reveal the effects of such bonding.n The C-H stretch 
in 1,3,5-trichlorobenzene is depressed by 35 cm-' in the 
presence of pyridine, the result of a C-H-N bond.28 
Sim attempted to correlate IR spectral shifts of the 
C(sp)-H bond between dilute solution and the solid 
state with the corresponding C--0 length in the crys- 
tal.29 However, this work was inconclusive because 
C-He-0 bonds with more or less identical geometrical 
properties (D, 8, 4) were found to have significantly 
different spectral shifts.30 For example, in propargyl 
2-bromo-3-nitrobenzoate (C-0, 3.39 A), the spectral 
shift between the solid state and dilute CC14 solution 
is 47 cm-l, but in triethylprop-2-ynylammonium p -  
bromobenzenesulfonate (C--O, 3.36 A), the corre- 
sponding shift is 69 cm-l. However, an increase from 
two to nine in the number of compounds studied 
sufficed to reveal clear chemical information. When we 

(23) Kroon, J.; Kanters, J. A.; van Duijieveldt-van de Rijdt, J. G. C. 
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been ~ b t a i n e d . ~ ~ ~ ~ ~  The two activated methylene H 
atoms in the g>CH2 group in 3,4-(methylenedioxy)-p- 
nitrostyrene form two C-H-0 bonds (C-*O, 3.15,3.21 
A), and an IR spectral shift of 55 cm-l between the solid 
state and C6H,NO2 solution is obtained.34 Activated 
C-H groups in quinones have been studied by solid- 
state 13C NMR spectroscopy, and the chemical shifts 
of carbonyl C atoms that participate in >C=O-.H-C 
hydrogen bonding are shifted downfield by 1-3 ppm 
from the corresponding solution values.% In compar- 
ison, the solid-state solution shift in a conventional 
>C=O.-H-O hydrogen-bond situation is 8 ppm. The 
lack of proper spectroscopic evidence for C-Ha-0 bonds 
formed by less activated C-H groups could stem from 
the fact that the spectral shifts are just not large 
enough. Alternatively, C-H--O interactions of weakly 
and strongly acidic C-H groups may be fundamentally 
different. However, not enough definitive work has 
been done to distinguish between these possibilities. 
C-H 0 0 0 0 Bonds and Crystal Engineering 

The long-range, electrostatic and "orienting" nature 
of the C-He-0 interaction determines ita important role 
in crystal engineering. Common patterns such as I-V 
among others illustrate that the more acidic hydrogen 
atoms in organic molecules (alkyne > quinone > alkene 
> aromatic > aliphatic) tend to form C-H.-0 bonds 
more consistently and that, as far as possible, these 
bonds are adjusted within the framework of stronger 
interactions such as 0-H*-0 and N-H-0 hydrogen 
bonds. 
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Figure 2. A correlation between crystallographic and spectro- 
scopic (IR) properties of wme C-H-0 bonded terminal acetylenes. 
Structural formulas and Cambridge Database refcodes are given. 
In the compound BEVNIZ, the acetylenic H atom does not make 
a close approach to an intermolecular 0 atom and the C-H 
stretching frequency in the solid state and solution are identical. 

redid Sim's work with nine terminal acetylenes, we 
noted a good correlation between the solid-state C- 
(sp)-H stretching frequencies and intermolecular C.-0 
distances (Figure 2).31 The bromobenzenesulfonate 
studied by Sim now appears to be an outlier. We found 
that a closer approach of the oxygen atom progressively 
weakens the acetylenic C-H bond, suggesting that the 
C-H-qO contact is a bonding interaction. Figure 2 also 
shows that the formation of a typical C-H*-O bond with 
D - 3.2 A releases an amount of energy equivalent to 
100 cm-l, thatis, ca. 0.3 kcal/mol. Undoubtedly there 
is considerable scatter in C-H*-O distances, and in 
retrospect, the early literature on C-H.-0 interactions 
appears confusing because a statistically significant 
number of compounds were not studied. 

In general, a sufficiently activated C-H group seems 
to be required to observe consistent spectral shifts, and 
there exist a number of related studies involving ace- 
tylenes. The forbidden C=C stretch in unsubstituted 
acetylene appears in the IR spectrum in the presence 
of donor solvents like acetone, indicating the removal 
of symmetry by intermolecular ass~c ia t ion .~~ Com- 
plexes of acetylene with water and other oxygen-con- 
taining bases have been isolated in inert matrices at low 
temperatures, and IR evidence of C-Ha-0 bonding has 

(31) Desiraju, G. R.; Murty, B. N. Chem. Phys. Lett. 1987,139,360. 
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A number of quinones and quinone complexes form 
C-H-.O mediated layered crystal structures;10 acetic 
acid forms a C-H-0 stabilized catemer rather than a 
dimer; and the syn-anti conformational preference of 
crystalline a,B-unsaturated acids is strongly dependent 
on C-Ha-0 bonding.% In general, a full understanding 
of the packing arrangement in an oxygen-containing 
organic crystal structure is possible only when the C- 
He-0 bonds are considered. However, it is not easy to 
predict any arbitrary oxygenated crystal structure just 

(32) Peterson, K. J.; Klemperer, W. J. Chem. Phys. 1984, 81, 3842. 
(33) De Laat, A. M.; Ault, B. S. J. Am. Chem. SOC. 1987,109,4232. 
(34) Pedireddi, V. R.; Sarma, J. A. R. P.; Desiraju, G. R. J. Chem. SOC., 

(36) Scheffer, J. R.; Wong, Y. F.; Patil, A. 0.; Curtin, D. Y.; Paul, I. 

(36) Berkovitch-Yellin, Z.; Leiserowitz, L. Acta Crystallop. 1984, B40, 

Perkin Trans. 2, in press. 
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on the basis of C-H-eO interactions. 
Progress has been made in designing crystal struc- 

tures of planar oxygenated aromatics that are deter- 
mined by an interplay of herringbone-steering C--H 
interactions3'*% and lateral C-H--O bonds which steer 
to stacked (or 8) structures with short axes of 3.8-4.2 
A.12J3 The inclined herringbone pattern may be sta- 
bilized by C(&)--H(6+) interactions whereas the C-C 
stabilized stack structures are characterized by parallel, 
overlapped molecules. Planar aromatic hydrocarbons 
generally adopt the herringbone structure (or its vari- 
ants) because C-H interactions predominate. Their 
oxygenated derivatives show a pronounced tendency to 
adopt the stack structure because the lateral nature of 
the C-H-0 contacts, which arise from the 0 atoms, 
assists in the formation of two-dimensional motifs such 
as sheets or ribbons. The numbers of 0 and H atoms 
seem to determine if a herringbone or stack structure 
will be formed for a particular molecule. To summarize, 
the stack structure is favored by higher C:H ratios, and 
these ratios are effectively raised by an increasing 
number of 0 atoms. 

These ideas have been applied in the design of crystal 
structures that permit an intermolecular solid-state 
Diels-Alder reaction.39 The strategy involved identi- 
fication of substances that may act as either diene or 
dienophile and will crystallize in a structure that per- 
mits a topochemical 4 + 2 conversion. Accordingly, 
substituted phenylpropiolic acids were considered; not 
only are they used in self-Diels-Alder reactions in lignan 
synthesis but the crystallographically related trans- 
cinnamic acids have been extensively investigated. The 
starting point in this crystal engineering exercise, the 
4-A stack structure of 3,4-(methy1enedioxy)cinnamic 
acid (VI), was therefore chosen deliberately. The 
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crystal structure is layered, the layers being constructed 
by linking O-H-.O bonded centrosymmetric dimers 
with C-H-0 bonds. As described above, other factors 
being constant, a planar aromatic having a higher C:H 
ratio prefers the stack structure. Accordingly, one may 
extrapolate from the stack structure of VI, CI0H8O4, 
that of [3,4-(methylenedioxy)phenyl]propiolic acid 
(VII), C10H604. Both VI and VI1 are planar molecules 
with similar volumes, shapes, and functionalities. The 
smaller number of H atoms in VI1 was expected 
therefore to enhance the tendency for stack structure 
adoption. 

This prediction was confirmed; acids VI and VI1 are 
isomorphous, and Figure 3 shows that VI1 molecules 
form a compact sheet characterized by 0-Ha-0 (0-0, 
2.63 A) and C-H-0 (C-0,3.36,3.39 A) bonds. These 
bonds stabilize the sheet motif and with it the stacked 
@-structure. Analogously, (3,4-dimethoxyphenyl)- and 
(3,4,6-trimethoxyphenyl)propiolic acids, both of which 
are efficiently C-H-0 bonded, also form layered 4-A 
structures.40 Almost predictably, phenylpropiolic acid 

(37) Desiraju, G. R.; Gavezzotti, A. J. Chem. SOC., Chem. Commun. 

(38) Desiraju, G. R.; Gavezzotti, A. Acta Crystallogr. 1989, B45,473. 
(39) Kishan, K. V. R.; Desiraju, G. R. J. Org. Chem. 1987,52, 4640. 

1989, 621. 

c 
Figure 3. View of the crystal structure of [3,4-(methylenedi- 
oxy)phenyl]propiolic acid (VII) down the 4-A short axis. Oxygen 
atoms are shaded. C-H.-0 and 0-H-0 bonds are shown. 

Figure 4. Schematic view of a topochemical Diels-Alder reaction 
for acid VII. 

(C6H6C=CCO2H) forms O-H-.O hydrogen-bonded 
dimers which pack in a herringbone fashion since a 
paucity of 0 atoms results in a dovetailing of terminal 
phenyl groups so as to optimize C-H interactions. The 
theme conveyed is that a critical number of oxygen 
atoms will permit a planar aromatic molecule to cross 
the structural threshold from a C-H stabilized her- 
ringbone structure to  a C-H-.O stabilized layer 
structure. 

Our model for a solid-state intermolecular Diels- 
Alder reaction draws from the early work of Haworth,4l 
who found that when phenylpropiolic acids (such as 
VII) are refluxed with acetic anhydride, the symmetrical 
anhydrides (ArC=CC0)20 so formed are converted 
quantitatively into anhydrides of the corresponding 
l-phenylnaphthalene-2,3-dicarboxylic acids. The 
chemical expedient of forming the symmetrical anhy- 
dride in situ brings diene and dienophile components 
together for a Diels-Alder reaction. By construction 
of a 4-A short axis, the identical 4 + 2 cycloaddition is 
achieved in the solid at temperatures below 80 OC and 
the molecular arrangement in the crystal parallels Ha- 
worth's original lignan synthesis very closely (Figure 4). 
In contrast, the unsubstituted acid which does not have 
a 4-A stack structure is heat stable below its melting 
point. 
C-He 00  Bonds as Crystal Structure 
Directors 

Typically, the directional preferences of C-He-0 
bonds are satisfied within the geometrical constraints 
of stronger forces such as 0-Ha-0 and N-He-0 hy- 
drogen bonding, mr stacking, and donor-acceptor in- 
teractions. However, C-H-0 bonds need not be passive 

(40) Desiraju, G. R.; Kishan, K. V. R. J. Am. Chem. SOC. 1989,111, 

(41) Haworth, R. D.; Kelly, W. J. Chem. SOC. 1936, 745. 
4838. 
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Figure 5. Crystal structure of 3,5-dinitrocinnamic acid (VIII) 
to show 0-H-0 and C-He-0 hydrogen bonds. The reference 
molecule is shaded and linked to one of its 2-fold related neighbors 
by 0-H-0 bonds. 

bystanders in a crystal; in fact they may be able to 
discriminate between alternative 0-H-0 (or other) 
networks which, though geometrically reasonable, are 
structurally quite distinct. In such cases, C-H-*O bonds 
may be termed “steering” or “tugboat” interactions 
which, though small in energy, are sufficient to select 
a particular crystallization pathway from among several 
possibilities. The energy of an individual C-H-.O in- 
teraction may be small, but if their number crosses a 
critical threshold, the structure may focus into an un- 
conventional packing. 

An arresting example is provided by 3,5-dinitro- 
cinnamic acid (VIII), a molecule that contains several 
activated H and acceptor 0 atoms. Acid VI11 crystal- 
lizes as an 0-He-0 dimer wherein the hydrogen-bonded 
molecules are related, not by an inversion center, as is 
usual, but by a 2-fold rotation axis.42 Both inversion 
and 2-fold dimers are equienergetic, and in principle, 
both are reasonable possibilities. However, Figure 5 
shows an extensive C-H--O bond network (seven con- 
tacts with C.-O < 3.75 & in the crystal. These C-He-0 
bonds dominate the structure, and their combined di- 
rectional requirements appear to be incompatible with 
an 0-H-0 inversion dimer. 

In other carboxylic acids such as trans-cinnamic acid 
(11), a smaller number of C-H-eO bonds stabilize the 
inversion dimer. In the extreme, there are cases such 
as (4-chlorophenyl)propiolic acid (IX) where the com- 
plete absence of C-H-0 interactions leads to an 
unexpected hydrogen-bonded catemer motif rather than 
the dimer (Figure 6).43 The 0-He-0 catemer is in- 
trinsically more stable than the dimer. Therefore, if the 
dimer is to be formed, it must be stabilized additionally 
by C-H--O bonds or in some other manner. Conversely, 
if the C-H-0 bond forming ability is reduced, the ca- 
temer is favored. Failure of IX, C9H5C102, to form 
C-Ha-0 bonds could arise from adverse C:H:O ratios 
because the crystal structures of 4-chlorobenzoic and 
4-chlorocinnamic acids, with higher relative 0 stoi- 
chiometries, contain C-H-*O bonds and the molecules 
crystallize as dimers. 

Such studies show that C-H.-0 bonds, which are 
probably far more ubiquitous than has been generally 
recognized, need to be considered as important con- 
tributors in the formation of hydrogen-bond patterns 

(42) Desiraiu, G. R.: Sharma, C. V. K. M. J. Chem. Soc., Chem. Com- 
mun., in press. 

(43) Desiraiu. G. R.: Murtv, B. N.: Kishan. K. V. R. Chem. Mater. 

Figure 6. Crystal structure of (4-chloropheny1)propiolic acid (E) 
down the short axis to show O-H-.O and Cl-Cl interactions. 
Oxygen atoms are shaded. Molecular layers such as shown here 
are stacked along the short axis. Notice the catemer 0-H-0 
network and the absence of C-H-0 interactions. 

in organic crystals and that their presence or absence 
could well determine the manner of networking of 
stronger 0-H-0 hydrogen bonds. Consequently, an 
ability to predict hydrogen-bond patterns could be im- 
proved by a better understanding of C-H-0 interac- 
tions. 

The C-H 0 0 0 0 Hydrogen Bond in Crystals: 
What Is It? 

The evidence in hand suggests that the C-H-QO bond 
is, like the 0-H-0 and N-H-0 hydrogen bonds, a 
largely electrostatic, attractive interaction with a long- 
range distance character. The length of the bond is 
variable but depends on C-H acidity. The angular 
approaches of the C-H and 0-C groups which form the 
bond are largely predictable. Considering also the 
spectroscopic data on C-H-0 bonds, especially of the 
more acidic C-H groups, it seems that the terminology 
C-H-0 hydrogen bond is fully justified. 

The attractive and non van der Waals character of 
the C-H-.O interaction is also indicated since the ad- 
dition of specific hydrogen-bonding terms of the -D 
exp(-Fr) or the Morse type4P4 improves the optimiza- 
tion of oxohydrocarbon crystals with (exp-6-1) or 
12-6-1) potentials. A heavier theoretical treatment is 
difficult, among other reasons, because of basis set su- 
perposition errors. However, ab initio calculations show 
that while H20-CH3N02 does not form a hydrogen 
bond, H20.-CH2(CN)2 forms a hydrogen bond of ca. 5 
kcal/mol energy.% Other calculations indicate that an 
activated C-H group is polarized C(&)--H(6+) and can 
hence form an electrostatic interaction with an 0 atom. 
A less activated C-H bond dipole, however, has the 
sense C(S+)- -H(S-) that is reversed by 0 atom polari- 
zation in a C-H-0 bond.*’ These results corroborate 
our own findings that strongly acidic groups form better 
C-H-.O bonds, but more needs to be done before we 
can determine if C-H-0 interactions of weakly and 
strongly acidic C-H groups are similar or fundamentally 
different. All these studies show that the C-H-0 bond 
is an attractive interaction, but it must be emphasized 
that neither a geometricalstatistical nor a theoretical 
approach reveals the degree of covalent bonding be- 
tween the C-H and 0 moieties. Spectroscopy is prob- 
ably a better tool to resolve this question. 

(44) Cox, S. R.; Hsu, L. Y.; Williams, D. E. Acta Crystallogr. 1981, 

(45) Gavezzotti, A. J. Phys. Chem., in press. 
(46) Kumpf, R. A.; Damewood, J. R. J. Chem. SOC., Chem. Commun. 

(47) Wiberg, K. B.; Waldron, R. F.; Schulte, G.; Saunders, M. J.  Am. 
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“What is a C-He-0 hydrogen bond?” In the same 
vein one might well ask, “What is an 0-H-0 or an 
N-H-nO hydrogen bond?” At  a practical level, struc- 
tural chemists have not been used to thinking in terms 
of C-H-0 bonds, and it is in order to reexamine older 
ideas about crystal packing in this new light. For ex- 
ample, there is every indication that phenomena such 
as three-center bonding (bifurcation) and cooperative 
and resonance-assisted hydrogen bonding exist for C- 
H-0 networks, and hence chemists will find it worth- 
while to consider all interactions, weak (C-Ha-0, 0- 
H-C) and strong (0-H-0, N-H-mO), while attempting 
to understand hydrogen-bond arrangements and indeed 
crystal packing, in general. References to C-Ha-0 
bonds in the physical organic literature are even more 
sparse, but here again, these forces have been invoked 
to explain some surprising  observation^.^^^^^ In con- 

clusion, it seems appropriate to state (with due apolo- 
gies to Donohue) that a better answer to the question 
in the title of this Account and this section is: “It 
certainly is.” 
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Since Gomberg’s discovery of the persistent tri- 
phenylmethyl radical over 90 years ago,1 there has been 
a steady increase in interest in free radicals. Recent 
years have seen the emergence of new free-radical 
synthetic methods that are efficient and ~onvenient,~f 
and new chain-propagation schemes have been reported 
that are based on tin hydride-alkyl halide or boro- 
hydride-mercurial reductions, halogen atom transfer 
 reaction^,^ thi~hydroxamate~ or allylstannane addi- 
tion-fragmentation proce~ses ,~*~ and manganese(II1) 
 oxidation^.^ 

Ring construction by free-radical cyclization has 
proved to be particularly useful, and five-membered 
rings are readily produced by this approach. The fun- 
damental work of Walling, Beckwith, and Ingold8 pro- 
vided information about the regiochemistry, absolute 
rate, and stereochemistry of cyclizations. Synthetic 
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efforts have benefited tremendously from this body of 
mechanistic work, and the cyclization reaction has been 
put to good synthetic U S ~ . ~ J O  Intermolecular free- 
radical addition reactions have also received renewed 
interest. Systematic studies have shown that polar and 
steric effects are most important in controlling the rate 
of addition of radicals to carbon-carbon double bonds, 
and there are many examples of the useful incorpora- 
tion of intermolecular radical additions into synthetic 
sequences.*v3 

Despite major advances in the past 10 years, a sig- 
nificant barrier for the application of free-radical 
methodology in organic synthesis remains: there is no 
general approach to the control of acyclic stereochem- 
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