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Crystallographic Evidence for the Existence of C—H-.-O,
C—H-:N, and C—H...Cl Hydrogen Bonds
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Abstract: A survey of 113 published neutron diffraction crystal structures is described. The major results are as follows. Hydrogen
atoms that are covalently bonded to carbon have a statistically significant tendency to form short intermolecular contacts to
oxygen atoms rather than to carbon or hydrogen atoms. This phenomenon is probably due to electrostatic stabilization of
the short C—H-~O contacts. The proton in the majority of short C—H-~O contacts lies within 30° of the plane containing
the lone-pair orbitals of the oxygen atom. C-H groups that are adjacent to nitrogen atoms are particularly likely to participate
in short C—H-+-O interactions, but the environment of the oxygen atom is unimportant. The crystal structures also contain
several short, intermolecular C—H-~N and C—H--Cl contacts. It is concluded that the C—H-.O, C—H-~N, and C—H---Cl}
interactions are more likely to be attractive than repulsive and can reasonably be described as hydrogen bonds.

The ability of carbon atoms to act as proton donors in hydrogen
bonds has been the subject of controversy for many years.
Spectroscopic studies>* indicate that C—H---X hydrogen bonds
occur in many systems, a conclusion that is supported by quantum
mechanical®® and empirical potential energy calculations.” (The
symbol X is used throughout the text to denote a hydrogen bond
acceptor atom, i.e., O, N, Cl, or S). However, the crystallographic
evidence for C—H-X hydrogen bonding is sparse and circum-
stantial. A survey of crystal structures containing short C—H:-O
contacts was conducted by Sutor in 1963.1° She concluded that
the short contacts could best be described as hydrogen bonds, but
this interpretation was later challenged by Donohue.!! In the
last 10 years, C—H--X (especially C—H---O) hydrogen bonds
have been postulated in many crystal structures, particularly those
of nucleosides!? and amino acids.)* However, to the best of our
knowledge, no further systematic survey of the crystallographic
data has been carried out. We have therefore conducted such
a survey, with a view to answering the following questions: (1)
What crystallographic evidence is there for the existence of C—
H.-X hydrogen bonds? (2) In what types of crystal structures
are they likely to occur?

Crystallographic Data

The crystallographic data used in the survey were retrieved from
the Cambridge Structural Database.!* A total of 113 organic
crystal structures were used (Table I). They contain 661 crys-
tallographically independent (C-)H atoms (the symbol (C-)H
is used throughout the text to denote a hydrogen atom that is
covalently bonded to carbon). The criteria used to select the
structures were as follows: (1) All of the structures were de-
termined by neutron diffraction, since the survey depends on an
accurate knowledge of the (C-)H atomic positions. (2) Each
structure contains at least one (C-)H atom and at least one
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potential hydrogen bond acceptor atom (O, N, CL, S). (3)
Structures with R factors greater than 0.10, or which were de-
termined from very limited data, or which exhibit disorder, were
excluded. (4) Structures which were determined at low tem-
peratures, or which contain deuterated species, were included in
the survey. Both factors might have a slight effect on the observed
(C-)H atom geometries.!> However, the number of structures
involved is small (about 15% of the total sample), and they were
considered to be of sufficient chemical interest to warrant their
inclusion.

Crystallographic Evidence for the Existence of C—H:--O
Hydrogen Bonds

We consider first the crystallographic evidence for the C—H--O
hydrogen bond. C—H:~N, C—H-.Cl, and C—H.~S interactions
are discussed in the following section.

Nearest-Neighbor Contacts of (C—)H Atoms. The most im-
portant geometrical characteristic of hydrogen bonds is that the
distance between the proton and the acceptor atom is shorter than
the sum of their van der Waals radii.!® We therefore began our
investigation by calculating the “nearest-neighbor contact” of each
(C-)H atom in the sample. The “nearest-neighbor contact”,
(C-)H-~Y, is defined here as the shortest contact formed by the
(C-)H atom, relative to the sum of the corresponding van der
Waals radii, i.e., the contact for which the value of 4 in the
following equation is a maximum:

d = v(H) + v(Y) - r(HY) 1)

(v(H) = van der Waals radius of (C-)H; v(Y) = van der Waals
radius of Y; #(H--Y) = (C-)H.~Y interatomic distance). Only
intermolecular contacts were considered at this stage, because short
intramolecular interactions may sometimes be due to geometrical
constraints within the molecule. Contacts with C—H-Y angles
of less than 90° were ignored, as it is generally accepted that the
donor-proton—acceptor angle in a hydrogen bond must be at least
90°, The van der Waals radii used were as follows: C = 175,
H =120, Br=1.85Cl=175N=1550=1.50,P=1.80,
S = 1.80 A. They are based on the values given by Bondi'® and
Kitaigorodsky.! In view of the difficulty of assigning reliable
van der Waals radii to metal ions,!® contacts to Li*, Na*, K,
Rb*, Ca’* and Ba?* were ignored.
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106 7,7,8,B-Tetracyanoquinodimethane-deutero-p-tezphenyl complex (TCQDTP1D)
G.C.Ligsensky,C.K.Johnson,H.A.Levy,Acta Cryst.,B832,21B8,1976,

107 Triglycine sulfate {TGLYSUIll)
M,I.Kay,R.Kleinberg,Ferroelectrics,5,45,1973,

108 1,3,5-Trinitrobenzene {(TNBENZ10)

C.S8.Choi,J.E.Abel ,Acts Cryst.,B28,193,1972,

109 p-Toluenesulfonic acid monohydrate (TOLSAM12)
J.=0.Lundgren,J.M.Williams,J.Chem.Phys.,58, 788,1973.

110 s-Triazine (TRIZINO2)

P.Coppens,Science,158,1577,1967.

111 L-valine hydrochloride (VALEHC11)

T.F.Koetzle, L.Golic,M.S,Lehmann,J.J.Verbiat,#.C.Ramilton,J.Chem,Phys.,

60,4690,1974,

Methyl beta-D-xylopyranoside {XYLOBMOl)

S,Takagi,G.A.Jeffrey, Acta Cryst.,B33,3033,1977.

113 alphe-L-Xylopyranoee (XYLOSEOl)

S.Takagi,G.A.Jeffrey,Acta Cryst,,B35,1482,1979.
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The results are summarized in Figure 1, which shows the
distribution of 4 for all 661 nearest-neighbor contacts (the symbol
d is used throughout the text to denote the parameter defined in

eq 1).

The mean value (4 = 0.030 A) is close to zero, which

suggests that the van der Waals radii given above are reasonably
accurate. There are 46 nearest-neighbor contacts with 4 > 0.3
A, i.e., appreciably shorter than the sum of the van der Waals
radii. However, before concluding that these contacts are hydrogen
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Figure 1. Distribution of the distance parameter d (eq I; units are
angstroms) for the (C-)H atom nearest-neighbor contacts. Three con-
tacts with d < —0.65 A are omitted.

Table II. Atom Types Involved in (C-)H Atom
Nearest-Neighbor Contacts®

obsd distbn®

atom predicted contacts with contacts with
type  distbn? all contacts d>0.0A d>03A
C 0.30 0.18 (122) 0.16 (63) 0.04 (2)
H 0.47 0.30 (197) 0.23 (90) 0.02 (1)
Br 0.00 0.00 (0) 0.00 (0) 0.00 (0)
Cl 0.01 0.05 (31) 0.03 (13) 0.02 (1)
N 0.04 0.03 (18) 0.03 (11) 0.00 (0)
(0] 0.18 0.44 (289) 0.54 (211) 0.91 (42)
P 0.00 0.00 (0) 0.00 (0) 0.00 (0)
S 0.00 0.01 (4) 0.00 (1) 0.00 (0)
total 1.00 1.00 (661) 1.00 (389) 1.00 (46)

@ Results obtained with an oxygen van der Waals radius of 1.50
A. P Normalized to unity. ¢ Normalized to unity. Figures in
parentheses are the actual numbers of contacts observed.

bonds, it is necessary to determine whether they involve hydrogen
bond acceptor atoms. The distribution of atom types involved in
the nearest-neighbor contacts is therefore given in Table II for
(1) all contacts, (2) contacts that are shorter than the sum of the
van der Waals radii, i.e. with 4 > 0.0 A, and (3) contacts with
d > 0.3 A. Also given in Table II is the expected distribution
of atom types. This is based on the assumption that the probability
of a particular (C-)H atom forming its nearest-neighbor contact
to an atom of a given type depends only on the stoichiometry of
the crystal structure, e.g.,

P(Y=C) = N./N (2)

where P(Y=C) is the probability that the nearest-neighbor contact
is to a carbon atom, N, is the number of carbon atoms in the
asymmetric unit, and N is the total number of atoms in the
asymmetric unit.?® The expected distribution was calculated
numerically by a Monte Carlo simulation. It should be compared
with the observed distribution for all 661 nearest-neighbor contacts
because all of the (C—)H atoms in the sample were included in
the simulation.

Two major results emerge from the figures given in Table II.
The first is that (C-)H--C and (C-)H--H contacts with d > 0.3
A are uncommon but do exist.2! This shows that the occurrence
of a (C-)H-~O contact with 4> 0.3 A is not, in itself, conclusive
proof of hydrogen bond formation. The second result is that the
proportion of nearest-neighbor contacts that involve oxygen atoms
is far higher than would be expected from the stoichiometries of
the crystal structures studied. The proportion is even larger when
only the short nearest-neighbor contacts are considered. Thus,

(20) Excluding metal ions. Metal ions were ignored in the calculations
because they were also ignored when the observed distribution was derived.

(21) The (C-)H+~C and (C-)HwH contacts with d > 0.3 A are H">C
in L-glutamine (Table I, 39; note that there is a printing error in this paper:
the z coordinate of C should be 0.7250, not 0.7520), H(5)+~C(4) in 2-nitro-
1,3-indandione dihydrate (Table I, 84), and H(20)~-H(14) in potassium hy-
drogen mesotartrate (Table I, 57).
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Table I1I. Atom Types Involved in (C-)H Atom
Nearest-Neighbor Contacts®

obsd distbn®

atom predicted contacts with contacts with
type diston® allcontacts d>00A d>0.3A4
C 0.30 0.21 (136) 0.20 (67) 0.11 (2)
H 0.47 0.35 (233) 0.30 (100) 0.05 (1)
Br 0.00 0.00 (0) 0.00 (0) 0.00 (0)
Cl 0.01 0.05 (31) 0.04 (13) 0.05 (1)
N 0.04 0.03 (18) 00311 0.00 (0)
(0] 0.18 0.36 (239) 0.43 (145) 0.79 (15)
P 0.00 0.00 (0) 0.00 (0) 0.00 (0)
S 0.00 0.01 @4) 0.00 (1) 0.00 (0)
total 1.00 1.00 (661) 1.00 (337) 1.00 (19)

@ Results obtained with an oxygen van der Waals radius of 1.40
A. b Normalized to unity. ¢ Normalized to unity. Figures in
parentheses are the actual numbers of contacts observed.

of the 46 contacts with 4 > 0.3 A, 42 are of the type (C-)H:--O.
This is reflected by the fact that the mean value of d for the 289
nearest-neighbor contacts involving oxygen is 0.105 A, compared
with a value of 0.030 A for the complete sample.

At this stage, it was necessary to eliminate two possibilities:
(1) The difference between the observed number of (C-)H...O
contacts and that predicted from the stoichiometries of the crystal
structures may not be statistically significant. (2) The van der
Waals radius used for oxygen may be incorrect. These possibilities
are discussed in turn below.

(1) Statistical Significance. Consider the ith crystal structure
in the sample, and let N, = total number of atoms in the asym-
metric unit,?® X; = number of oxygen atoms in the asymmetric
unit, A; = number of (C-)H atoms in the asymmetric unit, m;
= number of (C-)H atoms in the asymmetric unit that form
nearest-neighbor contacts to oxygen atoms. Under the null hy-
pothesis that the (C—)H atoms do not show any preference for
forming short intermolecular contacts to oxygen atoms, the
probability («;) that m; or >m;, of the nearest-neighbor contacts
are of the type (C—)H--O is??

j=H;
a; = X (HY/JH; - INX/NY(N, - X1 /N)#=7 - (3)

J=my;
The distribution of the «; values for 103 of the crystal structures
is shown in Figure 2 (the remaining 10 structures do not contain
any oxygen atoms). If the null hypothesis were correct, we would
expect a rectangular distribution in the range 0-1. However, it
is obvious that the observed distribution is not rectangular, but
that the o, values tend to cluster in the range 0-0.1. The statistical
significance of the departure of the observed distribution from
the “ideal” rectangular distribution, estimated by standard sta-
tistical techniques,?® is >99.9%. Accordingly, we reject the null

(22) Siegel, S. “Nonparametric Statistics for the Behavioral Sciences”;
International Student Edition; McGraw-Hill Kogakusha: Tokyo, 1956.

(23) Fisher, R. A. “Statistical Methods for Research Workers”, 6th ed.;
Oliver and Boyd: Edinburgh, 1936; pp 104-106.
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hypothesis and conclude that (C-)H atoms have a significant
tendency to form short intermolecular contacts to oxygen atoms.

(2) van der Waals Radius of Oxygen. All calculations described
so far were based on an oxygen van der Waals radius of 1.50 A.
We believe this to be the most reliable value, but in order to ensure
that it was not biasing the results, we repeated the calculations
using the value quoted by Pauling? (i.e., 1.40 A; all other van
der Waals radii were kept unchanged). The revised distribution
of atom types involved in the (C-)H atom nearest-neighbor
contacts is given in Table III. The proportion of (C-)H--O
contacts is still appreciably higher than would be expected from
the stoichiometries of the crystal structures, and the statistical
significance, as calculated above, is still >99.9%. The revised
distribution of the «; values is shown in Figure 3.

The van der Waals radius of oxygen was assumed to be 1.50
A throughout the remainder of the study.

Steric Effects. Many of the carbon atoms in the crystal
structures studied are tetrahedrally coordinated and therefore
relatively inaccessible to an approaching (C-)H atom. This
suggests that steric effects may be important in determining the
types of short intermolecular contacts formed by the (C-)H atoms.
We therefore recalculated the expected distribution of atom types
involved in the (C—)H atom nearest-neighbor contacts. The same
Monte Carlo procedure as before was used, except that we now
assumed it to be impossible for a nearest-neighbor contact to
involve an atom that was more than three-coordinate. For ex-
ample, the probability that a given (C—)H atom forms its near-
est-neighbor contact to a carbon atom was assumed to be as
follows:

P(Y=C) = N//N’ (4)

where N/’ is the number of carbon atoms in the asymmetric unit,
excluding tetrahedrally coordinated atoms, and N’ is the total
number of atoms in the asymmetric unit, excluding metal ions
and atoms that are more than three-coordinate.

The resulting predicted distribution was C:H:Br:CL1:N:O:P:S,
0.16:0.58:0.00:0.01:0.04:0.21:0.00:0.00. The predicted proportion
of (C-)H-C nearest-neighbor contacts is now close to the observed
value,” but the expected proportion of (C-)H-H contacts is far
higher than that observed. Consequently, the predicted number
of (C-)H:~O nearest-neighbor contacts is still much smaller than
the observed value. We conclude that steric effects do not account
for the observed tendency of (C—)H atoms to form short inter-
molecular contacts to oxygen atoms; apparently, short (C-)H--O
contacts are inherently more favorable than (C-)H-C or (C-)-
H-+H contacts.

The Geometry of (C-)H---O Contacts. Ab initio energy de-
composition analyses show that the energy of a (C-)H--Y in-

(24) Pauling, L. “The Nature of the Chemical Bond”, 3rd ed.; Cornell
University Press: Ithaca, NY, 1960.

(25) However, it is unlikely that the low proportion of (C—)H«C near-
est-neighbor contacts can be entirely attributed to steric effects. A total of
35 of the nearest-neighbor contacts (Table II) involve tetrahedrally coordi-
nated carbon atoms. Thus, the assumption made in the calculation of the
expected distribution (i.e., that nearest-neighbor contacts to atoms that are
more than three-coordinate are impossible) is actually too conservative.

Taylor and Kennard

Table 1V. Calculated van der Waals Interactions for the Atom
Pairs (C-)H---O, (C-)H---C, and (C-)H--H

atom pair
potential® (C-)H--0 (C-)H-C (C~)H--H
d=0.0A
CHW 0.14 0.10 0.18
HHL, 6-9 0.22 0.04 0.09
HHL, 6-12 -0.04 0.06 0.02
mean 0.11 0.07 0.10
d=0.1A
CHW 0.25 0.19 0.29
HHL, 6-9 0.36 0.08 0.15
HHL, 6-12 0.05 0.15 0.10
mean 0.22 0.14 0.18
d=0.2A
CHW 0.44 0.33 0.46
HHL, 6-9 0.59 0.15 0.24
HHL, 6-12 0.22 0.30 0.27
mean 0.42 0.26 0.32
d=03A
CHW 0.71 0.54 0.70
HHL, 6-9 0.95 0.25 0.39
HHL, 6-12 0.54 0.57 0.59
mean 0.73 0.45 0.56

4 CHW = potential of Cox, Hsu, and Williams;*®* HHL, 6-9 =
6-9 potential of Hagler, Huler, and Lifson;?®* HHL, 6-12 = 6-12
potential of Hagler, Huler, and Lifson.?* Energies in kcal/mol.

teraction can be expressed as the sum of the following terms: (1)
van der Waals energy (i.e., exchange repulsion plus dispersion);
(2) electrostatic energy; (3) charge-transfer energy; (4) polari-
zation energy.>? It is unlikely that the charge-transfer or po-
larization terms are sufficiently important to have a significant
effect on the types of intermolecular contacts formed by (C-)H
atoms.”’”  Consequently, the unexpectedly large number of
(C-)H-O nearest-neighbor contacts must be due to one, or both,
of the other terms.

We calculated the van der Waals repulsion between the atom
pairs (C-)H-O, (C-)H-~C, and (C-)H---H at various values of
d. Three different sets of empirical nonbonded parameters were
used.?*3  The results are summarized in Table IV. They show
that the (C-)H~-O van der Waals repulsion is, if anything, slightly
larger than the (C-)H~-C and (C-)H-H repulsions at the same
value of d. We conclude that the observed preference for short
(C-)H:O contacts cannot be explained by the van der Waals
repulsion energies.

The determining factor must therefore be the electrostatic
energy, i.e., the electrostatic interaction between the permanent
electron distribution of the species which contains the Y atom and
that of the species which contains the (C-)H atom. Electrostatic
forces are relatively long range. Consequently, the sign and
magnitude of the electrostatic term will depend not only on the
charges borne by the (C—)H and Y atoms but also on the charges
of the surrounding atoms. However, the single most important
contribution may be expected to arise from the Coulombic in-
teraction between (C-)H and Y. Calculation of atomic point
charges by quantum mechanical methods shows that when Y is
a carbon or hydrogen atom this interaction will usually be re-
pulsive, but when Y is an oxygen atom, it will almost always be

(26) Schuster, P. In “The Hydrogen Bond—Recent Developments in
Theory and Experiments”; Schuster, P., Zundel, G., Sandorfy, C., Eds.;
North-Holland: Amsterdam, 1976; Vol. I, p 71.

(27) This statement is based on the results of ab initio energy decompo-
sition studies (e.g., ref 6), which show that the polarization term is usually
very small and that “CT (charge transfer) does not depend much on the proton
acceptor and depends only weakly on the proton donor”.

(28) Cox, S. R.; Hsu, L.-Y.; Williams, D. E. Acta Crystallogr., Sect. A
1981, 437, 293-301.

(29) Hagler, A. T.; Huler, E.; Lifson, S. J. Am. Chem. Soc. 1974, 96,
5319-5327.

(30) Note that only the nonbonded parts of the empirical functions were
used, not the Coulombic parts.
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Figure 4, (a) Variation of number of possible C—H--O configurations
with angle of elevation 8 (see text). (b) Variation of number of possible
C—H--O configurations with C—H-~O angle ¢.

attractive.31"33  Thus, the electrostatic energy will tend to de-
stabilize short (C-)H+C and (C-)H.~H contacts and stabilize
short (C-)H--O contacts. This is consistent with, and the probable
explanation of, the observed tendency of (C-)H atoms to form
short contacts to oxygen rather than to carbon or hydrogen atoms.

If the electrostatic stabilization of a short (C-)H:~O contact
outweighs the (C-)H--O van der Waals repulsion, the contact
will be attractive rather than repulsive. The relative importance
of the electrostatic and van der Waals terms cannot be inferred
with certainty from the crystallographic data. However, a study
of the geometries of short (C-)H---O contacts is suggestive. If
the van der Waals interaction is dominant, we would expect the
(C-)H atom to avoid the lone-pair orbitals of the oxygen atom.
Molecular mechanics calculations suggest that the van der Waals
repulsion between an oxygen and a hydrogen atom is greatest when
the hydrogen atom approaches along the direction of one of the
lone pairs.* Conversely, if the electrostatic interaction is more
important, we would expect the (C-)H atom to be attracted
toward the oxygen lone pairs. Recent work suggests that the
proton in O—H--O< and O—H-+O==C hydrogen bonds prefers
to lie in or near the plane containing the lone-pair orbitals of the
acceptor atom.’*37 In addition, there is some evidence that the
H:+O=C angle in O—H:+O==C hydrogen bonds tends to be about
120°,% i.e., the value expected on the basis of the sp? lone-pair
directions. These conclusions are based on the geometries of over
200 hydrogen bonds, many of which were determined by neutron
diffraction.

We therefore studied the geometries of all the (C-)H--O
contacts in our sample with & > 0.3 A. Both intermolecular and
intramolecular contacts were now included,® but contacts with

(31) Scheraga, H. A. Adv. Phys. Org. Chem. 1968, 6, 103-184,

(32) Lifson, S.; Hagler, A. T.; Dauber, P. J. Am. Chem. Soc. 1979, 101,
S111-5121.

(33) Derissen, J. L.; Smit, P. H. Acta Crystallogr., Sect. A 1978, 434,
842-853.

(34) Allinger, N. L.; Chung, D. Y. J. Am. Chem. Soc. 1976, 98,
6798-6803.

(35) Kroon, J.; Kanters, J. A.; Van Duijneveldt-Van de Rijdt, J. G. C. M;
Van Duijneveldt, F. B.; Vliegenthart, J. A. J. Mol. Struct. 1975, 24, 109-129.

(36) Ceccarelli, C.; Jeffrey, G. A.; Taylor, R. J. Mol. Struct. 1981, 70,
255-271.

(37) Olovsson, I.; Jénsson, P.-G. In “The Hydrogen Bond—Recent De-
velopments in Theory and Experiments”; Schuster, P., Zundel, G., Sandorfy,
C., Eds.; North-Holland: Amsterdam, 1976; Vol. 11, pp 413-420.

(38) Our investigation of (C-)H atom nearest-neighbor contacts estab-
lishes that short (d > 0.3 A) intermolecular (C-)HwO interactions are rel-
atively common. This shows that short intramolecular contacts are not
necessarily due to internal geometrical constraints and should therefore be
included in the remainder of the study. However, the geometry of an intra-
molecular contact is more likely to be influenced by its environment than that
of an intermolecular interaction. We have therefore marked all intramolecular
contacts in Tables V-VII.
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Table V. Short (C-)H:--O Contacts

(C-)H---0 C-H--0

structure®  contact? distance€ d° angle®
79 H2--08 2.045 0.655 170.9
85 H6--05' &f 2.080 0.620 155.7
86 H2-01 2.145 0.555 176.7
87 H2--01¢ 2.192 0.508 103.0
29 H4--01 2.196 0.504 174.1
28 H102--060¢ 2.225 0.475 100.1
47 H8--03 2.225 0.475 151.7
50 H5--03 2.225 0.475 154.9
68 H4--01 2.243 0.457 151.3
108 H2--08f 2.246 0.454 168.3
85 H4'--02 2.248 0.452 145.7
28 H302--040¢ 2.251 0.449 98.6
85 H1'--02¢ 2.257 0.443 107.2
34 H23.-07 2.260 0.440 166.4
101 H1--06" 2.268 0.432 165.8
77 H7.-08%f 2.270 0.430 103.1
95 H2--03f 2.275 0.425 142.2
108 H6--01 2.281 0.419 154.3
60 H20--011 2.287 0413 162.9
77 H1--06° 2.287 0.413 100.4
38 H2--01 2.291 0.409 147.6
98 H2--03 2.291 0.409 154.1
100 H3--022¢ 2.291 0.409 106.2
42 H4--01 2.301 0.399 155.5
57 H21--05 2.306 0.394 127.3
107 H2-012 2.309 0.391 164.9
85 H20'--04 2.310 0.390 167.7
95 H1--04¢ 2.317 0.383 98.6
23 H4--01 2.321 0.379 150.1
90 H5--01 2.327 0.373 141.0
93 H2--03f 2.330 0.370 155.2
22 H3--04 2.331 0.369 146.9
32 H6--071%f 2.334 0.366 98.0
85 H30'--052f 2.334 0.366 132.4
42 H5--01 2.335 0.365 135.1
86 H1--02 2.336 0.364 173.1
87 H3--03¢ 2.337 0.363 90.7
18 H16--01¢ 2.342 0.358 104.1
74 H1--01° 2.343 0.357 98.4
108 H1.~02¢ 2.345 0.355 94.3
66 H4--03 2.354 0.346 160.0
87 H4--02 2.360 0.340 152.6
24 Hé--03 2.362 0.338 154.8
24 H5--03 2.365 0.335 134.9
50 H2--02f 2.365 0.335 118.8
111 H6--01 2.368 0.332 151.8
61 H5--04 2.372 0.328 149.0
58 H5--06 2.373 0.327 157.5
30 H7--01 2.375 0.325 171.6
20 H8--01° 2.378 0.322 102.0
107 H8--013" 2.378 0.322 153.2
95 H3.--02 2.382 0.318 145.5
40 H4--02 2.390 0.310 1374
55 H5--02 2.391 0.309 1729
71 H14--06’ 2.392 0.308 138.1
25 H23--017¢ 2.394 0.306 96.7
99 H6--01¢ 2.394 0.306 98.8
77 H9---04 2.397 0.303 126.1
108 H4.-09¢ 2.399 0.301 94.3

@ See Table I. ® Atom labels are those used in the Cambridge
Structural Database.!®* They are not always identical with those
used in the original literature. € In angstroms. ¢ In degrees.
¢ Intramolecular contact. / (C-)H atom forms two contacts
with d > 0.3 A and C—H-O > 90°. Only the shorter contact is
given,*°

C—H:~O angles of less than 90° were ignored, as before. When
a (C-)H atom was found to form two contacts with & > 0.3 A,
only the shorter interaction was used. We found 59 contacts that
satisfy these conditions. (C-)H-O contacts with d > 0.3 A are
therefore relatively common in the crystal structures studied, which
in itself suggests that they are attractive interactions. The
(C-)H..O distances and C—H.:O angles are given in Table V.
A total of 14 of the contacts involve carbonyl oxygen atoms (1),
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and 19 involve ether, alcohol, or water oxygen atoms (2). For

/A /A

o= C\ O\
B B

1 2

each of these contacts, we calculated the angle of elevation of the
(C-)H-O vector above the lone-pair plane of the oxygen atom
(6, in Figure 4a). The lone-pair plane of the carbonyl oxygen
atoms was assumed to be the least-squares mean plane of the O,
C, A, and B atoms. The lone-pair plane of the ether/alcohol /water
oxygen atoms was assumed to be the plane bisecting the A-O-B
angle and perpendicular to the A,O,B plane.

The calculated values of 6§ are given in Table VI, and the 8
distribution is shown as a histogram in Figure 5. The number
of possible (C-)H--O configurations with angles of elevation
between § — 860 and 6 + 86 is proportional to cos 8 (Figure 4a).
Thus, if the energy of the (C~)H-+O interaction were independent
of 8, we would expect as many contacts with § < 30° as with 8
> 30°, In fact, there are 19 contacts with # < 30° and 14 with
6 > 30°. This suggests that the (C-)H atom is more likely to
be attracted to the oxygen lone-pair plane than repelled by it,
though the evidence is obviously not conclusive.

Also given in Table VI are the (C—)H:+O=C angles of the
contacts that involve carbonyl oxygen atoms. Four of the angles
are less than 90°, but they all correspond to intramolecular
contacts. The geometries of these contacts may well be influenced
by the internal features of the molecules. Eight of the remaining
10 angles are within 22° of the value expected on the basis of the
lone-pair directions (i.e., 120°).

Figure 6a shows the distribution of the 59 C—H.-O angles
listed in Table V. All of the angles that are less than 110°
correspond to intramolecular interactions. The distribution for
the 41 intermolecular contacts is shown in Figure 6b. The mean
value of this distribution, 152.7°, is somewhat smaller than the
mean O—H--O hydrogen bond angle in carbohydrates (167.1°%),
This may be ascribed to the fact that the O—H-..O hydrogen
bonds are shorter than the (C-)H.~O contacts. Consequently,
the O-+O van der Waals repulsion is likely to be larger than the
C-+O repulsion at a given value of the 0—H-~O (C—H-~-O) angle.
The distribution shown in Figure 6b is influenced by the fact that
the number of possible C—H-~O configurations with a C—H--O
angle of ¢ is proportional to sin ¢ (Figure 4b).>* Correction for
this geometrical factor® produces the histogram shown in Figure
6¢, which is clearly consistent with an energetic preference for
the linear C—H-O arrangement.*

Conclusions. The principal results may be summarized as
follows: (I) (C-)H atoms have a tendency to form short inter-
molecular contacts to oxygen atoms rather than to carbon or
hydrogen atoms. This observation is statistically significant at
the 99.9% level. The phenomenon is not a steric effect, but is
probably due to electrostatic stabilization of the short (C-)H--O
contacts. (2) (C-)H-~O contacts with d > 0.3 A occur frequently
in the crystal structures studied. (3) The proton in the majority
of short (C—)H-+O contacts lies within 30° of the plane containing
the oxygen lone-pair orbitals. The optimum C—H---O arrange-
ment is probably linear.

On the basis of these observations, we conclude that the short
(C-)H~O contacts are more likely to be attractive than repulsive.
Whether or not they should be described as hydrogen bonds is
somewhat arbitrary, but we note the following: (1) The frequency
with which they occur suggests that they play a significant role
in determining the packing arrangements of some organic crystal
structures. (2) The geometrical characteristics of short (C-)H--~O
contacts are similar to those of O—H.-O hydrogen bonds. (3)

(39) The histogram was corrected by multiplying each bar by N/sin ¢,
where ¢ is the average of the upper and lower limits of the bar and NV is a
normalization constant, chosen so that the area under the corrected histogram
is equal to the area under the uncorrected histogram.

(40) We could not detect any significant difference between the C—H«O
angles of linear and bifurcated (C-)H-Q contacts.

Taylor and Kennard

Table VI. Geometries of Short (C-)H--O Contacts

ether/alcohol/water
carbonyl acceptors acceptors
struc- (C-)H:- struc-
ture? contact? 094  0=C4 tured contact? gc:d
79 H2--08 2.2 177.0 85 H6--05'¢ 2.2
85 H4'--02 314 1414 28 HI102--060° 36.1
28 H302--040° 13.1 86.7 47 HS8--03 10.8
85 H1--02¢ 2.5 85.0 34 H23--07 9.4
77 H7--08° 9.8 83.5 101 HI1--06 9.4
60 H20--011 41.0 125.1 77 H1--06° 34,2
42 H4--01 56.2 121.9 38 H2--01 28.1
85 H20'--04 259 131.3 98 H2:.-03 22.7
23 H4--01 37.2 1369 93 H2-03 37.4
90 HS5--01 23.8 146.1 32 H6--071¢ 33.7
42 H5--01 16.1 137.8 74 H1.-01° 36.8
111  H6--01 30.9 141.0 66 H4--03 46.7
58 HS-06 279 1126 24 H6--03 2.3
20 HS§-01¢ 5.7 81.7 24 HS5--03 41.6
61 HS5--04 27.1
107 HS8--013 24.0
71 H14--06’ 26.2
99 H6---01¢ 36.4
77 H9--04 45,1

@ See Table I. © Contacts are listed in order of increasing
(C-)H:--O distance. Atom labels are those used in the Cambridge
Structural Database.'® ¢ See Figure 4a, ¢ Indegrees. € Intra-
molecular contact.
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Figure 5. Distribution of 8 (in degrees) tor contacts listed in Table VI.
The results of spectroscopic and ab initio studies®™® are consistent
with the concept of a C—H.--O hydrogen bond. We therefore
suggest that it is reasonable to use the terminology “C—H:-O
hydrogen bond” in crystallographic studies.

Crystallographic Evidence for the Existence of C—H:---S,
C—H:=N, and C—H:-~-C] Hydrogen Bonds

(C-)H-S, (C-)H-N, and (C-)H--Cl contacts with 4 > 0.0
A are listed in Table VII. Both intermolecular and intramolecular
contacts are included, but contacts with C—H--X angles of less
than 90° are omitted. The different interactions are discussed
in turn below:

(1) (C-)H-S. Three of the short (C—)H.-S contacts are in-
tramolecular. It is difficult to assess all of the factors that might
influence the conformation of a particular molecule in the crys-
talline state (compare, for example, the different interpretations
of Sutor and Donohue in ref 10 and 11). We are therefore unsure
whether these contacts are attractive or repulsive and are unable
to make any conclusion regarding the nature of the (C-)H-.8
interaction.

(2) (C-)H.-N. Al of the short (C-)H--N contacts are in-
termolecular, and three of them are appreciably shorter (4 > 0.2
A) than the sum of the (C-)H and N van der Waals radii. In
view of the limited amount of data, it is not possible to make any
firm statement about the nature of these contacts. However, the
electronegativities of oxygen and nitrogen are comparable,* and
if the majority of short (C—)H-+O contacts are attractive, it is
reasonable to conclude that at least some of the short (C-)H-N
contacts are also attractive.
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(3) (C-)H~Cl. The interesting feature of the (C-)H.-Cl
contacts is that all but two of them involve chloride ions rather
than covalently bonded chlorine atoms. To some extent, this
reflects the stoichiometries of the crystal structures studied: 12
of them contain chloride ions, but only 6 contain covalently bonded
chlorine atoms. However, there does seem to be a tendency for
(C-)H atoms to form short contacts of the type (C—)H--Cl" rather
than (C-)H--CI-R. This strongly suggests that the dominant term
in the (C-)H.-Cl" interaction is the attractive electrostatic term
rather than the repulsive van der Waals term. Furthermore, the
chloride ion is small and should be relatively easy to pack into
an organic crystal structure. It therefore seems unlikely that very
short (C-)H.-.Cl" contacts would occur if they were energetically
unfavorable. We conclude that the short (C-)H-~Cl™ interactions
are almost certainly attractive and can reasonably be described
as hydrogen bonds.

Occurrence of C—H:--X Hydrogen Bonds

The probability of a C—H--X hydrogen bond occurring in a
given crystal structure is influenced by three factors: (1) the
availability of suitable proton donors; (2) the availability of
suitable proton acceptors; (3) the stoichiometry of the crystal
structure. These factors are discussed in turn below:

(1) Proton Donor. The (C-)H atoms involved in the ten
shortest (C-)H-~-O contacts in our sample are underlined in Figure
7. All but two are immediately adjacent to neutral or positively
charged nitrogen atoms. The remaining contacts involve a (C—)H
atom that is part of a pyridinium cation and a (C-)H atom that
is part of a trinitrobenzene ring. Apparently, the inductive effect
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Table VII, Short (C-)H-S, (C-)H-~N, and (C-)H--Cl Contacts

(CoH-X C_H-X
structure®  contact? distance® d¢ angled
(C_)H...s

28 H301.-820° 2.496 0.504 107.1
28 H101--820¢ 2,511 0.489 105.8

74 H15--81¢ 2.743 0.257 98.6
74 H13-81 2.916 0.084 163.9
(C-)H-N
31 H3-N1 2,522 0.228 138.7
76 H111--N3 2.524 0.226 133.3
92 D3-N2 2.530 0.220 136.2
106 H3-=N2 2.644 0.106 140.0
76 H113:-N1 2.663 0.087 151.8
48 H2.+N3 2.665 0.085 138.3
106 D1-N1 2.691 0.059 157.3
106 D9-N2 2.694 0.056 124.6
106 D5--N1 2.698 0.052 130.3
94 Hé6--N1/ 2.704 0.046 142.7
110 H1-N1f 2.721 0.029 132.1
(C-)H-Cl
46 H4--Cl(1) 2.569 0.381 157.9
67 H11--Cl(1) 2.658 0.292 146.1
43 H32--Cl(1) 2.661 0.289 150.8
69 H19--Cl(1) 2.661 0.289 152.9
46 H5--CI(1) 2.723 0.227 1193
93 H1.-CL(1) 2.818 0.132 150.4
5 H2:-Cl(2) 2.823 0.127 143.6
93 H3--Cl(1) 2.841 0.109 141.2
111 H4--CL(1) 2.875 0.075 143.6
9 H4--Cl(1) 2.904 0.046 169.2
111 H11-Cl(1) 2.910 0.040 151.8
56 H1--ClQ2) 2.926 0.024 130.8
93 H6--Cl(1) 2.944 0.006 149.7

@ See Table I. Y Atom labels are those used in the Cambridge
Structural Database.’® € In angstroms. ¢ Indegrees. € Intra-
molecular contact. f (C-)H atom is involved in symmetrically bi-
furcated interaction. Only one of the contacts is included in the
table,

N
o o 0, NO. NG, .
J \ \ H L
)\ )\ , H  HocH,—C—H
o N o W \T/ NN \
Me o N
o OH

F

N
/ -
0, NO, co;

C .
HO,! OH THJ
|

[} CH—C—H

H

‘ \
T ~ O O _LC
S)\ OH co; — H ~ 0N #No,
H—C—H

N

C

Me

OH

Flgure 7. (C-)H atoms involved in the 10 shortest (C-)H-O contacts
in Table V.

of nitrogen decreases the electron density at nearby (C-)H atoms,
thereby enhancing the facility with which they participate in
C—H-~X hydrogen bonds.!* In order to confirm this, we studied
the environments of the 64 (C—)H atoms in our sample which are
immediately adjacent to N* atoms (3). We found that 56 of these

.
N —C—H
3

atoms form at least one contact to a hydrogen-bond acceptor (O,
N, ClI) with d > 0.0 A and C—H--X > 90°. In contrast, only
293 of the remaining 597 (C-)H atoms form contacts of this type.
The statistical significance of the difference between these pro-
portions, estimated by a x? test,22 is >99.9%. Twenty one of the
(N*-C-)H atoms form at least one contact to a hydrogen-bond
acceptor with d > 0.3 A and C—H-~X > 90°, compared with
only 41 of the remaining (C-)H atoms. Again, these proportions
are significantly different at the 99.9% level. We therefore
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conclude that an organic molecule that contains a (C-)H atom
adjacent to a nitrogen atom is especially likely to form C—H-..X
hydrogen bonds. This is of interest because two classes of bio-
logically important molecules fall into this category: the amino
acids,”! and the nucleosides and nucleotides. The importance of
C—H:~0O and C—H--Cl hydrogen bonds in the crystal structures
of these compounds has been recognized in the literature.'213

The above observations suggest that (C—)H atoms that are not
adjacent to electron-withdrawing groups are unlikely to form
C—H--X hydrogen bonds and may even be incapable of doing
so. Thus, some of the short contacts listed in Tables V and VII
may actually be repulsive interactions, which occur only because
of crystal packing forces. However, the results outlined in the
preceding sections indicate that the majority of the contacts are
likely to be attractive.

(2) Proton Acceptor. The (C-)H--O contacts listed in Table
V involve a wide variety of acceptor groups—sulfonate, carbox-
ylate, nitro, carbonyl, ether, etc. Apparently, almost any type of
oxygen atom is inherently capable of participating in a C—H:.O
hydrogen bond. We therefore conclude that the energy of the
C—H--O hydrogen bond is very sensitive to the nature of the
(C-)H atom, but insensitive to the nature of the oxygen atom.
This may be rationalized as follows. The electrostatic energy,
E, due to the Coulombic interaction between (C-)H and O can
be approximated by

E = (quqo) /7 (%)

where gy is the partial charge on the (C-)H atom, g is the partial
charge on the O atom, and r is the interatomic distance.* The

(41) A total of 37 of the 47 amino acid (C,~)H atoms in our sample form
at least one contact to a hydrogen bond acceptor atom with 4 > 0.0 A and
C—H-X > 90°.

(42) Dauber, P.; Hagler, A. T. Acc. Chem. Res. 1980, 13, 105-112,

absolute value of gy will invariably be smaller than that of g
Consequently, a change in gy will have a greater effect on E than
an equal change in go.

(3) Stoichiometry of the Crystal Structure. Nine of the 59 short
(C-)H-O contacts listed in Table V occur in crystal structures
that contain oxygen atoms but no O—H or N-H groups. This is
a surprisingly large number, because there are only eight such
structures in our sample. Furthermore, the «; values (see eq 3)
of seven of these structures fall in the range 0.0-0.075; the eighth
is 0.250. These are somewhat lower than would be expected by
comparison with the ¢ values of the remaining structures. It seems
that short (C-)H-O contacts are particularly likely to occur in
crystal structures that contain a large number of oxygen atoms,
but relatively few proton donor groups (i.e., O—H or N-H). One
possible explanation is that oxygen atoms which are not involved
in O—H:+O or N—H.-O hydrogen bonds are more accessible
to (C-)H atoms than they would otherwise be.

Summary

We conclude that the majority of short C—H-..Q, C—H-~N,
and C—H--Cl contacts are attractive interactions, which can
reasonably be described as hydrogen bonds. Our conclusion is
based on a survey of 113 published crystal structures, which have
been determined very precisely by neutron diffraction. It is
consistent with the results of spectroscopic and theoretical studies.
The C—H--X hydrogen bond may be a significant factor in
determining the minimum energy packing arrangements of small
organic molecules that contain nitrogen, e.g., the amino acids and
nucleosides.
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Abstract: The kinetics of oxidation of p--0,CC¢H,CH(CHj,),, p--0,CCH,CH,CH,, and p--0,CCH,CH; by Ru(trpy)(bpy)O**
(trpy is 2,2,2"-terpyridine; bpy is 2,2’-bipyridine) to the corresponding « alcohols in water and of CHs;CH(CH,), and C4Hs;CH,
by Ru(bpy),(py)O** in acetonitrile have been studied. The following conclusions are drawn from kinetics data obtained
spectrophotometrically: (1) Rate constants increase with increasing alkyl substitution; for the carboxylates in water at 24.3
°C, k=122 1.2,3.4+0.3,and 0.43 £ 0.04 M! s71 in the order shown above. (2) Rate constants decrease dramatically
for the reactions in acetonitrile; k(24.3 °C) = 0.026 £ 0.003 M~ s™! for isopropylbenzene. (3) In water, rate constants are
independent of added O, or of changes in ionic strength. (4) In acetonitrile the added nucleophiles water, tert-butyl alcohol,
or bromide ion enter the rate law directly in terms first order in added nucleophile. From the temperature dependence of
k for the oxidation of p--O,CC;H,CH(CHj),, AH* = 7 £ 1 keal/mol and AS* = —32 = 4 eu. It is concluded that the redox
step for the reactions involves a two-electron, hydride ion transfer step. The reactions occur by a template mechanism in that
oxo group transfer from Ru to the substrate does not occur and the added oxygen atom must come from the solvent,
p-~0,CC¢H,CH(CH,3), (-H:™; +H,0) — p-~0,CCH,C(OH)(CH3),. The solvent or added nucleophile (in acetonitrile) is
directly involved in the redox step, apparently by assisting the loss of the hydride ion by electron pair donation.

Functionalized aromatic hydrocarbons are used as starting
materials in a variety of syntheses, and their oxidations have been
widely studied!-? both synthetically and mechanistically.>? We

(1) Ross, S. D.; Finkelstein, M.; Rudd, E. F. “Anodic Oxidation”; Aca-
demic Press: New York, 1975.

(2) Benson, D. “Mechanisms of Oxidation by Metal lons™; Elsevier: New
York, 1976.

have reported that the Ru(IV)—oxo complex Ru(trpy)(bpy)O?*
(bpy is 2,2’-bipyridine; trpy is 2,2’2”-terpyridine) is capable of

(3) Wiberg, K. B., Ed. “Oxidation in Organic Chemistry”; Academic Press:
New York, 1965.

(4) (a) Thompson, M. S. Ph.D. Dissertation, University of North Carolina,
Chapel Hill, NC, 1981. (b) Moyer, B. A.; Thompson, M. S.; Meyer, T. J.
J. Am. Chem. Soc. 1980, 102, 2310.
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