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The review concerns the results of systematic X-ray diffraction studies of the electron
density distribution in the crystals of compounds with strong intramolecular hydrogen bonds
N—H...O, O—H...O, O—H...N, and N—H...S. The advantages of the topological analysis of
the electron density distribution function in the analysis of the nature and estimation of the
H-bond energies directly from experimental data are discussed.
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The nature, energy characteristics, and the role of
hydrogen bonding in supramolecular association and self-
assembly of molecules in crystals have been the subject of
so intensive research that it is impossible to summarize
the available material on the subject. For instance, in a
recently published review! dedicated solely to water tri-
mer studies the bibliography includes a total of 271 refer-
ences.

Research on intramolecular hydrogen bonds, espe-
cially the H-bonds stabilized through delocalization of
the m-electron density (so-called resonance assisted
H-bonds, RAHB),23 has been carried out with at least
comparable intensity. In contrast to the studies of inter-
molecular interactions, intramolecular H-bonds are more
often analyzed using geometric parameters of the mol-

ecules including data of X-ray diffraction studies. This is
the most widely used approach. Indeed, the energies of
intermolecular H-bonds can be estimated using the ener-
gies of noninteracting molecules as references, but there
are no such references when considering any intramo-
lecular interactions. Clearly, the energy difference be-
tween two conformers, A and B, includes the energy of
the H-bond, but cannot serve as a measure of the bond
strength.
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The energies of intramolecular H-bonds are most of-
ten estimated using the X...Y distance between the proton
donor and proton acceptor. Usually, the term "strong
hydrogen bond X—H...Y" implies that the X...Y distance
is shorter than the sum of the van der Waals radii.# For
instance, the limiting values of the lengths of strong hydro-
gen bonds O—H...O, N—H...O (O—H...N), and N—H...S
are 2.58, 2.78, and 3.08 A, respectively.5 However, it is
clear that the use of this parameter for comparing the
energies of the H-bonds formed by different proton do-
nors and acceptors is impossible.

Information on the type and strength of an H-bond
can also be obtained by analyzing the bond length distri-
bution in the H-bonded ring. This ap-

proach was most widely used in the stud- O_..H\o
ies of B-diketone enols.o—1! In order to 4 q,
assess the type and evaluate the strength P /d

2 3

of H-bonds, it was proposed to use
the differences between the C=0 and
C—OH bond lengths (¢; = d; — d,) and between the
C—C and C=C bond lengths (g, = d, — d3). Indeed, a
good correlation between the parameter Q = g, + ¢, and
the O...0 distance was obtained®7 for a small set of struc-
tural data (20 structures). However, this correlation be-
comes invalid as the number of structures increases.!2

In addition, both intermolecular and intramolecular
interactions can be unambiguously revealed by perform-
ing the topological analysis of the electron density distri-
bution function p(r) in the framework of the "Atoms in
molecule” (AM) theory using the data of X-ray diffraction
studies.!3 Until recently, the topological analysis of the
p(r) function served to obtain the electron density, elec-
tron density Laplacian, and bond ellipticity values,
whereas calculations of other topological parameters, es-
pecially the kinetic, potential, and electron energy densi-
ties were impossible.

Indeed, calculations of the kinetic and potential en-
ergy densities require wave functions, which fact rules out
the possibility of evaluating these parameters from experi-
mental data. At the same time the kinetic energy den-
sity g(r), as a function of p(r) and its derivatives, can be
approximately described!4—18 in the framework of the so-
called gradient expansion!?:

g(r) = %(3n2)p<r)5/3 + %[me]z/p(r) + %V%(r), (1)

from which with allowance for the local virial theorem
one gets

—L(r) = (1/4)V(r) = v(r) + g(r)

and the expressions for the potential and electron energy
densities are as follows

v(r) = —§<3n2 )p(r)/3 - %[Vp(r)]z/p(r) - %Vzpm, )

h,(r) = —%(h%p(rf” -
- %me}z/p(r) + %Vme. 3)

Application of this approximation to the analysis of
various systems showed that the best correspondence be-
tween the g(r) values obtained using Eq. (1) and from the
density matrix is obtained at long distances from the
atomic nucleus and mainly for the closed-shell interac-
tions, for which the difference is ~5% (cf. at least 20% for
covalent bonds, see Refs 14—20).

In turn, the possibility of estimating the g(r) values
from experimental data made it possible to analyze the
experimental electron pair localization functions (ELF)?!
and the local orbital locator (LOL)?2 using a recently
proposed approach.

The greatest interest in the gradient expansion (1) is
due to the possibility of estimating the contact energy
based on the v(r) values at the (3, —1) critical point. The
results of analysis of 83 X—H...O contacts available from
the literature showed that this approximation allows one
not only to obtain semiquantitative estimates of the con-
tributions to the local energy density but also to relate
them to the energy of the contact (E,,,) and to energies
of other weak specific interactions.!5:1¢ For instance, in
the framework of this approach it was shown!5 that the
E_,: values correlate with the potential energy density at
the (3, —1) critical point

Eqon (keal mol=!) = 313.36-v(r) (a.u.). 4)

This allows the X-ray diffraction methods to be used not
only for elucidating the character of the atom-atom inter-
actions but also estimating their energies in the crystal.

Therefore, in this work we will (i) show the potentiali-
ties of modern high-precision X-ray diffraction techniques
in studies on the nature of H-bonds and evaluation of
their energies and (ii) discuss the problems that are posed
when using geometric parameters, especially in the frame-
work of the RAHB theory.

For instance, according to the RAHB concept, the
tautomer having a stronger H-bond should correspond to
the energy minimum, because in this case the H-bonded
ring better resembles the "aromatic" ring.%7 Consider now
to which extent does this assumption agree with the ex-
perimental data and whether equalization of the bond
lengths in the H-bonded ring does correspond to delocal-
ization of the n-electron density.

Quite a representative example is provided by a study
of 3-acetyl-4-hydroxycoumarine (1). According to quan-
tum chemical and multitemperature (100—353 K) X-ray
diffraction studies of compound 1, the energy minimum
was obtained!? for the tautomer with the longer O...0
distance (Scheme 1).
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According to B3LYP/6-31G(d,p) calculations, the
barrier to intramolecular proton transfer along the O...O
line is 2.86 (1A/TS) and 1.97 kcal mol~! (TS/1B) and the
hydrogen bond length is 2.447 A (c¢f. experimental values
0f 2.442(1) A for 1A, 2.360 A for TS, and 2.431 A for 1B).

A similar picture was also obtained for benzoylacetone.
Here, the energetically more favorable tautomer (energy
difference between tautomers is 0.74 kcal mol~!) is also
characterized by higher vibrational frequency v(OH) and
longer O...0 distance (see Ref. 23).

It should be noted that if for benzoylacetone?3 and
3-acetyl-4-hydroxycoumarine (1)12 the O...O distances in
tautomers differ insignificantly (by 0.01 A), for 3Z,5E-6-
(4-chlorophenyl)-1,1,1-trifluoro-4-hydroxyhexa-3,5-
dien-2-one (2, Scheme 2) the effect is more pronounced.24
PBEPBE/DGDZVP2/DGAI1 quantum chemical calcu-
lations of two tautomers of 2 showed that tautomer 2A is
1.78 kcal mol~! more stable than tautomer 2B, although
the O—H...O intramolecular bond in 2A is much weaker
than in 2B (0...0 2.510 vs. 2.430 A, respectively). Inter-
estingly, the Q value for 2A (0.074 A) is somewhat smaller
than for 2B (0.090 A); therefore, strengthening of the

Scheme 2
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Fig. 1. General view of molecule 2 according to data of X-ray
diffraction studies at 120 (a) and 300 K (b); the atoms are repre-
sented by thermal probability ellipsoids (p = 50%).

H-bond in this system leads to a decrease rather than
increase in the degree of delocalization of the n-electron
density.

A multitemperature X-ray diffraction experiment
(120—300 K) showed that, in spite of a slight energy
difference between the tautomers, only tautomer A char-
acterized by O(1)...0(2) 2.507(2) A and Q = 0.070 A
(120 K) and 0.063 A (300 K) (Fig. 1) was observed in the
crystal of compound 2 at all temperatures.

Although delocalization of the n-electron density un-
doubtedly stabilizes the H-bond, in many keto-enols the
parameter Q characterizes equalization of the bond lengths
due to superposition of tautomers owing to static or dyna-
mic disorder.1? Structural ordering can be established ex-
clusively based on analysis of the atomic displacement
parameters (Hirshfeld test25), which, unfortunately, was
not performed earlier.6—11

Indeed, the quality of an experiment and subsequent
refinement can also be assessed from the thermal param-
eters (atomic displacement parameters). To evaluate them,
a test for rigid bonds was proposed.25 If we denote the
root-mean-square displacements of an atom A toward an
atom B as 22, p, the following relation should be valid for
any pair of chemically bound atoms A and B:

Mg = Z/ZA,B - 1123,A =0.

According to Hirshfeld,?S the Ay p value for a rigid
bond involving a carbon or a heavier atom should not
exceed a value of 0.001 A2, If this test is not met for a
certain fragment of an ordered molecule, the model cho-
sen incorrectly describes the actual electron density dis-
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tribution in the crystal and it is highly probable that the
molecule under study is disordered.

Ignoring possible disorder in the X-ray diffraction stud-
ies of keto-enols led to not only erroneous interpretation
of geometric parameters. For instance, in the study of
benzoylacetone it was reported that both O—H interac-
tions in the molecule correspond to covalent (shared)
bonds, because the V2p(r) values at the (3, —1) critical
points of the O...H interactions were negative.23 How-
ever, analysis of the A values for the benzoylacetone crys-
tal in the temperature range 8—300 K showed that the
Hirshfeld test is met only at 8 K (A =7.0-10~* A2 on the
average; the maximum A value for one of the two C—0O
bonds is 10-10~* A?).26 The A values obtained for the
bonds in the keto-enol fragment at 20 K (neutron diffrac-
tion study) and at 143 K (X-ray diffraction study) are
respectively 13.6-10~* and 31.4-10~* A2 (¢f. 7.8-10*
and 6.5-10~% A2 for the phenyl ring, see Ref. 26). At
20 K, the maximum A value for the keto-enol ring is as
large as 40-10~* A2. In spite of so large A values for the
benzoylacetone crystal at 20 K, the molecule was consid-
ered ordered?3:26 and the hydrogen atom position found
in the neutron diffraction study at 20 K was used for
analysis of the p(r) using the data of the X-ray diffraction
studies carried out at 8 K.

Actually, the topological parameters of the H-bond in
benzoylacetone correspond to a "transition state" of pro-
ton transfer, i.e. to superposition of two tautomers rather
than actual electron density distribution in the keto-enol
tautomers.

We observed similar results in the X-ray diffraction
study?’ of acetylacetone (3) at 110 and 210 K (Fig. 2),
which showed that at both temperatures the molecule
occupies a special position on the symmetry plane passing
through the C(3)—H(3) bond normal to the molecular
plane, with the O(1)...0(la) distance of 2.547(1) and
2.541(2) A at 110 and 210 K, respectively. In addition to
the deformation electron density (DED) maps constructed
ignoring the hydrogen atom (see Fig. 2, b) an indepen-
dent confirmation of disorder in molecule 3 is provided
by the A values of the root-mean-square "counter"-dis-
placements, which are 0.0017 A2 (110 K) and 0.0056 A2
(210 K) for the O(1)—C(2) and C(2)—C(3) bonds, re-
spectively (see Ref. 27). The barrier to proton transfer
in molecule 3 calculated as the energy difference be-
tween the structures with C; and C,, symmetry is
4.45 kcal mol~! (calculated inclusion of zero-point vibra-
tional energy, ZPE).

Interestingly, a multipole refinement performed
for two acetylacetone models with the hydrogen atom
occupying a special (3A) and a general (3B) position
identically reproduces the character of hydrogen bonds
in the ground and transition states according to
B3LYP/6-31++G(d,pd) calculations (Fig. 3, Table 1).
Both acetylacetone models have similar values of the key

Fig. 2. General view of molecule 3 in the Pnma space group at
110 K (a); DED maps for 3 (b) (promolecule was calculated
ignoring the hydrogen atom involved in the H-bond; isolines are
drawn with an increment of 0.05 ¢ A=3).

characteristics of the multipole refinement, namely, the
R-factors (3.44% and 3.56% for 3A and 3B, respectively),
residual electron density maps, and topology of the p(r)

Table 1. Topological characteristics of the electron density
in the ground state of the molecule of acetylacetone (3) and
in the transition state of intramolecular proton transfer ac-
cording to data of X-ray diffraction study at 110 K and
B3LYP/6-31++G(d,p) quantum chemical calculations

Bond Multipole B3LYP/6-31++G(d,pd)
refinement
3A 3B C, Gy,
H(1)—O(1)* 2.15 1.17 2.10 2.20
—23.20 -3.32 —40.64 —4.60
O(1)—C(2) 2.43 2.39 2.13 2.33
—24.33 —28.25 —7.46 —5.58
C(2)—C(3) 1.84 1.84 1.96 2.08
—16.98 —14.98 —18.34 —14.63
C(2)—C(3A) 1.17 2.20 —
-3.32 -22.13
O(1A)—C(2A) 2.52 —
-2.00
H(1)...0(1A) 0.22 0.45 —
3.18 3.29

* For each bond, listed are the p(r) (in e A=3) and V2p(r)
(in e A=5) values at the (3, —1) critical point.
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Fig. 3. Static DED maps in the plane of the non-hydrogen
atoms in acetylacetone molecule constructed for models 3A (a)
and 3B (b) according to the multipole refinement data. Isolines
are drawn with an increment of 0.1 e A=3.

function at the (3, —1) critical points of the C—O and
C=C bonds (see Table 1) .

Thus, we obtain quite an unexpected result using the
same array of X-ray diffraction data and almost identical
structural models (except the position of the H(1) atom).
Namely, the topology of the p(r) function in the region of
the H-bond identically describes the ground state and the
transition state of proton transfer. It should be noted that
if in the ground state the H-bond in molecule 3 corre-
sponds to the intermediate type of the atom-atom inter-
actions (this is similar to molecules 1 and 2), both O—H
interactions in the "hypothetical” transition state corre-
spond to the shared type, which was proposed for benzoyl-

acetone.?3 Since analysis of thermal parameters and ge-
ometries of the keto-enol rings in molecules 1 and 2 over
a wide temperature range excludes disorder, we can sug-
gest that the shared type of interactions that was revealed
for the H-bond in benzoylacetone?3 is an artifact.

The data presented here show that the low barrier to
proton transfer along the H-bond line in keto-enols is not
always responsible for dynamic disorder in the crystal.
For instance, no disorder of the H-bonded ring in com-
pound 1 (barrier to proton transfer is at most 3 kcal mol~!
according to B3LYP/6-31G** calculations) was found in
the 100—353 K range. At all temperatures, only one, the
most energetically favorable, tautomer 1A (Fig. 4) was
realized in the crystal.12

Analysis of the intermolecular contacts showed that
stabilization of tautomer A in the crystal of compound 1 is
likely due to the presence of weak intermolecular contacts
(e.g., C—H...O) and the stacking interaction of the keto-
enol rings (Figs 5 and 6), which lead to substantial in-
crease in the barrier to proton transfer.12

However, it is more correctly to analyze the effect of
the crystal packing on proton transfer using a system with
equivalent keto-enol tautomers, in which (in contrast to
acetylacetone) all atoms of the H-bonded ring occupy
general positions. The best example is provided by tetra-
acetylethane (4, Fig. 7).28 According to the data of a
neutron diffraction study,?? at 298 K the molecule in the
crystal is located on axis 2 that passes through the mid-
point of the C(2)—C(2A) bond and, therefore, one of the
keto-enol rings occupies a general position. With allow-
ance for the shorter O...O distance in molecule 4 com-
pared to 3 (2.450 vs. 2.547(1) A, respectively) and for
equalization of the bond lengths in the keto-enol ring at
298 K (Q = 0.033),2 it was of interest to assess the possi-
bility of proton transfer upon raising the temperature.

Indeed, lowering the temperature to 110 K leads to
significant changes in the molecular geometry compared

_________

\
'
1

‘

0(2) I 0(1)

Fig. 4. DED distribution in the region of the keto-enol ring in
molecule 1. Isolines are drawn with an increment of 0.1 ¢ A=3.
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Fig. 6. Interaction between the nt-systems of the H-bonded keto-
enol rings in the crystal of compound 1.

to the data28 obtained at 298 K. In particular, egialization
of the bond lengths in the six-membered H-bonded ring
at 110 K is much less than at 298 K, namely, the Q value
increases from 0.033 to 0.085 A, respectively. Further
heating to 350 K leads to almost complete equalization of
the bond lengths in the keto-enol ring (Fig. 8).

The observed temperature dependence of the bond
lengths in molecule 4 indicates a dynamic disorder, which
is confirmed by the analysis of differences between the
root-mean-square amplitudes of the "counter”-displace-
ments. For instance, at 110 K the bond lengths in the
keto-enol fragment of compound 4 meet the Hirshfeld
test25 (average A values are 6.6+ 10~* A2), whereas raising
the temperature to 200 K causes the A values to increase
to 28.8+ 104 (see Ref. 28). Thus, equalization of the bond
lengths in the crystal of compound 4 at 298 K as well as

O
H(4B) H(4C)

Fig. 7. General view of molecule 4 according to data X-ray
diffraction studies at 120 K.

lengthening of the bonds are due to dynamic disorder
caused by superposition of the tautomers rather than de-
localization of the electron density as a result of the for-
mation of a 3c—4e H-bond.

Taking into account the dynamic character of disor-
der in molecule 4, we can assume that the unequivalence
of tautomers is due to specific intermolecular contacts
that weaken with increasing the temperature, which re-
sults in a decrease in the barrier to proton transfer along
the H-bond line. Indeed, analysis of the crystal packing
showed that the O(2) atom is involved in the forma-
tion of the moderate intermolecular contact C—H...O
(C(4)—H@4C)..02") (1/2 + x, 1/2 + y, 1+2 — 2):
H(4C)...02") 232 A, C(4)..02") 3.368(1) A,
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Fig. 8. Bond length differences d; and d, in the keto-enol ring of
molecule 4 plotted vs. temperature.

C(4)—H(4C)—0(2") 163°) (Figs 9 and 10). As the tem-
perature increases, the C...O distance characterizing the
strength of the contact changes from 3.369(1) at 110 K to
3.407(2) A at 298 K .28

Analysis of the topological parameters at the (3, —1)
critical point of the C(4)—H(4C)...O(2) contact showed
that although it belongs to the closed-shell type of inter-
actions (p = 0.095(2) e A=3, V2p(r) = 1.34(1) e A3, v(r) =
—0.009306 a.u., A (r) = 0.002294 a.u.), the interaction
energy calculated from Eq. (4) is 5.8 kcal mol~!. There-
fore, this contact in molecule 4 is responsible for the
increase in the barrier to proton transfer in the crystal,
thus leading to inequivalence of the keto-enol tautomers
and to asymmetric O—H...O bond at 110 K. In turn,
weakening of this intermolecular interaction with an in-
crease in temperature levels the energy difference be-
tween the tautomers, which manifests itself in equaliza-
tion of the bond lengths in the H-bonded ring.

Table 2. Topological parameters at the (3, —1) critical points of
the p(r) function and energies of H-bonds in molecules 1—4

Com- O..0 p(r) V() —v(r) —E ont
po- /A /e A3 Je A5 Jau. /kcal mol~!
und

1 2.442(1) 0.554 5.23 0.1084 34.01

4 2.450(1) 0.517 8.35 0.108 33.88

3 2.507(1) 0.527 1.40 0.0869 27.26
2% 2.547(1) 0.451 3.29 0.0745 23.37

* For compound 2 we present the topological parameters ob-
tained from B3LYP/6-31G** calculations.

Thus, the results we have obtained for a number of
keto-enols unambiguously indicate that correct analy-
sis of intramolecular H-bonds is only possible if X-ray
diffraction studies involve a detailed analysis of experi-
mental data including the atomic displacement pa-
rameters.

Taking into account the fact that the H-bond strength
in keto-enols 1—4 is different (O...O distance varies from
2.442(1) A in 1 to 2.547(1) A in 2), it was interesting to
compare the changes in the H-bond energies (E,,,;) of
compounds 1—4 estimated from the correlation equa-
tion (4)15 with the changes in the geometric parameters of
these molecules (Table 2).

As mentioned above, according to the data of X-ray
diffraction studies, the topological parameters at the
(3, —1) critical points of the intramolecular H-bonds in
compounds 1—4 correspond to the intermediate type of
the atom-atom interactions; this is immediately indicated
by the negative values of /.(r) and positive values of V2p(r).

As can be seen, there is no correlation between the
electron density values at the (3, —1) critical points of the

Fig. 9. C—H...O-Bonded chains in the crystal of compound 4.
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Fig. 10. DED distribution in the plane of the keto-enol ring in
the crystal of compound 4, illustrating the formation of C—H...O
contact. The contour lines were drawn with an increment
of 0.1 e A—3.

H-bonds and the O...O distance, whereas the energies
calculated using Eq. (4) increase as the O...O distance is
shortened.

All the systems with H-bonded rings considered above
have a "symmetric" structure of the B-diketone fragment.
Because of this, it was interesting to elucidate the charac-
ter of the atom-atom interactions in the region of the
intramolecular H-bond in the systems with chemically
inequivalent oxygen atoms (and, hence, with high barri-
ers to proton transfer along the H-bond line). In this work
we studied the enol forms of (diphenylphosphoryl)acyl-
acetonitriles 5—8 whose molecules contain a phosphoryl
fragment instead of the second carbonyl group.30—33

0-H 0
E:>P// % R =Me (5), — ](6),
Y—( S
///C R _@ (), _©_F(8)
N
5-8

Interest in these compounds is due to two features.
These are strong intramolecular H-bonds both in the crys-
tal3%:33 and in solution31-32 and an increase in the degree
of delocalization of the mt-electron density in the H-bonded
ring with an increase in the strength of intramolecular
H-bonds3%—33 (this is similar to keto-enols).

But unlike keto-enols the barrier to proton transfer in
compounds 5—8 is very high3! and the equilibrium be-
tween phosphoryl-enol (B)—hydroxy-ylide ketone (C) is
shifted toward tautomer B (Scheme 3).

In all these compounds, the H-bonds are strong. The
shortest O...0 distance was found in the furyl-containing
compound 6 (O(1)...0(2) 2.522—2.528(3) A), whereas
the H-bond in the thiophene derivative 7 is weaker
(0(1)...0(2) 2.607(2) A). Other geometric parameters of
the H-bonded ring, namely, the C—O and C=C bond

Scheme 3
\” ..... —_
R /o / H\ /o H
d = > Do >p 0
TR T 7 o= o7 Sod
NC R Vs ;TR
A NC R NC R
B C

lengths are almost the same despite the variation of the
0...0 distance.

Compounds 5—8 differ only in substituent at the C(2)
atom. Therefore, we can assume that the change in the
strength of the H-bond and its decrease in molecule 7 are
due to specific stereoelectronic interactions between sul-
fur atom and hydroxyl group in the H-bonded fragment.
However, B3LYP/6-311G** calculations showed that, in
contrast to the crystal, the O(1)...0(2) interatomic dis-
tances in isolated molecules 5—8 differ only slightly
(2.537—2.557 A) and this distance in compound 7 be-
comes even some shorter (2.537 A).

Analysis of the topological characteristics of the
p(r) function in the region of the H-bond showed that
these bonds in molecules 5—8 correspond to the inter-
mediate type of the atom-atom interactions (p(r) =
0.402—0.440 ¢ A—3, V2p(r) = 3.72—3.85 ¢ A5, and
hy(r) =—0.14—0.12 a.u.). Therefore, this type of the atom-
atom interactions for strong H-bonds is characteristic of
not only low-barrier H-bonds but also of the H-bonds
characterized by high barrier to proton transfer. Semi-
quantitative estimates of the H-bond energies in com-
pounds 5—8 are as follows: 19.45, 20.57, 21.92, and
21.49 kcal mol~!, respectively. Thus, in spite of similar
geometric parameters of the H-bonds in molecules 2
and 5—8, the bonds in the latter group are somewhat
weaker.

Analysis of the crystal packing showed that the ob-
served weakening of the H-bond in molecule 7 is due to
the intermolecular contact involving the H(20) atom,
which is responsible for the formation of a centrally sym-
metric dimer (Fig. 11). This intermolecular contact is
appreciably weaker than the O—H...O intramolecular
bonds in molecules 5—8 (see above). In particular, the
0(1)...0(2A) distance is increased to 2.899(3) A, while
the angle at the hydrogen atom is 112° (c¢f. 2.607(3) A
and 159°, respectively, for the intramolecular H-bond).

These intermolecular contacts of the H-bonded rings
are not rare in the crystal structures; in particular,
an analogous centrally symmetric dimer with the dis-
tance between the oxygen atoms of hydroxyl groups of
2.849(1) A was found in the crystal of compound 1.12 It
should be noted that in spite of a relatively high energy of
this contact (1.75 kcal mol~!), the presence of this con-
tact in the crystal of compound 1 did not lead to signifi-
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Fig. 11. Dimer formed through O—H...O bonds in the crystal of
compound 7.

cant weakening of the intramolecular H-bond compared
to the isolated molecule (see Fig. 5).

Thus, our X-ray diffraction and quantum chemical
studies of a number of enol forms of (diphenylphospho-
ryl)acylacetonitriles 5—8 showed that despite the high
barrier to proton transfer the intramolecular H-bonds in
these compounds are similar in properties to correspond-
ing intramolecular H-bonds in keto-enols. However, a
decrease in the H-bond energy leads to the situation where
even weak intermolecular contacts in the crystal affect
this energy to a greater extent compared to variation of
the substituent at carbon atoms in the H-bonded ring.

Based on this, we can conclude that correlations
between the H-bond strength and the electronic effects
of substituents in the H-bonded ring obtained in sys-
tematic X-ray diffraction studies of strong intramolecu-
lar H-bonds involving (strongly) chemically inequi-
valent proton donor and acceptor can include system-
atic errors that are due to occurrence of weak compet-
ing interactions in crystals with poorly distinguishable
effects.

The dependence of the topological parameters at the
(3, —1) critical points of the H-bonds (first of all, the v(r)
parameter) on the O...O distance makes it possible to
employ this approach for comparing the O—H...O bonds
in keto-enols with other strong intramolecular H-bonds,
such as N—H...O, O—H...N, and N—H...S.

We have chosen and studied a number of compounds
characterized by the shortest H-bonds of each type. For
instance, the O...N distances (2.481(1) and 2.5238(6) A)
in keto enamines 9 and 10 (Fig. 12) are shorter than in
some keto-enols 1—4 (see Table 2) studied earlier?4 even
ignoring the difference between the van der Waals radii of
O and N atoms.

It should be noted that shortened O...N distances are
generally atypical of Schiff bases? and occur only in the
presence of shortened intramolecular contacts. Such sys-
tems were particularly named "sterically modified Schiff
bases".

Indeed, as in the "sterically modified Schiff bases"
studied earlier,34—3% the formation of the six-membered
H-bonded ring in molecules 9 and 10 24 leads to realiza-
tion of shortened intramolecular contacts H...H, namely,
H(6)...H(8A) 1.92 A and H(1)...H(13) 2.01 A. It should
be noted that in (5)-1-phenylethylimino-(.5)-(4-hydr-
oxy[2.2]paracyclophan-5-yl)phenylmethane character-
ized by one of the shortest O—H...N bonds (O...N
2.465 A) a similar H...C intramolecular contact between
the CH, group of the ethylene bridge and the phenyl

Fig. 12. General view of molecules 9 and 10; the atoms are represented by thermal probability ellipsoids (p = 50%).
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Fig. 13. Fragment of N—H...O-bonded chain in the crystal of compound 10.

substituent at the nitrogen atom is as long as 2.41 A (see
Ref. 37).

B3LYP/6-311G(d,p) quantum chemical calculations
of the imina-enol and keto-amine tautomers 9 and 10
(Scheme 4) showed that their energies differ ony slightly
(3.37 and 3.27 kcal mol~!, respectively). For both com-
pounds the energy minimum corresponds to the imina-
enol tautomer. Despite the low barrier to proton transfer
(at most 3.81 kcal mol~! for 9), at 110 K the molecules in
the crystals 9 and 10 are ordered (A < 6.6-10~4 A2).

Scheme 4

O/H.,'N/\\ O_.-H\N/\\

I| F5C Nj | _ F,C Nj

1\

N N
H H
9A 9B
H. H
o N\ oSN\
I NH I NH
— == —
[re F
HF,C HF,C
10A 10B

The low barrier to proton transfer provides an expla-
nation for such an appreciable strengthening of the
H-bonds in the sterically modified Schiff bases. Indeed,
in the transition state of proton transfer the O...N dis-
tance is shortened to 2.401 A, the "cost” of the shortening
being only 3 to 5 kcal mol~!. Therefore, the H-bond in
keto enamines is readily deformable and is the first to be
changes in the sterically overcrowded molecules.

One should also expect a similar effect for keto-enols.
This is confirmed by analysis of the published data, accord-
ing to which the shortest O...O distances (2.374—2.389 A)
occur in the structures with shortened intramolecular con-
tacts (Cambridge Structural Database refcodes DPTBUO,
LOJPEF, COPKIB, NMALM, and PINHOJ)*.

In contrast to isolated molecules, the less energeti-
cally favorable tautomer B is observed in the crystal of
compound 10. A possible reason for stabilization of this
tautomer is the formation of an additional, not too
strong, intermolecular bond N—H...O (N(1A)...O(1)
2.7705(6) A), through which the molecules are linked
into chains (Fig. 13).

It should be noted that if we are based only on the
analysis of geometric parameters, it is logical to assume a
large contribution of the zwitter-
ionic form in the case of com- _O.-'H\Kj/\
pound 10. This is first of all in- I NH
dicated by the C—O bond length =
equal to 1.3068(5) A and by the CF2
H(4N)—O(1)—H(INA) bond HF,C
angle (112°). Taking into ac-
count that strong H-bonds are highly directed interac-
tions, that is, the hydrogen atom is directed toward the
lone electron pair (LP) of the oxygen or nitrogen atom
(Fig. 14), it is logical to assume localization of three LPs
on the O(1) atom in molecule 10 (Fig. 15). However, the
three-dimensional DED section (Fig. 16) and analysis of
the —V2p(r) values at the (3, —3) critical point show that
only two LPs lying in plane of the phenyl ring are local-
ized on the O(1) atom. Moreover, the atomic charge of
oxygen obtained by integrating the atomic basin O(1) in
compound 10 (—0.71 e) is somewhat smaller than the

* Refcode is a crystal structure descriptor in the Cambridge
Structural Database; all of them are given in accord with Cam-
bridge Crystallographic Database, release 2005.
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Fig. 14. DED distribution in the plane of the ring formed involv-
ing the O—H...N bonds in molecule 9.

Fig. 15. DED distribution in the plane of the O—H...N-bonded
ring in molecule 10 (a) and in the plane of the intermolecular
H-bond (b).

Fig. 16. Three-dimensional DED section in the crystal of com-
pound 10 (shown is the isosurface 0.3 e A—3).

atomic charge of the carbonyl oxygen, O(2), in com-
pound 2 (—0.87 e).

Search for the (3, —1) critical points of the p(r)
function in crystals 9 and 10 showed that the forced
intramolecular contacts H...H correspond to chemi-
cal bonds. The topological parameters at these (3, —1)
critical points show that the H...H interactions
(p(r) = 0.088(4)—0.112(4) e A=3 and Vp(r) =
1.37(1)—1.39(1) e A=3) are comparable with the moder-
ate C—H...O contacts.12:15:28,38 [ndeed, estimates of the
energies of the H...H interactions in molecules 9 and 10
from Eqn. (4) give 2.80 and 3.43 kcal mol~!, respectively.

Analysis of the (3, —1) critical points in the region of
the N—H...O and O—H...N bonds in molecules 9 and 10
showed that only the intramolecular H-bonds correspond
to the intermediate type of the atom-atom interactions
(ho(r) = —0.011124 and —0.009247 a.u.), whereas the in-
termolecular H-bond belongs to the closed-shell interac-
tions (A.(r) = 0.007447 a.u.). Comparison of the topo-
logical parameters of the O—H...N and N—H...O bonds
with those of the O—H...O bond shows that although the
intramolecular H-bonds in compounds 9 and 10 are
shorter (with allowance for the difference between the
van der Waals radii of O and N atoms), the energies of the
latter are lower (see Tables 2 and 3). In turn, comparison
of the N—H...O and O—H...N bonds using the published
data3 for the Schiff bases I—III shows that they are char-
acterized by higher energies, which can be explained by
both larger van der Waals radius and higher diffusivity of
the LP of the nitrogen atom.

The decrease in the H-bond energy leads to the change
in the interaction type from the intermediate to the closed-
shell type. Therefore, it was logical to assume that this
type of interactions will also be observed for the N—H...S
bonds for which the N...S distance is comparable with the
intramolecular interactions considered above (with al-



12 Russ.Chem.Bull., Int.Ed., Vol. 55, No. 1, January, 2006

Lyssenko and Antipin

Table 3. Topological parameters at the (3, —1) critical points of the p(r) function and energies of hydrogen

bonds in compounds 9, 10, and I—IIT*

Com- H-bond 0...0 p(r) V2p(r) —v(r) —E.ont
pound /A /e A3 /e A3 /a.u. /kcal mol~!
9 O—H...N (intra) 2.481(1) 0.514 8.1 0.1066 33.44
10 N—H...O (intra) 2.5238(6) 0.357 3.5 0.0550 17.26
10 N—H...O (inter) 2.7705(6) 0.174 4.0 0.0268 8.41
I O—H...N (intra)* 2.5626(5) 0.43 5.0 0.0758 23.78
I N—H...O (intra)* 2.6379(5) 0.25 3.1 0.0344 10.79
111 N—H...O (intra)* 2.6688(5) 0.19 3.1 0.0257 8.06
* Topological analysis data taken from Ref. 39.

f Y

Ph\N

J NO,
1 ~0--HN 1|
O,N |
NO,
|

lowance for the difference between the van der Waals
radii, that is, 0.34 and 0.65 A compared to the nitrogen
and oxygen atoms).

In order to check this assumption, we carried out an
X-ray diffraction and B3LYP/6-311G(d,p) quantum
chemical study of compound 11 (Fig. 17). Compound 11
exists in zwitterionic form both in the crystal and in the
gas phase (formal positive charge is localized on the N(1)
atom and the negative charge is localized on cyano-
thiamide fragment). The N—H...S bond in this molecule

S
S~ H()
Q

Fig. 17. General view of compound 11; the atoms are repre-
sented by thermal probability ellipsoids (» = 80%).

@EP
o

Fig. 18. DED section in the plane of molecule 11. The isolines
are drawn with an increment of 0.1 e A=3.

belongs to the strongest bonds of this type known to
date (N(1)...S(1) 2.9617(5) and 2.991 A, respectively)4?
(Fig. 18).

Charge calculations performed by integrating the
atomic basins in the crystal of compound 11 showed that,
although no zwitterionic structure was observed, it is pos-
sible to distinguish the regions of positive and negative
charges. For instance, the positive charge is mainly local-

H(2A) +0.53

c(12)

H(1) +0.24
+0.75 4

o ]
e 2

D N@3)-1.06

H(1)+0.19  H(1) +0.27

Fig. 19. Molecular graph and charges obtained by integrating
the atomic basins in 11: (3, —1) critical point (/) and (3, +1)
critical point (2).
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ized on carbon atoms of the nitrogen-containing ring and
the negative charge is mainly localized on the S(1), C(3),
C(8), and C(10) atoms and on all nitrogen atoms (Fig. 19).

Analysis of the topological parameters at the (3, —1)
critical point of the N—H...S bond showed that in spite of
sufficiently low p(r) and V2p(r) values (0.23(1) e A=3 and
2.05(2) e A3, respectively), the h.(r) value is negative
(—0.0036 and —0.00668 a.u. in the crystal and in isolated
molecule, respectively). Hence, as in all the intramolecu-
lar H-bonds in compounds 1—10 considered above, here
the N—H...S bond corresponds to the intermediate type
of the atom-atom interactions. The energy of this bond,
estimated from Eqn. (4), is 8.9 kcal mol~!, which is only
slightly higher than the corresponding values for the in-
termolecular bond N—H...O in molecule 10 (see Table 3).

Thus, we can assume that the intermediate type of
interactions that was detected in compounds 1—11 is first
of all due to the presence of delocalized n-electron system
in the H-bonded ring rather than a consequence of high
energy of the H-bond.

The topological analysis of the p(r) function offers
undoubtful advantages for the studies of intramolecular
H-bonds. In spite of this the lack of unambiguous meth-
ods of estimating the bond energies (see above) makes it
impossible to check to which extent the E_, ; values ob-
tained from the correlation equation (4) correspond to
the actual bond strengths.

However, in our X-ray diffraction and quantum chemi-
cal studies of phosphorylated thiazolidin-4-ones (12) we
succeeded not only in studying the reasons for stabiliza-
tion of particular isomers but also in demonstrating the
applicability of the approach described above for estimat-
ing the energies of intramolecular H-bonds.4!

Analysis of the 3!P and 'H NMR spectra showed that
the shift of the E,Z-12—7 7Z-12 equilibrium is governed
by the solvent polarity. For instance, in nonpolar sol-

vents, such as C¢Dyg, the equilibrium is shifted toward the
E,Z-isomer. On the contrary, in polar protic (CD;0D) or
aprotic bipolar solvents (CD;C(O)CD; or DMSO-dg) the
FE,Z-isomer becomes a minor one and the E,7Z/Z, Zratio is
23/77 (CD;0D), 20/80 (DMSO-dg4 : CCly = 2 : 8);
and 9/91 (DMSO-d¢ : CCly = 1: 1) (Scheme 5).

Scheme 5

H H

Me0,C /S\_(o MeO,C /g\_(o

S NH = S NH

X X

H” “P(O)(OEt), (Et0),(O)P~ "H
EZ-12 Z,Z-12

The X-ray diffraction study of the F,Z- and Z,Z-iso-
mers showed that they are stabilized through nonvalent
contacts (C=0...S and P=0...S), C=0...S contact, and
the N—H...O=P hydrogen bond (Fig. 20).

In the crystal of E,Z-12, molecules form centrally
symmetric dimers through the intermolecular bonds
N—H...0 (N(3)...0(1A) 2.877(3) A), which by anal-
ogy with compounds 5—8 considered above should
lead to appreciable weakening of this bond. Indeed,
B3PW91/6-31G* quantum chemical calculations showed
that the N(3)—H(3N)...O(1) bond in isolated molecule
E,Z-12 is much stronger (N(3)...0(1) 2.745 A) than in
the crystal (2.951(1) A) or in the isolated dimer formed
involving the N—H...O bonds (2.940 A).

Apparently, the estimate of the energy of the inter-
molecular H-bond as the difference between the dimer
energy and the doubled energy of noninteracting mol-
ecules is a rough approximation, because this value

E.Z-12

Z,7-12

Fig. 20. General view of the Z,Z-12 molecule and E,Z-12 dimer formed involving N—H...O bonds.
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(3.2 kcal mol~! with inclusion of ZPE) also includes the
contribution due to the weakening of the intramolecular
H-bond.

At the same time the energies of H-bonds in the dimer
and monomer can be independently evaluated using the
topological analysis of the p(r) function. For instance, the
energy of intramolecular H-bond calculated from Eqn. (4)
is 8.26 kcal mol~! for isolated molecule E,Z-12 and de-
creases to 3.95 kcal mol~! for the dimer. In turn, the
energy of the intermolecular H-bond is 6.23 kcal mol~!.

Considering that the energies of the S(1)...0(5) inter-
action in the dimer and in the isolated molecule are equal
(4.26 kcal mol~!) and that in the dimer we can also distin-
guish the O(1)...0(1A) interaction (2.93 kcal mol~!) simi-
lar to those found for compound 1 (see Ref. 12) and for
the Schiff base I1I (see Ref. 39), we get that the dimeriza-
tion energy is 6.67 kcal mol~!. Thus value is in excellent
agreement with that obtained as the energy difference
between the dimer and monomer (6.40 kcal mol™!).
Therefore, our approach provides quite accurate estimates
of the H-bond energies and, as can be seen, it is almost
twice as large as the value listed above.

Our results also make it possible to explain the equi-
librium between isomers observed in solution. Indeed,
B3PW91/6-31G* quantum chemical calculations showed
that in the isolated state the E,Z-12 isomer is energeti-
cally more favorable (energy difference between E,Z-12
and Z,Z-12 is 6.5 kcal mol~! with inclusion of ZPE),
which is consistent with NMR data. Since the F,Z-12
isomer is mainly stabilized through the H-bond, its weak-
ening can and probably does level the energy difference
between the E,Z-12 and Z,Z-12 isomers.

Thus, our study for the first time made it possible
to study the nature of strong intramolecular H-bonds
(N—H...O, O—H...0, O—H...N, and N—H...S) and to
estimate their energies in relevant molecules. From the
experimental data and results of quantum chemical cal-
culations it follows that, in contrast to the geometric pa-
rameters, the results of topological analysis of the p(r)
function allow the energies of the interactions with differ-
ent proton donors and acceptors to be compared cor-
rectly. On the contrary, the values of geometric param-
eters can include systematic errors, which cannot be re-
vealed without detailed analysis of anisotropic thermal
parameters. Additionally, the distance between the pro-
ton donor and acceptor (X...Y) is strongly dependent not
only on the degree of delocalization of the electron den-
sity in the H-bonded ring but also on weak intramolecular
interactions, e.g., H...H contacts. Owing to low barrier to
proton transfer, the occurrence of such interactions ap-
pears to be sufficient for appreciable shortening of the
X...Y distance.

This work was carried out with the financial support
from the Russian Foundation for Basic Research (Project

No. 06-03-32557-a), the Council on Grants at the
President of the Russian Federation (Program for the
State Support of the Leading Scientific Schools (Grant
NSh 1153.2006.3) and young Ph.D. researchers (Grant
MK-1054.2005.3)).
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