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Hydrogen bond in 3-acetyl-4-hydroxycoumarin: X-ray diffraction study
and quantum-chemical calculations
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The proton transfer and the character of the strong intramolecular O—H...O hydrogen
bond (O...0 2.442 A) in 3-acetyl-4-hydroxycoumarin were analyzed based on the results of
X-ray diffraction study in the temperature range from 100 to 353 K and quantum-chemical
B3LYP/6-31G(d,p) calculations. The barrier to proton transfer along the H-bond line is low
(2 kcal mol™1). However, no proton transfer was observed in the crystal at 100 K. Bader's
topological analysis of the electron density distribution both in the crystal and in the isolated
molecule demonstrated that the hydrogen bond corresponds to an intermediate type of
interatomic interactions (E(r) < 0, V2p(r) > 0 at the critical point (3, —1)).
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cis-Enols of B-diketones represent a known class of
organic compounds with rather strong intramolecular
hydrogen bonds (hereinafter, H-bonds). The low barriers
to proton transfer (e.g., 4.2 and 2.9 kcal mol™! for
malonaldehyde and acetylacetone, respectivelyl) allow
one to attack the fundamental problems of theoretical
chemistry, such as proton transfer2-3 and the possibility
of the formation of symmetrical four-electron three-
center 4e,3c-hydrogen bonds,4 in studies of the tauto-
meric keto-enol equilibrium. Detailed information on
the nature of H-bonds can be obtained by different
physicochemical methods (NMR and IR spectroscopy,
neutron diffraction studies, X-ray diffraction analysis,
and quantum-chemical calculations>:6).

High-resolution X-ray diffraction studies of systems
containing hydrogen bonds are of particular interest
because this method enables one not only to accurately
determine the geometric parameters of the molecules
and to analyze the character of thermal motion of the
atoms, but also (which is more attractive) to study the
nature of H-bonds by examining the electron density
distribution function p(r) in the crystal.”

One of modern approaches to the analysis of the
experimental and theoretical p(r) functions is based on
the topological theory known as "Atoms in Molecules”
(AM).8 This theory allows one to unambiguously reveal
the existence of a chemical bond between two atoms
based on the critical points (CP) of the p(r)* function

* The presence of the CPs (3, —1) in the interatomic space is a
necessary and sufficient criterion for the formation of a chemi-
cal bond.8 At this point, the Hessian has non-zero eigenvalues
and the algebraic sum of their signs is equal to —1.

and to relate the topology of the electron density distri-
bution to the local energy contributions and, hence, to
elucidate the character of interatomic interactions.8—10
The last-named possibility stems from the fact that the
Laplacian of the electron density distribution function
V2p(r) appears in the local expression of the virial
theorem:9>10

(1?/4m)V2p(r) = 2G(r) + ), ey

where G(r) and W(r) are the local densities of the kinetic
and potential energies, respectively. Since, by definition,
G(r) > 0 and M(r) < 0, not only does the sign of V2p(r)
signify the local accumulation or depletion of the p(r)
function at the point r, but it also indicates which local
contribution to the energy predominates upon the for-
mation of the chemical bond.8—10

The type of chemical bonding in a molecular system
can be determined within the framework of the AM
theory from the sign of V2p(r) and the local electron
energy E(r) at the CPs (3, —1).91® The bonds are
classified in shared (covalent) bonds if E(r) < 0 and
V2p(r) < 0 and bonds corresponding to closed-shell
interactions if E(r) > 0 and V2p(r) > 0.19 From Eq. (1) it
follows that the Laplacian V2p(r) can also take positive
values at negative E(r). Hence, a specific intermediate
type of interactions characterized by E(r) < 0 and
V2p(r) > 0 is distinguished.

Using 3-acetyl-4-hydroxycoumarin (1) as an example,
in the present study we analyze (within the framework of
the AM theory, which was briefly outlined above) the
agreement between the results of quantum-chemical cal-
culations of isolated systems containing strong intramo-
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lecular H-bonds and the data of X-ray diffraction studies
of the corresponding crystals. We also elucidated the
question of whether the calculated barrier to proton
transfer always corresponds to the occurrence of the
tautomeric equilibrium in the crystal.

Results and Discussion

Recent X-ray diffraction study of 3-acetyl-4-
hydroxycoumarin at 153 and 298 K11 has demonstrated
that tautomer 1A with an intramolecular H-bond (O...O
2.442 A) (Scheme 1) predominates in the crystal. An
analogous conclusion was drawn based on the results of
photoelectron spectroscopy of compound 1 in the gas
phase.!! However, the complex shape of the ionization
bands (broadening) did not rule out the presence of
tautomer 1B since the first ionization potentials calcu-
lated for tautomers 1A and 1B by the semiempirical
AM1 method were found to be close (9.17 and 9.04 eV,
respectively; cf. the experimental value of 9.10 eV).
According to the HF/6-31G(d,p) quantum-chemical cal-
culations,!! tautomer 1A has a lower energy than 1B;
however, the energy difference is less than 1 kcal mol™!.
Apparently, rapid proton transfer in the tautomers can
occur both in the gas phase and in the crystal. However,
calculations by the HF method did not reproduce the
experimental geometry of molecule 1 and gave the sub-
stantially overestimated O...O distance (2.515 A) and an
underestimated degree of equalization of the bond lengths
in the H-bonded six-membered ring.

Scheme 1
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Static or dynamic disorder of the central H atom is
highly probable to be observed in X-ray diffraction
studies of such systems containing strong short H-bonds.
This disorder occurs due to either the presence of both
tautomers or rapid proton transfer in the crystals (see,
for example, the data for acetylacetone!2). In both cases,
the superposition of the tautomers in the unit cell must
lead to equalization of the effective bond lengths in the

crystal, thus modeling the 4e,3c-hydrogen bonding. The
symmetry of the position occupied by the molecule in
the crystal can also lead to substantial disorder. Hence,
when interpreting the results of X-ray diffraction studies
of such systems, special attention should be given to
analysis of anisotropic atomic displacement parameters
in crystals.12

Hirshfeld's test!3 is one of the most frequently used
criteria for the ordered/disordered arrangement of mol-
ecules in crystals. According to this criterion, the differ-
ences (A) between the mean-square amplitudes of the
"oncoming" atomic displacements for pairs of atoms
linked by chemical bonds (except for H atoms) in
ordered crystal structures should be no larger than
~10- 1074 A2. In particular, the X-ray data for acetyl-
acetone demonstrated that the symmetry plane (the
space group Pnma, Z = 4) in the crystal passes through
the midpoint of the O...O line (the O...O distance is
2.547(1) A) perpendicular to the plane of the molecule.
This fact does not allow the direct elucidation of the
nature of disorder even based on the X-ray diffraction
data collected at different temperatures. This conclusion
was confirmed not only by the results of analysis of
difference electron density maps in the region of the
H-bond, but also by high A values (from 17-107* to
56+ 107* A2) for the bonds in the H-bonded six-mem-
bered ring observed throughout the experimental tem-
perature range (110—210 K). Therefore, the above-
mentioned symmetry plane in the acetylacetone mol-
ecule results from the superposition of two equivalent
tautomers rather than from the formation of the
4e,3c-hydrogen bond.12 The results of analysis of ther-
mal motion of the atoms in the crystal of acetylacetone
at 110 and 210 K agree well with those of IR studies
carried out at different temperatures and with the results
of quantum-chemical calculations performed with the
complete basis set (CBS-4).1

Analogous analysis!! of the amplitudes of the "on-
coming" atomic displacements in molecule 1 at 153 K
demonstrated that most of the bonds in the keto-enol
fragment do not satisfy Hirshfeld's criterion (the average
A value is 151074 A2), which may be indicative of the
presence of an insignificant amount of tautomer 1B in
the crystal. Taking into account the results obtained for
1 by photoelectron spectroscopy in the gas-phase and
the A values for the crystal of 1 at 153 K and in view of
the fact that the barrier to proton transfer obtained from
HF/6-31G(d,p) calculations!! is low, in this work we
carried out an X-ray diffraction study of the same single
crystal of compound 1 in a wide temperature range
(100—353 K) in order to elucidate the character of the
tautomeric equilibrium in the crystal.

Since reliable estimates of the experimental geometry
of systems with H-bonds can be obtained only in quan-
tum-chemical calculations with inclusion of electron
correlation (see, e.g., Ref. 14), the tautomers 1A and 1B
and the proton transfer in molecule 1 were studied
within the framework of the density functional theory
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Table 1. Selected crystallographic parameters and characteris-
tics of the refinement of the crystal structure of 1 at 100—353 K

Parameter 100 K 200 K 300 K 353 K
Molecular 204.17
weight
F(000) 424
Space group P2,/c
a/A 10.1990(2) 10.2473(7) 10.3193(9) 10.371(2)
b/A 5.154(1) 5.1551(3) 5.1605(5) 5.1525(8)
c/A 16.7930(3) 16.913(1) 17.071(1) 17.194(3)
B/deg 100.617(1) 100.075(1) 99.337(2) 98.855(4)
V/A3 867.67(3) 879.7(1) 897.0(1) 907.8(4)
deare/g cm™3 1.563 1.542 1.512 1.494
w(Mo-Kar)/cm™! 1.21 1.19 1.17 1.15
20max/deg 98 60 60 60
Number of 21588 8786 8768 9350
measured
reflections
Number of 7587 2520 2517 2621
independent (0.023) (0.019) (0.020) (0.031)
reflections (Rjpy¢)
WwR, calculated 0.1616 0.1359 0.1301 0.1493
based on F?2 using
all reflections
R, calculated 0.0614* 0.0454 0.0451 0.0481
based on F (using (4914) (1902) (1566) (1456)
reflections
with 1> 20([))
GOF 1.004 1.002 0.929 0.911

* The R, value calculated using the data of the multipole refine-
ment using 3220 reflections with 7 > 3c(/) and sin6/A < 0.90 A™!
was 0.038.

with the three-parameter B3LYP functional and the
6-31G(d,p) basis set using the GAUSSIAN-94W pro-
gram package.15

Analysis of thermal vibrations in the crystal of 1

Judging from the changes in the parameters and unit
cell volume (Table 1) of the crystal of 1 (Fig. 1) at
100—353 K, no phase transition occurs in this tempera-
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Fig. 1. Overall view of the 3-acetyl-4-hydroxycoumarin mol-
ecule.

ture range. Analysis of the anisotropic atomic displace-
ments in molecule 1, which was performed using the
THMA-11 program16 within the framework of the LTS
model,17 demonstrated that the molecule remains struc-
turally rigid at all temperatures (the R, values varied
from 4.6 to 6.5%). The calculated differences between
the mean-square amplitudes of the "oncoming" displace-
ments (A) indicate that the bond lengths in both the
keto-enol fragment and the remaining part of the mol-
ecule determined at 100 K satisfy Hirshfeld's criterion
(the average values are 5.3:107* and 6.3-107% A2,
respectively). A rise in the temperature leads to an
increase in the A values for the keto-enol fragment to
15.3-1074, 16.5-107%, and 18.0- 1074 A2 at 200, 300,
and 353 K, respectively. The A values for all other C—C
and O—C bonds are increased to 12.8 - 1074, 17.8 - 1074,
and 19.8-107* A2, respectively, for the same three
temperatures.

Therefore, analysis of the anisotropic thermal param-
eters of the atoms in the single crystal of 1 suggests with
a fair degree of assurance that the molecules are ordered
at 100 K (from the viewpoint of the fixed position of the
central H atom). Hence, proton transfer along the
0(3)...0(4) line at 100 K is either absent or its contribu-
tion is negligible. This result allows the correct investiga-
tion of the character of chemical bonds in the com-
pound under consideration by analyzing the electron
density distribution in the crystal. This investigation was
impossible, in particular, in the case of the crystals of
acetylacetonel? due to disorder of the molecules im-
posed by the crystal symmetry.

It was of interest to compare the A values for com-
pound 1 with the analogous values for the keto-enol
systems containing strong H-bonded six-membered rings
for which the p(r) functions and the thermal motion in
the crystals have also been analyzed. These data are
available for benzoylacetonel”™1% (2) (the O...0 dis-
tance is 2.502(4) A) and citrine (3)20 containing two
keto-enol systems with the intramolecular O...O dis-
tances of 2.533 and 2.473 A.

Analysis of the A values in the crystal of com-
pound 217 in the temperature range from 8 to 300 K
demonstrated that Hirshfeld's criterion is fulfilled only at
T = 8 K (the average A value is 7.0-107* A2 and
the maximum value for one of two C—O bonds is
10-107* A2). On the contrary, a neutron diffraction
studyl” at 20 K and X-ray diffraction study at 143 K
showed that the A values for the bonds in the keto-enol
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fragment are 13.6+107* and 31.4- 1074 A2, respectively
(at 20 K, the maximum A value is 40- 1074 A2) and
the A values for the benzene ring are 7.8-107% and
6.5-1074 A2, respectively. Despite the high A values for
the crystal of 2 at 20 K, the authors18:19 assumed that the
molecules are ordered and used the position of the H
atom, which was determined by neutron diffraction analy-
sis at 20 K, for examination of the electron density
distribution in the crystal at 8 K.18:19 According to the
results of X-ray diffraction study at 19 K, the A values for
all bonds in molecule 3 are no larger than 6 - 1074 A2.20

It was of interest to analyze the temperature depen-
dence of thermal ellipsoids in the H-bonded ring of
molecule 1 (Fig. 2). At 100 K, the thermal ellipsoid of
the central H(O(4)) atom is directed virtually perpen-
dicular to the O(3)...0(4) line (the angle is ~80°). When
the temperature was increased, the maximum amplitude
of the displacement of the H(O(4)) atom was observed
along the line of the H-bond, which may be evidence
that partial migration of this atom occurs in the crystal
at higher temperatures. At 100 K, the amplitudes of the
"oncoming" displacements of the H(O(4)) atom for the
0(4)—H(O(4)) and H(O(4))—0O(3) bonds (0.016 and
0.049 A2, respectively) in the crystal of 1 are substan-
tially smaller than the corresponding values in the crystal
of 2 at 20 K (0.09 A2).17 This signifies that the vibration
amplitude of the H atom involved in hydrogen bonding
in the crystal of 1 (0.18 A) is nearly half as large as that
in the crystal of 2 (0.30 A). It should be noted that in the
case of the superposition of two tautomers of benzoyl-
acetone, the distance between two positions of the
H atom is ~0.5 A and, hence, residual disorder is
observed in the crystal of 2 even at 20 K.

Fig. 2. Central ring in 1; the atoms are represented as probability
ellipsoids (p = 50%) of thermal vibrations at 100—353 K.

Geometry of molecule 1

The geometry of molecule 1 remains virtually un-
changed as the temperature increases from 100 to 353 K.
To take into account the effective shortening of the
bonds due to thermal vibrations of the atoms, the libra-
tion corrections were calculated within the framework of
the LTS rigid-body model. As can be seen from Table 2,
the bond lengths and bond angles remain unchanged as
the temperature rises even if the libration corrections are
applied. Insignificant changes are observed only for the
O—H bonds. However, the changes in the H(O(4))—0(4)
and H(O(4))—O(3) distances observed in this case can-
not be considered as a tendency for their equalization
because the positions of the H atoms were determined in
X-ray diffraction studies with an insufficient accuracy.
An analogous situation has been observed previously!? in
the study of the crystal structure of 2.

In the crystal, molecule 1 is planar with the
C(11)C(10)0O(3) acetyl group being slightly rotated (by
6.2°) relative to the 4-hydroxycoumarin fragment. The
methyl group is antiperiplanar to the C(10)—O(3) bond.
The bond lengths in the O(3)—C(10)—C(8)—C(7)—0(4)
keto-enol fragment are indicative of a substantial elec-
tron density delocalization, which is manifested in the
elongation of the formally double C(10)—O(3) and
C(8)—C(9) bonds and in the shortening of the single
C(10)—C(8) and C(7)—O0(4) bonds compared to the
"ideal" values for the C—0O, C=0, C—-C, and C=C
bonds.2! This type of the bond length distribution is
typical of keto-enol systems. It was established21—24 that
the degree of electron density delocalization in the keto-
enol fragment correlates with the energy (strength) of
the intramolecular H-bond.

Analysis of the bond lengths in cis-enols of B-di-
ketones based on the data for 20 structures* de-
monstrated21—24 that the shortening of the O...0 dis-
tance correlates with the degree of delocalization of the
n-electron density in the H-bonded ring. The differences
between the C—O and C=0 distances (¢') and between
the C=C and C—C distances (¢?) were analyzed.2!
Since the ¢! and ¢? values are linearly interdependent,
the parameter Q = g! + ¢2, which characterizes the
degree of delocalization of the m-electron density in the
keto-enol system, was used. The condition Q = 0 corre-
sponds to the completely delocalized system, whereas
Q = 0.320 or —0.320 corresponds to the completely
localized keto-enol or enol-ketone systems, respectively.

However, statistical analysis of a wider range of
compounds, including the molecules in which the
formally double C=C bonds are involved in the
ring, revealed no correlation similar to that found previ-
ously.21.22 Analysis of the structures of cis-enols of
B-diketones in which the C—C bonds are either involved
or not involved in the ring (a total of 240 structures),

* Analysis was carried out for ordered crystal structures with the
localized central H atom with R < 0.065 and provided that the
C=C and C—C bonds are not involved in the ring.21—24
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Table 2. Principal bond lengths (d) and bond angles () in 1 according to the X-ray diffraction data at 100—353 K and the total
energies (£y) and zero-point energy (ZPE) corrections obtained from B3LYP/6-31G(d,p) quantum-chemical calculations

Parameter 1A 1 1B¢ TS“
100 K 200 K 300 K 353 K
Bond d/Ab
0(3)...0(4) 2.447 2.4404(5) 2.442(1) 2.442(1) 2.444(1) 2.431 2.360
2.442 2.445 2.447 2.451
0(3)—C(10) 1.254 1.2593(7) 1.253(1) 1.255(1) 1.253(2) 1.303 1.282
1.261 1.257 1.262 1.259
0(4)—C(7) 1.311 1.3091(6) 1.305(1) 1.304(2) 1.300(2) 1.262 1.282
1.311 1.309 1.309 1.307
0(4)—H(04)) 1.032 0.95(1) 0.99(2) 1.02(3) 1.05(3) 1.446 1.227
0.972
H(O(4))—0(3) 1.485 1.52(1) 1.49(2) 1.45(3) 1.42(3) 1.046 1.179
1.433
C(7)—C(8) 1.403 1.4005(8) 1.399(1) 1.396(2) 1.398(2) 1.447 1.427
1.402 1.402 1.403 1.403
C(6)—C(7) 1.446 1.4433(7) 1.443(1) 1.442(2) 1.440(1) 1.461 1.453
1.444 1.445 1.444 1.443
C(8)—C(9) 1.458 1.4518(7) 1.451(1) 1.452(2) 1.446(2) 1.460 1.455
1.454 1.455 1.452 1.453
C(8)—C(10) 1.463 1.4555(7) 1.454(1) 1.449(2) 1.446(2) 1.409 1.429
1.456 1.456 1.459 1.450
O(1)—C(5) 1.360 1.3687(7) 1.370(1) 1.365(1) 1.366(2) 1.367 1.364
1.370 1.373 1.370 1.371
0O(1)—C(9) 1.400 1.3833(7) 1.385(1) 1.381(2) 1.383(2) 1.392 1.397
1.384 1.387 1.384 1.386
0(2)—C(9) 1.210 1.2145(7) 1.207(1) 1.203(2) 1.202(2) 1.212 1.211
1.215 1.210 1.208 1.221
C(10)—C(11) 1.503 1.4947(8) 1.489(2) 1.485(2) 1.482(2) 1.494 1.496
1.496 1.492 1.491 1.488
Bond angle w/deg
0(3)—H(0(4))—0(4) 152.4 161(1) 161(1) 161(2) 161(2) 152.4 157.5
H(O(4))—0(4)—C(7) 104.6 100(1) 99(1) 99(1) 99(1) 100.5 101.5
H(O(4))—0(3)—C(10) 103.6 99.5(6) 99.7(7) 99.7(9) 99.7(9) 106.0 104.3
0(3)—C(10)—C(8) 119.3 119.03(5) 119.0(1) 118.9(1) 119.0(1) 119.8 118.7
0(3)—C(10)—C(11) 118.5 118.41(5) 118.6(1) 118.2(1) 118.0(1) 114.9 117.0
C(7)—C(8)—C(10) 118.1 118.31(5) 118.4(1) 118.7(1) 118.8(1) 117.9 116.9
0(4)—C(7)—C(8) 122.0 122.00(5) 122.1(1) 122.1(1) 121.9(1) 121.8 121.1
C(8)—C(9)—0(1) 116.8 117.76(5) 117.6(1) 117.5(1) 117.7(1) 116.9 116.6
C(9)—0(1)—C(5) 123.1 122.42(4) 122.5(1) 122.7(1) 122.7(1) 123.0 123.0
C(8)—C(9)—0(2) 127.2 127.05(5) 127.3(1) 127.3(1) 127.3(1) 126.7 127.0
0(1)—C(9)—0(2) 116.1 115.18(5) 115.1(1) 115.2(1) 114.9(1) 116.4 116.4
Ei/a.u.
Energy of the molecule —724.930525 —724.929394 —724.928575
ZPE/kcal mol~!
Zero-point energy 106.38(0)¢ 106.24(0)¢ 104.27(1)¢

4 The atomic numbering scheme for the tautomers of 1 and for the transition state (TS) are identical with that used for the tautomer

of 1 shown in Fig. 1.

b The bond length determined by X-ray diffraction analysis are given without libration corrections (the first line) and with inclusion of

these corrections (the second line).
¢The number of imaginary frequencies is given in parentheses.

which were chosen from the Cambridge Structural Data-
base (CSD, 2000) based on the same criteria, demon-
strated that the correlation coefficient between the Q
parameter and the O...O distance is only ~0.57. The
correlation coefficients for the structures in which the
C=C bond is either involved in the ring (a total of

58 structures) or belongs to the aromatic system (a total
of 134 structures) are 0.59 or 0.14, respectively.

These correlations do not hold for structures 1—3. A
comparison of the Q values for 1 and 3 showed that,
despite the shorter O...0 distance in 1 compared to that
in 3, the Q value is smaller for 3 (0.105 and 0.073 A for
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1 and 3, respectively). Analogously, the Q values for the
H-bonded six-membered rings in molecules 2 (O...0
2.502 A) and 3 (0...0 2.533 A) are 0.016 and 0.091 A,
respectively.

The equalization of the bond lengths in molecule 2
compared to those in molecules 1 and 3 found from the
B3LYP/6-311G(d,p) quantum-chemical calculations was
attributed!® to the low barrier to proton transfer. As a
result, the energy of the H atom involved in hydrogen
bonding is higher than the barrier top even at 8 K. The
calculated barriers to proton transfer in molecule 2 are
1.7 and 2.4 kcal mol™! for the enol-ketone and ketone-
enol forms, respectively.!® The inclusion of zero-point
energy (ZPE) correction in calculations for the tau-
tomers of 2 led to the situation where the transition state
with the H atom occupying virtually the central posi-
tion appeared to have the lower energy (—0.6 and
—0.2 kcal mol™!, respectively). This is in agreement with
the assumption!? that the migration of the H atom in 2
at 8 K is barrierless.

However, the inclusion of ZPE correction by addi-
tion of this parameter to the total energy is not quite
correct because the imaginary frequency, which in this
case corresponds to the vibration of the H atom along
the hydrogen-bond line, is ignored in calculations of the
ZPE correction for the transition state. Hence, the zero-
point energy of the transition state is, undoubtedly,
lower. According to one of the most widely used proce-
dures,14 the vibration frequency corresponding to the
imaginary frequency in the transition state is ignored in
calculations of the ZPE correction for the ground state.
We used this procedure for the estimation of the barrier
to proton transfer based on the published datal® and
obtained the larger values for molecule 2 (~3.6 and
4.1 kcal mol~! for enol-ketone and ketone-enol, respec-
tively). However, in spite of the above-mentioned differ-
ences in the barriers to proton transfer and their prob-
able dependence on both the basis set and the calcula-
tion procedure (see, e.g., Ref. 1), it is believed that the
symmetrical H-bond can be present in the crystal of 2
even at 8 K.

It should be noted that the data of X-ray and neutron
diffraction investigations of compound 2 17—19 are not
in complete agreement with the results of NMR stud-
ies,25—27 which, in particular, indicate that the H-bond
both in solution and in the crystal is most likely de-
scribed by a double-well potential. For instance, analysis
of the changes in the chemical shifts A§(!H,2H) and
AS('H,3H) upon isotopic replacement of the hydrogen
atom by the deuterium or tritium atom disclosed that the
AS('H,2H) and A8('H,3H) values for benzoylacetone are
much the same as those observed for acetylacetone (0.61
and 0.67, respectively)25 and that the isotope effect for
these molecules (1.34 and 1.39, respectively) corre-
sponds to the effect observed for H-bonds with the
double-well potential (1.44). Since the H-bond in
acetylacetone is described by the double-well potential
(see Refs. 1 and 12), the results obtained in the study?3

suggest that the H-bond in benzoylacetone should be
similar in character. Analysis of the !3C and 170 NMR
spectra of benzoylacetone in the solid state and its
solutions, which provided evidence for the differences in
the O and C atoms in the keto-enol ring, led to the same
conclusion.26-27

Assuming that equalization of the bond lengths in
217 is not due to the superposition of the tautomers in
the crystal and taking into account a lesser degree of the
electron density delocalization in the crystal of 1, one
would expect that the barrier to proton transfer in 1 will
be substantially higher than that in 2. To evaluate the
barrier height in 1, we performed quantum-chemical
calculations of tautomers 1A and 1B.

Proton transfer in molecule 1

Unlike the results of HF calculations,! the results of
B3LYP/6-31G(d,p) calculations with inclusion of elec-
tron correlation are in good agreement with the experi-
mental geometry (see Table 2). For instance, the calcu-
lated O(3)...0(4) distance in tautomer 1A is 2.447 A (cf.
the experimental values of 2.442—2.451 A). In tautomer
1B, the proton transfer leads to an insignificant shorten-
ing (by 0.016 A) of the O(3)...0(4) distance. It can be
assumed that the hydrogen bond in tautomer 1B
is stronger than that in tautomer 1A, which is consis-
tent with a higher degree of delocalization of the
n-electron density (Q is 0.117 and 0.079 A in 1A and
1B, respectively) and with the ratio between the
v(OH) vibration frequencies calculated in the same ap-
proximation (2628.5 cm™! for 1A and 2409.6 cm™! for
1B). The energy of the hydrogen bond (Eypg) in
1B calculated with the use of the dependence pro-
posed?8 for cis-enols of B-diketones (Eyp/kcal mol™! =
58.77(3640 — v(OH))/3640) is 3.5 kcal mol™! higher
than that in 1A.

According to the published data,21—24 tautomer 1B
with the stronger H-bond should be more stable than
tautomer 1A. However, we found that the energy of
tautomer 1B calculated with inclusion of ZPE correc-
tion is ~0.6 kcal mol~! higher than that of tautomer 1A.
An analogous situation was also observed for compound
2 in which the energetically more favorable tautomer
(the energy difference is ~0.7 kcal mol~!)1® also has a
higher (by 90 cm™!) v(OH) vibration frequency and is
characterized by a larger (by 0.01 A) O...O distance. A
comparison of the v(OH) frequencies in 1A, 1B, and 2
revealed a weaker H-bond in compound 2.

Calculations for the isotopically substituted (H/D)
tautomers 1A and 1B gave the expected decrease in the
v(OH) vibration frequencies down to 1944.5 and
1822 cm™!, respectively. The isotope effect is 1.35 for
1A, 1.32 for 1B, and 1.36 for 2. These values are typical
of double-well potentials for H-bonds.5

Examination of the potential surface of proton trans-
fer demonstrated that the transition state (TS) corre-
sponds to the symmetrical arrangement of the proton
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0(3")

Fig. 3. The C—H...O contacts and interactions between the hydroxy groups in the crystal of 3-acetyl-4-hydroxycoumarin.

between the O(3) and O(4) atoms. Analysis of the
frequencies performed within the framework of the
B3LYP/6-31G(d,p) method demonstrated that the vi-
bration frequency of the H(O(4)) atom along the H-bond
line in the transition state is imaginary (i837.0 cm™!).
The nearly symmetrical arrangement of the H atom (the
H(O(4))—0(4) and H(O(4))—O(3) distances are 1.227
and 1.179 A, respectively) is accompanied by virtually
complete equalization of the bond lengths in the keto-
enol ring (Q = 0.002) and by a substantial shortening of
the O(3)...0(4) distance (down to 2.360 A). It is note-
worthy that the shortest O—H distance in the TS is
observed for the "hydroxy group” of energetically less
favorable tautomer 1B.

Such a shortening of the O...O distance in the TS
seems to be a common feature of keto-enol systems.
According to the published data,1-19 the O...O distances
in the TS of proton transfer are 2.359 and 2.363 A for
molecule 2 and acetylacetone, respectively. However,
such very short O...O distances are not observed in the
crystal structures of cis-enols. In particular, despite the
close values of the calculated C—O and C—C bond
lengths in the crystal of 2 and in the TS, the O...0
distance in the crystal is 0.14 A longer than that in the
TS. Surprisingly, this difference has previously been
estimated as insignificant.1®

A comparison of the energies of tautomers 1A and
1B and of the TS demonstrated that the barriers to
proton transfer 1A—TS and 1B—TS calculated without
ZPE correction are ~1.2 and 0.5 kcal mol™!, respec-

tively, whereas these barriers calculated with inclusion of
ZPE correction are 2.9 and 2.0 kcal mol™!, respectively.
Therefore, the barrier to proton transfer in molecule 1 is
even lower than that in 2, which, by analogy with the
latter, should result in equalization of the bond lengths
in the H-bonded six-membered ring at 100 K. However,
this equalization was not experimentally observed (see
Table 2).

Crystal structure of
3-acetyl-4-hydroxycoumarin

It cannot be ruled out that intermolecular interac-
tions in the crystal of 1 can lead to the preferential
stabilization of one of the tautomers and its predomi-
nance at 100 K. Actually, analysis of the crystal packing*
of 1 (Fig. 3) demonstrated that the molecules are linked
in dimers through bifurcated C—H...O contacts,
viz., C(4)—H4)..0(1") (—=x, 1 — y, 1 — z) and
C4)—H@#)—02") (—x, 1 =y, 1 = 2) (C(4)...0(1"),
3.523(1) A; H(4)...0(1"), 2.51 A; C(4)H4)O(1"),
157°; C(4)...0(2"), 3.404(1) A; H(4)...02"), 2.44 A,
C(4)H(4)O(17), 149°). The dimers, in turn, are linked in
layers through analogous contacts between the H atoms
of the methyl group and the O(3) atom of the keto-enol

* All geometric parameters are given for 1 at 100 K. The
geometric characteristics of the C—H...O contacts were calcu-
lated with the use of the C—H bonds normalized to 1.07 A
according to the neutron diffraction data.
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fragment (C(11)—H(C(11))...0(3") (x, —1 + y, 2);
C(11)...0(3”), 3.535(1) A; H(C(11))...0(3"), 2.47 A,
C(11)H(C(11))0(3), 177°)).

In addition to the above-mentioned contacts, a num-
ber of other interactions involving the keto-enol system,
in particular, the shortened intermolecular contact
(2.849(1) A) formed by the O(4)H(O(4)) hydroxy groups
(04)..04"") (1 —x,3—y, 1 — ), are observed in the
crystal structure of 1. In spite of the fact that the
maximum vibration amplitude of the H(O(4)) atom (see
Fig. 2) at 100 K is observed along the O(4)...0(4""")
line, it is highly improbable that the latter contact results
from the intermolecular interaction between the H(O(4))
and O(4’"’) atoms because the H(0O(4))...04""")
distance in 1 is rather large (2.59 A) and the
0(4)—H(O(4))—0(4""") bond angle is 92°. On the other
hand, intermolecular interactions between the keto-enol
H-bonded rings (Fig. 4) (the shortest O(3)—C(7"")
1-x,2—y,1—2 and O4)—C{0") (1 — x, 2 — y,
1 — z) distances are 3.218 and 3.190 A, respectively)
occur within the layers described above. In these layers,
the H-bonded rings are parallel to one another and their
centers are separated by 3.280 A. Taking into account
substantial delocalization of the m-electron density in the
keto-enol ring (see above), it is reasonable to consider
this interaction as a stacking interaction.

Analysis of the data available in CSD (the structures
were chosen based on the above-mentioned boundary
conditions) demonstrated that similar frans arrangements
(see Fig. 4) of the keto-enol rings occur rather fre-
quently. This type of arrangement was found in
55 ordered crystal structures of intramolecularly
H-bonded cis-enols of B-diketones in which the dis-
tances between the centers of the H-bonded rings are in
the range of 3.16—3.61 A. However, no correlation
between the O...O distances and the separations between
the centers of the H-bonded rings was found.

o}

Fig. 4. Illustration of the interaction between the m-systems of
the H-bonded keto-enol rings in the crystal of 3-acetyl-4-
hydroxycoumarin.

This type of intermolecular interactions in cis-enols
of B-diketones has not been investigated previously.
However, analogous interactions between the carbonyl
groups have been reported.2® Analysis of the data avail-
able in the CSD diclosed that these interactions are
characterized by a specific directionality (the parallel
arrangement of the C=0 bonds) and in some cases can
compete with the formation of H-bonds. The energy of
the interaction between the carbonyl groups, which was
calculated in the case of their parallel arrangement and
with the C...O distances varying from 3.0 to 3.30 A,
ranges from 5 to 3 kcal mol~1.29

Intermolecular interactions analogous to those found
in the crystal structure of 1 were also observed in the
crystal of 2.17 Analysis of the crystal packings of 1 and 2
revealed the similarity of intermolecular interactions in
these crystals (primarily, the shortened contacts involv-
ing the six-membered H-bonded rings). These contacts
seem to have a similar effect on the proton transfer along
the H-bond line. Hence, neither the heights of the
barriers to proton transfer nor the characteristic features
of the crystal packing can be responsible for a substantial
difference in the degree of delocalization of the n-electron
density in 1 and 2.

Topological analysis of the electron density distribution
in the crystal of 1

The character of interatomic interactions in the re-
gion of the hydrogen bond in the crystal of 1 was
examined using the topological analysis of the electron
density distribution function. Analysis was performed
based on the multipole refinement of the X-ray diffrac-
tion data collected at 100 K and on the results of
quantum-chemical calculations for tautomers 1A and 1B
and for the TS of proton transfer by the density func-
tional method (B3LYP/6-31G(d,p)). It is known that
the H...B interactions in most systems with hydrogen
bonds (A—H...B) are characterized by the positive
Laplacian of the electron density V2p(r) at the CP
(3, —1) and that these interactions belong to closed-shell
interactions.30—33 According to the results of quantum-
chemical calculations, the exceptions are only H-bonds
in the FHF~, HsO,%, and H30,~ ions in which interac-
tions between the central H atom and the adjacent
atoms are characterized by the negative V2p(r) values34
and, hence, these ions possess symmetrical 4e,3c-hydro-
gen bonds.

However, the question of whether the H atom is
located symmetrically remains open even in the case of
strong H-bonds. For example, the symmetrical location
of the hydrogen atom and the C; symmetry of the cation
were obtained in the calculations for HsO," at the MP2
and MP4 levels of theory.34 On the other hand, calcula-
tions performed using one of the most correct proce-
dures for the description of electron correlation within
the framework of the coupled cluster theory (B-CCD(T))
showed that configurations with the symmetry C; and C,
correspond to the TS and the equilibrium geometry,



426 Russ.Chem.Bull., Int.Ed., Vol. 50, No. 3, March, 2001

Lyssenko and Antipin

respectively.35 These calculations also led to an unsym-
metrical arrangement of the proton; the O—H distances
are 1.262 and 1.129 A and the O...0O distance is 2.3896 A.

A different situation is observed in X-ray diffraction
studies of crystals with strong H-bonds. In a series of
recent experimental investigations of strong O—H—O
bonds, it has been demonstrated that both O—H inter-
actions are characterized by negative V2p(r) values at the
CPs (3, —1) and, hence, these interactions may be
thought to be covalent.18:19:36,37 This type of hydrogen
bonding was found for the intramolecular O—H—O
bonds in 2 1819 at 8§ K (0...0, 2.502(4) A) and in
methylammonium monohydromaleate at 122 K (O...O,
2.4214(5) and 2.4183(5) A)36 and for the intermolecular
H-bond in methylammonium monohydrosuccinate
(0...0, 2.442(1) A).37

In the crystal structures of the above-mentioned
methylammonium salts, the H atom involved in hydro-
gen bonding occupies a special position on a symmetry
plane. We calculated the amplitudes of the "oncoming"
vibrations using anisotropic thermal parameters for the
monohydrosuccinate anion (the space group P2,/m)
reported previously3? and showed that the A values for
the C—O bond involved in hydrogen bonding do not
satisfy Hirshfeld's criterion (A = 41-107% AZ for the
results of neutron diffraction study and A = 211074 A2
for the data of X-ray diffraction study). Therefore, the
presence of the crystallographic symmetry plane in this
molecule, as in the crystal of acetylacetone,!? precludes
the elucidation of the nature of disorder. Consequently,
the unusual topology of p(r) (the negative Laplacian) in
the region of the H-bond corresponds to the superposi-
tion of two molecules with an asymmetrical H-bond
rather than to 4e,3c-hydrogen bonding.

Unfortunately, it is impossible to estimate the degree
of ordering of monohydromaleate anions in the crystal36
by analyzing the A values because the bond lengths and
bond angles in the tautomers have close values38 and the
A values will satisfy Hirshfeld's criterion even in the case
of the equiprobable superposition of the tautomers in the
crystal. As was demonstrated by the MP2 quantum-
chemical calculations of the monohydromaleate anion,3?
the "short" O—H bond in the equilibrium state with an
asymmetrical H-bond is covalent (V2p(r) < 0), whereas
the "long" O—H bond corresponds to the closed-shell
interaction (V2p(r) > 0). The topological analysis of p(r)
in the salt of 1,2-dichloromonohydromaleate,40 which is
characteized by the shortest O...O distance (2.384 A) of
all known maleates and in which the central H atom
occupies a general position, showed that both O—H
bonds correspond to ionic interactions.40*

Therefore, the results obtained in the present investi-
gation indicate that the data of X-ray and neutron
diffraction studies do not generally allow one to unam-
biguously determine whether the symmetrical arrange-

*In the study,4® the V2p(r) values at the CPs (3, —1) in the
region of the H-bond were not reported.

ment of the proton results from the formation of the
4e,3c-hydrogen bond or from the presence of static or
dynamic disorder in the crystal, as in the case of
acetylacetonel? and the monohydrosuccinate anion.36

In addition, the question about the type of interac-
tions in the region of the strong H-bond in the case of
an asymmetrical arrangement of the proton remains
open. As mentioned above, the positive value of the
electron density Laplacian at the CP (3, —1) does not
ensure that the interaction belongs to closed-shell inter-
actions because within the framework of the AM theory
its type is determined by the sign of the local electron
density.? It should be emphasized that the E(r) energies
have not been analyzed in most of quantum-chemical
calculations and this characteristic cannot be directly
established in experimental studies. The rather small p(r)
and V2p(r) values at the CPs (3, —1) usually serve as
arguments in favor of the assignment of the H...B con-
tact in the A—H...B hydrogen bond to closed-shell
interactions. However, the correctness of this classifica-
tion is doubtful because the estimates "rather small" and
"rather large" are subjective.

Let us consider the results of the topological analysis
of p(r) in tautomers 1A and 1B and in the TS of
proton transfer. We analyzed the results of our
B3LYP/6-31G(d,p) calculations (Table 3). A search for
the CPs using the EXTREME program4! demonstrated
that the CPs (3, —1) are located on all bonds in-
cluding the intramolecular H-bond. According to
Poincare—Hopf's relationship,4? the formation of the
H-bonded six-membered ring leads to the appearance of
an additional CP (3, +1) localized within the ring. By
analyzing the p(r) and V2p(r) values and the contribu-
tions of the kinetic and potential energies (G(r) and
W(r)) to the density of the electron energy (see Table 3),
we found that, despite the negative V2p(r) values at the
CPs (3, —1) on some bonds, the density of the potential
energy is higher than that of the kinetic energy for all
interactions including the H-bonds in tautomers 1A and
1B. Thus, the Laplacian V2p(r) at the CPs (3, —1) for
the "long" H(O(4))...0(3) bond in tautomer 1A and for
the "long" H(O(4))...0(4) bond in tautomer 1B has
positive values (3.878 and 3.511 eA~3, respectively) and
the p(r) values are small (0.559 and 0.619 eA™3, respec-
tively). The E(r) energies for these bonds are negative
(—0.022 and —0.031 a.u., respectively) For comparison,
the p(r), V2p(r), and E(r) values at the CPs (3, —1) for
the "short" O—H bonds are 1.961 eA=3, —35.619 eA ™,
and —0.450 a.u., respectively, for tautomer 1A and
1.886 eA™3, —32.551 eA™>, and —0.420 a.u., respec-
tively, for 1B.

Thus, quantum-chemical calculations demonstrated
that the H-bonds in both tautomers correspond to the
intermediate type of interactions (E(r) < 0 and
V2p(r) > 0). The results of topological analysis of p(r)
also indicate that the hydrogen bond in tautomer 1B is,
apparently, stronger, which is consistent with the geom-
etry of the keto-enol ring and the behavior of the v(OH)
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Table 3. Principal topological characteristics of tautomers 1A and 1B and of the TS at the CPs (3, —1) of the H-bonded six-
membered ring according to the results of B3LYP/6-31G** calculations (I) and X-ray diffraction study (II) at 100 K

Bond Tautomer Method  p(r)/eA=3  V2p(r)/eA™5  G(r)/a.u. r)/a.u. E(r)/a.u. €
0(4)—H(O0(4)) 1A 1 1.961 —35.619 0.081 —0.531 —0.450 0.001
1A 11 1.94 —13.76 0.265 —0.673 —0.408 0.02
1B 1 0.619 3.511 0.068 —0.099 —0.031 0.001
TS 1 1.126 —7.953 0.094 —0.270 —0.176 0.001
0(3)—H(O(4)) 1A I 0.559 3.878 0.062 —0.084 —0.022 0.001
1A 11 0.554 5.229 0.081 —0.107 —0.026 0.02
1B 1 1.886 —32.511 0.082 —0.502 —0.420 0.001
TS 1 1.294 —13.231 0.094 —0.326 —0.232 0.001
04)—C(7) 1A 1 2.217 —7.350 0.456 —0.988 —0.525 0.02
1A 11 2.58 —32.05 0.358 —1.048 —0.690 0.31
1B 1 2.487 —3.335 0.582 —1.199 —0.617 0.02
TS 1 2.380 —5.567 0.528 —1.112 —0.584 0.02
0(3)—C(10) 1A | 2.522 —5.018 0.620 —1.246 —0.625 0.02
1A 11 2.78 —32.65 0.430 —1.200 —0.770 0.20
1B 1 2.278 —5.029 0.489 —1.031 —0.514 0.04
TS 1 2.366 —3.640 0.541 —1.120 —0.579 0.02
C(7)—C(8) 1A 1 2.096 —20.360 0.102 —0.416 —0.314 0.26
1A 11 1.95 —16.71 0.248 —0.670 —0.421 0.42
1B 1 1.948 —17.906 0.081 —0.349 —0.267 0.18
TS 1 2.022 —19.063 0.090 —0.378 —0.288 0.22
C(8)—C(10) 1A 1 1.890 —16.970 0.075 —0.326 —0.251 0.16
1A 11 1.88 —13.73 0.247 —0.636 —0.389 0.29
1B 1 2.069 —19.955 0.099 —0.405 —0.306 0.26
TS 1 2.001 —18.822 0.089 —0.373 0.284 0.22
H-bonded ring 1A I 0.136* 3.710%
1A 11 0.167* 3.20%*
1B 1 0.187* 3.880*
TS 1 0.168* 4.361*

* The characteristics of tautomers 1A and 1B and of the TS at the CPs (3, +1) in the region of the H-bonded ring.

frequencies. This is manifested both in the larger p(r)
value and in the magnitude of E(r) at the CP (3, —1)
(see Table 3). Analysis of the G(r) and W(r) contribu-
tions for the O—H and O...H bonds disclosed that the
magnitude of E(r) decreases due to a substantial de-
crease in the contribution of the potential energy to the
local energy density, whereas the density of the kinetic
energy for these bonds remains virtually the same. The
topological parameters of the C—O and C=C bonds at
the CPs (3, —1) in the keto-enol ring in tautomers 1A
and 1B also reflect a more pronounced delocalization of
the m-electron density in tautomer 1B.

For the TS of proton transfer, the topological char-
acteristics of p(r) at the CPs (3, —1) are virtually identi-
cal for the pair of the O(4)—C(7) and O(3)—C(10)
bonds as well as for the pair of the C(7)—C(8) and
C(8)—C(10) bonds. As a result of substantial shortening
of the O(3)...0(4) distance (2.360 A) in the TS com-
pared to those in tautomers 1A (2.447 A) and 1B
(2.431 A), the sign of V2p(r) at the CPs (3, —1) for both
O—H bonds is negative and, hence, the 4e,3c-hydrogen
bond occurs in the TS, unlike the tautomers 1A and 1B.
Since the energy of the hydrogen bond is proportional to
p(r) at the CP (3, —1),3% the results of calculations
indicate that the O...H bonds in the TS are stronger than

those in 1A and 1B, whereas the analogs of these bonds
are weaker than the O—H bonds in 1A and 1B, the
differences being of the same order of magnitude. Thus,
the topological analysis of the electron density distribu-
tion in molecule 1 based on the data of quantum-
chemical calculations demonstrated that, taking into
account the short O...O distances in tautomers 1A and
1B (2.447 A and 2.431 A, respectively), the O...H bonds
in these tautomers correspond to the intermediate type
of interactions rather than to closed-shell interac-
tions. This is likely responsible for both the low
barrier to proton transfer and the high energy of the
H-bond.

To estimate the difference in the electron density
distribution in the crystal and in the gas phase and to
find out whether the intermediate type of the inter-
atomic O...H interaction is retained in the crystal, we
performed the multipole refinement of the X-ray diffrac-
tion data for the crystal of 1 collected at 100 K. The
analytical form of the function p(r) was obtained using
the Hansen—Coppens multipole model43 in which the
aspherical electron density of each atom is represented
as the sum of the undistorted (spherically symmetrical)
Hartree—Fock core and valence electron densities with
the spherical harmonics that describe the deformation of
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the valence shells upon the formation of a chemi-
cal bond:

PU(r) = Poore PRore + k'3p%lp%1(/{'r) +

Im “m
max

1 +1,
+ KPR, (k) Y PAYL(0,0),

=0 m=-1
Here, Peore, Pyar, and Py, are the multipole populations
obtained by the least-squares method and k" and k” are
the expansion-contraction parameters of the valence
shell and multipoles, respectively.43 The total number of
electrons belonging to one atom is Pore + Pyatence T Pim
(after space integration, the terms with / # 0 become
equal to zero). The p... and py, functions are con-
structed from the Hartree—Fock AOs. The Slater func-
tions were chosen as radial functions. The spherical
harmonics (Y,,/(8,0)) were normalized so that the popu-
lation equal to unity corresponded to the transfer of
one electron from the negative to positive lobes of the
multipole.43

Analysis of the static deformation electron density
(DED) maps demonstrated that the DED is accumu-
lated in the regions of all covalent bonds and the lone
electron pairs (LEP) of the O atoms in 1 (Fig. 5). For
the O(3)...H(O(4)) hydrogen bond, both DED depletion
in the vicinity of the H(O(4)) atom and the polarized
maximum of the DED corresponding to the LEP of the
O(3) atom are observed. This is typical of the DED for
strong H-bonds with the asymmetrical location of the
proton. The DED maximum corresponding to the LEP
of the O(3) atom involved in hydrogen bonding is
substantially lower than the peak corresponding either to
the second LEP of this atom or to the LEP of the O(4)
atom. This suggests that the covalent contribution to the
0O(3)...H(4) bond is rather large.

The distribution of —V2p(r)* (Fig. 6) shows that the
electron density is accumulated in the regions of the
chemical bonds and the LEP of the O atoms, whereas
depletion of the electron density is observed in the
vicinity of the H-bond, like in the DED map (see Fig.
5). Based only on the qualitative analysis of the distribu-
tion of —V2p(r) in the region of the H-bond, it can be
concluded that the H(O(4))...O(3) contact corresponds
to a closed-shell interaction.

To correctly analyze the character of the interac-
tions, we performed a search for the CPs in the crystal
and found that the CPs (3, —1) are localized on all
chemical bonds including the H(O(4))...0(3) bond,
whereas the CPs (3, +1) are localized within the ben-
zene and oxygen-containing rings and within the
H-bonded six-membered ring. This is in agreement
with the results of quantum-chemical calculations. As
can be seen from Table 3, the p(r) and V2p(r) values at
the CPs (3, —1) and (3, +1) for the keto-enol ring of
tautomer 1A found in the multipole refinement and

*To put the regions of the electron density accumulation in the
DED and V2p(r) maps into correspondence with one another,
the —V2p(r) function is presented in the sections.

Fig. 5. Section of the static deformation electron density in the
crystal of 1 at 100 K. The maps are contoured at intervals of
0.1 eA=3. The negative contours are shown as dashed lines.

S e HOE
30

isolines are given in the logarithmic scale 2. The negative
contours are shown as dashed lines.

determined from the B3LYP/6-31G(d,p) calculations
are close. Earlier,19 overestimation of the V2p(r) values
and bond ellipticities (¢) at the CPs (3, —1) for the O—C
bonds in the crystal compared to the corresponding
values obtained from the quantum-chemical calculations
was attributed to the effect of the crystal field. Based on
the local expression of the virial theorem (1), the simi-
larity of the p(r) and V2p(r) values at the CPs (3, —1) in
the region of the H-bond for tautomer 1A in the crystal
and in the gas phase suggests that the interatomic
H(O(4))...0(3) bond in the crystal also belongs to the
intermediate type of interactions.

The sign of E(r) and, hence, the type of interactions
can be directly estimated based on the X-ray diffraction
data only if the density matrix p(r,r’) is known.? Al-
though such attempts have been undertaken in some
studies (see, for example, Refs. 44 and 45), this problem
still remains to be solved. However, it has been recently
demonstrated46 that an approximate description of the
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density of the kinetic energy G(r) (a.u.) as a function of
p(r) (a.u.) and V2p(r) (a.u.) within the framework of the
Thomas—Fermi theory

G(r) = (3/10)3n%)*3p(r)>/* + V2p(r) /6 2

allows an estimation of G(r) using the p(r) and V2p(r)
values at the CPs (3, —1) determined from the multipole
refinement. Application of this approximation to various
systems demonstrated that the best agreement between
the G(r) values determined by Eq. (2) and those ob-
tained directly from the density matrix is observed at
large distances from the nucleus and, primarily, for
closed-shell interactions (in this case, the discrepancy is
~5%; this value can exceed 20% for covalent bonds).46
According to the results of analysis of X—H...O
contacts available in the literature (a total of 83 items),
the above-mentioned approximation allows one not only
to obtain semiquantititative estimates of the contribu-
tions to the local energy density, but also to associate
these contributions with the energies of the H-bond
(Eyp) and other weak specific interactions.47-48 For
instance, it was demonstrated that Eypg correlates with
the density of the potential energy at the CP (3, —1):47

Eyp(kJ mol™!) = 313.36 (1) (a.u.). 3)

This allows the use of high-resolution X-ray diffraction
methods not only for elucidating the character of inter-
atomic interactions but also for estimating their energies
in crystals.47—49 The dependence (3) agrees well with
our results of analysis of the local energy contributions
to the H-bonds in tautomers 1A and 1B according to
which a change in the O—H distance leads to a change
in M(r), whereas G(r) remians virtually unchanged (see
Table 3).

As can be seen from Table 3, the estimation of G(r)
from Eq. (2) and subsequent calculations of V(r) and
E(r) by Eq. (1) using the G(r) and V2p(r) values led to a
very good agreement between the energy characteristics

of the H(O(4))...0(3) hydrogen bond in the crystal and
in the isolated molecule. This agreement suggests that
the hydrogen bond in 1 both in the crystal and in the gas
phase corresponds to the intermediate type of inter-
atomic interactions.

The Eyp values for tautomer 1A in the crystal and in
the gas phase calculated by Eq. (3) are 26.3 and
33.8 kcal mol™!, respectively. The high Eyp values for 1
agree well with the results of quantum-chemical calcula-
tions for 219 and with the energies of intermolecular
H-bonds in dimers of carboxylic acids.30

Since the assignment of particular intermolecular
contacts to specific interactions in studies of the crystal
packing depends essentially on the choice of the system
of van der Waals radii, we performed the topological
analysis of the electron density distribution function for
the intermolecular contacts to establish which of the
above-mentioned shortened contacts correspond to
chemical interactions. We found that the CPs (3, —1)
are localized in the regions of all the above-mentioned
contacts (see Figs. 3 and 4), including both the interac-
tions between the hydroxy groups and the stacking inter-
actions of the H-bonded rings (Table 4). For the crystal
of 1, the p(r) and V2p(r) values at the CP (3, —1)
corresponding to the C—H...O contacts agree well with
the published data.49:47—49 Calculations of G(r), W),
and E(r) by Egs. (1) and (2) for all intermolecular
interactions showed that the E(r) values are positive in
all cases. This means that all intermolecular contacts,
unlike the intramolecular H-bonds in 1, correspond to
closed-shell interactions.

According to Poincare—Hopf's relationship,42 bifur-
cated C—H...O bonds and stacking interactions must
lead to the formation of intermolecular rings and poly-
hedra, respectively. As a result, additional CPs (3, +1)
and (3, +3) should appear. Analysis of the CPs
demonstrated that the above-mentioned relation-
ship is fulfilled and the CPs (3, +1) and (3, +3)
are localized both in the region of the bifurcated

Table 4. Principal topological characteristics of the intermolecular contacts (IMC) in the crystal of 1 based on the X-ray diffraction

data collected at 100 K

IMC p(r) V2p(r) G(r)- 1073 r) - 1073 E(r)-1073 E*
JeA™3 JeA™S au /kcal mol~!

C—H...O contacts

H(4)...0(1")**a 0.048 0.76 6 —4 2 —-14

H(4)...0(2")**4 0.052 0.93 7 -5 2 —-1.6

H(C(11))...0(3")**b 0.034 0.76 6 -3 3 -1.1

H(O(4))...0(4)..0(4")H(O(4")) contacts

0(4)...0(4")**c 0.052 1.09 9 -6 3 —1.8
Stacking interaction

C(7)...0(3")**d 0.036 0.49 4 -3 1 —0.8

C(10)...0(4")**d 0.036 0.51 4 -3 1 —0.8

* The energy E was estimated by Eq. (3).

** The atom was generated from the basis atom by the symmetry transformation:
a—x, 1=y, 1l—zgbx, -1+y,z1—-x3—-y1—-z91—-x,2—y,1—2z
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C—H...O bond and in the regions of the rings
and polyhedra formed through stacking interactions.
However, the type of the CP for the H-bonded
C(7)0(3)0(4)C(10)C(77")O(3""")0(4""")C(10""") poly-
hedron cannot be determined unambiguously because
the p(r) function and its curvature in the region of the
expected CP (3, +3) corresponding to the polyhedron
are small. As a result, the eigenvalues of the Hessian (A;)
are close to zero.

With the aim of comparing these intermolecular
interactions, we calculated their energies using Eq. (3).
As can be seen from Table 4, the highest energy
(~1.8 kcal mol™!) is observed for unusual intermolecular
interaction between the hydroxy groups and the lowest
energy (0.81 kcal mol~!) is observed for the C...0
contact. However, the interaction between the H-bonded
rings involves four C...O contacts and, consequently, the
total energy of this interaction should be equal to
~3 kcal mol™!, which is consistent with the estimate
obtained previously?® for the C=0...0=C interactions.
Since the geometric characteristics of the intermolecular
contacts, including the stacking interactions, in 1 and 2
are similar, it can be assumed that their energies are also
comparable.

Therefore, the energies of the intermolecular con-
tacts in the crystal of 1 (see Table 4) estimated from the
results of B3LYP/6-31G(d,p) calculations are compa-
rable with the height of the barrier to proton transfer
(~2 kcal mol™!). Taking into account a pronounced
effect of the C—H...O contacts on both the molecular
packing in crystals31:52 and their conformations,53 the
contacts between the hydroxy groups and the m-systems
of the H-bonded rings characterized by higher energies
can have a more substantial effect on the height of the
barrier to proton transfer and lead to the predominance
of one of the tautomers. This fact precludes unambigu-
ous transferability of the calculated barriers from the
isolated molecule to the molecules in crystals even in the
absence of strong H-bonds.

By and large, the quantum-chemical calculations of
the proton transfer in 3-acetyl-4-hydroxycoumarin dem-
onstrated that tautomers 1A and 1B have nearly equal
energies, the energetically less favorable tautomer being
characterized by the stronger intramolecular H-bond.
Despite the low barriers to proton transfer (~2 kcal mol™!)
in 1, no equalization of the bond lengths in the keto-
enol ring and the formation of the 4e,3c-hydrogen bond
are observed at 100 K. Analysis of the electron density
distributions within the framework of the AM theory
showed that the intramolecular H-bond both in the
crystal and in the gas phase belongs to the intermediate
type of interactions, which seems to be responsible for
the low barrier and the high energy of the H-bond. The
predominance of tautomer 1A in the crystal is likely due
to the presence of the C—H...O contacts and inter-
molecular interactions between the hydroxy groups and
the m-systems of the H-bonded rings. The energies of
these interactions estimated from the results of the

electron density distribution study are comparable with
the height of the barrier to proton transfer.

Experimental

The X-ray diffraction data were collected on a SMART
1000 CCD diffractometer using the ® scanning technique (the
scan step was 0.3°; frames were exposed for 20 s). The data were
processed with the use of the SAINT PLUS program package.
The absorption correction was applied using the SADABS
program. The principal crystallographic data and the character-
istics of the refinement are given in Table 1. The structure was
solved by the direct method and refined by the full-matrix least-
squares method in the ansiotropic-isotropic approximation based
on F2. The positions of the H atoms were located from the
difference electron density maps and were included in the
refinement with isotropic thermal parameters. The central
H(O(4)) atom was refined anisotropically. The calculations
were carried out on a personal computer using the SHELXTL
PLUS program package (version 5.0).

The multipole refinement of the data at 100 K was per-
formed with the use of the XD program package.53 For all
nonhydrogen atoms, the coordinates, anisotropic thermal pa-
rameters, and the multipole parameters up to the octupole level
(1= 3) were refined without symmetry restrictions. The H atoms
were refined up to the dipole level (/ = 1), except for the
H(O(4)) atom for which the quadrupole populations were also
refined (/ = 2). Before the refinement, the C—H distances were
normalized to the "ideal" value of 1.07 A. The positions of the H
atoms and their isotropic thermal parameters were not refined.
The multipole refinement converged to R = 0.0378, wR = 0.0424,
GOF = 1.2. The electron density maxima in the residual
electron density maps (p(Fexp — P(Mmulip) of 1 were no higher
than 0.15 eA™3; the maxima in the region of the O...H-bond
were no higher than 0.06 eA3.

We thank N. L. Allinger (University of Georgia,
Athens, USA) for help in performing quantum-chemical
calculations and A. V. Manaev (the D. I. Mendeleev
Russian University of Chemical Technology, Moscow,
Russia) for providing 3-acetyl-4-hydroxycoumarin whose
synthesis has been described previously.11
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