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The high-resolution X-ray diffraction analysis of the electron density distribution and plane-wave density
functional theory has been applied to estimate the lattice energy and barrier to rotation of a benzene ring in
the crystal of §-CeHe).Cr. Experimental data made it possible to perform analysis of the metdigand)

bond and estimate the nature and energy of weakHand H--C intermolecular interactions in the crystal.
Summation of the intermolecular-HH and H--C interaction energies makes it possible to reproduce the
experimental sublimation enthalpy value with high accuracy.

Introduction obtained by the PW-HCTH/120 calculation (95.96 kJ M

Recently, we have demonstrated that usage of the high-amc:_lto7 the experimental value dfHg (96.2 + 4.2 kJ
resolution single-crystal X-ray diffraction (XRD) analysis gives mol™). ] .
extraordinary opportunity to estimate the contribution of the It should be noted that, in some cases, for example, in
intermolecular interactions into crystal lattice ener@adce) metallocen_es and arene _comple_xes of transition metals, the
directly and only from experimental diffraction dét&.The energy of intermolecular interactions can be related to other
estimation of the intermolecular contacts energy is based onParameters such as barrier to rotation of the cyclic ligahd.
the topological analysis of the electron density distribution this case, an additional verification of the estimated energy value
function p(r) in crystals within Bader's “Atoms in Molecule” ~ May be obtained, especially if the barrier to internal rotation of
(AIM) theory which makes it possible to distinguish the the cyclic ligand in an isolated molecule is merely absent.
attractive interactions from all other intermolecular contacts. 1herefore, it was intriguing to test the validity of the experi-
The energy of the former interactions is estimated using the mental analysis of the electron density function for estimation

correlation found between the energy of the contBgi,) with rotation barrier of the cyclic ligands in classic representative of
the value of the potential energy density functigfn) in the arene complexes, namely, byé(benzene)chrommm (BEr).
corresponding bond critical point (31).* The good agreement The application of the AIM theory for analysis of the nature

between théEsice Value obtained and the experimental values of the metat-(z-ligand) chemical bonding in metallocenes is
of the sublimation enthalphy\HZ,,, can serve as a validation rather rare and is limited by topological analysis of tif€) for

of the accuracy of this approaétAlso, the so-obtaineiatice a series of neutral Mf-CsHs), (M =V, Cr, Mn, Fe, Co, and
values are close to the corresponding parameters estimated fronfiNi) 3d-metal complexes within the DFT calculatichhis

the periodic quantum-chemical calculations within the plane- investigation has revealed that the chemical bonding pattern in
wave density functional theory (PW-DF%Buccess of the PW-  Fe, Ni, V, and Mn complexes corresponds to tiretype
DFT method for estimation of sublimation energy as well as coordination of the €Hs ligand while Co and Cr complexes
interatomic H-bond energy has been recently demonstrated forare characterized by thg,;?, ands-type coordination, due to

crystals of ure&,ammonia® and BHNH3. Jahn-Teller distortions (see ref 10 and the references therein).
For example, it was shown within the experimental and It was found in addition that topological parameters of the
theoretical analysis of the(r) in the crystal of 1-phenyb- electron density distribution in the critical points{3,) of the

carborane that XH---H—X (X = C, B) intermolecular contacts M—C bond correlate well with the MC bond lengths and the
correspond to the attractive interactions and play a dominating value of electron density(r) as well as the energy density
role in the formation of the crystal structut@ccording to the functionhe(r) values can be used for estimation of the metal
experimental data, the total energy of the-H contacts per (7-ligand) interaction energ¥lt should be noted that the similar
independent molecule in the crystal (68.6 kJ mpls close to results indicating that a shortened contact between the transition
that obtained by the PW-PBE calculation of the crystal (71.1 metal and cyclopentadienyl ligand cannot be considered as an
kJ mol1).1 In the case of [2.2]paracyclophane, the total energy unambiguous indication of chemical bonding was also observed
of all H--*H and H--C contacts per molecule in the crystal in a detailed theoretical study of a titanium complex with
according to XRD (91.8 kJ mol),2 is close to theEatice cyclopentadienyl and cyclohexadiene ligaf#s.
) By now, experimental analysis of the electron density
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TABLE 1: Details of Data Collection and Refinement of
CI’(UG'CGHG)Q

CI’(}’]G-CGHG)Z

M 208.22

T 100K

A A 9.5714(2)

Vv, A3 876.85(3)

z 4

space group Pa3

density, g cm?® 1.577

F(000) 432

w (Mo Ka), cmt 12.43
diffractometer Smart 1000 CCD

absorption correction (Mo &)
scan technique

emax

number of measured reflctns
number of independent reflctns

(R(int))

semiempirical from equivalents
w-scan with 0.3 step inw
53
39036
1731 (0.0315)

number of observed reflctns with 1220
I > 20(l)

Conventional Refinement
wR2 0.0752
R1 calculated again$t 0.0295
GOF 1.005
PmaJPmin 0.737+0.454

Multipole Refinement

number of reflctns with > 30(1) 833

R1 calculated againgt 0.0165

Ry calculated againgt 0.0162

GOF 0.732

Pmad Prin 0.182/-0.164

function in Crystals of VﬁS-C5H5)2,12 (175-C5H5)M(177-C7H7) (M
=Ti, V, Cr),13 (3°-CsHs) Ti(1-CgHg), =3 (17>-CsHs) V(17°-CeHe) V-
(7%-CsHe)*4, and ethylene-bis(1-indenyl)zirconium dichloritbe.
Therefore, in addition to the investigation of intermolecular
interactions, it would be interesting to check the validity of the
experimentap(r) function for estimation topological parameters
of the Cr—CgHg bond in BzCr.

To accomplish this in the present paper, we performed
topological analysis of the electron density in the crystal and
isolated molecule of BLr using a high-resolution X-ray
diffraction study (XRD) at 100 K and DFT calculation
(B3PW91/6-311G**). To obtain additional verification of the
crystal lattice energy estimated from the XRD experiment, we
also performed the plane-wave DFT calculation using the PBE
functional.

Experimental Section

All operations with air- and moisture-sensitive CgBaere
carried out in an inert atmosphere. CgBras synthesized by
the Fischer methdfand purified by subsequent crystallization
and vacuum sublimation. Single crystals of CsBmitable for
the high-resolution XRD experiment were prepared by slow
sublimation of a polycrystalline sample in an evacuated ampule.
The absorption correction was applied semiempirically using
the Sadabs prograM.The details of the X-ray data collection
and conventional full-matrix anisotroptgsotropic refinement
are listed in Table 1. The experimental electron density in the
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Each pseudoatom electron density has the form

Imax m=+1

pj(rj) - Pcordocore(rj) + K,SPvalpval(K'Srj) + z z K”3P|mR1
=0 m=—I
(K”rj)dlmp(ej 1¢j)

wherer; = r — R;. Both pcore and pva are derived from wave
functions fitted to a realitivistic DiracFock solutioR® and
describe the frozen core with fixed populatioR.{¢, and
spherical valence density with populatiBp, is varied to allow
charge transfer between atoms. Tkievariable allows for
concentration or expansion of the charge cloud of the pseudoa-
tom. The last term in the expansion expression describes the
asphericity of the valence density by a set of deformation
functions composed by the spherical harmonizs,f and radial
Slater-type functions with expansiecontraction coefficient”.

Before the refinement, all of the-€H bond distances were
normalized to the ideal value of 1.08 A. The refinement for
CrBz, was carried out with electroneutrality constraints. The
level of the multipole expansion was hexadecopole for the Cr
atom, octopole for the carbon atoms, and dipole for the
hydrogens. The scattering factors of the hydrogen atoms were
calculated from the contracted radial density functids (L.2).

The refinement was carried out agairfst the multipole
occupancies of the carbon and chromium atom were refined
with the m and 3 symmetry restrains, respectively, according
to ref 21. The results of the multipole refinement are listed in
Table 1. Analysis of the deformation electron density, ELF, and
topology ofp(r) was carried out using the WINXPRO program
package?

Computational Methods

Ab intio calculations of the CrBzmolecule were performed
with the Gaussian98 program packégat the BSPW91 level.
Full optimization with theDg, and Dgg symmetry of the
molecule was carried out using the 6-311G** basis set. The
optimization was followed by the evaluation of the harmonic
vibration frequencies. As convergence criteria, the extremely
tight threshold limits of 2x 107% and 6x 10 au were applied
for the maximum force and displacement, respectively. To
enhance the B3PWO91 calculations accuracy, the pruned (99,-
590) grid has been used for integration. Topological analysis
of the p(r) function was performed using the MORPHY 98
program?* on the basis of the wave functions obtained from
the B3PW91 calculations.

The quantum-chemical calculations of the CyBgystal have
been conducted using the CPMD 3.9.1 DFT cé&dd-or
optimization of atomic positions (started from the experimental
crystal structure) in crystal, a simulated annealing technique was
used, followed by the BFGS minimization of the total energy.
Vanderbuilt ultrasoft pseudopotenti#save been applied to
account for core electrons while valence electrons were ap-
proximated by the plane-wave expansion with a 30 Ry cutoff.
Exchange and correlations terms of total energy were described
by the PBE functional? Since DFT does not take into account
dispersion interactions, calculated unit cell parameters may be
systematically overestimated or underestimated up to 5%.
Therefore, the experimental values of the unit cell parameters

crystal was obtained by the multipole refinement based on the were used in the calculations. Atomic displacements converged

Hanser-Coppens formalisA§ using the XD prograf? package.
The static molecular charge density in this model is described
as a sum of rigid pseudoatotfist the nuclear positionsR)),

p(r) = 3j pi(r — R).

better than 1x 10~* au as well as energy variations were less
than 1x 1076 au.

The isolated molecules were simulated utilizing the same
theoretical background, basis sets, and convergence criteria by
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the experimental values with only a slight decrease in theCCr
distances (Tables-23). To estimate the energy per molecule

in the crystal, we carried out an additional calculation deleting
all but one molecule from the crystal lattice thus creating a
pseudo-isolated molecule (see refs 5 and 6). Taking into account
that in both calculations the same basis set and level of theory
was used, comparison of the energies for the crystal and isolated
molecule gives the energy of the intermolecular interactions that
should be close to the sublimation enthalpy. In the case of £rBz
Figure 1. General view of the CrBamolecule in two projections with such a procedure leads to the sublimation energy equal to 66.96

1 g .
the presentation of atoms by thermal ellipsoids at the 50% probability kJ m‘?r ; this value was found to be close to the available
level. experimentalAH,, value (78.2+ 6.3 kJ mot1).35

Taking into account that intermolecular contacts make the
quantum-chemical calculations of a single molecule in a cubic main contribution to the rotation barrier of the two benzene rings
box with sides of 15 A. The structures of isolated molecules in the solid state, we can estiméig, of a single ring as a half
were tested on stability by calculation of vibrational frequencies, of sublimation energy obtaining finallio: = 33.48 kJ mot™.
and no negative ones were obtained. Unfortunately, the exactThe estimation of th& value of the benzene ring in the crystal
calculation of vibrational frequencies in the case of periodic of CrBz was a subject of a number of investigatigfs3*36-37
boundary conditions is difficult for us due to large requirements The potential energy surface for this rotation was investigated
of computer time. Because of these difficulties, no zero-point by the atom-atom packing energy barrier (AAPEB) calcula-
correction was applied to the sublimation energy. On the other tion,3436 proton spin-lattice relaxation time methods (PSL-
hand, the plane-wave basis set has no superposition error, inRRTMs)2” and finally, within analysis of atomic anisotropic
contrast to the ordinary Gaussian basis sets. We believe thatdisplacement parameters (ADP3)he barriers obtained within
the obtained value of sublimation energy can be successfullythe AAPEB calculation 19.2 and 31.4 kJ mbl(at room
used as a valuable criterion for characterization of the strengthtemperature and 78 K, respectivéyj®are in agreement with

of intermolecular interactions in the crystal. activation energy value (19.1 kJ mé) from PSLRTMs?’ The
Eot value from the ADP analysis was obtained for a deuterated
Results and Discussion CrBz, sample at nine different temperatures within the interval

100-375 K with a 25 K steg® The E; showed a steady
increase from 325 K (25 kJ mol) to 175 K where, within the
experimental error, a plateau (28.7 kJ miplwas attained?
Thus, it is apparent from the data presented that the PW-PBE
calculation gives a reasonable value for the barrier to rotation
in the CrBz crystal. To study the nature and energy of the H
-H and G--H intermolecular contacts on the basis of the XRD
data, we performed topological analysis of th@) function
taken from the X-ray experiment.

Electron Density Distribution. The deformation electron

Molecular and Crystal Geometry. The geometry of CrBz
has been analyzed in details both in the gas pia®eand in
the solid stat@®-34 There was a considerable controversy as to
whether the molecule in the gas phase possesses ®dull
symmetry, aDzqy symmetry with alternating €C bonds, or a
Dsn symmetry with alternating €C bonds (see ref 30 and the
references therein). It is accepted now that in the singlet ground
state the CrBzmolecule is characterized by tBg, symmetry?®
The crystal of CrBz (space grougPa3, Z = 4, Z = 0.16)
within the temperature interval 1625 K22 in contrast to 3d- > ! ! !
metallocenes Mf5-CsHs),,8 does not undergo a phase transition. 9€nsity (DED) maps in the crystal in the benzene ring plane
According to high-resolution XRD, two independent-C and section passing through the chromium ar_1d carpon_ atoms
(1.416(1), 1.417(1) A) and €IC (2.1406(6), 2.1409(6) A) bond &€ characterized by expectegl fea’gurgs: _thg ynlform dls_trlbyt|on
lengths are equal (Figure 1). The B3PW91 calculation ideally of the DED for the benzene ring with insignificant poIanzann
reproduces the XRD geometry (Table 2). It should be noted ©f C—C bond that can be the consequence of crystal packing
that both in the crystal and in the isolated molecule the hydrogen €ffécts (Figure 3A) and a significant anisotropy of the DED in
atoms are slightly shifted from the benzene ring plane toward the vicinity of the metal atom (Figure 3B). In_the latter section,
the metal atom. two DED maxima near the Cr atom are directed to the ring
According to analysis of intermolecular contacts in the crystal centers an.d two other ones are parallel to the benzene rings.
of CrBz, each independent hydrogen atom participates in two The negayv.e DE,D peaks are located along the-Crbond )
contacts assembling neighboring molecules in “trimers” (Figure Vectors. Similar distribution of the DED around the Cr atom is
2, Table 3). The €H---H—C contacts for the H(1) and H(2) in I|r_1e with the resu!ts (_)f the 3d-orbital population analysis
atoms are slightly different (2.39 and 2.42 A) and are character- Within the NBO localization scheme (Table 4).
ized by the G-H-+-H angles in the interval 99151° (Table 3). It is known that the chromium configuration in CrBig (e9)*
It should be noted that in the case of the H(2) atom we cannot (1) (€19)° where MO agis nonbonding, g is bonding, while
exclude that these contacts are formed not between the hydrogeiig iS antibonding. The bonding in CrBzesults from the
atoms but between the hydrogen atom and the benzene€lectron donation from the metai@rbital to the corresponding
7-system. Indeed, the H(2)C(2) distance (2.80 A) and, in  combination of benzene MOs and back-donation from the ligand
particular, C(2)-H(2)---C(2) angle (152) indicate that such leads to partial occupation of the chromiumy erbital. This
type of interaction may exist. So, from analysis of the crystal scheme is illustrated by the NBO analysis (Table 4).
packing, we can suggest that each benzene ligand participates In addition to the NBO scheme, the d-orbital populations is
either in twelve H--H contacts or six H-H and six H:-C estimated also directly from the multipole population parameters
contacts. according to ref 38. The values obtained are given in Table 4.
An optimized crystal structure of CrBhas been obtained  Though populations of the;gand ey orbitals obtained from
also with the PW-PBE calculation. The molecular geometry as the experimental data are systematically lower, the relative
well as the contacts mentioned above were found to be close topopulations are quite close to the quantum-chemical data.
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TABLE 2: Bond Lengths (angstroms) According to XRD, B3PW91/6-311G**, and PW-PBE Calculations and Difference in

Energy for Dgy, and Dgg Configurations

XRD2 PW-PBE B3PW91/6-311G**

parameter Den Den Den Deq
Cr—C 2.1406(6) 2.1195 2.138 2.142
c-C 1.416(1)/1.421 1.421 1.414 1.414
C—H®b 1.086 1.107 1.086 1.086
Cr—Bz 1.605 1.573 1.604 1.609
OH¢ 0.07 0.074 0.0472 0.0514
E, au —1508.8459253 —1508.8453310
ZPE, au 0.204660 0.204694
AE, kJ mol? 0 1.64

a All values for two independent C(1) and C(2) atoms are averat€he bond lengths are constrained in accord with the B3PW91/6-311G**
calculation.c Deviation of the hydrogen atoms from the benzene ring plane toward the Cr atom (angstroms).

Figure 2. “Trimers" in the crystal of CrBz The H--H contacts are
shown by open lines, and the +C contacts are designated by dashed
lines.

TABLE 3: Geometrical Parameters of the Probable H--H
and C—H---C Contacts in the Crystal of CrBz,

parameter X-ray PW-PBE

C(2)-H(2)---C(2)*

H(1)-+-H(1), A 2.39 2.326

C(1)H(1)H(1), deg 139 139.2

H(1)H(1)C(1') deg 127 129.9
CR-H@)H2)"

H(2)---H(2), A 2.42 2.429

C(2)H(2)H(2), deg 99 97.2

H(2)H(2)C(2) deg 151 149.5
C(2-H(2)--C(2)?

H(2)---C(2), A 2.80 2.793

C(2)—H(2)--C(2), deg 151 150.4

a Atoms with an asterisk are obtained from the basic ones by
symmetry operation 0.5- z, 0.5—y, and—y.

In accord with the population analysis, the chromium atomic
charge obtained by the integration of the electron density
function over the atomic basin (Table 5) is somewhat less than
that predicted by the B3PW91/6-311G** calculation. The XRD
charge on the chromium atom agrees very well with the NMR

independent volume of CrBabtained by summation of the
atomic volumes according to the AIM theory (218.8%) And
the experimental one (219.21(3P)Rare practically identical.

Topological parameters of thgr) function in CrBz in the
crystal and isolated molecule are close to each other. At the
same time, it should be noted that accuracy of experimental
and quantum-chemical(r) functions and/or critical points (CPs)
search algorithms used are not sufficient enough and both
characteristic sets of CPs do not satisfy the Poincbiepf
relationship® The characteristic set for the CrBmolecule, in
addition to twelve CP(3;1) for Cr—C bonds, twelve CP(3;

1) for C—C bonds, and twelve CP@1) for C—H bonds, must
also include twelve CP(3;1) for the three-membered CsC
rings, two CP(3+1) for the benzene ring, and finally, two CP-
(3,+3) for the CrG polyhedrons.

Despite this, the critical point search for the experimental
and calculategp(r) functions has not revealed the mentioned
CP(3;+1) for the benzene ring and the cage CR®), This
discrepancy clearly related to the occupation of theogbital.
Indeed, both CP(3;1) of the benzene ring and CP{3) are
located at the 3- or 6-fold axis in the crystal and in the isolated
molecule. At the same time, the maxima corresponding to the
dz? orbital are also observed on the same line which leads to a
negligible separation of the (8]l) and (3;+3) critical points.

It should be noted that the same violation of the Poincare
Hopf relationship was observed in 3d-metallocenes, such as Cp
Fe, where the occupation of theyarbital also caused the same
problem with the CPs locatich.

Topological characteristics in the CPs<3) in CrBz for
the experimental and theoretically obtaingd) functions are
listed in Table 6. The values of the kinetic energy denGify)
and the electron energy densit(r) in CP (3;-1) for the
experimentalp(r) function were evaluated through the semi-
guantitative approximation proposed by Kirzhrfit#\ccording
to refs 40 and 41, th€(r) function is described as (3/10)}{3%°-
[p(r)]®3 + (L/72)Vp(r)|%p(r) + 1/6V2p(r)], which in conjunc-
tion with the local virial theorem @(r) + V(r) = 1/4V?p(r))3
leads to the expression for potential energy deng(ty) and
finally to the He(r)—the sum of potential and kinetic energy
densities.

The best agreement between experimental and theoretical data
and, in particular, for th&(r) andHe(r) values in CP (371)
is observed for the GrC bonds. The variation of the topological

data which suggests a transfer of 0.72 e from the metal to theparameters for the rest of the bonds may be related in part to

ligands in CrBz.3° Negative charges on the C atoms and positive

the packing effects and, in the case of energy densities, by

charges on the H atoms estimated in this work on the basis oflimitations of the Kirzhnits approximation for covalent bonds.

the XRD experiment and the B3PW91/6-311G** calculation
(Table 5) are in accord with the results of numerous other

It can be seen that the-€C and C-H bonds correspond to
the shared type of interatomic interactions. In contrast, in the

calculations (see ref 30 and the references therein). An additionalCP (3;-1) of the CrC bonds, the Laplacian of the electron

support for the charges obtained is given by the fact that the

density attains a positive value as it was previously observed
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Figure 3. Experimental DED in the plane of the benzene ring (A) and section H(1)C(1)Cr(1) (B) in,C(BX the contours are drawn through
0.1 e A3; (B) the contours are drawn through 0.15 e3or DED values less than 0.3 e Aand trough 0.25 e & for the rest. The negative
contours are dashed.

TABLE 4: 3d-orbital Populations of the Chromium Atom in case of experimentally derived functions, they are preferable
CrBz, According to the NBO Localization Scheme (B3PW91/ for analysis of weak closed-shell interactidf4748

- *k i i -
ngéle ) and to the Multipole Refinement of the X-ray Comparison of the experimental and theoretically obtained

ELF sections shows that in the vicinity of the chromium atom

MO NBO X-ray the ELF distributions are almost identical and close to previously
aug(d?) 1.896/36 1.62(1)/38 published theoretical data (B3LYP/6-31G*)In contrast, in
E2g(Chyl-y?) 2.412/45 1.953(7)/42 the area of the €H bonds, there are some significant
e1g(Cheyd) 1.026/13 1.112(7)/24 distinctions, the main of which is represented by the double

2 Population in percent. peak along the €H bond (Figure 4). It can be seen also that

. . the Cr--C interactions can be described in terms of peak-hole
TABLE 5: Charges of Atoms Obtained by Integration of : . .
the Experimentagll and quantum-chemical,gl(r) Fugnctions over formallsm—the maxima of electron density at carbon atoms are
Atomic Basins in the CrBz oriented toward the area of the local charge density depletion
at chromium. Taking into account that general features of the

atom XRD B3PW91/6-311G** . T -
electron density distribution around the chromium atom as well
Cr(1) 0.684 0.941 as the C+C interactions are reproduced by the experimental
g% :8:%32 :8&3% ELF rather well, we conclude that the approximation of ELF
H(1) 0.164 0.062 proposed by Tsirelson et #lcan be used not only for analysis
H(2) 0.157 0.062 of hydrogen bond4}4” weak dative bond¥ and the electron
lone pairs domairfé2 but also for description of bonding in
TABLE 6: Topologlcal Characteristics of the p(r) in CP various organometallic compounds.
(3,71) in the CrBz; It should be noted that, in addition to the chromium atom,
A-B p(r),e A? VZp(r),eAS &  G(r),ae. Hdr) ae. significant anisotropy of ELF distribution is also observed for
Cr—C 0.484 6.05 7.26 0.0773 —0.0145 the hydrogen atoms. Although this effect may be attributed to
(0.483) (6.66)  (4.44) (0.0827) (-0.0131) some discrepancy of ELF in the vicinity of nuclei, it can be
c-C 1.943 —16.83 0.33 02439  -0.4185 also the result of the packing effects.
C—H (1:2151)) (:12:(1)8) (8:32) (8:2832) (:8%22? The critical point search for interatomic contacts in the crystal

(1.865) (—22.42) (0.02) (0.0340) (—0.2664) of CrBz has revealed that CPs {3l) are located in the area
i of the H--H contacts (see Table 3, Figure 2). To check that
aln each column, the upper entry denotes the experimental values

and the lower entry in brackets gives a theoretical value from the _molecul_es are assembled mos_tly by-4#i intermolecular
B3PW91/6-311G* calculations. The ellipticity value. interactions, and to analyze precisely what type of the contact,

H--H or C—H---H, exists in the case of the H(2) atom, we
for various M—X bonds in organometallic compounds (see refs carried out analysis of the bond paths. Indeed, in the case of
42 and 43 and the references therein). Although the positive the H(1) atom, the bond paths starting from CP—B), finish
value of the Laplacian is a characteristic of closed-shell at the hydrogen nucleus (Figure 5A). For the H(2) atom, the
interactions, the negative value BE(r) clearly indicates that  situation is different and the bond path links the hydrogen atom
the Cr—C bonds correspond to the intermediate type of with the C(2) one (Figure 5B). Thus, we can conclude that in
interatomic interactions. the crystal of CrBzthe molecules are assembled by the €(2)

It should be noted that application of the Kirzhnits ap- H(2):--C(2) and C(1)-H(1)---H(1')—C() interactions while
proximation forG(r) not only gives an opportunity to define the C(2)-H(2)---H(2') contact is absent. It should be noted that,
correctly the type of interatomic interaction but is also a unique in addition to CP (371) in the resulting H-H and H:-C
way to obtain the electron localization function (EffFand connected antiprism (Figure 2), all expected CP${3,as well
the localized-orbital locator (LOEY directly from the experi-  as cage CP (3;3) were found (Figure 5).
mental X-ray diffraction data. Both these functions describe  Topological parameters of the-+H contacts are close to
bonding in terms of local kinetic energy densifyand in the those in the crystals of 1-phengtcarborangéand [2.2]paracy-
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Figure 4. Experimental (A) and theoretically obtained (B) ELF in section H(1)C(1)Cr(1) in €rBze contours with ELF< 0.5 are omitted for
clarity.

A B
Figure 5. Bond paths for intermolecular contacts in the crystal of GrBz

clophane? and are comparable with the weak-HH intramo- conclude that the energy of the contacts found within the XRD
lecular interactions recently found in tetiert-butylcyclobuta- investigation is quite reliable. This work shows that high-
diene and tetraert-butylindacené? In particular, theo(r) and resolution XRD investigations of the electron density distribution
V2p(r) values in CPs (3;1) of the H--H and G--H contacts can not only be used for analysis of the mef@i-ligand) bond

in the CrBz crystal are equal to 0.035, 0.039 e¥and 0.35, characteristics but also make it possible to reveal and estimate

0.38 e A5, respectively. The correspondipgr) values in the the energy of attractive interactions in the crystal. In the case
CP (3;+1) and CP (3}3) formed due to intermolecular contacts  of the (7%-CsHe).Cr, this gives an opportunity to estimate the
in the CrBz crystal are equal to 0.023 and 0.017 e3A dynamic parameters of the ligand in the crystal assuming the

respectively. intramolecular barrier is zero. Although in the case gf-(

It should be noted that the presence of CPs-13,for the CeHe)2Cr, this method is clearly overcomplicated in comparison
mentioned intermolecular contacts have been observed also fowith, for example, PW-DFT calculations or analysis of aniso-
the potential energy density distribution functidifr) (more tropic displacement parameters, for the crystals containing a

precisely,—V(r)), thus indicating that homeomorphism of the number of rigid groups, it has evident advantages providing

experimentap(r) and—V(r) functions (see refs 48 and 51) in  high-accuracy experimentally based information on nature and

the case of weak intermolecular contacts is also satisfied. energy of intra- and intermolecular interactions in organometallic
The energy of the H-H interactions in the crystal of CrBz systems.

has been estimated using the correlation proposed by Espinosa

et al* Although the energy of the individual interactions is rather ~ Acknowledgment. This work has been supported by the

small and equal to 2.9 and 3.0 kJ mbfor the H(1)}--H(1') Russian Foundation for Basic Research (Grant Nos. 06-03-

and H(2)---C(2) contacts, respectively, the total energy of 32557-a, 03-03-32944) and Support of Leading Schools of the

interactions for one benzene ligand (six (H(1HI(1') and six Presidentofthe Russian Federation (1153.2006.3, YS-1054.2005.3).

H(2)---C(2) contacts) will be as high as 35.4 kJ mblFinally,

the total energy of all H-H interactions per one molecule of Supporting Information Available: List of atomic param-

CrBz is equal to 70.8 kJ mol is close to the corresponding eters in TXT format and CIF information also available. This

value obtained with the PW/PBE calculation (66.96 kJ mHpol material is available free of charge via the Internet at http:/

and to the experiment#lHg, value (78.2+ 6.3 kJ mot?).3° pubs.acs.org.
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