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Theoretical and Experimental Characterization of Cr—L Multiple Bonds (L = O, N, and C)
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A combined experimental and theoretical study on the bond characterization-of(Cr= O, N, C) multiple

bonds is applied to a series of Cr-complexes: [(£O)Cr"(CPh)]1; [Cr¥)(N)(bpb)] 2, and [Cf)(N-t-Bu)-
(bpb)(CI)] 3, where [bpB~ = (1,2-bis(pyridine-2-carboxamido)benzene)]; and [(TPPOM&)C] 4, where
[TPPOMe= (5,10,15,20p-methoxyphenyl)porphyrin)]. Compoundsand 2 were investigated by accurate
single-crystal X-ray diffraction. Detailed descriptions of-@2cabyne Cr—Nhitrido, Cr—Nimido, and CF-Ooyxo

bonds will be given based on the natural bonding orbital (NBO) analyses and Fermi hole function. The bonding
feature of all these multiple bonds is essentially a triple bond character consisting @fmaetwosr bonds.

The o character of the CrL multiple bonds is a highly polarized one with the electron density strongly
polarized toward L (O, N, C) ligands. Thecharacter of the CfL multiple bonds depends on the nature of

L ligand, i.e., with electron density polarized toward the Cr and O center fei0g#pyneand CrOoy bond,
respectively, whereas electron density is roughly equally distributed at both Cr and N forth&fic and
Cr—Nimigo bonds. Bond characterizations are also shown in terms of Laplacian of electron density where the
inner valence shell charge concentration (i-VSCC) is embedded. The isovalue surface of zero Laplacian of
electron density reveals the shape of such i-VSCC at each chromium atom. Shapes around the Cr atom are
a pressed disklike fat and3 and inverted square pyramid farand4. The topological properties associated

with the bond critical point (BCP) of CrL multiple bonds in these compounds indicate a strong covalent
bond character. The order of the binding interaction is-Eifirido > Cr—Ooxo > Cr—Nimizgoe > Cr—Cearbyne

The combined study of experiment and theoryleemd2 demonstrates good agreement between experiment
and theory.

Introduction chosen to be investigated by the topological analysis of the
electron density distributiof, natural bond orbital (NBGy

Chemical bonding is a very important concept in understand- analysis, and Fermi hole distributiéfr.1® The topological

ing molecular behavior. Bond characterization is therefore properties associated with the BCP for various types of Cr

becoming ever needed for predicting the physical and chemicalligand bond are compared and discussed in detail between

properties of molecules. Combined experimental and theoreticalexperiment and theory. The inner valence shell charge concen-

studied® has been used for such a purpose in terms of trations (i-VSCCs)y20 of Cr atoms associated with their

deformation density distribution and natural bond orbital geometrical conformation are also investigated.

analysis. Such studies do provide qualitative description of

bonding type. However, the drawback in this method is the Computational Details

bias—1% on the definition of the promolecule. The topological

analysis of “Atoms in Molecules” theotybrings in new insight The geometries of compount] 2, 3, and 4 used for the

on chemical bonding characterization. The bias on how to treat theoretical calculations are taken from the diffraction datét

properly the promolecule model is no longer a problem since Simplified model compound3 [(CI)(bpb)Cr(NCH;)] and 4

the topological properties analysis is based entirely on the total [(Porphyrin)CrO] are used for the theoretical calculations. All

electron density of the molecule. Deformation density studies computations are performed using the B3LYP hybrid HF/DFT

of Cr-complexe¥14 have revealed important aspects on the method! with the G98 program packagé.The basis set

bonding features of various types of-r multiple bonds. To ~ contraction used for Cr atom is (62111111)/5112/#£#fThe

give a quantitative description of the €t multiple bond, four ~ (14s, 9p) primitive Gaussian functions are taken from Wacttters

Cr-complexes, [(CQJCI)Cr(CPh)] 1,12 [CrV)(N)(bpb)] 2,13 and (6d) basis set are taken from Godd&riihe 6-31G* basis

[CrY)(N-t-Bu)(bpb)(C1)] 3,4 and [(TPPOMe)CM O] 4,14 with se?? was used for Cl, N, O, C, and H. The importance of

the Cr—Ccarbyne Cr—Nhitrido, Cr—Nimido, @nd CrOqxo bond are electron correlation of transition metal system has been

reportec?> 27 The DFT includes electron correlation effect
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Figure 1. Molecular structures of compound (&) (b) 2, (c) 3, and (d)4.

V2o(r) induced by correlation are found to be small in
magnitude.

tetradentate of bpb ligand for2 and3, respectively. Compound
4is a five-coordinated complex with €0y, bond of 1.588(4)

The topological property analysis on electron density is based A. The Cr atom is located 0.434 A above the plane of porphyrin

on Bader's “Atoms in Molecules (AIM)” theor}# Total electron

ligand4 Selected bond distances of various—Crbond are

density obtained from the experiment is calculated according listed in Table 1. There are various types of-@®f bonds in

to the multipole modé? and the multipole coefficient(,’s)
and the single kappa values @fand 2 are taken from the
literature?13 The multipole terms of Cr atom are up to
hexadecapole (total number of 25) for bathand 2. Total

electron density from the theory is calculated on the basis of tqr types of Cr-L multiple bonds (C#Cearbyne Cr—

the DFT calculation. Maps of Laplacian, charge distribution,

and the other topological properties are obtained using the

PROP?Y and AIMPAC! programs for experiment and theory,
respectively.

Result and Discussion

Structures. The crystal structures and deformation density
distribution of 1, 2, 3, and 4 have been reported.1* The
coordination spheres of Cr center are either in an octahetiral (
and 3) or in a square pyramidal2(and 4) geometry. The

these four complexes, where the bond length is in the order of
Cr—Nhitrido < Cr—Nimido < Cr—Namido < Cr—Npyridine = Cr—
prrole-

NBO Analysis. The natural bond orbital analyses (NBO) of
Nhitrido,
Cr—Nimido, and Cr0yyo) are listed in Table 2. Each one is
described in terms of bond type, (), natural hybrid orbital
(NHO) at each bonded atomic center as well as the electron
occupancy of the bond. It is clear that all of the-@Crmultiple
bonds are a triple bond character with anand twoz bonds.

The calculated bond orders are 2.44, 2.72, 2.40, and 2.65 for
Cr—Cecarbyne Cr—Nhitrido, Cr—Nimido, and CrOqxo bonds, re-
spectively. Ther bond of Cr-L multiple bond is formed by a
sd2 hybrid orbital of Cr and a sphybrid of L with major
contribution (66-80%) from L. Thex bonds of CtL are

molecular structure and the local coordinates of Cr atom for formed by ¢ (dx. dyz) orbitals of Cr and p (px, py) orbitals of

compoundl, 2, 3, and4 are shown in Figure 1. Compourid
is a typical low-valent carbyne complex with the-&Ccarmyne
distance of 1.724(1) A2 Compounds2 and 3 are both high-
valent Cr complexes with GrN distance of 1.555(2) and 1.63(1)
A for nitrido 2 and imido3 complex!314The Cr atom is located

L. In the cases of C£Npirido and CrNimigo bonds in2 and 3,
bothsr bonds are formed with equal contribution frogpgorbital

of Nhitridosimido @Nd ¢ orbitals of Cr, though p of Nimigo does
contribute slightly more than,df Cr in 3. In the case of Ct
Ooxo bond in4, the p, orbital of O contributes much more than

at 0.519 and 0.173 A above the equatorial plane of the the d; orbitals of Cr on CiOqyo r bond. But, in the case of
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TABLE 1: Selected Cr—L Bond Length and Topological
Properties Associated with BCP of 1, 2, 3, and 4 (for 1 and
2, first line from experiment, second line from theory)

bonds/B.L. p(r) V2p(r)P Hy®
A die A eAs eAs Hartree/R
1
Cr—Cl 1.242 0.183 3.047
2.409(1) 1.084  0.377 4.442  —0.040
Cr—Clcarbonyl 0.972 0.824 11.520
1.957(1) 0.959 0.675 11.043  —0.137
Cr—C2carbyne 0.895 0.859 11.520
1.724(1) 0.896  1.228 13.881  —0.618
2
Cr—NZ1amido 0.990 0.721 11.686
1.967(2) 0.968 0.699 9.801 —0.107
Cr—N3pyriayi 1.033 0.537 8.292
2.080(2) 1.003 0.514 8.853 —0.015
Cr—N10Ghitrido 0.846 1.873 26.940
1.555(2) 0.842 2.057 13.54 —1.728
3
Cr—Cl 1.096 0.373 3.716 —0.047
2.432(6)
Cr_NlpyridyI 0999 0553 8734 _0032
2.063(16)
Cr—N2amido 0.963 0.743 9.641 —0.133
1.961(14)
Cr—Nb5imido 0.847 1.477 23.918 —0.823
1.634(14)
4
Cr—N1pyrrole 0.977 0.562 10.374 —0.024
2.025(3)
Cr—0oxo 0.815 1.827 23.539 —1.239
1.588(4)

ad1: distances from BCP to the first atom of the bohtaplacian
at critical point (BCP),V2p(rc) = (A1 + A2 + 43). ©Hy: total energy
density at BCP.

Cr—Cecarbynein 1, it is just the opposite that the, @rbital of Cr
contributed much more than the prbital of C atom. This trend

Wang et al.

TABLE 2: Natural Bond Orbital Analysis of Cr —L Multiple
Bonds

1, [(CO)(CI)Cr=CPh] 4, [(TPP)C=0]
bond CT—C(carbyneél.725(47 CF—O(OXO)/l.582(4F
type center NHO occ.  center NHO occ.
o Cr sd2(35%) 1.921 Cr sd(20%) 1.832
Cecabyne  SP:(65%) Qo sp. (80%)
m Cr d.(68%) 1.860 Cr @ (27%) 1.952
Ccarbyne px (32%) Q)xo px (73%)
7 Cr d.(69%) 1.810 Cr ¢ (28%) 1.945
Ccarbyne py (31%) Q)xo py (72%)
2, [(bpb)CEN] 3, [(bpb)(C)CEN(CH;)]
bond Cr—N(mmdo)ll.555(2)‘ CI'—N(imido)/l.63(1)i
type center NHO ocCc. center NHO ocCcC.
o Cr sd2(42%) 1.906 Cr sd(24%) 1.956
Nnitrido sz (58%) Nmido SQ(76%)
a Cr de(51%) 1.983 Cr @ (39%) 1.726
Nhitrido Px (49%) Nmido Px (61%)
7 Cr d.(52%) 1.946 Cr ¢ (40%) 1.944
Nhitrido Py (48%) Nmido py(GO%)

aBond length of C+L multiple bond (A).

(a) (b)
Figure 2. Fermi hole density with the reference electr®) placed

is nicely correlated with their relative atomic electronegativity. at 0.5 au away (a) and above (b) thg.M, atom. The contours are in
On the basis of such orbital analysis, one denotes that the orbitalatomic unit with—2' x 10 (i =0, 1, 2, 3;j = =3, -2, —1).

energies of p orbitals of the L ligand and of dorbitals of Cr
are in the order of

Pz (Oox0) < Pz (Nimigo) < Pr (Nnitrido) =
dxzyz (Cr) < prr (Ccarbyng

The orbital interaction between the Crydd,,) orbitals and
L (px py) orbitals can be described as follows:

I — v
—

; Ccarbyne(PXs py)

jpm—
“‘ ::
J— Cr(dy, dyz) “.\ ’;' Nhitrido/imido (Px» Py)
Crld. dy), L
Cr-C 7 bond Cr-N,iwidosimizo ® bORd

carbyne

E—

Cr(dsg. dya),

'\‘ )):
! " Ooxo(Px> Py)

Cr-O,,, 7 bond

According to NBO population analysis, the -€Ccarbyne
bond density is polarized toward the Cr atom, while the

density is mainly from Gamyne This result is consistent with
the NBO analysis on the WCcaryne bONd322 In the case of
Cr—Nhitrido, the polarity of bothr andzr density is insignificant,
whereas the polarity of the and z density of Cr-Ogy, and
Cr—Nimido IS high. In other words, the -nitrido compl&has a
stronger covalent-bond character than the -oxo compléx
This result is also in accordance with the NBO analysis on
M—0Ooxo and M—Npirido bonds® with M = W, Mo, Re.
Moreover, the Fermi hole distributiéh®® both ono (Figure
2a) andr (Figure 2b) direction in CrNnirigo bond also indicates
the covalency between Cr and,fdo. The exact location of
reference electron (given in the caption of Figure 2) is
determined after trying out at various positions within the
neighborhood of bonded maxinuihOther three GrL multiple
bonds all give similar feature in Fermi hole distribution.
Laplacian of Electron Density. The Laplacian of the electron
density, V?o(r), identifies local charge concentrations (where
V2o(r) < 0) and local charge depletion§%p(r) > 0). It has
been used to study the nature of chemical bb#d.The
Laplacian of density near the Cr nucleus is displayed in two
projections shown in Figures 3 and 4 fband?2, respectively.
The agreement between experiment and theory is adequate. The
accumulation in the gddirections and the depletion along the
d, directions of Cr atom are clearly depicted in Figure 3a,b and
Figure 4a,b. However, the discrepancies do exist in iathd
2: A local charge concentration (CC) is observed along the
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Figure 3. Laplacian maps of thay plane (a,c) andz plane (b,d)
around the Cr center for compoudd (a), (b) from experiment; (c),
(d) from DFT. (solid line, negative; dotted line, positive) The contour
changes in steps 0f1)2™0" (| = 1, 0;m= 1-3;n = —2 to +2). Figure 4. Laplacian maps of thety plane (a,c) andz plane (b,d)
around the Cr center for compouid (a), (b) from experiment; (c),
Cr—Cl direction in experiment (Figure 3b) but not in theory (d) from DFT. The contours and plot sizes are as in Figure 3.
(Figure 3d) of compound.. The feature around Cr at the
projection of CFNnirido in 2 is different in experiment (Figure
4b) and theory (Figure 4d). The effect of the size of the basis
set on the metal i-VSCC was discus¥eoh the metal carbonyls
(Cr, Fe, and Ni). But the discrepancies observed here are
unlikely to be fully rationalized by the weakly pronounced
feature mentioned therein. The LaplaciahZp around the Cr
center and CtNimido, Cr—Ooxo bond of 3 and 4 from DFT
calculation are shown in Figures 5 and 6, respectively. The
feature at the horizontal plangyj are roughly the same for all
four complexes; however, along the-€@r bond, the local CC
is only found around Cr toward the,@ ligand. The Laplacian
at Cearbyne Nhnitrido, @Nd Nmido atoms shows local CC toward the
Cr. It is worth noticing that the i-VSCC of the Cr atom is in its
third quantum shef?20 and is topologically affected by the
population of the 3d orbitals. The pattern of such CCs of the
Cr atom could be the reflection of the uneven population among (a) (b)
d-or_bltals?7v38 To show the shape Of_ such i-VSCC around Cr, Figure 5. Laplacian maps of they plane (a) anczplane (b) around
the isovalue surface of zero Laplaciav?f(r) = 0) around Cr  the Cr center for compour@from DFT. The contours and plot sizes
atom is displayed in Figures—710, respectively, for complex  are as in Figure 3.
1, 2, 3,and4. These surfaces simply give the relative description
of the interfaces between the local charge concentrations andthe bisection of CtNpp, bonds and one bump is found along
local charge depletions. In compléx the surface around the  Cr—Npivigo direction but opposite to the Nisgo Shown in Figure
chromium atom can be described as a pressed disk with four8. The similar charge distribution around Cr core can also be
bumps located at the bisection of four carbonyl ligands both observed in CrOfFmoleculesi®*° The shape of the isovalue
from experiment (Figure 7a) and theory (Figure 7b), there are surface of zero Laplacian from experiment and from theory is
six concaves toward each ligand. In compl2x a square basically the same, but the experimental surface shows clear
pyramidal shape is observed where four bumps are located atseparation between charge concentration and charge depletion.
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(b)

Figure 6. Laplacian maps of they plane (a) anczplane (b) around
the Cr center for compourdifrom DFT. The contours and plot sizes
are as in Figure 3.

(®
Figure 7. Isovalue surface of zero LaplaciaW?(r) = 0) map at Cr
of complex1, (a) from experiment, (b) from theory.

(b)

(@)

Figure 8. Isovalue surface of zero LaplaciaW?(r) = 0) map at Cr
of complex2, (a) from experiment, (b) from theory.

The surface in comple8 shown in Figure 9 is similar to that

of complex1. The surface in comple4 shown in Figure 10 is
somewhat peculiar. From the geometry of the coordination, it
ought to be similar to that &f. However, there is an extra bump
toward the Qxo. This makes Cr Oy bond insert into a bump

on this surface, whether this has anything to do with the high
polarity of the bond is unclear at the moment. The same feature
along V=0, bond was also observ&dn VOCI.

The structure of the Laplacian of charge density for atoms in
molecule&t“*lis most easily visualized in terms of the minimum
in V2p(r), a polyhedron whose numbers of vertexey edges
(E), faces F) and the only cage critical point within the sphere
obey the PoincéreHopf relationshig? As a peculiar case, this
is easily transformed into Euler's polyhedral formtifay — E
+ F = 2. The local minimum (charge concentration, CC) in
the valence shell of an atom defines the verteXe3he unique

Wang et al.

Figure 10. Isovalue surface of zero Laplacia®’p(r) = 0) map at Cr
of complex4 from theory.

pair of trajectories of the gradient &®p(r) that originate at a

(3, —1) critical point or saddle point between two minima and
terminate at neighboring vertexes define the edgex the
polyhedron. The set of trajectories that arise at a{B) critical
point define the face& of the polyhedron. The face critical
points are whereV2o(r) attains a local maximum (charge
depletion). This is called an atomic graffhGenerally, the
ligands avoid the vertexes formed by CCs in the valence shell
of a metal but are inserted in the faces of the polyhedron. Take
1 as an example, shown in Figure 7, there are four vertexes,
eight edges, and six faces in chromium’s i-VSCC, therefore
satisfies the Eular’s rule of 4 8 + 6 = 2. It is understandable
that each CC of six ligand atoms inserts toward one of the six
faces. In the case &, there are five vertexes, eight edges, and
five faces. In the case & it is the same as ifh. In the case of

4, there are six vertexes, eight edges, and four faces. All the
CCs of ligands are inserted toward the face, therefore the number
of faces is the coordination number of the metal ion. As
mentioned above, one exception is—@yy, in 4 where the
ligand Qo is toward a vertex instead of a face. We have not
yet a good explanation for this, except the density polarization
in this bond is highly polarized toward .

Topological Properties of Bond Critical Points. Topological
properties associated with BCPs of some typical covalent bonds
of 1 and2 are given in Table 3 from both experiment and theory.
Those of Cr-L bonds are given in Table 1. The experimental
p(re) and V2o(ro) values are in good agreement with the
theoretical ones, whergis the BCP. All C-C, C—0, and C-N
bonds are definitely of covalent bond character (shared interac-
tion),*2 having negative value 6¥%o(r¢) and a greater than 1.0
of p(r¢) value at the BCPr.. The positive value o¥?p(r¢) of
the G=0 bond found from the MO calculation ith can be
rationalized by the highly polarized electron density on an
extremely short bonét43since the BCP is only 0.37 A away
from C nucleus. In view of the complications to various bonding
analyses based on the total electron density, it is also advanta-
geous to use the local properties of the energy to analyze the
bonding characte¥ For this purpose, the total energy density
H(r) is defined adH(r) = G(r) + V(r), whereG(r) is a local
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TABLE 3: Topological Properties Associated with BCP for
Selected Intra-ligand Bonds of 1 and 2 (first line from
experiment, second line from theory)

bonds d1A p()eA3 V2p(r)eA S H,(Hartree/R)
1
C1-01 0.394 3.774 —7.198
0.372 3.244 27.289 —5.962
C2-C3 0.715 1.668 —7.853
0.743 2.116 —24.368 —-2.271
2
N3—C8 0.757 2.206 —15.646
0.886 2.210 —20.104 —-3.579
C8-C9 0.709 2.212 —19.234
0.707 2.210 —21.903 —2.216
0O1-C7 0.805 2.703 —13.751
0.827 2.643 —20.612 —-4.491
N2—-C6 0.740 2.100 —12.843
0.885 1.976 —21.466 —2.772
C1-C2 0.704 2.293 —23.018
0.718 2.122 —20.888 —2.147

kinetic energy, which is always positive, a¥i(t) is the average
field experienced by one electron in a many- particle system
(or the local potential energy density), which is always negative.
The sign ofH(r) determines whether the accumulation of charge
at a pointr is stabilizing H(r) < 0] or destabilizing H(r) <

0]. Investigation of a variety of chemical bonds reve&tatat

the covalent bonding feature (shared interaction) also can be
characterized by a predominance of the local potential energy
densityV(r) at the BCP reflected bi(rc) = Hp < 0. On the
other hand, the closed shell interactions, van der Waals
interaction, or ionic bonds are characterized by a positiy& 44
Therefore, it is reasonable to say that the sighlg€an provide
bonding characterization in addition to the propertie®@f),
V2p(rc). For example, in the case of=D bond, although it
has a positivev?p(r ), but it has a large(rc) value (3.242 for
theory) and a large negativé, value (5.96 Hartree/A) (Table

3). This indicates the sign of thé, can be taken as a sufficient
condition for such a €O covalent bond. The values of
topological properties of intra-ligand-€C, C-0O, and C-N
bonds in compoun® and4 are similar to those in compounds

1 and 2. The topological properties associated with BCPs of
Cr—Cearbyne Cr—Nhitrido, Cr—Nimido, @nd CrOqyo multiple bonds
together with some related bonds are summarized in Table 4.
According to the concept of energy dendity, it may be used

as a qualitative measure for covalency of relatedMmultiple
bonds32:33 The larger the minu$iy value is, the stronger the
covalent bond i8342The electron density at BCp(r.), as well

as the value oHp may provide a valid scale for the bond order
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or binding interaction of covalent bonds. For high-valent
chromium complex, 3, and4, the CrNnirido IS Characterized
by a largep(r¢) (2.057) value and a negativ, value (-1.728

H A—3) of total energy density at the bond critical point, which
indicates a strong covalent bond. The-@x, and CrNimido
bonds are also covalent with negative valuesligf—1.239 (Cr
Ooxo) and—0.823 (CrNimido), but with lessp(r¢) values (1.827,
1.477) than that of CfNpiigo bond. This result is consistent
with the NBO analysis and ESR studies of@y, and Cr
Nhitrido Moiety. The nitrido complex has a stronger covalent
bond than the oxo complex based on E§Ralues?® where
the d, orbitals (d,, dy,) are destabilized in going from an oxo
complex to a nitrido complex. The low-valent-©C;amynebond

of 1is in covalent bond character with a negathtg(—0.618

H A=3) and 1.228 e A% in p(r¢), which is stronger than the
Cr—Cearbenddond of the Fischer carbene complexes [(§L-
(OMe)(G=Cph)y¢ with —0.162 ofHj, and 0.67 ofp(r¢). The
same conclusion was drawn on the comparison of the
W—Cearbynd?2and W-Cearmeng?” bonds with the respective bond
dissociation energy (BDE) of 155 and 75 kcal/mol. Topological
properties of other CfL bond, such as CtCl, Cr—Ccarbonyi
Cr—Namido Cr—Npyridy, and CrNpyrole, are listed in Table 1.
A small value inp(r¢) and a positive value or a very small
negative value i, are indicative of a closed shell interaction
or ionic bond for these CGrL bonds. Combining the NBO
analysis,p(rc) and Hy values, the relative binding interaction
of Cr—N bonds are in the order of ENnitrido > Cr—Nimido >
Cr—Namido > Cr—Npyridine= Cr—Npyrole It is also worth noticing
that among the ML multiple bonds of group VIB metals (M
= Cr, Mo, W; L = N or O), the binding interaction is in the
order of Mo-L > W—L > Cr—L on the basis op(rc) andHy
values (Table 4).

Conclusion

Bonding characterization of €L multiple bonds in four
compounds are successfully accomplished by the NBO analysis
and by the topological analysis on the total electron density.
All four Cr—L multiple bonds display essentially a triple bond
character consisting of oneand twosr bonds. On the basis of
o(rc¢) andHy, values, the bond order or binding interaction of
these multiple bonds is such that-Myjyigo > Cr—0Ogxo > Cr—
Nimido > Cr—Cearbyne It is demonstrated thair ) andHy, values
can provide a good measure for binding interaction. The isovalue
surface of zero Laplacian does give a good description of the
shape of i-VSCC around the 3d transition metal ion.

TABLE 4: Topological Properties Analysis at the BCP of the M—L Multiple Bonds (first line from experiment, second line

from theory)

bond B.L. (A) d (A) o(re) (e A3) V2o(re) (e A-5) Hp B.O2 BDE (kcal/mol) ref

Cr—Cearbyne 1.725 0.895 0.86 15.82 ¢
0.896 1.23 13.88 —0.618 2.44 1152

W—Cearbyne 1.843 1.015 1.22 10.44 —0.699 155.0 29

Cr—Cearbene 1.999 0.998 0.68 9.41 45
0.973 0.67 9.02 —0.162 48.5

W—Cearbene 2.088 1.065 0.77 7.46 —-0.272 75.0 29

Cr—Nhitrido 1.555 0.846 1.87 26.94 ¢
0.842 2.06 13.54 —1.728 2.72

Mo —Nhitrido 1.728 0.959 2.49 10.14 —2.557 30

W —Nhitrido 1.727 0.934 2.27 14.45 —2.286 30

Cr—Nimido 1.630 0.847 1.48 23.92 —-0.82 2.44 ¢

Cr—0Ogxo 1.582 0.815 1.83 23.54 —1.239 2.65 ¢

M0O—0Ogxo 1.755 0.932 2.15 21.07 —1.936 30

W—00oxo 1.732 0.914 2.02 25.48 —1.741 30

2B.0. (bond ordery 1/2(occupancy of bonding orbitats occupancy of
¢ This work.

antibonding orbitals) based on NBO analysief 7, [(CO}Cr(CCHy)].
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