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Four pentacarbonyl chromiuatarbene complexes, (C§QrC(XR)R, have been studied via X-ray diffraction

and molecular orbital calculations. One of the carbene complexes£XRCH;, R = —(C=CPh)) has been
investigated extensively at 110 K by X-ray diffraction using Ma Kadiation. The electron density distribution

of this compound as well as the asphericity in electron density around the Cr atom is clearly demonstrated
by deformation density and the Laplacian of electron density. The comparison between experiment and
theory is made in terms of deformation density, topological properties, and d orbital populations of Cr. Further
chemical bond characterization is based on quantum mechanical molecular orbital calculation and properties
associated with bond critical points. Thebond character of a metal carbene can be best represented by a
Cr—C—X three-centered four-electron bond with thelectron density mainly located at either theatbital

of Cr or the p orbital of X in the carbene ligand. This makes the carbene carbon an electrophilic site in the
p. direction. The resemblances and differences between anf¢eN) and alkoxy-(X=0) carbene
complexes are of special interest. Because the energy ©fy orbital is fairly close to that of ther* c—o
(carbonyl on Cr), ther bond character is delocalized toward the-®BLamonyiat the trans position i.e.,€C=M—

C=N in the amino carbene case; this is in accord with the shortening of bond lengths of the tr&gdvhy

for many amine-carbene complexes. The bond-delocalization is also illustrated by the Fermi hole
distribution. The bond dissociation energies of these carbene complexes are calculated at the CASSCF level
and with the density functional method (DFT). The relative orbital energies are also compared with
photoelectron spectroscopy (PES) data. The values based on DFT using the transition-state approximation
give the best agreement with the experimental results.

Introduction (R p (R') >6<_(R')
— -— [ 5547
Transition metal carbene complexes have been extensively M C\ M C\ Me== N
studied primarily due to their importance in catalysis and their R R R
use in organic synthedis. Generally, metal carbene complexes a b ¢

are typically divided into two types: the FiscReand the
SchrocK-type complexes. The Fischer carbene complex is

<D

QR \)

Y| % ‘ X=0.N, S
electrophilic at the carbene carbon, and the Schrock type R
complex is nucleophilic at the carbene carbon. It is well-known
that the metal ion is normally in its low oxidation state in & carbene form b: acyl form
Fischer-type carbene complexes, and such a carbene is often
stabilized by a heteroatom X, where=XN, O, and S. On the Earlier empirical MO calculations were reporie]h several

contrary, the metal ion is often in its high oxidation state in Pentacarbonyl chromiurcarbene complexes (CEr=CXR'R
Schrock-type carbenes. For Fischer-type carbenes, the naturéXR’ = OMe, NH,, NMe,, and SMe) in comparison with the
of the metat-carbene bond and of the-<X bond in the carbene ~ Photoelectron spectroscopy (PES) studieShese studiés
fragment of the ligand, :C(XBR, are of special interest. indicated that am!necarbenes are pooretr acceptors than
Because of the lone-pair electrons at the heteroatom X, the&/koxy- or alkyl-thio carbenes, and all these carbene ligands
possible bond delocalization betweenWCeabeneaNd X—Cear are poorerr acceptors than carbonyl ligands. However, the

bene could be formulated as a hybrid of resonance structures same study gave a diﬁefe?‘t view on the gener a_IIy accepted idea
Shown ina—c of the carbene carbon being an electron deficient center. The

first nonempirical calculation on a model transition metal
carbene complex was introduced by Schaefer and co-wofkers;
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TABLE 1: Crystal Data for Compounds 1, 2, 3, and 4
compoundl

formula (CO)CrC(OMe)(~C=CPh)

formular weight 336.22

crystal system monoclinic

T (K) 120 300

space group P2;/n

a, 11.382(1) 11.632(2)

b, A 11.506(1) 11.563(6)

c, A 11.739(1) 11.964(4)

o, deg

B, deg 108.377(9) 107.91(2)

v, deg

VA 4 4

R 3. (I — OOV 1, %) 19

Ry, Riw? 0.028, 0.039 0.036, 0.037

Ry, Riw(sin 6/ = 0.65) 0.024, 0.024

goodness of fits 3.73 1.67

compound
2 3 4

formula (CO)CrC(NH)Me (COXCrC(NH,)Ph (CO)CrC(NMe)Ph
formular weight 235.31 297.18 325.24
crystal system monoclinic monoclinic triclinic
T (K) 300 300 300
space group P2/c C2lc P1
a, 23.449(5) 29.163(7) 6.714(7)
b, A 8.796(2) 7.740(5) 14.814(7)
c, A 12.058(3) 11.502(4) 16.022(9)
o, deg 107.39(4)
B, deg 90.95(2) 94.71(2) 94.32(6)
y, deg 90.11(6)
VA 10 8 4
Rine(3 (Ii — DO/ 1, %)
Ry, Riw? 0.039, 0.029 0.049, 0.045 0.049, 0.053
goodness of fitS 1.87 3.71 2.04

ARy = [Y|Fo — Fel/Fo]; Riw = [(SWIFo — FeDI(CWIFo|A]Y2 2 S= [(ZW]|Fo — Fcl®/(Nobs. — Nvar)]*2 Nops: No. of observed reflectiondNya,:
No. of variables.

at the HFSCF level on two Fischer-type carbenes: §CG3CH- complexes. Accurate geometrical parameters, bond dissociation
(OH) and (CO)Fe=CH(OH). The bond energies of MCcarbene energies, and the rotational barrier of the carbene fragment
were calculated to be 44.4 and 36.8 kcal/mol for Cr and Fe around the M-C bond were given in these calculatidgig! The
respectively. The rotational barrier around the-®ammendbond importance of the electronic correlation was discugded.
was calculated again to be very small. The electrophilic Recently, density functional calculations (DFThave been
reactivity of the carbene carbon is interpreted not by the charge-recognized to be a powerful computational tool in predicting
controlled but by the orbital-controlled mechanisn©ther MO the geometries and energies of transition metal compféxes.
calculations using extended ekeP®, Fenske-Hall,’*~13 and Ziegler and co-workePd have investigated extensively the
HFSCH*-18 all gave similar conclusions about the geometry transition metal Fischer-type complexes using the DFT ap-
and the bond description on the metal carbene bond. The firstproach. The relative bond energies and especiallpond
post-HF calculation on such a metal carbene system wasanalysis of chromiumcarbene,—silyene, and higher homo-
reported by Taylor and Hafl,where a limited Cl expansion logues were discuss&din detail. Similar comparisons were
(12 configurations) was performed on a Fischer-type @£0) made on the carbene complexes with transition metals of
Mo=CH(OH) and a Schrock-type CpfBlb=CH, metal car- chromium triacB? The nonlocal correction and the relativistic
bene. The results indicated that the former (Fischer-typeloM effects were both important for understanding the trend in bond
bond is bound datively between two singlet fragments (depicted strength, particularly the intrinsie bond strengti¥?
as d), whereas the latter (Schrock-type) is bound covalently  To characterize the nature of the Fischer-type transition
between two triplet fragments (depicted&s metal-carbene bond, we have undertaken studies of structures,
of deformation density, of the topology of the electron densities,
and of the electronic structures of four pentacarbonyl chromium

L ﬂ)/! .... % ___________ %\ ' carbene complexes: (CE)rC(OCH;)(—C=CPh), (1), (CO)-
D 0 CrC(NH)Me, (2), (CO(CrC(NH,)Ph, @), (COxCrC(NMey)Ph,
M==C M=—C (4). The molecular and crystal structures of all four complexes
are determined by X-ray diffraction at room temperature. The
d [

€ methoxy-carbene complexlj is further investigated by X-ray
diffraction at low temperature (110 K) in order to obtain the
detailed electron density distribution experimentally. Parallel
calculationg?=23 such as CASSC¥26 (complete active space  electron density distributions can be easily derived from the
self-consistent field) and/or FORS?2 (full optimized reaction corresponding molecular orbital calculations. A direct com-
space) methods, were undertaken to understand the bondingarison between the experiment and theory may shed some light
character of the metal carbefe?® and the metal carbyA® on the bond characterization of this interesting system. For the

Since the work of Taylor and Haflthe post-Hartree Fock
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purpose of understanding the role of the heteroatom in this type
of complexes, amino carbenes are investigated as well. Un-
fortunately no suitable crystal of amino carbenes is available
for detailed electron density study. The density distribution,
bond dissociation energy, and bond characterization were made
on compound and simplified compound, (CO)CrC(OH)-
(—C=CH). Bond characterization is analyzed through the
natural bond orbital (NBO) at the HFSCF and CASSCF levels.
The intrinsic 7 bond will be discussed using the orbital
correlation diagram and the Fermi hole distribution. In addition,
the “atom in molecules” conceffthas been proven to be a
feasible approach in describing chemical boffdspnbonded
interactions’® and molecula® and crystal structure¥. There-

fore, bond characterization will also be presented in terms of
the topological properties of the total electron density both
experimentally and theoretically. Vertical ionization potentials
(VIPs) are calculated with both ab initio HFSCF and DFT
methods on five chromium carbene?;: 3, 4, (CO)CrC(OMe)-

Ph 6), and (CO3CrC(NMe,)(CHa) (6). A comparison between
the calculated values and the experimental PES data will be
made. The theme of this work is to try to make a comparative
study both on density distribution and on orbital energies.

Experimental Section

Data Collection and Refinement: Chromium Carbene
Complexes. Compoundsl, 2, 3, and 4 were synthesized © @
according to the literature proceduF@SD_ark red1 a"@' pale Figure 1. Molecular structure and thermal ellipsoids of compound
yellow crystals 2, 3 and 4 were obtained by using the (3)1 at 110 K, (b)2, (c) 3, (d) 4 at 300 K.
sublimation method under vacuum. Intensities of three standard
reflections of each compound were monitored every hour performed according to the equation.
throughout the measurement, and no significant variation in
intensity was detected in any case. Scattering factors for neutral 3
atoms, corrected for anomalous dispersion, were taken from Patomid") = Peore Pk PyatencT) + ZR(V) x
International Table for X-ray CrystallographyVol. V.39 -
Structures were solved by Patterson and direct methods and
subsequently refined by a full matrix least-squares procedure

lepYImp

using anisotropic thermal parameters for all non-hydrogen P
atoms. Relevant crystal data are listed in Table 1; details arewhere
in deposit.
Low-temperature (110 K) data were collected basing a ’g‘[”?’ n
liquid N2 gas-flow device. Intensity data were measured up to R(r) = m" 'exp(=¢§r)

a 29 of 70° for a full Ewald sphere, and 40 additional high-

angle reflections with @s of 70-85.6", which were predicted The first two terms of this equation are the spherical part of
to be strong, were measured. In addition, intensitiestdf, ( aiomic electron density; the third term is the sum of multipole
+k, +1) atfoury angles ¢30°, —10°, 10°, 30°) were collected  orms which are expressed as spherical harmonic functions
for each reflection up to agZof 70°. This ylglded a totgl of (Yimp); R(r) is the radial functiong is the expansioncontraction

35 609 measurements, which gave 6463 unique reflections afterfactor of the radial distribution. The K core is considered for
averaging of all equivalents. An absorption correction was the Cr atom: the He core is taken for C, N, and O atoms. The
applied (before averaging) according to six measured faces; the,gjence configurations of Cr, C, N, and O atoms afestp?,
correctness of the face measurements was checked against thgpsy &p?, respectively. Multipole expansions of the valence
experimentaly curves on three reflections. The interset shell up to hexadecapoles for the Cr atom, up to octapoles for
agreement in intensities is 1.9%. The counting statistic weight ¢, N, O atoms, and up to dipoles for H atoms are included in
was applied, and the of the averaged intensity was taken as the refinement. Multipole coefficient®ym,, for H atoms at

a geometric mean of all the's of equivalents. To obtain all  methyl and phenyl groups were constrained to be the same in
the non-H atom parameters @ffor a promolecular density  each group; the multipole coefficients of C and O atoms of the
calculation (see below), additional high-order refinements were four carbonyl groups on the equatorial plane were also
carried out with a sirf/A data range from 0.65, 0.70, and 0.75 constrained to be the same. The coefficients of the multipole
A~ with 2441, 1767, and 1008 reflections, respectively. The terms together with positional and anisotropic thermal param-
parameters from the refinement with €ifil > 0.65 data were  eters were obtained by a full-matrix least-squares refinement
finally chosen for the promolecular density calculation based based orF,. Atomic sacttering factors of both core and valence
on theR values and relevant error assessments. The hydrogerelectrons were taken fronnternational Tables for X-ray
positions were displaced along the-8 vector to make a €H Crystallography Vol. IV.3° Atomic parameters of compounds
distance of 1.08 A. A multipole model refineméhiwas 1, 2, 3, and4 are in deposit.
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TABLE 2: Agreement Indices of the Multipole Refinements evaluated from a multipole mod#l. The coefficients®,, Pimp)
on 1* of the multipole terms are obtained from a least-squares fit of
variable Ry Ruw Ry Row S the X-ray diffraction data using the MOLLY prograff®? The
conventional 255 0025 0042 0028 0043 ag1 Static multipole deformation densitieAgu-asaid were cal-
monopole 323 0025 0.038 0.025 0.038 4.21 -culated in directspace according to the equation given atféve.
octapolé 334 0.021 0.028 0.015 0.027 2.77 The residual density\pes is defined as the difference between
hexadecapole ~ 553 ~ 0.021 0.027 0.015 0.027 2.71 the observed and the multipole model ones.
AR, = S |F2 — FAISFR Row = (SWIF2 — F22WS FoA)M2. 2 Only Topology of Electron Density. The total electron density
the Cr atom is up to hexadecapole. distribution,p(r), is calculated using the multipole model. The
. . . . . gradient vector fieldVp(r), and Laplaciany?p(r), are derived
Deformation Density. The deformation densityAp) is according to the logarithms given by Badér.Bond critical

defined as the difference between the molecular density andpoints ¢.) are located at each chemical bond, where associated
the promolecular density. The promolecular density is com- properties’? such as the density(rc), and the Laplaciariy2p-
posed of the sum of the densities from the superposition of the (o), values at the bond critical point, bond ellipticiy, etc.,

free spherical atoms, each centered at its equilibrium position 5.6 1sed to characterize the bond type and bond order. Bond
in the molecule. The XX deformation density Apx—-x) is path and atomic domain can also be obtained.

calculated as the difference between the observed depsity, All computations were carried out on Micro VAX and IBM
and the superposition of the sum of spherically averaged free Risc 6000 computers using NRCVAKMOLLY, 402bSALLY, 40c

atomic densities; that is, the Fourier coefficients were taken to and PROE® programs. The contours of model deformation

be the difference betweek, andFc, whereF. is calculated oty were produced by a locally developed contour-plottin
from the parameters obtained from high-order refinement (sin prograym‘.‘S P y y P P g

012 = 0.65 A-1) andk is the optimum scale factor. Deformation
density mapsApx-x) were calculated up to a resolution of sin
012 = 0.96 A1, The model deformation density distributions
(Apm-a) were generated by subtracting the spherical atomic Geometry and Basis Functions. To compare bonding
electron density from the sum of the atomic electron densities between the amino- and alkoxy-chromiutischer carbenes,

Molecular Orbital Calculations

TABLE 3: Comparisons of Selected Bond Lengths of Some ChromiumFischer Carbene Complexes

(COXCrC(XR)R Cr—Cecarbene X—Cearbene Cr—Cqis(av) Cr—Clrans 1) ref
XR' = OMe (1) 1.9990(4) 1.3233(4) 1.894 1.897 31 a
R = —(C=CPh)
XR' = OEt 2.00(2) 1.32(2) 68
R = —(C=CPh)
XR' = OMe 2.04(3) 1.33(2) 1.89 1.87 69
R=Ph
XR' = OEt 2.053(1) 1.314(1) 1.908 1.893 45 70
R= Me
XR' = OMe 2.006 1.301 1.873 1.899 10 71
R = CH(Me)(Et)
XR' = OEt 2.061 1.336 1.905 1.883 44 72
R = C(OMe)(CHOMe)
XR'=OH 2.052 1.316 1.908 1.866 37 73
R=Ph
anion:BR~, XR' = OEt 2.02 1.306 1.899 1.885 39 74
R= CHz[NCng(CHg)]
cation:NMg*, X =0 2.147(5) 1.232(6) 1.884 1.838 45 75
R = C(Me)(CH)
XR' = NH; (2) 2.081(4) 1.293(6) 1.884 1.856 37 a
R= Me
XR' = NMe; (3) 2.097(7) 1.334(8) 1.889 1.835 42 a
R=Ph
XR' = NH; (4) 2.057(6) 1.313(8) 1.882 1.853 2 a
R=Ph
XR' = NH(Me) 2.09 1.33 1.87 1.81 76
R= Me
XR' = NEt, 2.16(1) 1.31(1) 1.90 1.85 77
R= Me
XR' = N(C4He) 2.123(2) 1.300(2) 1.89 1.86 78
R = Me
XR' = N(Me)(i-Pr) 2.116 1.278 1.888 1.898 43 79
= Me
XR' = NMe(CH,Ph) 2.135 1.309 1.892 1.858 38 80
R = Me
XR' = NCsHsgo 2.125 1.317 1.896 1.853 45 81
R = CsHs
XR' = NC(OMe)Ph 2.148 1.268 1.903 1.876 9 82
R=CMe;
XR' = N(CeH11) 2.15(1) 1.32(2) 1.875 1.88(2) 47 83
R = C(CH,)(OMe)
Calc Cr-C(sp) 2.21 CG=0=1.22 84
C=N=1.28

aThis work.
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(c) (d)

© ®
Figure 2. Deformation density distribution on the equatorial Cr(¢O)
plane for compound: solid line positive, dotted line negative, contour
interval 0.1 e k?»’ (a) Apx—x, (b) ApM—A, (C) APHFSCE (d) same as in
¢, but with positive contours only, (&Ypoet, (f) Apresidual

compound 2 and simplified compoundl (CO)XCrC(OH)- Figure 3. Deformation density distribution on the plane of-@z6—
(C=CH) are chosen for the MO calculations. The molecular 06 for compoundL: (a) Apm-a, (b) Aprrscr (C) Apper; contours are
geometries are basically taken from the diffraction work and as in Figure 2.

are defined to hav€s symmetry. All the C+Ceamonyidistances

of model compoundL were considered to be equal, with an tions as well as Perdew$inhomogeneous gradient corrections
average bond length of 1.894 A. The carbene plane is at thefor correlation (LDA/NL/BP) as a perturbation.

bisection of the €& Cr—C angle to ensur€s symmetry. For HFSCF and CASSCF Calculations. The CASSCF (com-
compound2, four Cr—CcamonyicisWere set to be equal at the plete active space self-consistent fiéfd¥ is a limited type of
average bond length of 1.884 A, and the-Qtarbonyi randoONd multiconfiguration self-consistent field (MCSCF) calculation
length was taken at 1.857 A; again the carbene plane is at thewhich provides an optimized sets of primary orbitals for
bisection of the &Cr—C angle. The Cr(CQ)fragments of configuration interaction (Cl) calculations. A HartreBock
both compounds are assumed to beCp symmetry. The calculation (HFSCF) is performed on model compouhdsd
internal coordinate at the Cr atom is defined in the same way 2, and the molecular orbitals are assigned accordingly (the A
for both carbenes, where tkexis is along the CrCgarpencand state configurations between two compounds are similar to
the xzplane is at the mirror planes). The basis set used for 502 o, d%, . 7%, wherem; denotes the CrCearpene bONd,

the Cr atom is (14,9,6)/[8,4,3] contractions, i.e., (626*1/5112/ denotes ther bond of Gamens=X; X = O, N). Six orbitals
411)*45where 14s,9p primitive Gaussian functions are taken concerning themc—x, ocr—c, Ter—c, T cr—c, 0*cr—cr T c—x
from Wachtet* and 6d functions are taken from Godd&4?d. orbitals of the C+Ccamenedouble bond are chosen to be the
The basis sets used for N, O, C, and H atoms are taken fromactive space, i.e., three occupied orbitals, @, 2) and three
split valence level doublé-6-31G. The basis used in the DFT  unoccupied orbitals #*1, ¢*, 7*;) for Cr=C region. A
calculations is a double numerical basis set augmented byconfiguration interaction calculation within the framework of
polarization functions (DNP¥2b Electron correlation is treated  these six orbitals optimized by the CASSCF(6,6) method with
within the local density approximation (LDA) in the param- 175 spin-adapted configurations is performed on Ho#émd2.
eterization of Vosko et & The bond dissociation energies An additional CASSCF(6,6) calculation is applied to both
are determined by adding Beck®sionlocal exchange correc- compoundsl and 2 with the (CO}Cr and carbene fragments



8892 J. Phys. Chem. A, Vol. 101, No. 47, 1997

(©
Figure 4. Deformation density distribution on the plane perpendicular
to Figure 3 and through the €Ccarbenebond of compoundl: (a)
ApM—A, (b) APHFSCE (C) APDFT, contours are as in Figure 2.

separated 6 A in order to obtain the orbital correlation and
bond dissociation energy.

Natural Bond Orbital Analysis. Natural bond orbital
analysi8®54 comprises a sequence of transformations from the

given basis sets to various localized sets: natural atomic orbitals

(NAOs), natural hybrid orbitals (NHO%)natural bond orbitaf$
(NBOs), and natural localized molecular orbitals (NLM&%Y?
The given basis functions are taken from ab initio HF and

CASSCF calculations. The results after NBO analysis are
generally in good agreement with Lewis structure concepts and

the Pauling-Slater-Coulsort® concept of bond hybridization

and polarization. Net atomic charges, orbital populations, and
bond orders are thus generated by means of an NBO analysis
The charges and orbital populations obtained this way are
designed as the natural orbital population analysis (NPA), which

is compared with the Mulliken population analysis (MPA). In
DFT calculations, a Hirshfeld partitiéff is used for obtaining
the net atomic charge.

Theoretical Deformation Density. The theoretical deforma-
tion density Apineo is defined as the difference between the

total molecular density and the promolecular electron density.

Wang et al.

(e) ®
Figure 5. Deformation density distribution of compou@an the three
planes as defined in Figure 2, Figure 3, and Figure 4 for (a, b), (c, d)
and (e, f) respectively. Contours are as in Figure 2; (a, ¢, and €e) from
HFSCF calculation; (b, d, and f) from DFT calculation.

wave functions; each occupied molecular orbital is assigned to
have two electrons. The promolecular electron density is the
sum of superposition of the spherical atomic density with atoms
at the same nuclear positions as in the molecular geometry. The
spherical atomic density is calculated at the ROHF/GVB le¥el.
The total molecular electron density is used for the gradient
vector field,Vp(r), and the Laplacian distribution. Bond critical
points are located, and the associated properties are derived.
The Fermi hole functioti~>% is a measure of Pauli exculsion
and is utilized here for characterizing the electron delocalization.
lonization Potentials. Vertical ionization potentials (VIPS)
are obtained on the basis of Koopmann'’s th&buging ab initio
calculation (HFSCF). IPs from DFT are calculated on the basis
of a simple approximation to Slater’s transition-state corféept
originated from Asbrink et al$2where instead of removing half
of an electron from the MO of interest, we remove half of an
electron evenly from the top ten valence M®s.
" All computations are performed on CONVEX C3840 and
Power Challenge computers using the Gaussigresd DMol
programs$® The MOPLOT® program is used for the deforma-
tion density calculation. The AIMPAE program is used for
topological analysis.

Results and Discussions
Structure. The molecular structures df, 2, 3, and4 are

The total molecular density is calculated from HFSCF molecular depicted in Figure 1. The agreement indices at various stages
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TABLE 4: d Orbital Populations of Cr Atom in (a) 1; (b) 2 2

HFSCF CASSCF(6,6)
(@) MPA NPA MPA NPA DFT MPA multipole
dy 0.55(9%) 0.89(13%) 0.55(10%) 0.89(13%) 0.72(13%) 0.56(14%)
Yy
dz 0.52(9%) 0.87(13%) 0.52(9%) 0.87(13%) 0.79(15%) 0.83(21%)
dy, 1.47(25%) 1.58(23%) 1.45(25%) 1.59(23%) 1.34(25%) 0.95(24%)
Oy 1.72(30%) 1.81(26%) 1.71(30%) 1.80(26%) 1.20(22%) 0.61(15%)
dey 1.58(27%) 1.69(25%) 1.52(26%) 1.66(25%) 1.38(25%) 1.03(26%)
total 5.84 6.84 5.75 6.81 5.43 3.98
(b) MPA NPA MPA NPA MPA
dy 0.55(9%) 0.90(13%) 0.55(9%) 0.88(13%) 0.72(13%)
Yy
d2 0.55(9%) 0.88(13%) 0.55(9%) 0.90(13%) 0.78(14%)
d, 1.55(26%) 1.67(24%) 1.49(26%) 1.65(24%) 1.37(25%)
y:
Ohe 1.69(30%) 1.77(26%) 1.71(30%) 1.76(26%) 1.31(24%)
de_ 1.54(26%) 1.65(24%) 1.52(26%) 1.65(24%) 1.28(24%)
y2
total 5.88 6.87 5.82 6.84 5.46

aMPA: Mulliken population analysis. NPA: Natural orbital population analysis.

ey

AN = g Figure 7. Negative Laplacian around Cr af Definitions of a-f are
© as those in Figure 6. Contour intervaig? x 10 e A5 i =1, 2, 3

) . . ) andj = 0, 1, 2, 3. Box size 3 3 A
Figure 6. Negative Laplacian of electron density; V2o(r), of J

compoundl. Solid lines are in regions where electronic charge is resulting partial double-bond character between the heteroatom

concentrated, and dashed lines are in regions where charge is depletedy,q the carbene carbon is manifested by a shortening of the
(a, ¢, and e) obtained from experiment; (b, d, and f) from theory. Plane

definitions are given in Figures 2, 3, and 4. Contour interval,x 10 carbor-heteroatom bond_, €X. The c.:r_Cca'be"e Coarbene x
eASi=1,2 3and = -1, 0, 1. Box size & 8 A. bond lengths on a collection of chromitrnarbene complexes
with X = O, N are listed in Table 3. In general, the-Zarbene
of multipole refinement orl are given in Table 2. The apparent bond is significantly shorter than the predicted-Qxy single
improvement is observed by going up to octapole, where only bond®* but it is ~0.1 A longer in amino carbene (% N) than
the Cr atom is modeled to hexadecapole; additional hexadeca-that in alkoxy carbene (X O). This finding is reproduced in
pole terms for other atoms do not improve the model signifi- a recent theoretical calculatiéh. The C-X bond lengths are
cantly. It is well-known that in Fischer carbene complexes, all longer than the expected=6 and G=N double-bond
the heteroatom (%= N, O, and S) stabilizes the carbene complex lengths. One exception is the carbene anion, [DIMEO)s-
by its electron pair donation to the carbene carbon atom. The CrC(O)CMeCH],”® where G-X (1.232 A) is apparently a
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localized double bond and the corresponding-Cr(2.147 A)

is the longest among the alkoxy carbenes. The inverse
relationships between-€X and CrCcamenebond lengths in
Fischer carbene complexes are well establish¢his evidence

is consistent with the “competition” between acyl (or imino)
and carbene forms. The €Ccamonyibond in these complexes
is, on the average, 1.89.90 A. However, in amino carbene,
such a bond at the trans position (with respect to carbene) is
usually 0.03-0.05 A shorter than those at the cis position; the
corresponding carbonyl bond£D) is somewhat longer (1.152
vs 1.135 A). This indicates that thebond character is extended
to the trans CCcarbonybond more prominently in the case of
X = N than in the case of X O. This is also foun® in the
calculated BDE, the BDE of trans €Ccarbonyibeing~15 KJ/

mol higher in an amino carbene, (GOJ(NHy)R, than in an
alkoxy one. The coordination sphere of Cr is roughly tetragonal
distortedOy, with the plane of carbene fragment making an angle
of ¢ with respect to one of the cis €ECcammonyiaxes. The angle
(¢) is mostly in the range 30645°; however, in three cases they
are less than P((Table 3). Therefore the commonly observed
conformation is with the carbene fragment plane close to the
bisection ofJCcarony—Cr—Cearbonyi i.€., atg of 45°.

Deformation Density Maps. Deformation density maps on
the equatorial Cr(CQ)plane are displayed in Figure 2 in terms
of Apx—x, Apm-a, Apm-astatics Apres @nd the corresponding
calculated maps generated by ab initio and DFT calculations.
The features on the €Ccabony and G=O regions are as
expected. It clearly shows the donor characteristics of the
carbonyl carbon. The accumulation of density along tEeOC
carbonyl bond is apparent. The agreement between experi-

mental deformation density maps (a and b) and theoretical ones
(c and e) are excellent at these regions. The lone pair electron

density of the oxygen atom shown in the theoretical map (Figure
2c,e) is not observable in experimental maps (Figure 2a) and
only slightly observable in the static model density map (Figure
2b). This is probably due to the limited range of data

measurements and unavoidable thermal smearing effect in the

experimental data. However, near the Cr nucleus, there is a
significant difference between b and c in Figure 2. The
asymmetric distribution around the Cr atomApx—x, Apm-a,

is quite pronounced; that is, there is positive deformation density
along the direction at the bisection GIC4—Cr—C3 (orC5—
Cr—C1), but no accumulation is observed along the direction
at the bisection ofIC4—Cr—C1 (or0C3—Cr—C5). Itis worth
mentioning that this direction (bisection 6fC4—Cr—C1) is

the plane of the carbene fragment. This is not expected on the
basis of the simple crystal field theory around Cr. If we take
a close look at the corresponding theoretical maps, the asym-
metric distribution does exist near the Cr (Figure 2c) as well.
To clarify this feature, a plot showing the positive contour only
is given in Figure 2d, where it is clear that the positive
deformation density is significantly more in one direction
(bisection of(1C4—Cr—C1) than the other. Such asymmetric
distribution is similar to that observed in Figure 2b. A similar
observation is made in the DFT calculation (Figure 2e).
Obviously, the plane of the carbene fragment does play a certain
role in such asymmetric density distribution around the Cr atom.
The residual density in Figure 2f simply demonstrates the
validity of the multipole model. The deformation density maps

Wang et al.

TABLE 5: Charges of Fragments of (a) 1; (b) 2

@) HFSCF CASSCF(6,6) DFT multi-
fragment MPA NPA MPA NPA Hirshfeld MPA pole
(COxCr: —0.06 —0.18 —0.03 —-0.17 -0.11 -0.23 —0.38

:C(OH) +0.06 +0.18 +0.03 +0.17 +0.11 +0.23 +0.38
(C=CH)

HFSCF CASSCF(6,6) DFT
(b) fragment MPA NPA MPA NPA Hirshfeld MPA
(CO)Cr: —-0.25 —-0.31 —-024 -030 —0.23 -—0.43
:C(NH)CH; +0.25 +0.31 +0.24 +0.30 +0.23 +0.43

aMPA: Mulliken population analysis. NPA: Natural orbital popula-
tion analysis.
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Figure 8. Gradient vector fieldVp(r), of the electron density of:
a—f are defined as in Figure 6.

The discrepancy found near Cr may be partially due to the
thermal effect since the correlation between the multipole
coefficients and the thermal parameters can not be neglected;
data measured at even lower temperature (e.g. 10 K) may resolve
such problems in this respe®®8 Deformation density maps
of three planes (as in Figures 2, 3, and 4) are calculated via HF
and DFT methods on an amino carbene comg@leXhe maps
are displayed in Figure 5. The essential features are identical
to those in Figures 2, 3, and 4.

Laplacian of Electron Density. The Laplacian of the

of the carbene plane and the plane perpendicular to it are showrelectron densityy ?o(r), can also display the density accumula-

in Figure 3 and 4, respectively. Other than the asymmetric
distribution near Cr, all the features are in very good agreement
between experiment (Figure 3a, 4a) and theory (Figure 3b,c,
4b,c); for example, the features along the-C6, C6-C8 bonds

and the C8-C9 triple bond agree very well with each other.

tion (whereV2p(r) < 0) and the density depletiorV{o(r) >

0). The advantage of the Laplacian over deformation is that it
is unbiased from the promolecular modef”-8° The negative
Laplacians,—V?2p(r), on three unique planes both from experi-
ment and from HF calculation are shown in Figure 6. The
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TABLE 6: Topological Properties of Bond Critical Points of (a) 1 and (b) 2

(a) 1st line from experiment; 2nd line from theory; (b) from theory

Hessian eigenvalues (€ 3

(a)
bond distance(A)  d1°(A)  d2°(A) Py A2 A3 Vo(r)c (e A5)  p(ro) (e A3 €d [Axl/Aa

Cr—Cgs® 0.957 0.953 —4.33 —3.92 19.12 10.87 0.78 0.11 0.23
1.910 0.921 0.989 —1.46 —1.43 19.18 16.29 0.61 0.02 0.07
Cr—Cyané 0.973 0.935 —4.30 —3.94 20.62 12.38 0.78 0.09 0.21
1.906 0.923 0.987 —1.82 —-1.01 19.15 16.32 0.61 0.81 0.10
Cr—Cearb 0.998 1.013 —-3.82 —3.44 16.66 9.41 0.68 0.11 0.23
2.011 0.942 1.069 —1.44 —-1.15 15.55 12.96 0.56 0.26 0.09
(C—O)eis? 0.414 0.729 —38.11 —36.34 61.58 —12.87 3.39 0.05 0.62
1.143 0.388 0.755 —34.55 —34.52 78.90 9.83 2.67 0.00 0.44
(C—O)rrans 0.404 0.744 —37.13 —34.34 76.80 5.33 3.22 0.08 0.48
1.147 0.390 0.757 —34.08 —33.96 76.88 8.83 2.65 0.00 0.44
Ceari—O 0.537 0.785 —=17.71 —16.19 20.80 —13.10 2.14 0.09 0.85
1.321 0.441 0.880 —17.16 —10.81 25.86 —-2.11 1.68 0.59 0.66
Ceai—C8 0.694 0.723 —14.86 —-12.79 12.60 —15.05 1.91 0.16 1.18
1.416 0.667 0.749 —13.08 —12.48 8.58 —16.98 1.68 0.05 1.52
C8-C9 0.515 0.706 —19.53 —16.92 15.23 —21.22 2.73 0.15 1.28
1.220 0.593 0.629 —15.13 —14.60 2.51 —27.23 2.29 0.04 6.03
(b)
Cr—Cqis 0.914 0.970 —=1.75 —1.55 20.31 17.01 0.65 0.13 0.09
1.884
Cr—Cans 0.907 0.950 —1.90 —1.50 21.40 18.00 0.70 0.26 0.09
1.857
Cr—Cearb 0.965 1.117 —1.06 1.00 13.05 10.99 0.49 0.07 0.08
2.081
(C—O)eis 0.387 0.751 —35.36 —35.31 82.27 11.60 2.71 0.00 0.43
1.135
(C—O)rrans 0.390 0.757 —34.07 —-34.01 76.29 8.21 2.66 0.00 0.45
1.152
Ceari—N 0.437 0.857 —20.38 —14.16 23.59 —10.96 1.99 0.44 0.86
1.293
Ceai—C7 0.761 0.726 —-11.14 —10.66 9.12 —12.68 151 0.04 1.22
1.486

a Obtained from multipole refinemeritdl, d2: distances from BCP to the first and second atom of the bobaplacian at critical point (BCP)
V2o(re) = (A1 + A2 + A3). ¢ Ellipticity, € = |A1/22| — 1. ¢ Average value of four cis ones.

agreement between experiment and theory is very good, andchromium carbenes, just as they are in Laplacian maps. The
the feature in the bond density accumulation is quite in difference in atomic charges between the HFSCF and CASSCF
correspondence with that in the deformation density. To clarify calculations is minimal, but the difference in charges from
the asphericity in electron density near the Cr nucleus, the various ways of partition is large. These differences are
enlarged Laplacian maps at the Cr center are displayed in Figurediscussed extensively elsewh&eNevertheless, it is interesting

7. The accumulation in the,dlirections and the depletion along to notice that charges of two fragments shown in Table 5 are
the d; (Cr—C) directions are clearly depicted. Unlike the such that the (CQEr fragment is an electron accepter((.38)
descrepancies found in experimental and theoretical deformationand the carbene fragment, :C(XER,), is an electron donor
density around Cr, the features in the density concentration and(+0.38) in experiment, which is in accord with all the
density depletion are similar between experiment and theory, calculations in compountl The electron donor/acceptor roles
but the valence shell charge concentration (VS€®)experi- for the two fragments are therefore clear.

mental maps (Figure 7c,e) tilts by a small angiel(®) with Gradient Vector Field and Bond Critical Points. The
respect to that in theoretical ones (Figure 7d,f). The inner shells gradient vector field on the total electron densitylp¥p(r), is

of the Cr core are also displayed neatly in this figure. It seems depicted in Figure 8 with three projections around the Cr atom.
advantageous using the Laplacian over deformation density toThe agreement between experiment and theory is reasonably
investigate the aspheric density distribution around the 3d good. The bond critical point (BCP) and the atomic basin
transition metal, where the density accumulation and the density (domain) are easily recognized from the figure. To clarify such
depletion are derived solely on the total electron density; no BCP and atom domain, the BCP of each chemical bond and
promolecular density is required. The corresponding theoretical atom domain are displayed in Figure 9 together with the bond
Laplacian maps on amino carbehgive almost the same feature path and the total electron density. Again the agreement
as in Figure 6 and 7; they are provided in the Supporting between experiment and theory is good. The detailed properties

Information. at the BCP are given in Table 6, whetg 1,, and3 are the
d Orbital Population and Net Atomic Charge. The d eigenvalues of the Hessian matrix at the BCP, representing the
orbital populations of the Cr atom in compounti&nd 2 are Laplacian values perpendiculdr(4,) and along 43) the bond

listed in Table 4, where the experiment is available only for direction3® Apparently all Ce-C bonds can be characterized
compoundl. The calculated ones include ab initio calculations as a closed shell interaction according to the positive Laplacian
at both HFSCF and CASSCF(6,6) levels and the DFT method. value at the BCP and witp(rc) and|441]/A3 values much less
The agreement between various calculations in different parti- than 1. This is consistent with the results from the NBO analysis
tions is reasonable, with less population grodbitals (dy and in either the HF or CASSCF calculation, where the-Crbond

dz2) than on d orbitals (d2-y2, dy, and d,). No difference ind is analyzed as partially dative and partially covalent. The
orbital populations is detectable between alkoxy- and amino- carbonyl GEO and G=C triple bonds obviously belong to shared
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Figure 9. Total density, bond path, and atom domainlofa—f are
defined as in Figure 6. Contour interval of total density 0.48.A

interactions with highp(rc) and low ellipticity ). The positive
Laplacian value of &0 from theory was also found earlier on
carbon monoxide by Bader et®ldue to the density polarization
or transfer of charge from C to O in such a short bond. This is
a general observation for all short© bonds with the result
that the BCP lies just within the inner shell of charge depletion,
thus makingls a very large positive value. However, the large
negative values of; andA; are still indicative of a strong shared
interaction for all the carbonyl €0 bonds. If onlyl,, A, values
are taken into account, the values 0f<{O)yans and (C-O)cis

in 1 are the same, but the values of{O)s are slightly more
negative than those of (@)yansin 2, indicating that (C-O)is

is a slightly stronger bond than (€)ans This is in agreement
with the NBO analysis of CASSCF result. In this respect, the

Wang et al.
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Figure 10. Local coordinate (Cr) and bond orders of (aand (b)2
derived from CASSCF(6,6) calculations.

CASSCF. The result of CASSCF(6,6) shows that the HF
ground state is obviously the dominant configuration, with a
coefficient of 0.95 for botil and2. Similar results are found
in Cl calculations of molybdenum carbene, with the coefficient
of the HF ground state being 0.98 and 0.97 for (MX)—CH-
(OH) and (CO3Mo=CH,, respectively}? The following CASS-
CF(8,8) calculatio?! on the latter compound gives 0.94. The
double excitations & — z:%0% — 0*2, > mlom —

o* 7%, andom, — o*r4) are the important configurations, with

experimental one seems better represented because the BCPBoefficients in the range 0.3®.17 for both compounds.
from experiment is located not so close to C(d1) as that of the Detailed analyses of the chemical bonds via wave functions

theoretical one. The values pfrc) are in agreement with the
bond order obtained from NBO analyses. However, dfrg)
values of (C-O).js and (C-O)yansin 2 are not so much different
as indicated in the NBO analysis.

Frontier Orbitals. Molecular orbital calculation based on
the HFSCF method indicates that the LUMO of the title complex
mainly consists of an*c—ce and a z*cs-co, With high

obtained from HFSCF and CASSCF(6,6) calculations are
performed using NBO analysis. The bond orders of the two
moleculesl and2 from CASSCF(6,6) are listed in Figure 10.
It is interesting to note that the main difference in the bond
orders given in the figure is that the trans—@cahony and
carbonyl C-O bonds o are of double-bond character, whereas
in 1 the trans CrCeamonyiiS still a single bond. This CAS result

coefficients on the carbene carbon (C6) and acetylene carbonis consistent with the corresponding bond distances (Table 3).

atoms (C8, C9). The 1,3-dipolar cycloaddition is known to take
place at the triple bond (G8C9)192 The catalytic effects of

For Cr—Ceammeneand C-X bonds, they are a single and double
bond, respectively, in both compounds. Cis-Q¢amonyiare all

the Fischer carbene toward the diene cycloaddition reaction cansingle and cis carbonyl €0 are all triple bonds. C8C9in1
be interpreted as the HOMO/LUMO energy gap of the Fischer is a triple bond. Further detailed analyses of Cearbene Cr—

carbene being far less than those of corresponding ketones.

COrans Ccarbens=O and (C-O)yans bonds of1 into ¢ and
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TABLE 7: Natural Hybrid Orbital Analysis and Bond Occupancies of (a) 1; (b) 2

(@)

Cr—ccarbene Ccarbene_o Cr—ctrans (C_o)trans
HFSCF HFSCF HFSCF HFSCF
NHO(%) occ. NHO(%) occ. NHO(%) occ. NHO(%) occ.
C sp(100) 1.557 C sppA30) 1.991 Cr sd2(23) 1.952 o C sp(30) 1.997
O sppA70) Csp(77) O sp(70)
Cr d,{(100) 1.578 Cp(11) 1.994 Trx C p(22) 1.999
O p,(89) O p(78)
Cr d£100) 1.756 Ty C py(22) 1.996
O p(78)
CASSCF CASSCF CASSCF CASSCF
NHO(%) Occ. NHO(%) Occ. NHO(%) Occ. NHO(%) Occ.
C sp(100) 1.554 C sppA30) 1.992 Cr sd2(23) 1.953 o C sp(30) 1.997
O sppA70) Csp(77) O sp(70)
Cr d,(100) 1.584 C py(13) 1.992 Trx C p(22) 1.999
O p,(87) O p(78)
Cr d{100) 1.749 7Ty C py(23) 1.997
O p(77)
Cr—ccarbene Ccarbene_N Cr—Ctrans (C_o)trans
HFSCF HFSCF HFSCF HFSCF
NHO(%) occ. NHO(%) occ. NHO(%) occ. NHO(%) occ.
C sp(100) 1.584 C spp4A36) 1.990 Cr sdz(25) 1.949 o C sp(30) 1.998
N spp-(64) C sp(75) O sp(70)
Cr d,(100) 1.694 Cp(17) 1.996 Trx C pd(22) 1.999
N py(83) O p(78)
Cr d{100) 1.767 Ty C p(22) 1.997
O p(78)
CASSCF CASSCF CASSCF CASSCF
NHO(%) Occ. NHO(%) Occ. NHO(%) Occ. NHO(%) Occ.
C sp(100) 1.585 C spp4A36) 1.990 Cr sdz(23) 1.949 o C sp(30) 1.997
N sppA64) C sp(77) O sp(70)
Cr d,{(100) 1.592 C p/(20) 1.995 Cr d{93) 1.833 Ty C p(22) 1.998
N py(80) Cn(7) O p(78)

n

O p(100) 1.586

characteristics from both HFSCF and CASSCEF calculations aremainly serves as a donor but only slightly as a acceptor.
listed on Table 7a. Thejworbital of the carbene carbon forms The Cr—C =z bond orbital (4) can be described as the
as bond with the p orbital of the O atom in both results. The  combination between the,dorbital of Cr and therc—x and
7 bond density is not evenly distributed between the two centers z*_y of carbene, shown in Figure 11. Therefore thibond
but polarized toward O (87% from O); that is, there is little s best described as a three-centered four-eleatitoond. Thus,
density on the carbene carbon in either case. This leads to &t js reasonable to say that thebond density is very polarized
feasible understanding of the nucleophilic attack at the carbenetqward Cr or X atoms. The donor character is consistent with
carbon site. The same analyses on compaiate given i the fragment charge given above, where the carbene fragment
Table 7b, where the G‘_Ccarb_enebond is single in both HFSCF 5 nositive and the (C@Er fragment is negative. One important
ggﬂbf;ﬁﬁsci';gggu'?;?;St;olgg"‘i’se\;grrn:f;g erMO”gr:rsztr)]deIrs fact is that the energy of the*c_y orbital of the carbene
: fragment in2 is very close to that of* Contrarily, the
and g of Cyansbut with dominant contribution (93%) from Cr. g * Y . CO(rans) . y
. . . . energy of ther* c_o carencOrbital of compoundl is far lower
The Garens=N double bond is again mainly contributed from th % S : .
. 0 . . an that of*camonyt  This gives a plausible explanation for
the N R orb!tals (80%). So in compou@l the density along the r bond being formed at CGrCOyqansin 2 but not inl
the p direction of the carbene carbon is also small (20%). i , wans T ]
Fermi Hole Density. The Fermi hole function is useful in

Orbital Correlation Diagram. A useful way of understand- q ibi he el delocalizatrand in leadi h
ing the nature of the GrCeamencbond is to correlate the MOs ~ describing the electron delocalizatiorand in leading to the
understanding of electron pafts. Such Fermi hole functions

of the metal carbonyl fragment with the MOs of the carbene X y e

fragments, where one fragment, :Cr(G3¥ in Cs, Symmetry are applied to the bonding charagterlzatlon of (Rks)rCr—

and the other fragment, :C(OHYECH) or :C(NH,)CHs, is in C—X. The reference electror®] is placed on four atoms

Cssymmetry. Orbital correlation diagramsband2 are given ~ Successively, but 0.5 au above the nuclear position inzthe

in Figure 11a,b. Five d orbitals of Cr are split intg, ke, a, bond direction; the results df and2 are displayed in Figure

and h states irC,,. The a (d2) orbital, which is pointed toward 12. The delocalizedr character through the trans carbonyl
group is clearly indicated when the reference electron is at Cr.

the carbene carbon, formssabond with the sphybrid orbital
of the carbene carbon, and one of the e orbitdldr(&Cs) forms The three-centeredr bond is apparent when the reference

as bond with the p orbital of the carbene carbon. According electron is placed on eitherc£&heneOr X. But the difference
to these correlation diagrams, it is clear that the carbene fragmentbetween the bonding of €iCGOyanson 1 and 2 based on the
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TABLE 8: Observed and Calculated lonization Potentials

for (CO)sCr(XR")R
orbital observet DFT HF Fenske-Hall°®
XR' = NHj, R= C¢Hs
Cr 3d,, 7.25 7.77 8.29 8.12
Cr 3d,, 7.52 7.98 8.34 8.60
Cr 3de-y 7.73 8.16 8.67 8.89
Ph 9.23 9.18 9.79 14.59
Ph 9.52 9.34 9.97 14.84
o* 9.80 10.18 11.99 12.15
C—N 11.06 13.81 18.83
Ph 10.52 11.44 14.26 17.92
Ph 11.60 14.53 18.65
XR' = NMey; R= C(;Hs
Cr 3d,, 7.02 7.49 8.05 7.94
Cr 3d,, 7.26 7.72 8.19 8.33
Cr 3de-y 7.54 7.92 8.56 8.75
Ph 8.87 8.80 9.48 14.43
Ph 8.87 9.10 9.74 14.45
o* 9.49 9.94 11.73 11.74
C—N 10.58 10.36 12.37 15.98
Ph 10.16 11.23 14.31 17.71
Ph 10.96 11.37 14.35 18.16
XR'= OMe; R= C¢Hs
Cr 3d,, 7.39 7.83 8.30 8.27
Cr 3d,, 7.78 8.23 8.73 9.11
Cr 3de-y 7.78 8.85 9.05 9.15
o* 9.26 8.98 9.41 11.28
Ph 9.66 9.01 9.78 14.36
Ph 10.06 9.81 11.78 14.53
Ph 10.73 13.37 17.90
Ph 11.40 14.09 18.22
XR'= NHj; R=CHs;
Cr 3d,, 7.45 8.05 8.15 8.03
Cr 3d,, 7.80 8.26 8.35 8.51
Cr 3de-y 7.80 8.46 8.68 8.79
o* 10.31 10.03 11.57 12.41
C—N 11.74 14.08 18.08
XR' = NHy; R = (CHy),
Cr 3d, 7.12 7.48 8.01 7.79
Cr 3d,, 7.35 7.68 8.03 8.18
Cr 3de-y 7.61 7.93 8.54 8.60
o* 9.72 9.19 10.71 11.86
C—N 10.67 10.20 11.92 16.09

TABLE 9: Bond Dissociation Energies (BDE, kcal/mol) of

M _Ccarbene
compound BDE type of calculation ref
(COX%CrC(OH)(CG=CH) 38.4 HFSCF this work
76.2 CASSCF(6,6) this work
76.8 DFT(LDAy this work
54.9 DFT(LDA/NL/BP} this work
48.5 DFT(LDA/NL/BLYP) this work
(CO)CrC(NH,)CHs 40.5 HFSCE this work
77.9 CASSCF(6,6) this work
75.3 DFT(LDAy this work
54.0 DFT(LDA/NL/BP} this work
47.3 DFT(LDA/NL/BLYP) this work
(COXCICH; 66.4 DFT(LDA/NL/BP) 32a,c
66.9 DFT(LDA/NL/BP) 32a,c
(COXCIrCH(OH) 44  HFSCF 7
[(CO)sMNCH,]* 75.9 DFT(LDA/NL/BP) 32c
(CO%MoCH, 76.2 CASSCF(8,8) 32c, 21a
55.7 MCSCF(GMO-CI) 19
60.5 DFT(LDA/NL/BP) 32(a,c)
Cr(CO)% 36.8 experiment 96
21.0 HF 97
62.1 DFT(LDA) 98
45.9 DFT(LDA/NL/BP) 99
36 DFT(LDA/NL/BLYP) 99

aRefers to a dissociation into two singlet fragments being 6.0 A

apart.
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CASSCEF result is not observed here, because the Fermi hole
function is based on the HF calculation.

lonization Potentials. Photoelectron spectroscopic data of
nine pentacarbonylchromiuntarbene complexes are available
in the literature. The corresponding molecular orbital (Fenske
Hall)® calculations are also available. The VIPs are calculated
based on Koopmann's thed?y. We have calculated the
ionization potentials of five carbene complexes using ab initio/
HF and DFT methods. The acquired values are listed in Table
8 in comparison with the measured ofledt is obvious that
values obtained in this work are far closer to the experimental
ones than those from earlier calculatiéras)d values from DFT
are better than those from HF. However it needs to be pointed
out that the values from DFT are calculated on the basis of the
transition staté1-63 |f we plotted the calculated values with
respect to the observed ones as a linear function, the slope in
DFT values is often close to 1, as found elsewliéreOne
example on the first compound (XR NH,, R = Ph) is such
that the slopes are 1.00, 1.57, and 2.92 and the intercepts are
0.37,—3.60, and—13.50 respectively for DFT, ab initio/HF,
and FenskeHall® calculations.

Bond Dissociation Energy. The BDEs of the metal carbene
bond of Fischer-type carbenes have been investigated
extensively’ 9232 Relevant BDEs are given in Table 9. The
earlier work based on HFSCF gave 44 kcal/mol for the-Cr
Cearbendbond in (COYCrCH(OH)! Calculations at the post HF
level yielded 56 and 60 kcal/m8ifor the Mo—C bond in (CO3-
MoCH; and (CO3MoCH(OH) respectively. The recent DFT
calculatiof? gives 67 and 76 kcal/mole for (CEQrCH, and
[(CO)sMNCH;]*, respectively. Apparently, the effect on elec-
tron correlation and nonlocal correction on DFT is important
in such BDEs. In this work, BDEs based on CASSCF(6,6) give
76 and 78 kcal/mol respectively for compouridand2. The
ones based on DFT(LDA/NL/BP) give 55 and 54 kcal/mol
correspondingly. The ones on DFT(LDA/NL/BLYP) give even
lower energy of 48 and 47 kcal/mol. The magnitude in energy
difference of the BDE with and without nonlocal corrections
(BP, BLYP) in these two compounds is similar to that of the
Cr—C bond in Cr(C0y.°6-%° Unfortunately, no experimental
value that we are aware of is available for the-Cgamendoond.
However, on the basis of the Cr(C{gxample (Table 9), the
value from DFT with nonlocal correction BLYP gives the closest
value to the experimental one. Both CASSCF and DFT/LDA
results overestimate the energy, but the HF result underestimates
the BDE.

Conclusion

This is a comparative study between experiment and theory
that makes use of the energy, the electron density, and its
topology. Experimental deformation density and topological
analyses of compound are in good agreement with those
calculated from molecular orbital calculations. The asphericity
in electron density around the Cr atom or the d orbital
populations of Cr is in accord with the crystal field theory.
Orbital energies calculated from DFT are close to the measured
values from PES. The bonding characteristics of Fischer-type
carbenes are as follows: the-G8Ccameneo bond is formed by
electron donating from the carbene carbon. The Crpene
bond is actually a CrC—X three-centered four-electranbond
having thesr density largely located at both Cr and X. The
difference in bonding of carbenes betweer=XO and X= N
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is in the M—CGQans bond. The summary of the bonding
character is described in the following diagram.
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