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Figure 4.—Changes in the infrared spectrum in the CS stretch-
ing region showing thiocyanato-S to thiocyanato-N linkage isom-
erization of C;H:Fe(CO):(SCN) in a Nujol mull at 35°.

voked to rationalize second-order dependence on CsHs-
Fe(C0).Cl concentration of the rate of radiochloride
exchange therein.® However, an alternative path,
involving a single SCN bridge such as
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is equally compatible with our observations in this
study.
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The incidence of thiocyanato-S derivatives of =-
cyclopentadienylmetal carbonyls is in agreement with
the earlier suggestion? that sulfur bonding should be-
come more prevalent relative to nitrogen bonding as the
oxidation state of the metal increases. The compounds
CsH;Fe(CO),(CNS) and CiHzCr(NO)(NCS) support
this point most convincingly. In the latter, the formal
oxidation state of chromium is 0; in the former, the
formal oxidation state of iron is +2. In accord with
this difference, the iron system yields both the S- and
the N-bonded linkage isomer, whereas chromium af-
fords only the N-bonded form.

Infrared and Nmr Spectra of Halogeno and Thio-
cyanato Complexes.—A comparison of the carbonyl
stretching frequencies for a number of C;H;M(CO),X
complexes (Table I) reveals that they increase as a
function of X in the order I < Br ~ SCN < C1 < NCS.
This sequence parallels a decrease in polarizability of
the anions which diminishes the electron density at the
metal, thus reducing the extent of M=CO = bonding.
Clearly, if both thiocyanato linkage isomers are known,
the above criterion permits unambiguous differentiation
between them. In contrast, however, there is no
rational trend among the nmr chemical shifts of the
cyclopentadienyl protons in the complexes studied.
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The nature of the bonding of the isoelectronic series V(CO)~, Cr(CO), and Mn(CO)s* is investigated by means of semi-

empirical molecular orbital (MO) calculations.

As a preliminary to the calculations on the transition metal complexes, MO
calculations are performed on the free ligand CO, and good agreement is found with SCF calculations.

The ease of oxida-

tion of V(CO)s~ to V{(CO)s is explained, and the first nine ionization potentials of Cr(CO)s are calculated with an average

accuracy of 5%.

orbitals, the C-O ¢ framework being invariant.

Changes in the charge density in the carbon-oxygen internuclear region are examined along the isoelec-
tronic series, and these changes are correlated with infrared stretching frequencies.

All such changes occur in the w-bonding

The unusual decrease observed in metal—-carbon stretching frequency upon

increasing the metal oxidation state is explained on the basis of decreased interaction between the metal 3d, orbital and the

ligand antibonding 27 orbital.

On the basis of net atomic charges, a number of reactions between hexacarbonyls and nucleo-

philes are rationalized, and several kinetic predictions are made.

Introduction

In recent years molecular orbital theory has gained
tremendous popularity as a means of interpreting
properties of transition metal complexes. This is due
in part to an increasing interest in compounds whose

properties defy a crystal field interpretation, but it is
also the result of the formulation of a number of pro-
cedures which allow actual calculation of molecular

(1) (a) Abstracted in part from the Ph,D. thesis of K, G. Caulton, Uni-
versity of Wisconsin, Jan 1968. (b) National Science Foundation Graduate
Fellow.
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orbitals.?=7 The method to be used here has been
used to calculate the crystal field splitting, 4, for a
number of transition metal chloride® and fluoride®
complexes. In addition, the calculated degree of ligand
orbital participation in the ty; “‘crystal field”’ molecular
orbital (MO) is in agreement with electron spin reso-
nance and nuclear magnetic resonance data.® Finally,
chlorine quadrupole coupling constants can be satis-
factorily calculated with these wave functions.® There
has been relatively little detailed examination of the
computed wave functions and charge densities them-
selves in spite of the fact that these contain chemically
valuable information. With this in mind and with an
eye toward extending the computational procedure to
polyatomic ligands, octahedral carbonyl complexes
were chosen for this study.

One of the outstanding properties of carbon monoxide
as a ligand is its ability to stabilize low oxidation states
of transition metals. This has been rationalized! in
terms of a transfer of electrons from the metal to the
C-0 antibonding 27 orbital (so-called ‘‘back-bonding”).
On the basis of this hypothesis, the observed reduction
of the C-O stretching frequency from the value for
free CO is explained, since population of an antibonding
orbital weakens the C-O bond. The increase in the
C-O stretching frequency along the isoelectronic series
V{(CQO)s~, Cr(CO)s, Mn(CO)s* has been rationalized in
terms of decreased back-bonding with increasing metal
oxidation state.!’ Although this hypothesis has led to
useful results, it is based on the assumption of no altera-
tion in the s-bond strength between carbon and oxygen;
the validity of this assumption has never been demon-
strated. Indeed, a recent MO calculation dealing
with CO as a ligand neglected the carbon and oxygen ¢
orbitals.'? It was anticipated that the present work
would provide a test of this assumption and at the same
time provide a quantitative estimate of the importance
of back-bonding.

An extremely attractive feature of the Hartree-Fock
molecular orbital scheme is the fact that the calculated
orbital energies are approximately equal in nagnitude
to the molecular ionization potentials.!’®* Previous MO
calculations have been unable to make such a compari-
son between theory and experiment because only iso-
lated anions were studied, the corresponding cations
being neglected. The recently developed technique
of photoelectron spectroscopy?* allows the determina-

(2) M. Wolfsberg and L. Helmholz, J. Chem. Phys., 20, 837 (1952).

(3) C.J. Ballhausen and H. B. Gray, {norg. Chem., 1, 111 {1962),

(4) L. Oleari, G. De Michelis, and L. Di Sipio, Mol. Phys., 10, 111 (1966).

(5) F. A, Cotton and C. B. Harris, Inorg. Chem., 8, 369 (1967); C. K.
Jgrgensen, S, M. Horner, W, E. Hatfleld, and S. Y. Tyree, Jr., Iut. J. Quan-
tum Chem., 1, 191 (1967).

(6) M. D. Newton, F. P, Boer, and W. N. Lipscomb, J. Am., Chem. Soc.,
88, 2353 (1966).

(7) R. F. Fenske, K. G, Caulton, D, D. Radtke, and C. C, Sweeney,
Inorg. Chem., 8, 951 (1966).

(8) R.F.Fenskeand D. D, Radtke, ¢bid.,, T, 479 (1968).

(9) R. F. Fenske, K. G. Caulton, D. D. Radtke, and C. C, Sweeney,
ibid., B, 960 (1966).

(10) F. A. Cotton and G. W. Wilkinson, ‘“Advanced Inorganic Chemis-
try,” 2nd ed, Interscience Publishers, Inc., New York, N. Y., 1966, p 706.

(11) F. A, Cotton, Inorg. Chem., 8, 702 (1964).

(12) G. Doggett, Trans. Faraday Soc., 81, 392 (1965).

(138) C. C.J. Roothaan, Rev. Mod. Phys., 28, 161 (1851).
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tion of all single-electron ionization potentials less than
an instrumentally determined upper limit (presently
21 eV). In the case of Cr(CO)s there are nine observed
ionization potentials to be compared with the calculated
orbital energies.

Computational Procedure

Details of the procedure for calculating matrix ele-
ments of the self-consistent field (SCF) Hamiltonian
operator have been given elsewhere.” All energy and
overlap integrals are calculated nonempirically and the
resultant molecular orbitals (MO’S) are therefore
uniquely determined by the choice of basis atomic or-
bitals (AO’s). It is to be emphasized that no atomic
spectral data are used, the atomic orbital energy of
orbital ¢; being calculated by the relation

E(g;) = <¢j1‘*v22 - %%) +
; ng(tj) + (ny — De(Gj) (1)

Here, the sum on ¢ goes over all orbitals on the atom in
question and the #, are Mulliken® “‘gross atomic orbital
populations,”’ representing the number of electrons in
atomic orbital ¢;. The g(7,7) are average two-electron
interaction integrals whose form has been tabulated.

In order to make the calculation independent of the
initial choice of electron configuration (the #;), an
iterative procedure is adopted. In the past, one has
demanded that the gross atomic charges assumed as
input into the SCF energy mnatrix (F matrix) equal the
charge calculated from the resulting solution of the
secular equation. Since the charge is calculated directly
from the configuration, it seems to be more reasonable
and more in keeping with SCF calculations to demand
that the population of each atomic orbital on all centers
be self-consistent. Thus, if #,* and mO are the input
and output populations of atomic orbital ¢,, one requires
2 ‘nil — niol be less than some small number §: here,
the sum on ¢ goes over all atomic orbitals on all atoms
in the molecule. In practice, § was chosen in the range
0.01-0.04.

The basis set for the hexacarbonyls consisted of one
2s and three 2p AQ’s on carbon and on oxygen and
five 3d, one 4s, three 4p, and five 4d orbitals on the
metal. These 62 orbitals yield energy and overlap
matrices of order 62, but symmetry allows this to be
reduced to a set of matrix equations coupled only
through the Mulliken populations, #;, which appear in
the Fock operator. The symmetry labels and orders of
these equations are ai;(5), e.(6), te(4), t1(2), t2u(2),
and t;(7). The atomic coordinate systems and sym-
metry-adapted AO’s used are those of Gray and Beach."”

" The inclusion of 62 orbitals and 66 electrons makes this

the largest calculation of its type yet attempted. Al-
though intuition might suggest the expedient of omitting

(14) D. W, Turner and D, P, May, J.- Chem. Phys:, 48, 471 (1966), and
references therein.

(15) R. S. Mulliken, ¢bid., 28, 1833 (1955).

(16) J. C. Slater, “Quantum Theory of Atomic Structure,” Vol. I, Mec-
Graw-Hill Book Co., Inc., New York, N. Y., 1960, p 322.

(17) H. B. Gray and N. A, Beach, J. Am, Chem. Soc., 85, 2922 (1963).
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certain ligand orbitals, a desire to test the effect of the
formation of a metal~carbon bond on the ¢ bonding
between carbon and oxygen made such a simplification
inappropriate. An atomic orbital basis was used in all
calculations, but the MO’s for the hexacarbonyls were
later transformed to a basis of metal AO’s and free-
ligand molecular orbitals (see Appendix). Such a trans-
formation simplifies an interpretation of bond forma-
tion between the metal and the molecular entity CO.

In an initial calculation on Cr(CO)s, all Cr-C, Cr-0,
C-C, C-0O, and O-O interactions were calculated.
In view of the fact that matrix elements involving frans
carbon and oxygen atoms and those involving ¢is and
trans oxygen atoms were less than 0.005 eV, they were
set equal to zero in all calculations. Other inter-
actions between ligand atoms were included, however.

In order to facilitate comparison of the intraligand
bond in the hexacarbonyls to the bond in free CO, the
calculations used a basis set consisting of the same
carbon and oxygen AO’s used in the calculation on
free CO reported in the Appendix. Only in this way
will changes in overlap populations reflect the result of
bonding, for it is known that a change of basis can alter
overlap populations. The metal 3d radial wave funec-
tions used were those of V=, Cr% and Mn*.*®* It has
been argued® that the atomic SCF 4s, 4p, and 4d funec-
tions are far too diffuse to participate significantly in
bonding. That is, molecule formation will strongly
alter the free-atom ‘‘outer orbitals,” making these in-
appropriate for an LCAO expansion. These functions
were therefore constructed in a fashion which in some
sense optimizes both their ¢- and w-bonding ability
in the molecular species.?,10:1%

In view of the known?® insensitivity of the C-O bond
length to changes in bond order when the latter is in the
range 2-3 and the inability of diffraction to fix light-
atom interatomic distances accurately in the presence
of a heavy atom, the free C-O distance?! (1.1289 A)
was used for all three compounds. This has the added
feature of allowing changes in overlap population to be
attributed entirely to bonding. The chromium~carbon
distance in Cr(CO)s is 1.92 A.?? While the metal to
carbon distance is not known in the charged hexa-
carbonyls, data on closely related species are available.
The Mn—C distance was chosen to be 1.84 A, which is
the mean distance to equatorial carbonyl carbons in
HMn(CO);.22 The V-C distance was taken as 1.98 A,

(18) J. W. Richardson, W, C. Nieuwpoort, R, R. Powell, and W. F,
Edgell, J. Chem. Phys., 88, 1057 (1962), Although a 3d function for V-
is not tabulated here, the linear variation of the orbital exponents mentioned
by these workers was used to derive a 3d function for V-~ from those of Cr and
Mn*,

(19) A complete tabulation of the metal AO’s and MO eigenvectors and
eigenvalues for all three hexacarbonyls has been deposited as Document No,
0928 with the ADI Auxiliary Publications Project, Photoduplication Service,
Library of Congress, Washington 25, D. C. A copy may be secured by cit-
ing the document number and by remitting $1.25 for photoprints, or $1,25
for 35-mm microfilm. Advance payment is required. Make checks ot
money orders payable to: Chief, Photoduplication Service, Library of Con-
gress,

(20) F. A. Cottonand R. M. Wing, I'norg. Chem., 4, 314 (1065).

(21) B. J. Ransil, Rev. Mod. Phys., 33, 245 (1660},

{22) L. O. Brockway, R. V. G. Ewens, and M. Lister, Trans. Faraday Soc.,
84, 1350 (1938).

(23) S. LaPlaca, W. Hamilton, and J. Ibers, Inorg. Chem., 8, 1481 (1964),
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which is somewhat longer than the 1.91 % 0.03 A found
in CH;V(CO),, where the cyclopentadienyl group
leads to a shortening of the V-C bond.?

The MO’s for the complex are uniquely determined
by the internuclear distances and radial wave functions
of the AO’s. When the calculation was carried out,
however, the gross atomic populations in the 4s, 4p,
and 4d orbitals were all small but negative. Although
this situation was not anticipated by Mulliken, this
physically absurd result has been observed before.*
These negative populations were traced to negative
coefficients of 4s, 4p, and 4d AO’s in the MOQO’s lay,
leg, 1tsg, lti. Since these orbitals are bonding with
respect to all AO’s, all coefficients should be positive.
The cause of this problem can be seen from the following
argument. The coefficients ¢ and 4 in the MO

¥ = ap + bx
are fixed by the equation
CL(Faa-" e) +b<Fab_ GG) =0

where the F’s are Fock matrix elements, € is the molecu-
lar orbital energy, and G is the overlap integral (¢,x).
The relative signs of @ and b are fixed by

¢ _ &~ Fa
b_Fa,,—e

and since ‘e‘ > ‘Faa‘ for a bonding orbital, one must have
\eG‘ < }Fab] if @ and & are to have the same sign. Thus,
the off-diagonal F matrix elements between metal 4s,
4p, and 4d functions and ligand functions are errone-
ously small in the above approach. This problem was
traced to the simplification of not taking the average of
the following two formally equivalent methods of
evaluating F,, for metal-ligand interactions
v+

z, y
Fab = (Xayll/b)éb - (Xarkl/b) -+ E (Xaq
;wwwww—vmmwmm<m

a vEa,b “;;

1z, ',
Fou = (W’;X“)éa - <¢b[;b'xa> + E <¢biq_ Xa> +
Ly

vEad ”’u‘

Yl WX — Yalet W x%eN] (3)

where ¢, is the gross charge! on the atom. Here,
the superscripts ¢ and & .designate the nucleus upon
which the AO is centered. To assure the Hermi-
tian character of the energy matrix, one must take the
average of these two expressions. When the two AO’s
involved are metal and ligand, however, there is a
distinet advantage to choosing the form involving the
overlap integral multiplied by the metal orbital energy.”
In this way, the sum over two-center two-electron
integrals goes over only ligand valence orbitals, which is
considerably simpler than the alternative formulation.
Although it has been shown that this is numerically
accurate for ligand interactions with metal 3d orbitals,?

(24) J. B. Wilford, A, Whitla, and H. M. Powell, J, Organometal, Chem.

(Amsterdam), B, 495 (1967).
(25) D. D, Radtke and R. F. Fenske, J. Am. Chem. Soc., 89, 2292 1967)
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such is not the case for the more diffuse 4s, 4p, and 4d
functions. The work of Basch and Gray? offers a
formulation of the off-diagonal F matrix element which
does not demand choosing between two formally equiv-
alent procedures (eq 2 and 3). A reorganization of
terms in the simplified Fock operator yields

9!

WIFIx®) = () + o] — <¢ —%P&) -

5 (o) o

This result is formally equivalent to eq 2 and 3 but
avoids the dilemma of choosing either the ¢, or the e,
form and also replaces all difficult two-electron inte-
grals by a kinetic energy term. As expected, metal-
ligand terms involving 3d orbitals are very similar when
calculated by either eq 2 or 4. Terms involving 4s, 4p,
and 4d orbitals are substantially larger by eq 4, however,
indicating that eq 2 alone underestimates such terms.
As a further comparison of the two methods for evaluat-
ing F,, R. De Kock of these laboratories has per-
formed (unpublished) parallel calculations on BF (iso-
electronic with CO) using both methods for calculating
Fg.  Gross orbital populations differ by less than 0.04
electron for the two calculations, and the five occupied
orbital energies differ by 0.5, 0.5, 0.2, and 0.1 eV. The
off-diagonal F matrix elements themselves differ by as
little as 0.003 eV for (WB;F[ #r) and as much as 1.3 eV
for (SF‘}Fpr). In general, these observations agree
with the above conclusion that the greater deviations
involve strongly interacting diffuse functions. In view
of the fact that the method of calculating off-diagonal
interactions within a ligand does not affect the results,
the kinetic energy formulation (eq 4) was used only for
metal-ligand terms.

Although the outer metal orbital populations were
now computed to be positive, these orbitals still had
small negative coefficients in some occupied bonding
orbitals. This was again traced to the underestima-
tion of a metal-ligand off-diagonal energy term. In
particular, the effect of carbon electron density, A
on functions centered at an adjacent metal (x™) and
oxygen (¢°) was approximated as a nuclear attraction
integral multiplied by the Mulliken ‘‘gross charge” on

carbon gc = 2;n%; — Zo
(XN[(bO‘\bCILC) — 1/2(XNI¢CW/C¢O) ~
1l -
Qc<xM - ¢O> ()
Fc
While this is a good approximation when the “overlap
density”’ xM¢° does not penetrate the density YouS, it is
particularly unsuitable in the situation considered here,
where the metal-oxygen density is probably a maximum
near carbon. Rigor demands the evaluation of these
three-center two-electron integrals, but programs for
this purpose are not available. As a result, the de-

ficiency of the nuclear attraction integral approxima-
tion was corrected by using a fictitious charge (o, in

(26) H. Baschand H. B. Gray, Inorg. Chem., 8, 639 (1967).
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eq § only, of the form Qc = gcRF. Calculations were
carried out varying RF and it was found that RF =
0.6 was required to make all outer AO coefficients posi-
tive in bonding MO’s. The introduction of this integral
approximation altered orbital energies on the order of
only 0.1 eV.

Results and Discussion

The calculated molecular electronic configuration is
(leg)*(larg) ? (1t1u)® (2e4) (2a14) 2 (2t10)® (1t2)° (3ep) ¢ (3a1g) -
(Bt1u)(1teu)8(1t1,)0(410)%(2t2e)% which gives a !Ay,
ground state in agreement with the observed diamag-
netism of all three compounds.” The highest occupied
MO, 2ty is the counterpart of the ts, orbital of ligand
field theory. In contrast to the assumptions of ligand
field theory, however, there is strong mixing of metal
and ligand orbitals.!® Table I shows the large reduc-
tion of the 3d coefficient in the 2t,, MO from the “ionic”’
value of 1 coupled with large coefficients of the ligand
orbitals. By way of comparison, the 3d, coefficient
in the 2t;; MO of CrClg3— is 0.957.8

TaBLE

EFFECT OF THE 27 ORBITAL OF CO ON THE 2t
MOLECULAR ORBITALS OF THE [SOELECTRONIC HEXACARBONYLS

F(2m)—

F(3dnm)® C(2mb C3dn)? 8n¢ e(2t5)*
V(CO)%~ 1.88 0.632 0.574 —3.18 —1.33
Cr(CO)s 4.42 0.576 0.649 —2.12 —8.19
Mn(CO)~ 5.58 0.478 0.753 —1.22 —14.20

@ All energies in electron volts. ? Coefficients of the 2t,; MO
in a basis of ligand molecular orbitals: ¢ (2ty) = C(1m)e(1lx) +
C2rle(2r) + C(8d-)e(3dx) + Cdd, )¢ (4d,).

Figure 1 shows qualitative molecular orbital dia-
grams for the interaction of metal and ligand = orbitals
of tog symmetry. Figure la shows the situation for =-
donor ligands such as halogens, oxides, and amines.
The diagonal F matrix elements of 3d, and ligand =
orbitals are represented at the far right and left of
Figure la, with the resultant molecular orbital energies
appearing in the center. A w-donor ligand contributes
only occupied AO’s which are more stable than F(3d,)
to the molecular basis set. This arrangement of F
matrix elements dictates that é7 = e(2ts;) — F(3d,)
be positive. In other words, w-donor ligands de-
stabilize the lower of the two predominantly 3d levels.
As shown in Figure 1b, w-acceptor ligands have, in
addition to a low-lying = orbital, an empty orbital of =
symmetry (also called 7*) which is less stable than
F(3d,). When the distance F(27)-F(3d,) is small,
the amount of interaction (‘‘back-bonding’) between
27 and 3d, is large and the net effect of 27 on 2ty
is a stabilization, with d7 negative. As F(3d,) be-
comes more negative (as when the metal becomes more
electronegative), o approaches zero and may ulti-
mately become slightly positive when F(2w) — F(3d,)
is so large that 27 is effectively noninteracting. Thus,
the degree to which a ligand exhibits w-acceptor char-

(27) W. Klemm, H, Jacobi, and W. Tilk, Z. Anorg. Allgem. Chem., 201, 1
(1931); E. O. Fischer, K. Fichtel, and K, Ofele, Chem. Ber., 95, 249 (1962):
R. P. M, Werner and H. E. Podall, Chem. Ind, (London), 144 {1961),
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V(CO)~
Cr(CO)s
Mn(CO)*
co

METAL

3d
4.58
5.05
5.67

4s
0.56
0.52
0.42

4p
1.76
1.58
1.40
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TABLE 11
MULLIKEN GrOsS AO PorPULATIONS IN THREE HEXACARBONYL COMPLEXES

4d
—0.16
—-0.13
—0.03

LIGAND LIGAND
AO MO A0 MO

2T2q

3dn | &n

ENERGY ==
[
2
™,
—+
~n
.o

2pT in

11’29 o

a b

Figure 1.—(a) t; molecular orbital energies for an octa-
hedral complex with w-donor lignads. (b) ts; molecular orbital
energies for an octahedral complex with m-acceptor ligands.

acteristics is dependent upon the metal to which it
bonds. The capacity of the molecular environment to
determine the bonding function of a ligand is exempli-
fied by the isoelectronic hexacarbonyls studied here.

The calculations presented here exhibit all features
discussed qualitatively above. The first column of
Table I shows that F(3d,) becomes more removed
from the 27 ligand molecular orbital of free CO as the
metal oxidation state increases. It is to be emphasized
that the constraint of self-consistency fixes F(3d,) and
F(27) nonempirically so that the trend observed here
is independent of arbitrary assumptions. The 2ty
orbital covalency, as measured by C(3d,), decreases
from vanadium to manganese with a concomitant de-
crease in ligand 2« participation in 2ty,. Back-bonding
therefore decreases with increasing metal oxidation state.
Another symptom of this effect is =, the amount of
stabilization of e(2ts,) by interaction with 27. &7 is
negative for all three hexacarbonyls but decreases in
magnitude from vanadium to manganese. By way of
comparison, 87 for CrClg®~ is +1.18 eV, showing the
destabilizing effect of a w-donor ligand.®

The electronic configurations which result from a
Mulliken population analysis also show the effect of
decreased back-bonding with increasing metal oxidation
state. These gross atomic populations are given for
each participating AO in Table II. The most sig-
nificant trend shown is the increase in the population
of the 3d AO from vanadium to manganese, This re-
flects a decreased ability of the CO 2r orbital to re-
move electrons (back-bond) from the metal as the
oxidation state of the latter increases. This effect is
examined in more detail later. The fact that the oxy-

2sC 2psC 2p7C 250 2pe° 2p©
1.17 0.96 1.62 1.63 1.58 .91
1.16 0.98 1.66 1.62 1.59 .82
1.21 0.99 1.63 1.61 1.59 .73
1.57 1.24 1.33 1.61 1.60 .87

[SIN Nl N o

gen 2s and 2p, populations are unchanged from the
free-ligand values reflects the fact that there is no o
bonding between metal and oxygen. Although these
populations could also be affected by net changes in the
o bond between carbon and oxygen, it may be cor-
rectly concluded that such changes do not occur.
This, too, will be discussed in detail. Covalency of the
stable, predominantly ligand o-bonding orbitals brings
about a transfer of electrons to the metal and causes
the observed decrease in carbon 2s and 2p, populations
from the free-ligand values. This same effect is ob-
served for complexes of the halogens.® On the other
hand, the 2p, AO’s on both carbon and oxygen show
an increased population over the free-ligand values
since back-bonding has the effect of populating a pre-
viously unoccupied ligand orbital (27). In spite of the
fact that this is an antibonding orbital, it will increase
gross AO populations. The marked decrease in the
occupation of 2p, on oxygen from vanadium to man-
ganese is therefore symptomatic of decreased back-
bonding.

For the purpose of examining the bonding between a
metal and a diatomic ligand, CO, it is most convenient
to have the M(CO)s MO’s in a basis of metal AO’s and
free-ligand molecular orbitals. Provided one includes
the empty antibonding MO’s of the free ligand, the
results are in all respects equivalent in content to the
results in an AO basis.’® The MO's for Cr(CO);y are
shown in Table III in terms of the free-ligand MO’s
described in the Appendix. This free CO calculation
shows that 3¢ is strongly bonding between the carbon
and oxygen nuclei and that the energy of this orbital,
—37 eV, is far below that of any other MO. As a
result, 30 does not mix with the other metal and ligand
orbitals in the hexacarbonyls. The set of six carbon
monoxide ligands contributes six orbitals of type 3o,
and these are recovered almost unchanged in lay,,
leg, and Ity.. The orbital energies of these hexa-
carbonyl MO’s are also unaffected by bonding to Cr.
Thus, these orbitals are metal-ligand nonbonding,
being in some ways similar to the ‘“‘core’’ fluoride 1s AO’s
neglected in earlier work on transition metal hexa-
fluorides.”+?

Although the ligand 3¢ MO is recovered unchanged in
Cr(CO)s, 40 and 50 show strikingly different behavior.
The orbitals 2ay,, 3a1,, 2e4, 3eq, and 4ty, all show strong
mixing of 4o with 5¢ in the hexacarbonyl wave func-
tions, and as a result the orbital energies of these MO’s
deviate from those of free CO. The mixing of 4o and
50 is such that the less stable orbital of a given sym-
metry (the orbital which bonds more effectively to the
metal) increases its p, character., While over-all
molecular stability demands an increase in carbon p,
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TaBLE III
EI1GENVECTORS AND ENERGIES OF O¢cUPIED MO’s oF Cr(CO)s 1x A Basis or FrRee CO MO’s
3e 4o 5o 6o 4s e, eV
laig 1.0284 0.0356 0.0009 —0.0093 0.0068 —37.22
Daig —0.0481 0.5490 0.3156 —0.0131 0.2063 —18.51
3aig —0.0457 —0.6232 0.6627 —0.0010 0.2042 —15.23
3s 4a 5o 6o 3de 4ds ¢, eV
le, 0.9677 —0.0067 —0.0157 0.0197 0.0269 0.0512 —37.33
2e, —0.0617 0.6995 0.3611 0.0116 0.4179 —0.0356 —19.01
3eg —0.0616 —0.6957 0.5800 —0.0648 0.2680 0.1390 —16.14
lr 2 3dr 4d, €, eV
Tty 0.9829 0.2004 0.1915 —0.2161 —16.24
Qtag —0.3636 0.5763 0.6493 —0.1201 —8.19
3a 4a 5a 6o Ir 2% 4p e, eV
1ty 0.9987 0.0219 0.0012 0.0051 —0.0061 —0.0067 0.0006 —37.21
2ty 0.1388 —0.9033 —0.1478 —0.0068 —0.0210 0.0007 —0.1659 —17.69
3ty 0.0319 —0.2015 0.2420 —0.0027 0.9138 0.0334 0.0637 —~14.97
4ty 0.0675 —0.3102 0.7273 0.0039 —0.4334 0.0209 0.2599 —14.02
1r 2r e, eV
1tey 0.9984 0.0249 —14.95
1t 0.9963 0.0062 —14.90

character in the metal-carbon bond, it is a striking fea-
ture of the 4¢-5¢ mixing that it does not weaken the
carbon-oxygen bond. This point is examined below in
detail.

(a) Absorption Spectra.—Ever since crystal field
theory yielded to a molecular orbital viewpoint, it has
been the goal of MO calculations for transition metal
complexes to compute A, the crystal field splitting be-
tween the ty; and e, components of the 3d orbital.
The quantity A has been taken as the difference between
the orbital energies of these antibonding ts; and e, MO’s
regardless of whether or not these orbitals are occupied.

There is no theoretical basis for expecting to be able
to approximate excitation energies as the differences
between ground-state orbital energies. However, a
variety of semiempirical calculations® ® seem to indicate
that if a certain choice of metal and ligand basis func-
tions appropriately reproduce A as the t;; — ¢, separa-
tion, then calculations carried out using the same-size
basis set for similar complexes will faithfully represent
trends in A for these complexes. The choice of basis
set will strongly influence the success of the calcula-
tion, however. For example it has been demon-
strated”#—3! that the inclusion of 2s ligand orbitals
strongly alters the molecular orbital energies of un-
occupied MO’s, regardless of geometry or the particular
computational scheme used. In an attempt to counter-
act this, use of the 4d metal orbital has been sug-
gested to buffer the observed instability of the un-
occupied MO’s.” More recently, others have employed
unoccupied AQ’s in related applications. In an at-
tempt to calculate the spectrum of ethylene and the
total energy for the reactive transition state Cl. ..
CH;. - -Cl—, other workers have included 38s and 3p
orbitals on carbon, 2s and 2p orbitals on hydrogen, and
3d orbitals on chlorine.?? They show that the highest

(28) R. F. Fenske, Inorg. Chem., 4, 33 (1965).

(29) A. Viste and H. B, Gray, ibid., 8, 1113 (1964).

(30) R.F. Fenskeand C. C. Sweeney, tbid., 8, 1105 (1964).

(31) H. D. Bedon, W. E. Hatfield, S. M. Horner, and S. Y. Tyree, Jr.,
ibid., 4, 743 (1965).

(32) H. Kato, H..Kounishi, and T. Yonezawa, Bull. Chem. Soc. Japan, 39,
2774 (1968).

occupied orbital energy is unaffected by the augmented
basis set, while the first two vacant MO’s are stabilized
by as much as 18 eV. On the basis of closer agreement
between experimental excitation energies and differ-
ences in occupied and unoccupied orbital energies for
the ground-state calculation, they conclude that “in-
clusion of outer AO’s improves especially the excited
states of normal molecules. , .."”’8?

The reason for this substantial effect of unoccupied
“virtual” AO’s on empty MO’s was explained long ago
using only the mathematical characteristics of the
secular equation. A theorem, due to MacDonald,??
shows in all generality that increasing the size of the
matrix equation JF — EGJ = (0 by one row and one
column stabilizes all eigenvalues which were more
negative than the newly introduced diagonal element
and destabilizes all eigenvalues which were above this
new term in the lower order equation. That is, all
eigenvalues are ‘“‘repelled,” by the introduction of a
new basis function, from the newly introduced diagonal
term. This is why the ligand 2s orbital cited above de-
stabilizes all upper orbital energies and, conversely,
why outer orbitals on carbon and hydrogen decrease
predicted excitation energies in ethylene. In view of
the fact that any outer orbital will decrease these exci-
tation energies, care must obviously be exercised in
choosing which function is actually used. It is worth
remarking that the instability of unoccupied MO ener-
gies is also encountered in rigorous SCF calculations as
the basis set is augmented by outer orbitals. While
Ransil’s minimum basis calculation® for CO gives
e(27) = 7.006 eV, an extended basis calculation,?®*
including 3d, orbitals, yields e(27) = 4.147 eV.

The results of a Cr(CO)¢ calculation with and with-
out the 4d metal orbital are shown in Table IV. The
ai and ty; MO’s show small random stabilization and
destabilization since these are affected only indirectly
by the self-consistency procedure. For the ty; MO’s,
however, the 4d orbital always stabilizes the orbital

(33) J. K. L. MacDonald, Phys. Rev., 48, 830 (1933).
(34) R. K. Nasbet, J. Chem. Phys., 48, 4403 (1965).
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TABLE IV

EFFECT OF A 4d AToMIC ORBITAL ON THE
ORBITAL ENERGIES FOR Cr(CO)s

" D%(naig) D(neg) D (ntag) D (nt1y)
1 0.06 -0.04 —0.99 0.07
2 —0.15 —0.46 —0.72 —0.08
3 —0.08 —0.68 —0.55 0.00
4 —0.13 —0.06
5 —-0.20 + 56 0.04
6 +116 —0.01
7 —0.16

D(nT) = ¢(nT)with 4a — ¢ )withont «a in electron volts.

energies. This agrees with MacDonald’s theorem,
since the 4d diagonal term is 5 eV above the highest t,,
orbital energy in the calculation without the 4d AO.
In the e, secular equation, Fu4 lies between e(3e,) and
€(4e;) so that the 4d AO stabilizes the three lowest
MO’s and destabilizes the two highest MO’s. Prag-
matically speaking, outer orbitals definitely make the
lowest unoccupied orbitals less sensitive to small changes
in the calculational procedure. For example, without
the 4d AO, the e, secular equation is of order 5, with
three of the resulting MO’s totally occupied. The 4e,
orbital energy changes 0.26 eV when ligand-ligand
interaction is removed in the presence of a 4d AO, but
this becomes 5.5 eV in the absence of this outer metal
AO. The highest orbitals of a given symmetry are
therefore much less stable to neglect of ligand-ligand
interaction in the smaller secular equation. This shows
the buffering as well as the stabilizing capacity of outer
orbitals.

In an attempt to calculate the d-to-d spectrum of Cr-
(CO)s, two calculations were carried out, one with the
4d AO and another without this ‘‘outer orbital.”” The
separation e(4de;) — €(2ty,) is calculated to be 31.9 eV
without the 4d AO in the basis set and 11.6 eV with the
4d orbital, compared to the experimental A value of
423 eV.'7 The 4d AO shows the usual effect of de-
creasing the t;; — e, separation, but, in spite of its
huge effect, it is not able to reproduce the experimental
A. The effect of the form of the 4d radial function on
the e(4e;) — e(2ty;) separation was investigated, Ex-
tensive variation in the 4d orbital exponent showed
that it is not possible to cause the difference in orbital
energies to agree with the observed A value. In spite
of the failure to reproduce A from a calculation of the
ground-state electronic structure, these results exhibit
several interesting characteristics. Gross orbital popu-
lations are quite insensitive to the form of the 4d AO.
Even more significant, a large change in the 4d orbital
exponent changes the orbital energy of the unoccupied
4e;, MO 5.8 eV, whereas the orbital energy of the
occupied 2ty; MO changes only 0.4 eV. This shows
that outer orbitals are not dictating ground-state
properties and that they are important only as they
affect the unoccupied MO’s.

In view of the fact that stable ligand MQ’s “repel”
upper MO’s, the inability of the 4d AO to suppress the
de; MO in Cr(CO)s sufficiently, whereas it was adequate
in the MXj species, is attributed to the doubling of the
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number of ligand AO’s in the carbonyls compared to
the halide complexes. In order to establish the validity
of this idea, calculations were carried out in which
various ligand MO’s were omitted from the basis set.
Removal of the free CO 3¢ molecular orbital from the
basis decreases e(4e;) — €(2ty) by 0.73 eV, 869 of the
change resulting from a 0.63-eV drop in e(4eg). The
proposed reason for the inability of any 4d AO to
reproduce is therefore correct.

Thus, the theoretically correct procedure of including
all ligand valence AO’s does not allow A to be identi-
fied as e(4e,) — €(2ty,) in M(CO)s systems. It is worth
noting that this conclusion is not a defect of the sim-
plified SCF scheme employed here, since the 4e, —
2ty separation far exceeds the experimental A in a
Wolfsberg-Helmholz calculation on Cr(CO)q.* There
is a very fundamental reason why A cannot be success-
fully calculated as the difference between unoccupied
and occupied orbital energies, however, since the Har-
tree~Fock scheme is designed to calculate ground-state
properties. With this in mind, the emphasis through-
out this work will be to show the validity of the calcu-
lated ground-state molecular properties. If a better
reproduction of absorption spectra is the desired goal
of a calculation, configuration interaction and varia-
tion of the ligand radial AO’s would be required.

(b) Relative Ease of Oxidation of the Three Hexa-
carbonyls.—Table I shows that e(2ty,) rapidly becomes
more stable along the series V(CO)¢~, Cr(CO), and
Mn(CO)st. The greater part of this effect is caused
by the stabilization of all orbital energies as a result of
the increasing positive charge on the hexacarbonyl,
and it would be greatly diminished by the field of the
cation and anion in V(CO)s~ and Mn(CO)*X-, re-
spectively. It is known, however, that of the three
hexacarbonyls only V(CO)s~ can be readily oxidized?
to give a paramagnetic d® species. In order to ex-
amine these MO results for evidence of this effect,
one must first correct for the neglect of the counter-
ions in the calculations on charged species. In order
to do this, one needs an occupied orbital which is not
substantially affected by the change in bonding with
changing central metal, but only by the total molecular
charge. The metal-ligand nonbonding 1ts, orbital is
an appropriate internal standard, with the difference
€(2ts,) — €(1tpu) being indicative of the actual stabiliza-
tion of 2ty by the ligand 2w orbital. Since orbital
energy is proportional to ionization (or oxidation) po-
tential, a larger difference e(2ts) — e(1ts) implies
easier oxidation. For V(CO)¢—, Cr(CO)s and Mn-
(CO)et, this difference has the values 8.17, 6.76, and
6.48 eV, respectively. The trend observed for e(2ty)
itself is therefore maintained, but greatly decreased in
magnitude: the hexacarbonyl of vanadium(—1) is
most easily oxidized. Note that this is in spite of the
fact that the ligand 27 orbital stabilizes 2t,; most ef-

(35) M, I. Ban, S. Fenyi, and M, Hegyhati in ‘““Theory and Structure of
Complex Compounds,” Symposium, Wroclaw, Poland, The Macmillan Co.,
New York, N. V., 1964, p 195,

(36) R. Ercoli, F. Calderazzo, and A. Alberola, J. Am. Chem, Soc., 82, 2966
(1960).
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fectively in V(CO)¢~, an effect which tends to increase
the oxidation potential of this compound. The effect
of changing metal nuclear charge therefore predominates
over the influence of back-bonding in determining the
ease of oxidation.

(c) Ionization Potentials of Cr(CO);—Koopmans’
theorem?® states that the energy required to ionize an
electron from the ith molecular orbital with the geome-
try fixed at that of the neutral molecule (vertical IP) is
—e¢; providing the other MO’s are not appreciably af-
fected by the ionization process. It is important to
emphasize that, while there is no sound theoretical
basis for calculating spectra as a difference in orbital
energies, Koopmans’ theorem does give physical mean-
ing to the orbital energies of occupied MO’s. Calcula-
tion of spectra and that of ionization potentials are un-
related problems. On the basis of a large number of
examples, one can say that Koopmans’ theorem allows
calculation of ionization potentials to within 109, of
the observed vertical ionization potential.®® % The
appearance potential of a singly positive ion in a mass
spectrometer is an upper limit to the adiabatic (0-0
vibrational transition) ionization potential. For the
2ty electrons, the vertical and adiabatic IP’s should not
differ greatly, and it is valid to compare the appearance
potential of Cr{CO)s to —e(2ts:). The calculated 8.19
eV compares very favorably to the observed values of
815 = 0.17%and 8.18 = 0.07 eV.4!

Although mass spectral data yield only the ioniza-
tion potential from the least stable MO, photoelectron
spectroscopy!* gives all ionization potentials below an
instrumentally determined limit, presently 21 eV. In
addition, it is possible to identify clearly the vertical IP,
to which — e should correspond. Table V compares the
vertical photoelectron IP’s with the calculated orbital
energies.*? The calculation of nine observed ioniza-
tion potentials with an average accuracy of 5% is ex-
ceedingly satisfactory and constitutes supporting evi-
dence for the accuracy of the calculated molecular
orbitals. The pattern of spacings between IP’s is well
reproduced. Note the large gap between the “ligand
field orbital” 2t;, and the predominantly ligand 4ty
as well as the smaller but still distinct gap between 1ty
and 2t;,. It is becoming evident that the relative in-
tensity of two bands in a photoelectron spectrum re-
flects orbital degeneracy provided the orbitals from
which ionization occurs are very similar. Thus, the
first two peaks for Fe(CO);, with configuration (CORE)
(e")*(e’}*, are of equal intensity, while for Ni(CO),,
(CORE) (t2)%(e)*, the first IP has only two-thirds the
intensity of the second IP.#" Intensity relationships of
this sort affirm several of the assignments proposed
here. For example, the bands observed at 14.12 and

(37) T. Koopmans, Physica, 1, 104 (1934); see also ref 13.

(38) R. C. Sahni, Trans. Foreday Sos., 68, 801 (1967); F. W. Birss and
W. G. Laidlaw, Theoret, Chim. Acta, 2, 1861 (1964).

(39) W. Huo, J. Chem. Phys., 48, 624 (1965).

(40) R. E. Winters and R. W. Kiser, Inorg. Chem., 4, 157 (1965).

(41) A. Foffani, S. Pignataro, B. Cantone, and F. Grasso, Z. Physik. Chem.
(Frankfurt), 45, 79 (1965).

(42) Preliminary values courtesy of Professor W. C. Price, University of
London, King's College.
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TABLE V

CALCULATED AND OBSERVED!? IONIZATION
PorenTIALS FOR Cr{CO),

———Vertical ionization potential, eV———

Ohsd Caled Orbital symmetry
8.40 8.19 2to,

13.32 14.02 4tyy

14.12 14.90, 14.95, 14.97 1t1y, 1tou, 3ta:

14,49 15.23 3ai,

15.2 16.14 3eg

15.6 16.24 1tag

17.48 17.69 2t

18.7 18.51 2a,

19.3 19.01 2,

15.6 eV all originate in predominantly ligand 1= or-
bitals, The near degeneracy of 1t;,, 1ts, and 3ty
leads to the prediction that the 14.12-eV photoelectron
peak should be 3 times as intense as the 15.6-eV band.
The observed ratio is 2.5. Finally, it is of interest
that the 4t;, MO is above the ligand nonbonding 1t;,
and 1ts, levels. Although intuition would place 4t,,
below the nonbonding 1t; and 1tz owing to a stabiliz-
ing interaction with metal 4p orbitals, the calculations
indicate that this is not the case. Magnetic circular
dichroism suggests the order ty, > to, for IrClg?-
also.

(d) The C-O Bond.—The most striking evidence
for back-bonding in transition metal carbonyls is the
reduction in the carbon—-oxygen stretching frequency or
force constant compared to free CO. For example, the
C-O stretching force constant is 17.87 mdyn/A in Cr-
(CO)s compared to 18.5 mdyn/A in free CO.4 Sig-
nificant trends in the CO frequency are also found upon
varying the transition metal. For example, the t;,
C-O stretching frequency for the hexacarbonyls of
V(—1), Cr(0), and Mn(+1) are 1859, 1981, and 2101
cm™! respectively.® Force constants are not available
for this series of molecules, but the energetic isolation of
the C-O stretching fundamental gives some assurance
that force constants and frequencies will exhibit the
same trend. The observed frequency variation has
been interpreted in terms of increased C-O bond
strength as a result of decreased back-bonding with in-
creasing metal oxidation state. Implicit in this
argument is the assumption that the o bond between
carbon and oxygen is unchanged upon bonding to a
transition metal. Since these calculations include the
o-bonding orbitals on carbon and oxygen, one has the
opportunity to test this assumption.

A rigorous comparison of the stretching force con-
stants of the three hexacarbonyls should be based on a
complete calculation of total energy surfaces, but this
would require a massive amount of computation.
Since the force constant should be related to the bond
strength, the ability to correlate experimental frequen-
cies with calculated indices of bond strength such as
overlap populations and/or bond orders should lend
support to the idea that these indices are capable of

(43) P. N. Schatz, private communication, University of Virginia, Char-
lottesville, Va.

(44) L. H. Jones, Specirochim. Acta, 19, 329 (1963),
(45) R.J. H, Clark, J. Organometal, Chem, (Amsterdam), 6, 167 (1066),
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furnishing insight into the origin of stretching fre-
quency trends in the hexacarbonyls. We have ex-
amined both overlap populations and bond orders in
this regard. Since the trends and conclusions associ-
ated with each of these indices are completely analo-
gous, only the correlations of frequencies with overlap
populations will be presented here.

The interatomic overlap population, which repre-
sents the amount of charge transferred into the inter-
nuclear (bonding) region by covalent bonding between
atoms A and B, is defined®® as

Pup = Z ]Zg 2N (1) Ciy(A) C(B)G (G, k) (6)
where C;;(A) is the coefficient of the jth symmetry-
adapted AO in the ith MO; N(i) is the number of elec-
trons in the 7th MO (e.g., 6 for a triply degenerate
MO); G(j,k) is the group overlap integral between the
AQO’s kand j. The summation on 7 indicates all of the
occupied MO’s, and that over j and % concerns all of
the AO’s in the ¢th MO. The irreducible representa-
tions are indexed by I" and in most cases it will be worth-
while to tabulate interatomic overlap populations for
each representation separately. This is particularly
true for the octahedral hexacarbonyls since it permits a
clear distinction to be drawn between ¢ and = bonding
in all representations except tyy.

The computed interatomic overlap populations be-
tween carbon and oxygen are tabulated in Table VI.
The constancy of the overlap populations for ¢-bonding
orbitals is striking and fully confirms the assumption of
wmvariant o-bond strength along the isoelectronic series of
hexacarbonyls. The total s-overlap population for six
noninteracting CO molecules is 4.50. The values in
Table VI are only slightly higher than this value, indi-
cating that the ¢-orbital framework of CO is not only
constant within the series of hexacarbonyls, but it is
approximately unchanged from free CO itself.

TasLE VI
INTERATOMIC OVERLAP POPULATIONS
Pcol BETWEEN CARBON AND OXVGEN

r V(CO)s~ Cr(CO)g Mn(CO)s*

o Bonds

A 0.75 0.75 0.75

€g 1.60 1.52 1.63

tig 2.33 2.33 2.33

Total 4.68 4.60 4.71
7 Bonds

tog 0.22 0.48 0.65

tig 1.16 1.17 1.19

tou 1.17 1.18 1.19

tiu 1.15 1.17 1.19

Total 3.69 4.00 4.23

The C-O ¢ bond is essentially unaffected by bonding
to a transition metal because of the energetic isolation
of the free CO 3¢ molecular orbital. It is this orbital
which is strongly bonding between carbon and oxygen
(overlap population 0.72), 4¢ and 5¢ being very weakly
bonding (overlap populations 0.08 and 0.03, respec-
tively). Thus, although 40 and 5¢ mix strongly with
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metal AO’s in the hexacarbonyls, the resultant decrease
in C-O overlap population is very small. The 3¢ free
ligand MO is the strongly C-O ¢-bonding orbital, and
its very stable orbital energy makes it effectively non-
bonding to the less stable metal AQ’s.

Looking now to the w-bonding orbitals between
carbon and oxygen, one finds a distinct increase in the
total m-overlap populations from V(CO),~ to Mn-
(CO)e* indicating an increase in C-O bond strength
with increasing metal oxidation state. The change in
C-0 bond strength is therefore dominated by a change
in the m orbitals, and the change in total = overlap
population is in turn dominated by changes in the ts,
MO’s. Since only the 3d, metal AO’s are of ty; sym-
metry, it is the interaction between 3d, and 17 and 2«
(1.e., back-bonding) which determines the variation in
CO infrared frequencies.

(e) The Metal-Carbon Bond.—The t;, metal-car-
bon stretching vibrational frequency decreases regu-
larly with increasing metal oxidation state for the
isoelectronic hexacarbonyls. The observed® frequen-
cies are 460, 441, and 416 cm~! for V(CO),~, Cr(CO)s,
and Mn(CO)sT, respectively. Although a complete
force field analysis is not available for these three
species, an energy-factored vibrational analysis should
be valid, and the observed frequencies should reflect
the trend in stretching force constant. For example,
Kaesz, et al.,*® have shown that the Re-D stretching
frequency at 1822 cm~! perturbs the 2000-cm=! C-O
stretching frequency in DRe(CO); only 5 cm™.
Equally small perturbations in the hexacarbonyl metal-
carbon stretching frequencies are expected as a result
of interaction with other low-frequency t;, funda-
mentals.

Table VII gives the interatomic overlap popula-
tions, Puc’ of eq 6, for the three hexacarbonyls. No
metal-oxygen overlap populations are included since

. they are all negative and less than 0.1 in magnitude.

TABLE VII
METAL-CARBON OVERLAP POPULATIONS®

V(CO)s~ Cr(CO)e Mn(CO)s+
ag 0.72 0.71 0.62
eg 1.54 1.34 1.12
tog 1.74 1.39 0.95
tin (o) 2.19 2.16 2.04
tyu(m) —0.014 —0.016 —0.019

@ 4d orbital contributions not included in e, and tog totals.

The intuitive idea that there is no bonding between
metal and oxygen atoms is thus confirmed. Note that
the metal 4p AO, which transforms as ty,, is almost
exclusively a o-bonding orbital. This is also evident
from the wave functions in the basis of free ligand MO’s
(Table I1I), since 17 undergoes very little mixing in the
3t;u MO of the hexacarbonyls. The metal-carbon
overlap populations clearly show a decrease with in-
creasing metal oxidation state, in agreement with the
observed stretching frequencies.

(46) P. S. Braterman, R. W. Harrill, and H. D. Kaesz, J. Am. Chem. Soc.,
89, 2851 (1967),
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The observed decreasing metal-ligand stretching fre-
quency with increasing metal oxidation state is unusual
and significant since it is contrary to the ‘‘normal”
trend of increasing frequency with increasing metal
oxidation state. For example, MnCl2~ and FeCl,~
exhibit infrared-active stretching frequencies at 378
and 482 cm~14 VO,~, CrOs—, and MnO;~ have
stretching force constants of 5.11, 5.58, and 5.84 mdyn/
A, respectively.® In view of the fact that the observed
trend has been successfully reproduced as opposite to
that in chloride and oxide complexes, it is worthwhile
to search for the origin of the trend. One of the largest
contributions to the decreasing overlap populations is
in the t,, representation. In order to show clearly the
interaction of the 1w, 27, and 3d, orbitals, the ty,
metal-carbon overlap populations are tabulated for the
individual basis orbital pairs in Table VIII. The
change in total overlap population, Pco™, in Table VI
is now seen to be dictated by a reduction in the 27~
3d, overlap population in the 2t;; MO on passing from
the vanadium to chromium compounds. This in turn
is caused by a smaller interaction between the 3d.,
and 27 basis orbitals as well as by the contraction of
the metal AO with increasing metal nuclear charge.
Note that the interaction between 27 and 3d, in 2ty
is strongly bonding in the metal-carbon region despite
the fact that 2= is carbon-oxygen antibonding. This
explains the inverse relation between the changes in
metal-carbon and carbon-oxygen stretching constants
along the series of isoelectronic hexacarbonyls: the 2
gross orbital population can decrease only through de-
creased 3d,—27 mixing in 2ts,, so that a decreasing 2=
population (increasing veo) accompanies decreasing 2ts,
orbital covalency (decreasing vuc).

TaBLE VIII

ORBITAL OVERLAP POPULATIONS?
WITHIN THE ts; REPRESENTATION

n(ltag; n(lteg; #n(2tag; n(2tag;

1, 3dm) 27, 3dm) 1, 3dm) 27, 3dm)
V(CO)~ 0.41 0.03 ~0.50 1.69
Cr(COe 0.34 0.04 —0.42 1.36
Mn(COJs™ G.28 0.06 —-0.39 1.02

e n(i; rs) = ZN(E)Cir CisG(7,5).

The reason that the isoelectronic hexacarbonyls do
not exhibit the “normal” trend of increasing metal-
ligand stretching frequency with increasing metal
oxidation state is also clear from the above discussion.
Ligands which exhibit this ‘“‘normal” trend are all -
donor ligands which have no counterpart of the empty
2r MO of carbon monoxide. As the metal 3d, F
matrix element becomes more negative (f.e., as the
metal oxidation state increases), the covalent inter-
action with the occupied ligand = orbital increases
regularly, thereby increasing the metal-ligand bond
strength. For complexes of m-acceptor ligands such as
CO, however, this increased interaction with the 1
MO is available only at the expense of bonding inter-

F 47 D. M. Adams, J. Chatt, J. M. Davidson, and J. Geratt, J. Chem.
Soc., 2189 (1963).
L (48) A. Miiller and A. Fadiui, Spectrochim. Acta, 22, 1523 (1966).
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action with the free-ligand antibonding orbital which
has the effect of weakening the metal-ligand bond.
The foregoing arguments are quite general, and there-
fore all isoelectronic complexes of m-acceptor ligands
should exhibit this “unusual” trend in metal-ligand
stretching frequencies.®

In concluding this discussion on metal-ligand bond-
ing, it is instructive to compare the metal-ligand over-
lap populations in the ty; MO’s of Cr(CO)s and Cr-
Cls>~. The overlap populations in 1t are very similar
while in 2ty they are 0.89 and —0.27 in the carbonyl
and chloride, respectively; as expected, = bonding is
substantially weaker in CrClg®~, but the reason for
this is interesting. The overlap population in 2ts,
is smaller in absolute value in the chloride owing to
less orbital covalency as well as the fewer number of
electrons; the signs are different since the 2t,, MO
is antibonding with respect to F(3d,) in the chloride
while it is bonding in the carbonyl owing to the stabiliz-
ing influence of the ligand 2 orbital. This stabiliza-
tion has been estimated quantitatively earlier.

(f) Reactivity toward Nucleophiles,—There is a
substantial body of information scattered throughout
the literature which indicates that the hexacarbonyls
are susceptible to attack by nucleophiles. Such infor-
mation is most abundant for the neutral chromium
group hexacarbonyls, but this reflects on their avail-
ability rather than their reactivity. Cationic hexa-
carbonyls have been shown to react with nucleophiles
in the few cases studied.®:5!

There has been speculation®:5? that these reactions
take place by attack at the carbonyl carbon, but this
is difficult to verify experimentally. However, since
it is possible to estimate approximate “‘atomic charges”
by means of the Mulliken population analysis, one can
locate reactive molecular sites from the results of the
calculations presented here. The situation is com-
plicated somewhat by the earlier observation that iso-
lated atomic metal 4s, 4p, and 4d AO’s are so diffuse
that they contribute to charge density at the ligands
rather than at the metal.” However, the method used
to derive the 4s, 4p, and 4d functions in the present
work substantially contracts these orbitals. Plots of
the radial functions used here show the charge density
to lie primarily in the internuclear region rather than at
the ligand atoms. Consequently, it is reasonable to
assume that the calculated charges on the carbon and
oxygen atoms reflect to some degree the charges in the
vicinity of the carbon and oxygen nuclei. For the
vanadium, chromium, and manganese compounds,
carbon bears charges of +0.25, 40.20, and +0.18,
respectively. Thus, carbon is predicted to be suscep-
tible to nucleophilic attack in all three hexacarbonyls.
The positive charge on carbon is in contrast to the
carbon charge of —0.13 in free CO, indicating that the

(49) In addition to complexes of CN ~, the PF; analogs of the isoelectronic
hexacarbonyls are likely candidates for showing this effect: T. Kruck,
Angew. Chem., 79, 27 (1967).

(50) T.Kruck and M. Noack, Chem. Ber., 9T, 1693 (1964).

(51) E. L. Muetterties, Inorg. Chem., 4, 1841 (1965).

(52) W. Beck and H. S. Smedal, Angew. Chem, Intern. Ed. Engl., 5, 253
(1966).



Vol. 7, No. 7, July 1968

carbon site becomes electrophilic by bond formation
with a trausition metal.

On the basis of the atomic charges calculated here, the
following known reactions are predicted to obey a
second-order rate law, mechanisms being suggested
where appropriate.

0
|
LiR + W(CO); —> (OC)WCR~ + Li*
]
H,0% + Re(CO)* —> (OC)ReCO®H + H*

\

|
(OC);ReCO®+ 4 OH~ «— (OC):ReC=08 (B}

(A)p38e

OH

In contrast to this reaction, Mo(CO)s shows no exchange
with HoO'® after 75 hr.5t This is probably due to the
low nucleophilicity of H.0, as well as to the fact that
the positive metal charge in Re(CO)s* promotes the
approach of a nucleophile. Mn(CO)¢+ reacts with
water, but the isolable products are HMn(CO); and
CO,.5  Although (OC);MnCOOH is predicted to be an
intermediate, it is evidently not stable relative to
HMn(CO);. The different behavior of Mn(CO)s¢*
and Re(CO)s* is in no way contradictory, since an MO
calculation on a molecule can predict reactive sites,
but is not expected to yield information on the most
stable final reaction product.

|

0
X~ + Cr(CO)% — —/(lzr-c<X —» (CO),Cr X~ + CO

cr
Here the intermediate, an acyl halide derivative of
chromium hexacarbonyl, could react to form the penta-
carbonyl halide by an internal displacement mechanism

analogous to that suggested for the decarbonylation of
RCOMn(CO):*

|, O
—Cr—C< et o
| X
(Iﬁ‘/ X
0

Isolation of an acyl halide derivative would provide
convineing evidence for the mechanism proposed here.
If actual isolation of the intermediate at low tempera-
tures proves impossible, CO infrared or C!® nmr evi-
dence for a reacting species would suffice.
_N=N=N
N,” + W(C0), — (0C),W—C=0"

A

(OC),WNCO~ «— (0C);W—~C=0" + N, (Dy?

0
N(SiR);™ + M(CO); — (00);M—CZ
\\ N(SiRy);~
ZO(SIRy),™
oc)McL (Sif,

SN

(OC);MCN™ + O(SiR,), «—

(M=Cr, Mo, W) (Ey7
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In addition to explaining the kinetics and mech-
anisms of the above reactions, the calculations also
suggest the possibility of the reactions

Re(CO)* + X~ —> Re(CO)»X + CO )
]
M(CO)» + OR~ —> (OC);MCOR"! G)

Although no information is available on the reaction
of hexacarbonyls with alkoxide, reaction G shows that
an acylmetal pentacarbonyl should be produced. Such
behavior is exhibited by substituted carbonyl cations.®
O
M(CO)L:* + OR~ —> (OC)aLzM(“lOR
(M = Mn, Re; L; = (P(C4Hj)s), or o-phenanthroline)

With the use of this analogy, a word of caution must be
injected, however. The calculations presented here
describe the charge density only in octehedral hexa-
carbonyl complexes, and extrapolation of these results
to different stereochemistries or degrees of substitution
is dangerous. Thus, carbon is expected to be more
negative in Ni(CO), and Fe(CO); than in Cr(CO),
since there are more electrons to back-bond and fewer
ligands to accept them. Likewise, in XMn(CO);
the CO group trans to X accepts more metal electrons
than the other four.!’ As a result of this alteration in
electron density, the reaction of XMn(CO); with X~
or COis an SN1 process.®:5°

It is important to recognize that the prediction that
nucleophiles will react with hexacarbonyls by a second-
order rate law is a nontrivial result of these calculations
which cannot be deduced from ‘‘chemical intuition”
alone, Indeed, octahedral complexes are considered
to have a strong preference for a dissociative (Sn1)
mechanism in substitution reactions.®® For example,
Mo(CO)s has been shown to react with neutral phos-
phines, L, to form Mo(CO);L by an SNl process.®
However, it has been demonstrated recently that this
is actually a dual-path reaction, with second-order
kinetics in evidence at high phosphine concentrations.%?
It is of interest that the enthalpy of activation is only
21.7 kecal/mol for the SN2 pathway, while it is 31.7
kecal/mol for the SN1 mechanism; the enthalpy change
clearly favors nucleophilic attack, presumably at car-
bon.
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Appendix

It is clear that if MO calculations based on a sim-
plified Fock operator are successfully to explain and
predict ground-state molecular properties of large
molecules, then it is desirable that the method be ca-
pable of reasonable reproduction of the results of rigor-
ous SCF calculations on small molecules. Such a com-
parative calculation has never been carried out with the
computational scheme to be used here, and since di-
atomic ligands were under study, it seemed appro-
priate to calculate MO'’s for free CO. The SCF re-
sults which are available?! provide a stringent test for
the simplified MO scheme. The basis functions and
internuclear distances used in the calculations reported
here are identical with those used in the SCF work.
This condition was imposed in order truly to test the
method for calculating the Fock matrix elements and
to avoid variations due to choice of atomic orbitals.

Inorganic Chemistry

sentation of the one-center off-diagonal F matrix ele-
ments (250{F12p00) and (ZSC‘\F“Qp,C). Since the
kinetic energy and one-center nuclear attraction inte-
grals are rigorously zero in these cases, only a two-
center nuclear attraction or ‘‘crystal field” integral
remains in the simplified SCF method

!

1
(QS’lfF[Qp,") = <25”;2p,’l>
I b\

Since CO is nearly nonpolar, ¢y is very small and the
resulting off-diagonal F matrix element is small. A
small off-diagonal F matrix element leads to the inade-
quate mixing of 2s” with 2p,* observed in these calcu-
lations. It is possible to calculate the true values of
these terms in a relatively simple fashion. Starting
with the Hartree-Fock matrix equations FC = SC,
one may multiply by C~! from the right to give F =

Results from the calculation on CO are given in  SCeC™!. Thus, knowing S, C, and ¢, we may calcu-
Table IX along with the rigorous SCF values for com- late /. In this way, one calculates the SCF one-center
TABLE IX
CALCULATED EIGENVECTORS® AND ORBITAL ENERGIES FOR CO¢

2sC 20 ch 2p0 e, eV Exptl 1p?
30 0.302 (0.234) 0.711(0.738) 0.213 (0.169) 0.068 (0.223) —37.74 (—40.78) ..
4o 0.441 (0.525) —0.462 (—0.633) —0.016 (0.067) 0.744 (0.635) —18.22(—19.92) 19.65
dao 0.664 (0.739) 0.059 (0.036) —0.664 (—0.566) —0.364 (—0.438) —13.02 (—13.08) 14,00
17 0.488 (0.469) 0.757(0.771) —15.52(—15.86) 16.91
@ Rigorous SCF values in parentheses.?? » Observed vertical ionization potentials.?* ¢ The local +=z axes on C and O point toward
each other.
parison. Ransil’s “Slater LCAO-MO’’ basis was used off-diagonal carbon and oxygen terms for Ransil’s basis

in the calculation.?® The oxygen and carbon 1s atomic
orbitals were assumed to be unperturbed by bond
formation, and they are unmixed in MOQO’s lo and
20, respectively. The table shows generally good
agreement between orbital energies calculated by the
rigorous and simplified SCF schemes, Also shown are
the experimental ionization potentials, which should
equal minus the orbital energies.!* The simplified
MO wave functions satisfactorily weight atomic orbitals
with the correct relative size and phase. The coeffi-
cients themselves are represented fairly accurately in
absolute value.

One error is evident upon comparison of the simpli-
fied and rigorous SCF functions; the coefficients of
2p0 and 2pC are underestimated in 3¢ and 4o,
respectively. Since these MO's are largely 2s° and 25,
respectively, this error is the result of a poor repre-

set to be —7.2 and —5.9 eV, compared to the values
—0.6 and 4-0.5 eV which result from the simplified SCF
procedure. All attempts to rectify this situation have
been unsuccessful and the simplified SCF scheme has
been used unchanged in spite of this defect. These
one-center terms are set equal to zero in the Wolfsberg—
Helmholz scheme, but their importance has been em-
phasized recently by Lipscomb, et al.,° who are also
unable to evaluate them in a nonempirical fashion.
Since the results on M(AB)s species to be presented
here are ultimately expressed in terms of free-ligand
molecular orbitals, this problem loses some of its gravity.
In addition, the problem occurs only in 3¢ and 4o,
which are energetically rather isolated from the transi-
tion metal diagonal F matrix elements; the importance
of these ligand orbitals to metal-ligand bonding is
therefore minimal.



