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Abstract: A significant increase in the C-O stretching force constant (FCO) and a decrease in C-O bond length
(rCO) result upon coordination of carbon monoxide to various cationic species. We report a study designed to elucidate
the factors responsible for this effect. In particular, we distinguish between an explanation based on electrostatic
effects and one based on withdrawal of electron density from the 5σ orbital of CO, an orbital generally considered
to have some antibonding character. Ab initio electronic structure calculations on CO in the presence of a positive
point charge (located on the carbon side of the bond axis) reveal that a simple Coulombic field increases the C-O
stretching force constant and decreases the bond length. Coordination of CO to a simple cationic Lewis acid such
as H+ or CH3+ is calculated to increaseFCO (and decreaserCO) to extents slightly less than those engendered by a
point charge at the same distance from the carbonyl carbon. These results indicate that electron donation from the
5σ orbital has no intrinsic positive effect on the magnitude ofFCO. Calculations were also conducted on several
symmetrical, neutral, and cationic transition metal complexes, including some examples of the recently discovered
homoleptic noble-metal carbonyls. It is found thatFCO values can be quantitatively interpreted using a model which
invokes only the effects of M-COπ-back-bonding and an electrostatic parameter. There is no correlation between
the extent ofσ-bonding (as measured by the depopulation of the COσ orbitals) andFCO. Calculations on trigonal
bipyramidal d8 metal pentacarbonyls permit a comparison between inequivalent ligands (axial and equatorial) which,
being coordinated to the same metal center, must experience approximately the same electrostatic field. In the case
of Ru(CO)5, π-back-bonding to the axial and equatorial carbonyls is of virtually equal magnitude, whileσ-donation
is much greater from the axial ligands than from the equatorial ligands. Nevertheless, theFCO andrCO values of the
two ligand sets are essentially equal, confirming that the magnitude ofσ-donation does not affect these parameters.

The nature of bonding between transition metals and carbon
monoxide is one of the most fundamental aspects of organo-
transition metal chemistry. Virtually any discussion of such
bonding involves the C-O stretching frequencies (νCO) of metal
carbonyls, which are believed to be determined by the relative
magnitudes of MfCO π-back-bonding and CfM σ-bonding.
Whereasπ-back-bonding clearly induces a decrease inνCO,
CfM σ-bonding tends to receive less attention but is generally
believed to increaseνCO.1 The magnitude of theπ-back-bonding
effect is widely accepted as much greater than that ofσ-bonding,
in accord with the observation thatνCO values of most metal
carbonyls are significantly lower than that of free CO.
However, the relative contributions of theπ andσ compo-

nents have been the subject of surprisingly little quantitative
discussion. A detailed study was conducted by Hall and Fenske2

for first-row d6metal carbonyl halides in which calculated orbital
populations were compared with experimental vibrational
frequency data. An equation was derived for the CO stretch
force constant,kCO,3 which can be rearranged as eq 1:

For a given complex,πM is the total occupancy of the CO 2π*
orbitals andσM is the reduction in occupancy of the 5σ orbital.
Using calculatedσM andπM values, eq 1 provided an excellent
fit to the experimental force constants. Although the magnitude
of the coefficients of eq 1 suggest that the respective contribu-
tions of the two components are of comparable magnitude, it
would seem unwise to attribute much physical significance to
such an interpretation. Note, for example, that the force constant
of free CO, 18.56 mdyn/Å, is much greater than the value of
16.805 mdyn/Å which would be implied by a simple interpreta-
tion of eq 1 in the limitσM ) πM ) 0. Conversely, the force
constant of free CO+, 19.26 mdyn/Å, is much smaller than the
value of 26.31 mdyn/Å naively derived on the basis of eq 1
(σM ) 1; πM ) 0).
In recent years, a new and very intriguing class of late-metal

complexes has been discovered: homoleptic noble metal
carbonyl cations.4,5 M-CO bonding in these complexes is
believed to involve little or even negligible M-CO π-back-
bonding and, accordingly, the complexes have been termed
“non-classical”. Carbonyl frequencies in these complexes are
found to begreaterthan that of free CO (2143 cm-1), in many
cases by more than 100 cm-1.4-7 This has been attributed to
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the effect of CfM σ-bonding,4 an interpretation which implies
that the influence of CfM σ-donation onνCO is quite strong,
particularly since the bonding in the nonclassical complexes
overall is fairly weak. Additionally, theoretical calculations
indicate that covalent CfM σ-bonding is responsible for only
a fraction of the small binding energies in these complexes8,9

(althoughJMC values may suggest otherwise10); if so, this would
further imply that even a very small degree of covalent CfM
σ-bonding can effect a substantial increase inνCO.
The 5σ orbital of CO is assumed to possess some C-O

antibonding character.1,11 Hence, CfM σ-bonding should
engender removal of electron density from this orbital and,
accordingly, raiseνCO. However, neutral carbonyl complexes
in which M-CO π-bonding is believed to be weak and
σ-bonding dominates (e.g., H3B-CO) do not display very high
νCO values. Indeed, many formally d0 neutral metal carbonyls
have recently been discovered and all are found to possessνCO
values less than that of free CO (however, it is proposed that in
spite of the formal d0 electron configuration, the COπ* orbitals
are significantly populated in all such complexes12). Further-
more, even the gas phase CO+ cation has aνCO value of only
2184 cm-1,13 much less than the averageνCO value observed
in many of the nonclassical carbonyl cations. Since it is
implausible that more than one unit of charge is “removed” from
the CO ligands in the metal carbonyl cations (indeed, previous
calculations8 have suggested that net removal of charge from
CO is quite small), the standard explanation (CfM σ-donation)
for their highνCO values would appear problematic.
The bonding orbitals of free CO possess more oxygen than

carbon character; i.e., they are polarized toward oxygen. Placing
the molecule in an electrostatic field with C facing the positive
pole, or placing a positive charge near C, would be expected to
oppose this polarization, thus increasing the covalency of the
molecule and the value of the stretching force constant.14

Alternatively, the same idea can be easily illustrated in terms
of valence bond structures: a positive charge near the C-
terminus should preferentially stabilize resonance formI .

Such an electrostatic effect onνCO of free CO was calculated
by Hush and Williams as early as 1974 using semiempirical
MO theory.15 Since then, other theoretical studies have
concluded that the stretching frequency of free CO,16-18 as well

as surface-bound CO,17,18 is increased by an electric field.19

Electrostatic effects certainly could contribute to the highνCO
values of the nonclassical carbonyl cations,20 an explanation
previously suggested by Strauss10 though not discussed in detail.
Herein we report calculations on organic carbonyls and homo-
leptic metal carbonyls, cationic and neutral, which demonstrate
that not only do electrostatic effects indeed contribute to the
observed highνCO values of the nonclassical carbonyl cations,
but also that electrostatic effects may be theonlymajor factors.
We suggest that the degree of CfM σ-bonding plays no major
role in raising theνCO values of these systems or, by extension,
any other transition metal carbonyls.

Computational Details

Ab initio electronic structure calculations were carried out using
methods implemented in the Gaussian 94 series of programs.21 For
all transition metals, the effective core potentials and corresponding
basis sets generated by Hay and Wadt were used.22 Small core type
potentials, which liberate the penultimate electron shell along with the
valence electrons for explicit treatment via basis functions, were
employed, and the basis sets were of split valence quality (“LANL2DZ”
model). In metal-carbonyl complexes, the carbonyls were described
by the all-electron 6-31G* basis sets,23 whereas we used the larger
6-311G* basis sets24 for first and second row elements in calculations
where transition metals were not included. All calculations were carried
out including electron correlation at the level of Møller-Plesset second-
order perturbation theory (MP2).25 Systematic studies on complexes
identical with or similar to the ones under study here8,26,27have shown
that this computational model generally predicts geometries and
vibrational frequencies of most closed shell transition metal complexes
in good agreement with experiment; some notable exceptions do,
however, occur (e.g., Fe(CO)5; see below).8,26,27

Stationary points on the potential energy surfaces were located by
optimizing all geometrical parameters within appropriate overall
molecular point group constraints using analytical energy gradient
methods.28 Harmonic vibrational frequencies on non-metal-containing
species were computed using analytical second derivatives. For metal-
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containing systems, our analysis relies on the use of internal harmonic
carbonyl force constants as defined below. Molecular charge distribu-
tions were partitioned using the techniques developed by Weinhold et
al. (NBO Analysis).29

The Coulombic field effects of a unit positive point charge were
simulated through the use of a pseudo-hydrogen ion (denoted H*+)
possessing a single, very diffuse (exponent 0.001 bohr-2) s-type orbital.
In calculations on molecular cations, this limited basis set effectively
eliminates covalent interactions between H*+ and the remainder of the
cation and prevents electrons from occupying the orbital on H*.
Similarly, a He2+ ion carrying the same single s-type orbital simulated
a positive point charge of two units (He*2+), etc.
Internal harmonic force constants for carbonyl stretching,FCO, were

obtained from the energy changes resulting from extension of a single
C-O bond length by 0.01 Å relative to the energy minimized
geometries in, respectively, the carbonyl complex (∆EMCO) and free
CO (∆Efree-CO), i.e.,

For the non-metal-containing systems,Ffree-CO is the force constant
calculated for free CO at the MP2/6-311G* level, 18.43 mdyn/Å. For
metal-containing systems, in which 6-31G* basis sets were used for
the carbonyl ligands,FCO values were scaled by the experimental value
for free CO,Ffree-CO) 18.56 mdyn/Å, rather than the value calculated
at the MP2/6-31G* level (18.14 mdyn/Å). This facilitates comparison
with experimentally obtained values. It was ascertained that the
magnitude of the carbonyl bond length displacement was well within
the parabolic range of the potential energy curve.

Results and Discussion

While “νCO” values, either observed or calculated, typically
are approximated to force constants,FCO, according to the
harmonic oscillator expression, eq 3, it is important to keep in
mind some limitations of this approach.

When CO is bound to a light atom, as in HCO+, mixing of the
vibrational coordinates may be strong and eq 3 is no longer
useful as an interpretational tool. For example, the experimental
“νCO” value4 of HCO+ is 2184 cm-1 (as compared with 2143
cm-1 for free CO); however, this normal mode is the C-O
stretch substantially mixed with the C-H stretch coordinate.
Ab initio electronic structure calculations (MP2/6-311G*) afford
“νCO” values of 2142 cm-1 for HCO+ and 2136 cm-1 for CO,
respectively. The effect ofνHC mixing can be reduced, for
comparative purposes, by conducting the normal mode calcula-
tion assuming a very large mass for H (e.g.,mH ) 500 au gives
νCO ) 2369 cm-1); more generally, the calculated effect of
mixing between the C-O and M-C stretching coordinates (M
) any atom coordinated to CO) can be similarly reduced.
However, adduct formation will always influenceνCO values
(experimental or calculated), even in the limit of M having
infinite mass. For example, as noted by Hush and Williams,15

consider M-CO wheremM ) ∞, FMC ) 1.856 mdyn/Å (i.e.,
10% the value in free CO and corresponding toνMC ) 330
cm-1). If FCO ) 18.56 mdyn/Å, unchanged from that of free
CO, then the molecularνCO value will be 2179 cm-1. If FMC
is twice as large (3.71 mdyn/Å, corresponding toνMC ) 459
cm-1), thenνCOwill be increased further to 2215 cm-1. Indeed,
a reasonably thorough analysis of observedνCO values requires
a complete set of vibrational spectral data for several isoto-

pomers of the complexes under study.30,31 For example, in a
study of the relatively simple molecule borane carbonyl, Jones
et al. analyzed up to 21 observed vibrational bands ineachof
10 different isotopomers of H3B-CO.32 Computationally,
however, a useful and simple approach toward an understanding
of the factors which influenceνCO is possible: total energies
can be calculated at the equilibrium and one or more discrete
nonequilibrium C-O distances while the M-C distances are
held fixed. In principle, this approach yields “true” internal
FCO values.3,31 While these are expected to differ from
experiment-basedkCO values, it is expected that any significant
trends in kCO and FCO values would closely parallel each
other.3,33

Non-Metal-Containing Systems: Cationic CO-Adducts
and CO in an Electric Field. Table 1 gives the calculated
FCO values and metric parameters for [M*CO]n+, where M* is
a simulated point charge (H*+, He*2+, Li* 3+, Be*4+; see
Computational Details) andrM*C is fixed at various distances
(∠M*-C-O ) 180°). The effects of M* onFCO, and hence
νCO, are seen to be substantial. For example, in H*CO+ at rH*C
) 1.80 Å, the electric field induces a change inFCO of
approximately 1.3 mdyn/Å relative to free CO, a change which
translates into a vibrational frequency increase of more than 70
cm-1. At M*-C distances above ca. 1.80 Å, a range which

(28) Schlegel, H. B.New Theoretical Concepts for Understanding
Organic Reactions; Kluwer Academic: The Netherlands, 1989; Vol. 33.

(29) Reed, A. E.; Curtiss, L. A.; Weinhold, F.Chem. ReV. 1988, 88,
899.

(30) Jones, L. H.; McDowell, R. S.; Goldblatt, M.Inorg. Chem. 1969,
8, 2349-2363.

(31) Jones, L. H.; Swanson, B. I.Acc. Chem. Res. 1976, 9, 128-134.
(32) Jones, L. H.; Taylor, R. C.; Paine, R. T.J. Chem. Phys. 1979, 70,

749-756.
(33) Cotton, F. A.; Kraihanzel, C. S.J. Am.Chem. Soc. 1962, 84, 4432-

4438.

FCO ) (∆EMCO/∆Efree-CO)Ffree-CO (2)

νCO ) (2π)-1(FCO/µCO)
1/2 (3)

Table 1. Computed Data for MCO Species with Full (6-311G*)
and Limited (Indicated by Asterisk) Basis Sets

MCO
rMC
(Å)

Feleca

(au)
rCO(calc)
(Å)

FCOb

(mdyn/Å)
∆Fc

(mdyn/Å)
νCOd
(cm-1)

CO 1.139 18.43 0.00 2136
HCO+ 1.094 0.102 1.120 20.42 1.99 2248
H*CO+ 1.000 0.115 1.117 20.97 2.54 2278
H*CO+ 1.094 0.102 1.119 20.76 2.33 2267
H*CO+ 1.126 0.099 1.119 20.83 2.40 2270
H*CO+ 1.434 0.070 1.123 20.16 1.73 2234
H*CO+ 1.800 0.050 1.127 19.73 1.30 2210
H*CO+ 1.900 0.046 1.128 19.63 1.20 2204
H*CO+ 2.000 0.043 1.128 19.53 1.10 2198
H*CO+ 2.100 0.040 1.129 19.43 1.01 2193
H*CO+ 2.200 0.037 1.130 19.36 0.93 2189
H*CO+ 2.300 0.034 1.130 19.29 0.86 2185
H*CO+ 2.500 0.030 1.132 19.16 0.73 2178
H*CO+ 3.000 0.022 1.134 18.94 0.51 2165
H*CO+ 3.060 0.021 1.134 18.92 0.49 2164
H*CO+ 3.440 0.018 1.135 18.82 0.39 2158
H*CO+ 4.732 0.010 1.137 18.64 0.21 2148
He*CO2+ 3.060 0.043 1.131 19.49 1.06 2196
Li*CO3+ 3.060 0.064 1.121 19.85 1.42 2216
Li*CO3+ 3.540 0.050 1.123 19.76 1.33 2211
Be*CO4+ 5.550 0.030 1.126 19.51 1.08 2197
Be*CO4+ 4.732 0.040 1.125 19.61 1.18 2203
Be*CO4+ 4.173 0.050 1.123 19.66 1.23 2206
Be*CO4+ 3.761 0.060 1.122 19.69 1.26 2207
Be*CO4+ 3.440 0.070 1.122 19.66 1.23 2206
Be*CO4+ 3.060 0.085 1.121 19.52 1.09 2198
Be*CO4+ 2.787 0.100 1.121 19.22 0.79 2181
MeCO+ 1.434 0.070 1.127 19.60 1.17 2202
MeCO+ 1.550 0.063 1.126 19.78 1.35 2212
H3BCO 1.551 1.138 18.53 0.098 2141

a Felec) q/rcent2, wherercent is the distance between M and the center
of the CO molecule.b FCO calculated according to eq 2.c FCO minus
the value calculated for free CO, 18.43 mdyn/Å.dHypothetical
frequency (provided only for purposes of qualitative comparisons with
νCO values of actual molecules) calculated fromFCO,b assuming the
relationship expressed in eq 3.
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includes all M-C distances found in transition metal carbonyls,
the effect of M* on the magnitude ofFCO is found to correlate
well with the electric field strength exerted by the positive point
charge at the center of the C-O bond (Felec, eq 4).

rcent is the distance between M and the center of the CO bond.
Thus, for the species H*CO+ an increase inrH*C of 0.1 Å
produces a decrease inFelecof approximately 0.003 au, a relative
change inFCO of approximately 0.08 mdyn/Å, and a change in
νCO of approximately 5 cm-1. This observation supports the
notion that the essential role of M* is to exert a simple
Coulombic field. However, for a given value ofFelec, charges
situated at distances less than ca. 1.80 Å from C exert a
proportionally greater effect onFCO than expected on the basis
of eq 4, presumably because the field strength is no longer
approximately uniform across the entire carbonyl. For example,
the Coulombic field strength at the center of the C-O bond
due to Be*4+ at a distance of 2.79 Å from C should be the
same as that of H*+ at 1.11 Å (Felec) 0.10 au); yet, the effect
on FCO of the H*+ is much greater (∆FCO ) 2.33 mdyn/Å vs
0.79 mdyn/Å due to Be*4+). For all M*COn+ species, the point-
charge induced decrease inrCO (relative to that of free CO) is
small (∼0.01-0.02 Å) and generally correlates well with the
magnitude ofFelec.
MP2/6-311G* level calculations on HCO+ yield equilibrium

H-C and C-O bond distances of 1.094 and 1.120 Å,
respectively, in good agreement with experimental values (1.097
and 1.105 Å).34,35 When rCO is varied withrHC held fixed at
1.094 Å, the value obtained forFCO in HCO+ is 20.42 mdyn/
Å, 1.99 mdyn/Å greater thanFCO computed for free CO (18.43
mdyn/Å). For H*CO+, the optimized C-H* and C-O
distances are calculated to be 1.126 Å and 1.119 Å, andFCO is
calculated to be 20.83 mdyn/Å. A more relevant comparison
with the HCO+ molecule is provided by fixingrH*C at 1.094
Å, the optimized value ofrHC in HCO+. For this configuration
of H*CO+, FCO is calculated to be 20.76 mdyn/Å andrCO
optimizes to 1.119 Å. Thus, at eitherrH*C distance, the presence
of the+1 point charge is calculated to increaseFCO by more
than 2 mdyn/Å with respect to the value in free CO (see Table
1); however, the differences inFCO between H*CO+ and HCO+

are found to be small (0.3-0.4 mdyn/Å). Therefore, in so far
as one can abstract the contribution toFCO made by covalent
(purely σ) bonding of H+ to CO, it is calculated to be quite
small and actuallydiminishingthe magnitude ofFCO.
The acetyl cation (H3CCO+) may be viewed as CO coordi-

nated to a nearly pureσ-acceptor cation, CH3+. Our calculations
on H3CCO+ yield equilibrium H3C-CO and C-O bond
distances of 1.439 Å and 1.127 Å, in good agreement with the
experimental value for this (1.435 Å and 1.099 Å, respec-
tively)34,36and related acylium cations.10,34,37 The value ofFCO
is found to be 19.61 mdyn/Å, 1.2 mdyn/Å larger than its value

in free CO. By comparison, H*CO+ has anFCO value of 20.15
mdyn/Å whenrH*C is held fixed at 1.44 Å. Thus, in this case,
as in the above comparison of H*CO with HCO+, “turning on”
σ-bonding apparently has a slightlydiminishingeffect on the
value ofFCO.

Our calculated effects of a point charge onFCO agree well
with results from early semiempirical electronic structure
calculations (CNDO/2) by Hush and Williams.15 While values
for FCO were only reported for axial uniform fields in strength
increments of 0.1 au, an approximately parabolic curve was
obtained from which it can be estimated that a field strength of
0.05 au would result in an increase inFCO of ca. 1.35 mdyn/Å.
This compares favorably with the value of 1.30 mdyn/Å
obtained for H*CO+ when rCH* is fixed at 1.80 Å, the H*-C
distance which produces a Coulombic field strength (Felec) of
0.05 au at the center of the CO bond. The effect of a point
charge would presumably better approximate that of a uniform
axial field at greater distances from CO. Charges of+3 and
+4 held at 3.54 Å and 4.17 Å from C, respectively, should
each result in an effective electrostatic field of 0.05 au at the
CO bond center. Indeed, the species Li*CO3+ (rCLi* ) 3.54
Å) has anFCO value of 19.76 mdyn/Å, i.e., 1.33 mdyn/Å greater
than that calculated for free CO; the calculatedFCO value of
Be*CO4+ (rCBe* ) 4.17 Å) is 1.23 mdyn/Å greater than that of
free CO.

The vibrational frequency of free CO in a weak electric field
has been previously calculated, at theab initio Hartree-Fock
level only, in the context of electric field effects on chemisorbed
CO.17,18 These studies predicted an increase of ca. 34 cm-1 in
a uniform field of+0.01 au, as compared with our calculated
shift of 12 cm-1 for H*CO+ whenrH*C ) 4.73 Å,Felec) +0.01
au. In another study, Gagarin and Chuvylkin16 used a model
potential for field-free CO and calculated that a unipositive point
charge 2.5 Å from the center of CO (ca. 1.94 Å from C)
produced an increase inνCO of 77 cm-1; at a distance of 4.0 Å
(3.44 Å from C) the increase was calculated to be 25 cm-1.
These values are in excellent agreement with our own calculated
shifts for H*CO+: 66 cm-1 and 23 cm-1, respectively (Table
1).

Hush and Williams15 also calculated that an axial electric field
strength of+0.1 au results in an increase inFCOof 1.80 mdyn/Å
(∆νCO ) 102 cm-1). This effect was calculated to be ap-
proximately a maximum; further increase of the field resulted
in a calculated decrease ofFCO. Our calculations also predict
a maximumFCO value, though at a lower electric field strength.
When the distance between CO and a Be*4+ point charge is
varied,FCO is calculated to be at a maximum value of 19.69
mdyn/Å (1.26 mdyn/Å greater than that for free CO) at a
distance of 3.76 Å (corresponding toFelec) +0.06 au; see Table
1). Likewise, when a point charge held at 3.06 Å from C is
increased in magnitude from+1 to+4 au, in unit increments,
a maximumFCO value of 19.85 mdyn/Å (1.42 mdyn/Å greater
than that of free CO) is found atq ) +3 au (Li*3+; Felec )
0.064 au). The appearance of a maximum is presumably due
to a reversal of orbital polarization at very high electric field
strengths. Our results indicate that the C-O bond becomes most
covalent (“N2-like”) at a field strength of ca. 0.06 au. A
snapshot of the changes in the CO electron distribution in the
presence of a Coulombic field from a unit positive charge may
be found in a paper by Bauschlicher and Barnes on the
dissociation energies and bonding in NiCO+ and TiCO+. There
is a clear net movement of charge in theπ-space from O to C

(34) The bond distance in free CO is calculated as 1.1387 Å (MP2/6-
311G*) and 1.1512 Å (MP2/6-31G*) as compared with an experimental
value of 1.1282 Å (ref 13). For HCO+, calculated (MP2/6-311G*) and
experimental C-O bond lengths are 1.1201 Å and 1.1047 Å, respectively
(ref 35). These fairly small discrepancies are typical of those found in
much of this work; i.e., calculated C-O distances are about 0.01-0.02 Å
greater than the apparently highest quality experimental values.

(35) The experimental H-C and C-O bond lengths in HCO+ are
reported to be 1.097 26 and 1.104 74 Å, respectively: Woods, R. C. Private
communication in: Berry, R. J.; Harmony, M. D.J.Mol. Spectrosc. 1988,
128, 176-194.

(36) LeCarpentier, P. J.; Weiss, R.Acta Crystallogr. 1972, B28, 1421-
1429.

(37) LeCarpentier, P. J.; Weiss, R.Acta Crystallogr. 1972, B28, 1430-
1437.

Felec) q/rcent
2 (4)
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(diminished C+-O- polarization) and a buildup ofσ-charge
between C and the positive charge.38

The above calculations (in conjunction with the experimental
data) on these simple metal-free systems are all consistent with
the proposal thatσ-bonding has no significant increasing effect
on FCO. Instead, the highFCO values found in the cationic
complexes HCO+ and H3C-CO+ can be attributed primarily to
electrostatic effects.
Borane Carbonyl: A Neutral CO Adduct. H3B-CO is

frequently offered as an example of a neutral Lewis acid/CO
complex in whichπ-back-bonding is presumed to play only a
minor role. Unfortunately, it is not clear that the actual
magnitude of hyperconjugativeπ-back-bonding can be ne-
glected, even as a rough but useful approximation.32,39,40

Nevertheless, we are aware of no neutral carbonyl complexes
which better approximate a purelyσ-bonding model; thus, with
the above caveat in mind, we offer the following observations.
H3B-CO has a “νCO” value only slightly greater than that

of free CO: ca. 2167 cm-1 versus 2143 cm-1,13,32,41which,
according to eq 3, corresponds toFCO ) 18.93 mdyn/Å, only
0.38 mdyn/Å greater than that of free CO. However, even this
small difference is probably somewhat misleading as it is
influenced not only by the “true” CO stretching force constant,
but also (inter alia) by the B-C stretching force constant, which
is fairly large (νBC ) 691 cm-1,32,41 corresponding toFBC )
2.85 mdyn/Å32). Accordingly, an extremely thorough force field
analysis by Jones et al. leads to the conclusion thatFCO increases
by only 0.22( 0.13 mdyn/Å upon coordination to BH3.32

Vibrational frequency calculations on H3B-CO affordνCO
and νBC values of 2175 cm-1 and 707 cm-1, respectively, in
excellent agreement with experimental values. Single-point
energy calculations with a “stretched” C-O bond imply that
FCO is very slightly greater for H3B-CO (0.10 mdyn/Å) than
for free CO. Finally, we note that the MP2/6-311G* calculated
C-O bond length in H3B-CO, 1.1380 Å, is essentially identical
with that calculated for free CO, 1.1387 Å. In short, experiment
and theory both indicate that complexation to BH3 has a
negligible effect on the C-O stretching force constant.
Transition Metal Carbonyls: Intermolecular Compari-

sons. Calculated structural data and atomic charges (MP2 level)
of several neutral and cationic metal carbonyls, both classical
and nonclassical, are shown in Table 2. Where comparisons
are appropriate, the calculated geometries are in excellent
agreement with recently published data by Frenking8,42 and
Thiel.27 The validity of Frenking’s calculations on noble metal
carbonyl cations8 has recently received support from experi-
mental bond energy data by Armentrout.43

Increasing net charge on a metal center is expected to lead
to increased M-CO σ-bonding and decreasedπ-bonding, all
other factors being equal.44,45 Thus, comparisons within an
isoelectronic series cannot easily distinguish between electro-
static and covalent effects onFCO. In particular, assuming
significant effects fromπ-bonding,44,45it is difficult to ascertain
the importance ofσ-bonding and electrostatics by varying only

the charge on the metal center. However, by comparing a wide
range of complexes we find that the magnitude ofFCO does
not correlate with COπ*- and σ-orbital populations; rather, it
correlates withπ*-orbital populations and electrostatic effects.
Both increased M-CO σ-bonding and decreasedπ-bonding

are expected to lead to increased charge on the CO ligand and
especially on the C atom. Comparisons between species which
are not isoelectronic reveal that net charges on the CO ligands
(qCO) of cationic complexes arenot necessarily much greater
than on the CO ligands of neutrals. In particular, the ligands
of the silver carbonyls possess less positive charge than those
of the neutral hexacarbonyls. Furthermore, and perhaps more
surprisingly, the charges on the C atoms (qC) of the silver
carbonyls are significantly less than those on the hexacarbonyls.
Even comparisons between cations and the respective “isoelec-
tronic” neutrals reveal only small differences inqC. For
example, a comparison of Re(CO)6

+ with Mo(CO)6 reveals that,
although the carbonyls engage in moreσ-bonding (0.04 e) and
lessπ-back-bonding (0.06 e) in Re(CO)6

+ than in Mo(CO)6,
the charges on the carbon atoms of the two complexes are
essentially equal (within 0.01 e). By contrast, charges on the
O atoms (qO) of the cations are systematically greater than those
on the O atoms of the neutrals by ca. 0.10 e, and within each
group (neutral or cationic) the differences betweenqO values
are strikingly small. Clearly, these charge distributions cannot
be explained solely in terms of covalent bonding effects, but
must instead be attributed to polarization by the substantial net
charge situated at the center of the cationic complexes.38

The calculatedFCO values (Table 3) generally compare well
with experiment-basedkCO values (obtained, for example, using
the Cotton-Kraihanzel approximation33). Computational self-
consistency is indicated by a good correlation obtained between
calculatedFCO values and C-O bond distances (see Figure 1);
this correlation implies that most of the discussion herein about
(increased)FCO values could be applied as well to (decreased)
rCO bond lengths. For purposes of qualitative comparison only,
we have converted the calculatedFCO values to hypothetical
νCO values (Table 3) using eq 3. Also in Table 3 are netπ-
andσ-electron populations on the CO ligands, relative to free
CO. Inspection of the data immediately suggests that increased
σ-donation does not necessarily result in an increasedFCO value.
For example, Cr(CO)6 and Pt(CO)4 are found to have ap-
proximately equal degrees ofπ-bonding while the extent of

(38) Bauschlicher, C. W.; Barnes, L. A.Chem. Phys. 1988, 124, 383-
394.

(39) Beach, D. B.; Jolly, W. L.Inorg. Chem. 1985, 24, 567-570.
(40) Bauschlicher, C. W.; Ricca, A.Chem. Phys. Lett. 1995, 237, 14-

19.
(41) Bethke, G. W.; Wilson, M. K.J. Chem. Phys. 1957, 26, 1118-

1130.
(42) Ehlers, A. W.; Frenking, G.Organometallics1995, 14, 423-426.
(43) Meyer, F.; Chen, Y.; Armentrout, P. B.J. Am. Chem. Soc. 1995,

117, 4071-4081.
(44) Caulton, K. G.; DeKock, R. L.; Fenske, R. F.J. Am. Chem. Soc.

1970, 92, 515.
(45) Fenske, R. F.Pure Appl. Chem. 1971, 27, 61-71 and references

therein.

Table 2. Calculated and Experimental Bond Distances and
Calculated Atomic Charges

rM-C rC-O

calc expa calc expa qCO qC qO ref

CO 1.151 1.128 0 0.45-0.45 b

Ni(CO)4 1.811 1.838(2) 1.161 1.141(2)-0.17 0.19 -0.36 c
1.817(3) 1.127(4) d

Pd(CO)4 2.029 1.157 -0.04 0.35 -0.39
Pt(CO)4 1.970 1.92(2) 1.160 1.14(2) -0.15 0.21 -0.36 e
Cr(CO)6 1.854 1.91(1) 1.167 1.15(1) 0.23 0.59-0.36 f
Mo(CO)6 2.054 2.07(1) 1.165 1.15(1) 0.16 0.52-0.36 g
W(CO)6 2.053 2.06(1) 1.166 1.14(1) 0.11 0.46-0.36 h

Mn(CO)6+ 1.794 1.157 0.38 0.64-0.26
Re(CO)6+ 2.019 2.01(4) 1.155 1.13(3) 0.27 0.53-0.26 i
[Ag(CO)2]+ 2.241 2.13(11) 1.143 1.08(6) 0.11 0.37-0.26 j
[Ag(CO)]+ 2.358 2.10(1) 1.143 1.077(16) 0.04 0.31-0.27 j
[Au(CO)2]+ 2.017 2.05 1.142 1.11 0.21 0.42-0.21 k

a In some cases where more than one reliable experimental value is
available (including crystallographically inequivalent carbonyls in a
single structure), intermediate values are chosen; error limits, given in
parentheses, are estimates.bReference 13.cReference 51.dReference
52. eValues are those of Pt(PPh2Et)2(CO)2; ref 53. f Reference 54.
gReference 55.hReference 56.i Reference 57.j Reference 10.kRef-
erence 5.
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σ-bonding is much greater for Cr(CO)6. Yet FCO (both
experimental and calculated) is significantlyless for the
chromium complex.
Following Hall and Fenske,2 we consider a model in which

FCO is assumed to be linearly dependent on the extent ofπ-
and σ-bonding; i.e.,FCO varies linearly with the amount of
charge transferred. However, in an attempt to derive an equation
more amenable to physical interpretation, we fix the intercept
(σM ) πM ) 0) at the experimental value ofFCO in free CO
(eq 5).

σM andπM are the net charge transfers resulting fromσ- and
π-bonding, respectively, for each CO ligand in a given complex.
No satisfactory fit to eq 5 can be found with the calculated

values ofFCO, σM, andπM. In particular, best-fit values ofR
andâ (R ) 1.2, â ) 4.4, ∑(∆2/n) ) 0.50) predict values of

FCO which are much too low for the cations, particularly for
the nonclassical cations. This is consistent with the qualitative
observation that theFCO values of the cations are significantly
greater than those of the isoelectronic neutrals although there
is no substantial difference between theσM andπM values of
the two groups (cf. Re(CO)6+ and Mo(CO)6, for example, in
Table 3). Note also that the optimal value ofR (1.2 mdyn/Å
per electron) is not significantly positive.
The differences inFCOvalues between the cationic and neutral

metal carbonyls are of the order 1-2 mdyn/Å. Given the above
calculations on CO in the presence of a point charge (Table 1),
this is the order of magnitude expected on the basis of
electrostatic effects if the charge on the metals in the cationic
complexes is assumed to be approximately 1 au greater than in
the analogous neutrals. Such an assumption leads us to consider
the following extension of eq 5:

For a given complex,C is the change inFCO induced by
placement of a unipositive point charge (H*+; see Table 1) at
a distance equal to the M-C bond length, i.e., an electrostatic
effect. Appropriate values ofC are given in Table 3.
If the effect ofσ-bonding is disregarded (R ) 0), eq 6 has

only a single independent variable, as compared with the two-
variable equation 5. Nevertheless, eq 6 (R ) 0) yields a much
better fit than can be obtained for eq 5 (without holdingR )
0). AssumingR ) 0, a best fit (∑∆2/n) ) 0.15) for eq 6 is
found withâ ) 3.9 mdyn/Å per electron.
Further evidence against a significant positive contribution

to FCO due toσ-bonding comes from the result that ifR is not
held at zero, a best fit for eq 6 is found with a substantially
negatiVe R value (R ) -1.4, â ) 2.2,∑(∆2/n) ) 0.086). It
was found above thatσ-bonding for metal-free monocarbonyls
seems to have no significant effect onFCO (neither positive nor
negative). The negative value obtained forR may imply that
σ-bonding by neighboring CO ligands in a polycarbonyl
contributes to a buildup of negative charge on the metal which
leads to a decrease inFCO.
Metal Pentacarbonyls: Intramolecular Comparisons. Elec-

trostatic effects, in addition to directly influencing the intraligand
bonding in CO by polarization of the molecule, will obviously
also influence the covalent metal-CO interactions. Indeed, as
illustrated by Bauschlicher and Barnes,38 the presence of the
positive charge on the metal polarizes theσ-density toward the
metal, hence presumably facilitating increased M-COσ-bond-
ing. Conversely, as suggested in the above discussion of
σ-bonding effects, increased covalent metal-carbonyl bonding
will affect the magnitude of the electrostatic forces experienced
by the ligands. Thus, in spite of the reasonable quantitative
success of the above model, it is clear that electrostatic and
covalent effects are not fully separable and modest deviations
from eq 6 are unsurprising. A particularly crude assumption
implicit in the model expressed as eq 6 is that the electrostatic
effect onFCO is equal to that which would be exerted by a
monopole with charge equal to the overall charge of the
complex. In order to circumvent these problems, we have
examined neutral d8 pentacarbonyls, M(CO)5 (M ) Fe, Ru, Os).
These complexes are unique in that they contain two sets of
inequivalent carbonyls, yet all the carbonyls in a given complex
must experience a nearly identical electrostatic field since the
charge distribution can have no net dipole moment.
Optimization of the M(CO)5 complexes yields geometries in

strikingly good agreement with experimental studies (gas-phase

Table 3. Transition Metal Carbonyl Data:FCO Values Calculated
According to Eq 2, Electrostatic Parameter (Ca), Calculated Net
Populations Relative to Free CO (πM andσM), FCO Values
Calculated According to Eq 6, and ExperimentalkCO Values

complex
FCO
(eq 2) Ca πM σM

FCO
(eq 6) ∆b kCO(exp)

CO 18.56 0.0 0.000 0.000 18.56 0.00 18.56c

Ni(CO)4 17.28 0.0 0.422 0.235 16.91-0.37 17.23d

Pd(CO)4 17.81 0.0 0.258 0.220 17.55-0.26 17.55d

Pt(CO)4 17.53 0.0 0.396 0.233 17.01-0.52 17.28d

Cr(CO)6 16.45 0.0 0.386 0.605 17.05 0.60 17.02e

Mo(CO)6 16.82 0.0 0.324 0.469 17.29 0.47 16.52f

W(CO)6 17.33 0.0 0.370 0.429 17.11-0.22 16.95e

Mn(CO)6+ 18.10 1.304 0.298 0.662 18.70 0.60
Re(CO)6+ 18.61 1.098 0.262 0.511 18.63 0.02 18.67e

[Ag(CO)2]+ 19.34 0.900 0.102 0.152 19.06-0.28 19.50g

[Ag(CO)]+ 19.30 0.821 0.026 0.081 19.28-0.03 19.62h

[Au(CO)2]+ 19.61 1.083 0.087 0.306 19.30-0.31 20.1i

aChange inFCO calculated for free CO induced by placement of a
unipositive point charge (H*+; see Table 1) at a distance equal to the
M-C bond length (see text).b FCO (eq 2)- FCO (eq 6).cReference
13. dReference 58.eReference 59.f Reference 33.gReference 60.
hReference 10.i Reference 5.

Figure 1. Plot of calculated C-O bond distance (rCO) versus calculated
internal harmonic force constant (FCO) values for transition metal
carbonyls (data in Tables 2 and 3).

FCO ) 18.555 mdyn/Å+ R(σM) - â(πM) (5)

FCO ) 18.555 mdyn/Å+ C+ R(σM) - â(πM) (6)
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electron diffraction) for M) Ru46 and Os47 but much poorer
for M ) Fe,48 as has recently been reported by Frenking.42

Metric parameters, calculatedFCO values, and values ofσM and
πM are given in Table 4. The axial ligands of each pentacar-
bonyl are found to engage in significantly moreσ-donation to
the metal center than do their equatorial partners. This can
presumably be attributed to the axial ligands donating into a
formally empty dz2 orbital. The relative magnitudes of axial
and equatorialπ-back-bonding are not constant within the series.
Thus, the axial carbonyls of Fe(CO)5 accept moreπ-electron
density than do the equatorial carbonyls, while the situation is
reversed for Os(CO)5. Ru(CO)5 is an intermediate case.
Fortuitously, the magnitude ofπ-back-bonding is essentially
equal for the axial and equatorial carbonyls of Ru(CO)5; notably,
the Ru-C distances are also virtually identical. Since the
different ligands presumably experience essentially the same
electrostatic field, this leaves only one variable in terms of the
above model. That variable, the magnitude of CfM σ-bonding,
is calculated to differ significantly between the axial and
equatorial carbonyls; indeed, the difference, 0.13 e per ligand,
is comparable to the totalσ-donation calculated for the silver
carbonyls. Yet, in spite of this significant difference, it is found
that FCO is essentially identical for the axial and equatorial
carbonyls of Ru(CO)5. This observation is, of course, strongly
supportive of the idea that the extent ofσ-bonding does not
significantly influence the magnitude ofFCO.
Given that the degree of M-COσ-bonding does not influence

FCO, the remaining pentacarbonyls, Fe(CO)5 and Os(CO)5,
should in principle afford an opportunity to “directly” quantify
the effects ofπ-bonding without the complications introduced
by uncertainty in the magnitude of the charge on the metal
center. For example, the difference inπ-back-donation between
the axial and equatorial ligands in Os(CO)5 is 0.06 e favoring
the equatorial positions, and it is accompanied by a difference
in FCO of 0.72 mdyn/Å. This corresponds to aâ value of 11.9
mdyn/Å per electron (eq 6). Fe(CO)5, in which the axial
carbonyls each accept 0.14 more electrons than do the equato-
rials, gives a somewhat lower value ofâ, 8.0 mdyn/Å per
electron. We are reluctant to put too much weight on this
calculation since the computed Fe-C(axial) bond distance is
quite short and the C-O bond distance is anomalously long,

but, in any event, calculations on both Fe(CO)5 and Os(CO)5
imply values ofâ significantly greater than that determined on
the basis of the intermolecular data comparisons (∼4 mdyn/Å
per electron).â values implied by consideration of CO, NO+,
or N2 are in the range from 7 to 9 mdyn/Å per electron. For
example, (a) one-electron reduction of isoelectronic N2 (to the
2Πg state)13 lowers its stretching force constant by 6.7 mdyn/
Å, (b) one-electron reduction of NO+ (to the2Πr state)13 lowers
its stretching force constant by 8.7 mdyn/Å, and (c)FCO of the
lowest excited state of CO (3Πr; 5σ f 2π*) is 6.7 mdyn/Å less
than that of the ground state.13 The estimates ofâ obtained
from simple diatomics thus seem to be in somewhat better
agreement with the values implied by the intramolecular
comparisons of metal carbonyls, as compared with the inter-
molecular comparisons.
The relatively small value ofâ obtained from the inter-

molecular comparisons (∼4 mdyn/Å per electron) may result
from an indirect neighboring-ligand effect operative in the
polycarbonyls, analogous to the effect suggested above in the
context ofσ-bonding. Specifically, greaterπ-back-bonding will
result in increased charge on the metal; the resulting increase
in electrostatic field strength will contribute to anincreasein
FCO, in opposition to the direct result of increased back-bonding.
In the case of pentacarbonyls, where the comparison is intra-
molecular, this will not be a factor.
The CO Cation and the Nature of the 5σ Orbital. Having

rationalized the computedFCO values of a wide range of species
in terms ofπ-bonding and electrostatic effects, we are aware
of only limited experimental evidence in support of the notion
that the 5σ orbital of CO possesses antibonding nature. The
moderate increase inFCO upon ionization of CO, 0.71 mdyn/
Å, is generally offered as the primary evidence of the antibond-
ing character of the 5σ orbital.1c,11 However, this increase is
also entirely consistent with an electrostatics-based interpreta-
tion: removal of a 5σ electron results in partial localization of
positive charge on C which, like an electric field, should polarize
the remaining electrons and thereby increase covalency. Klem-
perer has noted49 that the Rydberg B1∑+ state also has a 5σ1
configuration, yet its stretching force constant (νCO ) 2082
cm-1; FCO ) 17.51 mdyn/Å) is actually less than that of the
ground state; this observation lends further support to the
electrostatics-based interpretation. We recognize the difficulty
in “proving” whether or not the 5σ orbital is “antibonding”; in
the absence of any strong evidence we believe it should be so
regarded only with caution. In particular, we question if the
“antibonding” label can be specified with sufficient precision
to be useful in the context of detailed interpretation of small
changes in force constants.

Conclusions

Calculations with electron correlated wave functions on
simple model systems, including Lewis acid/CO adducts and
free CO in the presence of a point charge, indicate that OCfM
σ-bonding makes no positive contribution to the values of the
internal harmonic carbonyl force constants (FCO). Calculations
on several neutral and cationic transition metal complexes lead
to the same conclusion, and it is found thatFCO values can be
quantitatively interpreted using a model which involves only
the effects ofπ-bonding and electrostatics. Intramolecular
comparisons between axial and equatorial carbonyls of d8

pentacarbonyl complexes also indicate that the magnitude of
σ-bonding has a negligible effect onFCO.
An electric-field induced increase inFCO (and decrease in

C-O bond distance) can be qualitatively explained in a

(46) Huang, J.; Hedberg, K.; Davis, H. B.; Pomeroy, R. K.Inorg. Chem.
1990, 29, 3923-3925.

(47) Huang, J.; Hedberg, K.; Pomeroy, R. K.Organometallics1988, 7,
2049-2053.

(48) Shriver, D. F.; Whitmire, K. H. InComprehensiVe Organometallic
Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon
Press: Oxford, 1982; Vol. 4, p 245.

(49) Johnson, J. B.; Klemperer, W. G.J. Am. Chem. Soc. 1977, 99,
7132-7137.

Table 4. Metal Pentacarbonyl Data: CalculatedFCO Values,
Calculated Net Populations (Relative to Free CO), andFCO Values
Calculated According to Eq 2

rM-C rC-O

calc expa calc expa FCO π σ ref

Fe(CO)5 (ax) 1.692 1.8068 1.174 1.1520 16.35 0.555 0.799b
1.811(2) 1.117(2) c

Fe(CO)5 (eq) 1.764 1.8273 1.166 1.1520 17.48 0.414 0.510b
1.803(3) 1.133(6) c

Ru(CO)5 (ax) 1.949 1.941(13) 1.161 1.13 16.91 0.374 0.524d
Ru(CO)5 (eq) 1.946 1.961(9) 1.166 1.13 16.98 0.378 0.396d
Os(CO)5 (ax) 1.954 1.982(20) 1.163 1.13 17.77 0.403 0.519e
Os(CO)5 (eq) 1.931 1.937(19) 1.169 1.13 17.03 0.464 0.421e

a In some cases where more than one reliable experimental value is
available (including crystallographically inequivalent carbonyls in a
single structure), intermediate values are chosen; error limits, given in
parentheses, are estimates.b Electron diffraction; ref 61.c X-ray dif-
fraction; ref 52.d Electron diffraction; ref 46.eElectron diffraction; ref
47.
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straightforward fashion: the field diminishes the polarization
of the bonding orbitals in free CO, thereby increasing covalency
(and making the molecule more “N2-like”).14,15,38,50

We propose that the CO 5σ orbital should be regarded as

essentially nonbonding and that there is presently no reason to
invoke a significant positive contribution by OCfM σ-bonding
in the interpretation ofνCOorFCO values of carbonyl complexes.
Instead, electrostatic effects must be considered when analyzing
vibrational and structural data for metal carbonyls and also,
presumably, when considering complexes of related ligands.
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(50) It has been suggested that the increase inνCO upon coordination to
BH3 is due to rehybridization of the CO 4σ and 5σ orbitals. This effect
may be operative (to an even larger extent) in the case of the electric field;
this is consistent with our view of the molecule as becoming more “N2-
like”. We believe that diminished polarization of theπ-orbitals should be
considered as well. Changes in orbital polarization may often be interpreted
as rehybridization (and vice versa). See: Beach, D. B.; Jolly, W. L.Inorg.
Chem. 1985, 24, 567-570 and ref 5.

(51) Jolly, P. W. In ref 48, Vol. 6, pp 3-5.
(52) Braga, D.; Grepioni, F.; Orpen, A. G.Organometallics1993, 12,
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