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Metal-N2 bond energies have been calculated for the Fe(CO)5-n(N2)n (n ) 1-5) and Cr(CO)6-n(N2)n (n )
1-6) complexes using density-functional theory (DFT). Bond enthalpies calculated using the gradient corrected
BP86 functional are in good agreement with the available experimental data. An energy decomposition
procedure and a population analysis were performed for all of the complexes to quantitatively characterize
the interactions of N2 and CO with the relevant coordinatively unsaturated metal species. In all cases, the
metal-N2 bond is weaker than the metal-CO bond because CO is both a better donor and a better acceptor
of electron density. Calculated bond energies for Cr-N2 bonds for the lowest energy isomers of the chromium
complexes are 24, 23, 22, 21, 20, and 25 kcal/mol forn ) 1-6, respectively. The trend of decreasing bond
energy with added N2 ligands is a result of weaker orbital interactions. The exception is Cr(N2)6, which is
predicted to be more stable than the CO containing complexes. This increase in stability is ascribed to the
absence of a CO trans effect. In contrast, the Fe-N2 bond energies for the lowest energy isomers in the series
are 24, 17, 14, 10, and 5 kcal/mol forn ) 1-5, respectively. Although iron has a larger orbital interaction
with dinitrogen ligands than chromium, the 16-electron iron complexes have to deform substantially when
going from their ground triplet states to their final pentacoordinated singlet geometries. An energy cost that
increases as the number of N2 ligands increases is associated with this deformation. For chromium complexes,
this deformation term does not significantly decrease the bond energy, but the magnitude of this term becomes
the dominant factor in the differences in bond energies in the dinitrogenated iron complexes.

I. Introduction
An understanding of the metal-ligand bonding interactions

is of critical importance in predicting the strength of chemical
bonds and therefore the stability and reactivity of organometallic
compounds. Though progress has been made in experimental
determinations of bond dissociation enthalpies, there is still
limited data in this area.1 However, it is now possible to calculate
the bond energies of a variety of organometallic systems using
density-functional theory (DFT). The geometries, frequencies,
and bond energies that are obtained are generally as good or
better than those obtained using Hartree-Fock methods.1-4

Furthermore, bond enthalpies calculated using DFT are generally
in good agreement with experimental values, provided that an
appropriate exchange-correlation functional is chosen. In addi-
tion, methods have been developed to decompose the resulting
metal-ligand interaction energy into terms related to the
attractive and repulsive nature of the orbital interactions.5-7 The
algebraic sum of such terms is the energy of a metal-ligand
bond. Such energy decomposition methods combined with an
analysis of the change in electron population of the interacting
orbitals of the metal and the ligand provide useful insights into
the factors that determine bond strengths.

All of the complexes in the chromium series Cr(CO)6-n(N2)n

(n ) 1-6) have been experimentally observed.8,9 When data
on lifetimes exist, the trend is that the stability of the complexes
decreases in parallel with an increase in the number of dinitrogen
ligands. The available data are more limited for the iron
complexes Fe(CO)5-n(N2)n (n ) 1-5), but their stability seems
to follow the same qualitative trend: the monodinitrogen is more
stable than the bisdinitrogen10 and both are much more stable
than the pentadinitrogen complex.11 These trends clearly indicate
that the metal-N2 bond energy is not constant as the number
of nitrogen ligands increases. Interestingly, the chromium
complexes seem to be more stable than the corresponding iron
species. This is at least superficially in opposition to the general
view that dinitrogen forms more stable complexes with electron-
rich metals.12 This paper focuses on an analysis of the bonding
interactions between dinitrogen and the metal centers in these
series in order to understand the differences in stability between
the corresponding chromium and iron complexes, as well as
trends in the stability of complexes within a given series. Both
energy decomposition and population analysis are used to
quantitatively analyze the bonding in the various metal-N2

complexes. Additionally, the effect of consecutive dinitrogen
substitution on the bonding of the C-O ligands to the metal
centers is analyzed and discussed. Results are compared to
available experimental data with a focus on recent data from
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our laboratory involving measurements of the bond dissociation
enthalpies of Fe(CO)4(N2) and Fe(CO)3(N2)2.10

II. Methodology

Geometries and energies were calculated with the Jaguar13

quantum chemistry software using the pseudospectral method.14

All calculations were performed using DFT and the local density
approximation (LDA), with the exchange XR potential by
Slater15 and the correlation method of Vosko et al. (VWN).16

Nonlocal density functionals were added self-consistently.
Becke’s 8817 was used for exchange and Perdew’s 8618 for
correlation. Two different basis sets were employed: LACVP**
and LACV3P**. Both use Hay and Wadt’s effective core
potential (ECP)19 basis sets for Fe and Cr, in which the
outermost core orbitals are included. LACV3P is a triple-ú
contraction of the LACVP.20 For C, O, and N atoms, LACVP**
uses the 6-31G** basis21 and LACV3P** uses the 6-311G**
basis.22

Where indicated, unscaled frequencies were calculated for
optimized geometries using analytical second derivatives of the
energy gradients and the same functional that was used for
energy minimization. Vibrational frequencies of transition metal
carbonyls can be predicted with good accuracy (2-10%) by
DFT methods provided that a good initial reference geometry
is available.23,24

The calculated bond energies (∆Ee) are defined1 as the
difference in the total energies of the optimized products and
reactants for the reaction

Thus, by this definition,factors that increase bonding
interactions are positiVe. The bond enthalpy at 298 K (∆H298)
is calculated25 from ∆Ee after algebraic addition of the zero-
point vibrational energy (∆ZPE), the thermal energy content
(∆Eth), the molar work [∆(PV)], and the basis set superposition
error (BSSE) as shown in eq 2.

Zero-point energies used in this calculation are based on the
frequency calculations. The molar work term assumes ideal gas
behavior and is equal toRT for a ligand dissociation reaction.
The thermal energy content (∆Eth) is the sum of the changes in
translational, rotational, and vibrational energy when going from
0 to 298 K. BSSEs were estimated by running a counterpoise
calculation26 and, in terms of the sign convention used here,
are negative.

The bond energy decomposition analysis was performed using
the Amsterdam density-functional program (ADF99).27 The
analysis is based on an extended transition-state method.5,6 All
energy decomposition analyses were performed using the same
BP86 functional used for energy minimization. However, when
using ADF, the atomic orbitals on the metals were described
by an uncontracted triple-ú STO basis set,28 whereas a double-ú
STO basis set was used for carbon, nitrogen, and oxygen. A
single-ú polarization function was used on all atoms. The
1s22s22p6 configuration of the metals and the 1s2 configuration
on carbon, nitrogen, and oxygen were assigned to the core and
treated by the frozen core approximation.27b A set of auxiliary
s, p, d, f, g, and h STO functions, centered on all nuclei, were
used in order to fit the molecular density and represent the
Coulomb and exchange potentials accurately in each SCF

cycle.29 In the energy decomposition analysis, the bond energy
(∆Ee) is the result of the contributions from three terms:

∆Edef is the energy necessary to deform the bonding moieties
from their respective isolated equilibrium geometries into the
geometries they assume in the bound complex.∆Esteric is the
sum of two terms, one corresponding to the electrostatic
interaction between the fragments and the other corresponding
to the Pauli repulsion.∆Eoi is the energy due to the interactions
between the occupied orbitals of one fragment and the empty
orbitals of the other fragment, as well as between the occupied
and empty orbitals within a given fragment (polarization).∆Eoi

is decomposed into a sum of terms which contains a term for
each irreducible representation of the interacting orbitals.
Additionally, for each system, a Mulliken population analysis30

was performed in order to evaluate the population change
occurring when the ligand and metal fragments interact. When
comparing one complex to another, some of the calculated
energy differences are within the error limits of the level of
theory used. However, we focus ontrendsin bond energies and
the contributions of various factors to these bond energies. When
possible the calculated results are compared to experimental
data.

III. Results and Discussion

A. Calibration Systems: Fe(CO)5 and Cr(CO)6. Calcula-
tions were performed for Fe(CO)5 and Cr(CO)6 using both the
LACVP** and the LACV3P** basis sets. The results were
compared with available experimental data as well as previously
calculated geometries and bond enthalpies. Table 1 is a summary
of the optimized geometries resulting from these calculations,
available experimental data,31-33 and some prior theoretical
results.23,34-36 In general, there is a very good agreement
between the experimental and calculated geometrical data.
However, most DFT calculations give an axial Fe-C bond that
is slightly longer than the equatorial Fe-C bond, whereas the
experimental data disagrees on this question. The main differ-
ences between the results obtained using the LACVP** and
LACV3P** basis sets is that C-O and N-N bond lengths are
∼0.01 Å longer and the metal-ligand distances are∼0.01 Å
shorter when LACVP** is used. However, the larger basis set
gives metal-ligand and C-O bond lengths closer to experi-
mental values. Table 2 contains calculated bond energies and
bond enthalpies, as well as relevant experimental data38,39along
with some other theoretical results.34-36,40-44 Both basis sets
yield similar values for∆Ee. However, values obtained with
the smaller basis set are larger by∼1-2 kcal/mol. These
differences could simply be due to differences in the BSSE,
which is∼2-3 kcal/mol for the smaller basis set and 1-2 kcal/
mol for the larger one. In general, there is good agreement
between the various DFT/BP86 methods (see Table 1). Interest-
ingly, all of the BP86 calculations reproduce the experimental
bond enthalpies better than those obtained using the BLYP or
B3LYP functionals (see the Supporting Material). These latter
functionals were found to underestimate the bond energies.35

As a calibration, the Fe(CO)5 bond energies were calculated
relative to the C2V triplet state of Fe(CO)4, which is the
experimentally determined ground state.45 Cr(CO)6 bond ener-
gies are relative to theC4V singlet ground state of Cr(CO)5.46

Geometrical parameters calculated for both unsaturated species
can be found in the Supporting Material.

After it was demonstrated that the calculations agreed with
the experiment for Fe(CO)5 and Cr(CO)6 using the BP86

MLn f MLn-1 + L

∆Ee ) E(MLn-1) + E(L) - E(MLn) (1)

∆H298 ) ∆Ee + ∆ZPE+ ∆Eth + BSSE+ ∆(PV) (2)

∆Ee ) ∆Eoi + ∆Esteric+ ∆Edef (3)
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functional and the chosen basis sets, geometries, bond energies,
and frequencies were calculated for the dinitrogen substituted
complexes. Although there are examples in which N2 is bound
to a metal center in anη2 (side-on) fashion,47 it is well
established12,47 that the typical coordination for N2 is in a η1

(end-on) fashion. Consistent with this expectations, a calculation
for η1 andη2 isomers of Fe(CO)4N2 revealed that theη1 isomer
is more stable than theη2 isomer by 13 kcal/mol. This is in
agreement with previous calculations by Hoffmann and co-
workers.41 Therefore onlyη1-bound N2 complexes are consid-
ered in this paper. To make the most effective use of com-
putational time, all of the calculations were performed with the
LACVP** basis. Additional calculations, using the LACV3P**
basis set, were also performed for complexes that have
experimentally known metal-ligand bond enthalpies: Fe(CO)4-
(N2), Fe(CO)3(N2)2, and Cr(CO)5(N2).

An issue arising from the fact that Fe(CO)4 has a triplet
ground state is whether the unsaturated 16-electron Fe(CO)4-n-
(N2)n (n ) 1-4) species have triplet or singlet ground states.
Our calculations with the LACVP** basis set indicate that all
of the triplet states are lower in energy than the singlet states.
Past DFT calculations35,48 on systems (FeCO and Fe(CO)4

+)

for which there are known experimental data suggest that,
contrary to what is found for Hartree-Fock methods, there is
no significant energy bias toward the higher multiplicity state.
Our own calculation on FeCO supports this argument. In
general, the triplet-singlet energy differences are in the 1-6
kcal/mol range, increasing with the number of N2 ligands (see
the Supporting Material). However, for some of these systems,
especially where there is no relevant experimental data, the
energy differences between the lowest energy state and the next
highest state, which is a singlet, may be too close to definitively
state that these complexes have triplet ground states.

B. Iron Carbonyl -Dinitrogen Complexes: Comparison
to Experiment. Fe(CO)4(N2) has been observed in both
matrices49 and in the gas phase.10,50On the basis of the number
and positions of the observed infrared absorptions, Cooper and
Poliakoff49b assigned aC2V geometry to the complex. In this
complex, N2 occupies an equatorial position. Table 3 shows
the calculated results for both the axial (C3V) and equatorial (C2V)
Fe(CO)4N2 complexes. Our calculations agree that the equatorial
isomer is more stable than the axial isomer, although not by
much (0.6 kcal/mol). However, the frequencies reported here
and those by Hoffmann and co-workers41 clearly corroborate
the assignment made by Poliakoff for the equatorial isomer.

TABLE 1: Calculated and Experimental Geometrical Parametersa for Fe(CO)5, Cr(CO)6, CO and N2

BP86-Ib BP86-II b BP86-WWc BP86-BZd BP86-vWe Expf Expg

Fe(CO)5 D3h

Fe-Cax 1.794 1.804 1.810 1.819 1.802 1.807 1.811
Fe-Ceq 1.792 1.800 1.807 1.817 1.797 1.827 1.803
C-Oax 1.160 1.152 1.162 1.152 1.158 1.152 1.117
C-Oeq 1.163 1.155 1.165 1.156 1.161 1.152 1.133

BP86-Ib BP86-II b BP86-BZd BP86-vWe BP86-Bh Expi Expi

Cr(CO)6 Oh

Cr-C 1.894 1.907 1.917 1.909 1.929 1.916 1.918
C-O 1.162 1.153 1.154 1.159 1.155 1.147 1.141

BP86-Ib BP86-II b BP86-vWe BP86-Bh Expe Expj

Free CO
1.148 1.138 1.145 1.137 1.128 1.115

BP86-Ib BP86-II b BP86-vWe Expe

Free N2

1.116 1.106 1.113 1.098

a Although data has been previously reported for other DFT functionals, only BP86 data, which is relevant to the method calibration, are presented
in this table. Bond lengths in angstroms, angles in degrees.b This work, I ) LACVP** basis set; II ) LACV3P** basis set.c Reference 35.
d Reference 23.e Reference 34.f Reference 31.g Reference 32.h Reference 36.i Reference 33.j Reference 37.

TABLE 2: Calculated and Experimental Bond Energies and
Enthalpiesa for CO Dissociation from Fe(CO)5 and Cr(CO)6

Fe(CO)5 Cr(CO)6

∆Ee ∆H298 ∆Ee ∆H298

BP86-Ib 48.9 43.9 BP86-Ib 45.4 41.7
BP86-IIb 46.8 43.4 BP86-IIb 44.0 41.2
BP86-WWc 45.4 44.9 BP86-Bj 40.8
BP86-LSZd 44.8 BP86-vWe 42.6
BP86-vWe 45.9 CCSD(T)/MP2k 45.8
BP86-Hf 42.3 experimenti 37 ( 2
BLYP-WWc 37.9 37.5 experimentl 37 ( 5
BLYP-DWLg 41
B3LYP-WWc 30.0 29.7
CCSD(T)/MP2h 46.9
experimenti 41 ( 2

a Energies in kcal/mol.b This work, I ) LACVP** basis set, II)
LACV3P** basis set.c Reference 35.d Reference 40.e Reference 34.
f Reference 41.g Reference 42.h Reference 43.i Gas-phase laser py-
rolysis from ref 38.j Reference 36.k Reference 51.l Heptane solution
from ref 39.

TABLE 3: Calculated and Experimental Frequencies and
Bond Energies and Enthalpiesa for Fe(CO)4(N2)

frequenciesb

equatorial N2 axial N2

BP86-Ic experimentd BP86-Ic

νN-N 2217 (0.05) 2235 (0.07) νN-N 2136 (0.11)

νC-O 2022 (0.13) 2083 (0.21) νC-O 2041 (0.11)
1989 (1.00) 1972 (1.00) 1977 (0.54)
1974 (0.79) 2006 (0.88) 1975 (1.00)
1966 (0.15) 1982 (0.48)

∆Ee ∆H298 ∆Ee ∆H298

BP86-Ic 23.5 19.8 BP86-I 22.9 18.6
BP86-IIc 22.7 19.0
experimente 17.6( 1.8

a Energies in kcal/mol.b Frequencies in cm-1; relative intensities in
parentheses.c Basis set I) LACVP**; set II ) LACV3P**. d Poly-
ethylene matrix from ref 48b.e Gas phase from ref 10.
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The calculated values of 19.8 and 19.0 kcal/mol for the Fe-N2

bond enthalpy agrees very well with the experimental value of
17.6 ( 1.8 kcal/mol determined by Wang et al.10 in the gas
phase. It also agrees very well with the value of 19.0 kcal/mol
calculated by Hoffmann and co-workers41 using DFT with a
Slater orbitals basis set and the BP86 functional. The absence
of experimental evidence for a second isomer in both the
ambient-temperature gas-phase work and in the low-temperature
studies implies that either the two isomers are not in equilibrium
or that there is a larger energy difference between the axial (C3V)
and equatorial (C2V) isomer than the calculated value of 0.6 kcal/
mol. In any case, the agreement between experimental and
calculated frequencies makes a compelling case that the equato-
rial isomer (C2V) is the lowest energy form of Fe(CO)4N2.

The bisdinitrogen species, Fe(CO)3(N2)2, has recently been
detected in the gas phase by Wang et al.10 Three different
isomers of Fe(CO)3(N2)2 are possible: one in which both N2

ligands are in the axial position (trans isomer), one in which
both are in the equatorial position (cis-(e,e) isomer), and one
in which one N2 is axial and the other is equatorial (cis-(a,e)
isomer).

The calculations presented in Table 4 indicate that the cis-(a,e)
isomer is the most stable, followed by the cis-(e,e) (higher by
2.1 kcal/mol), and finally the trans isomer (higher by 4.8 kcal/
mol). The bond energies were calculated relative to the lowest
energy triplet state of Fe(CO)3(N2). The ground-state triplet has
the N2 ligand in a pseudoaxial position, suggesting that
dissociation of the equatorial N2 is the lowest energy pathway.
There is a singlet state of Fe(CO)3(N2) and another triplet state
(N2 is pseudoequatorial) that are calculated to be 0.9 and 4.1
kcal/mol, respectively, above the triplet ground state. On the
basis of the energy differences, only the lowest energy triplet
and singlet states are considered for assignment of the experi-
mental observations. There is clearly much agreement (see
Figure 1a) between the infrared absorptions that have been
observed for Fe(CO)3(N2) in the gas phase and the frequencies
and intensities calculated for the lower energy triplet (relative
error<1% for two absorptions). Although the energy differences
in themselves would not lead to a compelling assignment of
the ground state of Fe(CO)3(N2) as a triplet, the positions of
the lowest energy singlet absorptions and their intensities are
significantly different (relative errors are>1% and 2%) than
what is observed. As such, we assign the ground state of Fe-
(CO)3(N2) as a triplet. The assignment is consistent with the
slow addition of N2 to Fe(CO)3(N2), which would be expected
for an association reaction involving a change in spin.10

For Fe(CO)3(N2)2, the calculated bond energies are again not
sufficiently different to provide clear evidence as to which
isomer is the most stable. Wang et al. report a value of 9.0(
4.6 kcal/mol for the Fe-N2 bond enthalpy, whereas the

calculated values are 13.6, 11.4, and 8.1 kcal/mol for the cis-
(a,e), cis-(e,e), and trans isomers, respectively. Three absorption
bands were experimentally detected in the CO stretch region
which have been assigned to Fe(CO)3(N2)2.10 The trans isomer
is only expected to have one absorption in the CO stretching
region, and therefore, it is excluded. Calculations indicate that
the other two isomers should have their most intense band at
the same frequency (see Figure 1b). However, the cis-(e-e)
should have a medium-intensity band∼20 cm-1 below the more
intense band, and the cis-(a,e) isomer should have a band of
medium intensity∼20 cm-1 above the more intense band. An
absorption has been detected at∼2026 cm-1, but its intensity
relative to the absorption at 1992 cm-1 could not be definitively
established.10 The absence of an experimental determination of
the relative intensity of these two absorptions along with the
similarity in calculated energies effectively precludes a definitive
assignment as to which of the two isomers is the lower energy
species. However, we tentatively assign the observed absorptions
to the cis-(a,e) isomer based on two factors. One is the error in
the calculated frequencies relative to the experimental frequen-
cies. Errors of 2.8% and 2.0% are found for the cis-(e,e) isomer,
whereas the they are 1.7% and 1.1% for the cis-(a,e) isomer. A
second factor is that calculations predict a medium-intensity
band almost overlapping the high-intensity band for the cis-
(a,e) isomer. The spectral resolution in the experiments by Wang
et al. is not enough to resolve these bands, but the 1992 cm-1

band has some asymmetry on the low frequency side that
suggests the presence of a less intense, low energy shoulder. It
should be noted that the isomer calculated to be the lowest in
energy (cis-(a,e)) also has a greater similarity between observed
and calculated absorptions and thus is tentatively assigned as
the lowest energy Fe(CO)3(N2)2 isomer (Figure 1b).

TABLE 4: Calculated and Experimental Bond Energies and
Enthalpiesa for Fe(CO)3(N2)2

Fe(CO)3(N2)2 cis-(e,a) cis-(e,e) trans-(a,a)

∆Ee 17.3 15.2 12.5
∆H298 13.6 11.4 8.1
∆H (exp)b 9.0( 4.6

a Energies in kcal/mol.b Gas phase from ref 10.

Figure 1. (a) Calculated and experimental C-O stretching frequencies
for Fe(CO)3(N2): (Os) experimental, (4- - -) calculated for triplet,
(3‚‚‚) calculated for singlet. (b) Calculated and experimental C-O
stretching frequencies for Fe(CO)3(N2)2: (bs) experimental, (2- - -)
calculated for cis-(a,e) isomer, (1‚‚‚) calculated for cis-(e,e) isomer.
Asterisk denotes undetermined experimental intensity.
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To our knowledge, Fe(CO)2(N2)3 and Fe(CO)(N2)4 have not
been experimentally observed, probably because they are both
difficult to form in matrices and relatively unstable. Fe(CO)2-
(N2)3 has three possible isomers. The cis-(a,e) isomer is
calculated to be the most stable. It is located 2.5 and 6.5 kcal/
mol below the cis-(e,e) and the trans isomers, respectively. The
tetradinitrogen complex has two isomers. The isomer with an
equatorial CO is calculated to be 1.8 kcal/mol more stable than
the axial CO isomer. As with the other dinitrogen species, the
calculated bond energies are relative to the lower energy triplet
state of the unsaturated species and are shown in Table 5. The
trisdinitrogen species is calculated to be more stable than the
tetradinitrogen: The weakest Fe-N2 bond in Fe(CO)2(N2)3 and
Fe(CO)(N2)4 including thermal and BSSE corrections has
enthalpies of approximately 9 and 5 kcal/mol, respectively.

Fe(N2)5 has been previously observed in a>50% nitrogen
matrix at 15 K,11 but it readily decomposes at 40 K. Fe(N2)5 is
geometrically similar to Fe(CO)5, taking into account the
expected differences in Fe-N and Fe-C bond lengths. Fe(N2)4

with C2V symmetry is calculated to have a triplet ground state
that is located 6.3 kcal/mol below the lowest energy singlet state.
A bond energy of 5.1 kcal/mol is calculated relative to this triplet
state. Considering the corrections to the energy, the standard
bond enthalpy is∼1 kcal/mol, indicating that the Fe(N2)5 is
very unstable, consistent with the report of its decomposition
at temperatures above 40 K. There is also fairly good agreement
(<4%) between the experimentally determined and the calcu-
lated frequencies (see Table 5).

C. Chromium Carbonyl-Dinitrogen Complexes: Com-
parison to Experiment. Although all of the complexes in the
Cr(CO)6-n(N2)n series have been observed in matrix experi-
ments,8 the only bond enthalpy that has been experimentally
determined is that for the Cr-N2 bond in Cr(CO)5(N2). The
bond energy (∆Ee) calculations agree well with prior DFT34

and CCSD(T)//MP251 calculations. The Cr-N2 bond enthalpy
was calculated relative to the known singletC4V ground state46

of Cr(CO)5 (see Table 6). A value of 21.1 kcal/mol is obtained,
which agrees well with the experimental value of 19( 1
obtained by Poliakoff and co-workers.52

Table 7 contains the calculated bond energies, frequencies,
and intensities for all of the other chromium complexes. All
bond energies are relative to the lowest energy singlet ground
state of the Cr(CO)6-n(N2)n-1 complex. The agreement between
the calculated frequencies and intensities and the experimental
ones is satisfactory. Interestingly, the relative deviations for
C-O stretching frequencies are lower (<3%) than those for
N-N stretching frequencies (up to 7%). The error in the N-N
frequencies is systematic and is higher in the chromium

complexes than in the iron complexes. The results of calculations
of the geometries of these species are given in the Supporting
Information.

There are two Cr(CO)4(N2)2 isomers. The calculations indicate
that the cis isomer is 3.1 kcal/mol below the trans isomer. Turner
et al.8 were able to observe both isomers in a liquid xenon
solution, and although they were not able to determine the
relative abundance of the two isomers, they could establish that
the cis isomer was more abundant. The calculated bond energy
(∆Ee) for this complex is 22.8 kcal/mol, which translates into
a bond enthalpy of∼18 kcal/mol at 298 K. Although there is
no report of the experimental bond enthalpy, Turner and co-
workers report a half-life of∼10 min at 218 K. On the basis of
this half-life, if a preexponential factor of∼1 × 1013 s-1 is
assumed53 for loss of N2, an activation energy for the decay of
this complex can be estimated as∼16 kcal/mol, which gives
an estimated bond enthalpy of 18 kcal/mol at 298 K. This

TABLE 5: Calculated Frequencies and Bond Energies
and Enthalpiesa for cis-(a,e) Fe(CO)2(N2)3,
Equatorial-Fe(CO)(N2)4, and Fe(N2)5

Fe(CO)2(N2)3 Fe(CO)(N2)4 Fe(N2)5

frequenciesb calculated exptc

νN-N 2115 (0.17) 2292 (1.00) 2082 (1.00) 2012 (1.0)
2068 (0.54) 2122 (0.72) 2059 (0.77) 2106 (0.6)
2067 (1.00) 2082 (0.86)

2065 (0.48)

νC-O 1999 (0.94) 2054
1967 (1.00)

∆Ee 13.8 9.6 5.1
∆H298 9 5 1

a Energies in kcal/mol.b Frequencies in cm-1; relative intensities in
parentheses.c 100% N2 matrix from ref 11.

TABLE 6: Calculated and Experimental Frequencies and
Bond Energy and Enthalpya for Cr(CO) 5(N2)

frequenciesb BP86-Ic experimentald

νN-N 2100 2237

νC-O 2034 (0.01) 2086 (0.05)
1960 (1.00) 1975 (1.0)
1948 (0.43) 1965 (0.3)

∆Ee ∆H298

BP86-Ic 24.2 21.1
BP86-IIc 24.3 21.5
BP86-vWe 21.9
CCSD(T)//MP2f 24.8
experimentalg 19 ( 1

a Energies in kcal/mol.b Frequencies in cm-1; relative intensities in
parentheses.c This work, I) LACVP** basis; II ) LACV3P** basis.
d Reference 8e. Includes BSSE correction from ref 34.f Reference 51.
g Heptane solution from ref 52.

TABLE 7: Calculated and Experimental Frequencies and
Bond Energies for Cr(CO)6-n(N2)n (n ) 2-6)a

n ) 2 (cis isomer) n ) 3 (fac isomer)

calculated experimentb calculated experimentb

νN-N 2083 (1.00) 2241 (1.0) 2207 (0.33) 2241 (0.4)
2070 (0.21) 2220 (1.0) 2068 (1.00) 2207 (1.0)

νC-O 2036 (0.05) 2052 (0.1) 1966 (0.71) 1995 (0.7)
1958 (1.00) 1961 (1.0) 1950 (1.0) 1932 (1.0)
1951 (0.53) 1943 (0.5)
1950 (0.15) 1967 (0.2)

∆Ee 22.8 21c 21.9 19c

n ) 4 (cis isomer) n ) 5

calculated experimentb calculated experimentb

νN-N 2180 (0.31) 2234 ? (w) 2210 (0.06) 2236 (0.1)
2066 (0.37) 2194 (0.3) 2057 (1.00) 2127 (1.0)
2059 (1.00) 2142 (1.0)
2045 (0.01) 2165 (v.w)

νC-O 1950 (0.97) 1955 (1.0) 1929 1927 ?
1936 (1.00) 1920 (1.0)

∆Ee 20.9 20.0

n ) 6

calculated experimentd

νN-N 2057 2120
∆Ee 25.2

a Calculated from optimized geometries using LACVP** basis set,
energies in kcal/mol; frequencies in cm-1 and relative intensities in
parentheses b Reference 8.c Values are estimated from reported
lifetimes in ref 8.d Reference 9.
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estimate assumes that the decay of this species is due mainly
to N2 dissociation and that, as with most association reactions
involving coordinatively unsaturated Cr and Fe carbonyl
complexes, the reaction to form Cr(CO)4(N2)2 from Cr(CO)4-
(N2) and N2 is unactivated. We also assume that possible
complexation of solvent by the coordinatively unsaturated
intermediate does not significantly effect our estimate. Given
these caveats, there is good agreement between the DFT results
and the estimate of the bond enthalpy that can be made from
experimental observations. There is also satisfactory agreement
when the calculated frequencies and intensities for Cr(CO)4-
(N2)2 are compared to the experimental ones obtained by Turner
and co-workers.8

Cr(CO)3(N2)3 has two isomers, the fac isomer, in which all
of the dinitrogens are coaxial to all of the carbonyls, and the
mer isomer, which has two coaxial dinitrogen ligands.

Our calculations indicate that the fac isomer is 3.1 kcal/mol
lower in energy than the mer isomer. Turner et al. observed
both isomers in both a CO/N2 matrix and in liquid xenon
solutions. Although the relative abundances of both isomers was
not established, the intensities of the bands indicated that the
fac isomer is thermodynamically preferred. They report a half-
life of ∼15 min at 194 K in liquid Xe, which allows a rough
estimate for the bond enthalpy of the order of∼16 kcal/mol at
298 K (using the same assumptions made previously for Cr-
(CO)4(N2)2). This estimate agrees reasonably well with the bond
enthalpy (∼17 kcal/mol) obtained from the calculated bond
energy (21.9 kcal/mol).

Cr(CO)2(N2)4 also has two isomers. The cis isomer is
calculated to be 3.2 kcal/mol lower in energy than the trans
isomer. In agreement with calculations, experimental data from
both the liquid xenon solution and matrices suggest that the cis
complex is thermodynamically more stable. Turner et al. report
that Cr(CO)2(N2)4 and Cr(CO)(N2)5 are less stable than Cr(CO)3-
(N2)3 but do not report half-life data. The calculated Cr-N2

bond energies (∆Ee) are 20.9 and 20.0 kcal/mol for Cr(CO)2-
(N2)4 and Cr(CO)(N2)5, respectively, continuing the experimen-
tally observed decrease in stability trend seen for then ) 1-3
dinitrogen complexes.

Cr(N2)6 has been identified in a 15% Nitrogen matrix at 10
K.9 The stability of the complex has not been experimentally
quantified. The Cr-N2 bond energy for this complex relative
to the singlet Cr(N2)5 is calculated to be 25.2 kcal/mol, indicating
that Cr(N2)6 should be approximately as stable as Cr(CO)5(N2)2.

D. Description of the Metal-Ligand Bonding Interactions.
From experimental and calculated data, it is clear that the metal-
N2 bond energy (and enthalpy) decreases as the number of
nitrogen increases, with the exception of then ) 6 chromium
complex. More interestingly, the Fe-N2 bond energydecreases
significantlywhen the number of N2 ligands around the metal
increases. In contrast, the bond energies in the series of
chromium complexesdecrease only slightlyfrom n ) 1 to 5
but then increase for the hexadinitrogen complex. This implies
that the chromium complexes considered here have stronger
metal bonds than their corresponding analogous dinitrogen iron
complexes. Before going into the details of the analysis of the
bond energy in terms of its decomposition from eq 3, it is useful
to describe the molecular orbitals involved in the bonding

interactions and how their energies change as a function of the
number of dinitrogen ligands.

CO and N2 are isoelectronic molecules with a lone electron
pair available for bonding to the metal. In CO, the lone pair is
located in the 3σ MO, whereas in N2, it is located in the 2σg

MO. Both of these orbitals are the HOMOs of the diatomics.
The 3σ MO of CO is 1.0 eV higher in energy than the 2σg MO
of N2. The HOMO in N2 is symmetrically distributed on both
atoms. However, for CO, the difference in electronegativity of
C versus O results in the MO being largely localized on the
carbon atom. The degenerate LUMOs are the 2π MOs in CO
and theπg MOs in N2, which are located at a similar energy.

Scheme 1 is a diagram of the frontier molecular orbitals
(FMOs) showing the interaction of an Fe(CO)4 fragment with
an equatorial CO and an equatorial N2. For simplicity, other
metal fragments’ FMOs are not shown, but the orbitals have
similar splittings, although they have different energies relative
to Fe(CO)4 (see Figure 2). There are two main bonding
interactions. One isσ donation from the ligandsσ-type HOMO
(σ-donor) to theσ-acceptor metal fragment LUMO (12a1), which
is a σ-dsp hybrid, with a large ligand contribution. The other
interaction involves back-donation from the metal fragment
HOMOs (7b1 and 7b2), which are metal centered electron pairs,
to the LUMO of the ligand. With the axis of the bond that is
being broken or formed defined as thez axis, thex axis is then
determined by the axial COs. Then the 7b1 MO has mainly dxz

character and the 7b2 MO has mainly dyz character. Figure 2
shows the energy of the HOMO and LUMO of all of the metal
fragments. As the number of N2 ligands increases, the energy
levels of the resulting metal fragment change slightly. The
LUMO energy increases∼0.4 eV from Fe(CO)4 to Fe(CO)3-
(N2), changes little forn ) 3 and 4, and then decreases∼0.2
eV in going fromn ) 4 to 5. An increase in the metal-fragment
LUMO energy is equivalent to an increase in the energy gap
for ligand to metalσ donation. This means that Fe(CO)4 is the
bestσ acceptor and that Fe(N2)4 is a slightly betterσ acceptor
than the other dinitrogenated fragments. On the other hand, the
metal-fragment HOMO energy increases with each additional
N2. The change in the metal fragment HOMO energy is
equivalent to a narrowing of the energy gap for metal-ligand
back-donation. This means that back-donation is relatively more
favorable as the number of N2 ligands increases. The relative

Figure 2. Energy for the HOMO (9) and LUMO (b) for Fe(CO)5-n-
(N2)n-1 (n ) 1-5) as a function of the number of N2 ligands.
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change in the Fe-N2 bond energy with subsequent N2 substitu-
tion is related to both the relative energy of the metal FMOs
and their ligand overlap. Under the assumption of similar metal
fragment-ligand overlap, the change in the metal FMOs energy
should determine the Fe-N2 interaction. For example, in going
from n ) 1 to 2, the increase in the LUMO energy is slightly
larger than the increase in the HOMO energy. This implies that
the increase in back-bonding capability is less than the decrease
in σ accepting capability and, therefore, the Fe-N2 bond energy
should decrease forn ) 2 relative ton ) 1. When going from
n ) 2 to 3, a trend toward increasing bond energy is expected
because the increment in the back-bonding capability of the
fragment is larger than the change inσ-accepting character.
Using the same reasoning, the Fe-N2 bond energy of then )
4 complex would be predicted to increase relative to then ) 3
species, and the bond energy forn ) 5 would be predicted to
increase relative to the bond energy of then ) 4 complex. These
trends, which are based on the changes of energy in the HOMO
and LUMO energies with increasing number of N2 ligands, will
be discussed in terms of the energy decomposition analysis in
the next section.

Scheme 2 shows the frontier MO diagram for the interaction
of Cr(CO)5 with CO and N2. Ligand to metalσ donation
involves the 10a1 metal fragment MO, which is aσ-dsp hybrid
with a large contribution from the ligands. This orbital accepts

electron density from theσ-type MOs on both the CO and N2

ligands. The degenerate 8e1 orbital (HOMO) of the chromium
metal fragment is, in turn, able to donate electron density to
the degenerateπ LUMO of the ligand (back-donation). Figure
3 shows the HOMO and LUMO energies of the chromium
fragments. The energy of the HOMO of the unsaturated
chromium complexes increases with the number of N2 ligands;
the change in energy is a little larger forn ) 5 and 6 than for
n ) 1-4. The change in the energy of the metal fragment
HOMO energy leads to an increase in the back-bonding
capability of the metal fragment. The LUMO energy increases
with each N2, until n ) 6 (see Figure 3), meaning that the
σ-accepting character of the metal fragment decreases slightly.
On the basis of just the relatiVe changes of the HOMO and
LUMO energies with N2 substitution, the Cr-N2 bond energy
should decrease in going fromn ) 1 to 2,n ) 2 to 3, andn )
3 to 4, whereas it should increase when going fromn ) 4 to 5
and n ) 5 to 6. A comparison of these HOMO and LUMO
energy trends in the context of trends in bond energy is discussed
in section III.F.

Now that the orbitals involved in bonding have been
described, an analysis of the Fe-N2 and Cr-N2 bond energies
can be performed in the context of its decomposition into
deformation, attractive orbital interactions, and steric energies.
Also, the change in the population of the orbitals involved as

SCHEME 1
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well as their overlaps will be used to understand the differences
in bond energies in these two series of complexes.

E. Fe-N2 Bond Energy in Fe(CO)5-n(N2)n. Table 8 shows
the changes in orbital Mulliken populations as well as the
overlaps for the interacting orbitals. Figure 4 is a bar graph of

the contribution of each term in eq 3 to the total bond energy
for the interaction of an equatorial ligand and the corresponding
metal fragment for the lowest energy iron complexes.

The electron density lost by the HOMOσ-type orbital of the
ligand is related to its donating character. In Fe(CO)5, CO
donates 0.44 electrons to theσ bond, whereas N2 only donates
0.21-0.23 electrons in the dinitrogenated complexes. Similarly,
the electron accepting ability of the ligand can be quantified
by the gross populations of the ligand LUMOπ-type orbitals.
In Fe(CO)5, CO accepts 0.44 electrons, whereas the population
of the N2 LUMO changes by 0.29-0.35 electrons in the
dinitrogenated complexes. When compared to the change of
population in the ligand HOMO, the population change in the
coordinatively unsaturated metal complex LUMOs are slightly
larger (0.05-0.10 electrons). An analysis of the orbital popula-
tions indicates that there is a depopulation of∼0.08-0.11

SCHEME 2

Figure 3. Energy for the HOMO (9) and LUMO (b) for Cr(CO)6-n-
(N2)n-1 (n ) 1-6) as a function of the number of N2 ligands.

TABLE 8: Mulliken Population Change ( P(i)j, i ) L for
Ligand, or fr for Metal Fragment) and Overlap Integrals
(|〈ai|bj〉|) for the Interaction of Iron and Equatorial N 2 in
Fe(CO)5-n(N2)n

n ) 0 n ) 1 n ) 2 n ) 3 n ) 4 n ) 5

P(fr)σ 0.49 0.29 0.27 0.29 0.28 0.33
-P(L)σ 0.44 0.23 0.22 0.22 0.21 0.23
-P(fr)bb 0.41 0.29 0.29 0.33 0.31 0.35
P(L)bb 0.44 0.30 0.29 0.32 0.31 0.35

|〈a1|σg〉| 0.433 0.270 0.249 0.246 0.225 0.219
|〈b1|πx〉| 0.158 0.114 0.099 0.085 0.083 0.091
|〈b2|πy〉| 0.251 0.151 0.147 0.135 0.139 0.144
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electrons in the occupied 11a1 MO of the unsaturated metal
carbonyl fragment. Thus, some electron density is transferred
internally in the metal carbonyl (polarization) from the 11a1

MO to the empty LUMO (12a1).
The electron donating capabilities of the ligand are also

dependent on the orbital overlap. In general, CO orbitals have
larger overlaps with both the donating and accepting MOs of
the metal fragment than N2 has (see Table 8). There are slight
differences in the overlaps for the dinitrogenated complexes.
The 2σg-12a1 overlap decreases as the number of N2 ligands
increases up ton ) 5, whereas the net back-bonding overlap
(7b1 and 7b2 with πx,y) decreases up ton ) 3 and then increases.
The variations in the overlap could be related to the geometrical
changes taking place in the complex as the number of N2 ligands
increases. In going from then ) 1 to then ) 3 complex, the
axial-axial and equatorial-equatorial angles get slightly smaller,
which hinders the approach of the incoming ligand and,
therefore, decreases the overlap.

The σ-donation and back-bonding capabilities of CO are
superior and more balanced than those of N2. For CO, there is
a consistent balance between donating electron density and
accepting it: there is a bonding synergy. For N2, there is
considerably less transfer of electron density in either direction
than for CO and the back-bonding is favored. This is evident
in the energy decomposition analysis: the energy contribution
from bothσ-donation and back-bonding for an equatorial CO
in Fe(CO)5 are approximately twice as large for each of these
terms as they are for the Fe-N2 interaction in Fe(CO)4(N2).

The energy decomposition results in Figure 4 show that in
going fromn ) 1 to n ) 2 the orbital interaction energy (∆Eoi)
goes down. Replacing a CO ligand with an N2 in the axial
position is unfavorable for the bonding of an equatorial N2

ligand. This also applies whenn changes from 3 to 4. On the
other hand, the energy forn ) 3 goes up with respect ton )

2, which means that replacing a CO by an N2 has a favorable
effect on the electronic interaction energy. The same applies
whenn goes from 4 to 5. Clearly, both the energy gap between
the ligand and metal MOs and their effective overlap determine
the extent of the metal-ligand interaction. However, the trend
in the total electronic interaction energy (∆Eoi + ∆Esteric) as a
function of the number of N2 ligands can be qualitatively
rationalized based just on the relative changes in the HOMO
and LUMO of the metal, given that the changes in overlap are
small. The relative changes in the total interaction energy are
matched well by the relative changes in HOMO and LUMO
energies, as discussed in section III.D, with the exception of
the change in going fromn ) 3 to 4, which can be influenced
by the slight decrease in theσ orbital overlap.

In terms of the total electronic interaction energy (∆Eoi +
∆Εsteric), the Fe-N2 bond energies (∆E0) of the iron dinitrogen
complexes should be similar (in the 22-26 kcal/mol range).
However, the variation in the experimental Fe-N2 bond
enthalpy in going fromn ) 1 to 2 (∼9 kcal/mol) indicates that
just orbital interactions cannot explain the trend in the bond
enthalpy. The total electronic interaction energy (∆Eoi + ∆Esteric)
would determine the bond energy if the reacting moieties would
not change their geometry. However, the formation of an
addition complex can require the reacting fragments to adjust
their geometries to attain the equilibrium geometries they possess
in the final adduct. As seen in Figure 4, for the Fe(CO)5-n(N2)n

series, the magnitude of the deformation energy increases as
the number of N2 ligands increases. More importantly, this
energy has a large effect on the Fe-N2 bond energy of the
highly dinitrogenated iron carbonyl complexes. For example,
the Fe-N2 total interaction (∆Eoi + ∆Esteric) in Fe(N2)5 is 24.7
kcal/mol but the calculated bond energy is only 5.2 kcal/mol,
meaning that 19.5 kcal/mol are required for the reacting moieties
to rearrange to their equilibrium geometries. In terms of
geometry changes, there is a 0.035 Å decrease in the Fe-Neq

bond length in going from3Fe(N2)4 to Fe(N2)5, whereas the Fe-
Nax bond decreases by 0.031 Å. In addition the Nax-Fe-Nax

bond angle increases by 38°, whereas the Neq-Fe-Neq bond
angle changes by 21°. When3Fe(CO)4 adds N2 to produce Fe-
(CO)4(N2), the Fe-Cax bond length decreases by 0.031 Å,
whereas the Fe-Ceqbond distance only decreases 0.017 Å. Also,
the Ceq-Fe-Ceq bond angle increases 23°, whereas the Cax-
Fe-Cax bond angle increases by 26°. Then, the magnitudes of
the deformations in Fe(N2)5 are larger than those in Fe(CO)4-
(N2), consistent with a larger deformation energy for Fe(N2)5.
A similar analysis done for the other 16-electron iron complexes
being studied indicates that there is also a trend in the changes
in geometry associated with an increase in the number of N2

ligands. In general, the relevant bond lengths and bond angles
increase gradually as the number of N2 ligands increases.

From the analysis of the Fe-N2 bond energies, it is clear
that thedeformation the coordinatiVely unsaturated iron car-
bonyl moiety and the incoming ligand must undergo on bonding
plays aVery important role in determining the strength of the
Fe-N2 bond.In fact, the changes in the magnitude of the Fe-
N2 bond energy within this series of dinitrogen complexes is
dominated by changes in the magnitude of the deformation
energy. The effect of deformation energy on bond dissociation
energies has been recognized before both in the context of
organometallic bonding1,54,55and in other contexts. For example,
the importance of the effect of deformation energies in the
calculation of bond energies by thermodynamic cycles has been
previously emphasized.1,55Calculations performed by Weitz and
co-workers56 on iron carbonyl olefin complexes have shown

Figure 4. Energy decomposition of the interaction between an
equatorial N2 and the coordinatively unsaturated iron fragments. The
decomposition for the interaction of an equatorial CO with Fe(CO)4 is
shown for comparison.∆Esteric ) steric energy;∆Eoi ) orbital
interaction energy;∆Edef ) deformation energy;∆E ) bond energy.
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that the deformation of both the olefin and the coordinatively
unsaturated metal fragment can significantly influence the bond
energies of the olefin complexes. Such information is highly
relevant to the design of catalysts for olefin isomerization. This
concept also appears in other fields of chemistry.57 In organic
chemistry, strain energy is routinely taken into account when
discussing bonding energetics. Another field in which the role
of the deformation of the reacting moieties may play a role is
enzyme catalysis. Some authors58-60 suggest that the protein
environment around the active site of enzymes adopts a
conformation that is close to the unconstrained geometry of the
transition state or the products. However, this issue is still under
debate for enzymes because this view has been refuted by
others.61,62Nevertheless, this concept is still not part of standard
descriptions of the factors determining the bonding energetics
of organometallic complexes that are found in inorganic
chemistry textbooks.

It is important to recognize that for all of the iron complexes
a ligand in the equatorial positionis notequivalent to a ligand
in an axial position and that the bonding of a given ligand in
either position could be different. These differences can be
quantified. Computations involving an energy decomposition
analysis were also done for axial ligands (except forn ) 1)
and can be found in the Supporting Information. In all cases,
the total interaction energies (∆Eoi + ∆Esteric) are larger when
the ligand is axial rather than equatorial. This implies that it
would take more energy to break a bond to an axial ligand than
a bond to an equatorial ligand, if the geometries of the reacting
moieties were to remain unchanged. Also, because the final
equilibrium geometry of the 16-electron species hasC2V sym-
metry, it should take less energy to deform aC2V fragment
produced by breaking the bond to an equatorial ligand than to
deform aC3V fragment obtained by breaking a bond to an axial
ligand. Thus, the loss of an equatorial ligand should be favored.
This picture is also consistent with the fact that the deformation
energies are larger in the case of axial ligand loss.

As previously mentioned, all of the analogous chromium
complexes have been experimentally detected providing even
more information that can be compared to theoretical results.
We now consider how the various factors that have been
identified as being important in bonding in the series of
dinitrogen substituted iron carbonyls effect bond strengths and
trends in bonding in the analogous chromium complexes.
Interestingly, we will see that the chromium complexes are more
stable than the corresponding iron complexes. The factors that
we explicitly consider include orbital overlaps, back-bonding,
the trans effect, and the deformation energy. Once again we
will see that the deformation energy plays a critical role in the
fact that the dinitrogen substituted chromium complexes are
more stable than their iron analogues.

F. Cr-N2 Bond Energy in Cr(CO)6-n(N2)n. Table 9
contains orbital overlaps and the change in orbital populations

on bonding for the most thermodynamically stable chromium
complexes. Figure 5 is a bar graph representation of the energy
decomposition analysis for these complexes.

The change in population of the HOMO and LUMO of the
ligands bound to chromium have the same trend as discussed
for the iron series. The population of the 10a1 metal fragment
LUMO is larger for Cr(CO)5 than it is for dinitrogen substituted
species, similar to the trend observed for the population of the
12a1 LUMO in the iron series. In general, the change in the
population of the electron accepting ligandπ orbitals and the
donor metal orbitals is slightly larger (0.02-0.05 electrons) in
the iron complexes than it is for the chromium complexes. Also,
in the iron series, the occupied 11a1 is close to the LUMO (12a1;
see Scheme 1) and transfers electron density to the 12a1 MO.
Such polarization is absent in the chromium complexes because
it lacks a similar occupied a1 MO (see Scheme 2). As a result
of these factors the net change in the LUMO population is 0.1-
0.17 more in the iron complexes than in the chromium
complexes.

The orbital overlap involved inσ-donation decreases slightly
from n ) 0 to 5 for Cr(CO)6-n(N2)n but increases forn ) 6.
The overlap of orbitals involved in back-bonding exhibit the
same trend. Slight variations in the geometry of the complexes
could account for the variations in the extent of the orbital
overlap.

As expected, CO binds more strongly than N2: the calculated
bond energy (∆Ee) of the Cr-CO bond in Cr(CO)6 is almost
twice that of the Cr-N2 bond in Cr(CO)5N2. The Cr-CO orbital
interaction in Cr(CO)6 is almost double that of the typical Cr-
N2 bond in the dinitrogen complexes. As with the series of iron
centered complexes, the steric term has the same trend but with
an opposite sign as the orbital interaction term. However, in
contrast to the series of iron complexes, the trend in the total
electronic interaction energy (∆Eoi + ∆Esteric) basically parallels
the trend in bond energy along the series. Thus, the main
difference when comparing the metal-N2 bond energies in the

TABLE 9: Mulliken Population Changes (P(i)j, i ) L for
Ligand, or fr for Metal Fragment) and Overlap Integrals
(|〈ai|bj〉|) for Cr -N2 Interactions in Cr(CO) 6-n(N2)n

n ) 0 n ) 1 n ) 2 n ) 3 n ) 4a n ) 5a n )6

P(fr)σ 0.32 0.19 0.18 0.18 0.17 (0.20) 0.17 (0.19) 0.19
-P(L)σ 0.39 0.21 0.21 0.21 0.20 (0.22) 0.20 (0.22) 0.22
-P(fr)bb 0.34 0.24 0.24 0.24 0.25 (0.30) 0.26 (0.30) 0.30
P(L)bb 0.40 0.26 0.27 0.27 0.27 (0.30) 0.26 (0.32) 0.32

|〈a1|σg〉| 0.434 0.270 0.266 0.261 0.258 (0.272) 0.255 (0.270) 0.269
|〈e1|πx〉| 0.340 0.222 0.212 0.198 0.193 (0.217) 0.186 (0.210) 0.202

a Values in parentheses correspond to the interaction of N2 trans to
another N2.

Figure 5. Energy decomposition of the interaction between N2 and
the coordinatively unsaturated chromium complexes Cr(CO)5-n(N2)n

(n ) 1-5). The decomposition of the interaction of CO with Cr(CO)5

is shown for comparison.∆Esteric ) steric energy;∆Eoi ) orbital
interaction energy;∆Edef ) deformation energy;∆E ) bond energy.
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chromium complexes relative to the corresponding iron species
is that the deformation energy does not increases significantly
as the number of N2 ligands around the chromium center
increases. The reaction of N2 with Cr(CO)5 leads to a 0.5 kcal/
mol deformation energy, whereas reaction of Cr(N2)5 with N2

involves a deformation energy of only 1.9 kcal/mol. In the
chromium systems, the equilibrium geometries of both the
isolated ligand and the isolated unsaturated species are very close
to the equilibrium geometry of the final complex. The deforma-
tion in the chromium fragments involves mainly a shortening
of the Cr-ligand bond trans to the vacant site (∼ 0.05-0.08
Å), whereas other bonds decrease by no more than 0.02 Å, and
bond angles do not change by more than 6°. These are relatively
small changes when compared to the iron complexes. Thus, even
though the total orbital interaction is larger for iron, the
relatiVely large deformation energy for the iron complexes leads
to bond energies that are smaller (for n>1) than the chromium
analogues with the same number of dinitrogen ligands.

Some interesting differences are found when comparing the
Cr-N2 interaction for non-equivalent N2 ligands in the same
complex. The entries in parentheses forn ) 4 and 5 in Table
11 are for the interaction of a N2 ligand trans to another N2
rather than trans to CO. It is clear that the net electronic
interaction energy (∆Eoi + ∆Esteric) is ∼5-6 kcal/mol larger
for an N2 trans to another N2 than for an N2 trans to a CO. This
“trans effect”12 is a manifestation of the strong back-bonding
interaction between the metal and CO. The trans effect is readily
apparent in the orbital interaction energy term: it is∼10 kcal/
mol larger in the absence of an axial CO. Though the steric
term is also larger, it only changes by∼5 kcal/mol. The origin
of the trans effect can be studied by fragment interactions. The
metal ligand interactions can change for three fundamental
reasons: (1) the metal based orbitals change in energy upon
trans substitution, (2) the metal based orbitals moves toward or
away from the interacting ligand making the overlap differ, or
(3) electrostatic interactions. In the case of N2 and CO
substitution, 1 and 2 are expected to play a major role. The
changes in the energy levels of the metal fragment MOs
although small (∼0.2 eV) are consistent with the improved
bonding interactions when there is an N2 trans to the interacting
ligand. The energy gaps between the interacting metal fragment
MOs and ligand MOs are smaller when there is an N2 ligand
trans to the interacting N2 ligand then when there is a trans CO
ligand. In addition, the overlap is reduced when a CO is trans
to N2 relative to when an N2 is trans to an N2 (see Table 9).
The overlap decreases when there is a trans CO because the
interacting MOs are less localized on the metal as a result of
the better capability of CO to back-bond. On the basis of the
MO energy levels and overlap, the amount of electron density
to be transferred is expected to be less when there is a trans
CO. As a consequence the bonding interaction involves more
electrons (∼0.07) when N2 is trans to another N2, as opposed
to when an N2 is trans to a CO. Then, it is clear thatthe lack
of a CO trans effect is a strong, if not dominating, factor in the
predicted increase in the Cr-N2 bond energy of Cr(N2)6.
Calculations indicate that the bond dissociation energy for Cr-
(N2)6 should be as large as that for Cr(CO)5(N2), although to
our knowledge there is no experimental data on the bond
dissociation enthalpy for Cr(N2)6. The increase in stability of
Cr(N2)6 relative to the other dinitrogen complexes is related to
the lack of a CO ligand bound to the metal, which manifests
itself in the energy decomposition terms, populations and
overlaps, which are very similar to those obtained for then )
4 and 5 complexes for an N2 trans to another N2.

As a consequence of the trans effect, all of the dinitrogen
complexes with N2 trans to a CO will preferentially lose this
N2. This is consistent with calculations of the relative energies
of the resulting unsaturated product. N2 dissociation fromcis-
Cr(CO)2(N2)4 can generate two different Cr(CO)2(N2)3 isomers
(see below), but the isomer resulting from dissociation of an
N2 trans to CO is 5.5 kcal/mol lower in energy than the isomer
resulting from dissociation of an N2 trans to an N2. Similar

behavior is observed for N2 dissociation from Cr(CO)(N2)5. The
Cr(CO)(N2)4 isomer resulting from dissociation of an N2 trans
to a CO is 5.9 kcal/mol lower in energy than that resulting from
dissociation of an N2 trans to another N2.

Another interesting aspect of the experimental observations
of Turner et al.8 is that when multiple isomers are possible the
isomer containing the largest number of N2 ligands trans to CO
is observed to be thermodynamically more stable. The same
result is also obtained from calculations. Although at first glance
it seems contradictory thatthe isomer with the weakest Cr-N2

bond is the thermodynamically more stable compound,it must
be kept in mind that, although the Cr-N2 bonds are weakened
by having a trans CO, the Cr-CO bonds are strengthenedby
not having a trans CO. Calculations indicate that the increase
in the Cr-CO bond energies is larger than the decrease in the
Cr-N2 bond energies, such that the isomer with more N2 ligands
trans to CO ligands is the lower energy species. This result is
also in accord with the better electron accepting ability of CO
when compared to N2. Given that the electron density available
for back-bonding is similar in both isomers, it would be less
favorable to have two CO ligands trans to each other competing
for a portion of the available electron density.

Thus, the Cr-N2 bond strength and stability of the chromium
carbonyl dinitrogen complexes are principally determined by
the orbital interactions, which, to a large extent, depend on the
position of the dissociating N2 ligand with respect to the CO
ligands in the complex.

Now that we have developed some insights into the observed
trends in the Fe-N2 and Cr-N2 bond energies as a function of
increasing numbers of dinitrogen ligands, it will prove useful
to evaluate how much the metal-C and C-O bonds are affected
by the consecutive replacement of CO by N2 ligands.

G. Effect of Dinitrogen Substitution on Metal-C and C-O
Bonding. Table 10 contains a summary of the effect of
dinitrogen substitution on Cr-CO interactions, in terms of the
energy decomposition analysis and the change in Mulliken’s
electron populations for the relevant chromium complexes. For
the dinitrogenated chromium complexes, the total Cr-CO
interaction energy (∆Eoi + ∆Esteric) decreases as the number of
nitrogen ligands increases. This trend is accompanied by a
decrease in the Cr-CO bond energy and a lengthening of the
Cr-C bond with increasingn. In addition, the substitution of a
N2 for a CO leads to less electron density on the metal fragment
(less basic). Therefore, the demand for electron density to back-
bond to the CO ligand(s) has to be supplied by the metal itself,
consistent with the increasing gross positive charge on the metal.
The CO trans effect is again evident in the trends in bond
energies. Both orbital and steric interactions are larger for any
CO trans to an N2 compared to a CO that is trans to another
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CO. The trans effect is also reflected in the Cr-C and C-O
bond distances. Any CO trans to another CO has longer Cr-C
bonds and shorter C-O bonds than those trans to an N2.
However, the C-O bond distance changes little as the number
of N2 ligands increases. The trends mentioned above can be
interpreted in terms of the standard models for CO bonding.12,63

As would be anticipated from such models, the CO stretching
frequencies for the most thermodynamically stable isomers in
the chromium series decrease as the number of N2 ligands
increase (Figure 6). To follow the shift of the CO stretching
frequencies as a function of the number of N2 ligands, the CO
stretching modes in the lower symmetry molecules that correlate
with the t1u (IR active) and a1g (IR inactive) modes64 of Cr-
(CO)6 were calculated. It is often assumed63 that a trend of
decreasing CO stretching frequency is associated with a
decreasein the metal-carbon bond length. Such arguments are
based on the assumption that a shortening of the metal-carbon
bond occurring in concert with a lengthening of the C-O bond
can be viewed as a manifestation of the factor(s) that leads to
a decrease in the CO vibrational frequency. For example, the
t1u CO stretch in Cr(CO)6 is at 1987 cm-1 and the Cr-C bond
length is 1.894 Å, whereas the symmetry correlated e mode in
Cr(CO)5(N2) is at 1975 cm-1 and the Cr-C bond length is 1.861
Å. In this comparison, thedecreasingCO stretching frequency
is accompanied by adecreasein the Cr-C bond distance, as
anticipated, because the coordinatively unsaturated species is
the same in both cases: Cr(CO)5. Although this picture may
hold when considering the effect of substitution of one ligand
for another around an otherwise unchanged metal center,it is
not necessaryValid when considering the effect of addition of
a ligand to different coordinatively unsaturated complexes, as
is the case for the series of dinitrogenated complexes. In this
latter case, caution has to be exercised in attempting to use CO
vibrational frequencies to determine changes in the metal-
carbon bond order. For example, in the Cr(CO)6-n(N2)n series,
the Cr-C bond lengthincreasesas n increases, although the
corresponding CO frequencies aredecreasing(see Table 10).
Although there are variations in the magnitude of the force
constants asn increases, with the exception of the Cr(CO)3-
(N2)3 complex, the trend in the Cr-C force constants is matched

by a corresponding trend in the Cr-C bond length: an increase
in bond length is mirrored by a decrease in the force constant
and visa versa.

In addition, the trans effect is manifested in the magnitude
of the calculated force constants. Figure 7 shows the variation
in Cr-C and C-O force constant with bond length for Cr-
(CO)5(N2) and Cr(CO)4(N2)2. These two complexes have two

TABLE 10. Energy Decomposition,a Gross Mulliken Populations Changes (P(i)j, i ) L for Ligand, or fr for Metal Fragment),
Bond Lengths, and Force Constants for Cr-CO Interaction in Cr(CO) 6-n(N2)n

n ) 0 n ) 1 n ) 2 n ) 3 n ) 4 n ) 5

∆Etot 43.8 49.6 47.7 46.2 45.0 43.5
(41.6) (39.6)

∆Eoi 78.2 89.9 88.5 87.1 85.3 83.0
(77.4) (76.4)

∆Esteric -34.6 -40.6 -40.8 -40.9 -40.3 -39.5
(-35.8) (-36.8)

∆Epauli -114.2 -127.8 -126.8 -125.5 -122.6 -119.2
(-115.0) (-115.5)

∆Eelst 79.6 87.2 86.0 84.6 82.3 79.7
(79.2) (78.7)

-P(L)σ 0.39 0.41 0.39 0.38 0.36 0.35
(0.38) (0.36)

P(L)bb 0.40 0.44 0.44 0.44 0.43 0.42
(0.39) (0.39)

P(fr)σ 0.34 0.38 0.40 0.40 0.41 0.40
(0.35) (0.35)

-P(fr)bb 0.32 0.34 0.33 0.32 0.32 0.31
(0.31) (0.30)

r(C-O)b 1.162 1.165 1.165 1.166 1.165 1.165
(1.162) (1.162)

r(Cr-C)b 1.894 1.861 1.864 1.866 1.868 1.871
(1.897) (1.900)

Z(Cr)c 0.624 0.699 0.762 0.815 0.862 0.909

a Energies in kcal/mol; values in parentheses correspond to CO trans to another CO.b Bond lengths (r) in Å. c Mulliken charge in the metal.

Figure 6. Calculated (b) and experimental (9) C-O stretching
frequencies for the complexes Cr(CO)6-n(N2)n. Top and bottom
correspond to modes correlated to the a1g and t1u modes of Cr(CO)6,
respectively.
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different types of CO ligands: some are trans to another CO
and some are trans to a N2 ligand. As seen in Figure 7, the
Cr-C force constant for these complexes is larger for a CO
trans to N2 than for a CO trans to CO, consistent with shorter
calculated Cr-C bond lengths for COs trans to N2.

For the Fe(CO)5-n(N2)n complexes, the trends in metal-CO
interaction energies are dependent on whether the CO is in the
axial or the equatorial position. Table 11 contains data for the
lowest energy complexes in the series. When an axial CO is
replaced by an N2 the total interaction energy increases for the
equatorial CO(s) and decreases for any remaining axial COs.
The trend in the interaction energy is similar to that found for
the Fe-N2 interactions discussed in section III.B., and it is
reflected in the Fe-C bond length. However, comparisons with
trends in the CO stretching frequencies cannot be made for the
entire series of iron complexes because a complete set of
experimental frequencies is not available. Nevertheless, asn
increases, calculations predict an increase in frequency for the

a1′ symmetry correlated mode and a trend of decreasing
frequency for the a2′′ and e′ modes. The trend for the calculated
a1′ vibrational mode is opposite to what is seen for the series
of chromium complexes and deserves further consideration.

IV. Conclusions

Geometries were optimized and bond energies and frequen-
cies were calculated for Fe(CO)5-n(N2)n, n ) 0-5, and
Cr(CO)6-n(N2)n, n ) 0-6, complexes using DFT with the BP86
functional. The M-CO bond enthalpies in Fe(CO)5 and Cr-
(CO)6 were calculated to be 43.4 and 41.2 kcal/mol, respectively,
in good agreement with the experimental values of 41( 236

for Fe(CO)5 and 37( 236 and 37( 537 for Cr(CO)6. For metal-
N2 bond enthalpies, the calculated value for the Cr-N2 bond
dissociation enthalpy in Cr(CO)5(N2) of 21.1 kcal/mol agrees
well with the experimental value52 in heptane solution of 19(
1. Although there are no quantitative experimental data for the
bond enthalpies for the other chromium complexes, the bond
enthalpy calculations forcis-Cr(CO)4(N2)2 andfac-Cr(CO)3(N2)3

agree well with estimates of the bond enthalpies that can be
obtained from the half-lives for these complexes which have
been reported in low-temperature condensed phase experiments.
The calculated value for the Fe-N2 bond enthalpy for eq-Fe-
(CO)4(N2) (19.0 kcal/mol) is in agreement with the gas-phase
experimental value10 (17.6( 1.8 kcal/mol). The experimental
Fe-N2 bond enthalpy in the Fe(CO)3(N2)2 complex was
determined10 to be 9.0( 4.6 kcal/mol. Calculations indicate
that the cis-(a,e) isomer is the most stable, which is consistent
with the pattern and positions of the calculated and experimental
CO stretching frequencies. The calculated bond enthalpy for
this isomer is 13.6 kcal/mol. Bond enthalpies of 11.4 and 8.1
kcal/mol were calculated for the cis-(e,e) and trans isomers,
respectively. Comparisons of calculated frequencies for singlet
and triplet Fe(CO)3(N2) with experimental data are consistent
with Fe(CO)3(N2) having a triplet ground state with the N2 in
the pseudoaxial position.

In general, calculated metal-CO bond energies are almost
twice as large as the corresponding metal-N2 bonds because
CO is better at both donating and accepting electron density

TABLE 11: Energy Decompositiona and Gross Mulliken Populations Changes (P(i)j, i ) L for Ligand, or fr for Metal
Fragment) for Fe-CO Interaction in Fe(CO)5-n(N2)n

n ) 0 n ) 1 n ) 2 n ) 3 n ) 4

∆Etot 48.7 50.2 47.4 52.4 49.4
(52.4) (49.8) (56.0) (53.2)

∆Eoi 93.2 99.8 94.3 110.3 102.5
(95.1) (90.5) (101.6) (101.8)

∆Esteric -44.5 -49.6 -46.9 -57.9 -53.4
(-42.7) (-41.4) (-45.7) (-48.6)

∆Epauli -155.6 -167.8 -159.2 -185.2 -174.3
(-141.1) (-136.3) (-146.1) (-149.7)

∆Eelst 111.1 118.2 112.3 127.3 120.9
(98.4) (94.9) (100.4) (101.1)

-P(L)σ 0.44 0.44 0.42 0.44 0.42
(0.46) (0.44) (0.45) (0.44)

P(L)bb 0.44 0.45 0.45 0.50 0.48
(0.44) (0.42) (0.45) (0.45)

P(fr)s 0.41 0.43 0.46 0.56 0.49
(0.40) (0.38) (0.41) (0.42)

-P(fr)bb 0.49 0.54 0.49 0.58 0.53
(0.44) (0.43) (0.46) (0.45)

r(C-O)b 1.163 1.165 1.165 1.168 1.168
(1.160) (1.160) (1.163) (1.163)

r(Fe-C)b 1.792 1.779 1.787 1.764 1.775
(1.794) (1.801) (1.768) (1.773)

Z(Fe)c 0.422 0.467 0.511 0.617 0.654

a Energies in kcal/mol; values in parentheses corresponds to CO in the axial position.b Bond lengths in Å.c Mulliken charge on the metal.

Figure 7. Calculated C-O and Cr-C force constants for (1) Cr(CO)5-
(N2) and (2) Cr(CO)4(N2)2. Circles are data for CO trans to CO and
triangles for CO trans to N2.
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than N2. In both series of complexes, the metal-N2 bond energy
decreases as the number of N2 ligands is increased, with the
exception of the Cr(N2)6. The predicted increase in the Cr-N2

bond energy of Cr(N2)6 relative to the other complexes in the
chromium series is due to the lack of CO a “trans effect” which
is present in the other dinitrogen substituted compounds in this
series. This type of trans effect lowers the bond dissociation
energy of the N2 ligand trans to the CO. Additionally, a CO
trans to an N2 ligand weakens that bond as a result of the
stronger back-bonding ability of CO with respect to N2. Thus,
when a chromium complex has dinitrogen ligands trans to both
CO and N2, the dinitrogen trans to CO dissociates preferentially.
The trans effect is also manifested in the relative stability of
isomeric chromium complexes. Both experiments and calcula-
tions indicate that the lowest energy isomer is the one with a
larger number of N2 ligands trans to CO ligands. This is because,
although having a trans CO weakens the Cr-N2 bonds, the
Cr-C bonds are strengthened by not having a trans CO. The
trans effect is also evident in the chromium complexes, where
an N2 ligand trans to a CO ligand leads to a stronger Cr-C
bond at the expense of the C-O bond. In these complexes the
C-O stretching frequencies decrease as the number of N2

ligands increase. This is a result of a reduction in the competition
for the electron density that is available for back-bonding to
the CO.

For iron complexes where there can be axial and equatorial
dinitrogen ligands, there is a preference for dissociation of the
equatorial over the axial N2 ligand because the deformation
energy is smaller for an equatorial ligand loss. More importantly,
the decrease in bond energy with increasing numbers of N2

ligands is not the result of a decrease in the net interaction
energy of the complex. Rather, it is dominated by the amount
of energy required to deform the reacting moieties into
geometries that correspond to their configuration in the equi-
librium geometries of the resulting complex. On the other hand,
the deformation energy in the chromium complexes is minimal,
and the Cr-N2 bond energy is effectively determined by the
orbital interaction energy. Although the orbital interactions of
iron with dinitrogen are larger than those of chromium with
dinitrogen, the much larger deformation energy for the iron
complexes accounts for the differences in stability of carbonyl
dinitrogen iron complexes relative to the analogous chromium
complexes. Thus, we have demonstrated that the magnitude of
the deformation energy can be the dominant factor in determin-
ing the change in bond dissociation energy among the iron
dinitrogen complexes and between a given iron dinitrogen
complex and its chromium analogue. However, interestingly,
this factor is generally not in the description of factors that
determine bond dissociation energies in organometallic com-
pounds that appears in standard textbooks.
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