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Metal—N; bond energies have been calculated for the Fe{GM2)n (n = 1-5) and Cr(COy-n(N2), (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 Bland CO with the relevant coordinatively unsaturated metal species. In all cases, the
metak-N; bond is weaker than the metaCO bond because CO is both a better donor and a better acceptor
of electron density. Calculated bond energies for i85 bonds for the lowest energy isomers of the chromium
complexes are 24, 23, 22, 21, 20, and 25 kcal/mohfer 1—6, respectively. The trend of decreasing bond
energy with added Nligands is a result of weaker orbital interactions. The exception is fg(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 Rgbond energies for the lowest energy isomers in the series
are 24, 17, 14, 10, and 5 kcal/mol for= 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 Wands 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 All of the complexes in the chromium series Cr(GQJN2)n

An understanding of the metaligand bonding interactions (0 = 1—6) have been experimentally obserféWhen data
is of critical importance in predicting the strength of chemical On lifetimes exist, the trend is that the stability of the complexes
bonds and therefore the stability and reactivity of organometallic decreases in parallel with an increase in the number of dinitrogen
compounds. Though progress has been made in experimentaligands. The available data are more limited for the iron
determinations of bond dissociation enthalpies, there is still complexes Fe(C@)(N2) (n = 1-5), but their stability seems
limited data in this areaHowever, it is now possible to calculate ~ to follow the same qualitative trend: the monodinitrogen is more
the bond energies of a variety of organometallic systems using Stable than the bisdinitrog€hand both are much more stable
density-functional theory (DFT). The geometries, frequencies, than the pentadinitrogen compl&xThese trends clearly indicate
and bond energies that are obtained are generally as good ofhat the metatN, bond energy is not constant as the number
better than those obtained using Hartré®ck methodd:4 of nitrogen ligands increases. Interestingly, the chromium
Furthermore, bond enthalpies calculated using DFT are generallycomplexes seem to be more stable than the corresponding iron
in good agreement with experimental values, provided that an Species. This is at least superficially in opposition to the general
appropriate exchange-correlation functional is chosen. In addi- view that dinitrogen forms more stable complexes with electron-
tion, methods have been developed to decompose the resultingich metals? This paper focuses on an analysis of the bonding
metal-ligand interaction energy into terms related to the interactions between dinitrogen and the metal centers in these
attractive and repulsive nature of the orbital interactforisThe series in order to understand the differences in stability between
algebraic sum of such terms is the energy of a meditgand the corresponding chromium and iron complexes, as well as
bond. Such energy decomposition methods combined with antrends in the stability of complexes within a given series. Both
analysis of the change in electron population of the interacting energy decomposition and population analysis are used to
orbitals of the metal and the ligand provide useful insights into quantitatively analyze the bonding in the various metd
the factors that determine bond strengths. complexes. Additionally, the effect of consecutive dinitrogen

substitution on the bonding of the~© ligands to the metal
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our laboratory involving measurements of the bond dissociation
enthalpies of Fe(CQJN,) and Fe(CO)Ny).1°

II. Methodology

Geometries and energies were calculated with the J&guar
guantum chemistry software using the pseudospectral méthod.
All calculations were performed using DFT and the local density
approximation (LDA), with the exchange oX potential by
Slatet® and the correlation method of Vosko et al. (VWHN).
Nonlocal density functionals were added self-consistently.
Becke’'s 887 was used for exchange and Perdew’$8g6r
correlation. Two different basis sets were employed: LACVP**
and LACV3P**, Both use Hay and Wadt's effective core
potential (ECPY basis sets for Fe and Cr, in which the
outermost core orbitals are included. LACV3P is a triple-
contraction of the LACVPE? For C, O, and N atoms, LACVP**
uses the 6-31G** bastsand LACV3P** uses the 6-311G**
basis??

Cedéio et al.

cycle?® In the energy decomposition analysis, the bond energy
(AEg) is the result of the contributions from three terms:

AEe = AEoi + AEsteric+ AEdef (3)

AEgetis the energy necessary to deform the bonding moieties
from their respective isolated equilibrium geometries into the
geometries they assume in the bound compleigeric is the
sum of two terms, one corresponding to the electrostatic
interaction between the fragments and the other corresponding
to the Pauli repulsiomE,; 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 (polarizationlE

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 anal§is
was performed in order to evaluate the population change
occurring when the ligand and metal fragments interact. When

Where indicated, unscaled frequencies were calculated for comparing one complex to another, some of the calculated
optimized geometries using analytical second derivatives of the energy differences are within the error limits of the level of
energy gradients and the same functional that was used fortheory used. However, we focus tendsin bond energies and

energy minimization. Vibrational frequencies of transition metal
carbonyls can be predicted with good accuracy 12%) by
DFT methods provided that a good initial reference geometry
is available?3:24

The calculated bond energiedHs) are defined as the
difference in the total energies of the optimized products and
reactants for the reaction

ML, —ML,_, +L

AE,=EML,_,) + E(L) — E(ML,) (1)
Thus, by this definition,factors that increase bonding

interactions are positie. The bond enthalpy at 298 KAH29g)

is calculateéP from AE. after algebraic addition of the zero-

point vibrational energyAZPE), the thermal energy content

(AEy), the molar work A(PV)], and the basis set superposition

error (BSSE) as shown in eq 2.

AH,g= AE, + AZPE+ AE,, + BSSE+ A(PV) (2)

the contributions of various factors to these bond energies. When
possible the calculated results are compared to experimental
data.

I1l. Results and Discussion

A. Calibration Systems: Fe(CO} and Cr(CO)e. Calcula-
tions were performed for Fe(C®and Cr(COy 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 datd, 33 and some prior theoretical
results?33436 |n general, there is a very good agreement
between the experimental and calculated geometrical data.
However, most DFT calculations give an axiaH< bond that
is slightly longer than the equatorial F€ 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 €O and N—-N bond lengths are
~0.01 A longer and the metaligand distances are-0.01 A

Zero-point energies used in this calculation are based on theshorter when LACVP** is used. However, the larger basis set
frequency calculations. The molar work term assumes ideal gasgives metat-ligand and C-O bond lengths closer to experi-

behavior and is equal BT for a ligand dissociation reaction.
The thermal energy contemhEy,) is the sum of the changes in
translational, rotational, and vibrational energy when going from

mental values. Table 2 contains calculated bond energies and
bond enthalpies, as well as relevant experimentaP#i&talong
with some other theoretical resufts:3640-44 Both basis sets

0 to 298 K. BSSEs were estimated by running a counterpoiseyield similar values forAE.. However, values obtained with

calculatior®® and, in terms of the sign convention used here,
are negative.

the smaller basis set are larger byl—2 kcal/mol. These
differences could simply be due to differences in the BSSE,

The bond energy decomposition analysis was performed usingwhich is~2—3 kcal/mol for the smaller basis set and2 kcal/

the Amsterdam density-functional program (ADF99)The
analysis is based on an extended transition-state méthat.

mol for the larger one. In general, there is good agreement
between the various DFT/BP86 methods (see Table 1). Interest-

energy decomposition analyses were performed using the saméngly, all of the BP86 calculations reproduce the experimental
BP86 functional used for energy minimization. However, when bond enthalpies better than those obtained using the BLYP or
using ADF, the atomic orbitals on the metals were described B3LYP functionals (see the Supporting Material). These latter
by an uncontracted tripl&-STO basis set whereas a doubl&- functionals were found to underestimate the bond enefgies.
STO basis set was used for carbon, nitrogen, and oxygen. AAs a calibration, the Fe(C@)ond energies were calculated
single< polarization function was used on all atoms. The relative to theC,, triplet state of Fe(CQ) which is the
122 configuration of the metals and the?Xonfiguration experimentally determined ground st&te€Cr(CO) bond ener-

on carbon, nitrogen, and oxygen were assigned to the core andyies are relative to th€,, singlet ground state of Cr(Ce)j®
treated by the frozen core approximatfhA set of auxiliary Geometrical parameters calculated for both unsaturated species
s, p, d, f, g, and h STO functions, centered on all nuclei, were can be found in the Supporting Material.

used in order to fit the molecular density and represent the After it was demonstrated that the calculations agreed with
Coulomb and exchange potentials accurately in each SCFthe experiment for Fe(C®)and Cr(COy using the BP86
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TABLE 1: Calculated and Experimental Geometrical Parameters for Fe(CO)s, Cr(CO)s, CO and N,

BP86-1° BP86-11P BP86—-WWe¢ BP86-BZz¢ BP86-v\W\¢ Exp Exp?
Fe(CO} Dan
Fe—Caux 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—0Oax 1.160 1.152 1.162 1.152 1.158 1.152 1.117
C—O¢q 1.163 1.155 1.165 1.156 1.161 1.152 1.133
BP86-IP BP86-I11P BP86-BZ¢ BP86-v\W\¢ BP86-B" Exp Exp
Cr(CO)% On
Cr—C 1.894 1.907 1.917 1.909 1.929 1.916 1.918
Cc-0 1.162 1.153 1.154 1.159 1.155 1.147 1.141
BP86-I° BP86-I11P BP86-v\W\ BP86-B" Exp? Exp
Free CO
1.148 1.138 1.145 1.137 1.128 1.115
BP86-I® BP86-1Ib BP86-v\W\¢ Exp®
Free N
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 degfeBsis work, | = LACVP** basis set; Il = LACV3P** basis set° Reference 35.
4 Reference 23¢ Reference 34" Reference 319 Reference 32! Reference 36.Reference 33.Reference 37.

TABLE 2: Calculated and Experimental Bond Energies and
Enthalpies® for CO Dissociation from Fe(CO) and Cr(CO)e

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

Fe(CO) Cr(CO)% frequencie’
AEe  AHazg AEe  AHagg equatorial N axial N
BP86-P 489 439  BP86l 45.4 417 BP86-I°  experimertt BP86-I°
BP86-IP 46.8 434 BP86-h 440 41.2
BPSO-WWE 454 449  BPSEB 408 wwen 2217 (0.05)  2235(0.07) wn-n 2136 (0.11)
BP86-LSZ 44.8 BP86-v\W 42.6 vec-o 2022 (0.13) 2083 (0.21) wvco  2041(0.11)
BP86-V\\¢ 45.9 CCSD(T)/MP®  45.8 1989 (1.00) 1972 (1.00) 1977 (0.54)
BP86-H 423 experiment 3742 1974 (0.79) 2006 (0.88) 1975 (1.00)
BLYP-WWe  37.9 375  experimeht 37+5 1966 (0.15) 1982 (0.48)
BLYP-DWL? 41
B3LYP-WW® 300 29.7 AEs  AHagg AEe  AHges
CCSD(T)MP2  46.9 BP86-F 235 1938 BP86-l 229 186
experimerit Al+2 BP86-IF 227 190
aEnergies in kcal/mol This work, | = LACVP** basis set, Il= experimerft 17.6+18

LACV3P** basis set Reference 35¢ Reference 40¢ Reference 34.

fReference 419 Reference 427 Reference 43.Gas-phase laser py-

rolysis from ref 38) Reference 36k Reference 51.Heptane solution
from ref 39.

functional and the chosen basis sets, geometries, bond energie
and frequencies were calculated for the dinitrogen substituted

complexes. Although there are examples in whichis\oound
to a metal center in am? (side-on) fashior? it is well
establishet?” that the typical coordination for Nis in a#;

2 Energies in kcal/mol? Frequencies in cnt; relative intensities in
parentheses.Basis set |= LACVP**; set || = LACV3P**. 4 Poly-
ethylene matrix from ref 4818 Gas phase from ref 10.

for which there are known experimental data suggest that,

Tontrary to what is found for Hartred=ock methods, there is

no significant energy bias toward the higher multiplicity state.
Our own calculation on FeCO supports this argument. In
general, the tripletsinglet energy differences are in the-@
kcal/mol range, increasing with the number of Iigands (see

(end-on) fashion. Consistent with this expectations, a calculation 4 Supporting Material). However, for some of these systems,

for n* andn? isomers of Fe(CQN; revealed that the! isomer

is more stable than the? isomer by 13 kcal/mol. This is in

especially where there is no relevant experimental data, the
energy differences between the lowest energy state and the next

agreement with previous calculations by Hoffmann and co- phighest state, which is a singlet, may be too close to definitively

workers?*! Therefore onlyyl-bound N complexes are consid-
ered in this paper. To make the most effective use of com-

state that these complexes have triplet ground states.
B. Iron Carbonyl —Dinitrogen Complexes: Comparison

putational time, all of the calculations were performed withthe 5 Experiment. Fe(CO)}N,) has been observed in both

LACVP** basis. Additional calculations, using the LACV3P**

matriced® and in the gas phad&5°0n the basis of the number

basis set, were also performed for complexes that have ynq positions of the observed infrared absorptions, Cooper and

experimentally known metalligand bond enthalpies: Fe(C£)
(N2), Fe(CO}(N2)2, and Cr(CO3(Ny).
An issue arising from the fact that Fe(C)as a triplet

ground state is whether the unsaturated 16-electron Fe(gO)

Poliakoff**® assigned &, geometry to the complex. In this
complex, N occupies an equatorial position. Table 3 shows
the calculated results for both the axi@kf) and equatorialQ,,)
Fe(CO)N, complexes. Our calculations agree that the equatorial

(N2)n (n = 1—4) species have triplet or singlet ground states. isomer is more stable than the axial isomer, although not by

Our calculations with the LACVP** basis set indicate that all

much (0.6 kcal/mol). However, the frequencies reported here

of the triplet states are lower in energy than the singlet states.and those by Hoffmann and co-work&rglearly corroborate

Past DFT calculatiorf8“8 on systems (FeCO and Fe(CO)

the assignment made by Poliakoff for the equatorial isomer.



3776 J. Phys. Chem. A, Vol. 105, No. 15, 2001 Cedém et al.

TABLE 4: Calculated and Experimental Bond Energies and 12
Enthalpies® for Fe(CO)3(Ny). N v s a) Fe(CO)(N)
Fe(CO)(Ny) cis-(e,a) cis-(e,e) trans-(a,a) . o
AE. 17.3 15.2 125 @ os- 1
AHag 13.6 11.4 8.1 £ i
AH (expy 9.0+ 4.6 9 °°] v ‘
aEnergies in kcal/molb Gas phase from ref 10. g 041 ! : oo
N N N ( |
The calculated values of 19.8 and 19.0 kcal/mol for the Rg 02 | { 4
bond enthalpy agrees very well with the experimental value of v : : o { }

17.6 + 1.8 kcal/mol determined by Wang et*lin the gas
phase. It also agrees very well with the value of 19.0 kcal/mol i
calculated by Hoffmann and co-workéYsising DFT with a Wavenumber (cm
Slater orbitals basis set and the BP86 functional. The absence 2
of experimental evidence for a second isomer in both the ‘0l . b) Fe(CO)3(N2)z
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 a3ig) (
and equatorial@;,,) 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 Cy,) is the lowest energy form of Fe(C&)». 02
The bisdinitrogen species, Fe(G>),, has recently been
detected in the gas phase by Wang etalhree different 0o — ' ' " " " ;
isomers of Fe(CQINz)z are possible: one in which both,N 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
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 N is axial and the other is equatorial (cis-(a,e)

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
B!

08

0.6 v

*

0.4 4

Relative Intensity

|

|

e s

b ey

Wavenumber (cm'1 )

Figure 1. (a) Calculated and experimentaHO stretching frequencies
for Fe(CO}(Np): (O—) experimental, 4- - -) calculated for triplet,

isomer). (v--) calculated for singlet. (b) Calculated and experimentalGC
N stretching frequencies for Fe(C{N,).: (®—) experimental, &- - -)
Ico lco 2 calculated for cis-(a,e) isomery{--) calculated for cis-(e,e) isomer.
oc,, oc,, oc,, Asterisk denotes undetermined experimental intensity.
" Fe——N, 2 Fe——N, oo Fe—cCo
<IN T
Ny co N, calculated values are 13.6, 11.4, and 8.1 kcal/mol for the cis-
cis(a,e) cis(e.e) trans (a,e), cis-(e,e), and trans isomers, respectively. Three absorption

bands were experimentally detected in the CO stretch region

The calculations presented in Table 4 indicate that the cis-(a,e)which have been assigned to Fe(G®})..1° The trans isomer
isomer is the most stable, followed by the cis-(e,e) (higher by is only expected to have one absorption in the CO stretching
2.1 kcal/mol), and finally the trans isomer (higher by 4.8 kcal/ region, and therefore, it is excluded. Calculations indicate that
mol). The bond energies were calculated relative to the lowest the other two isomers should have their most intense band at
energy triplet state of Fe(CeiN,). The ground-state triplet has the same frequency (see Figure 1b). However, the cig)e
the N ligand in a pseudoaxial position, suggesting that should have a medium-intensity bar@0 cnt! below the more
dissociation of the equatorialoNs the lowest energy pathway. intense band, and the cis-(a,e) isomer should have a band of
There is a singlet state of Fe(GY,) and another triplet state  medium intensity~20 cnT! above the more intense band. An
(N2 is pseudoequatorial) that are calculated to be 0.9 and 4.1absorption has been detectechd026 cnv?, but its intensity
kcal/mol, respectively, above the triplet ground state. On the relative to the absorption at 1992 chtould not be definitively
basis of the energy differences, only the lowest energy triplet established? The absence of an experimental determination of
and singlet states are considered for assignment of the experithe relative intensity of these two absorptions along with the
mental observations. There is clearly much agreement (seesimilarity in calculated energies effectively precludes a definitive
Figure 1a) between the infrared absorptions that have beenassignment as to which of the two isomers is the lower energy
observed for Fe(CQ[N,) in the gas phase and the frequencies species. However, we tentatively assign the observed absorptions
and intensities calculated for the lower energy triplet (relative to the cis-(a,e) isomer based on two factors. One is the error in
error <19% for two absorptions). Although the energy differences the calculated frequencies relative to the experimental frequen-
in themselves would not lead to a compelling assignment of cies. Errors of 2.8% and 2.0% are found for the cis-(e,e) isomer,
the ground state of Fe(CgIN,) as a triplet, the positions of  whereas the they are 1.7% and 1.1% for the cis-(a,e) isomer. A
the lowest energy singlet absorptions and their intensities aresecond factor is that calculations predict a medium-intensity
significantly different (relative errors are1% and 2%) than band almost overlapping the high-intensity band for the cis-
what is observed. As such, we assign the ground state of Fe-(a,e) isomer. The spectral resolution in the experiments by Wang
(COX(N,) as a triplet. The assignment is consistent with the et al. is not enough to resolve these bands, but the 1992 cm
slow addition of N to Fe(CO}(Ny), which would be expected band has some asymmetry on the low frequency side that
for an association reaction involving a change in $fin. suggests the presence of a less intense, low energy shoulder. It

For Fe(CO})(N>),, the calculated bond energies are again not should be noted that the isomer calculated to be the lowest in
sufficiently different to provide clear evidence as to which energy (cis-(a,e)) also has a greater similarity between observed
isomer is the most stable. Wang et al. report a value o##9.0 and calculated absorptions and thus is tentatively assigned as
4.6 kcal/mol for the FeN, bond enthalpy, whereas the the lowest energy Fe(Cg{N,), isomer (Figure 1b).
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TABLE 5: Calculated Frequencies and Bond Energies
and Enthalpiest for cis-(a,e) Fe(CO)(N,)s,
Equatorial-Fe(CO)(N2)4, and Fe(N)s

Fe(COX}Nyz)s Fe(CO)(N)4 Fe(Ny)s
frequencie’s calculated expt
VN-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)
Vc-o 1999 (0.94) 2054
1967 (1.00)
AEe 13.8 9.6 5.1
AHag 9 5 1

aEnergies in kcal/mol? Frequencies in cri; relative intensities in
parentheses.100% N> matrix from ref 11.

To our knowledge, Fe(C@N,)s and Fe(CO)(M)4 have not

J. Phys. Chem. A, Vol. 105, No. 15, 2003777

TABLE 6: Calculated and Experimental Frequencies and
Bond Energy and Enthalpy? for Cr(CO) 5(Ny)

frequencie’ BP86-I° experimentdl
VN-N 2100 2237
Ve o 2034 (0.01) 2086 (0.05)
1960 (1.00) 1975 (1.0)
1948 (0.43) 1965 (0.3)
AE. AHagg
BP86-F 24.2 21.1
BP86-IF 24.3 21.5
BP86-v\W\¢ 21.9
CCSD(T)//IMP2 24.8
experimentdl 19+1

a Energies in kcal/mol® Frequencies in crii; relative intensities in
parentheses.This work, |= LACVP** basis; || = LACV3P** basis.
d Reference 8e. Includes BSSE correction from reffReference 51.
9 Heptane solution from ref 52.

been experimentally observed, probably because they are both

difficult to form in matrices and relatively unstable. Fe(GO)

TABLE 7: Calculated and Experimental Frequencies and

(N2)s has three possible isomers. The cis-(a,e) isomer is

Bond Energies for Cr(CO)s_n(N2)n (n = 2—6)2

calculated to be the most stable. It is located 2.5 and 6.5 kcal/

n= 2 (cis isomer)

n = 3 (fac isomer)

mol below the cis-(e,e) and the trans isomers, respectively. The calculated  experimeht calculated  experimeht
tetradln[trogen'complex has two isomers. The isomer with an wn 2083 (1.00) 2241 (1.0) 2207 (0.33) 2241 (0.4)
equatqnal CO_ is calculateo! tobe 1.8 kcal_/n_]ol more staple than 2070 (0.21)  2220(1.0) 2068 (1.00) 2207 (1.0)
the axial CO isomer. As with the other dinitrogen species, the v.o 2036 (0.05) 2052 (0.1) 1966 (0.71) 1995 (0.7)
calculated bond energies are relative to the lower energy triplet 1958 (1.00)  1961(1.0) 1950 (1.0) 1932 (1.0)
state of the unsaturated species and are shown in Table 5. The 1951 (0.53)  1943(0.5)
trisdinitrogen species is calculated to be more stable than the AE 19252 5(30'15) 1926; ©0.2) 21.9 19
tetradinitrogen: The weakest &, bond in Fe(CO)N,)s and ¢ ' '
Fe(CO)(N)4 including thermal and BSSE corrections has n = 4 (cis isomer) n=>5
enthalpies of approximately 9 and 5 kcal/mol, respectively. calculated  experimeht calculated  experimeht

Fg(hb);, has been.previo_usly observed ir&0% nitroggn wn 2180 (0.31) 22342 (w)  2210(0.06)  2236(0.1)
matrix at 15 K but it readily decomposes at 40 K. Fejis 2066 (0.37)  2194(0.3) 2057 (1.00) 2127 (1.0)
geometrically similar to Fe(C@) taking into account the 2059 (1.00) 2142 (1.0)
expected differences in FN and Fe-C bond lengths. Fe@)l 2045 (0.01) 2165 (v.w)
with C, symmetry is calculated to have a triplet ground state vc-o 1950 (0.97)  1955(1.0) 1929 19277
that is located 6.3 kcal/mol below the lowest energy singlet state. AE 19238 él'oo) 1920 (1.0) 20.0

: . A e . .

A bond energy of 5.1 kcal/mol is calculated relative to this triplet
state. Considering the corrections to the energy, the standard n==6
bond enthalpy is~1 kcal/mol, indicating that the Feg is calculated  experimeht
very unstable, consistent with the report of its decomposition 2057 2120
at temperatures above 40 K. There is also fairly good agreement ZNE;N 252

(<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)%-n(N2)n series have been observed in matrix experi-
ments8 the only bond enthalpy that has been experimentally
determined is that for the €N, bond in Cr(COJ(N,). The
bond energy AE.) calculations agree well with prior DT
and CCSD(T)//MPZ calculations. The CrN bond enthalpy
was calculated relative to the known singl&t, ground statt®
of Cr(CO) (see Table 6). A value of 21.1 kcal/mol is obtained,
which agrees well with the experimental value of 191
obtained by Poliakoff and co-workets.

a Calculated from optimized geometries using LACVP** basis set,
energies in kcal/mol; frequencies in chand relative intensities in
parentheses® Reference 8°Values are estimated from reported
lifetimes in ref 8.4 Reference 9.

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(CQ{N,), isomers. The calculations indicate
that the cis isomer is 3.1 kcal/mol below the trans isomer. Turner
et al® 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

Table 7 contains the calculated bond energies, frequenciesthe cis isomer was more abundant. The calculated bond energy

and intensities for all of the other chromium complexes. All

(AEg) for this complex is 22.8 kcal/mol, which translates into

bond energies are relative to the lowest energy singlet grounda bond enthalpy of-18 kcal/mol at 298 K. Although there is

state of the Cr(CQ).n(N2)n—1 complex. The agreement between

no report of the experimental bond enthalpy, Turner and co-

the calculated frequencies and intensities and the experimentalworkers report a half-life of~10 min at 218 K. On the basis of

ones is satisfactory. Interestingly, the relative deviations for
C—0 stretching frequencies are lower3%) than those for
N—N stretching frequencies (up to 7%). The error in theN
frequencies is systematic and is higher in the chromium

this half-life, if a preexponential factor of1 x 103 st is
assume?f for loss of N, an activation energy for the decay of
this complex can be estimated @46 kcal/mol, which gives
an estimated bond enthalpy of 18 kcal/mol at 298 K. This
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estimate assumes that the decay of this species is due mainly 4.0
to N, dissociation and that, as with most association reactions ]
involving coordinatively unsaturated Cr and Fe carbonyl
complexes, the reaction to form Cr(C{N>), from Cr(CO)- 45 ) ° o o
(N2) and N is unactivated. We also assume that possible s
complexation of solvent by the coordinatively unsaturated = 50 ] .
intermediate does not significantly effect our estimate. Given g
these caveats, there is good agreement between the DFT results g
and the estimate of the bond enthalpy that can be made from 2 55 ]
experimental observations. There is also satisfactory agreement £ j
when the calculated frequencies and intensities for Crg€O) 2 1 [
(N2), are compared to the experimental ones obtained by Turner -6.0 1 u
and co-workers. n
Cr(COX(N2)s has two isomers, the fac isomer, in which all [
of the dinitrogens are coaxial to all of the carbonyls, and the 657
mer isomer, which has two coaxial dinitrogen ligands. =
co co -7.0 T T T T T
| (o N 1 2 3 4 5
oc—/ cit— Ny 00-7 ci—co n for Fe(CO);_(N,),., fragment
Ne ,Lz N, Figure 2. Energy for the HOMOM) and LUMO @) for Fe(CO} -

(N2)n-1 (n = 1-5) as a function of the number of;Nigands.

fac mer

Our calculations indicate that the fac isomer is 3.1 kcal/mol interactions and how their energies change as a function of the
lower in energy than the mer isomer. Turner et al. observed number of dinitrogen ligands.
both isomers in both a COMNmatrix and in liquid xenon CO and N are isoelectronic molecules with a lone electron
solutions. Although the relative abundances of both isomers waspair available for bonding to the metal. In CO, the lone pair is
not established, the intensities of the bands indicated that thelocated in the @ MO, whereas in I it is located in the &,
fac isomer is thermodynamically preferred. They report a half- MO. Both of these orbitals are the HOMOs of the diatomics.
life of ~15 min at 194 K in liquid Xe, which allows a rough  The 3 MO of CO is 1.0 eV higher in energy than the MO
estimate for the bond enthalpy of the order¢f6 kcal/mol at of N2. The HOMO in N is symmetrically distributed on both
298 K (using the same assumptions made previously for Cr- atoms. However, for CO, the difference in electronegativity of
(CON(N>),). This estimate agrees reasonably well with the bond C versus O results in the MO being largely localized on the
enthalpy (17 kcal/mol) obtained from the calculated bond carbon atom. The degenerate LUMOs are theMOs in CO
energy (21.9 kcal/mol). and therg MOs in Ny, which are located at a similar energy.
Cr(COX(N2)4 also has two isomers. The cis isomer is Scheme 1 is a diagram of the frontier molecular orbitals
calculated to be 3.2 kcal/mol lower in energy than the trans (FMOs) showing the interaction of an Fe(G@jagment with
isomer. In agreement with calculations, experimental data from an equatorial CO and an equatorial. NFor simplicity, other
both the liquid xenon solution and matrices suggest that the cismetal fragments’ FMOs are not shown, but the orbitals have
complex is thermodynamically more stable. Turner et al. report similar splittings, although they have different energies relative
that Cr(CO)}(N2)4 and Cr(CO)(N)s are less stable than Cr(CQ) to Fe(CO) (see Figure 2). There are two main bonding
(N2)s but do not report half-life data. The calculated—Tt; interactions. One is donation from the ligands-type HOMO
bond energiesAE.) are 20.9 and 20.0 kcal/mol for Cr(C9) (o-donor) to ther-acceptor metal fragment LUMO (1gawhich
(N2)4 and Cr(CO)(N)s, respectively, continuing the experimen- is ao-dsp hybrid, with a large ligand contribution. The other
tally observed decrease in stability trend seen fomhkel—3 interaction involves back-donation from the metal fragment
dinitrogen complexes. HOMOs (7h and 7B), which are metal centered electron pairs,

Cr(Np)s has been identified in a 15% Nitrogen matrix at 10
K.® The stability of the complex has not been experimentally
quantified. The CrN bond energy for this complex relative
to the singlet Cr(M)s is calculated to be 25.2 kcal/mol, indicating
that Cr(N)s should be approximately as stable as Cr(§))..

D. Description of the Metal—Ligand Bonding Interactions.
From experimental and calculated data, it is clear that the metal

to the LUMO of the ligand. With the axis of the bond that is
being broken or formed defined as thaxis, thex axis is then
determined by the axial COs. Then the MO has mainly ¢,
character and the ZiMO has mainly ¢, character. Figure 2
shows the energy of the HOMO and LUMO of all of the metal
fragments. As the number of;Nigands increases, the energy
levels of the resulting metal fragment change slightly. The

N2 bond energy (and enthalpy) decreases as the number ofLUMO energy increases-0.4 eV from Fe(CQ)to Fe(CO}-

nitrogen increases, with the exception of the= 6 chromium
complex. More interestingly, the Fé&N, bond energylecreases
significantlywhen the number of Nligands around the metal

(N2), changes little fon = 3 and 4, and then decrease$.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

increases. In contrast, the bond energies in the series offor ligand to metab donation. This means that Fe(CQ the

chromium complexeslecrease only slightifromn = 1to 5

besto acceptor and that Feg is a slightly betteir acceptor

but then increase for the hexadinitrogen complex. This implies than the other dinitrogenated fragments. On the other hand, the
that the chromium complexes considered here have strongemetal-fragment HOMO energy increases with each additional
metal bonds than their corresponding analogous dinitrogen ironN,. The change in the metal fragment HOMO energy is
complexes. Before going into the details of the analysis of the equivalent to a narrowing of the energy gap for metagjand
bond energy in terms of its decomposition from eq 3, it is useful back-donation. This means that back-donation is relatively more
to describe the molecular orbitals involved in the bonding favorable as the number of;Nigands increases. The relative
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change in the FeN; bond energy with subsequeng Bubstitu- electron density from the-type MOs on both the CO and;N
tion is related to both the relative energy of the metal FMOs ligands. The degenerate8arbital (HOMO) of the chromium
and their ligand overlap. Under the assumption of similar metal metal fragment is, in turn, able to donate electron density to
fragment-ligand overlap, the change in the metal FMOs energy the degenerate LUMO of the ligand (back-donation). Figure
should determine the FeN; interaction. For example, in going 3 shows the HOMO and LUMO energies of the chromium
fromn = 1to 2, the increase in the LUMO energy is slightly fragments. The energy of the HOMO of the unsaturated
larger than the increase in the HOMO energy. This implies that chromium complexes increases with the number gligdands;

the increase in back-bonding capability is less than the decreasdhe change in energy is a little larger for= 5 and 6 than for

in o accepting capability and, therefore, the-f& bond energy n = 1-4. The change in the energy of the metal fragment
should decrease far = 2 relative ton = 1. When going from HOMO energy leads to an increase in the back-bonding
n = 2 to 3, a trend toward increasing bond energy is expected capability of the metal fragment. The LUMO energy increases
because the increment in the back-bonding capability of the with each N, until n = 6 (see Figure 3), meaning that the
fragment is larger than the change déraccepting character.  g-accepting character of the metal fragment decreases slightly
Using the same reasoning, the-A¥, bond energy of the = On the basis of just the relag& changes of the HOMO and

4 complex would be predicted to increase relative torthe 3 LUMO energies with psubstitution the Cr—N, bond energy
species, and the bond energy for= 5 would be predicted to  should decrease in going from= 1to 2,n= 2 to 3, andn =
increase relative to the bond energy of the 4 complex. These 3 to 4, whereas it should increase when going fiom 4 to 5
trends, which are based on the changes of energy in the HOMOandn = 5 to 6. A comparison of these HOMO and LUMO

and LUMO energies with increasing number of Iigands, will energy trends in the context of trends in bond energy is discussed
be discussed in terms of the energy decomposition analysis inin section IIl.F.
the next section. Now that the orbitals involved in bonding have been

Scheme 2 shows the frontier MO diagram for the interaction described, an analysis of the+H, and Cr—N, bond energies
of Cr(CO)} with CO and N. Ligand to metalo donation can be performed in the context of its decomposition into
involves the 10ametal fragment MO, which is a-dsp hybrid deformation, attractive orbital interactions, and steric energies.
with a large contribution from the ligands. This orbital accepts Also, the change in the population of the orbitals involved as
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-4.0 TABLE 8: Mulliken Population Change (P(i);, i = L for
] Ligand, or fr for Metal Fragment) and Overlap Integrals
- ® ° (I |b;) for the Interaction of Iron and Equatorial N ; in
45 ] ° ® Fe(CO)S—n(NZ)n
< ] ° n=0 n=1 n=2 n=3 n=4 n=5
2 ] . P(f), 049 029 027 029 028 033
& 507 —P(L), 044 023 022 022 021 023
:cj ] —P(ff)py,  0.41 0.29 0.29 0.33 0.31 0.35
o ] P(L)wp 0.44 0.30 0.29 0.32 0.31 0.35
s . _
s O° @of] 0433 0270 0249 0246 0225 0219
E ] | By |7z« ] 0.158 0.114  0.099 0.085 0.083 0.091
° 1 n |, 0.251 0.151 0.147 0.135 0.139 0.144
6.0 -
. . the contribution of each term in eq 3 to the total bond energy
] . for the interaction of an equatorial ligand and the corresponding
657 . " metal fragment for the lowest energy iron complexes.
The electron density lost by the HOM®type orbital of the
704 } ] | | ligand is related to its donating character. In Fe(§QO
. T T

y 2 3 4 5 6 donates 0.44 electrons to theébond, whereas Nonly donates
0.21-0.23 electrons in the dinitrogenated complexes. Similarly,
the electron accepting ability of the ligand can be quantified
Figure 3. Energy for the HOMOM) and LUMO @) for Cr(CO)%_n- by the gross populations of the ligand LUM®type orbitals.
(N2)r-1 (0= 1-6) as a function of the number of;Nigands. In Fe(CO}, CO accepts 0.44 electrons, whereas the population
of the N, LUMO changes by 0.290.35 electrons in the
well as their Overlaps will be used to understand the differences dinitrogenated Comp|exes_ When Compared to the Change of
in bond energies in these two series of complexes. population in the ligand HOMO, the population change in the
E. Fe—N; Bond Energy in Fe(CO)%_n(N2),. Table 8 shows coordinatively unsaturated metal complex LUMOs are slightly
the changes in orbital Mulliken populations as well as the larger (0.05-0.10 electrons). An analysis of the orbital popula-
overlaps for the interacting orbitals. Figure 4 is a bar graph of tions indicates that there is a depopulation00.08-0.11

n for Cr(CO),_(N,), , fragment
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100 2, which means that replacing a CO by apis a favorable
M 5 i effect on the electronic interaction energy. The same applies
B a5, whenn goes from 4 to 5. Clearly, both the energy gap between
80 1 B ae the ligand and metal MOs and their effective overlap determine

the extent of the metalligand interaction. However, the trend
60 _ B in the total electronic interaction energkty + AEswerid as a

- function of the number of M ligands can be qualitatively
rationalized based just on the relative changes in the HOMO
40 | 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
20 energies, as discussed in section Ill.D, with the exception of
the change in going from = 3 to 4, which can be influenced
by the slight decrease in theorbital overlap.

In terms of the total electronic interaction energye, +
AEsterid, the Fe-N, bond energiesAEy) of the iron dinitrogen
20 complexes should be similar (in the 226 kcal/mol range).
However, the variation in the experimental -A¥, bond
enthalpy in going frorm = 1 to 2 (~9 kcal/mol) indicates that
-40 just orbital interactions cannot explain the trend in the bond
enthalpy. The total electronic interaction ener@eg + AEsterid
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
Figure 4. Energy decomposition of the interaction between an in the final adduct. As seen in Figure 4, for the Fe(€Q(N2)n
equatorial N and the coordinatively unsaturated iron fragments. The series, the magnitude of the deformation energy increases as
decomposition for the interaction of an_equatorlal CO with Fe@@) the number of N ligands increases. More importantly, this
shown for comparisonAEgeic = steric energy;AE, = orbital ’
interaction energyAEq.s = deformation energyAE = bond energy. e_nergy ha_s a large el_"fect on the-f¥, bond energy of the

highly dinitrogenated iron carbonyl complexes. For example,

electrons in the occupied 11O of the unsaturated metal ~ the Fe-No total interaction AEi + AEserid in Fe(No)s is 24.7
carbonyl fragment. Thus, some electron density is transferred kcal/mol but the calculated bond energy is only 5.2 kcal/mol,
internally in the metal carbonyl (polarization) from the 11a Meaning that 19.5 kcal/mol are required for the reacting moieties
MO to the empty LUMO (129. to rearrange to their equilibrium geometries. In terms of
The electron donating capabilities of the ligand are also 980Metry changes, there is a 0.035 A decrease in théNke
dependent on the orbital overlap. In general, CO orbitals have Pond length in going fromFe(No)s to Fe(N)s, whereas the Fe
larger overlaps with both the donating and accepting MOs of Nax bond decreases by 0.031 A. In addition thg-N-e~Nax
the metal fragment thanhas (see Table 8). There are slight Pond angle increases by 38vhereas the N—Fe—Neq bond
differences in the overlaps for the dinitrogenated complexes. angle changes by 21When®Fe(CO) adds N to produce Fe-
The 2,—12a overlap decreases as the number ofiijands ~ (COM(N2), the Fe-Ca bond length decreases by 0.031 A,
increases up ta = 5, whereas the net back-bonding overlap Whereas the FeCeqbond distance only decreases 0.017 A. Also,
(7by and 7h with 7,,) decreases up to= 3 and then increases.  the Gq—Fe—Ceq bond angle increases 23vhereas the &
The variations in the overlap could be related to the geometrical F&~Cax bond angle increases by 26rhen, the magnitudes of
changes taking place in the complex as the numbepditinds ~ the deformations in Fe@)t are larger than those in Fe(CQ)
increases. In going from the = 1 to then = 3 complex, the ~ (N2), consistent with a larger deformation energy for Fg¢N
axial-axial and equatorialequatorial angles get slightly smaller, A Similar analysis done for the other 16-electron iron complexes
which hinders the approach of the incoming ligand and, being studied indicates that there is also a trend in the changes
therefore, decreases the overlap. in geometry associated with an increase in the number,of N
The o-donation and back-bonding capabilities of CO are !igands. In general, the relevant bond Iengths_ and bond angles
superior and more balanced than those affor CO, there is  increase gradually as the number of Iijands increases.
a consistent balance between donating electron density and From the analysis of the FeN, bond energies, it is clear
accepting it: there is a bonding synergy. Fog, Khere is that thedeformation the coordinately unsaturated iron car-
considerably less transfer of electron density in either direction bonyl moiety and the incoming ligand must undergo on bonding
than for CO and the back-bonding is favored. This is evident plays avery important role in determining the strength of the
in the energy decomposition analysis: the energy contribution Fe—N; bond.In fact, the changes in the magnitude of the-Fe
from both o-donation and back-bonding for an equatorial CO N, bond energy within this series of dinitrogen complexes is
in Fe(CO} are approximately twice as large for each of these dominated by changes in the magnitude of the deformation

Energy (kcal/maol)

-60 T T T T T

n for Fe(CO), (N.),

terms as they are for the F&l; interaction in Fe(CQ)Ny). energy. The effect of deformation energy on bond dissociation
The energy decomposition results in Figure 4 show that in energies has been recognized before both in the context of

going fromn = 1 ton = 2 the orbital interaction energy\E;) organometallic bondirig°%and in other contexts. For example,

goes down. Replacing a CO ligand with an M the axial the importance of the effect of deformation energies in the

position is unfavorable for the bonding of an equatorial N calculation of bond energies by thermodynamic cycles has been
ligand. This also applies whamchanges from 3 to 4. On the  previously emphasizeP® Calculations performed by Weitz and
other hand, the energy for= 3 goes up with respect to = co-worker§® on iron carbonyl olefin complexes have shown



3782 J. Phys. Chem. A, Vol. 105, No. 15, 2001 Cedé et al.

TABLE 9: Mulliken Population Changes (P(i);, i = L for 100 -
Ligand, or fr for Metal Fragment) and Overlap Integrals
(IC2y| b)) for Cr —Ny Interactions in Cr(CO) g-n(N2)n

[ FU
[,

. E
n=0n=1n=2n=3 n=4 n=5  n=6 80 i =it“'
P(f, 0.32 0.19 0.18 0.18 0.17(0.20) 0.17(0.19) 0.19
—P(L), 0.39 021 021 021 020(0.22) 0.20(0.22) 0.22 60 -
—P(ff)pp 0.34 0.24 0.24 024 0.25(0.30) 0.26 (0.30) 0.30
P(L)s, 0.40 0.26 0.27 0.27 0.27(0.30) 0.26(0.32) 0.32
|Bylogd 0.434 0.270 0.266 0.261 0.258 (0.272) 0.255 (0.270) 0.269 5 40
|[&]7x[ 0.340 0.222 0.212 0.198 0.193(0.217) 0.186 (0.210) 0.202 E
aValues in parentheses correspond to the interaction,dfavs to g 20 -

another N. )

2

w 04

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 20
relevant to the design of catalysts for olefin isomerization. This
concept also appears in other fields of chemi&trin organic

chemistry, strain energy is routinely taken into account when
discussing bonding energetics. Another field in which the role

-40 -

of the deformation of the reacting moieties may play a role is 80 | | | | | | |
enzyme catalysis. Some auth®r$® suggest that the protein 0 1 2 3 4 5 6
environment around the active site of enzymes adopts a n for Cr(CO), (N,),

conformation that is close to the unconstrained geometry of the Figure 5. Energy decomposition of the interaction betweenakid
transition state or the products. Ho_wev_er, this issue is still under the coordinatively unsaturated chromium complexes CriGi¥o),
debate for enzymes because this view has been refuted by, —1-5). The decomposition of the interaction of CO with Cr(GO)
others§1~62NevertheIess, this concept is still not part of standard is shown for comparisonAEseric = steric energy;AE, = orbital
descriptions of the factors determining the bonding energetics interaction energyAEqes = deformation energyAE = bond energy.
of organometallic complexes that are found in inorganic
chemistry textbooks. on bonding for the most thermodynamically stable chromium
It is important to recognize that for all of the iron complexes complexes. Figure 5 is a bar graph representation of the energy
a ligand in the equatorial positiaa notequivalent to a ligand  decomposition analysis for these complexes.
in an axial position and that the bonding of a given ligand in ~ The change in population of the HOMO and LUMO of the
either position could be different. These differences can be ligands bound to chromium have the same trend as discussed
quantified. Computations involving an energy decomposition for the iron series. The population of the 10aetal fragment
analysis were also done for axial ligands (exceptrios 1) LUMO is larger for Cr(COj than it is for dinitrogen substituted
and can be found in the Supporting Information. In all cases, species, similar to the trend observed for the population of the
the total interaction energieAEq + AEstwerig are larger when 12 LUMO in the iron series. In general, the change in the
the ligand is axial rather than equatorial. This implies that it population of the electron accepting ligandorbitals and the
would take more energy to break a bond to an axial ligand than donor metal orbitals is slightly larger (0.62.05 electrons) in
a bond to an equatorial ligand, if the geometries of the reacting the iron complexes than it is for the chromium complexes. Also,
moieties were to remain unchanged. Also, because the finalin the iron series, the occupied 1isiclose to the LUMO (12a
equilibrium geometry of the 16-electron species Bassym- see Scheme 1) and transfers electron density to theNI@a
metry, it should take less energy to defornCa fragment Such polarization is absent in the chromium complexes because
produced by breaking the bond to an equatorial ligand than to it lacks a similar occupied;aMO (see Scheme 2). As a result
deform aCs, fragment obtained by breaking a bond to an axial of these factors the net change in the LUMO population is-0.1
ligand. Thus, the loss of an equatorial ligand should be favored. 0.17 more in the iron complexes than in the chromium
This picture is also consistent with the fact that the deformation complexes.
energies are larger in the case of axial ligand loss. The orbital overlap involved in-donation decreases slightly
As previously mentioned, all of the analogous chromium from n = 0 to 5 for Cr(CO}-n(N2), but increases fon = 6.
complexes have been experimentally detected providing evenThe overlap of orbitals involved in back-bonding exhibit the
more information that can be compared to theoretical results. same trend. Slight variations in the geometry of the complexes
We now consider how the various factors that have been could account for the variations in the extent of the orbital
identified as being important in bonding in the series of overlap.
dinitrogen substituted iron carbonyls effect bond strengths and  As expected, CO binds more strongly than khe calculated
trends in bonding in the analogous chromium complexes. bond energy AEe) of the C—CO bond in Cr(CQOjis almost
Interestingly, we will see that the chromium complexes are more twice that of the C+N, bond in Cr(COJN,. The Cr—CO orbital
stable than the corresponding iron complexes. The factors thatinteraction in Cr(CQyis almost double that of the typical €r
we explicitly consider include orbital overlaps, back-bonding, N;bond in the dinitrogen complexes. As with the series of iron
the trans effect, and the deformation energy. Once again wecentered complexes, the steric term has the same trend but with
will see that the deformation energy plays a critical role in the an opposite sign as the orbital interaction term. However, in
fact that the dinitrogen substituted chromium complexes are contrast to the series of iron complexes, the trend in the total
more stable than their iron analogues. electronic interaction energAE, + AEgerid basically parallels
F. Cr—Ny Bond Energy in Cr(CO)g-_n(N2)n. Table 9 the trend in bond energy along the series. Thus, the main
contains orbital overlaps and the change in orbital populations difference when comparing the metall, bond energies in the
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chromium complexes relative to the corresponding iron species As a consequence of the trans effect, all of the dinitrogen
is that the deformation energy does not increases significantly complexes with N trans to a CO will preferentially lose this
as the number of Nligands around the chromium center Na. This is consistent with calculations of the relative energies
increases. The reaction ot Mith Cr(CO) leads to a 0.5 kcal/  of the resulting unsaturated product. 8issociation froncis-

mol deformation energy, whereas reaction of GjéNvith N, Cr(CO)(N2)4 can generate two different Cr(C£IN2)3 isomers
involves a deformation energy of only 1.9 kcal/mol. In the (see below), but the isomer resulting from dissociation of an
chromium systems, the equilibrium geometries of both the N transto CO is 5.5 kcal/mol lower in energy than the isomer
isolated ligand and the isolated unsaturated species are very closeesulting from dissociation of an Nrans to an M Similar

to the equilibrium geometry of the final complex. The deforma-

tion in the chromium fragments involves mainly a shortening co co co

of the Cr-ligand bond trans to the vacant site 0.05-0.08 | . o | N2

A), whereas other bonds decrease by no more than 0.02 A, and 007Cr— N, —— 007 CF—N, —= OC7CF‘

bond angles do not change by more thanThese are relatively N; N; N2 |

small changes when compared to the iron complexes. Thus, even axi':lzNz N2 axia? co

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 (forrl) than the chromium . . . S
analogues with the same number of dinitrogen ligands Cr(CO)(NZ)4 isomer resulting _from dissociation of ar rt_w‘ans

i . ) . to a CO is 5.9 kcal/mol lower in energy than that resulting from

Some interesting differences are found when comparing the yissociation of an Mtrans to another N

Cr—N interaction for non-equivalent Nigands in the same Another interesting aspect of the experimental observations
complex. The entries in parentheses fior 4 and 5 in Table ¢ 1mer et af is that when multiple isomers are possible the
11 are for the interaction of aXNigand trans to another N igomer containing the largest number of igands trans to CO
rather than trans to CO. It is clear that the net electronic 5 gpserved to be thermodynamically more stable. The same
interaction energyAEqi + AEseriq is ~5-6 kcal/mol larger  ragit js also obtained from calculations. Although at first glance
for an N; trans to another Nthan for an Ntrans to a CO. This it seems contradictory thate isomer with the weakest €N,

“trans effect*? is a manifestation of the strong back-bonding pond is the thermodynamically more stable compoitngyst
interaction between the metal and CO. The trans effect is readily jo kept in mind that, although the €N, bonds are weakened
apparent in the orbital interaction energy term: iti%0 kcal/ by having a trans CO, the €CO bonds are strengthenbg

mol larger in the absence of an axial CO. Though the steric not having a trans CO. Calculations indicate that the increase
term is also larger, it only changes by kcal/mol. The origin i, the Cr-CO bond energies is larger than the decrease in the
of the trans effect can be studied by fragment interactions. The cr—N, bond energies, such that the isomer with mogdidands
metal ligand interactions can change for three fundamental trans to CO ligands is the lower energy species. This result is
reasons: (1) the metal based orbitals change in energy upongse in accord with the better electron accepting ability of CO
trans substitution, (2) the metal based orbitals moves toward oryhen compared to N Given that the electron density available
away from the interacting ligand making the overlap differ, or for back-bonding is similar in both isomers, it would be less
(3) electrostatic interactions. In the case ot Wnd CO  favorable to have two CO ligands trans to each other competing
substitution, 1 and 2 are expected to play a major role. The for a portion of the available electron density.

changes in the energy levels of the metal fragment MOs  Thys, the Cr-N, bond strength and stability of the chromium
although small £0.2 eV) are consistent with the improved carbonyl dinitrogen complexes are principally determined by
bonding interactions when there is aptkans to the interacting  the orbital interactions, which, to a large extent, depend on the
ligand. The energy gaps between the interacting metal fragmentposition of the dissociating Nligand with respect to the CO
MOs and ligand MOs are smaller when there is anliand ligands in the complex.

trans to the interacting Nigand then when there is atrans CO  Now that we have developed some insights into the observed
ligand. In addition, the overlap is reduced when a CO is trans trends in the FeN, and Cr-N, bond energies as a function of
to N, relative to when an Nis trans to an i (see Table 9).  increasing numbers of dinitrogen ligands, it will prove useful
The overlap decreases when there is a trans CO because thg evaluate how much the metaC and G-O bonds are affected
interacting MOs are less localized on the metal as a result of by the consecutive replacement of CO by Iigands.

the better capability of CO to back-bond. On the basis of the G, Effect of Dinitrogen Substitution on Metal-C and C—O

MO energy levels and overlap, the amount of electron density Bonding. Table 10 contains a summary of the effect of
to be transferred is expected to be less when there is a tranginitrogen substitution on GrCO interactions, in terms of the
CO. As a consequence the bonding interaction involves more energy decomposition analysis and the change in Mulliken’s
electrons {0.07) when N is trans to another ) as opposed  electron populations for the relevant chromium complexes. For
to when an N is trans to a CO. Then, it is clear thiite lack the dinitrogenated chromium complexes, the tota-CO

of a CO trans effect is a strong, if not dominating, factor in the interaction energyAE, + AEserd decreases as the number of
predicted increase in the €M, bond energy of Cr(Ne. nitrogen ligands increases. This trend is accompanied by a
Calculations indicate that the bond dissociation energy for Cr- decrease in the GiCO bond energy and a lengthening of the
(N2)s should be as large as that for Cr(G@.), although to Cr—C bond with increasing. In addition, the substitution of a
our knowledge there is no experimental data on the bond N, for a CO leads to less electron density on the metal fragment
dissociation enthalpy for Cr(f. The increase in stability of  (less basic). Therefore, the demand for electron density to back-
Cr(Ny)s relative to the other dinitrogen complexes is related to bond to the CO ligand(s) has to be supplied by the metal itself,
the lack of a CO ligand bound to the metal, which manifests consistent with the increasing gross positive charge on the metal.
itself in the energy decomposition terms, populations and The CO trans effect is again evident in the trends in bond
overlaps, which are very similar to those obtained forritve energies. Both orbital and steric interactions are larger for any
4 and 5 complexes for an,Nrans to another N CO trans to an Blcompared to a CO that is trans to another

behavior is observed forMlissociation from Cr(CO)(Ns. The
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TABLE 10. Energy Decomposition? Gross Mulliken Populations Changes (i);, i = L for Ligand, or fr for Metal Fragment),
Bond Lengths, and Force Constants for Cr-CO Interaction in Cr(CO) g-n(N2)n

n=20 n=1 n=2 n=3 n=4 n=>5

AEqt 43.8 49.6 47.7 46.2 45.0 435
(41.6) (39.6)
AEqi 78.2 89.9 88.5 87.1 85.3 83.0

AEserc ~34.6 —40.6 ~40.8 ~40.9 ~40.3 ~395
AEpaui ~114.2 21278 ~126.8 ~1255 ~1226 ~119.2
AEus 79.6 87.2 86.0 84.6 82.3 79.7
—P(L), 0.39 0.41 0.39 0.38 0.36 0.35
P(L)oo 0.40 0.44 0.44 0.44 0.43 0.42
P(fr), 0.34 0.38 0.40 0.40 0.41 0.40
—P(fr)us 0.32 0.34 033 0.32 0.32 031
r(C—Op 1.162 1.165 1.165 1.166 1.165 1.165
r(Cr—Cy 1.894 1.861 1.864 1.866 1.868 1.871
Z(Cry 0.624 0.699 0.762 0.815 0.862 0.909

aEnergies in kcal/mol; values in parentheses correspond to CO trans to anotheB@@l. lengths 1) in A. ©Mulliken charge in the metal.

CO. The trans effect is also reflected in the-@ and C-O 2150
bond distances. Any CO trans to another CO has longefQCr
bonds and shorter €0 bonds than those trans to an.N
However, the GO 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 bon#ifig).

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 ofigédnds
increase (Figure 6). To follow the shift of the CO stretching
frequencies as a function of the number ofIands, the CO
stretching modes in the lower symmetry molecules that correlate
with the t, (IR active) and g (IR inactive) mode% of Cr- 1900 I 1 . I ! l
(CO) were calculated. It is often assunigdhat a trend of 0 1 2 3 4 5
decreasing CO stretching frequency is associated with a 2000
decreasen the metat-carbon bond length. Such arguments are
based on the assumption that a shortening of the me#abon

bond occurring in concert with a lengthening of the G bond

can be viewed as a manifestation of the factor(s) that leads to
a decrease in the CO vibrational frequency. For example, the
tyy CO stretch in Cr(CQ)is at 1987 cm? and the C+C bond
length is 1.894 A, whereas the symmetry correlated e mode in
Cr(CO)(Ny) is at 1975 cm' and the Cr-C bond length is 1.861

A. In this comparison, thdecreasingCO stretching frequency

is accompanied by decreasen the Cr—C bond distance, as
anticipated, because the coordinatively unsaturated species is
the same in both cases: Cr(GOAlthough this picture may
hold when considering the effect of substitution of one ligand
for another around an otherwise unchanged metal ceihier, n for CCO)g-n(N2)n

not necessaryalid when considering the effect of addition of  Figure 6. Calculated ®) and experimentall) C—O stretching
a ligand to different coordinatively unsaturated complexes, as frequencies for the complexes Cr(GQYNz)».. Top and bottom
is the case for the series of dinitrogenated complexes. In this correspond to modes correlated to thgand &, modes of Cr(CQ)
latter case, caution has to be exercised in attempting to use CO€sPectively.

vibrational frequencies to determine changes in the metal by a corresponding trend in the-€€ bond length: an increase
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carbon bond order. For example, in the Cr(€Q(N2), series, in bond length is mirrored by a decrease in the force constant
the Cr—C bond lengthincreasesasn increases, although the and visa versa.
corresponding CO frequencies atecreasing(see Table 10). In addition, the trans effect is manifested in the magnitude

Although there are variations in the magnitude of the force of the calculated force constants. Figure 7 shows the variation
constants a® increases, with the exception of the Cr(GO) in Cr—C and C-O force constant with bond length for Cr-
(N2)s complex, the trend in the €1C force constants is matched (CO)(N2) and Cr(CO)(N).. These two complexes have two
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TABLE 11: Energy Decompositiorf and Gross Mulliken Populations Changes R(i);, i = L for Ligand, or fr for Metal
Fragment) for Fe—CO Interaction in Fe(CO)s-n(N2)n

n=20 n=1 n=2 n=3 n=4
AEot 48.7 50.2 47.4 52.4 49.4
(52.4) (49.8) (56.0) (53.2)
AE,i 93.2 99.8 94.3 110.3 102.5
(95.1) (90.5) (101.6) (101.8)
AEsteric _445 _496 _469 _579 _534
(—42.7) +41.4) +45.7) (+48.6)
AEpauii —155.6 —167.8 —159.2 —185.2 —174.3
(—141.1) 136.3) 146.1) 149.7)
AEgst 1111 118.2 112.3 127.3 120.9
(98.4) (94.9) (100.4) (101.2)
—P(L), 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)pb 0.49 0.54 0.49 0.58 0.53
(0.44) (0.43) (0.46) (0.45)
r(C—0) 1.163 1.165 1.165 1.168 1.168
(1.160) (1.160) (1.163) (1.163)
r(Fe—C)° 1.792 1.779 1.787 1.764 1.775
(1.794) (1.801) (1.768) (2.773)
Z(Fe¥ 0.422 0.467 0.511 0.617 0.654

aEnergies in kcal/mol; values in parentheses corresponds to CO in the axial pdsBimmd lengths in A¢ Mulliken charge on the metal.

33

a;' symmetry correlated mode and a trend of decreasing

15.0
— . . ™ 0 frequency for the & and ¢ modes. The trend for the calculated
S 19y 1 O a' vibrational mode is opposite to what is seen for the series
'g s ] F32 g'f' of chromium complexes and deserves further consideration.
T oz 1 2 ., 3 IV. Conclusions
bl O
E 146 2 Geometries were optimized and bond energies and frequen-
g . 3 cies were calculated for Fe(CO)(N2), n = 0-5, and
9 sl 1% 3 Cr(CO)%-n(N2)n, n = 0—6, complexes using DFT with the BP86
§ 2 § functional. The M-CO bond enthalpies in Fe(C®and Cr-
o " 2o 5 (CO) were calculated to be 43.4 and 41.2 kcal/mol, respectively,
© sl 3 in good agreement with the experimental values of44 236
Ay ®2 for Fe(COy and 37+ 236 and 37+ 5%7 for Cr(CO). For metat-
142 -— . ; — 28 N, bond enthalpies, the calculated value for the-Np bond
1162 1163 1164 1165 185 1.86 187 188 169 190 1.1 dissociation enthalpy in Cr(CE(N>) of 21.1 kcal/mol agrees
“co ot well with the experimental val#&in heptane solution of 19

Bond Length (Angstroms)

1. Although there are no quantitative experimental data for the
bond enthalpies for the other chromium complexes, the bond

Figure 7. Calculated G-O and Cr-C force constants for (1) Cr(C®)
(N2) and (2) Cr(CO)N,).. Circles are data for CO trans to CO and
triangles for CO trans to N

enthalpy calculations fais-Cr(CO)(N2), andfac-Cr(CO)(N2)3
agree well with estimates of the bond enthalpies that can be
obtained from the half-lives for these complexes which have

different types of CO ligands: some are trans to another CO been reported in low-temperature condensed phase experiments.
and some are trans to aMgand. As seen in Figure 7, the The calculated value for the Fé&, bond enthalpy for eq-Fe-
Cr—C force constant for these complexes is larger for a CO (COM(N2) (19.0 kcal/mol) is in agreement with the gas-phase
trans to N than for a CO trans to CO, consistent with shorter experimental valu€ (17.6+ 1.8 kcal/mol). The experimental
calculated C+C bond lengths for COs trans to,N Fe-N, bond enthalpy in the Fe(Cg{N2). complex was

For the Fe(CQ)-,(N2), complexes, the trends in metaCO determined’ to be 9.0+ 4.6 kcal/mol. Calculations indicate
interaction energies are dependent on whether the CO is in thethat the cis-(a,e) isomer is the most stable, which is consistent
axial or the equatorial position. Table 11 contains data for the With the pattern and positions of the calculated and experimental
lowest energy complexes in the series. When an axial CO is CO stretching frequencies. The calculated bond enthalpy for
replaced by an plthe total interaction energy increases for the this isomer is 13.6 kcal/mol. Bond enthalpies of 11.4 and 8.1
equatorial CO(s) and decreases for any remaining axial COs.kcal/mol were calculated for the cis-(e,e) and trans isomers,
The trend in the interaction energy is similar to that found for respectively. Comparisons of calculated frequencies for singlet
the Fe-N, interactions discussed in section IIl.B., and it is and triplet Fe(COYN) with experimental data are consistent
reflected in the Fe C bond length. However, comparisons with  with Fe(CO}(N;) having a triplet ground state with the; i
trends in the CO stretching frequencies cannot be made for thethe pseudoaxial position.
entire series of iron complexes because a complete set of In general, calculated metaCO bond energies are almost
experimental frequencies is not available. Nevertheless, as twice as large as the corresponding mefd} bonds because
increases, calculations predict an increase in frequency for theCO is better at both donating and accepting electron density
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than N. In both series of complexes, the metil; bond energy (2) Laird, B. B-I: Rc;]ss, R. B.; Ziegler, T. IG@hemical Applications of

o i ; Density Functional Theory ACS Symposium Series 629; American
decrea.ses ?Shth?:numb_l_e; of Iigda}ndsd I.S mcreas.ed’hwglﬂthe Chemical Society: Washington DC, 1996; Chapter 2.
exception of the Cr(}ye. gpre Icted Iincrease In the N2 (3) Density Functional Methods in Chemistrizabanowski, J. K.,
bond energy of Cr(}s relative to the other complexes in the  Andzelm, J. W., Eds.; Springer-Verlag: New York, 1991.
chromium series is due to the lack of CO a “trans effect” which oh 4) geg Ziesgler,ST-Chem- Re. 1991 91, 651. (b) Ziegler, TCan. J.
is present in the other dinitrogen i mpounds in this ©hem.1993 73, 743.
S p ese_l_:]. the ot fet dinit of?e t |SUbSt tuttﬁd EO é)?ju ds . tF S (5) (a) Ziegler, T.; Rauk, ATheor. Chim. Actd 977, 46, 1. (b) Ziegler,
series. This type of trans effect lowers the bond dissocialion 1. g4k ‘A Inorg. Chem1979 18, 1558. (c) Ziegler, T.: Rauk, Anorg.
energy of the N ligand trans to the CO. Additionally, a CO  chem.1979 18, 1755.
trans to an N ligand weakens that bond as a result of the 5 (6) C?id(Ee"}Jauga F.é/lﬁ;nl\]lliggzrigg,zllgal\/l.; van Wezenbeek, E. M,;

ronger back-bondin ility of with r Nh aerenas, £. J. Fhys. Lhe i :

5th0 g€ Eac .bo ding allb Ly 0 dCOt t (ﬁspegt tt@ L;S,b th (7) (a) Morokuma, KAcc. Chem. Red.977 10, 294. (b) Kitaura, K.;
when a chromium complex has dinitrogen ligands trans to both y;o0kuma, K.Int. J. Quantum Cheni976 10, 325.
CO and N, the dinitrogen trans to CO dissociates preferentially. (8) Turner, J. J.; Simpson, M. B.; Poliakoff, M.; Maier, W. B., II;
The trans effect is also manifested in the relative stability of Graham, M. A.Inorg. Chem.1983 22, 911.
isomeric chromium complexes. Both experiments and calcula- ({g; \I?VeVOFE:], TL' c,|n(gg.Tcr\1/5n_1t.19éGP1hS, l?c’:th' R001, 105 3765
. g . . . ang, J.; Long, G. T.; Weitz, B. Phys. Chem. .
tions indicate that _the lowest energy isomer is t_he_ one with a (11) Doeff, M. M.. Parker. S. F.. Barrett, P. H.. Pearson, RIN®rg.
larger number of Mligands trans to CO ligands. This is because, chem.1984 23, 4108.
although having a trans CO weakens the-Np bonds, the (12) Crabtree, R. HThe Organometallic Chemistry of the Transition
Cr—C bonds are strengthened by not having a trans CO. TheMetals 2nd ed.; Wiley and Sons: New York, 1994.

; ; ; ; (13) Jaguar 3.5and4.0; Schrodinger, Inc.: Portland, OR, 1998999.
trans effect is also evident in the chromium complexes, where (14) (a) Friesner, R, AChem, Phys. Letf1985 116 39. (b) Friesner,

an N ligand trans to a CO ligand leads to a stronger-Cr R. A. J. Chem. Phys1987, 86, 3522. (c) Friesner, R. Al. Phys. Chem.
bond at the expense of the-© bond. In these complexes the 1988 92, 3091. (d) Langlois, J. M.; Muller, R. P.; Coley, T. R.; Goddard,
C—0 stretching frequencies decrease as the number,of N ‘1’\398-@2'”?74"‘329{‘3)“%% M. l’(\j‘-? XAVOQ \é-?"']:r'gsﬁf'FR- Al CEEMT-CE“VS-
. . .. . . " " . (e Ingnalaa, M. N.; belnadj, M.; Friesner, g em.
ligands increase. Thls_|s aresu_lt ofa_reductlon inthe competition Phys.1990 93 3397. (f) Friesner, R. AAnnu. Re. Phys. Chem1991
for the electron density that is available for back-bonding to 94 8152.
the CO. (15) Slater, J. CQuantum Theory of Molecules and Solids, Vol. 4: The
For iron complexes where there can be axial and equatorial Self-Consistent Field for Molecules and SojicGraw-Hill: New York,
d|n|trog(_en ligands, ther_e is a preference for dissociation o_f the (16) Vosko, S. H.; Wilk, L. Nusair, MCan. J. Phys198Q 58, 1200.
equator_|al over the axial j\lllga_nd_because the de_formatlon (17) Becke, A. D.Phys. Re. A 1988 38, 309818.
energy is smaller for an equatorial ligand loss. More importantly,  (18) (a) Perdew, J. FPhys. Re. B 1986 33, 8822. (b) Perdew, J. P.
the decrease in bond energy with increasing numbers,of N Ph{lsé)Rg 81'398J6 3\;4\} 7(1‘:03\-/ R1. Chem. Phys1985 82, 209
; ; ; ; : ay, P. J.; Wadt, W. Rl. Chem. Phy . 299.
ligands is not the result of a dec.rease .In the net interaction (20) Jaguar 3.5 User’s Guide, Schrodinger, Inc.: Portland, OR, 1998;
energy of the complex. Rather, it is dominated by the amount , >4’
of energy required to deform the reacting moieties into  (21) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Phys1971,
geometries that correspond to their configuration in the equi- 34' k7|24- ‘(]b)SHegfei Wj JA:] P&gle, J-Pﬁ- glfglf;r?n-eghg%9g)5|_|6, 4533- (CI)D
P : : inkley, J. S.; Pople, J. Al. Chem. Phy: , 06, . ariharan, P.
librium geometries of th(_a resulting cqmplex. On the qther_ h_and, C.; Pople, J. ATheor. Chim. Actal973 28, 213. (e) Hehre, W. J.
the deformation energy in the chromium complexes is minimal, pitchfield, R.; Pople, J. AJ. Chem. Physl972 56, 2257 (f) Francl, M.
and the CrN; bond energy is effectively determined by the M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; DeFrees, D.
orbital interaction energy. Although the orbital interactions of J- (Zgg)l?é)lcgjrkC;]?rg'hzgé/rsigglfhg §§5§hitznagel 6. W.: Schleyer, P
iron with dinitrogen are larger than those of chromium with ("5 ;" comput. Chem1983 4, 294. (b) Frisch, M. J.: Pople, J. A..
dinitrogen, the much larger deformation energy for the iron Binkley, J. S.J. Chem. Phys1984 80, 3265. (c) Krishnan, R.; Binkley, J.
complexes accounts for the differences in stability of carbonyl S.; Seeger, R.; Pople, J. A. Chem. Phys198Q 72, 650. (d) McLean, A.
dinitrogen iron complexes relative to the analogous chromium D+ Chandler, G. SJ. Chem. Phys198Q 72, 5639,

I Thus, we have demonstrated that the magnitude of (23) Baces, A, Ziegler, T.J. Phys. Cheml995 99, 11417.
complexes. : ' : . g - (24) (a) Beces, A.; Ziegler, TTopics in Current Chemistr\Nalewajski,
the deformation energy can be the dominant factor in determin- Rr. F., Ed.; Springer-Verlag: New York, 1996; Vol. 182, p 42. (by s,
ing the change in bond dissociation energy among the iron A.; Ziegler, T.J. Phys. Cheml994 98, 13233. _ _
dinitrogen complexes and between a given iron dinitrogen . (25) Deakyne, C. A/ Liebman, J. F. Encyclopedia of Computational

. . . . Chemistry Schleyer, P. v. R., Allinger, N. R., Clark, T., Gasteiger, J.,
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determine bond dissociation energies in organometallic com- (26) Boys, S. F.; Bernardi, AMol. Phys.197Q 19, 553.

; (27) (a) Amsterdam Density FunctionaADF; SCM, Vrije Univer-
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