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Density functional theory has been used to analyze the detailed reaction mechanism for the reductive cleavage of CO2 by a
dinitrogen bridged bis-β-diketoiminatediiron complex, LtBuFe-N2-FeLtBu (I), recently reported by Holland and co-workers.
A number of pathways have been investigated and the most likely mechanism correlates well with experimental evidence.
A rationale has been provided for the binding of CO2, the release of CO, and the ready formation of CO3

2-. Our results show
that the insertion of CO2 into the diiron complex is the rate determining step of the reductive cleavage reaction. An
intramolecular reduction step from the reduced dinitrogen bridge is proposed which serves to increase the activation of CO2.
This is followed by an intersystem crossing from the septet to the nonet state which acts as a driving force for the subsequent
release of CO. The overall reductive cleavage reaction is exergonic by 120 kJ/mol, and further reaction of the releasedCOwith
the starting diiron complex is also predicted to be strongly exergonic.

Introduction

An increase in atmospheric CO2 concentration is broadly
responsible for the issue of global warming.1 A conceivable
approach for solving the problem is to use CO2 as a precursor
to the synthesis of high value products.2 The transition metal-
promoted coupling reaction between CO2 and an unsaturated

group, leading to the formation of a new covalent bond, has
been introduced as a major step in CO2 activation.3,4 The
reductive C-O scission of CO2 using transition metal com-
plexes is an alternative way for reducing the CO2 concen-
tration.5 In this regard, Caulton and co-workers in a combined
theoretical and experimental study, showed that [(tBu2PCH2-
SiMe2)2N]Ni is capable of breaking one of the C-O bonds of
CO2.

6 The reduction of CO2 using [PhBPCH2Cy3]Fe, where
[PhBPCH2Cy3] = [PhB(CH2P(CH2Cy)2)3]

-, was also reported
by Peters et al.7 Sadighi and co-workers also showed that a
(NHC)Ni complex (NHC=N-heterocyclic carbene) is capable
of promoting the reductive disproportionation reaction
2CO2 þ 2e- f CO þ CO3

2-.8 Theoretical studies carried
out by Li and Lin established that transfer of an oxygen atom
from a side-on bonded CO2 ligand to an incoming CO2 results
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in breaking of theC-Obondof the boundCO2 and formation
of CO3

2-.9 In a DFT study, we also rationalized why the
Laplaza/Cummins L3Mo (L = N(R)Ar) system10 with a d3

configuration is unreactive toward the reduction ofCO2 to give
L3ModOþL3Mo;CO, andwhy the d2 3-coordinate systems
such as L3Nb and L3Ta are reactive.11 The mechanism of the
reaction of (NHC)CuBpin þ CO2 f (NHC)CuOBpin þ CO
(pin = pinacolate = OCMe2CMe2O)

5b was revealed by Lin
and co-workers.5c They showed that the boryl group migrates
to the carbon atom of CO2 followed by the CO elimination
through the subsequent migration of the boryl group from
carbon to oxygen to form (NHC)CuOBpin þ CO.

1:25 LtBuFe-N2-FeL
tBu þ 2 CO2

I

f 0:5 LtBuFeðCOÞ2
II

þLtBuFe-CO3-FeL
tBu

III
þ1:25 N2

ð1Þ

An interesting example of these processes is the cleavage of
CO2 by the diiron(I) complex LtBuFe-N2-FeLtBu (I), where
LtBu = 2,2,6,6-tetramethyl-3,5-bis[(2,6-diisopropylphenyl)-
imino]hept-4-yl,12 affording a mixture of the dicarbonyl-
iron(I) complex LtBuFe(CO)2 (II) and the carbonatodiiron-
(II) complex LtBuFe-CO3-FeLtBu (III) (see eq 1).13 The
mechanism shown in Scheme 1 was proposed for this reaction
(the reductive C-O scission of CO2 using I). It includes the
following steps: (1) The formationof theoxodiiron(II) complex
LtBuFe-O-FeLtBu (IV) through the treatment of the septet
complex IwithCO2. It is at this stage that the reductive scission

of the CdObond is proposed to occur. (2) The LtBuFe-CO3-
FeLtBu complex III is formed via the reaction of CO2 with
LtBuFe-O-FeLtBu. (3) TheCOmolecule released from stage 1
then interactswith I to afford II. In this study,we investigate the
proposed mechanism in more detail using density functional
theory (DFT).We hope that the current study provides insight
into how and why the diiron(I) complex is reactive toward the
reduction of CO2. This paper also discusses how the shift
between different spin states on the potential energy surface
affects the reaction mechanism of the CO2 cleavage. In this
report,we also try to understandwhyLtBuFe-O-FeLtBu has a
strong tendency to react withCO2.

13 To date, all the theoretical
studies have focused only on the structure and bonding of such
Fe complexes.12,14 An understanding of the reaction mechan-
ism will be helpful in the design of new Fe reactants for the
breaking of small molecules.

Computational Details

Gaussian 0315 was used to fully optimize all the structures
reported in this paper at the B3LYP level of DFT.16 The
effective core potential of Hay and Wadt with a double-ζ
valence basis set (LANL2DZ) was chosen to describe Fe.17

The6-31G(d) basis setwasused forotheratoms.18Thisbasis set
combination will be referred to as BS1. Frequency calculations
were carried out at the same level of theory as for struc-
tural optimization.To further refine the energies obtained from
theB3LYP/BS1 calculations,wecarriedout single point energy
calculations for all the structures with a larger basis set (BS2).
BS2 comprises the 6-311þG(3df) basis set for Fe and the
6-311þG(2d,p) basis set for the other atoms. Comparisons of
single point energies using the B3PW91 functional19 have also
been carried out and are available in Supporting Information.
This functional does not alter the overall outcome of the
B3LYP potential energy surface and reconfirms the insertion
reactionofCO2between the twoFe atomsas the rate determin-
ing step. To estimate the correspondingGibbs free energies, the
entropy corrections were calculated at the B3LYP/BS1 level
and added to all the single point energy calculations.
We have used the B3LYP/BS2//B3LYP/BS1 energies

throughout the paper unless otherwise stated. The high spin
multiplicity encountered resulted in the use of the computa-
tionally expensive quadratic convergence routine (scf=qc) for
most of the geometry optimizations.20 Full molecular optimi-
zation would thus be computationally expensive and hence a
reduced model has been employed (vide infra). The NBO
program, as implemented in Gaussian 03, was used to analyze
the natural bond orbitals and the second order interaction
energies for some of the species involved in the reaction.21

Scheme 1
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Minimum energy crossing points (MECPs) between states in
the septet and nonet reaction paths have been located using
either the code of Harvey et al. at the B3LYP/BS1 level of
theory22 or with the program ORCA23 using the B3LYP
functional with a 6-31G(d)[C,H, N, O], TZP[Fe], BS3, basis.
Both of these models give similar crossing point energies
relative to the higher lying septet state. Exchange coupling
constants between the iron atoms for the intermediates in the
concerted reaction were calculated using the broken symmetry
approach of Noodleman.23b This involves DFT calculations
for the low spin open-shell molecules in which the R and β
densities are allowed to localizeondifferent atomic centers.The
procedure usedwas that implemented byNeese in the program
ORCA using the B3LYP/BS3 model.23c

Results and Discussion

As stated in the Introduction, we shall here investigate
the mechanism formulated by Holland and co-workers
(Scheme 1) to show how LtBuFe-N2-FeLtBu is capable of

breaking the CdO bond of CO2. For this purpose, we
used the model reactant complex 1 in which the Ar
substituents at N and the tert-butyl groups in LtBu-

Fe-N2-FeLtBu were substituted by CH3 and H, respec-
tively. In previous work on other transition metal
systems, it has been shown that the replacement of Ar
substituents at N by Me groups reproduces much better
the experimental results than replacement by H atoms.24

The overall energy profile for the reaction of 1 with CO2

affording LFe-CO3-FeL is plotted in Figure 1
(insertion of CO2) and Figure 3 (reductive cleavage of
CO2). It follows from this profile that, in good agreement
with the experimental findings, LFe-N2-FeL is capable
of breaking a CdO bond of CO2.N_X andNTS_X in the
figures are the nomenclatures used for the species on the
relative energy surface, whereX=Du stands for doublet,
Qa for quartet,Sp for septet, andNn for nonet spin states.
N represents the minimum structures, and NTS corre-
sponds to the transition structures on the B3LYP relative
energy surface. Throughout the paper, the relative free
energies calculated at 298.15 K and 1 atm are used to
analyze the reaction mechanism while the corresponding
electronic energies are given in parentheses for compar-
ison. While being aware that the ΔG values are over-
estimated from the gas phase calculations because of the
suppression of the rotational and translationalmotions in
solution, wewill see in the discussion that the errors inΔG
do not change the conclusions made here.

1. Reductive C-O Cleavage of CO2 and Formation of

LFeOFeL. Different possibilities for the mechanism of

the CO2 cleavage and the formation of the LFeOFeL
complex were explored with the DFT calculations, and
the results of the calculations are shown in Figures 1 and 3.
The optimized geometries of the selected stationary
points involved in these mechanisms are shown in Figure 2.
In all cases the initial electronic state of the reactants is
an overall septet state (LFe-N2-FeL) and the final state
of the products is a nonet state (LFe(CO3)FeL). This
implies that at some point in the reaction path there will

Figure 1. Energy profiles calculated for the CO2 insertion into Fe 3 3 3Fe
through three different pathways: (a) concerted, (b) stepwise, and
(c) dissociative. The relative free energies and electronic energies (in
parentheses) obtained from the B3LYP/BS2//B3LYP/BS1 calculations
are given in kJ/mol.
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(23) (a) Neese, F. ORCA - an ab initio, Density Functional and Semi-
empirical program package, Version 2.7; University of Bonn: Bonn, Germany,
2009. (b) Noodleman, L. J. Chem. Phys. 1981, 74, 5737. (c) Neese, F. J. Phys.
Chem. Solids 2004, 65, 781.
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be a crossing from the septet to the nonet state. We have
found several possible points in the reaction path where
this may occur and have characterized these points using
MECP calculations. It should also be noted that the spin
states of the bimetallic species assume only weak inter-
actions between the paramagnetic ions. This has been
explored using broken symmetry calculations.

1.1. Insertion of CO2 into Fe-N2-Fe Complex I. The
first step of the reaction is surmised to be the insertion of
CO2 into the LFe-N2-FeL complex. Three different
pathways for the CO2 insertion were considered: con-
certed, stepwise, and dissociative. In the concerted path-
way, CO2 simultaneously interacts with both the Femetal
centers and gives the dinuclear intermediate LFeCO2FeL.
In the stepwise pathway, CO2 interacts with one of the
Fe centers of 1_Sp in an η2-side-on coordination mode,
weakening the (η2-CO2)Fe-N2 bond. The complex L(η2-
CO2)Fe-N2-FeL then dissociates to LFe(η2-CO2) and
LFeN2 followed by the coordination of the CO2 ligand of
LFe(η2-CO2) to the metal center of LFeN2 to afford
LFeCO2FeL. The dissociative pathway starts with the
dissociation of LFe from LFe-N2-FeL, is followed by
the coordination of CO2 to LFe in an η2-side-on fashion,
and finally the LFe(η2-CO2) interacts with LFeN2 to give
LFeCO2FeL. Here, we will study all the pathways in
detail.

1.1.1. Concerted Pathway. The first step in this path-
way is the binding of CO2 to 1_Sp (Figure 1a). The ground
state for 1 is a septet, a result which is in a good agreement
with earlier experimental and theoretical evidence (the pre-
vious theoretical study employed a simpler version of 1 in

which the CH3 groups were replaced by H).12 The X-ray
crystal structure for LtBuFe-N2-FeLtBu was reasonably
reproduced using the B3LYP/BS1 calculations on the
model complex 1_Sp (see Figure 2). The calculated di-
hedral angle between two Fe-ketiminate moieties of 1_Sp
is about 99.8�. Consideration of theMulliken charges and
spin populations indicate that the electronic state in 1 is
best described as resulting from a strong antiferromag-
netic interaction between two high-spin Fe(II) ions and a
triplet state N2

2- anion.12c A broken symmetry calcula-
tion for this configuration gave an exchange coupling
constant (-2JS1 3S2) J = -1303 cm-1 in comparison to
estimates for the coplanar D2h symmetry complex J =
-1809 cm-1.12c Attempts to obtain the coplanar form of
1_Sp led to a structure with a dihedral angle of 37.0� lying
3.8 kJ/mol above 1_Sp.
In the initial encounter CO2 approaches one of the Fe

metal centers of 1_Sp via an η1-end-on mode,25 giving the
weaklyboundcomplex2_Sp inwhich the initial1_Spmoiety
is onlyweaklyperturbed.From2_Sp,CO2 candirectly insert
between the Fe atoms to generate 3_Sp via the transition
structure 1TS_Sp with a calculated barrier of 94.3 kJ/mol,
Figure 1a. 3_Sp is higher in energy than 1_SpþCO2 by 70.4
kJ/mol. In 1TS_Sp there is a partial shift of charge and spin
from the bridgingN2

2- to the bridgingCO2, a process that is
near completion in 3_Sp. TheMulliken electron population
ofCO2changes fromþ0.064 in2_Sp to-0.084 in1TS_Sp to
-0.484 in 3_Sp. There is a corresponding lengthening of the

Figure 2. Optimized structures with selected structural parameters (bond length in Å) for some of the species involved in the energy profiles shown in
Figures 1 and 3. Experimental X-ray structure values are shown in parentheses for 1_Sp.

(25) Attempts to calculate an intermediate in which CO2 coordinates to a
Fe metal center via its carbon center result in the formation of intermediate
6_SP (Figure 1b).
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C-O distances and a bending of the CO2 moiety in 3_Sp

(see Figure 2). The insertion of the π-acid CO2 molecule
reduces theFe-to-N2 charge transfer, as evidencedby the less
negative charge of -0.210 on N2 in 3_Sp versus -0.474 in
1TS_Spversus-0.548 in1_Sp.TheCO2 insertionalsoweak-
ens theFe-N2-Febonds; theFe1-N1andFe2-N2bonds
in 3_Sp are lengthened by 0.048 and 0.568 Å, respectively, as
compared to their corresponding Fe-N bonds in 2_Sp (see
Figure 2). Indeed, the inserted CO2 ligand competes against
theN2 ligand for back-donation,weakening theFe-N2-Fe
bonds.
Two pathways are then possible: First N2 dissociation

from 3_Sp to generate 4_Sp could occur through the low
energy transition structure 2TS_Sp which lies only 1.3 kJ/
mol uphill of 3_Sp. The free energy change for the N2

dissociation is -67.8 kJ/mol. Thus, the dissociation process
is both kinetically and thermodynamically possible. The N2

dissociation, leading to an increase in CO2 activation, en-
hances the stability of the coordination complex 4_Sp rela-
tive to 3_Sp; the charge carried by CO2 in 4_Sp (-0.583) is
more negative than in 3_Sp (-0.484). In other words, the
strongerFe-CO2-Febonding interactions in4_Sp counter-
act the energy needed for breaking of theFe-N2-Febonds.
The N2 binding free energies in LFe-N2-FeL (eq 2) and

LFe-N2 (eq 3) are calculated as 102.3 and 51.3 kJ/mol,
respectively.

LFe-NdN-FeL
ðseptetÞ sB

ΔE1¼
102:3 kJ=mol

LFe-N � N
ðquartetÞ

þ LFe
ðquartetÞ

ð2Þ

LFe-N
ðquartetÞ

� NsB
ΔE2¼

51:3 kJ=mol
N � N
ðsingletÞ

þ LFe
ðquartetÞ

ð3Þ

An alternative pathway involves an intersystem cross-
ing from 3_Sp to a nonet state complex 3_Nn. TheMECP
C1, at the B3LYP/BS3 level of theory was found to be
about 16.9 kJ/mol above the energy of 3_Sp (Figure 1a).
The resultant lower energy nonet state complex 3_Nn is
weakly stable with nitrogen bound to a single iron atom.
Nitrogen dissociates in a near barrierless process to give
the CO2 bridged complex 4_Nn.
In 4_Sp, CO2 is bound to Fe2 through one of the oxygen

atoms of CO2. A structural rearrangement through the
transition structure 3TS_Sp (Figure 1a),with a small barrier
of 1.6 kJ/mol, gives the η2-end-on coordination complex
5_Sp in which both of the oxygen atoms of CO2 coordinate
with Fe2 (Figure 2). CO2 in 5_Sp is more activated than in
4_Sp, as judged from the more negative charge carried by
CO2 (-0.665) as well as the longer C-O bond distances in
5_Sp. The increased level of the CO2 activation in 5_Sp is
reflected in the greater stability of 5_Sp versus 4_Sp.
On the nonet surface, 4_Nn, which arises from 3_Nn, may

also occur by an intersystem crossing from 3_Sp. The
MECP, C2, for this second process occurs 18 kJ/mol
in energy above 3_Sp. 4_Nn rearranges via a low energy
(3.2 kJ/mol) transition structure 3TS_Nn to give the equiva-
lent complex 5_Nn. Again this species is lower in energy (by
24.2 kJ/mol) than 5_Sp on the septet surface. AMECP,C3,
between 5_Sp and 5_Nn has been calculated to be only 5.5
kJ/mol above the 5_Sp ground state. The CO2 molecule
bound in 5_Nn is similar to that found in 5_Sp. The CO2 is
again more activated than in initially formed 4_Nn with
more negative charge (-0.688 4_Nn vs -0.767 5_Nn) and
again longer C-O bond distances. The preference for the
isomer 5_Sp over 4_Sp and 5_Nn over 4_Nn is also sup-
ported by experimental geometries for other mixed metal
systems M/CO2/M

0.26 Our calculations predict a distorted
tetrahedral coordination around Fe2 in 5_Sp (the Fe2-O1
distance is 0.257 Å longer than the Fe2-O2 distance) while
in 5_Nn the coordination geometry is more regular with
Fe-O bond distances of 2.129 and 2.072 Å .

1.1.2. Stepwise Pathway. This pathway starts with the
interconversion of the η1-end-on coordination mode of
CO2 to η

2-side-onmode, leading to the formation of 6_Sp
(Figure 1b). Because of the flatness of the relative energy
surface in the vicinity of the intermediate 6_Sp, no
transition state is located for the conversion of 2_Sp f
6_Sp. 6_Sp is much less stable than 2_Sp indicating that
the Fe1 atom in 2_Sp is very reluctant to coordinate CO2

through the η2-side-on mode. In other words, one metal
center in LFe-N2-FeL is not sufficiently electron-rich to
yield a relatively stable η2-side-on species. The coordination

Figure 3. (a) Energyprofile calculated for theCO2 cleavage reactionand
the reaction ofLFe-O-FeLwithCO2 for the formation ofLFeCO3FeL.
(b) Two alternative pathways for the formation of LFeCO3FeL from the
reaction of LFe-O-Fe(CO)L with CO2. The relative free energies and
electronic energies (in parentheses) obtained from the B3LYP/BS2//
B3LYP/BS1 calculations are given in kJ/mol.

(26) (a) Gibson, D. H.; Ye, M.; Richardson, J. F.; Mashuta, M. S.
Organometallics 1994, 13, 4559. (b) Lutz, M.; Haukka, M.; Pakkanen, T. A.;
Gade, L. H. Organometallics 2001, 20, 2631. (c) Gibson, D. H.; Sleadd, B. A.;
Mashuta, M. S.; Richardson, J. F. Organometallics 1997, 16, 4421.
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of CO2 in side-on mode substantially reduces the Fe1-to-N2

charge transfer and thus weakens the Fe1-N2 bond; the
negative charge on N2 decreases from -0.578 in 2_Sp
to -0.204 in 6_Sp, and the Fe1-N2 bond lengthens from
1.807 Å in 2_Sp to 2.202 Å in 6_Sp (Figure 2). 6_Sp easily
dissociates into LFe(η2-CO2) (7_Qa) and LFeN2 (8_Qa)
with a reaction free energy of-35.3 kJ/mol. At the end, the
reaction of 7_Qa with 8_Qa leads to the N2 loss and the
formation of 5_Sp.

1.1.3. Dissociative Pathway. In this pathway, the reac-
tion proceeds first via breaking one of the Fe-N2 bonds
in 1_Sp and subsequently furnishing LFe-N2 and LFe
(Figure 1c). This process is thermodynamically unfavor-
able and requires about 102.3 kJ/mol. The coordination
of CO2 to LFe via an η

1-end-on fashion then gives 10_Qa,
being thermodynamically 18.6 kJ/mol less stable than
1_Sp þ CO2. After that, the CO2 ligand in 10_Qa under-
goes a barrierless interconversion from η1-end-on to η2-
side-on to generate 7_Qa. Unlike in the case of LFeN2-
FeL, the η2-side-on coordination of CO2 to LFe is
strongly preferred; 7_Qa is 65.7 kJ/mol below 10_Qa.
This is logical because the absence of the π-acid N2 ligand
in the less saturated species LFe increases the capability of
the Fe metal center to force CO2 coordination via an η2-
side-on fashion.
Comparing the energy profiles shown in Figure 1, it

appears that the concerted and stepwise pathways are the
most accessible processes with lower lying barriers. How-
ever, on the basis of our calculations, distinguishing between
these two pathways, concerted and stepwise, is difficult. This
argument can be further supported by the B3PW91/BS2//
B3LYP/BS1 calculations. Using the B3LYP functional, the
energy maxima for the concerted, stepwise, and dissociative
pathways are computed as 94.3 (51.3), 90.5 (58.8), and 120.9
(146.6) kJ/mol, respectively. Using the B3PW91 functional
the energy maxima are 93.0 (50.0), 90.1 (58.1), and 132.8
(158.8) kJ/mol, respectively. This comparison also confirms
that a little variation in ΔGq and ΔEq upon going from
B3LYP to B3PW91 is observed.

1.2. Breaking CO2. The complexes 5_Sp and 5_Nn can
undergo a C-O cleavage reaction via the transition
structures 4TS_Sp or 4TS_Nn to form 11_Sp or 11_Nn
with two formal Fe(II) metal centers (Figure 3a), a
bridging oxide anion, and a carbonyl ligand bound to
an Fe(II) center. The reaction is a favorable process; 5_Sp
f 11_Sp is about-15.1 kJ/mol exergonic and takes place
through a transition structure (4TS_Sp) lying only 26.9
kJ/mol above 5_Sp. In comparison the MECP 5_Sp f
5_Nn lies 5.5 kJ/mol above 5_Sp. In the analogous nonet
pathway 5_Nnf 11_Nn is about-44.6 kJ/mol exergonic
and takes place through a transition structure (4TS_Nn)
lying 49.1 kJ/mol above 5_Nn. In 4TS_Sp, Fe2 ap-
proaches closer to O1 with a Fe2-O1 distance of 1.841
Å, the Fe2-O2 bond is nearly broken, and the C-O1
bond is lengthened by 0.349 Å while in 4TS_Nn, Fe2
approaches O1 with a Fe2-O1 distance of 1.887 Å, the
Fe2-O2 bond is nearly broken, and the C-O1 bond is
lengthened by about 0.463 Å . The calculations indicate
that Fe1 in 11_Sp adopts a square planar structure in
which Fe1, CO, O1, and L are almost coplanar. From this
result, one expects that the charge transfer leading to the
reductive C-O cleavage of CO2 should take place from
the dxy orbital, being mainly localized on Fe1, to the

σ*C-O1 orbital of CO2. This interaction results in the full
depopulation of the Fe1 dxy orbital andmakes this orbital
available for coordinating CO, giving 11_Sp with a
square planar geometry around Fe1. The Fe1-CO bond
energy of 76.0 kJ/mol in 11_Sp suggests that CO is
strongly coordinated to Fe1 on the septet surface.
The structure 11_Nn, with a nonet state arising from the

4TS_Nn transition structure, is more stable than 11_Sp
(Figure 3a). This is in accord with the experimental evidence
which reported high spin Fe(II) centers for compounds such
as LtBuFe-CO3-FeLtBu and LtBuFe-O-FeLtBu.13,27 The
MECP,C4, hasbeen located tobeabout6.8kJ/molhigher in
energy than that of 11_Sp (Figure 3a). Geometry optimiza-
tion directly after the intersystem crossing along the nonet
surface, or starting from the structure of 11_Sp in the nonet
state, spontaneously leads to the cleavage of the Fe-CO
bond, forming the oxodiiron(II) complex LFe-O-FeL
(12_Nn) as the product of the intersystem crossing process.
The11_Spf12_NnþCOreaction ispredicted tobe feasible
thermodynamically with a reaction free energy of-57.5 kJ/
mol. The Fe1-CO distance to be broken on the nonet
surface is about 13% longer inC4 than in 11_Sp. The other
bond distances, theFe1-O1,Fe1-N1, andFe1-N2bonds,
are also lengthened slightly upon going from 11_Sp to C4,
indicating a weaker Fe-ligand interaction in C4.
To shed light on the mechanism of this intersystem

crossing process, we investigated the frontier molecular
orbitals for C4, lowest unoccupied molecular orbital
(LUMO) for the septet state and highest occupied mo-
lecular orbital (HOMO) for the nonet state, as shown in
Figure 4. TheLUMOof 11_Sp andC4_Sp corresponds to
the Fe2 dxy orbital having Fe2-ligand σ-antibonding
character (Figure 4a). InC4_Nn, the same Fe2 dxy orbital
is forced to be singly occupied and turns into the HOMO
(Figure 4b), resulting in the weakening of the Fe2-ligand
bonds. The CO dissociation on the nonet surface alle-
viates the antibonding interaction by changing the ligand
environment of Fe1 from four- to three-coordinate, and
thus acts as a driving force for the reaction.
There is added complexity in this septet to nonet

transition. An additional septet state species 11a_Sp of
similar energy to 11_Sp exists with the carbonyl coordi-
nated to a tetrahedral iron rather than a planar iron atom.
These are related by the transition structure 5TS_Sp
which is 17.5 kJ/mol higher in energy than the 11_Sp
species. The MECP to the nonet state 11_Nn from this
state, C5, is 34.1 kJ/mol above 11a_Sp. The net result of
these possible pathways and intersystem crossings is the

Figure 4. Spatial plots for (a) the LUMO of C4 in the septet state and
(b) the HOMO of C4 in the nonet state.

(27) (a) Andres, H.; Bominaar, E. L.; Smith, J. M.; Eckert, N. A.;
Holland, P. L.; M€unck, E. J. Am. Chem. Soc. 2002, 124, 3012. (b) Eckert,
N. A.; Stoian, S.; Smith, J. M.; Bominaar, E. L.; M€unck, E.; Holland, P. L. J. Am.
Chem. Soc. 2005, 127, 9344.
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loss of CO and the formation of the di-μ-oxo bridged
iron(II) complex 12_Nn.
On the nonet surface the species 5_Nn is converted to

11_Nn via the 4TS_Nn transition structure. Here the Fe2
approaches closer to O1 with a Fe2-O1 distance of 1.887
Å, the Fe2-O2 bond is nearly broken, and the C-O1
bond is lengthened by 0.463 Å. The calculations show that
Fe1 in 11_Nn formed from the transition structure
4TS_Nn adopts a stable arrangement in which the CO
ligand bound to the iron atom Fe-1 has a pseudo-tetra-
hedral arrangement of ligands. This species undergoes a
near barrierless ligand dissociation to give 12_Nn.

1.3. Electron Arrangements in the Transformation of
1_Sp to 12_Nn. A combination of the resonance struc-
tures 1_Spa and 1_Spb was proposed by Holland,
M€unck, andBominaar to describe the electronic structure
of LtBuFe-N2-FeLtBu (Scheme 2).12c,d Experimental and
computational studies are consistent with 1_Spb contain-
ing two high spin iron(II) ions antiferromagnetically
coupled to the N2

2- triplet state ion. Our NBO analysis
for 1_Sp supports this idea and shows that only the β
electrons of the Fe metal centers are involved in the π
bonding interaction with the N2 π* orbitals (see Support-
ing Information).

The reaction of CO2 with 1_Sp proceeds via a bridged
transition structure to 3_Sp followed by elimination ofN2

via the septet or nonet pathways. The CO2 molecule
becomes reduced in this sequence with electron density
moving from the bridging dinitrogen. The initial reac-
tants in an overall septet (S = 3) state (LFe-N2-FeL/
CO2) transform to the final nonet (S = 4) state of the
products (LFe(CO3)FeL/N2/CO). This implies that at
some point in the reaction path there will be a crossing
from the septet to the nonet state. In the concerted
reaction path 1_Sp f 12_Nn there are five identifiable
MECPs, C1 to C5. Two of these MECPs, C1 and C2, lie
well above low energy transition structures leading to
the expectation that the reaction may kinetically follow

the septet surface to 5_Sp. The MECP point C3 for the
5_Sp f 5_Nn crossing is low compared to the transition
state energy for 4TS_Sp (5.5 vs 29 kJ/mol). From the
calculations in this work it is not possible to quantita-
tively predict the kinetic path as the spin forbidden
reaction depends not only on the MECP energy but the
surface hopping probability.22,28 This probability is de-
pendent on the spin orbit coupling between the septet and
nonet states.What is clear is that the reaction 1-Sp to 5-Sp
or 5_Nn is thermodynamically favored.
Iron d electron population (nd) analyses and electron spin

densities (Fs) (B3LYP/BS3model) of the iron atoms in 1_Sp
(nd; Fs: 6.18; 3.69) correspond to the iron atoms in high spin
Fe(II) (S=2) states. The septet state arises from antiferro-
magnetic coupling with a triplet state N2

2- species. Follow-
ingCO2 insertionand electron transfer fromN2

2- toCO2, to
give3_Sp, the septet state arises fromferromagnetic coupling
(J=68.2 cm-1) of a high spin (S=2) Fe2(II) (6.30;3.60) with
an intermediate spin (S=1) Fe1(II) (6.53;2.47). The corre-
sponding 3_Nn with S=0 is formed by antiferromagnetic
coupling of two high spinFe(II) ions, Fe1 (6.31;3.6) andFe2
(6.35;3.54),J=-22.8 cm-1.This situation is followed for the
septet and nonet surfaces with ferromagnetic coupling of
S=2 and S=1 iron atoms for the septet states (4_Sp

(6.54;2.07/6.32;3.57), 51.5 cm-1; 5_Sp (6.53;2.11/6.28;3.78),
1144 cm-1; 11_Sp (6.49;2.13/6.27;3.66), 1870 cm-1; 11a_Sp
(6.42;2.09/6.28;3.69), 1019 cm-1) and antiferromagnetic
coupling for 4-Nn with S=0 (6.31;3.58/6.34;3.55), -34.7
cm-1; 5_Nn with S=0 (6.27;3.58/6.27;3.67), -11.8 cm-1;
12_Nn with S = 0 (6.29;3.56/6.29;3.56), -111.1 cm-1;
13_Nn with S=0 (6.29;3.63/6.27;3.67), -6.0 cm-1.
To summarize this section, from the above analysis,

the insertion of CO2 between the two Fe atoms of
LFe-N2-FeL is the rate-determining step of the reduc-
tive cleavage reaction of CO2. The moderate free energy

Scheme 2

(28) (a) Zener, C. Proc. R. Soc. London, Ser. A 1932, 137, 696–702.
(b) Nikitin, E. E.Annu. Rev. Phys. Chem. 1999, 50, 1–21. (c) Wittig, C. J. Phys.
Chem. B 2005, 109, 8428–8430.
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barrier calculated for the rate-determining step through
either concerted or stepwise pathways agrees with the
mild reaction conditions seen in experiment (the reaction
was completed at room temperature after 18 h).13 The
intersystem crossing from septet to nonet forces the Fe1
dxy orbital to be occupied, resulting in the release of the
CO ligand from Fe1 and the formation of LFeOFeL.27

2.1. Formation of LFeCO3FeL. In LFeOFeL, similar
to the experimental findings for LtBuFe-O-FeLtBu,27b

the Fe-O-Fe angle of 179.9� indicates a linear arrange-
ment, and the two diketiminate planes with a dihedral
angle of 77.0� are nearly perpendicular to each other. The
linearity obtained for Fe-O-Fe in LFeOFeL can be
explained in terms of the ionic behavior of the Fe-O-Fe
bonding. The NBO analysis shows that the percentage
contribution of oxygen to the Fe-O bonds in LFeOFeL
is about 90%, implying ionic character to this bonding
arrangement. The ionic character of the Fe-Obondmost
likely would reduce the tendency of the O atom to adopt
an sp3-hybridized orbital, resulting in a linear geometry
for LFeOFeL.27 In the literature, the linearity found
in LtBuFe-O-FeLtBu was explained in terms of the
π-bonding interaction between the oxygen lone pair elec-
trons and the Fe centers.12d TheNBO analysis shows that
the oxygen pz lone pair β-electron density is slightly
polarized toward the pz and dyz orbitals of one of the Fe
centers (about 11.2%).
Beginning from 12_Nn, CO2 approaches the Fe-bound

oxygen atom to yield carbonatodiiron(II) product 13_Nn via
a transition structure (6TS_Nn) lying 43.3 kJ/mol above
12_Nn. TheNBOanalysis for 6TS_Nn shows that one of the
lone pairs on the oxygen bonded to the Fe centers interacts
with one of the π* orbitals on CO2, with a second order
interaction energy of 82.4 kJ/mol. In 6TS_Nn, the length of
the C-O bond being formed is 2.141 Å (see Figure 2). The
reaction between CO2 and 12_Nn is calculated to be 23.7 kJ/
mol exergonic.29 These results strongly support the experi-
mental observations: Holland and co-workers reported that
LtBuFeOFeLtBu reacts rapidly with CO2 at room tempera-
ture to yield LtBuFeCO3FeL

tBu.13 We believe that the suffi-
ciently longbonddistancesofFe-Oaswell as the linearityof
the Fe-O-Fe geometry, which together allow the simulta-
neous interaction of the oxygen atoms of CO2 with the Fe
centers, afford a rationale as to why the reaction 12_Nn þ
CO2f 13_Nn is energetically favorable. The short Fe1-O1
andFe2-O2bonddistancesof 2.041 Å in13_Nn support the
notion that the O1 and O2 atoms strongly interact with the
Fe centers, forming the thermodynamically stable carbona-
todiiron complex.TheFe1-O3andFe2-O3bonddistances

are elongatedby0.351 Å from1.803 Å in12_Nn to 2.154 Å in
13_Nn. The C-O1 and C-O2 bond distances in 13_Nn are
stretchedup to 0.105 Å relative to those in the freeCO2mole-
cule (Figure 2). The C-O3 bond in 13_Nn is about 0.080 Å
shorter than the C-O single bond (1.419 Å) calculated for
CH3OH. Thus, the combination of Lewis structures shown
in Scheme 3 appears to be the best description for the
bonding in the carbonatodiiron(II) complex 13_Nn.

2.2. Two Alternative Pathways for Formation of LFe-
CO3FeL. Starting from 11_Sp, there exist two other
pathways, in addition to the one shown in Figure 3a,
through which the formation of 13_Nnmight take place.
The first step of these pathways is surmised to be the
reaction on the septet surface, instead of the nonet sur-
face, of CO2 with 11_Sp (Figure 3b). This reaction which
passes through transition structure 6TS_Sp produces
14_Sp in an exergonic fashion. 14_Sp has a square-
pyramidal geometry with the O3 atom trans to the vacant
site and the CO ligand occupying one of the basal sites.
Because of the presence of one electron in the Fe dz2
orbital, the Fe-O3 bond is calculated to be longer than
the Fe-O1 bond by 0.401 Å (Figure 3b). From 14_Sp the
reaction can split into two different pathways. One of
them involves a spin state change from the septet state to
the nonet state via the MECP C6. This process, which
leads to the occupancy of the Fe1 dxy orbital, results in
CO loss, producing the carbonatodiiron(II) product
13_Nn. The results obtained from the location of the
MECP, C6, show that the spin crossover barrier to the
formation of 13_Nn is approximately 21.7 kJ/mol above
14_Sp (at the B3LYP/BS1 level, Figure 3b).
Another pathway corresponds to the rearrangement of

14_Sp to the trigonal bipyramidal structure 15_Sp and then
to the square pyramidal structure 16_Sp through the Berry
pseudo-rotation mechanism. The computed relative energy
surface for this Berry pseudo-rotation process is rather flat
near the localminimumpositions,making the locationof the
relevant transition structures difficult. The CO ligand in
16_Sp coordinates to Fe on the apical position rather than
the basal position. The calculated Fe-CO distance in
16_Sp is much longer than that in 14_Sp (about 0.520 Å,
Figure 3b), indicating that the Fe-CO bond in 16_Sp is
weak enough to be dissociated. In 16_Sp, the unpaired
electron residing in the dz2 orbital prevents the CO ligand
being strongly coordinated to Fe. The weakly bound CO
ligand is easily expelled from the coordination sphere, giving
the carbonatodiiron(II) complex LFeCO3FeL (13_Sp).
LFeCO3FeL is unstable in the septet state and can undergo
a spin crossover to become 13_Nn. TheMECP of the septet
and nonet surfaces of LFeCO3FeL (C7) is located 13.6 kJ/
mol above 13_Sp (Figure 3b).
By comparing the energetics given in Figures 3a and b,

one expects that the unimolecular intersystem crossing
reaction 11_Spf C4f 12_Nn with a barrier of 7 kJ/mol
should be superior to the bimolecular reaction 11_Sp þ
CO2 f 14_Sp with a barrier of 69.5 kJ/mol. Indeed,
entropy makes the former more favorable than the latter.
Thus, we conclude that of the various possible pathways
we have studied, the most likely one is the spin change of
11_Sp from the septet to the nonet state followed by the
interaction of CO2 with 12_Nn.

3. Formation of LFe(CO)2. As mentioned in the intro-
duction, it is expected that the COmolecules released from

Scheme 3

(29) It is here of interest to compare our mechanistic results with those
obtained from Lin’s study regarding the reduction of CO2 to CO by a
(NHC)Ni complex (ref 9). The study by Lin and co-workers is a slightly
different situation as the nickel complex has to partially dissociate before the
CO2 can bind to the nickel(0) complex. In our case CO2 binds to the starting
complex in the concerted mechanism to give an -OdC- bridged species or
in the stepwise mechanism to give an O bound complex. The bridged species
is rather like 6 in the Lin paper except that the iron system still has the
bridging N2 which is the electron source for CO2 reduction.
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the reaction 11_Sp f C4 f 12_Nn þ CO could interact
withLFeN2FeL toaffordLFe(CO)2.Toprovide anoverall
picture of how LFe(CO)2 is formed, the possible reaction
pathways shown inFigure 5were explored. FromFigure 5,
one may conclude that the pathway 1_Sp f 17_Sp f
18_Sp f 20_Qa þ 19_Qa f 2 (19_Qa) f 2 (21_Qa) is
energetically the most favorable for the formation of
LFe(CO)2.The first steps involve consecutive coordination
of oneCO ligand to eachFe center forming 18_Sp. This is
followed by the dissociation of the twoFe-N2 bonds and

eventual coordination of another CO ligand to LFeCO
(19_Qa) to generate LFe(CO)2 (20_Qa). CO easily co-
ordinates to Fe (without any barrier) at directions per-
pendicular to the diketiminate plane where the unfilled
pz orbital of iron is available. The electron withdrawing
ability of CO reduces the extent of the Fe-to-N2 π-back-
bonding, weakening the Fe-N2-Fe bonds. The charge
carried by N2 is calculated to be -0.548, -0.449, and
-0.208 for 1_Sp, 17_Sp, and 18_Sp, respectively, sug-
gesting that an increase in the number of the CO ligands

Figure 5. Different pathways leading to the formation of LFe(CO)2 along with the calculated energetics of the expected intermediates. The relative free
energies and electronic energies (in parentheses) obtained from the B3LYP/BS2//B3LYP/BS1 calculations are given in kJ/mol.

Figure 6. Optimized structures with selected structural parameters (bond lengths in Å) for some of the species shown in Figure 5.
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coordinated is accompanied by a decrease in the π-back-
donating capability of the Fe centers. The Fe-N2-Fe
bonds in 17_Sp are longer than in 1_Sp and even longer
in 18_Sp (Figure 6) which indicates that the Fe-N2

bond strength in these complexes decreases in the order
1_Sp > 17_Sp > 18_Sp. This argument is reinforced
by the calculated Fe-N2 binding energies: 159.6 kJ/mol
in 1_Sp, 56.9 kJ/mol (the Fe1-N2 bond) and 118.8
kJ/mol (the Fe2-N2 bond) in 17_Sp, and 43.7 kJ/mol
in 18_Sp.
The CO is coordinated to Fe more strongly in 18_Sp

than in 17_Sp; the Fe-CO binding energy in 18_Sp is
calculated to be about 27.6 kJ/mol larger than in 17_Sp.
The Fe-CO bond distances in 18_Sp are 0.026 Å shorter
than that in 17_Sp, and the calculated CO stretching
modes shift to lower frequencies upon going from
17_Sp (2075 cm-1) to 18_Sp (2059 and 2067 cm-1). These
results demonstrate that the presence of a carbonyl bound
to one of the Fe centers of LFeN2FeL improves the
π-back-donating capability of the other Fe center, result-
ing in the stronger Fe-CO bond in 18_Sp.
It is also of interest to compare the Fe-CO bonding

energies of 17_Sp (62.6 kJ/mol), 11_Sp (76.0 kJ/mol), and
11_Nn (33.0 kJ/mol). CO interacts much more weakly
with Fe in 11_Nn than in 17_Sp. This difference implies
that the Fe center with a higher formal oxidation state, as
in 11_Nn, has a lower tendency to coordinate to CO
because of Fe(II) being less susceptible toward π-back-
bonding interactions when compared to Fe(I). On the
other hand, the formal oxidation state of the Fe centers
is þ2 in both 11_Sp and 11_Nn yet they have very
different CO binding energies. The optimized geometry
around Fe1 in 11_Sp is square planar (Figure 2) while in
11_Nn it is tetrahedral. This indicates that the nonbond-
ing σ lone-pair type orbital of CO interacts with the Fe1
dxy orbital in 11_Sp andwith the pz and dz2 orbitals of Fe1
in 11_Nn. The lack of an unpaired electron in the Fe1 dxy
orbital of 11_Sp gives a greater Fe-CO binding energy in
11_Sp than in 11_Nn which has an unpaired electron in
the Fe1 dz2 orbital.
Once 21_Qa has formed, the reaction ends with the

formation of 21_Du, after passing aMECP (C8) connect-
ing the quartet and doublet surfaces. Consistent with the
experimental observation,12b,13 the calculations show
that 21_Du is about 11.1 kJ/mol lower in energy than
21_Qa, and the spin crossover barrier to the formation of
21_Du is approximately 34.7 kJ/mol (at the B3LYP/BS1
level). As opposed to the tetrahedral geometry of 21_Qa,
21_Du has a square planar geometry (Figure 6) because of
the absence of iron electron(s) residing in dxy. It is also
worth noting that the presence of the two strong
π-accepting ligands is required to bring a four coordinate
Fe complex on the doublet surface below the quartet. For

instance, the complex LFe(CO)(N2), with only one CO
ligand, on the doublet surface is about 21.6 kJ/mol less
stable than on the quartet surface.
For the sake of completeness, we also studied the CO

insertion between the two Fe atoms starting from 17_Sp
as a competitive side reaction. The results show that the
reaction 17_Sp f LFeCOFeL þ N2 is not competitive
with the reaction 17_SpþCOf 18_Sp from an energetic
point of view. The reaction 17_Sp f LFeCOFeL þ N2

requires a free energyactivationbarrier of 79.4kJ/mol and is
endergonic by about 10.5 kJ/mol (see Supporting Informa-
tion, Figure S3). Also, our calculations show that LFeCO-
FeL is not stable and is converted to LFe(CO)2 when an
excessofCOexists (seeSupporting Information,FigureS4).

Conclusions

DFT has been used to analyze in detail the mechanism for
the reductive cleavage of CO2 by the diiron(I) complex
LFeN2FeL (L = HC(CHNMe)2). The results indicate that
the reaction starts on the septet surface and occurs through
CO2 insertion between the two Fe atoms of LFe-N2-FeL
and then release of N2, followed by the reductive cleavage of
CO2 to afford an LFeOFe(CO)L structure. The insertion of
CO2 between the twoFe atoms is the rate-determining step of
the reductive cleavage reaction of CO2. There are several
possible paths leading to reductive cleavage involving either
movement along the septet surface or via intersystem cross-
ings to the nonet surface.
LFe2-O-Fe1(CO)L on the septet surface can undergo an

intersystem crossing from septet to nonet, subsequently
giving LFeOFeLþCO. The intersystem crossing from septet
to nonet forces the Fe1 dxy orbital to be occupied, resulting in
the release of the CO ligand from Fe1 and the formation of
LFeOFeL. LFeOFeL readily reacts with CO2 to give LFe-
CO3FeL. The final section of this paper shows that CO
released from the intersystem crossing process can easily
interact with LFeN2FeL to afford LFe(CO)2.
This work confirms the complexity of reaction mechan-

isms involving iron species and shows that one needs to
consider multiple intersystem crossings and molecular inter-
actions to obtain an accurate picture of the possible pathways
for product formation.
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