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The mechanism of ammonia formation by nitrogenase has been studied using the hybrid density functional
method B3LYP with large basis sets. Most of the results were obtained with a simple iron dimer model, but
a few calculations were also done for larger models, the largest one containing eight iron atoms. The model
clusters were in general chosen to have a net neutral ionic charge with the iron atoms in the low Fe(II)
oxidation state with ferromagnetically coupled spins. In a key result we find that placing a hydrogen atom
on a bridging sulfur dramatically changes the affinity of the cluster for N2. In the dimer model without this
hydrogen atom, N2 forms only a weak end-on bond to one of the iron atoms, but with the hydrogen atom
present N2 becomes strongly activated in a bridging coordination. The effect of the hydrogen atom can be
described as a local promotion effect reducing the Fe2(II,II) system to an Fe2(I,II) set. A very similar promotion
effect is seen also for the larger clusters. Another interesting effect noted for the Fe8 cluster is that a cavity
between the cubanes in the cluster can be opened by reducing the cluster with two hydrogen atoms on bridging
sulfurs. Coupled electron and proton transfer and energetic aspects are emphasized. Most steps of ammonia
formation are shown to lead to H atom addition energies in the range 50-60 kcal/mol, which is argued to be
optimal for the function of nitrogenase.

I. Introduction

Nitrogenase (N2-ase) is an enzyme widely distributed among
bacteria and is key to the fixation of N2 in the terrestrial nitrogen
cycle with an estimated annual global ammonia production of
1.7× 1011 kg.1-7 N2-ase is able to reduce N2 to ammonia via
eq 1 using a relatively mild source of electronssa reduced
ferredoxin in vivo and sodium dithionite in vitrostogether with
protons from the medium.

A notable feature of the stoichiometry of the enzyme is the
apparent requirement for the production of at least one H2

molecule per N2molecule reduced, suggesting that H2 evolution
may have some essential role in the chemistry.8 The first
nitrogenases to be isolated from bacteria such asAzotobacter
Vinelandii andClostridium pasteurianumhad Mo, Fe, and S2-

as inorganic constituents,9,10 but later “alternative” forms were
discovered with V, Fe, and S2- or even with Fe and S2- alone
as constituents.5,11,12 In what follows we restrict our attention
to the molybdenum-containing protein because it is for this case
that crystal structures have been solved.13,14 Early work showed
that the enzyme consists of a ca. 60-kD Fe-containing protein,
which provides the electrons required in eq 1, and a ca. 220-
kD protein-containing Fe, Mo, and inorganic sulfide that binds
and reduces N2. The Fe protein has a binding site for MgATP
which leads to a conformational change causing binding to the
MoFe protein and to a 120-mV increase in the reducing power

of the Fe protein, the former certainly and the latter possibly
required for electron transfer to take place. In the course of
the catalytic cycle, two MgATP molecules are normally
hydrolyzed to MgADP per electron transferred from the Fe to
the MoFe protein. The hydrolysis may or may not be coupled
to the electron transfer, possibly providing energy to drive the
electron transfer.4 Turning now to the MoFe protein, an air-
sensitive Fe-Mo-S-containing cofactor (FeMoco),15 extracted
from the MoFe protein, was found to reconstitute catalytic
activity in the apoenzyme, although no combination of inorganic
reagents could do so. This suggested that an Fe-Mo-S cluster
of an unusual type (M center) might be the key active site
component. Later work identified several genes5 involved in
FeMoco synthesis including one for homocitrate synthesis,
which led to the recognition that homocitrate acts as a ligand
in FeMoco. Altering this ligand affects the reduction rate and
specificity. In the dithionite-reduced form of the enzyme, the
FeMoco cluster is in theS) 3/2 spin state, but N2 is believed
to bind only in some more reduced state. Apart from FeMoco,
the MoFe protein also contains an Fe8S8 cofactor (the P cluster)
of a very unusual structure, but which is believed to be involved
in electron transfer and not substrate binding. A number of
alternative substrates and/or competitive inhibitors, such as
acetonitrile, methylisonitrile, acetylene, N2O, CO, and CN- ion
presumably bind to FeMoco. Kinetic work by Thorneley and
Lowe16 has led to a proposed scheme involving 10 intermediates
in which N2 only binds after cluster reduction by three or four
electrons. In essentially all the reductions catalyzed by N2-

8e- + 8H+ + N2 f 2NH3 + H2 (1)
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ase, with N2 or with alternative substrates, an equal number of
protons and electrons are transferred to the substrate, so the
enzyme is acting as a net hydrogen atom donor, suggesting that
proton and electron transfer may be closely coupled. With some
substrates there is an initial burst of about one H2 molecule per
Mo, which could be due to the substrate displacing H2 on
binding.17 The crystallographic work of the Rees and Bolin
groups13,14,18has made the present study possible by providing
a structural basis for discussing the N2-ase mechanism. In
particular it has revealed the very surprising structure of FeMoco
shown in Figure 1. The results show that the Mo, long
suspected to be the N2-binding site, is in fact six-coordinate
and therefore possibly coordinatively saturated (although seven-,
eight- and even19 nine-coordinate Mo complexes are known)
at least in the state of the enzyme that was crystallized. In
contrast, six of the seven irons appear to be three-coordinate.
Of course, the presence of light ligands such as H cannot be
excluded, but the abnormally low apparent coordination number
found for these irons certainly make them a likely site for
substrate binding. The definitive characterization of an all-iron
N2-ase5 is also consistent with this idea. The crystal structure
of Mo-N2-ase also shows20 that a variety of potentially
hydrogen-bonding groups, such as the homocitrate, His 195,
Arg 359, and Arg 96, are located around the FeMoco cluster
and could play a role in proton transfer to the cluster. The latter
process may well be coupled with electron transfer to give a
net hydrogen atom transfer to the FeMoco cluster; see below.
Because of the size of the FeMo cofactor, so far mainly simple

semiempirical methods have been used to study this system
theoretically. Deng and Hoffmann21 used the extended Hu¨ckel
method and concluded that metal-metal bonding in the cofactor
is quite important. Several N2 coordination modes were
considered. Stavrev and Zerner22 used the INDO (intermediate
neglect of differential overlap) and found that N2 preferably
binds within the cluster. Even though the INDO method is
known to exaggerate binding energies, the binding energy
obtained of nearly 150 kcal/mol is extraordinarily large. The
only previous density functional theory (DFT) study of nitro-
genase is a very recent investigation by Dance.23 Gradient
corrections of the density were used, but Hartree-Fock
exchange was not included, and the entire cofactor was
considered. The optimal geometry found for N2 was quite
asymmetric, with both nitrogens mainly bound to one of the
two incomplete cubane clusters of the cofactor.

The challenge of finding the molecular mechanism for N2

reduction in N2-ase has continued to be elusive in spite intense
study. We cannot expect our contribution, described in this
paper, to provide more than a preliminary working hypothesis,
but we believe it provides testable ideas for future study. In
this study, we use quantum chemical methods to study some of
the details of ammonia formation. The use of high accuracy
quantum chemical methods in the field of biochemistry involv-
ing transition metals is very new. In general, for standard ab
initio methods the systems are simply too big. DFT methods
have for some time had the capacity of treating large enough
systems, but the accuracy has been questionable. Recent work
in this area24 incorporating gradient corrections of the density
and Hartree-Fock exchange in a scheme parametrized against
experiments has changed the situation dramatically. The
accuracy of these types of hybrid methods is now almost of the
same level as that obtained by the most advanced ab initio
methods obtainable for small systems.25 The use of empirical
parameters has not had any significant effect on the range of
applicability of these methods. Since only a few (in the present
case three) parameters selected on physical grounds are used,
the methods are equally applicable for systems for which the
parameters have not been fitted, such as for transition metal
complexes.26 This is unlike the situation for the earlier type of
semiempirical schemes where many more parameters were used.
The present DFT methods have previously been proven useful
for biochemical systems. In an application to the mechanism
for methane activation by methane monooxygenase (MMO),
an unusual distorted structure was predicted for the key active
complex denoted compoundQ,27 which later proved to be
identical with the model suggested on the basis of recent EXAFS
measurements.28 The energetics obtained for the methane
reaction is also in very good agreement with available experi-
mental information. Exactly the same type of methods and
procedures were used in the MMO study as in the present study
of N2-ase.
Although the methods used here are capable of treating

relatively large systems, even a single calculation on a system
as large as the FeMo cofactor is a challenge. A few such
calculations will be presented here, but the main body of results
have to be obtained on smaller models. Otherwise, the number
of calculations required to properly test a mechanistic hypothesis
cannot be performed. The models used in the present study
are built on two simplifying principles. First, charge-neutrality
is maintained as far as possible. This is in general a reasonable
assumption for proteins, which have rather low dielectric
constants. It should be emphasized that this type of model is
still consistent with local charge fluctuations, such as proton
transfer between two neighboring sites and proton exchange with
the solvent. The second assumption is that proton transfer (PT)
and electron transfer (ET) are strongly coupled, as is consistent
with the charge-neutrality assumption. The ultimate limit of
strongly coupled PT and ET is hydrogen atom transfer (HAT),
which has recently been shown to be a good model for the
strongly coupled PT and ET processes occurring in ribonucle-
otide reductase (RNR).29 In prior quantum chemical model
studies, two different mechanisms of HAT between amino acids
were demonstrated, proton-governed hydrogen transfer (PGHT)
and overlap-governed hydrogen transfer (OGHT). In PGHT, a
proton moves first to set up a potential in which the electron
can then also move. In OGHT, the system is set up in a way
such that the critical orbitals overlap, allowing a proton and an
electron transfer to occur simultaneously but by different paths.
In both mechanisms, at the end of each step an entire hydrogen

Figure 1. Experimental structure13 for the FeMo cofactor, with a
dashed line showing a position where the present dimer model could
fit.
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atom has moved. A key point is that the charge separation is
kept minimal in this transfer.
Strong coupling between PT and ET in N2-ase has previously

been advocated by several workers. In a recent review on N2-
ase Thorneley says that “the importance of the coupling of
proton and electron transfers cannot be overemphasized”.30 He
adds that a probable key role for ATP hydrolysis is to
synchronize electron and proton transfer and that the role of
the P-clusters could be control of both electron donation to and
protonation of the FeMoco substrate reduction site. In an even
more recent review,4 Burgess and Lowe emphasize the impor-
tance of a coupling between ET and PT, as follows: “it is
possible that this type of sequential electron/proton transfer (i.e.,
net hydrogen atom transfer) occurs for the FeMo cofactor site
of nitrogenase”. The models used in the present study rely
heavily on this picture of a very strong coupling between ET
and PT.
Use of the HAT picture is the first characteristic feature of

the present study on N2-ase. The second is the relatively small
size of the systems used as models in most cases. The choice
of a small model is obviously partly dictated by the size of the
calculations, but these models are also used on the basis of some
initial experience for the present system. It is today actually
possible to treat systems almost as large as the FeMo cofactor.
However, the initial results of using a quite realistic model
containing eight iron atoms and placing N2 at different sites of
this cluster were quite discouraging and did not lead to any
progress on the mechanism of N2-ase. The main reason for
this was that only very few calculations could be afforded and
so the flexibility and variations of the models used were
therefore severely limited. A much simpler model containing
only two iron atoms was much more successful in elucidating
probable mechanisms. The present paper will mainly describe
the results obtained using this simple model. Toward the end
of the paper, results using more realistic models are also
described testing the mechanisms obtained using the smaller
model.

II. Computational Details

The calculations were performed in two steps. First, an
optimization of the geometry was performed using the B3LYP
method.24 Double-zeta basis sets were used in this step. In
the second step the energy was evaluated for the optimized
geometry using very large basis sets including diffuse functions
and with two polarization functions on each atom. The final
energy evaluation was also performed at the B3LYP level. All
calculations were made using the Gaussian-94 program.31

The B3LYP functional can be written as,24,32

whereFx
Slater is the Slater exchange,Fx

HF is the Hartree-Fock
exchange,Fx

Beckeis the gradient part of the exchange functional
of Becke,24 Fc

LYP is the correlation functional of Lee, Yang,
and Parr,33 andFc

VWN is the correlation functional of Vosko,
Wilk, and Nusair.34 A, B, andC are the coefficients determined
by Becke24 using a fit to experimental heats of formation, but
Becke did not useFc

VWN and Fc
LYP in the expression above

when the coefficients were determined, but used the correlation
functionals of Perdew and Wang instead.35

The B3LYP energy calculations were for all the iron dimer
models made using the large 6-311+G(2d,2p) basis sets in the

Gaussian-94 program. This basis set has two sets of polarization
functions on all atoms including two f-sets on the metals and
also diffuse functions. In the B3LYP geometry optimizations
a much smaller basis set, the LANL2DZ set of the Gaussian-
94 program, was used in most cases. For the iron atoms this
means that a nonrelativistic ECP according to Hay and Wadt36

was used. The metal valence basis set used in connection with
this ECP is essentially of double-zeta quality. The sulfur atoms
also have an ECP description, and the rest of the atoms are
described by standard double-zeta basis sets. A few exceptions
to this general recipe for performing the calculations were made.
First, in a few geometry optimizations the effects of d-functions
on sulfur were tested. Secondly, for the largest systems studied
here with up to eight iron atoms, no additional large basis set
calculation could be afforded, so the energies discussed below
are for the same basis set as was used for the geometry
optimization. Whenever there has been a deviation from the
general procedure for doing the calculations, this will be
explicitly mentioned in the text below.
The computational model systems used in the present paper

are quite large by quantum chemical standards. The calculations
could still be successfully performed using very large basis sets
and accurate methods, as described above. However, the
calculations of accurate Hessians turned out to be prohibitively
expensive. Not only are the systems too big but it was also
very difficult to obtain sufficient convergence for obtaining
numerically reliable frequencies. Since the zero-point vibra-
tional effects are expected to be small for the reactions involving
the N2-ase model, these were therefore simply assumed to be
zero for these reactions. For the gas-phase reactions mentioned
in the text as comparisons, zero-point effects where obtained
at the B3LYP level using the LANL2DZ basis set.

III. Results and Discussion

Before the discussion of the results from the model calcula-
tions on N2-ase starts, it is useful to consider some gas-phase
results as a background. In N2-ase the hydrogen atoms, or
strongly coupled protons and electrons (see above), are supplied
one at a time to the nitrogen molecule. The corresponding gas-
phase energies, calculated at the same level as the other energies
of this study, are the following:

A few important conclusions relevant for N2-ase can be drawn
from these energies. First, the most critical step is the addition
of the first hydrogen to the triple bond of N2, which is only
thermoneutral in the gas phase. Secondly, since the average
H-bond strength is 55.3 kcal/mol (exptl. 54.7 kcal/mol) from
reactions 2-7, the cost of obtaining hydrogen atoms for the
FeMo cofactor of N2-ase should not be much higher than this
value. In order not to waste unnecessary energy, the cost should
not be much lower than 55 kcal/mol either. In an ideal situation,
which probably has been achieved as closely as possible in N2-
ase by evolution, most steps of hydrogen addition to nitrogen
should therefore lead to N-H bond strengths of 50-60 kcal/

FB3LYP ) (1- A)Fx
Slater+ AFx

HF + BFx
Becke+

CFc
LYP + (1- C)Fc

VWN

N2 + H f N2H, ∆E) 1.2 kcal/mol (2)

N2H + H f N2H2, ∆E) -60.7 kcal/mol (3)

N2H2 + H f N2H3, ∆E) -50.3 kcal/mol (4)

N2H3 + H f N2H4, ∆E) -75.9 kcal/mol (5)

N2H4 + H f NH2 + NH3, ∆E) -45.0 kcal/mol (6)

NH3 + NH2 + H f 2NH3, ∆E) -101.0 kcal/mol (7)
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mol. This is a very important guideline governing the present
study. An exception to this rule could be the final H atom
addition energies where ammonia is formed; see further below.
To obtain hydrogen atoms at such a low cost as only 55 kcal/
mol, N2-ase has the Fe-protein which contains a reduced
ferredoxin and where two MgATP are consumed for each
hydrogen atom produced. To treat proton/electron transfer in
this system, we consider that an H atom transport chain exists
going from the Fe-protein via the P-cluster to the FeMo cofactor.
A requirement for such a chain is that hydrogen atoms are not
bound anywhere by significantly more than 55 kcal/mol, since
they would otherwise never reach the FeMo cofactor. Prelimi-
nary calculations on models of the P-cluster indeed show that
H-bond strengths of about this size are obtained, provided that
the iron atoms in the P-cluster have low oxidation states, most
of them Fe(II). For example, the calculated H atom bond
strength to Fe4S4 with only Fe(II) atoms is 54.4 kcal/mol
(obtained using the small basis set).
Although H2 molecules are not used to supply H atoms in

N2-ase, it is still of interest to consider the reaction energy
between N2 and H2. With a calculated binding energy of 103.8
kcal/mol for H2 (exptl. 103.5 kcal/mol), the following is
obtained:

The experimental value for this reaction is-17.8 kcal/mol. It
can be noted that the optimal cost of hydrogen atoms of about
55 kcal/mol is actually achieved fairly well by H2 (52 kcal/mol
per H atom). This is directly relevant for the industrial Haber-
Bosch process where H2 is used as hydrogen source. It is also
relevant for N2-ase in the sense that H2 formation leads to a
similar energy gain as the average step of the N2-ase cycle.
Unwanted formation of H2 is for this reason a potential problem
in ammonia synthesis, and an almost perfect fine-tuning of all
steps in ammonia formation is therefore required. Still, for the
FeMo cofactor a lower limit of one hydrogen molecule is
produced in each ammonia cycle, as described in the Introduc-
tion. However, there is probably a reason for this which might
be central for the ammonia synthesis, as will be described below.
a. Results for the Iron Dimer Model. As mentioned in

the Introduction, the main reason for choosing an iron dimer
model for the study of N2-ase is that it allows a sufficient number
of calculations to test different ideas of the mechanisms. The
reason we did not start this investigation with an even simpler
monomer model is that this does not allow the important case
of a bridging N2 to be tested. The goal of the dimer study is to
provide sufficient insight to move to more realistic models later.
In fact, even a totally negative result giving no indication of
how ammonia is formed would be quite interesting since this
would imply that at least three iron atoms are involved
simultaneously in all key steps of the ammonia cycle. However,
as it turns out, many qualitative aspects of ammonia formation
can be understood on the basis of the dimer model, such as, for
example, the role of hydrogen atoms in the cluster.
The following ideas and background were used to set up the

starting iron dimer complex. First, there should be at least one
bridging sulfur ligand. In the real FeMo cofactor pairs of iron
atoms are connected both by one and two sulfur bridges. In
the present dimer model, only one sulfur bridge was chosen
since this should intuitively simplify possible N2 bridging modes.
Also, in the real FeMo cofactor these bridging sulfurs can be
eitherµ2- or µ3-coordinated. Obviously, in a dimer model only
µ2-coordinated sulfurs can be tested, but in bigger models
described in the next subsectionµ3-coordinated sulfurs will also

be tested. It is probably highly significant that the iron atoms
are only three-coordinate in the FeMo cofactor, and so three-
coordination was therefore also chosen for the iron dimer model.
A very important question in modeling the FeMo cofactor is

what oxidation states should be used for the iron atoms. In the
preliminary investigation of the neutral iron dimer model
different oxidation states were modeled using the simplest
possible sulfur-based ligands, which means using either SH or
SH2 ligands. As mentioned above, the iron atoms are kept three-
coordinate and a single sulfur bridge is also included in the
model. The criterion used to judge the suitability of a model
is how strongly hydrogen atoms are bound to the ligands around
iron. If a hydrogen atom can be bound to one of the sulfur
ligands by significantly more than 55 kcal/mol (the average bond
strength to nitrogen, see above), then this would not be a good
model. A hydrogen atom travelling through the FeMo cofactor
would then get permanently bound at this position and would
not be able to travel further to reach the nitrogens. If, on the
other hand, a hydrogen atom present on a ligand is bound by
significantly less than 55 kcal/mol, this hydrogen would be
readily lost from the ligand to a neighboring sulfur bridge or to
nitrogen. The only set of iron oxidation states to survive these
requirements has two Fe(II) atoms in the dimer. An Fe2(III,II)
dimer binds a hydrogen atom by 65.8 kcal/mol on one of its
SH ligands, and an Fe2(I,II) dimer will lose one of its hydrogens
of an SH2 ligand at a low cost of only 42.8 kcal/mol. The only
possible neutral Fe2(II,II) dimer with one bridging sulfur and
two three-coordinate iron atoms is shown in Figure 2. An
indication of how this dimer model would fit into the real FeMo
cofactor is shown by the dashed line in Figure 1. This is the
starting dimer model for which most of the results of the present
study were obtained. The symbol Fe2(II,II) is used here, rather
than Fe(II)-Fe(II), to emphasize that the oxidation states are
quite delocalized over the whole complex, with significant spin
populations also on sulfur. For example, the spin population
on the bridging sulfur in the structure in Figure 2 is 0.27.
An important technical aspect of the calculations should be

pointed out. To simplify the convergence to a proper state,
ferromagnetic coupling of the spins on iron was used. In the
real cluster, spins on neighboring iron atoms should in most
cases be antiferromagnetically coupled, as shown by the low
total spin (a quartet) of the FeMo cofactor. At least, this is
most probably true for pairs of iron atoms within each cubane
of the cofactor. For neighboring irons belonging to different
cubanes, the situation is less clear, and these could well be
ferromagnetically coupled. In previous studies on the iron dimer
of MMO27 and of manganese dimer models of photosystem II,37

it was shown that only slightly lower energies (by a few kcal/
mol) are obtained for antiferromagnetic coupling and also

N2 + 3H2 f 2NH3, ∆E) -19.9 kcal/mol (8)

Figure 2. Fe2(II,II) dimer model used as a starting point for the
calculations.
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essentially identical geometries were obtained. For the present
dimer model system in Figure 2, convergence was achieved also
to the antiferromagnetic case and the energy is only 2.1 kcal/
mol lower than for the ferromagnetic coupling. The spins on
iron are 3.68 and 3.70 for the9A ferromagnetic state and 3.54
and 3.58 for the1A antiferromagnetic case. In the rest of this
study only ferromagnetic coupling was used since this simplifies
convergence considerably.
The most important result of the present study involves the

initial steps of the ammonia formation. However, simply adding
N2 to the structure of Figure 2, was quite disappointing, because
only a very weak bond is formed and every attempt to form a
bridged structure failed. The only minimum found was for a
structure where N2 is end-on bonded to one of the iron atoms.
The binding energy is only 0.9 kcal/mol, and the N-N distance
of N2 is exactly as in the gas phase, 1.13 Å. The present dimer
model therefore does not appear to show any tendency for
activation of N2. However, as described in the Introduction,
one of the key aspects of the present model for N2-ase is that
hydrogen atoms are continuously fed to the FeMo cofactor from
the Fe-protein passing over the transport chain via the P-cluster.
On the way to N2, these hydrogen atoms will be bound to
bridging sulfurs both on the P-cluster and on the FeMo cofactor.
One such position is also present in the model dimer of Figure
2.
In a key result we find that placing a hydrogen atom on this

bridging sulfur, which reduces the Fe2(II,II) system to a Fe2-
(I,II) state, dramatically changes the affinity of the cluster for
N2. If a nitrogen molecule is now added to the cluster, the
structure shown in Figure 3 is found. There are two aspects of
this structure with major significance for ammonia formation
by N2-ase. First, N2 now prefers a bridging coordination, and
secondly, the N-N bond distance of 1.19 Å shows clear
indications of an activated N2. Essentially, the nitrogen has
been formally reduced to the N22- form. A problem of reaching
the structure in Figure 3 is that the binding energy obtained by
adding the hydrogen atom to the bridging sulfur in the structure
in Figure 2 is very low, only 18.6 kcal/mol. There are many
positions in the neighborhood in the FeMo cofactor that bind
hydrogen much better, but the structure in Figure 3 could still
be accessible in the following way. Initially, N2 could be bound
end-on to one of the iron atoms with a small binding energy,
as described above. If one hydrogen atom now binds to the
bridging sulfur, the N2 molecule could simultaneously move to
a bridge-bonding situation as in Figure 3. The sum of the
binding energies of both the hydrogen and N2 together is then
50.5 kcal/mol, in line with our earlier estimate of a reaction
energy for each step of the ammonia synthesis of 50-60 kcal/
mol. The S-H bond formation in Figure 3 is considered to be

critical for ammonia synthesis by N2-ase and is also discussed
for the larger models in the next subsection.
The electronic structure of the complexes in Figures 2 and 3

can be described in the following way. First, the dimer model
in Figure 2 can be characterized as quite strongly delocalized
Fe2(II,II) with spin populations of 3.68 and 3.70 on the irons
and 0.27 on the bridging sulfur. The SH ligands have spins of
0.13 and 0.10 each, while the spins on the SH2 ligands are quite
small. It should be remembered that these SH and SH2 ligands
represent the totality of the FeMo cofactor, not only the bridging
sulfurs but also the other iron atoms, and are used mainly to
get an appropriate oxidation state for the iron atoms in the
model. When a hydrogen atom is bound to the bridging sulfur,
it reduces the spin on this sulfur from 0.27 to 0.05. But, more
importantly, it also promotes the iron atoms and gives them
partial Fe(I) character. The spin-change on the irons from 3.70/
3.68 to 3.39/3.30 is indicative of some promotion which leads
to a quite different binding of N2 than before hydrogen addition
to the bridging sulfur. Their higher d-population allows the
irons to donate significant electron density to N2, which leads
to some covalent Fe-N bond formation and an elongation of
the N-N bond from 1.13 Å to 1.19 Å. In this process the iron
spins change from 3.39/3.30 to 3.56/3.54, and the spin on
nitrogen becomes-0.29 and-0.30. Thus, the spins on iron
and nitrogen have opposite signs and are rather large on nitrogen,
indicating weak covalent bonding.
The cooperative binding of a hydrogen atom on a bridging

sulfur and of a nitrogen molecule in a bridging position is the
key point that dictated how the remaining steps of the ammonia
formation were studied. In what follows, the results of adding
hydrogen atoms to N2 are obtained in parallel for both the case
where the bridging sulfur binds a hydrogen atom and when it
does not, with results shown in Table 1. The corresponding
spin populations are given in Table 2.
One of the most puzzling facts concerning ammonia synthesis

by N2-ase is that one hydrogen molecule is formed for every
N2 consumed. In light of the above result that a hydrogen atom
on a bridging sulfur is critical for the activation of N2, it is
tempting to draw the conclusion that this hydrogen is half of
the H2 molecule formed. However, before this is done larger
models need to be tested. Some additional information con-
cerning the role of hydrogen atoms on larger clusters will be
given in the next subsection.
A few calculations were performed to investigate the potential

surface in the region around the bridging N2 minimum. In
particular, a possible barrier to reach the minimum cannot be

Figure 3. Reduced Fe2(I,II) dimer with a hydrogen atom on the
bridging sulfur and N2 bound in a bridging coordination to the two
irons. The sum of the binding energies of the hydrogen atom and of
N2 is 50.5 kcal/mol.

TABLE 1: Binding Energies (kcal/mol) for H on N 2
(D(HN)), H on the Bridging S ((D(HS)), and N2 to the Cluster
(D(N2)) Using the Dimer Model (Structures 1-8 in Scheme
1) and B3LYP/6311+G(2d,2p)

structure D(HN) D(HS) D(N2)

1a (HS)(H2S)Fe-S-Fe-(SH)SH2)
2a (HS)(H2S)Fe-N2-S-Fe-(SH)SH2) -0.9
3a (HS)(H2S)Fe-N2H-S-Fe-(SH)SH2) -22.7
4a (HS)(H2S)Fe-N2H2-S-Fe-(SH)SH2) -73.9
5a (HS)(H2S)Fe-N2H3-S-Fe-(SH)SH2) -76.1
6a (HS)(H2S)Fe-N2H4-S-Fe-(SH)SH2) -79.8
7a (HS)(H2S)Fe-NH2-S-Fe-NH3-(SH)SH2) -65.8
8a (HS)(H2S)Fe-NH3-S-Fe-NH3-(SH)SH2) -108.1
1b (HS)(H2S)Fe-SH-Fe-(SH)SH2) -18.6
2b (HS)(H2S)Fe-N2-SH-Fe-(SH)SH2) -49.6 -31.9
3b (HS)(H2S)Fe-N2H-SH-Fe-(SH)SH2) -48.1 -78.6
4b (HS)(H2S)Fe-N2H2-SH-Fe-(SH)SH2) -73.8 -78.5
5b (HS)(H2S)Fe-N2H3-SH-Fe-(SH)SH2) -66.9 -69.3
6b (HS)(H2S)Fe-N2H4-SH-Fe-(SH)SH2) -56.2 -45.7
7b (HS)(H2S)Fe-NH2-SH-Fe-NH3(SH)SH2) -121.1 -101.1
8b (HS)(H2S)Fe-NH3-SH-Fe-NH3(SH)SH2) -53.1 -46.1
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automatically excluded. However, geometry optimizations
starting with N2 quite far away from the minimum in Figure 3
led back to this minimum without any barrier. Furthermore, a
geometry optimization was started at the minimum of Figure 3
but with removal of the hydrogen atom at the bridging sulfur.
Convergence was then achieved to the weak end-on minimum
described above without any barrier, showing that a bridging
N2 coordination is not even a local minimum without the
hydrogen on the bridging sulfur.
Finally, all of the results given in Table 1 should be discussed

together to see how well this simple dimer model reproduces
the ideal situation that in each step nitrogen should bind
hydrogen atoms by 50-60 kcal/mol. Since the first hydrogen
atom ends up on the bridging sulfur, the second hydrogen atom
is the first that binds to N2. As shown above by the gas-phase
values, this is a quite critical step. Again, the presence of the
hydrogen on the bridging sulfur is quite important. Without
the hydrogen, the energy gain in this step would be only 22.7
kcal/mol, very far from the ideal 50-60 kcal/mol. In fact, this
binding energy is so low that the hydrogen atom would never
stay on nitrogen but proceed to some other place. However,
with the hydrogen atom on the sulfur, the binding energy of
the hydrogen atom on nitrogen is 48.1 kcal/mol, which is at
least reasonably in line with the optimal 50-60 kcal/mol,
considering the simplicity of the dimer model. The spin on
the N2H unit is 0.17, which is substantially smaller than 0.59
obtained for the N2 unit in the previous step. This is not
surprising since the covalency of the N-H bond is much more
dominant than in the Fe-N bond.
The next step in the ammonia cycle is N2H2 formation, which

should not be a critical step since the reaction is already
exothermic by 62.0 kcal/mol in the gas phase. Indeed, the
addition of the second hydrogen to nitrogen is exothermic by
73.9 kcal/mol without, and by 73.8 kcal/mol with, a hydrogen
bound to the bridging sulfur. Since this is above the optimal
50-60 kcal/mol, however, some energy might be wasted in this
step. The N-N distance increases in this step to 1.36 Å,
indicating that most of the N-N π-bonding is lost. The weak
covalency in the Fe-N bonds leads to large negative spin-
populations of-0.42 on the nitrogens, similar to the situation
where the N2 molecule was initially bound; see above. The
next two steps forming N2H3 and N2H4 are not critical either.
Formation of N2H3 is exothermic by 76.1 kcal/mol without and
by 66.9 kcal/mol with hydrogen on sulfur, while formation of
N2H4 has exothermicities of 79.8 and 56.2 kcal/mol, respec-
tively. It can be noted that the hydrogen on the bridging sulfur
makes both these energies better in line with the optimal 50-

60 kcal/mol. Without this hydrogen some energy would be
wasted. Summarizing the situation up to this pont, it can be
concluded that with a hydrogen bound to the bridging sulfur
the reaction exothermicities of each addition of hydrogen fulfills
the requirement of being in the range 50-60 kcal/mol remark-
ably well for such a simple model of N2-ase. The exothermici-
ties are 50.5 kcal/mol (combined hydrogen and N2 addition to
the structure in Figure 2), 48.1 kcal/mol, 73.8 kcal/mol, 66.9
kcal/mol, and 56.2 kcal/mol, for the first five hydrogen atoms
added to the cluster (where one hydrogen atom ends up at the
sulfur bridge).
At the stage where N2H4 is formed, a new situation is reached

where the simple dimer model may not be able to adequately
represent the situation of the actual cluster as well as it does
for the first steps. N2H4 is a relatively stable molecule and
could, for example, start to diffuse in the actual cluster. It is
also rather big, and the empty space around the site where the
initial hydrogen attacks occur may not be sufficient to harbor
it. Although very speculative at this stage, one possible scenario
is the following. The first hydrogen that reaches the active site
of the cluster combines with the hydrogen on the bridging sulfur
to form H2. Since the energy for this step is as large as 65.5
kcal/mol, well above the average energy for each step of
ammonia formation of 50-60 kcal/mol, formation of H2 at this
point is quite possible. Since N2H4 is sufficiently loosely bound
to the iron dimer, it can then possibly move to the surface of
the cofactor. The next hydrogen atom reaching the nitrogens
would then form one NH3 and one NH2, bound to separate irons.
The energy for this step is, as seen from the left column of
Table 1, 65.8 kcal/mol. In the final step, an incoming hydrogen
atom completes the formation of also the second ammonia. As
seen from Table 1, this step is computed to be very exothermic
by 108.1 kcal/mol, far outside the optimal 50-60 kcal/mol.
There could be two reasons for this large energy gain. The
first one is that the model dimer is simply not a good model
for the final steps of ammonia formation. An indication of this
is that rather than forming a weak bond to ammonia, the dimer
starts to lose an H2S ligand. This can, of course, not happen in
the actual cluster, where all sulfurs areµ-oxo bound, and it is
therefore possible that the calculations overestimate the energy
gain in this step. The second reason for the large energy gain
in the final step is that this energy is needed to evaporate
ammonia from the cluster. Only more realistic model calcula-
tions including the entire cofactor in the model will show if
these speculations have some truth in them.
At the end of the present study, several alternative possibilities

for the structures in Scheme 1 were investigated. Only one

TABLE 2: Spin Population on Fe, N, and the Bridging S Using the Dimer Model (Scheme 1). The Atoms Are Numbered from
“Left” to “Right” in the Structures of Scheme 1

structure S Fe1 Fe2 N1 N2

1a (HS)(H2S)Fe-S-Fe-(SH)SH2) 0.27 3.70 3.67
1b (HS)(H2S)Fe-SH-Fe-(SH)SH2) 0.06 3.30 3.39
2a (HS)(H2S)Fe-N2-S-Fe-(SH)SH2) 0.33 3.64 3.68 0.04 -0.05
2b (HS)(H2S)Fe-N2-SH-Fe-(SH)SH2) 0.10 3.56 3.54 -0.29 -0.30
3a (HS)(H2S)Fe-N2H-S-Fe-(SH)SH2) 0.31 3.68 3.49 -0.26 -0.58
3b (HS)(H2S)Fe-N2H-SH-Fe-(SH)SH2) 0.15 3.66 3.61 -0.03 0.20
4a (HS)(H2S)Fe-N2H2-S-Fe-(SH)SH2) 0.57 3.77 3.77 -0.35 -0.35
4b (HS)(H2S)Fe-N2H2-SH-Fe-(SH)SH2) 0.13 3.64 3.64 -0.42 -0.42
5a (HS)(H2S)Fe-N2H3-S-Fe-(SH)SH2) 0.60 3.85 3.69 0.29 0.00
5b (HS)(H2S)Fe-N2H3-SH-Fe-(SH)SH2) 0.15 3.64 3.67 0.18 0.00
6a (HS)(H2S)Fe-N2H4-S-Fe-(SH)SH2) 0.35 3.65 3.65 0.01 0.01
6b (HS)(H2S)Fe-N2H4-SH-Fe-(SH)SH2) 0.14 3.29 3.38 0.00 0.01
7a (HS)(H2S)Fe-NH2-S-Fe-NH3-(SH)SH2) -0.38 3.45 3.70 0.19 0.00
7b (HS)(H2S)Fe-NH2-SH-Fe-NH3(SH)SH2) 0.17 3.71 3.69 0.03 0.07
8a (HS)(H2S)Fe-NH3-S-Fe-NH3-(SH)SH2) 0.41 3.61 3.62 0.03 0.03
8b (HS)(H2S)Fe-NH3-SH-Fe-NH3(SH)SH2) 0.10 3.29 3.31 0.03 0.02
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such structure could be of interest and this concerns structure
1b. The local promotion effect due to the hydrogen added to
the bridging sulfur makes it possible to form a structure with
significant Fe-Fe bonding. This type of bonding does not occur
for structure1a. The Fe-Fe-bonded structure of1b is as much
as 37.4 kcal/mol more stable than without Fe-Fe bonding. This
result means that the addition of the first hydrogen becomes
exothermic by 55.9 kcal/mol rather than 18.5 kcal/mol. Since
Fe-Fe bonding does not occur for any other structure, such as
for 2b, it has no effect on the combined binding energy of the
first hydrogen atom and N2. It only affects the order the first
hydrogen atom and N2 bind to the cluster. If Fe-Fe bonding
is a true representation of the real situation, the hydrogen atom
will first bind to the cluster and then N2. If Fe-Fe bonding is
an artifact of the model, N2 will bind first with a weak binding
energy, as discussed above. No other steps discussed above
are affected. The possible significance of Fe-Fe bonding will
be investigated further in a coming study.
b. Larger Models for N2-ase. The actual FeMo cofactor,

see Figure 1, can be considered to be built up from two
incomplete M4S3 cubanes, each one with a missing sulfur. In
one of these cubanes the metals are all iron, while in the other
one there is one molybdenum. The two cubanes are linked by
three sulfur bridges, which help hold the cluster together. All
but one of the irons are three-coordinate, while molybdenum is
six-coordinate. In the present subsection some results will be
presented for models that approach this actual FeMo cofactor,
in an attempt to test the significance of the results obtained for

the dimer model discussed above. The main interest will be
focused on the activation of N2 and the possible role in this
process of hydrogen atoms bound to sulfur bridges. The largest
model used here is an Fe8S9 cluster where an iron has replaced
the actual molybdenum in order to achieve a higher symmetry
in the calculations.
In the first extension of the dimer model, an iron trimer cluster

was used; see Figure 4. The SH and SH2 ligands in this model
were again chosen to make all irons Fe(II), keeping the cluster
neutral. The main goal with the trimer model is to test whether
the presence ofµ3 sulfurs makes a difference compared to the
µ2 bridge used for the dimer model. An N2 molecule and a
hydrogen atom are then added to the trimer model exactly like
what was done for the dimer model. As seen in Figure 4, the
structure is now quite similar to the one found for the dimer
shown in Figure 3. The sum of the binding energies of the
hydrogen atom on the sulfur bridge and of N2 is rather similar
in the dimer and trimer model, being 3.4 kcal/mol smaller for
the trimer using the small basis set. Extrapolated to the large
basis set, this gives a binding energy for the trimer of 47.1 kcal/
mol. Both models also show a strongly activated N2 with an
N-N bond length of 1.19 Å. In summary, the dimer and trimer
models show clear similarities.
In the next extension, two different models with four iron

atoms are used. In the first of these an incomplete Fe4S3 cluster
is used, corresponding to half of the FeMo cofactor. Again,
SH and SH2 ligands were added to keep three-coordination with
only Fe(II) atoms present. Adding a hydrogen atom and a
bridging N2 as in Figure 5 leads to a quite similar structure as
the ones for the dimer and the trimer with an activated N2 with
an N-N distance of 1.19 Å. However, the sum of the binding
energies of the hydrogen atom and of N2 is now substantially
smaller by 18.5 kcal/mol compared to the dimer using the small
basis set. Extrapolation to the large basis set gives a binding
energy for this cluster of only 32.0 kcal/mol, far from the optimal
50-60 kcal/mol. The conclusion tentatively drawn is that N2

might prefer to bind across the two cubane clusters of the FeMo
cofactor rather than to just one of them.
To see if the missing sulfur in the corner of the cubanes is a

significant feature, a complete cubane Fe4S4 cluster was also
tried. This cluster is similar to the ones found in the P-cluster,
but in the Fe4S4 model the irons are kept three-coordinate as in
the FeMo cofactor. The cluster was kept neutral, which again
means only Fe(II) atoms are present. In this case the addition
of a hydrogen atom and a bridging N2 did not lead to an
activated N2. N2 simply moved from the bridging position and
formed a weak end-on bond to one of the iron atoms, showing

SCHEME 1: Structures Obtained for the Dimer Model.
The a Structures Have a Bridging Sulfur, While the b
Structures Have an Additional Hydrogen Atom on This
Sulfur

Figure 4. Trimer model with a bridging SH group and N2 coordinated
in a similar way as in the dimer model (Figure 3). The sum of the
binding energies of the hydrogen atom and of N2 is 47.1 kcal/mol.
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that a missing sulfur position in the cubane structure could be
an essential factor in N2 activation.
In the final models tried, a cluster quite similar to the actual

FeMo cofactor (see Figure 1) was used with eight iron atoms
and nine sulfur atoms. An iron atom replaced the molybdenum
atom to increase the symmetry. No additional ligands were
added, and ferromagnetic coupling was used. As a starting point
for these studies all iron atoms were kept in oxidation state II,
as in the smaller models, even though some Fe(III) character is
known to be present in the real cofactor. Two different ways
of obtaining a cluster with all Fe(II) atoms were used. In the
first, the cluster was simply charged to become Fe8S92-. Cs

symmetry was kept, and N2 was placed inside the cavity between
the cubanes. This led to a very repulsive interaction. If, on
the other hand, one hydrogen atom is placed on a sulfur bridging
the two cubanes and N2 is placed bridging these same irons
(see Figure 6) as for the smaller cluster models, the interaction
is found to be attractive. The sum of the binding energies of
the hydrogen atom on the bridging sulfur and of N2 is 4.0 kcal/
mol smaller than obtained for the dimer and only 0.6 kcal/mol
smaller than for the trimer, using the same basis sets. Extrapo-
lated to the large basis set, this leads to a binding energy of H
and N2 for the Fe8S92- cluster of 46.5 kcal/mol. It should be
noted that the binding energy should increase somewhat for the
large cluster if the symmetry constraint is released. The
remarkable similarity of these results, considering the simplicity

of the models, shows that the hydrogen promotion effect to a
large extent is independent of cluster size, and this promotion
effect is thus one of the most important results of the present
study. The N-N distance of 1.21 Å is also similar to the result
of 1.19 Å obtained for the smaller clusters, but the coordination
mode is somewhat different. In the Fe8S92- cluster N2 is four-
coordinate rather than two-coordinate, but again it should be
emphasized thatCs symmetry was enforced for the large cluster.
A notable feature of the naked cluster (without the added
hydrogen atom and N2) is that the Fe-Fe distance between the
two cubanes is much larger than found in the X-ray structure,
3.3 Å compared to only 2.4-2.6 Å. This artifact is present
also for the second model of an all-Fe(II) cluster, where the
cluster is kept neutral by replacing two of the sulfur bridges
between the two cubanes by bridging SH groups. In this case
the Fe-Fe distance between the cubanes is as large as 3.7 Å
(no d-functions on sulfur were used; see below). Apart from
the fact that this distance probably is very sensitive to the
detailed description of the cluster and does not contain much
energy, the distance could depend on the oxidation states of
the iron atoms. An indication of the sensitivity of the results
can be obtained by results for different basis sets. The above
result for the Fe8S92- cluster was in fact obtained with
d-functions on sulfur. For the smaller dimer model the effect
of these d-functions was a decrease of the Fe-Fe distance by
as much as 0.6 Å. The sensitivity to the choice of oxidation
states was tested by going to a model with two Fe(III) atoms in
the cluster. This situation is achieved by making the Fe8S92-

cluster neutral (see Figure 7), which led to a significant
shortening of the Fe-Fe distance between the cubanes down
to a value of 2.7 Å, in quite good agreement with the X-ray
structure. Apparently, the introduction of higher oxidation states
has led to the formation of some weak Fe-Fe bonding between
the cubane units.
The above result concerning the dependence of the distance

between the cubanes on the oxidation states leads to interesting
possibilities. In particular, the results show that the neutral Fe8S9
cluster with two Fe(III) atoms gives a closed cavity inside the
cluster with too short Fe-Fe distances for N2 to be able to enter.
When two hydrogen atoms are placed on the bridging sulfurs
between the cubanes, giving a cluster with all Fe(II) atoms, the
cavity opens up and allows N2 to enter. It is interesting to note
that the FeMo cofactor has been found to be reduced in three
steps before N2 is activated and N-H bonds start to be formed.4

Figure 5. Tetramer model with a bridging SH group and N2

coordinated in a similar way as in the dimer model (Figure 3). The
sum of the binding energies of the hydrogen atom and of N2 is 32.0
kcal/mol.

Figure 6. Fe8S92- model with a bridging SH group and N2 coordinated
in a similar way as in the dimer model (Figure 3). The sum of the
binding energies of the hydrogen atom and of N2 is 46.5 kcal/mol.

Figure 7. Neutral Fe8S9 model with six Fe(II) and two Fe(III) atoms.
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Some of this reduction could be associated with opening up
the cavity for N2. Likewise, the formation of H2 could be a
result of closing the cavity again by removing the hydrogens
on the bridges. This is, of course, very speculative at this early
stage but could be a useful starting point for further studies of
more realistic models and also for more detailed studies.

IV. Conclusions

The present study is the first of a series of studies on the
mechanism for ammonia formation by nitrogenase. In this
initial study, it has been considered of most importance to obtain
general ideas of what might be the main factors responsible for
the activation of N2 and for the subsequent formation of the
N-H bonds. For this reason a model as simple as possible
was chosen. The neutral Fe2(II,II) dimer model has indeed given
some interesting new information concerning ammonia synthesis
probably relevant also for the actual FeMo cofactor. The most
important result obtained is that hydrogen atoms play significant
roles not only by binding to N2 but also by binding to the
bridging sulfurs of the cluster. For the dimer it was found
absolutely critical to bind a hydrogen atom to the bridging sulfur
to get these iron atoms to activate N2. Preliminary tests of this
result for larger clusters show that the same effect is present
also in these cases. For the largest cluster another interesting
effect was noted. It was found that the access to the cavity
inside the cluster between the cubanes could be regulated by
the oxidation states on the irons. With two Fe(III) atoms the
cavity was found to be closed for N2. Adding two hydrogen
atoms on the bridging sulfurs between the cubanes, making all
iron atoms Fe(II), opens up the cavity for easy access of N2.
Although the mechanism is not clear at this stage, it is tempting
to suggest that these hydrogen atoms necessary for the chemistry
of N2-ase are also the ones that form the H2 molecule produced
for every N2 activated.
Simple energetic arguments have also been an important

guideline for the present study. It is argued on the basis of
gas-phase energetics that hydrogen atoms need to be produced
by the Fe-protein with an energy in the range 50-60 kcal/mol.
A similar energy range should also apply for the addition of
hydrogen atoms to the FeMo cofactor in each step of the
ammonia synthesis. The model calculations on the iron dimer
confirm this suggestion. The computed exothermicities for the
first five steps are 50.5, 48.1, 73.8, 66.9, and 56.2 kcal/mol,
where the hydrogen atom in the first step ends up on a bridging
sulfur. In this simple model some energy would thus be wasted
in steps three and four, but some loss of energy might be
necessary also for the actual enzyme. As N2H4 is formed, the
dimer model may no longer be a reasonable model. Too much
energy, far outside the ideal 50-60 kcal/mol, is produced as
ammonia is formed in the final steps using this model.
However, it is possible that some of this excess energy could
be used to expel ammonia from the cofactor. Clearly, as more
information and suggestions of this type become available, the
need to do more realistic calculations on the cofactor increases.
Such calculations are planned for the near future and will be
presented in later papers.
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