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Abstract Coordination of dinitrogen to Sellmann-type iron
(II) complexes in a sulfur-dominated coordination sphere,
which emulates the environment of iron centers in the FeMo-
cofactor of nitrogenase, is analyzed with respect to spin states,
spin barriers, and the effect of trans-ligands. Such detailed
investigations became only recently feasible when the reli-
ability of density functional methods, which are the only
quantum chemical methods capable of describing large tran-
sition metal complexes, could significantly be improved for
the calculation of energies for states of different spin. It is
found that the actual binding energy of dinitrogen is of suffi-
cient magnitude for a reasonably strong fixation of N2 by
Sellmann-type coordination compounds. However, potential
fixation is determined by additional factors which reduce the
binding energy. One factor is the change in spin state of the
N2-free metal fragment, which lowers the total energy and
quenches the thermodynamic stabilization effect of the bind-
ing energy. In addition, the metal fragment rearranges and
gains even more stabilization energy for the un-coordinated
state. Apart from these thermodynamical effects, the exis-
tence of spin barriers, which must be overcome upon bind-
ing of dinitrogen, leads to kinetical effects, which cannot be
neglected.

1 Introduction

The catalytic reduction of dinitrogen to ammonia under ambi-
ent conditions with mild reductants, which is accomplished
at the FeMo-cofactor (FeMoco) of the enzyme nitrogenase
(see Ref. [1] for a recent collection of reviews on this sub-
ject), has not yet been achieved at iron centers of biomimetic
model compounds though many attempts have been made
(see, for instance, the extensive work by Sellmann et al. [2–
5]). It was in 2003 whenYandulov and Schrock [6,7] synthe-
sized the first catalytically active nitrogen-reducing complex,
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which is a mononuclear molybdenum species with a triami-
doamine chelate ligand. Its potential role for understanding
(and emulating) the mechanism of FeMoco is not crystal clear
though [8]. The seven iron centers in FeMoco [9] cannot yet
be ruled out as the potential catalytic site of FeMoco. Recent
quantum chemical studies based on density functional the-
ory (DFT) attribute a major role in the reduction process to
these iron centers [10–13]. Since the FeMoco represents a
huge challenge for any present-day DFT method because of
complicated spin–spin interaction patterns and dense lying
electronic states, the focus of our work was on biomimetic
model compounds of the Sellmann type (see Ref. [14] for a
review). Typically, these complexes are dinuclear with iron
or ruthenium as metal centers. Their chelate ligand sphere
consists of thiolate and thioether functionalities, which may
serve as proton acceptors for the transfer of protons onto the
dinitrogen species. In very recent work, we could demon-
strate how to transfrom inert molecular nitrogen coordinated
to Sellmann-type complexes into diazene — which is the
most important reduction step — in a well-directed manner
[15,16]. However, this hypothetical mechanism can only be
tested experimentally if dinitrogen complexes with iron or
ruthenium centers in sulfur ligand sphere can be synthesized
— a goal, which has been achieved for a single ruthenium-
based complex only recently [17–20].

Understanding dinitrogen coordination at biomimetic
Sellmann-type complexes is thus the most important and
most difficult step for these systems [21]. In order to gain
insight into this reaction we utilize DFT calculations. Stan-
dard density functionals, however, do not yield reliable reac-
tion energetics if states of different spin multiplicity get close
[22–26]. We could show that the amount of exact exchange
admixture in hybrid density functionals depends linearly on
the exact exchange contribution and needs to be reduced (to
15% in the case of the B3LYP [27,28] functional) in order to
obtain reliable spin state energetics for transition metal com-
plexes in general [29,30] and for Sellmann-type complexes
in particular [25].

In previous work, we studied the reduction energetics at
mononuclear Sellmann-type complexes [21]. One result of
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Fig. 1 Lewis structure of a Sellmann-type mononuclear biomimetic
model complex 1. This system is experimentally known with various
ligands such as CO, NO+ and phosphanes

this study was that the coordination energy of N2 in such com-
plexes must be increased in order to finally arrive at a biomi-
metic catalytic reduction process. This necessary increase in
coordination strength was determined from a thermodynam-
ical rather than a kinetical point of view; there are thus many
potential reasons for this overall small coordination energy.
In this study, we therefore investigate the coordination of di-
nitrogen in greater detail in order to aid experimental studies
in their pursuit of finding stable dinitrogen iron complexes
in sulfur ligand sphere. The main question to be answered is
why it has not yet been possible to bind dinitrogen to such
Fe(II)–sulfur complexes. One hint stems from results [21]
that show a spin flip from low- to high-spin of the metal frag-
ment upon dissociation of N2, which leads to a significant
decrease in energy such that the total coordination energy
is negligibly small. Hence, we investigate the role of states
of different spin, spin barriers, and the trans-ligand effects
on the coordination mode of dinitrogen to mononuclear bi-
omimetic Fe(II) complexes in this work. The importance of
different spin states and intersystem crossing in the coordina-
tion chemistry of N2 has also been observed and discussed by
Tuczek and co-workers for iron in phosphane ligand sphere
[31] and by Keogh and Poli for an organometallic molybde-
num complex [32] although the high-spin state of the metal
fragments in these cases were higher in energy so that coor-
dination of N2 was energetically favorable.

This work is organized as follows: In the next section
details on the quantum chemical methodology are given. In
Sect. 3, the Sellmann-type complex under consideration is
introduced and Sect. 4 describes model complexes, which are
needed for the investigation of the effect of different ligands
in trans-position in order to grasp the role of high-spin states
and spin barriers.

2 Quantum chemical methodology

From the computational point of view, large dinitrogen com-
plexes of transition metals with a complicated system of low-
lying electronic states are hardly accessible by present day
ab initio quantum chemical methods. Only methods based on
density functional theory are feasible for practical reasons.

For tests on internal consistency, we employed the Becke–
Perdew functional BP86 [33,34] and a variant of the hybrid

functional B3LYP [27,28], which is our B3LYP� functional
[25,29,30]. The B3LYP� functional is a B3LYP with a re-
duced exact exchange contribution from 20% to 15%. The
density functionals BP86 and B3LYP were chosen since they
are the most well established representatives of pure and hy-
brid density functionals yielding reasonable reaction energet-
ics in a large number of cases [35]. However, the situation is
different for iron compounds where highly unreliable ener-
getics were obtained for complexes of the type under con-
sideration [26]. A systematic study has shown that these iron
complexes represent critical cases where high-spin–low-spin
energy splittings are small and differ largely when calculated
with pure and hybrid density functionals [25]. In order to
avoid these uncertainties we use for the discussion of ener-
getics only the B3LYP� functional, which originated from
studies on Sellmann-type complexes [25] but which turned
out to be of general applicability [30].

For all calculations we employed the density functional
programs provided by the Turbomole 5.1 suite [36]. All
results were obtained from all-electron calculations; restricted
optimizations were carried out for singlet (low-spin) states,
while all triplet (intermediate-spin) and quintet (high-spin)
states as well as the singlet state in the potential energy curve
calculations were treated in the spin-unrestricted framework.
In connection with the BP86 functional, we always applied the
resolution-of-the-identity (RI) technique [37,38]. Ahlrichs’
TZVP basis set [39] featuring a valence triple-zeta basis set
plus polarization functions on all atoms was used throughout.
All minimum structures were fully optimized with the cor-
responding density functional and basis set. Frequency anal-
yses have been carried out with our Snf program package
[40], which calculates the Hessian matrix in a semi-numeri-
cal manner by finite-difference differentiation of analytic gra-
dients at slightly distorted geometries. Partial charges have
been calculated from modified atomic orbitals within a sche-
me for population analysis based on occupation numbers
(PABOON) with multicenter corrections [41–43] as imple-
mented in Turbomole. The program Molden [44] has been
used for the visualization of structures.

In calculations of potential energy curves [45], we used
the B3LYP� functional and relaxed all structural parameters
of a complex in its singlet state except for the ligand–metal
bond length, which was forced to assume a pre-defined value.
Energies for all states of higher spin were obtained at these
optimized singlet structures. Consequently, the potential en-
ergy curves of the higher spin states represent an upper bound
to corresponding curves which would be obtained for re-
laxed structures of higher spin. Note, however, that struc-
tural relaxation of the vertically excited singlet structures in
the high-spin (quintet) state would lead to dissociation of the
dinitrogen ligand in the complexes under study: the high-spin
states do not bind N2.

For a sufficiently large number of test calculations on
similar Fe(II)–sulfur complexes, we found [21] that reac-
tion energies calculated with this TZVP and the even larger
TZVPP (with additional polarization functions) basis sets dif-
fered by only ca. 5 kJ/mol without correcting for the basis-set
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Fig. 2 Optimized structures of the Sellmann-type mononuclear compound 1 with N2 as sixth ligand

superposition error (BSSE). If a counter-poise correction was
added, our test calculations on coordination energies have
shown that results obtained with the TZVP and the TZVPP
basis sets differ by less than 1 kJ/mol. We were thus led to the
conclusion that the TZVP basis set in combination with the
counter-poise correction [46,47], which we included for all
points on the potential energy curves presented in this paper,
is sufficiently accurate for our purposes.

3 A Sellmann-type model complex

Sellmann and collaborators have developed an impressive
chemistry of iron–sulfur complexes based on the assump-
tion that the FeMoco of nitrogenase opens up on N2 uptake
and coordinates N2 to (two) iron centers. The mononuclear
iron complex 1 (depicted in Fig. 1) is one of the experimen-
tally best characterized iron(II) complexes [3]. It is known
with various ligands, e.g., L=CO, NO+, or phosphane, but
not with L=N2. The diazene complex of this system has been
obtained in dinuclear form [48,49].

Optimizing the structure of the experimentally not known
hypothetical complex 1(L=N2) yields the structure depicted
in Fig. 2 (the spin multiplicity is singlet). It is interesting
to note that frequency analysis confirms the N2 complex of
1 to be a minimum structure on the potential energy sur-
face of the isolated system. This is remarkable because the
potential energy surface can easily become repulsive with
respect to coordination of N2, if, for instance, the spin state
of the ground state would be high- instead of low-spin (see
below).

Since 1(N2) is stable in a quantum chemical sense (i.e.,
it represents a (local) minimum on the potential energy sur-
face), the question arises, why has it not yet been possible to
synthesize this complex. The reason for this may be antici-
pated in view of the results on a homologous complex [21],
for which a change from low- to high-spin of the metal frag-
ment leads to a significant decrease in energy such that the
overall coordination energy is largely quenched. In order to
analyze this mechanism in greater detail, we calculated the
singlet-state potential energy curve for coordination of N2
and the corresponding vertical excitation energies into the
quintet state (B3LYP�/TZVP; see Fig. 3).

Figure 3 clearly shows that the coordination of N2 on
the singlet potential energy surface is indeed exothermic (by
about −60 kJ/mol; see also Table 1) and leads to a stable min-
imum structure. We note in passing that the potential energy
curve of intermediate spin (i.e., the triplet state) is found to
lie between the high- and low-spin curves. The intermedi-
ate spin state is thus never the ground state and we restrict
our discussion to the high- and low-spin states only. Vertical
excitation into the repulsive potential energy surface of the
quintet state requires about 140 kJ/mol at the singlet mini-
mum structure but only about 30 kJ/mol in the asymptotic
region. Relaxation of the high-spin metal fragment leads to a
significant energy gain resulting from a trigonal-bipyramidal
distortion, see Fig. 4. We should emphasize that N2 cannot
be bound to the quintet state, which we checked by structure
optimization of the high-spin complex (this was also found
for the model complexes to be discussed in the next section).

The structural rearrangement of the five-coordinate metal
fragment and the associated energy gain are the reason why
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Fig. 3 Counter-poise corrected potential energy curves for the coordination of N2 to the metal fragment of 1 (B3LYP�/TZVP). The (red) high-spin
quintet curve was calculated at the partially relaxed singlet structures (black curve). The bold bar at the right-hand-side of the figure denotes the
energetical position of the relaxed high-spin fragment. The energetic difference between this bold bar and the red asymptote corresponds to the
energy, which is gained after structural relaxation of the high-spin state at the low-spin structure

the coordination of N2 to iron centers in Sellmann-type ligand
spheres is not favorable from a thermodynamical point of
view. In turn, there arises a kinetical aspect since an inevitable
crossing of different spin states must occur when N2 is coor-
dinated to the metal fragment. It is likely that this spin bar-
rier is the reason why coordination of N2 to five-coordinate
Sellmann-type metal fragments has not yet been achieved
experimentally because the spin barrier had to be overcome
when the N2 would be approaching the metal fragment in the
asymptotic region. Note that the spin barrier incorporates two
energetically unfavorable processes: (1) the spin flip is in gen-
eral a forbidden process (if spin–orbit coupling is sufficiently
small) and (2) the structural rearrangement of the metal frag-
ment from trigonal-bipyramidal to square-pyramidal requires
a significant amount of energy.

On the other hand, the spin barrier could protect an N2
coordinated at the metal fragment. But in order to generate
such a situation, it would be necessary to generate the 1(N2)
complex from a more stable N2Hx species, which has also
not yet been achieved experimentally. One reason is that such
an ‘in situ’ generation of the 1(N2) complex would be hin-
dered by effective side reaction like those described in Ref.
[16], which need to be suppressed. Consequently, the most
obvious solution of this dilemma would be to prevent the dis-
tortion of the metal fragment in order to keep the singlet state
as the ground state also in the asymptotic region. This might
be achieved sterically through a particularly chosen chelate
ligand architecture or electronically through the ligand field
strength of the only non-sulfur ligand in trans-position.

4 Model systems for stability analyses

In this section, we elucidate the potential electronic effect of
the trans-ligand in greater detail. For this purpose we calcu-
lated potential energy curves for N2 coordination to model
complexes 2, with thioether and thiolate functional groups in
the chelate ligand as in 1 but with the aliphatic amine bridge
replaced by two methyl groups and one ligand L′ (compare
Fig. 5), which may be chosen out of the spectrochemical
series in order to screen different ligand field strengths in
trans-position. We chose for our study L′ = CO (2a), F−
(2b), H2O (2c), NH3 (2d), H2S (2e), and a complex 3, which
has been derived from 1 by replacing the amine -NH- moiety
in the aliphatic chain by an ether functional group -O-.

All potential energy curves for the coordination of N2 at
these complexes are depicted in Fig. 6. The inlay structures in
these diagrams also contain the structural parameters (bond
lengths) of these molecules. Complexes 2b–e and 3 possess
a singlet six-coordinate minimum structure, in which N2 is
bound to the model complexes. The coordination energies
on the singlet potential energy surface are about −60 kJ/mol
for 2b,c and 3 and a bit smaller for 2d and 2e (all values are
given in column 3 in Table 1). Table 1 also contains the true
coordination energy, which takes the structural relaxation and
spin state change of the metal fragment into account (column
5 in Table 1). Complex 2a with the strong trans-ligand L′ =
CO is an exceptional case as the singlet curve is repulsive
(compare also the negligible electronic binding energy of
−0.2 kJ/mol given in Table 1; a zero-point vibrational energy
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Fig. 4 Optimized high-spin quintet structure of the trigonal-bipyramidally distorted metal fragment of complex 1
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Fig. 5 Lewis structure of model compounds 2 for the study of the trans
effect

correction, which would lead to N2 repellance, has not been
included).

We note that the intermediate spin state always lies be-
tween high- and low-spin states for these model systems as in
the case of complex 1. They have therefore been omitted for
the sake of brevity. Moreover, we should emphasize that the
relaxed high-spin metal fragments of the model complexes
2a–e and 3, whose energies are given relative to the six-coor-
dinate minimum structures as a black bar on the right-hand-
side of each diagram in Fig. 6, all adopt a trigonal-bipyrami-
dal distorted structure of the type depicted in Fig. 4.

From the coordination energies on the singlet potential
energy surface, we may conclude that coordination of N2 is
energetically favorable, especially if weak ligands like F−,
NH3, or H2O are in trans-position. Even if a chelate ligand
keeps the trans-donor atom at distance (compare 1 with 2d,
where the Fe–N(trans) distance is about 3 pm larger in the
bridged chelate ligand, and 3 with 2c, where the Fe–O(trans)
distance is about 4 pm larger in the bridged chelate ligand),
the coordination energy is little affected.

As in the case of 1 discussed in the last section, the low-
lying quintet state quenches the coordination energy of N2

Table 1 Coordination energies for various iron–sulfur complexes in
different electronic states. In all cases, the reference energy is taken as
the energy of the singlet minimum structure minus the energy of an
isolated N2 molecule. �EA denotes its difference to the singlet metal
fragment, �EB denotes its difference to the quintet metal fragment cal-
culated at the singlet asymptotic structure, and �EC denotes its differ-
ence to the relaxed quintet metal fragment in kJ/mol. The � marks an
energy that was obtained for the fully optimized complex 2a, which was
found to be a little lower in energy than the minimum depicted in Fig. 6,
where the Fe–N bond distance was kept fixed as a constraint. The effect
of this constraint was by far less pronounced for all other structures

Complex L′ �EA �EB �EC

1 −56.1 −79.7 1.8
2a CO −0.2� −156.2 −32.9
2b F− −59.4 1.9 81.6
2c H2O −59.4 −38.5 25.4
2d NH3 −41.6 −52.4 20.7
2e H2S −29.5 −57.5 28.6
3 −60.7 −39.4 30.6

on the singlet potential energy curve and leads in all cases to
an endothermic coordination energy (column 5 in Table 1).
However, the quintet energies calculated as vertical excita-
tions at the fixed singlet structures are almost all exothermic
(column 4 in Table 1) and indicate that it is the structural
relaxation of the metal fragment, which has to be inhibited
through a suitably chosen chelate ligand. Such a chelate lig-
and should freeze a square-pyramidal structure so that it can-
not rearrange to become trigonal-bipyramidal. Moreover, the
diagrams in Fig. 6 cleary show that the quintet state for such a
frozen square-pyramidal structure can be pushed away from
the singlet state to higher energies the stronger the ligand in
trans-position is. In particular, the potential energy curves for
vertical excitation into the quintet state lie sufficiently above
the singlet states for the amine and ammine complexes 1 and
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Fig. 6 Counterpoise-corrected potential energy curves (B3LYP�/TZVP) for trans-effect model compounds 2a–e and 3. Red curve: quintet state,
black curve: singlet state. Bond distances of the optimized singlet minimum structure are given for BP86/RI/TZVP and B3LYP�/TZVP

2d, respectively, suggesting that nitrogen donor atoms are
appropriate donors in combination with thiolate and thioe-
ther functionalities if a rigid square-pyramidal chelate ligand
can be designed for these complexes.

Finally, we should make a short comment on N2 acti-
vation in the six-coordinate singlet structures. In order to
analyze the activation of the N≡N ligand, we carried out

population analyses, whose results are given in Table 2 in
combination with the corresponding N≡N bond distances.
The PABOON partial charges indicate a small polarization
of the N2 moiety by the metal fragment, which is essen-
tially the same in all metal complexes studied. The bond dis-
tances are about 113 pm in all complexes if calculated with
BP86/RI/TZVP (and about 111 pm in B3LYP�/TZVP calcu-



82 G. Moritz et al.

Table 2 PABOON partial charges for the metal center in the six-coordinate complexes (third column) and in the five-coordinate metal fragments
(sixth column) and for the nitrogen atoms coordinated to the iron center (N1) and for those (N2), which are bound to N1. The last column contains
the N≡N bond distances rNN in pm for BP86/RI/TZVP (and for B3LYP�/TZVP in parentheses)

Complex L′ q(Fe) q(N1) q(N2) q(Fe[fragment]) rNN

1 0.2064 0.3622 0.0530 −0.6863 113 (111)
2a CO −0.3567 0.2825 0.1644 0.5744 111 (112)
2b F− 0.5159 0.3613 0.0273 0.6591 113 (111)
2c H2O 0.2731 0.4228 0.1056 0.8583 113 (111)
2d NH3 0.3583 0.3910 0.0687 −0.4469 113 (111)
2e H2S −0.2389 0.4050 0.0832 −0.6818 112 (111)
3 −0.4425 0.4423 0.0728 −0.8491 113 (111)

lations). This is close to 110 pm, which we obtained for the
isolated N2 molecule (with both density functionals using a
TZVP basis set).

Our results show that the inert dinitrogen molecule can
be bound to Sellmann-type complexes but does not expe-
rience a significant activation in such a way that reduction
to diazene is facilitated. This has already been observed in
previous studies [15,16], where we suggested an alternative
electronic activation mechanism, which does not require any
significant direct activation of N2 upon coordination.

5 Conclusion

In this work, we tried to answer the question why it has not
yet been possible to synthesize a dinitrogen iron(II) complex
in a sulfur ligand sphere, which would be an essential step in
biomimetic nitrogen fixation at iron–sulfur complexes. For
Sellmann-type metal complexes we find that coordination of
N2 is in principle energetically favorable if the coordination
reaction takes place on the singlet potential energy surface.
Dissociation of the N2 ligand turns out to be thermodynami-
cally favorable because of a significant energy gain upon in-
tersystem crossing and structural relaxation of the resulting
high-spin five-coordinate metal fragment. Vertical excitation
energies obtained for a series of model complexes show that
this ‘side reaction’could be suppressed if a square-pyramidal
chelate ligand can be designed.
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