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A Photochemical Activation Scheme of Inert Dinitrogen
by Dinuclear Ru" and Fe" Complexes

Markus Reiher,*'*! Barbara Kirchner,' Jiirg Hutter,™ Dieter Sellmann,'! and

Bernd Artur Hess'®!

Abstract: A general photochemical ac-
tivation process of inert dinitrogen co-
ordinated to two metal centers is pre-
sented on the basis of high-level DFT
and ab initio calculations. The central
feature of this activation process is the
occupation of an antibonding m* orbi-
tal upon electronic excitation from the
singlet ground state S, to the first excit-
ed singlet state S,. Populating the anti-
bonding LUMO weakens the triple
bond of dinitrogen. After a vertical ex-

ized at the two nitrogen atoms, ready
to be protonated. Reduction and de-ex-
citation then yield the corresponding
diazene complex; its generation repre-
sents the essential step in a nitrogen
fixation and reduction protocol. The
consecutive process of excitation, pro-
tonation, and reduction may be rear-
ranged in any experimentally appropri-
ate order. The protons needed for the
reaction from dinitrogen to diazene
can be provided by the ligand sphere

These protonated thiolate functionali-
ties bring protons close to the dinitro-
gen moiety. Because protonation does
not change the m*-antibonding charac-
ter of the LUMO, the universal and
well-directed character of the photo-
chemical activation process makes it
possible to protonate the dinitrogen
complex before it is irradiated. The m*-
antibonding LUMO plays the central
role in the activation process, since the
diazenoid structure was obtained by

citation, the excited complex may
structurally relax in the S, state and ap-
proaches its minimum structure in the
S, state. This excited-state minimum
structure features the dinitrogen bound
in a diazenoid form, which exhibits a
double bond and two lone pairs local-

atoms

calculations

Introduction

Activation of small molecules by transition-metal complexes
is a major research area in catalysis. In this context, the
main purpose of a transition-metal complex is usually the
direct activation of the small molecule through a weakening
of a bond or even bond breaking upon coordination. In this
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of the complexes, which contains sulfur

acting as proton acceptors.
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excitation from various occupied orbi-
tals as well as by a direct two-electron
reduction (without photochemical acti-
vation) of the complex; that is, the im-
portant bending of N, towards a diaze-
noid conformation can be achieved by
populating the s*-antibonding LUMO.

functional
state

work, we investigate the example of nitrogen fixation, that
is, the reduction of dinitrogen to ammonia, which is still a
challenge in coordination chemistry. In the case of dinitro-
gen reduction, the activation of N, upon coordination is usu-
ally measured in terms of bond elongation (towards diazene-
or hydrazine-like N—N bond lengths) or of force constants
obtained from vibrational spectroscopy (compare refs. [1,2]
for recent examples and refs. [3-6] for reviews). The reduc-
tion of the N,H, (x=0,1,2) species can then be achieved
either by direct use of strong reductants or by the metal
complexes itself (see, e.g., refs. [7-15]) into which the reduc-
tive power has been deposited on preparation of the com-
plex. The decisive aspect for nitrogen fixation is that these
systems should work catalytically.

Apart from potential “thermochemical” nitrogen activa-
tion pathways, photochemical reactions have also been dis-
covered. For instance, Floriani et al. achieved cleavage of
the N=N triple bond via irradiation of dinuclear molybde-
num based complexes, which bind N, end-on."®! This light-
assisted cleavage reaction produced presumably end-on
bound monomeric nitride complexes, which then reacted
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with the remaining reactant molecules. We should empha-
size, however, that this reaction purely demonstrates the
bond cleavage, but not reduction of N,; it is assumed to be
important in N, photoactivation research. As a second ex-
ample we would like to mention the work of Kisch and co-
workers who confirmed the findings of Schrauzer and
Guth™ in a recent study™' that ammonia can be pro-
duced through light absorption by semiconductor powder
(which was previously questioned by Edwards et al.?*?!! in
view of contradictory results). In this case, the postulated
photofixation mechanism, which is consistent with the ex-
perimental findings, involves the production of adsorbed hy-
drogen atoms from the decomposition of water, which then
reduce molecular nitrogen."™"! The photochemical effect
thus relies on the production of the strong reductant
“atomic hydrogen”.

The production of diazene is the thermodynamically deci-
sive step and thus the most important step in dinitrogen re-
duction.”? Once this has been accomplished, subsequent re-
duction or disproportionation (see ref. [23]) to hydrazine
and ammonia might be possible. While the enzyme nitroge-
nasel***" processes this reduction under ambient condi-
tions without extraordinarily strong reductants or tempera-
ture and pressure conditions, model complexes usually need
strong reductants (in some way or another) and do not pro-
vide proton acceptors in their ligand spheres, which are es-
sential for bringing protons close to the reaction center. The
first catalytic dinitrogen reducing system was presented in
the recent work by Yandulov and Schrock, who used a mo-
lybdenum triamidoamine complex.?="

In this study, we advocate for a different protocol in dini-
trogen reduction research, in which the transition-metal
complex serves in the first step merely as a coordination
site, which fixes N, spatially without significant activation,
that is, without significant elongation of the N=N triple
bond. In a subsequent second step, the energy for the activa-
tion is then provided by irradia-
tion of UV/Vis light, which
forces the transition-metal com-
plex in an excited state. It is
most important to understand
that this excited state does not
represent an ill-defined storage
for the photon energy, which
would then result in uncontrol-
led reactions. Instead, the par-
ticular excited state must enable
a well-directed activation of N,
through excitation in an anti-
bonding molecular orbital. This | 2H*
idea of utilizing m* orbitals of s [M S
the N, moiety is straightforward
and has therefore been suggest-
ed earlier in the literature;!

2¢”

tive quantum chemical one-particle picture).’*3! However,
it is by far less clear whether the occupation of a m*-anti-
bonding molecular orbital can then produce a diazene-like
conformation with N, possessing a double bond and two
lone pairs at the nitrogen atoms as depicted in Figure 1.
Once this can be achieved, such a diazenoid structure can
be protonated to give diazene in a subsequent reduction
step. In principle, the order of activation, reduction, and
protonation might be varied as demonstrated in Figure 2 for
a dinuclear dinitrogen coordinating complex. While our
focus here is on analyzing the general capability of certain
dinuclear metal complexes for undergoing a sequence of

E
=H
relaxation
=~ Imthe first excited state
—~
Initial
excitation
hv partial loss of reactive species

through fluorescence bent

structure

(prepared for fast
electron andéor proton transfer)

linear structure reaction coordinata__

(M] M)
N N
N N

(M] [m]

Figure 1. Schematic representation of the postulated photochemical acti-
vation scheme; various (also non-radiative) side reactions may occur,
which are not shown.

2H*

certain bands in the electronic
spectra of various dinitrogen
complexes could indeed be as-
signed to transitions into w* or-

bitals (in an idealized, qualita- tion, and excitation processes.
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Figure 2. Hypothetical reduction process of coordinated dinitrogen through consecutive protonation, reduc-
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these three steps, we note that the detailed mechanism of re-
duction and protonation is not only important for the model
complexes but also for the enzyme nitrogenase. The impor-
tance of understanding cooperativity effects and mechano-
chemical couplings of reduction and protonation in metal-
loenzymes has recently been stressed by Xavier et al.™

In this work, we study the potential photochemical activa-
tion process by employing biomimetic nitrogenase model
complexes, which were synthesized by Sellmann and co-
workers.F** The biomimetic aspect of these systems relies
on the “open-side model” introduced by Sellmann (see
refs. [37,38]) and has recently been supported by first-princi-
ples calculations on the mechanism of the active center of
nitrogenase, that is, of the FeMo cofactor.*! These model
complexes feature thiolate and thioether functional groups
in the coordination sphere of iron and ruthenium metal cen-
ters. In this respect, they resemble parts of the structure of
the FeMo-cofactor. Since it is well known that ruthenium
binds unstable N,H, species stronger than iron, which has
also been confirmed for Sellmann-type complexes in quan-
tum chemical calculations,””’ Ru complexes are often used
for testing synthetic strategies, which can afterwards be
tested for iron analogues. Consequently, the first (mononu-
clear and dinuclear) dinitrogen Sellmann-type complexes 1
were obtained recently with ruthenium as the central metal
atom.[** The experimentally known dinuclear dinitrogen—
ruthenium complex is the starting point for our theoretical
dinitrogen activation study.*!! The Lewis structures of this
and an additional dinuclear Sellmann-type metal complex,
which we selected in order to demonstrate the general as-
pects of the photochemical activation process, are depicted
in Figure 3. Complexes of type 2 were obtained®*! as a
low-spin derivative of chelate ligands with a secondary
amine in trans-position®” in place of the pyridine.

Figure 3. Lewis structures of biomimetic model complexes. Left: “S,N,”

with R’=Me and R =alkyl); right: “N,

Sy complex 2.

After the description of the quantum chemical methodol-
ogy in the next Section, the structural and energetical fea-
tures of the complexes in Figure 2 are discussed subsequent-
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complex 1 (experimentally known

ly. This discussion allows us to examine the principle fea-
tures of a photochemical activation pathway. A quantitative
analysis of a simplified model of the experimentally known
dinuclear N, complex 1 provides additional information on
the details of the postulated photochemical process (Section
on Quantitative Investigation). We shall demonstrate that
the photochemical activation is possible for different chelate
ligands and metal center atoms and is solely governed by
the character of the LUMO in these complexes.

Quantum Chemical Methodology

For all ground-state restricted Kohn-Sham calculations we
applied the density functional programs provided by the
Turbomole 5.1 suite.’!) For Ru we employed pseudo-poten-
tials of the Stuttgart groupt as implemented in Turbomole.
Ahlrichs’ TZVP basis set featuring a valence triple-zeta
basis set with polarization functions on all atoms is used.
For the calculation of vertical excitation energies we applied
the time-dependent BP86P*>! and B3LYPP**" density func-
tional programs of the Turbomole package.">* The B3LYP
functional has been employed in addition to the BP86 func-
tional, which is known to produce accurate molecular struc-
tures for the type of complexes under consideration”, since
B3LYP excitation energies are, in general, more reliable
than those from BP86 calculations.™ In connection with the
BP86 density functional calculations for the ground states
we always used the resolution-of-the-identity (RI) techni-
que.[m‘ﬁz]

Moreover, these two density functionals were chosen
since they are very well established representatives of pure
and hybrid density functionals yielding reasonable reaction
energetics in a large number of cases. However, the situa-
tion is different for iron com-
pounds where unreliable ener-
getics were obtained for com-
plexes of the type under
study.*”l A systematic study has
shown that these iron com-
plexes represent critical cases
where high-spin-low-spin
|| energy splittings are small and

N

T o can differ largely when calculat-
g ot ed with pure and hybrid density
| Ng functionals.””! In order to avoid
N these uncertainties we use in

addition to BP86 and B3LYP
our re-parametrized B3LYP*,
which was tailored particularly
for these complexes® but
2 which has shown to be of gener-
al applicability.*! For the dis-
cussion of reaction energetics
we rely on the B3LYP* data
and give energies for the two
other density functionals only for comparison.

For the frequency analyses the program package SNF was
employed.”™ The second derivatives of the total electronic

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 4445


www.chemeurj.org

FULL PAPER

M. Reiher et al.

energy of the harmonic force field were calculated numeri-
cally from analytic energy gradients of distorted structures.
Scaling factors for a re-adjustment of the calculated fre-
quencies were not applied.

The main contribution to the excitation from S;—S,
turned out to be a HOMO —LUMO transition which is of
charge-transfer type (from the sulfur lone-pairs to the t* or-
bital of the N, moiety). Such excitations are not well descri-
bed by TDDFT (neither with the B3LYP nor with the BP86
functional). Therefore, we performed calculations of excita-
tion energies with the TZVP basis set within the framework
of multi-reference second-order perturbation theory (MR-
MP2) with the multi-reference 2nd-order Mgller-Plesset
code by Grimme and Waletzke.[*

However, a MR-MP2 program for structure optimizations
with analytic gradients is not available so that we used effi-
cient DFT and TDDFT calculations in combination with the
BP86 functional for the generation of excited state mini-
mum structures. Ground-state DFT calculations were ap-
plied for this purpose because we were able to exploit the
different symmetry of HOMO and LUMO in C; point group
symmetry. Occupation of the LUMO then leads to an at
most semi-quantitative description of the electronic struc-
ture if we assume that the modified electronic configuration
may become the ground state configuration for the diaze-
noid structure. A second, quantitative scheme is provided by
a TDDFT optimization in the excited state. Though the exci-
tation energy in this calculation may be non-quantitative,
the change of structure of our rigid complexes can be ex-
pected to be sufficiently accurate.

For the TDDFT structure optimization in the first excited
singlet state S; we applied the recent development of analyt-
ic excited state energy gradients in the CPMD codel®
within the Tamm-Dancoff approximation.!”! Troullier-Mar-
tins norm-conserving pseudo potentials® with a 70 Ryd cut-
off were used. For all atoms excluding ruthenium we chose
the electron configuration of the neutral atomic ground
state for the generation of the pseudo potentials. Ruthenium
was treated as an ionic system in the Ru™ configuration
(atomic spectroscopy notation), that is, Ru?* with electronic
configuration (4d°®). The 4s and 4p semi-core one-electron
states were included explicitly in the calculation. The core
radii (r, in atomic units) were 1.2 for carbon, 1.12 for nitro-
gen, 1.5 for phosphorus, 1.4 for sulfur, and 0.5 for hydrogen.
The same values for all angular momentum states were em-
ployed. The r, values for ruthenium were 1.1 (1=S), 1.2 (1=
P), and 1.6 for (1=D). Hydrogen was described by a local
pseudopotential. For nitrogen and carbon S and P, for sulfur,
phosphorus, and ruthenium S, P, and D angular momentum
functions were included. The highest angular momentum
channels were used as local potentials.

In general, the Kleinmann-Bylander scheme” was ap-
plied, except in the case of ruthenium where a Gauss—Her-
mite integration Scheme with 20 integration points was em-
ployed. Ground and excited states were described using the
BP86 functional. To enable the study of isolated systems,
the inherent periodicity in the plane-wave calculations was
avoided by solving Poisson’s equation with non-periodic
boundary conditions." To optimize the wave function we
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employed the “preconditioned conjugate gradients” method
with convergence criteria of 107° and 10~* for the largest el-
ement of the gradient of the wave function and for the ions,
respectively. The cell size was set to 25x18.75x18.75 A3,
which was sufficient to converge the energies and geome-
tries with respect to the cell parameters (20x15x15 and
24x18x18 box A’ sizes were also tested).

Structures, Energetics, and Qualitative Analysis of
Photochemical Excitations of 1 and 2

The structures of 1 and 2 were optimized in C; symmetry
and are given for ruthenium as the central metal atoms in
Figures 4 and 5. Structures 1a/2H* and 2a/2H* were ob-
tained by di-protonation of 1a and 2a at two sulfur atoms of
the ligand sphere. The complexes 1b and 2b were produced
from 1a and 2a, respectively, by exchanging the orbital oc-
cupation: the a,-symmetric HOMOs were depopulated and
the a,-symmetric LUMOs occupied by two electrons. This
new electronic configuration can be understood as a model
for the excited state of each of the complexes. Wavefunction
and structure optimization are possible since the new occu-
pation is kept during the self-consistent field calculations for
symmetry reasons. We should note that the occupation of
the LUMO within our restricted DFT calculations would
imply a large contribution of a double-excited determinant
in a more accurate ab initio treatment with multi-configura-
tion wavefunctions. The inversion of HOMO-LUMO occu-
pation should not be mixed up with an “excitation of two
electrons” as one might be tempted to deduce from the
qualitative picture. Moreover, the qualitative features of the
“excitated” states to be discussed in this Section showed
also up in unrestricted DFT calculations on the singlet and
on the triplet (compare Section on Protonation and Reduc-
tion) states, in which only one electron is promoted from
the HOMO to the LUMO (within C; symmetry).

We are aware that this procedure does not describe a sta-
tionary molecular state. However, the result of this optimi-
zation turned out to be in qualitative agreement with the
more elaborate rigorous optimization techniques for excited
states, which are described below. Moreover, the resulting
structure provides a one-dimensional reaction coordinate,
which we have also investigated by means of high-level
single-point MR-MP2 techniques for excited state calcula-
tions. These test calculations confirmed the qualitative pic-
ture of the potential energy surface depicted in Figure 1.

The main contributions to the a,-symmetric LUMOs in
both complexes 1 and 2 are due to atomic orbitals at the
ruthenium centers, at the sulfur atoms, and at the N, ligand.
The contribution of the N, ligand is an antibonding mt* orbi-
tal. The results of the structure optimization of the LUMO-
occupied electronic configurations are depicted in the
second rows of Figures 4 and 5. Their main structural fea-
ture is a bent diazenoid N, ligand with increased N—N bond
length. In this qualitative picture, occupation of the
LUMOs, which may be achieved in practice by photochemi-
cal excitation or by reduction, has thus a well-directed desta-
bilizing effect on the N, ligand.

www.chemeurj.org Chem. Eur. J. 2004, 10, 4443 —4453
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Since the LUMOs of 1a/2H™" and 2a/2H™ are qualitative-
ly equivalent to the LUMOs of the unprotonated species, it
is not surprising that exchange of occupation also yields dia-
zenoid structures, labelled as 1a/2H* and 2a/2H™" in Fig-
ures 4 and 5. The reign of the LUMO, which consists in es-
sential parts of the antibonding mt* N=N molecular orbital,
attributes a certain universal character to the postulated
photochemical activation process and indicates that it is
indeed possible to follow different reduction routes accord-
ing to Figure 2.

In Figure 4, two bond lengths of the experimentally
known derivative of complex la are given for comparison.
As can be understood from this comparison, the B3LYP and
B3LYP* calculations provide structural parameters which
are in close agreement with the experimental values.

178.0°

(17799 ©

(17769 _
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It is important to note that the slight bending of the linear
N, moiety in the experimentally known dinuclear ruthenium
complex is also observed for our ruthenium model complex
with R = H and R’ = H. The X-ray structure features a
Ru-N-N angle of 173.2°, where our model complex exhibits
a corresponding angle of about 178°. This structural feature
can be understood as a beginning activation of N,, which is
discussed from the point of view of its electronic structure
in the next Section. The initial bending of N, in the dinu-
clear ruthenium complex in the experimental X-ray struc-
ture thus does not appear to be an artifact due to steric hin-
drance or packing effects in the crystal because the angle of
less than 180° is also found in our simplified and isolated
model complex, which we obtained from structure optimiza-
tions with tight termination criteria. In case of the 2a com-

plex we found a smaller bend-
ing by less than 1° (BP86/RI/
TZVP).

The bond lengths of the
linear N, ligands in 1a and 2a
are only slightly increased upon
coordination when compared

5 with the free ligand (110.4 pm
with BP86/RI/TZVP). N, is
thus activated by the ruthenium
metal centers only to a small
extent. This is also evident from
the N=N stretching frequencies
(BP86/RI/TZVP) of 2102 cm™
for complex 1a, which is the
(R,S)-stereoisomer of the ex-
perimentally known (S,S)-com-
B plex with R = PiPr; and R’ =
Me with ¥y = 2047 cm™
(solid state).* The mononu-
clear analogue of 1a exhibits a
N-N stretching frequency of
e ey =2113 cm L.¥ For com-
plex 2a we obtained V=
2134cm™. The decrease in
wavelength by 32cm™ (1a

, 111.9 pm
%D ~ (114.1 pm)
[112.4 pm]

; )0 compared with 2a) may be in-
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Figure 4. Optimized structures of the biomimetic model complexes 1: ground state minimum (left), optimized
structure of the HOMO-LUMO-exchanged electronic configuration within C; symmetry (right). The top row
shows the neutral ruthenium complexes and the second row depicts the positively charged complexes, where
two protons were added to thiolate sulfur atoms. For 1a experimental reference values are taken from ref. [44]

for the derivative with R=PiPr; and R"=Me.

Chem. Eur. J. 2004, 10, 4443 —4453 www.chemeurj.org

o while we obtained 1592.6 cm™

. . for the N=N stretching mode in
TN ("}ﬂ free N,H, (BPS6/RITZVP).
The minimum structures of the
dinuclear diazene complexes,
which are the final product of
the protonation-reduction se-
quences, were already discussed
and compared with experimen-
tal data in ref. [42].
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BILYPITZVP
(BP8G/RUTZVP)
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[BALYPHTZVF]

L)
1= (113.5 pm)

[197.0 pm] o
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{137.1 pm)

(202.0 pm)
[200.0 pm]

Figure 5. Optimized structures of the biomimetic model complexes 2: ground state minimum (left), optimized structure of the HOMO—-LUMO ex-
changed electronic configuration within C; symmetry (right). The top row shows the neutral ruthenium complexes and the second row depicts the posi-
tively charged complexes, where two protons were added to thiolate sulfur atoms.

The corresponding dinuclear N,-coordinating Fe" com-
plexes exhibit the same structural features as the dinuclear
ruthenium complexes and behave analogously with respect
to a re-occupation of molecular orbitals. The 1(Fe)a com-
plex also exhibits a initial bending of the Fe-N=N-Fe moiety
with an Fe-N-N angle of 177.3°. The analogous behaviour of
the dinuclear Fe' and Ru" complexes adds to the universal
character of the photochemical activation process. Since to
date only the dinuclear dinitrogen complex 1 with rutheni-
um as the central metal is known, we restrict the following
discussion to the ruthenium complexes for brevity.

4448
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Energetics for various reactions of the complexes 1 and 2
are listed in Table 1 in order to provide qualitative insight
into the relative energies of the different species. Reaction
type (A), which is endothermic by 41.1 kJmol™ for 1a and
by 18.6 kJmol™! for 2a, produces the corresponding diazene
complexes 3 and 4, respectively. The excitation energies of
about 3.5eV for reactions (B.a) and (B.b) in Table 1 are
only rough estimates for the true values (in view of the
somewhat artificial generation of the diazenoid structures
by inversion of the HOMO-LUMO occupation).

www.chemeurj.org Chem. Eur. J. 2004, 10, 4443 — 4453
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Table 1. Reaction energetics of complexes 1 and 2 at 0 K (without zero-
point energy corrections) within the semi-quantitative approach
[kImol'].

Reaction BP86/RI B3LYP B3LYP*
type reactants TZVP TZVP TZVP
(A) la+H,—3 29.1 451 411
(B.a) la—1b 2442 310.1 2922
(B.b) 1a2H"—1b2H* 3123 387.1 366.5
(A) 2a+H,—4 5.0 234 18.6
(B.a) 2a—2b 286.6 362.3 343.0
(B.b) 2a/2H"—2b2H* 310.0 384.9 364.3

Quantitative Investigation into the Excitation and
Relaxation Processes

In the last Section, we described general evidence for a pos-
sible photoexcitation of complexes 1 and 2, which can yield
diazenoid structures with activated N, moieties ready to be
(protonated and) reduced. Our discussion so far was based
on calculations of excited states in which we assumed that
the excited state wave function is qualitatively well descri-
bed by a point-group-restricted DFT optimization within C;
symmetry.

For a quantitative study in a TDDFT and MR-MP2
framework, we used a modified model § of the experimen-
tally known dinuclear ruthenium complex 1 in order to in-
crease the computational efficiency. We should note that
this reduced model, in which the benzene rings have been
substituted by ethylene bridges, also shows the general qual-
itative properties of the dinuclear complexes 1 and 2, that is,
it also bends upon exchange of HOMO and LUMO occupa-
tion (see Figure 6).

A TDDFT geometry optimization of 5a in its first excited
singlet state gave an asymmetrically bent species 5b, which
is depicted in Figure 7. In the
qualitative  test  calculations
with exchanged occupation in
C; symmetry we found bending
angles of about 120°, while the
Ru-N-N angles in the TDDFT
S;-optimized structure 3b are
138.3 and 147.0°. The consistent
picture of TDDFT excited state
structure optimization thus cor-
roborates evidence that a pho-
tochemical activation of N, is
possible, if the LUMO is gov-
erned by m* contributions of
the N, ligand.

As in the case of the “full”
complexes 1a and 2a, also 5a
shows a characteristic LUMO
with an antibonding contribu-
tion at the N, ligand. This
LUMO is shown in Figure 8.

It is instructive to use the
electron localization function
(ELF)" as a means for the
analysis of the total electronic

Chem. Eur. J. 2004, 10, 4443 —4453 www.chemeurj.org
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5a 5b

Figure 6. Lewis structures of the ruthenium-based model system 5.

density. Since ELF is a measure for the probability of find-
ing a second electron at the position of a given one, visuali-
zation of electron lone pairs is possible. ELF isosurfaces and
conture plots for the model complex 2 are given in Figure 9.

ELF reveals tiny lone pairs at the nitrogen atoms of the
slightly bent N, ligand in Sa. This initial formation of lone
pairs is the electronic signature of the structural distortion
from linearity. In the diazenoid structure 5b in Figure 9, the
lone pairs are, as expected, much more pronounced and
may function as acceptors for protons near-by.

Since it was not possible to obtain reliable excitation ener-
gies with TDDFT for the structures Sa and 5b, we used the
more accurate MR-MP2 theory for this purpose. The BP86
and B3LYP S;—S, excitation energies differed by about
0.5 eV and were both smaller than 2.0 eV.

Figure 7. Two different views upon the BP86-plane-wave optimized structure of the first-excited S; state of the
ruthenium-based model system 5b.
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Figure 9. ELF plots of structures 3a and 3b before and after the excitation. The linear structure on the left
and in the middle is depicted with an ELF isosurface at 0.76 and as a contour plot, respectively. The bent
structure on the right shows ELF at a value of 0.85. (The specific values for the ELF isosurface have been se-
lected for practical purposes.) The left-hand-side plot shows a very small lone pair, which originates from the
slight distortion of the linear minimum structure. The picture in the middle clearly shows the lone pairs at the

take the lowest energies for the ground state and for the
first excited singlet state. The vertical excitation energy of
5a then becomes 5.48 eV (226 nm). If this energy can be se-
lectively deposited in Sa, the structure may relax to Sb, for
which we find a “de-excitation” energy of 1.75 eV (711 nm).
The relaxation in the first excited S, state thus produces the
diazenoid structure and reduces the electronic gap between
the Sy and S, states as suggested by Figure 1.

Protonation and Reduction of the Excited-State
Minimum Structures

Following the upper reaction pathway of Figure 2, we may
model the last two steps, that is, the protonation and reduc-
tion, at once by adding two hydrogen atoms to the thiolate
sulfur atoms in the S;-minimum structure at distances and
angles, which are typical for protons bound to thiolate sul-
furs in such complexes (i.e., at d(S-H)=137 pm, a(RuSH) =
100°, and d(NRuSH)=-10°).
To model the transfer of hydro-
gen atoms onto the diazenoid
structure in a simple way, we re-
laxed the thus prepared struc-
ture Sb+2H in a standard
ground state structure optimiza-
tion. However, since four sulfur
atoms in Sb approximately span
a plane, in which the two metal
atoms as well as the N, ligand
lies, there exist two possibilities
to efficiently protonate a trans-
pair of sulfur atoms (other pro-
tonation schemes are also possi-
ble but less effective with re-

sulfur atoms, which are the protonation positions. The right-hand plot demonstrates the rise of lone pairs in

the diazenoid bent structure.

It is important to note that the structure of the multi-de-
terminant wave function of Sa shows a significant contribu-
tion from m’—n** doubly excited determinants (the Har-
tree-Fock ground state wave function has a configuration in-
teraction (CI) weight of Cjr = 0.80), as we would have ex-
pected from the qualitative discussion in the Section on the
Structures, Energetics, and Qualitative Analysis. This obser-
vation correlates with the deviation of the Ru-N=N moiety
from linearity by about 3°. On the other hand, the excited
state wave function of 5b is dominated by a contribution
from a HOMO—LUMO single excitation with a CI weight
of Chiomo-umo=0-60.

After testing various reference configurations in the MR-
MP2 protocol, we obtained two optimum results for the
ground and excited-state energies. By comparison of total
electronic energies, the first calculation gave a better de-
scription of the excited state (Es, =—3257.759242 Hartree,
Eg, =—3257.573900 Hartree), while the second calculation
revealed an optimum description of the ground state (Eg =
—3257.775261 Hartree, Es=—3257.561907 Hartree). From
both MR-MP2 calculations for the linear N, complex we
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spect to N, reduction). Both

possibilities may yield two dif-

ferent diazene isomers (com-
pare refs. [73-76] complexes) depending on the pre-orienta-
tion of the bent-N, moiety with respect to the plane of the
four sulfur atoms. This pre-orientation is determined by the
chelate ligand because the bent-N, ligand minimizes the
lone-pair-lone-pair repulsion with the sulfur atoms.

In the case of Sb+2H, our first di-protonation and reduc-
tion attempt did not produce spontaneously the diazene
complex. This is an indication for the occurrence of a small
barrier, which could not be overcome in the structure opti-
mization process (a molecular dynamics treatment at finite
temperature would be more appropriate for this purpose).
However, starting from a di-protonation plus reduction of
the second trans-pair of sulfur atoms did indeed show spon-
taneous reduction of the bent-N, complex 5b and the dinu-
clear diazene complex was obtained. We should note that it
is not possible to investigate the dependence of the H trans-
fer efficiency on the RuNN (bending) angle, because di-
electron-reduction always yields the diazene complex even
in those cases for which the RuNN angle is close to 180°;
the complex then follows the lower pathway of Figure 2.
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The first time, we observed spontaneous hydrogen atom
transfer after di-protonation of different sulfur trans-pairs
was for a derivative 6b of complex 2b (see Figure 10). In
the case of these [M“N,S,”],L-type complexes we have two
vertical “S,” planes and thus at least four sulfur trans-pairs.
The BP86 optimized structures of the linear ground state of
one of the di-protonated isomers of the Fe! complex 6a and
of the corresponding protonated diazenoid system 6b/2H*
are depicted in Figure 10. Structure 6b/2H* was generated
by optimization of the exchanged HOMO-LUMO configu-
ration. Upon two-electron reduction of 6b/2H"™ we found
spontaneous hydrogen atom transfer onto the diazenoid N,
moiety and obtained the diazene complex. Note that the N,
complex 6a is neither with Fe" nor with Ru"" centers known;
the corresponding iron diazene complex was, however, syn-
thesized with Fe'! centers.™")

The different relaxation behavior of 6b4+2H when com-
pared with the “N,S,” series of complexes 1 and 5 can be ex-
plained in terms of the particular structural features of 6b/
2H*: the acceptor lone pairs at the diazenoid moiety point
into the direction of the protons bound to the sulfur atoms.
This differs from what we find for 1b/2H™ and 5b/2HT,
where the plane of diazenoid N, is rotated farther away
from the protons at the sulfur atoms. Consequently, a reduc-
tion of diazenoid N, requires first an into-plane rotation,
which is affected by an activation barrier. This barrier can
prevent spontaneous hydrogen atom transfer in the cases of
1b/2H* and 5b/2H*. Since the alignment of the diazenoid-
N, plane is determined by the interaction of this moiety
with atoms from the chelate ligand (for instance, by repul-
sion of nitrogen and sulfur lone pairs), the complexes under
study show a nice example of reactivity control through sec-
ondary ligand effects.

Finally, we should note that it is possible to generate a di-
azenoid N, complex by excitation into the lowest-lying trip-
let state T,. This state can be described by standard Kohn-
Sham DFT methods and can thus be optimized in a stan-
dard DFT calculation. Optimizing a triplet state of the dinu-
clear complexes under consideration requires the single oc-
cupation of the m*-antibonding LUMO, which is the reason
for the bending of N, in the T, state, which we observed.
Owing to this principle, we were also able to optimize a di-
protonated diazenoid complex in the triplet state. These ob-
servations for the T, state confirm the universal character of
the N, activation Scheme and point to an additional possibil-

ity to prepare excited-state diazenoid N, complexes ready
for reduction. Moreover, the di-protonated triplet structures
may be used as models for the di-protonated diazenoid sin-
glet structures, which are only accessible via very computer-
time demanding excited-state structure optimizations.

Our results for the modeling of hydrogen atom transfer
are a strong indication that the proposed photochemical ac-
tivation and protonation/reduction of N, is feasible and, sec-
ondly, a universal feature of dinuclear Fe'- and Ru"-sulfur
complexes.

Conclusion

We have studied a general photochemical activation process
for inert dinitrogen bound to the two metal centers ruthe-
nium(m) or iron(1). The universal character of this process is
manifest in the one-particle interpretation of the electronic
excitation: upon vertical excitation into an antibonding mt*
orbital the N, triple bond is weakened. This allows for a re-
laxation of the excited complex towards a bent, diazene-like
N, moiety. This diazenoid excited-state complex is then pre-
pared for a take up of protons and electrons to give diazene.
However, the protons could have been delivered prior to
photochemical activation and subsequent reduction.

For this process, it is essential to bind N, to two metal
centers since the identification of a diazenoid species rests
upon the preferential orientation induced through coordina-
tion of N,. In other words, only coordinated dinitrogen is
able to exhibit a lone pair per nitrogen atom since the linear
symmetry of the free N, is broken by the metal centers
bound to each nitrogen atom.

A feature of the universal character of the excitation
process is the ability to bind protons to the sulfur atoms in
the ligand spheres of the complexes. In the one-particle pic-
ture of qualitative molecular orbital theory, this protonation
involves molecular orbitals mainly generated by sulfur
atomic orbitals, while the LUMO remains to be the one,
which describes the antibonding st* situation of the N,
ligand clamped between the two metal centers. Consequent-
ly, the electronic excitation from HOMO to LUMO involves
the same type of orbitals as in the unprotonated species and
the diazenoid structure results after structural relaxation in
the first excited state.

Figure 10. BP86 optimized structure of the doubly protonated linear complex 6a/2H* and resulting structure 6b/2H™ after optimization with exchange

of HOMO--LUMO occupation.
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First experimental reduction as well as photochemical ir-
radiation experiments of 1 are currently being studied.l'”
The experimental realization is, however, not a trivial task
since side reactions have to be suppressed. For instance, pro-
tonation attempts of the particular coordinatination sphere
of 1 show a weakening of the coordination of dinitrogen.["”!
In order to strengthen the coordination of dinitrogen, tuning
via secondary effects of the molecular chelate ligand archi-
tecture (e.g., by introducing a bidentate phosphine, which
clamps the two metal fragments) might be useful (see also
the work of other groups!'>'¥). Possible occurrence of dini-
trogen loss in experimental set ups through irradiation into
a repulsive, higher excited state, has also been observed for
dinitrogen complexes and might become a side reaction,
too; see, for instance, refs. [78,79] for a mechanistic study on
photochemically induced N, loss from trans-[(N,),W(dppe),]
with dppe =1,2-bis-diphenylphosphinoethane); the excited
states of this complex were later assigned by Brummer and
Crosby.™ Such side processes might be overcome by the
use of a tailored laser wavelength in order to exactly meet
the excitation energy for the S;—$; transition.

To conclude, we have presented a detailed theoretical
study of various aspects of a postulated universal activation
principle of N,, which involved the investigation of the pos-
sible sequences of activation, protonation, and reduction
steps for two different metal centers in various chelate
ligand environments (all carrying sulfur donor atoms in
order to allow for binding of protons) and different elec-
tronically excited states (namely the first excited singlet and
triplet states). This activation Scheme should provide a fea-
sible route to dinitrogen activation and reduction if the
LUMO is governed by the mt*-antibonding orbital of the N,
ligand.
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