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Abstract

In this work, we investigated the strength of the H™ and H, interaction with the Fe atom of a [NiFe] hydrogenase mimic,
and how this interaction can be modulated by changing the Fe ligand in trans-position relative to H™ and H,. We used as
a quantitative measure of bond strength local vibrational force constants derived from the Konkoli—Cremer local mode
analysis, complemented by the topological analysis of the electronic density and the natural bond orbital analysis. Seventeen
different ligands were investigated utilizing density functional theory calculations, including o-donor ligands such as CH7,
CZHS_, NH;, and H,O, z-donor ligands such as CI™, F~, and OH™, and o-donor/z-acceptor ligands such as CN™ and CO.
According to the local mode analysis, Fe—H interactions are strengthened by o-donor or z-donor ligands and weakened by
o-donor/z-acceptor ligands. In contrast, the H-H bond of H, is weakened by o-donor or z-donor ligands and strengthened
by o-donor/z-acceptor ligands. We also present a new metal-ligand electronic parameter (MLEP) for Fe—H ligands which
can be generally applied to evaluate the Fe—H bond strength in iron complexes and iron hydrides. These results form a valu-
able basis for future [NiFe] hydrogenase-based catalyst design and fine tuning, as well as for the development of efficient
biomimetic catalysts for H, generation.

Keywords [NiFe] Hydrogenase mimic - [NiFe] Hydrogen - Hydride complexes - Local vibrational mode analysis - Local
mode force constants - Metal-ligand electronic parameter (MLEP)

1 Introduction

Hydrogenases are metalloenzymes that efficiently catalyze
the reversible oxidative cleavage of molecular hydrogen into
two protons and two electrons [37, 85, 94, 109]. They are
present in nature and widely found in bacteria, archaea, and
some eukaryotes [136]. According to the metal atoms in the
active site, hydrogenases can be classified into three types:
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[Fe], [FeFe], and [NiFe] hydrogenases [86]. [FeFe] and
[NiFe] hydrogenases are active catalysts, while [Fe] hydro-
genases are only activated in the presence of methenyltet-
rahydromethanopterin [44]. Due to their unique hetero-binu-
clear active site and superior oxygen tolerance, considerable
attention has been directed toward the [NiFe] hydrogenases
[10, 14, 82].

[NiFe] hydrogenases have been extensively investigated
due to their importance in putative future hydrogen-based
economy, such as bio-fuel, power cells, photocatalytic water
splitting, and hydrogen sensors technologies [19, 32, 52, 61,
137]. They have remarkable catalytic properties, particularly
low-over potential and high turnover power [30, 43, 108]. A
significant number of computational studies have focused
on the structural characterization [103], the catalytic mecha-
nism [31, 47, 106, 107, 127, 134, 135], in particular, proton
reduction [128], and the electronic structure [57, 122, 138]
and oxidation states [11, 123] of the [NiFe] hydrogenase
active site. Also, several models of the [NiFe] active site
have been discussed that can mimic the chemical functions
of the hydrogenase enzyme [59, 112].
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First [NiFe] hydrogenase models that exhibited H, pro-
ducing activity were reported in 2005 [143]. More recent
examples of [NiFe] hydrogenase models are structures
with phosphines ligands on Ni that evolve hydrogen [7,
8, 15] and structures with thiolate ligands bonded to Ni
leading to reversible protonation [139] in the presence of
a strong acid. Additional [NiFe] complexes [42, 125] and
[NiFeSe] complexes [141] have been suggested in recent
years. The first fully functional [NiFe] hydrogenase mimic
that can perform both H, evolution and oxidation under
normal conditions was published by Ogo et al. [95]. The
structure of this complex is characterized by triethylphos-
phite ligands attached to iron. Neutron-scattering analysis
revealed that in Ogo’s complex the hydride binds to the Fe
and not to the Ni atom.

Morokuma et al. [47] recently reported a detailed mecha-
nistic study of the electron/hydride transfer of Ogo’s [NiFe]
mimic. Figure 1 shows the catalytic cycle proposed by
Morokuma and co-workers, which starts with the removal
of acetonitrile from Fe. The resulting [NiFe] complex can
accommodate the binding of H, to Fe (complex A). Complex
A undergoes a heterolytic H-H bond cleavage with the help
of the Lewis base MeO™, forming an intermediate hydride
complex (complex B). The catalytic cycle completes with
hydride transfer from complex B. However, there are some
important open questions with regard to the key factors
determining the catalytic efficiency, (1) how strong are the
Fe --- H, interaction in complex A and the Fe --- H™ interac-
tion in B; and (2) can the Fe ligands, in particular, the ligand
in trans-position to H, and H™ influence the strength of these
interactions; (3) can these ligands also influence the strength
of the H-H bond of H, in complex A? This information can

Fig. 1 Catalytic cycle of the
[NiFe] hydrogenase mimic used
in study. This catalytic cycle is a
modified version of the catalytic
cycle proposed by Morokuma

et al. [47] being based on Ogo’s
mimic (the three P(OEt); groups
of Ogo’s mimic were replaced
with PH; ligands). Complex A
and complex B, the focus of
this work are shown in the red

\

C
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! ; N H
boxes. H, is the H atom closer N “ >

to Ni and forming the hydride
bond with Fe in complex B. For
a definition of ligands L, see
Fig.2
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be used as a valuable basis for the design and fine tuning of
future [NiFe] biomimetic catalysts.

To answer these questions, we studied Ogo’s [NiFe]
mimic, which we simplified by changing the three triethyl-
phosphite (P(OEt);) groups to phosphine (PH;) ligands. Fe
and its ligands form a quasi-octahedron with the two PH,
groups in a horizontal plane, one PH; group in a trans-posi-
tion relative to the H, ligand in complex A and the H™ ligand
in complex B. As shown in Fig. 2, the PH; in trans-posi-
tion, (complex AS and BS, respectively) was systematically
replaced in our calculations by 16 different ligands, (com-
plexes A1-A4, A6-A17 and complexes B1-B4, B7-B17,
respectively) selected from the spectroscopic series [20, 121]
and the trans effect series in transition metal complexes [17,
18, 41, 104] to cover a wide range of ligands with different
electronic character. The ligands were ordered according to
their influence of the H-H bond strength in complexes A,
e.g., ligand L1 leads to complex A1 with the strongest H-H
bond and ligand L.17 to complex A17 with the weakest H-H
bond investigated in this work.

Computational methods frequently determine the strength
of a chemical bond via molecular orbital approaches [45, 58,
81], dissociation energies [33, 71, 91], or energy decomposi-
tion methods [83, 126]. However, these approaches provide
more qualitative rather than quantitative results [25, 145].
Therefore, we used local vibrational force constants based
on the local mode analysis of Konkoli and Cremer [66, 144,
145] to quantitatively assess the intrinsic bond strength of
the Fe—H and H-H bonds in complexes A1-A17 and that
of the Fe—H bond in complexes B1-B17. The local mode
analysis has been successfully applied to characterize cova-
lent bonds [54, 74, 76, 78, 114, 120, 144] and weak chemical
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Fig.2 Definition of ligands L used in this work for complexes Al—
A17 and B1-B17. The ligands are numbered according to decreas-
ing H-H bond strength in complexes A1-A17, e.g., L1 corresponds

interactions such as halogen [96, 98, 99], chalcogen [97,
100, 118], pnicogen [115—117], and tetrel interactions [113]
as well as H bonding [35, 53, 55, 129]. Local vibrational
force constants could also clearly illustrate that a shorter
bond is not always a stronger bond [27, 67, 68, 74]. In this
study, we used the local mode analysis to target the follow-
ing tasks:

1. Utilizing the local mode force constant k“ values of the
Fe—-H and H-H bonds to derive a bond strength order
(BSO n) for all Fe-H and H-H bonds in complexes
A1-A17 and all Fe—H bonds in complexes B1-B17,;
To determine the covalent character of the Fe—H and
H-H bonds using the Cremer—Kraka criterion [21, 24,
73];

To explore which ligand L leads to the weakest/strongest
H-H bonds and Fe-H bonds in complexes A1-A17 and
how the Fe-H and H-H bond strengths are related;

To introduce a new metal-ligand electronic parameter
(MLEP) [26, 56, 119] for the general evaluation of the
Fe—H bond strength in iron complexes and iron hydrides.

The results of this work are presented in the following
order: Sect. 2 describes the quantum chemical methods and
computational tools employed in this work. Results and their
discussion are presented in Sect. 3. The last section high-
lights the major outcome of our study, draws conclusions
and gives a future perspective.

2 Computational methods

Density functional theory (DFT) [62, 64, 65, 87] was uti-
lized for all geometry optimizations and frequency calcu-
lations performed in this study. All calculations were car-
ried out with the BP86 functional [9, 102] and Dunning’s

to the complex with the strongest and L17 to the complex with the
weakest H-H bond

cc-pVTZ basis set [142] using an ultrafine integral grid [40].
The effective performance of the BP86 functional for transi-
tion metal complexes was discussed in a recent study of Biihl
and Kabrede [13] who showed that BP86 provides the best
geometries for transition metal complexes compared with
other DFT functionals. In addition, BP86 provides vibra-
tional frequencies in good agreement with experiment [3, 39,
124]. This functional has also been used in recent studies of
[NiFe] complexes [47, 101].

All complexes A1-A17 and B1-B17 were studied with C,
symmetry and confirmed via frequency calculations as local
minima. Complex BS the simplification of Ogo’s originally
synthetic compound [95] was calculated as a cation, and A5
as a double cation. The charges of the other complexes in
the A and B series were determined according to the charge
of ligand L. The elucidation of the covalent character of
the Fe-H,, Fe-H,, and H-H bonds in complexes A, and
that of the Fe—H bond in complexes B was performed via
the Cremer—Kraka criterion [23, 24, 73]. Additionally, the
topological analysis of the Laplacian of the electron density,
V2p(r), and the gradient vector field Ap(r) [4, 5, 73] were
used to clarify how the H, unit is attached to iron. Natural
bond orbital (NBO) charges and orbital occupancy [110]
were evaluated for further characterization. This material is
contained in the supplementary material, Tables S1 and S2.

To ensure that a single-reference description is valid
for complexes A and B, we applied the T1 diagnostic [50]
for DLPNO-CCSD(T)/aug-cc-pVTZ [6] test calculation-
based DFT geometries. Additionally, for complex BS,
CASPT?2 calculations [1, 34, 105] with a 10 electron-10
orbital space confirmed that a single-reference description
is valid. For the complex B series, we determined singlet-
triplet splittings. The results of our calculations revealed
that all complexes B have a singlet ground state, in agree-
ment with the results of Morokuma et al. [47], Delcey
et al. [28] and Jayapal et al. [48]. Singlet-triplet splittings
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and the local mode force constants for the triplet states are
collected in the supplementary material, Tables S5-S7.

To derive a quantitative measure for Fe—H and H-H
bonding, we drew upon vibrational spectroscopy. The
normal vibrational motions of a molecule in its equilib-
rium provide a wealth of information about its structure,
stability, and the strength of its bonds. However, normal
vibrational modes in a molecule are always coupled,
therefore they cannot be used as a direct measure of bond
strength. There are two coupling mechanisms between the
vibrational modes, electronic coupling associated with
the potential energy content of a vibrational mode and
mass coupling associated with the kinetic energy content
[25, 145]. The electronic coupling between the normal
vibrational modes is caused by the off-diagonal elements
of the force constant matrix F and can be eliminated by
diagonalizing F, i.e., solving the fundamental equation of
vibrational spectroscopy [140],

FID=G'DA (1)
where F? is the force constant matrix in internal coordi-
nates q and G is the Wilson mass-matrix. Matrix D col-
lects the normal mode eigenvectors d, and the diagonal
matrix A collects the vibrational eigenvalues 4, = 47°c*w,
where w, represents the harmonic vibrational frequency of
mode d,, given in reciprocal cm, ¢ is the speed of light, and
u = (1...N— L; N: number of atoms in the molecule, L =175
for linear and 6 for nonlinear molecules).

Solution of Eq. 1 leads to the diagonal force constant
matrix K given in normal coordinates Q which is free of
electronic coupling:

K? =D'FID )
However, mass coupling is still present when the elec-
tronic coupling is eliminated by solving the Wilson equa-
tion, a fact which has frequently been overlooked. In 1998,
Konkoli and Cremer [66] determined for the first time local,
mass-decoupled vibrational modes a; directly from nor-
mal vibrational modes d,, by solving the mass-decoupled
Euler-Lagrange equations. The subscript i specifies an inter-
nal coordinate g; and the local mode is expressed in terms of
normal coordinates Q associated with force constant matrix
KQ of Eq. 2. The local vibrational modes are unique [145]
and they can be based on either calculated or experimentally
determined vibrational frequencies via [22, 27, 66—69]

K-'d

a. = EEEEE—
d,K-!d]

1

3

To each local mode a;, a corresponding local mode fre-
quency co;‘, local mode mass G?i’ and a local force constant
kf can be defined [66]. The local mode frequencies can be
uniquely connected to the normal mode frequencies via an

@ Springer

adiabatic connection scheme [145]. The local mode fre-
quency o is defined by:

a a

42 — il 4
(@;) 4722 @

and the force constant k{' by:
k= a Ka, (%)

Local mode force constants, contrary to normal mode
force constants, have the advantage of being independent
of the choice of the coordinates used to describe the mol-
ecule in question and in contrast to local vibrational frequen-
cies they are independent of the atomic masses. They are
extremely sensitive to differences in the electronic structure
(e.g., caused by changing a substituent) and they capture
only electronic effects. Local mode force constants k* which
are related to bond lengths, can be used as quantitative meas-
ure of the intrinsic bond strength recently shown by Zou and
Cremer [144]. Therefore, the local vibrational force con-
stants provide a unique tool for assessing the strength of a
chemical bond via vibrational spectroscopy.

It is convenient to base the comparison of the bond
strength of a series of molecules on bond strength order
(BSO) n rather than on a direct comparison for local force
constant values. Both are connected via a power relationship
according to the generalized Badger rule derived by Cremer
et al. [76]

BSOn =a(k")" (6)
The constants a and b in Eq. 6 can be determined via two
reference compounds with known k“ values and the require-
ment that for a zero force constant the BSO n is zero. The
same level of theory has to be applied for all compounds
of the series to be discussed, in this work BP86/cc-pVTZ.

For the H-H power relationship we used as reference
molecules H, with k4 5.532 [mDyn/A] and BSO n 1.0 and H;
with k* 1.086 [mDyn/A] and BSO 7 0.5 leading to constants
a and b of 0.48274 and 0.42575, respectively.

BSOn(H-H) = 0.48274 (k*) 47 7

For the Fe—H power relationship, we used as references
the low-spin complex [Fe(CO)s] in which one axial CO
ligand was replaced by H™ and H,, respectively. The C;,
symmetric [Fe(CO),H] complex led to a k* (F-H) value of
1.954 mDyn//OX and the C; symmetric [Fe(CO),H,] complex
led to a k* (F—H) value of 1.024 mDyn/;\. As BSO n val-
ues for these two references, the corresponding Mayer bond
orders [88-90] n(Mayer) 0.6454 and n(Mayer) 0.4775 were
used, respectively. This led to the constants a = 0.47225 and
b = 0.46630.

BSO n(Fe-H) = 0.47225 (k) %4663 @)
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Fig.3 Power relationship between the relative bond strength order
BSO 7 and the local stretching force constants k* of the Fe-H, bonds
(a), the Fe-H, bonds (b), and the H-H bonds (c), in complexes Al1-

All DFT and CASPT?2 calculations were carried out
with Gaussianl6 [38]. The local mode force constants, k*
were calculated with COLOGNE2018 [79]. The topologi-
cal analysis of the electronic density was performed with
AIMAII (Ver. 17.11.14) [60], DLPNO-CCSD(T) calcula-
tions as well as the calculation of the Mayer bond orders
were performed with the ORCA 4.0.1 program package
[93].

3 Results and discussion
Section 3.1 is dedicated to complexes A1-A17 and Sect. 3.2

to complexes B1-B17. In Sect. 3.3 the Fe—H metal ligand
electronic parameter MLEP is introduced.

@ Springer
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A17. For a numbering of complexes, see Fig. 2. Calculated at the
BP86/cc-pVTZ level of theory

3.1 Complexes A1-A17

As shown in Fig. 1, the first key step of the catalytic cycle is
H, coordination to the [NiFe] hydrogenase mimic. Geometry
optimizations revealed that the H, molecule only coordinates
to the Fe and not the Ni atom, primarily because there is no
vacant orbital in the axial direction on the Ni site. This is
in agreement with the study of Morokuma et al. [47]. There
are two possible binding modes to iron, H, can coordinate
to Fe side-on, e.g., via one H atom or as #>-dihydrogen, in
which both H atoms are at a comparable distance from the
Fe atom. We identified for all complexes A1-A17, n*-dihy-
drogen coordination as the most stable complex form with
the Fe—H, distance being equal or slightly shorter than the
Fe-H, distance. This seems to contradict the fact that the
Fe—-H, is the bond to be broken. However, it is line with
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Fig.4 a z-donation from F~ to the Fe center in complex Al4, b =
-back-donation from the Fe d,_ orbital to the z* orbital of CO in com-
plex A2

our observation, that bond breaking often starts with charge
polarization so that the bond being attacked becomes first
stronger and even shorter before it is broken [77]. Fe-H,
bond lengths range from 1.677 A in A2 to 1.569 A, in
A17. It is noteworthy that the Fe-H, distance in A17 is
considerably shorter than that in the reference compound
[Fe(CO),H,](1.609 /o\) and closer to hydride reference com-
pound [Fe(CO),H] (1.543 A), see Table 1. As revealed by
the electron density and energy density data in Table 1, all
Fe-H, and Fe-H,, bonds in complexes A1-A17 are of cova-
lent nature according to the Cremer—Kraka criterion [23, 24,
73]. For some complexes a Fe—H,, bond path was not found,
which will be discussed in more detail below.

The H-H bond lengths in complexes A1-A17 increase
from 0.839 A in complex Al to 0.909 Ain complex A16.
Compared to the H-H bond length of 0.751 Ain H,, this is
a considerable increase. However, all complexes A can still
be classified as a Kubas type (normal H,) complexes [49, 80]
in which the interaction between two hydrogen atoms is still
intact, i.e., the H-H bond distance is less than 1.5 A [46]. In
addition, according to the Cremer—Kraka criterion [23, 24,
73] all H-H bonds are of covalent nature.

The BSO n values of the Fe-H, and Fe-H,, bonds in com-
plexes A1-A17 are compared in Fig. 3a, b. They cover a
range of 0.430 to 0.539 for the Fe-H, bonds and 0.438 to
0.548 for the Fe—-H,, bonds, respectively. The BSO n values
of reference ligand PH; (AS5) are with 0.466 and 0.482 in
the middle range showing that our set of ligands represents
both weakening and strengthening of the Fe—H bonds. It is
noteworthy that our simplified mimic does not suffer from
substantial steric effects as revealed by the corresponding

local force constants (k* of Fe—-H, and Fe-H, for AS are
0.974 and 1.043 mDyn/A, respectively, compared to 0.898
and 0.964 mDyn/A for Ogo’s original complex, justifying
the use of AS in this work). o- or z-donor ligands such as
H,O0 or F~ lead to a strengthening of the Fe—-H,, and Fe-H,
bonds whereas ligands with o donor/z acceptor character
such as CO or CN™~ weaken the Fe—-H,, and Fe-H, bonds. The
opposite is found for the H-H bonds as reflected by the BSO
n values shown in Fig. 3c.

As illustrated in Fig. 4a for complex A14, z donation
from F~ to Fe leads to a transfer of charge from the Fe d,,
orbital to the ¢* orbital of the H, unit; thus, weakening the
H-H bond, e.g., leading to an increase in the H, bond length
and a decrease in the bond strength as also reflected by the
data in Table 1. For ligands with z-back donation such as CO
(complex A2) shown in Fig. 4b, charge can be transferred
back from the Fe d,, orbital into the 7* ligand orbital. In this
way, the electron density of Fe is polarized in a direction of
the ligand away from the o* orbital of the H, unit leading to
a stronger H-H bond. There is one notable exception, ligand
SCN™. Known as z-donor [12, 111, 133], this ligand should
lead to a weakening of the H-H bond. However, complex
A1 has the strongest H-H bond of all complexes A inves-
tigated in this work. The NBO analysis revealed that most
of electron density transfer from the Fe center in complex
A1 occurs to the S atoms of cysteine thiolate subunit with
almost no electron density transfer from the Fe center to the
o* of H-H bond, resulting in weak Fe-H , and Fe-H,, and a
strong H-H bonds. This unusual electron transfer is reflected
by the Fe—S thioloate bond lengths which are shorter than
in the case of complex A13 with a NCS™ ligand, see sup-
plementary material Fig. S1.

According to the Cremer—Kraka criterion, the covalent
character of a chemical bond is reflected by a negative value
of the energy density H(r,) at the bond critical point r, [23,
24, 73]. For the H-H bonds in complexes A1-A17, we find
a linear correlation between the local stretching force con-
stant k“ and the electron density p(r,), see Fig. 5a as well
as between the local stretching force constant £ and the
energy density H(r,) see Fig. 5b, in this way unifying both,
the description of bonding via the local force constant, a
potential energy related property and electron density related
properties. Largest p(r,) values corresponding to smallest
H(r,) values are observed for complexes with the z-back
donating ligands such as A2 and A3, and for A1 in which
m-donation occurs predominantly into the bridging sulfur
atoms. Complexes with o- or 7-donating ligands weakening
the H-H bond via the population of the ¢* orbital of the H,
unit such as A16 or A17 have the smallest p(r;,) and larg-
est H(r,) values. The relationship between the local stretch-
ing force constant k“ and p(r,), Fig. 5c and that between k“
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Fig.5 a Relationship between the electron density p(r,) and the
local stretching force constant £ for the H-H bonds, b relationship
between with energy density H(r,) and the local stretching force
constants k“ for the H-H bonds for the H-H bonds, ¢ relationship
between the electron density p(r,) and the local stretching force con-

and H(r,), Fig. 5d for the Fe—H bonds is less pronounced.
However, it is obvious that the electron density in the Fe—H
bonds increases in the complexes A14-A17 and decreases
in A1-A3, which is opposite to what we find for the H-H
bonds.

In the following the relationship between changes in
H-H and Fe—H bonding caused by the different ligands L.
will be further elucidated. Figure 6a illustrates the inverse
relationship between the H-H and Fe—H bond distances,
which also holds for the local stretching force constants k*
(H-H) and k“(Fe—H) as shown in Fig. 6b. k” values of the
Fe-H, and Fe-H, bonds increase as the strength of H-H
bonds decreases, e.g., weakening of the H-H bond results
in an increased interaction of the individual H atoms with
the iron center. o- or z-donation from the ligand to the
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stants k“ for the Fe—H bonds, and d relationship between with energy
density H(r,) and the local stretching force constants k“ for the Fe—-H
bonds for complexes A1-A17. Calculated at the BP86/cc-pVTZ level
of theory. For numbering of the complexes, see Fig. 2

Fe center strengthens the Fe-H, and Fe-H, bonds and
facilitates donation from the Fe center via the d,, orbital
to the ¢* of the H, unit; thus, weakening the H-H bond
and preparing the complex for H-H cleavage. In this
connection, the question arises how the different ligands
influence the energetics of the H, binding to the [NiFe]
hydrogenase mimic. Activation enthalpies, summarized in
Table 2, range from 1.92 kcal/mol for complex A9 to 4.59
kcal/mol for complex A8 indicating that there is no direct
relationship between the Fe—H bond strengthening/H-H
weakening of a ligand and its influence on the barrier of
the H, binding reaction. However, this is different with
regard to the reaction enthalpies for the formation of
complex A. While the activation enthalpies vary within
a small range of 2.67 kcal/mol, the reaction enthalpies
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Table2 Activation energies AE*, reaction energies AEy, activation
enthalpies AH* and reaction enthalpies AEg in (kcal/mol) for H,
binding to the [NiFe] hydrogenase mimic leading to complex A

Complex Ligand AE* AER AH* AHy

Al SCN™ 293 -9.03 3.26 - 7.89
A2 CO 2.34 - 645 2.8 -3.82
A3 NO; 2.88 —4.67 332 -2.16
A4 CN™ 2.37 -9.63 2.74 -7.11
AS PH, 2.50 -9.10 3.56 -5.96
A6 ON 2.45 —10.00 2.98 - 8.57
A7 CHy 3.78 - 8.76 4.05 -6.13
A8 CeHy 2.73 -10.33 4.59 - 2.75
A9 C,Hy 2.06 -12.97 1.92 -6.23
A10 C,H, 1.98 —10.54 2.05 -8.71
All NH; 1.41 —-11.98 2.36 -9.97
Al12 H,S 1.41 —-13.34 242 -10.27
Al13 NCS™ 2.26 —-13.98 3.35 -10.71
Al4 F- 2.99 -16.35 3.29 — 1453
Al5 ClI~ 3.23 - 14.21 3.53 - 11.82
Ale6 OH™ 2.85 —-12.34 3.19 -9.80
A17 H,0 1.61 —19.62 2.04 -17.19

Calculated at the BP86/cc-pVTZ level of theory

stretch over a large range from — 2.16 kcal/mol for com-
plex A3 to — 17.19 kcal/mol for complex A17. As indi-
cated in Fig. 6c, there is a trend that ligands strengthening
the Fe—H bonds and weakening the H-H bonds lead to
more stable complexes such as A17 or A14.

As discussed above, we observed #2-dihydrogen coor-
dination for all complexes A1-A17, suggesting a three-
membered ring topology between the H, unit and the iron
center with three bond paths between H-H, Fe-H, and
Fe-H, and a ring critical point, as shown for complex
A17 in Fig. 7a. According to the data in Table 1, this is
the case for majority of complexes with o- or z-donor
ligands leading to weak H-H bonds, such as complexes
A10-A12, A14, A16, and A17. These complexes are also
the more stable ones according to the reaction enthalpies
of Table 2. Complex A3 falls into this category because
of the symmetry leading to two equal Fe—H bonds. For
complexes with z-back donation ligands such as A1, A2
and A4, we did not find a three-membered ring topology
but two bond paths, one between the H-H atoms and one
between Fe—H,, as shown for complex Al in Fig. 7b, see
also Table 1. These complexes are less stable as reflected
by the reaction enthalpies of Table 2. We did not encoun-
ter any z complex with two bond paths, one between the
H atoms and one connecting the mid-point of the H, unit
with the iron center.

3.2 Complexes B1-B17

In contrast to complexes A1-A17 with H, coordination in
complexes B1-B17, there is only one hydrogen atom coordi-
nated to the iron center, e.g., hydride H,, after the heterolytic
H-H cleavage by MeO™, see Fig. 1. Geometry parameters
and the Fe—H normal mode frequency for complex BS cal-
culated at the BP86/cc-pVTZ level of theory compare well
with the experimental values of the original Ogo hydride
compound as shown in Table 3. This confirms that our level
of theory is sufficient and that our simplified mimic changing
the three triethylphosphite (P(OEt);) groups to phosphine
(PH5;) ligands still reproduces the important features of the
original complex. The structure of Ogo’s hydride complex
was determined by the X-ray diffraction, and the frequency
of the Fe—H stretching vibration by the infrared spectros-
copy [95]. '"H NMR spectroscopy provided evidence for
diamagnetism of this molecule, which was also confirmed
by Mossbauer spectroscopy and a computational study [47,
63], e.g., confirming a singlet ground state in agreement with
our calculated singlet-triplet splittings, see supplementary
material Tables S5-S7.

According to the data in Table 4, the Fe—H bond lengths
in complexes B1-B17 are in the range of 1.631 A (com-
plex B8) to 1.523 A (complex B17) compared to a value of
1.543 A in reference compound Fe(CO),H, and according
to the Cremer—Kraka criterion all Fe—H bonds are of cova-
lent nature. The BSO 7 values of Fe—H bonds in complexes
B1-B17 are compared in Fig. 8. They cover the range of
0.506 for complex B8 to 0.620 for complex B17 and as such
they are on the average stronger than the Fe—H bonds in
complexes A1-A17, as expected.

As for the Fe—H bonds in complexes A1-A17, we observe
that o- and z-donor ligands strengthen the Fe—H bond. As
sketched in Fig. 9a for complex B17 with the strongest Fe—H
bond, the H,O ligand transfers charge from the oxygen lone
pair into the empty Fe df orbital which is further transferred
into the Fe—H bond strengthening it. On the other hand,
ligands with z-back-donation character suppress the polari-
zation of the iron electron density into the direction of the
Fe—H bond, leading to weaker Fe—H bonds as shown for the
CO ligand of complex B2 in Fig. 9b. Our findings are in line
with other studies [41] explaining the trans effects in transi-
tion metals via the electron density donation from ligands
to the metal, which are in a trans-position.

Compared with Fe—H bonds in complexes A1-A17,
the correlation between the local stretching force con-
stant k* and the electron density p(r,), see Fig. 10a as well
as between the local stretching force constant k* and the
energy density H(r,), see Fig. 10b is less pronounced. The
largest p(r,) value and smallest H(r,) value corresponding
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Fig.6 a Relationship between H-H and Fe-H bond distances in the
complexes A1-A17, b relationship between the local stretching force
constants k“ of the H-H bonds and the Fe-H bonds, ¢ relationship
between the local stretching force constants k& of the H-H bonds (left

to the strongest Fe—H bond is found for complex B17
whereas the weakest Fe—H bond with the smallest p(r;)
and largest H(r;,) value is that of complex B7 with the
CH; ligand in contrast to complexes A with the weakest
Fe—H bonds for the SCN™ ligand, complex A1. The NBO
analysis of B1 (SCN™) revealed that in contrast to com-
plex A1 there is no charge transfer from the iron center
to the cysteine thiolate subunit, but some back transfer
of electron density from the Fe center to the S z* orbital
of thiocyanate group, resulting in a medium strong Fe—H
bond. This is in agreement with previous studies suggest-
ing that the SCN™ ligand coordinates to a transition metal
predominantly through o- or z-bonding [111, 133] with
a possible of z*-back donation from the transition metal
center to the thiocyanate group [12].

@ Springer

k2 (Fe-H) [mDyn/A]

(c)

part) and the Fe—H bonds (right part) and the reaction enthalpies for
H, binding to the [NiFe] hydrogenase mimic, see also Table 2. Cal-
culated at the BP86/cc-pVTZ level of theory. For numbering of the
complexes, see Fig. 2

3.3 The Fe-H metal ligand electronic parameter

Experimentalists have used since decades the Tolman
electronic parameter (TEP) to describe the strength of
metal-ligand (M-L) bonding [130-132]. The TEP is an
indirect bond strength measure being defined as the A -sym-
metrical CO stretching frequency of nickel tricarbonyl phos-
phine complexes of the type L-Ni(CO); with L = R;P. This
frequency can be easily identified in the infrared spectrum.
Tolman’s underlying assumption is that the carbonyl ligand
is sensitive to any electronic structure change at the metal
atom. Any ligand that increases the electron density at the
metal atom converts the latter to a potential nucleophile that
shifts negative charge into in the low-lying z* (CO) orbital.
Accordingly, the CO bond is weakened, and the value of



Theoretical Chemistry Accounts (2019) 138:76

Page110f 18 76

a—

.
=

7
>

Fig.7 Laplacian Vzp(rh) of the electron density distribution p(r;) of
complex A17 (a) and complex Al (b) in the Cs symmetry plane con-
taining Fe and H, unit. Solid black lines indicate bond paths, green

Table 3 Comparison of experimental geometry parameters and nor-
mal vibrational frequencies of Ogo’s mimic [95] with the calculated
values for BS complex

Experiment BP86/cc-pVTZ
Fe-H distance 157 (5) A 1.566 A
Ni-H distance 2.16 (4) A 2.094 A
Ni-Fe distance 2.7930 (6) A 2.731 A
Ni-S,—Fe angle 75.82 3)° 73.857°
Ni-S,-Fe angle 75.76 3)° 73.857°
Fe-H frequency 1687 cm™! 1670 cm™!

Calculated at BP86/cc-pVTZ

the A-symmetrical CO stretching frequency is lowered.
This redshift can directly be registered in the infrared spec-
trum and qualifies the TEP as an indirect descriptor for the
metal-ligand bond strength.

Recently, Cremer, Kraka and co-workers showed via an
intensive local mode study of a set of 181 nickel-tricarbonyl
complexes using both experimental and calculated vibra-
tional frequencies, that the TEP is at best a qualitative
parameter that suffers from relatively large mode-mode cou-
pling errors and the basic deficiency that the intrinsic M-L
bond strength cannot be quantitatively assessed via the CO
stretching frequencies. They suggested to describe the cata-
lytic activity of transition metal complexes (R),M-L directly
utilizing the metal-ligand electronic parameter (MLEP),
which they defined as the local stretching force constant of
the M—L bond. The MLERP is ideally suited to set up a scale
of bond strength orders because it quantitatively assesses

(b)

dots bond critical points r;, and red dots ring critical point. Dashed
purple lines corresponds to a concentration of charge with VZp < 0,
and solid blue lines to a depletion of charge with V2p > 0

both electronic and steric factors. Furthermore, the MLEP
can be determined for any metal or transition metal complex,
whether it contains CO ligands or not [26, 56, 119]. So far
MLEPs were introduced for Pb, Ti, Cr ligand bonds [119],
here we introduce the MLEP for Fe—H bonds, represented
by the BSO n(Fe—H) for easier comparison.

In Fig. 11, the MLEP (values for the 55 Fe—H bonds of
complexes A1-A17 and complexes B1-B17 are presented
together with the two reference compounds [Fe(CO),H,]
and [Fe(CO),H]. MLEP values stretch over a range of 0.478
to 0.645 showing that Fe—H, bonds are generally weaker
than Fe—H, bonds in complexes A1-A17 and that the Fe-H
hydride bonds in complexes B1-B17 are stronger than their
complex A counterparts. As a first proof for the general
applicability of MLEP(Fe-H), Fig. 11 also includes two iron
hydrides, the high spin FeH, molecule, the only transition
metal dihydride which has been detected so far in the gas
phase [70] with Fe—-H bonds in the medium strong range,
and the diatomic FeH molecule, one of the few molecules
found in the sun [16]. FeH has been extensively studied by
DeYonker and Allen [29]. Our calculation of the ground
state quartet of FeH with a Fe—H distance of 1.530 A (in
good agreement with DeYonker’s and Allen’s results) iden-
tifies the Fe—H bond of this diatomic as the strongest Fe—H
bond investigated in this work, with an MLEP value of
0.700. Work is in progress to extend our studies to other
Fe—H complexes of interest in catalysis [2, 51, 92] and as
functional materials [84].
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Table 4 Summary of geometry

o Complex Ligand Character Fe-H
and vibrational data of the Fe-H
bond for Complexes B1-B17 r(Fe—H) k4 BSOn p(r,) H(r,)

B1 SCN™ z-donor 1.581 1.416 0.555 0.756 —0.394
B2 CcO o-donor, -acceptor 1.589 1.334 0.540 0.734 —0.362
B3 NO; o-donor, -acceptor 1.606 1.288 0.531 0.768 — 0.406
B4 CN™ o-donor, 7-acceptor 1.612 1.292 0.532 0.667 —0.297
B5 PH, o-donor 1.566 1.495 0.570 0.762 —0.391
B6 ON o-donor, 7-acceptor 1.544 1.511 0.572 0.805 —0.324
B7 CH; o-donor 1.628 1.190 0.512 0.642 -0.279
B8 CgHS o-donor 1.631 1.160 0.506 0.680 -0.322
B9 C,HS o-donor 1.578 1.452 0.562 0.763 —0.404
B10 C,H, n-donor 1.557 1.497 0.570 0.788 —0.420
B11 NH, o-donor 1.545 1.654 0.597 0.796 —0.424
B12 H,S o-donor 1.545 1.608 0.589 0.800 —0.430
B13 NCS™ o-donor 1.576 1.463 0.564 0.796 —0.429
B14 F~ m-donor 1.573 1.477 0.566 0.726 —-0.352
B15 ClI~ m-donor 1.557 1.488 0.568 0.751 —-0.378
B16 OH™ m-donor 1.596 1.472 0.566 0.696 —0.325
B17 H,0 o-donor 1.523 1.792 0.620 0.844 —-0.474
Reference

Fe(CO),H Fe-H 1.543 1.954 0.645 0.793 —0.447

Computed at BP86/cc-pVTZ. Bond distances R [A] local mode force constant, k“ [mDyn/A] bond
strength order, BSO n, electron density distribution, p(r;) [e/A3] and energy density, H(r,) [Hartree/A3]
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B2 n = 0.472*(k?)0466
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Fig.8 Power relationship between the relative bond strength order
BSO n and the local stretching force constant k“ of the Fe—H bonds in
complexes B1-B17. For a numbering of complexes, see Fig. 2. Cal-
culated at the BP86/cc-pVTZ level of theory

4 Conclusions

In this work, we investigated the strength of the H™ and H,
interaction with the Fe atom of a [NiFe] hydrogenase mimic,
and how this interaction can be modulated by changing the
Fe ligand L in trans-position relative to H™ and H,. We used
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Fig.9 a o-donation of the H,O lone pair into the Fe d2 orbital for
complex B17, b o-donation and z-back-donation from the Fe d,.
orbital to the z* orbital of CO in complex B2

as a quantitative measure of bond strength local vibrational
force constants and related bond strength orders BSO n
derived from the Konkoli—Cremer local modes, comple-
mented by the topological analysis of the electronic density
and the Natural Bond Orbital analysis. 17 different ligands
were investigated utilizing density functional theory calcula-
tions, including o-donor ligands such as CHy, C,H, NH;,
and H,O, z-donor ligands such as CI7, F~, and OH ,and o
-donor/z-acceptor ligands such as CN™~, and CO. Our study
led to the following conclusions:
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1. Calculated BSO n values clearly reveal that the strength
of the Fe—H and H-H bonds in [NiFe] complexes can
be modulated by trans ligand substitution. ¢- or z-donor
ligands increase the strength of the Fe—H bonds for both
Fe-H, and Fe-H, bonds in complexes A1-A17 and
Fe—-H bonds in complexes B1-B17, while o-donor/z
-acceptor ligands lead to Fe—H weakening. The H-H
bonds in A1-A17 show the opposite behavior, z-accep-
tor ligands strengthen and o- or z-donor ligands weaken

1.5 2.0
k? (Fe-H) [mDyn/A]

the H-H bonds, e.g., weakening of the H-H bond results
in an increased interaction of the individual H atoms
with the iron center. The covalent nature of all Fe-H
and H-H bonds was confirmed with the Cremer—Kraka
criterion of covalent bonding.

The inverse relationship between Fe-H and H-H
bond weakening/strengthening in complexes A is also
reflected in the complex geometries, weaker and longer
Fe—H bonds correspond to stronger and shorter H-H
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bonds, and vice versa. This is also reflected in the reac-
tion enthalpies of the H, binding reaction. Ligands
strengthening the Fe—H bonds and weakening the H-H
bonds lead to more stable complexes A such as A17 or
Al4.

3. We identified for all complexes A n>-dihydrogen coor-
dination with Fe-H,, distances being equal or slightly
shorter than Fe—H, distances. Although this seems to
contradict the fact that the Fe—H, is the bond to be bro-
ken, this is fully in line with our previous observations,
that bond breaking often starts with charge polarization
so that the bond being attacked becomes first stronger
and even shorter before it is broken.

4. Although all geometries of A1-A17, suggest #>-dihydro-
gen coordination with a three-membered ring topology
between the H, unit and the iron center with three bond
paths between H-H, Fe-H, and Fe-H,, and a ring critical
point, this was predominately found for complexes with
o- or z-donor ligands leading to weak H-H bonds, such
as complexes A10-A12, A14, A16, and A17, in line
with their greater stability. For complexes with z-back
donation ligands such as A1, A2 and A4, we did not find
a three-membered ring topology but two bond paths, one
between the H-H atoms and one between Fe-H,,.

5. We derived a metal ligand electronic parameter
MELP(Fe-H) classifying the 55 Fe—H bonds of com-
plexes A and B and showed its first application to iron
hydrides.

In summary, our study provides new valuable guidelines
how to modulate the strength of the H™ and H, interactions
with the Fe atom in [NiFe] hydrogenase mimics, influ-
encing the complex stability and the catalytic efficiency.
Currently, we are exploring the detailed mechanism of H,
binding and heterolytic cleavage under the influence of
different ligands L utilizing the Unified Reaction Valley
Approach (URVA) developed in our group [25, 36, 72,
75, 146].
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