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Metal- and ligand-substitution-induced changes in
the kinetics and thermodynamics of hydrogen
activation and hydricity in a dinuclear metal
complexy

Miho Isegawa

Catalytic function in organometallic complexes is achieved by carefully selecting their central metals and
ligands. In this study, the effects of a metal and a ligand on the kinetics and thermodynamics of hydrogen
activation, hydricity degree of the hydride complex, and susceptibility to electronic oxidation in bioin-
spired NiFe complexes, [Ni"X Fe'(Cl)(CO)YI* (INiFe(CI(CO)*; X = N,N'-diethyl-3,7-diazanonane-1,9-
dithiolato and Y = 1,2-bis(diphenylphosphino)ethane), were investigated. The density functional theory
calculations revealed that the following order thermodynamically favored hydrogen activation: [NiFe
(CON* > INIRU(CO)I?* > [NiFe(CNMe)I** ~ [PdRU(CO)I** ~ [PdFe(CO)I** > [NiFe(NCS)I*. Moreover, the
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1. Introduction

Hydrogen represents a clean energy resource, which does not
emit carbon dioxide. Thus, catalytic systems that efficiently
activate/produce hydrogen are desirable. Hydrogen can be pro-
duced by hydrogenase, a biological enzyme. There are three
types of hydrogenases based on their metal compositions:
[NiFe], [FeFe], and [Fe]. Among them, [NiFe]-hydrogenase
favors hydrogen activation. In the active site of [NiFe], a nickel
ion is bound to the protein by four cysteine residues, two of
which are also coordinated to an iron ion. Further, two cyanos
(CN) and one carbonyl (CO) ligands are coordinated to the
iron. However, the construction of artificial systems with
similar functions to those of enzymes is challenging because
enzyme functions are not solely expressed by the active center;
they are expressed by the active center in coordination with the
surrounding amino acid residues and neighboring metal
clusters."? To elucidate the highly complex catalysis of hydro-
genases, numerous attempts have been made to mimic their
catalytic centers, particularly their compositions and func-
tions, thereby constructing highly catalytic organometallic
complexes.’

Although precious metals are generally known to be highly
active in various catalytic reactions, including hydrogen acti-
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reverse order thermodynamically favored the hydricity degree.

vation/production, the generation of highly efficient catalysts
with 3d transition metals, which are abundant on earth,
without incorporating precious metals represents a crucial
issue from the sustainability and industrial application view-
points.? Several hydrogen activation catalysts comprising Ni
and Fe, as well as noble metals, have been reported as model
complexes for the active site of [NiFe]-hydrogenases.”®
However, only a few studies have investigated the effect of
metal substitution on hydrogen activation by hydrogenase
model complexes.”

One approach to understanding the origin of the catalytic
activity of metal complexes is to investigate the quantitative
changes in kinetics and thermodynamics of replacing noble
metals with 3d transition metals, and vice versa, in existing
model complexes. If replacing noble metals with 3d transition
metals and vice versa does not result in significant differences
in reaction kinetics and thermodynamics, then it is likely that
3d transition metal-based catalysts can be obtained from the
noble metal-containing catalysts that have been synthesized.
The accumulation of such data is also important for the
recently active derivation of superior catalysts by machine
learning models.®

Previous studies demonstrated that non-native metal-based
mimics of the active sites of hydrogenases are catalytically
active. Hu and coworkers® reported the design and develop-
ment of manganese(i) complexes that mimic [Fe]-hydroge-
nases. They reported that the synthesized complexes exhibited
very high hydrogenation activity. Shima and coworkers'®!*
reported the development of a biomimetic model complex of
[Fe]-hydrogenase comprising manganese as the metal center

This journal is © The Royal Society of Chemistry 2024
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rather than iron. They demonstrated that this manganese
complex heterolytically cleaved dihydrogen and -catalyzed
hydrogenation reactions. Furthermore, they demonstrated that
the incorporation of this model into the apoenzyme of an [Fe]-
hydrogenase would yield an [Mn]-hydrogenase with higher
activity than a similar semisynthetic [Fe]-hydrogenase. These
studies indicate the possibility of improving catalytic activity
via the substitution of various metals. Additionally, several
NiRu complexes have been developed as mimics of [NiFe]-
hydrogenase  exhibiting  hydrogen  activation/evolution
activity,"'® and these metal substitutes may also be active.

A dinuclear transition-metal complex, [Ni"XFe'(C1)(CO)Y]"
(INiFe(Cl)(CO)]", where X = N,N'-diethyl-3,7-diazanonane-1,9-
dithiolato and Y = 1,2-bis(diphenylphosphino)ethane)
(Fig. 1a), was recently synthesized.'” Similar to the [NiFe]-
hydrogenase, this transition-metal complex is composed of Ni
and Fe, with the CO ligand being coordinated to Fe. In this
catalytic system, hydride complexes (p-hydride) are formed by
heterolytic hydrogen activation in aqueous solutions.
Experiments have demonstrated that these p-hydrides undergo
electron and hydride transfer (Fig. 1a-c).

(a) H, activation/evolution
T +

Ho + B~
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Employing density functional theory (DFT) calculations,
I previously elucidated the mechanism of hydrogen acti-
vation by the NiFe complex, confirming that the NiFe
metal complex and added base acted as a frustrated Lewis
pair and facilitated the reaction.'® Following mechanistic
studies, it is crucial to investigate the effect of substitution
by other metals or ligands on the kinetics and thermo-
dynamics of hydrogen activation and on the change in the
degree of hydrogenation of the p-hydrides produced. Such
structure-conserving local modifications may not only
provide guidance for tuning the kinetics and thermo-
dynamics of hydrogen activation/production of hydrogenase
model complexes, but may also provide clues for the acti-
vation of experimentally synthesized catalytically inactive
model complexes.

In this study, the effects of metal and ligand substitutions
(Fig. 2) on the reaction kinetics and thermodynamics of the
recently developed [NiFe]-hydrogenase model complex were
investigated. Specifically, regarding the metal substitutions, Ni
and Fe were substituted with homologous elements in the per-
iodic table, namely Pd and Ru, respectively. Regarding the

BH + CI~

A

Ho + A-
[NiFeCI(CO)J*

(b) Hydride transfer

NS
N

AH + CI-
[NiFeH(CO)J*

[NiFeH(CO)J*

(c) Electron transfer

[NiFe(CO)J2+

[NiFeH(CO)J*

[NiFeH(CO)J2*

Fig. 1 Three reactions performed by NiFe complexes: (a) hydrogen activation/evolution, (b) hydride transfer reaction, and (c) electron transfer

reaction.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Metal- and ligand-substituted dinuclear complexes.

ligands, the CO ligands were substituted with CN and NCS
ligands. Further, the effects of these substitutions on the kine-
tics and thermodynamics of hydrogen activation, as well as
hydride- and electron-transfer reactions of p-hydrides, which
are the products of hydrogen activation, were discussed.

2. Computational details

The calculations in this study were performed by the Gaussian
09 software.'® The structures were fully optimized without con-
straints using the BP86 functional,>**' as well as Grrimme’s
empirical dispersion corrections.”> The BP86 functional is
known to correctly predict the ground-state spin state of
similar [NiFe] complexes'”*>** and also has been applied to
the active center of hydrogenases.”>*® The Stuttgart/Dresden
(SDD) basis sets*” and associated effective-core potentials were
used for Fe, Ni, Ru, and Pd, and the def2-SVP basis sets*® were
used for the other atoms. To account for the water-solvation
effects, an SMD implicit model®® was employed (e = 78.4).

To confirm the minima and obtain the zero-point
vibrational energy correction, the vibrational frequency was
calculated at the same level of theory. Further, thermal correc-
tions were performed at 298.15 K and 1 atm. The potential
energies of the optimized stationary points were calculated
using the SDD basis set>” and associated effective-core poten-
tials (for Fe, Ni, Ru, and Pd) and def2-TZVP (for the other
atoms) using the SMD model.*®

The integrations were evaluated using a pruning grid com-
prising 99 radius shells and 590 angle points per shell. The
stabilities of the wavefunction of all the metal complexes were
confirmed.

5968 | Dalton Trans., 2024, 53, 5966-5978
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[NiFe(CNMe)J2+
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[PdFe(CO)]?*

[NiFe(NCS)]*

Regarding the labels of the complexes, for example,
'[NiFeH(CO)]" indicates that NiFe comprised a hydride ligand
and a CO one in addition to X and Y (X = N,N-diethyl-3,7-dia-
zanonane-1,9-dithiolato and Y = 1,2-bis(diphenylphosphino)
ethane). The “1” on the left shoulder indicates the singlet spin
state, and the “+” on the right shoulder indicates the charge of
the complex.

3. Results and discussion
Analysis of the complexes involved in hydrogen activation

Our previous computational studies confirmed that the NiFe
complex-catalyzed hydrogen activation involved two elemen-
tary reactions: the binding of molecular hydrogen to the metal
site and proton transfer.

1INiFe(CO)]*" + H, — ![NiFe(H,)(CO))** (1)
[NiFe(CO)(H,))*" + A~ — [NiFeH(CO)]" + AH,  (2)

where A” is the Lewis base, which was added to abstract the
proton. Starting from the complex with vacant coordination
(*[NiFe(CO)]*"), a dihydrogen complex (‘[NiFe(H,)(CO)]**) was
formed as an intermediate, after which p-hydride (‘[NiFeH
(CO)]") was obtained as a product.

Regarding the structure, a bridging state was experimentally
detected in a previous study, as in [NiFe]-hydrogenase.*
Additionally, our previous computational study'® confirmed
that Fe and Ni in the NiFe complex represent the active and
inactive sites for hydrogen-activation reactions, respectively.
This is because all the Ni d-orbitals in the axial position of the
Ni site are occupied. Moreover, it is the electron-unoccupied
orbitals of Fe that allow hydrogen to donate electrons.

This journal is © The Royal Society of Chemistry 2024
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In the '[NiFe(CO)]**-catalyzed H, activation, the ground
states of the starting complex, intermediates, and products
were all singlet."” However, the spin states could change with
the metal or ligand substitution. Therefore, the structural
optimizations of four spin multiplicities (S = 0-3) were per-
formed to determine the spin multiplicity of the ground state
of each complex by comparing the relative free energies.

Table 1 summarizes the relative energies of the four spin
states (S = 0, 1, 2, 3) of the three complexes: the complex with
vacant coordination, [M1M2(L2)]**; the dihydrogen complex,
[M1M2(H,)(L2)]**; and the hydride complex, [M1M2H(L2)]".
Regarding [M1M2(L2)]**, it was predicted that the coordi-
nation of water in an aqueous solution, i.e., the complex for-
mation of [M1M2(H,O0)(L2)]**, was thermodynamically unfa-
vorable (Table S17), thus not coordinating.

Regarding the complexes with CO ligands, their ground
states exhibited low spins (S = 0). Regarding metal substitution
and replacement of the CO ligand with a CNMe ligand, the
order of the spin-state stability remained unchanged, whereas
substituting the CO ligand with an NCS ligand stabilized the
triplet state. The triplet state corresponded to the ground
states of p-hydride. This result is consistent with the findings
for hydrogenases, where the low-spin states were stabilized by
the CO ligands.*

In the complexes where the CO ligand was replaced by an
NCS ligand, the energy splitting between the ground-state spin
and second-lowest energy spin was small (~1 kcal mol™),
allowing retaining the
properties.

Overall, the ligand substitution (CO — NCS) at the active
site (M2, Fig. 1) exerted the highest influence on the spin state
of the complex. The calculations of the relative energies
between the different spins indicated that the low spins domi-
nated H, activation by the CO-containing complexes, whereas

spin conversion spin crossover
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the low and medium spins (S = 0, 1) in the [NiFe(L1)(NCS)]
complexes containing NCS ligands contributed.

Hydrogen activation

Table 2 summarizes the reaction energies of the two elemen-
tary reactions (eqn (1) and (2)) of the [M1M2(L2)]**-catalyzed
H,-activation reaction. Fig. 3 shows the free-energy profile of
H, activation.

Regarding the binding of dihydrogen to the metal, repla-
cing Fe with Ru did not yield a noticeable difference; the
binding energy of the hydrogen molecule is smaller than that
of Fe, but the difference is ~1 kcal mol™. The similarity of the
H,-binding energies of homologous elements has also been
observed in complexes composed of group 6 elements (Cr, Mo,
W, etc.).>

When Ni is replaced by Pd, the H,-binding energy becomes
smaller probably because Pd, which is softer (and more easily
polarized) than Ni,*® exerts an increasing effect on the electron
density of Fe (Table 3, g(Fe) = —1.16 for '[NiFe(CO)]** and
-1.35 for '[PdFe(CO)]**), making H, less favorable for nucleo-
philic binding to Fe. Conversely, replacing the more electron-
donating CO ligand with the less electron-donating NCS ligand
reduced the electron density of Fe (Table 3; g(Fe) = —1.16 and
—0.77 for '[NiFe(CO)J** and '[NiFe(NCS)]"); however, unexpect-
edly, the H, binding energy is not enhanced.

The CO ligand is known to be crucial to the oxidative
addition of H, as it relaxes the excess electron density of the
metal center via n-backdonation.>” However, the CO-donating
potential, as predicted from the charge of Fe, was significantly
greater than that of the NCS ligand, even with the
n-backdonation (Table 3).

The backdonation degree in iron carbonyl complexes can
be predicted from the M-CO and C-O distances of the carbo-
nyl complex.>**> Namely, when the dr-electrons of iron are

Table 1 Relative free energies (kcal mol™) of the four spin states (S = 1, 2, and 3) of the ligand-free complex, dihydrogen complexes, and hydride

complexes
[NiFe(CO)]** [NiFe(H,)(CO)I" [NiFeH(CO)] [NiRu(CO)** [NiRu(H,)(CO)** [NiRuH(CO)]
5$=0 0.0 0.0 0.0 0.0 0.0 0.0
s=1 11.1 13.7 3.3 15.7 13.2 3.4
§=2 26.0 31.8¢ 34.8 51.5 64.6 56.7
§=3 54.2 50.7 61.9 108.7 95.6% 115.1
[PdFe(CO)** [PdFe(H,)(CO)]** [PdFeH(CO)]* [PdRu(CO)** [PdRu(H,)(CO)** [PdRuH(CO)]"
§=0 0.0 0.0 0.0 0.0 0.0 0.0
s=1 8.6 27.8 18.5 35.6 31.7 21.0
§=2 34.0 26.3¢ 43.6 76.4 72.1 70.7
5=3 72.4 61.4° 75.9 127.9 123.9¢ 129.8
[NiFe(CNMe)]** [NiFe(H,)(CNMe)** [NiFeH(CNMe)]" [NiFe(NCS)]" [NiFe(H,)(NCS)]" [NiFeH(NCS)]°
§=0 0.0 0.0 0.0 0.0 0.0 1.0
s=1 9.2 11.0 1.6 2.8 15.6 0.0
§=2 23.7 29.8 29.6 11.2 36.5 11.4
5=3 41.7 41.7 51.7 23.8 28.8° 31.0

“H, dissociates.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Reaction energies (kcal mol™) of the elementary reactions of H, activation catalyzed by the [M1IM2(L2)] complex; (1) H, binding and (2) H—

H bond cleavage

Spin state AG AGH AGiotal
% (M1,M2,1.2) (1) [M1M2(L2)] + H, — [M1M2(H,)(L2)]
O [M1M2(L2)** [M1M2(H,)(L2)*
= (Ni,Fe,CO) S=0 S=0 8.5 11.3
@ (Ni,Ru,CO) §=0 $=0 9.9 9.3
8 (Pd,Fe,CO) §=0 §=0 14.3 13.9
5 (Pd,Ru,CO) 5=0 §=0 12.6 11.6
o (Ni,Fe,CNMe) §=0 §=0 7.0 8.6
B4 [M1M2(L2)]" [M1M2(H,)(L2)]
5 (Ni,Fe,NCS) §=0 §=0 12.3 13.3
g (2) [M1M2(H,)(L2)] + CH;COO™ — [M1M2H(L2)] + CH;COOH
£ [M1M2(H,)(L2)]" [MIM2H(L2)]' (1) + ()"
38 (Ni,Fe,CO) 5=0 $=0 -14.6 -6.0
5 (Ni,Ru,CO) §=0 §=0 -13.1 -3.3
< (Pd,Fe,CO) 5=0 s=0 -13 1.3
S (Pd,Ru,CO) §=0 §=0 -11.9 0.6
3 (Ni,Fe,CNMe) 5=0 X §=0 . -5.7 -0.3
= [M1M2(H,)(L2)] [MIM2H(L2)]
< (Ni,Fe,NCS) §=0 s=1 0.0 12.3
c
g “ Overall energy of H, activation.
3
e
E (a)
) 25 — [NiFe(CO)J2*
©
% 20 [M1 MZ(H2)(L2)] - [NiRu(CO)]Q*
c T H S +
_5 y S (H. binding) CH,CO0- — [PaFe(COP*
= ' [PdRu(CO)2*
O 10
© ~ — [NiFe(CNMe)p?*
3 g s — [NiFe(NCS)J*
= 3
= QMM —
+ —
Ho
CH,CO0~
-15 [MIM2H(L2)]
+
= CH3COOH
S
(b)
»
— [NiFe(CO)I2+
[M1M2(H,)(L2)]
20 + — [NiRu(CO)?
P HPOL(H,0).]>
] s TS (H, blndl}hg) [HPO4(H0).] ——
2+
= 10 [PdRu(CO)]
£ — [NiFe(CNMe)J2
T 5
2 — [NiFe(NCS)J*
S o
MIM2(L2)]
-5 +
Ho .
-10 + .
s [HPO4(HO)I*" Hydride complex
M1M2H(L2)]
+
[HoPO4(H20)2]~

Fig. 3 Free energy profile of H, activation by the dinuclear complex, [M1M2(L2)]1?*, with (a) CHzCOO™ and (b) HPO,™ as Brensted base, consisting of
two elementary processes, H; binding and proton abstraction. The proton abstraction step has no or low reaction barrier (Fig. S1 and S27).
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Table 3 Mulliken charge of the (a) ligand-free complex, (b) dihydrogen complex, and (c) hydride complexes
[NiFe(CO)** '[NiRu(CO)]** '[PdFe(CO)** '[PdRu(CO)** [NiFe(CNMe)]** [NiFe(NCS)]*
(a) Ligand-free complex
Mm14 -0.28 —0.40 0.00 -0.21 -0.33 —0.55
M2 -1.16 —-0.04 -1.35 -0.23 -1.06 -0.77
C 0.60 0.22 0.60 0.22
O -0.10 -0.11 -0.10 -0.11
C 0.36 N 0.07
N -0.05 C -0.17
Me 0.37 S -0.33
'[NiFe(H,)(CO)**  '[NiRu(H,)(CO)**  '[PdFe(H,)(CO)**  '[PdRu(H,)(CO)]** [NiFe(H,)(CNMe)** [NiFe(H,)(NCS)]"
(b) Dihydrogen complex
M1 -0.66 —-0.69 -0.34 —0.49 —-0.66 -0.36
M2 -1.92 —-0.63 —2.00 —0.62 -1.83 —1.47
C 0.63 0.26 0.66 0.26
(@) —0.08 —0.08 —0.08 —0.08
C 0.38 N 0.09
N —0.04 C -0.20
Me 0.36 S -0.36
H1 0.53 0.38 0.55 0.35 0.25 0.29
H2 0.26 0.14 0.23 0.13 0.51 0.35
'[NiFeH(CO)]" '[NiRuH(CO)]" '[PdFeH(CO)]" '[PdRuH(CO)]" '[NiFeH(CNMe)[" *[NiFeH(NCS)]°
(c) Hydride complex
M1 —0.62 -0.73 -0.34 -0.56 —0.66 -0.49
M2 -1.83 —0.66 -1.91 —0.66 -1.85 —1.47
C 0.53 0.22 0.57 0.23
O -0.16 -0.15 -0.16 -0.15
C 0.36 N 0.11
N -0.15 C -0.19
Me 0.29 S —0.38
H1 0.54 0.24 0.46 0.18 0.57 0.51
“The label of atom is shown in Fig. 4.
(a) (b)
L2 P?
0 $ Ph
$ i
ya N
P
Ph

(L2 = CO, CNMe, NCS)

Fig. 4 Labelling of the atoms of p-hydride (a) [M1IM2(H)L2] and (b) dihydrogen complex [M1M2(H,)L2].

back-donated to the CO n*-orbital, the Fe-C(O) bond strength
and length become higher and lower, respectively, whereas the
C-O bond strength and length become lower and higher,
respectively. A comparison of [NiFeH(CO)]" and [PdFeH(CO)]"
reveals that Fe-C(O) and C-O exhibited the same bond lengths
(Table 4); thus, their n-backdonation degrees are assumed to
be comparable.

Regarding the H-H bond length of the dihydrogen that is
bound to the metal, those of '[NiFe(H,)(CO)]*" and '[NiRu(H,)
(CO)J** were the highest, indicating that they might be the
most activated. However, no correlation was observed between
the H-H bond distance, as well as the binding energy of H,.
Moreover, the binding strength of H, could not be predicted

This journal is © The Royal Society of Chemistry 2024

from the H-H distance. One reason for the lack of a simple
correlation between the structure and energy might be that
hydrogen does not interact with one metal, although it does
with the other, making it more complicated.

The H, bond exhibited an endergonic character that was
consistent for all the complexes; this character was revealed in
previous studies and attributed to the entropy effects esti-
mated by dielectric models. Thus, it is not as endergonic as
the model calculations indicate.>**® The difference between
the H, binding barrier and the H, binding energy is at most
2.8 kecal mol™, which is not a large gap for any complex
(Table 1). This is also the case for the NiFe and Nilr complexes
that I have studied previously.”>** For [NiRu(CO)J**, [PdFe

Dalton Trans., 2024, 53, 5966-5978 | 5971
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Table 4 Geometrical parameters of the (a) dihydrogen complex and (b) hydride complexes (A)

'[NiFe(H,)(CO)"  '[NiRu(H,)(CO)P*  '[PdFe(H,)(CO)**  '[PdRu(H,)(CO))**  '[NiFe(H,)(CNMe)]**  '[NiFe(H,)(NCS)]*
(a) Dihydogen complex
M1-M2¢  2.71 2.85 2.90 2.98 2.72 3.24
M1-H1 1.77 1.87 1.96 2.08 2.60 3.53
M2-H2 1.67 1.80 1.68 1.79 1.67 1.65
M1-H1 2.58 2.71 2.79 2.89 2.60 3.53
M2-H2 1.58 1.73 1.60 1.73 1.67 1.65
H1-H2 0.93 0.93 0.91 0.91 0.92 0.86
M2-C 1.74 1.86 1.74 1.85
c-0 1.17 1.17 1.17 1.17
'[NiFeH(CO)[" '[NiRuH(CO)[* '[PdFeH(CO)]" '[PdRuH(CO)]" '[NiFeH(CNMe)]" 3[NiFeH(NCS)]°
(b) Hydride complex
M1-M2 2.61 2.74 2.77 2.88 2.62 2.50
M1-H1 1.78 1.88 2.02 2.17 1.78 1.68
M2-H1 1.56 1.67 1.54 1.66 1.57 1.60
M2-C 1.71 1.83 1.71 1.83
c-0 1.18 1.18 1.18 1.18

“The label of atom is shown in Fig. 3.

(CO)J**, and [PdRu(CO)]**, the H,-bound state has a higher
energy than the transition state. This is either due to thermo-
dynamic corrections or because different basis functions are
used in the electronic energy calculations and the structural
optimization.

When using computational chemistry methods to develop
metal complexes for H, activation, it is valuable to predict the
H, binding energy from the charge of the H,-binding site of
the complex. Comparing the Mulliken charges in the com-
plexes with Fe as a constituent, the electron densities of Fe
were in the following order: [PdFe(CO)]*" > [NiFe(CO)]** >
[NiFe(CNMe)]** > [NiFe(NCS)]". Here, the H, binding energy
decreases in this order except for [NiFe(NCS)]’, whose total
charge is 1+. This result suggests that both partial and total
charges of the complexes are important as descriptors in
machine learning for predicting H, binding energies. Notably,
such a comparison cannot be made for dissimilar metals,
such as Fe and Ru.

Next, the proton-abstraction step was considered. As
CH;COO™ was used consistently in all the complexes as the
proton acceptor, the reaction energies of this elementary
process indicated the stability of the product (p-hydride) with
respect to the dihydrogen complexes. During the cleavage of
the H-H bonds, the substitution of the CO ligands for the NCS
ligands made the reaction significantly endergonic and
thermodynamically unfavorable (Table 2).

The transition state structure of the proton abstraction
process by CH;COO™ could not be determined in the metal-
and ligand-substituted forms of [NiFe(CO)]**, despite numer-
ous attempt. For [NiFe(CO)]**, which has been optimized in
previous studies, the reaction barrier is very small at 0.7 kcal
mol~"."® Therefore, relax energy scan was performed for the
distance between the oxygen of the base CH;COO™ and the
proton of the dihydrogen complex (Fig. S1t). As a result, [PdFe
(H,)(CO)**, [PdRu(H,)(CO)**, and [PdRu(H,)(CO)]*" were
found to be barrier-free processes. In addition, [NiFe(H,)
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(CNMe)]*" and [NiFe(H,)(NCS)]" are broad with low barriers,
which may have prevented locating the transition state. For the
same reason, the transition state of proton desorption by
HPO,>” could not be captured (Fig. S21).

Because implicit solvation models do not accurately
describe local interactions such as hydrogen bonding, explicit
water is often placed as an improvement. In this study, one
explicit water molecule was coordinated to oxygen of
CH3;COO™. Our previous work suggests that it is difficult to
verify whether increasing the number of water molecules
increases accuracy.”> When 1-5 water molecules were added,
the reaction barrier did not converge as the number of water
molecules increased. To obtain more accurate reaction bar-
riers, the application of a hybrid QM/MM method®” would be
more appropriate instead of such localized water
arrangements.

To describe the kinetics and thermodynamics of H, acti-
vation more accurately, counterion effects may also need to be
considered. Previous studies have reported that counterion
considerations are particularly important for highly charged
complexes.”® In the present model system, sodium derived
from acetate and phosphate buffers was not considered. The
verification of the effects of these ions should not be simple.
Statistical considerations are necessary because of the various
possible arrangements of the ions with respect to the com-
plexes and bases.

Compared to the structures of [NiFeH(CO)]" and [NiFeH
(NCS)]°, the Ni-H bond distance of [NiFeH(NCS)]® is shorter
than that of [NiFeH(CO)]" and the Fe-H bond distance is
longer, making them more nearly equidistant (R(Ni-H) = 1.68,
R(Fe-H) = 1.60 A, Table 4), resulting in more contrasting cross-
linked structures.

The M1-M2 bond distance was shorter (R(Ni-Fe) = 2.50 A,
Table 4) in [NiFeH(NCS)]° than in [NiFeH(CO)]" (R(Ni-Fe) =
2.61 A, Table 4), indicating the formation of a metal-metal
bond in [NiFeH(H,O)]". In [NiFe]-hydrogenase, the metal-

This journal is © The Royal Society of Chemistry 2024
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metal bond acts as a base and oxidatively facilitates proton
addition.*>*® This is consistent with the fact that [NiFeH
(NCS)]" is thermodynamically more favorable than [NiFeH
(CO)]" for proton addition to form the dihydrogen complex.

The free-energy profile of H, activation with CH;COO™ as a
base revealed that all the reactions, except [NiFe(CO)]*" and
[NiRu(CO)J**, were endergonic and possibly failed to proceed
(Fig. 3a). Conversely, when a stronger base, HPO,>~, was used,
all the reactions except [NiFe(NCS)]" were exergonic, and the
H,-activation reactions proceeded (Fig. 3b). This indicates that
exogenous bases significantly impact the thermodynamics of
H,-activation reactions. Also for [NiFe(NCS)]", the use of stron-
ger CH;0™ that was previously used for H, activation®**!
would be exergonic. Even for complexes mimicking the active
centers of hydrogenases whose activities toward H, activation
have not been confirmed, such activities may emerge simply
by changing the base.

Overall, regarding the dinuclear transition-metal com-
plexes, H, binding to the metal site was demonstrated as a
more thermodynamically challenging process than the proton-
abstraction process to form p-hydride. This is because the
second step, namely the proton-abstraction step, can be tuned
outside the catalyst, whereas the first step, i.e., H, binding, is
solely determined by the catalyst. Thus the catalyst design for
H, activation must consider H, binding to the metal site.

Hydricity
Hydricity is a crucial thermodynamic parameter in reactions,
such as H, oxidation and formation, as well as CO,
reduction.*”** Thermodynamic hydricity is synonymous with
the hydride-donating ability of a reaction. For example, in a
CO,-reduction reaction, the greater the hydricity degree, the
more thermodynamically favorable the reaction would be for
the formation of formic acid.*****°

The hydricity degrees of six p-hydrides containing substi-
tuted metals and ligands were investigated. Hydricity is calcu-
lated as the free energy of the dissociation reaction of the
metal hydride into the metal cation and hydride anion (eqn
(3))- However, the isolated free state of the hydride anion has
not been experimentally detected. Therefore, determining
hydricity is experimentally challenging and requires the use of
complex schemes to obtain it from experimental values.***”*?
Conversely, theoretical calculations allow for the estimation of
the hydricity degree according to eqn (3). The possibility of
hydride transfer to a particular hydride receptor can also be
predicted by eqn (4).

M1M2H(L2)]" — [M1M2(L2)]*" + H™ (3)
[M1IM2H(L2)]" + MB* — [M1M2(L2)*" + MBH.  (4)

In eqn (4), “MB” represents methylene blue, which receives
the hydride, and nitrogen is the atomic site that accepts the
hydride. In the experimental measurement of hydricity
degrees, if a ligand other than the solvent binds to the metal
center after hydride transfer, the metal-ligand binding energy
is included in the measured thermodynamic value. However,
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regarding the complexes in this study, the binding of the
solvent destabilized the complex (Table S1t); thus, the hydro-
gen-donating nature corresponds to the energy of simple
hydride transfer.

The calculated hydricity degrees are summarized in
Table 5. The largest change in the hydricity, from [NiFeH
(CO)]", was observed in [NiFeH(NCS)]", where the hydricity
degree increased by ~18 kcal mol™". This might be so because
the absence of a CO ligand with high electron-donating ability
resulted in a smaller electron density of Fe, which facilitated
lowered electron donation to H and produced a weak metal-
hydride bond. The largest change observed with metal replace-
ment was in [PdFeH(CO)]", where Ni was replaced by Pd. This
change might be due to Pd, which is more polarizing than Ni,
increasing the electron density of Fe even though the electron
density of Pd is low (Table 3); this reduced the strength of the
Pd-H bonds in the bridging coordination structure. Moreover,
the lowest substitution effect was observed when Fe was
replaced by Ru.

Regarding the complexes in which M2 was Fe, the [NiFeH
(NCS)]° with the largest hydrogen-donating capacity exhibited
the longest Fe-H distance (Table 4), although no clear corre-
lation could facilitate the prediction of hydrogen-donating pro-
perties from the Fe-H distance. This is probably because of
the complicated interaction due to the presence of another
metal.

In our previous study, the reaction energies of hydride
transfer to MB were compared for three isomers of p-hydride,
[NiFeH(CO)]".*° The hydricity (eqn (4)) ranged from —5.8 to
—13.8 kecal mol™". The range of the variation in the hydricity of
p-hydrides in this study involving metal and ligand substi-
tutions was —5.6 to —24.0 kcal mol™, which is wider than the
reactivity difference due to isomerization.

Regarding the solvent dependence of hydricity, Matsubara
et al®” reported that the hydricity of Ru complexes was
~20 kcal mol™ higher than that of acetonitrile in water.
Contrarily, in this study, the calculated hydride-donating
potentials of [NiFeH(CO)|" were —5.6 and —5.8 kcal mol™" in
an aqueous solution (Table 5) and acetonitrile, respectively,
and these values were almost the same.*’ Although the solvent
dependence of hydricity may be unique to metal complexes,

Table 5 Reaction energies (kcal mol™) of hydride transfer from
[MIM2H(L2)] to MB* (R1), [MIM2H(L2)] + MB*® — [M1M2(L2)] + MBH®,
and hydricity (R2), [MIM2H(L2)] —» [M1IM2(L2)] + H™

M1,M2,12 Spin state AG(R1) AG (R2
P
[M1M2H(L2)]"  [M1M2(L2)]**
(Ni,Fe,CO) S=0 §=0 42.9 -5.6
(Ni,Ru,CO) §=0 §=0 40.1 -8.4
(Pd,Fe,CO) §=0 §=0 35.6 -12.9
(Pd,Ru,CO) §=0 §=0 36.2 -12.3
(Ni,Fe,CNMe) S=2 s=1 371 -11.4
[M1M2H(L2)]”  [M1M2(L2)]
(Ni,Fe,NCS) s=1 s=1 24.5 -24.0

“MB': methylene blue. ? MBH: protonated methylene blue.
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careful verification of these discrepancies requires the appli-
cation of more accurate solvation models such as the hybrid
QM/MM.

The criticality of the solvent dependence of the hydricity
degrees of complexes has been highlighted in product selecti-
vity, e.g., in photocatalytic CO, reduction catalyzed by an RuRe
supramolecular complex to produce formic acid or CO in
water’® or organic solvents (acetonitrile), respectively.’’>*
Thus, subsequent studies must consider the quantitative
examination of the contribution of the solvent-dependent
hydricity degree to product selectivity.

Fig. 5 shows the plots of the overall reaction energy of H,
activation versus the hydricity degrees of the six dinuclear com-
plexes. A simple linear relationship existed between the hydri-
city degree and overall reaction energy for H, activation. The
more hydride-donating complexes were less suitable for H,
activation. '[NiFeH(CO)|" was the most suitable complex for
hydrogen activation, whereas *[NiFeH(NCS)]® was the most
suitable hydride donor. Overall, it was demonstrated that the
range of the reaction energies for H, activation and hydricity
can be tuned to ~20 kcal mol™" by the metal and ligand substi-
tutions performed in this study.

The reported hydricity of [FeFe]-hydrogenase
25.7-28.7 kcal mol™,*® whereas the maximum hydricity for
the complexes produced by the substitutions of metals and
ligands in this study was 24.5 kcal mol ™", corresponding to the
approximate upper end of the hydricity degree of [FeFe]-hydro-
genase. In this study, only the bridging hydride complexes
were investigated. However, in previous studies,'”>* terminal
hydride complexes were detected as isomers of bridging
hydride complex for the [NiFeH(CO)]" (Fig. S31), which shows
a higher degree of hydricity than bridging hydride complex.
Therefore, a possible approach to further increase hydricity is
to target the terminal hydride in addition to metal and ligand
substitutions in the synthesis.

was

Electron transfer

In hydrogenase, a large subunit comprising an [NiFe]
active site and a small subunit comprising iron-sulfur clus-

=150 ‘
E 1[NiFeH(NCS)]°
8
£ 10.0
c
S
g
g 5.0
® 1[PdFeH(CO)]*
% 1[PdRUH(CO)]*
0.0
3 1[NiFeH(CNMe)]*
[}
s 1 i +
% 50 [NiRuH(CO)]
S 1[NiFeH(CO)]*
>
)
100 43 38 33 28 23

Hydricity (kcal/mol)

Fig. 5 Plots of the overall energy of H, activation against the thermo-
dynamic hydricity.
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ters that form an electron-transfer relay account for the
reversible conversion of molecular hydrogen into protons
and electrons, with the small subunit comprising the iron-
sulfur clusters being particularly responsible for electron
transfer.>>°

In an artificial catalytic system, the redox state of the cata-
lyst is generally controlled by the added oxidant or reductant.
The ease of forming the oxidized form of p-hydrides, which is
an intermediate in the H,-activation reaction, is crucial as it
affects the catalytic efficiency.’”>® For some catalytic systems,
proton-coupled electron transfer in which proton transfer pro-
ceeds in conjunction with electron transfer, would also be
possible.>*™!

Previous experimental studies revealed that [NiFeH(CO)]" is
oxidized by ferrocene:'”

[NiFeH(L)|" + [Fe™ (C;Me; ),)**
— [NiFeH(L)]*" + [Fe!!(CsMes),] " (5)

Table 6 presents the electron-transfer energies to ferro-
cene for metal- and ligand-substituted p-hydrides. In
[NiFeH(NCS)]°, which has an NCS ligand with smaller elec-
tron-donating potential than the CO ligand, the thermo-
dynamic advantage is more than 10 kcal mol™ higher
than [NiFeH(CO)], making it susceptible to electron oxi-
dation. This can be seen from the molecular orbital energy
levels: the single occupied molecular orbital level of [NiFeH
(NCS)]" (¢(SOMO2) = —3.48 eV) and the highest occupied
molecular orbital energy level of [NiFeH(CO)]" (¢(HOMO) =
—3.82 eV). Thus, the highest occupied molecular orbital
increases when the NCS ligand is coordinated instead of
the CO ligand. Here, HOMO of [NiFeH(CO)]" is distributed
over the metal rather than over the ligand; thus, it is
assumed that the two metals were mainly oxidized.
Conversely, replacing Ni in [NiFeH(CO)]" with Pd lowers the
highest occupied molecular orbital energy level (¢(HOMO) =
—3.82 eV for [NiFeH(CO)]" and &(SOMO) = —4.06 eV for
[PdFeH(CO)]", Fig. 6), indicating it more challenging to
oxidize [PdFeH(CO)]" than [NiFeH(CO)]" (Fig. 6). Overall,
the electron-transfer reaction energy ranged from -5.2 to
—25.6 kcal mol ' depending on the metal or ligand
substitution.

Table 6 Electron transfer energy (kcal mol™) [MIM2H(L2)] +

[Fe"(CsMes),l™ — IMIM2H(L2)] + [Fe'(CsMes),l°

(M1,M2,1.2) AG
[M1M2H(L2)]" [M1M2H(L2)*

(Ni,Fe,CO) §=0 S=1/2 -10.8

(Ni,Ru,CO) S=0 S=1/2 -8.6

(Pd,Fe,CO) §=0 S=1/2 -9.8

(Pd,Ru,CO) S=0 S=1/2 -5.2

(Ni,Fe,CNMe) §=0 S=1/2 -18.5
[M1M2H(L2)]° [M1M2H(L2)]"

(Ni,Fe,NCS) S=1 S=1/2 -25.6

This journal is © The Royal Society of Chemistry 2024
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_3.89 eV —%—3.71 eV
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%
3[NiFeH(NCS)]°

Fig. 6 Energies of the molecular orbitals of the three Fe containing dinuclear complexes.

4. Conclusions

In this study, the effects of metal and ligand substitutions on
the H, activation, hydride transfer, and electron oxidation of
pwhydrides in the [NiFe]-hydrogenase model complex were
investigated by DFT calculations. For H, activation, the
thermodynamically suitable catalysts were in the following
order: [NiFe(CO)]** > [NiRu(CO)J** > [NiFe(CNMe)]*" ~ [PdRu
(CO)** ~ [PdFe(CO)J** > [NiFe(NCS)]".

The metal and ligand substitutions caused a reaction-
energy differences of up to 18 kcal mol™" in the H,-activation
reaction. Thermodynamic H, activation did not proceed in
[PdRu(CO)]**, [PdFe(CO)]**, and [NiFe(CNMe)]** when
CH;COO™ was used as a base, although the reaction proceeded
when a stronger base, H,PO,~, was used. It was also suggested
that [NiFe(NCS)]" requires an even stronger base, CH;0~. From
this base dependence, it is possible to induce catalytic activity
by simply changing the base in complexes that mimic the
active center of hydrogenases with unknown H,-activation
performances.

The hydricity degree correlated inversely with the reaction
energy of H, activation, and the introduction of a noble metal
exhibiting higher polarizability than the 3d-transition metal
into the other metal, which is not the catalytic center,
increased the hydricity degree. Furthermore, when the CO
ligand was replaced by a less electron donating NCS ligand,
the degree of hydricity was higher than when the noble metal
was introduced.

Although it is generally known that noble metals are very
catalytically active, it was quantitatively demonstrated that the
replacement of noble metals with transition metals did not
necessarily improve the catalytic reaction thermodynamically.
However, the combination of the transition metal with a
ligand in the dinuclear complex significantly increased the
thermodynamics of the catalytic reaction. The findings offer

This journal is © The Royal Society of Chemistry 2024

guidelines for developing catalysts that mimic the active
centers of hydrogenases.
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