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Hydrogen evolution, electron-transfer, hydride-transfer reactions
in a nickel-iron hydrogenase model complex: A theoretical study
of the distinctive reactivities for the conformational isomers of
nickel-iron hydride

Miho Isegawa,*? Takahiro Matsumoto, ? Seiji Ogo?

Hydrogen fuel is a promising alternative to fossil fuel. Therefore, efficient hydrogen production is crucial to elucidate the
distinctive reactivities of metal hydride species, the intermediates formed during hydrogen activation/evolution in the
presence of organometallic catalysts. This study uses density functional theory (DFT) to investigate the isomerizations and
reactivities of three nickel-iron (NiFe) hydride isomers synthesized by mimicking the active center of NiFe hydrogenase.
Hydride transfer within thse complexes, rather than a chemical reaction between the complexes, converts the three
hydrides internally. Their reactivities, including their electron-stransfer, hydride-transfer, proton-transfer reactions, are
investigated. The briding hydride complex exhibits a higher energy level for the highest occupied molecular orbital (HOMO)
than the terminal hydride during the electron-trasnfer reaction. This energy level indicates that the bridging hydride is more
easily oxidized and is more susceptible to electron transfer than the terminal hydride. Regarding the hydride-transfer
reaction between NiFe hydride complex and methylene blue, the terminal hydrides exhibit larger hydricity and lower
reaction barriers than the bridging hydride complexes. The results of energy decomposition analysis indicate that the
structural deformation energy of the terminal hydride in the transition state is smaller than that of the bridging hydride
complex, which lowers the reaction barrier of hydride transfer in the terminal hydride. To produce hydrogen, the rate-
determining step is represented by the protonation of the hydride, and the terminal hydrides are thermodynamically and
kinetically superior to the bridging ones. The differences in the reactivities of the hydride isomers ensure the precise control

of hydrogen, and the theoretical calculations can be applied to design catalysts for hydrogen activation/production.

Introduction

Replacing fossil fuels with hydrogen ones will reduce the amount of
carbon dioxide generated via fossil fuels; thus, developing catalysts
that can efficiently activate/evolve hydrogen is crucial. Thus far,
different organometallic complexes for activating/evolving H, have
been synthesized.}:234 Moreover, these catalytic functions and
processes have been studied by various spectroscopic and X-ray
analyses, and it has been shown that hydride complexes are
produced as intermediates in the catalytic process. Hydride
complexes are employed for hydrogen production and the
conversion of nitrogen into ammonia, the reduction of CO,, and the
splitting of water.>%” Thus, it is essential to investigate the
reactivities of hydride complexes for efficient hydrogen
activation/evolution and a wide range of catalytic reactions.

A hydrogenase is an enzyme that reversibly catalyzes the activation
of hydrogen. Organometallic complexes have been synthesized by
mimicking the structure and function of the catalytic center of this
enzyme. Hydrogenase can be classified into nickel-iron (NiFe), iron-
iron (FeFe), and Fe hydrogenases. Regarding the binuclear
hydrogenases (NiFe and FeFe), the coordination positions of their
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hydrides in the intermediate hydride complexes differ during the
catalytic cycle. Bridging and terminal hydrides are generally detected
in the catalytic cycles of NiFe and FeFe hydrogenases, respectively
(Fig. S1).8%1° The active centers of NiFe and FeFe hydrogenases
comprise common ligands, such as CO and CN, and exhibit similar
structural properties. Nevertheless, the coordination positions of the
substrates in their intermediates are different, indicating the high
sensitivities of the positions of the hydrides to metals and ligands and
demonstrating the significance of the ligand design.

A recently synthesized model hydrogenase complex
[Ni"(X)Fe"(CI)(CO)(L)]* (X = N,N'-diethyl-3,7-diazanonane-1,9-
dithiolato and L = 1,2-bis(diphenylphosphino)ethane)] (1, Fig. 1a)
reversibly catalyzed heterolytic H, activation in an aqueous solution
under ambient conditions (Fig. 1a).** The hydride complex, i.e., the
intermediate of H, activation, underwent an isomerization reaction
to produce three isomers (2a, 2b, and 2c; Fig. 1b). In Complex 2a, the
hydride ligand was located approximately halfway between Ni and
Fe (u-hydride). The hydride ligands in Complexes 2b and 2c were
bound only to Fe (the terminal hydride). Further, the hydrides in
Complexes 2b and 2c were in the trans- and cis-positions of the CO
ligand, respectively. Furthermore, the isomers of these hydride
complexes exhibited different reactivities to electron transfer (Fig.
1c), hydride-transfer (Fig. 1d), and proton-transfer reactions (Fig. 1e).

We elucidated the H, activation mechanism by the NiFe complex (1,
Fig. 1a) in our previous theoretical study.!? The NiFe complex
activates hydrogen using frustrated Lewis pairs, forming hydride
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complexes as intermediates. In this activation process, Fe acts as
Lewis acids, and the added buffers act as Lewis bases. We have also
previously investigated another NiFe complex!® that
activates/evolutes hydrogen in acetonitrile and elucidated the
mechanisms of electron transfer, hydride transfer, and hydrogen
evolution, from the bridging hydride complex.’* However, those
previous theoretical studies do not focus on the different reactivity
of the hydride isomers. The coexistence of isomers with different
reactivity may lead to the development of multifunctional catalysts,
and it is important to understand the underlying factors that produce
the differences in reactivity. While crystallization of
thermodynamically unstable metal hydride complexes is generally
difficult experimentally, DFT calculations allow structural
optimization of the most stable structures as well as isomers in
higher energy states with the same effort, which is useful for
reactivity analysis.

So far, the changes in the reactivities of NiFe hydrogenase model
complexes due to ligand alternation have been investigated by other
groups. Makosetal et al.’® investigated the effects of the ligand in the
active site (Fe) on the interactions between Fe and H and Fe and H,
to produce the NiFe hydrogenase mimicking complex;® they
confirmed that the nature of the ligand correlated with these
interactions. Brazzolotto et al.’® demonstrated that the degree of CO
inhibition in the NiFe hydrogenase model complex was changed
during H, production via converting the Fe-coordinated

cyclopentadienyl group into the pentamethylcyclopentadienyl group.

However, the differences between the reactivities of the different
isomers have not been studied.
Here, we first assigned infrared (IR) spectral peaks to the three

isomers of the NiFe hydride complex to characterize their differences.

Next, we clarified whether the isomerization of the hydride
complexes proceeded via an intracomplex hydrogen transfer or an
intercomplex chemical reaction. Additionally, the differences
between the reactivities of the NiFe hydride complex in the three
reactions were clarified via calculations. Specifically, we calculated
the reaction energy and ionization potential (IP) of electron transfer
during the electron-transfer reaction and investigated the oxidation
tendency. Further, the hydricity and the reaction barrier were
calculated to determine the one that controlled the reaction
regarding the hydride-transfer reaction. Further, the reaction barrier
of hydride transfer was divided into the contributions of the
electrostatic interaction and structural deformation energy,
revealing their crucial contributions. Finally, among the three
hydrides, the isomers that accounted for the most efficient
production of hydrogen were subjected to thermodynamic and
kinetics investigations.

Computational details

The Gaussian 09 program performed all the computations in this
study.?” All the structures were fully optimized with no constraints by
the BP86 functional’®*® employing Grimme’s empirical dispersion
corrections (D3).2° The BP86 functional has been employed to study
the cluster model?22 and model complexes?3241425 of NiFe
hydrogenase. Our previous study revealed that the calculated
magneticity of the NiFe complex via this function correlated with the
experimental result.!? The Stuttgart/Dresden (SDD)%® basis set and
the associated effective core potential were employed for Ni and Fe,
and the def2-SVP basis sets?’ (BSI) were employed for the other
atoms. The solvation model based on density (SMD) implicit
solvation model?® was employed to determine the solvation effects
of water (¢ = 78.4), acetonitrile (¢ = 35.688), and acetone (¢ = 20.493).
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The vibrational frequencies were calculated at the same level of
theory to confirm the minima and transition states (TSs) and to
obtain the zero-point vibrational energy (ZPE) corrections and
entropy contribution.
The thermal corrections were 298.15 K and 1 atm. The stationary
points’ connectivity was confirmed via th “pseudo” intrinsic reaction
coordinate (IRC) approach?. The IRC calculations were performed
for 20 steps from TS (in the forward and backward directions), and
the resulting structures were fully functional optimized to obtain the
minima. The potential energies were calculated at the level of BP86-
D3/BS2, (BS2 = SDD for Ni and Fe and def2-TZVP for the other toms)
with the SMD model. The integrals were evaluated by a pruned grid
consisting of 99 radial shells and 590 angular points per shell. The
wave function stability was checked for all metal complexes.
Initial approximations of the TSs were obtained by the AFIR
methodology,?® where the two-layer N-layered integrated
molecular orbital and molecular mechanics (ONIOM) method
was applied.3* The ONIOM partitioning of the molecular system
is shown in Fig. 2a. The BP86 functional was applied for the high
level, using the SDD?® basis set for Ni and Fe and the 3-21G basis
sets3? for the remaining atoms. The parametrization method 6
(PM6)33 was applied for the low level. An artificial force
parameter of 47.8 kcal/mol was used to explore the approximate
reaction paths and TSs (Fig. 2b). The approximate TSs obtained
by the AFIR method were finally optimized at the SMD/BP86-
D3/BS1 level. The different use of basis set adapted in this study
is that we used previous studies'#!! to avoid high computational
cost in the geometry optimization and obtain the energy
accuracy.

Results and discussion

IR spectra of the three isomers of the NiFe hydride complex

The IR spectra of three isomers of the NiFe hydride complex were
measured in our previous study.! However, the vibrational modes
of some significant peaks are still unknown. Therefore, the peaks
were assigned here.

Fig. 3 shows the calculated IR spectra of the NiFe hydride complexes
(2a, 2b, and 2c), and Table 1 summarizes the theoretically calculated
key stretch modes and the experimental parameters. Although
scaling has been proposed for frequencies calculated by the DFT
calculations to predict vibration peaks more precisely in
experiments,3* no such scaling was applied in this study. It is well-
known that the stretching of the C=0 bond is sensitive to the electron
density of the metal owing to m-electron back donation. The
calculated peaks of the stretching of the C=0 bond of 2a perfectly
agree with the experimental value. Those of 2b and 2c were also
reasonably consistent. The frequencies were in the following order:
2a > 2b > and 2c from the high-frequency side, and this order also
agrees with the experimental results.

The Ni-H stretching mode, which was not identified in the
experimental study, of Complex 2a appeared at 1037 cm™. Its peak
appeared in the lower frequency region than that of the Fe-H
stretching mode (1651 cm™1), indicating that the interaction between
Ni and the hydride was weaker than that between Fe and the
hydride. The frequency of the Fe-H stretching mode (1651 cm™) of
the bridging hydride (Complex 2a) was close to that of the Fe—H
stretching mode of another previously reported NiFe hydride
complex (1687 cm™).13 The peaks in the terminal hydrides, 2b, and
2c, were in a higher frequency region than the bridging hydride, 2a.

This journal is © The Royal Society of Chemistry 20xx
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The Fe—H stretching mode of 2b was not identified in the experiment.
The computational results revealed that the Fe—H stretching mode
strongly coupled with the C=0 stretching mode in 2b. Particularly,
the peaks at 1894 and 1829 cm™ (Table 1) exhibited the
contributions of the C=0 and Fe—H stretching modes, respectively.

Isomerization of the hydride complexes

Next, the isomerization pathways of the hydride complexes were
investigated; four probable reaction processes were explored: (1)
proton exchanges between the NiFe hydride complexes, (2)
hydrogen atom exchanges between the NiFe hydride complexes, (3)
hydride exchanges between the NiFe hydride complexes, and (4)
hydride-transfer reaction within the NiFe hydride complex.
Regarding (1)—(3) involving two elementary reactions, only the first
ones, (R1) and (R2), were investigated. The free energy of the
reaction was calculated in an acetone solvent as in the experiment.

e Intercomplex proton transfer

[NiFe=H]* + [NiFe-H]* — [NiFe—H,]?* + [NiFe]° (R1)
e Intercomplex H atom transfer
[NiFe—H]* + [NiFe—H]*— [NiFe—-H,]* + [NiFe]* (R2)
o Intercomplex hydride transfer
[NiFe=H]* + [NiFe-H]* — [NiFe-H,]° + [NiFe]* (R3)
e Intracomplex hydride transfer
[NiFe—H]* — [NiFe-H]*’ (R4)

Table 2 summarizes the calculated free energies of (R1)—(R3). To
investigate the spin states of the ground states of the products in
each reaction, we calculated four spin states; S =0, 1, 2, and 3 for
[NiFe-H,]?%, [NiFe-H,]°, [NiFe]°, and [NiFe]?*,and S=1/2,3/2,5/2, and
7/2 for [NiFe-H,]* and [NiFe]*. As a result, [NiFe]° showed a triplet
state and all other complexes showed the lowest spin state. In [NiFe-
H,]° and [NiFe]?, the energies of the singlet and triplet spin states are
less than 5 kcal/mol, and they are presumed to be spin crossover
complexes. The lowest energy spin state was used to estimate the
free energy of the reaction. Two configurations were determined for
the 2H bound to Fe (Fig. S2), and the lower energy configuration was
selected. Consequently, (R1)—(R3) were highly endergonic reactions,
and we predicted that none of them would occur.

Thereafter, we examined the possibility of producing these isomers
via hydride transfer within the NiFe hydride complex (R4). Our
previous studies revealed that all the isomers exhibited singlet
ground states. Thus, the energy of the lowest singlet state was
calculated. The initial structure of the TS of intramolecular hydride
transfer was generated manually rather than via AFIR.

Fig. 4 shows the calculated free energy profile for the isomerization
of the NiFe hydride complex. The calculated thermodynamic
stabilities of the three hydride complexes in acetone were in the
following order: 2a > 2c > 2b. The bridging hydride complex was more
stable than the terminal hydrides of the binuclear complex.

Table 3 summarizes the calculated reaction barriers and those
derived from the experimental rate constant (k) based on the
classical TS theory. Notably, two pathways were determined for the
isomerization of 2b to 2a. One was direct (2b — 2a), and the other
involved an indirect path (2b — 2c — 2a), which exhibited a lower
reaction barrier. The calculated reaction barriers of all the
isomerization reactions correlated well with the experimental data.

This journal is © The Royal Society of Chemistry 20xx
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The bridging hydrides in the NiFe hydrogenase enzymes were the

intermediates for H, activation.3® The terminal hydrides in the FeFe
hydrogenase enzymes were detected via nuclear resonance
spectroscopy (NMR).>10 These hydrides were detected in the most
thermodynamically stable and major intermediate. However, the
detections of multiple hydride complex isomers in this NiFe
hydrogenase model complex!! and the previously studied FeFe
hydrogenase model complex3® indicated the possible existence of
other hydride coordination states in each enzyme as short-lived
states.

Electron, proton, and hydride transfers in the three hydride
complex isomers

Next, we investigated the reactivities of the three isomers of the
hydride complex toward electron, proton, and hydride transfers. The
experimentally determined percentages of the electron transfer, H,
production, and H transfer product yields at specific times are
summarized in (Table S2). Experimentally demonstrated different
reactivity of the three hydride isomers indicates that the
isomerization reaction proceeds more slowly than the electron
transfer, hydride transfer, and proton transfer reactions.

Electron-transfer reaction. The redox process is fundamental to
biological enzymes. The Fe-S cluster in the NiFe hydrogenase
enzyme acts as the mediator of the electron transport.37383% In this
study’s NiFe hydrogenase model system, ferrocene, which
undergoes one-electron reduction, was employed as an oxidant. The
reaction energy (R5) of the NiFe hydride complex containing
ferrocene was calculated to investigate the susceptibility of the NiFe
hydride complex to oxidation.

X + [Fe''(CsMes),]* — 2X2* + [Fe!(CsMes),] (X = 2a, 2b, and 2¢) (R5)

The calculated free energies of the three isomers were negative
(Table 4), thus corroborating the experimental data, which revealed
that the NiFe hydride complexes were oxidized by ferrocene. Further,
the free energies of Complexes 2a and 2c were more negative than
that of 2b, indicating that 2a and 2c were more susceptible to
oxidation than 2b.

A less computationally intensive method could be employed to
compare or predict the electron-donating capacities of multiple
complexes. We investigated whether the ionization energy could
quantitatively predict the electron-donating capacities of the
complexes. The ionization energy was calculated employing three
approaches. The first approach applies the adiabatic IP (given as the
energy difference between the non-oxidized NiFe complex and the
one-electron oxidized complex). The energy of each state is
calculated employing an optimized structure of each redox state. The
second uses the vertical ionization energy (each state’s energy is
estimated for the optimized structure of the non-oxidized complex.
The third employs IP, which is estimated according to the IP
theorem.?? In this theorem, IP is estimated as a minus of the HOMO
energy. All IP calculations are performed employing SMD solvation
model to consider the solvation effects.

The calculated adiabatic IP and IP theorem (Table 4) indicated that
Complex 2a (the bridging hydride) was the most susceptible to
oxidization, followed by Complexes 2c and 2b (the terminal
hydrides). This result is consistent with the experimental observation
that Complex 2a was more susceptible to oxidation than Complexes
2b and 2c. However, the vertical IP did not correctly predict the
orders between 2b and 2c, indicating that geometric changes due to
oxidation cannot be ignored. The calculated ionization potentials

J. Name., 2013, 00, 1-3 | 3
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should also correlate with the experimentally observed redox
potentials. However, the experimentally measured redox potentials
are -2.04, -2.04, and -2.06 V for 2a, 2b, and 2c, respectively,
indicating that the electron-donating ability is almost the same.
Therefore, the calculated adiabatic ionization potentials more closely
correlate to the experimentally observed product yields of the
electron transfer reaction to ferrocene (Table S2).

The spin density of the one-electron oxidized hydride complex was
evenly distributed in Ni and Fe for all three isomers (Table 4). This
result is consistent with the HOMO distribution (Fig. 4), indicating
that Ni and Fe could act as active sites for chemical reactions after
the one-electron oxidation process.

Thermodynamic hydricity and kinetics of hydride transfer.
Hydricity,** which is a valuable quantity that indicates the ease of
hydride transfer, was investigated, particularly in relation to the
reactivities of hydride complexes in CO, reduction>64243 and H,
production.**4> The hydride transfers in NiFe complexes (2a—2c) in
the presence of methylene blue (MB) have been demonstrated.!!
However, it is unclear whether the reaction is controlled by
thermodynamics or kinetics.

Fig. 6 shows the calculated free energy profile of the transfer of
hydrides from the hydride complex into MB in an acetonitrile
solution. For 2b and 2c, the hydride was extracted directly from Fe;
however, in 2a, it was bound first to the carbonyl group (3a’), after
which it moved into MB. After the extraction of the hydride, the
solvent (CH3;CN) coordinated Fe in 2b and 2c, whereas it retained
empty sites in 2a (Table S3).

Several schemes have been proposed to calculate the hydricity.*14¢
The relative hydricity is estimated as the free energy change in the
hydride-transfer reaction (R5):

NiFe—H + MB* — NiFe + MBH, (R5)

where MBH is reduced MB by a hydride; the atomic site that accepts
the hydride is nitrogen. The relative hydricity exhibits an advantage:
it can only be calculated from the calculated values without
employing the experimental ones. In (R5), MB was consistently
utilized as the hydride acceptor for the three isomers; thus, the
difference in the reaction energy arose only from the electronic
states of the isomers. However, it is well-known that the changes in
the hydricity depend on the solvent.*® Thus, in this study, the
hydricity was evaluated considering the explicit solvent coordination
to the Fe site after the removal of the hydride.

The calculated relative hydricities were in the following descending
order: 2b (13.8 kcal/mol) > 2a (5.8 kcal/mol) > 2¢ (5.6 kcal/mol).
Moreover, the height of the barrier was in the following ascending
order: 2b < 2c < 2a. Thus, the terminal hydride kinetically and
thermodynamically favored hydride transfer, which is consistent
with the experimental observation. Conversely, the results of this
calculation are inconsistent with the experimental observations,
which indicated that 2c was most susceptible to hydride transfer
than 2b.

Energy decomposition analysis (EDA) was applied to elucidate the
origin of the barrier height. The activation energy, AE, of the
hydride-transfer reaction can be divided into two terms, as follows:

AEact = AEdef + AEint: (1)

where the terms AEges and AE;,, are the deformation and interaction
energies, respectively. The deformation energy corresponds to the

4| J. Name., 2012, 00, 1-3

energy difference that originated from structural changes toward TS
formation. The interaction energy is the energy difference between
the catalyst plus the substrate and complex in the TS structure (Fig.
7).

Table 5 summarizes the calculated deformation and interaction
energies that did not exhibit ZPEs. The deformation energy of 2b was
the smallest (15.2 kcal/mol) among those of the three isomers. This
small deformation energy of 2b compared with those of 2a and 2c
was due to the deformation energy of NiFe—H, not MB. Further, 2b
exhibited a larger interaction energy than 2c, and the difference from
2a was < 5 kcal/mol; its activation energy was the smallest among
the three isomers.

The kinetic isotope effect (KIE) is one useful method to verify the

reaction mechanism.4’**¢ The KIE of the hydride transfer was not
determined experimentally but was calculated in anticipation of later
experimental studies. Table S4 summarizes the reaction barriers,
rate constants for the case where hydrogen (H) is replaced by
deuterium (D), and KIEs. As a result, the reaction barrier enhanced
3~5 kcal/mol with the replacement of H to D, and the larger KIE value
was obtained for hydride complexes 2b and 2c compared to 2a.

H, evolution. The evolution of H, is the reverse reaction of hydrogen
activation, and the mechanisms were revealed in our previous
study.!? The active site for H, evolution is Fe, rather than Ni, different
from the NiFe hydrogenase. Fig. 8 shows a comparison between the
free energy profiles of H, evolution for the three NiFe hydride
complex isomers. Hydrogen production employing the NiFe complex
proceeds via two steps: (1) the transfer of proton from the Brgnsted
acid (acetic acid) to the Fe-center of the NiFe hydride complex, and
(2) the dissociation of H, from the Fe-center. In the final products,
we investigated the possibility of binding between the solvent water
molecules and the empty sites that were generated via the
dissociation of H,. Thus, the coordination of H,0 destabilizes the
complex in all the isomers (Table S3). Therefore, the possibility of
H,0 binding was excluded.

The free energy profile indicated that Complex 2b was best
suited to generating hydrogen because it is kinetically
advantageous, and the reaction was the most exergonic. This
result correlates with the experimental observations (Table S2).
The lowered energy of TS during H, dissociation in Complex 2b
was due to the thermodynamic corrections (Table S6). Regarding
Complex 2a, the reaction was almost thermoneutral, indicating
that the bridging hydride complex facilitated H, activation and
production. Conversely, in the other terminal hydride complex
(2c), the calculated reaction was ~10 kcal/mol endergonic; 2c was
more suitable for H, activation than H, production. The
experimental study revealed that hydrogen production occurred
in Complex 2c (Table S2), although the yield of the product was
low. This is probably because of the low concentration of the
produced H,, and the unlikeliness of the reverse reaction to
occur. Our previous study revealed that a highly acidic medium
favored the transfer of protons into the NiFe hydride complex.
Further, the acidity affected both the reaction barrier and energy.
These results demonstrated that finetuning the basicity/acidity
would probably alter the reaction in 2a, which exhibited almost
total thermoneutrality for H, activation and evolution.

Removing hydrogen from the dihydride during the second step was
easiest in 2b than in the other complexes. This H,-removal capacity

This journal is © The Royal Society of Chemistry 20xx
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could be attributed to the Fe—H distance in the dihydrogen complex.
The longest and shortest Fe—H distances were observed in 2b (1.70
and 1.71 A, Fig. 5) and 2c (1.58 and 1.58 A, Fig. 5), respectively.

Conclusions

In this study, we elucidated the mechanism of the
isomerization of the NiFe hydride complex. Further, we
quantitatively discussed the electron- and hydride-
donating abilities of the three isomers of the hydride
complex, as well as their efficiencies for H, evolution. The
findings in this study are as follows:

(1) The bridging hydride complex exhibited lower energy than
the terminal hydride complex, and the three isomers were
interconverted via hydride transfers within the complex.

(2) The calculated adiabatic IP of the NiFe hydride complex
indicated that the bridging hydrides were more susceptible
to electron oxidation than the terminal hydrides. The same
trend was predicted from the HOMO energy.

(3) The terminal hydrides were more susceptible to hydride
transfer than the bridging hydrides. In the terminal hydride,
the hydride was extracted directly into MB, but it moved
into MB via the intermediate in which the hydride was
bound to the CO ligand in the bridging hydride. EDA
revealed that the hydride transfer’s reaction barrier was
dominantly controlled by the structural deformation of the
NiFe hydride complex.

(4) The terminal hydrides exhibited thermodynamic and
kinetic advantages over the bridging hydrides for hydrogen
production.
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(a) H, activation/evolution

H, +B BH + CI-

H,+A  AH+CI

(c) Electron transfer

—‘+ U}
b) Isomerization O Ph [Fe'l(CsMes)o]* [Fe'(CsMes)s] O Ph
(b) ¢ Len \ SN £ pern

Fig. 1. (a) H, activation/evolution by the NiFe complex, (b) isomerization of the NiFe hydride complex, (c) electron
transfer to ferrocene, [Fe"(CsMes),]*, (d) hydride transfer to MB, and (e) proton transfer from acetic acid to the
NiFe hydride complex during H, evolution
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Fig. 2 (a) ONIOM partitioning. The black and blue parts are treated at high and low levels, respectively. (b) Fragmentation in
the AFIR study. The artificial force was applied between the two red atoms.
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Fig. 3 Calculated infrared spectra of the three isomers of the NiFe hydride complexes (2a, 2b, and 2c)
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Fig. 4 (a) Calculated free energy profile for the isomerization of the NiFe hydride complex in acetone. AG and
AH values (in parentheses) are reported in kcal/mol. (b) Optimized geometries of the hydride complexes (2a,
2b, and 2c¢) with the selected bond distances (A)
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Fig. 5 HOMO and LUMO energies (kcal/mol) of the three isomers of the NiFe hydride complex (2a, 2b, and 2c)
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Fig. 6 (a) Calculated free energy profile for the transfer of the hydride from the NiFe hydride complex into MB
(kcal/mol) in an acetonitrile solution. AG values (in parentheses) are reported in kcal/mol. (b) Optimized geometries of
the TSs and intermediates
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Fig. 7. Schematic of EDA. NiFe-H’ and MB* represent the NiFe hydride complex and MB* at the TS structure. NiFe-H and MB*
are the fully optimized structures of NiFe-H’ and MB*, respectively.
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Fig. 8 (a) Calculated free energy profile for the evolution of H, from the hydride complex (kcal/mol) in an aqueous solution. AG
values (in parentheses) are reported in kcal/mol. (b) Optimized geometries of the TSs and intermediates with the selected distances
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Table 1 Calculated IR parameters (cm™?) of the key stretching modes. Experimental parameters are in parenthesis

Complex Vc=0 VNi-H Vre-H

2a 1918 (1918) 1037¢ 1651 (1675)
2b 1894 (1910) - 1829

2c 1856 (1885) - 2001 (1964)

9 No experimental data

Table 2 Calculated free energies AG(kcal/mol) of (R1)—(R3)

AG
(R1)  [NiFe-HJ* + [NiFe-H]* = [NiFe-H,]?* (S =0) + [NiFe]° (S = 1) 38.8
(R2)  [NiFe-HJ* + [NiFe-H]* = [NiFe-H,]* (S = 1/2) + [NiFe]* (S = 1/2) 23.4
(R3)  [NiFe-H]* + [NiFe-H]* > [NiFe-H,]® (S =0) + [NiFe]2* (S = 0) 32.0

Table 3 Calculated barrier heights of the hydride-transfer reaction (R4), as well as the experimental data

2c— 2a 2b—2a 2b—2c
barrier (calc.)? 23.8 23.89 22.7
barrier (exp.)%? 23.3 24.0 22.9
k (exp.)s 1.1x10% 50x10° 1.5x10°
a|n kecal/mol
b Estimated from the experimentally determined rate constant (k)
€Ins?

dThe barrier of the isomerization (2¢c — 2a)
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Table 4 Free energies? of the electron-transfer reaction (R5) between the NiFe hydride complex and ferrocene, the ionization
energies? of the NiFe hydride complex, and the spin densities of Ni and Fe of the one-electron oxidized hydride complex

2a 2b 2c

Reaction with ferrocene (R5)

AG -10.9 -6.9 -10.3
IP
IP (adiabatic) 96.5 100.5 97.1
IP (vertical) 97.6 99.0 101.2
IP (IP theorem) 88.2 94.5 92.4
Spin density
p (Ni) 0.50 0.38 0.41
p (Fe) 0.44 0.59 0.61

@ Energies are in kcal/mol.

Table 5 EDA of the TS of hydride transfer in the three isomers

AE 4ef (NiFe-H-MB) AEge (NiFe-H) AE gt (MB) JAV= AE DG,
TS-HT-a 31.1 27.7 3.4 -25.8 5.2 213
TS-HT-b 15.2 10.9 4.3 -22.6 -7.4 8.0

TS-HT-c 22.8 18.6 4.1 -18.7 4.0 17.4




