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N, Reduction versus H, Evolution in a Molybdenum- or
Tungsten-Based Small-Molecule Model System of

Nitrogenase

Jannik Junge,” Tobias A. Engesser,” and Felix Tuczek*"

Abstract: Molybdenum dinitrogen complexes have played a
major role as catalytic model systems of nitrogenase. In
comparison, analogous tungsten complexes have in most
cases found to be catalytically inactive. Herein, a tungsten
complex was shown to be supported by a pentadentate
tetrapodal (pentaPod) phosphine ligand, under conditions of
N, fixation, primarily catalyzes the hydrogen evolution
reaction (HER), in contrast to its Mo analogue, which catalyti-
cally mediates the nitrogen-reduction reaction (N,RR). DFT

\

calculations were employed to evaluate possible mechanisms
and identify the most likely pathways of N,RR and HER
activities exhibited by Mo- and W-pentaPod complexes. Two
mechanisms for N,RR by PCET are considered, starting from
neutral (M(0) cycle) and cationic (M(l) cycle) dinitrogen
complexes (M =Mo, W). The latter was found to be energeti-
cally more favorable. For HER three scenarios are treated; that
is, through bimolecular reactions of early M-N,H, intermedi-
ates, pure hydride intermediates or mixed M(H)(NH,) species.

Introduction

The catalytic conversion of dinitrogen to ammonia with
transition metal complexes has been subject of research for
many years.'>® Recently great progress has been made in
terms of turnover numbers and efficiency.®**® A large part of
synthetic nitrogen fixation has been devoted to molybdenum
systems catalytically mediating the nitrogen reduction reaction
(N,RR).2%” In almost all known cases, analogous tungsten
complexes have been found to be catalytically inactive.®'”
Notably, the reason for this finding has hardly been inves-
tigated. Schrock and coworkers postulated for their triamido-
amine system that the reason might lie in the difficult
regeneration of the W(N,) complex from the [W(NH;)]*
intermediate. This in turn may be due to more negative
reduction potentials for tungsten complexes compared to their
molybdenum analogues, which could be demonstrated for the
W(N,) to [W(N,)]~ step although this stage plays no role in the
catalytic cycle. Additionally, no difference in redox potentials
was observed for the M(0)«—M(l) transition.®'" On the other
hand, tungsten oxo complexes have more negative redox
potentials for the M(IV)«—>M(V) transition than their molybde-
num counterparts.'? Whereas this redox transition is part of the
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catalytic cycle for the Schrock system (+1Il to +VI), it is not
contained in the catalytic cycle of Chatt-type complexes (0 to +
IV). Nevertheless, it suggests that the redox potentials for
tungsten intermediates at higher oxidation states may indeed
be more negative than for the molybdenum analogues.

Recently, we presented the first tungsten complex generat-
ing overstoichiometric amounts of ammonia (2.8 equiv) under
(chemo-)catalytic conditions with Sml, and water."” Never-
theless, the tungsten complex is significantly less active than its
molybdenum analogue (25.7 equiv).”’ Both of these complexes
are supported by a pentadentate tetrapodal phosphine ligand
(PMe,PP™.,, pentaPod)""® (Scheme 1).1""

By cyclovoltammetry we showed that the two complexes
[M(N,)(pentaPod)] (M=Mo (1) and W (2)) exhibit the same
reduction potential for the M(0)«—M(l) transition."” Moreover,
we could exclude a difference in the activation of the N, ligand
and structural differences between these complexes as possible
origins of the different activity towards N,RR. The reason must
therefore lie elsewhere in the catalytic cycle. We could observe
a difference in stability of the [M(I)-N,]* complexes where the
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Scheme 1. Molybdenum and tungsten dinitrogen complex [M(N,)(P",PP*",)]
(M=Mo (1) and W (2)) supported by a pentadentate tetrapodale phosphine
ligand.
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dinitrogen ligand decoordinates in the molybdenum complex
whereas it remains bound in the tungsten analogue."”
However, the way in which this affects the catalytic activity
remained unclear.

Hydrogen evolution is frequently encountered as a side-
reaction in nitrogen-fixing systems. This also applies to nitro-
genase where, however, it is an integral part of biological N,-to-
NH, conversion.™™ Synthetic nitrogen fixation, on the other
hand, aims at totally suppressing HER in order to maximize the
yield of ammonia.'*'” Most N,RR catalysts, however, do also
mediate HER to some extent, and therefore it is important to
understand and control the factors which influence the inter-
play between HER and N,RR. Peters and coworkers showed that
iron hydride species, which are partly generated during
catalysis, can effectively produce hydrogen in a HER cycle
parallel to the desired N,RR cycle."®'® They also discovered that
iron complexes supported by Al- and Ga-based ligand systems,
which are more robust under catalytic conditions, seem to
show more selectivity towards HER than to N,RR' and that
M—NNH species with a low N—H bond dissociation free energy
(BDFE) can have a negative effect on the N,RR efficiency, due to
bimolecular HER®* On the other hand, Benedek et al.
theoretically investigated the HER activity of early N,RR
intermediates in Peters’ systems and came to the conclusion
that early N,RR intermediates are not likely the source of HER
under catalytic conditions because the barriers of the compet-
ing N,RR steps are significantly lower. They also considered the
lifetime of these early intermediates very short so that
bimolecular HER should only play a minor role.*"??

Herein, we first experimentally investigate the HER activities
of molybdenum and tungsten complexes supported by the
pentaPod ligand (Scheme 1), complementing the earlier data
on N,RR catalysis obtained for these systems.'” Then we
present a computational study in order to determine possible
pathways of N,RR and HER in these systems and identify
potential reasons for the different reactivities of the Mo and W
complex. To this end, the mechanism of a catalytic conversion
of dinitrogen to ammonia is treated by DFT and the Gibbs free
activation energies of HER and N,RR elementary steps are
calculated for both 1 and 2. As discussed previously,” the
catalytic conversion of dinitrogen to ammonia based on [Mo-
(N,)(P",PP™,)] (1) can be achieved thermodynamically from a
M(0)-N, and a [Mo(l)-N,]* species with Sml, and water. A PCET
process starting from [Mo(I)-N,]* is a highly exergonic process,

while starting from the M(0)-N, species is slightly endergonic.
We therefore investigate which catalytic cycle overall is
thermodynamically more favorable and how the system may
switch from a pathway originating from a M(0)-N, complex to a
reaction path involving a [M(l)-N,]* intermediate. Finally, kinetic
barriers are explicitly determined for HER by bimolecular
reactions and based on mixed M(H)(N,H,) species. The implica-
tions of the results with respect to the optimization of catalysts
mediating N,RR are discussed.

Computational Details

Geometry Optimization and Frequency Calculations

All computations were carried out using the ORCA 4.2.1 program
package.” The properties of all studied structures were computed
in the most stable spin state, which was determined through
theoretical analysis. Geometry optimization and thermodynamic
energy calculations were carried out with the PBEO functional®
and def2-TZVP*?! basis set. In addition, Grimme's dispersion
correction®?” with Becke-Johnson damping (D3BJ) and the
RIJCOSX density fitting approximation using the def2/J fitting basis
set®33 were used for all calculations. Due to the good agreement
of the calculated geometries compared to crystallographic data
(see Table S1) of [M(N,)(PY%,PP™,)] (M=Mo, W) it is assumed that
the computational methodology has sufficient accuracy for geome-
try optimizations. Local minima were confirmed when no imaginary
frequency was found in harmonic vibrational frequency calcula-
tions. For the complete theoretical data, see the Supporting
Information Table S3 to S21.

Relativistic corrections could not be taken into account in the full
pentaPod system due to the size of the system and the long
computing time associated with it. Since relativistic effects should
not be neglected, especially in the case of tungsten, the extent to
which relativistic effects influence the energetics was determined.
For this purpose, test calculations were carried out with smaller
molybdenum and tungsten systems of the type M(PMe;)s(L) (M=
Mo, W; L=N,, NNH, NNH,) and the energetics of the first steps of a
catalytic conversion were compared for different density functionals
as well as using the zeroth order regular approximation (ZORA)®
as relativistic correction (Table 1). When ZORA was used, the
respective ZORA basis sets were applied.”™ Due to convergence
problems additionally the KDIIS approximation was used.*® Since
there is no significant difference when using ZORA as relativistic
correction, especially for the PBEO density functional, it can be
assumed that the effect is negligible in terms of Free Gibbs energy
calculations.

Table 1. Comparison of calculated free Gibbs Energies of PCET reactions to the first two intermediates of the N,RR with different density functionals and
basis sets with and without relativistic corrections in kcal/mol. These calculations were made for neutral [M(PMe;)s(L)] complexes (M =Mo, W; L=NNH,

NNH,).
functional basis set metal PCET to [M(1)-NNH] PCET to [M(II)-NNH,]
BP86 def2-SVP Mo 3.58 —22.12
w 1.94 —22.25
ZORA-def2-SVP Mo 3.30 —23.68
w 1.89 —24.33
PBEO def2-TZVP Mo 8.21 —19.20
w 6.09 —19.50
ZORA-def2-TZVP Mo 9.03 -19.34
w 6.35 —19.48
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Table 2. Comparison of the activation barriers calculated with different density functionals and basis sets with and without relativistic corrections of the

HER based on the Mo(Il)(NNH)(H) complex.

density functional BP86 PBEO
basis set def2-SVP def2-TZVP ZORA-def2-SVP def2-SVP def2-TZVP ZORA-def2-TZVP
AG* (kcal/mol) 6.18 6.60 7.24 11.49 11.68 12.82

Table 3. Influence of different density functionals and basis sets as well as relativistic corrections on the calculated BDFE,_ for the first two intermediates of

the N,RR cycle.

functional basis set metal BDFEy_y [M(I)-NNH] BDFE_y [M(I1)-NNH,]
BP86 def2-SVP Mo 22.4 48.1
w 241 483
ZORA-def2-SVP Mo 22.7 49.7
w 24.1 50.3
PBEO def2-TZVP Mo 17.8 45.2
w 19.9 455
ZORA-def2-TZVP Mo 17.0 453
w 19.7 455
M=M(PMe)s,

Calculation of Activation Barriers

For calculations of activation Gibbs free energies of the HER we
located the first order saddle points on the potential energy
hypersurface which correspond to the transition states of the
reaction. The presence of one imaginary frequency in vibrational
spectrum, belonging to the formation of a hydrogen molecule,
confirmed the transition state. Therefore, we resorted to the BP86
functional®” with the def2-SVP*” basis set to reduce computa-
tional time. An exemplary comparison of the calculations with the
BP86 density functional compared to the PBEO density functional
based on the transition state of the Mo(ll)(H)(NNH) species shows a
difference of approx. 5 kcal/mol, which is sufficient accuracy for a
comparison of the most probable paths for the HER (Table 2).
Notably, the BP86 density functional seems to underestimate the
activation barrier compared to the PBEO density functional. In
addition, calculations in which relativistic corrections with ZORA
were performed, which only show a difference of 1 kcal/mol for
molybdenum (see Table 2). Due to the small difference when
considering relativistic corrections for molybdenum, this correction
was not used in the calculations, as it increased the calculation time
considerably. For tungsten, such calculations could not be achieved
due to the long computing time when using the respective ZORA
basis sets for the tungsten atom.

For monomolecular HER, the ground state of the initial state is
always found to coincide with that of the product. This is not the
case for bimolecular HER, where both spin-allowed and spin-
forbidden pathways are feasible in the reactions studied.®® While
the former can be treated with traditional spin-state theory, for the
latter the crossing points of the minimum energy between the
potential energy surfaces of the involved spin states have to be
found.®” Due to the large computational cost for large systems
such as those studied here, we approximated the barriers by
determining the transition states in all possible spin states and
taking the Gibbs free energy of the transition state with the lowest
energy.

Calculation of Single Point Energies
Single Point energies were determined with the PBEO functional®!

and a def2-QZVPP™! basis set. Solvation corrections were per-
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formed in THF solution using the solvation model based on density
(SMD).*? The solvation free energy AG,,, was approximated using
the gas-phase and solvated single-point energies (AG,,~ En—
Ey.)"® In addition, Grimme’s dispersion correction®®*” with Becke-
Johnson damping (D3BJ) and the RIJCOSX density fitting approx-
imation using the def2/J fitting basis set®®>¥ were used.

Calculation of PCET Reactions and Bond Dissociation Free
Enthalpies (BDFEs)

Free reaction enthalpies of PCET reactions, AG(PCET), were
theoretically calculated with TEMPO-H (TEMPO =2,2,6,6-tetrameth-
ylpiperidine-1-yl)oxyl) as PCET reagent; i.e., for the reaction

M-NyHy +TEMPO-H ——  M-NyH,.q + TEMPO"

TEMPO-H has an experimentally determined BDFE,, of 65.5 kcal/
mol in THF."" Since in our experiments a mixture of Sml, and water
is used as PCET reagent, which has a BDFEy,, of 26 kcal/mol,"*? the
difference is added to AG(PCET) in order to obtain the Gibbs free
energy for the PCET reaction of an M-N,H, intermediate with Sml,/
H,0:

AGg(Sml,/H,0) = AG(PCET)—(65.5 kcal /mol—26.0 kcal /mol)

N-H bond dissociation free enthalpies, BDFE, ,, of the M-NH,
intermediates were also calculated based on the reaction with
TEMPO-H as reference; i.e.

BDFEy_y(M-N,H,) = 65.5 kcal /mol—AG(PCET)

To validate this methodology we calculated the BDFE,_ for the
P,®Fe(NNH) system (P,®=tris(phosphine)borane) and compared it
with values obtained by Peters and coworkers™ and Benedek
et al,”?" respectively, showing close agreement (see Table S2).

In addition, we investigated the impact of relativistic effects on the
BDFE's for our system exemplarily for the first intermediates of the
M(0) cycle based on the employed density functionals and basis
sets (Table 3). The result was a negligible influence of relativistics,
while variation of the density functional-basis set combination
caused differences of 5 kcal/mol.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Results and Discussion

In order to analyze the HER activity of the molybdenum and
tungsten dinitrogen complexes [Mo(N,)(P",PP™)] (1) and [W-
(N,)(P",PP™,)] (2) under catalytic conditions with Sml, and
water the amount of hydrogen after a catalytic run was
investigated by gas chromatographic analysis of the headspace
(for details see Supporting Information). For the Mo-complex 1
52.0 equiv (58% yield based on the reducing agent) of hydro-
gen could be detected together with 25.7 equiv® of ammonia
(42%). In contrast, for the W-analogue 2 79.7 equiv (89%) of
hydrogen was detected, while only 2.8 equiv ammonia (59%)
was found, showing that almost all of the reductant is used for
HER at the tungsten complex and only a small amount for
ammonia generation (see Figure 1 and Table 4). Background
HER was neglected, as it was shown that the amount does not
represent more than 2%.° Nishibayashi etal. observed the
formation of small amounts of hydrazine in a W-based system,
which they explained with protonation of the, compared to its
molybdenum analogue, more electron-rich tungsten center of
the hydrazido intermediate (W=N—NH,)."”

Notably, no hydrazine was found for our tungsten complex
2 under catalytic conditions. However, the explanation might
give a clue regarding the reactivity differences between Mo and
W complexes, since protonation and PCET reaction on the
tungsten center could lead to hydrido complexes and thus
could be responsible for the increased HER activity of tungsten
complexes compared to their molybdenum analogues.

100
80
60

40

yield (%)

20

-

N,RR w

HER

Figure 1. Yields (%) of ammonia (blue, N,RR) and hydrogen (red, HER)
obtained with the tungsten (W) and molybdenum (Mo) dinitrogen complex
1 and 2, respectively, after catalytic runs with N, and Sml,/water (cf Table 4).

N,RR Pathways

To investigate the different pathways for hydrogen evolution
under catalytic conditions it is necessary to determine the
mechanism of catalytic N,-to-NH; conversion at first. As
discussed in our recent work,” the first PCET step of the
catalytic cycle leading to the diazenido(—) (NNH") intermediate
is energetically possible starting from a M(0)- as well as from a
M()- dinitrogen complex. However, this step is slightly ender-
gonic for the M(0) complex whereas it is exergonic for its M(l)
counterpart.” A relevant question therefore is how to switch to
a catalytic cycle based on a [M()-N,]* complex if a M(0)-N,
complex is employed as catalyst. Moreover, it is necessary to
investigate which pathway is more feasible when the complete
catalytic cycle is considered. To obtain information on this
point, DFT calculations are conducted for both cases. In
addition, the two cycles are also computed for the tungsten
complexes for comparison with the molybdenum analogues,
and possible reaction pathways for the transition from the M(0)
cycle to the M()) cycle are identified (see the Supporting
Information).

The general mechanism of the two cycles is similar, but the
intermediates differ in their oxidation state and charge. While in
the M(0) cycle the invariably neutral intermediates undergo
metal oxidation states between 0 and +1lI, the intermediates in
the M(l) cycle, which are all mono-cationic complexes, assume
metal oxidation states between +1 and +IV (Figure 2). As
already mentioned, the first step (PCET reaction to the M-NNH
species) corresponds to an endergonic reaction in the M(0)
cycle with +8.7 kcal/mol for molybdenum and + 6.4 kcal/mol
for tungsten while this reaction is strongly exergonic when
starting from a [M(I)-N,]* complex (—19.8 kcal/mol for Mo and
—23.6 kcal/mol for W). The reaction to the M-NNH, intermedi-
ates is exergonic in both cases, showing slightly more negative
values for the M(0) cycle. The next step to the Mo-NNH,
intermediate is almost energy-neutral for both cycles with
slightly endergonic values (+0.5 kcal/mol for Mo and W) for the
M(0) cycle and slightly exergonic values (—1.1 kcal/mol for Mo
and —1.6 kcal/mol for W) for the M(l) cycle. N—N splitting and
release of one molecule ammonia under formation of a nitride
species is the most exergonic reaction for both pathways with
approx. —50 kcal/mol in the M(0) cycle and about —65 kcal/mol
in the M(l) cycle for both metal centers. The following reaction
steps show more negative values for the M(0) cycle compared
to the M(l) cycle but are all strongly exergonic. Comparison of
both cycles show that the M(I) cycle should be energetically
more feasible since only exergonic steps are included, while the
M(0) cycle includes two slightly endergonic reactions. However,
except of the first reaction, there are no big differences in the

Table 4. Amounts of ammonia and hydrogen after catalytic runs with Sml, and water.

Catalyst NH; (equiv) NH; (%) H, (equiv) H, (%)
[Mo(N,)] (1) 25.73+0.37" 43 52.0241.45 57
[W(N,I1 (2) 2.75+0.23" 5 79.70+3.81 89

Mo =Mo(P"*,PP™",); W =W(P"*,PP*",).
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Figure 2. Energy scheme for the conversion of N, to NH, by PCET reactions starting from Mo(0)-N, (red) and [Mo(1)-N,]* (blue) dinitrogen complexes. The
dashed lines represent the NN cleavage. Since the energies of molybdenum and tungsten are very similar, only the energies of molybdenum are shown for

clarity. For a complete energy diagram with tungsten, see Figure S1.

energetics of both cycles that would justify excluding one of
them as possible reaction pathway. Notably, the tungsten
complexes exhibit nearly the same energies as the molybde-
num complexes, showing that the thermodynamics does not
seem to be the reason for the different behavior under catalytic
conditions (see Figure S1-S3).

To switch from the M(0) cycle to the M(l) cycle an
intermediate of the M(I) cycle has to be generated. Starting
from the M(0)-N, complex, possible candidates are the [M(ll)-
NNH]* and the [M(IlI)-NNH,]* species. To generate these, the
dinitrogen complex would have to be monoprotonated to
obtain the [M(I)-NNH] " intermediate, which is part of the M(l)
cycle, or diprotonated to generate the [M(IV)-NNH,]** species
which then would have to be one-electron reduced. To this
end, the Sml,-water complex, or the corresponding Sm(lll)
species formed after PCET reaction, would have to be able to
transfer electrons or protons individually besides acting as PCET
reagent as assumed normally (Scheme 2).

As a second possibility, an alternating mechanism could be
present (Figure 3, black). In the M(0) cycle, this pathway shows
more exergonic steps for the first PCET reactions than the distal
mechanism. While the first step to the M(0)(NHNH) species is
only 5 kcal/mol more exergonic than the reaction to the
M(I)(NNH,) complex, the next step to the M(I)(NHNH,) complex,
with about —30 kcal/mol, is highly exergonic compared to the
slightly endergonic process (~ + 0.5 kcal/mol) of the reaction to
the M(I)(NNH,) species. Additionally, formation of a M(0)(NHNHs)

Chem. Eur. J. 2023, 29, €202202629 (5 of 14)

M(0) cycle l\.l
MO

Scheme 2. Possible reaction pathways for switching from the M(0) cycle to
the M(I) cycle by protonation of the M(0) dinitrogen complex (M =Mo, W)
under catalytic conditions. Therefore, the Sml,/H,O mixture must react
individually as acid and as reducing agent instead of PCET reagent.

intermediate (Figure 3, cyan) is principally possible. However, it
is at higher energy than the other intermediates at this stage;
that is, after 4 PCET steps, and therefore not likely to be formed.

Analogous results obtained for the M(l) cycle are shown in
Figure 4. In contrast to the Mo(0) cycle, all PCET reactions
correspond to exergonic steps. However, reaction of the
[M(IN(NNH)]* to the [M()(NHNH)]"™ species is less exergonic
than PCET to the distal nitrogen. The next step of the
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Figure 3. Energy scheme for the conversion of N, to NH; by PCET reactions of distal (red), alternating (black) and hybrid (blue) pathways starting from the
Mo(0) dinitrogen complex. The dashed lines represent the NN cleavage. A mechanism by an alternating pathway shows exclusively exergonic steps compared
to a distal pathway with two (slightly) endergonic steps. The Mo(NH,NH,) species is not in this scheme because no geometry could be optimized without NN
splitting and formation of NH;. For a complete energy diagram with tungsten, see Figure S2. Cyan =high-energy intermediate.

alternating pathway, on the other hand, is highly exergonic
compared to the PCET reaction to [M(II)(NNH;)I*, which is just a
slightly exergonic process. The following steps do not differ
significantly between distal and alternating modes. Finally, a
hybrid mechanism where a [M(II)(NHNH,)1* complex is formed
through PCET to [M(II)(NNH,)1* represents a more exergonic
alternative to the formation of [M(II)(NNH)*. Again, a [M-
(N(NHNH,)]™ intermediate could in principle form, but is at
higher energy than other intermediates at this stage (Figure 4,
cyan). To conclude, all three scenarios are feasible for the Mo(l)
cycle, but it has to be kept in mind that the actual pathway also
depends on kinetic factors. In this regard, PCET reactions on the
distal nitrogen are generally preferred due to steric reasons.

HER Pathways

In the literature two main pathways for HER are discussed,
namely bimolecular reactions of early M-N,H, intermediates
(Scheme 3) and the formation of hydrogen via hydride
species."®?'*! For our system we first identified the M-N,H,
species that have a sufficiently low BDFE,_, to undergo a
bimolecular reaction with release of hydrogen to an exergonic
process.

Chem. Eur. J. 2023, 29, €202202629 (6 of 14)

NH NH
Ha ) Ha |2
N N
+ +
|V|I M[I
NH NH;
11 H*/e™ |l H*/e" l
| ——— |}
m° M Ml

W

Scheme 3. Possible reaction pathways for the HER reaction from early M-
N,H, intermediates of the M(0) cycle via bimolecular reaction (M=Mo, W), in
concurrence to the N,RR pathways.

a. Bimolecular reactions of early intermediates

Bimolecular reactions of early intermediates (cf. Scheme 4) are
shown in Figure 5 for the Mo(0) and in Figure 6 for the Mo(l)
cycle (green traces). In the former, they are in part more
exergonic than reactions of N,RR in Figure5 (red, blue). In
particular, bimolecular reactions of the M(I)-NNH intermediates
show extremely exergonic AG values with —81.7 kcal/mol for
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Figure 4. Energy scheme for the conversion of N, to NH; by PCET reactions of distal (red), alternating (black) and hybrid (blue) pathways starting from a Mo(l)
dinitrogen complex. The dashed lines represent the NN cleavage The Mo(NH,NH,) species is not in this scheme because no geometry could be optimized
without NN splitting and formation of NH;. For a complete energy diagram with tungsten, see Figure S3. Cyan = high-energy intermediate.

NH N
[l I

2'}" — » 2 N +Hy
MI MO

Scheme 4. Bimolecular reaction of [M(I)-NNH] leads to the formation of two
equiv of the M(0)-N, complex and hydrogen (M=Mo, W).

molybdenum and —77.1 kcal/mol for tungsten (Figure S5),
being much more negative than for PCET to the M(ll)-NNH,
intermediates (M =Mo, W; Table S12).

As pointed out by Benedek etal. for corresponding iron
species,”” the Mo(l)-NNH intermediate, for example, must have
a sufficiently long lifetime for a bimolecular reaction to take
place. Since a very high excess of PCET reagent is used under
catalytic conditions, further reaction to the Mo(ll)-NNH, inter-
mediate, which is also a fairly exergonic process, is likely. PCET
to Mo(ll)-NNH, leading to M(I)-NNH; is slightly endergonic, and
the former species thus could have a higher probability to
undergo a bimolecular reaction. The same may apply to the
Mo(l)-NNH; species due to its very low BDFE,_,, but appears
less probable in view of the fact that release of ammonia and
formation of the nitride complex are highly exergonic. More-
over, the system may avoid the M(l)-NNH; intermediate by PCET
to the proximal N, generating the lower-energy M(I)-NHNH,
species (Figure 5, blue). Finally, PCET to the metal could lead to

Chem. Eur. J. 2023, 29, €202202629 (7 of 14)

a mixed M(H)(NNH,) intermediate that releases hydrogen in a
monomolecular reaction (cf. Figure 5 black).

After the first equivalent of ammonia is released, bimolecu-
lar reactions of the (late) Mo-NH, intermediates all show
endergonic values in the M(0) cycle, which correlates with the
calculated BDFEs (cf. Table 5). On the other hand, the PCET
reactions in the second half of the M(0) cycle are highly
exergonic, and thus bimolecular reactions can be excluded for
the late Mo-N,H, intermediates of this cycle.

In the M(l) cycle, bimolecular reactions of early M-N,H,
intermediates are less favored than in the M(0) cycle, as the
competing steps of N,RR are more feasible and should have a
higher probability in the presence of an excess of PCET reagent
(Figure 6). Analogous to the M(0) cycle bimolecular reaction of
the [M(I)-NNH]™ species is exergonic, but the difference to the
PCET reaction forming the [M(II)-NNH,]* species is small.
Moreover, due to the large excess of PCET reagent, the
bimolecular reaction is less likely than the further reaction to
the hydrazido(2-) complex. In contrast, the bimolecular reaction
starting from the [M(II)-NNH,]* complex is significantly more
exergonic than the PCET reaction leading to [M(Il)-NNH,]*.

Again, formation of the [M(I)-NHNH,]" intermediate is
much more favorable and in fact the most exergonic possibility
here. Moreover, this reaction should also be kinetically more
feasible than the PCET reaction to a [M(IV)(H)(NNH,)]" complex
which may generate H, in a monomolecular reaction (cf.
Figure 6, black).
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Figure 5. Energy scheme for HER via bimolecular reactions of early Mo-N,H, intermediates (green) compared to PCET reactions of the N,RR pathway (distal
red, hybrid blue) starting from the Mo(0)-N, complex. Additionally, HER via mixed M(H)(N,H,) intermediates is shown (black). Dashed lines represent the
formation of hydrogen. For a complete energy diagram with tungsten, see Figure S4.

Table 5. Calculated BDFEy_ (terminal N-H bonds) of different M-N,H, species (x=1-2, y=1-4) of both possible catalytic cycles following distal and
alternating pathways (for complete data, see Table S3-S5 in the Supporting Information).
Pathway Complexes M(0) cycle BDFE,_y [kcal/mol] Complexes M(l) cycle BDFE,_y [kcal/mol]
Mo W Mo W
D+A M(I)-NNH 173 19.6 [M(I1)-NNH]* 45.8 49.6
D M(I1)-NNH, 46.8 47.9 [M(I1)-NNH,]* 43.9 42.8
D M(I)-NNH; 255 255 [M(I1)-NNH,]* 271 27.6
A M(0)-NHNH 533 523 [M(1)-NHNH]* 75.0 76.5
A M(I)-NHNH, 55.2 56.0 [M(I1)-NHNH,]* 67.0 68.9
- M(0)-NHNH; 38.7 37.0 [M(1)-NHNH,]* 38.2 383
A M(0)-NH,NH, 65.8 62.5 [M(1)-NH,NH,] * 59.3 54.5
D+A M(I-NH 66.7 64.9 [M(II)-NH]* 47.3 47.8
D+A M(1)-NH, 83.2 79.8 [M(I)-NH,1 * 723 721
D+A M(0)-NH, 66.4 63.9 [M(1)-NH3] ™ 68.4 61.9
M= Mo(P"¢,PP™",), W(P"*,PP?",), D =distal, A=alternating.

Chem. Eur. J. 2023, 29, €202202629 (8 of 14)
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Figure 6. Energy scheme for HER via bimolecular reactions of early Mo-N,H, intermediates (green) compared to PCET reactions of the N,RR pathway (distal
red, hybrid blue) starting from the [Mo(l)-N,]* complex. Additionally, HER via mixed M(H)(N,H,) intermediates is shown (black). Dashed lines represent the
formation of hydrogen. For a complete energy diagram with tungsten, see Figure S5.

b. Hydride pathway

The second possibility, HER via hydride species, is shown in
Figure 7 for the M(0) and in Figure 8 for the M(l) cycle (red
traces). In the former, it starts from a neutral M(l)-H complex.
For the generation of this species two pathways are possible
(Figure 7, red): either the N,-ligand dissociates before PCET
occurs or PCET takes place first under formation of a M(I)(H)(N,)
intermediate, and then the N,-ligand decoordinates. Dissocia-
tion of the N,-ligand under formation of a M(0) complex with a
free coordination site is a strongly endergonic process with
+29.4 kcal/mol for W and +24.6 kcal/mol for Mo. Although the
following PCET is highly exergonic (—43.4 kcal/mol for W and
—37.0 kcal/mol for Mo) the barrier of the N,-decoordination
seems too high to follow this pathway. When PCET takes place
first, forming a M(I)(H)(N,) species, it is just a slightly endergonic
process comparable with the generation of the M()-NNH
intermediate. The subsequent decoordination of the dinitrogen
ligand is strongly exergonic (—20.7 kcal/mol for W and Mo). In
the presence of an excess of PCET reagent the M(I)-H complex
should be further converted into a M(ll)-(H), species in a highly
exergonic process (—40.6 kcal/mol for W and —40.0 kcal/mol for
Mo). Based on this dihydride complex the release of hydrogen
in a reductive elimination under formation of a M(0) complex
with a free coordination site is an endergonic process with AG-
values above + 10 kcal/mol. For tungsten, the value is about
7 kcal/mol larger than for molybdenum. HER by this “hydride

Chem. Eur. J. 2023, 29, €202202629 (9 of 14)

pathway” thus should be more feasible for molybdenum than
for tungsten whence it cannot explain the difference in HER
behavior between these two metals. When calculating the free
Gibbs energy of the hydrogen release in the presence of
dinitrogen; that is, under formation of a M(0) dinitrogen
complex, this process is exergonic with values about —10 kcal/
mol. If reductive elimination is not possible for the release of
hydrogen from a M(Il)-(H), complex, an associative mechanism
via 8-coordinate M(Il)(H),(N,) transition state under a dinitrogen
atmosphere might be another option. This intermediate,
however, could not be optimized and probably also involves
large kinetic barriers for its formation and decay.

Besides pure hydride complexes, a combination of early M-
N,H, intermediates and hydride should not be neglected and
could be more feasible regarding HER for the more electron-
rich tungsten complexes (Figures 8 and 9, black traces).” In
addition, the hydrogen atoms here would already be polarized
with a partially positively charged N—H hydrogen and a partially
negatively charged hydride. For the M(0) cycle, formation of a
M(I(H)(NNH) species by PCET to M(I)-NNH or M()(N,)(H) is
slightly endergonic (~ + 7 kcal/mol for W and +5 kcal/mol for
Mo), with a huge exergonic process (< —60 kcal/mol) for the
following hydrogen release under formation of the M(0)-N,
complex (see Figure 7, black). A similar pathway based on the
M(II)-NNH, species to a M(I)(H)(NNH,) intermediate and
evolution of hydrogen under formation of the Mo(l)-NNH

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U80]7 SUOWIWOD A0 3qedljdde au Aq pausenob aJe sejoife VO ‘8sn JO SN 10} A%eiq18ulUQ A1 UO (SUORIPUOD-pUe-SWLR/LOO" A3 1M AfeIq 1 Ul |UO//:SdNY) SUORIPUOD pue Swie | 8L 88s *[20z/c0/8T] U0 AriqiTauljuo A8 |IM ‘I XUi0!qIgsIS BAIUN AT 629202202 WeU/Z00T OT/I0pAW0d A8 | im Aeiq i puluoadoine-Anisiweyo;/sdny wo.j papeojumod ‘eT ‘€40z ‘S9LETZST



Chemistry

Research Article Europe
Chemistry—A European Journal doi.org/10.1002/chem.202202629 Soories Publishig
< complex is also possible and exergonic, albeit a little less than
£ for the M(II)(H)(NNH) species (Figure 5, black; see above).
S For the M(l) cycle, pathways for HER via hydride species start
E c . from a cationic [M(Il)-H]* species (Figure 8, red). The formation
= 3 E o 3 & of this species over a dissociative mechanism, where the
iﬁ dinitrogen ligand of the [M()-N,]* complex decoordinates
E % o before the PCET reaction on the metal center takes place, is
2 b b unlikely due to the strongly endergonic N,-dissociation step. An
g 3 I associative mechanism, on the other hand, in which a [Mo-
= E © g 3 E f:' E © ; f § E (IN(H)(N,)1" complex is formed first, is highly exergonic. The
g Feg|nTr S R subsequent decoordination of the N,-ligand, however, would
§ be endergonic (14.1 kcal/mol for W and + 16.2 kcal/mol for Mo).
§ A PCET reaction to [Mo(ll)(H)(NNH)]* shows similar energetics,
z but could cause release of hydrogen in a strongly exergonic
ch” N N way (cf. Figure 8, black). Alternatively, formation of a Mo(lll)
@ Sl S| dihydride complex from the monohydride species is also
E_ strongly exergonic with -38.6 kcal/mol for tungsten and
5 ° L@ —35.7 kcal/mol for molybdenum. Hydrogen release from the
e £ j" Jz? T [Mo(ll)-(H),]* complex would be a significantly less endergonic
3 % E < z Lui - reaction compared to the Mo(ll)-(H), species of just -+ 8.2 kcal/
é g 2 é 9= sl § 2 é 2 I8 mol for molybdenum and + 17.5 kcal/mol for tungsten. How-
¥ ever, since this would mean that molybdenum should have a
% higher activity with respect to the HER, this would not provide
° an explanation for the different reactivity of these two metals in
% 1and 2.
§> :ED @ wle, . If the reactions are considered with regard to their kinetics,
; < <l N E it can be assumed that the formation of the early M-NH,
= S intermediates probably involves lower activation barriers than
%‘ o o '{% PCET reactions directly at the metal center due to the sterically
5 N 3 %’ shielding ligand system. This is supported by the experimental
o ..._.i Qo mo wi wan = | L finding that the [M(IV)-NNH,I*" complexes can be obtained
§ 2 é 9 3; N # T . é 9 *® -‘5; 9 g through protonation with HBArf ([H(OEt,),][BArf], BAr =
3 = tetrakis(3,5-bis(trifluoro-methyl)phenyl)borate),”” although di-
é S rect protonation at the metal center to give a [M(II)(N,)(H)]*
5 g species would be favored thermodynamically (free Gibbs
E § energy of < —35.0 kcal/mol compared to about —20.0 kcal/mol
*2 £ e Ol g for the first protonation to a diazenido intermediate ([M(ll)-
= < <4« 32 NNHI*). On the other hand, the [M(Il)-NNH]* species could not
é’» S be isolated by protonation with one equivalent of acid,
% @ ‘ ® § reflecting a low stability of this intermediate. This may be due
5 = T‘I :Z? TI ?g to the fact that the bimolecular reaction of the [M(II)-NNH]"
E % H_Jz‘ ®®@n ; H_Jz‘ ma o g complex leading to the [M(I)-N,]* complex and H, is exergonic
f S299|T¥Y T 2889|771+ E (—17.0 kcal/mol for W and —24.7 kcai/mol for Mo; Fl‘gure 6,
2 g green). In contrast, for the [M(IV)-NNH,]** complexes which can
§ § be generated through protonation, the bimolecular reaction is
] o strongly endergonic (AG> 25 kcal/mol), leading to a much
'r% g higher stability of the hydrazido(2-) complexes of tungsten and
G zZ g zZ. g 5 molybdenum. However, an excess (2.5 to 3 equiv) of acid is
% & % 2 <o | & needed for the synthesis of the [M(IV)-NNH,]* complexes,>'? to
q:."u g = E = T%_N speed up the reaction and lower the lifetime of the [M(ll)-
% Eég Eéé %.; NNH] " species which otherwise is accessible for bimolecular
é _ % g g _ ‘}6 g g i reactions and thus for hydrogen formation.
8 o 8009 g 509 |%
£ &, |z b
] S S 8n v S 88N
s 58S EUUy §E ECTU | |
e = 6444 x= 5444 | s
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Table 7. Gibbs free energies (AG) and activation Gibbs free energy (AG®) and BDFEy_, in kcal/mol for HER based on mixed M(H)(N,H,) (M=Mo, W)
intermediates.

M(ID(H)(NNH) IMAIH)(NNH)T* IM(IV)(H)(NNH,)T

Mo w Mo
AG AG=+ AG AG* AG AG*

w Mo w
AG AG* AG AG* AG AG*

—67.8 6.2 —63.8 5.8 —45.0 26.4

—40.6 26.5 -323 22.2 —-29.8 194

40 -

-20 -

AG® (kcal/mol)

PCET Steps

Figure 7. Energy scheme for some possible intramolecular HER involving metal hydride species starting from Mo(0)-N, complex (red: HER via pure hydride
species, black: HER via M(H)(NNH). Dashed lines represent the formation of hydrogen. For a complete energy diagram with tungsten, see Figure S6.

Calculation of kinetic barriers for HER

In order to predict the most likely mechanism for HER,
consideration of only BDFE's and the thermodynamics of PCET
processes is not sufficient. Therefore, activation barriers were
calculated for bimolecular reactions on the one hand (Table 6)
and for the formation of hydrogen from mixed M(H)(N,H,)
species on the other hand (Table 7). As the large pentaPod
ligand requires long computation times, the equatorial
phosphine groups were truncated to PH, groups for the
calculation of bimolecular transition states. Although the steric
properties of the ligand get lost this way, a comparison of
activation barriers should provide insight into differences
between neutral and cationic intermediates as well as between
Mo and W.

Importantly, activation barriers for the bimolecular reactions
are significantly lower for the M-NNH intermediate of the M(0)
cycle than for the M(l) cycle. While for the M(I)-NNH
intermediate just a small activation barrier via a bimolecular

Chem. Eur. J. 2023, 29, €202202629 (11 of 14)

transition state (Figure 9A) is present, for the M(II)-NNH,
intermediate activation barriers of 13.7 kcal/mol (Mo) and
10.2 kcal/mol (W) apply. In contrast, the respective M-NNH
intermediate of the M(l) cycle shows an activation barrier which
is more than 25 kcal/mol higher than for the M(0) cycle
intermediate, while the M-NNH, intermediates show compara-
ble activation barriers in both cycles. HER via a bimolecular
mechanism thus should primarily occur in the M(0) cycle at the
M-NNH stage, whereas HER from early intermediates of the M(l)
cycle is less probable.

Similar trends are observed for HER via mixed M(H)(N,H,)
intermediates, where [M(II)(H)(NNH)I* and [M(IV)(H)(NNH,)1*
complexes show activation barriers between 19.4 and 26.5 kcal/
mol whereas for neutral M(II)(H)(NNH) complexes activation
barriers of only 5.8 kcal/mol for W and 6.2 kcal/mol for Mo apply
(Table 7). Moreover, HER from neutral intermediates is also
more exergonic compared to that from monocationic ones. The
transition state for HER from the Mo(ll)(H)(NNH) intermediate
involves a 5-membered N,H,-metallacycle (Figure 9B). For the
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Figure 8. Energy scheme for some possible intramolecular HER involving metal hydride species starting from Mo(l)-N, complex (red: HER via pure hydride
species, black: HER via [M(H)(NNH)] " For a complete energy diagram with tungsten, see Figure S7.

A the distal or proximal nitrogen, PCET directly to the metal
center should be kinetically disfavored and thus may prevent
the formation of a hydride species (see above).

Notably, molybdenum and tungsten show no significant
difference in activation barriers (maximum 3.5 kcal/mol, cf
Table 6), so that the results obtained for the kinetics of HER in
this section do not provide an explanation for the different
reaction behavior under turnover conditions. A possible reason
could be the kinetics of PCET being different for the Mo and W
systems. A theoretical treatment of this problem is outside the
scope of the present study.

‘. ¢

€ \

Conclusion

We showed at the beginning that the tungsten dinitrogen
complex with a pentadentate tetrapodal phosphine ligand
exhibits a higher HER and a lower N,RR activity than its
molybdenum analogue. This led us to the question of the
reason for these different reactivities, which was studied
theoretically using DFT calculations. For this purpose, we first
investigated the most probable mechanism of catalytic N,-to-
NH; conversion mediated by Mo- and W-pentaPod complexes.
It was found that the thermodynamically most favorable
pathways depend on whether the starting dinitrogen complex

Figure 9. Optimized structures of transitions states of [Mo(NNH)Ps], (A) and
[Mo(H)(NNH)(pentaPod)] (B) (molybdenum =light blue, phosphorus = or-
ange, nitrogen =blue and hydrogen =white, P; =truncated pentaPod
ligand).

M(IID(H)(NNH,) intermediate no transition state for the evolution
of hydrogen could be found. Compared to PCET reactions at

Chem. Eur. J. 2023, 29, €202202629 (12 of 14)

is neutral (—M(0) cycle) or cationic (—M(l) cycle). For the M(0)
cycle an alternating pathway seems to be preferred, due to
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exclusively exergonic steps except for an endergonic step for
the first PCET reaction. For the M(l) cycle, in contrast, a hybrid
mechanism via a M(I)(NHNH,) complex shows the most
exergonic pathway compared to a strictly distal or an alternat-
ing mechanism. To switch from the M(0) cycle to the M(l) cycle
the PCET reagent (Sml,/H,0) must be able to protonate the

M(0)-N, complex without electron transfer or reduce the [M(IV)-

(NNH,)1** complex without proton transfer.

After treatment of N,RR, possible mechanisms of HER were
determined, and their thermodynamics and kinetics were
investigated. Three possible pathways were treated theoret-
ically, based on hydrogen generation through 1) bimolecular
reactions of early M-N,H, intermediates; 2) hydride complexes;
and (3) mixed M(H)(N,H,) complexes. Calculations of bimolecu-
lar pathways indicate that, among the early intermediates of
the M(0) cycle, the neutral M(I)(NNH) complexes of molybde-
num and tungsten have the lowest BDFEs, show the most
exergonic reactions and exhibit the lowest activation barriers.
Early intermediates of the M(l) cycle, on the other hand, show
higher activation barriers for bimolecular reactions and exhibit
less exergonic reactions in the generation of hydrogen, so that
these less likely promote HER.

Hydrogen evolution via hydride complexes always involves
endergonic reactions, which are thermodynamically less favor-
able than other pathways. Additionally, PCET reactions directly
at the metal center should be kinetically disfavored in
comparison to PCET reactions at the distal or proximal nitrogen,
due to steric reasons. HER via mixed M(H)(N,H,) species, in
contrast, is highly exergonic, again showing lower activation
barriers for neutral than for monocationic intermediates. This
further indicates that HER is more likely when starting from
intermediates of the M(0) cycle.

In summary, the results of this study lead to the following
conclusions:

e To minimize HER and maximize N,RR, experimental con-
ditions should be chosen such as to avoid the M(0) cycle.
This can be achieved by preventing “over-reduction” through
PCET reagents with a suitable redox potential.

e Bimolecular reactions and H-transfer to the metal center
should be suppressed as far as possible. This can be effected
by introducing sterically more demanding phosphines than
PMe, groups (e.g., phospholane or diisopropylphosphine
groups).

¢ Regarding the thermodynamics of N,RR and the thermody-
namics/kinetics of hydrogen evolution from hydride or mixed
NNH,/hydride intermediates, the calculations suggest that no
significant differences between molybdenum and tungsten
exist.

¢ Differences in reactivity between Mo and W systems thus
may be due to kinetic barriers of PCET along the N,RR
pathway, on which we have not obtained theoretical
information in this study. Notably, tungsten complexes
require longer reaction times in catalytic experiments (days)
than molybdenum complexes (hours; cf. Table S22). This
could be due to higher kinetic barriers for PCET reactions,
leading to slower conversion of intermediates along the N,RR
pathway. Thus, bimolecular reactions become more likely (or
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even dominant) for the tungsten systems, in contrast to the
molybdenum analogues, in which the corresponding inter-
mediates are more rapidly converted towards N,RR.

Slower PCET to the tungsten complexes in comparison with
their molybdenum analogues may be caused by lower (more
negative) reduction potentials, increasing the barriers for these
processes.” In any case, understanding the factors, which
determine the kinetics of PCET in Mo- vs. W-based N,RR-
catalysts, will require further experimental and theoretical work.
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