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Computational design of cooperatively acting
molecular catalyst systems: carbene based
tungsten- or molybdenum-catalysts with
rhodium- or iridium-complexes for the ionic
hydrogenation of N, to NHz+}

Totan Mondal, @ Walter Leitner @ and Markus Holscher 2 *2

This density functional theory (DFT) study explores the efficacy of cooperative catalytic systems in
enabling the ionic hydrogenation of N, with H,, leading to NHz formation. A set of N-heterocyclic
carbene-based pincer tungsten/molybdenum metal complexes of the form [(PCP)MY(H),] (M* = W/Mo)
were chosen to bind N, at the respective metal centres. Simultaneously, cationic rhodium/iridium com-
plexes of type [Cp*M3{2-(2-pyridyl)phenyl}(CHsCN)I* (Cp* = Cs(CHs)s and M2 = Rh/Ir), are employed as
cooperative coordination partners for heterolytic H, splitting. The stepwise transfer of protons and
hydrides to the bound N, and intermediate N,H, units results in the formation of NHz. Interestingly, the
calculated results reveal an encouraging low range of energy spans ranging from ~30 to 42 kcal mol™
depending on different combinations of ligands and metal complexes. The optimal combination of pincer
ligand and metal center allowed for an energy span of unprecedented 29.7 kcal mol™ demonstrating sig-
nificant potential for molecular catalysts for the N»/H, reaction system. While exploring obvious potential
off-cycle reactions leading to catalyst deactivation, the computed results indicate that no increase in
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Introduction

Ammonia stands as a cornerstone in numerous global indus-
tries, serving as a fundamental component in a wide variety of
fertilizers and chemicals used in the agricultural, industrial,
and domestic sectors.””” Additionally, it is integral in the pro-
duction of many nitrogen based pharmaceutical products and
shows promise as an alternative fuel and hydrogen storage
molecule.>* As a result, the annual synthesis of ammonia
exceeds 150 million tons, making it a staple of contemporary
existence.™® The effort to develop artificial catalysts that are
capable of imitating the naturally occurring production of NH;
at the FeMo-cofactor of nitrogenases in the N,/H'/e” reaction
system has made significant progress over the course of the
past few decades.” "

Attempting to develop artificial catalysts capable of mimick-
ing naturally occurring NH; synthesis has been a long-stand-
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energy span would need to be expected.

ing research goal. To date, the only acknowledged method for
NH; production in the N,/H, reaction system is the hetero-
geneously catalyzed Haber-Bosch process. However, this
industrial process operates under severe conditions that
requires a significant amount of energy input, resulting in sig-
nificant emissions of greenhouse gases, primarily in the form
of carbon dioxide (CO,), stemming from H, production (steam
reforming).’® The high stability of the nitrogen-nitrogen triple
bond necessitates harsh reaction conditions, amplifying the
energy span and exacerbating the environmental impact of
ammonia synthesis. Therefore, despite a century-long endea-
vor, the synthesis of ammonia from dinitrogen under modest
reaction conditions remains an elusive feat and continues to
captivate chemist’s attention. Thus, developing a molecular
catalyst aiming to operate in the N,/H, system under mild con-
ditions is an extremely intriguing endeavor. In this work we
use computationally guided catalyst design for the identifi-
cation of suitable catalyst systems which bases on DFT compu-
tations following an approach which has been used earlier by
us and was successfully transferred to experimental
chemistry."*™°

The seminal work "* of Allen and Senoff in isolating the
dinitrogen compound, [Ru(NH;)s(N,)]**, prompted extensive
research toward achieving catalytic conversion of dinitrogen
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into ammonia with molecular catalysts. In the late 1960s,
Chatt'”” and Hidai'®*® identified the precursors for converting
N, to NH3; at W(0) or Mo(0) centers. Subsequent efforts by
Shilov and co-workers®®*! successfully showcased the trans-
formation of nitrogen gas (N,) into hydrazine, accompanied by
a small quantity of ammonia (NH;), using a catalyst consisting
of a molybdenum complex. The persistent objective of convert-
ing nitrogen into ammonia in the reaction system N,/H'/e” via
well-defined intermediates at experimental ambient circum-
stances was initially outlined by Yandulov and Schrock.?*>* The
most recent and impressive developments in catalytic ammonia
formation using N,/H'/e” were achieved mainly by the groups
of Nishibayashi, Nishibayashi/Yoshizawa and Peters.*®"°

With regard to the N,/H, reaction system, Schneider,
Holthausen, and co-workers®" have observed that the nitrogen
center of molecular ruthenium pincer nitrides, which are
potentially engaged in an N,/H, catalytic cycle, can undergo
conversion into NH; upon exposure to H,. Notably, Hou
et al.®® revealed the potential of trinuclear titanium hydrides
in breaking the N=N triple bond in the presence of H,.

Our research group has a general scientific interest in the
development of efficient homogeneous catalysts through com-
putational and experimental studies advancing computational
chemistry from an analytic to a predictive tool,"**>**7> and a
description of the overall underlying computational approach
is given in the section Computational Details and General
Approach. As part of this program, we have been following
strategies for in silico exploration of molecular catalysts facili-
tating N, hydrogenation to NH; in N,/H, reactions.*®
Employing computational modeling, we investigated a catalyst
system utilizing cationic ruthenium pincer complexes for the
end-on-binding of N, binding together and in analogy to the
frustrated Lewis-acid-Lewis-base-approach with bulky P(‘Bu);
as a reaction partner to enable heterolytic cleavage of H,.*”®
In this approach high single energy barriers were computed
which limit the viability within the typical temperature range
useable for molecular catalysts (see also Computational Details
and General Approach). Subsequently, we examined the possi-
bility of using a tungsten pincer complex [N,-W°] to bind N,
and the cationic rhodium complex [Cp*Rh{2-(2-pyridyl)phenyl}
(CH;CN)]" as a cooperative partner for heterolytic H, clea-
vage.”® Both these complexes are easily synthesized and have
been previously documented in the literature.**™**
Optimization of the pincer ligands of the tungsten complex
could lower the energy span to approximately 40 kcal mol™.
While this value is the lowest computed for N, reduction with
H, it is still too high to expect catalytic turnover under practi-
cal conditions. Therefore, there is still a need to improve the
catalyst framework for reducing the energy span.

This study aims to conduct a computational screening of
potential catalyst candidates based on the N-heterocyclic
carbene-phosphorus based pincer frameworks connected with
tungsten/molybdenum as the metal component for end-on N,
activation (Scheme 1a).

The experimental synthetic route to arrive at the selected
carbene pincer scaffold has recently been introduced in the lit-
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Scheme 1 (a) Cooperative catalyst system, consisting of a neutral tung-
sten/molybdenum pincer complex and a cationic rhodium complex (Cp*
= Cs(CHz3)s). (b) General reaction scheme for the synthesis of NHs from
N2/H; using the cooperative catalyst system considered in this work.

2H,, N,, MeCN

erature.*” The cationic rhodium complex [Cp*Rh{2-(2-pyridyl)
phenyl}(CH;CN)]" is chosen as a cooperative reaction partner
for heterolytic H, splitting. Initially, a proton is transferred to
the terminal N atom of the N, molecule at the tungsten/molyb-
denum complex, establishing a ¢rans configuration with the
pincer backbone. Concurrently, the rhodium complex facili-
tates the reception of the hydride center (Scheme 1b).

In the next step of the reaction, the hydrogen center is
transferred as a hydride from the rhodium complex to the [M-
N=NH]" unit of the tungsten/molybdenum complex, resulting
in the formation of a neutral [M=N-NH,] unit and the recov-
ery of the cationic rhodium complex. Iterating this reaction
sequence with two additional H, molecules yields two mole-
cules of NH;. Ultimately, the catalytic cycle concludes with the
coordination of the succeeding N, molecule at the pincer
complex, closing the cycle.

We aimed to elucidate the complete mechanistic picture in
order to comprehend the critical intermediates and transition
states involved in the catalytic cycle, as well as the overall
energy requirements for the successful operation of the cycle
(Scheme 2). A more general introduction to the approach is
given in the section Computational details and general
approach. Moreover, we intended to modify the electronic and
steric characteristics of the ligands by incorporating different
substituents on the phosphorus component to understand the
fate on the overall energy spans (Scheme 3). Eventually, we
concluded the investigation by examining the possible off-
cycle reactions that could influence the efficiency of the con-
structed catalysts or reaction cycle.
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Scheme 2 Generalized catalytic cycle proposed for hydrogenation of nitrogen to ammonia from the end-on coordinated complex 1'.
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Scheme 3 Different carbene-phosphorus pincer frameworks proposed
to be used for the computational screening.

Computational details and general
approach

The computations for this study were conducted utilizing dis-
persion-corrected DFT methods (B97D3-BJ),**™*° coupled with
the triple-zeta basis set def2-TZVP*>*~>> and the implicit solvent
model (IEF-PCM, SMD).>* All the geometries were fully opti-
mized in the polar acetonitrile solvent environment utilizing
the Gaussian 16 (Revision B.01)’* software package.
Subsequently, vibrational frequency calculations were per-
formed on the converged geometries to characterize the
minima and saddle points and determine thermodynamic
energy corrections. The choice of B97D3-BJ functional
stemmed from its computational efficiency and its consistency
with our prior research on metal-ligand complexes, aligning
well with experimental findings."*>**® However, we also con-
ducted a comparative study involving other DFT functionals

7892 | Dalton Trans., 2024, 53, 7890-7898

for the critical intermediates (TDI) and transition states
(TDTS), which are mentioned in detail in the ESI (Fig. S17). In
the main text all free energies (AG) are reported in kcal mol™
for the B97D3-BJ/def2-TZVP/IEFPCM/SMD (acetonitrile) level
of theory.

The scientific approach of this study follows the general
strategy to evaluate if a given catalyst system is able to catalyze
a certain reaction because the Gibbs free activation barrier is
low enough. If each and every local minimum and transition
state of an energy landscape could be calculated with
sufficiently accurate Gibbs free energies then it would be poss-
ible to obtain a precise answer to that question. However, a
truly comprehensive scanning of the complete energy hyper
surface is simply not possible as the computational effort
would exceed any practical time frame. Therefore, a generally
acknowledged alternative is the computation of selected local
minima and transition states, which due to their amount and
chemical nature give a representative overview of the energy
landscape. In this particular case an energy landscape has
already been calculated in significant detail in earlier works
for a very similar catalyst system.*® This justifies for a very
initial screening to restrict the computations only to the most
important points, ie. the reference point, the lowest local
minimum (the turn over determining intermediate, TDI) and
the highest transition state (the turn over determining tran-
sition state, TDTS).”*® Such computations give an initial
insight about the energy span (ES; the effective Gibbs free acti-
vation barrier of the reaction) and in this way a significant
amount of computer time is saved. Once a suitable catalyst

This journal is © The Royal Society of Chemistry 2024
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system can be identified the next step is to compute an energy
profile as complete as possible. In a final step it is necessary to
compute the structures and energies of all stationary points
which might evolve from potentially available side reactions
that could contribute unfavorably to the energy span (ie.
stable “off loop” minima which can be reached via low lying
transition states). One must note, however, that it cannot be
excluded completely, that unexpected side reactions may be
accessible in an experimental system which might not have
been envisioned or possibly overlooked in the prior compu-
tational work. Computational studies of this kind have demon-
strated their potential to narrow down significantly the
plethora of choices an experimentalist could make with the
potential of predictive catalyst design for example for olefin
hydrogenation,'® decarboxylative Heck-type coupling'® and
direct insertion of CO,'**® into arenes.

The energy span deduced from the computational approach
can be associated with an intrinsic catalytic activity of the
system under scrutiny correlating the Eyring equation and the
turn over frequency (TOF). In a simple approach, which we*®
and others®® have outlined in significant detail before, a
minimum TOF of 1 h™ is equivalent to an upper threshold for
the energy span of 31 kcal mol™" at a temperature of 140 °C. In
other words: If the catalyst system is thermally stable at this
temperature it could be expected to affect measurable turn
over for the reaction under investigation. In turn if the desired
reaction temperature is set to room temperature the maximum
threshold for the ES would be ca. 20 kcal mol™". As a practical
rule of thumb, the maximum acceptable energy span typically
assumed as 30 kcal mol™', depending, however, to a large
extent on the thermal stability of the concrete catalyst system.

Results and discussion

In commencing our computations, our initial focus as out-
lined above was on evaluating several key energetics that are
crucial to shaping the overall energy landscape of the con-
sidered catalytic cycle.

Inspired by our prior investigations, we initially explored
tungsten as a metal for diverse carbene pincer complexes,
paired with the cationic rhodium complex as a collaborative
reaction partner. In our initial calculations, we optimized all
tungsten pincer complexes, examining nitrogen’s potential to
bind in two distinct configurations namely, end-on (Ln-1%) and
side-on (Ln-1%) fashion, allowing for a comparative assessment
of their energies (Fig. S21). However, the calculated energetics
unequivocally indicate that the end-on coordination of nitro-
gen exhibits notably higher stability compared to the side-on
binding mode.

We subsequently examined the feasibility for the aceto-
nitrile replacement reaction from the rhodium complex to
form a loosely coordinated W-N,*" complex, 1’ (Table 1). The
calculated results consistently demonstrate the thermo-
dynamic favorability of this reaction across various ligands,
exhibiting energy levels spanning from 5 to 20 kcal mol™". It is

This journal is © The Royal Society of Chemistry 2024
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Table 1 Relative Gibbs free energies AG, (kcal mol™) for the aceto-

nitrile replacement reaction from the rhodium complex for various
pincer-ligand complexes

I N ‘“’1 (mz
N,
w—N2 + y
\ N)>_( MeCN >—(W . N
\ ) "(R); MeCN \ P(R) § /

R' / :
Ln R R’ AG,
L1 ipr H -6.7
L2 ‘Bu H -9.2
L3 Ph H -18.9
L4 Ph(p-CF5) H -16.9
L5 Ph(p-F) H -18.0
L6 Ph(p-Me) H -16.5
L7 Mes H -16.0
LS Ph(p-NMe,) H —-20.0
L9 CF; H -5.5
L10 'Pr Me -8.7
L11 ipr F -7.7
L12 Ph(p-CF;) Me -17.0

worth noting that while the feasibility of this reaction advances
the catalytic cycle, the over-stability also introduces undesired
challenges by increasing overall energy span of the reaction.
Thus, alkyl substituents like L1 seem more advantageous for
the pincer-ligand complexes than the aryl substituents at the
phosphorus centers.

Thereafter, our attention turned towards locating the tran-
sition state (TS8, in Table 2) that governs the protonation of
the [W=N-NH,] moiety—a crucial step in generating the NH;
molecule. This step presented the highest energy barrier
among similar systems studied previously.*® Interestingly, the
computed barrier heights for the ligand systems (L1-L12)
examined here fall between 29-37 kecal mol™, notably lower
than those observed in prior studies.*®

Table 2 Relative Gibbs free energies of activation AG* (kcal mol™)

(R)2 P(R)z
HOH A P
w—N N- $_> W_N"“
H
N—
\ Vi P(R)2 P(R)z p,

Ln R R’ AG*
L1 ipr H 29.1
L2 ‘Bu H 30.2
L3 Ph H 33.9
L4 Ph(p-CF;) H 33.7
L5 Ph(p-F) H 33.1
L6 Ph(p-Me) H 33.6
L7 Mes H 37.0
L8 Ph(p-NMe,) H 34.2
L9 CF; H 28.5
L10 'Pr Me 30.8
L11 ipr F 31.0
L12 Ph(p-CF;) Me 34.0
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Therefore, the energy barrier of 29.1 keal mol™", combined
with the practical accessibility of the 'Pr-substituted pincer-
ligand complex, spurred us to compute the entire catalytic
cycle for the ligand L1. For the sake of clarity, the catalyst
system is abbreviated as W-L1*",

Fig. 1 illustrates the free energy reaction profile for the
hydrogenation of nitrogen to ammonia catalyzed by W-L1%".
Contrary to initial assumptions, a comprehensive exploration
of the reaction trajectory revealed that TS8 did not emerge as
the transition state with the highest energy. Instead, TS10, gov-
erning NH; dissociation from the catalyst core, surfaced as the
TDTS (turnover-determining transition state). TS10 needs to
surmount an overall energy barrier of 31.6 kcal mol ™", which is
2.5 kcal mol™" higher than the TS8. Notably, the energies
associated with other transition states in the catalytic cycle
remain low, ranging between 8-14 kcal mol™". This character-
istic renders the steps straightforward in terms of energy
requirements.

Likewise, concerning the intermediate stability, it turns out
that tungsten amide 16 is the most stable intermediate (TDI;
turn over determining intermediate) involved in the active

View Article Online
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However, we took TS8 into account as well, as it is only
2.5 kecal mol™" less stable than TS10, which was initially pre-
sumed to be the highest energy state.

As anticipated, the catalyst systems featuring aliphatic sub-
stituted ligands L2, L9, and L10 yield comparable ES values,
mirroring those of the original system, L1 (Table 3). On the
contrary, aromatic group-substituted ligands such as L3-L6
generate notably higher ES values. For these ligands, both
transition states TS8 and TS10 exhibit notably elevated energy
levels. Interestingly, for L7, the energy levels switch between
the two transition states, with TS8 being the highest energy
state, unlike others. Similarly, the tungsten amide intermedi-
ate 16 displays notably lower stability compared to the others
in the series. It is reasonable to assume that the bulky mesityl
substitution on the phosphorus facilitates the de-coordination

Table 3 Relative Gibbs free energies (in kcal mol™) of selected station-
ary points of the catalytic cycle shown in Scheme 2 with tungsten com-
plexes containing ligands L2—-L12 in solvent phase

o _ W-Ln"" TS8 TS10 16 ES”
cycle, which is slightly (0.8 kcal mol™") more stable than the
end point of the first cycle, thus contributes to the overall L2 30.2 32.8 —-19.7 32.8
. L3 33.9 41.4 -16.1 41.4
energy span. Consequently, t1he oYerall energy sp'an (ES) is cal- [, 33.7 412 _16.7 419
culated to be 32.4 kcal mol™". This energy span is low enough L5 33.1 41.9 —17.0 41.9
to justify further computational screening. L6 33.6 40.0 -18.7 40.0
. . L7 37.0 34.8 -9.9 37.0
I.n the next sFep., we ch'ecked how the dllverse electronic and [’ 34.9 102 _17.8 402
steric characteristics of ligands L2-L12 influence the energy L9 28.5 41.5 —-17.0 41.5
span. The energy profiles derived from catalyst system W-L1%" L10 30.8 32.4 —20.8 33.0
) s L11 31.0 32.7 -19.7 32.7
reveal that, apart fro.m the reference point, .only the trans1.t10n 112 34.0 39.7 _18.0 39.7
state TS10 and minimum 16 of the catalytic cycle necessitate
. . . e s . . - . — -1
re-optimization for obtaining information on the energy span.  ES = energy span; AG, = —20.2 keal mol™".
40 -
"""""" N—Pr(iPr).
K S,' 2
TS10 (7DT> l N \
- TS8 ¥ e1e) | N) H)"’_"
"7 ,,,/(29.1)\\‘ . \_ )—en.
/(25.5) —i 3 1
i) i (23.1) :
TS3
2 453 TS5 i
7y SR (T N
10 1 Pl y /,' W 0 J 31.6 :
/ \ (8.8) ;
e
'S U S @O __ IS
(0.0) : i
| TS15
‘: 1812 LA TS17 18
404 ES=31.6+0.8=32.4kcal/mol i ] (-7.9) (7:2)} —ta—a -20.2
P -89 13 L (-9.6) (-9.8)",
i1/ (-12.8) Voo \
...... ‘16 / \oq
-20 A (-173) " TD":‘ 197 3 0 _Sj‘—l“
e (21.0) (-20.2)

Fig. 1 Minimum energy pathway and Gibbs free energies (AG, kcal mol™) for the direct hydrogenation of N, to NH3z with catalyst W-L1R",
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of the NH; from the catalyst center and prevents the over-stabi-
lity of the amide complex formed.

Furthermore, we extended our investigation to include L4
and L7 in studying the entire catalytic cycle to eliminate any
potential unwanted switching of other stationary points (refer
to Fig. S31). However, the computations revealed no significant
alterations in energy levels, including the anticipated turnover-
determining transition state (TDTS) and turnover-determining
intermediate (TDI) points. This outcome further solidifies our
decision to concentrate on these specific stationary points for
computing the overall energy spans.

Next, we investigated the influence of the metal center in
the pincer ligand framework. For this purpose, we chose mol-
ybdenum pincer complexes for N, binding (Scheme 4), while
also including the previously examined rhodium complex as a
collaborative reaction partner. Unsurprisingly, the calculations
echo the trend observed in tungsten complexes, showcasing
that molybdenum pincer complexes binding nitrogen in the
end-on configuration display a stability advantage of approxi-
mately 10-18 kcal mol™ over those adopting the side-on
binding mode (Fig. S471). In a similar line of reasoning, we cal-
culated the full energy landscape for the Mo-L1®" system to
reconfirm our assumption for the energy span calculations,
which obviously emerged as expected (Fig. S5t). Following
that, we pinpointed two pivotal transition states, TS8 and
TS10, along with reference points 1’ and minimum 16 for the
chosen molybdenum pincer complexes, necessary for conduct-
ing the energy span calculations. The calculations revealed
relatively higher energy span values for the molybdenum
pincer complexes compared to analogous tungsten complexes
(Table 4). Specifically, the Mo-L10%" complex is anticipated to
possess a minimum energy span of 33.2 kcal mol™', merely
0.8 kcal mol™" higher than the most favorable tungsten pincer
complex, W-L1%"

p( Pr)z
\ / P('Plr)2
Mo-L1

Scheme 4 Different molybdenum pincer complexes selected for the
calculation of relevant stationary points.

Table 4 Relative Gibbs free energies (in kcal mol™) of selected station-
ary points of the catalytic cycle shown in Scheme 2 with molybdenum
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Afterward, we shifted our focus to the cationic rhodium
complex [Cp*Rh{2-(2-pyridyl)phenyl}(CH;CN)]". Our objective
was to substitute the rhodium center with iridium to gain
insights into the dynamics of the reaction energetics. To
accomplish this, we examined both tungsten and molybdenum
pincer complexes featuring ligands L1, L10, and L11. These
complexes demonstrated promising energy spans with the
rhodium counterparts, emphasizing their potential relevance
in the study. Subsequently, the critical stationary points were
re-optimized. Interestingly, the energy span of the tungsten
pincer complexes showcased a reduction of the ES by approxi-
mately 2 kcal mol™ (e.g., W-L10®" = 33.0 kcal mol™* vs
W-L10™ = 30.9 kcal mol ™), while the molybdenum pincer com-
plexes displayed an even more noteworthy reduction of about
3-4 keal mol™ (e.g., Mo-L1®" = 35.2 kcal mol™ vs. Mo-L1" =
31.0 kcal mol_l), as shown in Table 5. Notably, the most favor-
able energy span of 29.7 kcal mol~* was achieved with the mol-
ybdenum complex, Mo-L10"™. This outcome presents a highly
promising outlook for the direct hydrogenation route,
suggesting potential avenues for experimental advancements.

Moreover, we investigated the potential influence of triplet
or quintet spin states in the tungsten/molybdenum pincer
complexes, considering the L1 ligand. However, after conduct-
ing comparative optimizations of twelve different minima
using the unrestricted Kohn-Sham mode, it became evident
that both the triplet and quintet spin states consistently
yielded significantly higher energies compared to the singlet
states, effectively ruling out their involvement (Fig. S67).

Furthermore, we delved into the impact of the solvent by
considering an even more polar solvent, dimethylsulfoxide, to
discern whether a further increase in solvent polarity would
lead to a reduction in the energy span (Table S1t). We re-opti-
mized critical stationary points directly associated with the
energy spans in the implicit dimethylsulfoxide (DMSO) solvent
environment. However, contrary to expectations, the energy
span exhibited an insignificant increase. For the tungsten
complex W-L1®", it shifted from 32.4 kcal mol™ (in CH;CN) to
33.3 keal mol™" (in DMSO), and for the molybdenum complex
Mo-L1®" it changed from 35.2 kcal mol™ (in CH;CN) to
35.6 kcal mol™" (in DMSO). As a general remark it should be
noted that in principal different solvents might, beyond to
what is studied here, open other reaction pathways. However, a

Table 5 Relative Gibbs free energies (in kcal mol™) of selected station-
ary points of the catalytic cycle shown in Scheme 2 with tungsten/mol-
ybdenum complexes containing ligands L1, L10, L11 and cationic iridium
as a reaction partner in solvent phase

complexes containing ligands L1, L2, L10 and L11 in solvent phase M-Ln"™ TSS TS10 16 ES®
Ln TS8 TS10 16 ES“ w-L1" 21.7 26.8 —26.1 32.7

W-L10" 22.6 25.2 -25.9 30.9
L1 32.4 35.2 -17.2 352  W-L11" 23.1 25.1 -25.7 30.6
L2 34.3 36.3 -15.7 36.3 Mo-L1" 26.0 28.5 —22.7 31.0
L10 31.1 33.2 —-18.3 33.2  Mo-L10" 25.7 27.4 —22.5 29.7
L11 314 34.1 -18.1 341 Mo-L11" 25.6 27.9 -22.9 30.6

9 ES = energy span; AG, = —20.2 kcal mol ™.

This journal is © The Royal Society of Chemistry 2024
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detailed investigation of other solvents is beyond the scope of
this study.

Eventually, the exploration of potentially occurring off-cycle
reactions that may emerge from the active species participating
in the catalytic cycle is important. The most obvious side reac-
tion one can assume is the dimerization of the catalyst. We
examined two distinct dimeric forms of the catalyst. One
involves the direct dimerization from monomer 1 to form 1%,
while the other, 2%, is formed subsequent to the de-coordi-
nation of an N, molecule (Scheme 5). Structures like 1% (two
bridging N, moieties) have as yet not been observed experi-
mentally in conjunction with these types of complexes, but
could in principle be possible as analogues having boron
centres as the bridge heads are known.®* Structures like 2%
(one bridging N, moiety) are well known for example from the
many Mo-NN-Mo complexes introduced by the Nishibayashi
group.”*?° Assessing the feasibility of dimerization, we studied
both tungsten and molybdenum pincer complexes, featuring
ligands L1, L10, and L11. Gratifyingly, the formation of 14
proved to be highly unlikely for all tungsten/molybdenum
pincer complexes, with energy ranging from 44.5 to 56.7 kcal
mol™" (Fig. S7t). On the contrary, the formation of 2% is exer-
gonic, indicating its potential existence. Interestingly, the
stability of the tungsten complexes ranges from 12.9 to
13.8 kcal mol™, whereas the molybdenum complexes dis-
played significantly lower stabilities, ranging between 4.7 and
6.1 keal mol™" (Fig. S871). As a consequence, in an experimental
system the ligand of the W/Mo complex would need to be
enlarged at the ligand periphery to suppress the dimerization
by steric hindrance, to avoid an increase of the energy span.

Furthermore, we explored the potential for additional H,
coordination in tungsten/molybdenum pincer complexes,
coupled with subsequent proton and hydride transfers from
the corresponding reaction partner (Fig. S91). Nevertheless,
the calculation of transition state energies for TS3 showed
higher barriers making pathways of this kind less attractive
energetically.

In the concluding phase, ligand screening was carried out
by substituting the hydride ligand with both an anionic chlor-
ide and a neutral nitrogen ligand within the metal-pincer
ligand framework (Scheme 6). The original rhodium complex
was chosen as the cooperative reaction partner. The influence
of these ligand substitutions was evaluated by identifying the
relevant stationary points associated with the energy span. The
computed energy spans for the neutral nitrogen ligand were

Scheme 5 Possible dimeric structures of the tungsten/molybdenum
(M! = W/Mo) pincer complexes.
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Scheme 6 Different tungsten/molybdenum pincer complexes.

Table 6 Relative Gibbs free energies (in kcal mol™) of selected station-
ary points for the tungsten/molybdenum complexes, incorporating
ligands L1-Cl and L1-N (as illustrated in Scheme 6), alongside a cationic
rhodium complex serving as a reaction partner in the solvent phase

TSS TS10 16 ES®
W-L1®?
Ww-L1¥"-Cl 22.6 30.3 —24.1 34.2
W-L1®-N 52.5 46.3 -17.3 52.5
Mo-L1*"
Mo-L1%%-Cl 21.5 31.8 —21.2 32.8
Mo-L1%-N 54.9 48.0 -12.0 54.9

?ES = energy span; AG; = —20.2 kcal mol™".

excessively high, surpassing 50 kcal mol™" for both tungsten
and molybdenum pincer complexes (Table 6), indicating the
use of such complexes for experimental work not to be favor-
able. The tungsten pincer complex substituted with chloride,
however, exhibited a comparable energy span of 34.2 kcal
mol ™', only 1.8 kcal mol™' higher than the parent system
(ligand L1 with hydride). Intriguingly, the chloride substi-
tution in the molybdenum pincer complex yielded an energy
span of 32.8 kcal mol™, which is 2.4 kcal mol™" lower than the
parent system, indicating its potential efficacy in the hydrogen-
ation reaction for ammonia formation.

Conclusions

In summary, we conducted a systematic computational study
to unravel mechanistic insights of how N-heterocyclic carbene-
phosphine-based tungsten/molybdenum pincer complexes
serve as catalysts in the ionic hydrogenation of nitrogen to
ammonia. The cationic rhodium complex, [Cp*Rh{2-(2-pyridyl)
phenyl}(CH;CN)]", serves as a cooperative reaction partner for
heterolytic H, splitting. The calculated results indicate that,
among the various carbene-phosphine ligand frameworks (Ln;
n = 1-12), the ipr substitution at phosphorus yields relatively
low and therefore promising energy spans for both tungsten
and molybdenum complexes. Specifically, the calculated
energy spans for the ML1®" catalysts are 32.4 kcal mol™
(W-L1®") and 35.2 kcal mol™ (Mo-L1®"), respectively. While
the introduction of electron-donating (L10) or electron-with-
drawing (L11) substituents at the ligand structure exhibited
marginal influence on the energy span for tungsten complexes,

This journal is © The Royal Society of Chemistry 2024
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it led to a reduction of 1.1-2.0 keal mol™" in the energy span
for molybdenum complexes (Mo-L10%" = 33.2 kcal mol™* and
Mo-L11%" = 34.1 kcal mol™). Interestingly, substituting
rhodium with iridium as the cooperative reaction partner
leads to a significant decrease in energy spans. The calculated
lowest energy span for the tungsten complex, W-L11", is
30.6 kcal mol™", while the molybdenum complex, Mo-L10",
exhibits the lowest energy span in this study of 29.7 kcal
mol ™. These values are unprecedented for the N,/H, reaction
system. Moreover, calculations on potential dimeric structures
lead to the conclusion that molybdenum complexes are less
prone to dimerization reactions compared to tungsten com-
plexes. In any case, however, for an experimentally successful
system the periphery of the ligands would need to be enlarged
to avoid dimerizations completely.

To the best of our knowledge, this study is the first to high-
light reaction pathways in the N,/H, system with remarkably
low energy spans for the reduction of N, to NH;, employing
unique carbene-phosphine-based pincer ligands with tung-
sten/molybdenum complexes. Acknowledging the limitations
of solely predictive computational studies in capturing all real-
world complexities, they nonetheless deliver a precise assess-
ment of the energy balance linked to proposed pathways.
Therefore, the encouraging outcomes of this study emphasize
that the aspiration to derive a molecular catalytic system for
NH; production in the N,/H, system may be potentially
achieved by combination of well-designed transition metal
complexes with carefully chosen combination of metal centres
supplying dedicated properties for integrated N, and H, acti-
vation, respectively.
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