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Chapter 1

General Introduction

1.1. About Nitrogen Fixation

Dinitrogen (N2) is an abundant gas, accounting 78 % of the air. The N> is known
as a chemically stable molecule because it has an N=N triple bond with a high dissociation
energy of 911 kJ mol!,! a large HOMO-LUMO gap, and nonpolarity. “Nitrogen fixation”
is reductive conversion of N> toward subsequently reactive molecules such as ammonia
(NH3) or hydrazine (N2H4). The produced NH3 is used for a nitrogen source of fertilizers,
pharmaceuticals, and so on.? Recently, it has also attracted attention as a hydrogen carrier
due to its features such as no carbon dioxide (CO7) emissions after use.

The Haber-Bosch process is an industrial process for nitrogen fixation, in which
nitrogen and hydrogen gases (H>) are converted to ammonia in the presence of solid iron
catalysts under harsh reaction conditions such as high pressure (200-500 atm) and high

temperature (500-600°C).? Therefore, ammonia production in this process is given as

cat. Fe;0,/K,0/Al,O;4

N, + 3 H, > 2 NH,
200-500 atm
500-600 °C

The Haber-Bosch process was developed in 1913 and has been used for over 100 years.
Thus, nitrogen fixation is a useful reaction to convert a chemically inert N> into reactive
NH3, and has attracted much chemical and industrial attention.

In nature, Nitrogen fixation is a part of the nitrogen cycle and have attracted in
the field of biology.® The produced ammonia with the lowest oxidation number of the
nitrogen atom —3 is oxidized stepwise to hydroxylamine (NH2OH; —1), nitrite (NO2; +3),
and nitrate (NO3™; +5). The NO, is conversely reduced to nitric oxide (NO; +2) and
dinitrogen monoxide (N»O; +1), which are finally released into the atmosphere as

nitrogen gas. Each of these reactions is catalyzed by appropriate enzymes. Active centers



containing transition metals are present in the enzyme proteins, which efficiently interact
with small molecules to proceed the redox reactions. The reductive conversion of nitrogen
molecule to ammonia is catalyzed by nitrogenases containing a double cubane-type
molybdenum-iron-sulfur cluster MoFe;SoC (FeMo-cofactor; Figure 1-1) as an active

center.** Therefore, ammonia production by nitrogenase is given as’

nitrogenase
N,+8H*+8e +16 ATP ————*> 2NH;+H, + 16 ADP + 16 P,
1 atm
rt
Although the details of the catalytic mechanism are not yet known, the eight-electron
reduction of nitrogen gas yields two equivalents of ammonia and one equivalent amount

of hydrogen.® The enzymatic nitrogenase-catalyzed reaction is attractive because of mild

reaction conditions of room temperature and atmospheric pressure.

s O
7N COy
S}/Fe\S/\Fe\ \S\ /O
Cys—S—Feis./Fe—C\— Fe\,S;Mo\—O
S—\Fe Fe/—S N
\S/ I COZ-

His
Figure 1-1. Schematic structure of FeMo-cofactor.
(Cys = Cysteine, His = Histidine)



1.2. Metal-N, Complexes

Owing to the lack of polarization of N> molecule, N> is more difficult to
coordinate to metal centers than isoelectronic carbon monoxide (CO) molecule. However,
in 1965, Allen and Senoff reported the first example of the metal-N> complex 1, [No—
Ru''(NH3)s]** (Figure 1-2).° In 1967, Yamamoto and coworkers reported a cobalt-N
complex 2, [N>-Co'H(PPhs)s] (Figure 1-2) with the N> ligand derived from nitrogen gas.’
Hidai and coworkers discovered a molybdenum-N> complex 3, [(N2)>—Mo’(dppe):]
(dppe = bis(diphenylphosphino)ethane) in 1969 (Figure 1-2).® This advance in the
chemistry of metal-N> complexes derived from atmospheric N> provided a trigger for

nitrogen fixation reactions using the metal complexes.

N 2+ N N
I 1 [l
N N

HaN,. | \NH I P“ZT o2
L P/, P
PURuy S Php—CoPPNs Ty M
HsNY | YNH; | YPPh, PY | Yp

NH3 H Ph2 |h|l| Ph2
N
1 2 3
Allen & Senoff Yamamoto Hidai
(1965) (1967) (1969)

Figure 1-2. Metal-N> complexes.

Stoichiometric production of ammonia from some metal-N> complexes have
been reported. In 1970, Chatt and coworkers demonstrated the first stoichiometric
synthesis of ammonia using mononuclear molybdenum—N; or tungsten—N> complexes,
cis-[(N2)>-M(PMe,Ph)4]° 4 and trans-[(N2),-M(PMePh;)4]'° 5 (M = Mo or W) (Figure
1-3) in presence of sulfuric acid H2SOs4 as a strong acid.!! In the case of cis-[(N2).-
W(PMezPh)4], up to 90 % of the N> ligands was converted to NH3. Chatt and coworkers
proposed an NH3 conversion mechanism as shown in Scheme 1.1, which is called the
“Chatt cycle” (Scheme 1-1), using a mononuclear molybdenum—N> complex bearing
bidentate phosphines, dppe or depe (= 1,2-bis(diethylphosphino)ethane).!? In the
mechanism, an N ligand is converted to NH; through alternating protonations and
reductions. The nitrogen fixation using the metal complex is expressed by the following

chemical equation: N> + 6 H" + 6 e — 2 NH3, in which H and e~ are provided by a
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proton source and a reducing reagent, respectively.

N N
1l 1l
N N
Ph,MeP;,, | .\PMePh, PhMe,P;, | .\PMe,Ph
\ M ~ 4 M‘\
Ph,MeP¥” | YPMePh, NENT | TPMePh
N PMe,Ph
N
4 (M = Mo or W) 5 (M = Mo or W)
Chatt Chatt
(1975) (1975)

Figure 1-3. Dinitrogen-complexes enable stoichiometric ammonia formation.
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Scheme 1-1. Chatt cycle.



1.3. Nitrogen Fixation Catalyzed by Metal Complexes

In 2003, Yandulov and Schrock reported the first example of a molecular metal—
N> complex as a catalyst for NH3z conversion from N in the presence of proton and
electron sources under ambient conditions.®® They synthesized monomolybdenum
complex 6 bearing a cage type of tetradentate triamidoamine ligand and demonstrated
catalytic NHz synthesis up to 8 equiv. per an Mo center (equiv./Mo) in the presence of
[LutH]BArT, as a proton source and CrCp~ as a reducing reagent (Lut = 2,6-
dimethylpyridine, BArfs =B(3,5-(CF3)2C¢Hs)a, Cp~ = 1°-Cs(CHa)s). Since the report,
transition metal complexes that contain titanium,** vanadium,* iron,'¢-2* molybdenum,?
33 ruthenium,* osmium,3* cobalt,® and rhenium® have been reported to catalyze the
generation of NH3. Among these complexes, molybdenum complexes have shown a
higher catalytic activity.

In addition to the transition metal center in the complexes, ligands coordinating
to the center is of course important for electronic state and spatial controls. Pincer ligands,
which are meridional type tridentate ligands, provide good catalytic activity for nitrogen
fixation. The pincer ligands with two phosphine side chains are often used for nitrogen-
fixing molecular catalysts.?-2"2°3132 For molybdenum complexes, we can see the
pyridine-based PNP-type,23263132  the phosphine-based PPP-type,?* and the N-
heterocyclic carbene (NHC)-based PCP-type pincer ligands?®?"2%3! as shown in Figure
1-4.

PBu, P'Bu, fBuz

\_ N Ph><:’7 ©: >
/ <— PBu, fBuz

PtBUZ
PNP PPP PCP

Figure 1-4. Pincer ligands used for molybdenum complexes.

Nishibayashi and coworkers have reported catalytic systems of nitrogen fixation

using molybdenum complexes bearing the pincer ligands. In 2011, they synthesized Na-



bridged dimolybdenum complex bearing PNP ligand [{Mo°(PNP)(N2)2}2(u-N2)] 7 (PNP
= 2,6-bis(di-tert-butylphosphinomethyl)pyridine) as shown in Figure 1-5, and
demonstrated the conversion up to 12 equiv/Mo of NH3 from using 7 as a catalyst in the
presence of [LutH]OTf as a proton source and CoCp; as a reducing reagent.?® In addition,
they next designed the NHC-based PCP ligand, and prepared N-bridged dimolybdenum
complexes bearing the PCP ligand [{Mo°(PCP)(N2)2}2(x-N2)] 8 (PCP = 1,3-((di-tert-
butylphosphino)methyl)benzimidazole-2-ylidene) as shown in Figure 1-52 The
dimolybdenum complex 8 has higher catalytic activity (up to 100 equiv/Mo of NH3) than
complex 7 under ambient conditions in the presence of [LutH]OTf as a proton source and
CrCp*, as a reducing reagent. In later studies, they reported molybdenum-trihalide
complex bearing the PNP (9 as shown in Figure 1-5, up to 415 equiv./Mo of NH3z)? and
PCP (10 as shown in Figure 1-5, up to 4,350 equiv./Mo of NH3)?"283¢ ligands as molecule
catalysts with higher catalytic activity. Formation of a No-bridged dimolybdenum
intermediate formation and an N-N bond cleavage of the bridging N2 ligand of the
intermediate in the catalytic cycle using these complexes 9 and 10.263¢ This reaction
mechanism is different from the Chatt cycle, so complexes 8 and 9 represent the next
generation of nitrogen fixation catalyzed by molecular catalysts. In summary, the Mo—
PCP molecular catalysts are promising and remarkable due to their high catalytic

activities.
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Figure 1-5. Dinitrogen-bridged dimolybdenum—dinitrogen complexes and
molybdenum-trihalide complexes bearing PNP or PCP ligand.
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1.4. Survey of This Thesis

Compared to the Haber-Bosch process currently in industrial use, the transition
metal complex molecular catalysts have an attractive advantage of mild reaction
conditions, but its disadvantage is its lower catalytic activity. Therefore, further
enhancement of catalytic activity is required to achieve industrial applications in the
future. Among the metal complexes, molybdenum complexes with PCP ligands are
promising for industrial application because of their high catalytic activity. The author
believes that it is effective to design highly active catalysts using the knowledge obtained
from the reaction analysis to improve the catalytic activity. Although reaction pathways
of catalytic reactions have been studied using DFT calculations for molybdenum
complexes bearing a similar PNP ligand, that of the PCP ligand has not been done. The
electronic structure of molybdenum complexes bearing the pincer ligands calculated by
DFT calculations is useful for understanding the reaction mechanism and predicting the
improvement of the catalytic activity.

In Chapter 2, reaction analysis of catalytic reactions using Na-bridged
dimolybdenum—N> complexes bearing PNP (7) and PCP (8) ligands is presented. The
author proposed that the Mo—N=N-Mo moiety of the complexes should be maintained
during the entire of its catalytic cycle, and the reaction analysis of the entire catalytic
cycle was performed by DFT calculations. The protonation of a terminal N> ligand is
known to be the most difficult reaction step, but the newly discovered Mo'-N=N-Mo"°
moiety makes the protonation proceed more favorably than the Mo’~N=N-Mo® moiety
of the initial N>-bridged dimolybdenum—N> complex. As a result, the author found a more
active reaction pathway.

In the system using the molybdenum-trihalide complex bearing pincer ligands
reported later, a No-bridged dimolybdenum intermediate with a Mo'-NN-Mo' moiety is
formed, and direct N-N cleavage is considered to proceed. In Chapter 3, the author
discusses the electronic structure of the Mo-NN-Mo moiety of the N»-bridged
dimolybdenum intermediates that switches between the catalytic cycle of Chapter 2 based
on the Yandulov-Schrock cycle and the catalytic cycle involving the N—N bond cleavage.

The PCP-Mo—trihalide complex molecular catalyst is considered to follow a

12



different catalytic cycle from the catalytic system in Chapter 2, and its catalytic activity
is also improved. In Chapter 4, the author designs PCP ligands to improve the catalytic
activity of nitrogen fixation along the catalytic cycle. DFT calculations show that
introducing electron-withdrawing groups into the PCP ligands enhances the catalytic
activity because of the improvement of the m-accepting ability of the PCP ligand. In
addition, the m-conjugate system of the PCP ligand is also found to improve the n-

accepting ability.
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Chapter 2

Nitrogen Fixation Catalyzed by Dimolybdenum Complexes

Bearing PCP- and PNP-Type Pincer Ligands

2.1. Introduction

Biological nitrogen fixation, a catalytic conversion of atmospheric dinitrogen (N>)
to ammonia (NH3), is efficiently achieved under mild reaction conditions by certain
bacteria containing the enzyme nitrogenase.! In particular, molybdenum-containing
nitrogenases have a double cubane-type molybdenum-iron-sulfur cluster MoFe;SoC,
known as FeMo-cofactor, in their active site. Biological nitrogen fixation proceeds with
protons and electrons onFeMo-cofactor.* The structure and function of FeMo-cofactor
may provide an attractive model for the design of molecular catalysts for nitrogen fixation
under mild conditions.

Since the discovery of the first transition metal—dinitrogen complex by Allen and
Senoffin 1965,> much experimental and theoretical effort has been committed to the goal
of artificial nitrogen fixation catalyzed by molecular catalysts beyond the industrial
Haber-Bosch process.®’” In 2003, Yandulov and Schrock reported the first successful
example in a history of development of a distinct transition metal complexes for nitrogen
fixation.® Their Mo(IIl)-triamideamine complex catalyzes to convert N, to NH3 using
2,6-lutidinium tetrakis[3,5-bis(trifluoromethyl)-phenyl]borate ([LutH]BAr’4) as a proton
source and decamethylchromocene (CrCp*») as an electron source, in which up to 8 equiv
of NH3 based on the Mo atom of the catalyst. Their results indicated that the presence of
the molybdenum center in the metal complex is important to achieve artificial nitrogen

fixation under mild conditions. At present, Mo(Ill)-trihalide complexes exhibits the

0 1 12-19 20-26

highest catalytic activity,” while titanium-,'° vanadium-,"' iron-, molybdenum-,

ruthenium-,>” osmium-,%” and cobalt-catalyzed®® direct conversions of N, into NH3 and
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hydrazine (N2H4) have been accomplished as a result of intensive experimental works in
this research field.

In 2011, the second example of nitrogen fixation catalyzed by transition-metal
complexes was presented by Nishibayashi and coworkers. They synthesized an N»-
bridged dimolybdenum complex with a tridentate phosphine- and puridine-based PNP-
type pincer ligand [ {Mo’(PNP)(N2)2}2(u-N2)] 1 (PNP = 2,6-bis((di-tert-butylphosphino)
methyl)pyridine), in which the superscript number presents the oxidation number of the
molybdenum atom. After that, they generated up to 12 equiv of NH3; based on one Mo
atom of 1 using complex 1 in the presence of 2,6-lutidinium trifluoromethanesulfonate
([LutH]OTY) as a proton source and cobaltocene (CoCp») as an electron source (Figure 2-
1).2° Modification of the PNP ligand is a promising way to enhance catalytic activity for
nitrogen fixation. Introducing electron-donating groups at the 4-position of the pyridine
ring of the PCP ligand enhanced the catalytic activity, in which up to 26 equiv. of NHj3
based on one Mo atom of 1 in the case of introducing a methoxy group.?’ Yoshizawa
and Nishibayashi groups have proposed a possible catalytic mechanism of nitrogen
fixation as shown in Figure 2-2 using 1 from a view point of synergetic experimental and
theoretical works.3*! In their works, they considered that the N>-bridged dimolybdenum
(Mo—N=N-Mo) structure is essential for the catalytic activity in this dimolybdenum
system. Their DFT calculations revealed that the Mo—N=N-Mo structure must be
maintained at the earliest stage of the catalytic cycle, especially at the first protonation of
a terminal N> ligand. Batista and coworkers independently pointed out a remarkable role
of the dinuclear molybdenum complex in the catalytic activity of 1 from a thermodynamic

point of view.>?
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Figure 2-1. N»>-bridged dimolybdenum complex catalysts developed by Nishibayashi and
coworkers.

Catalytic mechanism of conversion of N> to NHs shown in Figure 2-2 was
theoretically proposed on the basis of some hypotheses supported by experimental results,
and the entire catalytic cycle can be divided into four stages: (i) At first, protonation of a
terminal N ligand of 1. After the protonation, the exchange of the N» ligand trans to the
-NNH moiety for triflate (OTf") that is the counter anion of LutH" proceeds. As a result,
this process gives a Mo(II)Mo(0)—diazenide complex, [Mo"(PNP)(OTf)(NNH)-N=N-
Mo’ (PNP)(N)2] A. (ii) Protonations and reductions of A yielding first NH3 causes the
separation of the Mo—N=N—M o structure to afford two mononuclear complexes, Mo(IV)—
nitride, [Mo"(PNP)(OTf)(=N)] B and six-coordinated Mo(0)-N>, [Mo’(PNP)(N2);] C.
(ii1)) Complex B is gradually converted to a six-coordinated Mo(I)-ammine complex,
[Mo!(PNP)(OTf)(NH;3)(N2)] D. (iv) Reduction of afforded complex D and regeneration

of the Mo—N=N-Mo structure with C resulted in a return to initial complex 1.
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Figure 2-2. Catalytic cycle of nitrogen fixation using 1 proposed in ref 30.

Based on the mechanistic elucidation of the Mo—PNP system, they have newly
designed and synthesized the N»-bridged dimolybdenum complex with N-heterocyclic
carbene- (NHC-)based PCP-type pincer ligand, [ {Mo(PCP)(N2)2}2(u-N2)] 2 (PCP = 1.3-
bis((di-tert-butylphosphino)methyl)benzimidazole-2-ylidene).?> Complex 2 exhibited
higher catalytic activity for nitrogen fixation and longer lifetime than that of complex 1.
100 equiv. of NH3 based on the Mo atom of 2 are generated in the presence of [LutH]OTTf
as a proton source and decamethylchromocene (CrCp*;) as an electron source. They also
experimentally ovserved that a stable Mo—N=N-Mo structure is essential for the
conversion of N> into NH3 using Mo—PCP complexes; an Nz-bridged dimolybdenum
complex with another PCP-type pincer ligand, [ {Mo(PCP")(N2)2}2(u-N2)] 3 (PCP' = 1,3-
bis(2-(di-tert-butylphosphino)ethyl)imidazole-2-ylidene), showed very low catalytic
activity for nitrogen fixation. The length of the (CH»), linker connecting the NHC moiety
to the phosphine group in the PCP ligands critically controls steric hindrance of N»-
bridged dimolybdenum complexes, in which » = 1 for 2 and n = 2 for 3. As a result,
stability of chemical forms of 2 differs from that of 3 in solution. In fact, owing to the
infrared spectra of 2 and 3 in tetrahydrofuran (THF), 2 maintained the Mo—N=N-Mo

structure but 3 separated into mononuclear species. The catalytic activities of 2 and 3
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clearly highlight the importance of the Mo—N=N—-Mo structure of the Mo—PCP system.
The author expects that this knowledge will be applicable to the Mo—PNP system.

In order to develop more effective molybdenum catalysts for nitrogen fixation,
the origin of the high catalytic activity of 2 needs to be elucidated in detail. Despite
Yoshizawa and Nishibayashi groups initially predicted that the terminal N> ligand of 2 is
more activated reductively for protonation than that of 1, preliminary DFT calculations
contradicted this prediction.?? They found that PNP ligand serves as only a moderate -
donor, but PCP ligand serves not only a strong c-donor but a m-acceptor. A rigid Mo—
C(carbene) bond is derived from o-donation and n-backdonation between the Mo center
and the carbene C atom of PCP ligand, resulting in the high catalytic activity and long
lifetime of 2. However, the author has not yet obtained detailed information on the entire
catalytic cycle of the Mo—PCP system, because the previous DFT calculations focused
only on the first protonation step (stage (i) in Figure 2-2). In this study, more detailed
DFT calculations based on those reported for the Mo—PNP system were performed to
evaluate the complete reaction pathway for nitrogen fixation catalyzed by 2. The
calculation of the free energy change for the separation of the Mo—N=N-Mo structures
of 2 and 1 strongly demands that the dispersion is properly treated in both the Mo-PNP
and Mo-PCP systems. The calculation with B3LYP-D33? of free energy profiles for the
revised catalytic cycle indicates that the Mo—N=N-Mo structure should be maintained
during the entire catalytic cycle. In addition, the author newly proposes a shortcut
pathway via protonation of a teminal N> ligand on dinuclear Mo(I)Mo(0) core and reveals
that the shortcut pathway is energetically more favorable than the previously proposed

pathways.
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2.2. Computational Methods

DFT calculations were performed to search all intermediates and transition
structures on potential energy surfaces using the Gaussian 09 program (Rev. D.01).%*
Geometry optimizations were carried out with the B3LYP-D3 functional, which is the
B3LYP hybrid functional®**2® combined with an empirical dispersion correction
developed by Grimme.** As described later, the author found in the present study that an
appropriate treatment of dispersion is strongly demanded in the evaluation of free energy
changes at 298 K (AGzos) for the formation of the Mo—N=N-Mo geometry in dinitrogen-
bridged dimolybdenum complexes. The SDD (Stuttgart/Dresden pseudopotentials) basis
set’>* and 6-31G(d) basis sets*“** were employed for the Mo atoms and the other atoms,
respectively. All stationary-point structures were confirmed to have the appropriate
number of imaginary frequencies by vibrational analysis. To determine the free energy
profiles of reaction pathways, the author performed single-point energy calculations at
the optimized geometries using the SDD and 6-311+G(d,p) basis sets.****” In the single-
point calculations, solvation effects of toluene were taken into account by using the
polarizable continuum model (PCM).*

All protonation steps using 2,6-lutidinium (LutH") as a proton source were
evaluated from the kinetic viewpoint by searching for the transition state of the proton
transfer process. On the other hand, the free energy profiles of the reduction steps of the
molybdenum complexes were simply evaluated by the difference in free energies between
the protonated and reduced species. This is because molybdenum complexes with PCP
and PNP ligands used different electron sources, CrCp*; and CoCpa, respectively. One of
our goals of this study is to compare the free energy profiles of newly-proposed reaction
pathways in the Mo—PCP and Mo—PNP systems and to reveal the origin of the higher
catalytic activity in the Mo—PCP system.

In the previously-proposed reaction pathways for nitrogen fixation catalyzed by
[{Mo(PNP)(N2)2}2(1-N2)] 1,%° the author evaluated the zero-point energy difference AEy
for the separation of the Mo—N=N—-Mo moiety of 1 calculated at the B3LYP* level of
theory, where the B3LYP* functional is a reparametrized version of the B3LYP hybrid

functional developed by Reiher and coworkers.*>* The author chose the B3LYP*
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functional to estimate the relative energy of different spin states properly. Despite the
author expected that the elative energy of different spin states, the lowest spin state such
as the closed-shell singlet and doublet states of all intermediates and transition states in
the proposed catalytic cycle were more stable than the other spin states. The calculations
encourage more attention to be paid to the proper treatment of the dispersion in the Mo—
PNP and Mo—PCP systems, i.e. attractive interactions between bulky organic substituents
on phosphorus atoms in both pincer ligands.! This consideration should be important
because of the experimental and theoretical observation that the formation of the stable
Mo—-N=N-Mo structure is essential for higher catalytic activity for nitrogen fixation of
222

In this study, the author has found that a dispersion-corrected functional must be
employed for more realistic free energy profiles at 298 K (AGaog). Table 2-1 describes
bond dissociation energies (BDE) at 0 K and bond dissociation free energies (BDFE) at
298 K of a Mo—N»(bridging) bond in 1 and 2 calculated at the B3LYP* and B3LYP-D3
level of theory. BDE and BDFE of the Mo—N(bridging) bond are evaluated as AEy and
AGhos, respectively, for the reaction [Mo%L3)(N2)>-N=N-Mo’L;)(N2)2] —
[Mo®(L3)(Na2)s] + trans-[Mo°(L3)(N2)2], in which L3 = PNP for 1 or PCP for 2. As shown
in Table 2-1, when dispersion correction is not applied, the values of both BDE and BDFE
decrease significantly. In particular, the BDFE of 2 obtained with the B3LYP* functional
is only +5.9 kcal mol-1, which is inconsistent with the stability of 2 in THF solution due
to spectroscopic observation at room temperature.?> Therefore, the author concluded that
the B3LYP* functional is not suitable for the evaluation of free energy profiles in the Mo-

PCP and Mo-PNP systems and employed the B3LYP-D3 functional in this study.
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Table 2-1. BDEs (AEo) and BDFEs (AGas) of a Mo—Nx(bridging) bond in
[{Mo®(L3)(N2)2}2(11-N2)] 1 (Ls = PNP) and 2 (Ls = PCP) calculated with the B3LYP* and
B3LYP-D3 functionals

1(L; = PNP) 2 (Ls = PCP)
Functional B3LYP* B3LYP-D3 B3LYP* B3LYP-D3
AEo® (kcal mol™) 24.8 43.5 19.0 33.9
AGaos® (keal mol')y  10.7 28.8 5.9 203

[a] Evaluated as (free) energy changes for reaction [{Mo’(L3)(N2)2}2(u-N2)] —
[Mo®(L3)(N2)s] + trans-[Mo®(L3)(Na)2].
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2.3. Results and Discussion

2.3.1. Proposed catalytic cycle

Figure 2-3 describes a newly-proposed catalytic cycle for nitrogen fixation using
Mo—PCP complex 2 and Mo—PNP complex 1. In order to obtain a more energetically
efficient catalytic cycle than the previously-proposed catalytic cycle shown in Figure 2-
2,3% the author discarded two old assumptions: (1) A dimolybdenum complex with the
Mo—-N=N-Mo structure separates into two mononuclear Mo complexes at a certain stage
of the catalytic cycle, and key Mo-nitride complex, [Mo(PNP)(=N)(OTf)] B, is formed
from the yielded mononuclear Mo complex. (2) The dinuclear complex 2 and 1 are
regenerated and the next catalytic cycle is initiated. According to the revised catalytic
cycle shown in Figure 2-3 based on the B3LYP-D3 results, the Mo—N=N-Mo structure
should be maintained during the entire catalytic cycle. The author has also found out that
a terminal N ligand on the Mo'-N=N-Mo° moiety of [Mo'(L3)(N2)(OTf)-Mo’(L3)(N2)2]
XII has higher reactivity with a proton donor than that on the Mo’~N=N-Mo° moiety of
2and 1.

The newly-proposed catalytic cycle shown in Figure 2-3 can be divided into four
stages (1)-(iv). In stage (i), protonation of a terminal N> ligand of 2 and 1 leads to a ligand
exchange of the N ligand trans to the NNH moiety for OTf", which is the counter anion
of LutH". As a result, dinuclear Mo(Il)-diazenide complex, [Mo"(L3)(OTf)(NNH)—
N=N-Mo’(L;)(N2)2] IV, is yielded. In stage (ii), two successive protonation/reduction
reactions of IV produce the first molecule of NH3 and dinuclear Mo(IV)—nitride complex,
[Mo™V(L3)(OTf)(EN)-N=N-Mo°(L3)(N2)2] VIL. In stage (iii), three successive
protonation/reduction reactions of VII afford dinuclear Mo(I)Mo(0)—ammine complex,
[Mo!(L3)(OTf)(NH3)-N=N-Mo’(L3)(N2)2] X. The protonation of VII occurs instead of
the separation of VII into two mononuclear complexes, [Mo!V(L3;)(OTf)(=N)] and
[M0%(L3)(N2)3]. In stage (iv), the ammine ligand in X is replaced by an incoming N,
molecule to form Mo(I)Mo(0)—Nz complex XII. Since XII exhibits higher reactivity with
LutH" than Mo(0)Mo(0)-N> complex 2 and 1, alternating protonation and reduction of
XII occurs to give IV. Thus, the regeneration of the initial Mo(0)Mo(0)—N2 complex 2 or

1 is not required for closing the catalytic cycle. Based on the catalytic pathways
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independently proposed by Batista*? and us, a nitrogen fixation pathway that maintains
the Mo—N=N-Mo structure with an OTf group of the Mo—PNP system, the so-called
“combined” catalytic pathway, has been proposed by Mézailles.’? This is a basically
similar mechanism to the newly-proposed one in Figure 2-3, although it does not require
regeneration of Mo(0)Mo(0)—N2 complex 1. The author’s proposal differs from Batista’s
mechanism mainly on the pathway of protonation/reduction of N». Batista considered a
possibility of double protonation before the first reduction reaction. On the other hand,
the author assumes alternating protonation/reduction to complexes 1 and 2 based on the

Yandulov-Schrock mechanism proposed for the Mo(III)-triamideamine system.®

N

s,

|
L3—M|o°—NEN—I\;Io/°—L3
N

il
N

1 (L, = PNP) or 2 (L, = PCP)

. H+, OTf
stage (i
\i\’ N,

‘s,

H{
” , stage (i)
N [
e P 2 H*,
L —Mlo —N—N—l\flo -L3 2o
OTf N
H*, e~ N’ NH,
v
m //N //N
w b e
stage (iv L3—M|o'—NEN—|\5|6°—L3 L3—M?'V—NEN—|\96°—L3
ot ) ot )
Xl VI

H
H\ //H /,,/\l /_\ 3 H+,
NHJ’% N X 3e-
|
2
oTf ,\',f'f" stage (iii)

Figure 2-3. Newly-proposed catalytic cycle for nitrogen fixation using 2 (1). The

numbers of complexes are also described in Figure 2-4.
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Figure 2-4. Entire reaction pathway and energy profiles of nitrogen fixation catalyzed by
2 (1). Free energy changes at 298 K and free energies of activation (in parenthesis) for
individual steps were calculated at the B3LYP-D3 level of theory (units in kcal/mol). NB

represents that the corresponding reaction has no activation barrier.
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2.3.2. Free energy profiles of catalytic cycle

Figure 2-4(a) shows the free energy profile of the reaction steps in stage (i),
which begins with the protonation of one of the four terminal N> ligands in 2 (1). The
bridging N> ligand is sterically protected by the bulky fert-butyl groups of the pincer
ligands. Therefore, protonation of it cannot proceed with the bulky LutH".** Protonation
of 2 (1) is endergonic by 6.5 kcal mol ! (L3 =PCP) and 5.2 kcal mol ™! (L; = PNP), yielding
a cationic Mo(I)Mo(0)—diazenide complex, [Mo'(L3)(N2)(NNH)-N=N-Mo’(L3)(N2)2]*
I1. Moreover, this step has virtually no activation barrier (L3 = PCP) or a very low free
energy of activation (L3 = PNP, AG* = +5.8 kcal mol ™). Because the Mo—Nx(terminal)
bond trans to the NNH group in II is significantly weakened, the liberation of the N>
ligand from the Mo center can proceed to give a cationic five-coordinate Mo(I)Mo(0)—
diazenide complex, [Mo'(L3;)(NNH)-N=N-Mo’(L;)(N2).]" III. The Mo center readily
liberates the N> ligand at the trans position of the NNH group in an exergonic way by 7.5
kcal mol™! (L3 = PCP) and 1.8 kcal mol™' (L; = PNP) with very low activation free
energies, +3.0 kcal mol™! (L3 = PCP) and +4.3 kcal mol™! (L3 = PNP). The positive charge
of II is quenched by the coordination of OTf" with highly exergonicity of 22.0 kcal mol™
' (Ls = PCP) and 14.9 kcal mol™ (L; = PNP), resulting in six-coordinate
[Mo'(L3)(OTf)(NNH)-N=N-Mo°(L3)(N2)2] IV. This ligand exchange step of N> for OTf
is regarded as a vital step to stabilize the hydrazide species for the next protonation and
reduction steps. Indeed, the stoichiometric reaction of 1 and 2 equiv. of [LutH]OTf in
toluene led to the observation of a dimolybdenum complex [Mo(PNP)(=N)(OTf)-N=N-—
Mo(PNP)(N)] by mass spectrometry from.*° To sum up, the free energy changes for stage
(i) are calculated to be AGags = —23.0 kcal mol! (L; = PCP) and —11.5 kcal mol™! (L3 =
PNP).

In stage (ii), the yielded Mo(II)Mo(0)—diazenide complex IV undergoes two
sequential protonation and reduction reactions to produce the first molecule of NH3 and
Mo(IV)Mo(0)-nitride complex, [Mo"(L3)(OTf)(=EN)-N=N-Mo’(L;)(N2)>] VII. Figure
2-4(b) describes that protonation of IV proceeds exergonically by 5.2 kcal mol™ (L3 =
PCP) and 20.5 kcal mol™! (L3 = PNP). The significant difference in the AGos values at
this step is likely due to the relative lower thermodynamic stability of IV (L3 = PNP)
compared to IV (L3 = PCP). As described above, the production of IV (L3 = PNP) from
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1 is +11.5 kcal mol ! less exergonic than that of IV (L; = PCP) from 2. On the search of
a transition state for the protonation of IV (L3 = PNP) by LutH" at the B3LYP-D3 level
of theory, the author could not find either the corresponding reactant complex or transition
state. Thus, in the evaluation of AGzos for the protonation of IV (L3 = PNP), the author
regarded an optimized structure with the NN(H)---H'(Lut) distance of 5.0 A as the
reactant complex. The protonated IV (V™) is reduced to give the Mo(II[)Mo(0)—
hydrazide(2-) complex, [Mo"(L3)(OTf)(=NNH2)-N=N-Mo°(L3)(N2)2] V, in which the
free energy differences for reduction of V* are —72.3 kcal mol™! (L3 = PCP) and —71.4
kcal mol™!' (L3 = PNP).

Protonation of the NNH, group of V vyields the cationic Mo(IV)Mo(0)—
hydrazidium complex, [Mo"(L3)(OTf)(=NNH3)-N=N-Mo°(L3)(N2)2]" VI, in a slightly
exergonic way; AGaos = —1.3 kcal mol™! (L3 = PCP) and —1.1 kcal mol™! (L; = PNP). Next
reduction of VI spontaneously cleaves N-N bond of the NNH3 group to form the first
molecule of NH; and [Mo!Y(L3)(OTf)(=N)-N=N-Mo’(L3)(N2)2] VII. This reduction
process is highly exergonic (—158.8 kcal mol™ for L; = PCP and —153.2 kcal mol™! for L;
= PNP) because of thermodynamically stability of the produced NH3. Based on both
experimental and computational results: isolation of a chloride analog of B,
[Mo!'V(PNP)(CI)(=N)], and the small BDE value of a Mo—Nz(bridging) bond of VII (AE,
= +4.4 kcal mol™) calculated with the B3LYP* functional, Yoshizawa group previously
proposed that VII should separates into two mononuclear complexes,
[Mo"(PNP)(OTf)(=N)] B and [Mo’(PNP)(N>);] C, as shown in Figure 2-2.3° However,
the BDFE values at 298 K (AG29s) were computed to be +11.8 kcal mol™! (L3 = PCP) and
+11.7 kecal mol! (L3 = PNP) at the dispersion-corrected B3LYP-D3 level of theory.
Therefore, the author concluded that VII maintains the Mo—N=N-Mo moiety because
these BDFE of the Mo Mo—N(bridging) bond in VII are large enough. Indeed, in stage
(ii1), protonation of VII yielding the corresponding Mo(IV)Mo(0)-imide complex,
[Mo™(L3)(OTf)(=NH)-N=N-Mo’(L3)(N2):]", is calculated to be an exergonic reaction
with almost no activation barrier in both Mo—PCP and Mo—PNP systems.

In the newly-proposed catalytic mechanism shown in Figure 2-3, the second
molecule of NH3 is produced on the dimolybdenum platform [Mo(L3)(OTf)-NN-
Mo(L3)(N2):] instead of a monomolybdenum one [Mo(L3)(OTf)] shown in Figure 2-2.
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Figure 2-4(c) is the free energy profile of stage (iii), which describes the conversion of
the nitride N atom of VII to NH3. In both the Mo—PCP and Mo—PNP systems, the three
protonation steps for the formation of MoMo—imide (VIII), —amide (IX), and —ammine
(X) complexes were found to proceed in an exergonic way. Moreover, these protonation
steps do not require activation energy. The AGaos values calculated for the Mo—PCP
system are —4.9 kcal mol™! for VII — VIII, —21.7 kcal mol™! for VIIT — IX, and —18.0
kcal mol™! for IX — X. On the other hand, reduction steps proceed with free energy
changes of about —80 to —70 kcal mol™'. The free energy profile of stage (iii) in the Mo—
PNP system shows the same trend as that in the Mo—PCP system.

Stage (iv) shows the regeneration of an MoMo—N; species to start the next
catalytic cycle. In the previously-proposed mechanism of the Mo—PNP system, the author

1.3° However, in this

assumed the regeneration of the initial Mo(0)Mo(0)-N> complex
study, Mo(I)Mo(0)-N> complex, [Mo'(L;)(OTf)(N2)-N=N-Mo’(L;)(N2)2] XII, is
regenerated, and our calculations have revealed that an N ligand coordinated to the Mo'-
N=N-Mo" moiety appears to be more reactive with LutH" than that of the Mo’-N=N-
Mo° moiety. This regeneration of XII in Figure 2-4(d) indicates that it is regarded as a
“shortcut” reaction pathway.

In the newly-proposed reaction pathway, ligand exchange of the NH3 ligand in
[Mo!(L3)(OTf)(NH3)-N=N-Mo’(L3)(N2)2] X for an incoming N> molecule occurs. At
first, the dissociation of the Mo—NH3 bond in X leads to the five-coordinate Mo(I)Mo(0)
complex, [Mo'(L3)(OT)-N=N-Mo’(L3)(N2)2] XI. This dissociation reaction is computed
to be endergonic by +5.0 kcal mol™! (L; = PCP) or +4.2 kcal mol™! (L3 = PNP) with the
activation free energy of +11.2 kcal mol™! (L3 = PCP) and +14.3 kcal mol! (L; = PNP).
Next, an N2 molecule coordinates to the vacant site of the Mo(I) center of XI, resulting
in the formation of Mo(I)Mo(0)-N2 complex XII. The AGs (AG*) values for the
coordination of N> are +17.9 (+7.0) kcal mol™! for XI (L3 = PCP) and +18.9 (+9.4) kcal
mol ™! for XI (L3 = PNP). This reaction free energy indicates that the ligand exchange will
be attained under mild conditions because the Mo'-N, bond is stronger than the Mo'-NH3
bond.

The final step of stage (iv) is the protonation step of XII, yielding IV and closing
the catalytic cycle. In the newly-proposed pathway, the regeneration of Mo(0)Mo(0)—Nz
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complex 2 (1) should not be required in catalytic cycle for the nitrogen fixation. The AGaog
(AGY) values calculated for the protonation of XII are +3.1 (+4.1) kcal mol™! (L3 = PCP)
and +1.7 (+4.0) kcal mol ™! (L3 = PNP). These values indicate that the terminal N, ligand
at the trans position of the OTTf group in XII should be more reactive than that in 2 (1).
Taken together, the free energy profiles in Figures 2-3 and 2-4 describe that the
Mo"’-N=N-Mo° structure should be is preserved throughout the catalytic cycle. This
newly-proposed dinuclear mechanism is superior to the conventional mechanism in
which VII separates into two certain monomeric complexes. The separation of the
dinuclear structure may suppress the catalytic reaction rate because Mo"’~N=N-Mo’
structures are essential for the first protonation of the N> ligand in both Mo—PCP and Mo—
PNP systems. As described later, an N> ligand coordinated to monomeric Mo(I)-N>
complex, [Mo'(L3)(OTf)(N2).], is not reactive with the proton donor (LutH") and the
activation free energy of the protonation of the N> ligand can be efficiently lowered by
intermetallic electron transfer in Mo'-N=N-Mo" structure. Because of the very low
catalyst of 1 or 2 concentration in the reaction solution, monomeric Mo complex such as
D in Figure 2-2 seems to have difficulty meeting another monomeric Mo complex to
rebuild the dinuclear molybdenum complex for the next catalytic cycle. In this study,
B3LYP-D3 results provide support that Mo(I)Mo(0)-N> complex VII should be

maintained until the next protonation reaction.
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2.3.3. Relationship between electronic structure and reactivity for protonation of
dimolybdenum—N: complexes

The dimolybdenum Mo—N=N-Mo structure is essential for the protonation of a
terminal N> ligand based on the previous DFT calculations on the catalytic mechanism
for nitrogen fixation catalyzed by 1. In other words, protonation of the N> ligands of
[Mo’(PNP)(N2)3] C cannot proceed with LutH*. On the other hand, protonation of a
terminal N ligand in 1 can undergo endergonically with a lower activation energy.*® In
this study, a terminal N> ligand coordinated to the Mo'-N=N-Mo" structure in XII was
computed to be more reactive with LutH" than 1 (2) with the Mo’-N=N-Mo" structure.
In this section, the author compares the reactivity of the terminal N, ligand based on the
geometric and electronic structures of dinuclear Mo(0)Mo(0)-N2, Mo(I)Mo(0)-N2, and
monomeric Mo(I)-N2 complexes 2, VII, and XIII respectively. At first, the author
examined the protonation of the axial N> ligand in Mo(I)-N> complex, cis-
[Mo'(L3)(OTf)(N2)2] XIII, with LutH". The reaction free energies of the proton transfer
were endergonically computed to be +12.0 kcal mol™! (L3 = PCP) and +9.8 kcal mol™" (L3
= PNP), suggesting the axial N, ligand in the monomeric complex XIII is not easily
protonated by LutH". These DFT situations are very similar to the protonation of the
corresting N2 ligands of 1 and C (L; = PNP) .*°

Table 2-2 presents a summary of the geometrical and electronic properties of 2
(1), XII, and XIII and reaction free energies of the protonation of them. Since the Mo—
PCP and Mo—PNP systems showed nearly equal trends, the author focuses here on
correlations among reactivity of N» ligand, geometry, and electronic structure about the
Mo-PCP system. Comparing the N-N bond distance and Mayer bond order> of the
terminal N ligand between 2 and XII, it was found that the terminal N> ligand
coordinated to the Mo(I) center is more reductively activated than that coordinated to the
Mo(0) center, despite OTf™ in XII regarded as a strong electron-withdrawing group. The
N-N bond distance of the N ligand of XII is 0.010 A longer, and the Mayer bond order
is 0.12 lower than that in 2. The fact that N> ligand of XII is significantly activated is
supported by the charge of the N> ligand assigned by the natural population analysis
(NPA).>* The negative NPA charge on the N; ligand coordinated to a metal atom correlates

55-57

well with the protonation reactivity of metal-N> complexes, since the N> ligand must
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be protonated in the first step of nitrogen fixation. The N> ligand coordinated to the Mo(I)
center in XII has a more negative NPA charge (—0.19) than that of the Mo(0) center in 2
(—0.09). This large difference in the NPA charge can be rationalized by shape of frontier
orbitals of C and XIII. Figure 2-5 shows that the HOMO-1 of C and HOMO of XIII are
assigned to m-backdonation from an out-of-plane d orbital of Mo center to a * orbital of
the terminal N> ligand, activating the N=N triple bond. The “excess” electrons on the
Mo(0) center in C are shared to two axial Nz ligands through the n-backdonation. On the
other hand, the only one axial N> ligand in XIII can be provided a significant amount of
the excess electrons because m-accepting capacity of the OTf group at the frans position
to the axial N> ligand is almost nonexistent. The DFT computed results indicate that the
electron-withdrawing OTf group plays as a weak m-acceptor and a positive factor in the
activation of the terminal N> ligand.

The coordination of OTf™ to the Mo(I) center can provide another advantage
about the activation of coordinated N> when Mo(I)Mo(0)-N> complex XII with the
imbalance between charges on the Mo centers is formed. Figure 2-6 describes the
distribution of the NPA atomic charges in the optimized structures of XII and XIII. The
total atomic charge of unit B (+0.23) in XII indicates electron (0.23 ¢7) transferring from
unit B to unit A. The coordination of the electron-withdrawing OTf group to the Mo(I)
center allows an electron-donating ability of the electron-rich Mo(0) unit in the
Mo(I)Mo(0)-N2 complex. The charges of the Mo'(PCP)(N). unit are assigned —0.36 for
XII and —0.18 for XIII. Thus, the moving electrons (0.23 ¢°) to unit A in XII mainly
locates on the Mo(I) center and N> ligands and utilized for further activation of the
terminal N> ligand in unit A. The distribution of the moving electron can be relate to

spatial distribution of the HOMO of XII shown in Figure 2-5.
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Table 2-2. Free energy changes at 298 K (AG29s) for protonation of N2 ligand in 2 (1),
XII, and XIII, and their geometric and electronic properties

N
T A
/N /N |
L3—IV10—NEN—91I0—L3 L3—Mo—NEN—9‘r|o—|_3 L3—Nio—NEN
N N ort N OTf
N N N
2(L;=PCP) Xl Xl
1 (L, = PNP)
PCP PNP
2 XII  XII 1 XII XTI
AGys for protonation 6.5 3.1 12,0 5.2 1.7 9.8

of N /kcal mol '[#]
Mo—N5 distance /Al?! 2.039 1.971®1 1,995 2.025 1.960(®] 1.981

N-N distance /Al?! 1.132  1.14201 1.135 1.135  1.14401 1,137
N-N bond order!?! 2.40 22801 235 2.37 2.271b] 2.33
NPA charge on N> -0.09 -0.19" -0.14 -0.10  -0.18M™  _0.15

/electrons @

[a] terminal or axial N>ligand. [b] terminal N> ligand coordinated to the Mo(I) center.
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Figure 2-6. Distribution of the NPA charge in XII and XIII. The sum of atomic charges
is separately obtained for the Mo atoms, the pincer ligand (L3 = PCP), the OTf group, the
terminal (axial) N ligands, and the bridging (equatorial) N> ligands.
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Yoshizawa group revealed that protonation of a terminal N ligand in
[{Mo(PNP)(N2)2}2(u-N2)] 1 is caused by electron transfer between the Mo’~N=N-Mo"
core via the bridging N ligand, and thereby the terminal N> ligand is reductively activated
for the protonation in the previous work.*® This is the main reason why the Mo-N=N—
Mo structure must be maintained at an early stage of the catalytic cycle in Figure2-2. The
author here discusses the synergetic effect of the two molybdenum centers in the
protonation of PCP-Mo(0)Mo(0)-Nz 2 and -Mo(I)Mo(0)-N> complexes XII from the
viewpoint of the change in NPA charge of their MoMo—N> complexes and their protonated
complexes, as well as the protonation of 1.%° Table 2-3 provides summaries of differences
in the NPA charge (Ag) between the MoMo—N; complex and their protonated complexes.
The difference in the total charge is +1 because one proton is added. Comparing the total
charge between unit A and unit B provides insight into the role of the Mo%(L3)(N2) moiety
as an electron-donating group driven by protonation with LutH". In the protonation of the
Mo(0)Mo(0)-N> complex 2, the Ag in unit B (+0.40) implies that 0.40 electrons move
from unit B to unit A during the protonation. On the other hand, in the protonation of
XII, a more significant amount of electrons (0.48 ¢7) is donated from unit B to unit A,
despite 0.23 electrons have already relocated in XII. This extra electron donation during
protonation can partially fix the formal charge imbalance between the Mo(II) and Mo(0)
centers in VI'. Figure 2-5 describes that the HOMOs of 2 and XII are highly delocalized
over d orbitals of the two Mo atoms and a distorted m orbital of the bridging N, ligand.
This orbital delocalization would be responsible for the synergetic effect of the two Mo

centers that boost the protonation reactivity of the terminal N ligand.
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Table 2-3. Differences in the NPA atomic charge (Ag) during the protonation of II and
XII (L3 = PCP)

Ag (11-2) Ag (IV+-XI1)
I I ! I 1 :
: N 1 N ! : N |: N !
I N 1 I\]I’ : | N T '\]'l :
I | 1 / i | | 1 ;
! L3—IV}0—NEN H—Mo—Ls ! ! L3—Mo-N=N{—Mo—Ls !
[ 1] 1
: N o) . | OTf T N .
i 1 I I
l NN ! ! u N !
o unitAji___ unitB oo unitA;___ _unitB
2 Xl
_______ + R - +
L B i i H o o1 i
: / I s i 1
N N
! N I v | N T A
[} [ []] I ] | 1 / I
! L3—Mo-N=N-—Mo—Lj; ! | Ly—Mo-N=N-1—Mo—L; 1
I | o : I T :
T LA |
. N i ; i T :
I unitAj_ _ unitBa S unitAy___ _unitB
1l v+

unit A  unit B unit A unit B
Mo +0.38 +0.15 +0.25 +0.24

NNH -0.06 - +0.01 -
NNe®  +0.12 +0.05¢  — +0.05¢
NNp?  -0.11 — -0.01 -
OTf - - +0.03 -
Ls +0.27 +020  +0.24 +0.19

Total  +0.60 +0.40 +0.52  +0.48
“terminal N ligand. ®bridging N, ligand. ‘the sum of two N> ligands.
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2.4. Conclusions

The author has performed DFT calculations to theoretically predict a plausible
catalytic cycle for nitrogen fixation using dinitrogen-bridged dimolybdenum complexes
bearing N-heterocyclic-carbene-based PCP (2) and pyridine-based PNP ligands (1). The
author focused and computed the separation of the dimolybdenum structure of 2 (1) from
a viewpoint of the reaction free energy. As a result, appropriate treatments of dispersion
are strongly demanded to evaluate more realistic free energy profiles. The free energy
profiles of the entire reaction pathway calculated at the B3LYP-D3 level of theory
provided a more energetically efficient catalytic mechanism than the previous one
proposed using 1 as a catalyst.>? In the newly-proposed mechanism, the essential Mo—
N=N-Mo structure should be maintained during the entire catalytic cycle. Moreover, the
author found the terminal N; ligand on the Mo(I) center is more reactive with a proton
donor in Mo(I)Mo(0)-N> complex XII than that in the Mo(0)Mo(0)—N> complex 2 (1).
Therefore, the author concluded that the newly-proposed reaction pathway does not
require regeneration of 2 (1) for cycling the next catalytic cycle.

The terminal N ligand on the Mo(I) center in Mo(I)Mo(0)—N> complex XII is more
reductively activated than those in 2 (1) despite coordination of the strong electron-
withdrawing OTf group to the Mo(I) center. The low m-accepting capability of the OTf
group would be a key factor in the activation of N> ligand sharing the same metal center.
The OTf group at the trans position to the terminal N> ligand does not weaken m-
backdonation from Mo to N2, which is essential for the coordination and activation of Na.
Moreover, the coordination of the OTTf group at the Mo(I) center in the dimolybdenum
complex XII brings out an electron-donating ability of the remaining Mo(0) center,
resulting in further activation of N; at the Mo(I) center. The author has also observed
intermetallic electron transfer between two Mo centers through the bridging N> ligand
during the protonation of a terminal N> ligand. The approach of a proton to the terminal
N ligand in 2 (1) and XII induces electron donation from an Mo(0) center to the active
site of the other Mo(0) or Mo(I) center, and thereby the protonation of N> is promoted as
long as the Mo—N=N-Mo structure is maintained.

The author wants to discuss here the origin of the high catalytic activity and long-
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lived operation of the Mo—PCP complex 2 as a catalyst for nitrogen fixation. The free
energy profiles of the entire reaction pathways starting from 2 and 1 showed almost the
same trends, and thus the difference in catalytic performance between the Mo—PCP and
Mo-PNP systems cannot be distinguished in the present mechanistic study. The author
now concludes that the high catalytic activity of 2 is stemmed from the solid connection
between the pincer ligand with the Mo center that prevents the catalyst from
decomposition during the catalytic reaction, as previously proposed.??

In further improvement of the catalytic performance of dimolybdenum complexes,
there is a problem on the catalytic mechanism of nitrogen fixation using 1 and 2 as
catalysts. The coordinated N> must be first protonated, although the protonation reaction
is endergonic. A possible way to avoid this problem is to find a new catalytic system that
realizes direct N=N bond cleavage of the Mo—N=N-Mo structure yielding two molecules
of molybdenum-nitride complexes. Very recently, Yoshizawa and Nishibayashi groups
have reported that Mo—trihalide complexes bearing PNP and PCP ligands such as
[Mo'"I3(PNP)] and [Mo™'Cl3(PCP)] exhibited significantly high catalytic activity.”?*?° In
order to explain the high catalytic performance, the dimolybdenum Mo'Mo'-halide
species [Mo'(PNP)X-N=N-Mo!(PNP)X] (X = halide) is considered to be a key
intermediate that enables the direct N=N bond cleavage. The author believes that
synergetic experimental and computational investigations on the reactivity of dinitrogen-
bridged dimolybdenum complexes will open a new way to the development of more

effective catalysts for nitrogen fixation working under ambient reaction conditions.
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Supporting Information

V*(PCP) V (PCP)

Figure S2-1. Optimized structures and selected geometric parameters of dinitrogen
complex 2 and intermediates II-XIII (PCP). All hydrogen atoms attached to carbon

atoms are omitted for clarity.
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IX* (PCP) X (PCP)

Figure S2-1. (Continued)
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IV* (PCP) XIll (PCP)

Figure S2-1. (Continued)
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V* (PNP) V (PNP)

Figure S2-2. Optimized structures and selected geometric parameters of dinitrogen
complex 1 and intermediates II-XIII (PNP). All hydrogen atoms attached to carbon atoms

are omitted for clarity.
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IX* (PNP) IX (PNP)

Figure S2-2. (Continued)
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IV* (PNP) XIIl (PNP)

Figure S2-2. (Continued)
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Figure S2-3. Distribution of the NPA atomic charge in XII and XIII (L3 = PNP). The
sum of atomic charges are separately obtained for the Mo atoms, the pincer ligand L3, the
OTT group, the terminal (axial) N> ligands, and the bridging (equatorial) N> ligands.

Table S2-1. Differences in the NPA atomic charge (Ag) during the protonation of 1 and
XII (L3 = PNP)

Aq (II-1) Aq (IV+-XII)

e re— e Ag (I1-1) Ag (IV*-XII)
! ZI I &N : $ y ROl unitA  unit B unitA  unit B
Y e QLA T Trene P AN
A VAR B B W VAR R ¥ +0.37  +0.12 +0.37  +0.12
' N i ' : o L !
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i P Total  +0.65  +0.35 +0.61  +0.39
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Chapter 3

Relationship between Electronic Structure and Nitrogen

Fixation Reaction Pathway of Dimolybdenum Complexes

3.1. Introduction

Nitrogen fixation converts ammonia (NHs) from dinitrogen (N2) and is regarded
as an important process chemically and biologically. In industrial process, NHz is
produced using the Haber-Bosch process. However, the molecule of N2 is chemically
inert; therefore, the Haber-Bosch process employs an iron-based catalyst under harsh
reaction conditions of high temperature (300-500 °C) and high pressure (100-200 atm).!
On the other hand, in natural process, the catalytic conversion of NHs from atmospheric
N2 proceeds on MoFe;SqC iron-sulfur cluster, called FeMo-cofactor, in the active sites of
certain bacterial metalloenzymes (N, + 8H* + 8¢~ — 2NH3 +H>).2 The FeMo-cofactor
structure is considered an attractive model for molecular catalysts for nitrogen fixation.
In 2003, Yandulov and Schrock reported the first example of a metal-dinitrogen
molecular complex as a catalyst for the conversion of NHz from N in the presence of a
proton source and an electron source under mild reaction conditions.> They used the
monomeric Mo(l11)-N, complex [[HIPTN3N]Mo'"'(N2)] 1 using a tetradentate cage-type
triamidoamine ligand [HIPTN3N]*~ (= (3,5-(2,4,6-i-Pr3CsH2).CsHsNCH2CH2)sN*") and
demonstrated a catalytic reaction using 1 under mild reaction conditions in the presence
of [LutH]BAr, as a proton source and CrCp™, as an electron source (Lut = 2,6-
dimethylpyridine, BAr 4 =B(3,5-(CF3)2CsHs)s, Cp~ = n°-Cs(CHa)s) (Scheme 3-1), where
up to 8 equiv. of NHz were produced based on the Mo center. The catalytic mechanism,
deduced from the isolation and characterization of reaction intermediates, has been named
the Yandulov-Schrock cycle (Figure 3-1, left).> The cycle describes that stepwise
protonation and reduction proceed on the Mo module [HIPTN3N]Mo for the conversion.

Since this report, much experimental and theoretical work has been conducted on artificial
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nitrogen fixation systems using molecular catalysts. The conversion of NHz from N>
catalyzed by transition metal-N, complexes proceeds in the presence of proton sources
and electron sources (N2 + 6H* + 66 — 2NH3). Complexes containing titanium,*
vanadium,® iron,%*3 molybdenum,**23 ruthenium,?* osmium,?* cobalt,?® and rhenium?® as
transition metals have been reported to catalyze the NHz production. Among these
complexes, N-bridged dimolybdenum complexes have presented excellent catalytic

activity.

Scheme 3-1. Catalytic formation of ammonia from dinitrogen using 1 as a catalyst.

catalyst
N, + proton source + electron source ——  » 2NH;

heptane
1 atm H | BAF \/@ rt 8 equiv./Mo

Cr
| -
36 equiv 48 equiv
N HIPT
. HIPT
catalyst: % |
—Mo_ HIPT
| "N/
N:/)
1
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In 2011, Nishibayashi and coworkers succeeded in preparing an N»-bridging
Mo(0)Mo(0)-N2 complex bearing a phosphine- and pyridine-based PNP-type tridentate
pincer ligand [{Mo°(PNP)(N2)2}2(1-N2)] 2 (PNP = 2,6-bis(di-tert-butylphosphinomethy!)
pyridine), and demonstrated the catalytic conversion of up to 12 equiv. of ammonia based
on the Mo center using 2 (Scheme 3-2).2* The N ligands of complex 2 can be recognized
as two types from the coordination pattern: terminal (n') and bridging (u-n*nt). Complex
2 has four terminal and one bridging dinitrogen ligands. In a proposed catalytic cycle
using 2 describes the conversion of two equiv. of NHs from one of the terminal N ligand
following the Yandulov-Schrock cycle. The first protonation of the terminal N> ligand is
considered the hardest step to proceed due to the chemical inactivity of the N2 ligand in
the catalytic cycle. The Mo—N=N-Mo core of 2 should be important to promote the first
protonation.

Scheme 3-2. Catalytic formation of ammonia from dinitrogen using dinitrogen-bridging

dimolybdenum complex 2 as a catalyst.

catalyst
N, + proton source + electron source — > 2NH;
toluene
1 atm H | otf \ = rt 12 equiv/Mo
N Co
v S
216 equiv 288 equiv
tBuP N
PfBu2
catalyst Qﬂno N=N— IVI’o N,
tBu
2111 N
N tBUz
2
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Nishibayashi and coworkers further engineered phosphine- and N-heterocyclic
carbene (NHC)-based PCP pincer ligand to prepare Nz-bridging Mo(0)Mo(0)—N>
complex [{Mo°(PCP)(N2)2}2(x-N2)] 3 (PCP = 1,3-((di-tert-butylphosphino)methyl)benz
imidazole-2-ylidene). Complex 3 has a higher catalytic activity to produce up to 100
equiv. of NHs based on the Mo center under mild reaction conditions in the presence of
[LutH]OTf as a proton source and CrCp*; as a reductant (Scheme 3-3).1® In general, the
NHC moiety of the PCP ligands serves a stronger o-donating ability than the pyridine
moiety of the PNP ligand. In addition, density functional theory (DFT) calculations
revealed that the NHC moiety has also n-backdonating ability from the Mo center.
Therefore, about the PCP ligand, the combination of strong o-donating and r-accepting
abilities create a solid Mo—C bond to enhance its catalytic activity.

Scheme 3-3. Catalytic formation of ammonia from dinitrogen using dinitrogen-bridging

dimolybdenum complex 3 as a catalyst.

catalyst
N, + proton source + electron source » 2NH,
toluene
1 atm H ot ﬁ rt 100 equiv./Mo
BN Cr
oy =
1,440 equiv. 1,920 equiv.
N
11 t :
N/—|7P Bu, l/ N
catalyst: @N/—/N‘o—NEN—Mo{
N
\_P ‘7,
Bu, i) N P—/
tBUZ

Subsequently, Nishibayashi and coworkers claimed that significant amount of
NH: was afforded catalytically using the molybdenum-triiodide complex bearing the PNP
ligand, [Mo""I3(PNP)] 4 (Scheme 3-4) under mild conditions in the presence of
[ColH]OTf as a proton source and CoCp*; as an electron source (Col = 2,4,6-

trimethylpyridine), in which up to 415 equiv. of NHs were produced.!’ In this catalytic
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reaction, the two-electron reduction of 4 with atmospheric N2 is able to afford Mo(I1V)—
nitride complex, [Mo"V(PNP)I(=N)] 5 (Scheme 3-5). This stoichiometric experiment
suggested that 5 may be formed via dinitrogen-bridging dimolybdenum intermediate,
[{Mo'I(PNP)}2(u-N2)] I. It is an unique point that the bridging N=N bond of | is allowed
to cleave. The conventional Yandulov-Schrock cycle do not include the N=N bond
cleavage. The N=N bond cleavage should shorten the Yandulov-Schrock cycle,

improving the catalytic activity of 4 (Figure 3-1; right).

Scheme 3-4. Catalytic formation of ammonia from dinitrogen using complex 4 as a
catalyst.

catalyst
N, + proton source + electron source » 2NH,
toluene
1 atm H\ - or ﬁ rt 415 equiv/Mo
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- ==
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Scheme 3-5. Reduction of 4 with CoCp*a.
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Recently, a significant increase in the catalytic activity was documented using
Mo(Il)—trichroride complex, [Mo''CI3(PCP)] 6, in the presence of H.O as a proton
source and Sm(ll)—diiodide (Sml.) as an electron source, in which up to 4,350 equiv. of
NHs were produced based on Mo center of 6 (Scheme 3-6).1° Compared to the previous
catalytic reaction system using 4 shown in Scheme 3-4, the combination of proton and
electron sources has changed from that of pyridine-conjugated acids, such as [LutH]OTT,
and metallocenes. Therefore, the new combination of proton and electron sources may

have led to a significant improvement in catalytic reaction.

Scheme 3-6. Catalytic formation of ammonia from dinitrogen using complex 6 as a

catalyst in the presence of Sml> and H»O.

catalyst
N, + proton source + electron source » 2NH,4
THF
1 atm H,O Sml, rt 4,350 equiv./Mo
14,400 equiv. 14,400 equiv.
] PtBuz
catalyst: @/—Mo Cl
BP &
6
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The Mo—N=N-Mo central structure in the dimolybdenum complexes or intermediates is
thought to have an essential role in the activation of the N2 ligands, such as protonation
and reduction of a terminal Nz ligand (Figure 3-1, left), and the direct N—N bond cleavage
of a bridging N2 ligand (Figure 3-1, right).}” The electronic property of Mo—-N=N-Mo
structure should dominate the catalytic reaction pathway. Fryzuk and coworkers have
qualitatively discussed that the orbital interactions of the end-on binding N2 ligands to
Mo centers.?” Their discussion is helpful for qualitatively understanding the electronic
property of Mo—N=N-Mo structure. In this chapter, the author would like to firstly
discuss the molecular orbitals (MOs) of the molecule of N2. Next, the author will explain
the interaction between Mo center and N2 ligand about monomeric and dimeric Mo
complexes and its role that varies with the electron number in Mo—N=N-Mo structure.
Finally, the author will describe the Yandulov-Schrock cycle (Figure 3-1; right) and its

shortcut cycle (Figure 3-1; left) based on the results obtained by DFT calculations.

N NHs \ NHs
25}7 Mo(N,) \"'t“ 2\/}7 Mo(N,)
[MooN] e e
e + e
e [Mo—N=NH] +H+/! > 172N,
[Mo—NH,] i + H* [Mo—NH,] v
+ e—T l e + e—T 1/2 [Mo-N=N—-Mo]
FH\ [Mo=N—NH,)] + H+\
[Mo=‘N\H] " [Mo=NH]
R V\ A{*_ e +'e\\ v

+H* [Mo=N] +H* [Mo=N]

NH,

Figure 3-1. Proposed reaction intermediates for the conversion of dinitrogen to ammonia
catalyzed by molybdenum complexes in the Yandulov—Schrock cycle (left) and in a
shortcut cycle by direct N=N bond cleavage of the bridging dinitrogen ligand (right).
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3.2. Molecular Orbital of Dinitrogen (N2)

Firstly, let us consider the N2 molecule from the perspective of MO theory. MOs
of N2 are composed of two atomic orbitals (AOs) of N atom (mainly 2s and 2p as valence
orbitals). The neutral N atom has a total of five electrons occupying the 2s and 2p orbitals.
As a result of the interaction of the AOs of two N atoms, 10 MOs of N2 molecule can be
considered as shown in Figure 3-2. The electron configuration of the ground state N
molecule with 10 valence electrons is described as (15g)*(20u*)%(111)*(304)?, in which
the asterisk * marks the antibonding orbitals of the N=N bond. In particular, the 4c,*
orbital contributes to the s-antibonding interaction of the N=N bond and has a very high
orbital energy. This is one of the reasons why the N> molecule is chemically stable from
a viewpoint of the MO theory. The bond order of the N2 molecule is easily counted to be
(8 — 2)/2 = 3, where 8 is the number of electrons occupying bonding orbitals (1log, 1wy,
and 3og) and 2 is the number of electrons occupying an antibonding orbital (2c,*). If the
unoccupied 2rg* and 4c,* orbitals are fully occupied by the 6 additional electrons, then
the bond order is equal to 0, i.e., the chemical bond of N> is broken completely, yielding
2 equiv. of nitride (N*).

N
/ ‘4GU Oo—O
oo 8@ ——\ 21, o®
3 Il,’ 3Gg°®° ]
o) AbA ,' : WYY
c 2p ______________
LLl

° 2 -H~ itz% -H- 2s

N N2 N

Figure 3-2. Qualitative orbital interaction diagram of N> constructed by atomic orbitals
of two N atoms.
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3.3. Orbital Interaction between Terminal N> Ligand and Mo Center

When the N2 ligand coordinates to one low-valent Mo(0) or Mo(l) center in the
n! style, n-backdonation from the d orbital of the Mo center to the 2ng* orbitals of the N2
ligand and c-donation from the 3oy orbital of the N ligand to the d orbital of the Mo
center are performed. The N2 ligand plays as a o-donor and a w-acceptor due to the
occupied 3oy and unoccupied 2mg* orbitals. The n-backdonation strengthens the
coordination bond of the Mo—N> moiety and weakens the N=N triple bond. As a result,
the N2 ligand is reductively activated due to the negative charge on the N2 ligand of Mo—
N2 and the longer N=N bond than those of N> molecule.

The degree of reductive activation depends on the number of the w-accepting N2
ligands sharing d orbitals of an Mo center. Figure 3-3 depicts a qualitative orbital
interaction diagram highlighting the r-interactions between the Mo center and one or two
N2 ligands of Mo—N. and N>—Mo—N: structure. Here, we are able to decompose the 7-
orbitals of the former Mo—N structure to the d orbital of the Mo center and 2rg* orbital
of the N2 ligand. About the later No-Mo—N> structure, the m-orbitals are similarly
decomposed to the r-orbitals of N>—Mo, which is equal to the former Mo—N: structure,
and 2ng* of the N ligand. In the Mo—N2 core structure, strong n-backdonation occurs
because of the small energy gap AE between the n-donor and m-acceptor orbitals, as
shown in Figure 3-3. On the other hand, in the N>-Mo-N2 core structure, weak -
backdonation to each N2 ligand because of the large energy gap AE. The orbital energy
of the n-donor fragment, N>—Mo, is lower than that of a bare Mo atom. The effect of the
n-backdonation from one Mo center to two and more terminal N2 ligands will be smaller
than that to only one terminal N2 ligand. Therefore, to achieve strong n-backdonation to

the only one terminal N ligand, it is necessary to detach the other N ligands.
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Figure 3-3. Qualitative orbital interaction diagrams focused on the w-interaction
between the molybdenum center and the terminal dinitrogen ligand of Mo—NN (right)
and NN-Mo-NN (left) core structures. AE is equal to the energy gap between the r-
donor orbital of the metal center and the w-acceptor 2ng* orbital of the dinitrogen

ligand.
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3.4. Orbital Interaction between Bridged N2 Ligand and Two Mo Centers

The straight Mo—N=N-Mo moiety of the dinuclear molybdenum complexes
exhibits important functions for the catalytic conversion of NHz from N.. Focusing on its
n-interaction, we see that two Mo centers cooperate effectively with a bridging N2 ligand
in the straight Mo—N=N-Mo moiety. Orbital interactions between the bridging N2 ligand
and two Mo centers of the straight Mo—N=N-Mo moiety has been the subject of
discussion by Fryzuk and coworkers.2” Mo(0)Mo(0)-N2 complexes, [{Mo°(Ls)(N2)2}2(u-
N2)] (L3 = PNP for 2 and Ls = PCP for 3), containing six-coordinate Mo(0) centers are
constructed from two MoLs fragments and one bridging N> fragment, in which L
describes a scaffold of ligands, such as pincer ligands and N2 ligand. Using the same
procedure, Mo(1)Mo(l) intermediate, [{Mo'(PNP)I1}2(u-N2)] 1, containing five-coordinate
Mo(l) centers is constructed from two MoL4 fragments and one bridging N2 fragment. In
the square pyramidal MoLs and square planar MoL4 fragments, assuming the z-axis equal
to the direction of bond of the straight Mo—N=N-Mo moiety, the valence electrons
occupy the dxy, dyz, and d.x orbitals of the Mo centers. In particular, the dy, and d.x orbitals
effectively overlap with the 1n, and 2ng* orbitals of the bridging N2 ligand as shown in
Figure 3-4. Because both MoLs—N=N-MoL, and MoLs—N=N-MoLs are attributed in the
fourfold geometry, four degenerate m-orbitals of 1ey, 1eg, 2eu, and 2eq are provided.*? The
ley and leq orbitals are responsible for Mo—N bonding and the 2e, and 2eq orbitals are
responsible for Mo—N antibonding. All four orbitals seem to be delocalized over the
straight Mo-N=N-Mo moiety. Widely delocalized =-orbital could provide for
intermetallic electron transfer between two Mo centers. The dyy orbital cannot interact
with the bridging N2 ligand and is characterized as a 6/6* orbital interacting with the other
Mo center. The other d orbitals of the Mo centers, d-> and dx2y2, contribute to the o-
bonding MOs for Mo-L and M—Nj.

The complexes 2 and 3 with the straight Mo®~N=N-Mo? structure exhibit a !5
configuration of (1eu)*(1eg)*(8)?(6%)?(2eu)*(2e4)°. The Energy of 2e, orbital can be higher
than the & and 5* orbitals. Therefore, n-backdonation from the Mo®~N=N-Mo° moiety to
a terminal N2 ligand is considered stronger than that of the corresponding monomeric
Mo(0)-Nz complex. On the other hand, the complex I with the straight Mo'-N=N-Mo'
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structure exhibits a n'°* configuration of (1eu)*(1eg)*(8)%(6*)%(2eu)%(2e¢)°. The half
occupation of the degenerated 2ey orbital is crucial for the N=N bond breaking of the
bridging N2 ligand. When the N=N bond is stretched, the orbital energy of the o-
antibonding 4c* orbital of the bridging N2 ligand becomes lowered. In the timing of the
orbital energy of 4c,* equal to that of 2e, of the Mo—N=N-Mo moiety, two-electron
transfer occurs from 2e, to 4cu*. Here, 2ey orbital that contributes to n-bonding of the
N=N bond becomes unoccupied. The occupied 4c,* and unoccupied 2ey orbitals allow
the bridging N=N bond breaking. On the other hand, if the N=N bond of the Mo’-N=N-
Mo® moiety with the n'?8* configuration is completely broken, two electrons remain in
the 2ey, orbital after the two-electron transfer from 2e, to 4c,*. Therefore, direct N=N
bond cleavage of the Mo®~N=N-Mo° moiety with the ©*25* configuration cannot proceed
because of the effect of 2e, orbital bonding N=N. These two different roles of the Mo"°—

N=N-Mo'"? structure rely on the orbital interaction and the number of electrons on its -

orbitals.
A
) 8—8 2e,
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Figure 3-4. Qualitative orbital interaction diagram focused on the z-interaction between
two Mo centers and a bridging dinitrogen ligand of a linear Mo—NN-Mo core structure.
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3.5. Conversion of Terminal N2 Ligand of Dimolybdenum Complex to NH3

In No-bridged dinuclear Mo(0)Mo(0)-N. complexes 2 and 3, the N=N bond
cleavage of the bridging dinitrogen ligand is not allowed due to its electronic structure.
Complexes 2 and 3 has four terminal N ligands. One of the terminal N2 ligand is
catalytically converted to 2 equiv. of NHz in the presence of [LutH]OTf (Lut = 2,6-
dimethylpyridine, OTf = CF3SO3) as a proton source and Cp.Co or Cp*>Cr as an electron
source.

DFT calculations were performed at the B3LYP-D3%% [evel of theory to
propose an entire nitrogen fixation mechanism catalyzed by Mo(0)Mo(0)-N2 complexes
bearing PCP and PNP ligands [{M0o°(Ls)(N2)2}2(u-N2)] 2 and 3, in which L3 represents
the PNP ligand for 2 or the PCP ligand for 3.2 Scheme 3-7 shows the plausible catalytic
pathway and it can be divided into four stages (i)-(iv). In stage (i), protonation of a
terminal N2 ligand in 3 (2) induces exchange of the dinitrogen ligand trans to the
protonated N2 for OTf", the counter anion of LutH". As a result, the Mo(11)Mo(0)—
diazenide complex, [Mo'"(Ls)(OTF)(N=NH)-N=N-Mo°(Ls)(N2)2] A, is generated. In
stage (ii), two sequential protonation/reduction reactions of A achieves the production of
the first NHsz and Mo(IV)Mo(0)-nitride complex, [Mo"(L3)(OTf)(=N)-N=N-
Mo°(Ls)(N2)2] B. In stage (iii), three of sequential protonation and reduction of B afford
Mo(1)Mo(0)-NH3 complex, [Mo'(L3)(OTf)(NHs)-N=N-Mo°(L3)(N2)2] C. In stage (iv),
the NHz ligand in C is replaced by an incoming N> molecule to form Mo(1)Mo(0)—N>
complex, [Mo'(Ls)(OTf)(N2)-N=N-Ma°(Ls)(N2)2] D. The alternating protonation and
reduction of D provides A again. Owing to the reaction pathway, regeneration of the
initial Mo(0)Mo(0)-N2 complex 2 or 3 is not required to start the next catalytic cycle.
Therefore, stages (ii)—(iv) compose the substantive catalytic cycle for nitrogen fixation.

The catalytic pathway shown in Scheme 3-7 includes two types of dinuclear Mo—
N2 complexes, the initial Mo(0)Mo(0)-N. complex [{Mo°(Ls)(N2)2}2(u-N2)] 2 and 3, and
the Mo(l)Mo(0)-N2> complex, [Mo'(Ls)(N2)(OTf)-N=N-Ma°(L3)(N2);] D, on the
catalytic cycle. Protonation of the Mo—N2 complex with LutH" is regarded as the slowest
reaction in the catalytic cycle. In the case of Lz = PCP, for example, the reaction free

energy AGzes of the protonation of the terminal N2 ligand of D (3.1 kcal mol™?) was
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computed to be more exergonic than that of 3 (6.5 kcal molt). This comparison indicates
that the N2 ligand in D is more activated in the Mo'-N=N-Mo? structure than that in the
Mo%-N=N-Ma° structure of 3. The bridging N=N bond length was measured and a
natural population analysis (NPA) was performed to evaluate the structural and electronic
properties of the N2 ligand in 3 and D.2* The terminal N ligand at the Mo' center of D
has a more negative NPA charge of —-0.19 and a longer distance of N-N bond of 1.142 A
than those of the terminal N2 ligand in 3 (-0.09 and 1.132 A, respectively). The -
backdonation from a Mo center to the antibonding 2rg* orbital of the N ligand shows up
as a negative NPA charge and the N=N bond elongation. Despite of the coordination of
OTf, generally known as a strong electron-withdrawing group, the terminal N ligand
becomes more negative and the N=N bond length of the terminal N2 ligand in D is 0.010
A longer than that in 3. Figure 3-5 shows that the HOMO-1 of monomeric Mo(0)—N:
complex, [Mo°%Ls)(N2)s] E, and HOMO of monomeric Mo(I)-N2 complex,
[Mo'(L3)(OTf)(Ny)2] F, describe n-backdonation from the d orbital of the Mo center to
the 2rg* orbital of coordinated N ligands, resulting in N=N bond activation. In complex
E, the electron given by n-backdonation is shared by two axial N2 ligands, whereas in
complex D, due to the low m-acceptability of the OTf group in the trans position to the
axial N2 ligand, the only one of terminal N2 ligand at the Mo(l) center accepts more
electrons. The HOMOs of 2 and D shows a n-orbital (2e,) in the Mo—-N=N-Mo site,
indicating that intermetallic electron transfer between two Mo centers is possible. The
anionic OTf group coordinating to the Mo(l) center also triggers a formal charge
imbalance between the Mo(l) and Mo(0) centers. The Mo(0) center in D is considered an
electron-donation group and supports the protonation of Mo(I)-NN. Table 3-1 descripts
that both coordination of the OTf group to the Mo' center and Mo'-N=N-Ma° moiety are
required for activate the terminal N ligand. It is found that complex D with the Mo'-

N=N-Mo® moiety further stimulates the terminal N2 ligand on the Mo(l) center.
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Scheme 3-7. A plausible catalytic ammonia conversion cycle from the dinitrogen
molecule using dimolybdenum complexes bearing pincer ligands as catalysts.
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Figure 3-5. Spatial distributions of the HOMO-1 (E) and HOMO (3, D, and F).
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Table 3-1. Free energy changes at 298 K (AG2gs) for the protonation of the dinitrogen
ligand of 3, D, and F, and geometric and electronic properties of the complexes

N ‘Bu, N rBuz N
/—I'il‘—P‘Buz TWQIN /—lil P'Bu, | NNN N P{Bu
NNr/Mlésznyié{ND »Mo N=N— M|o D @/_M\o =
;Eﬁzm N/thl;/ lBu2 OTf I\]’ & ’Buz OTf
1 (Mo®Mo?) D (Mo'Mo?) F (Mo')
1 (Mo°Mo°) D (Mo'Mo®)  F (Mo')
AG,qg Of protonation of
the N, ligand [kcal/mol] 6i2 51 120
Mo-N, distance [A] 2.039 1.971 1.995
N-N distance [A] 1.132 1.142 1.135
N-N bond order 2.40 2.28 2.35
NPA charge of N, -0.09 -0.19 -0.14
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3.6. Conversion of Bridging N2 Ligand of Dimolybdenum Complex to NHs

Two electron reduction of the Mo(I1)-triiodide complex, [Mo"'(PNP)Is] 4, yields
Mo(1V)-nitride complex, [Mo'V(PNP)I(=N)] 5.7 The conversion of Mo—(N2). complex,
trans-[Mo'(PNP)I(N2)2] 7, formed by a two-electron reduction of Mo(IV)-nitride
complex [Mo'V(PNP)I(=N)] 5 also occurs stoichiometrically under 1 atm of N2.2 This
reaction is also determined to proceed the second-order with respect to concentration of
4 by experimental kinetic experiments. The experimental results indicate that the N=N
bond cleavage occurs in No-bridging Mo(1)Mo(l) complex, [{Mo'(PNP)(1)}2(u-N2)] 1.

Yoshizawa group conducted DFT calculations at the B3LYP-D3%-% |evel of theory
and predicted a total catalytic reaction pathway using 7 based on obtained free energy
profiles at 298 K.2® Scheme 3-8 shows a plausible reaction pathway. The reaction pathway
is divided into four stages. In the first stage, dimerization of 7 yields the Mo(lI)Mo(1)-N:
complex [{Mo'(PNP)(1)(N2)}2(u-N2)] Il. Liberation of two terminal N ligands yields |
(I—=111—1). In the second stage, direct N=N bond cleavage of the bridging N2 ligand of
| provides 2 equiv. of [Mo'V(PNP)I(=N)] 7. In the third stage, three sequential protonation
and reduction steps of 7 lead to the Mo(l)-NHs complex, [Mo'(PNP)I(NH3)] IV. In the
fourth stage, coordination of an N ligand to IV produces [Mo'(PNP)I(N2)(NH3)] V.
Dimerization of V vyields the Mo(l)Mo(l) complex, [Mo'(PNP)(1)(NH3)-N=N-
Mo'(PNP)(1)(NHz3)] VI. Finally, Liberation of two NHs ligands affords | (VI—=VII—I).
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Scheme 3-8. A plausible catalytic ammonia conversion cycle from the dinitrogen
molecule using dimolybdenum complexes bearing a PNP ligand for the catalyst.
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Following the exergonic N=N bond cleavage reaction of a bridging N2 ligand of
| yields two molecules of 5 with an activation energy of 21.8 kcal mol~ (Figure 3-6).17
The optimized structure of the transition state (TS) has a zigzag Mo—N=N-Mo moiety.
The ground state of 8 is assigned to the triplet state by DFT calculations and that of TS
and 7 is the closed-shell singlet via an intersystem crossing. The free energy profile
indicates that the Mo®~N=N-Mo° moiety of 2 yields 2 equiv. of extremely endergonic
trans-[Mo''(PNP)(N2)2(=N)] VI11.17 The difference in these reaction free energies of the

N=N bond cleavage is rationalized by the orbital interactions and electron number of the
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fourfold geometrical Mo-N=N-Mo moiety. Figure 3-7 describes the electron
configuration focusing on the o- and n-interactions of the linear (Dsn Symmetry) Mo—
N=N-Mo structure and 2 equiv. of Mo=N structures after N=N bond breaking via the
zigzag (Can symmetry) Mo—N=N-Mo structure at TS.3 The energy level of the lay,
orbital contributing to the c-antibonding of the N=N bond becomes lowered along N=N
elongation. Complex | with the Mo'-N=N-Mo' moiety provides two stable Mo=N
moieties of 5. On the other hand, in the case of complex 2 with Mo®~N=N-Ma° moiety,
the excess two electrons occupy the m-antibonding orbitals of the Mo=N cores of VIII
after N=N bond breaking. Therefore, unstable Mo(lll)-nitride complex, trans-
[Mo"'(PNP)(N2)2(=N)] VIII, are generated. In other words, the electron number on the
Mo—N=N-Mo moiety dominates whether the N=N bond can be cleaved or not. Scheme
3-9 describes the series of reactions from precursor 7 to the key dinuclear molybdenum
complex I with the Mo'-N=N-Mo' moiety, which are computed to be endergonic by 12.6
kcal mol. It is considered that n-backdonation between the Mo'-N=N-Mo' fragment
and terminal N2 ligands stabilizes important w-orbitals of Il. Liberation of the two
terminal N2 ligand may be regarded as an activation of the bridging N2 ligand. The
formation of NH3 from 5 to 1V in the presence of ColH* and CoCp*; is calculated to be
endergonic in total by 9.5 kcal mol. Dimerization of Mo(l)-NHs complexes IV and V
to the key complex 1 is calculated to be exergonic in total by 31.1 kcal mol™. In contrast
to the activation step from precursor 7 to I, the dimerization step from Mo(l11)-NH3
complex 1V proceeds more readily in the catalytic cycle. The author has therefore
proposed the importance of the Mo'-N=N-Mo' moiety for N=N bond cleavage of the

bridging N2 ligand and shortcut the conventional Yandulov-Schrock cycle.
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Figure 3-6. Free energy diagram for the direct N-N bond cleavage reaction of the bridging
dinitrogen ligand of I, which yields two equivalents of 5 at 298 K.
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Figure 3-7. Reaction free energies for N=N bond cleavage of the bridging dinitrogen
ligand and the electron configuration of the Mo—N=N-Mo moiety.

Scheme 3-9. Activation of catalytic Cycle from 7 and dimerization of 1V to the dinuclear
Mo'Mo' intermediate 1.
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3.7. Conclusions

The author has summarized the development of catalytic nitrogen fixation using
N2-bridged dimolybdenum complexes and two different pathways depending on the
electronic property of Mo—N=N-Mo moiety of the N.-bridged dimolybdenum complexes.
In the conventional Yandulov-Schrock cycle, NHs is generated by stepwise protonation
and reduction of the terminal N ligand on the Mo center. Both Mo®~N=N-Mo° and Mo'-
N=N-Mo° core moieties allow intermetallic electron transfer between two Mo centers
through the bridging N2 ligand to promote protonation of the terminal dinitrogen ligand.
On the other hand, the Mo'-N=N-Mo' moiety affords extremely stable Mo(IV)-nitride
species via direct N=N bond cleavage to shortcut the Yandulov-Schrock cycle. The author
expects that the shortcut significantly improves the catalytic activity. The different role
of the Mo—N=N-Mo moiety is dominated by its electronic properties. The author has
thought essential orbital interactions between the Mo centers and the N» ligand to
qualitatively elucidate the electronic properties of the Mo—N=N-Mo moiety. Finally, the
author has presented plausible catalytic reaction pathways along to both Yandulov-
Schrock cycle and its shortcut cycle inferred from DFT calculations. The DFT

calculations proved the validity of our qualitative discussion using orbital interactions.
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Chapter 4

Computational Design of Pincer Ligand for Mo-Catalyzed

Nitrogen Fixation

4.1. Introduction

Nitrogen fixation, the conversion of dinitrogen (N2) into ammonia (NH3), is an
industrially and biologically important reaction. An industrial nitrogen fixation process,
the Haber-Bosch process, requires very harsh reaction conditions of high temperature
(350-550°C) and high pressure (150-350 atm), employing heterogeneous catalysts.! In
contrast to the industrial process, a biological process requires mild reaction conditions,
such as room temperature and atmospheric pressure, employing enzyme nitrogenase. The
active site of nitrogenase is the unique FeMo-cofactor, Fe;MoSoC, containing transition
metals.?> Achievement of artificial nitrogen fixation under mild conditions is considered
one of the challenging topics. One of the promising ways for it is to develop molecular
catalysts with Mo centers, which are contained in FeMo-cofactor.

In 2003, Yandulov and Schrock achieved the first catalytic ammonia production
under mild reaction conditions, where 8 equiv. of NH3 per Mo center, using Mo(II1)-N>
complex with a tetradentate triamide-monoamine ligand, as shown in Figure 4-1.°
Moreover, Tuczek has also achieved the catalytic or overstoichiometric ammonia
production using molybdenum complexes under mild conditions.”® In 2011, Nishibayashi
and coworkers found that an N»-bridged dimolybdenum(0) complex bearing pyridine-
based pincer ligand called as PNP ligand due to its ligand scaffolds, [{Mo(PNP)
(N2)2}2(pn-N2)] 1 (PNP = 2,6-bis(di-tert-butylphosphinomethyl)pyridine) (Figure 4-1),
has higher catalytic activity for ammonia formation under mild reaction conditions, where
12 equiv. of NH3 were produced based on the Mo atom of the catalyst in the presence of

[LutH]OTf (LutH" = 2,6-lutidin-1-ium, "OTf = trifluoromethane sulfonate) as a proton
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source and Cp2Co (Cp = n>-CsHs).”!! In addition, introducing an electron-donating
OCH3 group to the PNP ligand in 1 increased a larger amount of NHs, where up to 26
equiv. of NH;3 were formed based on the Mo center of the catalyst.!?

In most cases, using reasonably designed ligands such as the tridentate PNP
ligand are essential to convert dinitrogen to ammonia under mild reaction conditions. In
general, tridentate pincer ligands provide robustness and variability for molecular
catalysts.”® Since finding the efficient Mo(0)-N> complex 1 bearing the PNP ligand
toward catalytic nitrogen fixation,’ Nishibayashi and coworkers have developed various
molybdenum complexes bearing tridentate pincer-type ligands and further enhanced their
catalytic activity, where up to 60,000 equiv. of NH3 were produced per the Mo center of
catalysts.

As shown in Figure 4-1, Nishibayashi and coworkers designed an N-heterocyclic
carbene- (NHC-)based pincer ligand (PCP ligand) and prepared an N»-bridged
dimolybdenum(0) complex bearing the PCP ligand, [ {Mo(PCP)(N2)2}2(1-N2)] 2 (PCP =
1,3-bis(di-tert-buthylphosphinomethyl)benzimidazole-2-ylidne).'* When 2 was used as a
catalyst in the presence of [LutH]OTf as a proton source and Cp*>Cr (Cp* =n>-Cs(CH3)s)
as an electron source, 100 equiv. of NH3 were produced based on the Mo center of the
catalyst. While the PNP ligand in 1 serves as a -donor to the Mo center, the PCP ligand
in 2 serves as not only a strong o-donor but also a m-acceptor.'* These electronic
properties of the PCP ligand are responsible for a stiff bond between the Mo center and
the carbene C atom of the PCP ligand, leading to the improvement of the catalytic activity.
Recently, Nishibayashi and coworkers found that an Mo(Ill)-trihalide complex bearing
the PNP ligand, [Mo(PNP)I5] 3 (Figure 4-1), further improves the catalytic activity.!>!¢
Using 3 as a catalyst, they achieved the catalytic activity in the presence of [ColH]OTf
(ColH = 2,4,6-colidinium) as a proton source and Cp*>Co as an electron source under
mild reaction conditions, where up to 415 equiv. of NH; were produced based on the Mo
atom of the complex.'” In 2019, the Mo(III)-trihalide complex bearing the PCP ligand in
place of the PNP ligand in 3, [Mo(PCP)Cls] 4 (Figure 4-1), exhibited further higher
catalytic activity in the presence of a combination of H>O as a proton source and Sml> as
an electron source under mild reaction conditions, where 4,350 equiv. of NH3 were

produced based on the Mo atom of the complex.'” In addition, quite recently, introducing
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the electron-withdrawing CF3 group into the PCP ligand of 4 has been found the catalytic
activity to produce up to 60,000 equiv. of NH; based on the Mo atom of the complex.!®

N
N i 2'BuP—3 i 2’BuF|’ -
HIPT L pf] N \_pt
N — |/P Bu, |/ /_I/P Bu, / N
sat HIP\T IO,N\ HIPT @o—NEN—Dﬂo—N\ @/NI\LL/M'ofN:NfMo
K/ PN N | =P N N| N
N Buy i) N .P Bua 11} NtP
N Bu, N Bu,
{(HIPTNCH,CH,);N}Mo(N,) 1 2
(2003) (2011) (2017)
6 equiv./Mo 12 equiv./Mo 100 equiv./Mo
proon [LutHIBA, [LutHIOTY [LutH]OTf
electron Cp*,Cr Cp,Co Cp*,Cr

source

¥ PBu, /—| P'Buz A PtBuz
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proton
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e Cp*,Co sml, sml,

source

Figure 4-1. Mo-based molecular catalysts (cat.), proton sources, and electron sources of

catalytic systems for nitrogen fixation.

As the author mentioned above, the molecular catalytic system of Mo-pincer
ligand, which Nishibayashi and his coworkers have developed since 2011, has undergone
three major innovations in the reaction mechanism and dramatically improved the
catalytic activity of nitrogen fixation. The first innovation is passing through a catalytic
cycle of 3 (Figure 4-2(c)) with the cleavage of the N=N bond of the dinitrogen molecule.
For the nitrogen fixation catalyzed by N>-bridged dimolybdenum(0) complexes 1 (L3 =
PNP) and 2 (L3 = PCP), our density functional theory (DFT) calculations proposed a
theoretically-plausible catalytic cycle as shown in Figure 4-2(b).'%!"!? In the catalytic

cycle, Mo(I)Mo(0)—N> complex, [Mo(L3)(OTf)(N2)-N=N-Mo(L3)(N2)2] D, is converted
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to Mo(IV)Mo(0)-nitride complex, [Mo(L3)(OTf)(=EN)-N=N-Mo(L3)(N2)] B, via
alternating three protonations and three reductions. After that, D is regenerated by three
more pairs of protonation and reduction. On the other hand, for the nitrogen fixation
catalyzed by 3, the catalytic cycle shown in Figure 4-2(c) has been investigated
thoroughly from both theoretical and experimental viewpoints.'>! Figure 4-2(c) sharply
differs from Figure 4-2(b) in the cleavage of the N-N bond of an Mo—N=N-Mo moiety
of E to yield directly the corresponding Mo(IV)-nitride complex, [Mo'(L;)(I)(=N)] 5.'°
As a result, only three pairs of protonation and reduction to S occur in the catalytic cycle,
promoting ammonia formation. The second innovation was employing water (H>O) as a
proton source and Sml as an electron source in the catalytic system of 4 as shown in
Figure 4-1.'7% In the catalytic system of 1, 2, and 3, combinations of conjugate acids of
pyridine derivative and metallocene have been used as proton and electron sources,
respectively. These combinations provide an alternating protonation and reductions to 1,
2, and 5(L3 = PNP). On the other hand, in the catalytic system of 4, a combination of H>O
and Sml; is proposed to achieve proton-coupled electron transfer (PCET) from an H.O—
Sml> complex with a weak O—H bond to Mo-nitride complex 5(L; = PCP).?! Thus, 4
exhibits more significant catalytic activity than 3, because of the change from a two-step
alternating protonation and reduction to a one-step PCET process (simultaneous proton
and electron transfer). If the catalytic cycle of 4 is like that of the analogous complex 3,
the Mo(Ill)-imide (I) and Mo(Il)-amide (II) complexes are intermediates in the
conversion of 5 to Mo(I)-ammine complex, [Mo'(PCP)(I)(NH3)] III, as shown in Figure
4-2(d).'® The third innovation is introducing electron-withdrawing substituents into the
PCP ligand to make the PCET process more effective.'® In the catalytic system of 4, the
energy level of the LUMO of 5(PCP) should be focused on, since an electron from an
H>0-Sml; complex is expected to occupy the LUMO of the 5(PCP). The author has
expected that introducing electron-withdrawing groups, such as F, CI, and CF3 to the PCP
ligand lowers the energy level of the LUMO of 5(PCP) and improves the catalytic activity
for nitrogen fixation using DFT calculations.'® In fact, Nishibayashi group has
synthesized substituted Mo(PCP)-trihalide complexes and experimentally confirmed to
improve the catalytic activity, where up to 60,000 equiv. of NH3 based on the Mo atom

of them.'®
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This success of DFT predictions showed the utility of theory-based ligand design.
In this study, the author investigates electronic influences and trends in introducing
substituents into the PCP ligand. The goal is to find substituents that should improve the
catalytic activity over the CF; group. Moreover, the author will obtain a promising

strategy for ligand design based on this theoretical analysis.
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Figure 4-2. Proposed catalytic cycles of the conversion of ammonia from dinitrogen
using Mo—PNP and —PCP complexes. (a) Schematic structures of N»-bridged
dimolybdenum complexes 1 and 2 and molybdenum-trihalide complexes 3 and 4 bearing
tridentate pincer ligand (L3). (b) The proposed catalytic cycle in the presence of 1 or 2 as
a catalyst. (c) The proposed catalytic cycle in the presence of 3 or 4 as a catalyst. (d)
Successive N—H bond formation via PCET process from S to III in the presence of H.O

as a proton source and Sml; as an electron source.
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4.2. Computational Methods

Introducing substituents into the PCP ligand is a promising way to control the
electronic properties of the Mo—PCP complexes and improve the catalytic activity of the
molybdenum-trihalide complex for nitrogen fixation. Very recently, the author has
successfully demonstrated that introducing electron-withdrawing groups, such as -F, -Cl,
and -CF3, into the PCP ligand dramatically improved the catalytic activity.'® The CF;
group with the strongest electron-withdrawing ability of these groups achieved the
highest catalytic activity for nitrogen fixation. Therefore, the author predicts that
introducing electron-withdrawing groups stronger than the CF3 group can further improve
the catalytic activity. In this study, the author has designed substituted PCP ligands having
various electron-donating/withdrawing groups to control electronic properties of the Mo—
PCP complexes shown in Figure 4-2(d). In the substituted PCP ligands, the substituents
(R) were introduced at the 5 (R') and 6 (R?) positions of the benzimidazole moiety of the
PCP ligand along to the atomic numbering protocol in Scheme 4-1. As a result, the author
modeled 5-substituted (R! = R, R? = H) and 5,6-substituted (R' = R? = R) PCP ligands.
The Hammett substituent constant o, is widely known as a quantitative indicator for
evaluating the electron-donating/withdrawing ability of substituents.??> Based on the
Hammett substituent constant,?? the author selected 20 substituents containing 4 electron-
donating substituents, -OH (o, = —0.37), -OCHj3 (-0.27), -CH3 (—0.27), and -Ph (—0.01),
and 16 electron-withdrawing substituents, -F (0.06), -Br (0.23), -CI (0.23), -OCF; (0.35),
-CCls (0.46), -NC (0.49), -SCF; (0.50), -CF3(0.54), -CN (0.66), -SF5(0.68), -SiF3 (0.69),
-SO,CH3 (0.72), -PF4 (0.80),-SO2CF3 (0.96), -SOF (0.91), and -SO>CI (1.11). Totally, 40
substituted PCP ligands as well as the unsubstituted PCP ligand (R! = R? = H) were
modeled in this study.
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Scheme 4-1. Atomic numbering protocol of the benzimidazole moiety of PCP ligand and
schematic structure of two type of substituted PCP ligands.

Rls 2 3N/:PtBU2 E R N/_PtBuz R /—PBu2
1 .

R26 1N> E ’ | N> : R | N>
TPy, | \—piBu, \—piBU,
pPCPR1R2 ' S.substituted PCPRH 5 6-substituted PCPRR

(R'=R, R?=H) (R"=R?=R)

DFT calculations were performed with the Gaussian09 program (Rev. E.01).%
Geometry optimizations were carried out with the B3LYP-D3 functional, which is the
B3LYP hybrid functional®*?” combined with an empirical dispersion correction
developed by Grimme.?® In this study, the SDD (Stuttgart/Dresden pseudopotentials)
basis sets?®3* are employed for the molybdenum and iodine atoms. The 6-31G(d) basis
sets®134 are employed for the other atoms. All optimized structures were confirmed to
have no imaginary frequency by vibrational analysis. To determine energy profiles,
single-point energy calculations were performed at the optimized geometries by using the
6-311+G(d,p) basis sets*>* instead of 6-31G(d). In the single-point calculations, the
solvation effects of tetrahydrofuran (THF; ¢ = 7.4257) were considered by using the
polarizable continuum model (PCM),*® because the author would like to simulate
catalytic reactions using 4 and its substituted derivatives in THF as a solvent.1’18

The reactivity of the 40 substituted models of the Mo(1V)-nitride complex 5 was
discussed from the N—H bond strength of Mo(lll)-imide (-NH), Mo(ll)-amide (-NH>),
and Mo(l)-ammine (-NHs) group in [Mo(PCPRYR2)(1)(NHy)] (x = 1-3), in which PCPR1R2
presents a substituted PCP ligand. The N-H bond strength was evaluated as the bond
dissociation free energy (BDFE) and bond dissociation enthalpy (BDE) at 298 K, which
were calculated based on homolysis of the N—H bond, [Mo(PCPRYR2)(1)(NHy)] —
[Mo(PCPRR2)(1)(NHx.1)] + H (x = 1-3).18 The BDFEnN-1 and BDEn.n have been utilized
for evaluating the reactivity of various transition metal-nitrogen complexes with
hydrogen (H*/e") sources via PCET involving a concerted transfer of a single proton and

a single electron,18:20.3%-41
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4.3. Results and Discussion

4.3.1. Effect on LUMO energy of Mo-nitride complex

Our previous kinetic study'® revealed that the transformation of the nitride N
atom of 5 into ammonia via PCET is the rate-determining in the proposed catalytic cycle
as shown in Figure 4-2(c). DFT calculations on the BDFEN.1 of [Mo(PCP)(I)(NHx)] (x =
1-3) demonstrated that the N—H bond strength of the Mo(III)-imide complex I (x = 1;
33.8 kcal mol™) is much weaker than those of Mo(II)-amide complex II (x = 2; 52.7 kcal
mol ™) and Mo(I)-ammine complex III (x = 3; 41.2 kcal mol ). Thus, the PCET to the
Mo(IV)-nitride complex 5 is a key elementary reaction step to be improved. The
reactivity of 5 with a coupled H'/e™ donor (an H:O/Sml, complex) can be improved by
increasing the electron affinity of 5, because the PCET involves a concerted transfer of a
proton and an electron. As shown in Figure 4-3(a), the LUMO of 5 is delocalized over
the imidazole ring of the PCP ligand. Therefore, the electron affinity of S is tunable by
introducing electron-donating/withdrawing groups to the PCP ligand. In this study, the
author designed PCP ligands substituted with -CH3, -F, -Cl, and -CF3 groups to compare
the LUMO energies of the corresponding Mo(IV)-nitride complexes.'® As the author
predicted, the calculated LUMO energies strongly correlated with the Hammett constant
op of the substituents, and 5-CF3-5 complex had the lowest LUMO energy. The author
here expands our scope to 20 models of substituted PCP ligands (including 4 substituted
PCP ligands mentioned above) and aim to obtain deeper insight into the relationship
between the electron-donating/withdrawing ability of the substituents and the LUMO
energies of the substituted Mo(IV)—nitride complexes.

Tables 4-1 and 4-2 list calculated LUMO energies of the 5- and 5,6-substituted
5, respectively, together with the Hammett constant of the corresponding substituent (R).
Entry numbers are given in ascending order of the op values except for H (entry 1). The
author can find two trends in Tables 4-1 and 4-2. First, the larger the Hammett constant
of a substituent on the PCP ligand (i.e. the stronger the electron-withdrawing ability of a
substituent), the lower the LUMO energy of the corresponding Mo(IV)-nitride complex.
Second, comparing PCP ligands with the same substituent, the LUMO energy of a
doubly(5,6)-substituted Mo(IV)-nitride complex is lower than that of a singly(5)-
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substituted one. Figure 4-4 plots the LUMO energies of (a) 5-substituted and (b) 5,6-
substituted Mo(IV)-nitride complexes versus the Hammett constant of the substituent. In
both substituted models, the LUMO energies of the Mo(IV)-nitride complexes show a
good linear correlation with the Hammett constants, where R? = 0.89 for the 5-substituted
model and 0.94 for the 5,6-substituted model. It should be noted that the energies of the
LUMO+1 were plotted instead of the LUMO for entry 21 (-SOCl) in Figure 4-4(a) and
entries 30 (-CClg), 35 (-SFs), 37 (-PF4), 39 (-SO2CFs3), 40 (-SO2F), and 41 (-SOCI) in
Figure 4-4(b). This is because spatial distribution of the LUMO of the Mo(IV)-nitride
complexes substituted with these groups is strongly localized in the vicinity of the
substituents. For example, as shown in Figure 4-3(b), the LUMO of the 5-SOCI-
substituted Mo-nitride complex 5-SO.CI-5 (-2.68 eV) is localized at the SO2CI group,
while the spatial distribution of the LUMO+1 (-1.92 eV) is similar to that of the LUMO
of the 5 as shown in Figure 4-3(a). From these results, the author can expect that the
electron affinity of the Mo(IV)-nitride complex is further improved by introducing
stronger electron-withdrawing substituents than the CFsz group. In summary, the DFT
calculations for 40 models complexes show that introducing electron-withdrawing groups
into the PCP ligand significantly lowers the LUMO energies of the Mo(IV)-nitride
complexes. The lowering of the LUMO energy enhances the electron affinity of 5, which
is important for electron transfer to 5 in the PCET process. Mo(l11)-trihalide complexes
bearing PCP ligand substituted with strong electron-withdrawing groups such as -SFs are
expected to have higher catalytic activity than CFs-substituted Mo(l11)—trihalide complex,
which have been reported to have the highest catalytic activity.®

Interestingly, the LUMO energies of Ph-substituted Mo(IV)-nitride complexes
(-1.50 eV for 5-Ph-5 and —1.46 eV for 5,6-Ph-5) are lower than that of the 5 (—1.41 eV),
although the Ph group is classified as a weak electron-donating group (o, = —0.01).%* In
particular, the LUMO energy of 5-Ph-5 is comparable to that of the 5-F-substituted Mo-
nitride complex 5-F-5 (—1.53 eV). The author will discuss later how the Ph group affects

the electronic structure of 5.
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Table 4-1. LUMO energy of 5-substituted Mo-nitride complexes and Adcaic and Adexp
values of the corresponding PCP—Se adducts

entry Substituent Hammett LUMO Adcale  Adexp”

group R constant 6, energy (e¢V) (ppm) (ppm)

1 -H 0.00 -1.412 0.00 0.00
2 -OH -0.37 -1.37 -5.82
3 -OCHs -0.27 -1.31 -9.10
4 -CHs -0.17 -1.34 —7.86
) -Ph -0.01 -1.50 7.57
6 -F 0.06 -1.53 25.14
7 -Br 0.23 -1.61 34.64
8 -Cl 0.23 -1.61 32.64
9 -OCFs 0.35 -1.65 29.37
10 -CCls 0.46 -1.82 60.90
11 -NC 0.49 -1.85 64.07
12 -SCF3 0.50 -1.76 52.50

13 -CFs 0.54 -1.712 48.16  27.2
14 -CN 0.66 -1.99 83.69
15 -SFs 0.68 -1.88 72.50
16 -SiF3 0.69 -1.80 48.83
17 -SO2CHj3 0.72 -1.88 63.49
18 -PF4 0.80 -1.88 81.67
19 -SO2CF3 0.91 -2.13 93.39
20 -SOF 0.96 -2.14 105.83
21 -SOCI 1.11 —2.68(-1.92)° 115.69

4ref 18.
’LUMO+1 energy in parenthesis.
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Table 4-2. LUMO energy of 5,6-substituted Mo-nitride complexes and Adcaic and Adexp
values of the corresponding PCP—Se adducts

entry Substituent Hammett LUMO Adcale  Adexp”
group R constant o, energy (eV) (ppm) (ppm)

1 -H 0.00 —-1.41¢ 0.00 0.00

22 -OH —0.37 —-1.31 -22.91

23 -OCH3 —0.27 -1.19 -39.04

24 -CHs —0.17 —-1.29¢ -27.78

25 -Ph —0.01 —-1.46 4.40

26 -F 0.06 —1.64¢ 41.63  23.1

27 -Br 0.23 -1.77 49.61

28 -Cl 0.23 —-1.78“ 51.26  30.2

29 -OCF3 0.35 —-1.84 75.65

30 -CCls 0.46 —2.17(-2.06)>  109.25

31 -NC 0.49 -2.16 115.71

32 -SCF3 0.50 -1.96 81.06

33 -CF3; 0.54 —1.94% 86.97 49.5

34 -CN 0.66 -2.33 149.90

35 -SFs 0.68 ~2.58(-2.15)" 140.98

36 -SiF3 0.69 -2.03 85.48

37 -SO,CH3 0.72 -2.08 101.90

38 -PF4 0.80 —2.20(-2.15)%  120.38

39 -SO2CF3 0.91 —2.38(-2.35)° 157.84

40 -SO2F 0.96 —2.51(-2.42)" 171.72

41 -SOCl 1.11 -3.11(-2.64)"  178.02

4ref 18.
’LUMO+1 energy in parenthesis.
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square symbol.
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4.3.2. Effect on m-accepting ability of PCP ligand

In this study, the empirical Hammett substituent constant is employed as a
numerical index of the electron-donating/withdrawing ability of substituents on the N-
heterocyclic carbene (NHC)-based PCP ligand. When an NHC-based ligand is
coordinating to a d-metal center, it can serve as a m-acceptor as well as a strong 6-donor.**-
* The author previously demonstrated that the high nitrogen fixation ability of
dimolybdenum(0)-PCP complex 2 can be rationalized by a rigid Mo—C bond between the
Mo(0) center and carbene C atom of the PCP ligand.!* Therefore, in the Mo(PCP)-nitride
complex, the strength of the m-accepting ability should also affect the catalytic activity
for nitrogen fixation. In 2015, Cavallo and coworkers reported that 7’Se-NMR chemical
shift of NHC-Se adducts with a C=Se bond is a useful quantitative indicator of the -
accepting ability of NHCs.*® They observed that various NHC—Se adducts showed an
excellent correlation between the experimental 7’Se-NMR chemical shifts and the
calculated 7’Se-NMR shielding values. The calculated ”’Se-NMR shielding values also
correlated with the energy gap between a filled p orbital of the Se atom and the vacant *
orbital of the NHC moiety in the NHC—Se shown in Figure 4-5(a). In our Mo—PCP system
shown in Figure 4-3(a), the LUMO of Mo(IV)-nitride complex S contains the n* orbital
of the NHC-based PCP ligand as a main component. The author would like to calculate
77Se-NMR shielding values of substituted PCP ligands to evaluate the m-accepting ability
of the substituted PCPR!"R? Jigand. At first, the author investigated a correlation between
experimental ’Se-NMR chemical shifts and calculated ’Se-NMR shielding values of the
C=Se moiety about six synthesized PCP-Se adducts as shown in Figure 4-5(b)
(unsubstituted one and five substituted ones containing CHs, F, Cl, and CF3 groups). The
optimization of structures of the substituted PCP?!"*>-Se adducts was carried out by the
B3LYP-D3/6-31G(d) procedure of DFT calculation.?*2%31-3* After that, the author carried
out the "’Se-NMR shielding calculations with the gauge-independent atomic orbital
(GIAO) method**-*® using the 6-311+G(d,p) basis set>>37 instead of the 6-31G(d) and
obtained the isotropic shielding constant Gcaie. The PCM model was employed to evaluate
the solvent effect of THF.* To evaluate relative ”’Se-NMR chemical shifts of PCPR!-R2—
Se adducts to that of the unsubstituted PCP-Se adduct, the author here defined
A3( PCPRI'R2_Ge) value as follows:
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AS(PCPRIR2_Se) = §(PCPRIR2_S¢) — §(PCP-Se) (1)

where §(PCPR"R2_Se) and §(PCP-Se) are the "’Se-NMR chemical shift of the substituted
PCPRLR2_Se adduct and the unsubstituted PCP-Se adduct, respectively. Positive
experimental AS (Adexp) and calculated AS (Adcac) Values indicate that introducing
substituents into the PCP ligand enhances the r-accepting ability of the PCP ligand. In
particular, in the case of Adcac, the author can obtain it from the 7’Se-NMR shielding
value Geac of the PCPRIR2_Se and the unsubstituted PCP—Se adducts instead of
Scalc(PCPRI"R2_Se) and Scaic(PCP-Se).  In general, the NMR chemical shift of a sample
(d(sample)) is defined using NMR shielding values of the sample (c(sample)) and a

reference (o(reference)) as follows:
d(sample) = o(reference) — o(sample) (2

Following this eq. (2), the Scaic(PCPR"®°—Se) and Scaic(PCP-Se) values are rewritten as
follows:

Scalc(PCPRl’RZ—Se) = Gcalc(reference) — Gcalc(PCPRl’Rz—Se) (3)
Scalc(PCP—Se) = Gcalc(reference) — Gcalc(PCP—Se) (4)

where ceaic(reference), ceac(PCPR"®°—Se), and ceac(PCP-Se) are the calculated NMR
shielding values of the reference, the substituted PCPR'®R2_Se adduct, and the
unsubstituted PCP-Se adduct, respectively. Therefore, using eq. (3) and (4), the author

can rewrite eg. (1) as follows:
AScalc(PCPRl’RZ—Se) = Gcalc(PCP—SC) - Gcalc(PCPRI’RZ—Se) (5)

The Gealc(PCPR'R2_Se) and ocac(PCP-Se) values are in the Supporting Information.
Tables 4-1 and 4-2 show the ASex, value of the C=Se moiety of the synthesized PCPR!R2—
Se adducts. The larger the Hammett constant of the substituent, the larger the Adexp value
of the PCPR"®2_Se adducts. Figure 4-5(c) plots the Adexp value versus the Adcaic value,
and is in an excellent correlation (R? = 1.00), although the slope equals 0.54. Therefore,
the author confirmed that the Adcaic value is useful as a qualitative indicator to evaluate

the m-accepting ability of the PCP ligand in our PCP—Se system.
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Next, the author calculated Adcac values of 40 substituted PCP—Se adducts in
Tables 4-1 and 4-2 and investigated a correlation between the Adcaic value and the LUMO
energy of the corresponding Mo(IV)-nitride complex [Mo!V(PCPR!"R?)(I)(=N)]. The
larger the Hammett constant o, of the substituent, the larger the Adcic value of the
substituted PCP—Se adduct trends to be. Figure 4-6 plots the LUMO energy of the
substituted Mo(IV)-nitride complex versus the Adcaic value of the corresponding PCP—Se
adduct. The correlation between the LUMO energy and the AScac value (R* = 0.97) is
better than the correlation between the LUMO energy and the Hammett substituent
constant 6, (R? = 0.89 for Figure 4-3(a), 0.94 for Figure 4-3(b)). The following discussion
will evaluate the electron-donating/withdrawing abilities of the substituted PCP ligands
with the Adcaic values instead of the Hammett substituent constants. Notably, the Adcalc
value enables us to compare the effect of the number of substituents numerically. As a
result, for the same substituent, the magnitude of the Adcaic value of the doubly-substituted
PCP-Se adducts tends to be larger than that of the singly-substituted ones. Interestingly,
the Adcaic Values of Ph-substituted PCP—Se adducts, where the Ph group is classified in a
weak electron-donating group (op = —0.01), were calculated to be 7.57 and 4.40 for the
single- and double-substituted models. The positive Adcaic values indicate that introducing
Ph groups into the PCP ligand enhances the n-accepting ability of the PCP ligand, like an

electron-withdrawing substituent.
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4.3.3 Thermodynamic strength of N-H bond for prediction of the catalytic activity

The author next investigated how the introduction of electron-
donating/withdrawing substituents to the PCP ligand affected the N—H bond strength of
[Mo(PCPRI"R2)(I)(NH,)] (x = 1-3) based on the bond dissociation free energy (BDFE) and
bond dissociation enthalpy (BDE). As shown in the proposed catalytic mechanism in
Figure 4-2(d), three successive PCET processes transform the nitride N atom of
[Mo(PCP)(I)(=N)] 5 into NH; via three intermediates, Mo(Ill)-imide complex,
[Mo(PCP)(I)(=NH)] I, Mo(Il)-amide complex, [Mo(PCP)(I)(NH>)] II, and Mo(I)-
ammine complex, [Mo(PCP)(I)(NH3)] III. The values of BDFEn.n and BDEn.n
calculated for [Mo(PCPR!"R2)(I)(NH,)], which is correspond to the hydrogen atom affinity
of the substituted complexes of I-III, provide useful information on substituent effects on
the formation of ammonia via PCET. Chirik and coworkers utilized the BDFEn.n values
in discussing the photo-induced PCET-driven reductions of different transition-metal-
nitrogen complexes, such as Mn-nitride,***’ Ti—amide,*' and Co—imide complexes.*' The
author also theoretically evaluated the hydrogen affinity of an Mo(I)~NNH complex from
the BDFEn.u value, where PCET formed the Mo(I)-NNH complex from an Sml>/H>O
complex to [Mo(N2)(PMePhy)4].2°

Tables 4-3 and 4-4 summarize the values of BDFEn.z and BDEn.4 calculated for
the Mo(Ill)-imide, Mo(Il)-amide, and Mo(I)-ammine complexes bearing 5- and 5,6-
substituted PCP ligands, [Mo(PCPR!'R2)(I)(NH,)] (x = 1-3), respectively. Figure 4-7 plots
(a) BDFEn-H and (b) BDEN.1 values computed for the three intermediates versus Adcalc
representing the m-accepting ability of the substituted PCP ligands. The author can point
out some trends in Figure 4-7. (1) The BDFEn.n and BDEn.n values of the unsubstituted
and substituted complexes exhibit the following order, imide (x = 1) < ammine (x = 3) <
amide (x = 2), which is the same trend reported in our previous study. (2) The stronger
electron-withdrawing substituents that are introduced to the PCP ligand, the larger the
BDFEn.n and BDEn.p values. For example, the BDFEx.n and BDEn.n values of 5,6-
substituted and unsubstituted imide complexes are calculated to be 32.1 and 40.0 kcal
mol™' for -OCH; (entry 23, Adcaic = —39.04), 33.8 and 41.3 kcal mol™! for -H (entry 1,
Adcalc = 0.00), and 37.8 and 46.0 kcal mol™! for -SO,Cl (entry 41, A8caic = 178.02). Thus,
the thermodynamic stability of the substituted Mo(III)-imide complexes should depend
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on the m-accepting ability of the substituted PCP ligands. Since the BDFE value of an O—
H bond of an SmI>/H>0O complex is estimated to be 34 kcal mol™! in THF solvent,! the
introduction of strongly electron-withdrawing substituents to the PCP ligand can promote
the PCET reaction to yield the substituted Mo-imide complex. (3) The introduction of the
electron-withdrawing groups effectively strengthens the N—-H bond of the Mo-imide
complexes compared to that of the amide and ammine complexes. As shown in Figure 4-
7(a), the slopes fitted to the 41 plots of BDFEN.i value of [Mo(PCPR!"®2)(I)(NH,)] were
2.83 x 102 for Mo(IIl)-imide, 1.82 x 10 for Mo(II)-amide, and 9.83 x 10~ for Mo(I)—
ammine. The smallest BDFEnN.u values of the Mo(I1I)-imide complexes and the steepest
slope fitted for the imide complexes indicate that the formation of imide complexes
should be focused on as a key reaction step in the proposed catalytic cycle for nitrogen
fixation. The author also found that the correlation between BDEn.1 and Adcaic was better
than that for BDFENn.u (R? = 0.95 vs. 0.67). Therefore, in the following discussion, the
author will adopt the BDEn.n value as an index of the N-H bond strength in the
substituted imide complexes [Mo(PCPR!R2)(T)(=NH)].
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Table 4-3. BDFEn.u and BDEN.1 of Mo-imide, -amide, and -ammine complexes bearing
5-substituted PCP ligands

entry substituent BDFExp value (kcal mol ™) BDEn.u value (kcal mol ™)

R imide amide ammine imide amide ammine

M @ @  @®  a  am
1 -H 33.8 52.7 41.2 41.3 60.6 47.7
2 -OH 333 51.7 41.4 40.8 60.1 48.2
3 -OCH3 33.0 52.0 41.0 40.7 60.1 47.9
4 -CH3 33.3 51.8 41.6 40.8 60.2 48.3
5 -Ph 34.1 52.3 41.9 41.7 60.3 48.5
6 -F 34.0 52.3 41.9 41.5 60.8 48.6
7 -Br 35.4 51.8 42.5 42.3 60.6 48.6
8 -Cl 34.8 52.2 42.4 42.1 60.8 48.7
9 -OCF3 36.0 54.9 45.8 42.3 61.2 51.8
10 -CCls 37.4 37.4 44.9 42.6 61.7 48.0
11 -NC 35.7 52.8 42.7 42.9 61.4 49.1
12 -SCF; 36.1 54.6 43.4 42.6 61.4 48.8
13 -CF; 35.8 52.3 42.8 42.8 61.1 48.8
14 -CN 36.4 53.1 42.7 43.5 61.7 49.1
15 -SFs 38.0 53.9 44.6 43.6 61.7 49.2
16 -SiF; 37.4 53.8 44.2 43.1 61.3 49.0
17 -SO.CH3 353 51.8 39.1 42.7 59.2 46.5
18 -PF,4 38.4 53.7 45.0 44.1 61.8 49.4
19 -SO.CF3 35.6 52.5 41.1 43.5 59.6 48.1
20 -SO2F 37.4 53.1 43.5 443 62.1 49.5
21 -SO.Cl1 37.8 53.7 43.6 44.9 53.7 50.1
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Table 4-4. BDFEn.n and BDEn.y values of imide, amide, and ammine intermediates
bearing 5,6-substituted PCP ligands

entry substituent BDFExp value (kcal mol ™) BDEn.u value (kcal mol ™)

R imide amide ammine imide amide ammine

M @ @  @®  a  am

1 -H 33.8 52.7 41.2 41.3 60.6 47.7
22 -OH 32.7 52.0 41.0 40.5 59.9 47.6
23 -OCH3 32.1 51.8 40.7 40.0 59.4 47.4
24 -CH3 32.8 52.1 42.1 40.6 60.0 47.5
25 -Ph 34.5 52.8 41.2 41.7 60.9 48.0
26 -F 33.6 53.6 41.4 41.8 61.4 48.2
27 -Br 34.8 54.8 41.4 42.6 62.1 48.5
28 -Cl 33.7 54.7 41.4 42.3 62.0 48.4
29 -OCF3 35.8 55.0 43.9 42.7 62.3 48.7
30 -CCls 38.1 52.3 43.7 43.5 59.6 48.0
31 -NC 35.4 55.4 41.3 43.8 63.0 48.6
32 -SCF; 38.4 54.2 43.9 43.4 62.5 49.0
33 -CF; 35.1 50.9 42.3 43.1 59.6 48.2
34 -CN 36.6 55.9 41.9 44.8 63.6 49.0
35 -SFs 39.3 56.9 44.7 45.1 64.7 49.6
36 -SiF; 38.1 57.1 43.2 44.2 63.2 49.1
37 -SO.CH3 36.6 51.5 42.3 43.6 60.2 48.5
38 -PF,4 37.4 53.8 44.2 45.0 63.7 49.6
39 -SO.CF3 37.4 52.7 42.3 45.1 60.2 49.7
40 -SO2F 38.5 57.1 43.0 45.9 64.5 49.9
41 -SO.Cl1 37.8 57.4 43.2 46.0 64.5 50.2
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Figure 4-7. (a) BDFEnH and (b) BDEn.u plots of substituted Mo-imide (red), -amide
(blue), and -ammine (green) complexes versus Adcalc value of the corresponding PCP—Se
adducts. Each broken line is fitted to the 41 plots of BDFEn.1 or BDEN-H in Table 4-3 or
Table 4-4.
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4.3.4. New design of PCP ligand with fused benzene rings

While the Ph group is classified as a weak electron-donating substituent based
on the Hammett constant (o, =—0.01),?* the Ph group introduced to the PCP ligand works
as an electron-withdrawing substituent based on the w-accepting ability of Ph-substituted
PCP ligands (Adcaic = 7.57 for 5-substitution and Adcac = 4.40 for 5,6-substitution).
Moreover, introducing the Ph group to the PCP ligand lowered the LUMO energy of Mo-
nitride complex 5 and slightly increased the BDEn.n value of Mo(III)-imide complex,
[Mo"(PCP)(I)(=NH)] I. Focusing on the LUMO energy, for example, the LUMO energy
of 5-substituted Mo-nitride complex 5-Ph-5 (—1.50 eV) is lower than that of 5§ (—1.41 eV).
This result can be explained by looking at the spatial distribution of the LUMO of 5-Ph-
5. Figure 4-8(a) shows the optimized structure of 5-Ph-5 with ¢ = 140.2° and its spatial
distribution of LUMO, where ¢ is defined as a C;-C>-C3-C4 dihedral angle. The LUMO,
which is attributed to a ©* orbital, extends over the Ph group and the neighboring
benzimidazole moiety, stabilizing its energy. Next, the author investigated a relationship
between the LUMO energy of 5-Ph-5 and ¢, as shown in Figure 4-8(b). This obtained
curve of the LUMO energy has a symmetrical shape with respect to ¢ in the range 0 to
180°. It shows minimum energy (—1.59 eV) at ¢ =0° and maximum energy (—1.41 eV) at
¢ =90°. When ¢ = 0° that means the introduced Ph group and the imidazole moiety of
the PCP ligand in the same plane, the spatial distribution of the LUMO exhibits the
effective m conjugated system. On the other hand, ¢ = 90° means that the plane of the Ph
group is orthogonal to that of the imidazole moiety. Therefore, the distribution of the
LUMO is not found on the Ph group, and this distribution is similar to that of S. Certainly,
the LUMO energy of 5-Ph-5 at ¢ = 90° is the same as that of 5. In summary, the author
can control the electronic properties of 5-Ph-5 by ¢. Notably, at ¢ = 0°, 5-Ph-5 should
achieve higher catalytic activity for nitrogen fixation than the optimized structure (¢ =
140.2°).

This result encouraged us to propose a new design of PCP ligands to introduce
benzene rings in the same plane as the benzimidazole moiety of the PCP ligand. The
author newly designed two PCP ligands with n-fused benzene rings; naphtho[2,3-
d]imidazole-based PCP (n = 2; entry 42) and naphtho[2,3-f]benzimidazole-based PCP
ligands (n = 3; entry 43) as shown in Figure 4-9. About the PCP ligands with n-fused

106



benzene rings, Table 4-5 lists the LUMO energy of Mo-nitride complex 5, Adcalc values
of the PCP-Se adducts, and the BDEn.u of the Mo-imide complexes I about the PCP
ligands. As the author expected, the LUMO energies of the Mo-nitride complexes with 7-
fused benzene rings (—1.83 eV for n =2 and —2.17 eV for n = 3) is lower than that of 5 (—
1.41 eV for n = 1) because of the effective delocalization of the LUMO orbital of § as
shown in Figure 4-10. Moreover, they are also lower than the LUMO energy of 5-Ph-5 at
¢=0°(-1.50 eV). Owing to Adcaic, the m-accepting ability of the PCP ligands is enhanced
by fused benzene rings. The BDEn.n of the Mo-imide complexes with n-fused benzene
rings are calculated to be 42.9 kcal mol™! (n =2) and 44.2 kcal mol™! (n = 3). These values
are comparable to or greater than the BDEn.n of 5-CF3-substituted Mo-imide complex
(42.8 kcal mol!) that exhibited the highest catalytic activity among substituted PCP
ligands synthesized previously.'® Figure 4-11 plots the BDEn. of I and Mo-imide
complexes with m-extended PCP ligands versus Adcac of the corresponding PCP-Se
adducts with the regression line fitted by 41 plots in Figure 4-7(b). Because these plots
nicely fit the broken line, Adcarc is an excellent indicator to predict the catalytic activity
not only in the substituted models but also in this n-fused model. In summary, Our DFT
calculations have shown that the catalytic activity can also be enhanced by extending -

conjugated system of 5 through fused benzene rings.
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Figure 4-8. (a) Schematic structure of 5-Ph-5 with C;-C>-C3-C4 dihedral angle ¢ and
spatial distribution of LUMO for the optimized structure of 5-Ph-5 with ¢ = 140.2°. (b)
LUMO energy of 5-Ph-5 depending on ¢. The broken line represents the LUMO energy
of 5. (c) Spatial distributions of the LUMO of 5-Ph-5 with ¢ = 0, and 90°.

108



—PBu;

LI

\—piBu,
benzimidazole-based PCP
(n=1,entry 1)

—PBu;

LK

\—piBU,
naphtho[2,3-d]imidazole-based PCP
(n =2, entry 42)

—PBu;
LA

N

\—PiBu,

naphtho[2,3-flbenzimidazole-based PCP
(n=3, entry 43)

Figure 4-9. PCP ligands containing # fused benzene rings.

Table 4-5. Calculated values for PCP ligands containing » fused benzene rings

entry fused LUMO energy of A8caie BDEN.n of
benzene Mo(IV)-nitride (ppm) Mo(IlI)-imide

ringsn  complex /eV complex /kcal
mol™!
1 1 -1.41 0.00 41.3
42 2 —-1.83 69.7 429
43 3 -2.17 110.4 44.2
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Figure 4-11. BDEn.1 plot of imide complexes bearing m-extended PCP ligands versus

Adcalc value of the corresponding PCP—Se adducts with n-fused benzene rings. The broken

line is a linear correlation obtained by the 40 substituted Mo-imide complexes in Figure

4-5(b).
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4.4. Conclusions

The author has designed substituted PCP ligands using a set of 20 substituents
with a wide range of the Hammett substituent constant and performed DFT calculations
for substituted Mo-PCP complexes and PCP—Se adducts to predict electronic properties
and enhancement of catalytic activity for nitrogen fixation. To be an effective PCET
process to an Mo-nitride complex, introducing electron-withdrawing substituents lowers
the LUMO energy of the Mo-nitride complex. The LUMO energy of the Mo-nitride
complex has an excellent correlation with Adcaic value based on the m-accepting ability of
the substituted PCP ligand. A BDEn.u value of an Mo-imide complex, which should be
relevant to the catalytic activity, is enhanced by introducing strongly electron-
withdrawing substituents into the PCP ligand. In addition, the BDEn.u value correlates
well with the Adcalc value. It should be noted that the Adcaic value indicated that the Ph
group works as an electron-withdrawing group in this Mo-PCP system because it extends
the m-conjugate system of the benzimidazole moiety of the PCP ligand. Furthermore, the
author newly designed m-extended PCP ligands containing some fused benzene rings to
enhance the m-accepting ability of the PCP ligand. As a result, the author expected the
using Mo complex bearing the m-extended PCP ligand exhibits more significant catalytic
activity than that of the CF3-substituted Mo complex. Thus, this study provides a new
ligand design strategy for nitrogen fixation other than introducing substituents. In the near
future, m-extended PCP ligands will be synthesized and exhibit the enhancement of the

catalytic activity.
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Supporting Information

Table S4-1. 77Se-NMR magnetic shielding constants of substituted PCP-Se adduct for

AScalc Value

substituent 5-substituted model 5,6-substituted model
R (R!'=R, R?=H) (R'=R?2=R)
entry ’Se-NMR entry ’Se-NMR
magnetic shielding magnetic shielding
(ppm) (ppm)
-H 1 1528.855 - -

-OH 2 1534.674 22 1551.762
-OCH3 3 1536.957 23 1567.894
-CH3 4 1536.717 24 1556.708
-Ph 5 1521.281 25 1524.460
-F 6 1503.714 26 1487.228
-Br 7 1493.893 27 1479.243
-Cl 8 1496.216 28 1477.595
-OCF3 9 1499.486 29 1453.209
-CCls 10 1467.957 30 141.608
-NC 11 1464.790 31 1413.15
-SCF3 12 1476.357 32 1447.800
-CF3 13 1480.693 33 1441.881
-CN 14 1445.161 34 1378.957
-SFs 15 1456.352 35 1387.873
-SiF3 16 1480.022 36 1443.371
-SO2CH3 17 1465.366 37 1426.953
-PF4 18 1447.182 38 1408.470
-SO2CF3 19 1435.461 39 1371.017
-SO2F 20 1423.022 40 1357.137
-SO.ClI 21 1413.161 41 1350.838
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Chapter 5

General Conclusions

Nitrogen fixation, which converts chemically inert dinitrogen (N2) to reactive
ammonia (NH3), is an important catalytic process in modern industrial chemistry. In
industry, the Haber-Bosch process is energy-intensive, requiring harsh reaction conditions
of high temperature and high pressure with synthesis gas (H2). On the other hand, in
nature, NH3 is catalytically produced by the enzyme nitrogenase under mild conditions
of room temperature and atmospheric pressure. Then, the eight-electron reduction of N»
gas yields two equiv. of NH3 on FeMo-cofactor, the active site containing transition
metals in nitrogenase. By mimicking the catalytic function, it is possible to develop
molecular catalysts for synthesizing useful NH3 from the inert No.

The author performed density functional theory (DFT) calculations for reaction
analyses and ligand designs in this thesis. The ligand designs based on theoretical
calculations prior to experiments is expected to inspire and accelerate the development of
molecular catalysts.

In Chapter 2, the author has analyzed a reaction mechanism for nitrogen fixation
catalyzed N»-bridged dimolybdenum—N> complexes bearing PNP and PCP-type pincer
ligands [{MoL3(N2)2}2(u-N2)] (L3 = 2,6-bis((di-tert-butylphosphino)
methyl)pyridine (PNP), 1,3-bis((di-fert-butylphosphino)methyl)benzimidazole-2-ylidene
(PCP)) using DFT calculations. The author proposed a catalytic cycle that maintains an
Mo—-N=N-Mo moiety for converting a terminal N> ligand to NH3. The DFT calculations
described the entire reaction pathway to proceed under mild reaction conditions. The
electronic states of the Mo—N=N-Mo moiety was important for protonation of the
terminal N> ligand, which is considered the most difficult reaction step in the catalytic
cycle. The DFT calculations revealed that a formal charge imbalance between metal
centers, such as Mo'-N=N-Mo" rather than Mo’~N=N-Mo’, makes a stronger synergetic
effect.

The N»-bridged dimolybdenum-N» complexes with Mo'-N=N-Mo” or Mo’
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N=N-Mo" moieties in Chapter 2 reductively activate a terminal N> ligand and undergo
the catalytic cycle following the classical Yandulov-Schrock cycle. On the other hand, an
N»-bridged dimolybdenum—N, complex with a more oxidative Mo'-N=N-Mo' moiety,
which should be yielded by two-electron reduction of an Mo(Ill)-trihalide complex
[Mo(PNP)I5] or [Mo"(PCP)Cl;], promotes an N-N bond cleavage of the bridging N
ligand, resulting in a shortcut of the Yandulov-Schrock cycle. Thus, each proposed
catalytic cycle is quite different: the former converts the terminal N> ligand to NHj3,
whereas the latter converts the bridging N> ligand to NH3s. In Chapter 3, this difference in
the catalytic cycle was explained in terms of the electronic structure of the Mo—N=N-Mo
moiety of the No-bridged dimolybdenum complex. The more oxidative Mo'-N=N-Mo'
moiety produces two equivalents of stable Mo(IV)—nitride complexes via the N-N bond
cleavage. On the other hand, the extra electrons in the Mo’~N=N-Mo° moiety occupy the
n-antibonding Mo=N bond of the Mo(Ill)-nitride complex after the cleavage, thus
prohibiting the cleavage reaction. It is theoretically explainable that the number of
electrons in the Mo—N=N-Mo moiety controls whether the N—N bond cleavage reaction
of the bridging nitrogen proceeds.

In Chapter 4, the author designed PCP ligands based on DFT calculations. The
excellent catalytic activity of the nitrogen fixation has been exhibited using an Mo(III)—
trihalide complex bearing the PCP ligand [Mo"(PCP)CI;] as a molecular catalyst in the
presence of water as a proton source and Sml, as an electron source. Focusing on the
PCET process to Mo(IV)-nitride complex [Mo!V(PCP)(I)(=N)] in the catalytic cycle, the
author designed PCP ligands to control the electronic state of Mo—PCP complexes by
introducing substituents and fused benzene rings into the PCP ligand. The author
estimated the catalytic activity from the strength of the formed N-H bond of the
corresponding Mo(Ill)-imide [Mo™(PCP)(I)(=NH)]. As a result, introducing electron-
withdrawing substituents and fused benzene rings into the PCP ligand leads to the
enhance in the strength of the N—H bond, because of the enhancement of the p-accepting
ability of the PCP ligand. Thus, the author succeeded in proposing a direction for ligand
design for nitrogen fixation catalyzed by the molybdenum complex.

In this thesis, the author performed DFT calculations to develop molecular

catalysts containing molybdenum atoms for nitrogen fixation. The molecular catalysts are
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unique in that their catalytic cycle includes dimolybdenum intermediates with an Mo—
N=N-Mo moiety. The role of the Mo—N=N-Mo moiety in the catalytic reaction is
theoretically explained in this thesis. Focusing on the most important reaction step in the
catalytic cycle, the author modified the PCP ligand by theoretical calculations. During the
ligand design, the author proposed strategies and useful indicators obtained by DFT
calculations. Finally, this thesis is unique in the author brought findings from the reaction
analysis using the DFT calculations to the PCP ligand design.

In this study, while the author performed ligand design prior to experimental
synthesis of the ligand using theoretical calculations on the assumption that the electronic
structure of metal complexes can be controlled by containing ligands, the author strongly
believes that the collaboration of the theoretical calculations and machine learning

methods will accelerate the design of promising ligands for nitrogen fixation.
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