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The thioether–diphosphine pincer-ligated molybdenum complex (PSP)MoCl3 (1-Cl3, PSP = 4,5-

bis(diisopropylphosphino)-2,7-di-tert-butyl-9,9-dimethyl-9H-thioxanthene) has been synthesized as

a catalyst-precursor for N2 reduction catalysis with a focus on an integrated experimental/computational

mechanistic investigation. The (PSP)Mo unit is isoelectronic with the (PNP)Mo (PNP = 2,6-bis(di-t-

butylphosphinomethyl)pyridine) fragment found in the family of catalysts for the reduction of N2 to NH3

first reported by Nishibayashi and co-workers. Electrochemical studies reveal that 1-Cl3 is significantly

more easily reduced than (PNP)MoCl3 (with a potential ca. 0.4 eV less negative). The reaction of 1-Cl3
with two reducing equivalents, under N2 atmosphere and in the presence of iodide, affords the nitride

complex (PSP)Mo(N)(I). This observation suggests that the N2-bridged complex [(PSP)Mo(I)]2(N2) is

formed and undergoes rapid cleavage. DFT calculations predict the splitting barrier of this complex to be

low, in accord with calculations of (PNP)Mo and a related (PPP)Mo complex reported by Merakeb et al.

Conversion of the nitride ligand to NH3 has been investigated in depth experimentally and

computationally. Considering sequential addition of H atoms to the nitride through proton coupled

electron-transfer or H-atom transfer, formation of the first N–H bond is thermodynamically relatively

unfavorable. Experiment and theory, however, reveal that an N–H bond is readily formed by protonation

of (PSP)Mo(N)(I) with lutidinium chloride, which is strongly promoted by coordination of Cl− to Mo.

Other anions, e.g. triûate, can also act in this capacity although less effectively. These protonations,

coupled with anion coordination, yield MoIV imide complexes, thereby circumventing the diücult

formation of the first N–H bond corresponding to a low BDFE and formation of the respective MoIII

imide complexes. The remaining two N–H bonds required to produce ammonia are formed

thermodynamically much more favorably than the first. Computations suggest that formation of the MoIV

imide is followed by a second protonation, then a rapid and favorable one-electron reduction, followed

by a third protonation to afford coordinated ammonia. This comprehensive analysis of the elementary

steps of ammonia synthesis provides guidance for future catalyst design.

Introduction

The synthesis of ammonia from dinitrogen is perhaps the single

most important industrially practiced chemical reaction,

affording the xed nitrogen for all synthetic fertilizer and

thereby supporting approximately half of the world's food

production.1,2 The current dominant process, based on fossil

fuel reforming and Haber–Bosch catalysis is responsible for

nearly 2% of the world's fossil fuel consumption and CO2

emissions.1–4 There is thus great interest in the development of

electrochemically driven nitrogen reduction.5–18 Using

a sustainable source of electrical energy, with water as the

source of protons and electrons, such a process could in prin-

ciple be essentially carbon-neutral. Such a process could also
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nd applicability on a scale much larger even than the use of

ammonia for fertilizer and chemicals, including the use of

ammonia for storage and transportation of renewable energy or

as a transportation fuel.4,15,16

In 2003 Schrock reported that a (triamidoamine)Mo complex

(Fig. 1a) catalyzed the reduction and protonation of N2 using

Cp*2Cr (Cp* = h
5-C5Me5) as the source of electrons, and

lutidine$H+ (LutH+) as the proton source.19 This ground-

breaking report represented the realization of a decades-old

goal of a molecular catalyst for N2 xation; however, turnover

numbers were quite low, selectivity for ammonia formation was

low, and a very slow addition of reagents was required to achieve

even these modest results. Nishibayashi subsequently re-

ported20,21 that the pincer-ligated dimeric Mo complex [(PNP)

Mo(N2)2]2(m-N2) (PNP = 2,6-bis(di-t-butylphosphinomethyl)

pyridine) (Fig. 1b) catalyzed a similar reaction more efficiently,

and later that the corresponding trihalides and nitridohalides

were equally or more effective as catalyst precursors. Since then

Nishibayashi and others have reported numerous other exam-

ples of pincer-ligated Mo catalysts, some of which yield

extremely high turnovers, including systems that can utilize

water as the proton source.22–37 Most of these catalysts share the

“PYP pincer” motif in which two terminal dialkyl- or diary-

lphosphino groups are connected to a neutral coordinating

group such as the pyridine group of PNP, a central phosphino

group, or an N-heterocyclic carbene group. Other Mo-pincer

complexes have also been found to effectively catalyze

ammonia formation or, in some cases, to effect the key N2

cleavage step though not as part of a catalytic cycle for ammonia

formation.12,17,20–55

These examples illustrate great progress in the development

of molecular catalysts for N2 xation, and in particular they

indicate the promise of pincer-Mo complexes as catalysts for N2

reduction/protonation. Such complexes have very recently been

found to be active catalysts for electrochemical reduction of N2

to NH3 as well, with48 or without54 a mediator. One of the

challenges in the unmediated electrocatalysis is the need for

highly negative applied potentials, which leads to competing H2

evolution and presumably a high electrochemical overpotential;

the development of a system with practical utility requires

minimizing both of these factors.11 Thus we have been partic-

ularly interested in designing new pincer Mo catalysts that are

easier to reduce, while still maintaining good catalytic activity.

More broadly, we have sought to expand the chemical space of

(PYP)Mo-based catalysts while attempting to learn about the

reaction mechanisms and the factors that govern the energetics

of the numerous steps in any cycle catalyzed by such species. In

this context, we report here the development of a (PSP)Mo-

based system (PSP = 4,5-bis(diisopropylphosphino)-2,7-di-tert-

butyl-9,9-dimethyl-9H-thioxanthene) for N2 reduction, the

observation of several catalytically relevant intermediates and

their reactions, and a computational study of this chemistry

with comparison to Nishibayashi's archetypal (PNP)Mo

catalysts.56

The family of catalysts exemplied by (PNP)Mo is typically

proposed to operate via cleavage of N2 to give MoIV nitrides

which then undergo sequential “H atom additions” (i.e. PCET,

either concerted or non-concerted) to the nitride ligand to give

coordinated NH3.
35–37,57,58 Importantly, the “rst” (imide) N–H

BDFE is generally much smaller than that of the second (amide)

and third (ammonia); formation of the rst N–H bond through

PCET is thus relatively unfavorable and may lead to the highest

barrier in the overall reaction.35–37,57–61 The results presented

herein, both experimental and computational, indicate that in

fact this rst N–H bond is not actually formed by PCET, but

instead by protonation and addition of an anion, for both (PSP)

Mo- and (PNP)Mo-based systems. This is then followed by PCET

to the resulting MoIV imide, to form an amide; the energetics of

this step correlate with a BDFE that is similar to that for the

conventionally proposed MoIII imide intermediate. The third

and nal N–H BDFE, corresponding to PCET to the resulting

MoIII amide, is similar to that for the MoII amide of the

commonly proposed cycle. Thus, the formation of NH3 from

nitride is achieved by “circumventing” the energetically unfa-

vorable step of PCET to the nitride intermediate.

Experimental results and discussion
Synthesis and characterization of (PSP)MoCl3

The pincer ligand PSP was synthesized as we have reported

previously.62 Its reaction withMoCl3(THF)3 in THF solution gave

1-Cl3 in good yield (1 = (PSP)Mo; Scheme 1). The 1H NMR

spectrum (THF-d8) was consistent with a single, paramagnetic

species. Crystals were obtained by diffusion of pentane into

a THF solution, and the molecular structure was determined by

single-crystal X-ray diffraction (scXRD) (Fig. 2).

Fig. 1 (a) Schrock's (triamidoamine)Mo catalyst.19,104 (b) (PYP)Mo catalysts or catalyst precursors reported by Nishibayashi.20–37 (c) (PSP)Mo
complex reported in this work.

Chem. Sci. © 2025 The Author(s). Published by the Royal Society of Chemistry
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The coordination sphere of Mo in 1-Cl3 is approximately

octahedral, with the SMoCl3 unit being almost perfectly planar,

although, as is typical with PXP-type pincer ligands, the X–M–P

(S–Mo–P) angles are signicantly less than 90°, at 76.5 ± 0.5°.

Reduction of 1-Cl3 and binding of N2

Cyclic voltammetry of 1-Cl3 in THF revealed a reversible

reduction with a half-wave potential, E1/2 = −1.56 V vs. Fc+/0.

This reduction is ca. 400 mV less negative than that of (PNP)

MoCl3 (E1/2 = −1.94 V vs. Fc+/0),55 conrming our hypothesis

that the PSP ligand would support milder reductions. Although

no diamagnetic impurities or additional paramagnetic species

were apparent by 1HNMR spectroscopy, an additional feature in

the CV indicated a possible impurity at 10% or less. The major

reduction peak was fully reversible at all scan rates studied,

suggesting that chloride dissociation occurs relatively slowly.

Chemical reductions were then attempted with sodium metal,

which can assist in chloride abstraction via precipitation of

NaCl.

A THF solution of 1-Cl3 was stirred over Na/Hg amalgam

(0.5% w/w Na; 3 equiv. Na) under N2 atmosphere. The

predominant product exhibited broad signals in the 31P{1H}

NMR spectrum; upon cooling, these resolved into an AB pattern

of doublets at d 80.8 and d 79.1, 2JPP = 122.3 Hz (Fig. S1†).

Crystals were obtained and scXRD revealed a dimolybdenum

product analogous to Nishibayashi's Mo0 dimer [(PNP)

Mo(N2)2]2(m-N2),
23,32,33 i.e. [(PSP)Mo(N2)2]2(m-N2) (2) (Fig. 3 and

Scheme 2). Note that the bowl shape of the PSP ligand, in

contrast with the planar PNP ligand, combined with the

orthogonal relationship of the two PSP planes, results in the

loss of mirror symmetry, rendering the P atoms of each PSP

ligand inequivalent in accord with the predominant species

observed in the 31P NMR spectrum.

In addition to the AB doublets, a sharp singlet at d 78.2

(Fig. S1†) is seen in the 31P{1H} NMR spectrum of the solution

under N2 atmosphere. We attribute this to an equilibrium

between 2 and mononuclear product (PSP)Mo(N2)3 (3; Scheme

2); such an equilibrium is expected from complex 2 as its Mo(m-

N2)Mo core is a 12-p-electron system.63 Accordingly, increased

N2 pressure led to an increased ratio of [3] : [2] which was

reversed upon decreasing N2 pressure. (The reaction kinetics

were not measured, but it took approximately one week to reach

apparent equilibrium, even with periodic rotation of the NMR

tube to ensure gas-solution equilibration of N2.) At N2 pressures

of 1.0 and 7.12 atm, Keq for the interconversion of 2 and 3, as

shown in Scheme 2, was determined by 31P{1H} NMR spec-

troscopy to be 3.4(1) × 10−3 M atm−1 (see ESI†).

The 31P{1H} NMR spectrum of the reaction solution addi-

tionally showed unidentied signals at ca. d 77. Redissolving the

crystals obtained as noted above affords a 31P{1H} NMR spec-

trum similar to that obtained before recrystallization. This leads

us to speculate that the unidentied signals may be assigned to

one or more isomers of 2 present in equilibrium in solution, e.g.

isomers in which the bridging N2 is positioned cis to S in one or

both of the (PSP)Mo units.22,64–66

Scheme 1 Synthesis of (PSP)MoCl3 (1-Cl3).

Fig. 2 ORTEP representation (50% probability ellipsoids) of the
structure of 1-Cl3 determined by X-ray diffraction; hydrogen atoms
and PSP t-butyl groups omitted for clarity. Selected bond lengths (Å)
and angles (°): Mo1–S1, 2.473; Mo1–P1, 2.563; Mo1–Cl1, 2.435; Mo1–
Cl2, 2.394; Mo1–Cl3, 2.358; S1–Mo1–P1, 76.99; S1–Mo1–P2, 76.04;
P1–Mo1–P2, 152.81; S1–Mo1–Cl1, 84.18; Cl1–Mo1–Cl2, 90.64; Cl2–
Mo1–Cl3, 91.04; Cl3–Mo1–S1, 94.18.

Fig. 3 ORTEP representations (50% probability ellipsoids) of the
structure of 2 determined by X-ray diffraction; hydrogen atoms and
PSP t-butyl groups omitted for clarity. Selected bond lengths (Å) and
angles (°): N1–N1, 1.114; Mo1–N1, 2.067; Mo1–N2, 2.044; Mo1–N4,
2.023; N2–N3, 1.109; N4–N5, 1.113; Mo1–P1, 2.447; Mo1–P2, 2.436;
P1–Mo1–S1, 79.0; P2–Mo1–S1, 79.5; P1–Mo1–P2, 156.7.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.

Edge Article Chemical Science

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

0
 M

ar
ch

 2
0
2
5
. 
D

o
w

n
lo

ad
ed

 o
n
 3

/2
5
/2

0
2
5
 4

:3
3
:3

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



Admitting a CO atmosphere to the solution of 2 and 3

resulted in a 31P NMR spectrum indicating formation of two

species, one manifesting a very broad AB doublet (d 88.8 and

d 88.0), and the other a sharp singlet at d 91.0. Two products

were crystallized from this mixture and both were characterized

by scXRD (see ESI†). One was found to be (PSP)Mo(CO)3. The

other was the N2-bridging dimer [(PSP)Mo(CO)2]2(m-N2) (see

ESI†), which is the analog of the product of the reaction of

[(PNP)Mo(N2)2]2(m-N2)
20,23,32,33 with CO.20

Reduction of 1-Cl3 with cleavage of N2

The Mo0 dinitrogen complex 2 described above is stable with

respect to the dissociative cleavage reaction to form metal

nitrides, as expected based on the number of electrons in p-

symmetry orbitals.67 A N2-bridged complex with one less e− per

Mo would have the appropriate electronic structure for split-

ting, and iodide additives have previously been found to

promote nitride formation in pincer Mo complexes.32,38,40,43,44,64

Accordingly, 1-Cl3was treated with two reducing equivalents per

Mo, rather than three as in the above examples, in the presence

of added iodide. Under N2 atmosphere, Na/Hg amalgam (0.5%

w/w Na; 2 equiv. Na) was added to a THF solution of 1-Cl3 and

NaI (2 equiv.). The 31P{1H} NMR spectrum of the resulting

solution showed a single resonance, at d 79.8, and the 1H NMR

spectrum was consistent with a single diamagnetic PSP-

containing species with Cs symmetry.68 When the reaction was

conducted under 15N2 atmosphere the resulting 15N NMR

spectrum showed a single resonance at d 446 (cf. d 460 for (PNP)

Mo(N)I28). These spectroscopic data are consistent with

assignment as the product of N2-cleavage, (PSP)Mo(N)I (1-(N)I,

Scheme 3). Crystals were grown from benzene/pentane, and

scXRD afforded the structure shown in Fig. 4. The complex 1-(N)

I has a coordination geometry that may be viewed as pseudo-

square-pyramidal38 with nitride in the apical position and an N–

Mo–L angle of ca. 100° with each of the four other Mo-

coordinating atoms. This structural motif is well precedented

among pincer-Mo38,69,70 and related nitride complexes.71,72

Based on the modest reduction potential of 1-Cl3 (E1/2 =

−1.56 V vs. Fc+/0), milder reductants should also be viable.

Accordingly, under otherwise identical conditions, similar

results were obtained with the use of 2 equiv. deca-

methylcobaltocene (Cp*2Co), which has an oxidation potential

of −1.94 V vs. Fc+/0, as reductant in place of Na/Hg amalgam.

However, no reaction was obtained with Cp2Co (−1.33 V vs.

Fc+/0).

Thus, cleavage of N2 occurs upon reaction of two equivalents

of reductant with 1-Cl3 while the addition of more than two

equivalents leads to a stable bridging-N2 dimolybdenum(0)

complex. This is consistent with the well-established principle

that bimetallic cleavage of N2 to give nitrides is generally limited

to bridging-N2 complexes with 10 electrons in the M(m-N2)M p-

system12,41,66,67,73–76 (Scheme 4).

Protonation of the nitride ligand of 1-(N)I

Having observed cleavage of the N2 bond to give nitride complex

1-(N)I, we considered likely subsequent steps in a potential

Scheme 2 Reaction of 1-Cl3 with Na (3 equiv.) under N2 atmosphere.

Scheme 3 Reduction of 1-Cl3 by 2e
− under N2 atmosphere leading to

cleavage of N2.

Fig. 4 ORTEP representations (50% probability ellipsoids) of the
structure of 1-(N)I determined by X-ray diffraction; hydrogen atoms
and PSP t-butyl groups omitted for clarity. Selected bond lengths and
angles: Mo1–N1, 1.648; Mo1–S1, 2.353; Mo1–I1, 2.815; Mo1–P1, 2.517;
N1–Mo1–S1, 101.12; N1–Mo–I1, 107.26; N1–Mo1–P1, 99.73; N1–
Mo1–P2, 99.34; P1–Mo1–P2, 152.55; S1–Mo–I1, 151.62.

Chem. Sci. © 2025 The Author(s). Published by the Royal Society of Chemistry
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catalytic cycle for ammonia synthesis. As will be discussed in

depth in following sections, formation of the initial N–H bond

is indicated by DFT calculations to be the thermodynamically

most challenging step in the conversion of the nitride to

ammonia. Accordingly, 1-(N)I did not react with the H-atom

donor TEMPO-H (up to 5 equiv.) even aer 2 days at room

temperature. Likewise it did not react with H-atom donors

CpCr(CO)3H (Cr–H BDFE = 54.9 kcal mol−1 in MeCN77) or 1,4-

cyclohexadiene (C–H BDFEs for benzene formation = 67.8 and

13.8 kcal mol−1 in gas phase77). Moreover, 1-(N)I did not

undergo reaction with one-electron reductants Cp2Co or

Cp*2Co (1 equiv.) in the absence of a proton source such as

[LutH]Cl, and cyclic voltammetry revealed a signicantly nega-

tive reduction potential (Epc < −2.7 V vs. Fc+/0; Fig. S36†). We

therefore undertook investigation of protonation as the initial

N–H bond formation step.

The reaction of 1-(N)I with Brookhart's acid78 [H(Et2O)2]

[BArF4] (Ar
F
= 3,5-bis(trimethyl)phenyl) in THF appears to result

in complete protonation (eqn (1)). The 31P{1H} NMR spectrum

shows a single broad signal upon addition of 1.0 equiv.

[H(Et2O)2][BAr
F
4] at d 67.3. Addition of two more equiv. of the

acid has no discernible effect on the chemical shi although the

signal is then sharp. Reaction of [H(Et2O)2][BAr
F
4] with 15N-

labeled 1-(15N)I leads to a doublet (d 51.0, 1JHN = 73 Hz) in

the 15N NMR spectrum, which is well precedented in work by

Schrock as a protonated nitride.79 The 31P{1H} NMR spectrum of

1-(15N)I shows a doublet with a small 31P–15N coupling, 2JPN =

5.8 Hz.

(PSP)Mo(I)N + [H(Et2O)2][BArF4]/

[(PSP)Mo(I)NH]+[BArF4]
− + 2Et2O (1)

Upon addition of one equiv. of a weaker acid, [LutH][OTf]

(the most commonly used proton source in the context of this

chemistry32,33), the characteristic peak of 1-(N)I in the 31P{1H}

NMR spectrum at d 79.78 was broadened but only slightly

shied, to d 79.2. An extremely broad peak appeared in the 1H

NMR spectrum at ca. d 14.9. Addition of two more equiv. [LutH]

[OTf] resulted in a shi of the 31P NMR signal to d 77.8, while the

downeld 1H NMR peak shied to d 14.8 and became more

intense and sharper. With a total of 12 equiv. [LutH][OTf]

added, the 31P NMR signal appeared at ca. d 75.1 (see Fig. S2 and

S3†) while the downeld 1H NMR signal, clearly exchanging

with free [LutH][OTf], was at d 14.04. These results are

consistent with protonation of 1-(N)I, presumably at the nitride

ligand, in a rapid equilibrium lying toward the le, either with

the triate anion coordinated to Mo (eqn (2a)) or ion-paired to

the resulting cation (eqn (2b)). They are also consistent with an

equilibrium in which the lutidinium cation is engaged in

hydrogen bonding, again presumably with the nitride ligand

(eqn (2c)).

1-(N)I + [LutH]+[OTf]−# (PSP)Mo(I)(NH)(OTf) + Lut (2a)

1-(N)I + [LutH]+[OTf]−# [(PSP)Mo(I)(NH)(Lut)]+[OTf]− (2b)

1-(N)I + [LutH]+[OTf]−# [(PSP)Mo(I)N/HLut]+[OTf]− (2c)

The addition of 4 equiv. lutidine to the solution with 12

equiv. [LutH][OTf] (with a 31P NMR signal at ca. d 75.1) yielded

a signal at d 79.1, essentially the chemical shi of the solution

with 1 equiv. [LutH][OTf] (d 79.2, close to that of free 1-(N)I,

d 79.8). Since free lutidine participates only in the equilibrium

of eqn (2a) this strongly supports eqn (2a), over eqn (2b) or (2c),

as a description of the reaction of 1-(N)I with [LutH][OTf]. Note

however that this does not offer insight into the conguration of

(PSP)Mo(I)(NH)(OTf), and in particular does not distinguish

between a complex with OTf− coordinated to Mo versus an ion

pair (likely with OTf− hydrogen-bonding to the N-bound

proton).

The above results indicate that a very strong acid, such as

[H(Et2O)2][BAr
F
4], is required to fully protonate 1-(N)I (to give 1-

(NH)I+) while a moderately strong acid, [LutH][OTf], results in

an equilibrium (likely with 1-(NH)I(OTf)) that lies toward the

unprotonated form. Remarkably, however, in contrast with the

reaction with [LutH][OTf], addition of the chloride salt of the

same acid, [LutH]Cl (3 equiv.), resulted in complete protonation

with no observable equilibrium. The 31P{1H} NMR spectrum

indicates the presence of two species in a ca. 4 : 1 ratio with

chemical shis of d 63.9 and d 64.9 respectively. The 1H NMR

spectrum contained signals at d 6.40 and d 6.49, also in a ca. 4 : 1

ratio, attributable to the protonated nitride ligand.

XRD of crystals grown by diffusion of pentane into a benzene

solution yielded the molecular structure of trans-1-(NH)(Cl)(I)

(Fig. 5). Apparently, by comparison with lutidinium triate, in

the case of lutidinium chloride coordination of the anion to

molybdenum drives protonation of the nitride ligand fully to

the protonated form (Scheme 5).

Scheme 4 Reduction of 1-X3 by 2e− or 3e− under N2 atmosphere. Hypothetical pathways to 1-(N)X and 2.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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We propose that the minor species (with the 31P NMR

chemical shi of d 64.9 and 1H NMR shi of d 6.49) is the cor-

responding dichloride complex, (PSP)MoCl2(NH). In accord

with this proposal, the crystal was disordered and the structure

was solved as 18% (PSP)MoCl2(NH).

[LutH]Cl (1.2 equiv.) was added to a THF-d8 solution 1-(15N)I

to yield 1-(15NH)ICl, which gave a 31P{1H} NMR spectrum with

signals, in a 4 : 1 ratio, at d 63.5 and d 64.4, both doublets with
2JPN = 6.1 Hz. The 1H NMR spectrum revealed a very sharp

doublet of triplets at d 6.31 with 1JNH = 73 Hz and 3JPH = 3.6 Hz

attributable to the major species. In the 15N NMR spectrum

a doublet appears at d −2.5 (1JNH = 73 Hz) (the signals were too

broad to observe P–N coupling). The HSQC spectrum showed

strong correlation of this 15N NMR signal with the 1H NMR

signal at d 6.31.

Reaction of 1-(NH)ICl to yield ammonia, and the reverse

reaction

In contrast with nitride 1-(N)I, imide 1-(NH)ICl was found to

react with the H-atom donor TEMPO-H to give ammonia

(Scheme 6). 1-(NH)ICl was generated in situ by addition of 5

equiv. [LutH]Cl to a THF solution (2 mL) of 1-(N)I; TEMPO-H (8

equiv.) was then added and aer 24 h the volatiles were removed

in vacuo. The residue was dissolved in DMSO-d6 and 1H NMR

spectroscopy revealed formation of ammonia (free and/or

bound) that was detected as NH4
+ in 88% yield. While this

reaction does not afford denitive information about the ther-

modynamics of Hc transfer from TEMPO-H to 1-(NH)ICl (in part

because the nature of the Mo product was not determined), it

appears that transfer of Hc from TEMPO-H to N does occur.

Thus, although such Hc transfer is likely endergonic, it is not so

uphill as to preclude the reaction from occurring (slowly) at

room temperature, despite the relatively high O–H BDFE of

TEMPO-H (65.5 kcal mol−1 in THF77), and, importantly, in

contrast with the lack of any reaction with nitride 1-(N)I.80

Similarly, 1-(NH)ICl, generated as described above, reacted

with H-atom donors CpCr(CO)3H (Cr–HBDFE= 54.9 kcal mol−1

in MeCN77) and 1,4-cyclohexadiene (C–H BDFEs for benzene

formation = 67.8 and 13.8 kcal mol−1 in gas phase77); NH4
+ was

recovered in yields of 70% and 41% respectively (Scheme 6). As

with TEMPO-H, 1-(N)I showed no reactivity toward these

species.

To further investigate the apparent tendency of 1-(NH)ICl to

react with H-atom donors, 1-(NH)ICl was generated by the

addition of [LutH]Cl (3 equiv.) to a THF-d8 solution of 1-(N)I.

Cp2Co (5 equiv.) was then added, over the course of 12 h. 1H

NMR spectroscopy revealed appearance of the spectrum char-

acteristic of paramagnetic 1-Cl3 (which would likely overlap with

a mixed halide complex, 1-Cl2I) and a signal at d −0.02 attrib-

utable to NH3 (Scheme 7). In a separate experiment (described

in detail, S2.9.2†), volatiles from the resulting mixture were

Fig. 5 ORTEP representations (50% probability ellipsoids) of the
structure of trans-1-(NH)(Cl)(I) determined by X-ray diffraction;
hydrogen atoms (other than the imido H), PSP t-butyl groups, and
minor components of iodide site omitted for clarity. Fixed position of
the imido proton determined from electron density map. Selected
bond lengths (Å) and angles (°): Mo1–N1, 1.731; Mo1–S1, 2.372; Mo1–
I1A, 2.837; Mo1–Cl2, 2.506; Mo1–P1, 2.503; Mo1–P2, 2.496; S1–Mo1–
N1, 94.24; N1–Mo–I1A, 96.76; I1A–Mo1–Cl2, 86.44; P1–Mo–S1, 79.41.

Scheme 5 Protonation of nitride ligand of 1-(N)I via reaction with
[LutH]Cl.

Scheme 6 Reaction of 1-(NH)ICl with H-atom donors to yield ammonia.

Chem. Sci. © 2025 The Author(s). Published by the Royal Society of Chemistry
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vacuum-transferred to a ask with HCl in diethyl ether; 1HNMR

(DMSO-d6) revealed a 30% yield of ammonia (as NH4
+). Thus,

while 1-(NH)ICl undergoes no reaction with Cp2Co alone, it

reacts with the PCET pair Cp2Co/[LutH]Cl as shown in

Scheme 7.

Although the stoichiometry of the reaction of Scheme 7

would only require a single equivalent of Cp2Co, the reaction

proceeded rapidly, but not to completion, even upon addition of

excess (up to 5 equiv.) Cp2Co. Considering the possibility that

an equilibrium had been reached, we investigated the possi-

bility of driving the reaction in reverse. Consistent with our

hypothesis, addition of base (KOtBu, 4 equiv.) to the mixture

formed in this experiment resulted in the reappearance of some

starting material 1-(N)I (Scheme 7; 17% yield).

The above experiments suggest, rather surprisingly, that the

reaction of MoIV complex 1-(NH)ICl with Cp2Co/[LutH]Cl to give

1-MoCl3, Cp2Co
+, and ammonia, is reversible (Scheme 7).81

Indeed, when [Cp2Co
+][PF6

−] (3 equiv.), NH3 (2 equiv.) and

KOtBu (4 equiv.) were added to a fresh solution of 1-Cl3 in THF-

d8, the formation of Cp2Co was clearly observed in the 1H NMR

spectrum (d −50.5) within 18 h (Scheme 8). A signal at d 77.2 in

the 31P NMR spectrum is attributed to 1-(N)Cl (identied by

independent synthesis; see S2.11†) (ca. 25% of phosphorus-

containing products). The presumed balanced equation is

shown in Scheme 8. Themajor phosphorus-containing product,

however, was the free PSP ligand (ca. 50%).

Thus, individual steps of reduction, N2 cleavage (Schemes 2–

5), and PCET or HAT, to give ammonium are demonstrated

above. We have, however, thus far been unable to achieve

catalysis to a signicant extent with the (PSP)Mo unit. With 1-

(N)I as a prospective catalyst or precursor, the use of various

pyridinium hydrohalide derivatives with Cp*2Co was investi-

gated. Slow addition (over 2 h) of 36 equiv. Cp*2Co to a solution

of 1-(N)I and collidinium triate (55 eq.) under N2 atmosphere

gave 1.29 equiv. NH4
+; other attempts generally gave signi-

cantly less than one equivalent NH4
+. While this may be related

to the apparent proclivity of the PSP ligand to dissociate, as

illustrated above, efforts are ongoing to more fully characterize

the decomposition pathway.

Computational results and discussion
of mechanism

The observations described above suggest potential intermedi-

ates and reaction steps of a catalytic pathway for the synthesis of

ammonia from dinitrogen, proceeding via bimetallic dinitrogen

cleavage and subsequent reaction of the resulting metal nitride

(Scheme 9; Y = S). Our observations implicate a mechanism for

conversion of nitride to ammonia that is fundamentally distinct

from commonly proposed views. Herein we describe a compu-

tational study integrated with our experimental observations.

To evaluate the generalities of our ndings on (PSP)Mo, we

expand the calculations to include comparisons with the

archetypal (PNP)Mo-based system reported by Nishibayashi.

The calculations were done using Gaussian 16.82 The structures

were optimized using the Minnesota-based hybrid metafunc-

tional M06 83 and Pople's split valence basis set 6-31G(d,p)84,85

with the Stuttgart–Dresden effective core potential (SDD)86 for

heavy atoms (Mo, Co, Br, and I). Improved potential energies

and bulk solvation effects were obtained from single-point

calculations of the gas phase optimized geometries employing

the M06 functional, the all-electron Karlsruhe basis set Def2-

QZVP86–90 for all atoms, and the SMD91 dielectric continuum

(with benzene as solvent model). The PSP ligand was modeled

with an asymmetric derivative bearing t-butylmethylphosphino

groups instead of bis(isopropyl)phosphino groups to avoid

multiple conformational possibilities, while maintaining the

same ligand steric prole.92 Unless explicitly mentioned, this

model has been used for all calculations pertinent to (PSP)Mo

halide complexes. Bis(isopropyl)phosphino groups, however,

were used for calculations involving the triate anion to more

precisely model the greater steric demands of the triate ion

and the absence of symmetry for triate-coordinated and

especially ion-paired triate complexes. For the calculation of

the inner-sphere reorganization energies associated with the

Scheme 7 Reaction of 1-(NH)ICl with [LutH]Cl and Cp2Co to yield 1-Cl3 and NH3, followed by addition of KOtBu.

Scheme 8 Ideal balanced equation for reaction (oxidation) of 1-Cl3
with NH3, base, and Cp2Co

+. (Actual reaction gives substantial
decomposition/ligand-loss).

Scheme 9 Proposed pathway (highly simplified) for catalytic synthesis
of NH3 via bimetallic cleavage of N2 and reduction/protonation.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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calculation of kinetic barriers of electron transfer, the four-

point method was used.93 The computational methodologies

are also discussed, in further detail, in the ESI.†

Cleavage of N2 by (PSP)Mo

Bimolecular cleavage of N2 by (PSP)MoX to yield the corre-

sponding nitride complex is central to the mechanism of

catalysis implied in this work, in analogy to previous proposals

for (PNP)Mo and other (pincer)Mo complexes.12,17,32–36,52,66,94 In

general, in the context of nitrogen xation, cleavage of the

strong N2 bond is oen presented as the origin of the great

challenge to achieving conversion under mild

conditions.17,32,95–100 The barrier to bimolecular N2 cleavage,

however, is not necessarily particularly high nor rate-

determining. For example, Yoshizawa and Nishibayashi have

calculated that the free energy barrier (DG‡) to N2 cleavage by

the bridged complex [(PNP)MoI]2(m-N2) is only 21.8 kcal mol−1,

and that the reaction is exergonic by 27.6 kcal mol−1.28

Mézailles, Robert, and co-workers52 have likewise calculated

a barrier of 21.1 kcal mol−1 for cleavage of [(PPP)MoI]2(m-N2)

(PPP = k
3-PhP[CH2CH2P(cy-C6H11)2]2); this reaction was calcu-

lated to be more exergonic (40.0 kcal mol−1).

The activation free energy for N2 cleavage by [(PSP)MoI]2(m-

N2) (Scheme 10; X = I), DG‡
= 21.1 kcal mol−1, is essentially

equal to that of [(PNP)MoI]2(m-N2) and [(PPP)MoI]2(m-N2), while

the reaction energy (DG° =−33.7 kcal mol−1) is calculated to be

intermediate between these two examples. The low calculated

activation barrier is consistent with the rapid formation of 1-(N)

I observed upon the addition of 2.0 equivalents Na/Hg to 1-Cl3
under N2 atmosphere in the presence of NaI (Scheme 3). Slightly

greater barriers are calculated for X = Br and Cl (Scheme 10).

The origin of this effect of varying the halide ligand is not

obvious,101 and efforts are currently underway to elucidate it. In

all cases the reaction is very exergonic.

(PSP)MoN–H bond formation

It is typically presumed that the conversion of a nitride ligand to

ammonia proceeds sequentially via H atom transfer (HAT) or

PCET steps to yield the corresponding imide, amide, and

ammonia complex (eqn (3)).35–37,57,58

As discussed above, within the class of complexes considered

herein, the barriers to N2 cleavage to form nitride are low, and

the reaction is very exergonic (i.e. the nitride products are “low-

energy” species). Therefore it would not be unexpected that

conversion of nitride to ammonia would comprise the rate-

determining segment of a catalytic cycle. Thus, for example,

Nishibayashi has proposed that N–H bond formation can be

rate-determining in the (PNP)Mo-catalyzed reduction of N2 to

NH3.
35–37,57 More generally, insight into the reaction of nitride

products to yield NH3 is critical to the rational design of energy-

efficient catalysts based on bimetallic N2 splitting.
17,25,29,59,60

Conversion of the nitride ligand to ammonia is also a key

segment of catalytic pathways that are based on the so-called

distal mechanism for N2 reduction, rst envisioned by

Chatt102,103 almost 50 years ago and many years later realized in

practice by Yandulov and Schrock.19,104–106 Indeed, it appears

that most molecular catalysts for N2 reduction based on

molybdenum20–28,30–33,38,107,108 (and very possibly many or most

other metals109,110) operate via either bimolecular N2-splitting or

distal mechanisms; both classes require the conversion of

a nitride ligand to ammonia.

Formation of the “rst” N–H bond ((PSP)MoN–H). For the

conversion of the nitride ligand of (PNP)Mo(N)(I) to coordinated

ammonia, it has been shown that formation of the “rst” NH

bond is by far the thermodynamically least favorable of the

three sequential bond formation steps indicated in eqn

(3).35–37,57,61 In other words, of the imide, amide, and ammonia

complex in eqn (3), the imide has by far the lowest N–H BDFE.

Our calculations of sequential H-atom addition to (PSP)

Mo(N)(X) (Table 1) reveal the same trend as found for (PNP)Mo

and other systems.35–37,57,61 The rst HAT is computed to afford

a very weak N–H bond (BDFE = 31.6 kcal mol−1, X = I; Table 1),

while the BDFE of the N–H bonds resulting from the second and

third H-atom addition are 58.2 and 49.3 kcal mol−1, respec-

tively. These N–H BDFEs are comparable to those calculated for

the (PNP)Mo analogs (Table 1). In particular, the BDFEs of the

rst N–H bonds formed, i.e. those of complexes (PYP)Mo(I)(N–

H), are essentially identical for Y = S or N, and in both cases

these are the least thermodynamically favorable of the three

N–H bonds, by a very signicant margin (Table 1; BDFEs of

(PYP)MoX[NH(1–3)], Y= S, N). The very low calculated N–H BDFE

Scheme 10 Calculated activation barriers and reaction energies of cleavage of the N2 bridge of [(PSP)MoX]2(m-N2); X = Cl, Br, I.

LnM^N ���������!
Hþ=e� or Hc

LnM]NH ���������!
Hþ=e� or Hc

LnM�NH2 ���������!
Hþ=e� or Hc

LnM�NH3 (3)

Chem. Sci. © 2025 The Author(s). Published by the Royal Society of Chemistry
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of (PSP)Mo(I)(N–H) is consistent with our experimental obser-

vation that H-donors such as TEMPO-H and CpCr(CO)3H do not

react with 1-(N)I.

In the case of (PNP)Mo(N)X it has been suggested that

formation of the rst N–H bond may proceed via an initial one-

electron reduction.28 For 1-(N)X, however, we calculate that

transfer of an electron from the strong reducing agent Cp*2Co,

to give the ion-pair [Cp*2Co][(PSP)Mo(N)X], is highly ender-

gonic, (DG° = 35.5, 36.7, and 35.5 kcal mol−1 for X = Cl, Br, I

respectively). (See Computational section for discussion of ion-

pairing effects, without which the electron transfer would be

even much more endergonic, calculated as 52.5, 52.8, and

52.2 kcal mol−1 for X = Cl, Br, I respectively.) We also calculate

that reduction of (PNP)Mo(N)X by Cp*2Co is similarly unfavor-

able (Table S7.15†).

The calculated thermodynamic barrier for this one-electron

reduction (e.g. DG° = 35.5 kcal mol−1 for X = I) is prohibi-

tively high for a reaction to occur at ambient conditions, even

before considering the kinetic barrier. Nevertheless, we wished

to investigate the kinetic barrier, at least to the extent that

computational methods would allow. The reorganization ener-

gies (l0) were calculated for Cp*2Co/[Cp*2Co
+] and for (PSP)

Mo(N)X/[(PSP)Mo(N)X−] and from these values the kinetic

barriers to electron transfer could be calculated using the

Marcus equation (eqn (4)).

DG‡ ¼
ðl0 þ DG�Þ2

4l0
(4)

The values of DG‡ for reduction of 1-(N)X by Cp*2Co were

determined, according to eqn (4), to be 53.3, 56.5, and

54.2 kcal mol−1 (X = Cl, Br, I respectively). Clearly these repre-

sent a prohibitively high kinetic barrier but, again, even absent

any barrier in addition to the calculated endergonicity (e.g. DG°

= 35.5 kcal mol−1 for X= Cl, I), the rate at ambient temperature

would be extremely slow: 6 × 10−14 s−1 at 25 °C.

In agreement with these conclusions, as noted above, 1-(N)I

underwent no reaction with Cp2Co or even Cp*2Co in the

absence of a proton source such as [LutH]Cl, and cyclic vol-

tammetry revealed a signicantly negative reduction potential

(Epc < −2.7 V vs. Fc+/0; S36†).

We therefore considered protonation, rather than reduction,

following cleavage of N2.
94 In the case of (PSP)Mo, as discussed

above, experimentally we observed that the equilibrium for

protonation of the N2 cleavage product 1-(N)(I) by [LutH][OTf] is

slightly unfavorable, while [LutH]Cl readily reacted to afford an

imide complex 1-(NH)(I)(Cl) without any indication of an

observable equilibrium. Our DFT calculations are quite consistent

with these observations. The reaction of 1-(N)(I) with [LutH]Cl to

give trans-1-(NH)(Cl)(I) is calculated to be exergonic, DG° =

−11.8 kcalmol−1 (eqn (5), X=Cl), whereas the analogous reaction

with [LutH][OTf] is very slightly endergonic,DG°= 0.2 kcal mol−1.

Note that even the calculated endergonic reaction with

[LutH][OTf] is promoted by coordination of the corresponding

anion (OTf−), although less so than is found for the more

strongly coordinating chloride anion. The isomeric N-

protonated species without Mo-coordinated triate, but with

triate hydrogen-bonding to the NH ligand instead, was calcu-

lated to be higher in free energy, DG° = 7.1 kcal mol−1 (eqn (6)).

1-(N)(I) that is unprotonated, but acting as a H-bonding

acceptor with [LutH][OTf], was calculated to be slightly lower

in free energy, DG° = 5.1 kcal mol−1 (eqn (7)), but still higher in

energy than the triate-coordinated product of eqn (5). These

results convey the favorability of N-protonation combined with

anion coordination and the greater magnitude of this effect

(DDG
�

calc = 12.0 kcal mol−1) with chloride versus triate anion

(eqn (5)).

Table 1 Calculated N–H BDFEs corresponding to sequential additions of Hc to (PYP)MoIVX(N); to (PYP)MoIVX2(NH); and to [(PYP)MoIVX2(NH)+]; Y
= S, N; X = Cl, Ia,b,c

Product [MoIII]X(N–H) [MoII]X(NH–H) [MoI]X(NH2–H) [MoIII]X2(NH–H) [MoII]X2(NH2–H) [MoIII]X(NH–H)+ [MoII]X(NH2–H)+

[Mo] = (PSP)Mo (PSP)MoX(NHn) (n = 1, 2, 3) (PSP)MoX2(NHn) (n = 2, 3) (PSP)MoX(NHn)
+(n = 2, 3)

X = Cl 33.0d 56.3t 51.2d 50.0q 55.9t 47.0q 60.7t

X = I 31.6d 58.2t 49.3d 49.1q 58.3t 45.7q 47.7t

[Mo] = (PNP)Mo (PNP)MoX(NHn) (n = 1, 2, 3) (PNP)MoX2(NHn) (n = 2, 3) (PNP)MoX(NHn)
+(n = 2, 3)

X = Cl 31.2d 45.0s 52.9d 50.7q 50.7t 47.8q 54.0t

X = I 31.9d 45.8s 51.3d 50.6q 51.5t 47.8q 52.7t

a SMDbenzene/M06/Def2-QZVP//M06/SDD/6-31G(d,p). b Values in kcal mol−1. c Mo(IV) species have singlet spin states. s = singlet, d = doublet, t =
triplet, q = quartet spin states.

ðPSPÞMoðNÞIþ ½LutH�X/ðPSPÞMoðNHÞðIÞðXÞ þ Lut X ¼ Cl : DG� ¼ �11:8 kcal mol�1

X ¼ OTf : DG� ¼ 0:2 kcal mol�1
(5)

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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ðPSPÞMoðNÞIþ ½LutHþ�½OTf��/

ðPSPÞMoðIÞðNHÞþ/OTf� þ Lut; DG
�

calc ¼ 7:1 kcal mol�1 (6)

ðPSPÞMoðNÞIþ ½LutHþ�½OTf��/

½ðPSPÞMoðIÞðNÞ/HLut�½OTf �; DG
�

calc ¼ 5:1 kcal mol�1 (7)

Thus, the calculated unfavorable thermodynamics of one-

electron reduction of 1-(N)(I) are experimentally manifest by

the lack of reaction with the strong reductant Cp*2Co. Likewise,

the very low calculated N–H BDFE of 1-(NH)(I) is consistent with

the failure of 1-(N)(I) to react with H-atom donors, TEMPO-H

(O–H BDFE = 65.5 kcal mol−1 in THF77), 1,4-cyclohexadiene

(C–H BDFEs = 67.8, gas phase77) or even CpCr(CO)3H (Cr–H

BDFE = 54.9 kcal mol−1, MeCN77). Protonation, however, is

achievable and kinetically very facile, assisted by coordination

of an anion. Importantly, while protonation of course consti-

tutes the formation of an N–H bond, it is not the reverse of the

homolytic N–H bond dissociation that is implied to be so

challenging based on the low N–H BDFE of 1-(NH)(I). Proton-

ation does not represent a “full formation of the rst N–H bond”

in the sense of HAT or PCET as indicated in eqn (3).

Formation of the second N–H bond ((PSP)MoNH–H). Our

initial experimental observations of nitride protonation

involved the reaction of the iodide complex 1-(N)(I) with the

lutidinium chloride salt. For the purpose of analyzing a multi-

step pathway, however, mixing halides complicates an already

complicated set of possibilities with multiple possible permu-

tations including isomers and halide exchange products. In the

following discussion of the full conversion of nitride to NH3 we

will therefore consider the reaction of (PSP)Mo(N)(Cl) with

[LutH]Cl and Cp*2Co. The complete and fully analogous path-

ways have also been calculated for the reactions of (PSP)

Mo(N)(X) with [LutH]X for X = Br and I, in both cases favoring

the same pathway as obtained with X= Cl and yielding the same

conclusions with no qualitative differences (ESI†). We have also

calculated pathways for N–H bond formation by [LutH][OTf]

and Cp*2Co, subsequent to the reaction of 1-(N)(I) with [LutH]

[OTf] to yield 1-(NH)(I)(OTf), with the calculations again

favoring the same pathways. (See ESI Scheme S7.14†).

In a conventional protonation/reduction framework, in

order to preserve charge balance, protonation of the nitride

ligand would expectedly be followed by one-electron reduction.

However, in the case of protonation of 1-(N)X this cannot be

assumed, as charge balance is maintained by addition of

a second halide. We therefore consider two pathways for the

formation of the second N–H bond, following protonation:

pathway A, beginning with reduction, and pathway B beginning

with (a second) protonation. The energy proles of the two

pathways are illustrated in Fig. 6.

Following the net addition of HCl to 1-(N)Cl, transfer of an

electron from Cp*2Co to 1-(NH)Cl2, to give the ion-pair [Cp*2Co]

[(PSP)Mo(NH)Cl2], is calculated to be highly unfavorable, DG° =

28.7 kcal mol−1 (eqn (8), and pathway A in Fig. 6). This is

consistent with the failure of 1-(NH)ICl to undergo reaction with

Cp*2Co in the absence of [LutH]Cl and cyclic voltammetry

experiments on 1-(NH)ICl showing irreversible reductions only

at very negative potentials (Fig. S37†).

Cp*2Co + (PSP)Mo(NH)X2/ [Cp*2Co
+][(PSP)Mo(NH)X2

−],

X = Cl; DG˚ = 28.7 kcal mol−1 (8)

Fig. 6 Gibbs free energy profile (kcal mol−1) for calculated pathways for the conversion of the nitride ligand of (PSP)Mo(N)Cl to ammonia (the
formation of three N–H bonds). The “protons-first” pathway (red), comprising the addition of Cl−, three H+, and one e−, H+(Cl−)/H+/e−/H+ (i.e.
PT–PT–ET–PT), has an overall barrier at least 10.2 kcal mol−1 less than that of the “alternating” pathway (blue), addition of H+(Cl−)/e−/H+/e−/H+

(i.e. PT–ET–PT–ET–PT).

Chem. Sci. © 2025 The Author(s). Published by the Royal Society of Chemistry
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Using the same Marcus-theory based approach as described

above to estimate the kinetics of one-electron reduction of 1-(N)

X, DG‡ for reduction of 1-(NH)Cl2 by Cp*2Co was determined to

be 29.5 kcal mol−1 (Fig. 6, pathway A). Given the limitations of

Marcus theory111,112 and assuming that the thermodynamic

value of DG° = 28.7 kcal mol−1 must be viewed as a calculated

lower limit, we suspect that the kinetics of the electron transfer

step would be slower than are indicated by this calculated value

of DG‡. Nevertheless even the rate predicted assuming that DG‡

= 29.5 kcal mol−1 would be prohibitively slow at ambient

temperature (1.5 × 10−9 s−1 at 25 °C).

Subsequent loss of chloride from the hypothetical ion-paired

product of electron-transfer, [Cp*2Co
+][(PSP)MoIII(NH)Cl2

−], is

calculated to be exergonic by 5.0 kcal mol−1 (Fig. 6, pathway A;

eqn (9b)), leading to the formation of (PSP)Mo(NH)Cl and

[Cp*2Co]Cl. The resulting overall reduction of (PSP)MoIV(NH)

Cl2 by Cp*2Co is shown in eqn (9c).

(PSP)MoIV(NH)Cl2 + Cp*2Co/

[Cp*2Co
+][(PSP)MoIII(NH)Cl2

−], DG˚ = 28.7 kcal mol−1 (9a)

[Cp*2Co
+][(PSP)MoIII(NH)Cl2

−]/

(PSP)MoIII(NH)Cl + [Cp*2Co
+]Cl−, DG˚ = −5.0 kcal mol−1(9b)

(PSP)MoIV(NH)Cl2 + Cp*2Co/

(PSP)MoIII(NH)Cl + [Cp*2Co
+]Cl−, DG˚ = 23.7 kcal mol−1 (9c)

The product of eqn (9c), (PSP)MoIII(NH)Cl (1-(NH)Cl), is the

net product of HAT/PCET to the starting nitride, 1-(N)Cl, formed

via addition of H+/Cl− followed by reduction and loss of Cl−

(pathway A, Fig. 6). While the barrier may be prohibitive (DG‡
=

29.5 kcal mol−1), we calculate that if 1-(NH)Cl were formed it

could then react with [LutH]Cl, very exergonically, to undergo

addition of H+Cl− across the MoIII]NH bond leading to amido

complex (PSP)MoIII(NH2)Cl2 (eqn (10) and Fig. 6, pathway A).

The TS for the proton transfer from lutidinium chloride could

not be located but even assuming that there is a negligible

enthalpic barrier, the entropic contribution of a bimolecular

reaction is expected to be signicant (and similar to the high

barrier determined for the (PNP)Mo system which is discussed

below). Thermodynamically, the reaction of 1-(NH)Cl with

[LutH]Cl (eqn (10)) is calculated to be quite exergonic (DG° =

−28.2 kcal mol−1; Fig. 6, pathway A). Combined with eqn (9c)

(DG° = 23.7 kcal mol−1) this describes a reduction-rst pathway

for the thermodynamically favorable net addition of H-atom to

the imide nitrogen of 1-(NH)Cl2 to give 1-(NH2)Cl2 (eqn (10), DG

° = −4.5 kcal mol−1).

(PSP)MoIV(NH)Cl2 + Cp*2Co + [LutH]Cl/

(PSP)MoIII(NH2)Cl2 + [Cp*2Co
+]Cl− + Lut,

DG˚ = −4.5 kcal mol−1 (10)

The reduction of 1-(NH)Cl2 on pathway A would clearly

encounter a prohibitive barrier. In contrast, proton transfer

from [LutH]Cl to 1-(NH)Cl2 on pathway B is calculated to be

kinetically facile and only slightly endergonic (eqn (11)). The

kinetic barrier for this second protonation is calculated be DG‡

= 19.3 kcal mol−1 (mostly attributable to entropy; DE‡ is only

7.3 kcal mol−1), which would permit a rapid reaction at room

temperature.

1-(NH)Cl2 + [LutH+]Cl−/ [1-(NH2)Cl2
+]Cl− + Lut,

DG
‡
= 19.3 kcal mol−1; DG˚ = 6.2 kcal mol−1 (11)

Subsequent reduction of the protonated complex [1-(NH2)

Cl2]
+Cl− is calculated to be exergonic (DG° = −10.7 kcal mol−1,

eqn (12); Fig. 6, pathway B). Employing Marcus theory as dis-

cussed above, the kinetic barrier to electron transfer following

this protonation is determined to be very low, DG‡
=

0.6 kcal mol−1.

[1-(NH2)Cl2
+]Cl− + Cp*2Co/ [Cp*2Co

+]Cl− + 1-(NH2)Cl2,

DG
‡
= 0.6 kcal mol−1; DG˚ = −10.7 kcal mol−1 (12)

Thus, our results strongly indicate that conversion of the N2-

cleavage product, 1-(N)Cl, to 1-(NH2)Cl2, proceeds initially viaN-

protonation combined with addition of halide to Mo, as a rapid

exergonic reaction to yield 1-(NH)Cl2. 1-(NH)Cl2 then undergoes

a slightly endergonic protonation to give [1-(NH2)Cl2
+]Cl− (eqn

(11)). Reduction of this protonated complex by Cp*2Co is

calculated to be exergonic with a very low kinetic barrier (eqn

(12)). The net reaction, PCET to 1-(NH)Cl2 (eqn (10)) is exergonic

by 4.5 kcal mol−1. Very similar results are obtained for the

reactions of 1-(N)X and [LutH]X for X = Br and I (see ESI†).

Experimentally, consistent with the prediction of a very facile

(and not rate-limiting) reduction of [1-(NH2)Cl2
+]Cl− by Cp*2Co,

even with use of the much weaker reductant, Cp2Co (Scheme 7),

the formation of the second (as well as third) N–H bonds

proceeds readily. By contrast, a hypothetical reduction of

neutral 1-(NH)Cl2 by Cp2Co, prior to protonation, would be far

more endergonic than with Cp*2Co (DE° = 0.78 eV =

18.1 kcal mol−1). The “protons-rst” pathway (Fig. 6, pathway B)

is thus strongly favored, by computation and experiment, for

the formation of the rst two N–H bonds on the path of the

conversion of nitride ligand to ammonia.

Thus pathway B does not follow the paradigm of eqn (3), but

instead circumvents the formation of a “rst N–H bond” in the

sense of HAT/PCET to 1-(N)Cl. Formation of MoIII imide 1-(NH)

Cl or its Cl− adduct [1-(NH)Cl2
−] are avoided. Instead, subse-

quent to the rst protonation (and halide addition), a second

protonation occurs, followed by a reduction. This comprises,

overall, HAT/PCET to the MoIV imide 1-(NH)Cl2, forming an

N–H bond with a BDFE of 49.1 kcal mol−1. This is much more

favorable than HAT/PCET to the MoIV nitride 1-(N)Cl (corre-

sponding to a BDFE of 31.6 kcal mol−1).

The underlying explanation for the much greater driving

force (DDG° = 17.5 kcal mol−1) for HAT/PCET to MoIV imide 1-

(NH)Cl2, versus HAT/PCET to MoIV nitride 1-(N)Cl, is not

obvious. Apparently, however, it can be primarily attributed to

the added proton, rather than the coordinated halide. Thus

HAT/PCET to the protonatedMoIV nitride, i.e. the cationic imide

1-(NH)Cl+, has a driving force (45.7 kcal mol−1) similar to that

for HAT/PCET to neutral 1-(NH)Cl2 (49.1 kcal mol−1) (Table 1).

The major effect of the anion appears to be to favor this initial

protonation of the nitride. It appears that HAT/PCET to nitride

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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ligands may be inherently much less favorable than HAT/PCET

to imides, independent of the oxidation state of the metal. It is

perhaps notable, however, that coordination of the chloride

anion even slightly favors (49.1 vs. 45.7 kcal mol−1) HAT/PCET –

as this is formally a reduction of the molybdenum center.

The preference for pathway B versus pathway A is expected to

apply even more strongly with a reducing agent weaker than

Cp*2Co as the reduction step is not rate-determining. Impor-

tantly, this may be extrapolated to the case of an electro-

chemical system in which the cathodic overpotential is not very

high, as would be required of a practical energy-efficient

system.11

Formation of the third N–H bond ((PSP)MoNH2–H).

Following formation of amido complex 1-(NH2)Cl2, the “alter-

nating motif” of pathway A (Fig. 6) would involve one-electron

reduction followed by a third protonation. Reduction of 1-

(NH2)Cl2 by Cp*2Co is calculated to be endergonic by

18.1 kcal mol−1, with a kinetic barrier calculated (using Marcus

theory) to be 18.2 kcal mol−1 (Fig. 6). Again, we were unable to

locate a transition state for protonation of the resulting anion to

give 1-(NH3)Cl2 but again, the unfavorable entropy of a bimo-

lecular reaction would result in a signicant addition to the

barrier. But even when compared with only the free energy of

the electron transfer (DG° = 18.1 kcal mol−1), the calculated

kinetic barrier to protonation of 1-(NH2)Cl2 is lower, DG‡
=

13.3 kcal mol−1 and such protonation is highly exergonic (DG°

= −14.2 kcal mol−1; Fig. 6, pathway B). Protonation of 1-(NH2)

Cl2 will therefore be rapid and irreversible, affording the

cationic ammonia complex [1-(NH3)Cl2]
+Cl−. The calculated

reaction barriers and free energies are very similar for the

reactions of 1-(NH2)X2 to give [1-(NH3)X2
+]X− for X = Br (DG° =

−15.9 kcal mol−1) and X = I (DG° = −16.7 kcal mol−1) (see

ESI†).

As discussed above in regard to formation of the second N–H

bond, the experimental observation that formation of the third

N–H bond proceeds readily even with the weak reducing agent

Cp2Co instead of Cp*2Co, argues that a reduction step does not

contribute to a rate-determining barrier. Again this is consistent

with a “protons rst” pathway (Fig. 6, pathway B). Beginning

with (PSP)Mo(N)X (1-(N)X), the overall pathway to NH3 forma-

tion may therefore be described as addition of H+/X−/H+/e−/H+.

Subsequent to the very exergonic third protonation via

pathway B, displacement of NH3 by Cl− (Scheme 11) is calcu-

lated to be exergonic by 10.5 kcal mol−1, giving 1-Cl3, the

complex with which we began our study. In a catalytic cycle, if

this displacement of ammonia by chloride occurs it would

necessarily be followed by one-electron reduction and loss of

a halide ion (Scheme 11) – the presumed initial step in the

reactions of Schemes 2 and 3. An alternative to the replacement

of NH3 by chloride (and subsequent reduction), would be direct

one-electron reduction of the cationic species [1-(NH3)Cl2]
+Cl−

(Scheme 11). This step leads to the last species shown to be

formed in pathway A in Fig. 6, i.e. the neutral MoII complex 1-

(NH3)Cl2, but with an overall free energy of activation much

lower than that of pathway A (which proceeds via one-electron

reduction of neutral 1-(NH2)Cl2). Although beyond the scope

of this work, further investigations are underway to determine

in detail the pathways for reduction, with chemical reductants

and electrochemically, which ultimately lead from MoIII

complexes [1-(NH3)X2
+] to the N2-bridging dimolybdenum(I)

complexes [(PSP)MoX](m-N2).

Comparison with the (PNP)MoN system

Extending our computational approach to the iconic PNP

system yields results that are very similar to those obtained for

PSP. As in the case of the PSP system, the initial N–H bond

formation, using [LutH]Cl as the source of H+, is calculated to

be exergonic (by 5.9 kcal mol−1) when coupled with chloride

coordination. This reaction appears to have no barrier on the

electronic energy surface. A subsequent hypothetical one-

electron reduction by Cp*2Co is highly endergonic by

25.4 kcal mol−1 (pathway A, Fig. 7). For protonation of the

resulting anion, in contrast with the case of the PSP analog

([(PSP)Mo(NH)Cl2]
− anion), we successfully located a transition

state; the free energy is 11.3 kcal mol−1 above the ion pair (fully

attributable to entropy). The overall barrier to e−-transfer fol-

lowed by protonation is therefore prohibitively high,

36.7 kcal mol−1. In contrast, protonation of (PNP)Mo(NH)Cl2 is

slightly exergonic (DG° = −2.0 kcal mol−1) (pathway B, Fig. 7),

with a relatively low barrier DG‡
= 21.2 kcal mol−1. One-electron

reduction of the resulting [(PNP)Mo(NH2)Cl2
+]Cl− ion pair is

also slightly exergonic, and with a very low calculated kinetic

barrier of DG‡
= 1.6 kcal mol−1 as determined using Marcus

theory (pathway B).

The “protons rst” pathway B and the “alternating” pathway

A reach the common intermediate (PNP)Mo(NH2)Cl2 analo-

gously to the (PSP)Mo system. In the (PNP)Mo case our ability to

locate a TS for the second protonation allows us to more

quantitatively determine that the overall barrier for pathway A is

signicantly higher, by 15.5 kcal mol−1 (30.8 kcal mol−1 versus

15.3 kcal mol−1), than that for pathway B (Fig. 7).

The intermediate common to both pathways A and B in

Fig. 7, (PNP)Mo(NH2)Cl2, can undergo either protonation or

reduction. As in the case of the (PSP)Mo system the barrier to

reduction is not prohibitive, but protonation is much more

Scheme 11 Alternative pathways for loss of NH3 and reduction by
Cp*2Co, subsequent to protonation of 1-(NH2)Cl2 by [LutH]Cl.

Chem. Sci. © 2025 The Author(s). Published by the Royal Society of Chemistry
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favorable than reduction, kinetically (DG‡
= 9.7 kcal mol−1 vs.

17.7 kcal mol−1) and especially thermodynamically (DG° =

−20.9 kcal mol−1 vs. 17.0 kcal mol−1). Moreover, as with

formation of the second N–Hbond, we have successfully located

a TS for protonation subsequent to reduction (again, in contrast

with the (PSP)Mo system) to form the third N–H bond. The

overall barrier for the net addition of H-atom to (PNP)Mo(NH2)

Cl2 via the reduction/protonation pathway is 28.3 kcal mol−1

(pathway A). This compares with the much lower barrier of DG‡

= 9.7 kcal mol−1 for the very exergonic protonation yielding

bound ammonia to afford the cationic complex [(PNP)Mo(NH3)

Cl2
+] (pathway B).

Our calculations with the PNP ligand thus serve to (a) rein-

force the conclusions obtained with (PSP)Mo, by enabling

identication of the TSs for the 2nd and 3rd protonation in an

otherwise quite similar pathway, and (b) to demonstrate the

broader applicability of the ndings obtained with PSP.

Summary and conclusions

Pincer-molybdenum complexes, most notably Nishibayashi's

(PNP)Mo-based and related catalysts, have demonstrated great

promise for the formation of NH3 from N2 under mild condi-

tions. As reported in this work, analogous (PSP)Mo complexes

have been synthesized and their reactivity has been investi-

gated, allowing us to observe intermediates and stoichiometric

reactions directly relevant to this class of catalysts. In particular,

our isolation of a nitride complex resulting from the cleavage of

N2, and the formation and characterization of the correspond-

ing imido complexes, may offer general mechanistic insight

into N2 reduction pathways proceeding via such intermediates.

Experimentally, the reaction of 1-Cl3 with an excess of

reductant leads to the stable bridging-nitrogen complex 2, while

reaction with only two equivalents Na/Hg per Mo in the pres-

ence of NaI leads to facile cleavage of N2 to give MoIV nitride

complex 1-(N)(I). The very strong acid [H(Et2O)2][BAr
F
4]

protonates the nitride ligand of 1-(N)(I). Reaction with the

moderately strong acid [LutH][OTf], which is oen used for

catalytic N2-to-NH3 conversion systems of this type, results in an

equilibriumwith a product that is not denitively characterized,

but experimental evidence and DFT calculations indicate it to

be 1-(NH)(OTf). [LutH]Cl, in contrast, fully reacts with 1-(N)(I),

protonating the nitride ligand and adding chloride to the Mo

center to give the fully characterized product 1-(NH)(I)(Cl). In

the presence of additional [LutH]Cl, this MoIV imide complex

can then be reduced with Cp*2Co resulting in the formation of

NH3 and returning MoIII complex 1-Cl3. With the relatively weak

reducing agent Cp2Co (Scheme 7) this reaction appears to reach

equilibrium, and if base is added the reverse reaction is

observed.

Results from DFT calculations are consistent with and shed

light on various experimental observations, and their implica-

tions appear to apply to the (PNP)Mo analogs as well. Cleavage

of N2 by the reduced MoI fragment to give the nitride complex 1-

(N)(I) is calculated to be kinetically facile and thermodynami-

cally favorable, in accord with experimental results and well

precedented by calculations on other (pincer)Mo systems

including (PNP)Mo and (PPP)Mo.

Conversion of nitride 1-(N)(I) to ammonia has been studied

in depth. The N–H BDFE of the corresponding imide 1-(NH)(I),

as in the case of other MoIV/MoIII nitride/imide couples, is

particularly low, and its formation is intrinsically the least

favorable of the three N–H bond formations leading to

Fig. 7 Free energy profile (kcal mol−1) for the two calculated pathways for the conversion of the nitride ligand of (PNP)Mo(N)Cl to ammonia (the
formation of three N–H bonds). The “protons-first” pathway (red), comprising the addition of three H+ and one e−, H+(Cl−)/H+/e−/H+, has an
overall barrier that is 15.5 kcal mol−1 less than that of the “alternating” pathway (blue), addition of H+/e−/H+/e−/H+.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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ammonia. Accordingly, H-atom transfer reagents such as

TEMPO-H and CpCr(CO)3H do not undergo reaction with 1-

(N)(I). Nor does 1-(N)(I) undergo reduction by Cp*2Co. However,

in agreement with experiment, protonation of the nitride ligand

of 1-(N)(I) by [LutH]Cl, in combination with addition of the

chloride anion at the trans position to yield 1-(NH)(I)(Cl), is

computed to be kinetically facile and thermodynamically

favorable.

Thus a key conclusion of this work is that protonation of the

nitride, assisted by anion coordination to MoIV, allows

a pathway for nitride-to-ammonia conversion in which

“formation of the rst N–H bond” is circumvented. While N-

protonation by denition results in formation of an N–H

bond, it is, importantly, not the unfavorable HAT or PCET that

corresponds to the low N–H BDFE of (PSP)Mo(X)(N–H).

Following protonation of the nitride, HAT or PCET to the

imide ligand, to yield amide, is calculated to be thermody-

namically more favorable, by ca. 15 kcal mol−1, than HAT or

PCET to the nitride. This is the case whether or not the

protonation is accompanied by anion coordination. Formation

of this second N–H bond is calculated to proceed via a second

protonation, followed by reduction (electron-transfer). Note

than an initial reduction of the imide is necessarily unfavorable,

since protonation followed by reduction would comprise

a PCET to the nitride, and formation of the very low-BDFE “rst”

N–H bond. Thus the conventionally proposed pathway35–37,57,58

of sequential HAT/PCET to the MoIV nitride is not favorable, at

least under conditions where reagents or potentials do not

comprise a highly energy-inefficient system (e.g. very strong

acids and reductants or very high overpotentials).

A nal protonation by [LutH]X to give [1-(NH3)X2
+]X−, is

calculated to be kinetically facile and very exergonic. Thermo-

dynamically, the overall reaction of 1-(NH)X2 with Cp*2Co and

[LutH]X to yield this ammonia complex is calculated to be only

slightly exergonic; this is consistent with the experiments

indicating that the reaction of 1-(NH)(I)(Cl) with Cp2Co and

[LutH]Cl, to give NH3 and Cp2Co
+, is reversible.

Alternative pathways subsequent to the initial protonation of

1-(N)X certainly cannot be ruled out. Concerted PCET to 1-(NH)

X2 or 1-(NH)X+ must be considered. However, the calculations –

consistent with all relevant experimental observations –

strongly indicate that net addition of Hc (PCET, concerted or

otherwise) to the MoIV N2-cleavage product 1-(N)X, is greatly

favored by an initial protonation, accompanied by anion

formation or not. Thus in the presence of sources of electron

and proton sources of the type studied in this work, the lowest-

energy overall sequence of N2 reduction by these catalysts

appears to proceed through cleavage to yield nitride, followed

by addition of H+/X−/H+/e−/H+, to yield coordinated NH3.

We note that thioethers and pyridines are not typically

regarded as closely related ligands. Therefore, the strong

mechanistic similarities between the PSP and PNP Mo

complexes studied in this work suggest that the conclusions

drawn from this study may be generally applicable to this

important class of N2 reduction catalysts proceeding through

MoIV nitrides.
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