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Abstract

The thioether-diphosphine pincer-ligated molybdenum complex, (PSP)MoCls (1-Clz, 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 NHs first reported in 2011 by Nishibayashi and co-
workers. Under an atmosphere of N, the reaction of 1-Cl; with three reducing equivalents
yields the dinuclear penta-dinitrogen Mo complex [(PSP)Mo(N2).](it-N2), 2. Electrochemical
studies reveal that 1-Cls is significantly more easily reduced than (PNP)MoCls (with a potential
ca. 0.4 eV less negative). The bridging-nitrogen complex 2 shows no indication of undergoing N,
cleavage to Mo nitride complexes. The reaction of 1-Cl; with only two reducing equivalents,
however, under N, atmosphere and in the presence of iodide, affords the product of N
cleavage, the nitride complex (PSP)Mo(N)(I). DFT calculations implicate another N»-bridged
complex, [(PSP)Mo(l)]2(N2), as a viable intermediate in facile N, cleavage to yield (PSP)Mo(N)(1).
Conversion of the nitride ligand to NH3 has been studied. If considering sequential addition of H
atoms to the nitride, formation of the first N-H bond is by far the thermodynamically least
favorable of the three N-H bond formation steps. The first N-H bond was formed by reaction of
(PSP)Mo(N)(1) with [LutH]CI, where coordination of CI~ to Mo plays an essential role.
Computations suggest that a second protonation, followed by a rapid and very favorable one-
electron reduction, and then a third protonation, furnishes ammonia. In agreement with
calculations, ammonia can be generated using either mild H-atom transfer reagents or mild
reductants/acids. This comprehensive analysis of the elementary steps of ammonia synthesis
and the role of the central pincer donor and halide association provides guidance for future
catalyst designs.
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1. INTRODUCTION

The synthesis of ammonia from dinitrogen is perhaps the single most important industrially
practiced chemical reaction, affording the fixed nitrogen for all synthetic fertilizer and thereby
supporting approximately half of the world’s food production. 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 CO; emissions.}* There is thus great interest in the
development of electrochemically driven nitrogen reduction.>’ Using a sustainable source of
electrical energy, with water as the source of protons and electrons, such a process could in
principle be essentially carbon-neutral. Such a process could also find 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.#1°

In 2003 Schrock reported that a (triamidoamine)Mo complex (Figure 1a) catalyzed the
reduction and protonation of N2 using Cp*Cr (Cp* = n°>-CsMes) as the source of electrons and
LutidineeH* (LutH*) as the proton source.'® This groundbreaking report represented the
realization of a decades-old goal of a molecular catalyst for N2 fixation; 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
reported®2° that the pincer-ligated dimeric Mo complex [(PNP)Mo(N2)2]2(-N2) (PNP = 2,6-
bis(di-t-butylphosphinomethyl)pyridine) (Figure 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 examples of pincer-ligated Mo catalysts, some of which yield extremely high turnovers,
including systems that can utilize water as the proton source.?!3* Very recently, it was reported
that addition of an electron-withdrawing substituent at the para-position of the pyridine ring
(Figure 1b) dramatically enhanced catalytic activity with the use of Sml>/H20 as the source of
electrons and protons.3* In general, most of these catalysts have the “PYP pincer” motif in
which two terminal dialkyl- or diarylphosphino 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 N, cleavage step though not as part of

an catalytic cycle for ammonia formation.1216:19-32,34-52
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Figure 1. (a) Schrock’s (triamidoamine)Mo catalyst.?®>3 (b) (PYP)Mo catalysts or catalyst
precursors reported by Nishibayashi.19232630 (c) (PSP)Mo complex reported in this work.

The examples illustrate great progress in the development of molecular catalysts for N»
fixation, and in particular they indicate the promise of pincer-Mo complexes as catalysts for N
reduction/protonation. Such complexes have very recently been found to be active catalysts for
electrochemical reduction of N> to NHs as well, with*®® or without>! a mediator. One of the
challenges in the unmediated electrocatalysis is the need for highly negative applied potentials,
which leads to competing H; evolution and presumably a high electrochemical overpotential;
the development of a system with practical utility requires minimizing both of these factors®.
Thus we have been particularly 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
fragment (PSP = 4,5-bis(diisopropylphosphino)-2,7-di-tert-butyl-9,9-dimethyl-9H-thioxanthene)
for N2 reduction/protonation, 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.
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2. EXPERIMENTAL RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of (PSP)MoCls. PSP was synthesized as we have reported
previously.®* Its reaction with MoCl3(THF)s in THF solution gave 1-Clz (1 = (PSP)Mo; Scheme 1).
Crystals were obtained by diffusion of pentane into a THF solution, and the molecular structure
was determined by single-crystal X-ray diffraction (scXRD) (Figure 2).

Scheme 1. Synthesis of (PSP)MoCl; (1-Cls)

P'PI'2 PIPI'Q
+ MoCl(THF); S— Mo CI
60°C 12h
pip CI P'P 1-Cls
2 2 81% yield

Figure 2. ORTEP representation (50% probability ellipsoids) of the structure of 1-Clz determined
by X-ray diffraction; hydrogen atoms and PSP t-butyl groups omitted for clarity. Selected bond
lengths (&) and angles (°): M01-51, 2.473; Mo1-P1, 2.563; Mo1-Cl1, 2.435; Mo1-Cl2, 2.394;
Mo1-ClI3, 2.358; S1-Mo1-P1, 76.99; S1-Mo1-P2, 76.04; P1-Mo1-P2, 152.81; S1-Mo1-Cl1, 84.18,
Cl1-Mo1-ClI2, 90.64; CI2-Mo1-CI3, 91.04; CI3-Mo01-S1, 94.18

The coordination sphere of Mo in 1-Clz is approximately octahedral, with the SMoCls unit
being almost perfectly planar, although, as is typical with PXP-type pincer ligands, the X-M-P (S-
Mo-P) angles are significantly less than 90°, at 76.5+0.5°.

2.2. Reduction of 1-Cl; and Binding of Na. Cyclic voltammetry of 1-Cls in THF revealed a
reversible reduction with a half-wave potential, £12 = —1.56 V vs Fc*/°. This reduction is ca. 400
mV less negative than that of (PNP)MoCls (E1/2 = —1.94 V vs Fc*/°)32, confirming our hypothesis
that the PSP ligand would support milder reductions. The peak was fully reversible at all scan
rates studied, suggesting that chloride dissociation occurs relatively slowly. Chemical reductions

4
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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 N,
atmosphere. The predominant product exhibited a very broad AB pattern of doublets 6 80.8
and 8 79.1 in the 3P NMR spectrum, 2Jpp = ca. 120 Hz. Several other minor signals appeared in
the spectrum, including a sharp singlet at 6 78.2. Crystals were obtained and scXRD revealed a
dimolybdenum product analogous to Nishibayashi’s Mo® dimer [(PNP)Mo(N2)2]2(u-N2),2%3%31 i.e.
[(PSP)Mo(N2)2]2(1-N2) (2) (Figure 3; 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 3'P NMR spectrum.

Figure 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 (A)
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-Mo1-51, 79.0; P2-Mo1-S1, 79.5; P1-Mo1-P2, 156.7.

Scheme 2. Reaction of 1-Cl; with Na (3 equiv) under N> Atmosphere

Bu Bu Bu
3 Na/Hg , il ; O ;
PP Pip PP
O ) N, atm/ O \ ” NPIPrz Q ! 2
. THF No f +N, No
S—Mo—Cl ————» 1/2 S—/Mo—N—N—Mo—S —_— S—Mo—N=N
cl I -3 NaCl N I P a -Np N3 I
O PiPr, O PPr, N O PPr,
N
Bu 1-Cls Bu 2 Bu 3



5/20/24

Redissolving the crystals affords a 3P NMR spectrum similar to that obtained before
recrystallization. This leads us to speculate that the unidentified signals may be assigned to one
or more isomers of 2 present in equilibrium in solution, e.g. isomers in which the bridging N is
positioned cis to S in one or both of the (PSP)Mo units?1>>>7, Upon lowering the temperature to
268 K, the AB doublet becomes very well defined with 2Jpp = 122.3 Hz. We attribute the singlet
at  78.2 in the 3P NMR spectrum to a mononuclear product (PSP)Mo(Nz)s (3). Consistent with
this assignment, when N; is added to a solution of the mixture, raising the pressure from 1 atm
to 6.1 atm N, the ratio of the 3P NMR integrals of 3 to 2 increases from 0.7:1 to 5:1 (Scheme
2). Removal of N then results in a decrease of the ratio to 0.2:1.

Admitting a CO atmosphere to the solution of 2 and 3 resulted in a 3P NMR spectrum
indicating formation of two species, one manifesting a very broad AB doublet (5 88.8 and
88.0), and the other a sharp singlet at 6 91.0. Two products were crystallized from this mixture
and both were characterized by scXRD (see Sl). One was found to be (PSP)Mo(CO)s. The other
was the N»-bridging dimer [(PSP)Mo(CO).]2(1-N2), which is the analogue of the product of the
reaction of [(PNP)Mo(N2)2]2(u-N2)1922:30-31 with CO.

2.3. Reduction of 1-Cl; with Cleavage of N,. The Mo° dinitrogen complexes described above
were stable with regards to the dissociative cleavage reaction to form metal nitrides, as
expected based on the number of electrons in t-symmetry orbitals.>® A N,-bridged complex
with one less e~ per Mo would have the appropriate electronic structure for splitting, and
iodide additives have previously been found to promote nitride formation in pincer Mo
complexes.30:3>40-41 Accordingly, 1-Cls was treated with two reducing equivalents per Mo, rather
than three as in the above examples, in the presence of added iodide. Under N, atmosphere,
Na/Hg amalgam (0.5% w/w Na; 2 equiv Na) was added to a THF solution of 1-Cl3 and Nal (2
equiv). The 3P NMR spectrum of the resulting solution showed a single resonance, at § 79.8,
and the *H NMR spectrum was consistent with a single diamagnetic PSP-containing species with
Cs symmetry.>® When the reaction was conducted under >N, atmosphere the resulting °N
NMR spectrum showed a single resonance at d 446. These spectroscopic data are consistent
with assignment as the product of N,-cleavage, (PSP)Mo(N)I (1-(N)I, Scheme 3). Crystals were
grown from benzene/pentane and scXRD afforded the structure shown in Figure 4. The
complex 1-(N)I has a coordination geometry that may be viewed as pseudo-square-pyramidal®?
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-Mo3>©0-%1 and

related nitride complexes.52%3
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Scheme 3. Reduction of 1-Cls by 2e™ under N> Atmosphere Leading to Cleavage of N>
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Figure 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; Mo1-11, 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

Based on the modest reduction potential of 1-Clz (E1/2 =—1.56 V vs. Fc*/%), milder reductants
should also be viable. Accordingly, under otherwise identical conditions, similar results were
obtained with the use of 2 equiv decamethylcobaltocene (Cp*,Co), which has an oxidation
potential of —1.94 V vs. Fc*/°, as reductant in place of Na/Hg amalgam. However, no reaction
was obtained with Cp,Co (=1.33 V vs. Fc*/9).

Thus cleavage of N, occurs upon reaction of two equivalents of reductant with 1-Clz while
the addition of more than two equivalents leads to a stable bridging-N. dimolybdenum(0)
complex. This is consistent with the well-established principle that bimetallic cleavage of N> to
give nitrides is generally limited to bridging-N, complexes with 10 electrons in the M(p-N2)M

n-system?1238,57-58,64-67 (Scheme 4).
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Scheme 4. Reduction of 1-X3, by 2 e” or 3 e, under N2 Atmosphere. Hypothetical Pathways
to 1-(N)X and 2
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2.4. 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 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 after 2 days at room temperature. Nor did 1-(N)I
undergo reaction with one-electron reductants Cp>Co or Cp*,Co (1 equiv). We therefore
undertook investigation of protonation as the initial N-H bond formation step.

Upon addition of one equiv [LutH][OTf] (the most commonly used proton source in the
context of this chemistry3°-31) the characteristic peak of 1-(N)I in the 3!P NMR spectrum at 8
79.78 was broadened but only slightly shifted. An extremely broad peak appeared in the H
NMR spectrum at ca. 6 14.8. Addition of two more equiv [LutH][OTf] resulted in a shift of the
31p NMR signal to 8 78.9, while the downfield *H NMR peak shifted to & 14.7 and became more
intense and sharpened. With a total of 12 equiv [LutH][OTf] added, the 3!P NMR signal
appeared at ca. 8 78.2 while the downfield *H NMR signal, clearly exchanging with free
[LutH][OTf], was at 0 14.5. These results are consistent with protonation of 1-(N)I, presumably
at the nitride ligand, in a rapid equilibrium lying toward the left, either with the triflate anion
coordinated to Mo (eq 1a) or ion-paired to the resulting cation (eq 1b). They are also consistent
with an equilibrium in which the lutidinium cation is engaged in hydrogen bonding, again
presumably with the nitride ligand (eq 1c).

1-(N)I + [LutH]*[OTf]" (PSP)Mo(1)(NH)(OTf) + Lut (1a)
1-(N)I + [LutH]*[OTf]" [(PSP)Mo(I)(NH)(Lut)]*[OTf]~ (1b)
1-(N)I + [LutH]*[OTf]" [(PSP)Mo(l)NeeeHLut]* [OTf]" (1c)

As noted above, the addition of 3 equiv [LutH][OTf] to a solution of 1-(N)I resulted in a broad
signal at 6 78.9 in the 3P NMR spectrum. Subsequent addition of 3.0 equiv lutidine essentially
returned the chemical shift (5 79.7) to that of 1-(N)I; since free lutidine participates only in the

8
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equilibrium of eq 1a, this supports eq 1a over eqgs 1b or 1c as a description of the reaction of
1-(N)I with [LutH][OTf]. Note however that this does not offer insight into the configuration of
(PSP)Mo(I)(NH)(OTf), and in particular does not distinguish between an ion pair (likely with OTf~
hydrogen bonding to the N-bound proton) versus a complex with OTf™ coordinated to
molybdenum.

In contrast with the reaction of 1-(N)I with [LutH][OTf], reaction with Brookhart’s acid®®
[H(Et20),2][BArf4] (Arf = 3,5-bis(trimethyl)phenyl) appears to result fully in protonation (eq 2).
The 3P NMR spectrum shows a single broad signal upon addition of 1.0 equiv [H(Et20)2][BArf]
at 8 67.2. Addition of two more equiv of the acid has no discernible effect on the chemical shift
of this signal although the signal is then sharp. Reaction of [H(Et20)2][BArf4] with °N-labeled
1-(**N)I leads to a doublet (8 51.0, YJun = 73 Hz) in the >N NMR spectrum, which is well
precedented in work by Schrock as a protonated nitride.®® The 3P NMR spectrum of 1-(**N)I
shows a doublet with a small 3'P-1°N coupling, %Jpn = 5.8 Hz.

(PSP)Mo(I)N + [H(Et20)2][BArfs] > [(PSP)Mo(I)NH]* [BArfs]" + 2 Et,0 (2)

The above results suggest that a very strong acid, such as [H(Et20)2][BArf4], 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. In contrast with
the reaction with [LutH][OTf], however, addition of the chloride salt of the same acid, [LutH]CI
(3 equiv), resulted in complete protonation with no observable equilibrium. The 3P NMR
spectrum indicated the presence of two species in a ca. 4:1 ratio with chemical shifts of 6 63.9
and & 64.9 respectively. The *H NMR spectrum contained signals at  6.40 and 8 6.49, also in a
ca. 4:1 ratio, attributable to the protonated nitride ligand.

Crystals were grown by diffusion of pentane into a benzene solution. scXRD yielded the
molecular structure of trans-1-(NH)(CI)(1) (Figure 5). Apparently, by comparison with lutidinium
triflate, 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 5. Protonation of Nitride Ligand of 1-(N)I via Reaction with [LutH]CI
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Figure 5. ORTEP representations (50% probability ellipsoids) of the structure of
trans-1-(NH)(CI)(l) 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 (A) and angles
(°): Mo1-N1, 1.731; Mo1-S1, 2.372; Mo1-11A, 2.837; Mo1-Cl2, 2.506; Mo1-P1, 2.503; Mo1-P2,
2.496; S1-Mo1-N1, 94.24; N1-Mo-I1A, 96.76; 11A-Mo1-Cl2, 86.44; P1-Mo-S1, 79.41.

We propose that the minor species (with the 3P NMR chemical shift of 6 64.9 and 'H NMR
shift of 0 6.49) is the corresponding dichloride complex, (PSP)MoCl;(NH). In accord with this
proposal, the crystal was disordered and the structure was solved as 18% (PSP)MoCl(NH).

[LutH]CI (1.2 equiv) was added to a THF-ds solution 1-(**N)I to yield 1-(**NH)ICI, which gave a
31p{IH} NMR spectrum with signals, in a 4:1 ratio, at  63.5 and & 64.4, both doublets with 2Jpy =
6.1 Hz. The 'H NMR spectrum revealed a very sharp doublet of triplets at 8 6.31 with Yy = 73
Hz and 3Jpy = 3.6 Hz attributable to the major species. In the >N NMR spectrum a doublet
appears at 8 -2.5 (Ynn = 73 Hz) (the sighals were too broad to observe P-N coupling). The HSQC
spectrum showed strong correlation of this °N signal with the *H NMR signal at § 6.31.

2.5. Reduction of 1-(NH)ICI to Yield Ammonia and the Reverse Reaction. We describe above
observations of dinitrogen cleavage and protonation of the resulting nitride ligand. Having
accomplished the challenging formation of the first NH bond, it remains to convert imide to
ammonia to close a catalytic cycle for ammonia synthesis. This would obviously require
reduction and further protonations, or the addition of hydrogen atoms. We next investigated
chemistry relevant in this context.

The imido complex 1-(NH)ICI, in contrast with nitride 1-(N)I, reacted with the H-atom donor
TEMPO-H to give ammonia (Scheme 6). 1-(NH)ICI 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 after 24 h
the volatiles were removed in vacuo. The residue was dissolved in DMSO-d¢ and *H NMR

10
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spectroscopy revealed formation of ammonia (free and/or bound) that was detected as NHs" in
88% yield.

Scheme 6. Reaction of 1-(NH)ICI with TEMPO-H to Yield Ammonia

By \5 equiv By H\I 8 equiv

P'Pr2 Ij\ PiPrz N

| N oN | NH

Z - Y,

s-mMd~, T S~
[ THF Cl I ——— > NH,4* (88% yield)
e rom e

Bu Bu

Cp2Co (5 eq) was added, over the course of 12 h, to a solution 1-(NH)ICI which had been
generated by the addition of [LutH]Cl (3 equiv) to a THF-ds solution of 1-(N)I. *H NMR
spectroscopy revealed appearance of the spectrum characteristic of paramagnetic 1-Cls (which
would likely overlap with a mixed halide complex, 1-Clzl) (Scheme 7).

Scheme 7. Reaction of 1-(NH)ICI with [LutH]Cl and Cp:Co to yield 1-MoCl; and NH3, followed
by addition of KO'Bu

Bu 5 X Bu Bu
+
D G D age

N
///N H ®CI‘ \//NH Cp,Co (3-5 eq) \ X + [Cp,Co]X
S—|\70\| —_— S— M0\| _— S—(I\?IO-X +3Lut
THF of Z Y
O PiPr, N, atm O P' (+ 2 [LutH]CI ) O L 5
Bu 1-(N)I Bu 1- (NH)ICI By 1-Xs
T + KO'Bu (4 equiv) | (X3 = Cl3 or ICl5)

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) Cp,Co. Considering the possibility that an equilibrium had been
reached, we investigated the possibility of driving the reaction in reverse. Consistent with our
hypothesis, addition of base (KO'Bu, 4 equiv) to the mixture formed in this experiment resulted
in the reappearance of the starting material 1-(N)I (Scheme 7).

The above experiments suggest, rather surprisingly, that the reduction of Mo" complex
1-(NH)ICI by Cp2Co, to give 1-MoCls, Cp,Co*, and presumably ammonia (not observed), is
reversible.”® Indeed, when [Cp2Co][PFs] (3 equiv), NH3 (2 equiv) and KO'Bu (4 equiv) were added
to a fresh solution of 1-Cls in THF-dg, the formation of Cp2Co was clearly observed in the H
NMR spectrum (3 -50.5) within 18 h. A signal at 5 77.2 in the 3P NMR spectrum is attributed to
1-(N)CI (identified by independent synthesis; see S2.11) (ca. 20% of phosphorus-containing

11
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products). The presumed balanced equation is shown in Scheme 8. The major phosphorus-
containing product, however, was the free PSP ligand (ca. 50%).

Scheme 8. Reaction of 1-Cl; with NH3, Base, and Cp.Co* (Ideal Balanced Equation)

Bu Bu
asy Oy 0o
| ¢ +ICpsCollPFe] | N +3BuoH
S-Mo-Cl , \H — S—MG
| 3 | +2KCl
O PiPr, +3KO'Bu O PPr,  +K[PFg]
Bu 1-Cl; Bu 1-(N)CI

Although individual steps of reduction and N; cleavage (Schemes 2-5), and protonation to
give ammonium are demonstrated above, we have thus far been unable to achieve a significant
level of catalysis with the (PSP)Mo unit. With 1-(N)I as a prospective catalyst or precursor, the
use of various pyridinium hydrohalide derivatives with Cp*,Co was investigated. Slow addition
(over 2 h) of 36 equiv Cp*,Co to a solution of 1-(N)I and collidinium triflate (55 eq) under N;
atmosphere gave 1.29 equiv NH4*; other attempts generally gave significantly less than one
equivalent NHs*. 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.

3. COMPUTATIONAL RESULTS AND DISCUSSION OF MECHANISM

The observations described above suggest potential intermediates and reaction steps of a
catalytic pathway, proceeding via bimetallic dinitrogen cleavage, for the synthesis of ammonia
from dinitrogen (Scheme 9; Y = S). We have attempted to use these observations as points of
reference for integration with a computational study of such catalytic cycles. In this study we
compare the reactions of the (PSP)Mo fragment with those of the currently best established
example of catalysts of this type, the (PNP)Mo-based system reported by Nishibayashi. To
further investigate the mechanism of the formation of ammonia, we carried out DFT
calculations using the Gaussian 16 (rev. A.03) suite of quantum chemical software.”! The
structures were optimized using the Minnesota-based hybrid metafunctional M0672 and Pople's
split valence basis set 6-31G(d,p)’37* with the Stuttgart-Dresden effective core potential (SDD)”>
for heavy atoms (Mo, Co, Br, and I). Improved potential energies, which also include some of
the effects of bulk solvation, were obtained from single-point calculations of the gas phase
optimized geometries employing the M06 functional, the all-electron Karlsruhe basis set
Def2-QZVP’>7° for all atoms, and the SMD? 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 profile.8! Unless explicitly
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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
triflate anion to more precisely model the greater steric demands of the triflate ion and the
absence of symmetry for triflate-coordinated and especially ion-paired triflate complexes. For
the calculation of the inner-sphere reorganization energies associated with the calculation of
kinetic barriers of electron transfer, the four-point method was used.®2 The computational
methodologies are also discussed, in further detail, in the Supporting Information.

Scheme 9. Proposed Pathway (Highly Simplified) for Catalytic Synthesis of NH3 via Bimetallic
Cleavage of N, and Reduction/Protonation

2 (PYP)MoX + N, — (PYP)XMo=N=N=Mo(PYP)X

b

6e+6H" 7 2 (PYP)XMo=N

3.1. Cleavage of N by (PSP)Mo. Bimolecular cleavage of N, by (PSP)MoX to yield the
corresponding 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.1216:30-3457.83 |
general, in the context of nitrogen fixation, cleavage of the strong N, bond is often presented as
the origin of the great challenge to achieving conversion under mild conditions.16:3084-88 The
barrier to bimolecular N, cleavage, however, is not necessarily particularly high nor rate-
determining. For example, Yoshizawa and Nishibayashi have calculated that the free energy
barrier (AG*) to N, cleavage by the bridged complex [(PNP)Mol]2(u-N,) is only 21.8 kcal/mol,
and that the reaction is exergonic by 27.6 kcal/mol.?’

The Nz-bridging complex [(PSP)Mol]2(u-N2) is calculated to be strikingly similar to its PNP
analogue. Although PSP is significantly less electron-donating than PNP (cf. the less negative
reduction potential of (PSP)MoCls vs. (PNP)MoCls) the bond distance of the bridging N2 ligand is
essentially identical in the two complexes, 1.201 A and 1.203 A respectively (Dnn = 1.098 A for
free Ny). Likewise the free energy of activation for N, cleavage by [(PSP)Mol]x(p-N2) (Scheme
10; X = 1), AG* = 21.1 kcal/mol, is essentially equal to that of [(PNP)Mol]2(u-N2), while the
reaction is calculated to be somewhat more exergonic (AG® = -33.7 kcal/mol). The low
activation barrier is consistent with the rapid formation of 1-(N)I observed upon the addition of
2.0 equivalents Na/Hg to 1-Cls under N, atmosphere in the presence of Nal (Scheme 3). Slightly
greater free energies of activation are calculated for X = Br (AG* = 22.5 kcal/mol) and X = Cl (AG*
= 23.7 kcal/mol). The origin of this effect of varying the halide ligand is not obvious, and efforts
are currently underway to elucidate it. In all cases the reaction is very exergonic; (AG° =-33.4
kcal/mol, -35.6 kcal/mol, -33.7 kcal/mol for X = Cl, Br, |, respectively).
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Scheme 10. Activation Barriers and Reaction Energies of Cleavage of the N, Bridge of
[(PSP)MoX]2(u-N2); X = Cl, Br, |
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3.2. (PSP)MoN-H Bond Formation. Given that the barriers to N, cleavage are low, and that
the reaction is very exergonic (i.e. the nitride products are relatively “low-energy” species), it is
very possible that subsequent steps would be rate-determining in any catalytic cycle for the
conversion of N2 to ammonia. This is particularly the case under conditions where the overall
free energy of the full cycle for NH3 formation is not very negative, as would be required to
achieve a high level of energy-efficiency!! (most notably, with low overpotential in the case of
an electrochemical system). Consistent with the idea of a rate-determining step subsequent to
N, cleavage, Nishibayashi has proposed that N-H bond formation can be rate-determining in
the (PNP)Mo-catalyzed reduction of N to NHs.33 Insight into the reaction of the nitride product
to yield NHs is therefore critical to a mechanistic understanding of catalytic N, reduction
pathways and the design of energy-efficient catalysts based on bimetallic N; splitting.

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 N, reduction, first envisioned by Chatt8-°° almost
50 years ago and many years later realized in practice by Yandulov and Schrock.'8°39192 |ndeed, it
appears that most molecular catalysts for N, reduction based on molybdenum?9-31:3593-94 (3nd
very possibly many or most other metals®>°¢) operate via either bimolecular N,-splitting or distal
mechanisms; both classes require the conversion of a nitride ligand to ammonia.

The reaction of a metal nitride complex to yield the corresponding fragment plus NH3
obviously requires the addition of 3 H" and 3 e". It is typically assumed, based on charge balance
considerations, that such processes proceed via alternating protonations and reductions.
However, the results of our calculations described below, especially when integrated with the
experimental results described above, indicate that ammonia formation from the nitride
complex (PSP)Mo(N)X, or from its PNP analogue, does not proceed via a simple alternating
protonation/reduction pathway.

3.2.1. Formation of the First (PSP)MoN-H Bond. For the conversion of the nitride ligand of
(PNP)Mo(N)(1) to a molecule of ammonia, it has been shown that formation of the “first” NH
bond is thermodynamically the least favorable of the three sequential bond formation steps;
i.e. of the imide, amide, and ammonia complex intermediates, the imide has the lowest N-H
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BDFE34. For the (PSP)Mo system we calculate that the respective N-H BDFEs are similar, and in
particular that formation of the first N-H bond is likewise the least thermodynamically
favorable, by a very significant margin (Table 1; BDFEs of (PYP)MoX[NH1-3)], Y =S, N). The
calculated low N-H BDFE is consistent with our experimental observation (Section 2) that
TEMPO-H does not undergo reaction with 1-(N)I.

Table 1. Calculated N-H BDFEs*P
(PYP)Mo(X)mNHn1 X=Cl,;Y=N,S,m=1o0r2,n=1-3

[Mo] = (PSP)Mo (PSP)MOX[NH1.3)] (PSP)MoX,[NH1.3)]
[MO](X)N=H | [Mo](X)NH-H | [Mo](X)NH,—H | [Mo](X):N-H | [Mo](X)2NH-H |[Mo](X),NH,—H
X=cl 33.0 56.3 51.2 57.9 50.0 55.9
X=1 31.6 58.2 49.3 55.2 49.1 58.3
[Mo] = (PNP)Mo (PNP)MOXNH 1.3 (PNP)MoXoNH 1.3
X=cl 31.2 45.0 52.9 53.5 50.7 50.7
X=1 31.9 45.8 51.3 47.9 50.6 51.5

(a) SMDyenzene/M06/Def2-QZVP//M06/SDD/6-31G(d,p) (b) values in kcal/mol

In the case of (PNP)Mo(N)X it has been suggested that formation of the first N-H bond may
proceed via an initial one-electron reduction?’. For 1-(N)X, however, we calculate that transfer
of an electron from Cp*,Co, to give the ion-pair [Cp*,Co][(PSP)Mo(N)X], is highly endergonic,
(35.5, 36.7, and 35.5 kcal/mol for X = Cl, Br, | 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 for X = Cl, Br, | respectively.)

Even before considering the kinetic barrier, the calculated thermodynamic barrier for this
one-electron reduction (e.g. AG® = 35.5 kcal/mol for X = 1) is prohibitively high for a reaction to
occur at ambient conditions. Nevertheless, we wished to investigate the kinetic barrier, at least
to the extent that computational methods would allow. The reorganization energies (Lo) were
calculated for Cp*,Co/[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 (eq 3).

(A + AG®)?
e — —
AG 4y (3)

The values of AG* for reduction of 1-(N)X by Cp*,Co were determined, according to eq 3, to
be 53.3, 56.5, and 54.2 kcal/mol (X = Cl, Br, | respectively). Clearly these represent a
prohibitively high kinetic barrier, but even absent any barrier in addition to the calculated
endergonicity (e.g. AG® = 35.5 kcal/mol for X = Cl, I), the rate at ambient temperature would be
extremely slow: 6 x 1014 s’ at 25 °C. In agreement with this conclusion, experimentally (Section
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2.5), 1-(N)I underwent no reaction with Cp2Co or even Cp*,Co in the absence of a protonation
source e.g. [LutH]Cl.

We therefore consider protonation rather than reduction following cleavage of dinitrogen;
this has also been proposed for the mechanism of ammonia formation by (PNP)Mo.% In the
case of (PSP)Mo, as discussed above, we observed that the equilibrium for protonation of N,
cleavage product 1-(N)(I) by [LutH][OTf] is slightly unfavorable. In contrast, [LutH]Cl readily
reacted to afford an imide complex 1-(NH)(I)(Cl) without any indication of an observable
equilibrium. Our DFT calculations, or at least the relative values for addition of [LutH][OTf] and
[LutH]Cl, are consistent with these observations. The reaction of 1-(N)(I) with [LutH]Cl to give
trans-1-(NH)(CI)(1) is calculated to be exergonic, AG® = -11.8 kcal/mol (eq 4, X = Cl), whereas the
analogous reaction with [LutH][OTf] is very slightly endergonic, AG°calc = 0.2 kcal/mol.

(PSP)Mo(N)I + [LutH]X = (PSP)Mo(NH)(1)(X) + Lut X =Cl: AG® = -11.8 kcal/mol
X = OTf: AG® = 0.2 kcal/mol (4)

Note that even the calculated endergonic reaction with [LutH][OTf] is promoted by
coordination of the corresponding anion (OTf"), although less so than in the case of the more
strongly coordinating chloride anion. The isomeric N-protonated species without
Mo-coordinated triflate (but with triflate hydrogen bonding to the NH ligand) was calculated to
be higher in free energy, AG°caic = 7.1 kcal/mol (eq 5), while unprotonated 1-(N)(1)
hydrogen-bonding to [LutH][OTf] was slightly lower than that, AG°.ac = 5.1 kcal/mol (eq 6), but
still higher than the triflate-coordinated product of eq 4. Note that the accuracy of the
calculations in comparing energies of neutral species like (PXP)Mo(NH)(1)(OTf) with ion-paired
species like (PXP)Mo(l)(NH)*eeeOTf~ may be suspect. For example the solvent continuum model
does not account for possible interactions with other species in solution such as additional
[LutH][OTf]. Nevertheless, we believe that these results convey the favorability of N-
protonation combined with anion coordination and, with more precision, the greater

magnitude of this effect (AAG® caic = 11.4 kcal/mol) with chloride versus triflate anion (eq 4).

(PSP)Mo(N)I + [LutH*][OTf] > (PSP)Mo(I)(NH)*eeeOTf™ + Lut  AG°caic = 7.1 kcal/mol  (5)

(PSP)Mo(N)I + [LutH*][OTf] = [(PSP)Mo(l)(N)eeeHLut][OTf] AG°calc = 5.1 kcal/mol  (6)

The low basicity of the nitride ligand of 1-(N)(l) is manifest experimentally and
computationally in the reaction with [LutH][OTf]. The unfavorable thermodynamics of one-
electron reduction of 1-(N)(l) is experimentally manifest by the lack of reaction even with the
strong reductant Cp*,Co, and this too is in accord with DFT calculations. The very low calculated
BDFE of 1-(NH)(l) is connected to these two factors and is manifest experimentally in the failure
of 1-(N)(l) to react with TEMPO-H. But although these factors might suggest that N-H bond

16



5/20/24

formation would be challenging, the reaction of 1-(N)(I) with [LutH]Cl demonstrates
experimentally that nitride N-H bond formation can be thermodynamically favorable and very
facile—when coupled to the formation of a Mo-X bond (X = a strongly-coordinating anion).
Importantly, the same DFT calculations that indicate low basicity, resistance to one-electron
reduction, and low N-H BDFE, also yield this same conclusion.

Thus a key finding in this work is that binding a second halide to the Mo center strongly
assists the conversion of nitride to imide, i.e. the formation of the “first” NH bond. Absent this
halide coordination, formation of this bond is otherwise, by far, the thermodynamically least
favorable N-H bond formation on the path from nitride to NHs. Moreover, the computed N-H
BDFE of species 1-(NH)Xz exceeds 52 kcal/mol, indicating, importantly, that autoformation of H,
is thermodynamically unfavorable when the additional halide is present.®” We propose that this
very large effect of coordination of the second halide may be attributed in large part to the
strong trans influence of the nitride ligand; this trans influence is dramatically reduced upon
protonation of the nitride ligand, thus greatly favoring halide addition at the trans position
(and, equivalently, halide addition greatly favors nitride-protonation). While the
thermodynamics of this effect can be rationalized from different perspectives, we note that it is
not simply an electrostatic effect of the negatively charged anion favoring protonation. This
point is reflected in the calculation that the N-H BDFEs (Table 1) of the hypothetical species
1-(NH)Xz are dramatically (by ca. 25 kcal/mol) greater than those of 1-(NH)X, despite both sets
of complexes being neutral (Table 1, BDFEs of (PYP)MoX[NH(1-3)], Y = S). The same effect is seen
for the analogous (PNP)Mo complexes (Y = N; Table 1).

We also note (Table 2) that protonation of the nitride 1-(N)X is much less favorable than that
of imide and amide complexes 1-(NH)X and 1-(NHz)X, and again the same trend is seen for the
(PNP)Mo complexes. This further underscores the relative inertness of the nitride ligand formed
by N2 cleavage (Scheme 10). Note however that the basicity of 1-(N)Xz is comparable to that of
1-(N)X. Thus the additional X ligand does not strongly affect the thermodynamics of protonation
(Table 2) but as discussed above, it greatly favors addition of H atom (Table 1). We may attribute
the latter effect to the removal of one electron from the dyy orbital upon addition of X to the Mo
center; the resulting half-empty orbital is re-filled upon addition of an H atom to the nitride.
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Table 2. Calculated energies of N-protonation (relative to N-protonation of 1-(N)(1))*®

H* + (PYP)Mo(X)mNHn > (PYP)MO(X)mNHns1*

X=Cl,I;¥Y=N,S,m=10r2,n=0-2

[Mo] = (PSP)Mo

protonation product: (PSP)MoXNH;.3)*

protonation product: (PSP)MoX;NH1.3)*

[Mo](X)N=H+ | [Mo](X)NH=H+ |[Mo](X)NH;—H+| [Mo](X),N=H+ | [Mo](X),NH-H+ [[Mo](X),NH,—H+
X=cl -0.7 -14.6 -18.5 +0.1 +1.0 -17.3
X=1 [0.0] -14.2 -13.8 +3.7 +3.1 -17.6

[Mo] = (PNP)Mo

protonation product: (PNP)MoXNH;.3)*

protonation product: (PNP)MoX;NH1.3)*

X=Cl

-3.6

-20.2

-29.2

-1.1

-2.2

-18.8

X=1

-3.8

-18.9

-26.5

+7.8

-0.0

-20.9

(a) SMDyenzene/M06/Def2-QZVP//M06/SDD/6-31G(d,p) (b) values in kcal/mol

3.2.2. Formation of the Second N-H Bond ((PSP)MoNH-H). Our initial experimental
observations of N-H bond formation involved the reaction of the iodide complex 1-(N)(l) 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

permutations 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]CI (3 equiv). The complete and fully analogous pathways have also been calculated
for the reactions of (PSP)Mo(N)(1) with [LutH]I and (PSP)Mo(N)(Br) with [LutH]Br, in both cases
favoring the same pathway as obtained with chlorides, and thereby yielding the same
conclusions. We have also calculated pathways for further N-H bond formation with [LutH][OTf]
subsequent to the reaction of 1-(N)(I) with [LutH][OTf] to yield 1-(NH)(1)(OTf). (See Supporting

Information).

In a conventional framework of alternating protonation/reduction, one-electron reduction

would be expected to follow protonation of the nitride ligand, based on a need to preserve
charge balance. 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. Following the net addition of HCI
to 1-(N)CI, transfer of an electron from Cp*,Co to 1-(NH)CI, to give the ion-pair
[Cp*2Co][(PSP)Mo(NH)CI3], is in fact calculated to be highly endergonic, AG® = 28.7 kcal/mol (eq
7, and Pathway A in Figure 6).

Cp*2Co + (PSP)Mo(NH)X2 => [Cp*:Co*][(PSP)Mo(NH)X;’]

18
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Figure 6. Gibbs free energy profile (kcal/mol) 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 CI, three H*, and one e, has an overall barrier at least
9.5 kcal/mol less than that of the “alternating” pathway (blue), addition of H*(CI")/e /H*/e’/H* (i.e.
PT-ET-PT-ET-PT)

Using the same Marcus-theory based approach as described above to estimate the kinetics of
one-electron reduction of 1-(N)X, AG* for reduction of 1-(NH)Cl, by Cp*2Co was determined to
be 28.8 kcal/mol (Figure 6, Pathway A). Given the limitations of Marcus theory®®-% and assuming
that the thermodynamic value of AG® = 28.7 kcal/mol 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 AG*. Nevertheless even the rate predicted based upon the
assumption that AG* = 28.8 kcal/mol would be prohibitively slow at ambient temperature (5 x
10° st at 25 °C).

Subsequent loss of chloride from the hypothetical ion-paired product of electron-transfer,
[Cp*2Co*][(PSP)MO0"(NH)CIy], is calculated to be exergonic by 5.0 kcal/mol (Figure 6, Pathway
A; eq 8b), leading to the formation of (PSP)Mo(NH)Cl and [Cp*.,Co]Cl. The overall reduction is
shown in eq 8c.

(PSP)Mo"(NH)CI> + Cp*2Co = [Cp*2Co*][(PSP)M0"(NH)CI>] AG° =28.7 kcal/mol  (8a)
[Cp*2Co*][(PSP)MO"(NH)CI>T] = (PSP)Mo"(NH)CI + [Cp*,Co*]CI=  AG° =-5.0 kcal/mol  (8b)
(PSP)Mo"(NH)CIz + Cp*2Co = (PSP)M0o"(NH)CI + [Cp*,Co*]CI AG® =23.7 kcal/mol  (8c)
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We calculate that if (PSP)Mo"'(NH)CI (1-(NH)CI) were formed it could react with [LutH]Cl to
undergo addition of HCl across the Mo"'=NH bond (similarly to the initial addition of HCl across
the Mo-N bond of (PSP)Mo'"(N)CI) leading to amido complex (PSP)Mo"(NH2)Cl. (eq 9 and Figure
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 significant (and similar to the high barrier determined for
the (PNP)Mo system which is discussed below). Thermodynamically, the reaction of 1-(NH)CI
with [LutH]CI (eq 9) is calculated to be exergonic by 28.2 kcal/mol (Figure 6, Pathway A). Egs 8
and 9 combine to give a reduction-first pathway for the net addition of H-atom to the imide
nitrogen of 1-(NH)CI. to give 1-(NH2)Cl..

(PSP)Mo"(NH)CI + [LutH]Cl > (PSP)Mo"(NH2)Cl> + Lut AG® = -28.2 kcal/mol (9)

An alternative pathway, much more kinetically favorable than that of eqs 8 and 9, has been
calculated as shown in Pathway B in Figure 6. Following the reaction of the nitride complex
1-(N)Cl with [LutH]Cl to give 1-(NH)CI;, a second protonation, the reaction of 1-(NH)Cl with
[LutH]CI (eq 10) is calculated to be endergonic by only 6.2 kcal/mol (Pathway B). The kinetic
barrier for this second protonation is calculated be AG* = 19.3 kcal/mol (mostly attributable to
entropy, since AE* is only 7.3 kcal/mol), which would allow a very rapid reaction at room
temperature.

1-(NH)Cl; + [LutH*]CI" = [1-(NH2)Cl2*]CI™ + Lut (10)
AG* = 19.3 kcal/mol; AG® = 6.2 kcal/mol

Reduction of the protonated complex [1-(NH2)Cl2]*Cl~ is calculated to be exergonic, AG® =
-10.7 kcal/mol (eq 11; Figure 6, Pathway B). Employing Marcus theory as discussed above, the
kinetic barrier to electron transfer is determined to be very low, AG* = 0.6 kcal/mol.

[1-(NH2)Cl2*]CI + Cp*2Co > [Cp*>Co*]CI™ + 1-(NH2)Cla (11)
AG* = 0.6 kcal/mol; AG® =-10.7 kcal/mol

Thus, conversion of nitride complex 1-(N)Cl to 1-(NHz)Cl. proceeds initially via N-protonation
combined with addition of halide to Mo, as a rapid exergonic reaction to yield 1-(NH)Cl>.
1-(NH)CI; then undergoes a slightly endergonic, protonation (eq 10). Reduction of the
protonated complex by Cp*,Co is calculated to be exergonic with a very low kinetic barrier (eq
11). The reactions of 1-(N)X with [LutH]X to give 1-(NH)Xz are calculated to be very comparably
favorable for X = Br and |, as are the subsequent protonations to give [1-(NH2)X2*]X". Reduction
by Cp*,Co subsequent to the second protonation is slightly more favorable for X = Br (AG® =
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-11.7 kcal/mol) and slightly more so for X = | (AG® = -13.3 kcal/mol). In the case of the reaction of
1-(N)I with [LutH][OTf], while the initial protonation/anion-coordination is less favorable (AG° =
0.2 kcal/mol), the second protonation has an energy (AG® = 4.3 kcal/mol) similar to eq 10, and
the subsequent reduction by Cp*,Co is more favorable (AG® = -17.4 kcal/mol) than eq 11.

Experimentally, consistent with the prediction of a very facile (and not rate-limiting)
reduction by Cp*,Co, even with use of the much weaker reductant Cp,Co (Scheme 7), the
formation of the second (as well as third) N-H bonds proceeds readily. With Cp,Co, a
hypothetical reduction of 1-(NH)CI; prior to protonation would be even more endergonic,
significantly, than with Cp*,Co (AE° = 0.61 eV = 14.1 kcal/mol, neglecting differences in ion-
pairing energies). The “protons first” pathway (Figure 6, Pathway B) is thus strongly favored, by
computation and experiment, for the formation of the first two N-H bonds on the path of the
conversion of nitride ligand to ammonia. The preference for Pathway B is expected to apply
even more strongly with any reducing agent weaker than Cp*;Co or, in the case of an
electrochemical system, if the cathodic overpotential is not very high.

3.2.3. Formation of the Third N-H Bond ((PSP)MoNH-H). Following formation of amido
complex 1-(NH)Cl,, the “alternating motif” (Figure 6, Pathway A) would involve one-electron
reduction followed by a third protonation. Reduction of 1-(NH2)Cl; by Cp*,Co is calculated to be
endergonic by 18.1 kcal/mol, with a kinetic barrier calculated (using Marcus theory) to be 18.2
kcal/mol (Figure 6). Again, we were unable to locate a transition state for protonation of the
resulting anion to give 1-(NH3)Clz but again the unfavorable entropy of a bimolecular reaction
would result in a significant addition to the barrier. But even compared with only the free
energy (AG®) of the electron transfer, the calculated kinetic barrier to protonation of 1-(NH2)Cl
is lower, AG* = 13.3 kcal/mol and the reaction is highly exergonic (AG® = -14.2 kcal/mol; Figure
6, Pathway B); protonation of 1-(NHz)Cl, will therefore be rapid, affording the cationic ammonia
complex [1-(NHs)Clz]*Cl. The calculated reaction barriers and free energies are very similar for
the reactions of 1-(NH2)Xz to give [1-(NH3)X2*]X for X = Br (AG® = -15.8 kcal/mol) and X = | (AG®
=-16.7 kcal/mol) (see Supporting Information).

As discussed above in regard to formation of the second N-H bond, the observation that
formation of the third N-H bond proceeds readily even with the Cp,Co instead of Cp*,Co argues
that a reduction step does not contribute to a rate-determining barrier; again this is consistent
with a “protons first” pathway (Figure 6, Pathway B). Beginning with (PSP)Mo(N)X (1-(N)X), the
overall pathway to NHs formation may therefore be described as addition of H*/X™/H*/e /H*.

Subsequent to the very exergonic third protonation via pathway B, displacement of NHs3 by CI~
(Scheme 11) is calculated to be exergonic by 10.5 kcal/mol, 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
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cationic species [1-(NH3)Cl2]*Cl- (Scheme 11). This step leads to the last species shown to be
formed in Pathway A in Figure 6, i.e. the neutral Mo' complex 1-(NHs)Clz, 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)Cl>). 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 Mo"' complexes [1-(NH3)Xz*] to the N,-bridging
dimolybdenum(l) complexes [(PSP)MoX](p-N2).

Scheme 11. Alternative Pathways for Loss of NH3; and Reduction by Cp*,Co, Subsequent to
Protonation of 1-(NH:)Cl; by [LutH]CI

PiPrz

Bu @ cr Bu
PiPr Q PiPr,
Q \ o AG®=-10.5 | o 1Ck
S—Mo-NH, | _kealmol S—M6~Cl
c’| |
_ - NH3 .
vt
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S—Mo-NH; ———— S—MoCl,
CI/I - NH3 I
S e
BU 1-(NH3)Cl, t

3.3. (PNP)MoN-H Bond Formation. Extending our computational approach to the iconic PNP
system yields results that are strikingly similar to those obtained for PSP. As in the case of the
PSP system, the initial N-H bond formation, using [LutH]CI as the source of H*, is calculated to
be exergonic (by 5.9 kcal/mol) 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*,Co is endergonic by 26.5 kcal/mol (Pathway A, Figure 7). For protonation of
the resulting anion, in contrast with the case of the PSP analogue ([(PSP)Mo(NH)CI;]  anion), we
successfully located a transition state; the free energy is 11.3 kcal/mol above the ion pair (fully
attributable to entropy). The overall barrier to e-transfer followed by protonation is therefore
prohibitively high, 36.7 kcal/mol. In contrast, protonation of (PNP)Mo(NH)Cl; is slightly
exergonic (AG® = -2.0 kcal/mol), with a relatively low barrier AG* = 21.2 kcal/mol. One-electron
reduction of the resulting [(PNP)Mo(NH;)Cl,*]CI" ion pair is also slightly exergonic, and with a
very low calculated kinetic barrier of AG* = 1.6 kcal/mol as determined using Marcus theory
(Pathway B, Figure 7).

22



5/20/24

© 30.8 TSH*
. Cl—[Mo]=NH g
[Cp 200]® [| 1 ] o | transfer .
Cl RO :
+ut 20.6 19.5 Pathway A transfer
Te T . |(“alternating”) 17.3
' [} 4 (—
P'Bu, ; transfer \14.4 ! v o/ ki
J ‘: ®[Cl—[Mo]—NH, | "/ 126 /'
Mo] = N—Mo | /o0 Mo]=NH | [Cp*,Co] | | —t
[Mo] — F 183 [| ] L2 o] /7" [Mo]—NH;
o ' Cl ' Pl | .
PBu, /. TSH": : 6.7 6.0 / ClI
!/ transfer | ' p— et
B . 3 H e
0.0 i | '
K Her : tréni;er t':a”Sfer -1.3 :
[Mo]=N trg{nffseg | 63 : : — '+ 2 [Cp*yCol*Cl
o R L79 e ' A I-fl L 3Lt
Cl—[Mo]=NH (I . ' .- transfer | "CI Mol—
. - L . | Cl—[Mo]—NH
(+ 3 LutH*Cl l Cli—[Moj=NH® etra”Sfer S 10 . | CI—Iflel—NHs
+2 Cp*,Co) | — . Cl
2 + Lut cl H---Cl Cl—[Mo]—NH, MY 4
| s, v =10.
+2 Lut o
cl + [Cp*,Co]*CI Cl—IM —NH® . 2319
Pathway B *+2Lut [Mo] 2 —_—

* + I-
(“protons first”) Cl H---c *[CpmCol'C

+ 3 Lut + Cp*,Co
Figure 7. Free energy profile (kcal/mol) 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’, has an overall barrier that is

15.5 kcal/mol less than that of the “alternating” pathway (blue), addition of H*/e’/H*/e”/H".

The “protons first” Pathway B and the “alternating” Pathway A reach the common
intermediate (PNP)Mo(NH;)Cl; analogously 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 significantly higher, by 15.5 kcal/mol) (30.8 kcal/mol
versus 15.3 kcal/mol) than that for Pathway B (Figure 7).

The intermediate common to both Pathways A and B in Figure 7, (PNP)Mo(NH;)Cl;, 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 favorable than reduction, kinetically
(AG* = 9.7 kcal/mol vs. 17.7 kcal/mol) and especially thermodynamically (AG® = -20.9 kcal/mol
vs. 17.0 kcal/mol). Moreover, as with formation of the second N-H bond, 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(NH,)Cl; via the reduction/protonation pathway is 28.3 kcal/mol. This compares with
the much lower barrier of AG* = 9.7 kcal/mol for the very exergonic protonation yielding bound
ammonia to afford the cationic complex [(PNP)Mo(NHs)Cl,*]. Our calculations with the PNP

ligand thus serve both to place the conclusions with PSP on firmer ground, and to indicate the
generalizability of these results.
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4. CONCLUSIONS

Pincer-molybdenum complexes, most notably Nishibayashi’s (PNP)Mo-based and related,
have demonstrated great promise as catalysts for the formation of NHs from N, under mild
conditions. As reported in this work, analogous (PSP)Mo complexes have been synthesized and
their reactivity has been explored, including the observation of intermediates and stochiometric
reactions directly relevant to this class of catalysts. In particular, our isolation of a nitride
resulting from the cleavage of N, and the formation and characterization of the corresponding
imido complexes may offer general mechanistic insight into various N reduction pathways
proceeding via such intermediates.

Experimentally, the reaction of 1-Clz 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 presence of
Nal leads to facile cleavage of N, to give nitride complex 1-(N)(l). The very strong acid
[H(Et20).][BArf4] protonates the nitride ligand of 1-(N)(l). Reaction with the moderately strong
acid [LutH][OTf], which is often used for catalytic No-to-NHs conversion systems of this type,
results in an equilibrium that lies toward unprotonated 1-(N)(l), with a product that is not
definitively characterized. [LutH]Cl, however, readily reacts with 1-(N)(l), 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 Mo"' complex can then be reduced, even with the
relatively weak reducing agent, Cp,Co, (Scheme 7) resulting in the formation of NH3 and Mo
complex 1-Cls. This reaction appears to reach equilibrium, and if base is added the reverse

reaction is observed.

The results of DFT calculations are consistent with and shed light on various experimental
observations, and their implications appear to apply to the (PNP)Mo analogues as well. Cleavage
of N; by the reduced Mo' fragment to give the nitride complex 1-(N)(1) is calculated to be
kinetically facile and thermodynamically favorable in accord with experimental results. The N-H
BDFE of the corresponding imide 1-(NH)(1) is particularly low and therefore its formation is
intrinsically the least favorable of the three N-H bond formations leading to ammonia.
Accordingly, the H-atom transfer reagent TEMPO-H does not undergo reaction with 1-(N)(1); nor
does 1-(N)(1) undergo reduction by Cp*,Co. However, in agreement with experiment,
protonation of the nitride ligand of 1-(N)(l) by [LutH]CI, in combination with addition of the
chloride anion at the trans position to yield 1-(NH)(1)(Cl), is computed to be kinetically facile and
thermodynamically favorable.

Thus a key conclusion of this work is that the addition of H-X circumvents the unfavorable
formation of the “first N-H bond” by coupling addition of H* to the nitride ligand with addition of
X to Mo. We note that nitride protonation not only results in a positive charge on the complex
but it is also expected to greatly reduce the trans influence of the nitride ligand; both of these
factors strongly favor the coupling of protonation with addition of halide. Alternatively, from a
purely thermodynamic perspective, one may view the net addition of H-X as addition of He
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coupled with addition of Cle. The addition of Cle would oxidize the Mo" center of 1-N(X) to Mo,
the resulting half-empty orbital receives the electron of He upon its addition to the nitride
ligand.

Regarding formation of the following two N-H bonds, calculations indicate that conversion of
1-(NH)X:z to 1-(NH2)X: (i.e. net addition of an H atom to the imide ligand) proceeds through a
slightly endergonic protonation by [LutH]X followed by a kinetically very facile reduction by
Cp*2Co. A final protonation by [LutH]X to give [1-(NH3)X2*]X", is calculated to be kinetically facile
and very exergonic for X = Cl, Br, I. Thermodynamically, the overall reaction of 1-(NH)X: with
Cp2Co 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)(1)(Cl) with Cp,Co and
[LutH]Cl to give NH3 and Cp2Co* is reversible.

Alternative pathways subsequent to the initial addition of H-X to 1-N(X) or to (PNP)Mo(N)(X)
cannot be ruled out. Concerted PCET mechanisms in particular must be considered. However,
the calculations — consistent with all relevant experimental observations — strongly indicate that
the “protons-first” route is kinetically viable and much more favorable than an “alternating”
pathway in which successive reductions are followed by protonation. Thus the overall sequence
of N2 reduction appears to proceed through cleavage to yield nitride, followed by addition of
H*/X~/H*/e"/H* to yield coordinated NHs.
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