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ABSTRACT: The synthesis of a series of PE'PNRR (PEpNRR' — Et pCH,CH,P-
(CH,NRR'),, R = H, R’ = Ph or 2,4-difluorophenyl; R = R’ = Ph or Pr) diphosphine
ligands containing mono- and disubstituted pendant amine groups and the preparation of
their corresponding molybdenum bis(dinitrogen) complexes trans-Mo(N,),(PMePh,),-

(PEPNRY) is described. In situ IR and multinuclear NMR spectroscopic studies
monitoring the stepwise addition of triflic acid (HOTY) to trans-Mo(N,),(PMePh,),-

(PEPNRR) complexes in tetrahydrofuran at —40 °C show that the electronic and steric
properties of the R and R’ groups of the pendant amines influence whether the
complexes are protonated at Mo, a pendant amine, a coordinated N, ligand, or a
combination of these sites. For example, complexes containing monoaryl-substituted
pendant amines are protonated at Mo and the pendant amine site to generate mono- and
dicationic Mo—H species. Protonation of the complex containing less basic diphenyl-
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substituted pendant amines exclusively generates a monocationic hydrazido (Mo(NNH,)) product, indicating preferential
protonation of an N, ligand. Addition of HOTI to the complex featuring more basic diisopropyl amines primarily produces a
monocationic product protonated at a pendant amine site, as well as a trace amount of dicationic Mo(NNH,) product that is
additionally protonated at a pendant amine site. In addition, trans-Mo(N,),(PMePh,),(depe) (depe = Et,PCH,CH,PEt,) was
synthesized to serve as a counterpart lacking pendant amines. Treatment of this complex with HOTf generated a monocationic
Mo(NNH,) product. Protonolysis experiments conducted on several complexes in this study afforded trace amounts of NH,*.

Computational analysis of trans-Mo(N,),(PMePh,),(PE*PN™®) complexes provides further insight into the proton affinity values

of the metal center, N, ligand, and pendant amine sites to rationalize differences in their reactivity profiles.

B INTRODUCTION

Mo and W bis(dinitrogen) complexes containing phosphine
ligands have received significant attention for their ability to
serve as platforms to study dinitrogen reduction to ammonia."”
When treated with Brensted acids, complexes of the
formulation [M(N,),(P),] (M = Mo, W; P = monodentate
phosphine) afford ammonia and, in some cases, hydrazine.> In
contrast, complexes bearing traditional diphosphine ligands
[M(N,),(P—P),]; (P—P = diphosphine; Figure 1, structure A)
generally do not produce ammonia upon treatment with acid.
Instead, conversion to the cationic metal—hydrazido complex
[M(NNH,)X(P—P),]" is commonly observed, which is a stable
and well-characterized product from these reactions.* Notable
exceptions to these observations are the diphosphine-bearing
M(N,),(depf),, M(N,),(bmpc),, and M(N,),(depr), com-
plexes (M = Mo, W; depf = 1,1’-bis(diethylphosphine)-
ferrocene; bmpc = 1,1’-bis(dimethylphosphino)chromium;
depr = 1,1'-bis(diethylphosphine)ruthenocene) reported by
Nishibayashi and co-workers; their ability to produce ammonia
during reactions with excess Bronsted acids demonstrates how
modifying the diphosphine ligand structure by incorporating
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metallocene groups can lead to stoichiometric reduction of N,
to ammonia.”~” Indeed, molecular catalysts that reduce N, to
ammonia upon the addition of protons and electrons are highly
sensitive to the design of the supporting ligand platform as well
as the experimental conditions employed.®”

Recent efforts in our group have focused on designing
ligands that can mediate proton movement in N, reduction
reactions. Specifically, our goals are to predict and control the
movement of protons by tuning the steric and electronic
properties of pendant amine groups in the second coordination
sphere of group 6 bis(dinitrogen) complexes to influence the
formation of protonated products in reactions with protic
reagents and to determine if the pendant bases can facilitate
proton movement to enhance stoichiometric NH; production.
Previously, we reported that reactions of trans-[Cr-
(N,),(P™,N®",)] (Ph = phenyl, Bn = benzyl) with triflic acid
(HOTY) in tetrahydrofuran (THF) at —S0 °C generated N,H;"
and NH,".'® Additionally, the pendant amine-containing
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Figure 1. Mo bis(dinitrogen) complexes containing a traditional diphosphine ligand (A), P*N®P®* diphosphine (B), and P'PN**" diphosphine (C).

complex trans-[W(N,),(dppe) (PE'NMPF")] (dppe =
Ph,PCH,CH,PPh,; PENM*PE' = Et,PCH,N(Me)CH,PEt,)
yielded more NH,* (0.81 equiv) in reactions with excess
HOTI than its counterpart that lacks a pendant amine, trans-
[W(N,),(dppe)(depp)] (depp = Et,PCH,CH,CH,PEt,),
which formed 0.40 equiv of NH,"."" Such a result is notable
since it suggests that the pendant amine group may play a role
in the stoichiometric formation of ammonia.

Reactions of trans-[W(N,),(dppe) (P*NMPE)] with stoi-
chiometric amounts of HOTf also produced seven-coordinate
tungsten-hydride products (i.e., trans-[W(H)(N,),(dppe)-
(PPNMePEY)]*), which could undergo subsequent protonation
at the pendant amine site upon treatment with additional
equivalents of acid. Spectroscopic data revealed that initial
protonation at the metal center and at the pendant amine sites
ultimately destabilizes N, coordination. Thus, we reasoned that
formation of these products are obstacles to promoting N,
reduction.

To gain insight into the formation of metal hydride products
and ultimately to preclude formation of these products, we
examined the reactivity patterns of trans-[Mo(N,),(P*NRP), ]
complexes (Figure 1, structure B) in the presence of
stoichiometric amounts of HOTf.'* The supporting ligands in
these complexes feature pendant amines with various
substituents (R = Ph, 2,6-difluorobenzyl, 3,5-difluorobenzyl,
CH,CH,NMe,, CH,-0-Py). Our findings provided preliminary
experimental evidence that the complexes containing less basic
pendant amines were more likely to be protonated at the N,
ligands and generated greater ratios of Mo(NNH,) to
Mo(H)(N,) products. Herein we present the synthesis of a
series of Mo-bis(dinitrogen) complexes with diphosphine
ligands featuring pendant amines that are not incorporated
into the ligand backbone, (Figure 1, structure C). In this study,
we describe how the steric and electronic properties of pendant
amine groups as the terminal substituents on one of the
chelating phosphorus atoms affect which sites are protonated
upon treatment with acid. Additionally, we elucidate which
factors promote protonation of the dinitrogen moiety in these
Mo(N,), complexes.

B RESULTS AND DISCUSSION
Synthesis and Characterization of trans-[Mo-

(N,),(PMePh,),(PEPNRR)] Complexes. Precursors of the
target ligands were synthesized by hydrophosphination of
diethyl vinylphosphonate with diethylphosphine in the
presence of azobisisobutyronitrile (AIBN) at 65 °C to generate
the phosphonate Et,PCH,CH,P(O)(OEt),, followed by
reduction with LiAlH, (Scheme 1). Treatment of the resulting
diphosphine, Et,PCH,CH,PH,, with 2 equiv of paraformalde-

Scheme 1. Synthesis of PE*PN® Ligands
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hyde, (CH,0),, and subsequent condensation with a primary
or secondary amine afforded the corresponding PH*PN** (PPN)

ligands (P®*PN®® = Et,PCH,CH,P(CH,NRR'),, R = H, R’ =
Ph (PEPNH(PM). R = H, R’ = 2,4-difluorophenyl (PEPNHAT2)),
R = R’ = Ph (PBPN®M?); R = R’ = Pr (PPPN(P)2)). The
installation of mono- and diaryl-substituted pendant amines in
PECPNH(P h), PEtPNH(A‘FZ), and PEtPN(Ph)2 represents an effort to
achieve closer matching of the pK, values of the protonated
pendant amines and dinitrogen ligands in the desired Mo
complexes (see below). Computational results recently
reported by our group suggested that pK, matching between
these two kinetically favored protonation sites will be important
to facilitate the protonation of the N, li%ands, rather than the
metal center or the pendant amines.'' As we previously
observed, addition of HOTf to M(N,) (M = Cr, Mo, W, Fe)
phosphine complexes containing basic alkyl substituted
pendant amine groups afforded a mixture of protonated
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products.'®™"® For example, treatment of trans-[W(N,),-
(dppe) (PE'NMeP™)] with HOTf at —78 to —40 °C generated
tungsten complexes protonated at the metal center and at the
pendant amine sites, as well as at the N, ligands."" In addition
to electronically tuning the pendant amines and liberating them
from the constraints of the ligand backbone to promote proton
delivery exclusively to the N, ligands, we reasoned that steric
modifications were necessary to inhibit proton transfer to the
metal center. Accordingly, PPN which is a sterically
similar counterpart of PPPN®M? that contains more basic
pendant amine groups, is examined in the present study.
Synthetic access to isolable Mo(N,) complexes with PEPNRR
ligands was difficult to achieve via chemical reductions of high-
valent MoX (X = Cl, Br) precursors, such as MoCls and
MoBr;(THF);. These methods have generally been effective
with a variety of mono-, bi-, and tridentate phosphine ligands
(L) to generate zerovalent Mo(N,),(L), complexes.'*
However, these reduction reactions in the presence of the
PEPNRY diphosphine ligands produced dark brown intractable
mixtures. Consequently, the zerovalent bis(dinitrogen) com-
plex trans-Mo(N,),(PMePh,), was employed as a synthetic
precursor, since it has been reported to serve as a convenient
coordination platform for phosphorus, nitrogen, and sulfur
donors."® Substitution of two PMePh, ligands in trans-
Mo(N,),(PMePh,), upon addition of 1.2 equiv of the chelating

PEpNRR ligands in ethereal solvents afforded the respective

trans-Mo(N,),(PMePh,),(PE*PNRRY)  complexes (PEPNRR =
PEtPNH(Ph) (1), PEtPNH(Aer) (2), PEtPN(Ph)z (3), PEtPN(iPrz) (4),
Scheme 2) as red oils due to the presence of nonvolatile free
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phosphines in the crude product mixtures. In the synthetic
workups of 1, 2, and 4, the addition of CuCl'® was effective to
remove free phosphines from the reaction mixtures. Sub-
sequent purification through a short column of neutral alumina
afforded the Mo bis(dinitrogen) complexes as bright orange

solids. Additionally, efforts to substitute a second PEPNRR
ligand onto each of these complexes to produce trans-

Mo(N,),(PEPN*) compounds were unsuccessful. For
example, heating THF solutions of trans-Mo(N,),(PMePh,),-

(PE'PNRRY) complexes in the presence of excess PE*PNRR ligand
at 60 °C for 4 h generated mixtures of unidentified products.

Complexes 1—4 were structurally characterized by single-
crystal X-ray diffraction, and their molecular structures are
depicted in Figure 2. The N=N bond distances in 1—4

(1.121(4) A average (av)) are elongated compared to that of
free N, (1.0975 A)."” Additionally, the solid-state antisym-
metric v(N=N) stretches (1930—1941 cm™!, KBr) are
consistent with activation of the N, ligand upon coordination
to Mo and are comparable to those of other zerovalent Mo-
phosphine bis(dinitrogen) complexes.'**'>*'® The '*N,-labeled

isotopologues trans-Mo('°N,),(PMePh, ), (PEPNRRY)  (1-
("*N,),—4("*N,),) were prepared in situ in an NMR tube by
sonication of 1—4 in THF-dg under an atmosphere of °N, gas
for 3 h. Resonances in the "N{'H} NMR spectra
corresponding to the proximal nitrogen atoms (N,) are
multiplets at 6 & —39 while those of the distal nitrogen
atoms (Nj) are doublets (Jyy = 5—6 Hz) at 6 ~ —42. The
phosphorus atoms (P1) geminal to the pendant amines in 1—4
exhibit 3'P{'H} NMR chemical shifts that reflect the relative
basicities of the pendant amines. The *'P{'H} NMR resonance
for 4, which contains the most basic pendant amine groups, is
located more upfield at 6 50.7, whereas those of 1 and 2, which
contain phenyl substituents, appear at & 60.8 and 61.5,
respectively. The most downfield *'P{"H} NMR resonance (&
77.0) is observed for 3, which contains the least basic pendant
amines.

It is also important to highlight some structural differences
between the PPN*® ligands presented in this study versus the
bidentate PNP ligands (vide supra) in the group 6 metal-
bis(dinitrogen) complexes that have previously been studied in
our laboratory.'*™"*" For example, the pendant amines in the
PNP ligand scaffolds are constrained within the phosphine

ligand backbone, whereas those in the PEPNRR ligands are the
terminal substituents on one of the chelating phosphorus atoms
and exhibit greater flexibility. This structural modification may
help facilitate proton delivery from the pendant amines to the
dinitrogen ligands. As illustrated in Figure 2, the molecular
structures of 1 and 2 both reveal the positioning of a pendant
amine N—H group toward an N, moiety. These hydrogen
atoms (H6) are located in the electron density difference map
2.75(2) A and 2.76(2) A from a distal nitrogen atom (N2) in 1
and 2, respectively. The N2—H6 distances are slightly greater
than the sum of the van der Waals (vdW) radii between these
atoms (ryqw(H) + roqw(N) = 2.59—2.74 A)*° and may illustrate
the potential for a protonated pendant amine to facilitate
intramolecular proton transfer in solution. In the infrared
spectra (KBr), v(N—H) bands appear at 3401 and 3368 cm™
for 1, and at 3396 and 3322 cm™! for 2. Other notable
structural features include the increased distances between the
pendant amines and Mo atoms crystallographically observed in
3 and 4 (4.67-498 A) compared to those in trans-
Mo(N,)(PNP), complexes (4.05(3) A av)."*'*® These
distances reflect the greater steric profiles of the pendant
amines in 3 and 4, which are expected to inhibit intramolecular
proton transfer to the metal center and thus preclude the
formation of Mo-hydride products in the presence of acid.
Protonation Studies of trans-[Mo(N,),(PMePh,),-

(PEtPNRR)] Complexes with HOTf. In situ IR and multi-
nuclear NMR spectroscopic experiments were conducted to
probe how the electronic and steric features of the pendant

amine groups in the PE*PN*® ligands influence the reactivity of
complexes 1—4 toward acid. Treatment of THF solutions of 1
and 2 at —40 °C (¥(N=N) = 1939 and 1947 cm’},
respectively) with 1 equiv of HOTTf afforded the corresponding
seven-coordinate monocationic Mo(II) hydrides, trans-[Mo-
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Figure 2. Molecular structures of trans-Mo(N,),(PMePh, ),(PEPNEC™)Y (1), trans-Mo(N,),(PMePh,),(PHPNHAE2) (2) ' trans-Mo-

(N,),(PMePh,),(PPPN™M?) (3), and trans-Mo(N,),(PMePh,),(PHPN®)2) (4). Thermal ellipsoids are drawn at 50% probability. Only the C,

ipso

atoms of the phenyl groups on the PMePh, ligands are shown. All hydrogen atoms, except for those in the N—H moieties of 1 and 2, are omitted for

clarity.

(H)(N,),(PMePh,), (PPN M) ](OTf) ([1H]*) and trans-
[Mo(H)(N,),(PMePh,),(P*PN ) [(OTf) ([2H]*), re-
spectively (Scheme 3). [1H]" and [2H]* each exhibit a

Scheme 3. Stepwise Protonation of 1 and 2 with HOTf
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v(N=N) band at 2024 cm™" (Figure 3a,b), which is ~80 cm™
higher in energy and reflects decreased s-backbonding from
Mo to the N, ligands due to protonation of the metal center.
Addition of a second equivalent of HOTT results in an increase
of the ¥(N=N) vibrational frequencies by 20 cm™, consistent
with protonation of a pendant amine site to generate the
dicationic Mo(II) hydrides, trans-[Mo(H)(N,),(PMePh,),-
(PEPNIIN(H))J(0TE), ([1H(PPN(H))]™, v(N=N) =
2044 cm™') and trans-[Mo(H)(N,),(PMePh,),-
(PEPNIAEI(H))(OTE), ([2H(PPN(H))]™, v(N=N) =
2046 cm™') (Scheme 3 and Figure 3ab). The v(N=N)
stretches of ([1H(PPN(H))]** and ([2H(PPN(H))]** per-
sisted even after subsequent treatment with additional
equivalents of HOTY, indicating that further protonation of
the Mo complexes did not occur (Scheme 3).

While the v(Mo—H) bands of the mono- and dicationic
hydride complexes could not be identified within the in situ IR
spectra, two sets of multiplets corresponding to the Mo—H
functionalities were observed by '"H NMR spectroscopy (Figure
4). Additionally, “N{'H} NMR spectra monitoring the
stepwise addition of HOTf to cooled (—40 °C) THF-d;
solutions of the '’N,-containing analogues 1(**N,), and
2("N,), exhibit two pairs of signals for the corresponding
hydride ([1H('*N,),]* and [2H("N,),]*) and protonated
hydride ([1H('’N,),(PPN(H))]** and [2H('°N,),.
(PPN(H))]*") products, respectively (Figure 4). Two sets of
31P{IH} resonances are also present after each protonation step
(Figures S3 and S6, Supporting Information). These
observations are consistent with the formation of two hydride
isomers in both reactions, which may be a result of the
asymmetric nature of the molecule since seven-coordinate
complexes typically exhibit fluxional behavior in solution.”!

The susceptibility of the metal centers and pendant amines in
1 and 2 toward protonation suggests several possibilities. First,
these pendant amines are sufficiently more basic than the N,
ligands and are thermodynamically favored for protonation (see
Computational Analysis). Moreover, the monoaryl-substituted
pendant amines lack the steric bulk that could potentially
inhibit proton transfer to the metal center, which is the
thermodynamically favored protonation site.”* Protonation at
the metal center is problematic in this system because
Mo(H)(N,) complexes are less likely to be protonated at the
N, ligands.*® As illustrated by the in situ IR experiments above,
protonation at the metal center consequently causes decreased
7-backbonding to the N, ligands. This results in both decreased
basicity and increased lability of the N, ligands. The increased
charge of the Mo(H)(N,) cation would also result in a less
basic N, site. Consistent with this description, the mono- and
dicationic Mo hydride complexes in this study were observed to
dissociate N, upon warming to room temperature (Scheme 3).

Next, we examined the reactivity of 3, which contains
sterically encumbering diphenyl-substituted pendant amines. In
situ IR experiments monitoring the treatment of 3 with 1 equiv
of HOTf in THF at —40 °C resulted in a decrease in intensity
of the (N = N) band at 1943 cm™" (Figure 3c). *'P and 'H
NMR spectra of this reaction revealed a mixture of 3 and the
Mo-hydrazido complex trans-[Mo(NNH,)(OTf)(PMePh,),-
(PEPNPM2)](OTS) ([3(NNH,)]*), in ~1:1 ratio. Notably, a
Mo hydride product was not formed. Upon addition of the
second equivalent of HOTY, the (N = N) band immediately
disappeared, indicating that 2 equiv of HOTT are necessary for
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Figure 3. In situ IR plots recorded in THF at —40 °C from the reaction of complexes 1—4 with HOTf.
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Figure 4. "H NMR spectra of 1 (a) and 2 (b) and corresponding “N{'H} NMR spectra of 1 (c) and 2 (d) recorded in THF-dg at —40 °C

monitoring the stepwise protonation with HOTT.
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Scheme 4. Protonation of 3 with HOTf
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the complete conversion of 3 to [3(NNH,)]*, which persists
upon warming to room temperature (Scheme 4). The '"H-"N
HMBC spectrum of [3(**N"*NH,)]*, prepared by protonation
of 3(**N,), with 2 equiv of HOTY, exhibits a correlation
between the hydrazido protons (9.4S ppm, d, Jyy = 91.3 Hz)
and SN resonances at § —46.1 (m, N,,) and § —216.9 (d, Jxn =
10.3 Hz, Nj). These spectroscopic features are consistent with
those reported for analogous Mo and W hydrazido
complexes.** The infrared spectrum of [3(NNH,)]* exhibits
v(N—H) bands at 3312, 3249, and 3129 cm™' (KBr). The
presence of three v(N—H) stretches is attributed to
intermolecular H-bonding interactions between the hydrazido
protons and the outer sphere OTf™ counteranions in the solid
state.”> Crystallographic characterization of [3(NNH,)]*
revealed a distance of 2.11(3) A between a hydrogen atom
on the NNH, group of one molecule and an OT{~
counteranion of another [3(NNH,)]* molecule in the crystal
lattice (Figure S). The v(N—N) vibrational frequency, which is
expected to occur within the 1300—1500 cm ™ region,>*>3%°
could not be observed due to overlapping features correspond-
ing to the free OTf counteranion. The metric parameters
exhibited by the molecular structure of [3(NNH,)]" include an
elongated N—N bond distance (1.308(2) A) relative to the

Figure 5. Molecular structure of trans-[Mo(NNH,)(OTf)(PMePh,),-
(PEPNP2)](OTS) ([3(NNH,)]*). Thermal ellipsoids are drawn at
50% probability. Only the Cy,, atoms of the phenyl groups on the
PMePh, ligands are shown. All hydrogen atoms, except for those in
the NNH, group, are omitted for clarity. An OTf" counteranion from
another molecule in the crystal lattice is included to illustrate the
intermolecular H-bonding interaction with a hydrogen atom of the

NNH, group.

parent bis(dinitrogen) complex, 3 (1.125(4) A, av), and a
shortened Mo—N bond distance (1.741(1) A vs 2.017(8) A,
av). Other reported examples of structurally characterized
molybdenum- and tungsten-hydrazido complexes exhibit N—N
bond lengths closer to an order of 1.5, with considerable
multiple bonding between the metal and the hydrazido
ligand.‘pb’27

While the stepwise protonation of 1 and 2 generated Mo
hydride products, the protonation of 3 with HOTf exclusively
generated [3(NNH,)]*. This result prompted us to examine
whether the steric environment of the pendant amines indeed
plays a role in preventing the formation of Mo—H species, and
whether the diphenyl groups provided sufficient pK, matching
between the pendant amines and N, ligands. Accordingly,
stepwise protonation experiments were performed on 4, which
contains diisopropyl pendant amine groups that are both
sterically encumbering and the most basic of the series. In situ
IR experiments in THF at —40 °C revealed a shift of the v(N=
N) band from 1937 to 1942 cm™" upon addition of 1 equiv of
HOTf to 4, with a subsequent shift to 1957 cm™ in the
presence of 2 equiv of HOTT (Figure 3d). The latter shift of the
V(N=N) band is consistent with protonation at a pendant
amine site to afford the monocationic complex trans-[Mo(N,)-
(PMePh,),(PEPNP2(H))|(OTY) ([4(PPN(H))]*, Scheme S).
Remarkably, protonation of a pendant amine without prior
protonation of the metal center is unprecedented in our study
of Mo and W dinitrogen complexes supported by phosphine
ligands containing pendant amine groups. These results suggest
that the steric bulk and high basicity of the isopropyl
substituents prevent formation of a Mo—H product. Spectral
features corresponding to a Mo-hydride functionality were not
observed in the NMR and IR spectra for this reaction. The *'P
NMR resonances for [4(PPN(H))]* are broadened compared
to the starting complex 4, and only minor changes in chemical
shift are observed (Figure S9, Supporting Information).
Notably, the ""'N{'H} NMR spectrum of [4("*N,),(PPN(H))]*
recorded at —40 °C contains only a single resonance for the
proximal and distal nitrogen atoms of N, ligand (Figure S10,
Supporting Information), compared to separate resonances that
are observed for the N, ligands in 4(**N,),. In addition to the
formation of [4(**N,),(PPN(H))]*, the 'H-'"N HMBC
spectrum exhibits crosspeaks corresponding the Mo hydrazido
product, trans-[Mo(NNH, ) (OTf) (PMePh, ), (PFPN(PI2) ]
(OTf) ([4(**N"NH,)(PPN)]*, Scheme 5) which is present
only in a trace amount based on integration of 'H NMR
spectra.

Despite the highly basic nature of the pendant amines in 4,
no further shift of the (N=N) band was observed when an
additional 2 equiv of HOTf were added, indicating that a
second protonation event at the pendant amine site of
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Scheme S. Stepwise Protonation of 4 with HOTf
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([4(PPN(H))]*) does not occur. This contrasts our previously
reported studies of Cr, Mo, and Fe complexes containing two
alkyl- or benzyl-substituted pendant amines, in which both
basic pendant amine sites, as well as the metal center, are
protonated in the presence of excess acid.'”'*'* The 'H-'"N
HMBC spectrum of the reaction mixture after an additional 2
equiv of HOTf was added exhibits crosspeaks corresponding to
two Mo hydrazido products, presumably isomers of trans-
[Mo(NNH,)(OTf)(PMePh,), (PEtPN(‘Pr)Z(H))](OTf)Z ([4-
(NNH,)(PPY(H))]**, Scheme 5) with the protonated pendant
amine positioned near either the metal-bound NNH, or OTf"
ligand. This result is similar to the tungsten hydrazido isomers
protonated at a pendant amine reported in a recent study from
our group."' We reason that protonation of both pendant
amines in 4 is unlikely due to their close proximity to each
other on the same ligand. ([4(PPN(H))]* was found to be
quite temperature-sensitive. Increasing the temperature of the
solution above —40 °C for only 1-2 min resulted in
dissociation of the N, ligands. In contrast, [4("*N'NH,)-
(PPN(H))]** persists in solution at room temperature (Scheme
S).

This series of reactivity studies demonstrates that the
pendant amines in 3 exhibit a combination of basicity and
steric encumbrance to promote exclusive protonation at the N,
ligand. For additional comparison, a complex without a pendant
amine, trans-[Mo(N,),(PMePh,),(depe)] (5), (depe =
Et,PCH,CH,PEt,) was prepared. The synthesis of § was
conducted similarly to its pendant amine-containing analogues
via a ligand-exchange reaction between trans-Mo(N,),-
(PMePh,), and depe (Scheme 6). Treatment of 5 with 2
equiv of HOTf generated the corresponding hydrazido cation
trans-[Mo(NNH,)(OTf)(PMePh,),(depe)](OTf) ([S-

Scheme 6. Synthesis of S and the Protonation of § with
HOTf

N N
1l ]
N N
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Et,
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(NNH,)]*), which is stable at room temperature. Crystals for
X-ray diffraction studies were not obtained, yet the NMR and
IR spectroscopic properties of [S(NNH,)]" are consistent with
those observed for [3(NNH,)]*. Reactions between molybde-
num and tungsten bis(dinitrogen) complexes bearing conven-
tional phosphine ligands (i.e., depe, dppe) with stoichiometric
amounts of strong acid generally form the hydrazido containing
products, and in some cases, hydrido-hydrazido complex-
es. 2230 1 the present case, however, reactions between 5 and
HOTf did not generate Mo hydride products. It is worth
comparing the acid reactivity of § with that of 1 and 2, since the
supporting ligands in each of these complexes offer less steric
protection around Mo. The formation of Mo hydrides from
stoichiometric protonation of both 1 and 2, but not from
protonation of 5, suggests that the pendant amines may
facilitate inter- or intramolecular proton delivery to the metal
center.

Protonolysis Reactions for Ammonia Production.
Exclusive protonation of the N, ligands in 3 and § prompted
us to examine the reactivity of these complexes in the presence
of excess acid. The reactivity of 1 toward excess acid was
explored as well for comparison. Overall, very low yields of
ammonia, 0.02—0.04 equiv per Mo, were detected by the
indophenol method. Reaction conditions with excess HOTf in
fluorobenzene at room temperature for 20 h similarly afforded
0.03, 0.02, and 0.04 equiv per Mo of ammonia for 1, 3, and §,
respectively. To reproduce the conditions employed in the
stoichiometric protonation experiments described above
(which were monitored by in situ IR and NMR spectroscopy),
reactions of these complexes with excess acid were conducted
in THF at —40 °C for 10 min prior to reaction workup and
analysis. The short reaction time was employed to avoid
polymerization of THF in the presence of excess HOTH.
However, neither these reactions nor those employing H,SO,,
as acid produced more than trace amounts of ammonia.
Hydrazine was also not detected in these reactions. Table S1 in
the Supporting Information lists the reaction conditions that
were explored and the resulting yields of ammonia from each
reaction.

The poor yield of ammonia from protonolysis reactions
featuring these Mo(N,), complexes, particularly 3 and S, is
attributed to the stability of their hydrazido counterparts. For
instance, no ammonia was observed upon treatment of
[3(NNH,)]* and [S(NNH,)]* with HOTf. Thus, use of an
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Proton affinities
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Figure 6. Computationally derived proton affinity values in kcal/mol for the metal center, N, ligand, and pendant amine site of complexes 1-S.

external reductant is likely required to achieve further
conversion of the NNH, moiety.

Computational Analysis. Computational analysis employ-
ing density functional theory (DFT)-based electronic structure
methods was used to rationalize the thermodynamically
preferred outcomes of the protonation studies. The computa-
tionally derived pK, values in THF were converted to proton
affinities (1.364 X pK,) for complexes 1—5 and are summarized
in Figure 6. Proton affinity values of the pendant amine sites
were found to be dependent on the amine group orientation
with respect to the formation of intramolecular N—H—-N
contacts with the opposing pendant amine or with the N—H
directed toward the N, ligand. Molecular structures containing
intramolecular N—H—N contacts are shown in the right two
columns in Figure 6. In general, when intramolecular N—H—N
contacts are observed in the optimized structures of the DFT
calculations, the protons are stabilized, and the pendant amine
exhibited more positive proton affinity values than complexes
without the intramolecular contacts. Indeed, while an increase
in proton affinity values for the pendant amine sites are noted
in these structures, it is difficult to quantify if these interactions
influence the reactivity of these complexes with acid. For the
discussion below, we considered the proton affinity values for
optimized structures that did not exhibit these types of
intramolecular contacts.

Comparing the proton affinity values of the three possible
protonation sites (N, ligand, pendant amine, and metal center)
of 1 and 2 (which have the least sterically demanding pendant
amine groups), computational analysis predicts the proton
affinity of the metal center to be ~17 kcal/mol more basic than
the pendant amine sites. Meanwhile, the N, ligands are ~1-2
kcal/mol less basic than the pendant amines, indicating that the
metal center is the thermodynamically preferred site of
protonation. Experimentally, the addition of 1 equiv of HOTf

—40 °C to complexes 1 and 2 afforded a Mo—H product as
opposed to products that were protonated exclusively at the
pendant amine or dinitrogen ligands. Because of the location of
the amines in the second coordination sphere of the molecule,
these sites in 1 and 2 are kinetically more accessible toward
protonation than the metal center. Thermodynamically, in 1
and 2, the amines are predicted to be better proton acceptors
than the N, ligand. Because of their small steric profiles (as
observed in the X-ray structure of 1 and 2 and by geometry-
optimized DFT structures), a protonated amine can readily be
positioned to point toward the metal center to deliver a proton.

In contrast to 1 and 2, experimental results revealed the
addition of acid to 3 results in exclusive protonation at the N,

ligand. Additionally, the formation of a Mo—H product was not
observed. The proton affinity of the metal center in complex 3
is 15.1 kcal/mol, which like complexes 1 and 2 exhibits a
significantly greater proton affinity than the N, and pendant
amine sites. However, the proton affinity of the distal nitrogen
atom of the N, ligand (—2.7 kcal/mol) is predicted to be an
equivalent proton acceptor to that of the diphenyl amine
groups on the ligand, which have a proton affinity of —2.2 kcal/
mol. Thus, the steric bulk of the pendant amine group could be
influential in dictating the kinetically preferred site of the first
protonation event at the N, ligand. Geometry-optimized
models of 3 show that the sterically encumbering diphenyl
amine groups favor a geometry that positions the amine away
from the metal center. This structural influence, which increases
the distance of the amine from the metal center, is expected to
impede the movement of protons to the metal via intra-
molecular proton transfer. Computational analysis suggests that
complexes containing a protonated pendant amine that
exhibited metal protonation (complexes 1 and 2) displayed
through-space distances from the amine proton to the Mo
center of less than 3.5 A, while complexes 3 and 4, which did
not exhibit metal protonation, displayed through-space
distances from the amine proton to the Mo center greater
than 3.5 A.

Further computational results predict upon protonation of
the N, ligand the dissociation of the opposing trans N, ligand
in complex 3 became thermodynamically favorable by 7 kcal/
mol. This N, ligand-dissociation step increased the basicity of
the protonated nitrogen atom of the diazenido (Mo—NN—H)
ligand fragment by 19 kcal/mol. Furthermore, binding of an
OTf" anion in the open coordination site, trans to the
diazenido group, further increased the basicity of the latter by
1S kcal/mol, significantly favoring the addition of a second
equivalent of HOTf to the diazenido ligand to form the
hydrazido complex [3(NNH,)]*. These computational results
echo previous kinetic studies for hydrazido formation reported
by Henderson.”® The dramatic changes in proton affinity,
predicted by computational analysis, of the protonated N atom
of the diazenido ligand upon dissociation of the opposing trans
N, ligand and binding of the triflate anion to the vacant site, are
consistent with the experimental observations where the
addition of 1 equiv of acid to 3 results in the rapid formation
of half an equivalent of the doubly protonated hydrazido ligand
in [3(NNH,)]*, precluding the observation of a monoproto-
nated diazenido species.

The diisopropyl groups on the pendant amine in 4 exhibit
the highest proton affinity value of the series at 13.9 kcal/mol,
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while the metal center remains the thermodynamically
preferred protonation site with a proton affinity of 18 kcal/
mol. The metal center is ~14 kcal/mol more basic than the
dinitrogen ligand with a proton affinity value of —1.2 kcal/mol.
The dramatically higher proton affinity of the pendant amine
sites versus the N, ligand is consistent with the predominant
product observed experimentally upon treatment of 4 with
HOTf containing a proton located on the pendant amine
[4(PPN(H))]*. The steric bulk of the diisopropyl amine groups
undoubtedly preclude intramolecular proton transfer to the
thermodynamically preferred metal center, as no Mo—H
products were observed in 'H NMR or in situ IR experiments.

B CONCLUSIONS

In this study, we demonstrate that modulating the steric and
electronic properties of pendant amine groups in the second

coordination sphere of trans-[Mo(N,),(PMePh,),(PH*PNRY)]
complexes dramatically affects the identity of the protonated
products from reactions with HOTY. In the case of 1 and 2, less
sterically encumbering pendant amine groups (i.e, NHR; R =
phenyl and 2,4-difluorophenyl, respectively) promoted the
formation of seven-coordinate Mo hydride complexes,
presumably by facilitating intramolecular proton transfer to
the metal center. Additional acid equivalents resulted in the
subsequent protonation of the pendant amine sites of the
seven-coordinate Mo—H complexes. The sterically encumber-
ing and electron-deficient pendant amines in 3 resulted in
exclusive protonation at the dinitrogen ligand to generate a
stable Mo hydrazido complex. Reactivity of complex S, which
did not contain a pendant amine, also proceeded to form a
stable Mo hydrazido product upon treatment with HOTL.
Lastly, HOTf addition to complex 4, containing sterically
encumbering and electron-rich pendant amines did not form a
Mo—H, rather, protonation occurred predominately at a
pendant amine site with only a minor amount of hydrazido
product formation. Structural and computational analyses
demonstrated that the presence of increased steric bulk
surrounding the pendant amine leads to an increased distance
between the protonated pendant amine and the metal center,
disfavoring proton transfer to the more basic metal center.
From this series of complexes, it is evident that the installation
of diphenyl pendant amines in 3 provides the most suitable
combination of steric and electronic properties to facilitate
protonation of a metal-bound N, ligand. Reactions employing
chemical and electrochemical sources of electrons with the

trans-[Mo(N,),(PMePh,),(PE*PN™)] systems presented here
are thus a focus of future efforts to probe the role of these
flexible pendant amine sites in the reduction of N, to ammonia.

B EXPERIMENTAL SECTION

Synthetic Procedures. General Considerations. All manipu-
lations were performed under an atmosphere of dinitrogen using
standard Schlenk and glovebox techniques. Solvents were dried by
passage through activated alumina in an Innovative Technology, Inc.,
PureSolv solvent purification system. Isotopically labeled '°N, gas was
purchased and used as received from Cambridge Isotope Laboratories.
THF-dg and CD,Cl, (Cambridge Isotope Laboratories) were dried
over NaK and vacuum-transferred prior to use. Celite 405 (Fisher
Scientific) was dried under vacuum for 24 h above 250 °C and stored
in the glovebox prior to use. KBr (Fourier transform infrared (FTIR)
grade from Aldrich) was dried under vacuum for 24 h at a temperature
above 250 °C and stored in the glovebox prior to use. trans-
[Mo(N,),(PMePh,),] was prepared according to literature proce-

dures."> Aniline and diisopropylamine were dried over CaH, and
purified by distillation. All other reagents were purchased from
commercial sources and used as received.

Solution 'H, F, BC{'H}, 3'P{'H}, and “N{'H} NMR spectra
were recorded on a Varian Inova or NMR S 500 MHz spectrometer.
'"H and C{'H} chemical shifts were referenced to residual protio
impurity in deuterated solvent. '’F chemical shifts were externally
referenced to a,a,a-trifluorotoluene in C¢Dg (6 = —63.72). 3'P{"H}
chemical shifts were externally referenced to 85% H;PO, (6 = 0). In
situ IR experiments were recorded on a Mettler-Toledo ReactIR 15
FTIR spectrometer equipped with an MCT detector, connected to a
1.5 m AgX Fiber DST series (9.5 mm X 203 mm) probe with a silicon
sensor. Experiments were performed in a 5 mL two-neck pear-shaped
flask under a dinitrogen atmosphere using Schlenk line techniques. IR
spectra were collected in intervals of 15 s in the normal collection
mode. N{'H} chemical shifts were externally referenced to neat
CH;"®NO, (6 = 0). Infrared spectra were recorded on a Thermo
Scientific Nicolet iS10 FTIR spectrometer at ambient temperature and
under a purge stream of dinitrogen gas. Solid-state FTIR samples were
prepared as KBr pellets. Elemental analysis was performed by Atlantic
Microlabs, Norcross, GA.

Diethyl (2-(Diethylphosphino)ethyl)phosphonate (Et,PCH,CH,P-
(O)(OEt),). A stirred mixture of diethyl vinylphosphonate (7.8 mL,
0.050 mol), diethylphosphine (5.00 g, 0.055S mol, 1.1 equiv), and
AIBN (0.083 g, 1 mol %) was heated at 65 °C under N, for 18 h.
Afterward, vacuum was applied to the heated mixture for 2 h to
remove volatile materials. The colorless oil was cooled to room
temperature and filtered through a syringe filter. Yield: 12.34 g, 0.049
mol, 98%. 'H NMR (500 MHz, CD,Cl,, 25 °C): 6§ 4.04 (m, 4H,
P(O)(OCH,CHj;),), 1.74 (m, 2H, PCH,CH,PEt,), 1.58 (m, 2H,
PCH,CH,PEt,), 1.40 (qd, 4H, J = 8, 2.5 Hz, CH, (PEt,)), 1.30 (t, 6H,
J =7 Hz, OP(OCH,CH;,),), 1.04 (dt, 6H, ] = 14, 8 Hz, CH, (PEt,)).
SIp{'H} NMR (202 MHz, CD,Cl,, 25 °C): § 31.9 (d, 1P, ] = 49.7 Hg,
P(0)(OCH,CH,),), —18.0 (d, 1P, ] = 49.7 Hz, PEt,). *C{'H} NMR
(125 MHz, CD,Cl, 25 °C): § 619 (d, J] = 6.6 Hz, P(O)-
(OCH,CH,;),), 22.2 (dd, J = 139.2, 13.9 Hz, PCH,CH,PEt,), 18.8
(d, J = 124 Hz, CH, (PEt)), 183 (dd, J = 168, 6.6 Hz,
PCH,CH,PEt,), 16.7 (d, ] = 5.9 Hz, OP(OCH,CH,;),), 9.6 (d, ] =
12.8 Hz, CH, (PEt,)). Anal. Calcd for C;qH,,0;P,: C, 47.24; H, 9.52.
Found: C, 46.94; H, 9.45%.

Diethyl (2-phosphinoethyl)phosphine (Et,PCH,CH,PH,). A stirred
suspension of LiAlH, (2.24 g, 0.059 mol, 1.5 equiv) in THF (100 mL)
was cooled to —78 °C under an N, atmosphere, and then Me;SiCl
(7.5 mL, 0.059 mol, 1.5 equiv) was added via syringe. The mixture was
left stirring for 30 min, after which a solution of diethyl (2-
(diethylphosphino)ethyl)phosphonate (10.00 g, 0.039 mol, 1 equiv) in
THF (100 mL) was added dropwise via cannula. Following the
addition, the reaction mixture was left to warm to room temperature
and stirred for 18 h. After this period, the reaction mixture was cooled
to 0 °C and quenched by sequentially adding degassed H,0 (2 mL), a
degassed aqueous solution of 15% w/w NaOH (2 mL), and an
additional 6 mL of degassed H,O via syringe. The mixture was then
stirred over MgSO,, and the solids were filtered and rinsed with 100
mL of Et,O. The solvent was removed under reduced pressure to
afford a colorless oil, which was filtered through a syringe filter. Yield:
3.93 g, 0.026 mol, 67%. "H NMR (500 MHz, CD,Cl,, 25 °C): 5 2.80
(dm, 2H, Jpy = 194 Hz, H,P), 1.60—1.57 (m, 4H, PCH,H,P), 1.41—
1.36 (m, 4H, CH, (PEt,)), 1.04 (dt, 6H, ] = 14, 8 Hz, CH, (PEt,)).
3p{"H} NMR (202 MHz, CD,Cl,, 25 °C): § —19.7 (d, 1P, J = 14.3
Hz, PEt,), —128.2 (d, 1P, J = 14.5 Hz, H,P). *C{'"H} NMR (125
MHz, CD,Cl,, 25 °C): & 30.2 (dd, J = 15.9, 2.7 Hz,
H,PCH,CH,PEt,), 19.0 (d, J = 12.6 Hz, CH, (PEt,)), 10.6 (dd, J =
142, 8.4 Hz, H,PCH,CH,PE,), 9.8 (d, ] = 12.7 Hz, CH, (PEt,)).
Anal. Caled for CH 4P,: C, 48.00; H, 10.74. Found: C, 47.70; H,
10.54%.

PECPNHIPN) A stirred mixture of diethyl(2-phosphinoethyl)phosphine
(1.00 g, 6.66 mmol), paraformaldehyde (0.400 g, 13.3 mmol, 2.0
equiv), and aniline (1.21 mL, 13.3 mmol, 2.0 equiv) was heated at 80
°C under N, for 48 h. Afterward, vacuaum was applied to the heated
mixture for 1 h to remove volatile materials. The resulting colorless oil
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was cooled to room temperature, stirred over MgSO, in Et,O, filtered
through a syringe filter, and the solvent was removed under reduced
pressure. Yield: 2.23 g, 6.19 mmol, 93%. '"H NMR (500 MHz, CD,CL,
25 °C): & 7.17-7.14 (m, 4H, m-H (NPh)), 6.71-6.65 (m, 6H, o-H
and p-H (NPh)), 3.97 (s, 2H, HNPh), 3.45—3.40 (m, 4H, PCH,N),
1.72—1.67 (m, 2H, PCH,CH,PEt,), 1.59—1.54 (m, 2H,
PCH,CH,PEY,), 1.41 (q, 4H, ] = 7 Hz, CH, (PEt,)), 1.04 (dt, 6H,
J = 14,7 Hz, CH, (PEt,)). *'P{'"H} NMR (202 MHz, CD,Cl,, 25 °C):
5 —18.0 (d, 1P, J = 24 Hz, PPPNH(W) 272 (d, 1P, J = 24 Hg,
PEPNHEMY BCIH} NMR (125 MHz, CD,Cl, 25 °C): & 149.0 (d, ]
= 5.5 Hz, NC,,.), 129.5, 118.1, 113.5, 42.4 (d, ] = 12.4 Hz, NCH,P),
22,6 (dd, J = 159, 13.0 Hz, PCH,CH,PEt,), 20.5 (t, ] = 14.0 Hz,
PCH,CH,PEt,), 19.0 (d, J = 12.3 Hz, CH, (PEt,)), 9.7 (d, ] = 12.5
Hz, CH, (PEt,)). Anal. Caled for CooHyoN,P,: C, 66.65; H, 8.39; N,
7.77. Found: C, 66.58; H, 8.32; N, 7.67%.

PELPNHIATEZ) A stirred mixture of diethyl(2-phosphinoethyl)-
phosphine (1.00 g, 6.66 mmol), paraformaldehyde (0.400 g, 13.3
mmol, 2.0 equiv), and 2,4-difluoroaniline (1.36 mL, 13.3 mmol, 2.0
equiv) was heated at 80 °C under N, for 48 h. Afterward, vacuum was
applied to the heated mixture for 1 h to remove volatile materials. The
resulting colorless oil was cooled to room temperature, stirred over
MgSO, in Et,0, filtered through a syringe filter, and the solvent was
removed under reduced pressure. Yield: 2.69 g, 6.22 mmol, 93%. 'H
NMR (500 MHz, CD,Cl,, 25 °C): § 6.80—6.71 (m, 6H, H-ArF2),
4.03 (br s, 2H, HNArF2), 3.48—3.39 (m, 4H, PCH,N), 1.73—1.69 (m,
2H, PCH,CH,PEt,), 1.58—1.53 (m, 2H, PCH,CH,PEt,), 1.41 (q, 4H,
J = 8 Hz, CH, (PEt,)), 1.04 (dt, 6H, J = 14, 7 Hz, CH, (PEt,)).
$p{'H} NMR (202 MHz, CD,Cl,, 25 °C): § —18.1 (d, 1P, J = 24.9
Hz, PMPNHA)) 279 (d, 1P, ] = 24.9 Hz, PRPNHAT)) 13y}
NMR (125 MHz, CD,Cl,, 25 °C): § 154.9 (dd, J = 237.4, 11.2 Hz, C—
F), 151.9 (dd, J = 241.6, 11.7 Hz, C—F), 134.0—133.9 (m, ArF2),
110.9 (dd, J = 21.8, 3.6 Hz, ArF2), 103.7 (dd, ] = 26.9, 22.9 Hz, ArF2),
423 (d, ] = 13.8 Hz, NCH,P), 22.6 (dd, ] = 16.1, 13.1 Hz,
PCH,CH,PEt,), 20.2 (t, ] = 14.0 Hz, PCH,CH,PEt,), 19.0 (d, ] = 12.5
Hz, CH, (PEt,)), 9.7 (d, J = 12.3 Hz, CH, (PEt,)). 'F NMR (470
MHz, THF-d, 25 °C): § —127.6 (m, 1F, p-F), —133.7 (m, 1F, o-F).
Anal. Caled for C,,H,sF,N,P,: C, 55.56; H, 6.06; N, 6.48. Found: C,
54.81; H, 6.56; N, 5.75%.

PEPN(PRZ | A stirred mixture of diethyl(2-phosphinoethyl)phosphine
(1.00 g, 6.66 mmol), paraformaldehyde (0.400 g, 13.3 mmol, 2.0
equiv), and diphenylamine (2.25 g, 13.3 mmol, 2.0 equiv) in 2 mL of
EtOH was heated at 80 °C under N, for 21 d. Afterward, vacuum was
applied to the heated mixture for 1 h to remove volatile materials. The
resulting colorless oil was cooled to room temperature and triturated
in pentane to afford a white residue, which was subsequently heated in
a 1:1 MeCN/EtOH solution (10 mL total). White crystals formed as
the solution slowly cooled to room temperature. Storage of this
solution at —35 °C overnight produced additional crystals, which were
isolated by filtration and dried under vacuum. The product was
recrystallized from a solution of CH,Cl, (5 mL) layered with EtOH
(10 mL) at —35 °C. The resulting crystals were filtered, washed with
pentane, and dried under vacuum. Yield: 1.01 g, 1.97 mmol, 30%. 'H
NMR (500 MHz, CD,Cl,, 25 °C): 6 7.28—7.21 (m, 8H, m-H (NPh)),
7.03—6.99 (m, 8H, o-H (NPh)), 6.97—6.94 (m, 4H, p-H (NPh)), 3.95
(m, 4H, PCH,N), 1.42—1.34 (m, 2H, PCH,CH,PEt,), 1.33—1.25 (m,
2H, PCH,CH,PEt,), 1.25—1.16 (m, 4H, CH, (PEt,)), 0.94 (dt, 6H, J
= 14, 8 Hz, CH, (PEt,)). 3'P{'"H} NMR (202 MHz, CD,Cl,, 25 °C):
5 —172 (d, 1P, J = 19.6 Hz, PEPNPM2) 294 (d, 1P, J = 19.7 Hg,
pEPNCPh2) - BCIH} NMR (125 MHz, CD,Cl, 25 °C): & 148.8,
129.6, 122.1, 121.9 (d, ] = 2.4 Hz, NC,,,), 53.3 (d, ] = 15.5 Hg,
NCH,P), 22.5 (t, J = 18.6 Hz, PCH,CH,PEt,), 224 (t, ] = 18.4 Hz,
PCH,CH,PEt,), 18.8 (d, J = 12.7 Hz, CH, (PEt,)), 9.8 (d, ] = 12.7
Hz, CH, (PEt,)). Anal. Caled for Cy,HygN,P,: C, 74.98; H, 7.47; N,
5.46. Found: C, 75.23; H, 7.41; N, 5.33%.

PELPNPIZ | A stirred mixture of diethyl(2-phosphinoethyl)phosphine
(1.00 g, 6.66 mmol) and paraformaldehyde (0.400 g, 13.3 mmol, 2.0
equiv) was heated at 80 °C under N, for 1 h. Diisopropylamine (1.87
mL, 13.3 mmol, 2.0 equiv) was added via syringe, and the reaction
mixture was heated for 48 h. Afterward, vacuum was applied to the
heated mixture for 1 h to remove volatile materials. The resulting

colorless oil was cooled to room temperature, stirred over MgSO, in
Et,O, filtered through a syringe filter, and the solvent was removed
under reduced pressure. Yield: 2.30 g, 6.11 mmol, 92%. 'H NMR (500
MHz, CD,Cl,, 25 °C): § 3.23 (sep, 4H, ] = 7 Hz, NCH(CH,),),
2.72-2.58 (m, 4H, PCH,N), 1.58—1.53 (m, 2H, PCH,CH,PEt,),
1.48—1.43 (m, 2H, PCH,CH,PEt,), 1.38 (q, 4H, ] = 8 Hz, CH,
(PEt,)), 1.04 (dt, 6H, J = 14, 7 Hz, CH, (PEt,)), 0.98 (m, 24H,
NCH(CHjy),). 3'P{'"H} NMR (202 MHz, CD,Cl,, 25 °C): § —18.4
(d, 1P, J = 21 Hz, PPPNUP2) _42.6 (d, 1P, J = 21 Hz, PEPNIP2),
BC{H} NMR (125 MHz, CD,Cl,, 25 °C): 5 48.4 (d, ] = 6.8 Hz,
NCH,P), 46.5 (NCH(CH,;),), 46.4 (NCH(CHj,),), 23.4 (dd, ] = 15.0,
14.2 Hz, PCH,CH,PE,), 23.1 (dd, ] = 17.5, 11.7 Hz, PCH,CH,PEt,),
21.1 (NCH(CHs;),), 20.4 (NCH(CHj;),), 19.1 (d, J = 12.7 Hz, CH,
(PEt,)), 9.9 (d, J = 12.9 Hz, CH, (PEt,)). Anal. Calcd for C,oH4N,P,:
C, 63.80;, 12.31; N, 7.44. Found: C, 63.50; H, 12.08; N, 7.16%.

trans—[Mo(NZ)z(PMeth)z(PEIPNH(P"))] (1). To a stirred solution of
trans-[Mo(N,),(PMePh,),] (0.500 g, 0.525 mmol) in THF (10 mL)
was added a solution of PEPNH®M (0,227 ¢ 0.630 mmol, 1.2 equiv) in
THEF (5 mL). The reaction mixture was stirred for 30 min, and then
solvents were removed under reduced pressure to afford a red oil. The
oil was stirred in an Et,O suspension of CuCl (0.026 g, 0.262 mmol,
0.5 equiv) for 5 min to coordinate free phosphines, then eluted with
Et,0 through a pad of neutral alumina. The product was collected as a
bright orange fraction and evaporated to dryness under reduced
pressure. The orange solids were dissolved in THF, and the resulting
solution was layered with EtOH then stored at —35 °C overnight to
produce orange crystals, which were isolated by filtration, washed with
EtOH and then pentane, and dried under vacuum. Yield: 0.263 g,
0.288 mmol, 55%. Orange crystals suitable for X-ray diffraction were
grown by vapor diffusion of EtOH into a THF solution of 1 at room
temperature. "H NMR (500 MHz, THF-dg, 25 °C): § 7.41 (m, 8H, H-
Ph (PCH,;Ph,)), 7.19 (m, 6H, H-Ph (PCH,Ph,)), 7.12 (m, 6H, H-Ph
(PCH,Ph,)), 7.02 (t, 4H, ] = 8 Hz, m-H (NPh)), 6.55 (t, 2H, ] = 7 Hz,
p-H (NPh)), 643 (d, 4H, ] = 9 Hz, o-H (NPh)), 448 (br s, 2H,
HNPh), 3.16 (d, 4H, ] = 6 Hz, PCH,N), 191 (d, 3H, ] = S Hz,
PCH,Ph,), 1.85 (d, 3H, J = S Hz, PCH;Ph,), 1.76—1.65 (m, 2H,
PCH,CH,PE,), 1.50—1.42 (m, 2H, PCH,CH,PE,), 1.40—1.26 (m,
4H, CH, (PEt,)), 0.88 (dt, 6H, J = 13, 8 Hz, CH, (PEt,)). ¥P{'H}
NMR (202 MHz, THF-dg, 25 °C): & 60.8 (ddd, 1P, ] = 105.0, 11.9, 3.2
Hz, PEPNH(Y) 509 (ddd, 1P, J = 103.0, 14.1, 3.2 Hz, PEPNHI),
20.6 (ddd, 1P, J = 103.0, 15.4, 12.7 Hz, PCH,Ph,), 19.7 (dt, 1P, ] =
105.0, 14.1 Hz, PCH,Ph,). IR (KBr): vy 3401 (w), vy 3368 (w),
v (sym) 2003 (w), vy (asym) 1930 (s) cm™. Anal. Calcd for
CHoMoNP,-C,H,0: C, 60.97; H, 6.54; N, 8.53. Found: C, 61.10;
H, 6.55; N, 8.49%.

trans—[Mo(Nz)z(PMeth)z(PEIPNH{A’FZ))] (2). To a stirred solution of
trans-[Mo(N,),(PMePh,),] (0.500 g, 0.525 mmol) in 4:1 Et,0/THF
(10 mL total) was added a solution of PEPNHAT®) (0272 ¢ 0.630
mmol, 1.2 equiv) in Et,O (S mL). The reaction mixture was stirred for
30 min and then solvents were removed under reduced pressure to
afford a red oil. The oil was stirred in an Et,O suspension of CuCl
(0.026 g, 0262 mmol, 0.5 equiv) for S min to coordinate free
phosphines, then the reaction was eluted with Et,O through a pad of
neutral alumina. The product was collected as a bright orange fraction
and evaporated to dryness under reduced pressure. The resulting
residue was dissolved in (Me;Si),O/THF, layered with EtOH, and
stored at —35 °C overnight to produce orange crystals, which were
isolated by filtration, washed with EtOH then pentane, and dried
under vacuum. Yield: 0.247 g, 0.251 mmol, 48%. Orange crystals
suitable for X-ray diffraction were grown by vapor diffusion of EtOH
into a THF solution of 2 at room temperature. 'H NMR (500 MHg,
THF-dg, 25 °C): § 7.43 (m, 8H, H-Ph (PCH,Ph,)), 7.19 (m, 6H, H-
Ph (PCH,Ph,)), 7.16 (m, 6H, H-Ph (PCH,Ph,)), 6.81 (ddd, 2H, J =
11, 9, 2 Hz, H-Ar"), 6.71 (m, 2H, H-Ar"), 6.37 (ddd, 2H, ] =9, 9, 2
Hz, H-ArF), 449 (br s, 2H, HNAr"), 323 (dt, 2H, ] = 14, 5 Hg,
PCH,N), 3.10 (ddd, 2H, J = 14, 7, 3 Hz, PCH,N), 1.91 (d, 3H, ] = 4
Hz, PCH,Ph,), 1.87 (d, 3H, ] = 4 Hz, PCH,Ph,), 1.79—1.69 (m, 2H,
PCH,CH,PE,), 1.52—1.43 (m, 2H, PCH,CH,PEt,), 1.40—1.25 (m,
4H, CH, (PEt,)), 0.88 (dt, 6H, J = 13, 8 Hz, CH; (PEt,)). 3'P{'"H}
NMR (202 MHz, THF-dg, 25 °C): 6 61.5 (ddd, 1P, ] = 107.2, 12.3, 3.7
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Hz, PEPNHAF)) 508 (ddd, 1P, ] = 102.9, 14.1, 3.1 Hz, PEPNHAE))
20.1 (ddd, 1P, J = 103.8, 16.0, 12.6 Hz, PCH,Ph,), 19.3 (dt, 1P, | =
107.1, 15.3 Hz, PCH,Ph,). F NMR (470 MHz, THF-d, 25 °C): §
—128.5 (dt, IF, J = 9, 6 Hz, p-F), —133.1 (t, 1F, ] = 11 Hz, o-F). IR
(KBr): vyy 3396 (m), vyg 3322 (w), vy (sym) 2003 (w), van
(asym) 1939 (s) cm™. Anal. Calcd for C,4Hs,F,MoN¢P,-C,H;O: C,
56.82; H, 5.72; N, 7.95. Found: C, 57.21; H, 5.64; N, 7.94%.
trans-[Mo(N,),(PMePh,),(PEPMPR2)] (3). To a stirred solution of
trans-[Mo(N,),(PMePh,),] (0.500 g, 0.525 mmol) in THF (10 mL)
was added a solution of PEPN?2 (0,323 g, 0.630 mmol, 1.2 equiv) in
THF (S mL). The reaction mixture was stirred for 30 min, and then
solvent was removed under reduced pressure to afford a red oil. The
oil was eluted with 2:1 toluene/THF through a pad of neutral alumina,
and the product was collected as a bright orange fraction, which was
evaporated to dryness under reduced pressure. The resulting orange
solids were washed with hexane and dried under vacuum. The solids
were dissolved in THF, layered with EtOH, and stored at —35 °C
overnight to afford orange crystals, which were isolated by filtration,
washed with EtOH and then pentane, and dried under vacuum. Yield:
0.458 g, 0.430 mmol, 82%. Orange crystals suitable for X-ray
diffraction were grown by vapor diffusion of pentane into a THF
solution of 3 at room temperature. "H NMR (500 MHz, THF-dg, 25
°C): 6 749 (m, 4H, H-Ph (PCH,Ph,)), 740 (m, 4H, H-Ph
(PCH,Ph,)), 7.23 (m, 6H, H-Ph (PCH,Ph,)), 7.16 (m, 6H, H-Ph
(PCH;Ph,)), 7.08 (m, 8 H, m-H (NPh,)), 6.84 (t, 4H, ] = 8 Hz, p-H
(NPh,)), 6.75 (d, 8H, J = 8 Hz, 0-H (NPh,)), 4.25 (dd, 2H, J = 12.5,
16 Hz, PCH,N), 3.87 (d, 2H, ] = 16.5 Hz, PCH,N), 1.89 (d, 3H, ] =
7.5 Hz, PCH,Ph,), 1.88 (d, 3H, ] = 7.5 Hz, PCH;Ph,), 1.45—1.36 (m,
2H, PCH,CH,PEt,), 1.22—1.08 (m, 4H, CH, (PEt,)), 0.97—0.88 (m,
2H, PCH,CH,PEt,), 0.68 (dt, 6H, ] = 13, 7.5 Hz, CH; (PEt,)).
SIP{"H} NMR (202 MHz, THF-dg, 25 °C): 6 77.0 (dd, 1P, J = 105.2,
13.8 Hz, PEPN®2) 49,0 (dd, 1P, ] = 104.6, 14.9 Hz, P*PN(*M2) 20,1
(dt, 1P, ] = 104.6, 14.5 Hz, PCH,;Ph,), 19.7 (dt, 1P, ] = 105.6, 14.5 Hz,
PCH,Ph,). IR (KBr): vy (sym) 2008 (w), vyy (asym) 1941 (s)
ecm™'. Anal. Caled for CiHg,MoNgP,: C, 65.41; H, 6.06; N, 7.89.
Found: C, 65.66; H, 6.15; N, 7.75%.
trans-[Mo(N.),(PMePh.,),(PEPNPI2)] (4). To a stirred solution of
trans-[Mo(N,),(PMePh,),] (0.500 g, 0.525 mmol) in 4:1 Et,O/THF
(10 mL total) was added a solution of PEPN("2 (0237 g, 0.630
mmol, 1.2 equiv) in S mL of Et,O. The reaction mixture was stirred
for 30 min, and then solvents were removed under reduced pressure to
afford a red oil. The oil was stirred in an Et,O suspension of CuCl
(0.026 g, 0262 mmol, 0.5 equiv) for S min to coordinate free
phosphines, then eluted with Et,O through a pad of neutral alumina.
The product was collected as a bright orange fraction and evaporated
to dryness under reduced pressure. Dissolution of the resulting residue
in (Me,Si),0/pentane, followed by storage at room temperature,
afforded red-orange crystals within 1 h. The crystals were isolated by
filtration, washed with pentane, and dried under vacuum. Yield: 0.192
g, 0.207 mmol, 39%. Orange crystals suitable for X-ray diffraction were
grown by vapor diffusion of EtOH into a THF solution of 4 at room
temperature. '"H NMR (500 MHz, THF-dg, 25 °C): 6 7.39 (m, 8H, H-
Ph (PCH,Ph,)), 7.15 (m, 12H, H-Ph (PCH;Ph,)), 3.00 (sep, 4H, ] =
7 Hz, NCH(CHj,),), 2.90 (dd, 2H, J = 14, 13 Hz, PCH,N), 2.53 (dd,
2H, J = 15, 4 Hz, PCH,N), 1.84 (d, 3H, ] = 4 Hz, PCH,Ph,), 1.77 (d,
3H, ] = 4 Hz, PCH,Ph,), 1.69—1.61 (m, 2H, PCH,CH,PEt,), 1.59—
1.51 (m, 2H, PCH,CH,PEt,), 1.34—1.22 (m, 4H, CH, (PEt,)), 0.94
(m, 24H, NCH(CH,),), 0.86 (dt, 6H, J = 12, 8 Hz, CH, (PEt,)).
SIP{"H} NMR (202 MHz, THF-dg, 25 °C): § 50.7 (ddd, 1P, J = 103.8,
13.8, 3.9 Hz, PEPN(™2) 493 (ddd, 1P, J = 105.8, 14.0, 2.3 Hg,
PEPNGPI2Y 912 (ddd, 1P, J = 103.7, 15.3, 13.0 Hz, PCH,Ph,), 20.9
(ddd, 1P, J = 1064, 16.5, 13.0 Hz, PCH,Ph,). IR (KBr): vy (sym)
2000 (w), vy (asym) 1930 (s) cm™. Anal. Calcd for C,sH,,MoNP,:
C, 59.47; H, 7.81; N, 9.05. Found: C, 59.67; H, 7.90; N, 9.12%.
trans-[Mo(N,),(PMePh,),(depe)] (5). To a stirred solution of trans-
[Mo(N,),(PMePh,),] (0.200 g, 0.210 mmol) in THF (S mL) was
added depe (54 uL, 0.231 mmol, 1.1 equiv). The reaction mixture was
stirred for 30 min, and then solvents were removed under reduced
pressure. Dissolution of the resulting red oil in (Me;Si),0/hexane,
followed by storage at room temperature overnight, afforded red-

orange crystals. The crystals were isolated by filtration, washed with
pentane, and dried under vacuum. Yield: 0.119 g, 0.157 mmol, 75%.
'H NMR (500 MHz, THF-d;, 25 °C): 6 7.39 (m, 8H, H-Ph
(PCH,Ph,)), 7.15 (m, 12H, H-Ph (PCH,Ph,)), 1.83 (d, 6H, ] = 4 Hz,
PCH;Ph,), 1.47—-1.37 (m, 4H, PCH,CH,PEt,), 1.35—1.19 (m, 8H,
CH, (PEt,)), 0.86 (dt, 12H, ] = 12, 8 Hz, CH; (PEt,)). *'P{'H} NMR
(202 MHz, THF-dg, 25 °C): § 50.2 (m, 2P, depe), 20.9 (m, 2P,
PCH;Ph,). IR (KBr): vy (sym) 2003 (w), vy (asym) 1939 (s)
ecm™. Anal. Calcd for C3HioMoN,P,: C, 56.99; H, 6.64; N, 7.38.
Found: C, 57.23; H, 6.65; N, 7.35%.

Stoichiometric Protonation (NMR) of trans-[Mo-
(N,),(PMePh,),(P—P)] Complexes 1, 2, and 4 with HOTf. A ].
Young tube was charged with a solution of trans-[Mo-
(N,),(PMePh,),(P—P)] in THF-d; (28 mM, 0.6 mL total) and
then sealed with a rubber septum. The J. Young tube was immersed in
a dry ice/acetone bath for 10 min (keeping the upper portion of the
tube cold as well) before HOTf (1.5 L, 0.017 mmol, 1 equiv) was
added via syringe. The NMR tube was quickly tilted several times to
ensure complete mixing and then cooled in the dry ice/acetone bath
for an additional S min. The sample was then inserted into the NMR
spectrometer precooled to —40 °C. After a 10 min equilibration
period, 'H, *'P{'H}, and ’F NMR spectra were acquired. This was
repeated for each subsequent equivalent of HOTf that was added to
the sample.

Stoichiometric Protonation (in Situ IR) of trans-[Mo-
(N,),(PMePh,),(P—P)] Complexes 1—-5 with HOTf. In situ IR
experiments were recorded on a Mettler-Toledo ReactIR 15 FTIR
spectrometer equipped with an MCT detector, connected to a 1.5 m
AgX Fiber DST series (9.5 mm X 203 mm) probe with a silicon
sensor. Experiments were performed in a $ mL two-neck pear-shaped
flask equipped with a magnetic stirbar and sealed with rubber septa,
under a dinitrogen atmosphere using Schlenk line techniques. Typical
reactions contained 17 mM Mo complex in 1 mL of THF. The
reactions were cooled in a MeCN/CO,(s) bath (—41 °C), and then IR
spectra were collected in intervals of 15 s in the normal collection
mode. Stepwise addition of HOTf (1.5 uL, 0.017 mmol, 1 equiv at a
time) was monitored throughout the duration of the experiments.

trans-[Mo(H)(N,) ,(PMePh.),(PFPNPP)1(OTf) ([TH]*). The proto-
nation procedures described above were followed using a solution of 1
(0.018 g, 0.017 mmol) and HOTf (1.5 pL, 0.017 mmol, 1 equiv).
Major isomer: 'H NMR (500 MHz, THF-dg, —40 °C): § 7.53—7.42
(m, 14H, H-Ph (PCH,Ph,)), 7.25 (m, 6H, H-Ph (PCH,Ph,)), 7.13
(m, 6H, H-Ph (NPh)), 6.79 (d, 4H, J = 8 Hz, H-Ph (NPh)), 6.70 (t,
2H, ] = 7 Hz, PCH,N), 6.54 (d, 2H, ] = 7 Hz, PCH,N), 4.97 (br s, 2H,
HNPh), 2.01 (d, 3H, J = 6 Hz, PCH;Ph,), 1.85 (d, 3H, J = 6 Hz,
PCH,Ph,), 1.63 (m, 2H, PCH,CH,PEt,), 1.43 (m, 2H,
PCH,CH,PEt,), 1.03 (m, 4H, CH, (PEt,)), 0.87 (m, 6H, CH,
(PEt,)), —3.91 (m, 1H, Mo—H). *P{'H} NMR (202 MHz, THE-
dg, —40 °C): & 89.7 (m, 1P, PEPNHN) 436 (m, 1P, PHPNHM) 202
(m, 1P, PCH;Ph,), 6.5 (m, 1P, PCH,Ph,). ’F NMR (470 MHz,
THF-dg, —40 °C): § —80.2 (s, “OTf). IR (THF, —40 °C): vy (asym)
2024 (s) cm™. Minor isomer: "H NMR (500 MHz, THF-dg, —40 °C):
8 —4.29 (m, Mo—H). 3'P{*H} NMR (202 MHz, THF-d,, —40 °C): §
75.8 (m, PHPNHCRY 504 (m, PEPNICRY 202 (m, PCH,Ph,), 6.5
(m, PCH,Ph,).

trans-[Mo(H)(N,) (PMePh.,) ,(PXPNHPR (H))1(OTA, ([TH(PP (H))F*).
The protonation procedures described above were followed using a
solution of [1H]* (generated in situ) and HOT (1.5 uL, 0.017 mmol,
1 equiv). Major isomer: '"H NMR (500 MHz, THF-d;, —40 °C): §
829 (br s, 3H, HNPh and H,NPh), 7.54—7.45 (m, 14H, H-Ph
(PCH,Ph,)), 7.33 (t, 6H, J = 8 Hz, H-Ph (PCH,Ph,)), 7.15 (m, 2H,
PCH,N), 7.10 (m, 2H, PCH,N), 7.02 (m, 10H, H-Ph (NPh)), 2.10
(d, 3H, J = 6 Hz, PCH;Ph,), 1.88 (d, 3H, J = 6 Hz, PCH;Ph,), 1.56
(m, 2H, PCH,CH,PEt,), 1.36 (m, 2H, PCH,CH,PEt,), 1.05 (m, 4H,
CH, (PEt,)), 0.94 (dt, 6H, J = 15, 8 Hz, CH, (PEt,)), —4.63 (m, 1H,
Mo—H). 3'P{'H} NMR (202 MHz, THF-dg, —40 °C): § 78.4 (m, 1P,
PEPNHEDY 43 1 (m, 1P, PEPNHCM) 19,7 (m, 1P, PCH,Ph,), 4.4 (m,
1P, PCH,Ph,). ’F NMR (470 MHz, THE-dg, —40 °C): 5 —80.3 (s,
~OTf). IR (THF, —40 °C): 14qy (asym) 2044 (s) cm™". Minor isomer:
'"H NMR (500 MHz, THF-dg, —40 °C): § —4.47 (m, Mo—H).
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SIp{'H} NMR (202 MHz, THF-dy, —40 °C): § 80.2 (m, PEPNH),
45.3 (m, PEPNH(D) 90 5 (m, PCH,Ph,), 4.4 (m, PCH,Ph,).

trans-[Mo(H)(N,),(PMePh,),(PPNYA*2)1(OTf) ([2H]*). The proto-
nation procedures described above were followed using a solution of 2
(0.018 g, 0.017 mmol) and HOTf (1.5 yL, 0.017 mmol, 1 equiv).
Major isomer: 'H NMR (500 MHz, THF-dg, —40 °C): § 7.53—7.42
(m, 12H, H-Ph (PCH,Ph,)), 7.34—7.27 (m, 8H, H-Ph (PCH,Ph,)),
7.03 (m, 2H, H-ArF2), 6.87 (m, 4H, H-ArF2), 6.15 (br s, 2H,
HNArF2), 2.06 (m, 4H, PCH,N), 2.01 (d, 3H, J = 5 Hz, PCH;Ph,),
1.85 (d, 3H, J = 5§ Hz, PCH;Ph,), 1.62 (dd, 2H, J = 15, 7 Hz,
PCH,CH,PEt,), 1.53 (dd, 2H, J = 15, 7 Hz, PCH,CH,PEt,), 1.03 (m,
4H, CH, (PEt,)), 0.88 (dt, 6H, ] = 14, 7 Hz, CH, (PEt,)), —3.96 (m,
1H, Mo—H). 3'P{'"H} NMR (202 MHz, THE-d,, —40 °C): 6 91.3 (m,
1P, PRPNH(AT2)) 43 5 (m, 1P, PHPNHATFDY 902 (m, 1P, PCH,Ph,),
6.2 (m, 1P, PCH;Ph,). ’F NMR (470 MHz, THE-ds, —40 °C): &
—80.2 (s, 3F, “OTf), —127.6 (s, 2F, Ar-F), —132.3 (s, 2F, Ar-F). IR
(THF, —40 °C): 1y (asym) 2024 (s) cm™. Minor isomer: '"H NMR
(500 MHz, THF-dg, —40 °C): 6 —4.20 (m, 0.2H, Mo—H). *'P{'H}
NMR (202 MHz, THE-dg, —40 °C): § 75.6 (m, PEPNHAF2)) 535 (m,
PEPNHAE2)) 902 (m, PCH,Ph,), 6.2 (m, PCH,Ph,). °F NMR (470
MHz, THF-dg, —40 °C): 6 —80.2 (s, "OTf), —126.7 (s, Ar-F), —130.6
(s, Ar-F).

trans-[Mo(H)(N,),(PMePh,),(PEtPNHATE2 () 1(OTF), ([2H-
(PPN(H))F*). The protonation procedures described above were
followed using a solution of [2H]* (generated in situ) and HOTf
(1.5 puL, 0.017 mmol, 1 equiv). Major isomer: '"H NMR (500 MHz,
THF-dg, —40 °C): § 7.52—7.43 (m, 12H, H-Ph (PCH,Ph,)), 7.34—
7.27 (m, 8H, H-Ph (PCH;Ph,)), 7.16 (m, 4H, H-ArF2), 6.99 (m, 2H,
H-ArF2), 2.31-2.17 (m, 4H, PCH,N), 2.05 (d, 3H, ] = S Hz,
PCH,Ph,), 1.84 (d, 3H, ] = 6 Hz, PCH,;Ph,), 1.60 (m, 2H,
PCH,CH,PEt,), 147 (m, 2H, PCH,CH,PEt,), 1.04 (m, 4H, CH,
(PEt,)), 0.90 (dt, 6H, J = 15, 7 Hz, CH, (PEt,)), —4.29 (m, 1H, Mo—
H). The 'H signal corresponding to the pendant amine N—H proton
could not be identified. *'P{*H} NMR (202 MHz, THF-dg, —40 °C):
5 86.4 (m, 1P, PEPNH(AEDY 45 8 (m, 1P, PEPNHAF2) 204 (m, 1P,
PCH,Ph,), 5.4 (m, 1P, PCH,Ph,). "’F NMR (470 MHz, THF-d,, —40
°C): 5 —80.5 (s, "OTf). The "F signals for the Ar-F nuclei were not
observed. IR (THF, —40 °C): 14y (asym) 2046 (s) cm™. Minor
isomer: 'H NMR (500 MHz, THF-d;, —40 °C): The signal
corresponding to the Mo—H proton could not be identified since it
is obscured by the resonance of the major isomer. *'P{'H} NMR (202
MHz, THF-d, —40 °C): § 76.1 (m, PEPNHAF2) 483 (i
PEPNHAE2)) 90 4 (m, PCH,Ph,), 5.4 (m, PCH,Ph,).

trans-[Mo(NNH,)(OTH(PMePh,),(PTPN*M2)](OTf (I3(NNH,)]*). To
a cooled (=35 °C) solution of 3 (0.250 g, 0.235 mmol) in THF (10
mL) was added HOTf (41.5 uL, 0.469 mmol, 2 equiv). The solution
immediately turned red in color and was left stirring for 1 min. The
solution was stored at —3S °C for 10 min and then evaporated to
dryness under reduced pressure. Dissolution of the resulting residue in
(Me;Si),0/fluorobenzene, followed by storage at room temperature
overnight, caused the product to precipitate as pink powder. The
product was isolated by filtration, dissolved in a mixture of THF and
Et,0 to remove residual fluorobenzene, and dried under vacuum.
Yield: 0.130 g, 0.097 mmol, 41%. Yellow crystals suitable for X-ray
diffraction were grown from a toluene/THF solution of [3(NNH,)]*
at room temperature over the course of two months. '"H NMR (500
MHz, THF-dj, 25 °C): § 9.47 (s, 2H, Mo=N-NH,), 7.59 (m, 2H, H-
Ph), 7.46 (m, 6H, H-Ph), 7.34 (m, 10H, H-Ph), 7.17 (m, 10H, H-Ph),
6.95 (m, 4H, H-Ph), 6.91 (m, 4H, H-Ph), 6.77 (m, 4H, H-Ph), 4.93
(dd, 1H, J = 16, 10 Hz, PCH,N), 440 (dd, 1H, J = 16, 13 Hz,
PCH,N), 4.12 (dd, 1H, ] = 16, 4 Hz, PCH,N), 3.94 (d, 1H, ] = 16 Hz,
PCH,N), 2.14 (d, 3H, ] = 6 Hz, PCH,Ph,), 1.95 (d, 3H, J = 6 Hz,
PCH;Ph,), 1.67-1.56 (m, 2H, PCH,CH,PEt,), 1.54—1.38 (m, 2H,
PCH,CH,PEt,), 1.36—1.26 (m, 2H, CH, (PEt,)), 1.21—0.94 (m, 2H,
CH, (PEt,)), 0.84 (dt, 3H, J = 1S, 8 Hz, CH; (PEt,)), 0.62 (dt, 3H, J
=22, 7 Hz, CH, (PEt,)). *'P{'"H} NMR (202 MHz, THF-dg, 25 °C):
5 641 (m, 1P, PEPNCPR2) 415 (m, 1P, PEPNCM?) 84 (m, 1P,
PCH,Ph,), 6.5 (m, 1P, PCH;Ph,). F NMR (470 MHz, THF-dj, 25
°C): 6 —78.0 (s, 1F, Mo(OTY)), —80.0 (s, 1F, “OTf). IR (KBr): vy
3312 (m), vy 3249 (m), ny 3129 (m) cm™. Anal. Caled for

CeoHegFMoN,OP,S,: C, 53.89; H, 4.98; N, 4.19. Found: C, 54.03;
H, 5.12; N, 4.17%.

trans-[Mo(N.),(PMePh,),(PF'PNFO2(H))1(OTf  ([4(PPV(H))I*). The
protonation procedures described above were followed using a
solution of 4 (0.016 g 0.017 mmol) and HOTf (3.0 uL, 0.034
mmol, 2 equiv). 3'P{'"H} NMR (202 MHz, THF-d;, —40 °C): § 50.9
(m, 1P, PEPN(PD2) 475 (m, 1P, PHPN(P)2) 233 (m, 1P, PCH,Ph,),
18.4 (m, 1P, PCH;Ph,). ’F NMR (470 MHz, THF-d;, —40 °C): §
—77.5 (s, OTf"). IR (THF, —40 °C): vyyy (asym) 1957 (s) cm™.

trans-[Mo(NNH,)(PMePh,) ,(P*'PN*"2(H))](OTf), ([4(NNH,)-
(PPN(H))F?*). The protonation procedures described above were
followed using a solution of [4(PPN(H))]* (generated in situ) and
HOTS (3.0 4L, 0.034 mmol, 2 equiv). Since a trace amount of this
product was generated, it could only be detected from N and
"H—'N HMBC experiments using the '*N,-labeled isotopologue (see
below).

trans-[Mo(NNH,)(OTf)(PMePh,),(depe)l(OTf) ([5(NNH,)I*). To a
cooled (—3S °C) solution of § (0.175 g, 0.231 mmol) in THF (10
mL) was added HOTf (41 uL, 0.461 mmol, 2 equiv). The solution
immediately turned red in color and was left stirring for 1 min. The
solution was stored at —35 °C for 10 min and then evaporated to
dryness under reduced pressure. The resulting residue was stirred in
(Me;Si),0/fluorobenzene to afford light brown precipitate, which was
isolated by filtration, washed with pentane, and dissolved in a mixture
of THF and Et,O to remove residual fluorobenzene, and dried under
vacuum. Yield: 0.235 g, 0.228 mmol, 99%. "H NMR (500 MHz, THE-
dg 25 °C): § 927 (s, 2H, Mo=N-NH,), 7.50 (m, 4H, H-Ph
(PCH,Ph,)), 7.42—7.30 (m, 12H, H-Ph (PCH,Ph,)), 7.24 (t, 4H, ] =
8 Hz, H-Ph (PCH,Ph,)), 2.10—-2.02 (m, 2H, CH, (PEt,)), 1.93 (d,
6H, ] = 6 Hz, PCH;Ph,), 1.87—1.78 (m, 4H, CH, (PEt,)), 1.40 (tt,
2H, ] = 14.8, 7.5 Hz, Et,PCH,CH,PEt,), 1.24—1.16 (m, 2H, CH,
(PEt,)), L.11 (tt, 2H, J = 14.4, 7.2 Hz, Et,PCH,CH,PEt,), 0.98 (dt,
12H, ] = 7.5, 5.7 Hz, CH; (PEt,)). *'P{'"H} NMR (202 MHz, THF-dj,
25 °C): 6 42.5 (m, 2P, depe), 9.3 (m, 2P, PMePh,). ’F NMR (470
MHz, THF-dg, 25 °C): 6§ —78.5 (s, 1F, Mo(OTf)), —80.1 (s, 1F,
~OTf). IR (KBr): vpy 3254 (m), vy 3102 (m) cm™. Anal. Calcd for
CysHo,FgMoN,O,P,S,: C, 44.28; H, 5.08; N, 2.72. Found: C, 44.44;
H, 4.89; N, 2.51%.

General Procedure for Ammonia Production Reactions. A 100
mL round-bottom single neck (14/20 outer joint) Schlenk flask
equipped with a magnetic stir bar was charged with Mo complex
(0.017 mmol) and solvent (2 mL) under a N, atmosphere. The flask
was sealed with a rubber septum, and acid (30—35 equiv) was added
via syringe to the stirred solution/suspension at room temperature.
After 20 h, the flask was immersed in a dewar containing liquid N, and
evacuated. An aqueous solution of 30% w/w KOH (2 mL) was added
to the frozen reaction mixture, which was stirred as it warmed to room
temperature and distilled under static vacuum into dilute aqueous acid
solution (0.5 M, 4 mL). The resulting acid solution was analyzed for
ammonia and hydrazine by the indophenol*® and p-(dimethylamino)-
benzaldehyde® methods, respectively.

Computational Details. All computational structures were
optimized in Gaussian 09*° without symmetry constraints using
B3P86>" functional and the Stuttgart basis set with effective core
potential (ECP)** for Mo and the 6-31G** basis set> for all the
remaining atoms. The ultrafine integration grid was employed in all
calculations, to ensure the stability of the optimization procedure for
the investigated molecules. Each stationary point was confirmed to be
a real local minimum on the potential energy surface by the absence of
imaginary frequencies in the frequency calculation at the same level of
theory. The reported thermodynamic pK, values are for THF solutions
at the standard state (T = 298 K, P = 1 atm of N, 1 mol/L
concentration of all species in THF) as modeled by a polarized
continuum model** and are calculated relative to the value of Et;NH*
(pK, = 12.5),* which is assigned as an experimental value to anchor
the calculated pK, scale. Bondi radii*® were used with a scale factor (a)
of 1.0.
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