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ABSTRACT. A series of ruthenium(II) hydrido dinitrogen complexes supported by pincer ligands
in different formal oxidation states has been prepared and characterized. Treating a ruthenium
dichloride complex supported by the pincer ligand bis(di-ters-butylphosphinoethyl)amine (H-
PNP) with reductant or base generates new five-coordinate cis-hydridodinitrogen ruthenium
complexes each containing different forms of the pincer ligand. Further ligand transformations
provide access to the first isostructural set of complexes featuring all six different forms of the
pincer ligand. The conserved cis-hydridodinitrogen structure facilitates characterization of the
n—donor, m—acceptor, and/or c—donor properties of the ligands and assessment of the impact of
ligand-centered multielectron/multiproton changes on N, activation. Crystallographic studies,
infrared spectroscopy, and "N NMR spectroscopy indicate that N, remains weakly activated in all
cases, providing insight into the donor properties of the different pincer ligand states.

Ramifications on applications of (pincer)Ru species in catalysis are considered.



Introduction

Dinitrogen coordination to a transition metal was first observed in the ruthenium ammine
complexes [Ru(NH,)s(N,)]** and [(NH,);Ru(u-N,)Ru(NH,);]*,'* ushering in a wave of
coordination chemistry and catalysis.” Upon binding to a transition metal, N, undergoes some
degree of “activation” or weakening of the N-N bond. The extent of N, activation is typically
assessed by X-ray crystallography or infrared (IR) spectroscopy (Scheme 1).*®” Crystallographic
studies can provide information on the N, bond order; the triple bond of free N, is 1.10 A} and
elongation to 1.15 A is considered indicative of a singly reduced dinitrogen ligand.® IR
spectroscopy reports on N, activation via the N-N stretching frequency, vyy. Upon binding of N,
to one transition metal ion, a large shift in vy to lower frequency is observed with vy of terminal
M-N, existing over a range of 1850-2200 cm™ *® Terminal N, complexes of Mo (vyy = 1859 cm’
", Fe (vyy = 1920 cm™),'”" Ru (v = 1960 cm™),'” and Os (vyy = 1931 cm™)'? with low energy

stretching frequencies indicative of activated N, have shown activity for catalytic NH; production.
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Scheme 1. Categorization of transition metal N, complexes.

As shown in Scheme 1, strongly activated N, ligands have been a starting point for
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molecular approaches to N, functionalization, whereas complexes bearing weakly activated

N, ligands have shown promise as precatalysts for organometallic transformations.'*" In



precatalysts, the N, ligand can stabilize highly reactive, low-coordinate and low-valence-electron
species, but is often sufficiently labile to enable high catalytic activity via facile substrate binding.

A number of pincer ruthenium dinitrogen and hydrido dinitrogen complexes have been shown to

20,21 18,19,22

catalyze ketone transfer hydrogenation™ " and acceptorless dehydrogenation of alcohols.

Ruthenium metal is also a heterogeneous catalyst for N, hydrogenation in the Kellogg
Advanced Ammonia Process (as well as the reverse process of ammonia oxidation).”** Recent
work has shown that molecular ruthenium and osmium complexes are capable of catalytic N,
fixation and N, bond cleavage.'”® Computational studies have suggested that ruthenium pincer
complexes may also be viable catalysts for N, conversion, particularly with the aid of metal-ligand
cooperation.”® In fact, experimental studies have demonstrated that ruthenium complexes
supported by the ligand N(CH,CH,P'Bu,),” (PNP) can support key steps relevant to ammonia
synthesis.”’*® For example, the nitride (PNP)Ru(N) is converted to free ammonia by a
hydrogenation that involves metal-ligand cooperative H, activation (Scheme 2).”’ A separate
ligand-assisted mechanism for ammonia synthesis is accessed upon addition of an appropriate
ligating acid to the amine-backbone variant [(H-PNP)Ru(N)]* (Scheme 2).® Protonation of this
cationic nitride induces a metal-ligand cooperative proton-coupled electron transfer to produce the
ammonia-bound complex [(PC=NP)Ru(NH;)(O,CAr")]* (Ar’ = 4-methoxyphenyl, see Scheme 3
below for ligand abbreviations). However, the parent nitrides have not been formed directly from
N,, motivating studies into whether (pincer)Ru complexes might bind and activate dinitrogen upon
reduction. Though N, cleavage remains rare, photochemical cleavage [(NH;);0s"(u-

N,)Os™(NH,)s]** has resulted in a N,-derived terminal nitride at a Group 8 metal.*’



In preliminary studies, we targeted reduction of [(PC=NP)Ru(NH,)(O,CAr')]" (Scheme 2)
to induce NH, release and uptake of N,. Reductive electrolysis of the ammine complex produced
a mixture of several hydride-containing products tentatively postulated to be dinitrogen complexes

with different pincer backbone structures (see the Supporting Information).
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Scheme 2. Formation of ammonia from (PNP)Ru(N).

Based on these initial findings, we set out to independently synthesize a series of ruthenium
hydrido dinitrogen complexes, with the goal of assessing how the distinct donor properties of the
various pincer ligand states influence ruthenium-dinitrogen interactions. It is now well established
that the transition metal oxidation state can greatly influence the extent of N, activation.”*"'
However, there have been far fewer systematic studies exploring how changes to the supporting

ligand can influence N, activation. As shown in Scheme 3, ligand tuning has been accomplished

by modification with Lewis or Brgnsted acids or by reduction of the ligand.



A. Tuning Ligand Acid/Base Interactions
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Scheme 3. Examples of tuning the bonding in N, ligands via acid/base interactions (A), redox non-

innocence (B), and multi-proton, multi-electron redox (C)

The impact of varying Lewis acids trans to the N, ligand was explored by Lu et al. using a
(MP;)Co™(N,) scaffold.”” When a vanadium ion sits trans to N, vy is 1971 cm ', whereas an
aluminum ion trans to N, gives less activation (vyy = 1995 cm ). Effects of ligand backbone
protonation on N, activation have also been explored, with Mock et al. demonstrating a 25 cm™
shift in vy upon protonation of a pendent amine in [(PN"P)(dmpm)Fe(H)(N,)]*.”’ Similarly,

dearomatization of the pyridine backbone of a thodium N, complex resulted in a 31 cm™ shift in



Van-t Schneider et al. recently showed that protonation of the amide backbone in

[(PNP)Mo(C1)],(u-N,) leads to N-N bond cleavage and formation of [(H-PNP)Mo(N)(CD)]*.””
Tuning via one-electron ligand reductions has been explored by Chirik et al., who found that

varying the redox states of a bis(imino)pyridine ligand at Co leads to large shifts in vy (2184 to

36-38

2046 cm™' upon reduction by 2¢).

While the studies in Scheme 3A and 3B have focused on single proton or single electron
changes, the ligand scaffold of Scheme 3C supports six different states covering a range of
multiproton/multielectron changes (without involving ligand-centered radicals). Acid/base
chemistry and net 2H"/2e" transformations move between amine, amide, enamide, or imine ligand
states.”* Different ligand states have induced spin state changes in (diphosphinoamide)RuCl
complexes upon 2H"/2e” oxidation, indicating formal backbone oxidation has significant effects
on the electronic structure.* These multiproton/multielectron formal oxidations are part of a
broader trend of ligands featuring “chemical non-innocence”.**"™* Of particular note are
Milstein’s diphosphinopyridine ligands that adopt multiple backbone structures through
dearomatization.” These ligands support Mo catalysts for NH, synthesis as well as Ru catalysts
for hydrogen transfer and alcohol/amine coupling reactions.'** The imine (PC=NP) and enamide
(P=NP) backbone states of Scheme 3C are aliphatic analogues of the pyridine and dearomatized
enamide states of Milstein’s ligand.* Ir and Rh dinitrogen complexes supported by (P=N=P) have
been reported,”’ ™ but systematic studies exploring the influence of different (PNP) ligand states

on N, activation are lacking.

Herein we report the synthesis of a family of cis-hydridodinitrogen ruthenium complexes

of the formula (pincer)Ru(H)(N,). All six ligand-based formal oxidation states are accessed in an



isostructural series for the first time, with pincer donor properties ranging from m-accepting
and/or o-donating L systems to 7- and o-donating L,X systems. The influence of the pincer ligand
state on N, activation is assessed through crystallographic studies, IR spectroscopy, and "N NMR
spectroscopy. The N, ligand in turn acts as a probe for the donor/acceptor properties of the different
backbone states. The present system is noteworthy for providing a large number of isostructural
complexes that each retain an N, ligand and a stable hydride (which could in principle be
transferred to the pincer backbone, the N, ligand, or to a substrate in organometallic catalysis). The
utility of these complexes will depend on the extent of N, activation afforded by the PNP ligand
framework: strong activation would be amenable to N, fixation while weak activation would be

ideal for organometallic catalysis in which labile N, ligands facilitate substrate binding.
Results & Discussion
Synthesis of neutral (pincer)Ru(H)(N,) complexes

The Ru dichloride (H-PNP)Ru(Cl), was prepared according to the previously reported
procedure.’® Treating a suspension of green (H-PNP)Ru(Cl), in THF with 3 equiv KCg at —78 °C
resulted in rapid formation of a dark red solution (Scheme 4). The isolated bright red powder was
found to be diamagnetic, with a single resonance in the *'P{'H} NMR spectrum (8 103.11)
indicating a symmetric ligand backbone. '"H NMR spectroscopy revealed the presence of a Ru
hydride (6 —24.08), but no amine proton. The solid-state IR spectrum features a strong stretch at
2048 cm', consistent with a terminally bound N, ligand; the spectrum in THF is essentially
identical (van = 2050 cm ). The N, ligand was further characterized using natural abundance 'H-

"N HMBC experiments. The hydride couples to the Ru-bound nitrogen of the N, ligand (Na, &



308.81), while the ethylene linker protons couple only to Npnp (6 143.19). The product is assigned

as the new hydrido dinitrogen complex (PNP)Ru(H)(N;) (1, Scheme 4).

Single crystals of 1 suitable for X-ray diffraction were grown by slow evaporation of a
concentrated pentane solution. The structure (Figure 1, Table 1) confirms an end-on terminal N,
ligand trans to the amide backbone. The Ru—Npyp distance (2.008(3) A) is similar to other (PNP)Ru
complexes,40’50 and the Ru—-Na distance (1.927(3) A) is in the range of Ru(H)(N,) complexes
supported by other ligands.'®*%*"***1°* The Npyp—Ru—Na angle of 167.38(14)° is somewhat
distorted from the typical angles of square planar or square pyramidal (PNP)Ru complexes.” "
The N-N distance (1.118(5) A) and N, stretching frequency (van = 2050 cm ' in THF) indicate
that the N, ligand in 1 is weakly activated.®
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Scheme 4. Synthesis of complexes 1-3.

The enamide ligand state, featuring formal 2H'/2e oxidation of the ligand backbone, was

targeted next. Utilizing an approach that had proven successful for a trimethylphosphine Ru



complex,™ a green suspension of (H-PNP)Ru(Cl), in THF was treated with 3 equiv KO'Bu. An
intensely purple colored solution quickly formed, from which a purple solid was isolated in 89%
yield (Scheme 4). Initial evidence for an asymmetric ligand backbone structure is found in the
*'P{'"H} NMR spectrum, which features two doublets (5 97.34, J = 252.8 Hz; § 82.31, J = 249.8
Hz). "H NMR spectroscopy reveals the signatures expected of the enamide backbone, including a
doublet of doublets for the N-CH=CH-P resonance (8 7.23), and four inequivalent ‘Bu doublets.
A surprisingly upfield chemical shift is observed for the N—-CH=CH-P proton in 2 (5 3.69),
suggesting some contribution from an imine resonance contribution that places a negative charge
on the ligand backbone.” A hydride resonance (8 —29.17) exhibited a correlation with Na. (8
309.22) ina 'H-""N HMBC NMR experiment. IR spectroscopy in THF (vay =2057 cm ™) confirms
a bound N, ligand, leading to the assignment as (P=NP)Ru(H)(N>) (2, Scheme 4). Crystals of 2
were grown from slow evaporation of a concentrated pentane solution and X-ray diffraction
confirmed the expected structure with a single vinyl linker (C=C 1.368(6) A) in the backbone.
Complex 2 (Figure 1, Table 1) features a Ru-Npyp distance of 2.036(3) A, a Ru—Na distance of

1.921(3) A, and a N-N distance of 1.102(4) A.

The dienamide (P=N=P) backbone was accessible by direct oxidation of the ligand via
hydrogen atom abstraction (HAA) by 24 ,6-tri-tert-butylphenoxyl radical (ArO"). Guided by a
related protocol for oxidation of (PNP)Co complexes,” treatment of 2 with 2 equiv ArO" led to a
color change from purple to maroon and isolation of a new product in 96% yield. The *'P{'H}
NMR spectrum shows a single resonance (8 85.87) suggesting a symmetric backbone. The 'H
NMR spectrum features a characteristic downfield resonance (6 7.35) and a hydride resonance at

—29.84 ppm. The N, ligand is apparent in the IR spectrum in THF (2072 cm ™) and in NMR studies



(Na 8 307.30), allowing assignment as (P=N=P)Ru(H)(N>) (3, Scheme 4) and completing the
anionic PNP series. Slow evaporation of a concentrated pentane solution of 3 afforded red single

crystals. X-ray analysis (Figure 1, Table 1) confirmed the presence of a planar P=N=P ligand

backbone (C=C 1.344(7), 1.354(7) A; Ru-Npnp 2.053(4) A) and retention of the N, ligand (N-N

1.095(5) A, Ru-Na 1.929(4) A).

Figure 1. Structural representations of complexes 1, 2, and 3 from XRD studies, with ellipsoids at

50% probability level. See Table 1 for metrical parameters and the SI for full details.

Table 1. Crystallographic, NMR and IR data for complexes 1-3.

(PNP)Ru(H)(N,) (P=NP)Ru(H)(N,) (P=N=P)Ru(H)(N,)
e} (2) 3)
Ru—Npyp (A) 2.008(3) 2.036(3) 2.053(4)
Ru-Na (A) 1.927(3) 1.921(3) 1.929(4)
No-NB (A) 1.118(5) 1.102(4) 1.095(5)
Npnp—Ru—Noa(®) 167.38(14) 176.74(12) 178.54(16)
'H Ru-H (ppm in dg-THF) -24.08 -29.17 -29.84
>N Npyp (ppm in dg-THF) 143.19 131.77 161.63

N Not (ppm in dg-THF) 308.81 309.22 307.30



van (cm ! in THF) 2050 2057 2072

An alternative synthetic strategy to reach hydrido dinitrogen complexes was envisioned
based on initial oxidation of the ligand backbone of the ruthenium chloride precursor followed by
installation of the hydride.”***%> Schneider and co-workers previously developed routes from
(H-PNP)Ru(Cl), to monochloride complexes with dialkylamide- and dienamide-based pincer
ligands.** Stirring (PNP)Ru(Cl) with CoCp*, in THF for two weeks provided hydride complex
1 in around 50% yield (Scheme 5). No deuterium incorporation into the product was observed
when the reaction was carried out in deuterated solvent (THF-ds), suggesting that the hydride
ligand is formed by hydrogen atom transfer from decamethylcobaltocene.” Similarly, complex 3
was observed spectroscopically upon treating the dienamide backbone complex (P=N=P)Ru(Cl)
with 1 equiv of CoCp ', in THF. If benzene-ds is used as the solvent, the protio hydride is still

formed, again suggesting that CoCp > may be the hydrogen donor.
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Scheme 5. Alternative synthetic routes to complexes 1 and 3.

Once formed, the ruthenium hydrides are also quite robust. Complex 3 was found to be
stable in the presence of excess ArO’ at elevated temperatures (60 °C), even though hydrogen atom

abstraction might be anticipated. The strong base KO'Bu could be used in the synthesis of complex



2 and the purification of complex 3 because the hydrides were not acidic enough to be

deprotonated.

Synthesis of cationic [(pincer)Ru(H)(N,)][BF,] complexes

Treatment of 1 with 0.95 equiv 2,6-lutidinium tetrafluoroborate ([HLut][BF,]) in THF
resulted in a color change from red to dark orange, providing an orange-brown powder in 86%
yield upon workup (Scheme 6). The "H NMR spectrum contains a Ru-H signal (8§ -30.43) and a
N-H resonance (0 4.54) indicating protonation at the PNP ligand backbone nitrogen (the
symmetric saturated ethylene linkers are retained). A singlet in the *'P{'H} NMR spectrum (&
86.97) further confirms a symmetric backbone. A correlation between the hydride resonance and
the No resonance of the N, ligand was observed at 299.90 ppm. IR spectroscopy indicates retention
of N, (v =2109 cm_l, THF), consistent with formation of [(H-PNP)Ru(H)(N,)][BF,] (4, Scheme

6). The vy value is indicative of a very weakly activated N,.
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Scheme 6. Synthesis of complexes 4-6.



Single crystals were grown by vapor diffusion of pentane into a concentrated acetone
solution of 4. An X-ray diffraction study confirms that 4 adopts the expected square pyramidal
geometry with a cis-hydridodinitrogen configuration (Figure 2, Table 2). Protonation of the
backbone amine occurs trans relative to the hydride and results in a long Ru—Npyp distance
(2.116(5) A). A hydrogen bonding interaction is observed between the BF4 counterion and the
amine proton (H--F distance 2.101 A, N--F distance 3.034(6) A). Complex 4 features a short N—

N bond (1.083(8) A), further consistent with limited N, activation.

Treatment of 2 with 0.95 equiv [HLut][BF,] in THF results in a color change from purple
to orange, with subsequent isolation affording a bright orange powder in 95% yield (Scheme 6).
Two doublets observed by *'P{'"H} NMR spectroscopy (5 92.45, J=240.2 Hz; & 89.51, J = 239.9
Hz) indicate the presence of an asymmetric ligand backbone. The '"H NMR spectrum features a
downfield resonance (8 8.51, J = 24.3 Hz) characteristic of an imine ligand (PC=NP). The upfield
hydride resonance (8 —29.23) correlates with a bound N; ligand, also located relatively upfield (Na
8 294.69). The orange powder is thus assigned as [(PC=NP)Ru(H)(N)][BF4] (5§, Scheme 6). The
strong IR stretch in 5 (vyy= 2117 cm ™', THF) indicates weak activation of Ny. Vapor diffusion of
pentane into a concentrated acetone solution of 5 afforded red-orange crystals suitable for X-ray
analysis (Figure 2, Table 2). A short N-C bond (1.315(6) A) in the backbone of 5 is consistent
with an imine ligand backbone (Ru—Npxp bond 2.0638(18) A). The N, ligand is retained cis to the

hydride (Ru-Na 1.9275(19) A, N-N 1.102(3) A).

Protonation of 3 with 0.95 equiv [H(OEt,)][BF,] in Et,0O results in an immediate

precipitation of an orange solid isolated in 85% yield (Scheme 6). '"H NMR spectroscopy shows

retention of the hydride at —28.94 ppm, as well as several downfield resonances (d 8.75, 6 7.67, 6



6.46) indicative of multiple sp” carbons in the ligand backbone. Unlike complexes 2 and 3, in
complex 6 the NCHCHP proton is in the range expected for a vinyl linker (6 6.46). Two doublet
resonances in the >'P NMR spectrum (8 91.40, J = 240.4 Hz; & 84.82, J= 239.8 Hz) provide further
evidence for a vinyl imine backbone (P=N=CP) arising from selective protonation at the ligand
backbone (no reaction with Ru-H is evident). The N; ligand is retained (vyy = 2123 cm™', THF),
allowing assignment as [(P=N=CP)Ru(H)(N,)][BF4] (6, Scheme 6). Layering a concentrated
acetone solution of 6 with pentane at room temperature led to the formation of yellow needles
suitable for X-ray analysis. Complex 6 (Figure 2, Table 2) features the expected planar backbone
and cis-hydridodinitrogen geometry, with a Ru—Npxp bond length of 2.070(4) A, a Ru—Na distance

of 1.936(4) A, and a N-N distance of 1.101(5) A.

Figure 2. Structural representations of complexes 4, 5, and 6 from XRD studies, with ellipsoids at
50% probability level. Crystals of 5 featured backbone atoms disordered over two positions (major

site shown, see SI for details). See Table 2 for metrical parameters and the SI for full details.



Table 2. Crystallographic, NMR and IR data for complexes 4—6.

[(H-PNP)Ru(H)(N,)]*  [(PC=NP)Ru(H)(N,)]* [(P=N=CP)Ru(H)(N,)]
4 S) (6)

Ru—Npyp (A) 2.116(5) 2.0638(18) 2.070(4)
Ru—No. (A) 1.945(6) 1.9275(19) 1.936(4)
No-NB (A) 1.083(8) 1.102(3) 1.101(5)

Npnp—Ru-No(°) 178.44(19) 176.94(8) 178.54(15)
'H Ru-H (ppm in CD,Cl,) -30.43 -29.23 —28.94
5N Npyp (ppm in CD,Cl,) 36.61 272.03 27442
5N No (ppm in CD,Cl,) 299.90 294 .69 295.53
vy (em ™! in THF) 2109 2117 2123

Structural and Spectroscopic Trends Related to N, Activation.

The isostructural series of neutral and cationic N, complexes enables comparisons of the
donor properties of the six different ligand states. The extent of N, activation can be probed using
crystallography (based on the N—N distance) or IR spectroscopy (vnn). The crystallographic data
of complexes 1-6 provide insight into the bonding of the pincer ligand and the N, ligand. Changes
in the nitrogen donor properties are reflected in the bond distances between the metal and the
central donor of the pincer (Ru—Npnp). The Ru—Npnp distance increases steadily moving from the
saturated dialkylamide backbone of 1 (2.008(3) A) to the enamide backbone of 2 (2.036(3) A) to
the dienamide backbone of 3 (2.053(4) A). This trend is in accord with the PNP ligand being a
stronger m-donor than the P=NP and P=N=P ligands. The presence of an amine (H-PNP) in the
backbone of complex 4 is clearly reflected in the long Ru—Npnp distance of 2.116(5) A. Complexes
5 and 6 feature an imine backbone and have similar Ru—Npyp distances (~2.07 A) that are between
the neutral complexes 1-3 and cationic complex 4. The observed distances are consistent with the

imine of § and 6 interacting in a o-donating and n-backbonding fashion. The geometry of the



backbone is also reflective of changes in formal oxidation state. The backbone flattens
significantly as unsaturation is introduced to the pincer ligand moving from 1 to 2 to 3 (Figure 1).

A similar trend is observed for 4, 5, and 6 (Figure 2).

The N-N distance in five of the six complexes is within error of free N». All six complexes
are clearly in the weak activation regime, with no evidence for any formal reduction in bond order.
Within this regime, however, no clear trends are observed; this is probably due to crystallographic
uncertainty associated with terminal diatomic ligands coupled with small perturbations in N-N
distance.”* Complex 1 has a slightly elongated N-N bond (1.118(5) A), as well as several other
structural parameters that are distinct from complexes 2-5. For example, complex 1 alone features
a bent Npnp—Ru—Na angle (167.38(14)°), which may explain the distinct downfield hydride shift

(8 —24.08) observed by 'H NMR spectroscopy.

Although no trend in the N-N distances is observed crystallographically, the IR stretching
frequency of the N—N bond correlates nicely with changes in the ligand backbone. For the neutral
complexes supported by anionic L,X-type donors, vnn increases alongside the lengthening Ru—
Nenp bond upon sequential 2H/2e~ oxidation of the backbone from 1 (PNP) to 2 (P=NP) to 3
(P=N=P). The addition of m conjugation in 2 and 3 shifts electron density away from the amide
nitrogen, making the PNP ligand a weaker  donor and thus decreasing the n-backdonation that
promotes N, activation (vny shifts by 22 ¢cm™' in THF). The change in hybridization of the
backbone linkers may also have a minor influence on the -donor properties. The related carbonyl
complexes (L)Ru(Cl)(CO) (L = PNP, P=NP, P=N=P) also showed decreased CO backbonding

upon increased unsaturation of the pincer backbone.*” The N, ligand in complex 1 is the most



activated, on the basis of the lowest energy vnn value and the longest N-N bond length, all in

accord with the pincer ligand in this complex having the strongest © donor ability.

The cationic complexes all have significantly higher vy values, indicating weaker
backbonding and less activated N, ligands. The N, ligand becomes less activated upon oxidation
of the H-PNP ligand backbone of 4 (van = 2109 cm ™', THF) to an imine backbone in 5 (PC=NP,
van =2117 em™', THF) and a vinyl imine backbone in 6 (P=N=CP, vxy = 2123 cm ', THF). This
trend may be due to the imine backbones in 5 and 6 acting as m-acceptors, whereas the secondary
amine in the H-PNP pincer ligand of complex 4 is a pure o-donor. The incorporation of competing

imine m-acceptors results in reduced m-backdonation from Ru into the N; ligand.

The N, ligand was further characterized by the "N chemical shift obtained through 'H-""N
HMBC experiments. Attempts to correlate '’N chemical shifts with measures of N, activation have
been limited,® but the cis-hydridodinitrogen structures of 1-6 enable indirect detection through a
short coupling pathway (*Jwu). Interestingly, the N chemical shifts of 1-6 were not highly
sensitive to changes in the pincer backbone. The overall charge of the complex led to the most
significant change in chemical shift, with "’N resonances for neutral complexes 1-3 near 309 ppm
and resonances for the cationic complexes 4-6 appearing near 295 ppm. The upfield shift is
consistent with a decrease in population of the N, n* orbitals due to stabilization of the Ru d-

orbitals in the cationic complexes, thereby modulating the paramagnetic shielding term.”>°

Displacement of the N, Ligand

Retention of weak N, binding across all ligand backbone states suggests that N,

displacement should be facile, regardless of the ligand backbone structure. We thus sought to probe



the substitutional lability of the N, ligand. When a solution of 1 in C,Ds in a Teflon-sealed NMR
tube was placed under 1 atm CO and inverted, the color immediately changed from red to yellow.
After the excess CO was removed by three freeze-pump-thaw cycles, *'P{'H} NMR spectroscopy
revealed a prominent singlet at 111 ppm assigned to (PNP)Ru(H)(CO) (1a) (75% yield by NMR)

(Scheme 7). The carbonyl complex 1a has been used for alcohol oxidation and nitrile

hydrogenation.”*
H PtBUZ H PtBUQ
\ | 1 atm CO \ |
N—Ru—N=N ——» N—Ru—CZ0
&/ | CeDe, 25 °C K/ |
PBu, 1 -N; PBu, 1a

<15 min

Scheme 7. Displacement of the N, ligand with CO.

The reaction of cationic N, complexes with an anionic donor was next explored. The
reaction of § with 1.1 equiv sodium 4-methoxybenzoate ([Na][O,CAr"]) yielded a yellow-orange
powder in 97% yield. >'P NMR spectroscopy contained two doublets (§ 91.51, J = 314.5 Hz; &
86.00, J = 314.4 Hz) showing that the unsaturated backbone is retained. The new species features
a downfield hydride resonance (6 —22.17) representing a 5 ppm shift relative to the starting
material 5, which could be due to the binding of a ligand trans to the hydride. IR spectroscopy
shows no strong features between 2200 and 1900 cm ™', indicating that the N ligand was displaced.

The structure is thus assigned as a k*-benzoate adduct, (PC=NP)Ru(H)(i>-O,CAr") (7, Scheme 8).
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Scheme 8. Reactions of N, complexes with a benzoate derivative.

Analogous treatment of 4 with 1.1 equiv [Na][O,CAr'] in THF resulted in a color change
from orange to yellow, leading to isolation of a pale-yellow solid in 74% yield. 'H NMR
spectroscopy confirms retention of the H-PNP ligand backbone, including the amine proton
(6 10.68). The downfield chemical shift of the hydride (& —18.83) suggests the presence of a trans
donor ligand. In surprising contrast to the preceding reaction, IR spectroscopy revealed that the N
ligand is retained and activated (v 2095 cm ™' in THF, c.f. van 2109 cm™' in 4). On the basis of
these spectroscopic features, the produced species can be assigned as (H-PNP)Ru(H)(k'-
0,CAr')(N,) (8, Scheme 8). Colorless needles of 8 suitable for x-ray diffraction could be grown
via slow evaporation of a concentrated diethyl ether solution (Figure 3). The structure confirmed
a hydrogen bonding interaction between the carbonyl and pincer amine proton (N—H--O distance
1.811 A, N--O distance 2.709(5) A). Similar carboxylate interactions have been invoked as

intermediates in CO, reduction and both methanol and formic acid dehydrogenation.””



Figure 3. Molecular structure of (H-PNP)Ru(H)(k'-O,CAr')(N) (8). Ellipsoids are drawn at the
50% probability level with select hydrogen atoms shown. Selected distances (A) and angles (deg):

Ru—Npyp 2.136(4), Ru-No. 1.912(4), No-NB 1.114(6), Npp—Ru-Nar 178.72(16).

Divergent reactivity upon benzoate addition to complexes 4 and S may be due to the
difference in backbone states. Benzoate displaces the N, ligand in complex 5 to produce k’-
benzoate adduct 7. In contrast, benzoate binds to complex 4 without displacement of N,. We
hypothesize that retention of N, is due to the hydrogen bonding interaction between the benzoate
carbonyl oxygen and the amine proton on the H-PNP backbone (Figure 3). The hydrogen bond
enforces benzoate binding in a k' fashion trans to the hydride, preventing any disruption of the N,

binding site trans to the pincer ligand backbone.
Conclusions

A family of ruthenium cis-hydridodinitrogen complexes with conserved structural features

across six multiproton/multielectron ligand oxidation states was examined. These six complexes



are noteworthy for retaining the cis-hydridodinitrogen motif, providing the first example of an

isostructural series supported by each of the six possible analogues of PNP.

The isostructural series provides an opportunity to compare the ligand donor properties of
the various pincer ligand backbones. The fully saturated, L,X-type PNP ligand state is the strongest
n-donor, with the furthest degree of N, activation (N—N bond 1.119(5) A, van=2048 cm_l). Ligand
oxidation to enamide (P=NP) and dienamide (P=N=P) results in less N, activation, with stepwise
shifts of vy to higher energy. Across this series, the PNP ligand is the strongest n-donor, followed
by the enamide and then dienamide ligands. This trend is nicely aligned with the related series of

Ru carbonyl complexes previously reported by Schneider and co-workers.*’

Protonation of the PNP ligand shuts down & interactions, and H-PNP is the lone example
of a o-only donor in this series. This removal of © donation correlates with the N, ligand becoming
less activated. The enamide ligands P=NP and P=N=P can also be protonated, with the protonation
occurring at a carbon on the backbone. The resulting imine-based ligands PC=NP and P=N=CP

are possible m-acceptors, based on a further shift towards more weakly activated N, ligands.

The presence of a stable Ru-H fragment in each complex suggests that hydrides are
thermodynamically favored relative to transfer to N, (to form RuNNH species) or the ligand
backbone. With no evidence of N, reactivity and structural and spectroscopic studies establishing
weakly activated N, ligands in all cases, the present complexes do not appear to be promising for
ammonia synthesis. On the other hand, the presence of a weakly activated N, ligand present in

each complex could be ideal for applications in organometallic catalysis.



Facile N, substitution was observed upon treatment with CO, but benzoate binding is more
subtle: when benzoate binds to cationic [(H-PNP)Ru(H)(N,)]", the N, ligand is retained, whereas
N, release is observed upon benzoate addition to [(PC=NP)Ru(H)(N,)]". This divergent reactivity
is attributed to a secondary coordination sphere interaction of the H-PNP ligand state, where a
hydrogen bond between the amine proton and benzoate oxygen leads to a k' binding mode and

retention of N,.
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Experimental Section

General Considerations. All manipulations were carried out under an N, atmosphere
using standard glovebox and Schlenk techniques. Under standard glovebox operating conditions,
pentane, diethyl ether (Et,O), benzene, toluene, dichloromethane (CH,Cl,), and tetrahydrofuran
(THF) were used without purging, such that traces of those solvents were present in the atmosphere

and in the solvent bottles. 'H, *'P{'H}, "F{'H}, "C{'H}, and '"H-"N HMBC spectra were recorded



on 400 or 600 MHz spectrometers at 298 K. NMR solvents were purchased from Cambridge
Isotopes Laboratories, Inc. Benzene-d, (C;D,) was freeze—pump—thaw degassed three times before
drying by passage through a small column of activated alumina and stored over 3 A molecular
sieves. Tetrahydrofuran-dy; (THF-d;) and dichloromethane-d, (CD,Cl,) were freeze—pump—thaw
degassed three times before drying by passage over two small columns of activated alumina and
stored over 3 A molecular sieves. 'H and "*C chemical shifts are reported relative to residual protio
solvent resonances.” *'P chemical shifts are reported relative to an 85% H,PO, external standard
(6 0). "°F chemical shifts are reported relative to an 10% w/v CCLF in CDCI, external standard (&
0). "N chemical shifts are reported relative to neat nitromethane external standard (8 376.86). (H-
PNP)RuCl,,” (PNP)RuCl *KCy,* 2 4 6-tri-tert-butylphenoxyl radical (ArO’),” and 2,6-lutidinium
tetrafluoroborate ([HLut][BF,])*® were prepared following literature procedures. Sodium 4-
methoxy benzoate ([Na][ O,CAr']) was prepared by stirring an excess of 4-methoxybenzoic acid
with sodium hydride in THF and collecting the resulting insoluble white powder and drying under
vacuum. KO'Bu was purchased from Sigma Aldrich and purified via sublimation. All other
reagents were commercially available and used without further purification. High-resolution mass
spectrometry (HRMS) was carried out with an LTQ FT (ICR 7T) (ThermoFisher, Bremen,
Germany) mass spectrometer. Samples (in toluene, dichloromethane, or acetone solution) were
introduced via a microelectrospray source at a flow rate of 3 yL/min. Xcalibur (ThermoFisher,
Bremen, Germany) was used to analyze the data. Molecular formula assignments were determined
with Molecular Formula Calculator (v 1.2.3). Infrared spectroscopy was carried out with a Thermo
Scientific Nicolet iS5 FT-IR equipped with Quest single reflection ATR accessory for solid-state
measurements or equipped with a iD1 Transmission Accessory (Thermo Scientific) for solution

measurements in a demountable liquid cell with CaF, windows (0.05 mm pathlength) (Pike



Technologies Inc.). Single-crystal X-ray diffraction data was collected on a Bruker APEX-1I CCD
diffractometer at 100 K with Cu Ka. radiation (A = 1.54175 A). Using Olex2,"” the structures were
solved with the XT intrinsic phasing program® and refined with the XL refinement program®
using least squares minimization. See the SI for additional crystallographic details for each
complex. Elemental analysis was performed at Robertson Microlit Laboratories (Ledgewood, NJ);

the dinitrogen complexes invariably exhibited low nitrogen content.

Synthesis of (PNP)Ru(H)(N,) (1). In a glovebox, (H-PNP)Ru(Cl), (23.5 mg, 0.044 mmol) was
suspended in 5 mL THF and KC; (17.8 mg, 0.132 mmol) was suspended in 4 mL. THF and both
solutions were cooled to =78 °C. After 10 min, the suspensions were combined, resulting in the
rapid formation of a dark red solution that was kept at =78 °C for 1 h with periodic agitation to
ensure sufficient mixing. The resulting solution was filtered and dried in vacuo. The resulting dark
red solid was extracted with benzene (3 x 2mL) and filtered to give a dark red solution that was
lyophilized to yield a bright red powder (20.8 mg, 96.5% yield). The material was 92.2% pure,
with 4.5% impurity of 2 and 3.5% impurity of (PNP)Ru(H),” as determined by multinuclear NMR
spectroscopy. NMR and IR spectroscopy and mass spectrometry are reported for the isolated
powder. X-ray quality crystals were grown by slow evaporation of a concentrated pentane solution
at 25 °C. Elemental analysis was performed on recrystallized material. 'H NMR (600 MHz, C,D):
0 3.30 (m, 2H, NCH,), 2.87 (m, 2H, NCH,), 1.78 (m, 4H, PCH,), 1.29 (m, 36H, C(CH,),), -23.80
(t, 17.0 Hz, 1H, RuH). "C{'"H} NMR (151 MHz, C,D,) & 63.77 (t, 6.9 Hz, NCH,), 35.76 (t, 7.0
Hz, C(CH;),), 35.51 (t, 7.9 Hz, C(CH,),), 29.74 (t, 2.8 Hz, C(CH,),), 28.22 (t, 3.1 Hz, C(CH;),),
2498 (t, 6.9 Hz, PCH,). *'P{'"H} NMR (243 MHz, C,D,) & 102.55 (s). '"H-"N HMBC NMR
(C¢Dy): & 309.43 (Nar), 146.93 (Npyp). 'H NMR (600 MHz, THF): 8 3.15 (m, 2H, NCH,), 2.77 (m,

2H,NCH,),2.13 (m, 2H, PCH,), 1.85 (m, 2H, PCH,), 1.38 (m, 36H, C(CH,),),—24.08 (t, 17.0 Hz,



1H, RuH). *'"P{'"H} NMR (162 MHz, THF) & 103.11 (s). '"H-"N HMBC NMR (THF): 6 308.81
(Na), 143.19 (Npyp). IR (solid, cm™) v(N,) 2048 cm™. IR (solution, THF, cm™) vy, 2050 cm™.
HRMS (EST") m/z [(PNP)Ru(H)(N,) +H"]" caled for C,,H,(N,P,Ru, 492.22065; found 492.22104.
Alternative synthesis: A mixture of (PNP)RuCl (50 mg, 0.100 mmol) and CoCp, (39.9 mg,0.121
mmol) was dissolved in cold THF (=35 °C). After two weeks at =35 °C, a yellow precipitate had
formed. The solid was filtered off, extracted with THF (2 x 5 mL) and then all solutions were
combined and dried in vacuo. The resulting greenish solid was extracted with pentanes (3 x 5 mL)
and filtered. Recrystallization from pentane at —35 °C afforded red crystals (27.6 mg, 56.0% yield).

Anal. Caled for C,)H,sN;P,Ru: C, 48.96; H, 9.25; N, 8.56. Found: C, 49.23; H, 8.85; N, 7.30.

Synthesis of (P=NP)Ru(H)(N,) (2).In a glovebox, solid KO'Bu (24.9 mg; 0.222 mmol) was added
to a suspension of (H-PNP)Ru(Cl), (39.5 mg; 0.074 mmol) in 10 mL THF. The resulting dark
purple solution was stirred for 48 h before solvent was removed under vacuum. The resulting solids
were extracted with pentane (2 x 3 mL), filtered, and dried under vacuum yielding a purple solid.
The purple solid was taken up in 2 mL of benzene and lyophilized to yield a purple powder (32.0
mg, 89 % yield, 98.0% pure by multinuclear NMR spectroscopy). NMR and IR spectroscopy and
mass spectrometry are reported for the isolated powder. X-ray quality crystals were grown by slow
evaporation of a concentrated pentane solution at 25 °C. Elemental analysis was performed on
recrystallized material. "H NMR (600 MHz, CDy): 0749 (dd, 428 Hz,5.4 Hz, 1H, NCH), 3.94
(m, 1H, PCH), 3.35 (m, 1H, NCH,), 3.13 (m, 1H, NCH,), 1.50 (m, 1H, PCH,), 1.46 (d, 13.1 Hz,
OH, C(CH;),), 1.41-1.35 (m, 1H, PCH,) 1.38 (d, 12.4 Hz, 9H, C(CH,),), 1.15 (d, 12.5 Hz, 9H,
C(CH,);),1.10(d, 12.3 Hz,9H, C(CH;);),-28.81 (t, 17.1 Hz, 1H, RuH). "C{'"H} NMR (151 MHz,
C¢Dy) 0 168.62 (dd, 22.1, 3.2 Hz, NCH), 75.23 (d, 38.7 Hz, PCH), 59.24 (dd, 7.7 Hz, 1.7 Hz,

NCH,), 38.83 (d, 16.7 Hz, C(CH,),), 36.05 (dd, 11.3, 2.1 Hz, C(CHy;),), 35.18 (dd, 1z5.5 Hz, 2.55



Hz, C(CH,),), 34.39 (dd, 182 Hz, 2.74 Hz, C(CH,),), 2949 (m, C(CH,),), 28.74 (d, 5.2 Hz,
C(CH,),), 25.12 (d, 15.7 Hz, PCH,). *'P{'H} NMR (243 MHz, C,D,) & 96.85 (d, 253 .4 Hz), 82.35
(d, 253.2 Hz). 'H-"N HMBC NMR (C,D,): 6 311.47 (Na.), 139.81 (N,yp). 'H NMR (600 MHz,
THF): & 7.23 (dd, 43.0 Hz, 5.4 Hz, 1H, NCH), 3.69 (m, 1H, PCH), 3.51 (m, 1H, NCH,), 3.17 (m,
1H, NCH,), 2.06 (m, 1H, PCH,), 1.81 (m, 1H, PCH,), 1.36 (d, 7.5 Hz, 9H, C(CH,),), 1.34 (d, 7.6
Hz, 9H, C(CH.,),), 1.33 (d, 5.2 Hz, 9H, C(CH,),), 1.31 (d, 5.0 Hz, 9H, C(CH,),), —29.17 (t, 172
Hz, 1H, RuH). ). *P{'"H} NMR (162 MHz, THF) & 9734 (d, 252.8 Hz), 82.31 (d, 249.8 Hz). 'H-
N HMBC NMR (THF): & 309.22 (Na), 131.77 (Npyp). IR (solid, cm™) vy 2055, Ve 1537 cm
".IR (solution, THF, cm™) vy 2057, V¢ 1536 cm™. HRMS (ESI*) m/z [(P=NP)Ru(H)(N,) -H*
caled for C,,H,,N,P,Ru, 488.18975; found 488.18996. Anal. Calcd for C,,H,;N,P,Ru: C, 49.16;

H, 8.87; N, 8.60. Found: C, 50.12; H, 8.61; N, 6.96.

Synthesis of (P=N=P)Ru(H)(N,) (3). In a glovebox, 2 (14.4 mg, 0.029 mmol) was dissolved in 5
mL of benzene and added to solid ArO" (15.4 mg, 0.059 mmol) resulting in a color change from
purple to a dark maroon. After stirring for 17 h, the solution was dried to a sticky dark solid and
taken up in 5 mL of THF. Solid KO'Bu (8.7 mg, 0.078 mmol) was added and stirred for thirty
minutes to give a dark red solution. THF was removed in vacuo and the resulting solids extracted
with pentane (3 x 2 mL) and filtered to give a red solution. Removal of pentane in vacuo resulted
in a dark red solid which was taken up in 2mL of benzene and lyophilized to yield a red powder
(13.8 mg, 96.2% yield, 96.2% pure by multinuclear NMR spectroscopy). NMR and IR
spectroscopy and mass spectrometry are reported for the isolated powder. X-ray quality crystals
were grown by slow evaporation of a concentrated pentane solution at 25 °C. Elemental analysis
was performed on bulk powders. '"H NMR (600 MHz, CDy): 6 727 (m,2H,NCH),4.20 (d,54

Hz, 2H, PCH), 131 (t, 6.5 Hz, 18H, C(CH,),), 1.19 (t, 6.4 Hz, 18H, C(CH,),), —29.47 (t, 17.0 Hz,



1H, RuH). “C{'H} NMR (152 MHz, C,D,) & 163.39 (t, 10.76 Hz, NCH), 84.28 (t, 17.25 Hz,
PCH), 38.04 (t, 8.52, PC(CH,),), 34.46 (t, 10.44, PC(CH,),), 29.39 (t, 3.64, PC(CH,),), 29.36 (t,
328, PC(CH,),). *P{'"H} NMR (162 MHz, C,D,): & 84.56 (s).'H-"N HMBC NMR (C,D,): 6
307.62 (Na), 161.47 (Npyp). '"H NMR (600 MHz, THF): & 7.35 (m, 2H, NCH), 4.28 (d, 5.4 Hz,
2H,PCH), 1.34 (t,6.3 Hz, 18H, C(CH,),), 1.27 (t,6.35 Hz, 18H, C(CH,),),—29.84 (t,17.0 Hz, 1H,
RuH). *'P{'"H} NMR (162 MHz, THF): 6 85.87 (s). 'H-"N HMBC NMR (THF): 6 307.30 (Na),
161.63 (Npyp). IR (solid, cm™) vy 2078, Ve 1504 cm™. IR (solution, THF, cm™) vy 2072, Veoc
1522 cm™ ecm™. HRMS (ESI*) m/z [(P=N=P)Ru(H)(N,) +H*]" calcd for C,,H,,N;P,Ru 488.189198;
found 488.18997. Anal. Calcd for C,,H,,N,P,Ru: C,49.37; H, 8.49; N, 8.64. Found: C, 51.72; H,

8.39; N, 4.92.

Synthesis of [(H-PNP)Ru(H)(N,)][BF,] (4). In a glovebox, (PNP)Ru(H)(N,) (9.5 mg, 0.0194
mmol) was dissolved in 5 mL of THF and added to [HLut][BF,] (3.7 mg, 0.0190 mmol). The red
solution quickly darkened and turned orange-brown. The mixture was stirred at 25 °C for 24 h;
then the volume was reduced to 1 mL in vacuo and pentane (10 mL) was added, resulting in the
precipitation of an orange-brown solid. The mixture was cooled to -30 °C, filtered and the insoluble
orange solid was washed with pentane (3 x 2 mL). The solid was collected and dried to afford an
orange-brown powder (9.4 mg, 86.2% yield, 94.8% pure by multinuclear NMR spectroscopy).
NMR and IR spectroscopy and mass spectrometry are reported for the isolated powder. X-ray
quality crystals were grown by vapor diffusion of pentane into a concentrated sample in acetone.
Elemental analysis was performed on recrystallized material. The complex was sparingly soluble
in THF and therefore NMR data is also reported in CD,CL,."H NMR (600 MHz, THF): 6 5.05 (s,
1H, NH), 3.54 (m, 2H, NCH,), 2.32 (m; 6H; NCH,, PCH,), 1.39 (t, 6.3 Hz, 18H, C(CH,);), 1.35

(t, 6.2 Hz, 18H, C(CH,),),~30.32 (t, 16.0 Hz, 1H, RuH). “*C{'H} NMR (151 MHz, THF) § 57.22



(t,40Hz,NCH,),37.72 (t,8.2 Hz, C(CH,),), 36.03 (t,9.1 Hz, C(CH,),),29.06 (t, 3.0 Hz, C(CH,),),
28.43 (t,2.5 Hz, C(CH,),), 23.61 (t, 8.4 Hz, PCH,). *'P{'"H} NMR (243 MHz, THF) & 87.63 (s).
“F{'H} NMR (376 MHz, THF) —152.42 ('BF,"),-152.47 ("'BF,). '"H NMR (600 MHz, CD,Cl,):
0 4.54 (br s, 1H, NH), 3.52 (m, 2H, NCH), 2.17 (m; 6H; NCH,, PCH,), 1.32 (t, 6.8 Hz, 18H,
C(CH,);),1.28 (t,7.1 Hz, 18H, C(CH,),),-30.43 (t, 16.1 Hz, 1H, RuH). "C{'H} NMR (151 MHz,
CD,Cl,) & 57.05 (t, 4.1 Hz, NCH,), 37.49 (t, 8.1 Hz, C(CH,),), 35.84 (t, 8.9 Hz, C(CH,),), 29.09
(t,3.0 Hz, C(CH,);), 28.50 (t, 2.5 Hz, C(CH,);), 23.57 (t, 8.2 Hz, PCH,). *'P{'"H} NMR (243 MHz,
CD,Cl,) 6 86.97 (s). '"H-"N HMBC NMR (CD,CL,): 4 299.90 (Na), 36.60 (Npyp). 'H-"N HSQC
NMR (CD,Cl,): 6 36.61 (Nyp). IR (solid, cm™) vy 2107 cm™. IR (solution, THF, cm™) vy 3196,
Van 2109 cm™ . HRMS (ESTY) m/z [(H-PNP)Ru(H)(N,) — BF, ] calcd for C,,H,,N;P,Ru 492.22196;
found 492.22104. Anal. Caled for C,,H,,N,BF,P,Ru: C,41.53; H, 8.02; N, 7.26. Found: C, 40.23;

H,7.17; N, 6.50.

Synthesis of [(PC=NP)Ru(H)(N,)][BF,] (5). In a glovebox, (P=NP)Ru(H)(N,) (11.3 mg, 0.0232
mmol) was dissolved in 5 mL of THF and added to [HLut][BF,] (4.3 mg, 0.0221 mmol). The
purple solution quickly turned orange with an orange precipitate. The mixture was stirred at 25 °C
for 24 h; then pentane (8 mL) was added, resulting in the precipitation of an orange-brown solid.
The mixture was filtered and the insoluble bright orange solid was washed with pentane (3 x 2
mL). The solid was collected and dried to afford a bright orange powder (12.1 mg, 95.3 % yield,
96.4% pure by multinuclear NMR spectroscopy). NMR and IR spectroscopy and mass
spectrometry are reported for the isolated powder. X-ray quality crystals were grown by vapor
diffusion of pentane into a concentrated sample in acetone. The complex was sparingly soluble in
THF and therefore NMR data is also reported in CD,Cl,. Elemental analysis was performed on

bulk powders.'H NMR (600 MHz, THF): & 8.47 (d, 24.6 Hz, 1H, NCH), 4.20 (m, 1H, NCH,),



3.50 (m, 1H,NCH,), 3.42 (m, 1H, NCHCH,), 3.29 (dd, 19.2 Hz, 8.6 Hz, 1H, NCHCH,), 2.37 (m,
1H, NCH,CH,), 2.25 (m, 1H, NCH,CH,), 144 (d, 12.6 Hz, 9H, C(CH,),), 1.41 (d, 12.3 Hz, 9H,
C(CH,),), 136 (d, 12.2 Hz, 9H, C(CH,),), 132 (d, 12.5 Hz, 9H, C(CH,),),~27 .21 (br s, 1H, RuH).
BC{'H} NMR (151 MHz, THF): 6 180.64 (s, NCH), 64.87 (m, NCH,), 38.58 (d, 12.8 Hz,
C(CH,),), 36.82 (d, 14.1 Hz, C(CH,),), 36.29 (d, 15.5 Hz, C(CH,),), 35.74 (d, 15.9 Hz, C(CH,),),
33.92 (d, 15.0 Hz, NCHCH,), 29.48 (d, 5.5 Hz, C(CH,),), 29.39 (d, 4.5 Hz, C(CH,),), 29.08 (d, 3.8
Hz, C(CH,),),28.69 (d,4.7 Hz, C(CH,),), 23.67 (d, 15.4 Hz, NCH,CH,). *'P{'"H} NMR (243 MHz,
THF) 6 91.73 (d, 247.1 Hz), 89.71 (d, 2472 Hz). "F{"H} NMR (565 MHz, THF) -155.30 ("’"BF,"
),—155.35 (""BF,).'"H NMR (600 MHz, CD,CL,): & 8.51 (d, 24.3 Hz, 1H, NCH), 4.19 (ddd, 30.5
Hz, 13.5 Hz, 6.8 Hz, 1H, NCH,), 349 (m, 1H, NCH,), 3.12 (m, 2H, NCHCH,), 2.19 (m, 1H,
NCH,CH,), 2.07 (m, 1H, NCH,CH,), 133 (d, 13.3 Hz, 9H, C(CH,),), 133 (d, 13.4 Hz, 9H,
C(CH,),), 1.26 (d, 13.6 Hz, 9H, C(CH,),), 1.23 (d, 12.9 Hz, 9H, C(CH),),-29.23 (t, 16.1 Hz 1H,
RuH). “C{'H} NMR (151 MHz, CD,Cl,) 6 179.95 (dd, 7.1 Hz,2.7 Hz, NCH), 65 .45 (dd, 4.7 Hz,
22 Hz, NCH,), 38.72 (dd, 14.9 Hz, 1.4 Hz, C(CH,),), 36.63 (dd, 13.1 Hz, 2.3 Hz, C(CH,),), 35.66
dd, 14.9, 3.1 Hz, C(CH,),), 35.31 (dd, 13.6 Hz, 2.7 Hz, C(CH,),), 33.74 (dd, 13.6 Hz, 2.7 Hz,
NCHCH,),29.20 (d, 5.3 Hz, C(CH,),), 28 81 (d, 4.5 Hz, C(CH,),), 28.55 (d, 4.6 Hz, 2 overlapping
C(CH,),), 23.30 (d, 16.6 Hz, NCH,CH,). *'P{'"H} NMR (243 MHz, THF) & 92.45 (d, 240.2 Hz),
89.51 (d, 239.9 Hz).'"H-"N HMBC NMR (CD,CL,): & 294.69 (Na), 272.03 (Npx). IR (solid, cm
") van 2113 cm™ . IR (solution, THF, cm™) vy 2117 cm™. HRMS (ESI*) m/z [(PC=NP)Ru(H)(N,)
- N, — BE,T" caled for C,H,N1P,Ru 462.198700; found 462.19955. Anal. Caled for

C,HuN;BF,P,Ru: C,41.67; H,7.69; N, 7.29. Found: C, 41.95; H, 7.30; N, 3.54.

Synthesis of [(P=N=CP)Ru(H)(N,)][BF,] (6). In a glovebox, [H-OE][BF,] (4.0 uL, 0.0291

mmol) was diluted in 2 mL of diethyl ether and cooled to —35 °C. The solution was then added



dropwise to solid (P=N=P)Ru(H)(N,) (14.9 mg, 0.0307 mmol) while stirring. Upon addition, an
orange solid crashed out of solution and the suspension was stirred for 5 minutes. The suspension
was filtered to give a pale-yellow solution and a brown-orange solid. The solid was washed with
diethyl ether (3 x 2 mL), dissolved in THF and dried to give a yellow-orange solid. The solid was
further dissolved in minimal CH,Cl, and precipitated with 4 mL of cold diethyl ether. The resulting
yellow-orange suspension was filtered and washed with diethyl ether (3 x 2 mL) and pentane (3 x
2 mL) to give an orange solid and a yellow filtrate. The orange solid was dissolved in minimal
CH,Cl, and precipitated with 2 mL of pentane. Solvent was removed in vacuo resulting in a pale
yellow-orange powder. The yellow filtrate was dried in vacuo and a second isolation from CH,Cl,
and cold diethyl ether was performed resulting in further isolation of a pale yellow-orange solid
(14.2 mg total, 85.0% total yield, 95.5% pure by multinuclear NMR spectroscopy). NMR and
solution IR spectroscopy and mass spectrometry are reported for the isolated powder. Solid IR
spectroscopy is reported for isolated X-ray quality crystals coated in Paratone oil. X-ray quality
crystals were grown by vapor diffusion of pentane into a concentrated sample in acetone.
Elemental analysis was performed on bulk powders. '"H NMR (600 MHz, CD,Cl,): & 8.75 (d, 26.2
Hz,1H,NCHCH,), 7.67 (dd, 32.6 Hz, 6.3 Hz, 1H, NCHCH), 6.46 (d, 6.0 Hz, 1H, NCHCH), 3.41
(m, 1H,NCHCH,), 3.29 (dd, 20.8 Hz, 7.0 Hz, 1H, NCHCH,), 1.35 (d, 13.6 Hz, 9H, C(CH,)5), 1 .34
(d,13.2 Hz,9H, C(CH,),), 1.32 (d, 13.1 Hz,9H, C(CH,),), 1.23 (d, 13.8 Hz, 9H, C(CH,)), —28.94
(t, 16.6 Hz Hz 1H, RuH). "C{'"H} NMR (151 MHz, CD,Cl,) & 184.64 (dd, 7.3 Hz, 2.0 Hz,
NCHCH,), 158.70 (dd, 10.9 Hz, 1.6 Hz, NCHCH), 124.55 (d, 24.0 Hz, NCHCH), 39.73 (dd, 15.5
Hz,1.0 Hz, C(CHs;),),37.44 (dd, 12.5 Hz, 1.5 Hz, C(CH,),),35.42 (dd, 15.4 Hz, 2.1 Hz, C(CH,)5,),
3498 (d, 16.4 Hz, NCHCH), 34.80 (dd, 18.3 Hz, 2.8 Hz, C(CH,),), 29.79 (d, 5.6 Hz, C(CH,),),

29.10 (dd, 10.7 Hz, 4.9 Hz, 3 overlapping C(CH,),). *'P{'"H} NMR (243 MHz, THF) & 91.40 (d,



240.4 Hz), 84.82 (d, 239.8 Hz). “F{"H} NMR (376 MHz, CD,Cl,) —-152.46 (‘""BF,), —-152.51
("BF,")."H-"N HMBC NMR (CD,CL,): & 295.53 (Na), 274.42 (Npy). IR (solid, cm™) vy 2116
cm™. IR (solution, THF, cm™) vy 2123, Ve 1648 cm™. HRMS (ESI*) m/z [(P=N=CP)Ru(H)(N,)
- H, - BF, ]* caled for C,,H,,N;P,Ru 486.17358; found 486.17479. Anal. Calcd for

C,,H,,N.BF,P,Ru: C, 41.82; H,7.37; N, 7.32. Found: C, 38.22; H, 6.83; N, 4.25.

Synthesis of (PC=NP)Ru(H)(k*-O,CAr") (7). In a glovebox, (P=NP)Ru(H)(N,) (19.9 mg, 0.041
mmol) and [HLut][BF,] (8.7 mg, 0.045 mmol) were dissolved in 5 mL of THF and stirred. After
15 h, the dark purple solution turned orange and sodium 4-methoxybenzoate (7.1 mg,0.041 mmol)
was added. The resulting suspension was stirred for an additional 4 hours before solvent was
removed under vacuum. The resulting solids were extracted with pentane (3 x 2 mL), filtered, and
dried under vacuum to yield a yellow-orange solid (23.1 mg, 97% yield, 93.7% pure by
multinuclear NMR spectroscopy). NMR and IR spectroscopy and mass spectrometry are reported
for the isolated powder. Elemental analysis was performed on bulk powders. "H NMR (600 MHz,
C¢Dy) 0 8.34 (d, 8.8 Hz, 2H, 0-CCH), 7.10 (dd, 23.6 Hz, 1.2 Hz, 1H, NCH), 6.71 (d, 8.4 Hz, 2H,
m-CHCH), 3.40 (m, 1H, NCH,), 3.19 (m, 1H, NCH,), 3.14 (s, 3H, OCH,;), 2.26 (m, 8.1 Hz, 1H,
CHCH,),2.01 (m, 1H,CHCH,), 1.64 (m, 1H, CH,CH,), 1.47 (m, 27H, C(CH,);), 1.36 (d, 11.2 Hz,
9H, C(CH,),), 1.24 (m, 1H, CH,CH,), -22.17 (dd, 21.3 Hz, 18.9 Hz, 1H, RuH). "C{'"H} NMR
(151 MHz, C,Dy) 6 175.44 (s, CCQO,), 162.29 (s, COCH,), 160.22 (d,7.0 Hz,NCH ), 131.28 (s, o-
CCH), 130.02 (s, CCO,), 113.89 (s, m-CHCH), 68.26 (d, 7.7 Hz, NCH,), 55.18 (s, OCH,), 37.77
(d,5.5 Hz, C(CH,),), 37.68 (d, 5.5 Hz, C(CH;),).35.22 (dd, 11.6 Hz, 2.7 Hz, C(CH,),), 34.96 (dd,
9.2 Hz, 3.8 Hz, C(CH;),), 34.26 (d, 14.5 Hz), 34.26 (d, 14.5 Hz, CHCH,), 31.60 (d, 5.4 Hz,
C(CH;);),31.29 (d,5.5 Hz,C(CHs;),),31.00 (d,5.9 Hz, C(CHj;)5),29.79 (d,5.9 Hz, C(CHj;)5), 25.05

(d, 13.3 Hz, CH,CH,). *P{'"H} NMR (243 MHz, C,D,) 8 91.51 (d, 314.5 Hz), 86.00 (d, 314.4 Hz).



IR (solution, THF, cm™) v 1606, 1592, 1533 cm™'. HRMS (ESI*) m/z [(PC=NP)Ru(H)(O,CAr") +
H]" caled for C,H;,NO;P,Ru, 614.24659; found 614.24649. Anal. Calcd for C,;H;,NO,P,Ru : C,

54.89; H, 8.39; N, 2.29. Found: C, 52.14; H, 7.72; N, 2.08.

Synthesis of (H-PNP)Ru(H)(x'-O,CAr')(N,) (8). In a glovebox, 4 (8.4 mg, 0.014 mmol) was
suspended in 4 mL of THF to which sodium 4-methoxybenzoate (3.2 mg, 0.018 mmol) was added.
The mixture was stirred for 1 h during which the sparingly soluble 4 was slowly pulled into
solution to yield a pale-yellow solution. The solution was dried in vacuo, and extracted with
pentane (5 x 2mL) and filtered to give a yellow solution that dried to a pale-yellow solid (8.1 mg,
77.0% yield, 97.3% pure by multinuclear NMR spectroscopy). NMR and IR spectroscopy and
mass spectrometry are reported for the isolated powder. X-ray quality crystals were grown by slow
evaporation of a concentrated diethyl ether solution at 25 °C. Elemental analysis was performed
on bulk powders. "H NMR (600 MHz, C,D,) & 10.96 (s(br), 1H, NH), 8.53 (d, 8.6 Hz, 2H, o-
CCH),6.84 (d,8.3 Hz,2H,m-CCH), 3.26 (s,3H, OCH,),2.82 (m,2H,NCH,), 1.82 (m,2H, PCH,),
1.68 (m, 2H, NCH,), 1.4 (m, 2H, PCH,), 1.30 (t, 6.3 Hz, 18H, C(CH,),), 1.22 (t, 5.8 Hz, 18H,
C(CH,);),-18.82 (t,20.2 Hz, 1H, RuH). "C{'H} NMR (151 MHz, C,D,) & 174.66 (s(br), CCO,),
162.82 (s, COCH,), 132.42 (s, 0-CCH), 130.51 (s, CCO,), 113.98 (s, m-CHCH), 55.36 (t, 4.2 Hz,
NCH,), 55.27 (s, OCH,), 38.61 (t, 5.4 Hz, C(CH,),)), 37.33 (dt, 9.7 Hz, 2.7 Hz, C(CH,),)), 30.81
(s, C(CH,),), 30.32 (s, C(CH,),), 25.95 (t, 5.4 Hz, PCH,). *'"P{'"H} NMR (243 MHz, C,D;)  82.22
(s)."'H-"N HMBC NMR (CDy): 6 306.90 (Na), 23.76 (Npyp). '"H NMR (600 MHz, THF) & 10.68
(s(br), 1H,NH),7.90 (d,7.9 Hz, 2H, 0-CCH), 6.83 (s, 2H, m-CCH), 3.81 (s, 3H, OCH};), 3.16 (m,
2H, NCH,), 2.22 (m, 2H, PCH,), 2.11 (m, 2H, NCH,), 1.98 (m, 2H, PCH,), 1.45 (t,5.9 Hz, 18H,
C(CH,);), 1.34 (t,5.8 Hz, 18H, C(CH,),), —18.83 (t,20.2 Hz, 1H, RuH).*'P{'"H} NMR (243 MHz,

THF) 6 82.86 (s). "H-*N HMBC NMR (THF): 8 306.16 (Nat), 26.50 (Npyp). IR (solid, cm™) vy



2093 cm™. IR (solution, THF, cm™) vy 3188 cm™ vy 2095 cm™'. IR (solution, CH,Cl,, cm™) vy

3214 cm!, vy 2096 cm™. HRMS (ESI*) m/z [(H-PNP)Ru(H)(N2)(0,CAr') — (O,CAr')T* caled for

C,,H,.N,P,Ru, 492 22105; found 492.22234. Anal. Caled for C,;H.;N;O,P,Ru: C,52.32; H, 8 31;

N, 6.54. Found: C,5298; H, 8.15; N, 6.07.

Supporting Information

NMR and IR spectra of new complexes, electrochemistry data, and crystallographic details (PDF)
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