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A series of molybdenum compounds supported by a hemilabile pyridine diphosphine pincer ligand have
been synthesized. The ligand demonstrates variable binding modes, adapting to the electronic and geo-
metric requirements of the metal center. In Mo0 and MoII polycarbonyl complexes, coordination through
the r-donating pyridine nitrogen lone pair is observed. Upon oxidative group transfer with anionic azide,
a MoIV nitride compound is formed, accompanied by a change in the ancillary ligand binding mode to the
pyridine p-system. The r-coordination was restored by subsequent functionalization of the nitride moi-
ety with either silyl electrophiles or protons. Protonation results in redox disproportionation with con-
comitant nitride functionalization. Characterization by single crystal X-ray diffraction, nuclear
magnetic resonance, and infrared spectroscopy is discussed.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The tridentate pincer ligand has been established as a ‘‘privileged”
ligand scaffold [1] due to its versatility in coordination chemistry and
homogeneous catalysis applications: [2] from studies in the 1970s of
PCP- and NCN-pincermetal complexes [3,4] relevant to CAC bond for-
mation [5], to the more recent applications of PNP-pincer metal com-
plexes in N2 fixation-related chemistry [6,7]. Although the pincer
scaffold’s rigid binding plays a critical role in the durability of many
catalytic systems [8], the potential flexibility of this ligand platform
can also be an asset to reactivity [9]. Hemilability [10], a design feature
frequently observed in nature [11–13], has been shown to induce
higher selectivity and activity in molecular catalysts by enabling the
ligands to adapt to changes in oxidation state at the metal center
and to control the accessibility of open coordination sites [14–17].

Our laboratory has reported a series of diphosphine arene pincer
ligands [18] that display hemilabile coordination [19], and under
strongly reducing conditions, redox non-innocence [20]. More
recently, we have found that changing the identity of the central aryl
linker allows for both remote tuning of the electronics at the metal
center [21] and multi-electron multi-proton chemistry under mild
conditions [22]. Metal complexes supported by these ligands perform
a variety of stoichiometric or catalytic chemical transformations
including CO2 reduction [23], CO coupling [20(b),24,25], alkyne-nitrile
cotrimerization [26], O2 reduction [27], phosphide coupling [28], and
nitride-CO coupling [29]. With demonstrated relevance of PNP ligand
platforms to small molecule activation [30], in particular N2 reduction
catalysis [6,7], we are interested in exploring the chemistry of Mo
complexes featuring a teraryl ligand platform incorporating a PNP-
type motif [6]. The challenging six electron six proton process [31]
involved in N2 reduction to ammoniamay require a range of oxidation
states at the metal center [32,33], a demanding reactivity sequence
that could potentially be better supported by a hemilabile ligand
[34]. We envisioned that utilizing a 2,6-substituted pyridine in the
central linking position of a teraryl diphosphine might facilitate two
modes of pyridine binding (Scheme 1) depending on the electronic
requirements of and coordination geometries at the metal ion: A)
nitrogen r-binding (r-Py), as is observed in archetypal PNP ligands,
[6(a)] and B) pyridine p-system coordination, imposed by the strained
phenylene bridges (p-Py) [19(d)]. Herein, we discuss the synthesis of
Mo complexes supported by a flexible P-pyridine-P pincer scaffold
that demonstrates r- and p-coordination.

2. Experimental

2.1. General considerations

Unless otherwise specified, all operations were carried out in an
MBraun glovebox under a nitrogen atmosphere or using standard
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Scheme 1. The r- and p-binding modes of the hemilabile diphosphine pyridine
ligand.

2 R. Wan et al. / Polyhedron 187 (2020) 114631
Schlenk and vacuum line techniques. Solvents for air- and mois-
ture- sensitive reactions were dried over sodium benzophenone
ketyl, calcium hydride, or by the method of Grubbs [35]. Deuter-
ated solvents were purchased from Cambridge Isotope Laborato-
ries and vacuum transferred from sodium benzophenone ketyl or
calcium hydride. Solvents, once dried and degassed, were stored
under inert atmosphere over activated 4 Å molecular sieves. Tris
(acetonitrile)tricarbonyl-molybdenum (Mo(CO)3(MeCN)3) [36]
and HBArF4�Et2O ([BArF4] = [3,5-(CF3)2-C6H3]4B]�) [37], were prepared
and purified according to literature procedures. Unless indicated
otherwise, all other chemicals were utilized as received. Mo(CO)6
and Pd(PPh3)4 were purchased from Strem Chemicals, Inc. Triph-
enylsilyl chloride (sublimed prior to use), tetrabutylammonium
(TBA) azide (dried under vac. at 40 �C for 8 h), 1.7 M tBuLi in pentane,
2,6-dibromopyridine and chlorodiisopropylphosphine were pur-
chased from Sigma-Aldrich. 2-bromophenylboronic acid was pur-
chased from Ark Pharm, Inc. K2CO3 was purchased from Chem-
Impex Int’l. Inc. Trimethylsilyl chloride (dried over CaH2 and distilled
prior to use) and silver trifluoromethanesulfonate (triflate, OTf) were
purchased from Alfa Aesar. 1H, 13C{1H}, and 31P{1H} NMR spectra
were recorded on Varian 400 MHz or Varian INOVA-500 MHz spec-
trometers with shifts reported in parts per million (ppm). 1H and 13C
{1H} NMR spectra are referenced to residual proteo solvent and the
deuterated solvent resonances, respectively [38]. 31P{1H} chemical
shifts are referenced to an external 85% H3PO4 (0 ppm) standard.
Multiplicities are abbreviated as follows: s = singlet, d = doublet,
t = triplet, q = quartet, sep = septet, dd = doublet of doublets, m =mul-
tiplet, br = broad, v br = very broad (multiplicity assignments are
omitted for ‘‘br” and ‘‘v br” assignments due to poor resolution).
Powder and thin film ATR-IR measurements were obtained by plac-
ing a powder or drop of solution of the complex on the surface of a
Bruker APLHA ATR-IR spectrometer probe and allowing the solvent
to evaporate (Platinum Sampling Module, diamond, OPUS software
package) at 2 cm�1 resolution. Photolyses were conducted in quartz
vessels using an Oriel Instruments arc lamp housing and a Newport
Corporation 200 W Hg/Xe arc lamp set to a current of 8 A. During
irradiation, samples were cooled with a dry ice/acetone bath. Ele-
mental analysis was performed at the Caltech XRCF using a PerkinEl-
mer 2400 Series II CHN Elemental Analyzer.
2.2. Synthesis of the complexes

2.2.1. Preparation of 2,6-bis(2-bromophenyl)pyridine
Suzuki coupling conditions were adapted from a previously

published procedure [39]. 2,6-dibromopyridine (11.23 g,
47.42 mmol), 2-bromo-phenylboronic acid (20.00 g, 99.59 mmol),
K2CO3 (39.33 g, 284.53 mmol), 700 mL toluene, 200 mL ethanol,
200 mL water and a stir bar were added to a 1.5 L Schlenk flask fit-
ted with a screw-in Teflon stopper. The mixture was degassed, and
Pd(PPh3)4 (2.74 g, 2.37 mmol) was added with a counterflow of
nitrogen. The reaction vessel was placed in an oil bath preheated
at 75 �C. After stirring for 48 h, the reaction mixture was cooled
to room temperature to provide a yellow suspension. Volatiles
were removed via rotary evaporation, affording light yellow solids.
Water (100 mL) was added to these solids, and the resulting mix-
ture was extracted with CH2Cl2 (3� 100 mL), dried over MgSO4, fil-
tered through Celite, and concentrated by rotary evaporation.
Recrystallization from CH2Cl2/MeOH, followed by a MeOH wash
and drying under vacuum overnight yielded white crystals of 2,6-
bis(2-bromophenyl)pyridine (11.28 g, 28.93 mmol, 61%). 1H NMR
(400 MHz, C6D6, 25 �C) d: 7.58 (d, J = 7.6 Hz, 2H, aryl-H), 7.46 (d,
J = 7.9 Hz, 2H, aryl-H), 7.37 (d, J = 7.6 Hz, 2H, central pyridine-H),
7.22 (t, J = 7.6 Hz, 1H, central pyridine-H), 6.97 (t, J = 7.5 Hz, 2H,
aryl-H), 6.74 (t, J = 7.8 Hz, 2H, aryl-H). 13C{1H} NMR (126 MHz,
C6D6, 25 �C) d: 158.2 (s, central pyridine-C), 135.6 (s, aryl-C),
133.5 (s, aryl-C), 132.5 (s, aryl-C), 129.8 (s, aryl-C) 127.6 (s, aryl-
C), 123.5 (s, central pyridine-C), 122.2 (s, aryl-C). MS (m/z): calcd,
389.9316 (M+); found, 389.9328 (FAB-MS, M+).

2.2.2. Preparation of 2,6-bis(2-(diisopropylphosphaneyl)- phenyl)
pyridine (1)

2,6-bis(2-bromophenyl)pyridine (17.83 g, 45.82 mmol) was dis-
solved in tetrahydrofuran (THF) (250 mL) and loaded into a Sch-
lenk flask charged with a magnetic stir bar and fitted with a
screw-in Teflon stopper. After the reaction mixture was cooled in
a dry ice-acetone bath to –78 �C, tBuLi (12.03 g in 110.5 mL pen-
tanes, 1.7 M, 187.88 mmol) was slowly added via cannula transfer.
The resulting mixture was stirred at –78 �C for 2 h, furnishing a
deep red solution. Chlorodiisopropylphosphine (100.81 mmol,
16.04 mL) was then added to the reaction mixture at –78 �C via
syringe. After stirring the reaction at –78 �C for 16 h, the mixture
was allowed to warm to room temperature, and volatiles were
removed under reduced pressure to yield orange brown solids.
Degassed H2O (200 mL) and degassed CH2Cl2 (200 mL) were added
to these solids in a glove box, and the organic phase collected. The
aqueous phase was extracted with CH2Cl2 two more times (2 �
200 mL). The combined organic fractions were dried over MgSO4,
filtered, and the volatiles were removed under reduced pressure
to provide bright orange solids. These solids were washed with
acetonitrile (3 � 50 mL) until the washes appeared colorless. The
resultant white solids were dried under reduced pressure, afford-
ing analytically pure 2,6-bis(2-(diisopropylphosphaneyl)phenyl)
pyridine (1, 13.59 g, 29.32 mmol, 64%). 1H NMR (500 MHz, C6D6,
25 �C) d: 7.77–7.75 (m, 2H, aryl-H), 7.48 (br s, 2H, aryl-H), 7.47
(br s, 2H, central pyridine-H), 7.31 (t, J = 7.7 Hz, 1H, central pyri-
dine-H), 7.23–7.26 (m, 2H, aryl-H), 7.19–7.22 (m, 2H, aryl-H),
1.97–2.03 (m, 4H, CH(CH3)2), 1.04 (dd, J = 13.9 Hz, 7.0 Hz, 12H,
CH(CH3)2), 0.94 (dd, J = 12.0 Hz, 7.0 Hz, 12H, CH(CH3)2). 13C{1H}
NMR (126 MHz, C6D6, 25 �C) d: 159.6 (d, J = 3.9 Hz, central pyri-
dine-C), 149.8 (d, J = 26.3 Hz, aryl-C), 135.8 (d, J = 24.9 Hz, aryl-
C), 134.0 (s, central pyridine-C), 132.6 (d, J = 3.0 Hz, aryl-C),
131.2 (d, J = 5.2 Hz, aryl-C), 128.5, (s, aryl-C), 127.5 (s, aryl-C),
124.3 (d, J = 8.0 Hz, central pyridine-C), 25.0 (d, J = 15.7 Hz, CH
(CH3)2), 20.4 (d, J = 6.7 Hz, CH(CH3)2), 20.3 (s, CH(CH3)2). 31P{1H}
NMR (121 MHz, C6D6, 25 �C) d: –2.64. Anal. Calcd. for 1
C29H39NP2 (%): C, 75.14; H, 8.48; N, 3.02. Found: C, 75.14; H,
8.75; N, 3.03.

2.2.3. Preparation of 2
A Schlenk tube fitted with a screw-in Teflon stopper was

charged with 1 (2.51 g, 3.90 mmol), Mo(CO)3(MeCN)3 (1.18 g,
3.90 mmol), toluene (150 mL) and a stir bar. An immediate color
change to orange was observed after stirring was initiated. Stirring
was continued at room temperature for 48 h, providing a bright
orange suspension. The volume of toluene was reduced in vacuo
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to 20 mL to precipitate additional orange powder, 2, which was
collected on a fritted glass funnel via vacuum filtration (2.13 g,
3.32 mmol, 85%). X-ray quality crystals of 2 were grown by vapor
diffusion of hexanes into a concentrated benzene solution. 1H NMR
(500 MHz, CD2Cl2, 25 �C) d: 7.74 (t, J = 7.8 Hz, 1H, central pyridine-
H), 7.46–7.50 (m, 6H, aryl-H), 7.28–7.30 (m, 2H, aryl-H), 7.21 (d,
J = 7.8 Hz, 2H, central pyridine-H), 2.89–2.97 (m, 2H, CH(CH3)2),
1.77–1.86 (m, 2H, CH(CH3)2), 1.52–1.56 (m, 6H, CH(CH3)2),
1.35–1.40 (m, 6H, CH(CH3)2), 1.09–1.12 (m, 6H, CH(CH3)2),
0.63–0.67 (m, 6H, CH(CH3)2). 13C{1H} NMR (126 MHz, CD2Cl2,
25 �C) d: 228.6 (t, J = 7.0 Hz, Mo-CO), 218.5–219.0 (m, Mo-CO),
162.1 (s, central pyridine-C), 146.9 (t, J=8.7Hz, aryl-C), 137.8 (s, cen-
tral pyridine-C), 135.0–135.2 (m, aryl-C), 134.1 (s, aryl-C), 128.9 (s,
aryl-C), 128.5 (s, aryl-C), 128.1 (s, aryl-C), 127.8 (s, central pyri-
dine-C), 27.0 (s, CH(CH3)2), 23.8–23.9 (m, CH(CH3)2), 19.8 (s, CH
(CH3)2), 19.1 (s, CH(CH3)2), 18.9 (s, CH(CH3)2), 18.7 (s, CH(CH3)2).
31P{1H} NMR (121 MHz, CD2Cl2, 25 �C) d: 35.04. IR (ATR, cm�1)
mCO: 1910, 1815, 1796. Anal. Calcd. for 2 C32H39MoO3P2N (%): C,
59.72; H, 6.11; N, 2.18. Found: C, 59.54; H, 6.12; N, 2.12.
2.2.4. Preparation of 3
A Teflon stoppered Schenk flask was charged with 2 (510 mg,

0.79 mmol), THF (150 mL) and a stir bar. Upon initiation of stirring,
a THF solution (50 mL) of AgOTf (405 mg, 1.58 mmol) was rapidly
added via cannula transfer. An immediate color change from bright
orange to dark green was observed. Immediately following this
addition, hexanes (200 mL) was cannula transferred into the stir-
ring reaction, furnishing green precipitate and a brown solution.
The precipitate was collected via vacuum filtration on a fritted
glass funnel, extracted with CH2Cl2 (3 � 20 mL) and filtered
through Celite. The resulting green solution was dried in vacuo to
provide 3 as a green powder (354 mg, 0.39 mmol, 49%). X-ray qual-
ity crystals of 3 were grown from vapor diffusion of hexanes into a
concentrated CH2Cl2 solution. 1H NMR (500 MHz, CD2Cl2, 25 �C) d:
8.49–8.52 (m, 2H, overlapping central pyridine-H and aryl-H), 8.38
(t, J = 8.0 Hz, 1H, aryl-H), 8.13–8.14 (m, 2H, overlapping central
pyridine-H and aryl-H), 8.04 (t, J = 7.7 Hz, 1H, central pyridine-
H), 7.90 (d, J = 8.1 Hz, 1H, aryl-H), 7.85–7.86 (m, 2H, aryl-H),
7.75–7.78 (m, 1H, aryl-H), 7.66 (t, J = 8.2 Hz, 1H, aryl-H),
3.28–3.36 (m, 1H, CH(CH3)2), 3.22 (sep, J = 6.98 Hz, CH(CH3)2),
2.89–2.94 (m, 1H, CH(CH3)2), 2.01–2.09 (m, 1H, CH(CH3)2), 1.78
(dd, J = 19.5 Hz, 7.2 Hz, 3H, CH(CH3)2), 1.68 (dd, J = 16.6 Hz,
7.2 Hz, 3H, CH(CH3)2), 1.32–1.42 (m, 6H, CH(CH3)2), 1.11 (dd,
J = 14.1 Hz, 6.8 Hz, 3H, CH(CH3)2), 1.03 (dd, J = 18.5 Hz, 7.3 Hz,
3H, CH(CH3)2), 0.83 (dd, J = 17.8 Hz, 7.3 Hz, 3H, CH(CH3)2), 0.45
(dd, J = 17.7 Hz, 6.9 Hz, 3H, CH(CH3)2). 13C{1H} NMR (126 MHz,
CD2Cl2, 25 �C) d: 234.8–235.6 (m, Mo-CO), 217.6–217.7 (m, Mo-
CO), 161.3 (d, J = 3.6 Hz, aryl-C), 159.6 (d, J = 1.5 Hz, aryl-C),
150.6 (d, J = 1.7 Hz, central pyridine-C), 144.9 (d, J = 6.2 Hz, central
pyridine-C), 143.9 (s, aryl-C), 143.1 (s, aryl-C), 142.2 (d, J = 9.9 Hz,
aryl-C), 136.2 (d, J = 8.0 Hz, aryl-C), 134.2 (d, J = 5.3 Hz, central pyr-
idine-C), 133.9 (s, central pyridine-C), 133.9–133.9 (m, aryl-C),
131.5 (m, aryl-C), 131.4 (d, J = 6.4 Hz, aryl-C), 129.1 (s, aryl-C),
127.1 (s, aryl-C), 123.2 (d, J = 36.0 Hz, Mo-aryl-C), 118.7 (q,
J = 318.4 Hz, F3CSO3

- ), 96.2–96.3 (m, central pyridine-C), 34.6
(d, J = 26.6 Hz, CH(CH3)2), 29.2 (d, J = 16.6 Hz, CH(CH3)2), 28.8
(d, J = 18.7 Hz, CH(CH3)2), 25.7 (d, J = 25.6 Hz, CH(CH3)2), 21.7 (d,
J = 5.7 Hz, CH(CH3)2), 21.1 (d, J = 5.2 Hz, CH(CH3)2), 20.4 (s, CH
(CH3)2), 20.0 (s, CH(CH3)2), 19.4 (s, CH(CH3)2), 19.3 (s, CH(CH3)2),
17.5 (d, J = 7.5 Hz, CH(CH3)2), 17.3 (d, J = 4.9 Hz, CH(CH3)2). 31P
{1H} NMR (121 MHz, CD2Cl2, 25 �C) d: 112.14 (d, J = 26.3 Hz),
52.41 (d, J = 26.4 Hz). 19F{1H} NMR (376 MHz, CD2Cl2, 25 �C) d:
–77.15 (s), –78.91(s). IR (ATR, cm�1) mCO: 1966, 1898. Anal. Calcd.
for 3 C33H39F6MoO8P2NS2 (%): C, 40.89; H, 4.30; N, 1.40. Found:
C, 41.02; H, 4.29; N, 1.51.
2.2.5. Preparation of 4
A solution of 3 (155 mg, 0.17 mmol) in acetonitrile (25 mL) was

transferred to a quartz Schlenk tube charged with a stir bar. After
being degassed via three freeze–pump–thaw cycles, the Schlenk
tube was cooled in a dry ice/acetone slush bath and irradiated with
a 200 W Hg/Xe lamp with stirring. During the irradiation, the Sch-
lenk tube was degassed at regular 2 h intervals to remove liberated
CO. With continued irradiation over 12 h, the solution gradually
changed color from green to brown, and then to dark green. The
irradiation/degas cycle was continued until 1H NMR of the mixture
showed a clean conversion into paramagnetic species (generally 12
– 16 h). The acetonitrile solution was concentrated under reduced
pressure to 5 mL, and diethyl ether (40 mL) was added to the con-
centrated solution, furnishing dark green precipitate and a brown
solution. The precipitate was collected on a fritted glass funnel
via vacuum filtration, and washed with THF until the filtrate was
colorless, yielding 4 as a microcrystalline solid (106mg, 0.11 mmol,
64%). X-ray quality crystals were grown by vapor diffusion of ether
into a concentrated acetonitrile solution of 4. 1H NMR (500 MHz,
CD3CN, 25 �C) d: 71.05, 34.57, 21.41, 14.99, 13.17, 11.29, 10.16,
7.15, 5.75, 3.16, –2.77, –55.60, –152.77, –153.31. 13C NMR and
31P NMR were not collected as compound 4 is a paramagnetic spe-
cies. Anal. Calcd. for 4 C37H48F6MoO6P2N4S2 (%): C, 45.31; H, 4.93;
N, 5.71. Found: C, 45.68; H, 5.17; N, 6.01.

2.2.6. Preparation of 5
A Teflon stoppered Schlenk tube charged with 4 (400 mg,

0.41 mmol), acetonitrile (250 mL), and a stir bar was cooled to –
78 �C. TBAN3 (232 mg, 0.82 mmol) was dissolved in 100 mL THF,
loaded into another Teflon stoppered Schlenk tube, and added into
the frozen solution of 4 by cannula transfer. The reaction mixture
was slowly warmed up to room temperature with stirring, during
which time a color change from dark green to deep red was
observed. After stirring at room temperature for 1 h, the reaction
volume was reduced in vacuo to ca. 50 mL, and pentane (350 mL)
was cannula transferred into the reaction mixture to afford a black
precipitate in a red solution. The mixture was filtered through
Celite and the filtrate collected in a Schlenk flask. Volatiles were
removed under reduced pressure to afford red–orange solids. The
solids were triturated with cold pentane (20 mL) and collected
on a fritted glass funnel to yield 5 as a red powder (77 mg,
0.13 mmol, 31%). X-ray quality crystals of 5 were grown via vapor
diffusion of hexanes into a concentrated benzene solution. 1H NMR
(500 MHz, C6D6, 25 �C) d: 7.35 (br s, 2H, aryl-H), 7.23 (t, J = 6.5 Hz,
2H, aryl-H), 7.07 (t, J = 7.3 Hz, 2H, aryl-H), 7.00 (t, J = 7.3 Hz, 2H,
aryl-H), 6.28 (br s, 1H, central pyridine-H), 6.27 (br s, 1H, central
pyridine-H), 6.16 (t, J = 7.6 Hz, 1H, central pyridine-H), 2.91–2.98
(m, 2H, CH(CH3)2), 2.44–2.52 (m, 2H, CH(CH3)2), 1.57 (dd,
J = 15.4, 7.0 Hz, 6H, CH(CH3)2), 1.28 (dd, J = 15.9, 5.5 Hz, 6H, CH
(CH3)2), 0.99 (dd, J = 12.5, 7.2 Hz, 12H, CH(CH3)2). 13C{1H} NMR
(126 MHz, C6D6, 25 �C) d: 131.6 (s, aryl-C), 131.5 (s, aryl-C),
128.6 (aryl-C), 119.6 (s, central pyridine-C), 27.3 (d, J = 16.2 Hz,
CH(CH3)2), 23.3 (d, J = 18.2 Hz, CH(CH3)2), 18.9 (d, J = 3.2 Hz, CH
(CH3)2), 18.8 (s, CH(CH3)2), 18.2 (d, J = 3.1 Hz CH(CH3)2), 17.9 (s,
CH(CH3)2). 31P{1H} NMR (121 MHz, C6D6, 25 �C) d: 52.71 (v br s),
32.89 (v br s). The HSQC (SI Fig. S19) and HMBC spectra (SI
Fig. S20) of 5 indicated that the 13C{1H} NMR resonances of 5 over-
lapped significantly with that of the NMR solvent used (C6D6),
which complicated full spectral assignment. Therefore, attempts
were made to characterize compound 5 in CD2Cl2. However, 5
decomposed in CD2Cl2 during the time period of data collection.
The spectra collected in CD2Cl2 allowed for the following assign-
ments: 1H NMR (500 MHz, CD2Cl2, 25 �C) d: 7.67–7.68 (m, 2H,
aryl-H), 7.46–7.51 (m, 2H, aryl-H), 7.41–7.44 (m, 2H, aryl-H),
7.37–7.38 (m, 2H, aryl-H), 6.19–6.25 (m, 3H, central pyridine-H),
3.04–3.11 (m, 2H, CH(CH3)2), 2.74–2.82 (m, 2H, CH(CH3)2),
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1.55–1.60 (m, 6H, CH(CH3)2), 1.24–1.34 (m, 12H, CH(CH3)2), 0.96–
1.00 (m, 6H, CH(CH3)2). 13C{1H} NMR (126 MHz, CD2Cl2, 25 �C) d:
151.9 (v br s, aryl-C), 132.0 (s, aryl-C), 131.7 (s, aryl-C), 131.3 (br
s, aryl-C), 128.9 (d, J = 4.3 Hz, aryl-C), 128.7 (s, aryl-C), 119.6 (s,
central pyridine-C), 118.7 (v br s, central pyridine-C), 27.3
(d, J = 16.2 Hz, CH(CH3)2), 23.4 (d, J = 18.3 Hz, CH(CH3)2), 18.8 (br
s, CH(CH3)2), 18.2 (s, CH(CH3)2). IR (ATR, cm�1) mN3: 2073. Anal.
Calcd. for 5�(0.5 benzene) C32H42MoP2N5 (%): C, 58.71; H, 6.47; N,
10.70. Found: C, 59.41; H, 6.59; N, 10.37.

2.2.7. Preparation of 6
A 20 mL scintillation vial was charged with a solution of 5

(22.4 mg, 0.04 mmol) in benzene (10 mL) and a stir bar. With rapid
stirring, Me3SiCl (4.16 lL, 0.03 mmol) was added dropwise from a
benzene stock solution (10% by volume, 41.6 lL) using a microsy-
ringe. The reaction mixture was stirred at room temperature for
30 min, during which time it gradually developed into a dark pur-
ple-red solution. Volatiles were removed in vacuo, providing pur-
ple-red solids. The solids were extracted with hexanes and
filtered, providing an orange solution. Hexanes were removed
under reduced pressure to yield orange solids, which were then
recrystallized via benzene/hexanes vapor diffusion to provide red
crystals of 6 (6.5 mg, 0.01 mmol, 29%). 1H NMR (500 MHz, C6D6,
25 �C) d: 7.39 (br s, 2H, aryl-H), 7.33 (br s, 2H, aryl-H), 7.09
(t, J = 6.7 Hz, 2H, aryl-H), 7.02 (t, J = 6.9 Hz, 2H, aryl-H), 6.31 (br s,
2H, central pyridine-H), 6.15 (t, J = 7.4 Hz, 1H, central pyridine-
H), 3.46 (br s, 2H, CH(CH3)2), 2.63 (br s, 2H, CH(CH3)2), 1.54–1.56
(m, 6H, CH(CH3)2), 1.38–1.40 (m, 6H, CH(CH3)2), 1.12–1.16 (m,
6H, CH(CH3)2), 1.02 (br s, 6H, CH(CH3)2). 13C{1H} NMR (126 MHz,
C6D6, 25 �C) d: 131.7 (s, aryl-C), 131.4 (s, aryl-C), 119.1 (s, central
pyridine-C), 28.0 (d, J = 15.7 Hz, CH(CH3)2), 22.7 (d, J = 17.7 Hz,
CH(CH3)2), 19.6 (s, CH(CH3)2), 19.2 (s, CH(CH3)2), 18.6 (s, CH
(CH3)2), 18.2 (s, CH(CH3)2). 31P{1H} NMR (121 MHz, THF, 25 �C) d:
60.64 (v br s), 23.05 (v br s). Similar to the case of compound 5,
the HSQC spectrum (SI Fig. S27 and S28) of compound 6 indicated
that the 13C{1H} NMR resonances of 6 also overlapped significantly
with that of the NMR solvent used (C6D6), which complicated full
spectral assignment. Therefore, attempts were made to character-
ize compound 6 in CD2Cl2. However, compound 6 also demon-
strated gradual decomposition in CD2Cl2, which prevented
prolonged data collection. Data collected in this solvent allowed
for the following assignments: 1H NMR (400 MHz, CD2Cl2, 25 �C)
d: 7.67–7.70 (m, 2H, aryl-H), 7.47 (t, J = 7.3 Hz, 2H, aryl-H), 7.36–
7.42 (m, 4H, aryl-H), 6.28 (br s, 2H, central pyridine-H), 6.20 (br
s, 1H, central pyridine-H), 3.35 (br s, 2H, CH(CH3)2), 2.82 (br s,
2H, CH(CH3)2), 1.51 (dd, J = 14.1, 6.7 Hz, 6H, CH(CH3)2), 1.31–1.37
(m, 12H, CH(CH3)2), 0.94–0.96 (m, 6H, CH(CH3)2). 13C{1H} NMR
(126 MHz, CD2Cl2, 25 �C) d: 151.6 (v br s, aryl-C), 131.8 (s, aryl-
C), 131.7 (s, aryl-C), 131.1 (br s, aryl-C), 128.7 (s, aryl-C), 119.6
(v br s, central pyridine-C), 27.7 (br s, CH(CH3)2), 23.0 (br s, CH
(CH3)2), 19.3 (d, J = 14.2 Hz, CH(CH3)2), 18.6 (s, CH(CH3)2), 18.6
(s, CH(CH3)2). Anal. Calcd. for 6 C29H39MoP2N2Cl (%): C, 57.20; H,
6.46; N, 4.60. Found: C, 56.43; H, 6.50; N, 4.56.

2.2.8. Preparation of 7
A 20 mL scintillation vial was charged with a benzene (5 mL)

solution of 5 (20.8 mg, 0.03 mmol) and a stir bar. Stirring was ini-
tiated, and a benzene solution (5 mL) of Ph3SiCl (49.8 mg,
0.17 mmol) was added. After the resulting dark red reaction mix-
ture was stirred at room temperature for 30 min, volatiles were
removed under reduced pressure to afford purple solids. The solids
were recrystallized by THF/hexanes vapor diffusion, providing X-
ray quality dark purple crystals of 7 (10.9 mg, 0.01 mmol, 36%).
1H NMR (500 MHz, CD2Cl2, 25 �C) d: 7.68 (br s, 3H, aryl-H), 7.65
(br s, 2H, aryl-H), 7.63 (br s, 3H, aryl-H), 7.35–7.52 (m, 15H, NSi
(C6H5)3), 6.27 (br s, 2H, central pyridine-H), 6.19 (br s, 1H, central
pyridine-H), 3.35 (br s, 2H, CH(CH3)2), 2.81 (br s, 2H, CH(CH3)2),
1.48–1.53 (m, 6H, CH(CH3)2), 1.31–1.35 (m, 12H, CH(CH3)2),
0.94–0.97 (m, 6H, CH(CH3)2). 13C{1H} NMR (126 MHz, CD2Cl2,
25 �C) d:135.5 (s, aryl-C), 135.3 (s, aryl-C), 133.2 (s, NSi(C6H5)3),
131.8 (br s, central pyridine-C), 131.7 (s, aryl-C), 131.2 (NSi
(C6H5)3), 130.5 (central pyridine-C), 128.7 (br s, central pyridine-
C), 128.6 (s, NSi(C6H5)3), 128.3 (s, NSi(C6H5)3), 27.7 (CH(CH3)2),
23.0 (CH(CH3)2), 19.4 (CH(CH3)2), 19.2 (CH(CH3)2), 18.6 (CH
(CH3)2). 31P{1H} NMR (121 MHz, CD2Cl2, 25 �C) d: 32.39 (v br s),
23.76 (v br s). Anal. Calcd. for 7�(hexane) C53H68MoP2N2Cl2Si (%):
C, 64.30; H, 6.92; N, 2.83. Found: C, 64.30; H, 6.45; N, 3.04.
3. Results and discussion

3.1. Synthesis and metallation of the ‘‘P-pyridine-P” ligand platform

Proligand 1 (Scheme 2) can be synthesized in two steps from
commercially available starting materials in high yield. Treating a
toluene solution of 1 with a single equiv. of Mo(CO)3(MeCN)3 at
room temperature cleanly affords a Mo tricarbonyl complex, 2
(Scheme 2). A single signal in the 31P{1H} nuclear magnetic reso-
nance (NMR) spectrum at 35.0 ppm (shifted from the free P-pyri-
dine-P ligand 1 at �2.6 ppm) suggests a C2v, C2 or Cs coordination
geometry in solution. The two distinct CH(CH3)2 peaks in the 1H
NMR spectrum rule out a C2v structure. Consistent with the r-Py
binding mode, the 1H NMR spectrum of 2 shows central pyridine
resonances at 7.74 ppm and 7.21 ppm. The infrared (IR) spectrum
of 2 features strong stretches at 1910 cm�1, 1815 cm�1 and
1796 cm�1, suggesting retention of all three carbonyl ligands. A
single crystal X-ray diffraction (XRD) analysis of 2 corroborates
the structural details inferred from solution spectroscopies. The
carbonyl ligands coordinate in a facial fashion (Fig. 1) resulting in
a pseudo-Cs structure, with the P-pyridine-P ligand binding via
the nitrogen lone pair.
3.2. Mo complexes supported by the ‘‘P-pyridine-P” ligand in the‘‘r-
Py” binding mode

Targeting a CO-free Mo complex, we pursued decarbonylation
of 2 through sequential oxidation and photolysis [20(a)]. Tricar-
bonyl complex 2 can be oxidized with 2 equiv. of silver triflate to
yield a MoII species 3, accompanied by the spontaneous release
of one molecule of CO. Compound 3 exhibits blue-shifted CAO IR
stretches at 1966 cm�1 and 1898 cm�1, in agreement with reduced
backbonding from the oxidized MoII center. Downfield-shifting of
the central pyridine resonances, observed in the 1H NMR spectrum
(7.84–7.82 ppm, 7.79–7.71 ppm and 7.65 ppm), further suggests
coordination to a more electron-deficient Mo center. The 31P{1H}
NMR spectrum of 3 displays two resonances at 112.1 ppm and
52.4 ppm that integrate in a 1:1 ratio, indicating loss of the Cs sym-
metry. In the 13C{1H} NMR spectrum, one of the carbons on the
phenylene arm shows an upfield-shifted signal at 123.2 ppm (d,
J = 36.0 Hz), a phenomenon observed with metal arene interactions
in phenylene-linked tris(phosphino)borane ligand platforms
[34,40]. The inferred presence of a molybdenum-phenylene inter-
action in 3, revealed by the 13C NMR data and apparent asymmetry,
was corroborated by single crystal XRD. The Mo center has a close
contact to one of the carbons on the phenylene linker in the solid-
state structure of 3 (Fig. 1). Accommodating this MoAC (2.556(2)
Å) interaction, the P1–Mo–P2 angle is bent to 144.12(1)o. For com-
parison, the P1–Mo–P2 angle in 2 is 106.08(2)o, which demon-
strates the flexibility of the this ligand despite the relatively rigid
aryl-aryl linkages.

The reduced MoACO p-backbonding in 3 allows further decar-
bonylation via photolysis [20(a)]. Ultraviolet (UV) irradiation of



Scheme 2. Synthesis of complexes 2–4 in which ligand 1 binds via the pyridine nitrogen r-framework.
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complex 3 leads to a color change from green to brown, then to
dark green, accompanied by the disappearance of diamagnetic res-
onances in the 1H NMR spectrum. The resulting paramagnetic com-
plex 4 showed no CAO stretches in the IR spectrum, indicating
complete dissociation of the carbonyl ligands. The solid-state
structure of 4 corroborates a meridional MoII tris(acetonitrile)
complex, in which the r-Py binding mode is retained (Fig. 1).
The loss of the strong-field carbonyl ligands results in decreased
d-d splitting, consistent with the observed change of spin state
from low-spin in 3 to S = 1 in 4 (Evans method; see Supporting
Information). Access to a CO-free Mo0 complex, a versatile precur-
sor for small molecule activation, was attempted through reduc-
tion of 4, by analogy to the terphenyl-diphosphine system [20
(a)]. However, reactions with various chemical reductants have
been unsuccessful to date as they gave rise to intractable mixtures
comprised primarily of the free P-pyridine-P ligand, 1.

3.3. Accessing the p-Py ligand binding mode

Inspired by the formation of high valent molybdenum nitride
species upon the cleavage of N�N bonds in molybdenum dinitro-
gen complexes [41], we directly targeted a molybdenum nitrido
complex supported by the ligand platform 1 (Scheme 3). Treating
dication 4 with two equiv. of tetrabutylammonium (TBA) azide
in thawing THF provides nitride azide complex 5 via spontaneous
azide thermolysis [29]. Upfield-shifted pyridine proton resonances
(6.27 ppm and 6.15 ppm) are observed in the 1H NMR spectrum of
5, suggesting a new binding mode for the P-pyridine-P ligand. This
new coordination is further supported by single crystal XRD, which
reveals the pyridine p-system binds Mo in an g2-fashion. Com-
pared to what is observed in 2–4 with nitrogen r-binding
(1.359 Å-1.371 Å), the pyridine NAC distance lengthens to 1.402
(9) Å in 5, consistent with Mo backdonation into the NAC p* orbital
(Scheme 1, B). In the 31P{1H} NMR spectrum of 5 (SI Fig. S18), two
broad resonances at 52.71 ppm and 32.89 ppm are observed. This
suggests that a fluxional process, intermediate on the NMR time-
scale, occurs at room temperature. This fluxionality is attributed
to isomerization of the Mo center between the two equivalent
g2-(C, N) binding modes, one of which is represented in the solid
state structure (Fig. 2). The installation of a nitride moiety in 5 is
confirmed by the solid-state structure, which shows a Mo–N2 dis-
tance of 1.6500(1) Å—a value comparable to select MoIV–nitride
bond lengths reported in literature (cf. 1.65 Å) [6(f)].
3.4. Silylation and protonation studies

The formation of high valent transition metal nitride complexes
and their subsequent functionalization have been proposed as key
steps during catalytic nitrogen fixation [6(c),31,42]. Therefore
functionalization of the nitride moiety in 5 was pursued, first by
reaction with silyl electrophiles. Treating a benzene solution of 5
with 1 equiv. of trimethylsilyl chloride, affords a nitride chloride
complex 6 by salt metathesis. Ligand 1 retains its p-Py coordina-
tion mode in 6, as evidenced by both the upfield-shifted pyridine
1H NMR resonances (6.31 ppm and 6.16 ppm) and the solid-state
structure (Fig. 2). With the addition of an excess (5 equiv.) of triph-
enylsilyl chloride, silylation of 5 can be achieved to yield imido
complex 7. A single crystal XRD study demonstrates that SiPh3

functionalization occurs at the nitride moiety, lengthening the
Mo–N2 distance to 1.772(2) Å, consistent with a Mo–N double
bond [43]. The reduced Mo–N bond order in the silyl imido is also
reflected by the Mo–N2–Si angle of 162.461(5)o in 7, which is more
significantly bent compared to structurally analogous compounds
[43]. In agreement with the disappearance of upfield-shifted pyri-
dine 1H NMR signals, the solid-state structure of 7 shows that
ligand 1 has reverted to the r-Py binding mode (Fig. 2).

What drives the change of the P-pyridine-P ligand’s binding
mode between r-Py and p-Py? We speculate that the different
requirements for stabilizing Mo centers bearing ligands of different
p-basicity may be a contributing factor. In compounds 5 and 6, the
p-acidic metal-pyridine binding mode can form stabilizing donor–
acceptor intereactions [28,44] with the azide and chloride ligands.
In particular, the strong p-basicity and trans-philicity [45–47] of
the nitride ligand [7(l)] may have contributed to driving the P-pyr-
idine-P ligand r to p isomerization. The strongly electron donating
nitride results in a more electron rich metal center, which is more
prone to donation to p-bound pyridine; the nitrile and CO ligands



Fig. 1. Solid-state structures of 2, 3 and 4. Thermal anisotropic displacement
ellipsoids are shown at a 50% probability level. Solvent molecules, counteranions,
and hydrogen atoms are omitted for clarity.

Scheme 3. Synthesis of complexes 5–7 in which the ancillary ligand demonstrates
variable r- and p-coordination.

Fig. 2. Solid-state structures of 5–7. Thermal anisotropic displacement ellipsoids
are shown at a 50% probability level. Solvent molecules, counteranions, and
hydrogen atoms are omitted for clarity.
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in 2, 3, and 4 are not sufficiently donating to favor this pyridine
binding mode.

Interested in replacing silyl electrophiles with proton equiva-
lents,[48] we investigated the reaction of 6 with Brookhart’s acid
(HBArF4). Upon the addition of 1 equiv. of HBArF4 (as an ether solu-
tion) to a thawing benzene solution of 6, the generation of a mixture
of paramagnetic and diamagnetic species was detected by 1H NMR
spectroscopy. Preliminary crystallographic characterization allowed
two of the products in this mixture to be identified as a MoV nitride
chloride monocation (8) and a MoIII acetonitrile dichloride monoca-
tion (9) (Scheme 4, SI Figs. S42 and S43). The detection of these spe-
cies can be rationalized via disproportionation [49] following the
addition of protons: 6 may potentially serve as a one electron reduc-
tant, thereby affording the MoIII and MoV species (Scheme 4). In the
1H NMR spectrum of the protonation reaction mixture (SI Fig. S41),



Scheme 4. Postulated disproportionation pathway during protonation with HBArF4.
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a 1:1:1 triplet resonance (5.78 ppm) with a coupling constant of
J = 53.1 Hz was observed—spectroscopic features characteristic of
protons split by 14N (S = 1). Relative integration of this triplet with
respect to other diamagnetic 1H NMR signals precludes its assign-
ment as protonated ligand (1-H+, the pyridinium salt of 1) or a Mo
species supported by 1-H+. Taken together, these preliminary data
seem most consistent with the release of ammonia (and subsequent
protonation to ammonium) to balance the loss of the nitride ligand
required upon formation of 9 (Scheme 4). This disproportionation
reactivity en route to ammonia generation is notable given its anal-
ogy to intermetallic electron transfer proposed in catalytic N2 fixa-
tion by closely related Mo-pincer complexes [50].
4. Conclusions

In summary, complexes 2–9 demonstrate that the flexible
diphenyl pyridine pincer ligand 1 is capable of supporting Mo cen-
ters across five formal oxidation states, and various coordination
numbers and spin states. Accommodating the electronic and geo-
metric requirements engendered by these Mo centers, the ligand
1 can adaptively switch its coordination mode between pyridine
nitrogen r-donation and binding through the pyridine p-system.
Preliminary investigation into protonation reactions suggests that
electrons can shuffle between the protonated and un-protonated
MoIV species. This proposed disproportionation mechanism is sup-
ported by the generation of MoIII and MoV complexes, as well as the
spectroscopic detection of NH4

+ after protonation with HBArF4. This
reactivity manifold demonstrates an inter-molybdenum electron
transfer mechanism during the protonolysis of a terminal nitride,
and suggests that such a process may be a general phenomenon
in nitrogen reduction catalyzed by molybdenum-PNP complexes
[6(c),46].
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