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ABSTRACT: A series of ruthenium complexes was isolated
and characterized in the course of reactions aimed at studying
the reduction of hydrazine to ammonia in bimetallic systems.
The diruthenium complex {[HPNPRu(N2)]2(μ-Cl)2}(BF4)2
(2) (HPNP = HN(CH2CH2P

iPr2)2) reacted with 1 equiv of
hydrazine to generate [(HPNPRu)2(μ

2-H2NNH2)(μ-Cl)2]-
(BF4)2 (3) and with an excess of the reagent to form
[HPNPRu(NH3)(κ

2-N2H4)](BF4)Cl (5). When phenylhydrazine was added to 2, the diazene species [(HPNPRu)2(μ
2-

HNNPh)(μ-Cl)2](BF4)2 (4) was obtained. Treatment of 2 with H2 or CO yielded {[HPNPRu(H2)]2(μ-Cl)2}(BF4)2 (7) and
[HPNPRuCl(CO)2]BF4 (8), respectively. Abstraction of chloride using AgOSO2CF3 or AgBPh4 afforded the species
[(HPNPRu)2(μ

2-OSO2CF3)(μ-Cl)2]OSO2CF3 (9) and [(HPNPRu)2(μ-Cl)3]BPh4 (10), respectively. Complex 3 reacted with
HCl/H2O or HCl/Et2O to produce ammonia stoichiometrically; the complex catalytically disproportionates hydrazine to
generate ammonia.

■ INTRODUCTION

Achieving atmospheric nitrogen fixation to produce ammonia
efficiently is one of the most challenging problems in
chemistry.1−6 Two processes account for the majority of NH3
synthesized: the Haber and Bosch reaction and biological
fixation of dinitrogen.1−4,7−11 The former yields ammonia from
dinitrogen and dihydrogen, employing an iron catalyst at high
temperatures and pressures, whereas the latter occurs at
ambient temperature and pressure. The most common enzyme
to perform this transformation has an iron−molybdenum-sulfur
cluster (the Fe−Mo cofactor) as the catalytic agent.12,13

Efforts have been made to explain the mechanism of nitrogen
fixation via transition metal complexes.14 The most successful
experimental approaches for nitrogen reduction thus far involve
a Chatt-type mechanism in which one transition metal atom
coordinates N2, and subsequent reduction generates ammo-
nia.15,16 However, recent studies of the Fe−Mo cofactor active
site by Hoffman and co-workers favors an “alternating”
pathwaywhere the two N atoms are hydrogenated alternately
and hydrazine is formedover a “distal” one, in which a single
N atom is hydrogenated in three steps, liberating ammonia and
forming a nitride species.17

Examples of dinitrogen reduction include the direct hydro-
genation of N2 with zirconium,18 the reduction of hydrazine to
ammonia with Fe/Mo/S cubanes19−25 and [Cp*WMe3]

+,26,27

the oxidation of ammonia to N2 via bridging species with Ru
cofacial metalloporphyrins,28 and the catalytic reduction of N2
to ammonia at a single Mo center.16 Recently, Schneider and
co-workers have used a PNP-type ligand to stabilize a Ru(IV)
nitrido complex that undergoes hydrogenolysis at room
temperature to produce ammonia in high yield.29 Using a
related pincer ligand, Nishibayashi showed that dimolybdenum

dinitrogen complexes are effective catalysts for the formation of
ammonia.15,30 Theoretical work by Qu et al. indicates that
bimetallic iron complexes with sulfur bridging ligands are also
capable of reducing nitrogen to ammonia, and the same group
also showed the ability of this kind of diiron centers to break
the N−N bond in hydrazine.31,32

In the nitrogenase synthesis of ammonia, it is likely that the
Fe−Mo cofactor plays a bigger role in the activation of N2 than
simply acting as a single metal binding site.12,33 Evidence
indicates that the cluster acts as the binding and reducing site
for N2, as well as for the intermediates hydrazine and
diazene.10,13,34−37 Theoretical models suggest that N2 binds
to iron,33,38 whereas recent experimental work indicates that N2

and the hydrazine intermediate formed interact with a common
4Fe-4S face in the waist region of the cluster.10,34,36

Complexes with ligand frameworks that could serve to
support binding of the array of potential ligands involved
(nitrogen, ammonia, hydrazine, and diazene) may help us gain
insights regarding nitrogenase-like activity.39−41 Bauer and co-
workers reported a ruthenium system of this type using a
ethaneamine-benzenethiolate ligand,39 and just recently, the
Tyler and Peters groups described iron complexes showing
analogous chemistry.40,41 In related systems, the latter group
has been able to stabilize an Fe(η2-H2NNH) complex42 and to
functionalize the N2 ligand.

43

In a continuation of our work using multidentate PNP-type
ligands to stabilize reactive metal centers,44,45 we turned our
attention to ruthenium and have explored the chemistry of a
bimetallic ruthenium system capable of supporting a series of
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complexes with (N2)2, (H2)2, mixed N2/H2, diazene, and
hydrazine ligands in an unusual fashion. This system also
catalytically disproportionates hydrazine to produce NH3.

■ RESULTS AND DISCUSSION
The starting material for our studies was the diruthenium
species (HPNPRuCl)2(μ-Cl)2 (1) which we prepared in a very
similar manner to that described by Schneider, who was the
first to report this compound.46 Reaction of 1 with 2 equiv of
AgBF4 in tetrahydrofuran (THF) at room temperature under
nitrogen resulted in a color change from orange to yellow and
the formation of AgCl (Scheme 1). After work up of the
reaction mixture, the bridging chloride complex {[HPNPRu-
(N2)]2(μ-Cl)2}(BF4)2 (2) was obtained in 66% yield as yellow
needles.
The identity of 2 was elucidated by X-ray crystallography,

NMR spectroscopy, and IR spectroscopy. The solid-state
structure observed for 2 is shown in Figure 1. It consists of two
ruthenium atoms bridged by two chlorides (Ru−Ru distance of
3.8329(3) Å), with one N2 molecule bound end-on to each
metal center. The Ru1−N3 and Ru2−N4 distances are
1.950(2) Å and 1.944(2) Å, in good agreement with related
monomeric complexes.47,48

The most interesting feature of 2 is that the dinitrogen
molecules display a configuration where the two N2 ligands are
aligned in the same direction, with a small N3−Ru1−Ru2−N4
torsion angle of 4.3(1)°; in contrast, the Cl3−Ru1−Ru2−Cl4
torsion angle in 1 is almost 180°. The Ru metal centers in the
{[HPNPRu(N2)]2(μ-Cl)2}

2+ moiety are related by a 2-fold axis
and two mirror planes (C2v symmetry). The N−N bond length
of 1.103(3) Å, and a strong absorption band at 2161 cm−1 for
the N−N stretch in the IR spectrum indicates a low degree of
activation in the dinitrogen molecule. The geometry displayed
by 2 is clearly enforced by formation of hydrogen bonds
between the BF4 anion and the amine NH. In the solid-state,

Hamine-F distances found were 2.066(9) and 2.068(8) Å,
considerably shorter than the sum of the van der Waals radii
(2.67 Å). Further confirmation came from an electrospray
ionization mass spectrometry (ESI-MS) experiment in
acetonitrile, where the molecular ion corresponding to the
protonated cation {[(HPNPRu)(μ-Cl)2(HPNPRu(N2))]-
(BF4)}

+ (i.e., from loss of one N2 ligand and one BF4 anion
bound) was detected at 1001 m/z.
The structure observed for 2 in the solid-state and by ESI-

MS is retained in solution, as observed by NMR spectroscopy
in CDCl3. In the 31P NMR spectrum only one sharp signal at
72.01 ppm is observed; more importantly, the 19F NMR
spectrum shows two signals very close to each other, at
−151.41 and −151.47 ppm, indicative of tight ion pairing in

Scheme 1

Figure 1. Thermal ellipsoid (50%) plot of the X-ray structure of 2.
Carbon atoms of the isopropyl groups, one BF4 anion, solvent
molecules and hydrogen atoms attached to carbon have been omitted
for clarity.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic3010322 | Inorg. Chem. 2012, 51, 9730−97399731



this solvent. When the latter spectrum was recorded in THF,
only a single peak was detected, consistent with fast exchange
of the BF4 counterions. This differing behavior in solution is
consistent with the differences in dielectric constant of the
solvents.
Reaction of 2 with 1 equiv of hydrazine in THF generates the

complex [(HPNPRu)2(μ
2-H2NNH2)(μ-Cl)2](BF4)2 (3), ob-

tained in 57% yield as yellow crystals after work up of the
reaction mixture. Complex 3 crystallizes in two different
conformations depending upon the solvent used. When a
concentrated solution of 3 in chloroform is slowly evaporated,
the solid-state structure shows a conformation (3a) similar to
that observed for 2, where the dinitrogen molecules have been
displaced by the hydrazine ligand (Figure 2). 3a shows a Ru−
Ru distance of 3.5556(9) Å and Ru−Nhydrazine distances of
2.149(9) and 2.138(7) Å (Table 1). The hydrazine ligand
displays a zigzag conformation, with a N−N distance of

1.435(9) Å and a N3−Ru1−Ru2−N4 torsion angle of 12.3(3)°.
This complex also shows close contacts between the NH
protons of the HPNP ligand and a fluorine in the BF4 anion
(2.342(6) Å and 2.441(6) Å), and between the protons in the
hydrazine and the BF4 moieties (2.139(7) Å and 2.322(6) Å).
When 3 was crystallized from CH2Cl2/diethyl ether, the

structure obtained showed a geometry where one HPNP ligand
is rotated approximately 100° relative to the other about the
Ru1−Ru2 axis (3b); no symmetry elements relate the two
metal centers. In this conformation, one nitrogen in the
hydrazine is trans to the nitrogen of the HPNP ligand on one
Ru center and trans to a phosphorus in the other, making the
Ru1−N3 distance approximately 0.10 Å shorter than Ru2−N4
(Figure 2). Relative to 3a, the structure of 3b shows a similar
Ru1−Ru2 distance (3.525(1) Å) and a slightly elongated N−N
bond in the hydrazine ligand (1.472(9) Å), that also displays a

Figure 2. Thermal ellipsoid (50%) plot of the X-ray structures of 3a and 3b. Carbon atoms of the isopropyl groups, BF4 anions, solvent molecules
and hydrogen atoms attached to carbon have been omitted for clarity.

Table 1. Selected Bond Distances and Angles for Ru Complexes 2, 3a, 3b, 4, and 5

2 3a 3b 4 5

Ru1−Ru2 3.8329(3) Å 3.5556(9) Å 3.525(1) Å 3.4121(4) Å
Ru1−N3 1.950(2) Å 2.149(9) Å 2.125(7) Å 1.983(3) Å 2.159(2) Åb

Ru2−N4 1.944(2) Å 2.138(7) Å 2.246(7) Å 2.084(3) Å
Ru1−Cl1 2.5025(6) Å 2.481(2) Å 2.480(2) Å 2.4510(9) Å
Ru1−Cl2 2.5069(8) Å 2.495(2) Å 2.416(2) Å 2.454(1) Å
N3−N4 3.411(8) Å 1.435(9) Å 1.472(9) Å 1.289(5) Å 1.436(3) Å

(1.103(3) Å)a

N1−Ru1−N3 177.33(9)° 170.8(3)° 90.4(2)° 172.4(1)° 175.69(8)°
N2−Ru2−N4 178.1(1)° 171.8(3)° 174.7(3)° 168.7(1)° 70.9(1)°c

N3−Ru1−Ru2−N4 4.3(1)° 12.3(3)° 16.0(3)° 1.0(1)°
aN3−N5 distance. bRu-NH3 distance.

cNhydazine−Ru1−Nhydrazine angle.

Figure 3. Thermal ellipsoid (50%) plot of the X-ray structures of 4 and 5. Carbon atoms of the isopropyl groups, BF4 anions, the Cl anion in 5,
solvent molecules and hydrogen atoms attached to carbon have been omitted for clarity.
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zigzag conformation (the N3−Ru1−Ru2−N4 torsion angle
being 16.0(3)°).
The 1H NMR and 31P NMR spectra show that 3a is more

stable in solution than 3b. When a sample of pure 3b was
dissolved in CH2Cl2 and allowed to stand at 20 °C for 20 min,
resonances due to both 3a and 3b were observed in the 1H
NMR spectrum. Six peaks in the region between 4.5 and 6.5
ppm are observed for 3b, corresponding to the nonequivalent
N−H protons (four from the hydrazine and two from the
HPNP ligand). A singlet at 5.77 ppm in the same region was
assigned to conformation 3a (at −50 °C it splits into two broad
singlets, integrating 2 to 1, corresponding to the hydrazine and
HPNP protons). The 31P NMR spectrum also shows two sets
of signals, four doublets for the configuration in 3b, and one
singlet at 68.61 ppm for the one in 3a. After 24 h, the 1H NMR
and 31P NMR spectra show complete conversion to 3a.
A mechanism involving reversible μ2/μ1 binding of the

hydrazine (from bridging ligand to terminal) would account for
the interconversion between 3a and 3b, and the presence of
only one singlet for the hydrazine protons and the phosphorus
atoms in the NMR spectra of 3a. This postulate is supported by
density functional theory (DFT) calculations: 3a and the μ1

bound species Ru(NH2NH2)/Ru(N2) (3f) have the same
energy (within 0.4 kcal/mol), whereas 3b is 4.5 kcal/mol less
stable than 3a (see Supporting Information).
Treatment of 2 with PhHNNH2 generates two products: a

yellow solid soluble in THF that could not be characterized,
and a purple solid insoluble in THF. Crystallization of this
purple solid from CH2Cl2/diethyl ether followed by an X-ray
structure analysis showed the formation of [(HPNPRu)2(μ

2-
PhNNH)(μ-Cl)2](BF4)2 (4), presumably, via the oxidation of
phenylhydrazine to phenyldiazene (yield 13%). The solid-state
structure displays a conformation similar to 2 and 3a (Figure
3). As expected from the presence of an N−N double bond, the
N−N, Ru−Ru, and Ru−N distances (1.289(5) Å, 3.4121(4) Å,
1.983(3) Å, and 2.084(3) Å, respectively) are shorter than
those observed for 3a and 3b. The torsion angle N3−Ru1−
Ru2−N4 is almost planar (1.0(1)°), instead of the zigzag
conformation observed for the hydrazine adduct, and mirror
symmetry is present in this plane. The 1H NMR reveals a
singlet at 15.55 ppm (1 H), for the NH proton in the
phenyldiazene ligand. Disproportion of phenylhydrazine in this
manner has precedent in related chemistry.25,31,49

We also explored the ability of complex 3 to produce
ammonia from hydrazine. Treatment of 3 with HCl/H2O, or
HCl/Et2O results in nearly complete conversion of the
hydrazine ligand to ammonia characterized and quantified by
the indophenol test50 and 1H NMR spectroscopy. No
hydrazine was detected in these experiments. Catalytic
disproportionation of hydrazine was also observed with 3:

when the complex was treated with excess of hydrazine (10
equiv) at room temperature, ammonia was produced in 26%
yield based on hydrazine, with a production of almost six
molecules of ammonia per dimer (Table 3). The same yield

was obtained when Cp2Co/HLutBF4 was added to a mixture of
3 with 10 equiv of hydrazine, indicating that this combination is
not effective in improving ammonia production under the
experimental conditions tested.
To further explore the disproportionation process, we treated

3 with excess hydrazine. After work up of the product, an X-ray
analysis showed the formation of the monometallic species
[HPNPRu(NH3)(κ

2-N2H4)](BF4)Cl (5) (Figure 3). The Ru−
N bond distances for hydrazine, ammonia, and the HPNP
ligand are very similar (2.157(2) Å, 2.159(2) Å, 2.149(3) Å,
and 2.136(2) Å, respectively), and the N−N bond distance
(1.436(3) Å) is essentially the same as in free hydrazine and in
3a. The 1H NMR spectrum is consistent with the proposed
formula. The ammonia ligand appears as a singlet at 2.06 ppm
and the hydrazine as a doublet at 6.38 ppm. Formation of 5
confirms the synthesis of ammonia by a disproportionation
mechanism.
We also targeted the synthesis of a reduced ruthenium

species in an effort to gain insights about possible reduction
pathways. Complex 2 was treated with 2 equiv of Cp2Co at
room temperature in THF to give a yellow-orange suspension.
After work up of the reaction mixture, [(HPNPRu)2(μ-
Cl)3]BF4 (6) was obtained as an orange powder in 63%
yield. The 31P NMR spectrum contains two doublets at 77.1
ppm and 68.0 ppm, with an AX pattern and a JP−P coupling of
32.4 Hz. X-ray diffraction analysis of 6 shows a pseudo 3-fold
axis between the Ru atoms, with the HPNP ligands rotated by
almost 120° with respect of each other around the Ru1−Ru2
axis (the N1−Ru1−Ru2−N2 torsion angle is 121.2(2)°, Figure
4).
When 2 was treated with H2 (1 atm) for one week at 19 °C,

both dinitrogen ligands were displaced by H2; the bis-
(dihydrogen) complex {[HPNPRu(H2)]2(μ-Cl)2}(BF4)2 (7)
was subsequently isolated as yellow needles in 73% yield. A

Table 2. Selected Bond Distances and Angles for Ru Complexes 6, 7, 8, 9, and 10

6a 7b 8c 9d 10a

Ru1−Ru2 3.3020(4) Å 3.8078(5) Å 3.786(1) Å 3.324(1)
Ru1−X1 2.436(1) Å 1.62(10) Å 1.931(2) Å 2.200(2) Å 2.421(2) Å
Ru2−X2 2.543(1) Å 1.66(8) Å 1.962(2) Å 2.197(2) Å 2.556(2) Å
Ru1−Cl1 2.483(1) Å 2.496(1) Å 2.4350(5) Å 2.4772(9) Å 2.468(2) Å
Ru1−Cl2 2.525(1) Å 2.498(2) Å 2.516(1) Å 2.582(2) Å
N1−Ru1−X1 169.6(1)° 177(3)° 95.36(7)° 176.66(8)° 170.0(2)°
N2−Ru2−X2 91.0(1)° 171(2)° 176.30(8)° 88.7(2)°
X1−Ru1−Ru2−X2 4(3)° 1.17(8)°

aX = Cl3. bX = H2 centroid.
cX = CO. dX = O.

Table 3. Ammonia Synthesis Resultsa

catalyst
mmol
cmpd

Eq.
N2H4

Eq.
Cp2Co

Eq.
HLutBF4 T.O.N.b

yield
NH3

c

3 0.011 1.0 No No 1.93 96%
3 0.010 12.3 No No 5.90 26%
3 0.010 11.5 85 160 5.38 26%

aReaction conditions: 10 mL THF, room temperature, 16 h. bTurn
over number per Ru dimer molecule. cYield calculated based on
hydrazine. Ammonia was quantified by the indophenol test.50 Average
of at least three experiments.
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broad singlet is observed in the 1H NMR spectrum at −7.49
ppm, corresponding to the two bound H2 molecules, whereas
the 31P NMR shows a singlet at 83.98 ppm. A T1 experiment
confirmed the presence of coordinated H2 ligands (T1 = 27 ± 2
ms at 22 °C).
An X-ray analysis of 7 shows the geometry and metrical

parameters to be close to those found in 2 (Figure 4). The
dihydrogen atoms were found in the Fourier map and refined
isotropically after fixing one Ru−H distance at 1.69 Å. When
the reaction was performed with D2 and HD, the corresponding
complexes {[HPNPRu(D2)]2(μ-Cl)2}(BF4)2 (7b) and
{[HPNPRu(HD)]2(μ-Cl)2}(BF4)2 (7c) were produced. For
7c the signal appears as a 1:1:1 triplet of triplets at −7.56 ppm
in the 1H NMR due to H−D coupling and P−H coupling. The
JH‑D coupling constant was 30.4 Hz, consistent with an H−H
distance of 0.91 Å.51

The latter reaction is reversible: treatment of complex 7 with
excess N2 regenerates 2 over several days. Following the
reaction using 1H NMR and 31P NMR spectroscopy (see the
Supporting Information) shows that the two reactions proceed
through the same intermediate, assigned as the mixed species
{[HPNPRu(H2)](μ-Cl)2[HPNPRu(N2)]}(BF4)2 (2b). The
latter shows a broad singlet at −7.41 ppm in the 1H NMR
spectrum for the H2, and two singlets in the 31P NMR
spectrum, at 84.69 ppm and 71.95 ppm, due to the two
different Ru centers. The reversible binding of H2 was
investigated by DFT calculations, which showed that the
dinitrogen complex 2 has a lower energy than the mixed
dihydrogen/dinitrogen complex (2b) and the bis dihydrogen
complex (7) by 4.5 and 10.2 kcal/mol respectively (see
Supporting Information).

Complex 2 reacts with CO (1 atm) in CH2Cl2 to form the
monomeric complex [HPNPRu(CO)2Cl]BF4 (8) as colorless,
block like crystals, obtained in 31% yield. The X-ray structure
(Figure 5) shows the CO ligands trans to each other with C−O
distances of 1.135(2) Å and 1.136(2) Å, while the IR spectrum
shows the carbonyl stretch at 2008 cm−1.
Reaction of 1 with AgOSO2CF3 produces the complex

[(HPNPRu)2(μ
2-OSO2CF3)(μ-Cl)2]OSO2CF3 (9) as orange,

block-like crystals in 84% yield. The 1H NMR, 31P NMR, and
19F NMR spectra for 9 are consistent with one triflate anion
coordinating to the metal centers in solution. The 31P NMR
spectrum shows two doublets at 70.83 and 70.43 ppm, with an
AB pattern and a JP−P coupling of 32.4 Hz. The 19F NMR
shows two singlets in a 1:1 ratio, one at −77.26 ppm and the
other at −77.67 ppm, in agreement with one bound and one
unbound triflate ligand.
Crystals suitable for an X-ray diffraction study of 9 were

grown from a concentrated solution in CH2Cl2 layered with
diethyl ether. Selected bond lengths and angles are shown in
Table 2 and an ORTEP diagram is provided in Figure 5.
Complex 9 has the same bimetallic RuCl2Ru core as 2 (Ru1−
Ru2 distance 3.786(1) Å), with one triflate coordinated to the
two metal centers via two oxygen atoms. The distances and
angles around the metal centers are consistent with those found
2, and the Ru1−O1 and Ru2−O2 distances (2.200(2) Å and
2.197(2) Å respectively) are in good agreement with related
molecules.52,53 As for 2, 3a, 4, and 7, in complex 9 the HPNP
ligands are placed at 0° to each other around the Ru1−Ru2
axis, in this case due to the presence of the triflate ligand (the
O1−Ru1−Ru2−O2 torsion angle is 1.17(8)°).

Figure 4. Thermal ellipsoid (50%) plot of the X-ray structures of 6 and 7. Carbon atoms of the isopropyl groups, BF4 anions, solvent molecules and
hydrogen atoms attached to carbon have been omitted for clarity.

Figure 5. Thermal ellipsoid (50%) plot of the X-ray structures of 8 and 9. Carbon atoms of the isopropyl groups, anions, solvent molecules and
hydrogen atoms attached to carbon have been omitted for clarity.
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An analogous reaction was performed with 2 equiv of
AgBPh4 instead of AgOSO2CF3, and [(HPNPRu)2(μ-Cl)3]-
BPh4 (10) was isolated as orange, block like crystals, in 68%
yield. The NMR spectra as well as the X-ray structure show
almost identical parameters as those observed for 6. Attempts
to abstract the second chloride (e.g., by heating 10 to reflux in
THF for 48 h with excess of AgBPh4) were unsuccessful and 10
was recovered as the major product.

■ CONCLUSIONS

The HPNP ligand is a good supporting scaffold to study the
chemistry of bimetallic ruthenium complexes. A series of
complexes with N2, H2, N2/H2, bridging diazene, and hydrazine
ligands were synthesized and characterized. The system
facilitates the study of interconversion reactions related to
those proposed as steps in the reduction of nitrogen to

ammonia by the nitrogenase enzyme. Hydrazine was found to
displace both dinitrogen ligands on adjacent Ru atoms in
complex 2 to form a new species 3 with hydrazine bridging the
two metal centers. This complex further reacts with hydrazine
to produce the monomeric species 5 with ammonia and
hydrazine bound to the metal center. The reaction of 2 with
phenylhydrazine generates the diazene species 4. Complex 3
promotes the formation of ammonia from hydrazine stoichio-
metrically (by reaction with protons) or catalytically by
disproportionation.

■ EXPERIMENTAL SECTION
General Considerations. Unless otherwise noted, all reactions

were performed using standard Schlenk techniques under N2-atm or in
a N2-atm glovebox. Solvents were dried by passing through a column
of activated alumina and degassed with nitrogen.54 CDCl3 and CD2Cl2
were dried over CaH2 and vacuum transferred. All NMR spectra were

Table 4. Crystal Data and Structure Refinement for Structures 2−10

2 3a 3b 4 5

formula C32H74B2Cl2F8N6P4Ru2·CH2Cl2 C32H78B2Cl2F8N4P4Ru2·4CHCl3 C32H78B2Cl2F8N4P4Ru2 C38H80B2Cl2F8N4P4Ru2 C16H45BClF4N4P2
Ru·CH2Cl2

FW (g/mol) 1198.44 1567.00 1089.52 1163.60 662.75
T (K) 113(2) 100(2) 100(2) 100(2) 100(2)
space group P21/c P1̅ Pbca Cc P212121
a (Å) 15.7122(5) 11.8002(4) 13.171(5) 10.1804(6) 9.2003(2)
b (Å) 14.9191(5) 13.2180(4) 18.485(5) 27.0385(18) 15.0373(4)
c (Å) 22.5318(8) 22.3853(7) 40.465(5) 19.0234(11) 20.8396(5)
α (deg) 90 83.049(2) 90 90 90
β (deg) 104.3220(10) 80.921(2) 90 93.132(3) 90
γ (deg) 90 67.533(2) 90 90 90
V (Å3) 5117.6(3) 3179.06(18) 9852(5) 4953.8(5) 2883.11(12)
Z 4 2 8 4 4
λ (Ǻ) 0.71073 0.71073 0.71073 0.71073 0.71073
μ (mm−1) 0.985 1.219 0.909 0.910 0.972
# unique
reflections

9460 11647 9153 4623 5317

Rint 0.0249 0.0674 0.0874 0.0281 0.0300
R [I > 2σ(I)] 0.0267 0.0625 0.0760 0.0285 0.0199
R(Fo) 0.0347 0.1079 0.0980 0.0310 0.0200
Rw(Fo) 0.0853 0.1725 0.1707 0.0706 0.0466
GOF 1.131 1.061 1.192 1.054 1.204

6 7 8 9 10

formula C32H74BCl3F4 N2P4Ru2 C32H78B2Cl2F8N2P4Ru2·CH2Cl2 C18H37BCl F4NO2P2Ru C34H74Cl2 F6N2O6P4Ru2S2 C56H94BCl3N2P4Ru2
FW (g/mol) 1006.11 1146.43 584.77 1181.99 1238.51
T (K) 100(2) 100(2) 100(2) 144(2) 109(2)
space group P4̅21c P212121 P212121 P21/n P21/c
a (Å) 25.3447(9) 16.2143(6) 11.7009(5) 10.242(2) 15.8722(14)
b (Å) 25.3447(9) 16.7728(7) 12.2407(5) 34.018(8) 19.2210(17)
c (Å) 14.4707(6) 18.0133(7) 17.5457(7) 14.882(3) 19.4031(17)
α (deg) 90 90 90 90 90
β (deg) 90 90 90 103.049(4) 95.7470(10)
γ (deg) 90 90 90 90 90
V (Å3) 9295.3(8) 4898.9(3) 2513.02(18) 5051.0(2) 5889.7(9)
Z 8 4 4 4 4
λ (Ǻ) 0.71073 0.71073 0.71073 0.71073 0.71073
μ (mm−1) 1.003 1.023 0.902 0.976 0.795
# unique reflections 8224 8983 4550 9286 10916
Rint 0.0432 0.0318 0.0250 0.0500 0.0458
R [I > 2σ(I)] 0.0336 0.0405 0.0164 0.0318 0.0816
R(Fo) 0.0398 0.0437 0.0175 0.0410 0.0962
Rw(Fo) 0.1069 0.1058 0.0377 0.0795 0.1852
GOF 1.235 1.103 1.080 1.037 1.376
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obtained in CDCl3 or CD2Cl2 at ambient temperature using Bruker
AVQ-400, AV-500, DRX-500 or AV-600 spectrometers. 1H NMR
chemical shifts (δ) were calibrated relative to residual solvent peak.
The assignments were confirmed by 1H−1H COSY, 1H−13C HSQC,
and 13C-DEPT135 NMR spectroscopy. Melting points were
determined using sealed capillaries prepared under a nitrogen
atmosphere. Infrared (IR) spectra were recorded with a Thermo
Scientific Nicolet iS10 series FTIR spectrophotometer as a powder or
Nujol mull between KBr plates, or in solution with a CaF2 cell.
Elemental analyses were performed at the University of California,
Berkeley Microanalytical Facility. Single crystal X-ray diffraction
analyses (Table 4) were performed at the University of California,
Berkeley CHEXRAY facility. The remaining starting materials were
obtained from Aldrich and used without further purification.
(HPNPRuCl)2(μ-Cl)2 (1). A solution of HPNP (1.3 g, 4.3 mmol,

HPNP = (iPr2PCH2CH2)2NH) in 20 mL of ethanol was added to a
suspension of [(COD)RuCl]2(μ-Cl)2 (1.2 g, 2.1 mmol) in 80 mL of
ethanol. The reaction mixture was heated at reflux for 16 h, and the
solution color turned from brown to orange. The solvent was removed
under vacuum, and the solid residue was extracted with CH2Cl2.
Concentration of the solution and precipitation with hexane gave an
orange powder (1.6 g, 80%). 1H NMR, 31P NMR spectra matched
reported literature values.46

{[HPNPRu(N2)]2(μ-Cl)2}(BF4)2 (2). A solution of AgBF4 (0.58 g, 3.0
mmol) in 20 mL of THF was added dropwise to a suspension of 1 (1.4
g, 1.5 mmol) in 30 mL of THF at room temperature and nitrogen atm.
A white precipitate immediately appeared, and the solution color
changed from orange to yellow. The reaction mixture was stirred
overnight. The solvent was removed under vacuum, and the product
extracted with CH2Cl2 (3 × 20 mL) and filtered through Celite. The
solution was concentrated and layered with hexane to give yellow,
needle-like crystals (1.1 g, 66%). Crystals suitable for an X-ray
diffraction study were grown from a concentrated solution of CH2Cl2
layered with diethyl ether. 1H NMR (CDCl3) 5.76 (s (br), 2H, NH),
3.21 (m, 4H, NCH2), 2.94 (m, 4H, NCH2), 2.58 (m, 4H,
PCH(CH3)2), 2.14 (m, 8H, PCH(CH3)2 (4) and PCH2 (4)), 1.96
(m, 4H, PCH2), 1.49−1.26 (m, 48H, PCH(CH3)2)

31P NMR 72.01 (s,
4P). 19F NMR −151.41 (s), −151.47 (s). 13C NMR 51.3 (s, NCH2),
30.1 (t, PCH(CH3)2), 25.9 (dt, CH2P), 25.0 (dt, PCH(CH3)2), 20.5−
18.6 (m, CH3). IR (cm−1, Nujol mull) 3257 (m), 2161 (s, N2), 1283
(w), 1259 (m), 1244 (m), 1061 (s), 959 (m), 929 (w), 906 (m), 827
(m), 818 (w), 791 (w), 729 (m), 698 (m), 665 (w), 607 (w), 520 (w).
Anal. Calc: C, 34.52; H, 6.70; N, 7.55. Observed C, 34.49; H, 6.62; N,
7.32. Mp 140−143 °C (d).
[(HPNPRu)2(μ

2-H2NNH2)(μ-Cl)2](BF4)2 (3). Dry hydrazine (9 μL,
0.29 mmol) was added via syringe to a suspension of 2 (0.32 g, 0.29
mmol) in 25 mL of THF at room temperature and stirred overnight.
The reaction goes from yellow suspension to a yellow-orange
suspension. The solution was filtered over Celite, and the remaining
solid washed with THF (2 × 5 mL). The solution was evaporated to
dryness, and the yellow solid formed was redissolved in CH2Cl2. After
filtration, the solution was concentrated and layered with diethyl ether,
to yield rod-like, yellow crystals (0.18 g, 57%). (3a) Crystals suitable
for an X-ray diffraction study were grown from a concentrated solution
of CHCl3 slowly evaporated; (3b) crystals suitable for an X-ray
diffraction study were grown from a concentrated solution of CH2Cl2
layered with diethyl ether. 3a 1H NMR (CD2Cl2) 5.77 (s, 6H, NH2
and NH), 3.00 (m, 8H, NCH2 (4) and PCH2 (4)), 2.50 (m, 4H,
NCH2), 2.19 (m, 4H, PCH(CH3)2), 1.86 (m, 4H, PCH2), 1.48 (m,
4H, PCH(CH3)2), 1.41−1.20 (m, 48 H, PCH(CH3)2).

31P NMR
68.61 (s). 19F NMR −151.21 (s). 13C NMR 51.43 (NCH2), 30.01 (t,
PCH(CH3)2), 28.13 (m, PCH2), 25.30 (t, PCH(CH3)2), 20.20 (s,
CH3), 20.06 (s, CH3), 19.87 (s, CH3), 18.64 (s, CH3). 3b

1H NMR
(CD2Cl2) 6.49 (d, 1H, NH2), 5.90 (t, 1H, NH2), 5.62 (d, 1H, NH2),
5.46 (t, 1H, NH2), 4.94 (s, 1H, NH), 4.75 (s, 1H, NH). 31P NMR
75.11 (d), 68.58 (d), 75.52 (d), 62.99 (d). The rest of the peaks for 3b
could not be assigned due transformation to 3a and overlap. IR (cm−1,
Nujol mull) 3331 (m, NH2), 3273 (m NH2)), 1598 (m, NH2)), 1051
(s), 1335 (w), 1256 (w), 1051 (s), 998 (s), 882 (s), 826 (s), 763 (m),

700 (m). Anal. Calc: C, 35.28; H, 7.22; N, 5.14. Observed C, 35.02; H,
7.02; N, 5.02. Mp 185−188 °C (d).

[(HPNPRu)2(μ
2-HNNPh)(μ-Cl)2](BF4)2 (4). Dry PhHNNH2 (27

μL, 0.27 mmol) was added via syringe to a suspension of 2 (0.30 g,
0.27 mmol) in 25 mL of THF at room temperature and stirred
overnight. The color of the suspension changed from yellow to purple.
The solution was filtered, and the remaining purple solid washed with
THF (2 × 5 mL). The solid was dissolved in CH2Cl2 and filtered over
Celite. The solution was concentrated and layered with diethyl ether,
to yield plate-like, dark red crystals (0.04 g, 13%). Crystals suitable for
an X-ray diffraction study were grown from a concentrated solution of
CH2Cl2 layered with diethyl ether. 1H NMR (CD2Cl2) 15.55 (s, 1H,
PhNNH), 7.71 (d, 2H, o-C6H5), 7.63 (7, 1H, p-C6H5), 7.55 (t, 2H, m-
C6H5), 6.31 (m, 1H, NH), 6.27 (m, H, NH), 3.26 (m, 4H, NH2), 2.88
(m, 2H, NH2), 2.69 (m, 2H, NH2), 2.58 (m, 2H, PCH(CH3)2), 2.47
(m, 2H, PCH(CH3)2), 2.25 (m, 8H, PCH(CH3)2 (4) and PCH2 (4)),
2.05 (m, 2H, PCH2), 1.98 (m, 2H, PCH2), 1.50−0.88 (m, 48 H,
PCH(CH3)2).

31P NMR 63.60 (s), 56.55 (s). 19F NMR −152.01 (s).
13C NMR 156.56 (i-C), 130.02 (m-C), 128.53 (p-C), 121.63 (m-C),
50.30 and 50.03 (s, NCH2), 37.34 (m, PCH(CH3)2), 31.51 and 29.26
(m, CH2P), 26.87 and 24.92 (m, PCH(CH3)2), 21.25−19.02 (m,
CH3). IR (cm−1, Nujol mull) 3259 (w, NH), 3160 (w, NH)), 1260 (s,
NN)), 1021 (s),800 (m), 720 (w), 689 (w). Anal. Calc: C, 39.22;
H, 6.93; N, 4.81. Observed C, 38.86; H, 6.82; N, 4.67. Mp 245−249
°C (d).

[HPNPRu(NH3)(κ
2-N2H4)](BF4)Cl (5). Dry hydrazine (36 μL, 1.1

mmol) was added via syringe to a solution of 3 (0.05 g, 0.05 mmol) in
5 mL of CH2Cl2 at room temperature under argon atmosphere. The
solution color changed from yellow to light yellow. After 48 h the
solution was layered with diethyl ether to yield rod-like, colorless
crystals (0.03 g, 52%). Crystals suitable for an X-ray diffraction study
were grown from a concentrated solution of CH2Cl2 layered with
diethyl ether. 1H NMR (CD2Cl2) 6.38 (d, 4 H, N2H4), 5.93 (s, 1H,
NH), 2.77 (m, 2H, PCH(CH3)2), 2.65 (m, 2H, NH2), 2.58 (m, 2H,
NH2), 2.47 (m, 2H, PCH2), 2.15 (m, 2H, PCH2), 2.06 (s, 3H, NH3),
1.91 (m, 2H, PCH(CH3)2), 1.39−1.11 (m, 24H, PCH(CH3)2).

31P
NMR 80.19 (s). 19F NMR −149.24 (s), 149.29 (s). IR (cm−1, Nujol
mull) 3287 (m, NH), 3110 (m, NH2)), 1614 (m), 1574 (m), 1427
(m), 1300 (m), 1251 (w), 1150 (m), 1030 (s), 1003 (s), 926 (m), 880
(s), 818 (s), 727 (s), 698 (s). 5 CH2Cl2 Anal. Calc: C, 30.78; H, 7.00;
N, 8.45. Observed C, 30.69; H, 7.14; N, 8.84. Mp 97−100 °C (d).

[(HPNPRu)2(μ-Cl)3]BF4 (6). A solution of cobaltocene (0.11 g, 0.58
mmol) in 10 mL of THF was added dropwise to a suspension of 2
(0.30 g, 0.27 mmol) in 15 mL of THF at room temperature. The color
of the suspension changed from a yellow to yellow-orange. The
reaction mixture was stirred overnight. The solvent was removed
under vacuum, and the product washed with diethyl ether (2 × 5 mL)
and THF (3 × 5 mL). The analytically pure product was obtained as
an orange powder (0.17 g, 63%). Crystals suitable for an X-ray
diffraction study were grown from a concentrated solution of CH2Cl2
layered with diethyl ether. 1H NMR 4.30 (s (br), 2H, NH), 3.15 (m,
2H, PCH(CH3)2), 2.86 (m, 4H, NCH2), 2.75 (m, 2H, PCH(CH3)2),
2.07 (m, 4H, NCH2), 2.04 (m, 2H, PCH(CH3)2), 1.91 (m, 4H,
PCH2), 1.72 (m, 2H, PCH(CH3)2), 1.51−1.08 (m, 52H, PCH(CH3)2
(48) and PCH2 (4))

31P NMR 77.14 (d, 2P), 68.0 (d, 2P). 19F NMR
−152.29 (s), −152.34 (s). 13C NMR 53.5 (s, NCH2), 51.8 (s, NCH2),
31.2 (d, PCH(CH3)2), 29.6 (d, CH2P), 29.3 (t, PCH(CH3)2), 26.4 (d,
CH2P), 26.4 (d, PCH(CH3)2), 20.9−18.8 (m, CH3). IR (cm−1, Nujol
mull) 3118 (m), 1377 (m), 1325 (w), 1260 (m), 1040 (s), 687 (m),
834 (m), 801 (s), 494 (w). Anal. Calc: C, 38.20; H, 7.41; N, 2.78.
Observed C, 38.50; H, 7.24; N, 2.63. Mp 282−284 °C.

{[HPNPRu(H2)]2(μ-Cl)2}(BF4)2 (7). A solution of 2 (0.30 g, 0.27
mmol) in 20 mL of CH2Cl2 was evacuated, and the atmosphere was
replaced with H2 (1 atm), and stirred for 7 days. No change of color is
observed. The solution was concentrated and layered with hexane
under H2 atmosphere, to yield yellow, needle-like crystals (0.21 g,
73%). Crystals suitable for an X-ray diffraction study were grown from
a concentrated solution of CH2Cl2 layered with diethyl ether under H2
atmosphere. 1H NMR (CDCl3) 6.33 (s (br), 2H, NH), 3.50 (m, 4H,
NCH2), 3.01 and 2.89 (m, 4H, NCH2), 2.33 (m, 4H, PCH(CH3)2),
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2.18 (m, 4H, PCH(CH3)2), 1.96 (m, 4H, PCH2), 1.86 (m, 4H, PCH2),
1.51−1.05 (m, 48H, PCH(CH3)2), −7.49 (s (br), 4H, H2).

31P NMR
83.98 (s). 19F NMR −151.71 (s), −151.75 (s). 13C NMR 50.4 (s,
NCH2), 29.1 (m, PCH(CH3)2), 25.9 (m, CH2P), 23.9 (m,
PCH(CH3)2), 21.0−18.0 (m, CH3). IR (cm−1, Nujol mull) 3259
(w), 1260 (m), 1259 (m), 1056 (s), 1061 (s), 800 (m), 668 (w). Anal.
Calc: C, 36.21; H, 7.41; N, 2.64. Observed C, 35.74; H, 7.34; N, 2.61
(N2 readily displaces H2). Mp 161−164 °C (d).
{[HPNPRu(D2)]2(μ-Cl)2}(BF4)2 (7b). A solution of 2 (30 mg, 0.027

mmol) in 0.5 mL of CDCl3 was placed in a J. Young NMR tube. The
solution was cooled using liquid nitrogen, evacuated, the atmosphere
replaced with D2, and the solution was warmed to room temperature
(this procedure was repeated 3 times). The reaction was monitored by
31P NMR spectroscopy, and after 4 days the reaction was more than
90% complete. The presence of the mixed species {[HPNPRu(D2)]-
(μ-Cl)2[HPNPRu(N2)]}(BF4)2 was still observed.

2H NMR (CDCl3)
−7.55 (s). 31P NMR 83.94 (s).
{[HPNPRu(HD)]2(μ-Cl)2}(BF4)2 (7c). The reaction was carried out

analogous to that of 7b with HD. 1H NMR (CDCl3) −7.56 (tt, HD),
JH‑D 30.4 Hz, J H−P 5.6 Hz. 31P NMR{1H} 83.95 (s).
[HPNPRu(CO)2Cl]BF4 (8). A solution of 2 (0.25 g, 0.22 mmol) in

15 mL of CH2Cl2 was evacuated, and the atmosphere was replaced
with CO (1 atm), and stirred overnight. The solution color changed
from yellow to pale yellow (almost colorless). The solution was
concentrated and layered with diethyl ether, to yield block-like,
colorless crystals (0.08 g, 31%). Crystals suitable for an X-ray
diffraction study were grown from a concentrated solution of CH2Cl2
layered with diethyl ether. 1H NMR 4.70 (s (br), 1H, NH), 3.36 (m,
2H, PCH2), 2.66 (m, 4H, PCH(CH3)2), 2.28 (m, 2H, PCH2), 2.03 (m,
4H, NCH2), 1.61−1.32 (m, 24H, PCH(CH3)2).

31P NMR 49.79 (s).
19F NMR −150.08 (s), −150.13 (s). 13C NMR 199.8 (s, CO), 194.2
(s,CO), 57.7 (s, NCH2), 31.8 (t, PCH(CH3)2), 27.4 (t, CH2P), 26.6 (t,
PCH(CH3)2), 19.9 (s, CH3), 19.2 (s, CH3), 19.2 (s, CH3), 19.0 (s,
CH3). IR (cm−1, Nujol mull) 3264 (m), 2090 (m), 2008 (s, CO), 1991
(s, CO), 1377 (m), 1104 (s), 1059 (s), 834 (m), 788 (w), 707 (w),
669 (w), 585 (s). Anal. Calc: C, 36.97; H, 6.33; N, 2.40. Observed C,
36.71; H, 6.33; N, 2.33. Mp 301−304 °C (d).
[(HPNPRu)2(μ

2-OSO2CF3)(μ-Cl)2]OSO2CF3 (9). A solution of
AgOSO2CF3 (0.16 g, 0.62 mmol) in 10 mL of THF was added
dropwise to a suspension of (HPNPRuCl)2(μ-Cl)2 (0.30 g, 0.31
mmol) in 15 mL of THF at room temperature. A white precipitate
appeared, and the color of the solution changed from orange to yellow.
The reaction mixture was stirred overnight. The solvent was removed
under vacuum, the product was extracted with CH2Cl2 (3 × 20 mL)
and filtered through Celite. The solution was concentrated and layered
with hexane to give orange, block-like crystals (0.31 g, 84%). Crystals
suitable for an X-ray diffraction study were grown from a concentrated
solution of CH2Cl2 layered with diethyl ether. 1H NMR 5.94 (s (br),
2H, NH), 3.26 (m, 2H, PCH(CH3)2), 2.95 (m, 4H, PCH(CH3)2 (2),
NCH2 (2)), 2.73 (m, 2H, NCH2), 2.45 (m, 2H, NCH2), 2.33 (m, 2H,
NCH2), 2.11 (m, 2H, PCH(CH3)2), 2.00 (m, 4H, PCH2), 1.93 (m,
2H, PCH(CH3)2), 1.6−1.2 (m, 48, PCH(CH3)2), 1.10 (m, 4H,
PCH2).

31P NMR 70.83 (d, 2P), 70.43 (d, 2P). 19F-NMR −77.26 (s,
3F), −77.67 (s, 3F). 13C NMR 54.8 (d, NCH2), 31.1 (d, PCH(CH3)2),
30.2 (d, PCH(CH3)2), 29.5 (d, PCH2), 27.3 (d, PCH2), 25.0 (m,
PCH(CH3)2), 19.7−19.1(m, CH3). IR (cm−1, Nujol mull) 3444 (w),
1295 (s), 1243 (s) 1224 (s), 1159 (s), 1029 (s), 880 (w), 828 (w), 723
(m), 637 (w), 574 (w), 517 (w). Anal. Calc: C, 34.55; H, 6.31; N,
2.37; S, 5.43. Observed C, 34.67; H, 6.24; N, 2.52; S, 5.83. Mp > 300
°C.
[(HPNPRu)2(μ-Cl)3]BPh4 (10). A solution of AgBPh4 (0.34 g, 0.80

mmol) in 10 mL of THF was added dropwise to a suspension of
(HPNPRuCl)2(μ-Cl)2 (0.30 g, 0.31 mmol) in 15 mL of THF at room
temperature. A white precipitate appears, and the solution color
changed from orange to yellow-orange. The reaction mixture was
stirred overnight, and then heated to reflux for 24 h. The solvent was
removed under vacuum, the product was extracted with CH2Cl2 (3 ×
20 mL), and filtered through Celite. The solution was concentrated
and layered with diethyl ether to yield orange, block-like crystals (0.26
g, 68%). Crystals suitable for an X-ray diffraction study were grown

from a concentrated solution of CH2Cl2 layered with diethyl ether. 1H
NMR 7.44 (m (br), 8H, m-H, BPh4), 7.03 (t, 8H, o-H, BPh4), 6.88 (t,
4H, p-H, BPh4), 3.96 (s (br), 2H, NH), 3.10 (m, 2H, PCH(CH3)2),
2.82 (m, 2H, PCH(CH3)2), 2.54 (m, 2H, NCH2), 2.15 (m, 2H,
NCH2), 2.09 (m, 2H, NCH2), 1.83 (m, 6H, NCH2 (2), PCH2 (4)),
1.72 (m, 2H, PCH(CH3)2), 1.55−1.14 (m, 52H, PCH(CH3)2 (2),
PCH2 (2), PCH(CH3)2 (48)), 0.89 (m, 2H, PCH2).

31P NMR 76.75
(d, 2P), 67.92 (d, 2P). 13C NMR 136.6 (i-C, BPh4), 125.9 (o-C, m-C,
BPh4), 122.0 (p-C, BPh4), 51.9 (d, NCH2), 31.3 (d, PCH(CH3)2), 29.5
(d, PCH2), 29.2 (t, PCH(CH3)2), 20.7−18.8 (m, CH3). IR (cm−1,
powder) 3249 (w), 3053 (w), 2954 (m), 2928 (m), 2869 (m), 1580
(w), 1458 (s), 1427 (m), 1404 (w), 1388 (m), 1368 (m), 1252 (w),
1183 (w), 1087 (s), 1053 (m), 1031 (m), 883 (s), 816 (s). Anal. Calc:
C, 54.30; H, 7.65; N, 2.26. Observed C, 54.57; H, 7.73; N, 2.38. Mp
285−288 °C.

Ammonia Synthesis by Disproportionation of Hydrazine.20

In a typical experiment, 3 μL of hydrazine (0.10 mmol) was added to a
suspension of 3 (11.0 mg, 0.010 mmol) in 10 mL of THF. The
reaction mixture was stirred for 16 h, and 0.2 mL of concentrated HCl
were added via syringe. The volatiles were removed under vacuum,
and 4 M aqueous NaOH (15 mL) was added under argon. Between
10−12 mL of the solution were distilled on 12 mL of H2SO4 (0.5 M),
and the volume was increased to 25 mL with distilled water. The
amount of ammonia produced was analyzed by the indophenol test.50

Additionally, the reaction mixture was treated with HCl/Et2O (1M),
and the formation of ammonia confirmed by 1H NMR in d6-DMSO.

Ammonia Synthesis by Reaction of 4 with Hydrazine,
Cobaltocene, and Lutidinium Tetrafluoroborate.27 In a typical
experiment 4 (11.0 mg, 0.010 mmol)), cobaltocene (160 mg, 0.85
mmol) and lutidinium (320 mg, 1.6 mmol) were placed in a Schlenk
tube. THF (10 mL) and 3 μL of hydrazine (0.10 mmol) were added
via syringe at −78 °C. The reaction mixture was warmed to room
temperature, stirred for 16 h, and worked up as for the
disproportionation reaction.

Ammonia Synthesis by Reaction with HCl. The above
procedure was followed without the addition of hydrazine. The
formation of ammonia was quantified by the indophenol test and
confirmed by 1H NMR. Hydrazine presence was assessed by the p-
(dimethylamino) benzaldehyde test.55

Crystallographic Analyses. Single crystals of 2 to 10 were coated
in Paratone-N oil, mounted on a Kapton loop, and transferred to a
Bruker SMART APEX or APEX II QUAZAR diffractometer with
CCD area detector,56 centered in the beam, and the crystal was cooled
during data collection by a nitrogen flow low-temperature apparatus
previously calibrated by a thermocouple placed at the same position as
the crystal. Preliminary orientation matrices and cell constants were
determined by collection of 60 30-s frames, followed by spot
integration and least-squares refinement. A data collection strategy
was computed with COSMO to ensure a redundant and complete data
set, and the raw data were integrated using SAINT.57 The data were
corrected for Lorentz and polarization effects, but no correction for
crystal decay was applied. An empirical absorption correction based on
comparison of redundant and equivalent reflections was applied using
SADABS.58 XPREP59 was used to determine the space group. The
structures were solved using SHELXS60 and refined on all data by full-
matrix least-squares with SHELXL-97.61 Thermal parameters for all
non-hydrogen atoms were refined anisotropically. Oak Ridge Thermal
Ellipsoid Plot (ORTEP) diagrams were created using ORTEP-32.62

Computational Details. All structures and energies were
calculated using the Gaussian09 suite of programs.63 Self-consistent
field computations were performed with tight convergence criteria on
ultrafine grids, while geometry optimizations were converged to tight
geometric convergence criteria for all compounds. Spin expectation
values ⟨S⟩2 indicated that spin contamination was not significant in any
result. Frequencies were calculated analytically at 298.15 K and 1 atm.
Structures were considered true minima if they did not exhibit
imaginary vibration modes. Optimized geometries were compared
using the sum of their electronic and zero-point energies. To reduce
the computational time, the isopropyl groups attached to phosphorus
were substituted by methyl groups.
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The B3LYP hybrid functional was used throughout this computa-
tional study.64,65 For geometry optimizations and frequency
calculations, the light atoms were treated with 6-31++G(d,p) basis
set,63 whereas the Ru atoms were treated with ECP28MWB66

Stuttgart-type basis set.66,67
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