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ABSTRACT: The synthesis of a series of iron and ruthenium
complexes with the ligand P2P3

Cy, P(CH2CH2PCy2)3 is
described. The iron(0) and ruthenium(0) complexes Fe(N2)-
(P2P3

Cy) (1) and Ru(N2)(P
2P3

Cy) (2) were synthesized by
treatment of [FeCl(P2P3

Cy)]+ and [RuCl(P2P3
Cy)]+ with an

excess of potassium graphite under a nitrogen atmosphere.
The Fe(I) and Ru(I) species [Fe(N2)(P

2P3
Cy)]+ (3) and RuCl(P2P3

Cy) (4) were synthesized by treatment of [FeCl(P2P3
Cy)]+

and [RuCl(P2P3
Cy)]+ with 1 equiv of potassium graphite under a nitrogen atmosphere. The cationic dinitrogen species

[Fe(N2)H(P
2P3

Cy)]+ (6) and [Ru(N2)H(P
2P3

Cy)]+ (7) were formed by treatment of 1 and 3, respectively, with 1 equiv of a weak
organic acid. The iron(II) complex Fe(H)2(P

2P3
Cy) (5) was also synthesized and characterized. Complexes [RuCl(P2P3

Cy)]-
[BPh4], 1, 2, 3[BPh4], 4, 5, 6[BF4], and 7[BF4] were characterized by X-ray crystallography. The Fe(I) and Ru(I) complexes 3
and 4 were characterized by electron paramagnetic resonance (EPR) spectroscopy, and the Fe(I) complex has an EPR spectrum
typical of a metal-centered radical.

■ INTRODUCTION

The first dinitrogen complexes were identified in 1965,1 and
dinitrogen complexes have since proliferated with the synthesis
of a wide variety of transition metal complexes of dinitrogen.2

Transition metal dinitrogen complexes which contain a
sterically hindered ligand environment around the metal
stabilize and protect the reactive metal center, producing
interesting reaction chemistry.3 In this paper, we report the use
of the very hindered tripodal tetradentate phosphine ligand
P2P3

Cy,4 (P(CH2CH2PCy2)3) to produce a range of previously
unknown iron and ruthenium complexes containing bound
dinitrogen. The polydentate polyphosphine ligands P-
(CH2CH2PR2)3 (PP3) are known with phenyl,5 methyl,6

isopropyl,7 tert-butyl,8 and cyclohexyl9 substituents on the
terminal phosphine donors. The PP3-type ligands form strong
complexes with Fe and Ru centers and are known to support
dinitrogen bound at the metal center. While the low oxidation
state iron and ruthenium dinitrogen complexes have been
explored with the less sterically encumbered PP3 ligands with
methyl6 and isopropyl7 substituents, the more sterically
encumbered tert-butyl and cyclohexyl derivatives have not yet
been studied.
There are now a number of examples in the literature of

iron(0) dinitrogen complexes reacting with acid to give “fixed”
dinitrogen in the form of NH3 and N2H4. Complexes such as
Fe(N2)(dmpe)2 (dmpe = Me2PCH2CH2PMe2),

10 Fe(N2)-
(NP3) (NP3 = N(CH2CH2PPh 2 ) 3 ) ,

3 b and Fe -
(DMeOP r PE ) 2 (N 2 ) (DMeOP r PE = 1 , 2 - ( b i s -
(dimethoxypropyl)phosphino)ethane)11 have all been reported
to display this reactivity. However, to date, reactivity of
coordinated dinitrogen with acid has not been observed for

iron(0) complexes containing podand-type ligands. When
Fe(N2)(P

2P3
iPr) (P2P3

iPr = P(CH2CH2PiPr2)3)
7 and Fe(N2)-

(P2P3
Me) (P2P3

Me = P(CH2CH2PMe2)3)
12 react with acid, the

result is the protonation of the metal center to give the stable
iron(II) hydrido nitrogen complexes [Fe(N2)(P

2P3)H]
+ rather

than reaction at the dinitrogen ligand. Increasing the steric bulk
on the PP3-type ligand should result in greater protection of the
reactive metal center with a greater potential for reaction at the
coordinated dinitrogen.
As part of our ongoing work investigating the chemistry of

coordinated dinitrogen, we have now studied the synthesis and
reactions of dinitrogen complexes with the P2P3

Cy [P-
(CH2CH2PCy2)3] ligand. We report here the synthesis and
characterization of the iron(0), ruthenium(0), and iron(I)
dinitrogen complexes Fe(N2)(P

2P3
Cy) (1), Ru(N2)(P

2P3
Cy)

(2), and [Fe(N2)(P
2P3

Cy)]+(3), with the structural character-
ization of 3 being the first report of a cationic dinitrogen
complex of iron(I). The isolation and structure of RuCl-
(P2P3

Cy) (4), the first stable ruthenium(I) monomeric complex
with a neutral ligand, is also discussed, and the protonation
reactions of the various dinitrogen species are investigated.

■ RESULTS AND DISCUSSION

Tri s(2 -d icyc lohexy lphosph inoethy l)phosph ine , P-
(CH2CH2PCy2)3, (P2P3

Cy), and the iron and ruthenium
chloride complexes [RuCl(P2P3

Cy)][BPh4], [RuCl(P2P3
Cy)]-

[Cl], and [FeCl(P2P3
Cy)][BPh4] were synthesized by literature

methods.9 While [RuCl(P2P3
Cy)][BPh4] has been previously
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synthesized by Morris et al.,9 characterization of the complex
did not include any structural analysis. Full structural analysis of
[RuCl(P2P3

Cy)][BPh4] is included in the Supporting Informa-
tion.
Fe(N2)(P2P3

Cy) (1) and Ru(N2)(P2P3
Cy) (2). The iron(0)

and ruthenium(0) dinitrogen complexes Fe(N2)(P2P3
Cy) (1)

and Ru(N2)(P2P3
Cy) (2) were synthesized by treatment of a

THF solution of [FeCl(P2P3
Cy)][BPh4] or [RuCl(P2P3

Cy)]-
[Cl], with potassium graphite under an atmosphere of nitrogen
(Scheme 1). After workup, Fe(N2)(P2P3

Cy) (1) was obtained

as an orange/red solid, and Ru(N2)(P2P3
Cy) (2) as a yellow

solid. In the synthesis of Fe(N2)(P2P3
Cy) (1), the iron

dihydride Fe(H)2(P
2P3

Cy) (5) was formed as a side product
in variable amounts in addition to the desired nitrogen
complex. The amount of Fe(H)2(P

2P3
Cy) (5) was decreased

by shorter reaction times, but it was still necessary to use
fractional crystallization to obtain Fe(N2)(P2P3

Cy) (1) of
sufficient purity for characterization.
The iron(0) species Fe(N2)(P2P3

Cy) (1), unlike its iron(II)
precursor [FeCl(P2P3

Cy)][BPh4], is diamagnetic and has a
characteristic splitting pattern in the 31P{1H} NMR spectrum
for a trigonal bipyramidal complex containing a tripodal
tetradentate phosphine ligand. The resonance of the central
phosphine, PC of Fe(N2)(P

2P3
Cy) (1), appears at low field at

175.3 ppm as a quartet with coupling to the three equivalent
terminal phosphines PE with a coupling constant of 36 Hz. The
three equivalent terminal phosphines PE appear as a doublet at
84.2 ppm with splitting due to PC. In the 31P{1H} NMR
spectrum of the ruthenium(0) species Ru(N2)(P

2P3
Cy) (2), the

resonances of the central phosphine PC and the three
equivalent terminal phosphines PE appear as a quartet at
160.7 ppm (2JP−P = 22 Hz) and a doublet at 73.9 ppm,
respectively, with the signal intensity in a ratio of 1: 3. The
signals in the 31P{1H} NMR spectrum of 2 are sharp, suggestive
of a trigonal bipyramidal structure in solution.
Ru(15N2)(P

2P3
Cy) (15N2-2). Synthesis of Ru(15N2)(P

2P3
Cy)

(15N2-2) was performed by placing of 15N2 gas (1.5 atm) over a
degassed solution of RuN2(P

2P3
Cy) (2) in benzene-d6.

The resolution-enhanced 31P{1H} NMR spectrum of the
15N-labeled ruthenium(0) species Ru(15N2)(P

2P3
Cy) (15N-2)

(Figure 1) clearly shows additional splitting due to the
coordinated 15N2 ligand. The resonance of the central
phosphorus, PC of 15N2-2, appears as a doublet of quartets of
doublets at 160.8 ppm and that of the terminal PE phosphines
as a doublet of doublet of doublets at 74.0 ppm. The
assignment of the 31P−15N coupling constants is based on the
premise that the absolute value of the 2JP−N coupling is larger
than that for the 3JP−N coupling.13 The 2JP−N coupling constant
of the PC resonance (31 Hz) is significantly greater than the
2JP−P coupling constant (22 Hz) and an order of magnitude
greater than the 3JP−N coupling constant (3 Hz). The order of
magnitude difference between 2JP−N and 3JP−N trans coupling

constants has been previously noted across the ruthenium
center of a pyrazolyl phosphine complex, chloro-
(triphenylphosphine)bis[bis(1-pyrazolyl)methane]ruthenium-
(II) chloride.7,14 In contrast, the 31P−15N coupling constants
between PE and the coordinated dinitrogen (2JP−N and 3JP−N)
are 5 and 2 Hz, respectively.
Attempts to synthesize the analogous Fe(15N2)(P

2P3
Cy)

(15N2-1) were unsuccessful as the introduction of 1.5 atm of
15N2 gas to a degassed solution of FeN2(P

2P3
Cy) (1) gave only

FeN2(P
2P3

Cy) (1) and failed to displace 14N dinitrogen from
the complex.
Orange crystals of Fe(N2)(P2P3

Cy) (1) suitable for analysis
by X-ray diffraction were grown by slow evaporation of a
benzene solution of 1 (Figure 2). Selected bond lengths and
bond angles are listed in Table 1.

Scheme 1

Figure 1. 31P{1H} NMR spectrum (162 MHz, C6D6, 298 K) of
Ru(15N2)(P

2P3
Cy) (15N2-2).

Figure 2. ORTEP diagram (50% thermal ellipsoids, non-hydrogen
atoms) of Fe(N2)(P

2P3
Cy) (1) excluding benzene solvate.
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The geometry around the metal center of Fe(N2)(P
2P3

Cy)
(1) approximates well to trigonal bipyramidal as demonstrated
by a τ value of τ = 0.91, where τ is a geometric parameter
indicative of 5-coordinate complex geometry (τ = 0 is perfect
square pyramidal geometry and τ = 1 is perfect trigonal-
bipyramidal geometry).15 The N−N triple bond length of
1.134(3) Å indicates modest activation compared to the N−N
triple bond length for free dinitrogen (1.10 Å).16 Two iron(0)
dinitrogen complexes with four phosphorus donors have
previously been structurally characterized, the analogous
Fe(N2)(P

2P3
iPr) (P2P3

iPr = P(CH2CH2PiPr2)3,
7 and Fe(N2)-

(depe)2 (depe = Et2PCH2CH2PEt2).
17 All three structures are

comparable, with Fe(N2)(P
2P3

iPr) and Fe(N2)(depe)2 having
N−N bond distances of 1.1279(16) and 1.14(1) Å respectively,
compared with a N−N distance of 1.134(3) Å for 1. All three
complexes also have similar trigonal bipyramidal geometry, the
only difference being that Fe(N2)(depe)2 has the dinitrogen
ligand located in an equatorial position rather than the axial
position of dinitrogen found in both Fe(N2)(P

2P3
Cy) (1) and

Fe(N2)(P
2P3

iPr).
Crystals of Ru(N2)(P

2P3
Cy) (2) suitable for structural

analysis were grown by cooling a saturated pentane solution
at −20 °C (Figure 3). Selected bond lengths and bond angles
are listed in Table 2.
The geometry about the metal center of RuN2(P

2P3
Cy) (2) is

perfectly trigonal bipyramidal (τ = 1.0) with the three arms of
the P2P3

Cy ligand being equivalent by symmetry. This is the

second structurally characterized ruthenium(0) dinitrogen
complex with the first being the analogous Ru(N2)(P

2P3
iPr)

(P2P3
iPr = P(CH2CH2P

iPr2)3).
7 Both have similar ruthenium

phosphine bond distances and similar levels of dinitrogen
ligand activation, as evidenced by the N−N bond lengths of
1.097(2) Å for 2, versus 1.109(4) Å for Ru(N2)(P

2P3
iPr). The

N−N distances are similar to the bond length for free
dinitrogen (1.10 Å)16 demonstrating minimal overall N2
activation. The lack of activation of the dinitrogen ligand
suggests weak coordination, which is also consistent with the
observed facile exchange of this ligand with 15N2.
The infrared spectrum of Fe(N2)(P

2P3
Cy) (1) displays a

sharp absorbance at 1996 cm−1 which is assigned to the
nitrogen−nitrogen triple bond stretch ν(NN). The ν(N
N) stretch is also a measure of the degree of activation of the
N−N triple bond when bound to a metal center, with
frequencies usually found between the frequency for free
dinitrogen at 2331 cm−1 and that for a diazene derivative
PhNNPh at 1442 cm−1.2a Monomeric iron(0) dinitrogen
complexes have been identified with ν(NN) absorbances in
the range 1830−2141 cm−1.18 In comparison to other iron(0)
dinitrogen complexes, 1 has an average level of nitrogen
activation, sitting slightly below the level of nitrogen activation
observed for Fe(dmpe)2(N2)

19 (1975 cm−1) and Fe-
(DMeOPrPE)2(N2)

11 (1966 cm−1). It should be noted that
several controlled studies have demonstrated that there is not
always a correlation between the level of dinitrogen activation
and the extent of nitrogen reactivity,20 but in the case of iron
complexes dinitrogen reactivity correlates reasonably well with
dinitrogen activation.18

The infrared spectrum of Ru(N2)(P
2P3

Cy) (2) displays a
sharp absorbance at 2083 cm−1 assigned to the nitrogen−
nitrogen triple bond stretch ν(NN). The higher value when
compared to that of Fe(N2)(P

2P3
Cy) (1) highlights the lower

level of dinitrogen activation in ruthenium complexes when
compared to those of analogous iron complexes. The value is
comparable to that observed for other ruthenium(0) dinitrogen
complexes such as Ru(N2)(P(CH2CH2P

iPr2)3) (2083 cm−1).7

Iron(I) and Ruthenium(I) Complexes. The iron(I)
dinitrogen complex [Fe(N2)(P2P3

Cy)][BPh4] (3[BPh4]) was
synthesized by treatment of a THF solution of [FeCl(P2P3

Cy)]-
[BPh4] with 1 equiv of potassium graphite under an
atmosphere of nitrogen (Scheme 2). After workup, 3[BPh4]
was obtained as a deep red solid.
Attempting a similar reaction to produce the ruthenium(I)

dinitrogen complex was unsuccessful. Reacting 1 equiv of
potassium graphite with [RuCl(P2P3

Cy)][BPh4] in THF
resulted in a mixture of the starting material and Ru(N2)-
(P2P3

Cy) (2). Using the chloride salt [RuCl(P2P3
Cy)][Cl] in the

place of [RuCl(P2P3
Cy)][BPh4] under the same reaction

Table 1. Selected Bond Lengths (Å) and Angles (°) for
Fe(N2)(P

2P3
Cy) (1)

N1−N2 1.134(3) Fe1−N1 1.812(2)
Fe1−P1 2.1430(9) Fe1−P2 2.2105(9)
Fe1−P3 2.2301(12) Fe1−P4 2.1991(8)
N1−Fe1−P1 178.90(7) N1−Fe1−P2 93.84(8)
N1−Fe1−P3 97.18(9) N1−Fe1−P4 95.06(8)
P1−Fe1−P2 85.06(4) P1−Fe1−P3 83.42(5)
P1−Fe1−P4 85.51(4) P2−Fe1−P3 124.14(3)
P2−Fe1−P4 118.72(4) P3−Fe1−P4 114.55(4)
Fe1−N1−N2 178.9(2)

Figure 3. ORTEP plot (50% thermal ellipsoids, non-hydrogen atoms)
of RuN2(P

2P3
Cy) (2) within each asymmetric unit. Pentane solvate has

been omitted for clarity.

Table 2. Selected Bond Lengths (Å) and Angles (°) for
RuN2(P

2P3
Cy) (2)

N1−N2 1.097(2) Ru1−N1 2.0033(17)
Ru1−P1 2.2172(5) Ru1−P2 2.3299(5)
Ru1−P3 2.3302(5) Ru1−P4 2.3227(5)
Ru1−N1−N2 179.8(2) P1−Ru1−N1 179.92(5)
P2−Ru1−N1 96.28(5) P3−Ru1−N1 96.84(4)
P4−Ru1−N1 96.03(4) P1−Ru1−P2 83.720(17)
P1−Ru1−P3 83.227(17) P1−Ru1−P4 83.905(17)
P2−Ru1−P3 118.866(17) P2−Ru1−P4 118.374(17)
P3−Ru1−P4 119.102(17)
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conditions resulted in the synthesis of the ruthenium(I) chloro
complex RuCl(P2P3

Cy) (4) as a blue solid after workup
(Scheme 3).

Until recently, there were no stable ruthenium(I) complexes
known. The few Ru(I) species that had been identified were
unstable species, often produced by electrochemical methods
where the products were not able to be isolated. Ru(dppp)2Cl
(dppp = 1,3-bisdiphenylphosphinopropane) was the first Ru(I)
complex to be produced, and its instability was attributed to the
presumed lability of the chloro ligand which opened facile
decomposition pathways through disproportionation.21 A
longer lived complex Ru(PP3)Cl (PP3 = P(CH2CH2PPh2)3)
was later identified but could not be successfully isolated.5a The
first stable ruthenium(I) compounds were isolated when
anionic ligands of the type (SiPiPr

3)
− ((SiPiPr

3)
− = (2-

iPr2PC6H4)3Si
−) imparted extra stability by having a nonlabile,

charge stabilizing anionic ligand. Both [(SiPiPr
3)Ru(N2)] and

[(SiPiPr3)Ru(PMe3)]
22 were isolated and characterized using

the Si-centered anionic polydentate ligands. Our synthesis of
RuCl(P2P3

Cy) (4) demonstrates that it is indeed possible to
generate stable ruthenium(I) complexes even with labile chloro
ligands. The increased stability in our system probably stems
from the increased steric bulk of the neutral phosphine ligand,
which may inhibit the interaction between ruthenium(I)
centers necessary for a disproportionation reaction.
Crystals of [Fe(N2)(P2P3

Cy)][BPh4] (3[BPh4]) suitable for
structural analysis were grown by vapor diffusion of pentane
into a THF solution of 3[BPh4] (Figure 4). Selected bond
angles and lengths are listed in Table 3.
The geometry of [Fe(N2)(P

2P3
Cy)]+ (3) is that of a distorted

trigonal bipyramid with atoms P2, P3, and P4 making up the
equatorial plane and P1, and N1 at the two apexes (τ = 0.91).15

This is the first structurally characterized iron(I) dinitrogen
cation, with the previous three structurally characterized iron(I)
dinitrogen complexes [Fe(SiPiPr

3)(N2)], [Fe(SiPPh
3)(N2)]

(SiPR
3 = [(R2PC6H4)3Si]

−)23 and [2-[2,6-(iPr)2PhNC-
(CH3)]-6-[2,6-(iPr)2PhN−CHCH2](C5H3N)]Fe−N2

24 hav-
ing had anionic ligands resulting in neutral complexes.
[Fe(SiPiPr3)(N2)] has a similar level of distortion from trigonal
bipyramidal (τ = 0.88), whereas [Fe(SiPPh

3)(N2)] is rigorously
trigonal bipyramidal (τ = 1.00). The distortion away from
trigonal bipyramidal is probably due to the steric influence of
the bulkier isopropyl and cyclohexyl groups and the way they

pack against each other, rather than the innate geometrical
preferences of an iron(I) center.
The infrared spectrum of [Fe(N2)(P

2P3
Cy)]+ (3) shows a

sharp absorbance at 2059 cm−1 assigned to the nitrogen−
nitrogen triple bond stretch ν(NN). This is less activated
than the previously identified iron(I) dinitrogen complexes for
which IR data are available [Fe(N2)(SiP

iPr
3)] (2003 cm−1) and

[Fe(N2)(SiP
Ph

3)] (2041 cm−1).23 The ν(NN) for 3 does
however lie to the lower end of the range of ν(NN) values
for iron(II) complexes which have been measured between
2040 and 2145 cm−1.18

Crystals of RuCl(P2P3
Cy) (4) suitable for structural analysis

were grown by slow evaporation of a concentrated pentane
solution of 4 (Figure 5). Selected bond angles and lengths are
listed in Table 4.
The geometry of RuCl(P2P3

Cy) (4) lies about halfway
between trigonal bipyramidal and square-based pyramidal, and
this is consistent with the value of τ for the structure being
close to 0.5 (τ = 0.56).15 The distorted geometry is due to the
P1−Ru1−P3 angle (142.53(9)°) being much larger than the
angles between the other equatorial phosphine donors P1−
Ru1−P2 and P2−Ru1−P3 (108.14(9)° and 104.95(9)°),
respectively, however not close enough to 180° for square-
based pyramid geometry. The Ru1−Cl1 bond length in
RuCl(P2P3

Cy) (4) (2.486(2) Å) is longer than that of the
Ru−Cl bond in the ruthenium(II) precursor [RuCl(P2P3

Cy)]-
[BPh4] (2.4235(12) Å) as identified crystallographically (see
Supporting Information). The increased Ru−Cl bond length is
probably due to the decreased charge on the ruthenium atom
and indicates that the chloro ligand in RuCl(P2P3

Cy) (4) is

Scheme 2

Scheme 3

Figure 4. ORTEP diagram (50% thermal ellipsoids, non-hydrogen
atoms) of [Fe(N2)(P

2P3
Cy)][BPh4] (3[BPh4]).

Table 3. Selected Bond Lengths (Å) and Angles (°) for
[Fe(N2)(P

2P3
Cy)][BPh4] (3[BPh4])

N1−N2 0.987(6) Fe1−N1 1.878(6)
Fe1−P1 2.1870(16) Fe1−P2 2.3010(16)
Fe1−P3 2.2760(17) Fe1−P4 2.2981(16)
N1−Fe1−P1 177.80(16) N1−Fe1−P2 95.88(16)
N1−Fe1−P3 97.29(16) N1−Fe1−P4 94.16(16)
P1−Fe1−P2 83.90(6) P1−Fe1−P3 84.72(6)
P1−Fe1−P4 83.97(6) P2−Fe1−P3 118.56(6)
P2−Fe1−P4 114.93(6) P3−Fe1−P4 123.48(6)
Fe1−N1−N2 178.2(7)
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likely to be more labile that the chloro ligand in [RuCl-
(P2P3

Cy)][BPh4]. The increased stability of RuCl(P2P3
Cy) (4)

over previously identified ruthenium(I) chloro complexes is
therefore not likely to be due to a decrease in chloro ligand
lability and can probably best be attributed to the increased
steric bulk preventing interaction between ruthenium(I)
centers which could ultimately lead to decomposition through
disproportionation.
There are only two other structurally characterized

monomeric Ru(I) complexes [(SiPiPr
3)Ru(N2)] and [(SiPiPr

3)-
Ru(PMe3)],

22 both of which utilize the silicon centered ligand
(SiPiPr3)

− ((SiPiPr3)
− = ((2-iPr2PC6H4)3Si)

−). Both of these
structures are closer to having trigonal bipyramidal geometry (τ

values of 0.76 and 0.86 respectively) than RuCl(P2P3
Cy) (4),

but both of these structures are still significantly distorted from
a pure trigonal bipyramidal geometry. The indications are that
5-coordinate ruthenium(I) complexes prefer a geometry which
is neither a square pyramidal geometry like ruthenium(II) nor a
trigonal bipyramidal geometry like ruthenium(0) but some-
thing midway between the two.
Although complexes [Fe(N2)(P2P3

Cy)][BPh4] (3[BPh4])
and RuCl(P2P3

Cy) (4) are formally Fe(I) and Ru(I) complexes,
the possibility of a ligand-centered radical cannot be excluded
based on structural studies alone, especially in light of the
growing recognition of redox non-innocence of many auxiliary
ligands.25 To investigate the distribution of spin density in 3
and 4, electron paramagnetic resonance (EPR) spectra were
obtained at 77 K in THF glass (Figure 6 and the Supporting
Information). Each spectrum exhibits rhombic features with
hyperfine coupling to the phosphorus atoms of the ligand.
In assessing metal radical character, the anisotropy of the g

values (g being a constant of proportionality, whose value is the
property of the electron in a certain environment) (Δg = gmax −
gmin) is particularly noteworthy, since a large Δg value has been
noted as a crude indication of metalloradical character for S =
1/2 systems,26 though there are some examples of ligand
centered radicals with large Δg.27 Proven ligand centered
radicals have lower Δg in the range of 0.0575−0.0779,28,29 with
proven metal centered radicals having larger Δg in the realm of
0.197−0.252.30
The relatively large Δg value for[Fe(N2)(P2P3

Cy)]+ 3 of
0.226 clearly indicates a metal-centered radical, while RuCl-
(P2P3

Cy) 4, with a Δg value of 0.103 is less diagnostic. Although
g values alone cannot be used as a quantitative measure of spin
density, the simulated EPR parameters also support 3 and 4
being metalloradicals.

Fe(H)2(P
2P3

Cy) (5). Fe(H)2(P
2P3

Cy) (5) was first observed as
a side product in the synthesis of Fe(N2)(P

2P3
Cy) (1). Because

Fe(H)2(P
2P3

Cy) 5 was formed alongside FeN2(P
2P3

Cy) 1 and
was difficult to separate and purify, an authentic sample was
synthesized by reduction of FeCl(P2P3

Cy)][BPh4]. FeCl-
(P2P3

Cy)][BPh4] was reacted with potassium triethylborohy-
dride (KBEt3H) in toluene (Scheme 4). Crystals suitable for
structural analysis were grown by slow evaporation of a toluene
solution of complex 5 (Figure 7). Selected bond angles and
lengths are listed in Table 5.
The geometry of Fe(H)2(P

2P3
Cy) (5) is distorted octahedral,

with the two hydrides in a mutually cis arrangement. The
distortion away from octahedral is due to expanded P−Fe−P
bond angles between the terminal phosphines P2−Fe1−P3 and

Figure 5. ORTEP diagram (50% thermal ellipsoids, non-hydrogen
atoms) of RuCl(P2P3

Cy) (4); pentane solvate omitted for clarity.

Table 4. Selected Bond Lengths (Å) and Angles (°) for
RuCl(P2P3

Cy) (4)

Ru1−Cl1 2.486(2) Ru1−P1 2.356(2)
Ru1−P2 2.332(2) Ru1−P3 2.345(3)
Ru1−P4 2.196(2)
Cl1−Ru1−P1 95.44(8) Cl1−Ru1−P2 99.61(8)
Cl1−Ru1−P3 95.90(8) Cl1−Ru1−P4 176.34(9)
P1−Ru1−P2 108.14(9) P1−Ru1−P3 142.53(9)
P1−Ru1−P4 83.28(9) P2−Ru1−P3 104.95(9)
P2−Ru1−P4 84.05(9) P3−Ru1−P4 83.15(9)

Figure 6. Experimental (upper) and simulated (lower) EPR spectra of (a) of [Fe(N2)(P2P3
Cy)]+ 3 (77 K); (gx, gy, gz) = (2.225, 2.040,1.999); and

(b) EPR spectrum of RuCl(P2P3
Cy) 4 (77 K); (gx, gy, gz) = (2.104, 2.064, 2.0005). See Supporting Information for other parameters.
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P3−Fe1−P4 (>105°), resulting in compressed H2−Fe1−P2
and H2−Fe1−P4 bond angles. Three other iron dihydride
complexes with phosphine ligands have been previously
c h a r a c t e r i z e d c r y s t a l l o g r a p h i c a l l y 3 1 w i t h F e -
(H)2(Ph2PCH2CH2PPh2)2

31a and Fe(H)2[(PhP(OC2H5)2]4
31b

both also being complexes having mutually cis hydrido ligands.
Fe(H)2(Ph2PCH2CH2PPh2)2, Fe(H)2[(PhP(OC2H5)2]4, and
Fe(H)2(P

2P3
Cy) (5) all share similar distorted octahedral

geometry with much smaller P−Fe−H bond angles than P−
Fe−P bond angles. These compressed P−Fe−H bond angles
can be attributed to the small size of the hydride ligands, which
allows the bulkier phosphines to relieve steric strain by moving
toward the hydrides. The small differences observed in bond
lengths and angles can be attributed to the different denticity of
the ligands in all three complexes resulting indifferent steric
constraints on the final structure.

The 31P{1H} NMR spectrum of Fe(H)2(P
2P3

Cy) (5)
contains only two sharp resonances at 315 K, a quartet at
174.4 ppm assigned to the central phosphine PC and a doublet
at 102.3 ppm assigned to the terminal phosphines PE/T in a 1:3
ratio, with a 31P−31P coupling constant of 18 Hz (Figure 8).

This spectrum is consistent with fast exchange occurring
between the terminal phosphorus environments, PE and PT. At
240 K, the exchange is slowed causing significant broadening of
the PE/T resonance. As the temperature is lowered further to
190 K, two distinct broad resonances emerge at δ 96.8 and δ
113.7 for the two PE and one PT phosphine atoms respectively
(Figure 8).
The 1H NMR spectrum of Fe(H)2(P

2P3
Cy) (5) shows a

corresponding exchange with the two hydride signals in fast
exchange at 285 K (Figure 9) giving rise to a single sharp

resonance at −12.84 ppm. At 240 K, the hydride resonance was
broadened to the point where 2JH−P coupling could no longer
be observed. At 210 K two broad resonances appeared at −7.95
and −17.71 ppm, with these resonances becoming significantly
sharper at 190 K (Figure 9).
The iron dihydride Fe(H)2(P

2P3
Cy) (5) has a faster rate of

exchange than that observed for the analogous dihydride
Fe(H)2(P

2P3
Me) (P2P3

Me = P(CH2CH2PMe2)3).
6b This sup-

ports previous discussion that the mechanism of exchange for
iron dihydrides with tetradentate phosphine ligands was most

Scheme 4

Figure 7. ORTEP plot (50% thermal ellipsoids) of Fe(H)2(P
2P3

Cy)
(5) within each asymmetric unit. Selected hydrogen atoms and second
complex in the asymmetric unit have been omitted for clarity.

Table 5. Selected Bond Lengths (Å) and Angles (°) for
[Fe(H)2(P

2P3
Cy)] (5)

Fe1−H1 1.44(3) Fe1−H2 1.47(3)
Fe1−P1 2.1108(8) Fe1−P2 2.1776(8)
Fe1−P4 2.1766(8) Fe1−P3 2.2036(8)
H1−Fe1−P2 94.9(12) H1−Fe1−P1 177.6(12)
H1−Fe1−P3 94.5(11) H1−Fe1−P4 89.9(12)
H2−Fe1−P2 65.6(11) H2−Fe1−P1 91.2(11)
H2−Fe1−P3 173.1(11) H2−Fe1−P4 75.7(11)
P1−Fe1−P2 86.85(3) P2−Fe1−P3 107.76(3)
P2−Fe1−P4 140.77(3) P1−Fe1−P3 86.35(3)
P1−Fe1−P4 87.75(3) P3−Fe1−P4 110.61(3)
H1−Fe1−H2 88.1(15)

Figure 8. Variable temperature 31P{1H} NMR spectra (600 MHz,
toluene-d8) of Fe(H)2(P

2P3
Cy) (5) with spectra at (from front) at 190,

210, 225, 240, 254, and 315 K.

Figure 9. Variable temperature 1H NMR spectra (600 MHz, toluene-
d8) of the high field region of Fe(H)2(P

2P3
Cy) (5) with spectra at

(from front) 190, 200, 210, 225, 240, 254, 271, and 285 K.
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likely a process of temporary detachment of one of the bound
phosphines to give a five coordinate complex which could
undergo facile pseudorotation before recoordination of the
fourth phosphine. This process would be accelerated by
increased steric bulk on the terminal phosphines as the steric
repulsion between the terminal phosphines would increase,
lowering the barrier for detachment.
Reactivity of Dinitrogen Complexes. Treatment of the

iron(0) and ruthenium(0) dinitrogen species Fe(N2)(P2P3
Cy)

(1) and Ru(N2)(P
2P3

Cy) (2) with 1 equiv of the weak organic
acid 2,6-lutidinium tetrafluoroborate results in protonation of
the metal centers to give the iron(II) and ruthenium(II)
dinitrogen hydride complexes [FeH(N2)(P

2P3
Cy)]+ (6) and

[RuH(N2)(P
2P3

Cy)]+ (7), respectively (Scheme 5). [FeH(N2)-

(P2P3
Cy)]+ (6) could also be generated by the treatment of

Fe(H)2(P
2P3

Cy) (5) with 1 equiv of 2,6-lutidinium tetrafluor-
oborate under a nitrogen atmosphere, and it was this synthetic
method which was used to synthesize samples for character-
ization purposes. [FeH(N2)(P

2P3
Cy)]+ (6) and [RuH(N2)-

(P2P3
Cy)]+ (7) are both stable with respect to further

protonation with 2,6-lutidinium tetrafluoroborate. Reaction of
Fe(N2)(P2P3

Cy) (1) and Ru(N2)(P2P3
Cy) (2) with an excess of

stronger acids such as hydrochloric acid and triflic acid leads to
protonation of the phosphine ligand and no identifiable
products of reaction at the coordinated nitrogen. Treatment
of [Fe(N2)(P2P3

Cy)][BPh4] (3[BPh4]) with 1 equiv of acid,
either 2,6-lutidinium tetrafluoroborate or fluoroboric acid,
resulted in the very slow synthesis of [FeH(N2)(P

2P3
Cy)]+

(6) most likely through acid assisted disproportionation.
[FeH(N2)(P

2P3
Cy)]+ (6) is analogous to the known iron(II)

dinitrogen hydride species [FeH(N2)(P
2P3

Me)]+ (P2P3
Me =

P(CH2CH2PMe2)3)
6b,32 and [FeH(N2)(P

2P3
iPr)]+ (P2P3

iPr =
P(CH2CH2PiPr2)3),

7 and [RuH(N2)(P
2P3

Cy)]+ (7) is analo-
gous to the known ruthenium(II) dinitrogen hydride species
[RuH(N2)(P

2P3
iPr)]+.7 These dinitrogen hydride complexes

could also be formed through attack of a weak acid at the
appropriate iron(0) and ruthenium(0) dinitrogen complex.
The 31P{1H} NMR spectra of complexes 6 and 7 exhibit the

three characteristic resonances of an octahedral species with a
tripodal tetradentate phosphine ligand. The central phosphine
PC signal of [FeH(N2)(P

2P3
Cy)]+ (6) at the relatively low field

shift of 160.7 ppm is observed as a doublet of triplets with
coupling constants of 28 and 24 Hz to PT and PE, respectively.
The two equivalent terminal phosphines PE exhibit a resonance
at 79.8 ppm which appears as a doublet of doublets and has
twice the intensity of the other signals for PC and PT. The
coupling constant of PE to PT is 11 Hz. The resonance of PT
appears as a well resolved doublet of triplets at 70.3 ppm. The
metal-bound hydride of 6 appears as a triplet of doublets of
doublets at −14.62 ppm in the 1H NMR spectrum, coupling to

PE, PT, PC with coupling constants of 69 Hz, 53 and 25 Hz
respectively.
The 31P{1H} NMR spectra of [RuH(N2)(P

2P3
Cy)]+ (7)

displays the central PC signal at the low field shift of 140.7 ppm
as a doublet of triplets with a coupling constants of 11 and 11
Hz to PT and PE, respectively. The two equivalent terminal
phosphines PE exhibit a resonance at 63.8 ppm which is
observed as a doublet of doublets and has twice the intensity of
the signals for PC and PT. The coupling constant of PE to PT is
11 Hz. The resonance of PT appears as a well resolved doublet
of triplets at 51.4 ppm. The metal-bound hydride of 7 appears
as a double of triplets of doublets at −11.26 ppm in the 1H
NMR spectrum, coupling to PT, PE, and PC with coupling
constants of 72, 26, and 23 Hz respectively.
The infrared spectrum of [FeH(N2)(P

2P3
Cy)]+ (6) displays a

sharp absorbance at 2107 cm−1, and the spectrum of
[RuH(N2)(P

2P3
Cy)]+ (7) displays a similar absorbance at

2172 cm−1, both of which are assigned to the dinitrogen stretch
ν(NN) for the respective complexes. These high values
indicate the lower level of dinitrogen activation when bound to
an Fe(II) or Ru(II) center when compared to the Fe(0), Ru(0),
and Fe(I) dinitrogen complexes Fe(N2)(P

2P3
Cy) (1), Fe(N2)-

(P2P3
Cy) (2), and [Fe(N2)(P

2P3
Cy)]+ (3) examined in this

work. For this related series of iron complexes, the level of
dinitrogen activation appears to decrease with increasing
oxidation state, with the Fe(0) complex Fe(N2)(P

2P3
Cy) (1)

having the greatest activation with an IR absorbance at 1996
cm−1, followed by the Fe(I) complex [Fe(N2)(P

2P3
Cy)]+ (3) at

2059 cm−1 and finally the Fe(II) complex [FeH(N2)(P
2P3

Cy)]+

(6) at 2107 cm−1. Similarly among the Ru complexes, the
Ru(0) complex Ru(N2)(P

2P3
Cy) (2) has a ν(NN) of 2083

cm−1, which is significantly more activated than its Ru(II)
analogue [RuH(N2)(P

2P3
Cy)]+ (7) with a ν(NN) of 2172

cm−1.
Crystals of [FeH(N2)(P

2P3
Cy)]+ (6) and [RuH(N2)-

(P2P3
Cy)]+ (7) suitable for structural analysis were grown by

vapor diffusion of pentane into THF solutions of 6[BF4]
(Figure 10) and 7[BF4] (Figure 11). Selected bond angles and
lengths are given in Tables 6 and 7 respectively.
The geometry for both [FeH(N2)(P

2P3
Cy)]+ (6) and

[RuH(N2)(P
2P3

Cy)]+ (7) is distorted octahedral with the
dinitrogen ligand located trans to the central phosphine of
the phosphine ligand and the hydrido ligand located trans to
one of the arm phosphines. The short N−N bond lengths of
1.028(7) Å for 6 and 1.069(4) Å for 7 indicate little, if any,
activation of the nitrogen triple bond, consistent with the IR
data.
Reaction of [FeH(N2)(P

2P3
Cy)]+ (6) with potassium tert-

butoxide in THF results in the regeneration of FeN2(P
2P3

Cy)
(1). A similar result was observed for tert-butoxide treatment of
[RuH(N2)(P

2P3
Cy)]+ (7) in THF, with Ru(N2)(P

2P3
Cy) (2)

being regenerated. The protonation of FeN2(P
2P3

Cy) (1) to
give [FeH(N2)(P

2P3
Cy)]+ (6) is readily reversible (Scheme 6).

■ CONCLUSIONS
Successful synthetic routes to the iron(0) and ruthenium(0)
dinitrogen complexes containing the bulky tetradentate P2P3

Cy

ligand were established. The increased steric bulk of the ligand
set did not significantly alter the reactivity of these complexes
when compared to that of their sterically less bulky analogues
M(N2)(P

2P3
iPr) (M = Fe, Ru) and Fe(N2)(P

2P3
Me). Treatment

with acid resulted in reversible protonation at the metal center
to generate the hydrido nitrogen species [FeH(N2)(P

2P3
Cy)]+

Scheme 5
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(6) and [RuH(N2)(P
2P3

Cy)]+ (7). No reaction at the
coordinated dinitrogen ligand was observed.
The extra steric bulk of the P2P3

Cy ligand did permit the
generation and characterization of stable iron(I) and
ruthenium(I) species [Fe(N2)(P

2P3
Cy)]+ (3) and RuCl(P2P3

Cy)
(4), and these are among the very few Fe(I) and Ru(I) species
to be isolated and characterized. The increased steric bulk of
the P2P3

Cy ligand conveys additional stability to the complexes,
probably by restricting the disproportionation pathways which
contribute to the instability of most iron(I) and ruthenium(I)
species.
In terms of activation of coordinated dinitrogen, it is clear

from the compounds synthesized in this work that the level of
dinitrogen activation, i.e., weakening of the N−N bond
reflected by the ν(NN) in the infrared spectra, is greater
with the lower oxidation states of the metal centers. The Fe(0)
and Ru(0) complexes had significantly weaker NN bonds
than their Fe(II) and Ru(II) analogues with the Fe(I)
dinitrogen complex midway between the Fe(0) and Fe(II)
complexes.

■ EXPERIMENTAL SECTION
General Information. All manipulations were carried out using

standard Schlenk, vacuum and glovebox techniques under a dry
atmosphere of nitrogen. Solvents were dried, distilled under nitrogen
or argon using standard procedures,33 and stored in glass ampules
fitted with J. Young Teflon taps. Benzene was dried over sodium wire
before distillation from sodium/benzophenone. THF (inhibitor free),
toluene, and pentane were dried and deoxygenated using a Pure Solv
400-4-MD (Innovative Technology) solvent purification system.
Deuterated solvents THF-d8, toluene-d8 and benzene-d6 were dried
over, and distilled from sodium/benzophenone and were vacuum
distilled immediately prior to use. Potassium graphite,34 potassium
triethylborohydride,35 lutidinium tetrafluoroborate,36 P2P3

Cy,9 [RuCl-
(P2P3

Cy)][BPh4],
9 [RuCl(P2P3

Cy)][Cl],9 and [FeCl(P2P3
Cy)][BPh4]

9

were prepared by literature methods. Potassium tert-butoxide was
purchased from Sigma-Aldrich, sublimed twice, and then stored under

Figure 10. ORTEP plot (50% thermal ellipsoids) of [FeH(N2)-
(P2P3

Cy)][BF4] (6[BF4]) within each asymmetric unit. Hydrogen
atoms, tetrafluoroborate counterion, and THF solvate have been
omitted for clarity.

Figure 11. ORTEP plot (50% thermal ellipsoids) of [RuH(N2)-
(P2P3

Cy)][BF4] (7[BF4]) within each asymmetric unit. Hydrogen
atoms, tetrafluoroborate counterion, and THF solvate have been
omitted for clarity.

Table 6. Selected Bond Lengths (Å) and Angles (°) for
[FeH(N2)(P

2P3
Cy)][BF4] (6[BF4])

N1−N2 1.028(7) Fe1−N1 1.859(6)
Fe1−P1 2.2723(15) Fe1−P2 2.3033(17)
Fe1−P3 2.2481(15) Fe1−P4 2.1752(16)
Fe1−H1 1.69(10)
Fe1−N1−N2 179.7(7) N1−Fe1−P1 94.27(15)
N1−Fe1−P2 98.06(17) N1−Fe1−P3 93.50(15)
N1−Fe1−P4 176.87(17) N1−Fe1−H1 103(3)
P1−Fe1−P2 102.88(6) P1−Fe1−P3 148.12(6)
P1−Fe1−P4 84.56(5) P1−Fe1−H1 77(4)
P2−Fe1−P3 106.55(6) P2−Fe1−P4 85.04(6)
P2−Fe1−H1 159(3) P3−Fe1−P4 86.02(6)
P3−Fe1−H1 71(4) P4−Fe1−H1 74(3)

Table 7. Selected Bond Lengths (Å) and Angles (°) for
[RuH(N2)(P

2P3
Cy)][BF4] (7[BF4])

N1−N2 1.069(4) Ru1−N1 2.042(3)
Ru1−P1 2.4213(7) Ru1−P2 2.3496(7)
Ru1−P3 2.3599(7) Ru1−P4 2.2408(8)
Ru1−H1 1.65(4)
Ru1−N1−N2 177.1(3) N1−Ru1−P1 99.84(7)
N1−Ru1−P2 94.56(7) N1−Ru1−P3 96.40(7)
N1−Ru1−P4 177.21(7) N1−Ru1−H1 93.8(15)
P1−Ru1−P2 103.98(3) P1−Ru1−P3 100.29(3)
P1−Ru1−P4 82.92(3) P1−Ru1−H1 166.2(15)
P2−Ru1−P3 151.17(3) P2−Ru1−P4 84.42(3)
P2−Ru1−H1 76.1(15) P3−Ru1−P4 83.36(3)
P3−Ru1−H1 76.7(15) P4−Ru1−H1 83.4(15)

Scheme 6
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an inert atmosphere prior to use. Air-sensitive NMR samples were
prepared in an argon- or nitrogen-filled glovebox or on a high vacuum
line by vacuum transfer of solvent into an NMR tube fitted with a
concentric Teflon valve. 1H and 31P{1H} NMR spectra were recorded
on Bruker Avance III 300, Avance III 400 or Avance III 600 NMR
spectrometers operating at 300.3, 400.13, and 600.13 MHz for 1H, and
121.49, 161.98, and 242.95 MHz for 31P{1H} respectively. All NMR
spectra were recorded at 298 K, unless otherwise stated. 1H NMR
spectra were referenced to residual solvent resonances. 31P{1H} NMR
spectra were referenced to external neat trimethylphosphite at 140.85
ppm, and 15N{1H} NMR spectra were reference to external neat
nitromethane at 0 ppm.
Microanalyses were carried out at the Campbell Microanalytical

Laboratory, University of Otago, New Zealand. Details of the X-ray
analyses are given in Table 8.
Synthesis of Fe(N2)(P

2P3
Cy) (1). Potassium graphite (76 mg, 0.56

mmol) was added to a solution of [FeCl(P2P3
Cy)][BPh4] (270 mg,

0.242 mmol) in THF (approximately 15 mL). The reaction mixture
was stirred under nitrogen for 20 h. The resulting black suspension
was filtered to give an orange solution. The solvent was removed
under reduced pressure, and the solid residue was extracted into
benzene (approximately 10 mL). The orange solution was filtered and
then reduced to around 1 mL under reduced pressure to precipitate
Fe(N2)(P

2P3
Cy) (1) as a red/orange solid (63 mg, 0.080 mmol, 33%).

Anal. Found. C 64.17, H 9.65, N 2.47, C42H78FeN2P4 (MW 790.837)
requires C 63.79, H 9.94, N 3.54. Elemental analysis performed on the
crystalline product suggests some loss of weakly bound dinitrogen
ligand upon application of vacuum during analytical procedure,
consistent for complexes of this type.7 31P{1H} NMR (121 MHz,
benzene-d6): δ 175.3 (1P, q,

2JP−P = 36 Hz, PC); 84.2 (3P, d,
2JP−P = 36

Hz, PE).
1H NMR (400 MHz, benzene-d6): δ 2.29 (4H, m, CH2

arm);
2.13 (8H, m, CH2

arm); 2.0−1.7 (26H, m, CyH); 1.48 (24H, m, CyH);
1.4−1.1 (16H, m, CyH). IR (fluorolube): 1996 s, ν(NN) cm−1.
Synthesis of Ru(N2)(P

2P3
Cy) (2). Potassium graphite (80 mg, 0.59

mmol) was added to a suspension of [RuCl(P2P3
Cy)]Cl (125 mg,

0.142 mmol) in THF (approximately 15 mL). The reaction mixture
was stirred under nitrogen for 18 h, after which it was filtered to afford
a dark yellow solution. The solvent was removed under reduced
pressure, and the resulting dark yellow solid was dissolved in pentane
and filtered and the solvent removed under reduced pressure once
more to afford Ru(N2)(P

2P3
Cy) (2) (41 mg, 0.049 mmol, 35%) as an

orange solid. Anal. Found. C 60.13, H 9.57, N 2.92, C42H78N2P4Ru
(MW 843.50) requires C 60.34, H 9.40, N 3.35. 31P{1H} NMR (121
MHz, benzene-d6): δ 160.7 (1P, q, 2JP−P = 22 Hz, PC); 73.9 (3P, d,
2JP−P = 22 Hz, PE).

1H NMR (300 MHz, benzene-d6): δ 2.1−1.6
(42H, m, CH2

arm/CyH); 1.6−1.1 (36H, m, CyH). IR (fluorolube):
2083 s, ν(NN) cm−1.
Synthesis of Ru(15N2)(P

2P3
Cy) (15N2-2). Ru(N2)(P

2P3
Cy) (2)

(approximately 40 mg, 50 μmol) was dissolved in benzene-d6 (0.5 mL)
in an NMR tube fitted with a concentric Teflon valve under
dinitrogen. The solution was degassed with three freeze−pump−thaw
cycles before the introduction of 15N2 into the NMR tube headspace.
NMR spectra indicated the successful exchange of the dinitrogen
ligand following thawing of the solution and warming to room
temperature. 31P{1H} NMR (162 MHz, benzene-d6): δ 160.8 (1P,
dqd, 2JP−N = 31 Hz, 2JP−P = 22 Hz, 3JP−N = 3 Hz, PC); 74.0 (3P, ddd,
2JP−P = 22 Hz, 2JP−N = 5 Hz, 3JP−N = 2 Hz, PE).

15N{1H} NMR (40.56
MHz, benzene-d6): δ −9.0 (1N, s br, Nβ); −52.5 (1N, dqd, 2JN−P = 31
Hz, 2JN−P = 5 Hz, 1JN−N = 5 Hz, Nα).
Synthesis of [Fe(N2)(P

2P3
Cy)][BPh4] (3[BPh4]). Potassium graph-

ite (17 mg, 0.13 mmol) was added to a solution of [FeCl(P2P3
Cy)]-

[BPh4] (132 mg, 0.118 mmol) in THF (approximately 15 mL). The
reaction mixture was stirred under nitrogen for 20 h. The resulting
black suspension was filtered to give a dark red solution. The solvent
was removed under reduced pressure, and the solid residue washed
with pentane (approximately 20 mL). The red solid was collected by
filtration to afford [Fe(N2)(P

2P3
Cy)][BPh4] (3[BPh4]) (58 mg, 0.052

mmol, 44%). Anal. Found. C 71.15, H 9.05, N 2.07, C66H98BFeN2P4
(MW 1110.05) requires C 71.41, H 8.90, N 2.52. IR (fluorolube):
2059 s, ν(NN) cm−1.

Synthesis of RuCl(P2P3
Cy) (4). Potassium graphite (18 mg, 0.13

mmol) was added to a solution of [RuCl(P2P3
Cy)][Cl] (102 mg, 0.116

mmol) in THF (approximately 15 mL). The reaction mixture was
stirred under nitrogen for 20 h. The resulting black suspension was
filtered to give a very dark solution. The solvent was removed under
reduced pressure, and the solid residue extracted with pentane
(approximately 30 mL). The solution was then filtered to give a deep
blue filtrate. The volume of the solution was reduced to 5 mL and
allowed to stand overnight, resulting in the precipitation of a blue solid
which was collected by filtration to afford RuCl(P2P3

Cy) (4) (72 mg,
0.085 mmol, 74%). Anal. Found. C 59.91, H 9.51, C42H78ClP4Ru
(MW 843.50) requires C 59.81, H 9.32.

Synthesis of Fe(H)2(P
2P3

Cy) (5). Potassium triethylborohydride
(35 mg, 0.25 mmol) was added to a stirring suspension of
[FeCl(P2P3

Cy)][BPh4] (120 mg, 0.107 mmol) in toluene (10 mL)
which was stirred under nitrogen for 3 h. Volatiles were removed
under reduced pressure. The orange residue was extracted with
pentane (30 mL) and the resultant solution was filtered and volatiles
removed to afford Fe(H)2(P

2P3
Cy) (5) (57 mg, 0.075 mmol, 70%

yield) as an orange solid. Anal. Found. C 66.21, H 10.39, C42H80FeP4

(MW 764.84) requires C 65.96, H 10.54. 31P{1H} NMR (162 MHz,
benzene-d6): δ 174.4 (1P, q, 2JP−P = 18 Hz, PC); 102.3 (3P, d, 2JP−P =
18 Hz, PE/PT).

1H NMR (300 MHz, benzene-d6): δ 2.39 (4H, m,
CH2

arm); 2.1−1.6 (32H, m, CH2
arm/CyH); 1.6−1.1 (42H, m, CyH);

−12.84 (2H, qd, 2JH−P = 46 Hz, 2JH−P = 3 Hz, FeH). 31P{1H} NMR
(243 MHz, toluene-d8, 190 K): δ 175.0 (1P, s br, PC); 113.7 (1P, s br,
PT); 96.8 (2P, s br, PE).

1H NMR (600 MHz, toluene-d8, 190 K, high
field only): δ −7.98 (1H, s br, FeH); −17.67 (1H, s br, FeH).

Synthesis of [FeH(N2)(P
2P3

Cy)][BF4] (6[BF4]). A solution of
lutidinium tetrafluoroborate (23 mg, 0.12 mmol) in THF (5 mL) was
added to a solution of Fe(H)2(P

2P3
Cy) (5) (85.0 mg, 0.111 mmol) in

THF (20 mL), and the reaction mixture was stirred overnight under
nitrogen, resulting in a color change from pale orange to a darker
pink/orange. The solution was filtered through Celite and reduced in
volume to 4 mL under reduced pressure. The addition of pentane (30
mL) resulted in the precipitation of a tan solid which was collected by
filtration to afford [FeH(N2)(P

2P3
Cy)][BF4] (6[BF4]) (58 mg, 0.066

mmol, 59%). Anal. found C 57.35, H 9.19, N 2.57, C42H79BF4FeN2P4
(MW 878.649) requires C 57.41, H9.06, N 3.19. Elemental analysis
performed on the crystalline product suggests some loss of weakly
bound dinitrogen ligand upon application of vacuum during analytical
procedure. 31P{1H} NMR (162 MHz, THF-d8): δ 160.7 (1P, dt,
2JPC‑PT = 28 Hz, 2JPC‑PE = 24 Hz, PC); 79.8 (2P, dd, 2JPE‑PC = 24 Hz,
2JPE‑PT = 11 Hz, PE); 70.3 (1P, dt,

2JPT‑PC = 28 Hz, 2JPT‑PE = 11 Hz, PT).
1H NMR (400 MHz, THF-d8): δ 2.7−2.2 (12H, m, CH2

arm); 2.2−1.1
(66H, m, CyH); −14.62 (1H, tdd, 2JH−P = 69 Hz, 2JH−P = 53 Hz, 2JH−P
= 25 Hz, FeH). IR (fluorolube): 2107 s, ν(NN) cm−1.

Synthesis of [RuH(N2)(P
2P3

Cy)][BF4] (7[BF4]). Solid lutidinium
tetrafluoroborate (11 mg, 0.056 mmol) was added to a stirred solution
of Ru(N2)(P

2P3
Cy) (2) (45 mg, 0.054 mmol) in THF (20 mL). The

solution was pale green in color after 3 min but then turned to a pale
orange after one hour. The volume of the solution was reduced to ∼5
mL under reduced pressure before pentane (30 mL) was added
resulting in the precipitation of a pale orange solid. This solid was
collected by filtration to afford [RuH(N2)(P

2P3
Cy)][BF4] (7[BF4])

(40 mg, 0.043 mmol, 80%). Anal. Found. C 54.39, H 8.46, N 2.02,
C42H79BF4N2P4Ru (MW 923.87) requires C 54.60, H 8.62, N 3.03.
Elemental analysis performed on the crystalline product suggests some
loss of weakly bound dinitrogen ligand upon application of vacuum
during analytical procedure. 31P{1H} NMR (243 MHz, THF-d8): δ
140.7 (1P, dt, 2JP−P = 11 Hz, 2JP−P = 11 Hz, PC); 63.8 (2P, dd,

2JP−P =
11 Hz, 2JP−P = 11 Hz, PE); 51.4 (1P, dt,

2JP−P = 11 Hz, 2JP−P = 11 Hz,
PT).

1H NMR (600 MHz, THF-d8): δ 2.55 (4H, m); 2.22 (2H, m);
2.12 (4H, m); 2.01 (4H, m); 1.92−1.65 (30H, m); 1.65−1.47 (14H,
m); 1.47−1.20 (20H, m); −11.26 (1H, dtd, 2JH−P = 72 Hz, 2JH−P = 26
Hz, 2JH−P = 23 Hz, RuH). IR (fluorolube): 2172 s, ν(NN) cm−1.
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