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ABSTRACT: Unprecedented metallapyrazoles [IrH2{Ph2P(o-
C6H4)CNNHC(o-C6H4)PPh2}] (3) and [IrHCl{Ph2P(o-C6H4)-
CNNHC(o-C6H4)PPh2}] (4) were obtained by the reaction of
the irida-β-ketoimine [IrHCl{(PPh2(o-C6H4CO))(PPh2(o-
C6H4CNNH2))H}] (2) in MeOH heated at reflux in the
presence and absence of KOH, respectively. In solution,
iridapyrazole 3 undergoes a dynamic process due to prototropic
tautomerism with an experimental barrier for the exchange of
ΔGcoal

⧧ = 53.7 kJ mol−1. DFT calculations agreed with an
intrapyrazole proton transfer process assisted by two water
molecules (ΔG = 63.1 kJ mol−1). An X-ray diffraction study on 4
indicated electron delocalization in the iridapyrazole ring. The
reaction of the irida-β-diketone [IrHCl{(PPh2(o-C6H4CO))2H}] (1) with H2NNRR′ in aprotic solvents gave irida-β-ketoimines
[IrHCl{(PPh2(o-C6H4CO))(PPh2(o-C6H4CNNRR′))H}] (R = R′ = Me (5); R = H, R′ = Ph (8)), which can undergo N−N
bond cleavage to afford the acyl−amide complex [IrHCl(PPh2(o-C6H4CO))(PPh2(o-C6H4C(O)N(CH3)2))-κP,κO] (6) or
[IrHCl(PPh2(o-C6H4CO))(PPh2(o-C6H4CN)-κP)(NH2NHPh-κNH2)] (9) containing o-(diphenylphosphine)benzonitrile and
phenylhydrazine, respectively. From a CH2Cl2/CH3OH solution of 9 kept at −18 °C, single crystals of [IrHCl(PPh2(o-
C6H4CO))(PPh2(o-C6H4CN)-κP))(HNNPh-κNH)] (10) containing o-(diphenylphosphine)benzonitrile and phenyldiazene
were formed, as shown by X-ray diffraction. The reaction of 1 with methylhydrazine in methanol gave the hydrazine complex
[IrCl(PPh2(o-C6H4CO))2(NH2NH(CH3)-κNH2)] (7). Single-crystal X-ray diffraction analysis was performed on 6 and 7.

■ INTRODUCTION

Hydrazines, formed by two bonded nucleophilic nitrogen
atoms, possess a wide range of useful properties,1 including the
syntheses of heterocycles1,2 and cleavage of the N−N bond,3

that are relevant in organic syntheses. They have also attracted
considerable interest as ligands to transition metals because of
their importance in biological nitrogen fixation under mild
conditions.4 The formation of hydrazine complexes that then
undergo protonation and cleavage of the N−N bond is believed
to be involved in one of the last steps of metal-promoted
nitrogen reduction.5 Consequently a large number of transition
metal complexes containing hydrazines coordinated as κ1-
monodentate, κ2-bidentate to a single metal center, or μ-κ2-
bridging ligands have been described.6,7 Studies on the
reactivity of iridium compounds with hydrazines are limited.
A few iridium(III) complexes containing κ1-NH2NHR or μ-κ2

coordination have been reported,8 and iridium(I) complexes
promote the N−H activation of 1,2-diphenylhydrazine or 1-
aminopiperidine to afford cyclometalated azobenzene deriva-
tives or hydridohydrazido or aminonitrene complexes,

respectively.9 Metalla-β-diketones can be considered as enol
tautomers of neutral β-diketones in which the methine group
has been substituted by a transition metal organometallic
fragment, so they may also be understood as acyl-
(hydroxycarbene) complexes that are stabilized by an intra-
molecular hydrogen bond between the acyl and hydroxycar-
bene moieties (1 in Chart 1). The reaction of the rhena-β-
diketone cis-[Re(CO)4{(C(CH3)O)2H}] with H2NNHR (R =
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H, Me, Ph) has been reported to lead to N−N bond cleavage
and the formation of acetyl−amine complexes cis-[Re-
(CO)4(COCH3)(NH2R)] and acetonitrile, and it was
suggested that the reaction could involve intermediates of the
rhena-β-ketoimine type.10 We have recently shown that
hydrazine reacts with the irida-β-diketone [IrHCl{(PPh2(o-
C6H4CO))2H}] (1a) to give the ketoimine-type complex
[IrHCl{(PPh2(o-C6H4CO))(PPh2(o-C6H4CNNH2))H}] (2)11

(Chart 1). Complex 2 is similar to other irida-β-ketoimines
obtained from ammonia or aliphatic primary amines.12 The
latter easily undergo hydrolysis or deprotonation in protic
media at room temperature, which were not observed for 2.
Therefore, we thought it useful to further study the reactivity of
2 and also that of new irida-β-ketoimines derived from
substituted hydrazines. Here we report on the formation of
unprecedented metallapyrazole complexes and on the cleavage
of the N−N bond in substituted hydrazines to afford amides or
nitriles under mild reaction conditions or the formation of
hydrazine complexes depending on the hydrazine and/or the
reaction conditions used.

■ RESULTS AND DISCUSSION
Formation of Metallapyrazoles. When irida-β-ketoimine

2 is heated at reflux in MeOH in the presence of KOH,
nucleophilic attack of the pendant amino group to the
hydroxycarbene fragment followed by imination occurs to
afford the iridapyrazole [IrH2{Ph2P(o-C6H4)CNNHC(o-
C6H4)PPh2}] (3), as shown in Scheme 1i. To the best of our

knowledge, this is the first reported example of a metal-
lapyrazole. The formation of 3 also involves an exchange of
chloride for hydride that may occur by substitution of chloride
by methoxide (generated in MeOH/KOH) followed by β-
hydrogen transfer to the metal. This sequence may afford the
dihydrido species and formaldehyde.13 Complex 1a (Chart 1)
undergoes such exchange to produce the dihydridoirida-β-
diketone [IrH2{(PPh2(o-C6H4CO))2H}] (1b).14 Attempts to
obtain 3 by the reaction of 1b with hydrazine proved
unsuccessful.
The ESI-MS spectrum supports the formation of

[IrH2{Ph2P(o-C6H4)CNNHC(o-C6H4)PPh2}] 3, showing
peaks at m/z = 769.15 and 771.14 due to [M − H]+ and [M
+ H]+ species, respectively (Figure SI-1 in the Supporting

Information). The NMR spectra show that 3 undergoes a
dynamic process at room temperature, and thus, the spectra
were measured at −60 °C in CDCl3 (Figure SI-2). The low
solubility of complex 3 precluded any 13C{1H} NMR
measurement. The mutually trans hydrido ligands appear
equivalent in the 1H NMR spectrum as a triplet at −9.82 ppm
(2J(P,H) = 21.1 Hz) due to two cis phosphorus atoms. A
resonance in the low-field region at 13.28 ppm confirms the
presence of the NH fragment. In accordance with this, the
31P{1H} NMR spectrum shows two singlets at 21.1 and 13.3
ppm due to two nonequivalent phosphorus atoms. With
increasing temperature the signals due to the phosphorus atoms
broaden and then collapse at 20 °C. The signal due to NH also
gets broader and finally collapses as the temperature increases,
while the signal due to the hydrido ligands remains unchanged
throughout the process (Figure SI-3). These observations
suggest a proton transfer process between the nitrogen atoms
that would render the phosphorus atoms equivalent. Fluxional
behavior in pyrazoles due to prototropic tautomerism is very
common.15 Therefore, we propose the exchange shown in
Scheme 2 to be responsible for the observed fluxional behavior

of 3. From the 31P{1H} NMR spectra, barrier for this exchange
of ΔGcoal

⧧ = 53.7 kJ mol−1 can be calculated (ΔGcoal
⧧ =

19.12Tc[10.32 + log(Tc/kc)], in which kc = (π/√2)Δν, Δν =
729 Hz, and Tc = 293 K).
In order to gain some insights into the mechanism by which

the prototropism occurs, DFT calculations were carried out.
Several proton transfer reaction mechanisms that may explain
the tautomerism-derived fluxionality observed experimentally
were analyzed. The first type of mechanism studied (Scheme
3a) sits on the assumption that an inter-metallapyrazole proton
transfer occurs upon the formation of a dimer involving two
N−H···N hydrogen-bonded monomers of 3. In this line,
intermolecular proton transfer processes occurring in multi-
meric complexes formed by mutually facing pyrazole
monomers have been described previously,15b,5d,16 in which
the kinetic barriers for the proton exchange depend on the
nature of the substituents on the pyrazole rings. The second
type of mechanism (Scheme 3b−d) involves a proton transfer
from the N−H group of the metallapyrazole moiety in 3 in
monomer form to the neighboring N atom of the same
metallapyrazole moiety. According to the literature,15d this
intra-pyrazole proton transfer process is usually assisted by
either one or two water molecules, since the ability of the latter
to behave as a strong H-bond donor/acceptor significantly
lowers the free energy barrier of the nonassisted process
(Scheme 3b). In the present study, the effect on such a barrier
of an explicit interaction of 3 with either one (Scheme 3c) or
two water molecules (Scheme 3d) was studied. In any case, the
solvent-corrected free energy barriers (ΔG herein) for the
different mechanisms proposed were computed and compared
(see the Experimental Section).

Scheme 1. Formation of Hydridoiridapyrazoles 3 and 4: (i)
In MeOH/KOH Heated at Reflux; (ii) In MeOH Heated at
Reflux

Scheme 2. Prototropic Tautomerism in Iridapyrazole 3
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For the inter-metallapyrazole proton transfer mechanism, we
propose that two monomers of 3 in a particular tautomeric
state form a dimer via two distinct intermolecular N−H···N
hydrogen bonds (Scheme 3a). DFT calculations failed to
capture a transition state (TS) associated with a concerted
proton transfer mechanism. Instead, a stepwise proton transfer
mechanism was proved to be plausible. It begins with the
formation of a dimer of 3 showing a particular tautomer form,
which is followed by two consecutive intermolecular proton
transfer steps that yield a dimer with a doubly protonated
(NH−NH) partner first and finally a dimer of 3 in the second
tautomer form (Figure SI-4). The overall barrier of this
mechanism (113.5 kJ mol−1; Table SI-1) was estimated to be
much higher than the experimental one (ΔGcoal

⧧ = 53.7 kJ
mol−1).
For the intra-metallapyrazole proton transfer mechanism,

three alternative pathways were studied. As shown in Figure 1
and Table 1, the intra-metallapyrazole mechanism begins with
an initial tautomer of 3 in its monomer form (mT1) and needs
to overcome a single barrier to afford the second tautomer form
(mT2). In the case of a direct proton transfer mechanism, the
barrier to afford the corresponding TS (mTS1) is too high to
be overcome at room temperature (ΔG = 242.4 kJ mol−1). As
expected, the energy of such a barrier is significantly lowered
when the process is water-assisted: 130.4 kJ mol−1 (mTS1_1w,
one H2O in Table 1) and 63.1 kJ mol−1 (mTS1_2w, two H2O
in Table 1), when one or two water molecules, respectively, are
involved in the reaction. The latter mechanism yields energy
values in very good agreement with the experimental results
(ΔG⧧

coal = 53.7 kJ mol−1).
According to our DFT results, the intra-metallapyrazole

mechanism involving monomers and assistance by two water
molecules may be the mechanism responsible for the
fluxionality observed experimentally. The monomeric form of
3 in solution is also supported by diffusion-ordered spectros-
copy (DOSY) experiments. For comparison we used the
previously reported dihydridoirida-β-diketone 1b (Chart 1),14

since it is a monomer; it shows a hydride resonance at −8.76
ppm and is similar in both size and shape to a monomer of 3.
The hydride signals due to 3 and 1b were therefore chosen in
the 2D 1H DOSY experiment as the references for the
corresponding compounds. This experiment, run on a mixture
of 3 and 1b in CDCl3, revealed analogous diffusion coefficients
(D) for the two species (0.95 × 10−9 and 1.05 × 10−9 m2 s−1,
respectively; Figure SI-5), suggesting that 3 and 1b have similar
molecular shapes and sizes in solution and therefore the same
aggregation state.
Repeated attempts to obtain crystals of dihydridoiridapyr-

azole 3 proved unsuccessful, though we were fortunate in
growing single crystals of the related hydridochloridoiridapyr-
azole [IrHCl{Ph2P(o-C6H4)CNNHC(o-C6H4)PPh2}] (4) that
were suitable for X-ray diffraction, which were obtained from a
chloroform solution of 2 kept at 4 °C for several days. Complex
4 could be prepared by heating complex 2 in MeOH at reflux
(Scheme 1ii). The extremely low solubility of 4, which is only
slightly soluble in DMF or MeOH, precluded any NMR study.
Complex 4 was characterized in methanol solution by ESI-MS,
which showed a peak at m/z = 769.15 due to [M − Cl]+

(Figure SI-6).
The ORTEP view of 4 in Figure 2 shows a slightly distorted

octahedral coordination sphere around the metal atom with
four positions occupied by the PCCP atoms of the new
tetradentate ligand and a chloride and a hydride to complete

Scheme 3. Proton Transfer Mechanisms in 3: (a) Inter-
metallapyrazole Proton Transfer Mechanism upon
Formation of a Dimer of 3; (b) Nonassisted Intra-
metallapyrazole Proton Transfer Mechanism; (c, d) Intra-
metallapyrazole Proton Transfer Mechanisms Assisted by
(c) One or (d) Two Water Molecules

Figure 1. Energy profiles and transition states of the nonassisted intra-
metallapyrazole mechanism (mTS1) and the intra-metallapyrazole
mechanisms assisted by one water molecule (mTS1_1w) or two water
molecules (mTS1_2w).

Table 1. Intra-metallapyrazole Proton Transfer in 3: Relative
Free Energies (in kJ mol−1), Considering Solvent Effects
(Chloroform), of the Transition States of the Different Intra-
metallapyrazole Mechanisms Studied, Calculated at the
B3LYP/6-311+G**(LANL2DZ)//B3LYP/6-31+G*
(LANL2DZ) Level of Theory

nonassisted one H2O two H2O

TS mTS1 mTS1_1w mTS1_2w
ΔG (kJ/mol) 242.4 130.4 63.1
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the coordination sphere. The PCCP ligand generates three new
chelate rings, all of them five -membered, practically planar, and
also coplanar. The best least-squares plane for the Ir1, P1, C7,
C2, C1, N1, N2, C20, C21, C26, and P2 atoms shows a
maximum deviation of 0.172 Å for the iridium atom, toward the
chlorido ligand. Furthermore, the dihedral angles between this
plane and the best least-squares-planes formed by atoms C2,
C3, C4, C5, C6, and C7 and atoms C21, C22, C23, C24, C25,
and C26 are 10.01° and 6.88°, respectively. In the iridapyrazole
ring, the maximum deviation of the best least-squares plane of
the Ir1, C1, N1, N2, and C20 atoms is 0.010 Å for C1 and C20.
The Ir−P and Ir−C distances, in the range of those observed
for irida-β-diketones,17 are equal within the experimental error.
The C−N distances are also equal and within the range
expected for a pyrazole ring.18 The N−N distance observed in 4
(1.409(4) Å) is slightly longer than that in organic pyrazoles,
but it is meaningfully shorter than that in hydrazines (ca. 1.45
Å) and longer than that found in diazene derivatives (ca. 1.25
Å).5b,6c,19 These observations indicate a certain degree of
electron delocalization in the iridapyrazole ring. The C1−Ir1−
C20 angle in the iridacycle (77.7(1)°) is significantly smaller
than the C−C−C angle in pyrazoles (ca. 107°), causing the
P1−Ir1−P2 angle to be rather large (113.20(3)°). Con-
sequently, the Ir−C−N angles (113.8(3)° and 119.6(3)°)
and C−N−N angles (108.6(3)° and 120.3(3)°) in the
iridapyrazole are larger than the corresponding values in
pyrazoles. The molecules of complex 4 are arranged as dimers
because of the formation of intermolecular hydrogen bonds
between the NH of the iridapyrazole ring and the chlorido
ligand, with the distance N2···Cl1 = 3.271(3) Å and the angle
N2−H2N···Cl = 163(4)° (Figure SI-7).
Transition-metal-containing aromatic metallacycles are inter-

esting species that may display unique properties and adopt
different structural modes.20 Metallabenzenes and also several
N-, S-, or O-heteroatom-containing systems have been studied,

though metallapyrazoles have been elusive and have not been
reported before. Complexes 3 and 4 fill a gap in this series and
represent the first metallapyrazoles to be reported.

Cleavage of Substituted Hydrazines: Formation of
Amides or Nitriles. The formation of iridapyrazole complexes
3 and 4 led us to study the reactivity of irida-β-diketone 1a with
substituted hydrazines that could afford N-substituted metal-
lapyrazoles. Complex 1a was reacted with methylhydrazine, but
unfortunately, this led only to intractable mixtures. Instead, the
reaction of compound 1a with N,N-dimethylhydrazine in
anhydrous THF gave the corresponding hydridoirida-β-
ketoimine [IrHCl{(PPh2(o-C6H4CO))(PPh2(o-C6H4CNN-
(CH3)2))H}] (5) (Scheme 4i). Complex 5 was unambiguously

characterized in solution by NMR spectroscopy and ESI-MS as
a metalla-β-ketoimine. In the 1H NMR spectrum, a triplet at
−20.70 ppm (2J(P,H) = 14.1 Hz) corresponds to a hydrido
ligand trans to chloride and cis to two phosphorus atoms. The
acidic proton appears at 13.95 ppm, and a singlet due to the
methyl substituents appears at 2.89 ppm. The 31P{1H} NMR
spectrum shows two singlets at 30.8 and 16.3 ppm, indicating
two nonequivalent phosphorus atoms in cis relative position,
and the 13C{1H} NMR spectrum shows two doublets at 244.6
and 206.7 ppm, with 2J(P,C) = 107 and 104 Hz, respectively,
corresponding to carbon atoms of the keto and imine groups
trans to phosphorus.
In methanol heated at reflux, compound 5 is transformed

into an acyl−amide complex, [IrHCl(PPh2(o-C6H4CO))-
(PPh2(o-C6H4C(O)N(CH3)2))-κP,κO] (6) (Scheme 4ii). The
reaction occurs with cleavage of the N−N bond and the
formation of an amide group bonded to the metal through the
oxygen atom, thus affording a six-membered chelate ring. In the
1H NMR spectrum a signal appears as a doublet of doublets at
−21.43 ppm (2J(P,H) = 11.9 and 20.7 Hz), which agrees with a
hydride trans to a chloride and cis to two phosphorus atoms.
The resonance due to the methyl groups at 4.23 ppm is also
observed. The 31P{1H} NMR spectrum shows two resonances
at 23.7 and 2.9 ppm, corresponding to two phosphorus atoms
that are mutually cis. We assign the signal at 23.7 ppm to the
acylphosphine chelate ring, since it forms a five-membered
metallacycle, and the resonance at 2.9 ppm to the six-

Figure 2. ORTEP plot (50% probability ellipsoids) of complex 4
showing the atomic numbering. All but two of the hydrogen atoms and
the labels of some C atoms have been omitted for clarity. Selected
bond lengths (Å) and angles (deg): Ir1−P1 2.316(1), Ir1−P2
2.3157(9), Ir1−C1 2.000(3), Ir1−C20 1.974(4), Ir1−H1 1.39(5),
Ir1−Cl1 2.4901(9), C1−N1 1.315(5), C20−N2 1.320(4), N1−N2
1.409(4), P1−Ir1−P2 113.20(3), P1−Ir1−C1 84.3(1), P2−Ir1−C20
83.9(1), P1−Ir1−C20 161.3(1), P2−Ir1−C1 160.3(1), C1−Ir1−C20
77.7(1), Ir1−C1−N1 119.6(3), Ir1−C20−N2 113.8(3), C1−N1−N2
108.6(3), C20−N2−N1 120.2(3).

Scheme 4a

aConditions: (i) L = H2NNMe2 in THF; 1a:L = 1:5. (ii) In MeOH
heated at reflux. (iii) L = H2NNHMe in CH2Cl2/MeOH; 1a:L = 1:1.5.
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membered amidophosphine chelate ring.21 The 13C{1H} NMR
spectrum displays a doublet at 237.6 ppm (2J(P,C) = 110 Hz)
due to an acyl carbon trans to a phosphorus atom and a signal
at 160.9 ppm that can be assigned to the carbon atom of the
amide.
X-ray diffraction analysis of crystals of 6 confirmed the

structure shown in Scheme 4 with O-coordination of the newly
formed amide group. Figure 3 shows an ORTEP view of 6 with

the atomic numbering scheme. The distances and angles
around the iridium atom are as expected, and the Ir−P
distances reflect the trans influence (larger for acyl than for
oxygen). The five-membered chelate ring adopts a planar
conformation, with C1 showing the maximum deviation of
0.013 Å. The six-membered chelate ring of the amidophosphine
ligand adopts a slightly twisted boat conformation.
On account of the nucleophilicity shown by the terminal N

atom of coordinated hydrazine-type compounds used as
ligands,4a,22 we believe that the most likely mechanism for
the formation of 6 involves nucleophilic attack of the terminal
dimethylated N atom to the hydroxycarbene fragment in 5,
similar to that proposed for the formation of iridapyrazoles. In
the present case, the imination reaction is unavailable and the
cleavage of the N−N bond appears more likely, thus leading to
the formation of an amide that can coordinate through the
oxygen atom and a CNH imine fragment whose alcoholysis
would give complex 6. Recently, the transition-metal-catalyzed
reaction of amines, including tertiary amines, with aldehydes to
afford amides has been a subject of interest.23 The formation of
complex 6 shows the ability of N,N-disubstituted hydrazines to
perform this reaction under mild reaction conditions.
Attempts to obtain complexes such as 6 by the reaction of 1a

with methylhydrazines in methanol proved unsuccessful.
Instead, the reaction of 1a with methylhydrazine in methanol
l e d t o t h e hyd r a z i n e c omp l e x [ I rC l (PPh 2 ( o -
C6H4CO))2(NH2NH(CH3)-κNH2)] (7) (Scheme 4iii). N,N-
Dimethylhydrazine afforded a similar compound, though
unpure. These results show that the formation of an irida-β-

ketoimine intermediate is a requirement for the N−N bond
cleavage to occur. The 1H NMR spectrum of 7 shows the
expected resonances due to the coordinated hydrazine. The
31P{1H} NMR spectrum contains a signal at 20.7 ppm and a
second resonance at 12.7 ppm due to the two nonequivalent
phosphorus atoms with a cis disposition, and the 13C{1H}
NMR spectrum shows two different acyl groups, a doublet at
232.6 ppm (2J(P,C) = 108 Hz) that corresponds to an acyl
group trans to a phosphorus atom and a doublet at 208.7 ppm
(2J(P,C) = 8 Hz) that is due to an acyl group cis to a
phosphorus atom.
An X-ray diffraction study on complex 7 confirmed the

structure shown in Scheme 4. Figure 4 shows an ORTEP view

with the atomic numbering scheme. The crystal consists of
neutral [C39H34ClIrN2O2P2] molecules and methanol solvent
molecules bonded by hydrogen bonds. In the slightly distorted
octahedral structure, the methylhydrazine is coordinated to
iridium through the less encumbered NH2 moiety, as expected,

6

and the N−N distance (1.451(3) Å) agrees with the length of a
single bond. The chelate rings adopt a planar conformation,
and in both of them the maximum deviation from the
corresponding Ir−P−C−C−C metallacycle plane is observed
for the acyl carbon atom (0.057 Å for C1 and 0.053 Å for C20).
The intermolecular hydrogen bond between an acyl group and
methanol can be deemed to have moderate strength24 (O2···
O3 = 2.798(3) Å, O2···H−O3 = 173(4)°).
When 1a is reacted with phenylhydrazine (1a:H2NNHPh =

1:3) in refluxing dichloromethane, the formation of the
hydridoirida-β-ketoimine [IrHCl{(PPh2(o-C6H4CO))(PPh2(o-
C6H4CNNHPh))H}] (8) is observed (Scheme 5i). Complex 8
was identified by NMR spectroscopy,25 although it could not be

Figure 3. ORTEP plot (50% probability ellipsoids) of complex 6
showing the atomic numbering. All but one of the hydrogen atoms and
the labels of some C atoms have been omitted for clarity. Selected
bond lengths (Å) and angles (deg): Ir1−P1 2.232(1), Ir1−P2
2.339(1), Ir1−C1 2.040(5), Ir1−O2 2.089(4), Ir1−Cl1 2.498(1),
Ir1−H1 1.40(4), C1−O1 1.232(6), C20−O2 1.314(6), C20−N1
1.351(6), P1−Ir1−C1 84.9(1), P2−Ir1−O2 83.3(1), P2−Ir1−C1
165.2(1), P1−Ir1−O2 168.4(1), C23−C20−O2 122.1(4), C23−
C20−N1 118.3(4).

Figure 4. ORTEP plot (50% probability ellipsoids) of complex 7
showing the atomic numbering. All but three of the hydrogen atoms,
the labels of some C atoms, and the solvent molecule have been
omitted for clarity. Selected bond lengths (Å) and angles (deg): Ir1−
P1 2.3569(7), Ir1−P2 2.2760(7), Ir1−Cl1 2.4900(8), Ir1−N1
2.150(2), Ir1−C1 2.015(2), Ir1−C20 2.058(2), N1−N2 1.451(3),
P1−Ir1−C20 174.36(7), P2−Ir1−N1 167.08(6), Cl1−Ir1−C1
171.63(7), P1−Ir1−C1 84.38(7), P2−Ir1−C20 83.76(7), N1−N2−
C39 110.6(2).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.6b01550
Inorg. Chem. 2016, 55, 10284−10293

10288

http://dx.doi.org/10.1021/acs.inorgchem.6b01550


isolated pure because it is transformed into complex 9 prior to
the complete transformation of 1a into 8 (Figure SI-8).
The 1H NMR spectrum of compound 9 shows a triplet at

−17.70 ppm (2J(P,H) = 14.2 Hz) due to a hydrido ligand trans
to an electronegative atom and cis to two phosphorus atoms,
along with three resonances at 3.47, 3.85, and 5.56 ppm that
can be attributed to the coordinated hydrazine. The 31P{1H}
NMR spectrum of 9 displays two doublets at 33.9 and 25.0
ppm (2J(P,P) = 362 Hz) corresponding to two phosphorus
atoms that are mutually trans. In the low-field region of the
13C{1H} NMR spectrum, only a singlet due to the acyl group of
an acylphosphine chelate can be observed at 213.9 ppm. A
singlet at 118.1 ppm can be attributed to the nitrile shown in
Scheme 5, whose presence is also supported by the signal at
2221 cm−1 observed in the IR spectrum. The formation of the
o-(diphenylphosphine)benzonitrile ligand present in 9 can be
explained by opening of the hydrogen bond in the ketoimine
fragment followed by rearrangement with N−N bond cleavage
and release of aniline, as in the previously reported reaction of
rhena-β-diketones with monosubstituted hydrazines.10 The
formation of 9 also requires isomerization, which is easy
upon cleavage of the hydrogen bond in 8,12 and coordination of
phenylhydrazine. We were unable to obtain single crystals of 9
to perform an X-ray diffraction study. Instead, from a CH2Cl2/
CH3OH solution of 9 kept at −18 °C a few X-ray-quality single
crystals of [IrHCl(PPh2(o-C6H4CO))(PPh2(o-C6H4CN)-
κ P ) ) ( HNNP h - κNH ) ] ( 1 0 ) c o n t a i n i n g o -
(diphenylphosphine)benzonitrile and phenyldiazene moieties
were formed, and the structure of 10 supports the presence of
the o-(diphenylphosphine)benzonitrile and phenylhydrazine in
9. Figure 5 shows an ORTEP view of 10 with the atomic
numbering scheme.
The geometry around the metal in 10 is a distorted

octahedron, with two mutually trans phosphorus atoms, one
belonging to an acylphosphine chelate and the other to a
monodentate-κP o-(diphenylphosphine)benzonitrile, a hydrido
and a phenyldiazene that are mutually trans, and a chloride.
The C20−N3 bond length (1.156(8) Å) and the C21−C20−

N3 angle (177.3(6)°) confirm the formation of nitrile. For the
diazene group, the angles involving the nitrogen atoms (Ir1−
N1−N2 = 127.8(3)° and N1−N2−C39 = 117.9(5)°)
correspond to sp2 hybridization, and the N−N distance
(1.250(5) Å) is that of a double bond.
Because arylhydrazine metal complexes can be easily oxidized

to aryldiazene derivatives, even at low temperatures,8c,26 we
believe that 9 is a precursor of 10 as shown in Scheme 5ii. We
conclude that 9 also contains a P-coordinated o-
(diphenylphosphine)benzonitrile ligand, formed by cleavage
of the N−N bond in irida-β-ketoimine 8, and a coordinated
phenylhydrazine, as shown by the NMR and IR spectra.

■ CONCLUSIONS
The first examples of metallapyrazole compounds are reported.
N1-Unsubstituted iridapyrazoles can be obtained from an irida-
β-ketoimine derived from hydrazine. According to DFT
calculations, the tautomerism-derived fluxionality observed
experimentally is due to an intra-metallapyrazole proton
transfer mechanism assisted by two water molecules. Irida-β-
ketoimines derived from N-substituted hydrazines are useful
and required intermediates to promote the cleavage of the N−
N bond. N,N-Dimethylhydrazine allows the formation of a O-
coordinated dimethylamide complex under mild conditions,
while phenylhydrazine affords a P-coordinated o-
(diphenylphosphine)benzonitrile. Further studies of metal-
lapyrazoles and related derivatives are presently underway in
our laboratory.

■ EXPERIMENTAL SECTION
General Procedures. The preparation of the metal complexes was

carried out at room temperature under nitrogen by standard Schlenk
techniques. The complexes [IrHCl{(PPh2(o-C6H4CO))2H}] (1a)17

and [IrHCl{(PPh2(o-C6H4CO))(PPh2(o-C6H4CNNH2))H}] (2)11

were prepared as previously reported. All other chemicals were

Scheme 5a

a(i) L = H2NNHPh in CH2Cl2 heated at reflux; 1a:L = 1:3. (ii) In
CH2Cl2/CH3OH at −18 °C.

Figure 5. ORTEP plot (50% probability ellipsoids) of complex 10
showing the atomic numbering. All but two of the hydrogen atoms and
the labels of some C atoms have been omitted for clarity. Selected
bond lengths (Å) and angles (deg): Ir1−P1 2.2713(9), Ir1−P2
2.3428(9), Ir1−Cl1 2.474(1), Ir1−N1 2.120(4), Ir1−C1 1.999(5),
Ir1−H1 1.37(7), N1−N2 1.250(5), C20−N3 1.156(8), P1−Ir1−P2
174.65(4), Cl1−Ir1−C1 171.6(1), P1−Ir1−C1 85.7(1), Ir1−N1−N2
127.8(3), N1−N2−C39 117.9(5), N3−C20−C21 177.3(6).
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purchased from commercial sources and used without further
purification. Microanalyses were carried out with a Leco CHNS-932
microanalyzer. IR spectra were recorded with a Nicolet FTIR 510
spectrophotometer in the range of 4000−400 cm−1 using KBr pellets.
1H and 13C{1H} (TMS internal standard) and 31P{1H} (H3PO4

external standard) NMR spectra were recorded with a Bruker Avance
DPX 300 or Bruker Avance 500 spectrometer. ESI-MS spectra were
recorded on a Bruker MicrOTOF-Q Instrument (Universidad de
Zaragoza). All of the measurements for the DOSY experiments were
performed on a Bruker Avance III 500 with a BBI gradient probe head
for 5 mm NMR tubes. The standard Bruker pulse program ledbpgp2s
was applied to obtain the spectra at 298 K. For each free induction
decay, 512 transients were collected with 2 s relaxation delay, and 64k
data points in the F2 dimension (60 ppm) and 24 data points
(gradient strengths) in the F1 dimension were collected for all
experiments. The diffusion time (Δ) and the gradient length (δ) were
set to 100 and 2 ms, respectively, while the recovery delay after
gradient pulses was 200 μs. The data were processed using Bruker
Topspin version 3.2.
Synthesis and Characterization. Preparation of [IrH2{Ph2P(o-

C6H4)CNNHC(o-C6H4)PPh2}] (3). To a methanol (3 mL) suspension of
2 (30 mg, 0.036 mmol) was added KOH (2.6 mg, 0.036 mmol). The
obtained suspension was heated to 65 °C for 3 h. After cooling, the
yellow solid was decanted, washed with methanol, and vacuum-dried.
Yield: 7.7 mg, 27%. IR (cm−1): 1764 (m), ν(IrH). ESI-MS (m/z):
calcd for [M − H]+ 769.15, observed 769.15; calcd for [M + H]+

771.14, observed 771.14. Anal. Calcd for C38H31IrN2P2·CH3OH: C,
58.42; H, 4.40; N, 3.49. Found: C, 58.01; H, 3.85; N, 3.73. 1H NMR
(CDCl3, 213 K): δ 13.28 (s, 1H, NH); −9.82 (t, 1H, 2J(P,H) = 21.1
Hz, IrH); 9.00−7.00 (m, 28H, aromatic). 31P{1H} NMR (CDCl3, 213
K): δ 21.1 (s); 17.5 (s).
Preparation of [IrHCl{Ph2P(o-C6H4)CNNHC(o-C6H4)PPh2}] (4). A

suspension of 2 (20 mg, 0.024 mmol) in methanol (3 mL) was heated
to 65 °C for 3 h. After cooling, the orange solid was decanted and
vacuum-dried. Yield: 12 mg, 65%. IR (cm−1): 2189 (s), ν(IrH). ESI-
MS (m/z): calcd for [M − Cl]+ 769.15, observed 769.15. Anal. Calcd
for C38H30ClIrN2P2: C, 56.75; H, 3.76; N, 3.48. Found: C, 56.73; H,
3.89; N, 3.86.
Preparation of [IrHCl{(PPh2(o-C6H4CO))(PPh2(o-C6H4CNN(CH3)2))-

H}] (5). To a THF (3 mL) solution of 1a (30 mg, 0.037 mmol) was
added N,N-dimethylhydrazine (14.1 μL, 0.186 mmol). Stirring for 24
h and evaporation of the solvent gave a yellow solid that was washed
with diethyl ether and vacuum-dried. Yield: 22.4 mg, 71%. IR (cm−1):
2199 (m), ν(IrH); 1598 (s), ν(CO). ESI-MS (m/z): calcd for [M −
Cl]+ 815.19, observed 815.19. Anal. Calcd for C40H36ClIrN2OP2: C,
56.50; H, 4.27; N, 3.29. Found: C, 56.51; H, 4.73; N, 3.31. 1H NMR
(CDCl3): δ 13.95 (s, 1H, N···H···O); 8.99 (m, 1H, aromatic); 7.99
(m, 1H, aromatic); 7.50−7.00 (m, 26H, aromatic); 2.89 (s, 6H, CH3);
−20.70 (t, 1H, 2J(P,H) = 14.1 Hz, IrH). 31P{1H} NMR (CDCl3): δ
30.8 (s); 16.2 (s). 13C{1H} NMR (CDCl3): δ 244.6 (d,

2J(P,C) = 107
Hz, IrCO); 206.7 (d, 2J(P,C) = 104 Hz, IrCN); 165.0−120.0
(aromatic); 47.0 (s, CH3).
Preparation of [IrHCl(PPh2(o-C6H4CO))(PPh2(o-C6H4C(O)N(CH3)2)-

κP,κO)] (6). A methanol (3 mL) suspension of 5 (50 mg, 0.059 mmol)
was heated at reflux for 10 min, whereupon a yellow solution was
obtained. Evaporation of the solvent gave a yellow solid that was
recrystallized from chloroform/hexane. Yield: 34.7 mg, 69%. IR
(cm−1): 2183 (m), ν(IrH); 1632 (s), 1597 (s), ν(CO). Anal. Calcd
for C40H35ClIrNO2P2·CHCl3: C, 50.73; H, 3.74; N, 1.44. Found: C,
50.04; H, 3.97; N, 1.29. 1H NMR (CDCl3): δ 9.70 (m, 1H, aromatic);
8.50−6.50 (m, 27H, aromatic); 4.23 (s, 6H, CH3); −21.41 (dd, 1H,
2J(P,H) = 11.9 Hz; 2J(P,H) = 20.7 Hz, IrH). 31P{1H} NMR (CDCl3):
δ 23.7 (s); 2.9 (s). 13C{1H} NMR (CDCl3): δ 237.6 (d,

2J(P,C) = 110
Hz, IrCO); 160.9 (s, NCO); 160.0−120.0 (aromatic); 54.9 (s,
CH3).
Preparation of [IrCl(PPh2(o-C6H4CO))2(NH2NH(CH3)-κNH2)] (7).

To a dichloromethane/methanol (1:1) solution (3 mL) of 1a (30
mg, 0.037 mmol) was added methylhydrazine (0.056 mmol). The
solution was stirred for 24 h. Evaporation of the solvents gave a yellow
solid that was washed with diethyl ether and vacuum-dried. Yield: 18.3

mg, 58%. IR (cm−1): 3317 (w), 3280 (w), ν(N−H); 1619 (s), ν(C
O). Anal. Calcd for C39H34ClIrN2O2P2·CH3OH: C, 54.33; H, 4.33; N,
3.17. Found: C, 54.33; H, 4.22; N, 3.82. 1H NMR (CDCl3): δ 8.50−
6.50 (m, 28H, aromatic); 6.13 (br, 1H, NH2); 4.19 (br, 1H, NH2);
3.29 (br, 1H, NH); 2.25 (s, 3H, CH3).

31P{1H} NMR (CDCl3): δ 20.7
(d, 2J(P,P) = 5 Hz); 12.7 (d). 13C{1H} NMR (CDCl3): δ 232.6 (d,
2J(P,C) = 108 Hz, IrCO); 208.7 (d, 2J(P,C) = 8 Hz, IrCO);
160.0−120.0 (aromatic); 42.5 (d, 4J(P,C) = 3 Hz, CH3).

Preparation of [IrHCl(PPh2(o-C6H4CO)-κP)(PPh2(o-C6H4CN))-
(NH2NHPh-κNH2)] (9). To a dichloromethane (3 mL) solution of 1a
(20 mg, 0.025 mmol) was added phenylhydrazine (7.3 μL, 0.074
mmol). The suspension was refluxed for 18 h. Evaporation of the
solvent gave a yellow solid that was recrystallized from dichloro-
methane/hexane. Yield: 13.9 mg, 61%. IR (cm−1): 3282 (br), ν(N−
H); 2221 (m), ν(CN); 2169 (m), ν(IrH); 1600 (m), ν(CO).
Anal. Calcd for C44H37ClIrN3OP2: C, 57.86; H, 4.08; N, 4.60. Found:
C, 57.57; H, 4.50; N, 4.33. 1H NMR (CDCl3): δ 8.50−6.50 (m, 33H,
aromatic); 5.56 (s, 1H, NH); 3.85 (s, 1H, NH2); 3.47 (s, 1H, NH2);
−17.70 (t, 1H, 2J(P,H) = 14.2 Hz, IrH). 31P{1H} NMR (CDCl3): δ
33.9 (d, 2J(P,P) = 362 Hz); 25.0 (d). 13C{1H} NMR (CDCl3): δ 213.9
(s, IrCO); 165.0−120.0 (aromatic); 118.1 (s, CN).

X-ray Structure Analysis. Crystals of compound 4 suitable for X-
ray experiments were obtained from a chloroform solution of 2 kept at
4 °C. For compounds 6, 7, and 10, X-ray-quality crystals were
obtained by slow vapor diffusion of diethyl ether onto chloroform (6),
dichloromethane/methanol (7), or methanol (10) solutions at −20
°C. In all cases a crystal was coated with epoxy resin and mounted on a
Bruker D8 Venture diffractometer equipped with a photon detector
and graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å)
operating at 50 kV and a temperature of 100 K. The cell parameters
were determined and refined by least-squares fitting of all reflections
collected. The first 100 frames were recollected at the end of the data
collection to monitor the crystal decay, and no appreciable decay was
observed. In four cases, an empirical absorption correction was
applied. The data reduction was performed with the APEX227

software, and the data were corrected for absorption using SADABS.28

Crystal structures were solved by direct methods using the SIR97
program29 and refined by full-matrix least-squares on F2 including all
reflections using anisotropic displacement parameters by means of the
WINGX crystallographic package.30 In all cases, the hydrogen atoms
were included at their calculated positions as determined by molecular
geometry and refined riding on the corresponding bonded atoms,
except for the hydrides bonded to the Ir atom and the H atoms
bonded to nitrogen atoms, which were located from the Fourier map
and included. Several crystals of compounds 4 and 6 were measured,
and the structures were solved from the best data that we were able to
collect. Attempts to solve disorder problems with chloroform solvent
molecules in compounds 4 and 6 failed. Instead, a new set of F2(hkl)
values with the contribution from solvent molecules withdrawn was
obtained by the SQUEEZE procedure implemented in PLATON-94.31

Final R(F), wR(F2), and goodness-of-fit agreement factors and details
regarding the data collection and analysis can be found in Table SI-2.

Computational Studies. Quantum-chemical calculations were
carried out with the Gaussian 09 program suite.32 Full geometry
optimization of each species was performed in the gas phase using the
B3LYP hybrid density functional33 with the 6-31+G* basis set for
nonmetal atoms together with the LANL2DZ basis set34 for the metal.
Energy values were then refined by single-point calculations on the
B3LYP/LANL2DZ geometries at the B3LYP/6-311+G**+LANL2DZ
level of theory, and solvent (chloroform) contributions to the free
energy were considered by means of polarizable continuum model
(PCM) calculations.35 The nature of the stationary points was verified
by analytical computations of harmonic vibrational frequencies. A
pressure of 1 atm and a temperature of 298.15 K were assumed in the
calculations. Free enthalpies were derived from the sum of electronic
and thermal enthalpies (εo and Hcorr in Gaussian), whereas free
energies were computed as the sum of electronic and thermal free
energies (εo and Gcorr in Gaussian).
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