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Summary: A series of PdIV-(NOx) complexes (x ) 1,
nitrosyl; x ) 2, nitro; x ) 3, nitrate) has been synthesized.

The nitrosyl derivative [Pd(CH2CMe2-o-C6H4)(κ3-Tp)-
(NO)] is the first palladium mononuclear derivative
to be structurally characterized by X-ray diffraction
methods.

The study of the interaction of nitric oxide with
transition metals is one of the most important aspects
of the chemistry of NO.1 Interest in M-NO systems
stems from the importance of NO in biochemical pro-
cesses2 and from the expectation that knowledge of the
interaction of nitric oxide with metal surfaces, and with
metal cations inside zeolite cages and related materials,
may allow the design of effective catalysts for the
reduction of the atmospheric pollution caused by nitric
oxides.3 Recently, the first nitrosyl complexes of group
5 elements have been structurally characterized.4,5 They
add to the wealth of information that exists on M-NO
compounds of group 6-9 elements,1 leaving those of
group 10 as a comparatively poorly developed family of
metal nitrosyls. Some Ni and Pt nitrosyls have been
characterized by X-ray methods.6 However, to our
knowledge only the structures of a few inorganic poly-
nuclear nitrosyl complexes have been authenticated by

X-ray studies.7 We now report the synthesis and reac-

tivity of the new palladium nitrosyls [Pd(CH2CMe2-o-

C6H4)(κ3-Tp′)(NO)] (Tp′ ) hydrotris(pyrazolyl)borate
ligand; Tp′ ) Tp (2a), TpMe2 (2b)) along with a single-
crystal X-ray investigation of compound 2a, which
reveals it contains a strongly bent nitrosyl ligand.
Related nitrate and nitro compounds 3-5 are also
reported.

Similarly to related palladacycles,8 the anionic de-

rivatives [(K)[Pd(CH2CMe2-o-C6H4)(κ2-Tp′)]] (Tp′ ) Tp
(1a), TpMe2 (1b)) are excellent precursors for the
synthesis of PdIV-alkyl (or aryl) compounds.9 In the
present work, treatment of 1a or 1b (prepared in situ

from the cyclooctadiene complex [Pd(CH2CMe2-o-C6H4)-
(cod)]10 and KTp′) with 1 equiv of Diazald (N-methyl-
N-nitroso-p-toluensulfonamide) produces orange-red mix-
tures from which the new Pd-NO complexes 2a and
2b can be isolated after appropriate workup (Scheme
1).11
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The Tp species 2a may also be obtained by the
reaction of 1a with [NO][BF4], but this procedure has
poor reproducibility. The two nitrosyls are yellow to red
crystalline solids, soluble in common organic solvents.
They exhibit moderate thermal stability and in the solid
state resist the action of air for a short period of time.
Details of their synthesis and properties can be found
in the Supporting Information. Spectroscopic data are
consistent with the structure of compounds 2 repre-
sented in Scheme 1. Tridentate coordination of the Tp′
ligand is inferred from the application of both the
infrared12 and the δ(11B{1H}) NMR13 criteria. The
asymmetry of the metal center causes the appearance
of three sets of resonances for the inequivalent pyrazolyl
rings, and it is also responsible for the diasterotopic
nature of the CH2 (and CMe2) protons of the pallada-
cyclic unit (for instance, doublets at δ 4.00 and 4.55 ppm,
2JHH ) 8 Hz, are found for the CH2 protons of 2a, and
singlets at 1.01 and 1.36 ppm for the Me groups). In
the IR spectrum a strong absorption centered at 1650
cm-1 (2a) or 1660 cm-1 (2b) reveals the presence of a
coordinated molecule of nitric oxide.

Following the Enemark-Feltham notation for the
description of the MNO geometry,14 complexes 2 can be
described as {Pd(NO)}8 systems, and therefore a bent
geometry may be anticipated for their Pd-NO moiety.
The above ν(NO) values, albeit not unequivocal (ν(NO)
for 2 is in the range of overlap of linear (ca. 1900-1600
cm-1) and bent (ca. 1750-1600 cm-1) MNO groups1),
are consistent with this proposal. The oxidation-state
formalism also appears useful for these Pd nitrosyls;
therefore, complexes 2 can be formulated as Pd(IV)
species with a bent NO group (formally NO-). Structural
confirmation has been achieved by an X-ray study of
the Tp derivative 2a.

Figure 1 shows the solid-state molecular structure of
this complex.15 As advanced, the geometry of the metal
center is essentially octahedral, with tridentate facial
coordination of the Tp ligand. The two Pd-C bonds have
similar lengths, although Pd1-C6 (2.016(5) Å) is some-
what shorter than Pd1-C1 (2.063(5) Å), as a conse-
quence of the different hybridization of the two carbon
atoms. The nitrosyl ligands is bonded through the N

atom. It has a Pd-NO distance of 2.016(5) Å, and it is
distinctively bent, with a Pd-N-O angle of 118.3(5)°.
The N1-O1 distance of 1.151(7) Å is comparable to
corresponding distances in other angular nitrosyls.1,16

The structure of the palladium nitrosyls has also been
investigated using density functional theory (B3LYP/
LANL2DZ*), employing Pd(CH3)2(κ3-Tp′)(NO) as model
complexes (Tp′ ) Tp, TpMe2). The calculated structures
(see the Supporting Information) reproduce accurately
the experimental data obtained for 2a. For instance, the
computed Pd-NO distance (2.010 Å) and Pd-N-O
angle (118°) for the Tp model compound compare well
with the experimental values found for 2a (see Figure
1).

A number of transition-metal nitrosyl complexes react
with dioxygen to yield nitro or nitrate compounds.1,17

The Pd nitrosyl 2b, which contains the bulky TpMe2
ligand, undergoes a very complex reaction with O2 that
gives an intractable mixture of products. Differently, the
reaction of 2a with dioxygen allows isolation (ca. 50%
yield) of the PdIV-nitrate 3a (Scheme 2).18 Mechanistic
studies on this transformation are hampered by its
complexity, as other as yet unidentified products are
generated as well. Compound 3a behaves as a nonelec-
trolyte, with good solubility properties in aromatic
hydrocarbons, diethyl ether, THF, and CH2Cl2. IR bands
at 1500, 1275, and 985 cm-1, attributable to NO3
vibrational modes,19 confirm the presence of a coordi-
nated NO3

- group. Additionally, treatment of a toluene
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Scheme 1

Figure 1. ORTEP diagram of complex 2a. Selected bond
distances and angles: N1-O1 ) 1.151(7) Å, Pd1-N1 )
2.016(5) Å, Pd1-N2 ) 2.173(4) Å, Pd1-N4 ) 2.191(4) Å,
Pd1-N6 ) 2.191(5) Å, Pd1-C1 ) 2.063(5) Å, Pd1-C6 )
2.016(5) Å; Pd1-N1-O1 ) 118.3(5)°, N1-Pd1-N4 )
172.8(2)°, C1-Pd1-C6 ) 81.3(2)°.
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solution of 3a with 1 equiv of PMe3 causes immediate
precipitation of the cationic Pd(IV) complex 4a, which
possesses a coordinated molecule of PMe3 in place of the
nitrate. The noncoordinated NO3

- group of 4a gives rise
to an intense absorption band at 1375 cm-1, assignable
to νas(NO3).20

The reaction of 2a with O2 to give 3a provides no
evidence for the formation of a nitro compound inter-
mediate. Nevertheless, we have succeeded in preparing
such a derivative, 5a, by means of the alternative
synthetic procedure summarized in Scheme 3: namely,
by NO2 oxidation of the Pd(II) species 1a.21 The NMR
parameters of 5a show the expected similarity with
those of 3a (for instance, the Pd-CH2 carbon of the
metallacyclic linkage resonates at δ 74.9 and 75.4 ppm
for 3a and 5a, respectively). Furthermore, observation
of two IR bands at 1445 and 1325 cm-1 due to νas(NO2)
and νs(NO2), respectively, suggests the presence of the
N-bound (i.e. nitro) NO2

- ligand.20 Failure to convert

5a into 3a in the presence of O2 demonstrates that the
former is not an intermediate in the conversion of
nitrosyl 2a into nitrate 3a represented in Scheme 2.

In summary, we have prepared the first {Pd(NO)}8

compounds and succeeded in characterizing for the first
time by X-ray crystallography a nitrosyl complex of

palladium, namely [Pd(CH2CMe2-o-C6H4)(κ3-Tp)(NO)]
(2a). Its oxidation with dioxygen yields the PdIV-nitrate
3a in a complex reaction that does not proceed through
the related PdIV-NO2 derivative 5a. The latter com-
pound has actually been prepared by a redox process
involving NO2 and the Pd(II) compound 1a.
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