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Unexpected isomerism in “[Pd(2,9-dimethylphenanthroline)X2]”
(X = Cl, Br, I) complexes: a neutral and an ionic form exist†
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Complexes of composition “[Pd(2,9-dimethylphenanthroline)X2]” (X = Cl, Br, I) have long been known
and they are used as precursors for the synthesis of other derivatives or as catalysts. In the previous
literature, they have invariably been described as neutral square planar complexes, but we have found that
a second ionic isomer also exists, having composition [Pd(Neoc)2X]2[Pd2X6], and that the formation of
this isomer occurs under a wider range of conditions than that of the neutral one. Retrospectively, the
ionic isomer had surely been obtained in most previous reports even if formation of the neutral one was
claimed.

Introduction

Phenanthroline and substituted phenanthroline complexes have
played a key role in the development of coordination1 and orga-
nometallic chemistry and are actually finding increasing appli-
cations in homogeneous catalysis.2–5 Among the members of
this class of ligands, 2,9-dimethyl-1,10-phenanthroline (neo-
cuproine, Neoc), its derivative 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (batocuproine), and the related 6,6′-dimethyl-
2,2′-bipyridine have attracted special attention because the steric
hindrance caused by the two methyl groups stabilises unusual
coordination geometries and stabilises the formation of otherwise
unstable adducts.6–9 As a consequence, they have been shown to
lead to higher catalytic activities with respect to unhindered phe-
nanthrolines when employed as ligands for several palladium
catalysed reactions, including the Heck reaction,10 the oxidative
Heck arylation of olefins by boronic acids,11–14 the production
of hydrogen peroxide,15,16 the oxidative carbonylation of
phenols,17–19 and especially the alcohol oxidation by
dioxygen.20–31

Palladium neocuproine halide complexes have been known
for 40 years32 and are often used as the starting material for the
synthesis of more complex compounds or are proposed to be

generated under catalytic conditions. Different synthetic
approaches have been reported for their preparation, but the pro-
ducts are invariably formulated as [Pd(Neoc)X2] (X = Cl, Br, I).
We have recently become interested in the use of palladium neo-
cuproine complexes in the context of a mechanistic study of the
palladium–phenanthroline catalysed carbonylation reaction of
nitroarenes to carbamates.33,34 While further investigating the
reactivity of [Pd(Neoc)Cl2], we realised that even minor vari-
ations in the synthetic procedure led to products that displayed
completely different solubility behaviour despite having the
same elemental analysis, always in agreement with that calcu-
lated for the expected product.

A closer inspection of the literature shows that some inconsis-
tencies in the reported solubility of [Pd(Neoc)X2] (X = Cl, Br, I)
complexes are indeed present, which had been apparently over-
looked by many scientists, including ourselves. Compounds of
general formula [Pd(Neoc)X2] were reported for the first time in
the literature in 1971,32 obtained by stirring a suspension of [Pd
(Neoc)(NO3)2] in acetone–water (X = Cl, Br) or in ethanol
(X = I) with a “large excess of alkali halide” for several hours
(no more detail was given in the paper). The precipitated com-
pounds were then recrystallised from chloroform, indicating that
they are at least partially soluble in this solvent (Scheme 1).

The compounds thus synthesised were characterised by
elemental analysis and UV spectroscopy. In a following paper,35

compounds obtained in the same way were characterised by 1H
NMR (CDCl3) spectroscopy, again implying they are soluble
enough in chloroform.

Scheme 1
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Following works by Newkome36,37 reported a different syn-
thesis for [Pd(Neoc)Cl2] (Scheme 2).

To a stirred acetonitrile solution of neocuproine, PdCl2 dis-
solved in warm acetonitrile ([Pd(CH3CN)2Cl2] is generated
in situ) was added and the solution stirred for 2 h at room temp-
erature. A crystalline precipitate was formed. In the same paper it
was remarked that NMR characterisation was not possible
because of the low solubility of the product in standard NMR
solvents. This suggests that in fact the compound obtained was
not the same as that in the previously mentioned works.

Later, Fanizzi obtained [Pd(Neoc)Cl2] by treating a chloro-
form solution of [Pd(PhCN)2Cl2] with neocuproine.38 The corre-
sponding bromide and iodide complexes were obtained from [Pd
(Neoc)Cl2] by an exchange reaction with the corresponding tetra-
butylammonium halides in the same solvent (Scheme 3).

1H NMR characterisation was possible only for X = Cl, Br,
whereas the low solubility of [Pd(Neoc)I2] did not allow the
recording of the spectrum. However, elemental analysis
confirmed the supposed composition.

Being interested in revealing the real identity of those pro-
ducts, we started a more careful investigation of these apparently
trivial compounds and found that two structural isomers exist for
each of the compounds in the series, one of which had escaped
identification for more than 40 years, despite having previously
been obtained in several cases. In recent years, it has emerged
that the way palladium–phosphine complexes are prepared can
change the final product and, especially, its catalytic activity.39–41

In this paper, we demonstrate that a similar problem can also
occur with a nitrogen ligand and we stress that more attention
should be paid in correctly identifying the actual species
employed or generated in situ than done in the past.

Results and discussion

Syntheses and molecular structures

Our initial observations originated by solubility differences
obtained when [Pd(Neoc)Cl2] was prepared by reaction of [Pd
(CH3CN)2Cl2] with neocuproine in either chloroform or methyl-
ene chloride. Whereas the product of the reaction in chloroform
(1a) showed a good solubility in both CHCl3 and CH2Cl2, that
obtained from methylene chloride (1b), both at room and reflux
temperature, was completely insoluble in both chlorinated

solvents. However, elemental analyses of both 1a and 1b per-
fectly matched the expected composition. If the reaction was per-
formed in 1,2-dichloroethane, the outcome depended on the
temperature. If the reaction was run at reflux, only 1a was
obtained, whereas running it at RT resulted in a mixture of the
two. Refluxing the so obtained mixture in C2H4Cl2 for several
hours resulted in the complete conversion of 1b into 1a. The
same conversion also occurred in CH2Cl2 at RT, but it took
several months to reach completion (Scheme 4). As mentioned
in the introduction, Newkome reported the product of the reac-
tion of [Pd(CH3CN)2Cl2] with neocuproine in CH3CN to be
insoluble in standard NMR solvents.36,37 However, since the
reported yield was not quantitative, it may be doubted whether
some “soluble” product was also formed and lost during the
workup. We thus repeated this reaction and only insoluble 1b
was obtained (Scheme 4).

These data strongly suggest that 1a and 1b are isomers and
that the former is the thermodynamically favoured one, although
formation of 1b may be faster under some conditions. Since no
geometric isomerism is possible for a square planar complex
with a chelating ligand, the two compounds should be structural
isomers.

The same series of reactions was performed starting from [Pd
(CH3CN)2Br2]. At variance from the chloride complex, in all
cases only an insoluble compound, 2b, was obtained, irrespec-
tive of the solvent and reaction temperature. In the case of the
reaction run at RT in CHCl3, the product contained less neocu-
proine than expected and was apparently contaminated by some
PdBr2. A small amount of a different soluble compound (see
later) remained in solution. However, the soluble isomer 2a was
cleanly obtained by exchange of 1a with tetrabutylammonium
bromide in chloroform, in agreement with Fanizzi.38

We also investigated another approach to the synthesis of 2,
that is the direct reaction of palladium acetate, neocuproine and
NaBr in methanol. This represents a slight modification of the
procedure already used by Aresta et al. to prepare [Pd(Phen)
I2].

42 The procedure resulted in the formation of 2b only if the
reaction was run at RT, whereas formation of metallic palladium
was observed in refluxing methanol.

As already reported in the literature,43 [Pd(CH3CN)2I2] is not
stable and thus it could not be used as starting material to syn-
thesise 3. Both the reaction of palladium acetate with neocu-
proine and KI in methanol and the exchange reaction from 1a
afforded insoluble 3b. Only by applying the original protocol,
employing [Pd(Neoc)(NO3)2] as starting material, was some
soluble 3a, in mixture with 3b, obtained.

Having a clearer picture of which conditions are suitable to
obtain each isomer, we next started a series of attempts to grow
crystals of the different compounds in order to unequivocally

Scheme 2

Scheme 3

Scheme 4
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characterise at least a member of each series by X-ray
diffraction.

Crystals of 1a and 2a could be successfully grown by slow
diffusion of hexane into a CH2Cl2 solution of the corresponding
complex at RT. Under these conditions, the chloride complex
crystallised as a CH2Cl2 solvate (Fig. 1).

As shown in Fig. 1 and 2, compounds of type a are the
expected mononuclear neutral complex.

All the structures of [Pd(Phen)X2] or [Pt(Phen)X2] (Phen =
1,10-phenanthroline) known to date are almost undistorted

square planar and the phenanthroline plane coincides with the
coordination plane of the metal. This also holds true for substi-
tuted phenanthrolines, but not those substituted in ortho, like
neocuproine. In this case a huge distortion occurs, obviously due
to a steric effect, so that the plane of Neoc and the square plane
of the metal are quite inclined. This is evident in Fig. 1 and 2 for
compounds 1a and 2a. The distortion implies a loss of planarity
for Neoc and therefore a re-arrangement of the bonds within its
skeleton.

A solid state form of compound 1a has recently been
reported,44 but the form we obtained (1a·12CH2Cl2) is a pseudo-
polymorph, having the crystallisation solvent co-crystallised (in
a ratio 1 : 2). The space group type of 1a and 1a·12CH2Cl2 is inci-
dentally the same (P21/n, keeping the same setting adopted in
ref. 44) but the crystal lattice dimensions are quite different.
Crystals of 1a·12CH2Cl2 contains two molecules of 1a in the
asymmetric unit and the unit cell volume is of course more than
2 times larger (having CH2Cl2 inside also). The unprecedented
structure of 2a is instead isomorphic with 1a, therefore with just
one molecule in the asymmetric unit and no co-crystallised
solvent. No traces of a 2a·12CH2Cl2 polymorph were found. The
molecular structures of 1a (either with clathrated solvent or not)
and 2a are all very similar, characterised by the classical distor-
tion of Neoc tetra-coordinated Pd or Pt complexes. The angles
between the two planes (Neoc and N2PdX2) are ca. 40°. The Pd
atom is always slightly shifted out of the average plane of the
four coordinated atoms, making a slight distortion toward square
pyramidal.

These molecular distortions make the Neoc coordination to Pd
less efficient than the analogous phenanthroline. In [Pd(Phen)
Cl2],

45 Pd–N distances are 2.036(2) Å (averaging the two dis-
tances), whereas in 1a they are 2.06(1) Å (an average between
the two crystalline forms; in parentheses standard deviation from
the mean value are given, not the experimental uncertainties).
For the Br derivative, the Pd–N distances are 2.053(6) for [Pd
(Phen)Br2]

46 and 2.08(1) Å for 2a, respectively (averaging the
two distances). Similar trends affect the Pd–X distances, which
are longer for the Neoc derivatives.

These PdNeoc derivatives are quite similar to the correspond-
ing PtNeoc ones,38,47 where the same distortions are observed
compared with the phenanthroline ligands. Interestingly, while Pt
(Neoc)Br2

47 is isomorphous to 2a, Pt(Neoc)Cl2 crystallises in a
different form, orthorombic Pbca, without co-crystallised
solvent.38

For both clathrated and solvent free crystalline forms of 1a,
the packing is characterised by antiparallel stacking of the Neoc
ligands, perpendicular to the monoclinic axis in direction (1, 0,
−1) for the clathrated form, along direction (1,1,1) for the
solvent free one. This motif also characterises Pt(Neoc)Cl2.

The very low solubility of type b compounds required
growing single crystals in a different way, namely performing
the reaction in a double layer: an acetonitrile solution of [Pd
(CH3CN)2Br2] was layered over a dichloromethane solution of
neocuproine allowing the diffusion to take place at −40 °C. As
shown in Fig. 3, 2b is a ionic compound of composition [Pd
(Neoc)2Br]2[Pd2Br6]. The CH2Cl2 solvent co-crystallised.

The structure of the cation is similar to that recently reported
for the Cl derivative,48 crystallised as the (PF6)

− salt. Despite
apparent penta-coordination, the structure is in fact a highly

Fig. 2 Ortep view of the molecular structure of [Pd(Neoc)Br2], 2a.
Ellipsoids drawn at 50% probability level.

Fig. 1 Ortep view of the two independent molecules of 1a in the
crystal [Pd(Neoc)Cl2]·12CH2Cl2. The solvent was omitted for clarity.
Ellipsoids are drawn at 50% probability level.
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distorted square planar with a fifth, very long Pd1–N21 coordi-
nation, 2.518(06) Å. Fig. 3 presents an orientation that highlights
the distorted square planar. The three Pd–N bonds are not identi-
cal, with Pd–N31 being longer than the other two (N11–Pd1
2.045(6) Å; N31–Pd1 2.113(6) Å; N41–Pd1 2.031(5) Å).

Compound 2b·CH2Cl2 crystallises as triclinic (P1̄) and the
crystal packing is also dominated by the stacking of Neoc
ligands along (1,−1,0) direction. Anion–cation interactions are
not strong and just limited to few C–H⋯Br. This solid state form
is unambiguously different from both forms of a-type com-
pounds, therefore an X-ray powder diffraction (XRPD) exper-
iment on the bulk would immediately reveal the possible
presence of both isomers.

However, XRPD on a sample obtained from the reaction of Pd
(OAc)2 with neocuproine and NaBr in methanol confirmed the
presence of just a single solid state phase, with a diffractogram
identical to that of 2b·CH2Cl2, implying the presence of an iso-
morphic 2b·CH3OH. Therefore, no more than two compounds
(2a and 2b) are needed to explain the obtained results.

Compound 2b has clearly the same composition as 1b thus
explaining why its existence had not been realised up to now (a
slight difference in the amount of co-crystallised solvent may
depend on the crystallisation conditions and would anyway be
difficult to reliably assess by elemental analysis).

1H NMR spectra of 1a–3a in CDCl3 all show the presence of
a single set of signals attributable to a neocuproine ligand in a
symmetrical environment. Except for this, it is not possible to
draw any other conclusion from this data. On the other hand, no
spectrum in CDCl3 can be recorded for any compound of type b.

Polar non-protic solvents, the only ones in which compounds b
are at least partly soluble, should be considered with caution.
Indeed, when 2b was dissolved in DMSO and the solution was
layered with THF, a new penta-coordinated palladium complex
crystallised, identified as [Pd(Neoc)Br2(DMSO)] (2c) with
DMSO coordinated to Pd (Fig. 4). An analogous complex with
platinum as metal and iodide as ligand is already known,49 but
the solid state form is different; 2c is monoclinic, C2/c, whereas
[Pt(Neoc)I2(DMSO)] is triclinic P1̄.

Compound 2c is also a pseudo-pentacoordinate complex,
where one of the two Neoc nitrogens is only weakly bound
(Pd1–N21 2.571(5)). In a forthcoming paper,50 we will discuss
in more details this peculiar stereochemistry of penta-coordinated
[Pd(Neoc)X2L], which is quite a function of the nature of the X
and L ligands. The structure of 2c is somewhat analogous to that
of [Pd(Neoc)Cl2(CO)].

33

The fact that 2c is quickly obtained from 2b supports the idea
that the monomeric complexes are the thermodynamically
favoured compounds and that the formation of compounds of
type b is driven by their fast formation and their insolubility. If
compounds of type b are given the possibility to dissolve, most
times they will isomerise to type a compounds. Such isomerisa-
tion further explains why the existence of isomers b had not
been appreciated before. We also incurred this misunderstanding.
We have recently reported the synthesis and X-ray crystal struc-
ture determination of the full series of compounds [Pd(Neoc)
X2(CO)], obtained by carbonylating “[Pd(Neoc)X2]” in
CH2Cl2.

33,34 Some of the reactions were performed several
times. In some cases the starting materials were insoluble in the
solvent, but dissolved during the reaction and the same, soluble,
carbonylated compound was obtained independent of the solubi-
lity of the starting material. Retrospectively, the crystals
employed for the X-ray diffraction analysis of both the chloride
and iodide members of the series had been grown from solutions
of the corresponding compounds obtained employing samples of
1b and 3b, respectively. Only crystals of [Pd(Neoc)Br2(CO)]

Fig. 3 Ortep view of the solid state form of [Pd
(Neoc)2Br]2[Pd2Br6]·CH2Cl2 (2b·CH2Cl2); ellipsoids are drawn at 50%
probability level. Solvent omitted for clarity.

Fig. 4 The molecular structure of [Pd(Neoc)Br2(DMSO)] (2c) in the
solid state. Ellipsoids are drawn at 50% probability level.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3648–3658 | 3651
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were obtained by a solution obtained by carbonylating a type a
isomer.

While writing the present work, we became aware of a very
recent paper44in which complex 1a was obtained by reaction of
[PdCl2(DMF)2] and neocuproine in DMSO, followed by recrys-
tallisation in DMF. Given the ability of DMSO to transform
ionic 2b into a neutral species, it is possible that this solvent also
plays a role in addressing the reaction of [PdCl2(DMF)2] and
neocuproine towards neutral 1a.

Although isomerisation of type a into type b species was
observed under several experimental conditions, it must be
remarked that, in our experience, this only holds if other anions
are not added. On the other hand, when a suspension of species
1b was treated with an excess of tetrabutylammonium chloride,
the compound dissolved within 2 h, but reprecipitation with
methanol again afforded the same insoluble isomer. When the
reaction was performed in deuterated chloroform, the 1H NMR
spectrum of the solution evidenced the presence of free neocu-
proine and another series of signals attributable to a neocuproine
ligand in a symmetrical environment. The former is probably
due to neocuproine displacement associated with the formation
in solution of species [PdCl]4

2− while the latter may be due to a
compound such as [(η1-Neoc)PdCl3]

−, although we have not
investigated this aspect in more detail and the composition of the
latter complex must be regarded as speculative. In analogy, it has
been reported38 that the use of an excess of tetraalkylammonium
iodide when performing the ion exchange on compound 1a
leads to formation of [NR4]2[Pd2I6] as a by-product.

As previously mentioned, treating [Pd(CH3CN)2Br2] with
neocuproine in CHCl3 afforded a precipitate of complex 2b,
apparently contaminated by palladium bromide (as indicated by
elemental analysis), but small amounts of other soluble com-
pounds were present in solution. It should first be noticed that
we observed formation of palladium bromide even when a sol-
ution of [Pd(CH3CN)2Br2] in chloroform or methylene chloride
was left to stand, but the decomposition is faster in CHCl3.
Moreover, when analytically pure [Pd(CH3CN)2Br2] was ana-
lysed by 1H NMR in CDCl3, an immediate decomposition was
observed. Even after less than one minute from the solvent
addition, the signal of free acetonitrile was largely dominant (ca.
95% of the total intensity in the CH3 region) and only two very
weak signals were observable at 2.42 and 2.37 ppm. This
strongly suggests that aggregated units of the type [Pd(CH3CN)
Br]2(μ2-Br)2 are easily formed in these solvents, from which
aggregation can further proceed to eventually produced insoluble
oligomeric species containing little, if any, coordinated aceto-
nitrile. It should be noted that the presence of free acetonitrile
was also detected when recording a 1H NMR spectrum of [Pd
(CH3CN)2Cl2], but in much lower amounts.

Concerning the soluble fraction of the reaction between [Pd
(CH3CN)2Br2] and neocuproine in CHCl3,

1H NMR spec-
troscopy showed the presence of three compounds, two of them
(including 2a) present in low amounts, each showing a sym-
metrical environment for the neocuproine ligand. By cooling this
solution at −20 °C, crystals of one of those compounds were
obtained and its X-ray structure solved. The compound was
shown to be [Pd(Neoc)2Br]Br (4) (Fig. 5).

The cationic part of 4 is the same as in 2b, but the anionic
part does not contain palladium.

Compound 4 has already been reported in the literature,
obtained by reaction of 2a with excess neocuproine, but no crys-
tallographic characterisation was carried out.32,35 Under our con-
ditions, formation of 4 is clearly associated to the other reactions
observed: loss of acetonitrile from [PdBr2(CH3CN)2] generates
PdBr2 oligomers that precipitate together with 2b. The excess
ligand that remains in solution results in the formation of 4.

It should be noted that the 1H NMR spectrum of 4 (and also
that of the chloride analogue) has been reported35 to show
signals in accordance with an asymmetrical neocuproine.
However, this is in contrast not only with our observation, but
also with the fluxional nature of all other pentacoordinated neo-
cuproine adducts we have analysed. Thus, the original report is
probably partially erroneous and a mixture of complexes was
likely obtained at the time.

Species 4 were obtained in crystal form, co-crystallised with
H2O and CHCl3. As for 2b, the cation can be rationalised as a
distorted tetracoordinated square planar with a fifth loose coordi-
nation (Pd–N41 = 2.579(7) Å). The other three Pd–N bonds are
more similar, instead (ranging from 2.048(7) to 2.081(7) Å). The
crystal structure is monoclinc, P21/c and the packing is again
characterised by the stacking of Neoc ligands and weak
C–H⋯Br− interactions. Co-crystallised H2O and CHCl3 are also
involved in hydrogen bond networks.

As previously mentioned, 1H NMR characterisation of com-
pounds 1–3 can be performed in CDCl3 only for the soluble
isomers a, whereas the use of coordinating solvents should be
avoided. The observed signals for 1a and 2a are in very good
agreement with those reported by Fanizzi,38 whereas the agree-
ment is less good with the only reported spectrum of the iodide
complex.35 This may be due to the low resolution of the instru-
ment employed in that relatively old work. The spectra show a
symmetrical coordination of the neocuproine ligand, in accord
with the solid state structure.

UV spectra could also be recorded only for type a complexes.
Our data agree quite well with those already reported in the lit-
erature32 for the chlorine and bromine derivatives, although they
are quite different from what was reported in the same reference
for the iodine one.

Fig. 5 Ortep drawing of [Pd(Neoc)2Br]Br·2H2O·CHCl3
(4·2H2O·CHCl3).

51 Ellipsoids are drawn at 50% probability level.

3652 | Dalton Trans., 2012, 41, 3648–3658 This journal is © The Royal Society of Chemistry 2012
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Reaction pathway to different isomers

We can now analyse which is the plausible pathway leading to
the different isomers and the reasons why one is favoured over
the other. We will first focus on the reactions employing [Pd
(CH3CN)2X2] type complexes as starting materials and in halo-
genated solvents, because these are the conditions in which
different isomers can be obtained by slight variations of the
experimental conditions.

Because 1b isomerises to 1a under some conditions, but the
reverse was never observed, 1a must be the thermodynamic
product. Isomer 1b is surely the kinetic product under some con-
ditions, but the simplest general scenario implies that it may be
always the kinetic product. Depending on the solvent and temp-
erature, 1b may or may not have the time to isomerise to 1a
before precipitating.

As far as the solvent influence is concerned, some properties
of CHCl3, C2H4Cl2 and CH2Cl2, from which only 1a, a mixture
of 1a and 1b, and 1b only are obtained at RT, are reported in
Table 1.

A clear correlation between a single solvent property and the
obtained results cannot be obtained, but chloroform has the
highest acceptor number and forms the stronger hydrogen bonds.
This implies that it should labilise coordinated chloride more
efficiently than the other two solvents. Dichloroethane, on the
other hand, is the most polar and should better solubilise the
ionic isomer, retarding its precipitation and giving it the time to
isomerise, a feature in accord with the observation that at reflux
temperature only 1a is obtained.

The reaction pathway shown in Scheme 5 accounts for all
experimental observations.

Given the strong tendency of halides to assume a bridging
position in palladium complexes, we propose that the starting
point of the reaction with neocuproine is a dimeric complex
formed from two [Pd(CH3CN)2X2] units by acetonitrile loss.
Observation of free acetonitrile in the 1H NMR spectrum of both
[Pd(CH3CN)2Cl2] and [Pd(CH3CN)2Br2] supports the presence
of such type of complexes in solution.

The neocuproine attack should generate two intermediates,
none expected to be stable under the reaction conditions. They
will evolve to the two components of type b complexes, from
which precipitation will occur. If the solvent can give strong
enough hydrogen bonds, it may displace a halide from the
anionic [Pd(CH3CN)X3]

− giving an unsaturated intermediate
that easily reacts with neocuproine to give a type a complex. The
resulting free halide can coordinate to the cationic [Pd(Neoc)
(CH3CN)X]

+, affording additional a complex. When X = Br, the
unsaturated [Pd(CH3CN)Br2] may also aggregate to insoluble
PdBr2 (actually a polymer with bridging bromides). The excess
neocuproine and bromide left in solution can result in the pre-
cipitation of [Pd(Neoc)2Br]Br (4).

The influence of the halide can now also be discussed. From
an analysis of the data it emerges that it is increasingly more
difficult to obtain the soluble isomer when descending the
halogen group. There are two reasons that can justify this trend.
The first is that several data in the literature indicates that in pal-
ladium complexes the tendency of halides to assume a bridging
position increases in the order Cl < Br < I,56 and bridging
halides are present in isomer b complexes, but not in type a
ones. The second, in cases where it is pertinent, is that chloride
forms stronger hydrogen bonds than its heavier homologues, and
this feature will facilitate halide abstraction from [Pd(CH3CN)
X3]

−, orienting the reaction towards the formation of the neutral
isomer a, as in Scheme 5.

Conclusions

A summary of the results obtained by different synthetic
approaches is shown is Scheme 6. Out of the reported synthetic
strategies, reaction of [Pd(CH3CN)2X2] with neocu-
proine33,34,36,37 led to either isomer a or b depending on the con-
ditions in the case of the X = Cl, but only to isomer b in the case
of the brominated compound. The exchange reaction of [Pd
(Neoc)Cl2] (1a)38 led to isomer a in case of X = Br, but to
isomer b for X = I. Reaction of palladium acetate with neocu-
proine and NaX (X = Br, I)42 afforded in both cases isomer b,
whereas the firstly reported strategy, metathesis of [Pd(Neoc)
(NO3)2] with NaX,32 gave isomer a for X = Cl, Br and a mixture
of isomers a and b for X = I. This is the only procedure by
which the neutral iodinated derivative could be obtained, even if
in a mixture with the ionic one.

The ionic isomer can be converted into the neutral one under
some conditions and dissolution of the ionic isomer in DMSO
gives an adduct of the neutral compound, a behaviour that
recalls that observed when reacting either ionic or neutral deriva-
tives with CO.

Scheme 5

Table 1 Polarity properties of the employed chlorinated solvents

CHCl3 CH2Cl2 C2H4Cl2

Dielectric constant 52 4.89 9.02 10.74
Dipole moment 52 1.15 1.14 1.83
Acceptor number 53–55 23.1 20.4 16.7

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3648–3658 | 3653
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At this stage, a similar, if not the same, behaviour is to be
expected with other sterically hindered phenanthrolines such as
2,9-dimethyl-4,7-diphenylphenanthroline (batocuproine) and,
likely, related derivatives such as 6,6′-dimethylbipyridine. On the
other hand, it is not experimentally determined if complexes of
the type [Pd(L)2X]2[Pd2X6] can also exist for other phenanthro-
lines lacking substituents in the 2 and 9 positions, or whether
the same kind of isomers a and b can be also obtained for
related platinum complexes. This will be the topic of a future
study.

Experimental

General procedures

Unless otherwise stated, all reactions and manipulations were
conducted under a dinitrogen atmosphere employing standard
Schlenk and cannula techniques. CHCl3, CH2Cl2, C2H4Cl2,
CH3CN (CaH2) and MeOH (Mg(OMe)2) were dried by distilla-
tion over the corresponding drying agent under dinitrogen
immediately before use. All glassware was kept in an oven at
120 °C for at least 2 h and left to cool under vacuum before use.
2,9-Dimethyl-1,10-phenanthroline was purchased as the hydrate.
It was dried by dissolving it in CH2Cl2, drying the resulting sol-
ution with Na2SO4, filtering the suspension under dinitrogen,
and evaporating the filtered solution in vacuo. It was then stored
under dinitrogen. It can be weighed in the air without problems,
but must be stored in an inert atmosphere if water uptake is to be
avoided. All other chemicals were purchased from Aldrich,
Acros or Alfa Aesar and used as received. CDCl3 was purified
by passing it through a short column of basic alumina that had
been previously dried by heating it in vacuo with a heating gun
(to remove all acidic impurities and most of the water). The so
purified solvent was degassed and stored over activated molecu-
lar sieves under dinitrogen and in the dark. DMSO-d6 was dis-
tilled over CaH2, degassed and stored over activated molecular
sieves under dinitrogen. 1H NMR spectra were recorded on a
Bruker AC300 FT or on an Avance Bruker DPX300 spec-
trometer, working at 300 MHz. Signals are referred to SiMe4 and
J values are given in Hz. Elemental analyses were recorded on a
Perkin-Elmer 2400 CHN Elemental Analyser.

Synthesis of PdX2

Palladium bromide was prepared dissolving metallic palladium
in a nitric acid (65%) and bromidic acid (48%) mixture accord-
ing to the reported procedure.43 Metallic palladium was comple-
tely dissolved by boiling the mixture; the volume of the solution
was reduced and nitric acid was added three times, evaporating
the solution almost to dryness every time to eliminate the HBr
excess and decompose the [PdBr4]

2− ion. The solution was
finally evaporated to dryness and a powdered brown precipitate
was obtained.

Synthesis of [Pd(CH3CN)2X2] (X = Cl, Br)

[Pd(CH3CN)2Cl2]. The procedure is adapted from that already
described for the corresponding benzonitrile complexes.57 Palla-
dium chloride was suspended in acetonitrile (120 ml CH3CN per
gram of PdCl2) and refluxed for 2 h allowing PdCl2 to essen-
tially dissolve completely. The hot solution was filtered through
filtering paper with the aid of a cannula to remove very small
amounts of undissolved impurities. The solution was then cooled
at 0 °C to promote [Pd(CH3CN)2Cl2] precipitation. The yellow
solid was recovered by filtration with a Buchner. The remaining
solution was then evaporated in vacuo to afford additional
complex (quantitative yield). Calcd for C4H6N2Cl2Pd: C, 18.52;
H, 2.33; N, 10.80%. Found: C, 18.78, H, 2.26; N, 10.72%. δH
(CDCl3, RT, 300 MHz): 2,40 (s, CH3). The spectrum also shows
a signal at 2.03 ppm indicating free acetonitrile. Aweak signal at
2.39 ppm is also observable. IR (nujol): 2335, 2304 cm−1 (in
accord with the literature58) IR (C2H4Cl2): 2337, 2306 cm−1.

[Pd(CH3CN)2Br2]. The same procedure described above was
employed. Calcd for C4H6N2Br2Pd: C, 13.79; H, 1.74; N,
8.04%. Found: C, 13.61; H, 1.66; N, 7.78%. δH (CDCl3, RT,
300 MHz): 2.41(s). Also observable is a singlet at δ 2.37,
attributable to a dimeric species, and a much more intense signal
(integrated intensity ca. 70 fold that of the other two signals) at δ
2.03 (s, free CH3CN).

Synthesis of [Pd(Neoc)(NO3)2]

The synthesis was performed by adapting the procedure already
reported for the corresponding phenanthroline complex.59

Scheme 6
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Palladium sponge was dissolved in 65% HNO3. Then, solid neo-
cuproine was added in small portions at half an hour intervals,
until the brown solution became almost colourless. The orange
precipitate was collected by filtration through a Buchner and
washed with diluted HNO3. After drying in the air and under
vacuum, it was analytically pure and no recrystallisation was
needed. Calcd for C14H12N4O6Pd: C, 38.33; H, 2.76; N,
12.77%. Found: C, 38.58; H, 2.57; N, 12.71%.

Synthesis of [Pd(Neoc)Cl2]/[Pd(Neoc)2Cl]2[Pd2Cl6] from
[PdCl2(CH3CN)2]

Reaction run in refluxing C2H4Cl2. To a Schlenk flask
equipped with a reflux condenser and under a dinitrogen atmos-
phere, [Pd(CH3CN)2Cl2] (115.2 mg, 0.444 mmol) and neocu-
proine (113.2 mg, 0.544 mmol) were added. C2H4Cl2 (10 mL)
was then added and the suspension was stirred and heated at
reflux. The completeness of the reaction was checked after 2 h
by assessing the absence of IR stretching bands at 2335 and
2304 cm−1 (in nujol, on a solution sample evaporated in vacuo)
due to the reagent. The orange crystalline precipitate was col-
lected by filtration on a Buchner (67% yield). Calcd for
C14H12N2Cl2Pd: C, 43.61; H, 3.14; N, 7.27%. Found: C, 43.96;
H, 3.54; N, 7.16%. δH (CDCl3, 300 MHz, RT) 8.32 (d, 2H, J =
8.4); 7.86 (s, 2H); 7.57 (d, 2H, J = 8.4), 3.29 (s, 6H). λmax

(CH2Cl2)/nm 359, 395 (lit.,32 360, 390). Evaporation of the sol-
ution afforded an additional crop of a material with the same
composition (33% yield, after washing out the excess neocu-
proine with toluene), although a small impurity must be present
because the product appeared slightly darker. Both crops of
product were completely soluble in CHCl3.

Reaction run in C2H4Cl2 at RT. The reaction was performed
analogously to that described above, but at RT for 24 h, starting
from [Pd(CH3CN)2Cl2] (220.0 mg, 0.850 mmol) and neocu-
proine (212.0 mg, 1.02 mmol), in C2H4Cl2 (17 mL) The product
recovered by filtration was formed by a mixture of 1a (which
was separated by dissolving it in CHCl3 (17% yield) and 1b
(60% yield). Additional 1a could be recovered by evaporating
the filtered solution in vacuo.

Reaction run in refluxing CH2Cl2. The reaction was per-
formed analogously to that described above, but at reflux for
15 h, starting from [Pd(CH3CN)2Cl2] (50.5 mg, 0.19 mmol) and
neocuproine (48.0 mg, 0.23 mmol), in CH2Cl2 (7 mL). The
brown-orange solid was completely insoluble in CHCl3. Calcd
for C57H50Cl10N8Pd4 (corresponding to [Pd(Neoc)Cl2]·1/
4CH2Cl2): C, 42.07; H, 3.10; N, 6.89%. Found: C, 42.49; H,
3.13; N, 6.83%.

Reaction run in CH2Cl2 at RT. The reaction was performed
analogously to the previous one, but at RT for 24 h, starting
from [Pd(CH3CN)2Cl2] (52.0 mg, 0.20 mmol) and neocuproine
(50.2 mg, 0.24 mmol), in CH2Cl2 (7 mL). The brown-orange
solid was completely insoluble in CHCl3. Calcd for
C57H50N8Cl10Pd4 (corresponding to [Pd(Neoc)Cl2]·1/4CH2Cl2):
C, 42.07; H, 3.10; N, 6.89%. Found: C, 42.31; H, 3.08; N,
6.86%.

Reaction run in CHCl3 at RT. The reaction was performed
analogously to the previous one, but at RT, starting from [Pd
(CH3CN)2Cl2] (45.0 mg, 0.17 mmol) and neocuproine (48.0 mg,
0.23 mmol), in CHCl3 (7 mL). The solution was stirred for 2 h
and then the product was precipitated with diethyl ether. The
solid was collected by filtration on a Buchner and dried in vacuo
(85% yield). The solid is completely soluble in CHCl3.

Reaction run in CH3CN. [Pd(CH3CN)2Cl2] (105.2 mg,
0.405 mmol) was dissolved in warm (ca. 40 °C) acetonitrile
(10 mL) and solid neocuproine (106.2 mg, 0.510 mmol) was
added to the hot solution. An orange-brown precipitate was
immediately formed. Stirring was continued for 2 h to complete
the precipitation. The solid was collected by filtration on a
Buchner and dried in vacuo. (152.6 mg, 98% yield). The solid is
completely insoluble in CHCl3. Calcd for C14H12N2Cl2Pd: C,
43.61; H, 3.14; N, 7.27%. Found: C, 43.95; H, 3.52; N, 7.57%.

Synthesis of [Pd(Neoc)Br2]/[Pd(Neoc)2Br]2[Pd2Br6] from
[PdBr2(CH3CN)2]

Reaction run in refluxing C2H4Cl2. The reaction was per-
formed analogously to that described for the corresponding reac-
tion of the chlorinated derivative, but for 10.5 h, starting from
[Pd(CH3CN)2Br2] (104.6 mg, 0.30 mmol) and neocuproine
(75.0 mg, 0.36 mmol), in C2H4Cl2 (8 mL). The precipitated
product (90% yield) was collected by filtration on a Buchner.
From the remaining solution, only a trace amount of a product
that may be 2a could be isolated. The precipitate product is com-
pletely insoluble in CHCl3. Calcd for C14H12Br2N2Pd
(“[Pd(Neoc)Br2]”): C, 35.44; H, 2.55; N, 5.90%. Found:
C, 35.20; H, 2.48; N, 5.55%.

Reaction run in CH2Cl2 at RT. The reaction was performed
analogously to the previous one, but at RT for 24 h, starting
from [Pd(CH3CN)2Br2] (153.4 mg, 0.44 mmol) and neocuproine
(110.0 mg, 0.53 mmol), in CH2Cl2 (12 mL). The brown precipi-
tate (93% yield) was completely insoluble in CHCl3. Calcd
for C57H50Br8Cl2N8Pd4 (corresponding to [Pd
(Neoc)2Br]2[Pd2Br6]·CH2Cl2, in accord with the composition
determined by X-ray diffraction): C, 34.53; H, 2.54; N, 5.65%.
Found: C, 34.38; H, 2.20; N, 5.51%.

Reaction run in CHCl3 at RT and preparation of single crys-
tals of [Pd(Neoc)2Br]Br (4). The reaction was performed analo-
gously to the previous one, but at RT for 3 h, starting from [Pd
(CH3CN)2Br2] (23.8 mg, 0.068 mmol) and neocuproine
(16.1 mg, 0.077 mmol), in CHCl3 (15 mL). A larger solvent
amount than usual was employed in this case, in the hope of
facilitating the solubilisation of intermediate species. The brown
precipitate (93% yield) was completely insoluble in CHCl3.
Calcd for C57H49Br8Cl3N8Pd4 (corresponding to [Pd
(Neoc)2Br]2[Pd2Br6]·CHCl3): C, 33.94; H, 2.45; N, 5.27%.
Found: C, 32.89; H, 2.27; N, 5.34%. The low values for all
elements are attributed to contamination by PdBr2, in accord
with the easy decomposition of the starting complex in chloro-
form, as discussed before. The reaction solution was dried
in vacuo and 1H NMR (CDCl3) analysis revealed that, besides
very small amounts of 2a, two more compounds are present in

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3648–3658 | 3655
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solution. The NMR tube was placed in a refrigerator at −20 °C
and a few single crystals of compound 4 formed over two days.

Reaction run in refluxing CH3CN. [Pd(CH3CN)2Br2]
(60.0 mg, 0.17 mmol) was dissolved in hot (70 °C) acetonitrile
(10 mL) and solid neocuproine (40.4 mg, 0.19 mmol) was added
to the hot solution. A dark brown precipitate was immediately
formed. The solid was collected by filtration on a Buchner and
dried in vacuum. The solid is completely insoluble in CHCl3.
Calcd for C58H51Br8N9Pd4 (corresponding to [Pd
(Neoc)2Br]2[Pd2Br6]·CH3CN): C, 35.93; H, 2.65; N, 6.50%.
Found: C, 36.24; H, 2.41; N, 6.56%.

Syntheses by exchange reaction from [Pd(Neoc)Cl2] (1a)

[Pd(Neoc)Br2] (2a). The exchange reaction between [Pd
(Neoc)Cl2] and twice the required molar amount of Bu4NBr in
chloroform was performed as reported in the literature.38 The
product was completely soluble in CHCl3, in accord with the
proposed neutral composition. However, in our hands, a single
exchange reaction was not sufficient to remove all chloride. The
1H NMR spectrum of the complex in CDCl3 does not evidence
the presence of the residual chloride because the signals of 1a
and 2a are too close to each other. However, the elemental analy-
sis of the product was out of range and when it was employed as
a substrate for a carbonylation reaction to give [Pd(Neoc)
Br2(CO)],

33 the presence of [Pd(Neoc)Cl2(CO)] could be also
detected, since the signals of the chloride and bromide com-
plexes are more separated in this case. The exchange procedure
had to be repeated twice more with the same amounts to get a
completely chloride-free and analytically pure compound. Calcd
for C14H12Br2N2Pd: C, 35.44; H, 2.55; N, 5.90%. Found: C,
35.80; H, 2.64; N, 5.60%. δH (CDCl3, 300 MHz, RT): 8.31 (d,
2H, J = 8.4 Hz); 7.85 (s, 2H); 7.58 (d, 2H, J = 8.4 Hz); 3.32 (s,
6H). λmax (CH2Cl2)/nm 362, 412 (lit.,32 355, 410).

[Pd(Neoc)2I]2[Pd2I6] (3b). The exchange reaction between [Pd
(Neoc)Cl2] and twice the required molar amount of Bu4NI in
chloroform was performed as reported in the literature.38 As
reported, the black product precipitated out of the solution. After
washing out the ammonium salts with methanol, it was comple-
tely insoluble in CHCl3. This is in accord with the reported
results, but contrasts with the attribution of the neutral compo-
sition (3a) to the obtained product, since 3a should be soluble in
this solvent. Calcd for C56H48I8N8Pd4 ([Pd(Neoc)2I]2[Pd2I6]): C,
29.58; H, 2.13; N, 4.93%. Calcd for C57H49I8Cl3N9Pd4 (corre-
sponding to [Pd(Neoc)2I]2[Pd2I6]·CHCl3): C, 28.61; H, 2.02; N,
4.68%. Found: C, 29.01; H, 2.31; N, 4.54%. Elemental analysis
does not allow us to assess whether a crystallisation solvent mol-
ecule is present, as in the case of the chloride and bromide
derivatives, or not, since the calculated values are very close to
the experimental one in both cases.

Syntheses from Pd(OAc)2, neocuproine and NaX

[Pd(Neoc)2Br]2[Pd2Br6] (2b). Pd(OAc)2 (124.2 mg,
0.553 mmol), neocuproine (149.6 mg, 0.718 mmol) and NaBr
(136.6 mg, 1.328 mmol) were introduced into a Schlenk flask
under dinitrogen and methanol (10 mL) was added. The

suspension was stirred at room temperature for 1 h. The precipi-
tated solid was collected by filtration on a Buchner, washed with
a 1 : 1 MeOH–H2O solution and dried in vacuo (80% yield).
Calcd for C56H48Br8N8Pd4 (corresponding to [Pd
(Neoc)2Br]2[Pd2Br6]): C, 35.44; H, 2.55; N, 5.90%. Found: C,
36.32; H, 2.60; N, 6.13%. Despite the fact that the analysis for
carbon is slightly out of range (which may be due to some clath-
rated solvent), the identity of the compound was confirmed by
X-ray powder diffraction. The spectrum of the product was in
good agreement with that simulated for 2b based on the single
crystal data. The same reaction was repeated at reflux tempera-
ture, but extensive formation of metallic palladium was
observed.

[Pd(Neoc)2I]2[Pd2I6] (3b). The synthesis was performed as the
previous one, starting from Pd(OAc)2 (53.0 mg, 0.236 mmol),
neocuproine (63.2 mg, 0.35 mmol) and NaI (85.1 mg,
0.66 mmol), in methanol (5 mL). A black precipitate was
formed (94% yield), which is completely insoluble in CHCl3.
Calcd for C56H48I8N8Pd4 ([Pd(Neoc)2I]2[Pd2I6]): C, 29.58; H,
2.13; N, 4.93%. Found: C, 29.84; H, 2.20; N, 5.17%.

Syntheses of [Pd(Neoc)I2] (3a) by metathesis from
[Pd(Neoc)(NO3)2]

[Pd(Neoc)(NO3)2] (19.7 mg, 0.045 mmol) and NaI (35.6 mg,
0.237 mmol) were introduced in a Schlenk under a dinitrogen
atmosphere and then ethanol (5 mL) was added under dinitrogen.
The suspension was stirred at room temperature for 24 h. The
solid was collected by filtration on a Buchner, washed with
ethanol and dried in vacuum (94% yield). The same reaction has
been also run in methanol. Calcd for C14H12I2N2Pd (“[Pd
(Neoc)2I2]”): C, 29.58; H, 2.13; N, 4.93%. Found: C, 30.02; H,
2.48; N, 5.03%. The precipitate was treated with CHCl3 to yield
a soluble fraction whose 1H NMR spectrum is in full agreement
with those observed for 1a and 2a, evidencing the formation of
3a (some very small impurities are observable, however). δH
(CDCl3, 300 MHz, RT): 8.32 (d, 2H, J = 8.4 Hz); 7.85 (s, 2H);
7.58 (d, 2H, J = 8.4 Hz); 3.30 (s, 6H). λmax (CH2Cl2)/nm 371
(lit.,32 445, 500 sh). The part that was not dissolved immediately
in CHCl3 was completely insoluble in this solvent, in accord
with its formulation as 3b.

Crystal structure determination

Compounds 1a, 2a, 2b, 2c and 4 were characterised by single
crystal X-ray diffraction. All samples were mounted in air on a
goniometer head and measured on a Bruker-APEX II CCD dif-
fractometer, at room temperature, except 2a, which was collected
at T = 150 K (using an Oxford Cryosystem 600-cryostream
device). Generator settings were 50 kVand 30 mA, radiation was
Mo Kα, graphite monochromated. Frames were collected with
0.5° ω-scans. All structures were solved by direct methods and
refined by least square refinement (using SHELX97,60 under the
wingx package61) Non-hydrogen atoms were refined including
anisotropic thermal parameters. All hydrogen atoms were placed
in geometrically calculated positions and refined using a riding
model where each H was assigned a fixed isotropic displacement
parameter. 2b·0.5(CH2Cl2) is very close to a monoclinic lattice,
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however triclinic is more likely, because: a) cell angles deviate
quite significantly from 90°; b) internal agreement for the 2/m
Laue class is significantly higher; c) the structure is more likely
centrosymmetric (based on reflection statistics) and in monocli-
nic this would imply two disordered orientations for Pd
(Neoc)2Br molecules (on the other hand the Pd2Br6 moieties are
closes to 2/m symmetry, being mmm in isolation and lying about
the −1 site in the triclinic structure).

Details of each data collection and results of each refinement
are given in Table 2. Crystallographic information files are avail-
able as Supporting Information.† Metal–ligand distances are also
reported in Table 3.
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