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The dimeric complex of dibromo(ethylenediamine)palladium(II) observed in water was
investigated using electrospray mass spectrometry. One �M aqueous solutions of Pd(en)Br2
yielded a variety of previously unreported species. The most abundant ion observed was
attributable to the Pd(en)Br2 · Pd(en)Br

� dimeric complex at m/z 568.7 (most abundant stable
isotopes). The characteristics of the oligomeric complexes were examined using collision-
induced dissociation (CID) up to MS6. The most common loss mechanism observed was loss
of HBr leaving an unsaturated Pd(II) center. Fragmentation of the ethylenediamine ligand was
also observed during CID experiments. Loss of Pd was only observed as the final step in the
CID process when other loss mechanisms had been exhausted. A number of calculations were
carried out at the B3-LYP/SBKJC[d] level of theory in an attempt to elucidate the structure of
the [2M � Br]� dimer. (J Am Soc Mass Spectrom 2005, 16, 1461–1469) © 2005 American
Society for Mass Spectrometry

Exploiting the advantages of electrospray (ES) cou-
pled to trapping mass spectrometers (quadrupole
ion trap or Fourier transform ion cyclotron reso-

nance) to investigate the chemistry of aqueous metal
ions offers a unique avenue for investigating these
complex aqueous chemical systems in detail. This is
accomplished by taking advantage of their MSn capa-
bility [1–4]. Understanding the aqueous chemistry of
palladium(II) complexes is of considerable interest be-
cause of their interactions with biologically important
molecules [5–7] and their use as model systems for
Pt(II) complexes [7–9], four of which, cisplatin, carbo-
platin, oxaliplatin, and nedaplatin, are currently regis-
tered for clinical use [10, 11]. Pd(II) complexes are also
being investigated as possible antitumor agents [12–14].
It is the hydrolytic products of these antitumor com-
plexes that play active roles in their antitumor activity
and renal toxicity [15–17]. Because of these facts, the
thermodynamic aspects of the hydrolytic reactions of
these complexes have previously been the focus of
extensive study [14–17] using potentiometry [18–21].
Recently, McFayden [22] and coworkers have investi-

gated the gas-phase mechanisms involved in ligand loss
from platinum(II) complexes of tridentate nitrogen donor
ligands, such as [Pt(D5dien)N]

� (dien � diethylenetri-
amine), using deuterium labeling. This work was carried
out using electrospray and tandem mass spectrometry.

The site of the deprotonation was found to strongly
influence the mechanism for HX (X � Cl, Br, I) loss. A
series of deuterium studies was undertaken to elucidate
the protonation site on the ligand. They observed losses of
both DX and HX with the relative ratios depending
apparently on X, demonstrating that proton loss can
originate from both the amino and the methyl groups.
CID experiments undertaken by Schwarz et al. [23] using
deuterium substitution have revealed that proton loss in
Ni(II) ethylenediamine arises from one of the amino
groups. Previously, McFayden and coworkers [24] inves-
tigated the gas-phase fragmentation reactions of ligand
substitution products of Pt(II) complexes. They observed
that in most cases collision-induced dissociation (CID)
resulted in the loss of HX giving rise to a coordinatively
unsaturated [Pt(dien)-H]� ion. Both singly- and doubly-
charged ions of complexes consisting of platinum(II)
(ethylenediamine) [25] coordinated to two different sub-
stituted pyridines have been observed.
Mass spectrometry has also been used to investigate

a variety of platinum and palladium complexes in
aqueous/acetonitrile solvent systems. Concentrations
ranging from 1 to 100 �M are typically employed in
these investigations. A variety of monomeric and oligo-
meric species have been observed. Henderson and
Sabat [26], using both electrospray mass spectrometry
(ESMS) and nuclear magnetic resonance spectroscopy
(NMR), observed only aggregates in the ESMS experi-
ments. Dimers and trimers were observed at low cone
voltages (20 V) for both Pt(II) and Pd(II) complexes. As
the source collision energy was increased, they reported
that the dimers and trimers became less abundant, as
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expected, with the protonated complex predominating.
At higher cone voltages (40 and 80 V depending on the
complex), the loss of the 2-azetidinone ligand was
competitive with protonation in yielding the base peak.
In another study, Henderson and Evans [27] observed
ionization via loss of the halide ligand. They also
studied a bridged Pd(I) complex [Pd2Cl2(�-dppm)2]
(dppm� Ph2PCH2PPh2) that loses a dppm ligand upon
increasing the cone voltage.
Dimers and trimers of platinum(II) containing com-

plexes have also been observed by Sassi et al. [28] for
cis-[PtCl2{E-N(H) � C(NMe2)Me}2], and dimers were
observed for the similar bis-amidine complex, trans-
[PtCl2{E-N(H) � C(NMe2)Me}2]. They report that ES is
an efficient method for characterizing metal complexes
in solution and that these solutions generally produce
protonated molecular ions or cationized ions [29]. It is
interesting to note that they found that cis and trans
compounds generally give rise to different mass spectra.
Ehrsson and coworkers [30] used a triple quadrupole

instrument to investigate cisplatin and transplatin as
well as their hydrated complexes. They observed both
mono- and di-hydrated complexes as well as adducts
with Na and acetonitrile. Fisher et al. [31] investigated
the water-soluble Pt(TPA)3Cl2 [TPA � 1,3,5-triaza-7-
phosphaadamantane, PN3(CH2)6] complex using FT-
ICR. They observed a variety of dimer and trimer
complexes in both positive and negative mode. They
postulate that the dimers and trimers were attributable
to the impact of concentration on the formation of
noncovalent clusters. However, if these are nonco-
valently bound clusters, it would be reasonable to
expect losses of the Pt(TPA)3Cl subunits rather than just
the TPA ligand. They did not, however, observe the loss
of Pt(TPA)3Cl from the CID of the dimers or trimers.
These results seem to indicate a stronger than expected
interaction between the metal centers of the clusters or
ligand exchange in terms of TPA bindingwith twometals.
Other investigations have focused on the reactions of

Pd(II) complexes with biomolecules. The interaction of
palladium(II) complexes with sulfur containing pep-
tides was investigated by Zhu et al. [32]. The reactive
species in this study was Pd(en)(H2O)2

2� rather than
Pd(en)Cl2. Ralph et al. [33] reported an investigation of
the reactions of Pd(en)Cl2 with the oligonucleotide
5=-GGCTAGCC-3=. Using negative-ion detection, they
observed several trianionic products containing one,
two, and three Pd(en)2� units with the spacing of m/z
equal to 55 (or 165 Da). However, they were not able to
resolve the isotopic patterns of the product anions to
confirm the number of palladiums or to elucidate the
structures of the observed CID.
In the present study, we investigate the aqueous

chemistry of the dibromo-(ethylenediamine) palladi-
um(II), Pd(en)Br2 ([M]) complex at pH � 4.4. We
present a more detailed CID examination of the oligo-
meric complexes observed from the dimer. The focus of
this work is on the dibromo complex because it offers a
clear advantage for distinguishing between the loss of

the halide (Br�) and the possible loss of combinations of
the hydroxo and aqua species from the observed com-
plexes. In the case of chlorine, the loss of Cl� or HCl
gives a mass loss (35 or 36 Da, respectively) that is
essentially indistinguishable from the loss of combina-
tions of OH� and H2O ]OH

� � H2O (35 Da), and 2H2O
(36 Da)]. Since we are investigating an aqueous solution
and expect aqueous complexes, this has the potential
for creating considerable ambiguity in the possible peak
assignments. One �M solutions were chosen as the
starting point in this investigation for two reasons. First,
dilute solutions are more compatible with ES investiga-
tions because they are less likely to produce nonco-
valently bound clusters. Second, a 1 �M solution of
Pd(en)Br2 at pH � 4.4 was expected to yield a single
species in solution, [Pd(en)(H2O)2]

2�, from potentio-
mentirc work at pH 4.4 [21, 34].
We observed a number of species in the ES mass

spectra that have not been previously reported in
solution from the potentiometric studies. Considering
that the aqueous solution of the Pd(en)Br2 complex is an
equilibrium system, the observation of such a large
number of species was ascribed to several factors such
as ligand exchange in solution and ion–molecule and
ion–ion interactions that took place in the solution and
during the desolvation process. A number of calcula-
tions were carried out at the B3-LYP/SBKJC[d] level of
theory in an attempt to elucidate the structure of the
[2M � Br]� dimer.

Experimental

Materials

K2PdBr4 and 1,2-diaminoethane (ethylenediamine, en)
were purchased from Aldrich (Milwaukee, WI). HBr
(48%) was purchased from Fisher Scientific (Houston,
TX), and deionized water (DI, 18 M�) was obtained
using a Barnstead Nanopure system (Dubuque, IA). IR
spectra were run on a Bruker Vector 20 FTIR (Bruker
Optics, Billerica, MA) using a Golden Gate Diamond
ATR (Specac, Woodstock, GA) attachment. Elemental
analyses were run by Midwest Microlab (Indianapolis,
IN).

Synthesis of Pd(en)Br2

Pd(en)Br2 was prepared by modification of a method
for the synthesis of Pd(en)Cl2 [35]. K2PdBr4 (0.500 g)
was dissolved in 4.0 ml of warm water, and the result-
ing solution was divided into two equal portions. To
one of the portions in a glass vial, 1.05 ml of 1.5 M of an
aqueous ethylenediamine solution was added dropwise
while stirring. The resulting mixture was boiled for
1.5 h while the volume was maintained at �3 ml by
addition of deionized water. At the end of the heating,
all of the precipitate was dissolved. The solution was
cooled to 10 °C in an ice bath. To the cooled solution,
the remaining 2 ml portion of the K2PdBr4 solution was
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added slowly while stirring. The voluminous orange-
colored precipitate was separated by vacuum filtration
and washed with several 1 ml portions of deionized
water. The precipitate was suspended in 6.0 ml of
deionized water containing two drops of 6 M HBr, and
the mixture was evaporated to �1 ml. The suspension
and reconcentration steps were repeated two more
times, resulting in a gold-colored precipitate. The mix-
ture was cooled in an ice bath and filtered. The golden
crystals were washed with several portions of cold
deionized water, air-dried, and placed in a dessiccator
overnight. An IR of the solid was obtained. The com-
pound (av. mol. wt. 326.34 Da) did not melt, but
decomposed above 256 °C. Elemental analysis: obs.,
(theor), % C 7.56 (7.36); % H 2.40 (2.47); % N 8.47 (8.59);
% Br 48.85 (48.97).

Pd(en)Br2 Stock Solution

The stock solution was prepared by dissolving 3.3 mg of
Pd(en)Br2 (1 mmol) in 10.0 ml of deionized water in a
clean, dry glass vial. The vial was capped and warmed
slightly for two days to dissolve the solid. This yielded
a 1.0 mM solution of pH 4.4.

Mass Spectrometric Analysis

The aqueous solutions of palladium complexes were
investigated using a Finnigan LCQ Duo (Thermo Finni-
gan, San Jose, CA) quadrupole ion trap mass spectrom-
eter using electrospray. All data were collected and
analyzed using the Xcalibur software (Thermo Finni-
gan) in full scan and MS/MS mode. The LCQ Duo was
tuned with a 2.5 pmol solution of angiotensin I using
the triply charged peak at m/z 433.2. The relative
collision energy used for CID was uncalibrated and in
arbitrary units. Normalized collision energies (NCE)
between 10 and 30% were used. The MS conditions
routinely used were: source voltage, 4.5 kV; capillary
temperature, 180 °C; capillary voltage, 10.5 V; sheath
gas flow rate, 45 (arbitrary units), and the auxiliary gas
flow rate, 4 (arbitrary units). Solutions were introduced
by flow injection at a rate of 5 �L/min.
Simulations of the stable isotope patterns were made

using Isotope Viewer in Xcalibur. For the simulated
mass spectra, the default settings were used unless
otherwise noted: resolution, 1 Da at 5% height and a�1
charge.

Computational Methods

The B3-LYP hybrid density functional [36] was em-
ployed in all the computations. All core electrons were
treated with Stevens, Basch, Krauss, Jasien, and
Cundari (SBKJC) effective core potentials (ECP) [37–39],
while the valence electrons were modeled with the
SBKJC double-split valence basis set to which a single
set of d-type polarization functions [40] were added to
all atoms except hydrogen and palladium. All struc-

tures were fully optimized, and their associated
Hessian matrices were determined. The Hessian matri-
ces allowed for the structures to be verified as mini-
mum-energy structures. All calculations were carried
out with the GAMESS program [41] running on a
Beowulf cluster of personal computers at the University
of Texas Health Science Center at San Antonio
(UTHSCSA).

Results

Complexes that contain one or more palladium atoms are
fairly straightforward to distinguish by mass spectrome-
try because of the seven naturally occurring stable iso-
topes of palladium that have significant natural abun-
dances. The stable isotopes for palladium range from 101.9
Da (1% natural abundance) to 109.9 Da (11.7%) with the
most abundant at 105.9 Da (27.3%). The masses reported
in this paper for each of the complexes will be the mass
containing the most abundant stable isotope of each
element in the complex. For example, the mass for
Pd(en)Br2 ([M]) will be reported at m/z 323.8.
Figure 1 shows the positive ion mass spectrum

acquired from a 1 �M aqueous solution of Pd(en)Br2
(pH � 4.4). No significant peaks were observed above
m/z 1100 or below m/z 100. Typical mass spectra con-
sisted of peaks that corresponded to monomeric,
dimeric, and trimeric species. The base peak in the mass
spectrum at m/z 568.7 was interpreted as the dimeric
species (Pd(en)Br2) · Pd(en)Br

� ([2M � Br]�). The
overall �1 charge for the complex is the result of the
loss of a bromide ion. A weak set of peaks was observed
at m/z 670.4 and has been assigned to the sodium adduct
of the dimer [2M � Na]�. The trimeric complex, [3M �
Br]�, was observed in most of the spectra at m/z 892.5. A
very weak set of peaks at m/z 1000 has been observed in
some spectra and assigned to [3M � Na]�. A list of the
complexes observed in a typical mass spectrum and their
relative intensities can be found in Table 1.
Figure 2a shows the region around [2M � Br]�
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Figure 1. Positive ion mass spectrum of an aqueous solution of
Pd(en)Br2, 1 �M, pH � 4.4.
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expanded to reveal the isotopic detail. The simulated
mass spectrum of the [2M� Br]� is shown in Figure 2b.
As can be seen, there is excellent agreement between the
experimentally observed and the simulated isotopic
distribution patterns. This type of close agreement
between observed and simulated mass spectra was true
for all of the assigned complexes, giving us confidence
in the assigned molecular formulas.
Two other dimeric complexes were also observed

(Figure 1) resulting from the loss of HBr. The dimeric
complex [2M � HBr � Br] � at m/z 488.7 is the result of
the loss of one HBr from [2M � Br]�. The dimeric
complex [2M � 2HBr � Br] � at m/z 408.7 is the result
of a further loss of HBr from [2M � HBr � Br] �.
There were several other complexes observed in the

full mass spectrum (Figure 1) that have been identified.
A doubly charged complex, Pd(en)2

2�, is observed with
a Pd isotopic pattern around m/z 113.0 and is due to

Table 1. ESMS and MSn ions observed from an aqueous 1 �M solution of Pd(en)Br2 at pH � 4.4

Principle Ions Observed (m/z, %)

Pd(en)Br2 @ pH � 4.4 [3M � Br]� (892.5, 5%), [2M � Na]� (670.4, 5%), [2M � Br]� (568.7, 100%),
[2M � HBr � Br]� (488.7, 15%), [2M � 2HBr � Br]� (408.7, 20%), [M � en �
H]� (384.9, 15%), [M � en � Br]� (305.0, 45%), [M � H2O � Br]� (262.9,
70%), [M � Br]� (244.9, 60%), [M � en � H � 2Br]� (225.1, 10%), [M � HBr
� Br]� (165.0, 20%), [M � en � 2Br]2� (113.0, 25%)

MS/MS Experiments
CID of [3M � Br]� @ 15 % [3M � Br]� (892.5, 100%), [2M � Br]� (568.7, 40%)
CID of [3M � Br]� @ 20 % [3M � Br]� (892.5, 60%), [2M � Br]� (568.7, 100%)
CID of [2M � Br]� @ 10 % [2M � Br]� (568.7, 100%)
CID of [2M � Br]� @ 20 % [2M � Br]� (568.7, 100%), all other ions below 10%
CID of [2M � Br]� @ 25 % [2M � Br]� (568.7, 100%), [2M � HBr � Br]� (488.7, 90%), [2M � HBr � NH3 �

Br]� (471.7, 35%), [2M � 2HBr � Br]� (408.7, 90%), [2M � 2HBr � NH3 �
Br]� (391.7, 20%)

CID of [2M � Br]� @ 30 % [2M � Br]� (568.7, 30%), [2M � HBr � Br]� (488.7, 65%), [2M � HBr � NH3 �
Br]� (471.7, 30%), [2M � 2HBr � Br]� (408.7, 100%), [2M � 2HBr � NH3 �
Br]� (391.7, 20%)

MS3 Experiments
CID of [2M � Br]� @ 30 % and of [2M � HBr

� Br]� @ 25 %
[2M � HBr � Br]� (488.7, 5%), [2M � HBr � NH3 � Br]� (471.7, 30%), [2M �

2HBr � Br]� (408.7, 100%), [2M � 2HBr � NH3 � Br]� (391.7, 20%)
CID of [2M � Br]� @ 30 % and of [2M �

2HBr � Br]� @ 10 %
[2M � 2HBr � Br]� (408.7, 100%)

CID of [2M � Br]� @ 30 % and of [2M �
2HBr � Br]� @ 25 %

[2M � 2HBr � Br]� (408.7, 100%), [2M � 3HBr � Br]� (328.7, 55%),

MS4 Experiments
CID of [2M � Br]� @ 30 %, of [2M � HBr �

Br]� @ 25 % and of [2M � 2HBr � Br]� @
15 %

[2M � 2HBr � Br]� (408.7, 100%)

CID of [2M � Br]� @ 30 %, of [2M � HBr �
Br]� @ 25 % and of [2M � 2HBr � Br]� @
25 %

[2M � 2HBr � Br]� (408.7, 80%), [2M � 3HBr � Br]� (328.7, 100%), [2M � – �
H � 2HBr � Br]� (349.7, 20%), [2M � CH4N � 2HBr � Br]� (378.7, 20%),

CID of [2M � Br]� @ 30 %, of [2M � HBr �
Br]� @ 25 % and of [2M � 2HBr � NH3 �
Br]� @ 30%

[2M � 2HBr � NH3 � Br]� (391.7, 20%), [2M � C2H3 � 2HBr � NH3 � Br]�

(364.7, 15%), [2M � C2H4N � 2HBr � NH3 � Br]� (349.7, 100%)

MS5 Experiments
CID of [2M � Br]� @ 25 %, of [2M � HBr �

Br]� @ 30 %, of [2M � 2HBr � Br]� @ 30
% and of [2M � 3HBr � Br]� @ 20 %

[2M � 3HBr � Br]� (328.7, 80%), [[2M � NH3 � 3HBr � Br]� (312.9, 80%), [2M
� CH4N � 3HBr � Br]� (298.9, 100%)

CID of [2M � Br]� @ 25 %, of [2M � HBr �
Br]� @ 30 %, of [2M � 2HBr � Br]� @ 30
% and of [2M � 3HBr � Br]� @ 30 %

[2M � 3HBr � Br]� (328.7, 15%), [[2M � NH3 � 3HBr � Br]� (312.9, 40%), [2M
� CH4N � 3HBr � Br]� (298.9, 100%)

CID of [2M � Br]� @ 25 %, of [2M � HBr �
Br]� @ 30 %, of [2M � 2HBr � NH3 � Br]�

@ 30 % and of [2M � C2H3NH � 2HBr �
NH3 � Br]� @ 25 %

[2M � C2H4N � 2HBr � NH3 � Br]� (349.7, 100%), [2M � C2H4N � 3HBr �
NH3 � Br]� (269.7, 40%), [2M � C2H4N � 2HBr � NH2 � NH3 � Br]� (333.7,
25%), [2M � C2H4N � 3HBr � NH3 � Pd � Br]� (165.0, 15%)

MS6 Experiments
CID of [2M � Br]� @ 25 %, of [2M � HBr �

Br]� @ 30 %, of [2M � 2HBr � Br]� @ 30
%, of [2M � 3HBr � Br]� @ 30 % [2M �
CH4N � 3HBr � Br]� @ 25 %

[2M � CH4N � 3HBr � Br]� (298.9, 60%), [2M � CH4N � CH3N � 3HBr � Br]�

(269.7, 100%), [2M � CH4N � 3HBr � Pd � Br]� (192.8, 10%)
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ligand exchange. From the observed isotopic pattern
clearly the molecule contains a single palladium and no
bromine. The 0.5 unit spacing of the observed peaks is
evidence that the complex is a dication. A series of
monomeric complexes were found betweenm/z 220 and
320. These peaks are assigned to the following species:
Pd(en)(en-H)� [M � en � H � 2Br]� at m/z 225.1;
Pd(en)Br� [M � Br]� at m/z 244.9; Pd(en)(H2O)Br

� [M
� H2O � Br]� at m/z 262.9, which is the only aqua
species observed; and Pd(en)2Br

� [M � en � Br]� at
m/z 305.0. The observed isotopic distribution patterns
readily reveal which of these complexes contains a
single bromine, thereby enabling the complex to be
singly charged without a change in the oxidation state
of Pd. The isotopic pattern for Pd(en)(en-H) at m/z 225
is that for a complex that contains only a single Pd and
no Br. This complex is of particular interest as a proton
has been lost from en. Another set of peaks at m/z 165.0
was also observed in Figure 1. Again, from the isotopic
pattern and mass, one can discern that the observed
species contains only a single Pd, no Br, and has a �1
charge. It is interesting to note that this complex differs
from the mass of the Pd(en)(en-H)� complex by an
ethylenediamine unit and, therefore, has been assigned
to Pd(en-H)� [M � H � 2Br]�. The only protonated Pd
complex observed was Pd(en)2Br2 52� H� [M � en �
H]� at m/z 384.9.

Collision-Induced Dissociation Experiments

A series of collision-induced dissociation (CID) experi-
ments was undertaken to elucidate the structure and
stability of the [2M � Br]� dimer. A parent mass
isolation width of between 10 and 20 m/zwas used so as
to include the full isotope pattern for the dimer. The
isolation of each of the parent masses was checked
using a NCE of 10% to verify that only the parent ion
was present. The results from the various MSn experi-
ments are summarized in Table 1. MS2 to MS6 experi-
ments were undertaken to further elucidate the struc-
ture of dimer. The goal here was to gain insights into
the strength and stability of the dimer complex.
Information regarding the substructure of a complex

can be determined using CID if the precursor ion is
significantly abundant to perform multiple MS/MS (or
MSn) experiments on successive fragments. This will
eventually reveal the core of the dimer complex. For a
weakly bound complex, it should be expected that the
dimer will break apart into its monomer subunits
during the initial MS/MS experiment. If some type of
bonding is present between the monomer subunits,
giving strength and stability to the structure of the
dimer complex, there might be sufficient interaction
between the monomeric bonds for both metal centers to
be part of the smallest fragment observed from the MSn

experiments. Table 1 presents a summary of the precur-
sor ions used for each of the MSn experiments and the
product ions observed along with associated neutral
losses. While the unambiguous assignment of struc-
tures to the CID products is sometimes difficult because
of the low signal intensity after some of the CID steps,
the proposed structures fit well in the overall scheme
and are supported by the mass spectrometric data.
Figure 3 presents a schematic that summarizes the
observed relationships between the various product
ions in the MSn experiments.
Even though the trimer complex [3M � Br]� at m/z

892.2 was detected at a very low relative abundance,
CID was conducted to gain information about the
strength of the interaction between the individual
monomer units of the trimer and confirm the noncova-
lent/covalent nature of the trimer. In this case the loss
of a neutral [M] from the trimer was inferred from the
observation of the dimer at m/z 568.7 [2M � Br]�. Even
with the use of a low NCE of 10% resulted in [2M �
Br]� being observed. This clearly indicates that [3M �
Br]� is not a strongly bound species. The trimer species
is most likely a noncovalently bound complex.

Computational

A number of calculations were carried out at the
B3-LYP/SBKJC[d] level of theory in an attempt to
elucidate the structure of the [2M � Br]� dimer. Given
the variety of monomeric cations revealed in the ESMS
experiments, a series of possible structures was inves-
tigated for the dimer. The lowest energy structure is
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Figure 2. (a) Expanded region of the Pd(en)Br2 · Pd(en)Br
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complex from a full scan of a 1 �M Pd(en)Br2 aqueous solution at
pH � 4.4; (b) simulated mass spectrum of the Pd(en)Br2 ·
Pd(en)Br� complex using the Isotope Viewer in Xcalibur.
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shown in Figure 4. It is predicted to have C2 symmetry
and possess a single bromide bridge between the pal-
ladium atoms. The geometry surrounding the palla-
dium atoms is four-coordinate and roughly square-
planar. The bond distance between the Pd atoms and
the bridging Br atom was found to be 2.54 Å, while the
analogous distances between the Pd atoms and non-
bridging Br atoms was found to be 2.45 Å. The en
ligands form bonds of 2.06 and 2.10 Å between the
nitrogen atoms and palladium atoms.

Discussion

The focus of this paper is the investigation of the [2M �
Br]� dimeric complex observed as the most abundant
ionic species from 1 �M aqueous Pd(en)Br2 solutions.
Other ionic species in the full mass spectrum of the
Pd(en)Br2 solution are also observed and related to the
aqueous chemistry of Pd(en)Br2. We have found two
types of multimeric species—dimers and trimers. A
distinct difference in the behavior is observed between
the trimeric and the dimeric species under CID. The
only observed neutral loss from [3M � Br]� is that of a
Pd(en)Br2 monomer unit producing [2M � Br]�. Also,
from the CID experiment, it is apparent that [3M� Br]�

is not very strongly bound compared with the dimer.
The dimer was observed using only 10% NCE on [3M�
Br]�. This setting is typically used to verify a good
isolation and does not normally result in fragments

being observed. [3M � Br]� was completely frag-
mented using a NCE of 20%, leaving only [2M � Br]�.
This is the behavior expected of a noncovalently bound
adduct produced by the electrospray process.
The CID of [2M � Br]� did not produce the mono-

mer Pd(en)Br�, which would be the expected result if
the complex were a noncovalently bound cluster. In-
stead, the CID of [2M � Br]� resulted in the sequential
loss of two HBr molecules as well as the loss of NH3
(Table 1). The strength of interaction between the
Pd(en)Br2 and the Pd(en)Br

� subunits of [2M � Br]� is
sufficiently strong so that losses of HBr and NH3 occur
in preference to the loss of a monomeric subunit. This
type of neutral loss is likely only if the two monomeric
subunits are covalently bound to each other. Further
evidence that this complex is rather strongly bound can
be found in the CID of each of the products after the
HBr losses (Figure 3 and Table 1). The CID results in the
production of [2M � 2HBr � Br]� and [2M � 3 HBr �
Br]�, respectively.
The two primary CID pathways investigated in this

report begin with complexes that are structurally dif-
ferent. The [2M � 2HBr � Br]� complex at m/z 408.7 is
the result of the loss of two molecules of HBr. The [2M
� 2HBr�NH3 � Br]� complex at m/z 391.7 is the result
of a loss of an NH3 and two HBr molecules. The MS

n of
both complexes ultimately yielded [2M � CH4N �
CH3N � 3HBr � Br]� at m/z 269.7. This reinforces the
idea that they have the same strongly bound core. A
diagram of the MSn experiments is given in Figure 3.
Clearly, the subsequent losses of C2H4N and C2H3
indicate that the formation of a palladium–carbon bond
with the ligand is not occurring.
The bonding in the [2M� Br]� has been shown to be

strong enough for there to be a covalent interaction
between the two monomers. The use of density func-
tional theory calculations has made the assignment of a
structure for the [2M � Br]� dimer possible (Figure 4).
The dimer could be formed in solution from the reac-
tion of the monomer M with either the [M � Br]� or [M
�H2O� Br]� cations. Calculated reaction enthalpies at
0 K reveal the two reactions to be exothermic (eq 1).

Figure 3. Diagram of the MSn experiments and the CID results
observed for the [2M � Br]� dimer. Ions observed in the full mass
spectrum are in large print with no % intensity. Product ions are
listed with % intensity.

Figure 4. Aminimum-energy structure for the [2M� Br]� cation
optimized at the B3-LYP/SBKJC[d] level of theory. The structure
possesses C2 symmetry and is viewed down the rotational axis.
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M� �M�Br�� ¡ �2M�Br��

�tH0k� �57.4 kcal ⁄mol (1a)

M� �M�H2O�Br�� ¡ �2M�Br��
�H2O

�tH0k� �25.6 kcal ⁄mol (1b)

These calculations are consistent with the results
from the ESMS experiments (Table 1), where both the
[M � Br]� and [M � H2O � Br]� cations were ob-
served. While the presence of the neutral monomer M
cannot be directly determined using MS, its presence
can be inferred from observation of the [3M � Br]� and
[2M � Na]� species.
Pd(en)Br2 is expected to hydrolyze in an aqueous

solution, producing mostly hydroxo and aqua com-
plexes depending on pH. This behavior is analogous to
that of Pd(en)Cl2 [21]. At a concentration of 1 �M and at
pH 4.4, the potentiometric studies show that
Pd(en)(H2O)2

2� is expected to be the only species
present in solution [18, 34]. In the mass spectrum shown
in Figure 1, the only aqua species observed was the
Pd(en)(H2O)Br

� adduct at m/z 262.9. A similar complex
was also observed without water at m/z 244.9. It should
be noted that there is little evidence of noncovalent
clustering in the full scan mass spectrum of the
Pd(en)Br2 solution because of the lack of complexes
containing H2O and H

�. Only one protonated complex
([M� en�H]� at m/z 384.9) and the aqua complex ([M
� H2O � Br]� at m/z 262.9), mentioned above, have
been observed. This would lead one to believe that the
[M � H2O � Br]� complex is formed in solution,
consistent with the poteniometric investigations [18],
and is not an artifact of the ES process. Because aqueous
Pd(en)Br2 is an equilibrium system, the types of species
present in solution are very sensitive to both concentra-
tion and pH. For example, Pd(en)Cl2, [Pd(en)(H2O)Cl]

�,
and [Pd(en)(H2O)2]

2� have been determined to be in
equilibrium in a 1 mM solution of Pd(en)Cl2 at pH 4.4.
At pH 7 in both 1 �M and 1 mM solutions, dimeric
species of the type [(en)Pd(�-OH)2Pd(en)]

2� have been
reported in which the two Pd atoms are bridged by two
hydoxo groups. This complex would occur at m/z 183.
In the full mass spectrum, a set of peaks is observed at
m/z 183 which can be attributed to a dication, but the
peaks do not have enough intensity to resolve the
isotopic pattern sufficiently to positively identify the
complex.
We propose that the ions detected by ESMS are a

consequence of a variety of processes occurring simul-
taneously. First, the observed results are due in part to
the ligand exchange occurring in aqueous solution.
Ligand exchange in solutions of inorganic coordination
compounds is well known and has also been observed
in ESMS experiments [42–44]. Second, the observed
complexes may also be the result of concentration and
pH effects taking place during the desolvation process.
The formation of Pd(en)2

2� is, however, likely to occur

in solution rather than in the ES desolvation process.
The ES process takes a snapshot of the solution at the
point when it is desolvated. During the electrospray
desolvation process, ion–molecule and ion–ion interac-
tions can occur [45]. As desolvation proceeds, both the
concentrations of the Pd(II) species and H� increase.
This may lead to the formation of species that cannot
normally be observed in dilute aqueous solution. The
observation of unexpected species at higher masses has
been reported in a few other cases, and questions have
been raised about their possible formation during the
ES process [33, 42, 46]. Similar formations of dimers and
trimers was reported by Sassi et al. in an ESMS study of
monmeric Pt(II) amidines [28, 29], but no explanation
for their formation was given. Since the maximum
solubility of the [Pd(en)]X2 (X � Cl or Br) is about
10�2 M, desolvation during electrospray seems to pro-
vide a novel and unique method for investigating the
species formed in very concentrated solution, that are
well beyond the normal solubility of the compound.

Conclusions

We report the formation of a strongly bound dimeric
complex from an aqueous solution of Pd(en)Br2. The
results of numerous MSn experiments have yielded
detailed insights into the strength and structure of this
complex. The investigation of the aqueous complexes of
dibromo(ethylenediamine)palladium(II) has revealed a
rich and complicated aqueous chemistry, previously
unreported. The electrospray process has played a
crucial role in this study in terms of volatilizing the
species in the aqueous solutions. Whether the electros-
pray process has also had a hand in creating some of the
observed complexes remains to be explored. Deuterium
studies are the next logical step to investigate the
mechanistic details underlying the fragments observed
here. The quadrupole ion-trap mass spectrometer has
allowed the investigation of the structure of the [2M �
Br]� dimer because of the trap’s ability to perform
multiple MS steps. Further investigations are planned
at lower pH, where protonated and cationic species are
expected, and at higher pH, where anionic complexes
might be observable. The neutrals, which are known to
exist in this system, cannot be observed using ES. Thus,
atmospheric pressure chemical ionization will be em-
ployed, as well as metal cation attachment. Further
investigations are also planned employing cation and
anion HPLC to determine the role that the electrospray
process plays in the formation of these complexes.
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