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Introduction

The study of metal±ion complexes is a very active area in
chemistry because these complexes are of the utmost impor-
tance in biochemistry, catalysis, and molecular recogni-
tion.[1±5] An important application in this field is the design
of systems able to remove heavy-metal ions from contami-
nated media. In this respect, bidentate or multidentate bases

are suitable candidates to bind metal ions stronger than
water if one plans, for example, to remove the metal from
waste water streams. The ability to design a bidentate or
multidentate cavity requires a good knowledge of how the
metal ion interacts with the individual donor groups. In this
respect, some previous studies on complexes between di-
methyl ether,[6,7] Dimethoxyethane[8] polyethers,[9] glycolic
acid[10] and glycerol[11] with transition-metal ions in the gas
phase should be cited. However, in general, the formation
of the adduct with the cation is followed by a spontaneous
fragmentation of the system, so it is equally important to
assure that the products of these spontaneous unimolecular
processes also bind the metal cation strongly. An appropri-
ate answer to both questions can be achieved in combined
gas-phase experimental and theoretical studies. In this paper
we aim at presenting such a study for a typical bidentate
base such as ethylenediamine (en).

En is, in fact, one of the most frequently used metal li-
gands and its derivatives can be good precursors for the syn-
thesis of new chelating agents.[12] Besides some of its deriva-
tives have anti-tumor activity.[13] Many studies can be found
in the literature dealing with the formation of metal com-
plexes of en in solution,[14±17] but similar studies considering
the structure and energy of metal complexes with en in the
gas phase are scarce.[18] The gas-phase basicity of en has
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Abstract: The gas-phase reactions be-
tween ethylenediamine (en) and Cu+

have been investigated by means of
mass spectrometry techniques. The
MIKE spectrum reveals that the
adduct ions [Cu+(H2NCH2CH2NH2)]
spontaneously decompose by loosing
H2, NH3 and HCu, the loss of hydrogen
being clearly dominant. The spectra of
the fully C-deuterated species show the
loss of HD, NH3 and CuD but no
losses of H2, D2, NH2D, NHD2, ND3 or
CuH are observed. This clearly ex-
cludes hydrogen exchange between the
methylene and the amino groups as

possible mechanisms for the loss of am-
monia. Conversely, methylene hydro-
gen atoms are clearly involved in the
loss of molecular hydrogen. The struc-
tures and bonding characteristics of the
Cu+(en) complexes as well as the dif-
ferent stationary points of the corre-
sponding potential energy surface
(PES) have been theoretically studied
by DFT calculations carried out

at B3LYP/6-311+G(2df,2p)//B3LYP/6-
311G(d,p) level. Based on the topology
of this PES the most plausible mecha-
nisms for the aforementioned unimo-
lecular fragmentations are proposed.
Our theoretical estimates indicate that
Cu+ strongly binds to en, by forming a
chelated structure in which Cu+ is
bridging between both amino groups.
The binding energy is quite high
(84 kcalmol�1), but also the products of
the unimolecular decomposition of
Cu+(en) complexes are strongly bound
Cu+-complexes.
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been reported in the literature, and only recently the unimo-
lecular reactivity of the protonated form has been studied.[19]

To the best of our knowledge, there are no similar studies
considering the gas phase unimolecular reactivity of en cata-
lyzed by transition-metal cations.

En is a paradigmatic system for conformational investiga-
tion and therefore its molecular structure has been widely
studied by both experimental and theoretical methods.[20±23]

The existence of intramolecular hydrogen bonds, and the
possibility of intramolecular hydrogen transfer have also
motivated the interest in this system.[21]

In this paper we analyze in detail the reactivity of en
versus Cu+ by means of mass spectrometry techniques and
density functional theory (DFT) methods. We will focus our
attention on the possible unimolecular decomposition that
can occur after complex formation, because we aim at show-
ing not only that en binds Cu+ strongly, but also that the
products of the unimolecular decomposition of Cu+(en)
complexes also bind Cu+ strongly. As we will see later the
most important reaction is the loss of H2. Detailed ab intio
studies of the mechanisms of the elimination of H2 catalyzed
by metals have been reported for alkanes.[1,24±28] In this sense
en offers an excellent benchmark system to study alternative
dehydrogenation mechanisms, since the presence of two
amine groups opens a large variety of possible reaction
channels.

Experimental Section

All experiments were carried out using a VG analytical ZAB-HSQ
hybrid mass spectrometer of BEqQ geometry, which has previously been
described in detail.[29] Complexes were generated by the CI-FAB
method.[30±36] The CI-FAB source was built from VG Analytical EI/CI
and FAB ion source parts with the same modifications described by
Freas et al.[32] A copper foil of high purity has replaced the conventional
FAB probe tip. ™Naked∫ metal ions were generated by bombardment of
the target with fast xenon atoms (Xe gas 7±8 keV kinetic energy, 1±2 mA
of emission current in the FAB gun). Under these experimental condi-
tions naked metal ions, 63Cu+ and 65Cu+ , were generated in a ratio close
to that of their natural abundance. The organic samples were introduced
via a heated probe in a non-heated closed source. In that source, we can
assume that due to the relatively high pressure of the organic sample of
interest (10�2±10�3 Pa), efficient collisional cooling of the generated ions
can take place. Therefore we will consider that excited states of the Cu+

ions which could be formed in these experimental conditions are not
likely to participate in the observed reactivity as already postulated by
Hornung et al.[35] The ion beam of the Cu+(en) adduct complexes was
mass-selected (using an acceleration voltage of 8 kV) with the magnetic
analyser B. The ionic products of unimolecular fragmentations, occurring
in the second field-free (2nd FFR) region following the magnet, were an-
alyzed by means of Mass-analyzed Ion Kinetic Energy (MIKE)[30,37] by
scanning the electric sector E. The CAD (Collision Activated Dissocia-
tion) experiments were carried out in the same way but introducing Ar
in the cell as the collision gas. The spectra were recorded at a resolving
power (R) of ~1000.

H2NCH2CH2NH2 (en) and H2NCD2CD2NH2 ([D4]en) were purchased
from Aldrich and were used without further purification.

Computational Details

The DFT calculations have been carried out by using the hybrid B3LYP
functional. This DFT approach combines the Becke×s three parameter

non local hybrid exchange potential[38] with the non local correlation
functional of Lee, Yang and Parr.[39] The geometries of the different spe-
cies under consideration have been optimized by using the all electron
(14s9p5d/9s5p3d) basis of Wachters±Hay for Cu,[40, 41] supplemented with
one set of f polarization function and the 6-311G(d,p) basis set for the re-
maining atoms of the system. The harmonic vibrational frequencies of
the different stationary points of the PES have been calculated at the
same level of theory in order to classify the stationary points of the PES
as local minima or transition states (TS), and to estimate the correspond-
ing zero point energies (ZPE). In general both, geometries and vibration-
al frequencies obtained using the B3LYP approach are in fairly good
agreement with experimental values.[42,43]

Final energies have been obtained at B3LYP level by using an enlarged
basis set, in which the standard 6-311+G(2df,2p) basis set for first row-
atoms is combined with a (14s9p5d/9s5p3d) Wachters-Hay×s basis, supple-
mented with a set of (1s2p1d) diffuse components and with two sets of f
functions and one set of g functions as polarization basis for Cu. We have
shown[44,45] for some smaller Cu+ complexes that the binding energies so
obtained are quite reliable. Also importantly the B3LYP approach is free
of the pathologies which affect the description of Cu+ complexes when
high level ab initio formalisms, as the G2 theory or even the CCSD(T)
methods are used.[44, 46, 47]

All calculations have been done by using the Gaussian 98 program.[48]

Results and Discussion

Gas-phase reactivity : Figure 1a shows the mass spectrum,
which results from the gas-phase reactions of copper ions
with en. The existence of 63Cu and 65Cu isotopes leads to an
easy identification of copper containing ions. In ion-mole-
cule reaction conditions, besides production of Cu+ , several
copper/organic product complexes were also observed. The
Cu+ ions react with neutral en to produce [Cu+(en)] adduct
ions at m/z 123, 125. The ion at m/z 121 corresponds also to
an adduct ion, which involves Cu+ and (en�H2) moiety.
This implies that the ion at m/z 123, as discussed latter, is a
mixture of two species [63Cu+(en)] and [65Cu+(en�H2)].
The observed weak ions at m/z 106, 108 (4%, with respect
to the base peak) and m/z 92, 94 (4%) could correspond to
[Cu+ ,C2,N,H5] and to [Cu+(NH=CH2)] complexes, respec-
tively. These ions could arise from the loss of NH3 and CH3-
NH2 of [Cu+(en)] ions, respectively. The ions lower than
63 u could follow from [Cu+(en)] which losses CuH giving
rise to ion at m/z 59 ([NH2-CH2-CH=NH2]

+ , which turns to
decompose to give ions at m/z 44, 32, 30 and 28 (C2H6N

+ ,
CH3-NH3

+ , CH2=NH2
+ and HCNH+).

Unimolecular reactivity of [Cu(en)]+ adduct ions: MIKES
analysis (see Figure 1b and c) was performed on [Cu(en)]+

adduct ions to obtain information related to the structure,
reactivity and thermochemistry of these Cu+/organic com-
plex ions. The results presented here refer to both isotopes
63Cu- and 65Cu-containing species.

The MIKE spectrum of the [63Cu(en)]+ complex present-
ed in Figure 1b shows that the m/z 123 ion gives rise to
three spontaneous losses, the most important being that of
H2 at m/z 121 which is the base peak of the MIKE spec-
trum. A minor fragmentation corresponds to the loss of am-
monia at m/z 106 (10%), already observed in the ion
source. The MIKE spectrum presents in addition other
weak peaks at m/z 92, 63 and 59 that corresponds to
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[CH2=NH,Cu]+ , Cu+ and to the loss of CuH, respectively.
Under collision conditions one can note, in the resulting
MIKE-CAD spectrum displayed in Figure 1d that the rela-
tive intensity of the peaks, corresponding to the loss of NH3

and CuH, increases; this shows that these decomposing
channels are high energy demanding processes compared
with those leading to the loss of H2. One can note in addi-
tion the presence of an ion at m/z 65 corresponding to
65Cu+ showing without ambiguity that the selected ion at m/z
123 is really a mixture of structures. MIKE and MIKE-CAD
spectra (displayed in Figure 1c and e) of [65Cu(en)]+ at m/z
125 reinforces those results.

Additional experiments have been carried out with deute-
rium labeled compounds in order to have additional infor-

mation on the hydrogen atoms involved in the different
fragmentations (hydrogen, ammonia and copper�hydride
eliminations). Figure 2a displays the isotopic mixture of dif-
ferent copper deuteriated [D4]en complexes. The MIKE and
MIKE�CAD spectra of ions at m/z 127 and 129 corre-
sponding to [63Cu+(NH2-CD2-CD2-NH2)] and [65Cu+(NH2-
CD2-CD2-NH2)] are presented in Figure 2b±e, respectively.
We can note that the interference arising from the [Cu+

(en�H2)] ions is excluded. The loss of H2 is indeed totally
and specifically shifted to HD loss (with a difference of 3u).
It can be observed that [65Cu+([D4]en)] (m/z 129) looses
HD. In the light of these results, the loss of molecular hy-
drogen is specific one hydrogen arises from one amino
group and the other from one methylene group. Also specif-

Figure 1. a) CIFAB spectrum that results from the reaction of Cu+ (sputtered from a foil of copper) with neutral ethylenediamine (en). b) MIKE spec-
trum of ion at m/z 123. c) MIKE spectrum of ion at m/z 125. d) MIKE-CAD spectrum of ion at m/z 123. e) MIKE-CAD spectrum of ion at m/z 125.
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ic are the losses of ammonia and copper�hydride. The am-
monia elimination concerns exclusively the hydrogen atoms
of the amino groups while the hydrogen involved in CuH
elimination comes from a methylene group.

Reactions mechanisms

Cu+(en) complexes : Before considering the possible mecha-
nisms involved in the observed unimolecular reactivity of
Cu+(en) complexes, we will analyze the structure and char-
acteristics of the possible Cu+(en) adducts, because they are
the starting point of the reaction process. As expected the
most stable complex between en and Cu+ corresponds to a

cis conformation of en (structure 1 in Figure 3) which per-
mits the interaction of Cu+ with both amino groups. There
are, however, other conformers, namely 2 and 3, in which
the metal cation interacts only with one of the amino groups
(see Figure 3). Many other species have been found as inter-
mediates in the unimolecular decomposition of Cu+(en) ad-
ducts and correspond to Cu+ complexes involving different
isomers of en generated by appropriate hydrogen shifts. A
complete survey of the potential energy surface (PES) in-
volves more than thirty different local minima and the cor-
responding transition states (TSs) connecting them. The de-
tails of the whole PES will be reported elsewhere and in the
present paper, for the sake of conciseness, we will limit the

Figure 2. a) CIFAB spectrum that results from the reaction of Cu+ (sputtered from a foil of copper) with neutral [D4]ethylene-diaminediamine ([D4]en).
b) MIKE spectrum of ion at m/z 127. c) MIKE spectrum of ion at m/z 129. d) MIKE-CAD spectrum of ion at m/z 127. e) MIKE-CAD spectrum of ion
at m/z 129.
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discussion to the main mechanisms behind the experimental
results. We have also investigated the structures of the prod-
ucts originated by the most relevant losses (H2, NH3, HCu)
detected in the mass spectra. The structures corresponding
to all these species are given as Supporting Information, to-
gether with their total energies.

The binding energy, defined as the energy of the complex
minus the energy of the neutral in its most stable conforma-
tion and the energy of Cu+ , amounts to 84.1 kcalmol�1 for
complex 1. This high binding energy is consistent with the
experimental observation that very small loss of Cu+ is ob-
tained under MIKE conditions. The breaking of one of the
N�Cu bonds of adduct 1 to give 2 implies a destabilization
of the system of 17.6 kcalmol�1. The trans form (3a) is fur-
ther destabilized by 5.7 kcalmol�1 due to the concomitant
breaking of the NH¥¥¥N intramolecular hydrogen bond. We
have also calculated the most important TS connecting the
different adducts. In agreement with previous calculations
on neutral en,[20±22] the interconversion among the different
rotamers imply relatively low energy barriers. A complete
survey of the interconversion mechanisms and barriers

among the different Cu+(en) rotamers is out of the scope of
our paper, but we can assume that a fast interconversion
among them will take place, because the stabilization energy
upon complex formation is much larger (84.1 kcalmol�1)
than the corresponding energy barriers (typically of the
order of 20 kcalmol�1).

It is worth noting that the interaction with Cu+ implies a
noticeable activation of the C�N bonds (see Figure 3), and
in a lesser degree, of the C�C bonds. The C�N activation is
larger in complex 1, where the charge transfer to the metal
is 25% greater than in the other structures.

From these structures different mechanisms can be envis-
aged leading to the observed experimental products: loss of
H2, loss of NH3 and loss of CuH.

Loss of H2 : Among all the possible mechanisms investigated
for the loss of H2 the one presenting the lowest barrier in-
volves as the key step the insertion of Cu+ into one of the
C�H bonds. The energy profile for such a mechanism is
given in Figure 4. The suitable starting point is adduct 3a
which is connected through the transition state TS3a4a with
complex 4a. It can be observed that the transfer of one of
the methylene hydrogens to Cu leaves a very basic CH
group, so that the metal, initially attached to the amino
group binds now to this CH group. From this complex an in-
ternal rotation leads to the more stable isomer 4b (as seen
in Figure 4, the internal rotation implies an almost negligible
energy barrier).

An internal reorientation of the CuH group inside 4b
leads to complex 5 which is 10.4 kcalmol�1 more stable.
From that complex Cu+ acts as a carrier for a second hydro-
gen coming from the amino group forming the stable inter-
mediate 6. From this latest complex a loss of hydrogen can
be produced to obtain as final product a complex between
Cu+ and HN-CH-CH2-NH2 which can exist in two different
conformations, the most stable lying 65.9 kcalmol�1 below
the initial reactants en+Cu+ .

Some other mechanisms leading to a direct loss of H2

from structure 1 or mechanisms involving previous hydrogen
transfer inside the En fragment have also been investigated
and they will be reported elsewhere. However, these alter-
native mechanisms present energy barriers higher, involve a
larger number of intermediate structures and in general
leads to final structures less stable than the one reported in
Figure 4. It is important to note that the fact that the loss of
CuH is also observed experimentally, and that this loss cor-
responds systematically to CuD in the case of [D4]en rein-
forces the assumption that the mechanism of Figure 4 is the
most efficient one for the loss of hydrogen.

Loss of ammonia : Several mechanisms, involving H-trans-
fers inside the En unit, can be envisaged leading to the loss
of NH3. The most efficient of these mechanisms is shown in
Figure 5 and involves a transition state that is located
20 kcalmol�1 below the entrance channel. It corresponds to
a 1,4-hydrogen transfer between the two amino groups of
the Cu+(en) adduct 2a, which induces a simultaneous hy-
drogen shift between the methylene groups leading to a
very stable complex 7 in which Cu+ is covalently bound to

Figure 3. Structures for neutral ethylenediamine and ethylenediamine+
Cu+ adducts. All distances are given in ä. Numbers refer to the relative
stability (in kcalmol�1) with respect the En+Cu+ entrance channel.
Black circle denotes N atoms, white circles C atoms and grey circles Cu.
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acetaldimine and ammonia. This complex would eventually
dissociate into acetaldimine�Cu++ammonia (the dissocia-
tion into NH3-Cu++acetaldimine being less favorable by
10.0 kcalmol�1). It is worth noting that for [D4]en this mech-
anism would only lead to NH3 loss in agreement with the
experimental evidence. To ensure the connectivity between
2a and 7 through the transition state TS2a7 we have carried
out ICR calculations, both forward and backward following
the transition vector defining TS2a7. In the forward direc-
tion the 1,2-H shift between the two methylene groups leads
to a breaking of the H3C�NH3 bond, so in the final structure
the NH3 fragment appears attached to Cu. In the backward
direction, the hydrogen shift between the methylene groups
disappears while a 1,4-H spontaneous transfer from the NH3

group to the CuNH group takes place, but no local mini-
mum corresponding to a NH3CH2-CH2-NHCu+ structure is
found along the path. The structure shown in Figure 5 be-
tween 2a and TS2a7 shows the geometry of the transient
species obtained in the IRC calculation, but this structure is
not a minimum of the PES. In summary, on going from 2a
to 7 there is an initial barrierless hydrogen shift between the
amino groups follow by a second hydrogen shift, involving
an activation barrier, between the adjacent methylene
groups.

It must be taken also into account that complex 2a can be
produced by a direct attachment of Cu+ to ethylenediamine
or by isomerization from the global minimum 1.

Loss of HCu : The loss of HCu must necessarily have its
origin in species in which one of the hydrogen atoms is at-
tached to Cu. Among all the complexes studied in which a
CuH subunit is present structure 4 represents the most fa-
vorable precursors. Dissociation from structure 5 is also pos-
sible and would lead to the same final product, but would
imply the breaking of two bonds. The loss of CuH is exo-
thermic, with respect to the entrance channel, by 24.4 kcal
mol�1, and corresponds to the dissociation of complex 4 (or
5) to yield NH2-CH2-CH+-NH2 as ion product. In the case
of [D4]en the observed loss of CuD is compatible with the
loss of CuH from complex 4. It is worth noting that the loss
of HCu from complexes 4 competes with the loss of H2 dis-
cussed in previous sections. As a matter of fact, the energy
required for the loss of HCu from these complexes is close
to the energy barriers involved in the mechanism for H2

loss. The alternative dissociation of these complexes into
NH2-CH2-CH-NH2+CuH+ implies a much larger energy
and in fact structure 4 and 5 shows that the charge in the
CuH group is close to zero.

Figure 4. Energy profile for the most favorable reaction mechanisms leading to the loss of H2. Energies and structures follow the same notation as in
Figure 3.
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Conclusions

Along this paper we have presented several mechanisms, for
which the energy profiles are compatible with the observed
losses of H2, NH3 and CuH and with the experiments involv-
ing tetra-deuterated en.

In the most favorable mechanism for the loss of H2, Cu+

plays a crucial role by acting as a ™carrier∫ for hydrogen,
connecting one of the methylene hydrogen atoms with one
of the amino hydrogen atoms. Coherently, the C-tetradeuter-
ated species only looses HD. Some of the intermediates
formed in which a methylene hydrogen is attached to Cu
can eventually dissociate by loosing CuH (CuD in the case
of [D4]en).

As far as the loss of NH3 is concerned, the most favorable
mechanism is the one with origin in adduct 2, involving a H-
transfer from one amino group to the other, which is com-
patible with the experimental observation that the C-tetra-
deuterated species looses NH3 exclusively.

The most exothermic process in Cu++ethylenediamine
reactions corresponds to the loss of H2 to yield Cu+

(NHCHCH2NH2) as the product ion, while the most exo-
thermic channel for the loss of NH3 to yield CH3CHNHCu+

lies 8.5 kcalmol�1 higher in energy.
Finally, it is worth mentioning that, according to our esti-

mates, en binds Cu+ very strongly, with a binding energy of
84.1 kcalmol�1. Also importantly, all product ions of the un-
imolecular fragmentation of Cu+(en) complexes also bind
Cu+ strongly, so Cu+ is a very minority product both in
MIKE and in CAD spectra.
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