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The gas-phase reactivity of Ni+(urea) has been investigated by means of mass spectrometry techniques and
density functional calculations. The major fragmentations observed in the MIKE spectrum of [Ni-urea]+

correspond to the loss of CO, NH3, and HNCO. The electrospray MS/MS spectrum shows also these
fragmentations; however, an additional intense peak is detected matching to the elimination of water. To
explain the differences observed in the reactivity under FAB or ESI conditions, several pathways leading to
the experimental fragmentations have been considered theoretically. The exploration of the potential energy
surfaces has shown that, although the elimination of NH3 mainly arises from the noninsertion mechanisms,
the elimination of CO and HNCO arises exclusively from the insertion mechanisms. Elimination of water
shows larger barriers, but under electrospray conditions, the presence of the solvent can reduce these energy
barriers leading to isomerizations of the [Ni-urea]+ complex in the source region. The results obtained have
been also compared to those previously reported for Cu+. Calculations show that the most stable Ni+-urea
complex has the Ni+ cation interacting with the oxygen, with the computed binding energy being 66.3 kcal/
mol.

Introduction

The cationization of relevant organic molecules by transition
metals is one of the most important topics in gas-phase
chemistry,1-3 due to the important role that transition metals
play in many biological processes. Transition metals are
generally present in the biological fluids as isolated ions or
complexed by different kinds of peptides and proteins. They
can also interact with other biomolecules such as nucleic acids
inducing different effects that can vary from the stabilization
of the helix to transcription failures.6-12 Gas-phase studies on
the interaction of transition metals with small model molecules
is of great interest, because the knowledge of their intrinsic
properties can provide important clues to understand the
behavior of more complicated systems of biological importance.

Mass spectrometry techniques can be used to investigate metal
cation complexes of small molecules of biological relevance
such as amino acids or nucleobases.16-22 Metal cation associa-
tion in the gas-phase usually implies a reorganization of the
charge density of the molecule which results in the activation
of one or several bonds. Thus, it is normal to observe, under
mass spectrometry conditions, the spontaneous fragmentation
of the cationized biomolecule. Assuming that the metal ion
induces binding site specific fragmentation, such experiments
can provide important information on the structure and intrinsic
chemical reactivity of these systems. The experimental findings
can be rationalized by a reliable description of the potential
energy surface (PES) of the system in terms of local minima
and transition states connecting them.

Previous studies in our groups have considered the interaction
of Cu+, a closed shell cation with a d10 (1S) ground state, with

different molecules23-27 such as formamide, guanidine, glycine,
and others which can be taken as model systems to understand
the behavior of more complicated systems of biochemical
importance. More recently, we have started to study the
interaction of Ni+, an open shell cation with a d9 (2D) ground
state, with these and other model systems such as formamide28

or glycine.29 Similar to copper, nickel cations play an important
role in many biological processes. On the other hand, urea and
its derivatives are of industrial and biochemical relevance.
Therefore, the study of Ni+-ligand interactions and in particular
the study of the Ni+-urea system is of interest. Moreover, it is
interesting to analyze the differences and similarities between
Cu+ and Ni+ as a function of their electronic properties. Recent
gas-phase studies24,28aof Ni+ and Cu+ interacting with forma-
mide have shown a different reactivity between both systems.
For Ni+-formamide, one of the observed fragmentations in the
mass spectra corresponds to the loss of CO.28a However, for
Cu+-formamide, the loss of CO was not observed.24 This might
be attributed to the fact that the energy barrier corresponding
to the metal C-N insertion that lead to the OC-M+-NH3

precursor of CO in a multistep mechanism was found to be
much higher in energy for Cu+ than for Ni+.

The reactions of Cu+ with urea have been also studied
recently both from experimental30,31 and theoretical points of
view.30 In this latter study, the fragmentation of Cu+-urea
prepared by fast atom bombardment (FAB) was investigated.
The spectrum showed several spontaneous losses, namely NH3,
HNCO, and H2O, which were rationalized through the explora-
tion of the potential energy surface by means of the B3LYP
density functional method. Recently, the dissociation behavior
of Cu(urea)+ complexes generated by electrospray ionization
has been also reported.31 In the present work, we study the gas-
phase reactions of Ni+ with urea using both mass spectrometry
techniques and theoretical calculations. We first analyze the
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unimolecular decomposition of the Ni+-urea complexes gener-
ated either by fast atom bombardment or by electrospray.
Second, we report theoretical calculations to describe the
potential energy surface of the system. We study the coordina-
tion modes of Ni+ to urea and the possible pathways leading to
the observed fragmentations. Finally, we compare the results
obtained with those previously reported for Cu+.30

Experimental Section

The FAB mass spectrometric measurements were recorded
on a double-focusing ZAB-HSQ mass spectrometer (VG
Analytical) of BEqQ configuration32 (B and E represent the
magnetic and electric sectors, q is a collision cell consisting of
a rf-only quadrupole, and Q is a mass selective quadrupole).
Complexes were generated by the CI-FAB method. The CI-
FAB source was constructed from VG Analytical EI/CI and
FAB ion source parts with the same modifications described
by Freas et al.33 In that source, the conventional FAB probe tip
has been replaced by a foil of an alloy of chromium and nickel.
“Naked” metal ions Cr+ and Ni+ were generated by bombarding
this target with fast xenon atoms (Xe gas 7-8 keV kinetic
energy, 1-2 mA of emission current in the FAB gun). Using
alloys allows the production of different metal cations at the
same time.

The organic samples were introduced via a heated inlet system
at 100°C in a nonheated source. As mentioned by Schwarz et
al.,34 we can assume that, because of the relatively high pressure
in the ion source (10-2-10-3 Pa), efficient collisional cooling
of the ions takes place and therefore excited states of the Ni+

ions are not likely to participate in the observed reactivity. The
metal ion adduct complexes formed with urea were mass
selected (using an acceleration voltage of 8 kV) with the
magnetic analyzer B. Metastable dissociations occurring in the
second field-free region (second FFR) between the magnetic
and the electric analyzers were monitored by scanning the latter
one. The metastable ion reactions were studied by mass-analyzed
ion kinetic energy spectroscopy (MIKES) techniques. The MIKE
spectra were recorded at a resolving power of∼1000.

Electrospray mass spectra were recorded on an Applied
Biosystems/MDS Sciex API2000 triple-quadrupole instrument
fitted with a “turboionspray” ion source. An aqueous mixture
of nickel chloride and urea (5× 10-4 mol L-1/5 × 10-4 mol
L-1) was introduced in the source using direct infusion with a
syringe pump, at a flow rate of 5µL/min. Ionization of the
samples was achieved by applying a voltage of 5.5 kV on the
sprayer probe and by the use of a nebulizing gas (GAS1, air)
surrounding the sprayer probe, intersected by a heated gas
(GAS2, air) at an angle of approximately 90°. The operating
pressures of GAS1 and GAS2 are adjusted to 2.1 bar, by means
of an electronic board (pressure sensors), as a fraction of the
air inlet pressure. The curtain gas (N2), which prevents air or
solvent from entering the analyzer region, was similarly adjusted
to a value of 1.4 bar. The temperature of GAS2 was set at 100
°C. MS/MS spectra were carried out by introducing nitrogen
as the collision gas in the second quadrupole at a total pressure
of 3 × 10-5 mbar, with the background pressure being around
10-5 mbar. As detailed later, the declustering potential (DP),
defined as the difference of potentials between the orifice plate
and the skimmer (grounded), and typically referred to as the
“cone voltage” for other electrospray interfaces, was fixed to
120 V to perform MS/MS experiments.

Unless otherwise noted, mass-to-charge ratios mentioned
throughout this paper refer to as peaks which include the most
abundant Ni and Cl isotopes (58Ni and 35Cl).

Urea and nickel salts were purchased from Aldrich and were
used without further purification.

Computational Details

Full geometry optimizations and harmonic frequency calcula-
tions were carried out using the B3LYP density functional35

approach as implemented in Gaussian 98 programs package.36

B3LYP is a hybrid density functional method that includes
Becke’s three-parameter nonlocal exchange potential and the
nonlocal correlation functional developed by Lee, Yang, and
Parr. This method has proven to give results that are in very
good agreement with experimental data in many systems
containing transition metal atoms.37-41 In particular, the B3LYP
method has been used to theoretically determine metal cation
affinities for several small compounds that are in good agree-
ment with experiments. Moreover, previous studies on Ni+-
ligand systems with B3LYP approach have given similar results
to those obtained with the CCSD(T) level of theory.29 Even
more, the B3LYP method has been able to qualitatively explain
the observed gas-phase reactivity in these studies.

It is known that, for a given atomic electronic configuration,
currently used functionals are not invariant over the set of
densities associated with a degenerate atomic state, which
implies that different occupancies corresponding to the same
pure atomic state can lead to different energies.42 In the present
work, the B3LYP relative energies have been computed
considering the orbital occupation of Ni+ that lead to the lowest
energy.

The geometries of the considered species were optimized
using the following basis set. For Ni, the all-electron basis of
Wachters43 supplemented with two diffuse p and one diffuse d
functions44 with the form (14s 11p 6d)/[8s 6p 4d] was used.
Dunning’s (9s 5p)/[4s 2p] basis set45 supplemented with a
valence diffuse function (Rsp ) 0.0438 for carbon,Rsp ) 0.0639
for nitrogen, andRsp ) 0.0845 for oxygen) and one d
polarization function (R ) 0.75 for carbon,R ) 0.80 for
nitrogen, andR ) 0.85 for oxygen) was used for C, N, and O
atoms. For H, the basis set used was Dunning’s (4s)/[2s]
supplemented with a valence diffuse function (Rsp ) 0.036) and
a p polarization function (R ) 1.00). Frequency calculations
were performed using the same basis set in order to confirm
the nature (minimum or transition state) of the stationary points.
To confirm the minima connected by a given transition state,
we have carried out intrinsic reaction coordinate (IRC) calcula-
tions. The basis set for all atoms except the metal center is
referred to as D95++(d,p) in the Gaussian 98 package, and
the whole set will be referred to as Basis1 from now on.

Single-point calculations were carried out using a larger basis
set for all geometries that were relevant in the studied
fragmentation mechanisms. This basis set is the following. For
Ni, the basis set 1 is supplemented with a single contracted set
of f polarization functions based on a three-term fit to a Slater
type orbital with the final form (14s 11p 6d 3f)/[8s 6p 4d 1f].
For C, N, O, and H atoms, the basis set described as 6-311+G-
(2df,2p) in the Gaussian 98 package was used. This set will be
referred to as Basis2 hereafter.

To get further insight in bonding nature, the natural bond
orbital analysis of Weinhold and Carpenter was used.46

Results and Discussion

Figure 1a shows the FAB mass spectrum that results from
the gas-phase reactions of nickel and chromium ions with urea.
The existence of58Ni and 60Ni isotopes leads to an easy
identification of nickel containing species. The base peak of
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the spectrum corresponds to the Cr+ ion atm/z52, and the most
abundant Ni containing species is the Ni+ ion itself atm/z 58.
The Ni+ ions react with neutral urea to produce [Ni-urea]+

adduct ions atm/z 118. Besides these ions, an intense peak at
m/z75 is observed and corresponds to [Ni-NH3]+, which arises
from the loss of HNCO in the source.

The unimolecular decomposition of the [Ni-urea]+ complex
has been investigated by means of the MIKES analysis to obtain
information related to the structure and reactivity of this complex
ion. The MIKE spectrum is shown in Figure 1b and shows that
the [Ni-urea]+ ion undergoes fragmentation by several different
pathways. The major fragmentation corresponds to the loss of
CO to produce a [Ni-N2H4]+ ion at m/z 90. This is the base
peak of the MIKE spectrum. A very intense peak is also
observed for the loss of NH3 at m/z 101. Another two small
peaks are observed atm/z 58 and 75 that correspond to Ni+

and to the elimination of HNCO, respectively. These results
are somewhat different from that observed for the Cu+-urea
complex (generated by FAB) where the base peak of the
spectrum corresponded to the loss of NH3 and no loss of CO
was observed.30

The electrospray spectrum of an aqueous nickel chloride/urea
mixture is very dependent upon the cone voltage, also referred
to as the declustering potential (DP) in our instrument. At DP
) 20 V, the spectrum is dominated by NiOH(H2O)m+ ions (m
) 1-3) and peaks corresponding to protonation of urea.
Increasing the DP value results in the appearance of deproto-
nated [Ni(urea)n-H]+ species (withn ) 1 and 2) and [NiCl-
(urea)p]+ (p ) 1-3; m/z 153, 213, and 273). A high value of
DP (more than 100 V) is necessary to observe the [Ni-urea]+

ion (m/z 118), but its intensity remains low (few percents).
The electrospray MS/MS spectrum of the [Ni-urea]+ ion

recorded at DP) 120 V and with a collision energy of 15 eV

(laboratory frame) is presented in Figure 2. When using nitrogen
as the collision gas, this corresponds to a maximal transferable
internal energy of 2.9 eV (center of mass frame). Nevertheless,
it is worth mentioning that, given the length of the second
quadrupole and the pressure of nitrogen, a multiple collision
regime is very likely and will change the internal energy content
of the parent ion. This spectrum is qualitatively comparable to
that obtained under FAB conditions, because elimination of
ammonia, carbon monoxide, and urea are also observed.
However, an additional peak is detected atm/z 100, correspond-
ing to elimination of water. As already proposed by Schro¨der
during the study of the unimolecular reactivity of the [Cu-
urea]+ species generated by electrospray,31 this fragmentation
could be attributed to a partial collision-induced isomerization

Figure 1. (a) FAB spectrum that results from the reaction of Ni+ and Cr+ sputtered from a foil of an alloy of chromium and nickel, with neutral
urea, (b) MIKE spectrum of the [Ni-urea]+ complex atm/z 118.

Figure 2. Low-energy CID spectrum of the [Ni-urea]+ complex (m/z
118) generated under electrospray conditions.
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of the [Ni-urea]+ complex in the cone region prior to mass
selection by the first quadrupole. In addition, other much less
intense peaks, that could be assigned to loss of N2H4, NCO,
and H2NCO, are observed.

To rationalize these experimental findings, we have studied
the most important characteristics of the potential energy surface
by means of the B3LYP density functional method. We have
considered the different isomers of the Ni+-urea complex and
the possible reactions that lead to the observed fragments.

Coordination of Ni+ to Urea. The optimized geometries of
the different conformers of Ni+-urea are shown in Figure 3.
We have considered the coordination of Ni+ to the different
basic sites of urea. The most stable structure,Ni1, corresponds
to the attachment of the metal cation to the oxygen atom. The
same structure was found to be the most stable one in the case
of the Cu+-urea complex.30 The second most stable structure,
Ni2, is only 2.4 kcal mol-1 less stable thanNi1 and corresponds
to the Ni+ cation bridging between the O and N atoms. Finally,
the Ni3 structure corresponds to the metal cation interacting
with both nitrogen atoms and lies 12.0 kcal mol-1 above the
most stable structure.

The bonding between Ni+ and urea is essentially of an
electrostatic nature and arises from the interaction of the2D
(d9) state of Ni+ with the 1A1 state of urea. The natural
population analysis shows that the metal charge is in all cases
larger than 0.84 and the spin density is almost entirely located
over the metal atom. This fact shows that the charge transfer is
not important for the description of the bonding in this complex
or, at least, it is of the same magnitude in all of the studied
isomers. Thus, the relative stability of the different structures
is determined mostly by other factors: the deformation energy
of urea defined as the energy difference between the most stable
conformer of neutral urea and the urea subunit in the complex,
the electrostatic interaction, the polarization of urea due to the
presence of the metal cation, and the metal-ligand repulsion.
As a result, the most stable structure corresponds to the
interaction of the metal cation with the oxygen of the most stable
structure of urea. In the two other structures, the urea subunit
is significantly deformed which implies an additional energy
cost.

If we orient the molecule with the two nitrogen, the carbon,
and the oxygen atoms in thexz plane, with the CO bond

corresponding to thez axis, the monooccupied orbital of the
Ni1 structure mainly corresponds to the dz2 orbital of the metal
slightly polarized through sd hybridization to reduce the
repulsion with the lone pair of the oxygen atom. The open shell
of the other two isomers,Ni2 andNi3, mainly corresponds to
the dx2-y2 and dxz orbitals, respectively. In these cases, metal-
ligand repulsion is reduced by mixing with the corresponding
4p orbital of the metal cation, which is less efficient than the
sd mixing.

The computed binding energy of the Ni+-urea complex is
estimated to be 66.5 and 66.3 kcal mol-1, when the B3LYP
functional is used in combination with the Basis1 and Basis2,
respectively. These values are somewhat larger than that found
for Cu+-urea, 62.3 kcal mol-1, at the B3LYP/6-311+G(2df,-
2p) level.30 This behavior has already been reported for other
systems, both theoretically3,24,26-29 and experimentally,3 and is
due to the smaller metal-ligand repulsion in the Ni+ com-
pounds.

Reactivity. As shown previously, the major fragmentations
of the Ni+-urea adduct under FAB/MIKE conditions cor-
respond to the loss of CO and to the loss of NH3. Elimination
of HNCO and the ligand are also observed in a smaller
proportion. Similar results are obtained in the ESI MS/MS
spectrum, except for the presence of an additional peak
corresponding to the fragmentation of a water molecule. We
have considered isomersNi1 andNi2, separated only by 2 kcal
mol-1, as starting points for the studies of the observed
fragmentations. To obtain the elimination of NH3, a hydrogen
atom has to be transferred from one NH2 group to the other
one. Then, the obtained complex can dissociate leading to the
loss of NH3.

The starting point of the reaction leading to the elimination
of CO is not so evident. The reaction could start with the
insertion of the metal cation into one of the C-N bonds of urea.
Actually, the attachment of the metal cation to the ligand in
theNi2 isomer yields an important activation of the C-N bond,
which goes from 1.381 Å in the free ligand to 1.467 Å in the
complex. After Ni+ insertion, further rearrangements of the
complex can produce a precursor for the elimination of carbon
monoxide.

To gain some insight into the reactivity of the Ni+-urea
complex, we have explored different mechanisms which origi-
nates fromNi1 or Ni2 by means of the B3LYP method.

Noninsertion Mechanisms. Figure 4 shows the optimized
intermediates and transition states involved in the mechanism.
Figure 5 presents the energy profiles of the mechanisms that
originate from a hydrogen transfer from one NH2 group to the
other one, either in theNi1 structure or in theNi2 one. Relative
energies with Basis 1(Basis 2) are given with respect to the
ground-state reactants Ni+ + urea. Because no significant
differences are found when enlarging the basis set, we will
mainly refer to Basis 1 along the discussion.

Figure 5 shows that all of the calculated structures lie below
the reactants Ni+ + urea. The most stableNi1 isomer can evolve
through two different pathways. The direct transfer of a
hydrogen atom from one NH2 to the other (path I) leads to
structureNi4 through a barrier of 52.4 kcal mol-1. Ni4 is 35.9
kcal mol-1 below the reactants and can produce the elimination
of NH3 without barrier in excess leading to NH3 + Ni+-OCNH.
This dissociation is energetically favorable by 17.6 kcal mol-1

with respect to the reactants. More favorable than this dissocia-
tion is the evolution of structureNi4 to Ni5 through the transition
stateNiTS(4-5). This step has a barrier of 14.3 kcal mol-1,
and the resulting structureNi5 is 43.7 kcal mol-1 lower than

Figure 3. Optimized geometries of the different coordination modes
of Ni+ to urea at the B3LYP/Basis1 level. Distances are in angstroms.
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the reactants. It can be observed in Figure 4 that the C-NH3

distance in this structure has lengthened compared to the
previous structureNi4. Such changes in the C-N bond length
are due to the different Ni+ coordination. InNi4, the Ni+ cation

is interacting with the oxygen atom so that the carbonylic CO
bond acquires an important CO- character, whereas inNi5, Ni+

interacts with the nitrogen atom and the C-O double bond is
maintained.

Pathway II starts with the interconversion of conformersNi1
and Ni2 of Ni+-urea. The transition stateNiTS(1-2) that
connects the two conformers provides an energy barrier of 15.0
kcal mol-1 with respect toNi1. Starting fromNi2, one of the
hydrogen atoms of the NH2 group attached to the metal atom
can be transferred to the other NH2 group leading to isomer
Ni5 through a barrier of 59.3 kcal mol-1. The transition state
connecting both minima isNiTS(2-5) and is only 4.8 kcal
mol-1 more stable than the reactants. Thus, this second pathway
seems less favorable than the previous one. All of the structures
studied lie energetically below the reactants Ni+ + urea, and
these mechanisms will only contribute to the loss of NH3 peak
of the observed spectra.

Insertion Mechanisms. Figures 6 shows the structures of
the intermediates and transition states involved in the insertion
mechanisms. For all of the inserted structures except forNi6
andNi7, natural population analysis shows that the spin density
is located at the metal atom (always larger than 0.9). ForNi6
and Ni7, the spin density is more delocalized, the obtained
values at the metal center being about 0.5. In any case, none of
these structures show spin contamination, and the corresponding
quartet states were computed much higher in energy. Figure 7
shows an schematic representation of the different pathways
that can take place once the metal cation has inserted into one
of the C-N bonds of urea. As mentioned above, the evolution
of the monocoordinatedNi1 structure to the dicoordinatedNi2
one results in an activation of the adjacent C-N bond. The
following insertion of the metal cation produces complexNi6
through an energy barrier of 48.7 kcal mol-1. TheNi6 complex
is a tricoordinated structure where the metal cation is bonded
to the nitrogen of one NH2 group and to the C and O atoms of
the H2NCO moiety. This complex lies 36.6 kcal mol-1 below
the reactants and two distinct pathways starting from it are
possible. The first one, III, corresponds to a hydrogen transfer
from the NH2 group attached to the carbon atom to the other

Figure 4. Optimized geometries of the stationary points obtained for
the noninsertion mechanisms at the B3LYP/Basis1 level. Distances are
in angstroms.

Figure 5. Schematic representation of the potential energy surface associated with the non insertion mechanisms. Relative energies at the B3LYP/
Basis1(B3LYP/Basis2) level of theory (in kcal mol-1).
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NH2 group leading to a very stable dicoordinated complex,
-73.8 kcal mol-1, noted asNi9 in Figures 6 and 7. This step
takes place through a transition state,NiTS(6-9), which is 12.3
kcal mol-1 lower in energy than the reactants. The dicoordinated
complexNi9 can dissociate to produce either HNCO+ Ni+-
NH3 or NH3 + Ni+-OCNH without a barrier in excess, the
loss of OCNH being more favorable.

StructureNi9 can undergo a different transformation and leads
to the formation of an even more stable dicoordinated species,
Ni10, in which the OCNH group is attached to the metal cation
through the nitrogen atom instead of the oxygen atom as in
Ni9. Such a transformation takes place through theNiTS(9-
10) with an energy barrier of 22.1 kcal mol-1. As for Cu+, this
structureNi10 is the global minimum of the potential energy
surface. This is not surprising considering that these cations form
quite stable linear dicoordinated species due to their ability to
reduce metal-ligand repulsion through sdσ hybridization.
Moreover,Ni10 is more stable thanNi9 because the-NH group
has a larger cation affinity than oxygen. Dissociation fromNi10
can produce either the loss of NH3 or the loss of HNCO yielding
the products NH3 + Ni+-N(H)CO or HNCO+ Ni+-NH3. The
computed relative energies indicate that the dissociation into
HNCO + Ni+-NH3 is the preferred fragmentation; that is, the
Ni+-NH3 binding energy is larger than the Ni+-N(H)CO one.
This behavior is the same as that found for the Cu+ metal

cation30 and is consistent with the differences in the proton
affinities of NH3 (204 kcal/mol) and HNCO (180 kcal/mol).47

However, the peak corresponding to the loss of OCNH is much
less intense than that of NH3 and so, the product distribution
significantly deviates from that expected based on thermo-
chemical criteria only. This can be due, in part, to the fact that
the loss of NH3 can be also produced from a noninsertion
mechanism or, as it has already been suggested for Cu+-urea,31

to the fact that the very stable intermediate NH3-Ni+-N(H)-
CO,Ni10, is unlikely to be a precursor of the NH3 dissociation,
the product distribution being determined by reaction dynamics.

The second possibility, IV, involves the rotation of the NiNH2

moiety of Ni6. This rotation leads to structureNi7 where the
Ni+ atom is tricoordinated to NH2 and the carbon and nitrogen
atoms of the H2NCO subunit, in contrast toNi6 where the metal
cation is coordinated to the carbon and oxygen atoms of the
same group. This step takes place through the transition state
NiTS(6-7) which lies 13.5 kcal mol-1 below the reactants. The
NiTS(7-8) transition state connects structuresNi7 andNi8 with
an energy barrier of 11.1 kcal mol-1. StructureNi8 is also
tricoordinated and corresponds to the Ni+ atom bonded to N2H4,
forming a three-membered ring, and to the CO molecule. This
isomer,Ni8, which is 48.4 kcal mol-1 lower in energy than the
reactants, can undergo dissociation to produce CO+ Ni+-N2H4

without reverse activation barrier.

Figure 6. Optimized geometries of the stationary points obtained for the C-N insertion mechanisms at the B3LYP/Basis1 level. Distances are in
angstroms.
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At this stage, some features have to be pointed out. First of
all, the exploration of the potential energy surface has shown
that the elimination of NH3 has lower barriers for pathways
involving non insertion mechanisms. In contrast, elimination
of CO and HNCO arises exclusively from the insertion
mechanisms. Morevover, all of the barriers leading to the
experimentally obtained fragmentations (paths I, III, and IV)
are approximately of the same magnitude and approach the
energy of the different dissociation channels. As noticed by
Schröder et al.,31 in this case, the energized [Ni-urea]+

complexes can lead to fragmentations with branching ratios that
do not correlate with reaction themochemistry, because very
stable intermediates, likeNi9 or Ni10, are not involved in the
dissociation of the energized [Ni-urea]+ complex. This fact
explains the similar intensity of the peaks corresponding to the
elimination of NH3 and CO in the spectra.

Loss of H2O. As mentioned above, the main difference
between FAB/MIKE and ESI/CID spectra is the elimination of
H2O in the second case. Figures 8 and 9 show the different
intermediates and transition states as well as the pathways
involved in the elimination of a water molecule. The first step
in all cases is the transfer of a hydrogen atom from one of the
NH2 groups to the oxygen atom. After that, different rearrange-
ments can take place in order to facilitate a second hydrogen
transfer from the remaining NH group or from the other NH2

group. Depending on the origin of the second hydrogen transfer,
two different structures can be obtained. The first one,Ni14,
corresponds to the bisligated complex [H2O-Ni-N(H)CNH]+.
In the second one,Ni15, the water molecule is bonded to the
NH2 group of [Ni-NCNH2]+. This structure lies 24.6 kcal/mol
above the bisligated [H2O-Ni-NCNH2]+ but is the one
obtained in the IRC calculation. Dissociation from these
structures leads to the loss of H2O.

All of the paths shown in Figure 9 exhibit energy barriers
higher than the reactants. This behavior explains the absence
of the corresponding peak in the FAB/MIKE spectrum. The
presence of the peak in the ESI/CID spectrum has been analyzed
in detail by Schro¨der et al.31 for the [Cu-urea]+ complex. They

suggest that the reaction leading to this fragmentation can be
attributed to a collision induced isomerization of the complex
in the cone region. Such an isomerization in our case would
lead to complexesNi14 or Ni15 and is mediated by proton
assisted catalysis involving the protic solvents, thus reducing
the energy barriers of the process.

Comparison with the Cu+-Urea System. As noted above,
the main difference between the MIKE spectra of Ni+-urea
and Cu+-urea, reported by Luna et al.,30 is the absence of the
loss of CO peak in the second case. As we have demonstrated,
the elimination of carbon monoxide takes place after different
rearrangements of the inserted structureNi6. In the case of
Cu+-urea, Luna et al.30 also considered the equivalent Cu+

inserted structure. However, the transition state for the metal
cation insertion was not shown in their study. Thus, we have
calculated the first steps of the Cu+ insertion mechanism using
the same methodology as for Ni+-urea. Results are presented
in Figure 10. First of all, it can be observed that the energy
difference between theCu2 andCu1 isomers (8.1 kcal mol-1)
is larger than in the case of the equivalent Ni+ isomers. It should
be also noted that the transition state connecting both isomers
is shifted to Cu2, and accordingly, its energy is almost
degenerate withCu2. Finally, the energy of the transition state
leading to the inserted Cu+ structure,CuTS(2-6), is 1 kcal
mol-1 larger than the energy of the reactants Cu+ + urea, in
contrast toNiTS(2-6) which lies 15.4 kcal mol-1 below Ni+

+ urea. Consequently, in the Cu+ system, the insertion
mechanism seems to be much less favorable than the nonin-
sertion mechanisms considered by Luna et al. in their previous
work.30 Therefore, the elimination of the other fragments is
favored compared to the elimination of CO in the case of Cu+-
urea, and the last one is not observed in the MIKE spectrum.

Conclusions

Gas-phase reactions between Ni+ and urea under CI-FAB
conditions lead to the formation of a [Ni-urea]+ adduct (m/z
118). This species can be also generated by electrospray

Figure 7. Schematic representation of the potential energy surface associated with the C-N insertion mechanisms. Relative energies at the B3LYP/
Basis1(B3LYP/Basis2) level of theory (in kcal mol-1).
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Figure 8. Optimized geometries of the stationary points obtained for the loss of H2O mechanism at the B3LYP/Basis1 level. Distances are in
angstroms.

Figure 9. Schematic representation of the potential energy surface associated with the loss of H2O mechanism. Relative energies at the B3LYP/
Basis1(B3LYP/Basis2) level of theory (in kcal mol-1).
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provided a high cone voltage is used. B3LYP calculations have
shown that the most stable Ni+-urea complex has the Ni+ cation
interacting with the carbonylic oxygen, the computed binding
energy being 66.3 kcal/mol. In all conformers, the bonding is
mainly electrostatic, and the relative energies can be explained
in terms of the deformation energy of the ligand and the
electrostatic+polarization stabilization energy.

The MIKE spectrum of [Ni-urea]+ shows that the main
fragmentations correspond to the loss of CO (m/z 90) and NH3

(m/z 101). These two ions are also observed on the low-energy
CID spectrum of the [Ni-urea]+ obtained by electrospray
ionization. The CID spectrum also exhibits a peak atm/z 100
(elimination of water) which suggests that a partial collision-
induced isomerization of the [Ni-urea]+ complex in the cone
region problably takes places prior to selection by the first
quadrupole. Different noninsertion and insertion mechanisms
leading to these fragments have been considered theoretically.
The exploration of the potential energy surfaces has shown that
the elimination of NH3 is likely to be produced from noninser-
tion mechanisms which have lower barriers, whereas the
elimination of CO and HNCO arise exclusively from the
insertion mechanisms. In general, calculations explain the major
fragmentations observed. However, the intensity of the different
peaks, especially that corresponding to the loss of HNCO, cannot
be explained only from thermochemical criteria, the product
distribution being determined by reaction dynamics. Elimination
of H2O shows high energy barriers, and the presence of this
peak in the ESI/CID spectrum indicates a collision induced
isomerization of the [Ni-urea]+ complex catalyzed by the protic
solvents, leading to suitable isomers for the H2O elimination in
the source region of the spectrometer.

The open shell Ni+ (d9) cation presents a different behavior
than the closed shell Cu(d10), given that the loss of CO peak is
not observed in the second case. Differences are attributed to
the fact that the insertion mechanisms are less favorable for
Cu+ than for Ni+.
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