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The gas-phase reactions between® @Gund urea have been investigated by means of mass spectrometry
techniques. The primary products formed in the ion source correspond te-[0gg [(urea)—Cu]", and
[Cu™,C,Np,H;] complexes. The MIKE spectrum of [ure&u]" complex shows several spontaneous losses,
namely, NH and HNCO. A very weak peak corresponding to the loss £ $ also observed, as well as a
minor fragmentation of the adduct ion to yield CT he structures and bonding characteristics of the different
complexes involved in the ureg&Cut potential energy surface (PES) were investigated using density functional
theory (DFT) at the B3LYP level of theory and a valence tripléttachment of Ctl takes place preferentially

at the carbonyl oxygen atom, while attachment at the amino group is 12.4 kcal/mol less exothermic. Insertion
of the metal cation into the €N bonds of the neutral is predicted to be slightly exothermic, in contrast with
what was found for formamide and guanidine. The estimated—@e& binding energy (62.3 kcal/mal) is

6.0 kcal/mol greater than that of formamide. The exploration of the PES indicates that there are several
reaction paths leading to the loss of ammonia yielding as product ions HNC©@uplexes where the

metal cation is attached either to the oxygen or the nitrogen of the HNCO species. Also several reaction
paths can be envisaged for the loss of HNCO, in which bisligated [HNC®-NH;]* and [OC(NH)-Cu—

NH;]™ complexes play an important role.

Introduction also studied by means of the CAD spectrum. To offer a rationale
of the experimental findings, the ure€u™ potential energy

Over the last 2 decades mass spectrometry has been provedyrface was explored through the use of density functional theory
to be a good experimental tool to investigate the gas-phasetecnniques.

reactivity of many organic species. Lately, particular attention
has been devoted to the study of the reactions between differen
neutral systems with metal monocatidnshich normally lead

to spontaneous fragmentations of the-tonolecule complexes All experiments were carried out using a VG Analytical
initially formed. Our group has been interested in recent years zAB—HSQ hybrid mass spectrometer of BEqQ geometry,
in the study of these kind of reactions inVOlVing small molecules which has been described in detail previodé|¢_omp|exes were
that can be used as model systems to understand the behavia§enerated by the GIFAB method!2 The CHFAB source was
of more complicated systems of biological relevance. In constructed from VG Analytical EI/Cl and FAB ion source parts
particular we have already studied the gas-phase reactionsyith the same modifications described by Freas éfah
between Cti and guanidingand between Cuand formamidé, copper foil of high purity has replaced the conventional FAB
and its isomer$,°> as suitable models of a peptide function. The probe tip. “Naked” metal ions were generated by bombardment
aim of this paper is to carry out a similar study of the gas- with fast xenon atoms (Xe gas-B keV kinetic energy, +2
phase reactions between urea and Qirea and its derivatives  mA of emission current in the FAB gun). In these experimental
are of industrial and biochemical relevarfcélrea itself is conditions,’3Cu* and%Cu" ions are then produced in a ratio
currently used to denature proteins in studies of protein folding which is close to that of their natural abundance (100/41 versus
and unfolding equilibrid, besides its capability in forming  100/45, respectively). The organic samples were introduced via
transition metal COI’np'eXég.\levertheleSS, very little is known a heated probe in a nonheated source. We have checked that
on its gas-phase reactivity and only very recently its gas-phaseynder these experimental conditions urea does not decompose.
proton affinity’ and its gas-phase acidifjwere reported inthe e can assume that, due to the relatively high pressure in that
literature. source (102—1073 Pa), efficient collisional cooling of the
The paper is structured as follows: we shall present first the generated ions takes place. Therefore, we will consider that
most important features of the chemical ionization-fast-atom excited states of the Cuions which could be formed in these
bombardment (C+HFAB) mass spectrum associated with™Cu  experimental conditions are not likely to participate in the
+ urea reactions and the analysis of the MIKE spectrum of the observed reactivity as already postulated by Schwarz.©¢ al
[urea—Cu]" molecular ions. To complete the information on The ion beam of the Cuadduct complexes, formed with urea,
the [urea-Cu]" system, its collision-activated evolution was were mass selected (using an acceleration voltage of 8 kV) with

Experimental Section
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the magnetic analyzer B. The ionic products of unimolecular
fragmentations, occurring in the second field-free (2nd FFR)

region following the magnet, were analyzed by means of mass-

analyzed ion kinetic energy (MIKE3 by scanning the electric
sector E. The CAD (collision activated dissociation) experiments
were carried out in the same fashion, but we introduced Ar in

the cell as the collision gas. The spectra were recorded at a J

resolving power R) of ~1000.
Urea was purchased from Aldrich and used without further
purification.

Computational Details

The theoretical treatment of the different systems included
in this work was performed by using the B3LYP density
functional approach in the Gaussian-94 series of progfdms.

This method has been found to be quite reliable as far as the

description of metal cationneutral complexes is concern&d,
in particular when Ctiions are involved:316.17.18The B3LYP

approach is a hybrid method, which includes the Becke’s three-

parameter nonlocal exchange potedfialith the nonlocal
correlation functional of Lee, Yang, and P&tThe geometries

of the different species under consideration were optimized using

the all electron basis of Wachterblay?! for Cu ((14s9p5d1f)/
[9s5p3d1f]) and the 6-311G(d,p) basis set for the remaining

atoms of the system. The harmonic vibrational frequencies of

the different stationary points of the potential energy surface
(PES) have been calculated at the same level of theory use
for their optimization in order to identify the local minima and
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Figure 1. Mass spectrum that results from the reactions of Cu
sputtered from copper foil, with neutral urea.

the energy densi® H(r), which does not present these
exceptions. In general, negative valuesHif) are associated

with a stabilizing charge concentration within the bonding
region. The AIM analysis was performed using the AIMPAC

dseries of program¥.

Results and Discussion

the transition states (TS), as well as to estimate the correspond-

ing zero-point energies (ZPE). To identify which minima are

Gas-Phase Reactivity Figure 1 shows the mass spectrum

connected by a given TS, we have performed intrinsic reaction that results from the gas-phase reactions of copper ions with

coordinate (IRC¥ calculations at the same level of theory.

To obtain the final energies of the different species under
study, we have used a 6-3t&G(2df,2p) basis set for first-row
atoms (H, C, O, and N) and a (14s9p5d/9s5p3d) Wachters
Hay’s basis supplemented with a set of (1s2pld) diffuse
functions and with two sets of f and one set of g polarization
functions for the Cu atom, so the following basis function and
contraction (15s11p6d2f1g)/[10s7p4d2flg] was used for Cu. It
must be mentioned, however, that, for the sake of simplicity,
we will maintain the nomenclature “6-3%1G(2df,2p)” for all
the atoms including Cu. As we have previously shdiihe
binding energies for Cucomplexes obtained at the B3LYP/
6-311+G(2df,2p)//B3LYP/6-311G(d,p) level are in reasonably

urea. The existence 6Cu and®°Cu isotopes leads to an easy
identification of copper-containing ions. In ieimolecule reac-
tion conditions, besides production of Guwvhich is the base
peak of the mass spectrum, several copper/organic product
complexes were also observed. The"@ns react with neutral
urea to produce mainly [ureeCu'] adduct ions at/z 123,

125 (60%). This complex in turn reacts with another urea
molecule to produce [(uregu’] at mvz 183, 185 (17%). The
observed ions atVz 105, 107 (5%) andvz 80, 82 (15%) could
correspond to [Ct,C,N;,H;] and to [Cu —NH3] complexes,
respectively. These ions could arise from the loss of water and
HNCO of [urea-Cu™] ions, respectively. All the peaks observed
at m/z values under 63 correspond to fragmentation or proto-

good agreement with those estimated in the framework of the nation processes of urea, and therefore will not be discussed.

G2 theory?®

MIKES analysis was performed on [ure€u]™ adduct ions

The bonding characteristics of the different species have beento obtain information related to the structure, reactivity, and

investigated by using two different techniques, namely, the
atoms in molecules (AIM) theory of Badérand the natural
bond orbital (NBO) analysis of Weinhold et %l.

For this purpose in the first technique we have located the

bond critical points, i.e., points where the electron density
function p(r) is at a minimum along the bond path and at a
maximum in the other two directions. The Laplacian of the
densityA?o(r), as it has been shown in the literatéfédentifies

thermochemistry of these Clorganic complex ions. The results
presented here refer to the more abundant isot¥fBa-
containing species.

Unimolecular Reactivity of [Urea—Cu] * Adduct lons. The
MIKE spectrum of the [ureaCu]™ complex presented in Figure
2 shows that thevz 123 ion undergoes fragmentation by distinct
pathways. The [ureaCu]™ complex ion gives rise to four
spontaneous losses, the most important being that of &tH

regions of the space wherein the electronic charge is locally m/z 106, which is the base peak of the MIKE spectrum, and

depleted A% > 0) or built up A% < 0). The former situation
is typically associated with interactions between closed-shell

that of HNCO atm/z 80 (35%). The minor fragmentation
corresponds to the adduct ion dissociation to produce iGui

systems (ionic bonds, hydrogen bonds, and van der Waalsat m'z 63 (15%). The MIKE spectrum presents in addition a
molecules), while the latter characterizes covalent bonds, wherevery weak peak aivz 105 that corresponds to a loss of

the electron density concentrates in the internuclear region.
There are, however, significant exceptions to this general rule,

mainly, when highly electronegative atoms are involved in the
bonding, as in the Fmolecule?* Hence, we have used instead

already observed in the ion source.

Under collision conditions one can note, in the resulting CAD
spectrum displayed in Figure 3, that the intensity of the peak
corresponding to the loss of,B increases showing that this
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106.04 Figure 4, and their total and relative energies are summarized
in Table 1. Figure 4 and Table 1 also include the possible
products of the Cti—urea reactions.
It can be observed that the attachment of the metal mono-
cation to the carbonyl oxygen atom of the neutral is 12.9 kcal/
6315 80.02 105.03 mol more favorable than the attachment to the nitrogen of the
) amino group. Interestingly, this energy gap is only slightly
WMW“M smaller than that reported in the literatifer the corresponding
oxygen- and nitrogen-protonated species. It is also important
1000 2000 3000 4000 5000 6000 7000 8000 to note that the insertion of Cuinto the CG-NH, bond is

Figure 2. Metastable ion mass spectrum of ureut (m/z 123). egtimated to be exothermip..This implies a s!gnificant difference
with respect to the reactivity of other similar bases such as

decomposing channel is a high energy demanding processguanidinéand formamidé,for which this insertion process was

compared with those leading to the loss of Nihd HNCO. ~ estimated to be always endothermic. o

This spectrum also shows the presence of an |a|n/aﬁg, It is also worth notlng that the estimated ure@u™ blndlng
which can correspond either to NEU"™ or to CuO'. In the energy (62.3 kcal/mol) is 6 kcal/mol higher than that estimated
former case this would be an indication that'Gration can be  for formamide-Cu* complexes, showing the enhancement of
attached to the less basic center of urea. In the latter case théhe intrinsic basicity of the carbonyl group due to the presence
accompanying product would be a quite stable diaminocarbene.of @ second amino group in the system. The gap between the
As we shall show later the cleavage of thelCbond in nittogen ~ CU" binding energies of urea and formamide is only slightly
attached ureaCu™ complexes is more favorable than the Smaller than that found between their proton affinifiésThe
cleavage of the €0 bond in oxygen-attached ure€u* activatiqn of the &O Iinkag_e is larger in urea than in
complexes, so very likely this peak corresponds to,@itt . In formamide? and the O-Cu linkage stronger and shorter,
this respect it is worth noting that a similar peak was recently consistently with its larger binding energy. In fact, as shown in
reported by Wu and Wesdemidiisn the CAD spectra of Cu- ~ Table 2, on going from neutral urea to comptexthe charge
(NH3)s* (n = 1 or 2) complexes. The peak corresponding to density at the &0 bond critical point decreases significantly

Cu* increases when the pressure of the collision gas increasesWhile the energy density becomes less negative. A concomitant
but never becomes the dominant product. reinforcement of the EN bonds takes place, this effect being

The ability of Cu to be dicoordinated is well docu- greater for the bond, which is trans to the metal cation. Also,
mented3293%and corroborated, in our case, by the presence in coherently, the charge density at the-Ou bond critical point
the CFAB mass spectrum (Figure 1) of the [(ureafu'] is larger and the energy density more negative in tif@a"
adduct ions at/z 183. In this respect, the competitive losses Complexes than in formamieeCu® ones? These charge
of neutral NH and HNCO might be explained as proceeding redistribgtions are also mirrored in a shift of the stretching
via the Cu-bound heterodimer [HNCOCu"—NH3] as a frequencies. Upon Cuattachment to the carbonyl oxygen atom,
common intermediate which undergoes competitive dissocia- the CG=0 stretching frequency appears shifted 118 tto the

tions leading to the two fragment ions ratz 80 andnvz 106. red, while the C-N stretching frequencies are blue-shifted by
However, as we shall discuss later, the complex [HN@IDI"— 115 cmit. . o

NH3] loses only HNCO, the loss of ammonia being associated ~ Attachment of the metal monocation at the amino nitrogen
with different local minima of the PES. also leads to significant charge redistribution. As shown in Table

To analyze these experimental findings, we have investigated2, the C-N bond directly affected by the substitution is
alternative mechanisms in forthcoming sections, through a significantly activated, while the other is reinforced. Accord-
detailed study of the [ureaCu] potential energy surface by ingly, the first C-N linkage lengthens significantly and its

means of DFT calculations. stretching frequency becomes 164 -énsmaller. The &O
Characteristics of the [Urea—Cu*] Complexes To provide linkage also reinforces slightly and its stretching frequency

a rationale of the most outstanding features of the MIKE and appears 38 cmt blue shifted.

CAD spectra associated with ure@u* interactions in the gas To rationalize the gas-phase reactivity of ur€aut, we have

phase, we have explored the corresponding PES through theenvisaged three different mechanisms depending on the nature
use of DFT calculations. The optimized geometries of the of the first step. The first two correspond to the attachment of
different stationary points located on this PES are shown in the Cu" to one of the two basic sites of the neutral, which would

106.02
63.02
80.02
79.15\ 105.01
A )
1080 2()'00 302)0 402)0 SOE)O 60'00 7(')00 8060

Figure 3. CAD spectrum of ureaCut (m/z 123).
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Figure 4. B3LYP/6—-611G(d,p) optimized geometries of the stationary points of the-«@e& potential energy surface and of the possible products
of the urea-Cu" reaction. Bond lengths are in angstroms and bond angles in degrees.
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TABLE 1: B3LYP/6-311+G(2df,2p) Total Energies €) and
B3LYP/6-311G(d,p) ZPE (in hartrees) for the Different
Species under Consideration: Relative EnergieAE (in
kcal/mol), Include the Corresponding ZPE Correction.

E ZPE AE
1 —1865.639 332 0.064 567 0.0(0.0a)
2 —1865.619 790 0.065 530 12.9(8.4
3 —1865.541 547 0.061 757 59.6
3 —1865.530 694 0.062 2 00 66.7
4 —1865.589 078 0.065 660 32.2
4 —1865.586 655 0.064 6 36 33.1(39.1
5 —1865.609 928 0.060 994 16.2
6 —1865.603 375 0.064 483 22.5
6' —1865.595 676 0.065 138 27.8
7 —1865.619 265 0.061 785 10.8
8 —1865.667 623 0.063820 -—18.2
9 —1865.658 865 0.061852 -—14.0
10 —1865.556 375 0.063 149 51.2
11 —1865.568 720 0.065 237 447
12 —1865.551 034 0.065 707 56.1
13 —1865.523 633 0.061 011 70.4
TS(1-2) —1865.624 319 0.064 642 9.5(16).2
TS(1-4) —1865.551 914 0.060 667 52.4
TS(1-4b) —1865.547 570 0.060 438 55.0
TS(2-6) —1865.538 649 0.060 451 60.6
TS(3-9) —1865.541 980 0.059 019 57.6
TS(3-10) —1865.539 207 0.061 42 60.7
TS(4-4) —1865.566 962 0.061 760 43.7
TS(4-6) —1865.588 641 0.064 176 31.6(38.7
TS(6-8) —1865.590 668 0.060 545 28.0
TS(8-9) —1865.624 945 0.061 508 7.1
TS(11-12) —1865.478 595 0.058 6 55 97.2
Cu(HN)CO* —1808.990 224 0.024 159
HNCOCuU" —1808.981 639 0.021 994
urea —225.362 573 0.063 768
Cu* —1640.176 694 0.000 000
NH3 —56.586 387 0.034 299
HNCO —168.749 174 0.021 343
Cu—NHz+ —1696.857 206 0.038 918
NH,* —56.923 116 0.049 486
NCOCu —1808.615 822 0.011 967
CuNCO —1808.656 4 340 0.012 569

Luna et al.

interestingly, there are two alternative processes, which involve
different activation barriers. When the hydrogen atom is
transferred from the amino group which is cis with respect to
the metal toward the amino group which is trans, the estimated
activation barrier is 2.6 kcal/mol lower than the alternative
process in which the hydrogen is transferred from the latter
toward the former. Both processes lead however to the local
minimum, 4, i.e., the hydrogen shift through tHES(1—4b)
transient species is accompanied by a simultaneous displacement
of Cu so that a sole local minimum, with the metal trans with
respect to the ammonia molecule, can be located.

It can be observed that the-®lH3 distance in specie$ is
surprisingly small (See Figure 4). An investigation of its bonding
characteristics, by means of the NBO method, shows the
existence of a quite strong-N dative bond involving the lone
pair of the ammonia molecule. Consistently, the charge density
at the corresponding bond critical point is large (0.211 au) and
the energy density negative-0.203 au) showing that this
interaction has a large covalent character. Also unexpectedly,
the products of the ENH;z bond cleavage, HNCOCut+ NH3,
lie only 7 kcal/mol above specie$ which seems to be in
contradiction with the strength of the-@NH3; bond. This may
be explained if one takes into account that theNdH; bond
fission leads to a reinforcement of the HI€ bond. Actually,

a NBO analysis shows that, while this linkage has a double-
bond character in specidsit has a nearly triple-bond character
in the isolated HNCOCUumolecular ion, and the bond shortens
from 1.257 to 1.168 A (See Figure 4).

A migration of the NH molecule toward the NH group yields
species5. This process implies a barrier of ca. 11 kcal/mol,
which was estimated by scanning the-IBH3 distance. It is
important to mention that this migration led to specteand
never to specie® (see Figure 4), in which the ammonia
molecule is attached to the metal, even thoGgk estimated
to be 30.2 kcal/mol more stable th&nh We have tried many
other alternative ways to connect speclemd9, as an internal

aThe values between parentheses correspond to B3LYP/6-311G(d,p)rotation around the €0 bond, or a migration of the NH

+ ZPE level.

TABLE 2: Charge Densities (p) and Energy Densities H(r))
Evaluated at the Corresponding Bond Critical Points: All

Values in au
CO CN CNP Cu—X
urea o 0.416 0.309 0.309
H(r) -0.706  —0.387  —0.387
1 o 0.366 0.334 0.341 0.111
H(r) -0.583 —0.456 —0.471  —0.017
2 P 0.425 0.247 0.337 0.101
Hr) —0729 -0.240 —0.468 —0.026

a|ndicates the CN closest to the Cu atdhindicates the CN farthest

to the Cu atom.

molecule toward the copper atom, but all of them failed.

Structured presents a conformél, which lies 0.9 kcal/mol
higher in energy. Both species are connected througf 8ie
(4—4') transient species, which corresponds to a flipping of the
—NH group, and which lies 11.4 kcal/mol above specdies
Conformer4’ can also dissociate to yield HNCOCu- NH3
or evolve to structur®. It can also yield structurg, where the
metal cation is attached to the imino nitrogen, through a very
low (1.4 kcal/mol, at the B3LYP/6-311G(d,p) level) activation
barrier. This is a very important point since, as we shall show
later when discussing nitrogen attached species, strugplays
a crucial role in the loss of HNCO.

It is also worth noting that a spontaneous proton-transfer
accompanies the formation of species 5. Indeed, as shown in

be, in principle, the most likely ones. However, because, as we Figure 4, species is not a CUOCNH---NH3 hydrogen bonded
have mentioned above, the insertion into theNCbond lies
below the reactants in energy, we have considered it of interestunexpected result since the estimated proton affinity of the
to explore this third possibility, also. In what follows we have CuOCN neutral species to yield the CuOCNstructure (223.0

not considered the possible mechanisms associated with the los&cal/mol, see Table 1) is almost 20 kcal/mol higher than the
of water because, as we have mentioned in preceding sectionsproton affinity of ammonia. Actually, as illustrated in Figure
this corresponds to a very weak peak in the MIKE spectrum 5, the CUOCNH + NHj; dissociation limit lies 20.4 kcal/mol
whose intensity increases under CAD conditions, showing that below the CUOCN+ NH,4" one. Nevertheless, a NBO analysis
this decomposing channel is a high energy demanding processshows that the neutral CUOCN species has a noticeable

Oxygen-Attachment MechanismThe energy profile associ-
ated with the unimolecular reactivity of specigshas been

plotted in Figure 5. This figure shows that speclesvolves to

yield species4 through an appropriate 1,3-H shift. Quite

complex, but a CuOCN-H4sN™ one. This is a somewhat

zwiterionic character reflected in a very large dipole moment
(8.5 D), with a large positive charge-0.738) located at the

Cu atom and an almost equally large negative char@e524)
located at the nitrogen. As a consequence, even though the non
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Urea + Cu* /N OI NH," + CuOCN

\N/C\ o 61.0

scan

HNCOCuU* + NH3

39.6

¢ "
50 H\N/C\NHG N/ \NH3 N NH3 Cu\ e

H | ) NHs

Figure 5. Energy profile corresponding to the unimolecular decomposition of the oxygen- attacheeCureaomplex 1. Relative energies in
kcal/mol.

interacting NH* + CuOCN species lie 20.4 kcal/mol higher from the first step of this mechanism lies about 70 kcal/mol
in energy than the NH+ CuOCNH" ones, the interaction  above specied. More importantly, since Cu favors linear
between the former is much stronger so that, when both subunitsarrangements, the subsequent proton-transfer process would be
are at short distances, the CuOGMI,N*t arrangement lies  not feasible.
lower in energy than the CuOCNi++-NH3 one. Nitrogen-Attachment Mechanism The energy profile as-
Although the most favorable process should correspond to sociated with the unimolecular reactivity of specilsas been
the dissociation ofl, the formation of some amount of species plotted in Figure 6. As we have mentioned above, the attachment
5 cannot be completely discarded. Therefore, it would be of Cut to the amino group of urea is 12.9 kcal/mol less
necessary to assess which would be the most likely dissociationexothermic than the attachment to the carbonyl oxygen, but the
products of this species. What is obvious is that its dissociation binding energy is still sizably large (49.4 kcal/mol). However,
into the two interacting subunits (N4 CuOCN) should occur it must be taken into account that the practically barrier free
without activation barrier, while its dissociation into CUOCNH  evolution from the nitrogen-attached specte® the oxygen-
+ NHj3 should be preceded by a proton transfer process which attached structuré (through theTS(1—2) transient species) is
very likely involves an activation barrier. To investigate this similar to what was found before for guanidin€u* com-
point a survey of the proton-transfer mechanism within structure plexes? A 1,3-H shift through theTS(2—6) transition state
5 was carried out for two different NN distances. The first ~ would connect specie® and 6. Obviously, this route cannot
selected N--N value was that of the equilibrium conformation compete with the evolution to yieltl but we must recall here
of complex5, the other one corresponded to an increase of this that species6 can be also formed from structud, and
distance by 0.3 A. For an NN distance equal to that in the therefore, studying its further evolution is important for the
equilibrium conformation of species in agreement with the  rationalization of ureaCu' experimental reactivity. Structure
conclusions of Gozalez et al®? a single-well proton-transfer 6 would eventually dissociate into NFnd CuNHCO, since,

potential energy curve was found. However, when the W as shown in Figure 4, it can be viewed as a tightly bound ion
distance was enlarged by30A a double-well potential energy  dipole complex between these two moieties. This loss of
curve was found, in which the CUOCNHMH-NH3 minimum is ammonia yields a different cation than that obtained upon

almost degenerate with the CUOENNH," one. The important  dissociation of structureéand4'. In the first case the metal is
point is that the proton-transfer barrier (7.1 kcal/mol) is rather attached to the nitrogen atom of the H&=O species, while in

small as compared with the energy gap between the"NH the second it is attached to the oxygen atom. Spegiean
CuOCN and CuOCNH+ NH3 dissociation limits®* Therefore, alternatively evolve through an ammonia transfer to yield a more
we can conclude that, even if specids formed, it would never stable structure/. We could not locate the transition state
dissociate to CUOCN- NH,4™. The absence of Nft is simply corresponding to this process and the energy barrier was
due to thermochemistry. This is in agreement with the fact that estimated by scanning the-@IH3 distance. It should be noted
NH4" was never observed in the MIKE spectrum. that a proton-transfer process, similar to the one described above

It can be observed that all the barriers in Figure 5 lie below for species5 accompanies this ammonia migration. More
the reactants in energy and therefore the aforementionedimportantly, the estimated energy barrier for this process is quite
mechanisms would be favored with respect to the loss df, Cu large (ca. 22 kcal/mol) and therefore the evolution frémo 7
although this possibility cannot be completely discarded. cannot compete with the direct dissociationédhto Cu(NH)-

We have also explored the possibility of a 1,2H shift from CO" + NHs, and therefore speciésshould not be formed in
one of the amino groups of specigsoward the carbon atom.  a significant amount. This is consistent with the fact that, due
This hydrogen shift implies a simultaneous migration of the to the thermochemistry, Nfi is not experimentally observed
other amino group so that the local minimuki is attained. as reaction product.

However, this structure lies quite high in energy and it cannot ~ As mentioned above, structufeplays an important role in
be a precursor for the loss of ammonia because the transitionurea—Cu' reactions because it may evolve through the transition
state connecting structuréd and12 (See Figure 4)TS(11— stateTS(6—8) to yield specie$, which is the global minimum
12), lies above the entrance channel. of the [Cu, H,, C, N,, O]" PES, and a suitable precursor for

Another alternative mechanism would correspond to an amino the loss of HNCO. The large stability of speciseflects the
migration toward the metal cation followed by a proton-transfer ability of Cut to yield dicoordinated structures, also found to
who would connect speciek and 9. However, this possible  be particularly stable in (glycireCu™),3° (guanidine-Cu*)? and
route can be discarded, because the local minindgresulting (formamide-Cu)? interactions. More importantly, these kinds
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Urea + Cu* e Cu(NH)CO* +
NH;

35.9
35.5

Figure 6. Energy profile corresponding to the unimolecular decomposition of the nitrogen- attachedCureaomplex2. Relative energies in
kcal/mol are referred to specids

. /
Urea + Cu® /ll/cu\NHz HN
623 e 60.7
T5(3-10)

51.2
10

HNCO + CuNH;*
| p——
18.0

NHj

Figure 7. Energy profile corresponding to the unimolecular decomposition of the-@&& complex3, corresponding to the insertion of the metal
cation into the G-N bond of the neutral. Relative energies in kcal/mol are referred to spkcies

of dicoordinated species play an important role in the reactivity the result of the fragmentation of molecular complexes, such
of these systems, since they are the necessary precursors foas4, 4', or 6, where the NHmoiety is not attached to the metal.
the formation of CuNH" ions, which, as we mentioned in According to our results, structufemust be a minor species
previous sections, are experimentally observed products of thepecause, although the barrier for the— 6 isomerization is
urea-Cu" reactions. Indeed our theoretical calculations indicate rather small (See Figure 5), the energy barrier associated with
that the Cd binding energy of ammonia is 17.5 kcal/mol higher the 4 — 4' tautomerization process is higher, and higher than
than that of HNCO when Cuattaches at the nitrogen atom. the energy required to dissociadeinto HNCOCU™ + NHa.
Hence, as far as complékis concerned, the dissociation into  Since6 is the precursor of bott8 and9, these must be also
CuNH;" + HNCO prevails over the dissociation into NH- minor species. This is in agreement with the experimental
CuHNCO'. It must be observed however, that a migration of evidence, which shows that the loss of HNCO is a minor
the Cu-NHz moiety would connect speci@sand9 through a process. On the other hand, the formation of species from the
relatively low activation barrierlS(8—9)). In any case, structure  nitrogen-attached addu@ cannot compete with the — 1

9 would also dissociate preferentially into Culit+ HNCO, isomerization process.
because the Cubinding energy at the oxygen atom of HNCO  \ye have also explored an alternative route to evolve from
is also smaller (by 21.6 kcal/mol) than that of ammonia. species? to 8, through an amino migration toward the metal

In summary, we must conclude that in ureau® reactions cation followed by a proton transfer. However, this rearrange-
the fragmentation of these dicoordinated complexes leadsment produces only two local minima, name8y,which lies
exclusively to the loss of HNCO, while the loss of ammonia is very high in energy, an® which lies above the entrance
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Figure 8. Contour maps of the molecular orbitals associated with the bonding of Cu to=Ha lfond and the amino group in complg.

channel. In this respect it is also important to mention that an structure that would connect the entrance channel #r€ar
O=C—NH,—Cu—NH; arrangement is not stable as it collapses with species3. However, we have found that when the metal
to structure3d'. These two local minima can be viewed as cation approaches the N linkage a C-O—Cu three-
structures in which the metal cation inserts into the NG, membered ring is formed, apparently without activation barrier,
bond, and they will be discussed in detail in the next section. yielding specieslO. In this structure the Cuis apparently
Insertion Mechanism. In this section we shall discuss the tricoordinated rather than dicoordinated as in complekes
possible reactions pathways associated with the unimolecular9; however, no bond critical point could be found between Cu
reactivity of species3, which is the result of the insertion of and O, i.e., the metal cation is only bonded to the carbon and
Cu' into the C-N bond of the neutral (See Figure 7). It seems the nitrogen atoms. An inspection of the canonical molecular
obvious that, in contrast with attachment processes, insertionorbitals shows that actually Cu interacts simultaneously with
of the metal cation into the €N bond cannot be a direct thes-type orbitals of the carbonyl group and with the p orbitals
process. We have tried, with no success, to locate the transitionof nitrogen atom. These interactions involve theahd thed,,
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orbitals of Cu, respectively. As illustrated in Figure 8, one of corresponds to a minor fragmentation, is also in agreement with
these MO'’s has a bonding interaction with the G orbital and the characteristics of the theoretically estimated PES. Actually,
with a p orbital of the nitrogen, while the other one is bonding the most favorable reaction path, with origin in the oxygen
with respect to the carbon and antibonding with respect to the attached species, leads to the loss of ammonia. In contrast, the
oxygen. loss of HNCO is a secondary unimolecular decomposition of
Structure10 can evolve to yield the local minimur8 by the oxygen-attached complex or the result of the insertion of
closing the G-Cu—N angle in order to favor the formation of  the metal cation into the €N bond, which in both cases would
an intramolecular hydrogen bond between both amino groups,occur via multistep mechanisms.
which has been characterized by a topological analysis of its
charge density. Although an-HN-++N intramolecular hydrogen Acknowledgment. This work has been partially supported
bond is formed, the system slightly destabilizes, because theby the DGES Project PB96-0067 and by a NATO Cooperative
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