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Density functional theory (DFT) calculations have been carried out to explore the potential energy surface
(PES) associated with the gas-phase reactions between ethylenedi&mjrend Cu. The structures and
bonding characteristics of the different stationary points of this PES have been investigated at the B3LYP/
6-311G(d,p) level. Final energies were obtained by means of B3LYP/&-G{Adf,2p) single point calculations.

En strongly binds Ct by forming a chelated structure in which the metal cation binds to both amino groups.
Different mechanisms leading to the loss of NHs, and CuH are analyzed in terms of the topology of the
PES. The most favorable mechanism corresponds to the losg tfrBugh a process in which the transition

metal cation acts as a carrier, connecting a hydrogen atom from a methylene group with a hydrogen atom of
one of the amino groups. The product ion is a five-membered ring in whichb@dges between N atoms

of the HN—CH,—CH—NH moiety. The loss of ammonia is less favorable, because all mechanisms involve
higher activation barriers. The most favorable of these mechanisms implies hydrogen shift between the two
methylene groups that triggers a spontaneous hydrogen shift between the two amino groups, favored by the
existence of a strong intramolecular hydrogen bond. These mechanisms explain the experimental results
involving fully C-deuterated species, where only a loss of HD and &lid observed. The loss of HCu is also
discussed.

1. Introduction and Cu have been published very recenitfyin this publication,
) o ) ) _only a summary of the possible mechanisms involved in the
One important objective in modern chemistry is the design gn"4 cyt reactions are proposed. The aim of the present paper
of bidentate or multidentate bases able to form very stable js o offer a complete survey of the potential energy surface,
chelates with metals and metal ions. The ultimate goal, as far carried out through the use of density functional theory (DFT)

as environmental chemistry is concerned, is to obtain bases ablgnethods that may contribute to a rationalization of the experi-
to bind toxic metals, or toxic metal ions more strongly than ental results.

water, or other natural compounds found in the soil. This
requires unavoidably a good knowledge on the bonding within
these chelated structures, and also importantly, a good knowl-
edge on the way the complexes formed decompose in uni- Standard density functional theory (DFT) calculations have
molecular processes. The first approach to the problem can bebeen carried out by means of the Gaussian-98 suites of
done in combined theoryexperiment studies in the gas phase programsi® Among the different functionals available in this
that have the advantage of providing information on the intrinsic program package we have chosen the B3LYP approach, because
reactivity of the system, without interference from the medium. it has been show#2°to provide both geometries and vibrational
This motivated a great deal of attention in the past few years asfrequencies in fairly good agreement with experiment. On the
it is well reflected in several reviews? and many papers  other hand, the B3LYP approach presents few instabilities and
dealing with the reactivity of metal cations with typical bidentate for the particular case of Cucomplexes is free of the
bases, such as dimethyl ether, dimethoxyethane, polyetherspathologies that affect high-level ab initio formalisms, as the
glycolic acid, or glycerol, have been reported in the literatute. G2 theory or even the CCSD(T) methods are /&etf

Also, many studies have been devoted to discussing the The geometries of the different species under consideration
formation of metal complexes of ethylenediamirién) in have been optimized by using the hybrid B3LYP functional, in
solution}*~1* becauséen is one of the most widely used metal  conjunction with the all electron (14s9p5d/9s5p3d) basis of
ligands, and its derivatives are also good chelating agents orwachters-Hay for Ct?425 supplemented with one set of f
good precursors for the synthesis of new oFeSurprisingly, polarization function, and the 6-311G(d,p) basis set for the
similar studies considering the structure and energ§wf- remaining atoms of the system. This B3LYP approach combines
metal complexes in the gas phase are sctremd the first  Becke’s three-parameter nonlocal hybrid exchange potéhtial
experimental results of the gas-phase reactions betw@n ( with the nonlocal correlation functional of Lee, Yang, and Parr.
The harmonic vibrational frequencies of the different stationary
* Corresponding author. E-mail: manuel.alcami@uam.es. points of the PES have been calculated at the same level of
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(\. formation of complexl leads to a significant activation of both
-3 o 0.095 C—N bonds, as reflected by the decrease in the charge density
0259 ‘T 7 R at the bcp and by a red shifting of the—@® stretching
pvs ' e : g frequencies by 113 cni.
o’ . g & o g 0.025 _--' The association of Cuto the NH proton donor group d&n
0.239 (? 0.265 0. g 0239 reinforces the N-H++*N IHB and leads to a secondary minimum,
'z (_. 0.239 % 2, 17.6 kcal mot? higher in energy. This strengthening of the

N—H---N IHB, associated with the enhancement of the acidity
of the NH group, is reflected in a shortening of the-NN
0.026 p Q.‘ distance, and in the existence of a bcp (see Figure 1) and in a
Cesig e ® 0.016 _/ \-\0.111 significant red-shifting (222 cr) of the donor N-H stretching
2 g \

ol v \ frequency.
« 0.118 € 1
3 MHJ\ « 0015 Sce€ Two other local mimina 3a and 3b; see Figure 1), which

. 0.237 0279 ¢ #5233 can be considered the result of the interaction of @ith the
(4 0.2 45“\, *0.241 €\ trans isomer oEn, lie 24.1 and 23.3 kcal mot above the global
: € 2 T minimum. As shown in Figure 1, comple3a presents an
¢ % agostic-type interaction between Cand one of the €H bonds
2 3a of the closest methylene group, similar to the other reported in
‘i the literature?4—36

En 1

p ) 4 ® The structures of the different local minima (speciesl?)
& N\ o ND230 v and transition states located in the PES will not be discussed in
0270 W 0245 g 0.115 detail, but they will be schematized in the energy profiles of
s ? Figures 2-7 and are given as Supporting Information together
L ; . 4 : ; .
with their corresponding total energies. We have also investi-
3b gated the structures of the products originated by the most
Figure 1. Molecular graphs for ethylenediamine and ethylenediamine  relevant losses (5 NHs;, HCu) detected in the mass spectra,
Cu* adducts, showing the position and electron density at relevant bepsthat will be named, hereafter, 84(H,), P2(Hy), ..., P1(NHg),
(red) and ring critical points (yellow). All values are in e du P2(NHj), ..., PL(HCu), respectively.

Unimolecular Mechanisms Associated with En+ Cu™

theory to estimate the corresponding zero point energies (ZPE)Reactions. The MIKE spectrum of En—5Cu]" complexes .
and to classify the stationary points of the PES as local minima "eported in ref 17 shows three spontaneous losses corresponding
or transition states (TS). to Hp, NHs, and HCu, the first being the most important. In
Final energies have been obtained using the (14s9p5d/9s5p3dfxPeriments using the C-tetradeuterated speéiestls, only
Wachter-Hay's basis, supplemented with a set of (1s2pld) he I_osses of HD, Nk and DCu are opserved. In the following
diffuse components and with two sets of f functions and one Sections we shall present a systematic survey ofEne-{Cu]"
set of g functions as the polarization basis for Cu combined a PES with the aim of finding the unimolecular mechanisms
6-311+G(2df,2p) basis set for first-row atoms. It has been associated with the observed unimolecular fragmentations.
showr?1-28 for some smaller Ctu complexes that the binding Loss of H. (a) Direct H Loss from Adjacent XH Groups.
energies obtained at this level, which hereafter and for the sakeA first set of mechanisms that can be considered imply the direct
of conciseness we will name as B3LYP/6-31G(2df,2p), are loss of H from two adjacent XH groups through multicenter
quite reliable. transition states similar to those proposed for alkane dehydro-
We have also made use of the atoms in molecules (AIM) genation reaction¥.
theory of Bader to characterize the bonds and the characteristics |n principle, three different mechanisms can be envisaged:
of the interactions inside the different complexes. These the two hydrogen atoms coming (a) from two amino groups
calculations have been performed by using the AIM2000 (denoted as NN mechanism), (b) from two methylene groups

program packag®. (denoted as CC mechanism), and (c) from one amino and one
) ) methylene group (denoted as NC mechanism). The correspond-

3. Results and Discussion ing energy profiles are presented in Figure 2. In all cases the
Structure and Bonding of En—Cu® Complexes. The reaction path leading to the corresponding minima has been

structure ofEn has been widely studied by both experimental calculated using the intrinsic reaction coordinate (IRC) method.
and theoretical method§; 33 and therefore we shall concentrate Even though the final products are quite stable, these three
our attention exclusively on then—Cut adducts. reaction mechanisms imply energy barriers that are not only
The most stable adduct corresponds to a comgdlgix @hich too high (of the order of 100 kcal/mol), but more importantly,
the weak intramolecular NH-++N hydrogen bond that stabilizes  they are located above tien + Cu" entrance channel (see
En is replaced by a NCu™—N bridge. An examination of the ~ Figure 2). Under the experimental conditions it could be possible
molecular graphs obtained by using the AIM theory Baor and to have such activation by collisions with the residual gas, but
complex 1 (see Figure 1) indicates that the intramolecular it could explain only a small fraction of the observed products,
hydrogen bond (IHB) in the former is so weak that no bond and therefore these mechanisms cannot explain the dominant
critical point (bcp) could be found associated with this inter- loss of H observed experimentallf.Furthermore, only the CN
action. Consistently, the calculated-K harmonic vibrational mechanism would be consistent with the observed spectra for
frequencies forEn appear as symmetric and asymmetric the C-tetradeuterated species, in which only the loss of HD is
combinations, not only for the amino group acting as HB observed. Although the CN mechanism is the one with the
acceptor but also for that behaving as the HB donor. The smallest activation barrier of the three considered, the barrier
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Figure 2. Energy profile for the reaction mechanisms corresponding to a direct lossfafA adjacent XH groups. Numbers refer to the relative
stability (in kcal/mol) with respect to then + Cu'” entrance channel evaluated at the B3LYP/6-B®12df.2p)//B3LYP/6-311G(d,p) and including
ZPE corrections. The dark blue circle denotes N atoms, green circles C atoms and light blue circles Cu atom.
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Figure 3. Energy profile for the “carrier” mechanism for the loss ofiH which the hydrogen atom comes from one of the amino groups. Energies
and structures follow the same notation as in Figure 2.

is still much higher than the entrance channel and therefore thisthan local minimun®, when ZPE corrections are included. This
direct elimination of H should not play a significant role. is due to the fact that the reported energies are obtained from
(b) “Carrier” Mechanisms. Very often the transition metal single point calculations with the larger 6-3t®G(2df,2p) basis
cations act as “carriers” of hydrogen atoms in isomerization set at the optimized B3LYP/6-311G(d,p) geometries. Complex
process. The fact that loss of CuH is also observed experimen-6 evolves, through the interaction of the H attached to Cu with
tally clearly indicates that in some of the intermediates of the one of the hydrogens of the second amino group, to yield
reaction hydrogen atoms are attached to the metal, and thereforeomplex 4, which eventually dissociates int®3(H,) + H..
these intermediates can play some role in the observed loss oHowever, the multicenter transition staleS64), as the last step
H.. In principle, two different kinds of mechanisms of this type of the mechanism, implies an energy barrier too high (29.6 kcal/
can be envisaged depending on if the H comes from an aminomol above the entrance channel) to be accessible under the
or from a methylene group. Let us consider first the case in experimental conditions.
which the hydrogen atom comes from one of the amino groups. Let us now consider an alternative “carrier” mechanism in
This corresponds to the energy profile in Figure 3. Starting from which the H atom comes from a methylene group. The energy
1, structure6 can be reached through the intermediate species profile for such a mechanism is given in Figure 4. Starting from
5. In Figure 3 the transition stafeS15is slightly lower in energy

adduct3a, one can reach compl&athrough the transition state
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Figure 4. Energy profile for the “carrier” mechanisms for the loss af iRl which the hydrogen atom comes from one of the methylene groups.
Energies and structures follow the same notation as in Figure 2.

TS3a7a This hydrogen shift triggers a concomitant migration (c) C—C Insertion Mechanism. Similarly to what it has been
of the CuH (initially bonded to the nitrogen atom) toward the found in previous studies of reactions of bidentate bases with
basic CH group formed after the H-shift. From this complex transition metal monocatior838 Cu* insertion into the GC
an internal rotation will lead to the more stable isorbr(see bond is a favorable process that will lead to a bunch of reaction
Figure 4, note that all the internal rotations imply negligible mechanisms. The energy profile for the corresponding reaction
energy barriers and have not been depicted in the figure). is presented in Figure 5.
Once structur@b is formed, three different mechanisms for The first step of this mechanism is the insertion of"Gn
the loss of H can take place. As the hydrogen attached to Cu the C-C bond ofEn to yield a quite stable comple%2 (—52.7
is close enough to the H atoms of the other methylene group kcal/mol), through a transition stat&€ 3112 which lies 31.9
(in complex7b, this distance is 2.865 A), it is feasible to have kcal/mol below the entrance channel. Oricis formed, Cu
a direct loss of K This possibility involves th&S7b8transition can serve as a carrier for the transfer of one H from one-CH
state which lies 3.3 kcal/mol below the entrance channel. An NH, group to the other. A stable structurg3) in which Cu
IRC calculation indicates that this TS evolves to yield complex holds the transferred hydrogen has been located and also presents
8 (see Figure 4), which dissociates ired(H,) + H, without a large stability {-33.5 kcal/mol). A subsequent interaction of
an activation barrier. From this complex an internal reorientation the hydrogen atom attached to Cu and one of the amino
of Cut would yield structureP2(Hy). hydrogens would lead froml3 to 4, through TS134 and
A second mechanism implies the cyclizatiorvbfby forming subsequently to the loss obH'he 13— 4 isomerization barrier
a new bond between the terminal amino group and the CH grouplies 16.1 kcal/mol below the entrance channel. It is worth noting
and a concomitant migration of the CuH to the lone pair of the that TS1213 lies 3.3 kcal/mol below the entrance channel,
terminal amino group. The loss of,Hrom a new complex rendering this mechanism completely unfavorable with respect
formed, 9, involves one H from the amino group of the three- to the “carrier” mechanisms discussed above. This is consistent
membered ring and the H of the CuH group. This process with the fact that this mechanism predicts, for the reactions
implies an energy barrier (througrS9P5 of only 2.8 kcal/ involving En-dy, the loss of H, which is not observed.
mol. The final productP5(H,), corresponds to an aminoagziri- Loss of AmmoniaTo study the loss of ammonia, we have
dine in which the Cti interacts with the nitrogen of the ring.  systematically considered the transfer of one H to the terminal
A third mechanism involves a low-barrier internal rotation NH» group from each possible GHyroup (1,2 and 1,3 H
of the CuH group of compleXb that stabilizes the system by transfer) or from the second NHyroup (1,4-H transfer) and
10.4 kcal mot?, leading to complex10. The structure of we have considered different starting conformations for these
complex10 favors the interaction of the CuH group with one possible transfers. For the sake of conciseness we will discuss
of the hydrogen atoms of the closest amino group, through only those mechanisms implying lower energy barriers.

TS1011 The new speciesl dissociates int@6(Hz) + Hz. The (@) 1,2-H Transfer. Let us consider the possible processes in
product ion so formedP6(Hy), isomerizes easily to a much  which one of the H atoms of the methylene group is transferred
more stable isomeR1(Hy). to the adjacent amino group. Addu8t presents the best

In light of the calculated activation barriers, the first of the conformation for such a transfer (see Figure 6). This 1,2-H
three mechanisms discussed above should be discarded, becaus@nsfer will lead directly fronB3c to 14, through a transition
it involves an activation barrier at least 10 kcal miohigher state, TS3c14 that lies 10.6 kcal/mol below the entrance
than the other two. FOEN-d, this mechanism would actually  channel. Once compleb is formed, two alternative pathways
correspond to a loss of Dwhich is not observed. Conversely, can be envisaged depending on whether the cyclization of the
the other two mechanisms would lead to a loss of HD, because[Cu(CH)-CH,—NH;]* moiety to yield the product ioR1(NHs)
one of the hydrogen atoms comes from a methylene group andtakes place before or after the loss of ammonia. The former of
the second one from one of the amino groups, in agreementthese two possibilities would lead to a quite stable comfhgx
with the experimental evidendé Attending at energy barriers  in which Cu' is dicoordinated to Ngland to a zwitterionic
involved the third mechanism described in this section, which isomer of aziridine. Structur&5 would eventually dissociate
should be dominant with respect to the second one. into P1(NHj3) + NHj3, the dissociation into CuN$t + (cyclic)
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Figure 5. Energy profile for the reaction mechanism corresponding to the insertion ofra the C-C bond of En leading to the loss of K
Energies and structures follow the same notation as in Figure 2.
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Figure 6. Energy profile of the 1,2-H transfer reaction mechanisms with origin in3thadduct and the 1,4-H transfer reaction mechanisms
corresponding to the with origin in the add;tleading to the loss of ammonia. Energies and structures follow the same notation as in Figure 2.

H,C—CH—NH; being higher in energy. It should be noted that NH3;Cu" + aziridine lies 5.6 kcal/mol higher in energy). The
for the reactions involving the deuterated spedi#sd, this

transition state for the—16isomerizationTS216 lies 9.9 kcal/
mechanism would yield to the loss of MBI, which is not mol below the entrance channel. Even though this barrier is
observed experimentallf.However, the most plausible mech-

. \ slightly higher that the one described before for the loss of NH
anisms for the |053. of ammonia would be a 1,4-H transfer from complexesc, the process occurs in a single step; therefore
between the two amino groups of tke—Cu' adducts, and as

favorable than the 1,2-H shift presented above.

(b) 1,4-H Transfers. Two different 1,4-H shifts with the origin A more favorable mechanism is obtained if the 1,4-H transfer
in 2 can be contemplated. Both are schematized in Figure 6. A N cOmplex2 induces a simultaneous hydrogen shift between
direct 1,4-H transfer between the two amino groups of complex the methylene groups through €217 The structure formed

2 produces a simultaneous Cleavage of the CN bond and aiS avery stable COmpIeX in which @UB bound to acetaldimine
concomitant cyclization of the €—CH,—NHCuJ* moiety

and ammonia, which would eventually dissociate into acetaldi-
(TS216, with the formation of a quite stable aziridin€u*— mine—Cu" + ammonia (the Ne—-Cu" + acetaldimine dis-
NH3; complex16, which would preferentially dissociate inR2- sociation is less favorable by 10.0 kcal/mol). Taking into account
(NH5) (aziridine-Cu") + NH3 (the alternative dissociation into  the estimated barrier, this should be the most favorable

‘ : ! it cannot be discarded as an alternative mechanism that will
we shall discuss in the next section, they are much more yield NHz in the case of the tetradeuterated-d..
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