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The Potential Energy Surfaces of the dehydrogenation reaction gfaNél CH, molecules by the first-row
transition metal cations Mnh(’S, 5S) were investigated employing the Density Functional (B3LYP) and the
CCSD(T) levels of theory. A close description of the reaction paths leading to three dissociation products
was given, including several minima and key transition states. The reactions proceed to give dehydrogenation
products by oxidative addition of the metal cation into one of theX-bonds (X= N,C) and formation of

the H-M*—XH,_1, hydrido intermediates, which in these cases are also confirmed to represent stable minima
along the quintet surface. Because the spin state of the reactants is different from that of intermediates and
products an intersystem crossing is proposed to occur. The binding energies of reaction products were calculated

and compared with available experimental data to calibrate the quality of our approach.

1. Introduction other reaction products become accessitfi@:1518.19 The
mechanism proposed for these reactions implies an oxidative
addition of the metal cation into one of+X (X = N, C) bonds
to form a hydrido intermediate that may lie either lower or
higher in energy than the reactants and is believed to constitute
minimum along the potential energy surface (PES). The
ifferences found in the measured strengths of theNvbonds
with respect to the carbon analogues were attributed to the
presence of a lone pair on the nitrogen atom of ammonia ligand.
'The N atom has the same number of valence electrons with the
same orbital hybridization of carbon in methafe.

Another topic of interest in these reactions is the ability of
the metal center to access multiple low-lying electronic states
and to adapt to different bonding situations, which may enable
the system to find low-energy reaction paths not accessible
otherwise. This kind of behavior, in which more than one spin

Gas-phase study of the reactions of transition metal ions with
small molecules containing prototypical bonds (e.g=H;
C—C, N—H, O—H) is an active area of interest in chemistry
because of their importance in catalytic resedr@i.Indeed,
among the useful approaches, gas-phase experiments provid%
the opportunity to obtain valuable information on elementary
reactions and mechanisms in a controlled environment, without
disturbing factors, such as the presence of other ligands
counterions, and solvent molecules. In this field, guided ion-
beam mass spectrometry was used extensively to study ion
molecule reactions, providing a considerable amount of infor-
mation on the catalytic activity of transition metal catidns?
However, from an experimental point of view, explicit informa-
tion on all of the elementary steps involved along the whole

reaction path is often difficult to obtain, and a closer interaction -
between theory and experiment has turned out to be very fruitful surface connects the reactants and products, is generally referred

in this area of chemistr§~33 Moreover, the availability of to as two-state reactivity (TSR)and was proposed to play a

experimental data concerning the activation reactions of small fundamental role in organometallic chemistry. _
molecules by transition metals makes possible to check the ThiS paper is a continuation of two previous Density
reliability of quantum chemical tools in the description of these Functional (DF) studies concerning the reaction of-Sc series
processes. On the other hand, the disagreement between theor§f cations with ammonia and methdhé*and gives a detailed
and experiment can encourage more accurate experimentalnformat'on about the potential energy surfaces for the activation
investigations and improve of the theoretical approaches. ~ éactions of N-H and C-H bonds by Mri. On the contrary to
Experimentally, it was shown that the following reactions the cases examined previously, no detailed experimental infor-

can be detected during the interaction of first-row transition Mation on the mechanism and the energetics of the" Mn
cations, M, with ammonia and methane activation reactions of ammonia and methane is available in

the literature. Moreover, Mn-containing species are also a
challenge for theoretical computations because, due to the large

> MXH,," +H, ey . . -
M-+ XH —» MH +XH_, X=CN (2) number of unpaired electrons, correlation effects are critically
—> MXH,,+H %) important. Then, besides DF computations, the reaction paths

were also described by using the coupled-cluster approxima-
tion,36:37 which represents one of the most accurate ab initio
methods available at the present time and is considered reliable
to treat open-shell transition metal containing systém&.
On the basis of the electronic state dependence of Mn
*To whom correspondence should be addressed. E-mail address:T€actions evidenced by ion cyclotron resonance experiniénts,
nrusso@unical.it. Strobel and Ridge proposed qualitative PES involved in the
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with branching ratios that vary across the periodic table. For
early and middle metals, thexlélimination process is the most
thermodynamically favored, whereas at higher energies, the
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reaction of the M ion with ammonia. The mechanism of the TABLE 1: Relative Energies of the S (sc) Excited State of
reaction of manganese ion with-’CH; molecules was dis-  Mn " with Respect to the Ground’s (s¢’) State @) and |
cussed as a result of a mass-spectrometric study in which the'\geéal _a';:gal\r/'l?]gHO”P %téen%thsstef%SMnH (BE1), MnCH;
electronic state of the ion was vari#tdGas-phase first-row (BE2), 2 (BEy) Sy

transition metal ions, from Scto Zn* (reactions with small level of theory A BE: BE BEs

alkanes including methane), were studied in a multicollisional B3LYP/DZVP  15.13 53.3 54.5 75.5

environment? In this context, an intersection between the B3LYP/TZVP — 19.74 49.7 50.2 69.7
CCSD(T)/TZVP 18.79 40.5 42.1 54.4

potential surfaces was hypothesized. Finally, bond dissociation
energies (BDEs) of M-NH3 complexes of first-row transition
metals were determined examining their collision-induced  All the values are in kcal/mok Ref 29.” Ref 58.° Ref 59.¢ Ref
dissociation reactioré. 60, 61.°Ref 61.

On the theoretical side, the CASSCF method combined with ]
gradient techniques was used to study the stability of the low- A full Natural Bond Orbital (NBO) analyst$°® was per-
spin hydridomethyl complexes, HMGH, of the first-row fc_;rmed for some stationary points along the_ energy paths to
transition metal cation® Geometries, electronic structures, and 9ive further insight into their bonding properties.
binding energies of these species, corresponding to stable All of the calculations reported here, both at B3LYP and
intermediates in the insertion reactions into thetChond, were ~ CCSD(T) level, were carried out with the GAUSSIAN94/DFT
reported together with those of the transition states leading to code.
them. The properties of the adducts formed upon interaction of
ammonia with the ions of interest were calculated by using a 3. Results and Discussion
modified extended Huckel molecular orbital modeand their

binding energies were also determined using the modified 31 Preliminary Studies. Previous theoretical studi€son
coupled-pair functional approaéh. the high- low-spin splitting of the Mh cation show that the

Recently, Ugalde et al. have systematically studied the three levels of theory aforementioned, are able to correctly

dehydrogenation mechanism of water by the first-row transition determgne t?éS (sd) ground state. According to experimental
metal ion<27-% so a useful comparison between their results results®® the>S (sd) secondary excited state of interest lies 26.98

and ours can highlight the influence of different ligands on the KC@l/mol above. All of the reported values are underestimated
reactivity of the same metal center. with respect to that given by MooP€peing the best fit obtained
at B3LYP/TZVP level of theory (see Table 1).

2. Method To check the accuracy that can be expected for the molecules

The Density Functional (DF) theory in its three-parameter under investigation from both B3LYP and CCSD(T) approaches,
hybrid B3LYP*50formulation was the computational method Wwe have compared experimental and theoretical mdigand
used for geometry optimization and frequency calculations bond strengths of the reaction products MpH#nCHs*, and
together with the DZVP (for the transition metal) and TZVP MnCH," of the various exit channels for the interaction of the
(for the other atoms) sets given by Godbout éttalhe choice Mn™ cation with methane. The calculated binding energies are
of the B3LYP DF method was motivated by its satisfactory reported in Table 1 together with the experimentally determined
performance in describing transition metal containing systems values:%-¢1 The same kind of systems were used in the past to
even for complex situation such as those present in open-shellasses the ability of DFT and, in particular, of hybrid methods
transition metal compound85253 Moreover, previous works  to give structural and electronic properties and binding energies
on this subje@ 30405254 proven that DF theory, for transition ~ With an accuracy comparable to, or better than, highly correlated
metal cation containing systems, is successful in determining ab initio methods, at a fraction of computational tiPdeDur
geometries that are reliable and comparable to those obtainedexperience confirms what is now generally accepted: to obtain
with highly correlated methods, at a significantly lower com- reliable values of the metatarbon bond strengths at CCSD-
putational cost. The TZVPPG(3df,2p) basis set, previously used (T) level of theory, not in a qualitative sense, it is mandatory
by Ugalde et af® for the metal, was also employed for DF to use basis sets of appropriate size and to properly correlate
computations to establish whether a larger basis set wouldthe electrons of the atoms. Indeed, test calculations, performed
influence significantly the quantitative behavior of the PES’s. by taking into account only valence electrons of involved atoms,
Single point B3LYP/TZVP-G(3df,2p) calculations were carried  gave misleading results. On the other hand, the computed
out at the B3LYP/DZVP equilibrium geometries. B3LYP binding energies match well the experimental values,

For each optimized stationary point vibrational analysis was being the agreement at B3LYP/TZVP level of theory very
performed to determine its minimum or saddle point character satisfactory, both for strongly and less strongly bound species.
and to evaluate the zero-point vibrational energy (ZPE) cor- 3.2 Potential Energy Surfaces. As is widely
rections, which are included in all relative energies. accepted;”~91518.1%he reaction of early and middle first-row

To gauge the B3LYP results on the stationary points, single transition metal ions with ammonia and methane (XM =
point computations were performed using the coupled cluster C, N)) is expected to form, in the first step, a stable ion-dipole
method including single, double, and perturbative treatment of complex. The next step, i.e.,HX bond breaking, takes place
triple excitations (CCSD(T)3¢3" The optimized geometries and  through the M insertion into an H-X bond to form a low-
the ZPE from the corresponding B3LYP/DZVP computations spin H-M*—XH_; intermediate, this process being thermo-
were used in conjunction with the above-mentioned TZ\B? dynamically reasonable since the brokenXbond energy is
(3df,2p) basis set. In these CCSD(T) computations, the 1scompensated for the energy of the-M™ and M"—XH,—;
electrons of C and N and 1s to 2p electrons of Mn were not bonds formation. The reaction, then, can proceed toward the
correlated. For the sake of clarity, the B3LYP/TZV¥B(3df,- formation of the dehydrogenation products, through a concerted
2p)//IB3LYP/DZVP and CCSD(T)/TZVRG(3df,2p)//B3LYP/ four-center elimination of K or formation of MH" and
DZVP computations will be referred to as B3LYP/TZVP and MXH*,_; species, as the result of a simple cleavage efX\
CCSD(T)/TZVP in the following sections. and M—H bonds in the insertion intermediate.

2698 475+35 49.1+09 683+2.1
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The alternative proposed mechanism, which for thg H
elimination (reaction 1), involves the formation of the insertion
intermediate followed by the:-H migration to M to form
(H)2—M*™—XH_, and the reductive elimination ofcan be
ruled out on the basis of thermochemical arguments. However,
the ion—molecule (H)—M*—XH,-, complex is assumed to be
formed in the exit channel of the molecular hydrogen.

Because the spin state of the reactants differs from that of ()
the products, the insertion process into theXibond must
involve a transition between the reactants high-spin PES and
the intermediate and products low-spin PES, therefore both
potential energy surfaces have to be described properly.

The geometrical parameters of stationary points along the 1.812
dehydrogenation pathways, for the quintet and septet states, are
reported in Figure 1a and 1b, for ammonia and Figure 2a and
2b for methane, whereas their corresponding to theoretically
predicted PESs are sketched in Figures 3 and 4, respectively.

The first step of the reaction of Mnwith ammonia is the
exothermic formation of the ioamolecule complexl( along
both high- and low-spin PESs. The symmetry of the ground
state is G, (see Figure 1) and, as is shown in Figure 3, the
stabilization energies with respect to the reactants are very
similar at the three employed levels of theory. The bond TS2 (1r)
dissociation energy of MnN#t system was experimentatfy
determined and theoretically calculatédnd all the reported
values, compared with those obtained by us, are collected in
Table 2.

The computed binding energies fit the experimental deter-
minations very well, but the evenness of the values does not
give us the opportunity to distinguish between the performances
of the used quantum-mechanical tools. It is worthy of mention
that at the B3LYP/DZVP level, theA, state is a little bit more
stable than théA; one.

The next step of the reaction is the insertion of Mnto the
N—H bond of ammonia to yield the intermediate-NIn*—

NH; (11') through the formation of a transition stat&1, which
corresponds to the shift of a hydrogen atom from nitrogen to
the metal. We succeeded in locating the structures, which are (1)
three-center complexes, of the transition states related to this
process for both the high- and low-spin states. Because the high-
spinTS1structure lies higher in energy than the corresponding
low-spin state, it is evident that this region of the potential
energy surface, between the formation lgfgnd (I ) moieties,

is crucial because of the surmised crossing between the two
PESs with different electronic spin multiplicity. If the true

TS1

2.003 1867

0.771

reaction path is that which we propose here (see Figure 3), the TS2 (II1)
intersystem crossing takes place at an energy below that of the _ . B
high-spin reactants. Figure 1. Geometric parameters of minima and transition states on

. . . . the B3LYP/DZVP (a) quintet and (b) septet potential energy surfaces
Thg lnsertlon. intermediatell(, although not. observed. for the reaction of Mf with NHs. Bond lengths are in angstrom and
experimentally, is a key structure for understanding the entire angles in degrees.

reaction mechanism. Indeed, for—-#intT—NH, containing
covalent H-Mn and Mn—N bonds, two of the valence electrons well above the energy of the reactants asymptote, only the
of the metal are involved in the bonding, leading to a low-spin exothermic formation of the iondipole complex and the
ground state for this species. insertion into the N-H bond are hypothesized to occur.

From the insertion intermediatd |, it is hypothesized that For the endothermic production of MNnNH and MnH"
the reaction proceeds to yield the molecular hydrogen complex species, the ground state of the products is compatible with both
(H2)Mn™—NH (Il ) after passing through &S2 four-center the high and the low-spin states of the reactants. Thus, the
transition state, which is high in energy at all the considered formation of these products would not be as sensitive to the
levels of theory and both for high and low spin multiplicities. reactant state as the dehydrogenation process. However, due to
The last step of the reaction, the direct formation of the the low stability of the intermediatdl() in its high-spin state,
dehydrogenation products from intermediatiél X, occurs it may be argued that the reaction proceeds, mainly, through
without an energy barrier. Due to the height of the barrier, which the intermediatel() along the low-spin potential energy surface.
is necessary to overcome in order to generate dehydrogenatioriThe reaction energy values for the formation of the MNH
products (see Figure 3) and because the products are situategroduct are only slightly higher than those relative to the
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of the 7A; ground-state complex is exothermic, by about the
same amount, with respect to the reactants in their ground state.
Along the path, the ion-induced-dipole comple¥ §, (Hy)-
Mn*—CHy, is obtained fromI() through the tight four-center
transition statél'S2. The difference in the ground spin state of
(1) and (I) complexes is due to the hypothesized crossing
between the surfaces, clearly evidenced in Figure 4. From the
same figure, we can extract the information that this crossing
seems to occur at an energy below that of the ground-state
reactants.

Along the low-spin surface, the Mrion inserts into the EH
bond, in all cases, with a barrier in excess of reactants and leads
to the quintet insertion intermediate, which is higher in energy
with respect to both the Mn-CH, complex and the reactants.
The relative energies of the intermedialie) @nd the transition
state leading to it, can be compared with previous CASPT2
computations, which give 33.1 and 45.7 kcal/mol for the
intermediate and the transition state formation, respectively, with
respect to the ground-state asymptote. After the formation of
the H-Mn*—CH; complex, the reaction moves toward the
products conserving spin. Nevertheless, the barrier relative to
TS2 (1) the TS2is very high and the final step of the dehydrogenation
process requires a high activation energy largely above the
energy of the entrance channel. Under these circumstances, the
involvement of this tight four-center transition state is highly
improbable and, as a consequence, the dehydrogenation process
becomes difficult.

As a consequence of the obtained results, we propose that
the production of MH and MCH* species occurs through
(1) TS1 metat-carbon or metathydrogen bonds cleavage of the
intermediate I{ ) in its ground state at elevated energies.

As pointed out by Armentrotf1®and as confirmed by our
previous computations, for the first (S@i) and the medium
(Cr) cations of the row the mechanisms for the reaction with
ammonia and methane are similar, although the energetics is
very different. Similarities were explained considering that
ammonia and methane have the same number of valence
electrons with the sam&® hybridization of the central atoif,
whereas differences were attributed to the presence of a lone
pair on the nitrogen atom. Hence, all of the products observed
in the reaction with ammonia have isoelectronic analogues to
the products formed by Mwith methane, but the NM—NH
and M"—NH, product molecules have bond strengths stronger
than the isoelectronic M-CH, and M*—CHjs species, due to
Figure 2. Geometric parameters of minima and transition states on the stabilization of the nitrogen lone pair. Indeed, the enhance-
the B3LYP/DZVP (a) quintet and (b) septet potential energy surfaces ment of the bond is a result of donation of the lone pair electrons
for the reaction of M with CHs. Bond lengths are in angstrom and  into the emptyd orbitals on the metal ion. We have not found

TS2 (1)

angles in degrees. this kind of behavior in the case of manganese. From a
dehydrogenation product and, at the CCSD(T)/TZVP level, the comparison between the PESs for the activation reactions of
stability order is reversed. ammonia and methane by Mifsee Figures 3 and 4) it is clear

Also for the reaction of manganese ion with methane the that the energy profiles are significantly different only in the
reaction paths (see Figure 4) suggest that the mechanism of theegion of formation of the iofrdipole complex ), whereas an
oxidative addition is operative to form the intermediate energy difference of a few kcal/mol was found for products
HMnCHz*. From this intermediate, the dehydrogenation reaction formation. The absence on Mof emptyd orbitals accessible
is predicted to be the most energetically favorable. The to lone pair donation determines the observed different behav-
mechanism includes the formation, in the entrance channel, ofiors. To collect more information on this subject, we have
the long-lived ion-induced-dipole complex)( which subse- computed B3LYP/TZVP binding energies of MrNH, and
quently yields the insertion intermediaté)(by migration of a Mn*™—NH species that can be compared with those of"Mn
hydrogen atom corresponding to the transition steé8&. The CHz; and Mn—CH, isoelectronic carbon analogues in Table 1.
methane complexe$)(have the tridentate structures shown in The obtained B3LYP/TZVP values are 52.6 and 53.5 kcal/mol
Figure 2a and 2b, with £ symmetry, both in the low and high-  for Mn*—NH, and Mn"—NH, respectively, which can be
spin states, whereas the possible bidentate structures for the sameompared with the binding energies of the MrCH3z, Mn*—
complexes are transition states, as confirmed by the vibrational CH, moieties. Although in the latter case the bond strength
analysis. At all the considered levels of theory, the formation increases, the bond strengths of MiNH and Mn™—NH, differ
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Figure 3. B3LYP/DZVP septet and quintet potential energy surfaces for the reaction ofwith NHs. B3LYP/TZVP and CCSD(T)/TZVP
relative energies are reportenl [i] and ( ), respectively. Energies are in kcal/mol and relative to the ground-state reactants.
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Figure 4. B3LYP/DZVP septet and quintet potential energy surfaces for the reaction ofwith CH,. B3LYP/TZVP and CCSD(T)/TZVP
relative energies are reported [i] and (), respectively. Energies are in kcal/mol and relative to the ground-state reactants.

TABLE 2: Summary of 0 K Binding Energies (BE) for the
A1 MnNH 3™ System

level of theory BE
B3LYP/DZVP 37.2
B3LYP/TZVP 37.2
CCSD(T)/TzVP 38.0
MCPF/[8s,6p,4d,1f] 384
exp. 39.0+ 1.9

All of the values are in kcal/moP Ref 48.° Ref 45.

slightly and are comparable to that of the Mhidpecies. It is
worth mentioning that in the Min—NH moiety, the calculated

nitrogen, the enhanced stability of the-t¥in*—NH, complex
is due to resonance effects, which allow delocalization lowering
the energy.

From a comparison between B3LYP and CCSD(T) results
appears that the qualitative features of the PESs governing the
mechanistic details of the XH bond activation reactions do
not show any significant difference, being the relative energetic
ordering of minima and barrier heights the same. Particularly
interesting is the quantitative agreement among the binding
energies calculated for the high-spin tedipole complex )
along both the surfaces for ammonia and methane activation.
Overall, much larger deviations are observed among the B3LYP

bond strength underlines the existence of a single bond. Thisand CCSD(T) relative energies of stationary points along the

aspect will be discussed in depth in the next section.
Although the half-filling shell of M precludes the donation

quintet surface than those computed along the septet surface.
The aforementioned (see Table 1) comparison between B3LYP

from NHs, which would reduce the stabilizing exchange energy and CCSD(T) binding energies against experiment of some
by spin-pairing, the ammonia insertion intermediate is more relevant fragments for the interaction of Mmwith methane,
stable than the methane one. The NBO analysis shows thatshows that experimental data are very well reproduced at the
being the hydrogen atom partially bonded to manganese andB3LYP level, particularly as the more extended TZWB(3df,-
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TABLE 3: Barrier Heights (in kcal/mol) for Transition
States: TS1 with Respect to Mii—NH; (A; and Ay), TS1
with Respect to Mn"—CH, (Az and A,) and TS2 with
Respect to H-Mn™—CH3 (As)

level of theory Aq(7) As(5) As(7) A4(5) As(5)

B3LYP/DZVP 62.2 44.7 53.8 14.6 37.9
B3LYP/TZVP 64.6 36.7 57.3 16.2 36.7
CCSD(T)/TzVvP 72.2 39.5 64.5 22.6 36.0

Multiplicities are indicated in parentheses.

2p) basis set is used, whereas some problems exist in the
description of correlation energy by the appligabstHF
approach in this case. For this reason, we believe that the B3LYP
quantitative picture of the bond activation processes under
examination is reliable and predictive of the real behavior of
reaction paths. Finally, we would like to focus our attention on
the values of the barrier heights, which for the sake of clarity
are collected and compared in Table 3, along the reaction paths
for the localized transition structures.

The performance of DFT approaches, and of the hybrid
B3LYP functional in particular, in predicting transition states
geometries and barrier heights was the subject of extensive
previous work&-67 and the general conclusion drawn for the
examined classes of reactions is that Density Functional Theory
based methods tend to underestimate activation barriers. Sys-
tematic studies of barrier heights along paths involving open-
shell metal organic systems do not exist in the literature and
the results of this work can be added to those previously
obtained by Holthausen and Ko€hfor the ethane activation
by Co', to build up a broader survey of data.

3.3 Periodic Trends.Gas-phase metaligand bond strengths
determination has become the subject of a lot of experimental
and theoretical works in the past years. This interest is motivated
by the importance that the knowledge of this information has
in elucidating the bonding in transition-metal systems, in
understanding the mechanism of a variety of catalytic reactions,
in bridging the gap between ion chemistry in gas-phase and in
solution. In this perspective, a useful strategy is to analyze the
trends in metatligand binding energies resulting from the
variation of the transition metal center, the ligand and the
number of ligands.

We present here a comparison of bond energies, collected in
the present and our previous works on this subject, of some
fragments arising from the interaction of the first-row transition
cation with ammonia and methane. The examined systems are
the ground-states of M MCHz", MCH,™, MCH™, MNH,™,
and MNH" for the row cations from Sc to Mn. The MCH
fragments, even if not included among the products of the
studied reactions, are taken into account as a term of comparison.
The binding energies calculated at B3LYP/TZVP level are
reported in Figure 5 together with experimental
Va|ue52_,7—9,13,18,19,21,5961,69—75

The general trends of the calculated binding energies show a
satisfactory agreement with the experimental values, although
some pronounced discrepancies are found. It should be under-
lined that some experimental data are prelimifthgnd, as a
consequence, deserve further experimental work to be con-
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Several observations are noteworthy. The calculated bond:ﬂngag?s l\(/IBNEI-)H inl\zﬁﬂ@dég thf;“e_r grg;ggesétaftfor?]f “s”&?cﬁéi

i 1 i 3 ’ 2 .
oroases for Min. This behavior oan be atibdiedio th foss | EXPeimenal values are aken from refs 2.9 15, 13,19, 21, 59
. . .. 61, 69-75. Experimental uncertainties are reported in parentheses.

of exchange energy and to the required promotion energy, if
the spin-pairing of 4s orbital of Min its 4s3d"~! configuration energies of the metal-methyl systems. Thé&-MCH, binding
is considered responsible of the bond formation. The same energies and bond lengths are consistent with the presence of a
explanation can be applied to the similar trend of single-bond double bond formed with unpaired electrons on carbon and the
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trend underlined before is conserved along the row. Also, in  The comparison between the surfaces for the reaction with
this case, a model which takes into account the promotion energyammonia and methane suggests that the donation of nitrogen
and the spin decoupling of the electrons involved in the bonds lone pair intod orbitals of the metal is not operative in this
can be invoke® to account for the reported tendency. In moving case, due to the particularly stabls3d® configuration of the
across the transition elements series, a different behavior isground state. The same conclusion can be drawn considering
observed for the MCH species because scandium cannot the trend of binding energies for the products of the three exit
support more than two covalent bonds, whereas triple-bond channels of the insertion reaction for all the cations from Sc to
energies and lengths are exhibited by all of the other cations Mn.

examined. The metal-amide ions, except for manganese, are Work is in progress to perform analogous studies for the late
characterized by bond strengths that are comparable to thosdirst row transition metal cations.

of methylene systems and are consistent with the interpretation

that the NH group is doubly bonded to the metal, the additional ~ Acknowledgment. Financial support from the Universita
bond arising from the dative interaction of nitrogen lone pair degli Studi della Calabria and MIUR is gratefully acknowledged.
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