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The Potential Energy Surfaces of the dehydrogenation reaction of NH3 and CH4 molecules by the first-row
transition metal cations Mn+ (7S, 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 the H-X bonds (X) N,C) and formation of
the H-M+-XHn-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

Gas-phase study of the reactions of transition metal ions with
small molecules containing prototypical bonds (e.g., C-H,
C-C, N-H, O-H) is an active area of interest in chemistry
because of their importance in catalytic research.1-26 Indeed,
among the useful approaches, gas-phase experiments provide
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 cations.1-26

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
in this area of chemistry.27-33 Moreover, the availability of
experimental data concerning the activation reactions of small
molecules by transition metals makes possible to check the
reliability of quantum chemical tools in the description of these
processes. On the other hand, the disagreement between theory
and experiment can encourage more accurate experimental
investigations and improve of the theoretical approaches.

Experimentally, it was shown that the following reactions
can be detected during the interaction of first-row transition
cations, M+, with ammonia and methane

with branching ratios that vary across the periodic table. For
early and middle metals, the H2 elimination process is the most
thermodynamically favored, whereas at higher energies, the

other reaction products become accessible.5,7-9,15,18,19 The
mechanism proposed for these reactions implies an oxidative
addition of the metal cation into one of H-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
a minimum along the potential energy surface (PES). The
differences found in the measured strengths of the M-N bonds
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 methane.34

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
surface connects the reactants and products, is generally referred
to as two-state reactivity (TSR)35 and was proposed to play a
fundamental role in organometallic chemistry.

This paper is a continuation of two previous Density
Functional (DF) studies concerning the reaction of Sc-Cr series
of cations with ammonia and methane32,33and gives a detailed
information about the potential energy surfaces for the activation
reactions of N-H and C-H bonds by Mn+. On the contrary to
the cases examined previously, no detailed experimental infor-
mation on the mechanism and the energetics of the Mn+

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
number of unpaired electrons, correlation effects are critically
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 systems.38-42

On the basis of the electronic state dependence of Mn+

reactions evidenced by ion cyclotron resonance experiments,43

Strobel and Ridge proposed qualitative PES involved in the
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reaction of the Mn+ ion with ammonia. The mechanism of the
reaction of manganese ion with R-CH3 molecules was dis-
cussed as a result of a mass-spectrometric study in which the
electronic state of the ion was varied.44 Gas-phase first-row
transition metal ions, from Sc+ to Zn+ (reactions with small
alkanes including methane), were studied in a multicollisional
environment.10 In this context, an intersection between the
potential surfaces was hypothesized. Finally, bond dissociation
energies (BDEs) of M+-NH3 complexes of first-row transition
metals were determined examining their collision-induced
dissociation reactions.45

On the theoretical side, the CASSCF method combined with
gradient techniques was used to study the stability of the low-
spin hydridomethyl complexes, HMCH3

+, of the first-row
transition metal cations.46 Geometries, electronic structures, and
binding energies of these species, corresponding to stable
intermediates in the insertion reactions into the C-H bond, were
reported together with those of the transition states leading to
them. The properties of the adducts formed upon interaction of
ammonia with the ions of interest were calculated by using a
modified extended Huckel molecular orbital model,47 and their
binding energies were also determined using the modified
coupled-pair functional approach.48

Recently, Ugalde et al. have systematically studied the
dehydrogenation mechanism of water by the first-row transition
metal ions,27-30 so a useful comparison between their results
and ours can highlight the influence of different ligands on the
reactivity of the same metal center.

2. Method

The Density Functional (DF) theory in its three-parameter
hybrid B3LYP49,50 formulation was the computational method
used for geometry optimization and frequency calculations
together with the DZVP (for the transition metal) and TZVP
(for the other atoms) sets given by Godbout et al.51 The choice
of the B3LYP DF method was motivated by its satisfactory
performance in describing transition metal containing systems
even for complex situation such as those present in open-shell
transition metal compounds.39,52,53Moreover, previous works
on this subject27-30,40,52-54 proven that DF theory, for transition
metal cation containing systems, is successful in determining
geometries that are reliable and comparable to those obtained
with highly correlated methods, at a significantly lower com-
putational cost. The TZVP+G(3df,2p) basis set, previously used
by Ugalde et al.29 for the metal, was also employed for DF
computations to establish whether a larger basis set would
influence significantly the quantitative behavior of the PES’s.
Single point B3LYP/TZVP+G(3df,2p) calculations were carried
out at the B3LYP/DZVP equilibrium geometries.

For each optimized stationary point vibrational analysis was
performed to determine its minimum or saddle point character
and to evaluate the zero-point vibrational energy (ZPE) cor-
rections, which are included in all relative energies.

To gauge the B3LYP results on the stationary points, single
point computations were performed using the coupled cluster
method including single, double, and perturbative treatment of
triple excitations (CCSD(T)).36,37The optimized geometries and
the ZPE from the corresponding B3LYP/DZVP computations
were used in conjunction with the above-mentioned TZVP+G-
(3df,2p) basis set. In these CCSD(T) computations, the 1s
electrons of C and N and 1s to 2p electrons of Mn were not
correlated. For the sake of clarity, the B3LYP/TZVP+G(3df,-
2p)//B3LYP/DZVP and CCSD(T)/TZVP+G(3df,2p)//B3LYP/
DZVP computations will be referred to as B3LYP/TZVP and
CCSD(T)/TZVP in the following sections.

A full Natural Bond Orbital (NBO) analysis55,56 was per-
formed for some stationary points along the energy paths to
give further insight into their bonding properties.

All of the calculations reported here, both at B3LYP and
CCSD(T) level, were carried out with the GAUSSIAN94/DFT57

code.

3. Results and Discussion

3.1 Preliminary Studies. Previous theoretical studies29 on
the high- low-spin splitting of the Mn+ cation show that the
three levels of theory aforementioned, are able to correctly
determine the7S (sd5) ground state. According to experimental
results,58 the5S (sd5) secondary excited state of interest lies 26.98
kcal/mol above. All of the reported values are underestimated
with respect to that given by Moore,58 being the best fit obtained
at B3LYP/TZVP level of theory (see Table 1).

To check the accuracy that can be expected for the molecules
under investigation from both B3LYP and CCSD(T) approaches,
we have compared experimental and theoretical metal-ligand
bond strengths of the reaction products MnH+, MnCH3

+, and
MnCH2

+ of the various exit channels for the interaction of the
Mn+ cation with methane. The calculated binding energies are
reported in Table 1 together with the experimentally determined
values.59-61 The same kind of systems were used in the past to
asses the ability of DFT and, in particular, of hybrid methods
to give structural and electronic properties and binding energies
with an accuracy comparable to, or better than, highly correlated
ab initio methods, at a fraction of computational time.62 Our
experience confirms what is now generally accepted: to obtain
reliable values of the metal-carbon bond strengths at CCSD-
(T) level of theory, not in a qualitative sense, it is mandatory
to use basis sets of appropriate size and to properly correlate
the electrons of the atoms. Indeed, test calculations, performed
by taking into account only valence electrons of involved atoms,
gave misleading results. On the other hand, the computed
B3LYP binding energies match well the experimental values,
being the agreement at B3LYP/TZVP level of theory very
satisfactory, both for strongly and less strongly bound species.

3.2 Potential Energy Surfaces. As is widely
accepted,5,7-9,15,18,19the reaction of early and middle first-row
transition metal ions with ammonia and methane (XHn (X )
C, N)) is expected to form, in the first step, a stable ion-dipole
complex. The next step, i.e., H-X bond breaking, takes place
through the M+ insertion into an H-X bond to form a low-
spin H-M+-XHn-1 intermediate, this process being thermo-
dynamically reasonable since the broken H-X bond energy is
compensated for the energy of the H-M+ and M+-XHn-1

bonds formation. The reaction, then, can proceed toward the
formation of the dehydrogenation products, through a concerted
four-center elimination of H2, or formation of MH+ and
MXH+

n-1 species, as the result of a simple cleavage of M-X
and M-H bonds in the insertion intermediate.

TABLE 1: Relative Energies of the 5S (sd5) Excited State of
Mn+ with Respect to the Ground7S (sd5) State (∆) and
Metal-Ligand Bond Strengths for MnH+ (BE1), MnCH 3

+

(BE2), and MnCH2
+ (BE3) Systems

level of theory ∆ BE1 BE2 BE3

B3LYP/DZVP 15.13a 53.3 54.5 75.5
B3LYP/TZVP 19.74a 49.7 50.2 69.7
CCSD(T)/TZVP 18.79a 40.5 42.1 54.4
exp. 26.98b 47.5( 3.5c 49.1( 0.9e 68.3( 2.1d

All the values are in kcal/mol.a Ref 29.b Ref 58.c Ref 59.d Ref
60, 61.e Ref 61.
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The alternative proposed mechanism, which for the H2

elimination (reaction 1), involves the formation of the insertion
intermediate followed by theR-H migration to M+ to form
(H)2-M+-XHn-2 and the reductive elimination of H2, can be
ruled out on the basis of thermochemical arguments. However,
the ion-molecule (H2)-M+-XHn-2 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 the H-X bond 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
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 Mn+ with ammonia is the
exothermic formation of the ion-molecule complex (I ) along
both high- and low-spin PESs. The symmetry of the7A1 ground
state is C3V (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
dissociation energy of MnNH3+ system was experimentally45

determined and theoretically calculated48 and 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, the5A1 state is a little bit more
stable than the7A1 one.

The next step of the reaction is the insertion of Mn+ into the
N-H bond of ammonia to yield the intermediate H-Mn+-
NH2 (II ) through the formation of a transition stateTS1, which
corresponds to the shift of a hydrogen atom from nitrogen to
the metal. We succeeded in locating the structures, which are
three-center complexes, of the transition states related to this
process for both the high- and low-spin states. Because the high-
spinTS1 structure lies higher in energy than the corresponding
low-spin state, it is evident that this region of the potential
energy surface, between the formation of (I ) and (II ) moieties,
is crucial because of the surmised crossing between the two
PESs with different electronic spin multiplicity. If the true
reaction path is that which we propose here (see Figure 3), the
intersystem crossing takes place at an energy below that of the
high-spin reactants.

The insertion intermediate (II ), although not observed
experimentally, is a key structure for understanding the entire
reaction mechanism. Indeed, for H-Mn+-NH2 containing
covalent H-Mn and Mn-N bonds, two of the valence electrons
of the metal are involved in the bonding, leading to a low-spin
ground state for this species.

From the insertion intermediate (II ), it is hypothesized that
the reaction proceeds to yield the molecular hydrogen complex
(H2)Mn+-NH (III ) after passing through aTS2 four-center
transition state, which is high in energy at all the considered
levels of theory and both for high and low spin multiplicities.
The last step of the reaction, the direct formation of the
dehydrogenation products from intermediate (III ), occurs
without an energy barrier. Due to the height of the barrier, which
is necessary to overcome in order to generate dehydrogenation
products (see Figure 3) and because the products are situated

well above the energy of the reactants asymptote, only the
exothermic formation of the ion-dipole complex and the
insertion into the N-H bond are hypothesized to occur.

For the endothermic production of MnNH2
+ and MnH+

species, the ground state of the products is compatible with both
the high and the low-spin states of the reactants. Thus, the
formation of these products would not be as sensitive to the
reactant state as the dehydrogenation process. However, due to
the low stability of the intermediate (II ) in its high-spin state,
it may be argued that the reaction proceeds, mainly, through
the intermediate (II ) along the low-spin potential energy surface.
The reaction energy values for the formation of the MNH2

+

product are only slightly higher than those relative to the

Figure 1. Geometric parameters of minima and transition states on
the B3LYP/DZVP (a) quintet and (b) septet potential energy surfaces
for the reaction of Mn+ with NH3. Bond lengths are in angstrom and
angles in degrees.
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dehydrogenation product and, at the CCSD(T)/TZVP level, the
stability order is reversed.

Also for the reaction of manganese ion with methane the
reaction paths (see Figure 4) suggest that the mechanism of the
oxidative addition is operative to form the intermediate
HMnCH3

+. From this intermediate, the dehydrogenation reaction
is predicted to be the most energetically favorable. The
mechanism includes the formation, in the entrance channel, of
the long-lived ion-induced-dipole complex (I ), which subse-
quently yields the insertion intermediate (II ) by migration of a
hydrogen atom corresponding to the transition stateTS1. The
methane complexes (I ) have the tridentate structures shown in
Figure 2a and 2b, with C3V symmetry, both in the low and high-
spin states, whereas the possible bidentate structures for the same
complexes are transition states, as confirmed by the vibrational
analysis. At all the considered levels of theory, the formation

of the 7A1 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 complex (III ), (H2)-
Mn+-CH2, is obtained from (II ) through the tight four-center
transition stateTS2. The difference in the ground spin state of
(I ) and (II ) 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 Mn+ ion inserts into the C-H
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+-CH4 complex and the reactants.
The relative energies of the intermediate (II ) and the transition
state leading to it, can be compared with previous CASPT246

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+-CH3 complex, the reaction moves toward the
products conserving spin. Nevertheless, the barrier relative to
theTS2 is 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 MCH3

+ species occurs through
metal-carbon or metal-hydrogen bonds cleavage of the
intermediate (II ) in its ground state at elevated energies.

As pointed out by Armentrout18,19 and as confirmed by our
previous computations, for the first (Sc-Ti) 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 samesp3 hybridization of the central atom,34

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 M+ with methane, but the M+-NH
and M+-NH2 product molecules have bond strengths stronger
than the isoelectronic M+-CH2 and M+-CH3 species, due to
the stabilization of the nitrogen lone pair. Indeed, the enhance-
ment of the bond is a result of donation of the lone pair electrons
into the emptyd orbitals on the metal ion. We have not found
this kind of behavior in the case of manganese. From a
comparison between the PESs for the activation reactions of
ammonia and methane by Mn+ (see Figures 3 and 4) it is clear
that the energy profiles are significantly different only in the
region of formation of the ion-dipole complex (I ), whereas an
energy difference of a few kcal/mol was found for products
formation. The absence on Mn+ of emptyd orbitals accessible
to lone pair donation determines the observed different behav-
iors. To collect more information on this subject, we have
computed B3LYP/TZVP binding energies of Mn+-NH2 and
Mn+-NH species that can be compared with those of Mn+-
CH3 and Mn+-CH2 isoelectronic carbon analogues in Table 1.
The obtained B3LYP/TZVP values are 52.6 and 53.5 kcal/mol
for Mn+-NH2 and Mn+-NH, respectively, which can be
compared with the binding energies of the Mn+-CH3, Mn+-
CH2 moieties. Although in the latter case the bond strength
increases, the bond strengths of Mn+-NH and Mn+-NH2 differ

Figure 2. Geometric parameters of minima and transition states on
the B3LYP/DZVP (a) quintet and (b) septet potential energy surfaces
for the reaction of Mn+ with CH4. Bond lengths are in angstrom and
angles in degrees.
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slightly and are comparable to that of the MnH+ species. It is
worth mentioning that in the Mn+-NH moiety, the calculated
bond strength underlines the existence of a single bond. This
aspect will be discussed in depth in the next section.

Although the half-filling shell of Mn+ precludes the donation
from NH3, which would reduce the stabilizing exchange energy
by spin-pairing, the ammonia insertion intermediate is more
stable than the methane one. The NBO analysis shows that,
being the hydrogen atom partially bonded to manganese and

nitrogen, the enhanced stability of the H-Mn+-NH2 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 X-H 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 ion-dipole complex (I )
along both the surfaces for ammonia and methane activation.
Overall, much larger deviations are observed among the B3LYP
and CCSD(T) relative energies of stationary points along the
quintet surface than those computed along the septet surface.
The aforementioned (see Table 1) comparison between B3LYP
and CCSD(T) binding energies against experiment of some
relevant fragments for the interaction of Mn+ with methane,
shows that experimental data are very well reproduced at the
B3LYP level, particularly as the more extended TZVP+G(3df,-

Figure 3. B3LYP/DZVP septet and quintet potential energy surfaces for the reaction of Mn+ with NH3. B3LYP/TZVP and CCSD(T)/TZVP
relative energies are reported in [ ] and ( ), respectively. Energies are in kcal/mol and relative to the ground-state reactants.

Figure 4. B3LYP/DZVP septet and quintet potential energy surfaces for the reaction of Mn+ with CH4. B3LYP/TZVP and CCSD(T)/TZVP
relative energies are reported in [ ] 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
7A1 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] 38.4a

exp. 39.0( 1.9b

All of the values are in kcal/mol.a Ref 48.b Ref 45.
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2p) basis set is used, whereas some problems exist in the
description of correlation energy by the appliedpost-HF
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 works63-67 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 Koch,67 for the ethane activation
by Co+, to build up a broader survey of data.

3.3 Periodic Trends.Gas-phase metal-ligand 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 metal-ligand 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 MH+, MCH3

+, MCH2
+, MCH+, MNH2

+,
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
values.2,7-9,13,18,19,21,59-61,69-75

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 preliminary74 and, as a
consequence, deserve further experimental work to be con-
firmed.

Several observations are noteworthy. The calculated bond
strength in hydride cations decreases from Sc to Cr and then
increases for Mn. This behavior can be attributed76,77to the loss
of exchange energy and to the required promotion energy, if
the spin-pairing of 4s orbital of M+ in its 4s3dn-1 configuration
is considered responsible of the bond formation. The same
explanation can be applied to the similar trend of single-bond

energies of the metal-methyl systems. The M+-CH2 binding
energies and bond lengths are consistent with the presence of a
double bond formed with unpaired electrons on carbon and the

TABLE 3: Barrier Heights (in kcal/mol) for Transition
States: TS1 with Respect to Mn+-NH3 (∆1 and ∆2), TS1
with Respect to Mn+-CH4 (∆3 and ∆4) and TS2 with
Respect to H-Mn+-CH3 (∆5)

level of theory ∆1(7) ∆2(5) ∆3(7) ∆4(5) ∆5(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)/TZVP 72.2 39.5 64.5 22.6 36.0

Multiplicities are indicated in parentheses.

Figure 5. Calculated B3LYP/TZVP (9) and experimental (b) binding
energies (BE), in kcal/mol, for the ground state of MCH+, MCH2

+,
MCH3

+, MNH+, MNH2
+, and MH+ species from Sc+ to Mn+.

Experimental values are taken from refs 2, 7-9, 13, 18, 19, 21, 59-
61, 69-75. Experimental uncertainties are reported in parentheses.
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trend underlined before is conserved along the row. Also, in
this case, a model which takes into account the promotion energy
and the spin decoupling of the electrons involved in the bonds
can be invoked78 to account for the reported tendency. In moving
across the transition elements series, a different behavior is
observed for the MCH+ species because scandium cannot
support more than two covalent bonds, whereas triple-bond
energies and lengths are exhibited by all of the other cations
examined. The metal-amide ions, except for manganese, are
characterized by bond strengths that are comparable to those
of methylene systems and are consistent with the interpretation
that the NH2 group is doubly bonded to the metal, the additional
bond arising from the dative interaction of nitrogen lone pair
with empty metal 3d orbitals. The reduced bond strength for
the amide complex of manganese, lacking in emptyd orbitals,
can be just given to the absence, as confirmed by NBO analysis,
of the dative bond, and not to the loss of exchange energy as
proposed by Kapellos et al.79 Imido complexes have rather large
binding energies which can be explained in terms of the multiple
bond character between the metal and the NH moiety. Indeed,
it can be assumed that a strong triple bond can be formed
including again dative interaction of the nitrogen lone pair with
the accessibled orbitals of the metal. An analysis of the bond
reveals that the situation is different for chromium cation
because of the donation of electron density from the nitrogen
lone pair is partial. For this reason, the energy gain in going
from a single to a double to a triple bond is reduced with respect
the early cations of the row. As yet pointed out, manganese
complex shows a smaller binding energy according to the
presence of a singleσ bond formed with one unpaired electron
on thesp2 hybridized nitrogen atom of the NH group (the bond
angle is 134°) and the lone pair occupying thep orbital. All of
the linear structures for the same species localized along the
path are transition states, as confirmed by the vibrational
analysis.

4. Conclusions

The results of this study on the interaction of Mn+ with
ammonia and methane indicate that the most likely reaction
mechanism proceeds via oxidative addition of a H-X (X ) N,
C) bond to yield the H-Mn-XHn-1 intermediate. A simple
bond cleavage forms MnH+ and MnXH+

n-1 in endothermic
processes, whereas the molecular elimination of H2 leads to the
formation, also in this case endothermic, of dehydrogenation
products. Potential energy surfaces were investigated in detail
at the B3LYP/DZVP level of theory, considering both the low
(quintet) and the high-spin (septet) states of the cation. Single
point calculations at the optimized geometries were carried out
by using a more extended TZVP+G(3df,2p) basis set and at
CCSD(T) level of theory, employing the same triple-ú quality
basis set. The qualitative picture of the PESs does not change,
but the quantitative agreement with available experimental data
is improved when the quality of the basis set is increased, at
B3LYP level. The main features of the surfaces are preserved,
also with respect to CCSD(T), but some larger differences are
observed among relative energies of stationary points, particu-
larly along the quintet path.

The key reaction intermediates, H-M+-XHn-1, whose
existence is hypothesized by the experimentalists for the reaction
of early and middle first-row transition metal cations were
localized along the paths and characterized. Because of the
excited nature of this intermediate with respect to the ground
state of the reactants, the reactions are presumed to occur via a
crossing from the high-spin to the low-spin surface.

The comparison between the surfaces for the reaction with
ammonia and methane suggests that the donation of nitrogen
lone pair intod orbitals of the metal is not operative in this
case, due to the particularly stable 4s3d5 configuration of the
ground state. The same conclusion can be drawn considering
the trend of binding energies for the products of the three exit
channels of the insertion reaction for all the cations from Sc to
Mn.

Work is in progress to perform analogous studies for the late
first row transition metal cations.
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