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Abstract The potential energy surfaces for the reaction of
bare niobium cation with ethane, as a prototype of the
C-H and C—C bonds activation in alkanes by transition metal
cations, have been investigated employing the Density Func-
tional Theory in its B3LYP formulation. All the minima and
key transition states have been examined along both high-
and low-spin surfaces. For both the C—H and C—C activation
pathways the rate determining step is that corresponding to
the insertion of the Nb cation into C—H and C-C bond, respec-
tively. However, along the C—H activation reaction coordi-
nate the barrier that is necessary to overcome is 0.13 eV below
the energy of the ground state reactants asymptote, while in
the C—C activation branch the corresponding barrier is about
0.58eV above the energy of reactants in their ground state.
The overall calculated reaction exothermicities are compa-
rable. Since the spin of the ground state reactants is differ-
ent from that of both H-NbT-C,Hs and CH3-Nb+t—CHj
insertion intermediates and products, spin multiplicity has
to change along the reaction paths. All the obtained results,
including Nb*—R binding energies for R fragments relevant
to the examined PESs, have been compared with existing
experimental and theoretical data.
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1 Introduction

Activation of methane and alkanes by transition metals has
been a topic of growing interest during the past decades, due
to economic interest in alkanes conversion and chemistry
[1-3]. In spite of the important recently made progress in
this field many questions are still open and further efforts
have to be made to understand the fundamental prerequisites
for the activation process. From this viewpoint it is mostly
important to individuate which transition metals are the most
suitable for this purpose.

One way to accomplish the aim to unravel the intrinsic
reactivities of transition metals is to use gas-phase tech-
niques. The possibility to perform experimental gas-phase
studies on “isolated” reactants has been increased in the
last years with the advent of new mass-spectrometric tech-
niques that allow the generation of mass-selected, ground
state electronic species and to explore their chemistry under
well-defined conditions. The fruitful interplay between such
experimental studies and high-level theoretical investigations
of the transition metals reactivity in gas-phase has provided
deep insights into the elementary steps of catalytic processes,
reactivity patterns, importance of the electronic structure,
nature of intermediates and role of ligation [4]. Detailed
investigations have been carried out, indeed, on the influ-
ence of the addition of ligands, oxo ligands in particular, on
the reactivity of the bare metal cations [5-7].

The involvement of transition metals makes the situa-
tion particularly intriguing due to 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 oth-
erwise. Then, spin crossing between surfaces of different
multiplicities can occur during the reaction and products
formation arises from an interplay between spin inversion,
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barrier height, and thermodynamic factors. The idea of
state-selective reactivity has been introduced, at first, by
Armentrout and co-workers [8,9] and the role of spin flip in
organometallic chemistry has been underlined by the intro-
duction of the so-called two state reactivity (TSR) paradigm
[10]. In more recent years, a careful level of attention has
been devoted to the involved potential energy surfaces and the
regions where they cross and new computational techniques
have been introduced that help to understand the situation
[11-13].

In the framework of a more extended project [ 14—-20] aim-
ing to unravel the mechanistic details of catalytic processes
for the activation of prototypical bonds mediated by transi-
tion metal containing systems, we have carried out the study
of the reaction of the niobium cation with ethane, which is the
simplest alkane molecule in which both C—C and C—H bond
can be activated. Density functional theory (DFT) has been
applied to characterize all the minima and first-order sad-
dle points and to present a complete mechanistic scheme of
the reaction. Both quintet and triplet PESs have been exam-
ined in accordance with TSR paradigm. Bond dissociation
energies (BDEs) for Nb™-R fragments have been calculated
and compared with recently [21] and less recently [22-24]
experimentally determined values and previous theoretical
[25-34] calculations.

The reaction mechanism for the activation of both C-C
and C-H bond has been studied according to the general
scheme proposed for these kinds of reactions that involves
as the first step the formation of a metal-ligand adduct fol-
lowed by oxidative insertion of the metallic center into one
bond of the ligand molecule. Formation of this first insertion
intermediate is very often the key step of the process since
the ground state of the intermediate could not correspond to
the ground state of the metal. The next steps are migration
of one or more atoms or groups of the ligand molecule to
the metal and reductive elimination of a small molecule pro-
vided that intermediates have sufficiently high lifetimes to
undergo rearrangements. Bond breakings that are generally
not accessible at thermal energies become dominant at high
energies. Results have been compared with the hypotheses
on the reaction mechanism proposed on the basis of experi-
mental results [21].

2 Computational details

Geometry optimizations as well as frequency calculations
for all the reactants, intermediates, products and transition
states were performed at the Density Functional level of
theory, employing the Becke’s three-parameter hybrid func-
tional [35] combined with the Lee, Yang and Parr (LYP)
[36] correlation functional, denoted as B3LYP within the
GAUSSIANO3 package [37].
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The LANL2DZ effective core potential [38—40] has been
used for the metal center. In LANL2DZ, the valence shell
are explicitly represented using a double zeta and the valence
electrons considered for the transition metal are 4s24p®
4d*5s!. The standard 6-31 1+G(2df,2p) basis sets [41,42]
have been employed for the rest of the atoms.

No symmetry restrictions have been imposed during the
geometry optimizations, whereas for each optimized station-
ary point vibrational analysis has been performed to
determine its character (minimum or saddle point) and to
evaluate the zero-point vibrational energy (ZPVE) correc-
tions, which are included in all relative energies. For all the
reported transition states it has been carefully checked that
the vibrational mode associated to the imaginary frequency
corresponds to the correct movement of involved atoms. All
the minima connected by a given transition state were con-
firmed by intrinsic reaction coordinate (IRC) calculations
[43,44] (in mass-weighted coordinates) as implemented in
GAUSSIANO3 program.

For all the studied species we have checked (S?) values to
evaluate whether spin contamination can influence the qual-
ity of the results. In all cases we have found that the calculated
values differ from S(S + 1) by less that 10%.

The counterpoise corrections have been calculated to cor-
rect bond dissociation energies for basis set superposition
error (BSSE) [45]. A full natural bond orbital (NBO) analysis
[46,47] of all the cationic Nb-R™ fragments has been per-
formed to give further insight into their bonding properties.

3 Results and discussion

The most reliable source of experimental information on the
Nb™ + ethane reaction is the guided ion beam mass spec-
trometry study by Armentrout and co-workers [21] although
the same system has been also examined in a previous ion
cyclotron resonance study by Freiser and coworkers [48].
Ground state Nb™ ions are found to be very reactive with
ethane over a wide range of kinetic energies. At low energies
the dominant process is the dehydrogenation reaction, whose
cross section is consistent with an exothermic reaction hav-
ing no barriers in excess of the reactants energy. At higher
energies other products become accessible and the dominant
process is C—H bond cleavage to form NbH™ and C,Hs. For
the C—C bond activation the authors indicate that the low-
est energy product formed by cleavage of the C-C bond is
NbCH;r together with methane and the cross section for the
formation of this product is characteristic of an inefficient
near-thermoneutral process.

The computed B3LYP potential energy surfaces for the
C-H activation branch of the reaction on Nb* with C,Hg
are shown in Fig. 1 and the corresponding most relevant
geometrical parameters for minima and transition states along
high- and low-spin PESs are reported in Fig. 2.
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The PESs theoretically predicted for the interaction of the
niobium cation with the C—C bond are sketched in Fig. 3,
while geometrical parameters of stationary points are col-
lected in Fig. 4.

Relative energies for both reaction branches are calculated
with respect to the reactants asymptote represented by the
metal center in its ground state configuration and the ethane
molecule. The ground state of the Nb cation is of D sym-
metry and arises from the 4d* configuration, while the first
triplet 3P excited state, corresponding to the 4d* configura-
tion lies 0.83 eV above [49]. The theoretical value obtained
by us, 0.75¢eV, is underestimated by only 0.08 eV.

3.1 C-H bond activation

The first step of the dehydrogenation reaction of ethane by
bare Nb cation, as shown in Fig. 1, is the exothermic forma-
tion of a Nb(C,Hg) ™ complex along both high- and low-spin
PESs. The SA ground state of the ion—molecule complex,
Nb(C,Hg) ™, is calculated to be more stable than the reac-
tants asymptote by 0.94eV. The corresponding >A complex
lies 0.61eV above. In both quintet and triplet Nb(CoHg)™*
adducts the ethane structure has retained the staggered con-
formation of the isolated molecule, and the niobium cation is
perfectly located above the center of the C—C bond with Nb
distances of 2.544 and 2.502 A for quintet and triplet, respec-
tively. The reaction proceeds to form the insertion interme-
diate H-NbT—C,Hj through the first order saddle point TSH
in which the niobium cation has been inserted into one of the
C-H bonds. The low spin triplet TSH lies lower in energy
than the corresponding high spin state and 0.13 eV below the
energy of the ground state reactants. It has one imaginary

frequency of 1,098; cm™', which mainly corresponds to the
expected movement of the hydrogen atom detaching from the
carbon atom and moving toward Nb. The quintet TSH lies
0.74 eV above the reactants asymptote and the transition vec-
tor corresponding to its imaginary frequency of 342 cm™!
describes the movements of all the atoms participating to
the isomerization. Its geometry is already close to the C-H
inserted species, that is very product like because the quintet
H-Nb™-C,Hs complex is much less stable than the corre-
sponding initial ion—molecule adduct. Since the ground state
multiplicity of TSH is different with respect to ground state
spin multiplicity of reactants, an intersystem crossing from
the quintet to the triplet surface has to take place in this region
of the PES. On the basis of the present results this crossing
occurs at an energy below that of the separated reactants and
spin—orbit coupling should be large enough to allow for an
efficient conversion to the energetically favored surface as
it has already been concluded examining experimental data
[21].

The H-Nb*—C,Hs intermediate resulting from the
C-H insertion process is more stable in a triplet low-spin
state as two of the valence electrons of the metal are involved
in the formation of H-Nb and Nb—C covalent bonds and lies
0.77 eV below the ground state reactants. This intermediate is
stabilized (by about 0.18 eV) by a kind of S-agostic interac-
tion through the appropriate hydrogen at the adjacent methyl
group. The presence of this agostic interaction is evidenced
by the elongation of the C—H bond (1.158 A) and the reduc-
tion of the HCC bond angle (111.7°). The corresponding
quintet intermediate is much less stable and does not profit
from such an agostic interaction.

Following the C-H bond insertion, the reaction proceeds
through a second intramolecular rearrangement to yield a
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Fig. 2 Optimized geometries of calculated minima and transition
states along the quintet and triplet PESs for the ethane C—H bond acti-
vation by Nb™. Bond lengths are in angstroms and angles in degrees

new intermediate that may be either a complex, in which
the niobium—ethylene cation is complexed by molecular
hydrogen, (H)Nbt—C,Hy, or a covalently bonded dihydr-
ido complex, HH-Nb1t—C,Hy, obtained by direct hydrogen
transfer from carbon atom to the metal center. The possibility
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that a covalently bonded intermediate is formed has not ruled
out a priori but since all the attempts carried out to local-
ize a minimum, HH-Nb-C;Hy4, corresponding to a direct
B-hydrogen transfer to the metal have failed it can be rea-
sonably concluded that the dihydrido species does not exist
as a minimum along the dehydrogenation pathway.

The (H)Nb'T—C,H, intermediate is obtained through a
concerted four-center elimination of H, corresponding to
the TSH; transition state characterized by an almost-fully
formed H-H bond and an imaginary frequency of 949; cm™~!
corresponding to expected movements of the involved atoms
that confirm the concerted nature of this H; activation sad-
dle point. The energy of the triplet TSH» structure, localized
well below the reactants asymptote, differs by only 0.05eV
from that of the final ion—molecule complex.

The triplet (Hy)NbT—C,H, complex is characterized by
an electrostatic interaction between the cationic niobium—
ethylene complex and molecular hydrogen, while the struc-
ture of the Nb*—C,H,4 moiety is very close to that of the
final product, obtained by elimination of molecular hydro-
gen, although the interaction of niobium ion with carbon
atoms is unsymmetrical yet.

The last step of the reaction, the formation of the dehy-
drogenation products, takes place directly from intermediate
(H2)NbT—C,Hy, without an energy barrier and hydrogen
release is endothermic by 0.51 eV. The overall process results
to be exothermic by about 0.23eV. The comprehensive
picture of the reaction that can be drawn on the basis of
our computations is that once the system accesses the triplet
reaction coordinate via a curve crossing in the region of the
transition state corresponding to the first hydrogen shift from
carbon to niobium, dehydrogenation products are very fast
formed.

The possible alternative process to yield from the same
(H,)NbT—C,Hy intermediate the neutral alkene molecule, is
calculated to be endothermic by 0.74 eV, in agreement with
the measured threshold of 1.0440.19eV [21], and represents
the only way to generate the Nb(H;)™" fragment.

The H-Nb*t—C,Hs intermediate, instead, is an obvious
choice for the formation of NbH' and NbCzH;F fragments
that can be obtained by simple Nb—-C and Nb-H bond
breaking. Figure 1 shows as formation of these fragments
is endothermic by 1.83eV for the former and 1.52eV for
the latter. The predicted threshold for the NbH™ product is
2.03 & 0.07eV [21], while the measured threshold is even
higher (2.36 £ 0.19eV) apparently due to the competition
with the more favorable dehydrogenation process. When the
energy barrier associated to a tight transition state involv-
ing complicated rearrangements is high it should be very
plausible that at high kinetic energies simple bond break-
ing processes, even entropically favored, become competi-
tive. However, for the situation examined here the barrier
associated to the TSHj transition state lies well below the
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Fig. 4 Optimized geometries of calculated minima and transition
states along the quintet and triplet PESs for the ethane C—C bond acti-
vation by Nb™. Bond lengths are in angstroms and angles in degrees

reactants asymptote and its height is so low (only 0.08eV)
that the dehydrogenation process dominates even at high
kinetic energies.

which then fork into the C—H activation pathway through the
TS_H transition state and the C—C bond activation regime
via the TSCH3 transition state (see Fig. 3). This saddle point
in its quintet multiplicity is located at 0.58eV above the
Nb*T(°D) + C,Hg asymptote and is characterized as a tran-
sition state by only one imaginary frequency of 77i cm™!,
corresponding to the breaking of the C—C bond and rotation
of the CH3 groups toward Nb*. Quintet TSCH3 structure is
0.83 eV higher in energy of the ground state reactants and is
analogously characterized by only one imaginary frequency.
The insertion of Nb™ into the C—C bond yields the inserted
dimethyl intermediate, CH3-Nbt—CHjs. The formation of
two Nb—C covalent bonds as the outcome of the pairing of
two metal electrons with two electrons of the CH3 ligands
is responsible for the enhanced stability of the triplet struc-
ture of the CH3—NbT—CHj3 intermediate that, indeed, lies
1.47eV below the reactants asymptote. The corresponding
quintet structure lies 0.29eV above reactants ground state.
Our results are in qualitative agreement with those reported
in a former study by Rosi et al. [33] that have found the
dimethyl ion to adopt a bent structure and to be more stable
than the electrostatic Nb(C,Hg) T complex. However, from
our calculations formation of dimethyl complex results to be
much more exothermic and the energy difference between
the two isomers more pronounced.

Since the ground state of the CH3—Nb*—CHj insertion
complex has only two unpaired electrons with respect to reac-
tants quintet ground state, a crossing from the quintet to the
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triplet PES takes place after passage of the quintet TSCHj3
transition state, even if such a kind of spin crossover is not
considered a rate limiting factor as it involves species with
excess energy [10].

The reaction proceeds along the triplet pathway to convert
the dimethyl intermediate into another stable ion—molecule
complex, (CH4)NbT—CH,, which serves as the direct precur-
sor for loss of methane. This structure contains a slightly dis-
torted 1° methane molecule bound (Nb-C distance is
2.521A) to the niobium carbene cation, which shows a typ-
ical Nb—H distance of 2.053 A. The triplet (CH4)Nb™—CHj,
complex is calculated to lie 0.88 eV below the reactants dis-
sociation limit, while formation of the corresponding quintet
is calculated to be nearly thermoneutral.

The triplet first order saddle point TSCHy for the 1,3
hydrogen shift that directly converts the dimethyl complex
into the (CH4)Nb™—CHj cation is characterized by an imag-
inary frequency of 1,348i cm~! and the normal mode associ-
ated to it clearly identifies the hydrogen shift from one methyl
to the other. The relative energy of TSCH4 with respect to
the reactants and the dimethyl complex is —0.17 and 1.30eV,
respectively. The structure of this transition state shows one
of the Nb—C distances elongated by about 0.2 A, while at the
closer carbon center a carbene structure is already forming.
One interesting structural feature of TSCHy is that Nb atom
participates to some extent to the hydrogen migration process
lowering the activation barrier as documented by the short
Nb-H distance (1.797 A compares well with 1.731 A for the
Nb-H in triplet H-Nb—C,Hs complex). The quintet TSCHy4
is by 1.20eV higher in energy and does not profit from this
extra stabilization.

Reductive elimination of methane and formation of Nb—
CH;‘ is a barrierless process, with reaction products situated
0.23 eV below the reactants asymptote.

From the CH3—Nb*™—CHj intermediate through direct bond
cleavage of one of the Nb—C bonds the NbCH;r + CH3 prod-
ucts can be obtained and Fig. 3 shows that this process is
calculated to be endothermic by 1.25eV. The experimen-
tally measured threshold for this fragmentation process is
1.67£0.07eV [21], again higher than the presently predicted
value. Since direct formation of NbCH;‘ + CHj3 products,
although entropically favoured, appears to be energetically
much more demanding than the tight TSCHy4 transition state
for the 1,3 hydrogen shift high kinetic energies are required
for the process to occur.

Comparing the calculated PESs for the C—H and C—C acti-
vation branches, we can summarize the results as follows.
Both hydrogen and methane elimination reactions are initi-
ated by the formation of a quintet Nb(C,Hg) T ion-molecule
complex. Due to the lower stability of the quintet C—H and
C—C insertion intermediates relative to their triplet counter-
parts a crossing occurs in both cases and the reactions proceed
on the low-spin surfaces. The overall H, elimination reaction
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is calculated to be exothermic by 0.23eV and the highest
energy point en route to the products is the C—H insertion
TS that has been located 0.13eV below the entrance chan-
nel. Owing to the characteristics of the C—H insertion TS,
the direct bond breaking processes from the common inter-
mediate H-NbT—C,Hs to obtain NbH* and NbCzH;' frag-
ments are not energetically competitive although entropically
favored.

The overall methane elimination reaction is predicted to
be exothermic by 0.23eV. Even if the C—C insertion CH3—
NbT—-CHj3 product is a very low energy intermediate, the
C—C insertion TS barrier exceeds the energy of the ground
state reactants by 0.58eV and prevents observation of this
species under thermal conditions. From this dimethyl inser-
tion intermediate the reaction can proceed to give meth-
ane loss products or, alternatively, NbCH;r + CHj3 products
by direct bond cleavage with a net energy requirement of
1.25eV.

3.3 Bond energies

Armentrout and co-workers [21] have reexamined niobium
hydrogen and niobium carbon bond dissociation energies for
the fragments relevant to the ethane activation reaction med-
iated by bare niobium cation. Mainly with these updated val-
ues and with former theoretical [25-34] and experimental
[22-24] predictions are compared thermochemical data cal-
culated by us and reported in Table 1. The most relevant
structural information concerning ground state geometries
of Nb*—H and NbT-R fragments can be found in Fig. 5.
At a first glance, from inspection of Table 1, it appears that
there is a general fairly good agreement between theory and
experiment with some exceptions.

The predicted value of the NbH*BDE is in very good
agreement with experimental determination, the difference
being less than 0.1eV.

To calculate the BDE for Nb—2H™ it is necessary to indi-
viduate the structure of the complex which the dissociation
occurs from. On the basis of our results, the Nb(H,)* frag-
ment can be formed only from the (H)Nb+t—C,Hy inser-
tion intermediate by direct barrierless cleavage of the Nb—C
bond and loss of ethylene. However, we have also exam-
ined the possibility that the electrostatic complex, Nb(H») ™,
could rearrange to give a dihydrido covalently bound com-
plex, NbH;r . The ground state of the NbH2+ complex is 3A’,
with a HNbH angle of 112°, that is less stable than the quin-
tet Nb(Hy) ™ ground state by about 0.52¢eV. Thus, the BDE
value of 5.05eV, reported in Table 1, has been calculated
for the dissociation from the Nb(H) T electrostatic complex.
The BDE calculated by us compares well with the former
experimentally estimated value of 5.15eV [23], while it is
overestimated by 0.41 eV with respect to the value suggested
by Armentrout.
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Fig. 5 Geometrical parameters of ground states structures of some cat-
ionic fragments relevant to the ethane activation by Nb*. Bond lengths
are in angstroms and angles in degrees

For the triple Nb-C bond of the NbC™ fragment we pro-
pose a binding energy of 4.55eV. This value is underesti-
mated in comparison with the best available experimental
estimate of 5.28 eV that, however could be improved owing
to the uncertainties of the experimental determination [21].

The agreement improves for the next three NbCHT,
NbCH;r and NbCH3+ fragments. As shown in Table 1, the

experimental values exceed the calculated BDEs by 0.45 and
0.32¢eV for NbCH™T and NbCH2+ , respectively. The value of
4.12eV proposed by us for N bCH;r is the same of that calcu-
lated by Siegbahn et al. [28]. The theoretical value of 2.31eV
for the NbCH;’BDE is overestimated by 0.25eV in compar-
ison with the experimental one.

As discussed by Armentrout et al., the BDE of the
NbCzHgr fragment is less than that of a Nb—C double bond,
asin NbCH;“, but greater than that of a single Nb—C bond, as
in NbCH;“. The enhancement calculated here is of 1.04eV.
NBO analysis confirms that there is an extra stabilization
due to back-donation of the C—C 7t electrons to the metal
center. In addition, a sort of B-agostic interaction between
one C—H bond of the CH; group and the niobium atom, evi-
denced by the elongation of the C—H bond and the reduction
of the HCC bond angle (see Fig. 5), further contributes to
this enhancement. We have estimated that back-donation and
agostic interaction amount to about 0.8 and 0.25eV, respec-
tively.

The value of the binding energy for the NbCzH;F frag-
ment is overestimated by 0.19eV with respect to the value
suggested by Armentrout of 2.45 £ 0.12eV [21]. As can be
deduced from geometrical data in Fig. 5, the same kind of
B-agostic stabilization due the interaction between the nio-
bium center and one C—H bond of the methyl group, exists
alsoin NbCzH;r. The BDE value calculated by us is 2.64 eV,
thatis 0.36eV (0.38eV is the difference between experimen-
tal values) greater than Nb™—CHj3 BDE. The energy stabil-
ization associated with this interaction has been estimated
eliminating the interaction through rotation of the methyl
group. Therefore, including the energy for the conforma-
tional change (0.12eV for CH3—CH3), the energy stabiliza-
tion with respect to the structure with no agostic interaction
has been calculated as 0.26¢eV.

The calculated BDE for NbC,H 1 is4.72 eV, thatis 0.38 eV
greater than the experimental value of 4.34£0.19eV. As can
be inferred from the geometrical parameters reported in Fig. 5
and from the NBO analysis, this species has a Nb—-C=C-H
structure. However, the strength of the Nb—C bond is compa-
rable to that of the double bond in Nb*—CH,. The NBO sec-
ond-order perturbation analysis gives two consistent energy
stabilization contributions due to the delocalization of both
pairs of C—C 7t electrons into the d7t orbitals of niobium.

Finally, we discuss the theoretical BDEs obtained for the
NbCzH;r and NbCzHZr species. The BDE value of 2.58eV
calculated for NbC2H2+ is underestimated by 0.32eV with
respect to that suggested by Armentrout, but it is very close,
instead, to the previously measured [23] and calculated [34]
values of 2.47+0.13 and 2.56 eV, respectively. For NbCzHI
our calculations give a value of 1.53eV that is about
half of the experimental value measured to be 2.80 &= 0.30eV.
The calculated difference in binding energy between the two
NbCzHI and NbC2H;r fragments is in agreement with the
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Table 1 Calculated BDEs (in eV) compared with experimental and previous theoretical determinations

Species BDE Exp? Exp Theory
Nbt-H 2.36 - 2.28 (0.07)° 2.11¢,2.28t, 2.348, 2.451 2551, 2.56"
Nb*+—2H 5.05 4.64 (0.06) 5.15 (0.04)° 4.14%
Nb*t-C 4.55 5.28 (0.15) 5.16 (0.15)° -

Nb*-CH 5.57 6.02 (0.20) 6.29 (0.35)4 -

Nbt-CH, 4.12 4.44 (0.09) 4.60 (0.30)4 3.86!, 4.121
Nb*—CH; 2.31 2.06 (0.11) - 2.15 (0.13)
Nb*-C,H 4.72 4.34(0.19) - -
Nb*-C,H, 2.58 2.90 (0.06) 247 (0.13)° 2.56 (0.13)™
Nb*+-C,H3 3.35 3.43 (0.21) - -
Nb*T-C,oHy 1.53 2.80 (0.30) - -
Nb*t-C,Hs 2.64 2.45(0.12) - -

a4 Ref. [21]

b Ref. [22]

¢ Ref. [23], both experimental and calculated BDE for this species refer to dissociation from the electrostatic complex Nb(H,)*
d Ref. [24]

€ Ref. [25]

f Ref. [26]

g Ref. [27]

b Ref. [28]

I Ref. [32]

J Ref. [29]

kK Ref. [31]

I Ref. [30]

m Ref. [34]

trends reported for the left first-row transition metal cations
[50] and can be analogously ascribed to the weaker 7t bond of
acetylene. Indeed, the bonding situation in transition metal
complexes with alkenes or alkynes as 7t-bonded ligands is
usually discussed within the framework of the Dewar—Chatt—
Duncanson (DCD) model [51,52]. The bonding arises
through a synergistic ligand-to-metal o-donation from the
occupied in-plane 7r-orbitals of the alkene/alkyne into the
empty d orbitals of the metal, and metal-to-ligand 7t-back-
donation from the occupied d orbitals of the metal into the
empty 7t* orbital of the ligand. An extreme version of the
same bonding model considers the alkene/alkyne complex as
ametallacyclic compound in which the metal-ligand interac-
tions are described in terms of two electron sharing o-bonds
between the metal and the carbon atoms. The definitive break-
ing of the 7t bond can be monitored by the elongation of the
C—C bond with respect to free ligand molecules and the par-
tial pyramidalization (ethylene ligand) or bending (acetylene
ligand) at the carbon bonds. From Fig. 5 it can be deduced that
the geometrical parameters of the interacting ethylene and
acetylene molecules are significantly modified with respect
to the gas-phase values. The elongation of the C—C bond and
the deformation of the C—C-H bond angles of the acetylene
molecule clearly indicate that a metallacyclic compound is
formed, as it is confirmed by the NBO analysis. Therefore,

@ Springer

the actual difference between the predicted binding energies
of NbC2H;r and NbCzHI arises from the different strengths
of the 7t bonds that it is necessary to break. Indeed, it requires
more energy to break the 7t C—C bond in ethylene than that
in acetylene. However, an additional strain for the metal—
acetylene cation, arising from the shorter C—C bond length,
results in the final computed difference of 1.05eV between
the BDEs of NbC,HJ and NbC,H .

4 Conclusions

The present paper deals with the ethane C—H and C—C bond
activation mediated by high- and low-spin states of bare Nb
cation. Potential energy surfaces have been investigated in
detail at the B3LYP level of theory and minima and transition
states have been localized and characterized. Comparison
between the pathways for C—H and C—C activation branches
shows that after formation of a common ion-molecule adduct
at the entrance channel of the reaction, both activation pro-
cesses proceed to give an insertion intermediate via oxidative
addition. In both cases, the step corresponding to insertion
into the C—H and C—C bond, respectively, is energetically
more demanding than the subsequent ones. However, the
triplet transition state for the C—H insertion lies very low in
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energy, by 0.13eV below the reactants dissociation asymp-
tote, and the associated barrier is 0.81 eV high. On the con-
trary, the relative energy of the quintet transition state for
the C—C insertion, calculated respect to ground state reac-
tants, is 0.58 eV and the barrier is 1.52 eV. Due to the change
of insertion intermediates spin multiplicity with respect to
ground state reactants dissociation limit, a spin crossing has
to occur, for both processes, in the region of the insertion
transition states. The overall hydrogen elimination reaction,
as a result of the Nb™ insertion into C—H, and the methane
loss, as aresult of the Nb* insertion into C—C bond, are found
to be exothermic by 0.23 eV. Alternative fragmentation path-
ways, going through direct bond cleavage, appear to become
competitive only at significantly higher kinetic energies. Cal-
culated niobium-hydrogen and niobium-carbon bond disso-
ciation energies for cationic fragments relevant to the ethane
activation are in fairly good agreement with experimental
values with some exceptions that have been commented.
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