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Abstract

Mass spectrometry and quantum chemistry have been used to characterize the mechanism of the sequential dehydrogen
of four methane molecules by third row transition metal catioh. & comprehensive study of the second reactive inter-
mediate TaGH4™ of this sequence is presented here. Mass-selectesHidOons have been characterized by UV-visible
photodissociation showing a sequential loss efdid GH,. The appearance threshold of T&G " is much higher than
the corresponding thermodynamic threshold. We show that this difference is probably due to a lack of low-energy electror
cally excited state for the Ta€l4™ ions formed by dehydrogenation of two methane molecules. Within the nine low-energy
isomers characterized at the density functional level, the dihydridometallacyclopropene(Tath)™) is the most stable.

The very selective reactivity of Ta€l;+ with both D, and CDy strongly suggests that the Tagfif.H2)™ is the reactive
species of the sequential dehydrogenation of four methane molecules, and that the two methane dehydrogenations proc
through two successive-bond metatheses involving TaH and C—Ho-bonds. On the contrary, when Tad;* ions are
formed by dehydrogenation of ethane, reactions witraBd CL) are less selective. The photodissociation behaviors of the
corresponding ions are also very different, and the appearance thresholds,bl, Tafhd Ta are in agreement with the
corresponding thermodynamic thresholds determined theoretically. (Int J Mass Spectrom 219 (2002) 457-473)
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1. Introduction coordination of the metal on a biomolecule. For exam-
ple, studies of metal complexes of amino ad@s6]
Mass spectrometry study of the intrinsic chemical allow for an understanding of the most stable form
and physical properties of atomic transition metal ions of these systems. Metal ion complexes also constitute
interacting with selected molecules has been shown interesting models for the understanding of transition
to provide interesting models for biological and cat- metal-mediated activation of alkan§g]. With this
alytic processe$l]. The study of metal complexes respect, it has been shown that these highly electron-
of relevant biological molecules provides a means for ically and coordinatively unsaturated species are not
understanding the structural changes induced by theonly inherently interesting, but systematic investiga-
tions within a series of transition metals allow for
* Corresponding author. E-mail: maitre@Icp.u-psud.fr a good understanding of the key steps and potential
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intermediates of the reactions between a molecule andwith wide optical access to the center of the trap. The
a metal ion[8]. It is nowadays recognized that the trap and its surrounding are maintained to a low tem-
interplay of quantum chemistry and mass spectrome- perature (15-30 K) by means of a closed-cycle helium
try is essential for the understanding of this gas phase cooler insuring efficient cryopumping. Metal ions are
chemistry[7]. With this respect, it has been shown produced by laser ablation of a Ta foil 0.1 mm thick
that the density functional approach, and particularly (Goodfellow, 99.9% purity) inside the ion trap. Gases
the B3LYP form, allows for a good description of are admitted through pulsed valves. Apart from the
these open-shell systems containing transition metal period of neutral reactant injection, the pressure in the
cations[9-11]. ion trap remains lower than 1®mbar. This, together
Since the first evidence that hydrocarbons may be with the mass resolution, is one of the great advan-
activated by M [12], numerous studies have been tages of the experimental apparatus: spectra are not
directed at understanding the electronic requirements contaminated by metal oxides which are the products
for the activation of alkandd.3]. While first- and sec-  of very exothermic reactions. Irradiation of the ions is
ond row metal cations, with the exception of*Zr performed with a 75W Xenon arc lamp focused with
do not spontaneously react with methane, Irikura and a silica lens. Photodissociation thresholds are deter-
Beauchamp first showed that third row metal cations mined following the technique already usfi,18]
are particularly reactive. In most cases, a sequential using a set of long wavelength pass colored filters
dehydrogenation of several methane molecules occurswith various cut-off wavelengths (305, 370, 405, 420,
[14] as in the case of Tawhere the final product is 435, 460, 490, 510, 525, 542, 573, 590, 624, 692, 715,
TaC4Hg™ oligomer[15]. 780 and 850 nm). All those filters present very simi-
The determination of the detailed mechanism asso- lar transmission curve shapes. The mentioned wave-
ciated with this sequential methane activation remains lengths correspond to 50% transmission and, typically,
a challenge. In this context, a joint experimental and 10% transmission remains 10 nm below the indicated
theoretical project is under progress in our group cut-off wavelength.
in order to provide more insights into the structures
and energetics of the successive intermediates (i.e.,
MCH,*, MCoH4™, MC3Hg™, and MGHg™) that can 3. Theoretical methods
be observed during the sequential dehydrogenation
of four methane molecules by third row transition In all calculations, the 60 inner-core electrons of
metal cations Ta and W". Experimentally, reactions  Ta are described by a relativistic effective core poten-
are investigated in a Fourier transform ion cyclotron tial [19]. The outer-core 5sp and valence electrons of
resonance (FT-ICR) mass spectrometer. ReactionsTa are described by an optimized [6s5p3d1f] contrac-
with selected molecules and UV-visible photodis- tion of a (8s7p6d1f) Gaussian basis set as proposed by
sociation are used to characterize the mass-selectedSandig and Koch on their work on the activation of a
reactive intermediates. In this paper, we will show methane molecule by T420]. C and H atoms are rep-
that experimental results combined with quantum resented by the polarized full doubjeset of Dunning
chemistry provide a good understanding of the reac- and Hay[21]. We have used the B3LYR2], a hy-
tion mechanism of the sequential dehydrogenation of brid density functional, as implemented in Gaussian98

four methane molecules by Ta [23]. The geometries and the harmonic frequencies
have been determined at this level. The relative ener-
2. Experimental apparatus gies presented here include the zero-point vibrational

energy. This method has been shown to be reliable to
The experimental setup has been previously de- determine the energetics of transition metal contain-
scribed[16]. It features a FT-ICR mass spectrometer ing systemg9-11] Using a similar basis set for the
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B3LYP approach, our calculations on reactions of W of TaGH,™* during the whole irradiation time indi-
with methane suggest that this approach should be ac-cates that a sequential fragmentation process occurs
curate in the present cade8]. Two methods have been  with no competition with a direct loss ofsEl4. Other
used to evaluate the vertical electronic excitations for photofragments are observed, T& (m/z = 206)
selected systems using the basis set described previand TaG*™ (m/z = 205), but since their correspond-
ously: the configuration interaction within the singles ing intensities are very small and vanish with the use
(CIS) [24] and a time dependent density functional of filters, we will not consider these ions further.

theory (TD-DFT)[25] method using the B3LYP den- We have determined the experimental dissociation

sity functional. The Gaussian98 program packi@$} thresholds using the method described previously.

has been used throughout. Thresholds associated with each step of the sequen-
tial loss of H and GH> from TaGH>T have been

4. Experimental results investigated. When the neutral reactant is ethane, loss

of Hy occurs even using the 850 nm long wavelength
The mass spectrum recorded after reaction of pulsedpass colored filter. That is, the appearance thresh-
methane with Ta is shown inFig. 1the TaGHy,™ old of TaGH,* is lower than 1.46eV. Then, using
(n = 0-4) ions are formed through a sequence of de- the successive filters, the photodissociation thresh-
hydrogenation of four methane molecules. The pres- old for the loss of GH; has been determined to be
sure and the duration of the pulse are optimized so as2.43 + 0.14 eV. Those results strongly contrast with
to maximize the intensity of TafEs* (m/z = 209). the one obtained using methane in which the loss of
After mass selection of the TaB,4™ ions, they are H> requires more energetic photons: the experimental
irradiated for 10s with the Xenon lamp. The mass threshold has been determined a2+ 0.14 ¢V, i.e.,
spectrum given inFig. 2 shows the fragmentation 56.0 & 3.0 kcal molL. Furthermore, even after long
products detected 300 ms after the end of the irradia- irradiation times, the fragmentation process remains
tion. The major products are by far Tald,* (m/z = inefficient since only 11% of the parent ion is frag-
207) and Ta (nm/z = 181). The continuous ejection mented when the neutral reactant is methaig. (3),

160 180 200 220 240 260 mvz

Fig. 1. Mass spectrum recorded after reaction of pulsed methane (1.5 mbars, 400 ms)*with Ta
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Fig. 2. Mass spectrum recorded 300 ms after irradiation without filter for 10s of the mass-seleci¢ty Ta@ns.

whereas 84% of the Ta€l4™ complex is fragmented Those results strongly suggest that the Fidg"

when it is formed from ethane using the same filter ion structures are different whether the complexes
(510nm) Fig. 4). That is, it was very difficult to are obtained from methane or ethane. In order to go
accurately determine the threshold appearance of thefurther in the insight of the probable structures of

Tat ions in this case. TaGH4T isomers which are formed in the ICR cell,
I
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Fig. 3. Mass spectrum after photodissociation of the mass-selectesHTadons formed by reacting Ta with methane. lons were
irradiated for 6's through the 510 nm long wavelength pass colored filter.
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Fig. 4. Mass spectrum after photodissociation of the mass-selectediTaGons formed by reacting Tawith ethane. lons were irradiated
for 10s through the 510 nm long-wavelength pass colored filter.

H/D exchanges have been investigated. While the cry- D, have been studied using this residual pressure of
opumping technique allows an efficient condensation D2 (a 100 ms pulse under 1 mbar has been used). The
of methane on the walls of the cell, a residual pressure spectra observed after the first detection, 2.5 ms after
remains when the introduced gas is.BI/D exchange  the TaGH4* complex selection, are represented in
reactions between mass-selected Jag™ ions and Fig. 5(methane) anéig. 6 (ethane). One can see that
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Fig. 5. Mass spectrum recorded 2.5 s after mass-selection of théf}aGons formed by reacting Tawith methane in a residual pressure
of Do.
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Fig. 6. Mass spectrum recorded 2.5s after mass-selection of theHfaGons formed by reacting Tawith ethane in a residual pressure
of D».

the H/D exchange is much more efficient when the a pulse of B3 is introduced in the ion trap after the
TaGH4™ ions are formed from methane where 49% of mass selection of TaEl4t. We will come back to the
the ions undergo one or two H/D exchanges. Only 17% kinetics of the H/D exchange iSection 6

of the parent ion formed from ethane is deuterated and Other evidences for the influence of the forma-
the exchange reactions remain inefficient even when tion pathways on the structure of Tad,™ are
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Fig. 7. Mass spectrum recorded after 300 ms reaction betwegqra@®mass-selected Tald,* ions formed by reacting Tawith methane.
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Fig. 8. Mass spectrum recorded after 300 ms reaction betwegna@® mass-selected Tald4" ions formed by reacting Tawith ethane.

also given by the reactions of this ion with gD 5. Relative energies of the TaC,H4+ isomers:

After the mass selection of TaB4+ formed by theoretical results

Ta™ 4+ 2CHjs, a 400 ms pulse of Cpat 2mbars has

been injected into the reaction cell. The spectrum  Electronic structure calculations have been per-

recorded 300 ms after the end of the puley( 7) formed in order to rationalise the experimental results.
shows that two successive reactions occur and the The extensive study of the mechanisms of the reactions
major primary product is TagHzDz* (m/z = 226) of Ta™ with methane and ethane is under completion,
whereas the major secondary product is JldgDg™ but some relevant elements will be giverSaction 6

(m/z = 243). This spectrum shows that the two In this paper, we essentially focus on the characteri-
successive reactions are very selective, each one corzation of the lowest lying isomers of TaB4™". Nine

responding to an addition of CDfollowed by an isomers have been found to be thermodynamically
elimination of HD. There is nearly no scrambling: stable with respect to the Tar C,Hg asymptote and
minor product such as TaBl,Ds™ (m/z = 227) ap- their geometries are given iRig. 9. The energies of
pears with a very small intensity. When Ta@;* these isomers are reportedliable 1 As can be seen,

formed from ethane reacts with GDthe spectrum  only three isomers are found to be thermodynami-
(Fig. 8 obtained in the same experimental condi- cally stable with respect to the Tat+ 2CH; — H>
tions is very different. Nearly the same amount of asymptote. Therefore, as expected, the reaction with

TaGH3Ds' (mz = 226) and Ta@H,D4t (mVz = methane is more selective than the reaction with
227) is produced and two secondary products are ethane on a pure thermodynamical ground.

also formed: TagH,Dg™ (m/z = 243) as in the In their pioneering work on the sequential re-
case of methane and Tald,D,™ (m/z = 235). actions of methane with third row transition metal

The TaGH4™ ions produced from ethane react less cations, Irikura and Beauchaniip4] suggested possi-
specifically with CDy than the ones produced from ble structures for the MgH,, ™ ions, and in the case
methane. of MC3H4™, an M*—olefin structure was proposed.
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VI (+8.7) VII (+10.3) VIII (+11.3) IX (+12.9)

I (-15.4) II (-3.6) III (-0.5) IV (+2.8) V (+6.5)

Fig. 9. Optimized parameters of the nine lowest isomers obFaC characterized at the B3LYP level. Bond lengths are in A and angles
in degrees<).

We found that this isomeM(] 1) could be formed by = and M = W, each hydride being substituted by one
the dehydrogenation of &g by Ta", but not from and two methyl groups, respectively.

the successive dehydrogenations of two methane Three types of spin states are thus expected depend-
molecules. Six other isomers are more stable than ing on the number of covalent bonds formed with Ta
the Mt—olefin complex. The most stable isomé) (  Structures of each type have been found and can be
presents two hydrides and one metallacyclopropene presented starting from the metal-olefin complex. The
unit. Interestingly, we found that this metallacyclo- ground electronic state of this Taethylenic complex
propene unit is also present in the lowest energy (VII), with no covalent metal-ligand bond, is the only
isomer of MGHg* and MGHg™ for both M = Ta structure presenting a ground stat@4) with a quintet

Table 1

Most stable TagH4 isomers

Name Symmetry Figure Relative Lowest allowed electronic TaGHst — TaGHLt + Ho
state label energies transitionCISTD-DFT thermodynamic threshold

HHTaGH,* A I —15.4 89.5-75.6 LA) 26.9

TaGH4t 3A, I -3.6 11.3-9.3 @By) 15.2

HTa(CHCH)™ A I -05 49.7-45.6 (A) 12.0

Ta(CH),t 1A, v 2.8 44.9-37.6 {By) 8.7

HTaGH3+ A \% 6.5 11.6-10.7 @A) 5.0

(CHg)TaCH,* '\ Vi 8.7 34.7-20.4 LA) 2.8

TaGH4t 5A, VIl 10.3 10.3-6.3 @B3) 1.2

Ta(CHCH)™ A VIl 11.3 20.8-17.8 {A) 0.2

HTa(CCHs)* a 1X 12.9 29.4-18.0 {A) —1.4

In column 3, labels ofig. 9 are given. In column 4, relative energies are given relative to the-T2CH, — 2H, asymptote (absolute
energy of isomell is —135.28115319a.u. at the B3LYP/1 level). In column 5, vertical excitation energies corresponding to the lowest
allowed electronic transition are given at the CIS (in italic) and TD-B3LYP levels. All reported energies are in kcal mol
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spin state, as the ground state of ¥&(s'd®) [26]. The
corresponding optimized structuréig. 9 shows that

465

dridomethylmethylidine complexIX) characterized
by a short Ta—C triple covalent bond (1.79A) and a

the CC double character is essentially retained with a Ta—H bond (1.75A).

CC distance of 1.39 A. One alternative is to form two

The two structures leftl{y and V1) formally cor-

Tat—C covalent bonds and this leads to a metallacy- respond to the insertion of Tainto the CC bond of

clopropane structurd () in a triplet state YA,) with

the two GHj isomers. Insertion into the double bond

an optimized structure presenting a typical single bond of ethylene leads to the biscarbene structly® (vith

CC (1.53A). As can be seen ifable ], the inserted

two double covalent TaC bonds and the electronic

species is more stable than the ion—molecule complex ground state is a singlet. The corresponding optimized

by 13.9 kcal mot?. This shows the capability of third
row transition metal cations to form strong covalent
bonds[27]. One can also consider thatTanserts into

a CH bond of GH,4 and forms a T&-C and a Ta-H
covalent bond. This leads to a hydridovinyl complex
(V) in a triplet state {A) lying 21.9 kcal mot! above

structure (V) lies 18.2 kcal mot?! abovel. Insertion
into the CC bond of the methylcarbene isomer leads to
Ta' triply bound to a CH unit (1.78 A) and a methyl
group (2.11A) and the corresponding singlet ground
state is 24.1 kcal moft higher than structure.

The reaction of T4 with ethane could lead to

the lowest energy isomer and thus less stable than thethe nine isomers, the exothermicity of the reac-

metallacyclopropane. From the hydridovinyl complex
(V), Ta" can insert into ther-CC bond of the vinyl
unit leading to a metallacyclel() with a Ta*C dou-
ble bond (1.84 A), a TAC single bond (2.01A) and a
Ta"—H bond (1.73 A). The corresponding ground state
is thus a singlet spin state. As can be seefable 1,
the insertion into ther-CC bond of the vinyl unit is
favorable (11 is 7 kcal molt lower in energy thaiv)
and the resulting isomerl() lies only 14.9 kcal mot*
above the lowest energy structure. From structure
the lowest energy structure)(is formally obtained
by an insertion of Ta into a CH bond of the CHl
group. The optimized structure of the metallacyclo-

tion ranging from—33.1 kcalmot?! for isomerl to
—4.9kcalmot? for isomer1X. In the case of the
reaction with methane, only the three isomers the
lowest in energy could be obtaine@iaple J): the for-
mation of isomet is exothermic by-15.4 kcal mot1

and the one of isomersl and Il by —3.6 and
—0.5kcal mot?, respectively.

6. Discussion

The experimental data give several evidences that
the TaGH4™ ions produced by the dehydrogenation

propene unit displays a characteristic CC bond length of ethane are different from the ones produced by a se-

(1.35A).
StructuresVIIl and I X derive from the interac-
tion of Tat with the methylcarbene, 66.3 kcal mdl

quential dehydrogenation of two methane molecules.
Electronic structure calculations confirm that, from a
thermodynamic point of view, the situation is compli-

higher in energy than the ethylene isomer at the cated since at least nine isomers of Feig+ could
present level of calculation, and they have been found be formed in the former case and three in the lat-

respectively 26.7 and 28.3 kcalmal abovel. The
optimized structure of the carbene complaxii()

ter. Nevertheless, the high selectivity of the reactions
of TaGH4* produced from methane with deuterated

presents a strong agostic deformation, characterizeddihydrogen and methane strongly suggests that the

by a substantial lengthening of a CH bond (1.20 A).

(H)2TaGH,™ isomerl, predicted as the lowest-lying

Agostic interactions are characteristic of unsaturated isomer by theory, plays an important role in these

organometallic systems, but seem to be more pro-

nounced in the case of third row transition metal

reactions. Indeed, this isomer presents twd T4
bonds, and therefore the successive reactions with D

cations than with their first- or second row analogues or CD, could be the result of sequences of wdond

[18]. The insertion into this CH bond leads to a hy-

metathesis $cheme }, reactions which are known
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Scheme 1.

to proceed through low-energy four centers transition
stateq28].

Furthermore, this interpretation would also be con-
sistent with both theoretical and experimental results.
First, (H)(Me)TaGH>* and (Me}TaGH,* are pre-
dicted as being the most stable isomers of Jag
and TaGHg*, respectively. Second, the comparison
of the kinetic of the H/D scrambling observed when
D, reacts simultaneously with TaB;", TaGHg™
and TaGHg™ shows that no H/D scrambling occurs
in TaC4Hg™, while TaGHg" exchanges one H at the
same rate as Ta€l;T does exchange one or two
H. One could then conclude that the reactive ions
corresponding to TagHs™ and TaGHg' involved
in the activation of methane are F7RCGH,>* and
(H)(Me)TaGH>™, respectively.

Nevertheless, the detailed analysis of photofrag-

intensities of the three ions TaB4t, TaGH3D™,
and TaGH,D,™ is given inFig. 10 As previously
mentioned, two fast H/D exchanges could be the
signature of the reaction of (W)aGH,™ through
two successiver-bond metathesis. Nevertheless, af-
ter 15s of reaction, the H/D exchange enBigy( 10

but the populations of the TaEl4+ and TaGH3D™
ions are still significant. This kinetic behaviour rather
suggests that the reaction cell does not only contain
the (HpTaGHo™ isomer. A reasonable assumption
would be that the three Ta€l4+ isomers [, |1, and
I11), predicted to be thermodynamically stable with
respect to the T+ 2CH, by theory, coexist in the
reaction cell. While one fast H/D exchange can be
expected withlll through ac-bond metathesis as
in I, an H/D exchange withl would involve more
significant rearrangements. That is, the population of

mentation processes as well as of the kinetics of the the TaGH4* and TaGH3D™ ions at long reaction

H/D exchange in TagH,4™ suggests that the situation
is probably more complicated as we will be seen in
the next section.

6.1. Kinetic of the H/D exchange

While TaGH4 ™" ions formed from ethane react very
slowly with Do, the ions resulting from the dehydro-

time would, respectively, correspond to isomérs
and dill (deuterated isomelll) as summarized in
Scheme 2

The results of the fit of the experimental data
are given inFig. 10 We have assumed that all the
reactions are pseudo-first order with respect to the
ion, the » pressure being constant. Three param-
eters have been optimized: a pseudo-first order rate

genation of two methane molecules undergo two fast constantKk common for the three H/D exchanges,

H/D exchanges with B The evolution of the relative

and the relative initial populations afandlll. The
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Fig. 10. Kinetics of the H/D exchange of the Ta@* ions formed from methane. Experimental relative intensities of the;MaC,
TaGH3D™', and TaGH,D,* ions as a function of the time (scattered curves). Full lines are obtained according to the fit described in
Scheme 1

optimized values of the parameters suggest that thebe derived. This value would be of the order of
initial population of isomersl and Il are nearly magnitude of the capture collision rate assuming an
the same (ca. 36%) and the optimized valueKoi ion-induced dipole interaction with azDpolarisabil-
0.5s1. Assuming that the temperature and pressure ity equal to 0.72 &. Those results suggest that the
of the reaction are 30K and 1®mbar, respectively,  low activation energyr-bond metathesis could be a
a rate constant % 102 cm?® per molecules! can good candidate for these fast H/D exchanges.

Ds HD ' D HD
IS o s Dy ,on 2 DS ,.cH
2N A L W
H CH k H k D
D, HD
CH_\__ H
Ta’% Ta+{c
7 k N
H \CHZ D CH2

D, HD
Tat f“%
\Cﬂz \

Scheme 2.
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6.2. Reaction mechanisms containing third row transition metals through strong
spin—orbit coupling29,30].

Kinetics factors are also expected to play an im-  The reaction mechanism leading to the formation of
portant role. The fact that the initial population of the TaGH4™ isomersl, |1, andlll is depicted inFig. 11
three isomers as optimized above are nearly equalwhere we give the relative energies of the intermedi-
(36% ofl, 36% oflll and 28% ofll) might suggest  ates relative to the Ta+ 2CH; — H, asymptote. The
that during the reaction of TaGFi 4+ CHj, the system geometrical structure of the transition states of interest
has to proceed through a rate limiting step common to are given inFig. 12 We found that the lowest energy
the three reaction channels leading to the isorhdis path leading to the CHHactivation is not the direct in-
andl 1. The potential energy surface corresponding to sertion of Ta into a CH bond. Instead, we found that
the formation and dehydrogenation of T&G™ has the activation proceeds through the addition of a meth-
been investigated. The complexity of such a mecha- ane C—H bond to ar bond of the metal-methylidine
nistic study is due to the fact that a reaction such as to form the (CH)(H)Ta(CH,)™ (2), the most stable
TaCH,* + CHj is likely to involve quintet, triplet intermediate among all those which were calculated.
and singlet spin states and going from one surface to  Furthermore, this step is not the rate limiting step:
another is being possible for organometallic systems the transition stateT S;— connecting 2) and the

/H H
Ta* +H 2 +H ot H
| AT mo N 1 T\a\CH+ 2
(-3.6) H,C—CH, (0.5) CHy” (-15.4) CH//
H H H
} N
5 /Tafr 8 /Ta\\CH
¢11.0)  cH,—CcH, e
TSy TSz
-1.4) (-4.9)
4 H‘T +§H H‘T N TS(,_7 \ e TS7_9 H\T JH
a a .cla
: / 65) 1 19.4) M\ Scp
(-19.5) ‘ cly~cn, 9 H \C (-19.4) \ /
CH,=%CH, VY CH
CH,
6 7
TSs.4 (-37.9) (-28.3) (-22.2)
(-14.0)
H
e TSi2 \ \, 3 A
Ta’=CH 104y Ta=CHy == Ta™=CH, —5==Tay
CH, ; HyC C,H,
1 2 2 3
(-13.3) (-41.3) (:21.9) (-26.0)
N J N Y NS J
v M N
singlet triplet singlet

Fig. 11. Reaction mechanism associated to the dehydrogenation of the second molecule of methaneEmgr@ées in kcal molt are
relative to the T& + 2CH4 — H, asymptote.
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Fig. 12. Structure of the transition states associated to the mechanism depiEigdifi. Bond lengths are in A and angles in degre®s (

molecular complex of methane (GHa(H)(CH)" surface from (CH)(H)Ta(CH)™ (2)) complex. The
(1), lies only 2.9 kcal mot! above (), and the corre-  transition stateTSy_3 connecting this intermediate
sponding imaginary frequency isi1105cnt?. This (2') to the HTaGHs™ complex @) has been character-
is in contrast with the first dehydrogenation reaction ized.TSy—_3, associated with an imaginary frequency
Tat +CHs4 — TaCHyt + Hy theoretically studied by of i339.0cnt?, lies only 3.4kcalmot! below the
Sandig and Koch, where the rate limiting step is the reactants energy. Therefore, the step corresponding to
oxidative addition of methanf0]. The triplet spin C—C coupling is the rate limiting step for the forma-
state complex (CE)(H)Ta(CH)* (2) has also been tion of the three isomerk, 11 or 111 (Fig. 11). Then
characterized. It lies 19.4 kcal mdi above the singlet  a hydrogeng-shift occurs throughl Sz—4 leading to
(2). The spin change is associated with a change in the intermediate (H)Ta(GH4)™ (4) where an ethy-
the coordination mode of the methylidene group. In lene is bound to a dihydrido unit. An isomerisation of
2, there is a TA=CH, double bond, characterized by this intermediate leads to the dihydrogen complex of
a Ta —C distance of 1.89 A, whereas in ison®rthe the metallacyclopropane @ra(GHa)t (5) which
methylidene group acts as a two-electron donor, and spontaneously looses,Hto lead to the TagHs™
the Ta"—C bond is lengthened (2.07 A). metallacyclopropane isomét. The transition state
We found that the most efficient path leading to TS;—5 has been found to be very close to the reaction
the CC coupling occurs on the triplet potential energy asymptote{1.4 kcal mot ). This could be consistent



470

with the fact that the proportion of isomHras found
in the H/D kinetic modeling is lower than the ones of
I andlll.

The formation of the isomeisandl! 11 of TaGH4t
requires a triplet to singlet change which might oc-
cur through the isomerisation &f into the singlet

A. Smon et al./International Journal of Mass Spectrometry 219 (2002) 457473

the ones irl. They are also similar to the ones of the
lowest energy isomefA,) of the WGH,t ion char-
acterized by Gee et aJ17] (WC = 1.958A, CC=
1.350 A, CCH= 141.00). This structure lies very low

in energy. Indeed, in agreement with the experiment
showing that two spontaneous dehydrogenations of

spin-state dihydrometallacyclopropane intermediate ethane by Ta are observed, the reaction enthalpy

(H)2Ta(GHa)* (6) which lies 37.9 kcal mol! below

associated with the double dehydrogenation of ethane

the reactant asymptote. Then this intermediate may has been found to be6.3 kcal mot L. The thermody-

lead to the trihydrovinyltantalum (HJa(CHCH)
complex @) lying 28.3 kcal mot! below the asymp-
tote via the transition stat& Sg—7 associated with
insertion of Td into an «-CH bond. The next step
leading to the formation of the isometl involves

a concerted reductive elimination of,Hand a co-
ordination change of the vinyl unit leading to the
intermediate §). The corresponding transition state
TS;—g is just above §). An alternative channel leads
to the formation ofl. It starts with a concerted re-
action. Indeed, a low-energy transition stat&;—g

namic thresholds associated with the dehydrogenation
of each the isomers of TaB4+ are small and the
largest value, obtained for the dehydrogenation,of

is 26.9 kcalmot?! (or 1.17 eV) (sedable J).

The TaGH4+ ions made by dehydrogenation of
ethane are characterized by a small photodissociation
threshold for the loss of Fsince TaGH,* ions are
observed even when the 850 nm long wavelength pass
color filter is used. That is, the appearance threshold
of TaGH," is lower than 1.46 eV or 33 kcal mot.
When the neutral reactant is methane, on the con-

has been located and it is associated with a concertedtrary, the loss of il from TaGH4™ is only observed

intramolecularg-migration of H and H-H reductive
elimination to form the (H)(H)2Ta(GH2)t interme-
diate @) which leads to isomelr after loss of H. As
can be seen irig. 11, the rate limiting step for the
formation of isomerd andlll is the CC coupling.

6.3. Photofragmentation processes
The photofragmentation behaviour of the p&iG™

ions strongly depends on the formation process. Al-
though a similar TagHst — TaGH, — Ta® se-

with photons of 2.43eV (56.0kcalmoY) energy

or higher, value which is much higher than all the
predicted thermodynamic thresholds. Among other
factors [31], one could think that the origin of the
large photodissociation threshold could be due to a
lack of low-energy electronic excited states for the
TaGH4T ions. Thus, vertical excitations to the lowest
electronic excited states have been calculated for the
nine TaGH,4™ isomers and the energy corresponding
to the lowest transition is given ifiable 1 At both
levels of theory, one can see that the electronic spec-

quential process occurs, the threshold appearance oftra of the different isomers are very different. While

TaGHyt is significantly higher when the Ta@Gl4™
ions are formed by the dehydrogenation of two
methane molecules @3+ 0.14 eV) rather than one
ethane &1.46eV). Electronic structure calculations

the ethylenic compleX/Il presents a low-lying ex-
cited state at only 4.1kcalmo}, the first excited
electronic state of the dihydrometallacyclopropene
complex! is very high in energy (75.6 kcal mot).

have been performed to compare thermodynamic andAn inspection ofTable 1lreveals that in the case of

photodissociation thresholds. The T&G™ ion has

triplet or quintet spin states, as in the case of isomers

been characterized as an inserted complex with two 11, V, and VII, the first excited state is systemat-

TatC covalent bonds: its ground state is a triplet
spin state YA,), and the geometrical parameters of
the metallacyclopropene unit (Ta€ 1.983A, CC=
1.365A, CCH = 1356°) are essentially similar to

ically low in energy (4.1-10.7 kcalmol). These

electronic transitions correspond to an excitation of
a non-bonding d electron. In the case of singlet spin
states, two cases should be distinguished. When a
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weakm metal-ligand bond is involved, such aslin, 7. Conclusions and per spectives

IV, VI, VI, andIX, there is a relatively low-lying

excited state corresponding to a charge-transfer from The characterization of the reaction intermediates
a metal-ligand bond to an empty d orbital. On the associated with the activation of alkanes is quite
other hand, structurkis unique since Tais engaged  complex. This work confirms that the combination

in four o covalent bonds. This is not surprising to of experiments and electronic structure calculations
find the first excited electronic state very high in en- helps towards this end. The integration of spin—orbit
ergy since it corresponds to the charge-transfer from coupling in the exploration of the potential energy

a metal-hydride to an empty d orbital. surface would singularly improve the characteriza-
In the case of ethane, the nine isomers are ther-tion of the present system. Nevertheless, considering
modynamically accessible and six of ther, (V, its dimensionality, an extensive exploration would

VI, VII, VIII, and I X) present low-energy excited remain difficult. This work shows that when Tae-
states which lie less than 1eV above the ground acts with methane, the mass-selected ;Fag ions,
states. Therefore, the TagB,™ ions observed when formed after the consecutive dehydrogenation of two
the 850 nm long wavelength pass colored filter could methane molecules, react very specifically with D
be produced from these isomers. Interestingly, by and CD,. Reactions with C[p suggest that the reac-
monitoring the percentage of the photodissociated tive TaGH4™ ions are probably the ones presenting
TaGH4™ ions as a function of the filter cut-off the (HpTaGHo™ structurel, found to be the low-
wavelengths, one can observe that at 510 nm the per-est energy structure by theory. This would be also
centage of photo-dissociated ions increase from 35 consistent with the high energy photodissociation
to 50% suggesting that electronic excited states of thresholds associated with the loss of. ieverthe-
other isomers can be reached. In the case of methaneless, the analysis of the kinetic of the H/D exchange
the high energy photodissociation threshold 2.43 eV reactions between Dand TaGH4™ ions reveals that
(56.0 kcal mot1) obtained could be the signature of three isomers probably coexist in the reaction cell.
the exclusive formation of isomers presenting elec- Infrared would offer an alternative method for the
tronically excited states only at high energy. With this structural characterization of the ionstMDue to the
respect, the isomeitsandlIl, which are predicted by  low density of the ions in the ICR cell, infrared ab-
theory to be accessible kinetically and thermodynam- sorption techniques are impossible. Yet, IR spectrum
ically, could be the good candidates (s&able 1. can be derived by monitoring the fragments formed
Nevertheless, one could not also exclude the iso- through an infrared photoinduced dissociation after
mer |V since its formation is predicted to be only exciting a vibrational transition of the parent iortv
slightly endothermic+2.8 kcal mott). The fact that Such IR spectroscopy of Min the gas phase has been
the thermodynamic threshold for the loss of flom achieved by using the so-called “messenger” tech-
| is predicted to be larger than the observed pho- nique where a weakly bound complex ion (Mm)*
todissociation thresholds of the ions produced from is made between the ion of interestMnd the mes-
methane does not exclude this isomer. Indeed, the senger m, which is typically a rare gf&2,33] The
formation of isomet is predicted to be very exother- weak interaction between Mand m not also insures
mic (—15.4kcalmot?l) and one cannot exclude an a weak perturbation of the vibrational signature of
incomplete cooling of this isomer which could shift M but also that the dissociation threshold M- m

the photodissociation threshold to lower energy. Fur- would be reached after absorption of one infrared
thermore, the prediction of the relative energies of photon by the complex iotM — m)™. More recently,
the excited states of the present ions constitutes aseveral studies have shown that the use of an intense
difficult task and the TD-B3LYP might overestimate and tuneable IR source such as the one provided
the electronic excitation energy. by a free-electron laser allows for the derivation of
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Fig. 13. Calculated infrared spectrum of the three lowest-energy isomelis @ndlll) of TaGH4". The discrete spectra determined at
the B3LYP level have been convoluted with a 30énFWHM Lorentzian line profile.

the IR spectrum of polyatomic ions isolated in an
ion trap [34,35] Resonance-enhanced multiphoton
dissociation (IR-REMPD) is achieved and the IR
spectrum is obtained by monitoring the intensity of
the fragment ion as a function of the wavelength.
The efficiency of such a multiphoton process strongly
relies on the IVR which has to take place in order
to allow for a resonant absorption in the same vibra-
tional mode[36]. The comparison of the density of
vibrational states of the Ta€l41 ion, determined for
several isomers of interest, to the one of P34
which have been characterized by IR-REMPD, sug-
gests that the efficiency of the IVR process should
be sufficient to induce dissociation in the present
case.

The vibrational spectra of the nine isomers of

sis of the normal modes reveals that it corresponds to
the Ta"—H stretching which ranges between 1925 and
1973 cnm! according to the isomersandl1l. That

is, a dissociation of TagHs' into Hy + TaGH,T
induced by an irradiation at this wavelength would
demonstrate the presence of an isomer presenting a
metal-hydride bond. The only isomer showing a band
above 2000 cm! is the one which presents an ethyli-
dene ligand (isomeWI11), the peak at 2252 cmt
corresponding to the C—H stretching of the terminal
methyl group. The distinction between the different
isomers also appears in the bending frequencies prior
to 1200 cnml. For example, the biscarbene complex
(isomer 1V) presents no signal between 500 and
1200cnm! except a very intense peak at 788¢m
that can be attributed to the out of plane bending of

TaGH4t have been characterized and the spectra of the methylidene group. Therefore, we plan to con-

the representative isomerk, (I, andlIl) are given
in Fig. 13 As can be seen ifrig. 13 within the
1600-2000 cm?, only one band appears. The analy-

duct IR direct characterization experiments coupling
the mobile FT-ICR MICRA (mobile ion cyclotron
resonance apparatus) which is under development in
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our laboratory to the infrared radiation emitted by the
free-electron laser CLIQB7] at LURE.
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