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Abstract

Gas-phase clustering reactions of CdQuth H, and with CH, were investigated using temperature-dependent equilibrium experiments.
In both systems, the CoCgon was found to form strong interactions with two ligands. The first and secemgtdtips cluster to CoCp
with bond energies of 16.2 and 16.8 kcal/mol, respectively, while the first and secangr@ips cluster to CoCpwith bond energies of
24.1 and 12.1 kcal/mol, respectively. These bond energies are in good agreement with those determined by density functional theory (DFT).
Molecular geometries for the four clusters determined with DFT are also presented. Weak experimental bond energies of 0.9 kcal/mol for the
third H, and 2.2 kcal/mol for the third Citlustering to CoCp suggest these ligands occupy the second solvation shell of the ion. In addition
to clustering in the methane system-elimination from CoCp(CHl),* was observed. The mechanism for this reaction was investigated by
collision-induced dissociation experiments and DFT, which suggest the predominetiertihation product is¢-CsHg)Co"—C,Hs. Theory
indicates that dehydrogenation requires the active participation of the Cp ring in the mechanism. Transfer of K grodi@Ho the €ring
ligand allows the metal center to avoid the high-energy Co(lV) oxidation state required when it forms two covalent bonds in addition to its
interaction with a G-ring ligand.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction study ofa-bond activation, there exists a more fundamental
one. Sigma bonds are the most basic and prevalent bonds in
The activation ofc bonds in hydrogen and small alka- the world of chemistry. An understanding of how they are
nes has been the subject of many investigatidis One formed and broken holds a fundamental interest to chemists.
reason for this interest is the fact that alkanes, in the form As the molecule with the simplest bond, hydrogen has
oil and natural gas, make up an important feedstock for the been the focus of many activation studjgs
chemical industry. Alkanes also happen to be comparatively Transition metals have been the traditional agent of
unreactive compounds. For instance, ethylene and acetylener-bond activation and their chemistry may hold the potential
both have stronger C—H bonds than methane but are morefor a method of controlled activation. A limited number of
reactive[1d]. While methods exist for the transformation investigations of reactions between neutral transition-metal
of organic compounds with one functional group into com- atoms and small alkanes in the gas phase have been carried
pounds with a different functional group, alkanes remain out [3]. Results show that in most case the neutral atoms
a largely untapped source of precursors for more valuableare unreactive. This has been attributed to the repulsive,
compounds. In addition to this practical motivation for the occupied valence ‘s’ orbitals of the neutrals. More reactive
systems can be found by looking at transition metal cations.
P These systems have been widely studied, in part because
* Correspondmg author. Tek:1-805-893-2673; faxi1-805-893-8703. they lend themselves to investigation using a variety of
E-mail address: bowers@chem.ucsb.edu (M.T. Bowers). A . :
1 present address: Institut fir Physikalische Chemie, Universitat Karl- Mass spectrometric techniques. In 1979, Allison, Freas and
sruhe, Fritz-Haber-Weg, 76128 Karlsruhe, Germany. Ridge, discovered that transition metal ions oxidatively
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insert intoo bonds of alkanes in the gas phddg Since and geometric structures of the species involved in Reactions
then, many research groups have shown that bare transitior(1) and (2).
metal ions are reactive with larger alkarjéa,b] As with the bare Cb/CH,4 system, when CoCpreacts

In the condensed phase, reactivity is achieved by bind- with a single CH ligand, only clustering is observed. Unlike
ing transition metals with oxidizing ligands. In the early the bare Ct system though, when a second £id added,
1980s, several groups demonstrated the first examples ofclustering (Reaction (3a), where M is a stabilizing collision
intermolecular alkane activation by a transition-metal com- partner) and cluster-assisted-dlimination (Reaction (3b))
plex. Rhodium and iridium complexes, O4(PMe3) (M = are found to be competitive reaction channels.
Rh, Ir) and CpIrCO (Cp* = CsMes), have been found to M
activate C—H bonds in alkands]. Complexes containing CPCO" + 2CHy = [CoC7H137]*=CpCo" (CHa)2  (32)
other metals, including Fe, Rh, Pd, Re, Os and Pt, have also
been found to activate alkanggj. — CoGHu™ +Hz  (3b)

Several studies investigating the role of ligands in The structure of Co@H11+ formed in Reaction (3b) was
gas-phase reactions of transition-metal ions with hydrogeninyestigated by measuring its fragmentation pattern in
and small alkanes have been published. Guided ion-beammass-analyzed ion kinetic energy spectroscopy (MIKES)
techniqueq7] and FT-ICR[8] have been used to measure an( its H-loss kinetic energy release distribution (KERD).
changes in reactivity, branching ratios and bond strengths asthese results and extensive DFT calculations are used to

a result of transition-metal ion ligation by CO.8, CH,O establish the reaction mechanism fos léss from double
and ChS. Our group has used temperature-dependentmethane addition to CoCp

equilibrium experiments to investigate cluster-assisted ac-
tivation in the S¢/H, and Tit/CH,4 systemd9]. In these
systems, addition of multiple ligands to the metal ion is 2 Methods
required to provide the energy necessary for insertion into
an H-H or C-H bond. 2.1. Temperature-dependent equilibrium experiments

The role of the Cp 4°-CsHs) ligand in gas-phase
ion-molecule reactions has received only limited attention  Temperature-dependent equilibrium experiments were
[10,11} The Cp ligand is ubiquitous in condensed-phase carried out to investigate the clustering of Bind CH, with
organotransition metal chemistry and plays a key role in cocpr (Reactions (1) and (2), respectively). The method
some industrially important reactiori2]. It forms strong used has been previously described in def@d,16] and
bonds to transition metals and is chemically resistant so gnjy the specifics of this experiment will be discussed
it often functions in a passive role in reactions. We have nere. CoCpr ions were formed by electron impact (EI) on
reported in a communication that in gas-phase reactions,cocp(C0), mass-selected with a quadrupole and injected
CoCp" is capable of eliminating iwhen clustered with into a reaction cell containing several Torr of lér CHy.
two methane ligandfL3]. This was an interesting observa- |ons drifted through the cell under the influence of a weak
tion given that bare Co only forms clusters with methane,  glectric field. This electric field does not measurably per-
with no elimination observed at thermal energigs]. turb the thermal energies of the ions. The reaction time of
In fact, bare C& does not activater bonds in ethane at CoCp" clustering with B or CHs is proportional toP/V,
thermal energies, even though the-élimination reaction  \yhereP is the pressure in the reaction cell awdis the
is exothermic by about 11kcal/m@ls]. However, facile  grift voltage, and can be varied to ensure equilibrium of
Ha-elimination from ethane is observed in thermal reactions Reaction (1) or (2) is established. As the ions exited the re-
with CoCp™ [11]. In the CpCd (CHa). case, evidence pre-  action cell, they were analyzed by a second quadrupole and

sented in the communication suggests thatefimination detected. The temperature of the reaction cell was varied
is only possible with the active participation of the Cp ring  oyer a range of 80-800K and the equilibrium constakits,
in the mechanism. were determined as a function of temperature ugiqg(4)

In this paper we will present the results obtained in
temperature-dependent equilibrium studies of Cb@fus- g _ CoCp (L), (760 (@)
tering with both B and CH,. CoCp"(L),—1PL
CpCG™ (Ha)y_1 + Hz = CpCot (Ha), (1) In this expression, L represents eithep dr CHy. The

value CoCp (L), is the intensity of the product ion and
CoCp*(L),_1 is the intensity of the reactant ioR, is the
pressure of the neutral reactant in Torr and the factor of
760 normalizes the equilibrium constant to standard-state
conditions. The equilibrium constants were then used to
calculate standard-state free energi®&;s, usingEqg. (5)

CpCO' (CHg),—1 + CHs = CpCO" (CHa), )

These experiments allow us to determing/; and ASg

for Reactions (1) and (2), for = 1-3. To complement
the experimental results, density functional theory (DFT)
calculations were carried out to determine binding energies AGT = —RTIn K (5)
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Enthalpies and entropies for Reactions (1) and (2) were 2.3. Theory
determined by plottingA G5 versus temperaturd, which

yields a line with an intercept equal thH$ and a slope Species involved in Reactions (1), (2) and (3) were exam-
equal to—AS7 (Eq. (6). ined by DFT with the B3LYP functiongll9] using JAGUAR

5.0 [20]. Geometry optimizations were first performed us-
AGT = AHT —TAST (6) ing JAGUAR’s LACVP basis set. This is composed of Hay

and Wadt's Ne core ECP in conjunction with their stan-
The values determined by this method are valid over the dard valence doublé-basis sef21a]for Co and a 6-31&
temperature range of the experiment. Bond dissociation en-basis seff21b] for C and H. Final single-point energies
ergies atl’ = 0K (—AHJ) were obtained by fitting the ex- ~ were evaluated using JAGUAR'’s LACV3P basis set, which
perimental data using a statistical mechanical model basedis a valence triplé- contraction of the Hay and Wadt ba-
on vibrational frequencies and molecular geometries deter-sis set for Co and a 6-3%G** basis sef21c,d] for C
mined from DFT calculations. and H. Thorough examination of the complexation of H
to CoCp" strongly suggested that the B3LYP functional
is biased toward the high-spin quartet state. Data on the
doublet state of CoCp and its various complexes were
more consistent with experiment. Thus, in this work we
restrict ourselves to calculations on the doublet potential
energy surface for the reaction of CoCpvith two CHy

2.2. MIKES experiments

To investigate the structure of the Cg€i;™ ion
formed by reaction of CoCp with methane, we per-
formed metastable and collision-induced dissociation

(CID) ion kinetic energy studies using a reverse-geometry molecules.
double-focusing mass spectrometer (V.G. ZAB-ZEY].
The CoGHi1™ ions were generated by two different meth- 3 Results

ods: Reaction (3b) and by direct clustering with ethane

(Reaction (7). 3.1. Equilibrium experiment

M
CpCo'CoHg = [CoC7H11T]*=CoGH 1t (7a) Standard-state free energiesG$, were determined, as
described in the Methods section, over a wide range of tem-
— CoCrHo™ + H2 (7b) peratures for sequential clustering op ldnd CH, to the

CoCp" core ion. These data are plottedfig. 1 In each
For each method, CoCpwas formed by El on CoCp(C®) system, a maximum of three ligands were found to clus-
in the ion source. The ions exiting the source were ac- ter to CoCp. The AH$ and AS5 values determined from
celerated to 8keV and CqBl;;t was mass-selected these plots are collected iFable 1for clustering with H
by the magnetic sector. Decomposition occurred either and Table 2for CH4. In both systems, the first two lig-
metastably or was induced by collision with helium in ands are relatively strongly bound, 16.2 and 16.8 kcal/mol
the field-free region between the magnetic and electric for the first and second Hligand, respectively, and 24.1
sectors. and 12.1 kcal/mol for the first and second £hyand, re-

Full-scale mass-analyzed ion kinetic energy spectra spectively. The third ligand in each case is weakly bound,
(MIKES) for both metastable dissociation and CID were 0.9 kcal/mol for B and 2.2 kcal/mol for Cll The entropies
obtained by scanning the electric sector plate voltages tofollow a similar pattern. There is a substantial drop in en-
pass fragment ions with kinetic energies between 0 andtropy for addition of the first two ligands, while the drop for
8000 eV. In the resulting spectra, peaks are observed at enthe third is significantly smaller in both the Co€i#l, and
ergies corresponding to the fragments formed during disso- CoCp"/CH, systems.
ciation. These experiments were repeated for St§Dg™
formed in reactions of CoCpwith CD4 (as in Reaction  3.2. MIKES experiment
(3b)) and GDg (as in Reaction (7)). Product KERDs for
H; loss from CoGH11* formed in Reactions (3b) and (7) The metastable MIKES for Co@l11+ formed by both
were obtained by narrowing the electric sector scan for the Reactions (3b) and (7) are shown kig. 2 As the spec-
CoG/Hg™ fragment formed under metastable conditions. tra indicate, the only significant fragment produced under
These distributions were converted from the lab frame of metastable conditions in both cases is @dgt, due to b
reference to the center-of-mass frame of reference using thdoss. More fragmentation is observed under CID conditions,
TRAMP method[18]. Fig. 3. For CoGHy; T formed from CoCp + CyHg (Re-

All chemicals used in these experiments and in the action (7)), the most significant ionic fragments produced
equilibrium experiments described in the previous section upon CID are Cd, CoCp" and CpCd (CoH4) (Fig. 39.
were obtained commercially and were purified only by The corresponding spectrum for CoCp- C;Dg (data not
freeze—pump—-thaw cycles to remove noncondensable gaseshown) indicated a similar fragmentation pattern, with"Co
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Fig. 1. Plot of experimentahG® vs. temperature for the association reactions CpCe,_1 + L = CpCa" (L), for (a) L =H, and (b) L= CHjy.

Table 1
Experimental AH; and AS values at temperaturd and experimental and theoretical H§ values at OK for the reaction(Cp)Co* (H2),_1 +
Hz = (Cp)Cot (Ha),

n Experiment Theory
—AH3 (kcal/mol) —AS7 (cal/molK) T(K)? —AH{ (kcal/mol) —AHg (kcal/mol)
1 17.1+ 0.9 26.7+ 1.7 525+ 100 16.2 15.1
2 185+ 1.1 28.2+ 2.2 490+ 100 16.8 16.6
3 11+01 116+ 1.1 100+ 250 0.9 -

a8 Experimental temperature range.
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Table 2
Experimental AHS and AS7 values at temperatur@ and experimental and theoreticAlHg values at OK for the reaction(Cp)Co" (CHg),—1 +
CHz = (Cp)Co* (CHa),
n Experiment Theory
—AH3Y (kcal/mol) —ASS (cal/molK) T(K)? —AHY (kcal/mol) —AH( (kcal/mol)
1 25.44+ 1.9 30.8+ 2.7 650+ 100 24.1 18.7
2 126+ 1.1 32.9+ 3.9 325+ 750 12.1 114
3 22+ 0.1 17.8+ 1.3 100+ 250 2.2 -
2 Experimental temperature range.
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Fig. 2. Kinetic-energy/mass spectra for metastable dissociation ofl g€ formed by (a) reaction of CoCpwith C;Hg and (b) reaction of CoCp
with 2CH, followed by H-elimination. The peaks observed between 4000 eV and thiss peak are artifacts.
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Fig. 3. Kinetic-energy/mass spectra for collision-induced dissociation of;BeC formed by (a) reaction of CoCpwith C,Hg and (b) reaction of
CoCp" with 2CH, followed by H-elimination. Insets show an enlargement of each spectrum in an energy range of 6400-6600 eV.

CoCp" and CpCd(CzD4). No HD or H; loss is observed  CoGyHy;™ formed by B loss from CoCp + 2CHjy in
for CoCp" reacting with GDg. Fig. 3bshows significant peaks corresponding to Gdg"

Just as in metastable dissociation, CID of Gbig™ and CoGH7'. The fragmentation of CoffsDg™ formed
formed by sequential reaction of CoCpwith two CHy by D, loss from CoCp + 2CD4 was also examined (data
molecules followed by HKelimination (Reaction (3b))  not shown). Although the signals for the deuterated analog
shows a significant peak corresponding tg Hss. In ad- were weaker, it appears to lose,IHD and H.
dition, as seen in the CID spectrum for Cédi;+ formed KERDs for H loss from CoGH11+ formed in Reac-
from CoCp" + CyHg, there are strong peaks for €o  tions (3b) and (7) are shown Fig. 4 The two distributions
and CoGHs™. In contrast, however, the CID spectrum of are nearly identical. In both cases, the-ldss KERD is an
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1.0 1
C()(jpJr + CzH(, -
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Fig. 4. Experimental KERDs for metastable; kbss from CoGH1;+ formed by (a) reaction of CoCpwith CoHg and (b) reaction of CoCp with
2CH;, followed by H-elimination.

average of several sets of scans taken on different occasionstatistical, indicating no energy barrier in the exit channel
with main-beam lab-frame-of-reference resolutions ranging for formation of products is present in either reactjag.
from 1.4 to 2.0eV FWHM. The center-of-mass distribution

for Hz loss from CoGHy1™ formed in Reaction (7) has an  3.3. Theory

average kinetic energy release of 8% meV. The KERD

for Hy loss from CoGH11™ formed in Reaction (3b) has an The lowest-energy doublet structure for CoCpeter-
average release of 385meV. Both KERDs appear to be mined in the DFT calculations is shown fig. 5. The
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Fig. 5. Geometry of the CoCpdetermined by DFT. The distance between
Co and the Cp group is given in A. Cobalt atoms are shown in dark gray,
carbons in medium gray and hydrogens in light gray.

Cp ligand is a strong electron-withdrawing group and thus
oxidizes the metal to form a Co(ll) center. The Cp ring
is almost planar with the Co atom approximately 1.73A
away.

Several structures for the Cp€gH,) doublet were ex-
amined. The lowest-energy structure is showRim 6. The
Cpring is 1.76 A away from Co and theoHgand is 1.66 A
away from Co. The B group forms an angle of 128.3vith
the Cp ligand, while the kbond is approximately parallel
to the plane of the Cp ring. Theztbond length is 0.79 A,
0.05A longer than the bond in free;HThe other struc-
tures considered, wheresHbs reoriented relative to the rest
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x |
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of the complex, all have geometrical characteristics similar

to those described for the lowest-energy structure. They are
2.0-3.6 kcal/mol higher in energy than the structure shown

in Fig. 6.

The structure for CoCp clustering with two H lig-
ands was also investigated. Again, several possible struc-
tures were considered for the doublet CpQid,),. The
lowest-energy structure is shown ig. 6. The Cp ring is
1.78 A away from Co and the Higands are 1.67 A away
from Co. The H groups from an angle of 99 Wwith one
another and an angle of 127.with the Cp ligand and are
tilted at an angle of approximately 18elative to the Cp
plane. The H bonds are both 0.79 A long. Structures with
different orientations of the Fligands are 0.7-2.3 kcal/mol
higher in energy.

The lowest-energy structures for CpQ€H;) and
CpCo"(CHy), are shown inFig. 7. For the CpCd(CHg)
cluster, the Cp ring is 1.74 A away from Co. The methane
group coordinates to Co with a configuration where the
carbon atom is 2.17 A away from cobalt. Methane forms
an angle of 163.7with the Cp ring. In the lowest-energy
CpCa(CHyg)2 structure, the Cp ring is 1.76 A away from
Co. Both methane groups coordinate to cobalt withndn
configuration where the carbon atoms are 2.35 A away from
cobalt. The two methane ligands form an angle of 89.9
with each other and are both at an angle of 135€lative
to the Cp ring.

/£ ® \\\
i

L’ N
X

Fig. 6. Geometries of the Cp&¢H,) and CpCd (H.). clusters determined by DFT. Selected intramolecular distances and angles are given in A and

degrees ), respectively. Cobalt atoms are shown in dark gray, carbons in medium gray and hydrogens in light gray. Insets show the orientation of the

H, ligand(s) relative to the Cp ring. In the Cp€H.), structure, the Kl ligands are in the same plane as one another and are tilted approximately 16

with respect to the plane of the Cp ring.
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Fig. 7. Geometries of the CpC&¢CH,) and CpCd (CH,). clusters determined by DFT. Selected intramolecular distances and angles are given in A and
degrees ), respectively. Cobalt atoms are shown in dark gray, carbons in medium gray and hydrogens in light gray. Insets show the orientation of the
CHy ligand(s) relative to the Cp ring.

Using the spatial orientations indicated in thigs. 5—7 the observed drop between the first and second Bdihd
the C&™* electron configuration in the Cp&¢H,)1 > and energies.
CpCo'(CHa)1 2 clustersigd 2)?(d,2_ ,2)3(dy)(dy) (ds:)°-
Thus the Cp ring destabilizes the Goorbitals (d, and
d,;) and the ligands coordinate to the emptyrbital (d.;). 4. Discussion

The CpCa—(Hz) and Cp(H)Co™—(H;) bond energies
(—AH{ for Reaction (1)) determined with DFT are shown in It is well known that bare transition metal ions are able
Table 1 The first B ligand is bound by 15.1 kcal/mol, while  to activatec bonds in propane and larger alkarj&§,23].
the second is slightly more strongly bound at 16.6 kcal/mol. Here, we report our experimental evidence that the ligand
These numbers are in good agreement with the bond en-effect imposed by the cyclopentadienyl group on a cobalt
ergies determined experimentally. The CPG¢CH,) and ion allows it to induce H-elimination from two methane
Cp(CHs)Co"—(CHz) bond energies{A Hg for Reaction molecules (Reaction (3b)). This reaction has been observed
(2)) determined with DFT are listed ifable 2 Calculations in temperature-dependent equilibrium studies and MIKES
show the first methane ligand to be bound by 18.7 kcal/mol. experiments. The mechanism is further investigated by DFT
While the second biligand in the CpCd(Hy), system is as described below.
bound more strongly than the firsplgroup by 1.5 kcal/mol,
the second methane in the CpG&H,), system is bound  4.1. CpCo*(H,), and CpCo*(CHy,), bond energies
significantly more weakly, at 11.4 kcal/mol, compared to the
first methane ligand. The agreement between the experimen- The experimental and theoretical bond energies for the
tal and theoretical CpCqCHg)1.2 bond energies is not as  CpCo*(Hz), and CpCd (CHa), clusters determined in this
good as in the CpC(Hz2)1.2 system but theory does predict study are listed inTable 3 For comparison, experimental
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Table 3
Experimental and theoretical bond dissociation energies in kcal/mol fo(lG91 2, Cot(CHg)1.2, CpCo™(Hz2)1.2 and CpCd (CHg)y1 2
Equilibrium lon beam DFT Equilibrium DFT

Cot—(Hp) 18.2+ 1.07 1754+ 2.3 18.6°
(H2)Cot—(Hy) 170+ 0.7 - 16.6 CpCo—(Hy) 16.2 15.1
(H2)2Cot—(Hp) 9.6+ 0.5 - 8.4 (H2)CpCao—(Hy) 16.8 16.6
(H2)3Cot—(Hy) 9.6 + 0.6% - 1.F (H2)2CpCof—(Hy) 0.9 -
Co™—(CHy) 23.1° 214+ 1.4 22.9
(CH4)Cot—(CHa) 25.9 231+ 1.A4 22.p CpCao—(CHy) 24.1 18.7
(CHg4)2C0™—(CH) 7.3 9.4+ 1.4 5.4 (CH4)CpCot—(CHy) 12.1 11.4
(CHg4)3Ca™—(CHy) 5.0 15.44 1.4 2.0 (CHg)2CpCot—(CHg) 2.2 -

aFrom [24a].

b From [14b].

¢ From [24b].

d From [14a].

€ From [25].

and theoretical bond energies for bareCdustering with shows that when just one GHigand clusters to CoChp
H, and CH, are also shown. For clustering of both End the methane carbon is 2.17 A away from the cobalt atom.
CH,4 to bare Cd, a pair-wise behavior was observed ex- When a second methane ligand is added, both ligands pull
perimentally and theoretically for the bond energies. These out so they are 2.35A away from the cobalt center, consis-
patterns have been explained based on the geometries of theent with the weaker Cp(CHCo™—(CH,) bond. The third
clusters and the hybridization of the €walence orbitals  methane ligand was found to be bound by only 2.2 kcal/mol
[14,24,25] For Hp, the first solvation shell fills with six lig-  and just as in the CpCdH.), system, the entropy change
ands in a pseudo-octahedral structure, while for the largerfor the addition of this ligand is significantly smaller than
CH, group, four ligands occupy the first solvation shell in for the first two CH ligands, indicating that it is part of the
a pseudo-plandd,n, symmetry (two shorter and two longer second solvation shell.
Co"—CH, bonds).

Examination of the bond energies and entropy changes for4.2. Loss of H, from CpCot*(CHa,)2 in equilibrium
H, clustering with CoCp (Table 1 shows that the CoCp experiments
core interacts strongly with only two Higands. In other

words, the Cp ring and two Hligands fill up the first sol- When CoCp is injected into the reaction cell contain-
vation shell of Cd. The first two H groups bind almost as  ing methane and equilibrium is established, mass spectra of
strongly to CoCp as to bare Cob (Table 3. The third H ions exiting the cell show a peak two mass units below the

ligand is bound by less than 1 kcal/mol. The valuesAck; CpCo'(CHy)2 peak (data not shown). This peakrat; =
listed in Table 1also indicate that CoCpdoes not have a 154 corresponds to a species with the formula @G+
strong interaction with the third H#imolecule. that we attribute to bl loss from CpCd(CHg). (Reaction

The substantial drops in entropy for the additions of the (3b))2 The propensity to form Cof11" depended strongly
first and second pare consistent with the first two lig-  on the cell temperature and pressure. Ratios of the intensities
ands being locked relatively tightly in place, resulting in of them/z = 154 ion to themV/z = 156 ion ranged between
the substantial loss of movement for these groups. On the0 and almost 1. Hence, whileHoss was not a major re-
other hand, the third, weakly bound; ilgand has a much  action channel for the [CpCqCHa)2]* intermediate under
smaller drop in entropy, consistent with a less restricted in- all conditions, it was observed. This remarkable observation
teraction. The idea that the first solvation shell is filled for prompted further study of the reaction using MIKES.
CpCo'(H>)2 is consistent with the molecular geometry ob-
tained in the DFT calculation&ig. 6shows thatthe Cpring  4.3. Metastable and collision-induced dissociation
and two B ligands leave little room for an additional ligand
to approach the metal center. The loss of H from CpCa"(CHjy), (Reaction (3b)) was

A similar pattern is observed for the CpOEHa), sys- also observed in the MIKES experiments. The structure of
tem. The first CH ligand forms a relatively strong bond the H-loss product was investigated by comparing its frag-
to CoCp" at 24.1 kcal/mol Table 3. This bond strength is  mentation pattern with that of CpG&¢CoHs) formed in Re-
similar to what is observed for the first two GHigands
binding to bare Cb. However, there is a substantial dropin  — . .
bond gnergy to 12.1 keal/mol for the second methanepclus- 2 The peak observed atvz = 154 is not'belleved to be due to

. o . ; CpCo™(CH,)(CH4) because activation of a single methane by CoCp
tering to CoCp. This is consistent with the structures for (i.e., formation of CpCt(CHs,)) was not observed under any of our ex-
CpCo"(CHy) and CpCd (CHy), determined by DFTEig. 7 perimental conditions.
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action (7). Under metastable conditions; ldss is the pre-  uct ion formed in Reaction (3b) are Cp&(€,;He) and
dominant reaction for CofH1;™ formed by either Reaction  (c-CsHg)Cot—CoHs. Exclusive formation of the ethane
(3b) or (7). This can be seen in the spectra showhign 2 complex, CpCd(CzHg), can be ruled out by comparing
However, more structural information can be gained by ex- the CID fragmentation patterns iRig. 3. Formation of
amining the CID spectra. a significant amount ofcfCsHg)Co™—C,Hs is consistent
Fig. 3 shows that the fragmentation patterns for with the strong peaks for CaElg™ and CoGH7' ob-
CoG/H11t formed by the two methods are significantly served in the CID spectrunirig. 3b). Collisional activation
different. For CoGH11™ formed by Reaction (7), the large  of (c-CsHg)Cot—CoHs would most likely result in loss of
CoHg-loss peak is consistent with an ethane complex, both GHs and GHa.
CpCoa"(CoHg), for the structure of the Col11+ precur-

sor ion. In contrast, the spectrum obtained for @dG™ 4.4. Hy-loss KERDs
produced by H loss from the CpCb(CHy), cluster has a
significant peaks corresponding to the masses ofsEigt We have also measured the KERDs fos ldss from

and CoGH7™. These results suggest the structures of the metastable CogHi;™ formed by the two methods (Reac-
CoG/H11t ions formed by Reactions (3b) and (7) are tions (3b) and (7)). These distributions are showrig. 4.
different. As in the full-scale MIKES measurements, the peak with the
High-resolution scans revealed multiple peaks at the nom- highestm/z at mass 154 was used to measure thddds
inal mass of 154 in both systems. It is possible that some of KERD shown inFig. 4h
these peaks are due to the presence of species such as the The two H-loss KERDs are nearly identical despite the
13C isotopes of CpCo(CO)(H)and CpCoGHs™, which fact that internal energy and angular momentum distribu-
are both slightly lighter than the desired species @G ™. tions of CoGH1;™ formed by the two different methods
Although the fragmentation patterns seerfrig. 3were ob- may be quite different. In the case of Cd€;;+ formation
tained using the best practical resolution possibi@ ¢V from CoCp™ + CyHe, ion source pressures for measure-
FWHM) and mass-selecting the peak for the heaviest iso- ment of the H-loss KERDs were less than 10 mTorr. This
tope present, we cannot completely rule out some possibleensures single-collision conditions for the formation of the
contribution of these undesired isotopes to the fragmenta-adduct and therefore no collisional stabilization. Since for-
tion patterns observed iig. 33 mation of CoGHy1+ from CoCp™ + 2CH,4 was carried out
As noted earlier, ion equilibrium studies obknd CH, at source pressures of approximately 10-40 mTorr apd H
clustering indicate that the first solvation shell of CGCp  must be lost from the CpCqCHy), collision complex to
can only accommodate two additional ligands. Thus, it is form CoGH1,", the internal energy and angular momen-
probable that the intermediate Cgdy 3™ species leadingto  tum distributions of Co@Hi41 are unknown. The differ-
the formation of the products Cef;1™ and H (Reaction ence in energy distributions is offset by the fact that only
(3b)) has at most three ligands coordinated to the cobalt CoGH1," ions with lifetimes of 10-15.s are observed in
ion. Because this intermediate eliminates dihydrogen, oneour experiment. This time window only allows detection of
of the ligands is most probably14A second ligand must  fragments arising from parent ions associated with a small
be a five-carbon ring species. Based on these assumptionsfraction of the total energy distribution. Nonetheless, the fact
the two most reasonable structures for the @aG™ prod- that the KERDs are nearly identical is strong evidence of
the existence of a common precursor fof ldss from the
CoG/H11T ions formed in Reactions (3b) and (7). This is

3 |t is possible in the COCP/CHs system that the peak at/z = 154 not surprising since metastable reactions by definition occur
may be (partially) due to the carbon-13 isotope of Cpglé& formed at high energy (above the dissociation threshold) suggesting
by reaction of the precursor compound CpCo(g@)d GHs™ formed in the two products of Reactions (3b) and (7) could isomer-

Fhe ioni_zed _methane plasma. Fgrmatlon oHg "™ under these conditions ize before losing K. The fact that the KERDs are identi-
is possible in our MIKES experiment performed on the reverse-geometry

double-focusing mass spectrometer where Co@p formed by EI on cal also indicates &C 'SOtOF_)e of either CpCo(CO)(F“I)or
CpCo(CO} in the presence of methane. However, literature thermochem- CPCOGHs™ does not contribute to the metastable lbss
istry indicates formation of CpCais™ from CpCo(CO) and GHs™ is in the CH; experiment.

endothermic by~10 kcal/mol. The mechanism for this reaction also needs

to be considered. It most likely involves passage through a high-energy 45. DFT inv&etigation of mechanism for Hy loss from
transition state and therefore is not likely to occur. Even if formation of CpCot(CH

the 13C isotope of CpCogHs™ is a factor in the CoCp+ 2CH;, system, pCo™(CHa)2

it should also be present in the CoCg C,Hg system since the fEis™

ion is also formed in El on §Hs. In a communication13] on this work we proposed a

In the temperature-dependent equilibrium experiments, CoiSpagain mechanism for K loss from CpCd(CH4)2 that involves
formed by EI but not in the presence of methane. Co@p formed in the transfer of a hydrogen atom from methane to the Cp

the ion source and then is introduced to methane upon injection into . . . .
the reaction cell. No peak at mass 153 was observed, indicating no ring (Scheme ) For this preliminary mechanism, we had

CpCoGHs+ was formed. Therefore the peak observedrat = 154 in located the initial transition state which is associated with
these experiments is almost certainly due toléss from CpCd(CHg)z. the transfer of a hydrogen atom from one of the methane
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Scheme 1.

ligands to the Cp ring to formc{CsHg)Co™(CH3)(CHa).

We also located the last transition state associated with for-

mation of the product complexc{CsHg)Co™(H2)(CoHs)
from (c-CsHg)Co™ (H)(C2He). (In this transition state, a hy-
drogen atom is transferred from thelds group to the H
ligand via a multicenter structure composed of Co, C and
two H atoms.) However, we could not locate an interme-
diate C—C coupling transition state that leads directly from
(c-CsHg)Co™(CHz3)(CHyg) to (c-CsHg)Co™ (H)(C2Hg). Con-

sequently, we were forced to explore other mechanistic op-

tions. The most promising involves the transfer of a hydro-
gen atom to the Cp ring followed by transfer of a methyl
group and another hydrogen atom to thenhg. This mech-

anism, along with energetics and a schematic potential en-

ergy surface are shown Fig. 8

As the DFT results shown iRig. 8 indicate, the molec-
ular complexes CpCt(CH4) and CpCd (CH4), are en-
ergetically stable species. The gHigand is bound by

about 20 kcal/mol and some fraction of the nascent chem-
ically activated [CpC®(CH4)]* intermediate should be
long-lived enough to add a second g£group at the mTorr
pressures of the MIKES experiments. A fraction of these
[CpCao"(CHy)2]* ions will lose H before exiting the ion
source, as observed in the equilibrium studies that occur at
higher CH, pressures.

As shown inFig. 8 the most stable product channel
appears to be CpCgCyHg) + H,. However, the results
of the CID experiments described above led us to con-
sider alternative reaction pathways including the forma-
tion of (c-CsHg)Cot—CoHs + Hz by a mechanism that
directly involves the Cp ligand. This channel is exother-
mic by 1.2 kcal/mol and the various intermediates for the
mechanism that must lie along the reaction pathway to
form (c-CsHg)Cot—CyHs + Hy all appear to be stable
with respect to the CoCp+ 2CH4 asymptote. The tran-
sition states for this mechanism are all slightly above the

10.0
[+5.51 [+6.01
[+4.5] H
5.0 2.1 N ’
-Co*+ 2CH
4 1+0.5] /\ = Co*—=CyHs + Hy
0.0 A
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5.0 o
: ...co
Son, {4 Co*nCallg + Hy
[-3.71
=
S -10.09
9.6
E 1-9.6]
<
Q
2 -15.01
>
20
2 4
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-25.0
-30.0
-35.0
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Fig. 8. Schematic potential energy surface at 0K for the dehydrogenation of methane by @@&wm (c-CsHg)Cot—CoHs and CpCd (CoHg).
Calculated relative energies in kcal/mol are given in brackets below the reaction intermediates and at the transitions states.
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