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Table I between superconductivity and the effective copper valence
(calculated from the nominal stoichiometry). Thus, all five
compounds have the features believed necessary for high 7 su-
perconductivity: they are copper oxides that have metallic con-
ductivity, effective copper valence between 2+ and 3+, and
structures with Cu—O networks, separated by ordered oxygen
vacancies. From the data in Figure 3 and Table I, these features
may be necessary for superconductivity, but they are clearly not
sufficient. We conclude that the phenomenon of high 7 su-
perconductivity is a subtle one.
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We recently described the formation of several novel examples
of transition-metal oxide and polyoxide negative ions as products
of gas-phase reactions between dioxygen and the 17-electron metal
carbonylates Fe(CO)4~, Cr(CO)s~, and Mo(CO)s™.! In exploring
the scope of this oxidation reaction with metal ion complexes
possessing larger, polydentate organic ligands, we discovered that
certain of the organometallic oxide product ions exhibit an en-
hanced gas-phase reactivity that is usually found only with highly
coordinatively unsaturated species such as atomic ions or small
metal ion fragments.? We describe here the gas-phase ion-
molecule reactions of CpCoO~ (1, Cp = n-CsHj), formed from
oxidation of CpCo(CO),” by O,, and show how this ion undergoes
facile addition and sequential oxidative insertion reactions that
are promoted by haptotropic rearrangement (“slippage”) of the
cyclopentadienyl ligand.

Our experiments were carried out at 298 K in a flowing aft-
erglow apparatus that was recently mated to a triple quadrupole
tandem mass spectrometer.’ Collision-induced dissociation (CID)
experiments with negative metal ions generated in the flow reactor
(P(He) = 0.40 Torr; & = 9400 cm/s; F(He) = 190 STP cm?/s)
were performed in the triple quadrupole analyzer under single-
collision conditions with argon target gas (P(Ar) = 10~ Torr).
Bimolecular and termolecular reactions of mass-selected ions with
neutral reagents in the central quadrupole were carried out under
multiple-collision conditions (P ~ 10~ Torr), with the axial kinetic
energy of the reactant ion minimized (KE (c.m.) < 0.1 eV).4
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The CpCo(CO), complex forms an abundant molecular anion
in the flowing afterglow by thermal electron capture.> This ion
undergoes a relatively slow reaction with O, (ke = 5.7 £ 0.5
X 1071 em3/s; kypea/ koot = 0.1) to yield CpCoO™ (48%), CpCo™
(30%), CpCo(CO)O™ (12%), and CpCo(CO)O,” (8%) as the
major primary product ions. At higher O, flow rates, CoO,” and
CoO,H™ (n = 2, 3, 4) ions emerge as secondary and tertiary
oxidation products.

The CpCoO~ ion displays extraordinary reactivity for a (for-
mally) 17-electron metal anion complex that distinguishes it from
simple metal carbonylates?® and the other cyclopentadienylcobalt
ions listed above, including CpCo~. While 1 does not react with
methane or other alkanes, it does react in a general way with
Bronsted acids (HA) such as water, amines, alcohols, thiols, and
certain unsaturated hydrocarbons by the stepwise addition—deh-
ydration sequence shown in eq 1. In many cases the CpCoA,”
product reacts further with HA to yield an adduct and the CoAy”
ion by displacement of 1 3-cyc10pentadiene.

CpCoO~ A, CpCo(OH)A™ — —-—> CpCoAy —— C0A3
(1

HA = NH,, H,0, ROH, RCO,H, H,S, RSH

Isotope-labeling and CID experiments show that reactions of
1 with H,O and alcohols occur by the sequential O—H insertion
mechanism outlined in Scheme I. Addition of H,O to 1 produces
a bishydroxide complex (CpCo(OH),", 2a), as evidenced by the
occurrence of two sequential H/D exchanges when this ion reacts
with D,O in the middle quadrupole,® and by the identical yields
for H,O loss and H,'*0 loss from CID of the CpCo'*O~/H,0
adduct formed in the flow tube. Interestingly, the reactions of
CpCo!*0~ with H,O or CpCoO~ with H,'*0 do not produce an
observable 180 /180 exchange.” This indicates that once addition
of water across the cobalt—oxygen bond occurs, collisional sta-
bilization takes place faster than redissociation of H,O.

The H/D exchanges described above are actually a result of
reversible Aydroxy!l exchange on the metal, rather than protonic
exchange on oxygen. Thus, the CpCo(OH)(**OH)" ion, formed
by H,O addition to CpCo'*O-, reacts further with H,O to yield
CpCo(OH),", while the doubly labeled ion CpCo(OD)(:*0OD)"
(m/z 162) reacts with H,O to produce CpCo(OH)(*0D)" (m/z
161) and CpCo(OD)(OH)~ (/2 159), but no CpCo(OH)(**OH)~
(m/z 160) (eq 2).

D,0
CpCo'#0~ —— CpCo('*0OD)(OD)” ——

m/z 162
CpCo(**0OD)(OH)" + CpCo(OH)(OD)~ (2)
m/z 161 m/z 159

Reversible OH/OCH,; exchanges are evident in the methanol
reactions which also demonstrate that metal insertion into the C-O
bond of methanol does not oceur in this system.®?  For example,
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the CpCo(*OD)(OCH,)" ion, formed by addition of CH;0D to
CpCo!0, reacts with H,O to yield only CpCo(OH)(OCH;)",
CpCo(**OD)(OH)", and CpCo(OH)," as primary and secondary
products, while CpCo(OH)(OCH5;)" reacts with CD,0D to yield
CpCo(OH)(OCD;)", CpCo(OCH;)(OCD;3)", and CpCo(OCD;),
but no CpCo(OD)(OCHj;)". Moreover, CpCo(OCHj),” undergoes
consecutive alkoxyl exchanges with CD;0D to produce CpCo-
(OCH;)(OCD;)" and CpCo(OCD3);™.

Hydroxyl and alkoxyl group exchange in the reactions of 2 with
water or alcohols requires oxidative insertion of cobalt into an O-H
bond and formation of a hydridocobalt intermediate 3 possessing
equivalent hydroxyl or alkoxyl groups and a “slipped” (% or !)-Cp
ligand or, alternatively, an 5*-1,3-cyclopentadiene ligand.® The
stable H,O adducts formed in the flow reactor with compositions
corresponding to 3 are shown to have equivalent hydroxyl groups
by the statistical yields for H,O vs H,'*O loss from CID of the
mixed isotopomers in the triple quadrupole. We also note that
the occurrence of H,O (or CH;OH) loss as the lowest energy
decomposition pathway for these ions argues against an (n*
CsHg)Co(OR);™ structure.

Approximately 10% of the reaction between 1 and CH,OH
yields CpCo(OH)(H)~ by dehydrogenation and CH,O loss.
Reaction of CpCo'®0~ with CH;0D in the flow reactor followed
by hydroxyl exchange of the dehydrogenation product (m/z 145)
with H,O in the middle quadrupole yields only CpCo(OH)(H)~
(m/z 142) and no CpCo(OH)D~ (m/z 143) or CpCo(**OH)H"
(m/z 144) (eq 3). This indicates that dehydrogenation of CH;OD
occurs by initial O-D addition across the metal-oxygen bond
followed by @-elimination of CH,O.

CH;0D H0
CpCo(**OD)(H)- — CpCo(OH)(H)"
m/z 145 mjz 142
3)

The reaction of 1 with 1,3-cyclopentadiene provides an especially
interesting example of the sequence outlined in eq 1. Two primary
products are observed corresponding to addition and proton
transfer (eq 4). At higher cyclopentadiene flow rates, addi-

CpCol*0O-
m/z 142

CpCo0” + @ e CgHs  + CpCoOH (4a)
b - CgH -
frie7 (CsHg)2CoOH H—:(:’ (CgHg)gCo  (4b)

tion—dehydration occurs to produce a tricyclopentadienylcobalt
anion that is best formulated as (°-Cp)(7'-Cp),Co™.1° Reaction
4a is evidently not just a simple proton transfer, since reaction
of 1 with methylcyclopentadiene (MeC;H;) yields nearly equal
amounts of MeCsH,~ and CsHs~. Moreover, the mixed adduct
CpCo(OH)(MeCsH,)™ incorporates a single deuterium when
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reacted with D,O and undergoes CID to yield nearly equal
amounts of MeCsH,” and CsHs™. These observations suggest that
the two organic ligands in both the stabilized adduct and the proton
transter intermediate become chemically equivalent, presumably
by way of the n>-to-n! haptotropic rearrangement shown in Scheme
I1.!' A complete accounting of the reactions of CpCoO~ will be
reported in a subsequent publication.
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The Fischer-Tropsch (F-T) reaction, considered a potential
solution to future energy concerns, has commanded the attention
of researchers in both heterogeneous and homogeneous catalysis
for the past 15 years.!”* The most widely accepted mechanism?
for this conversion of synthesis gas (CO/H,) to hydrocarbons and
oxygenates incorporates three crucial steps: (1) CO is deoxy-
genated, !¢ presumably via dissociative adsorption;* (2) H-transfer
to surface carbides®™ or CO,4"!!"!3 produces surface methylene
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