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LD/i laser desorptionfionization
MS mass spectrometer

n-Bu CHL(CH,);—

R recetver plates

RRKM Rice-Ramsperger—Kassel-Marcus (theory)
sec-Bu C,H;CH(CH,

T trapping plates
t-Bu {CH,),C-
t-Pent C,Hs(CH,),C—
TS transition state

A, INTRODUCTION

Gas-phase organometallic chemistry has developed into an actively pursued
field of research, as may be seen from the rapidiy growing number of publications
on the subject. A comprehensive review has been published recently [1] (for an
earlier review, see ref. 2), and there is also already a considerable number of more
specialized articles [3-10]. This interest is due to the fact that the study of reactions
in the gas phase, or more precisely in the vacuum of a mass spectrometer, has some
unique advantages otherwise unattainable. Nowhere else can highly unsaturated,
namely bare (“naked”), metal ions be produced and reacted with some substrates
under well-defined conditions. All disturbing influences due to solvent and counter
ions are absent, and thus, intrinsic metal-ion properties are accessible to the investiga-
tor. Ligand effects may be probed by means of ligated metal ions (e.g. FeO™,
NiCH3i, Co(n3-C5sH;)™" that are either formed starting from a bare metal ion or
from a suitable precursor complex [11.

Early studies were mainly concerned with alkane activation* by metal cations,
M, because of the indusirial importance of activating these unreactive C—H and
C—C bonds. It was found that only certain transition-metal ions were able to activate
alkanes despite the fact that all of them were highly coordinatively unsaturated [1].
The early tramsition-metal ions Sc¢*, Ti*, and V™, as well as most of the second-
and third-row ions, mainly attacked the stronger C—H bonds and gave rise to
(multiple) dehydrogenations or loss of hydrogen molecules together with other small
neutral particles. Cr*, Mn™, Cu”, and Zn* were unreactive toward alkanes, which
is due to their filled or hali-filled d shells. With their d°, d°s?, d*°, or d'%s! ground
states, these ions are unable to undergo the oxidative additions necessary to activate
the substrates. Finally, Fe*, Co*, and Ni* exhibited a versatile chemistry with the
different alkanes, and C—H as well as C—C cleavages were observed.

Subsequently, interest also shifted to alkenes and alkynes, and while for these

* The condensed phase approach with homogeneous catalysts is reviewed in ref. 11,
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substrates broad generalizations on behalf of the metal jons’ characteristics are no
longer warranted, it can still be stated that two major classes of behavior emerged.
The chemistry was either dominated by allylic or propargylic C—C activations, or
the multiple bond merely served as a coordination site for the metal ion, and insertion
proceeded into remote boads. This so-called “remote functionalization” will be
discussed in more detail later. Many other classes of substrate were studied, from
which this review will focus on the reactions of bare metal jons M ¥ with monosubsti-
tuted alkanes RX. For overviews about other types of molecule [1], reactions of
metal-containing anions [3,12], or cluster studies (for reviews, see ref. 13), the reader
is referred to the cited literature.

B. INSTRUMENTATION

Mainly three types of instrument bave been used in the studies to be described.
Most often, ion cyclotron resonance {ICR) (for reviews, see ref 14) or the more
advanced Fourier transform ion cyclotron resonance {FTICR) spectrometers (for
recent reviews, see ref 15) were employed as they are ideally suited for the study of
ion/molecule reactions. Only the FTICR technique, as the currently favored method,
will be described briefly. Metal ions are usually formed by laser desorption/ionization
(LD/T) [16] as this conveniently matches the pulsed nature of the FTICR experiment.
The ions can be formed either inside or outside the FTICR cell; in the latter case,
they have to be transferred into the cell by means of quadrupole or electrostatic
potentials. The cell {Scheme 1) is located in a strong magnetic field B (1-7 T) which
forces the ions on circular paths perpendicular to B; small electric potentials {1-2 V}
on the trapping plates T further restrict the ion motion in the field direction. The
ions can thus be stored in the cell for extended periods of time (milliseconds to
hours). The substrate is leaked or pulsed into the cell, and after a certain reaction
delay, products are analyzed by simultaneous excitation of the ions, which are
centered in the middle of the cell, to larger orbits with the help of radiofrequency
pulses applied to the excitation plates E. Upon circulating, they induce an image
current in the receiver plates R. This signal is a superposition of all cyclotron
frequencies, which depend on the ions’ mass-to-charge ratios, and Fourier transforma-
tion thereof provides a mass spectrum of the products formed.

Double resonance {DR) techniques allow the identification of a precursor ion
to a given product ion by either constantly ejecting a single ion, increasing its
cyclotron radius until it strikes the cell boundaries, or by isolation, ejecting all ions
except for one [17]. Structural information about the ions is available from low-
energy collision-induced dissociation (CID) by accelerating an isolated ion into a
stationary target gas, usually argon [18].

The second type of instrument are ion beam apparatuses [19]; two different
versions have been employed, guided and crossed-beam spectrometars. The ions are
produced in an ion source, exiracted therefrom, the reagent ion is mass-selected,
usually with a magnetic sector, decelerated to a well-defined collision energy by an
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Scheme 1. Schematic drawing of 2 cubic FTICR cell, located in a magnetic field of strength B (1-7 T in
modern instruments). T are the irapping, E the excitation, and R the receiver plates.

electrostatic retarding field, and focussed into the collision region. In guided ion-
beam instruments (Scheme 2{a)), the ions are guided through the collision cell, con-
taining the reagent gas, by an octopole (see, for example, ref. 20). The products are
analyzed by a quadrupole mass filter and finally detected with a scintillation ion
counter. [n the crossed-beam version (Scheme 2(bj), the ion beam intersects a perpen-
dicular molecular beam produced by supersonic expansion, and products are detected
with a rotatable electrostatic analyzer, quadrupole, and scintillation counter (see, for
example, ref. 21). By scanning the area around the collision center in the plane of
the beams, a contour map with the angle and recoil-energy data for every product
as well as scattered reactant ions is measured. With both methods, the raw data
have to be treated with deconvolution functions to obtain quantitative information.

Similar to guided ion-beam instruments is the use of triple-quadrupole mass
spectrometers where () is used for selection of the reactant ion, Q, is operated in
the “RF only” mode and contains the reactant gas, and Q, is used for product-ion
identification {see, for example, ref. 22).

The last appreoach to gas-phase organometatlic chemistry employs sector mass
spectrometers [23] and differs from the other two methods in a very significant
aspect, that the starting point is not a bare metal ion but an organometallic complex
whose metastable or collision-induced decompositions are studied instead. These
complexes are formed in the ion source of the instrument (Scheme 3), and meost
conveniently, a2 high-pressure chemical ionization {CI) source is used. Ionization of
a ca. 1:5 mixture of an appropriately volatile organometallic compound (e.g. Fe{CO),
or Co(CO),; NO) with the substrate often gives rise to 1:1 adduct complexes of the
metal ion with the substrate, which are formed by various ion/molecuie reactions
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Scheme 2. {a) Schematic drawing of a guided ion-beam instrument where the precursor ior is formed in
the ion source, selected with a magnetic sector B, decelerated, and collided in the collision cell with a
neutral reagent gas. lonic products are analyzed by scanning of the quadrupole mass filter, (b Ip a crossed-
beam instrument, the decelerated precursor ion intersects the molecular beam of the reagent gas at nght
angles, and scattered products are detected with a rotatable unit consisting of an electrostatic analyzer,
a quadrupole, and a detector.

inside the source. Alternatively, such complexes may also be formed by the “fast
atom bombardment (FAB) method™ [24], where a target of an inorganic salt is
bombarded with fast Xe atoms, and liberated metal ions or clusters react with the
simultaneously present substrate, which is leaked into the ion source. Complexes
formed by either ionization method are extracted from the source, accelerated, and
mass-selected with the first mass spectrometer (MS I) which can be either a magnetic
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Scheme 3. Schematic drawing of a triple-sector instrument with various collision cells and detectors in
which the metastable or collision-induced decompositions of adduct complexes, formed ir the ion source,
can be studied.

or an electrostatic sector or even both. In a field-free region of the instrument their
unimolecular decompositions {metastable ions, MI [25]) or high-energy coflision-
induced decompositions (for reviews, see ref. 26) are studied by scanning of MS L
Structural information about a product ion is achieved by selection of the respective
ion with MSTI and CID in the collision cell in front of MSIIL Detection is
accomplished with secondary electron multipliers available after each sector.

It is not seli-evident that ion/molecule reactions of bare metal ions M™ with
neutrai substrates AB in an FTICR instrument and metastable-ion studies on
M(AB)™ adduct complexes should yield similar results, but comparisoas have shown
that, if several restrictions are kept in mind, product distributions are usually fairly
similar, and good agreement is found for label distributions in individual reactions
[27-32]. Similar comparisons have also been drawn between ion-beam investigations
and MI and CID spectra of transition-metal ion/alkane complexes [33]. Care is,
however, needed to show that M{AB)" ions are indeed formed in the sector studies.
It will be shown later that, under certain conditions, isomeric M{A){B)* complexes
may also be generated. Needless to say, their selection would lead to erroneous
conciusions.

C. REACTIONS OF ALKALI AND OTHER MAIN-GROUP IONS

In 1975, Beauchamp and co-workers reported that Li*, generated by thermo-
ionic emission {34] in an ICR cell, reacted with several alkyl halides RX (X =}, Br)
while no reactions were observed with Na* or K* [35]. In addition to the anticipated
halide abstraction (1), cleavage into HX and alkenes was also observed (reactions (2)
and {(3}).

M+ +CﬂH2n+!x_’CnH;n+l +Mx (1)
- M({HX)* + C,H,, (2}

- M{C,H,,}" + HX £3)
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In accordance with thermochemical estimates, reaction (1) was only observed when
it was exothermic [35,36]. The use of {CD5), CHCI revealed the exclusive operation
of a 1,2-elimination in reactions (2} and (3) [35], and Aliison and Ridge were able
to find reaction (3} for Na* and tertiary chlorides and reactions (2} and (3) for Li”*
and t-BuOH [37,38]. Ethyl fluoride was also observed to react with Li* accordingly,
and both cleavage products were formed [39]. It was proposed that association of
the alkali ion to the halide leads to the formation of a chemicaily activated species
which may dissociate to an alkali halide and a carbenium ion (Scheme 4} [35].
Rearrangement of this intermediate 1 to 2 precedes the competitive ligand loss to
afford 3 and 4. Later, this mechanisim was termed “dissociative attachment™ or was
simply referred to as Lewis-acid chemistry and was invoked for other substrates RX,
in particular for aleohols. It was, however, not until 1989 that the details of the
rearrangement of 1 to 2 were determined (40] and explained in terms of an ien/dipele
mechanism [8{c)(d),28,41]. As these studies were done with tramsition-metal ions,
the discussion is deferred for now.

MX >=< HX

Scheme 4. Proposed mechanism [35] for the reactions of alkali-metal ions with aikyl halides and alcohols.

The potential-energy surface for reactions (2) and (3) has been described as
shown in Scheme 5. The initial collision complex 1 is separated from the reactants
by the ion/dipoie attraction and the well depth is ES. Due to the simultaneous
occurrence of tight and orbiting transition states [42], however, the transition state
for the dissociation of 1 corresponds to the slightly smaller activation energy E..
E7 is the transition-state energy for the isomerization to 2. The position of 3 and 4
depends on the respective binding energies of HX and the alkene and may be
reversed. :

By measuring the branching ratio for 3 and 4 relative to the non-reactively
scattered M* with a crossed-beam apparatus, the quantity A may be obtained by
employing statistical RRKM calculations. By this means, Creasy and Farrar deter-
mined A for the reaction of Li* with tert-butyl alcohol as (—1.6+ 0.7) kcal mol 2
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Scheme 5. Energy profile for the mechanism in Scheme 4.

[43] which implies that the barrier for isomerization of [Li{t-C,HoOH)* 7* is larger
than the activation energy for redissociation to reactants. As the difference between
E}. and E, is unknown, it was concluded that E] is equal to EZ within
+1.15kcal mol ~!. Distinction between direct elastically scattered Li* and Li*
ejected non-reactively from the collision complex was achieved from a polar flux
contour map, which at small angles showed a high-energy peak and a low-energy
one at larger angles; at intermediate angles, bimodal distributions were observed.
Sampling the first well on the reaction coordinate, the Li™ collision energy is
thermalized and this results in a shift to lower energies upon reverting to educts.
Resuits for i-CH,Cl, i-C,H,Br, and n-C;H,Cl reacting with Li* indicated that
Ej} increased in the order of citation [44], and for all three halides the barrier was
lower than for +-C,H,OH. There was no correlation between EJ and AH,,., the
enthalpy for the exchange of the chloride ion between Li* and the carbenium ion
R™. [t was therefore concluded that the transition state at the isomerization barrier
depends not only upon the development of a positive charge on carbon but also
upon other factors. Any corselation [45] could have been interpreted as the result
of a curve crossing, as indicated in Scheme 5 and initially proposed by Allison and
Ridge [38). With decreasing AH ., this crossing point would have been lowered
and hence led to a reduced barrier between the two wells,

Scheme 4 has also been invoked for the reactions of Al* [46-48], Ga™* [47], In*
[471, and Mg™* [48,49] with alcohols and alkyl halides. In cases where reactivity
was observed, reactions (1)+3) were the only processes noted. For alcohols, adduct
formation was occasionally seen too; these reactions could either proceed by a
bimolecular pathway through infrared stabilization of the internally excited encounter
complex [M{ROH}" ]* or by stabilization of the latter through a collision with a
further neutral molecule. Al* does not react with CH,Cl or CH,Br [46-48], but
for ethyl and isopropyl chioride, reactions {1)-{3)} were observed in an ion-beam
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study [46]). Under ICR or FTICR conditions, however, the ethyl halides C,H;X
{(X=Cl, Br, ) did not give rise to any products, and other alkyl chlornides and
bromides exclusively afforded R* and AlX according to reaction (1) [47,48]). With
CH,OH, only adduct formation was observed for Al*, but C,H;OH formed
AlH, 0" [47,48] ia a 1,2-climination, as evidenced by the production of AIHDO*
from CD;CH, OH [47]. Higher alcohols reacted by hydroxide transfer {i} and
formation of AIH,0" (2); alkene complexes (3) were absent [47,48]. Ga* and In*
showed a very similar behavior with only slight differences observed [47]). While
methanol did not give rise to any products, the higher alcohols exclusively formed
adduct complexes M(ROH) . Smaller alkyl chlorides and bromides were also unre-
active, but halide transfer (1) and loss of HX {3} were found for larger halides. In
contrast to the alcohols, reaction (2) was absent for both metal ions in case of the
halides. The same applies to the reactions of Mg*, where (1) and (3), but not (2),
were observed with alkyl chlorides and only reaction (2) for some higher alcohols.
Smalier alcohols only afforded adduct complexes with Mg™* [48,49].

The products for reactions (2) and (3) usually undergo secondary and higher-
order reactions with the substrate RX; a typical sequence is given in reactions (4}-(9)
for Li* and ¢-BuCi [38].

Li* + t-C,HoCl > LIC,Hg)* + HC @)
Li(C,Hg)* + 1-C,HoCl - LIC,Hy Cl* 4 CHy (5)

- Li(C Hg)? + HCI (6)
LiC,HoCl* + -C,HyCl » L{C, Hg(C, Hy Cl)* + HCI 0
Li(C, Hg) + £-CoHyClo LI(C, Hg)(C HoCl)* + CHy ®)
LH{C, Ho J(Cy HoCD)* + 1-C, HoCl o Li(C,Hg CI); + CoH, )

Double-resonance experiments with a mixture of -C,HyCl and -C,D,Cl revealed
that the neutral product in {7) originated from both the neutral and the ionic reagent.
This could be demonstrated by making use of the naturally occurring 33C1/37Cl
isotopes and led to the conclusion that a symmetrical intermediate of the type
[Li{C,Hy 33 CIHC, D, 37Cl)* J* was involved.

The extensive chemistry of the initially formed complexes was used in studies
aimed at the determination of binding energies of different ligands to Li* [50,51].
The method has also been used for Mg™ [48,49], Al* [48,52], and Mn™ [53] and
is based on the equilibrivmn in (10) {for a summary of the findings, see ref. 54),

ML} +L,=ML] +L, (10)

Measurement of the equilibrium constant for reaction (10) allows determination of
AG for the process and coastruction of a relative scale of ligand binding energies for
M*, Experimentally, this is most conveniently done by reaction of M* with a
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mixture of two ligands in an ICR or FTICR instrument. If the absolute binding
energy of one ligand can be determined experimentally or theoretically, the whole
scale can be tied to that value and converted to an absolute scale.

Analogously, the equilibrium in reaction (11) has been used to derive relative
two-ligand bond dissociation energies for M = Mg [491, Co {55], Ni [56], and Cu
[57]*.

M(L,); +2L,=M(L,); + 2L, an

Some general conclusions that were derived are increased binding emergies with
increasing substitution, ie. propene < isobutene, methanol < ethanol, and often,
namely for softer acids, upon going down in the periodic table, ie. alkyl
chlorides < alkyl bromides, alcohols < thiols. There are, however, many exceptions
to the latter generalization. If the binding energies of M; to different ligands L,
D°(M{—L), were correlated with those of another metal ion M3, D°(M7—L), linear
relationships resulted for similar ligands such that, for instance, oxygen bases fell on
one line and sulfur bases on another. The offsets and the slopes of these lines were
interpreted in terms of relative hardness and softness of the metal ions and as
indications for the M *—L bond distances. For Co™, Ni”*, and Cu*, synergistic effects
have been evaluated by comparison of mixed complexes M(L, L;)* with M(L,);
and M(L,)3 [58,59].

. REACTIONS OF TRANSITION-METAL FONS
(i) Nitriles and isonitriles

While it will be shown later that some transition-metatl ions behave superficially
or in fact analogously to the main-group ions just discussed, in many cases a
completely different chemistry is encountered. A particular prominent example is
their ability to react by “remote functionalization”.

This mechanism was first discovered by Schwarz and co-workers [8,60] and
so termed to point out the analogy to Breslow'’s studies on biomimetic synthesis
[61]. The initial interaction of a transition-metal ion M* with a monosubstituted
alkane RX leads to a coordination at the functionat group X. A strong bond between
M™* and X—R will efficiently prevent (for geometric reasons) the metal ion from
undergoing an insertion inte any of the C—H or C-—-C bonds in the proximity of X,
As it is still possible to interact with remote bonds that are accessible by folding
back the alkyl chain, oxidative addition occurs at positions that are separated by
several methylene groups (at least three or four) from X. For substrates of an

* The transition-metal ions have been included in this section as no mechanistic aspects are involved in
the determination of the bond dissociation energies and no behavior different from main-group ions is
encountered.
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intermediate length, the selective activation of a C—H bond of the terminal methyl
group is observed (Scheme 6, R = H}, and the resulting intermediate 6 will undergo
competitively either a f-hydrogen shift or cleavage of the § C—C bond. Reductive
elimination of H; from 7 furnishes the w-unsaturated complex 8, while alkene loss
from 9 is accompanied by a rearrangement to the shortened ligand in 10. That
mdeed 19, as opposed to a complex analogous to 6, is formed, was shown by CID
on the alkene-loss products [60,62] and by the labeling distributions of consecutive
reactions [41,63,64]. In the former experimenis, an MS/MS/MS spectrum of the
alkene-loss product is compared with the MS/MS spectrum of an authentic M{RX)*
complex. FTICR as well as sector instruments can be used for the comparison; in
the former case, M* is isolated first (MS'), reacted with R'X whereupon the alkene-
loss product is isolated (MS?), which is finally subjected to low-energy CID. In sector
instruments, the M(R'X)* complex is isolated with MS I, undergoes metastable
alkene loss, and MSII is used to isolate this product whose high-energy CID
spectrum is obtained by scanning of MS I, The reference complex M{RX)* is
formed in the ion source from M™ and RX and should be studied with a reduced
acceleration voltage to account for the fact that the alkene-loss product has a lower
kinetic energy than its parent ion, But although identical specira were obtained in
one case where this technique was employed [65], the result was interpreted in terms
of an inserted structure. In the labeling studies, alkene losses from ketones or
secondary nitriles resulted in shortened ketones or nitriles where both sides were
subsequently atiacked.

The initial discovery of the remote functionalization mechanism was due to
the rapid increase in the H,- and C,H,-loss products for n-alkanenitriles reacting
with Fe* [60]. Labeling of selected positions with *H substantiated the mechanism
{Scheme 6) as the origin of the neutrals were the /(e — 1} positions at the chain
termini. No other products than from ligand detachment, loss of the complete ligand
with concomitant formation of M ¥, were observed in cases where remote functionali-
zation was impossible due to the shortness of the alkyl chain. Going over to longer
chain nitriles showed that eventually internal positions were also activated (R =
CH,;, C;Hs, ...), which led to the production of higher alkenes (C;Hg, C,Hg, ...} in
addition to hydrogen from internal, but still remote, methylene groups [66]. The
mechanism is not oaly restricted to Fe*; Co™ [66-68] and Ni* [68,69] were also
found to react with nitriles by remote functionalization. In general, they showed a
very similar behavior, except that Fe’ seemed to have a preference for the activation
of a C—H bond at C; while Co™ and Ni* showed maximum reactivity at C,. This
difference was ascribed to slightly different coordination geometries; d » n* back-
bonding leads to a bent CH, CN—M* arrangement so that methylene groups closer
to the cyanide group may be reached more easily [69]. In theoretical studies, however,
it 1s mostly found that tramsition-metal ions show only negligible back-bonding
[7,70,71].

While in metastable-ion spectra C,H,,, , , losses were either absent or negligible
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for linear nitriles [41,68], upon collisional activation of M{RCN)* complexes, formal
losses of alkanes were observed [66,68]. 2H-labeling and MS/MS experiments indi-
cated that for Co™ alkanes were indeed formed by C—C activation followed by
$-hydrogen shift and reductive elimination [66]. For Fe™, however, this applies only
for the loss of CH, while other “C,H,, . ,” losses were due to consecutive foss of H,
and alkenes [66]. Allylic C—C insertion in the dehydrogenation product precedes
S-hydrogen shift and alkene dissociation. This mechanism could be further substanti-
ated by comparison with the reactions of alkenenitriles, which showed the same
reaction already in metastable-ion spectra [ 72]. A different explanation was advanced
for the C,H,, ., (n=4, 5) losses observed upon reaction of Fe* with 8.8-dimethyl
nonanenitrile [65]. Here, it was assumed that intact alkanes were formed by C—C
insertion/fB-hydrogen shift/reductive elimination. The choice of this particular nitrile
was stimulated by the preference for insertion into C,;;—H or Cg—H that Fe* had
revealed earlier [60,66,69]. The system was designed as a test for 8-CHj shifts, which
could have been feasible after C;5,—H insertion of Fe*. Although CH, was formed
as the main product, °H labeling revealed that it was actually due to insertion into
one of the C—C bonds of the t-Bu group followed by B-H shift from C{9) (90%) or
C(7) (10%) and reductive elimination. Also, hydrogen and isobutene were formed
according to Scheme 6 (CH,=C(CH;), in place of CH,=CHR). In contrast to this
study, methane loss induced by Fe*—Ni™ from the related compounds 3-methyl
butanenitrile and 4-methyl pentanenitrile was ascribed to C—H insertion followed
by §-CH, shifts [68]. Loss of hydrogen and propene from these substrates, the only
other processes observed besides ligand detachment in the M1 spectra, was, however,
also explained by remote functionalization along the lines of Scheme 6.

As aiready mentioned, if the alkyl chain is too short for the operation of the
remoie functionalization mechanism, other processes such as ligand detachment can
compete. To test the limits of the mechanism as well as the influence of the metal
ions, n-pentanenitrle was studied with Fe* [73], Co* [62], Ni* [62], and Cu*
[74]. The four metal ions behaved quite differently with the substrate; for Fe*—Nit,
different amounts of cleavage products were observed while Cu™* was unreactive in
the respect that only adduct formation was seen. The adduct was completely absent
for Fe™ and a minor product for Co™ (7%} and Ni* (11%). Cu* possesses a closed-
shell d!° configuration and is therefore unable to undergo oxidative addition reac-
tions. To circumvent this problem, it often reacts via an ion/dipole mechanism, as
will be shown in detail later, but in cases where this alternative is excluded by
energetic reasons, adduct formation is the only possibility remaining. The inability
of Cu” to activate C—H or C—C bonds is also evident from other studies with linear
nitriles [27,75-78]. Under ICR or FTICR conditions, the adduct complex was the
only product in all cases [27,74,76-78] while no products were seen in metastable-
ion spectra [75]. Upon collisional activation of the CW{RCN)* compiexes, some
fragment ions were observed, viz. CuHCN ™, CuC,H,N*, and CuC,H,N* [27,75]).
Although originally different structures and mechanisms were proposed [75], later
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studies on related systems suggest as more likely that the first ion is the hydrogen
cyanide complex HCN—Cu” formed by the ion/dipole mechanism (see below) while
the latter two arise by simple radical losses in the course of the CID process and
not by oxidative addition. CuC,H,N™ is probably due to simple C—C cleavage in
R-~CH,CNCu* and CuC;H ;N7 by either R+ loss from R—CH,CH,CNCu* fol-
lowed by rapid H - loss, or by the reversed sequence, first H+ then R - loss. In both
cases a stable acrylonitrile complex is the final product.

In contrast to Cu™, for Fe*, Co*, and Ni* reactivity was observed with n-
pentanenitrile; all three ions formed H,, C,H,, and C;H,, albeit in completely
different amounts [62,73]. As revealed by 2H labeling of all four positions of the
chain, dehydrogenation involved the w/(ew ~ 1) positions, but preceding equilibria
complicated the interpretation. Only by performing CID studies with all the isoto-
pomeric dehydrogenation products of the individual ?H-labeled nitriles, could the
mechanism in Scheme 7 be formulated.

The compiex of the y/d-unsaturated nitrile 14, produced by remote functionali-
zation, is in equilibrium with the hydrido-allyl complex 15 and CID upon the mixture
afforded cleavage into HCN and butadiene, with both fragments observed. While
for Co* the dehydrogenation proceeds directly, the encounter complex of Fe™ with
the pentanenitrile (11} is in equilibrium with the ferracyclobutane intermediate 18.
This ion, owing to iis symetry, equilibrates the « and y positions of the substrate
and leaves the § and & positions unaffected. In contrast to the condensed phase,
where numerous examples of isolated and well-characterized metaliacyclobutanes
are known (see, for example, ref. 79), in gas-phase organometallic chemistry a direct
detection is still lacking, aithough they have been invoked frequently as reaction
intermediates [1]. In fact, the available evidence for their formation is scarce and
relies mainly on indirect information [80]. The viability of 18 may therefore give
some useful hints which mighit reach far beyond gas-phase chemistry. For instance,
the existence of positively charged ferracyclobutane intermediates in alkene cyclopro-
panations [81] with [Cp{(CO), Fe=CRR']* has not been unambiguously confirmed
or ruled out. They may or may not be involved, albeit after the transition state
[8¥g)), although recent results favor “backside closure” of the cyclopropane ring
and hence would argue against them being involved [82]. Ferracyclobutanes have
also been invoked in Fischer-Tropsch synthesis [83], and recenily the preparation
of the cyclic, perfluorinated complex (CO), Fe{CF,CF,CF,) could be accomplished
[84]. Iron atoms also undergo photoinsertion into the C—C bond of cyclopropane
to form ferracyclobutane itself [85], and a pentacyclic complex containing a ferra-
cyclobutane ring has been prepared by insertion of thermally generated Fe(CO),
into the strained dibenzosemibulvalene [86]. The absence of cebaltacyclobutanes
and nickelacyclobutanes in the pentanenitrile system could be interpreted as an
inability of these ions to form the intermediates analogous to 18. This assumption
would be in line with other studies which showed that cobaltacyclobutane and
nickelacyclobutane ions rearrange to more stable structures, while ferracyclobutane
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ions were stable [80a)(c)—(e),87]). It would then also indicate that the stability of
these complexes is not only relatively independent upon substitution, but might even
reflect inherent properties of these structures,

The Ni* complex 13 partially equilibrates the hydrogen atoms of the terminal
C,H; group via the hydrido-ethene complex 19. For this intermediate it is now
clearly impossible to maintain 2 linear end-on geometry of the CNNi* moiety; most
likely slippage into a side-on coordination helps io release some of the strain involved.

Deespite the fact that complicating equilibria were involved in the dehydrogena-
tion of n-pentanenitrile, mechanistically the H, loss still proceeded by remote func-
tionalization. Obviously, the alkyl chain is long enough so that the intermediates 6
and 7 can be formed without prohibitively large strain invelved. For the alkene
losses, the strain in the necessary intermediate 9 will be even larger, and it is therefore
not too surprising that ethene is only partly formed by remoie functionalization and
formation of propene is due entirely to other mechanisms [62,73]. With the help of
CTD spectra that showed that isomeric MC,;H N7 ions were formed upon loss of
C,;H,, the mechanism in Scheme 8 was derived.

While for Ni* ethene loss was exclusively due to remote functionalization and
resulted in the formation of the propionitrile complex 23, for Fe™ ail of the ethene
originated from internal positions. Activation of the teyminal C—C bond and subse-
guent §-C—C cleavage generates the intermediate 20, which loses ethene to form
complex 22, an isomer of 23. Upon CID, besides M*, cleavage of the two
metal—carbon bonds is observed. A third FeC;H,N™ isomer was obtained upon
reaction of the ferracyclobutane ion 26 with acetonitrile [81(a)]). CID upon the
alkylidene complex 27 yielded loss of CH,CN exciusively. The drasticaily different
behavior of Fe* and Ni¥ is reflected in the intermediate Co™ ion which reacted via
both mechanisms to form a mixture of the isomeric CoC;H;N™ complexes 22 and
23 [62]. The propene losses seemed to be mostly due to insertion nto the C{a)—C(8)
bond followed by f-hydrogen shift. Unfortunately, a straightforward interpretation
was impossible due to scrambling processes involved. Reductive elimination of cyclo-
propane {rom 18 or analogous Co™ or Ni* complexes could, however, be definitively
excluded. In the condensed phase this is a common decomposition mode for metalia-
cyclobutanes [81{a),88].

The only other metal ions that have been studied with primary nitriles are
Mn* and Cr'. With n-heptanenitrile, Cr* formed the adduct complex as sole
product while for Mn* 20% dehydrogenation was also observed [67]. In the absence
of collisional activation, which induced radical losses, Mn* (and Fe*—Ni*) ions
were also unreactive with acetonitrile and propionitrile [53,89]. With several larger
nitriles, Mn™ was again found to be unable to react [68], and Cu* [77], Ag* [90],
and Au [91] reacted with acetonitrile also only by formation of adduct complexes.

The predominance of the remote functionalization mechanism for linear nitriles
reacting with Fe'—Ni* contrasis markedly with the results obtained for tertiary
nitriles. The first representative, 2,2-dimethyl propanenitrile (:-BuCN} afforded two
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completely “new” products in the reaction with Fe™ [40]. These are a complex of
Fe* with [H,C,N], formed by loss of C,Hg, and Fe{C,H;)* by loss of [H,CNJ;
both obviously arise from a common intermediate with a Fe(C, Hz)(H,CN)}* struc-
ture. The similarity to the products generated from main-group ions and alkyl halides
or alcohols is also evident. As will be discussed later, transition-metal ions do form
the same products with these substrates, but for them a different mechanism was
initially proposed by Allison and Ridge, who claimed a fundamental difference
between main-group and transition-metal ions [38,92]. It was assumed that tran-
sition-metal ions insert into the bond to the functional group of the substrate,
undergo f-hydrogen shift and rearrange by transfer of the hydrogen to the functional
group so that a di-ligated intermediate is formed which competitively loses one of
its ligands.

For the t-BuCN system, however, this mechanism can be discarded by compari-
son with the reactions of 2-isocyano-2-methyl propane (t-BuNC), which also afforded
Fe(H,C,N)* and loss of (H,CN) upon reaction with Fe*. If the insertion/g-H shift
mechanism were active, one would expect complexes 33 to be formed, i.e. M(HNC)*
from -BeCN and M{HCN)" from t-BuNC {Scheme 9). High-energy CID could
distinguish the Fe(H,CN)* ions formed from BuCN and :-BuNC, and it turned
out that in fact 37 was the product, respectively, ie. M(HCN}* from the nitrile and
M(HNC)" from the isonitrile [40,70]. To explain this result, an ion/dipole mechanism
was invoked [8(c),(d),28,41]. Complexation of M ™ to the functional group XY induces
cleavage of the C—XY bond and generates the ion/dipole complex 35* Simple
separation of the two constituents is, however, often precluded by the fact that this
would be endothermic. The complex therefore rearranges by protonation of the
XYM dipole** by the incipient carbenium ion; since Y is “blocked” by the complex-
ation to M, this step involves the “free” atom X and generates the di-ligated complex
36 which eventuvally dissociates to 34 and 37,

The branching ratio between the two products has to reflect the relative binding
energies of the two ligands in 36. This can indeed be seen from another comparison
between ¢t-BuCN and -BuNC [40]. If 36 is formed from {-BuCN, it contains an
HCN molecule, and experimentally it was found that the complex preferentially loses
this ligand and retains the isobutene. Quite contrary, 36 produced from -BuNC,
and therefore containing HNC, preferentially retained this ligand and lost C,H,.
This behavior is exactly what would be expected from the relative binding energies
of nitriles versus isonitriles as it can be shown that the latter are stronger bound
[40,54(b)].

Further evidence for the ion/dipole mechanism was provided by the reactions
of Co*, Ni*, and Cu”* with 2-methyl butanenitrile or 2-ethyl butanenitrile and of

* There is considerable precedent for ionfiinduced) dipole complexes as intermediates in unimolecular
reactions of gaseous cations. For reviews, see ref. 93.
** For theoretical studies on MCN and MNC, see ref. 94 {a)-{d). Heterolytic cleavage of t-BuNC has
also been discussed Jfor the reaction with Ru(dmpe),, which eventually pives rise to
Rufdmpe),(H}CN) [S4e)].
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Fe* with 2,2-dimethyl butanenitrile [28,41,95]. In all these systems, M(HCN) " ions
{with proven structure} as well as loss of HCN were observed. Ton/dipole complexes
are known to be quite long-lived [93,96], being trapped on the reaction coordinate
by a potential-energy barrier on one side and an entropic bottleneck on the other;
on the contrary, hydrogen rearrangements in carbenium ions are fast processes [97].
It can therefore be expected that occasional H/D scrambling in 35 should be detect-
able. And indeed, for the above-mentioned systems, °H labeling proved that not only
the f-hydrogen atoms, but in fact all positions contributed to the hydrogen-transfer
step [28,411.

A very general energy diagram for the mechanism in Scheme 9 is provided in
Scheme 10. Without putting any emphasis to the depth of the basins, it is meant to
demonstrate the presence of different minima along the reaction coordinate. For
simplicity it also ignores any cenirifugal barriers at the entrance and the exits. The
relative energetic order of 37 and 34 would match the case of -BuNC forming
M{HNC)' and HNC; for t-BuCN they would have to be reversed. Quite similarly,
for many metal ions the C,H7 product would have to be energetically lower than
the separaied 29 and M ™,

20+ M eeesssmmmmmam s /k + XYM
I"'
v"

%M

Scheme 1. Energy profile for the ion/dipole mechanism in Scheme 9.

Some of the observations just listed could still be explained with an insertion/$-
H shift mechanism if further assumptions are invoked. For instance, the formation
of 36 in lieu of 32 could be explained by a reductive elimination of H-XY from 31
where the HXY molecule does not depart from the complex but swings around to
coordinate through Y to the metal ion. It is not obvious, however, why this should
happen; after all, this would be contrary to the postulated initial insertion 29— 30
where it seemed to be favorable for the metal ion to form an M—XY bond. By going
from 31 to 36 it wouid lose this bond again. in addition, one would have to exclude
direct alkene loss from 31, as for the M{H,CN)* product H-M*—(XY)} structures
counld be excluded. The scrambling of the hydrogen atoms could still be explained
with reversible f-hydrogen shifts that lead to isomeric alkene complexes via different
alkyl-hydride structures, but the last finding to be presented at this point certainly
cannot be refuted by invoking the insertion/S-H shift alternative,
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In the 2-methyl butanenitrile and 2-ethyl butanenitrile systems there are three
different mechanisms active with Fe"—Cu™ (see below), and one of them, as already
mentioned, is the ion/dipole mechanism that ieads to the formation of HCN and
M{HCN)* ions. The relative contribution of this mechanism, as compared with the
other two, steadily increases along the row from Fe™, where it is absent, to Cu™,
where it is the sole mechanism operative. As already outlined above, Cu™ is unlikely
to insert into any bonds due to its very stable d'° ground state. It is, however, still
able to react as a Lewis acid and can hence still react by the ion/dipote mechanism
which is devoid of any insertion steps. The other two mechanisms operative for the
secondary nitrile include insertion steps and are therefore inaccessible io Cu™, but
not to Fe™—Ni™, Insertions are also impossible for the main-group ions discussed
in the previous section, in contrast to all of the steps in the ion/dipole mechanism.
it is therefore proposed that the wavy arrow in Scheme 4 can actually be replaced
with a sequence along the lines of Scheme 9 and that Scheme 10 probably describes
the energetic situation better than Scheme 5.

An important conclusion that can be derived from this result is that the extent
by which the ionfdipole mechanism is operative depends on the need for it. This postulate
gains additional credence from studies employing isonitriles. The different behavior
of t+-BuNC and ¢-BuCN already indicates that a metai-ion-induced isomerization of
the isonitriles* to the thermodynamically more stable nitriles {99] is absent, although
this long-known reaction [100] occurs in solution [101], at metal surfaces [162], or
in the gas phase at elevated temperatures [103]. A distinctly different bebavior than
with nitriles has also been observed in the reactions of Fe* with several n-alkyl
isocyanides [104]. For short chain isocyanides, where remote functionalization is
not yet possible, formation of Fe{lHNC)™ by the ion/dipole mechanism was operative.
2H labeling showed that the origin of the hydrogen was unspecific, thus the intermedi-
ate carbenium ions have enough time to rearrange by hydride shifts, With increasing
chain length, the remote functionalization begins to compete, and for isonitriles it is
mainly H, that is formed, although ethene was also present. In contrast to the
1wn/dipole mechanism, the dehydrogenation was specific and involved the effw — 1)
positions as expected, Cu™ has aise been studied with C,H,,,,NC (n=2-9) and
some *H- and '*C-labeled isotopomers thereof [105]. Here, the products of the
ion/dipele mechanism, Cu{HNC)* [105] and HNC, dominated the CID specira of
the CufRNC})* complexes in all cases. Additional signals, that were observed even
in metastable-ion spectra, included carbenium ions R™ by loss of CuCN. Obviously
the difference between the R—NC and the Cu—CN bond energies is sufficiently large
to drive the separation of the ion/dipole intermediates 35, In the CID spectra, similar
radical losses as for the Cu{RCN)* complexes were present, viz, CH,NC—Cu™ and
CH,CH,NC—Cu* by simple C—C cleavage during the collision process and (CH,=
CH—NC)Cu™ by consecutive loss of two radicals.

In order to get an overview of the d block, nearly all transition-metal ions were

* For reviews on metal-isocyanide complexes, see ref. 98,
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reacted with n-propyl, n-butyl, and n-pentyl isocyanide [105]. Interestingly, the
observed reactivity reflected the behavior that the individual ions bad revealed earlier
with various other substrates [ 1], so that it can be regarded as being due to the ions’
intrinsic properties. Dehydrogenation, or C—H activation, was very prominent for
early transition-metal ions such as Ti* and V¥ and nearly all second- and third-
row ions, except for groups 11 and 12, where there are filled d shelis. Fe* in the first
row was also seen to dehydrogenate the isonitriles, as discussed above, but the
tendency for C—H activation rapidly decreases for Co® and Ni*, The ion/dipole
mechanisin was operative for all transition-metal ions, but was reduced in importance
for those ions that efficiently dehydrogenated the substrates. On the contrary, it was
most dominant for groups 6 and 11, ie. those ions that are often unable to afford
C—H or C—C activations. As the ion/dipole mechanism avoids insertion steps, it
may be the only alternative left for these ions.

Ligand-detachment signals were found to be a good indicator for lacking
reactivity as they were most pronounced in cases where no other reactions were
possible. For instance, short substrates were always more prone to loss of the intact
ligand than larger substrates where alternative pathways are accessible. Maximum
amounts of figand detachment were found for Mn*, a metal ion that rarely gives
rise to cleavage products of whatever kind. Additional support for this hypothesis
comes from a study dealing with the various mechanisms operative for Fe™ and
secondary nitriles. Ligand detachment is only observed in cases where other mecha-
nisms are either completely impossible like in the case of (CH, ), CHCN or energeti-
cally unfavorable due to highly strained intermediates. As soon as the other
alternatives become available, the ligand-detachment signals rapidly diminish [41],

Secondary nitriles turned out to be very interesting as they not only provided
a transition between the remote functionalization and the ion/dipole mechanism but
also led to the discovery of a third process that commenced with an insertion into
the C—CN bond. Initial work was concerned with symmetric, long-chain nitriles of
the type R, CHCN in order to get a handle on the kinetics of the remote functionaliza-
tion mechanism. Metastable-ion spectra of 2-butyl hexanenitrile {(n-C,H,), CHCN)
and a rather extensive set of eight H-labeled isotopomers showed that 97% of the
products were formed by remote functionalization, namely hydrogen and ethene
[41,74,107]. They both originated from the w/{w — 1) positions of the chains, and
comparison of the labeling data allowed to deduce intramolecular kinetic isotope
effects (KIEs) for the individual steps in Scheme 6. While the initial oxidative addition
is not rate-determining, for the ethene loss it is the final detachment step that shows
a secondary KIE, and for the dehydrogenation both the §-H shift and the reductive
elimination are associated with a primary KIE.

A distinct feature in MI spectra of the secondary nitriles are abundant CH,
losses for small compounds and other C,H,,,, losses for nitriles with two long
chains. Since the methane loss may be observed with some tertiary nitriles as well,
it will be discussed later. As was already briefly mentioned above, loss of [C,H;,4:]
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was observed for primary nitriles, too, but only upon collisional activation and as a
result of a consecutive reaction in which loss of H, was followed by loss of alkenes
{66]. The question, if loss of [C,H,,.,] in the case of secondary nitriles also
corresponded to eliminations of H,/C,H,, or rather to intact alkanes, was solved
using MS/MS and *H-labeling techniques [41,64]. The MS/MS experiments showed
that loss of C;Hg or C3Hg from RR'CHCN was actually due to loss of C,H,,/H,,
but unlike the linear nitriles, loss of the alkene preceded dehydrogenation and not
vice versa. Even more interesting was the observation of exclusively [C,H,D,] and
[C,H,D,] losses from (CD;(CH, ), ), CHCN, a result which could only be rational-
ized by a successive double remote functionalization of both alkyl chains (Scheme 11).
The driving force and most likely explanation for the absence of the reversed sequence,
i.e. loss of H,/C,H,,, is the formation of the chelated complex 43. Dehydrogenation
of the secondary nitriles already produces bidentate complexes while alkene iosses
generate shortened ligands with still only one coordination site. Other known exam-
ples for double remote functionalization in the gas phase are ketones [63,64] and
imines [108]; in the condensed phase, an example for a rigid molecule has been
reported only recently {109].

2 *.'
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Scheme 11. Double remote functionalization of secondary nitriles, exemplified for the “CyH,y" loss from
2-hexyl octanenitrile; initial alkene loss from one chain is followed by dehydrogenation of the other chain.

Most unusual is the methane loss that was observed for secondary nitriles and
also C,H,C{CH,),CN reacting with Fe* and, albeit less intense in that case, Co*.
As expected, three of the hydrogens originated from the chain termini but the fourth
was not provided by the {w— 2) position but exclusively from a position 8 1o the
cyanide group. The teasons for this finding are not particularly well understood.
Although the process was not very intense for long chain nitnles, for example 3%
for the above-mentioned {n-Bu}, CHCN [41,74], the driving force remains unclear.
It was, however, somewhat more obvious for small substrate molegules where it may
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be produced in amounts up to 58% for Fe™ and 2-ethyl butanenitrile [27,28.41,95].
As depicted in Scheme 12, the reaction commences with an insertion of the metal
ion into the C—CN bond followed by a S-hydrogen shift. Reductive climination of
HCN from the resulting intermediate 46 must be kineticaily hindered, though, since
it is not observed. Instead, a terminal C—CH; bond is activated in the following,
and methane is reductively eliminated. In cases where the methane loss reaches
significant values, the C—CH; bond is simultaneously in an ailylic position to the
newly generated double bond. This facilitates its cieavage and favors the CH, loss
over other processes such as remote functionalization or the ion/dipole mechanism.
As soon as one chain was, however, long enough to permit the operation of the
formes, it became dominant.

CN H
N—M* ™ ; S
\Ak/ : RIXTM—\
W A
44 as 46
H CN
o A |
aliyi. * S CHy M
* "~ \\Jf
R
47 48

Scheme 12. Methane loss from small branched nitriles by initial C—CN insertion of the metal ions (M ™ =
Fe*, Co) followed by £-H shift, allylic C—C insertion, and reductive elimination.

Transitions from one mechanism to another are also very obvious from compar-
isons of different metal ions. The reactions of 2-methyl butanenitrile [28] and 2-ethyl
butanenitrile [95] with ali first d-row metal ions from Ti* through Zn* have been
studied employing sector and FTICR instruments as well as °H iabeling. The chemis-
try of Fe* has already been described and proceeds according to Schemes 6 and 12.
Additional features included a degeneraie isomerization for the smaller substrate in
the course of the methane loss, weak losses of CH; - radicals from intermediate 47,
and scrambling of the “ethyl” hydrogens in both substrates due to an equilibrivm
between [Fe]—C,H; and [Fel(C,H,}H structures. This latter finding was also
observed for butanenitrile and 2,2-dimethyl butanenitrile [41]. A strikingly different
behavior was encountered for Cu™, which reacted exclusively by the ion/dipole



K. Eller | Coord. Chem. Rev. 126 (1993) 93147 117

mechanism due to restrictions imposed by its d*® coafiguration and as discussed
above. For the intermediate Co™ and Ni* ions, varying contributions from the three
mechanisms were observed with Co™ reacting by ail three of them and Ni* by the
remote functionalization and the ion/dipole mechanism. Altogether, a gradual swiich-
ing from one mechanism to the other was obvious from the comparison of Fe™ to
Cu* and showed the limitations for the individual ions. Fe* is unable to react with
secondary nitriles by the ion/dipole mechanism but indiuces roughly equal amounis
of remote functionalization and methane loss by allylic insertion. Co™ is able to
react via all three mechanisms but strongly prefers the remote functionalization; Ni*
does not react via initial C—CN insertion but reveals, compared to Co ™, an increased
amount of products from the ion/dipole mechanism but with remote functionalization
still being favored. Cu® may only react via intermediate ion/dipole complexes. This
comparison also shed a new light on the reaction of Co* with the lower homologue
2-methyl propanenitrile ((CH;),CHCN}) that yielded Co(HCN}* and Co{CH)"*
by loss of HCN [67]. This has been explained by invoking an insertion/#-hydrogen
shift mechanism, but as Scheme 12 shows, reductive elimination of HCN does not
occur, even though Co* is able to insert into the C—CN bond. Both products can
therefore only be due to the operation of the ion/dipole mechanism,

The early transition-metal jons Ti* and V* reacted with both 2-methyl and
2-ethyl butanenitrile predominantly by C—H activation, with either dehydrogenations
or dehydrogenations combined with the loss of other small neutral molecules pre-
vailing [28,95]. The reaction mechanisms were difficult to derive, though, as the
occurrence of multiple losses per se complicated the interpretation of the labeling
data, and there also were reversible steps involved that worsened the case even
further, Ti*, more exteasively than V*, gave rise to multiple dehydrogenations with
a much higher percentage of 2H; and even 3H; losses, for instance. Cr™, Mn™, and
Zn* were unreactive with the two secondary nitriles; under FTICR conditions,
adduct formation was observed and exclusively ligand detachment in MI specira.
CID upon the chromium, manganese, and zinc adduct complexes further underlined
the wnreactive nature of these ions. In contrast to adduct complexes of “reactive”
metal ions, where similar products as in lon/molecule reactions were observed
[1,27-32,74], radical losses prevailed, and there was no indication for an active
involvement of the metal ions. Ligand detachment always led to the most abundant
signal in the low-energy CID spectra; besides, low-intense products from the ion/di-
pole mechanism were seen together with the specific formation of acrylonitrile
complexes in the case of 2-ethyl butanenitrile. The latter are formed by a sequence
of two radical iosses as depicted in Scheme 13, Simple C—C cleavage in the course
of the collision process generates the radical ion 50 and is supported by delocaliza-
tion of the unpaired electron to the CNM* moiety, It subsequently loses a methyl
radical, a process fueled by the formation of the bidentate acrylgnitrile ligand. The
formation of CuC,H,N" ions from linear nitrile and isonitrile complexes of Cu?
upon high-energy CID was rationalized by the same mechanism (see above).
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N—M* N—M*

_ CiD . N\

- CgHg® Q - CHy" /7
49 50 51

Scheme 3. Collision-induced formation of acrylonitrile complexes from adduct complexes of Cr™*, Ma ™,
and Zn~ with 2-ethyl butanenitrile.

Similar to Cu* [106], Cr* has been found to react with -BuCN [8(c){(d)] and
t-PentCN [110] according to the ion/dipole mechanism and affording Co{HCN)*
and loss of HCN. Like Cu™*, Cr* with a half-filled d° shell and Mn™* and Zn* with
ground state d°s? or d'%s’ configurations are unlikely to undergo oxidative additions,
and it is therefore not surprising that, if they react at all, they do so by means of the
ion/dipole mechanism where no insertion steps are incorporated.

fit) Isocyanates and isothiocyanates

Isocyanates have found interest as model substrates for gas-phase reactions as
there was already some information available about their behavior with a hetero-
geneous catalyst. While uncatalyzed pyrolysis of isopropyl and tert-butyl isocyanate
afforded the alkenes and isocyanic acid (HNCO) only at temperatures above 900 K
{reaction (12)), Ni, clusters on a carbon support (Ni /C_) significantly altered the
ongoing chemisiry [111].

C,H;,.  NCO—-C,H;, + HNCO (12}

At 500 K, Ni /C_ is able to catalyze the decomposition of isopropyl 1socyanate to
afford carbon monoxide, methane, and acetonitrile

{CH,;),CHNCOQ - CO + CH, + CH,CN (13)

Since CO was formed already at 400 K, the assumption of an intermediate, surface-
bound nitrene secems jusiified; at 500 K this nitrene yields CH, and acetonitrile,
which desorbs from the surface at a still slightly higher temperature. An analogous
reaction for t-BuNCO was not observed, but Ni,/C cataiyzed isobutene/HNCO
formation at temperatures as low as 500 K [111].

The differences between i-PrNCO and ~BuNCOQ are as vnclear as is the
underlying reason for the change from reaction (12) to reaction (13). To investigate
that, different metal ions were studied with several isocyanates to find the gas-phase
analogue of reaction {13) [112-114]. The metal jons studied (Ti*-Zn"*) could be
arranged in two groups, early {Ti*, V*) and late (Cr*-Zn™) transition-metal ions.
The latter showed a behavior that was related to the pyrolysis while the former
reacted analogously to (13).

All of the late transition-metal ions reacted with i-PrNCO to afford
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M(HNCO}* and M(C;H4)* by loss of HNCOQ, in a similar ratio and with similar
kinetic isotope effects involved (around 1.5, respectively). The KIEs were determined
from CD,{(CH;)CHNCO, as (CH; ), CDNCO had shown that only the methyl groups
provided the hydrogen for M(HNCO}* and HNCO. sec-Butyl, tert-butyl, and tert-
pentyl isocyanate revealed an analogous behavior with Cr¥-Zn*. Again,
M(HNCO)* and M(alkene)* ions were formed, but also C,Hj,., by loss of
[MNCQO], and part of the M(alkene)” ions decomposed further by loss of H,, CH,,
or C,H, [112-114]. '

To explain the formation of these products, two pathways may be considered;
the insertion/f-hydrogen shift as well as the ion/dipole mechanism could account
for them (cf. Scheme 9). Although the structure of the M(HNCO)}* ions could not
be determined, there is good reason to believe that in fact the ion/dipole mechanism
is responsible for all of the observed products. First of ali, the very simiiar behavior
of all late metal ions, including those for which oxidative additions are very unlikely
for electronic reasons (Cr¥, Mn™, Cu’, Zn™), shows that the same mechanism is
operative. Not only were similar product distributions observed {except for subse-
quent decompositions in the case of Fe* —Ni*), the results for 2H-labeled isotopomers
also showed similar labeling distributions. It is hardly conceivable that two different
mechanisms would proceed with the same ease and outcome, and as for some ions
insertions are impossible, it can only be concluded that {or all ions the ion/dipole
mechanism applies.

The labeled isocyanates had all shown that only S-hydrogen atoms contributed
to the proton-transfer step and showed up in the M{HNCQO}* and HNCO products.
This seemingly contradicts the idea that the ion/dipole mechanism is active, which
could be expected to reveal H/D scrambling in the incipient carbenium ions in the
[C,H, ., - NCOM]J* intermediates. At this point it is necessary to go back to
the characteristics of ion/dipole mediated gas-phase reactions. The “entropic well”
in which ion/dipole intermediates reside is flanked by a tight and a loose transifion
state. The tight TS precedes ion/dipole compiex formation while the loose TS 15
reached subsequently. The loose TS is rate-controlling at iow energies while at higher
energies, passage through it becomes so rapid that the tight TS becomes rate-
determining [93]. In that case it is predicted that other reactions with transition
states at energies between those of the tight and loose TS, such as H/D scrambling,
will also rapidly diminish in importance. In other words, if the reactions of Cr*-Zn*
with secondary and tertiary isocyanates sufficient energy is available, no H/D scram-
bling, and hence contributions from positions other than 8, would be expected. A
criterion for this assumption is the observation of carbenium ions by NCO abstrac-
tion. Competition between simple dissociation and proton transfer is a function of
the amount of energy contained in the ion/dipole complex. Protan transfer will be
prevented when the initial fragments separate too rapidly for the partners to rotate
into a configuration permitting the transfer. The simultancous appearance of carbe-
nium ions and absence of H/D scrambling is therefore fully in line with the expecta-
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tions for the jon/dipole mechanism and supports its proposed operation. For
ion/dipole complexes containing 2-propyi cationms, it is already well known that
isomerizations to 1-propyl cations are only observed if sufficient energy is available,
otherwise no H/D scrambling can be noted (see, for example, ref. 115).

With Ti" and V* a different situation arose in the reactions of the isocyanates
[112-114]. Secondary isocyanates were distinct from tertiary isocyanates in that
products due to the ion/dipole mechanism, aibeit present, were only of minor impor-
tance, Instead, nitrile-complex formation was observed. While i-PrNCOQO with both
Ti* and V™ yielded CH;CN—M™ by loss of CO/CH,, sec-BuNCQ in addition to
CH;CH,CN—M" by loss of CO/CH, also formed CH,CN-M"' by loss of
CO/C,H,. The mechanism in Scheme 14 accounts for those findings and is supported
by the following arguments.

H
C-C_ >_N C-H
acliv. \M* activ.

N
54 R
.
-_FH':I_- CHaCN-M
57
R R R
M .
>—Nco — N=pM* L e
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~
52 53 55 H
R = CHy, CDy, CHs ——=  RCN-M*
-CH,
58
R
c-C —N C-H
acty, A Y iv.
H N activ
56 CH,

Scheme 14. Formation of nitrile complexes from secondary isocyanates by the eaely transition-metal ions
Ti~and V*,

Nitrenes such as 53 are common intermediates in the condensed-phase chemis-
try of isocyanates reacting with transition-metal complexes [116-1197* and in the
surface-catalyzed process [111], and it is hence very likely that decarbonylation is
also the first step en route to the nitrile complexes. Labeling further proved the
formal presence of a i,l-elimination for both secondary nitriles. Which of the two
necessary activation steps actually precedes the other, C—H or C—C activation, could
not be elucidated.

With the two tertiary isocyanates (-BuNCO and -PentNCQO no nitriles were
formed upon reaction with Ti* or V*, In addition to a plethora of small producs,
the majority of the losses were those of the ion/dipole mechanism [114]. Obviously,

* For 2 review en transition-metal complexes containing nitrene ligands, see ref. 119,
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two C—C activations are impossible in Scheme 14 and therefore nitrile formation is
suppressed in favor of other processes. This was the same behavior as found for the
Ni, /C  -catalyzed reactions [111].

For the differences between Ti* and V' on the one hand and Cr*-Zn* on
the other, the metal jon’s binding energies to nitrenes were held responsible
[112-114]. The early transition-metal ions form very strong bonds with the simplest
nitrene, mamely D(HN=Ti*)}=(111% 3)kcalmol ™’ [120] and D*HN=V"')=
{99 + 4) kcal mol ! [121]. This is opposed to Fe*, which has been found to possess
a much weaker binding energy of D®(HN=Fe*)=(54 + 1d)kcalmol ' [122].
Cr*-Cu* were also unreactive with ammonia [ 16,76,122,123], while Sc*-V™* were
able to dehydrogenate NH, exothermically to form HN=M" nitrene complexes
f120-122,124].* In the absence of any barriers, this was tentatively interpreted as
D (HN=M "'} < 96 kcal mol ! for M = Cr—Cu. The conclusion that in the gas phase
the nitrene binding energy was the pivotal point for the nitrile formation was also
transcribed in the condensed phase, and it was proposed that catalysts with high
binding energies for surface nitrenes should work best for the formation of nitrile
complexes from isocyanates [112-114]. This gained some support from adsorption
studies of CH3NCO on single-crystal surfaces which showed that dissociation into
CH;N and CC was only observed when it was exothermic [123].

In the course of the studies on isocyanates, an interesting observation was
made for the secondary reactions of Cr*-Zn* [114,126]. Whilefor M™ =Cr*, Mn™*,
and Zn~, the primary M(HNCO)" and M(alkene)” products reacted with the
secondary isocyanates fo form M(RNCO)' adduct complexes by simple ligand
exchange, for Fe*—Cu", isomeric M{HNCO){alkene)™ ions were obfained. In the
case of tertiary isocyanates, Cr* behaved like Fe*-Cu*, and only Mn"* and Zn*
reacted by simple ligand exchange. As shown in Sect. B, in sector studies, adduct
complexes are selected out of a CI plasma in which they are formed by a sequence
of ion/molecule reactions. The preceding observations, although obtained under
FTICR conditions, show, however, that ligand exchange can go along with dissoci-
ation and may lead to unexpected isomerizations,

Some isothiocyanates have also been studied [127,128]. Using a complete set
of H-labeled isotopomers, the reactions of Ti* -Zn* with butyl isothiocyanate were
studied under FTICR conditicns [ 128] and compared with those of Fe™ with RNCS
{(R=C,H,,CyH,, C,H,) in metastable-ion decompositions [127]. Under FTICR
conditions, the main product for most of the metal ions was MHNCS ™ formed by
the ion/dipole mechanism. For Ti* a significant amount of sulfur abstraction was
also observed, and for Cr™* the losses of H, and H, S were very prominent too. While
the dehydrogenation was unspecific, for the H, 8 loss the major hydrogen contribu-
tions came from C(1) and C{4) and less so from C{2) and C(3). Unlike the Fe™ case
described below, the mechanism for this dehvydrosulfurization could thus not be

* DP(HN=Sc ") has been studied theoretically in ref. 7(b). See also ref. 124{a).



122 K. Elier | Coord, Chem. Rev. 126 (1993) 93147

determined. Mn* was the only ion that did not form MHNCS " at all, but produced
mainly alkenes, C;H, and C H;. Ethene accounted for 57% of the products and
was formed exclusively from the a- and §-CH, groups. insertion into the C{1}-NCS
bond followed by S-C—C cleavage was proposed to explain this finding [128].
Propene was formed classically by insertion into the C{1}-C(2) bond followed by
B-hydrogen shift. Fe*, Co®*, and Ni* reacted very similarly and yielded aimost
exclusively the products from the ion/dipole mechanism, i.e. MHNCS*, NHCS,
HNCS/H,, and C,HJ by loss of [MNCS]. H/D scrambling was noted and involved
all positions of the substrate. As the NCS abstraction was of minor importance (3%
for Fe* and 2% for Co™), this was in line with the expectations on the mechanism
discussed above,

The reaction of Fe* with n-BuNCS represents one of the rare cases where
large differences between FTICR and MI results were observed. Although the same
products were formed, the intensities differed greatly. The products from the ion/
dipole mechanism were also observed in the M1 spectra but the main product {35%)
in this case was loss of H,8, which occurred in the FTICR spectra only with a
meager 2% abundance. The H,S loss was of negligible importance for ethyl and
propyl isothiocyanate reacting with Fe™ under M1 conditions, There again,
FeHNCS™ and loss of HNCS were the major products. As seen from the labeled
butyl isothiocyanates, the hydrogen atoms for the H, S were mainly provided by the
f{w — 1) positions of the chain. The mechanism in Scheme 15 has been proposed
to account for this finding. Sulfur abstraction yields a complex of FeS* with butyl
isocyanide {6); this process has been noted for Fe™ before [129] and is also known
in solution for isothiocyanates [ 118{f),(i),130] as well as other substrates [118(i),131]*
with a good leaving group. The following steps are analogous to the remote function-
alization mechanism in Scheme 6, only that a ligated metal ion is involved. It has
been shown that FeO™ is also able to react by remote functionalization [132]. In
solution, it has been found that HS™ attack at coordinated isocvanides may give
rise to isothiocyanate complexes [133], which would represent the reverse reaction
from 62 to 59. The overall process in Scheme 15 constitutes an intramolecular variant
of the industrially important hydrodesulfurization (HDS) [134].

Further products that were more abundant in the MI spectra were loss of H,
and C,H, which were formed by remote functionalization. The suppression of the
remote functionalization products in favor of the ion/dipole products in the FTICR
spectra might be taken as an indication that MI spectra are sampling slightly “cooler”
products. This contention is based on the finding that the ion/dipole mechanism
applies only in cases where no other reactions are accessible. The drastic shift for
Fe ' /n-BUNCS showed that this system represented a borderline case where small
differences in energy greatly influenced the mechanisms. A recent comparison of the
reaction of Cu* with ociynes also showed decreased abundances of remote function-

* For a theoretical study, see ref. 131{m).



122 K. Elier | Coord, Chem. Rev. 126 (1993) 93147

determined. Mn* was the only ion that did not form MHNCS " at all, but produced
mainly alkenes, C;H, and C H;. Ethene accounted for 57% of the products and
was formed exclusively from the a- and §-CH, groups. insertion into the C{1}-NCS
bond followed by S-C—C cleavage was proposed to explain this finding [128].
Propene was formed classically by insertion into the C{1}-C(2) bond followed by
B-hydrogen shift. Fe*, Co®*, and Ni* reacted very similarly and yielded aimost
exclusively the products from the ion/dipole mechanism, i.e. MHNCS*, NHCS,
HNCS/H,, and C,HJ by loss of [MNCS]. H/D scrambling was noted and involved
all positions of the substrate. As the NCS abstraction was of minor importance (3%
for Fe* and 2% for Co™), this was in line with the expectations on the mechanism
discussed above,

The reaction of Fe* with n-BuNCS represents one of the rare cases where
large differences between FTICR and MI results were observed. Although the same
products were formed, the intensities differed greatly. The products from the ion/
dipole mechanism were also observed in the M1 spectra but the main product {35%)
in this case was loss of H,8, which occurred in the FTICR spectra only with a
meager 2% abundance. The H,S loss was of negligible importance for ethyl and
propyl isothiocyanate reacting with Fe™ under M1 conditions, There again,
FeHNCS™ and loss of HNCS were the major products. As seen from the labeled
butyl isothiocyanates, the hydrogen atoms for the H, S were mainly provided by the
f{w — 1) positions of the chain. The mechanism in Scheme 15 has been proposed
to account for this finding. Sulfur abstraction yields a complex of FeS* with butyl
isocyanide {6); this process has been noted for Fe™ before [129] and is also known
in solution for isothiocyanates [ 118{f),(i),130] as well as other substrates [118(i),131]*
with a good leaving group. The following steps are analogous to the remote function-
alization mechanism in Scheme 6, only that a ligated metal ion is involved. It has
been shown that FeO™ is also able to react by remote functionalization [132]. In
solution, it has been found that HS™ attack at coordinated isocvanides may give
rise to isothiocyanate complexes [133], which would represent the reverse reaction
from 62 to 59. The overall process in Scheme 15 constitutes an intramolecular variant
of the industrially important hydrodesulfurization (HDS) [134].

Further products that were more abundant in the MI spectra were loss of H,
and C,H, which were formed by remote functionalization. The suppression of the
remote functionalization products in favor of the ion/dipole products in the FTICR
spectra might be taken as an indication that MI spectra are sampling slightly “cooler”
products. This contention is based on the finding that the ion/dipole mechanism
applies only in cases where no other reactions are accessible. The drastic shift for
Fe ' /n-BUNCS showed that this system represented a borderline case where small
differences in energy greatly influenced the mechanisms. A recent comparison of the
reaction of Cu* with ociynes also showed decreased abundances of remote function-

* For a theoretical study, see ref. 131{m).



Fa* S SH
- I/ i

)
c ; ~Fe F°° 5 i ||=<
. —— o H - ra
ﬂ abstr k) acm I\J — ‘\j <hiR N = HS
59 61 62 63

Scheme 15. Dehydrosuifurization of buiyl isothiocyanate by Fe™ via initial sulfur abstraction and subsequent remote functionalization of the ailkyl chain.

LYI~E€6 (€661) 927 "2y wayD "paoo]y [ 4o ¥

£Ti



124 K. EMer | Coord. Chem. Rev. 126 (1993) 93147

alization products in FTICR experiments as compared to MI spectra; remote func-
tionalization was also found to be a low-energy process [135]). Cu't with buiyl
isothiocyanate afforded exclusively MHNCS ™ and loss of NHCS, while Zn* besides
these two products reacted predominantly by charge transfer to C,H,NCS* - and
its decomposition products [128). This finding was in line with the ionization
potentials of Zn (9.394eV [136]) and n-BuNCS (9.02eV [137]). The similarity
beiween most of the first-row metal ions, including for instance Cu?, again excludes
the operation of the insertion/#-hydrogen shift mechanism,

(iii) Primary amines

Already the simplest primary amine, methylamine, was observed to react with
bare metal ions. Dehydrogenation was noted for Fe* [138], Ru* [138], and Rh*
[138], while Co™ [138,139] and Ni* [138] afforded a mixture of H, loss and the
product of a hydride abstraction, CH,=NH; . CuH is also the sole product generated
with Cu* [140]; in contrast, Ag* formed adduct complexes only [140]. An adduct
complex is also the only product of the reaction of Al* with ethylamine [141]. With
the early transition-metal ions Ti* and V* and the second-row Nb*, this amine
again demonstrated the preference of these ions for C—H activation, with dehydroge-
nations and combined losses of H, with other neutral particles observed [141]. Cr*
and Mn* formed adduct complexes but dehydrogenation was simultaneously present
in unspecified amounts. With Fe*, Co*, and Ni*, in addition to loss of H,, CH,
and C,H, were evidence for the ability of these ions to activate C—C bonds as well
[141]. In all cases, however, radical losses were encountered toe, so that it is very
likely that at least part of the metal ions formed were kinetically or electronically
excited. This conclusion is further supported by comparison of the reactions of Co™*
with C,HsNH,, which have also been studied under ICR conditions [139]. In this
case, CoH was the predominant product in addition to H, and CH,,. For the labeled
C,H;ND,, HD was formed in the dehydrogenation which was interpreted as imine-
complex formation by way of initial N—D insertion followed by f-H shift and
reductive elimination of HD.

Propylamine is the most studied amine with regard to its gas-phase chemistry
with bare metal ions. Cr* has been found to dehydrogenate this substrate in an ICR
instrument, and the same has been claimed for Cu* [7(b),142]. This latter finding
could not, however, be reproduced in FTICR or sector MS experiments, where CuH
accounted for >99% of the products [143]. Here, only loss of CueH could be noted,
a product not given in ref. 142 which lists only metal-containing products. Mn™ and
Zn* were found to be unreactive toward n-CyH,NH; [7ib),142], similar to many
other substrates [1]. Fe*, Co™, and Ni* have been studied with propylamine in an
ICR insiroment [7(b),139,142] as well as with a sector instrument in metastable ion
studies that also included 2H-labeled isctopomers [144,145]. With the latter tech-
nique, four products were observed for Fe™, H,, NH;, C,H,, and C,H,, while in
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the ICR was noted in addition loss of CH, (!) and CH,. These two products could,
however, not be found with an FTICR instrument [146]. The dehydrogenation,
which by plausibility arguments was assumed to afford imine complexes [7(b),i42],
could be shown by the labeling results to proceed in fact by remote functionalization
{cf. Scheme 6); the hydrogen was exclusively provided by the 8 and y position of the
substrate [144,145]. Although the formation of NH,, C,H, and C;H was described
in terms of simple insertion/f-H shift/competitive ligand loss sequences, the labeling
results were inconsistent with this contention. The MI specira could, however, be
explained by the mechanism given in Scheme 16.

CH,
Fa* N
i Fo*—NH,

/\/NHZ ——

64 65

NH,
0H3_ Fa*t— NHZ

/
A Y

67 66
15'H
H ——= NH,
| /
68

Scheme 16. Generation of ethene, propene, and ammenia in the reaction of Fe* with propylamine; equili-
bration of the o and # position precedes ail neutral losses.

Ethene was produced from the internal positions by initial C—C insertion and
subsequent C—N cleavage. The immediate precursor for the C,H, loss, complex 66,
also rearranges to 67 in which the two internal carbon atoms are now completely
equilibrated due to their prior equivalency in 66 (given facile rotation of the C,H,
ligand). The intermediate 67 undergoes the expected f-hydrogen shift to produce
NH, and C,H,.

MI spectra of Co(n-C3;H,NH;)" complexes showed loss of H,, C,H,, and
CoH [144,145] while under ICR and FTICR conditions double dehydrogenation
was also observed [7(b),139,142,143]. The labeling studies showed that dehydrogena-
tion was due to remote functionalization, just as for Fe™, but in this|case ethene was
formed by the same mechanism, namely from the 8/y position. Scrambling of the
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“ethyl hydrogens” preceding ethene loss was active but this has precedence in the
substituted and unsubstituted butanenitriles {cf. Sect. D{i}). Cobalt hydride formation
was specific and involved exclusively the o position to generate the stable immonium
ions, While under ICR conditions C,H, was the only reported product for the
reaction of Ni*™ with #-C3H,NH, [7(b),142], MI spectra also revealed loss of H,
and NiH in smaller amounts [145]. Similar to Co*, C,H, was formed by remote
functionalization and NiH with concomitant immonium-ion generation.
Dehydrogenation in the case of Ni™ was unspecific, however, and involved all four
positions.

Isopropylamine bhas only been studied with Co’ and afforded mainly H,
together with equal amounts of CH, and CoH [139]. Butylamine with Fe* yielded
mainly H, by remote functionalization in addition to a small amount of C;H,,
which seemed to be generated by iwo different mechanisms [147]. While n-BuNH,,
i-BuNH,, and sec-BuNH, with Co™ formed a variety of different products under
ICR conditions, including H,, 2H,, CH,, C, H,, C;H,, and CoH, t-BuNH, exclo-
sively afforded CH, [139]). Ag® with 1-methyl-1-propylamine (sec-BulNH,} yielded
AgH as the sole product [148]. 2-Methyl-i1-propylamine {(i-BuNH,) has also been
studied in a sector instrument with Fe*, Co™ and Ni*, and here fewer products
were observed [149], as compared with the ICR study, which can be ascribed to the
well-known tendency of ICR and FTICR studies to show higher amounts of multiple
losses [27-31]. As already observed for propylamine, dehydrogenation of i-BuNH;
was specific for Fe* and Co* and proceeded by remote functionalization while Ni*
gave rise to extensive scrambling processes [149]. Methane was formed by the
mechanism in Scheme 17 (R = H) by initial C—C activation followed by S-H shift
for all three metal ions. The same mechanism applied for 2,2-dimethyl-1-propylamine
(reo-CsH,, NH,, R = CH;) in the case of Fe*-Ni* [149]. Loss of C;H from
iscbutylamine and of C,H; from neopentylamine was, depending on the metal ion,
due to different mechanisms. As depicted in Scheme 17, the initial C—C (69) or C—H
{71) activation products decompose by cleavage of a bond in the § position. While
Co* and Ni* reacted exclusively via the C—H insertion sequence, Fe* was able to
react in both ways [149].

Fe* and Co"* bhave also been studied with the isomeric substrates 2-ethyl-1-
butylamine and 22-dimethyl-i-butylamine and several of their isotopomers
[147,150). The main product for Fe™ reacting with both amines was H, which was
formed by remote functionalization. In addition to this, butene loss was noted in
both cases. For this loss, the mechanism in Scheme 18 was proposed in which initial
C—C insertion was followed by B-C—C cleavage to generate either 1-butene or
isobutene [147,150]. Quite similarly, :-PentNH,, upon reaction with Fe* or Co”,
also loses i-C4Hy by insertion into the terminal C—CH, bond and $-C—N cleavage
to generate CH,—M*-NH,, whose structures have been characterized in CID
experiments [146]. Co* with 2-ethyl-i-butylamine and 2,2-dimethyl-1-butylamine
also afforded H, by remote functionalization and C,Hg by the mechanism in
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Scheme 17. Generatized mechanism for the C—C and C—H activation of isobutylamine (R = H) and neo-
pentylamine {R = CH,) by Fe™-Ni*.

Scheme 18, but in addition also produced CH,, C,H,, and C,H,. Ethene was also
formed by remote functionalization while both methane and ethane arose from C—C
insertions that were followed by B-H shifts and reductive alkane eliminations.

{iv) Alcohols

Methanol is relatively unreactive with bare metal ions, similar to other C,
compounds, Only with early and second- or third-row transition-metal jons have
bond activations been observed so far. It was, however, claimed in early ICR studies
that Fe* reacted with CH;OH to form FeOH™ [38,151], but this result could not
be reproduced in a later FTICR study [152], so that very likely electronically excited
metal ions were formed under the electron-impact conditions employed [153].
Fe(CH,OH)* complexes [154], formed in a CI source, were also found not ito
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Scheme 18, Generalized mechanism for the butene loss in the reactions of Fe* and Co™ with 2-ethyl-1-
butyltamine (R = H, R’ = C,H,) and 2,2-dimethyl-1-butylamine {R = R’ = CH;).

decompose by unimolecular pathways [155]. Ti* forms four ions in the reaction
with CH,OH, with TIOH* accounting for more than 50% of the products; other
losses seen were H -, H,, and CH, [124(b)]. Cr* [23(c),152], Cu™ [156] and Ag™
[99,156,157] did net react at all or only gave rise to the adduct complex with
methanol. Au®, in addition to the adduct complex, yielded AuH [156], Mo™ dehydro-
genated methanol [152], and Ta* afforded TaOH* and TaO* [158]. For Y™,
formation of YO* and YOH™ has been reported for quite a variety of different
alcohols [159].

Ethanol is cleaved into ethene and water by Fe™ [38,152,155] and Co™ [38],
according to the reactions

M+ +C2H50H—’M(C2H4)+H20 (14)
- M(H,0)* + C,H, (15)

Ni*, in addition to the products from reactions {14) and (15}, also afforded a small
amount of H, loss {38], and for Cu* dehydrogenation was even the dominant
product together with the adduct complex [156,157]. H; loss was aiso observed for
Pd* [138], and the very reactive Mo ™ even gave rise to single and double dehydroge-
nation of C,H;OH [152]. On the other hand, Cr* [152], Ma™ [53], and Ag”
[90,156,157] were unreactive with this alcohol, and Av* afforded mainty Aul and
some H,O loss [156]. Using labeled ethanol isotopomers, it could be shown that
hydride abstraction involved the & position as in the case of the amines and that
dehydration occurred in a 1,2 manner without scrambling. As demonstrated by high-
resolution FTICR spectra, Rh* generated among others the isobaric RhCO™* and
RhC,H; ions from C,HsOH [4{e),129(d)].

The gas-phase chemistry of propanol is already much more versatile than that
of its lower homologues. There are also differences, in some cases, in product
distributions between different instruments where the same system was studied. While
Fe(n-C;H,OH)* complexes in MI spectra exclusively lost H,O [145,155], under
FTICR conditions Fe* also formed additional producits, although here too, dehydra-
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tion was the main reaction [152]; besides the rare loss of a CH;+ radical, C, H, and
C;H, were observed. in MI experiments, Co™ formed mainly H,O in addition to
C,yHg, C;H, and CH,OH [145] while in an ICR study, loss of H,0, C;Hg, C,H,,
and CH, were noted besides the adduct complex [160]. Ni* formed the same
products as did Co*, but in different intensities and together with some dehydrogena-
tion products [145]. Mechanistically, formation of H,0O and C;H, has been de-
scribed with an insertion/B-H shift mechanism [152,160]. The results of *H-labeled
propanols [145,155], however, make it obvious that this simple picture does not
hold further. For all three ions (Fe*-Ni*), hydrogen atoms from all positions,
including the OH proton, contribute to the H,O loss, and for the corresponding
C;H, loss, scrambling is noted too. As outlined in the preceding sections, scrambling
can be an indication that the ion/dipole mechanism is operative. It is therefore
proposed in this article that cleavage of propanol, and very likely other alcohols as
well, to H, O and an alkene proceeds via the ion/dipole mechanism (Scheme 19).

—= HO

] [/\".OC{‘M]. i J—w—o”z e
H

75 76

——t CqHe

o — = CHiOH
M — CHy—W*—OH :
——TY
77

78

e ——— CZHQ

Scheme 19. Formation of H,O and C; H, from propanol via the ion/dipole mechanism and of C,H, and
CH,OH via initial C—C insertion.

The labeling results [145] also revealed the origin of the C,H, and CH;0H
molecuies that were formed from propanol in the reactions of Co™ and Ni* and in
case of Fe* under FTICR conditions. For Co”, the reaction was highly specific and
proceeded in strict analogy to the C,H, loss fiom propylamine in Scheme 16 [145].
The same result was obtained for the reaction of Fe™ with CD,CH,CH,0OH in an
ion source or in high-energy CID experiments [161]. The structure of the resulting
CH;—Fe*—OH ion was distinguished from other FeCH,O" isomers by means of
CID [154]. For Ni™, the formation of C,H, and CH,OH was more complex and
involved only ca. 20% the sequence in Scheme 19. The dehydrogenation observed
with this ion was also unspecific and involved all four positions: of the substrate
[145]. H, loss was also observed frequently with other ions; for Cr*, this was the
sole product under FTICR conditions, and Mo* even doubly and ériply dehydroge-
nated »-PrOH [152]. In an ion-beam study, Cr™, besides H, also yielded C,H,
and C,Hg at 0.5 eV kinetic energy [162]. For Cu*, H, was the predominant product
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together with CuH, H,Q, and C,H,, and even for Ag*, dehydrogenation was
observed to a small extent [90,156,157). For Au”, however, this reaction was absent,
and AuH was once more the main product in addition to H, 0, C;Hg, and AuOH
[156].

For isopropanol, the cleavage into C;Hg and H, O is more important than for
n-propanol. This finding is completely in line with the proposed operation of the
ion/dipole mechanism, The rupture of the C—O bond is facilitated by the formation
of the more stable incipient 2-propyl cation, and alternative mechanisms such as
remote functionalization are, on the other hand, disfavored or even impossible due
to the small chain length. Of course, the possibility of an insertion mechanism carnot
be excluded with certainty. It is not surprising that Fe* [38,152,163], Co™* [38], and
Ni™* [38] predominantly react to form M(C;Hg)* and M(H,0)*, but the fact that
Cr™* [152,162], Cu™* [156,157], Au [156], and Mo ™ [152] to a signficant degree do
the same makes it unlikely that the insertion/8-H shift sequence apptlies. Heterolytic
C—O cleavage has been previously suggested for metal ions with limited insertion
abilities such as Cr* [162] or the group 11 ions [156,157]. Dehydrogenation was
seen for Cr* [152,162], Cu™ [156,157], Ag™ [90,156], and in double and triple form
for Mo* [152]. Other products noted were due to abstraction reactions and led to
CuH, AuH, AuCH;, and AuOQH [156].

Reactions of higher alcohols proceeded similarly to the ones described so far.
In the case of Fe*, MI {155,164] and FTICR [152] results showed similar trends if
the pronounced tendency for muitiple losses in the latter approach is accounted for.
Loss of H,O was insignificant for linear alcohols but was more important for
branched isomers, The MI studies [155,164] revealed that loss of H, was the
dominant product for all n-alkanols from butanol through decanol. Also, loss of
C,H, and higher alkenes was observed too. Labeling studies on 1-pentanol showed
that indeed, as suspected, remote functionalization was operative in the loss of H,
and of C,H,. In view of the increasing amounts of higher alkenes that were produced
with greater chain length of the alcohols, it is very likely that these are formed by
the same mechanism via imitial insertions into {w— 1), (w—2),... C—H bonds (cf.
Scheme 6). In the FTICR study, the relative amount of H, decreased for the higher
alcohols and losses of C H,, ., ; became more important [152]. These were formulated
as alkane losses via C—C insertions/f-H shifts/reductive eliminations. The discrep-
ancy can be readily explained, however, if it is assumed that these “alkanes” are in
fact combined losses of alkenes and H,. For the analogous Co™ system, this couid
indeed be demonstrated using some labeled hexanols [165]. Here, loss of C,H, was
already observed in MI spectra and was found to be due to combined C,H,/H,
loss. Co* -induced loss of H; and C,H, from 1-pentanoi [164] and 1-hexanol [165]
was due to remote functionalization; in particular, the formation of aldehydes or the
activation of the O—H bond in general, which was previously suggested [152,160,166],
could be excluded. In general, Co™ showed a higher amount of dehydration and less
dehydrogenation than did Fe ¥, and alkenes were the dominant products for alcohols
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ionger than butanol [164]. Also observed with Co* were losses of smaller alcobols
{160,164,166]. To explain the observed product distributions, 5- or 6-membered ring
mtermediates preceding C—C insertions have been postulated, yet no labeling is
available that would substantiate this proposal [169,164].

With larger linear alcohols Cr* mainly afforded C—C activation products,
alkanes and alkenes, while branched alcohols predominantly underwent H,O loss
[152]. As already noted above, this supports the operation of the ion/dipole mecha-
nistn for this process. For Mo™ the loss of H,O/H, was the most important loss for
t-BuOH; the other alcohols were mostly multiply dehydrogenated [152]. While n-
butanol was still dehydrogenated by Cu*, the most important process, as for the
other isomers, was still cleavage into H, O and butene [156], and even Ag’ was
able to induce H, O loss from -BuOH [90,156,157]. For Au”, however, AuH from
n- and i-BuOH, AuCH,; from +BuOH, as well as AuOH from all three isomers
continued to be the most important products [156].

(v} Alkyl halides

With the exception of Au®* (see below), only two reactions have been observed
for methyl halides, viz.

M* +CH,X > MX* + CH, - (16)
->MCH? + X+ ' an

For M* =Ti*, reaction (16) is the only one observed for all four halides (X =
F,C), Br, I) [167,168)], and the same applies for M* =Cu* and CH,Cl {77] and
Cr* and Hg" in case of CH;1 [151]. For Fe* and Co*, both reactions have been
observed for methyl iodide [37,38,151], and this has, in fact, been taken as an
indication that transition-metal ions were able to insert into R—X bonds. The
necessary CH;—Fe * —1 intermediate could, in fact, be generated in a ligand-exchange
reaction (18) and was found to be different from Fe{CH,1)* as reaction (19) excluded
a “symmetrical” [(CH,D)Fe*(ICD,)]* intermediate/collision complex from which
equally intense losses of CH, + and CD, - would be expected [38,151].

Fe(CO)* + CH,I— FeCH,i* + CO (18)
FeCH,1* + CD;1 - FeCD, I3 + CH, - (19)

Ni* only formed Nil* in reaction (16) [38,151], and with CH; Br the metal bromides
were the only products for Fe*-Ni* [37,38]. A careful examination of the reactions
of Fe*, Co*, and Ni* with CH,;Cl, CH,Br, and CH;I in an ion+beam instrument
allowed bond energies D?(M *—X) and D*(M *—CH,) to be derived from the anaiysis
of the cross-sections [153,169]. It was found that MCHJ formation; was endothermic
in all cases except for FeCHJ from CH;l. Observation of CoCH] from CH,I
[37,38,151] was shown to be due to the first excited °F state formed under the
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electron-impact conditions used in the earlier studies. MC1" formation was endother-
mic for Co™ and Ni* [169] but exothermic for Fe* [153], and the reactions to
MBr* and MI* were exothermic in all cases. Two distinct mechanisms were opera-
tive, as could be shown from features of the cross-section; at low energies,
CH;—~M*—X intermediates were formed that decomposed to the two observed
products. At higher kinetic energies, a second path became available that led to
direct abstraction of X, and not CH,, but a barrier had to be overcome for this
process [153,169]). Au* again demonstrated a radically different behavior toward
the methyl halides; only for CH, 1, reactions (16) and (17), H™ abstraction and HX
elimination were observed [91]. For CH;Cl and CH, Bt, the HX elimination with
concomitant AuCHjF formation was the predominant process.

The high affinity of Ti* to halogens can also be seen with ethyl and isopropyl
chioride where Cl- and Cl™ abstraction is the only chemistry observed [168]. With
Mn*, C1™ abstraction together with HCl elimination and formation of alkene com-
plexes were observed for n-C,H,Cl, i-C;H,Cl, and i-C,HyCl [53]. The chemistry
of Fe™ [37,38,151], Co™ [37,38,151,160,166], and Ni* [38,151] with alkyl halides is
again very similar and related to that with alcohols. With smaller substrates, halogen
abstraction and cleavage into HX and alkenes was found while for larger chiorides
loss of smaller alkenes or alkyl chlorides was also present. The latter processes have
been formulated as being due to C—C activation arising from preformed 5- or 6-ring
intermediates [ 160] and were modelled theoretically with the Cr*/n-C, HyCl system
[170]. Statistical loss of HI and DI from Fe*/CD;CH,I was interpreted by C—1
insertion followed by reversible §-H shifts [38,151], but this finding can, of course,
also be taken as an indication for ion/dipole intermediates showing H scrambling in
the incipient carbenium ions. While ethyl chioride reacted only to M(HCH)* and
M(C,H;)" with Cu® [77] and Ag* [157], for larger alkyl chlorides halide abstrac-
tion with simultaneous carbenium-ion formation was also observed and was, in fact,
often the main product channel for both ions [16,77,157].

{vi} Miscellaneous substrates

Thiols show a higher reactivity than their oxygen analogues; already methane-
thiol, CH, SH, formed NiS* upon reaction with Ni* [129(b),{c)]. Metal sulfide ions,
in addition to H, loss, were also obtained from the reactions of Ti* and V* with
cthanethiol [4(a)]). Fe™ formed only H,S from this thiol while Co* was reported to
afford CH,, C,H,, and H,S [4{a}]. In another study on Co*, methane loss was not
observed for this particuiar system [1717]. The majority of the products formed from
Co™ reacting with alkanethiols stemmed from C—S cleavage, and loss of H, S together
with Co(H,S}* formation accounted for the main part of the ions formed [171].
They were occasionally accompanied by SH ™ abstraction, and, in the case of n- and
sec-BuSH, loss of H;S/H, could be noted, obviously driven by the formation of
stable butadiene complexes. C—C cleavage products were usually of minor impor-
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tance. All products were again explained with insertion/$-H shift mechanisms but
can, of course, also be explained by the lon/dipole mechanism. This latter assumption
gets further credence from a recent study of Cue” and Ag* with propanethiol and
the four isomeric butanethiols [172]. Besides M(H,8)" by loss of alkenes and
M(alkene)* by loss of H,8, C,HJ ions were formed. Secondary reactions afforded
adduct complexes in all cases. Again, for thiols there seems to be no difference
between these d'? ions and Fe*-Ni* with regard to the cleavage into H,S and
alkenes.

The last class of substrates to be presented here are nitroalkanes. Mn™* 53],
Ni* [173], Cu* [173], and Ag* [173] were unreactive with nitromethane, CH, NO,;
products were, however, observed for Fe® [173], Co™* [173,174], Rh* [173], and
Pd* [173]. Using Fe* and Co*, mainly MOCH] ions were obtained for which a
nitro-to-nitrite isomerization was postulated. Other important products were MO™
and MOH™ ions, and aitogether 8 (Fe*) and 11 (Co™) products were formed,
Interestingly, thermal and photochemical isomerizations of nitroalkanes to aikyl
nitrites are believed to occur by NQO, dissociation from the alkyl group followed by
recombination [174]. For the two second-row ions, MNO™ ions were the sole
products and were aiso believed to be formed after rearrangement to methyl nitrite.
Other nitroalkanes have only been studied with Fe*, Co*, and Ni* {174,175]. A
plethora of products was always formed, and many of them were also explained by
isomerizations; insertions into C—H, C—C, C-N, and N—0 bonds were postulated
to account for the individual product ions. Among the products were always
Mi(alkene}™ ions by loss of HNO,, MHNO; ions by loss of an alkene and, commenc-
ing with C; H,NQO,, also carbenium ions by NQ; abstraction. These latter drastically
gain in importance for branched nitroalkanes and are furthermore most abundant
for Ni*. Although these three products were explained with C—NO, insertions
followed by f-hydrogen shifts, the reader will undoubtedly recognize the now all-
too-familiar pattern of the ion/dipole mechanism which is hence proposed here to
be operative for nitroalkanes as well. This interpretation wouid also account for the
nitro-to-nitrite isomerization which is observed for CH,;NQ, and with decreasing
importance for higher homologues; initial NQ; abstraction could be followed by
recombination to form nitrite complexes.

Soime other representatives of monosubstituted alkanes have also been studied
but there is insufficient data available for a generalizing presentation. The interested
reader is referred to ref. | for a detailed account.

E. SUMMARY AND CONCLUSIONS

This review has tried to give a comprehensive description of the gas-phase
chemistry of monosubstituted alkanes C,H,,.. , X with bare metal ions M*, generated
in different kinds of research mass spectrometers. Regardless of the instrumentation
employed (ICR, FTICR, sector, or ion-beam machines), or the nature of M™ {main-
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group or transition-metal ions) or X, some common observations emerge. If the
substrate is either small, so that some mechanisms are exciuded simply because of
jack of 2 minimum size, or the metal ion is relatively unreactive, 1.e. unable to
undergo oxidative additions or not very inclined to do so, as in case of alkali-metal
ions or closed d° or half-closed d* configurations of transition-metal ions, reactivity
may nevertheless be observed. Frequently, reactions (20)-(22) are encountered in
these cases.

M* +RX>R* 4+ MX (20)
—+M(HX)" + alkene (21)
— Malkene}* + HX 22)

Depending on M* and RX, different mechanisms have bzen proposed to account
for the products formed. It is the purpose of this article to further the idea of a
common mechanism, though, namely the ion/dipole mechanism in Schemes 9 and
1. Coordination of M™ to a lone pair on X leads to heterolytic cleavage of the
C—X bond and the formation of a complex consisting of a carbenivm ion and neutral
XM. If the energetics are favorable, dissociation of the intermediate complex may
occur to afford the products of reaction (20). Subsequent protonation of the X atom
in the metal-containing dipole yields a new complex in which the metal ion is
coordinated to an HX and an alkene ligand. Finally, competitive ligand loss from
this intermediate furnishes the products in reactions {21) and {22). Noteworthy is the
absence of any cxidative—addition step in this scenario.

As demonstrated most convincingly for nitrles and isonitriles, many arguments
add together in support of this mechanism, Unfortunately, for other substrates the
structute of M{HX)* or HX cannot be established as straightforwardly as for
M(HCN)* and M(HNC)* or is inconclusive with regard to mechanistic alternatives,
Other indications may, however, be more frequently observed, e.g. hydrogen scram-
bling beyond the f-positions of the subsirates, 2 process most simply explained by
rapid 1.2-H shifts in the incipient carbenium ions in the lon/dipole intermediate
[R* --- XM]*. Another strong peint in support of the mechanism is the observation
of a common bebavior for transition-metal ions that, in principle, could react via an
insertion/8-H shift path {c.g. Fe*—Ni*} and those that are unable to do so {e.g. Li™,
Na*, Cr*, Cu™). Both tests, scrambling and common behavior of distinct fons, have
been applied in the case of isocyanates and isothiocyanates to demonstrate the
operation of the ion/dipele mechanism. Pubiished data for other substrates such as
aleohols, alkyl halides, thiols, or nitroalkanes have also been cnitically examined and
presented in lhight of the knowledge about the mechanism. For several cases the
ion/dipele mechanism has been proposed in this article to be operative, and this has
been done in view of the many similarities fo the cases where its operation could be
convincingly demonstrated. It remains to be proven, however, whether this conclusion
indeed holds true for all systems. Yet, the use of secondary reactions to dispute its
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operation does not withstand critical examination. The different results obtained for
Cr*-Zn* with different isocyanates should caution anyone not to put too much
emphasis on the outcome of ligand-substitution reactions.

Of course, the ion/dipole mechanism is far from being the only mechanism that
is operative in gas-phase organometallic chemistry. Frequently observed is also the
remote functionalization of unactivated C—H bonds (Scheme 6). Here, coordination
of the metal ion to X prevents it from reaching nearby bonds, and thus remote C—H
bonds are oxidatively added and eventually lead to the production of H, and alkenes
from distant positions. Early transition-metal ions, as well as many secoad- or third-
row ioms, ofien give rise to (multiple) dehydrogenations of the substrate or show
losses of H; together with other small neutrais, thus demonstrating their preference
for C—H activations. Other special mechanisms have been observed for different
systems but so far no other generalization seems warranted.

It is hoped that researchers will apply the criteria given in this review to their
own systems and find some common features. The time when every mew system
brings up some surprising results does not seem to be completely over, though.

ACKNOWLEDGEMENTS

Many of the studies described in this review have been done in collaboration
with Prof. Helmut Schwarz at the TU Berlin; 1 gratefully acknowledge his support
in various matters and thank him for his encouragement. T would also like to
acknowledge the BASF Corporation, Ludwigshafen, for fellowship support during
the time this article was writien.

REFERENCES

1 K. Eiier and H. Schwarz, Chem. Rev., 91 {1991} 1121,

2 J. Allison, Prog. Inorg. Chem., 34 {1986} 627.

3 R.R. Squires, Chem. Rev., 87 (1987) 623.

4 (a) R.C. Burnier, G.D. Byrd, T.J. Carlin, M.B. Wiese, R.B. Codym and B.S. Frieser, in
H. Hartmann and K.-P. Wanczek (Eds.), Ion Cyclotron Resonance Spectrometry II,
Lecture Notes in Chemistry, Vol. 31, Springer-Verlag, Berlin, 1982, p. 98.

{b) B.S. Frieser, Talanta, 32 (1985} 697.

fc) B.S. Frieser, Anal. Chim. Acta, 178 {1985) 137.

id) S.W. Buckner and B.S. Frieser, Polyhedron, 7 (1988) 1583.

(e} B.S Frieser, Chemtracts Anal. Phys. Chem., 1 {1989) 65.

{f} B.S. Frieser, in T.J. Marks (Ed.), Bonding Energetics in Organometallic Compounds,
ACS Symp. Ser. 428, American Chemical Society, Washington, DC, 1930, p. 55.

{2) R.R. Weller, T.J. MacMahon and B.S, Frieser, in D.M. Lubman (Ed.}, Lasers in Mass
Spectrometry, Oxford, New York, 1990, p. 249.

(h} L.M. Roth and B.S. Frieser, Mass Spectrom. Rev., 10 {1951) 303,

5 (a) P.B. Armentrout, in P. Ausloos and S.G. Lias (Eds), Structere/Reactivity and
Thermochemistry of lons, Reidel, Dordrecht, 1987, p. 97.

(b} P.B. Armentrout and R. Georgiadis, Polyhedron, 7 {1988) 1573,



136 K. Eller | Coord. Chem. Rep. 126 (1993) 93-147

{c} P.B. Armentrout and J.L. Beauchamp, Acc. Chem. Res,, 22 (1989) 315.

{d} P.B. Armentrout, in D.H. Russell (Ed.}, Gas Phase Inorganic Chemistry, Plenum Press,
New York, 1989, p. 1.

{e) P.B. Armentrout, in J.A. Davies, P.L. Watson, A. Greenberg and J.F. Licbman (Eds.),
Selective Hydrocarben Activation, VCH Verlagsgesellschaft, Weinheim, 1990, p. 467.

{f} P.B. Armentrout, Ini. Rev. Phys. Chem., 9 {1990) 115,

(g) P.B. Armeatrout, in TJ. Marks (Ed), Bonding Energetics in Organometallic
Compounds, ACS Symp. Ser. 428, American Chemical Society, Washington, DC, 1990,
p. 18

{h) P.B. Armentrout, Annu. Rev. Phys. Chem,, 41 (1990} 313,

(i) P.B. Armentrout, Science, 251 (1991} 175.

(i) P.B. Armentrout and LS. Sunderlin, in A. Dedieu (Ed.), Transition Metal Hydrides,
VCH Publishers, New York, 1992, p. 1.

6 (a) I.L. Beauchamp, A E. Stevens and R.R. Corderman, Pure Appl. Chem., 51 {1979} 967.
(b) J.L. Beauchamp, in K.S. Suslick {Ed.), High-Energy Processes in Organometallic
Chemistry, ACS Symp. Ser. 333, American Chemical Seciety, Washingtor, DC, 1987,
p. 1l
{c) P.AM van Koppen, M.T. Bowers, J.L. Beauchamp and B.V. Dearden, in T.J. Matks
(Ed.), Bonding Energetics in Organometallic Compounds, ACS Symp. Ser. 428, American
Chemical Society, Washington, DC, 1990, p. 34,

7 (a) J. Allison, A. Mavridis and J.F. Harrison, Polyhedron, 7 (1988) 1559.

(b} A. Mavridis, K. Kunze, LF. Harrison and J. Allison, in T.J. Marks (Ed.), Bonding
Enerpetics in Organometallic Compounds, ACS Symp. Ser. 428, American Chemical
Society, Washington, DC, 1990, p. 263.

8 (a) G. Czekay, T. Drewello, K. Eller, CB, Lebrilla, T. Priisse, C. Schulze, N. Steinriick,
D. Sitlze, T. Weiske and H. Schwarz, in H. Werner and G. Erker (Eds.), Organometallics
in Organic Synthesis, Vol. 2, Springer-Verlag, Berlin, 1989, p. 203.

{b) H. Schwarz, Acc. Chem. Res., 22 (1989) 282.
{c) K. Eller and H. Schwarz, Chimia, 43 {1989} 371.
{di K. Elter, S. Karrass and H. Schwarz, Ber. Bunsenges. Phys. Chem,, 94 (1990) 1201,

9 D.K. MacMillan and M.L. Gross, in D.H. Russell (Ed.), Gas Phase Inorganic Chemistry,
Plenum Press, New York, 1989, p. 369.

10 (a) M.T. Bowers, PR. Kemper, G. v. Helder and M.-T. Hsw, in K.P. Jfennings (Ed)),
Fundamentals of Gas Phase Ion Chemistry, Kluwer, Dordrecht, 1991, p. 55.

{b) J.C. Weisshaar, in C.-Y. Ng and M. Baer (Eds.), State-Selected and State-to-State
Ion—Molecule Reaction Dynamics, Part 1, Wiley, New York, 1992, p. 213.
11 (a} A.E. Shilov, A.A. Shteinman, Coord. Chem. Rev,, 24 (1977} 97.
{b} D.E. Webster, Adv. Organomet. Chem., 15 {1977) 147.
{c)} A.E. Shilov, Pure Appl. Chem., 50 (1978) 725.
{d) E.L. Muetterties, Chem. Soc. Rev., 11 {1982) 283,
{e} T.H. Maugh I, Science, 220 {1983) 1261.
{fy R.G. Bergman, Science, 223 (1984) 902.
{g) AH. Janowicz, R.A. Periana, J. M. Buchanan, C A. Kovac, I.M. Stryker, M.J. Wax
and R.G. Bergman, Pure Appl. Chem., 56 {1984) 13.
{h) M.L.H. Green and D). O’Hare, Pure Appl. Chem., 57 (1985) 1897,
(it D. Baudry, M. Ephritikhine, H. Felkin, T. Fillebeen-Khan, Y. Gault, R. Hoimes-Smith,
L. Yingrui and J. Zakrzewski, in J. Streith, H. Prinzbach and G. Schill (Eds.), Organic
Synthesis: An Interdisciplinary Challenge, Blackwell, Oxford, 1985, p. 25,
{j} R.H. Crabtree, Chem. Rev., 85 (1985) 245.



K. Eler | Coord. Chem. Rev. 126 {1993} 93147 137

12

13

15

(k) 1.P. Rothwell, Polyhedron, 4 (1985) 177.

(1) N. Aktogu, D. Baudry, D. Cox, M. Ephritikhine, H. Felkin, R. Holmes-Smith and
J. Zakrzewski, Bull. Soc. Chim, Fr., {1985) 381.

(m) M.L. Deem, Coord. Chem. Rev., 74 {1986) 101

{n) M. Ephritikhine, New J. Chem., 10 (1986} 9.

(o} J.R. Chipperfield and D.E. Webster, in F.R. Hariley (Ed.), The Chemistry of the
Metal-Carbon Bond, Vol. 4, Wiley-Interscience, New York, 1987, p. 1073,

{p} H. Mimoun, New J. Chem., 11 {1987} 513.

{qQ) L. Dahlenburg, Nachr. Chem, Tech. Lab., 36 (1988) §99.

{r) G.L. Soloveichik, Metalloorg. Khim., 1 {1988} 729; Organomet. Chem. USSR, ]
{1988) 405.

(s} W.D. Jones and F.J. Feher, Acc. Chem. Res,, 22 (1989) 91.

) D.H.R. Barton, F. Halley, N. Ozbalik, E. Young, G. Balavoine, A. Gref and I. Boivin,
New J. Chem,, 13 (1989 177.

{u) M. Vel'pin, I. Akhrem and A. Orlinkov, New J. Chem., 13 {1989) 771.

(v) C.L. Hill, Activation and Functionalization of Aikanes, Wiiey-Interscience, New York,
1989,

fwi J.A. Maguire, W.T. Boese, M.E. Goldman and A.8. Goldman, Coord. Chem. Rev,,
a7 (19903 179.

{x) J.A. Davies, P.L. Watson, L.F. Licbman and A. Greenberg, Selective Hydrocarbon
Activation, YCH Verlagsgeselischait, Weinheim, 1950,

{y} A.E. Shilov and G.B. Shul'pin, Usp. Khim,, 59 {1990} 1468; Russ. Chem. Rev,, 39
{1930) 853.

(z} D.HLR. Barton and D. Dollar, Pure Appl. Chem.,, 63 (1991) 1357

i.K. Gregor and M. Guilhaus, Mass Spectrom. Rev., 3 (1984) 39 and references cited
in ref. 1.

(a) R.L. Whetten, D.M. Cox, D.J. Trevor and A. Kaldor, Suzf. Sci, 156 (1985) &.

{b) M.D. Morse, Chem. Rev., 86 (1986) 1049,

{c) A. Kaldor, DM, Cox, D.J. Trevor and M.R. Zakin, Z. Phys. D, 3 (1986) 195.

id) D.J. Trevor and A. Kaldor, in K.S. Suslick (Ed), High-Encrgy Processes in
Organometallic Chemistry, ACS Symp. Ser. 333, American Chemical Society, Washington,
DC, 1987, p. 43.

{e) A. Kzldor, D.M. Cox and M.R. Zakin, Adv. Chem. Phys,, 70 {1988) 211.

Iy $.W. Buckner and B.S. Frieser, in D.H. Russeli (Ed.}, Gas Phase Inorganic Chemistry,
Plenum Press, New York, 1989, p. 279.

(g3 A. Kaldor and D.M. Cox, Pure Appl. Chem., 62 {1990) 79.

{h} A. Kaldor and D\M. Cox, J. Chem. Soc, Faraday Trans., 86 (1990) 2459,

{1 D.C. Parent and S.L. Anderson, Chem. Rev,, 92 {1992} 1541,

{a) G.A. Gray, Adv. Chem. Phys,, 19 (1971} 141.

(b} 1.L. Beauchamp, Annu. Rev, Phys. Chem,, 22 {1971} 527

{cj T.A. Lehman and M.M. Bursey, Ion Cyclotron Resonance Spectrometry, Wiley-
Interscience, New York, 1976.

{d) P.R. Kemper and M.T. Bowers, in JLM. Farrar and W.H. Saunders, Jr. (Eds.},
Technigues for the Study of Ion-Molecule Reactions, Wiley-Interscience, New York,
1988, p. L.

{a) M.V. Buchanan, Fourier Transform Mass Spectrometry, ACS Symp. Ser. 359,
American Chemical Society, Washington, DC, 1987.

{b} B.S. Frieser, in J.M. Farrar and W.H. Saunders, Jr. (Eds.}, Techniques for the Study
of lon-Molecule Reactions, Wiley-Interscience, New York, 1988, p. 61.



138 K. Eller | Coord. Chem. Rep. 126 (1993) 93-147

fc) MLP. Chiarelli and M.L. Gross, in C.S. Creaser and A.M. Davies {Eds.), Analytical
Applications of Spectroscopy, Royal Society of Chemistry, London, 1988, p. 263.
(d) K.P. Wanczek, Int. J. Mass Spectrom. Ion Processes, 95 (1989) 1.
{¢) C.L. Wilkins, A K. Chowdhury, L.M, Nuwaysir and M.L. Coates, Mass Spectrom.
Rev, 8 (1989) 67.
{f} C.D. Hanson, E.L. Kerley and D.H. Russeil, in 1.D. Winefordner, M.M. Bursey and
LM. Kolthoff (Eds.), Treatise on Analytical Chemistry, Vol. 11, Wiley-Interscience, New
York, 1989, p. 117.
(g} A.G. Marshall and F.R. Verdun, Fourier Transform in NMR, Optical, and Mass
Spectrometry, Elsevier, Amsterdam, 1990, Chap. 7.
(h) A.G. Marshall and P.B, Grosshans, Anal. Chem., 63 {1991) 215A.

16 R.B. Cody, R.C. Burnier, WD, Reents, Jr,, T.J. Carlin, D.A. McCrery, R K. Lengel and
B.S. Frieser, Int, J. Mass Spectrom. Ion Phys.,, 33 (1980) 37.

17 {a) M.B. Comisarow, V. Grassi and G. Parisod, Chem. Phys. Lett, 57 (1978) 413.
(b} RT. Mclver, Jr. and W.D. Bowers, in F.'W, McLafferty (Ed), Tandem Mass
Spectrometry, Wiley-Interscience, New York, 1983, p. 287,

18 {a) R.B. Cody and B.S. Frieser, Ini. J. Mass Spectrom. Ion Phys., 41 {1982) 199,
(b) R.B. Cody, R.C. Burnicr and B.S. Frieser, Anal. Chem,, 54 {1982} 96.
ic} R.C. Burnier, R.B. Cody and BS. Frieser, J. Am. Chem. Soc., 104 (1982) 7436.
{d) R.B. Cody, Analusis, 16(6) {(1988).

19 .M. Farrar, in I.M. Farrar and W.H. Saunders, Jr. (Eds.), Techniques for the Study of
Ion—Molecule Reactions, Wiley-Enterscience, New York, 1988, p. 325.

20 (a) K.M. Ervin and P.B. Armentrout, J. Chem. Phys., 83 (1985) 166.
(b} For a short review, see P.B. Armentrout, Comments At. Mol. Phys., 22 (1988) 133,

21 R.M. Bilotta, F.N. Preuninger and J.M. Farrar, J. Chem. Phys., 73 (1980) 1637

22 H. Mestdagh, N. Morin and C. Rolando, Tetrahedron Lett., (1986) 33,

23 (a} F.W. McLafferty, Science, 214 {1981} 280.
{b) K.L. Busch, G.L. Glish and S5.A. McLuckey, Mass Spectrometry/Mass Spectromeiry:
Techniques and Applications of Tandem Mass Spectrometry, VCH Verlagsgesellschaft,
Weinheim, 1988,

24 {a} R.B. Freas and LE, Campana, J. Am. Chem. Soc., 107 {1985} 6202,
(b} T. Drewello, K. Eckart, C.B. Lebrilla and H. Schwarz, Iat. J. Mass Spectrom. Ion
Processes, 76 (1987} R1.

25 R.G. Cooks, J.H. Beynon, RM. Caprioli and G.R. Lester, Metastable Tons, Elsevier,
Amsterdam, 1973,

26 (a) K. Levsen and H. Schwarz, Angew. Chem., 88 (1976) 589; Angew. Chem., Int. Ed.
Engl, 15 (1976} 509,
(b} R.G. Cooks, Collision Spectroscopy, Plenum Press, New York, 1978
(€} K. Levsen and H. Schwarz, Mass Spectrom. Rev., 2 {1983) 77.
{d} R.N. Hayes and M.L. Gross, in JA, McCloskey (Ed.}), Methods in Enzymology,
Vol. 193, Academic Press, San Diego, CA, 1990, p. 237.
{¢) J. Bordas-Nagy and K.R. Jennings, Iat. J. Mass Spectrom. Ion Processes, 100 {1990)
1035.

27 K. Eller and H. Schwarz, Int. J. Mass Spectrom. Ion Processes, 93 (1989) 243.

28 K. Eiler, W. Zummack and H. Schwarz, J. Am, Chem. Soc., 112 (1990) 621.

29 R.B. Freas and D.P. Ridge, J. Am. Chem, Soc., 102 (1980) 7129.

30 BS. Larsen and D.P. Ridge, J. Am. Chem. Soc., 106 (1984) 1912,

31 M.A. Hanratty, LL. Beauchamp, A.J. filies and M.T Bowers, J. Am. Chem. Soc., 107
(1985) 1788.



K. Elier | Coord. Chem. Rev. 126 {1993) 93-147 139

32 DX. MacMillan, R.N. Hayes, D.A. Peake and M.L. Gross, J. Am. Chem. Soc., 114
(1992} 7801,

33 ML.A. Hanratty, J.L. Beauchamp, A.J. Qllies, P, van Koppen and M.T. Bowers, J. Am.
Chem. Soc., 110 {1988) 1.

34 J.P, Blewett and E.I. Jones, Phys. Rev., 50 (1936) 464,

35 R.D. Wieting, R.H. Staley and J.L. Beauchamp, J. Am. Chem. Soc., 97 (1975) 924,

36 R.H. Staley, R.D. Wieting and J.L. Beauchamp, J. Am. Chem, Soc,, 99 (1977) 5964,

37 1. Ailison aand D.P. Ridge, J. Organomet. Chem., 99 {1975 C11.

38 J. Allison and D.P. Ridge, 1. Am. Chem. Soc.,, 101 (1979) 4998,

39 R.V. Hodges and 1.L. Beauchamp, Anal. Chem., 48 {1976} 825.

49 K. Eller and H. Schwarz, Organometallics, 8 (1989} 1820

41 G. Czekay, T. Drewello, K. Eller, W. Zummack and H. Schwarz, Organometallics, 8
{198% 2439

42 W.J. Chesnavich, L. Bass, T. Su and M.T. Bowers, 1. Chem. Phys., 74 (1981) 2228,

43 {a) W.R. Creasy and J. M. Farrar, J. Phys. Chem., 89 (1985) 3952,

(b} W.R. Creasy and J.M. Farrar, J. Chem. Phys., 85 (1986) 162.

44 WR. Creasy and I1.M. Farrar, 3. Chem. Phys., 87 (1987) 5280.

45 M.L. Larrivee and J. Allison, J. Am. Chem. Soc,, 112 {1990) 7134,

46 R.V. Hodges, P.B. Armeatrout and J.L. Beauchamp, Tnt, J. Mass Spectrom. Ion Phys,,
29 (1979 375,

47 AK, Chowdhury and C.L. Wilkins, Int. J. Mass Spectrom. Jon Processes, 82 (1988) 163.

48 ].S. Uppal and R.H. Staley, J. Am. Chem. Soc., 104 (1982) 1229,

49 L. Operti, E.C. Tews and B.S. Frieser, J. Am. Chem. Soc., 110 (1988) 3847.

50 R.H. Staley and J.L. Beauchamp, J. Am. Chem. Soc., 97 (1975) 5920.

51 G.H. Weddle, J. Allison and D.P. Ridge, J. Am. Chem. Soc., 99 {1977} 105,

52 J.8. Uppal and R.H. Staley, I. Am. Chem. Soc,, 104 (1982) 1235,

53 18. Uppal and R.H. Staley, J. Am. Chem. Soc., 104 (1982) 1238.

54 {ay M.M. Kappes and R.H. Staley, in H. Hartmann and K.-P. Wanczek (Eds), lon
Cyclotron Resonance Spectrometry 11, Lecture Notes in Chemistry, Vol 31, Springer-
Verlag, Berlin, 1982, p. 119,

{b} R.R. Corderman and J.L. Beauchamp, J. Am. Chem, Soc., 98 (1976), 3998.
{c) M.M. Kappes and R.H. Staley, J. Am. Chem. Soc,, 104 (1982) 1819.

55 R.W. Jones and R.H. Staley, J. Phys. Chem,, 86 (1982) 1387.

56 M.M Kappes and R.H. Staley, J. Am. Chem. Soc., 104 {1982) 1813,

57 R.W. Jones and R.H. Staley, J. Am. Chem. Soc., 104 (1982) 2296.

58 ML.M. Kappes, R.'W. Jones and R.H. Staley, J. Am. Chem. Soc., 104 (1982) 888.

59 F. Strobel and D.P. Ridge, Inorg. Chem., 27 (1988) 891; see also Ref. 49.

63 C.B. Lebrilla, C. Schulze and H. Schwarz, J. Am. Chem. Soc., 169 (1987) 98.

61 {(a} R. Breslow, Chem. Soc. Rev., 1 {1972) 553.

{b} R. Breslow, Acc. Chem. Res., 13 {1980) 170.

62 K. Eller, W. Zummack and H. Schwarz, Int. J. Mass Spectrom. Ion Processes, 100
{1990} 803.

63 D. Schréder and H. Schwarz, J. Am. Chem. Soc,, 112 {1990} 5947,

64 G. Czekay, K. Eller, D. Schréder and H. Schwarz, Angew. Chem,, 101 {1989} 1306; Angew.
Chem,, Int. Ed. Engl,, 28 (1989 1277.

65 T. Priisse, C.B. Lebrilla, T. Drewello and H. Schwarz, J. Am. Chem. Soc., 110 {1988) 5986.

66 C.B. Lebrilla, T. Drewello and H. Schwarz, 1. Am. Chem. Soc., 109 (1987) 5639,

67 R.M. Stepnowski and J. Allison, Organometallics, 7 (1988) 2097.

68 L.-Z. Chen and J.M. Miller, Can J. Chem., 69 {1991} 2602,



140 K. Eller | Coord. Chem. Rev. 126 {1993) 93-147

69 C.B. Lebrilla, T. Drewello and H. Schwarz, Iat. J. Mass Spectrom. fon Processes, 79
(1987) 287.

70 For a theoretical study on MHCN?' isomers, see: D.G. Musaev, V.M. Geskin,
V.V. Yakobson and O.P. Charkin, Z. Neorgan. Khim,, 36 (1991) 2889; Russ. J. Inorg.
Chem,, 36 (1991} 1621 {Engl. Transl.).

71 (a} R.D. Bach and H.F. Henneike, J. Am. Chem, Soc, 92 {1970} 5589.
{b) H. Basck, J. Chem. Phys,, 56 {1972} 441.
{c) T. Ziegler and A. Rauk, Inorg. Chem., 18 {19791 1558,
(d) J.A. Kelber, L.A. Harrah and D.R. Jennison, J. Organomet. Chem., 199 (1980 281.
{e) M. Merchan, R. Gonzalez-Luque, 1. Nebot-Gil and F. Tomas, Chem. Phys. Lett., 112
{1984) 412,
{f) C.W. Bauschlicher, Jr., §. Chem. Phys., 84 {1986} 260.
{g) M. Blomberg, U. Brandemark, 1. Panas, P. Siegbahn and U. Wahlgren, in A. Veillard
{Ed.}, Quanium Chemistry: The Challenge of Transition Metals and Coordination
Chemistry, Reidel, Dordrecht, 1986, p. 1.
{h) M. Meschan, 1. Nebot-Gil, R. Gonzalez-Luque and E. Orti, J. Chem. Phys., 87 {1987}
1690.
(i} J. Miralles-Sabater, M. Merchan, 1. Neboi-Gil and P.M. Virucia-Martin, J. Phys.
Chem., 92 (1988) 4853.
{J} C.W. Bauschlicher, Jr., and L.A. Barnes, Chem. Phys., 124 (1988) 383,
{k) M. Blomberg, U. Brandemark, J. Johansson, P. Siegbahn and J. Wenaerberg, J. Chem,
Phys., 88 {(1988) 4324.
{1} A. Mavridis, J.F. Harrison and J. Allison, J. Am. Chem, Soc,, 111 (1989) 2482,
{m) M. Rosi and C.W. Bauschlicher, Jr,, J. Chem, Phys,, 90 {19589) 7264,
(r) H.-J. Hofmann, P. Hobza, R. Cammi, J. Tomasi and R. Zahradnik, J. Mol. Struct.
{Theochem), 201 (1989) 339,
{o) M. Rosi and C.'W. Bauschlicher, Iz, J. Chem. Phys., 92 {1990) 1876.
{p) C.W. Bauschlicher, Jr., and S5.R. Langhoff, Int. Rev. Phys. Chem., 9 {1990) 149.
{q} A. Mavridis, F.L. Herrera and J.F. Harrison, J. Phys. Chem,, 95 (1991) 6854,
{r} S.R. Langhoff, C.W. Bauschlicher, Jr., H. Partridge and M. Sodupe, J. Phys. Chem,,
95 {1591) 10677,
(s) C.W. Bauschlicher, Jr., S.R. Langhoff and H. Partridge, J. Chem. Phys., 94 (1991) 2068.
{t) JL. Tilson and 1.F. Harrison, J. Phys. Chem., 96 {1992} 1667.
{u} M. Sodupe, C.W. Bauschlicher, Jr., S.R. Langhoff and H. Pariridge, 1. Phys. Chem,,
96 (1992) 2118.
(v} C.W. Bauschlicher, Jr., H. Partridge and S.R. Langhoff, J. Phys. Chem., 96 (1992)
2475,
(w) C.W. Bauschlicher, Jr., H, Partridge and S.R. Langhoff, J. Phys. Chem., 96 (1992)
3273,
{(x) G. Berthier, R. Cimiraglia, A. Daoudi, H. Mestdagh, C. Rolando and M. Suard, 1. Mol.
Struct. {Theochem), 254 (1992) 43, See however:
(v) M.B. Kuz'minskii, A.A. Bagatur'yants and V.B. Kazanskii, Izv. Akad. Nauk SSSR,
Ser, Khim,, {1985) 284,
{z) M. Rost and C.'W. Bauschlicher, Jr., Chem, Phys. Lett, 166 {1990) 189,
{aa) J.P. Sarasa, 1.M. Poblet, J. Aaglada and R, Caballol, Chem, Phys, Lett, 167 {1990}
421.
{ab} C.W. Bauschiicher, Jr., and S.R. Langhoff, J. Phys. Chem., 95 {(1991) 2278.
{acy M. Sodupe and C.'W, Bauschiicher, Ir., 1. Phys. Chem., 95 {1991) 8640,

72 T, Priisse, T, Drewelilo, C.B. Lebrilla and H. Schwarz, J. Am. Chem. Soc, 111 (1989) 2857.



K. Eller | Coord. Chem. Rev. 126 (1993} 93-147 141

73 K. Eller, W. Zummack, H. Schwarz, L.M. Roth and B.S. Frieser, J. Am. Chem. Soc., 113
{1991) 833,

74 K. Eller, Ph.I}. Thesis, Technische Universitdt Berlin, D83, 1951.

75 C.B. Lebrilla, T. Drewello and H. Schwarz, Organometallics, 6 (1987) 2450.

76 R.C. Burnier, T.J. Carlin, W.D. Reents, Jr., R.B. Cody, RK. Lengel and B.S. Frieser,
J. Am. Chem. Soc, 101 (1979) 7127,

77 R.W. Jones and R.H. Staley, J. Am. Chem. Soc,, 102 {19801 3794,

78 L.M. Rotk and B.S. Frieser, personal communication, 1989,

79 {a} R.D. Gillard, M. Keeton, R. Mason, M.F. Pilbrow and D.R. Russell, J. Organomet.
Chem,, 33 (1971) 247,
i) J.A. McGinnety, J. Organomet. Chem., 59 {1973} 420,
ich D.J. Yarrow, J.A. Ibers, M. Lenarda and M. Graziani, I. Organomet. Chem., 70 {1974)
133,
id} M. Ephritikhine, M.L.H. Green and R.E. MacKenzie, J. Chem. Soc., Chem. Commun.,
{1976) 619.
{¢} M. Ephritikhine, B.R. Francis, M.L.H. Green, R.E. MacKenzie and M.J. Smith,
J. Chem. Soc. Dalton Trans., {1977} 1131.
{f} R.J. Puddephatt, Coord. Chem. Rev., 33 {1980) 149.
{2) T.R. Howard, J.B. Le¢ and R.H. Grubbs, J. Am. Chem. Soc., 102 (1980} 6876.
{h} T.H. Tulip and D.L. Thorn, . Am. Chem. Soc, 103 {1981) 2448.
(i} J.W. Bruno, T.J. Marks and V.W. Day, J. Am. Chem. Soc., 104 (1982} 7357.
(i} JL.B. Lee, K.C. Ott and R.H. Grubbs, J. Am. Chem. Soc., 104 (1982) 7491,
(k) D.A. Straus and R.H. Grubbs, J. Mol. Catal,, 28 (1985} 9.
{[} JW.F.L. Seetz, B.JJ. van de Heisteeg, G. Schat, O.S8. Akkerman and F. Bickelhaupt,
J. Mol. Catal., 28 (1985) 71.
{m) G. Erker, P. Czisch, C. Kriiger and J.M. Wallis, Organometallics, 4 {1985) 2059.
{n)} I.W. Bruno, G.M. Smith, T.J. Marks, C.K. Fair, A.J. Schultz and J.M, Williams, J. Am.
Chem. Scc., 108 (1986} 40.
{0) C.M. Fendrick and T.J. Marks, J. Am. Chem. Soc., 108 {1986) 425.
{p) R.A. Periana and R.G. Bergman, J. Am. Chem. Soc, 108 (1986} 7346,
{q) V.K. Jain, G.S. Rao and L. Jain, Adv. Organomet. Chem,, 27 {1987) 113.
(r) 1LP. Collman, L.S. Hegedus, J.R. Norton and R.G. Finke, Principles and Applications
of Organotransition Metal Chemistry, University Science Books, Mill Valiey, CA, 1987,
Chap. 9 and references cited therein.
(s) W.C. Finck, E.V, Anslyn and R.H. Grubbs, J. Am. Chem. Scc., 110 (1988) 2406.
(t} F. Bickelhaupt, in H. Werner and G. Erker (Eds), Organometallics in Organic
Synthesis, Vol. 2, Springer-Verlag, Berlin, 1989, p. 145.
{u} J. Feldman, R.T. DePue, C.J. Schaverin, W.M. Davis and R.R. Schrock, in U, Schubert
(Ed.), Advances in Metal Carbene Chemistry, Kluwer, Dordrecht, 1989, p. 323,
(v} J. Feldman, W.M. Davis, J.K. Thomas and R.R. Schrock, Organometallics, 9 (1990)
2535,
(w) J.C. Hoberg and P.W. Jennings, Organometallics, 10 (1991) 8.
{x} E.B. Tjaden, K.E. Schwicbert and J.M. Stryker, J. Am. Chem. Soc., 114 (1952) 1100.
{v} E.B. Tijaden and J.M. Stryker, Organometallics, 11 {1992} 16,

80 {a} D.B. Jacobson and B.S. Frieser, Organometallics, 3 (1984) 513,
(b} D.A. Peake, M.L. Gross and D.P. Ridge, J. Am. Chem. Soc., 106 (1984) 4307.
{c) D.B. Jacobson and B.S. Frieser, J. Am. Chem. Soc., 107 (1985) 72.
{d} P.AM. van Koppen, DB. Jacobson, A_ Illies, M. T. Bowers, M.A. Hanratty and
J.L. Beauchamp, J. Am. Chem. Soc,, 111 {1989) 1991.
{¢) R.H. Schuitz and P.B. Armentrout, Organometallics, 11 (1992) 828.



142 K. Efler { Coord. Chem. Rev. 126 {1993) 93-147

81 {a) C.P. Casey, T.J. Burkhardt, J. Am. Chem. Soc.,, 96 (1974) 7808.
(b} M. Brookhart, M.B. Humphrey, J.J. Kratzer and G.O. Nelson, J. Am. Chem. Soc,,
102 (1980) 7802.
i{c} M. Brookhart, J.R. Tucker and G.R. Husk, J. Am. Chem. Soc,, 105 {1983) 258.
(dy K.H. Détz, in K.H. Détz, H. Fischer, P, Hofiman, F.R, Kreissl, U. Schubert and
K. Weiss {Eds.), Transition Metal Carbene Complexes, Verlag Chemie, Weinhers, 1983,
p. 191.
{e) K.H. D61z, Angew. Chem., 96 (1984) 573; Angew. Chem,, Int, Ed. Engl, 23 (1984} 587.
{f) K.AM. Kremer and P. Helquist, 5. Organomet. Chem., 285 (1985) 231,
{g) M. Brookhart and W.B. Studabaker, Chem. Rev,, 87 {1987) 411.
(h} H.-U. Reissig, in H. Werner and G. Ecker (Eds.), Organometallics in Grganic Synthesis,
Vol. 2, Springer-Verlag, Berlin, 1989, p. 311.
{iy B.C. Stderberg and L.S. Hegedus, Organometallics, 9 (1990) 3113.
(i} D.F. Harvey and K.P. Lund, J. Am. Chem. Soc,, 113 (1991 8916. See also:
{k) MLF. Semmelhack and R. Tamura, J. Am. Chem. Soc., 105 {(1983) 6750.
{1} M. Mori and 8. Watanuki, J. Chem. Soc. Chem. Commun,, {1992) 1082,
82 {a) M. Brookhart and Y. Liu, Organometallics, 8 (1989} 1569.
{b) M. Brookhart and Y. Liu, in U. Schubert (Ed.), Advances in Metal Carbene Chemistry,
Kluwer, Dordrecht, 1989, p. 251.
fcj) C.P. Casey and L.J. Smith Vosejpka, Organometallics, 11 (1992} 738. See also:
{d) C.P. Casey, L.DD. Albin and T.J. Burkhardt, 1. Am. Chem. Soc.,, 99 {1977) 2533,
fe) H. Fischer, in K.H. Ditz and R'W. Hoffmann (Eds), Organic Synthesis via
Organometallics, Vieweg, Braunschweig, 1991, p. 41.
{f) M. Brookhart, Y. Liu, EW. Goldman, D.A. Timmmers and G.D. Williams, J. Am. Chem.
Soc., 113 {1991) 927.
83 F. Hugues, B. Besson and J.M. Basset, J. Chem. Soc. Chem. Commua., (1980) 719,
84 K.5. Karet, T.H. Tulip and 8.D. Tttel, Organometallics, 9 (1950} 1276.
85 Z.H. Kafafi, R.H. Hauge, L. Fredin, E. Billups and J.L. Margrave, J. Chem. Soc. Chem.
Commun., {1983) 1230,
86 R.M. Moriarty, K-N. Chen. C.-L. Yeh, J.L. Flippea and J. Karle, J. Am. Chem. Soc., %4
(1972) 8944.
87 (a) G.D. Byrd and B.S. Frieser, J. Am. Chem. Soc., 104 (1982} 5944,
(b} P.A.M. van Koppen, M.T. Bowers and J.L. Beauchamp, Organometallics, 9(1990) 625,
88 (a) R.W. Hall, R.J. Puddephatit, K.R. Seddon and C.F.H. Tipper, J. Organomet. Chem.,
81 (1974) 423.
(b} R.H. Grubbs, Inorg. Chem., 18 {1979} 2623.
89 L.-Z. Chen and J.M, Miller, J. Am. Soc. Mass Spectrom., 2 (1991} 120.
90 P. Sharpeaand C.J. Cassady, Chem. Phys. Leti., 191 {1992} 111.
91 AK. Chowdhury and C.L. Wilkins, J. Am_ Chem. Soc., 109 (1987} 5336.
92 J. Ailison and D.P. Ridge, J. Am. Chem. Soc., 98 {1976) 7445
93 {a) T.H. Morton, Tetrahedron, 38 {1982) 3i95.
(b} D.J. McAdoo, Mass Spectrom. Rev., 7 {1988) 363.
{e) R.D. Bowen, Acc. Chem. Res., 24 (1991) 364. Sce also:
{d} S. Hammerum, J. Chem. Soc. Chem. Commun., (1988) §58.
{e) N. Heinrich and H. Schwarz, in J.P. Maier (Ed.), Ion and Cluster Jon Spectroscopy
and Structure, Elsevier, Amsierdam, 1989, p. 329.
94 {a) C.W. Bauschlicher, Jr, Surf, Sci,, 154 {1985) 70.
{b) G.H. Jeung, in A. Veillard {Ed.), Quantum Chemisiry: The Challenge of Transition
Metals and Coordination Chernistry, Reidel, Dordrecht, 1986, p. 101.



K. Eter | Coord. Chem. Rev. 126 {1993) 93-147 143

(€) C.J. Nelin, P.S. Bagus and M.R. Philpett, J. Chem. Phys., 87 (1987) 2170.
(d} P. Schwerdtfeger, P.D.W. Boyd, A K. Burrell, W.T. Robinson and M.J. Taylor, Inorg.
Chem., 29 {1990) 3593.
(e) W.D. Jones and W.P. Kosar, Organometallics, 5 (1986} 1823.
95 K. Elier, S. Karrass and H. Schwarz, Organometallics, 11 (1992) 1637.
96 {a) P. Longevialle and R. Botter, J, Chem. Soc. Chem. Commun., (1980) 823.
(b} P. Longevialle and R. Botter, Iat. J. Mass Spectrom. Ion Phys., 47 (1983} 179.
ic} P. Longevialle and R. Botter, Org. Mass Spectrom., 18 (1983} 1.
(d) T.H. Morton, Org. Mass Spectrom,, 27 (1992) 353.
97 (a) D. Bethell and V. Gold, Carborium Ions, Academic Press, London, 1967.
(b} LL. Fry and G.J. Karabatsos, in G.A. Olah and P.v.R. Schieyer, Carbonium Ions,
Vol. I1, Wiley-Interscience, New York, 1970, p. 521.
(c} J.T. Keating and P.S. Skell, in G.A. Olah and P.v.R, Schiever, Carbonium lons, Vol. II,
Wiley-Interscience, New York, 1970, p. 573.
(d) G.A. Olah and J.A, Olah, in G.A. Olah and P.v.R. Schieyer, Carbonium Ions, Vol. II,
Wiley-Interscience, New York, 1970, p. 715.
(e} R.E. Leone, J.C. Barborak and P.v.R. Schieyer, in G.A. Olah and P.v.R. Schlever,
Carbonium lons, Vol. IV, Wiley-Interscience, New York, 1973, p. 1837,
(f) M. Saunders, P. Vogel, EL. Hagen and J. Rosenfeld, Acc. Chem. Res,, 6 (1973) 53.
98 (a) L. Malatesta, Prog. Inorg. Chem., 1 {1959} 283.
(b} A. Yogler, in 1. Ugi (Ed.), Isonitrile Chemisiry, Academic Press, New York, 1971,
p. 217.
{c} E. Singleton and H.E. Oosthuizen, Adv. Organomet. Chem., 22 {1983) 209,
99 (a} M.H. Baghal-Vayjooee, J.L. Collister and H.O. Pritchard, Can. J. Chem., 55 (1977)
2634.
(b) M. Meot-Ner (Mautner), Z. Karpas and C.A. Deakyne, J. Am. Chem. Soc., 108 (1986)
3913
{c) M. Meier, B. Dogan, H.-D. Beckhaus and C. Riichardt, Nouv. J. Chim,, 11 (1987) 1,
100 W. Weith, Ber. Disch. Chem. Ges., 6 (1873} 210.
101 (a} M. Meier and C. Riichardt, Tetrahedron Lest., {1983) 4671.
(b) M. Meier, B. Miiller and C. Riichardt, J. Org. Chem,, 52 {1987} 648,
102 CM. Friend, J. Stein and E.L. Muettertics, J. Am. Chem. Soc., 103 (1981) 767.
103 {a} G. Kohlmaier and B.S. Rabinovitch, J. Phys. Chem., 63 (1959) 1793.
(b} F.W. Schacider and B.S. Rabinovitch, J. Am. Chem. Soc., 84 (1962) 4215,
(c} F.W. Schaeider and B.S. Rabinoviich, J. Am. Chem. Soc., 85 {1963) 2365.
(d) F.J. Fletcher, B.S. Rabinovitch, K.W. Watkins and D.J. Locker, J. Phys. Chem., 70
(1966) 2823.
(e} J. Casanova, §r.,, ND, Werner and R.E. Schuster, J. Org. Chem,, 31 {1966) 3473,
(f) K.M. Maloney and B.S. Rabinovitch, in 1. Ugi {(Ed.), Isoniirile Chemistry, Academic
Press, New York, 1971, p. 41.
104 K. Eller, C.B. Lebrilla, T. Drewello and H. Schwarz, J. Am. Chem. Soc., 110 (1988) 3068.
105 K. Eller and H. Schwarz, Chem. Ber., 123 {(1950) 201.
196 K. Eller, D. Siilze and H. Schwarz, Chem. Phys. Lett., 154 (1989) 443,
107 G. Czekay, T. Drewello and H. Schwarz, §. Am. Chem. Soe,, 111 (1989) 4561.
108 T. Priisse and H. Schware, Helv. Chim. Acta, 73 (1990) 1163,
109 R. Batra and R, Breslow, Tetrahedron Lett., (1989} 535.
110 K. Eller and H. Schwarz, unpublished resuits.
111 (a) H. Bock and O. Breuer, Angew. Chem., 99 (1987) 492, Angew. Chem., Int. Ed, Engl,,
26 (1987) 461.
(b) H. Bock, Polyhedron, 7 {1988) 2429.



144 K. Elier | Coord. Chem. Rev. 126 (1993) 93-147

112 K. Eller and H. Schwarz, Inorg. Chem., 29 {1990} 3250.
113 K. Eller and H. Schwarz, Ber. Bunsenges. Phys. Chemn., 94 (1990) 1339
114 K. Eller, D. Schréder and H. Schwarz, I. Am. Chem. Soc., 114 {1992) 6173,
115 (a) R.D. Bowen, B.J. Stapleton and D.H. Williams, 1. Chem. Soc. Chem. Commun., (1978}
24.
(b) D.H. Williams, B.I. Stapieton and R.D. Bowen, Tetrakedroa Lett., (1978) 2919.
¢} R.D. Bowen and D.H. Williams, Int. 7. Mass Spectrom. lon Phys., 29 {1979} 47.
(d} R.D. Bowen, J. Chem. Soc. Perkin Trans. 2, (1980) 1219,
(¢} R.D. Bowen and D.H. Willams, 1. Am. Chem. Soc., 102 (1980) 2752.
(fy H. Schwarz and D. Stahl, Int. J. Mass Spectrom. Ton Phys,, 36 {1983) 285.
() R.D. Bowen, J. Chem. Sec. Perkin Trans. 2, (1989) 919.
(h) E.L. Chronister and T.H. Morton, J. Am. Chem. Soc,, 112 (1990} 133.
(i) R.D. Bowen, A'W. Colburn and P.J. Derrick, J. Chem. Soc. Perkin Trans. 2, {1991) 147.
116 8. Cenini and G. La Monica, Inorg. Chim. Acta, 18 (1976) 279.
117 P. Braunstein and D. Nobel, Chem. Rev,, 89 (1989) 1927.
118 (a) I.S. Kolomnikov, Y.D. Koreshkov, T.S. Lobeeva and MLE. Vol'pin, J. Chem. Soc,
Chem, Commun,, (1970) 1432.
{b) LS. Kolomnikov, Y.D. Koreshkov, T.S. Lobeeva and M.E. Vol'pin, Izv. Akad, Nauk
SSSR Ser. Khim., {1971) 2065; Bull. Acad. Sci. USSR Div. Chem. Sci., {1971} 1951 (Engl.
Transl.),
(c} D.C. Bradley, M.B. Hursthouse, K.M.A. Malik, A.J. Niclson and R.L. Short, J. Chem.
Soc. Dalton Trans., (1983) 2651.
(dy R.P. Tooze, G. Wilkinson, M. Motevalli and M.B. Hursthouse, J. Chem. Soc. Dalton
Trans., (1986) 2711.
{ey M.L.H. Green and K.J. Moynihan, Polyhedron, 5 (19861 921.
{f) J.C. Bryan, 5.J. Geib, A L. Rheingold and J.M. Mayer, J. Am. Chem. Sec., 109 (1987)
2826.
(g} D. Ehrenfeld, J. Kress, BD. Moore, J.A. Osborne and G. Schoettel, J. Chem. Soc.
Chem. Commun,, (1987) 129.
{h) A.D. Horton and R.R. Schrock, Polyhedron, 7 (1988) 1841,
(i) F.-M. Su, J.C. Bryan, S. Jang and J.M. Mayer, Polyhedroa, § {1989) 1261.
{j} G. Schoettel, J. Kress and J.A. Osborne, J. Chem. Soc, Chem. Commun., {1989) 1062
(k) W.A, Herrmann, G. Weichselbaumer, R.A. Pacicllo, R.A. Fischer, E. Herdtweck,
J. Okuda and D.W. Marz, Organometallics, 9 (1990) 489.
(13 J.T. Anhaus, T.P. Kee, M.H. Schofield and R.R. Schrock, J. Am. Chem. Soc, 112
(1990) 1642.
{m} R.R. Schrock, R.T. DePue, J. Feldman, K.B. Yap, D.C. Yang, W.M. Davis, L. Park,
M. DiMare, M. Schofield, J. Anhaus, E. Walborsky, E. Evitt, C. Kriger and P. Betz,
Organometallics, 9 (1990} 2262, 2850.
{n} N. Bryson, M.-T. Youinou and J.A. Osborne, Organometallics, 10 (1991) 3389,
{o) MLH. Schofield, T.P. Kee, J.T. Ashaus, R.R. Schrock, K.H. Johnson and W.M. Davis,
Inorg. Chem,, 30 (1991) 3595.
tp) W.-H. Leung, G. Wilkinson, B. Hussain-Bates and M.B. Hursthouse, J. Chem. Soc.
Dalton Trans., (1991) 2791.
{q} J. Sundermeyer, Chem. Ber., 124 (1991) 1977.
{r} M.L.H. Green, G. Hogarth and G.C. Saunders, J. Organomet. Chem., 421 (1991) 233
119 W.A, Nugent and B.L. Haymore, Coord. Chem. Rev,, 31 {1980} 123.
120 D.E. Clemmer, LS. Sundetlin and P.B. Armentrout, I. Phys. Chem., 94 (19%0) 3008.
121 D.E. Clemmer, L.S. Sundetlin and P.B. Armentrout, 1. Phys. Chem., 94 {1990} 208.



K. Eller | Coord. Chem. Rev. 126 (1993) 93-147 145

122 S.W. Buckner, J.R. Gord and B.S. Frieser, J. Am. Chem. Soc.,, 110 (1988) 6606.
123 (a} P.M. Holland and A.W. Castleman, Jr., J. Am. Chem. Soc., 102 (1980) 6174.
(b) P.M. Holland and A W. Castleman, Jr., J. Chem, Phys., 76 (1982) 4195,
124 (a} T.R. Cundan, J. Am. Chem. Soc,, 114 {1992} 7879,
{b) B.C. Guo, K.P. Kerns and A W. Castleman, Jr,, J. Phys. Chem., 96 (1992) 4879.
{c) D. Wittneber, Ph.D. Thesis, Universitit Bielefeld, 1991,
125 {2) M. Surman, F. Solymosi, R.D. Diehl, P. Hofmann and DA, King, Surf, Sci,, 146 {1984)
144
{b) D. Lackey, M. Surman and D.A. King, Surf. Sci., 162 (1985) 388,
126 K. Eller and H. Schwarz, Int. J. Mass Spectrom. Ion Processes, 108 (1991} 87,
127 K. Eller, S. Akkék and H. Schwarz, Helv. Chim. Acta, 73 (1950) 229,
128 K. Eller, S. Akkdk and H. Schwarz, Helv. Chim. Acta, 74 (1991) 1609,
129 {a)} T.J. Carhin, M.B. Wise and B.S. Frieser, Inorg. Chem,, 20 {1981) 2743,
(b) T.C. Jackson, T.¥. Carlin and B.S. Frieser, Int. J. Mass Spectrom. lon Processes, 72
{1986) 169.
{c} R.L. Hettich, T.C. Jackson, EM. Stanko and B.S. Frieser, J. Am. Chem. Soc., 108
{1986) 5086.
{d} ¥.R. Gord and B.S. Frieser, Anal. Chim, Acta, 225 {1989 11.
(e} T.J. MacMaton, T.C. Jackson and B.S. Frieser, J. Am. Chem. Soc,, 111 {1989) 421.
(f} W.J. Gwathmey, L. Lin, C. Kutal and LJ. Amster, Org. Mass Spectrom., 27 {1992) 840.
130 {a} T.A. Manuel, Inorg. Chem,, 3 (1964} 1703.
(b} R.O. Hazris, J. Powell, A. Walker and P.V. Yaneff, J. Organomet. Chem,, 141 (1977}
217.
{c} W.P. Fehihammer and A. Mayr, 1. Organomet. Chem., 191 (1980) 153,
{d} H. Werner, 8. Loiz and B. Heiser, J. Organomet, Chem,, 209 {1981) 197
(e} J. Fortune, A R. Manning and F.§. Stephens, J. Chem. Soc. Chem. Commun., (1983)
1071.
{f} G.R. Lee and N.I. Cooper, Organometallics, 8 {1989) 1538.
(g} E.P. Cullen, J. Fortaune, AR. Manning, P. McArdle, D. Cunningham and
F.5. Stephens, Organometallics, 9 (1990) 1443,
(h) LR. Beaumont, M.J. Begley, S. Harrison and AH. Wrght, J. Chem. Soc. Chem.
Commun,, (1990) 1713,
(i) U. Riaz, O. Curnow and M.D. Curtis, . Am. Chem, Soc,, 113 (1991} 1416
{j) M.D. Curtis, Appl. Organomet, Chem,, 6 {1992} 429. Sce also:
(k} R.O. Harris and P.V, Yaneff, J. Organomet. Chem., 134 (1977) C40.
131 {a) 5.W. Oliver, T.D. Smith, J.R. Pilbrow, K.C. Pratt and V. Christov, J. Catal., 111 {1988)
8s.
{b) R.J. Angelici, Acc. Chem. Res,, 21 {1988) 387
{c) C.M. Friend and J.T. Roberts, Acc. Chem. Res., 21 {1988) 394.
{d) M.D». Curtis, J.E. Penner-Hahn, J. Schwank, O. Baralt, D.J. McCabe, L. Thompson
and G. Waldo, Polyhedron, 7 (1988) 2411.
(e} N.N. Sauer, E.J. Markel, G.L. Schrader and R.J. Angelici, J. Catal,, 117 {1989) 295,
{f} A.E. Ogilvy, A E. Skaugset and T.B. Rauchfuss, Organometallics, § {1989) 2739,
(g) J.W. Park, L.M. Henling, W.P. Schaefer and R.H. Grubbs, Organometallics, 9 (1990)
1650.
(h} 8. Luo, A.E. Ogilvy, T.B. Rauchfuss, A L. Rheingold and S.R. Wilsor, Organometallics,
10 {1991 1002,
{1} A.C. Lin and CM. Friend, J. Am. Chem. Soc,, 113 {1991} 820.
(i} K.A. Hall, S.C. Critchlow and J.M. Mayer, Inorg, Chem,, 30 (1991} 3593.



146 K. Eller | Coord. Chem. Rev. 126 (1993)93-147

{k) M.-G. Chei, L.M. Daniels and R.J. Angelici, Inorg. Chem., 30 (1991) 3647.
(1) J.E. Neison, G. Parkin and LE, Bercaw, Qrganometallics, 11 (1992) 2181,
{m) M.J. Calhorda, R. Hoffmann and C.M. Friend, J. Am. Chem, Soc., 112 (1990} 50.
132 D. Schrader, K. Eller and H. Schwarz, Helv. Chim. Acta, 73 (1950) 380,
133 {(a) K.R. Grundy and W.R. Roper, J. Organomet. Chem., 113 (1976} C45.
{b) G.R. Clark, T.J. Collins, D. Hall, S.M. James and W.R. Roper, J. Organomet. Chem.,
141 {1977) CS.
134 {a) 5.C. Schuman and H. Shalit, Catal. Rev., 4 {1970) 245.
{b) T. Ohtsuka, Catal. Rev. Sci. Eng., 16 (1977 291.
{) P. Grange, Catal. Rev. Sci. Eng,, 21 {1980) 135.
{d) E. Furimsky, Catal. Rev. Sci. Eng,, 22 {1980j 371.
{e} ML.L. Vrinat, Appl. Catal, 6 (1983) 137,
{f) R.R. Chianelli, Catal. Rev. Sci. Eng., 26 (i984) 361.
{g} H. Topsoe and B.S. Clausen, Catal. Rev. Sci. Eng., 26 (1984) 395.
(h) M. Zdrazil and M. Kraus, in C. Cerveny (Ed.), Catalytic Hydrogenation, Elsevier,
Amsterdam, 1986, p. 257.
(i} A. Miller, E. Diemann and F.-W. Baumann, Nachr. Chem. Tech, Lab., 36 (1988} 18,
{j)} R. Prins, V.H.J. de Beer and G.A. Somorjai, Catal. Rev. Sci. Eng., 31 {1989 1.
(k) B.C. Wiegand and C.M. Friend, Chem. Rev., 92 (1992) 491.
135 D.K. MacMillan, M.L. Gross, C. Schulze and H. Schwarz, Organometatlics, 11 {1992)
2079,
136 D.R. Lide (Ed.), CRC Handbook of Chemistry and Physics, CRC Press, Boca Raton, FL,
72nd edn., 1991.
137 R.D. Levin and 8.G. Lias, Ionization Potential and Appearance Potential Measurements
19711981, National Bureau of Standards, Washington, 1982.
138 ML.A. Tolbert and J.L. Beauchamp, J. Phys. Chem., 90 (1986} 5015.
139 B.D. Radecki and J. Allison, J. Amn. Chem. Soc., 106 {1984) 946.
140 S.W. Sigsworth and A 'W. Castleman, Jr, J. Am. Chem. Soc.,, 111 (1939} 3566.
141 H. Sato, M. Kawasaki, K. Kasatani and T. Oka, Nippon Kagakne Kaishi, {1589} 1240.
142 §.1. Babinec and J. Allison, J. Am. Chem. Soc,, 106 {19841 7718,
143 K. Eller, 8. Karrass and H. Schwarz, uapublished results.
144 S. Karrass, K. Eller, C. Schulze and H. Schwarz, Angew. Chem., 101 (1989) 634; Angew.
Chem,, Int. Ed. Engl, 28 (1989) 607
145 8. Karrass, T. Prisse, K. Eller and H. Schwarz, J. Am. Chem. Soc., 111 (1989} 9018,
146 K. Eller, I, Stockigt, S.Karrass and H. Schwarz, unpublished results.
147 S. Karrass and H. Schwarz, Helv. Chim. Acta, 72 (1989} 633.
148 S.W. Buckner, J.R. Gord and B.S. Frieser, J. Chem. Phys., 88 (1988) 3678.
149 8. Karrass, K. Eller and H. Schwarz, Chem. Ber., 123 (1990) 939.
150 §. Karrass and H. Schwarz, Organometallics, 9 (1990} 2034.
151 1. Allison and D.P. Ridge, }. Am. Chem. Soc, 98 {1976) 7445.
152 S. Huang, R.'W. Holmas and M.L. Gross, Organometallics, 5 (1986) 1857,
153 E.R. Fisher, R.H. Schultz and P.B. Armentrout, J. Phys. Chem., 93 (198%) 7382
154 D. Schroder, A. Fiedler, J. Hrudak and H. Schwarz, J. Am. Chem. Soc., 114 {1992)
1215
155 T. Priisse, Ph.DD. Thesis, Technische Universitdt Berlin, D83, 1991,
156 D.A. Weil and C.L. Wilkins, 1. Am. Chem. Soc., 107 {1985) 7316.
157 R.W. Jones and R.H. Staley, J. Phys. Chem., 86 (1982} 1665.
158 (a) M.B. Wise, D.B. Jacobson and B.S. Frieser, J. Am. Chem, Soc,, 107 (1985) 1590,
(b} M.B. Wise, D.B. Jacobson and B.S. Frieser, J. Am. Chem. Soc., 107 {(1985) 6744



K. Eller | Coord. Chem. Rev. 126 {1993) 93-147 147

159 (a} R.A. Forbes, EC. Tews, BS. Frieser, M.B. Wise and S.P. Perone, Anal. Chem.,, 58
(1986} 684,
(b} R.A. Forbes, E.C. Tews, B.S. Frieser, M.B. Wise and S.P. Perone, J. Chem. Inf. Comput.
Sci,, 26 (1986) 93.

160 A. Tsarbopoulos and J. Allison, J. Am, Chem. Soc., 107 (1985) 5085.

161 D. Schréder and H. Schwarz, personal communication, 1992.

162 H. Kang and J.L. Beauchamp, J. Am. Chem. Soc., 108 {1986} 7502.

163 S. Karrass, D). Schréder and H. Schwarz, Chem. Ber, 125 {1992} 751.

164 T. Prisse and H. Schwarz, Organometallics, 8 (1989) 2856.

165 T, Priisse, J. Allison and H. Schwarz, Iat. J. Mass Spectrom. lon Processes, 107 (1991} 553.

166 {a} A, Tsarbopoulos and I. Allison, Organometallics, 3 {1984) 86.
{b) A. Tsarbopoulos and J. Allison, Organometallics, 3 (1984) 947.

167 R. Kiaser, J. Allison, T.G. Dietz, M. DeAngelis and D.P. Ridge, J. Am. Chem. Soc,, 100
{1978} 2706,

168 J.8. Uppal and R.H. Staley, J. Am. Chem. Soc., 162 {1980) 4144.

169 E.R. Fisher, L.S. Sunderlin and P,B. Armentrout, J. Phys. Chem., 93 (1989) 7375.

170 D.J. Hankinson, C.B. Miller and J. Allison, J. Phys. Chem., 93 {1989) 3624.

171 M. Lombarski and J. Allison, Ini. 3. Mass Spectrom. Ton Processes, 65 (1985) 31.

172 1H. El-Nakat, L.G. Dance, K.J. Fisher and G.D. Willett, Polyhedron, 11 {1992} 1125,

173 CJ. Cassady and B.S. Frieser, J. Am. Chem. Soc., 107 (1985} 1566.

174 CJ. Cassady, B.S. Frieser, S.W. McElvany and J. Allison, J. Am. Chem. Soc., 106 {1984)
6125,

175 C.J. Cassady and B.S. Frieser, I. Am. Chem. Sec, 107 (1985) 1573.



