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Mass Spectrometry of Transition Metal 7-Complexes
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The problems of the fragmentation of transition metal 7-complexes under the influence of electron impact are examined.
The mass spectra of this class of compaounds reflect fairly well the differences in the nature and stability of the metal-

ligand bond as well as structural and other differences. Together with the rupture of the metal -ligand bond, electron impact
results in the partial fragmentation of the ligands linked to the metal atom by #-bonds, the nature and degree of fragmen-
tation depending on the nature and molecular weight of the ligand.
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of elements in the form of their m-complexes

1. INTRODUCTION

Volatile transition metal compounds can be convention-
ally divided into the following groups in terms of the type
of the metal—ligand bond.

A. Chelate complexes, for example acetylacetonates.

B. Complexes with ligands of the 7 -acceptor type
(carbon monoxide, nitric oxide, phosphines, arsines,
nitriles, etc.).

C. Complexes with ligands linked by 7 -bonds. The
ligands in such complexes are organic substances with
double, triples and conjugated bonds.

Studies on the mass-spectrometry of organometallic
alkyl and phenyl compounds and metal complexes with
ligands such as carbon monoxide have been described
fairly completely in recently published reviews Y2 and
other reviews *~ deal with the mass spectra of certain
transition metal 7 -complexes.

The present review deals with studies on the mass-
spectrometry of transition metal 7-complexes. The
problems of the fragmentation of 7 -complexes and the
correlation between the fundamental characteristics of
the mass-spectra and the metal —ligand bond energies are
considered initially. The review is also concerned with
problems relating to the identification of ions containing
the atoms of polyisotopic elements and with the occurrence
of ion—molecule reactions in the mass spectrometer. The
problems associated with the measurement of appearance
potentials and the calculations on their basis of the
average metal—ligand bond dissociation energy are not
discussed, since they have been dealt with in detail in
other reviews ’®, The mass-spectra of the 7 -complexes
have been classified in accordance with the nature of the
ligands, since the latter are in fact responsible for the
main characteristics of the mass-spectra of the m-com-
plexes.

II. METAL 7-COMPLEXES WITH AROMATIC LIGANDS

The mass-spectra of the 7 -complexes of transition
metals having the general formula LiML: (L = C/Hs, CsHs,
or CeHe) reflect the differences between the electron-
donating capacities of the ligands but at the same time
have many features in common.

Dicyclopentadienyl Compounds

Compounds of this class have been frequently investi-
gated mass-spectrometrically "', The molecular ion
peaks in the mass spectra of such complexes are as a rule
the most intense and successive dissociation of the cyclo-
pentadienyl groups from the molecular ion leads to the
formation of metal ions and the fragment CsHsM*, the
peaks of which are also fairly intense. The cyclopenta-
dienyl groups are also to a considerable degree fragmented.
The group C:Hs and ethylene and acetylene molecules are
mainly split off. When hydrogen atoms and methyl or
other radicals are split off from the molecular ion, a
series of ions are formed whose peak intensities are low.
On fragmentation of molecular ions, the charge as a rule
remains on the metal-containing fragment. The majority
of fragmentation processes are accompanied by metastable
transitions, with intense and distinct peaks®.

The ionisation potentials of dicyclopentadienyl com-
plexes are lower or equal to those of the atoms of the
complex-forming elements #*'2**,  This permitted the
conclusion ®? that, in the ionisation of compounds such as
ferrocene, an electron is removed from a non-bonding
orbital localised at the metal atom, This conclusion is
satisfactorily consistent with data calculated for ferrocene
by the molecular orbital method **.

The intensity of the metal ion peaks in the mass-spectra
of the isoelectronic dicyclopentadienyl complexes of iron,
ruthenium, and osmium (Table 1) decreases on passing
from ferrocene to osmocene. This indicates an increase
in the strength of the metal —cyclopentadienyl bond with
increase of the atomic number of the complex-forming
element, The metal-ligand bond energies for ferrocene
and ruthenocene quoted in Table 1, calculated from the
appearance potentials of iron and ruthenium ions, confirm
this. An analogous correlation between the mass spectra
and the appearance potentials was observed for chromium,
molybdenum, and tungsten hexacarbonyls!®~'®

The relative intensity of the metal ion peaks in the
spectra of a series of dicyclopentadienyl compounds of
vanadium, iron, nickel, and chromium increases,
amounting respectively to 12.5, 16,1, 18.9, and 28.2% of
the overall intensity of the peaks®. The increase is due
to the decrease of the average metal—ligand bond dissoci-
ation energy, which is 88,'° 74,° 62,%° and 54 '
kcal mole™ respectively.
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The substitution of hydrogen atoms in the ligands can
have a significant influence on the nature of the fragmenta-
tion. The study of the mass-spectra of substituted ferro-
cenes 2>72® gshowed that simple substituents (methyl and
ethyl groups and halogen atoms) hardly affect the nature
and degree of fragmentation. More complex substituents
give rise to a number of characteristic features associated
with the fragmentation of the substituent itself. In com-
pounds containing alkyl and vinyl substituents in the same
ring, cyclopentadienyl (Cp) groups without substituents
are split off preferentially *°,

Table 1. Relative peak intensities of the prineipal

ions in the mass-spectra and the metal —ligand bond
dissociation energies in the dicyclopentadienyl com-
plexes of iron, ruthenium, and osmium (%).

Ion Fe Ru Os
(CyHy), M* 100 {100 | 100
CeH M+ 36 | 21,7 2.7
M+ 27 | 2.8] 0.5
Dy keal mole’! 78 (112 | —

The mass-spectra of cyclopentadienyl compounds-also
reflect satisfactorily the degree of polarity of the metal—
cyclopentadienyl bond. In order to demonstrate the
influence of the nature of the metal—cyclopentadienyl bond
on the characteristics of the fragmentation and the nature
of the mass-spectrum, it is useful to compare the mass-
spectra of dicyclopentadienyl 7 -complexes with those of
jonic and o-linked dicyclopentadienyl compounds. Thus
the fragmentation of ionic dicyclopentadienyl magnesium
and manganese compounds T *° proceeds in the same way
as in compounds of the ferrocene type. However, an
increase in the amount of ionic character of the metal-
cyclopentadienyl bond reduces the relative intensity of the
molecular ion peaks and increases the intensity of the
fragment ion peaks (Table 2).

Table 2. Relative peak intensities of the principal
jons in the mass-spectra of the dicyclopentadienyl
complexes of iron, magnesium, and manganese (%).

Ion Fe Mg Mn

(CsHy)pM* 100 | 100 | 100
CHsM*
+

27 | 139 | 136

1 In contrast to ferrocene and other dicyclopentadienyl
transition metal compounds, Cp:Mn is an ionic compound.
Detailed information about studies dealing with the
demonstration of the ionic character of the metal—cyclo-
pentadienyl bonds in this compound can be found in other

reviews #%,
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Under the influence of electron impact, thallium cyclo-
pentadienide splits off the cyclopentadienyl group, giving
rise to a metal ion whose peakintensityis amaximum in
the spectrum **%,

The mass-spectra of metal dicyclopentadienyl com-
plexes with ¢ linkages (see, for example, the mass-spec-
trum of Cp.Pb) ** are close to the mass-spectra of ionic
dicyclopentadienyl compounds.

Tricyclopentadienyl Compounds

Tricyclopentadienyl complexes of the lanthanides,
which are partly ionic and partly of the 7 -complex type,
constitute an extremely interesting class., The relative
intensity of the molecular ion peaks in the mass-spectra
of these compounds is fairly high *~*. The elimination
of the first cyclopentadienyl group leads to the formation
of the ions Cp:M*, the relative intensity of whose peaks is
as a rule maximal in the spectrum, Further fragmenta-
tion leads to the pattern which is well known for ferrocene.

In contrast to the dicyclopentadienyl compounds of
transition metals, the ionisation potentials of the tricyclo-
pentadienyl complexes exceed by 1—-2 eV the ionisation
potentials of the lanthanide atoms, which can probably be
accounted for by the removal on ionisation of an electron
which is not localised at the atom of the complex-forming
element but at the ligand, as in chelated chromium acetyl-
acetonates *,

Tetracyclopentadienyl Compounds

The mass-spectra of the tetracyclopentadienyl m-com-
plexes of uranium and thorium #139 have intense peaks due
to the molecular ion and the ions formed as a result of the
elimination of cyclopentadienyl groups from the latter.
The peaks due to the CpsM* ions are the most intense in
the spectra. As for the di- and tricyclopentadienyl com-
plexes, in the mass-spectra of the tetracyclopentadienyl
complexes of uranium and thorium contain fairly intense
peaks due to ions associated with the partial fragmentation
of the ligands.

Table 3. Relative peak intensities of the principal
ions in the mass-spectra of bisbenzenechromium
and bisbenzenevanadium (%).*°

lon Cr v
EC:H«):M* 28.5 85,6
HeM* 37.6 83.5

M+ 100 100
(CeHe):M* 6.2 18,0

Bisarene Compounds

The intensities of the molecular ion peaks in the mass-
spectra of bisbenzenevanadium *° and bisbenzenechro-
mijum ***%*! are much higher (Table 3), which is
evidence for a fairly high stability of the metal—benzene
bond. However, in contrast to the dicyclopentadienyl
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compounds, in the mass spectra of the bisarene com-
plexes the peaks due to the metal ions and not the molecu-
lar ions are the most intense. This difference is
evidence that the stability of the metal —ligand bond in
compounds of the type LML decreases following the
replacement of cyclopentadienyl groups by benzene mole-
cules. On the other hand, comparison of the relative
intensities of the molecular ion peaks in the mass-spectra
of bisbenzenechromium and bisbenzenevanadium leads to
the conclusion that the benzene-vanadium bond is stronger
than the benzene—chromium bond. These conclusions are
satisfactorily consistent with thermochemical measure-
ments *%,

The fragmentation of bisarene compounds is extremely
simple and leads to the successive elimination of benzene
molecules from the molecular ion with retention of the
charge on the metal-containing fragments, which is con-
firmed by the presence in the mass-spectra of intense and
distinct peaks due to metastable transitions.

The intensities of the peaks due to the MCsHs, MC4Hi,
MCsH3, MC.H*, and other ions in the mass-spectra of the
bisarene compounds are extremely low. This shows that
the fragmentation of the 7 -linked ligands in the bisarene
compounds hardly occurs, in contrast to the cyclopenta-
dienyl complexes, which is related to the greater stability
of the benzene ring compared with other aromatic systems
and the low metal —ligand bond energy.

The study of the mass-spectra of methyl, iso?ropyl,
and phenyl derivatives of bisbenzenechromium **~* showed
that the nature of the mass-spectra and the fragmentation
of the molecular ions in these compounds and in bisben-
zenechromium are similar, In the mass-spectra of the
bisarene compounds of chromium with asymmetric
ligands —benzenecumenechromium and diethylbenzene-
ethylbenzenechromium **** —the relative intensities of the
peaks due to the CrLi and CrL: ions differ appreciably,
which is evidence for the preferential elimination of
ligands containing a smaller number of alkyl substituents.
A mass-spectrometric study of benzenehexamethyl-
benzenemanganese *® also showed that benzene is split off
from the molecular ion more readily than hexamethyl-
benzene.

The peaks due to molecular ions and not the metal ion,
as for bisarenechromium compounds, are the most intense
in the mass-spectra of bisbenzenemolybdenum and its
ethyl derivatives*’. The sharp increase of the relative
intensity of the molecular ion peaks on passing frombis-
benzenechromium to bisbenzenemolybdenum is evidence,
as for cyclopentadienyl and carbonyl complexes, for an
increase in the strength of the metal —ligand bond with
increase of the atomic number of the complex-forming
element.

The ionisation potentials of the bisarene compounds are
somewhat lower, as for the dicyclopentadienyl complexes,
than the ionisation potentials of the complex-forming
elements. The introduction of methyl substituents into
bisbenzenechromium reduces the ionisation potential, but
the decrease is not quite so distinct as for the free
ligands *°,

A characteristic feature of the bisarene compounds is
the permanent presence in their mass-spectra of fairly
intense peaks due to the hydrocarbon ions of the ligands.
The complete agreement of the relative intensities of the
peaks due to these ions with the relative intensities of the
corresponding ions in the mass-spectra of the free ligands,
the formation of metallic films on the components of the
ion source, the increase of the intensity of the peaks of
these ions with increase of the temperature of the ion
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source, and the equality of the appearance potentials of
the corresponding hydrocarbon ions in the mass-spectra
of the bisarene compounds and the free ligands led to the
conclusion *”*** that the formation of the hydrocarbon ions
is associated with the presence of free ligands in the ion
source of the mass-spectrometer. The latter are formed
as a result of the partial thermal decomposition of the
bisarene compounds in the ion source.

Transition Metal Complexes with Asymmetric Aromatic
Ligands

The mass-spectra of compounds of the type CsHsMC-H~,
where M =V, Cr, Mo, or W, and comEounds of the type
CsHsMCeHs, where M = Mn or Cr, "*”**~*° reflect satis-
factorily the differences between the electron-donating
capacities of the CsHs, C+H7, and CeHe groups. The
elimination of the cyclopentadienyl group from the molec-
ular ions of these complexes takes place after the C/H;
and CeHs groups have been split off.

A characteristic feature of the fragmentation of the
complexes containing the C-H- group is the elimination
from the latter of an acetylene molecule with formation of
the ion Cp-M* via the mechanism

C5H5MC7H: — (CyHg)eM* + GH, ,

and the ion in its turn splits off in succession cyclopenta -
dienyl groups with formation of the CsHsM* fragment and
metal ions, so that the fragmentation of the CsHs and Cele
groups joined by 7 -bonds to the complex-forming atom is
analogous to that of the dicyclopentadienyl and bisarene
compounds,

Thus, comparison of the mass-spectra of compounds
of the type (CsHs):M, CsHsMC-H7, CsHsMCeHs, and
(C¢He):M, for example the mass-spectra of the isoelec-
tronic iron, chromium, and manganese compounds
(Table 4), readily demonstrates the decrease of the rela-
tive intensity of the molecular ion peak on passing from
ferrocene to bisbenzenechromium, This decrease is
evidence for the weakening of the metal—ligand bond due
to the decrease of the electron-donating activity of the
ligands in the series CsHs > C-Hz > CeHe.

Table 4. Relative peak intensities of the principal
ions in the mass-spectra of the isoelectronic com-
plexes of chromium, manganese, iron with aromatic
ligands (%)*.

Ton (CyHy)sFe CH,CGH, | CHMICH, | (CoHa)eCr
LML 61.5 50.4 22.6 17.2
MCgH;" 22.4 9.5 45.1
CeHgM* — — — 22.6
M+ 16.1 40.1 32.3 60.2

*The overall intensity of the peaks due to the ions
L.ML3, L.M*, L.M*, and M* was adopted as 100%.

Complexes Containing Olefins Linked by 7 -bonds

The molecular ions of complexes containing, agart
from the cyclopentadienyl group, 7 -linked olefing °°~>*
split off the cyclopentadienyl group after the complete or
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partial elimination of the olefin, Thus in the molecular
ion of the CpRh(C:H4): complex °**** the rupture of the
metal —cyclopentadienyl bond is preceded by the stepwise
elimination of the ethylene ligand species:

CpRh (C,H,); — CpRhC,H; — CpRh* —Rh*,

In complexes containing cyclo-olefins linked by 7 ~bonds
to the metal atom there is appreciable dehydrogenation of
the olefin apart from the dissociation of the metal —ligand
bond and partial fragmentation of the ligand species con-
sisting in the elimination of the neutral C,Hs, C,H:, and
C:Hs groups. In a number of cases there is a stereo-
selective formation of aromatic fragments ***%°;

R exo

H endo . @R
©

The replacement of one cyclopentadienyl group in ferro-
cene by the indenyl ligand greatly complicates the nature
of the fragmentation®. The molecular ion in the complex
CpFeCgHy loses the cyclopentadienyl group, simultaneously
with the elimination of the indenyl ligand and the formation
of the CpFe" ion, giving rise to the CoH-Fe* ion. In con-
trast to CpFe*, the latter does not split off the indenyl
ligand with formation of a metal ion but eliminates the iron
atom, forming the ion CsH7, with a high intensity spectral
peak.

The fragmentation mechanism becomes even more
complicated when the indenyl group is replaced by its
hydrogenation product CsHs and CsH;;.  Dehydrogenation
with formation of the FeCoH} ion, which in turn loses the
metal atom simultaneously with the elimination of the
CsHs group giving rise to the ion CoH§ and the products of
its further fragmentation, is characteristic of these com-
plexes. Fragmentation processes leading to the contrac-
tion of the ring with formation of the aromatic fragments
CpFeC-H%, Cp:Fe*, and CpFeC¢H§ are also characteristic
of compounds containing the indenyl ligand and its hydro-
genation products,

Table 5. The ionisation potentials of chromium,
vanadium, manganese, and cobalt and of their complexes
with benzene, the cyclopentadienyl group, and carbon
monoxide.

ITon v Cr Mn Co References
(CgHs)M 7.56 6.91 7.25 6.2 8
CyHgMC;H, 7.24 5.96 — — 40
(CeHeg)eM 6.26 5.9 — — 40
CgHgMC;Hg — 6.13 6.92 40
M 6.74 6.764 7.432 7.86 72
CeHgM(CO)3 — 7.30 — - 64
CsHsM(CO), 8.2 59
CsHsM(CO), — — 8.3 — 59
CyH M(COy) — — — 8.3 59
M(CO) 7.53 8.48 16
My(CO)yp — — 8.5 — 73

2(CO)s - — — 8.1 73

The olefin —metal complexes not containing the cyclo-
pentadienyl group have been comparatively less well
investigated by mass-spectrometry. The study of the
mass-spectra of biscyclo-octa-1,5-dieneplatinum and
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biscyclo-octa-1,5-dienenickel *°, cycloheptadienylcyclo-
heptatrienyltitanium *, cyclo-octenylcyclo-octa-1,5-diene-
cobalt®, and biscyclo-octatetraenethorium °® showed that
the fragmentation of complexes of this kind is analogous to
that of the bisarene compounds, but the fragmentation of
the 7 -linked hydrocarbon ligands takes place to a greater
extent. The replacement of both cyclopentadienyl groups
in ferrocene by indenyl groups leads to the elimination of
the iron atoms from the molecular fragment ions CsH-Fe*,
which results in the presence in the mass spectrum of
ions due to the indenyl ligand apart from the peaks due to
metal-containing ions *'.

III. METAL 7-COMPLEXES WITH AROMATIC AND
m-ACCEPTOR LIGANDS

Mononuclear Complexes

The mass-spectra of the cyclopentadienyl complexes of
cobalt*°, manganese '***~% vanadium***!, rhenium®,
and iron * having the general formula CpM(CO)p, cyclo-
butadienyltricarbonyliron ®3, and benzenetricarbonyl-
chromium %% reflect satisfactorily the differences
between the strengths of the metal—ligand bonds and the
donor-acceptor properties of carbon monoxide, benzene,
and the cyclopentadienyl group. The hydrocarbon ligands
in these compounds are split off only after the complete
loss of all the carbonyl groups from the molecular ion.
Under these conditions, the CpM* ions also loses C:H.,
C:H4, and other neutral groups, while there is hardly any
fragmentation of the benzene ring with dissociation of
carbon—carbon bonds.

The peaks due to the CpM"* ion are the most intense in
the mass-spectra of cyclopentadienyl derivatives of metal
carbonyls, while the peaks of the metal ion are the most
intense in the spectrum of benzenetricarbonylchromium.
The carbonyl complexes with cyclic olefins behave simi-
larly °*”%*=%  However, in this case the elimination of
the carbonyl group and the olefin may prove to be equally
probable, as has been observed for complexes of the type
CsHsM(CO):(cyclo-olefin). ®° Moreover, dehydrogenation
processes with subsequent aromatisation of the six-
membered ring are characteristic of metal carbonyl com-
plexes containing olefins, particularly those with adjacent

54,69,
CH: groups : . .
D
Hy
'H
Fe(CO), Fe(CO)p

The stereoselective formation of aromatic fragments
proceeds in parallel with the decarbonylation of the
molecular and fragment ions.

The fragmentation of substituted benzenetricarbonyl-
chromium complexes (CO):CrCeHsX **" depends signifi-
cantly on the nature of the substituent X. The mass-
spectra of the complexes with X = CHs and C¢Hs hardly
differ from the mass spectrum of benzenetricarbonyl -
chromium. For electronegative substituents (C1, F), the
peaks of the rearranged ions CrX*, the formation of which
proceeds via the mechanism

CIGHX* — CrX* + G

and is accompanied by a peak due to a metastable transi-
tion, exhibit an appreciable intensity in the mass spectra.
The ions CrCeHsX" and CrCeH4X* lose an HX molecule
with formation of the ions CrC¢H} and CrCe¢H3.

(n=2,1,
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In the presence of more complex substituents (OCH3,
COCH3, OCOCHg, etc.) the peaks of the ions formed as a
result of the fragmentation of the group X appear in the
mass-spectra. The fragmentation of substituted cyclo-
heptatriene and 7 -benzyl complexes of chromium tri-
carbonyl takes place similarly ™.

The ionisation potentials of benzenecarbonyl and cyclo-
pentadienylcarbonyl complexes of transition metals (Table
5) are somewhat higher than those of the bisarene and
dicyclopentadienyl compounds, but are lower than the
ionisation potentials of the corresponding carbonyls.

The ionisation potential of benzenetricarbonylchromium
decreases following the introduction of electron-donating
substituents and increases following the introduction of
electron-accepting substituents into the benzene ring ™,
However, a linear relation between the ionisation poten-
tials of the arenetricarbonylchromium complexes and those
of the free arenes, as in the case of the carbonylphosphine
complexes of chromium, molybdenum, and tungsten®™, is
not observed.

In cyclopentadienyl- and benzene-carbonyl-
nitrosyl complexes of the type CpM(NO)x(CO)y and
CoHgN(NO)x(CO)y ® ™7™ nitric oxide and carbon monoxide
are eliminated with equal probabilities. Fragmentation
with dissociation of the Cp—M and CsHs—M bonds begins
only after the complete elimination of the carbonyl and
nitrosyl groups. A very unusual rearrangement has been
observed by Miiller " in the mass-spectrum of CpV(NO)..
.CO. The ion CpVNO*, formed after the elimination of
the NO and CO groups, decomposes with formation of
pyridine.

Whereas the loss of CO and NO groups from the
carbonylnitrosyl complexes is equally probable, the mass-
spectra of complexes with phosphines, arsines, and
sulphur-containing and other ligands reflect the differ-
ences between the donor —acceptor capacities of carbon
monoxide, nitric oxide, sulphur, and phosphines. Thus
a study of the mass-spectrum of CpMn(CO);N. showed ™
that, for example, molecular nitrogen is a more powerful
electron donor than carbon monoxide. The elimination of
ligand species from the molecular ions derived from the
carbonylphosphine complexes of the type CpM(CO)m(PX3)n
and CeHsM(CO)m(PX)y (X = H, Cl, Me, Et, ete.) ™
proceeds in the following sequence: the carbonyl groups
are split off first, the phosphine molecules next, and only
then does the elimination of the Cp and C¢Hs groups begin,
The elimination of the phosphine group is accompanied by
its partial fragmentation, which leads to the presence in
the mass-spectra of lines due to the ions CpMPX3,
CpMPX*, and CpMP*. The lines due to the CpM* ion in
the spectra of the cyclopentadienyl complexes and due to
the metal ion in the spectra of the benzene complexes
show the greatest intensity., In the olefin complexes of
manganese of the type C4HsMn(CO).EPh; (E = P, As, or
Sb) * the olefins are split off after the elimination of the
CO and EPhs groups and there is a steady decrease of the
strength of the bond between the metal and phosphine,
arsine, and stibine.

The substitution of a hydrogen atom in the ligands PH,,
AsH,;, HoS, HiSe, etc. influences significantly the ionisa-
tion potential of the complex, the dependence of the latter
on the ionisation potential of the corresponding ligand
being linear %.

Dinuclear and Polynuclear Complexes

Certain cyclopentadienyl complexes exist as dimers in
the gas phase. Molecular ions and ions formed by their
fragmentation have been detected in the mass-spectra of
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such compounds {see, for example, the mass-spectrum of
[PtCpler.©' Simultaneously with the elimination of the
cyclopentadienyl group and the formation of the M3
cluster, the metal—metal bond is broken with formation
of metal ions and the fragment CpM*, Partial fragmenta-
tion of the 7-linked cyclopentadienyl group is also
observed.

In complexes containing ligands of the 7 -acceptor type
apart from cyclopentadienyl groups the metal atoms can
be joined both by a usual metal —metal bond and by bridge-

X
type bonds: Mf\ /,M. Carbon monoxide, nitric oxide,

X
phosphines, and other two- and three-electron ligands can
serve as bridging groups.

Under the influence of electron impact, complexes with
bridge-type bonds CpMX,MCp (where X = carbon mon-
oxide, phosphines, and other ligands) ®*~* split off Cp
groups forming the ions MXpM* with fairly intense peaks.
The removal of bridging groups ieads to the breakdown of
the cluster with formation of the ions M*, CpM*, C;HM*,
etc. There are no peaks for M? ions in the mass-spectra
of complexes of this kind. It is striking that the bridging
ligands are linked to the metal atoms much more strongly
than the same ligands occupying terminal positions.

In complexes with a usual metal —metal bond or with
one such bond and several bridge-type bonds *”%*~ the
successive removal of ligand species from the molecular
ion leads to the formation of the ion MZ. Thereisa
simultaneous rupture of the metal —metal bond with sub-
sequent further fragmentation of the resulting fragments.

Structural differences are shown particularly clearly
by the mass-spectra of [CpFe(CO)z]> and [ CpMo(CO)3]2. *°
Thus in the mass-spectrum of [CpMo(CO)s|., which has a
metal —metal bond, the peaks of the ion CpMoMoCp* have
the maximum intensity, while in the mass-spectrum of
[CpFe(CO):]2, where the linkage between the iron atoms in
the molecule is formed by CO bridging groups, the inten-
sity of the peaks due to ions containing two iron atoms is
low and the peak for the CpFe" ion is the most intense.

A similar difference has been observed *® for the molyb-
denum and chromium complexes [CpM(CO)s]», although in
this case the reason for the difference is in all probability
the thermal instability of the chromium complex.

A similar behaviour has been observed for complexes
containing different transition metal atoms °?°°*'%°,

Iv. COMPLEX-CONTAINING GROUPS LINKED BY
0 -BONDS

Certain transitions metals form complexes containing,
apart from 7 -linked ligands and ligands of the m-acceptor
type, also groups linked to the atom of the complex-form-
ing element by o-bonds, namely hydrogen and halogen
atoms, organic groups, etc.

Dicyclopentadienylmetal Hydrides and Halides

Studies on the dicyclopentadienyl complexes of
rhenium, tungsten, tantalum, and molybdenum hydrides
showed °'°1%2 that there are no significant differences
between the mass-spectra of the dicyclopentadienyl com -
plexes and the dicyclopentadienylmetal hydrides. After
the elimination of hydrogen atoms from the molecular
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ions, the Cp.M" ions undergo fragmentation, which gives
rise to the pattern well known for compounds of the ferro-
cene type.

In the cyclopentadienyl complexes of titanium, zirconi-
um, hafnium, and niobium halides '?!°3~'® the halogen
atoms are retained somewhat more strongly by the molec-
ular ions than are hydrogen atoms in the dicyclopenta-
dienylmetal hydrides, but the type of fragmentation of both
classes of compounds is similar. This can also be said
of the uranium and thorium complexes CpsMF and
Cp JMI. 3,38

Complexes with g-Linked Organic Groups

The mass-spectra of cyclopentadienyl complexes with
o-linked organic groups are in many cases complicated by
the fragmentation of the latter. The nature and degree of

fragmentation of complexes of the type CpM(CO)xRy, *7'% ™!
Cp:M(CO)xRy, **!'*"*® and CpMXxR ''®*" (where X =
fluorine, chlorine, bromine, or iodine atoms and R =
organic or inorganic groups) are largely determined by the
dimensions and stability of the organic groups linked by

o -bonds to the metal atom and also by the amount of ionic
character of the metal—group and metal —halogen bonds ''",
The ion CpMC-H?%, containing a 7-linked tropylium cation,
which is absent from the mass-spectrum of the corre-
sponding fluorinated complex, has been detected in the
mass—sgectra of complexes containing the CH2C¢Hs

group '*°,

Heteronuclear Complexes

The so called heteronuclear metal complexes, namely
compounds with o-bonds between atoms of a transition
metal and elements of the main Groups, exhibit somewhat
unusual behaviour.

Under electron impact, extensive rupture of the metal —

element bond takes place in such compounds simultaneously

with the elimination of the ligand species. The charge is
then retained preferentially by the fragment containing
atoms of the elements of the main Groups. Thus in the
mass-spectra of compounds of the type CpM(CO)mEXp
(where E = mercury, silicon, germanium, or tin; X =
halogen atoms or organic groups) 62990,118119 1 4 the com-
pounds CpRu(AsPh3),SnCl; **° and [HgM(CO)pCp]. ****°
(M = Co or Fe) the peaks of ions containing a mercury,
germanium, silicon, or tin atom are the most intense,
while in the mass-spectra of the molybdenum and tungsten
complexes Et,GeM(CO);Cp '* the peaks of ions containing
the M-Ge groups have the highest intensity.

Thus the mass-spectra of the metal complexes reflect
the differences in the strength and nature of the metal—
ligand and metal—metal bonds as well as structural and
other differences. The principal characteristics of the
mass-spectra of compounds of this class are a function of
the electron-donating activity of the ligand and the atomic
number of the complex-forming element. On the other
hand, compounds of this type have features which will be
discussed in the next section.
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V. CHARACTERISTICS OF THE MASS-SPECTRA OF
METAL 7-COMPLEXES AND PROBLEMS OF THE
ISOTOPIC ANALYSIS OF ELEMENTS IN THE FORM OF
THEIR 7-COMPLEXES

Ion—Molecule Reactions

One of the distinctive features of the complexes under
consideration is their capacity to enter into ion—molecule
reactions. At a pressure in the region of the ion source
of 107°—10"° mmHg, the mass-spectra of metal m-com-
plexes can show peaks due to ions with a mass number
exceeding the molecular weight of the complex. Thus, in
a study of the mass-spectra of ferrocene and a mixture of
ferrocene and nickelocene peaks due to the ions CpsFe3
and Cps;FeNi* as well as peaks due to ions formed on their
fragmentation with ejection of the cyclopentadienyl group
were observed '**, These ions, for which a double
sandwich structure was suggested, are formed in the ion
source of the mass-spectrometer as a result of the ion—
molecule reactions

+

CHMY + (CHM —> [@M;@MA@J ,
¥

CHM™ + (CsligM —> [@»M&-M*@} .

Similar reactions are characteristic also of other
dicyclopentadienyl comgounds, in particular of dicyclo-
pentadienylchromium '*°, Bisbenzenechromium is also
capable of forming ion—molecule association complexes '%°:

+
CeHeCrt + (CgHg),Cr —> [@—c;@—o@} .

Both consecutive loss of ligand species and partial
fragmentation of the cyclopentadienyl groups, mainly the
elimination of ethylene and acetylene molecules with
formation of the fragments Cp.CsH:M*, CpCs;H;M*, etc.,
are characteristic of the secondary ions Cp;M*, while the
ion (CeHe)3sCr3 splits off only benzene molecules and there
is virtually no partial fragmentation of the ligand species,

The mass-spectra of CpM(CO)y (M = V, Mn, or Co) '**
and CpCr(NO)(CO). ‘*° contain peaks due to the ions
Cp=M:(CO)}, and CpzM2(CO),(NO)* (formed as a result of
reactions between ions and neutral molecules), which
successively lose CO, NO, and cyclopentadienyl groups.
As for the ions CpsM*, a characteristic feature of these
ions is the fragmentation of the cyclopentadienyl ligand
species 7 -linked to the metal atom. The secondary ion
(CeHe)Cr(CO)} behaves similarly in the mass-spectrum
of benzenetricarbonylchromium '#, but there is no partial
fragmentation of the CéHs groups. Clusters containing
three and more metal atoms are observed. Ion—molecule
association complexes of this kind are characteristic also
of trinuclear complexes ‘%,

Jon —molecule reactions of another type involve the
addition of fluorides (PFs, AsFs;, SbF;, SF4, and NF,) to
the metal-containing ions in the mass-spectrum of
CpMn(CO);. 12°
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Rearranged and Metastable Ions

Another characteristic feature of metal 7 -complexes is
their capacity to form rearranged ions with fairly intense
mass-spectral peaks.

Thus the rearranged ions MH* are as a rule absent
from the mass-spectra of metal complexes with aromatic
and 7 -acceptor ligands. However, in the mass-spectra
of complexes containing ¢-linked organic groups the
intensity of peaks of ions of this kind is high, particularly
in the case of fluorinated groups **'%°, This can be
explained by the higher strength of the metal —fluorine
bond compared with the metal—hydrogen bond.

Another type of rearrangement processes characteris-
tic of metal 7-complexes are those involving the migration
of cyclopentadienyl groups. In the mass-spectra of
dinuclear compounds with one cyclopentadienyl group at
each metal atom there are peaks due to the Cp.M*
ions #/1%7;

CpCr,S,Cp* — Cr,Cp* .

The cyclopentadienyl group can migrate also to a
heteroatom o -linked to the atom of the complex-forming
element. Thus in the mass spectrum of Cp(CO),FeSn.
.C1,Fe(CO):Cp the intensity of the peaks of the rearranged
ion CpSnCl* is maximal®, Trialkylgermylmolybdenum
and trialkylgermyltungsten complexes Cp(CO);MGePhs,,
the mass-spectra of which show the presence of the CpGe*
ion, behave analogously.

In many instances rearrangement processes lead to the
formation of ions containing a metal —metal bond '2*’'%°;

Cp(CO) Fe (CO,) Fe (CO)Cp* — CpyFef
(CO)MnHgMn (CO); — Mn, (CO)s

A characteristic feature of the mass-spectra of 7-com-
plexes is also the unusually great abundance of peaks due
to metastable transitions. Intense, distinct peaks
accompany processes involving the abstraction from the
molecular ions of cyclopentadienyl and carbony! groups
and benzene molecules:

CpM (CO)z — CpM (CO)p +CO
CyHeM (COJn — CgHgM (COJ-y + CO
Cp,M* > CpM*+ 4 Cp ,
(CetghM* — CoHM* +- CH,

Very intense peaks are observed also for metastable
transitions accompanying the fragmentation of the cyclo-
pentadienyl groups:

CpM* > CpMCH: + GH,
CpM* — CsH;M* + GH, .
Still more intense metastable transition peaks accompany
the decomposition of the fragment ions:

GoHM* — M* + GH, ,

CHgM* > M+ + CH, .
The metastable transition peaks are diffuse and the
corresponding apparent mass is determined from the
relation ©

,

2
my
—
my

my = my + (my—my)
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Characteristics of the Mass-spectra of Polyisotopic
Metal Complexes

Acton was the first to employ volatile metal carbonyls
and their derivatives to investigate the natural abundance
of metal isotopes'¥, (Acton's studies have been reviewed
in detail by Bruce',) Transition metal 7-complexes also
constitute a convenient means for the investigation of
isotope composition. Using cyclopentadienyl compounds,
the natural abundance of ruthenium isotopes was investi-
gated '™ and the relative amounts of vanadium and rhenium
isotopes were checked. The presence in the mass-spec-
tra of m-complexes of intense peaks due to the metal ion
and the satisfactory agreement of these peaks with the
isotope ratio make it possible to employ 7 -complexes for
the isotopic analysis of metals.

No less important is the problem of the identification of
ions in the mass-spectra of 7 -complexes. The identifica-
tion of ions in the mass-spectra obtained on low-resolution
apparatus is frequently extremely difficult. Such diffi-
culties are somewhat diminished in the case of organo-
metallic compounds. The differences between the relative
concentrations of isotopes in the m-complexes of polyiso-
topic transition metals lead to the formation of different
characteristic molecular and fragment ions, represented
by a group of peaks the intensities of which agree satis-
factorily with the isotope ratio. This greatly facilitates
the identification of the metal-containing ions in low-
resolution mass-spectra.,
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