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SUMMARY

Methane chemical 1onization mass spectra are discussed for a series of diene—
Fe(CO); complexes, the iron group metallocenes, nickelocene, cobaltocene, di-
cyclopentadienyltitanium, -zirconium, and -hafnium dichlorides, and the Group
VIB metal hexacarbonyls.

INTRODUCTION

In recent years mass spectrometry has become an important tool for elucidat-
ing the structure of organometallic compounds. Only ug quantities of sample are
required to obtain a mass spectrum and the molecular weights and elemental com-
positions of most organometallic compounds can be easily determined from the data
produced. In addition structural information about organometalilic samples can be
obtained from their mass spectral fragmentation patterns and an upper limit on
organometallic bond dissociation energies can be calculated from appearance
potential measurements.

Several excellent reviews on applications of mass spectrometry in the field
of organometallic chemisiry have appeared” ~%.

Recently a new procedure for ionizing sample moiecules has been developed
which dramatically enhances the utility of mass spectrometry in structural studies.
In this technique, called chemical ionization (CI)*¢, sample molecules are ionized
by ion-molecule reactions in the gas phase rather than by the conventional electron
impact (EI) process. A set of reagent ions is generated in the mass spectrometer by
bombarding a suitable gas at a pressure of ca. 1 mmHg with high energy electrons
(70-500 V). Sample molecules are introduced in thé usual manner and are ionized
on collision with reagent ions in the ion source.

To date most CI spectra have been recorded using methane as the reagent
gas. When subjected to electron bombardment at 1 mmHg, methane affords CHZ
and C,HZ ions in high abundance (eqns. 1-3)3'6. These ions in turn function primarily

* For previous papers in this series see ref. 1.
*+ Author tc whom correspondence should be addressed.
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as either proton donors or hydride abstractors toward sample molecules.

.
CH, — CH;-+CH3 (1)
CH}-+CH, — CH} +CH;, 2
CHI +CH, — C,HY+H, (3)

In contrast to conventional electron impact (EI) spectra, methane CI spectra
generally exhibit abundant ions at high mass and a smaller number of fragment
ions. Proton transfer from CH7 to the sample is usually exothermic by less than
100 kcal. As a consequence the resulting M+ 1 i1ons derived from the sample are
relatively stable toward fragmentation. Unlike the conventional EI method, which
produces odd-electron ions initially, CI with methane as the reagent gas affords even
electron cations and these frequently undergo fragmentation by different mechanisms
than their odd-electron counterparts. Thus the structural information available from
CI spectra often complements that obtained from EI data.

Of additional interest is the finding that the nature of the CI spectrum is
dependent on the type of ion-molecule reaction employed to ionize the sample-6.
As a consequence, it is possible to obtain different structural information about a
given sample by recording several CI spectra using different reagent gases.

As part of a continuing research effort in CI mass spectrometry, we have
recently examined methane CI spectra of a number of diene—Fe(CO); complexes,
metallocenes, and metal carbonyls. Our results are summarized in this report.

DISCUSSION AND RESULTS

Diene-Fe(CO); complexes

EI mass spectra of diene-Fe(CO); complexes closely resemble that shown for
cyclooctatetraene~Fe(CO); (I)in Fig. 1. The presence of abundant ions corresponding
to the loss of one, two and three carbon monoxide ligands from the parent ion is
characteristic of this class of compounds. Ions derived from the organic ligand are
also observed but most of the ion current is carried by metal containing fragments.
One problem associated with the use of mass spectrometry to identify diene-Fe(CO),
complexes is that many derivatives do not form stable molecular ions under electron
bombardment conditions. EI spectra of heptafulvene— (II)’, cycloheptatrienone—
(I11)%, and cycloheptatriene-carboxaldehyde-Fe(CO); (IV)®, for example, do not
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Fig. 1. Electron impact mass spectrum of cyclooctatetraene~Fe(CO);. Only metal ions containing the
36Fe isotope are shown.
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show M* ions and the abundance of the M* ions in the spectra of cyclobutadiene—
Fe(CO); (V)'° and cyclooctatetraene~Fe{CO); {I)!* is less than 5% that of the base

peak.
o oo

Fe{CO)4 FelCO); FelCO) Fel(CO)y FelCOl,

[¢9] [919) (m) () (X)

In contrast, determination of molecular weight is easily accomplished from
CI (CH,) spectra since each of the above compounds readily accepts a proton from
CH: and forms an abundant M -+ 1 ion. As shown in Fig. 2, the M +-1 ion is the base
peak in the CI (CH,) spectra of (I) and (V). Data on other diene—Fe(CO); com-
plexes are summarized in Table 1.

In addition to abundant M +1 ions, CI (CH,) spectra of diene~Fe(CO);
complexes also exhibit peaks at m/e values corresponding to the stepwise loss of
one, two and three carbon monoxide ligands from the protonated parent molecule.
Elimination of an Fe(CO), moiety from the M + 1 ion to give a protonated organic
ligand is also observed in most cases. This latter result suggests, but does not require,
that proton transfer from CHYZ in the gas phase occurs preferentially to the organic
ligand rather than to the metal. Behavior of this type is consistent with the solution
chemistry of (I), (I1I), and (V) but inconsistent with that of norbornadiene-Fe(CO),
(V). In solution, (III) is protonated at C-2 to form the pentadienyl-Fe(CQO); cation
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Fig. 2. (@) Methane chemical ionization mass spectrum of cyclooctatetraene-Fe(CO),; (b) methane
chemical ionization mass spectrum of cyclobutadiene-Fe{CO);. Only metal ions containing the 3%Fe
isotope are shown.
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TABLE 1

METHANE CHEMICAL IONIZATION MASS SPECTRA OF DIENE-Fe(CO); COMPLEXES

Compound Relative abundance ()"

M+1 M+1 M+l M+1 L+1* M41® M41°

~CO —-2C0 ~3C0 +LFe 4+ LFeCC
Cycloheptatrienone~Fe(CO); 30 10 100 20 15 30 13
Cycloheptatrienecarboxaldehyde—~
Fe(CO), 4 75 100 45 15 30 5
Butadiene-Fe(CO), 100 50 15 3 20
Norbornadiene~Fe(CO)5* 100 25 30 4 10

@ Based on 3Fe. L =organic ligand.  Also M*=45% and M* —-CO=20%,

(VII)8, (1) forms the homotropyiium cation (VIII)!2? and (V) is converted to a per-
deuterio derivative in trifluoroacetic acid-d'3. In contrast, protonation of (VI)
in sulfuric acid affords the metal-protonated cation (IX)4.

Experiments to obtain evidence in support of gas-phase protonation on the
organic ligand have so far met with failure. D;O* and MeODj, generated by
electron bombardment of D,0 and MeOD at 0.5 mmHg, were allowed to react with
(V) in the ion source in an effort to effect deuterium exchange on the C,H, ligand.

BN IR

A,
Fe(CQOl3 Fe(CO); H-Fe(COJ;

(7 (7 ) ()

Abundant M +2 ions were produced under these conditions but further incorpora-
tion of deuterium was not observed. »

As shown in Table 1, norbornadiene-Fe(CO); (VI) forms a rather abundant
M ion and a fragment ion corresponding to M * —CO. These ions probably result
from an electren transfer reaction between (VI) and the C,HY cation [eqn. (4)].
if this is true, the formation of an M ion indicates that electron transfer from (VI) to
C,H{ is competitive with proton transfer from C,HZ to (VI). This, in turn, is con-
sistent with the relatively low basicity and unique site of protonation observed for
(VD) in solution**.

+ -
CoHg  + @ = CyHg + @ 4)
7

Fe(CO)y +FelCOX '
i)

Of additional interest in the CI (CH,) spectra of diene-Fe(CO); complexes
is the presence of peaks at m/e values higher than the M + 1 ion. Particularly prominent
in the spectra of (I), (IIT), (IV), and (V) are ions corresponding to the composition
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(M + 1)+ FeL where L stands for the neutral organic ligand. As shown in Fig. 2, the
spectrum of (I) also exhibits an ion at m/e 349 which presumably results from attach-
ment of the protonated organic ligand, CgHg, to the neutral CgHgFe(CO), complex.

As might be expected, formation of these dimeric ions is quite sensitive to the
ratio of CH, to sample in the ion source. Under normal CI conditions the sample
concentration is maintained at less than 1 9 that of the reagent gas and the abundance
of adducts between fragment ions and neutral sample molecules is relatively low.
At higher sample concentrations (CH,/sample=10) ion-molecule adducts often
become the most abundant ions in the spectra.

Whether production of these dimeric species involves expansion of the co-
ordination sphere of the metal, metal-metal bond formation, or coordination of an
electron-deficient metal-containing fragment ion to the uncomplexed side of the
n-bonded organic ligand to give sandwich-type structures is an open question at
present. To clarify this issue, further experiments are planned to investigate the
effect of ligand structure, the electronic environment of the metal, and the experi-
mental conditions on the above reactions.

Metallocenes

Only three ions appear in the CI{CH,) spectra of cobaltocene (X) and the iron
group metallocenes (XI)—(XIII). (Table 2) These occur at m/e values corresponding
to M*, M+1, and M +29. As shown in Fig. 3, nickelocene (XIV) affords the same

TABLE 2

METHANE CHEMICAL IONIZATION MASS SPECTRA OF METALLOCENES

Compound Additive ionization (%)

M*e M+1¢  M+29% [P (eV)
Ferrocene 37 62 1.0 7.15¢
Ruthenocene 43 52 4.2 7.81¢
Osmocene 48 47 50 7.59°
Cobaltocene 94 5.8 0.2 6.2 ¢
Nickelocene? 62 32 03 7.16¢

¢ Based on 5°Fe, °°Ru, '#80s, 5°Co, and *3Ni. ® Ionization potential. © See ref. 16. ¢ For complete spectrum
see Fig. 3.
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Fig. 3. Methane chemical ionization mass spectrum of nickelocene. Only metal ions containing the 58Ni
isotope are shown.
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™M

M=Ceo,(X); Fe, (XI); Ru, (XI1); Os, X1);Ni, (XI7)

three ions but in addition also yields the fragments, Ni* and CsHsNi*, and the
dimeric species, (CsH;),Ni3 and (CsH;);Nig*.

Proton transfer to the metallocenes from CHJ and C,HZ accounts for the
formation of abundant M +1 ions [eqn. (5)] and electrophilic addition of C,HY to
the sandwich complexes affords the observed M + 29 ions [eqn. (6)]. Generation of
abundant M ¥ ions probably occurs by an electron transfer reaction between the
metallocene and the ethyl cation [eqn. (7)]. This type of process does not occur to a

(CsHs)M+CH3 (C,H3) — (CsHs)MH™ + CH,(C,H,) (5)
(CsH;),M+C,H — (CsH;),MC,H? (6)
(CsHs)M+C,Hs — (C5H;),M* +C,Hj; (7)

large extent in most organic molecules but is particularly favorable in the above
examples since the ionization potentials of the metallocenes (Table 2) are all lower
than that of the ethyl radical (8.3-8.8 eV)'". As a consequence the electron-transfer
reaction, [eqn. (7)] is exothermic as written. In the case of cobaltocene, which has the
lowest ionization potential of the molecules studied, 94 ¢/ of the ion current is carried
by the very stable cobalticinium ion which occurs at m/e 389 (M ™).

Of additional interest is the relative abundance of M + 1 ions in the CI (CH,)
spectra of the iron triad metallocenes (Table 2). Because both CHZY and C,H{
protonate the metallocenes and C,HZ also functions as an electrophile and an
electron abstracting agent, it is difficult to assess the effect of metallocene structure
on the relative rates of the electron transfer, electrophilic addition, and protonation
reactions. To a first approximation, however, the abundance of M+ 1 ions (and,
therefore, the ease of protonation) seems to decrease as one descends the family
from ferrocene to osmocene. Protonation experiments conducted in solution also
indicate that the basicity order is (CsHjs),Fe >(CsH;),Ru > (CsH,),O0s!8. That
similar trends are observed in the gas phase and in solution suggests that the results
obtained in the latter medium do reflect properties inherent to sandwich complexes
and are not a measure of stabilization associated with selective solvation of one or
more of the metallocenium cations**.

As shown in Table 2 the relative abundance of M* ions increases as the
transition metal in the sandwich complex is changed from Fe to Ru to Os. This

* Similar types of dimeric ions are often encountered in conventional EI mass spectra when the energy
of the ionizing electron beam is low (20 eV) and the pressure of the organometallic sample in the ion source
is high (2 x 10~%)15.

** Due to steric interactions, stabilization of protonated tertiary amines by solvation is greatly reduced
and the following basicity order is observed in solution: sec >tert > pri. In the gas phase where solvent
effects are absent, the order is that expected from consideration of the electronic properties and, polariza-
bility of the alkyl groups attached to the nitrogen atom: sec >tert >pri*®.
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TABLE 3

METHANE CHEMICAL IONIZATION MASS SPECTRA OF GROUP IVB DICYCLOPENTA-
DIENYL METAL DICHLORIDES

Compound Relative abundance (%)
M* M+1 M*—Cl M?* —-CsH; M* +(CsHs),MCl
(CsHs), TiCl, 6.5 1.0 100 10 5
(CsH),ZICl, 15 1.5 100 40
(CsH;),HIClL, 9 3 100 9

2 Based on *8Ti, 99Zr, 7Hf.

order does not parallel the order of decreasing ionization potentials but can be
understood in terms of relative rates of competing reactions. To explain the data it
is only necessary to assume that the rate of proton transfer from C,HJ decreases
faster than the rate of electron transfer to C,HZ as one proceeds down the iron
triad.

In contrast to the simple sandwich complexes discussed above, dicyclopenta-
dienyl-titanium (XV), —zirconium (XVI), and ~hafnium dichloride (XVII)do not
form abundant M +1 ions on treatment with CHZ and C,H: (Table 3). Instead.
protonation occurs at the metal-halogen bond to form (CsH;),MCl1* and a molecule

; : ;\ /Cl

_M\
o
M=Ti,(Z¥); Zr, (X300 ); Hf, (XL

of HCl. Molecular ions formed by electron transfer to C,HJ are also observed for
XV), XVI), and (XVII) but their abundance is relatively low. Protonaticn on the
C H, ring with subsequent loss of CsH to form an ion of the type (CsH)MCI™,
occurs in the case of (XV) but is not an energetically favored process for (XVI) and
(XVII). Unlike the iron group metallocenes, titanocene, zirconocene, and hatnocene
dichlorides all form dimeric ions readily. These occur at mj/e values corresponding
to (CsH;);M,Cl3 and probably result from collisions between the major fragment
ion, (CsHs),MCIl1™, and neutral sample molecules in the ion source. Changing the
CH,/sample ratio from > 100 to 10 increases the abundance of the (C;Hs);M,Cl3y
species markedly.

Metal carbonyls

EI mass spectra of the Group VIb metal hexacarbonyls exhibit abundant ions
corresponding to M ™ and fragments derived from the molecular ion by stepwise loss
of six carbon monoxide ligands*°.

In comparison the CI{CH,) spectra (Table 4) of chromium, molybdenum, and
tungsten hexacarbonyls are relatively uninformative. The M + 1 ion is the base peak
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TABLE 4

METHANE CHEMICAL IONIZATION MASS SPECTRA OF METAL CARBONYLS

Compound Relative abundance (%)

MY M+1 M+1)—-CO 2M +1 eM+1)—-COo

Cr(CO)s 40 100 4
Mo(CO)s 20 100 20 0.5 3
W(CO), 10 100 10 0.05 03

2 Based on 32Cr, 2Mo, and 13?W.

in each case and this is accompanied by a relatively low abundance of M ™ (10-40%;)
and M+ 1—CO (4-20%) ions. Dimeric ions corresponding to M,(CO),,H* and

M,(CO),,H™ are also observed but these carry less than 2%, of the total additive
ion current.

EXPERIMENTAL

EI spectra were recorded on a Hitachi—Perkin—-Elmer RMU-6E mass spectro-
meter using an electron energy of 70 €V and an ion-source temperature of 250°.
CI spectra were recorded on an Associated Electronics Industries MS-902 mass
spectrometer equipped with a dual EI/CI source manufactured by Scientific Research
Instruments Corporation, Baltimore, Md?!. Operating conditions were as follows:
electron energy, 500 eV; accelerating potential, 8 kV; ion-source temperature,
80-150° ; resolution, 3000; and reagent gas pressure ca. 1 mmHg.

ACKNOWLEDGEMENT

Acknowledgement is made to the donors of The Petroleum Research Fund,
administered by The American Chemical Society, for support of this research. The
authors also wish to thank Professor Marvin Rausch of the U. of Mass. for providing
some of the samples used in this study.

REFERENCES

1 {2) D. F. Hunt and J. F. Ryan 1II, Tetrahedron Lett., (1971) 4535;

(b} D. F. Hunt, C. N. McEwen and R. A. Upham, Tetrahedron Lett., (1971) 4539;

(c) D. F. Hunt and J. F. Ryan 111, Anal. Chem., 44 (1972) 1306;

(d) D. F. Hunt, C. N. McEwen and R. R. Upham, 4nul. Chen.. 44 (1972) 1292.

M. Cais and M. S. Lupin, Advan. Organometal. Chem.. 8 {1970} 211.

M. L Bruce, Advan. Organometal. Chem., 6 (1968) 273.

J. Lewis and B. F. G. Johnson, Accounts Chem. Res.. 1 (1968) 245.

F. H. Field, Accounts Chem. Res., 1 (1968) 42.

M. S. B. Munson, Anal. Chem., 43 (1971) 28A.

G. T. Rodeheaver, G. C. Farrant and D. F. Hunt, J. Organometal. Chem., 30 (1971) C22.
D. F. Hunt, G. C. Farrant and G. T. Rodeheaver, J. Organometal. Chem., 38 (1972) 349.
B. F. G. Johuson, J. Lewis and G. L. P. Randall, Chem. Commun., (1969) 1273.
G. F. Emerson. L. Watts and R. Pettit, J. Amer. Chem. Soc.. 87 (1965) 131.

CVONAWnME W

Y—

J. Organometal. Chem., 43 (1972)



CHEMICAL IONIZATION MASS SPECTROMETRY. V 183

11 T. A. Manuel and F. G. A. Stone, Proc. Chem. Sac., (1959) 90.
12 (a) M. Brookhart and E. R. Davis. J. Amer. Chem. Soc.. 92 (1970) 7622;
(b) A. Davison, W. McFarlane, L. Pratt and G. Wilkinson, Chem Ind. (London), (1961) 553 and J.
Chem. Soc., (1962) 4821.
13 J. D. Fitzpatrick, L. Watts, G. F. Emerson and R. Pettit, J. Amer. Chem. Soc.. 87 (1965) 3254.
14 D. R. Falkowski, D. F. Hunt. C. P. Lillya and M. D. Rausch, J. Amer. Chem. Soc., 89 (1967) 6387.
15 (a) E. Shumacher and R. Taubenest, Helv. Chim. Acta. 49 (1966) 1447;
(b) Helv. Chim. Acta, 47 (1964) 1525.
16 J. Muller and L. D°Or, J. Organometal. Chem., 10 (1967) 313.
17 C. E. Melton and W. G. Hamill, J. Chem. Phys., 41 (1964) 3464.
18 T. J. Curphey. J. O. Santer, M. Rosenblem and J. H. Richards, J. Amer. Chem. Soc.. 82 (1960) 5749
19 §. 1. Brauman, J. M. Riveros and L. K. Blair, J. Amer. Chem. Soc., 93 (1971) 3914.
20 R. E. Winters and R. W. Kiser. Inorg. Chem., 4 (1965) 157.
21 D. Beggs, M. L. Vestal, H. M. Fales and G. W. A. Milne, Rev. Sci. Instrum., 42 (1971) 244.

J. Organometal. Chem., 43 (1972)



