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transition energies of the heteronuclear cluster, as is observed
in Ti/Cr/DC510,!! in Cr/Mo/Ar,? and also in a wide range
of heterobinuclear metal carbonyl cluster complexes.?
While these species are growing, the bis(arene)titanium is
decaying, as is indicated by the decrease of the 355-nm band
(Figure 10). Although the decrease may be rationalized in
terms of the reaction Mo + (arene),Ti — (arene),TiMo, it
is possible that the presence of excess molybdenum brings
about the autocatalytic decomposition of (arene),Ti, by
analogy with the effect of excess titanium on (w-C4Hg),Ti.
That the reverse process does not occur can be seen from the
invariance of the absorptions of the polymer-supported mo-
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l(ienthe)ll, D. R. Tyler, and M. S. Wrighton, Jnorg. Chem., 16, 1554
1977).

(26) M. T. Anthony, M. L. H. Green, and D. Young, J. Chem. Soc., Dalton
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lybdenum species (n = 1-5) when titanium vapor is allowed
to react at 250 K with a molybdenum-saturated DC510
polymer film (Figure 11) generated also at 250 K. The only
observable effect is the monotonic growth of an absorption
around 240 nm attributed to a bulklike optical resonance of
a Ti, or Ti,Mo, cluster of colloidal dimensions.

Therefore it is possible to stabilize small unimetallic and
bimetallic clusters at close to room temperature by means of
a fluid polymer matrix. Furthermore, it is possible to modify
the macroscale reactions of DC510 to allow the isolation of
a polymer containing both the bis(arene)metal complex and
cluster species. It is now our task to find a way to investigate
the catalytic activity of these unique cluster species.
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Mass spectra at normal and elevated pressures are reported and interpreted for chelates of 2,2,6,6-tetramethyl-3,5-heptanedione
anion with Cr(I1lI), Fe(III), Co(II), Co(III), Ni(II), Cu(Il), Zn(II), and AI(III). At the higher pressures in each case
primary positive fragment ions undergo gaseous bimolecular reaction with the neutral mononuclear complexes to form
heavier polynuclear positive ions usually with unfragmented ligands. These are analogous to those previously observed
for chelates of sterically less hindered §-diketone ligands. Competing with the association reaction in most cases is charge
transfer between fragment ions and the neutral complex. Although they are known to prevent intermolecular association
in condensed phases, the tert-butyl groups on the present complexes are found to hinder, but not prevent, gaseous ion/neutral
association in the tetrahedral and octahedral complexes. There is no significant hindrance for the planar complexes. The
tert-butyl substituents tend also to enhance charge transfer. In the absence of steric hindrance and charge transfer, the
tendency to undergo ion/neutral association follows the polarizability or basicity of the ligand. The tendency of the metal
to maintain its preferred oxidation state determines which of the possible polynuclear ions will form. These heavy ions

are considered to be Lewis acid/base complexes rather than van der Waals complexes.

Introduction

Previous studies of gaseous positive ion/neutral reactions
of organometallic complexes have involved mainly metallocenes
and their derivatives and have used the techniques of chemical
ionization,! high-pressure mass spectrometry,>* and ion cy-
clotron resonance spectrometry,*

Another class of complexes amenable to such studies consists
of the metal acetylacetonates, which have been investigated
in this laboratory by using high-pressure mass spectrometry.
Reaction of the neutral monomeric vapor with its positive
molecular and fragment ions was found to give high abun-
dances of a variety of heavy, polynuclear ions at ion-source
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pressures up to 1072 torr,” The observation of these product
ions raises the need to elucidate their structure and to ra-
tionalize the preferential formation of certain such ions from
certain precursors.

Neutral metal complexes of the conjugate base of 2,2,6,6-
tetramethyl-3,5-heptanedione (thd")® are similar in molecular
structure to those of acetylacetone and, because of their high
volatility and thermal stability,>!° have been used in gas
chromatography and chemical ionization!! for analysis of
metals. The low-pressure positive!>!? and negative ion'* mass
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Table I. Relative Abundances of Major Ions in the Low-Pressure 70-eV Mass Spectra of thd Complexes?

complex ML,* ML,* (ML, - Bu)* ML*
CrL, 38 (601) 30 (418) 5(361) 12 (235)
Fel, 7(605; 70 (422) 11 (365) 6(2393 :
CoL, 15,25% (608) 41, 280 (425) 27, 28?2 (368) 15, 10% (242)
AlL, 8,5%(576) 75,75%(393) _
CoL, .22 (425) 61 (368) 12 (242)
NiL, 43, 40° (424) 55,52°(367)

CuL, 10(429) 26 (372) 5 (246)
ZnL, 21 (430) 70 (373) 10 (247)

@ Abundance is given as percent of total abundance of metal-containing ions and is followed in parentheses by the nominal m/z value for the
predominant isotopic peak. M =metaland L =thd. See text for other ions unique to certain complexes. 2 Abundance from ref 12 for 50

eV. ¢ Abundance from ref 13 for 70 eV.

Table II. Maximum Relative Abundances of Nonprimary Ions in the High-Préssure Mass Spectra of thd Complexes®

complex ML, ML,* M,L," M,L,* M,L,* M,L.* M,L,* M,L*
CrL, s (601) w (836) w (1019)
FeL, m (605) w (661) w (844) m (1027)
CoL, s (608) w (667) w (850) b .
AlL, ¢ w (969)
CoL, 5 (667) w (850) w (909)
NiL, m (424) w (482) m (665) w (848) w (906)
CuL, m (429) m (492) s (675) m (921) w (1104)
ZnL, s (677) m (860)

@ g = strong, more than 30% of total abundance for metal-containing ions; m = medium, between 10 and 30%; w = weak, less than 10%.
Numbers in parentheses are the nominal m/z values for the predominant isotopic peaks. M =metal and L= thd. ® Co,(thd),* is not detec'ged,
but [Co,(thd); — Bu]*is w (976) from Co(thd),. € Variation of the abundance of Al(thd),* with pressure is too small to determine whether it

is'a secondary ion.

spectra of several of these complexes have been reported. Since

- steric hindrance by the rert-butyl substituents on the ligand
prevents neutral molecular association in solution and in the
crystal state,'® neither should there be such association in the
gas phase. A knowledge of the tendency, if any, of these
complexes to undergo ion/neutral association in the gas phase
should help in deducing the structure of the associated ions
of these complexes and of their acac analogues. Observation
of such ions from thd complexes would indicate even more
strongly than in the cases of acac and hfac that these poly-
nuclear ions arise from ion/neutral reaction rather than from
electron-impact-induced unimolecular decomposition of sup-
posed neutral polymers in the vapor.

The present work was undertaken to extend the previous
study of acac and hfac chelates’ to include now eight thd
chelates with various geometries'® and central metal atoms,
viz., the tetrahedral complexes of Co(II) and Zn(II), the planar
complexes of Ni(II) and Cu(II), and the octahedral complexes
of AI(III), Cr(III), Fe(1II), and Co(III), to determine low-
pressure positive ion mass spectra where they have not been
reported previously, and to determine whether the fert-butyl
substituents inhibit ion/neutral reaction by their steric hin-
drance or enhance it by their high polarizability compared to
those of the acac and hfac complexes.

Experimental Section

The thd complexes were synthesized from purchased Hthd and
metal salts by using published procedures.>!¢ Chloride salts were
used in each case except for Zn(II) and Co(II), where the acetate
was used, and Co(I1I), where CoCQ, was treated with Hthd and H,0,.
Products were identified by color, melting point, and mass spectrum.
The melting point of Cu(thd), is found to be 188-189 °C in agreement
with that reported by Cotton and Fackler!” although others®%16 have
reported different values.

(13) Macdonald, C. G.; Martin, R. L.; Masters, A. F. Aust. J. Chem. 1976,
(14) éga{rﬁg;’t, J. L.; Gregor, I. K.; Guilhaus, M. Org. Mass Spectrom. 1978,
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(16) Hammond, G. S.; Nonhebel, D. C.; Wu, C.-H. S. Inorg. Chem. 1963,
a7n éozsc;n, F. A.; Fackler, J. P., Jr. J.. Am. Chem. Soc. 1961, 83, 2818.

The CEC (Du Pont) 21-491 mass spectrometer? and its operating
conditions, the method of sample introduction, and the method of data
interpretation’ are described elsewhere.

Results

The low-pressure mass spectra show types of ions common

" to several or all of the thd complexes studied. These are given

in Table I and consist of the molecular ion and fragments
corresponding to loss of neutral thd and/or butyl radical.
Other types of fragment ions detected for certain complexes
are discussed in the next section.

As the pressure of the sample vapor in the ion source is
raised, each of the eight thd complexes shows di- or trinuclear
ions corresponding to products of ion/neutral association re-
actions, although this is very slight for Al(thd);. For all
complexes except those of Co(II), Zn(II), and possibly AI(III),
an increase is detected in the relative abundance of the mo-
lecular ion consistent with bimolecular charge transfer between
fragment ions and the neutral vapor. These qualitative results
are compared in Table II.

Discussion

The overall results for the thd complexes appear similar to
those for the acac and hfac complexes’ in that polynuclear ions
form readily in most cases as ion-source pressure is raised, with
little fragmentation of coordinated ligands. Each complex is
now considered in the order listed in Tables I and II.

Cr(thd);. Besides the ions shown in Table I, the low-pressure
spectrum includes 15% HCr(thd),* at m/z 419, which may
result from rearrangement or more likely from thermal re-
action with impurities at the ion-source temperature of 170
°C; slight residue was noted in the sample-holding tube fol-
lowing sublimation into the mass spectrometer. The abun-
dance of this ion decreases as pressure is raised, as expected

for a primary ion.

The dinuclear secondary ions Cry(thd),* and Cr,(thd)s*
each increase with pressure to 8%, which is much less than
observed for the analogous ions from Cr(acac);. This is a
result. of competition from charge transfer between the
abundant fragment Cr(thd),* and Cr(thd),, which causes
growth in Cr(thd);* to 70% at the higher pressures. In the
case of Cr(acac), this charge transfer was not observed and
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was assumed to be endothermic.’
That reaction of the type

ML,* + ML; — ML, + ML;*

occurs when L = thd but not acac indicates that the ionization
energy of ML, is less than that of ML, only when L = thd.
The ionization energies of 3-diketonate metal complexes have
been found to depend strongly on the nature of the ligand, and
the electronic effect expected from the terz-butyl groups in the
thd complexes should lower their ionization energies relative
to those of the acac complexes,'® as reported for FeL, and
HL."® The present results show that this effect is greater for
CrL, than CrL,, and it seems reasonable that three ligands
have more of an effect than two if ionization involves delo-
calized ortibals or metal orbitals strongly influenced by the
ligand.

Fe(thd),. As with Fe(acac)s, the low-pressure base peak
here is due to FeL,". Not shown in Table I is the ion [Fe(thd);
- Bu]* at m/z 548 with 5% abundance.

As sample pressure is raised by heating to 135 °C, the
secondary ions Fe,(thd),*, where x = 3, 4, and 5, grow in
abundance to 2%, 9%, and 19%, respectively. lons analogous
to the latter two are observed for Fe(acac)s’ and for Cr(thd),
as discussed above. In the Fe complexes, as with Cr, the
dinuclear ions are less abundant with thd than with acac. This
results from charge transfer in the case of thd causing sec-
ondary Fe(thd):* to increase with pressure to 30% of total
abundance of metal-containing ions.

The equilibrium vapor pressure of Fe(thd); at 135 °C is
calculated to be 107! torr from data previously reported.”® The
sample pressure in the ion source can be no greater than this,
which is consistent with the estimate that present conditions
of the apparatus permit sample pressures not greater than 1072
torr, as already stated.

Co(thd);. The low-pressure mass spectrum measured here
is consistent with one given for 50 eV. The previous workers!2
reported 5% [Co(thd); — Bu]?* at m/z 275.5, which is now
observed at an uncertain but lower abundance.

Heating the sample toward the ion-source temperature of
170 °C results again in pressures at which secondary ions are
observed. The dinuclear ions Co,(thd);*, Co,(thd),*, and
[Co,(thd)s — Bu]* have abundances no greater than 6%, 7%,
and 19%, respectively. Co,(thd)s* is not found. As in the above
cases, the molecular ion is formed by charge transfer, growing
to 70% abundance. Similar charge transfer was observed for
Co(acac)y’ but to a lesser extent than for Co(thd)s.

Al(thd);. The present results confirm the main features of
the low-pressure spectrum as reported by McDonald and
Margrave!2 except for an ion of 5% abundance assigned by
these workers as 71/z 378 or [Al(thd), - CH;]*, which is now
found instead at m/z 377 corresponding to the rearrangement
ion [Al(thd), - CH,]™ with 6% abundance. The latter as-
signment seems to be reasonable when one considers that the
even-electron ion Al(thd),* should tend to fragment into an
ion and a neutral, each with an even number of electrons,
rather than to lose CH, radical, producing two odd-electron
fragments. Elimination of methane from a tert-butyl group
leaves a 2-propenyl group conjugated with the pseudo-aromatic
chelate ring while the Al atom maintains its preferred oxidation
state of +3. The mass spectrum of zer¢-butylbenzene?! provides
an analogy, where the base peak is assigned to the even-
electron ion formed by loss of CH; radical from the molecular
ion but where. subsequent loss of another CHj; radical occurs

(18) Westmore, J. B. Chem. Rev. 1976, 76, 695.

(19) Evans, S.; Hamnett, A,; Orchard, A. F.; Lloyd, D. R. Faraday Discuss.
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to a lesser extent than loss of CH,.

Other minor primary ions not listed in Table I include 3%
[Al(thd); - Bu]* at m/z 519, 5% [Al(thd), - C,H]* at m/z
363, and 3% [Al(thd); — CgH,5]?t at m/z 231. The last is
of interest in that the singly charged analogue at m/z 462 is
not observed, suggesting formation of this ion by loss of C4Hg™
from [Al(thd); — Bu]*. These ions were reported previously
in the 50-eV spectrum!? with somewhat different abundances.

Raising the sample pressure by heating to 120 °C yields only
a trace (0.2%) of Al,(thd)s* with no other secondary ions
detected. The dominance of Al(thd)," at all pressures makes
it difficult to detect pressure dependence for the other ions,
and no conclusion is made concerning possible formation of
Al(thd);* by charge transfer. Similarly Al(acac); and Al-
(hfac); showed’ no charge transfer in their high-pressure
spectra, and Al(hfac); yielded no detectable Al,Ls*.

Co(thd),. Since this complex shows some lability in air,
freshly prepared samples are loaded into the mass spectrometer
under N, atmosphere and are then held under vacuum several
hours before mass spectrometric data are obtained. The
low-pressure spectrum arises mainly from the three ions in-
dicated in Table I, all of which are important in the Co(thd),
spectrum also. About 4% of [Co(thd), — C,H]* at m/z 369
is detected; this even-electron ion is rationalized as the rear-
ranged product of butene elimination from the even-electron
molecular ion Co(thd),*. As Table I indicates, loss of neutral
C4H, radical occurs to a much greater extent than loss of
C,Hj;, presumably because the rearrangement process is at a
kinetic disadvantage.

While the sample was heated toward the ion-source tem-
perature of 200 °C, the pressure rise permits formation of the
dinuclear ions Co,(thd);* and Co,(thd),* as well as the tri-
nuclear Co,(thd),* with respective maximum abundances of
309, 5%, and 5%. The previous work’ showed analogous ions
arising from Co(acac),. Formation of Co(thd),* by charge
transfer is not observed.

Ni(thd),. The dominant primary ions for this complex are
the molecular ion and that resulting from loss of C4Hjy radical
by the molecular ion, as indicated in Table I and as previously
reported.??

When the sample pressure is raised with the ion source at
170 °C, the molecular-ion abundance increases to 57% as a
result of charge transfer from the base fragment ion. The
secondary ions Ni,(thd),*, where x = 2, 3, and 4, grow in
abundance to 9%, 25%, and 2%, respectively, while Nis(thd),*
grows to 3%. Except for the very weak Ni,(thd),*, all these
polynuclear ions have more abundant analogues in the high-
pressure spectra of Ni(acac),, which did not show’ formation
of Ni(acac),* by charge transfer.

Since the growth of Ni(thd)," is not especially great at
higher pressures and since no polynuclear ion observed has
C,H,y missing from a ligand, it would seem that the polynuclear
ions arise from reaction of Ni(thd),*. Thus

Ni(thd),* + Ni(thd), — Ni,(thd),* + (4 - x)thd

The trinuclear ion would form by reaction of a dinuclear ion
with the neutral Ni(thd),.

Cu(thd),. The low-pressure mass spectrum has not been
previously reported. Besides the ions listed in Table I, the
spectrum includes as its strongest peak 37% [Cu(thd), -~ 2Bu]*
at m/z 315, whose analogue is not observed with any of the
other thd complexes. Detection of the corresponding meta-
stable decomposition?? indicates that this ion forms by loss of
C,H, radical from the odd-electron ion [Cu(thd), -~ Bul*. Also
observed is 14% [Cu(thd) — C,Hg]™ at m/z 190.

(22) Such processes are not detected with the present double-focusing in-
strument unless they occur with high probability between the electric
and magnetic sectors.
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With the ion source at 150 °C, raising the sample pressure
results in the molecular-ion abundance growing to 38% as a
result of charge transfer. Cu,(thd),* grows to 10% before
decreasing by subsequent reaction at higher pressure. Cu,-
(thd),*, Cu,(thd),*, and Cu,(thd)s* grow to 39%, 17%, and
19, respectively. Not shown in Table II is [Cu,(thd); — Bul*
at m/z 618, which grows to 5% and then decreases as pressure
increases.

Despite significant charge transfer in Cu(thd),, this complex
shows polynuclear ion formation to a greater extent than
Cu(acac), or Cu(hfac),, which do not show charge transfer.’

Zn(thd),. Low-pressure spectra show significant abundances
of only the three ions indicated in Table I. Very low abun-
dances of [Zn(thd) — CH4]* at m/z 231 and HZn(thd)," at
m/z 431 are detected. The latter is attributed to an impurity,
evidenced also by a white residual film observed in the sample
tube after sublimation.

High-pressure spectra obtained with the ion source near 130
°C show Zn,(thd);* increasing in abundance to 53% and
Zn,(thd),* increasing to 14%. There is no evidence of for-
mation of Zn(thd),* by charge transfer. Equilibrium vapor
pressure data for this complex® are consistent with the pressure
estimates already mentioned.

The maximum abundance for Zn,L;* when L = thd is close
to that when L = acac.’

Conclusions

The observation of substantial abundances of polynuclear
ions in the high-pressure mass spectra of these thd complexes
confirms the earlier conclusion that such ions in the spectra
of metal 8-diketonates arise from ion/neutral reaction of
mononuclear species.” A neutral polymeric vapor should not
exist for any thd complex with its bulky substituents,!> so
dissociative fragmentation of such a vapor to produce the
polynuclear ions is precluded here as it was for the transition-
and post-transition-metal complexes of acac and hfac previ-
ously studied.

The polynuclear ions formed from the thd complexes are
similar to those found with the other 8-diketonates in that they
typically contain unfragmented ligands in such number that
the apparent oxidation state of the metal is the same as in the
original complex or as in the common condensed-phase
chemistry of the metal. Thus the M(II) state in ML, is
maintained in M,L,* and M,L;* while the ML, complexes
keep M(III) in M,Ls*. M,Ls*, which may thus be expected
from ML;, would be beyond the upper mass limit of the
present instrument,

Charge transfer between neutral vapor and ionic fragments
accounts for enhancement of the molecular ion abundance at
higher pressures in the cases of the thd complexes of Cr(III),
Fe(11I), Co(III), Ni(IT), and Cu(II). This implies that the
ionization energy for each of these complexes is less than the
recombination energy of at least one of its abundant fragment
ions. Co(acac); was the only acac or hfac analogue to show
such charge transfer,’ so it is seen that the thd ligand favors
this process as discussed above for the case of Cr(III). To the
extent that charge transfer is favored for the thd complexes,
the competing formation of polynuclear ions must be impeded
although still important. Under similar conditions the chief

Inorganic Chemistry, Vol. 19, No. 1, 1980 227

fragment ion of ferrocene was found to undergo charge transfer
at a rate about 6 times that of the competing dinuclear ion
formation.?

An inferential consideration of possible structures for the
polynuclear ions should distinguish between the possibilities
that these ions result from a chemical association or from one
involving only van der Waals interaction. The latter seems
unlikely since the M(thd), complexes do not show an ion
[M,(thd), — Bu]* at high pressures although each gives [M-
(thd), — Bu]* as an abundant fragment,

In those cases with insignificant charge transfer the tendency
to form polynuclear ions should follow the trend in polariza-
bility, thd > acac > hfac for the same metal, if only van der
Waals association were involved. The same order would be
expected if heavy-ion formation were determined by the
basicity of the chelate. This order has been reported for pX,
of the acidic ligands in solution? in agreement with expected
inductive effects. Comparing the previous’ and the present
results, it is seen that the abundances of polynuclear ions from
CoL,, ZnL,, and AlL, are, respectively, acac > thd, acac =~
thd, and acac > thd > hfac. For Cul,, thd > acac = hfac
is found despite competition from charge transfer in Cu(thd),
only. While a highly polarizable molecule should have an
enhanced rate of collision with ions, steric or other chemical
effects must also be considered in accounting for rates of
polynuclear ion formation for thd vs. acac complexes.

For those cases where charge transfer does not successfully
compete with heavy-ion formation, the latter process occurs
at least as readily in the acac complex as in the thd complex
of the same metal, except for CuL,, the only such case with

- planar coordination about the metal. This implies that there

is steric hindrance to polynuclear-ion formation in thd com-
plexes except for the case of planar coordination about the
metal, where the ligand ring is more accessible to an incoming
ion than in tetrahedral and octahedral complexes. This is
consistent with molecular models and with results reported for
the relative tendencies of octahedral CrL, to undergo gaseous
protonation, which occurs in the order acac > thd > hfac.!!
For the planar case, polarizability or inductive effects deter-
mine reactivity.

Possible basic sites on the ligand in a neutral complex are
the enolic carbon atom, the oxygen atoms, and the delocalized
w system of the ring. The first seems least likely for the thd
complexes since it is the most blocked by the terz-butyl groups.
Although the tert-butyl groups in neutral thd complexes may
prevent the oxygen-bridged polymerization that occurs in their
absence in condensed phases,2* this need not be so for gaseous
ion/neutral association. The acidic site on the ion is apparently
the partially coordinated metal atom.
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