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Maassbauer spectra obtained using solid glassy toluene matrices have shown that
high-spin Fe(II) is formed upon reaction of ferric acetylacetonate with triethyl-
aluminum at —83°C. Upon warming to room temperature, a further reaction occurs
to yield an active homogeneous hydrogenation catalyst discovered earlier by others.
No metallic iron particles, even as small as 17 A, could be detected by Mdssbauer

spectroscopy in solutions of the active catalyst.

INTRODUCTION

In recent years, the hydrogenation, isom-
erization and polymerization of unsat-
urated compounds have been studied under
mild conditions using homogeneous cata-
lysts prepared by the reaction of transition
metal salts, usually acetylacetonates, with
organo-aluminum compounds (7-7). Both
components are dissolved in a suitable or-
ganic solvent, inert under the conditions of
the reaction.

Because of the instability of the catalyst
solutions in the presence of oxygen or wa-
ter, the molecular complexes responsible
for the catalytic activity of the solutions
have not been isolated. Further, very little
direct evidence is available as to the strue-
ture of the catalytic complexes. The work
reported here was carried out in order
to investigate the catalyst resulting
from the reaction of ferric acetylace-
tonate [Fe(acac);] with triethylaluminium
(AlEt;).

In particular, it was hoped to find evi-
dence concerning the possible presence in
such catalytic systems of very small me-
tallic particles that cannot be detected by
X-ray diffraction.

*To whom correspondence concerning this pa-
per should be sent.

EXPERIMENTAL

(A) Hydrogenation Procedure

Fe(acac); powder (2.0 X 10* moles)
was placed in a Fischer—Porter bottle
equipped with a magnetic stirring bar. The
bottle was alternately evacuated and filled
with N, gas. The bottle was flushed with
H, and the Fe(acac); was dissolved in 5 ce
of benzene. 2.0 X 10-* moles of 1-hexene
(purified by passing through a column of
pure alumina) was added by syringe, fol-
lowed by the addition of 1.2 X 10-% moles
of AlEt; (dropwise with stirring). A con-
stant H, pressure of 50 psi was applied. The
reaction was allowed to proceed at room
temperature. After 2 hr, the bottle was de-
pressurized, and a sample was extracted by
syringe and analyzed chromatographically.

Both the benzene and 1-hexene were de-
oxygenated with bubbling N, just before
use. The H, was purified with a “Deoxo”
purifier and a column of activated Linde
4A molecular sieve.

(B) Procedure for Obtaining X-ray
Diffraction Patterns

A special liquid sample cell was con-
structed of high-purity aluminum metal.
A 1 mm thick aluminum window was at-
tached to the cell body with epoxy. Samples
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of toluene were injected into the cell with
a hypodermic syringe. A small piece of
mica was affixed to the outer surface of
the aluminum window to serve as a stand-
ard for calibration of the angular scale.
The cell was mounted vertically in the
cold-finger of a variable temperature liquid
nitrogen-cooled dewar. The cold-finger was
plunged into a bath of liquid nitrogen to
solidify the toluene sample. Then, the
liquid-nitrogen chamber was filled in order
to maintain the sample temperature at the
required value.

(C) Preparation of Samples for Infrared
Study

The catalyst solution was prepared as
follows. Two serum bottles were capped
with rubber septa. One contained a mag-
netic stirring bar and the other contained
0.457 ¢ (1.34 X 10~ moles) of Fe(acac).,.
The serum bottles were filled with nitrogen
gas using a hypodermic needle assembly,
alternately evacuating and filling with
nitrogen. Six cc of benzene were trans-
ferred to the bottle containing the
Fe{acac); by syringe. Five ec of the ben-
zene were transferred to the bottle con-
taining the magnetic stirring bar. Into the
latter was transferred 0918 cc (6.72 X
102 moles) of AlEt; from another stop-
pered serum Dbottle. Five cc of the
Fe(acac)s; solution were added dropwise
with stirring to the AlEt, solution. Other
samples for infrared analysis were prepared
similarly with the same concentration as
that of the Fe(acac), in the catalyst solu-
tion (0.112 M).

The samvles were transferred by syringe
to a liquid sample cell flushed with dry
nitrogen gas. The cell windows were KBr
and the cell thickness was 0.114 mm. The
reference cell was filled with pure benzene.
Solutions of aluminum acetylacetonates
were prepared by reacting, in benzene, the
stoichiometric amounts of AlEt; and ace-
tylacetone (24-pentanedione).

(D) Preparation of Samples for
Méssbawer Study

The catalyst sample was prepared in a
sample cell that fitted into the cold-finger
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of a liquid nitrogen-cooled dewar attached
to the Mdossbauer spectrometer. The body
of the cell was a pure aluminum cylinder
% in. long and 1% in. in diameter. The
windows were 1 mil thick pure aluminum
foil. Short pieces of hypodermic needle
served as inlet and outlet ports. The cell
contained a tiny Pyrex-coated magnetic
stirring bar. After flushing with nitrogen
gas, the cell was just half filled with a
toluene solution of AlEt;, The cell was
placed in a dry ice-acetone bath and a
toluene solution of Fe(acac); was added
dropwise with stirring, just filling the cell.
The inlet and outlet ports were sealed with
Teflon plugs. The cold-finger was then
plunged quickly into a bath of liquid ni-
trogen to solidify the sample, and the liquid
nitrogen chamber was filled to maintain
the sample temperature at 77 K. The con-
centration of iron in the solution was
0.112 M and the Al/Fe molar ratio was 6/1.

(E) Chemicals

The benzene and toluene were reagent
grade and were distilled over sodium
metal under nitrogen atmosphere. They
were stored in stoppered flasks under a ni-
trogen atmosphere. The Fe(acac), was ob-
tained from Research Organic/Inorganic
Chemical Corp. Inc. The AlEt, was ob-
tained from Texas Alkyls, Inc. The tank
N, gas was purified by passing through
activated Linde 4A molecular sieve and a
heated BTS catalyst.

(F) Spectrometers

The X-ray patterns were obtained using
a Pickett X-ray Bi-Planar Diffractometer.
The diffractometer was equipped with a
variable-temperature liquid nitrogen-cooled
dewar. A CuKe X-ray source was used.

The infrared spectra were obtained using
a Perkin-Elmer 457 Double-Beam Grating
Infrared Spectrometer. The spectrometer
automatically records spectra from 250 to
4000 em™

The Mossbauer spectra were obtained
using a constant veloecity-type spectrom-
eter described elsewhere (8). The spec-
trometer was equipped with a liquid ni-
trogen-cooled dewar evacuated by a 2-in.
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oil diffusion pump. The source was *°Co
diffused into chromium. The spectra were
least-squares analyzed using a computer,
assuming that the lines were Lorentzian
in shape. All isomer shifts are reported
relative to a room temperature sodium
nitroprusside standard absorber and refer
to the absorber at 77K and the source at
room temperature.

Resvurts AND Discussion

The Hydrogenation of 1-Hexene

In order to be sure that the solutions
studied here possessed the catalytic ac-
tivity reported by other investigators, the
hydrogenation of 1-hexene was carried out.
A benzene solution of the Fe(acac)—AlEt,
catalyst was employed with a 1-hexene to
iron atom molar ratio of 102, The hydro-
genation was allowed to proceed for 2 hr
at room temperature and with a constant
hydrogen pressure of 50 psi. The conversion
of 1-hexene to hexane was 100%.

Infrared Analysis of the Catalyst
Solution

The infrared spectra of benzene solutions
of the following systems were obtained:
(1) Fe(acac)s; (2) Al(acae)y; (3) AlEts;
(4) AlEt,(acac); (5) 6AlEt; + Fe(acac)s.

A comparison of the speetra showed that
the spectrum of the catalyst solution (spec-
trum 5) was nearly identical to the super-
position of spectra (3) and (4). The bands
at 1271 and 428 cm™ in spectrum (1)
were shifted to 1289 and 472 cm™, respec-
tively, in spectrum (5). These bands oc-
curred at 1287 and 486 cm™, respectively,
in spectrum (2).

The band at 1271 em™ was assigned to a
sum of C-C and C-CH,; stretching modes
of the acetylacetonate ligands complexed
with the Fe(III) atom in Fe(acac), (9).
The band at 428 cm™ was assigned to a
mode localized in the stretching vibration
of the Fe-O bond. The bands at 1287 and
486 em™ in the spectrum of Al(acac), have
been assigned to the corresponding vibra-
tional modes of this molecule. The fact
that the bands appear at 1289 and 472
em™ in the spectrum of the catalyst solu-
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tion clearly indicates that the acetylace-
tonate ligands are transferred from the iron
to the aluminum atoms in the reaction of
Fe(acac); with AlFe,.

The C-H stretching vibrations for the
ethyl ligand in Fe(C,H;), (dipyridine),
were assigned to bands at 3000 and 2800
em™ (10). If ethyl ligands were coordi-
nated to the iron atom of the catalyst so-
lution, bands of similar frequencies would
be expected. Unfortunately, the region of
the spectrum between 2700 and 3000 cm™
is obscured in the case of the catalyst so-
lution by the C-H stretching vibrations of
the ethyl ligands bound to the aluminum
atoms. Thus, the existence of iron-ethy!
bonds in the catalyst solution cannot be
determined by infrared analysis.

The Fe-H stretching vibrations for the
hydride ligand of TFeH, (P(C,H;)
(CeH5)2) s+ N, oceur at 1950-1960 em and
1855-1863 em™ (11). In the speetrum of
the catalyst solution, no bands could be
detected in this region. However, this does
not indicate the absence of the iron hy-
dride species, since there are cases in which
the existence of Fe-H bonds can be shown
by other methods when no corresponding
infrared absorption bands can be found
(12).

Missbauer Analysis of the Catalyst
Solution

Mossbauer spectroscopy has frequently
proven to be a very useful tool in the eluei-
dation of the structure of chemical com-
pounds. This is especially true in the case
of iron compounds, since the Mdssbauer
resonance of °"Fe is readily observable.
Moreover, considerable effort ~has been
made to systematize the Mossbauer param-
eters of iron-organic compounds (13, 14).

For these reasons, Mossbauer spectros-
copy was used to investigate the structure
of the catalyst prepared by the reaction of
Fe(acac); and AlEt;. For all practical pur-
poses, Massbauer spectra can only be ob-
tained if the sample being analyzed is a
solid. Thus, it was necessary to solidify
the catalyst solutions before obtaining their
Mossbauer spectra. It was decided to use
toluene, a glass-forming liquid, as the sol-
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vent for the catalyst solutions. The toluene
solutions were solidified by rapid quench-
ing to 77K in order to minimize the dis-
tortion or precipitation of the -catalytic
molecular complexes during the solidifica-
tion process.

Before obtaining any Modssbauer spectra,
a sample of pure toluene was examined by
X-ray diffraction to confirm the fact that
rapid quenching to 77 K does result in a
glassy rather than a crystalline toluene
matrix. An aluminum sample holder, simi-
lar to that used in obtaining Mdissbauer
spectra, was used to contain the toluene.
When the toluene was quenched to 77 K,
no X-ray diffraction peaks could be de-
tected at the highest resolution of the spee-
trometer, indicating that the toluene had
solidified without erystallizing. This was
further confirmed by the appearance of
diffraction peaks due to crystalline toluene
when the temperature of the sample was
raised to 123 K, a few degrees above the
glass transition temperature of the tolu-
ene (15). When the sample was cooled
slowly from the liquid state to below the
melting point, very sharp diffraction peaks
corresponding to those of crystalline tolu-
cne were observed (16).

For purposes of comparison with the
Mosshauer spectra of catalyst solutions,
sreetra of Fe(acac), were obtained. These
srectra, and all others reported here, were
ohtained at a sample temperature of 77 K.
The spectrum of crystalline Fe(acac), cou-
sisted of a single broad line (Fig. 1a). That
of a benzene solution of the compound,
rapidly gvenched to 77 K, was identical to
that of the ecrystalline solid (except for
having a larger linewidth). That the ben-
zene solution spectrum closely resembles the
cvystalline speetrum was reported by J. W.
G. Wignall (17). He suggested that the
Fe(aeae). crvstallizes separately when the
solution is frozen, giving rise to the spec-
trum characteristic of the erystalline ma-
terial. The Madssbauer parameters of these
two spectra are given in Table 1.

When Wignall dissolved the Fe{acac),
in EPA, a g¢lass-forming solvent, hyperfine
lines were observed (at 4.2 K and for dilute
solutions). This indicates that the relaxa-
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Fie. 1. Mdssbauer speetra:  (a)  crystalline
Fe(acac)s; (b) catalyst solution prepared at
—83°C and quenched to 77 K; (c) catalyst solu-
tion prepared at —83°C, warmed to 10°C without
stirring and quenched to 77 K; (d) catalyst solu~
tion prepared at —83°C, warmed to room tem-
perature with stirring, and quenched to 77 K.

TABLE 1
ParamrTeErs oF Fe(acac); MOSSBAUER SPECTRA

Isomer shift Half-width

Sample (mm/sec) (mm/sec)

(1) Crystallized
Fe(acac);

(2) 0.156 M Fe(acac);
in benzene

074 + 001 174 + 0.01

0.73 £ 0.01 2.56 & 0.01
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tion of the electronic spins is slower for
more dilute solutions. He reported that, as
the econcentration of Fe{acac), was in-
creased, the hyperfine lines broadened due
to the spin-spin relaxation mechanism.
Similar results are to be expected with
other glass-forming solvents. In particular,
when we examined a 0.156 M solution of
Fef{acac); in toluene that had been rapidly
quenched to 77 K, an extremely broad ab-
sorption band was seen. However, no hy-
perfine structure was resolved. This in-
dicates that, while the crystallization of
the compound was prevented, the electronic
relaxation time was too short to allow the
hyperfine structure to be resolved at this
concentration and temperature.

In a recent investigation (), S. J. Lap-
porte examined the NMR spectra of con-
centrated toluene solutions of the homoge-
neous catalyst prepared from the reaction
of nickel 2-ethylhexanoate and triethyl-
aluminum. The catalyst was prepared at
—78°C and spectra were obtained at
—60°C (without further warming) and
24°C. Signals in the —60°C spectrum were
interpreted to indicate the presence of both
m-bonded ethylene and metal-hydrogen
bonds. These signals irreversibly disap-
peared when the sample was warmed to
24°C. In view of this and other evidence,
Lapvorte suggested that the nickel (II)
in the nickel 2-ethylhexanoate is reduced
to nickel (0), probably via unstable ethyl-
nickel and nickel hydride species [see Eq.
(N1

L

]
(RCO,),Ni + Et;Al — L — l\%i—Cﬂ'I:. =

L
H
! CH,
LN« I (@D
T CH.
L

where I, = CH, X CH,, or
RCO,AlE,.

The NMR evidence for the existence of
unstable intermediates in the solutions of
the nickel catalyst suggested the use of
Massbauer spectroscopy to search for the
presence of similar unstable intermediates
in toluene solutions of the Fe(acac),—

solvent,
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AlEt; catalyst. The paramagnetic Fe(I1I)
atom would, of course, prohibit the use of
NMR spectroscopy in this case.

The Mdssbauer spectrum of the catalyst
solution prepared, with stirring, at —83°C
and rapidly quenched to 77 K consisted of
two narrow lines with a quadrupole split-
ting (A) = 256 mm/sec and an isomer
shift (8) = 1.37 mm/sec (Fig. 1b). When
this solution was warmed to 10°C, without
stirring, and quenched again to 77 K, the
Mossbauer spectrum consisted of a new
doublet with much smaller quadrupole
splitting and isomer shift (A = 0.99 mm/
see, § = 0.57 mm/sec). Also, the doublet
seen in the first spectrum was still present,
although with very much reduced intensity
(Fig. 1¢). When the solution was warmed
to room temperature, stirred, and quenched
to 77K, only the doublet with the smaller
guadrupole splitting and isomer shift re-
mained (Fig. 1d). The Mossbauer param-
eters of this ecatalyst solution were, to
within experimental error, identical to
those of catalyst solutions prepared ex-
ternally, transferred to the Mdssbauer
sample cell by syringe, and quenched to
77 K.

The Mossbauer parameters correspond-
ing to the catalyst solution prepared at
—83°C and quenched without warming
indicate unambiguously that the solution
contains a high-spin Fe(II) species. There
are no indications of the presence of iron
atoms in any other valence or spin state.
The Méssbauer spectrum of ferrous acetyl-
acetonate has not been reported. How-
ever, a possible explanation for the spec-
trum of the catalyst solution is that, at this
temperature, the reaction of Fe(acac),
with AlEt; is limited to a one-electron re-
duction process. This may occur via a
ligand-exchange step followed by a series
of steps leading to reduction of the iron
and the production of hydrogen and ethy-
lene. For example,

Fe(IIT)(acac); 4+ Al(C:H3z); —
Fe(IIT)(acac).(C.Hs) + Al(acac)(C:Hs): (2)
2Fe(I1I) (acac):(CaHs) — 2Fe(Il)(acac): +
H; + 2C.Hyfor + C:He + C:Hi). (3)

The reaction expressed by Eq. (3) may
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proceed by the formation of unstable iron-
hybride and «-bonded ethylene species, as
in the case of the nickel catalyst studied by
Lapporte:

H

CH.
Fe(III)(acac):(CoHs) — c | — Fe(Ill)(acac) —
H

L1

Fe(Il)(acac): + 3H: + C:Hy  (4)

When the temperature is raised, the
system reacts further to give species in
solution capable of catalyzing the room
temperature hydrogenation and poly-
merization of olefins. This is indicated by
the M0ssbauer spectra of the catalyst solu-
tion heated to room temperature and again
quenched to 77 K. The question naturally
arises as to the nature of the iron species
present in these room-temperature solutions.
It is generally assumed that the active
catalyst solutions contain zero-valent
transition-metal atoms, formed by the
complete reduction of the transition-metal
salts by the organo-aluminum eompounds.
The infrared spectra reported here indicate
that, in the room temperature catalyst
solution, the acetylacetonate ligands have
all been transferred from the iron to the
aluminum atoms., This information, cou-
pled with the Mdossbauer evidence of an
initial one-electron reduction of Fe(III)
to Fe(Il) followed by a further reaction
between the Fe(II) and AlEt;, strongly
supports this assumption.

It should be noted, however, that the
Massbauer spectra of the catalyst solutions
do not contain the 6-line hyperfine pattern
characteristic of metallic iron. As shown
recently by Khammouma (18), the pres-
ence of metallic iron particles, even as
small as 17 A, would give rise to the 6-line
spectrum, even at room temperature.

It would be hoped that the parameters
of the Mdossbauer spectrum of the room-
temperature catalyst solution would give
some indication of the nature of the iron
species contained therein. In fact, the
Maossbauer parameters of organo-iron com-
pounds are not strong functions of the
structure of these compounds. In the ab-
sence of any other structural information
concerning the iron-containing catalytic
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species, it is inadvisable to try to draw
further conclusions from the Mdossbauer
spectra at the present time.

CONCLUSIONS

Toluene, the simplest glass-forming
liquid, has been successfully used to cre-
ate a solid, glassy matrix in which highly
reactive, dissolved catalytic complexes can
be examined by Mdssbauer spectroscopy.
X-ray analysis of samples of rapidly
cooled toluene confirmed their glassy
structure by the observation of slow cry-
stallization of the toluene a few degrees
above the glass transition point. A com-
parison of the Mossbauer spectra of ben-
zene and toluene solutions of ferric acetyl-
acetonate indicated that the toluene
solutions did not ecrystallize with rapid
cooling to 77 K.

Moéssbauer spectroscopy has shown that
the reaction of ferric acetylacetonate with
triethylaluminum at —83°C results In a
one-electron reduction of the iron to high-
spin Fe(I1). Warming of the catalyst solu-
tion to room temperature results in a fur-
ther reaction. Infrared evidence indicate:
that the acetylacetonate ligands are trans-
ferred from the iron to the aluminum
atoms in the room-temperature solution
The iron atoms in the room-temperature
solution exhibit Mdssbauer parameters
that, along with other structural informa-
tion, aid in the characterization of the
molecular complexes responsible for the ac-
tivity of the catalytic solutions.

While further work is ¢learly necessarv
to specify further what the catalyst is.
Massbauer spectroscopy tells us unequi-
vocally what 1t is not: the catalyst doe:
not contain detectable quantities of metal-
lic iron particles, as such particles even as
small as 17 A—and therefore undetectable
by X-ray diffraction—would exhibit the
characteristie 6-line spectrum of metallic
iron, as shown by Khammouma (18). No
indication of such spectra was obtained in
this work.
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