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Plutonium(IIT)-catalyzed Meerwein—Ponndorf—Verley reactions
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Abstract

The reactivity of Th(IV), U(II), UIV), Pu(Ill) and Pu(IV) iso-propoxide in the Meerwein—Ponndorf—Verley reduction of
ketones by iso-propanol have been examined. Plutonium(III) iso-propoxide is found to be an effective catalyst for the reduction
of a range of substituted aryl-alkyl ketones, while An(IV) iso-propoxides (An = Th, U, Pu) are found to be inactive. U(III) was
found to oxidize under the reaction conditions to a U(IV) complex, which was also catalytically inactive. © 2000 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Studies of the reactivity of actinide metals and ac-
tinide-containing compounds toward organic-based
materials represent an important area of f-element re-
search, since there are many instances in which ac-
tinides come into contact with potentially reactive
functional groups. During processing operations, pluto-
nium and other actinides are extracted into organic
phases by complexants that may possess ketone [1,2],
carboxamide [2,3], and phosphoryl functionalities [4,5].
Reactions that degrade or alter these organic species
can drastically affect the efficiencies of an extraction,
and create unnecessary transuranic (TRU) waste. Ac-
tinide-containing complexes also contact organic mate-
rials for prolonged periods during disposal; these
organic materials include plastics, and fabrics which
contain alcohol and acetal functionalities. Catalytic ox-
idation reactions, including DNA degradation, have
also been implicated in the biological effects of Pu [6].
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Due to this wide range of interactions, it is important
to determine more clearly the reactivity of the actinides.

Detailed studies of actinide reactivity toward organic
substrates should facilitate an increase in our predictive
capabilities of the way in which actinide-containing
compounds will interact with the wide range of materi-
als with which they come into contact. Significant ef-
forts have been made to try to establish reasonable
periodic trends for the actinide metals in order to assist
in these studies. For example, thorium has been shown
to closely resemble a Group IV metal in its reactivity
[7], while the late actinides behave in a fashion similar
to lanthanides, with a dominant + III oxidation state
[8]. The reactivity pathways of the early actinides, how-
ever, have proven to be more difficult to predict. This is
in large part due to their redox activity, which distin-
guishes them from the lanthanides, and also their abil-
ity to adopt the frams-dioxo actinyl ligand geometry
[(O=An=0)""; An=U, n=2; An=Np, Pu, n=1, 2]
[9]. Detailed reactivity studies of these early 5f metals
should allow a closer comparison of the chemistry of
the actinides to that of the lanthanides and transition
metals.

We have chosen to explore the chemistry of the early
actinides using the Meerwein—Ponndorf—Verley (MPV)
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reduction of ketones. In this reaction, a highly Lewis
acidic metal complex containing a secondary alkoxide
ligand coordinates a ketone. The close proximity of the
alkoxide and the ketone allows a hydride shift, via a
cyclic transition state, to interconvert the ketone and
alcohol functional groups (Scheme 1). This reaction is
reversible, and proceeds to equilibrium; it can be driven
towards completion by addition of excess iso-propanol.
The MPV reaction is usually catalyzed by Lewis-acidic
metal alkoxides, such as those of aluminum [10] or the
lanthanides [11-14]. Interestingly, zirconocene dihy-
dride has been shown to catalyze this reaction [15],
while zirconium iso-propoxide behaves only as a stoi-
chiometric reagent [16a]. Immobilization on silica and
highly elevated temperatures have been found to be
required for zirconium iso-propoxide-mediated catalysis
[16b].

At the outset, we expected that similar reactivity
would be seen for An(IIl) and lanthanide(III) com-
plexes — these were expected to catalyze the MPV
reaction. In contrast, An(IV) compounds were not ex-
pected to readily catalyze the MPV reaction, by anal-
ogy with zirconium iso-propoxide. During the course of
this study we attempted Meerwein—Ponndorf—Verley
reductions using Th(IV), U{II), U(IV), Pu(Ill) and
Pu(IV) complexes, and the results are detailed below.

2. Experimental

2.1. General considerations

All reactions were carried out under an atmosphere
of helium in a glovebox. Nuclear magnetic resonance
(NMR) spectra were recorded on a Varian Unity 300
spectrometer. Infrared (IR) spectra were recorded on a
Nicolet Magna-IR 750 Fourier transform spectrometer.
Ultraviolet and visible (UV—Vis) spectra were recorded
on a Perkin—Elmer Lambda 19 spectrometer.

Tetrahydrofuran (THF), toluene and hexane were
dried and deoxygenated using the Grubbs solvent
purification system [17]. Toluene-d; was degassed in
vacuo, and dried by passing through a column of
activated alumina. All other reagents are commercially
available and were used as received.

Me Me Me
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Scheme 1.

2.2. MPV experiments

In a typical experiment, a solution of Pu[N(SiMe;),],
0.024 g, 0.033 mmol) in 2-propanol (1.0 g, 16.6 mmol)
was added to p-methoxyacetophenone (0.090 g, 0.66
mmol) in a helium atmosphere negative pressure glove-
box. The reaction was stirred for 24 h, after which the
volatiles were removed in vacuo. The residue was ex-
tracted into THF and filtered through silica. The sol-
vent was removed to yield an oil (0.089 g, 99% yield)
which was determined (by 'H NMR) to be a mixture of
p-methoxyacetophenone (43%) and 1-(p-methoxy-
phenyl)ethanol (57%). Reactions using uranium and
thorium catalysts were carried out in a standard posi-
tive pressure drybox; heating was performed in a
Teflon-sealed Schlenk flask.

3. Results and discussion

Since lanthanide tris(amido) complexes are known to
be effective precursors for the formation of lanthanide
alkoxides via alcoholysis reactions, we employed the
analogous An(III) complexes Pu[N(SiMe;),]; (1) [18]
and U[N(SiMe;),]; (2) [19] as pre-catalysts. In the case
of An(IV) alkoxides, the precursor complexes used were
the metallacycles An[N(SiMe;),],[N(SiMe,)(SiMe,CH,)]
(An = Th, U) [20]. The MPV reactions were carried out
by adding a solution of 5 mol% of the amido pre-cata-
lyst, dissolved in iso-propanol, to the ketone. The reac-
tions were stirred at room temperature for 24 h, after
which time the solvent was evaporated, the residue
extracted with THF, and the extracts filtered through a
short plug of silica to remove residual catalyst. Reac-
tions which showed no formation of product, except for
the Pu(IV) reactions, were also run at 90°C for 16 h.
The products were then analyzed by 'H NMR
spectroscopy.

The results of the Pu(Ill) catalyzed MPV reactions
are presented in Table 1. The reactions were found to
proceed in yields equal to or higher than similar reac-
tions using lanthanide catalysts with equivalent reaction
times [12]. Electronic effects were examined by employ-
ing 4-subsitituted acetophenones (entries 1, 4—6). It was
found that acetophenone and 4-methoxyacetophenone
were both reduced to a greater extent by the Pu(III)
catalyst than by lanthanide catalysis, while the reactiv-
ity of 4-chloroacetophenone was similar to that seen for
samarium [12]. Steric effects were examined using aceto-
phenone, propiophenone, and 2,2-dimethylpropiophe-
none (entries 1-3). There was essentially no differ-
ence in the conversion levels due to steric differ-
ences between these substrates, however, both aceto-
phenone and propiophenone proceeded to a greater
extent than had been reported for samarium [13].
Aliphatic ketones, represented by cyclohexanone (entry
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Pu catalysed MPV reactions *
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7), were also smoothly reduced to the same degree as
has been reported for Gd and Er-mediated catalysis
[13]. Aldehydes, represented by cyclohexanecarboxalde-
hyde and 4-anisaldehyde, gave complex mixtures which
included the esters attributed to Tischenko type dispro-
portionation-coupling reactions [21]. This reaction is
known to occur for aldehydes under MPV conditions
[22].

Despite the close analogy between uranium(III) and
a lanthanide(III) metal center, it was found that the
combination of U[N(SiMe;),]; and iso-propanol did not
catalyze the reduction of ketones, in marked contrast to
the high activity of lanthanide iso-propoxides in this
reaction. Further investigations, however, revealed that
the lack of catalytic activity was due to the spontaneous
oxidation of U(IIT) to U(IV) by the iso-propanol sol-
vent, and thus the actual catalyst being studied in this
case was a uranium(IV), rather than a uranium(III),
iso-propoxide complex [23]. As confirmation of this
fact, it was found that iso-propanol solutions of both
the U(1V) and U(II) amido precursors were indistin-
guishable by UV-Vis spectrometry and cyclic
voltammetry.

Actinide(IV) iso-propoxide complexes did not cata-
lyze the MPV reduction of ketones, even at elevated
temperatures in the cases of uranium and thorium. This
lack of reactivity could be due to a difference in Lewis
acidity between An(IIl) and An(IV) alkoxides, which
we are currently examining. However, the observed
differences in reactivity between An(IIl) and An(IV)
iso-propoxides may also be a result of markedly differ-
ent structural properties of the catalytic species in-
volved. Thus a highly oligomeric structure for the metal
alkoxide, and a corresponding high coordination num-
ber at the metal center, may prevent facile coordination
of the ketone and thereby inhibit catalytic activity.
Although the structural chemistry of the actinide metals
coordinated by bulky aryloxide ligands has been ex-
plored in some detail, the nature of simple homoleptic
alkoxide complexes of the actinides (e.g. methoxides,
ethoxides, iso-propoxides etc.) is not well understood
[24]. Literature reports describing uranium hexa(iso-
propoxide) [25], and Lewis base adducts of thorium
tetra(iso-propoxide) [26] have appeared, but very little
is known of the nature of plutonium(III) iso-propoxide
or uranium(IV) iso-propoxide. These materials may
contain bridging oxo ligands, as observed for the struc-
turally-characterized lanthanide iso-propoxides Y ;0(O-
i-Pr);5 [27], YbsO(O-i-Pr),5 [28], Y,PrO(O-i-Pr),5 [29],
and Er;O(0-i-Pr),; [30], and it is perhaps reasonable to
draw comparisons between a possible structure for
U(V) iso-propoxide and the well characterized cerium-
(IV) iso-propoxide [Ce(O-i-Pr),(HO-i-Pr)], [31].

This report represents our initial efforts to under-
stand the reactivity of the early actinides toward or-
ganic substrates. Plutonium(III) iso-propoxide shows
similar or slightly enhanced reactivity for MPV reduc-
tions when compared to lanthanide alkoxide complexes.
Unfortunately, the MPV reaction conditions did not
allow a comparative study of uranium(III), since this
precursor oxidized to uranium(IV) upon dissolution in
iso-propanol. The An(IV) iso-propoxide species do not
catalyze the MPV reaction, consistent with assigning
reactivity to be analogous to zirconium chemistry under
these conditions. However, the relative contributions to
catalytic activity of electronic (i.e. oxidation state)
changes versus changes in catalyst structure have yet to
be determined. Our current efforts are directed towards
determining the range of organic transformations which
are promoted by the actinide metals, what effect the
oxidation state of the metal plays in its reactivity, and
what reactivity patterns are common among the redox-
active early actinides.

Acknowledgements

This work was supported by the US Department of
Energy, Office of Environmental Management, EM-66



48 B.P. Warner et al. / Inorganica Chimica Acta 309 (2000) 45-48

Nuclear Materials Stabilization Office. We also thank
the Seaborg Institute for Transactinium Science for
support of this work.

References

[11 G. Choppin, J.O. Liljenzin, J. Rydberg, Radiochemistry and
Nuclear Chemistry, 2nd ed., Butterworth—Heinemann, Boston,
1995, pp. 606—607.

[2] D.D. Sood, S.K. Patil, J. Radioanal. Nucl. Chem. 203 (1996)
547.

[3] C. Erlinger, D. Gazeau, T. Zemb, C. Madic, L. Lefrancois, M.
Hebrant, C. Tondre, Solvent Extr. Ion Exch. 16 (1998) 707.

[4] G. Choppin, J.O. Liljenzin, J. Rydberg, Radiochemistry and
Nuclear Chemistry, 2nd ed., Butterworth—Heinemann, Boston,
1995, pp. 607-610.

[5] W.W. Schulz, L.L. Burger, J.D. Navratil, K.P. Bender, Science
and Technology of Tributyl Phosphate, vol. III, CRC Press, Inc,
Boca Raton, 1984.

[6] H.G. Claycamp, D. Luo, Radiat. Res. 137 (1994) 114.

[71 J.M. Manriquez, P.J. Fagan, T.J. Marks, J. Am. Chem. Soc. 100
(1978) 3939.

[8] F.A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry,
Wiley, New York, 1988, pp. 980-1017.

[9] F.A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry,
Wiley, New York, 1988, pp. 987-988.

[10] R. Anwander, G. Gerstberger, C. Palm, O. Groeger, G. Engel-
hardt, J. Chem. Soc., Chem. Commun. (1998) 1811.

[11] M. Adinolfi, G. Barone, A. Iadonisi, Synlett. (1999) 65.

[12] (a) D.A. Evans, S.G. Nelson, M.R. Gagne, A.R. Muci, J. Am.
Chem. Soc. 115 (1993) 9800. (b) A. Lebrun, J.L. Namy, H.B.
Kagan, Tetrahedron Lett. 32 (1991) 2355.

[13] T. Okano, M. Matsuoka, H. Konishi, J. Kiji, Chem. Lett. (1987)
181.

[14] For other recent examples of organic transformations catalyzed
by f-element iso-propoxide complexes, see: (a) H. Shiraishi, T.
Nishitani, T. Nishihara, S. Sakaguchi, Y. Ishii, Tetrahedron 55
(1999) 13957. (b) C.M. Mascarenhas, M.O. Duffey, S.-Y. Liu,
J.P. Morken, Org. Lett. 1 (1999) 1427. (c¢) S. Inoue, H. Sugi-
moto, N. Ishida, T. Shima, Stud. Surf. Sci. Catal. 114 (1998)
503. (d) C. Qian, C. Zhu, D. Zhu, Appl. Organomet. Chem. 9
(1995) 457. (e) H. Ohno, A. Mori, S. Inoue, Chem. Lett. (1993)
975. (e) 1. Mukerji, A.L. Wayda, G. Dabbagh, S.H. Bertz,
Angew. Chem. 98 (1986) 756. (f) K.S. Kirshenbaum, Nouv. J.
Chim. 7 (1983) 699.

[15] Y. Ishii, T. Nakano, A. Inada, Y. Kishigami, K. Sakurai, M.
Ogawa, J. Org. Chem. 51 (1986) 240.

[16] (a) R.C. Mehrotra, V.D. Gupta, P.C. Bharara, Indian J. Chem.
11 (1973) 814. (b) P. Leyrit, C. McGill, F. Quignard, A. Choplin,
J. Mol. Catal., Sect. A Chem. 112 (1996) 395.

[17] A.B. Pangborn, M.A. Giardello, R.H. Grubbs, R.K. Rosen, F.J.
Timmers, Organometallics 15 (1996) 1518.

[18] L.R. Avens, S.G. Bott, D.L. Clark, A.P. Sattelberger, J.G.
Watkin, B.D. Zwick, Inorg. Chem. 33 (1994) 2248.

[19] (a) R.A. Andersen, Inorg. Chem. 18 (1979) 1507. (b) D.L. Clark,
A.P. Sattelberger, Inorg. Synth. 31 (1997) 307.

[20] S.J. Simpson, H.W. Turner, R.A. Andersen, J. Am. Chem. Soc.
101 (1979) 7728.

[21] H. Beberich, P.W. Roesky, Angew. Chem., Int. Ed. Eng. 37
(1998) 1569.

[22] J.L. Namy, J. Souppe, J. Collin, H.B. Kagan, J. Org. Chem. 49
(1984) 2045.

[23] For examples of U(IIl) instability, see: (a) P. Roussel, P.B.
Hitchcock, N.D. Tinker, P. Scott, Inorg. Chem. 36 (1997) 5716.
(b) P. Roussel, P.B. Hitchcock, N.D. Tinker, P. Scott, Chem.
Commun. 17 (1996) 2053. (¢) A.L. Odom, P.L. Arnold, C.C.
Cummins, J. Am. Chem. Soc. 120 (1998) 5836.

[24] (a) M. Ephritikhine, J. Alloys Compd. 213/214 (1994) 15. (b)
J.M. Berg, A.P. Sattelberger, D.E. Morris, W.G. Van der Sluys,
P. Fleig, Inorg. Chem. 32 (1993) 647. (¢) D.L. Clark, A.P.
Sattelberger, W.G. Van der Sluys, J.G. Watkin, J. Alloys
Compd. 180 (1992) 303. (d) W.G. Van der Sluys, A.P. Sattel-
berger, M.W. McElfresh, Polyhedron 9 (1990) 1843. (e) J.L.
Stewart, R.A. Andersen, J. Chem. Soc., Chem. Commun. (1987)
1846. (f) C.J. Burns, A.P. Sattelberger, Inorg. Chem. 27 (1988),
3692. (g) F.A. Cotton, D.O. Marler, W. Schwotzer, Inorg.
Chem. 23 (1984), 4211. (h) P.G. Eller, P.J. Vergamini, Inorg.
Chem. 22 (1983), 3184. (i) E.A. Cuellar, S.S. Miller, T.J. Marks,
E. Weitz, J. Am. Chem. Soc. 105 (1983) 4580.

[25] E.R. Sigurdson, G. Wilkinson, J. Chem. Soc., Dalton Trans.
(1977) 812.

[26] D.M. Barnhart, D.L. Clark, J.C. Gordon, J.C. Huffman, J.G.
Watkin, Inorg. Chem. 33 (1994) 3939.

[27] (a) O. Poncelet, W.J. Sartain, L.G. Hubert-Pfalzgraf, K. Folting,
K.G. Caulton, Inorg. Chem. 28 (1989) 263. (b) C.J. Page, S.K.
Sur, M.C. Lonergan, G.K. Parashar, Magn. Reson. Chem. 29
(1991), 1191.

[28] D.C. Bradley, H. Chudzynska, D.M. Frigo, M.E. Hammond,
M.B. Hursthouse, M.A. Mazid, Polyhedron 9 (1990) 719.

[29] L.G. Hubert-Pfalzgraf, S. Daniele, A. Bennaceur, J.-C. Daran, J.
Vaissermann, Polyhedron 16 (1997) 1223.

[30] G. Westin, M. Kritikos, M. Wijk, J. Solid State Chem. 141
(1998) 168.

[31] P. Toledano, F. Ribot, C. Sanchez, Acta Crystallogr., Sect. C. 46
(1990) 1419.



