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The chemistry of the peroxo complexes of various transition metals

has received considerable attention in recent years mainly because they
are sources of active oxygen atoms and can be used as stoichiometric as
well as catalytic oxidants for organic and inorganic substrates; eg., they
can be successfully used for the oxidation of olefins, ketones, phosphines,
arsines etc. We have successfully employed peroxo complexes to generate
glycerine from allyl alcohol which is indeed an industrial aspect of the
project.

The present thesis describes isolation and characterisation of
different peroxo complexes of Zr (IV), Th (IV), Mo (VI), W ‘(VI) »apd U (VI)
ions containing different bi~dentate, tri-dentate and quardri~dentate
ligands. A few oxygen transfer reactions of the complexes towards olefins,
ketones, triphenyl phosphine and triphenyl arsine have been investigated.

Some of the work described in the thesis has been published and the
remainder is in the process of publication.
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Abstract ix

diene (trans[l14]}diene) and an organic molecule of high molecular weight,
viz, bis (2,4,4,~-trimethyl pentyl) phosphoric acid were used as organic
ligands to isolate a few peroxo complexes. The metal ions used were Mo (VI)
and U (VI) ions. Complexes of the two macrocyclic ligands were found to
be stable towards oxidation and that of the other complexes containing the
organic molecule of high molecular weight were found to be active towards
oxidation.

The study was also extended to isolate peroxo complexes containing
a number of amino acids as ancillary ligands e.g. Glycine, Leucine and
Tyrosine. The metal ions used were Mo (VI}), U (VI), Zr (IV) and Th (IV).
These complexes were found to be effective oxidants for the oxidation of
allyl alcohol, PPh,; and AsPh,

A few Schiff bases were also derived from the condensation of
salicylaldehyde with amino acids, glycine, leucine or phenyl alanine. Peroxo
complexes containing these Schiff bases were also isclated. The metal ions
were Mo (VI), W (VI), U (VI), Zr (IV) and Th (IV). These were all inert
towards oxidation.

The complexes were characlerized by elemental analyses, conductivity
measurements, IR, NMR and in some cases by mass spectral data. The IR
spectra of the complexes indicate that the frequency of the v, mode of the
M (0,) grouping, which is essentially an 0-O stretch, decreaset_a with the

increase in the atomic number of metals in a particular group.
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CHAPTER 1

1.1;  GENERAL INTRODUCTION ON ZIRCONIUM, THORIUM, NOLYBDENUN, TUNGSTEN
AND URANIUM  METALS.

1.1.1: ZIRCONIUM

Zirconium was discovered by M.H. Klaprothl, a German chemist near
the end of eighteenth century. It is commonly found as silicate, oxide etc.
It appears to be nearly as abundant as carbon in the earth’s crust. It
constitutes nearly 0.017 percent of the earth’s lithosphere. The principal
ores are baddeleyite, Zr0O, and Zircon, ZrSiO,. Baddeleyite is found in Brazil
and Sril.anka and Zircon in New South Wales, India and Brazil. According
to H.A, Rowlandz, . W. Dyson3 and J.N. Locl:cyer'1 zirconium occurs in the
sun. M. Merrill® reported zirconium bands in the spectra of stars and H.
Laspeyerss in meleorities. Some volcanic lavas contain upto b0X of
- zirconium.

Zirconium is a bright white metal which is soft, malleable and ductile
when pure. It melts at 1875°C. It occurs in three forms (a) crystalline (b)
graphitic and (c) amorphous. The crystalline form is hexagonal.

Zirconium and its com;;ounds are used’ in the arts and industries.
Ferrozirconium is used as a scavenger in the steel industry. It is also

used in the construction of some wireless valves and in surgery. Zirconia



Chapter 1 2

is used in the manufacture of highly refract,or:,rﬂ crucibles, muffles,
resistance cores etc. The use of zirconium compounds-oxide, silicate,
carbonate, sulphite and phosphate- as pigments has been pa.tenteds. The
basic acetate is sold as konstrastin for weighting silk!?. Zircon is used in
making the knife edges and planes for balances on account of its hardness.
The insolubility of zirconium phosphate in dilute mineral acids makes
zirconium nitrate an excellent reagent for removing phosphate ion in
qualitative analyses,

1.1.2: THORIUM

Thorium was discovered by J.J. Berzelius!! in 1815, This was first
named Thorine after the god Thor' of scandinavian mythology. Thorium is
widely distributed in nature, but in very small proportion. J. Joly12
estimated that the earth’s lithosphere contained from 0.2x10°%-3x107% gm per
gm. The thorium minerals are largely concentrated in about five areas. (1)
Norway and sweden (2) North America (3) Brazil (4) Urals (5) Tasmania.

J.J. Berzeliusla, the discoverer of this, extracted it from thorite, Th
Si0,. According to C.R. Bohn, most of the thorium compounds in commerce
are extracted from monazite, a complex phosphate {Ce, La, Y, Th) PO,
Monazite is found largely in Brazil and India.

Scon after the discovery of radioactivity of Uranium, G.C. Schimdt!*
and independently M.S. Curie'® found that the thorium and its compounds
and thorium minerals are also radioactive. Thorium products emit a mixture
of a, § and y- rays. The radio activity of thorium products is a complex
effect due to the presence of a series of transformation products derived

form thorium itself: Thorium ——#* Mesothorium-1 —#* Mesothorium-2 ——»
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» Thorium emanation ———» active

» Thorium -x

Radiothorium
deposit of Thorium.

Pure thorium is a soft white metal which is both malleable and ductile
and which will burn in the air. Unlike the other metals of the group it is
soluble in Hcl. It melts at 1830°C and shows no signs of allotropy.

R. Escales!® described the use of thorium slloys as reducing agents.
E.W. Von Siemens and T.G. Halske !’ recommended an alloy of tungsten and
thorium in the manufacture of filaments for incandescent lamps. Thorium
is one of the most important raw materials for the production of nuclear

U233

energy. Its irradiation in nuclear reactors yields fissionable isotope

by an (n,y) reaction. 90th®*? n,y. 90 Th®®® -p~ 91pa®*? -p- 92 U

1.1.3: MOLYBDENUM

In 1782 P.J. H,jelm18 separated the metal from molybdaena and called
it molybdenum. It does not occur in the elemental form in nature. The most
important ore of molybdenum is the sulphide, Mo Sz which is found as the
mineral molybdenite or molybdenum glance; but wulfenite, PbMoO,, is also
used as a source of the metal.

Depositl,s.are found in many parts of the world, but chiefly in the
United states of America, Mexico, Norway and India. Small amounts of
molybdenum ( 0.1-0.3 ppm)} are also widely distributed in fertile soil. The
metal which may be a biochemical catalyst, is taken up by some plants,
peas and bean containing 3-9 ppn‘l-; E. Demﬂ.r(:ay19 observed molybdenum
occurring in the ashes of some plants - scotch fir, silver fir, vine, oak,

poplar and horn bean. Molybdenum can be extracted both by carbon
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reduction process and electrolytic process.

Molybdenum is a silver-white metal which melts at 2600°c and boils at
5000°c. It is oxidized in the air at a red heat to molybdic oxide.

The metal is mostly used in the steel industry for making alloyse-
molybdenum steels and can to a limited extent replace the more expensive
tungsten. It volatilizes too easily to be suitable for use as the filaments in
incandescent electric lamps, but is used as a filament support both in
lamps and in radiovalves. Molybdenite is used as a rectifier in wireleas
telegraphy. Molybdenum wires has been recommended as resistance wire in
electric furnaces?®. It is used as a substitute for platinum and platinum -

iridium alloyszl.

1.1.4. TUNGSTEN

The history of tungsten is closely associated with a mineral which was
thought to contain tin, presumably because of its density. Thus J.G.
wallerius®? called the mineral from Bohemia lapids staniferi spathacei. In
Sweden, the mineral was called tungsten- from the swedish tung heavy or
ponderous; and sten stone -and A.G. We;nerza called it schwearstein. The
only importa.;\t, ores of tungsten are scheelite CaWo, and wolframite, (Fe,
Mn) Wo,.

Tungsten does not occur in nature in the elemental form. According
to F. clarke and H.S. Washington?? the average proportion of tungsten in
the. igneous rocks of the earth’s crust is 5x107% percent. The main deposits
of tungsten ores are in china, Burma, U.S.A., Bolivia and Portugal; the

Chinese deposits being the most plentiful. Tungsten is usually extracted
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from scheelite. Pure tungsten is ductile and can be drawn out into very
fine wire. Its melting point is near 3400°c.

The main use of tungsten is for producing extremely hard and tough
steel containing 3-6% of the clement. This steel is used for armour plate,
projectiles and for cutting tools. Owing to its suitable electrical resistance,
high melting point and extremely low vapor pressure, tungsten is now
almost the sole metals used for the filamenta of incandescent electric lamps.

C. Beindl®® used it with good results as a catalytic agent in the
synthesis of ammonia. Tungsten oxide and Tungestates have been used in
dyeing industry.

1.1.5: Uranium

M.H. klaproth®® in 1786 read a paper : "chemische Unlersuchungen des
Uranerze" in which he showed the existence of a new element. He called
the element uranium - after the planet Uranus. According to F.W. clarke

and H.S Washington“‘

the average proportion of uranium in the igneous
rocks of the earth’s crust is 2.3x10"5 pércent. The chief source of uranium
is pitchblende, also called uraninite which is a complicated silicate
containing U, Pb, Th, Fe, Ca, Bi, Ra, Sb and Zn. The other ores are
kasolite, a lead uranyl silicate and carnotite. K,0 2U0Q;. V,0;. 3B,0. The
main deposits are in the Belgian Congo and Canada, but there are
important deposits in the U.5.A and in Bohemia. In the past, uranium -
bearing ores have usually been worked for radium, the uranium being a
bye-product. But the possibility of using uranium as a source of nuclear

energy has changed this situation and has also made details of Improved

methods of extraction secret. The radiocactivity of uranium was discovered
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by Henry Becquerel” in 1896. Uranium and its compounds are largely used
as a source of nuclear energy eg for the preparation of hydrogen bombs.
Other uses of uranium are in the manufacture of iron alloys®® in
photometry?? as a dye for textile leather and wood?® in medicine for
diabetes®! etc. It is also used as a catalyst in chemical processes32 and x-
ray anticathodes. Four countries Canada, south Africa, U.S.A and France

control 85 to 90 percent of the world’s known low cost uranium reserves.

1.2: OXYGENATED COMPLEXES OF TRANSITION METALS

(peroxides, superoxides and p-peroxides)

Dioxygen, superoxo and peroxo complexes of transition metal centres have

33-43 owing to the relevance of this chemistry

received wide spread attention
to oxygen transport and catalytic activation as in the biological O, carriers,
oxygenases, peroxidases and hydroxylases“. Metal peroxides are key
compounds in this area and we have a programme in our laboratory to
synthesize new organoperoxc complexes of different transition metals of
group 4A and 6A in order to gain a deeper understanding of the factors
which influence the reactivity, structure and bonding in these novel
compounds,

Dioxygen itself is a reactive entity but since it has a triplet ground
state, its direct combination with organic molecules is a spin—forbidden
process“. Tranistion metals having multiple spin and oxidation states can
readily interact with dioxygen, and in some cases, they form isolable
oxygen adducts. In these associations the metal acts as a reducing agent
by filling the antibonding ug' orbitals of dioxygen. It increases the 0-0

distance and facilitates its cleavage. The oxygen molecule is thereby
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activated and the chemist may take use of this activated oxygen for
scientifically or technologically interesting oxidation reactions.

Investigation into the fixation and activation of molecular oxygen by
transition metals were largely initiated because of an interest in model
compounds that are used in studying reversible oxygenation mechanisms
involved in the very complex natural oxygen carriers eg the hemoglobine
and hemocyanins;

Viz,

MLi + 0, = O,MLi;

M = Fe ; Li = porphyrin ligand.

The respiratory pigments are able to fix oxygen molecules from the
atmosphere, to transport them to their sites of reaction and there to
release them. This is in a sense, is a catalytic process and is reversible.
The respiratory chain used to produce energy in the form of A’i‘P
(adenosine triphosphate) in aerobic metabolism is based on the reductions
of oxygen to water and is extremely efficient.

A common feature of these reactions is the involvement of metal atoms
in complexing and activating oxygen.

The dioxygen-metal adduct Mo, can have either the " Superoxo"
structure (0,”) when the metal is a potential one-electron donor or the
peroxo structure (05] when the metal is a potential two-electron donor.
These dioxygen adducts may further react with a second metal to produce
the "p-peroxzo" species MO,M, which can be transformed either by cleavage
of the 0-O bond into the "OX0O" species M=0 or by loss of one oxygen atom
into the "p- oxo" specie M-0-M. The hydroxo species M-~OH can be further
obtained by hydrolysis of the Oxo complex. The oxygenated complex of

transition metals are shown in Fig 1.
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Fig. 1. Oxygenated conmplexes of transitional metals.
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Al these six different types of oxygenated complexes can be

considered as potential sources of oxygen atom liable to be given to

reactive substrates.**"*% .

(i) Superoxo complexes are the primary reversible dioxygen adducts
occurring naturally in the oxygen—-carrying iron-porphyrin respiratory
pigments such as myoglobin. They also intervene as precusors of active
peroxidic species in enzymatic monooxygenases containing the cytochrome
Py5o as prosthetic group?:

(ii) Peroxo and p — peroxo complexes containing dioxygen are bonded to the
metal in a peroxidic form. They are responsible for various selective
oxidations such as epoxidation, Ketonization, oxidative cleavage of olefins
and Bayer-Williger lactonization of Keltones etc.

{iii) p - oxo complexes have been shown to be the active species in copper
catalyzed oxidation of alcohols to Xetones and oxidative cleavage of
pyrocatechol“.

(iv) Oxo complexes often behave as carbenic reagents and are responsible
for various oxidalion reactions, eg, epoxidation of olefins, oxidative cleavage
etc.

{v) Hydroxo complexes intervene in Wacker - type oxidations involving
hydroxy-palladation of olefins giving carbonyl compounds.

We are interested only for the reactivities of the peroxo complexes.

1.3: THE BONDING OF OXYGEN TO METAL
1.3.1: The electronic structure of dioxygen compounds :

The bonding in molecular oxygen is best described by molecular
orbital theory“. According to this theory the valence orbitals of the two
oxygen atoms (ZSZZP") combine to give molecular orbitals whose relative

energies are shown in Fig 2.
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The ground state of molecular oxygen is observed to be a triplet state
(3;) with two unpaired electrons occupying a pair of degenerate T
antibonding orbitals, The two lowest excited states are formed by
redistributing the two electrons in the 2P n° orbitals., The configurations
and energies for the ground states and first two excited states are shown
in Fig 3.

Molecular orbital theory also predicts bond orders of 2.5, 2. 1.5 and 1 for
the dioxygenyl cation 0, molecular O, superoxide O, and peroxide o§'
respectively.

The molecular orbital diagram given in Fig 2 is valid for a free
oxygen molecule but for O, under the influence of the electrostatic field
of a transition metal ion in a complex, the situation will be some what
different. It was first postulated by Griffith®” that this influence might
remove the degeneracy of the 2Pn" level and that in certain cases, the
energy difference between the two orbitals may become larger than the
energy of pairing i.e. the two electrons will then be located In the more

stabilized of the two orbitals with their spin paired (Fig 4).

2 .
7 pr (p,)
/
ZZp'n'* . 1 L —
A
\ 1\’ *
\ 2w
E (py)
Free O2 O2 in a ligand field

Fig. 4. 1Influence of a ligand field on the electron
distribution in the oxygen molecule.
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Griffith has also indicated that in this situation the oxygen molecule has
an electronic configuration comparable with that of ethylene in its ground
state. We may therefore, visualize the electron distribution in terms.

i z idizati 0 f the sp
of a trigonal Sp° hybridization at the two oxygen atoms. OUne o P
hybrid orbitals of each oxygen atom is used for mutual o- bonding and
the other two are each doubly occupied ; in other words, they form a set
of four lone pair orbitals (n,) oriented in the same way as the four

hydrogen atoms in ethylene {Fig 5). There is also one effective n— bond in

the molecule ; the lowest energy empty antibonding orbital is 2Pr" (Px)

1.3.2: Bonding in metal dioxygen complex.
Two basic classes of metal dioxygen complexes have been proposed as
model systems; those incorporating dioxygen in a side-on linkage {(the

vaska-type complexes Fig. 6)""'l9 and those involving a single metal

50-52

dioxygen o-bond, proposed by pauling and others (Fig. 7) « The former

34,53 39,41~

class, discovered and intensively studied by wvaska and others

43.54-57 ere said to have covalent linkages between the metal and the
peroxide group in an isosceles triangular fashion. Perhaps the simplest way
to understand the metal peroxide interaction would be through the

comparison of Og"and C,H, as ligands*®

. In the ethylene complexes, the
olefin is usually considered as donating electrons from the n bonding
orbital to the metal, while the metal donates electrons from an appropriate
filled d orbital to the empty, antibonding T orbital of the olefin. In the
peroxide ion, the n orbital is already filled, so that no back bonding is

possible. At the same time, there may be donation to the metal both from

the n- and © orbitals of the peroxide group, at least when the metal is in
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a sufficiently high oxidation state. The effect of coordination on the 0-0

bond would then depend on the relative strengths of the two interactions -

»
in other words, on whether donation was principally from n — oOT from n
orbitals of the peroxide group (Fig 8).

It has been mentioned that removal and addition of electrons to the

" orbital of dioxygen brings about many changes &s summarized in Table

134,58.

Table 1. Properties of dioxygen and its ions.

Bond 0-0 Bond U(O—Ol
Order A° Energy -1 cm”™
kcal mol
o; 2.5 1.12 1905
A~
0, 2 1.21 118 1580
v
o; (Superoxide) 1.5 1.33 1097
027 (peroxide) 1.0 1.49 35 802
22—

~
O
<o




Fig.

GHp

- (c)

Possible scheme for representing the inter-
action between a transition metal atom and
ethylene or peroxide as ligands. .

(a) Donation to the metal from a wm-bonding
orbital of ethylene; (b) donation from the
metal to a m-antibonding orbital of ethylene;
(c) donation to the metal from a w-bonding
orbital of peroxide; (d) donation to the

metal from a w-antibonding orbital of peroxide.
An orbital indicated by full lines contains

an electron-pair; those indicated by broken
lines are empty. For simplicity, the metal
orbital interacting with the w-bonding ligand
orbitals have been drawn as sp hybrids,
although they will probably have d—character48
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1.4: MODE OF FORMATION OF TRANSITION METAL PEROXIDES.
The dioxygen complexes which are referred to as the side- bonded or

T - bonded dioxygen complexes are diemagnetic and can be obtained by two

. 57,59
Principal methods?!42,57,5 .

1.4.1: Ligand exchange by reaction of 022— and a high-valent metal_
complex; an acid-base interaction :

Specifically, this consiste of reaction of hydrogen peroxide with a

complex containing a metal in a higher oxidation state.

e -0-H o)
M= 0 + H202~—~9M1:2~’ —n” | 4 H,0 [3]
Co-n o
Examples:
CrO;.ONC.H, + 2H202———9-é//,‘ ] + 2H,0 [4]
ONCH
o)
MoO, + 2H.0. + HMPA-——9 | l + H.0 (5]
3 272 o //, 2
HMPA H.,0
or
111 11— 9 + '
COTMHL0) ) + B0, ——e 5y | + 24,0 (6]
-0 3 :

In these examples, the dioxygen is provided in an already reduced
(peroxide) state. The metals in their higher oxidation states do not enter

into back bonding to dioxygen. Complexation occurs from the (Lewis) acid-
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base interaction between the metal ion and the peroxide ion.

A great number of peroxo complexes of group 4A, 5A and 6A have
been prepared by this method and shown by X-ray -crystallographic
structure determination to exhibit the triangular model of bonding of
peroxide to metal?®:48:34:57.81 por most of these complexes, there is very
little variation in the O-O bond distance despite differences in the metal,
ancillary ligands, valence state and str'uc:tureqz
1.4.2: Oxidative addition of dioxygen to a complex of a low valent metal.

The second method of obtaining peroxe complexes is the direct
introduction of dioxygen with reduced, two electron donor metal complexes.
The peroxidic nature of dioxygen adducts such as M (PPh;),0, [M = Pd, Pt}
has been demonstrated by obtaining hydrogen peroxide upon hydrolysis of

the complexes with strong acid®®,

0
—
Mt + o, > MPt2 (7]
\ O
Examples:
P Ph,
PPh co co 0
3
N ' ™~ III//
Ir\ + O2 > Ir (2]
x’/// PPh, x’//' \\\‘o
PPh,
o)
I 111
Co ¥ 0 —=> ¢4 | (8]
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1.5. TRANSFER OF COORDINATED OXYGEN FROM TRANSITION METAL
PEROXIDE TO ORGANIC SUBSTRATE.

The peroxo complexes can be considered as pot_ential donors of
oxygen to reactive substrates. The primary oxygen source for the
preparation of these peroxidic complexes can be either molecular oxygen
itself or peroxidic compounds such as hydrogen peroxides or
alkylhydroperoxide. Hence the way in which . transition metal peroxides
release oxygen to substrates is particularly relevant to the catalytic
properties of transition metal complexes in selective oxidations involving 0,,
ROOH or H,0, as the oxygen source.

In order to understand better the reactions of peroxo complexes, it
is instructive to consider the general reaction of olefin with M-X group.
The key step in most of the transition metal catalyzed transformations of
olefins coneists of the w0 rearrangement of the olefin on the metal shown

by the equation (9).
20 |
. . ]
M—X + < ="M —x= M—C—f—x |

This transformation can be described as the insertion of the
coordinated olefin into metal -~ nucleophilic bond M-X. In the case of metal
bearing oxygen atoms, the application of this general principle leads to a
peroximetallation process if the metal is bonded to a peroxidic group, or

to an oxymetallation process if the metal is bonded to an oxygen atom as
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in oxo or hydroxo complexes.
The insertion of substrates such as olefin or ketones into the metal
peroxides give rise to the formation of a tive-membered peroxymetallocyclic

adduct e.g. for olefins.

o : 0 0-0
/ ~— v \/ —_—N / \ -
M+ M =M . C 10
N |
For ketones,
0o ||
07

0 ; 0-0
M/ + :_ M/T —_— M/ [11]
™o o' N0

The coordination of the substrate to the metal prior to insertion is
only necessary for nucleophilic substrates??’®3, For electrophilic substrates
such 