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1, In recent years, there has been con51derable 1nterest
-, * . ‘
in the propertles of thorlum and uranlum, because of thelr
A ]

-many fold appllcatlons as well as their fundamental 1nterest

'

1n.Inorgan1c Cﬁemlstry. These two metals exhlblt,propertles )

- -

~ that are essential‘for théir application'in the chemical

and nuclear industries and prlmarlly because of the large

—

51ze of thelr atoms, thelr behaviolr in relatlon to*other:

elements is of particular interest.

‘o
Thls the51s descrlbes .the isolation and characterlza—

v

tion of some heterollgand organoperoxo complexes of thorlum
and uranlumland‘thelrmpoSslble-use.1n oxydgen transfer

. reactioens. Peroxo complexes are the model compounds of

natural oxygen carriers, e.g., the hemoglobins and hemocyan—

ins. The chemlstry of the cOmplex metal perokides serves
as. a flrst step towards an lnSlght 1nto this area of bio-

-chemlstry The" present work also descrlbes someg fundamental

thermoohr lcal aSpects of thorlum and uranmum that are very

junderstandlng thelr behav1our. >

‘Some of the work describedfln‘this thesie has been

'lpublished, and the'remainder is 'in the process of puglication:

1. - Novel Perox¢ Complexe$, of Thorium Containing
Organic Ligands, A.D. estland and 'M.T.H. Tarafder, "

-

Inorg. Chem: 21, 3228 (1982).



2. Novel -Peroxo Cbmp;exes of Uranium Containing ..

-ii- -

-

Organic Ligands, A.D. Westland and M.T.H. Tarafder,

Inorg. Chem.,.20, 3992 (1981}. o

3. The Nature of-Bonding in Hekahalothorates and

- B4

Hexahalouranates (IV), A.D. Westland and M.T.H.
Tarafder, manuscript submittedvto Céhadian_Journal
of Chemistry for publication. .
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oL A " ABSTRACT

“This work dedls with the c.oordination.'chiemistr'y of
thorlum and uranlum lncludlng PEeroxo complexes of these
imetals and thelr oxygen transfer reactlons.towards some
organlc substrates. In addltlon, some’ thermochemlcal aspects
‘of the chemlstry of halogen compounds of these metals in
'_{the quadrlvalent state - are’ examlned.

--.Complexes were isolated from the reactlon of ThCl or
'fbéia w1th st01chlometr1c amounts of organlc llgands
-'(pfrldlne—N ox1de, trlphenylphOSPhlne ox1de, trrphenylar51ne.
ox1de pyrldlne-z—carboxyllc acid, anlllne 2 carboxyllc:.
-acld' 2 amlnophenol pyrldlne 2 6-d1carboxy11c acid and
”'the SChlff bases,_ N-(2~- Hydroxyphenyl}sallcylldenlmlne and

(2 Carboxyphenyl)sallcylldenlmlne) in a sultable solvent.

‘These complexes are called ‘the 1ntermed1ate (precursor)

' compounds of Th(IV) and U(IV) rThe‘thorlum 1ntermed1ete”

N complexes had the comp051tlons, ThL,CI, and'ThDé anddthe
- ; " _' ‘ : ) :

uran;um compounds were.UClqu ,-ULZClle,.ULchzﬂzorand

ULé.where L™, L and L' refer to neutral;monodentate,
bidentatehuninegative and tridentate} dinegative.ligands,'
"respectively.-l?eroxo'comple2esfwere prenared'by treatingj
these intermedlete‘compleXes of.thorium and uranium with

aqueous HéOé éolntion.‘iThe.thorium peroxo compléxes had



.

complexes

titrations.

.bidentate and tridentate character of the organic ligands

=XvV-

' i .. » 2
the compositi ne ThL ,(05) and ThL'(0,)H,0 where uranium

ffe U(O) (02)221.'-'" ,"[U(0)2(02)L(H20)]_I;I:b, and . .~
U(0) (0,) .

. - ‘ |
The multidentate heteroligands probably stabilize

the coordinated-peroxo,group as evident|from the finding

that ThCl, 20AsPh3 or ThC1-20PPh3 complexes dofnot give riee

to the organo—peroxo complexes. on treatment w1th H202, but

[}

-1nstead form'ThO2 'Besmdes, the uranium peroxo complexes

contalnlng monodentate llgands were only prepared in the .

solid phase by moistening thelr precursors with Hzoé. n
SOlutien-uranyl peroxide‘was the.product. L .
Tﬁé'complexes were characterized by_elemental,enalYSes,

conduct1V1ty measurements, I.R., Raman, l3C NMR and

electronlc spectroscoplc measurements Some uranlum ‘com-.
i

: pounds were further analyzed by - alkallmetrlc ‘and’ Ce(IV}—

Infrared and 13C-NMR spectra reveal the monodentate,

Ly
1 i)

used. The Th{IV)- intermediate and .the peroxo complexes

—

are all hexecoqrdrnate._ ThelU(IV}—ahalogues are also
hexacoiard‘-inate. with the exception of U(C6H4NH 0) ,H,0CL,,
which ie'hébtacoordihaté. ‘fhe perpxo uranium compounds are
allfeeVen—'or.eight-coordiﬁqte.

The frequeﬁcy-of the v, mode ‘'of the M(0,) (MéTh and

U) grbubing, which is essentially an 0-0 stretch, is observed



e

C=XVi-

only in the Raman spectra, the group appears to be behaving
as it;does in alkali“beroxides where it has essentially

llnear symmetry and is 1on1c.. Thor&um peroxo complexes

'_dlsplay vy {0-0) stretches at 820 840 cim 1, il.e., ‘Towet in

'frequency than,the‘Corresponding'band of other lighter metals

--in-group 4B. The vy (UO ) bands appear at 803-860 cm —,

-1
much lower in frequency than correspondlng bands of the
llghter elements of group 6B ’ The_present vl(010) values

thereby demonstratefthat_w;th the incredse of atomic number”

in a group, peroxo”stretches decrease. Moreover, the v

1
- modé’ varies somewhat Wlth the - ch01ce of anC1llary llgands,r
. N
used e.9., the-ul mode in U(O)(O bZOAsPh 0 apgears it a
- lower frequency than it does 1n U(O)(O ) ZOPPhBH Q.. | This

has been ratlonallzed on the basis, that Ph3ASO 1s more nega—'

tlve than Ph3P0 Lo
e LT

Thorlum peroxo comp llexes. are somewhat more reactlve._

than thelr‘uranlum analogue Thorlum ‘peroxo complexeés, on

treatment with aqueous iodid¢, give.a discermnible liberation

of I, within 3-4 minutes whereas, for uranium compoungds 3-4 h.

:elapsed before any brown COloratlon appeared Ln the~solutlon

Two of the thorium peroxo COmplexes were found ‘to
oxidize olefinic’ c0mpounds,‘v12., trans-stilbene and allyl

’ ! Co : o ' .
alcohol, to the corresponding epoxides in an anhydrous

medium. They also catalyzed the oxidation of these same

compounds with hydrogen peroxide‘td form benzoin and glycerol,

v

regspectively.

ot



N

and cyclooctene.

-xXvii-

Two of . the uranium peroxo complexes were’ also employed

. to oxidize trans stllbene and allyl alcohol to the epoxldes,

but at a lower yield (based on. percent conversron) compared

- to “the above cases. The reactlon of a uranlum peroxo

.
»

-complex w1th trans stilbene, (l 1 molar ratlo) in’ the presence.

of excess H 0 in dloxane produced ben201n. Here, catalytlc )

s [P

Jeactlons could, not be achleyed beoause, in the course of
the reactlon, the’ peroxo complexes decompose .to glve UO

and the free organic llgand .and the subsequent reactfon of

‘UO3 with H202 to regenerate peroxo—uranlum speC1es is not

fea51ble. Three of’ theruranlum peroxe complexes were“found
v ’ ' 3 -

to be-unreactive'towards the simple olefins, cyclohexene

e

Thermochemlcal studles were made on A,MX

R oMXg (A alkall

_ 'metal Na and X; M—Th and U; X= Cl and Br) prepared by heatlng

,st01chlometrlc quantltles of the component halldes 1n a

-quartz tube under vacuum. ~The study involved the-calori—

Wt

v

28X (c). + 'I,‘hx4(c)' = AzThX6 ().

f"The enthalpy of this reactiorn, BH_, is a measure of the

comparatlve stablllty of the ternary cOmplexes. ' Consideration

of QH for dlfferent AzThX6 complexes 1nd1cates that

CszThX6 complexes are more stable Jthan the pota551um analogues

|
Y

and thorium has a preference fOr chloro complexatlon compared

4y —

.metrlc determlnatlon of the enthalpy of reactlons of the type-’

5 -

N
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to brpmo—cdmplekatipn uhlike U(IV) which shows a greater

‘ affinitf for bromide.

' Measurements of AH afforded‘values'oﬁ the standard
" enthalpies of formation of. A,MX . (c).and stz_(g)e.
2MX6 complexes, the

2~
6" (g) and

Calculated'lattice eneréies of A

standard enthalpy of formation of A MX (c) and MX

2
other an01llary data, re used to obtain the enthalpy of
RO

: the'reaqtlon,

AH (g)
MKy (9) +2X (g)-—-———>MX62 (g)

Kﬁx(g)'fépresents the double-halide ion, affinity' in the gas

" phase. " The results indicate that chleorcthorate is more

.

stable than chlorouranate whereas bromouranate is much more
f stable than bromothorate This illustrates‘classwa- and

\ class b behav1our of thorium and uranlum respectluely 'The

|3

results were ratlonallzed“on the basls of halogen to metal

. LIS

_'pﬂfdm bonding.

Thermecchemical ‘bond energies of M-X systems were

obtained following the apprcach of-Jenkins and Pratt. M=X
"bonds were classified into twe categories, (i) homolytic,
- S . ,

-and (ii) heterolytic (coordinate) bond energies.  Bond -

energy data indicate that

E(Th’-cl)hom/het > E(U—Cl)hpm/het -"~_J“



: L '
- .
~Xix- \ .
"y

3

.. However, the heterolytic](cqofdinate) bond éﬁergy'data' "

s

! .aemonstrate that

VE(U-Br)y . > E(Th-Br), .

The Raman spectra of the solid éampies-shpw a trend

similar to the trend in bond”energy -values.
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> SYMBOLS AND ABBREVIATIONS
a

'02_ = superoxide ’
dzz_h = peroxide .. ‘
07 =oxide = - ST
DMSO‘-, = dimethylsulfoxide
HMPT =khexéﬁeﬁﬁylphoéphorictriamide
‘ATP : = adenosine trlphosphate _.f- . ‘

5 3N(COOH)2 = pyrldlne -2 ,6-dicarboxylic¢ acid

.§ﬁ4NH CH ='2-aminophenol _ o

. . £ .
C5H4NCOOH = picolinic¢c acid ;
CH,NH,COOH. = aniline—2—darboxylic acid -

[

Schiff base L = C13H11NO2 = N-(2- Hydroxyphenyl)sallcylldenlmlne
Schifg‘pase L' = cl4HllN03 = N-{(2~ Carboxyphenyl)sallcylldenlmlne

HMPA .= same as HMPT -~

. Intermediate complexes of Th(IV)“andvU(Iv) = pregurso;s_of‘
. their peroxo complexes '

C36H44N4 = octaethy1 porph1;1n 
Ti{0i.Pr), = titanium tetraisopropoxide : ' —_—

T™S = = tetramethylsiian?
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_ THE CHEMISTRY 'OF THORIUM AND. URANIUM

PART 1. PEROXO COMPLEXES

e



CHAPTER 1 - _° il

1.. GENERAL INTRODUCTION .. . — == .

~ woem . L

- 'In recent years, the actlnlde elements thorlum and

uranium have bEen of 1ncrea51ng 1nterest for thelr usefulness

e et N

in both chemlcal and nuclear 1ndustr1es.‘ The_ development of

o

atomic energy has resulted 1n “a world w;de 1nterest in the
mistry of these elements - ‘

i Thorlum was dlscovered 1n 1828 by ‘the Swedish chemlst
J‘I Berzellus The-element-mas 1solated from tporlte, ThSlO
from Southern Norway (l;. The;radioaCtivity of thorlum was
discovered lndependently by Madame Curie and C.G. Schmidt in
1898 (l) Theﬂelement lS used in the manufacture ‘'of incan-
descent gas mantles and 1n the metallurgy of magneSLum and :
tungsten, but 1t has great\potentlal 1mportance in the field
of omic energy as an alternate reactor fuel -The.natural
1sotope of tho{}bm, Th233, can be converted by/Leutron bombard—

-ment to thorium 1sotope, Th233, which ylelds an isotope of

luranlum, 233 ‘that Ais- f1551onable (lln3‘L1nus Pauling clalmed
t.tthat thorlum will. save the entire world irom the energy CrlSlS
‘ajafter 1000 years (é). ) |

The principal ore cof thorium lssmonaaite,-(Ce Ea Y, Th)£04,
and most of the world's supply of" thls mlneral comes from

Brazrl, Canada, Sri Lanka New Mexlco, Nigeria. Southern Norway,



Travancore (India) and U.S;@: (L,3-4). 1In Canada;‘urénb—“

thorite, (U,Th)OZQ ioztoccurs abundantly in Hybla (Ontario)

- and Quebec (1,3). Dep081ts of mona21te and uranothorlte are

-~

dlso mined in the Elllot ‘Lake-Blind River and Agnew Lake areas

(5,6-7).__Thege ores commonly contain O. 03 to 0.04 percent N
ThO2 (7).

The mgﬁn uranium miﬁeréls indlude uf;ﬁiniﬁe, pitchblende, . -
mcnazite and branneri£e r The flrst two are varletlezﬂbf the‘
same mineral; uranlnlte is the crystalllzed varlety and pltch*”
blende the massive variety, generally a mlxture of U(IV) and-
U(VI) oxides (7). o e .

In 1789, thé_German chemist and-minera%yézb', M.H.
Klaproth, pre§éred a yelloé.oxidé kUOB) from'pitchglende.

When this was heated with parboh, a dark, metallic—looking'

powder was obtained which”was thought to be uranium until’ 1841'

. when the French chemist, E. Pellgot showed that it was in fact

the oxide, UO2 (2}{'3 e obtalned the metal by reduc1ng UCl
with potassium ()

-

,Thé.r;;Ebaétivionf uranium was Afécovéred by Henri |
Bequerel in 1896‘(1). UﬁtilAthe discovery of uranium fission
by Hahn and Strassman in i9§9, ufanium had little comme;ciél'l
importance. Uranium or its cémpouﬁés are used in the ceéramic
and textile industries, as an alloy constituent in steel, in

the preparation of fluorescent materials, as a catalyst in

ammonia synthesis, and in photoéraphy and X-ray anticathodes (1}).



’ -

Four -countries, Canada, South Africa,, the United States and

A

:fFrancé, control'BSjt&ﬁgO percenthof the world's known low—cost -
uraninﬁ‘reserves (8-10}. In-Canada, uranium deposits as

-uranothorlte and mona21te are mined in the Elliot. Lake Bllnd
HRiver and-Agnew Lake iegion'{%). Deposits of pitchblendevare

‘found in the Beaverlodge, Gunnar, PRayrock, Rabbit Lake,’ i

“Makkov1k Lake Athabasca and Bancroft areas (7);“ Most Canadian

- et [
-yt A " -

ores {7,11-12) occur as a mixture of oxides of: thorium and
nranium.' In many‘places (for exanple, fhe Agnew LakKe area),

"'the ratio of. Tho,, to UBOB is'as.highdas 3:1. (7).

’ » - -

~ The expanded productlon of thorium and uranlum have been

occa51oned by their 1ncreased use in modern technology In:

vlew of the great 1mportance of. these elements, contlnued

e

investlgatlon of their propertles is de51rable.

The present study can be- loosely divided into two
sections. | -

"’ () Codrdination chemisttypof thorinm ané"nraniﬁm

including peroxo-oompiexes-of'theSe metals and their

.. oxygen transfer reactions:towards some organic

. . . 3
‘ substrates, 5 .

(B) Thermochem1cal studles of .some 51mple and complex

halldes of these metals. '

LU
-



2. SECTION A - INTRODUCTION

Dloxygen'complexes of the transrtlon metals are the

.
’

focus of active current research arlslng from thelr lnvolvement

in the activation and transfer of molecular oxygen to organic
substrates (13—27). Dioxygen ltself 'is a reactive entity but
since it has a triplet ground state, 1ts dlrect comblnatlon

with organic molecules is a spin—forbldden process (24).

I

Transition metals having multiple spin’ and oxidatioh‘statesf'

‘can readlly interact w1th dloxygen, and ln some cases, they

:form Lsolable ‘oxygen adducts. 1In these aSSOClatlonS, the metel'
“'acts as a reduC1hg.agent by fllllng the_antlbondlng ng'orbitéls
of dioxygen. It increases the 0-0O distance and facilitatés

its cleavage. The oxygen molecule ls_thereby:ectivated and‘

the chemist may make use of this activated oxygen for séienti-

fically‘or technically'interesting oxidation reactions.

Investlgatlons into. the flxatlon and activation of

',molecular oxygen by transition metals were largely 1n1t1ated

4

because of an, 1nterest 1n model compounds that_are.used in

¢ 1

"studylng reversible oxygenatlon mechanlsms 1nvolved in the very

complex natural cxygen carrlers, e.d., the hemogloblns and

.
i

hemocyanlns, viz.,

MLy £ Oy === OpfL; . [1).

M = Fe ; Li = porphyrin ligand. ) - )

~



L

[4

The réspiratory pigments are able to fix oxygen mblecules B
- ‘ ) LY

from the atmosphere, to transport them to their sites of | -

'

) * ' i ’ L] 3 v .
reaction and there 'to release them. This, in a sense, is a
- catalytic process and.is reversible. The respiratory chain
“a i . . v .

__uséd'td prodﬁce energy in the form of ATP (adenosine ﬁriphosphate)
' . : r oo . . 4
. _'ln.aexrobic metabolism is based on the reduction of oxygen to

water and is extremely efficient. A common feature of these

reactions is the involvement of metal atoms in complexinglaﬁd

~ activating oxygen. Although it appears well established-that

”"trgnsition metals (particularly iron) play an important role,

our knowledge about the structure of the natural metal complékés
_ , e | ) .
r involved, -‘the bonding of the dioxygen, and the valericy state of

the metal is still not clearly understood. .fqveaﬁigation qf(f"

1

‘the natural products is cémplicated by their macfémolecular

protein component.’ Therefore, Ebere is considerable interest
e - R

. ' . .
in low-molecular weight 'model substances containing a transi--

tion metal center that is able to combine reversibly with
. .. "

roxygen., J .

Dioxygen complexes - of t;ahsition metals, besides having

.
-

.‘;' C :{an intrinsic in&erest of their own, are of'considerable and
\ s growing importance for their ability to catalyze oxygen
'inserhiéﬁ reactions and oxidation of organig substfateé {13-27,

[ , . -
28-29). 1In this'respect, they may be compared in some ways to.

"bxygenases" and "oxidases" respectively.

e



The heaviest metals have not so far been inveﬁtigated
in this regerd. Therefore, the imﬁertance of_theee.medel
systems containing thorium and uranium and their novel chemisﬁry
shoula be of generel‘intereet.

A great‘numbe;fbf transition metal coﬁplexes with oxygen.

as a ligand are known. As early as 1852,hfremy(30)'reported

that "ammonia-cobalt salts", and particularly. the nitrate; '
abso;b oxygen from ;he air, and releeSe,it again’wheﬁ dissolved
. in water. In 1933, Pfeiffer et al. (31) reported that the red-
broqﬂ crystals of bis-selicglaldehyée—ethylene—di;mineeobalt(;1)
cdeiex darkened on exposure to air. HoWéver, it”wds'not until
five yeafs later that Tsumaki ({(32) proved that the colour
change was due to reQersible,serption of molecular oxygen.
But it was/a loné way from there to the more soﬁhisticated
cobalt(i}{/chelates, wh1ch are considered today as sultable
‘modgl subfeances for the natural oxygen carrier systems,ﬂand
to Lhe catalytlcally active transmtlon\metal oxygen complexes
bThese have been extens¢vely rev1ewed (13,15, 18 29,33-34},

- Oxygen carrier complexes have many qees. One of the’

novel applications was their use by the U.S. Navy during World

. War II, to supply oxygen for welding and cutting purposes'(lB,BS):

"

3. OXYGENATED COMPLEXES OF TRANSITION METALS

s

A

The dloxygen—metal adduct M02, can have either the

"Superoxo" structure (O ) when ‘the. metal is a potentlal one-

”

o



electron donor, or the "peroxo"‘structure (O2 ) when the
metal is a potential two—electron «donor. These dloxygen
adducts may furthér react with a seoona metal to produce the
uu_peroxo“—species, Mon,‘whioh can be transformed either by
.:cléavage\of tne‘QeO_bonarinto the “"oxo" sbecies M=O;“or by

loss of one‘oxygen:atom into the "p-oxo" species M-O-M. The

“hyoroxo speoies M—OH’can be. further obtained by hYdrolysis of .~
the oxo complex. 'The oxygenated oomplexes of transition metals
are shown in Fig. 1.
All these -six dlfferent types of oxygenated complexes
can be considered a51potent1al sources of oxygen atoms llable
-to be glven to reactive substrates (24,36) .
(1) Superoxo complexes are the primary reversibie‘
’ dloxygen adducts occurrlng naturally in the oxygen—'
'carrylng lron poerphyrin resplratory plgments such‘
ﬁ\“omf . as myoglobln. They also intervene as precursors.sg
> | of active ?esoxidic species in enzymatic monOHn
- oxygenases containing the cytochrome P,sq as
‘-'a prosthetic group (24).
\ _(ii). Peroxo and uTneroxo complexes contain dioxygen
bonded to the metal in a peroxidic form. They
are tesponsible;for various selective oxidat#ons
such as epoxidation, ketonization, oxidative |
_o;eavage_ofvolefins and BayeiJVElliger iactonisa- ‘

tion of ketones, etc. "

:-'_-;-l.—“""_"-‘-‘
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M . ?/f | | ,
1+02 ' M - .
. - Superoxo - )
MO2 : .
.'\ - ‘ ~
) \ r i
1 \ ~ :O"
+.M' .: ' Y / ) [~
Ij M\.I ) }
' 0]
Peroxo
. o | '
z e
2 M.
' - 0 )
; . / y -t
‘y=~Peroxo _ .4 K
. O .
MOM. = e m = L -},M/_ pYd ]
H—=0xo A
MO o - — — 5 M=0
' Oxo
1" .
MOH - . . S o o . K
Hydroxp L . )
B - ‘ x,‘_ ‘ . ’
Fig. l..:Oxygenated complexes of transition metals.
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' The present work describes the}isolation‘qf'g;roxo
' . complexes of thorium and uranium contaiﬁing'

different organlc m01et1es Cnd some use' Of theso"ﬂ

compounds as oxldants towards S1mple oleflnlc

- compounds.
s (iii) u—Oxo compleges'have_beea,racently‘showp to be
‘the active spéciés in copper-catalyzed oxidation
of alcohols to ketones, and ox1dal1ve cleavage of
pyrocatechol(24) f“” . g

s A"‘Z-l ’
(iv) Oxo complexes often_behave as_carbenic reagents

and are responsible for various oxidation reactions,

. T elg., epokidation‘of olefins, oxidative cleavage,
T etc . : % . . . . ‘
(v) Hydroxo complexes intervene in wacker—typé'i;

-oxidations ‘involving hydroXypalladation of olefins

[N w ' -

giving carbonyl compoundsf

. The reactivity of différenp.oxygenated metal complexes.

other than the perdxo complexes will not be -considered here;"‘

4. THE BONDING OF OXYGEN TO METAL o \
. . ‘\ :

Co

(l) The Electronic Structure\of‘Dioxigeh Compounds .

The bOndlng in molecular oxygen 15 best described by

4

molecular orbltal theory (37) ‘ Accordlng tO_thlS theory,‘the'

_ valence orbitals of the two oxygen atoms (2522p4) combine to’



glve molecular orbltals whose relatlve energles are shown in’ j
Flg '. The ground state of molecular oxygen 15 a trlplet ]
:state ( f) w1th two unpalred electrons occupylng a pair- of

ﬂ"-antrbondlng orbitals. The two lowest excated states are
-:formed by redlstrlbutlng the two electrons in these 2pn*
orbltals The conflguratlons and energles for'éhe ground state
and- the flrst two excrted states are shown in F1g 3.

The molecular orbltal dlagram given-in Fig: 2'is valid

-for a free oxygen molecule but for O2 under the 1nfldence of
'_the electrostatlc fleld of a tran51tlon metal dion 1n a complex,
the’ SLtuatlon will be somewhat dlfferent It was flrst postu—
_jlated_by-Grlfflth (38) that thls lnfluence might remove the..
_degeneracy of the 2pﬂ level,_and that 1n certaln’cases, the

\

. energy . differencerbetween‘the two orbitals may become larger'

than the energy of palrlng, i.e., the tmo electrons will then-.
be located in the more stabrllzed of the WO orbltals w1th
thelr sp1ns palred (Fig.. 4). Grlfflth has also 1ndicated that

1n ‘this. situation ‘the oxygen molecule, hac an electronic con-

"figuration conparable with that of othylcnc in Ats qlound state.

IS -

' We may therefore v1suallze the electron dlstrlbutlon in terms
of a trlgonal spzhybrldlzatlon at the two oxygen atoms. “One

of the sp hybrld orbltals of each oxygen atom is used for

-~

' mutual o- bondlng and the other two are each doubly occupled

1n other words, they form "a set’ of four lone palr orbltals (no)

)

orlented in the same Wway as the four hydrogen atoms in ethylene
. \ R .

LY
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Fig1 3. ({(a) n orbital occupancy and energies of
" the first two electronically excited

states of 02J
. * H . . .
(b) = occupancy of superoxide and peroxide. _
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'(Figl 5). There is also one effective R-bondlin'the_molecule{-
: , : o : S Tk
the lowest energy,‘emptx‘antibonding orbital is Z2prw {px)L o

4 "

(iﬁ) Bonding 1n Metal Dloxyéen Complexes

‘ Two basic. classes of metal dloxygen conplexes have been
proposed as model systems, those 1ncorporat1ng dloxygen in as
51de-on_l;nkage (the Vaska—type oomplexes, Elg. 6) (14,38—39),'.
and ehose'involving a single;metai‘dioxygen ofbond,jpropoeéd
by Paullng and others (40 42) iFig 7). fhe former, cldss;i

.

dlscovered and 1nten51vely studled by Vaska (20 43) and others

-~ L

(18,23~ 27 44—~ 46),were said to have covalent llnkages between

the metal and the perox1de group in an lsosceles trlangular

~ fashion.
’ﬂ
S J 3 .zp“‘ ‘Px)
» Tk . A . ’ T ._."

2pT . l‘ T g. : ,
A B 2 .
= BT (py)
Free O, 0, in a.ligand field

. Fig. 4. Influence of a: llgand field on the electron
L ' dlstrlbutlon in the oxygen molecule .



Fig. 5.

~

’The "valence state" molecular*orbltals of
" the oxygen molecule:-a) G—bondlng MO,‘“-~.‘
-b) sp? lone palr orbltals {n);

c) m-honding MO; d). = -antlbgndlng MO

(accordlng to (38)) B L

D G A — ._v
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- Fig. 6. Vaska's peroxo complex.

Ee--e--0)

--Fié; 7. Dlagrammatlc representatlon of the pq551b1e'b
‘ modes of O blndlng to: metal 1ons e




Perhaps the simplest Qay to understand the metal-|-
peroxide interaction would be through the comparison of'Og_

and.C2H4'as ligands (14). 1In the ethylene complexes, the

. olefin is usually considered as donating electrons from the

m-bonding orbital to the mégal, while the metal donates elec-
trons from an.appfopriate, filled d orbital to £he empty,
antibonding-ﬂ* orbital of the olefin. In'the percxide ion,
the n* orbital is already filled, so thaftno back-bonding }ﬁ
possible. At the same time, there may be.dénation tb-the metal
both from the m- and ﬂ* qybitals‘of thg*peroxide gfoup, at -
least when the metal is in a sﬁfficieqtly high oxidatidﬁ'state;
The effect of coordination on the 0-0 bond would then depené”'b
on the rglatiVe strgqgths of the two intéréctioné - in other
words, on whetherrdohation.was principallf from. m- or fromﬁwﬁf
orbitals of the peroxide gfoup (Fig. 8). -

It has already. been mentioﬂéd that removal -and: addition
of electrons to thg ﬂ*—ofbiiél of diqugen brings about many -

changes as summarized in Table 1 (18,20) . n



e 7o .

i ’.‘—H'\ ) -
’\__—_T-,M:\—i-'-).
T T M -
ey
- CH2 ] h O -
""\\ /"‘\ Ir'--\ //"\‘ - .
sV ie VR eVs
;-nl-ﬂ..\ ~ - . )
S SR AT AN ’b |
\_ﬁ/f ) I\ > \ t) N ‘
CH»o 0
= : (d)

. Fig.:8. 90551b1e scheme for- representlng the 1nter~'
“action between a transition metal atom and
. ethylene or peroxide as ligands.
.. {a) :Donatidn-to the ‘metal from. a ﬂ—bondlng
orbital of- ethylene, (b) donation from the .
.metal to-a w- antlbondlng orbltal of ethylene,‘
"(c)*donation tg the metal from a m-bonding-
. okbital .of péroxide; (d) donation-to the
‘metal from.a. m-antibonding orbital of perox1de
An orbital. indicated by full. lines contalns
“an’ electron-pair; those-indicated by broken
_lines are empty. For simplicity, the metal . C
orbital -interacting with the n~bond1ng llgand oA
orbitals have ‘been drawn as sp hybrids, . ‘
although they w1ll probably have d- character_
(14) ' s ‘ _ : :
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: Téble‘l. 'Proﬁérties 6f‘dioxygen and”its ionsi

.. Bond

0-0

- .. Bond

‘ ‘ U{O—Ol -
Order A° Energy _, cm ~
) L -~ kcal mol
oy . | 2.5 1.12 | . 1905
o, ) 2 1.21 118 1580
r L , . » . '
-1 . 0, (superoxide) ~  ° 1.5,  1.33 1097 .-
L l R - | | b .
02” (Peroxide) 1.0 1.49 35

N
O
N
|
o

. - o
L

-

5. MODE OF FORMATIONS OF TRANSITION METAL PEROXIDES

’ . — N . - ‘l 0 . .
The dioxygen complexes which are referred to as rside-

bondéd or.ﬁ-bdnded diokygen compre;es,are.diamagnetic and can

be ‘obtained by two principal methods (23-24,45,47),

(i) Ligand exchange by feadtion of 02—_and'a
metal complex; an acid-base interaction

¥

high-valent

-Specifically, this consists of

reaction of ﬁydrogen

-

peroxide with a complex containing a.metal in a .higher oxida--
. . ’ - . A

tion state,

1

v

3
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- -0-H | P .
- M=0+ H202-—f—>M-P-J ———ﬁm\\] + HO0 [3]
N o
~ Examples: .
) W ': 0 L
.. 2 ‘ ” /O i .
"\ Cr03.ONCgHg + 2H,0 2-——9 //_ \\‘$ + 2H,0 [4]
0NC5H5
MoO, + 2H.O., + HMPA ——> |\\\ + H,O (5]
' 3 272 - o / \O 2
HMPA H,0
. or - . _
1T, 11— % +
cd (H,0) + H,0, ————————)(3% | + 2H,07 . - (6]
. "‘\__O - 4

In tﬁesé examglés, the diok}gén is provided in aﬁ.already
‘reduced (peroxide) state. The méfals in their higher oxida-
~tiontion stétés'do not enter into ba;k—bonding to dioxygen.
Coﬁplexatiop occurs from the (Lewis) aéid-basé ynte;acéiaﬁ
"between the metal ion and the’ peroxide ;on;

A grgqF numbgr'of peroxd complexeéfof GEbﬁpéidB;.SB
and'EB Have, been{prepaied by-this methoﬁ'and'shéWﬁ”by x-ray

N -

' crystallographlc ‘structure- determlnatlon to. exh1b1t the trl—‘

angular.model of bonding of peroxide to metél (14 26,457 46 48)

For most of these complexgs, there is very little variation in

-4
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the 0-0 bond distance despite differences in metal, ancillary

v ligands, valence state, and structure (24).

(ii) Oxidative addltlon of dloxygen to a complex of a low~
"valent metal :

The second method of obtaining peroxo complexes is the
direct interaction of dioxygen with reduced, two electron-

donor metal complexes,
1 ' i 5 :

. ' "o
M 0, -—-——; nt2 : [7]
) \ 0 T R ' .
Examples: | S _ ' p -
| | ' o P Ph,
" PPh : ' Co . 0 _
-: 3 . . / - ) -
- \\\ /// | N 11T .
=+ 02 A - Ir . , [2]
X 3 _ X ag
. v ) PPhy
, /O R o ‘
Cé- L N — CIH | [8]

O~eo oo

e . The peroxidic nature' of dioxygen adducts such, as

’ M(PPh3). —(M=Pd'Pt? has been demonstrated by obtaining hydro— _
gen peroxide. upon hydroly51s of the complexes w1th strong

4

© acids (49). ., -
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TRANSFER OF COORDINATED OXY.GEN FROM TRANSITION
METAL PEROXIDES TO ORGANIC SUBSTRATES '

D]
. #

] b

The. peroxo complekes can be considered as potential'

donors of oxygen to reactiVe substrates. The primary oxygen.

source for the preparatlon of these perox1d1c complexes can

be elther molecular oxygen 1tself or. peroxrdlc compounds such

as hydrogen perox1de or alkyl hydroperox1de Hence, the way

in which transifion metal perox1des release oxygen tp sub~

strates is 'particularly relevant:to the catalytic_properties

of transition metal complexes in selective oxidationts involving

’

02,

complexes

- * ! .
ROOH &r H202 as the oxygen®source. . v

ﬁgn‘order to understand better the reactions of peroxo

it is instructive to consider the general"reaction

of olefln with M- X groups - The key step in most of the trans—

' 1tlon-metal catalyzed transformatlons of oleflns con51sts of

‘the m-0 rearrangement of the olefin on, the metal -(50)}, shown

by the equation [9]

. 3 1.1
X + =< &= M—nX g==2M-C-C-X " [9]
Pl

This transformation can be described as. the insertion of the

coordlnated olefln into-the metal- nucleophlle bond M X

In the case of the metal- bearlng oxygen atoms, the

appllcatlon of thlS general pr1nc1ple leads to.a peroxymet—
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" allation.process if the metal is bopdéd to a perdxidic grbﬁp,
or to an oxymetallation process if the‘mefal ié bonded to an

oxygen atom as in oxo complexes or hydroxo complexes.

Peroxymetallation . L i

The inSertion of substrates such as olefins or ketones

into the metal- peroxlde bond gives rise to, the formation of '

L

'a flveumembered peroxometallocycllc adduct e.g., for olefins,

|
N
=Y NN P SN NG
M + 7 \ % M / ~ [10]
~0 N \\\c o
¢ . }
For ketones, - ..

2 SO0
']+ e i v . [11)
\<') N0 - \o

The coordination of the substrate to the metal prior to
inse;fi@n is .only necessary for nucleophilic substrates (24,51).'”
For electrophilic substrates éuch'as cyano olefins or hexa-

flﬁoroacetone, this prelimiﬁary coordination. is not necessary,
and the peroxo metalloc?clic adduct results from.the-bimoiecular
1,3~dipolar addition of the substrate to thé peroxo group,.-as :

shown in Egns. [12]% (52) and [13] ({53).
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’ . -

2 CN L ' 0
//0 CN PN
- (PPh,) Pt \ = v___(Ph p) Pt l --«-3-(Ph P),Pt” o
N0 .Me CN 2 \ A N
o T C —=C—~—CN
- . 3 . Me .:.._‘ ) /l‘ .
. ) : - - Me CN
, " .'Me
oL e [12]-.
F.C -
/0 3N /O\ :
LnIrl |- +, /C =0 v———-LnIr ——?LnIr 0 [13]
TN _ ,, o ~cZcF,
PBC - \
o CF,
Oxymetallatlon

{a) In the case of oxo—metal complexes, the 1nsertlon ‘of the
_ olefln 1nto the M=0: bond would . lead to the formatlon of a

fourfmembered metellocycle,

Mo+,—ﬂ‘_~mo—'+ ) . 141

o
- ThlS may occur w1th non-metals also. For example, the addltlon

of 803 to oleflns gives rise to’ the formation of B sultones

-~

(Eqn. [15], (54)).

RS ety SRS

.
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{b) In the case of meta;—hydrako complexes, the insertioniof

»

the olefin into the M-CH bgnd gives rise to the fdrﬁation of 7V

an organometéllié.hydroxylic adduct
N—"
L

: z 11 ‘ "
M3QH + } 4 —=M-OH ——>»M-C-C-0H [16] *
: v

Such hydfoxylic adducts have been cbtained from the reaction
of mercuric salts with clefins in the presence of water

(Eqn. [17), (55)),

T

" (RCOD,) ,Hg + @ + HOH —»RCO,Hg" f; + RCOLH  [17]

OH

The hydroxypalladation of olefins and the ensuing f hydride °

elimination are the key steps in the Wacker-type oxidation of

olefiné to carbonyl compounds (Egn. [18], (56)).
. =/R - H R . ]
o . /R = [
_XPd-OH + = #—xpd-onangtdjcl:'—\?-oa—; XPdH + R-C-Me [18]
H H ‘
- - -l

Pd°+H}§

7. OXYGEN TRANSFER FRCM PERCXO COMPLEXES TO BUBSTRATES

Oxidations by GroupiSim@tal peroxo complexes: chromium,
molybdenum and tungsten oxodiperoxo complexes with the general
formula M(O)(O—O)2L2 have been obtained by -reaction of a

ligand, L (e.g. amide, phosphoramide, amine, phosphine oxide,

1 -
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A

arsine oxide; aromatic amines and their oxides), with a
m L

solution of MOO3 or WO3, 2

These complexes, which are soluble -in organic solvents, are

H,O in hydrecgen peroxide (23,57).

able to react with various reactive substrates. Mimoun et
1.(16,24) have studied epoxidation of olefins by Moo(02)2

HMPA.H,O and showed.that the reaction proceeds via two steps:

reversible coordination of olefin to the metal displacing the

ligand, followed by irreversible oxygen transfer to the olefin.

Displacement of the ligand, L, Ry the olefin has been
shown to occ;r using NMR measurements and kinetic studies.
Further, a.strong-inhibito;y effect of the presence of ¢ donor
ligands on the rate of epoxidation has been observed (24).

Since coordingtion of olefin t? the metal-is the rate

’
determining step, epoxidation occurs more readily when the

ole}in possésses substituents which make it more nucleophilicd
.(2$). T .6;
The scheme [l9] represents the proposed mechanism for
the oxygen transfer from the peroxc complex to the 6lefin.
After displacement of the ligand, L(HMPA), by the olefin, the
lattér inserts into the Mo-0 beond, forming a five-membered
peroxometall&cycle which decomposes to Jive epoxide and the

molybdenum dioxo compléx (16,24) .

O 0]
g 0

.
>

-1 \ —c/: 07 i o

“

ll . N IP22N
1\ J=== Do lwo—-—cmof/ <A
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" Epxodiation of—ol;fins by holybdenum peroxg complexes is
| highly stereospecific and occurs with complete retention of
configuration (24,58).

Recenﬁly, Olah et al. (22) carried out the epoxidation
of many orgénic olefinic compounds with ﬁranyl peroxidé;
U(O)Z(Oz).4H20. They also proposed a'mechanist%c path for."
epoxide fofmation similar to Mimoun's. |

Jacobson et al., (46} have repbrted oxo di~ and mono-peroxo
complexes of.Mb énd W containing picolinato and pyridine-2,
6-dicarboxyiéto ligands of general formulae [M(O)(Oz)zch4NCOO]T
H30+ and [M(O)(02)05H3N(COO)%1H20. They also reported |
characterization‘of peroxo complexes of Mo and W hqving,outer
spheré uncoordiéated ligand, e.qg.,

[M(O)(02)2C5H4NCOO]ﬂ_l..2(‘;‘5H4NCOOH_H3:O+ (=M “andh W) .
The molybdenum pérokﬁ qomplekes, [Moko)(02)2C5H4NCOO]_H30+
and [Mq(O)(65)05H3N(COO)2]H20 have be?n'used as catalysts for
thé'Bayer—Villiger oxiddation of cyclic'ketones by H,0, (90%)-
to lactones and their derivatives. Using the peroxo complex
[Mo(O)(02)C5H3N(COOJ£]H29 as oxidant and'cycloPentaﬁéne as

éubstrate,-Jacobson et al. (59) obtained ¢&-valerolactone (45%)

and .5-hydroxypentanoic acid (15%) (201,
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The suggested mechanism involved the‘fermetion of  the peroxo- *
metallocycle via the"iﬁsertion‘of'theLEarbonfl bond between
the M-0 bond, just as the preposed mechanism for thée. epoxidat

tion of olefins [191 It ha$ been reported that peroxd

-
- ;

complexes containing monodentate ligands such as MO(O}(OZ)

2°
HMPA: HZO decompose readily and are not gsuitable as catalysts

fox 0x1dat10n of cycllc ketones (57, 59), however, peroxos

A

complexes stablllzed by polydentate llgands are belng used -

r

as successful oxidants. Besgides, the complexes
[Mko)(02)2C5H4NCOO] HBO (M=Mo,W) oxidize secondary eicoholeﬁ
to ketones (60). l
Similarly, peroxo complexes of group 4B elements are
becomlng increasingly 1mportant for thelr potent1a1 use 1n
Qg;datlon reactions. The ability of tltanlumJto transfer oxygen
_has recently been elegantly exem;lified by Sharpless et gl.
'(él~62)‘in the.eeymmetric traneformation of aliylic alcéhels
‘-intoepoxY“alcotols by t£-~BuOOH in the presence of titepihm

i

tetfaisopropoxide as a catalyst [21].



éthhesis, structure and. properties, with respect td“bxyge@':-

't-BUOQH, Ti (O#Pr) ,~ - S
e o B
CH,CL,=20°C

1]

|\
‘ “O,"

~

Very recently, Mimoun et al. (26) haﬁg réportéd‘the”_

Y

transfer to various substrates, of peroxotitanium (IV) deriv-

wrt

atives of generalﬁétructure (Fig. 9}.

and

L = HMPT = hexamethylphosphoric triamide.
' . ' - oL . -
Fig. 9. Structure of peroxo_complekes'éﬁ titanium,
. containing different organic ligands. -~

%
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Mlmoun et al. have reportea that strong stabillaation of thei“
peroxotltanlum ‘moiety by plcollnato, hydroxyqulnollno or
_hydr0x1mato llgands precluded oxygen- transfer from the tltanlum‘
,compoug@s to olerlns, allyllc alcohols, cycllc ketones,or
.sulfi&es. HoﬁeVer, triphenylphdsphine was slowlflcbnvertea'

(complete transformatlon requlred th at room’ temperature) to

.the phosphlne oxlde by a stOmchlometrlc amount of tltanlum peroxo f

complex in CH2Cl under anaeroblc condltlons (26)

R Lo . . . : N

8. AIM OF THE PRESENT WORK

a

In view. of the great 1mportance of the peroxo complexes
of Group 4B and GB elements, a program was undertaken to

synthe81ze new peroxo complexes of thorlum and uranlum,-the

5

last members of the above two'groups respectively; ‘Synthe51s
'of the peroxo complexes of thorlum and {4ranium con51sts of

“two,steps.

r

- 1. 3lsolatlon of coordination compounds resultlng

from the reactlon of ThCl4 or UCl4 w1th StOlCth- .

metrlc amounts of organic llgands (ONCSHS, OPPh3,'
5 3 6 4NH20H 05H4NCOOH,

OAsPh3, .
C6H4NH2COOH C13H11N02 " and c14 llN03) in a sultable

N(COOH)Z,
-solvent .y r o JJ "' - f o
2. reactlon of these precursor compounds with aqueous

_H202 solutlon : ‘ e
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The oxidizing properties of.fhe,peroxo complexes of

thorium and ufanium towards trans—stilbene'and'allyl alcohol

-, - ’ : el

were investigated.  The results'haVE“beeﬁ'ratiohalized.

The coordination. chemistry of the precursor cdmpounds‘
, - . ) P :
resulting from the reaction of ThCi4/9£;UCl4 with di

i . C ’ . Iy

organic ligands has been of interest-also,

Description df'ﬁherperdxd complexes will follow a des-

L+

cription of their precursors..

4

fferqﬁt.f
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CHAPTER 2 -

1. COMPLEXES OF THORIOM AND URANIUM

-~

"

. Bs Ehofium=ehd-u;ehium resemble the G:oop 4ﬂheﬁd 65
. elemehts reepectiﬁely; it-was of intefest towdiscoper whefher
| .they would*form analogous peroxo complexes whlch contaln organlc
'md/egles. As 1ndlcated earller 5 1solation of peroxo oom—
‘plexes of thorlum and uranium follows two reactlon steps. The
flret step,_the reactlon of MCl, "(M=Th, U)W1U1a st01chlometr1c.i
‘ amount of a chosen llgand in a sulteble.solvent,.yle%ds the so-

'cal}ed lntermedlate complexes. In- the second step, treatment

T
of”Eﬁe 1ntermed1ate compounds, elther in the SOlld state or

‘solution, with agueous hydrogen peroxlde solutlon, yielded

-“peroxo compiexesf' The detailed methods for the preparatlon of

all these complexes will be given in Chapter 4,

’

The complexes isolated  were charadterized by elemental
analyses, conductometric, alkalimetric and ceric sulfate
titrations of some uraniuﬁ compounds, I.R., Raman;‘NMR andg -

electron spectroscopic studies. ..
. ; .

+

2. . COMPLEXES, OF THORIUM

. 4

e

\ The intermediate thorium compounds have the general

structure, _ - ’

v

il



rand

where

A~B—~C= | 0] . and ' ,_ j@
. COO_ N Il‘ COQ ' . : COO— —O ™ I

Fig. 10. Intermediate complekes of thorium.
The peroxo complexes of thorium have the structure
- /_\A ) ‘ ! ' " ) . o
- B L ' " 1 ’ . ’ -
\ A -A/_Q'T‘/_\c 3
| o Th\'. - l r- ' ‘\Th< :
L / o. . / H,0
_ , ‘ . o .
. A - s ]
\—lB . _‘ - ’ \O“
-+ Fig. 1ll. Peroxo complexes of thorium. .
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In the context of the. two methods for preparatlon of,
peroxo complexes of tran51t10n metals the thorlum peroxo
complexes were prepared by method (i), l.e.{ ; . .

- c1 3 - L A
A | ﬁ ." B \\\l //,o
~~1n" + H,0, —— th? |. + 2mC1
> B | Al .. _ )7 ' B
cl : CN\E
and

3. COMPLEXES OF URANIUM

23y

[22]

'Thélintérmédiéte,éo@plexes of,ﬁfanium'have'the;fOLlOWing

etructures,
1 _01
. Cl

il a
) T

.ABH,. .
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L refers. to neutral monodentate llgands, ONCSH5 .

OPPh and OAsPh

Fig.'lZH

3' 3°

Structure of 1ntermed1ate complexes of
_uranium. : '

The peroxo complexes of uranium have the structure,

)

0\\\U/O
o’?// \f\'o

L

[

‘Fig. 13.

Peroxo complexes of uranium.

-

2O

I
c A
Nl o
0=0U"—H

0—0

:The description of peroxo complexes 6f uranium from

their precqrsors'is conceptuélly identical with the combinatiocon

of two processes,
"by- the mechaniém showﬁ,
(i) {
(a). - 1\4
. //

L"—C.‘-—-—-b‘

| + 4HC1

i.e., ligand exchange and oxidatiocn|, perhaps

[24]



(b)

©(1i1)

(&)

(b)

(iii)

(a)

. .(b)
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(291

| _ .
[ = - —— 4
L S A . o\\
o_. - ‘ 0 0 l 0 o\ -0
. \U/ + HOO™ ™~ // A g
00 —» | U —_— // \\\ o
./ \ o/(\o © + 0
o 0 )
- L - — L — . L
125]
cl ’ : [__/-A ]
.. A l 7 B . N l .
( \U/ ) .ABH + H,0;5% \U/ + ABH +2HCL  [26]
| -B/,\A R 3/ \O"
, c1 \
.. B |
© A ~ A 'H. 3 _A/—-I\B*_——
B/‘"/O_‘ B |/obH oL N/ - .\
b N Vozmoomam| gl | 2E, .O"_—)U\"_—"O H30
o - A/ \o , HOO/\\O/ ' 0—0
L.KB . ___' i A—B ] - +H,0+AB~
| : (27]
TR BTN ]
A l/c Hoo A\I P C
..\U A + H,0, 2 U ‘Hzo
e ' /' N\ :
c B A 0—o0
A ! |
L + ABC +2H [28]
/BTN BTN /BTN
. A I C . A I/.c + A\I/C
Sy H,0|+ 00> |H00=UZH,0|——> 0=pZH,0 + H
/ N\ ‘ol | /" \ ' .
0—0 0—0 - 0—0

0



Other plausible mechanisms are:

i)

ii)

«a route where oxidation occurs first followed bf

ligand exchange ‘ .

a concerted mechanism, one in which the ligand

\
ey .

replacement reaction by the peroxo group and

P

oxidaﬁion of ﬁ(IV) to U(VI) could occur simult-

aneously in a single step.

P

2



—37— oL )

CHAPTER 3

EXFERIMENTAL TECHNIQdES

f*‘ . In this Chaﬁte;, experimental technigques cother than

methods of. preparing spedific compounds will be.discussed.'

0

“These include: L :

‘ '1; the puxificationJAnﬁ,handiing 5f materials
2: _detai;s of making vérious*physical measuréﬁents
3. ‘énalyticai ﬁéthoasi | »ﬂ :

Preparative work wild be discussed in Chapter 4.

-

1. PURIFICATION AND HANDLING OF MATERIALS

S

Unless otherwise specified, all\thé preparations, except .

for the peroxo complexes of thorium and uranium, weré‘done in-
“an atmosphere oft dry, oxygen-free nitrogen.

i

Routine glassware :cleaning ,

Glassware was cleaned in an acid bath, a hot mixture of
sulfuric acid and_nitfic acid (~20:1) 165;70°C). The filtration
apparatus (Fig; 14) could_notfbe pu£ in the bath. Instead, the
acid was-passea through‘thg élass\frit. The acid was removed
with tap water qéa the apparatus cleaneq‘Qith dilute ammonium
hydroxide and finally with water. The élassware was q;iéd At

180°C for 2-3 h. -

2

) - -

400



. Fig. 14.

Apparatus for filtration under-N
atmosphere.

2
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Materials ‘ _ ) . . ' -

“and were used to obtain ‘I‘hO2 and U3O

(ii) Ligands.

~39-

{i) Thorium and uranium compounds
‘Thorium nitrate, 4-hydrate and uranyl nitrate, 6-hydrate

- L ,
were obtained from J.T. Baker Chemical Co., Phillipsburg, N.J.

8 by strong heating.

-~

Pyridine;l;oxide, CSHSNO; triphenylphosphine” oxidé,
OPPE3;.trippenylarsiﬁe .oxide, OAsPhB; all from Eastman,
picolinic acid, C5H4NCOOH; 2-aminobenzoic acid, C6H NHZCOOH;
2—amiqqphenol, C6H4NH20H; 2,6-pyridinedicarboxylic acid.
CSHBN(COOﬁ)Z, all from Aldrich Ch%ﬁical Co. were used as
supplied. Sélicylaldehyde, HOC6H4CHO, used to preparg-Schiff
bases;’was used as received from Aldrich Chemical-CQmpan§.
(iii) Acetone : - |

‘ :Sﬁectrogradé atetone (Baker Analyzed Reagent) was dried
by coéling in the presence of NaI to form crystals bf

(CH312CONaI. The acetone was recovered by warming the crystals

to 30°C and then distilling. The distillate was collected in

‘a 'flask that had been dried at 180°C and cooled by flushing

with dry, oxygen-free nitrogen. The solvent was stored in

contdct with Linde Molecular Sieves Type 4A, which had been
heatéd to 350-400°C and cooled in a desiccator.
Unless otherwise sfated, all other solvents were stored

in the same way as described for acetone.

-
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{iv) Acetonitrile ?

N

‘Specfrograde.aCeténitriIe (Baker Analézeﬁ Reagent) was

] 275
(v) Tetrahydrofuran

refluxed over P.O..and distilled.

Spectrograde tetrahydrofuran (Fisher) was refluxed'ﬁith

Jlithium aluminum hydride and distilled under nitrogen.

(vi) Ethanol

i

Y

99% ethancl was refluxed Wwith icdine and magnesium
~furnings and distilled.

"(vii) Miscellaneous Reagents ’ '

Y

Spectrograde nitrdmethane (Aldrich), nitrobenzene (B.D.H.),
) l;4fdibxane (Fisher}, methanol (Baker Analyzed Reagent),
‘dimethylsulfoxide (Baker . Analkyzed Reagent) and carbbn tetra-
chloride (Baker Analyzed Reageﬁt) were distilleé.

.Bétﬁle. | ‘ , ‘

®

Aqueous_ammbdia was distilled and stored in a'polyéthﬁlene

;(vi%i) Dry OnggP—Free Nitrogen
Nitroden Supplied in,cylindérs contaihed suffiéieqt

oxygen to oxidize most of the complexes of urahium(lv), The

.. oxygen was removed from the nitrogen by passing the,gas’through '

éi¢opper furance held at 250-300°C (Fig. 15) . It-wag sub-

sequently bubbled through concentrated sulfuric acid ana passed

. finally through two ceclumns containing phosphorous pentoxide.
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_ _METHODS OF HANDLING SENSITIVE COMPOUNDS

P . |r

’

.

‘The intermediate complexes of ‘thorium and uraniun were
sensitive to-water, oxygeti'or both. The compléxes were prepared
in special glass equipment. .

(i) Agearatus

O

-for flltratlon in an atmosphere of nltrogen Essentlally, the

and c,-and a middle part;, B/ prov1ded w1th a fritted glass dlsc"

for‘filtration. The term "Schlénk’ tube" will be" used to desrg—

14

- nate a tube such as A. Flgure 16 shows ampoules used for storlng

air sen51t1ve samples for.a long perlod and for welghlng.

T

(11) Procedure )

Samples to be Stored and Welghed

The ampoule (Flg 16 was fltted on to the flltratlon

apparatus (Fig. 14), and’ the substance was transferred to the

ampoule system._ With- nltrogen runnlng through the system the
-\
ampoule was sealedfat constrlctlon l {Flg 16)- To.recover a

-

sample from the sealed ampoule tube, the de51red amount of the ;"

substance was transferred to ‘one of" the 51de tubes.: One of the

\

‘other 51de tubes was cooled 1n llquld nltrogen and the tube w1th

the de51red amount of the sample was cut from the rest w1th a

l - "—\

blow torch e. g .rat constrlctlon 2 (Flg 16) -A scratch was

: made on the ampoule contalnlng the sample w1th a glass cutter

Figure 14 shows an apparatus ‘described by Fritz et al (sj)m;

Lo

. apparatus has three separate parts, vlz., two.Schlenk»tubes A Co
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and was weighed along with two stoppers. The ampoule was -
broken cpen and quickly emptied and the sample transferred.
The two pleces of the ampoule with the stoppers in place were

re-weighed to obtain the welght of the sample.

2. PHYSICAL MEASUREMENTS

The conductivity'cell (Fig. 17) and NMR tube were normally
cleaned several times with water, .and flnally rlnsed several
times with acetone or ethanol and allowed to dry in air _'The
NMR tube was finally drled in an electrlc‘oven (90- 100°C) for
6§ h. . | - o | |

(i) Conductivity

i,

Conductivities were‘meaeured at 25 06+b 65°C in‘purified
nltromethane, nltrobenzene, methanol and dlmethyl sulfoxlde,
u51ng an Industrial Instruments Model RC16B2 conduct1v1ty brldge
and a cell of the Washburn type with p;atlnlzed electrodes.
Solutions were held between rwo-platinnm'elecrrodee ih-£hé con-
ductivity cell shown in Fig‘ l?.' The cell was calibrated w1th .
0.1000N pota551um chloride and lt had a cell constant 8{/0 762 mnz
A solution of known concentratlon, normally 5x10 4'M, was pre-. f
pared from a suitable, purlfled_solvent. The conductance cell“
was rinsed with solution, then.filied,'sfoppered and.put in'f -
water thermostar set at 25°C £nd left;for at least half annéjagé
before determining the conductance.n-The.conducta'ce ofnthefpure.

solvent was also determined.

./ ‘
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‘preparation of the solutions for the intermediate
complekes of -thorium and uranium Gete,done in a nittogeh;filled '
. A - . N /'.". . .
. ) . * - ' N
. glove box.

(ii)'Infrared Spectra
—_— - _ o ,

(a) Instrumentation

.

-

'TInfrared_spectra'(Nujdl'mul ._were recorded .with a Pye
Unicam SP 1iod or a Beckman fR—Zb epectrephotometer. “Speetra
between 1500 and ‘200'cm_l were obtained with a Perkin—Elmef é83-.
Jspectrophotometer.; _ , “ . |
., (b}, Proeedure'..

| " The samples wete put-in an agate mortar, thproeghly o
powdered and then-mﬁlled‘with Najolf' The mulls were held Betﬁeen_
‘tw¥_alkal; halide dises and the spectra reeoraed, Rock salt
.discs were used in the'4000—600 cm"l range, while caesiam.

1od1de plates were used for recordlng the spectra between 1500—
-1

200 cm The Nujol mulls for the 1ntermed1ate complexes were

-

prepared in a nltrogen—fllled.glove box,

(c),  Calibration of Spectra

Spectranrecerded with\a,Pye Unicam SP_llOb'Or a Beckman ,
IR-20Spectropho£0metersu@te-calibrated against the 1601.8 cm™t

peak for polystyrene

Spectra obtalned by the Perkln Elmer" 283 spectrOphotometer

were consldered accu;ate to w1th1n 1.0 cm l.



Ry

“NMR spectra respectively..

depression and protected‘from the atmosphere by a qua}tz dis
. . A

> -

(iii) Nuclear Magnetlc Resonance Spectra

Proton and l3C NMR spectra were obtalned w1th Varlan

- " .. L

' T 60 and FT -B0 " spectrophotometers ' Tetramethy151lane (TMS)

<

was employed as an internal standarﬁ Deuterated‘chloroform,

and DMSO—d6 were employed as solvents to obtain proton_and 13C

-

v
- .

(iv) PRaman Spectra” - - ' . L

Raman spectra of- the SOlldS were obtained with a Spectra—

Phy51cs Mode% 125A He—Ne laser operated at 50-60 mW. The 6328A°

-llne was used, and “the spectra were callbrated by means of the.

L
neon lines..

) ’ . . ! ' N - R :
© . Samples were éround to a fine powder and were transferred .

~

to'glass capillary tubes, which were sealed by a flame,

" ,

(v} Diffuse Reflectance.Spectra g

: »

‘ , . S )
" The diffuse?reflectance Spectra of the solld complexes

were. measured from{ 250 my to 1200'mu on a Beckman DU spectro—

photometer equipped with*a Beckman 2580 reflectance attachment.

5
.. e Rl

The samples were uniformly ground. The stalnleas steer‘cell

used is shown in Fig. 18. The samples were contained in 5‘\\

. A
resting on a neoprene O-rirg. .Ground magnesium carbonate, was
: T : ‘

used as a reference substance. ' {

(vi) "~ Mass Spectra
 Mass spectra of some organic compounds were measured with

a AEI MS902§ model mass speéctrometer.

1

<3 . N
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: ' . A

Fig. 18. Cell used for measurement. of diffuse
reflectance spectra.

= cell cover

quartz window.

sample well -

neoprene O-ring

it

AW
I

.,.
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3.) ANALYTICAL TECHNIQUES )

.(i) General : )

Carbon, hydrogen and oxygen were determined by Schwarz—

kopt MiCroanalytlcal Laboratory, Wood51de, N.Y. A few uran;um

compounds were analyzed for carbon and hydrogen by Galbralth

Laboratorles,‘lnc., Knoxv1lle, Tenn Determlnatlon of thorlum

and uraninm were carried out by the_author following a standard

(ii) Determinatidn of Thorlum and Uranlum by Welghlng asthz
('~ Oxide (64-65) :

literature method (64—65)'

Thorium was determined as {he\gioxide produced by direct

igrnition. Uranium was also determinéd in.the same way as U,0g.
R . Y a8 Y3Yg

Direct ignition was,enoloyed'nhen the oomoounds,were‘free”of
interfering elemeht57 namely phosphorods and arsenio:

" Procedure . | |
A known wédght of the sample (0.2-0. 3'@) was put4in a | -
brevionsly heated, cooled, and tared platlnum crucmble It

. was heated slowly at the tlp of a Bunsen burner until organlc
matter_was destroyed. - The crucible was finally heated,ln the °

full heat of“a-Meker bhurner to constant weight (10.63 mg):

CTo(iid) Determlnatlon of Uranium in Compounds Contalnlng
' Phosphorous and Arsenlc

e

A known weight of the sample (0.3-0.4 g) was dlsgglved
in a minimum volume {ca.. 60 mL) of methanol and treated with

suff1c1ent agueous ammonla to ensure complete: preclpltathn of
' k,

I



.Aliquots (25 le were acidified with 2-3 ml, of.concentrated

'51lver nitrate solution (ca. 0. lN) ‘were added to each allquot

-50~ - .

uranium hydroxide, U(O)(OH)4. This ‘was separafed by Filtration

(%]

' 6h'a Whatman No. 41 paper. The precipitate was washed in .

succession w1th dllute ammonia solutlon and methanol. The

:

precrpltate was heated ﬁn a platlnum cruC1ble at the lowest

.temperature possible, wrthout lnflamlng, until the carbonaceous

matter was burned off . It was then heated stronqu over. a

3 8‘.
(iv) Determlnatlon of Chloride in ThCl and UC1
‘ Volhard Method (66-67)

Meker burner to a constant welght of U,0,. o:@

4 Py the

A quantlty (l -2 g) of sample was transferred into a 250

.mL volumetric-flask, The sample was dissolved ‘in water to

which-three pellets of potassium hydroxlde had been added.

nltrlc acid and’ three 25 mL (plpette) portlons of standardf-

: ThlS was followed by the addltlon of 2 mL ferrlc alum solution

and 2 mL of chlorldeufree.nltrobenzene. The mlxture was shaken

v1gorously and“the excess 51lver ion was tltrated w1thuptandard

KSCN. solutlon (ca. 0. 1N) untll a permanent pale ‘buff colour of .

-

FeSCNZ- was attained.

f . . ' ) - * L]

(V) Determlnatlon of the Num er_of Active Oxygén-Atoms‘in”
Peroxo Complexes of Uranium by CeTIV) (68)

A known quantlty of ‘the sample (0. 5 l 0 g) was dlssolved

l‘in‘a minimum volume of methanol (ca. 100- 150 mL) whlch was E \g

‘acidified with 25 mL of sulfuric acid (2N) and was' Followed by /

-

[



’ was.recorded with a Flsher.Accumet Model.pH neter.

- <. - . ¥ . R

the successive addition of tRree drops of osmic acid and one

) drop-df.ferroinnas:an indicator. It was thén titrated against -

y previously standardized_ceric sulfate soiution (ca. O'lN) until

- N
there was tr§251t10n from orange-red to verf/pale blue colour

of the solutlon.r_ ,05 (0.1N) solutlon ‘was used to standardlze_

ceric sulfate solution. T X

(vi) Alkglimetric Titrations of Some Uranlum Complexes W1th
: Sodlum Hydrox1de Solution,

A known weight of the sample 49;8—1.5 g), disso‘lvéd in
methanol (ca. 130 200 mL) was titrated w1th standard sodium .
hydroxrde solutlon (0. lN) After each addltlon of O 5'mL

pOIthDS of sodlum hydroxide solutlon, the pH of the solutlon

-



- CHAPTER 4 _ -

PREPARATIVE WORK

.
. . “I .
S i . /
. ¢

- -
.- ' -

Introduction

- T . ) In this chapter,"thé ﬁreparatioh of individual compounds

T L . s

and attempte tqQ prepare specific compounds are described. 1In

Srder to. avoid upnecessary repetition, general procedures will

1 s

" be given for those ¢ases where two .Or more compounds can be

The: various

N -

made’similarly with just a variation of reagents .

procedures or attempted preparatlons are 1nd1cated w1th numerals, -

. ¥

the flrst of Wthh 1s 4 and lndlcatés Chapter 4. The first

. v
L . - procedure, ﬁorﬂexample, 15.4.1; and soO on.

LS

the- second one is 4.2;

1.

o .,Preparatlon of Schlff Bases

N v

4.1 " N-{2- Hydroxyphenyl)sallcylldenlmlne (L) N

A solution of 2- amlnophenol (0.1 mol, 10.9.g) in a 1:1 "

mlxture of benzene -and ethanol (lOQ-h;) was added to a solution

'of Salicylaldehyde (0.1 mol, 12.2 q) in benzene (20 mL). The

-

nresultlng mlxture was b011ed for 3 mlnutes and then cooled in

. o

. an ice- salt bath whereupon bright reddlsh -yellow crystals

ﬁqrmed. These were segarated, washed several. times with hot .
ethanol, and dried in vacuo over magnesium perchlorate;- yield
.- . 4 e
T "16.1 g (75 6%) . Recrysﬁallization was from methanol. M.P.

73.23; H,5.16. Found:

o
;BS‘C: Anal. Calcd, f?r c13HllNo :C,

¢, 73.22; H, 5.16.
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4.2 N-(z—Carboxfphenyl)éalicylidenimine (L")

This was obtainea when a solution oflz-aminobehzoic acid
{0.1 mol, 13.7 g} ih all:i mixtare of benzene and.ethanol
(160 mL) was added ﬁo a'solutionLoﬁ#ﬁﬂicylaldehyée (0.1 mol,
12.2 g) in benzene {EO'mL) The resultlng solution was heated
‘On.a steam bath for. 5 mlnntes and then cooled in an ice-salt
bath. Yellow Crystals;we;e separated.and washed with benzene

and ethanol; yield 17.0 g.(70.5%). &Recrystallizétion was from

methanol. M.P.\206°C. ‘Ahai. Calcd. for C, ,H, NO

14871 3 C, 69.70;

H, 4.56. Found: C, 69;70;fH;4¢.55.
The structures of Schiff bases L .and L' are shown in
Fig. 19.

Thorium Complexes

4.3 Thorium Tetrachloride = i i -

Tho ueed to prepare ThCl, was obtained by the thermal *

2 4

,decomp051tlon of Th(NO3) 4H 0 (Fishe¥) . ‘ThCl4mﬁormed when CCl4

vapour entrained ih a stream of dry N2 was passed over Tho2

at 600°C for 3 h.

Procedure

. (B

Refer to Fig. 20. Tho in a porcelain boat (K) was
placed in quartz tube I (l 5 - cm dlameter), held in tube furnace
J (2.5 cm diameter).’ The furnace was malntalned at 600°C.

Dried N, was bubbled through hot CC14. The vapour entrained

tfin.the stream of N, was paesed over Tho, for 3 h (Fig. 20).

2
flow and the quartz tube

The. product was codled under the N,



Fig. 19.

“~

St:uctufg of' the Schiff bases L and L'.
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Fig. 20. Apparatus for preparing Mél4 (MiTh5and m.

-

A = nrtreéen4inlet
B:' ;sjbrechsel'betties
c - = rubberrﬁubingv
b =igas'arying tower”; L
- g = bubbler, frifﬁed glésé*tuse |
"~ F =3 necked 250 mL round bottom flask
J_'> , T G’ . ‘;_glass stopper'” -
R H ) = glass JOlnt
} R I .. = quartz tube.’
J - = tube furnece- ‘
K a ’ -=‘poréela1n boat whlch holas
- substance 1n 1t ’ .
Lot nas stoppered at”bofb ‘ends and qnicklyvtransferred tO'a“gloveil

box where the substance.was transferred into. a glass ampoule

system as shown in Fig. 16 and sbered Anal: Calcd. for TbClé:Ifi
cl, 37.93; Found: Cl, 36.37. o o "ﬂxi O

- .+ For the; purpose of thermochemlstry work Sectlon B ofﬁﬁ;’
this thESlS, vacuum subllmatlon of ThCl4 in a platlnum tube J
was de51rable. The detailed procedure w1ll be presented 1n.

‘Section B, which yields ThCl, of high purlty.

- . L e

-~y

ot
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"Preparatlon of Complexes

The complexes and thelr element analyses are llSted

. in Table 2, page 72

"”-4}4 chhlorobls(pyrldlne —2- carboxylato)thorlum(IV),

[Th(C NCOO) cl ]

T n

‘Apparatus

A modlfled Schlenk tube, 1lluStrated'in:Fig 21,-was

~used- The contents were stlrred w1th a li 1nch Teflon covered

stlrrlng ‘bar- magnet

'fProcedure' ’!j*‘" ff" . :-‘ ' "1, R

- ' A . . -*'.

The ground jOlntS of the Schlenk tube and 1ts stopper, S,‘

) were 1rghtly greased w1th Aplezon Grease, N;f The tube ‘was
':connected to the vacuum 1rne through stop cock Tl .Stop—cock.
‘ Té was closed and stop cock T opened and the Schlenk tube

was thoroughly evacuated whlle belng flamed out Stop cock Tl

was closed and the Schlenk tube fllled w1th dry oxygen free

“'nltrogen through stop cook Tz.g

As nltrogen was Stlll pa551ng through the system ThCl

.'(4 45 g; 0 0119 mol) ‘was suspended 1n 20 mL of acetonltrlle

in-the Schlenk tube.f A SOluthH of the StOlCthmetrlC amount

-

of plCOllnlC ac1d C5H NCOOH (2 93 g, 0 0238 mol) 1n the' same

solvent {20 mL}’ was added to the suspen51on of ThCl "Wlth the"

1 closed and stop-cock T open to the nltrogen line,

the mlxture was heated w1th a hot-water bath whlle stlrrlng

the mass v1gorously fof 3 mlnutes,



Fig.

21.

» =858~

B

TIRRING BAR
_/S I\J

A'Séhlenk tube, apparatus. for preparation
of Th(CSHqNCOO)2C12, Th (CgH4NH2CQO0) 2Cl,,
Th (CgH4NH20) 2Cl2, Th(C5H3N(CO0)2)2,

Th {C1 4HgNO3) 2 apd uragnium(IV) ~complexes.

-



-59-

-

‘ Tube C in Fig. -14 was—‘r%moired, and the. filtration
. ‘ . )

apparatus fitted-onto the Schlenk'tube cohtaining the thorium
complex. The apparatus was. 1nverted so that the reactlon .
mlxture was emptied lnto the space above the frltted glass in
Thbe B and filtered. The product was washed with a few mlL of
acetonitrile and dried in yacuum for .a few minutes and the -

material was recrystallized from hot acetone usihé,the_aﬁpatatus

-sthn in Fig. 22 - as follows.

\\//Thé apﬁaratus, which ‘was éssentially a 560 mL fl@ék .
céhvéited into a Schlenk vessel, was put in place of tube A
(I'ig. i4) while the §olid waé on the frit B. The solid was.
dissolved in hot acetone and thé solution filtered into the -

500 mL flask, concentrated by pumping off half of the solvent.

The soigtion was cooled and ether was added dropwise to induce

‘recrystallization. . A white solid product was isclated, dried,

and stored in an - ampoiles system (Fig. 16). Elemental analysis
showed that the product was Th(CSHhNCOO)éCl2 (Table 2).

4.5 General Method of Complex Formation

The qomplexes; 2-5 (Table 2) were prepared by adding a,

stoichiometric quantity of the ligand in acetoriitrile (25-50 mL)

" to about 3 g of ThCl4 suspehded in the same solvent {20 mL)

as des¢ribed for Th{C.H,NCOO),Cl,. Recrystallization of the

4
complexes from hot acetone was carried out in the similar way

as described above. : ' di.



\\__'19 .

ik

—60 -

22. Apparatus for crystallizing sparingly
soluble air-sensitive compounds.

\\/ /u ~ . . ‘ ’ a
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Peroxo Complexes of Thorium

4.6 Peroxobls(pyrldlne 2 carboxylato)thorlum(IV),

[Th(C5 4NCOO) (O )]

| Th(C5 4NCOO) Ci (2 5 g, O ‘0045 mol), dlssolved 1n 1: l
acetone and methanol (150 mlL), was treated w1th 30% H2 -(lO ml:)
.in the presence of pyridine (0.5 mL). The resultlnq solurion |

was boiled for 5 minutes"and cooled. A precipitate of complex

6 was separated and washed w1th acetone and ‘dried in vaCuo

..Xleld .1.95 g (85 3%) ., . -

-

L 4.7 Peroxobis (aniline-2- carboxylato)thorlum(IV),

[Th(C6H4NH coo) (0,01 . !

.Ihe same procedure applied to 2.3_g (0.004 mol) of

Th(C6 4

4.8 Peroxobls(Z amanphenylatohthorlum(IV),
[Th(C A NH o) (0,)]

NH COO} Cl which gave 1.8 g of complex 7 (83.9% yield).

The analogous complex 8 was prepared similarly from
2.1 g (0.004 mol), of Th“i(: gVH,0),Cly.  Yield: 1.5 g (77.2%).

4.9 Peroxo(pyrldlne 2,6- dlcarboxylato)thorlum(IV) .hydrate, |
[Th(C N(COO)z)(O }H O] ) -

The same procedure was applied to 1.5 g of Th(CSHBN(COO)z)E

(0.0026 mol) and afforded'0.95\g’(79.7% yield) of complex 9.

» 4.10 < Peroxo (N-{2-carboxylatophenyl)salicylid¢niminato)

thorium(IV} hydrate; [Th(C,,H,NO ){02)

14HoN Ol

2

By the same procedure, 1. 3 g of complex 10 (68.1% x@eld)

- was obtalned from 2.6 g (0.0037 mol) of Th(Cl4H9NO3)2

4
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Oxidation of Organlc Substrates w1th Peroxo Complexes of
- Thorium _ :

¥

»

Unless otherwise specified, all ox1datlon reactlons
that employed peroxo complexes were carrled out under- a nitrogen.
atmosphere

,ll Reactlon of ﬁ with Trans Stllbene

: Trans—Stllbene (1.56 g, 0.0086 mol) was added to a

B

suspension of § (4.37 g, 0.0086 mol) 'in, CH,CL,, (30 mL). The
&
mixture was stlrred under reflux for - 24 h after whlch the

solutlon was filtered and the solvent evaporated The residue

was extracted w1th ether,fand the ‘extract was placed on a 25 g i .“\_g\\\
I\column of alumlna (Shaw1n1gan Chemicals; pH of aqueous slurry
E was 9.0). The materlal on the column was eluted with 250 mL

of petroleum ether followed by 250 mL of benzene. A 1.1 g.'
. quantity of unreacted transwstilbene was recovered from the
| petroleum ether fraotionf ‘Evaporation of the benzene solution

yielded 0.49 g (9?%_yield based on oonuersion) of transttilbeue

oxide, m;p, 59—61°¢'(1it. m.p. 65767°?) (22,69). Anal. calcd.

RS

H, 6.06; 0, 8.13. ' _ ;}

i

' hﬁ{%or €y 4Hy20: 'c, 85.71; H, 6.12; 0, 8.16. TFound: C, 85.57;

4.12 . CatalYtic Reaction of .6 and H,0, with Trans-Stilbene ,

272

A 0.96 g quantity (0.0053 mol) of trans-stilbene was

added to 0.048 g of .6 suspended in 20 mL of dioxane and 20 mL )

of 30% H,0,. The mixture was heated under reflux at 90°C for™ - ’ .E’
24 h. It was cooled and filtered, ‘and the filtia}e‘wasievapo— W
) o ' ' '

A

/



v N .
' - ' ' o | )
B . . . o - ‘ .
. o .
.

rated to drynees; mhé res}due_ues entrected with ether“andea.

~the ektrect wés“dried wlth'Nazso4 and.euaporated to;dffness.;
.: A yellow~solld (O 93 g, 82.7% yleld) was ldentlfled as ben201n
‘by IR, NMR, and mass- spectrometry as well as by elemental
aﬂalysis; m.p. 137—138°C_}l1t3 m.p..l34fl36_C) (22{69).‘Anal.
ﬁlcd for CMHIZQZ': c, 79{24{1{}, 5.66; 0, 15{.09.1 Found: C,
79.38; H; 5.79;-0:'15.23. No starting material was, detected.
The speotroscopic date-are dlscuesed in Chapter 5. g ‘.

4.13 Catalytic Reaction of § and H202 with Trans- Stllbene
~in Presence of Acetlc Acmd

A0.92 g quantlty (0.0051 mol) of trans- stllbene was

gded to 0.053 g of compound 6 suspended in 15 mL of dioxane
' [y .

!}5d 20 mL of 30% H202 and 2 mL of glac1al acetlc acid were

‘added. The reaction mlxture was heated under reflux at 90°

for 20 h. It was cooled flltered and the filtrate- evaporated ?
to'dryness. ‘The re51due was extracted with ether, and the - N
'extrect was drled Wlth-N&2804 and evaporeted tO'drynese. A
yellow.solld Qag lsolated.(O.QO g, 83:3% yield) which was
identified as benzoin in the similer way as mentioned in |
Sectlon 4.12.

4.14 Attempted Reaction of Trans-Stilbene with_HéO2

LA : ‘ - 3
Trans~stilbene (1.4 g) was dissolved in 30 mL of dioxane

ot which 25 mL of 30% H,0, was added The mixture wag heated

under reflux at 90°C for 24 h; no reaction. was found to occur. (ﬂ//

%
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' ;>4.15 Reaction of T%Zns Stilbene Ox1de with H,O

272

Trans stllbeng oxide (1.0 g, 0. 0055 mol) was dlssolved

in %O mL of dioxane to which 15 mL of 30% H202 was added

The mixture was heated under reflux at 85°C for 20 h. The
. soluticn was concentrated in a rotary evaporator to a yellow
1 2504.‘ Sel-

- vents were removed under high vacuum and the o0il was placed ‘on

0il which was extracted with ether and dried by Na

LR

4 25 g column of silica gel (Baker Analyzed Reagent, 60-200

Mesh) and eluted w1th ether: hcxane'(S:S). _Three fractions were

collected. Evaporatlon of the first fraction gave 0.41 g of

unreactéd trans-stilbene oxide, eyaporation of other two

-
-

fractions produced benzoin (0.35’g, 32.4%‘yield) and diol,

' .1,2-diHydroxy-1,2-diphenyl ethane, € 4H140, (0.16 g, 14% yield),

m.p. 146-148°C (lit. value 149-150°C) {69) feSpectively.

4.16 Reactioh of-7 with Allyl Alcchel

L -H\\“4=Compound 7 (2.5 g, 0.0047 mol) was suspended in 8 mL of
"tegé?hydrdfufan, and the stoichiometric amount of allyl
aléohol was added. The mixture was stirred undernfeflux at
& S éO”C fer 36 h. Microdistillation-undér ca. 20 mm Hg pressure
Iyielded,ﬁhg epoxide (glyéidol) as a Higgfboiling fraction
(149-153°C) (0.12-'g, ca.35 % yield). The glycidol waé identi-
fied from its boiling point and its lH’NMR‘spectrum.

a

4.17 Catalytlc Reactlon of 7 and HZO w1tq Allyl Alcohol

A 20 mL quantity of aylyl alcohol (l&.04 g, 0.294 mol)

. C | .
was dissolved in 20 mL of dioxane, dhd 0.91Lg of l was added

o
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- : o s,
f;llqwgd by 20 ﬁL'Ofrjb% Hzo;" fhe.mixture wés:kept unéer'
reflux at 90°C for'Zth..'The‘réact;on ﬁixtﬁre was ﬁiitereé'.

. and the filtrate‘dist;iled-at 20 mm Hg pressure until the oil- .
‘bath temperature iééched 210°C. Continuéd distiilation at
0.002 mm Hg ﬁressureiyielded‘a prodﬁ;t at 13b5135°c‘that_wasJ
identified as leéeroi“(12?b g,“a4.3%'§ield}., In a secoﬁd“.
attempt, a yield of 49.3% was‘obtai@ed.- '

Uranium Complexegs

4,18 Uranium Tetrachloride e - .

U308 used to pr'epare"UCl4 was obtained by the thermal

decoﬁposition of U0, (NO,) 46H,0 (Baker Analyzed Reagent). UClé

formed when CCl,  vapour entrained in a stream of dry N, was

passed bxizﬁzj?Slin*a quartthube:held at 500°C for.2:$ h (see
‘Fig. 20} .

LT

the ﬁifii;ature of the-reaction, UCl4 was found

L

".to have partiallf subtified to the cooler zone of the quartz’ tulbe.

. Procedure

The procedUre.for preparing and stbring the sample 45—

the same as outlined in Section 4.3. Anal. Calcd. for U;l :
L, A

Cl, 37.33. Found, Cl, 36.75. o _' : N
Preparation of Complexes ' '

‘Tﬁe complexes and their elemental;analyses arE'Iisted:

€

in Table 6, page 99.

p— - B . f L
4,19 Tetrachlorobis{pyridine—N—oxidg)uranium(Iv),[UC142ONC5H5]'
;f“ UCl4 (1.5 g, 0.0039 mol) was dissolved in acetone (15 mL) °*

in a Schlenk tube (Fig. 21) to which a solution of ONC5 5



: : * '\ ' .
v o
(O 74 g, . 0.0078 mol) in the same solvent (15 mL) was added.

»

" About one- thlrd of the solvent was pumped off whereupon green

3

crystals appeared These were‘separat d.w1th-the fllterlng

:Jappa?atus‘shown in Fig. 14, washed wifh acetone and stored in.
] . _ I | . . )
_the same way as'described.in_Section 4.4,

4:20 Géneral Method of Complex Formation
: ' . . . ' Q
The U{Iv) complexes, 12~ l9 {Table 6), were-prepared by
. .
addlng of a st01chlometrlc quantltq of the llgand 1n acetone'

(15—60 mL) to about 2 'g of UCl4 dissolved in the same solvent

(15 mL) as described in Section 4.4. - : j

Peroxo Complexes of Uranium

4.21 Oxodlperoxobls(pyrldlne—N ox1de)uran1um{VI) hydrate, .

p(o)(oz)zzoNc H§H20 S _ o
Compound ll UClJZONCSH5 (2.1 g, 0.0036 mol) was moistened
succéssively with acetone and H202 (50%) and warmed. A yellow

product which formed wds washed sucdessively with hot Water}
“acetone and finally with n-hexane. The’ product was dried in

- vacuo over P,0g. Yield 1. 3'g (67.0%).

4,22 ,oxodlperoxobls(trlphenylphOSphlne ox1de)uran1um(VI) hydrate
S [L](O)(02)220PPh3]H2

\
' The same procedure applied'to UC142OPPh3 {1.95 g,

0.0021 mol) afforded 1.4 g of the complex 21 .(75.3% yield).

4,23 0xod1peroxobls(trlphenylar51ne ox1de)uran1um(VI} hydrate
) D(O)(02)22OAsPhﬁH2

. The analogous complex 22 was prepqred similarly from
UCIJZOAsPh3 (2.2 g, 0:0021 mol) which gave 1.7 g'of complex‘22

(80.7% yield). . . - L <;f



,methanol (75 mL) to- which 50 % H
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4.24 Oxomonoperoxo(pyridine—Z,6—diearboxylato)uranium(VI)
: _hydrate {U(O)(O )C H3NTCOO) H‘O]

-U(C N(COO)Z)é (1.5 g, 0 0026 mol) was dlssolved in

-

2 (10 mL) was added The

' solutlon was heated to expel two-thHirds of the solvent where—

upon a yellow prec1p1tate formed The product was separated-

washed Wlth hot acetone followed by n—hexane, "and dried in vacuo .

‘ over PO Yleld 1. 0 g (80 8%)

295 '
4;25‘ Hydrogen dioxomonoperoxo(Z amlnophenylato)uranlum(VI)
’ hydrate, H [U(O) (O )(C 4NH O)H O]

.U(C H NH 0) Cle O (l 4 g; 0'0032 mol) was dissclved in

2

~a l:1 mixture of acetone and methanol (50 mL}) and tr ated w1th

¥

50% H202 (10 mL) "~ solutlon . The mlxture was cooled to 0°C

. whereupon a 'yellow pre01p1tate a?peared. This was Separated

and washed successively with water and acetone. , The product-

was stored at -20°C. Yield 1.1 g (79. 6%)

\j.26 Hydrogen dloxomonoperoxo(pyrldlne -2- carboxylato)

uranium(VI} hydrate, [U(O)Z(O )(C NCOO)H O]

U(C H,NCOO) CIZCSH NCOOH (2.0 g, 0. 0029 mol) dissolved

4 4

in a 1:1 mixture of acetone and methanol (60 mL) was treated

with 50% H202 (10 mL) solutlon. The mlfture was boiled for

2 minutes gnd cooled te room temperature whereupon a muddy

yellow product formed.' This was; separated and washed success-—

ively with water, ac!;one and n-hexane. It was dried in wacuo .
over P205. Yield 0. g (?2.5%). . ‘ \\“;_\

Complexes 26 and 27 (Table 6) were prepared in the same

way as described in 4.26. Further details follow.



,:!‘i)

 -68-

4.27 Hydrogen dioxomonoperoxo(aniline—i -carboxylato) .

uranium(vI} hydrate, HT[U(0O),(0,) (C_H,NH ,COO)H, o ’ o
272" Y6

6 4NH CO0) C12£6H4NH2COOH (0.0029 mol)e‘

afforded 0.94 g of. the peroxo complex %9 (Table 6}. Yield

2.1 g of U(C

70.3%.
4.28 0xomoneperoxo(N~(2-carboxylatopheny1)salicylideniminato)
- ‘uranium (VI) hydrate,[U(O)(02)(C14H9N03)H20]

P

1.5 g of the U(IV)—d%mplex, ul(c

14 9NO3)2 (0 0021 mol)

yielded 0.72 g of the peroxo complex %2 (Table 6} (63;3% yield).

Oxidation of Qrganic Substrates with Peroxo Complexes of
Uranium

4.29 Reactlon of 26 with trans ~stilbene

Trans—-stilbene (1 2 g, 0. 0066 mol) was added to a sus- '
pension of 26 (3. 0 g, 0. 0066 mol) in. tetrahydrofuran (20 mL) >
The mixture was stlrred under reflux for 24 h after whlch ﬁhe
solution was flltered and the solvent evaporated. The. re51due
wasreXtrected Qiﬁh‘ether and evaporated‘td-dryness. The . Sub-
stance was placed on a 25 g column of silica gel (Bake;y |
Analyzed Reageht; 60—200 Mesh) and eluted with ethef:benzene
(5;5f. Evepdration’df the:first fraction produced unreacﬁed,
trens—stilbene (0.85 g), the othag-tﬁe.fractions producgd~
tréns—stilbene o_é&e'(yieldr0.29 g; 76.1%, Based od cdnversiOn),

m.p. 61—625C (iit. m.p. 657675C) (22, 69) and 2—am1noben201c

agigf(o.z g), m.p. 143-135°C (lit. m.p.,144—146-C) (69). b
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4.30 Reaction of 26 with trans-stilbene in presence of Hzoé

A 1.0 g quantity {0.0055 mol) of trans-stilbene dissolved
in 20 mL of dioxane was added to 2.5 g (0.0055 mol) of complex

29 suspended in 15 mL of dioxane and 15 mL of 30% H The

202.
reaction mixture was kept under reflux at 90°C for 24 h when .
it was filtered and the filtrate was evaporated to dryness;

The residue was extracted with etﬁer and the extract was élaced
on a 25 g column of silica gel (Baker Analyzed Reagent, 60-200
Mesh) and eluted with ether:benzene (5:5) mixture. Evaporation
of the first fraction gavé‘unreacted trans-stilbene (0.35 g)
and the other two fractions produced benzoin (0.55 g, 727.7%
vield based on conversion), m.p. 133-135°C (lit. m.p. 134-136°C)
(69) and 2-aminobenzoic acid 10.35 g), m.p. 142-145°C, ‘

respectively.

4.31 Reaction of 25 with allyl alcohol

4.4'& of 25 was added.to a large excéss of allyl alcohol
{25 mL) and refluxed for 20 h at80°C. The reaction mixture
was subséquently cooled to —78°Ckfoﬁél h. Egrmation of epoxide
was monitored by thin layer chromat;graphy (TLC) énd proton NMR

of the redction product.

4.32 Attempted reaction of 23 and t- butylhydroperox1de with
2—methylcyclohexanone

A 2 g quantity of compound 23 was suspended in 2-methyl- *
' cYnghexanDne (15 mL) and the mixture was refluxed at 120°C

for 36 h. Monitoring by TLC and NMR revealed no indicatioh

of reaction.. ? .
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A further'attempt to okidize the ketone‘wes made bf
:‘edaing 5 mL. of (CH3)3CbOH to the reaetion mixture which was
refluxed for a fﬁrther 48 h at 120°Cc. Again, the TLC and NMR
results suggested that there had been no reactlon- the unaltered
peros#o complex-was quantltatlvely recovered.

4.33 Attempted reaction of 20-22 and 25 with cyclohexene or
cyclooctene

Typicaliy 0.0006 mol of the complexes g9¥;g'end‘;§ ﬁere

I

suspended in mesitylene and stoichiometric quantity of cyclo-
hexene or cyclooctene was added. Refluxing for 36 h failed

to produce a reaction.
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'CHAPTER 5. .

RESULTS AND DISCUSSION . -

o

AN

Thorium, Complexes ,
The elemental analyses alohg with molar conductance
values of the thorium bomplexes are giveh in Table 2.

Complexes 1-5

hY
These compounds, whlch served as precursors of the peroxo

‘complexes, were prepared from the reaction of ThCl4 with the
st01chlometr1c amount of -an orgaelc llgand in aceton;trlle
These 1ntermed1ate complexes were soluble ln all of the polar
solvents tried, e.qg. 'acetone, methanol DMSO, etc " ’

o JThe analytical and molar oonductance data were consistent
w1th six- fold coordlnatlon of the thorlum atom (Table 2) in

compounds,w1th_the=general empirical’ formulae, ThL Cl and.

2
'Th 2, where L and L' are the bidentate; unlnegatlve and trl—
dentate, dinegative llgands, respectively. ' The electtlcal
conductivities of 5:{10'-4 M solutions of complexesvinfDMSOZ
(Table 2) 1nd1cate that compounds 4 and - 5 are nonelectrolytes,
hence, the compounds can be formulated as [ThLZ}, but 1- 3 l
'exhibited conductance values lntermedlate between those typical
of 1:1 and 2:1 electrolytesf_ By comparison, the é:l électto—
lYtes U021N03)26Héoland MgClZ6H20 gave values of‘60.0 and 60.6

Q~l cm? mol ~, respectively at a concentration of 5x10 mol L

L4 /\
Also potassium iodide at the sdﬁé\gosoe&tfftioﬁ\éin?ited‘a
) N

i

1 : . o B : —~4 -1
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‘ value -of 29.7 -1 cm2 mol

concentration range. The C NMR spectrum of l (Table 5)

-73-

l. Literature values of molar

conductance for 2:1 and 1:1 electrolytes in DMSO are,~60 and
-1 2

" ~35 Q em” mol -1 respectluely (70 71); comparagle to ours

It is suggested that the: conductrvrty of solutlons of l -3

arises by displacement of chloride ion from Hgi @pordinatidn _ s
sphere as shown: .. o o | SO
[ThL,C],] +pDMSO = [ThL,ClDMSOlT + 17 - - [30] ’
o+ . o 24 - iawe 7
[ThLZClDMSO] + DMSO = [ThLZ(DMSO)z] + Cl . 131]

where L refers to the bidentate, uninegative ligands,
C.H,NCOO™, C.H,NH,COO and CgH NHzo','respectively (Table 2).

In order to understand the electrolytlc behavxour of

cemblexes L-3 in DMSO denduct1v1t1es were measured at differ-

ent molar concentrations. Plots of molariqonductiVities
against (concentration)i (Fig. 23¥ show that the molar con-
ductivities decrease’with increasing concentration and approach.

values typical of 1:1 electrolytes at the upper end of the . ( |
| 13

-

indicated that the_plcollnatQ ligand is not displaced in DMSO

“~

"solution; therefore the conductivity arises from ionization -

of chloride rather than the organic group. Ai ) )
The infrared- spectra of the chloro complexes'(Tableré)

display streng bands, at 220-250 cm-l, whlbh_we assign to’

iTh—Cl stretching (72-74). Therefore,lthe solid—state,formula—

tions for.ljé were evidently [ThLZClé];“ The organie.liganﬁs



Fig. 23.
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in DMSO solutlons.

(A)
(B)

{C)

(D)

.

[Th(C H NHZCOO)- 'ci 1
[Th(C 4NH,0) ,CL,]
ITh(c5 4NCOO) c1 ]
KI.

Plot of molar- conduct1v1ties Vs (concentratlon) 5

Ve

ot

-
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M.

reVeal characte:astlc frequenc1es that conflrm thelr expected

oA - -

43: _ :..bl— and_trldentate character.s’xu 1, the v(C 0) aPpEars at - -
';fy‘ 1655‘cm (Table 3), 70 e E Iowertthan the. free llgand ualue
. 'e.‘ "(Table 4) . 3 ‘This 1qdlcates coord&natlon bY the oxygen 65 the
- Q-J'¥charboxy11ctgroup ofthe plooianato.llgand Complexes 2 and 3.
. ¥1 "f°‘show two . medlum lnten31ty bands due 'to u(N H) at. (2 3170 and
T e |

3100; 3 3230 and 3150 cm
‘3-..frequency ‘than the correspondlng bands of the free llgands,

TS\\ | . _2-am1noben201c ac1d and 2= amlnophencl respectlvely (Table 4)

I3

R '“_*'This 1nd1cates coordlnatlon by amlﬂo natroged of the llgands

‘;)‘.S%mllar?anV(c—O) bands in 2 4 and 5 have frequenc1es 50 70

o N N ‘
ree llgand values _This”ehows that the-

oﬁ“l lower thah‘the
carbotyiatoaérohpsTare_'oo;dlnated to.the.ﬁeta;‘atoe,ihneach
'ane' s | L | |
o The Schlff bases behavedfas trldentate, dlnegat;te

PR

”llgands coordlnatlng at the 1m1no nltrogen and two oxygen

atoms The aSSLgnments shown in Tables 4 and 3 are based'on

comparlsons w1th related compounds (75 -77) f
” : .
the decreasetln »(C=N) by‘25 cm -1 relatlve

_In complex 57

olthe free Schlff base 1nd1cates that the 1mlno nl rogen ‘is

~

coordlnated to-the metal atom {78) The v(O H) band at 3120

(Table 3) = 51gn1flcantly lower in -

) . vy . p
~ . .

v

e frequenpy for'.

/,gﬁk;j-observed in -the Schlff base, dlsappears upon coordlnatlon,

whlch indicates. that there is’ deprotonatlon and coordlnatlon

. L | 5 at the oxygen\elte.‘”
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A

) Table-4. Characterlstlc Lnfrared spectral data for the Y

llgandsa, band maxima, cm” N
. . - - {
Compound ‘ . V(OTH!-u v {N-H)} v (C=0) v (C=N)
pyrldinehZ carboxyllc ac1d . ' a : i725_§su
yrldlne -2, G—dlcarboxyllc . i 1710f§s.
aC1d i .
2-amincbhenzoic dcid _ . : 3390.s. 1680 vs- : -
- - . : + 3300 s.- .
. < . . -
2—éminophenol e . ,3414'é§" ' ' -
S T 3342 s, % ’
N- (2~hydroxyphenyl) . ‘ ) e
'.Sallcylldenlmlne, (L)‘_ 3290 br. S ' 1640 ms.
IN—(Z—Carboxyphehyl) _N““: 3 iih _ S < )
Salicylidenimine, (L'}, 3120 1700 br. . v 1625 ms. -
- - 3 » N
a Relatxve band LntenSLtles are denoted by vs, ms, s, br,
meaning very strong, medlum.strong, strong and broad
respec¢tively. . ‘
- ! . " . v A X -
- 3 \' \/‘/ .
N A = N .
.. ¢ K RS
2 . .
- 1 “ K \\\ '- ’
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-Fufther, the far infrared spectra of the}cdmplexes - l -
1nd1cate the presenCe of Th-C and Th-N bonds 'In complexes
- 1-5, these glve rlse "to bands at 388- 400 (Thﬁo)‘and 3éé—§50
"cm -1 {(Th-N) (79 81), data which also support the multldentate

‘nature of’ the Organlc llgands..

In order to’ obtaln addltlonal lnformatlon on thermode of
13

' »coordlnatlon of ‘the substltuted pyrldlnes,'we obtalned C NMR

; spectra with solutlons of . l and 4 and thelr peroxo analogues,‘

(compounds 6 and 33 in DMSO-d (Table 5). Thése-afforded

6

comparlsons w1th an analogous uranium comppund 4see uranlum

isectlon) and several pyrldlne cbmplexes (82} “‘ . S .
ASSLgnments were based in part upon the proton coupllngs

i off resonance spectra and in part upon a con51deratlon of

.

f nuclear Overhauser enhancement {NOE) N There is no ambiguity

Y c-

in the a551gnment of dlfferent carbon 51gnals ) Slgnals of the - -

substituted r;ng carbon 1n pOSltlon 2.0f plCOllnlC a01d are
~ 0
less 1ntense than for p051tlon 6 (Fig. 24),,where the substi-" L

- tuent'is hydrOgen. One isuled to copclude that the assignment‘
of the spectrum by Jacobsoﬁ-et al {46)- is incorrect; the bands
for carbons. in p051tlons 2 and 6 hav1ng been reversed. We
agree with the assignments reported by Mcore et al.(83);

| The resonance.of the carboxylic carbon, C-7, is far
downfleld from all other resonances and is marked by a low
intensity that is expected from the lack of NOE enhancement
Amongst the rlng carbons, C-2 and C-6 appear downfleld compared

\ »
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. and the carboxyllc group. The - 51gna1s due to C-2 andiC-6

To-80= " . 7 . ¥

. o Lo w . ) .
.o - . “,
C - ~ . . “a . .

‘to the other rlng carbons because of electron den51ty depletlonv

from these two p051tlons owlng to the presence of nltrogen
should not be confused C- 6 carrles a hydrogen atom whlle .c-2

does not. NOE enhancement clearly identifies: C- 6 Moreover,

.

‘inkthe ofi—resonance-spectrum (Fig. 2§b), c-6-is a clear doublet

. ; y o .
while C-2 is only inghtLy’split_probably by long,nange coupllng.

Further, it has also been'suggested that due to the carbbxylic

o

"group, the bond order betweed\N\\Jpnd'C'Z is}lower than that

S
between N- 1 and C-6 which causes a Sllth upfleld Shlft of C-2

¢
N

(84#85).' It should be pointed out. however, that thls theory

of chemlcal shifts 1s not unlversally accepted (86).

ERR

The C-4 rescnancé is. influenced’ by the inductive effect

v

3of the n;trogen heteroatom. The c-3 and C—5 resonances occur

"at. upmost ﬁreld. The higher fl?ld band was attributed t& C-3
- * : -

A

_on the basis of off- resonance lH decoupllng {(83). The relative

positions of. the C- 3 and Cc-5 resppances are governed by the’
carboxyllc group-.which causes the order of the C- 2 C-3 bond

to be less than -that of the C—4-C—5 or C—5-C—6 - Apparently,=

,thls effect is caused-by. polarlzatloneef electron den51ty from

- c=2 toward the carboxyllc group whlch in turn causes a polarlz—*

aflon of the_den51ty-from C—3. Presumably, thls is compensated -~
in part bpfa.Shift in density toward’q;3.froch—4; " The net .

effect is _an;sotrOpip' with respect to: C-3 (82,85). This éffect
would .be significantlj:smaller for C-5 which i remote from the

!
~ ) -



» carboxxlic group‘or the hetero atom o An the off -resonance

spectrum,,C -4, C-3 and?C;S all appear as clear doublets
' Upon coordlnatlon with. Ehorlum, there are sxgnlflcant

shifts of all,the carboh resonances other than thOSe for the‘

P

_atoms in p051tlons 3 and 5 of the llgand plCOllnlC acid. The

r

c~3 and C-5 resonances in the complexes appear sllghtly ﬁpfleld

‘ compared to the free'llgand values (Table 3). Paramagnetlc

LY

anisotropy attrlbutable to the metal is a major 1nfluence in ’
cau51ng upfleld shlftlng Upon coordination through nltrogen

of the ring and’ ‘the carboxylato group of the plCOllnatO 11gand

4 )

there will presumably be an anlsotroplc effect with respect to

. . [ .

‘;¥C 3 and C-5 which causes upfleld shlftlng for these two carbons

oo
”

. It can be seen from Table 5 that the resonances for .the C-2

carbons in the complexes are only sllghtly downfleld from the

values for the free llgand' Lavallee et al (82) p01nted out

that the shifts of ‘the Cé? resonances 1n coordlnated pyrldlnes

are governed by factors that are poorly understood On the-

~other hand -the carboxylic carbon resonances are Shlfted con-

51derably farther downfield..: The €—4 résonance’ in complex Py

dlsplays a downfield Shlft of l 2 ppm with respect to the free

llgand This obviously arises because of the rnductlve effect'«

.
i

'originating at the nitrogen atom is 3trengthened upon ¢oordin-

ation to the, metal THese results‘indicate that the picolinato

13

llgand is bldentate and is not drssocmated in DMSO. The €' NMR

spectrum of compound 1 is shown in Flg 25;

.



13C NMR spectra of pyrldlne 2 6~ dlcarboxylfc[acid -

‘The
ﬁig. 26) were rather etralghtforward.f The resonance of the
arboxylic.oarbonS'(C—7 and C-8) is far downfleld from all

. other'reeonancés; A 31nglet resonance band of C-2 and c-6 . -
appears downfield comfgfed to the other ring carbons. The band
.due to Cié and C~5 occurs at unmost field'ae a.sinclet. The

‘relative positions of the different ring carbon resonances are

\

-

probably'governed;by the inductive effect of the nitrogen
st : - . ’ - ’

hetero, atom. The off-resonance nrqton decoupled'spectrum of
pyridine-2,6-dicarboxylic acid (Flg 26bf reveals the influence - -

of. C -H -coupling on C-4, C-3 and C 5

In the l3C NMR spectra of the complexes contalnlng pyridine-2,
: Y

6—dicarboxylic.ac1d, there fis evidently a small difference

between the 2- and 64carbon5fand also tne 7—-andf83carbone
)

ThlS could arise 1f ‘the complex lacks a plane of symmetry .
ThlB would be the case it the nmtrogen atoms of the two 1lgands
were in a mutually crs arrangement Alternatrvely, there may
'ibe cocordination by a solvent_molecule in two d;fferent orienta-
tions.__The direction of chenges are ahélodouetto those of B J
_célcolinato compleﬁes but.in complek.4 (Flg 27), it is interesting.t
‘tc note that the C- -4 and carboxyllc carbon resonances dlsplay
.much stronger downfleld shlfts of 2.4 and 4.5—4.9'ppm_respect—-
‘ively, compared to the:free ligand ;eiues. ) A '
The C—4rposition is' the least'inflnenceaeby\megnetic

-vanisotropy; thérefore-cnangeé in the chemical shifts of the C-4




-, T

-83-

L3 . Tow
- - -

resonances are believed to—be due to inductive effect through
‘the -nitrogen hetero atom for coordlnatlon to the metal The
downfleld Shlft of the C-4 resonances in. complexes 1 and 4,
shown in Table 5 are 1.2 and 2.6 Ppm respectlvely, from Ehe
free.ligand values. These are much smaller shifts than  the
correspondihg shift reported by Lavallee et al. for pyridine.
\fomblexee-of Ce(lll) and Rh(111l) (Szf; The C-4 resonances in
the pyr}dine'complexes of Co(lll) and Rh(llli appear at 5.2

#

and 4.4 ppm downfield from the C-4 resonance of. pyridine7itself,7

‘This lndlcates that the electron densmty depletlon from the

heterocycllc ring towards the metals is-in the order Co(lll)>

Rh(111)>>Th{IV). The present data on Th(IV)-complexes’ refer ﬁp
N eolutions in pMSO whiie'Lavallee ee al, employed bzo as sorvehts,

and although there is a solvent effect, particularly with the

' free ligands, the effect is small compared to that of complexing.

it may'be.concluQed that ThLIV) is a eignifieéﬁtly weaker
. accepfof than the smaller trivalent ions.
Ehe:}3c'ﬁMR>data‘of éﬁmplex;i are consistent with the
“cohductivity data for a fully covalent strhetufe of the complex.

This agéin,r veals the tridentate nature of the pyridine-2,

6= dicarboxyllc acid. -

The pro‘on spectra falled to reveal splitting, but the

i‘ hydfogen qtoms.are rather remote from the first coo;dlnat;th

:

., Sphere and.are presumably not much influenced by the point

. symmétry at the thorium atom.
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(Table'Q) which reveal that all the peroxo complexes, 6-10,

- The metal peroxo grouping "{local C

e,

Peroxo.bompounds, E-LO (Table 2)

'Treatﬁeht'of-compounds 1- 5 w1th a solutlon of H202

the presence of a small amount of pyrldlne resulted in partlal

replacement of the llgands Wlth complexes 1-3, fwo chloro

"~
.

groups were replaced by a peroxo group while one of the organ;c
llgands in. 4 and 3 was replaced_by a peroxo group and an aqpo
group. Pyridine was ﬁsed.to scavenge hydroceh'ion thatdwas'
generated in the course#of the synthe31s reactlons Invthe
absence of pyrldlne, only ThO was recovered from the. reactlon
mixtures. Attempts to prepare organo—peroxo complexes from .
ThC14.2L‘(L=OPPh3 and 0A5Ph ) were unsuccessful

The resultlng complexes from the reactmons of the 1nter-

medlate complexes of thorlum Wlth HZOQ were soluble in polar:

-
v

solvents such as methanol and DMsO. fThe-analytlcal_and.molar

.y e
»

conductance data indicate that the complexes'arefapparentlp
hexacoordinate with the general fOrmulae,[tThLz(Oz)]'and

[ThL'(0,)H,0}. L and L' 'v.éere defined ‘at"t'he' beginni‘ng of this

‘chapter. Formulations as above follow from conductlvlty data

o~

‘behave as non- electrolytes in DMSO.

2V s&mmetry) gives

rise to three 1nfrared and Ihman-act1Ve v1brational modes.,ﬂ

.,

These are predomlnantly 0-0 stretchmng (v },_the symmetrlc M-0'

stretch (v, } and the antlsymmetrlc M O stretch (v ) he

' characterlstlc stretching v1bratlonsy l(O oy of the present



L '+89-

'peroxo complexes are. 1nfrared 1nactive, as- 1s the case w1th

B peroxo complexes of uranium- (25) (see uranlum sectron), but

2

in. the Raman spectra 1t appears at 820 840 cm'l (Table 3). s

By contrast the Vi (O O) mode is 1nfrared actlve in complexes

%{of llght transitron elements and 1t occurs wrth hlgher fre—

"quencres ‘ It is to be presumed that 1n the actrnide complexes,

E the peroxo group has more nearly the character of - the Og 1on,.

i. e,, 1t is 1on1c In partlcular, the v (O—O) frequenc1esfin_ -
the present peroxo complexes ‘are somewhat lower than those
reported for ‘some peroxofluoro complexes of Zr (87) havlng the fﬁ_
general-formula My 2 (02) | ]nH 0, (M=NH

4!
lu

k, Rb, Cs;_n_l=0.6:—2)
.where'v~(0-0) appears at 840~ 850 em Tl Further}*the ullouéi

) bands of thorlum peroxo complexes are consrderably lower than
-the value;'~900 cm l,.reported for complexes of Tl, e. g

| T1C36H44N402 (88) and M TlCl (O )H 0 (89) (M Rb and Cs) ‘Very
‘recently Mlmoun et al. (26) have reported a value of 895 cm’ }
for v {0 O) for the complex Tl(O )(C5H4NCOO) HMPT The-pgesent‘

~data, thus clearly reveal "that v (0= 0} stretchlng frequencres

‘--decrease wrth the 1ncrease of atomlc number in’ a partlcular

'group The infrared Spectra of the peroxo complexes were

.4

unsatlsfactory in the low~energy reglon S0 that the £wo , U(Th O) A
modes assoc1ated Wlth the Th(o ) grouplng and the v(Th N) modes,*
-could not be located with certalnty and that Th- O and Th*N

~ assighments were not attempted : ”-H | .K;_/

. .. . L. ) . ' ) L . "‘ . va !
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T

-+ The rémaining,features of the tnfrared~spectra were

L

similar to those'obtaﬁned.for'compiexesllhs with the exception

of-broad‘bands'at ~3400 cm_l in oomplexes S and 10, which

arlse from the coordlnated water molecule

In brlef the spectral data could be lnterpreted as
e -
follows. Compound £ dlsplays v(C O) 15 cm l‘lower than. the

i

free ligand value;*lndlcatlng that the picolinatd*ligand is

bended to the metal through the carboxylato group Complexes

L4
1 and 8 show two medlum 1nten51ty bands correspondlng to U(N H)

stretchlngs at 3090-3200 cm -1 (Table 3) which are, 51gn1f1cantly

lower .in frequency than the correspondlng bands of the free

llgands. Thts clearly suggests oordination by the amino qroup

?; 1n'complexes 7'and-8. Further, compound A displaysthC=O)

.90 .cm -l lower than. the free llgand value, characterlstlc of

the carboxylato binding with the metal. Infrared spectra of

.ig‘and }9 also reveal the presence of a .metal-bonded carboxylato

" group.” In compound 10, the decrease in v(C=N) was similar to

.that observed in 5 ‘which thereby indicates that imino nitrogen

P

is coordlnated to the metal atom.

The 13C NMR spectra (Tablé 5) of" compounds 6 (Fig. 28)

and 9 (Fig. 29) were also obtalned in DMSO—d6 The direction of

changes of different carbon resonances were analogous to those

observed 1n~comp1exes‘£ and 4 respectlvely. ThlS agaln supports

the nitrogen and "earboxylato ‘binding by the ligands in complexes

5 and'g.’\ln_other_words, picelinato and pyridine-2,6-

-

]
¥
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.—Reactivitz o

-The'thorium peroxo compléxes were not found to be explosive.

93

-

dlcarboxylato ligands coordlnate in bidentate (complexes 1l and-

6) and trldentate (complexes 4 and 9) fashions reSpectlvely

-

b ]

Treatment w1th aqueous iodide gave a dlscernlble llberatlon of

f- \ o
12 Wlthln 3 -4 minutes o . '

Reactions with Olefinic Compounds =~ .
A Titan;um'isoproboxide:has,been.used with tert-butyl .

hydroperoxide.to convert allylic aIcohols to epoxides (61): .
Recently, Mimoun et al (26) have reported that trlphenylphos—

phlne was converted to the phosphlne oxlde by a stoichiometric

4
£

;amount of. organo peroxo complexes of tltanlum As thorium is

also quadrlvalent and the last member of group 4B, it was of

interest to study oxygen transfer reactlons of peroxo complexes

of thorlum towards organlc substrates The behaviour of a
peroxo—-thorium complex toward trans-stilberie :fﬁf}ph‘ﬁescrihed.
‘ﬁneaddition, a- similar reaction with allyl alCohol has also

been investigated;=uThe reactioh‘conditibns are to be found in

_the Experimental section. N \ .

L

Reaction of 6 with trans—stilbene'(reaction 4,11)
produced trans—stilbene'oxide asuindfcated by a medium;strong

r

infrared.band at'lOSO c:m*l a551gned to the Cc-0-C stretchlng

mode and the lH NMR spectrum, whlch showed a- methlne absorptlon

1 ah

at'B.B-ppm as required for trans—st11bene_ox1de," Further;'the N

- . . . ! .
~mass spectrum of the product gave a molecular ion peak at m/e

LY



196 whlch was followed by the dlagnostlc*peaks at m/e 167, 105,

77, 51 and 39 respectlvely A possible mechanlsm-of epox1dation'

is‘shown kN Scheme 1.

O PP + oZ'rh
: h

H" Ph Y O L
. o_ . oy Th [ ,
\ + | _Th **'!,Th\ — 0 @ - —»
_ ”Pgﬁ_ Zi A T A T 7 h -
B e H i Ph - - \ /
* . /_"\ -~
) L Ph - H Ph H
."\ ’ [ e v ’
v oy : L - L
" @ p-o_ L U’O‘Th B
B N H Ph’
- . e Th"‘L -——b — L
" pn”. W ph 4 H Ph H

L R (L= CSH NCOO™ )

~ \;Scheme'l

Cétalytic reaction'of £ and H,0, with'trans—stilbene:.f
(reactlon 4, 12) produced a hlgh yield of produot that,

The - 1nfrared spectrum of the product

however}

in thls case was ben201n
dlsplayed v{C Q) at 1685 (s) cm

H NMR spectrum showed methlne absorptlon

(Nujol mull) 1.and vTO H) at

13380 (s) em™T. “rhe 1
‘ét 6.0 ppﬁ | The.maSS”spectrum'showed a'molecular ion peak at
o J/e 212 as well as further dlagnost;c peaks at m/e 178, -
,pQSSLble.reactlon

t

107, 105,'77, 51, 28 and 18 respectively.

path is shown in Scheme 2



~
-" e,L
: - . ’ O/O—-—'*Th

H_ . Ph o_ - L H 0-0.-_,L ' H L

‘ P - .
. ph - H 0 L Ph: H.Ph™L ' Ph
“ ‘ - l’
H ph L’ H,0, HO . L,
> 4+ O=1n" = Smn = L
rh 07 H S 7N\ 2 07 L
_ . H-0-0 L
] 6 H202 . .
‘ Ph O Ph
“OH +,H};}4ﬂ<gﬁ-;—&rn
N .

N HO Ph HO

- (A) _ ) (B) (c)

. ‘ - . . . lu=cmNCOOT) f s
. Scheéme 2 *
; ~. e The -various steps are analogous to mechanlstlc processes

'suggested by ‘Mimoun et al.(16); Olah et al (22) and Dzhemllev
[

s et al. 90)1 Support for the mechanlsm was prov1ded by the fact

that, in addition to benzoin, the diol, 1, 2-d1hydroxy -1,2+

' diphenYlethane, C14H1402 (14% yleld) was also 1solated from the
. .
‘reactlon of trans-stilberne oxide Wlth Hzo ln dloxane (reactlon

4. 15) The 1nfrared spectrum of the dlol 1nd1cates v(O H) at

_33Q0‘cm~l and the absence of v(CbO) -The lH NMR_spectrqm shows:

4 -



N

methine absorptf%n at’-6. 0 ppm ‘Openiné of'the epoxide fingiﬁ

has been shown to occur readily in the presence of excess*

-~ | . s

fox1dant (90 91) w1th the subsequent fordhtlon of lel and a~-‘

"

hydroxy ketone ' In the presence Qf catalyst and ox1dant dlols;

- [ iy Lo

E)

may be- ox1dlzed further to a—hgdroxy ketones (90) fw L '

R Catalytlc reactlon of 3 and H2 2 with trans stllbene in - »~~:'

the presence of acet1C»ac;d (reactlon 4’13)~also produced

benzoin. S SRS . : ﬂ' Ea

\\s' N

It ls-noteworthy that refluxrng of trans stllbene wlth .
H,0, in dloxane (reactlon 4. 14) dld not produce any reactlon,
whlch reveals that 1n the epoxidatlom.process, a peroxo complex
plays an 1mportant role 1n .oxygen transfer mechanlsms

v

The epox1de gly01dol was obtalned by ox1dat10n of allyl
1

alcohol w1th 7 (reactlon 4 16),v Thls_was evrdent from the “H .

-

NMR spectrum, Wthh showed three multlplets centered at 2.7,
3. 2 and 3.7 ppm. Wlth H2 5 and only a catalytlc amount of

thorlum complex ) (reactlon i~l7)’ the product 1solated was
glycerol Its lH ‘NMR spectrum showed methylene-and methlne

. abSOrptlons at 3.61 and5.15 ppm, respectlvely,\as requ1red pf
by glycerol The mass spectrum produced peaks at m/e 74 61

4

-44, 43, 39,°31, 29, 18 and 15, rdentlcal with that of an..

authentic.sample.: 2 possxble reactlon path is. shown 1n Scheme 3

o
L s
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Katsukl and Sharpless (61) comment on the low ylelds
of epoxlde,whenever the product ds water soluble Possibly
thmhydrolyslsllpvolved in the above mechanlsm is more facile

wﬁeh-the‘epOXide]ié soiubié e

.,

Compound§ 9 and lO falled to oxidize the organic sub-

-

_l‘strate (trans—stllbene) even when refluxlng at 120 C was

15 1s presumably due to the enhanced

.’/,
—

[

Lstablllty afforded by the tt\aentate llgands.
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. Uranlum Complexes - wre
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o ih. ot
The elemental analyses along with other phy51cal prOper*

- AN o
e .
? ' '

ﬁ‘tles are llsted in- Table 6.

e

“Complexes of Uranium(IV) L e .
Several .complexes, Wthh served as precursors of the
L

peroxo compounds, are descrlbed below. Compounds 12 and 13

L a

have been reported prev;ouslxwfgz 93}. The complexes of U(IW) -fﬂ'

were prepared by addltlon of & St01chlometr1c quantlty of the

ligand to UCl4 dlssolved 1n acetone. These complexes were ‘

.

'soluble in almost all of ‘the polar solvents tried

.t 4. -

Formulations as shown in Table 6 follow from elemental

-

analysesiandfcoﬁductff;:;\measpremehts.'ﬁThe electrical con-

ductivities (Table 7) of leO 4’& solutions of compiexe%ﬂll—l9ﬁ

in nltromethane or nltrobenzene 1nd1cated that all of the

£ e .4 N o M
complexes were undlSSOClated e P

- g 2 -
- . . -

Infrared data are shown in Table 8. -Gomplex 11 shows: a

decrease in v(N O) compared to the value fbr the free pyrldlne—c

N-oxide {1242 cm l) (94}. The-decrease is attrlbuted to a

e

redﬁdtion in the N-O bond order as a result of coordination to

o . _ . _ .
: 'theémeta atom. Complex 11 also displays v(U-Cl) at 250 tm Lo

(95). . o

Complex 14 exhlblts a strong carboxylato band at 1675

cm_l. Thls is signlflcantly shifted with respect to the ' "_'

-1

_uncodrdlnated pyridlne -2, 6- -dicarboxylic acid (1710 cm 7). As.

._‘_,

discussed in connection w1th .the thorium complexes,bthls llqand

N K}
LR i, ¥
h

-

v
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Table 7.. Molar conduct1v1t1es of the uranium complexes'
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.Table 8. Infrared 'and Ramgn- spectral~data £or the U(IVi< and U1} complexes .’
" Band maxima, em~i. ' T :
< “ - - LS T . )
- : - : _ , S D T D T e Bands
_No. VIO-H) ) VICs0)  VIU=0) VO L VB0l v, (0-0) I LR (1 F R
. - - - ‘ o) oo o)
= . - . . - = L t0-c1) -
1 et 1215 vs LT 250 vs
12° . wedvs Y s 250 vo
. - 1 2 e [ : .
L1 : ' . 845 vs . . S ,268 vs
- : ‘ . ' ' b 2 {U=N}
. - &
14 \ - 1675 . PR 268
.15 3500 335 m ) tee
o : 3350 m - : .
- v *
16 : ~ 1725 vs B -
. . L1675 va ' .
“ . Lad
. 17 3230 m .. 1680 vs - N . .
o ; 3130 m "-2615 vs N
. 3390
’ . 3300 w _ . N
L. . 3290 br . T 1640 ms < .
<L 3120 ns 1700 br. 1625 ms L
18 : . - 1605 ms - '
- 19 1675 br ., 1600 ms R .
207 3525’ hr ¢, Tt 915 ws 1205 ys © 820 5 630 w 600 m 485 5, 200 s
o R ) R - o ) <7250 w
21 3500 hr T e22ws 1070 vs 830 s * €85 ms 606 ms 410 m, 250 m
. o - 200 w
$22 3500 br . - - 90 vee 847 vs 805’5 " . 670 ms 612 m ~ 400 br,, 240 &
. i : IR 342 s
: b ‘ -
23 3500 br 1680 vs 940 vm 860 ve 661 w 588 w 415 kr, 140 vs
) _ L 1660 v - 825 5 :
- 25 3400 1 ©.3650 5 930" vs . 803 & 670 ms 610 w. 490 w, 395 br,
- , , " . 238 5.
126 3400 kr 3200 m 1600 s 920 v R 68O w €8s . 420 br, 240 5
Tt el
2 3330 b2 ' 1634 Br. 815 v 1590 805 s 670 ms 610 w 460 br, 240 m
‘ ) LT B 185 br
* Folative band dnténsities are dendtsd by vE,

um Strong, strong,
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’3300 cm l respectively, Table 4} which indicate coordination

“o102=

’f;s trldentate, the coordination Sites being the nitrogen atom

and the. two carboxylato groups.. The very strong band of
compound, 14 at'268hcm } can be tentatively attributed to the
v{U-~N) mode IBdf. In order to gain addltional eVidence that
the ligand nitngen is bonded to-uranium,_an attempt was made

to obtain a=l3C NMR spectrum of compound 4L Dimethyl sulfox1de

.-was the only effective solvent but the solutions rapidly formed

1]

a green prec1pitate which was presumably -an adduct of DMSO

The infrared spectrum of the pre01pitate displayed a strong band‘

‘at 960 cm -1 characteristic of v(S O) in adducts of - DMSO (65)
13, 7

C” NMR spectra.of_thorium complexes: of pyridine 2 6= dicarboxylic

aC1d reveals ‘nitrogen coordi ation Further, Jacobson et al

(46) found-by X-ray structure termination and spectroscopic

measuremnents that the nitrogen atom. of the pyridine-dicarboxylato'ﬁ

ligand 1s coordinated tb the metal atom in a. number of compounds

of Mo and W. Similarly, for complex 14 elemental analySis,

;conductivity, and infrared data indicate a 51x;coordinate com-

plex in which two coordination sites are cccupied by nitrogen
atoms. )
'The‘infrared spectra of complexes 15 and X7 show two

medium intenSity bands due to v {N- H) at (15 3365 and 3290;

537-3230-and 3130 cm l) - 51gn1f1cantly lower than the values

_ for 2-am1n0phenol and 2—am1noben201c aCid (3414 3342 and 3390,

¥ -

by nitrogen . Complexes'ig and’ 17 show very strong_carboxylatd“

N

~ vy

S
.
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Ben&s at 1675 and 1615 cm_l“ respectively. Howeverf‘thesef s

complexes‘also show bands~atrl725 and 1680 cﬁ_l as expected

for the free carbonyl group in pyridine 2—carboxylic aCid and

aminoben201c acid, respectively. 1In addition, two weak bands

.aopear'at 3390 and 3300 cm-1 in complex 17, characteristic'of

the uncoordinated amino group Jacobson et al. (46) reported

some compounds of Mo and W containing uncoordinated ligand

molecules in the solid state.

So that additional information on coordination of the
piCOlinato ligand in complex 16 could be obtained a 13C NMR
spectrum in DMSO- d6 Was obtained. The spectrum was weak

(Fig.-BO), but it appearéd to show‘two types o@.carbox?lic

' carbons with chemical shifts of 167.2 and 16620 ppm (the values

1

of carbon resonances of free pyridine -2-carboxylic acid are'
‘listed in Table 5}. - The Signals a551gned to carbon in pOSltlonS o

‘6 and 2 appeared-at 144.9 and 143.4 ppn, respectively, whereas

the signal of ‘the carboéon in position 4 was shifted downfield

by 1.2 ppm to 139.0 ppm. The spectrum showed a bEéi? band at
> T o o S
129-130 ppm which presumably arises from carbon 3 and carbon 5,

meowever, only one set of fing carbons were observed. Presumably

i ﬂ

one picolinic acid molecule serves as a monodeQ}ate ligand by

utilizing its ring nitrogen to form a seven- coordinate uranium

-spec1es in solution. Apparently ‘this does not occur in the

crystal.

N
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The directlons of changes in chemlcal shlfts are ,Lw

analogous to those observed on protonatlon of pyrldlne (82)

T

Similar changes{yere also ‘observed in, the Mo and W complexes of 2

plCOllnlC acid (46). The C—?ﬁresonance, which is’ strongly-

influeneed upon coordination’ through the;ﬁitroéen of the-pico--“A

-

“linato ligand,. -appears at 139.0 ppm in Th(C.H,NCO0O). Cl2 dissolved

574
z'in DMSO—dG,'i.e.'at virtually the eame field as that W1th‘the

uranium compound. Larger-shifts were reported for MofVI) and
W(VI) complexes of plCOllnlC acid (21 46)

Blkalimetric tltratlons‘of 16 and 17 dissolved in methanol
¥

exhibited lnflectlon points at pH 3.6 and 3.8, respectlvely,

’

at a stoichiometry of ca. 1.1 mol,of.NaOH'per mol of the complex

4

Table 9). This is'attributed to the neutralization of the free
S e : L
' carboxylic acid protons.

As indicated earlier, theﬂéehiﬁf bases bepaved as £ri—
*dentate, dinegetive ligands coepdinatinélat thelimino nitrogen
and two oxygen etoms. fip complexes £§'and %9, the decreese in ..
v{C=N) by 35 and 25 cm_l'(Table 8) rela;iée to the free 11gands_
(for comparison, cherecteristxc’pand;-of £he ffee-Sc;iffEbeses
are\slso included in Taple B} indieates that bond formeﬁion
-:takes\plaee:thrqugh thé Lpino niﬁrogen Qtoml(78).? The v{0O~H)
band observed.ip the Schiff bases disappears upon coord%pation L
which indieates deprotonation and coordination at-thewequen
sipel quthermore, in cemplex }9, the coo;@iqqtion of tpe
'cafboxylato group is eyident from the dec;eese inhu{C=O)‘bj 25 -

*

‘c@“l from the free ligand value.



Table 9.

v

“by aqueous sodium hydrox1de

$=106= .« .~ et

-

Titration of methanolic sclution of the complexes

Complex No.. Equivalence - ﬁo. of NaOH -
' ' Point, pH -Eguiv./Mol:. of the. Complex
16 . 3.6 S 1l

17 3.8 1.1

24 . 6.8 '0.74

55 4.0 o 0.95

26 3.4 i 1.06 \

'Y
- ) C)
{

LY
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_ The 'solid-state reflectance,spectra of complexes 11 and
14-19 exhibit®¥bands at.18x10> &nd 29x10° cm -. . The formex

is due to a transition from the ground sﬁate Ay (3H4) to higher
.levels)within“the-5f’\configu;ation (93) and the latter ie
caused by charge tranéfer;

Complexes of Uranium(VI)

TWO dlfferent approaches were uSed to synthe51ze pPercxo

complexes of uranium from thElI precursor compounds. The U(IV)-

- complexes containing monodentate llgands were successfully
converted to peroxo complexes of U(VIY;b§ moistening the crystals
in succession with acetone and H O2 (50%) and warmlng. When

. U(IV) adducts of the unldentate llgands were dlssolved in boil-~

+

1ng acetone or methanol prlor to the addition of H2 2, the

'product was UO -4H 0 whereas PEroxo complexes contalnlng
multldentate ligands were prepared by addlng H20 "(50%) to

solutlons of the U({1IV) lntermedlates in methanol (compound 23)

o
-

‘or a 1:1 mixture of acetone and methanol (compounds 24-27) .

n . —_—

Attempts‘tozi;olate a, peroxo complex containing the Schiff base

;,_N—(2—hYdroxyphenylfsaiicylideoimine were unsucceeefcy as

the compognd quickly décomposed as soon aslit formed.
\The'peroxo comple eé were soldﬁfe'in'polar solvents'sﬁch

i

as DMSO, methanol, nitromethane and nitrobenzeéfie . The formu- ~

LY

lations shown in Table 6 follow from the elemental analyses,
conductivity measurements, and titrations with base (Table 9}

aﬁd ceric ion (Table 10). The peroxo complexes are formulated



s

. Table 10.

Titration of methanolic*solutlons of the peroxo-
complexes :by aqueous ac1dlfled standa;d ceric

=108<

- "‘

"-sulfate sdlution.

\. -

Cqmﬁlex NoO.

Nd;”of Ceric-Sulﬁate

of the Complex

20

o

.22
23
24

25

26 -

27

"Equiv./Mol.

+2.05

1.95

ta

L S
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.. as seven-coordinate byranaIOgy‘to"Similar‘complexes of Mo .and

W (46) - It is tonceivable that compounds.20-22 are actually
. e A . L e A TN A

_eightncoordrnate‘with-the.Water”moteoule oontained rnﬂthe coord-}

1nat10n sphere

The conduct1v1ty measurements of 5x10 -4 molar solutions '

LR L

i

.ofﬁthe complexes 1n nltromethane .or nltrobenzene 1nd1cate that

¢

. the complexes behave v1rtually as non- electrolytes in solution.

,Molar/eonductances of all the peroxo complexes were also

]

obtalned in methanol (Table 7) whlch prov1des further ev1dence

4

Qfor thelr non- electrolytlc behaV1our in SOlutlQnS

The c0mplexes 24 26 are anlonlc Alkallmetrlc tltratlons

TTable 9) lndlcated anllnflectlon p01nt at pH 3 4 6. g Whlch .Qj-
‘_.corresponds to the neutrallzaylon of the aC1d proton. ‘The

: molar conduct1v1t1es of 5x10 ? molar solutlons were abaht

21 .2

:“107h : cm at 25 C 1n both nltrobenzene and methanol they

are weak electrolytes It is. proposed that the low conduct1v1-

tles result from the formatlon in- organlc medla of structures

llke 26a and 26b Analogous conclusrons were reached by Jacobu

.,.son et al.(46) for analogous compounds ‘of Mo and Ww.

Methanollc solutlons of the peroxo COmplexes were. t1—

‘”trated w1th Ce(IV) to determlne the number of aotlve oxygen
‘“atoms present (68) The tltratlons (Table lO) lndlcated that
H-complexes 20 22 and g; 27 are’ d1~ and monoperoxo complexes,

'T:respeotlyely.¢ S



_ The 1nfrared spectra of all the peroxo complexes dlsplay

a very strong "band at 907~ 940 cm -1 (Table 8) corresponding to

"_the v(U O) stretch (94 97 - 98) t In complex 20 complexmng causes -

'l

: a-decrease in v(N—O)qby}33 cm } comparedltogthe'free’ligand~

" value (94). In complex 2 ,"the'r'e"is a decreasa.of v (P=0} by

=1,

122 Cm_¥ compared to the free ngand value (1192 cm’ %) (95)

o Wthh reveals coordlnation by the oxygen of OPPh3 ] In compiex,

. 22, the v(As O) ls decreased by.33 cm ‘-from'the free-ligand

value (880 cm l) (99) It is- 1ndlcat1ve of coordlnatlon through‘

the oxygen of OAsPh3 Further, 1n the far 1nfrared reglon,

gthe compounds gp -22 exhlblt srngle bands at 485 410 and 400

em - a551gned to the U- O' stretching (0' = oxygen 1n organlc &

11gand) The absence of band spllttlng poss;bly indicatés a

trans-arrangement of the llgands although coupllng of 1ndepen— '

"dent osc1llators may be damped by the heavy metal atom (92)

P
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As 1nd1cated in the thorlum sectlon, the metal—peroxo

“Vgrouplng (local sz symmetry)rglves rise to three 1nfrared—

' and:Ramanractlve v1bretienal_nodes. These>ere predominantly

: O—b-stretChing'(v'),'the symmetric M-0 stretch (Q-f,Aand'the
‘“:antlsymmetrlc M o} stretch (v ). Wendllng (89) and Grlfflth (100)
have clearly establlshed that the vl mode 1n:compounds of Mo and
. W appears at 800—900 cm,}, and bands at 500-650 cm'_l are likely
;te‘arise'from v, and Vj modes. There is,.powever,,a decrease
'Zln vl upon passing frdm a melybdenum complex’ to the corresponding
tungsten complex {23,89,100). The present work extendslthe
A above trend to uranium where there is further deCrease in vy to
1‘8034360 cmfl. In the present examples,'-v2 and v3 modes appear
at 588-612 and 661-685 cm—l, respectively, i;é.,féomewhat higher
than.in the Mo end‘w complexes. The Raman spectrum for 23
.snows*two well-defined bands in the 0-0 stretehing region which
presnmably arise from tWo of several possible isomers.

Westland et al.(23) have‘reported that the OFO.stretching

frequency ln peroxo complexes of Mo and W is decreased by

T replac;ng a glven 11gand by one Wthh is a stronger donor.

mhey suggested that the peroxide modes depend on the degree of
}1onrc‘eheracter in the M-0 bonds and this may in turn be
effected;by thé other‘ligands in the molecule. Griffithlhesl
ndted tnat'wnen fluorine replaces a lgss eiectronegative element
7bdnded te:the central‘atom_of_a peroxo complex, thF 0-0 |

S ‘ [
+ -Stretching -frequency is increased (100). The phoﬁphorus
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v ‘ ' -

3 :
- spatially very much alike while the Pauling electronegativities

and arsenic-containing ligands (e.g., OPPh., and OAsPhB) are

of phosphorus and arsenic are 2.19 and 2.18 respectively -
v practiqélly identical (101). Nevertheless, the freqﬁency of
% i ‘
the vy mode is lower in the arsenic compound§;¢h§n in the phos-
: R o ‘ "~
-phorus analogues. The polarity or the polarizability of -the
bond from the group 5A element to oxygen should dnfluence charge
displacement toward the metal atom. Reynold and Meek report

the following bond moments for Ph.EO (E=P or As): P-b, 3.27;

3 .
As-0, 4.77 D (102). The derived charge sepa:ations in the E-0

bonds. show that the oxygen in the arsine oxide is moregnegafivé,

10 10

and values of 2.45x10 ~ and 1.78x10"

e.s.u. were obtained
for arsine oxide and phosphine oxide respectively, using 0.74,
1.10 and 1.21 A° as the covalent radii for oxygen, phosphorus

and arsenic, respectively (103). Proton basicities have been
o . . _

determined by titration of compounds R

-

;EO with HClo4 in nitro-="~

methane (104). The following pKa values were obtained fox the

e

protonated oxides: R.PO, 9.72; R!PO, 8.54; R

3 03 3
-

cyclooctyl, R' = n~butyl). ~This evidence again points to a

As0O, 16.14 (R =

greater polarity in the case of arsine oxides and hence ZAs-0
is a stroﬁger donor than ZP-0. This argument seeﬁs to apply
again in accounting for the lower v, value observed for 22
compérea to g};. |

It is noteworthy that the v, mode of the peroxouranium

group is observed only in the Raman spectrum. The groﬁp appears
. K - : \
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to be behaVLng as 1f it has essentlally linear symmetry, i.e.
it is 1on1c. The same is observed with thorium complexes (27)
| The remaining features of the infrared spectra of the
peroxo complexes of uranium were 51m11ar.tc their precursors

with the exception Jf a broad band at 3330-3525 cm -1 in-complexes

gﬂ-g/ which arises from the coordinateduwateramolecule.

- In brief, the.spectral data could‘be“described as fcllows.
Compounds 23 and 25-27 display ka;O)rat lGOd-lGBO cm&l,.—
significantly lower in frequency than the correepcnding bande
of the free lrgands; This cleérly suggests coordination by the
‘oxygen of the.carboxylatc group in complexeS'gg and %g—gj. |
‘Eomplek 26 displays two medium intensity bande due to Q(N—H)
stretching at 3200 and 3105 em™ ) (Table 8),.ccnsiderably'lower _
iaﬂgrequency than the corresponding bands of-the free ligand,
2-aminobenzoic acid (Table 4). This indicates aﬁino coordina- .
tion in complex 26. In compound 27, the decrease .in v(C=N) by
35 ot relative to the frequency for the free Schiff base

indicates that the imino nitrogen is coordinated to uranium.
. . -

o

Reactivitz

Peroxo complexes of uranium were not exp1051ve under the
experlmental conditions cited in Chapter 4. However, a v1olent

_explosion was noticed’ when-compound 21, [U(®) (0 ZOPPh3]H20,

22

was heated on a hot plate. There was sufficient violence to

=

shatter the hot blate. The reduction of the peroxo complexes
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of uranium by 1od1de was very slow and 3 4 h elapsed before
any dlscernlble brown coloratlon appeared in the solutlon..

Reactions with Olefinic Compounds

Peroxo complexes of molybdenum and tungsten have attracted

interest\as ox1dants:1n organic synthe51s (16,23—24,59-60,105).

As uranjdm somewhat resembles the group 6B elements, it was of

interest to lnvestigate“some oxygen transfer reaotions of
peroxo-uranium complexeS'towards olefiniclcompounds. Also, an
- attempt was‘made-to use a peroxo urahium codplex for a Baeyer-
-Williger oxidation of 2-methylcycloéexanohe. The various |
conditions are descrlbed in the Experlmental sectlon, Chapter 4,

- Reaction of 26 with trans-stilbene (reactlon 4 29)
produced trans—stllbene oxide as was ev1dent from an infrared

“band at 1060 ém™E, assigned to- the.C-0-C stretching mode and

the characteristic methine gbsorption at 3.8 ppm in the lH'NMR ,
. N ‘ | . . " i :

spectrum. .2-aminobenzoic ‘acid (0.2 g} was also recovered from

the reaction mixture. . It‘was identified from the m.p. and

Py

infrared data. The infrared spectrum contained two medium
’ . 'S

intensity bands at 3§90.ahd7330b cm™ 1 corresponding to v (N-H) -
: modes and a band at 1680 cm_l‘ls a551gned to v (C=0) stretchlng;
A possrble reaction path ‘is shown in Scheme 4.

Reactlon of 26 with trans-stilbene in presence of H2 2

(reaction . 4. 30) produced benzorn, identified from its m.p. -and
spectral data. The 1nfrared spectrum showed v(C=0) at 1685 cm -1

and v{0-H) at 3380 cm l and the lH NMR showed characteristic



-115~

f_ 0 | -] o NH2 '1':'-T ;
O-O\H/Nﬁz:@ Vo é l|"‘-"O—C’ H

“\\ H Ph O‘ ICI)
phoy - 01T , J bH2
Ph H . 3 : Ph H :
: OH
B N ~ ]
H | R
Ph 0 .
T2
—— q + O==U + + H,0
o © I COOH
o -

Scheme 4

methine abébrption_at 6.0 é?m..Zéaminobenzoic.acid which Qés
aléO'isdlated_had an inf;ared_spectrum identical with'that.of
aﬁ‘authentic sample;> A possible reaction path, anélogous to
Scheme 2,-islshqwﬁ in Scheme 5. | |

~It haé been suggested_by bzhem}lev et al.ﬁhat this type
of reac ion,'which employs exces; H202, can be used geperally,
to pfepare o-hydroxyketones (QQ)f Tﬁe present result supports

their prediction. f_g/“\

A

.

.
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H Ph 0
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A8 M9 i /*k
Ph OCH Ph o
H > <l}i——>°OH + I&}u——%&H —_—
OH Rh ; - HO " Ph
T N .
o : : _
Ph\ fH Ph, ‘0
H H H
/ \P > > <
HO h OH . Ph
Scheme'S

Reaction of 25 withallyl ‘aflcohol (reaction_4.31)ﬁproduééd
allyl alcohol epoxide as $oﬁitoréd by thin layer chromatography.
This conclﬁsion is supported by the proton NMR spectrum of the
reaction product which showed narrow multiﬁlets éenﬁered'at |

2.7, 3.1 and 3.6 ppm as required for allyl alcohol epoxide.
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Reaction of‘g; with 2fméthyldyclohexanone (reaction
4.32) digd no£ produce BaéyerJVilliger ;indatioh.i The reaction
was also contiﬁuéd:ih presence of ttbutyl hydroperoxide, the
_same absence of réactivity was observed. In contrast, a similar
molybdenum péroxo complex produced S—valerolactone from the
reaction of‘[MO(O)(Qz)CSHBNtCOO)Z]HEO and éhe substrate
cyclopentanone (59). |

Reactioné‘of 20~22 and 25 with cYciohexe?e or cyclooctene
(reaction 4.33} failgd to produce a reaction. ‘Negative results

were aléo found by Oiah and Welch for the very stable, coordina-

tively saturéted salt, Na4{U(O)2102)3] (22).

_Conclusioh

The present work has been carried out against a backgroﬁnd
of information about the behaviour of titanium, molybdenum, .and
tungsten complexes. Titanium complexes of the type Ti(éfB)Z(OZ)
HM?T* (26) are unusually stable and relatively inactive toward’
simple olefins,allylic aicohblé, and cyclic ketones. For
example, no reaction was observed be?weeh Ti(CquNCOO)ztoleMPT.‘
and_a ﬁighly nucleophilic blefin such as tetramethylethylene.

On the other hand, titanium tetraisoPropoxide; a four-coordinate

species, is highly reactive toward organic substrates (61-62)

* A-B is a bidentate, uninegative ligand (see Fig. 9, Chapter 1).

. , /M
. PRAE
. - _ o~

-
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and has been used to catalyze the epoxidation of allylié
alcohols by tert—butylhydrbperoxide. The reaction probéblf

involives ah‘alkylperoxotitanium intérmediate as the active
'catélyst. It is suggested thqt the difference beé;een these
two't?pes of titanium ;omplexeé is kinetic in nature. The
former type of complex, containiﬁg HMPT, is 7-coordinate and
lsince all the ligands,.the_HMPT inéludéd, are tigﬁtfy held, a
substrate molecule can not be readily coordinated. ‘Neither
replacement of a'ligénd ﬁor-expansion to eight.coordination is
favourable. Thus, oxygenation-of substrates for which coordin-
atién to the metal is necesééry prior to oxyden transfer (see
Eqn. [10]) is precluded, |

In dontrast to the behaviour of the 7-coordinate tiggﬁiﬁm
compléxes, two of the thorium complexes were found in thé .
present work'té oxi@ize olefinic comﬁéunds to epoxides. They
also catalyzed the oxidation of. the olefins with H2'O2 to form
more highly oxygenated products, benzoin and'glyéerol- This
difference in behaviour between the thorium and titanium com-
plexes may be attributed to the six-fold coordination of thorium
.and the greater readiness with which thorium may adopt an
éxpanded coordination shell. Alternétiﬁely, as it is a large
iqh,.Th4+ may bond its ligands less strongl? and‘ligand sub-
stitﬁtion may therefore involve a.lower'éctivation-eneréy.

Some features of the bonding energy of thorium {and uranium)

will be examined in Part B of this thesis.
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The thorium comﬁlexes reacted'with.trans—sﬁilbene and-
allyl alcchol to pfoduée epoxides only when the reaction medium
was strictly anhfdrous. The epoxid; ring opened when agqueous’
H202 was prgsent. Low yields of epoxide have'béen reported
- in metal-;atalyzed epoxidatidns with‘HZOé_oﬁing to facile
reactions of H202'with the epoxide. -These latter”reactiohs
are alsonéatalyzed by the metal complex (106—107).1 The metéls,
in their high oxidation states, perhaps act as Lewis acids.

The rélative thérmodynamicgstabiiity'of‘peroxidés of ﬁ%e_
Agroﬁp.4B'elements and.thorium is of éome interést. Titanium
peroxides are the.least stabie with reséect to the formation pf
normai-oxide and dioxygen while peroxides of thorium afe the
- most étable (108). The trend’can be explained by the greater
.lattice'eneréies of Eﬁe oxides df the lighter elements. An
altérnative view tékes acabunt of the high charge to radiﬁs
ratio of.ATi4+ compared to the other éroup 4B ions. The Tig+
'Vion thereque has the greatest polarizing-ability, which Gauses

o

greater covalency in its attéched peroxo groups and hence
thermcdynamic instability. On the other hand,"l‘hq.+ has the
ieast charge to radius ratio and therefbre its peroﬁo compounds
should be predominantly ionic and stable. This behaviour is
also evident from the'fact.that iﬁfthe éresent examples of
Qrganoﬁeroxo complexeé of thorium, the p;roxo stretch appéars

only in the Raman spectrum. These trends are similar to that

in groups 1A and 2A where, for example, it is observed that
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'anz can be formed from BaO and oxfgeg/ghiie Caoz'éannot be
sCo prepared.

The observed reactivity of .the organo peroxo complexes
v of thorium towards orgaﬂic substratés is attributed to their
kinetic instability. The organo peroxo compléxes-of titanium
prepared by Mimoun‘et-al.afe kinetically stable (26), while
the thorium complexes are not.

The uranium peroxo complexes weré not reactive tgwards
simple oléfinic compounds, e.d., cyciohexene or cyclooctene
{see reaction 4.33) but were found tO'be'reaétive‘towards
trans-stilbene and allylalcohol. |

The uranium peroxo complex, 2§, was employea to oxidiie
‘trdns-stilbene to the oxide. The reaction was also‘investigated
in presencé of 30%'HJO2 whiéh, however, produced benzoin. As.
indicated earliér, the epoxide ring opens in'the presence of-

a large excess of éqﬁeous H,0,. The qu.entity acts as-a
" strong Lewis écid. In the ;ase of uranium peroxo Eomplex,
caﬁalytic reaction was not achieved; rather, the complex

v

decomposed to give UO3 and free ligand (reacgions 4.29 and
. " {-:-,..[

4.30, see Schemes 4 and'5)., The compound UO3 is.VerY'inert
and its reaction with H202 to regenefate peroxo—ﬁranium‘species
is net feasible. |

ComPound'%? was émployed to oxidize allyl alcohol to the

epoxide.

4
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- Ihvestigations of oxidation reactions wi#h uranium-
pPeroxo cdmplexes indicated that these compounds are 1less
reactive than the peroxo complekes of Mo aﬁd W.(lﬁ, 24, 59:60,
105). This could be because of a high thermodynamic stability
of fheU(OZ) grouping or it could be for a kinetic reason. The
peroxo-uranium complexes are all 7-coordinated.

3 éimilar to the peroxd cbmplexes dflgrdup 4B, the peroxo
complexeé of 6B elements exhibit analogous trends in properties.
-

' A
On the basis of ionic potentials (charge to radius ratio), the

metal-peroxo bonds in the péroxo complexes of Mo and W would

be more covalent whereas(that for the uranium-peroxo moie&y' i
should be predominantly ionic. This is obvious from the'gépgar—-
ance of the 61kOLO) stretch only in the Raman spectra 6f Féé;ﬁ.
uranium percoxo complexes és was the cése also with the Ehbfﬁum
:ﬁeroxo complexes. |

H The peroxo complexes of uranium are somewhat_leéé
reactive than the peroxo complexes of'thorium. As discussed
earlier, the peroxo céﬁplexeé 6f thorium are all 6—coordinaged
"and in the reactions with olefinic compounds, coordination

leading to 7—coordinated species is probably more facile than

the uranium compounds, which are 7-coordinated.

~
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CHAPTER 1 .

Introduction ..

Thermo¢hemical data for thorium and uranium compounds
are likely to be of importance for the technology of these
metals. Their broaﬁening dse in meﬁallurgy and nuclear

technologiihas called for the development of new‘energy4

iéfficient and economical.proceéses of production. Electro-

lysis of the anhydrous chlorides in a melt of alkali chloride
is one of Ehe_promiSing methods of producihg and refining

these and other refractory metals and alloys. Complexes,
g . .

such as ThClg and UClé_ for example, may be implicated in

chemical reactions of molten salts proceéding in electrolytic

cells, These.salts are chemically less reactive, thermally

stable, and relatively nonvolatile at high temperatures.

Further basic knowledge nust precede more detailed studonf'

such intermediates..

Our thermochemical studies on ﬁhe ternary salts of
thofium and uraniug tetrahalides have revealed some of
their fundémental properties, e.g., class a”and class b
behaviour, comparativelLewis acidity,‘etc, b

" There haﬁe been nofrepo;ts of thermocgemical.measure—
ments on téfnary salts of thofium tetrabromide. It therefore
seemed desirable teo initiate work in this area. An early

calorimetric investigation of'AzThCl salts (109) (A=Li,

6
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‘Na, K, Rb and Cs) shows a 1ack of 1nternal conslstency

and the wvalue —62 3 KJ mol obtalned for the process

2cscl + ThC;4‘f CszThCl dlsagrees with the value —73 6 KJ
mol ™t obtained by éuger and Brown-}llO). In the earlier
work, the ternary salts‘were‘prepared by:fnsing a mixture

of the component chlorides while the'later workers obtained
hydrated észThC16 froe ethanolic'hyaroohloric acid by sat;._f
urating the solution_yith gaseons~hydro§en chloriae at ice-
'temperatnre. The product was vaonnmforied atjroom.temperature
for tyo days and was refluxed withithion&l chloride'for

2-3 h and was_vacuum—dried' In a‘previous research (lll),
Westland et al found that CsszCl6 prepared by crystalllza—
tion from solutlon prov1ded -an enthalpy of solutlon whlch

-1

was several KJ mol less negative than that of a sample.

‘prepared in the-dry way. A'redetermination of the heats of
L .
solution of choloro complexes prepared in the dry way appeared

to be desirable as well as the study of bromothorates.:
Rnssran.workers have studied the thermochemlstry of
the A,UCL, (112) and A

Brown (110) determined the _enthalpy of formation of Cs,UCl,

2UBr6 (113) salts. &also, Fuger and

and obtalned a result in fairly good agreement with that

in reference 112.
' . : .o : o : . .
The present work was intended to achieve the following

objectives:
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Determination of the h%at“of cempleking of A~2Thx6
(A=K, Cs} and X=Cl,Br): salts and the comparatlve
stabilities of AzThX6 and AZUXG salts and thelr anions.

A thermochemical investigation of the process,

Mx41g2 +2X (g) » ng“fg),‘ {M=Th and U)

" was of interest'in order to fufther our understanding

of the bondlng of these actlnlde elements to non-- .

-

'metal atoms The enthalpy of the above reactlon,

whlch is the double hallde in afflnlty of the gaseous
Mx4, affords comparlson between the acceptor strengths

of thorlum and uranium.

Examlnatlon of the thermochemical bond energies of

M-X systems.

T
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CHAPTER 2

~ o REVIEW OF PREVIOUS WORK ﬁ

1. Thermal Spgdles

As stdtdd earlier, the French chemlét E Chauvenet ‘
(109), was the first to claim the existence of the igmplex
salts AzThCl6 where A=Na, K,‘Rb and,Csu‘ These'compounds
were more recently identified py phase_eauilibrium studies.
.I£ was cléimed by several‘groupe of workers,thatlfhe,potass—
ium saiﬁ melts incongruently (114-iIETH;ﬁd Ey anether grodp
that it melts congruently (Il?) * The reader may see:tﬁe

1ncons;stency in the publlshed phase dlagrams reproduced

. here as Fig. 31
*
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We shall return later to the conclusioris which can be

‘drawn from the above figure: The rubidium salt, szThCls;

is reported to melt incoﬁgruently {117) . The sodium and

caesium salts, Na,ThCl 6 {117) melt con-

2 6 2 |

gruently. The melting poihts.of'differeﬁt compouﬁds are

(115) and Cs.ThCl

shown in Table li.

Table- 11. Melting points of A'2ThC16 complexes (117).

Y

Complex “m.p. (°cy
Na,ThCl, .~ 435 £ 2 e
. %ZThClG | - . 705 £ 2
szThCl6 ‘ ) _‘710_1 2 N |
Cs:.éThCl6 -719 2 : .l .-
Alfhough he had by no means characterized his products, »

Chéuvenet believed_tha£ he had'prepared the A2ThCl6 salts

by fusing a stoiéhiometfic mixture of the componenf

chlorides (109). His calorimétric results for the assumed
“AH

reactions, 2AC1 + ThCl <

4 == AzThClG, are listed in Table 12.

Table 12. Heats of complexing, AH , of thé alkali
metal-hexachlorothorates (109).

-

Complex 7' '—AH;/KJ;pol_l
NaZThClG 18'0.
-K2ThC16 38.2

_ Rb,ThCl, 80.7

Cs,ThCe  © 1 . 62.3
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Fuger -and Brownftllo),obtaiﬁed -73.%6 KJ mo1”t as .the heat

~ of complexing for Cs ThCl . Their method of preparing.

Cs ThCl6 by an’ aqueous route was descrlbed in the Intro-
ductlon. It is ev1dent that there is uncertalnty about the

reported enthalpy values

Thermochemlcal data_on AzThBr6 systems;are not
available;r | | R | |

AZUCI and AéUBr6 systems (AfNa, K, Rb and Cs) are
all congruently meltlng compbunds (118). The meltlng p01nts

of: A2UX6, where X=Cl and Br, are glven in Table 13

Table 13, .Melting points of AZUXG‘complexes (118)-.

Complex S m.p. (°C)

Na,UCL, o 420—&45 L
K,UCL, ' ' 595—654
o FDyUCL k N ,§76
v Cs,UCL, . _h 670
Na,UBr, . - o 533
K,UBr, 672
' Rb,UBr - 722
CszUBr6 736 | .

Reported wvalues for the heat of complexing for AZUXG salts

are given in Table 14.
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Table 14. .ﬁeats of complexing, AH , of the
: : " alkalimetal hexahalouraﬁates.

1

Complex . ~BH_/KJ mol~ Reference
NazUélé ” | 7.1 | - 112 |
KUCLy 39.3 112 ﬁf;
RD,UCL, 67.4 - 112 |
Cs,UCl, l100.8 ' 112
Cs,UCL, o 106.6 110
Na,UBr 5.0 . 113
K,UBr, 43,5 - 113

‘2. Lattice Energies
® The published crystal symmetries and the lattice

parameters of different A, MX,. salts are shown in Table 15.

. . ' ' o
- Table 15. Crystal symmetries and lattice parameters

__// -of AZMX6 complexes. '
Complex . Symmetry . | ' Lattice °  Reference
Constant
(A°)

Cs,ThCl,  Trigonal Lo " a=7.629 119-120
(space group P3ml) 0 e£=6.050 )

CSZUC16 Trigonal o - a=7.507 ‘ 120
(space group P3ml) - ¢=6.050

K, UBr Tetragonal ' ' a=10,94 ' 113

' c=10.67
Rb,UBr Face centered - - 118
: - cubic lattice of ‘ =

rubidium

CSZUBrG Face centefed - 118’

cubic lattice of
©caesium
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The complexes CséThClG'and CszUCl6 are isomorphous.

| The calculations for the lattice energy, U, reported
in references 112 and 113, used the Kapustinskii and
Yatsimirskii (121) expression, .

1201.6 ¢ o) 2,2 - . '
o= B AR 0.3?5) +10.5¢ n 2,2_ kJ mol™% [32]

r ior
wherejn is the number of ions in the molecule of thecomplex

salt, Z+ and Z_ are the charges‘of the ions and r (in'Ahéstfoms)'is
the sum of the radii of the complex anion and cation (i.e.,
r=r_ + r+), obtaiﬁed'by the method of Yatsimirskii (see

discussion section). The lattice energies so obtained are

given ih Table 16.

Table 16. Lattice enhergies of A,UX, salts. .-

2776
Compound UAZUXG/KJ.le-l Reference
_ Na,UCl, ©1579.0 ' 112
K,UCL, | 1518.4 : 112
'Rbéuc16 r' ~ 1536.0 112
Cs,UCl, - 1507.0 e 112
ﬁaZUBr6 1504.1_ | 113
K,UBr & ; 1484.1 ' 113
Rb,UBr 1473.2 : 113
1459.4 - 113

Cs,UBr

2 6
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Jenkins and Pratt (122-125) have developed.a sophis-
ticated méthod to evaluate_lattice‘energies and they have
;e?orted:the vaiues, 1315 and 1352 KJ mplhl for CszThClé
and Cs,UCl fespecfively. |

Jenklns and Pratt's® pproach to evaluate lattice

-, energies requires_precise knowledge of the "basic™ radii

'é_ and the charge distribution in the complex anion

MXG—. The total lattice energy of a salt, AéMks,.is given by,

Uu=2=u + U + qu - qR [33]

elec. dd

where Uelec.' Udd',qu and UR are the e;ectrostatlc, dipole-
, 'quadruple-dipcle dispersion and repulsion energies

ively.

The simplified form of .the lattice energy expression
is given by Jenkins and Pratt as,

2r_-~ ro-
Const. exp ( ) + Const. exp (—%—} + const. = 0
U : '
5T i=i_a o 341
o, .
where
r.- = ‘Huggins' "basic radll (= ¢ 23) (125)
P = repu131on constant

i=a,b,c = the unit cell parameters, minimization
being carried out with respect to a single para-

meter i, while maintaining the other cell constants .
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e

'at-thgir equilibrium values, i§ and présefving‘
the M-X distance (=d) in the coﬁplex‘iqn constant }
(125). |
Equation [34] can be solved as a function of 9y (qx = charge
dn the halogeﬁ atom of‘the complex ion) and a plot of ?x_
versus g, in ﬁhe case of the six halogen model leads to a
determination oflthe basic.radius of qu'. - In the cése
whien Mxé_ is assumed;to be a homogeneous spherical ion, a

2-
6

_ 6 _ .
The charge distribution qx is obtained from the intersec-

plot of r ,. Vversus'q  gives the basic radius of MX; ion.

tions of the curves generated from,the'specific derivatives

i (usually a and ¢ in the .non-cubic salts).
)

L . N
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

Thls chapter deals with the following matters:

1. The purification and handllng of matéerials
2. Physical measurements
3. Analyticel method.

Preparative work will be discussed inw=ghapter 4.

The purity and sources of certain of the compounds
and the purification of solvents have been discussed in

Chapter 3, Section A.

1. PURIFICATION AND HANDLING OF MATERIALS

Because all of the halides and their derivatives

were extremely susceptible to hydrolysis, closed systenms

which were evacuated or filled with dry N2 gas, were used .
in all preparaﬁions and experiments. 'All materials were i/—hﬂj>

"rigorously dried and stored in evacuated containers., A

glove box was also employed and a continuous_flow of dry N

~

gas was maintained through-it and an abundant supply of

2

freshly exposed phosphorus pentoxide was kept inside in
order to- remove excess moisture.

A typidal sample transferring apparatus'is shown in

Fig. 32. The apparatus was connected to a vacuum line,
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Figi 32.° An all-glass sample transferring
apparatus. N

A and B = seal-off points

N C = connection to vacuum systems
and nitrogen supply

D = 24/40 ground glass cap.

ot






~134~

.;‘3 E

evacuated and flamed out té ensure complete dryness. Dried

‘N2 gas was then admitted. The 24/40 joint was disconnected

' while‘N2 gas was passing throngh, and a nitrogen-filled

ampcule containing the sample was broken over the opening

and the sample poured in. The ground cap was replaced and

the assembly re—evacuated. At this stage, if the properties

of the material pérmitted,'it was heated under vacuum to o

ensure complete dryness. The stopcock was closed and the

apparatus was removed from the vacuum line. The sample was

. then transferred to the reaction tubes (A and B in fhe dia-

gram) and these were sealed off at the pbints indicated,

gas.

either under a dynamic vacuum or under N,
Materials ‘ L
Metal
(i) Thorium powder (99.9% purity) was supplied by Alpha

Ventroen.
(ii) .Brominé {J.T. Bake£ Analyzed Reagent) was dfiéd over
P205 for several days under N2—atmosphe;e;ahd distil;ed f
immediaﬁely prior to use.
(iii) Alkali 'metal halides

,The‘potassium‘hélides were J.T. Bakér Analyzed Reageqf
gfdde material. The other alkali £alidésm(99.9% pﬁrity)
were suppiied by k and K Laboratories of'Hollywobd; Cali~

fornia and were used without further purification other than

uﬁryingl
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Allréikali metal halides were dried under vacuum by
ﬁeéting in’a quartz tube to'500°C..
(iv) "Acid - ' | s
Hydrochlorlc acmd was supplied by McArthur Chemlcal

Co. Ltd. of Montreal Canada.

2. PHYSICAL MEASUREMENTS.. -

(i} X-ray diffraction

X-ray diffraction patterns were obtained by the Debye-

Scherrer method using Ni~filtered CuKa radiation and a

l .
camerd with a diameter of 114.7 mm. The line spacings were

determined by the Straumanis techniqué and the resulting
lattice parameters for'each line were extrapclated against

the Nelson-Riley function (126).

Nelson-Riley function:

¢ cos?e cos? o
sin 9 !

{8 = Bragg angle) ©[35]

This reduced systematic errors due to self-abscrption,

.and off-centering of the speéimen. The extrapolated value

from the best drawn line.géve the resulting lattice constants.
e Samples were. ground to a fine powder and were trans-’
ferred to 0.3 mm caplllary tubes made of Llndemann glass. i

The operatlon was carrled out under Nz—atmosphere in a glass

> | s



-136-

transferrlng apparatus "The caplllarles were sealed %@th a
low flame. The exposure tlme to X-rays varled from 3 to 8 ’
hours depehdlng on the- sample.

The d-spacings were calculated from the formula,
ni = 2d° sin © ‘ : | - [36] -

| wlth the welqhted mean wavelength A = 1.5406 A°.
.The relative 1nten51t1es Of the llnes were estlmated

2
visually.

(ii) cCalorimetry o - o -

Construction of calorimeter '

(a) Thermostat:-.

The thermostat .consisted of .a glass jar which- was ..
ST S . . ‘ o ,
insulated with vermiéulite The'temperature was controlled !
by a mercury contact thermoregulator ! The'temperature'Was'p

controlled at 25.0° £ 0. l°C.‘ The thermostat heater was
contrclled. by - -an electronlc relay supplleé.by Prec1510n.
Sclentlflc Co., Chlcago.‘ A copper coollng c011 was connectedv
.to the malns-wateru . ﬁ‘;‘ . .
(b) Calorimeter: |
The present modelling of the calorlmetric syatem'iep

based upon Greenwood and Perkins (127f'all+glaes calpri~

‘ \ .

%eter but some 1mprovements were 1ncorporated Westland-

. et al. (111) have descrlbed its constructlon and calibration

previously. Some 1mportant features w1ll be descrlbed here

Figure. 33 shows the constructlon of the calorlmeter

L}
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Fig. 33.. A schematlc dlagram show1ng the calorimeter

assembly. .
A =-Dewar flask y
B = an empty glass well for rapid heating and
' cooling
cC = glass stlrret
D= hard polyethylene wei} for calibration heater

™~

D' = gold—plated copper tube

E = glassiﬁell fot“thermistor
F = sample'bﬁlb hdlaefs

df= sample bulb
ﬁﬁi= ptotectlve well.around the bulb holder
" 7 (made from teflon)

I o= tﬁermobata ‘

5.=\th§rgoﬁétef'

-K =.tﬁefmoregulator

Lr= thermostat stlrter
"M = thermostat heater . .
N = COoling water - -\\\\\‘\\*‘_'

0 = water level in the thermobath

jaCks”

o .
Il
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It essentially cbnsistediof a Dewar flask, A (600
cm® capacity, Pope/Bcieptific Inc,, Wisconsin, U.S.A.)
(Fig. 33) which was ;Eguiated at the tdp by a polystyrene
cover plate. -Through the holes made,in tHe‘éover plate; an
empty glass well, B; a gléss stirrer, C; a hard.polyethyléne
well for calibration heater; D; a glags well for'thermistor;
E and a sample bulb holder}.F were introduced into the Dewar
flask. _The buib holder was a tefloh rod which had an inner
hole at the bottom in-which ‘the stem.of the élass bulb G .
Qas iptroduced.éﬁd fixed to the teflon bar with wax. There
was a protective teflon cover H, around tﬁe bulb and the
bulb holder which had numerous holes in it and a silver spike

at the'b?ttom. At the appropriate time, the thin-walled

glass bulb,containing the sample was crushed by hitting it

.against the spike as shown in Fig. 33. . The Dewar flask with

these accessories was immersed in the glass thermcbhath.

‘The temperature sensing"element P

The temperature changes were detected-by means of a
Sargent-Welch @el thermistor immersed ig.silicogg oil.
This was connected thrqugﬂ a Sargeﬁt—Welch model S-81601
thermistor bridge to a 10 mV recorder which was uéed as a

null inétrumeht.

(c) The calibration heater ' .

The calibration heater, made from two 1 watt carbon

rﬁ\resistors connected in series, was immersed ‘in silicone oil.

=
R
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-The heater had a total resiétance of }22.8 ohms which Qas
stahdardized.with é resisténce ﬁhermomé£e; briagga type
3-1003, supplied by M. Tinsley c¢; Limited. The bottom of
.tﬁé ca}igrgtiontheater well consisted of_a &.inch‘diaméter_
ggld—plated\copper tube for ﬁhelt:ansmissionlbf heat into
the éalérimetef liquid.“ Cﬁf;enf was‘drawn-from a‘12'v01t
lead-acid battery. In order to achieve a steady e.m.f:
.from thérbaétéry,”current was drawn'ﬁhrough"é dummy-heafer
for at lea 6né hour before a measurement. The duration éf
the éléctrical heating was timed by_meané_of an electrié-
timer (reading go Q;l secondi which_was synchronized with

t

the heater by a three pole double throw switch as shown in
Fig. 34. ‘ -

fThe current was méésu:ed by means of a.pbtentiometer;
suppliéd'by Derritron.Electronics Limitéd, ¢6nnécted écro§s
six one ohm standard resistors connected in parallei to give

a resistance of 0.1667 ohm.

(@) ‘Calorimetriculiguid

The calorimetric liquid was 4.02 N HCl. This was pre- 
pared in bulk from concentrated 12 N acid. The solution was
stored in-E:EEZQe glass container fitted with a dispensing

bﬁrette. The strength of the acid was determined by titra-

tion from time to tiﬁe'and found to be guite constant.

L
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34. Synchronization circuit of calibration’
- .heater and the timer used for calori-
metric measurementsw )

. A =12 volt lead storage cells
.B'=.110 volt supply |

C = timer

D = calibration heater

E = dummy heater

F- = standard 1 ohm resistors

G = potentiometdt

-
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{e) ~Measurement Q

Thin-walled sample bulbs wefe fiIfé&‘With the finely
- ground samples.  The bulb,waé'sealéd under N2 gas. The

bulb was then attached-to the bulb holder by means of wax

éndrsuépended in calorimeter. |

About 300 cm® of 4.02 N HCl Qésiintroduced into the
caiofimeper. thn'the_Calorimeter liquid and the bath had
reachedapproximatek(:the éame témpé;atufe, thé heating
circuit was closéd in'the dummy pos;tion;

For purposes of'evaluatihg the héat'changés.in'the
calorimeter, a correction wasimade for the exchange‘éfiheat
between the calorimeter and its éurroundingS‘dufing,the
process.. For thig ﬁurpoée, the course of temperature changes
was divided iﬁfo thrée per?b s. The firét period wasﬁy'

bbserved for 8-10 minutes priokx to the reaction or calibra-

tion. In this period, the calorimeter‘teﬁperature was.

- recorded at‘one minute iﬁtervals until‘the‘temperatUre cﬁéﬁge.
was constant over a ‘fairl:y long period of time (20-30 minutes)
and the last. 8~-10 readings we‘r’e‘ considéfed._ At tﬁ_i; stage |
with the heatinglcir'c':uit stili closed, the séﬁnpie ‘bulb wgs-
crushed under the calbrimete; iiquid. Dissolution was
coﬁpiete in 4-minﬁtes or less‘Ehich constitutes the second

~ period of the calorimetric measurements. This;period céﬁ;

sisted of a sharp Jjump of temperature. Following the @' '

 reaction, the third period began when rabte of cooling of

» s



,  the celorimeter foliowed'Newtoh's laQ A schematic dlagram,
ﬁig 35" (graph A ) shows three perlods typlcally observed
for exothermlc reactlons. - T

In order to achieve rapid-dissolution of thelsamples,
the calorimeter liquid Waslstirred rapidl?., The sample
holder was raised from thefbottom of the calorimeter after.
breaking the bulbs, %hus preventing trappinglof the semple‘
by the upper part.of the bulh fragment'at'thevbOttom of the
calorimeter. | ) | |

Burihg a calorimetric run, wheﬂ?the rhird period was -
cbﬁplete, the temperature of the calorimeter liqeid was
restored to 25°C by'allowing a few drops of'liquid nitregen
to evaporate‘in a well (tube B, Fig. 33) which extended down
rntofthe calQrimqur liquid. A new set of reaaings were
recorded which'conetitﬁted the first period of the calibra-
_tien.~ The calorimeter heater was turned on and readings
awere'recorded. The heating‘wQﬁ.Of sudh a duration k300—725
sec.) so as.to achleve the same temperature jump as was
obtalned durlng the actual reaction period. The heating time
and_c&rrent were measured with a precision better than #0.1%.

A typicalicurve for the dissolving of ThBr in 4. 02 N HCl

contalnlng a st01chlometrlc amount of KBr is shown in Flg 35,

Evaluation of Data =~ ./‘

(f). Heat capac1ty of the calorlmeter

The energy g in joules supplled\by calibration -heater
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Fig. 35. A typical temperatufé—time curve for
- dissolution of ThBr, in 4.02 'N-HC1
 containing stoichiometric amount of KBr.
(The temperature-scale shows the o
unconverted Helipot reading, the black
dots are experimental points.)

Graph Ay

Curve A-B

~initial period

Curve B-C reaction period

Curve C-D = cooling period
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was determined using the'eqﬁation,

g = I* Rt Joules \ ‘ [37]
' where R is the resistance of the heater in ohms (= 122.8 ohms),
I the current in amperes, and t the time in seconds.  In all

our}experiments; I was found to remain constant for each

"run. The hedt capacity, C, of the calorimeter and its con-

tents was determined (e.g., from curve By, Fig. 35) by
using the equation,
c = AT Joules per temperature scale division °~ [38]

where C is the heat capacity and AT reﬁresents the true -

T .
temperature change in units of a Helipot scale .

{g) Teﬁberatufe_jugg

The temperature changes were détermiped graphically..
A vertical line was dfaﬁn through the cufve a£ the point
corresponding to half the determined reaction timé. The:
temperature time curves in the preperiod and after;perioé
were extrapolated to intersect this vertiecal line. The

difference of the two intersecting points was taken to be

the temperature jump in Helipot scale divisions.

-~

* 1 Helipot scale division corresponds to about ZLO_3 °ecC,

7
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. A more precise method of evaluatiop, used- when
reaction times are rather long, has been described by

Kubaschewski et al. (128). This method was émployed to
2ThBr6
salts and in checking the accuracy of the calorimeter by

check the. results obtained by the othet method for A

measuring the. heat of ﬁeﬁtralization of a sample of THAM:
(tris(Hydroxyﬁethyl)methylamine)‘with'excess-of 0.1 N HC1-
at 26°C. ..The mean‘of five values obtained with our calori-

meter is 29.6\KJlmol_l;

-1

The literature value is 29.56 KJ

mol (129).

{h} Heats of solution

The molar heats of sdiution, AHS, were ‘calculated by
using the equation,

AH' - C.AT.MW Joules mol_l. : ' ' [39]
5 oW ) ’ . .
L2 N

where MW is the molecular weight of the sample, w is the.’

" mass ¢f the sample, and C and AT have been defiped earlier.

(1idi) SEectra

Raman spectra of the solids werelobtained with a
Control Laser Model 5522 argdn laser (5145A°) 0pératéd at
2.0 watts. The finely ground samples were held in sealed,

pyrex capillary tubes.
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3. ANALYTICAL METHOQD
Chlorides and bromides in difﬁerenthamples were

'determined by the Volhard method outlined on Page 50.
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- CHAPTER 4

PREPARATIVE WORK

Preparation of Compounds -

4.1 'Thorium-Tétrachloride' '1“

The preparatlon of ThCl4 has been dlscussed on Page 53
(refer to Fig. *20, Page 55)}. . The’ product was purlfled by
twice subllmlng in vacuum in a platlnum tube heated to
760°C ‘ |
Procedlire

The entire appratus.shown in Flg 36'was‘aried under
vacuum while belng flamed out. Crude, powdered, 'I‘hCl4
(678 g) was transferred into the-platinum tube, B'(Fig;'éG)
.in a glove box and its Opening was tightiy corked by a
rubber-stopper. The platinum-tube“ccntaining the substance
was quickly introduced into the quartz'tﬁbe A“through the
‘opening‘G while Né gas was Eloaing through the.syst;% and
. the rubber cork was. removed from the platlnum tube The
quartz tube along with the Pt- tube was 1ntroduced into the
tube furnace leav1ng 1/2 of the Pt tube outsmée the furnace
The temperature of the - furnace ‘was slowly lncreased to

760°C, and was heated for 6 h..4It:waslfcund that a very

light ashy substance,‘essentialiy oxide, was projected towards
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— vacuum line

//(//// //////
/////////// / 1 ¥W3s

ThX4 ) | p/E
D

-/

- Fig. 36 Vvacuum . sublimation of ThClg or ThBrg.
A= 2.0 cm diameter quariz tube, ~
B=1.0 cm diameter Pt-tube,

C=2.5cm diameter tube- furnoce,

D = glass ampoule,
F=24/40 male joint.
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the opening G during the sub%}mation while thg ThCl, was
léft sticking to the platinum tube in the'coo{er zone.
With a stream of N2 gas passing through the system, the
impuritiés were tilted down through the opening G and the

Pt-tube was scratched by a long stainless steel rod to break

up the ThCl4 cake. The resultanﬁspowder was collected in the

ampoule D which was sealed at the constriction E under N,

gas. After collecting 2-3 batches of product, all were

introduced again into the Pt-tube for a second sublimation.

The product was finally stored-under N2 gas in a sealed
. 7 t

pe

ampoule system, Fig. 16 (Page 43). Anal. Calcd. for ThCl4:

Cl, 37.93; Found: Cl, 37.84%.

4,2 Thorium Tetrabromide N

>

~~Thorium tetrabromide was prepared by a published method
(131) with some modification. Bromine (25 mL) was added '
dropwise to thorium powder (4.18 g) in 5 mL acetonitrile.

The mixture was refluxed under N2 gas for 12 h. The sclid

e

product was heated for 4 h at 180°C and was subéequently
.J'

sublimed (three times) .under vacuum in a platinum tube heated

to 550°C. The procedure of sublimation was the same as out-
lined in Section 4.1 above. Finally, the product was stored

under N2 gas in a sealed ampoule system. Anal. Calcd. for

'3

ThBr,: Br, 57.93. Found: Br, 57.70%. '

T,
ot
?

%
X
ot
L
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Preparation of Ternary-Salts

- 4.3 Potassium Hexachlorothorate, KzThcl6 e

The preparation of K,ThCl. is typical. 'Atstoichio—
hétric amoun% of KCl was added to ?hCi4. Thé mixture, with
a weight of 7 g, was sealed in vacuo in a quartz tube and
£his wés héated in a tube furnace at 730°C. Once a clear
liéuidohad been formed, the tube was agitated to bring
about thorough mixing ana the tube was heated again for 0.5 h.
-The melt was.qqenched in air and,the solidified mass was
groﬁﬁd in a dry nitfogen atmosph;re gnd?stored in-é sealed
“ampoule-system }Fig. 16) .

Unless otherwise specified, all other salts, CszThCIG,
KThClS, K3ThCl7, K2ThBr6 and CszThBr6 were prepared in the
same way, as described in Section 4.3 above.

CompleteneSs‘of reaction was shown by x-ray diffraction
patterns Yhich showed no linés that could be attributed to

either of the starting haterials.

Attempts were made to prepare KThBr,. and X

5 3

mixing stoichiometric amounts of KBr with ThBr4 and fusing

ThBr7‘by

asféescribed in the case of KzThC16. X—réy diffraction

. -

results and the existence’of these salts will be descrihgd\\ .

in the ensuing discussion section,



CHAPTER 5

l ' RESULTS AND DISCUSSION

The enthalpies of gompleXipg, AHC, in-formiﬁg
. K,ThClg, Cs,ThClg, K2Th5f6 and Cs,ThBr, from-the'coﬁstitﬁent”
halides, were studied by solution calorimetry.

As mentioned earlier, the calofimeter liquid was 4102
N HCl. Acid was used as a caiorimét;ic'liquid in'oraef to
suppress'in part thé.hydrolysis-of d%sso}ved thorium.com—
pounds. When'ﬁater was used in-the'caloriﬁefer, ‘as in
Chauvenet;s‘work (109),"hydrolysis.cau§éd undue eﬁolutidnrbf o
heat, and the calculation of enthalpiééhof complex fofmation\
involved taking différences of large numbers. it is believed
that the acid made the calorimetric results more repxodupible.

Enthalpies of comélexing for AETEX6 salts,-i.e., ‘{
enthalpies of reaction [40]), were determined by measu:ihg

. AHC - ” .

2BX(C) + ThX, (C) — A,ThX(C) ‘ ‘. [40]

-

the heats of solution of each of the substances appearing 'in

‘the equation. We assumed that AzThX6_dissolved in hydro-

chloric acid solution to give the same species as were
formed when Thx4 and AX were dissolved -separately. At any’
rate,.the:coﬁplex, CszThCl6 ‘may be crystallized from a "

solution of ‘the component chlorides in concentrated acid (110).

r

A
. “
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Thé following partiélrreactions were used to calculate the
enthalpies of complexing.

2 AH

_ 1 , ,
2AX(c) +'{H2Thx6+anH -+ {2AX+H2Thx6+an1} [41]
| Ay | - |
ThX, (¢) + {2AX+ (n+2)HC1} - QAX+H2Thx6+an1} [42]
‘__AH3 . . ) )
£2AX+H2ThX6+nHCl}4- AZTHXG(cg +{ (n+2)HC1} [43]
s - MHg T |
{2AX+H2ThX6+nHCl} +{(n+aHm}+{H2Thx6+an1] +{2AX+(n+2)HC1}
‘ (44

Ffrom which we obtain: : . ' .

2AX(C) + ThX, (C) = K,ThX,(C) and

4 o |
BH, = ¥ AH,.
DTS

The enthalpy of soluﬁion,-AH4, is assumed to be zero

..

‘or négligible'With respact to other quantitiés because the

-

solutes were essentially at infinite dilution. ' Therefore,

the efrthalpy of complexing, AHC, of the“pEOCéss [40] is
expréssed as, '
AH_ = 20H) + AH, - AH, } _ [45)
. . - . ] g
Westland et al. (111,130,132) observed with thé tetra-

halides of various elements, that the measured enthalpies

"y
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were essentially independent of Sampie size. Thue, the
solutes hehaved as though they are at’infinite dilution.
We believe this condition to Have obtained in the pfesent
AHl’.AHZ and AH
‘are recorded in Tables‘l7;718 and 19 respectively.

study as well. The heats of solution, 3

- The heats of solutions of the alkali halides at

infinite dilution in {.02 N hydrochloric acid, are not

measefably influenced by the presence of small quanﬁities of
A , Obtained in tﬁeh‘
'Prev1ous researches (130 132) were used Ln\\ﬁe\present w?fk

the'SOlutes, MX ‘Therefore, values of M
(Table 17). Equlvalent amounts of alkall ‘halide w,re.dﬁded

- -
to the calorimeter liquid when thelenthalples of solutlon , _]E

of ThCl and'ThBr4 were measured, although there was no

4

ev1dence that such addltlons had any 1nfluence on the measure—A
ments. ) |

As a check on the purity of the ThCl4J we obtained th%
value -186.2 KJ mol i for_the enthalpy of -solution in 6.00
hydrochlorlc acid. This comﬁares well with the value |

g —185.3 KJ mol ; obtalned by Eyrlﬁy and Westrum (133). A

more negative result may suggest a purer sample, i.e., one

more free from hYdroiysis.

Westland et al. (130) have argued that in the case of 4
MBr, and its salts, the bromiee mixing according to %quatiqn ) {
(46] ) .
MBr T MBELCL, 2- I r??s]

g+ (6-x)C17 5T(MBryCLl. ) + (4—x)Be

y.
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Table 17. Enthalpy of solution, A4H,, for alkali halides
. it 4.02 N hydrochloric acid. -Values taken

from references (130) and (132). -
COMPOUND AH '
KJ mol—l
KC1l 18.39 + 0.11
.« - csCl 13.70 + 0.24 .
| KBr 19.87 + 0.04
CsBr 23.25 * 0.15
kY i
9 L
" %
it
. i
S
4 © o
" /
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P

,{ Table 18. Enthalpy of solution of thomium halides, 4H,,
N / in 4.02 N hydrochloric acid contalnlng )
N . alkali halide.

COMPOUND SAMPLE - - AH, MEAN
: © WEIGHT L
g KJ mol _
Thel, 1.78%5 - -213.2
‘ 1.3514 —215.4
1.2694 -213.9
1.2495 . - -213.3 |
1.6085 -213.0 ~213.8 + 1.0
ThBr} 2.1541 .—263.5"
©1.7000 -264.5
~ 1.8065 -260.0
; . 1.7778 ~265.7
. 2.1062 ~260.8 ~262.9 + 2.4
..a\ o
s J l
\
“
/! f =
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Table 19. Enthalpy of solution of alkall—metal hexhal -

othorates, AH3, in 4.02 N hydrochloric acid.

COMPOUND SAMPLE N MEAN

WEIGHT 3 o1
g KJ mol
KZ'ThCl6 2.1941 -124.8
1.1760 - ~l25.0
0.9671 - . =126.2
1.9890 : -127.5
1.3559 -128.1 -126.3 ¢
-CszThcls"‘ ' 3.4708 : -104.5
2.9185 -104.3"
" ‘ 3.0215 . =107.0 . ' :
2.5034 -105.3 -105.3 ¢
y K2ThBr6 _ - 1.2039 . . -198.4 I
L . N : ©1.4558 ' =-202.
/’ .:\/f)_ 1.3083 . -200. .
\;,) . 1.5305 ° =199, =200.2 #
Cs,ThBr 2.0607 A ~144.5
= 2.1315 —142/9
1.9867 ~14472 :
2.4398 ~143.0 .
2.3357 '-142.8 -143.3 &

4

.5

.8

.0
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was 6f 1it'le:or‘no'sighificanceifortthe measureﬁepts;as
the complexes @re entirelyﬂlabile.' Mbreover, there was
presumably ne ligiblé complexed bromide }n_the systeﬁfowing
to the large ratio of chloriae tp bfomide in solutiqﬁ.. In -
addition, the halogeno-species weré partially hydrolyzed
to a mixture-oiﬁhydroxo—‘énd aquo-species. The validiﬁy of-l

T

calorimetric meaSurements‘depends on the ready attainment

of the same equilibrium state in each case and the lability

of the compounds under study assured this.
oo J

The heats of complexing, ﬁHC, of the ternary compléxes

o
.

galculated_from data in-Tableg 17 to 19 arepgiven in Table 20.

Evaluation of-Experimental Data

Thé numerical magnitude of the enthalpy ofﬁcomp}exing
which is a meésure of the thermodynamic stability qf alkali-
metal hexahalothorates, incfeases'from potassium to caesium

{Table 20}. This is normal for ternary complexes and may be

accounted for by the consideration of the following reactions:

e~ -

. +U
_ A2ThX6 + oo .
A,ThX (C) —~—— 2A {g) + ThX. " (9) [47]
2- . TOHL _ )
‘?hxs (g) ——— ThX, (g) + 2X (g) sl
. B o -2U, 4 : - -
2A7 (g) + 2X (q) 7’_—.—»2AX(C) [49]

]
[
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-

Table 20. Enthalpy of complexing, AHC;“of the alkali-
‘ : metal hexahalothorates.

L

© COMPOUND - = . AH_C/KJ mol_l
. K2ThC16 -50.77 z 2
\ L
Cs,.ThCl : -81.,1 + 2
2 6 .
K,ThBr -23.3 + 3
Cs,ThBr e ~73.1 ¢+ 3 |
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By adding the equations 147] to [49], we obtain the overall

reaction,

A ThXg(C) == 2RX(€) + Thxg{c) =~ "~ [50]

D TAHp = BHp = (20 .- AzThXG) | : [51)

where UA2IhX6‘and UAX represent lattice.energies of A2Thx6

and AX respectively. AHp is the enthalpy of dissociation
of the complex anion Thx627 and AHR is the experimentally
measured enthalpy of decomposition of the solid A,ThX,

Because of the smaller size of the'X anion compared

to the size of the MX62_ ion, the difference jn the lattice
5
.o , /
energies (EUAX - UAzThxs) increases {(or hecomes less nega-

tive)} as the size of thé. dlkali metai ion decreases. AS

the heat of dissociation/ AHDggbf the stzh ion is common

to ‘both potassium and caesium hexahalothorates, it follows
that the heat of deccmposition, AHR {Egqn. 51), for the
hexahalometallates should increqse with 1ncrea5lng cationic
radius. "Phis is a general result for hexahalometallates
Table 20"reveals one important property of thorium.
We see from the enthalpies of compleXing that K Tgﬁl is
ca. 27 KJ mol -1 more stable than K2ThBr6 _gain, CszThCl6
is more stable than CszThBr6 (Table 20). This iilustrates
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that thorium prefers chloride complexation and gives an
indication of class a character of Th(IV). A more fuil
description of its class a behafiour Qiil appear in the
section dealing with halide-ion affinity, -
The uncertainty limits given in Tables 17—19.aré:the
standard deviations of the measurements. These limits do .

not include an estimate of accuracy as influenced by purity

of materials, etc.

2
As mentioned earlier, published reports (114-116) on the

An additional uncertainty pertains to tﬁe X ThCl6 salt..

phase diagram of K2ThCl indicate that the salt melts

6 .
incongruently. However, a recently published phase diagram
(117} along with an examination of Figures 31la and'31b,

taken from references 115 and 116 respectively, lead us to

believe that a too rapid cooling of the melt producéd the

compound in some cases by a nén-equilibrium process. Fig. 31la
L . - ) .

shows a iin?:corrgsggﬁaing to KZThC}G.. Figure 31b shows a
ﬁeritectic-%&xture at 406°C. This diagram was obtained by
Ienov et al. (116)'who.0btained the phase diagram by slow
céoliné. -If, on the other hand, the melt is rapidly cooled

from 700°C, K2Th(;l6 could form by a non-equilibrium procéss.(

« '

X-ray Diffraction Studies

!

It was mentioned in Chapter 4 that KThCl andrK3ThCl;

5

were prepared in a similar way to KZThClG. ‘There are several
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process: 3Ca1320‘lL = CaB,0, + Ca,B,0. for which AH

" self-consistent.
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reports that the former twoiCompounds melt cbngruéntly '

(114,116,134). Debye-Scherrer patterné of eacﬁrof the three -

solids so obtained were distinct from one another. The-

“X-ray diffraction reflections of K2ThCl6, KThClS‘énd K4ThCl

3 7
are given in Tables 21-23, respectively.' The pattéfn”of'

K,ThCl, (Table 21} was indexed as tetragonal. . A line with

s

sin?8 = 0.0149 appeared strongly in the patterhéjof KThCl5

and K,ThCl, and weakly in the pattern of KZThCIG.l'it'iS

therefore likely that a small quantity of the 1:1 énd/or' 

the 3:1 compound occurred in the preparation ofJKZThC16a$ .

Thé heat of solution of an equimolar mixture of KThCl5 énd.

B3

K3ThCl, would differ from the heat of solution of 3K,ThCl

2 6

by the.enthalﬁy Gf the process [52]:

- 2KéThC16 = KThC15 +AK3?bCl7 . ) [5?]

This may be a small quantity as in,the case of the analogous

477 27275 reaction *°

1 (135). If the K2ThClé contained as much as

~2.1 KJ mol
-
10 mole percent impuf}ﬁigs and the enthalpy of reaction [52]

were as much as #20°XJ, the error in the measured value of
AH3 (Table 19) would be only 1 KJ mol_l;. The thermal data
for KZThClG presented in Tables 19 and 20 are thus the sub-

ject of some uncertainty in this way, but it will be seen

later that the data for the various salts are satisféctorily

o

~

-’
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‘ Téble_Zl« Xffay diﬁffabtion data for K,ThCl.

sin? : é {(A°Y " hKL - sin?8 - .ﬁeiative
{obs.) (obs.) ' ' (calcd.) " Intensity
0.0121 ' 7;00 '_3 01 0.0123 vs
0.0149 631 - - W
0.0184  5.68 - 111 0.0178 s
 -0.0327 426 102 ~0.0327° ms
1 0.0383 304 112 0.0382 ms
0,0440 .- 3.67 2200 0.0440 vs
o 0.0492  3.47 202 0.0492 w
0.0820 2.69 312 0.0822 s
0.0835 2.66 203 °  0.0832 s
0.0936.  2:52 410 0.0935 s
0.1049 2.38 223 0.1052 W
0.1265 2.16 332 0.1262 W
0.1373 ' 2.08 422 0.1372 w.
0.1550_' 1.96 413 0.1547 w
- - - \
' Sy
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Table 22. X-ray diffraction data for KThCl,.

sin? g da (a°) - . - Relative

(obs.) (obs,)- ) ‘ Intensity
00149 } 6.31 . s
0.0162 . 6.05 . . g w
0.0283 o "7 4.58 - - . ms
0.0349 \.-”  s.12 - Cw
0.0416 R T I , ms
0.0a74 Y  3.54 | | = W
0.0527 - 3.35 , s,br
0.0793l - © 2,73 o - ms
0.0910 . 2.55 . “, o
“0.1014° L 2.42 . Cw
6}1;02. o 4' 2.32 e W
0.1498 o 1.99 . . ) | ?s
0.1996 L2 " W
{ ) .
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Table 23. X-ray diffraction data for K

i
sin?® | ‘ d (a°)
- (cbs.) (obs.)
10,0149 S 6.31
0.0199 | ' 5.46
10.0401 3.85
0.0545 - 3.30 ,
0.0576 | 3.21 .
0.0763 | ' 2.79
0.0869 , 2.61
0.0958 ’ ' 2.49
0.0995 ' 2.44
0.1074 ° : 2.35.
0.%341 o 2.10
0.1518 - 1.98

-

o.lsgq : 1.90

3

ThCl7.

Relative
JIntensity’

vs
vs

vs 7
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CszTh(_Zl6 is trigonal and the lattice parameters are
take) from the literature (119-120).

DebYe—Scherréi:pétterns Qf'KzThBr6 (Table 24) and

»CszThBr6 (Table 25) were indexed and had tetragonal and

trigonal symmetries respectively. X-ray diffraction patterns
cof thése two salts gave no indication cf the presence of
starting materials and all the lines were indexed: The X-ray
densities of K,ThBr, and CséThBr6 (Table 26) obféined by
¥atsimirskii{s method (Eqn. 54) agree witﬁ.thdse of the
picnometer measurements. fhis provides furﬁﬁe;:assurance r

of the correctness of the indexing. Although”thg phase c/j

diagrams of these two compounds have not been reported, the

phase diagrams of the analogous uranium compounds viz.,

KZUBrG’and CsZUBr6 are known and are both congruently melting

- compounds (118). 1In addiﬁibn, attempts were made to prepare

KThBrS and K3ThBr7 from the componént halides as described
in Chapter 4,
" The Debye-Scherrer pattern of the expected complex

KThBrS,was identical to that of a mixture of ThBr, + KBr

4

and that of expected K3Thﬁr7 was similar to that of K2Th3r6

+KBr implying that the KThBr5 and K3ThBr7 complexes were

not formed. These findings strongly indicate that KgThBrs

is a congruently melting compound.

The lattice parameters of K2ThC16, K2ThBr6 and CszThBr6

Qere obtained from extrapolated Nelson-Riely plots, and are

listed in Table 27.



sin?8
(obs.)

0.

0.
0.
0.
o
.0
0

0.

0

0.

0

0.

0.

0.

0.

0.

0139

0188

0376
0421
0501 -
.0557

.0680

0736

.0824

0900

.0992

1096

1267

1439 .

1545

1656

.'. d (A°)
.(obs,)

6.53

5,62

s
Table 24. X-ray diffractioﬂ data for K,ThBr..
hKL " sinie " Relative
. (caled.) Intensity

101 . 0.0139 vs
111 - 0.0184 vs
002 0.0376 Cw
102 0.0421 ms

301 0.0499 g
'205 T -0.055&- ms
321 - 0.0679 . w
222 - . 0.0736 © - w _
312 . 0.0826 oo
420 - 0.0%00 w
121 0.0994 w
402 , 0.1096 w
511 0.1264 w
440 0.1440 w
512 0.1546 w
333 - 0.1656 w

A%

-



Table 25. 'X-ray diffractibn datd for Cs,ThBr

sin?d.
(obs.)

0.0176
0.0349

. 0.0438

0.0605

0.0702

0.0810\
\

0.0873

0.0968

0.1158

0.1222

0.1526

1

-a (a®)
tobs.)

2.26

7167*

hKg:

101
111
7201
210
211
003
301
212
* 203
311

104

= \‘\.//
. g
. A
. N
sin?@ “Relative
(caledl) - Intensity
. 0.0177 vs
.0.0351 ms.
'0.0438 . vs|
0.0609 ms
- .069% W
010810 ° s
0.p873 ms
0.0969 |
e -
0.0158 T W
0\&221 ms
. = '
0.1527 w
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Table 26. Densities of KéTh_BrG and Cs,ThBr .. -
" COMPOUND | DENSITY BY " DENSITY BY/
, : . X-RAY S PICNOMETER
MEASUREMENTS MEASUREMENTS
. (g cm ?) . (g em™)°
K,ThBr . 5.01 4.74
-\.
‘ S~ :
Cs,ThBr : 5.08 _ .99
’ i
Y ,
£
[
1

-
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_the solid salt). Further,

ai70- 2

Lattice Energies a

The values of the lattice energies of AZMX6 complexes

(A=K and Cs; M=Th 4nd‘U; X=Cl and Br),wé;e estimated by use .,

.

. 0of the Kapustinskii—Yatsimirskii expression {(Bgn. [32],

A

Chapter 2). According to Yatsimirskii, ~,

r(= 1'++I‘_) = W— 7 _E53]
where J is the ccncentration (@oles'of ions in 1000 cm4 of

-

g = 1000.4(n) . : - [54] .

~ M

where 4 is the density of the. substance, M is its molecular

weight and(fn)is' the number of ions in the. molecular formula

- of the‘compléx salt. ’ o .ot

: It should be noted that the lattice energies calcula-

. ted by the Kapustinskii and Yatsimirskii method are very

approximate because the anionic groups are treated as mere

.point charges. A superior approach i$ that of Jenkins and

Pratt-But their procedure requires a knowledge of the basic

radius of the MX62—‘ion and the.charge on the terminal

4

halogen, i.e., g as discussed in Chapter 2. The cruder

Axf
calculations are présehted here in the belief that theyilead
to valid cdmparisoné in properties between closely related

compounds. As we are interested in obtaining difference

T

y>fj:
r’\‘

s
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véiues,ﬁthe“exercise appedrs to be justified.

Lattice_energy'daﬁa (Table 27) reveal that K,ThCl

-

2 6
~
is 90 KJ mol ! moré stable than Cs,ThCl, which compares well
with'bromorsystem, where K2ThBr6 is B8 XKJ molhl more stable

“s+than Cs,ThBr . These_difference% arise from the diffe;eﬁces

An the size of the gations. Again, A,ThCl. is 201 KJ mo1”L

more stable than AzThBrG. The lattice energies of the

uranium compounds are also listed in Table 27.
, _ -

6 6

- Standard Enthalpies of Formation of A, MX. Salts and MX 2~ Ions

‘Scheme' 6 embodies the cycles from which the relations

for gﬂ%(Azmxsicf'(Eén: 55) and AH;(mxez‘,g) (Eqn. 56) were

derived.

b

‘ AH .
+ - E + 2-
28 (g) + 2X (g)-+ MX4(g) + ' 2A (g) + [MXG] (qg)

T

+UAX ' +AHsubl. +UA;.ZMXG
o ’ AH
28X (c) + MX4(c) -+ A2[MX6](C)
, & 7 Scheme 6
ey
AHE(AzMXGrc) = AHC + 2AHE(AX,C) + AH%(MX4,C) [55].
2—2

) [56]

. Q =
I:AHf(MXG r9) 6,c

R . o
U(AZMXG) ;AHf(A /9) T AHf(AzMX

~

Thé relations [55] and [56] were solved using the enthalpy

of comblexing values (Table 20), the lattice'energies of the

N

IR



e

‘complex .salts (Table 27) and ther_anqillaryldata éﬁown

) : . ’ 2- .
- below. The valges_for Aﬁ%(AZMXG’C) and AHE(MX§ :g) are
* listed in Table 27.
) g VThe-following standard thermodynamic data were used
consiéteﬁtly\thréughout oui/gghdy.
E + ‘ ‘ -1

AHZ (K7) (g) = 514:2 KJ mol ™ (136) . . (57]

AHgCs  (g). * 452.3 °KJ mol — (136) [58]

_ B AHZKC1{(c) = -436.7 KI.mol™' (136) [59]

o0sCLlS) = —443.8 | -1 L %
AHSCSC(¢) = -442.8 KJ mol™™ (136) L 601
g” ‘. L ' .

AHZKBr (c) = -393.8 KJ mol™ "~ (136) . [61]

. AHZCsBr(c) = -394.5 KImol Y (137) [62]

AHZTRCL, () = -1184.4 KJ mol™™ (138) [63]

¥ . AHZTRBr,(c) = -963.4 KJ mol™T (138) - 641

pHQUCL, (c) ='-1018.4 KJ mol™h (112) - [65]

. © aH3UBr,(c) = -802.5 KJ mol ' (138) [66]

; AB_(Cs5UCLE) = ~100.8 KJ mol™t '(112) (671
| _ | )

; : © BH_(K,UBr,) = -43.5 KJ mol™l (113) [68]

Bl



. ~thalpy change for the process,
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‘Halide Ion Affinities

The two-halide ion affinities, BH_ (g}, are of interest

i

J'asvthey refer to the'processeévof_forming'the complex

anion in the gas phase in-.which the effects"of crystal

forces do not.play a'role, This gquantity reveals_the
acceptor property of MX4(g). “ThHe double~halide ion affinity

IKﬁx(g)) of gaseous tetrahalidesimx4‘is defined as the en- .

Y

MX,{g) + 2X (g) + MX62ﬁﬂg) o ’ ' [69]

The values of Eﬁx(g)'are given by [707]: .

— . ot - : .
AH (g) = MHg (MX.™ ,9) - ?AHE_(X 7g) - MHZ(MX,,q) [70]

L}

. The energy of reorganizing sp? hybridization-of the gaseous

MX, molecule to sp®d® hybrids-is involved in Eﬁx(g) But it

‘is difficult to evaluate this factor. vVvalues of Kﬁx(g) of

thorium and uranium complexes are- given in .Table 28A.

The chloride ion affinity of ThCl,(g) is about 129 KJ

mol™! more negative than the bromide ion affinity of ThBr,(g)

(comﬁarisons were ﬁade from the mean values, TableaZBA).‘ In
addition, the double chloride ion affinity of TEC14(g) is
about 52 KJ molfl more.negative tharn that of‘UCl4(g). This
clearly demonstratés class a behaviour of Th(IV) (139).
Ho&ever, the above situation is reversed for UCl, (g} and

UBr4(g); The double bromide ion affinity of UBr4(g)fis about



Table

Table
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28A. Double halide-icn afflnltles, AH ég), for
the process MX (gl + 2X (g). “{g).
- Valueg in KJ mol'

a
1

N A d
CONDENSED PHASE Eﬁx(g) MEAN
REACTION PRODUCT |
nghFls, -147.5 -
Cs,ThCl, ' - -155.8 ~151.6
K,ThBr, & | -15.0 ‘
CszThBr6 - ~31.0 ) ,_23'0
052uc;6 . . -99.8
K205;6 ~108.7 ‘

o , by

28B. Double halide-ion affinities for.related
systems, KJ mol~ T

+

cl )  Br

Zr \ ’ -26 . =9, -1
HE. -37 S -4
Sn- ‘ +39 +46

. L . '
Nb c +3 . 5

‘Ta - ' -35 ' +38
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9 KJ mol'l more negative‘than that of UC14(g) and is also
86 KJ mol™* more negative than the double bromide ion -
affinity of ThBr4(g). It.qén be concluded that U?fb) has
incipient class b character, or in Peafspn‘s.terminology
(140), U(ILV) is a softer acid than Th(IV). We believe that
theé tendency toward class b character shown by-certain .
high—valeq; elements may’ be attributed ta their power to
‘polarize atoms bonded to them. Iﬁdeed, U(IV) has a gréater
effective nuclear chargq than hés Thflv) éwing to the poer
"shielding of the 5f electrons. éhé\uraniuﬁ core thus has a
stronger power to polarize electron densitieg from bromidé§
and heﬁbe a s;ronge: pﬂ;rd1r bondiﬂg in UBr62— meciety compared
to ThBrszf ion; '

The comparison-of thé-halide ion affinities of UC14(g)

. ‘and-UBré(g)'is reminiécent of those observed for HfClq(gL

and HfBr4(g) (l30,i32)‘(Table ZéB). By referring to Iablé

288, the double-halide ion affinities of Mx4'(M=Th and U)

may be compared with those of MX, (M=2r, Hf, Nb, Ta, and sn),

a group of compounds studied previously in this laboratory
(111,130,132). |

The chléride_iog affiniky of ThCl, (g) and the bromide
ion affinity of UBr,(g) aré the greatest of all the values

listed. This is remarkable iy view of the large size of
' 4+

~ ﬁhg actinide ions for which M =X coulombic interaction is

' 3
not strong. However, X —X_frepulsions in the'MX62 groups

‘would be smallér for the:acfinide ions also. The order of
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“gfhalfnlum, i. e . UBr

follow the same trend of dlmlnlshlng in magnltude t0ward the =

llncreases the effect1ve~nuclear charge, optlcal electronega—

specres alone. ,;g}*‘

) the acceptor strength towards Cl is ThCl >UCL >HfCi >

4 4 oot

'TaCl >ZrC1 >NbC1 >SnCl4 The order of bromlde afflnltles

is similar- except that the thorlum compound follows that of

4>TaBr4>SnBr4.

Jenklns and Pratt have shown that the chlorlde 10n

4>HfBr >Th5ﬂ#4zrsr >NbBr
afflnltles of varlous other tran51tlon element tetrachlorldes

rlght in a perlod (124 125) They found the same to be

true for the homolytlc M- Cl bond energles (see later) as well

»

Rather paradox1cally, Brown’ et al found that the stretchlng .

uforce constant increases in the series HfCl6 ? through
PtCl and they related thlS to trends to o- and n—bondlng
s
and optical electronegat1v1t1es (141}. They argued that

since the increase of atomic number in a parﬁicular period’

) ‘1tLVLty of the metal ion. thereby 1ncreases, Wthh causes

1ncreased Or and’ n—bondlng in the*M—Cl.System.‘ o =
However, the two-halide 1on afflnltles represent' -

differences between the. thermodynamlc states of reactants

and products and, therefore, may not relate 1n a 51mple

fashlon ‘to- the_bond order-and force constant of-product,

The calculatlons that led,to the fore901ng results

made “use of data taken from the llterature .The enthalples

of’ sublimation at thi)indicated temperatures were, v

4
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. _ : -1
T,AHsubl.ThCl4(1131K) = 247.0 KJ mol™ " (142). (711
AH .. ThBr,(1088K) = 184.0 KJ mél‘l (142) -.t72]
“Tsubl. 4 _ - f A
' - - b ) _ v . . —l
BH 1 UCL, (B63K) = 193.7 XJ mol (137) [73]
. _ : : -1
BH ) UBT, {792K) = 175.3 KJ mol™ " (137) [74]

C\\\\i" - Use of the heat capacit

temperature values:

AH;ubl.ThCl4(c)

o
AHoup1.

ThBr4(c)

1]

- AH?

sub1.UClq (e

AHO

Subl.UBr4(c»

. 3 o
Us;gg the above AHsubl,

were obtained:

Thcl4(g)

o = -
) AHf 91
L : . . - .
;‘%S_H%Tthrzl (g) = "'75

",

ies (143) gave the following room

1

269.0 'KJ mol [75]

204.8 KJ mol™t 1761

207.4 KJ mol T [77]

189.5 KJ mol T [78]

values of MX, (c), the AH%MX4(9)

Ay

5.4 Ki mol t 3 [79]
Ry

8.6 KJ mol " [80]

.
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AHSUCL, (g) = ~811.0 KJ mol™! o [81]
| BHUBr,(g) = ~613.0 KJ mol™l o qs2]

The standard enthalpies of formation of Cl (g) and Br {(g)

. - >
are given below,

AB3CIT(g) = -246.0 KT mol™t (144) T 183
'4H2Br(g) = -233.9 KJ mol™h (144) , [84]

Berid-energies
'.Jenkin; and Pratt (124) have defined M-X bond energies
;inffhé MX62_ moiet& in two differentlﬁays £hét‘€nvoive the
-quantities ghown in Fig. 37. Qne definition refers to the
homolytic fissibn of the bond,
AH?(MXéz—,g)
Mx 27 (g) > M(g) + 6X(g) + 2 [85]

in which case, the éﬁerage (homolytic) bond energy,

E(M-X)hom, is defined as,

__1 .a 2- ’ ' ‘

. i

Alternatively, by referring to the heterolytic fission of

the bond. [87]:-

stx 27,9, o . :

MX () —— ‘S(g) + 6X (g} [87]
. :
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rf ‘
N ‘ o
M3*(g) + 6X7(g)" ' }
) | M@ +6xig) B
- M(g) +3X2(g)
4
2 ~b
o M(c)+3x?__(g) o| B
t{l:l.) c{“; 1 "
e x| N
2| =| =
O N— [ o
jn ¢ X ho v
<3 <] <
Y ¥ Y
MXG_(g)
| \
Fig-37 Energy - Thermodynomic correlation for
bond-—energy definitions.
e~
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The average (heterolytic) bond energy, E(M—X)het is givén as,

_ 1 i '
E(M—X)het = -3 AH£(MX6 +9) (88]

2 2

The quantities AH?(MX6 ~,g) and AH%‘(MX6 ~,g) are the change

of gnthalpies of the processes [85] and [87] respectively.
Pearson (l45) has maintained that the heterolytic

bond energy represents the coordinate bond energy and is

more informative. From Fig. 37, it is evident that,

-~
—AHS y 2= = o o ‘ - ] 2-
AHZ (MX ,g{ = AMHZ(M,g) + 6?Hf(X;9) AHZ(MX.T ,g)  [89]
and ;ﬁ
il 2« v apormdT ; o (x™ - AHO 2-
AHf(MX6 ,g) = AHf(M ,g9) + GAHf(X .g) AHf(MX6 :g)
e ' . [90]
We used the following data -from the sources cited:
AHS (Th,g) = 598.3 KJ mol™l (146) [91]
. 4
Tonization potential, [ ITh = 6.0+ 11.5 + 20
1 + 28.7 '
= &6 eV (147-150) [92]
MEZ(U,9) = 527.2 KJ mol™t (113,151) [93]
4
Ionization potential, I I, = 68.0 eV (152)° [94]
1
o — -1 : ’
AHdissoc(ClZ) = 242.0 KJ mol (136) [95]
. _1‘ _ '
» o —_—
- AHdissoc(Br2) = 192.9 KJ.mol (136) [96]

1 eV = 96.49 XJ mol "t Lo 1971



Bond energy data {(Table 29) indicate that the energy .of

-181-

the Th-X bond is essentially the same in KzThX6 and Cs-ThX6

2
despite the differences in structures and the attendant
uncertainties in the calculation of 1attipe energies.,‘This‘
agreement affords some assurance about the validity of ‘the
methodology. Thé following periodic trends are evident  in
the metal-halogen homo;YFic bondJstrengths in MXGZ—(g),ions

(Table 29):

Th-Cl > U-C1l > Th-Br > U-Br

The difference between the homolytic bond energies of TH—C}
and U~Cl is 38 KJ per bond,‘qnd this agrees well with the
difference, 39 KJ per bond, between the values (Th-C1l=507

and U-~Cl=468 XJ mol;l) guoted By Jenkins and Pratt (153).

The absolute values given by these autﬁoré_differ'fr?p.ours
because of the different method of calculating latticeu
energies. The metal—haloéen coordinate béndugtrengths‘afe ;;

in the order:

Th-Cl1 > U~Cl > U-Br > Th-Br

~ .

The heterolytic Bond energy is very meaningful as it supports

our- earlier view that thorium and uranium prefer chloro and

bromo complexation, respectively.

In all cases, it is evident that E(M—Cl)hom > E(M—Br)hom

and also, E(M—'Cl)het > E(M-Br), -

~.
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Solid state Raman spectra of‘ThCl4, ThBr, and the

Alkali complexes were recorded from 800 to 100 cm * -

(Table 30). -The very strong band at 300 cm ' for ThCl, is
! -

’ assigned to the_totally symmetric Th-Cl stretch (154-156).

1 1

This is shifted to 282 cm © and 310 cm © in K,ThCl. and
Cs:éThCl6 respectively. The corresponding modé‘gives a band

at 195 em L in the spéctrdm of ThBr, (155) and this also is

}

seen to be shifted upon complexation (Table 30). Woodward

and Ware obtained spectra for ThC162_ and UCl 2-

6 in aceto-

nitrile solution and deri@ed the stretching force constants

(dig mode),. 1.51 and 1.40 mdyn/A®, respectively (157). These

wvalues confirm our previous finding that‘for thermochemical

bend energies

‘EtTh-Cl)hom/het > E(U_Cl)hom/het

-

" Unfortunately, the vibrational spectré of tﬁe solid compounds

do not'féveal the various modes required for a force field

cqlculation.



Table 30. Raman spectral data of ThX, and (Alk)éThX

. _rga- N j/)

4 6°

COMPOUND Th-X STRETCHING FREQUENCY
“The1l, o, 300s
) ’

%zThC}G. 282vs

R

CszThCl6 ‘ ‘ 310s )
‘ThBr, 1955

KzThEEE;, ' 175s

CsZ‘I‘hB_r6 198vs

| ‘ .

s = strong; vs = very strong

- RS A
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Conclusion
Cne of the prinéipal reasons for undeftaking‘a study -

of transition metal peroxo complexes in this laboratory

" was our interest in the use of the peroxo group stability

as an indicator of fundaméﬁtal bonding character within the
transition group. 'Aé‘it continues to be somewhat questionable
what. the peroxo groﬁp stability 'implies, it was decidéd to
fall back on thefmore funégmental thefmochémical approach
to‘the energetics’ of bonding which hés also been pursued in
this lab&ra£ory for sgme years. ' The present‘results on
Th(IV)- an& U(1Iv) - éompieking wefe,compared with the acceptor
properties of othervM(IV) ions (M=Zr, Nb, Hf{ Ta and Sn} )
that were studied earlier by Westland et alk. (111,130,132).
This work has examined thermbchemical bonding properties of
M-X sysﬁems’(M=Th and U; X=Cl and Bf);

Our measurements of the_enthalpies;of formation of
chloro coﬁplexes of thorium cast doubt upon the early work
of Chauvenet whose measurements:did not exhibit’ internal N

consistency. An examination of the literature on phase

v
equilibria suggested to us that Chauvenet may not have worked
with the'compounds'that he claimed tc have prepared. Xr;ay
diffraction regults repqrted in this thesis establish the
integrit¥ of gur&preparations. '
The ﬁ%ghclﬁ sé}t waé~indexed as tefragonal. KZThBr6
and CszThBrg salts were “indexed as tetragonal and trigonai,

respectively.
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We .have used data published by Vdovenko et al. (112)
for calculating standard heats of formation and other data'
for éhlorouranateg_ It is worth mentioning that fuger and

Brown (110) reported sllghtly dlfferent data for Cs.,UCl

2 6"
‘The Russian workers prepared thelr salts by fusing. the st01—
chiometric mlxtures of the component halides in a quartz tube
under vacuuﬁ while Fuger:and ﬁrownobtained-CsszICl6 by adding
CcsCcl to a solution of quadrivalent uranium produced by
reduction of uranyl ion witn~powdered silner.. in generali
we prefer preparations made in'tne'drf‘way,'SO we have used
‘.the Russian workers data for.Cezggié.“ Moreover, the data
provided by those workers are internally consistent for a
series of'AzUélG‘compounds. We have used the data for

K2UBr6 provided by‘the same group of Russianryorkers\(llj).

'Tne'double halidefion affinity,of_qu(g) is of‘interest;-

,as it demonstrates the acceptor properties of these actinides
in their +4 states. We have found that Th(IV) and U{(IV)
behave as c%?ss a and-class b acceptors, respectively (l39)f
This classification follows from the fact tnat'ThClq(g) has’
argreater chloride ion affinity‘than UClq(g). On the other
hand; UBr4(g) has a greater bromide ion affinity than. s
1jThBr (g). It is interesting to note that the double halide

ion afflnltles cbtained in this work are by far the greatest

.compared to group 4B and 5B metal halldes {(Tables” 28A and

28B). It is suggested that X~ ex 'repulsmons are very
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importaht in‘the stability of MXGZ_(g) ions and are much
stronger when the central atoms are smaller

The Values of the Th X bond energy (Table 29) in-
K'Thx and CszThX6 compounds remairr the same despite the
dlfferences in structures of the above two sets of” compounds
and the attendant uncertalntles in the calculatlon of lattlce
energ;es by the Kapustlnskll Yat51m1r5k11 method The Th-X

2
that the energy of the inner-sphere'bonds is almost indepen-’

bond~energy values in KZThXG‘and Cs Tthfcomplexes signify

deﬁt of the atomiernumber of the ou#er—sphere cation. .It is
conclusive from the' bond energy data (Table 29) that

E(Th- Cl) > E(U—Cl);'(E=bOnd energy) . The coordinate bond ’
“energy values lndlcate that thorium and uranium prefer chloro

.
4

“#and bromo complexatlon respectlvely.

.
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SUGGESTIONS FOR FUTURE RESEARCH
. q :

Qur understanding of the subjects discussed in this
thesis could be furthered by extending'the present wérk;

There have been no reports on the coordi atioﬁ

chémistry of the adducts of. ThCl, or UCl, containing

'bidentafe, neutral, tridentate, neﬁtral,'duadridentateilig;

ands, etc. One could syntheéize series of heteroligand
organcperoxo complexes of thorium and uranium from the above:

type of adducts and study their coordination chemistry as

‘“well ‘as oxygen transfer reactions towards a number of organic'

sibstrates. This idea could be éxtehded to other elements::
e.g., Mo, W, Ti, Zr, Hf and other lighﬁer transition |
elements. One could continue his whole research career ,//
perhaps by engaging himself in the synthe51s and character—'
ization of new organo peroxo complexes of thorium and uranlum:,
and studylng thelr oxidizing prope;tles;

The present thermochenmical results on thorium and

“"uranium could be 51gn1f1cant for the preparatlve metallurgy

of these elements as well as in glVlng insight 1nto the
bondlng properties of actlnldes

Cne could undertake a programme to lsolate dlfferent
adducts of the type MC14¢2L (M=Th and U; L=0—, N—»andks—
donor monodentate organic ligands) and determine.theif.

enthalpies of complexing, Aﬁc, by solution calorimetry.'
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’Slnce thorlum and uranium appear to e class a‘and class'b

na01ds, respectlvely, there may be dl ferent trends in the.

stabllltles of ThCl and UCl adducts.’ Thorlum.may exhiblt

nthe coordlnatlcn preference trend O>N>S whiie:ureniqm may

-

prefer the reverse order, i e., S>N>O '7 fy

One mlght expect the class b property to 1ncrease

'toward the rlght in the period ThlS could be 1nvest1gated
‘ -by thermochemical studles cn ternary complexes of NpX and

',Pux4 (X Cl apd -Br) . Such a study ‘would. certalnly extend our

present understandlng of the subject

-



Vi

-190-

CLAIMS TO ORIGINAL RESEARCH

The use of chelating .ligands to stabilize novel

coordination compounds of Th{IV) and U(VI) containing

_____*he coordinated peroxo group. A series of such com=

. 2
4, \\Epétbébye Scherrer pattetn of K,ThCl

-

. pounds were prepared and their physical and cﬁemihal

properties were examined. In particular, the peroxo

: . R b
_group stretching frequency, (vl(O—O)'df'the MO,

grouping),.was shown to . vary with the choice of . -

ancillary ligands us&d and with the atomic pﬁmber of

the qentral atom. e ~

Oxygen transfer reactions of some organoperoxo complexes

RO

Qf thorium and uranium towards tfans—stilbéne an@'”
allyl alcohol were investigated. ThélreSults_hévé been
rationalized through mechanistic paﬁhwgys,- o
The existence of the complexes,&szhCLG;'KZThﬁ;é‘and

Cs _Bfg\have beeh'éstablished. ‘

6 K2ThBr6 aﬁé‘

: CszThBrt ere indexed and hence the crystal symmetries -

“and thg;latticé'parameters of the above complexes were

g -

determined. - i o

Compardtive stabiilities of A,ThX. (A=K and Cs; X=Cl

-and Br) complexes wéfe'detérmined by solution

calorimetry.



.

a1es

: The'presenﬁnwork descfibéé for the first time‘the
. gas phase acceptor properties of_Th(IV).and U(Iv) and

" hence classification of these into class-a and class b

r

- acids, respecﬁively, A ratiomalization of this was

&

provided. The results suggest that C1=Cl~ repulsion
is much diminished in'heXachlorothorates and - uranates

relative to the other halometallap@s previously studied.
R i ; ‘

_Quantitative comparisons of the energieé of M-X bonds

in Mx62—(g) ions were obtained.

-Raman spectra of“AzThx6 complexés were recorded to

show M-X stretching.

Vet



-192-

REFERENCES .

1. C. Frondel, "Systematic Mineralogy of Uranium and
Thorium", U.S. Govt. Print. Off., Washington, 1958.

2. L. Pauling, Inaugural speech, C.I.C., Conference,
- QOttawa, Canada, 1980. .

3. L.G. Berry and‘B.‘Mason, "Mineralogy”, W.H. Freeman
and Co., San Francisco, Cha:les E. Tuttle Co., Tokyo,
1961. . :

4. M.H. Staatz, "Geology and description of the' thorium-
bearing veins", U.S. Govt. Print. Off., Washington,
1972-1973. ' '

5. N.J. Theis,. Doctoral Thesis, Queens University,

" Kingston, 1976.

6. RM. Williams and H.W. Little, "Uranium and Thorium s
in Canada - Resources,
national conference on the peaceful uses of Atomic

"Energy, 4th Geneva, N.Y. Vol. 8, 1971, United Nations,
1972, p. 37-58. . s

Production and Potential", Inter-

7. C.R. Philli?s-and Y.C. Poon, Minerals Sci. Engng.,

12, 53 (1980).

8. R.D. Nininger, Proceedings of a Pannel on Uranium
: Exploration Geology held in Vienna, International
Atomic Energy Agency,. Vienna, 1970, p. 1.

9. A.J. Eardley, W.L. Stokes, F.W. Christiansen, N.C.
Willams and C.L. Ashton, "Uranium, The World's
Expanding Frontder", S.
Steinmann, Texas, 1955.°

Wilhelm, E.F. Lingle & W.A.

10, - “"Uranium: Resources, Production, and Demand", & Joint
: Report by the QECD.Nuclear Energy Agency and the
International Atomic Energy Agency, France, 1973.

11. S.M. Roscoe, "Huronian rocks and uniferous conglomerates'
.in the Canadian shield", Ottawa, Geological Survey of

Canada, Geology branch, Paper 68-40, 1969,

~

-



-193-

12, J.W. Griffith and S$.M. Roscoe, "Canadian Resources of
- Uranium and Thorium", Ottawa, Department of Mines and
Technical Surveys. Mineral Resources, Division of
Mines MR77, 1964. .

13. L.H. Vogt, Jr.,; H.M. Faigenbuam and S.E. Wiberley,
,Chem. Rev. 63, 269 (1963).

14. J.A. Conncr and E.A.V.'Ebsworth, Adv. Incrg. Chem.
. Radiochem., 6, 279 (1964).

15. A.G. Sykes and J.A. Weil,-Pr%g?\gnorg. Chem., 13,
1 (1970). S

{
16. H. Mimoun and I. Seree de Roch and L. Sayus,.v
Tetrahedron, 26, 37 (1970){
) LN

Ry

17.. L. Klevan, J. Peone, Jr. énd 5.K. Madan, J. Chemnm.
EBEduc., 50, 670 (1973).

18. J.S. Valentine, Chem. Rev., 73, 235 (1973).

19. 6. Henrici-Glile -and S. Olive, Angew. Chem. Int. Ed.

Engl. 13, 29 (1974).
20. L. vaska, Acc. Chem. Res., 9, 175 (1976).

D21, D.A. Muccigrosso, S.E. Jacobson, P.A. Apgar, and
F. Mares, J. Am. Chem. Soc. 100, 7063 (1878).

22, G.A. Qlah and J. Welch, J. Org. Chem., 43, 2830 (1978).

23. A.D. Westland, F. Haque and J.M. Bouchard, Inorg.
Chem., 19, 2255 (1980)}. ) ‘

24. H. Mimoun, J. Mol. Catal. 7, 1. (1980).

25. AD. Westland and M.T.H. Tarafder, Inorg. Chem., 20,
- 3992 (1981).

26, H. Mimoun, M.'Postal, F. Casabianca, J. Fischer and

e A. Mitschler, Inorg. Chem., 21, 1303 (1982).

27. A.D. Westland and M.T.H. Tarafder, Inorg. Chem., 21,
3228 (1%82). )

28. G. McLendon and A.E. Martell, Ccord. Chem. Rev., 19,
1 (1976). ,



29.

30.

31.

32.

33.

34.

35.

36.
37.
"38.
39.

4?J

42.

j .

43.

44.

45.

46 .

47

-194-

V.J. Choy and C.J. O'Connor, Cocrd. Chem. Rev. 3,
145 (1972/73).

E. Fremy, Liebigs Ann. Chem. 83, 227, 289 (1852).

P. Pfeiffer, E. Breith, E. Lubbe and T. Tsumaki,
Liebigs Ann. Chem. 503, 84 (1933).

T. Tsumaki, Bull. Chem. Soc. Japan} 13, 252 (1938).

E. Bayer and P. Schretzmann, Struct. Bonding, 2,
181 (1967). .

R.G. 'Wilkins, Advan. Chem. Ser. 100, 111 (1971}).

R.F. Stewart, P.A. Estep, and J.J.S. Sebastian,
U.5. Bur. Mines Inform. Circ. No. 790§ (1959) .

H. Mimoun, Rev. Inst. Fr. Pet., 33, 259 (1978).

. H. Taube, J. Gen. Physiol., 49, 29 (1965}.

J.S. Griffiﬁh, Proc. Roy. Soc. A, 235, 23 (1956).
A.A. Vlcek, Trans. Faraday Soc. 56, 1137 (1970).
L. Pauling, Nature (Londen), 203, 182 (1964).

J.B. Wittenburg, B.A. Wittenburg, J. Peisach and
W. Blumberg, Proc. Nat. Acad. Sci. U.S.A. 67, 1846
(1970) . :

J.J. Weiss, Nature (London), 202, 83 (1964).

L. vaska, Acc. Chem. Res. 1, 335 (1968) .

M.M. Tagui Khan and A.E. Martell, "Homogeneous

Catalysis by Metal Complexes", Vol. 1, Academic Press,
New York, 1974.

‘R. Guilard, Jean~Marc Latour, C. ﬁecdmte, Jean-Claude

Marchon, J. Protas and D. Ripoll, Inorg. Chem. 17,
1228 (1978). ' :

S.E. Jacobson, R. Tang and F. Mares, Inorg. Chem. 17,
3055 (1978). :

B. Bosnich, H. Boucher and €. Marshall, Inorg. Chem.
15, 634 (1976). - :



48.
49.
50.

51.

52.
53.
54.
55;

56.

57.
58.
< 59.
60.
61.
62.
63.

64.

‘W.B. Beaulieu, G.D. Mercer and D.M. Roundhill, J. Am.

-195-

I.I. Volnov, Russ. Chem.. Rev. 41, 314 (1972).

ot

S. Muto, H. Ogata and, Y. Kamiya, Chem. Lett., 809 (1975).

B. Gorewitt and M; Tsutsui, Adv. Catal. 27, 227 (1978).

R. Ugo, F. Centi, S. Cenjini, R. Mason and G. Robertson,

J. Chem. Soc. Chem. Commun. 1498 (1968); G.M. Zander-
ighi, R. Ugo, A. Fusi and Y. Ben Taarit, Inorg. Nucl.

7Chem Lett., 12, 729 (1976).

R.A. Sheldon ahd—J.A. van Doocrn., J. Organomet. Chemnm.,
94, 115 (1975).
Chem. Soc. 100, 1147 (1978).

A.0. Chong, K. Oshima and K.B. Sharpless, J. Am. Chem.
Soc. 99, 3420 (1977). )

T.G. Traylor and A.W. ‘Baker, J. Am. Chem. Soc., 85,
2746 (1963}). ’ .

P.M. Henry, Adv. Crganomet. Chem. 13, 363 (1975).

H. Mimoun, I. Seree de Roch and L. Sajus, Bull. Soc.
Chim. Fr., 1481 (1969). : '

H.B. Kagan, H. Mimoun, €. Mark and v. Schurlg,

Angew. Chem. Int. Ed. Engl. 18, 485 (1979}).

S.E. Jacobson, R. Tang and F..Mares, J. Chem. S5oc.
Chem. Commun., 888 (1978).

S.E. Jacobson, D.A. Muccigrosso, aha ¥. Mares, J. Org.
Chem. 44, 921 (1979).

T. Katsuki and K.B. Sharpless, J. Am. Chem' Soc. 102
5974 (1980)

B.E. Rossiter, T. Katsuki and K.B.'Sharpless, J. Bm.

*Chem. Soc. 103, 464 (1981).

G. Fritz, D. Habel, D. Kumer and G. Teicﬁmann, Z.
anorg. allgem. Chem. 302, 60 (1959).

K.W. Bagnall, D. Brown, P.J. Jones and J.A.H. du Preez,

.J. Chem. Soc. A, 737 (1968).

n

kj‘



65. .

66 .
67.
68.

69.

70.

71.
72.

73.

74.

75.

76.

77.
78.
79.

8C.

Bl.

v "196—

K.W. Bagnall, D. Brown, D.H. Holah and F. Lux,
J. Chem, Spc K, 465, (1968)

A.I.‘Voééi,"“A Textbook of Quantltatlve Inorganic
Analysis", 3rd ed., Longmans, Green and Co.,JLondon,
1961, p. 77. ‘ ST

-D.A. Skoog and D.M. West, "Fundamentals of Analytical

Chemistry", 3rd ed. Holt Rinehart and Winston,
New York, 1976, p. 18&

~

Ref. 66, p. 325,

“

"chtlonary of Organlc Compounds , "Eyre and Spottis-

~woode, London, 1965.

W.J. Geary, Qoord} Chem. Rev. 7, 113 f19711.

P.C. Kundu, P.S. Roy and R.K. Banerjee,-J. Inorg.
Nucl. Chem. 42, 851 (1980) . -

H. Faraglia, B. Zarli, L. Sindellari, and G. Dall'Olio,
Inorg. Chim. Acta 19. : (1976)

K.W. Bagnall, J.G.H. du preez, J. Bajorek L. Bonner,
H. Cooper and G. Segal J. Chem. Soc., Dalton Trans.
2682 (1973). B

D. Brown, MTP Int. Rev. Sci.: Inorg. Chem. Ser. One 7,

7. (1972). _
G.R. Burns, Inorg. Chem. 7, 277 (1968).

M.A.“Ali and 'S.G. Teoh, J Tnorg. Nucl. Chem. 40, .
451 {(1978). " .

M.A. Ali, Can. J. Chem., 58, 727 (1980).

J.E. Kovacic, Spectrochim, Acta, Part A, 23A, 183 (1%67).
N.M. Karayannis, C.M. Mikulski, M.J. Stroko, L.L.
Pytlewski and M.M. Labes, Inorg. Chim. Acta. 4, 455
(1970) . .

R.K. AgarWai; M. Srivastava and A.K. Srivastava,
J. Inorg. Nucl. Chem., 43, 204 (1981).

R.K. Agarwal, A.K. Srivasﬁava, M. Srivastava, N.

.Bhakru and T.N. Srlvastava, J. Inorg. Nucl. Chem.,

42, 1778 (1980).



82.
83.
‘84,
85.
86.
a7,
'88.: .

89.

90,

91.

82,

93,
5.
95 .
96
97.

98.

-197L

a

D.K. Lavalle, M.D. Banghpdn and M.P. Phillips, J. Am.
._Chem. Soc. 99, 718 (1977 .

789 (1979).

R.J. Pugmire’ and D M. Grant
697 (1968).

H.L. Retcofsky and R.A. Frl
2619 (1968). <

J«L

-

J. Am. Chem.

edel, J. Phy.

R.R. Fraser, Personal communication.

G.V. Jere and M.T. Santhamma,

57 (1977).

R. Guilard, M. Fontesse, P
and J. Protas;.J., Chem. Soc

l,I G.G. Moore and ‘A.R. Klrk - J. Heterocyl Chem.

Soc.

Chem:

, 16,
90,

72,

‘Incrg. Chim. Acta. 24,

Fournari; C. Lecompte

., Chem. Commu

E. Wendling, Bull. Soc. Chim. Fr., 16 (19

n. 161 -(1976).

67}).

U.M. Dzhemilev, V.P. Yur'ev, G.A. Tolstikov, F.B.

196, 79 | 1). See also:

Gersharov gnd S.R. Rafikov,
Chim. Pay&as,ﬂ, 370 (197

M.R. Barusch and J.Q. Payne
1987 (1953).

J.P. Day and L.M. Venanzi,

B.C. Lane and L.M. Venanzi,
239 (1969).

P.V. Balakrisnan,.S.K. Pati

'J. Inorg. Nucl. Chem., 28,

Dokl. Chem. (
R.A. Sheldon,
3).

; J. Am. CHem.

J. Chem. Soc.

Inorg. Chim.

1, and H.V. Venkatesetty,

540 {1966).

Engl.
Regl.

Soc.

Transl.)
Trav.

rﬁr

A, 197 (1966).

Acta,

D. Brown, J. Hlll and C.E.F. Rlckard J. Chem.

499 (1970). \

N
M, Goldstein, Spectrosc. Prop.

Compd. 7, 372 (1973).

3,

€

Soc. A,

Inorg. Organomet.

S.P. McGlynn, J.K. Smith, and W.C. Neely, J. Chem.

Phys., 35, 105 (1961).

R.L. Lintvedt and N. Ahmad,
(1982) .

Inorg. Chem,,

21,

2356

o}



~198- ..

# : ' LN

99, J. Bernstein, M. Halman, S. Pinchas, and D. Samuel,
J. Chem. Soc., 821 (1964). ‘

T e

100. W.P. Griffith, J. Chem. Soc. 5248 (1964).

10l1." F.A. Cotton and G. Wilkinson, "Advanced Inorganic
: . Chemistry", 3rd ed., John Wiley and Sons, New Ycrk,
1972, p. 115.

102. C.R. Reynolds and D.W. Meek, Inorg. Chem., li; 1741
(1874). ‘ ' .

103. T. Moeller, "Inorganic Chemistry", John Wiley and Sons,
New York, 1955, p. 135. ‘ - St

104. B.N. Laskorin, V.V. Yakshin, and L.I. Sokolskaya, -
Dqkl. Akad. Nauk. SSSR, 223, 1405 (1%75).

105. H. Tomioka, K. Takai, K. Oshima, H. Nazaki, and
K. Toriumi, Tetrahedron Lett. 4843 '(1980).

106. A.M. Matucci, E. Perolti, and A. Santambrogio, J.
Chem. Soc., Chem. Commun. 1198 (1970).

107. R.A. Sheldon and J.K. Kochi, Oxidation and Combustion
Revs., 5, 135 (1973). .

108. N.V. Sidgwick, "The Chemical Elements and Their
Compounds", Oxford University Press, London, Vol. 1,
- 1951, p. 637.

109. E. Chauvenet; Ann. Chim. Phys. 23, 425 (1911).
110. J. Fuger and D. Brown, J. Chem. Soc. A, 841 (1971).

111. D. Lal and A.D. Weétland, J. Chem. Soc., Dalton
Trans., 2505 (1974). ' ‘ -

1li2., V.M. Vdoﬁénko, Vv.A. Volkov, and I.G. Suglobova,.
' Radiokhimiya, 16, 3635(1974). ‘

‘113,' V.M..Vdovenko, I.G. Suglobova, and D.E. Chirkst,
Radickhimiya, 16, 203 (1974).. ,

114. R. Oyamada, Denki Kagaku, 39, 2 (1971).

115, - V.N. Diesyatnik, V.A. Dubinin, I.F. Nitchkov, and
S.P. Raspopin, Tsvetnaia Metallurgia, 87 (1966(4)).
116, V.I. Ionov, B.G.:Korshunov, V.V. Kokoriev, and I.S.
Mérozov, Tsvetnaia Metallurgia, 102 (1960(3)).



117.
118.

119.
120.

121,

122.
123.
124.

125.

126.

127.

128.

129.

130.
131.
132.

133.

A.N. Vokhmyakov, V.N. Desyéfnik
USSR At. Energy, 35, 424 (1973).

g\—

and N. N Kurbatov,

V.M. Vdovenko, I.I. Kozhi¥; a4, 1.G. Suglobova and -

J.R. Ferrarb, J. Inorgf Nucl. Chem.,

R.W.G. Wyckoff,

"

Interscience, New York,

K.B. Yatsimirskii,

H.D.B. Jenkins and K.F. Pratt, Proc. Roy. Soc.

356,

115

(1977) .

Zh. Neorgan.

1965, p.

- D.E. Chirkst, Radiokhimya, 15, 172 (1973).

350.

Khim. 6, 518

L

‘H.D.B. Jenkins'and K.F. Pratt, J. Chem. Soc.,
Transactions II, 74, 968

H.D.B. Jenkins and K.F. Pratt, Adv.

Radic Chem., 22, 1 (1979

H.D.B. Jenkins and K.F

12,

125

(1979) .

J.B. Nelson and D.P. Ril

57,

N.N. Greenwood and P.G.
Chem., '

160

A

(1945) ,

4+ 291 (1957).

0. Kubaschewski, E. Ll.

"Metallurgical Thermochemistry"

(1978).

).

ey, Proc.

‘Perkins,

. Pratt, Prog. Solid St.

Phys." Soc.

KN

4, 283 (1957).

"Crystal Stfuctures", 2nd ed.,

(1961).

Lond; A,

Faraday

Inorg. Chem.

(.

Chem.

(Lbndon)/

J. Inorg. Nucl.

Evans, and C.B. Alcock,

, 4th ed., Pergamon,

'Oxford 1967 p. 90.

R.J. IrV1ng and I. Wadsoe, Acta Chem. Scand., 18,
195 (1964). :

R. Makhija and A.D. Westland, J. Chem. Soc. Dalton
Trans., 1707 (1977).

Z.M.S5. Al-Kazzaz and R.A. Louls, g/ anorgq. allgem.
Chem., 440, 286 (1978).

P. Gelbman and A.D. Westland, J. Chem. Soc.

Tran

S.,

1598 " (1975)

L. Eyring and E.F. Westrum, jun.,

2,
fJ

5555

(1950} .

J. Am. Chem.

Dalton

Soc.



o

-200- .

o

134. 'R. Oyamada and S, Yoshida, J. Phyéq Soc. Japan 38,
1786 (1975). , ST

135. Reference 128, p. 312.
136. JANAF_Thermochemlcal Tables, Ed. by D. A'-Stull,‘pow
Chemical Co', Midland, Mlchlgan, 1960 1966 ‘ '

137. Selected Values of Chemlcal Thermodynamlc Properties.
Ed. by F. Rossini, National Bur. Standards, Washington,
Circular 500, 1952.

e

138. J. Fuger and D. Brown, J. Chem. Soc. Dalton Trans.

428 (1973). -
139. s. Ahrland J. Chatt{[and N.R. Davis, Quart. Rel\§lg,
265 {(1958). . , o

140. R.G. Pearson, J. Am. Chem. Sogc., 85, 3533 (1963);
- Chem. Brit., 3, 103 (1967); J. Chem. Educ., 45, 581
643 (1968); Surv., Progr. Chem. 1, 1 (1969). :

141, T.L. Brown, W.G. McDougle, and L.G. Kent, J. Am.
Chem. Scc., 92, 3645 (1970). )

142. W. Fischer, R. Gewehr, and M. Wingchen, Z. andrg.
allgem. Chem. 242, 182 (1939).

143. I. Barin, 0. Knacke, and O. Kubaschewski, in
"Thermo-Chemical Properties of Inorganic Substances",
Springer Verlag, New York, 1973.

144. CATCH Tables, "Computer Analysis of Thefmochemical
Data", Ed. by J.D. Cox, UnlverSLty of Sussex (1974).

145;.7R.G. Pearson and R.J. Mawby, Halogen Chem., 3,-55 (19679 .

146. P.D. Zavitsanos, U.S. Nat. Tech. Inform. Serv.,
AD Rep., 1973, No. 762317 and No. 773197/9GA.

147. D.E. Hildenbrand and E. Murad, J¢ Chem. Phys., 61,
5466 (1974). A -

148. J. Sugar, J. Chem. Phys., 59, 788 (1973); 60, 4103
(1974) .

149. E.G. Rauh and R.J. Ackermann, J. Chem. Phys., 60, ¢
1396 (1974). . : ; , -

150. G.V. Samsonov, in "Handbook of the Physiocochemical
Properties of the Elements", Plenum Press, N.Y., 1968,



151.

1152,

153.

154.

155.
156.

"157.

!

_20:!._

A. Pattoret‘ J. DroWart' énd 5. Smoes,. in "Thermo- _
dynamics of Nucléar Materlals", Symposium Proceedings,
Vlenna, 1968 P. 613 g :

3

rL:A. Malj, Latv "BSR Zinat Akad. VEStlS “Kim. Ser.,
© 1976, 51 337, . . . '

H.D.B. Jenklns and K.F. Pratt, Ino:g.vChim.‘Acﬁa,,’ 2,

25 (1979). - o ' T

‘

E.W. Bohres, W. Kraéser, H.J. Schenk, and K. Schwochau,

7. Inorg. Nucl. Chem., 36, 812‘11974)

J. Goffart, J Fuger, B Gllbert ‘L. Hocks, and G.
Duyckaerts, Inorg Nucl. Chen. Letters, 11, 581 (1975).

"R. Oyamada and S. Yoshlda, J. Phys.’Socl Japan, ég,

1786 (1975).

L.A. Woodware and M. J Ware, Spectrochlm Acta, 244,
924 (1968) : -

L





