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ABSTRACT

PREPARATIVE, SPECTROSCOPIC AND STRUCTURAL STUDIES
OF OXIDATIVE PROCESSES INVOLVING -

INDIUM® AND TINGI) HALIDES .
by

THEODORE JAMES ALLOTEY ANNAN

Indium(I) halides {InX} dissolve in aromatic selvents containing certain
neutral donor ligands below ca. 0°C. The simplest solute species in InBr-toluene-
N,N,N’,N’,-tetramethylethylenediémine {tmen) has been previously formulated as

&

InBr .tmen. Disproportionation of InX occus above 0°C, yielding indium metal

and In!! or In!H complexes, depending on X and the neutral ligand.

The present work has shown that InX (X = Cl, Br, ) can oxidativeiy insert

into the Sn-Y bend of PhaSnY (Y = Cl, Br, 1, OAc) in toluene~-tmen solution
‘"“to give neutral tmen adducts of PhaSnIn(MX. Vibrational and NMR spect.ro;scopic
" studies suggest' that the siructures contain 9:121n metal bonds, parallel to earlier
work in this laboratory i}mvolving the formation of In-In }iands. Attempts to
synthesize compounds canlaini-ng M-In (M = Ge,Pb,P) under ideritical conditions
were not successful. Reaction.o{-‘ InBr with Ph,oBBr afforded a product which
was formulated as (PhzBInBr), based on analytical and spectroscopic results.

A general mechanism for the formation of these insertion products is proposed.

«

Oxidative addition reactions of tin({lI} halides with substituted
orthoquinones (A = halogenc substitﬁ'tﬁed iype, B = alkyl substituted type) were
studied. The results show that with phen as the neutral donor ligand, the
products_ are YqCQOzs'nxz.ﬁhen, (Y = Br:, Cl; X =1, Br,/ Cl) with the iype-A

: orthoquincne being converied to the correbpqnding catecholato anion. Reactions

+ -

1



in which phen is replaced by tmen are more complex and the producis depend
in part on the solvent‘. These products include Cl4CgO25SnCl.tmen and proaucts
arising from solvation by ROH (R = CHs, C2Hg)"An X-ray crystallographic study
of {tmenH)>I(Sn(D2CeCly)z] shows that the anion confLains a six-ccordinate atom
bonded to substituted catecholate anions. Reactions invelving type-B
orthoquinones were found to be slnwe:r and could be studied by ESR spectroscopy
which showed that semiquinone dei‘ivative; are intermediates in these processes.
A mechanism is proposed to explain satisfactorily both preparative and ESR
results in. terms of two successive one-electron transfer processes. The crystal
structure of bis(3,5-di-t-butyl-catecholato)tin(IV).phen.2DMF has been determined
by X-ray diffraction studies. In both structures, the average Sn-0O distance

(2.009 A) is typical of tin(IV) compounds, and the average C-0 distance (1.336

f) confirms that the ligand is an aromatic diolate.

Indium monohalides also add oxidatively to both types of quinone. Reactions
with t#pe-A orthoguinones in the presence of a neutral donor ligand (e.g. tmen,
phen or bipy) yielded products which were, exclusively, the catecholato complexes.
Metallic indium also reacts with such quinones and phen or bipy in boiling
tolue.ne in the presence of iodine, diphenyl-diselenide or diphényl—disulphide to

.form the indium{IIl) catecholato derivatives. All compounds were charalcterized
by ig a—nd 3¢ NMR and vibrational spectroscopy which confirmed the formulation
of the products as the phen or bipy add_ucts of a’ {-‘iue-coor'_dinate indiumID)
catecholato complex. With tmen- the products are ionic species with the
c‘oordination of indium varying from four (X = D) to six (X ; Br, Cl) Condyctivity
measurements of these complexes confirm their formulation as i:1 electrolytes.

Variable temperature T3C NMR study on the complex (ClyCgO2)InCl{tmen) lend

an insight into the stereochemistry around the indium atom.

- _ )



<

Reaction-s between type-B orthéquinoé‘ns and indium monchalides givé
mixtures of indium{l) and indium(Ill) semiquinonato complexes. Typical indium{l)
and indium(IlI) complexes were "synt:hesized independently and studied by ESR
spectroscopy. & mechanism is offered to explain the reaction pathway of this
prﬁcess. The s_truct.ur;e ' of one pomp_ound, dibromoeindium(IID
semigquinonate.bis{y-picoline) was confirmed by X—réy crystallography. The C-0
bond distance (1.24 A) is important in formulating this compound as a

semigquinonate. . -

Preliminary resulis_are also presented on the reactions of E_ndium
monohalides with some transition metal complexas. The products obiained were,
generally, chérac;.erized as 1:1 adducts on the basis of spectroscop-ic and
analytical results. These results are interesting and p.mmising. For example, the
product of the reaction of InCl with (Ph3P),NiCl, in a toluene/tmen, is
'N,_CIZInCLtmen but recryétalli:';ati;n of this compound gave a r‘earrange;nent

product whose stiructure as revealed by X-ray crystallography is

IniNi3{us-0¥pu=—ClM(p-Cl)tmenl, .

iv
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organometallic chemistry>*" elsewhere.

CHAPTER 1

GENERAL CONSIDERATIONS

14 Introduction - T

Indium is a group III element, atomic number' 49, with the outer elect.rc;r"xic
configuration 5s5%5p*, and like its congeners gallium and thallium can form
compounds in the +3, +2 and +1 oxidation states. Similarly, tin which is a group
IV element with atomic number 50, has the outer electronic con?iguratioﬁ "5525;32
and is known te form compounds in the +4, +3 and +2 oxidation states. The
work presented in this dissertation involves studies of the low oxi®ation state
of both indium and tin, with emﬁhasis‘fg the former as far as the nature

and reactivity of its compounds are concerned, due in the main to recent

developments in sur lal:faratw?ry cancerning the solﬁbility of indium(l) halides.

The chemistry of indium(Ill) and tin(IV) will not be discussed in this

Introduction, since competent authors have reviewed their inorganic®'? and

1.41 Compounds of indium(l)

Simple inorganic compounds of indium(l) Inz0,%°® In,S,” InsSe= InyTe,S
and InX (X = C1,® Br,” 1®%) have been known for-many years. The best characterized
of these are the monohalides, which are easily prepér'ed but are insoluble and -
intractablz materials which readiiy undergo hydrolysis and disproportio;:atiun.

Their crystai structures have, nonetheless, been determined (X =.C,% Br29 111,

The only known organoindium(l) cnmpourids are the cyclc;ﬁentadiényli?,gnd
rne'c.}'iy].t:.:yc].t:;:iex‘zt,ad:'uan:,;l"3 derivatives, and the former b{és proven a useful

starting point for some synthetic work.

-
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1.11.1 Reactions with donor ligands

-Tin dihalides (SnXp) form a number of 1:i adducts with monodentate

%515 consistent with the fact thit SnX, compounds'with six valence

ligands,
Ievel\ electrens are expected to be electron pair acceptors. Similarly, such
compounds are known to be electron pair donors.*®'*7 Indium(I) halides with
four valence shell electrons are alsc expected %o have Lewis acid character

but adducts with neutral ligands have been obtained in very few cases and

are poorly characterized.

— The neutral adducts of InBr and In! with ammonia, InX.nNH5 (n = 1,2)
are reported to be black insoluble substances which disproportionate in air
or in the presence of moisture.>® The thermal decomposition of iQX.ZNH3 is

o : ‘ .
represented by eqgn. (L.1); unfortunately, no structural details were published.
3InX.2NHs -+ 2In° + InX5.5NH, + NHs ' CR

Some unusual species are repaorted to be formed in the reaction of InX (X =
C1,Br,) with morpholine and aniline.*® The halides are fairly insoluble in these
solvents, b;xt the l:fulked_ products of several reactions, which invclv'e'-.lbn'g'."
refluxing analyzed as [In(anil}4lX and In(morph),JX which are 1:1 électrol&tes
in nitrobenzene. Attempts to repeat this wu.rk in our laboratory by C. Peppe

[
were unsuccessful, -

- Anionic halide complexes of mdzum(n have been prepared by refluxing a
suspension of InX with a methanolB solution of N N'-dimethyl-4,4"-bipyridinium
halide.2° The vibrational spectra of the resultant [InX_12= anions have been
assigned'qq_n the l;r;sis of C3, molecular symmeiry as in the case of the

isoelectronic [SnX31™ molecule. Force constant calculations have been carried

out, and the primary stretching-force constants compare'd with those of related
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molecules.2Y Similarly anionic complexes involving InCp have been made hy

treating a benzene solution of InCp with an ethanolic solution of Et4NX and

HX.22

{(In(Cp): + nCaiX #+ HX = CpH + (Cal)InX 4] 7 (1.2)

It was reported that when X=I and Cat = 1 2-bis(methyldiphenylphosphinc)-ethane
the produc£ from reaction 1.2 is [Me,dppellIniszl. However, when the cation was
Et4N* the products for X = Cl, Br or I were the salts [Et4NJInX2). Vibrational
speciroscopy demd.nstrated that the InX™ 5 anions are isos}.ruct.ur_al with tin(
halides. [(Et4NXInl,] could also be prepared by the electrolytic oxidation of indium
metal in a benzene-methanol solution of Et4NI and I2.23 The salt [Mezdi:;peltlnl33

could also be obtained by this ‘technique.’

Further.r'gactions sho'c;red that these anions could undergo metathetical
reactions to give the pseudochalogenc ::cnn;:m‘:uncls.23 Fer example,
tetraethylammonium dichlercindate(l) reacted with 2 mol of sc;dium cyanate in.
ethanol to yield ENEL.JtIn'(_NCO)gl. An3logous reactions gave [NEt,JIN(NCS),) and
[-MeadppeltlnmCSb].

An interesting new development which,should help in the de\gelopmen‘t; of
indiun(I) chemistry i_.s the finding that the monchalides InX (X = C1,Br,]) dissolve
in mixtures of aromatic solvents and organic bases.2" These solutions are
relatively stable at I?w temperature (—'20°C, and below), and the dependence of
solubility on tmen cnx/'zcentration suggests that in the case of InBr or Inl, the
solute species is InX.3tmen in dilute solution, altho?gh addition of petroleum

ether to the cold solution precipitates InX.0.5tmen. '1";he synthetic usefulness of

such solutions is discussed below. ’ ¥ .



Adduct formation has also been observed with cyclopentadienyl indium in

its reaction with boron c:t:m:;:u:mnt:’ts25 as shown in eqn. (1.3)
Cpln + BX5 = CpIn.BX5 ’ 1.3
X =F.Cl,Br,CH -

Few indium(l)-gB-ketoenolates have been prepared, and this has hQeen

~

atiributed to the lack of suitable starting materials. Cyclopentadienylindium(l)
reacts in Et,0/benzene mixtures with 4,4 4~irifluoro-i-(thien-2’-yl)ybutane~-
i,3-dionate (= ttaH) to give the extremely hygroscopic In(tta)., Similar derivatives

)]
of other bidentate ligands have been obtained by i1his same ;:nr‘v:u:ess.26 The

reactions of the analocgues In{oxine} (oxine = 8-hydroxyquincline anion) shows

~
that such InL species are easily oxidized to indium(IIl} compiexes.

1.4.2 Compounds of indium(I)

The existence of compounds with the stoichiometry InX, has bheen
established for many years, sincé-the first compound of this type, InCl,, was
initiélly prepared in 1888.% The simplest method of preparaﬁon inveolves heating
for example InCly with a calculated excess of indium metal, but the reactions
of indium with gaseous hydrogen chloride, or of InCly with a mixture of hydrogen
and hydrogen chloride, also provide a r'm;rt.e to these species. Such methads have
been used to prepare InCl,,®7—2° InBr,,293% and In1..>?3% Indium) fluoride
was reported by Hannebohn and Klemm 32 and indium(l) cyanide has been obtained
by the reaction of indi:x'ui metal with mixtures of hydrogen and hydrogen cyanide
gas.3“ An unexpected aﬁd appal:ent.ly atypical compound is In(DAc), (QAc = acetate
anion) wﬁich was produced when crystalé of indium metal, freshly deposited b}};
electrolysis in almost an}xydrous acetic acid, were allowed to react with the

electrolyte solution.®®
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Neutral aiiddct.s of the indium dihalides are known with both mc'mo—- and
bidentate nitrogen ligands. Condensation of ligand onto InX, (X = C1,Br,I) cooled
in liquid nitrogen gave InX,L (L = piperidine, piperazine and morpholine). Raman
emissions at ca. 173 (C1), 143 (Br) or 105 (1) cm™2 were assigned as ¢(In-In), leading
‘to the formulation of these compounds as Xo(L2)InIn(L2)X5, with the bases acting
as monodentate ligands at five coordinate indium(l1).>® The reaction between
InX, (X = Br,I) and various ligands in benzene>? yielded adducis only with tmen
and EtaP; other ligands, and zall reactions involving InCl;, lead o
disproportionation, either to In® + InX5 or to InX + InX3. A later X-ray

<]

crystallographic investigation® " confirmed both the In-In structure of

In,Brzl2tmen, for which r(In-In) = 2.775(2)A, and five-coordination al indium.

Condensation of pyridine onto InX2 gave the In-In bonded compounds
_Inzx-.pyq (X = Br,), but X = Cl products could notl be obtained by this or
other methods.®® Adducts of Inl, with EtNHz(iﬂquLg), and EtNH, and’
bipy(Inzly.2bipy 4EtNH,; Inzly.Etbipy.bipy.8ELNH2; Inaly.Etybipy.bipy.8NH3) havé
also been reported,39 but unfortunately no structm:al information is available

en these unusual compounds. al

The solid state structure of Inzly has been shown to be In*tinlyl” by
X-ray crystallography,*®**® isostructural with GaCl,.*?# Structural work on
InBr, indicates a similar structure,’® and confirms previous assignments based

on vibrational spectroscopy” ' for both InBry and Inl..

- -

The anionic. species InpXgZ™ (X = C1,Br,D), prepared via InX,** are
apparently ispstructural with the corresponding gallium(ll) ariions. In non-aqueous
solution, 11510 NMR studies'® show that thgse molecules disproportionate to

InX,~ + InX, . Recent studies from our laboratory of the InX/In¥5 reaction™? (\

a3



cast some light on these matters, and it appears that kinetic factors, and
. e

specifically intramolecular halide transfer, are- at least as important as

thermodynamic effects in the stability of both In>X4Llo and InaX¢?~ species.

The importance of phase is shown by the fact that the gas phase above molten

InX, contains InX, InX5 and In,X¢ molecules.>"

The research reported in the different chapters in this dissertation falls
under the general description of oxidative addition, and therefore it is

appropriate to review the theoretical aspects of this process. e

-

1.1.3 Oxidative-Addition Reactions

- Of all the reactions of In(I) compounds, cne of the most interesting is

the oxidative addition process.

From a theoretical standpeint, the term oxidative addition*® is usually

&

used to describe a process whereby a complex LyMn behaves simultaneously as

a Lewis acid and a Lewis base, This is generally written as
n -1 M+ '
L,MP + XY = LM 200y) . )
For an addition reaction to proceed one must have:
{i) non-bonding eleciron density on the metal M

(ii) two vacant coordination sites on the complex L, M to allow formation

y
of two new bonds 1o X and Y; and

(iii) a metal M with oxidation states separated by two units.«

The above criteria have -been identified in the chemistry of SnX.

compounds, The general reaction schemé is pr'esehted in (1.5)



ShiX, + Y-Z - xzs:n’z . i g (L.5)

L I

The atoms Y and Z may be identical as in halogens,*®™5% in disulphanes,®?

3

elemental sulphur,®? and polynuclear transition metal compounds,®*~57 or they

can be different as in organic halides,*9*5%7%3 hydrogen halides,*® transition
metal halides.?3:5626%=67 Sone representative examples of reaction (1.5) are listed

-

below

(C2EBg)aBn + Io = (CoHs)25nI ?k (L.5)
[(MesSi)zNISn + EtBr - ((MesSilpCHISn(ELBr . ° 1
SnClz + Mna(CO)s o = IMRICO)s1>SNCl2 1.8
SnCl, + n-CsHe(PhsPINIiCl » m-CoHe(Ph,P)NiSnCly < (1.9
2
L
SnCl, + (ELaP)aPLHCL > (Et5P),PtHSNCls (410

Many of these reactions are of great synﬂhet.ic importance as they provide

«
Fqbile routes to functionally substituted tin(IV) compounds, One procedure, which
is of greatl industrial interest, is the addition of HCl to SnCl, forming the

intermediate HSnCl, which reacts with C=C honds, as in eq. (4.14).58
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SnC].z + HCl + R-C=C-COH ——> C13Sn\ Z C (L.41)

. C
R

Mechanistic studies on the reaction of stable stannylenes with organic
"halides have been performed by M.F, Lappert and his group.5*~€> On the basis
of ESR spectrsocopic data they proposed a radical pathway for these reactions.
Initially, one electron of the stannylene is transferred to the organic halide
the halogen of which is then added bg the tin atom according to eq. (1.42)

(Y = halogen, X = bulky erganic group)

SnXz + R'Y » .SnX,t + R'Y™ - .SnX,Y + .F' {1.12)

e ——— . ..
-

The development of the redox chemist.r:y of indium(I} ccmpdunds has been

slow for the reasons given in Section i{.i.1. Nonetheless, there has been limited
success in reactions invelving oxidative addition; typical exaxﬁpfles include
reactions with alkyl halides,®2~72 5-5,7%~7% gSe-527% ang 05077 bonded species
as well as some M-M’>"%% ponded transition metal carbonyls. Some of the

\'-.
reactions are presented in (L13) thmughﬁ:rg)./‘

InX + R-X - RInX, : o (L13)

InX + Ph-E-E-Ph » (PhE);InX.2py - (L44)
E=5%e

InBr + Coa(CO)s - BrinfCo(COM1s (1.15)

.



-Aft.er- the discov;ary' of the solubility of indium monohalides (see 1.1.1) most of
these reactions were reinvestigated, and t_.he results showed improved yield of
the products. The first structurally determined In-In bonded compound was made
by this new method, by the reaction of InX (X = Br,I) with In¥5 (Y = C1,Br,I)
There was, t.herefore,'no doubt, as to the synthetic usefulness of this new indium(D
halide system and the solutions in question can also be regarded as powerful
reducing agen't.'s for a large variety of substrates. They may hec':ame of interest
not only to expergmental chemists but to material scientists, electroniT: engi;neers
and chemical engineers since current trends in electricai_t cundﬁctor.
semiconductor and;suﬁerconductor technologies are responsible for a growing
demand for ultra high pu-rity metals. It is luzrxc;\m's,82 for example, that in the
electrolytic production of high purity gallium, a solution of a ganilém complex
of the type Ga(GaXy) (X = C1,Br) in an aromatic solvent (e.g. benzene, toluene,
xylene) is used as electrolyte. The electrolyte is obtained by extraction of the
gallium complex compound with this solvent. Liquid gallium is thus obtained by
conducting the electrolysis with a current density 2 200 amp/sq. dm., and powdered
gallium is obtained by using a cathode current density < 200 amp./sg. dm. The
unusual solubility behaviour of the indium(l) halides may well be significant
for new purification processes involving redistribution and extraction in non-
agqueous solvents. - ‘:
N
1.2, Present Work

The research which is described in this dissertation can be considered

I
in part as an extension of work involving the reactions of indium monohalides
in mixtures of aromatic solvents containing neutral ligands. The usefulness of

this system is judged from the number of applications in this laboratory since

its discovery. Chapter 2 describes how this method has been utilized in the
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synthesis of compou@:ontaining Sn-In bonds."Subsequent .chapters take a loock
at efforts made to establish a mechanistic route to formation of Sn(IV) and
In(I1I) compounds from their respective low v/a’.lent cbmpounds. The substrates
used in these reactions are substituted orth/uqu{nones and with the aid of electron
spin resonance spectroscopy it has been established that, contrary to the assumed
transfer of pairs of electrons in oxidative addition processes, the actual process

in fact, is a two-step one electron transfer process.
—_—

The last chapter revisits some oxidative inserition reactions, this time with

transition metal halides, both inorganic and organometallic,

1.2, Experimental Techniques

. -
1.3.1 Starting Materials

\
Indium trichloride and tribromide were prepared by the aclion of a stream

of nitrogen containing the corresponding molecular halogen over molten metallic

indium.2?

A

Indium triiodide was prepared by refluxing indium metal and I, in xylenes®"

pr teluene.

Indium monchalides (InX; X = Cl,Br,I) were prepared by reacting the
correspondent trihalide with two equivalents in indium metal in a sealed tube

at 350°C (¥ = CLEr) and 450°C (X = 1) for 24 ho&&rs.ss ¥ - (

Due to the sensitive nature of indium mono- and itrihalides to_air, all

reactions and operations were carried out in an atmosphere of dry nitrogen

using a glove bag or a dry box.

The solvents. (ACS grade) were dried and distilled before use according

to standard procedures. arqmatic solvents {benzene, toluene, xylenes), petroleum

-
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ether (40-60°C), tetrahydrofuran, and diethyl ether were refluxed with sodium

and benzophenone and distilled from the blue ketyl formed.

-~ Acetonitrile and methylene chloride were refluxed with calcium hydride

(or P20g) and distilled before use. \,\

Liquid ligands were dried over molecular sieves. All other reagents were

used as supplied.

1.3.2 Characterization of Products

(i) Elemental Analysis: \!

Halide: the Volhard method was used for halide analysis. Samples {(~ 50-100
mg) were added to 2 known excess of standard silver nitrate. The excess silver

nitrate was then titrated with standard potassium thiocyanate in the presence

indicator. .
b

Tin and Indium: indium and tin analyses were by atomic absorption using

of small an%nts (2 mL) of nitrobenzene and ferric ammonium sulfate as the

a iL 251 Atomic Abzorption Spectrophotometer. Samples (50-100 mg) were destroyed

)
in HNOs and diluted appropriately in order to give concentrations of 20-50 mg

L™ for analysis. Standard solutions were prepared by dissolving 1 g of the
pure netal in 20 mL of HNOs and diluting it to 1000 mL, with distilled water.

Subsequent appropriate dilutions were used for the actual meaé;urement.

-

Carbon, hydrogen and nitrogen: analyses were by Guelph Chemical

Laboratories Limited, Guelph, Ontarie.
(i) Spectruscepie:

. NMR Spectra: iH I»If*!R specira were recorded on a Varian EM 340 or Bruker

AC 300L instrument. *3C NMR spectra were recorded ¢ ¢ a Bruker AC 300L.
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IR Spectra: Infrared spectra in the region 4d00-400 cm™? were obtained
on the Perkin Elmer 180 or Nicolet 5DX instrument with emulsions of the solid
sample in NuJjol, beitween polyethylene plates or as KBr: discs., Far infrared spectra
in the reéion 500-50 cm™* were run on the Perkin-Elmar 180. Samples were run

as Nujol mulls betweenspolyethylene plates.

Raman spectra were sbtained with the solid samples sealed in caihllary

{

. glass tubes in the Spectraphysics 700 instrument equipped with a Spectraphysics

255 exciter, or with a Ramanor U-1000 instrument interfaced with an IBM/PC

."/

Ll

!

Electronic spectra were taken on a Shimadzu UV-~240 spectrophotometer.

microcomputer.

Conductivity measurement was done using a YSI model 31 conductivity bridge

with cell constants of 1.0 cm™*, calibrated with aq KNO.

All ESR samples were run in degassed solvents in 2 mm quartz tubes on
a Varian E-12 ESR Spectrometer operating in the X-band frequency range. The
field sweeps were calibrated using a proton NMR magnetometer. The clystron
frequency was calculated from the position of the DPPH (diphenylpicrylhydrale)

signal measured with proton NMR.

133 X-ray crystallography

1.3.3.1 Data Collecltion

For data collection, air stable materials were handled on glass fibers and
the air sensitive crystals sealed in thin glass capillary tubes, Data were collected

" on a Syntex P24 four-cycle automated diffractometer controlled by a Nova 41200

computer. The diffractometer, at a take off angle of 6.1°, was equipped with
a molybdenum X-ray tube and a highly oriented graphite monochromator (h =

0.74069 &, 28y, = 12.29% and was operated at 50 kV and 20 mA.
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The determination of the unit cell parameters was accomplished by the

following procedure: o

(i) A random-orientation photograph was taken with 29=w5=x=0c; and the
"0 axis rotating at 2.34%/min. 'I:he x,y -film coordinates for 7-10 reflections were
entered for a centering reflections routine. The program searches for a particular
reflection by calculating 29 and x, assuming w=0.\ The value of 0 was determined
by rotating around 0 at low speed t:znt.il a peak with intensity gr%ater thén
102 counts/s was found. The centering preogram found the refined v;].ues of 28,
x and w angles and t.hes_e values were used in the subsequent autoindexing
program, which produce a list of axial vectors and the angles between these
vectors from which the unit cell dimensions were selected according to the
standard symmetry rules. Mirror symmetiry of the axis were checked by axial

photographs.

(ii) After establishing the initial cell parameters, preliminary data were
collected in the shell defined by 15°<¢28<25°. From the data, 15 strong reflections
widely separated in the reciprocal space were seiected. Their 're;fined angular
values were used in the least ssguares rgfinement program, which gives the

final cell constants and the orientation matrix for data collection.

(iii} Intensity-data were then collected via a 8 {crystal) - 28 (counter)
scan in 96 steps using bisecting geomeiry with the scan from [28 (Mo Koci)-i.03°
to [28 (Mo KG‘Q)*i_.OJO. Backgrounds (By and B,) were measured at the beginning
and the eni of the scan: each for 25% of the fc.ime of the scan. The stability
of thé system and the cfy_stal was monitored by measuring three strong
reflections every 197 data. In some cases, we obs__erved a decrease in the intensity

of the monitor reflections and this was corrected by the application of

v
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"
were calculated from equations (1.16) and (1.17).
1=Sc - +(By + Bp) ' ' (4.18)
o(l) = (SC + (By + Ba) + p215)*/2 (147
where SC = count during the scan. _ >

T = ratio of scan time to background time (= 2 for all the compounds

in the present study)
P = ignorance factor (= 0.05 in the present study) .

From the intenéity of the reflections the structure factors [Fo| were calculated

.
1

according to equation {L.18) and its ' L
" Fol = aLp¥2 : (1.48)

standard deviation ofFal givén by equation (1.19).
siFo| = c(n/élFole (1.19)

The Lp factor for a monochromator in the eguatorial mode is given by

equation (1.20); the equation assumes that

Lp = 0.5 { + (cos® 28, )cos2 28 + 1+ [cos2@_]cosZ 29 (1.20)
.sin28 1 +cos® 28 1 + {cos 28]

The graphite monochromater is 50% masaic and 50% perfect. The monochromator
angle 28, is 12.2° for Mo K« radiation. The examination of the data for systematic

absences lead to the determination of the corresponding space groups.

1.3.3.2 Sglution and Refinement of the Structure

Programs used during the struectural anélésis include local versions of
CHECK (check reflections), PROC (data reduction), ABSORB (analytical absorption

correction), SHELX 77 {(full matrix least square refinement and Fourier Synthesis)l,



correction), SHELX T7 (full matrix least square refinement and Fourier Synthesis}],
XANADU (librational analysis and medium plane calculations) and ORTEP (thermal

ellipsoid plotting program).

All the anomalous scattering factors for Sn, In, Ni, Br and I atoms were

taken from reference Bé. \

All the structures w;rere splved by the-hea}yy atom method. The position
of the heavy atom(s) was determined from a sharpened three-dimensional
Patterson synthesis, and the position of the remaining non-hydrogen atoms
determined by subsequent difference Fourier synthesis. The structures were then
anisotropically refined bsv full matrix least squares methods. The function
minimized during the refinement was Tw(|Fo] - [Feh2. In the initial stages of
refinement unit weights {¥) were used, and in the final stages a weighting scheme
of the form w = (1/6%LFol + p Fo®) was employed. At this s?.age the difference
Fourier map normally showed electron density in plausible hydrogen atom
locations, and these hydrogen atoms were included in idealized positions (except
when stated otherwise) with C-HE = 0.95A. The discrepant;y indexes used in the

text are defined in equations (1.21) and (1.22).

R = I(fFol - [Fe)) ' - (1.21)
2Fol N
: 2 1/2
R,= ZIw(CFol - (Fe)) - - @2

EwlFol*
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CHAPTER 2

THE,REACTION BETWEEN InX AND PhsSnY:

TEE PREFPARATION OF Sn-In BONDED COMPOUNDS
2.1 Introducticon

This chapter deals with work done in the preparation and isolatio:; of
compouni:is containing Sn-In bonds as well as attgg:p_ts ;:1ade at synthesizing
related compounds. The principle underlying these reactions is the oxidative
insertion of InX into Sn-X bonds. The recent discovery in our laboratory of
the solubility of InX in mixtures Iaromatic hydrocarbons and organic bases

(see Chapter 1) was an important experimental factor in this work.

Drganometal}ic and inorganic compounds containing metal-metal bonds have
been the subject of a very large number of studies, most of which have focused
on their preparation and chemical properties.®?~93 The reactions of such
compounds are particularly interesting, largely because of the potentiaily wide
application in catalysis. For example, metal-metal bonded compounds ought to
. show special reactivity features as a result of cooperation between adjacent -
metals and so could function 2s homogeneous catalysts,®%~2% and clusters
containing three or more metal atoms may also function as "storehouses” for
the release and take-up of catalytically active fragments. Such clusters are
also being used to model the bonding reactions of subsirates on lmetal

97=99 Di-

surfaces. and pvlynuclear compounds have also proven to be useful

_ precursors for the preparatit_:n of several heterogeneous catalysts. For example,

trichlorotin derivatives of platinum have been used as homogeneous catalysts

in the reduction of acetylenes or short chain olefins to paraffins under mild

100

conditions, in the hydrogenation of polyenes to dienes or mencenes, and in

6
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the ispmerization of olefins,1©1,102 . ¢

Heteronuclear (or mixed-metal) compounds involving Méi’n Group metals may
be e:}pect.ed to show unique reactivity features as a result of combining the
different properties of the constituent metals., Evidence of this was obtained
from dipole measurements*®3 on compounds of the type RoM-Mn(CQ)s) (M = Si,
Ge, Sn, Ph) since the resulis imply a small bond polarity Ms--Mn5+. A positive
polarity for the transition element is indicated by cleavage reactions on many
species. Substituent changes on either metal prodﬁce relativgiy large changes

in the bond moment, leading to the conclusion that the metal-metal bonds are

highly polarizable,

To demonstirate the difference in reactivity of complexes, one could consider

the reactions between tin-manganese®®" and g‘é’;’:\nanium-manganeseios complexes
\

with fluoro-olefins. Products isolated from “he MesSnMy(CO)g reaction with

chlorotriflucroethylene suggest that insertion of CF; = CFCl can occur in one

of two ways, although the principal pathway gives MesSnCF,CFCIMn(CO)s. The

reaction scheme is presented helow in eqgn. (2.1) ? '
MeaSnMn(CO)y + CoFCl

T

 [Me3SnCFCLCT 2Mn(COYs] -+ Me3SnCl + CFC1=CF,Mn(CO)g
i

-’JJ'

2.1

+

[Me3SnCF 2. CFCIMR(CO)s) + MesSnCl + [CF2=CFMn(CO)s]

+
_CF2=CFCOMn(CO)s - (_
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- -

* The difference in‘i#e reaction of the germanium analogue appears to be
in the extent of the specific insertion to form the intermediate

- Me3GeCFLLLF 2 M(CO)g, but neither product was isolated. See eqn. (2.2).

Me3GeMn(CO)g + CoF2Cl » [MesGeCFCICF 2Mn(COlsd

. . : !
- l Co T | (2.2)

L
CiMn(CO)s + Me3GeCEF=CF»

¥
[CIMn(CO)q.Jg + CO

The difference in reactivity may also be accounted for by a slight difference

in the polarity of the metal-metal bonds. -
; B . !
Generally, metal-metal bends are cleaved by halegens, halogen acid and

a variety of organic and inorganic halides including RI, CHC}, CCly, MgIl, and

= HgClo.

The cleavage of metal-metal bonds by i,2-dibromoethane is believed to

proceed through a multicentre activated complex, and has been suggested as

106

a quantitative test for these siructures. A typical example of‘ such a reaction

-

is shown in eqn. (2.3).

Hpl——CHp
Br----- Br
{ I
PhaPAuGePhs + CoHyBra @ PhaP-Ab- - -~ -Ge-Ph, - (2.3)
) 3 :

PhaPAUBr + PhyGeBr + CoHy

Similar reactions have been observed with Sn-Mn containing compounds.

. Je

Another type of cleavage involving unsymmetrical compounds has been
noted in the reaction of ICl with MesMM'Mes (M M M' = Si, Ge, or Sm*°? carried
out in a sealed tube which 1lead to the p@ucté predicied by the hard-acid,
Y :

soft-base generalization, as in eqn. 2.4.

o



} ' 19

1C1 X .
MeaSnGeMey —> MexSnl + MesGell (2.3)

A further reaction which shows the lability of the Sn-Sn bond is the reaction

of hexaalkylditins in liquid ammonia with excess sodium®" eqn. (2.5).

-

N
R25nSnRs —> 2RSnNa . 2.5

The alkali metal derivatives RaSnM form yellow or red solutions in liquid ammonia,
and these are important reagents in organotin chemistry.

The above-mentioneé method has been used in preparing Sn-M (M = Al,

Ga, In, T1) bonded compounds*®®

which was identified by nmr spectroscopy, and
were obtained by the reacltion of trimethylsiannyl-lithium of the Group III
trimethyl, MesM, in dimethoxyethane and were formulated as Li(MeaSnMMes2).

Unfortunately, stable solids were not obtained.

As _mention'ed ix"x Chapter i, In-In bonded compounds were madé by the
oxidative insertion reaction of InX into InX3 (X = Br,D) usihg such solutions.
A similar reaction of InX with SnX4 or GeXy, however, did not lgive t.‘pe expected
results, but instead an insoluble compound of analytical couprosit.icn InMIg2.5
tmen was isolated.*®? This failure to obtain the desired product suégested the

_choice of R:-,»Snx (R-aryl) for our studies, since_- the insertion reaction could
occur easily as there will be only one Sn-X bond to attack; the aryl groups
are electron withdrawing, and this could assist in weakening the Sn-X bond
and hence facilitaie the insertion reaction. An attempt was alsc made in this
work to synthesize compounds containing In-B, In-Ge, In~-Pb and In-F bnnds;

As our resulis show, we were unable to obtain satisfactory results on the

L3
remaining systems other than In-B.

Unlike the Group IV elements, where heteronuclear diatomic molecules are

known,®? the analogues among Group III elements are as of now very few in
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number.**® There are some excellent reviewstt1s122

in the literature on the
chenistry of metal-beoron containing compounds. The established routes to

synihesizing these complexes are:

1. the reaction of a metal hydride derivative and a boreon halide with the

elimination of hydrogen halide. 113

2. the reaction between a metal anion and_ a boron halide with the elimination

of an alkali metal salt 334115

3. the insertiion of a metal into a boron-halegen bond by oxidative addition_

of a boré:r_: halide 1o a2 metal complex.**®
The third method was the most compatible to our studies and hence was used.

2.2 Experimental

22.1 The Reaction of InX with Triphenyltin Compounds

- (3) Ph3Snin(X)Y.tmen.'The same experimental method was used t.;umughout
this part of ithe w‘grk. Equimolar quantities (ca. 2-3 mmol) of InX (X=Cl,Br,I}
and PhaSnyY (Y=Cl,Br,I,0'Ac) were placed in a flask and 50 mL of toluene added.
The suspension was cooled with stirring to —20°c; at w_hich point tmen (0.3 g,

Zé mmol} was syringed into tl}e mixture, Stirring was continued for about i
h, after which -the cooling bath was removed and the mixture allowed to reach

room temperature (ca. 20°C) over a period of 1-2 h.,

The mixture was; Fil‘t.ered, and the suspended solid collected, washed with
toluene and dried {7 vacuo at room temperature. This mat.er‘.ial was shown to )
be Ph3SnIn(X)T.tmen. Table 2.1 shows perceniage ‘yield, melting points and
analytical results from these compound;. The products are insoluble in most

common organic solvents, bul Phaénrn(OAc)thﬁen could be recrystallized from
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14 mixtures of tetf‘ahydrofuran and methanol.

-
—_—

The *H NMR specira of these products are presented in Table 2.2

Gi) EtyNIPh2SniInClsl. Equimolar quantities (ca. 0.5 mmol) of Et4NCl and
Ph3SnInC12.tme1:1 were suspended in Loluene and thé mixture stirred together
for 10 h. Piltrahion yielded a greyish white proc}uct which was washed with
toluene and dried im~ugoueo. The yield was quantitative. The molar c'onduct.ivit,y
in nitromethane (4 x 105‘*\\\:::01 L™*) was 88 ohm~*cm®mol™™, which falls in the
reported range of 75-95 chm~*cmZmol™? for 14 electrolytes in this solvent.*9%
The *H NMR spectrum in dmso-d¢ had resonances at 7.9-7.4 m (15H) (aromatic
protons), and 3.2 q (BH,}.S t (12H) assigned io methyl and methylene prctons
of EtN*,

2.2.2 Reaction of PhaSninBro.tmen with 12-dibromoethane

This experiment was conducted in order to iest the reactivity of the Sn-

In containing compound (see 2.1).

0.3 g (0.4 mmol) of Pl:13SnInBr2.t.men was trgated with 20 mL of 1,2-CoH4Br2,
and the resultant susp;hsion stirred at room temperature for 3 h, after whic.;n
the solid was collected by filtration, washed with ioluene and dried overnight
in vacuo. The solid was analyzed as InBr31.5tmen\.®nund: In = 24.8%, Br = 45.6%.
Cale: In = 24.7%, Br = 45.3%. The 1H NMR in dmso-d;k' had resonances at 2.46(s),

o.? .
L:B(s) ppr confirming the presence of the tmen ligand. The infrared spectrum,

0
|

"

ad bands at ca. 2900 cm™% which were assigned to alkyl C-H stiretching and-
/

also a broad band at ca. 1400 em™* due to the C-N vibration of the ligand.

i
N



TABLE 2.2

1H NMR SPECTRA OF PhaSniIn(X)¥ COMPOUNDS (PPM FROM Me,Si)

23

— e L)
Compound Solvent Resonances (ppm)2 AssignEent
PhaSninClptmen | CD30D/CDCls 7.4~7.8(m,15H) Sn-(CeHe)s
2.9 (s4H) N-CH,
\ N 26 42 N-CHj
r— | ¢
PhaSninBraimen . CD20D/CDCl 74-1.7 (m,15H) Sn-(CeHs)z
28 {s,4H) N-CHy
2.5 (5,128) fa-cn,
PhaSnlnl;.taen CD30D/CDCI, 72-7.7 (n,45H) Sn-(CeHe)a
2.8 (s4H) N-CH,
"o 2.6 {5,12H) N-CH,
PhaSnin(OAc)CLimen CDCl, 7.2-17 {m,iSH)\Sn-(CgHs];,
. ’ 28 (s4H) N-CH,
2.7 (s,128) N-CH,
2.4 (5,3H) Jo,cjcn,
PhaSnIn(OAC)Br.tmen CDCl4 7.2-7.7 (m,45H) Sn-(CeHg)a
| . 2.8 (s 4H) N-CH,
24 (5,128) N-CH;i
- 24 (5,38) 0,C-CH,
PhaSnin(OAc)L.tmen CDCl, 73-1.9 (@,158) Sn~(CeHs)n
' \ ‘ 27 (s4B) N-CH
24 (s,12H) N-CH,
2.4 (s,38) 02C-CHy

Y



v

Ft N[Ph5SainClsl

24

_ | -~
(CD2)eSO - 24-19 (m,158) Sn~(CeEsla,
22 @m | N-CHE,

L3¢ P N-CH;

(a) m = multiplet; g = quartei; s = singlet; t = triplet. Integrated intensities

Kl

-}

in parenthsses.
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Excess 1,2-C.21-I.,Br-2 was removed from the filtrate by evaporation m vacus
to leave a colourless solid identified as PhaSnBr. The “H NMR (dmso-d¢) showed
resonances between 7.3-7.7 ppm due to the phenyl ring. This was supported by
the infrared spectrum which had bands between 3100 and 3000 cn&"" assigned
to the arcmatic C-H stretching vibration. Another diagnostic band in the

infrared spectrum was in region between 800 and 450 cm™*, with a sirong band

4

appearing at 697 cm™~ confirming the presence of a monosubsiituted benzene

ring. The mass spectrum in the FD mode has a molecular ion peak (plus a manifold
of isoctopic peaks). There were mino‘r peaks at m/e 352 corresponding to m-77,
and at m/e =/257 (m-144).'Analysis Found: Sn = 27.9%, Br = 49.0%, Calc: Sn =
27.46%, Br = 18.6%.

2.2.3 Cther Systems

(i) Reaction of InBr with PhaBBr: 0.59 g of InBr (3.0 mmol) was suspénded
in 25 mL of teluene. The suspensicn was c.ooled- with stirring to -20°C, at which
point)tmen (2 mL, 13 mmol) was syringed in, producing a reddish solution; 0.74
) g of PhaBBr (3.0 mmol) in 25 mL of toluene was then added dropwise to the
sclution over 2 pericd of 1 h. The solution has a yellowish tinge at this stage,
and stirring w.as cm:xtinued for anaother hour after which the cooling bath was
slowly removed. As the solution warmed up deposition of a greyish white product
began. Stirring_ was continued at rncfm temperature for a further 2 h, and the
greyish white precipitate was then filtered, washed twice with 10 mL portions

[}
of benzene and dried in vacuo overnight.



The *H NMR of the'precipitate in dmso~dg showed resonances between
1.2-7.5 ppm (m. 10H) which were assigned to the a;'omat.ic prot.ohs, and singlets
at 2.9 ppm (4B) and 2.7 ppm (12H) due respectively to the methylene and methyl
protons of the tmen ligand. These assignments were supported by the infrared
spectrum where vibrations due to both aromatic C-H and alkyl C~H were observed
in the 3100-2800 cm ™t region. A strong band at 1420 cm™ Y was assigned to the
£-N vibration of the itmen ligand. Based on the spectroscapic evidence and the
analytical data, the product obtained was formulated as (Ph2BInBr.tmen),. (See
discussicn below.) Analysis Found: C = 55.61%, H =588% N =587%In= 24.45-%,

Br = 16.94%. Calc: C = 45.44%, H = 5,51%, N = 5.88%, In = 24.13%, Br = 14.80%.

(i1) Reactions of InX (X = CLBr,D) with MesSnC), PhaSnE, Ph;GeCl, PhaPbCl:

Equimolar quantities (ca. 3 mmol) of InX and each of the substrates were suspended
- at ca. -40°C in 50 mL of toluene. Excess tmen (2 mL, i3 mmol) was syringed
into the react'.ion;nr:ixture. A reddish colour was observed as the InX was gradually
drawn into sclution. Stirring was continued at this temperature for 1 h, and
the cooling bath then slowl{r removed. As the solution began to warm up deposition
of metallic indium began to occur. Stirring was continued at rcom temperature
for another hour, and the greyish black precipitate collected by filtration. In
the reaction with Ph3PbCl the precipitate was found tc contain 37% Pb and
10% In. In all other cases, the precipitates were found to contain almost 100%
indium, which is indicative of t.'.he fact that the indium monchalide has undergone
disproportionation yielding metallic indium and indium trihalide (see C]':a"pt,;r 4).
Under the circumstances, the desired product could not have been formed and

as a result no attempt was made to work on the filtrate.
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(iii) Reaction of InCl with Ph,PCl: 0.45 g of InCl (3 mmol) was suspended
in 25 mL of toluene and ccoled to ia -80°C, Excess *Lg:en (2 mL, 13 mmol) was
syringeﬁl ihto the reaction mixture to obtain the characteristic red soluticn.
0.66 g of Ph,PCl (3 mmol) in 25 mL of toluene was added dropwise over a pericd
of L h. The resultant yellow sclution was siirred at -80°C for ancther hour
and the cooling bath slowly removed. As the solution warmed up metallic indium
' was thrown out of the solution. Stirring was qontinued at rocm iemperature
for another hour and ihe precipitate filtered. The filtrate was left standing |
in an opened round bottom flask. Colourless crystals hegan t.o grow from the
filtrate after 3 day. These were 'collected, washed with 10 mL c;é‘ toluene, and
dried in vacuweo overnight. Analyses on indium and chlorine showed thém o be
absent. The crystals were alsc found to be soluble in polar solvents. The B
NMR in CD3CN had resonance signals betwe’énﬁ <.2—7.7 pp:ﬁ (m, 20H), at 2.9 ppm -
(s, 48) and 2.4 ppm (s, 128). The last two signals are atiributad respeciively
to the methylene and methyl protons of tmen and tﬁe former %0 aromatic protons.
This observation was supported by data from the infrared spectrum where besides
the characteristic bands easily assigned to the above described groups there
was alsc’ a broad band between' 2500 and 1800 cm™* diagnostic of a P-OH vibration.
The 31P NMR at room temperaturs showed a brsoad signal at i7.4 ppm. This
signal sharpened tc form a singlet at ZSJ{/at 16.5 ppm, pointing to the fact
that the molecule exhihited some fluxdonal bahaviour. Despita ail this information
it is still not easy to propose cne particular structure for this mclecule. The
analytical data found C = 58.32%, H = 4.35% and N = 3.34% gives a ratio of
C:E:N as 20.4: 26.4: 1 or ca. 44: 53: 2 Integration of the *H NMR signals (see
above) gives a total of 36 hydrogen atoms, 20 of which belong to 4 aromatic

" rings and hence {0 24 carbons and 16 to the tamen ligand which has é carkon



atoms. By this assessment, we arrive at the following empirical formula C30E3N2.
It was uncertain at this point as to what the structure of this unusual compound
was. Evidently more work needs to be done to gain a better understanding of

this system.

2.3 Resultis and Discussion

231 Reaction Pathway *

The results demonsirate that there is an efficient reaction between InX
(X = C1,Br,I) and Ph3SnY (Y = C1,Br,],0Ac) to give the corresponding Ph3;Snin()Y
compounds, which were isolated as their tmen adducts. The structure of these
compounds is discussed below; the main conclusion at this point is that the

reaction (2.5)

InX + PhaSAY - PhsSnin(0Y ) ' (2.6)

1

corresponds formally 40 the oxidative addition of In'X across the Sn—Y bond.

{
.

In discussing the p\éssible reaction pathway for the formation of,
PhsSnin(X)Y compounds, it is appropriate to drav an analegy from the reaction
of InX (X = Br,} with In¥s (¥ = C,Br,]) wvhich was mentioned in Chapter i.
The stoichiometry of this reaction corresponds formally to tha insertion of In!

into an InT-Y bond, eqn. 2.7 -t
InX + In¥3 =2 Y(X)IninY, -~ 2.7

At least two possible pathways éan be proposed for the overall reaction. The
first of thess involves the base-catalyzed dissociation of InY,, followed by halide

ion 'transfer'to InX, followed by recombingtion.

In¥s + nL - InYsln <—;> InY,Ln*+ Y™ 2.8
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InX + Y7 - InXY™ oo (2.9
InYoLnt + InXY™ = LY,InInX(YV)L (2.10)

The chemical evidence For eqn. (2.8) is that non-aqueous solutions of adducts
of indium tmhahdes do show a significant conductw1t.y, which has been explained
in terms of ionization of the type shown,**? while eqn. (2.9) which implies that

InX molecules are Lewis acids, is supported by the known existence of InX,™

anions (X = C1,Br,I,NCS).

The second pathway depends on the ability of In! species to function
ac mentioned earlier as both electron pair donors and acceptors. The imjaortance
bt

of a lone pair in the structure of cyclopentadienylindium has been demonstrated

iie

by calculation and it is reasonable to assume a similar featuresin indium(l)

halides. The alternative description of eqn. (27 is then via a concerted process
in which donation from InX into the In-Y bond of InY, is accompanied by donation

+

from a halide ligand of In¥. }o InX,

N Xin: + n’q P Y oL Y

/ N ——— X—-ln\—_..lrg.___. __[’n.___lh__L (2.11)
7N T

A similar reaction pathwvay has been proposed to account for the insertion of |
InX intc various symmetric M-M bonded molecules. The postulated pathway,

therefore, for the InX/Ph4SnY system is

[}
;

.

-



5+ o
: -—=Y
PhaSn - Y Ph3Sn ,
In-X I : - '
an 11 L.
23] -
. PhySnInCGOYL

4 -
The reaction proceeds smoothly For triphenyliin halides and acetate, for all
o'f': which the ligand Y has the required bridging properties, and the appropriate

Ieaving' group properiies, :

Wl’gen Ph,SnH is used, the insertion reaction does not occur, but rather
indium me’fall _is-{-‘ormed, and this has been previously taken as evidence of the
disp_r'oportionation 3tnl =+ !l + 21n°, vithe}he 1nlll eventually going to InX,
as the tmen adduct. Clearly the Sn-H bond cannot form the postulated
intermediate 1 in the above scheme since the hydrido ligand lacks the necessa';;\
electrons for dénatioq. The diff-erenc-e bétween the triphenyltiin h;alides and
Me3SnCl, which does n:;t: yield MesSnInCl,, presumably résides in 1;he lower Lewis

108,129

acidity of the alkyl compoun with a gonsequent failure to form the

intermediate i, and a similar argument can be applied to Ph3GeCl, since tin
.
compounds are much sironger acceptors than the corresponding germanium
. 7 -
analogues.2*2 In all of these systems then, the course of the reaction is explicable

in terms of the mechanism proposed earlier (2.8 to 2.10) and outlined in eqn.

(2.12) above.

Al

The reaction between InCl and Ph3PhCl is anomalous, in that the Pb-
In honded' compound is not recovered, and the decomposition produces a mixture

of both metallic elements. It may be that the oxidizing properties of the leaddV)
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compound result in the formation of PhaPb* and InCl,*; the former could then

g0 to Pb® with the reaction of InCIz'" and unreacted InCl yielding In°.

v
2.3.2 The Structure of Ph.Snin(X)Y.tmen compounds

{-

It is clear that the products of the beactien of PhaSnY with InX in |

toluene/imen solution are the Ph3Snin(Y)X.tmen adducts, which are readily

formulated as having an Sn-In bond: '

P
.

\The proposed structure of one of these products when X = Y = ClLRBr,I

- can be represented as follows

P" Sn l}!(;'/" ‘
b

The compounds described above can be regarded formally as intermediate

between PhgSny 'and InaXy.2tmen, both of which are M-M bonded, and the analysis

of the vibraticnal spectra relies on published information on these systems.”>'3%9

3

The vihr:at.ional spectroscopic data and Raman data are presented in Tables
2.3 and 2.4. In each of the PhySnin(Y)X.tmen compounds, Lthere are weak bands
in the 400-500 cm™ region in the infrared assigned tp v(In-N) modes, although
exact identification is hindered by the dominant Sn—-Ph band at ~ 445 em~2
(vs). The ¥(In-X2) vibration are then identified at 294s + 275sh (C1), 2125 + 195sh
{243,489 Ra)‘ (Br) and 1585m + 158m (cm™2)D), all in good agreement with the spectra
of In¢x+2tm§n. In the salt Et N{Ph+4SninCl;l, the v(In-Cl) modes are identified
at 330m + 302m (cn_z'*), higher than in the In'QCI." anion which ap;.:car at

2%2s + 284zgh (cm'i), but close to the values of 330s + 320sh (cm™2) reported

\ N

H



" in these compounds are at 1544vs + 1428vs cm™ and 1530s + 14455 cm™t

for InClaBr—.22% The various Sn-Ph modes in these compounds are little changed
14
from those in the parent Ph4SnX compounds. The Raman spectra of some of
0 \ .
these compounds (see Table 2.4) had a strong emission at ca. 148 cm™ which

has been assi.g'ned to w(Sn~In} : o~

&

The molar conductivities of these compounds are close to zero, so that
the «For:mulation as neutral Sn-In bonded species is gupported. Tin is four-
coordinate'd, while indium is five-coordinate with an InSnX,N, kernei, analogous
to the coordination in In.X.2tmen (InIn"XzNz'). The cnmppund§ therefore formally

invalve tin(ID gnd indium(II).

233 The Stiructure of Ph-.SnIn(QAc)X.imen Compounds

The spectra and structure of the acetato compounds PhsSnin({)0OAc.tmen

are best discussed in terms of PhaSnOAc and Me,InOAc. The w(C-0) vibrations

respectively, and in the latter case cryst.al-lographic studies have shown that

'acetate- ligand is bidentats.?%22 The preéent compounds typically show these same

vibrations at 1550vs + 1430vs, so that bidentate acetate is,present. Weak bands

4

at 300-320 cm™T are then reasonably assigned to v(In-0). The y(In-X) modes are
at 297w (Cl) and 205m cm™ " (Br; 209 cm™*); but no v(In-I) mede could be detected.
The remaining features of .the spectra are essentially identical to those discussed
above, except that the w(In-N) region is effectively blanked by sirong bands

at 450 and 570 cm™*, The molar conductivity of the iodo derivative in both
.8

dmf (47 ahm'*cmzm_nl"') and nitromethane (70 ohn~*cm2mol™?) shows that the

—

compound is a i:4 electrdlyte in these sclvents. The absence 6? the v(In-1) band

in the infrared spectrum suggests that the correct formulation for both solid

?d solution states is: -



TAELE 2.3

FAR INFRARED SPECTRA OF FhySnInX, COMPOUNDS (em™)

Compound v(Sn-Fh) v(In-X) v(In-N) . v(Sn-In)
i Ph3SﬁInCI 2tmen 434(s) 295(s) 495(m) 145,
/> 442(sh) | 168(z)
' 258(s) A55(m) -
Ph3SninBrz.tmen 450(s) 21s) 492(m) 153
442(sh) (243) 465(m)
258(s) 196(sh)
(189
Ph3Sninl,.tmen’ 445(s) . 165(m,br) 500(m,br) -
258(s) |
Ph,SnIn(OACKCLimen 430(s) 297(s,br) 482(m) - |
260s) 384(m) -
Ph3SnIn(0Ac)Br.tmen 443(5,) 206(s) . 484(m) -
; 249(s) (209 385(m) :
PhsSnin(OAC)L tmen 446(5) - 500(m)
R 382(m)
Et4NIPh,SnInCl,) . A4Es) 302(s,br) 498(m)
260(s) 381(m)

19



‘TABLE 2.4

34

RAMAN EMISSIONS ASSIGNED AS w(Sn-In) IN TMEN

ADDUCTS OF PhaSnIn(MX (cm™%)

g Compound Sn-In
E Ph5SninCl, 147
Ph-_,,SnInBrz— 148
Phﬁnﬁiz ~Pug
Ph3SnIn(0AcIC] 149 )
Ph3SnlIn(OAC)Br 149
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dr. i’h \1 ' _ g

Ph~Sn—--j/ =

!.f\.. | -

In contrast, the chlaro compdunds is a non—conduct;or in dmf (Mg 10
ohm""cmzmol"‘),.whﬂe the bromo analogue uﬁdergoes some dissociation in polar
solvents (Ag 27 ohm™ *cmZmol™* in dmf, 34 ohm~*em®mol™ in MeNO,) so that
both thl.ase compounds can be formulated as neutral species in the seolid st..at.e.
The difference between the inodo compounds, and the chlord- or bromo—acetato-
species, probably lies in the difficulty of accommadating the larger iodine atom

in the coordination kernel of SnInOC-N2X.

2.3.4 The Structure of Ph,BInBr.lmen

.

The product obtained from the reaction of InBr with PhaBBr was

formulated as (Ph,BInBr.tmen), and a proposed structure as below.

S \\\ -
, /‘/\ <\ L’ \ /'Br



) :
where n = 2, although higher values for n cannot be excluded. An 199 ral

structure has been proposed for [{(PhaP)oNiBPhot/2Et,01, which was obtained

together with {((PhaP)oNiBrl, by the reaction of PhaBBr with (PhaPloNiCaHy 223

The proposed siructure {:‘or‘ the indium analogue seems justified on the
basis of the analytical and spectroscopic data. The infrared*spectrum for example,
does not contain any bands near 800 cm™* from the B-Br group but does not
contain absorptions between 3000 and 2800 cm™2 arismg from the C-H vibrations
from the PhaB group and the tmen liéand. Due to the low solubility of the
coﬁplex we were unable to obté.in a concentrated solution to do 2B NMR studies.

The overall reaction could therefore be presented as

tol/tmen .
Ph2BBr + InBr ==———»(Ph,BInBrimen), + tmen HBr . (2.13)

The fate of the Br~ could be to form a salt with the tmenHY after first

being converted 1d HBr by moisture from an incompletely dried solvent.

2.3.5 The reaction of Ph3SnInBr, with 1,2-C,HyBr.,: The reactivity of

Sn—-In bonded compound

This reaction, as mentioned earlier, was used to test the'reactivity of

the complex. As our results showed this reaction (eqn. 2:13) led td"the homolytic
cleavage of the Sn-In bond. \/

Ph3SninBry + CoHiBra - PhaSnBr + InBry + CoHy (2.14)
3

Similar cleavagé of related metal-metal bonded coglexes has been observed.t%*
It appears, therefore, that reaction 2.14 is a general one and may be useful

-

in an analylical sense,

In the context of the present discussion, homolytic cleavage of the Sn—

In bond implied disruption such that each metal centre received one of the
) - L
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electrons from the electron pair that constituted the metal-metal bond. As a

result tin(III) was oxidized to tin(IV) and indium(I} Lo indium(III).

Results presented in this chapter show that indium monohalides oxidatively -
inse;-t ix:zto metal-halogen bonds of some Main Group organometallic compounds.
Pollowi_ng earlier work 'in our laboratory involvilng the InX/InX+ systems one
tan draw some simila‘r;ities as far as the mechanism of the formation of the
insertion.products are concerned. It will also be of interest to revisit some
of the failed systems in our work with some medifications. The syfithetic
usefulness of the‘rfﬁ:}{/toluene/tmen system has been mentioned in Chapter 1 and
has featured prominently in work in the various chapters of this dissertation.
It is worthy to reiterate the fact that temperature plays; -a critical role in
t.hi:s system as instant dispr;oport.ionation of the ‘indium monohalide easily occurs
at temperatures higher than the stipulated values.*®® This is also a signal
as to whether a reaction is proceeding favourably or not. This cbservation
renders the InX/toluene/tmen system very labile and one could consider using
different neutral donocr ligands like 1 10-phenanthroline or 2,2'-bipyridine which

due to their size may help in stabilizing ihe resultant product.

-



CHAPTER 3

THE REACTION BETWEEN SnX, AND TETRA-HALOGENO-ORTEO-QUINONES

. . FORMATION OF Sn(IV) CATECHOLATES

3.i. Introduction

As mentioned in the previous chapter, a useful method for the synthesis
of metal complexes in which the metal is in a high oxidation state is the praocess
of oxidative addition with co.mpbunds with the metal ip a low oxidation state.
The usg of erthequinenes as a subsirate in these studies is particularly atiractive

_since orthequinones show redox ~1:|.=_'}'::=n.'ric>ur~ at easily accessible and chemically
useful potentials. They; are also -a.ble to fix substrate malecules by donor—-at_:cept.nr
complexation.‘zg’izs The metal-quinone interaction can be viewed in terms of
three isoelecironic forms related by the distribution of formal charge over _

chelated ligand and metal ion (see below).

4

- '

vhere (a) is the unreduced quinone®*®7 (bl the semiquinone®®® (partially reduced)

and (c) the catecholate®Z? (fully reduced) forms.

r3



As shown above, the various bonding descriptions can be induced either

chemically or electrochemically by the addition or removal of charge from ligand

localized eletronic levels by interaction with some external species.

To date, most of the studies in this area has been on the transition
metals. There has been several reports of the addition of orthoquinones to .
_transition metals with formal d19130-13% 48 130,131,135 46 335,136 4% 137
and d2,23® glectron configurations. In all these cases it was established that
these compfexes undergo a number of well defined, one-electron transfer reactions.
In particular‘; complexes obtained from tetrahalogeno-ortho-quinones undergo
one-electro.n oxidation to give complexes whose properties are indic_:_ative of the
presence of coordinatec‘I semiquinone radicals. These oxidations have bee detected
by cyclic veoltammetry which réveals that ellectr-on transfer in each case is
reversible.*3® There is & ithorough review of this subject covering all aspects

- “of the chemistry of transition metal-quinone c;mple‘xes.:'qo

’ In the Main Group area there has been very limited work on the ;l‘lements
of groups Il and IV in their low oxidation statesT*171%% Iho 1ack of soluble
indium(l)'c‘:umpounds could be considered as a factor, but the same cannot be
said of tin(Il) halides. .Most of the benzoquinone complexss of these two Main
Group elements as well as 'that of their c;ngcnus have been made by the reaction
.oi‘ the mnt.;'tl halides, organometallic halidas,""’s with an alkali metal salt of

" the fully reduced quinone (i.e., thp dianion of the catechol). This method of
synthesis ha.s the advantage of using relatively stable starting maun'als.which
are readily scluble in common crganic solvents. So for the purpose of the further
studies o?ﬁm coordination chemistry of these slements this method of synthesis

or any other method which does not involve the use of the low valent state

of the slement appears satisfactory. On the other hand there is much 1o be
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gained from kinetic and mechanistic studies which should give an understanding
of the behaviour of Main Group elements in their .lower oxidation states. In
general terms the chemistry of the Main Group metals is marked by the existence
of oxidation states which differ by the addition or removal of pairs of electrans
fE-g- TlI/Tlm; Snn!SnN; Bim/Biv; Pon/PoVI), this has led to a genera‘if assumption,
'.m the absence of evidence to the contrary, that redox reac’uons involve two~
elect.ron trans?ers. This approach has providgd a satisfactory although simplified
model for processes such as oxidative addition as exemplified by work presented
in Chapter 2. In order to establish a mechanistic pathway for the formation
of tin(I\’) and indium(Iil) compounds by this process, we have undertaken a series

of studies of the redox reaction of InX and SnX..
hY

This Chapter and Chapter 4 deal with the reaction of SnX, with so:’ae
substituted or‘thnquinnnes.. OQur results conf;:.rm ihe difference in the reactivity
of" these quinonesxdepending upon the type of sull::st.ituent on the quinone mng
The halogeno-substituted quinones were fi::und to have a high react'ivity, and
a higher redox potential, attributed to the electron 'wi’t..hdrawing effect of the
- halogens on the ring. The electron donating effect brought ahuut- by t.he'hkyl
substitution on other q{zinones lead to lower reactivity, compatible with a lower
redox potential. This difference in reactivity of these quinones has been -fully

exploited in the course of cur work, and will be discussed in detail later.
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3.2 Experimental ' f

324 The formation of Y4CgOsSnX, «

(i) A solution of SnCls (0.39 g, 2 mmol) ang tlt.rac}':‘lor'o-g_-quinone (0.50
g, 2 mmal) in acetone (50 ml) was stirred mechamcally for { h at room temperature
to give a yellow~orange solution. Addition of phen (0.31 £, 2 mmol) precipitated
Cl4Ce02SnCla.phen in quantitative yield. Later work showed that the synthesis
is more conveniently carried out by refluxing equimolar quantities of SnClg,
Cl4Ce02 (or Br4Cg02} and phen in acetone for 1 h, and this technique was
used in the preparation of t.ht analagous compounds listed in Table 3.4, since
the direct reaction at room temperature is unsatisfactory with SnBra or Snl,.
The yellow-orange solids were collected, washed ‘s‘uccn'ss':.\;'tly with acetone (2 x

20 mL) and n-pentane (20 nl), and dried in vacueo.

(ii) CquGOZSnIz.phtr{ can also be prepared by refluxing tin metal (0.4g,
Z.f mmol), iodine (0.B4g, 3.4 mmol calcﬁ‘tl(-ntcd as I3) and c1.,é';o, (0.33g, 2.4 mmol)
in toluene (50 m_L) for 3 h, by which time the tin had dizsolved to give a Light
green solution. An equimolar quantity of phen was Lthen added, and rtflu:?:ng
stoppid. The mixture was stirred Fgr 1 h as it cooled; the orange solid which

formed was then collected and washed as descrided above.

(iii) SnClz (0.39 g, 2 mmol) was suspended in toluena (50 ml) contain/:\pg

. “ ’
an equimolar gquantity of ClyCqOz (0.5 g), and tmen (0.33 g, 3 mmol) added to
the red solution. The mixture was stirred at room temp. for 14 h, and then

filtered, to give an of f-vhite solid wvhich was washed with toluene and then

' n-pentane, and dried (» vacuo. This solid was identified as ClyCqOpSnCly.tmen .
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TAELE 3.1

ANALYTICAL RESULTS

Compound Found/Caled (%) Molar
Sn o H N  mass
C14Ce02SnCl,.phen 19.049.3) 36.0(35.4) LESL) b8 616
Cl4CeD2SnBra.phen 14.4(45.0) 227212 1200 3365 04
Cl4CeD2Snlz.phen 169(16.8) - - - -
BrCg025nCl.phen 13.7(43.5) - - -~ . 79
BryCeO2SnEr.phen 15.0(14.9) . - - - -
Br‘;;CSngSnIz.phen ] 11.8(12.2) - - - -
C14Ce025nCla.tmen 24.321.5) - - -

Cl4Ce025nCl,.tmen2CHA0H 18.8(19.3)
C14Ce02Sn(0CHS)2 21.6021.8)

Cl4Ce025nCla.tmen.CoHsOH 193(1'}.93 - - - -
C14Ce025n(0C2Hx)a 25.9(26.4) - ( ~
(tmenE)oSn(02CeClula) 10.5(10.9) 32.3(33.0) 3330 5.4(5.1)
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~

on the basis of metal analysis, infrared ahd iH nmr speciroscopy. Repetition
of this procedure with qué‘oz in place of the tetrachloro~o-quinocne gave as
the final insoluble product a béige—coloured\solid thch contained tmen and
the BryCg02%" ligand, but did not correspond analyt.icall;w to Bry,Cg02SnCl,.tmen
(Calc’d Sn 146.3%. Found Sn 24.7%). 1H§"Ml?, singlets a.t. 2.72 and 3.33 ppm from

MeySi, in dg~dmso.

(iv) A mixture of SnCl, and Cl;.Cst {quantities as in (c)) was dissolved
in acetone, and tmen (0.35 g, 3 mmol) added; the solution darkened i1n colour,
and a slight cloudiness developed. After 4 h, the now pale ysllow solution was
filtered to remove a white solid, and the solution evaporated in vacuo 13 yield
crystals of Cl4CgqQ025SnCls.imen. The white solid collected by filtration contained
Sn i32%) and ClyCgO2, but no tmen, This material analytically corresponds to

(Clq CQOzsn)n.

: (v} Stannous chloride (0.56 g, 3.0 mmol) was dissolved in dry methanol (50
mL), and tmen (0.35 g, 3.0 mmol) added dropwise to the stirred solution. The slight
cloudiness disappgared on warming the solution. A methanol solution of ClyCqOg
(0.73 g, 3.0 mmol in SOmlL) was added dropwise over { h. .Some slight prc’c;pxutmn
was obvicus at this point, and on refluxing over 4 h considerable quantities
of solid were thrown down. This solid was collected, washed with hot mathanol
(2 x 20 mlL) and dried {n vacwo. This material was identified as
Cl4Ce025nCl,.tmen2CH50H (A) on the basis of metal analysis (Table 3.1), infrared
ahd 12 nmr spectroscopy (Table 3.2). Yield 0.87 g. No spectiroscopic or vaight

changes were cetected after heating the substance in vacuo 160°, sh).



TABLE 3.2

1H NMR SPECTRA OF TINQV) DERIVATIVES OF 0-ClyCe02

(PPM, RELATIVE TO Me,Si)

Compound (a) - Chemical Shift - isﬁgmmt
H i \‘
1 10-phenanthraline (b) 9.2, (m2H) cz;év (phen)
77 (m2H) "I\é@
84 (@,2H) C4.C?
\ 7.9 (m,2H) C5,C6
Cl4Ce02SnClo.phen 9.25 (m,2H) C2,C? (phen)
8.00 (m,2K) C3,C8
- 8.70 (m,2H) cac? |
8.25 (m,2H) C5,C6
Br4Cg025nCl,.phen 9.25 (m,2H) C2,C% (phen)
8.20 (m,2H) C3.C8
8.75 (m,2H) C4.C?
8.55 (m,2H) C5,Cé
C14Ce025nCl . tmen 2.93(s,1H) CE2 yren
2.50 (s,3H) . CHs
C14Ce025SnClotmen2CH0H 6.35 (br2H) CH30R
| 220 (s6H) CH5OH
2.5 (s 4H) CH,
i - imen
2.80 (s,128) CHs
Cl4Ce025nClo(0CH,)» 35 s CH,



c1..c,o,s::c1,.tmmc,n_.,o§ 645 (br 1H)
345 (q,2H)
2.90 {s,4H)
255 (5,42H)
105 (4,3H)

(LmenH),{Sn(0,CCluls] 290 (s 2K)
2460 (L,2H)
2.45 (s,6H)
3.20 (s,6H)

550 (br,1H)

45

C2HsOH
CH53CH20H
CE» tmen
CEs
CHACER0H

CH,N

" CHoN*

CH,N
CH,N*

N-H

(a) All compounds run in dg-dmso solution,

(b) In dg-acetone; results from ref. 146,
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T‘.;ue Filtrate_ from this reaction was taken to dryness in vacue, giving
a mixt.ui‘e of colourless and yellow powders. The former was found to be insoluble
ir_a mgst common organic solvents, and the compounds were separated by treatment
with hot acetonitrile. The ins_olubie colourless splid (weight 0.24 g) was identified
as the salt (tmenH,)Cl, (B) (Analysis Found Cl' 37.4, calrc'd 37.5%)..1H nmr in
D;D showed singlels at 3.7 (4H) and 3.0 (12H) ppm from internal sodium
3=-(trimethylsilyl)propicnate. Thé mola.r coﬁductivity of a mmol solution in HL0

was 209 ohm™ mol™? cm?, slightly less than the classical value of 240 ochm™*

mol™2 cm? for 24 electrolytes.

*The acetonitrile extract of the above solid mixture was subsequently taken
to dryness in vacuo. Analysis and spectroscopy showed that this compound is

Cl..,.CstSn(OCH-_,,)z (R

-
L}

The total mass of products A, B and C was 1.72 g, 1c be compared with
the 1,64 g of reactants used. After making appropriate allowance for the MeOH
and MeO incorporated into A and C, the mass balance accounts for 4% of the
starting materials.

(vi) Stannous chiloride (0.50 g, 2.6 mmol) and ClyuCgOx (045 g, 2.6 mmol) were

dissolved in dry ethanol (50 »L}), and 0.4 mL (2.6 lﬁmol)‘of tmen added to the

-

) ﬁpale 'yellow solution. An instant opalescence was followed by the formation of

a white precipitate. The mixture was ref‘]_.uxed for 12 h undex: nitrogen, after
which the precipitate was collected by filtration, washed with hot ethanol (2
x 20 mL) and dried overnight m‘ vacue. This solid is ClyCg025nClstmen.CoHLOR,
The filtrate was treated by the metheod described above for the methanol solution,

and the products identified were (tmegfis)Cl, and ClyCg025n(0C,Hg),.

I,

4
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3.3 Results and Discussion

334 _Pregar‘ative

The six compounds Y4Cg02S5nX,.phen (X=C1,Br I; Y = C1,Br) are the result
of adduc;‘. formation by the dihalogenotin(IV)catzcholate species, which are

-

themselves generated by the redox reaction

Snxz -.- \ / o {3.4)

/ Sn\

Reaction 3. is formally equivalent to oxidative addition. Given our results

-J
on indium(l) systems (see chapter 5), and the work on transition metals such
as the éopaer. complexes of semiquinones, it seems very probable that reaclion _

. ¥ .
3.1 actually proceeds via successive cne-electron triﬁsfers. Due to the instanteocus

-~

e nature of the reactions being discussed in this chapter, we were not able tp
_ conduct a detailed study by ESR spect;*oscopy. It is clear that t.hn mechanism’
pr‘o.posed to account for the insertion of InX into M-M and M-X bonds cannot
apply in th_e case oi"cqn. 3.4, since neither the ground state nor any readily
accessible excited sta‘t.c of the qu:’nc;'nc can act as an elactiron pair accepior,

Y detailed discussion of this point is given in later Chapters. ‘

The Y.,C‘Clz‘Snx2 molecules identified as the primary product in eqn. 3.4 .

b

. o
are clearly Lawis acids, in kesping with the presi:pt.ion that the coordination

' .

W



_number at tin is four. The adduct,s-{-‘oi"med with {;i0-phenanthrocline are thermally
stable, and anly slightly soluble in most common Bf-ganic solvents. The tmen
derivatives of Cl4Cg025nCl. are more labile, and the reaclions leading‘to these
compounds merit some discussion. The preparations in either toluene or acetone
give the expected i:1 adduct, but in methanaol or ethanol the preduct is solvated
by str;o;'zgly bound'ROH yhich is probably hydrogen-bonded either to a chloride
lig--and tl::r to.an oxygen.atam. of .the catechulate’ﬁgand. The other products
obtained from this reactioq mixture are the salt ('Lx?enHz)Cle and the tin alkoxide
derivatives Cl4Cg025Sn(0R)p. On the basis of t.‘he e:qf:erimental evidence, we suggest

the reaction sequence presented in Scheme 1. . N

This sequence implies that the dif‘fereﬁ&:e between CH3DH and C,H-OH resides

in the composit‘icn of the si'c‘lvate 2 formed in the second step. The formaticn
of such sol;:at.es, and the subsequent intramolecular reaction, are cnrr.;mon features
of Lin(IV) bhemistry. The products ClyCg0o5n{OR), may Dbe stabilized by

intermolecular Sn...0 bonding. .

The unexpected formation of the !:'Sn(OZCSClq);Jz' anion took place during
experiments designed-to investigate the insertion of InCl into the Sn~Cl bond
Df; c1.,c;c>_25nc1_2, following earlier work on such insert&o.n reactions between
InX and Pﬁ;»SnX (Chap.te_r Mhe F‘c;llowing sequence is in keeping with the

known reactions of SnX, and m.,c;oz (= @), as demonsirated in this work,

and of InX and InXa: .

”

-
’
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TN\ / R
Y / \x .‘
(1] tmen
fii) MeOH

| \j (\\
Me ' .
+ (tmenﬂzlz‘r 9 =
Me

SCHEME 1

i
hY



¢+ s, — (02} Sncl

/s
o~

o=
InG!

(27 ),Sn + InCly

< gl\ :
NS
XS N

(927) Sn{0Mely-tmen + [tmenm; [su[qz' 13] InGl3-tmen
o - «%‘

3.3.2 Spectroscopic Results

1

The most\“ini‘ormative region of the infrared spectra is the ¥(C=0) mode,
which occurs -at ca. 1700 em™*(vs) in-bo;c.h tetrahalngeno—quix;ones.‘(See Table
3.3.) This band is conspicuﬁusly absent in all 'the tin compounds prepared in
t.hi§ work. This band is replaced by w(C=0) vibrations at 1430m + 124(}5 em™%,
indicating the presence of the o—chsozz_ ligand. The phenanthroline adducts
- exhibited multiple bands in the region between 1640 and 1520 cm™2 and they

could be assigned to the C=C stretching vibrations from the catecholato ring

50 -

-



TABLE 3.3

DIAGNOSTIC IR ABSORPTIONS OF ADDUCTS OF Sn(IV) CATECHOLATES

Compound | Absox_‘gticns; Assignment
¥Y4Ce0x _ 1673ts) « C=
" 1594(s) c=C
¥4Ce028nX2.phen _ A0 (mw) - C-H (phen)
1440 (s.br), 1244(m,5) c-0
Y4CgDa5nXas.tmen 2990 (m,br) C-E(Lmen)
3 1450 (s,br), 1250 (m,s) c-0
¥=CBr ' |

X=CBrl | .
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and from the phena,nt.hroline. An aromatic C-H vibration could also be assigne&
to the band at 3100 cm™. The tmen adduct, beside the characteristic C-0
vibration, had medium bands between 3000 and 2800 cm™* assigned to the alicyl
C-I:I vibration. Th'e. ¥(C=C) 'vibrlat.ions‘ were obscured by t.he| broadness of th_e )
"stroné band at 1440 em™ which a'gain could be-a combination of the w(C-N)

vibration of the tmen hgénd the w(C-0) of the catecholato ligand.

The *H NMR spectra have been noted in the Experimental section and
are tabulated in Table 3.1. The syinme‘l.ric nature of the resonances show that
the catecholato ligands are symmetrically bonded to the tin atom, and this
symmetry has been confirmed by the 1°C NMR spectral data. These are summarized
in Table 3.4; rach signaf recorded appears as a sharp singlet. There are significant
changes in the 13¢ resonance spectrum of ClyuCgO2 following reduction from
the quinone te the catechol ﬂorm, an‘d these same changes are apparent in the
spectra of the neutral a}ddi:‘!\s with tmen or phen, and in the ISn(02C2CIq)332-
anion, again confirming the presence of the reduced form in each of these spécie_s.
Smaller changes are observed in the spectrum of tmen or phen upon coordination,

| or on formation of the protonated species. Et is rather surprising that tmenB*
cation shows two sets of resonances, and it appears that the hydrogen—bonriing

identified in the solid state (Fig. persists in soiution, thus removing the

degeneracy observed in the spectrum of theX{ree ligand.
P N

t
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TAELE 3.4
13C NMR SPECTRA OF TIN(IV) DERIVATIVES OF 0-Cl4CgC2
(PPM, RELATIVE TO Me4Si
Compound Solvent  ClyCgOs tmen phen other
0-Cl4Cg02 CDCl, 1319 C4CS \
1437 C30Cs
1688 C1,C2
o~ClyCe(OH), (3} (CD2)2CO 1195  C4CS
125 €38
1430 CLC2
tmen neat 452 CH,
5156 CH,
phen dmso—dg ) 1230 C5,C6
1264 ChaCha
1284 C4CT
t
1353 C3C8
1454 CAbCsb
1497 €209
Cl14Ce0,SnCL,.phen dmso-dg 1439 C4.CS 1244 C5C6
1150 €305 1264 ChaCta
1467 CL2 1281 CAC?
1315 C3C8
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139.7 Cib, Céb
14580 C209 ’
ClyCe02SnClotmenELOH  dmso-dg 1156 C4,C5 429 CH, 180 CE4CH.OH
1120 C3Cs 509 CHs 561 CH,CH,O0H
1485 CiC2
{tmenM),(Sn(0,CeCly)a]  dmso-dg 1159 C4C5 440 CH,*N
1122 C3C4 474 CH,N
1490 CLC2 537 . CH,N' )
CH,N

(2) Results from ref, 147,

-

\-’?\n
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34 X-Ray Studies: The molecular and cr-yg_tall structure of

.(t.menH)zESn(OzcﬁClglal

>
A single ?rystal of (tmenH)2ISn(0,CegCly)al (1) was mounted along the

larg-;)st dimension, and the cell parameters obtained from 15 sirong reflections
with 15 < 28 < 30°, Data were collected on a Syntex P2, diffractometer following
the procedure described in Chapter 1. The int.ens'it'ies—cff"t;‘.;';ree monitored
rei;i.gctinns did not change'significant.ly during data collection. Thé data were
corrected for Lorentz and polarization effects, no absorption correction was

.

deemed necessary because of the low absorption coefficient. Details of the X-"

ray data collection are given in Table 3.5.

The systematic absences (hkl, h + k =3 2n + 4; h 01,1 = 2n + 1) indicated
the space groups C2/c or Cc. The former was used and laterj assumed to be
correct because of the succes#f‘ul refinement of the structure". ‘The position of
the tin atom was obtained from a sharpened Pattersocn synthesis using SEELX,
1976, and was found to be on a twofold axis. The positions of remaining non-
hydrogen atoms were determined from a difference Fourier ;:nap. The structure
was refined anisotropically-using full-matrix least squares methods and, the
refinement converged at R = iFol-IF J/2IF ob = 0.0349. Bydrogen atoms were
included in subsequent refinement in ideal positions (C-H 0.95 A and CCH 109.59),
leading to the final values R = 0.0324 and R, = EEWAZIIWFOtJUZ = 0.0378. The
function ([Fg|-IF.b* was minimized during least squares refinement; in the final
cycles, a weighting scheme of the form w = 1/C%(F) + pFJz was employed, with

a final p value of 0.0011. No evidence of secondary extinction was found.



TABLE 3.5 ) .

SUMMARY OF CRYSTAL INTENSITY DATA, COLLECTION, AND STRUCTURAL

REFINEMENT FOR (tmen H)2ISn(0,CeClylal

Cell constants

Cell volume (A7)
Crystal system
space group

Mol. wt.

7, F(BOD)

Pes Po (8 cm™)
Cryst dimens (mm)
Abs coeff, plcai™ )
Radiaﬁon
Monochromator
Temp (°0)

26 angle (%)

Scan type

Scan width

Scan sp;eed © min~

Bkgd time/scan time

Total reflens measd

Unique data used

No. of parameters (NP)

1)

a = 20.501(8)&, b = 12.60UNA

c = 17.357(NR; 8 = 113.535)H°

4113(4) '
monocl::.nic Cj\
C2re

1090.6

4, 2468

Lg}, 1.80 /

024 x 0.27 x 0.28

13.33

MoKo, A=0.71069 &

highly criented graphite
24

45

coupled 8 (crystal)/28 (counter)
Ko, ~1% to Ko, +1°
variable, 2.02-4.88

0.5

4'133 [+h,+k,*1)

2901 LI > 3o(I)]

240



R=(EfFo[-F 1/2lFoh
R=(Ew({[F o|-Fl D2 /2 w|Fo|*11/2
&Pnax (eh™3)

Shifti: error (max)

0.0324
0.0378
0.6

0.01

p—



Sources of scattering factors and computer programs have been given
in Chapter {. The final alomic coordinates for non-hydrogen atoms are given
in Table 3.6 and important distances and angles in Table 3.7. List of structure
factlors, anisotropic thermal parameters, and fractional coordinates for hydrogen
atoms are available as Deposited Material. The structure of the [Sn(OZCSCI.,]332'
anion is shown in FTig. 3.4, and the crystal packing of (tmenH)zt‘Sn(OzCsClqu

in the unit cell in Fig. 3.2

3.4,4 Description and discussion of the structure

-

The crystal structure of 1 confirms the presence of the anionic tris-
catecholato complex of tin(IV). The tmenH?Y cation§ show no unusual stereochemical
features except that there is clear evidence of hydrogen-bonding at Cl(1) of
two ClyCgOz2" ligands, with Cl(1)---H-N = 2.626 &, and N(2)-H---Cl({) = 144,8°
(Fig. 3.1). There are no significant non-bonded distances involving the hydrogen
atoms of the cation (Cl(1)~-H(124) = 2.936Q; C1(2)-H(i34) = 2.9088&; Cl(4) - H(i3B)
= 2.953R; CI(5) - E(14) = 3.052&; C1(5) - H (434) = 2.904%; Cl(6) - H(164) = 2.943A).
It seems reasonable to conclude that the hydrogen-bonding is responsible in

part for the stabilily of the crysials isolated.

The bond distances observed in the [Sn(02CgCly)=1%" anion (Table 3.5) are
typical of those reported for other tin(IV) complexes. The average Sn-0 bond
lenfth is 2.062(3)R in good agreement with the values reported for CFaCO2"~
ligands coﬁrdinated to octahedral tin(IV) in the complex tSnnSnWO(E)zCCF:).,Jz
(range 2.040(6) - 2,070(N&).2"*® Some clder results include Sn(OCCH3)y (mean r(Sn-
O) = 2.22, range 2.43 - 2298)*"® and ts::-‘HSnW(o2(:0,,11..Noz-g).'mﬂ2~ (mean r{Sn-
0) at octahedral Lin(IV) = 2.059, range 2.042(6) - 2.067(M%*5° the latter paper

% ,



TABLE 3.6

FINAL FRACTIONAL COORDINATES AND ISOTROPIC THERMAL PARAMETERS FOR
NON-HYDROGEN ATOMS OF (tmen H)2[Sn(02CgCly)3) WITH STANDARD DEVIATIONS
IN PARENTHESES

x ¥ z Uza(ﬁ%uo3)
s, 0.0 0.10175( 3) 0.25000 33.1(2)
c1(1) 0.0225( 1)  0.1365( 1)  0.5487( 1) 57(1)
c1(2) 0.1415( 1)  0.2992( 1)  0.6501( 1) 66(1)
c1(3) 0.2310¢ 1)  0.4124( 1) 0.5629( 1) S6(1)
C1(4) 0.1990( 1) 0.3538( 1) 0.3741( 1) 50(1)
C1(5) -0.1628( 1) -0.2073( 1) 0.1420( 1) 73(1)
Cc1(6) . -0.0827( 1) -0.4257( 1) 0.1960( 1) 104(1)
0(1) . 0.0820( 1)  0.2084( 2) 0.2976( 2) - 42(2)
10(2) - _=0.0011( 1) 0.1208( 2) . 0.3685( 2) 39(1)
0(3) ~0.0707( 1) -0.0221( 2)  0.2083( 2) 28(1)
N(1) © 0.1453( 2)  0.1180( 3) ° 0.1330( 2) 48(2)
N(2)  0.0850( 2) 0.3319( 3) 0.0781( 2) 51(2)
c(1) 0.0958( 2)  0.2315( 3)  0.3777( 2) 35(2)
c(2) 0.0537( 2)  0.1831( 3) ~0.4161( 2) 34(2)
c(3) 0.0699( 2)  0.2032( 3) 0.4399¢( 2) 41(2)
c(a) 0.1239( 2)  0.2736( 4) 0.5459( 2) . 42(2)
c(s) 0.1641( 2)  0.3242( 3) 0.5078( 3) 42(2)
c(6) 0.1497( 2)  0.3014( 3) 9.423¢( 2) 38(2)
c(7) ° -0.0378( 2) -0.1149( 3)  0.2265( 2) 43(2)
c(a) ~0.0729( 3) -0.2112( 4)  0.2023( 3) 56(3)
c(9) ~0.0368( 3) -0.3073( 4) 0.2262( 3) 66(3)
c(11) 0.1594( 3)  0.0893( 5) 0.057%% 3) 76(3)

c(12) 0.1709( 3) 0.0319( 4) 0.1986( 3) 64(3)



£413) 0.1800{ 2) 0.2196( 4) 0.1745( 3). 59(3)

c(14) 0.1602( 2) 0.3130( 4) 0.1158( 3) 63(3)

c(15) 0.0604( 3) 0.3895( -4) 0.1343( 3) 65(3)

c{186) 0.0634( 3) 0.3870( 4) -0.0011( 3) 71(3)
®

Ueq is calculated from the refined anisotropic thermal parameter

[

v =ir.z.U.a.a
eq ” 3%i%j i3 212 aiaj
!
(
>
R
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INTERATOMIC DISTANCES (R) AND ANGLES (°) FOR (tmenH)2(Sn(02CeCly)z)

Sn-0(1)
Sn-0(2) _
Sn-~-0(3)
CUL-C(3)
C1(2-C4)
Cl3)=C(5) .
c'i(:—-;h
C15)-C(8)
CL{6}-C(?)
O(1)-Cl1)
0(2)-C(2)
C(3)-C(N
N()-Cd)
N(1)-C(12)
N1)-C(13)
N(2~C(14)
NE@)-C15)
N(2)-C(14)

Ring C)-C(ep*

mean C-C

mean C-C-C

J

2.054(F

2.079(3)
2.055(5)
©1.737(4)
1.729(4)
1.7284)
1.729(4)
1.749(5)
17345
1.335(4)
1.349(5)

1.324(5)

1.494(8) -

1.487(6)

1.502(6)

1.434(8)

1.457¢6)

1.443(8)

- 1.398(8)

120.0(5)

TABLE 3.7

. (LH=-Sn~0(Ly

-~

O(1)-Sn-0(2)

O(1)-Sn-0(3)

0(2)~Sn~0(3)

Q(3)-Sn-0(3y

Sn-O()-C(4)

. Sn-0@R)-C(2)
. Sn-0()-C(M
CUD-NI)-C(12)
CAD-N(1)-C(13)
CUD-N-CUI)
CUN-NRI-CUS5)
CUN-N@-Ci8)
CUS-NR-C(16)
0(43~C(1)-C2)
Q-C(I-C(&)

O2)-C2)-C(4)

Q-C(2-C(3)

ClA-CE-CL2)

~<=TTUD-CE-CH),

98.1(2)

81.7(1)

174.5(4)

98.5(1)

BL.4(2)
11£.2(2)
109.8(2)
111.5(2)
109.9(4)
114.4(4)
107.8(4)
114.9(8)
112.2(4)
110.0(4)
118.5(3)

121.6(3).

- 11B.4(3)

118.4(4)

118.6(3)
113.93)

&1




Ring COH-CID.CQY-CEY

mean C-C 1.400(%)
mean C-C-C _ . 120.0(7)
NQ-E..Clt1) 2.526

CIQ)-C(H—-C(3}
CU2-C(4)-C(5)

LI CE-C) ,

| CUB-C5)-CL8)
C1A-CLe)-C()
CI{A-C(6)~CI5)

. 0Q-CM-CE)

OG-CN-CaY
CU5)-C(B~CT

CIG-CE)-C(9)

CIE)-C(-CEB)
CUE-C(H-CIY
N()-C(13)-Ct24)
NE-CUH-CU3)
N@-E..ClD

s

I

M

2N

62

7 e

.120.3(3) \

\
119.5(3) |

121.3(3)

120.0(3)
[V
118.4(3)
120.5(3)
12344 °
117.9(4)

117.4¢4)

121.2(4)

120.0(4)
120.4(43
113.2(4) |

113.05(11—/

/ 1448

S;émmetry equivalent positioﬁ: ’is =x, y, 0.5-=2.

{
e

Nt

* E.S.D.s on’mean values have hegn calculated with the use of the scaﬂter

foraula -

& = [2(8;-D2/(N-1)11/2

.
T
.

where d; is the jth-and dis the mean of N equal measufements.

[ ¥
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FIGURE 3.4

ORTEP DIAGRAM OF {Sn(0»CgCly)33%": THERMAL ELLIPSOIDS ARE DRAWN AT 50%
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FIGURE 3.2

CRYSTAL PACKING DIAGRAM OF (tmenH}2(Sn(0,CeCly)al
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rev’news earlyf results for Sn!V-0 bonds in a variety of stereochemlstmes. In

the present structure, the Sn-Og¢ kernel is distorted octahedral, with the average

D-Sn-0 bite angle = 81.5(2)°. ,

The coordinated ClqCgO» ligands are aromatic, with planar hexagonal.cg
rings, with r{C-C)Xav) = 1.400(%) & and C-C-C(av) = 120.01°. The C-C1 distances
are typical of those in aromatic compounds, as are the C-0O values, but these
bonds (av. 1.336(5) &) are significantly longer than the average of 1.294 found
in a variety of transition metal cumi:lexes of the 3,5-di-tert-butyl-o~semiquinato
ligand13%252 thus -confirming that the reduction of the ClyCeO, ligand has
indeed préceeded beyond the semiquinone state to the dianion. In summary, there
is ample c;onf‘irmqtion ﬁrom the epystallographic results that the reaction product
in this case is a tin(IV)—catecialat.e derivative. The remaining features of the

structure do not call for any comment.

The work presented in tﬁis chapter has unambiguously gone to confirm
that the u;idative addition reactions involving tin(Il) halides and tetrahlogeno-
orthoquinones proceed in a manner by which the tin(IV) cgtecholates are formed.
The mechanism by which these products were formed could not be fully
invesligaled due to the instantecus nature of the reaction. This was also found
to be the case of the reactions of tetrachloro i,2-benzoquincne with some low
valent state transition metals.*32152 The use of quinones with bulky
substituents with tin(II) halides‘will be lnoked at in the next chapter. Due to
the nature of the substituent on the qumones those reactions were found to

procged more slowly s/ ESR spectroscopy was used to provide an insight into

e mechanism of the formation of tin{IV) catecholate.
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In general, we conclude that the spectiroscopic evidence is exactly
congruent with that from X-ray crystallography, and shows clearly that the
reaction of SnX, with the ietrahlogeno-o-quinones is an oxidative addition

- process to give the appropriate tin(IV) catecholate species.

P



CHAPTER 4

THE REACTION OF SnX» (X = C1,Br,)) WITH 3,5-DI-TERT-BUTYL-12-BENZOQUINONE
AND 9.10-PHENANTHROQUINONE: EVIDENCE OF ONE-ELECTRON TRANSFER

4.4, Introduction

As a continuation of work described in Chapter 3, we extended our studies
to cover the reactions ofxintﬁ) halides with quinones having bulky substituents,
namely 3,5-di-tert~-butyl-i2-benzoquinone and 9,40-phenanthroquinone. The great
advantage in this particular study is that the rates are such to permit us
to monitor the reaction with the help of eleciron spin resonance (ESR)

spectroscopy. In this way, we obtained considerable insight into the reaction

mechanism. \

-

The existencg of stable Sn(lV) semiquinone complexes has been reported
in a number of publications. One characteristic feature of all these reports
is that these semiquinone complexes are made from inorganic or organometallic
Sn(lV) compounds. For example, when a frozen solution of hexamethylditin and
9,40-phenanthroquinone (PQ) in benzene, prepared®®2 at -150°C in the dark, was

allowed to warm up in the cavity of an ESR spectrometer, an intense ESR spectrum

of the adduct MeLSn-PQ" was observed, -

Me4Sn-SnMes + 2PQ =+ 2MexSn-PQ° 4.4
IS

Similarly when tripheﬁyltih hydroxide reacted with 3,5-di-tert—bi'zty1 catechol,

a stable t\in-semiquinone complex was formed. This was confirmed with the aid
of ESR.*S"

H /Ph (4.2)
_ —Ph
~0H Ph

~\ 67
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Davies et al,*®® carried out an ESR study of the organoctin(IV) derivatives

of 3,6~di-tert-butyl i,2-benzosemiquinone prepared by eqn. 4.3

}
+ R SnXy_j — MR Xe . +R @3
nSnXg—n Rn—1X4—q
' ). e -

7 Variable temperature studies on these systems with the aid of ESR allowed them
to assign different structures to the produc‘ts of these reactions, depending

of the nature of R, . -

Our work has shown that stable tin(IV) catecholates can be made with
these quinones and tin(Il) halides through a two step one-electron transfer
process. The first transfer of electrons then allowed us to identify a semiquinone

intermediate which immediately gets converted to the tin(IV) catecholate ﬁ'x the

presence of a neutral donor ligand,

In the course of this work, we obtained crysials of the 1,i0-phenanthroline
adduct of bis(3,5-di-tert-butyl-catecholato}tin(lV), and the crystal structure of

this compound has been established by X-ray crystallography.

411 Electron Spin Resonance Spectroscopy>=%-158 )

- AN

It is incumbent at this point to define some of the.terms used in discussing
the work described in this section, and in the next twb chapters which also

depend quite exte#sively on spectral data obtained from ESR studies.

(1) The g-value: The energy separation between the two spin states for
a free electron in a magnetic field H is g8pBH, where B is the Bohr magneton,
and g, is the g-value for the free eleciron - a dimensionless proportionality

constant, of value 2.0023. The condition for the absorption of radiation of

4
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frequency v by the system is thus:

AE = g pH = hy (4.4)

-

For a fixed frequency v, the g-value for a given radical governs the

% magnetic field H at which absorption takes place. The g~values for most organic
radicals lie close to that of the unpaired electron, but small changes result

2 from interaction between the spin angular momentum of the electron and its
orbital angular ﬁ:omentum, and such changes are sometimes diagnostic of the

exact structiure of the radical

(ii) Hyperfine splitting: Hyperfine splittings arise from the interaction
between the electron’s . magnetic moment and the m'agnetic . moments of
neighbouring nuclei in the radical, In general, a set'o{" n equivalent nuclei of
‘spin I will produce 2nl + 1 lines in the ESR spectrum. For a radical containing

g different sets of nuclei:

_3_- ‘ .
Number of lines =| | (2n I+ 9 (4.5)
q=0 . '

where e'ach factor in the product is the number of lines arising from the gqth
set of equivalent nuclei and Ny is the number of nuclei (of spin Iq) in the
set. The hyperfine splitting constént (or coupling constant) of the gth set of
nuclei is simply the separation between the individual lines of the s;lalitting

pattern arising from that set.

Radicals in solids give rise {0 broad spectra because the electron-nucleus
dipole-dipole interaction ‘varies with the orientation of the radical in the
-magnetic field. Interelectronic interaction also causes broadening. However, when

a radical tumbles freely in a low viscosity solvent, this interaction is évera'ged

LY
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4

to zero and sharp lines exhibiting isotropic splittings are observed.

(iii) Line widths: As the term resonance implies, ESR is a dynamic effect
involving rapid energy exchanges between the spin-system and the incident
radiation. Now, in the magnetic field, the lower energy spin-state is more heavily

populated than the upper, the equilibrium ratio being given by the Boltzmann

distribution:
n

e

tﬁhen radiation of the exact energy difference (AE = hv) is absorbed, transitions
in the upward and downward directions are induced with equal probability. The
net result is an energy absorption only so long as the population excess is
maintained in the lower ‘state. Spin-lattice relaxation, which is essentially the
r‘a;;id energy exchange between the spins and the surrounding molecules, tends
ta depopulate the upper level and hence ensures that this situation is maintained.
Dtherwisa, wheh Ny = 03, the system would be saturated and no net absorption

could be detected.

In practice, the absorption in an ESR spectrum has a finite width, being
spread over a small range of field, This line broadening results because processes
take place which create an uncertainty in the energy difference (AE} between

\ 4

the spin states.

(iv) The ESR of Triplet State: When two molecular orbitals are closer in
energy than the difference betweeri exchange and repulsive energies, a stable
triplet state arises. For the triplet state S =1 and M, =10-1.1If on;y excinange
and- electrostatic interactions e:dst;ed in the molecules, the three cnnf.igu:rations

M. = 1,0, and -1 would be degenerate in the absence of a magnetic field. A

magnetic field would remove this degeneracy, as shown in Fig. 4.1a, and only
T
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FIGURE 4.1 : N

THE EFFECTS OF ZERO-FIELD SPLITTING ON TEE EXPECTED ESE TRANSITIONS

{28} No zero-field effects

(b} Moderate zero-field splittings. The dashed arrows show the fixed frequency
resuli, and the solid arrows show the fixed field result.

.(@) Lérge zero-field effects.

The magnetic field is assumed to be parallel to the dipelar axis in the molecule.

(3} ' (b (c] :

a
& lep- 1p<))
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a single transition would be observed. However, magnetic dipole-dipole interaction
between the two unpaired electrons remove the degeneracy of the Mg components
of S = { even in the absence of an external field as shown in Fig. 4.1b. This
removal of the degeneracy in the absence of the field is called zero-field
splitting. When a magnetic field is applied, the levels are $plit so that two
aM, = 24 transitions can be detected (see ?ié._#.ib). Two of the three peaks
usually observed are the aAM_ = *1i iransition, and the third is the AM_ = #2
transition, which becomes allowed when the magnetic field is not aligned with
the z-axis. When the zero-field splitiing is very large, as in Fig. 4.ic, the M
values become valid quantum numbers and the energies for t:he AM, = £ { allowed
transitions become too iarge to be observed in the microwave region; accordingly

no spectrum is observed.

Since the electron-eleciron interaction is dipolar, it is expected to be

described by a symnietric tensor, the so—called zero-field splitting tensor.

A ~ A ’
HD = S.D.S ! (407)

~ _
where S is the total spin operator, and D is a second rank tensor with a trace
of zero. Since the trace of D is zero, only two independent parameters are

required, and these are designated as D and E, defined as

D=-3Z/, o (4.8a)

= -1/,X-Y) (4.8b)



N
Both D and E depend on the distance hetwen two electrons with parallel spins

ina simple model.

D = 37,g2p% Q2—322/r5> (4.92).

E = 3/,g%g2 <y_2-}{2/r‘5> _ (4.5D)

-

where the angular brackets imply an average over th;a eslectron wave Fu;mction.
Experimental values of D and E can provide information on the mean separation
" between the two electrons if the averages in eqns. 4.93,b can he calculated.
This prucedufe is valid anly if the interaction 'is predominantly dipolar in nature,

which means there is not a significant contribution from spin-orbit coupling

to the zero-field splitting.

4.2 Experimental

4,24 Preparation of adducis of Snw—catecholatn compounds

In experimen{.s involving SnCIz, 0.57 g (3 mmol) of solid was dissolved in
acetonitrile (25 mL), and a solution of either TBQR or PQ in the same solvent
. (3 mmol in 25 mL)'added slowly over a period of 1 h. This mixture was heated
to 50° for 3 ﬁ, at which poin.t. phen or bipy (3 mmol) was added, either in
acetonitrile solution or as .1.he solid. The pale yello'?: solution became brick-
- red, ;:md a red precipitate ‘Formed.:’l'his was collected by filtration, washed with
petroleum ether (2 x 10 mL) and cl‘;ied in vacuo at room temperature. Yield of

{e.g.) dichloro(3,5-di-tert-butylcatecholato)tin(IV), 1Liﬂ-phenanthféline was

quantitative. Analy‘t;ip?l results are giveﬁ in‘Table 4.1. In that Table, as in the
text, we use ¥ nodenclature TBG ~%5 TESG- 25 TBC, and PQ —> PSQ@" - PD

for the g-qin’.none, o-semiquinone anion and o-diolato dzamon respectively.
4

-
- v



TAELE 4.1

ANALYTICAL DATA FOR PRODUCTS OF

SnX, (X = C1,Br,D/TBG (or PQ) REACTIONS

FoundsCalc. (%)

74

Compounad Sn c H ] N X=C1,Br;1
(TBCISnClp bpy Cwsam - - - 12.5(12.5)
(TBCISnClo.phen ; 202(204)  533(529) 5.50(478) 44347 12201207 .
(TEC)SnBrobpy 28y - - .- 2450244
(TBCISnBr2-phen 12.80175) - - . - 23.0(235)
(TBC),Sn.phend®/,dnf HAMAD) 23628 6SH6TD  SLSET6 -
(FDISnCl,bpy | 2030244) - - - 12.6(428)
FDSnErabpy 1860185 - - - 2.9(223)

. ®DiSnlaphen I55(15.6)  40.6(440) 238(242) 3.48(3.48)  335(334)
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When SnBr, was used under the above conditions, no precipitation occurred
on addition of bpy or phen. The brown solution was filtered after cooling to-
room temperature to remove 'any suspended material; addition of diethyl ether

(50 mL} to thxs flll.rete gave a brown solid which was collected washed and

dried, This solid is (TBC)SnBra.L (L. = bpy, phen).

| ) ~ _
Stanno;sm%:as dissolved in 2:4 ({:/\{) mixture of acetonitrile and
dimethylformamide (dmf), siné% it is only slightly soluble in acetonitrile. The '
solution resulting from reaction with TBQ and phen was concentrated by reducing
the volume by approx. 60%. No solid a;ﬁpeared at this point, but after several

dsys at roocm temp. under nitrcgen, red crystals of bis(é,s-tert-

butylcatecholato)ltin(lV), 1,.i0-phen ant.hroline,‘ sesgii-dimethylformamide: solvate

appeared. This compound loses dmf on standing, 3s is easily shown by Fnllow.'ing
the intensity of the »(C=0} band of dmf at 1677 cm™ 1. The crystal used in

the I—ray- crystallographic study proved to be the bis-dimethylformamide solvate

(see below). <

In an att.emp_t io est,eblish'lhe mode of Forma}ion of (TBC)2Sn.phen, we °

performed the reaction under different conditions. Stannous iodide (1.2 g} 3.2

mmol) was suspended in toluene (25 ml) and a solution of TBQ (071 g, 3.2 mpal)
in the same solvent (25 mL) added dropwise. The.quinone solution changed colour

from red to light brown on contact with the suspension. After addition of all

the TBQ, the mixture was refluxed for 4 h, after which a wine-red solution
. ™~

was obtained; 2,2’-bipyridine (0.50 €, 3.2 mmol) wasrthen‘added,' producing a red-

orenge precipitate. Rel‘luxing was continued for a further' hour, after which
: -
the mixture was cooled, and the product collected by filtration washed with
. 2

‘petroleum ether (3 x 20 mL) and dried in vacue Yield 0.58 g 0. 74 mmol) of Snlq.hpy.

’IR spectrum establishes presence of bpy. I-"mznd Sn, 15.8; 1, 4.5, C:_ngstan.

»
- -
“

. =
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requires Sn, 15.2; 1, 64.9%. We were unable toc identify an oily product which

was obtained from the filtrate after removing the solvent by evaporation.

The procedures with phenanthrene-9,i0-quinone were similar. For exampie,
stannous icdide (0,80 é, _2.15 mmol) was suspehded in a solution of PQ (0.45 g,
2.15 mmol) in toluene (ml), ‘and the mixture refluxed gently for 5 h, On addition
of {,i0-phenanthroline {0.39 g, 2.15 mmol) to the deep rad <olution, a purple
precipitate was thrown down. Refluxing was continued for 1 h, after &hich the
mixture was cooled to room temperature and the precipitate collected, washed
with petroleum ether (3 x 20 mL) and dried in vacuo. Yield of (PD)Snlz.phen

was quantitative,

4.2.2 Crystallographic Studies

A suitable crystal of bis(3,5-di-tert-butylcatecholato)tin(IV)-1,10--
phenanthroline bisdimet.hylf“ormamide solvate (2) was sealed in a capillary. (See
Table 4.2 for crystal size and other relev-a.nt. parameters.) Diffraction results

"were collected using a Syntex P2, diffractometer following the procedures
described Chapter i. The unit cell dimensions were ’determ‘med from 55 strong
.re?lect.ions in the range i5 ¢ 28 < 25° The intensities of three monitored
. reflections changed by 34% during the pericd of 150 h reguired for data colléc:ticn,
“and the apprqpriat,e decay corrections were applied. Corrections were alsc appiied
for Lorentz ﬁnd polarization effects, but no absorption correction was necessary g

because of the low absorption coefficient.



TABLE 4.2

SUMMARY OF CRYSTAL DATA, INTENSITY COLLECTION, AND STRUCTURE

REFINEMENT FOR (Bu®,CgH202)25n.phen.2dmf -

cell constants

—

cell volume iaz)

crystal system
space group
mol. wi.
ZF(00D)
pc,polg cm"':’:]
cryst dimerlzs_ (mm)
" abs coeff, plem™) -
radiation
menochromator
temp (°C)

28 angle (°C

scan type

scan widith

scan speed (°min™Y)
‘bkgd time/scan time
Lotai r-eﬂms\measd
tmiqué data used

no. of parameters (NF)

h ¢

10.761(2), 14.357(3),15.361(4)A
93.5(3),55.8(2),94.8(3)

2330(1)

triclinic

Pi

884.7 .

2928

126120

0.40 x 020 x 0.50

5.25

MoK, 2=0.71069 &

highly oriented graphite

20

4-45

coupled® (crystal)/28 (counter)
K“i-io to Ky + 1°

variable, 2.02-4.88

05 -

4596 (+h,tk 1)
3005 26013

347 (Lwo blocks of 172 and 175 parameters)
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shift: error (max)

0.0699

0.0719

a2

-0.05
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There were no systematic absences, and the space group P{ was therefore
used and lat.ez: assumed to be correct in view of the succe'ssful refinement of
the siructure. The position of the tin atom was determined by the heavy atom
; methnd; and the remaining nun—hy'dr:ogei atoms were located from a difference
Fourier map. The structure was refined using a blocked matrix léast squares
mét'hod, with Sn and-U(i) in both blocks; one blo;:'.k also contained 1(2)-0(3}, N(1)-N(2)
and C(1)-C(i2), and the other C(2:'T)-C(66), 0_(4), 0_(5) and N(3)-N(4). The atoms Sn,
.0(1), 0(2), N(1), MI:I(Z) and C(1)-C(12) were refined anisotropically, and the remainder
isotropica_ll'},*?vgydrogen atoms were included in later cycles in ideal positions
- (C-E = 0.95&, and CCHE = 109.5 or 120° as appropriate). The convergen;ce minimi;ed
the function Ew(lf‘o | - 'lFo [)2, amd in the final cycies the weighting scheme
w & 1{Lc®(F) + pF)? was employed, with .p = 0.0001. No evidence was found of
secondary extinction. Sources af scattering fact—ur‘s and computer programmes

were those given in Chapter 1.

The refinement converged at R = 0.0699. The final atomic coordinates for
non-hydrogen atoms are give in Table 4.3, and important interatomic distances
and angles in Table 4.4. Tables of observed and calculated structure factors,
énisot.rnpic thermal parameters, fractional coordinates for hydrogen atoms, and
eqﬁations of important planes, are available as supplementary material. Fi‘g. 4.2
shows the molacular structure of 2, g;ad Fig. 4.3 the unit cell packing with
the dmf molecules are shown. There is some evidence of disorder in one of thesa

dmf molecules (C(66)) from the thermal parameters.



TAELE 4.3

FINAL FRACTIONAL COORDINATES AND ISOTROPICAL THERMAL PARAMETERS (A%
X 10°) FOR NON-HYDROGEN ATOMS OF (But,CeH2z02)25n PHEN.2DMF;

{CayHy2N4OuSn) WITH STANDARD DEVIATIONS IN PARENTHESES

111(15)

x vy - z Teq®/U

SH 0.1305( 1) 0.2610( 1) 0.3166( 1)  51.8(6)
o(1) 0.2727( 7)  0.1843( 5)  0.3659( 5) 59(5)
o(2) 0.1612( 8) 0.1672( &) 0.2226( 5) 70(6)
0(3) ~0.0176( 7) 0.335&4( 5) 0.2707( 5) 60(5)
o(2) 0.2216( 7) 0.3735( 5) _0.2714( 5) 54(5)
0(5) 0.2381(24) 0.8814(17)  0.7637(16) . 276(11)
o(6) 0.2536(18)  0.6093(14)  0.5038(13) 207(7)
N(1) -0.0032( 3) 0.1671( 8) 0.3936( 7) 68(8)
N(2) 0.0524(10)  0.3190( 8)  0.4506( 7) 63(8)
N(3) 0.3442(20) ' 0.7963(16)  0.8530(13) 157(7)
N(4) 0.3926(18)  0:6549(12) 0.5750(12)  134(6)
c(1) -0.0530(15) 0.0948(10)  0.3632(11)  88(11)
c(2) _0.1314(14) 0.0390(11)  0.4230(16)  107(14),
c(3) -0.1609(1 7% 0.5571(15) 0.5082(14) 111(15)

c(4) -0.1083(14) 0.1316(13)  0.5378(13)  86(13)
c(5) _0.0319(12)  0.1878(10)  0.4789(10)  66(10)
c(6) 0.0214(13)  0.2667( 9)  0.5099(10)  6€3(10)
c(7) L0.0101{17) 0.28%4(14) 0.6005(10) 52(13)
c(8) 0.0378(17)  0.3631(15)  0.6229(11) 56(14)
c(9) 0.1067(15)  0.4237(13)  0.5621(13) ° 98(14)
c(10) 0.7348(12) 0.3969(11) 0.4736( 3)  73(10)
c(11) ~0.1324(17)  0.1554(18)  0.6265(14)  114(17)
c(12) ~0.0853(18)  0.2302(17)  0.6577(12)



c(21)
c(22)
c(23)
c(24)
c(25)
C(26)
c(27)
- c(28)
c(29)
c(30)
c(31}
~£(32)
e
c(34)

- e(e1)
c(42)

_ c(43)
C{44)
c(45)
c(46)
c(47)
c(48)
cl49)

c(50)

0.3075(10)

0.3995(10)
0.4351(11)
0.3738(11)
0.2827(11)
0.2486(10)
0.5355(13)
0.6588(17)
0.4936(18)
0.5835(16)
0.2154(14)
0.2441(16)

0.0795(16)

0.2557(17)
0.0168(11}

-0.0653(11).
-0.0271(11)

0.0972(11)
0.1836(10)

10.1448(10)
. -0.1194(14)
:-q.oaesng)
~0.1150(18)-
. =0.2572(24)

PP

0.1062( 8)
'0.0400( 8)
~0.0398( 8)
-0.0451( 9)
0.0178( 9)
0.0984( 8)
-0.1122(10)
-0.1044(14)
-0.2082(13)
~0.0996(13)
0.0069(10)
0.0869(12)
0.0112(13)
~0.0852(12)
0.4176( 8)
0.4799( 8)

0.5626{( 9)

0.5800( 9)
0.5218( 8)

. 0.4392( 8) .
0.6311(10)
o.s3zo(is)‘f

0.7291(14)
0.6162(20)

0.3188( 7)
0.3429( 7)

0.2950( 7)
0.2217( 8)
0.1927( 8)
0.2430( 7)

0.3219( 9)

0.2646(13)
0.3190(13)

0.4082(11).

0.1078( 9)
0.0407(11)
0.1242(12)

0.0650(12)
0.2314( 7)

0.1814( 7)

0.1481( 8)

0.7474( 7)
0.1895( 7)

0.2314( 7)
"0.1036( 9)

0.0078(14)

" 0.1281(14)

0.1254(18)

47(
51¢(
54
62(
. 56(
54 (
77(
154
148¢(
126(
81(
128(
133¢
136(
52
55(
59¢(
55(
43¢
51 (
80(
180(
157(

244(14) .

3

3)
3)
)
3)
3)
4)
8)
8)
€)
4)
6)
7)
7)
3)
3)
4)
3)
3)
3)
4)
)
8)

81



S

c{s51)
c(52)
c(53)
c(54)

c(e1)

c(62)

c{63)
c{64)
c(65
\C(SGA)
C(66B)

0.3233(12)

9.4090(12)
0.3478(15)
0.3619(13)
0.2553(24)

- 0.4571(23)

0.3350(47)
0.4985(33)
0.3221(44)
0.2764(53)

0.4050(63)

0.5457( S)

0.4630(10) "

0.6404(10)
0.5504(10)
0.7321(18)
0.7783(19)
0.8604(34)
0.6871(25)
0.6387(34)

-0.6690(38)
0.5933(48)

-

0.1881( 8}
0.1218( 9)
0.1386(10)
0.2795( 9)
0.8815(17)

0.8993(17)

0.8113(28)
0.5865(22)
0-.6458(31)
0.5527(37)
0.5072(45)

7

65( 4)
87( 5)
105( 5)
90( §)
203(11)

82

215(12)

357(26)
326(20)
603(45)
179(18)
240(27)



TAEBLE 4.4

BORD LENGTHS (&) AND ANGLES (DEG) FOR (Bu‘2C¢H202)2Sn phen.2dmf;

(-4

C24Ey42Nu04Sn with standard deviations in parentheses.

Sn-0(1)
Sn-0(2)
Sn-0(3)

Sn-0(4)

Sn-N(1)

Sn—N(2)

. OM-CY
0(2)-C26)
OG-Ci41)
O(4)-C(46)

o OUW-CU6)
N

1.995(8)

2.019(8)

© 2008
20400

225(1)

2.26(1)

138(0) -
1.35(1)
133D
1.36(1)
1.38(2)

L3402)

0(1)-5Sn-0(2)
0(1)-Sn-0(3)

02y-Sn-0(3)

O(1)-Sn-04)
(2)-Sn-0(H)
0(3)-Sn-0(4)
O(4)>-Sn-N(1)
0(4)-Sn-N()
0()-Sn-N(b)
0(3)-Sn-N(4)
Ot4r-Sn-N()
0(1)-Sn-N(2)
0()-Sn-N(2)
0(3)-5n-N(2)
O(4)-Sn-N(2)
N()-Sn-K(2)
Sn-0t-C28)
s;n-c:z,hc:(zs)
Sn-0@)-CHD)
Sn-0(3)~Cl44)
Sn=0(4)-C(46)

Sn-N(1)-C(1)

82.6(3)
177.6(3)
97.9(3)
98.5(3)
106.4(3)
83.6(3)
89.2(3)
89.2(3)
89.8(4)
88.5(3)
162.6(3)
85.5(3)
160.0(4)

73.4(3)

91.04)
74.04)

11430
141200
1104
11040
114
126(4)



N(L)-C(5) 1.34(2)

N@-Cts) £.36(2)

NQ-CUO - 1.32(2)
y

Rings Liﬁ;phenanthmiine

mean C-C3 1.40(5)
mean C-C-C/N-C-C  120(5)
Ring C{24)-C(26)

mean C-C ' 1.39(5)
mean C—C-C 126(8)
Ring C(41)-C(48)

mean C-C . L3
mean C-C-C 120(4)
t-butyl group C(27)-C(30)
mean C-C 454(3)
mean C-C-C 110¢2)

t-butyl group CE1)-C(34)
mean C-C L49()

mean C-C-C 109¢2)

t-butyl group C4N-C0)

mean C-C £49(3)
mean C-C-C 109(5)

Sn-N()-C(5)

CH-N(¥-C(5)
Sn-N(2y-C(6)
Sn-N(2)-C(10)
C&)>-N(2)-C(10)

CER-CRN

C(25)-C(31)

] 0(1)-C(24)-C(22)

O(1)-C(24)-C(28)
0(2)-C(26)-CI21)
0(2)-C25)-C24)
C(22)-C(\23}—C(271

T C4-CR5-C(31)

C(26)-C(25)-C(31)
C3)-CAaD
Cu5-C51)

O(3)-C(41)-C(42)

oE-CU-Cl46)
OM)-C&-ClA)
O(4)-Cl46)-CU45)
Cl42)-C43-CUD
C4)-C(43)-CAT)
CU)-CU5)-CISY)
C46-CU5)-CE51)

115(1)
119(4)
_145(1)

125(1)

120(4)

1.51(2)
1.58(2)
- 122(1)
117(1)
118(1)
124(1)
122(1)
124(1)
119(3)
1.52(2)
L5722
122(1)
118(4)
116(4)
124¢4)
121(0)
121(1)
121
120(1)

84



t-butyl group C(51)-C{54)
mean C-C 1.53(2)
mean C-C-C 110(2)

a Esd’'s on mean values have been calculated with the use of the scatter |

— 1 . -
formula ¢ = EE(Di—d)Z/(N—i)] /2, where d; is the ith and d is the mean

< .
\‘f of N equal measurements.

\‘n



+ numbers are carbons.
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FIGURE 4.2

-

' ORTEP DIAGRAM ?F BIS(3,5- DI—TERT—BUTYLCATECHOLATO)TIN(IV)
1,10-PHENANTHROLINE (1) WITH ATGlép SHOUN AS 30% PROBABILITY ELI.IPSOIDS

Hydrogen atoms are omitted for clarity. Those .atoms only 1dent1fzed by




FIGURE 4.3 -
UNIT CELL PACKING OF 2

:"' Alsp showing the position of the dimethylformamide molecules, drflwn about
. 1/9272, /2. Atoms ape drawn as 20% probability ellipsoids.




. 4,23 Electron Spin Resonance Spectroscopy

~

Spectra were recorded on a Varian Ei2 spectmmetér whiéﬁ was calibrated
with an NMR gaussmeter. The klystron frequency was determined from the ESR
spectrum of d1pheny1p1cry1hydra"yl. Spectra run at 77 X mvolved solids {-‘ro‘.\:nj
on 2 liquid nit.r*ogen,cold {-‘inger Dewar vessel. The Varian cooling system wa

F 4
used in the variaBle temperature studies.

Solutions for ESR spectroscopy were prepared in t.h-e apparatus shown

in Fig. 4.4, The chambér A was charged with a solution of SnX, (1 mg) in dry
tetrahydrofuran (TEF) 6 ml), and the solution thoroughly degassed by a series

of freezing, evacuating and thawing cycles (3 x). The final solution tn vacuo

was- isolated by cloﬁng stopcock Ti, and an equimolar quantity of the o—gquinones

in 5 mL thf placed in chamber B, where it too was degassed. Reaction was initiated \
by openmg Ti anm&ng the apparatus to allow the solutions to mix in chamher

g After mild hgitatmn part of the reaction mixture was allowed to flow into

the chamber C. This chamber could then be inserted intoc the cavity of the

ESR spectrometer.



FIGURE 4.4 ) N

——

DIAGRAM OF APPARATUS USED IN PREPARATION OF SOLUTIONS FOR ESR
SPECTROSCOPY

"~

T1 .
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4,3 Results and Discussion N

4.3.1 Preparative

The compounds listed in Table 4.1 are evidently the result of adducti
formation by the dihalogenao(catecholato)tin{IV) species, whose gehesis must lie

in the overall oxidative addition reaclion:

. A
+  Suky —— >3n<_
X

L{bipy phenj
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To this extent, the reactions are identical to those identified En the
SnXs/tetrahalogeno-orthoquinone system (see Chapter 3), although the ESR
studies reveal important features in the present reaction sequence not observable

in the earlier work. (See below.}

In addition io the crystallographic evidence discussed below, the
vibrational and NMR spectra caonfirm the formulation of these products as
catecholatu:;;-tin(IV) species. The most significant feature of the infrared spectra
is the absence of w(C=0). This mode is observed at 1641 s + 1662 sh in TEQ,
and at 1673 s + 14648 Sh in PQ; in the c:or;*esponding o-diolato derivatives, these
vibrations are abs;ant, and v(‘C-O) modes appear at 1468 s + 1414 s in TBC*/SnX,,
‘angd at 1453 s + 1443 s for PDZ'/SnXZ. The in?rar‘ed spectra also demonstrate

the presence of coordinated bpy or phen in the adducts. (See Table 4.5.)

"F:'ITE;_"H NMR spectra equally confirm the presence of the appropriate
c-diclato and bidentate nitrogen ligands. The resulis are summarized in Table
4.6, The assignments for bipy and.phen are based on the previous work of-
Caste‘llano, Gunther and Ebersole*>?® and Dove and Hallett1®© respectively, ar;d
those for the anionic ligancis by comparison with the sglectra of the relevant
qui:none and diol. For TEQ, .in (CD3)2S0 Solution we found ;H resanances at 6.‘?7.
m, iH (assigned as H4):‘\6.13, m, 18 (Hé4): and 1.18, s, 18H (1-Cy4Hg); for the
corresponding diall, in the same scolvent, t;he values are 8.00, br, ZH‘ (DH): &.74,
m, 2H (H4,HS): 1.32, s, 9B (1-C4Ha at C5): and 1.24, 5, 9H (t-C4Hg at C3). The
resonances for PR are at 8341 m, 8.05 m, 7.75 m and I7.45 m, each 2H; the

corresponding lines in the spectra of PD complexes could not be individually

integratedor assigned. Finally, the *>C NMR spectra of the products clearly

r



TABLE 4.5

DIAGNOSTIC IR ABSORPTIONS OF_(TBC)SnClz.L AND (PDISnCl,.L (L = BPY PHEN)

COMPOUND ABSORPTION - ASSIGNMENT
i -
g
(TBC)SnCl,.bipy 3074 (w,s) ’ C-H bipy
> . 2958 (vspr) " C-H-butyl
) 1624 (s) C=C(1:ipy)
1459 {vsbr), 1240(s) c-0
(TBC)ISnCl,.phen ‘ 3054 (w,5) C-H phen
2951 (vsor) C-H-butyl
1624 (s) . c=C
) 1474 (vs), 1230 (s) - ‘ c-0
{(PD}SnCl,.bipy ~ 3064 (w,5) C-H bipy, PD
1615 (s,5) 8 c=C i )
1453 (s,br) c-0
(PD)SnCl.phen 3048 (,5) C-H bipy,FD
1620 (s,5} c=C
1457 (5,br) c-0
- D



TABLE 4.6

*H NMR SPECTRA FOR PRODUCTS ON SnX, (X = C1,Br,I)/TBG/PQ REACTIONS

coMPOUNDS(@) CHEMICAL SHIFT(®) ASSIGNMENT
v -4
(TBC)SnCl,.bipy, 8.8 (m,2H) bipy H3E3'
84 (m,2K) bipy B4 ES
_ 82 (m,2H) bipy E5.HF
A 7.7 (m,2E) - bipy H6HE'
65 (m,25) : "TBC H3HS
14 (s,9H) - TBC C4.H?
12 (5,95 TEC C4,H9
! BC)SnCl,.phen 9.2 {m,2H) - phen H2 X%
' - 8.8 (m,2H) > pher_a.m,m
8.6 (m,2H) “phen B4 H7
g2 (m.Z_H) phen BE5Hb
6.6 (m’{m - TBC-H3H5
14 98 TBC C4,H9
1.2 (s,95) TEC C4,H9
(TBC)SnBrz.pipy(c’
('I'B_C)SnBrg.phen(C) b

(FD)SnCl,bipy(d
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(PD}SnEr . bipy &P 9.4-7.4
(PD)Snl,.phen®d \ )

v

(a) TBC = 3,Sfdi-ter\t\—hutyl-catecholato anion. PD = phenanthro—-9,i0-diclato -

anion.

—

E-Y
(b} Solutions in dmso-dg. Values in ppm relative Lo MeySi

(c) Spectrum essentially identical to that of corresponding chloro compound.

(d) Individual integration not possible.

v
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demonstrate the ﬁresence of .aromatic rather t'han quinonoid ring system. The
spectra of the starting materials, t:he correspending g—diols, the neutral ligands,
and certain typical products are shown in Table 4.7. The values for phen are
taken from Table 3.4. While some of the assignmentis are tenati\;e, there is no
- doubt that the high field resonances identified as >Q=O of TBQ and PQ disappear
on the formation of the tin(IV) spe&ips, and that these same changes are ohserved
on comparing TBQ and TBC(DH),. In summary, the spectroscopic evidence shows'

unambiguously that the final producis are tin(IV) derivatives of aromatic

o~diolato ligands.

t;Je note finally that there are significant differences in the solubility
of the adducts of (TBC)SnX,, with the chloride precipitating spontanecusly from
the reaction mixture, and bromidé requiring addition of diethyl ether. The iodo
dez:ivati;:e is the most soluble, and apparently undergoes the rearrangement

reaction
2(TBCISnI» = (TBC),Sn + Snly

The existence of such an equilibrium is demonstrated by the identi?iéation of
(TBC)Sn.phen and Snly.bipy as the products of two similar reactions (see
experimental). Such rearr;angements are a comén‘on feature of tin(IV}) solution
chemisiry,. It seems probable that the detailed course of the reaction hetween
TBQ and énlz is St;lvent and temperature dependent, but we have not investigated

this point in detail.
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TABLE 4.7

13¢C NMR SPECTRA OF TRI(IV) DERIVATIVES OF O~ClyCeO2 IN (CD3)>50; VALUES

I¥ PPM, RELATIVE TO MeySi

- 7

Compound(a) TBQ,TEC,PGFD . bipy phen
TBQ@ 180.5(C 2),179.7(C 1)

162.5(C 3),148.9(C 5)

133.4(C #),124.(C §)

35.7(C 7),35.0(C 8)

29.0(C 9, 21.5(C 1)

TBC(OH), 144.3(C 2),141.4(C 1)
140.0(C 3), 134.5(C 5)
143.4(C 4), 140.2(C &)

- 34.4(C 7),338(C 8)

3L5(C 9,29.5(C 10)

bipy , ¢ 155.2(C 2),149.2(C 1)
' " 1mac na2a€ o

120.4C 5




phen

149.4C 2L 9

145.4(C 4b,C &b)

97

1353(C 3,C 8)
M-
1284C 4C D
) 1264(C 4a,C 62)
1Z2.0(C 5C )
['I’BC)SnCIz.bipy’j 148.3(C 1L.C 2 150.4(C 3) )
112.6(C 3C 5) 147.6(C 1)
110.9(C 4 &) 140.4(C 4)
4C 7,338C 8 126.0(C 6)
1224C 9

LT(C 9),29.6(C 10)

135.5(C 11,C 14)
135,3(C 12,C 13)
13L2C 1€ 8)

129.3%C4CH

(TBCISnBro-phen  149.4(C 4,C 2) 1447(C 2,C 9
H3AC 3C 5) 14L8(C 4b L 6B

© 109.8(C 4C &) 139.0(C 3C )

35.0(C D3AIC 8) 1282(C 4L )
3LB(C 9,29.8C 10) . 1720(C 4aC 6a)

125.0(C 5,C 6)

2
FQ 179.0(C 9,C 10)



1294C3C 8

1244C2CT

(PDISnClpbipy 1455 (C 9.C 10) 154.9(C 3
139.4(C 44,C 14 149.4(C 1)
129.2(C 12,C 13) 1TI5C H -
1269(C 1,C 8) 122.5(C &)

) 125.8(C 4,C 5 120.7(C 5)

124.3(C 3.C &)
1245 2C D g

(FD)Snlgphen  147.25(C 9.C 10) $412C 2C 9
138.9(C 11,C i4) “43T4C 4C B
128.8(C 12.C 13) 129.3(C 3C 8)
128.(C 4,C 8) 121UC 4C D)
125.4C 4C B 1244(C 49,C &9
124,44(C 3,C &) 122.5(C 5,C 6)
1243C2C N

(a-) Abhreviations as in Tahle. 4.2,
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4.2.1.1 Electron Spin Resonance Spectroscopic Studies

FTig. 4.5 shows. the ESR spectrum of a THF solution prepared by reacting
SnX, (=Cl) with TBG at room temperature. Although the s;pectrum is not well
resolved, the most obvious Fé,at.ure is the presence of the recognizable spectrum
of the orthosemiquinone (TBS@"). The spiitting due io one aromatic hydrogen
atom is clearly observed, as is that due to the m;gnetic isotopes of tin, but
the resonances due to ¥*7Sn and **°Sn could not be separated because of
the large line-width (v"'/z = 1.34G). The coupling constants, ag = 34G and agp
= iO.éG allowed the specirum to be compuler-simulated to a satisfacto-ry
agreement. (See Table 4.8a.) These values are similar to those reported by Davies
and Hawari® for the semiquinone-tin radical. X2Sn0,CeHo{tBu)'z formed by the
reaction of RSnX+ (R = Me,Bu,Cp) and 3,6-di-tert-butyl-i2-benzoquinone. 'I".t::ey ‘
are also close to those found for the InX/TBQ system,2 {see Chapter &) and
indicate a similar distribution of the unpaired electron density on the aromatic
ring of all these semigquinone systems. The coupling constax:xt. for indium in
InIHBrZ(TBSQ').Zpy (py = pyridine) is 5.16 G, so that the ratio agp/ay, = 2, vhich
is close to the ratio of the Fermi contact terms (= 2.18)"6", implying that the
appro;;'lriate metal orbitals contribute equally to the bonding orbital in the two
M(TBSQr) systems. \/r

¢

A significant result was obtained by N-mning the ESR specirum of a
solutien obtained from heating TBQ + SnCl; + 1/,1, in refluxing toluene until

total discharge of iodine colour (4 hrs). The spectrum of this solution was notahly

"

L .



FIGURE 4.5

ESR SPECTRUM OF THE SnClszBG REACTION IN THEF
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sharper than those discussed above, and the derived coupling constants were
p .

ag = 34 G, ag,, = 8.6 G. This spectrum is undoubtedly that of (TBSQ@) SnClgl,

formed by ' s

,&: TBQ + SnCl, + /515 & (TBSAISNCl 1 _ (2)

and is essentially identical to those reported by Davies and.Hawari.iss

\

The ESR spectrum of a frozen sclution at 77K is shown in Fig. 4.8a. In
addition to the spectrum of the ('I‘BSQ')SnXﬁ species, we obse;"ve a pair of spin-
triple;. features, indicating the presence of two biradical species. These would
not be observed in the solution spectra because of the averaging effect of
molecular motion. Although the amplitude of the first derivative spectrum of
these biradicals are in total about twenty ‘Lim_es smaller than that of the
semiquingne species, the signal from the latter is isntropi:c and only a few gauss
wide, vhile the highly anisotropic biradical spectra are spread over about 500
G. We estimate that the total cancentra't'ion of these biradicals is of the same
order as ﬁhat of (TBSQ')Sn'}Cz; it was n-ot possible to integrate the spectira
to establish this ratio é':u;é_ctly. The ESR parameters of the two biradicals are

'presented in Table 4.8Bb. The zero-field splitting parameters D and E may be
-assumeci in the preseni; system Lo arise un:ilquely from the magnetic dipole-dipole

interactions between the two unpaired electrons, and the D parameter in

particular may be used to estimate the effective distance between the two

--" r
electrons, usin e formula. %% .

o

. -

Daipate = (/202" ° : - @
S . *
‘The above resulisi/@ive distances of 4.9& for A, and 7.44 for B, although some
error may arise when the electmné are highly delocalized. The addition of iodine

to a solution of (TBSQr)SnX,, followed by freezing, causes the ESR spectrum
- . ’ . o

———



FIGURE 4.6

ESR SPECTRUM OF A FROZEN THF SOLUTION OF SnCl,/TEQ REACTION

106

i02

&X



o 103

TABLE 4.8a

ESR PARAMETERS OF Sn(IV) SEMIQUINONE COMPLEXES AT 298 K

EYFPERFINE CDNST;%NTS IN GAUSS

COMPOUND SOLVENT agp, ag
(TBSQ)SnCly THF 103 24
(TBSQ)SnBrs - THF ' 9.5 35
(TESQ)SnI5 - THF. 8.0 Y
{TBSQ)SnCl,l THF 8.6 24
(PSQXSnCly THF 5
(PSQ)SnBr3 ' TRF Broad unresolved spectra with g ¥ 2.0023
(PSQISnl; | . THF
N 1
TABLE 4.8b

ESR PARAMETERS OF THE BIRADICAL FORMED FROM THE REACTION OF TBQ
WITE SnCla IN TEF AT 77 K

TYPE 8x(@) gy(G) =I(c) D(cm™ ™) Ecn™)

- - 20037 0.0045 -
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‘jdentified as A to disappear while that of B is unaffected. C

'-I'he reaction of tin (d-issulved in mercury) with 3,6-di-tert-
butylorthoquinone (DBQ) has also been studied by ESR spectroscopy.>®2 In
addition to lines identifying the semiquinone ligand bonded to tin, the spectra
also reveal the presence of biradicals in the frozen sclution, and these have

{

been assigned by Prokof’ev et al. to structure Z

~

identified as a six-conrdinate tin(IV) cbmplex, and reduction of this biradical

-

with tifr amalgam is reported.

We offer a different interpretation for the present results. The first step

in the reaction between TBQ® and SnX, is believed to be

~ -

in which the product has two unpaired electrons, one delocalized on the
semiquinone bidentate ligand, and the other on the tin atom. Tin-centred radicals
have bean reported for a number of. Sn'R; species by Lappert et al,18"*16%
who find that t:pe hyperfine coupling constants are extremely large, A similar
conclusion applies to SnCl3%.**% If this is also the case for (;IBSQ')Snxz, the

resultant components of the ESR spectrum arising from 13135n will appear at

the magnetic field of about 5000 G which we did not observe.
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\ .
The specira observed are therefore those of species derived from

-

(TBS@")Sn'X,. This species can be oxidized by */,1, to (TBSQ)SnX,l, but in the

absence of this equivalent of oxidant, the proposed fate of the diradical is
) - &

to dimerize by Sn-Sn bonding to give.the diradical Xz(TBSQ@)SnSn(TBSQ)X,. This

latter speciéé would require tin to be five-coordinate and would therefaore give

~
rise 1o two isgmers if the coordination is essentially trigonal bipyramidal -

. ™~ Sn—]—-Sn/ | h +\T
+ l @_\. Sn— Sn

x, X - .

- -2

-

where 1,2,3 as presented below, are typical bond distances (R} of 5n-5n,1%® Sn-

0,7 and Sn-X (X = Cl)*®® respectively; 1 = 2774 2 = 2058, 3 = 2.44A, ‘
-~

We identify these as the A and B species whose ESR parameters are given
in Table 4.8b. Of these, the interelectronic distances, estimated from modeis using
‘reasonable bond lengths and angles, are 5.5& in A ax-zd 748 m B, in remarkably
good agreement with the distances estimated from the spectral data. The more

rapid (5 min) reaction of A with I, appears to be keeping with thﬂf_openness

—

of this structure in 'terms of the polar transition state proposed for the attack
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The gverall scheme is then

(TBS‘)]SHle

| \}\V
TBg +  Sox, —— [TBSQ)SaX,

{TBG)Sn, -phen

X o{TBSISnSn(TESOIY,

. - T y
(TBSiiSiX 4+ . (TBSQISaX,
Scheme 2
Under the conditions used, the only species whose ESR spectrum would be observed
with solutions of TBQ + SnX, are (TBSG)Sn!lX and (TBS@)SnXs. Although the
ESR spectrum of the former has nnt- been reported, it seems reasonable to assume
that it might be very similar to that for (TBSQ']SnK3, since.the spectra of
the series of stuch molecules studied by Davies and Hawari*®® are only slightly
dependent on the nature of the.,:other group attached to tin, iﬁsoi-‘ar as the
spectrum of the TBSQ' moiety is%ﬁ"ﬁg;rned. We also note that the ag valués

for TBSQ®' complexed to either indium_(III)‘or indium() (see Chapter &) are similar

1o those for the tin(IV) radicals, again supporting the fclose identity proposed
for (TBS®)SnX and (TBS®ISnX. ‘
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The disproportionation of the proposed Sn-Sn dimer is in keeping with
the behaviour of Sn,Clg, which above -65°C goes 10 SnCl, and SnCly.?? There
are similar processes in the Ehemistry of indium(ll), both in terms of the
interaction of InX and Inx3,,7/° and the disproportionation of Inzxsz' anions
to InX>" ‘and Iz‘xl’z{q"."'6 All of these processes can be accomodated within a

mechanism of halide transfer, in which the \j.ntermediate is;

-

the detailed arguments for this process have been given elsewhere,t &7

Two final points should be made about the mechanism proposed in Scheme
2. Firstly, as already noted, the addition of _I'.;.S I converts (TBSQ')San to
(TBSQ)SnX,1, thus oxidizing snill 5 SnIV, rather than affecting the TBSQ ligand.
This (TBSQSnX,1 species is sufficiently stable in solution to permii ESR
investigation, and does not sponianeously convert to t;':e corresponding TBC
derivative. Secondly, the ﬁreparative results show that when neutral bidentate
donors are present in the reaction mixturé, the products are derivatives of
(TBC)SnX,, so that unde; these conditions the final product is an adduct of
(TBC)SnX,, or a rearrangemgit pr‘o!.'luct of 'thzalatt.er depending on the conditions

1
(see Experimental). ' .

- The effect of coordination of the neutral ligand can be understiood in
the following way. If the unpaired electron on tin in (TBSQ)Sn'X, is in a localized

orbit.al, the structure can be writtemnr as the five—coordinate species C;

2y
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the question of whether this is trigonal bipyramidal or square pyramidal is
not important at this stage. Coordination transfers negative chargle to the tin,

thereby favouring transfer of the unpaired electron to the TBSQ ligand to

give the corresponding catecﬁ;late. Furthermore, the adduct (TBSQ)Sn Xobipy
can onlg} retain the localized electiron by being seven—coordinate, whereas
transfer to the dioxp ligand yields ihe six-coordinate complex, a stereochemistry

of established stability in tin(IV) chemistry.

It also follows from this argument that the essential difference in the

.VObehaviour of TBQ (and by analogy PQ) and the tetrahalogeno—eg-quinones studied

”

in Chapter 3 lies in the redox properties of the two pairs of qginc_mes. It is
clear from measurements of the hélf—-wave potentials"-"o'i?" that the
tetrahalogeno species are more easily reduced than the comf:ounds used in the
present work. In keeping with this, we observed a faster reaction in the earlier

work, (see Chapter 3) with no evidence of stable semiquinone species as

intermediates in the reaction.

-

_ Although tl.me reaction of SnX; with PQ ap;aears to proceed in an ider_ﬂ.ical
fashion fc.B that with TBQ, the discernible Featu{res seen in the ESR spectrum
of the latter are not observed with this quinone. Instead, we obs;arved ‘a broad
uhresolved spectrum in TEF both at roam temperature and in liquid nitrogen

(77 K) with g = 2.0023. . g

s
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4,3.2 Structural Studies

The st.rl.:cture of the compound 2 confirms the conclusions reacheci from
the NMR and v;ibrational spectroscopic studies, namely that the isolated products
are o-diolato derivatives of Lin(IV). 'i‘he SnO. N, kernel has a strongly distorted
octahedral geometry, due in part te the bite of the ligands being far from
90°. : -

The bond distances in 2 are typical of those reported for other tin(IV)
complexes. The average Sn-0 bond distance is 2.008 & which is slightly less
than the value of 2.062(@) & found in [Snéozcsc_lq)glz' anion (OchCIQ)z' =
t.etrachlor.ocatecholate anion (Chapter 3}, and the averqfe value of 2.049(4) &
in the closely related ('I'BCZ,")Sn(OCF3)2.CH3OE studied by Butiers, Scheffler,
Stegmann, Weber and Winter.*®? These distances are at the low end of the range
reported for other tin(IV)-oxoligand species. The O-C distances in the TBC*~
ligand (av. 1.36R) are typical of those in phenolates, and intermediate between
the comparable values for [Sn(OZCGCIquz" (a\:. 1.326(5)8) and
(TBC27)Sn(OCF=)2.CH30H (av. 1.374(NR).27% More importantly, the bonds are
significantly longer than the average (Li.’?ﬁ) found for a variety of transilion
metal complexes of the 3,5-di-tert-butyl-o-semiquinonato ligand,*®9:*5% The
diolato ligand is essentially planai"'as far as the CgD, atoms are ﬁoncerned,
and the Cg ring is clearly aromatic, as evidenced by the C-C-C bond lengths
and angles. The bite angle of the ligand (i.e. 0-Sn-0) is 83.1%av), slightly larger

. .
than that reported for [Sn(02CeCly)=12~ (0-Sn-0 = 84.5° (av)). (See Chapter 3

The Sn-N bond distance in 2 is 2.26& {av), within the range for SnlV-N
bonds in a variety of organotin compounds,*?> and slightly less than the average

value in Sn{SPhl4.bipy (2.331& (av)).*?" The bite of the ligand is 74.0(4)°, again
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in agreement with previous values, and the phen ligand is essentially planar.

Qur work in this chapter has served to confirm that oxidative addition
reactions involving metals in their low oxidation state proceed by a series of
one electron transfers an important conclusion in Main G:I*oup Element Chemistry.

Subsequent chapters cober related work involving low oxidation state indium

compounds.

[
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CHAPTER 5

THE REACTION OF In() HALIDES WITH TETRAHALOGENO-ORTHEO-QUINONES:

FORMATION OF In(IIl) CATECHOLATES

rd
5.4 . Introduction

In Chapters 3 and 4, we examined the reactions of tin(Il) halidesﬁvith

two sets of orthoquinones, each of which reacts differently with the subsirate,

.and this difference was exploited in deriving a mechanistic pathway to their

respective end-products. The present chapter examines similar reactions with

indium(I) halides. Although the synthetic route in these r;ef'aa;ions had to be

<

. modified as our studies progressed, full advantage was taken again of the

-selubility of indium(l) halides in a mixture of an aromatic solvent and an organic

base at low temperature, as deseribed in Chapter 2.

Indium compounds containing metal-oxygen bonds have been of some

interest over the years, particularly because of the information they provide

on the coordination chemistry of indium. Perhaps the most widely studied are
the p-ketoenolates, which bear some resemblance to the indium catecholates since

both have two oxygen atoms directly bonded to the metal. The well~characterized

‘tris (pentane-1,2-dionato)-indium(Ill), In(acac)s,* > is a good representative of

this group of complexes. It was first prepared in 1924 by the reaction of Hacac
with freshly precipitated In('OH); A direct route involving the electrochemical
oxidation of .indium metal in a solution of Hacac in-methanol has also 'been
established.*” G.The infrared®??»17?® 3nd Raman®”® spectra of In(acac)y have
been reported and its proton NMR has been® discussed by a number of
authors.*®°7183 The diamagnetism allows a clear interpretation in terms of

delocalized electron densit‘,g,in the (OCCCO)} system, but it is not clear whether
-

111
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t

this bending extends to the metal itself. The planarity and the InOg kernal _
| implicit in these results .have been confirmed by X-ray crysta]lography.z"”'e"
Diketonates of indium(Itl) are thermodynam‘mically stable complexes in non—aqueous
sr::].t.zt.ion,:"85 and are suﬂ‘iciently robust to allow polarographic studies which
demonstirated one-electron redu:':tions to the (formally) indium¢ll) and indium(l)

fompounds."ss

Another set of related compounds are the indium dithiolates. There have
been several reports of Ei{-‘f‘erent synthetic routes to their formation, oné of
which is the reaction of indium(l) halides with 1,2-bis(triflucromethyl) githiete”>
or RS2 ?% in non—aqﬁenus solution. 'I‘h_is reactions proceeds by insertion of
indium inte the S-S bond of the dithiete to give polymeric products containing
an InS,C, ring. A similar reaction has been found to occur when the dithietle

reacts with cyclopenta_dienylindium.-"s

/Gfa ‘ /F3 T
. —_

§—
wre | —=xd |
S—0»= Ny
\EF \c
3 F3

Complezes with anionic dithiolenejligands have been prepared>®$'*#7 by the
reaction of InCls with the sodium salt of the appropriate ligand such as MNTZ™
(= maleonitrile-dithiolate), TDT2™ (= toluene-3,4-dithiclate} or i-MNT*~ (=
i,i-dicyancethylene-2,2-dithiolate}, a.nd these' products can also be reduced
polarggraphi::ally. The é:rystal structure of (Et4N)alIn(MNT)5) es.t.ablished the

planarity of the InSzC, ring system.**7:28%
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Indium catecholates have been ;:n*epar'ed’"Bs in aqueous media by Bevmam
in aqueocus media, and were characterized as anionic complexes e.g.
fIn(02CgHs)31> . Physico-chemical investigations by Srivastava and Mohan*®°
on solutions made by mixing 10 ml of 0.04{ M indium nitrate solu“tions showed

that depending on the pH of the medium, one can isolate indium catecholates

in wi’u’.::h the ratio of indium to catechol corresponds to 14, 1:2 or 3.

\

Work presented in this chapter involves the oxidative addition of indium(l)
compounds to halogeno-substituted _or.f.hnquinanes. In contrast with related
reactions carried out with other quinones which gave stable indium(IlD)
semiquinonate products (see Chapter &), the products obtained in this case were
characterized as indium(IIl) catecholato complexes. Due to the instantaneous
natm“e of the reactions we were unable to monitor the électron transfer processes
with the aid of ESR spectiroscopy, as was also‘the case with identical reactions
with tintIl) halides (see Chapter 3). Direct reaction of metallic indium with these
guineones by refluxing in-toluene in the presence of ha}? molar quantities of
iudiﬁe,_ diphenyldiselenide or diphenyltjisulph’ide has led t;o the isolation of
derivatives of indium(Ill) catecholates. In the course of the latter reaction, a
blue solution was formed when or;ly part of the indium had been consumed, and
this solution exhibited a sirong ESR signal suggesting the formation of a
semiquinnngto complex. An interpretation of the ESR spectira is offered, as well

as a mechanism relating to the electron transfer processes in these reactions,

A brief kinetic study was conductea with the aid of absorption spectroscopy.
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£.2 Experimental - -

5.24 The reaction of InX (X = C1Br]) with YuCgO2 (¥ = C1,Br) L

(i) With tmen: The same generai meth@c-l was used for all the reactions
with isolation procedures which varied depending on the particular system. In
a typical experiment, 3 mmol of InX (X = Cl,Br,I) was susperided in 25 mL of
toluene/methylene chloride/ mixture ({:4, v/v). This was theﬁiconled to about -40°C
and tmen (ca 2 mL i3 mmol) syringed into the mixture, when the c-.haracteﬁstic
reddish colour of solut;ions of InX in such mixtures was observed. With the‘
temperature still at about -40°C, an equimolar amount of tetrachloro-
orthoquinone in 25 mL of toluene/methylene chloride mixﬁg_r;e (14, v/v) was added
dropwise over a period :(:P 1 h. Stirring was continued at this temperature for
an hour and then the solution allowed to warm up slowly to room temperature.
Further stirring at room temperature for another 1 h fnlloﬁred. The resultant
clear red-wine ‘solution was filtered and the volume of the filtrate reduced by
2/5 in vacuo,.addition of diethyl ether or petroleum ether then afforded a
light-brown precipitate when X = Cl, or Br. When X = 1 an ocily materi::xl was
obtained, and a solid product was formed oniy after lengthy t.rjituratiun with
cold petroleum ether. All products were washed t;:rice with 20 mL portions of
either pet.rosluem ether or diethyl ether, and then driéd in vacuo. These products

. analyzed as Clqcsozlnx.ptmen {n = 11/2, 2% It was quite appare::mt. from our

analytical data that due to the excess amount of tmen used, the products did-

not correspond to the i:4 adduct. A strategy to eliminate this problem is deseribed

in the next paragraph. ) '

(ii) A 3 mmol amount of InX (X = Cl,Br,]) was stirreﬂ with the tetrahalogeno

orthoquinone (3 mmol} in 50 mL of a tnl?methylene chloride mixture ({:1, v/v)

v

-
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at rocm temperatm% _The red colour of the quinone was discharged after stirring
{-‘or ca. &°h with the complete consumptmn of the indium monohalide. At this
stage tmen (0.45 mL, 3 mmpl) was syringed into the reaction mixtiure. Stirring
was continued for another hour. The now light yellow solution was filtered to
remove any solid impurities. The isnlation.prt;cedureAwas gs described above.

*

Analytical results'a're'presented in Table 5.1.

(iii) With phen: We were akle to synthesize the indium(Ill) catecholates
(IqXCat) by reacting equzmplar amounts (ca 3 mmol) of InX with tetrahalogeno—
ox‘-thoqumcnes {Q) in meﬂ:ylene chloride at room temperature. Complet.e reaction
pccurs over a period of 4 to & h., Addition of an equimolar amount of

fﬂw——phenanthroline quantitatively precipéted the addu\c‘} of the target compound
. e

InXCatL,. See Table 5.1 for analytical data.

{iv) The reaction of metallic indium with Y4CgOa (Y = C1Br) in the presence
of I or PhzSesz or PhaS,. Fingly cut indium (0.5 g, 4.4 mmol) was refluxed with
an e'quimolar amount of the tetrahalocgeno-ocrihoquinone and a half—mo(far_
qua‘ntity of iodine, diphenyldiselenide ar diphenyldisulphide in toluene. Reactions
involving iodine or diphenylg'iselenide were complete within 46 h, but with
diphenyldisulphi&e a period-of 24 h was needéd. In each c'a-se, a blue splution
Formed-?r;alf‘ way through the rea‘ct:‘.on, and this solt;t.ion was found to be ESR

active. The end of the reaction was signified by the formation of a clear solution



TABLE 3.1

ANALYTICAL RESVLTS FOR In(ll) CATECHOLATES

)

1156

)

Compound Method In(%)® C(% H(%) "N(%)
CquSOzInCIZtm;an.iletzO i 17.3(17.3) 354364  80(5.9) 8.5(8.4)
ClyCe0InBr2tmen i 17.0(17.4) 323324} 4343 8.4(83)
Cl4Ce02InLit/,tmen. i 17.4(174) 279212 4,1(4.0) 5.5(6.4)
Cl4C¢0zInClimen ii 2.0022.4) - - _
C14,Ce02InBEr.tmen ii 21.0(20.8) - - -
Cl4CeOoInLtmen ii 18.7(19.0) - - -
Br4CegOzInCl.imen i 14.6(16.8) - - -
BryCgOzInBr.imen ii 15.2(45.6) - - o
érqcsosztmm ii 14450447 - . -
C14CeOsInCLphen W esuen - - ;
Cl4CeO2InBr.phen i . 18.4(18.5) - - -
Cl4CeD2InLphen - iiidv 720472) 32:5('3'2.4) 14202) 4042
Cl4CqOsInLphen.DMF iv 15955 3WAGAD 20423 5IGH 2
BryCeOzInClphen i 15.2(45.2) - - -
BraéstInBr.phen iid 14.4(14.4) - - -
Br4CeOzInlphen iii 13.6(13.6) - - -



Cl14Ce0-In(SPh)phen
ClyCo02In(SPhI2y-pic

Br4CgO2In(SPh).phen

C14Cg02In(SePh).phen.t/y Tol

C14Ce02In(SePh).2y-pic
C14Ce02In(SePh).imen

Br4Ce¢02In(SePh)kphen

iv

iv

iv

iv

iv

iv

iv

| 17.8(47.

12.4(47.5)
14.0(13.9)
16.4(16.5)
16.4(16.3)
18.2(18.4)

13.4(13.0)

Kt

42.5(43.0)

39.2(41.0)

2.3(21)
2927

117

44(3.9)

4.0(4.0)

a. As described in experimental section.

C

\
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and by iotal consumption of the metallic indium. Addition of an equimolar amount
of 1,10-phenanthroline afforded a light brown precipitate. However, when excess
v-picoline was used in place 5{-‘ phen, a light yenc;w solution was obtainecl‘.. This
was allowed to cool down to ambient temperatﬁre and addition of 20 mL of
i‘.:etroleum ét.her gave a light yellow precipitate. In hoth cases stirring was
continued at room temperature for an hour. The precipitate was then filtered
and washed twice with 20 mL portions of petroleum ether and then dried in

vacueo. Analytical and spectroscopic data are presented in Tables 5.1 and 5.2-5.3

L]

respectively.

5.2.2 The Reaction of InCl with CleCgO»: Kinetic Studies

InCl (cé 0.1. g, 0.6 mmol) was suspended in toluene in 1 mL cuvette. A drop
of tmen was added, the septum was sealed and then shaken. Cl4Ce0O2 (ca 2.0
mg, 8 pmol) was added, the mixture :a_gain shaken and the c\wette quickly placed
in the ‘spectrophotometer. An overlay scan of absorbance aé‘ainst wavelength
at a 2 minute time interval was run. The plot cbtained was presented in Fig.
5.1. The above procedure was repeated in tetrahydrofuran in t.he.absence of

‘tmen. Figs. 5.2a and b show the plots cbtained.

» 1t is quite evident that the second experiment was much slower, and Lhe
results were convenient for the kinetic analysis. Plots of absorbance and log

of absorbance against time are presented in Figs 5.3a and 5.3k

/
When the above reaction was repeated in tocluene in the absence of tmjn,

. there was no significant change in the absorption band intensity over the same
-

period of t,ime as the experiments described above.
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FIGURE 5.1 s~
ELECTRONIC ABSORPTION SPECTRA OF (A) TEYRACHLORO-1,2-BENZOGUINONE AND
(B) TEE REACTION BETWEEN TETRACHLORO-1,2-BENZOQUINONE AND INDIUM()
CHELORIDE BOTH IN TMEN/TOLUENE SOLUTION -
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ELECTRONIC ABSORPTION SPECTRA OF (A) TETRACELORO-1,2-BENZOQUINONE AND

ABSORBANCE

o

FIGURE 5.2a —
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(B} THE REACTION BETWEEN TETRACHLORO-1,2-BENZOQUINONE AND INDIUM®D
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FIGURE 5.2b ) -

b

~ ELECTRONIC ABSORPTION SPECTRA OF THE REACTION BETWEEN InCl AND

)

TETRACHLORD ORTHOBENZOQUINONE IN THF SHOWING THE DISAPPEARANCE OF

TRANSITION DUE TO C=0
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FIGURE 53 {_

PLOT OF (A) ABSORBANCE AND (B) LOG OF ABSORBANCE AGAINST TIME BASED

< ON FIG. 525
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TAELE 5.2

13C NMR SPECTRA OF INDIUM(III) DERIVATIVES OF 9-Cl,C¢0O, (PPM RELATIVE

TO Me.,Si)' .
Comp?tmd " Solvent . Chemical Shift Assignment
0-Cl4Ce02 cocl, - -/ 13195 ‘ C4,C5
| uaM c3cs
0-CluCe(OH), (CD3)2C0 119.54 . CACS
’ 12243 C3,ch
14301 cL,C2
i}?en neat 4523 CHy
| 57.64 . CHp
Phen (CD3)250 123.00 Cs5,Ch
- ' ' 126.43 CéaCha
12812 4,7
135,32 cacs
14539 CAb,CSD
149.58 c2.09
y-picoline neat 24.95 CHs «
. 12927 <o
15124 cacy

154,36 fovTov



C14Ce0aInCL2tmen.t/,EL20 (CD3)2S0
Cl4Ce02Inli?/ o tmen (CD3)250
CLyCeQ2Inlphen {CD3),S0

113.99

114.84

152,36
43.83,47.41]

imen

52.45,54.09

22.04

Et,0

6354

142,62

114.04

153.20
43.70,47.44

tmen

£2.42,54.67

114,53

145,52

152.19

126,22

127.64

129.33

135,59

141.32

147.88 .
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cacs
C3,C6
cic2
N(CHs)2
N(C2Hy)N
(CH3~CH)50
(CE>-CH2)20
C4,C5 &
€36 ‘
cL,C2
N(CHa)2 4
N(C2H4)N
caes
C3,C6
CL,C2
C5,C6
CéaCha
cacr
c3.C8
C4b,Csb

c.C9



ClyCeO2In(SePhitmen

' ClyCeO2In(SePh).2pic

Cl4Ce 02In(SPh)2pic

(CD3)2S0

(CD3),S0

(CD5)2S0

L ]

11349
114.50
152,99
43.81 4655
tmen
| 53,64 54,15
124.30
125.46 i
SePh
127.87
13927
11399
115.47
152.82
20.54
125.40
Tpic
135.99
148,64
" 42430
127.83
~ Se~Fh
12884
139.30
114,00
" 14549
152.25
20.55

125.08
rpic

C4,C5
. et
c1,c2

(CHa)oN

N(CoHy)N

C4,C5
C3,C5

cic2

c4
£3.03

202

CA.CS
C3.Ch
c1,02

o
cce

125
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< -
" : ' 14852 c2,62
_ 118.99
' 13322 \
SPh
133.95
13945
ClyCeO2In(SePh).phen/ytol {CD4)2S0 11422 _ CA.CS
) 115.59 : £3,C6
152,76 C1,02
S 126,90 C5,Ch
127.99 (‘.:4 a,Céa
129.28 (ol Nors
! 132.54 - £3C8
140.44 CAb,Céb
‘ - ’ _ 148.25 2,9
124,55 )
) 12872
) tol
) . 130.30
' 13546
A A
- 4.



127

- 53 Results and Discussion

5.34 Preparative

1

(i) The InX/Y4CgO, reaction. Our results show that the reaction of InX
{X = Q,Br,l} with the halogeno substituted orthoqqinones yields the co;responding.
indium(ill) catecholato complex, by a reaction whic}; can be regardéd formally
as an oxidative addition process: '

The initial purpose of the neutral ligand was to splubilize the indium
n'c.n.uhalides, as in the case of tmen discussed in Chapter 2, but it has a.'};a-p
been suggested that the presence of these neuiral ligands enhances t'.he
avéilahilit.y of "t.h,e lone pair of InX and consequently increase the possibility
of reaction. This point of view was supported by comparing the'ra-te'at which
reactions cccur in the presence of a donor ligand (see section 5.22} with the.

slower reaclion in the absence of donor ligands. |

(ii) The siructiure of Y4Cel-InX.L compounds (L = tmen, phen y-pic).

Generally, most of the products obtained analyzed satisfactorily as adducts of

indium(IIl) catecheclates, whose proposed structure is



Compounds with the ~indium atom in a five goordinate (trigona_'l bipyramidal)
envir.onment have been noted in ‘PhBSnInxz.tmen (see Chapter 2), (RzE)aInX.L»
(E = s,s@.),""5 EtInXtmen,*? LoInX (L = z-t(dimethyl‘-amino)i::ethyn-pheny1
ﬁgahd)"gz’i?: and InnI(dt.h;,) (dthz = dithizone).".s“ X-ray strut‘:ture
determination has cqnfirmed the trigonal bipyramid:al geometry around the indium

—-atom 191,193
1y

{iii) The structure(s) of Cl4CeOxlnX.tmen (n = 11/2, 2) compounds. The

coordination chemistry of indium is dominated by compounds with tetrahedral
(Four coordinate) or octahedral (six coordinate) environments around the indium

atom. (See Chapter i)

The compounds obtained with excess tmén had molar conductivities which
al:lows t.h;:m to0 be f‘o;'mulat.ed as ionic species."A 3 mmol soluticn in nitrobenzene
gave values of 35 ohm™2cm®mol™* for ClyCeOzInCl.2tmen, 29 ohm'*cmzmnl"‘.'“ for
C14CeOslnBr2tmen and 34 chm™*cmZmol™*for ClyCeO2Inli*/, tmen. These values
Fall in the range of 20 to 40 ohm~tcm®mol™* determined for 1: electrolyta in
this seolvent. Tl.'le formulation was also supporf.e_d by the absence of v(In-X) in
the far ir spectra of CleCegOoInX.2tmen (X = C1,Br). Their proposed structure

therefore is
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where the indium attains its highest coordination number of six. ¢

M e e

The compound Cl4Cg0,Inl.i*/,tmen has two bands in the far ir. spectrjm
|
at 177 and 152 cm-1 assignable to »35(In-1) and u» (In-I). These values areb‘

N -
good agreement with that of 4746 and 158 cm™? obtained from the i.r. of the
complex EPm,N][IZIn(SPh)ZJ?G. On this basis, we propose the following structure

for the compound ClyCgDoInLi?/tmen.

- ’\WH‘ ‘/; 1
/

/

"\ |\

ad — e —

Similar structures have been proposéd fop InX3.4%/2.0ipy*>® based on
conductivity and infrared studies. The fact that the iodo complex differs in
our studies from the bromo and chloro, analogues is in keeping wi}h the known
behaviour of cuordinatian compounds of indium. I[§ has been mentioned elsewhere
For: gxéu;ple;?"-‘-’s tha;c. indium(IID halides from which six-coordinate products were
\typically‘; obtained with electronegative &-donor ligands, whereas lower

coordination numbers have been found when either the halogen or the donor

ligand or both had low elecironegativities,
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. / .
Efforts are being made to obtain single crystals for X-ray diffraction

studies, which should help in confirming the proposed structures.

(iv} Reaction of InCl with CluCgO»: Kinetic Studies. The interpretation

of the results obtained here will be treated semi-quantitatively since the nature
of the reaction did not permit accurate monitoring of the reaction rate. The
data for the plots presented in Fig. 5.3 wére cbtained by measuriﬂg the decrease
in intensity of the absorption band at 424 nm. Thi;: low intensity band has
been assigned to the n =2 n* transition®®? of C=0. The eventual ciisappearance
of this band also supporis this assignment, since the.-w- m iransition of
c-0 doés not occur in this region. The comple&e r_educticn of C=0 of the quinone
has, therefore, been brought about by electron transfer ?rt':m the indium
monchalide which was usled in excess. The absorption spectrum in Fig. 5.2 clearly
illustrates the disappearance of the band in question. The specﬁrum'in '.F‘ig..‘S.:l
shows the same effect but the distinct _band which is seen in Fig. 5.2 is
conspicuously absent for t.hF t.ql'uene sy.st.ems, and in its place we observe an
isosbestic paint at 380 nm indicating t.l;at two absorhing specigs exist in solutiqn.
It is reasnpéble to assume that these species could be the semiquinope and the

catecholate.

: . ’
The plots in Fig. 5.3 reveals the charactaristic rate of decrease in concentration

typical for first order reactions. In the plot of the log of absorbance against

time, héwevir, we obtained fw.o\scparate curves (see Fig. 5.3b). In our opinion
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the first plot (1) represents the first reduction step to the quinone to the
semiquinone. The second plot (2) then will be the conversion of the semiquinone
to the catecholat\evyhich presumably is a slower process as evidenced by the

P
difference in slopes of the two curves.

/
An identical study conducted with toluene in the absence of a donor ligand

did not show any change in the mtenéity of the absorption band of the quinone
implying absence of reactions. This is not surprising since indium(l) halides are
insoluble in aromatic solvents, This cbservatian 'also emphasizes the importance
of dﬁnor‘ ligands like tmen in such medimj facilitating the solubility of indium

monchalides.

-

{(ii) The In/¥Y4CeO~/E-E reaction (E-E = l., PhoSe-,Ph.5:). Refluxing

metallic indium with the quinone in tae presence of a half moelar gquantity of
iodine, diphenyldiselenide or diphenyldisuiphide provided another route for

synthesizing indium(II) catecholate derivatives with ISR or SeR bonded to In.’

The use of indium metal in the direct synthesis of indium(Ill) compounds

is well-established. Worrall and coworkers®®

® reported the slow direct reaction
of indium metal with alkyl: halides to give products which were mixtures of
) RaIn¥X and RInX. Other researchers®>? improved on thi.s method by using
activated metal obtained by the reduction of indium trichloride with metallic

sodium or potassium. By this means the reaction time was considerably reduced

and only the diorgano product was nb‘t.aing‘d: .

21n + 2R1 - Rplnl + Inl

Recent reporis from our laboratoryzoo'

also show that metallic indium
reacts in boiling toluene with R,E, subsirates to yield In(ER)3 compounds in

quantitative yield and high purity, as for example: {
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In + 3/,Ph,Se, = In(SeFPh)s

The point here, therefgre, is t..hat. for synihetic purposes metallic indium 1s a
useful reagent. In these one-pot syntheses, the reaction of metallic indium with
stoichiomeiric amounis of the orthoquinone and half molar quantities of iodine,
diphenyldiselenide or diphenyldisulphide provides the respective derivatives of

indium(Il) catecholates. The reaction is represented as follows.

'+ In + 2 [E—E)

L {hiny, Bhen) -

E= 1, .PhoSes PhoS2

-

The end of the reaction is in&icated by the solution clearing, with the complete
dissolution of ‘the indium metal. Addition of 4,10-phenanthroline or 2,2-bipyridine )
to the solution precipitates the desired prodycts in higljx'yinld. Spoctroicopic

o :
 results are presented in Tables 5.2, 5.3 and 5.4 and are discussed below.
N LA '

<
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~ As tﬁe react@on proceeded, a deep blue solution wé.s formed After ca. 2h,
with visible signs of unreacted indium metal in the flaSk, sugBesting that the
reaction was only half complete. The ESR spectrum of this solution was recorded
(see’discussion below). Eventua]ly; the blue colour was discharged with the
hFormation of a light brown solutien when E = SPh and a light yéllow solution -

when E = SePh with complete dissolution of the indium metal and formation

of the products reported,

5.3.2 Spectroscopy

(i) Infrared Spectra: i-‘ig. 5.4 compares the mid-region of the IR spéctrum )
of a typical catecholate complex (BryCgO2InCl.phien) with the sﬁectrum of the-
'tetrabromo-orthoquinnng from which it was derived. Fig. 5.4c is a spectrum of
the corresponding diol. Prominent features of the spectra on these compl.exes

,above 1000 cm™? include an intense band near 1240 cm™*

and a strong broad
band near 1430 cm™*. Similar bands have been identified in catechi:)lato complexes
of vanadium?®? and cobalt?°2 as the C-O stretching vibration of the catechol
ligand. These two prominent and characteristic bands are present with only

slight variations in their positions in all cases studied, and their occurrence

provides good evidence for the presence of a coordinated catecholate.

The vibrational spectra in the far infrared region are presehted in Table

© 5.3, The tmen adducts have weak to medium bands bet.weeuj’é and 520 cm"',
readily asﬁgngd ‘to v(In-N) from earlier work (see Chapter 2). The w(In~-N) of

_ - . Y
the pHenanthroline adducts are in gﬁod agreement with reported values for
———e—re——

InXa.phen 1.5 (X =/E1,Br,1)2°3'2°° which fall in the range 270-220 cm™ 2, The
assignment of vw(In-X) and vqn-b) was aided by comparing the specira with
that of InXz(acac)Ll, (X = Cl,é.r,l, L= phgx;;, py)_zcm The values are in general

<

v »

[~
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agreement th.a those reported f‘or v(In-X) in adducts of indium halides.2°? The
identi?icat.ion of v(In-0) has been the subject of debate?°'1297 gith frequencies
between 450 cn~* and _180 cm~* being pr.oposed. The v(In-0) absgrption in the
Raman spectrum of In{acac)s has been assigned to a band at 44f\em™*.2°% In
the present work, the band at ca. 420 cm™* is observed in all tr;e compounds
prepared and is therefore tentatively assigned as v({In-0), The assignment of
M-S stretchmg modes has been a matter of some discussion. For w{Cd-S)

frequencies in the range 160-400 cm~* were proposed;*°® u(In-5) has been

assigned at 370-380 em™* in a series of toluene-3,4-di ives of
indium *®® at 319-339 cm™* for InX3.2Et,S (X = C1,Br) complexes,Z®® and-at 342-3
cn~t for XIn(SFPh)z.2py (X = Cl,Br).-’s' Analogous modes in the polymeric compounds
M(SR)» (M = In,Cd,Hg; R = nB,, tB,, Ph) have been identified?2® in the range
300-350 cm~ Y. On the basis of these results, vn; assign the broad band centred
at 350 cm™? as w(In-9) for the con':pounds. Y4Cg02In{SPh).phen. The assignment
of v(In-Se) for YqC‘Ozln(SePh).ﬁhen is in good agreement with the compounds
X&n(SePh)a.2py (X = C1,Br,I), where 1t oceurs at 241-256 em™2.7® Due to the high

b
f‘lﬁnrescence of these compounds we could not obtain any Raman spectra.

/ (ii) NMR Spectra. The *H NMR spect.ra as presented in Table 5.4 are useful

in confirming the presence-of the cocrdinated bidentate ligand, and also

confirmed that the species under study are diamagnetic. The resclution of the
spectra of the phenanthroline adducts were hampered by their low solubility
in dimethyl sulphoxide, byt shifts of the appropriate proton sigr}als due to

complexation ase obvious, as the dNth. table depict.
~ | e
N .
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THE INFRARED SPECTRA OF KBr PELLETS OF (A) BryCgO2 (B) qucgezlnCl.phen

(©) BryCe(0H)2
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TABLE 5.3

FAR INFRARED SPECTRA OF SOME In(Il) CATECHOLATES (IN CM™%)

w

Compound : v(In-N) v(In—0) v(In-X) ¥(In-E) E = 5Se
C14Ce02InClimen 480(m) A00(w) 278 (s,br) © -
454(m) '
CluCeO2InClL2tmen 8@ 426m) - -
458(m) o
Cl4Cg02InLi* /o tmen 482(m) 428(m) 1T(s,br) -
{454(m)
Cl4Ce0,InClLphen (a) 124(m) 290 (s,br) -
ClyCgOzInBr.phen 288(m) 422(m) ?Oﬁts,hr‘) -
Cl,CeOpInlphen . 290(m) L eMm) ® 750,00 -
Cl4Ce02In(SPhi2pic  284(sbr) 400(w) - 350(m)
Cl4Ce0zIn(SePh)phen  288(s) a2 - 238(s)
Br4CgO2Inlphen 290(s) £24(s)  g85(s) -

a} w(In-N) obscured by broad In-Cl band
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TABLE 5.4 .
1H NMR SPECTRA OF INDIUM(IID DERIVATIVES OF o-Y4CeO2 (¥ = CLBr) (PPM,
RELATIVE TO MeySi) '
Compound(® - Chemical Shift " Assign
y-picoline \— 2.04(s,3R) HS
. 6.92(d, 2H) . H22
8.42(d,25) H3Z
- Y4CgOpInX.tmen 2.50(5,12H) (CH=)oN
2.85 (s,4H) ECHuN
X = C1Br]
¥ =ClBr . i
ClyCeO2InCL2tmen.t/2EL,0 2.48(S,48H) (CH3)2N \\
2.87(S,16H) NCoHN -
’ 1.20(t,3H)
_ {CHACH,)20
244(g,28)
Y4CeOoInLphen 9.24(m2H) C2,C9 (phen)
2.90(m,2F) C3,C8 -
 8.40(m2H) cact

8.15(m,2H) C.Cs
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Y4CgO2In(SPh).2pic 2.31(S,6E) H-5
T N2USAE) H-22
8.44(d,4H) H-32
- - £.98-7.54(m,5H) S-Ph
Cl4CgO21In(SePh).phent/ytol amtm.sﬁ) C2,Cphen)
8.00(m,5H) c3.c8
8.66(m,8H) (of Xogi
8.02(m,8H) ' C5,Ch
6.98-7.52(m,208) Se-Ph
7.20(5..5H)
| Tal
2.15(s,3K)
Y4Cg02In(SePh)2pic 2.35(s 8H) ' H-5
} 7.2 4H) o . H-2
A \ B.54{d 4H) H-33
6.99-7.47(m,SH) + Se-Ph




Good diagnostic use was ;::tade of 33¢ NMR Speétroscopic results. There
was a considerable.sl;mi'ft of the signal due 'Lo'_C_:=D i-‘ro:: ca. 170 ppm to ca.
150 ppm, indicating a reduction from C=0 to C~{@The spectra of the corresponding
selenolate and thiolate derivatives, as shown in rl‘able 5.3 agree with these
assignments. These results also show that the catecholato ligands are
symmetrican‘y bound to the metﬁl, hence rendering a.11 t.he appropriate pairs

of carbon atoms equivalent. The chemical shifts of the ligand due to adduct

formation are similar to those reported in Chapter 3.

—

The assignment ;:{-‘ the chemical shifis to t;he respective carbon atoms .
in the phen and bipy adducts of ;.he indium(III) catecholates prepared in this
work was reasonably straightforward. The tmen adducts, on the other hand,
wéré found to be more complicated and as a result a variable temperature study

was conducted, the discussion of which is undertaken in the next paragraph.

(iii) Variable Temperature *3C NMR Spectroscopic Study; This study was

undertaken in an attempt to gain a better understanding as to the nature
of Lthe product obtained by the ’eaction of InX with Cl4Cg0, in toluene/itmen.
The room temperature spectirum of the tmen adduct of Q¥yCgC2INnCl in dmso-
de showed doubled resonance signals for the t_.hE‘ee pe;irs of the carbons on
the catechoiat.o ring. As the solution warmed up, these signals began to coalesce.
At 353 K, the signals coalesced forminé three sharp singlets at 158.54, 120.34
and 119.07 ppm from their original paired.values of 158.3%5 + 157.70, 120.40 + 120.27,
énd 119.36 '+ 118.‘?4 ppm. The chemical shifts of the res;zltant signals répresent
approximate average values .of the initial paired values. These results imply that
the- molecule has an essentially trigonal bipyramidal geometry, with the possibility
of undergoing "Berry pseudorotatiox"l' analcgous to tha_'!. seen in tfae tempex;ature

dependence of the *®F NMR of PFg. On this basis, the two possible structures
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. are proposed -
0_\ . X
| /o/ / —0
N——in o "

\_

The carbons on the catecholato ring will then be in a different chemical

-

environment due.to loss of symmetry. The rate of exchange between these two
struct.‘ures, at room temperature is such that each carbon becomes distinguishable
and hence different resgnance are observed. At higher temperatures, the exchange
becomes sc fast that the different chemical shifts average out, and we therefore
see singlets for each pair of carboﬁ atoms. This process was found to be
reversible, as on cooling the solution back to room temperature the initial
- spectrum was reprodﬁ?ed. It is interesting to note that similar éhsarvation was
made on the tmen pa'r‘{ of the spectrum. At room _temperatttn', ‘one ob'str';c; two
singlets for the methylene carbons at 60.34 and 59.44 ppm, and two signals for

the methyl carbons at 51.87 and 49.43 ppm. At 353 K two singlets are observed

at 60.47 and 51.09 ppm respectively. It is quite clear then that the equilibration

j::rocess involves the whole molecule.

)
Further work is needed in this area to confirm the absoluts configuration

of these compounds by single crystal X-ray diffraction studies. Our attempts

to grow suitable crystals have not so far been successful,

(iv) ESR Spectra. Fig. 5.5a shows a typical room temperature ESR spectrum

of the bDbiue soluiion obtained ths reaction of indium metal with

tetrachlorobenzoquinone in the presence of iodine. (See Experimental.) The
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specirum is made up of two components marked A and B. Each of these is made
up of 10 lines due to cnuplin'g of an unpaired eleciron to thel = 9/2 1151n
nucleus. The magnitude of f:he coupling of A is 2.8 G which is cbmparable to
the value of 7.1 G reported by Felix and Sealy for an In®* benzosemiquinonate
prepared by UV photolysis of aqueous solutions of catechol in the presence
of indium(III) chloride at around neutral pH; B has a coupled constant of 9.2
G and is assigned tc an In*® benznsemiguinonate (see Chapter 6). Usihg these
t.wu'-value; a computer simulated spectrum was generated, and the good agreement
hetween experimental and calculated spectra (see Fig. 5.5c) suggested that both
In(I;I) and In(I) species do exist in this solution. From the relative intensities

‘of the two spectra, we deduce that the two species in the ratio In(IIIj/In(I)

T:1 at the stage of the reaction which.we h’gppened to study.
. "_‘_\_’_/ :

- .

,hA\helpful study which could prz:vide better insight into the reaction scheme

is by monitoring the reaction over the whole time with the aid of ESR.

~

7- We also found that addition of a nitrogen donor ligand to the blt_ze solution
does not facilitate the final transfer of the electron, as was observed in the
case of the reaction of SnX, wit'h TBQ (see Cha;:l:t.er 4). Fig. 5.5b shows a trum
pbtained on addition of excess pyridine to the solution Am is
presented in Fig, 5.5a. We%nstead observed a change in the hyﬁerfine constants

from 9.2G and 7.2G to 2.0G and 1.4G respectively. This suggests that on adduct

formation., the electron density on the indium metal becomes more delocalized.

2
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FIGURE 5.5

_THE ESR SPECTRA OF THE REACTION In/ClyC¢O2/2/21» IN TOLUENE (A)

EXPERIMENTAL (B) A + PYRIDINE (C) CALCULATED

'.' ZQQ - : -
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5.3.3 The reacticn mechanism

Reactiions leading to the formation of catecholato complexes as presented

in this work and elsewhere involve the successive transfer of electrons from

"the metal centre to the substrate (quinon). The reaction scheme presented-in
»

~Chapters 3 and 4, therefore appear to be general. Below is the scheme of the

reactions described in section 5.2.1 Gv), ) g

7

SQim ? E

Q + In. — SQIn: —=2-= SQINE; —— SQIN- nSQ

fCaﬂnE.

-

The first stdp of the reaction is presv-.xm.ably the transfer of 'én-electrnn frém_
indium to the quinone to form an indium(l)"’sémiquinonate, evic.’mience of wf:ich
is derived from the ESE spectra {see Fig. 5.5)..Indium(I) complexes are expected
to be nuclecphiles since they are believed to have a lone pair of electrons.
For cyclopentadienylindium(l) the existence of this lche pair has been supparted
by CNDO calculations and confirmed by dipole moment measurements.**® In
keeping with this, t.h\e next step in our reaction sequence is the oxidative
insertion of the indiur'n(n complex into thg E-E boend of the subsirate. Und€
the énndition bf our reaction the formation of the indium(l) species is a sl'ow'_
process as evidenced 'by the presence .of metallic indium at the botiom of the

reaction vessel and from the ratio of In(I): In(III) in the ESR spectra (sea ng

5.5). This reactmn rate, therefore, favours a furt.her attack of the indium()

&
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specie on the indium(lil) specie to form a dimeric In-In bonded complex. Although

we did not do a lov temperature ESR study to confirm the presence of this

complex as in ‘the désé of the reaction with tin (see Chapter 4). g;r/p??ﬁse/d—

»

scheme is consistent with results ﬁresented in the vari.nui@‘:pters of this
dissertation. The final step in this sequence involves an internal electron transfer
leading to the formation of the catecholato complex. Mention must also be made

»

of Lthe fact that the ease with which these electron transfer processes take

place'is dictated by redox potential of the quinone involved. This is considered

in detail in the next chapter.

Results presentéd in this chapter suggest that the reaction of the -

tetrah’.ﬁngeno orihoqqinones with indium halides leads to the formation of
indium(l1l) catecholates. It is quite clear that the transfer of electrons in thess
reactions proceed in a two step process instead of the originally proposed

mechanism in which boih electrons are transferred simultaneocusly.

hs

\

.@

v



CHAPTER 6

THE REACTION OF In(I) HALIDES WITH 3,5-DI-TERT-BUTYL 4,2-BENZOQUINONE AND
9,10-PHENANTHROQUIN(2NE. FORMATION OF INDIUM(D.AND INDIUM(ID Q

SEMIQUINONES
64 Introduction

The reactions of prthoquir;ones with metals in their low oxidatic’:ﬁ states
described in Chapters 3, 4 and 5 suggest that this oxidation reaction proceeds
in two nn;a-electron transfer st.e_ps with a semiquinone inter‘me&iate, rather than
a single two e]:ectron—transfef‘ step. It has also been quite clear from our work
and that of others that the nature of the preducts is dependent on the type
of subgtituent on the quinone, as well as the properties of tﬁe metal. To date
no compound of a Main Group Metal directly bonded to a semiquinene ligand
has been iéolated, although the existence of such complexes has been inferred
from ESR spectroscopic data. For example, oV photolysis of aqueous solutions
of catechol/;n the presence of a Main Group Ill metal ion at pH ~ 7 lead to
‘the detection of an ESR signal attributable to hyperfine of an unpaired electron
to the metal coupling between the metal ion in the metal compl_ex of the o-

benosemiquinone. 2+ : '

‘
-

Résults .gg:iented in this chapter demonsirate the formation of stable
In(III) semiq'uinone complexes. Single crystals were obtained in one case and the
_st.r'*_uct;ure was anf‘irmed unagbiguously byF X-ray crystalingraphie: studies. ESR
studies has shown t.hat’tha reaction of IritIi halit;les with the quinones in question

s ormation of a-product made up of a mixtur‘e' of In(l} and In(ID

BRI 4

. pLIexes. Further work had to be carried on to confirm this claim
g 2o ’

and _wé- % e both ;n(I_j and In(ID semiquinone complexes. On this basis, we

L4

A1
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can propose & satisfactory mechanism to explatn the formation of these complexes.

Y

- 6,2 Experimental

624 Reactions of InX (X = C1,Br.]) with 3,5 di-tert-butyl i 2-benzoguinone

(TEQ)

(1) A l3.3 mmol amount of InX (X = C1,Br,]) was suspended in 25 mL of toluene
and cooled to about -40°C. Tmen (2 mL, 13.2 mmol) was syringed into the mixture
tc obtain the reddish solution characteristic of solutions. of indium(l) halides
in such media. At this stage, an equimoclar amoynt of B,S-di-?tert-butyl

*1.2—benznquinone in toluene (25 ml) was addged dropwise over a period of 1 h.
Stirring was conlt.inued at this temperature for another hour, vhen a green
soluiion wds obtained. The cold bath was slowly removed um',il room temperature
was attained. Any solid impurities at this point were re?bved by filtration,
and the volume of the filtrate was reduced by half. Additi;n of petroleum ether
{25 mL) af{-‘grded a light g_ree:?ish precipitate when X = Cl or Br and a light
brown precipitate when X = 1. These materials analyzed as CyyHzo02InX .tmen.
Analytical results\{r_'g,presént.ed ip Takle 4.1. Identical results were ?btained

Fan)
when toluene and tmen were replaced THF and pyridine. Table 4.1 gives

analytical results.

(i1} InX (X = C1,Br) (4 mn;ol) was refluxed with an equimolar amount of
TBQ in toluene followed by the addition of excess pyridine (2 mL, 24 mmol). The
green solution which ;onras biained after ca. Zh was filt,e-red and on slow
evaporation of the filtrate,'a fine crystalline product was obtained. This was
identified {elemental analysis, inffared spectroscopy) as _C,_.,HzoOzlnX.Zpy. The -

ESR specirum of the toluene solution is discussed below. '

-
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20.72(20.28)

-y \\ (
TABLE 6.1 '
< , .
ANALYTICAL DATA ON INDIUM SEMIQUINONATES
Compound Method In c K N =C1Br}
(TBSQ)InCl,tmen i 2145(24.98)  44.75(45.99)  T.45(695) 5.45(5.36)  43.72(43.58)
(TESQ)InBr p.tmen i 1850(18.78) - - - 26.28(26.15)
(TESQ)Inltmen i 1639(1628) - - - 36.47(35.99)
(TESQ)INCL2py ii 24.79(24.70) - - - 834670 -
(TRSQ)InEr2py it 20.58(20.03) 50.01(50.29)  543(527) ATS(AE9)  14.i0(13.95)
(TBSQInCl,2py.t/othf i 19.00(19.12) - - - 11.65(11.83)
(TBSQ)InBro2py.t/zthf it 1673046.66)  4543(4531) © 5420497 37607 23.00(2349)
(TBSQ)nCl,.2pic v 19.46(19.38) - B - 12.06(11.99)
(TBSQ)InBr,2pic.t/,dms v 1594036.00)  4526(4602)  50M52T)  487(488)  2231(227)
(TESG)Inl,.phen i 14.52(14.93) - - - 334003299
o '
. (TESQNn(SePh)zphent/otol  iv 13.40(13.14)  57.43(57.07) 5.40(4.85)  4.15(3.24) -
(TESQ)n(SePh)p2pict/stol v {346(13.05)  56.45(56.47) - 589(5.50) 7939 -
(TBSQ)n(SPh)p.phen v 15.72(15.45) - - - -
(TBSQ)In(SPh),2pic iv  1549(1553) - - - -
(PSQ)InCLimen i 2830(24.49)  50.42(50.55)  5.35(508) 5.44(589)  745(7.48)
| (PSQ)nBr.tmen i 231(22.42) - ' - - 15.49(15.39)
(PSQ)InLimen i - - - 22.53(22.42)




(TBSQ)In.phen
TBQ(TBSQ)In.phen

(TBS%n.phen;i"letzo

iv

iv

iv

18.714(18.33)  60.93(61.38)
22.46(2228)  58.22(60.50)

" 457901561 45.74(55.34)

6.24(6.92)
5.67(5.48)
6.58(6.58)

-
4484473
5.25(5.44)
4.11(3.81)
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When the above reaction was repeated in THF, the product was
C14H2002InX22py.THF with a solvating TEF molecule {see Table 6.1 for analytical

L

data).

(iii) Finely cut indium metal (0.25 g, 2.2 mmol) was reflﬁxed with TBG (D.48
2, 2.2 mmél) and iod»ine (0..55 g, 4.4 mmol) as I, in toluene (50. mL). The metal
was consumed in 2‘1; with a total discharge of the colour of iodine. An addition
of equimolar amount of {,i0-phenanthroline afforded a light brown precipitate.”
Reflu:::ing was stopped at 'this stage and stirring continued until the mixture
attained ambient temperature, when 20 mlL of petroleum ether was added and
stirring continued for another hour followed by f‘ilItrat.inn. The solid ?roduct

was washed twice with 10 ml portions of petrocleum ether and then dried in

vacue. Yield was quantitative and the product analyzed as C4Hso02Inl..Phen.

(iv) Diphenyldiselenid-e {0.69 g, 2.2 mmol) or diphenyldisulphide (0.48 g, 2.2
mmbl) was refluxed wit_h finely cut indium metal (0.25 g, 2.2 mmol) and TBQ (0.48
g, 2.2 mmol) in toluene (50 mLl). In the case of the diselenide, the metal was
consumed in a matier of 3 h, while ca. 1B h was required in the case of the
disulphide. Addition of equimeolar amount of 1,iﬁ0—phenanthmline or y-picoline
to the resultant clear snlutic;n afforded a ].ig!%t brown precipjiate. Isplation

procedure was as described in (iii). The products analyzed satisfactorily (see

Table &.1) as C44H2a02In(EPW)..L where E = Se, S and L = phen or 2-pic.

(v) 3,5-Di-tert-butyl c:%techol (2 g, 4.5 mmol) was reacted with sodium hydride

(0.11 g, 4.5 mmol) in benzene to give a blue solution ‘oi-‘ sodium benzosemiquincnate
with evolution of hydrogen gas. The mixture was stirred until evolution of
hydrogen stopped (30 min). At this stage, indium tribromigg (1.59 g, 4.5 mmol)

or indium trichloride (1 g, 4.5 mmol) in 25 mL of benzene or toluene was added
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dropwise to thé reaction mixture. Instant reaction co!nmenced with the blue
solution starting to clear up forming a light green solution. After addition
of the indium halide '.;;;lution, the flask was fitted with a condenser and the
mixture refluxed for an hour. The NaX (X & C1,Br) was caollected and weighed

(X = Cl, Found 0.49 g, Calc. 0.23 g: X = Br, Found 0.40 g, Calc 0.46 g).

A 2-fold excess of r;ii;éﬁge or pyridine was added to the filtrate and
the mixture stirred at room temperature for 1 h. The vclume was then reduced
by half. Slow evaporation afforded greenish crystals which were collected and
dried in vacueo, the yield was quantitative. This solid analyzed satisfactorily
as Ci4H2002InX5.2L (L = y-picoline or pyridine). Recrystallization of the
r-picoline adduct of this complex in DM? gave solvated X-ray guality crystals.

(See Table 4.1 for analytical data.)

6.2.2 Reactions of InX (X = C1.Br.1) with 2 10-phenanthrogquinone’

InX (X = C1,Br,]) (3.3 mmol) and %,i0-phenanthroquine (3.3 mmol) were.
sx:j{pended in toluene. The mixture was cooled to -40°C and tmen (2 mL 13.3 mmol)

syfinged into the mixture. Stirring was continued at this temperature until the

indium(I}) halide dissolved completely, and the coocling bath was then slowly
removed. As the solution warmed up it became cloudy and at room temperature
there was a substantial amount of sclid deposit, which was collected, washed
‘twice with 20 mL portions of benzene and dried &7 vacuo. The product analj,rzed
(elemental analysis and infrared specireoscopy) as Cy4HgO2InX.imen which is

soluble in methylene chleride and tetrahydrofuran. The ESR spectrum of this

in the latier solvent is discussed below.
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623 The Reaction }:tf-‘ Indium Metal with 3.5-Di-tert-butyl 1 2-Benzoquinone:

Solubility Studies

It was apparent from our- work involviﬁg the reaction of InX with TBG,
that the products obtained could be formulated either as a dimer or as a mixture
of In(h and In(ID species. (See below.) It has since been shown in Section 6.22
(v) that the indium species could be made by reacting In(III) halide with the
sodium salt of TBEQ. In order to obtain the Irl(i) species, we re.i-‘lux_edim:tallic

W
indium with the quinone. By varying the amount of the quinone with respect

to the indium we were able to determine the quantity of gquinone required to

-

\

dissolve the indium completely.

All reactions were carried out at constant temperature (100°C), time (24
h), amount of indium( 0.48 g, 1.6 mmol), and volume of toluene (50 mL). Finely
cut indium metal was refluxed with varying amounts of the quinone in toluene. -
At the end of the period the mixture-was filtered hot and the unraac:ted-metal

was weighed (See Table 4.2), € N

b}
<

The filirate was taken to dryngss and the residue redissolved in 20 ol
of petroleum ether or diethyl ethér ta afford a greenish solution. Addition of
equimolar amounts of 1,i0-phenanthroline gave a brownish precipitate. The
mixture was stirred for about 2 h at room. temperature, filtered and then dried
in vacue. The yield of solid, shown by analysis Lo be adducts of indium()
semiquinonates (see Table 4.1) was quantitative, based on the amount of indium
consumed: In cases where the ratio of the quinone t.o indium exceeded two, the
excess guinone was recovered from the filtrate by backing off the solvent to
afford reddish crystals whose infrared spectrum and melting point were identical

to those of an authentlic sample of the quinone.
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DATA ON SOLUBILITY STUDIES OF IﬁDIU’M WITH TBQ

TABLE 6.2

152

WLofIn Wiof TB@ [InXTBR] Wt of Reacted % Reacted In (In3(®)
(g) (g) molexmole In (8) mot L™%
0.182 0.349 1:1.00 D116 o4 1.01 x 1073
e ' .
0.182 0437 . 1:4,25 0.434 ] 1.20 x 10
0,482 0.524 1:4.50 0,145 80 13x 1073
0.182 0.698 1:2.00 QiT2 94,5 15 x 1073
0.182 0.786 1:2.25 0.481 99.5 1.6 x 1073
0,182 0.873 1:2.50 0.182 100 16 x 1073

(2) Concentration of all indium species in filtrate. -
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The above reaction was repeated adding pyridine to the reaction mixture
at the initial stage in a bid to enhance the solubility of metallic indium. Under
conditions.identical to those described above, equimolar aﬁounts of metallic
indium and TEQ were refluxed in toluene in the presence of 2 maléu* equivalent
of pyridine. After 24 h, only 65% of the indium had reacted, ahd this did not

change on using excess pyridine.

6.2.3.1 Oxidation by iodine

Each of the indium(I)-semiquinone products from the above reaction
underwent oxidation to form the indium(IIl) semiguinolate complex on reacting

with equimclar amount of molecular iodige.

In a typical experiment, é’quimolar amounts (0.4 mmol) of iodine and indium(D
semiquinonate complex (TBSQ In(I}.phen) were stirred at room temperature in 20
mL of methyle_ne chlaride. The colour of iodine was discharged in an hour
producing a yellow solutio_n. Stirring was continued for-an hour and then 50
mL of petroleum ether added to precipitate a yellowish powder in quantltatwe
y1e1d. Analysis found: In 15.1%; 1 32.7%; calc. In 14.9%, I 33.0% for (TBSQ")Inl,.phen.
The ESR and infrared spectra were similar to an identical compound prepared

differenily (see Section &2.1 (iii)) and will be discussed later (see discussion).

6.3 Results and Discussion

6.3.1 Preparative

The oxidative addition reaction between tetrahalecgeno orthoquinones and

- 1

indium(l) halides lead to the formation of indium(Ill) catecholates as we saw
in Chapter 5. The reaction between InX with TBQ or PQ on the other hand
yields a stable semiquinone complex as the product. It is clear from ESR studies

(see below) that these complexes are formed as a result of one-electron reduction

b4

\



i54

=

of the parent quinone. The stability of these complexes is presumably enhanced
by the bulky substituents on the o-benzoquinone ring. The nature as well as

the structure, of these complexes is considered below.

(i) InX/TBQ/L (L = ﬁit.mgen denor ligand). With the aid of ESR spectroscopy

discussed later, we were first able to confirm that all the praoducts cbhtained
in this reaction were semigquinonato complexes: Secondly, we were able to infer

the presence of both In(l) and In(lll) species and this was confirmed by the

analytical data on these complexes (see Table 4.1}, As a result the reaction scheme

was considered as involving the formation of an indium{Il) semiquinone as a
-

first step by the transfer of one electron from the indium() halide to the
substrate. The first product, then is essentially a biradical which then dimerizes
as shown below in the scheme. The dimer then undergoes disproportionation

yielding the indium(l) and indium(IIl) semiquinonates.
X
Q + InX - SQInX -» SQIn-Iz!xSQ

1

SQIn! + X,InSQ

The structure of the complexes are then considered as

where the unpaired electron is located largely‘on the semiquinonato ring. Evidence
to support this is derived from the coupling constants of the protons on the

ring (see beiow).
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It is justifiable at this point to advance arguments regarding the stability

of the semiquinonates of indium. From Chapter 4, we found that in the presence

~
of a donor ligand, the semiguinonates of tin(IV) can be converted to the
_corresponding catecholates.(DDg a similar argument, it can be inferred that

in the presence of a donor ligand, the indium attains a stable coordination

state of six in the case of indium(IID,

~J
S /,<:]

X-ray diffraction studies has confirmed the structure of the indium(IIl)
G : '

semiquinonates, and we are still attempting to grow suitable crystals of the

indium(l) complex. This is the first ever structurally determined semiqu}inonate

of a Main Group Element. . : - -

Other experiments were conducted to aid the further understanding of the
apparent disproporti‘nnation reaction which occured in the reaction of InX with
TBQ® leading to the formation of the different species. These experiments are

described below.

6.3.2 Reaction of Indium(lIl} Halides w(Rh TBC
\

To generate one of the species mentioned above, we reacted InX4 (X -

C1, Br) with sodium benzosemiguinonate (see experimental) by the following scheme:

P
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R InXy

The products from these reactions were exclusively indium(lll) semiquincnates.
The ESR parameters (Table 4.3) and the analytical results agree satisfactorily
with those of the species ubtainéd in a react';on involving InX/TBQ (see Table
6.3). The structure of one of the products was determined by X-ray diffraction

studies.(see Section 6.4)

4

6.3.3 Reaction of Metallic Indium with TBQ: Solubility Studies

This reaction was run primarily to confirm the earlier assumption that
one of the species in the InX/TBQ syétem is indeed an indium(l) semiquinonate.
Refluxing metallic indium with an equimolar amount of TBQ in toluene gave ca.
70% yield of a product wh_ich ﬁ:ras subsequently isolated as the phénant.hrcline
adduct and characterized as the indium(l) complex SGInlL. (See Table 6.L) These
studies were exf-.ended to include the studies of the solubility’o{-‘ metalic indium
in sclution of varying TBQ concentrations under reflux. The results obt.ained
are presented in Table 4.2. Plots of percentage co‘nsumpt.ion of indium and the
concentration of reacted indium against the molar ratioc of TBQ to In. are
presented in Figs. 4.1 and 4.2 respectively. It is evident from the first graph

that the amount of indium reacting approaéhes 100% close to a molar ratio

»



e .
of 2:1, This suggests the formation of a stable four—coordinate indium compound

‘in sdlution. The addition of an equimolar amount of phenanthroline precipitates
the presumably six-coordinate stable indium(l) complex. The nature of the ligands

was confirmed by infrared spectroscopy (see below).

‘ .
The second plot shows the limiting seclubility of indium(l) complexes in

such a medium. A value of 1.6 x 10> mol is obtained from the graph, a value
which differs by a factor of 10 from that reported in parallel st.t:?i?ies conducted
in our laboratory involving the InBr/t.r::luene/tmen_system at -20°C.2"% This
difference could be due in part to the fact that the products obtained in the

present work are more stable.

All the indium (I) complexes cbhtained in this work undergo oxidation by

an equimelar amount of iodine by the reaction
(TBSQ)In.phen + I, - (TBSQ)Inlz.phen {6.3)

which is typical of indium compounds in a low oxidation state. One point of
interest in this particular reaction is the fact that the attack of the iodine
was specifically at the metal centre without any effect on the bonded semiquinone
ligand. This, in a waf\y, peints to how strongly bonded the ligand is to the
metal. A similar ef‘{-‘ec:t was observed in Chapter 4 when we reacted iodine with

the dimeric tin(IV) specfie in our ESR studies.

-

AN
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FIGURE 6.4

PLOT OF % REACTED INDIUM AGAINST MOLAR RATIO OF TBQ TO INDIUM

l . |
! .
l .
J
- , |

.
| —d
S
" {en E
| 8 - —
.-}
'——T
=
| S—
(-] . a -
_Q'.
= =]
L
[—]
+0Nd
N

80

—AAAA
~ S

WhiaN  0319v3s %,



159

IIGURE 62

PLOT OF CONCENTRATION OF REACTED INDIUM AGAINST TEE MOLAR RATIO OF

TBQ TO INDIUM
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~ support this formulation. The proposed structure is

160

Complexes obtained when the molar ratio of TBQ:In was 2 2 were formulated.
as (C14H2002)2In.phen, or as presented in the Tables as TB&(TBSQ@)In.phen. One

of the quinones in this case acts as a bidentate neutral ligand (see vibrational

-

spectroscopy) the other binds as a semiquinone ligand. Analytical data also

i

\J

6.3.4 Spectroscopic Resuits '

'\GgVibratiunal Spectroscopy

The infrared spectra of the semiquinonato complexes in the mid and far @ *

regions are presented in Tables 4.4 and 6.5 respectively.

In the mid region, we concentrate on the vibrations between 1200 and

1700 cm™* (see Fig. 6.3 for a typical spectrum). Each .complex has strong band

_ ~
centred around 1480 cp”"which can be resolved into at least three separate

‘_bénds, plus an intense band near 1250 cm™ L. These bands are identical to that

found in the semiquinone complexes Cr(Cl,SQ}5,2°* tCo(triEn)('i‘BSQ))Clz,z"a and

Cr(TBSQ)3.2"q These bands have heen assignéd to the stretching vibration of

_ the partially reduced carbonyl bond.
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TABLE 6.3
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INFRARED SPECTRA OF INDIUM SEMIQUINONATES IN THE MID-REGION (cm™™).

A}

_-—_-.___—_-__-_———_-___—-_—:—_——-_—_-'—'—_-—-___.—__

Compound Absorption As:signment,
(TBSQ)InX ntmen * 3060 (w,8) C-H (TBSQ)
2954 (s.br) C-H (TBSQ + tmen)
. 1474 (v5), 1446 (vs), 1418 (vs C=0 (TES®)
(TBSQ)InX ».2py 3066 (w,5) C-H (TBSQ + Py)
2949 (s.br) - C-H (TBSQ)
1505 (s,5) ) C=C {py)
1470 (vs), 1448 (vs), 1418 (vs) C=0 (TBSQ)
1250 ()
(TBSQInX z.2pic:*/dmf 3058 (w,5) C-H (TBSQ + pic}
'?.*;sﬁs,br) C-H (TBSQ + pic)
1681 k ) C=0 (dmf)
1624 (5,5) C=C (pic)
1482 (v5), 1474 (vs), 1459 (vs) C=0 (TESQ) _
(TBSQ)In(SPh)s.phen . 3054 (w,s) C-H (TBSQ + phen + SPE)/,"/
| ‘ 2948 (s,br) C-H (TBSQ)
, H = 1585 (s;5) C=C {phen)
1475 (vs), 1430 (vs), 1414 (vs) C=0 (TBSQ)
1254 (s,br)
(TES@)In(SePh),.phen C-H (TBSQ + phen + SFh)

3053 (w,s)

2947 (s,br)

C-H (TBSQ)



PAGE 162 IS OMITTED.

PAGE 162 NON INCLUS DANS LA PAGINATION.



C=C (phen)

1563

1586 (s,5)
1474 (vs), 1437 (vs), 1445 (vs) =0 (TBSQ)
1255
(TBSQ!In.phen 3058 C-E (TBSQ + phen)
2950 C-E (TBSQ)
1585 C=C (Phen)
1485 (vs), 1423 (vs), 1414 (vs) C=0 (TBSQ)
1243
(TESQ)In.phen 3058 - C-E (TBSQ + phen)
. 2950 C-H (TESQ)
1585 , C=C (phen)
1485 (vs), 1432 {vs), 1414 (vs) C=0 (TESQ)
1243 |
TBQITESQ)In.phen 3056 (w,5) Cc-B (:I'BSQ + phen)
2951 (s,br) C-H ('I'BSQ)
1624 (s,5) C=0 (TEQ)
1474 (vs), 1444 (ps), 1417 (vs) C=0 (TBSG)
1250 ts,h;‘)
\
-
x<
AN



TABLE 6.4

154

FAR INFRARED SPECTRA OF SOME INDIUM SEMIQUINONATES (IN CM™%)

Compound v(In-N) v(In-0) v(In-X) « wWiIn-Ef)
E =5%Se
(TBSQ)InCl,.phen 282(s) 428(s) 305(s,br)
(TBSQ)InBr,.phen 280(m) 420(s) 24%(s) <
. 200(s)
(TESQ)Inl,.phen 290(s) 422(5) 182(s,br) -
(TESQ)InBr2pic _274(s) 432(s) 224(s,br) -
170(s,brY) .
(TESQ)InEr 2.2py 292(s} 420(s) - 188(s,br) -
™~ (TBSQ)n(SPh),.phen 288(m) 420(s) - 330(s,br)
(TBSQ)In(SePh),.phen 282(m) " A20(s) - 242(s.br)
(TBSQ)In.phen 285(m) 422(s) - -




The DMF complex shows in addition to the above bands a strong absorption
at 1681 cm™* due to w(C=0). This value is identical with that of the .C=O band
in pure DMF, which suggests that the DMF is not coordinated in the complex

but rather is present as solvent of crystallizaticn in the lattice.

The spectrum of TBQ(TBSQyM.phen has a strong bafd at 1624 cm™t whic1:1
is assigned 1o a ceocordinated C=0 group, showing that.'{l';e quinone is indeed,
acting as a. bidentate ligand. This constitutes a shii‘t?'of‘ ca. 50 cm™? from the
parent quinone consistent with observations made on the ir. speétra of products

prepared from the reaction of some metal halides with phenanthroquinone, e.g.

InBr,PQL.Y27

The spectra in the far infrared region are pr‘eéented in Table 6.4, The bands
observed were identical to these of the indium (III} catacholates, and assignments

were essentially based on those specira (see Chapter 5).

(ii) ESR Spectroscopy 4

For the purpose of our discussicn under this section, the following

numbering system will be used:

913
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FIGURE 6.3

IR SPECTRUM OF (A) TBQ (B} (TBSQ)InClz.phen
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The ESR spectira presented in Figs. 6.4-4.8 provide the most convincing
evidence that the complexes being discussed in this chapter can correctly be

formulated as orthobenzosemiquinones.

Unless otherwise stated, all specira were run in degassed solvents in
micromolar concentrations, at room temperature. All the ESR parameters are

presented in Table &.5.

(a) InX/PQ/tmen. A typical spectrum of this system in THF is presented

in T'ig. 6.4a, and in Fig.6.4b is shown a computer simulated spectrum based on
the parameters in Table 4.5. Just like in the TBQ systems with InX we observe
here a coupling of the upaired elect.ro;: with the **%In nucleus and also coupling
with the protons at positions 1,8 and 3,6, The electron deﬁsity at positions 2,7
and 4,5 are apparently low and hence no coupling effect is observed from them. —_
The value of the hyperfine constant for indium suggests that the unpairedﬁ

electron is located mainly on the semiquinonato ligand., On this basis we propose

the following structure for this coinpcund.




TABLE 6.5

Vi

Y

ESR PARAMETERS OF In SEMIQUINONATE COMPLEXES (G = 2.0039)

&
Y
Cempound Methed A Sclvent Arn Ap Apther
(TBSQ)nCl2py i Tol 107200 331 (C-4@ -
6540nm  348(C-4D)
(TBSQ)InBr.2py ii Tol 10440 349 (©-H -
‘ 63300 353 (c—-4D)
(TESQYIACI 2Py v THF 638 331 (C-4) -
. 0.31 (C-5)
(TBSQ)InBro.2py v THF 5.43 3.85(C-4) -
. 0.38 (C-5) _—
(TESQ)InClatmen i Tol/CE,Cla 7.0 2.5 (C-4) -
2.4 {C-6)
(TBSQ)InBra.tmen i Tol/CH,Cl, 2740 2.3 (C-4) -
2.2 (C-6)
{TBSQ)Inlztmen i "Tol/CH5Cl2 740 2.3 (C-4) -
' 2.1 (C-6)-
(TBSG)In(SePh),.2pic iv Tol 6,06 325(C-4)  15(Se)
(TESQ)In(SPh)s.2pic iv Tol 4.54 353 (C-4) -
(PSMInClinen i Tol 485 - 243 (H-18) -
' | 4.75 (H-3,6)
(PSQ)InBr.taen i Tol AT 2.58 (H-1,8) -
1.80 (H-3,6) '
{PSQ)InBr.imen i Tol 442 2.75 (H-1,8) -
o 1.85 (H-3,6)
(TBSGHn.2py ifi Tol 10,44 340 (C-4) -
(TBSQ)In.phen ifi Tol/CE,Cl, 8.74 . 230 (C-4)
: 247 (C-6)

{a) Hyperfine constant for In(D complex and {b) for In(IIl) complex.
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FIGURE 6.4

ESR SPECTRA OF (PSQ)InClz.tmen IN THF (A) EXPERIMENTAL

hrd

(B) CALCULATED
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FIGURE 6.5




‘
FIGURE 6.6

ESR SPECTRUM OF THE SYSTEM InCl/TBQ/Py IN TOLUENE (A) EXPERIMENTAL
: CALC
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FIGURE 6.7

~ ESR SPECTRA OF (TBSQ)IﬁCIz.pr IN THF (A} FIRST DERIVATIVE ON 100 G SCAN

RANGE (B) EXPANDED PORTION OF THE RIGHT HAND SPECTRUM OF A (C) SECOND 4

DERIVATIVE OF B
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FIGURE 6.8

ESR SPECTRA OF (TBSQ)InCl,.py IN TOLUENE (A) EXPERIMENTAL (B) CALCULATED
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() InX/TEQ/imen. The spectrum obtained in toluene from tl’gs reaction

is presented in Fig. 4.5a, The best computer simulation was obtained by cdnsider‘ing
two equivalent nittrogens, two equivalent hyd:"ogens with coupling constants of
24.32 G and 4.42 G respectively, in addition to an indgsm ﬁth a coupling constant
of 8.27G. Addition of a few drops of methylene chloride to the abﬁ‘:re solut.idn
resulted in the spectrum in Fig. 6.5b and the computer simulat;ad spectrum is-
pre-éented in Fig, &.5c. The coupling capsténts‘(seé Table 6.5’/{-‘_0:' t;he two observable
protons suggest that they are equivalent. This was considered impr.obable since
the electron densities at each carbon in the semiquinor_lato ring are inequivalent.
We offer the following explanations. In the scheme 'b-élow, we consider a six
' coordinated indium atom (6-I and 6-III), with the sterecchemistry around
constantly changing. These changes sccur partly due to th_e 'labili;..; of the
tmen ligand forming a five.cuardihate intermediate (6=II). In this scheme one
nitrogén atom is‘considered diregtly opposite an oxy en atom (both m asterisks)
and due to a possible internal rotation an equilibri_tum is established between .
6-1 and- 6-I11 consequently causing the prpi_.ons at positions 4 and é to become

—

equivalent by symmetry. Hence the resultant spectrum .

e 6—Il -
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7/
. Another interpretation is by considering a-process where the following

conformers might exist in solution. (6-IV and 6-V)

6-iV

where the semiquinone acts as a fluxidral (IV =—= V) ligand with the formation

of a five coordinate indium atom. Again the rate of exchange between these

conformers may be such that the two protons in qt'.lest_ion become magnetiééliy -

equivalent. A similar explanation has been offered in the ESR studies of reactions .

leading to the formation of organotin(IV} detietives of 3,6-di-t-butyl-12

benzosemiquinone*S®

‘Variable “gmperature studies will be helpful in giving a better

understanding of this system. .

/s

N — ¢
{c) InX/TBQ/py. The type of spectra, and hence the type of reaction which
occurred with these reagents was dependent upon i.he type of solvent used. In

tol;.xgne, the spectrum shown }'n Fig. 6.6a was observed, while Fig. 4.7a shows

_ L d
a spectrum run in TEF. 1 i /

In the toluene spectrum, we observe two species which were identified
from their hyperfine ::oupling constants (,see Table 6.5) as In(I) and In{III)
semiquiﬁnnato-camplexes. The calculatl;d spectrum based on the parameters in
Tahlehé.S. is presented in Fig. 6.6b; A similar observation was made in Ci‘tapter

5 in the reaction of metallic indium with tetrahalogeno orthoquinone in the

presence of iodine. The good fit of the_simulat.ed spectrum with the experimental

\

\
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Q,

spectrum confirm the presence of both species in solution.

.

The spectrum in Fig. 6.7 was obtained by the above reaction in THF. An

" identical 'spectrum‘ was also obtained by the reaction of indium trihalides with

—

sodium benzosemiquinonate in toluene. The agreement between these two spectira

supports the proposal that the reaction of InX with TBQ yields an indium (III}

_ semiquinonate as the principal product.

From the spectrum we observe 11 components of the hyperfine structure.
Considering only the splitting from the metal (I = 9/2)' then ten lines should
' be observed due to interaction with one proton. However, the splitting constants

of In’and H are found i be reasonably close. (See Table 6.5.) This results in

.+ the superimposition of the two sets of lines and hence the observation of eleven

LN
lines. The value of the hyperfine constant for hydrogen in this work is found
L J .
to be close to that of the hydrogen at the same position in free TBS@** which

* ~
“suggests that the unpaired electron is located largely an\i.he ligand.

In_‘t.he spectrum, a superhyperfine struct%e (Fig. é.7a) is observed with-
a splitting constant of ca. 0.3 G. Following the work of Razuvaev et al.,*"?®
we attributed the splitting to the tert-butyl protd¥s in the S-position.-This

assignment was found to be correct when such structures were observed with

" reactions of TBQ with both indium trichloride and t.ribrbmide. The splittings

could then not have been caused by the halugehs.

The expanded portion of the left side of the spectrum together with its
second derivative spectrum are presented respectively in Figs &6.7B and 4.7c. The
latter permitting the accurate counting‘ of the m}mber of lines generated by '

the splitting brought about by the ¢ protons on the butyl group. o



&

-y -

The interaction of the pr-o't.on.at positions 6 and of the tertiary butyl
group in position 3 is-apparently weaker than those at positions 4 and 5 and

could not be identified from the spectrum.

The dependence of the line width of the spectra obtained thus far on
' ?

the properties of the solvent is exhibited in Fig. 6.8. This is a spectrum obtained
by the reaction of indium trihalides with sodium benzosemiquinonate in ioluene.
Here we see ihe eleven-line pattern as explained above. The supplementary

hyperfine structure is not observed imr this case due to line broadening.

(d) Inf- TBQ. As discussed earlier, this reactfc;n yielded a product Which
has beén formulated as an indium{l} semiquinonato complex. The ESR parameters
are presented in Tabﬁ'é.é. The hyﬁe,rfing constant for.indium in this case is
close to other values-for coinplexes identified as indium(l) complexes'in this
chapter and éh_agt\.er 5. The spectrum obtained in ﬁethylme chloride exhibited
the same properties as the InX/TBQ/tmeén system in the same‘solvent. As far
as the detailed description of the spectrum is concerned, the general description
given in the InX\J}TBQ/tme!? system holas, where a possible fluxional behaviour
in the mole_c:ule allows the protons at positions 4 and 6 to become magnetically

equivalent.

(e) In/TBQ/Es (E = 1,, PhoSes, Ph-oS,), The refluxing of metallic indium

with TBQ in the presence of equimolar guantities of Iz’Ethsz orf PhoSes
. . . Y

successfully led to the isolztion of the corresponding indium(Ill) semittinonates.

The overall re_actior; can be considered as the oxidative insertion reaction

indium(@) semiquincnate into the E-E bond (E = LS,Sek



& possible mechanism of this reaction could involve the initial transfer

of an electron to E forming an intermediate

and a later transfer of the remaining electron to form the product. If this
asstxmptioﬂ is correct, then one might hope to use ESR spectroscopy to follow
these successive electron transfers since the unpaired electron on the
semiquinonato ring would be sensit_ive td changes occuring arcund the indium
nucleus. Particularly atiractive is the insertion into PhzSe,, since Se with I
=3/, Ct.::uld interact with the unpaired electron to give additional sp;itt.ing
pattern to the splitting by indium as we observe in the present work. (See

Table &.5.) Such studies sﬁQd elucidate the mechanisms of electron transfzr

reactions. ) )

/
6.4 X-ray Studies

. Attemptis to grow suitable crystals for X-ray studies hnally bore fruit
when 4-methyl pyridine (y-picoline) was used as the neutral donor hgand. The
\d/etails on data collection and preocessing for the crystal structure determinat.ion.

are given in Chapter 1. Table é.6 summarizes the crystal data and cther. -

}aramet.ers related to data collection and structural re?mement.
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TABLE 6.6

SUMMARY OF CRYSTAL DATA, INTENSITY COLLECTION, AND STRUCTURAL

REFINEMENT (3,5-BIS-T-BUTYL~12-BENZOSEMIQUINONE)INEr (y-Pic)a. /2 DMF

Formula InBrzN2 02 sC27 sHaz s

cell constants | 3L.479(B), 10.944(4), 21.962(B)R; 125.06(2)°
| cell volume, A3 ) 6191.5(3)

crystal system ) ’ monoclinic

space group C2/c

mol wt S 896

Z, F(000) . ) . 8, 2732

deateadneasgd o83 1.48, 1.51

cryst dimens, mm ) 0.15 x 0.18 x 0.30

abs coeff, i, cm™* 32.45

min'abs corr . 1.567%

max abs corr - 2.015

28 angle, deg 4-45° -

radiation — MoKes & = 0.710698

monachrt;mator Mgmy oriented graphite

temp., °C .' : 24 —_—
~ scan t;pe coupled8 tcrystal)/ZB (counter)

scan width . Hg 1% to K, +19

scan speed, “min~% variable, 2.02-4.88

bkgd time/scan time 0.5

total reflens measd | 4004 (th, +1, #D

‘sunique data used . . _1697

no. of parameters - 183
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“0.0529

0.0547

0.94

0.05
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To guard agair_zst decomposition in air a single g'reen crystal 1;l:'as sealed
ig,a\capillary tube, During the data collection, the intensity of the t.hr:ee monitor
reflections decreased by approximately 15% and this was corrected by applying
an appropriate scaling‘far.:tor. The data were further corrected for Lorentz,
polarization anq for absorptior\‘x effects. The systematic absences hkl h+k

=2n + 1; hol, 1 = 2n + 1 indicated the 5p§ce groups C2/¢ or Cc. The former

was dsed and assumed correct because of successful refinement of the 'struct,ure;

" The structure was solved by the heavy atom method.

1

1Y

'/_- The position of the indium atom was obt.ainéd from a sharperred Patterson
synthesis. The positions of t!‘\IE remaining non-hydrogen atoms‘were_ pbtained
from subsequen§ lifference Fourier synthesis based an the coordina.t.:es of the
indium atom, the structure was then refir}_eg:l by full matrix least-squares methods
with In,Br,N and O(4) and O(2) being treated anisotmpicall&, and all carbon atoms
isoiropically. Hydrogen atoms were in_clude_c_l in idealized positions ;nt,h isotr‘opig
thermal paraemtiers w;hic:h were assigned the same values for the appx‘opriaite
thermal parameters of the bonded carbon atoms. At this stage a difference
synthesis contained a few peaks of the order of 1-3 e&> m an empty region.
It was apparent that some scattering material was present and the volume of
the hole it occupied was apparently t];:ai. of a dimethyl formamide molecule. These
positions were inqluded in further réf‘inemeﬂ'ésl a disordered DMF molecule with
nitrogen atom’;:in a two fold axis. With isotropic vibration, U, for carbonyl C
and O-fixed at 0.20 &% (higher than that of N), the refinement converged (R

0.070 to 0.0529) with carbon and oxygen nccupancies respé&ively at 52 and 35%.

After six mare cycles of refinement, convergence was achieved with the final’

R = 0.0529 and the final R, = 0.0547 for 1697 unique "observed [I is (137"

reflections. ‘

'

Positional and thermal parameters are gi._'gen in Table &7 bond distances
and angles are tested in Table 4.8, Figure 4.9 si:xows the molecule with the atomic

numbering scheme and Figure 6.10 gives the cell packing. )

-

-
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FINAL rmcﬁémx. COORDINATES AND ISOTROPIC THERMAL PARAMETERS (A%)

FOR NON-HYDROGEN ATOMS OF (3,5-BIS-T-BUTYL-

TABLE 6.7

— -

183

1,2-BENZOSEMIQUINONENNEr p.{y—pic) .2 /5DMF WITH STANDARD-DEVIATIONS IN

A

In
Br(1)
"Br(2)
o(1)
0(2}
N(1)
N(2)

. c(1)

c(2)
c{(3)
c(4)
Cc(5)
‘c(6)
c(7)
c{8)
c(9)
c(10)
c(11)
c(12)
c(13)

c(14)

c{15)

c(1§)

\

<~ X
0.1274¢ 1)

0.1732( 1)
0.0326( 1)
0.2019(* 3)
0.1063( 4)

0.1435¢( 5)

0.1161( 5)
0.1869( &)
0.1951( 6)

0.1595( &)

0.1161( 6)
0.1094( 6)
0.1692( 7)
0.1515( 7)
0.1448( 7)
0.0976( 6)
0.0609( 7)
0.0720(_6)

©0.0870( 7)

0.1420( 5)
0.1393( 6)

o

0.1832( 5).
10.2348( 5)

PARENTHESES

Y
0.2189( 1)

0.2619( 2)
0.27474 2)
0.1625( 9)

0.1616( 9)

0.4057(11)
0.0147(11)
0.4742(14)
0.5931(15)
0.6495(15)

0.5869(}ﬁ)‘

0.4697(16)
0.7803(16)
~0.0498(17)
~0.1702(17)
~0.2263(17)
-0.1601(17)

-0.0395(15)

-0.3559(18)
.1240(12)

0.0816(13) -

0.0528(13)
0.0579(13)

e

0.1434( 1)

0.2822( 1)
0.0869( 1)
0.1613(-5)
0.0333( 5)
0.1181( 7)
0.1586( 7)
0.1689( 9)
0.1561( 9)
6.0908( 9)
0.0406( 9)
0.0540(10)
0.0785(10)
0.2181(10)
0.2287(10)
0.1743( 9)
0.1132(10)
0.1082( 9)
0.1840(11)
0.0318( 7)
-0.0349¢( 8)
-0.0282( 8)
0.0377( &)

U/

50.7(7)
78(1)
86(2)
48(6)
52(6)
57(9)
55(9)
55( 5)
65( 5)
56( 5)
62( 5)
67( 5)
91( 6)
71( 5)
78( 5)
65( 5)
72( 5)
63( 5)

—




c(17)
c(18)
c(19)
c(20)
cizi)
c(22)
c(23)
c(24)
c(25)
c(26)
N(3)
¢(27)
c(28)
0(3)

0.2401(
0.1965(
0.0842(
-x8.0512¢(
- 0.0579¢(
0.0877¢(
0.2796¢
0.2803(
0.2766¢

-

0.3314¢
- 0.0 (
0.0464(

"5)
5)
6)
6)
6)
7)
6)
&)
6)
6)
0)

16)

0.000829)

—0.0425(

28)

0.0939(12)
0.1274(13)
0.0753(15)

~0.0148(15)

0.2003(16)
0.0283(18)
0.0280(14)
-0.1062(15)
0.0995(16)
0.0602(17)
0.3868(31)
0.3185(39)
0.4726(47)
0.4976(64)

————

0.1030( 8)— 46¢(

"0.1018(" 8)

-D.1079(
-0.0979(

9)
9)

-0.1300(10)

-0.1712(10)

0.0338(
0.0204
-0.0278¢(
0.1050(
0.2500(

9)
)
9)
9)
0)

0.2922(23)

0.1979(35)

0.1396(43)

42¢(

63(
78(
86(
102(
57
81¢
84 (
90¢(

4)
4)
5)
6)
6)
7)
5)
6).
6)
6)

137(10)

263(15)

200(
&
200(

0)
0)

-

184
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%

INTERATOMIC DISTANCES (A) AND ANGLES WITH ESD'S IN PARENTHESES FOR

In-Br(1l)
In-Br(2)
In-0 (1)
In-0 (2)
In-N (1)
In-N (2)
0(1)-C(18)
0(2)-~C(13)
N(1)-C (1)
N(1)-C(5)
N(2)-C(T)
N(2)-C(11)
0(1)-In-N(2)
N(1)-In-N(2)
Tn-0(1)-C(13)
~— - In-N(1)-C{(5)
In-N(2)-C(7)
C(TY-N(2)~C(11)
C(4)-C(3)-C(6) Y
L C(10)-C(9)-C(12)
0(2)-C(13)-C(18)
C(7)-C(16)~C(23)
0(1)-C(18)~C(17)

2.554(2)

2.561(2)
2.23 (1)
2.21 (1)
2.30 (1)
2.31 (1)
1.27 (2)
<

1.26 (2)
1.36 (2)
1.30 (2)
1.34 (2)
1.34 (2)

86.2 (5

171.1(5)

115(1)
y -

124(1)

[~
117(2)
118(2)
122(2)
118(2)
123(2)
120(2)

Br{1)Y-In-Br(2)

Br(l1)-In-0O

‘Br(2)-In-0

Br(1)-In-0O

~ Br(2)-In-0O

0 (1)-In-0
Br(1)-In—N
Br(2)-In-N

. 0 (1)-In-N
0 (2)-In-N

Br(1)~Ian—N
Br(2)-In-N
0 (2)-In-N
In-0(1)-C(

(1)
(L)
(2)
(2)
-{2)
(1)

(1)

(1)
{1)
(2)
(2)
(2)
18)

In-N{1)-C{1)

C(1)-R(1)—-C(5)

In-N{2)-C(11)

C(2)=-C(3)-C(6) -
C(8)Y-C(8)-C(12)

C(15)Y-C(16)-C(23).
“0(1)-C(18)Y-C(13)

—0(2)-C(13)-C(14}

(3,5-DI-T~BUTYL-4,2-BENZOSEMIQUINONE)NEr 2.(v=PI1C)». 17 2, DMF

103.6(1)
 91.3(3)

165.1(3)
165.8(3)
90. 4(3)

- 74.8(4)

93.8(4)
91.3(4)
86.7(5)
88.0(5)
91.7(4)
94.2(4)
84.9(5)
113(1)
122(1)
115(2)
118(1)
119(2)
120(3)
123(2)
120(2)
120(1)

)



?-pic (C1—C5)

mean C~C 1.368 (4)
mean C-C-C 121 (3)
- C(3)~C(6) 1.51(3)
r—pic (C7-C11)

mean C-C 1.39 (5
mean C-C-C 120(4)
C(9)-C(12) 1.51(3)
Ring (C13-C18)

mean C-C 1.43(5)
mean . C~C-C 120(4)
C(14)-C(19) 1.54(2)
C(16)~-C{23) 1.53(3)
t-bityl group C19-C22

‘mean C-C 1.53(3)
mean C-C—C 110(3)

1-'.—_buty1 group C23-C26-

mean Cc-C

mean C-C-C

-

1.52(2)
110(2)

186

T2

Esd’s on mean values have been. calculated from the scatter
formula o=[ (dl_d)lzlt where di is the ith and d is the mean of N
measurements. .
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FIGURE 6.9 -
1

\ R '
ORTEP PLOT OF THE MOLECULE (C4 4H2002)InBro2y—pic.t/2DMF

o

The atoms are drawn with 20% probability ellipsoids. Atoms with numbers

only are carbon atoms.
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. FIGURE 6.10

THE UNIT CELL PACKING OF (C14H2002)InBrs2-pic./;DMF
-‘l ;
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Table of structure factors and H atom coordinates are aveilable as

supplementary material. )

”

6.4.1 Description and discussion of the structure

The structure of the compound in question contains a number of interesting

- -

features, some of which focus upon the }'nanner.‘ of the bonding 'o‘i-‘ the
semiquinonate ligand. The overall structure of the compound is apparent in th:e
dra.{:'vi/.ng of the molecule (Fig. 4.9) The inditgn atom is essentially in an octahedral
environment with the InO,Br, kernel lying in the same plane and the two picoline
ligands almost perpendicular to t?ﬁis plane. Description of the various features |

are discussed below.

’

Indium-picoline. The two picoline rings are identical within- experimental
error in terms b«P.IN-C bond distances, C~C bond distances, bond angles and
planarity; The N-C and C-C bond distances repbr't.ed in Table 6.8 are essentially
identical to those for Prée picolines. The In-N Bond lengths of 2.30(1} and 231(1) .
& are similar to value.s determined for Cl,IN(0,CCeHs) 2py,*> which are 2.250(5)
and 2.299(4) ﬁ.

For comparison of other features in the st.x;ucture especially the In-N
and In-0 bond distances we shall consider the structure of Clzln(OZCC‘I-ig;).Zpy
and Clzln(acac)bipy215 considering the structure of the bromo-analogue is not
known, furthermore, these are the closest in identities as far as our compound

is concerned.

—- The In-N bond lengths of 2.30(1) and 2.31(1)4 can be compared with the
N Lo

values for the structures mentioned above where the In-N bond lengths trans

to O are found to be 2.250(5) and 2.299(4)R respectively and trans io chlorine
2.300(6) and 227624, '
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~

CHELATE RING BOND LENGTHS(A) FOR SEMIQUINONE COMPLEXES CEARACTERIZED

CRYSTALLOGRAPEICALLY
COMPLEX M-0 c-0 | c-C REFS. -
Cr{TBSQ)= ) 1.933(5) 1.285(8) 14339 214

NiPSQ)2.2py - 2058 1.272(14) 1.44218) 221
Fe(PSQ)a 2.027(3) 1283(5) 1.435(6) 222
IN(TBSQ)Bro2py ;  2220(1) L 1265() 1430(5) This Work

!
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“?} 6.4.2 Mechanism . .

-

One can postulate a reaction scheme for the reactions of indium(l) halides

with the orthogquinones as follows

3

+- InX -
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-

This scheme, according to work presented in this chapter, explains
observations made as far as e.malytical and spectroscopic results depict. The
—- same mechanistic pathway was involved in the orthoqu{none reactions with tin(II)

halides.

The first step of this meehani_sm’is the apparent formation of (SQ');n‘X, _
which would be a mononuclear indit;m(II) species. We, however, did not observe
a spectrum which could be assigned to this structure which was in fact not
surprising as no such molecules are known (See Introductmn.) Nor was any
spec;rum corresponding to the dimer recorded WS NXInly recorded but as
reparted above the f{inal “solution nbtained w1t.h Q@ = 3,5-di-tert-butyl-
i,2-benzoquinone shows the presence of two indium contammg compounds and

the ESR spectrum corresponds to the superr.mpms:.tmn of the spe::t.ra of solvated

(SGIn and (SQ)InX, prepared independently.

The disproportionaticn of the dimer [(SQ'}X)Inlys is believed to involve '\
halide ion transfer, with retention of the semiquinone radical ligand banded

to indium,' following the mechanism prnbused to explain both the p’rncess

IngX%g —> InXj + InX3
and the interactions of In! and Inill halides in solution. This equilibrium lies
to the right, probably favoured by the presence of the bulky é,b-di—tert—butyl—
1,'2—ben205emiquindne equally the relatively high reduction potential of this

ligand inhibits conversion 1o the cateph_dlate form by internal eleciron transfer.

'J:‘his chapter concludes our studies involving oxidative addition reactions

of tin(I) and /inguma) halides with substituted orthogquinone. We have, established
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a convenient route to the synthesis of stable catecholasand semiguinonato
complexes, Speﬁ:,trus_c:opic: and structural studies has helped \ih establishing a
mechanism to explain‘the various steps involved in the formation of these
coxﬁplexes. We do not see this as the end of such studies, but the exploitation
of thése results should further the understanding of electiron transfex.- processes

mr—

involving Main Group elements. -

"l. +,



CHAPTER 7

THE REACTIONS OF InX (X = C1,Br,]) WITE SOME TRANSITION METAL COMPLEXES.

P
THE CRYSTAL STRUCTURE OF In3*(Nis(pa-0)a-Cli(a-Cl)stmen1>"

7.4 Introduction
d

Bimetallic compounds containiﬁg transition metals directly bonded to main
group metals are of gurrent i-x-zterest firstly because of hopes that novel and
useful properties may be associated with these complexes, and secondly becausri
bonds between dissimilar metals are often amen.able to examination ‘W
spectrochemical techniques which cannot be applied to homonuclear derivatives.
The second chapter of this thesis locked at one aspect of tths subject. Again

the driving force behing thé present work ‘'was the use of solutions of indium

monohalides in & mixture of aromatic organic solvent ‘and a neutral donar hase.

-
— -

In the past reactions involving indium m—é;nohalides, and transition metal
&ompounds were carried out under v'igomus conditions. The reaction, for example,
between indium monobromide and Mnz(CQO)4 o required that the reactants be heated
in a sealed tube at 180° to obtain the desired BrIniMn(C0)s),.%° Later reports

showed that the products of indium monchalides with complexes like

[m-CsHsFe(CO) 2z, PhaPAUC], CUCOR(Ph,E), and (RaP)pPLCl, could be obtained

by refluxing the reactants in dioxan.®* . N -

1
The research carried on in this chapter was undertaken primarily in the

hdpe of establishing a more convenient synthétic route to some transition metal-

indium containing compounds. Previous work from this laboratory involved studies
with Co, Fe, and Mn compounds."os-Since one of the principal goalg' of thif9

research was to investigate the synthetic-usefulness of tmen/toluene solution

of indium monohalides, the compounds metals useﬁ in this work were chosen

195
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P

to be consistent with these objectives. The preliminary results obtained are
interestin/g, and show the need for further work. In one case an attempt to
recrystallize the product led to a rearranged product whose crystal structure

was determined by’X-ray diffraction methods.

7.2 Experimental

b

7.24 The Reaction of In¥X (X = C1.Br.1) With Some Transition Metal Complexes

_,The‘standard procedure used in all these experiments involved,—-.;t.u\riz?g‘

a su-s_pension of eqt.zimolar amounts of InX {ca. 3 mmol) and the transition metal

complex with a four-fold .;;cess of tmen (2 mL, 13.é mmol) in 50 mL o;“tnluene.

The temperature of the reaction wa;s held steady at ca. -40°C for 2 h. Slowly

the cold héth was removed, anci stirring continued. As the solution warmed up,

-2 precipitate formed and was collect.ed by-filtration, wasl;ed twice with 18 mL

portions of benzene and dried in vacueo. The producis obtained are listed in

Table 7.1 and analytical data in Table 7.2.

7.3. Results and Discussion

——

- _17.3.1 Preparative

¢

¢ In'the present work,-using very mild synthetic conditions for the reaso'r;s'
discussed in Chapter 2, the general reaction of InX with transition metal halides

is representéd in eqn. 7.4

Ql . -

“InX + LnMX - LnMInX, ()
]

The principal reaction prodgcts were formulaur( as 1:1 adducts, and others as

rearrangement products based on the analytical and spectroscopic data discussed

—-—

below. _ T

e
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TABLE 7.1

- N THE SYNTEESIS OF TRANSITION METAL-INDIUM COMPLEXES

—

Reactants(@) \ Principal Product
{i) (Ph3P),NiCl; + InCl CINiInCl,.tmen
(i) (PhgP)pMClz + InX N (PhaP)MCIN(RICY .
M = Pd,Pt _
(ifi) (COMPhsP) ML + InX  (COXPh3P),MIn(XICL
- M =Fhlr
X=Qpsrl .
—~-*  (iv) PhEgCl + InCl ), ClHgInCl,.tmen
(v) PhHgOAc + InCl . ClHgIn(HgOAC),.tmen
* \
[ 4
L
e
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" ANALYTICAL DATA

&
TABLE 1.2

198

ClEgIn(HgOAc),.tmen

2.15(2.25}

Compnund Reaction® In C H N X=Cl,Br]
CINiInCla.tmen i 20400 198(182)  ADBAD  &TICOD  22.20269)
(Ph3P)>PdCIANCI,) i 13.613.5) - - - 12.6(12.5)
" (Ph3P)2PAClIn(ErIC] i 128 T - - - -
(P?a,;mzpdcuna;m i 12.4(122) = - - -
\{l-h3P)2 PLCUNCl, i 123(122)  45.2(860)  356(3.22) - " 114(113)
(FhaP)aPLCIN(EC i~ 117147 - .- - x
(PhaP)2PLCUnMCI § 1130 - - - -
(COXPhsP)RhINCIZ™ i 1370137 5390529)  4.07(3.603 - 12.742.7)
(COXPhsP)2RhInBrl B 434(13.0) - - - -
(Eomhamzlrmmz i 128028 - — - - 11.5(14.5) -
(COXPh3P)IrInBrel ) B 447048 - - - -
{COXPh3P)lrInICl i 102(142) - - - -
CIHgInClp.tmen v 202(243)  127(134)  274(299) T 492(5.21)  19.8(19.8)
voOALSHLE)  1L4(122) 255(2.84)  354(3.40)

{a) Reaction as described in Table 7.1.
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The principal reaction products were formulated as i:1 adducts, and others as
rearrangement products based on the analytical and spectroscopic data discussed

below. L}

") fPhEP&}{iCIZLInCIItmem (Ph315)2Ni012 which was prepared by literat..ure
method?23 reacted smoothly at low tempefature (-;HJOC) with InCl forming a clear
green solution. As the solution warmed up, a green prssipitate formed and this
analyzed as ClNiInCl,.tmen. Recrystallization of this compound in a 1:1 (v/v_):
mixture of CH;0H/CHCls resulted in liéht green soli;l. A single crystal X-x:‘ay
study (see helow.) revealed that this substance had formed as the result of

rearrangement of the primary product, possibly by this scheme.

: ) :
CINiInClp.tmen CH20B/CHCL3 1ni(tnen), NiaClyOl + InCl,.CHL0H .2)
| - 02 . |
Atmospherﬁc oxygen could have been an-active participant, since recyrstallization

was carried out in an open flask.

-

The filtrate obtained after collecting the precipitate was evaporat;e‘d‘to

dryness to leave colourless crystals which were identified as PhaP by *H NMR

"~ (multiplets in the aromatic region in CD3CN solution) and by ir. (characteristic

bands in the 3000 cm~* region of w(C-E) (aromatics)) and two strong bands

“at 740 and 490 cm™* (C-H out of plane vibration) confirming the presence of

a monosubstituted aromit/i._c}lng and melting point of 82°C (literature value

-~

= ?9°C).22q'
/
‘In the ir spectrum of (PhaP),NiCl, bands occurring at 335 and 306 cm™>

were assigned to w(Ni-C1) and a band 184 cm™ to v(NI=P) in good agreement
with reported values.Z2® The precipitate obtained in the reaction of the nickel

——

complex with InCl as notl.ed above analyzed as CINilnCla.tmen. The far ir of the |

-
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" precipitate reve_aled no.bands assignable Lo a coordinated PhsP ligand. We instead,
observ.ed a strong C-H.{(alkyl) vibration ;t ca. 2980 cm™™ and another strong
band at ca. 1430 qm"‘ ((C~N) of tmen) confirming the presence of a coordinated
tmen. The Isroadne.ss of a band centred at 280 cm™* does not permi—t any definite
assignment to v(M-Cl) (M = InNi). It is clear, though, that the original tetrahedral

'geometry around t.h’é nickel atom in the starting Taterial has been lost since
we did nc;t observe the characteristic vibrations of a. tetrahedral complex in™

the product. We as a result propose the following structure:

n

-

” : lln
.1_
L N\|$h/ Ci
v N
!

{ii) (PhaP¥.MCl,/InX/4men (M = Pd.,Pt): This reaction appear‘s‘ toc have
followed a dif%‘.eren't. route from that with NiE:Iz. The analytical data suggest.ed
a i1 addt.:ct. formation as (Ph3P),MCl..InCl, but ir spectroscopic data did not
support the formulation of a M-In bonded complex. Unlike the nickel complex,
these compounds were only slightly soluble in common organic solvents. The
presence of the PhaP ligand was evideni from the *H NMR spectru'm of
CDC13/CD30D (1:4 v/v) solution since multiplets in the aromatic region were
observed. The lack 6!—‘ resonance signals in the alkyl region of the spectrum
canfirmed the aksence of the ’tmen ligand. The ir specirum in the mid-region

agreed with the *E NMR spectrum. The far ir spectra did not show any significant



et .
changes to the v(M-Cl} of the precursors. Furthermore, no v(In-X) bands were

-

observed. On this basis, we pf-apcse the structure

\ | Ph3 /f-i
PI'I3P/ M\“’

/P My | ’
I;l/ \PPh3

I
Gl

. M=Pt Pd

S'm:h chain-like structures have been cbserved in some pl‘a.t;.inum and palladium
. complexes, examples of which are PtenCl; and Pd dimethylglyoximate. Salts such
as [PLOVE4)4[PLCl, ], [(Pd(NH3)y] [PA(SCN)y] or [CuNH3)4IJIPtClyl also have stacked

cations and anions with stacks of metal atoms linked by halides.Z2¢

~

Unlike the nickel sys't.em, where tmen replaced %_P/qh the nickel, no
such ligand exch-ange ccc:urred in thé Pt or Pd systems. The preference for
one ligand té: the other on these metals can be argued on the basis of soft
and hard acids. According to this ”soi‘t'j and "hard” concept developed by
Pearson,227? P+2* and Pd?* can be classified as type b or "soft” metals, while
NiZ%*, appears on 1Re borderline between type b and type a metals.Z%® It has
- further been established that the relative éo—ordi/native affinity for type b
metals ?ormirx-g ;:omplexes unéer comparable conditions with Group V atoms is

wail  leg -

N <<'P > As > Sb,22® o - ‘

EJ

)
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(ii) CUCOM{Ph P)./InX/tmen (M = Rh,Ir). Results obtained in this section

were similar to those for the Pt or Pd systems, In this particular case, diagnostic
use was made of the sharp v(C=0) mode at ca. 1930 ecm™* in the starting material,
changing to a broad band centred at 1950 emTt in the product. A discussion

of the causes of is broadening is beyond the scope of this dissertation, but

KettleZ2? has discussed a similar effect on some carbonyl complexes, where he
suggest that such broadening could be caused by long r‘ang'e di—p;ole-dipole
coupling. Such coupling appears likely in our complex {see propased structure
below). There is 3 report, thoug_h in the literature of the formation of
CO(Ph3F)zRhINCl; by the reaction of InCl wifh CO(Ph3P)RhCl indioxarf®* but ‘
unfortunately no spectroscopic data are available to make comparisons with the
present work. Camia et al.?3° F,aintain on the basis of infrared spectroscopic
évidence, that the product of the reaction between the isoelectronic SnCl, and
CI(CO)Ir(PhaP)2 is a2 5-coordinate complex with SnCl,; coordinated to iridium
rather than the expected compou_g__g_7 fPhsP)o(CO)rSnCls. A successful iridium~-
tin bonded compound with the formula (COD),IrSnCls has been made®3* by the

reaction of tin(II) dhloride with a sglution of sodium chloroiridate(III) in the

presence of cyclo-octa-1i,5-diene in glacial acetic acid
SnCip + NalrCls + COD - (COD),IrSnCls (7.3)
The crystal structure of this comppund confirmed the iridium-tin bond. 23

The product of our reaction could be polymeric on the basis of its slight
solubility and high melting point (> 300°C). The followiz_j.g structure is therefore

" proposed: "~
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; . M=Ir,Rh

RHgX!InCl/tmen.(X = Cl,DAc). Reactions involving metal halides and
organomercurials have been of interest because of their applications in the
synthesis of organcmetallic compounds. Of partisfular interest and relévance to
our work is the reaction of organomercuric halides with InX.232 The reaction,
presumably, takes place by the insertion of In! into the Hg~-X bond followed
by the extrusion of mercury as in eqn. 7.4 ’\

-H
REgX + InX -+ REgInX, —=5 RInXp (7.4)

The importaz;xce of donor solvents and light in such reactions has been
established. To date there has been no report of compodnds containing Hg-
M bond (M = Main Group III metal), although there a number of compounds reported
with ¥ = 81,2?3 Ge, 234235 3nd S5n.?3%® The first Hg~Sn bonded compound was
bis(triphenylg\{’:annﬁl)mercury, a bright yellow solid prepared by the reaction of
triphenyistannane with di[bis(trimet}iylsilyl)amidu]ﬁxercury in 2:1 mol ratio at; room

bemperaturezex'

2Ph,SnH + [(MesSi)2N1,Hg - (PhaSn),Hg + 2(MesSi),NH (7.5)

The product is much less stable than the silicon or germanium analogues. The

crystal structure of the silicon analogue has been determined by Oliver and
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his group thereby confirming the existence of the Si-Hg bond. 233

The reaction between PhHgCl and InCl under the mild conditions of aur
reaction led te the isolation of PhaHg from the filtrate and a greyish white
precipitate which analyzed as a rearranged produ-ct., ClHgInCl,.tmen. The PhoHg 7
::ras jdentified from melting point, *H NMR, ir and mass spectral data. The iy
NMR in CD3CN showed multiplets in the aromatic region of the spectrum, and
was supported by the ir spectrum which had characteristic vir.srat.ional bands |
assignable to the in-plane and out-of-plane vibration of aromatic C-H. In

2 was assigned to w(C-Hg) The

addition a strong absorption band at 540 cm
mass spectrum in the field desorpﬁon Emde had a cl-uster of peaks with the |
highest intensity peak at m/e = 356 (thHg"'); a second cluster with the highest
iptensity peak at m/e = 217 was not identified. The compound melted sharply

at 123°C (literature value Fc-:r-'thHg = 125°9C).22"

The ir spectrum of the precipitate in the mid-region confirmed the presence
of a coordinated tmen ligand with. a T-H (alkyl) vibration at ca. 2900 em ™
and stropg C-N vibration at ca. 1420 cm™%. Characteristic In-N vibrations were
identified in the far region of the specirum in the region between 380-500 em™2

{see %]’f‘ap&er 2). A broad band centred at 280 em™* was assigned to v(In-Cl).
- A band 33132 cm™* was assigned as v(Hg-Cl). On this basis we propose the

following structx‘are for our compound.

Gl- I/H
L ,!\"
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The reaction with PhHgOAc also lead to the formation of PhoHg which
was identified as described above. The- second product which precipitated out
of the reaction analyzed as Hgs(0Ac)s InCl.tmen. The pf-esence of the coordinated
tmen ligand was identified by the presence of three bands in the 380-500 cm™*
region of the ir spectrum. Based on work in Chapter 2 these bands were assigned
to w(In-N). The absence of a band at ca. 300 cm™T excluded the presence of
wIn-Cl). & band appeariﬂg at ca. 130 cm™* was tentatively assigned to v(Hg-
Cl). The presence of a coordinated acetato ligand was confirmed by strong
stretching modes at 1440 and 1568 cm™2. We were, however, in no position to

determine to which metal the ligand was coordinated.

FromThe evidence available thus far, it is difficult to assign a structure
for this «prc_ggct., and the amorphous nature as well as the low solubility of

this product in common organic solvents hindered any attempt to grow single

crystals to allow the determination of its structure by X-ray diffraction studies.

7.4 The crystal and molecular siructure of In 3 INin(ua=0)us—Cl(u-Cl)a .

tmen,)> CHCl-

Details of the procedure for data collection, processi;'xg and refinement
of the structure are givenJ in Chapter 1. Table 7.3 gives a summary of crystal
data, intensity collection and structural refinement. The position of In was
determined by a sharpengd Patterson synthesis and subsequent difference maps

revealed the remaining atoms. The structure :was refined by full m'atri:-c least

—

squares me*hods, with all nan-hydrogen atoms being treated anisotropically. The
a ‘ N

refinement cenverged at R = 0.0640 and Ry = 0.0692, at which stage some peaks

appeared in the difference map at plausible hydrogen atom locations. All hydrogen

atoms were subsequently included in idealized positions with C-E = 0.95R. Isotropic
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TABLE 7.3

SUMMARY OF CRYSTAL DATA, INTENSITY COLLECTION, AND STRUCTURAL

REFINEMENT FOR In®*{Ni5(ju3-OMuz-Cl)p-Cl)stmen33> ~.CHCI,

A

\

_— 0 e e e e e e e

cell const.ants'

cell volume (&%)
crystal system
 space group

mol. wi.

Z, F(000)

P Po (g CB )

abs coeff, cm ™)
min abs corr

max abs corr
radiation
monochromatar
temp (°C)

20 angle () .

scan type

scan width |

bkgd time/scan time
total reflens measd
unique data used
no, of parameters (NP)

R=CIFoHF Vsl ob

11.204(2), 11.839(4), 15.770(5) ],
116.74(2), 95.3%(2), 95.27(2)°

1839.4(8)
triclinic .
Pi
910.4
2,918
144, 1.60
‘25.28
1.052
1.087
MoKe, 2=0.71069 &
highly oriented graphite
" )
4-45
coupled® (crystal}/28 (counter)
K“:L
05

-1‘? to Kq+1°

3256 (th,tk*1)
2517 1 > 3c (M1
239

0.0580



BBl o F 2 2o /2

| ~Apmax (e 3'3)

shifi: error (max)

00667

i3
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thermal parameters for all hydrogen atoms were assigned values 0.014 (A%) greater
than those for the Appropriate (bonded) carbon atoms. After six more cycles
of refinement, convergence ‘was achieved with the final R = 0.0580 and the final

Ry, = 0.0667 for 2519 unique "observed” (I > 3 & (I)] reflections.

Positional and thermal parameters are given in Table 7.4, and interatomic
distances and angles are listed in Table 7.5. Tables of structure factors,
anisotiropic thermal parameters and hydrogen atom coordinates are available as

supplementary data.

Figure 7.4 shows the molecule with the atomic numbering scheme, and Fig.
7.2 gives the cell packing; hydrogen atoms are excluded from Fig. 7.2 for the

sake of clarity.

In ordex; to assign charges to the indium and nickel atoms the following
argument was used. A cross—section of one third of the anion is presented as
follows: - — .‘
O ' -
N2

%
Nl
| iz
Cl4

Oxygen(B) being a triply bridging atom will then carry a charge of "'2/3, the
triply bridging chlorine atom (Cly) will have a charge of "‘f3 and the {wo
bridging chlorine atoms Cli, C12 then will have charges of "'/z each. The total

charge of these electronegative atoms is then
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TABLE 7.4

* FINAL FRACTIONAL COORDINATES AND ISOTROPIC TEERMAL PARAMETERS FOR

NON-EYDROGEN ATOMS OF InlNix(u3-0Xua-Cl(p-Cl)atmedal.CHCl; WITH

-

In

Ni (1)

Ni(2)
. Ni(3)

c1{1 )
ci(2 )
Cl(3 )
Ci(4 )
c1(5 )

ci(e)

Cl(7 )

o

N(a )

N(2 )
N(11)
N(12)
N{21)

N(22)

STANDARD DEVIATIONS IN PARENTHESES

X
0.4311( 1)

0.2237( 1)
0.0203( 1)
0.2072( 1)
0.0896( '3)
0.3591( 3)
0.0323( 3)

0.0629( 3)

0.3991( 6)
0.1841( 6)
0.2974( 6)
0.2241( &)
0.2435(10)
0.3956( 8)

-0.1545( 9)

~ 0.0247( 8)
0.3314( 9)
0.1716(10)

y
0.3300¢(

0.7547¢
0.5526¢(
0.7047¢(
0.6220¢(
0.8607¢(
0.5368(¢(
0.7918(
-0.0475¢(
0.0238¢(
0.1729¢(
0.5985(
0.9225¢(
0.7214(
0.5272(
0.3547(
0.6349¢(
0.8233¢(

1)
1)
1)
1)
3)
3)
3)
3)
5)
5)
5)
6)
8)
8)
9)
8)
9)
S)

2
0.2213(
0.4367(
0.2941(
0.2290(
0.4651(
0.3618(
0.1344(
0.3481(

~0.1074(

~0.0272¢

- =0.1027¢(

0.3021¢

0.5708(¢

0.5089¢(
0.2876(
0.2545¢(
0.1280¢
0.1633(

1)
1)
1)

1)

2)
2)
2)
3)
4)
4)
4)
4)
7)
&)
7)
6)
7)
7)

Uaq/u-10°

62.8(7)
39(1)
38(1)
42(1)
48(2)
54(2)
61(2)
74(3)
144(4)
134(4)
140(4)
38(4)

" 57(6)
42(6)

57(7)

43(6)
52(7)
61(7)
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¢ - - 0.3240(15). 0.0816(14) =-0.0421(11) 89(5)
c(1) 0.2752(15)  1.0433(14)  0.5678(11) BS(5)
c(2) 0.1309(13)  0.9256(13)  0.6038(10) 75(4)
c(3) ©0.3336(20)  0.5005(20) 0.6337(15)  133(7)
c(4) 0.4237(19)  0.8315(18)  0.6033(14)  127(7)
c(5) 0.5054(16)  0.7137(15)  0.4655(12)  97(5)
- ¢(8) 0.3770(13)  0.6028(12) 0.5175( 8)  70(4)
c(11) ~0.1936(14)  0.5833(13)  0.3804(10) 80(4)
c(12) ~0.2151(14)  0.5765(13)  0.2285(10) 82(4)
c(13) -0.1869(17)  0.3835(15) °0.2330(12)  102(5)
c(14) ~0.1045(14)  0.3196(15)  0.2610(11) 89(5)
c(15) 0.1008(14)  0.3216(13)  0.3184( 9) 75(4)
c(16) 0.0508(12)  0.2748(12)  0.1570( 8) 65(4)
c(21) 0.2851(14) 0.4997(13) 0.0571(10) 76(4)
c(22) 0.4562(13)  0.6420(13)  0.1712(10) 73(4)
c(23) 0.3309(16) 0.7130(15)  0.0829(11) 94(5)
c(24) 0.2262(17)  0.7664(17) 0.0726(12)  112(6)
c(25) 0.2185(19)  0.9530(18)  0.2230(15).  135(7)

c(26) 0.0463(18) 70.8145(16) 0.1297(13) 109(6)

a Ueq for atoms other than carbeon is calculated from the refined anisotropic

thermal parameters (Ueq = */3E;T5U; ja%;a%;2;.a;). Carbon atoms are refined

isotropically. \

“
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somz\mﬁomﬁﬂ'r Wc DISTANCES (&) AND ANGLES (%) FOR

In3*INia{ua-ONpa-Cl) (u—Cstmena®T.CHCl; WITE STANDARD DEVIATION IN

PARENTHESES -
Ni(1)-Cl(%) 2435(3) Cd--Qe) 16280
Ni()-Cle2) 2442(3) ClUH-Ni(1)-Cl(4) B4(1)
Ni()-Clh) 2.536(4) CUD-NitD)-CIth) £2.30)
Ni(-0 2010 CIL-Ni(1)-0 838
Nith-N( 2455(8) CI2)-Ni()-0 83.2(2)
Ni(4)-N(2) | 212408) CLM-Ni(1)-0 78.0(2)
Ni(2)-Cl(®) 2.428(3) CUL-Ni(-N() 94.5(2)
Ni(-CI3) 2.435(3) CH2-Ni(4)-N(4) no )
Ni2)-Clt4) 2.543(3) CLA-Ni(-N(0) 95.02)
Ki-0 2.058(7) O-Nit4)-N(1) 172.063)
Ni2)-N(L0) 24629 CUD-Ni)-N(2) 97.00)
Ni-N(2) 2.42108) CIR-Ni-NE) 965(2)
Ni@-C12) 2.444(3) CI4>-Ni(1)-N(2) 179.42)
Ni(3-CI3) 2452 O-Nit-NE) oL@ -
Ni3)-Clt4) 2.548(3) N()-Ni¢)-N(2) 85.8(3)
Ni(@-0 20626) Cl-NiR-CID) 16340
NiG-NQ0) 2;;4&(8) | CIA-Ni2-CI(H) 83.4(4)
Ri@-NE2) 2446(8) CUL-Ni2)-C1(4) 83.4(0)
Ni(3-Ne2) 2.43009) QErlio-a®w  8BIw
am-c L7640 CUD-RiE-0 84.2(2)
Cuer-C L7342 QN0

83202)



SN

QUE-C-CA(6)
a-c-cim
-t-:1{6)-C-C](7)

tmen ligands?
mean N-C

mean C-C -
mean Ni-N-C
mean C-N-C

mean N~C-C °~

In.C1(5P

1.75(2)

109.4(8)
111.9(8)
102

g -

137Q3)
114(8)
108(4)
11&5)

3922

Cl4)-Ni(2-0
CH»-Ni)-N(14)
CL4-Ni(2-N(1D)
O-Ni2)-N(i8)
CUD-Ni(2-N(12)

Cl-NiR)-N(12)

O-Ni(2-N(12)
N(44)-Ni(2-N(12)
C1-Ni(3)-CUD)
C1)-Ni(3)-Clt4)
CI3-Ni(3-Cl(4)
CI)-Ni(3)-0
CI(3)-Ni(3)-0
CH4)-Ni(3)-0
Cl2)-Ni(3)-N(21)

 CI@-Ni@-NEY)

CH4-Ni(3)-N(21)
O-Ni(3)-Nic24)
CI2-Ni(@-N(22)
CUB-Ni(3)-NC2)
CI4)-Ni(3)-N(22)
O-Ni(3)-N(22)
NEO-RiG)-NE2)
Nit)-Cl(L-Ki(2)
Ri()-C12)-Ni(3)
Ni@2)-CI13)-Ni(3)

:51vd)
96.5(3)
95.2(3)
17343
94.7&)
177.83)
104.3(3)
85.6(3)
162.8(1)
83.4(4)
2.9t
83.3(2)
B2.7(2)

272)

95.363)
1783
102.4(3)
9653
95.8(3)
94,3(3)
172.93)
84.703)
720D
76.8(1)
762()

212



Ni(1)-Cl(4)-Ni(2) 73.2(4)
A .
Ni(4)-Cl(4)-Ni(3) ‘73814

Ni(2)-Cl(4)-Ki(3) 7340
"Ni(4)-0-Ni(2) 9443 -
' Ni()-0-Ni(3) 94.5(3)
Ni2)-0-Ni(3) 94.5(3)
2]

a Esd’s on mean values have been calculated with the use of the Scatter -
formula ¢ = [z(di—'cf)zl(N-i)Z!"/z, where d; is the iLh and 3 is the mean

of N equal measurements. .

b Symmetry equivalent position is 1-x, -y, —z. 7 ‘ . <
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FIGURE 7.4 -

ORTEP PLOT OF TEE MOLECULE

In>*[Nia(a-0Mpz-Clu~Cl3tmen 33> ".CHCly

The atoms are drawn with 20% probability ellipsoids. Atoms with numbers

. only are the carbon atoms. -
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FIGURE 7.2

UNIT CELL CONTENTS OF TEE MOLECULE

In?H INis (pa-0)(ua-C(u-Cl)stmen 1% .CHCl5

Hydrogen atoms are omitted for clarity. In cations are shown as ellipsoids

" with axes.
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Assigning a charge of +1 1o the nickel atom then leaves one third of the anion
a charfe of —i. Consequently, tke whole anion will‘t.hen carry a charge of -3
making the indium atom a +3 ion; which will be an acceptable charge for the
indium atom under our experiment_al condition. Alternatively, if one were to assume
a charge of +1 to the indium, then the nickel atom will then, on the basis
of the present argumént, carry a charge of 5/3 which is hig"hiy unlikely. If
this argument is correct, then this structure is the first nickel(I) complex in
an octahedral environment, Because of the uniqueness of this structure, it is
impossible to make any compariscons invoivi/r;g hond lengths and bond angles.
Compounds with bridging and cai:ping electronegative atoms are known in the
chemistry of Mo and. W, ’For' example, the crystal structure of
W303015(020CH3)(PBn3)3,237 revealed the presence of a ifiply bridging chlorine
atom to the tungsten a‘t.oms and another example from this group is Pound
(‘\n the [Mo30C1a(02,CCHS)53(H.0)51% ion which includes a tmply bmdgmg oxygen

to the tma‘t,al.tg

el
In the present structure, the three nickel atc;ms of the anion form
equilateral triangle with average Ni ... Ni distance of 3.032(4)& which is clearly
a hon-bonding distance since values in the range of 2.5 327 have-been determned
for Ni-Ni bonds.’as The Ni .. N .. Ni angle is 460.004)°, in good agreement with
eﬁuilatera! triangle formulation for the tl?x’*ee nickel atoms. The Ni atoms are
bridgéd by three Cl atoms with an average Ni-Cl distance of 2.439(4)& and Ni-
C1-¥i angle of 76.8(2)°. A Ni-Cl bridging disf.ance‘fdr: the compleg: [NiCO)4(CaCly)2d.
has been found to be ;.23815.239 Both values aré longer th:n the terminal Ni-
Cl bond distance of 2.269A in the Ni(lI) complex (Me3SiCH,)(PMe)aNiCl. These

- ~ .
comparisons should be treated semiquantiatively since identical molecules are

“

PR
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not knoﬁn. The triply bridging chlorine atom Cl{4) has an a.verage distance
of 2.532(10)& which as expected isignger than the doubly br‘idgin_g Ni-Cl di'..-:tance.
From the other side of the bridging Cl(4) is an oxygen atom whigh caps the
Ni; triangle with an average Ni-O distance of 2.063(8)& and O-Ni-O of 94.6(2)°..
A Ni-O bond Qis{an;e of 1.94A has been determined for the cationic complex
(NillS0,Me(PPh,CoHy)2PPh1*BPhy ~.2'*2 The sum of the ionic radii (Pauling) of
Nié"%d 0%~ is 2.09A, so_a distance of 2.069A found in our case seems to be
acceptable although the Ai‘ormal charge of nickel is +1i, and dictates a lcnéer

ionic radii, ' w
t
The tmen ligand is bidentate to each Ni atom, with an average Ni-N

ﬁistancc of 2.140(10)A. Each Ni atom, therefore, has a distorted octahedral
geomw-axial Cl1-Ni-Cl angles averaging 163.0(2)°, which is less than the

idealized 180°. As a result ithe three octahedra share faces thus:
face O,Cl(1), Cid) common’between Ni(i) and Ni(Z)’
face 0,C1(3), Cl{4} common between Ni(2) and Ni(3)
face O,Cl(2), Cl(4) common between Ni(1) and Ni(3)

and all the three octahedra share the edge 0-Cl(4). This edge is coincident
with the direclion of an approximate three fold symmetry. The anion is bisected

by th_r‘ee planes : v S
“ - plane 4 Cl(4), O, Cl(#), Ni(3), N(21), N(22)
plane 2 CI(33, O, C1(4), Ni(d), N(1), N(2)
;;l;n‘e 3 €12), O, Clt4), Nic2), Nit@i)‘. N(i2)

Since these planes iﬁclude.the 3 fold axis 0-Cl(4) and the interplanar angles
being ~ 40°, this anion has approxinate Cy symmetry.

N
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The short C-C and C-N interatomic distances found in the tmen ligands
(see Table 7.5) r-‘equire some additional comment. Previous studies on the tmen
complexes of copper (Cu(tmen)Clzls,2*Z [Cuttmen)OHIzBr2,2%2 CutNOa),.tmen,2**

Cu(CIC,H202)-tmen, Z*% and in the sodium complex NaCgHetmenZ*® have reported

C-C and C-N distances in the range 1.43-1.51&. These /wcc'\n:ltes,/although commonly

observed, are short, particularly when compared t.o‘ the normal value of a C-
C distance of 1,544 There have been attemptsZ*? to rationalize the causes of
the shortening e.ffect encountered in ethylenediamine (and related ligands)
complexes, and has been concluded that these ligande are somewhat flexible and
responsive tt;a the demands of the system in which they find themselves. The
distances measured in this work ére in the range 1.37-4.508 in good agreement
with values determined for the complexes LCu(tmen)SO..(OHzlzl.Hzoz'm «and
InzBrgl.Ztmen.:” In these coinpli.:xes the measured angles about t.he. N-C-C-N
Iigan'f:'l backbone were 114.5 and 1146.8% and 117 and 120° respectively. These values
aré considerably larger than the angles in the other tmen complexes listed above,
which arg within +2° of {the normal tetrahedral value of 199.50. In this case,
the sh‘urtening of the C-C distance was attributed to the severe distortion
imposed on the backbone of the ligand. In keeping with this, we also observe
that the angles C-N-C (108%) and N-C-C (116%) are also considerably different
than the normal tetrahedral value, and therefore, it seems possible that similar

arguments apply here.

P
Finally, the cation In®* is isolated with only long range contact to one
of the chlorine atoms of the solvent of crystallization CECl, with a distance

of 3.800&,

In conclusion, we would like to emphasize the fact that results presented

in this chapter are intended to be a prelude to an interesting synthetic approach

[

A



219

to new indium cgntaining complexes. One important point to note though, is

that insertion reactions as we have demonsirated, take place easily when the

substrate invalved contains only gne M=X bond. It is our hope that these results

will make a signif‘icant contribution to the studies of the reactivities of low

axidatioﬁ state metal halides in Main Group Elements.

L
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