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SUMMARY

The solution chemistry of solvated cations, [Fe(NCMe)6]2+,
mum@@ygﬁ mumm@%g&)[mxmwﬂé3*mm[1m@bbryin
acetonitrile is described in this thesis; The ligands used in
39 NMe3,
pyridine (py), PMe3, P(OMe)3, MeZS and tetramethylthiourea(tmtu).

this study are the simple N,P and S-donor species such as NH

Macrocyclic N-donor ligands such as 1,4,8,11-tetraazacyclotetradecane
([14]—aneN4) and 1,4,8,12-tetraazacyclopentadecane([15]—aneN4), are

also used in some cases.

A 29571 n.m.r. study of the T1' salts having diamagnetic

complex fluoroanions, PF, and WF., in MeCN solﬁtion indicates a high

6 7’
field shift of the 205Tl n.m.r. resonances with an increase in salt
concentration. The increase in the concentration of the TlI

salts with paramagnetic anions, MoFg and UFg, on the other hand,
results in a low field shift. The concentration dependent
behaviour obseh&ed for 2OSTl n.m.r. resonances in the TlI salts, in

MeCN indicates that some degree of ion-pairing is present in these solutions.

The effect of paramagnetic anions on the 205Tl resonances in the TlI

salts is far greater but their effect on 7111 is very small. It

3+

is suggested that T1™ is more effectively solvated by MeCN as compared

with T1¥ hence direct ion-pairing is less important. The 205Tl

shielding of T11 and T1M1T

I11

is decreased respectively in the presence

of T1 and TlI.

Coordinated acetonitrile in the cation [Fe(NCMe)6]2+, is

replaced readily by NH3 and pyridine (L) at room temperature to form

2+; N ligand is coordinated to FeII under normal

[FeL6] Only one Me

3
conditions to form [Fe(NMe,) (NCMe) ]2+. The reaction of [Fe(NCMe)6]2+

3 5
with tmtu in MeCN presumably results in the formation of [Fe(tmtu)6]2+

whereas no reaction is observed when Me28 is reacted with [Fe(NCMe)6]2+.



The cation, [Fe(lMe,)(NCMe) 12", reacts with P(OMe)

5] 3 in MeCN

3}5(NMe3)]2+ as the final product. The
reaction involves a stepwise substitution of P(OMe)3 for coordinated

31

3
solution forming [Fe{P(OMe)

MeCN and is followed by P—{TH} n;m.r. spectroscopy. The

formation of the first low spin species, cis and trans—[Fe{P(OMe)B}z—

3)(NCMe)3]2+ is followed by stopped-flow spectrophotometry and
31

(NMe

confirmed by P—{1H} n.m.r. spectroscopy. The species,

[Fe{P(OMe) (NMeB)(NCMe)3]2+, on further substitution forms

3}2
2+
fac-[Fe{P(OMe)3}3(NMe3)(NCMe)2] .

product, [Fe{P(OMe) ) (WMe )]2] from fac-[Fe{P(OMe)

The formation of the final

35 3}3

occurs via the route in which the cation, trans-[Fe{P(0OMe)

(NMe (NCMe)2]2+

3)

3 3)-

(NCMe)]2+ is dominant whereas in the [FeL6]2+ (L = NCMe or py) and

P(OMe)3 systems, the route involving the cation, cis-[Fe{P(OMe)3}4L2]2+
is important.

The cétions, [FeL6]2+, L = NCMe, py or NH ]2+

,and [Fe(NMe,) (NCMe)

3 3 5
react with PMe? in MeCN at room temperature forming low spin iron(II)

cations with three ligated PMe., molecules. The dominant cations

3
are the fac-[Fe(PMe L3]2+ or fac[Fe(PMe,)(NMe.,) (NCMe) 2+, The

3)3 3’3 3 2]
complexes having four ligated PMe3 molecules, cis-—[Fe(PMe3)4L2]2+ or
cis—[Fe(PMe3)4(NMe3)(NCMe)]2+ are present only in trace quantities.

The replacement of nitrogen donor ligands by PMe3 at iron(II) in MeCN

is very fast as compared with P(OMe)3. The reactions are complete

within the time of mixing the reactants.

2S or Me3N in MeCN does not

result in the coordination of the ligand whereas the cations, [CuL4]+

The reaction of [Cu(NCMe)4]+ with Me

L = PMe3 or tmtu, are formed when [Cu(NCMe)4]+ is reacted with PMe

or tmtu. TlIUF6 reacts with le,N or MeBP(L) in MeCN solution

forming insoluble TlI salts, [Tle][UF6]. Dimethyl sulphide on the

3

other hand does not react with TlI in MeCN solution.



(iii)

The cations, [Cu(NCMe)6]2+ and [Tl(NCMe)6]3+, react with Me2S,

Me3N, Me3P and tmtu, in MeCN solution undergoing redox reactions.

Solvated Cu2+ and solvated Tl3+

cations in these redox reactions
are reduced to the +1 oxidation state whereas the ligands are
oxidised to the corresponding monomeric radical cations; The
radical cations, Me28+‘ or Me3N+' formed in the redox reactions

involving Me2S or Me3N, combine with free ligands forming the dimeric
radical cations, [MeZS—SMe2]+' or [Me3N—NMe3]+'. The dimeric
radical cations then lose methyl radicals, Me®, forming the cations
[Mezs—SMe]+ or [MeBN—NMe2]+. The methyl radicals dimerize forming

ethane. In the redox reactions involving PMe, or tmtu, the

3
radical cations, PMeg' or (Me?N)2C5+'Peact with other radical cations

forming dimeric dications, [Me P-PMe3]2+ or [(Me.N).CS=SC(NMe,) ]2+.

3 22 2’2
The reactions of [Cu(NCMe)6]2+ with Me,S, Me N and tmtu (L) in MeCN
are followed by conventional electronic spectroscopy. The electronic

~

spectra consist of two bands, the low energy band is assigned to the
species, [CuLX(NCMe)6_X]2+, (x = 0-2) in which MeCN is the predominant
ligand and the high energy band is assigned to the more highly
substituted species, [CuLX(NCMe)6_X]2+(x = 3-5). These highly

substituted species are assumed to be redox éctive.

The cation, [I(NCMe),]°¥, reacts with Me,S, tmtu, 2,2-bipyridyl,

2
[14]—aneN4 and [15]-aneN4 (L), in MeCN solution, undergoing

substitution reaction to form the cations, [ILn]+, n = 2 for Me,S,

tmtu and 2,21bipyridyl, and n = 1 for [14]—ar1eN4 and [15]-aneN4.

The reaction of [I(NCMe)2]+ with PMe, is complicated. The cation

3
, in MeCN solution acts as an oxidising agent but it is

[I(NCMe).]F

5]
stabilized by the substitution of MeCN with the above mentioned ligands.

The iodine (+1) complexes prepared in this work are investigated

by cyclic voltammetry. The stabilizing ability of the ligands



(iv)

+
is evident from the size of the respective L /I' couples of the

complexes.

The cation, [Fe(NCMe)6]2+ reacts with [14]-aneN4 or [15]-aneN, (L)

4
in MeCN solution forming [FeL(NCMe)2]2+. Iron (II) in the cations,

[FeL(NCMe) ,]°%, is oxidised to Fe''" using No* as an oxidising agent.

The oxidation FeIE——}FeIII in these complexes is possible because of

the high stabilizing ability of the ligands.




" CHAPTER ONE

~ INTRODUCTION



A considerable amount of work in inorganic chemistry is carried out
in solution, for this reason alone solution chemistry is a worthwhile
area for study. The majority of inorganic reactions have naturally been
carried out in aqueous medium and the behaviour of a large number of
cations, having different oxidation states, is well established. However,
some cations have oxidation states which are unstable with respect to
hydrolysis or oxidation, or can not be prepared at all in aqueous soluﬁion.
For example aqueous solutions of iron(II), in the absence of complexing
agents, contain the pale blue green hexa-aquo ion, [Fe(H20)6]2+, which is
unstable with respect to oxidation by molecular oxygen.1 The oxidation
of iron(II) £o iron(III) by molecular oxygen, in acid solution is

represented by equation (1).

2Fe™t + 1, 0, + 2 —a 2Fe 4 B0 (1)

= 2
The oxidation process, in basic solution is represented by

equation (2).

+ OH™ EO= -0.56V (2)

1/2 Fe20 3H,0 + e

3 5 Fe (OH)

2 (s)
In neutral solution, the oxidation of Fe(II) to Fe(III) by molecular

oxygen, may involve a reaction between FeOH' and 020H-.

Iron(III), in aqueous solution, is unstable with respect to
hydrolysis, unless the pH of the solution is around zero. The hydrolysis,

. s ey 2
in the initial stages, is governed by the following equilibrium constants.

[Fe (H,0) 17— [Fe(HZO)S(OH)]2+ + B pK = 3.05 (3)
[Fe (H,0), (0H) 12— ——(Fe(H,0),, (OH),, ¥+ v pK = 6.31 (4)
2lFe (Hy0) 1 i [Fe(H,0), (OH) Fe(H,0), 1% + 28" pk = 2.91 (5)



The dimer, in equation (5), has been formulated as:3

- - 4+
OH
(H,0), Fe — \\\\\\\ Fe (H,0),

/

The formulation with a linear Fe-0-Fe bridge has also been proposed as an

OH
L

alternative.é

+
RH20)5Fe-o-Fe(H20)5]4

In aqueous solution, the Cu(I) ion is very unstable with respect to

disproportionation to Cu(II) and copper metal, (equation 6)

+ 2+ o
2Cu ———> Cu + Cu

(6)

because of the high heat of hydration of the divalent ion.5 However,
Cu(I), in aqueous medium can be stabilized by complexing with suitable
ligands. The usual stereo-chemistry is tetrahedral as in complexes,
3- + 9 . .
[Cu(CN)4] and [Cu(py)qj but lower coordination numbers are also
-7 8 _ 7 8
known such as [CuClz] y [Cu(NH3)2]+, , [CuCl3]2 y [Cu(NH3)3]+ and

o 9
[Cu(cN) ;).

Thallium(III), in aqueous solution is extensively hydrolysed to
[Tl(OH)2]+ and the colloidal oxide even at pH 1 to 2.5. The presence of
Cl™ ions, in aqueous solution, stabilizes Tl3+ forming the very stable

T1012+ (aq) species.1o

Oxidation states of the cations, in solution, can be stabilized, not
only, by the addition of suitable ligands but also by using a suitable
solvent, The cations, classified as hard acids, prefer to form stable
oxidation states in solvents grouped as hard bases whereas those termed as
soft acids prefer to form stable oxidation states in solvents grouped as

soft bases. Thus the cations having oxidation states, unstable in water,



can be stabilized by using a suitable non-agueous solvent. The use of
non-aqueous solvents also enhances the field of redox reactions as water
is attacked readily by oxidising agents with standard potentials greater
than about 1.70 V and by reducing agents with oxidation potentials below

about -0.40 V.11

1:1 Cations in Solution.

The behaviour of a cation in solution can be interpreted in terms of
ion-solvent interactions which mostly involve the Lewis acidity and Lewis
basicity of the ion and the solvent r'espectively.12 There are, however,
some special cases such as hydrogen bonding interactions involving donor
properties of the solvent and the acceptor properties of the anion, and
dispersion force interactions. Some of these interactions are inter-
related, for example hydrogen bonding properties of the solvents
influence their structure. It is, however, convenient to explain
solvation phenomena by singling out a particular interaction when it is
clearly dominant. Examples are, the hydrogen bonding interaction between
chloride ion and water; the dispersion force interaction between tri-iodide
ion and dimethyl sulphoxide (DMSO)}, and the covalent bond formation between
acetonitrile ligands and cut or Ag+.

The molecular environment in the solution of a particular cation, (a) in

water and (b) in an aprotic solvent, is illustrated in Figure 1.12



(a) ' (b)

Figure 1. Schematic diagram to indicate the molecular environment
in the solvation of a particular cation (a) in water and
(b) in an aprotic solvent.

Region 1 is the primary solvation shell of the cation. Often it is

the formal co-ordination shell of ligands having a co-ordination

number of ﬁ.or 6. This is the ordered region and“its formation produces
a loss of'entropy relative to that of the pure solvent if the new order
is more developed than that of the pure solvent. The extent of this
entropy loss depends on the difference in entropy between solvent
molecules in regions 1 and 4, Solvents like water and formamide have

an extensively ordered bulk structure whereas acetonitrile and dimethyl-
formamide have much less ordered bulk structures as indicated by their
lower Trouton constants.13 Thus simple cations experience less entropy

loss in water as compared with acetonitrile and dimethylformamide.



Region 2 is the secondary solvation shell. In water, the
electron withdrawing effect of the cation on the primary waters of
hydration, encourages them to hydrogen bond to secondary waters of
hydration (Figure 1(a)). The volume of this secondary shell varies
greatly with the nature of the cation, being large for small ions of
high chérge and small or negligible for large monopositive cations.
In non-aqueous solvents much less structured than water, for example,

acetonitrile, region 2 is absent (Figure 1(b)).

The region 3 is the disordered zone separating the ordered region
1 from the differently ordered region 4 which corresponds to the bulk

solvent.

The model of a cation in solution, represented in Figure 1, is
dynamic not static.14 Solvent molecules move between the various
regions at rates characteristic of the cation, the solvent and the
conditions such as temperature. This model is based on the
experimental evidence derived mainly from thermodynamic parameters
such as free energies, enthalpies and entropies of single ions in

solution.

1:2 Acetonitrile - an Aprotic Solvent.

A number of protonic and aprotic solvents are available for
studying the non-aqueous chemistry of cations. Protonic solvents
such as liquid ammonia, are mostly self-ionizing with the ionization
taking place through the transfer of a proton from one molecule of the
solvent to another. This results in the formation of a solvated
proton and a deprotonated anion. The solvents which do not involve the
transfer of a prdton are called aprotic solvents and may conveniently
be divided into three gr'oups.15 Solvents such as benzene and cyclo-
hexane, form the first group, are non-polar, do not undérgo self-

ionization and thus behave as non-solvating agents. The second group



consists of solvents that are polar yet do not ionize to an appreciable
extent. Examples of this type are, acetonitrile (MeCN), dimethyl-
acetamide (DMA), dimethylsulphoxide (DMSO) and sulphur dioxide. They
are good co-ordinating solvents because of their polarity which ranges
from low (SOZ) to extremely high (DMSO). Most of the solvents
belonging to this group are Lewis bases. The third group consists

of those solvents that are highly polar and auto-ionizing. An

example of such a solvent is bromine trifluoride.

Acetonitrile is a dipolar, aprotic solvent and has been proved
to be a good solvent for studying the non-aqueous chemistry of
cations.16 Its physical properties, m.pt. = 228 K, b.pt. = 354 K,
make it an ideal solvent for vacuum line work at ambient temperatures,
and it can be handled easily in greaseless, Pyrex apparatus. It has
a relatively high dielectric constant, 37.5 at 293 K, for an organic
liquid and is thus a suitable solvent for many ionic compounds.
Acetonitrile is relatively simple to purify and has a large working
potential range of 5.7 V. It is a strong enough Lewis base to
éolvate effectively a large number of cations, particularly those of
3d and post transition elements; it can be readily displaced by
stronger bases, for example ammonia. Acetonitrile has a simple
vibrational spectrum and is transparent in the visible and u.v. regions
down to a wavelength of 175 nm. These properties, with the

availability of CD.CN, make it an ideal solvent for spectroscopic work.

3
The role of acetonitrile as a donor solvent and the nature of its

co-ordination to the metal centre has been extensively r'eviewed.1

The most common way of co-ordination is through the lone pair of

electrons on nitrogen. This causes an increase in the vibrational

stretching frequencies of the C=N and C-C bonds over those of the free

molecule.18 This is mainly attributed to the enhancement of the C=N

stretching force constant of the sigma bond system that results from a



shortening of the Cz=N bond.19

The increase in the infra-red
stretching frequency of the C=N bond is a very useful method of

establishing the presence of co-ordinated acetonitrile.

1:3 Generation of Solvated Cations.

Three main routes have been used to generate solvated cations,
that is cations having only solvent molecules in the primary

co-ordination sphere, in acetonitrile.

1:3:1 Oxidation of Metals by NO*

A number of solvated cations of the first row transition metals

have been prepared by the oxidation of metals with NOClO4 20 or

NOBF4,21 as oxidising agents. The metals react with suspensions of
nitrosyl perchlorate or nitrosyl tetrafluoroborate in acetonitrile,

according to the equations 7 and 8.

MeCN 2+ -

Mig)* 2NOCLO, 5y ——— M goy. * 2% (s01v.) * 2NO(g)
———> [M(MeCN) ] [c104]2(s) (7)

M = Co, Mn, Cu and Zn, X = 4 for Mn,Cu and Zn, and 6 for Co.

' MeCN 2+ -

M(s) * 2NOBFL»(S) » M (solv.) T 2BF4(solv.) * 2No(g)
—_— [M(MeCN)x][Bqua(s) (8)
M = Fe,Co,Mn,Ni,Cu and Zn, x = 4 for Mn,Cu,and Zn, and 6 for Fe,

Co and Ni.

All the above solvated metal cations are obtained in the +2 oxidation
states except copper, where a mixture of Cu(II) and Cu(I) species is

formed.



1:3:2 Oxidation of Metals and Non-metals by Covalent High Oxidation

State Fluorides.

The use of covalent high oxidation state fluorides as oxidising
agents for metals and non-metals provides a useful route to the
generation of solvated cations. The main advantage of the route is
that these flubrides can be obtained in rigorously anhydrous condition.
The use of very strong oxidising agents is not feasible in MeCN
solution, as these agents interact with the solvent causing its
polymerization, however, oxidising agents with milder ability, have been
used with great effect. The relative oxidising abilities of the
second and third row transition metal fluorides, have been discussed in

. . . 22
a semi-qualitative manner.

The most commonly studied hexafluorides, in MeCN, are those of
molybdenum, tungsten and uranium. These fluorides are monomeric
having an octahedral arrangement of six fluorine atoms around the central
metal atom. The hexafluorides of molybdenum, tungsten and uranium

possess orthorhombic symmetry in their solid lattices., Neutron powder

23

diffraction studies of MoF, and WF, have been carried out and

6 6

comparison of results with similar work on UF6 indicates that MoF6
and WF6 exist as more compact and spherically shaped molecules than UF6

in the solid state.

The electron affinities of the hexafluorides of molybdenum,

tungsten and uranium, have been determined by various methods, for

24,25

example, ion cyclotron resonance spectroscopy, molecular beam

reactions with alkali metals,26’27

28,29

thermochemistry of hexafluoro-

30,31

metallate(V) salts, effusion mass spectrometry and hexa-

32,33

fluoride oxidation of graphite, Although there is some

disagreement as to their precise values, particularly for MOF6’ most
data indicate that the order of electron affinities is UF6>M0F6>WF6.

This order is also indicated by the electronic spectra of the



hexafluorides charge transfer complexes%"36 and is consistent with

their gas phase redox chemistry.37’38

The oxidising abilities of M0F6, WF6 and UF6, have been
demonstrated by a number of redox reactions botﬁ in the gas phase and
the solution state. Nitric oxide is found to react with MF6, (M = Mo
or U), when the two gases are condensed into an evacuated nickel

37 39

reactor”! or in a Kel-F tube and the mixture allowed to warm up to

room temperature. Salts of the general formula, NO+MF5, are formed,
thus the central atom of the hexafluorides is reduced to a pentavalent
state. No reaction is observed with WF6 even at 373 K. O'Donnell and

Stewart investigated=C

the reduction of molybdenum, tungsten and
uranium hexafluorides using trifluorides of phosphorus, arsenic, antimony
and bismuth. Uranium hexafluoride was found to react readily with PF3,

molybdenum hexafluoride was reduced partially as the PF_ formed during

5

the reaction was capable of oxidising MoF_, whereas reduction of tungstén

5
hexafluoride was very slow and occurred only to a limited extent. In all
these systems, addition of anhydrous hydrogen fluoride appeared to be

necessary to catalyse the redox reactions. All these gas phase reactions

indicate that MoF6 and UF6 have comparable oxidising ability whereas WF6

is found to be the weakest among the three agents.

The reactivity of M0F6, WF6 and UF6’ in solution, has been

/Mg (M = Mo,

W), in anhydrous hydrogen fluoride have been investigated by A.M. Bond

demonstrated in a number of ways. The redox couples, MF

et E}'40 using the technique of cyclic voltammetry at platinum and
glassy carbon electrodes. The process involves a simple one electron
reversible reaction, as shown in equation 9.

+e -
MFg - s My (9)

=

The electro-chemical potential value of the couples, (MF6/MF5), were
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determined by measuring the half wave potentials with an E%

(WF6/WFg) = -0.11V  and E%(MoFé/MoFg) = +0.91V versus CuF,/Cu. The
observed values for E% are direct measures of the reduction potentials,
EO, for the WF6/WFg and MoF6/MoFg couples., A comparison of the two
couples shows WF6 to be a mild oxidising agent since it is reduced at a
negative potential (-0.11V) with respect to Cqu/Cu reference electrode
and MoF6, a stronger oxidising agent as it is reduced‘at a much more
positive potential. No electrochemical data for UF6, in anhydrous
hydrogen fluoride, are available, The oxidising abilities of MoF6,
WF6 and UF6 towards 12 in iodine pentafluoride have been investigated
by Berry gP 3}.41 The hexafluorides of molybdenum and tungsten are

5 to I;.

and IFS’ in

foundvto be inert towards 12 in IF5 whereas UF6 oxidised I

The product, 12+UFg, undergoes decomposition to UF5

iodine pentafluoride whatever mole ratio of the reactants is used.

However, this decomposition is complete when the mole ratio, UF6:IZ,

is greater than 10:1 and is represented by equation 10 .

IF

5 ;
10 UFg + I, > 10 UFg + 2IF, (10)

This behaviour of M0F6, WF6 and UF6 towards I2 in lodine pentafluoride,
is consistent with similar work involving the reaction of 12 with the
hexafluorides at high temperature.42 Molybdenum and tungsten hexa-
fluorides do not react with iodine whereas uranium hexafluoride under-

goes the reaction according to equation 11.

312 + 20 UF6 —— 6IF5 + 10 U2F9 (11)

The non-volatile uranium fluoride, U2F9, presumably arises from the
disproportionation of UFS' Reactions of molybdenum and tungsten
hexafluorides, with alkali metal iodides have been studied in liquid
sulphur dioxide.43 The alkali metal iodides are found to be

oxidised to iodine whereas the hexafluorides are reduced to hexafluoro-

metallates(V).
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2 MoF, + 2 MI —— I, + 2 M[_MOFG] (12)

2WFg + 2 MI ——— I, 42 M[WFGI (13)

M = alkali metals except lithium.

Molybdenum, tungsten and uranium hexafluorides, in acetonitrile, are

capable of oxidising a number of transition and post-transition metals

to give solvated metal cation salts of the appropriate MFg anion.M’45

For example copper and cadmium react with the hexafluorides, in MeCN,
6]2’ (A = Cuand Cd, and M = Mo, W

and U), In some cases, the oxidation state of the metal cation

forming the products, [A(NCMe)S][MF

obtained, depends on the hexafluoride used, thus thallium metal is

oxidised to T1(III) by M0F6 or UF6 but to T1(I) by WF6. The redox

couples, MF6/MF-, (M = Mo, Wor U) have been identified in MeCN, with
half-wave potentials, E% (UF6/UFg) = 2.33V, E%(M0F6/M0Fg) = 1.60V
and E%(WFS/WFE) = 0.51V versus Ag+/Ag. The difference between
E%(MoFe/MoFg) and E% (WF6/WFg) in HF and MeCN, is almost identical.

The order of oxidising ability, in MeCN, determined from a combination

46
> >
6 MOF6 WF6.

The redox reactions alone do not differentiate between UF6 and MoF6 but

the chemical behaviour of WF6 is clearly differentiated both by its

of cyclic voltammetry and redox chemistry is shown to be UF

weaker oxidising power and by its ability to participate in F~ ion

46,47

transfer equilibria. Molecular iodine is oxidised by MoF6 or UF6

but not by WF,, in acetonitrile, to give isolable salts,[I(NCMe)Z][MFe],

(M = Mo or U).L'8 This behaviour is in contrast to that observed in IF5

solution41 where I. is oxidised to I.* by UF

5 5 but not by MoF

6 6" This

difference in the behaviour is discussed in a 1latewx part of this chapter.

Of the group V A pentafluorides, PF_ is found to oxidise slowly Cu

49

5
metal to Cu(l) with the formation of phosphorus trifluoride.
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MeCN
2Cu(s)+ 3PF 5(g )————————9 2cu® (s olv)+ 2PF6(solv)+ PF3(g) (14)

On the other hand AsFS, in MeCN, has no oxidising ability towards Cu

or Ag metals. This is ascribed to the formation of the adduct,

AsFS.NCMe, which is kinetically stable to reducticn. In 802 solution,

AsF5 has been used as an oxidising agent to form salts such as CuAsF6
or Ni(AsF6)2.2SOZ. 50 In the latter complex, it has been suggested
that four oxygens from two 802 molecules are co-ordinated to Ni(II) in

a bidentate arrangement. Pentafluorides of group V A have also been

used for the generation of a number of homopolyatomic cations

especially those of group VI and VII elements. Kemmitt et g}?1

isolated blue solids from mixtures of I IF_ and SbF_ or TaFS, which

2! 5 5
-+ - . .
they formulated as I2 Sb2F11 and I TazF11 Gillespie and

co-wor'ker's52 obtained dark blue crystals of 1 Sb 1 by treating I

2 1

in liquid SO2 with an approximate three fold excess of SbFS. The

pentafluoride acted as an oxidant and as a Lewis acid producing the

2

very weakly basic anion Sb2F Neither the reduction product, SbF

1° 3

nor the solvent SOZ’ is sufficiently basic to cause the disproportion-

ation of the cation IZ+' Subsequently, Passmore and co-workers53

isolated and structurally characterized compounds containing the 13+

5 and AsF5

in SO2 solution to form crystalline I3+Ang. Similarly 15+Sng was
54

isolated from a stoichiometric mixture of 12 and SbF5 in liquid AsF3.

and I5+ cations under non-basic conditions. They reacted I

The polyatomic cation of bromine, Br Sb3F16, has been generated

by reacting Br2 and SbF5 in the oxidising solvent, BrFq, under weakly
basic conditions.55

+ -
9Br'2 + 2BrF. + 3OSbF5 —_ 1OBP2 Sb3F16 (15)

5

The polyatomic cations of sulphur have been obtained by reacting
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stoichiometric amounts of sulphur and either SbF_ or AsF_ in HF.56

5 5
From the reacting proportions, 2:3, products of the general formula,

S16(MF6)2’ (M = As or Sb), are isolated. The reaction of sulphur

2+

with excess SbF_ directly or in liquid SOZ’ produces the cation, 34 y

5
thus showing the greater oxidising ability of SbF5 over AsF5.57

From the above survey, it can be concluded that the homopoly-
atomic cations of non-metals, are stabilized as the acidity of the
medium increases. Increasing acidity of the medium implies
decreasing availability of the base of the solvent systems, which other-
wise has resulted in the disproportionation of the cationic species.

For all‘of the above homopolyatomic cations, progressive addition of the
base leads ultimately to disproportionation of the cations to the
elements itself and to a non-ionic compound between the base and the
particular element in an oxidation state higher than that in the cation
which disproportionated. Typical generalized equations representing

the disproportionation reactions of polyatomic iodine cations are

represented in the equations:58
8T," + 3~ —— 5 5LY + IX, | (16)
713* + 3 — 415‘“ + Ixy (17)
3" + X ———— TI, + IX, 4 (18)

X = HSO, , so31.=" or F~

Polynuclear cations, for example, I2+, 13+ and 15+ which are

characteristically formed when iodine is oxidised in strongly acidic
solvents such as IF5 or 802,58 are apparently not formed in the basic
solvent, MeCN. The acidic solvents, that is IFq or 302 are poor

solvating agents whereas acetonitrile has a good solvating ability

. . +
hence favours the formation of mono-nuclear cations e.g. I .
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1:3:3 Lewls Acid - Lewis Base Reactions.

A number of complexes with the general formula, [M(CH3CN)n]-

[SbC16]2, (M = Fe, Co, Mn, Ni, Cu, Zn and n = 4 or 6) have been

synthesized by the reaction of SbCl_ with metal chlorides in

5
acetonitrile.59 In these reactions, metal chlorides act as Lewis

bases and SbCl5,as a Lewis acid. Recently, salts of the type,

[MClx(MeCN)6_x][SbCl6], have been isolated from reactions of transition

metal halides, MCln, (M=Ti, n=4; M=VorFe,n=3; M=zPFe, n=2)

with SbCl5 in acetonitrile.6o Similar reactions involving metal

chlorides as Lewis bases and SnCl4 as a Lewis acid, in acetonitrile,

result in the formation of complexes, [M(MeCN)n][SnC16]2.61

Heterogeneous Lewis acid-base reactions involving covalent high
oxidation state fluorides as Lewis acids and metal binary fluorides as
Lewis bases, have been used to generate solvated metal cations in

acetonitrile. For example anhydrqus CuF2 or T1F react with WF6 in

acetonitrile forming the soluble Cu(II) or TI1(I) heptafluorotungstates.62

The solid salts isolated are [Cu(NCMe)S][WF and TlWF7 respectively.

2
The pentafluorides of phosphorus, arsenic and tantalum react with CuF2,

in the same way, forming the corresponding solvated Cu(II) hexafluoro-

anion salts.49

MeCN Cu2+ + 2PF%(

CuF 5(g) ? (solv)

+ 2PF solv)

2(s)
(19)

_— [Cu(NCMe)S] [PF,] 5 (s)

Copper(Il) fluoride, in the same way, reacts with UF5 in acetonitrile

at room temperature to give the solvated copper(II) hexafluorouranate(V)

salt.63

The complex fluoro-anions formed in the above reactions, generally

show little or no tendency to co-ordinate to the cation. This is not
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the case for the chloro-anion species formed in other similar
reactions. The greater co-ordinating ability of chloro-anions as
compared with fluoro-anions, is explained on the basis of lower
electronegativity of chlorine than that of fluorine thus making it
easier to form chlorine bridges. This property of little or no
co-ordination of fluoro-anions is very important as the metal cation
being studied, has only the solvent in its co-ordination sphere and
thus free from the effect of anion. The assumption of little or no
co-ordination of fluoro-anions to the cation, is based largely on

20571 fomn

indirect methods such as infra-red and Raman spectroscopy.
spectroscopy provides a direct spectroscopic method for probing cation-
anion interactions and is of considerable importance because of the
exceptional sensitivity of the thallium nucleus to its environment.

It has been used in the present work as a probe for cation-anion

interaction.

1:4  [?%5T1]-Thallium N.M.R. Spectroscopy.

The advent of Pulsed Fourier Transform nuclear magnetic resonance
spectroscopy has attracted many investigators to explore the n.m.r:
properties of the elements of the periodic table. Thallium is one of
the elements studied during the early period in the history of n.m.r.
spectroscopy. The outer electronic configuration of thallium, 6526p1,

suggests that +1 and +3 are the two possible oxidation states. The T1*

ion is a good replacement for the Na* and X* ion in many biological
64,65

systems, thus providing a convenient spectroscopic alternative for
the study of suéh phenomena as, ion transport across the membranes,
activation and regulation of enzymes etc. Kayne determined the number
of monovalent binding sites in rabbit muscle pyruvate kinase through

substitution of T1* for K and also found Ti* to activate yeast pyruvate

kinase and AMP amino—hydr'olyse.66 Williams et al.found that T1*
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activated 1,2-propanediol dehydrase.64 Krasne and Elsenman have

used T1* to investigate the type of 1igénd groups responsible for
, 67 .

binding ions in biological ion carriers.

05

The spectral parameters of the 2 Tl nucleus are exceptionally

sensitive to its chemical environment.  This exceptional sensitivity

arises from the paramagnetic term of the nuclear shielding'tensor.és

For thallium, the diamagnetic contribution per'Valence electfonvis of
the order of 100-250 p.p.m. This is small compared to the observed
chemical shift rénge of aboﬁt 7000 p.p.m. This means‘that'ﬁhe para-
magnetic term must be responsible.for about 95% of the variation -

bbserved in thallium chemical shifts.

Thallium(I) salts in general, show low solubility in most solvents
“even wéter. However, liquid ammonia is an excellent solvent for

TlNO3 and T10104.' The T1(I) resonance frequency, for liquid NH3

solutions of TlNO3 and TlClOQ, has been determihed as a function of salt

69

goncentration,," The dependence of the'resonanCe freqdency‘dh

 ¢bncenfra£ion,suggests the presence of free, fully solva£ed'thallium‘ions,

iOn-pairs and higher order aggregates as the concentration is varied.

205T1 n.m.r. spectroscopy, in the present study, has béen_uSed to

205T

invéstigate the effect of complex fluoroanions on l3+ and»?o’STl+

chemicél shifts} in MeCN solution, in order to probe cation-anion’

205

‘interactions. The second aspect of this work that requires Tl n.m.r.

'is'COhcerned with the redox'behaviour of the solvated T13+ cation in

3+

( MeCN since oxidation states of thallium, that is T1°" and Tl+, are

readily differentiated from their chemical shifts.48

1:5 _Redox and Substitution Reactions.

A number 6f redox and substitution reactions involving solvated
cations and simple N, P and S-donor ligands, have been studied during

the course of the present work. Although the mechanisms of such



17

reactions have not been investigated here, it is appropriate to

describe briefly the mechanisms involved in such reactions.

1:5:1 Redox Reactions.

Redox reactions involve a change in the oxidation state of at
least two reactants. Such reactions usually lead to a marked change

in the species as indicated in equation (20).70

2+

HA + 2Fe> 5 2Fe™t + 20" 4 4 (20)

H2A = ascorbic acid

The first step in the overall process appears to be complex
formation between the metal and the substrate species often behaving
as ligands. This is followed by the redox reaction involving a
direct intramolecular electron transfer within the adduct. Two
distinct mechanisms for redox reactions of complexes are recognised.
These are the inner-sphere and outer-sphere mechahisms.

(i) The Outer Sphere Mechanism.

In this mechanism, the redox step simply involves electron

" transfer from reductant to oxidant, with the co-ordination spheres of
each staying intact. One reactant becomes involved in the secondary
co-ordination sphere of the other reactant and an electron flows from

reductant to oxidant.71 For example, equation (21)

[Fe(CN)6]‘*‘ + [Ir016]2‘_> [Fe(CN)6J3' + [Irc16]3' (21)

Such a mechanism is established when rapid electron transfer occurs
72

between two substitution inert complexes as in the reaction,

equation (22)

[Co(NHy )5 (H,0013* + [Fe(CN) ]2y [Co(Niy)s (80012 + [Fe(cn) 1% (22)
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(ii) The Inner Sphere Mechanism.

The essential feature of this mechanism is that the reductant
and oxidant share a ligand in their primary co-ordination spheres, the
electron being transferred across a bridging group as in the
reaction,73 equation (23)

[Co(NH3)5Cl}2+ + [Cr(H 0)6] - [(NH3)500...01;..Cr(Hzo)SJL’”’

+ HO — 3 [Cr(H 0)5(31]2* + [Co(NH,) 5(H20)]2+ (23)

2 2

The lability of the cobalt(II) species, thus generated is such that
it will instantly form, [CO(H20)6]2+ and ammonium ions in acidic

aqgueous solu'cion.74

For an inner sphere mechanism, there are two
prerequisites, the first requirement is that one reactant (usually the
oxidant) possesses at least one ligand capable of binding simultaneously
to two metal ions, however transiently. Although this bridging

ligand is frequently transferred from oxidant to reductant, ligand
transfer is not a requirement for an inner sphere mechanism. The
second requirement is that one ligand of one reactant, usually the
reductant, be substitutionally labile, that is one ligand must be

capable of being replaced by a bridging ligand in a facile

substitution process.

1:5:2 Substitution Reactions

Solvent molecules in the solvated cations can be replaced by other

ligands. For example, in the simplest case, the replacement of water

in an hexa-aquo ion, [M(H20)6]n+ by a neutral unidentate ligand, L,

is represented by equation (24).75

n+

1™+ L = [M(H,0) L)Y + H0 (24)

[M(H,0)
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and ultimately results in the formation of [ML6]n+. Metal
complexes that react within a time of few seconds or less are termed

labile whereas those taking minutes or longer for completion of the

76

substitution reactions are considered inert. The mechanisms of

ligand substitution reactions, for an octahedral complex, are

7

generally divided into four groups.

(i) Dissociative (D)

This mechanism involves the removal of a ligand from the
complex cation, forming a five co-ordinate intermediate, which then

picks up the incoming ligand.

[MS6]n+ slow N [MSS}H+.____£1___> [MSSLjn+ (25)
=3
S = the solvent molecule and L = incoming ligand.
The rate of this reaction is governed by the first dissociative step
which is far slowsr than the subsequent uptake of the incoming ligand,
L, hence dissociative reactions are also termed as limiting SN1

reactions.

(ii) Id Mechansim

This is the dissociative interchange mechanism. In this
mechanism the transition state formation involves a considerable
extension of the metal to leaving group bond but veryvlittle inter-
action between the cation and the incoming group. However, this
mechanism does involve outer sphere association between the starting

complex and the incoming ligand.
*

s 1™ + L = MSg L —— [s5M...s,L]“+] — s L1+ s (26)

n+

The outer sphere associated species, MS6 .L, is simply an ion pair if

the complex and the incoming group have opposite charges. However,
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it is not necessary for the incoming group to be charged for this
mechanism to operate.
(iii) Ia Mechanism

This is the associative interchange mechanism. This mechanism
involves an interchange of ligands between the primary and secondary
co-ordination regions and the interaction between the cation and the

incoming group is much more significant as compared to Id mechanism.

(iv) Associative (A)

This mechanism involves the association of the incoming ligand
to the original complex cation, forming a seven co-ordinated inter-

mediate which subsequently loses one of the original ligands.

Msgl™ + L~y s eL]™ s L™ 4 S (27)

The associative step involving the formation of the seven co-ordinated

species, MSsLn+, is slow and is the rate determining step hence

associative reactions are also called limiting SN2 reactions.

The correlation of a reaction with a particular mechanism may be

78

achieved by a number of ways. These include, rate law determination,
comparing the rate of a reaction of a metal ion with different ligands,
especially for solvent exchange, and evéluating the activation
parameters of the reaction. For the bivalent 1st row transition metal
ions, [M(Solvent)6]2+, (M = Mn, Fe, Co, Ni and Cu) in a number of
solvents e.g. CH

OH, CH and CH,COOH,it has been found

3 3 3 3

by using high pressure n.m.r. spectroscopy that activation parameters,

CN, Me,SO, DMF, NH

for solvent exchange reaction, display a gradual mechanistic change,

associative to dissociative, on going from left to right across the

periodic table. '?
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1:6 Aim of the Present Work.

The aim of the work described in this thesis, is to study the
co-ordination chemistry of selected solvated metal and non-metal
cations, in acetonitrile, under conditions in which oxygen and moisture
are excluded. The syntheses of the solvated cations, in acetonitrile,
have been carried out by (i) the oxidation of metals and non-metals
using transition metal hexafluorides or Not as oxidising agents and
(ii) Lewis acid-Lewis base reactions between covalent high oxidation
state fluorides and metal binary fluorides. Where possible, the
complexes are obtained as PF

6- salts because this anion is very stable

with respect to hydrolysis in MeCN soclution.

The ligands used in the present study are the simple N,P and S-

donor species such as NH NMe3, pyridine, PMe P(OMe)3, MeZS and

3’ 3’
tetramethylthiourea. These species are regarded as weak ligands
compared with chelating and macrocylic ligands which possess greater
stabilizing ability. The extra stability of complexes containing
chelate or macrocylic ligands, is mostly due to the thermodynamic

factors. For example in the reaction represented by equation (28),80

[Co(NH) (1" + 3en —==== [Colen);]>* + 6MH (28)

3

the bonding of ammonia and ethylenediamine (en) to metal centre is
very similar, ﬁence the enthalpy change for this reaction is near to
Zero. The change in entropy for the reaction is proportional to the
difference in the number of unco-ordinated species present in the
system. The reaction proceeds to the right with an increase in the
number of unco-ordinated species and hence the entropy factor favours
the formation of the chelate system instead of the hexa-ammine.
Macrocyclic ligands give even more stable complexes than the most

similar n-dentate open chain ligands. For example, in the reaction
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represented by equation (29)
N N N N
N/ (TGN -
Cu +[ j__> Cu + N N N N (29)
/N . / N\ P
N N N N
n____/ ./

the entropy always favours the macrocycle with a value of ca.70 J mol_1

deg—1. 81

The main objective of selecting the simple N,P and S- donor
species as ligands, in the present study, is to investigate how far these
ligands are able to stabilize metal and non-metal cations, in
acetonitrile. The simple, N,P and S~ donor ligands are quite
susceptible to hydrolysis in aqueous solution and some of them are very
good proton acceptors hence are not able to retain their identity in
aqueous acidic medium. The ligands are volatile and, therefore,
réduire vacuum technique where it is also easy to maintain rigorous

anhydrous conditions. The N-donor species such as NH, and pyridine

3
are comparatively weak ligands hence easily replaced by other
potential ligands thus provide a base for studying the substitution

reactions of the cations.

The elements selected for this project are the transition metals,
iron and copper, the post transition metal, thallium and the non-metal,
iodine. Iron(I1) forms stable, low spin octahedral or distorted
octahedral complexes with ligands such as phenawmtwroliwne, dipyridyl
and others supplying imine nitrogen donor atoms,82 whereas in the
present work, iron{II) has been found tc form high spin complexes with

N-donor ligands such as NH NMe, and pyridine. The behaviour of these

3’ 3

high spin iron{II) cations, in substitution reactions with simple P-

donor ligands, for example P(OMe)3 and PMe., has been investigated.

37
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Unlike the situation in water, the dominant species in acetonitrile

is iron(II) and no iron(III) species with simple N-donor ligands

have been formed in the present study. Copper(II) and Copper(I)
species are well known in acetonitrile. Previous work has shown very
interesting behaviour for copper(Il), in MeCN, in reactions with
tetramethylthiourea,83 and P(OMe)3.84 The metal ion is reduced to
copper(I) with concomitant oxidation of the ligand. This work has
been extended and similar reactions with other ligands such as NMe3,
PMe3 and MeZS, were attempted. Of the post transition elements,
thallium has been selected for a number of reasons. In aqueous
solution, T1(I) is distinctly more stable than T1({III}, (Tl3+-~Tl+
couple, E® = 1.25V relative to N.H.E.). Solutions of [Tl(H20)6]3+

2+

are subjective to extensive hydrolysis forming [Tl(Hzo) (OH)] and H',

5
The value of Ka is 7 x 10_2.85 In the present study, complex
fluoroanion salts of T1(I) and T1(III) have been investigated with a
view to probe cation-anion interactions, in Mecn; Among the non-
metals, iodine is one of the widely studied elements and has been
found to form a number of charge transfer complexes with the donor
solvents.86 In acetonitrile, oxidation of iodiﬁe by UF6 or M0F6,
results in the formation of the mononuclear cation [I(MeCN)2]+,
rather than polynuclear cations, because of its good solvating ability.
In the present work, substitution reactions of solvated 1t éation with
simple N,P and S-donor ligands, and macroc¢yclic nitrogen donor ligands,
for example, 1,4,8,11-tetraazacyclotetradecane (cyclam) and 1,4,8,12-
tetraazacyclopentadecane, ([15]ane-N4), have been iﬁvestigated. The
electrochemistry of the resulting 1" complexes as MoF6- salts, in
acetonitrile, has also been studied using the technique of cyclic

voltammetry.
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2:1 Introduction.

Complex fluoroanions are regarded as very weak bases and the
fluorocanions such as BFZ, PFg, Ang and Sng are generally non-

coordinating with both hard and soft c:a’c,:'Lons.87-90

A survey of the
Cambridge Crystallographic Data Base reveals that out of over 500
crystal structupes containing the BFZ anion, only 1% shows the anion
to be semicoordihated.g1 Semicoordination is the term used to
represent the coordination in which bond distance is greater than the

normal covalent bond but nonetheless smaller than the sum of Van der

Waal's radii of the two species involved.

2:1:1 Evidence for Coordination of Complex Fluorocanions in the Solid

State.

The semicoordination of complex fluoroanions has been reported
in a number of salts and the definite way to establish it is by x-ray
crystallography. The x-ray crystal structure of tﬁe complex,
NiL4(PF6)2, (L = 4-methyl pyridine), has been determined by Morrison
et al. and consists of a square planar array of 4-methyl pyridine ligands
about nickel with hexafluorophosphate groups above and below the plane.92
The Ni-F distance of 3.031 X is only marginally less than the estimated
sum of the Van der Waal's radii, 3.1 to 3.2 g, therefore, the anions
are not fully coordinated to nickel but are nonetheless held in axial
positions by weak, essentially ionic interactions. An x-ray
crystallographic analysis of the compound, Ag(RNC)z(PFé), (R=2,4,6-t.
Bu3C6H2) has been carried out by Yamamoto gE §}.93 and the complex

has been shown to have a distorted tetrahedral configuration, in which

the PF6 group behaves as a bidentate ligand.
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A different type of coordination has been observed in the x-ray
crystallographic study of the complexes, (CO)SRe(FAsF5594 and
(CO)SRe(FBF3)95, where the anions are behaving as monodentate ligands.
The crystal structure of the complex [Cu(BFq)(bipy)z][BFq], (bipy =
bipyridyl) has recently been determined by the x-ray diffraction

96

technique; The crystal structure is composed of BFZ anions and

polymeric chains of cations, [Cu(BFq)(bipy)2]+, in which each BF;
group bridges two adjacent copper centres through its two fluorine
atoms. The coordination polyhedron arocund the copper is a tetra-
gonally distorted octahedron; the four nitrogen atoms of bipyridine
molecules are arranged in a flattened tetrahedral manner above and
below the equatorial plane, and the axial positions are occupied by

fluorine atoms of the bridging BFQ ions.
)

: F
F\B//F
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Crystallographic and infrarea evidence for the unidentate

coordination of BFZ anion has been observed in the complexes,

[Ni(en)z(OH ) (PPh.,) ],98

3 3 and

97
2)(FBF3)][BF4], [Cu(FBF
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[CuL2(0H2)(FBF3)2],99 (L = nicotinamide). The infrared spectrum of the
nickel complex shows significant splitting of the vS(BFZ) mode into
three peaks and Vv, appears with medium intensity, consistent with the
short Ni-F bond distance. The copper(I) complex shows no infrared
evidence for semicoordination of the BFZ anion despite the relatively
short Cu-F distance. For the copper(II) nicotinamide complex, the
infrared spectrum is not reported. Semicoordination of the BFZ anion
has been observed in the complex, [CuLg(FBF3)2],1OO (L = 2,5-dithio-

hexane) by means of crystallographic study but no infrared spectrum

is reported.

I.R. Beattie and K.R. Millington have recently demonstrated that
heavier alkali metal salts of a number of hexafluorocanions, can be

101 From the matrix isolated infrared

vaporized as molecular species.
spectrum of CsNbF6, it is found that for matrices where the host-guest
interaction is expected to be weak (Ne,Ar), a characteristic doubling
of the vy mode of the Nng anion is observed and interpreted as being
due to the presence of a tridentate (facial) interaction between the

cs and the Nng ions. This facial interaction results in the

lowering of the Nng anion symmetry from Oh to C3v which leads to the

splitting of the x@(t1u) mode into a doublet. X
H
]
Oh C3V - F .
U4
t a, +€  mmees——me—- Nb----—- >7
1u 1 ///‘ \\\
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For matrices where the host-guest interaction is expected to be strong

(CO,N2), a characteristic triplet, due to a bidentate (edge) interaction

between the Cs™ and NbF6 ions, is observed. This bidentate
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interaction leads to C2V symmetry in which the V3(t1u) mode splits

into a triplet.

™
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From a combination of electronic, e.p.r. and infrared spectro-

scopy, semicoordination of PF, anion has been suggested to be
6 v

present in the complex Cu(py)[*(PF6)2.102 Similarly the electronic

and vibrational spectra and magnetic susceptibility data of the

complex, Ni(py)a(AsF6)2, suggest that the compound has a structure

similar to that of NiL (PF6) (L = 4-methyl pyridine), with the anions

4 2’
only weakly interacting with the cation at high temperature and fully

92

coocrdinated at low temperature. The semicoordination of the

fluoroanion has been observed in the copper(II) complexes CuL4(EF6)2,

(L = pyridine or 4-methyl pyridine, and E = P or As), from a

combination of electronic, e.p.r.and infrared spectral studies.103 A

comparison of the infrared spectra of the copper(II) complexes with

104, 105 92

those of the analogous, CoL,(EF.).,, and NiL, (EF.), complexes,
437672 4377672

provides evidence for semicoordination of the fluoroanion. In the

2
symmetry but become allowed when the

infrared spectrum the v1(81g) and v (%g) vibrational modes, which

are formally forbidden in Oh
symmetry of the fluorocanion is reduced to C4v due to its coordination
to the metal, are observed. These bands are weak or not observed in
the cobalt(II)complexes where the anions are non-coordinated. In

the nickel(II) complexes where the fluorocanions are weakly coordinated,

these bands appear with medium intensity whereas in the copper(II),
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complexes where even stronger coordination is evident, the bands are
generally more intense, Vo being split into strong a, and weak b1
components (the latter forbidden in infrared) in the Ang complexes.
The electronic spectra of the copper(II) complexes, consist of a
single broad asymmetfic band in the visible region with band maxima
around 18000 to 19000 cm_1, and are consistent with either a square
coplanar CuNQ chromophore or with an elongated tetragonal-octahedral
ligand field as would be obtained in a structure involving four

neutral ligands forming a square plane about copper with fluorcanions

coordinated in axial positions.106 The e.p.r. data provide clear

support for the second type of structure. The infrared evidence for
the semicoordination of BFZ anion, as a unidentate species,21 is
observed in the complexes, Mn(MeCN)Q(FBF:,))2 and Zn(MeCN)a(FBF3)2, and
as a bidentate group, in the complex, SnMe3(FZBF2).107 The

coordination of BFA anion has also been observed in the complex,

COL4(BF4)2;H20, (L = 2,6-dimethyl pyridine N-oxide) by infrared

spectroscopy when each of the Vj and vq(BFZ) modes are triply split
while v, and VZ(BFZ) modes become infrared active. 00 The mono-
dentate coordination of the BF; and the Ang anions, has been

observed by infrared spectroscopy in the complexes [Re(CO)3(L)(FBF3)]-
(H,0), (L = N,N,N',N'-tetramethylethane-1,2-diamine) and [Re(CO)3(bipy)-

109
(FASFS)](HZO).

2:1:2 Properties of Solvated Cation, Fluorocanion Salts in Solution.

A number of metal and non;metal complex fluorocanion salts have
been prepared using acetonitrile as solvent in this Department over the
past few yeérs. The salts are soluble in acetonitrile and have been
characterized by a number of techniques. In these salts, no definite
spectroscopic evidence is observed for interaction between the cations

and the anions either in the solid state or in solution. For example the
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3 nam.r. spectrum in CD3CN, of the complex [Cu(NCMe)S][PF6]2,

having the paramégnetic cation, Cu2+, and the diamagnetic anion,
PFg consists of a 1:6:15:20:15:6:1 septet due to the coupling with
six equivalent fluorine nuclei and is characteristic of the free
PFg anion; The solid state infrared spectrum of the complex,
however, shows a splitting of the ) mode of the PFg anion into two
components.49, This phenomenon is observed in some of the other PFg
salts and by itself does not constitute a proof of cation-anion
interaction.

Another example is the complex [Ag(py)q(NCMe)][MoF6]3, in which

the Agl1l 110

The13C-[1H]n.nerspectrum of the complex, in EtCN, consists of three

cation is diamagnetic and the MoFg anion is paramagnetic.

sharp singlets assigned to coordinated pyridine and. a relatively broad

13C nuclei of MeCN and EtCN. These observations

peak due to the cyano-
are consistent with a square planar, [Ag(py)4]3+, cation having weakly
coordinated MeCN. The paramagnetic anion, MoFg does not seem to have
any noticeable effect on the n.m.r. resonances of the complex cation.
It hés also been observed that the symmetry of the MoFg anion is not
apparently affected by the counter cation. For example there is no

spectroscopic evidence for interaction between [Ag(py)
7+ 48

]+ 110
4 or

[I(NCMe) and the MoFg anion, either in the solid state or in

2

acetonitrile solution. Both solid and solution Raman spectra

contain a strong band at 680 ™! assigned to the v; mode of MoFg

anion. Bands in the infrared spectrum at 635 (solid) and 645 cm~
1

1

(MeCN) are assigned to the v mode and a band at 252 cm” ' in the solid

state infrared spectrum, to the v, mode of the MoFg anion. The
molybdenum EXAFS spectra111 of these complexes are consistent with
the presence of a regular octahedral MOFg anion, Mo-F = 1.79%£0.01 K
compared with 1.74+0.03 X determined from an x-ray powder diffraction

study of NaMoF6.112
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The evidence obtained in all the above cases from spectroscopic
studies (infrared, Raman, electronic and e.p.r.) about the cation-anion
interactions méy be regarded as indirect. The exceptional sensitivity
of the 205Tl nucleus to its environment and the accessibility te Tl3+
and T1" oxidation states, in acetonitrile solution, makes 205Tl n.m.r.
spectroscopy an excellent probe for studying cation-anion interactions

in solution and provides a direct method for observing the behaviour

of complex fluoroanions towards the cations.

2:1:3 [?9°T1]-Thallium N.M.R. Spectroscopy.

203

Thallium has two isotopes, Tl (29.5%, natural abundance) and

2057y (70.5% natural abundance), both of which have spin, I = 3.

The relative receptivity of 205Tl nucleus is 0.1355 compared to 1 for

the proton; The nuclear properties of 205

Tl nucleus make it easy
to be observed in the n.m.r. experiments. The chemical shift range for
thallium is extremely large, about 7000 ppm for TlIII species and

over 3400 ppm for TlI species.68 The origin of this large chemical
shift range lies with the paramagnetic term of the nuclear shielding

tensor as has been discussed in chapter one.

The aim of the work described in this chapter is to investigate
the effect of different complex fluoroanions, that is PFg, WF;, WFg,
MoFg and UFg on 29°T1* ang 29713+

concentrations, with a view to probing cation-anion interactions in

chemical shifts over a range of

MeCN solUtion. The present work appears to be the first study in
which both TlI and TlIII have been examined under comparable conditions

of solvent and counteranion. Previous work carried out in the

3+ and T1" cations in MeCN, are

48

Department has shown that solvated T1

readily differentiated from their 205Tl chemical shifts. The

present work involves a more detailed study of the concentration

205

dependence of T1 chemical shifts and includes experiments designed
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to investigate possible interactions between TlI and TlIII in mixed

oxidétion state compounds.

2:2 Results;

2:2:1 Study of Thallium(I) Salts.

The thallium(I) salts, TlPF6, TlMoF6 and TlUF6 are soluble in

acetonitrile up to a concentration of 0.34 mol dm™3,

Thallium(I)
heptafluorotungstate (VI) was an exception. It was observed that all
of the solid salt Qid not go into solution, presumably some thallium
fluoride, formed from the decomposition of TlWF7, was precipitated.
This material was redissolved by the addition of a trace of WF6 to

the mixture.

05

The variation of 2 Tl chemical shift as a function of salt

concentration, in acetonitrile solutions of thallium(I) salts with

7
to be non-linear. It was observed that an increase in salt

diamagnetic anions, PFg and WF,, is represented in Figure 1 and found

concentration resulted in a small increase of about 3 to 5 ppm in 205Tl

3

shielding over a concentration range of 0.04 to 0.14 mol dm ~. The

205'1'1+ chemical shifts observed for TlPF6 were ~232.3 and -236.98 ppnm at

0.0405 and 0.134 mol dm—3 concentrations, whereas for TlWF7 these

were -235.1 and -240 ppm at concentrations 0.0402 and 0.134 mol am™3

respectively. A high field shift in 205Tl resonance was thus

observed in acetonitrile solutions of TlPF6 and TlWF7 with an increase

in salt concentration, the WF; induced shift being larger than the
PFg induced shift. The peak widths at half heights of 205Tl signals

originating from 'I‘lPF6 and TlWF7 solutions were in the range 30-40Hz.

e 205

Th T1" chemical shift data for TlPF6 were obtained using eight

different concentrations whereas only four different concentrations were
studied for TlWF7 because of the precipitation of TI1F during the

dissolution in MeCN.



Figure 1.
-220L
=216

(o
a — 230
A~
o
o~
—236
QO
~240
-2k

. o 205 . . + .
Variation of Tl Chemical Shift(w.r.t.Tl ag.) with

Concentration in MeCN.

TlPF6,() ; TlWF7, |
éf = 'Free ion' chemical shift of 71" ion.
Gip = Chemical shift of the ion-pair

3
015



Figure 2 represents the variation of 205Tl chemical shift with
increasing salt concentration in acetonitrile solutions of thallium(I)
salts with paramagnetic anions, MoFg and UFg. This relationship is
non—lineér and a low field shift of 205Tl resonance was observed with
an increése in salt concentration. The signals due to solvated 71"
are very sensitive'to the presence of paramagnetic anions, MoFg and
UFg, for example 205Tl resonance from TlUF6 solution occurs at 30 ppm
to lower applied field than that from TlWF7 solution at comparable

3

concentrations, that is 0.04 mol dm ~. The 205Tl+ chemical shifts

f‘or"TlUF6 solutions at concentrations 0.044 and 0.34 mol dm_3 were
-206.5 and -125 ppm whereas for TlMoF6 solutions, these were -209 and
-178 ppm at 0.642 and 0.14 mol dm_3 concentrations respectively. An
increase in the concentration of thallium(I) salts having paramagnetic
fluorocanion, MoFg or UFg, thus has a significant effect on 205Tl
deshielding, about 30 ppm for TlMoF6 and 80 ppm for TlUF6 over a
concentration range of 0.04—0.14 and‘0.04—0.34 mol dm'3 respectively.
The line widths at half heights of 205Tl signals originating from TlUF6
solutions were in the range 180-620Hz corresponding to concentrations

0.04-0.34 mol dm -.

The 2OSTl signals arising from TlMoF6 solutions,
showed an unusual behaviour of peak widths at half heights, that is the
2OSTI signals became broader with decreasing salt concentrations and

were in the range 570-1900Hz. The origin of this unusual behaviour is not
clear.  The “%°T1" chemical shift data for T1UF, were obtained using

solutions of ten different concentrations whereas for T1M0F6, solutions of

only four different concentrations were used.

The 'infinite dilution' resonance frequency of an ion, that is the
resonance frequency in the absence of any effect due to ion-pairing,
relates the resonance frequency of the ion to some property of the
solvent such as basicity, and reflects the strength of interaction

between the ion and the solvent.68 Hence the resonance frequency of
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the nucleus as a function of decreasing salt concentration was
obtained to define tﬁe resonance frequency - salt concentratibn curve
well enough to extrapolate to the 'infinite dilution' resonance
frequency; The extreme sensitivity of the thallium resonance
frequency to its chemical environment, and the non-linear relationship
between the resonance frequency and salt concentration makes this
extrapolation dangerous. Therefore, four thallium(I) salts, having

different anions, TlPF6, T1WF TlMoF6 and TlUF6, were used to

77
approach the 'infinite dilution' point. A computer analysis of the
resonance frequency-concentration curve for each salt yielded the
'infinite dilution' resonance value for a particular solute-MeCN
system. A least squares fit second degree analysis employing a
curve fitting computer programme, was used to extrapolate the resonance
frequency-concéntration curve of each salt. This yielded the same
'infinite dilution' chemical shift value, -226 ppm, for acetonitrile
solvent with an uncertainty of * 1 ppm (Figure 3). The extrapolated
infinite dilution chemical shift values for the particular thallium(I)
salts were T1PF,,-226, T1UF,,-225.5, TI1MoF

-226.5 and T1WF,,, -228 ppm.

6’ 6’ 6’ 7’
The 'infinite dilution' chemical shifts of some thallium(I) salts, in
different solvents together with some solvent properties such as
dielectric constant and Gutmann donor number, are given in Table 1.

A correlation between the 'infinite dilution' resonance

113

frequency of the T1(I) ion and the Gutmann donor number, has been

made for a number of different solvent;14‘2nd is represented in Figure
4, The Gutmann donor number, a measure of the solvent basicity, is
defined as the negative of the enthalpy of interaction of a base with
SbCl5 when the two are dissolved in equimolar amounts in the inert
solvent, 1,2-dichloroethane. The 'infinite dilution' resonance

frequency of the thallium(I) ion determined for acetonitrile in the

present work when plotted against the Gutmann donor number for
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Table 1.

Infinite-Dilution “°°T1* Chemical Shifts and Some Selected

Solvent Properties.

Infinite dilution
Chemical shift

Solvent Properties

Salt Sol t Ref'.
a oLven 2OSTl(Sf,ppm a Dielectric| Gutmann
Constant Donor No.
TlPF6 MeCN -226*1 37.5 14.1 this
work
TlWF7 MeCN -226+1 37.5 14.1 this
work
TlMoF6 MeCN -226%1 37.5 14.1 this
work
TlUF6 MeCN -226%1 37.5 14.1 this
work
TlNO3 Pyridine 783.215 12.4 33.1 114
TlClO4 Pyridine 783.2+5 12.4 33.1 114
TlNO3 liquid NH3 181943 17.0 - 69
TlClOa liquid NH3 181943 17.0 - 69

2+ A11 the chemical shifts are referenced to aqueous TlNO3 at

infinite dilution.
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acetonitrile, was found to fit well in the relationship and is

represented by 'X' in Figure 4.

The formation of an ion-pair in a solvent is represented by means

of the equilibrium shown in equation (1)

+ . ~ - .
Tl(solv.)+ X(solv.) < - Tl X(solv.)

(1)

The ion-pair formation constant, Kip’ for this equilibrium can be

defined by equation (2)68

_ [117x7]

ip
Ya[T1*[X7]

where [T1*X™] = concentration of the ion pair, [T1"] and [X7] are

concentrations of T1* ion (free or solvated) and anion respectively,
and Yy is the mean activity coefficient of the ions. The exchange
of solvent molecules between the solvation sphere of a monovalent
cation and the bulk solvent, is usually fast to ensure the observation
of only one time averaged nmr signal from the cation species. Its

chemical shift is given by equation (3)

C

£
8 ops = XpSp + Xy 850 =

ipbip = 6; (8

in which Sf and Gip are the chemical shifts of the free (solvated)
and ion-paired cations respectively, Xf and Xip are the corresponding
mole fractions, and Cf and Ct are the free and total cation
concentrations; The free>cation concentration, Cf is obtained from
the following rearranged form of equation (3)

- —P—Sgbs__ Yip ¢, (4)

b 6ip

Ce



Figure 4.  Correlation of the 205T1 Chemical Shift and the Gutmann

Donor Number for Solutions of TlI Salts.
Solvents: 1)water; 2)formamide; 3)N-methylformamide;

4)N-N-dimethylformamide; 5)dimethyl sulphoxide;
6)N,N-dimethylacetamide; 7)hexamethylphosphorotriamide;
8)pyridine; 9)n-butylamine; < acetonitrile
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From the experimentally determined values of Gobs’ the extrapolated
values of Gf and estimated values of Gip’ the free cation
concentration, C. can be calculated by equation (4). This value
of Cp 1s then used to calculate the mean activity coefficient, vy,

from the Debye Huckel equation.116

1
log Yy = AC? (5)

In the present work the value of constant 'A' for acetonitrile was
assumed to be the same as that for water (0.5115 at 298 K) because of
the non-a&ailability of such.data for MeCN in the literature. The
values of Kip for TlPF6 and TlWF7, were estimated only for the lowest
concentrations, 0.04 mol dm—3, studied in the present work. The
estimated values of dip and Kip for TlPF6 and TlWF7 in acetonitrile
along with the values for thallium(I) salts in other solvents are
given in Table 2. The Kip values, given in Table 2, increase with

decreasing dielectric constant of the medium as expected.

The Kip values for thallium(I) salts having paramagnetic anions,

6 and UFg,‘were not estimated since the literature method used
68

MoF

for the calculation of Kip has the limitation that it can only be

used for salts where the difference between Gf and Gip’ is not large.

The salt concentration, in the thallium(I) salts, T1MoF, and T1UF

6
has a significant effect on the 20°T1 chemical shifts, hence the

6

estimation of 6ip was not possible.

The 205Tl chemical shift data for MeCN solutions of the solid
obtained from the oxidation of Tl metal with WF6’ which should result
in the formation of TlWF6, are plotted as a function of salt
concentration in Figure 5. Thallium hexafluorotungstate(V) has the
paramagnetic anion HF%, but the 205T1 chemical shift data obtained were

different from those of the other paramagnetic salts)TlMoF6 and
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Figure 5. Variation of 205Tl Chemical Shift{w.r.t. Tl+aq) with
Concentration in MeCN.
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TlUF6. The behaviour observed was very similar to that of
TlWF7, a salt having a diamagnetic anion. The 205Tl chemical
shifts observed were -236 and -238.6 ppm at concentrations 0.041
and 0.137 mol dm_B; Pespectively; Thus an increase of salt

205

concentration resulted in a small increase, 2.6 ppm, in T1

shielding and the line widths at half heights were in the range

56-98Hz.  The 2U°T1 chemical shift data, therefore, suggest that

the counteranion, in the solid obtained from the oxidation of T1
metal with WF6, is predominantly diamagnetic rather than paramagnetic.

The experiment was repeated twice with identical results.

The solid isolated from the oxidation of thallium metal with
WF6, was thus a mixture. The infra-red spectrum of the solid

product consisted of bands at 590 and 6150m—1 assigned to WFg and

WF7 respectively but this cannot be regarded as a definite identifi-

bty 64

cation as the two bands occur in the same region. There

are other reports in the literature where the redox chemistry of

WF6 was shown to be complicated because of the ease with which WF6

46,47 The other

reacts with WF, in acetonitrile, to give WF;.
product from these reactions was presumably solvated tungsten
pentafluoride;, Therefore, the fluoride ion transfer equilibrium

in which all the species are solvated, is represented by equation (6).

- -
WEg + WE == WF, + WF_ (6)

2:2:2 Study of Thallium(III) Salts with Paramagnetic Fluorocanions.

Solvated thallium(III) is readily characterized from its 2OSTl

chemical shift, in acetonitrile solution.48 Resonance from

thallium(III) occurs at higher frequencies than that from thallium(I)

and this situation is consistent with previous studies of compounds

IIT I 68,117

of T1 and T1™ in various solvents. The concentration
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205T13+

dependence of the chemical shift in the complex, [Tl(NCMe)S]-

[UF6]3, is represented in Fig.6. An increase in salt concentration

resﬁlted in decreased shielding of 205’1‘1 resonances but the effect is

far smaller, ca;5 ppm, as compared with the behaviour of 205Tl

resonance frequencies from TlIUF6 ca. 80 ppm, over a concentration

range of 0;04-0.34 mol dm_3. One possible explanation for this

3+

difference is that T1™ 1is more effectively solvated by MeCN as compared

with Tl+, hence direct ion-pairing is less important. The 205Tl

chemical shifts for acetonitrile solutions of the compound, TlIII-

(UF6)3.5MeCN, were 1992.2 and 1997.9 ppm at the salt concentrations,

0.045 and 0.34 mol dm"3 respectively. The relationship between

205013+ chemical shift and the salt concentration is non-linear (Fig.6)

3+

and the'infinite dilution' chemical shift for T1” ion, in acetonitrile

as determined by computer analysis, is 1991 ppm. This value of the

'infinite dilution' chemical shift is not as certain as in the TlI

case because it has been determined only for one TlIII salt. An

ITT

attempt to make T1 (M0F6)3.5MeCN, according to the literature method

was unsuccessful as discussed in the next section. The 205Tl
chemical shifts for thallium(III) salts in the solid state, the melt
form and in solution are given in Table 3. This table shows that
the 205T13+ chemical shifts determined in the present work, are in
good agreement with the values obtained in other solvents or even in

the solid state. The determination of an ion-pair formation constant,

I1T

Kip in the salt, T1 (UF6)3.5MeCN, was not attempted because of the

assumptions that would be required regarding the presence of thallium

(III) ions, such as [TL(NCMe) (UF,),1*, [TL(NCMe) (UF¢)1%* and

2 6
[Tl(NCMe)X]3+, in MeCN solution.

2:2:3. Study of Mixtures Containing TlI and TlIII.

III

Mixtures of TlI and T1 with UFg as counteranion, were prepared

by mixing standard solutions of TlIUF6 and TlIII(UF ),.5MeCN, in a 1:1

6°3

mole ratio. Solution concentrations were in the range 0.04 —
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Table 3.

205113+ (nemical Shifts of Some T1T'! salts.

Concen-. 205, 3+ .

tration. T1 Chemlcal

Salt (mol dm™>) |Solvent | Shift (ppm) Reference
Tl(UF6)3.5MeCN co—dilution MeCN + 1991 this work
T1(MOF) .5MeCN | 0.2 MeCN + 2067 48
T1(C10,) ,.6H,0 - Solid + 2175 118
Tl(ClO4)3 - melt + 1885 119
T1(NO,) 1.5 H,0 + 1850 120
T1(NO,) 0.61 1.5MHNO + 1860 121
TIC1, o-dilution H,0 + 2307 121
(0.1)
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: -3 . 205 . .
0.15 mol dm ~ which enabled T1 resonances to be observed easily.

The change in the 205Tl chemical shifts of TlI and TlIII with increasing

TlI and TlIII concentration and keeping the mole ratio 1:1 in all the

cases 1s represented in Figure 7. The chemical shifts of TlI and

11T

Tl , in the presence of one another, were both shifted to the lower

I1I

applied field as compared with “O°T1 chemical shifts of T11 and T111T in

the individual salts. For example the 205Tl+ chemical shift in the

mixture was -172 ppm at a concentration, 0.045 mol dm_3 compared with
3

a value of -206.5 ppm for TlUF6 at a concentration, 0.044 mol dm ~,
thus a deshielding of 205T1+ resonance of about 35 ppm was observed in
the mixture. This deshielding of 205Tl resonance, in the mixture,
became much more significant, ca. 70 ppm, at higher concentrations,
for example the 2OSTl+ chemical shift, in the mixture was -98.7 ppm

at 0.15 mol dm'3 concentration compared with -164.5 ppm at 0.147 mol

dn™> concentration in the pure TIUF, solution.  The deshielding of
205Tl3+ chemical shift in the mixture was almost the same with an
increase in concentration but its magnitude was much higher than

deshielding of 205Tl+ chemical shift. For example the 205Tl3+

chemical shifts, in the mixture were 2187.1 and 2189.6 ppm at the
concentrations 0.045 and 0.15 mol dm_3 compared with 1992.2 and 1994.5

ppm at the same concentrations in pure Tl3+ solution , a deshielding

of 2O5Tl3+ resonance to about 195 ppm was thus observed. The 205Tl+

signals in the mixture were much broader than the case where no TlIII

was present, for example the line width at half height, AV,, was
2

330Hz compared with 18OHZ for TlUF6, at concentration 0.045 mol dm'3.

No significant change in peak widths at half heights were observed for

205Tl3+ signals in the mixture.

The shifting of 205Tl resonances due to TlI and TlIII

towards
lower applied field in the mixture, can be explained as follows.

The concentration of anion, in the mixture, is greater than in pure



Figure 7. Variation of “°T1 Chemical Shifts with Concentration

for TlI, TlIII Hexafluorouranate (V) Mixtures in MeCN.
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I

TlI or TlII salts of comparable concentration being 4/3 times for

thallium(IIT) and 4 times for thallium(I); It has been observed

205T13+

that the concentration has a very small effect on chemical

205T13+

shifts, hence the shifting of resonance to lower applied

field, in the mixture, is attributed mainly to T1' and T1TMT

interactions in solution; On the other hand, salt concentration
has a significant effect on 205Tl+ chemical shifts, hence shifting

of 205Tl+ resonances to lower applied field, in the mixture, may be

related either to the increase in anion concentration or TlIII-TlI
+
interaction or both. The broadness of 205Tl signals, in the mixture,

is due to an increase in anion concentration.

Oxidation of thallium metal using a large excess of M0F6 in
MeCN at 298 K resulted in the formation of a pale yellow solution
from which an off-white solid was isolated after reﬁoval of volatile
material. The infrared spectrum of the solid contained bands due to

coordinated MeCN, 2320 (comb.) 2290 v (CM) and 950 cm"1 Vv(CC), and

MoFg , !

given in the literature
111

640 (v5) and 250 cm”
45

(v4). The procedure followed was that

, which should have resulted in the formation

IIT

of a pure T1 salt, T1 (MoF /) ,.5MeCN. Accordingly standard
6°3 .

205Tl chemical shift

data showed the compound to be a mixture of TlI and TlIII. The

solutions of the solid were made in MeCN but the

variation of 205Tl chemical shift with an increase in concentration

3

(g dm ~) in this mixed oxidation state compound, is represented in

Figure 8.  The 9°T1* and 29°T13* chemical shifts, in the mixed
oxidation state compound, were shifted to lower applied field with
an increase in concentration and this is consistent with the

behaviour of a mixture of TlI and TlIII

e 205

salts, having UFg as counter-

11" signals, in the mixed oxidation

state compound, were broader than the situation in which no TlIII was

anion, described above. Th



Figure 8. Variation of 205

Tl Chemical Shifts with Concentration
in the Mixed Oxidation State Compound T1iMoF,.T11TI_ -
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present, thus behaving similar to a mixture of TlI and TlIII with

UFg as counteranion and described above,

By assuming that the deshielding of 205Tl3+

1:1 mixture of the TlIII and TlI salts, arises entirely from the

I1I IIT

resonance, in the

interaction of TlI with T1 and is proportionél to the TlI:Tl

mole ratio, the composition of the mixed oxidation state compound,

TlI, TlIII hexafluoromolybdate, having unknown mole ratio can be

determined from the magnitude of the deshielding in the 20°T13*

IIT

resonance; In the 1:1 mole ratio, TlI:Tl mixture with UFg

as counteranion, a deshielding of about 195 ppm was observed for

205Tl3+ resonance (Figure 7) whereas the magnitude of deshielding

205T13+

observed for the resonance in the mixed oxidation state

compound , TlI, TlIII hexafluoromolybdate was about 50 ppm (Figure 8).

This suggested a far smaller interaction between TlI and TlIII

in the mixture of unknown mole ratio. From a comparison of

205Tl3+

the deshielding of the resonances in the above two cases,

I

the concentration ratio of TlI and TlII , in the mixture,

I ITY

17, Tl hexafluoromolybdate is estimated to be ca. 1:4.
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2:3 Discussion

When the concentration of a TlI salt héving a diamagnetic
counteranion, PFg or WF;, is increased, a high field shift of the
205Tl resonance is observed whereas increase in the concentration
of a TlI salt with a paramagretic anion‘MoFg or UFg, results in a
low field shift, the shift induced by UFg is greater than the shift
induced by MoFg. The greater effect of salt concentration on
205Tl chemical shifts in TlI salts with paramagnetic anions, is the
result of the additional magnetic field contributed by the para-
magnetic anions, MoFg and UFg. The 'infinite dilution' chemical shift

205

of T1* ion, in acetonitrile, is determined by the least

205r1* chemical shift -

squares fit second degree analysis of the
concentration plots of thallium(I) salts, TlPF6, TlUF6, TlMoF6 and
TlWF7, using aAcque fitting computer programme. The extrapolated
value of 'infinite dilution' chemical shift, in all the TlI salts is
found to be the same, -226 ppm, with an uncertainty of ¥ 1 ppm.

This is the only 20°T1 'infinite dilution' chemical shift value

which has been determined by using TlI salts with four different

anions.

The previously determined relationship between the infinite
dilution resonance frequency of T1* ions and the Gutmann donor
numbers of the solvents is linear (Figure 4) and the infinite
dilution chemical shift of T1% ion in MeCN, fits well in this
relationship. It is observed from this relationship that the more
basic the solvent, the higher is the infinite dilution resonance

frequency of the ¥ ion; The increase in resonance frequency with
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increasing solvent basicity is thus a measure of the strength of
interaction between the ion and the solvent molecules, with the
solvent acting as a Lewis base and interacting electrostatically
and covalently with the ion. Transient orbital mixing created

by ion-solvation collision induced polarization of the ion electron
cloud may also contribute to the observed resonance frequency

changes.

The 205Tl+ chemical shift data suggest that a definite
cation-anion interaction ié present in MeCN solutions of TlI salts.
The formation of contact or direct ion pairs and solvent separated
ion pairs, is, therefore, possible and from the experimental results
it is difficult to make a distinction between them. The formation
of solvent separated ion pairs in the TlI salts, TlPF6 and TlWF7, is
supported by the comparatively small difference between the free ion
chemical shift, éf, and the ion-pair chemical shift, Gip’ suggesting
less perturbation of T1" ion than might be anticipated from
replacement of a primary solvent molecule by the PFg or WF; anion.

A rather constant 205Tl chemical shift in the above TlI salts, at
higher concentration implies the presence of some degree of contact
ion pairing. In the TlI salts having paramagnetic anion, TlMoF6

and TlUF6, salt concentration has a significant effect on 205

T1
chemical shift, although most of it arises from the additional
magnetic field of the paramagnetic anion, it does suggest the close

proximity of the anion to the T1* ion.

Considering the model of a cation in solution described in
chapter one, Figure 1, it is, therefore, considered that the anions in
the TlI salt solutions are present either in the secondary solvation
sphere or in the primary solvation region. In any event there is a

rapid exchange between the two situations. It is this possibility
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which seems to be the most reasonable one taking into consideration

the experimental evidence discussed above.

The formation of ion pairs in the TlI salts studied in the
present work, is consistent with a recent solid state and solution

122

study of the TlI compound [Tl(mes)zj[B(OTeF (mes = mesitylene).

54
The structure of this compound has been determined by x-ray diffraction
and consists of a chain of [Tl(mes)2]+ cations and [B(OTeF5)4]- anions

19

connected by extremely weak T1...F interactions. The “F n.m.r. spectra

of the compounds, [Tl(mes)2]+[B(OTeF5)4]- and [N(n—Bu)4]+[B(OTeF5)4]_
in dichloromethane solution at two different concentrations

(0.76 and 0.38 mol dm-3) show a very little cation dependance of 6A,
the 1gF chemical shift of the axial fluorine which is trans to oxygen,
for the [B(OTeFS)QJ- anion, and a smaller concentration dependance.
The cation dependance of SA for the substitution of T1% with tetra-
n-butyl ammonium ion is 0.54 ppm and that for concentration it is
0;06 ppm; From the above data, the authors suggest the presence of
some degree of ion-pairing in the 711 compound [Tl(mes)z][B(OTeF5)4]-
in dichloromethane solution. Although these findings are consistent

with some degree of ion-pairing, they are not regarded as definitive.

Only a few ion-pair formation constants for TlI salts are

available in the literature and the TlI salts, T1PF, and T1WF., have not

6 7

been studied previously. A comparison of Kip values determined for
TlPF6 and TlWF7, in acetonitrile, with the Kip values of other TlI
salts reported in the literature in different solvents (Table 2) is

in agreement with general expectation that ion pair formation is

favoured by solvents which have low dielectric constants.

11T )

An increase in concentration of the T1
205

salt, T1(UF .5MeCN,

63

results in a low field shift of the Tl resonance but the effect is
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205

far smaller as compared with the Tl resonance from the TlI salt

having the same counteranion, UFg. e 205713+

Th chemical shift data

suggest that Tl3+ is more effectively solvated by MeCN as compared
with Tl+, hence direct ion-pairing is less important. The radius
3+

0 (o]
of T1°" ion (0.95 A) is far smaller than T1® (1.40 A) and it might

have been expected that ion-pairing should be more significant in the

TlIII salt. The observation of far smaller effect of the
concentration of the paramagnetic anion, UF%, on 205Tl3+ chemical
shift, however, does not support this view. The electronic

3* jon in the outermost shell is d'° and like

configuration of the T1
other d10 ions such as Cu® which is strongly solvated in acetonitrile

*
due to back bonding effect involving a dn_pn interaction with the =

123

orbitals of the nitrile group, it is expected that Tl3+ ion

+ .
3 ion

should also be effectively solvated by MeCN. However the T1
has a greater positive charge than Cu+, hence the degree of back
bonding is expected to be much less than in Cu+, therefore the

effective solvation of the Tl3+ ion in MeCN is not solely due to

this reason.

Considering the model of cation in solution discussed in
chapter one, it is assumed that Tl3+ ion has the solvent molecules in
the primary and secondary solvation shells. The anions are
expected to be present in the disordered zone. The greater positive
charge on Tl3+ion experiences some influence on the anions, thus
causing them to move to the secondary shell. Therefore, a situation
in which the anions exchange positions between the disordered and the
secondary zone is more likely and the formation of solvent separated

ion pair, [Tl(NCVb)X(UF6)]2+, is not ruled out.

The model of a cation in solution, described in chapter one, is

based on the assumption that the anion is not interacting, in any way,



45

with the cation. The 205Tl n.m.r. study of TlI and TlIII salt
solutions, in the present work, does suggest an interaction between

the cation and anion. It can, therefore, be assumed in case of F62+
and Cu2+ cations whose substitution and redox reactions in acetonitrile
will be described in the forthcoming chapters, that the cations are

not entirely free from the effect of the counter anion.

2:4 Conclusions.

205Tl n.m.r. spectroscopy is a powerful probe for cation-anion
interactions in solution because of the sensitivity of the 2O5Tl
chemical shift to the nature of T1' and Tl3+ environment in solution.
The 205T1 chemical shift data obtained for a number of TlI and TlIII
complex fluorocanion salts, suggest the presence of definite cation-anion
interactions in TlI salts and that some degree of ion-pairing is present
in these salts. Thallium(III) is found to be more effectively

solvated, in acetonitrile solution as compared with thallium(I).

2:5 Experimental.

All the Peactions, loading of chemicals in the reaction vessels,
handling of products and the preparation of samples for spectroscopic
analysis, described throughout this work, were carried out by using a
conventional high vacuum system and a N2 atmosphere glove box. The
detail of all these manipulations, is described in chapter 6. The
high oxidation state fluorides, that is PFS’ WF6 and M0F6 (Fluorochem
Ltd. or Ozark Mahoning), and UF6 (British Nuclear Fuels plc), were
purified by low temperature trap-to-trap distillation over NaF and
stored over NaF at 77 K. Solid T1F (Ventron Alfa, 97%) was used
as received. Thallium rod (B.D.H. 99.99%) was cleaned with

abrasive paper and was freshly cut. Solids, for example, T1F and
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Tl metal, were weighed in the glove box using an electronic balance

(Sartorius Model 1205 MPﬁ. The error in weighing was estimated
to be  0.004 g.

2:5:1 Preparation of Thallium Hexafluorophosphate.Bo

A flamed out double 1limb reaction vessel was loaded with T1F
(4.5 mmol) in the glove box. The reaction vessel was attached to

the line, re-evacuated, and MeCN (5ml) and PF_ (4.5 mmol) were

5
distilled at 77 K, by vacuum distillation using liquid N2 as a
coolant. On warming to room temperature, a pale yellow solution
was obtained which became colourless after overnight shaking. The
solution phase was decanted into the empty limb of the vessel and a
white solid was isolated after the removal of volatile material by
vacuum distillation. The infra-red spectrum of the solid had

bands at V max S0 e~ ! and 560 cm™! assigned to PFg but no bands due
to coordinated MeCN were observed.

2:5:2 Preparation of Thallium Heptaf‘luor‘otungstate(\ll).62

Thallium(I) fluoride (0.70 mmol) was loaded into a double
limbed reaction vessel. MeCN (5ml) and WF6 (2.70 mmol) were vacuum
distilled at 77 K. The mixture was shaken overnight at room temperature.
From the colourless solution so obtained, a white solid was isolated

after removal of the volatile material. The infrared spectrum of the

7
and the bands due to coordinated MeCN were absent. The Raman spectrum

solid (Nujol Mull) contained a strong band at 620 c:m-1 assigned to WF

contained characteristic bands at 710 (s), 615 (m) and 295 (s) due to

WF7.
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2:5:3 Preparation of Thallium Hexafluor'otungstate(V).44

Thallium metal (0.5 mmol) was placed in one limb of a reaction

vessel and MeCN (5ml) and WF6 (1.5mmol) were added by vacuum

distillation. The reaction mixture was shaken for one hour at room
temperature. A white solid was isolated from the resulting colour-
less solution after removal of the volatile material. The infrared

spectrum of the solid (Nujol Mull) contained bands at 590 and 615 cm_1

assigned to WFg and WF; respectively, thus the solid was assumed

to be a mixture of TlWF6 and TlWF7.

2:5:4 Preparation of Thallium(I) Hexafluoromolybdate(V).48

TlMoF6 was prepared by the oxidation of thallium metal with

NOMoF

6'
(1) Preparation of NOMoF6.124 MeCN (5ml) was distilled into one

limb of a previously evacuated and flamed out reaction vessel.

Nitric oxide (1.5 mmol) and M0F6 (1 mmol) were distilled onto MeCN
and the reaction mixture was allowed to warm to room temperature.

An orange solid was isolated from the resulting solution after removal
of volatile material. The infrared spectrum of the solid (Nujol
Mull) contained bands at 620 (v3) and 240 (Vq) cm_1 corresponding to

MoFg and one band at 2340 cm” assigned to'v' of NO'. The orange

solid was thus identified as nitrosonium hexafluoromolybdate(V).

(2) Oxidation of thallium metal using NOMoF6 as an oxidising agent.

Thallium metal (1 mmol) was loaded in one limb of the reaction vessel
and NOMoF6 (0.75 mmol) into the other. MeCN (5ml) was distilled
onto NOMoF6 and the resulting solution was transferred to the limb
containing T1 metal which dissolved rapidly in the solution at room
temperature, with the evolution of a colourless gas, NO. A mustard

colour solid was isolated from the solution after removal of
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volatile material. The infrared spectrum of the solid (Nujol Mull)
contained bands at 635 (v3) and 255 (v,) cm™! assigned to MoFg. The

bands due to coordinated MeCN were not present.

2:5:5 Preparation of Thallium(I) Hexafluorouranate(V).

TlUF6 was obtained by the oxidation of thallium metal using

NOUF6 as an oxidising agent.

(1) Preparation of NOUF6.124 Acetonitrile (5ml), nitric oxide

(1.5 mmol) and UF6 (1 mmol) were distilled into a reaction vessel.
The reaction mixture was allowed to warm to room temperature. A
pale green solid was isolated from the resulting pale green solution
after removing the volatile material. The solid was identified

as nitrosonium hexafluorouranate(V) by its infrared spectrum which

¢ and No*

showed bands at 520 (v3) and 2320 cm”! assigned to UF
respectively.

(2) Preparation of TlUF6. Thallium metal (1 mmol) and NOUF6 (0.75 mmol)

were loaded into each of the two limbs of the reaction vessel. MeCN
(5ml) was distilled onto NOUF6 and the resulting solution transferred to
the 1imb containing T1 metal which reacted vigorously with the

solution at room temperature evolving a colourless gas, NO. A pale
green solid was isolated from the resulting pale green solution, after
removal of volatile material. The infrared spectrum of the solid
(Nujol Mull) contained a strong band at 520 (v3) cm-1 assigned to

UFg. No bands due to coordinated MeCN were observed. The
electronic spectrum of the solid, in MeCN, showed the characteristic

45

f~f transitions of a UF% anion. Therefore, the solid was

characterized as thallium(I) hexafluorouranate(V).
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2:5:6 Preparation of T1(UF .'SMeCN.[*5

6)3

Thallium metal (2 mmol) was loaded into one limb of a reaction

vessel. MeCN (5ml) and UF6 (8 mmol) were added by vacuum
distillation. The reaction mixture was shaken for one hour at room
temperature. A pale green solid was isolated from the resulting
green solution after removing the volatile material. The infrared

I1T

spectrum of T1 (UF6)3.5MeCN contained bands due to coordinated

MeCN, 2320(comb.) 2295 vicy) and 950 v (CC) and a strong band at
520 em™! due to UFg.

2:5:7 Preparation of Mixed Thallium(I,III) Hexafluoromolybdate (V).

Thallium metal (2 mmol) was loaded in a reaction vessel. MeCN

(5 ml) and MoF6 (10 mmol) were distilled in and the mixture allowed
to warm to room temperature. The reaction mixture was shaken
overnight and an off-white solid was isolated from the pale yellow
solution after removing the volatile material. The solid was

identified as a mixture of thallium(I) and thallium(III) hexafluoro-

205 20011%s =

molybdate from a combination of Tl n.m.r. spectroscopy,

158 ppm at 0.13 mol dm = and 2°°T13*s = 2051 ppm at 0.13 mol dm™>,
and infrared spectroscopy, bands at 2322 (comb.) 2290 v(CH) and 950 v(CC)
were assigned to coordinated MeCN and those at 640 (v3) and 250 (v4)cm'1

to M0F6.

2:5:8 Preparation of Solutions for 205Tl N.M.R. Spectroscopy.

Solutions of T1(I) and T1(III) complex fluoroanion salts, in
MeCN, were prepared in the glove box. To minimize the error, the
salts were sealed in frangible ampoules, weighed on an analytical
balance outside the glove box. From the standard solutions so

obtained, solutions of different concentrations were made by
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dilution using two microburettes in the glove box. The solutions
were loaded into the vessels fitted with n.m.r. tubes. Thallium-205

n.m.r. spectra were obtained in 5 mm n.m.r. tubes at 298 K using a

205

JEOL FX-90 spectrometer with a Tl observation frequency of 51.62MHz

for TlI and 51.74MHz for TlIII. All 205Tl resonance frequencies
were referenced to the 'infinite dilution' resonance frequency of
20571* in water at 298 K (57.683833MHz) °° such that the protons of
TMS resonate at exactly 100MHz and calculated by using the formula

given in equation (10).

Downfield shifts are assigned positive values. The variation of

I salts, and

205T1 chemical shifts in MeCN solutions of TlI and T1
in mixed oxidation state compounds, with increasing éalt concentration,

is given in Tables 4 to 9.



Table 5.

205Tl+ Resonance Frequencies and Chemical

Shifts of T1MoF,. at

Different Salt Concentrations.

H —=

Concentrations 1 G(ppm) AV, (Hz)

l | H 1

(mol dm-3) A (Miz) ¢
0.0417 57.671798 -208.6 1900
0.0695 57.672434 -197.9 1400
Q.0973 57.672900 -189.5 580
0.139 57.673547 -178.3 570

205Tl+ Resonance Frequencies and Chemical Shifts of TlWF6

0.041 57.670297 -234.6 56
Q.Q69 57.670180 -236.6 61
0.096 57.670120 -237.7 86
0.137 57.670066 -238.6 98




Table

6.

29571* Resonance Frequencies and Chemical Shifts of TL'UF, in MeCN
at Different Salt Concentrations.

Concentration — S (ppm) AV, (Hz)
(mol. dm~ ) L_’—:_'_. (MHz ) :
0.044 57.671021 —206.5 200
0.048 57.672083 ~203.7 200
0.073 57.672875 -189.0 230
0.09 57.673218 -184.0 280
0.101 57.673354 ~181.6 310
0.147 57.674174 ~164.5 400
0.15 57.6T4461 -162.5 400
0.20 57.675104 -151.3 470
0.27 57.675856 -138.3 470
0.34 57.676618 -125.1 620




Table 7.

205T13+ I

Resonance Frequencies and Chemical Shifts of TlII (UF6)3.5MeCN

at Different Salt Concentrations.

Concentration — § (ppm) AV, (Hz)
(mol. dm-?’ ) l—_—“ (MHz) 2
0.041 57.798715 1991.8 70
0.045 57.798751 1992.2 70
0.068 57.798781 1992.7 70
0.09 57.798822 1993.4 70
0.093 57.798829 1993.5 70
0.136 57.798868 1994.2 100
0.15 57.798885 1994.5 73
0.22 57.798939 1995.5 83
0.27 57.798977 1996.1 85
0.34 57.799028 1996.9 90




Table 8

20571+ ang momﬂ.w+ Resonance Frequencies and Chemical Shifts in the 1:1 Mixture, HHH%@,TEH Emovw.ngz
at Different oosomsgmﬂos.m.
Concentration 20571* signals 205113+ Sipnals
Iw T
{mol dm ) — S(ppm) | AV, (Hz) — v 8¢ AV, (H
— (MEz) PP 3 — (Mz) ppm) y (H2)
0.045 57.673912 ~172 300 57.809994 2187.1 75
0.075 57.675281 ~148.3 310 57.810049 2188. 1 60
0.105 57.676419 ~128.5 550 57.810087 2188.7 65
0.15 57.678138 ~98.7 720 57.810138 2189.6 80




Table 9.

momHH+ and momﬁpw+ wmmoswsom Frequencies and Chemical Shifts in the Mixed Oxidation State Compound
I 11T
T1'MoF . T1 g)3-5MeCN.
Concentration 20571+ signals 205713% signals
-3
d —— 5 AV, (H — H
g dm 1 (vHz) (ppm) 1 z) _ F (MHz) § (ppm) ><WA z)
43 57.672534 ~195.9 200 57.801423 2039 210
71 57.673371 _181.4 450 57.801767 2045 240
99.5 57.674219 ~166.7 600 57.802077 2050 250
143 57.674721 ~158.0 1200 57.802144 2051 850




CHAPTER THREE

Substitution Reactions
of the |
Solvated Fe'"Cation in Acetonitrile
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3.1 Introduction

The chemistry of iron complexes is important both from an
industrial and a biochemical point of view. Iron has a functional
role in many tiving systems, for example oxygen transport to
different parts of the human body through hemoglobin. In aqueous
solution, Fe(III) is the most common oxidation state whereas Fe(II) is"
the stable oxidation state in acetonitrile. Iron(II) is known, in
MeCN solution as the [Fe(NCMe)6]2+ ion and is prepared by the

oxidation of iron metal with oxidising agents such as NOBFA, 21

125

CF4SOH, '°2 MFg, (M = W or Mo) or NOPF,,"T and by Lewis acid-Lewis

3 6’
base reactions involving Fe.Cl2 and a Lewis acid chlor'ide61 or
anhydrous FeF2 and PF5.47 There is no definite evidence in the
literature for the formation of [Fe(NCMe)6]3+ although Fe(III) is
known in complex ions such as FeClZ. 4T
The hexakis (acetonitrile) iron(II) cation is a convenient
starting point for the development of the non-aqueous chemistry of
iron(II) with simple ligands. The aim of this study is to investigate
the substitution behaviour of the [Fe(NCMe)6]2+ cation, in acetonitrile
solution, using simple N,P and S-donor ligands such as NHB’ NMe3,
pyridine (py), P(OMe)3, PMe3, MeZS and tetramethylthiourea(tmtu), and

to study how far these simple ligands are able to stabilize iron(II) in

acetonitrile solution.

3.1.1 Iron(II) Salts with Nitrogen Donor Ligands.

Tron(II) hexaammine salts, [Fe(NH3)6]X2, (X = C1, Br, I, ClO4 or
BFA), are well known in the solid state but their chemistry in solution
has been little studied. The phenomenon of phase transitions in
126

these salts has been studied by the X-ray structural investigation.

The hexa-ammine compounds have been shown to build up'octahedral' ions,
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[Fe(NH3)6]2+, with the terminal hydrogens forming hydrogen bonding
with the anions. The quadrupole interaction of the 57Fe nucleus for
the complexes, [Fe(NH3)6]X2 and [Fe(ND?)6]X2 has been measured by

MOssbauer spectrometry and varies in an appreciable amount when the H
atoms are replaced by the D atoms.m7

The hexa-ammine iron(II) salts have been prepared either by the
dry or the wet reactions. In the dry process, NH3 is passed over the

anhydrous iron(II) salt whereas in the wet process, NH, is made to flow

3
through a freshly prepared solution of the iron(II) salt in ammoniated

ethanol till the complex is precipitated which is washed with ammoniated

alcohol and ether, and finally dried in an ammonia stream.128 K.H.

Schmidt and A. Muller have carried out a systematic investigation of

skeletal infrared and Raman data of the octahedral iron(II) hexa-ammine

129

salt, Fe(NH3)6C12. The metal-nitrogen stretching vibrational

frequency for the complex, [Fe(NH3)6]2+, occursin the range 30 to 370
cm—1. The ligand field splitting energies for hexa-ammine complexes
of Mn(II), Fe(II) and Zn(II) have been measured thermochemically using

130 It has been shown that the maximum

the talorimetric technique.
difference in heat of solution between the normal crystalline lower
amines and the high energy modifications of the lower amines of these
salts, when expressed as k cal.mole_1 of each hepta-ammine, are

equivalent to the ligand field splitting energies of the hexa-ammine

metal (II) ions.

The hexa(pyridine)iron(II) cation, [Fe(py)6]2+, has been prepared

by adding a solution of pyridine in ethanol to a suspension of FeCl2 in

131

ether. The compound has been characterized by electronic and

infrared spectroscopy, and by the X-ray powder method. The structure
of the complex, [Fe(py)6][Fe4(CO)13], has been determined by X-ray

crystallography and is shown to be composed of discrete cations and

132

anions. In the cation, [Fe(py)6]2+

, the Fe(II) has the regular
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octahedral environment of six nitrogen atoms about it with the
pyridine molecules lying in three mutually perpendicular planes.
Recently the hexa(pyridine)iron(IT) salt, [Fe (py) ] [Picrate].,, has
been obtéined in the form of brown green crystals by mixing alcoholic

solutions of iron picréte and pyridine;133

Iron(II) complexes with
the ligand trimethylémine do not appear to have been reported

previously.

3.1.2 Iron(II) Salts with Phosphorus Donor Ligands.

Iron-trimethyl phosphine complexes are known mainly in the form

of low oxidation state compounds such as clusters.134 Only a few

simple iron-trimethyl phosphine complexes, such as Fe(PMe 135

) 136

3)5(C0) %,

(X = C1, Br or I) and Fe(PMe (nq-butadiene), are known. The

3'3

latter complex is prepared by the reduction of FeCl2 in the presence of

PMe3 and butadiene. A number of five coordinate Ni(II)—PMe3

complexes of the general formula, NiX (PMe3)3, [NiX(PMeB)a][X],

2
(X = Cl, Br or I) and [Ni(PMe3)5][BF4]2, have been characterized in

137

CH2012 or CHClF2 solutions. A number of cobalt-trimethylphosphine

complexes have been reported. In the presence of trimethylphosphine

anhydrous CoCl2 is reduced by magnesium in tetrahydrofuran(THF)

138

solution to form tetrakis (trimethylphosphine) cobalt(0) The

Co(O) complex, Co(PMe3)A reacts with anhydrous CoX2 salts,(X = C1, Br or 1)

in etheral solution in the presence of PMe3 forming Co(1) complexes,

CoX(PMey),. >0 The oxidation of the Col0) complex by iodine results

in the formation of the complex, CoI(PMe3) The tetrahedral

3
3)3 complexes are reacted with

PMe3 at low temperatures in CH2C12 solution. Trimethylphosphine

complexes of cobalt(I), [Co(MeCN)(C2H4)(PMe3)3][X], (X = Br or BPh

[Co(PMeB)4]+ cation is formed when CoX(PMe

4)’
have been prepared by the reaction of CoBr(PMe,), with ethylene in

3'3
acetonitrile either in the presence or absence of NaBPh 140 The

4"
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crystal structure of the complex [Co(MeCN)(CZHQ)(PMe3)3][BPh4] has
been determined and contains a distorted trigonal bipyramid cation,
[Co(MeCN)(CZHq)(PMe3)3]+ in which MeCN and PMe3 are axial whereas

C2H4 and two PMe3 ligands are equ&torial; Simple PM'e3 complexes

such as MnXZ(PMe35 and Man(PMe3)2, (X = C1, Br or I) have recently

salts with PMe, in

been prepared by the reaction of anhydrous MnX2 3

toluene/CH2012 mixtures.141

Iron-trimethyl phosphite species are widely reported principally
due to the unusual steric and electronic properties of the ligand.
The alkyl phosphites are less sterically demanding than the corresponding

alkyl phosphines and possess greater m-acceptor ability due to the more

electronegative substituents on phosphor'us.M2 The main work on

iron-trimethyl phosphite complexes stems from the preparation of the neutral

complex, Fe{P(OMe)3}5, by sodium amalgam reduction of Fe{P(OMe)3}3Cl2,

143

in the presence of excess trimethylphosphite. The same species

has been obtained by the sodium amalgam reduction of FeBr2 in the

presence of excess P(OMe)3 in tetrahydrofuran solution.144 This

species displays interesting behaviour both physically and chemically.

It is fluxional in solution but at 168 K exhibits an A2B3 second order
3

‘ . . 14
1P-{1H}-—n.m.r’. spectrum corresponding to a trigonal bipyramid geometry. g

The chemistry of this zero-valent species is dominated by its exception-

ally electron -rich properties. The relatively basic iron atom in the

species, Fe{P(OMe)3}5, gets protonated to form a six coordinate species

when dissolved in methanol (equation 1).

+ MeOH — [Fe{P(OMe)3}5H]+ + [OMe]” (1)

Fe{P(Oe) }, —

The species can also be alkyléted by reaction with [Me30]+[BF4]_ as

represented in equation 2.

Fe{P<ozv1e)3}5 + [Me,01 ¥ [BF, ] = [Fe{P(OMe),}, Me]™+[BF,] 7+ Me,O

(2)
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The high electron density on the metal centre in Fe{P(OMe)S}q iz also

indicated by a facile one electron oxidation process in which silver(I)
or tropylium salts react with the species, in acetonitrile solution, to
give [Fe{P(OMe) 1°

(MeCN)]<" through two consecutive one electron

3}5
transfer reactions, The cationic iron(II) complexes, [Fe{P(OMe)B}BX]+
(X = Cl, Br or I) have been obtained by the addition of P(OMe), to

3
L A 31?-{1H} n.m.r. study

iron bis(tetrahydrofuran)dihalide complexes.
of these six coordinate iron(II) species in methylene chloride solution
yields the characteristic AB[+ spin system spectrum. Under somewhat
more extreme conditions, it is possible to replace the halide ion in
the complex, [Fe{P(OMe)3}5X]+ by P(OMe)3 yielding the species,
[Fe{P(OMe)3}6]2+, precipitated from the solution by the addition of a
similar sized dianion. The complex cation, [Fe{P(OMe)3}6]2+ has

also been prepared as the tetraphenylborate, BPhZ, salt by refluxing
anhydrous FeCl2 and NaBPhq in the presence of excess P(OMe)3 for four
hours in MeOH solution.146 Five coordinate complexes of the type,
E@(né-diene){P(OMe)3}é] have been prepared by Steven et al.for a
variety of simple cyclic and acyclic dienes using metal evaporation

techniques.147

P(QMe)

Fe
(MeO).P—

(MeQ),P

These species are fluxional and have been used to investigate the
exchange mechanisms in five coordinate complexes, Iron(II)-phosphite
complexes, [FE{BHB(CN)}E{P(OM6)3}4], have been obtained both

metathetically and electrochemically.MO The metathetical reaction
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or acetonitrile solution, whereas the electrochemical process involves

involves mixing of FeCl,.2H.O Na[BH (CMN)] and P(OMe)3 in methanol .

anodic dissolution of iron in acetonitrile solutions of trimethylphosphite
and Na[BH3(CN)]. Recently iron(II) trimethyl phosphite complexes of
the composition, [FeX(CO){P(OMe)3}4][BPhA], (X = H, C1 or Br), have

149

been reported in the literature. These complexes are white

diamagnetic solids, soluble in all polar solvents and are stable to air

both as solids or in solution. The trimethyl phosphite ligands have

a trans geométry both in solution and solid state.

Previous work carried out in this Department involved a study of
the direct replacement of coordinated MeCN in the complex cation,
[Fe(NCMe)6]2+, by P(OMe)3 in acetonitrile.47 The reaction involves
a step-wise substitution of P(OMe)3 for coordinated MeCN and the course

31

of the reaction has been followed by P—{1H}n.m.n spectroscopy.  The

products isolated, after a week, are the diamagnetic yellow solid,
[Fe(NCMe){P(OMe)3}5][PF6]2 and the dimethyl methyl phosphonate formed

31

only in a small quantity. The ~ P-{ H}n mrspectrum of the cation is

identical to that of the analogous Sng salt obtained from the

oxidation of Fe{P(OMe) }5 by AgI or tropylium salts. 144 Most of the

intermediate steps in the reaction have been observed from a combination
31P { Hh)mxxand electronic spectroscopy. The kinetics of low

spin [Fe{P(OMe)3}2(NCMe)A] o+ formation are consistent with an inter-

B30 11 the

change mechanism occurring via an outer sphere complex.
present study, this work has been extended to include reactions of
high spin iron(II) complexes having ligated ammonia, pyridine or

trimethylamine, with trimethyl phosphite and trimethyl phosphine.

Overall the reéctions of these high spin iron(II) cations with
phosphorus donor ligands are very similar, however, three different

types of behaviour can be distinguished; These may be rationalized
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in terms of the different steric properties of the N- and P- donor

ligands involved.

3:2 Results;

3:2:1 Preparation and Characterization of Iron(II) Cations with

Nitrogen or Sulphur Donor Ligénds;

Previous work has shown that coordinated MeCN in hexakis

(acetonitrile) iron(II) cation, is replaced readily by pyridine(py)

151

in the presence or absence of acetonitrile. The off white

solid isolated from the reaction of [Fe(NCMe)6][PF6]2 with neat
pyridine is identified as [Fe(py)6][PF6]2 on the basis of its
analysis and infra-red spectrum. The infra-red spectrum of the

solid, We@y%]&?@z,cm&ﬁnsbmﬁsdwatocmm&nﬂedpwﬂﬁnm

‘ -1
VmaX 1603, 1219, 1160 and 1010 cm ' and the PF6

560 cm .

anion, vmax 840 and

The bands due to coordinated MeCN are not present.

The cation, [Fe(py)6]2+ loses pyridine when the complex [Fe(py)6][PF6]2
dissolved in acetonitrile. The analysis of the off-white solid
isolated from the resulting solution is consistent with its being

[Fe(py)S(NCMe)][PF however the presence of [Fe(py)q(NCMe)zj[PF6]2

6]2’
may not be excluded. The product obtained from the reaction of
[Fe(NCMe)6][PF6]2 with pyridine in acetonitrile is analytically and
spectroscopically identical to the product isolated from the solution
of [Fe(py)6][PF6]2 in acetonitrile. These complexes are high
spin and the magnetic moments determined by the Gouy balance method
at 298 K, are 5.7i0.2 B.M. The electronic spectra of the
complexes, [Fe(py)6][PF6]2 or [Fe(py)B(NCMe)][PF6]2, which may form
an equilibrium mixture of cations, [Fe(py)6_X(NCMe)X]2+, X = 0 to at
least 2, in MeCN solution, consist of a broad asymmetric band, vmax =
1 -1

12000 cm™ ! (e = 13 dm> mol™" em™") with a shoulder at 10500 cm_1,
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[ = .
assigned to the JT2é————> 5Eg transition.

Preliminary work involving the reaction of ammonia with
[Fe(NCMe)éj[PF6]2, in acetonitrile so]_ution,152 has been confirmed
in the present work. An off-white solid was isolated from the
reaction mixture after removal of the volatile material. The
solid was identified as [Fe(NH3)6][PF6]2 from its analysis and infra-
red spectrum; bands at vmax 3400, 1220 and 630 <:m"1 were assigned to
coordinated NHé whereas those at ﬁmax 840 and 560 c:m_1 corresponded
to the PFg anion. There was no evidence for the presence of
coordinated MeCN. The cation, [Fe(NH3)6]2+, was recovered unchanged
after dissolution of the complex, [Fe(NH3)6][PF6]2 in acetonitrile, a

130

situation similar to that observed in liquid NH3. The electronic

spectrum of the complex, [Fe(NH3)6][PF6]2 in acetonitrile solution,

1 3

consisted of a broad asymmetric band, vmax = 12,400 cm ' (e = 8 dm

mol™" em™') with a shoulder at 9,000 cm™! and was consistent with the
presence of a high spin iron(II). The band was assigned to the
5T2§————9 5Eg transition. The magnetic moment of the complex )
determined by the Gouy balance method, was found to be 5.6%0.1 B.M. at

298 K.

It has been shown in a preliminary study that the reaction of
trimethylamine with [Fe(NCMe)6][PF6]2, in acetonitrile, has resulted

152

in the formation of a pale brown solid. In the present work an

off-white solid was isolated from the reaction of [Fe(NCMe)6][PF6]2
with Me3N in the absence or the presence of MeCN. The solid was

characterized as [Fe(NMe?))(NCMe)A][PFE)]2 from its microanalysis and
the infrared spectrum which contained bands due to coordinated Me,N,

- -1 = -1 -
Vmax 3250, 1478 and 1048 cm ~, MeCN, Vmax 2310 and 2285 cm ' znd the PF6

= -1 . . .
anion, Vmax 840 and 560cm . Assumine the anion to be non-coordinated,

iron(TII) in the complex,[Fe(MP@3)(NCMe)AJ[PFGJZ, appears to be



pentacoordinated however, it should be hexacoordinated under normal
conditions; Loss of one MeCN ligand during isolation of the solid
is not surprising since MeCN is weakly bound to 3d bivalent metal
cations; Thermogravimetric analysis of the solid compound,
[Fe(NCMe)6][PF6]2, indicates that two MeCN ligands are lost at

temperatures less than 353 K.151

This provides a good evidence for
the weakly bound nature of MeCN to 3d metal cations. The magnhetic
moment of the complex, [Fe(NMeB)(NCMe)q][PF6]2, has been determined
by the Gouy balance method and has a value 5.6%0.2 B.M. at 298 K.

The electronic spectrum of the complex, in MeCN solution, consists of

1 3 mol_1 cm_1) with

a broad asymmetric band, vmax 11,200 cm™ ' (e = 10 dm

a pronounced shoulder at 10,000 cm—1. The band is assigned to the

5T2é—-—>5Eg transition and is consistent with the presence of a high
2+

spin octahedral iron(II) presumably [Fe(NMe3)(NCMe)5]

The reaction of hexakis(acetonitrile) iron(II) hexafluorophosphate
with tmtu, (mole ratio 1:6 or 1:8), in acetonitrile results in the
formation of a light green solid; The presence of coordinated tmtu
in these complexes is evident from the infrared spectra which contains
bands at W56O cm"1 (VNCN) and 1100 cm_T(vC:S) compared with 1520 and
1115 cm’1 in pure tmtu. The complex isolated from the reaction in

which Fell

:tmtu mole ratio was 1:8, contains bands due to uncoordinated
tmtu in its infrared spectrum whereas no such distinction can be made
in the specirum of the complex derived from mole ratio 1:6. A broad

barid at 835 cm'1 and a strong band at 560 cm"1 are assigned to the

ariion, PF%; The electronic spectrum of the complex (FeII:tmtu = 1:6)
in MeCN solution, consists of two bands at vmax 16900 (e = 390 dm3
mol™ " cm'1) and 13000 e (e = 280 dm> mol_1cm—1). The molar

éxtinction coefficients for the two bands are estimated by assuming

that all the six moles of tmtu ligands are coordinated to FeII, by

replacing the MeCll molecules in the complex [Fe(NCMe)6]2+.
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A recent study has reported the formation of tetra, penta and hexa-
coordinated high spin iron(II) complexes with substituted thioureas
(N,Nidimethyl thioureé, N,ﬁ;diethyl thiourea and N,ﬁ—di n-propyl thio-
urea) héving perchlorate or tetrafluorobcrate as counter’anions.153
These complexes héve been prepared by adding stoichiometric amounts
of the ligand to a concentrated solution of iron(II) salt in I-butanol
with different volumes of the solvent according to ligand solubility.
The mixture is heated and stirred until all the ligand dissolved

and then allowed to stand at 278 K until crystals are formed. The
crystals are filtered out, washed with 1-butanol and dried in vacuo

at room temperature. The electronic spectra of these complexes

are recorded in the solid state as Nujol mulls. The d-d transitions
for tetrahedral complexes are in the region, 6500 cm—1 whereas for
octahedral complexes, they are in the region 9800—10300 cm_1. The
use of involatile ligand, that is tmtu, causes the difficulty in

precipitating or crystallizing the complex from acetonitrile solution.

As a result a detailed study of the iron(II) tmtu complex has not

been attempted in the present work. No reaction has been observed
between [Fe(NCMe)6]2+ and Me,S with or without the presence of
acetonitrile.

3:2:2 Replacement of Nitrogen Donor Ligands at Iron(II) by Trimethyl
phosphite.

The reaction between [Fe(py)é]2+ or [Fe(py)6_x(NCMe)XJ2+ and

P(OMe) in acetonitrile solution, involves a step-wise substitution

3’
whose course has been followed by 31?-{1H} n.m.r. and electronic

151

spectroscopy. Trimethyl phosphite reacts with [Fe(py)6][PF6]2

in acetonitrile, at room temperature to give a yellow, diamagnetic solid,

[Fe{P(OMe) (py)][PF6]2. The solution is initially red, rapidly

335 (P
becomes orange and then changes to pale yellow over a period of 24 hours.
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The formation of the yellow diamagnetic solid, [Fe{P(OMe)3}5(py)][PF6]2,

in substantial amount requires seven days. The 31P—{1H}n.m_p_spectrum

of the cation, [Fe{P(OMe)3}5(py)]2+, in CD4CN, consists of an AB, spin
system (Table 1) and the electronic spectrum (Table 2) consists of two
bands assigned to 1A1 ____5>1A2 and 1A1_....__>1E d-d transitions in

C, y symmetry by analogy with the spectrum of [Fe(CN) (OHZ)]3- (ref.154).

5
Most of the intermediate cations in this reaction have been identified

from 3

1P—{1H}n.m.r.spectra of the reaction mixture with electronic
spectroscopy providing supporting evidence. The n.m.r. assignments
(Table 1) are made on the basis of the spin systems observed and for

species giving rise to singlets, their appearance/disappearance

behaviour with time.

The initial stages of the reaction are quite fast whereas the
latter stages of the reaction are easily followed up by 31P—{1H} n.m.r.
spectroscopy. The reaction between [Fe(py)6]2+ and P(OMe)3, in
acetonitrile, in the later stages is identical to that observed

previously for [Fe(NCMe)6]2+ (ref.47).

The first low spin cation to be formed in the reaction of

[Fe(NCMe)6]2+ with P(OMe). is cis-[Fe{P(OMe)

31

3}2(NCMe)qJ2+ identified
47, 150

3

by its P—{1Hk14nJm and electronic spectra. In the reaction

between [Fe(py)6]2+ and P(OMe)B, in acetonitrile solution, however, no
3. {"Hin.m.r.signals attributable to bis(trimethylphosphite) cations
are observed even when the reactants are mixed in ann.m.r. tube at 195K,

Formation of a low spin species was observed by stopped-flow electronic

spectroscopy, a technique that is described in chapter 6.

The reaction between [Fe(py)6]2+ and P(OMe)3 was studied under
pseudo first order conditions, the concentration of P(OMe)3 was at
least 100 fold in excess over the concentration of [Fe(Py)6]2+. The

traces from the reaction of [Fe(py)6]2+ with P(OMe)3, were recorded



Table 1.

315 (1 '
P-{ H} N.M.R. Data for Iron(II) Trimethyl Phosphite Cations.

Chemical Shifts &

Cation i Coupling
' Spin System (p.p.m) constant
Sp Sg IR (Hz)
fac—[FeP3(py)3]2+ A3 155.6 -
2+
mer-[FeP3(py)3] AB, 156. 1 143, 131
. 2+
cis-[FeP, (py),] A,B, 157.6 146. 137
[FePS(py)]2+ AB, 156.0 148. 131
' 2+
trans—[FePzNN3] B2 - 145,
cis-[FeP lN.1%F A 155.9 -
23 2 .
fac-[FeP. N5+ A 154.2 -
32 3 ¥
mer-[FeP.NN..]°* AB 157.5 147 130
3o 2 . .
/ .
cis-[FquNN]24 4,8, 157.6 146. 137
/ =2+
trans—[FquNN] B4 - 146.
/ 2+
[FeP_N] AB,, 156.7 148. 134
. 2+
cis-[FeP, (NH,),] A,B, 165.4 149, 130

2 To low field of 85% H PO,

py = pyridine;

N = Me,N; N = MeCN

3




Table 2.

Electronic Spectra & of [Fe{P(OMe)3}5L]2+, L = py or NMe3 Cations.

Cation Vmax(cm—1)
"h,~— 'k ", — a,
[Fe{P(OMe)3}5(pY)]2+ 26,700 (300) 2 32,600 (250)
[Fe{P(OMe)3}5(NMe3)]2+ 27,900 (360) 32,600 (300)
[Fe(P(OMe) ), (NCMe)]™* € 26,700 (370) 32,700 (250)
[Fe (C) (0H,)]3™ & 22,520 (4ih) 30,300 (100)

a Assignments in C4V symmetry;

_‘])

E Molar extinction coefficients (dm3 mol-1 cm

e}

Reference 47.

'Q-Reference 154
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over the region 17000 to 33000 cm_1. The electronic spectrum of the
1st. low spin iron(II) bis(trimethylphosphite) species was obtained

by plotting the change in optical density as a function of wave length.

The results of an experiment using solutions 4 x 10—3 mol dm'3

3

in Fe(II)

1 _
and 5 x 10  mol dm ~ in P(OMe)3 are plotted in Figure 1. The

1

electronic spectrum showed é maximum absorption at vmax = 22,700 cm  with

1

a molar extinction coefficient, € = 350 dm> mol” cm-1, and is very

similar to that observed for [Fe{P(OMe) !

3 1

2 = -
S} (Nete) 157, = 23,000 cm

1 150

and € = 320 dm” mol ‘cm ', under identical conditions.

This
spectrum was found to be in good agreement with the spectrum of the
first species observed in the conventional electronic spectroscopic
study. The disappearance of this species as followed by electronic
spectroscopy is first order in trimethyl phosphite concentration.
Disappearance of the di-substituted species results in the formation of
fac—[Fe{P(OMe)3}3(py)3]2+ which then undergoes further substitution.
The rearrangement fac ——» mer[Fe{P(OMe)3}3(py)3]2+ is observed

and there is a marked preferance for cis—[Fe{P(OMe)3}4(py)2]2+

over the trans isomer. Approximately 20 hours are required for
cis—[Fe{P(OMe53}4(py)2]2+ isomer to become a major component of the
reaction mixture and some of this species is still present after

seven days.151

The compound [Fe(NMe3)(NCMe)4][PF6]2, reacts with trimethyl
phosphite, in acetonitrile at room temperature to fofm a red solution
whose colour changes rapidly to orange and then to yellow over a
period of 24 houts. A yellow diamagnetic solid, [Fe{P(OMe)3}5(NMe3)]-

[PF6]2 was isolated from this solution after seven days. The 31P—{1H}

)]2+

n.m.r. spectrum of the cation, [Fe{P(OMe),}; (e, , in CD,CN,

3

consisted of an AB4 spin system (Table 1). The reaction of trimethyl

phosphite with [Fe(NMe )(NCMe)5]2+, in acetonitrile proceeds via a

3

step-wise substitution of P(OMe)3 for coordinated MeCN. The step-wise



Figure 1. Formation of the 1st. Low Spin FeII bis!trimethylphosphite)
Species in the [Fe(py)6]2+ and P(OMe)3 Reaction as Observed

by Stopped-Flow.
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nature of the substitution reaction is demonstrated by the - 'P-{ H} -

.m.r.study of the reaction mixture [Fe(lMe

) (NCMe) ]2+

3 5 and P(OMe)3.

A number of species which would give rise to a single peak in the

31P—{1H}n_m_n spectrum, are involved and this could lead to

ambiguity in assigning a particular single peak to a specific isomer.
This problen, however, was overcome by correlating the appearance

or disappearance of the singlet with the appearance of the second
order multiplet spectra which were also involved and could be

assigned unambiguously to a specific isomer. For example the

31P—{1H}n.m.r’.spectr’um obtained immediately after mixing the

reactants at 243 K consists of two singlets at 145.2 and 155.9 ppm,
which on the basis of their chemical shifts are assigned to trans

and cis-[Fe{P(0OMe) (NMe3)(NCMe)3]2+ isomers respectively (Figure 2).

3t

Over the first few minutes of the reaction, the intensity of the former
singlet decreases, that assigned to the cis-isomer increases and a new

singlet tentatively assigned to fac-[Fe{P(OMe) (NMe )(NCMe)2]2+ on

314 (NMey

the basis of its chemical shift (Table 1), is observed (Figure 2.).
It is necessary to assume that the three nitrogen ligands in
fac—[Fe{P(OMe)3}3(NMe3)(NCMe)2]2+ are equivalent on the n.m.r. time scale

as a result of rapid exchange between NMe3 and MeCN. The singlet

assigned to f‘ac—[Fe{P(OMe)3}3(NMe3)(NCMe)2]2+ was replaced rapidly

by AB2 and A2B2 multiplet spectra which were assigned to

2+

mer—[Fe {P (OMe) (NMe3)(NCMe)2]2+ and cis-[Fe{P(OMe),}, (NMe,) (NCHe)]

3l3
isomers respectively. A singlet assigned to the isomer,
tr'ans—[Fe{P(OMe)3}4(NMe3)(NCMe)]2+ was also observed and marked

by an asterisk in Figure 3. In addition to the signals due to the
species listed in Téble 1, a broad singlet is observed due to the

exchange of free trimethyl phosphite with P(OMe)., associated with

3
the metal ion. This exchange can be slowed down by reducing the

temperature of the reaction mixture.



31?—{1H} N.M.R. Spectra for the Reaction of

2+
[Fe(NMeS)(NCMe)SJ with P(OMe) ..

Figure 2. Representative

(a) after 5 minutes at 242K. (b) after 30 minutes at 298K,

cis—[Fe{P(OMe)a}z(NMe3)(NCMe)3]2+, A,

2+
trans—[Fe{P(OMe)a}z(NMeS)(NCMe)aj , B2

2+
fac—EFe{P(OMe)3}3(NMe3)(NCMe)zl , A

3

B.<

(a)

(b)



Figure 3. Observed and Calculated 31P-{lH}N.M.R. Spectra for the Reaction of
9+
@¢$§M93)(NCMe)5:f with P(OMe),
after 3 hours at 2 98K.

Mer- &e{P(OMe)B}S(NMea)(NCMe)2]2+, AB,

cis-[Fe{P(OMe)3}4(NMe3)(NCMe)]z+ A.B,
trans-[Fe{P(OMe)3}4(NMe3)(NCMe)]2+ By %
B <—
X
observed
I\BZ
calculated
LJL u\k\ ,
) A B
2 2
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As the theory behind second order spectra is well established,155 it
is possible to calculate spectra for particular values of chemical
shift and coupling constant. Figure 4 shows calculated AB4

spectrum along with the spectrum of the product, [Fe{P(OMe (NMe3)]-

J3}s

[PF6]2, isolated after seven days of the reaction. A comparison of
calculated frequencies of transition with experimentally observed
results is listed in Table 3, for AB,, AZB2 and AB4 spectra.

Representative'spectra at different reaction times are illustrated

in Figures 2,3 and 4. The 31P chemical shiftsof the trimethyl

phosphite complexes exhibit a shift to lower field with respect
to free P(OMe)3. The range of shifts fall into two distinct groups:

complexes which have P(OMe)3 trans to NMe3 or NCMe, have 3p chemical

shifts in the range +15 to +20 ppm from free P(OMe)., and the

3
31

complexes having P(OMe)3 trans to P(OMe)3 have ~ 'P chemical shifts

in the range +5 to +10 ppm.

Under the conditions of the experiment, the substitution of the

first P(OMe)3 molecule for coordinated MeCN in the complex,

2+

[Fe (NMe, ) (NCMe) , seemed to be too fast to be observed and no

3 5]

spectroscopic evidence for the species [Fe{P(OMe)3}(NMe3)(NCMe)l*]2+

was

evident even when a large excess of FeII over P(OMe)3 was used.

The first low spin iron(II) bis(trimethylphosphite) species,

trans and cis-[Fe{P(0OMe)
3

2+
3}2(NMe3)(NCMe)3] were both observed

together in 1P—{1H}n.m.r, The cis isomer can undergo substitution

directly forming the species, fac—[Fe{P(OMe)3}3(NMe3)(NCMe)2]2+

’

whereas the formation of fac-[Fe{P(OMe)3}3(NMe ) (NCMe) ]2+ from

3 2

3)(NCMe)3]2+ probably requires rearrangement of

the pentécoordinated species, [Fe{P(OMe)3}2(NMe3)(NCMe)2]2+ generated

trans—[Fe{P(OMe)3}2(NMe

from the trans isomer by the loss of one MeCN ligand. The decay of

the cis-isomer to produce fac—[Fe{P(OMe)3}3(NMe3)(NCMe)2]2+ is fast



Figure 4. Observed and Calculated 31P--{1H} N.M.R. Spectra for the

Reaction of [Fe (NMe,) (iCe), ] 2* Lith P(OMe)

3

after seven days %

[Fe (NMe,){ P(OMel,} 1%

Observed 3‘P{lH} spectrum

JaB =0.382
VA 'VB

100Hz

¥
Vp= 63479 Vg~ 5997.0

Calculated AB, spectrum
with Jas =0.384
VA- Vg

lOLH)Z LlL
. L
| —

+

vA=6347.7 vB=5998.2



Table 3.

Observed and Calculated Frequencies of Second Order Spectra for ABZ’

A2B2 and ABA Systems.

A_B, from cis—[Fe{P(OMe)3}4(NMe3)(NCMe)]2+ and AB, from

AB2 data from mer-[Fe{P(OMe
2+
[Fe{P (OMe),} (Ne,)]
AB

obs, calc.
5879.3 5879.7
5920.4 5918.9
5999.4 | 6000.3
6039.2 6040.5
6265.9 | 6265.8
6379.1 6379.1
6408 .4 6408.3
6568.6 | 6568.4

33

(NMe3)

2+
(NCMe)Z] ,

A58,

obs. calc.

a 5532.2
5764.4 | 5763.6
5810.7 | 5809.2
5024.4 | 5923.7
5939.5 | 5939.5
6039.2 | 6039.4
6061.6 | 6061.3
6269.5 | 6269.7
6293.8 | 6292.7
6391.6 | 6391.6
6408.4 | 640T7.4
6453.6 | 6452.7
6522.3 | 6522.0
6568.6 | 6568.5

a 6798.8

a. too weak to be observed.

AB,

obs. calc.
5853.0 | 5853.0
5904.0 | 5903.3
5941.0 | 5940.5
5950.9 | 5950.7
5958.6 | 5958.3
6037.0 | 6036.8
6042.4 | 6042.6
6048.5 | 6047.9
6060.4 | 6059.9
6063.2 | 6062.5
6139.8 | 6139.0
6247.7 | 6246.8
6347.9 | 6347.8
6369.0 | 6368.4
6398.0 | 6397.3
6481.0 | 6480.2

a 6569.7




65

being complete in about 30 minutes at room temperature; The

fac-isomer is then converted to mer-[Fe {P(OMe) WMe., ) (NCMe) ]2

33y
presumably due to its rearrangement, and to cis-[Fe{P(OMe)

2

3}, (e )

(NCMe)]2+. The mer-[Fe{P(OMe)3}3(NMe3)(NCMe)2]2+ undergoes

3}4(NMe3)(NCMe)]2+ which

is the dominant intermediate in the later stages of the reaction,

further substitution forming trans-[Fe{P(OMe)

only four hours being necessary for this species to be formed. The

final product, [Fe{P(OMe),} NMe3]2+, can be formed from fac-[Fe{P(OMe)

35

via the three possible routes as described in the

3}3—

(NMe

) (NCMe ) .12+

3 2

discussion and requires only 24 hours to be formed ét room temperature.
This is effectively the final product of the substitution reaction.
There is no evidence for the formation of the species, [Fe{P(OMe)3}6]2+
even after several weeks of the reaction. Thus the reaction can be
considered complete at the five substitution stage.

The substitution of coordinated MeCN by P(OMe)3 in the complex,

2+
[Fe(NMeB)(NCMe)S]

The decay of the disubstituted species, [Fe{P(OMe)3}2(NMe3) NCMe ) 3]

was followed by conventional electronic spectroscopy.

was found to be first order in [P(OMe)3]. The electronic spectroscopy

provides supporting evidence for the complexes, [Fe{P(OMe)B}n(NMe3)—

31

(NCMe). _12%, (n = 2-5), identified by > 'P-{'H}n.m.r. to be low spin.

5-n
Two bands were observed for each of the species but a definite

assignment was not possible because of the presence of more than one
species in solution at the same time. Two sets of isosbestic

points were observed but they were not well defined due to the

31

reason given above. By analogy with the P—{1HkLnLr.study the

first species observed by conventional electronic spectroscopy may

)(NCMe)3]2+, 7

be the mixture of cis and trans—[Fe{P(OMe)3}2(NMe S

3

3 1

23500 (¢ = 400 dm mol™" cm™') and 29400 cm” 3 -

{e = 600 dm> mol”™' cm )

(Figﬁre 5). Although the ratio of the two isomers can not be



Figure 5.

Electronic Spectrum of the 1st. Low Spin Species,

[Fe{P(OM§)3}2(NMe3)!NCMe)3]2+ as Observed by Conventional

Electronic Spectroscopy.
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determined, it seems reasonable that the mixture contains predominently

the cis isomer as is evident from the 31P—{1Hh1Jn.r study. The
electronic spectrum of the final product, [Fe{P(OMe 3} (NMe3 ]2+,
consists of two bands at Vmax 27900 (e = 360 dm3 mol~ ' cm 1) and

32600 cm™ ! (e = 300 dm> mo1™" em™ ") assigned to the 1A1____91A2 and

1Af———>E] d-d transitions (Figure 6) of the low spin d6 system in

C4V symmetry by analogy with the electronic spectrum of the complex

[Fe (CN). (H.0)]>" (ref.154).

5 2

The formation of the first low spin species, [Fe{P(OMe)3}2(NMe )~

3
(NCMe)3]2+ was observed by a stopped-flow study. The traces from

the reaction of [Fe(NMe3)(NCMe) ]2+ with P(OMe)3 were recorded over

5
the region, 18000-32000 cm_1. The reaction was studied under pseudo

first order conditions, concentration of P(OMe)3 was at least in a

hundred fold excess over the concentration of FeII. The electronic

spectrum of the species, [Fe{P(OMe) (NMe, ) (NCMe 3] was obtained

33p (e
by plotting the change in optical density as a function of wave length
(Figure 7). The calculation of optical density from the trace of the
reaction recorded at a particular wave length using stopped-flow
method, is explained in chapter 6. The results of the experiment

are plotted in Figure 7. The solutions used had the concentrations,

FeII =4.,0 x 107 3 -3 = 0.5 mol dm_3. The electronic

-1 3

mol dm ~ and P(CMe)

3
spectrum showed a maximum absorption at ﬁmax 22700 cm

mo1” " cm_1), but within the time of mixing the reagents to obtain

{e= 340 dm

a spectrum by conventional means, the spectrum changed slightly, V

23500 em™! (¢ = 400 dm® mol™' em™'). By analogy with the - P-{'H}

max

n.m.r, spectra,the species observed in the stopped-flow study is

assumed to be a mixture of trans and cis—[Fe{P(OMe)3}2(NMe3)(NCMe)3]2+.



(NCMe ) ]2

in Acetonitrile.

Figure 6. Electronic Spectrum of [Fe{P(OMe)
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- Figure 7. Formation of the 1st.Low Spin Species E~Fe.{P(OMe)3}2( Hile,) (NCHe) ] o
as observed by Stopped-Flow. ' )
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3:2:3 Replacement of Nitrogen Donor Ligands at Iron(IIl) by
Trimethyl Phosphine.

Trimethyl phosphine reacts with hexakis(acetonitrile) iron(II),
hexa (pyridine) iron(II) and trimethylamine tetrakis(acetonitrile)
iron(II), hexafluorophosphate salts, in acetonitrile, at room
temperature to form red solutions from which red diamagnetic solids,
predominantly, [Fe(PMe3 3 3][PF6]2, (L = MeCN or py) or

[Fe(PMeB)B(NMe )(NCMe)Z][PF6]2, were isolated. The solids were

31

studied by ~ P-{ H} and 1}1n.m.n spectroscopy. The spectra indicated

that the cations in which PMe3 ligands have a facial configuration are

31

the major species in each case. The ~ P~{ H}n m.r. spectral Table 4)

in each case consisted of a sharp strong singlet, a weak AB2 and a

very weak A2B2 complex multiplets. A representative spectrum

along with the calculated spectra for the [Fe(NCMe)6]2+ and PMe3

system, is shown in Figure 8. - The strong singlet from its

chemical shift was assigned to the fac-isomer, [Fe(PMe3 3 3]

(L = MeCN or pyridine) or [Fe(PMe3)3(NMe3)(NCMe)Z]Zt the AB,

multiplet to that of -the corresponding mer-isomer and the A282
complex order spectra, to the cis-isomers, [Fel( PMe3 4 2]2+
[Fe(PMe3)4( )(NCMe)]2+. The 'H n.m.r. Spectra of all these systems
also suggested that the fac-isomer was the dominant isomer in all

the cases. The 1H n.m.r.signals observed in all the above systems

were sharp, suggesting a rapid exchange among the nitrogen donor

ligands. This is consistent with the observation of a singlet for
the species, fac—[Fe(PMe3)3(NMe3)(NCMe)2]2+, in its 31P-{1H} n.m.r.
spectrum. Three types of 1H chemical shifts were observed in the1H
n.m.r. spectra of the above systems as follows:
CH3 protons of MeCN and Me3N, § = 1.96 ppm
CH3 protons of PMe3 trans to P-donor ligands, § = 1.53 ppm
CH3 protons of PMe3 trans to N-donor ligands, § = 1.35 ppm



Table 4.

1, '
3'p_('H} N.M.R. Data for Iron(II) Trimethyl Phosphine Cations.

Chemical Shifts @ Coupling
Cation Spin System (p.p.m) constant
Sy & 7B (Hz)
fac-[FeP.N.]°% 19.5
3'3 .
mer-[FeP,N,] et 20.1 10.4 56
cis—[FeP4N2]2+ 13.3 2.7 51
2+
fac—[FeP3(py)3] 19.5
2+
mer—[FeP3(py)3] 20.1 10.4 56
. 2+
015-[FeP4(py)2] , 13.3 2.7 51
fac-[FeP.NN.]°* 19.6
302
Iar 2+
mer—[FeP3NN2] 20.1 10.4 56
. PANEL NS
c1s—[FeP4NN] 13.3 2.7 51
2+
fac-[FeP, (NH,),] 19.5
2+ -
fac—[FeP3(NH3)2N] 18.9 21.9 80
mer-[FeP., (NH).]°* 20.1 10.4 55
33 d . :
cis-[FeP, (NH,),]°* 13.3 2.7 51
4372 : -

& 7o low field of 85% HPO,

P = PMeB;

N = MeCN; py = pyridine;

=~




Figure 8. Observed and Calculated Spectra for the Reaction of [Fe(NCMe)

2+
6]

with PMe3

observed

calculated

cis-[Fe (PMe

fac-[Fe(PMe. ). (NCMe)

33

mer—[Fe(PMe3)3(NCMe)

34

?
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The cations, mer—[FefPM93}3L3]2+, (L = MeCN or pyridine) or
mer—[Fe(PMEBEBGNMe3}(NCMe)2]2+ in which the relative positions of
NMe3 and MeCN were not determined, were identified from their AB2
spin system. These cations were present only in minor amounts.
The cations, cis—[Fe(PMe3)4L2]2+ (L = MeCN or py) or
cis—[Fe(PMb3)4(NMe3)(NCMe)]2+, were identified from the AZBZ spin
systems observed and formed only in trace quantities.

The electronic spectra of the products isclated from the
reaction of PMe3 with FeII nitrogen donor cations, in MeCN consisted
of two bands (Table 5), assigned to the A, ——> A, and ‘A —>'E
d-d transitions of a low spin d6 system in C3V symmetry by analogy
with the electronic spectrum of the complex, [CO(NH3)3(H20)3]3+
(ref.156).

The reaction between hexa-ammine iron(II) hexafluorophosphate,

[Fe(MH3)6][PF6]2,and PMe3 in acetonitrile was similar to those

3

described above but the 1P-{TH}n_m_p,spectrum of the product (Figure 9)

showed the presence of two major species. The fac-isomer
[Fe(PMe3)3(NH3)3]2+ was identified from the singlet arising due to
its AB spin system and the other species gave rise to an A2B spectrum
with a facial arrangement of PMe3, indicated by the 31P chemical

shifts (Table 4). The electronic spectrum of the solid isolated from

]2+

the reaction of [Fe(NH3)6 with PMe, in acetonitrile, was very

3
similar to those obtained from the reaction of other FeII salts with

PMe3 (Table 5) and the infrared spectrum contained bands due to

coordinated MeCN as well as due to NH3 and PMeB. The 1H n.m.r

spectrum of the solid in CD3CN contained a relatively broad signal
assigned to the methyl protons of MeCN implying that the exchange
between MH3 and MeCN is slow on the n.m.r, time scale. These
observations are consistent with the presence of the isomer,



Table 5.

Electronic Spectra 2 of Iron(II) Trimethyl Phosphine Cations.

Gmax (cm
Cation 1 ]
| A,—> E A — A,
[Fe (PMe,) , (NCMe) ,1°* 21,500 (250)2 27,900 (300)
[Fe (PHe,) 5 (py) 1% 21,600 (260) 28,400 (350)
2+
[Fe(PMe3)3(NH3)3]
+ 21,200  (300) 27,600 (310)
[Fe(PMe3)3(NH3)2(NCMe)]2+
[Fe(PMe3)3(NMe3)(NCMe)2]2+ 21,500 (260) 27,900 (350)
[Co(NH3)3(OH2)3]3+ < 18,950 (180) 27,500 (160)

v

o

Assignments in C3V symmetry

Molar extinction coefficients (dm3 mol—1 cm

Reference 156

-1

)




Figure 9. The 31P—{1H} N.M.R. Spectrum of the Product Isolated from the

[Fe(NH3)6]2+ and PMe3 Reaction.

2+
fac—[Fe(PMe3)3(NH3)3] , A
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fac—[Fe(PMe3)3(NH3)2(NCMe)] ,y BB
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mer-[Fe(PMe3)3(NH3)3] , A282
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fac—[Fe(PMe3)3(NH3)

the reaction were mer-[Fe(PMe3)3(NH3)3] and cis-[Fe(PMe

2
2(NCMe)] *, The other species formed during

(N

) ]2+

34 (N3
identified from their A82 and A2B2 spin systems. The former

2

species was present in minor amounts whereas the latter was present in

trace quantities.

Attempts to follow these reactions by low temperature 31P—{TH}n.m.r
or electronic spectroscopy were not successful as the reactions

were complete within the time of mixing.

3:3 Discussion
Iron(II) cations with simple nitrogen donor ligands, [Fe(NH3)6]2+

]2+

[Fe(py)6]2+, [Fe(py)6_X(NCMe)x]2+ and [Fe(NMe.) (NCMe) , have

3 5
properties consistent with octahedral or distorted octahedral environments
around the iron atom. The arrangement of these simple nitrogen donor

ligands on the basis of their ligand field towards iron(II) (Table 6)

can be represented as

NH3 >  py > NMe3 > MeCN

All the above iron(II) cations are moisture sensitive both in the
solid state and in solution. The cation, [Fe(NH3)6]2+, retains
its identity when dissolved in MeCN whereas the cation, [Fe(py)6]2+,
loses pyridine in MeCN forming presumably an equilibrium mixture of
cations, [Fe(py)6_X(NCMe)X]2+, (x = 0 to at least 2). The reaction
of trimethylamine with [Fe(NCMe)é]2+ in the presence or absence of
MeCN, results in the ligation of only one NMe3 molecuie. “The
difference in the behaviour of NMe3 and other simple amines as
ligands towards ﬁetal centre have been reported in the literature.
The ligand, NMeé, is thermodynamically inferior to mono and dimethyl

amine with respect to complex formation towards copper{II) in



Table 6.

Electronic Spectra of High Spin Iron II Cations.

Cation Vmax (Cm )
BTZg——_)?Eg
[Fe(NCMe)6]?+ a 11,100 (10) & 9,700 (sh)
[Fe(NMe3)2NCMe)5]2+ 11,200 (10) 10,000 (sh)
[Fe(py),_ (NOMe) %+ & 12,000 (13) 10,500 (sh)
[Fe (NH,) )% 12,400 (8) 9,000 (sh)

[

Reference 47 

o

o

[Fe (py)]°* dissolved in MeCN.

Molar extinction coefficients (dm3 mol'1 cm

_‘])




70

157

methénol. The main form in which CuII exists in methénol is
[Cu(MeOH)6]2+. The replacement of MeOH by amine molecules has

been studied spectrophotometrically and the data obtained héve been
used to calculate the composition and the stability constants of the
complexes in solution; Thus it has been found that the main
species present in solution are those which have four amine molecules
coordinated to CuII in case of MeNHZ, three in MezNH and only two in
case of Me3N. The equilibria and kinetics of the hexaaquanickel(II)

MeNH N, have

158

cation, [Ni(H,0).]°", reacting with N MeNH and Me

3’ 2’ 3

been investigated at 298 K by means of potentiometric titrations.

2+
4) (H,0)]

(NR3 = NH3, MeNHz, Me2NH or Me3N) have been found to decrease with

The rate constants for the formation of 1:1 complexes, “[Ni(NR

increasing alkyl substitution. The above two examples indicate
the more sterically demanding nature of Me3N as compared with NH3 or
simple primary and secondary amines. These observations are
consistent with the behaviour of [Fe(NCMe)6]2+ towards NH, and NMe

3 3

and thus emphasize the importance of the steric properties of NMe3

in determining the stoichiometry of the complexes isolated.

The reaction of [Fe(NCMe)6]2+ with tmtu, in MeCN solution,
results in the formation of a complex in which the presence of
coordinated tmtu is confirmed beyond any doubt from the infrared
spectrum. The electronic spectrum of the complex in MeCN solution,
does suggest the presence of an octahedral low spin iron(II), whereas
a similar FeII dmtu complex is shown to be high spin from its solid

153 Apparently the

state electronic spectrum and magnetic moment.
/

substitution of the two hydrogen atoms in N,N-dimethylthiourea with

two methyl groups results in an increase in the ligand field, ﬁmax for

[Fe(DMTU)6][ClOb]2 is 10,000 ™! compared with 13000 cm™! for the

FeII tmtu complex. As the magnetic moment of the FeII tmtu complex

has not been determined in the present study hence nothing can be said
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with certainty ébout the magnetic properties of the complex. The
formation of an intermediate spin complex or the presence of more
than one species in MeCN solution, may also be regarded as alternate
suggestions. The lack of reactivity of Me2S towards [Fe(NCMe)6]2+
in MeCN solution, may be explained on the basis of the electronic
properties of the ligand. Sterically MeZS should be a better
ligand than N,ﬁ-dimethylthiourea and tetramethylthiourea but
electronically it seems to be a poor sigma donor. As a result it

can not compete with MeCN ligands towards iron(II).

The pathways deduced for the reaction of trimethyl phosphite

with iron(II) cations, [Fe(py)6]2+ and [Fe(NMe (NCMe)5]2+, are

3)
represented in schemes 1 and 2 respectively. The reaction between

[Fe(py)6]2+ and P(OMe)3 in the latter stages is essentially identical

to that observed previously for [Fe(NCMe)6]2+ (ref.47) but no 3 {'u}

n.m.r. signals attributable to bis{trimethyl phosphite) cations are
observed even when the reactants are mixed in an n.m.r. tube at 195 K,

presumably due to rapid exchange involving cations such as [Fe{P(OMe)3}2-

o+

(py)4]2+ and [Fe{P(OMe)3}2(py)3(NCMe)] Formation of a low spin

species is, however, observed by stopped flow electronic spectroscopy,

1 3 1 -1

the visible spectrum, ¥ = 22,700 cm™ (e = 350 dm” mol™  cm ),

being very similar to that observed for the cation, [Fe{P(OMe)3}2(NCMe)4]2+
(ref. 150) under identical conditions. The rearrangement fac. ——»

mer'[Fe{P(OMe)3}3(py)3]2+ is observed and there is a marked preference

for cis[Fe{P(OMe)3}4(py)2]2+ over the trans isomer. Approximately

20 hours are required for cis[Fe{P(OMe)3}4(py)2]2+ isomer to become
a major component of the reaction mixture and some of this species is
still present after seven days. In comparison the reaction between

]2+ and P(OMe)., proceeds by a different pathway

[Fe (NMe., ) (NCMe)

3 5 3
(Scheme 2); The stopped-flow visible electronic spectrum of a
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mixture of [Fe(NMe_)/NCMe) 12+ and P(QMe)., ¥ = 22700 cm"1
3 5 37 "max
3

: =1 -1 . ..
340 dm™ mol ' cm '), is similar to those observed for [FeL6]2+

i

(g

(L

MeCN or py) and P(OMe)3 systems but within the time of mixing

the reagents to obtain a spectrum by conventional means, the spectrum

1 1 =1

changes slightly, V (e = 400 dm° mol™' em™'). By

31

— 23500 cm

analogy with the P—{JH}n.m.r.study, the species whose formation are

observed in stopped-flow and decay in conventional electronic

spectroscopy, are formulated as a mixture of trans and cis-[Fe{P(OMe)
2+

3do-

{(NMe

3)(NCMe)3]2+. The species, cis-[Fe{P(OMe)3}2(NMe ) (NCMe))

3 3J

on further substitution forms fac-[Fe{P(OMe),}, (NMe,) (NCMe) ;12"

3l iiites
The final product, [Fe{P(OMe)3}5(NMe3)]2+ can be formed from
fac-[Fe{P(OMe)B}B(NMe3)(NCMe)2]2+ via the three possible routes as
shown in scheme 2. Out of these three routes, two are observed for

the reactions involving [Fe(NCMe)6]2+ or [Fe(py)6_X(NCMe)X]2+ and

P(OMe)3. The third route in which the cation, trans—[Fe{P(OMe)3}4—
(NMeB)(NCMe)]2+, is involved, has been observed only in the reaction
of [Fe(NMe3)(NCMe)5]2+ with P(OMe)3. In this system,

2+

trans-[Fe{P(OMe)3}4(NMe ) (NCMe) ] is the dominant intermediate in the

3

later stages of the reaction, only four hours being necessary for this
state to be achieved and some of it is still present in the final
product. The peak marked with an asterisk in Figure 5 is assigned
to trans—[Fe{P(OMe)3}4(NMe3)NCMe]2+. It is, therefore, suggested

that the pathway involving this isomer is dominant in the reaction of

2+ ).

[Fe (NMe, ) (NCMe) with P(OMe

3 5] 3
The reaction between [Fe(NH3)6]2+ and P(OMe)3 appears to be
similar to those described above but little detailed information could
be obtained. The only cation positively identified by 31P—{1H}n,m,n

. 2
spectroscopy is c1s—[Fe{P(OMe)3}4(NH3)2] * (Table 1) but the salt can

151

not be isoléted free of bulk P(OMe)3, suggesting the possibility

of an outer-sphere interaction via N-H....0(Me) hydrogen bonding.
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The step-wise substitution of coordinated MeCN by P(OMe)3 in
the complex, [Fe(NMe3)(NCMe)5]2+ has been followed by conventional
electronic spectroscopy; Two bands are observed for each of the
species but a definite assignment is not possible as more than one

species are present in solution at the same time. The bands are

assigned to the 1A,(————;1A2 and 1A1—--:>E, d-d transitions of the low

spin d6 system in C4V symmetry by analogy with the electronic
spectrum of [Fe(CN)S(H2O)]3_ (ref.154). Substitution reactions
of low spin (d6) iron(II) complexes are generally slow and the
complexes are called 'substitution inert'. The lowering of the
rate of reaction relative to high spin FeII has been rationalised

in terms of a large increase in the net ligand field activation

4 2

energy in going from high spin d6 (t2g e ) to low spin d6 (t 6 O).

2g
The high ligand field splitting caused by alkyl phosphites is not

explained in terms of ¢ -donor character alone. It is attractive
to propose that extra stability of the 1A1 level takes place via a
metal phosphorus  mw-bonding interactions. The molar extinction
coefficients of the two bands observed for the FeIQ-trimethylphosphite

species are rather large for d-d transitions but are in keeping with

values of the species, [Fe{P(OMe) (NCMe)]2+ observed previously.jso

3}5
The bands may be borrowing intensity from the charge transfer bands

1

which are visible at higher energy > 37000 cm . In the complexes,

2+
33, (WMe ) (NCMe ) ]

from Oh to C4V play an important role by relaxing the selection rules

and allowing the 'mixing in' of orbitals of different quantum numbers.

[Fe{P(OMe) , (n = 2-5) reduction in symmetry

There are two main classes of mechanisms, dissociative and
associative, each of the two is further subdivided to give the
following four mechanisms, dissociative (D), dissociative interchange

(Id), associative interchange (Ia) and associative (A). These
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mechanisms have been discussed in detail in chapter 1. The
mechanisms for solvent exchange involving metal ions have been

extensively studied ranging from beryllium(II) to uranium(VI) in

different solvents.159 The bivalent first row transition metal ions

have been the most intensively studied and the mechanisms are deduced
from various types of experimental work, for example the determinétion

of activation volumes by high pressure n.m.r. techniques. For the

160 and methanol 161

2

[M(Solvent)6]2+ species in water , the activation

* to dissociative (D) for Fe2+

2+

mode changes from associative (A) for Mn

with the transition state becoming increasingly dissociative for Co

and Ni2+. This trend in mechanistic variation appears to persist

162

¥
in other solvents also. The activation parameters, that is AV ,

IT IT

% *
A and AS , for the exchange of MeCMN solvent on MnII, Fe™ ™, Co

II

and Ni™™ determined by using nitrogen-14FT NMR linebroadening

measurements, indicate a progressive change from associative to

I IT 163

predominéntly dissociative activation in going from MnI to Ni

A recent study of the exchange of bulk acetic acid molecules and
the molecules bound to metal cations, MnII, FeII, CoII and NiII, by

using oxygen-17 line-broadening method, indicatesthat the dissociative

character of the activation process increases with increasing atomic

9
number.7 The above described situations mostly involve measurement
of the volumes of activation for solvent exchange at MnII, FeII, CoII
and NiII. The ratio of the volume of activation to the solvent
*

partial molar voiume, av /VO has been found to be negative for MnII

about zero for FeII and positive for COII and NiII.

For a

dissociative process this ratio should be +1 and for an associative
process it should be -1. Interchange processes should have values
which fall between these limits. On the basis of the results for

: cL . I
solvent exchange at the M2+ ions, it is predicted that Mn I would

reéct Vié én Ié mechéniSm, CoII and NiII would react via an Id
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. IT . . '
mechanism and Fe™™ which is on the border line may react via Ia or Id

depending upon the nature of the ligand involved in the substitution

reactions.

The rate constants measured for a series of substitution
reactions of the low spin aquo-pentacyanoferrate(II) ion,
[Fe(CN)S(HZOQJB_, with a variety of ligands such as aromatic nitrogen
heterocycles and thiourea or N-substituted thioureas suggest that a
dissociative mechanism is operative in these r‘eactions.m4
Similarly the substitution at the low spin iron(II) in the species,
[Fe(CN)SL]3', (L = 3,5-dimethylpyridine) with a variety of charged

. . . L . 16
and uncharged ligands occurs via a dissociative mechanism. g

By
analogy with the solvent exchange behaviour of the 3d metal cations,
[M(Solvent)6]2+, and the substitution reactions of low spin iron(II)
[Fe(CN)5L13‘, (L = H,0 or 3,5-dimethylpyridine), it is not
unreasonable to assume that the reactions described above proceed

via a dissocfative interchange, Id’ mechanism in which the identity

of the spectator ligands will be important.

The effect of ligated NMe3 on the observed reaction path is
considered tb be due to the fact that it is sterically more demanding
than either pyridine or MeCN. Replacement of an N-H by a N-Me
substituent can have a pronounced effect on the rates of substitution

reactions, for example the enhanced rates of base hydrolysis observed

for [M(NH,Me ), (0SO,CF )12

5 273
penta-ammine analogues,166 and the greater lability of [M(dma)6]2+

, (M = Co, Rh and Cr) compared with their

(dma = N,N-dimethylacetamide) towards solvent exchange as compared
with their N,N-dimethyl and N,N-diethyl formamide anzatlogl,les.rs‘0
Coordinatedzbulk MeCN solvent exchange rates have not been determined
in the present work as it was outside the scope of the project. In

view of the very fast exchange rates to be expected such determinations



76

are of little importance. Also a detailed kinetic analysis has
not been attempted in the present work due to the presence of
concurrent reactions occurring at apparently similar rates; However

]2+ and

the different pathways observed starting from [Fe(NMe. ) (NCMe)

3 5
P(OMe)3 could be the result of labilization of MeCN by Me3N in the cis-

position in the later stages of this reaction. This is evident
in the formation of tr'ans—[Fe{P(OMe)3}4(NMe3)(NCMe)]2+ from
2+
- {
mer [Fe{P(OMe)3}3(NMe3)\NCMe)e]

’ /
mer—[FePBNN ]2+ trans—[FePANN]2+

2

/
N = Me.N, N = MeCN and P = P(OMe)

3 3

The labilization of MeCN by Me3N in the cis position is not the only
factor in determining the different behaviour observed: If this
would be the case then substantial amounts of [Fe{P(OMe)3}5NMe3]2+
would have formeé rapidly via the formation of cisu[Fe{P(OMe)3}4(NMe3)-
(NCMe)]2+. This step was observed to be slow and consistent with

the steric requirement of the trimethyl phosphite ligand.

The replacement of nitrogen donor ligands at iron(II) cations
[FeL6]2+, (L = MeCN, pyridine or NH3) or [Fe(NMe3)(NCMe)5]2+, by
trimethyl phosphine has been observed to be very fast in comparison with

trimethyl phosphite. The reactions are complete within the time of
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mixing the reactants. The substitution reactions of the iron(II)
cations with trimethyl phosphine in MeCN at room temperature, result

in the formation of low spin FeII cations containing three ligated PMe3

molecules (Scheme 3). The complexes having four ligated PMe3

molecules are only present in trace quantities. In contrast four
MeCN ligands in the cation, [Fe(NCMe)6]2+, can be replaced readily
using bidentate PhZPCHZCHEPPh2 or tetradentate P(CHZCH

167
ligands.

2PPh2)

3
In recent years it has become accepted that in the chemistry
of phosphorus ligands, steric effects are at least as important as

168

electronic effects and in some cases may dominate. Reactions

of' phosphorus ligands with nickel(O) have been rationalised in terms

of a steric parameter termed 'ligand cone angle'e.169

This concept

is based upon the observation that the order of decreasing binding
ability of the phosphorus ligands is a reflection of the increasing
steric crowding around the bonding face of the phosphorus, as

revealed by molecular models. Cone angles are measured by
constructingAatomic models, and the minimum cone angle, 6, for

symmetric ligands may be defined as the apex angle of a cylindrical cone,

centered 2.28 ﬁ or 2.57 c¢cm from the centre of the phosphorus atom,

which just touches the Van der Waal's radii of the outermost atoms of

the model as represented in Figure 10.

(a) (b)

Figure 10. a)Ligand cone angle measuring device; b)the ligand cone angle
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The meésurement of such angles for ligands of fixed geometry is
relatively easy but more complex ligands céuse problems due to their
greater flexibility. Cone angles for the two ligands, P(OMe)3 and
PMe3, used in the present study, are 107O and 1170 respectively.
Electronically, PMe3 is expected to be a better sigmé donor to FeII
than P(OMe)3 but it has a larger steric requirement. Formation of
less highly substituted products in the reactions of FeII cations with
PMe3 can be rationalized on this basis. The outcome of these

reactions is determined entirely by PMe The identity of the

3°
nitrogen donor ligand is important only in reactions involving
exchange. between the N-donor ligand and the solvent MeCN. The fast
exchange between MeCN and Me3N or pyridine may be the result of the
similar ligand field splitting energies of the ligands involved.

The 1igand field splitting energy of NH3 is higher than that of

MeCN. This results in a greater loss of ligand field stabilization

energy on dissociation as a result of which the exchange between NH3

and MeCN becomes slow.

3:4 Conclusions

Coordinated acetonitrile in the hexakis (acetonitrile) iron(II)
cation is replaced readily by ammonia or pyridine at room temperature
to give [FeL6]2+, (L = NHy or pyridine). In comparison only one
trimethylamine ligand is coordinated to iron(II) under identical
conditions thus emphasizing the importance of the steric properties of
NMe3 ligand. The arrangement of simple nitrogen donor ligands, on
the basis of their ligand field towards iron(II), is represented as
NH3 > pyridine > NMe, > MeCN. Substitution of P(OMe)3 for
pyridine in [Fe(py) ]°* and for MeCN in [Fe(NMe3)(NCMe)5]2+, in

acetonitrile solution proceeds via a stepwise ligand substituation

reéction; The pathways deduced for these reactions depend upon the
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identity of the nitrogen donor ligand. The first step of
substitution at the high spin iron(II) cations, [Fe(py)6]2+ or
[Fe(NMe3)(NCMe)5]2+, is relatively fast and the transition from

high to low spin Fe(II) occurs with the formation of the bis(trimethyl-
phosphite) species. Although the kinetic measurements have not been
attempted in the present work, the reactions are presumed to proceed
via the dissociaﬁive mechanism by analogy with the solvent exchange
behaviour of 3d metal cations, [M(Solvent)6]2+, and the reactions

of low spin complexes of iron(II) with a variety of ligands. The
slow rate of the reactions is a function of the steric requirement of
P(OMe)3. The substitution of P(OMe)3 for the nitrogen donor ligands
at the high spin iron(II) cations, can be achieved up to five ligated
P(OMe)3 molecules. Replacement of nitrogen donor ligands at

iron(II) cations, [FeL6]2+,

L = MeCN, pyridine and NH, or

3

[Fe(NMe3)(NCMe)5]2+, by trimethyl phosphine is very fast and the
reactions were complete within the time of mixing. The
substitution of PMe3 for the Nitrogen donor ligands -at iron(II)
cétions, can be achieved up to three ligated PMe3 molecules. This

shows that both steric and electronic properties of the phosphorus

ligands are important in determining the outcome of the reactions.

3:5 Experimental

A1l operations were carried out in a Pyrex Vacuum line or a
N2-atmosphere glove box (Lintott, H2O< Sppm) . Ammonia gas (B.0.C.Ltd)
was dried and purified by repeated low temperature distillation over
freshly cut sodium in vacuo and was stored over sodium metal at 77 K.
Trimethyl amine (Matheson Ltd) was purified by repeated distillation
over PZOS under vacuum and stored over freshly sublimed P205 at 77 K.
Pyridine (BDH Analar) was distilled from NaOH pellets, collected over

47 molecular sieves, degassed and stored over activated 4A sieves.
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Trimethyl phosphite (BDH) was distilled, degassed, dried over
sodium metal and stored over activated 4A molecular sieves.
Trimethyl phosphine was obtained by thermal decomposition of its
silver iodide complex (Aldrich)< 473 K in vacuo. Acetonitrile
(Rathburn Ltd., HPLC Grade S) was purified using a published

procedure.16 FeF2 (Ozark-Mahoning) was used as received.

Instrumentation was as follows: Raman, Spex Ramalog with
520.8 or 647.1 nm excitation; i.r. PE580 or PE983 with 3600 data
station; electronic, Beckman 5270 or Lambda 9 Perkin Elmer; stopped

flow, Hi-Tech SF-3L system with SFL-36 evacuable flow module and dry

Ar line; n.m.r., varien XL-100 at 40.5 MHz (31P), Bruker WP 200 (1H);
atomic absorption, PE 306. Microanalyses were by Malissa and
Reuter, Federal Republic of Germany. Iron and nitrogen were

determined also by atomic absorption and Kjeldahl methods respectively.

3:5:1 Preparation of Hexakis(acetonitrile)iron(II) Hexaf'luorophosphate.47

In a double limbed reaction vessel, FeF2 (3mmol) was loaded in one
of the limbs in the dry box. Acetonitrile (5ml) and PF5 (5mmol) were
distilled in, at 77 K. The reaction mixture was allowed to warm
to room temperature and shaken for 24 hours at room temperature.

A white solid was isolated from the resulting pale yellow solution,
after removing the volatile material. The infra-red spectrum of the
solid had bands due to coordinated acetonitrile, vmax’ 2320, 2295 and

941 cm—1 and due to PF6 at 835 and 560 cm—1, assigned tov3 and vy,

respectively.

3:5:2 Reactions of Hexakis(acetonitrile)iron(II) Hexafluorophosphate
151

in Acetonitrile:- (a) with Pyridine.

The complex, [Fe(NCMe)6][PF6]2 (0.42 mmol) was added to one limb

of a reaction vessel and pyridine (5ml) was distilled in at 77 K.
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The vessel was warmed to room temperature and shaken for about half
an hour to ensure thorough mixing. An off-white solid was isclated
from the resulting pale yellow solution after removal of the volatile
material. The infra-red spectrum of the solid comtained bands due
170

to ceordinated pyridine, '° ¥ 1603, 1219, 1160 amd 1010 cm ',

1

ax
and bands at'wﬁax 840 and 560 cm

(b) With Ammonia:
The compound, [Fe(NCMe)6:|[PF6}2 (0.42 mmol) was loaded in a
double 1limb reaction vessel in the glove box. Acetonitrile (5ml)

amdiNH3 (3 mmol) were distilled and the mixture was allowed to warm

(vy and v, respectively) due ﬁO‘PFg.

ta room temperature. The reaction mixture was shaken thoroughly to

ensure complete reaction. From the yellow solution so obtained, an
off-white solid was isolated after removal of the volatile material.

The infra-red spectrum of the solid contained bands due to

coordinated NH,, "> ¥, 3400, 3310, 1620 and 1220 cu” ', and PFj
bamﬂ@saﬁ,ﬁmax 840 and 560 cm_1 (v3 and Yy respectively). Bands due
to coordinated MeCN were absent. The compound was identified by

its infra-red spectrum and analysis of Fe and N (Table 8) as

texa-ammine iron(IT) hexafluorophosphate.

() With Trimethylamine:

The compound, [Fe(NCMe)6][PF6]2 (0.42 mmol) was dissolved in
acetonitrile (5ml) and Me3N (2.5 mmol) was added by distillation.
The mixture warmed to room temperature and shaken for about fifteen
mimufes:. An off-white solid was isolated from the resulting pale

yellow sollution after the removal of volatile material. The infra-

red spectrum of the solid showed the presence of coordinated Me3N,173

174

MeCN' and the PFg anion. The solid state infra-red spectrum is

lilsted im Table 7. Bands in the infra-red spectrum were assigned to



Table 7.

Infra-Red Spectrum of the Complex [Fe(NMe3)(NCMe)4][PF6]2

Wavenumber (cm™ ) Assignment gg;geigoggigg
ligand (cm=1)173,174
3250  (m) CH str. (Me,N) 2950
3010 (m) CH str. (MeCN) 3003
2945  (m) CH str. (MeCN) 2944
2320 (s) CN comb. (MeCN) 2293
2290 (s) CaN str. 2254
1478  (m) CH3 rock. (Me3N) 1460
1048 (m) CN str. (Me,N) 1043
1040 (m) CHy rock. (MeCN) 1047
978 (’m)} C-C str.]
. 917
940 (m) Cc-C Str.r
840 (v.s) vy (PFp) 2 -
560 (v.s) v, (PF7) 2 -
v.s. = very strong, s = strong m = medium

a Assigned by comparison with the i.r. spectrum of KPF6.

171
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PFg and coordinated ligands (NMe3 and MeCN) by comparison with the

i.r. spectrum of KPF6 171 and free NMe3 and MeCN. The solid was

identified from its i.r. spectrum and microanalysis (Table 8) as

trimethylamine tetrakis(acetonitrile)iron(II) hexafluorophosphate.

Reactions between-[Fe(NCMe)6][PF6]2 and NMe3, mole ratio 1:10 or
1:20, in the presence or absence of MeCN resulted in the formation of

off-white solids spectroscopically and analytically identical to the

complex, [Fe(NMe3)(NCMe)4][PF6]2. The electronic spectrum of the
complex, [Fe(NMe3)(NCMe)4][PF6]2, in acetonitrile, contained a broad
band at 11,200 an”! (e = 10 dm mol™! cn” 1) with a pronounced

shoulder at 10,000 cm_1 characteristic of high spin iron(II) ion in

a distorted octahedral environment, presumably due to the cation,
2+
[Fe(NMe3)(NCMe)5] .

(d) With Tetramethyl thiourea:

The compound, [Fe(NCMe)6][PF6]2 (0.4 mmol) was loaded in one
limb of a reaction vessel and tetramethyl thiourea (2.4mmol or
3.2mmol) into the other. MeCN (5ml) was distilled onto tetramethyl
thiourea and the resulting colourless solution was transferred to the
1limb cOntaining [Fe(NCMe)6][PF6]2. A dark green solution was formed
after thorough shaking from which a light green solid was isolated
after removing the volatile material. The infra-red spectrum of the
solid isolated from mole ratio FeII:tmtu = 1:6, contained bands due to

175
’

1550 (WMCN), 1265 (uCH,-N)

rocking) and 870 em™" (CN torsion) compared

coordinated tetramethyl thiourea (tmtu)

1100 (vC=S), 1050 (CH,y

with the bands, 1520, 1260, 1120, 1060 and 880 cm'1 in pure
tetramethyl thiourea. The bands at 835 and 560 <:m'1 were assigned

to PFg. Bands due to coordinated MeCN were absent. The i.r.
spectrum of the product isolated from FeII:tmtu = 1:8 also contained

-1 .
bands due to uncoordinated tmtu at 1480, 1200 and 1150 cm = in

’
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addition to the bands mentioned above. The electronic spectrum of
the solid isolated from FeII:tmtu = 1:6, in MeCN solution, consisted
of two bands at V16,900 ( € = 390 dm° mol™! cm™ ') and 13000 cm” "

3 1

{e = 280 dm mol-1 cm ). From the infra-red and electronic

spectra, the Compound was assumed to be hexakis(tetramethylthiourea)
iron(II)hexafluorophosphate. The microanalysis of the compound was
not attempted because of the difficulty in obtaining the complex

free from the unreacted ligand.

(e) With Dimethyl sulphide:

MeZS (5 mmol) was added to [Fe(NCMe)6][PF6]2 (0.4 mmol) in
the absence or presence of MeCN (4ml). After shaking overnight,
a white solid Qas isolated by removing the volatile méterial. The
infra-red and electronic spectra of the solid were identical to those
of the compound, [Fe(NCMe)6][PF6]2.

3:5:3 Reaction of [Fe(NMea)(NCMe)QJ[PF6]2 with Trimethylphosphite

in Acetonitrile.

A mixture of [Fe(NMe )(NCMe)q][PF6]2, (0.35 mmol), trimethyl

3
phosphite (10 mmol) and MeCN (5ml) was allowed to warm from 77 K to
room temperature. The solution had a deep red colour at room
temperature which over a period of half an hour to about one hour,
changed to orange. Finally the solution became yellow after about
24 hours. The rate of the reaction as marked by the colour changes,
was very dependent upon the concentration of P(OMe)3. A yellow
solid was isolated from the solution after one week by removing the

volatile material. The solid was characterized from the spectroscopic

data and microanalysis as predominantly trimethylamine pentakis-

(trimethyl phosphite) iron(IT) hexafluorophosphate. The result of

analysis together with the required values are listed in Table 8.
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The result of the analysis is not in good agreement with the required

values because of the presence of complexes of a lower degree of

31

substitution as shown by > 'P-{ 'H} n.m.r. spectroscopy. The major

31 1
P-{'H} n.m.r. spectrum of the solid product, in

NMe3)]2+ but

signal in the
CD3CN, was the expected ABZ+ pattern of [Fe{P(OMe)3}5(
there was alsq present a singlet due to the cation trans-[Fe{P(OMe)3}4—

2 .
(NMe3)(NCMe)] . The infra-red spectrum indicated the presence of

176

coordinated P(OMe)B, NMe3 and PF%, and is listed in Table 9.

The electronic spectrum in MeCN solution consisted of two bands

1 3 1 1

(€ =360 dns mol™' cm™!) and 32,600 cm

mo1™ | cm_1).

at Vmax 27,900 cm
3

(¢ = 300 dm

31p —{1H} n.m.r. Study.

The reaction between trimethylamine tetrakis(acetonitrile) iron(II)

hexafluorophosphate and P(OMe), was followed by 31P—{1H} n.m.r.

3
The reaction was studied using CD3CN as a solvent with [FeII] = 0.12 mol

dm—3

and [FeII]:[P(OMe)3] varied from 1:5 to 1:20. The solid complex
was loaded in a reaction vessel fitted with an n.m.r. tube in the glove
box. The solvent, CD3CN was distilled and the solid dissolved in it.

P(OMe). was then distilled at 77 K and the mixture was warmed until

3
liquid (about 243 K). The mixture was shaken and a portion of it
was transferred to the n.m.r. tube which was sealed off.

Alternatively P(OMe), was injected directly using a syringe and septum

3
cap to an n.m.r. tube containing the FeII solution at 243 K.

On warming from 77 K to 243 K, a red solution was formed and
the 31P—{1H} n.m.r. spectrum at this temperature showed three
singlets, one due to P(OMe)3 broadened by exchange. As the
temperature was allowed to rise, one of the singlets decreased in

intensity, the intensity of the other increased and a new singlet



Téble 9.

Infra-Red Spectrum of the Complex [Fe{P(OMe).}

3 5(NMe3)][PF6]2

Wavenumber (cm—1)

Assignment 173,176

3250
3005
2960
2855
1490
1465
1180
1040
840
790
725
560
515

CH str. (Me3N)

CH3asym.str. [P(OMe)3]

CH, sym.str. [P(OMe)3]
CH, deform. [P(OMe)3]
CH3 rock. (Me3N)

CH3 rock. (Me3N)

CH3 rock. [P(OMe)3]

P(OC)3 asym.str.

-, a
v3(PF6) -

P(O)3 Sym. str.

P(0).,asym.gtr.

3

- a

P(OC)3asym; bend .

w = weak,

a Assigned by comparison with the i.r. spectrum of KPF6.

m = medium,

s = strong,

v.s. = very strong

171
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appeared in the spectrum. The two singlets, in the first spectrum,

were assigned to trans and cis-[Fe{P(OMe) (NMe )(NCMe)3]2+ on the

3}2 3
basis of their chemical shifts. The singlet appearing after

increase in temperature was tentatively assigned to fac—[Fe{P(OMe)3}3—

2 . .
(NMe?)(NCMe)g] T on the basis of its chemical shift. This singlet

was replaced rapidly by AB2 and A2B2 multiplets assigned to
)]2+

’

mer-[Fe (P (OMe) 1, (e, ) (NCMe) ,]°* and cis-[Fe{P(OMe),}, (NMe,) (NCHe

3}4
and a singlet, assigned to the cation, trans—[Fe{P(OMe)3}4(NMe3)(NCMe)]2+.

The relative amount of P(OMe)3 had reduced during this time. In

latter stages of the substitution reaction, trans-[Fe{P(OMe) (NMe, )~

3}4
(NCMe)]2+ was the dominant isomer with a significant amount of

3

[Fe{P(OMe)B}S(NMe3)]2+ as shown by its AB, spectrum. After one week,

the major product was [Fe{P(OMe)3}5(NMe,%)]2+ along with some amount of

o+

trans-[Fe{P(OMe)3}4(NMe ) (NCMe )] No evidence was observed for

3
the species, [Fe{P(OMe)3}6]2+ even after several weeks at room

temperature.

The reaction was also followed by 1H n.m.r. spectroscopy but
the results were very difficult to interpret due to the smaller

range of chemical shifts being studied.

Stopped-flow Study

The first step in the substitution reactions of FeII cations,
[Fe(py)6]2+ and [Fe(NMe3)(NCMe)5]2+ with P(OMe), was followed by
stopped-flow spectrophotometry. This involved MeCN solutions in
which [FeII] = 4 x 10—3 mol dm> and [P(OMe)3] = 0.5 mol dm™> thus
ensuring the pseudo first order conditions of the reactions. The
solutions were made in the glove box by dissolving the appropriate
amounts of the solid in a known volume of the solvent generally 25ml.

The solution of P(OMe)3 in MeCN was made by mixing the known weight
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of P(OMe)3 with MeCN and then making the volume of the solution to 25ml
by adding more MeCN. The solutions were made quickly to minimise
loss of the solvent and P(OMe)3 by evaporation. The stopped-flow
apparatus was thermostatted to 25.Oi0.10C. Visible spectra of the

transient intermediates were obtained from point by point (10nm

interval) determination of absorbance changes following stopped-flow

mixing of MeCN solutions of FeII with that of P(OMe)3 solution.

The detail of the stopped-flow method is described in chapter 6.

Conventional Spectrophotometric Studies.

The later stages of the reaction between [Fe(NMe.,) (NCMe) ]2+

3 5
and P(OMe)3 were also followed by conventional electronic spectro-

scopy. This involved solutions of [Fe(NMe
3

3)(NCMe)5]2+ and P(OMe)

mol dm-3 and [P(OMe)3] in

3
in acetonitrile with [FeII] =4 x 107

3

the range O.1—O.8.mol dm ", The reaction mixtures were made by

distilling é weighed amount of P(OMe). into flasks with a Spectrosil

3
cell side arm. These flasks had been loaded with solutions of

[Fe (NMe )(NCMe)5]2+ in the dry box. The total volume of the

3
solution was kept constant, that is 5ml. Allowance was made for the

volume of P(OMe). to be added but the volume of mixing was assumed to

3
be negligible within the limits of the experiment. Alternatively
weighed amount of P(OMe)3 was distilled into frangible ampoules which
were sealed and then loaded into the flasks having Spectrosil cell
side arm. The reaction mixtures were held at 77 K until required
and then rapidly warmed before being placed in a thermostatted cell
holder. The frangible ampoules were broken before the cell was
placed in the thermostatted cell holder. The temperature was
adjusted at 25%0.1°C.  The spectra were recorded initially at 3

minute intervals; the time interval was enlarged as the changes in

the spectrum became less observable. The first spectrum consisted
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of two bands at 23,500 e 1

3 -1 -1 .
mol ~ cm ) which decayed via a series of three

(€= 400 dm> mo1™" cn™ 1) and 29,400 cm~
(e = 600 dm

isosbestic points. The isosbestic points were not well defined
because of the presence of a number of species in the reaction

mixture at the same time.

3:5:4 Reactions of Trimethylphosphine in Acetonitrile:-

(a) With hexakis(acetonitrile)iron(II) hexafluorophosphate.

The compound, [Fe(NCMe)6][PF6]2 (0.3 mmol) was dissolved in
MeCN (5ml) and PMe3 (2mmol) was distilled. On warming to room
temperature, a red solution was formed. Removal of volatile

material left a red solid whose i.r. spectrum indicated the presence

of coordinated PMe v

3
The i.r. spectrum of the solid is listed in Table 10.  The ° P-{'H}

and MeCN, and bands due to the PFg anion.

n.m.r. spectrum of the solid in CD,CN solutions consisted of a

3
strong singlet, a weak AB2 and a very weak A282 multiplet. A

comparison of the observed and calculated frequencies of the A82

and A2B2 systems is' given in Table 11. The observed and calculated
"~ spectra are shown in Figure 8. The product isolated from a
reaction mixture of [Fe(NCMe)6][PF6]2 (0.3mmol), MeCN (5ml) and

PMe3 (2mmol) which had been left for about 24 hours at room

temperature, was spectroscopically identical to the solid described

above. The compound was identified by its spectra and microanalysis

(Table 8) as predominantly tris(acetonitrile) tris(trimethylphosphine)

iron(II) hexafluorophosphate. The very weak A282 multiplet in the
31

P—{1H} n.m.r. spectrum, was observed due to the species, cis-[Fe-

(PMe.,) ]2+ which was present only in trace quantities as

34 2
indicated from the microanalysis. The electronic spectrum of the
1

(NCMe )

solid in MeCN solution consisted of two bands at vma 21,500 cm~

X
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31 - - '
(e =250 dn” mol™' cm™') and 27,900 em™' (e = 300 dm3 mol™! cm™ ).

(b) With hexapyridine iron(II) hexafluorophosphate.

The complex, [Fe(py)6][PF6]2 (0.3mmol) was loaded into a
double limb reaction vessel, and MeCN (5ml) was distilled in at 77 K.
The compound was dissolved in MeCN and PMe3 (2mmol) was distilled.
The reaction mixture was allowed to warm to room temperature when a
red solution was formed. There was no change in the colour of the
solution even after 24 hours. A red solid was isolated from the
solution after the volatile material was removed. The infra-red
spectrum of the solid showed bands due to coordinated PMe3, pyridine
and the bands due to the PF; anion. The infra-red spectrum of the
o 3

solid is listed in Table 12. Th 1P—{1H} n.m.r. spectrum of the

solid in CD3CN solution consisted of a strong singlet, a weak A82

and a very weak A2B2 multiplet. A comparison of the observed and
calculated frequencies for AB2 and AZBZ systems .is given in Table 13.
By analogy with the product isolated in the reaction of [Fe(NCMe)6][PF6]2

and PMe., the compound was identified as predominantly tris(pyridine),

37
tris(trimethylphosphine) iron(II) hexafluorophosphate. The very weak

A2B2 multiplet observed in the 31P—{1H} n.m.r. spectrum was assigned

to the species,-cis-[Fe(PMe3)4(py)2]2+ which was present only in trace

quantities. The electronic spectrum of the solid in MeCN solution
= - 3 -1 =1
consisted of two bands at Vmax 21,600 cm 1, (¢ = 260 dn” mol cm ')
; - -1 -1
and 28,400 cm™', (¢ = 350 dm> mol™' cm™ ).

(c) With trimethylamine tetrakis(acetonitrile)iron(IT) hexafluorophosphate.

The compound, [Fe(NMe3)(NCMe)4][PF6]2, (0.3mmol) was loaded in a
vessel in the dry box, and MeCN (5ml) was distilled in at 77 K. The
compound was dissolved in MeCN and PMe3 (2mmol) was added by vacuum

distillation. On warming to room temperature, a red solution was



Table 12.

Infra-Red Spectrum of the complex [Fe(PMe3)3(py)3][PF6]2

Wavenumber (cm™ ) Assignment 170,177
1660 (w) 146 b coord. pyridine
1600 (m) 8 a coord. pyridine
1310 (s) CH sym.bend (PMe3)
1295 (s) CH sym.bend (PMe3)
1220 (m) 9 a coord. pyridine
1140 (m) ‘ 15 coord. pyridine
1065 - (m) 18 a coord. pyridine
1040 (m) 12 coord. pyridine
975 (s) CH3 rock. (PMe3)

950 (s) CHy rock. (PMe3)
845  (v.s) v, (pFp) &
725 (s) P-C asym. str.
670 (m) P-C sym. str.
560 (s) v, (PF;) 2
W = weak, m = medium, s = strong, v.s = very strong

a Assigned by comparison with the i.r. spectrum of KPF6.171



Table 13.

Observed and Calculated Frequencies of Second Order Spectra for

AB2 and A282 Systems.

2 . 2
AB, data from mer—[Fe(PMe3)3(py)3] * and A,B, from c1s—[Fe(PMe3)4(py)2] M

AB,, A.B,
obs. calc. obs. calc.
388.6 388.6 51.7 51.6
393.5 393.3 58.2 58. 1
445.2 4451 101.2 101.0
448. 1 448.2 103.8 103.8
763.5 763.3 108.3 108.5
815.1 815. 1 153.2 153.1
823.10 823.0 158.3 158.3
874.8 874.7 488.0 488.0
493.0 493.1
538.0 538.0
542.5 542.5
545.0 545.2
588.0 588.2
594.5 594.6
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formed whose colour did not change even after 24 hours. A red

solid was isolated from the solution after the removal of volatile

material. The i.r. spectrum of the solid indicated the presence

of coordinated PMe3, NMe3 and MeCN and bands due to the PF; anion

were also present. The i.r. spectrum of the complex in the solid
3

state is listed in Table 14.  The >'P-{ 'H} n.m.r. spectrum of the

solid in CD3CN solution consisted of a strong singlet, a weak AB2

multiplet and a very weak A2B2 multiplet. The 1H n.m.r. spectrum

consisted of signals due to CH3 protons of MeCN and Me,N, CH, protons

3 3

3 trans to PMe3.

N were sharp

of PMe3 trans to MeCN or Me3N and CH3 protons of PMe

The singlets due to the CH3 protons of MeCN and Me3

suggesting a rapid exchange among MeCN and Me3N. This was

consistent with the 31P—{1H} n.m.r. study of the compound, in
CD3CN solution. By analogy with the product isolated in the
reaction between [Fe(NCMe)6][PF6]2 and PMe3, the compound was

identified as predominantly trimethylamine bis(acetonitrile)

tris(trimethylphosphine) iron(II) hexafluorophosphate. The A2B2
31

multiplet observed in the P-{1H} n.m.r. spectrum of the solid was
assigned to the species, cis—[Fe(PMe3)4(NMe3)(NCMe)]2+ which was

present only in trace quantities. The electronic spectrum of the

solid in MeCN solution consisted of two bands at vmax 21,50@ cm_1,

3 1 1 3 1 -1

(e = 260 dm° mol” cn™ 1) and 27,900 cm™ ' (e = 350 dm” mol™  cm ).

(d) With hexa-ammine iron(II) hexafluorophosphate.

The complex [Fe(NH3)6][PF6]2 (0.3mmol) was dissolved in MeCN (5ml)
and PMe. (2mmol) was added by vacuum distillation. The reaction mixture
was allowed to warm to room temperature when a red solution was formed.
The solution did not change its colour even when left for 24 hours.

A red solid was isolated from the solution after the volatile material

was removed. The infra-red spectrum of the solid indicated the



Table 14.

Infra-Red Spectrum of the complex [Fe(PMe3)3(NMe3)(NCMe)2][PF6]2

Wavenumber (cm-1) Assignment173’174’177

3240 (m) | CH str. (Me3N)

3005 (m) CH str. (MeCN)

2940 (m) CH str. (MeCN)

2330 (w) CN c.omb.
2295 (w) C=N str.

1432 (s) CH asym.bend(PMe3)
1310 (s) CH sym.bend (Pe,)
1295 (s) CH sym.bend (PMe3)
1042 (w) CH, rock (MeCN)

978 (s) CH, rock. (PMe,)
950 (v.s) CH, rock. (PMej)

840 (v.s) v, (PFp) 2

725 (s) P-C asym;str.

670 (m) P-C sym.str.

560 (s) v, (pFp) =

w = weak, m = medium, s = strong, v.s = very strong
171

a Assigned by comparison with the i.r. spectrum of KPF6.
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presence of coordinated PMe., V 1310, 1295, 975, 950, 725 and

3’ max’
. 1 = _ -
670 cm NH3, nax’ 3380, 3300 1630 and 1215 cm 1 and MeCN, vmax
2330 and 2280 cm 1. The bands at 840 and 560 cm_1 were assigned

to Vg and v, of PFg anion. The 31P—{1H} n.m.r. spectrum of the

solid in CD3CN consisted of a strong singlet, an A.B multiplet, a

2
weak AB2 multiplet and a very weak A2 5 multiplet. A comparison
of the observed and calculated frequencies of the various systems
observed s given in Table 15. The 1H n.m.r. spectrum of the

solid in CD3CN contained a relatively broad signal assigned to the

methyl protons of MeCN which showed that the exchange between MeCN

and NH3 was slow on the n.m.r. time scale. This was consistent with
the observation of the A,B multiplet in the 3oty nomer. spectrum
assigned to the species fac.[Fe(PMe,) ) (NCMe)]2+. The

3 3

compound was identified from its spectra and microanalysis as a
mixture of triammine tris(trimethylphosphine) iron(II) hexafluorophosphate

and acetonitrile bis ammine tris(trimethylphosphine) iron(II) hexafluoro-

phosphate. The result of analysis together with the required values
for [Fe(PMe3)3 ][PF6]2 and [Fe(PMe3)3(NH3)2(NCMe)][PF6]2 are
given in Table 8.  The A,B, multiplet observed in the 3w} nomer.

spectrum was assigned to the species cis-[Fe(PMe3)4(NH3)2]2+ which was

present in trace quantities. The electronic spectrum of the solid

in MeCN consists of two bands at V 21,200 cm™!, (e = 300 dm> mol™ "

- - - -1
cm 1) and 27,600 cm 1 (e = 310 dm> mo1™" cm ).



Table 15.

Observed and Calculated Frequencies of Second Order Spectra for A
ﬂBz and A282 Systems.

2B

2+
A,B data from fac.[Fe(PMe3)3(NH3)2(NCMe)]

2 .
(NH3)3] * and A,B, from c1s—[Fe(PMe3)4(NH3)2]2+

, AB, from mer—[Fe(PMe3)3-

AB AB,, AB,
obs. calc. obs. calc. obs. calc.
703.5 | 703.2 388.3 | 388.4 51.2 50.96
743.5 | 743.2 393.0 | 393.1 58.0 57.93
765.0 | 765.0 445.0 | 445.0 101.0 | 100.9
805.0 | 805.1 a47.7 | B47.7 103.5 | 103.2
864.8 | 864.8 765.0 | 764.9 107.7 | 107.6
869.6 | 869.5 815.0 | 815.0 152.8 | 152.5
909.6 | 909.6 823.0 | 822.8 158.0 | 157.7
926.5 | 926.5 874.5 | 874.5 487.6 | 487.5
492.7 | 492.6
537.5 | 537.5
542.0 | 542.0
544.7 | 544.8
587.7 | 587.7
594.2 | 594.2




CHAPTER Four

RedoxX and Substitution Reactions of
Solvated Cu''and Cu', and Solvated
T1" and T1' Cations in Acetonitrile
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4:1 Introduction.

There has been a great deal of interest in the redox chemistry
of transition and post transition metal ions over the past several
years. On the basis of the published half-wave potentials for the

couple solvated Cu2+—solvated Cu” in acetonitrile, (E +0.75V), the

84

1'_‘
z
solvated Cu2+ is regarded as a strong oxidising agent in MeCN.

The reactions of T1T'! and T1! studied in MeCN imply that the

solvated Tl3+ is a stronger oxidising agent than solvated Cu2+

IIT

although the half-wave potential, E,, for the Tl -TlI couple
2

could not be determined.46 The aim of the work described in this
chapter is the synthetic study of the redox and substitution behaviour
of solvated Cu(II) and Cu(I), and solvated T1(III) and T1(I) cations

in acetonitrile solution excluding moisture and oxygen. The ligands
used are the simple nitrogen, phosphorus and sulphur donor species

such as tr’imethylamine(Me3 ), trimethylphosphine(Me3P), dimethylsulphide
(MeZS) and tetramethylthiourea(tmtu). These ligands were used because
of the reasons described in chapter 1. The reduced form of the metal

cations and the oxidised form of the ligands were identified using

various spectroscopic techniques.

4:1:1 Redox Chemistry of Copper:

Copper is one of the most widely studied elements and its redox
chemistry has been investigated both in aqueous and non-aqueous
solvents as reaction media. The divalent oxidation state of copper
is the more extensively studied state as it is the most stable oxidation
state in aqueous solution. The relative stabilities of the CuI and
CuII states, in aqueous solution, are indicated by the standard

. . 82
reduction potential data given in equations (1) to (3).
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W et —/ — cu E° = 40.52v (1)
2+ - + 0

Cu'+ e =————— Cu E = +0.153V (2)
e+ + 50

Cu + Cu" —/—=2Cu" E° = -0.37V (3)

The much larger heat of hydration of CuII compared with CuI, possibly
due to the higher charge and greater coordination number, makes the
hydrated Cu(II) ion the more stable oxidation state in aqueous

solution.178

However a number of Cu(I) cationic or anionic complexes
are stable in aqueous medium. These have been described in chapter

1. The equilibrium (equation 4)

ocu’ —— Cu + cutt (4)

can readily be displaced in either direction. Thus Cu(II) reacts
with CN” or I” ions to give the Cu(I) compounds whereas CuCl reacts
with ethylenediamine(en) in aqueous potassium chloride solution to

form the Cu(II) state (equation 5).
20uC1 + 2en ———> [Culen),]%* + 2017 + C®  (5)

The electronic configuration of the Cu2+ ion in the outermost

2+

shell is d9. This makes the Cu”  ion subject to Jahn-Teller distortion

when placed in a cubic environment and has a pronounced effect on its

19 A typical example is the Cu(IL) hexa-aqua ion,

ster*eochemistr'y.1
[CU(HZO)6]2+’ whose electronic spectrum consists of a broad asymmetric
band with a shoulder on the low energy side. This asymmetric band
results from a tetragonal distortion of the complex cation in solution
with two of the water molecules being farther from the metal centre than
the other four. Thus Cu(II) complexes exhibit a variety of geometries
ranging from a distorted octahedron, [Cu(H2O)6]2+, through trigonal

bipyramd, [Culbipy),11%,"®" (bipy = bipyridyl) to a flattened
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tetrahedral structure, [CuClL}JZ-.181

The favoured oxidation state of copper in MeCN solution is the
+1 state because of the effective solvation of the Cu™ ion by MeCN
as described in chapter 2. Copper(II) in MeCN thus behaves as a

IT

moderately good oxidising agent. The solvated Cu™~ and CuI cations

in MeCN have been well characterized and are obtained by a variety of

182,183

synthetic routes. The Cu(II) salt has been isolated from

MeCN solution as the solid [Cu(NCMe)S][PF6]2 but the electronic
spectrum in MeCN solution suggests the presence of the tetragonally

distorted'[Cu(NCMe)6]2+ ion.

An important contribution to copper chemistry is the role that
biological copper has played in stimulating research into the
inorganic chemistry of copper. The structural chemistry of two

184 85 ghowed that

copper proteins, that is plastocyanin and azurin,
these proteins contain a tetrahedral copper stereo-chemistry involving
two nitrogen atoms from two separate histidine groﬁps and two sulphur
atoms from a cysteine thiol and a methionine thioether. Copper (IT)
ions in proteins are classified into three typeS.T86 Type I and
type II copper ions are isolated from other copper ions thus
functioning as mononuclear complexes whereas type IIIvcopper ions have
a binuclear structure which makes them non-detectable in an e.p.r.
experiment. The low molecular weight proteins such as plastocyanin
and azurin contain a copper(II) ion in type I form. A1l the Cu(II)

ions in proteins have relatively high redox potentials and are readily

reduced to Cu(I) by ascorbic acid, hydroguinones and catechols.

The mechanism of electron transfer in the bioinorganic species is
a subject of great interest. A number of studies have been carried
out to investigate the oxidation of the reduced form of the protein

with inorganic complexes as the redox partners, for example Co(III)
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with various substituted 1, 10-phenanthroline ligands.187 The
kinetics of the oxidétion reaction are consistent with an association
of the protein and the inorganic complex prior to electron transfer.
M.Ostern et al.have studied the oxidation of the reduced glutathione

by Cu(II).188 Glutathione is a peptide found in the erythrocytes of
blood and has a number of functions including protection of hemoglobin
against oxidation by hydrogen peroxide. It has been observed that
Cu2+ ion in aqueous basic solution (pH=211) oxidises reduced glutathione
(GSH) to the oxidised glutathione (GSSG) and itself is reduced to Cu(I).

This redox reaction results in the colour change of the solution from

blue to yellow along with the disappearance of the d-d band.
2Cu(II) + 2GSH ——> 2Cu(I) + GSSG (6)

The reduction is supposed to take place through the formation of an
intermediate in which a GSH molecule is bonded to Cu(II) via sulphur

and nitrogen donors.

The cation [Cu(NCMe)6]2+ is a convenient starting point for
studying the redox chemistry of Cu(II) in MeCN. Previous work has

shown that [Cu(NCMe)6]2+ in MeCN reacts with an excess of P(OMe)3 to

189

produce [Cu{P(OMe)3}4]+ and dimethyl methyl phosphonate. The

decay of the purple intermediate believed to be a copper(II)-phosphite

]2+

complex, [Cu{P(OMe) }X(NCMe)6_X , (x = 1 to 4) has been followed by

3
stop-flow spectrophotometry.84 The present work involves a synthetic
study of the redox and substitution reactions of [Cu(NCMe)6]2+ in

MeCN using Me

N, Me,P, Mezs and tmtu as ligands. These ligands have

3 3
been selected because they cannot be conveniently used in aqueous

solution.

Trimethyl amine and dimethyl sulphide have been shown to behave

in a similar way in a number of redox reactions. For example K.L.
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4:1:2 Redox Chemistry of Thallium

Thallium is one of the post transition elements whose redox
chemistr‘}’é,bas been the subject of great interest. The electrode

potentiai data indicate that T1(I) is much more stable than T1(III) in

713 4 3™ 71 E°

+1.26V (8)

1Y + 1e” T1 E

-0.34V (9)

aqueous solution and that T1(III) compounds can act as oxidising
agents. Redox reactions of T1(III) in aqueous acidic solutions
have been intensively studied and appear to be two electron transfer

processes. The kinetics of a large number of one-and two-equivalent

redox reactions have been reported.193

111 with VIII in acid perchlorate solution is first order with

III ITI IT

For example the reaction of
T1

respect to both [V"7°] and [T177"] and a mechanism involving T1

has been proposed.

ITT I11 IV IT

v .t sy em (10)

N v I

v + 1177 — >V + T1 (11)

II 1T

by TlI in aqueous perchloric acid has been

194

The oxidation of Fe

studied by G.S. Lawrence and co-workers and is represented in

equations (12) and (13).

IT I1I IIT IT

Fe " + TL—" ———> Fe + T1 (12)

IT II I71 I

Fe + T1 —> Fe + T1 (13)

Reactions between TlII and FeII (equation 13) has been proposed as the

I11 . .
fast step in the oxidation of FeII by T1 whereas the rate determining
step is the reaction in which TlII is produced (equation 12). The

rate constant for the reaction represented by equation 13 has been
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Baker and co-workers have found that under anhydrous conditions,
vanadium(V)oxytrichloride (VOClB) is reduced by an excess of
trimethylamine or dimethylsulphide.190 The reduction products are

vanadium(IV) complexes of the composition VOC1.(NMe.). and VOC1

2 32 2( 2)2'
The oxidation product from the Me3N reaction is trimethylammonium chloride

SMe

whereas the product from the MeZS reaction has not been identified.
The complexes, VOClZ(NMeB)2 and VOCl2(SMe2)2 have been shown to have
a distorted trigonal bipyramid structure. The redox reaction

involving VClq and Me3N has been investigated by R. Kiesel and E.P.

191

Schram. The condensation of VClh onto excess liquid Me3N

followed by warming the reaction mixture from 151 K to 298 K

resulted in the redox reaction summarized in equation (7).

2VCl, + 6NMe., «—e—m> 2VC1 (NMe3)2+[Me3NHJ+Cl—+[MeZN:CH2]+C1_ (7)

4 3 3

The species, [MeZN:CH2]+Cl_, has not been isolated but is suggested

to be one of the products as the infrared spectrum of the solid

1

indicates the presence of strong bands at Emax 1696 cm ' (C=N str) and

3120 cm~1 (CH, str).

2

The reduction of gold(III) to gold(I) by Me,S in aqueous methanol

192

has been reported by G.Annibale and co-workers. It has been

observed that [AuClAJ' reacts with an excess of Me2S in methanol
solution in a two step reaction. In the first step substitution
reactions leading to the formation of the disubstituted species,

[AuCl (Me28)2]+, are involved. The intermediate Au(III) complex,

2

[AuCl Me2 )2]+, in the second step, reacts with an extra molecule

A
of Me,S to form the gold(I) species, [AuCl(Mezs)], and dimethyl

sulphoxide.
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4:1:2 Redox Chemistry of Thallium

Thallium is one of the post transition elements whose redox
chemistr?%bas been the subject of great interest. The electrode

potentiai data indicate that T1(I) is much more stable than T1(III) in

713 4 3™ 71 g°

+1.26V (8)

TIm +1e” —/—= 11 EC = —0.34V (9)

aqueous solution and that T1(III) compounds can act as oxidising
agents. Redox reactions of T1(III) in aqueous acidic solutions

have been intensively studied and appear to be two electron transfer
processes. The kinetics of a large number of one-and two-equivalent

redox reactions have been reported.193

I1T

For example the reaction of

with VIII in acid perchlorate solution is first order with
III III

T1

respect to both [V"77] and [T17""] and a mechanism involving TlII

has been proposed.

VIII . TlIII VIV . TlII (10)
vy — 5yt (11)
. . II I1T | . .
The oxidation of Fe ™ by T1 in aqueous perchloric acid has been
194

studied by G.S. Lawrence and co-workers and is represented in
equations (12) and (13).

poll L o II0 R JIT 1T (12)

Fell y il —— 5 pell o ! (13)

Reactions between TlII and FeII (equation 13) has been proposed as the

III .
fast step in the oxidation of FeII by T1 whereas the rate determining
step is the reaction in which TlII is produced (equation 12). The

rate consﬁént for the reaction represented by equation 13 has been
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measured and its comparison with that of the rate constant of the

reaction represented in equation 12 gives a value of +0.37V for the

standard reduction potential of the TlIII—TlII couple. The present

study involves the redox reactions of [Tl(NCMe)6]3+ in MeCN with a

number of ligands such as Me3N, Me3P and MeZS. The oxidation states

3+

of thallium,{Tl and Tl+, in MeCN solution are readily differentiated

from their 205Tl chemical shifts as described in chapter 2.

4:2 Results

4:2:1 Reactions of Dimethyl Sulphide with Solvated CuI and CuII

Cations in MeCN.

The reaction of dimethyl sulphide with [Cu(NCMe) 4] [PF6] in the
presence or absence of MeCN resulted in the formation of a white solid.
The infrared spectrum of the solid, vmax 2290 (CN comb), 2265 (C=N str),
1030 (CH3 rock), 835 (v3PFg) and 560 cm”! (v4PFg), was identical to
that of the complex, [Cu(NCMe)4][PF6]. There was no evidence in

the infrared spectrum for the coordination of Me2S.

The species, [Cu(NCMe)6]2+, in acetonitrile solution, undergoes
a redox reaction with MeZS. A dark green intermediate was formed
initially whose decay depended upon the concentration of MeZS used.
The decay was rapid when a large excess of MeZS was used. The
final solution was colourless and an off-white solid was obtained
from this solution after the volatile material was removed. The
infrared spectrum of the solid, isolated from the reaction of
[Cu(NCMe)S][PF6]2 with Me,S in MeCN, consisted of bands corresponding
to the salt, [Cu(NCMe)q][PF6]. There were additional bands in the
regions of the spectrum where CH stretch and CH3 rocking were
expected, and a band at Vmax 280 cm_1 was assumed to be due to the

' I
S-S stretching mode. It is, therefore, suggested that the Cu



salt is generated from the reduction of [Cu(NCMe)6]2+ whereas the
oxidation of MeZS may have resulted in the formation of an S-S bonded
species. The species containing S-S bond have been reported in the
literature. The cation, [Me2S—SM62]2+, appears to be unknown under
normal conditions but the species, [MeZS—SMe]+, has been obtained

as the 2,4,6—trinitrobenzenesulphonate195 PFg,196 and BFZ 197 salts
by the reaction of dimethyl disulphide with the corresponding tri-

methyloxonium salt in MeCN solution.

Me-S-S-Me + [Me—(l)-Me]+ W — [MeZS—SMe]+ X~ + Me 0 (14)
Me )

X = 2,4,6-trinitrobenzenesulphonate, PF6 and BFQ

3CN or MeNOZ,

consist of two sharp singlets (relative intensities 2:1) at 3.2 and 2.8

The 1H n.m.r. spectra of the sath[MeZS—SMe][X], in CD

ppm. The larger singlet corresponds to the resonance of the two
methyl groups attached to the sulphonium sulphur (Mezg-) whereas the
smaller singlet to the resonance of the methyl group attached to the
sulphenyl sulphur (MeS-). The 1H n.m.r, spectrum of a 1:1 mixture of
[MeES—SMe][BFq] and Me,S in CD3CN at 273 K consists of two sharp
singlets (relative intensities 1:4) at 2.8 and 2.65 ppm. The
resonances due to the methyl groups of the sulphide and fhose of the
sulphonium group collapse into a single sharp resonance (2.65 ppm)
centred half wayvbetween the original positions of the Mezg—(3.2 ppm)
and Me2S(2.1 ppm) resonances. Thus the methyl groups of the
sulphide and those attached to the sulphonium sulphur (Mezg-) are

undergoing exchange of environment as represented in equation 15.

+

' ) +5
Me2S* + MeES—SMeez—————— MeS—SMe2 + MeZS (15)

The compound, [MeZS-SMe][BFq], was prepared according to the
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. 1
literature method. 7' The 'H n.m.r.spectra of the salt [Me2S—SMe][BF4],

(Figure 1) and that of a 1:1 mixture of [MeZS-SMe][BF4] and Me,S in

2
CD3CN were in good agreement with the spectra reported in the
literature. The infrared spectrum of the solid, [Me2S—SMe][BF4], is
listed in Table 1. The band at vmax 300 cm_1 was presumed to arise

from the S-S stretching mode. The Raman spectrum of the solid was

not recorded as the sait burned in the laser beam.

The 1H n.m.r, spectrum of the solid isolated from the reaction of
[Cu(NCMe) (]°* and Me,S, in CDLCN, consisted of two sharp singlets
(relative intensities 2:3) at 2.9 and 2.3 ppm. By analogy with the 1H
n.m.r. spectrum of the cation, [MeZS-SMe]+, the smaller singlet
corresponds to the resonance of the two methyl groups of the Me2§—
fragment whereas the larger singlet originates from the methyl protons

of the CH,S- part of the cation, [MeZS-SMe]+, and the MeCN ligands

3
coordinated to CuI and exchanging with CD3CN. To record a 1H n.m.r.
spectrum with resonances originating only from the protons of the
cation, [MeZS—SMe]+, the MeCN molecules in the species, [Cu(NCMe)6]2+
were exchanged with CD3CN prior to its reaction with Me28. The 1H n.m.r.
spectrum of the product obtained from the reaction of [Cu(CD3CN)6]2+
and Me

S, in CD,CN, consisted of two singlets (relative intensities 2:1)

2 3
at 2.95 and 2.35 ppm (Figure 1) confirming the assignment made above.
Thus in the redox reaction of MeZS and [Cu(NCMe)6]2+, the oxidised
form of Me,S may be formulated as [Mezs—SMe]+. This formulation is
based on the evidence obtained from the infrared and 1H.n.m.r.spectr'a.
In addition to the species described above, the material distilled

at 183 K from the reaction mixture of [Cu(NCMe)6]2+ and Me2S, was

identified as ethane by gas chromatography. The overall reaction

of [Cu(NCMe)SJ[PF6]2 with Me,S in MeCN, is summarized in equation 16.



Figure 1. 'H N.M.R. Spectra of the Salts, [MezS—SMe][X],

X = BF,, PFg, and UFy, in CD.CN.

3

(a) [MeZS—SMe][BF4]

(b) [Me 2S—SMe] [PF 6]

(c) [Mezs—SMe][UF6]

37 2%
(a)

| 2% 255
‘b)




Table 1.

Infrared Spectrum of the Compound [MeQS-SMe][BFQ]

wavenumber (cm_1) Assignment
3040 (m) CH str
2940 (m) CH str
1425 (s) CH3 deg.def.
1348  (m) CH3 sym.def.
1085  (m) CH3 rock
980 (s) BFZ
765  (m) C-S str.
690  (m) C-S str.
670 (m) C-S str.
520 (s) B,
300 (m) S-S str.

s = strong; m = medium
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2[Cu(NCMe)5][PF6]2+4MezS ———4>2[Cu(NCMe)4][PF61+2[MeZS-SMe][PF6]+C2H6

(16)

The decay of the green intermediate formed in the redox reaction
2
of [Cu(NCMe)6] " and Mezs, can be followed by conventional electronic

spectroscopy only when [CuII]:[Me2S] < 1:5. The resultant spectra

3 3

using solutions 5.0 x 107" mol dm™> in Cu(TI) and 2.0 x 10~2 mol dm™

in MeZS, a concentration ratio, [CuII]:[Mezs] = 1:4, are shown in
Figure 2. It was observed that the position of the CuII band was

shifted from 13,300 e to 14,300 cm”! upon mixing of Me,S with

2
[Cu(NCMe)6]2+ in MeCN and a new band appeared at vmax 24,300 cm_1.
The intensity of the two bands decreased with the passage of time,

the band at vmax 14300 c:m-1 disappeared much more quickly than the

one at vmax 24300 cm_1. The disappearance of the former band in the

reaction of [Cu(NCMe)6]2+ with Me2S (concentration ratio = 1:4)

required 30 minutes whereas approximately three hours were required
for the disappearance of the latter band.

4:2:2 Reactions of Dimethylsulphide with Solvated T1% and T1MT

Cations in MeCN.

The reaction of dimethyl sulphide with TlIUF6 in MeCN solution

at room temperature resulted in the formation of a light green solid.

The infrared spectrum of the solid was identical to that of TlIUF6

and there was no evidence for the coordination of Me,S. The species,
[Tl(NCMe)6]3+, in MeCN solution underwent a redox reaction when reacted

with Me28. A lemon yellow intermediate was formed initially which

decayed rapidly forming a light green solution. The infrared

spectrum of the solid isolated from the reaction mixture of

IIT

[T1

(NCMe)S][UF6]3 and Me,S in MeCN, consisted of bands at vﬁax

3030, 2940 (CH str), 1315 (CHy def.), 1050, 995 (CHy rock), 690 (C-S str),



Figure 2. Consecutive Electronic Spectra for the Reaction of [Cu(NCMe) 6

with MeS.
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510 (UFg) and a band at vmax 285 cm-1 presumably due to the S-S stfetching
mode. Bands due to coordinated MeCN were absent. The Raman spectrum
of the solid was not recorded as the salt burned in the laser beam. The
205Tl n.m.r. spectrum of the solid in MeCN solution contained a

signal at, § = -140 ppm, showing the presence of TlI in the solid.

The electronic absorption spectrum of the solid in MeCN solution shoWed

characteristic absorptions of the UFg anion at vmax 7300, 7430, 7580

and 7940 cm_1, and was in good agreement with the spectra of the salts

198

containing the UFg anion. Therefore, one of the products in the

I1I

solid isolated from the reaction of [T1 (NCMe)SJ[UF6]3 and Me,S,

2

13C n.m.r, spectra of the solid

was identified as TlIUF6. The 1H and

in CD3CN, each consisted of two singlets (relative intensities, 1:2)
at 3.1 and 2.8 ppm (Figure 1), and 31.7 and 27.8 ppm respectively. The

1H n.m.r, spectrum of a 1:1 mixture of the solid obtained from the

111 o s
( 6]3 and Mezo in CD3CN at 298 K

consisted of two singlets (relative intensities, 1:4) at 2.7 and

reaction of MeZS with [T1 NCMe)S][UF

2.4 ppm, a situation similar to that of a 1:1 mixture of [MeZS—SMe]-

[BF4] and Me,S as described above. Therefore, the oxidised form of

Me2S formed in the above described redox reaction was formulated as

[MeZS-SMe]+. The material distilled at 183 K from the reaction

mixture of [Tl(NCMe)6]3+ and MeZS, was identified as ethane by gas

ITI

chromatography . The overall reaction of [T1 (NCMe)5][UF6]3 with

Me2S in MeCN is summarized in equation 17.

I 2
[Tl(NCMe)B] [UF6]3 + AMeZS —_> Tl UF6 + [Mezs-SMe] [UF6] + CZH6 (17)

ITT

The redox reaction between [T1 (NCMe),S][UF6]3 and Me,S in

2

MeCN solution was studied by 205Tl n.m.r, spectroscopy. A 1:1 mixture

of [TlIII] and [Mezs] in MeCN showed the 20571 pesonances both due to

205TlIII)

TlI and TlIII, G(ZOBTII): -121.2 and  &( = +2015 ppm whereas
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mixtures of TlIII

205

and MeZS with concentration ratios 1:2 and 1:4

indicated the Tl resonances only due to TlI 6(205Tl) were -172.6

1
and -185.1 ppm respectively. This difference in the 205Tl chemical
shift values is due to the different environment around the thallium

nuclei, and is consistent with the results described in chapter 2.

4:2:3 Reactions of Trimethylamine with Solvated CuI and CuII

Cations in MeCN.

The reaction of trimethylamine with [Cu(NCMe)QJ[PF6] in the
presence or absence of MeCN resulted in the formation of a white
solid. The infrared spectrum of the solid was identical to that
of the .complex, [Cu(NCMe)A][PF6] and there was no evidence for
coordinated Me3N.

The cation, [Cu(NCMe)6]2+, in MeCN solution when reacted with
Me3N underwent a redox reaction. A dark green intermediate was
formed initially whose decay depended upon the concentration of
Me3N used. The final solution was colourless and an off-white
solid was isolated from this solution after removal of the volatile
material. The infrared spectrum of the solid obtained from the
reaction of Me3N and [Cu(NCMe)SJ[PF6]2, contained bands corresponding
to the complex, [Cu(NCMe)Aj[PF6]. Additional bands were present in
the regions of the spectrum where CH stretch and CH3 rocking were
expected. The bands at vmax 980 and 315 cm'1 were presumed to be
due to the N-N stretching and bending modes respectively by analogy
with the infrared spectra of the N2H5+ salts. In the infrared
spectra of the N2H5+ salts,199 the N-N stretching mode is observed
in the region, 960-995 cm—1 whereas the N-N bending mode occurs at

1

2
285-335 cm . By analogy with the [Cu(NCMe)6] * and Me2S redox

reaction, it was possible that CuII in the above described reaction
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was reduced to CuI and Me3N oxidised to a species possibly formulated
as [Me3N-NMe2]+. A number of reactions involving the oxidation of
Me3N have been reported in the literature but the formation of the
species, [Me3N-NMe2]+ has not been previously described. It has
been shown that Me3N reduces CuII to CuI in the gas phase and itself

is oxidised to the dimethylmethylene ammonium cation.200 The

cation, [Me2N:CH2]+, has been identified by the 1690 cm™ | (C=M =tr)

absorption in the infrared spectrum.

The 1H n.m.r, spectrum of the solid obtained from the reaction of
[Cu(NCMe)6]2+ and Me3N, in CD3CN consisted of two sharp singlets
(relative intensities 3:4) at 2.80 and 1.95 ppm. By analogy with the 1H
n.m.r. spectrum of the cation, [MeES-SMe]+, the smaller singlet was

+
assigned to the resonances of the three methyl groups of the Me3N-

fragment and the larger singlet to the resonances of the methyl

protons of the MegN- part of the cation, [Me3M—NMe2]+ and the MeCN

ligands coordinated to CuI and exchanging with CD3CN. A 1H n.m.r.

spectrum with resonances originating only from the protons of the
cation, [Me3N-NMe2]+, was recorded by using the solid isolated from

the reaction of [Cu(CD CN)6]2+ with Me,N in CD,CN. The species,

3 3
[Cu(CD3CN)6]2+, was obtained by exchanging the MeCN molecules of

[Cu(NCMe)6]2+ with CDyON. The 'Y n.m.r, spectrum of the solid

isolated in the above reaction, in CD3CN, consisted of two singlets
(relative intensities, 3:2) at 2.75 and 1.90 ppm, thus confirming

the assignments made above. Therefore, the oxidised form of Me3N

in the redox reaction of [Cu(NCMe)6]2+ and Me3N, may be formulated

as [Me3N-NMe2]+. In addition to the species described above, the

. . 2
material distilled at 183 K from the reaction mixture of [Cu(NCMe)6} +

and Me.N, was identified as ethane by gas chromatography. The

3
overall reaction of [Cu(NCMe)S][PF6]2 with Me3N in MeCN, is summarized

in equation 18.
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2[Cu(NCMe) 5] [PF 6] 2+4Me 31\1 —>2[Cu(NCMe) 4] [PF 6] +2 [MeBN—NMe 2] [PF 6] +C,H 6

(18)

The decay of the green intermediate formed in the redox

reaction of [Cu(NCMe)6]2+ and Me,N, can be followed by conventional

electronic spectroscopy only when [CuII]:[MeBBD <1:5. The resultant

spectra using solutions, 5.0 x 10_4 mol dm_3 in Cu(II) and

3

2.0 x 1072 mol dm™ in Me3N, a concentration ratio, [CuII]:[MeBN] =

1:4, were similar to the spectra recorded in the [Cu(NCMe)6]2+ and
Me2S system. Two bands were observed at vmax 14400 and 24400 cm_1,

the intensity of the former band decreased much more rapidly than

the latter band.

In order to determine the stoichiometry of the redox reactions
involving [Cu(NCMe)6]2+ and MeES or Me3N (L), spectrophotometric
titrations using [CuII]:[L], 1:1, 1:2, 1:3, 1:4 and 1:10, were
undertaken. It was observed that the reduction of CuII to CuI was
not complete in the 1:1 and 1:2 mixtures, and the reaction was very
slow. The redox reaction was comparatively fast in the 1:3 and 1:4
mixtures and approximately 3-4 hours were Péquired for the complete

I to CuI. The reduction of CuII

reduction of Cu to CuI in the
1:10 mixture was complete within the time of mixing hence could not

be followed by conventional electronic spectroscopy.

. I I1I
4:2:4 Reactions of Trimethylamine with Solvated T1~ and T1

Cations in MeCN.

The reaction of TlIUF6 with Me3N in MeCN solution resulted in

the formation of a green precipitate. The infrared spectrum of

the precipitate indicated bands due to coordinated Me3N, Vmax 3220

1

(CH str), 1475 (CH3 rock), 1055 cm ~ (CN str) and the UFg anion,

v 52O cm_1. From the infrared spectrum and the analysis of C, H
max
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and N, the insoluble salt was identified as [T1(NMe [UF6]. The

3)2]

salt was found to lose Me3N on pumping under vacuum.
The cation, [Tl(NCMe)6]3+, in MeCN solﬁtion underwent a redox

reaction when reacted with Me3N. A light green solution and a green

precipitate were formed. The infrared spectrum of the insoluble

salt was identical to the complex [Tl(NMe3)2][UF6], obtained from

the reaction of TlIUF6 with Me3N. From the light green solution,

a pale green solid was isolated after removal of the volatile material.

The infrared spectrum of the solid consisted of bands at vmax 3215

(CH str), 1470 and 1250 (CH3 rock), 1050 (CH str), 980 (N-N str), 520

1

(UF;) and 320 cm”

spectrum was not successful as the compound decomposed in the laser

(N-N bend). An attempt to record the Raman

beam. The 1H n.m.r. spectrum of the solid in CD,CN consisted of two

3
singlets (relative intensities, 2:3) at 2.15 and 1.95 ppm. No
205Tl resonance was observed from the MeCN solution of the pale green
solid indicating the absence of both TlI and TlIII. The electronic

spectrum of the solid in MeCN solution showed characteristic
absorptions of the UF% anion at vmax 7300, 7428, 7582 and 7940 e,
From a combination of infrared, 1H n.m.r. and electronic spectra, the
product was formulated as [Me3N—NMe2][UF6]. The microanalysis

of the compound, [Me3N—NMe2][UF6], was not attempted because of its
ready decomposition both in the solid state and in MeCN solution.

A material distilled at 183 K from the reaction mixture of

(117 (NCHe ) (1 [UF ], and Me N in MeCN solution, was identified as

ethane by gas chromatography. The overall reaction of 71T salt
with Me3N in MeCN solution is summarized in equation 19.
11T

[T1 (NCMe)5][UF6]3+6Me3N-——9[Tl(NM83)2][UF6]+2[M63N—NM62][UF6]+C2H6

(19)
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4:2:5 Reactions of Trimethylphosphine with Solvated CuI and CuII
Cations in MeCN.

The reaction of trimethylphosphine with [Cu(NCMe)q][PF6] in
MeCN solution resulted in the formation of an off-white solid.
The infrared spectrum of the solid indicated the presence of coordinated
PMe3 and the PFg anion. Bands due to coordinated MeCN were not
present. The species was characterized by spectroscopy and by
microanalysis as [Cu(PMe3)4][PF6]. The infrared spectrum of the
complex, [Cu(PMe,),1[PF,], is listed inTable 2.  The °'P-{'H} n.m.r.

spectrum of the solid in CD3CN consisted of two sets of overlapping

31 63 65

1:1:1:1 quartets due to the coupling of the “'P with a ~~Cu or ~~Cu

nucleus. A 1:6:15:20:15:6:1 septet was observed for the PF% anion

due to the coupling of 31

The 31P chemical shifts observed are -41.5 and -144.9 ppm with coupling

P nucleus with six equivalent fluorine nuclei.

constants of J = 795, J = 851 and J = 707 Hz. In
63 65Cu—P

Cu-P
comparison the coupling constants in the complex, [Cu{P(OMe)3}4][PF6],
201

P-F

are J6 = 1221,

J = 1311 and J = 707 Hz.
Cu-P 65Cu—P P-F

3

3

Tne 1P—{1Hh1Jng spectrum of the species, [Cu(PMeq)q][PF6], is

represented in Figure 3. The resonances due to the coordinated

31

PMe., in the P—{1H}n.n1nspectrum were broad due to some residual

3
quadrupolar relaxation caused by a lowering of the symmetry from Td'
This lowering of the symmetry is resulted from the asymmetric
vibration of the Cu-P bonds and the ligand exchange reactions at CuI.
Lowering the temperature of the solution caused the resonances to

become sharp as it resulted in reducing the exchange.

The complex, [Cu(NCMe)BJ[PF6]2, in MeCN solution when reacted
with PMe3 underwent a redox reaction forming a pink intermediate
which decayed rapidly. An attempt to record the electronic spectrum

of the intermediate at 243 K by conventional electronic spectroscopy



Table 2.

Infrared Spectrum of the Complex [Cu(PMe3)4][PF6]

wavenumber (cm-1) Assignment
2960  (m) CH asym. str. (4,)
2870  (m) CH sym. str. (E)
1305 (s) CH sym. bend (A1)
1290  (s) CH sym bend (E)
950  (v.s) CHy rock (A;)
880 (s) CH, rock (E)
840  (v.s) PF6 (v3)
726 (v.s) PC asym. str. (E)
665  (m) PC sym. str. (A1)
560 (v.s) PFg (vq)

v.s. = very strong; s = strong; m = medium




Figure 3. 3??—{1H} N.M.R. Spectrum of the Salt, [Cu(PMe,),] [PF ]
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was unsuccessful. An off-white solid was isolated from the

reaction mixture after removal of volatile material. The infrared
spectrum of the solid indicated bands corresponding to the species;
[Cu(PMeB)q][PF6]. Additional bands were present in the regions of the
spectrum where CH stretch, CH3 rocking and P-C stretch were expected.

A band at ﬁmax 330 cm"1 was assumed to be due to the P-P bending

3

mode. The 1P—{1H}n.mr’.spectr’um of the solid in CD3CN was identical

to that of the species, [Cu(PMe3)4][PF6] with the addition of a strong
singlet with 31P chemical shift, 27.5 ppm, (Figure 4). The species
responsible for the strong singlet at 27.5 ppm in the 31P-{1H}n.m.n
spectrum was possibly the oxidised form of PMe3 and was assumed to
have a P-P bohd. From a literature survey it has been found that

cations containing P-P bonds have been known for some time. For

2+ yas been obtained as the triiodide

3
salt by reacting PMe3 with iodine in MeCN.202 The salt has been
characterized by spectral and micro-analysis. The 31P chemical

203

example the cation, [Me P—PMe3]

shift of the compound in CD.CN is 46.27 ppm. An attempt to

3
synthesize the compound, [Me3P—PMe3][I3]2by the reaction of PMe3 with
I2 in MeCN, according to the literature method, resulted in the
formation of a white solid. The solid was insoluble in MeCN and
was formulated as [Me3P—PMe3][I]2 from its micro-analysis and infrared
spectrum. The reaction of [Me3P—PMe3][I]2 with NOPF6 in MeCN
resulted in the oxidation of I~ ion to iodine. The off-white solid
isolated after removal of the volatile material including IZ’ was
characterized as [MeBP—PMe3][PF6]2 from its microanalysis and by.
spectroscopy. The > 'P-{ 'HIn.mr.spectrum of [Me3P—PMe3][PF6]2 in
CD3CN consisted of a strong singlet at 27.8 ppm with the addition of

the peaks due to PFg. The proton-coupled 31P n.m.r, spectrum in

CD,CN consisted of a complex multiplet which could not be analysed.

3
The infrared spectrum of the solid contained bands due to the Me,P-



Figure 4. - 'P={'H} N.M.R. Spectrum of the Product Isolated from the
Reaction of [Cu(NCMe)B]Ef6]2 and PMe3.
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group, the PFg anion and a band at vmax 335 cm_1 assumed to be due

to the P-P bending mode. By analogy with the spectra of the
compound , [Me3P—PMe3][PF6]2, the species formed from the oxidation of
PMe, in the redox reaction of [Cu(NCMe)SJ[PF6]2 and PMe3, was
formulated as [Me3P-PMe3][PF6]2. No evidence for ethane or any
other small hydrocarbon was obtained from the reaction mixture of
[Cu(NCMe)6]2+ and PMe3. The overall reaction of [Cu(NCMe)S][PF6J2
with PMe3 in MeCN is summarized in equation 20.

2[Cu(NCMe) 5] [PF6] 2+1 OPMe3—-—-->2 [Cu (PMe3 ) 4] [PF6] +[Me3P—PMe3] [PF6] 5

(20)

4:2:6 Reactions of Trimethylphosphine with Solvated TlI and TlIII

Cations in MeCN.

The ‘reaction of Me3P with TlIUF6 in MeCN solution resulted

in the formation of a blue green precipitate. The infrared spectrum

of the precipitate consisted of bands due to coordinated PMe3 and the

UF6 anion. The bands due to coordinated MeCN were not observed.
By analogy with the TlI salt obtained from the reaction of TlIUF6

with Me,N, the precipitate was formulated as [Tl(PMe3)2][UF6]. The

3
salt, [Tl(PMe3)2][UF6], was found to lose PMe3 while pumped under

vacuum.

III(

in MeCN solution

The reaction of [Tl NCMe)SJ[UFE)]3 with PMe

3
involved a redox step and resulted in the formation of a blue green
precipitate and a light green solution. The infrared spéctrum of
the precipitate was identical to that of the product, [Tl(PMe3)2][UF6],
formed in the reaction of TlIUF6 with PMe3 in MeCN. A pale green

solid was isolated from the light green solution after removing the

volatile material. The infrared spectrum of the solid indicated
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the presence of bands due to the Me3P- group, the UFg anion and a

-1
band at 328 cm ' presumably due to the P-P bending mode. The Raman
spectrum of the solid could not be recorded as the compound decomposed

in the laser beam. The 31P-{1H}n.nnrn spectrum of the solid in CD.CN

3
consisted of a strong singlet at 65.0 ppm. This shifting of the

31P resonance to the lower field with respect to the 31P resonance in

the species, [Me3P-PMe3][PF6]2, might be the effect of the paramagnetic

anion, UF6. The electronic spectrum of the pale green solid in MeCN

solution consisted of the characteristic f - transitions of the UFg

anion. A 205Tl n.m.r. study of the MeCN solution of the pale green

solid did not show the presence of TlI or TlIII. The pale green

solid was thus formulated as [Me3P—PMe3][UF6]2 from a combination of

31

infrared, electronic and P—{1H}n.m.r.spectra. The microanalysis

of the compound was not attempted because of its ready decomposition
both in the solid and solution state. No evidence was obtained

for ethane or any other small hydrocarbon from the reaction mixture of

111

[Tl(NCMe)6]3+ and PMe The overall reaction of [T1 (NCMe)S][UF6]3

3

with PMZe3 in MeCN, is summarized in equation 21.

(11T __—9[TlI(PMe3)2][UF6]+[Me3P-PMe3][UF6]2 (21)

(NCMe)S][UF6]3+4PMe3

4:2:7 Reactions of Tetramethylthiourea with Solvated CuI and CuII

Cations in MeCN.

The reaction of [Cu(NCMe)qJ[PF6] with tetramethylthiourea (tmtu)
(concentration ratio, 1:4) in MeCN solution resulted in the formation
of an off-white solid. The infrared spectrum of the solid indicated

bands due to coordinated tmtu and the PF‘6 anion. Bands due to

coordinated MeCN were absent. The " n.m.r. spectrum of the solid in

CD3CN consisted of a strong sharp singlet at 3.2 ppm. The micro-
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analysis of the compound was not attempted because of the difficulty
in precipitating or crystallizing the complex from MeCN solution
due to the non-volatile nature of the ligand, tmtu. A survey of the
literature revealed that the complex, [Cu(tmtu)3][BF4], has been
obtained by mixing aqueous solution of Cu(BF4)2 with tmtu at room
temperature.ZOq The crystal structure of the compound has been
determined by x-ray diffraction and consists of trigonal planar CuI
monomers with some distortion arising from the steric interactions

of the adjacent tmtu groups. The complex, [Cu(tmtu)4][C104], on

the other hand, has been obtained by the reaction of Cu(Cl0
205

4)2 with

By analogy with the CuI complexes,

[Cu(tmtu)qj[C104],205 [CufP(OMe) 5}, ] [PF] 89 1nd [Cu(PYe,) I [PF,],

tmtu in MeCN solution.

formed in acetonitrile solution, the salt obtained in the reaction
of [Cu(NCMe)AJ[PF6] and tmtu in MeCN solution, was formulated as

[Cu(tmtu)q][PF6].

The cation, [Cu(NCMe)6]2+, in MeCN solution when reacted with
tmtu underwent a redox reaction. A pink intermediate was formed
initially which decayed rapidly forming a colourless solution. An
off-white solid was isolated from this solution after removal of the
volatile material. The infrared spectrum of the solid was
identical to the complex, [Cu(tmtu)qj[PF6],with the addition of a strong

1

- - 1
band at Vmax 1625 and a medium band at 320 cm . The 'H n.m.r. spectrum

of the solid in CD3CN consisted of a broad singlet at 3.3 ppm. It

has been reported in the literature that Cu(II) species, in reaction
with substituted thioureas undergo redox reaction forming the Cu(I)
complex and the oxidised ligand, as the final products. These
reactions involve the formation of rose to purple coloured intermediates

205

in both aqueous206 and non-aqueous solvents. The products formed

in the reaction of cull with tmtu in MeCN solution had been identified
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as the Cu(I).salt and the.species, [(MegN)ZCS-SC(NMe2)2]2+. The

cation, [(Me,N),CS-SC(NMe,),]1°* has also been obtained as the salt,
[(MezN)ZCS—SC(NMe2)2][CF3SO3]2, by the reaction of trifluoromethane-

sulphonic anhydride with tmtu in CH,CL, solution. 207 The salt has

been characterized by microanalysis and by infrared, 1H and 19Fn.m.r’.
spectra. The infrared spectrum of the solid salt indicated a strong
band at 1620 cm—1 assigned to the C=N stretching mode. The 1H n.m.r.

spectrum of the salt, [( Me N ) ,CS-SC ( e, 2][CF 803]2, in CD,CN

3
consisted of a singlet at 3.4 ppm. By analogy with the above

described data, the species formed from the oxidation of tmtu in the
redox reaction of [Cu(NCMe) ][PF6] and tmtu in MeCN solution, was

N),CS-SC( NMe ][PF

formulated as‘[(Me2 5

612
The electronic spectrum of the pink intermediate, presumably

a Cu(II) tmtu complex was recorded at 243 K by conventional electronic

-2

spectroscopy using concentrations [CuII] - 0.5 x 107 mol dm™3 and

[tmtu] = 2.5 x 10—2 mol dm_3. Two bands were observed at Vmax
-1

and 25000 cm—1 and were in good agreement with the

. . 20
spectrum of a similar species reported in the literature. 5 In the

19600 cm

reaction of Cu(II), with tmtu, in MeCN solution, the red intermediate

has been characterized as a CuII—S bonded species by an e.p.r study.

4:3 Discussion.

The reaction of [Cu(NCMe)4]+ with MeZS or Me3N in acetonitrile
solution does not result in the coordination of the ligand. This is
presumably due to the high stability of the solvated cation. For an
incoming ligand to react, it must have the potential to produce a more
stable cation. The potential to stabilize a cation is a function
of the relative 6-donor and m-acceptor ability of the ligand, the

steric requirement and the relative hardness or softness of the
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ligand. The ligand Me3N is harder than MeCMN and lacks mw-acceptor
ability hence is not ligated to Cu(I) which is a soft acid, although
there are many examples of hard ligands bound to soft acids and vice
versa. Dimethyl sulphide, on the other hand, is a soft base and
forms 1:1 complexes with copper(I) halides in the absence of a
solvent.208 Thus the reaction of MeES with [Cu(NCMe)4]+ should be

feasible but it evidently does not occur. It is, therefore, suggested

that Me28 and Me3N are not able to compete with MeCN ligands towards

CuI.

The cation, [Cu(NCMe)4]+, in MeCN solution can undergo
substitution reaction when reacted with PMe, or tmtu. Both these
1igands'péssess a relatively better o-donor and n-acceptor ability
and are softer bases than MeCN. Thus they can compete easily with
MeCN ligands and are coordinated to CuI. Complexes of tmtu
with CuI have been reported in the literature and have been prepared

05

4 2
by reacting Cu(BFq) and Cu(Cqu)2 with tmtu in water'20 and in MeCN .

2
In the former case the formulation [Cu(tmtu)3][BF4] has been made

on the basis of x-ray study whereas in the latter case the composition,
[Cu(?mtu)4][0104] has been proposed. Although the composition of
the CuI—tméu complex has not been determined in the present study, it
is more likely to propose the formulation, [Cu(tmtu)4]+, by analogy
with the Cul complexes, [Cu(tmtu)4]+,205 [Cu{P(OMe)3}4]+ 199 ang
[Cu(PMe3)4]+, identified in MeCN solution. It has been reported

in the literature that PMe3 forms tetrameric, [Me3PCuCl]4, dimeric,

. I .
[(Me3P)ZCuCl]2, and monomeric, [(Me3P)3CuCl], complexes with Cu Cl in
benzene.zo9 Tne formation of the polymeric complexes in benzene
may be due to the poor solvating ability of the medium. Acetonitrile

is a good coordinating solvent and thus favours the formation of

monomeric complexes such as [Cu(PMe,) J[PFc]. It has been shown
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that PF3, which is an excellent m-acceptor and a poor o-donor, is not

able to coordinate to CuI in MeCN.201 However, in liquid SOZ’ a
I

much poorer solvent for Cu~, PF3 does react with CuI forming a 1:1

6
Trimethyl amine has been shown to form a complex with CuII in MeOH

adduct, [CuPF3]+, which can be isolated as the AsF: salt.2 'O

presumably in this solvent CuII is more stable than CuI.157 This
is in contrast to the redox reaction observed in the present study
between Me3N and CuII in MeCN solution. These reactions emphasize
the importance of the medium in determining the identity of the

species formed.

Thallium(I) hexafluorouranate in MeCN solution reacts with
Me3N or Me3P forming insoluble salts. The low solubility of the
T1(I) salts in many solvents including water has been widely Peported.68

The infrared spectra of the insoluble TlI salts indicate the presence

of coordinated ligands (Me3N or Me3P). The salts are assumed to

have the composition, [TlILZJ[UF6], (L = Me3N or Me3P) on the basis

of the analysis of C,H and N. This formulation is consistent with
I 122,211

the composition of the known T1™ salts. Dimethyl sulphide,
on the other hand, does not coordinate to TlI, whereas complexation
should have been expected as TlI and Me28 are respectively a soft acid
and a soft base. The interactions between TlI and the organic
ligands have been reported to be very weak.212 This is confirmed

in the present study when the 11 salts, [TlIL2][UF6], are

found to lose the ligands on pumping under vacuum.

The species, [Cu(NCMe)6]2+ and [TL(NCMe)]>", in MeCN solution
undergo redox reactions when reacted with MeqN, MeZS, Me3P and tmtu.
This is consistent with the known oxidising abilities of the solvated

Vi . . .
16,84 The redox reactions involving

cust or solvated 713" cations in MeCll.
solvated Cu2+ or solvated Tl3+ cations and the above mentioned ligands are

apparently similar, the only significant difference being in the
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nature of the cation derived from the oxidation of the ligand. In
the redox reactions,bsolvated Cu2+ and solvated Tl3+ cations are reduced
to the +1 oxidation state whereas the ligands are oxidised to the
corresponding monomeric radical cations. The monomeric radical cations
formed in the redox reactions involving MeZS or Me3N, presumably combine
with a free ligand molecule forming the dimeric radical cation. In the
redox reactions -involving PMe3 or tmtu, the monomeric radical cations
formed are assumed to combine with another radical cation forming a
dimeric dication,

Dimeric radical cations derived from simple aliphatic sulphides
have been widely reported and characterized by e.p.r;spectroscopy. These

radical cations have been generated by various methods, for example pulse

213

radiolysis of air saturated aqueous alkyl sulphide solutions, electron

irradiation of the aqueous aliphatic sulphide solutions,214 y-irradiation

215

of the alkyl sulphides at 77 K and the electrochemical oxidation of the

216

alkyl sulphides. The dimeric radical‘cations are formed via the

monomeric radical cations, R s* as represented in equations 22 and 23.

2

R,S: —> R28+’ + e (22)
st + RS R.S-SR,* (23)

RoS™ + RS ——— Hpo=3t,

The transient optical absorption of the dimeric radical cation, Mezs-SMe2+'

in t.butyl alcohol has been measured, v 21500 cm_1, over the

3

max

3

concentration range 10'4 to 3x107° mol dm ~. The resonance Raman spectrum

of the transient dimeric radical cation, MeZS-SMe2+’, has been recorded

214

by optical channel detection. Vibrational bands at 276 and 139 cm_1

have been assigned to the S-S stretching mode and to the CSS deformation
mode respectively. By analogy with the resonance Raman spectrum of

the species, MeZS—SMe2+', it seems reasonable to assign the
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band observed in the infrared spectrum of the species, [MeZS—SMe][X],
(X = BF,, PFg and UF,), at V_ 280-290 om™ ' ‘to the S-S stretching
mode. There is no evidence in the literature for the reaction

(equation 24) presumably the studies have been carried out in aqueous

Mezs—SMe2+'———~—> Me S-SMet + Me (24)

2

S-sMe,. " *

solutioh in which the breakdown of the radical cation, Me2 5

is thoughtlto be much more complicated.

Non-aromatic aminium radicals, R3N+' have been observed as
transient intermediates in a number of redox r'eactions.218 The
oxidants such as alkaline ferricyanide, iron(III) complexed with
substituted phenawntwyrotine , octacyanomolybdate and chlorine dioxide,
have been shown to generate aminium radicals by oxidising the

corresponding amines. The general pathway proposed for the amine

oxidation is represented in equation 25.

(n=1)+

RN - gRé + ox* —-—)-R;I\-I.— ER; + Ox (25)
The aminium radicals then undergo proton abstraction by one of the
species involved in the reaction forming the cation, R2§:CR2.

This species gives rise to a strong absorption at vmax 1690 cm'1 due to
the C=N stretching mode. Because of the absence of proton
abstracting species in the present systems, no such cations are

formed in the redox reactions involving Cu2+ or Tl3+ and Me3N in

MeCN solution. Instead it is assumed that the monomeric radical

cation formed in the redox reaction combines with free Me3N

. +
producing the dimeric radical cation, Me3N-NMe3 .

. . + -
The breakdown of the dimeric radical cations, MeZS-SMe2 and

Me3N-NMe3+’, is speculative but may be of the form (equation 24 and
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equation 26).

+ .
MeN-NMe ———~—4>[Me3N-NMe2]+ + Me (26)

The methyl radicals dimerize forming ethane which has been identified

by gas chromatography.

2Me ————3 Me-Me (27)

The cations, [Megs—SMe]+ and [Me3N—NMe2]+, have been identified by

1 13

infrared, 'H and ~C n.m.r,spectroscopy. The 1H chemical shifts of

the various species are listed in Table 3 and where comparisons can
be made the values are in good agreement with the values reported

in the literature.
The reaction between [Cu(NC¥e) ]°* and Me,S or Me N, in MeCN

solution, involves the formation of a green intermediate presumably

a mixture of cations, [CuLX(NCMe)6_X]2+ (L = Me28 or Me.,N) related

3
by appropriate equilibrium constants. The decay of the intermediate

can be followed by conventional electronic spectroscopy using

[CuII]:[LJ <1:5. The electronic spectra consist of two bands

which are listed in Table 4. The electronic spectra of the Cu2+

species, under normal conditions, contain only one d-d band (Table 4).
In aqueous solution, the successive formation constants for Cu(II)

ion with NH, as a ligand are K1 = 12000, K2 = 3000, K3 = 800,

3
K, = 120, K, = 0.3 and Kg = 0.0 am> mo1™". 219 There is an

5
increase in the vmax from 11000 cm”l ([Cu(H20)6]2+) to 16800 cm—1,
([Cu(NH3)4(H20)2]2+) as the concentration of NH3 is increased.

Similar results have been obtained while recording the electronic

spectra of the [Cu(NCMe)6]2+'and pyridine mixtures in MeCN solution.2??

Therefore, the two bands observed in the redox reactions of the



Table 3.

1H Chemical Shifts of the Species Derived from the Oxidation of

Mezs and Me3N with Solvated Cu2+ or Solvated T13+ Cations in MeCN.

Chemical Shifts(ppm) Relative
Species. Signal 1 Signal 2 Intensities Reference
[MeZS—SMe][BFq] 3.20 2.80 2:1 197
[MeZS—SMe][PF6] 2.95 2.35 2:1 this work
[Me2S—SMe][UF6] 3.10 2.80 1:2 " "
. 1 1
[Me3N-NMe2][PF6] 2.45 1.90 3:2
. n 1"
[Me3N—NMe2][UF6] 2.25 1.95 2:3

[MeZS-SMe][BF4]
+ 2.80 2.65 1:4 197

Mezs

[MeZS—SMe][UF6]
+ 2.70 2.40 124 this work

Me S




Table 4.

Electronic Spectra of the CuII

Species in MeCN Solution.

Cation Voo (em™ 1) Reference
[Cu(NCMe);]2+ 13500 (28) & 220
[cu(NHy)_(NeMe),_ 1% 2| 17000 (65) 220
[Cu(Py)X(NCMe)é_X]2+ < 17200 (75) 220
[CuMeN) (MeoH),_ 1% & | 13900 157
[Cu(Me,S) (NCve), 1°* 14300 and 24300 this work
[Cu(Me3N)X(NCMe)6_X]2+ 14400 and 24400 this work
[Cultmbu)  (NCMe) . 1+ 19600 and 25000 this work
[Cu{P(OMe),} (NCHe), 1%*| e and 29000 84

a) Molar extinction coefficients (dm3mol—1cm-1)

b) [CuII]:[NH3] = 1:4
c) [CuII]:[Py] = 1:4

d)  in MeOH, [Cu"]:[Me,N]

e) The expected region has not been studied.

= 1:2
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[Cu(NCMe)6]2+ cation with Me28 or Me3N in MeCN solution, are either
the d-d bands or one of them is a d-d band and the other is due to
the intermediate dimeric radical cation. The latter possibility

is ruled out for two reasons. Firstly the absorption region of the
dimeric radical cation, [Me28—8M82]+‘,Vmax 21500 cm_1,217 is
significantly different from either of the two absorption regions
observed in the present systems. Secondly no such absorptions

have been observed in the redox reactions involving TlIII and

MeZS or Me3N. It is, therefore, assumed that the two bands
observed in the above described systems are d-d bands. The low
energy band presumably arises from mixtures of CuII species,
[CuLX(NCMe)6_X]2+ (x = 0 to 2) in which MeCN is the predominant
ligand and the high energy band from the more highly substituted
species, [CuLX(NCMe)6_X]2+ for example with x = 3 to 5.  These
highly substituted species are assumed to be redox active. The
above hypothesis is derived from the following considerations.
Complex formation between CuII and Me3N has been studied

157

spectrophotometrically in methanol. The successive formation

constants for the mono and disubstituted species are K1 = 750 and

K, = 100 dm3 mol_1. The formation of mono and disubstituted

5 =
2
species in the reaction of [Cu(NCMe)6]2+, (cu“™), and Me3N or Mezs,

(L), in MeCN solution is represented by the equilibria (equations

28 and 29)
K
it 4 L ;;:::é:::::i CuL2+ (28)
K
oL + L 2> cuL,”" (29)

The stepwise formation constants, K1 and K2 are given by the

expressions,
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K, = [CuL) and K, - [CuL,]
[Cu] [L] [cuL][L]

By assuming that the values of K1 and K.2 are the same as have been
determined for the CuII and Me3N system in MeOH, the concentrations
of the various species present in the equilibria solution (equations
28 and 29) can be calculated. As an example, for the initial
concentrations of CuII and L equal to 5 x 10_4 and 20 x 10-4 mol
dm'_3 respectively and a concentration ratio, [CuII]:[L] = 1:4, the
calculated concentrations of [CuL2], [cuL], [L] and [Cu] in

solution are [CuL2] = 3.9 x 10_5, [cuL] = 28 x 10'5, [Cu] = 1.8 %

10-4 and [L] = 14 x 10-4. These calculated concentration values
indicate that in these equilibria, a significant amount of unreacted
CuII is present and that the amount of CuL22+ formed is only one
tenth of the CuL2+ species. The extinction coefficient, g,

value for the species, CuL2+ is assumed to be similar as that for
[Cu(NCMe)6]2+ by analogy with the CuII—pyridine system in MeCN, 220
It is, therefore, likely that the low energy band in the electronic
spectra of the [Cu(NCMe)6]2+ and Me,N system arises mainly from the
species, [CuLX(NCMe)6_X]2+, x = 0-1. The high energy band is
assigned to the species, [CuLX(NCMe)6_X]2+, X = 3-5. These species
will be present only in small amounts and the electronic transitions
are observed because of intensity borrowing from the charge transfer
transition of the complexes. The low energy band decays much more
rapidly than the high energy band presumably due to the faster rate of

substitution at CuII as compared with the decay of the redox active

species responsible for the observation of the high energy band.

The electron transfer reaction in the [Cu(NCMe)6]2+ and MeZS

or Me3N redox systems does not involve the coordination of the

ligands to CuI formed. This increases the chances of the
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availability of free ligands to react with the monomeric radical
cations forming the dimeric radical cations, [L-L]*". The redox
reactions involving [Cu(NCMe)6]2+ and Me;N or Me,S, (L), in MeCN
solution may be represented by the generélized Scheme 1.

[CuN6]2+ + L = — [CULXN ]2+

6-x

L-L]* « [CuN4]+
Me'+ [L-(L-Me)]t «— |

L + Me' > Me-Me
(Scheme 1.)
N = MeCN, L = Me3N or MeZS

The redox reaction between [Tl(NCMe)6]3+ and Megs, in MeCN
solution, presumably involves the formation of the Tl2+ intermediate
as is observed by a change in colour from green to yellow. The
T1(II) intermediate would be expected to decay rapidly forming T1(I).

The TlI formed does not have coordinated Mezs, whereas in the redox

reactions involving [TL(NCMe).]>" and Me,N or Me,P, the 1% formed

contains coordinated ligands. Thallium(III) has been found to

oxidise a number of organic ligands in acidic solutions, for example
II

in aqueous HClO4 solution, TlI reacts with glycolic or glyoxylic
221

acid (ga) forming the 11 complex, [Tl(ga)2]+. The products of

oxidation depend on the initial concentration ratio of the reactants,

for example in a 1:1 mole ratio reaction, the products are HCHO and

CO2.
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The reactions between [Cu(NCMe)6]2+ and PMe., or tmtu (L) in

3
MeCN solution, involve the formation of a pink intermediate, presumably

the mixed ligand cations, [CuLX(NCMe)6_X]2+. The electronic
spectrum of the intermediate, [Cu(tmtu)X(NCMe)6_X]2+, is recorded at
253 K by conventional electronic spectroscopy and consists of two
bands listed in Table 3. An attempt to record the electronic
spectrum of the species, [Cu(PMe3)X(NCMe)6_X]2+ by conventional
electronic spectroscopy, even at 253 K, was unsuccessful. By
analogy with the CuII-NMe3 redox system, the low energy band is
assigned to the species, [CuLX(NCMe)6_x]2+, (x = 0-1) whereas the

high energy band is due to the redox active species, [CuLX(NCMe) ]2+

IT

6-x

(x = 3-5). By analogy with the Cu (OMe)3 system,84 the

substitution occurs rapidly until all the CuII is present as
1°*. At this stage the substitution of another ligand
1T

[Cqu(NCMe)2

molecule at the copper centre to form [CuL NCMe)]2+, makes the Cu

5(
ion a strong oxidising agent. It oxidises one of the coordinated

ligands to the radical cation, L+; and itself is reduced to CuI.

+.

[CuL. (NCMe)]or — 5 [CuL4]+ + L

5
The monomeric radical cation of PMe3 is known and has been generated
by the y-irradiation of dilute solution of PMe, in CECl, at 77 K.2e2
There is no evidence in the literature for the formation of the

dimeric dication, [Me3P—PMe3]2+ from the monomeric radical cation,
+ .
3 -
tmtu redox reactions, may combine with another radical cation

. 1T
PMe The monomeric radical cation formed in the Cu —PMe3 or

forming the dication or with the free ligand producing dimeric radical
cation. The electron transfer reactions (equation 30) involve the
coordination of the ligands, thus reducing the chances of the

. . . . . +.
availability of free ligands to combine with the radical cation, L"~.
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It is,therefore, assumed that the radical cation combines with

another radical cation forming the dimeric dication.

P+. +, ] _PM 2+
Me3 + Me3P —_— [Me3P PMe3] (31)
2+
Me,N Me,N Me N NMe
2 . \ . N -
C=s* 4+ Ctsti sl 2 Scssc( 2 (32)
Me, N Me N Me N \NMe2

Both these cations are known in the form of stable salts and have been

characterized by microanalysis and spectral analysis.zos’zo7

The
spectral data obtained for these cations in the present work, are in
good agreement with those reported previously.

]2+

The characterization of the cation, [MeBP—PMe3 , in the

263
present work and in that reported by Y.P. Makovetakii and co-workers,

contradicts the suggestion made by D. Schemburg et 21,223 that the
quaternization of the two directly bonded phosphorus atoms can not be
achieved until the two phosphorus atoms are bridged by bulky groups.

The redox reactions involving [Cu(NCMe)6]2+ and PMe3 or tmtu (L) in

MeCN solution may be represented by scheme 2.

32+

2+ ~
[CuN 7" + L [CuL, N

. !

[L-L]% el 1Y & [CuL4]+ |

6-x

(Scheme 2)

N = MeCN; L = Me3P or tmtu

434 Conclusions.

Solvated Cu(II) and solvated T1{(III) cations are very good
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oxidising agents in MeCN as is indicated by the redox reactions of
these cations with ligands such as Me_S, Me3N, Me3P and tmtu. The
redox reactions involving [Cu(NCMe)6]2+ or [Tl(NCMe)6]3+ and the
ligands, Me28, Me,N, Me3P and tmtu are apparently similar. The
only difference is in the nature of the cation derived from the
oxidised form of the ligand. The products formed in these redox
reactions are the metal cations in the +1 oxidation state and the
monomeric radical cations of the ligands. In case of CuII—Me3N or
MeZS redox systems, the monomeric radical cations prefer to combine
with a free ligand molecule whereas the reaction of the monomeric

radical cations with the radical cations is preferred in the CuII—PMe

6J2+ with MeZS or Me3N,

3
or tmtu systems. The reaction of [Cu(NCMe)

in MeCN solution involves the formation of a green intermediate

whereas a pink intermediate is formed when [Cu(NCMe)6]2+ is reacted

with PMe, or tmtu. The redox reactions involving [Cu(NCMe)6]2+

3
and MeZS or Me3N are slow as compared with the CuII—PMe3 or tmtu
systems. If the electron transfer reaction is the rate determining

step the energy barrier for reduction of CuII to CuI is lower for
CuII-PMe3 or tmtu intermediates than it is for CuII—Mezs or Me3N
intermediates. The majority of these CuII species are strongly
oxidising in MeCN, presumably due to the high stability of the
corresponding tetrahedral [Cu(NCMe)4]+, [Cu(PMe3)4]+ and [Cu(tmtu)4]+

complexes.

4:5 Experimental.

4:5:1 Preparation of Solvated Copper(II) and Copper (1) Hexafluoro-
phosghates.183

A mixture of CuF, (2.4mmol) and PF5(1.5mmol) in MeCN (5ml) was
shaken mechanically for a period of about 6 hours at room temperature.

The clear blue solution was decanted into the empty limb of the
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reaction vessel from which a blue solid, pentakis(acetonitrile)

copper (IT) hexafluorophosphate, was isolated after removal of the

volatile material. The infrared spectrum of the blue solid

indicated the presence of coordinated MeCN Vmax 2330 (CN comb),

2350 (CzN str.), 1033 (CHy rock), 950 cm™' (C=C Str) and the PFy
1 :

anion vmax 850, 810 (v3) and 560 cm (Vq).

A solution of [Cu(NCMe)B][PF6]2 in acetonitrile solution was
reacted with Cu metal, and the mixture was shaken for about 4 hours.
A white solid, tetrakis(acetonitrile) copper(I) hexafluorophosphate,
was isolated from the resulting colourless solution after removal of the
volatile material. The infrared spectrum of the white solid

indicated the presence of coordinated MeCN, gmax 2290 (CN comb),

- -1 - .
2265 (C=2N str) and 1030 cm (CH3 rock), and the PF anion, Voax
1

835 (v3) and 556 cm (vq).

The electronic spectrum of Cu(II) hexafluorophosphate, in MeCN

1 3

solution, consisted of a broad band at vmax 13400 cm™ ' (e = 24 dm

mol”! cm_1) with a pronounced shoulder at 10600 cn” ! characteristic

of the Cu(II) ion in a distorted octahedral environment.

4:5:2 Reactions of Solvated Copper(I) in MeCN Solution

(i) with dimethylsulphide or trimethylamine.

[Cu(NCMe)Q][PF6], (0.5mmol) MeZS or Me3N (3mmol) and MeCN (5ml)
were shaken for a period of about 12 hours at room temperature.

There was no visible evidence for the reaction. A white solid was
isolated from the resulting solution when the volatile material was
removed. ‘The infrared spectrum of the white solid suggested the
product to be [Cu(NCMe)q][PFéj, with bands at vﬁax 2286 (CN comb),
2265 (C2N str), 1033 (CHy rock), 840 (y4PF7) and 560 e~ JPFD).
There was no evidence for the presence of coordinated Me2S or Me3N.
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(ii) with trimethylphosphine.

The salt, [Cu(NCMe),] [PF ] (0.5mmol) was dissolved in MeCN (5ml)
and PMe, (2.5mmol) was distilled at 77 K. On warming to room
temperature, a colourless solution was formed. An off-white solid
was isolated from this solution after removal of the volatile
material. This solid was identified by spectroscopy and microanalysis

as tetrakis(trimethylphosphine)copper(I)hexafluorophosphate. Found:

C,28.1; H, 6.9; Cu, 12.6; F, 22.1 and P, 30.0%. C12H36CUF6P5 requires:
C, 28.1; H; 7.05 Cu, 12.5; F, 22.2 and P, 30.2%. The solid state
infrared spectrum is listed in Table 2. The 31P-{1H}n.m.r.spectrum of
the solid in CD3CN solution is illustrated in Figure 3. The 31P
chemical shifts observed were -41.5 and -144.9 ppm with coupling

= 707 Hz.

constants of J63 = 795, J65 = 851 and JP-F

Cu-P Cu-P

(iii) with tetramethylthiourea.

The solution of tmtu (2.0mmol) in MeCN (5ml) was mixed with the
salt, [Cu(NCMe)A][PFé] (0.5mmol) . The resulting solution was
shaken for about 15 minutes and an off-white solid was obtained
after removing the volatile material. The infrared spectrum of the
solid product consisted of bands due to coordinated tmtu175 and the
PFg anion, and listed in Table 5. Bands due to coordinated MeCN
were absent. The 'H n.m.r. spectrum of the solid in CD,CN consisted
of a sharp singlet at 3.2 ppm. By analogy with the known Cu(I) complexes

with tmtu, P(OMe), and PMe, formed in MeCN, the solid was suggested to

3 3
be tetrakis (tetramethylthiourea) copper(I) hexafluorophosphate.
Microanalysis of the complex was not attempted because of the difficulty
in obtaining the complex free from the unreacted ligand.

. 197
4:5:3 Preparation of Dimethylthiomethylsulphonium tetrafluoroborate.

Trimethyloxonium tetrafluoroborate (0.2mmol) was loaded in a



Table 5.

Infrared Spectrum of the Complex [Cu(tmtu)q][PF6]

Wavenumber (cm™ ') Assignment Corresponding band
of free ligand(cm'1) 175
2930 CH asym str. 2924
1545 NCN antisym str 1495
1468 CH3 asym.bend 1450
1390 CH, sym.bend 1360
1310 H,C-N sym.str 1275
1268 NCN sym.str 1250
1155 CS str 1140
115 CH3 rock ' | 1105
1095 CH, rock 1060
880 CN torsion 885
840 PFy v,
660 CS str. 637
560 B Yy
480 CH3NC asym.def. 445
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reaction vessel and dissolved in MeCN(5ml) added by vacuum distillation.
Methyl disulphide(O.6mmol) was distilled in at 77 K. The reaction
mixture was warmed to room temperature and shaken for about 15

minutes. An off-white solid was isolated from the solution after

the removal of volatile material. The infrared spectrum of the solid
is listed in Table 1. The 'H n.m.r. spectrum of the solid in CDCN
contained two sharp singlets at 3.2 and 2.86 ppm with a relative
intensity of 2:1 (Figure 1). The 1H n.m.r. spectrum of a 1:1 mixture

of the solid and MeZS in CD3CN consisted of two singlets at 2.8 and
2.60 ppm with a relative intensity of 1:4. The spectra were in good
agreement with the reported data. Therefore, the.compound was

identified as dimethylthiomethylsulphonium tetrafluoroborate,

[Mezs—SMe][BFQJ.

4:5:4 Preparation of Hexamethyl diphosphonium hexafluorophosphate.

A solution of iodine(0.2mmol) in MeCN(5ml) was prepared in vacuo
and PMe3(O.6mmol) was added to the frozen solution. On warming
the mixture to room temperature, a white precipitate was formed, which
was isolated by decanting the liquid phase into the empty limb and
drying the precipitate under vacuum. The infrared spectrum of the
solid product consisted of bands at Vmax 1308 (CH bend), 975 and 945
(CH3 rock), 775 and 650 (P-C str), and a band at 325 cm—1 possibly

due to P-P bendihg mode. The compound was characterized by micro-

analysis and infrared spectroscopy as hexamethyl diphosphonium bis

iodide. Found: C, 17.4; H, 4.5; I, 62.9 and P, 15.3%.

CeHagToPs requires: C, 17.6; H, 4.4; I, 62.6 and P, 15.4%

The reaction of a solution of NOPF6(O.2mmol) in MeCN with the

salt, [Me P—PMe3][I}2, resulted in the formation of a brown solution

3
and the evolution of a colourless gas. An off-white solid was
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The infrared spectrum of the solid product contained bands at V 1310
max

(CH bend), 975 and 945 (CH3 I"OCk), 775 and 650 (P-C stp) and 325 Cm-1

(P-P bend) and the PF; bands at \7max 840 and 560 cm™'. The > P-{'H} n.m.r.
spectrum of the solid in CD3CN consisted of a sharp singlet at 27.8.

ppm. Thus the compound was characterized as hexamethyl diphosphonium hexa

fluorophosphdate from its microanalysis, infrared and 31P-{1H} n.m.r.

spectra. Found: C, 16.1; H, 4.3 and P, 27.9%. C6H18F12P4 requires

C, 16.3; H, 4.1; and P, 28.0%.

4:5:5 Reactions of Solvated Copper(II) in Acetonitrile Solution.

(1) with dimethyl sulphide or trimethyl amine.

The compound, [Cu(NCMe)SJ[PF6]2 (0.3mmol) was dissolved in MeCN
and Me28 or Me3N (3.0mmol) was distilled in at 77 K. On warming
N melted and flowed

a deep green colour developed as the Me S or Me

2 3
onto the frozen solution. The colour decayed slowly and disappeared
on shaking. The final solution was colourless. The volatile
product distilled from the reaction mixture at 183 K was identified

as ethane by using the technique of gas chromatography. The

removal of the volatile material from the reaction mixture left a
white solid. This was shown to be a mixture of [Cu(NCMe)4][PF6]

and [MeZS-SMe][PF6] or [MeBN-NMez][PF6], as indicated by the infrared

and 1H n.m.r. spectra.

Conventional electronic spectroscopic studies. The reaction

between [Cu(NCMe)5][PF6] and Me,S or Me3N in MeCN solution was

studied by conventional electronic spectroscopy.  The concentration

4

- -3
of Cu(II) was maintained at 5.0 x 107 mol dm ~ and the

concentrations of the ligand (Me,S or Me3N) were varied between

5.0 x 10™* and 5.0 x 1073 mol am=3.  The solutions of Cu(II) were
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loaded in reaction vessels containing Spectrosil cells along with

the frangible ampoule in which the appropriate concentration of the
ligand was sealed. The electronic spectra of these solutions were
recorded in the range, 12500 to 33350 cm_1, at 298 K. The vessel was

kept in a thermostatted holder at 298 K while recording the spectra.

(ii) with trimethyl phosphine.

The copper(II) salt, [Cu(NCMe)5][PF6]2 (O.3mmol) was dissolved
in MeCN(5ml) and PMe3(3.Ommol) was added by vacuum distillation.
On warming to room temperature, it was observed that a pink colour
developed as the PMe3 melted and mixed with the solution. The
colour decayed rapidly even at temperatures below 230 K, forming
a colourless solution. An off-white solid was isolated from this
solution after removal of the volatile material. The solid was
shown to be predominantly [Cu(PMeB)qj[PF6], by comparison of the infra-
red and the n.m.r. spectra of the solid with those of a sample
of the compound characterized from the reaction of [Cu(NCMe)4][PF6]
with trimethyl phosphine. The hexamethyl diphosphonium cation,
[MeBP-PMe3]2+, was also identified among the solid products, by

31P—{1H} n.m.r. spectroscopy.

(1ii) with tetramethyl thiourea

The compound, [Cu(NCMe)S][PFéj2 (0.3mmol) was loaded in one limb
of a reaction vessel and tmtu(1.5mmol) into the other. Acetonitrile
(5ml) was distilled onto tmtu and the resulting solution was mixed
with [Cu(NCMe)S][PF6]2 at 233 K, when a pink colour solution was
formed. The colour of the solution decayed rapidly as the temperature
was raised. The final solution was colourless from which an off-
white solid was isolated after removing the volatile material. The
solid was identified as a mixture of the Cu(I) salt, [Cu(tmtu)4][PF6]

and the dication disulphide salt, [(MezN)ZCS-SC(NMeg)ZJ[PF6]2
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by infrared and 1H n.m.r, spectroscopy;

The electronic spectrum of the Cu(II)-tmtu intermediate was
recorded at 243 K using concentrations, cut - 0.5 x 1072 mol dm™>
and tmtu = 2.5 x 1072 mol dm™3, The Cu(II) solution was loaded in
a Spectrosil cell fitted with a septum cap. The tmtu solution was
injected through the septum cap by keeping the solution at 233 K.

To record the spectrum at 243 K, the cell was placed in a cell holder
designed to allow the circulation of nitrogen gas previously cooled
by passing through a slush coolant (Acetone + Dry ice). The
temperature was kept constant by controlling the flow of N2 gas.

The cell compartment was flushed with dry nitrogen before recording

the spectrum to prevent moisture condensation on the cell surfaces.

4:5:6 Preparation of Thallium(I) and Thallium(III)hexafluorouranate.

III(

The salts, TlIUF6 and [T1 NCMe)SJ[UF6]3, were prepared as

described in chapter 2.

4:5:7 Reactions of Thallium(I) hexafluorouranate in MeCN Solution

(1) with dimethyl sulphide.

The salt, T1'UF, (0.5mmol) was dissolved in MeCN(5ml) and Me,S

(S.Ommol) was distilled in at 77 K. The resulting solution was

shaken for about one hour. A light green solid was isolated from

the solution after removal of the volatile material. The infrared
I

spectrum of the solid showed the product to be T1 UF6. There was

no evidence for the coordinated Me2S.

(ii) with trimethyl amine

The solution of TlIUF6 (O;Smmol) in MeCN(5ml) was mixed with
Me3N(5;Ommol) in a reaction vessel, when a green precipitate was

formed. The infrared spectrum of the green precipitate indicated the
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presence of coordinated Me,N, Viax 3220 (CH str), 1475 (CH3 rock),
-1 - -

1055 cm ~ (CN str) and the UF6 anion, Vmax 520 cm” . Bands due to

coordinated MeCN were absent; The precipitate was identified by’

infrared spectrum and by the analysis of C,H and N as bis(trimethylamine)

thallium(T) hexafluorouranate (V). Found: C=10.3; N = 2.4 and N = 3.8%

C6N18F6N2T}U requires: C = 10.6; H = 2.6 and N = 4.1% The salt was:

found to lose Me3N on pumping under vacuum.

(iii) with trimethyl phosphine.

The salt, TlIUF6 (O.Smmol) was dissolved in MeCN(5ml) and the
resulting solution was mixed with Me3P(5.Ommol). A blue green
precipitate was formed which was isolated by removing the liquid phase
and dried under vacuum. The infrared spectrum of the solid indicated

bands due to coordinated PMe < 1305 (CH bend), 950 (CH, rock),

3 Vi 3
726 (PC asym.str) and 665 cm”! (PC sym.str) and the UFg anion,

b : 1

Vmax 520 cm . Bands due to coordinated MeCN were absent.

By analogy with the T1(I)-Me,N salt, the solid was suggested to be

3
bis(trimethylphosphine) thallium(I) hexafluorouranate (V).

4:5:8 Reactions of Solvated Thallium(III) in MeCN Solution

(i) with dimethyl sulphide.

The compound, [TlIII(NCMe)SJ[UFE)]3 (0.5mmol) was dissolved
in MeCN(5ml) and MeZS (5.0mmol) was added by vacuum distillation.
On warming to room temperature, a lemon yellow intermediate was
formed which decayed rapidly. The final solution was light green in
colour from which a pale green solid was isolated after removing the
volatile material. The volatile product distilled at 183 K was
identified as ethane by gas chromatography . The solid product was

. I . .
shown to be a mixture of T1 UFg and [MeZS—SMe][UF6] from its infrared

electronic, 1H, 3¢ and 20511 n.mer. spectra.
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(ii) with trimethylamine.
III(

The salt, [T1 NCMe)S][UF6]3, (O.Smmol) was dissolved in MeCN

(5ml) and the resulting solution was mixed with Me3N (5.0mmol). A
green precipitate and a light green solution were formed. From the
solution, a pale green solid was isolated after the removal of the

volatile material. The precipitate was shown to be [Tl(Me3N)2][UF6]

from its infrared spectrum. The pale green solid was suggested to

H{ n.m.r. spectra

be [Me3N-NMe2][UF6] from its infrared, electronic and
The volatile material distilled at 183 K was identified as ethane by

gas chromatography.

(iii) with trimethyl phosphine

The compound [TlIII(NCMe)SJ[UF6]3 (O.Bmmol) was dissolved in MeCN
(5ml) and the solution was mixed with Me3P(5.Ommol). A blue green
precipitate and a light green solution were formed. From the

solution a pale green solid was isolated after the removal of the
volatile material. The precipitate was shown to be [Tl(Me3P)2][UF6]
from its infrared spectrum; The pale green solid was suggested to be

[Me3P-PMe3][UF6]2 from its infrared, electronic and 31P-{1H} n.m.r.

spectra.



CHAPTER FIVE

Redox and Substitution Reactions
of the Solvated lodine(+1) Cation
1n Acetonitrile
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5:1 Introduction.

The existence of monovalent non-metal cations especially halogens
has Occasionally been reported in the literature. Such cations are
mostly postulated in solution and only a few have been isolated in
the solid state. The search for the existence of positive cations of
iodine has been stimulated as a result of the general trend of the
periodic table that the electropositive character of the elements
increases witﬁ an increase in atomic number in a particular group.
Iodine is the second most electropositive element of group VII, it
should have a tendency to form the iodonium cation(I). The mono-
valent cations of halogens are electron deficient with respect to the
element itself and thus are highly electrophilic. They are
accordingly stable in solvents which can solvate them effectively
without undergoing any disproportionation reactions. Acetonitrile,
for example, is a moderately weak base and has a good solvating ability
whereas water is a sufficiently strong base to react with these cations.
It is, therefore, not surprising that the discovery of non-metal
cations especially those of the halogens owes much to recent developments

in the chemistry of non-aqueous solvents.

5:1:1 Historical Background.

It has been known for many years that iodine dissolves in strongly
oxidising solvents such as oleum to form deep blue paramagnetic
solutions. Tt was suggested by M.C.R. Symons and co—wor'ker'szz4 that
the blue colour resulting from the dissolution of 12 in oleum, was due

to a species containing iodine in the +1 oxidation state.

— 21t 4 2HS,07 + SO, (1)

I2 + H252O7 + BSO3 7

The reinvestigation of the blue solution of iodine in oleum by
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conductometric, spectrophotometric and cryoscopic methods has
contradicted the above suggestion,56 and is in accord with the

presence of I; instead of the I cation.

+
212 + H28207 + 3SO3-———————> 2I2 + 2HSEO7

+ 80, (2)

The cation’of iodine (I*) has been identified in the gas phase by emission
and mass spggtroscopy. The spark spectrum of iodine shows lines
attributéble to.the electronically excited iodine cation.225 The

short lived existence of iodine cations in aqueous medium has been
proposed by Bell and Gells.226 The following equilibria have been

postulated on the basis of the free energy data computed by means of

thermodynamic cycles.

A + -
I2(aq) ~ I(aq) * I(aq) (3)
I)(aq) * B0 ———&H" +HOI + I (4)
. . _
IZ(aq) + HZO _— HZOI + I (5)

The free energy data have been derived from only partly justifiable
extrapolations and hence may be considerably in error. The
discovery that iodine and iodine mono-chloride formed conducting
solutions in ethanol and that iodine itself conducted in the vapour
phase and in the molten state, led to the conclusion that the iodine

. 22T
cation was present in these systems.

L 6
I, =— "+ I3 (6)

In the presence of excess iodine, 1% cation would have a tendency to

be converted to the Ig cation hence a better description of the self-
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ionization of iodine is given in equation (7).

3, /1t + 1] (7)
2 3 3
The electrical conductance of iodine monochloride in MeCN solution
has been interpreted due to the equilibrium, (equation 8)228
2IC1 + MeCN ————> [T(NcMe)]™ + 1C15 (8)
The existence of the I' cation solvated by MeCN has recently been
postulated as one component of an electrical energy storage cycle.229
A solution of 12 and LiBFQ in MeCN when electrolysed in the anodic

chamber of a divided cell, equipped with a platinum anode and a

lithium cathode, undergoes the following reactions.

I, ———— 21 + 2e” (9)
. LiBF, . _ A
I" + MeCN ———————> [I(NCMe)] [BFL'] (10)

5:1:2 Charge Transfer Complexes of Iodine.

Todine readily dissolves in a number of organic solvents and
the colour of the solution depends on the nature of the solvent.230
The solutions of‘iodine in aliphatic hydrocarbons or CClA are bright
violet (Amax 520-540’nm), those in aromatic hydrocarbons are pink

or reddish brown and those in stronger donor solvents such as alcohols,

ethers or amines are deep brown (A % 460-480 mm) . This variation

ma
in colour may be explained in terms of a weak donor-acceptor inter-
action leading to complex formation between the solvent (donor) and
iodine (acceptor) which alters the optical transition energy. The

most direct evidence for the formation of a complex, L - I2, in

solution comes from the appearance of an intense charge-transfer band
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in the near ultraviolet spectrum. Such a band occurs in the region
230-330 nm with a molar extinction coefficient, e, of the order of

310" 4 mc.>l-1

10 cm_1. The dissolution of 12 in polar solvents
such as pyridine may result in further interaction leading to ionic

dissociation which renders the solution electrically conducting.
2Py.12:;:::::::£3 EI(py)2]+ + Ig (11)

A number of solid complexes have been crystallized from brown solutions
of iodine in organic solvents. The x-ray structural data of a number
of 1:1 a@dition compounds, formed by dissolving iodine in amines, show

the compoupds to be true charge-transfer complexes in which one iodine

atom is linked to the donor atom and the second one points away from

the donor atom.

5:1:3 Solid Complexes of the 1" Cation.

The first known example of an 1" complex in the solid state, is

the salt, [I(py)z][13] which has been prepared by reacting an alcoholic

231

solution of 12 with pyridine. The % -ray analysis of the compound

indicates that the crystals are built up of centrosymmetric [I(py)2]+

and I3 ions. The cation, [I(pY)2]+, has been shown to have a linear
N-I-N linkage. The second known complex of the I" cation is the
solid compound, [I(tu)2][I], (tu = thiourea) which has been prepared
by the reaction of thiourea with iodine dissolved in CH2C12.232
The crystal structure of the complex has been detérmined by x-ray
studies and consists of separate [I(tu)2]+ and 1™ ions. The cation,
[I(tu)2]+ like the [I(py)2]+ species has been shown to have a linear
S-I-S linkage. Another example is the complex, bis(hexamethylene-
233

tetramine) iodonium triiodide. This complex has been prepared

by the addition of a solution of I, in ethanol to a solution of hexa-
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methylenetetramine (hmta) in CHClB. The structure of the complex,
[I(hmta)2][I3], has been determined by x-ray crystallography,234

and consists of centrosymmetric cations, [I(hmta)2]+, and asymmetric -

anions, Ig.

D‘“\\ Ve “>

N—I—N
N

. Q

The N-I distances within the cation, [I(hmta)2]+, (2.35A) are
0

significantly longer than in the [I(py)2]+ cation (2.214).

The complexes, [ILZJ[X], (L = pyridine or 2,4,6-trimethyl
pyridine, and X = NOS, ClOZ, BFZ or PFg) have been prepared by the

addition of the corresponding silver salt to a mixture of the ligand

and iodine in CHCl3235 or in CH2012.236’237

. AgX + 1, + 2L > [ILE][X] + Agl (12)

The compounds, [I(py)z][X]. X = NO; or Cl0,

3 4 have been studied by
238 127I]

239 Mbssbaur spectroscopy. The

[1291]-10dine®3® and [ ~iodine
isomer shifts in these compounds indicate a high s.electron density on
the iodine nucleus and that the I-N bonding is largely of p-character.
The compounds, [I(py)gjg[PtXn] (X =Cl or Brand n = 6 or 4), have been

obtained by the addition of solid Kz[PtXn] salts to a solution of
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[I(py)2][N03] in dimethylformamide and precipitating the complexes
by the addition of water.zqo The thermal decomposition of the
complex, [I(py)2]2[PtX6], is said to involve ligand replacement-

redistribution reactions as represented in equation 13.
[I(py)z]z[PtX6]-——~——> [Pt(py)2X4] + 2[I(py)X] (13)

The reaction indicates that both the octahedral configuration of the
coordination sphere of platinum(IV) and the linear configuration of

the coordination sphere of iodine(I) are preserved.

The complexes, [I(NCMe)2][MF6], (M = Mo or U) have been prepared
in this Department by the oxidation of molecular iodine dissolved in
MeCN using molybdenum or uranium hexafluoride as the oxidising

agents.L*B’241

Addition of MoF6 or UF6 to a frozen solution of
iodine in MeCN (MF6:I2 mole ratio>>1:1) results in a rapid colour
change red - yellow green as the mixture is allowed to warm at ambient
temperature. In marked contrast, iodine is oxidised by UF6 in iodine
pentafluoride to form the I2+ cation which undergoes further oxidation
whereas 12 and M0F6 do not react,.41 This emphasises the importance
of the solvent in redox reactions. Polynuclear cations, for example
I3+, which are characteristically formed when iodine is oxidised in

58

strongly acidic solvents,”  are apparently not formed in the basic

solvent, MeCN.48

5:1:4 Reactions of the I' Complexes.

The [I(py)2]+ cation has been used as an electrophilic reagent

for example its addition to double bonds is suggested to proceed

' . 242,243
via iodonium intermediates to give the trans adducts. ’
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CHC1
3
;:> c ====C3<i:; EI(py)Zl[N03] :

C C -
/ .~ s \ + N03 + Py
\\‘ +,/,
‘I

+ -

OTO2 PyTO3
‘_‘—f—i' /CI C \ + /(|3 C \ {14)
I I

The complex, [I(collidine)z][BFq], has been used as an iodonium ion
transfer reagent and in combination with dimethylsulphoxide (DMS0),

is very effective for the facile oxidation of cyclo-alkenes to the

corresponding a-iodocarbonyl compounds.244
I+
CHCL, 7N
HC CH + [I(Collidine)2][BFa] > HC\\\ //CH.BF4
(CHy ) (CHy)
(15)
0 Me2SO
| .+ Collidine - )
IHC C +[Collidine-H] [BF,] < IHC CH-0-3Me .. .BF
4 -MeZS / 2 4
(CH2)n (CH,)

In the absence of DMSO, the above reaction may be used for the stereo-
specific conversion‘of a variety of cycloalkenes to vicinal trans-

iodofluorocycloalkanes.237

The species, [I(NCMe)2]+, in acetonitrile acts as an iodinating
and as an oxidising agent.t‘8 Benzene and its derivatives are
readily iodinated when reacted with [I(NCMe)2][MoF6] in MeCN. The
nature of the products suggests strongly that the reactions proceed

via an electrophilic substitution mechanism, presumed to involve the



Table 1.

Infrared Spectra of the Complexes [I(SMeZ)Zj[MF6], M = Mo or U.

Wavenumber (cm_1)

' 3 5 Assignment 245
[T(SMe,) ] MoF] = | [T(SMe,) J[UF ] =
3000 (w) 3010 (w)
. CH str.
2920  (w) 2925  (w)
1325 (m) 1320 (m) CH, sym.def.
1040 (s) 1035 (s)
, CH3 rock.
980  (s) 975  (s)
725 (m) 730 (m)
. . C-S str.
675  (m) 680  (m)
630  (v.s) MoF ¢ (v3)
- 520  (v.s) UF, (v;)
245  (s) Mo (v,,)
230  (m) 230  (m) S-I-S str.
W = weak; m = medium; s = strong; v.s. = very strong
a yellow in colour.
b green in colour.
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+ .

solvated I cation. The cation, [I(NCMe)2]+ in acetonitrile solution
‘g I I

oxidises Cu~ to Cu I, NO to NO* and T1 metal to a mixture of TlI and

TlIII.

The aim of the work described in this chapter is to develop the
coordinat?on chemistry of the cation, [I(NCMe)2]+, in MeCN using
simple nitrogen, phosphorus and sulphur donor and macrocyclic nitrogen
donor ligands. The aim was also to compare the substitution
reactions of the solvated I* cation with those of the solvated metal
cations described earlier in this thesis. For comparison, the
reactions of [Fe(NCMe)6]2+ with macrocyclic ligands have been included
in this chapter; The final part of the chapter describes the

electrochemistry of the It complexes, obtained from the substitution

reactions, using the technique of cyclic voltammetry.

5:2 Results.

5:2:1 Reactions of the solvated IT cation.

The complex bis(acetonitrile) iodine(I) hexafluorouranate (V)
in MeCN solution reacts with dimethyl sulphide forming a green
solution. A green solid was isolated from this solution after
removal of the volatile material. The infrared spectrum of the

245 and the UFg anion,

solid indicated the presence of coordinated MeZS
and is listed in Table 1. The bands due to coordinated MeCN were
absent. The complex was identified from its infrared spectrum and
microanalysis as bis(dimethylsulphide) iodine(I) hexafluorouranate (V).
The electronic spectrum of the complex [I(MeZS)Z][UF6], in.MeCN
solution, consisted of bands due to the UFg anion, vmax 7300, 7430, 7580

45 and a

-1
strong charge transfer band with a cut off at about 18000 cm .

and 7940 cm™ ! in the visible and near-infrared regions,

The reaction of the salt, [I(NCMe)Z][MoF6], in MeCN solution, with
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MeZS resulted in the formation of a yellow solution from which a
yellow solid was obtained. The infrared spectrum-of the solid
indicated the presence of coordinated Me2S and the bands at vmax 630
and 245 cm” | due to the MoFg anion. By analogy with the complex,
[I(MeZS)Z][UF6]’ the yellow solid was characterized as bis(dimethyl-
sulphide) iodine(I) hexafluoromolybdate (V). The electronic spectrum
of the solid, [I(MeZS)E][MoF6], in MeCN solution indicated a strong
charge transfer absorption with a cut off at 17500 cm'1. The 1H and

13

C n.m.r. spectra of the complex [I(Mezs)zj[MoF6], in CD,CN, each

3
consisted of sharp singlets at 2.90 and 51.0 ppm respectively.

The reaction of [I(NCMe)z][MoF6] with tetramethylthiourea (tmtu),

mole ratio 1:2, in MeCN solution resulted in the formation of an

orange solution. An orange sticky solid was isolated from this
solution which became crystalline when cooled to 263 K. The infra-
red spectrum of the solid contained bands due to coordinated tmtu and
the MoFg anion and is listed in Table 2. By analogy with the I+

+ 232

complexes, [I(tu)g] and [I(SMe2)2]+, the solid salt was

1

formulated as [I(tmtu)g][MoF6]. The 'H and 13C n.m.r. spectra of the

solid, [I(tmtu)ZJ[MoF6], in CD,CN, each consisted of singlets at 2.5

1 13

and 49.5 ppm. The H and ~C chemical shifts of pure tmtu in CD.CN

3
were 2.1 and 47.5 ppm respectively. The electronic spectrum of the
complex, [I(tmtu)g][MoF6], in MeCN consisted of a strong charge transfer

 band with cut off at about 17500 cm™ .

The complex, [I(NCMe)z][MoFé], in MeCN solution underwent a
substitution reaction when allowed to react with 2,2-bipyridyl(bipy).
The solid salt isolated from the reaction mixture with [I+]:[bipy],
1:1, indicated weék bands due to coordinated MeCN in its infrared
spectrum whereas no such bands were present in the i.r. spectrum of

the solid obtained from [I7]:[bipy] mole ratio 1:2. Bands due to
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the free ligand 246 were absent in both the cases. By analogy with
the complex, [I(hmta)2]+, 233 (hmta = hexamethylenetetramine), the
solid salt isolated from [I*]:[bipy] mole ratio 1:2, was formulated as
[I(bipy)z][MoF6]. The infrared spectrum of the complex, [I(bipy)z]—
[MoF6] is listed in Table 3. The electronic spectrum of the solid,

[I(bipy)g][MoF6], in MeCN solution consisted of a band at Vmax21800 e

The reaction of macrocyclic ligands, 1,4,8,11-tetraazacyclote£ra-
decane, ([14]—aneN4) and 1,4,8,12-tetraazacyclopentadecane, ([15]-
aneNq), with [I(NCMe)g][MoF6] in MeCN solution resulted in the sub-
stitution of the coordinated MeCN by the ligand. A dark purple
solid was isolated from the [M]-aneN4 reaction whereas the solid
obtained from the [15]-aneN4 reaction, was mustard coloured. The
solids were identified from the infrared spectra and by the analysis
of CzH,I and N, as [I([14]-aneN4)][MoF6] and [I([15]—aneN4)][MoF6].

The solid state infrared spectra of the complexes are listed in Table -
4, The band at vmax 540 cm” | was assumed to be due to the I-N,,
stretching mode by analogy with the Ru-N stretching modes observed
cat vmax 470-510 cm—1 in the infrared spectra of the complexes,
[Ru([14]-aneN4)X2]+. 24T The electronic spectra of the complexes,
[I([14]—aneN4)][MoF6] and [I([15]-aneN,)]J[MoF ], in MeCN solution

1 3 mol” ! cm-1)

consisted of a band at ¥ 18500 cm ' (e = 500 dm
and at 18200 cm'1 (shoulder) respectively. The Hon.me spectrum of the
complex [I([14]-aneN4)][MoF6], in CD5CN consisted of a multiplet
having five sharp signals with chemical shifts in the range 0.89 to
0.82 ppm. The 'y n.m.r. spectrum of [14]-aneN4 in CDCl3 consisted of

a multiplet with chemical shifts in the range 2.8-2.6 ppm and a weak

singlet at 2.2 ppm.

The reaction of [I(NCMe)Z][MoF6] with P(OMe), in MeCN solution

resulted in the formation of an oily mass. The infrared spectrum



Table 2.

Infrared Spectrum of the Complex [I(tmtu)z][MoF6]

Wavenumber (cm™

Y

Assignment 175

1620 (s) NCN asym.str.
1565  (s) NCN sym.str.
1260 (s) H,C-N asym.str.
1160 (s) C=S asym.str.
1100 (s) C=S sym.str.
1060 - (s) CH, rock.
945  (m) H,C-N sym.str.
875 (s) CN torsion
630 (v.s) MoFy (v;)
245 (s) MoFg (v,
230 . (m) S-I-S str.

m = medium; S v.s = very strong




Table 3.

Infrared Spectrum of the Complex

[I(bipy)z][MoF6]

T Correéponding band of 246
Wavenumber (cm ') free ligand
(cm™ )
1605 (m) 1580 (m)
1570 (m) 1558  (m)
1318 (s) -
1285 (m) -
1245  (m) 1255 (s)
1170 (m) 1140 (s)
1075 (s) 1090 (s)
1050 (m) 1040 (s)
1012 (s) 995 (s)
968 (m) 975 (m)
778 (s) 75 (s)
725 (m) 740 (m)
630 (s)2 -
250 (m)2 -
s = strong; m = medium-

a MoF, bands




Table 4.

Infrared Spectra of the Complexes, [IL][M0F6]‘L = [14]—aneN4 or

[15]—aneN4.

Wavenumber (cm-1) 247
a b Assignment
[T([14]-aneN, )1 [MoF ] = | [I([15]-aneN,)][MoF ] =
3200 (m) 3200 (m) NH str.
1620  (m) 1625 (m) NH def.
1105 (w) 1100  (w)
, CN str.
1065 (m) 1060 (m)
1040 (m) 1035 (m)
C-C str.
975 (m) 975 (m)
868 (m) 865 (m)
CH2 rock.
820 (m) 825 (m)
630 (v.s) 625 (v.s) MoFg (v3)
545 (s) 540 (s) I-N str.
240 (m) 245 (m) MOFy (v,)
W = weak; m = medium; s = strong; v.s = very strong

“a dark purple in colour

b mustard in colour

—
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of this mass consisted of bands due to coordinated P(OMe)3,176 vmax
990 and 930 cm™| (P(OC),str), 800 and 755 cmf1 (P(0),str), and the
'MoFg anion, vmax 620 (v3) and 245 em”] (vq). '~ Bands due to coordinated

MeCN were absent. A detailed study of the complex was not attempted
because of its oily nature. Trimethyl phosphine reacted with
[I(NCMe)Z][MoF6] in MeCN solution forming a mustard coloured solution.
A mustard solid was isolated from this solution after removal of the
volatile material. The solid was shown to be a mixture of species

31

from its microanalysis and P—{1H} n.m.r, spectrum which contained a

number of singlets and multiplets. The infrared- spectrum of the
solid consisted of bands due to a Me-P moiety and the MoFg anion with
the addition of a band at T 325 cm™' possibly due to a P-P

bending mode. The electronic spectrum of the solid in MeCN solution

: = -1
consisted of a band at vmax 17200 cm .

The electronic spectra of the 1" complexes (Table 5) consist of
strong charge transfer bands in the region 17000-ZZOOO cm'1 assigned
to the ligand —> ¥ charge transfer transitions. The electronic
spectrum of 2,2-bipyridyl in a number of solvents consists of two

= -1 248 = -
bands at Vmax 35700 and 42550 cm , hence the band at Vmax 21800 cm

1
in the electronic spectrum of the complex, [I(bipy)2]+, can not be

assigned to the internal transitions of the ligand.

An electrochemical study of the ¥ complexes with ligated Mezs,
tmtu, bipy, [14]-aneN4 and [15]-aneN,, was carried out by cyclic
voltammetry. The procedure of this technique is described in
Chapter 6. The results of this study are listed in Tabie 6.

All the results are internally referenced with respect to the couple,
g.
[I([14]—aneN4)][MoF6], is represented in Figure 1. The cyclic

MoF6/MoF A répresentative cyclic voltammogram of the complex,

voltammograms in each case, are consisted of three quasi-reversible



Table 5.

Electronic Spectra of the I* and Fe2+ Complexes in MeCN Solution.

Complex Absorption Maxima (em™ )
[I(bipy) 2] [MoF6] 21800
[1([14]-aneN, )] [MoF,] 18500
[I([15]—aneN4)][MoF6] 18200

[Fe ([14]-aneN, ) (NCMe) ] [PF, ], 18500 (50) &, 27000 (95)

a Molar extinction coefficient (dm3 mol_1 cm_1)

“,‘



Table 6.

Results of Cyclic Voltammetry Studies of I Complexes in MeCN Solution.
Half-wave Potential, E, (V)
Complex P

MoF ¢ /MOF I+/1. = OFg oIV
[T (MeS) ;] [MoF ] + 1.60 +0.32 (100) 2 ~0.41
[I(tmtu) ][MoF ] + 1.60 + 0.28 (95) -0.39
[I(bipy) ][MoF 6 + 1.60 + 0.25 (80) -0.41
[I([14]—aneN4)][MoF6] + 1.60 + 0.12 (90) -0.38
[T([15]-aneN, )] [MoF ] + 1.60 +0.12 (85) -0.39

o

. + .
a Relative to Ag /Ag using MOF6/MOF-

6

Peak-to-peak separation (mV) in parentheses.

as an internal reference.




¢
« -

Figure 1. Cyclic Voltammogram of [I([14]-ane[\145][P4oF6]

Sean rate 500 mV S |
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waves, two of these are assigned to the couples, MoF

6
- (IV - .
MoF 6/Mo ), by comparison with previous studies of the silver and

46 .
copper salts. The third wave in these voltammograms was presumed

/MOF6 and

to arise from the couple /1",

5:2:2 Reactions of Solvated Fe " Cation with |:1ls]-anel\1£+ and [15]~aneN4.

The salt, [Fe(NCMe)6][PF6]2, reacts with [1Q]-aneN4 in MeCN
solution forming a purple solution. A purple solid was isolated
after removal of the volatile materigzl. The infrared spectrum of
the solid indicated the presence of coordinated [14]—aneN4, 7
3290 (NH str), 1105 (CN str), 930 cm™ | (C-C Str), coordinated MeCN,

Viax 2300 (CN comb), 2275 (C=N str), 980 cm—1 (C-C str) and the PFg

anion, vmax 840 (v3) and 560 cm” (v,) and is listed in Table 7.
By analogy with the known iron(ll)—[%é]—aneNA complex,125 the solid
complex was identified as [Fe([14]-anell,)(NOMe) J[PF.],.  The

electronic spectrum of the complex in MeCN solution consisted of two

bands at T __ 18500 (e = 50 dn” mol™' cn” ') and 27000 cn”' (e = 95 du’
mol_1 cm—1) assigned to the 1A1é——9> 1A2g and 1A1érav 118 d-d
transitions of a low spin d6 iron(II} in Déh symmetry. The results

are in good agreement with the data reported in the literature.

The complex, [Fe([14]~aneN4)(NCMe)gj[PF6], in MeCN solution
underwent a redox reaction when reacted with NOPE6. The purple
solution of the complex turned yellow and a yellow solid was isolated
from this solution after removal of the volatile material. There
was no evidence for the evolution of NO gas. The infrared spectrum
- of th; solid consisted of bands due to coordinated [1#]-aneN4, vmax

‘ . _ -1 7
3280 and 1100 Cm_q, MeCN, VmaY 2320, 2290 and 1040 cm  and the PF6

1

anion, vmax 840 and 560 cm .

b -1
A strong band at Vmax 1940 cm ' was

presumed to be due to the NO stretching mode. The electronic
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spectrum of the solid in MeCN solution consisted of two shoulders

= -1
at Vrrlax 24100 and 27000 cm™ .

The reaction of [Fe(NCMe)6][PF6]2 with [15]—aneN4 in MeCN
solution resulted in the formation of a lemon yellow solution from
which a pale yellow solid was isolated. The infrared spectrum of
the solid consisted of bands due to coordinated [15]-aneN4, vmax 3285,

1100 and 925 cm™ |, MeCN, 7 . 2300, 2280 and 980 cm ', and the Py

anion, vmax 840 and 560 <:m—1 and is listed in Table 7. By analogy

I 125

with the known Fe I—[15]—aneNl4 complex, the pale yellow solid was

identified as [Fe([15]-aneN4)(NCMe)Z][PF6]2. The electronic

spectrum of the complex in MeCN solution consisted of a broad

1 3 1

asymmetric band at vmax 13900 cm” en™ ') and was in

(¢ = 4 dm” mol”

good agreement. with the spectrum reported in the literature. The

5 5

band was assigned to the T2é—% Eg d-d transition of a high spin

d6 iron(II). The reaction of the complex, [Fe([15]-aneN )(NCMe)Z]-

4
[PF6]2, with NOPF6 in MeCN solution resulted in a colour change of the
solution from pale yellow to orange. An orange solid was isolated
from the final solution after removal of the volatile material.

There was no evidence for the evolution of NO gas. The infrared
spectrum of the solid indicated bands due to coordinated [15]—aneN4

¥ . 3280 and 1095 o™’
Vmax 840 and 560 cm_1. A strong band at vmax 1945 cm—1 was assumed

| MeCN, 2320 and 2290 cm™ ' and the PF7 anion,

to be due to the NO stretching mode. The electronic spectrum of
the complex in MeCN solution consisted of a strong charge transfer band

which obscured the d-d bands.

The complexes, [FeL(NCMe)Z][PF6]2, (L = [14]-aneN, or [15]—aneN4)
were studied by cyclic voltammetry. The cyclic voltammograms were
recorded using ferrocene as an external reference. A quasi-reversible

wave was observed in each of the two cases (Figure 2) with E%



: PF ]
Figure 2. Cyclic Voltammogram of [Fe([14]-aneN,) (NCMe)2][ 610

> -Ve

0-2v
Scan rate 200 mV.
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2
(Fe3+/Fe *) = + 0.325V vs Ag+/Ag. This corresponded to a value

of + 0.415V vs S.C.E. The average peak to peak distances, AP, were

about 85 mV.

5:3 Discussion

The chemistry of iodine(+1) in MeCN seems to be analogous to
the coordination chemistry found for many monopositive metal cations,
for example Ag+, in the same solvent. This is evident for a number
of reasons. The EXAFS study of the complexes, [IL2][M0F6],

L = MeCN or py, indicates that [IL2]+ exist as discrete cations in

MeCN solution, a situation similar to that found for metal cat.ions.111

This study also confirms that the coordination number of iodine(+1)

in MeCN is two, a situation similar to that of the Ag+ cation.220

The analogies observed between iodine(+1) and the metal cation
coordination chemistry in MeCN in the present study are the facile

substitution of the coordinated MeCN by ligands such as Me,S, tmtu,

2

2,2-bipyridyl, [14]-aneN, and [15]—aneN4. However, some interesting

4

differences are observed between the chemistry of iodine (+1) and those
of the metal cations in MeCN. The reaction of MeES with [I(NCMe)2]+

in MeCN results in the substitution of the coordinated MeCN molecules

2+

by M625 whereas a reaction between [Cu(NCMe)6] and Me,S results in

the reduction of CuII to CuI as described in chapter 4. The cation,

[I(NCMe)2]+, in MeCN solution is capable of oxidising solvated cut to

IT 48

solvated Cu It is, therefore, suggested that Mezs has

stabilized the iodine (+1) and due to this reason the cation,

I
[I(SMe2)2]+, is not redox active. On the other hand the Cu 1

2+

Z)X
compared with [Cu(NCMe)6]2+, hence is capable of oxidising the

, 1s a stronger oxidising agent as

species, [Cu(SMe (NCMe)6_X]

coordinated MeZS as described in chapter 4.
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The reaction of PMe, with [I(NCMe) 2]*, in MeCN should have
resulted in the formation of the cation, [I(PMe3)2]+ but instead a
complicated reaction is observed. It is suggested from the
experimental data that the substitution of the coordinated MeCN
molecules by PMe3 occurs initially forming the cation [I(PMe3)2]+.
This cation is unstable with respect to internal redox reaction

hence coordinated PMe3 is oxidised to the radical cation, PMe+',

2
12 forming the cation, [MeBP-PMe?]2+, which may also be formed from -

and iodine (+1) is reduced to I.. The free PMe3 then reacts with

the combination of two monomeric radical cations as described in chapter
4, The complex nature of the reaction is evident from the 31P-{1H}
n.m.r, spectrum of the product isolated from the [I(NCMe)2]+ and PMe3
reaction. The spectrum contains a number of resonances (singlets
and multiplets) from which only the singlet at 32.0 ppm can be
tentatively assignhed to the cation, [MeBP—PM.e3]2+ by analogy with the

species, [Me3P—PMe3]2+, described in chapter 4.

The reaction of [I(NCMe)2]+ with macrocyclic ligands, [14]—aneN4
and [15]—aneN4 (L) in MeCN solution, results in the formation of
stable complexes. An attempt to obtain the single crystals of the
complex, [I([14]—aneN4)][MoF6], has not yet been successful. Thus
the structures of the complexes are not known but they would be of
great interest. Macrocyclic nitrogen donor ligands such as [14]-
aneN4 possess remarkable complexing properties towards metal ions.249
The ¢oordinative properties of the ligands have been shown to be
determihed by a number of effects. The most important is the
metal-nitrogen donor bond length in relation to the hole size of
the macrocycle. Tt has been found from a number of structural
studies of the metal ion—[M]—aneN4 complexes that square planar

. : © 250
coordination of the ligand requires an optimum M-N distance of 2.07A.
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Such a distance corresponds to a metal ion with an ionic radius
of about 0.65 - 0.7 K. Small deviations in radius on either
side of this optimum value may be accommodated because of the
flexibility of the macrocyclic ring. The structures of the

macrocyclic ligands, [14]—aneN4 and [15]—aneN4,‘are shown in Figure 3.

CH
TN //,CF&\\\
HZC [:H2 HC C
‘ L 2| H2
NH H
e \\ NH HN—CH
C CH c'// 2\
| ] 7
~ C HC
2N oy k 2 \\4  HN—CH
‘ Jfl { Lfi 2
2 2 HEe /2
e’ 2 oy
Figure 3. [14]-aneN4 [15]-aneN4

The I-N distances determined for the cations, [I(py)2]+,

o
(2.21 A) 1 234

and [I(hmta)2]+, (2.35 X) are greater than the
optimum M-N distance of 2.07 K, although the different coordination
numbers of the cations, might effect this comparison to some extent.
The ionic radius of the I’ cation has been determined by the
Sanderson method251 and shown to have the values 0.62 or 0.83 K, the
first value corresponds to the cation in the gas phase and the second

to the coordinated ion with a coordination number 2. 252

Polydentate
o}

ligands such as cryptand [2.2.2] with a cavity diameter equal to 2.8 A

have been shown to form complexes with the T* cation, the complexes

being prepared by the induced 1¥...I” dissociation of the iodine
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252 10

v o)
molecule. Tne covalent radius of iodine is 1.33 A and it

is expected that the ionic radius of I' cation should be smaller than

O .
1.33 A. However, it is unlikely that it would be as small as
- o
0.83 A. 252 It is, therefore, suggested that the ionic radius of

I* cation is too large to be accommodated within the cavity of the
ligands, [14]—aneN4 or [15]-aneN4, in a regulaf square planar geometry.
The ligands are thus considered to be distorted and the most likely
geometry of the ligands in the complexes, [IL][M0F6], (L = [14]—aneN4
or [15]—aneN4), is assumed to be the folded conformation.

The folded conformation of the macrocyclic ligands is known

in the metal complexes such as [Hg([14]-aneN4)Cl]2[HgC14] and

[Pb([14]—aneNA)][NOq]2. 253 The ionic radii of the cations,
2+

0 )
(1.14) and Pb2+ (1.24), are large enough to force the ligand to
253

Hg

adopt a folded conformation as shown in Figure 4.

. +
Figure 4: Molecular Structure of the Cation, [Hg([14]-aneN4)C1]

The Hg-N bond distances in the complex, [Hg([14]—aneN4)Cl]+ are
0
He-N, = 2.42, HgN, = 2.28, Hg-y = 2.38 and He-N, = 2.38 A, These

distances are much larger than the M-N distances in complexes having
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a square planar geometry of the nitrogen atoms of a macrocyclic ligand.
The definitive resolution of the structure of the complex,
[I([14]~aneN4)][MoF6] must await an x-ray study, however, the
following suggestions can be made. Iodine in the complex,
[I([14]—aneN4)]+, is pseudo-seven coordinate with three lone pairs,
hence there are three possible geometrical arrangements: the
pentagonal bipyramid (Figure 5a) of symmetry DSh; the capped octa-
hedron (Figure 5b), symmetry C3V and the capped trigonal prism

(Figure 5c) of symmetry CZV' These geometries are readily

interconvertible hence seven coordinate complexes, in general, are
254

stereochemically non-rigid.

Figure 5: Geometric arrangements of seven-vertex polyhedra.
Therefore the macrocyclic ligand has to adopt a conformation that is
compatible with one of these geometries. A pentagonal-pyramidal
coordination of tellurium in a macrocyclic tetradentate complex,
1%

, based on an underlying tellurium(IV) pentagonal-

[(cyclenH3)2Te2O2
bipyramid with a lone pair in axial position, has more recently been

reported. 255

The position of the N-H stretching mode of the macrocyclic
ligands in the infrared spectra of the complexes may be used as an
evidence for thé folded conformation of the ligand although it is
not definitive. From the reported infrared spectra of the metal-

[14]-—aneN4 complexes, the N-H stretching mode occurs in the region
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_ _ 1. .
3260-3300 cm ' in complexes having a square planar geometry of the

125

ligand. The position of the N-H stretching mode is shifted

towards lower energy if the ligand has a folded conformation, for

example, in the complexes, [M([TA]—aneNq)]2+ M = Cd2+, Hg2+

’

and Pb°*), it is observed at 3210 cn™ .23 Also the N-H bending
mode is too weak to be observed in the normal square planar geometry
of the ligand whereas in a folded conformation, it becomes strong
enough to be observed in the infrared spectrum. The infrared

spectra of the complexes, [IL][M0F6], (L = [14]-aneN, or [15]-aneN, ),

A
indicate the N-H stretching and bending modes respectively at ﬁmax
3200 and 1620 cm™'.

4

The reactions of [Fe(NCMe)6]2+ with macrocyclic ligands,
[14]—aneN4 or [15}—aneN4, result in the formation of the complexes,
[FeL(NCMe)2]2+. The infrared spectra of the complexes indicate
that the N-H stretching mode is at vmax 3290 cm_1 whereas the N-H

bending mode is not observed. Cyclic voltammetry of the complexes

3 2+

indicates that the half-wave potential (E;) for the couple FelL * /FeL

;
2
is 0.325V vs Ag'/Ag®.  This value of the half-wave potential

2+
’

differs from the E; value of the couple, FeL3+/FeL (0.54V vs
2

Agt/8g°) previously determined for the salt, [Fe([14]—aneN4)(NCMe)2]-

256

[0104]2, in MeCN. The cyclic voltammogram of the complex,

[Fe([14]—aneN4)(NCMe)Z][PF6]2, in MeCN solution (Figure 2) consists of
a quasi-reversible wave, an indication of the oxidation FeII;;:iEFeIII,

possible only due to the stabilization of the FeT!l state by the

ligand. In comparison the cyclic voltammogram of the complex,
[Fe(NH3)6]2+, described in chapter 3, consists of only the
irreversible oxidation wave due to the inability of NH3 to stabilize

the FeIII state under the conditions used.

The ligand, [14]-aneN,, is well-known for its ability to
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stabilize high oxidation states of several metals. A number of

IT 2 IT 258 .
i 57 and Ag 25 complexes having coordinated macrocyclic

IIT

N

ligands,([Té]-aneNq) have been oxidised to the corresponding M
cations using NO* as an oxidising agent, which itself is reduced

to NO. Iron(:II), in the complexeleeL(NCMe)2][PF6]2, (L = [14]-

11T

aneNA or [15]—aneN4), is oxidised to Fe when reacted with NOV.

The coordination of NO, formed as a result of the redox reaction,

IIT 1

centre is indicated by a strong band at vmax 1945 cm

in the infrared spectra of the FeIII complexes. The band at vma

to the Fe

X
1945 em” indicates that NO is ligated as the neutral ligand
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(3e” donor). Therefore, the products formed as a result of the

oxidation of the Fell complexes, [FeL(NCMe)z][PF6:|2 using NOPF

as an oxidising agent, are formulated as [FeIIIL

By analogy with the oxidation of FeII to FeIII observed in the

(NO) (NCMe)] [PF6]3.
presence of ligated [14]-aneN4, it is possible that [I[14]-aneN4]+
may be oxidised to a higher oxidation state of iodine using an
appropriate oxidising agent. This experiment would be the

starting point for future work.

5:4 Conclusions

The chemistry of iodine (+1) in MeCN, can be placed on a firm
basis as a result of the present work. It is apparent that analogies
exist between iodine (+1) and metal cation coordination chemistry in
MeCN. The ligands, Me,S, tmtu, 2,2-bipyridyl, [14]-aneN4 and
[15]—aneN4 are strong enough to displace coordinated MeCN in the
cation, [I(NCMe)2]+ and thus are effective in stabilizing iodine (+1).
The ligands, [M]-aneN4 and [15]—aneN4 (L) are well known for their
ability to stabilize high oxidation states of several metals. It
is,thereforé, possible that iodine (+1) in the complex [IL][MOF6],

may be oxidised to a higher oxidation state by using an appropriate
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oxidising agent. Iodine (+1) in the complexes, [IL][M0F6], is
pseudo-seven coordinate with three lone pairs of electrons, hence the

structure of these complexes might be a fertile source of unusual

coordination polyhedra.

5:5 Experimental

5:5:1 Preparation of Bis(acetonitrile)iodine(I) Hexafluor'ometalates(V).48

(a) Bis(acetonitrile)iodine (I)hexafluoromolybdate (V).

A solution of iodine (0.2mmol) in MeCN (5ml) was prepared in a
double limbed reaction vessel and MoF ¢ (émmol) was added to the frozen
solution. On warming the mixture to room temperature, a rapid
colour change, brown to green to yellow was observed. The final
solution was pale yellow in colour from which a white solid was isolated
after removing the volatile material. The infrared spectrum of the
solid consisted of bands due to coordinated MeCN, vmax 2310, 2295, 2280

- 1

1030 and 940 em™! and the MoF . anion, vmax 630 and 245 cm” .

(b) Bis(acetonitrile)iodine(Ij hexafluorouranate(V).

Uranium hexafluoride (6mmol) was added to a frozen solution of
iodine (0.2mmol) in MeCN (5ml). The colour of the solution changed
from brown to green as the UF6 melted onto frozen solution of iodine
in MeCN. The final solution was pale green from which a pale green
‘solid was isolated after removal of the volatile material. The
infrared spectrum of the solid indicated the presence of coordinated
MeCN, vmax’ 2305, 2295, 2280, 1030 and 940 e and the UFg anion,

- : -1
VmaX 520 cm .

5:5:2 Reactions of [I(NCMe)Zj[MF6], (M = Mo or U), with MeZS in MeCN.

A mixture of [I(NCMe)Zj[UF6] (0.5mmol), dimethyl sulphide (Smmol)

and MeCN (5ml) was allowed to warm to room temperature when a green
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solution was formed. A green solid was isolated from this solution

and was identified as bis(dimethyl sulphide)iodine(I) hexafluorouranate (V).

Found: C, 7.9; H, 1.9; F, 18.7; I, 20.9; S, 10.4; U, 39.6.

C4H12F6I52U requires C, 7.9; H, 1.9; F, 18.9; I, 21.0; S, 10.5;

U, 39.5%. The infrared spectrum of the solid is listed in Table 1.

The electronic spectrum of the complex, [I(MeES)z][UF6], in MeCN solution

showed the characteristic  f-f transitions of the UF% anion.

The reaction of dimethylsulphide (5mmol) with [I(NCMe)zj[MoF6]
(O.Smmol) in MeCN (5ml) solution resulted in the formation of a yellow
solution. A yellow solid was obtained from this solution after
removal of the volatile material. By analogy with the complex,
[I(Mezs)z][UF6], the solid was identified as bis(dimethylsulphide)
iodine(I) hexafluoromolybdate (V). The infrared spectrum of the

complex, [I(Me28)2][M0F6], is listed in Table 1.

5:5:3 Reactions of [I(NCMe)2][MoF6] in MeCN.

(a) with tetramethylthiourea.

The salt, [I(NCMe)zj[MoF6], (0.5mmol) was loaded in one limb
of a reaction vessel and tmtu (1.0mmol) into the other. MeCN (5ml)
was distilled onto tmtu and the resulting solution was mixed with the
salt, [I(NCMe)ZJ[MoF6]. From the orange solution so obtained, an
orange sticky solid was isolated after removal of the volatile
material. By analogy with the complex, [I(MeZS)Z][MoF6], the solid
was identified as bis(tetramethylthiourea) iodine(I) hexafluoromoly-
bdate (V). The infrared spectrum of the solid, [I(tmtu)z][MoF6],
is listed in Table 2.

(b) with 2,2-bipyridyl

The complex, [I(NCMe)ZJ[MoF6], (0.5mmol) and bipyridyl (1.0mmol)

(mole ratio 1:2) were loaded into each of the two limbs of a reaction



153

vessel. MeCN (5ml) was distilled onto bipyridyl and the solution

so obtained was mixed with [I(NCMe)Z][MoF6]. A light brown solid

was isolated from the resulting solution. The infrared spectrum of the
solid indicated bands due to coordinated bipyridyl and the MoFg anion

and is listed in Table 3. By analogy with the complex,

[I(hnta)z][l3], (hmta = hexamethylenetetramine), the solid was

identified as bis(bipyridyl) iodine(I) hexafluoromolybdate (V).

The solid isolated from a mixture of [I(NCMe)ZJ[MoF6], (0.5mmol),
bipyridyl, (0.5mmol) (mole ratio 1:1) and MeCN (5ml), indicated the
presence of both coordinated MeCN and bipyridyl in its infrared

spectrum.

(c) with 1,4,8,11-tetraazacyclotetradecane.

A solution of [I(NCMe)Z][MoF6] (0.5 mmol) in MeCN (5ml) was
mixed with [14]-aneN4 (0.5mmol) at room temperature. The clear
solution was decanted into the empty limb and a dark purple solid was

isolated from this solution. The solid was identified as mono-

(1,4,8,11-tetraazacyclotetradecane) iodine(I) hexafluoromolybdate (V).

Found: C, 22.0; H, 4.4; I, 23.2; N, 10.0. C10N24F6IM0N4 requires
C, 22.2; H, 4.5; I, 23.5; N, 10.3%.  The infrared spectrum of the
solid [I[14]—aneN4][MoF6] is listed in Table 4. The samples for

electronic and n.m.r. spectroscopy were prepared as described in

chapter 6.

(d) with 1,4,8,12-tetraazacyclopentadecane.

A mixture of [I(NCMe),][MoF] (0.5mmol), [15]-anel, (0.6mmol)
and MeCN (5ml) was shaken for a few minutes at room temperature.
The clear solutioh was decanted into the empty limb from which a mustard
coloured solid was isolated after removal of the volatile material.

The solid was identified as mono(1,4,8,12-tetraazacyclopentadecane)

iodine (I) hexafluoromolybdate(V). Found: C, 23.5; H, 4.5; I, 22.6;
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N, 9.9.  CH F IMON, requires C, 23.8; H, 4.7; I, 22.9; N, 10.1%.
The infrared spectrum of the solid [I[15]-aneN4][MoF6] is listed in
Table 4.

(e) with trimethyl phosphine

A solution of [I(NCMe),][MOF ] (0.5mnol) in MeCN (5ml) was
mixed with trimethylphosphine (3.0mmol) at room temperature. A dark
brown solid was isolated from the resulting solution after removal of
volatile material. The infrared spectrum of the solid consisted of

bands at ¥ 1300, 1280 (CH sym.bend) 950, 875 (CH, rock), 745, 725

(P-C asym.str), 660 (P-C sym.str), 620 (v MoF6), 325 (P-P bend) .

3
1 e 31

and 245 cm~ P—{1H} n.m.r spectrum of the solid in

(v4M0F6). Th

CD3CN consisted of resonances at 32.0, 7.4, 3.3, 1.3, -10.6, -14.5 and

=27.7 ppm. Some of these resonances were singlets and some were
multiplets. The electronic spectrum of the solid in MeCN contained
a strong band at vmax 17200 cm-1. The solid was thus assumed to be

a mixture of species.

(f) with trimethylphosphite.

A mixture of [I(NCMe)Z][MoFéj (0.5mmol.), P(OMe)., (3.0mmol) and

3
MeCN (5ml) was allowed to warm to room temperature. The solution

was shaken for a few minutes and an oily mass was obtained from the

solution after removal of the volatile material. The infrared

spectrum of the mass consisted of bands at ﬁmax 1320 (CH3 rock), 990,

930 (P(OC)é str, 800, 755 (P(0) 4 str), 620 (vMoF7), 510 (P(OC)
1

3 bend )

(vQMoFg). A detailed study of the complex was not

attempted becéuse of its oily nature.

and 245 cm”
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5:5:4 Reactions of [Fe(NCMe)6] [PF6]2 in MeCN

(a) with 1,4,8,11-tetraazacyclotetradecane

A solution of [Fe(NCMe)6][PF6]2 (0.2mmol) in MeCN (5ml) was
mixed with [14]—aneN4 (0.3mmol) in a reaction vessel, at room
temperature. The purple coloured liquid phase was decanted into
the empty limb and a purple solid was obtained from the solution.
The infrared spectrum of the solid consisted of bands due to
coordinated [14]-aneN4, MeCN, and the PFg anion. ‘The infrared
spectrum of the solid is listed in Table 7. By analogy with the
known FeII—[M]—aneN4 complex, the solid was identified as

[Fe([14]—anegq)(NCMe)Z][PF6]2.

(b) with 1,4,8,12-tetraazacyclopentadecane.

A mixture of [Fe(NCMe)6][PF6]2 (0.2mmol), [15]-aneN4 (0.3mmol)
and MeCN (5ml) was shaken for a few minutes at room temperature.
The resulting lemon coloured liquid phase was decanted into the empty
1imb of thé reaction vessel. A lemon yellow solid was obtained
from the solution after removing the volatile material.‘ The infra-
red spectrum of the solid contained bands due to coordinated

[15]-aneN,, MeCN and the PF6 anion. The infrared spectrum is listed

4
in Table 7. By analogy with the known FeII-[1S]-aneNq'complex, the

s0lid was formulated as [Fe([15]-aneN4)(NCMe)Z][PF6]2.

5:5:5 Reactions of NOPF6 in MeCN.

(a) with [Fe([14]—aneN4)(NCMe)zl[PF6]2.

The solution of NOPF6 (0.2mmol) in MeCN (5ml) was mixed with

[Fe([14]-aneN )(NCMe)2][PF6]2 (0.2mmol) when a yellow coloured

4
solution was formed. A yellow solid was isolated from this solution

after removal of the volatile material. The infrared spectrum of
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the solid indicated bands due to coordinated [14]-aneN,, MeCN and

g0
the PF6 anion with the addition of a strong band at VmaX 1945 cm—T.
This band at vmax 1945 cm_1 was assigned to the NO stretching mode.
The electronic spectrum of the solid in MeCN solution consisted of
two bands (shoulders) at vmax 24100 and 27000 cm_1. The solid was

formulated as [Fe([14]—aneN4)(NO)(NCMe)][PF6]3 on the basis of its

infrared spectrum.

(b) with [Fe([15]-aneN4) NCMe ) ][PF6]2

A mixture of NOPF6 (0.2mmol), MeCN (5ml) and [Fe([15]—aneN4)-

(NCMe ) ][PF6]2 (0.2mmol) was shaken for a few minutes at room
temperature. An orange solid was isolated from the resulting

solution after removing the volatile material. The infrared spectrum

of the solid consisted of bands due to coordinated [15j-aneN MeCN

4
and the PFg anion, A strong band at vmax 1945 cm™ | was assigned

to the NO stretching mode. The electronic spectrum of the solid in
MeCN solution consisted of a strong charge transfer band, the d-d
bands were thus obscured and not observed. The solid was formulated

as [Fe([15]-aneN )(NO)(NCMe)][PF6]3 on the basis of its infrared

4

spectrum.

5:5:6 Cyclic Voltammetry of Todine(I) and Iron(IT) Complexes in
MeCN Solution.

Cyclic voltammetry studies were carried out using the experimental
procedure described in chapter 6. The complexes studied were
[IL2][M0F6], (L = Me,S, tmtu or bipy), [IL][M0F6] (L = [14]-aneNq or
[15]—aneN4), [FeL(NCPb)Z][PF6]2, L = [14]-aneN4 or [15]—aneN4. In
the case of iodine(I) complexes, MoFg was used as an internal reference
whereas for FeII complexes, ferrocene was used as an external reference.

+
The half-wave potential of the couple CpZFe/Cp2Fe equal to 0.07V vs
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260

o 46 and 0.16V vs S.C.E. was taken as a reference

Ag+/Ag

value.

The cyclic voltammetry of the I” complexes and the iron(II)
complexes, [FeL(NCMe)E][PF6]2, (L = 14-aneN4 and 15-aneN,), was
studied in a low temperature cell shown in Figure 9 of Chapter 6.
The salt, [Fe(NH3)6][PF6]2, was studied in a room temperature cyclic

voltammetric cell shown in Figure 8 of Chapter 6.




CHAPTER SIX

EXperimental TechniqUes
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A number of techniques were used during the course of this
project to synthesize and characterize the complex compounds both in
solution and solid state. Some general outlines concerning the

theory and the experimental aspects of these techniques are described

here.

6:1 Vacuum Line and Dry Box Techniques.

All manipulations were carried out in a conventional Pyrex
glass vacuum line. A rotary oil pump (Edwards high vacuum) and a
mercury diffusion pump (Jencons) arranged in series were capable of
providing a vacuum of 10_4 Torr. Standard glass joints were sealed
with Apiezon black and greased with high vacuum grease Apiezon N or
Voltalef Kel-F. The polytetrafluoroethylene (P.T.F.E.) Pyrex-
stop-cocks (J.Young or Rotaflo) were used when required. All the
glass-ware was flamed out before use. Reactions were carried out in
Pyrex double 1limb vessels (Figure 1) fitted with J.Young or Rotaflo
stop-cocks. Similar vessels with one limb replaced by an n.m.r. tube,
Pyrex capillary for Raman or a Spectrosil cell for U.V., were used to
prepare sampleéxfor spectroscopic analysis. Non-volatile compounds
were loaded in the vessels in a Nz-atmosphere glove box (Lintott,
H2O <5ppm) . The box was provided with an evacuable air-lock on one
end to be used as a transfer port. Molecular sieves and manganese
oxide were used for the removal of moisture and oxygen>respectively
from the box.

: 261, 262
6:2 Vibrational Spectroscopy .

Infrared and Raman spectroscopy were used to identify the coordinated

ligands and the fluoroanions in the complexes synthesized during the

course of the present study. Vibrational modes of a molecule are



Figure 1. Double-Limbed Reaction Vessel.
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excited by the absorption of quanta whose energy lies in the
infrared region of the spectrum from about 4000 cm_1 downwards.

The vibrational transitions are also detected in Raman scattering.
The selection rules for infrared absorption differ from those
governing Raman scattering. A molecular vibration is infrared
active if there is an overall change of the electric dipole moment
during a normal mode of vibration. Raman scattering is produced
if the molecule vibrates in a way that its polarizability is changed
during the vibration. The mutual exclusion rule for a polyatomic
molecule having a centre of symmetry states that the vibrations
symmetric with respect to the centre of symmetry are Raman active
but infrared inactive and the vibrations antisymmetric with respect

to the centre of symmetry are infrared active but Raman inactive.

The information obtained from vibrational spectroscopy depends
on the size and symmetry of a molecule. A vibrational frequency
is directly related to a force constant which in turn is related to
the bond length. For example in the MeCN molecule upon coordination
to a cation via nitrogen, the force constant of the C=N bond is
significantly increased as compared to that of the free molecule.
This increase in the force constant causes the C=N stretching frequency
to be shifted to higher wave—number.18’19 The number of bands
expected in the spectrum of a molecule is predictable from the

symmetry of the molecule by the method of group theory as

illustrated in the following examples.

Acetonitrile molecule belongs to the point group C3v and has
eighteen degrees of freedom. The eighteen cartesian displacement

vectors generate the following reducible representation.

C3V l E 2G4 av
r|18o L
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This can be reduced giving

T :5A1+A + OF

2

Eliminating the irreducible representations corresponding to

translations and rotations,the genuine normal modes are

4A1 + 4E

The inspection of the group C3V character table shows that the A1 and

E modes of vibration are both infrared and Raman active.

The complex fluoroanions, MF,, (M = P, Mo, W or U) belong to

the point group Oh' The twenty one cartesian displacement vectors

form a basis for the following representation:

The representation, I', reduces as follows:

+ T, + T

r= A, +E_ + T, + 3Tm o8 ou

1&g & g

The Oh group character table shows that the translations account for

T1u’ the rotations for T1g, leaving the genuine internal vibrations
2T1u infrared active
tive
ATg’ Eg, ng Raman acti
T inactive
2u

The Raman spectroscopic technique, in the present work, did not
prove to be successful as the samples either burned or decomposed in

the laser beam.
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Infrared Sampling Procedure.

For solid samples, a mull or paste was made by grinding a few
milligrams (2-5mg) of the solid in an agate mortar with a drop of liquid
paraffin oil e.g. Nujol or a fluorinated liquid polymer e.g. Fluorolube.
The paste was formed into a thin film by compressing it between silver
chloride or silicon plates which were then mounted in a suitable
sample holder. The spectrum was recorded over the region 4000—400 cm_1
(AgCl plates) or 4(')(')-2OOcm"1 (Siliconeplates). Gaseous samples were
studied by permitting the volatile material or the gas to expand into
an evacuated 5 cm path length cell at a measured pressure. The cell
was made of Pyrex glass with AgCl windows joined to the glass with
silicon sealant (RS Components Ltd).

6:3 Electronic Spectrosc0py.263’264

Electronic spectroscopy is associated with electronic transitions
which usually occur in the visible and ultraviolet region of the
spectrum, that is 10,000 - 50,OOOcm_1. Such transitions mostly
involve non-bonding and pi electrons and may occur through electric
dipole, magnetic dipole or electric quadruple mechanisms.265 Light
of these wave numbers may be absorbed by a complex for a variety of

reasons. These possible interactions are classified as follows:

(1) Ligand spectra. Ligands such as water and organic molecules

possess characteristic absorption bands that are normally in the

ultraviolet.

(2) Charge transfer spectra. These spectra arise from transitions

between orbitals centered mainly on the ligand to one centred on the
metal atom or vice versa. Thus an electron is transferred either
from the metal to the ligand or from the ligand to the metal. The

charge transfer transitions are mostly allowed hence the charge
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transfer bands are always strong. The main charge transfer band is
usually located in the ultraviolet region frequently trailing in the
visible, hence most of the charge transfer complexes are red or

yellow. Because of their intensity the charge transfer bands mostly
obscure the ligand field spectra if the two types of transitions are
close to each other. For example in the FeIII complexes, obtained from
the oxidation of FeII in the present study (Chapter 5), the d-d bands

were observed as weak shoulders on the charge transfer absorptions.

The complexes derived from [I(NCMe)2]+ and the ligands such as Me,S,

2
tmtu, [14]-aneN4 and [15]-aneN4 (Chapter 5) owe their colour to the

charge transfer spectra.

(3) Ligand field spectra. The transitions responsible for these

spectra arise from the splitting of the d-orbitals of a transition

metal in a ligand field. The electric dipole transitions are

mostly responsible for the observation of the transition metal (d-block)
spectra. Transitions from one energy level to a higher energy level
occur by absorption of radiations, bands shifting towards the u.v. region
of the spectrum with increasing ligand field strength. These
transitions are mainly of two types and a number of limitations called

selection rules determine the nature of the transitions.

The first selection rule states that any transitions in which
there is a change in the number of unpaired electrons, are forbidden.
Thus an allowed transition is the one in which the spin state of the

. . 2
complex does not change. For example in a low spin Fe * complex

6) having an bctahedral environment, the transitions 1A1é———eJT

1A -—-—--'>1T2g are spin allowed whereas 1A -———egT

g g g
1A1é—%§T2g transitions are spin forbidden.

(t

g 8

. and and

The second rule, called the Laporte rule, states that in the

complexes with a centre of symmetry, the allowed transitions are those
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with a change of parity that is gerade to ungerade, g -+ u, and
ungerade to gerade, u > g, transitions are allowed but g > g

and u =+ u transitions are forbidden. Since all the d-orbitals have
gerade symmetry hence all the d-d transitions in centrosymmetric
molecules are forbidden. The Loporte rule forbidding the d-d
transitiéns is relaxed to some extent in molecules which do not have

a centre of symmetry as mixing of p- and d-orbitals can take place to
some extent in such molecules. Thus the transifions can occur between
d-orbitals containing different amounts of p-character. Also if

the metal to ligand bonding in the complex is largely covalent, then

the transitions will not be pure d-d as the p-orbitals of the ligand

and the d-orbitals of the metal cause mixing.

The parity selection ru}e can be relaxed in a centrosymmetric
molecule if the centre of symmetry is removed temporarily by an odd
vibration. On mixing the vibrational and electronic parts of the
wave function (so called vibronic coupling), the ground term may
become mixed with a g-type vibration and the excited term with a
u-type vibration. The transition thus becomes partly g + u instead

of g »+ g and is allowed.

The position of an absorption band in the electronic spectrum
corresponds to the energy of the transition and its intensity depends
on the nature and quantity of the absorbing material. The relationship
between the absorbaﬁce, A, the path length, £ and the concentration, C,

is represented by the Beer-Lambert law
A = KCR (1

where K is a constant characteristic of the material. For a path
length of 1cm and the concentration expressed in moles per unit

volume, the constant K becomes €, the molar extinction coefficient.
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Allowed transitions generally have molar extinction coefficients

3

in the range, 10~ to 10° dm> mol™ ! em” whereas the d-d transitions

are much weaker with’e'ranging from 10~ to 10 dmS mol™ | cm™'.

The intensity stealing phenomenon is observed if a ligand field
transition has the same energy as that of the cﬁarge transfer band.
This is due to the mixing of the electronic wave function of the
forbidden excited term with the allowed level resulting in electronic
transitions tp the excited term becoming more allowed. For example

in the spectrophotometric titration of [Cu(NCMe)6]2+ with Me,S in

MeCN, the d-d band due to the intermediate species, [Cu(Mezs)X(NCMe)6_X]2+
(x = 3-5) is too intense to be observed in the early stages of the
reaction.

Sample Preparation. Sample solutions for recording the electronic
spectra, were prepared in a one-limb reaction vessel provided with a

10mm Spectrosil cell. The vessels are specially designed for handling
of the air and moisture sensitive compounds (Figure 2). The reactions

were carried out in the vessel, the clear solution decanted into the
cell and the spectrum recorded on a Beckman U.V.5270 or Perkin-Elmer

Lambda 9, over the range 1600-200 nm.

6:4 Stopped-Flow Spectroscopy.

A large number of chemical reactions involve the formation of an
intermediate which has such a transitory existence that it cannot be
observed by the use of conventional instrumentation. The common
methods for observing such intermediates, are those involving flow
or rapid mixing where the time taken to mix the reactants is greatly
reduced. The feaction is then followed by recording the change in

a physical property, such as absorbance, of the mixture with time.

RoughtonZééﬂas the first to use the stopped-flow method for



Figure 2. Evacuable Cell for Electronic Spectroscopy.
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. . ; 267
reaction times of about 10 seconds. Later, Chance improved the

method to enable the study of the processes with reaction times of a

few milliseconds.

Stopped-flow apparatus. A diagrammatic representation of a stopped-

flow system is given in Figure 3. Stock solutions of the reagents
are stored in the reservoirs from which they are fed into the drive
syringes. These syringes are driven with constant pressure
provided by a cylinder of nitrogen, forcing the solutions to mix
rapidly in the cell. Light from a monochromatic source is passed
through the cell. The transmitted light is detected by a photo-
multiplier connected to an oscilloscope. The oscilloscope is
triggered through a pulse transmitted by a stopping plate which stops
the flow of the solutions and a trace of the reaction is recorded on
the oscilloscope screen. This trace is a direct measure of the
changes in light intensity due to the absorbance changes occurring
during the reaction. The trace is photographed from which
absorbance is measured. By carrying out the experiment point by
point at 10nm intervals over a range of wavelengths throughout the
region of interest, it is possible to build up the spectrum of the
intermediate under investigation. This is accomplished by plotting
the total change in absorbance during the reaction as a function of
wavelength. An example of this is shown in Figure 1 of chapter 3

for the reaction of [Fe(py)6]2+ and P(OMe)3 in MeCN solution.

The stopped-flow instrument, (Hi-Tech SF-3L System with SFL-36
evacuable flow module and dry Argon line) was evacuated and flushed
with argon gas prior to a run. The system was additionally flushed

with anhydrous MeCN to ensure the conditions as moisture free as

possible.



Figure 3.

Schematic Diagram of Stopped-flow Instrument.
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Measurement of absorbance. In order to analyse the photograph of

the trace recorded on the oscilloscope screen, the voltage as a
function of time is converted to the equivalent absorbance. The
optical density (0.D) or the absorbance is given by the expression

(equation 2)

0.D. = log—> (2)

where IO is the intensity of light initially and It is the intensity
of the transmitted light. The voltage from the photomultiplier
is directly proportional to the intensity of light transmitted from the

cell, so equation (2) can be expressed as

v
0.D. = log—2 (3)

Vi
where VO is the initial voltage and Vt is the voltage of the
transmitted light. When Vo is the voltage at time 6 and Vt is the
voltage at time't, then equation (3) gives the change in optical

density from time 6 to time t.

For the understanding of different parameters involved in the
procedure for calculation of the optical density from equation (3), a
hypothetical trace is shown in Figure 4. The trace measures the
voltage derived froﬁ the transmitted light thus a decrease on the
trace indicates an increase in absorbance of the solution and vice
versa. In Figure 4, the absorbance is increasing hence it shows the
formation of a species. In the trace shown in Figure 4, the ground
line represents the voltage obtained in the absence of any applied
signal; This is the reference back-off abbreviated as R.B.O.

From the value of the 'back-off' and a calibration factor for the



Figure 4. Trace of the Reaction, [Fe(py)6]2+ and P(OMe)3 recorded at

wavelength 430 nm.
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instrument, in the present case 0.005535, the absolute voltage of

the ground line (VB.O) can be calculated. To evaluate the voltage
Vt’ of a point on the trace at a particular time, its distance from

the ground line is determined and is multiplied by the gain of the
oscilloscope to get Vt—B.O. This value is then added to VB.O. to

get Vt' The same trend can be applied to get V_, the voltage at
infinite time. Thus the optical density at intervals from to to t_
can be measured with the help of equation (3). A representative set
of data for the reaction of [Fe(py)6]2+ and P(OMe)3 is given in Table 1.
A plot of -log (0.D._ - O.D.t) versus time,t, is linear with the slope

equal to </, 303 @nd is illustrated in Figure 5.

6:5 Cyclic Voltammetry.

Cyclic voltammetry is the technique in which the current that
flows in a system is recorded as a function of the applied potential,
however, the potential axis is also a time axis. The theory and

268

technique of voltammetry have been extensively discussed. A brief

outline is described here.

A voltammogram, that is the variation of current with applied
potential is shown in Figure 6. This applies to a one electron
reduction but the same argument can be true for an oxidation step.

As the applied potential becomes increasingly negative, the current
rises slowly from A ﬁo B. This residual potential is due to a
condenser current, a consequence of charging of a double layer at the
electrode surface, and a diffusion current due to traces of oxidisable
and reducible material in the solution. At point B, near the formal
electrode potential of the redox active species, the current rises
sharply as reduction of the species begins. This current rises to

C, where the approach of the species to the electrode and the subsequent



Table 1. The Values of 0.D. and -log (O.Dco - O.D.tj at Particular

Times for the Reaction of [Fe(py)6]2+ with P(OMe)3 in

MeCN.

Concentration of [Fe(pyj6}2+ = 4.5 x 10'3 mol dm'3

’

Concentration of P(OMe), = 0.45 mol dm™3
Wavelength A = 430 nm.
Time (S) - 0.D., = log ‘o ~10g(0.D. - 0.D.)
Vi

0 0 0.886
0.2 0.019 0.957
0.4 0.036 1.030
0.6 0.050 1.091
0.8 0.058 1.142
1.0 0.069 1.202
1.2 0.076 1.273
1.4 0.084 1.314
1.6 0.087 1.371
1.8 0.093 1.440
2.0 0.096 1.471
w 0.123 -




Figure 5. Plot of -log(0.D. - O.D.t) vs Time for the Reaction of

[Fe (py)é]2+ and P (OMe) 5
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Figure 6; Current vs Applied Potentiél.
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reduction are at a maximum as determined by diffusion. At higher

negative potentials, the current rises slowly due to the residual

current. As a result the current vs voltage plots assume the form

of a wave. For a reversible wave, E;=<E°, where E, is the half-
2 z

wave potential and E° is the formal electrode potential. For a non-

reversible wave, E; is not equal to EO, so the system must be tested for
2 .
reversibility before equating E; with E°. Some waves are not reversible
2

because one of the species in the couple is involved in a chemical

rection.

In the process

A > Bt >C+

the species A is oxidised electrochemically to produce B* which
being chemically reactive produces c*. The reduction potentialsof
the species, B" and C+, will be different hence the wave is not

reversible.

In cyclic voltammetry the potential of the working electrode is
changed at a constant rate, backwards and forwards, between the two
limits. These limits are adjusted to lie within the voltammetric
range of the solution. A typical cyclic voltammogram for a

reversible one electron process, for example the CﬁZFe+/Cp2Fe couple

in MeCN, is shown in Figure 7. For a reversible system 269
) 0.0285
Breg =By - — @ V (4)
0.0285
Eoxig = By + =~V (5)

where ERed and EOxid are respectively the reduction and oxidation
potentials, E; is the half-wave potential and n, the number of

z
electrons transferred. The separation of the peak potentials for

a reversible one electron process is thus given by equation 6.

Eogid = BReq. = 27T MW (6)



Figure 7. Cyclic Volté:mnogr’am of (n5—C5H5) 2Fe
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The reversible waves obtained for rapid electron transfer process
followed by a slow chemical reaction are sometimes called quasireversible
waves. 70 This situation can easily be observed in a voltammogram
because if it is present, the height of the anodic peak is less than
that of the cathodic peak when the starting material is the oxidised
form of the couple, and vice versa for the reduced f‘orm.271 This is
examplified by the behaviour of [I([14]~aneN4)][MoF6] in MeCN, where
the couple, M0F6/M0Fg, is quasi-reversible as described in chapter 5
(Figure 1). If one half of a redox couple is involved in a chemical
reaction, for example the oxidised form, then the reduction peak will
be absent altogether. This situation arises when all of the oxidised
form is used in the reaction and is not reduced on the return sweep.

Such a system is called an irreversible system.

Experimental Cells.

Two types of cyclic voltammetric cells have been used in the
present study. The cell for studying the cyclic voltammetry of
complexes at room temperature is shown in Figure 8. It contains
three electrodes, a reference, a working and an auxiliary electrode.
The reference electrode is Ag+/AgO (0.1 mol dm'3 in MeCN) and both the
working and auxiliary electrodes are platinum wires (1.0 mm diameter).
The platinum wires including the reference wire are vacuum sealed
through the glass by spot welding to tungsten wires and sheathing the
assembly in uranium glass. The cell contains three sections made
from 24 and 10-15mm diameter tubing and joined by B14 and B19
greaseless O ring joints. Connections to vacuum and to storage
ampoules for reference, bridging and working electrodes and for
addition of solvent are by P.T.F.E. Pyrex stop-cocks. The
reference, bridging and working compartments are connected using

vycor-tips joined to glass by heat shrunk P.T.F.E. tubing.



Figure 8. Evacuable Cell for Room Temperature Cyclic Voltammetry.
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Figure 9. Evacuable Cell for Low Temperature Cyclic Voltammetry.
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The cell used to study the cyclic voltammetry of complex
compounds at low temperature is shown in Figure 9. It is an all-
glass cell and incorporates a cold finger which requires a slush
bath to cool the solution up to a temperature of 243 K. The cell
contains only the working and the auxiliary electrodes in the
working comparfment which on one side is provided with a vessel and
on the other with two side arms. An internal or external reference
has to be used in this cell. For example ferrocene and the couple,
M0F6/M0Fg, were used respectively as the external and the internal
references in the present study.

»

Supporting electrolyte. A supporting electrolyte is required in

cyclic voltammetry because of the following reasons. It decreases
the electrical resistance of the solution by acting as a current
carrier and thus ensures the movement of the electroactive species

by diffusion and not by electrical migration in the voltage field
across the cell. Tetraethylammonium tetrafluoroborate (thNBFq)

was used as the supporting electrolyte in the present work and was
prepared 272by neutralizing fluoroboric acid with EtQNOH using a pH
meter. The product obtained was recrystallised from ethanol.

It was dissolved in MeCN and the solvent removed by rotary evaporation

at 313-318 K. The white compound obtained was pumped under vacuum

overnight and stored in the dry box.

Experimental method. The solutions for room temperature cyclic

voltammetry study, were prepared as follows. The complex was sealed
in a frangible ampoule under vacuum and the C.V. cell evacuated and
flamed out on the vacuum line. The cell was transferred to the dry
box where the reference ampoule was loaded with the silver nitrate

solution (2ml, O.1mol dm_3 in MeCN). The solution of the electrolyte
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(2ml and 8ml, 0.1 mol dm™ in MeCN respectively for bridging and
working compartments) and the frangible ampoule containing the
complex, were loaded into their respective vessels. The cell was
re-attached to the line, solutions degassed and tipped into the
respective compartments. The cell was then linked to a potentiostat
(CV-1A, Bioanalytical Systems Inc.) and XY recorder. After
determining the working potential range of the electrolyte solution,
the frangible ampoule was broken, the complex dissolved in solution
and the voltammogram recorded. The scan rate, current amplification

factor and the voltage scale factor were varied depending upon the

species under investigation.

The low temperature cell was loaded as follows. Two
previously evacuated and flamed out break seal tubes were transferred
to the dry box, one loaded with the complex (0.005mmol) and the
other with the electrolyte (1mmol). The tubes were degassed,
sealed and then glass blown to the side arms of the cell as shown in
Figure 9. Acetonitrile (12ml) was distilled into the vessel of the
cell, the glass seal of the tube containing electrolyte was broken
by a glass sheathed iron bar, the electrolyte dissolved in MeCN and
the solution was tipped into the working compartment. After
determining the working potential range of the electrolyte solution,
the seal of the tube containing the complex was broken, the complex
dissolved and its voltammogram recorded. If ferrocene was used as
a reference, then the frangible ampoule containing ferrocene was broken
after recording the voltammogram of the complex. After dissolving
ferrocene, the voltammogram was recorded again. Cyclic voltammograms
were recorded using a P.A.R. Model 175 Universal programmer and model

173 potentiostat-galvanostat.
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6:6 Purification of Acetonitrile.

Acetonitrile was used as a solvent in the present work because
of the reasons described in chapter 1. The solvent for the synthetic
and electrochemical work should be free from all the oxidisable and |
reducible impurities. A number of methods have been used by different
workers for the purification of MeCN. The method developed in this
Department 16 is an extension of the method of Walter and Ramelay. 273
It consists of a series of refluxes of HPLC Grade S MeCN (Rathburn
Chemicals Ltd) in a Pyrex still equipped with 0.75m silvered vacuum
Jjacketed separating column. The following sequence of reagents was
used; the quantities and times are given in parentheses:

(i) anhydrous AICl, (15g du™>, 1h)

(11) KMnO, + Li,C05 (10g dn™> each, 15 min)

(1ii) KHSO, (15g dm™>, 1h)

3

(iv) CaH, (20g dm ~, 1h)

2

(v) and (vi) P,O. (1g dm'3, 30 min)

2

After each reflux, MeCN is rapidly distilled topping and tailing
by approximately 3%. During refluxing and distillation, MeCN was
protected from atmospheric moisture by silica gel drying tubes.

The distilled MeCN is collected in vessels containing activated
alumina (neutral 60 mesh), degassed twice in vacuo and distilled in
storage vessels over activated 3A molecular sieves. The purified
MeCN had an absorbanée of less than 0.1 (HZO reference) at 200 nm

and an apparent'U.V. cut-off point ca. 175 nm.

274

6:7 Nuclear Magnetic Resonance Spectroscopy.
The study of the absorption of radiofrequency radiations by
nuclei is called nuclear magnetic resonance spectroscopy. Absorption

of radiation in the radiofrequency region of the electromagnetic
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spectrum can be observed for those nuclei which have a nuclear

spin(I) of % or higher although the spectra are more complicated

in the latter cases. The atoms which have a nuclear spin of zero,
give no resonance signals and include 12C and 16O. Modern techniques,
which involve observation by pulse irradiation followed by Fourier
transformation, have now extended the n.m.r.methods to a large number
of magnhetic isotopes in the periodic table. The great importance of
n.m.r, is that the magnetic field actually experienced by a particular
nucleus is the sum of the applied field and the fields induced in the
electrons around the magnetic nucleus. The atoms of the same

element which are in different chemical environments resonate at
slightly different values of the external field and these differences
in chemical shifts may be detected and yield the structural information.
Further information can be obtained from the fine structure of the
n.m.r. signals which arises from the effects of spin-spin coupling.

If an atom with a nuclear spin is bonded to an atom also having a
nuclear spin then the local magnetic field will be affected by the
orientation of the spin of the second nucleus.

13~ 31

In the present work 1H, C, 7P and 205Tl n.m.r. spectroscopy

were employed to identify the products obtained in various redox and

31

substitution reactions. P n.m.r. spectroscopy was also used to

study the step-wise substitution in the reaction, [Fe(NMe3)(NCMe)5]2+
whereas 2/OSTl n.m.r. spectroscopy was used to investigate

3
the effects of complex fluoroanions on TlI and TlIIIchemical shifts.

and P(OMe)

Sample Preparation. Samples for n.m.r. spectroscopy were prepared

in a 5mm precision n.m.r. tube which were sealed off in vacuo before

recording the spectra. [ZH]-Hydrogen labelled acetonitrile was

used as a solvent. For 13C and 1H spectra, tetramethyl silane (TMS)

31

was used as an external reference whereas for ~ P n.m.r. spectra,
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CD3CN was used.as a 'lock' and phosphoric acid (H3P04) was used as

an external reference. The spectra were recorded on a Bruker-200

at 200 MHz ('H), and Varian XL-100 at 100 MHz ('H), 40.5 MHz (3'p)

(13

and 25 MHz C).

6:8 Magnetic Susceptibility.

The magnetic susceptibility of the iron(II) complexes with
different nitrogen donor ligands, have been determined by Gouy method.

A brief outline of the method is described here.

The sample contained in a cylindrical tube is suspended between
the poles of the magnet. Paramagnetic substances are attracted by
the magnetic field which increases the weight of the sample; whereas
diamagnetic substances are repelled causing a decrease in weight.

The force(F) on the sample in the magnetic field is given by

F =g =1 (K—KajP)HzA (7)

where 'g' is a constant (981 dyne secpz), AW change in weight,

K and Kai (c.g.s.units) are the volume susceptibilities of the

r
sample and air respectively, H is the magnetic field strength and A,
the cross sectional area of the sample. H2A is calculated by using
a substance of known volume susceptibility (K). Thus by knowing
H2A, the volume susceptibility of the sample can be calculated. The
gram magnetic susceptibility, X, of the complex is given by the

expression ¢ - K
TP

p, being the density of the sample. The gram susceptibility, X,
is converted to molar susceptibility Xm, by multiplying with the
formula weight of the sample. To obtain the magnetic moment of

the metal ion alone, a diamagnetic correction should be made.
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corr.
X rr

e X0 = X _-(-diamagnetic correction) (8)

The effective magnetic moment, Hopp . s of the metal ion is given by

the equation

_ corr
Hopp = 2.84 Xm . T (9)
Experimental method. A cylindrical glass tube of known volume,

fitted with a quickfit stopper, was filled with the sample in the
dry box. All measurements were made using a Cahn TA 450 micro-
balance and a Newport 1%0 electromagnet type C. A standard,
HgCo(NCS)q, (mercury tetrathiocyanato cobalt(II) ; X = 16.44 x 10-'6
c.g.s. at 293 K) was used to calculate H2A and the value obtained was
used in equation (1) to determine 'K' of the compound. A standard
compound of known magnetic moment, Mn(acac)3 (Manganese (II1)tris -
(acetylacetonate)) was used to check the correct operation of the

equipment. The magnetic moment of Mn(acac)3 was féund to be

4.97 BM (literature value 4.95 BM).27®



" CHAPTER SEVEN

Conclusions
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Acetonitrile has proved to be an ideal solvent for studying the
non-aqueous chemistry of the metal and non-metal cations especially in
the vacﬁﬁm system. Solvated metal and non;metal cations are
easily obtained in this solvent, either by the oxidation of the
element with an appropriate oxidising agent or by Lewis acid - Lewis
base reactions. The oxidation states of metals and non-metals which
are unstable with respect to disproportionation or hydrolysis in
aqueous solution, are easily accessible in this solvent. Acetonitrile
is a weak ligand and is readily replaced by stronger bases such as NH3
or PMe3. The solvating ability of MeCN ig evident from the formation
of the mononuclear cation, [I(NCMe)2]+, whereas in acidic solvents
such as liduid SOZ’ polynuclear cations, I;, are formed. The reaction
of CuI with PMe3 in MeCN results in the formation of the mononuclear

complex, [Cu(PMe3)4]+, whereas in benzene, Cul reacts with PMe3 forming

polynuclear complexes, [(PMeB)Cu01]4 and [(PMe3)2CuCl]2.

The nature of cation-anion interactions in solution, is normally
obtained indirectly for example by infrared, Raman, electronic and n.m.r.
spectroscopy; The exceptional sensitivity of the 205Tl n.m.r.
chemical shift to the environment of the 205Tl nucleus coupled with
the accessibility of TlI and TlIII fluorometalate salts in MeCN make
205Tl n.m.r. spectroscopy an excellent direct probe for cation-anion
interactions.  The 205Tl chemical shift data obtained for a number
of thallium(I) complex fluoroanion salts indicate that some degree
of ion—péiring is present in the MeCN solution of these salts, and

3+

that T1~" is effectively more solvated by MeCN as compared with T1%

hence direct ion-pairing is less important.

The simple N-donor ligands such as pyridine (py), NH3 and NMe3

are found to substitute the coordinated solvent molecules in the
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2+, (L = py or NHB) or

[Fe(NMe3)(NCMe)5]2+; The cation, [Fe(NH3)6]2+, exists as a discrete

cation, [Fe(NCMe)6]2+, to give [FeL6]

entity in MeCN whereas [Fe(py)6]2+ loses pyridine to give

[Fe(py)_, (NCMe) 1°*.  The reaction of these high spin Fell cations
with P(OMe)3 or PMe3 in MeCN at room temperature are apparently similar,
however, three different types of behaviour can be distinguished.

The stereochemistry of the intermediate cations formed with P(OMej)

depends on the identity of the N-donor ligands present. The reaction

between [Fe(py)6]2+ and P(OMe)3 involves the rearrangement fac +

mer—[Fe{P(OMe) ]2+

3}3py3 and there is a marked prefernce for
cis—[Fe{P(OMe)3}4py2]2+ over the trans isomer. The reaction between

[Fe (NH 5 ]2+ and P(OMe), appears to be similar as the only cation
36 3

31

positively identified by P-{1H} n.m.r. spectroscopy is

. ' ar 2+
c1s~[Fe{P(OMe)3}4(wH3\2] .

The reaction between [Fe(NMe3)(NCMe) ]2+ and P(OMe)3 proceeds by a

5
different pathway. In the initial stages both cis and trans-

[Fe{'P(OMe)3}2(NMe3)(NCMe)3]2+ species are observed in the 31?-{1H} n.m.r.

spectra whereas in the latter stages the route involving the cation,

trans-[Fe{P(OMe} (NMeB)(NCMe)]2+, is dominant. This different

3}4
behaviour may be rationalized in terms of the steric properties of the

N-donor ligands;

The outcome of the reactions, [FeL6]2+, (L = NCMQ, py or NH,)

3

) (NCMe) ]2+ and PMe because

or [Fe(NMe is determined solely by PMe

3 5 3 3
of its being a better sigma donor to FeII than P(OMe)3. The identity
of the N-donor ligands in these reactions is important only in the
exchange reactions involving the solvent and the ligand molecules.

The reactioné of high spin FeII~nitrogen donor cations with P(OMe)3

or PMe3 in MeCM at room temperature result in the ligation of up to

five P(OMe)3 or three PMe3 molecules thus emphasizing the importance of
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both steric and electronic properties of the P-donor ligands in

determining the outcome of the reactions.

The oxidising abilities of solvated Cu2+ and solvated Tl3+
cations in MeCN are established from the redox reéctions of these
cations with simple N,P and S- donor ligands such as‘NMeB, PMe3, Mezs
and tmtu. These redox reactions are apparently similar and result in
the reduction of the metal cation to the +1 oxidation state with
concomitant oxidation of the ligand. It is assumed that the ligands
are oxidised to the monomeric radical cations which then combine
either with the free ligand molecules or with the radical cations
forming respectively the dimeric radical cations and the dimeric
dications. The former situation is observed in the redox reactions

involving Me3N and M628 whereas the redox reactions involving PMe3 and

tmtu come under the latter category.

The chemistry of iodine(+1) in MeCN is analogous to the
coordination chemistry of metal cations especially the monovalent
cations such as Ag. The simple ligands such as MeZS, 2,2-bipyridyl
and tmtu are able to stabilize the iodine (+1) in MeCN. The macrocyclic
N-donor ligands such as 1,4,8,11—tetraazacyc1otetradecane,([14]-aneN4)
and 1,4,8,12-tetraazacyclopentadecane,([15]-aneN4) also from stable
complexes with iodine (+1) cations. Iodine (+1) in the complexes,
[IL][M0F6], (L = [14]—aneN4 or [15]—aneNq), is pseudo-seven coordinate
with three lone‘pair of electrons. The possible geometric arrange-
ments are the pentégonal bipyramid (D5b), the capped octahedron (C3V)

and the trigonal prism (sz), hence the structure of these complexes

will be a fertile source of unusual coordination polyhedra.

The ligands, [14]—aneN4 and [15])-anel,, are well known for their
ability to stabilize the higher oxidation states of metals and non-

metals hence it is possible thét oxidation of iodine (+1) in the
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complexes, [IL][M0F6], may be achieved by using an appropriate
oxidsing égent. This experiment would be the starting point

for the fﬁture work.,
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