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ABSTRACT.

Part I of this thesis is concerned with n.m.r. studies
of some Grignard reagents in solution.

It has been shown from the 19F‘resonance spectra that
two types of species based on R, Mg and RMgX exist in C F MgX
solution in ether or THF (where X = Cl, Br, I) and thaf the aryl
exchange between them is slow at room temperature. Similar
species are shown to be present in 3-5-dichloro-4-fluorophenyl-
magnesium bromide in ether; here aryl exchange is rapid at room
temperature.

p~-FC H MgX, (X = Br, I) and 1-fluoro-4-naphthyl-
magnesium halideé (Br, I) solutions are shown to exist almost
entirely as RMgX species. These species exchange rapidly with
added R,Mg compounds at room temperature but slow exchange is
observed at low temperatures.

The effect of concentration on the 19F chemical shifts
has been studied in a few fluoroaryl Grignard solutions.
p-FC . H MgBr is shown to be monomeric in THF and pélymeric in
ether Solutionn Comparison with the theoretical curves for
monomer~dimer, monomer—trimer and moromer-tetramer equilibria
has been made and the best fit for p-FC ,H Mgl is obtained for a
trimer model. |

Equimolar mixtures of R,Mg and MgI, (R = C,Fs, p-FC.H,)

are shown to behave like normal Grignard solutions.



iii.

Stable complexes of p-FC H MgBr, C H ;MgBr and
C,H MgBr with N,N,N‘,N‘-tetraethyléthylenediamips_have been
isolated and their 1H and 19F magnetic resonance spectra studied.
The exchanges of "complexed TEED" with the "free TEED" in
benzene or anisole solutions are shown to be slow at room

temperature.

Part II of this thesis is 1H magnetic resonance
study of a number of aminopolycarboxylic acid complexes with
thallium(IIT) in aqueous solutions. Using the large T1%03/2°5,
H spin spin splittings, assignments have been made and the
structures of the complexes discussed. The large differences
in the vicinal T1,E couplings have been explained mainly in

terms of T1 - N - ¢ ~ H dihedral angles.
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1. INTRODUCTION

General

GRTGNARD REAGENTS, formally represented as RMgX, where
R is an alkyl, alkenyl or aryl group and X is Cl, Br or I were
discovered by Victor Grignardl in 1900. They have provided a most
useful tool for organic syntheses, but the precise nature of the
species present in solution is still a controversial question.

They are prepared from an alkyl, alkenyl or aryl halide
and magnesium in a coordinating solvent, usually diethyl ethér.
Other ethers, particularly tetrahydrofuran (THF) has been used
with great success; tertiary amines and alkyl sulfides have also
been usedvz They can also be prepared in non-coordinating solven‘cs;3
however, these systems are not adequately represented by simple
formulae and will not be discussed here.

Magnesium dialkyls4 were known some forty years before the
Grignard reagents, but less is known about them. They are highly
reactive infusible solids, decomposing above 1750, are very soluble
in e‘chers,5 but only slightly soluble in hydrocarbons. 6 The
structures of (CH,),Mg and (C,H,),Mg have been investigated by

X-ray powder diffraction and are found to consist of long chain

polymers with a nearly tetrahedral arrangement about the magnesium

1

S e e

atom:



Molecular weight studies, however, show that (Caﬂs)zMg is monomeric
in dilute ether solution;8

So much work has been published on the subject of the
'constitution of Grignard reagents' that it is not possible to
include a comprehensive review. Present survey discusses briefly,
some of the earlier and modern ideas on the subject. The account
of Kharasch and Reinmuth9 is the best survey of Grignard reagents for
the work published until 1950, and more recent work has been reviewed

2 3

by Salinger,lo Hamelin,ll Ashbyl and Wakefield,1

Barly Work.

14

From analytical and chemical data, Grignard proposed

the simple formula 'RMgX', which is still commonly used to represent
organomagnesium halides. One or two molecules of ether were found
to be held tenaciously in solid Grignards and Baeyer and Villiger15
suggested oxonium formulae. Meisenheimer and Casper16 formulated

the dietherates as

R~\\\\ /’,/’O(Csz)z
X/M(%M\Q(CQHS)2

which they regarded as the actual component of the Grignard reagent.

17

Jolibois proposed a dimeric structure (Csz)zMganng2
basing his conclusions on the similar behaviour of Mg(C,Hs), and
C,HsMgX systems and the association found in the Grignard solutions.

‘I‘erentieffl8 substantiated Jolibois views by boiling point elevation

studies, but soon after it was found that association varied from
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1 to 2 with increasing concentration.

Schlenk Bguilibrium.

Schlenk and Schlenk 20 in their classical study found
that a magnesium halide-dioxane complex can be precipitated from
ethereal Grignard solutions by addition of dioxane, and proposed

two equilibria,

2RMgX z—= R,Mg + MgX, (1)
Rollg Mgk, == Rplg + Mgk, (2)

The equilibrium position was found to be independent of concentration;
accordingly, equation (1) was preferred. Schlenk equilibrium found

21-24 until Noller et a125

wide support cast doubts on the reliability
of the dioxane precipitation method as a means of establishing the
actual state of equilibrium. The yields of R,Mg were found to
increase on heating the solutions and precipitate in contact or on
shaking together for 4 - 10 hours. Kullmann26 showed that when
diozane is added slowly in several portions to the Grignard reagent,
about 95% of R,Mg remains in solutions.
Aston and Bernha,rd27
2 RMgX —2 [RMe.MgX,] —2 R,Mg + NeX,

The solubility of magnesium halides increases in the

suggested an extended equilibrium

Grignard solutionsg28 For the MgI, + CH,MgI system,29Sch¢lenk
equations did not fit and the following equilibrium was suggested,

2 MgI, + CE,MgI —> 2 Mgl,.CH,MgI.

¢
The studies of MgCl, in ether solutions of (C,H,),Mg showed the

formation of C,H_NMgCl.MgCl, sPeoies°30



The testing of Schlenk-like equilibrium.

Dessy and coworkers have attempted to study the Schlenk
equation (1) anda (2) by mixing labelled MgBr, with (Csz)zMS or
(C,H;),Mg. Their earlier studies-® were consistent with the

R,Mg.MgX, formulation as only 4 - 10% of tagged Mg could be detected

32

in the products. But later experiments ‘showed 100% exchange

between labelled MgBr, and (CaHS)aMg, confirming the presence of
'RMgX' species. Their previous misleading results are still un-

explained.

33

Recently Roberts et al have shown statistical exchange

25
between  MgBr, and C,H,MgBr in ether.
34

The dielectric constant studies of an equimolar mixture

of MgBr, and (CEHS)EMg showed the presence of 'C,H MgBr' species.
35

The calorimetric studies of Smith and Becker

36

and the dipole
moment measurements also were interpreted as indicating a
predominance of RMgX species in the Grignard reagent solutions.

Molecular weight studies.

Earlier studies on molecﬁlar weights of Grignard solutions
are confusing and inconsistent due to the presence of contaminants
(Ref. 9, Chap. IV). Recently more accurate data has become available,
36m{j}%.f‘ew results are shown in Table 1. It is evident that at low
concentrations in ether; the RMgBr and RMgI are monomeric but dimers
are indicated at higher concentrations. In THF, the reagents are
monomeric at both high and low concentrations. RMgCl is largely

dimeric in ether at conc. as low as 0.04 M, but are monomeric in THF.



Table I. [Ref .

13] Selected Data on the Degree of Association

Grignard Reagents

Organic

group

Halogen Conc. i. Notes

(moles "RMgX" (mol.wt./

per 1l.of soln.) form.wt.)

In diethyl ether

Me

Me

Et

Bt

Bt

Et

Et

Bt

Bt

*pr

iPr
cyclohexyl
Ph

Ph

Ph
p-tolyl
mesityl
mesityl

In tetrahydrofuran

Bt
Bt
Et

I 0.037 1.09 (a)
I 0.245 1.59 (a)
c1 0.086 1.87 (a)
c1 0.196 1.92 (a)
Br 10721072 1.01%.01 (b)
Br 0.035 1.00 (a)
Br 0.249 1.37 (a)
0.055 1.00 (a)

0.204 1.36 (a)

cl 0.042 1.85 (a)
cl 0.260 2.02 (a)
Br 0.324 2 05 (c)
 Br 0.042 1.07 (2)
Br 0.326 1.71 (a)
Br 0.331 1.67 (c)
Br 0.566 1.65 (c)
Br 0.059 1.06 (a)
Br 0.275 1.77 (a)
cl 0.1-0.3 1.01 (a)
Br 10721077 1.00%0.01 (e)

Br 0.1-0.3 1.04 (a)




Sa

Table I (Cont.).

(a) Measurements at b.p. of ether at 760 mm. Magnesium/halogen
ratio 1/l=OOtOﬁO4, (b) Measurements at 27.3°. Recrystallised
reagent, with magnesium/halogen ratio 1/1u006° (¢) Measurements
at 20°.  Magnesium/halogen ratio 1/1.06 to 1/1.25.

(d) Measurements at BOON Magnesium/halogen ratio not given.

(e) Measurements at 2703°u The reagent was recrystallised from
diethyl ether, freed from diethyl ether; and dissolved in
tetrahydrofuran; magnesium/halogen ratio 1/1,0290- Crystallisation
of ethylmagnesium bromide from tetrahydrofuran leads to crystals

enriched in magnesium bromide.
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12, 38

A symmetrical dimeric structure I is preferred to

the unsymmetrical structure II,

N e NN
.

R MNg g Mg g

" S~
I

The molecular association data giveé no information about the degree
of solvation of the organomagnesium compounds and does not help in
distinguishing between various possibilities for the species present
in monomeric or dimeric solutions.

Electrolysis of Grignard Reagents.

42

Etherical Grignard reagents conduct electricity and

Evans et a143 and references therein

must contain ionic species. have

done extensive work on the electrolysis of these solutions; the

following ionisation scheme was suggested:

1. RMgL = Rig” + X~
2. RMgX o~ MgX' + &
3. BMg RMg® + R™
4 MgK, MgX™ + X~

44

There is much evidence against the formation of carbanions; a
Grignard solution was virtually unchanged after 30 years45 in
contrast 1o the ionic sodium alkyls which attack ether quite rapidly.
The ionic species may be extremely important in the reactions of
Grignard reagents, the low conductance of the solutions42b indicates

38

that the concentration of such species is not high.



X-ray Diffraction Studies.

Rundle and Stucky46’47

determined from X-ray diffraction

the crystal structure of C HgMgBr.2(C,H,),0 and C,HMgBr.2(C,H,),0,
obtained by evaporation of“the corresponding Crignard reagent
solutions. In both cases, dietherate RMgBr.2(C,Hs),0 unit were
present, in which the magnesium atom was tetrahedrally surrounded by

a carbon, a bromine and tw§ oxygens with no evidence of intermolecular
bridges (Figure 1). X-ray data is quite useful, but extrapolation

of the solid structures to the solutions must be done with caution.

Infrared and Raman spectroscopy.

These techniques have not been of much use for the Grignard
systems. Hamelin and Hayes48 have established that the absorptions
around 900 cm. ™ were due to the asymmetric C - 0 - C stretchings of
the solvating ether and not due to the Mg-Br stretching as concluded
by Zeil et a1,49

Recently, far infrared studies have shown that the

1

stretching vibrations of the Mg-C bond occur at 500-535 cm. -~ for

50

alkyl and 365-383 cmu-l for phenyl group. Raman data for Grignard

51

solutions (2 - 4 M) have been obtained recently”” but no structural
agssignments were possible.

Nuclear Magnetic Resonance Spectroscopy.

The application of n.m.r. is severely restricted by the
rapid exchange of aryl or alkyl groups which almost certainly occurs
at room temperature in the Grignard solutions. The n.m.r. Spectré

of various group II metal alkyls have been studied.52-55 In the case
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of alkylmercury compounds, R,Hg and RHgX species were distinguishable

52

199

1
and Hg - H spin spin couplings were observed. For mixtures

of RpZn and R,Cd, only one resonance was observed; neat (CHs)zcd

114

1 11413 1
showed Cd -~ H and Cd - H couplings but a single line was
53

observed for the THF solutions. -54 These results clearly indicate
a rapid exchange of alkyl groups between the metal atoms. There

is almost no difference between the proton resonance spectra of any |
particular Grignard reagent and that of the corresponding dialkyl-
magnesium coxnpound:a.38’52’54’56’57 However, small chemical shift

differences for C H.MgBr and (CﬁHs)zMg in ether have been reportedc47

58 of

Using isotopically labelled pheﬂyl groups, a rapid exchange
phenyl groups was found to occur for mixtures of (C.Hs),Mg and
C HgMgBr. Exchange of alkyl groups has also been eétablished for
certain mixtures of Grignard solutions and alkyl halides,59—61
The work of Roberts and coworkers is mainly concerned
with the structure of the group R in these reagents. An AKX, pattern
observed for allylmagnesium bromide62 in ether suggested the
equilibrium
BrMgCH, - CH = CH, ;::j CH, = CHCH,MgBr.

1
The H n.m.r. spectra of Ci-methylallyl magnesium bromide and

63

crotylmagnesium bromide were similar, the - CH, - resonance
appearing in CH, - MgBr region rather than the vinyl region. The
equilibrium,

CH,CH = CHCH,MgBr —-——7\5 CHy - ECH = CH,
Br
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was believed to be largely shifted to the left. One resonance for

the methyl group is observed for {J',dimethy; allyl magnesium bromid964
at room temperature, but two separate lines appeared at —300,
Detailed analysis of the changes AA'BB' —— A,B, for (CH3)SC..CHZCH2X65
and AA'X —— AKX for R ~ CH(CH3)CH2MgBr66 systems showed.carbanion
inversion and a fast alkyl exchange was suggested. From the chemical
shifts of CH,MgI and CH,Li, a 21% ionic character of the C-M bond

has been suggestedgss’G7 The hybridization for the C-H bonds in

CH;MgI was suggested to lie between §22 for CH, and p for CH,

(by anology to amines68)q '

Solvent effects in Grignard solutions.

Coordinating solvents are generally required for the

Grignard reactionsj solutions in hjdrocarbbns containing 1 mole of

THF69 or N(CZH5)37O are easily prepared. Phenylmagnesium chloride,71

12,73

vinyl and allylmagnesium halides are readily prepared in THF but

with great difficulty in ether.
The effect of different donor solvents on the steric
course of reactions is noted; using optically active ether74’75 or

76

a tertiaryamine , asymmetric alcohols were produced from optically

inactive Grignard reagents. The effect of coordinating solvents
on the reactivity of organomagnesium compounds has been discussed
by Zakharkin et alp77 The reactivity of organomagnesium compounds

59,60,77,78 11,79

in certain alkyl exchange,

11

metallation and coupling

reactions’' ' was found to increase by strongly coordinating solvents.
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BEquilibria in Grignard Solutions.

As indicated above, a number of formulations are possible
for the Grignard reagent solutions, and the most likely species
which may be present in solution are shown in Figure 2. Either
true RMgX molecules or RMg + MgX, mixtures may exist with dimers
or higher polymers formed using halogen bridges, with equilibria
between any two or more species,

The present work is partly concerned with distinguishing
between "RMgX" species in which only one organic group is bound to
the magnesium atom and species containing the "R,Mg" unit.
19F chemical shifts are usually much greater than the
1H chemical shifts. By studying the 'gF n.m.r. spectra of fluoro-
aryl Grignard solutions at room or low temperatures, it was possible
to slow down the aryl exchange processes and obtain definite
conclusions.

The effect of concentration and solvents on the 'gF
chemical shifts in the Grignard solutions has also been studied.

Finally, attempts were made to slow down the highly rapid exchange

between solvated and free solvent molecules.



SPECIES AND EQUILIBRIA POSSIBLE FOR "RMgX" SYSTEM

GRIGNARD FORMULAR JOLIBOIS FORMULAE
(RMgX ), (R, Mg :MgX, )
2 RMgX ‘\<__________—-—-—--a> _ R,Mg + MgX,
\LT . ' ‘\\\55 l/r
(RMgX ), S R,Mg:MgX,
Possible intermediates
X R X
N ~NL N
R - MgR
Mg\x e | i \X/Ms
/’K\\ //B\~ /;X
R - Mg - X
Mg\a/ g Mg\R/Mg\x
[RMg” + RMgX, ]
X - Mg"R\‘Mg - X . 2
NSRS [oRrMg™ + 2X7]

(A11 the species are solvated.)

FIGURE 2.
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2. ARYL EXCHANGE.

‘Nuclear magnetic resonance spectra are affected by
chemical exchange processesso involving the nuclei under investigation.

4 number of theoretical treatments8l’82

have been given which are
mainly based on a solution of the phénomenological equations developed
by Bloch.

The simplest case is the exchange of a nucleus, or
equivalent groups of nucleil between two different chemical sites.
If the following simplifying assumptions are made,

(1) equal populations and 1life times in the two sites,

(ii) the width of the signal is small compared with their
3¢

separation,
then it can be shownBo that the shape function g(7) is given by the
expression?
gV = k. T(’VA-’%)Q

[5(V, - ¥) -VI% + 4x®T2( v, - VPO, - V)P
where { is half the average lifetime of either site, ﬁ(A and W&B
are the respective known frequencies and k is a normalising coefficient.
The shape function g(ﬁ)) for increasing exchange rates T is shown
in Figure 3. The theoretical treatment of exchange involving spin
multiplets is more complicated and will not be discussed here. A
review has been published recently by Johnsona84

Some perfluorcaryl exchanges are qualitatively discussed

in the following sections.



14,

Wi Vel =4
’ J\ /\J)\
2T T(V = Vp) =2 2T T D,- V. )=y7
e T( L)A.. \J?\, =1 20l ( OA" QE} =0,5

ot e

FIGURE 3. Change of shape function g(®) for increasing
exchange rate between two positions with equal
populations. {The intensities are not on comparable
scale.
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Mg—

In pentafluorophenyl derivatives, the resonance due to

PENTAFLUOROPHENYIL SYSTEM,

the para fluorine normally is comparitively simple, consisting of
a triplet with a spacing of about 20 c¢./sec. or a triplet of

85

closely spaced triplets.

The 1gF n.m,r. spectrum of the bis(pentafluorophenyl)
magnesium in ethereal solution is shown in Figure 4a. The
resonances due to the ortho-F and the meta-F are quite complex, but
the para-F shows a single sharp triplet with a spacing of 19.2 cu/secp
(JF P ), centred at 95.50 p.p.m. highfield from the benzotrifluoride
resgnznce°

The 19F n.m.r, spectrum of the etheréal solution of penta-
fluorophenylmagnesium bromide also gives three regions of absorptions
(Figure 4b). Their relative intensities are 2:1:2 and they are
centred at ca. 50.8 p.p.m. (ortho-F), ca. 95.9 p.p.m. (para~F)
and at ca. 99.4 p.p.m. (QQEQ—F)u No other 'QF resonances were
detected, indicating that the Grignard reagent is formed quanti-
tatively.

In the para-F region, two overlapping triplets of approx.
equal intensities are observed at room temperature (F&gure Sa).
On heating this solution, these two triplets broaden and merge
(Figure 5b) and finally at 95° a single sharp triplet is obtained

(Figure 5¢). Changes are also observed in the ortho and the meta

fluorine regions but they are less characteristic; therefore, only
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the 2535719F n.m.r. region will be considered.

The chemical shift (d ) of (C.Fy),Mg is independent of
concentration, but an appreciable chanée in the 4; of both the
triplets in pentafluorophenylmagnesium bromide is observed in the
etheyé;d less so in the THF solutions (Figure 6). Obviously the
species present in these solutions can not be monomeric.

Addition of (CGFS)QMg to the etheréal solution of the
pentafluorophenylmagnesiﬁm bromide increases the intensity of the

highfield triplet relative to the low field triplet (5d).

Accordingly, the former is assigned to (cst)zmg or, more likely
the species based on this grouping such as (C,F,),Mg.MgBr, which
can presumably undergo rapid chemical exchangé with (CGFS)ZMga
The low field triplet can then be assigned to CﬁFSMgBr‘or to the
species based on this grouping. This shows thaf the exchange,
2C,FsMgBr —— (C,Fs),Mg + MgBr, = [(c Fs ), Mg .MgBr,]

is siow at room tempefature, and by raising the.temperature the
rate of exchange becomes fast on an n.m.r. time scale.

The relative intensities of the two triplets remain
unchanged over a wide concentration range (1.33 8 - 0.069 M),
indicating that association of both the species remains unaltered.
It seems that a highly complex equilibra constituting polymeric
species is involved in this system even at the lowest concentrations
studied.

The specirum of pentafluorophenylmagnesium iodide in

ether solution is similar to that of the bromide (Figurelkc),
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although here, the low-field triplet has an appreciably higher
relative intensity and all the lines are sharper. Also in the case
of pentafluorophenylmagnesium chloride in ether, the low field triplet
is about twice as intense as that of the high field one. For the
pentafluorophenylmagnesium bromide in THF, the high field triplet
is much more intense. It is clear that the relative concentrations
of the two species based on (C,F,),Mg and C F,MgX depends on the
solvent and also on the halogen X. It is only incidental that the
ratio ol these species is 50:50 in the case of C, F MgBr in ether

F

C1"\C1
3, 5-DICHLORO -4 -FLUOROPHENYL, SYSTHM, |

|

Mg—

19
The F a.m.r. spectrum of 3,5-dichloro-4-fluorophenyl-

magnesium bromide in ether consists of a single triplet (Figure Ta)

at room temperature with a spacing of 8.8 c./sec. On

(JFPHO )
lowering the temperature to ca. ~30°, the triplet becomes broad
(70), at ca. -480 another small resonance peak appears on the high-
field side (7c) and finally at ca. -63°, two slightly overlapping
triplets separated by 11.3 ce/sec, are observed. The relative areas
of high-field to the low-field resonance is approx. 1:3..

The QQF n.m.r.spectrum of a mixture of the 3,5-dichloro-4-
fluorophenylmagnesium bromide and the corresponding bis-magnzsium
compound gives a single sharp triplet at room temperature, indicating

a fast exchange. At low temperature (ca. —650) two triplets are
2

observed, the high-field one being much more intense than the



by
CIFNCL gystem
o

ﬁ : &EBI’

7a

To 7c

74 Te

FIGURE 7. TPluorine resonance spectra of 3,5-dichloro-4-
fluorophenylmagnesium bromide (a)} at 220, (b) at - 300,
(e) at -48°,and (d) at - 63" . (e) 3,5~Dichloro-4-flucro~
phenylmagnesium bromide containing excess of bis(3,5-di-
chloro-4-fluorophenyl )magnesium.

21.
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low-field triplet (79); The high-field triplet is therefore assigned
to the species based on the bis(3,5-dichloro-4-fluorophenyl )magnesium
species and the low-field triplet to the species based on 3,5-dichloro-

4~fluorophenylmagnesium bromide.
F

p-FLUCROPHENYL SYSTEM,

——

19
The Fn.m.r. spectrum of an ethereal solution of

p-FC H Mgl (OCY M) consists of a sharp triple triplet centred at
55.62 p.p.m. (Figure 8a), JFH = /7.4 c./sec. and JFHm = 10.2c./sec.
The spectrum remains unchangeg at -35°, at -60° and only slight
broadening occurs at -750; the solution stays clear throughout
the low temperature measurements. A similar spectrum is obtained
for the p-fluorophenylmagnesium bromide solution, which also
remains unchanged at low temperature. No other 19F resonances are
observed, indicating tha; the Grignard reagents are formed
quantitatively. |

The ethereal solution of bis(p-fluorophenyl )magnesium also

shows a sharp triple triplet at room temperature, centred at 56.42
p.p.m.

The 1gF n.m.r. spectrum of an ethereal solution of
p-fluorophenylmagnesium iodide containing a fivefold excess (vased
on the p-fluorophenyl group) of the corresponding bis-magnesium

compound at room temperature consist of a single sharp triple

triplet. When the temperature is lowered, the para-F resonance peak
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FIGURE 8. Fluorine resonance spectra of {a) 0.7 M-Parafluoro-
phenyimagnesium iodide at 22° .{(b) A soln. of p-fluorophenylmag-
nesium iodide containing five fold excess of bis(p-fluorophenyl)
magnesium at - 30 , (c) at - 45 , and (d) at - 75 .
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Yecomes broad (8b), a broad doublet appears at ~ -45° (8c) and
finally at /m/—750 two well defined triple triplets separated by

60 c./sec. are formed (8d). The relative intensity of the low-
field resonance peak to the high-field one is of the order of 1:5.
Hence, the low-field peak is assigned to the p-FC H Mgl spécies

and the high-field peak to the added (p-FC.H, ), Mg species Similar
results are obtained when mixtures of p-FC,H MgBr and (p-FC.H,),Mg
are studied, but the aryl exchange slowé down at a lower temperature
than that for the p-FC ,H MgI system; the two triple triplets

remain broad even at —840.

Lower limit of (p-FC,H,),Mg in the Grignard reagent.

19 .
FPnom.r. spectra of the mixtures of

The low température
p-fluorophenylmagnesium iodide containing different amounts of the
bis-magnesium compound are shown in PFigure 9. The relative
intensities of the two triple triplets are approximately those
expected from the proportions of the two components taken. In the
solution containing only ca. 9% of the bis-magnesium compound,
considerable broadening of the resonance peak at intermediate
temperatures is observed and further lowering of the temperature
slows the exchange sufficiently to resolve the pesks due to the two
Species (Figure 9d). Therefore, it seems that the ethereal
solutions of p-fluorophenylmagnesium halides contain more than 95%
of the pFC H MgX species and the equilibrium

2 p-FCHMgX > (p-FCH,),lg + UgX,

lies almost entirely to the left.
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PIGURE 9. Fluorine resonance spectra of p-flworophenylmagnesi
icdide containing bisz(p-fluorophenylmagnesium (a) in 40 7 exces
at + 22°, (b) in 40 4 excess at -~ 75", (c) in 20 ¥ excess at

~ 78", (d) in 5/ excess at - 73 .
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1-FLUQRO-4-NAPHTHYL SYSTEM,

19 ’
The F n.m.r. spectrum of an ethereal solution of the

l—fluo;éﬁéphthylmagnesium iodide consists of a sharp double quartet
at room temperature (Figure 10&)0 No other 19F resonance lines were
detected, indicating that the Grignard reagent is produced in
quéntitative yields. The spectrum is unchanged at iow temperatures,
the peaks remain sharp even at —750 (Figure 10b) and no broadening
of the lines is observed at the intermediate temperatures. A sharp
double quartet is also observed for the bis(l—fluoro—4—naphthyl)-
magnesium in ether solution. |

Mixtures of l-fluoro-4-naphthylmagnesium iodide and the
corresponding bis-magnesium compound in the ratio 2:1 (soln. A) and
1:4 (solnn B) show only one double gquartet at room temperature
indicating a fast exchange. When the temperature is lowered, the
resonance peaks become broad at -~ 0° (Figure 100), another broad
resonance appears at ~ =10° (Figure 10d) and finally at —300, two
peaks separated by T4 c,/sec, are observed. The relative intensities
of the low-field peak to the high-field one is about 2:1 in soln A
and about 1:4 in soln B (Figures 10e, 10%). It is clear that the
high-field resonance is due to "R,Mg" and the low-field one is due
to "RMgX", and that the latter species is almost entirely present
in the pure 1-fluoro-4-naphthylmagnesium halide solution. Thus,

this system behaves like the p-fluorophenyl Grignard reagents.
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FIGURE 10. Fluorine resonance spectra of l-fluoro-4-
naphthylmagnesium iodide (a) at +22°, (b) at -75°.
1-Fluoro-4-naphthylmagnesium iodide containing the cor-
responding bis-maghesium compound in 2:1 ratio (e) at o°)
(4) at ~1o°, and. (&) at —30°. (§) 1-Fluoro-4-naphthyl-
magnesium iodide eontaining the bis-Mg in 1:4 ratio.
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Effect of tetraethylethylenediamine (TEED) on the exchange rate.

19
The F n.m.r. spectrum of an ethereal mixture of

1-fluoro~4-naphthylmagnesium iodide and the corresponding bis-
magnesium compound (2:1 soln. ) containing ca. 7% by volume of TEED
is similar as in Figure 10€. At room temperature, the two double
quartets due to "RMgX" and "R, Mg" (relative intensity ~, 2:1)

are observed, a feature which in the absence of TEED is only found
at ca. —300, Strong TEED chelates with the species present in the
solution are formed, which do not undergo aryl exohange as rapidly
as the free species. A detailed study of some of the Grignard
reagent chelates is presented in chapter 3.

HALOGEN EXCHANGE.

Mixtures of C,F;MgBr and C,F;MgIl show only two overlapping
sharp triplets due to tﬁe para-F resénance indicating a fast halogen
or/and fast aryl exchange. (The 1QF chemical shifts are different
for the two speoies)" Since the aryl exchange in the pentafluoro-
phenylmagnesium system is slow, 1t is likely that the halogen
exchange is fast.

Likewise a 1:1 mixture of p-FC.H MgBr and p-FC H Mgl in
ether shows a sharp triple triplet at roém.temperature céntred at
55.73 p.p-m. No change in the sharpness of the peaks is observed
at -400, at -60° and only very slight broadening occurs at -780“
Thus, the exchange seems to slow down at temperatures lower than
—700, but never sufficiently slow to resolve the separate resonances

due to the p-FC . H MgBr and p-FC H MgI sﬁecies in ether solution.
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Equimolar mixtures of R,Mg and MgX,.

The equimolar mixtures of (C¢Fs),Mg + MgI, and (p-FCH,),Mg

19

+ MgI, in ether solutions show exactly the same F n.m.r, spectra

(immediately after mixing) as the normal Grignard solutions (Table I1).

Table IT.
Chemical Shifts of Eguimolar Mixtures of R,Mg + MgX, and

Normal Grignard Reagent Solutions in Ether.

Mixture C.M/l ¢f§ap.m. Nor.Grignard C.M/l Ji.pum,
(CoFs), Mg
o+ 0.22 95.42 C FsMgl 0.25 95.40
Mg, (low-field (low-field
triplet) triplet)
95.87 95.86

(high-field (high-field
triplet) triplet)

(p-FC H, ) Mg

+ 0.35 55.55 p~FC H MgI 0.4 55.55
MglI, o

It is therefore concluded that, for the systems studied, the reaction
is fast and the equilibrium,

R,lMg + MgX, é:::é 2 RMgX
lies predominantly to the right. These results are in agreement with
the previous IR, NMR, dielectric constant and thermochemical

studies.
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Summary. - The quantitative study of the aryl exchange rates of
the above mentioned Grignard systems was not possible due to their
high sensitivity towards small impurities which almost invariably
affects their rates. However, the following conclusions can be
drawn from these studies,

(i) The aryl exchange in RMg and R, Mg mixtures depend on the

electronegativity of the group R -, it falls roughly in the series

O >U>C0 >0

(ii) For a given system, group R - remaining the same, the aryl
exchange depends on the X in RMgX; exchanges are slower in Iodo-
Grignards than the corresponding Bromo-Grignards.

(iii) The aryl exchange is remarkably slow when small amounts of
a strongly chelating amine (i.e. TEED) is present in the solutions.
(iv) The tendency for the formation of R,Mg.MgX, type species

in the Grignard solutions increases with the electronegativity of
the group R; p-fluorophenylmagnesium bromide contains almost
entirely the "RMeX" species and the pentafluorophenylmagnesium
bromide contains about 50:50 mixture of "RMgX" and "R,Mg", whilst
the behaviour of the 3,5-dichloro,4-fluorophenylmagnesium bromide
system is intermediate.

(v) The halogen exchange in the mixed solutions is quite fast.
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(vi) Normal Grignard reagents are produced by mixing equimolar
amounts of R,Mg and MgX,.

It is likely that aryl exchange in Grignard reagents
occurs through intermediates involving one or two aryl bridges,

e.g. structures like

R [Refs.38,86]
>M<X\MQ/

The effect of a strongly chelating amine as TEED in slowing down

the exchange can then be understood, since formation of such an
intermediate requires prior rupture of the chelate ring. Similarly,
the correlation between the exchange rate and the electronegativity

of the group R may be partly due to the fact that more electronegative
the group R, the more strongly will the solvent be coordinated.
Besides electronegativity of the group R, other factors like the
steric effect or the capability of the group to form a three centred
bond may also be important in exchange rates.-

As regards the difference in constitution between the
pentafluorophenyl and p-fluorophenyl Grignard reagents, it may be
noted that perfluoroalkyl and perfluorcaryl gfoups have high
electronegativities and can behave as pseudo halogens. 1In

87

redistribution reactions ' involving tin and mercury halides and
alkyls, it is found that halogen-alkyl exchange strongly favours the
mixed alkyls halides as compared with pure alkyl + pure halide,

whereas halogen-halogen exchange is approximately statistical.
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3. SOLVENT EXCHANGE.

The number of coordinated solvent molecules in certain
so0lid Grignard reagents has been determined,46’47 but the extension
of these results to the systems in solutions is dangerous. A study
of the partial pressure of THF in equilibrium with a solution of
Grignard reagent in a mixture of ether and THF suggested a molar
ratio l/1 for M.‘g/coordina.‘!;ed solvent;BB however, these results are
unreliable as precipitation accompanied by change of composition
occurred.

Several attempts to slow down thé exchange of coordinated
solvent molecules and free solvent molecules by cooling the Grignard
reagent solutions have been unsuccessful. Thus the ether or THF
solutions of C,H MgBr, C,HyMgBr, p-FC,H MgBr and C,F MgBr in 4:1
molar ratio of solvent ts Grignard reagent show oniy one type of
sharp solvent resonance peaks at temperatures even below —70° (both
at 56.45 mes./sec. and 100 mcs./sec. ) and there is no indication of
broadening of lines.

It is shown previously that p-fluorophenylmagnesium iodide
(bromide) in ether solution contains almost 100% "RMgX" species. The
addition of strong chelating solvents like 1,2-dimethoxyethane (DMC)
or tetramethylethylenediamine (TMED) to the ether solutions of
p-FC H MgBr should make the solvent exchange studies simpler by
slowiné down the exchange rate. Unfortunately, precipitation occurs
during the addition of DMC or TMED and the resulting solids are

found to be insoluble in benzene, toluene etc. The complexes of
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MgBr, and MgI, with these chelating agents are also insoluble in
benzene etc.; therefore, it is iikely that the Schlenk equilibrium
is shifted largely to the right during these reactions.

On the other hand, the addition of ca. 20% N,N,N',N'-
tetraethylethylenediamine (TEED) to the ether solution of
p-FC H MgBr gives a pale yellow solid which unlike the MgBr,.TEED
compiei is soluble in benzene, toluene and anisole. The benzene
solution stays clear (under Nz) for several days without disproportion-
ation to the less soluble MgBr,.TEED. The elemental analysis
and the molecularvweight in benzene correspond to the formula
"p-FCH MgBr.TEED" (I), monomeric in RMgX with 1 mole of TEED
coordinateda .

Tribenzyl phosphine §xide complexed with methylmagnesium
iodide was desoribed®? as [(C,H4CH,),P0] ,CH,MgT, but the magnesium
analysis was not in good agreément with the described 1l:1 complex.
Ashby has recently reported > that the product crystallising from
the solution, resulting from the reaction of C,H Br and Mg in
(CaﬂslN is a solvated monomer. However, no conclusions could be
drawn regarding the number of coordinated solvent molecules in
solution.

The 1H n.m.r, spectrum of p-FC,H Mg.Br.TEED in benzene
(Figure 11b) shows a high-field triplet due to the CHy - gp. and
overlapping R ~ CH, - and >NCH,CH,N{ resonances; all the lines are

1

9
Slightly broad. The Fn.m.r. spectrum of this solution showed

only one p-F resonance. Addition of about 1 mole excess of the TEED
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solvent to the preceding solution gives a second set of resonance
peaks (Figure 1lc ) in addition to those observed previously.

These additional lines are sharper, lie at slightly lower field and
their intensities grow with the increasing concentration of the
"free TEED" in solution. It is clear that the exchange of the
"bound TEED" and the "free TEED" in the benzene solution of I is
quite slow Similar results are obtained when I is dissolved in
anisole. The spectrum of TEED in benzene is shown in Figure lla.

Only one set of lines due to the TEED molecule appears
in a mixture of (p—FCsHL)zMg,TEED, (II), and the "free TEED" in
benzene, showing a faét'TEED exchange. A mixed solution of I and II
also showed one set of TEED lines at room temperature. The 1gF
n.m.r. spectrum of 1:1 solution of p-FC. H MgBr and (p—FCsH‘)ZMg
containing about 7% TEED shows a single tfiple triplet iﬁdicating
a fast exchange (unlike p~fluoronaphthyl system). However, separate
19F resonances are observed at /\1—350, showing the effect of a
strong chelating ligand in slowing down the aryl exchange.

The results for the C H MgBrTEED and C,H MgBrTEED systems
are diagramatically represented in Figure 12; in these cases also,
the slow exchange between '"Free TEED" and "Bound TEED" is observed.
Table IIIsgummarises the 1H chemical shift data of all the systems
studied.

The diamines (in particular TEED) are the only chelating

ligands which have been found to be capable of slowing down the

exchange processes. The corresponding diethers of the type
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PIGURE 12. Proton resonance spectira of {(a) phenylmagnesiun
bromide TEBED containing free TEED in benzene and (b) ethyl-
magnesium bromide TBED containing free TEED in benzene.
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Table TII. Proton chemical shifts for RMgX.TEED Complexes.

Complex Solvent TEED Chemical Shift (in p.p.m. from TMS)
CH, - ~CH,-N N-CH,CH,~N

Pure TEED Benzene 0.98 2.46 - 2.53
Anisole 0.97 2.44  2.48

p—FCsHLMg;Bri Benzene 0.815 overlap 2.33

TEED | Anisole 0.823 - 2.42

p-FC H MgT. Benzene 0.76 - 2.08

TEED

C,HsMgBr. Benzene 0.805 - 2.262

TEED

C,HyMgBr. Benzene 0.758 - 2.12

TEED

(p—chH‘)BMg‘ Benzene 0.91 2.41 2.50

TEED (exchanging with the free TEED).
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R - OCH,CH,0 - R are not of much use as these generally precipitate

the MgX,.Etherate species which are insoluble in aromatic hydro-
carbons. Although, the C,H;MgBr complex of 1,2-dibutoxy ethane is
completely soluble in toluene, the exchange of "Free" and "Coordinated"

ether remains quite fast even at —-84o in toluene solution.



39.

4. POLYMERISATION.

It has been shown above that p-fluorophenylmagnesium
iodide in ether is approximately 100% "RMgX", whereas, in the
general case "RMgX" represents the monomeric species RMgX in
equilibrium with polymeric species (RMgX)n. Exchange between these
various species is clearly rapid on an n.m.r. time scale, since
only a single 19F resonance is observed (apart from the spin spin
splitting). This resonance represents a time averaged spectra of
all the species present in equilibrium.

30

As Gutowsky has shown, the observed frequency is a
material weighted average of the frequencies of the species making

up the equilibrium. For association to form n-mers, then

Vo=V, +2 VK2 + 3VEMS 4 - - - -
M, + 2 KM 2 +3KM° + - - = (1)
C= M, +2KMZ + 3KM° + - -~ - ~

where"bn is the frequency of the pure n-mer, Kn the corresponding
equilibrium constant and M,, the monomer concentration.
Assuming all K's but one to be insignificant, Saunders and

91

simplified the above expression to

V= VU, + 2V K M)/M, +n K0 (2)

C=u, +n kN>
n

Hyne

Equation (2) was solved through a oomé&er program (appendix) and
several values for C and the mglé corresponding 7/ were obtained

forn =2, 3 and 4. Tables IV and V show the calculated data for



Table IV.

Calculated values of C and ”V for

monomer-tetremer equilibrium.

o

.050
1100
152
205
-259
0.317
0.377
0.440

o O O o0

0.507
0.579
0.655
0.73%6
0.823
0.916
1.016

1.123

3131.
3131
.29
3132.
3133,

3132

3134.
3135.
3136.
3137.

3139

3141

3146.
3147.

58
85

89
64
53
55
67
89

.19
3140.

54

-94
3143.
3144.

38
83
28
14

40.



Table V.

Calculated values of C and ) for

monomer-tetramer equilibrium.

c, M/1

0.050
0.100
0.151
0.204
0.259
0.319
0.386
0 461
0.548
0.649
0.770
0.911
1 078
1 276

3131.
3131.
3131.
3132.
3132.
3133.
3135.
3136.
3138.
3140.
3142.
3145
3147
3149

’V’ cup\"s@

51
59
82
25
94
92
21
80
64
68
86

10

31
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Table VI. Effect of change in concentration on the chemical

shift of p-FC,H MgI in ether.

Conc. M/1 d in c.p.s. from CF,C,H,
0.107 3132.7
0.150 3132.5
0.207 3134.2
0.32 ‘ 3135.2
0.40 3136.1
0.50 3137.0
0.59 3138.5
0.67 3140.5
0.81 3142.5
0.88 3145.6
1.04 3147.5
1.16 3148.2
1.2 3149.0

1.54 3151.5
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a 3 RMgk — (RMgX), and 4 RugX

p—4 (RMgX ), equilibria. The

Il

experimental results for the p—fluorophenylmagnesium iodide in ether
are shown in Table VI, The chemical shifts tend to level off at
low concentrations where monomeric species should predominate. The
experimental curve (a plot of ) against () seems to fit the curves

for the monomer ‘(——9 irimer and monomer ;~—> tetramer equilibria

(—..—.—_—
(Figure 13). The values obtained for monomer —— dimer equilibrium

were quite‘different from those shown in the above curves (see
appendix )

It is likely that trimers and possibly tetramers predominate
over the dimers in this system. At lower concentrations the
monomer €::ﬁ trimer curve fits better with the experimental wvalues.
A possible cyclic structure can be written for the trimeric species,

e.g.

N

)
R— ////Mg___R
‘\\ﬁx

However, in view of the simplifications involved in
interpreting the results and the concentrations and solvent shifts
often found for 19F chemical shifts in cases where no polymerisation
is involved, any conclusions drawn can be very tentative. For
p~fluorophenylmagnesium bromide in THF, the results indicate (Figure 14)
that monomeric "RMgX" is the predominant species. Thus, the chemical

shift data are consistent with molecular weight measurements on
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36-4

alkyl and aryl Grignard reagents, 0 which suggest that they are

monomeric in THF solutions, but that polymerisation occurs in ether
solutions.

19 '
I chemical shifts for all the Grignard reagent solutions studied

are summarised in Tables VII and VIII. It san be seen that for any
particular Grignard reagent large differences in the ‘9F chemical
shifts are observed in ether and THF. This differenge is apparently
twice as great for p-fluorophenylmagnesium bromide as for m-fluoro-
phenylmagnesium bromide. Taft et al92 have interpreted the 1gF
chemical shifts of fluorobenzenes with meta and para substituents

in terms of inductive and resonance effects. The inductive effects

seem to be similar in magnitude for both meta and para substituents.

However, resonance effects will be negligible for meta substituents
but can be very large for para substituents. The results for the
m-fluorophenylmagnesium bromide can be easily interpreted as an
inductive effect. Tetrahydrofuran will donate electrons to the
magnesium atom more strongly than ether and hence a high-field shift
would be expected. The large effect for p-fluorophenylmagnesium bromide
is, however, a little difficult to understand. A resonance effect
involving donation of electrons from the n-orbitals of the benzene
ring into the (formally) vacant p-orbitals of the magnesium atom may
be resPonsible. Since tetrahydrofuran coordinates more strongly
than ether thése p-orbitals will be more fully occupied and the

low-field shifts due to the resonance effect will be 1less.



Table VII. Fluorine Chemical shifts for pentafluorophenylmagnesium compounds

(in p.p.m. from benzotrifluoride )

Compound Solvent Conc. M/1 para-fluorine region M-F 0-F
low-field triplet high-field triplet
(CoFs ) Mg Ether 0.8 95.5 * 99.15 | 50.76
| THF 0.75 97 8 - -
C F,MgBr Ether 0.98 95.57 96.1 99.4 | 50.8
THF 0.7 98.05 98.25 - _
CeFcMgl Ether 0.85 95.30 95.9 - -
CeFsMgCl Ether 0.70 96.33 96.97 - -
%

1

9
F chem. shift is independent of concentration.

"Ly



Table VIII. TFluorine chemical shifts for some fluoroaryl

magnesium compounds (in p.p.m. from CF,C.H,).

Compound Solvent | Conc. M/1 "°F Chem.Shift
[@»J Mg Ether 0.82 56.42 *
| . |
Ether 0.77 55.87
F @ Ygbr THF 0.78 57.78
Fo Ether 0.96 54.40

O MgBr THF 1.02 ‘ 55.32
F Mg T Ether 0.67 55.62

F @M@r Bther 1.32 60.1
c
i
- MgBr Ether 0.87 67.7
1 .

@@ MgI Ether 0.78 67.1

- :
Oe Ng Ether 1.23 68.1

® (f shows conc. dependence in the presence of small amounts

of impurities like 0, etc.
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5  EXPERIMENTAL.

The nuclear magnetic resonance spectra were obtained
at 56.45 mcsu/sec‘ using a Varian Associate Model 4311 spectrometer
for the bulk of the room temperature spectra and a Varian Associate
P/N 961251-04 variable temperature probe for the variable temperature
work. Bengotrifluoride and tetramethylsilane were used as internal
references for 1gF and 1H resonance spectra respectively. Measure-
ments of line positions were accomplished by the usual side band
technique using a Muirhead-Wigan Model D-695 oscillator. The
94.1mcso/secn spectra were recorded on a Varian Associate Model
HA-100 spectrometer, using benzotrifluoride as the extended lock
signal. Standard Varian n.m.r. tubes were used throughout this
work.

All melting points reported are uncorrected and were
determined using a XKofler hot-stage.

All manipulations of water and oxygen sensitive systems
were carried out under dried 'oxygen-free' nitrogen or argon.

Elemental analyses of the stable compounds were performed
by the Microanalytical Laboratory, Chemistry Department, Imperial
College.
Materials. - The magnesium used in the present work was of two
qualities; (i) ordinary "Grignard grade" magnesium turnings,
(i1) spectrographically standardised magnesium crystals, supplied
by Johnson, Matthey and Co. The analysis of magnesium was supplied:

Cay < 2 p.p.m.; Fe, < 2 p.p.m.; Cuy, < 1 p.p.m. and Na, < 1 p.p.m.
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The n.m.r. spectra of the Grignard reagent solutions
prepared from the two varieties of magnesium did not indicate any
differences. However, spec. pure magnesium crystals were used for
all the exchange reactions.

All those chemicals not mentioned in this section were
commercially available and were used without further purification.

Tetrahydrofuran (THF) was dried and freed from peroxides
by distillation from sodium and stored over Linde Type 3 Molecular
sieves prior to use. BDH AnalaR anhydrous diethyl ether stored
over Linde Type % Molecular sieves was used without further
purification. Dioxane was distilled from sodium and stored over
sodium. Other solvents used were stored over molecular sieves.

Preparation of Grignard Reagent Solutions.- The following general

procedure was used for the preparation of all the Grignard solutions.
4 clean, oven baked 25 ml. three necked flask containing ca. 0.5 g.
Mg and 10 ml. ether was fitted with Suba-seals at the two necks and
a water condenser to the third one connected to é gas bubbler. To
the well stirred (magnetically) suspension was added dropwise an
appropriate amount of the halide by means of a 1 ml. syringe.
Generally the contents were slightly heated with hot air blower to
initiate the reaction. When the reaction had subsided (3 - 5
minutes ), the products were stirred for 30 minutes at room temperature
and then allowed to settle.

The clear solution was siphoned through a 0.2 mm. bore

stainless steel tube to a dry n.m.r. tube previously flushed with
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nitrogen gas containing a few microdrops of the internal reference.
The neck of the n.m.r. tube was cleaned with a pipe cleaner and
either sealed off immediately or capped tightly with an appropriate
size Suba-seal.

Suba-seal cappings were found to be extremely useful.
In addition to the simplicity of the technique, the n.m.r. spectra
of the Grignard reagents were found to be free of oxidigzed or
hydrolysed products even after leaving these capped tubes for
2 - 3 days.

COMPOUNDS

2,6-Dichloro-4-bromoaniline. - Bromination of 1,3-dichloroaniline

gave the product in 70% yield; m.p. 86-88°, (m.p. 1i1;e.93 850).

2,6-Dichloro-4-bromophenyl diazonium fluoroborate. - A procedure

analogous to the preparation of the corresponding chloro~compound94
gave small white needles of the fluoroborate in 90% yield.

2,6~Dichloro-4-bromofluorobenzene. - The diazoniumfluoroborate was

decomposed by heating with a small flame at atmospheric pressure
and then was steam-distilled. The distillate was extracted with
ether, the ether extract dried over anhydrous sodium sulfate and
fractionally disfilled, The fraction collected at 58-60o at ca.
1 mm. was 2,6-dichloro-4-bromofluorobenzene. The 19F n.m.r. spectrum
of the neat sample'showed a single triplet, and no other lines were
observed. _

Anal: Cale: GC, 29,52%; H, 0.8%

Found: C, 30.4%; H, 1.0%
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4-Iodo-1-fluoronaphthalene. - An ethereal solution of l-fluoro-4-

naphthylmagnesium bromide was added to a slight excess of iodine dis-
solved in ether. The mixture was allowed to stand at room temperature
for a few minutes and was then treated with dil. HC1l solution; the
ether layer was washed and dried over anhydrous sodium sulfate. A
semi-solid resulted after evaporating the ether which was recrystallised
from methanol at low temperature. The product crystallises in 1igh£
yellow needles; m.p. 26-28°. The 19F n.m.r. spectrum showed a double
quartet and no other 19F resonances were observed.

Anal: Calc: C, 44.1%; H, 2.2%

Found: €, 43.94%; H, 2.4%

oo

Bis(pentafluorophenyl)mercu;x_was prepare by reacting penta-

fluorophenylmagnesium bromide with mercuric chleride in 60% yield;
m.p. 141-143° (m.p. 1it., 142.3°).

Pentafluorophenyl methyl mercury was prepared95 in 54% yield by

reacting methylmercuric iodide and pentafluorophenylmagnesium
jodide in ether; m.p. 36-37° (m.p. 1it., 37°).

Bis(1-fluoro-4-naphthyl Jmercury. - Mercuric chloride (0.020 M) was

extracted in a Soxhlet apparatus into an ethereal solution of
1—f1uo£;t%phthy1magnesium bromide (0.053 M), over a period of five
hours. The resulting mixture was hydrolysed with saturated ammonium
chloride solution (100 ml.) and the insoluble product was filtered;
the crude product was further digested with hydrazine hydrate (2 mi.)
and ethanol (500 ml.) in order to reduce small amounts of l-fluoro-4-

naphthylmercuric chloride or bromide to the bis-compound. The crude
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product was recrystallised from boiling xylene to yield small pale
yellow needles of the bis(ibfluoronaphthyl)mercury (yield 48%);
m.p. 240-43°. The 19F n.m.r. spectrum in xylene showed a double
quartet and no other 19F resonance was detected.’
Anal: Cale: C, 48.77%; H, 2.44%
Found: C, 49.6%; H, 2.9%

Bis(3,5~dichloro—4~f1uoropheny1)mercury, - A procedure similar to

that described previously was followed, using 3,5-dichloro-4-fluoro-
phenylmagnesium bromide and mercuric chloride in ether solution.
The bis(3,5~dichloro~4~f1uoropheny1)mercury crystallises in small
white needles from xylene; m.p. 208-14°.
Anals Calc: C, 13.63%; H, 0.37%
Found: C, 13.58%; H, & 1%

Diphenylmagnesium. - This was prepared96 by heating diphenyl mercury

in ether with excess magnesium crystals contained in a sealed evacuated
Carius tube at 90O for 4 hours. The compound was not isolated and
the ethereal solution was directly used for other experiments.

Diethylmagnesium was prepared97 by heating diethylmercury with

magnesium in ether contained in an evacuated Carius tube at 40° for
4 hours.

Bisfp-fluoroghenxlQmaggesium was prepared by heating bis(p-fluoro-
phenyl)mercury in ether with excess magnesium crystals, sealed in
an evacuated Carius tube at 110° for 12 hours. The 19F n.m.r.
spectrum of the solution showed a single triplet. No other 19F

resonances were detected. The ethersal solution was analysed and
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was used directly for other experiments without isoclation.

Bis(pentafluorophenyl)magnesium, ~ The following two procedures

were adopted for this preparation.

(1) Diphenyl magnesium and bis(pentafluorophenyl )mercury exchange

reactions To a solution of bis{pentafluorophenyl Jmercury (0.075 g-)
in 0.1 ml. of anhydrous degassed diethyl ether contained in a Suba-
seal capped n.m.r. tube was added 0.15 ml. of an ether solution of
diphenyl magnesium (1.4 molar), under an argon atmosphere. An
immediate exothermic reaction was observed and the solution remained
clear. The 19F n.m.r. spectrum showed the lines due to a single
compound other than C ,H HgC,F; or (CGFS)aHg; a triplet due to the
p-~fluorine centred at.5585 épsa (high—field from benzotrifluoride
peak) was observed. No attempt was made to isolate pure

bis(pentafluorophenyl )magnesium.

(ii) Diethyl magnesium and pentafluorophenyl methyl mercury exchange

reaction: A mixture of pentafluorophenyl methyl mercufy (10 g.) in
15 ml. ether and diethyl magnesium in ether (15 ml.; 2.35 M) was
sealed under vacuum and the tube was shaken for 24 hours at room
temperature. A clear solution resulted. The tube was opened and
the contents transferred under nitrogen to a 100 ml. flask capped
with a Suba-seal. The solution was evaporated to dryness under
vacuum and the resulting residue was further pumped for'24 hours;
the residue was washed twice with 50 ml. portions of degassed hexane
fraction (60-800) under nitrogen. The resulting white solid was

further dried by passing a steady stream of nitrogen gas for 2 hours.



55.

19
The Fn.mr. spectrum in ether showed lines due to a single

compound; the p-fluorine triplet centred at 5386 c./sec. (high-field
from benzotrifluoride). The compound is extremely sensitive to
moisture and oxygen.

Anal:  Found: Mg = 4.58%

cale. for (i) C,,F, Mg, Mg = 6.7%
(i1) ¢,,F, Mg.2(C,H,),0, Mg = 4.79%

Further attempts to remove ether from the compound by heating under
vacuum resulted in its decomposition.

bisﬁl—fluoré&aphthyl)magnesiume ~ A stoichiometric mixture of

bis(l—fluogéﬁéphthyl)mechry and diethyl magnesium in diethyl ether
contained in a 5 dm. vial capped with a Suba-seal under an argon
atmosphere, was shaken gently at room temperature till all the
bis-mercury compound dissolved. The solution was centrifuged and
the supernatant liquid was processed as described in the previous
preparation. A white mass gquite sensitive to moisture and air

19
resulted. The F n.m.r. spectrum showed only one double guartet.

Anal: Calc. for C, H,,F,Mg, Mg, 3.97%

for C,.H,,F,Mg.2(C,H,),0, Mg, 3.16%

Found: Mg, 2.92%
Bis(},5—dichloro—4—f1uorophenyl)magnesiumu ~ A preparation similar

to the above gave a clear solution of the bis(2,4-dichloro,3-f1uoro-
19

phenyl )magnesium. The F n.m.r. spectrum showed a single triplet.

The compound was not isolated but the ethereal solution was used

directly in the subsequent experiments.
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Magnesium Iodide. — An ethereal solution of MgI, was prepared by

reacting iodine with excess magnesiunm turnings\under nitrogen.
The solution separated into two layers on standing; the upper layer
was found to be ca. 0.23 molar in maghnesium.

Magnesium Bromide .- An ethereal solution of MgBr, was prepared by

reacting 1,2-dibromoethane in ether with magnesium turnings under

nitrogen.

Mixed bis(arxl)magpesium and Grignard reagent solutions. - The

required amounts of the bis-aryl solutions in ether were siphoned
under nitrogen or argon into pre-analysed Grignard reagent solutions
(ca. 5 ml.) contained in 10 dm. vials capped with Suba-seals. The
mixtures were shaken and then transferred to the n.m.r. tubes
containing a fewmicrodrops of the reference, under nitrogen. These
tubes were sealed for the variable temperature experiments and
were capped with Suba-seals for room temperature measurements.
" After recording the spectra, the solutions from the n.m.r. tubes
were analysed for the total magnesium

Mixed bis(aryl)magnésium and magnesium halide solutions
were prepared and analysed similarly as described above.

p-Fluorophenylmagnesium bromide .TEED. -~ To a solution of p-fluoro-

phenylmagnesium bromide (0.1 M) in ether was added TEED (0.12 M)

dropwise with stirring, under nitrogen. The reaction was slightly
exothermic; on cooling to room temperature, a brown oil separated.
The ether was decanted and the oil dissolved in benzene to give a

clear yellow solution. DPet. ether (30-40°) was added to the benzene
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solution and the precipitated complex filtered under nitrogen and
dried in vacuum at room temperature (yiéld 954 ).

The complex is stable at room temperature in the absence
of moisture and oxygen. It is soluble in benzene, toluene and anisole.
The 19F n.m.r. spectrum showed a triple triplet only and the ‘H
n.m.r. spectrum indicated the lines due to the complexed TEED.

21.54%
Found s Mg = 6.62%; Br = 21.85%

Anal: Calc. for C, H,,N,MgBr, Mg = 6.54%; Br

Molecular weight. The molecular weight of the p-FC H MgBr.TEED

complex was determined in benzene under an atmosphefe.of nitrogen,
using Mechrolab-Osmometer Model 301A.

Calc. mol.wt. for (p-FC H MgBr.TEED), = 371

Found: 359.1 o

p-Fluorophenylmagnesium iodide.TEED was prepared in the same manner

as described above. The complex was less stable than the
corresponding bromide and decomposed slowly to give the free TEED.
The 19F n.m r spectrum showed only one resonance, but 1H n.m.r.
spectrum indicated two sets of lines due to the complexed and free

TEED.

Magnesium bromide . TEED. - A preparation similar to above, using

magnesium bromide and TEED in ether gave a sticky pale solid. It
was only slightly soluble in benzene or toluene and reacted
vigorously with water.

Anal: Calc. for C, H, N, MgBr, Mg = 6.81%; Br

Found : Mg = 6.4%;

44.9%
46.3%.

g
i
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Bis(p—fluorophenyl)magnesium.TEED. - A similar préparation to the

above gave a white solid, soluble in benzene and toluene, decomposing
19

slowly at room temperature to give free ligand. However, the F

n.m.r. spectrum showed a single triple triplet. Elemental analysis

could not be performed due to the instability of the complex.

Phenylmagnesium bromide.TEED. - A preparation similar to that for

the p-fluorophenyl complex gave a sticky light yellow product in ca
90% yield, soluble in benzene, toluene and anisole.
Anal. Cale. for C, H, N,MgBr, Mg, 6.7r%; Br, 22.664
Found.: | Mg, 6.52%; Br, 20.4%

Ethyl magnesium bromide.TEED. - A preparation similar to that

described for the aryl complexes, gave a wpite solid in ca. 95 yield.
It was very soluble in benzene, toluene and anisol, and was highly
sensitive to moisture and oxygen. The 'H n.m.r. spectrum showed
lines due to the complexed and uncomplexed TEED.
Anal: Cale. for C,,H,,N,MgBr, Mg, 7.95%; Br, 26.2%
found: Mg, 8.4%; Br, 23.1%

Grignard reagent solutions in THF. - A conventional procedure was

used for the preparation of phenyl magnesium bromide and ethyl

magnesium bromide solutions in tetrahydrofuran in 1:4 molar concentration
(GrignardR:solvent)u The solutions were diluted with toluene and
transferred to the n.m.r. tubes for low temperature experiments.

Grignard reagent solutions in N-methyl morpholine. ~ A conventional

method was used for the preparation of phenyl magnesium bromide

and ethyl magnesium bromide solutions in N-methyl morpholine in 1:2
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molar concentration. The solutions were diluted with toluene and
were used for the low temperature experiments.

p-Fluorophenylmagnesium bromide. N,N,N',N'-Tetramethyl propane

1 -~ 3 diamine.- Prepared similarly as described above. Pale yellow

s0lid, soluble in benzene toluene. The ’H n.m.r. spectrum shdwad~mwn%
broad overlapping peaks.

Complexes of RMgX with N,N,N',N'-tetramethylethylene-
diamine were not as stable as TEED. Also these complexes dispro-
portionate to give products insoluble in benzene and toluene.

1,2-Dimethoxy ethane complexes. - Addition of 1,2-dimethoxy ethane

to the Grignard reagents solutions (CGHSMgBr, p-FC H MgBr, C2H5MgBr)
resulted in the formation of white soiids or oils. These were found
to be only slightly soluble in benzene or xylene.

1,2-Diethoxy ethane complexes. - Similar observations were made for

these complexes as described for the DMC complexes.

1,2-Dibutoxy ethane complexes. - n-Butyl magnesium bromide and

pheﬁyl magnesium bromide solutions were prepared in 1,2~dibutoxy
ethane in 1:2 molar concentration. The reaction was initiated by
heating at ca. 100°;.once started the reactions became very
exothermic; however the temperature was not allowed to exceed 100°.
On cooling, viscous semi solids were obtained which were diluted with
toluene to yield clear solutions.

Analysis for Magnesium in Grignard reagents and related compounds. -

The length of solution in the n.m.r. tube was measured. The tube

was weighed and opened carefully under dilute hydrochloric acid.
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The tube was washed out thoroughly, dried and then reweighed. The
volume of solution in the tube was calculated by weighing a known
length of water in it.

The solution of magnesium chloride was then titrated98
with 0.05 molar ethylenediaminetetracetic acid disodium salt
solution using Eriachrome Black T as an indicator.

In some cases, the volume of the solution was dirsctly
measured with a 1 ml. syringe.

The solids were weighed under nitrogen, then hydrolysed
with dilute acetic acid/or hydrochloric acid and magnesium was

estimated as described above.
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6. INTRODUCTION

The aminopolycarboxylic acids form stable complexes with
a wide variety of metal ions. Typical examples are the tridentate
ligands iminodiacetic acid (IDA) and methyliminodiacetic acid (MIDA),
the tetradentate nitrilotriacetic acid (NTA) and the potentially
hexadentate ethylenediaminetetraacetic acid (EDTA)q The last
mentioned has been the subject of extensive investigations in the
recent years.

Using X-ray crystallography, Hoard and Coworkers have
established the structures of the complexes of EDTA with Co(III),1
¥i(11),% Pe(IIT)’ and Mn(II).% The cobalt atom of the complex
CoY (Y = EDTA) is bonded octahedrally to two nitrogen atoms and
one oxygen atom from each of the four carboxylate groups. On the
other hand, the structure of Ni(II)EDTA complex was identified as
quinguedentate octahedral with a water molecule bonded to nickel
and one uncomplexed ~CH,COOH constituting the free arm. The
Fe(III)EDTA complex was shown to be a seven coordinate system, the
seventh position is occupied by a water molecule in addition to.
the six positions occupied by EDTA. The X-ray studies have been
helpful but a danger exists in extrapolating the results to the

aqueous solutions.

5,6 75859

Spectroscopic and electrochemical methods have
contributed a great deal towards the understanding of aqueous

metal EDTA systems, particularly with regard to the species present,
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equilibria associated and the honding of these chelates.

Proton nuclear magnetic resonance (n.mgra) speciroscopy
has been used recently to study the complexes formed by some of
the polyaminocarboxylic acids. It has been useful for elucidating

the protonation sites of EDTAlO and related ligands}l’lz fo

T
determining the nature of the metal-ligand metal equilibria for
EDTAlO and for investigating the metal ligand lability and structure
of the related complexesnB’lA”15

Day and Reilleym’15 have discussed the proton resonance
specira expected for metalcarboxylate complexes. The presence or
absence of various splitting patterns is used to determine
gualitatively the lability of individual metal-ligand bonds in EDTA
complexes. Several situations may arise in terms of the 1life times
of different bonds in the complexes.

(1) The 1ife time of the metal-oxygen and metal-nitrogen
bonds are short. The protqn n.m.r. specira of complexes of
diamagnetic metal ions (having negligible abundance of isotopes
with spin %) is simple because of internal averging and exhibit
two sharp peaks corresponding to the ethylenic and acetate protons,
as has been reported for a number of EDTA complexes.

If the metal ion has an appreciable abundance of an
isotope with spin of half, then even if the 1life time of the
individual metal-EDTA bond is short, this isotope can still couple

to the EDTA protons provided the chelate does not exchange rapidly

with the free metal ion or free ligand. An elegant example12 is
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207
furnished by the Pb(II)EDTA complex where PDb (spin =,21% abundant)

1
D9
couples to the two types of EDTA protons, splitting each resonance
into a doubletq

(2) The 1ife of the metal~oxygen bond is short while
that of the metal-nitrogen bond is long. In such a situation, the
ethylenic protons are egquivalent but the two protons on a given
acetate group are not equivalent due to the asymmetric nitrogen
atom and give rise to an AB type of spectrum. The n.m.r. spectra

)12 and Mo(II)13 are good examples of

of EDTA complexes of Cd(II
thié type of behaviour.

(3) The 1ife time of the metal-oxygen bond is long
while that of metal-nitrogen bond is short. Examples of this type
are not known in metal aminocarboxylate complexes as it is unlikely
that metal-nitrogen bond could be broken, without prior rupture of
the metal-oxygen bonds.

(4) The life times of both the metal-oxygen and metal-
nitrogen bonds are long. The n.m.r. spectra are more complex than
any of the situations discussed before. The two acetate groups
become non-equivalent and exhibit two different AB patterns (in the
absence of metal isotopes with spin of half). The rigidity of the
structure also causes the ethylenic protons to be non-equivalent
and a complicated spectrum is expected. The n.m.r. spectrum of
the Co(III)EDTA complex is an example of this situation.

The present work deals with the proton n.m.r. spectra

of thallium complexes of IDA and substituted IDA, NTA and its
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derivatives and EDTA in aqueous solutions.

Thallium has two isotopes, both with nuclear spin % and

203 :

with very similar magnetic moments: T1 (29.52% abundant, p o=
205

1.5960) and T1 (70.48% abundant, y = 1.6114). These isotopes

produce large spin spin splittings in the proton resonance spectra
19

of organothallium compounds.

It has been demonstrated by Maher and EvanslG that the

T1,H coupling constants vary in a similar manner to the corresponding
Hy,H coupling constants. The coupling constants increase in

2 (Table I), and

magnitude through the series R,T1, R,T17 ana RT1*
it is believed that the predominant contribution to these coupling
constants is the Fermi contact interaction and is proportional to
the s-—character in the T1-C bond.

The Tl,H coupling constants are very large compared with

the corresponding H,H coupling constants (approx. 50 x larger).

17
eff.

for the thallium atom. The Zeff is calculated from the eguation
N .

This is attributed to the high effective nuclear charge 2

Zopp = (ZOZ)a; where, for thallium 2 = 81, is the real nuclear
charge and Z, ( = 5 for thallium in T1X,) is the Slater screened
nuclear charge,l8 Z, increases by 0.65 units for each positive
charge on thalliumal9
Large T1,H couplings are observed in most of the complexes
studied. There is no quantitative information available about the

stabilities of the T1(III) complexes with aminocarboxylic acids,

but it is clear from the present work that they have a high degree
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Table I.

The variation in the T1,H coupling constants between the three

classes of alkyl thalliums, B,T1, R,T1% ana RT1'Z,

R Position R,T1 R,T1" RT1*2
ortho + 2591- + 451 F + 948 = c/sec.
Phenyl meta +‘80t5 + 139 + 365 "
para + 3555+ 51.7 + 123 "
trans - + 1618i% + 3750 ¥ 1
Vinyl cis - + 805fﬁ' + 180621 "
gem - + 842 + 2004 "
CH 198 T ® "
. - 198.2 - 340.4 -
Ethyl
CH, + 396.1 + 628.0 - "
¥ %
Me thyl CH, - 250.8" - 402.7 - "

as the perchlorate in D,0
in trimethylamine

% in dichloromethane.
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of stability. Their proton resonance spectra have also provided
useful information about the structures of the complexes formed
and the nature of the metal-ligand bonding.

It is assumed in all the complexes that the T1(III) is
bonded to six ligand atoms, either N or O (including HZO), arranged

octahedrally or nearly so.

6.1. EXPERIMENTAL

The proton nuclear magnetic resonance spectra were
recorded at a temperature of 22.5 : 1° and a frequency of 56.45
mQSJ/sec. on a Varian Model 4311 spectrometer. Tert-butyl alcohol
(TBA) was used as an internal reference. In cases where the
TBA resonancerverlapped part of the spectrum, 3—(trimethy1 silyl)
-l-propane sulfonic acid, sodium salt (TMSX) was used as the
internal reference. The methyl resonance of TBA is 1.233 p.p.m.
downfield from the TMS™ resonance. The line positions were
measured by the usual side band technique using a D - 695 - Muirhead
Wigan Oscillator. The line positions in each spectrum are the
averages of at least four consecutive determinations (iwo increasing
and two decreasing field). The IOOnms/s. spectra were recorded on
a Varian Model HA - 100 spectrometer, using trifluorocacetic acid
capillary for the extended lock signa1°20 For comparison, the
spectra of the same samples were recorded at 56.45 mcsa/sec.
spectrometer using the trifluoroacetic acid capillary as an external
reference. No magnetic susceptibility correction was made in these

cases. For the proton proton decoupling;, a D - 890 -~ A Muirhead
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Wigan Decade Oscillator was used.
Reagents. -~ Commercially pure IDA, MIDA, NTA and Analar EDTA were
used directly. N,N'-Dimethyl ethylenediamine diacetic acid and
N,N'-diethyl ethylenediamine diacetic acid were prepare(121 according
to the procedures available in literature. Other substituted acids
were acquired from Mr. B.B. Smith of Imperial College.

Thallic chloride was prepared by passing chlorine
through an aqueous suspension of thallous chloride and the product
was drisd for several days over conc. sulfuric acid.

+ to the Tl+ state

Thallium was analysed by reducing Tl++
with sodium sulfite, boiling off the excess S50, and titrating the
resulting solution with standard potassium lodate solutioh, using
Andrew's conditionsuzz

The sample solutions were prepared by mixing the
stoichiometric amounts of the acids and thallic chloride in
deuterium oxide. The pD of the solutions was adjusted with anhydrous
sodium carbonate or hydrochloric acid and was roughly estimated

by using narrow range indicator papers (BDH). The final concentration

of the chelates were from 0.5 M to 0.8 M.

6.2. PROTON MACNETIC RESONANCE SPECTRA

The proton resonance spectra of most of the present
ligands when complexed with Ni{(II) and Co(II) have been measured
recently.23 The lines show very large contact shifts but are
generally quite broad which makes the assignments difficult. But

sharp and well separated resonance peaks are observed in most of
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the T1(III) complexes.

Tridentate ligands which can form two five membered

chelate rings. These ligands form stable 1:1 and 1:2 Tl(III)

complexes over the pH range 2.5 - T7.5.

IDA, HN(CH,COOH), and MIDA, CH,N(CH,COOH),. - The spectra obtained

for the 1:1 complexes of T1(III)IDA and T1(III)MIDA are shown in
Figures la and 1b respectively. They are virtually independent of
pH in the range 2.5 - 7.0. Two AB patterns are observed in both
cases indicating that the two protons in a given acetate group
are not equivalent. Two additional lines of equal intensities
due to the CH;~N are indicated in the cases of the MIDA complex.
In the AB patterns, the smaller splittings are due to the H,H
couplings and the larger splittings are due to the T1,H couplings.
Since the X part of the ABX spectrum could not be
measured, there are two possible assignments for the T1,H spin
spin couplings which are shown in Schemes 1 and 2),
This ambiguity was solved by measuring the spectra at
100 mcsv/secw From these spectra, the theoretical line positions at
56.45 mes. /sec. were calculated for the two possible assignments.
These positions along with the observed values for the T1{III)MIDA
complex are given in Table II. It is clear that the Scheme 1
represents the correct assignment; similar results are obtained for
the T1(III)IDA complex. This Scheme is therefore used throughout

for the interpretation of the large Tl,H coupling constants.
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Table II.

Line Positions for the Tl(III)MIDA Complex .

Resonance

line

AI

Bi

Observed
line position

at 100 mcsa/sec°

340.0 c./sec.
222.0 "

211.0 "

7095 1t

Calculated ®
line position

at 56.45 mcsu/seco

311.9 o,/sec°
189.1 "
239.1 "

103.3 "

Calculated
line position

at 56.4%5 mcs./sec°

281.4 c./sec.
219.6 "
213.4 "
135.6 "

Line positions are measured relative to the methyl resonance.

Scheme 1.

= Scheme 2.

Observed
line position

at 56.45 mcse/sec.

311.5 c./sec.
188.0 "
238.0 "

102.8 "

°TL
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Table II1 summarises the coupling constants and the
chemical shifts for the T1(III)IDA and several other substituted
IDA complexes. The chemical shifts and the coupling constants are

calculated according to Pople, Schneider and Bernstein.53

1:2 Complexes of T1(III)IDA and T1(III)MIDA. Both IDA
and MIDA readily form the 1:2 complexes with the thallic ion, which
are stable at higher pH than the corresponding 131 complexes.

At low pH range (2.5, 3.1), only 1l:1 complexes are formed
and the resonance lines due to the free ligand are indicated
(Figures 2a, 2%a). At intermediate pH (5.5), peaks due to the 1:2
complexes start to appear (Figures 2b, 3b) and finally at hiéher pH
(602, 7.2) only one set of peaks remain due to the 1:2 complexes |
(Figures 2¢, 3¢). All other peaks due to the 1:1 complexes and the
free ligands have disappeared completely at higher pH. The lines
are slightly broad, possibly due to the increased lability of the
complex. If the pH is further raised then thallic hydroxide
precipitates out.

CH,CO0H
Ethyliminodiacetic acid (EIDA), C,H.NZ

“CH,CO0H
1:1 complex (Figure 4a) consists of two AB quartets from the acetate

.~ The spectrum of

protons, two quartets from the equivalent methylene protons of the
ethyl group and two overlapping triplets from the methyl group.

203
The AB quartets are very sharp and the separate Tl /205 splitting

is clearly resolved. Hy
//CHCOOH
Imino-(X-propionic acid (IxPA), HN\\ .~ The spectrum of
CH,COOH

T1(III)IxPA (Figure 4b) is similar to those of the other IDA com-



Table ITII. Coupling Constants (in c.p.s.) and Chemical Shifts of
T1(II1) Complexes with IDA and its Derivatives in D,0.
_ - - ] — _

Complex J { J J J J '
ompLe T1,H 'fHé T1,H, Jﬁb T1,CH, é;H3 T1, —CH,- T1, -CH
T1(III):IDA 616.8 2.05 222.0 2.67

1:1
TL(IIT):IDA 567.5 2.61 306.2 2.02

1:2
T1L(ITTI):MIDA 568 2.31 270.3 2.39 312.0 1.522

11
T1(IIT ):MIDA 606.7 2.40 262.6 2.34 292.7

1:2
™ (IIT):EIDA 566.5 2.03 304.8 2.46 | <2 0.08 228.3

1:1 (d=1.02)
T1(III):3¥xPA 164.2 6.78 92.5 2.62 | 9.2 0.16 599 .7

1:1 (4 = 8.32)
T1(III):IDXP - - - - - - 645.0

1:1

P, }
W
* Prom TBA in p.p.m
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plexes. An AB quartet, a simple quartet and a doublet having relative

1
intensities of 2:1:3, are attributed to - CH, -, R - ? - H and

]
CH; - ? - protons respectively. The whole pattern is doubled through

the spin spin coupling with the thallium isotopes.
H

3
,/CHCOOH

Imino~di—&-propionic acid (IDaP), HN « — The spectrum of the

\\?HCOOH

CH,

1l¢1 complex consists of a well separated pair of broad quartets and

a broad methyl resonance peak (Figure 4c). The T1,H coupling is not
observed at pH below 4.

Tetradentate ligands which can form three five membered rings.

With Tl(III), these ligands form 1:1 complexes which are stable over

a pH range of 2.5 - 7. Some 1:2 complexes are also formed.
CH,COOH

Nitrilotriacetic acid (NTA), Ne—CH,COOH. - The spectrum obtained
CH,COOH .

for 1:1 T1(III)NTA complex (Figure 5a) consists of only two peaks.

The 1:2 Tl(III)NTA complex gives a spectrum (Figure 5b) similar to
that of 1:1 complex. The lines are slightly broader than for the
corresponding 1l:1 complex and the spectrum is independent of pH in
the range 2.5 - 7.5.
A mixture of 1:1 and 1:2 complexes results when less than
two moles of NTA is present in the T1(III) solution (Figure 5c).
Table IV summarises the coupling constants and the chemical

shifts for T1(III)NTA and other substituted NTA complexes.
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Coupling Constants (in c.p.s.) and Chemical Shifts® of

Table IV.
T1(II1) Complexes with NTA and its Derivatives in D,0.
| 2 Er
- CH, -C -0 - gp. - CH, - CH, - CO0 - gp.
. 5 .
Complex Im,e Im,m Im,m du éﬁb Ir1, 8 ImLa ‘JH“- ‘Jﬁﬁ
a b a

T1(III):NTA 363.3 (No AB pairs) 3 36

11
T1(III):NTA 401.0 oo 2.39

1:2
T1(III):NS5PD 498.3 321.5 2.24 2.43 20.1 266.5 1.47 2.12

11l
T1(III):NDEPA 462 (No 4B pairs) 2.36 18.7 329.3  1.44  2.10

1zl
Tl(III):NﬁﬁP z T1,H couplings not observed

|
| (i) 642.1 150.3 3.88  4.94F g =

T1(III)sNAPDA | : : ° ° PE) gy g = BT Iy o, = 136

121 } (11) 479.3  257.7 4.10 4.96 | ( = CH) 3.747 = ¢ = 5.20

o R

T1(III):NTYPA Possibly two is§mers; (i) JTl’H = 568.3 (ii) I, = 128

from TBA from CF,CO00H(ext.)s in p.p.m.

" 61,
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c$3
CHCOOH
Nitrilo-x~propionic diacetic acid (N¥PDA), N —CH,COOH. - The
CH,COOH
spectrum of the T1(ITI)N«PDA 1:1 complex (Figure 6a) shows two AB

pairs, a quartet and aodoublgt with relative}intensities 4:1:3,
attributed to - CH, - - ,—? - H and - ? - protons respectively.
All of these lines are further coupled with the thallium isotopes
and the doubling of the pattern is observed.

The two acetate groups are not equivalent, since two
different AB patterns result, parts of which overlap with the other
resonance lines. However, it is established through the proton
proton decoupling experiments that the doublets 1,2,5 and 6 are
coupled to 3,4,7 and 8 respectively. Also, the ambiguity of the
T1,H coupling is solved by measuring the spectrum at 100 mcs,/seca
and calculating the line positions at 56.45 mcsa/secc for the
various possible combinations. CH(CH3)COOH
Nitrilo~tri-o-propionic acid (NT&P), N-—CH(CH,)CO0H. - The T1(III)-

\\CH(CH3)COOH
NTxP complex exhibits two different sets of quartets (Figure 6b); the

gquartet A is slightly sharper than that of B and the relative areas
of these quartets are 44 and 54 respectively. Both of these
guartets are further split by the thallium isotopes, but the

doublet due to the methyl protons does not show appreciable splitting
from the thallium isotopes. As the ligand is capable of forming
several optical or geometric isomers, the two sets of quartets may

be resulting from two isomers.
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, CH,CO0H

NN-Dimethyl ethylenediamine diacetic acid (DMEDDA), CHs;N - CH, - ’
2

forms a 1:1 complex,the spectrum is shown in Pigure 7: In addition
to the two AB pairs and two single lines from the CH; - groups,
there are three doublets E, E' and F each having low intensity lines
symmetrically situated on either sides. The intensity of F is twice
that of E or E'. Also the doublets B and B' are very closely spaced
and either of this could be the part of A or A'. All the lines

are gquite sharp and some of the leos,H and leOS,H couplings are
well resolved.

In order to assign this spectrum, it was necessary to carry
out proton proton decoupling experiments, which are detailed in
Figure 8. It is clear that A and A' are coupled with B and B'
respectively; F is coupled to both E and E', and hence consists of
two doublets which completely overlap. The pairs AB and A'B' are
assigned to the acetate protons and E,B' and the overlapping F to
the non-equivalent ethylenic protons.

In a rigid structure where an averaging of the chemical
environments does not occur, the N - CH, -~ CH, - N group will have
two equivalent sets of protons, and hence itwo AA'XX' patterns would
be expected. 20 lines are theoretically expected for an AA'XX'
system. However, a complete analysis of the spectrum is not possidble
due to the tremendous overlapping of the small lines. Nevertheless,
by using plausible values from the literature for the vicinal and
geminal coupling constants, the observed spectra of E,E' and F could

be duplicated.
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Ligands giving only six membered rings. The proton spectra

of 1:1 solutions of T1Cl; with P-alanine, iminodijﬂ—propionic acid
or nitrilo—tri-ﬁLpropionic acid do not show Tl,H couplings in the
pH range of 2.5 - 8. The lines due to the ligands are only
observed, and probably the complexes are very weak.

A ligand which may form two five membered and one six

membered ring. Nitrilo-f-propionic diacetic acid (NBPDA),
i T
’/CHZCHZCOOH
N—CH,CO0H . - The spectrum cobtained for the complex Tl(III)Nf@DA
CH,CO0H - ‘

is shown in Figure 9a. A sharp AB quartet and two triplets are
observed with the relative intensities 1:1:1. The whole pattern

is doubled through spin spin coupling with the thallium isotopes.

The appearance of only one AB quartet indicates that unlike Tl(III)—
NxPDA, the two acetate rings are equivalent.

A ligand which may form two six membered and one five
CH,CH,COOH
" membered ring. Nitrilo—difﬂ-propionic acid (NQﬁPA), N=—CH,CH,CO0H. -~
’ l "CH,COOH
The complex Tl(III)NqﬁPA gives a simpler spectrum (Figure 9b). The

lines are broad and poorly resolved; the acetate protons do not show
the typical AB pattern but a broad single line is observed. The
triplets due to the - éﬁa - and - gHz ~ of the propionic acid
group are also poorly resclved. However, the Tl,H splittings are
observed. This complex seems to be stable in the pH range 5.5 - T,
a solid separates at lower pH and Tl(OH)3 is formed at the higher

PH.
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//CHZCOOH
Ethylenediaminetetraacetic acid (EDTA), - CH,N

- The
2
“\CH,CO0H 2

®

spectrum of Tl(III)EDTA complex (Figure 10a )shows two AB pairs and
two single peaks. All the peaks are sharp and the spectrum is
virtually independent of pH in the range 2.5 - 7.5. The AB pairs
are assigned to the two acetate protons.and the single lines to the
ethylenic protons, which have become equivalent due to the internal
averaging (discussed in a later section).

The Tl,Ha and Tl,Hb coupling constants are determined by
comparison with the spectrum at 100 mcsﬁ/secq (Figure 10b), as
discussed for the previous cases. The chemical shift of the Ha and
Hb resonances are not very different, therefore, one of the quartets
coalesce into a single line and the low intensity outer lines are
lost in the noise level. The observed and the calculated line
positions at 56.45 mes./sec. and 100 mes./sec. are shown in Table V,
and the coupling constants and the chemical shift data is tabulated
in Table VI, |

The protons associated with the >NCH,CO0 rings and
subjected to the combined deshielding effects of the carboxylate
and amino groups are found at lower fields (2.22 p.p.-m., 2.42 p.p.Mm. )
than those associated with the  INCH,CLN T ring (1.934 p.p.m.),
which are influenced only by the inductive effect of the amine group.
These observations are consistent with the data for some other

complexes.
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PIGURE 10. Proton rescnance spectrs of T1(111);EDTA at pH 3.2
(2) at 56.45mes./sec. and (Bb) at 100 mes./sec.



Table V.

Chemical Shifts for AB Pairs of Tl(III) EDTA Complex.

Resonance Qbserved Calculated ™ Calculated = Qbserved
line line position line position line position line position
at 56.45 Mc.p.s at 100 Mc.p.s. at 100 Mc.p.s. at 100 Mc.p.s.
A 159.0 214.17 235.6
212.0
B 147.0 210.0 188.5
A 212.4 156.0 155.5 153.0
B! 181.2 118.0 122 .4 117.0

Line positions are measured chemical shift of ethylenic protons as the reference line.

* Scheme 1 *¥  Scheme 2 (diagram, page T70).

Table VI

Chemical shiftsX and coupling constants of Tl(III)EDTA,

h) I dJ- d.
T1,H_ T1,H, H, H
0
-CH, -C~-0 371.4 c.p-S. 228.2 ¢c.p.s. 2.22 ppm. 2.42 ppm.
~NCH,CH,NZ 306.0 Cc.p-S. 1.934 ppm.

t-BuQH as int. reference.

68
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6.3. DISCUSSION OF SPECTRA

The AB patterns for the acetate protons have been previously
observed and discussed in CA(II)EDT4,? co(TII)(IDA),,%*

24 and few other complexesclg’ls’25

Co(III)(MIDA),

It is likely that the T1-N bonds have a longer life time
than the T1-0 bonds in most of the T1(III)iminocarboxylate complexes.
Then, the M-0 bond breaking and rotation will be more frequent than
the M-N bond breaking and umberalla inversion (which will make the
two acetate protons equivalent). Therefore, the M-N bonds can be
regarded as fixed.

Figure 11 shows the diagram of the T1(III)EDTA with a

fixed M~N bond and an acetate group which is free to rotate about

the acetate-carbon-to-nitrogen bond designated by the arrow; three

0
l
L0 J—— C~\\
' H—=eC —— H
'
,---_L_--_-_ N\ Ac
; !/////’/7
§
! 1T { (CHz)z
i
" \"
______ i'—--""JN
t 7/
i
i
CQO_ Hy Ha
Ac 1 Ac T1 Ac 1
a B,  ~ooC H, Hy, coo~
Bt Mt t

Figure 11.
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rotational staggered confirmations are also shown. These three
positions are not equivalent, in effect the guarternary nitrogen
atom is asymmetric as far as one acetate is concerned.

This situation is similar to that of the substituted

R
i

-G
]
R

1

ethanes of the type R - -~ D , in which hindered rotation

=~

2

about the C-C bond causes non-equivalence of the geminal fluorine
atoms (unequal population of the conformational isomer will have
the same effect). This phenomenon was first observed by Nair and
Roberts26 and has been discussed by Pople27 for conditions of rapid
and slow rotation.

It has also been shown by Saunders and Yamad28 and Reilley
and coworker512 that AB splittings also occur when RCH, is identical

R
i 1
to R, and R, in the system R - CH, ~ N - M . Dibenzylmethylamine
2

dissolved in conc. HCl. showed non-equivalent - CH, - protons at
pH higher than 23 thus the N - H'C1™ bond behaves like the M-N bond.
The formation of AB patterns in the five membered chelate
rings can also be explained by assuming these rings to be rigid.
Then the two protons on a given acetate group lie in different
Planes and the difference in their chemical environments result in
AB patterns. But the symmetry of the molecule makes the two
carbons of the acetate groups (IDA and MIDA) equivalent which would

give rise to only one type of AB pattern, as observed.
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It is not possible to decide definitely between these
two possible causes of the AB patterns in IDA and substituted IDA
complexes, i.e. intramolecular carboxylate exchange with an unequal
population of confirmational isomers or a fixed structure. The
large differences in the T1,H coupling constants (Table IV)
suggest that it is more likely that the M-0 bond breaking and
rotation processes are so infrequent on the n.m.r. time scale that
for all practical purposes these complexes could be considered as
rigid.

IDA derivatives. - Two cis and trans isomers are possible for 1:1

'Tl(III)IDA derivatives (Figure 12a). Models indicate that a cis
arrangement of the two acetate rings is preferred to the more
strained trans configuration. The chelate has a plane of symmetry
through the N-T1 bond and a single AB pattern should result, as
observed (Figures la, 1b).

The different structures of 1:2 Ti(III)IDA complex are
shown in Figure 12b, and in Figure 12¢ the orientation of trang
complex in each configuration is shown.

In the trans facial isomer, II, the plane of symmetry
through the two nitrogen atoms and bisecting each ligand results in
a single AB quartet pattern. In both the cis facial, I, and the
trans-meridional, ITI, lack of symmetry in the complex ion places
the protons in each acetate in slightly different chemical environ-
ments and two different AB quartets should result.

Thus the single AB quartet observed for the 1:2 TL(III)IDA
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and T1(III)MIDA (Figures 2¢c, 3c) shows unequivocally that these

complexes have the trans-facial configuration. Some of these

isomers have been isolated in mixed Co(III) complexesh29
_NTA - The 1:1 T1(III)NTA complex does not give an AB

pattern, instead all the protons appear to be equivalent (Figure 5).

If the structure of the complex is presumed to be rigid,

. . . . . 0
i.e. four coordinating sites firmly attached ;“‘~\\\\
o B
to the corners of an octahedra, then the ; K w
1 | "
three rings are not equivalent and a more ] .
[ !
. . D R D
complicated spectrum is expected than the i
l
one observed. A simple one line spectra . X

are also observed for the Ni(II)NTA, Co(II)NTA complexes23 and the
Mo(IV)NTA compleL23

The observed equivalence could arise from the lability of
the T1-0 bonds. The rigid structure of T1(III )NTA indicates that
the itwo rings trans to each other are more strained than the
remaining one. Therefore, it is plausidble that the T1-0 bond of
one of the trans ring opens, rotates and reforms by displacing one
of the group X, which takes its original position. During successive
bond breaking, rotation and migration process and due to the inherent
symnetry of the molecule, all the protons in the acetate rings
become equivalent and a single resonance line would be observed.
The observed lines are slightly broad, possibly due to the near
averaging of the chemical environments; otherwise in the case of

complete averaging, a sharp line is expected.
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The spectrum of 1:2 T1(III)NTA complex is satisfactorily
explained by assuming octahedral coordination in the 1light of the
above arguments. Exchange between the free and the bound positions
must be fast as the observed resonance lines are not too broad.

NoPDA. ~ The symmetry of the chelate is lost when one of
the acetate protons in NTA is replaced by a methyl group. Even
though the T1-0 bonds are probably breaking and migrating, the
presence of the asymmetric - gHi COOH group creates sufficient
differences in the chemical engironments of the two protons of a
given acetate group to result in AB patterns. Furthermore, the
orientation of the methyl group slightly distorts one of the rings
and the two different AB patterns are observed from the two different
acetate rings (Figure 6a).

NxP. - Ligand is capable of forming several optical
isomers due to the presence of three asymmetric carbon atoms
depending on their D or L configurations. Although, two different
sets of quartets are resulting from the Tl(III)NMXP complex
(Figure 6b) and these may be due to the two different isomers, but
no definite conclusions can be drawn without using optically pure
ligands.

ypéPgngg_gﬁggé. - In these complexes, it is assumed that
the propionic acid groups are not strongly coordinated to the T1 ion
but stay as loosely bound straight chains capable of free rotation.
The typical T1,H splittings are absent in the complexes of T1(III)

CH,CH,COQH

7~
wi th W(CH,C0H,000H); , NH(CH,CH,C00H)and AN . The T1,H
~ CH,COOH
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couplings observed in Tl(iII)NDﬁPA and NﬂPDA complexes (Figure 9)

are probably through the T1 - N - C - C bonds.

The AB pattern observed for the acetate protons in the
T1{IIT )N',('?PDA indicates (Figure 9a) that the rings are relatively
non-labile; a gis-arrangement of the two acetate rings is preferred
for this complex for the steric reasons.

~ Only one five membered ring is formed in the Tl(III)NDﬁPA
complex; the differences in the Ha and Hb protons in the acetate
group are averaged out by the two rotating propionic acid groups
and a single broad rescnance peak is observed (Figure 9b).

DMEDDA. ~ The acetate rings in the T1(III )MEDDA complex
seem to be fixed and the two oxygens are in the preferred trans
arrangement (Figure 13a). The perspective drawing of the trans
coordinated complex showing the relative orietations of the protons
is shown in Figure 13b.

The two sets of acetate ring protons are in identical
chemical environments and only one AB pattern, determined by the
relative environments of Ha and Hb protons is seen (Figure 7),
confirming the irans configuration. The cis isomer does not possess
the same symmetry and two AB patterns for the different acetate
rings are expected. A few trans and cis complexes of DMEDDA with
Co(III) are known and have been discussed by Cook and coworkers“30
The most likely confirmations of the ethylenic protons

in the metal-ethylenediamine ring are shown in Figure 14 .
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If the T1-N and T1-O bonds are fixed (long life time), then the
ethylenic protons may have a fixed confirmation (either 1l4a or
14b) and an A, X, or A,B, spectrum would be expected from the Haxial
and Hequatorial protons This situation is truly represented by
the observed AA'XX' spectrum of the ethylenic protons of the

T1(III )DMEDDA.

On the other hand, if the T1-0 bonds are breaking more
frequently than the T1-N bonds, the two conformations 14z and 14b
interconvert readily and average out any differences of the two
protons on a given methylenic carbon. .A single resonance is
expected, and indeed, a single line has been observed for the
ethylenic protons of the Tl(III}EDTA complex“(Figure 10). The
lability of T1-0 bonds in the EDTA complex (Figure 11) also
explains the observed single AB pattern for its acetate rings and
smaller difference in the Tl,Ha and Tl,Hb couplings.

A single ethylenic resonance has been obser%ed in

2

Cd(III)EDTA1 and few other metal-aminocarboxylate complexes.

Dihedral angles and coupling constants. - The protons in all of

the complexes discussed in the previous section, couple with the
1004 abundant thallium isotopes (I = %) to produce large Tl, H
splittings. Apart from the other factors (substituents, bond
lengths variations etc.), there seems to be a correlation between
the couﬁling constants a?d the dihedral angle (¢)between the

T

N-¢~ plane and the SN -C plane. A similar relation has

been suggested for the Ni(II) and Co(II) complexes of aminocar-
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bonylic acids.

52 that the vicinal H - H coupling

Karplus has shown
constants are related to the dihedral angle through an appropriate
relation

J

H, Acos®) + B 0°< ¢ & 90°

2 o o
Tg,g = A'cos $ + B 90° < ¢ << 180

where the coefficients A and B are functions of exchange integrals

between atomic orbitals, and A' >> A. Although J (trans )/

H,H
JH,H‘(CiS) is the right order of magnitude (1.76), experimental
values for the vicinal couplings in ethyleneare about 50% larger
than predicted theoretically. This treatment, despite of its
approximate nature has been widely used with considerable success.

| Tl, H coupling constants closely parallel the corresponding
Hy, H coupling constants and involve essentially the same mechanismo1
Also, the ratio J

(trans)/J (cis) in the vinyl-thallium

T,F T1,F
compounds agrees closely with the calculated and observed ratio of
~+1.T7 for ethylene. Therefore, it is likely that the wvicinal T1,H
coupling constants in the Tl(III) oompiexes vary with the dihedral
angle in the same manner as in the well established H - C — H and
N-C-~-H systemsnzg
Without X-ray determinations of the structures, it is not
possible to depict the exact orientation of the protons with respect

to the T1 ~ N ~ C bonds and thus to discuss gquantitatively the

magnitude of the dihedral angles and their relation to the Tl,H



Table V.

Dihedral Angles for N-C-H protons in some

T1(III) Aminocarboxylic acid complexes.

Ligand Proton J Dihedral
T1,H
Type C-P-S. Angle
_CH,H_COOH H 616 .8 il
mwo AP A m-v-c¢c” 4
™~ CH.H_COOH H 222 .0
AHB B r»—lSOO
CH ,H_COOH H 568
CH3N” A B A
SCE 4 HCOOH Hy 270.3
M - - C
S H
_CH,H_COOH H, 566.5 ~115° B
CHsN
CH H,COOH Hy 304.8
CH ,H.COOH! " 756.0 ~~160°
kH N:f A™B ; A .
| A ) Hy 11.0 ~ 95
- zero st 900
o}
Heq, 581.0 ~/160
Hy= H ; Hp= H

A1l the rings are assumed to be rigid.

101.
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couplings. However, with the use of the molecular models it is
possible to estimate gqualitatively the trends in the orientation
of the protons and their relationship to the T1,H couplings.
These dihedral angles were estimated from Prentice-Hall frame
models (Table V) and are not expected to be very accurate.

The most reliable estimates are expected to be those
complexes containing fused rings, since these rings make the
structures fairly rigid, apart from the molecular vibrations
over small displacements. For five membered rings this applies to
IDA derivatives, whose acetate protons when split with thallium
give a large and a small coupling constant. In the preferred cis
structures, the largest values of é are 115O (" outside, i.e.

Hb) and 150° (H inside, i.e. Ha); since the rings have some
flexibility, the observed couplings probably are averages over

a smaller angular difference than this. This is allowed for by

a broad circle in the diagram (Figure 15). For methyl substituted
rings, it is likely that CH; group is on the outside position,
leaving the C-H inside; the spectra show only the larger coupling
constant and this is assigned to ¢ ~ 150°. Similarly a fixed
ring structure is believed to be present in the DMEDDA complex,
where also a large and a small coupling constant are observed.

In the last mentioned complex, ¢ is estimated to be about 90O
- Mo

- ~
-

for H_ ., and about 160 for Hequatorial in the)N"- CH, - CH, -—N{

ring. In the labile T1(III)EDTA complex, the difference between

J and J is small.
T1,H, T1,H &
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As shown in Figure 15, the coupling constants
decrease as ¢ decreases and when @ is 900, the coupling
constant is virtually zero. Unfortunately in the present
series of thallium complexes there were no dihedral angles
of less than 900, 80 the curve plotted in Figure 15 is
incomplete. However, the observed data are consistent with
the assumption that the variation observed in the vicinal
T1,H coupling constants are largely due to changes in the

dihedral angles.
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80c 4+
' ’ Ha(DMEDDA) (::f)
700 T /
600
- (IDA'S)
: -( DMEDDA)
" 500 / Tag,
0,
3 /
b 400 /
/.
300 | /
3 + / ‘
200 <:::> Hy (IDA's)
H &DMFDDA)
100 \\\\& b(DMEDDA\
30 120 150 180
FIGURE115.

Dependence of observed T1,H coupling

constants on the dihedral angle ( ).
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APPENDIX

As stated on page 39, for a time averaged equilibrium
between a monomer and an n.mer, the n.m.r. frequency 1/ of the
observed peak as a function of the concentration C is given by

the two expressions,

t

C

i

(?ﬂM1 + n)%KnM1n) / M, + nKnM1n

M, + nK M"

where Wﬂ is the n.m.r. frequency of the monomer,ﬁzn that of the
n-mer, M, the monomer concentration and Kn the equilibrium constant.
The problem is therefore to combine these two expressions and
solve for YV in terms of C and the frequencies and equilibrium
constant for the cases of n = 2, 3 and 4. In order to avoid
solving an n'th brder expression, Saunders and Hyne91 adopted

a graphical method, in which arbitrary values of M, were tabulated

and the values of V/ and C were obtained by introducing the
appropriate constants. In the present work, a basically‘similar
procedure was followed, except that a least squares fit wés
obtained for each value of n by means of a computer programme.
A value of’V1 could be obtained by extrapolation of’V to infinite
dilution.

The computer programme then,
(1) assumed the values of n, %g and Kn

(i1) calculated,
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4%

and C

Vu, + e u® /0w, + k"

M, + nK u,"
for various values of M
(i11) interpolated to find the calculated values of ) corresponding
to the experimental values of C.
(iv) calculated a figure of merit equal to the sum
S DOy, =) 1°

i.e., the difference between the calculated and the experimental

Xp calc.

V) squared and summed over all concentrations.
(v) gave the figure of merit and repeated the whole calculations
for the other values of n,’)% and Kn”

The lowest value of the figure of merit was 4.94;
this corresponds to n = 5,’)% = 3190.75 and K = 0.20. For n = 4,
the lowest value of merit was 8.40 and this corresponds to
V), = 3172.4 and X = 0.58.

On the other hand, for n = 2 the minimum figure of
merit was about 67 and therefore no'reasonable curve for the
monomer é:::%'dimer equilibrium comparable to the experimental
values could be generated. The curves obtained for n = 3 and

n = 4 are shown in Figure 13.
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