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Syntheses, Structure and Stability of Sone Alkylphosphonic Acids and Their
Metal Oonplexes

ABSTRACT

The protonation end coaplexetion behevionr of the a-ea< nnaethy ienephoephonic acids 
diethylaainoaethyleneirftosphonic acid (DEAMPHj), l^ethyliainobisCaethrlenephosphonic acid) 
(NEIBUPH4), (i)-traa^l,2-diaainecyclohe]canetetraicis(aeth3rl«ieidiosirf»aicacid) (CDTUPH^, andS,S- 
dioxadodecane-1,12-diaainetetrakis(aethTlenephosphonic acid) (DDDTlfPIl^ were studied by 
potentioastry and nsr spectroscopy. Adi«tations of the Mamiich reaction were used to prepere 
these acids. Protonation constants in mqueoum solution were deterained potentioaetrically (I • 
0.1 aol da*^ K M y  2 5 , 0 tO.l *C), and nar spectra were used to elucidate the aicroscopic 
protonatioa scheaes. In the case of CDTUPH^ the partieulary coaplex pH-dopendence of the two 
nar resonances was successfully ratimialiscd by aasuaing that certain features of the hydrogen- 
bonded scheae in the solid state structure are carried over into solution. The X-ray crystal 
structures of both GDTlirag and DBAMPHj were deterained in this work.

The coaplexation behaviour of DBAUPH'^ NBIBMPH4, CDTMPHg and DDDTUPKg with soae aetal ions 
[variously lin(ll), Co(II), Ni(II), Fb(ll), Cd(II), Zn(II), Cu(Il), Fe(III) and Gd(IlI)] was 
investigated by deteraining stability constants (log ß) for species which in equilibriua, 
represented a 'best-fit' aodel for replication of the experiaentally detemined potentioaetrie 
titration curves. The aetal-ligand species deterained were aainly coaplexes with a aetal:ligand 
ratio of 1:1; only in three cases were [ML2I coaplexes indicated. The order of stability for 
ooaplexes of [ML]^*’with MEIBIIPH4 follows the Irving-Williaas series. The order of stability for
the eoaplexes [ULH] ^~with DTOTUPHg also follows the Irving-Williaas series. The order of 
stability of the species [llLH]^''for COTlirag follows the Irving-Williaas series except for Co(ll) 
and Ni(II)t where the stability is reversed. For DEAMFH^ ME1BUPH4, and DDDTUPHg the stability 
of Fb(II) eoaplexes were alnost as strong as the Cu(ll) coaplexes. As expected, Fe(IXl) foras 
the aost stable coaplexes with MEIBliPH4 aad CDTlfPH^

The effect of hydrogen peroxide on DEAMPH2 end NEIBUPH4 was investigated, and the solid N-oxide 
derivative of NEIBUPH4 obtained. The 8(^^) vs pH profile suggests that hydrogen peroxide reacts 
with the aaino group at above pH ca. 7, probably yielding the N-oxide. The protonation and 
coaplexation behaviour of this derivative with Cu(II) is reported.

Novel clusters foraed froa the condensation reactions of organostannonic acids with carboxylic 
and/or idwsphonic acids have been previously synthesised. Atteapts were aade to investigate the 
anrhani su by which coabination of sodiua stannate and aainophosphonic acids leads to enhanced 
stability of mqueoum hydrogen peroxide by studying the possible reactions of organostannonic acids 
with phosphorus and carboxylic-based acids and, specifically with aainophosphoaic acids.
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1 .1 AlkylaainoalkyIpliDSphonic acids

The first natural compound with a carbon-phosphorus bond, 2-aminoethyl- 
phosphonic acid (ß-ciliatine), was discovered by Horiguchi and Kandastu from 
sea anemone.' Subsequently, other workers, e.g. Kitteredge and Hughes, 
discovered other aminoalkylphosphonic acids and their derivatives, e.g. 2- 
amino-3-phosphonopropionic acid and N-methylaminoethylphosphonic acid to name 
but two.^ These compounds belong to the large class of aminoalkylphosphonic 
acids, whose chemistry has been widely summarised in a number of reviews^ * and 
whose wide variety of applications continues to stimulate vigorous 
investigation of its chemistry.

1.1.1 Preparation
There are a variety of methods that can be used to prepare aminoalkyl
phosphonic acids.^ For example, the Kabachnik-Fields reaction involves
reaction of ammonia (or an amine) with a carbonyl compound and a dialkyl 
phosphite to yield the aminophosphonic acid ester. This ester can then be 
hydrolysed to form the free acid.^

Another reaction involves the amidoalkylation of phosphorus trichloride with 
a carbonyl compound and an amide; these are reacted with acetic acid and then 
subsequent hydrolysis leads to the formation of the aminophosphonic acid.

The Arbuzov and Michaelis-Becker reactions are also importMit in the chemistry 
of organophosphorus compounds and were among the first methods used to prepare 
the phosphorus analogue of glycine, aminomethylenephosphonic acid.

However, a method that has become widely used to prepared many alkylamino-
7 8methylenephosphonic acids is the Moedritzer-Irani reaction: ’

+ nCHjO + nHP(0)(0H )2 Rj.jN(CH2P03H2)j + nHjO

where n = 1, 2 and 3. A major advantage of this reaction is the availability 
and cheapness of the starting materials and use of a 'one-pot' reacting 
vessel. However, the products prepared by this method are often impure and 
need to be isolated from syrupy oils which is often very difficult.
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1,1.2 Applications
Aninoi^sphonic acids are analogues of aainocarboxylic acids and are known to 
have widespread use in industrial and Medicinal ^>plicati(»is, e.g. hydrogen 
peroxide stabilisaticm,^ disinfecting solutions for contact lens.^® Aaino- 
alkylphosphonic acids are also used as anticorrosive cigents upon adsorption 
by steel pipes.Soae cycloalkylaainoMethylenebis(phosphonic acids) are being 
used as bone resorption inhibitors and anti-inflaaaatories. In some colour
photographic processing, cyclohexanediaaine- tetra acetic and phosphonic acid 
derivatives are used as bleaching agents to improve silver renoval of colour- 
developed photographical naterial for rapid processing.Diethylenetrianine- 
pental:is(nethylenephosphonic acid) is a well known aninomethylenephosphonic 
acid, effective for both bleaching paper and for stabilising hydrogen 
peroxide. 13,14 Their potential as spectroscopic diagnostic agents, e.g. as a

15-17contrasting agent in the nnr imaging of calcified tissues, is emerging.
Platinum coiplexes of some aminophosphonic acids are now being investigated

18as possible antitumour agents in cancer chemotherapy.

Another use of aminoalkylphosphonic acids which has become more iiportant over 
the last 25 years, is the sequestration of metals in some industrial 
£q>plications. Some polyaminoalkylphosphonic acids have replaced certain 
aminocarboxylic acids in stabilising hydrogen peroxide^^ and in textile 
processing. Polyaminoalkylphosphonic acids can also act as detergents, 
dispersing soil in solution and they are also known to form stable metal
complexes over a wide pH range. 14

1.2 Stabilisation of hydrogen peroxide

Hydrogen peroxide is a clear, colourless, slightly viscous liquid, which is 
miscible with water. Hydrogen peroxide is produced commercially by the 
'Autoxidation Process' (AO). This AO process (Figure 1.2.1) involves the
reduction of an anthraquinone to anthraquinol followed by oxidation to the

10same anthraquinone with hydrogen peroxide as a by-product.
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Figure 1.2.1 The_autoxidation (AO) process for the preparation of hydrogen 
peroxide.

1.2.1 Applications
Hydrogen peroxide can react as an oxidizing or reducing agent in both basic 
and acidic solution. Hydrogen peroxide can also for» other inorganic and 
organic peroxy salts e.g. pcroxoniun (H200ií̂ )« hydroperoxide (OCXT) and 
peroxides Hydrogen peroxide can, however, undergo decoaposition to
water and oxygen via various reactions,the exact nechanisn of decoaposition 
depending on the nature of the aaterials present, e.g. with iron the 
Fenton reaction (Reaction 1.2.3) by soae of the following reactions.

Fe(III) + HjOj Fe(II) + HOj- + H* 

F e d i D + H O j *  F e d D + O j  + H^ 

Fe(II) + HjÔ  Fe(III) + H0‘ + HO-

Reaction 1.2.1 

Reaction 1.2.2 

Reaction 1.2.3

An exaaple of the xise of hydrogen peroxide in cheaical synthesis is the
oxidation of tertiary aaines to produce aaine oxides. Secondary aaines give

21substituted hydoxylaaines and priaary aroaatic aaines give nitro coapounds. 
Hydrogen peroxide is known to readily oxidise aainoalkyliAiosphonic acids to 
their N-oxide derivatives (Chester 6).^

Hydrogen peroxide is a very useful reagent in aetallurgy because its 
decoaposition products (water and oxygen) are haraless. However, one of its 
limitations is the tendency to decompose in the presence of transition metal 
ions at elevated temperatures. This can be overcome by converting hydrogen
peroxide to Caro’s acid, H-SOj, (which is a much stronger oxidant than hydrogen

 ̂  ̂ . 1 9peroxide) by the following reaction.

HjSO, + HjOj HjSOj + HjO
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An exaaple from metallurgy where hydrogen peroxide is converted to Caro’s acid 
is that of the extraction of uranium. Uranium is leached from its ores using 
a mixture of sulphuric acid and oxidant to convert insoluble uranium(IV) to 
soluble uranium(VI). Caro’s acid is the most suitable oxidant to use as it 
combines 'environmentally friendly' by-products with being easy to use and 
control. Caro’s acid acts by oxidising iron(II) to iron(III) which in turn 
oxidises uranium. 19

2Fê  ̂+ HjSOj + 2H* ^  2Fê  ̂+ HjSÔ  + HjO

UOj + 2Fê  ̂ 2Fê  ̂+ UOĵ ^

Hydrogen peroxide is also one of the most versatile bleaching agents for paper 
available. Some of its many advantages are: ease of application, potential 
for reducing process times, minimisation of effluent problems, produces paper 
of a high and stable degree of whiteness, preservation of fibre quality, and
harmless decomposition products i.e. water and oxygen. 13,14

There are several areas in which hydrogen peroxide can assist environmental
protection in water and effluent treatment. Since its own decomposition
products are water and oxygen, it is not itself a source of pollution.
Injection of hydrogen peroxide in the sewers can both eliminate any hydrogen
sulphide present and maintain aerobic conditions which will prevent any
further hydrogen sulphide being produced. Hydrogen peroxide also provides an
effective way of treating certain toxic industrial pollutants such as

21cyanides, phenols, nitrites and sulphides.

1.2.2 Stability of hydrogen peroxide
Hydrogen peroxide when first produced is very pure and the decomposition rate 
is very slow.^^ However, if the hydrogen peroxide is contaminated with low 
levels of metal ions {e.g. a few parts per million) such as iron, copper, 
chromium, nickel, or other metals from the platinum group, then fast 
decomposition to water and oxygen o c c u r s . T h i s  is known as homogeneous 
decomposition and the most active catalysts are those giving rise to multi
valent ions. In addition, the solution jAl also affects the rate of 
decomposition. Fast decomposition may also occur if hydrogen peroxide is 
brought into contact with insoluble solids; this is known as heterogeneous 
decomposition. Hydrogen peroxide will decompose to some extent on any surface
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even at normal tei^ratures, although the rate will vary according to the 
nature and state of the surface. For example, the rate of decoBQ>osition on 
silver is 10 times faster then that on polyethylene, which is one of the 
common storage materials. Some of the solids which catalyse the decomposition 
of hydrogen peroxide are the hydroxides and oxides of the heavy metals, the 
most active being iron, gold, lead, cobalt, silver and mercury. These are 
most active when their surface area is large, as with colloids and powdered
metals.21

Most manufacturers of hydrogen peroxide add stabilisers to keep decomposition 
to a minimum. Two types of stabilisers are in current use: a) complexing 
agents, e.g, aminocarboxylic acids and alkylaminomethylenephosphonic acids and 
b) colloidal. It is believed that these stabilisers can either 'neutralise' 
small amounts of catalysts or adsorb/absorb impurities.^

Pure hydrogen peroxide of any concentration, in the absence of contaminating 
catalysts in a thoroughly clean container of non-catalytic material, is a very 
stable substance. For example, data obtained with high quality unstabilised 
hydrogen peroxide in a container indicates the decomposition rate of 90 % 
hydrogen peroxide at 50 *C as not in excess of 0.0010 % per hour. In the 
presence of a small quantity of stabiliser, such as sodium stannate, this 
figure may fall to epproximately to 0.0003 % per hour at 50 *C.̂ ^

If hydrogen peroxide could be prepared and kept in the total absence of 
catalytically active materials, no stabilisers would be needed to enhance 
storage for long periods at normal temperatures without noticeable loss by 
decomposition. Therefore, pure hydrogen peroxide is commiercially available 
in a form nearly free of stabilisers, and it may also be transported and 
stored safely in aluminum tanks. 21

In general terms, the stabilisation process, apart from control of the pH and 
temperature of the hydrogen peroxide solution, consists of deactivating 
catalytically active substances which imay be present, either dissolved or 
suspended in the solution, or in the walls of the container. Sodium stannate, 
NajSnOj.SHjO, foims colloidal hydrous stannic oxide on hydrolysis, which may 
adsorb ferric ions and hence improve the stability of the hydrogen peroxide 
solutions.^^’̂
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There is also an optinu pH at which sodium stannate is most effective i.e. 
between pH 3.5 axxl 6. However, if sodium stannate is added in excess, the 
hydrolysis of sodium stannate increases the pH of the hydrogen peroxide to a 
point which may result in a reduction of its stability. In hs^rogen peroxide,
hydrous stannic oxide is present as a negatively charged colloid which may

11coagulate and 'neutralise' positive metal ions.

1.3 Eqiuilibrium analysis

1,3.1 Nomenclature of metal complexes

A 'complex' may be defined as a species formed by the association of two or
IImore simpler species, each capable of independent existence. The central

atom, or nucleus is usually a Lewis acid (electron acceptor, e.g. a metal) and
25this is surrounded by a number of ligands (electron donors, Lewis bases).

A ligand is said to be multidentate if it contains more than one electron 
donating atom used to coordinate to metal ions. Many multidentate ligands can 
also form chelate coiqplexes which have a higher degree of stability than the
corresponding straight chain a n a l o g s . T h e  term 'chelation' was first used

26by Morgan and Drew and the word is derived frcmi the Greek meaning ”claw”. 
Ligands may be bound to metal ions by one, two, or three or more donor atoms. 
Such ligands can be classified as mono-y bis~i trisdentate and so on {dentis 
meaning tooth).

1.3.2 Equilibrium constants and mass-balance equations

Bronsted (1923) defined an acid as any substance that can ionize in solution 
to give a solvated hydrogen ion (i.e. a proton stabilised by interaction with 
the solvent or a substance in solution).^^ Conversely, a base is a substance 
which accepts a proton. Thus, the proton donor (€u;id) and proton acceptor 
(base) are known as conjugate acid-bcuse pairs. Here the proton is shared

Acid^ + Bas62 ^  Acid2 + Base^ Equation 1.3.1

between the two bases and the equilibrium is determined by the relative 
strengths of the acids.

The law of mass action was developed by Guldberg and Waage and is sometimes



known as the law of chemical equilibrium.^ It states that the velocity of a
chemical reaction is proportional to the product of active masses of the
reacting substances. ^;>plying the law of mass action to hcMogenous systems
(i.e. in which all the molecules are present in one phase) a mathematical

28expression can be determined for the reversible reaction of Equation 1.3.1:

Kt =
[AjHB,]

[A ,][B j]
Equation 1.3.2

where the square brackets [] represent the ccmcentrat ions of the species and 
is the stoichiometric equilibrium constant. Therefore, an equilibrium 

constant is a quotient involving the concentration or activities of reacting 
species in solution at equilibrium.^ At constant teflQ)erature and pressure the

aA + bB cC + dD Equalion 1.3.3

free energy chaxige (iO) for the Equation 1.3.3 must be zero, and the 
expression foi the thermodynamic equilibrium constant (K̂ ) is:

{C}' {D}^
{A}* {B}''

Equation 1.3.4

where {A} represents the activity of the species A and the thermodynamic 
equilibrium constant (K̂ ) is independent of concentrations.^ The activity (ap 
of the ith component is related to the concentration (cp of the component:

a> = c> v<1 1 M

where Yj is the activity coefficient of the component (i). Therefore, the 
thermodynamic equilibrium constant can also be written in terms of activity 
coefficient and concentration:

[Cl'tD]*
Kt =

c d
yc ¥

y*‘ y.‘
Equation 1.3.5

where [A] indicates the concentration, and ŷ  ̂is the activity coefficient, of
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the species A. The activity coefficient (y) varies with the concentration and 
as infinite dilution approaches, the activity (a) becomes equal to the 
concentration (y = 1) for weak electrolytes and hence the stoichiometric 
equilibrium concentration constant (K̂ ) beccmies numerically equal to the 
thermodynamic constant (K̂ ). Therefore, for determining the stoichicMKtric 
equilibrium constant (K̂ ), the activity coefficient (y) must also be constant. 
One way to, achieve this is to use an ionic medium of high concentration, 
consisting of icms that are expected not to interfere with the reactions 
occurring in solution. The ionic strength (I) of the ionic medium is the 
measure of the electrical field in solution:

I = i I Cj

where ĉ  is the concentration of the ion, i, and Z| its charge.

In an aqueous solution containing equated metal ions (M) and unidentate 
ligands (L) and where only soluble monmuclear coinplexes are formed, the 
system at equilibrium may be described by the following equations.

M + L ^  ML
[ML]

K, =

ML + L ^  ML2 «2 =
[ML,]

[ML][L]

Hence: ML̂ .j + L ^  Ml^
[ML„]

[ML^.j][L]

Hence, 3̂  (the overall stability constant) is expressed by the following
equat ions.2S

M + L ^  ML Pi =
[ML]

[M][L]
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M + 2L * *  MLj ^  =

[m LjI

M + nL ^  MLji 3. =
[M ][L ]‘

i=n
Hence: 1̂1 “  ® ~ *^*^*^* • * 

i = l

Equation 1.3.6

In the above equilibria it is assumed that no polynuclear species or insoluble 
products are formed. The overall stability constant (3) for the complex 
[MpLqHj] formed according to Equation 1.3.7 is:̂ *̂̂

3 =
[M]P[L]«[H]^

+ qL + rH W Equation 1.3.7

This equilibrium condition, together with the mass balance conditions for the
three components (metal, M, ligand, L, and proton, H), gives rise to the

. 25following mass-balance equations:

F O R P Q R
= [M] E ! E pCMpLqHj] = m + E E E P3p,j

P Q R P Q R
[Lljjjj = [L ] E E E qlMpL^Hy] = 1 + E E E q3p,f

[H]
P Q R P Q R

tot
= [H] E E E r[M.L.H,] = h + E E E r3p-. n̂l'̂ ĥ 

1 1 1  1 1 1

where m, 1 and h are the 'free' concentrations of the components M, L and H. 
P, Q and R are the maximum values for p, q and r under the experimental 
conditions used. It was assumed that in the law of mass action, that the
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effective concentrations of the coaponents can be expressed by the 
stoichiometric concentrations.“ However, this is not true: the equilibrium
constant (K.) which represents the components in terms of activities is the

‘ 27true thermodynamic equilibrium constant.

1.3.3 Determination of stability constants by potentiometry

Potent iometry is one of the most convenient and successful techniques used for
29me€isuring the extent of metal complexation (equilibrium/stability constants). 

Some workers use specific ion selective electrodes for measuring metal ion 
concentrations, but it is usually sufficient to use an accurate glass 
electrode for measuring the hydrogen ion [rf̂ ] concent rat iwi.“

To determine the concentration of an analyte, an indicating electrode is used 
in conjunction with a reference electrode (by convention the reference 
electrode is always treated as the axKxle).“ The potential of the reference 
electrode is independent of the concentration of the anal3rte or any other ions 
in the solution under study.“

In present work, the reference electrode was a saturated calomel electrode 
(Section 2.3) and the indicating electrode is a silver/silver chloride 
internal reference electrode built into a glass electrode (which has been 
assigned to measure hydrogen ion concentration). The calomel electrode can 
be represented by the following half-cell formula. The electrode potential

Hg,HgjCl2|cri

for the calomel electrode is based upon the half-cell reaction.

Hg2Cl2(s) + 2e* ^  2Hg(l) + 2C1"

The electrode system has a salt bridge with a glass sinter that provides an 
electrical contact between the calomel electrode and the solution under 
examination. The indicator (glass) electrode consists of a thin, pH-sensitive 
glass membrane sealed <xito a heavy glass tube. A small volume of dilute 
hydrochloric acid saturated with silver chloride is contained in the tube. 
A silver wire in this solution forms an internal silver/silver chloride 
reference electrode. The half-cell reaction for the indicator (glass) 
electrode is.
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AgCl + e" Ag(s) + cr

Therefore, in the present work, the entire electrode systea can be sunaarised 
as follows.

Hg.Hg2Cl2|ci~jsalt bridgej [H20^] •  »jjglMS >|[B30'̂ ] . »2*1^1"] - (0.1)|AgCl.Ag

The electromotive force of the whole electrode system (E) is given by the 
following equation:

® = îght “ ^eft

where is the half-cell reaction for the glass electrode and is the 
half-cell for the calomel electrode. Experimentally, E can be further 
resolved into its coiQx>nents.

E = E(Ag|AgCl) + E(Hg|Hg2Cl2)

where Ej is the junction potential of the salt bridge, is the asymmetry 
potential of the glass electrode and the boundary potential of the glass 
electrode. The junction potential is caused by the unequal distribution of 
cations and anions across the membrane of the salt bridge and is due to 
differences in the rates at which the various ions diffuse across the membrane 
resulting in a separation of charges. The boundary potential (E|,) of the glass 
membrane is related to the hydrogen ion activities of the solutions in contact 
with each of the glass membrane and is made up from the potentials (V2 and V^). 
The boundary potential is responsible for the sensitivity of the glciss 
electrode to hydrogen ions [Ĥ ].

The asymmetry potential is caused by differences in the manufacture of the 
glass membrane in the glass electrode and to mechanical abrasion. In order 
to reduce this error, all membrane electrodes should be calibrated at least 
once a day or when in heavy use , e.g. calibration (under the standard 
conditions) using either standard buffers (NBS Standard) or standardised
alkali and acid. 31

The relation by which E (emf) is related to the hydrogen ion concentration was 
developed by Nemst:
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E = Eq - RT log [rî ] 

nF

where Eq is the standard potential, E is the measured potential, R is the gas 
constant, T the absolute temperature, F is Faraday’s constant and n is the 
number of electrons involved in the equilibrium.

In the present work, the electrode system is calibrated at least once a day 
and this involves titrati<»i of standardised base against nitric acid (Section
2.3). The calibration titration involves the programs S.SCXTITR^^ and 
S.SCMCAL^^. The program S.SCMTITR initiates and controls the calibration 
titration from start to finish and also asks for input certain parameters 
(Section 2.3). The calibration titration uses fixed increments of base which 
are used in the calculation of the end-point. At the end of the titration the 
program S.SC34CAL, is autcxnatically run to calculate both and from the 
titration data obtained. The program S.SOUCAL reads in data from the 
calibration titration, including the number of points used in the titration, 
the c(»icentration of base, the volume of acid and the ionic strength. With 
this data, S.SCMCAL, determines the end-point frcxn the second derivative of 
the mV vs volume of base curve, i.e. d^(mV)/d(vol)^ vs volume.

The program S.SCMCAL then calculates at each successive data point and this 
is averaged with the previous running average until Eq for a data point differs 
by more than 1 mV (normally Eq is calculated from the first 30-40 data points). 
The constant is also calculated using the S.SCMCAL program from the data 
in basic solution. Both the values of Ê  and pK^ are saved to data disc which 
are read into each sample titration data set. The titration data obtained for 
a ligand on its own, or with a metal, is transferred to the VAX mainframe 
ccHuputer (along with the values for Ê , pK̂ t teniperature, initial 
concentrations of base, ligand, acid, ionic strength) and the SUPERQUAD^^ 
program is used to calculate the stability constants of the system under 
examination (Section 1.3.5).

1,3,4 Stability constants

Stability (equilibrium) constants have been widely used as an effective 
measure of the affinity of a ligand for a metal cation in solution. Early 
workers such as Bodlander and von Euler developed the quantitative 
determination of overall formation constants. Bjerrum was the first to

- 12-



measure the stepwise stability constants for monodentate ligands on the 
formation of transition metal-ammonia cc»tplexes in aqueous solution. This 
early work began the interest in determining stability constants.

In recent years, the measurement of stability constants has been made more 
important by the increased interest in several areas; e.g, the development of 
macrocyclic axnplexes, and development of synthetic designs for new and better 
coflQ>lexing ligand systems for medicinal and industrial use.

1.3.5 Caaputational methods for the determination of stability constants 
Before computers and computer programs were used to determine stability 
constants, graphical analysis was used. Rossotti and Rossotti^' have published 
one of the complete guides on graphical analysis used to determine stability 
constants.

For exaa^le. Si lien et al. wrote Pit-Mining, one of the first computer 
programs reported for the determination of stability constants (1961). Many 
cooQHiter programs for the determination of stability constants^^ have now been 
developed by independent research groups, including; LETAGRDP,^^ MINK^AD,^* 
MAGEC,^^ BEST,*® ACBA*^ and more recently (in 1985) the SUPERQUArf^ program used 
in this work.

1.3.6 SUPERQUAD; a general program for stability constant calculation 
Developed by Gans et al., SUPERQUAD^^ is a PWORAN 77 program widely used for 
the determination of stid)ility constants. The progriun uses a minimisation of 
an error-squared sum based on the measured electrode potentials (this is the 
refinement algorithm):

0  ̂ =  ô p +  (dE/av) ô y

where ô  is the calculated variance of the measurement, and are the 
estimated variances of the electrode and volume readings t€iken individually 
and ^ / 8V is the slope of the titration curve. The unknown quantities [M],
[L], and [H] are found by solving the three non-linear mass balance equations 
in these three unknowns (different at each titration point) by iteration. The 
data consists of values of volume and electrode potential, Vj, £| at each data 
point. Each pair of data also carries a 'flag' to include it (1), or exclude 
it (-1), or to hold it constant (0) during the refinement. Estimates of some
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parameters are also needed and in some cases these need to be fairly good 
estiiaates for the minimisation to be successful/^

Refinement of the data involves selecting a model for the equilibria that may 
be occurring in solution (based on other results). Along with the model (i.e. 
for a metal:ligand ratio of 1:1, the following species may be refined: 110, 
111, 112 and so on), estimates for values of log 3 for each process for the 
formation of the species is also placed into the SÜPERÎJÜAD^^ files. Once a 
model has been selected, the data points are 'cut-back' to the region in the 
titration curve where these species may be formed. The calculâtiwi in the 
SOFERQQAD^^ program involves an iterative process to fit the calculated curve 
(for the model selected) as closely as possible to the experimental curve. 
The best fit model is taken as the one with a low sample standard deviation 
(s or o), than 12.60 (based on weighted residuals) and no ill-defined
formation constants. The procedure is repeated until a best-fit model is 
found for describing the ssrstem being examined.

1.3.7 Thermodynamic stability of metal complexes
The main factors affecting the thermodynamic stability of transition metal 
complexes are shown below.*^ These metal cations have also been categorised 
as belonging to one of three main groups (Table 1.1.1).

Class A metal ions are 'hard' acids; having a high charge and being small ions 
they also have a low polarisability. Class B metal ions are 'soft' acids; 
with low oxidation states and large atoms, they are easy to polarise. Hard 
class 'A' metal ions form their most stable complexes with ligands containing 
hard donors (bases) such as those with oxygen and N donor atoms. Soft class 
'B' metal ions form their most stable coq>lexes with soft donors, e.g. ligands 
containing sulphur or phosphorus donor atoms, "fliis is known as Pearson s Hard



Table 1.3.1 The three classes of aetal ions.U

CLASS A BORDERLINE CLASS B
Vt Li* Na* K* Bê * Mg** Ca** Sr** Fe** Co** Cu* Ag* Au* Tl*
Mn** Al** Sc** Ga** In** La** Fc** Ni** Cu** Hg** Pd** Pt**
Cr** Co** Ti** Sn** Zn** Pb** Pt** Tl**

floeever» s o m  aetal ions frequently fora coaplexes whose stabilities cannot 
be predicted on the basis of the HSAB theory and these are therefore placed 
into the borderliile class. The stabilities of coaplexes of the first row 
transition aetal ions (+2) in the borderline class with a given ligand are 
alaost invariably in the order: Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > 
Zn(II). This is known as the Irving-Williaas series.

The 'chelate effect' was first used as early as 1952 by Schwarzenbach.*^ The 
'chelate effect' refers to the enhanced stability of a systea containing 
chelate rings as coapared to an alaost siailar systea in which there are 
fewer« or no chelate rings. 26

Therefore« coaplexes of chelating ligands are in general aore stable therao-
dynaaically then those with an equivalent nua^r of aonodentate ligands. The
size of the chelate ring also influences the stability of the coaplex foraed.
As a rule five-aeabered rings are aore stable than six-:aeabered rings which

26in turn are aore stable than seven-aeabered rings." Also the greater the

n
I---H,»' ---1

n
C«|2++ I----- ---------------------- 1

I-- H-N NHj--1

leg K - 23^

Cû ''‘+
leg K - 28^

nuaber of chelate rings in the resulting coaplex, the greater the stability
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of the complex formed.Previous  workers have experimented with various 
chelate conq)ounds and come to the conclusion that the 'chelate effect' is due 
to both entropy and enthalpy factors.

The complexing ability of aminoalkylphosphonic acids, and especially poly- 
aminomethylenephosphonic acids, have been widely studied by potentiometry e.g. 
ref. 45. Potentiometrie titrations are the most widely used method for 
investigating the solution chemistry of these ligands, and result in 
determination of the stoichiometries of the species in solution and
calculation of their stability constants.46

1.4 Organotin cluster chemistry 

1.4,1 Synthesis
In the last ten years, new classes of organotin cluster compounds have been 
prepared and investigated.*^'^^ These new classes are based on the bonds formed 
in reactions between carboxylic and/or phosphorus based acids with organo 
stannonic acids, i.e. forming bridged carboxylate and phosphate ligands to 
central tin atoms.

Ckie of the first workers to investigate the structure of methylstannonic acid 
and its derivatives was Lamboume in the ecu’ly 1920*s. Lamboume established 
the coinposition of organotin carboxylate compounds and proposed possible 
structures for these compounds resulting from the cemdensation reaction of 
methylstannonic acids with carboxylic acids

caijSniOX» + RC»2H [CH^Sn{0)0fR\ + nHjO

where n = 3 or 6 and R = H, Cll̂ , and CH2CI $6

There was a Icwig period when only occasional reports based on Lamboume*s work 
were published; and there were little if no advances in structural 
elucidation. This inert period may be partly due to the difficulty with 
working with these classes of coiqx>unds;^^ e.g., using reactions such as 
condensation, intermediates were formed resulting in mixtures usually in the 
form of oils. Other side reactions may also occur which inhibit the formation 
of the desired pure product. Some of the products are also highly insoluble
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in eany organic solvents, and longer aliphatic chain lengths may be required 
to aid solubility and characterisation.^^ With the aid of «ödem nmr 
techniques, especially the use of the aagnetically active ^̂ Ŝn isotope, 
characterisation of these compounds is being made easier. JP-ray structural 
analysis of their structures in the solid state, has also clarified their 
compositions. 55

1.4.2 Drum and ladder organotin clusters based on carboxylic acids 
During the purification of triphenyltin cyclohexanecarboxylate in 1985, 
Chandrasekhar noticed a small amount of crystalline material forming.^^ 
Following X-ray structural analysis, this crystalline material was shown to
have the composition of [phSn(0 )02CCjHjj]j and occupy a 'drum' arrangement ♦7

Mm

Figure 1.4.1 Schematic diagram of a 'drum' structure.

The six tin atoms are chemically equivalent axid are in an octahedral
arrangement. This established a new structural class for tin. Tbe hydrolysis
reaction (Equation 1.4.1) for synthesing [PhSn(0)02CCjHjj]j involved phenyl-tin 

47bond cleavage.

6(CjH5)3Sn(>2CC5Hjj + SHjO [PhSnCOOjCCjHjjlj + 12CjHj Equation 1.4.1

Other drum derivatives could also be formed more directly by the condensation
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of an organostaniKHiic a c id  w ith  a  c a rb o x y lic  a c id 48,49 An analogous
condensation reaction was also carried out by Lasaboume to produce a different 
coiqxasition e.g, [(R'Sn(0)(XR)2R'Sn(02CR)j]2 where R' = Me and R = This
t}rpe of organotincarboxylate can also be obtained by the reaction of the 
alkyltin trichloride with the silver salt of the carboxylic acid (R' = n-Bu 
and R = CgHjp CgHj and

dR'SnClj + RCOO'Ag^ + H2O [ (R'Sn(O)OjCR )2R'Sn(02CR)3]2 + lOAgCl + 8HC1

Subsequent X-ray structural analysis showed these products to have a 'open-- 
drum' or 'ladder' coiqx>sition (Figure 1.4.2).**’*̂ Retention of the 'drum' and 
'ladder' structures of these cooqx>unds in solution was supported from Sn nmr 
s p e c t r o s c o p y f o r  the 'drum' structure a single resonance was observed and 
for the 'ladder' form three resonances were observed.

Using ^̂ Ŝn nmr spectroscoi^, Chandrasekhar established that the 'drum' and 
'ladder' compositions were reversibly interconverted by hydrolysis.

BJt'Sn(0)02CR)2R'Sn(02CR)3]2 + 2H2O ^  [R'Sn(0)02CR]j + 4R OO2H

He also found that the 'drum' composition was more hydrolytically stable. 
However, the mechanism by which this interconversion was not fully
understood.49

Figure 1.4.2 Schematic diagram of a 'ladder' structure.
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1.4,3 Organotin clusters with phosphoTus~based acids

Reaction of phosphorus-based acids with organostannonic acids instead of 
carboxylic acids provided a much wider variety of organotin clusters, e.g, 
d i W ,  cube“’“ , butterfly^- and oxygen-capped cluster“ '“ ’“ . The preparation 
of these different structural types of organotin cluster usually involves 
varying the stoichiometries of the reactants used in the reactions. Sometimes, 
a reaction may also occur by using an earlier prepared cluster {e.g. a drum ) 
with a phosphorus based acid:

[ca^sn(0)0fca^]^ + 3(CH3)3C3>03H2 [(CHjSniOOjCCHjHCHjSniOOjPiOHlCi 0 13 )3)2 Is

+ 3C313002H

In 1990, yet another new structural class of organotin cluster was reported 
by Kumara Swaay et al.\ the 'cage' composition.^* Kumara Swamy et al. used 
both preparative methods described before to synthesise tetranuclear cages
i.e. [(n-BuljSnjOiOjPCOHlt-BulJj and [Me2Sn2(C»l)(02P(0Ph)2)3(03P0Ph))2.̂ *

Figure 1.4.3 Schematic diagram of a cage, [Me2Sn2(0H)(O2P(OPh),)3(O3P0Ph))2
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l.S Aims

1.5.1 Context
This project continues and extends investigations of the chemistry of
alkylaminomethylenephosphonic acids and their metal complexes. These
investigations have been the subject of collaboration between the University
of North London and Interox Research & Development over the last six years and
aim to elucidate the role of aminomethylenephosphonic acids in the
stabilisation of hydrogen peroxide. During the earlier work, the
Potentiometrie titration apparatus necessary to measure protonation and
stability constants of ligand and metal-ligand systems, respectively, was
developed, tested and applied to several model ct—aminomethylenephosphonic
acids.Protonation constants and stability constants for complexes of these
ligands with a variety of metal cations were determined. Extension of
potentiometric techniques to dilute hydrogen peroxide solutions of these
ligands were complicated by solution instability and evidence of ligand
decomposition.^® Preliminary investigations of the effect of hydrogen peroxide
on the related aminomethylenephosphonic acids using C, P nmr has implicated

58ligand oxidation in basic 35 % hydrogen peroxide solutions.

1.5.2 Aims of present work
On the assumption that the stabilising properties of alkylaminomethylene- 
phosphonic acids towards hydrogen peroxide involve complex formation with 
metal ions, the protonation (Section 4) and complexation behaviour 
(Section 5) of some a-aminomethylenephosphonic acids were examined using 
potentiometry and nmr spectroscopy. Attempts were made to isolate the free 
acids (Section 4) and metal complexes (Section 5) of some a-aminomethylene
phosphonic acids in crystalline form suitable for Jf-ray structural analysis 
(Section 7) in order to aid characterisation and to provide indications of 
the types of structure which might be adopted in solution.

I n par t i cu 1 ar, ( ± ) - trans-1,2-d i am inecyc lohexane te traki s( me thy 1 enephosphon i c ) 
acid, CDTMPHg, along with another polyaminotetraA:is(methylenephosphonic) acid, 
has potential for stabilising solutions of hydrogen peroxide under certain 
conditions. Hence, detailed examination of the protonation (Section 4) and 
complexation behaviour (Section 5) of these two acids was carried out.

The effect of hydrogen peroxide on some aminomethylenephosphonic acids was
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examined and the derivative of the reaction of hs^ogen peroxide with an 
aminomethylenephosphonic acid isolated and characterised by nmr spectroscopy 
(Section Examination of the protonation scheme of this derivative and
its complexing ability with Cu(II) was carried out by potentiometry 
(Section 6).

The improved stability of aqueous solutions of hydrogen peroxide when both 
sodium stannate and an aminomethylenephosphonic acid are added as st€d>ilisers 
was examined by the reaction of organotin compounds with an aminomethylene- 
phosphonic acid (Section 3). The syntheses of novel clusters formed from the 
condensation reactions between organostannonic and phosphonic acids and more 
io^rtantly, the probable reaction with aminomethylenephosphonic acids was 
examined. S3mthesis of such compounds have been recently reported and some 
of these compounds have cage like geometries which also contain cavities 
displaying considerable flexibility, giving rise to the possibility of these 
compounds being involved in metal ion clathration. Therefore, ssnnthetic and 
characterisation techniques for organotin and phosphonic acid clusters were 
developed by repeating selected syntheses from the literature and applying 
these to the s3oithesis of new compounds <x>ntaining £uninophosphonic acids.
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2.1 Synthesis of alkyl/aryl stanoonic acids and their cluster derivatives

2,1,1 Starting materials and solvents

Origins and purities of reagents used in s3mtheses of organotin ccmpounds are 
given in Table 2.1.1. General purpose grade solvents were used with out 
further purification except for GPR grade toluene which was dried over sodiua 
wire before use.

Table 2.1.1 Origin and purity of reagents used in ssmtheses of 
cooQ)ounds.

organot in

Compound Source Purity*
Tin(II) chloride Hopkin & Williams 99 %
Potassium hydroxide (pellets) Aldrich > 85 %
Dipheny 1 phosphate Lancaster 99 %
Benzoic acid Aldrich 99 %
Styrene phosphonic acid^ Albright & Wilson
/j-Butyltin trichloride Aldrich 95 %
Phenyltin trichloride Aldrich 98 %
Phenylphosphonic acid Aldrich 98 %
t-Butylphosphonic acid Aldrich 98 %
Hippuric acid BDH 99 %
Methyl iodide Aldrich 99.5 %

* Manufactureras estiaate.  ̂Micro analysis: calc, for Ĉ HgOjP: C, 45.7; H, 
4.9 %, Found: C, 46.7; H, 5.0 %, %  IMl (CDjOD): 6/ppm 6.47 [approx, t, IH,
^J(HP) = 17.7 Hz]; 7.30-7.53 (n’s, 6H). !Ml (CD3OD): 6/ppm 118.28 [d, Ol-P, 
^J(CP) = 187.8 Hz]; 128.49, 129.87, 130.90 (all aromatic carbons); 136.55 [d, 
CH=CH-P, ^J(CP) = 22.9 Hz]; 146.68 [d, aryl CKH, ^J(CP) = 5.9 Hz].

2,1,2 Preparation of methylstannonic acid, [CH3Sn02H]
The method described by Laoboume was used.^ Potassium h3rdroxide (KCXl) pellets 
(25.0 g, 0.45 mol) were dissolved in water (100 cm̂ ) and the solution was 
slowly added, with stirring, to a freshly prepared solution of tin(II) 
chloride (10.5 g, 0.06 mol) in water (25 cm^) at 0 *C. On addition of 
potassium hydroxide the solution turned cloudy. When nearly all the potassium 
hydroxide had been added, the grey precipitate which had initially formed 
turned black; this was taken as a sign of completion of the reaction. The
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mixture was filtered and methyliodide (5.0 g, 0.4 mol) was then added to the 
filtrate» resulting in two la3rers. Sufficient methanol (350 cm?) was then 
added to the mixture homogeneous. Carbon dioxide» generated by slow
addition of spirit . (IMS 99) to solid carbon dioxide» was bubbled through the 
solution for three days. A heavy, white, crystalline precipitate of potassium 
methylstannoyl carbonate formed. This precipitate was filtered off and then 
decomposed by boiling with water to produce methylstannonic acid. The white, 
amorphous solid (methylstannonic acid) was filtered off and dried in a vacuum 
desiccator over cone, sulphuric acid.

Yield: 1.3 g (23 %). M.p., 313.4-323.8 *C.
Micro analysis: calculated for C3̂ 02Sn: C, 7.2; H, 2.4 %. Found: C, 7.3» H,
2.5 %,
IR (16 am KBr disc): v^^/ca'^ ca. 3500br (OH); 3000-2920w (O^); 1390w (CT3); 
1200m (OH); 720 (CHj rock); 640br (Sn-O).
%  M R  {CP^COp): 6/ppm 1.47 [s, CJSJ, ^J(H-^^^Sn) = 143.9 Hz, ^J(H-^^^Sn) = 138.5
Hz].
13' C M &  (CFjOOjD): 5/ppa 9.4 (CHj).

2.1.3 Preparation of n-butylstannonic acid, [CS3((X2)3Sn02H]
The method described by Davies et al. was used.^ Aqueous ammonia (3 mol dm ) 
was dropwise to a solution of /i-butyltin trichloride (7.0 g, 0.025 mol)
in water (40 cm^). On addition of the aqu. aamonia (while stirring), a white 
precipitate formed and the temperature of the solution rose from 25 to 35 *C. 
The solution was allowed to cool and further aqu. ammonia was added until 
precipitation had ceased. The precipitate was collected by filtration and 
washed with boiling water until free from chloride. The product was dried in 
a vacuum desiccator over cone, sulirtniric acid.

H 2S n 0 2 H

Yield: 4.4 g (85 %). M.p.» 270-303 *C decomposed.
Micro analysis: calculated for Ĉ H|0O2Sn: C, 23.0; H»4.8 %. Found. C, 23.2; H,
5.0 %.
IR (16 M  KBr disc): ca. 3500br (OH); 2956» 2925 , 2858m (CSj); 1462m
(CHj); 688 ; 620br (Sn-O); 540br.
%  IMt (GF3CX>2D): 6/ppm 1.01 [H*, t, ^J(HH) = 7.3 Hz); 1.51 [rf, approx, sextet.
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« 7.4 Hz]; 1.91 [rf, approx, quintet» ^J(HH) » 7.3 Hz]; 2.29 [rf, t, 
b(HH) = 8.0 Hz, » 135 Hz].
13'c IMt (CFjCO^D): 6/pp« 13.8 ((¿*); 26.8, 28.3, 33.3 (C^ Ĉ , C^).

2 . 1.4 Preparation of the hydrochloride salt of phenylstannonic acid, 
[C(HjSn02H] .HCl

The nethod used was based on that described by Davies et ai.^ To a solution 
of phenyltin trichloride (10.0 g, 0.033 mol) in water (160 c«^), aqu. ammonia 
(3 mol dm~̂ ) was added. The solution turned cloudy and a white precipitate 
formed. The precipitate was collected, washed with water and dried over cone, 
sulphuric acid in a vacuum desiccator.

Yield: 6.1 g (69 %). M.p., > 250 *C decomposed.
Micro analysis: calculated for Ĉ Ĥ Ô Sn.IK̂ l: C, 27.2; H, 2.7 % Found: C, 27.1; 
H, 2.8 %.

2 . 1.5 Preparation of hexameric methyloxotin acetate, [CH}Sn(0 )02CX3i3]̂
The method described by Day ei al. was used.^ Methylstannonic acid (3.90 g, 
0.234 mol) was dissolved in glacial acetic acid (20 cm^, 0.349 mol) in a lOOcm^ 
round-bottomed flask, and methanol (15 cm^) was added. The solution was heated 
under reflux for 6 h. Within 2 h, a white precipitate was observed. After 
reflux, the mixture was allowed to cool to ro(xn temperature before the white 
amorphous solid was collected, washed thoroughly with methanol followed by 
three portions of diethylether (10 cm^) and dried in air.

Yield: 4.1 g (83 %). M.p., 300-350 *C decomposed.
Micro analjrsis: calculated for 17.3; H, 2.9 %. Found: C, 17.3;
H, 2.9 %.
IR (16 mm KBr disc): v^/cm"^ ca. 3400br (OH); 3000-2820w (Caij); 1600s (COO'); 
1530s (000'); 1450s; 1410sh; 1350ms (CHj); 1190m; 1050m; 1030m; 770ms (CHj 
rock); 620s (Sn-0).
The product was insufficiently soluble for the determination of nmr spectra.

2 . 1.6 Preparation of methyl tin tris(diphenylphosphate), [CH3Sn(02P(0CjH5)2)3] 
The method described by Kumara Swamy et al. was used.* A mixture of hexameric 
methyloxotin acetate (1.6 g, 0.0013 mol) and diphenylphosphate (5.7 g,
0.023 mol) was heated under reflux in toluene (100 cm^) using a Dean-Stark trap 
for 7 h. The solvent was removed by rotary evaporator to yield the title
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compound as a brown viscous oil.

Yield: 5.3 g (81 %).
Micro analysis: calculated for C37Hj30j2P3Sn: C, 50.4; H, 3.9 %. Found: C, 50.7; 
H, 3.8 %.

NMR (CDCI3): 6/ppm 1.26 (s, CH3); 6.74-7.36 (br, aromatic CH). The spectrum 
also showed impurities due to toluene (2.3, 7.2), acetic acid (2.0, 10.4) and 
further proton-containing impurities (0.2-0.9). The product was
insufficiently soluble for the determination of nmr spectra.

2.1.7 Preparation of the cage cluster, [(CH3)2Sn2(0H)(02P(0CjHj)2)3(03P0CjHj)]2 
The method described by Kumara Swamy et al. was used.^ Methyl tin tris(di- 
phenylphosphate) (3.6 g, 0.0041 mol) was dissolved in a mixture of diethyl- 
ether (50 cm̂ ) and acetonitrile (80 cm^). Water (0.5 g, 0.028 mol) was added 
to the solution. Reduction of the volume of the solution by about 50 % by 
slow evaporation over a period of a hours yielded a white precipitate. The 
solution was covered with Parafilm and left at room temperature for 24 h. The 
product was filtered off and washed with three portions of cold acetonitrile 
(10 cm^). The product was dried over silica gel.

Yield: 2.4 g (96 %). M.p., 206.2-208.5 *C.
Micro analysis: calculated for CggÎ 0̂3̂ PgSn^: C, 43.9; H, 3.5 %. Found: C, 
44.3; H, 3.5 %.
IR (16 mm KBr disc): v̂ ,̂/cm"‘ ca. 3430br (OH); 3069w (CH aryl); 2910w; 2851w 
(CH3); 2500br (PO-H); 1593s, 1490s (C=C); 1229-1193br,s (PO); 1084-1057br,s 
(PO); 963s; 944s; 905sh; 779s (CH o.o.p., aryl); 754sh; 689s; 526br (Sn-0). 
%  NMl (CDCI3): 8/ppm 0.22 (CH3); 0.57 (013); 6.91-7.35 (m’s, overlapped
aromatic CH). The spectrum also showed impurities due to acetic acid (1.3), 
acetonitrile (1.6), toluene (7.3) and further proton-containing impurities 
(0.9, 9.0) arising from the starting materials. The product was
insufficiently soluble for the determination of ^̂ C nmr spectra.

2.1.8 Preparation of methyl tin tris(styrenephosphonate), 
[CH3Sn(02P(0H)CH=CHCjH513]

Hexameric methyloxotin acetate (1.00 g, 0.0008 mol), toluene (100 cm^) and 
styrene phosphonic acid (2.66 g, 0.02 mol) were placed into a round-bottomed 
flask. The solution was heated under reflux using a Dean-Stark trap for 6 h. 
After 3 h, a white precipitate had formed. After reflux, the mixture was
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allowed to cool to room temperature before the product was collected and 
washed with three portions (10 cm̂  each) of toluene and diethylether. The 
product was dried in a vacuum desiccator over cone, sulphuric acid.

Yield: 3.0 g (92 %). M.p., 319-346 *C decomposed.
Micro analysis: calculated for C2jH2<jÔ P3Sn: C, 44.0; H, 4.0 %. Found: C, 44.7; 
H, 3.9 %.
IR (16 mm KBr disc): v^/cm"' ca. 3100-2800vbr,s; ca. 2320br (PO-H); 1617m 
(C=C); 1583m; 1497m (C=C aryl); 1438m; 1240-935vbr,s; 1150-1100br (PO); 803s; 
733s (CHo.o.p., aryl); 689s; 526s (Sn-0); 514sh; 503sh.
The product was insufficiently soluble for the determination of or H nmr 
spectra.

2.i.P Preparation of hexameric aethyloxotin benzoate, [CH3Sn(0 )02CX:jH5]g 
Benzoic acid (0.73 g, 0.006 mol), toluene (100 cm^), methylstannonic acid (1.00 
g, 0.006 mol) and methanol (15 cm̂ ) were placed into a round-bottomed flask. 
The solution was heated under reflux using a Dean-Stark trap for ca. 6 h. A 
white precipitate formed during the reaction. After reflux, the precipitate 
was collected and washed with three portions of diethylether (10 cm^) and dried 
in a desiccator over silica gel.

C‘H. 4 5

Yield: 1.1 g (65 X). M.p., >340 "C.
Micro analysis: calculated for 35.5; H, 3.0 %• Found. C, 35.3;
H, 2.9 %.
IR (16 mm KBr disc): ^m/cm"^ ca. 3386br (OH); 3058w; 3048w; 3023w (C-H aryl); 
2933w (CH3); 1711br; 1600s (000*); 1550s (COO’); 1444s; 1389-950vbr,s; 833s; 
806s; 706s (CH o.o.p., aryl); 678s; 633s; 567br (Sn-0); 510br; 420br.
%  IMt (CF3COOD): 8/ppm 1.47 [rf, overlapped with a pair of doublets 
(satellites) 2j(H-"’sn) = 145.5 Hz, ^J(H-^'^Sn) = 140.4 Hz]; 7.52 [rf, approx.t, 
^J(HH) «  7.7 Hzl; 7.71 [if, t, ^J(HH) = 7.4 Hz]; 8.14 [H*, d, ^J(HH) = 7.4 Hz].

(CFjCOOT): 6/ppm 9.7 (Ĉ ); 129.59, 130.6, 132.3 (C^, cf, C^); 137.0 (Ĉ )
176.2 (Ĉ ).
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2,1.10 Preparation of [(CH3{CH.)3Sn(0 )02CX3i3)2(CH3(CH2)3Sn(02CCa3)3)]2 in a 
'ladder' form

Methanol (15 cm̂ ) was added to a solution of /i-butylstannonic acid (1.0 g, 
0.0048 mol) in glacial acetic acid (4.1 cm^ 0.072 mol) and the solution heated 
under reflux for 5 h. The mixture was left at room temperature for 3 days, 
after which the solvent was removed by using a rotary evaporator to yield a 
white crystalline solid. The product was collected by filtration, washed with 
three portions of water (10 cm^), acetone (10 cm^) and dried in a vacuum 
desiccator over cone, sulphuric acid.

c ’ H 3 C ^ 2 C ^ 2 ^ ^ 2
C®C®H.

Yield: 1.5 g (65 %). M.p., 287-294 *C decomposed.
Micro analysis: calculated for C^i^^02fSn̂ : C, 30.9; H, 4.9 %. Found: C, 30.2; 
H, 4.9 %.
IR (16 mm KBr disc): v^„/cm‘̂ ca. 3409br ((«); 2963w, 2929w, 2871w (CH3,CH2); 
1598-1563br,s (000'); 1433br (000'); 1377sh; 1344m; 1293m; 1080w; 1022m; 664s 
(Sn-0); 613s; 583s; 551br,s.
^HIMR (CDCI3): 5/ppm 0.92 [rf, approx, t, ^J(HH) «7.5 Hz]; 1.23-1.73 [rf, Ĥ , 
H*, br]; 2.09 (rf, s). The product was insufficiently soluble for the 
determination of nmr spectra.

2.1.11 Preparation of hexaaeric n-butyloxotin benzoate, [CH3(CH2)3Sn(0)02CCjHj]j 
Benzoic acid (0.73 g, 0.006 mol), toluene (100 cm^), methanol (15 cm^) and 
n-butylstannonic acid (1.25 g, 0.006 mol) were placed into a round-bottomed 
flask. The solution was heated under reflux using a Dean-Stark trap for 5 h. 
After 3 h a white precipitate had appeared. After cooling, the precipitate 
was collected, washed with three portions of diethylether (5 cm^) and dried in 
a desiccator over silica gel.

n—  Uv 7 8

.9
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Yield: 0.8 g (40 %). M.p., 298-315 *C decomposed.
Micro analysis: calculated for 42.2; 4.5 %. Found: C, 43.1;
H, 4.6 %.
IR (16 mm KBr disc): v^,/cm"‘ ca. 3409br (OH); 3073w ( Œ  aryl); 2962w, 2860w, 
( Œ 3, CHj); 1597s (CX»'); 1550-1529br,s (CXX)‘); 1405s (C=Caryl); 1176m; 1068w; 
1022w; 710s (CH o.o.p., aryl); 680m; 612sh; 585s (Sn-0); 533s; 502s; 466s.
%  N4R (CF3COOD): 6/ppm 1.01 [rf, t, ^J(HH) = 7.3 Hz]; 1.53 [rf, approx, 
sextet, h i m )  « 7.4 Hz]; 1.95 [rf, approx, pentet, b(HH) « 7.7 Hz]; 2.30 [H*, 
approx, t, ^J(HH) » 8.0 Hz]; 7.52 [rf, t, ^J(HH) = 7.6 Hz]; 7.70 [rf, t, ^J(HH)
= 7.0 Hz]; 8.15 [rf, d, h { m )  = 7.5 Hz].

IMl iCFfOOD): 6/ppm 13.83 (c'); 26.82, 28.34, 33.45 (C^ d, d); 129.60, 
130.62, 132.30 (cS c\ C*); 136.95 (C^; ca. 175.5 (Ĉ ).

2.1.12 Preparation of n-butyloxotin diethylaminoaethylenephosphonate, 
[Œ3(CH2)3Sn0(02P(0H)ai2N(CH2Œ3)2)]

n-Butylstannonic acid (0.39 g, 0.0019 mol), toluene (100 cm^), diethylamino- 
methylenephosphonic acid (0.62 g, 0.0037 mol) and potassium hydroxide (0.1 g) 
were placed in a round bottomed flask and heated under reflux using a Dean- 
Stark trap for 5.25 h. After reflux, a small amount of crystalline material 
was filtered from the solution (this was thought to be un-reacted starting 
materials). The resulting mixture was left for 2 days at room temperature. 
After this time, the solvent was removed by rotary evaporator to yield a white 
solid. The product was washed with three portions of diethylether (10 cm^) and 
dried in a desiccator over silica gel.

Yield: 0.5 g (75 %). M.p., 213-238 *C decomposed.
Micro analysis: calculated for C^H22NO^PSn: C, 30.2; H, 6.2; N, 3.9 %. Found: 
C, 30.9; H, 6.8; N, 4.2 %.
IR (16 mm KBr disc): v̂ j,/cm'̂  3411br (OH); 2957w, 2927w, 2864w, 2855w (CH3
aliphatic); 1636w; 1465m (CH3); 1091-1144br (PO); 992s (PO); 776w; 678w; 579m 
(Sn-0); 512m.
The *H nmr spectrum was very complex and could not be assigned.

IMR (CD3OD): 6/ppm 0.86-3.39 (all bands are multiplets with complex spitting
patterns).

2.1.13 Preparation of hexameric n~butyloxotin hippurate, 
[Œ^ica^)^sn{o)ofaijmico)cfl^\

n-Butylstannonic acid (1.00 g, 0.0048 mol), toluene (100 cm^), methanol
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(15 cm^) and hippuric acid (Ph(CX))NHCH2002H) (0.86 g, 0.0048 mol) were placed 
in a round-bottomed flask. The mixture was heated under reflux for ca. 8 h 
using a Dean-Stark trap . After reflux, the solvent was removed to leave a 
clear oil, which was redissolved in diethylether. Small amounts of hexane 
were added, whereupon the solution turned cloudy. The solution was covered 
with Parafilm and left to stand at room temperature. After one hour, a white 
precipitate was collected by filtration (the mother liquor had turned pink) 
and dried in a desiccator over silica gel for 24 h.

Yield: 0.7 g (40 %). M.p., 301-307 *C decomposed.
Micro analjrsis: calculated for CjgHjQ2Nj02̂ Sng: C, 42.2; H, 4.6; N,3.8 %. Found: 
C, 42.6; H, 4.6; N; 3.5 %.
IR (16 mmKBr disc): v^^/cm'^ 3330s (NH); 3045w (CH aryl); 2960w, 2909w; 2873w 
(CHj, CHj); 1650s (C=0); 1601s (000‘); 1577s; 1547s (C00‘); 1489m; 1432s (CHj); 
1233w; 1310s; 1078w; 1000m; 778m (CHo.o.p., aryl); 591s (Sn-0); 539s.
The product was insufficiently soluble for the determination of or nmr 
spectra.

2.1.14 Preparation of hexameric phenyloxotin acetate, [CjH5Sn(0)02CCH3]j.C7Hg 
Glacial acetic acid (3.75 cm^, 0.0655 mol) was added to a solution of phenyl- 
stannonic acid (1.00 g, 0.0044 mol), methanol (15 cm̂ ) and toluene (20 cm^) in 
a round-bottomed flask. The mixture was heated under reflux for ca. 8 h using 
a Dean-Stark trap. After 1.75 h, a white precipitate was observed. After 
reflux, the solution was left to stand for 3 days at room temperature. The 
product was collected by filtration and washed with three portions of 
diethylether (5 cm̂ ) and dried in a desiccator over silica gel.

Yield: 0.4 g (34 %). M.p., 334.5-349.9 *C decomposed.
Micro analysis: calculated for CjjÎ Ô|gSn̂ : C, 38.5; H, 3.3 %. Found: C, 38.4; 
H, 3.2 %.
IR (16 mm KBr disc): v^/cm‘̂ ca. 3409br ((M); 3080; 3050w (CH aryl); 1591s 
(000"); 1542s (000'); 1452s (CH); 736m (CHo.o.p., aryl); 698m; 620s (Sn-0); 
553m; 498m; 452m.
The product was insufficiently soluble for the determination of ^̂ C or Ĥ nmr 
spectra.

2.1.15 Preparation of hexaaeric phenyloxotin benzoate, [CjH5Sn(0)02CCjHj]g 
Phenylstannonic acid (1.50 g, 0.0066 mol) in methanol (15 cm^), toluene
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(100 cn^), and benzoic acid ( 0.80 g, 0.0067 mol) were added to a round 
bottomed flask (250 cm^). The mixture was heated under reflux for 6.5 h using 
a Dean-Stark trap. After 45 minutes, a white precipitate was formed. After 
cooling the mixture to room temperature, the product was collected by 
filtration, washed with three portions of diethylether (5 cm̂ ) and dried in a 
desiccator over silica gel.

Yield: 1.0 g (46%). M.p., >355.9 *C.
Micro analysis: calculated for Ĉ gHuQOjgSn̂ : C, 46.9; H, 3.0 %. Found: C, 46.9; 
H, 3.0 %.
IR (16 mm KBr disc): v^j/cm"^ ca. 3409br(OH); 3074w, 3047w (CH aryl); 1604s 
(C=C aryl); 1553s (000'); 1529s; 1409br,s (C00‘); 1178m; 1022m; 715s (CW
o.o.p., aryl); 691s; 595s (Sn-0); 504m; 475m; 444m.
'h  NMR (CFjCXX)D): 5/ppm 7.31-8.14 (br, aromatic CH).

IMR (CFjCOOD): 5/ppm 129.5, 130.1, 130.5, 131.3, 131.9, 132.2, 133.3, 
133.6, 134.6, 136.0, 136.8 (aromatic CH); 176.0 (COj).

2.1.16 Preparation of the cage, [ (CHj(CH2)j)2Sn20(02P((Si)CH2CgHj)̂ ]2 
The method from Kumara Swamy et al. was used.^ To a solution of phenyl- 
phosphonic acid (0.70 g, 0.0044 mol) in acetone (35 cm^), n-butylstannonic acid 
(0.46 g, 0.0022 mol) was added. The solution was filtered and then stirred 
until all the reactants had dissolved. After 10 mins the mixture became 
cloudy, the solvent was then allowed to evaporate to dryness to yield a 
colourless solid.

Yield: 0.78 g (18 %). M.p., 301-319 *C decomposed.
Micro analysis: calculated for 38.6; H, 4.3 %. Found: C,
38.9; H, 4.2 %.
IR (16 mm KBr disc): v^/cm"' ca. 3234-2609br (OH); 3058w (CH aryl); 2961w, 
2929W, 2859W (CHj, CH2); 1436m (CH); 1203-933br,s (PO); 750s (CH o.o.p., aryl); 
720m; 695s; 553br,s (Sn-0).
The product was insufficiently soluble for the determination of ^̂ C and %  nmr 
spectra.

2.1.17 Preparation of the cage [(CHj)2Sn20(02P((»i)C(CH3)j)̂ ]2 
Methylstannonic acid (1.00 g, 0.006 mol), toluene (100 cm^), and i—butyl— 
phosphonic acid (0.83 g, 0.006 mol) were added to a round-bottomed flask and 
heated under reflux for 9 h. The solvent was evaporated to leave a white
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solid.

Yield! 1.0 s (10 %) • M.p. » > 352 C.
Micro analysis: calculated for Found: C,
26.0; H, 5.5 %.
IR (KBr disc): v^j/cm"^ ca. 3516-3234br (OH); 2980m, 2912m, 2870m (CHj); 2789w; 
2703br,w (PO-H); 1651w; 1483m (CHj); 1198-1048br,s (PO); 1031s; 951m; 829m; 
762m; 658s; 503s (Sn-0).
%  IMI (DMSO-Dj): 5/ppm 0.33 (s, CHj); 1.01 (approx, d, ^J(HP) « 14.53 Hz , t- 
butyl protons).

2.1,18 Preparation of the cage clusterf^ [(C3l3(CH2)3)2Sn20(02P((»l)C(CH3)3)̂ ]2 
The method described by Kumara Swamy et al. was used.^ n-Butylstannonic acid 
(0.38 g, 0.0018 mol) was added to a solution of t-butylphosphonic acid 
(0.5 g, 0.0036 mol) in acetone (40 cm’), with stirring. The solution was 
covered with ParafiIm and left for 10 mins at room ten5>erature, after which 
a white crystalline precipitate was observed. The product was collected by 
filtration and washed with two portions of acetone (5 cm^). The product was 
dried in a dessicator over silica gel.

0(083)3

./
I — i  — 1

Yield: 0.6 g (18 %). M.p., 280-370 ’C decomposed.
Micro analysis: calculated for Ĉ gHjjj02jPgSn^: C, 31.5; H, 6.4 %. Found: C, 
31.5; H, 6.3 %.
IR (16 mm KBr disc): ca. 3375br (OH); 3051w, 3009w, 2939w (CHj, CIlj);
2719br (PO-H); 1652-1637br,w; 1440m (CHj, CH2); 1139s (PO); 1044-922br,s (PO); 
751m; 720m (CH3 rock); 695m; 644m; 568s (Sn-0); 511s; 418s.
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%  1 «  (CDClj): 6/ppm 0.90 [t, CHj, = 7.3 Hz]; 1.10 [d, (013)3,
= 4.9 Hz]; 1.16 [d, (013)3, 1*28 [approx, t, Olj-Sn, ^J(HH)
» 8.0 Hz]; 1.38 [approx, sextet, -Oil̂ ” » ^J(HH) « 7.3 Hz]; 1.64 [approx, pentet,
-Olj-, ^J(HH) « 7.5 Hz]; 4.50 [s, Oi, overlapped with a pair of doublets
(satellites), = 26.6 Hz]
31
31.33 [s, ^J(P'-^^’sn) = 228.1 Hz, ^J(P'-^^^Sn) = 238.7 Hz].

Mil (OXIlj): 8/ppm -630.4 [tt, Ĵ(̂ ’̂̂ ^^^Sn-O-P) and )
= 239.3 Hz, 286.4 Hz].

P )MR (CDCI3): 8/ppm 22.62 [s, ^J(P-^^’sn) = 273.9 Hz, ^J(P-^^n) = 286.6 Hz];

2.1,19 Preparation of a copper complex of [Ol3Ol2ai2Ol2Sn(0)02CCjH5]j 
To a solution of copper (II) perchlorate (0.10 g, 0.000266 mol) in methanol 
(35 cm^), [Oi3CH2Ol2Ol2Sn(0 )02CCjH5]j (0.50 g, 0.000266 mol) was added. The 
mixture was heated under reflux for ca. 1.5 h. After ca. 30 mins of reflux, 
the solution had turned to a clear pale blue colour. The mixture was allowed 
to cool to room temperature overnight, before being reduced in volume using 
a rotary evaporator to yield a pale blue solid. The solid was dried in a 
desiccator over silica gel.

Yield: 0.4 g (70 %). M.p., 177-181.7 *C decomposed.
Micro analysis: calculated for Cĝ HggOjjSn̂ CljCu: C, 35.3; H, 4.3 %. Found; C, 
34.1; H, 3.9 %.
IR (16 mm KBr disc): Vj^/cm'^ ca. 3422br (OT); 3070w (aryl CH), 2959w, 2959w, 
2929W (aliphatic CHj, CHj); 1597s (CXX)'); 1547, 1531br,s (CXX)'); 1407s (aryl 
C=C); 1146m; 1115m; 1088m; 1027m; 718s (o.o.p., CH aryl); 674m; 625m; 586s 
(Sn-0); 472m.

2.2 Preparation of some alkylaaii 
and complexes with selected

■ethylenephositenic acids, their N-oxides, 
stal ions

2.2.1 Starting materials and solvents

Origins and purities of reagents used as precursors for the synthesis of 
alkylaminomethylenephosphonic acids, some metal complexes, and the N-oxide 
derivative of NEIBMFH^ are shown in Table 2.2.1. All solvents used were 
general purpose grade except for ethanol which was absolute.
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T ab le  2.2.1 Origin and purity of synthetic precursors,

Compound

DEAMPH2 
Ethylamine 
Phosphorous acid 
Formaldehyde
(±) - Trans-1,2-diaminocyc lohexane 
Hydrogen peroxide*^
Cadmiuffl( 11) chlor ide

Source

b

Aldrich
Aldrich

Hopkin & Williams 
Aldrich 

Interox R & D 
Hopkin & Williams

Purity*

b

30 % aqu.
99 % 

37 % aqu. 
99 %

Manganese(II)perchlorate Research organic/inorganic chemical corp 
Cobalti II)chloride Bttl
Copper(II)bromide Hopkin & Williams
ZincdDacetate Hopkin & Williams

* Manufacturers* estimate.  ̂ N, A^Diethylaminomethylenephosphonic acid. 
Prepared by I. J. Scowen, Ph.D. Thesis, University of North London, 1993; 
purity confirmed by (a) micro analysis: calc, for CjH^NOjPt C, 35.9; H, 8.4; 
N, 8.4 %. Found: C, 36.6; H, 8.7; N, 8.5 %; (b) nmr spectroscopy; M R  
(DjO): 8/ppm 1.31 [t, C/̂ , b(HH) = 7.3 Hz]; 3.27 [d, CflJ-P, ^J(HP) = 13.0 Hz];
3.36 (m, CHjC^). M R  (DjO): 8/ppm 11.04 (CHj); 51.38 [d, CHj-P, 'j(CP) =
136.3 Hz]; 52.16 [d, CH3CÄJ, ^J(CP) = 4.4 Hz]. *̂P M R  (DjO): 8/ppm 8.28.  ̂
unstabilised.

2.2.2 Preparation of N-ethyIiminobis(methylenephosphonic acid), NEIBMPH^ 
A^ethylim inobis(m ethylenephosphonic a c id ) was prepared u s in g  a  method adapted  

from a procedure g iven  by M oedritzer et al.^

Ethylamine (5.0 g, 0.11 mol), hydrochloric acid (8 cn?, 35 % vi/vi) and
phosphorous acid (18.2 g, 0.22 mol) were slowly added to water (50 cm^). The
mixture, which started to fume, was allowed to cool and then heated under 
reflux for 1 h. Over the course of the next hour, formaldehyde solution (36.0 
g, 0.44 mol) was added dropwise with stirring, and then heating under reflux 
was continued for a further 4 h. After standing overnight, the mixture was 
reduced in volume using a rotary evaporator to leave a yellow oil. Ethanol 
(100 cm̂ ) was added to the oil and within 30 mins, a white precipitate was 
observed. The product was collected by Büchner filtration, washed with three
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portions of ethanol (10 cm^) and diethylether (5 ca?). The product was dried 
in a desiccator over silica gel.

Yield: 15.6 g (60 %). M.p., 214.9-217.1 *C.
Micro analysis: calculated for Ĉ Hj2NO^P2: C, 20.6; H, 5.6; N, 6.0 %, Found: 
C, 20.8; H, 5.7; N, 6.0 96.
IR (16 mmKBr disc): v^/cn'^ ca, 3409 (OH); 3009w, 2972w (aliphatic C21 str.); 
2912-2546br (PO-Hstr.); 1479br; 1446br (aliphatic CH def.); 1281s,br; 1214- 
1124s,br (PO); 975-939br (P=0); 851s; 794s; 757s; 710s; 597s.
%  IMR (DjO): 6/ppn 1.37 [t, Cf^, ^J(HH) = 7.2 Hz]; ca. 3.58 [m, CHjOi^, 
overlapped by doublet at 3.61]; 3.61 [d, Cf^-Pj ^J(PH) = 12.9 Hz].
^ClMl (DjO): 8/ppm 10.84 (Olj); 52.72 [dd, CHj-P, ^J(CP) = 139.3 Hz, b(CP) =
4.4 Hz]; 55.04 [t, CHjC^, ^J(CP) = 4.0 Hz].
^̂ P MCI (D2O): 6/ppm 9.11

2.2,3 A novel method for recrystallising diethylaminomethylenephosphonic 
acid, I^AMPHj

I£AMFH2 (0.30 g, 0.002 mol) w£is added to a solution of n-butylstannonic acid 
(0.40 g, 0.002 mol) in toluene (100 cm^). The mixture was heated under reflux 
for 6 h using a Dean-Stark trap. The mixture was left to stand overnight at 
room ten^rature before being filtered. The solution was stoppered and left 
for four months, after which clear, square crystals were discovered. These 
crystals were suitable for ^ ray diffraction and the structure was determined 
(Chapter 7).

Recovery: 0.27 g (87 %). M.p., 210-212.1 *C.
Micro analysis: calculated for CjHî NÔ P: C, 35.9; H, 8.4; N, 8.4 X. Found: 
C, 35.8; H, 8.5; N, 8.3%.
IR (16 mmKBr disc): v^/cm’̂ ca. 3420br (OH); 2964m, 2935m, 2873m (aliphatic 
CHstr.); 2758w; 2660w (PO-Hstr.); 1636m; 1468m (aliphatic CH def.); 1124s,br 
(PO); 1005s (PO); 878w; 772w; 686w; 576m; 513s.

(D2O): 8/ppm 1.31 [t, Cf^, ^J(HH) = 7.3 Hz]; 3.28 [d, C/^-P, ^J(PH) = 13.4 
Hz]; 3.37 (m, CHjC^).

(D2O): 8/ppm 11.15 (CHj); 51.44 [d, CH2-P, ^J(CP) = 136.8 Hz]; 52.39 [d, 
CH3012, h{CP) = 4.4 Hz].
%  i m  (D2O): 8/ppm 8.45.
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2.2,4 Preparation of (±)-tranS'-cyclohexane-l,2-diaminetetrakis(iaethyiene- 
phosphonic acid), CDTMPf^

(±)-rraiis^cyclohexane-l,2-diamine was initially distilled to yield a 
colourless liquid which was then used without further purification in the next 
stage. The freshly distilled amine (10.0 g, 0.09 mol) was added to a solution 
of phosphorous acid (28.7 g, 0.35 mol) in water (100 cm^) and hydrochloric acid 
(13 cm^ of 35 % vi/vi, 0.15 mol). The resulting mixture was heated under reflux 
for Ih. Over the course of the next hour, formaldehyde (56.7 g, 0.72 mol) was 
slowly added and the solution turned yellow. Heating under reflux was 
continued for an additional 3.75 h. The mixture was left to stand overnight 
at room temperature. Reducing the volume using a rotary evaporator yielded 
a dark yellow oil. Water (50 cm̂ ) was added to the oil and the resulting 
solution was extracted with three portions of diethylether (25 cm^). The 
resulting aqueous layer was left at room temperature for nine months, after 
which colourless rectangular crystals were isolated. The crystals were 
collected by Büchner filtration and washed with three portions of cold water 
(10 cm^) and allowed to dry in the air.

Yield: 1.0 g (3 %).
Micro analysis: calculated for 5.4; N, 5.7 %. Found:
C, 24.4; H, 5.3; N, 5.6 %.

NMR (DjO): 5/ppm ca. 1.2-1.5 [m’s, 4H, ring Cf^’s]; ca. 1.89 [m, 2H, ring 
Ci^’s]; ca. 2.22 [m, 2H, ring Ci^’s]; ca. 3.02-3.72 [m’s, lOH, CiiJ-P and CH].

1®« (DjO): 6/ppm 25.3, 26.5 (ring Oij’s); 49.1 [dd, CHj-P, *J(CP) = 147.8 Hz, 
^J(CP) = 13.9 Hz]; 51.9 [d, CHj-P, ^J(CP) = 146.6 Hz]; 66.1, 66.28 (Ol).
^̂ P Mil (D2O): 8/ppm 15.27, 16.55.

A pure sample of CDTMPHg {ca. 2 g) was also obtained from Interox Research and 
Development and used to measure protonation and metal complex stability 
constants (Section 2.3). The purity of CDTMPHg from this source was confirmed 
by elemental analysis and nmr spectra.

Micro analysis: calculated for CjQH2gN20j2P^: C, 24.5; H, 5.4; N, 5.7 %. Found: 
C, 24.4; H, 5.4; N, 5.7 %.
IR (16 mm KBr disc): v^/cm’̂ 3465sh (OH); 3043m, 2943m, 2872m (aliphatic CH
str.); 2546-2796br (PO-H str.); 1657br,m; 1444br,m (aliphatic CH def.); ca. 
1200V,br; 1007s,br (PO); 949s (P=0); 604m; 553m.
*H (D2O): 8/ppm ca. 1.2-1.5 [m’s, 4H, ring C/^’s]; ca. 1.89 (2H, ring
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C/^*s); ca. 2.22 (2H, ring CfiJ’s); ca. 3.03-3.72 [n’s, lOH, CH^-F and CH].
13̂  (DjO): 5/ppm 25.6, 26.8 (ring CHj’s); 49.4 [dd, CHj-P, *J(CP) = 146.5 Hz, 

» 11.7 Hz]; 52.3 [d, Oij-P,
*̂P (DjO): 6/ppn 15.44, 16.71.
b(CP) » 11.7 Hz]; 52.3 [d, Oij-P, ^J(CP) = 146.5 Hz]; 66.46, 66.63 (CH)

A small amount of crystalline material of CDTMPHg was prepared by I. Hales^ 
and this was used to determine the single crystal Jf-ray structure (Chapter 7). 
The purity of the sample was confirmed as noted below.

Micro analsnsis: calculated for C|qH2jN20j2P̂ t C, 24.5; H, 5.4; N, 5.7 %. Found: 
C, 24.6; H, 5.0; N, 5.6 %.
%  NMR (D2O): 6/ppm 1.2-1.5 [m’s, 4H, ringC/^’s]; ca. 1.88 (2H, ringCi^’s); 
ca. 2.22 (2H, ring Ci^’s); 3.01-3.72 [m’s, lOH, C/^-P and CÄ].

IMR (D2O): 6/ppm 25.6, 26.8 (ring CHj’s); 49.6 [dd, CH2-P, 'j(CP) = 143.4 Hz, 
b(CP) = 11.6 Hz]; 52.3 [d, CHj-P, ^J(CP) = 146.3 Hz]; 66.4, 66.6 {(H).

NMR (DjO): 6/ppm 15.15, 16.47. Small amounts of phosphorus-containing
impurities were also observed.

2.2.5 Preparation of the N-oxide derivative 0/ NEIBMPH^
All glassware used in contact with hydrogen peroxide was soaked in 
concentrated nitric acid for 24 h, then thoroughly rinsed with deionised 
water.

To a solution of NEIBMPH^ (0.5 g, 0.0022 mol) in water (20 cm^), hydrogen 
peroxide (35 % v/v, 10 cm^) was slowly added. This mixture was carefully 
heated under reflux (at 60 ’C) for 24 h. The solution was decomposed by 
passing dry air though the solution until a residue was left. On addition of 
ethanol (100 cm̂ ) the mixture was left to stand at room temperature. After a 
period of one week, a white precipitate was collected by Büchner filtration, 
and then recrystallised from water. The resulting white precipitate was 
washed with two portions of ethanol (5 cm^) and dried in a desiccator over 
silica gel.

Yield: 0.4 g (76 %). M.p., 126.3-127.6 *C.
Micro anal3rsis: calculated for Ĉ HjjN0 P̂2: C, 19.3; H, 5.3; N, 5.6 %. Found: 
C, 19.6 ; H, 5.2; N, 5.5 %.

 ̂ I. D. C. Hales, BSc project. University of North London, 1992.
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% I M l  (DjO): 5/PP« 1.17 [t, Cî , b(HH) = 7.1 Hz]; 4.04 [q, ^J(HH) =
7.2 Hz]; 4.05-4.25 [AB subspectra of an ABX spin system].

(DjO): 6/ppm 11.11 (CHj); 64.38 [dd, Ci^-P, b(CP) = 133.4 Hz, ^(CP) =
3.3 Hz]; 67.97 [t, ^J(CP) = 3.2 Hz].
'̂p NMl (DjO): 6/ppm 5.19.

2.2.6 Characterisation of 5,8-dioxadodecane-lfl2“̂ iaminetetrakis(ioethylene- 
phosphonic acid)t M)DTMPHg

A sample of DDOTMPHg was prepared by P. B. Iveson^ and kindly supplied by J. 
Lockhart. The synthesis of DDDTMPHg was achieved by a modification of the 
Moedritzer-Irani reaction. Characterisation of DDOTMPHg was carried out to 
confirm purity.

Micro anal3rsis: calculated for C|2Hj2N20ĵ P̂ : C, 26.1; H, 5.8; N, 5.1 %. Found: 
C, 26.3 ; H, 5.9; N, 5.0 %.
*H Mil (D2O): 8/ppm 2.11 [approx, pentet, CH2Ci^CH2, ^J(HH) « 6.3 Hz]; 3.60-3.73 
[complex multiplets, Cfî -P, CH2Cf^-N, CH2-OCfl̂ , Ci^-OCH2].
*^CNMR (D2O): 6/ppm 26.4 54.2 [dd, CH2-P, b(CP) = 137.8 Hz; ^J(CP)
= 4.3 Hz]; 59.1 [t, b(CP) = 4.0 Hz]; 71.5, 72.5 (CH2-OC/^, C7̂ -OCH2).
%  m u  (D2O): 6/ppm 8.83.

2.2.7 Preparation of [Cd(NEIBMPHj)2]
To an aqueous solution (50 cm̂ ) of NEIBMPH^ (0.8 g, 0.0034 mol) cadmium(II) 
chloride (0.31 g, 0.002 mol) was added and the mixture was stirred for 
20 mins. After slow evaporation at room temperature, a white powder was 
collected by Büchner filtration and washed with portions of cold water. The 
product was allowed to dry in a desiccator over silica gel.

Yield: 0.95 g (48 %). M.p., > 305 *C dec.
Micro analysis: calculated for CgH24N20j2P4Cd: C, 16.7; H, 4.2; N, 4.9 %. Found: 
C, 16.7; H, 4.2; N, 4.8 %.
IR (16 mm KBr disc): v̂ x̂/cm'̂  ca. 3449br (OH); 3083w, 2839w, 2760w (CHj, CH2); 
3000-2760br (PO-H); 1422m; 1356m; 1278m; 1218sh; 1200s; 1163-1132br (P02'); 
1079s (P02"); 931s (PO-H); 769s; 694s; 600s; 561s; 489s.
*H IMR (NaOH): 6/ppm 1.09 [t, Ci^, h ( m )  = 6.8 Hz]; 2.80 [d, Ci^-P, ^J(HP) =
12.0 Hz]; 3.25 [approx, q, CHjCH^, ^J(HH) « 6.6 Hz].

 ̂ P. B. Iveson, Ph.D. Thesis, University of Newcastle Upon Tyne, 1991.
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U/ (NaOH): 6/ppm 9.4 (CHj); 53.2 [t, CHjCf^, ^J(CP) = 6.1 Hz]; 55.1 [dd,
CHj-P, ^J(CP) = 138.6 Hz, ^J(CP) = 7.6 Hz].

Mfft (NaOH): 8/ppm 17.47.
M. s.: 577, (33.1 %) [M+H^].

2.2.8 Preparation of [Cu(NEIBMPHj)2]
To an aqueous solution (50 cm̂ ) of NEIBMPH^ (0.5 g, 0.0022 mol) copper(II) 
bromide (0.5 g, 0.0022 mol) was added and the resulting solution turned blue. 
Small portions of acetone was added, just until the solution turned cloudy. 
The mixture was then left to stand in a fridge overnight. A pale blue product 
was collected by Büchner filtration and washed with portions of IMS 99. The 
product was allowed to dry in a desiccator over phosphorus pentoxide.

Yield: 0.40 g (35 %). M.p., > 250 *C dec.
Micro analysis: calculated for CgH2̂ N20|2P^Cu: C, 18.2; H, 4.6; N, 5.3 %. Found: 
C, 18.2; H, 4.7; N, 5.3 %.
IR (16 mm KBr disc): v^̂ j/cm’' 3618s; ca. 3557~3114br (OH); 3114-2500br (PO-H); 
3048s; 2961W, 2843w, 2790w (CHj, CH2); 1463m; 1222br; 1158s (P02‘); 1067s 
(P02‘); 967m; 933s (PO-H); 768m; 718m; 572m.

2.2.9 Preparation of [Mn(NEIBMPH3)2]
The IÄ1 of an aqueous solution (25 cm^) of NEIBMPH^ (0.8 g, 0.0034 mol) was 
adjusted to pH 11 using sodium hydroxide (2 mol dm'̂ ). An aqueous solution 
(25 cm^) of manganese (11) perchlorate (0.4 g, 0.0017 mol) was added to the 
ligand solution. The resulting mixture was left to stand overnight at room 
temperature. A white product was collected by Büchner filtration and washed 
with three portions of water (5 cm̂ ) and allowed to dry in a vacuum desiccator 
over phosphorus pentoxide.

Yield: 1.25 g (42 %).
Micro analysis: calculated for CgH2̂ N20|2P4Mn: C, 18.5; H, 4.7; N, 5.4 %. Found: 
C, 18.6; H, 4.6; N, 5.2 %.
IR (16 mm KBr disc): v̂ ,̂/cm'̂  ca. 3414br (OH); 3071-2500br,s (PO-H); 2848w, 
2767W (CHj, CH2); 2406-2047 br; 1422m; 1359m; 1289m; 1219br,s; 1159-1143br,s 
(P02‘); 1073br,s (P02"); 1000s; 932s (PO-H); 766s; 713s; 594s; 566s.
M. s.: 520, (5.3 %) [M^H^].
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2.2.10 Preparation of [Co(NEIBMPHj)2]
To an aqueous solution (50 cn̂ ) of NEIBMPH^ (0.5 g* 0.0022 fliol)y cobalt (II) 
chloride (0.3 g, 0.001 nol) was added. The resulting pale purple mixture was 
left to stand at room temperature for 48 h. A pink product was collected by 
Büchner filtration and washed with portions of water and allowed to dry in a 
vacuum desiccator over silica gel.

Yield: 0.6 g (100 %).
Micro analysis: calculated for CgH2̂ N20j2P^Co: C, 18.3; H, 5.0; N, 5.3 %. Found: 
C, 18.7; H, 4.9; N, 5.2 %.
IR (16 mm KBr disc): v̂ ,̂/cm‘̂ ca. 3386br (ÖH); 3042s; 2909-2546br; 2857w (CMj, 
CHj); 2409-2068br; 1422m; 1389m; 1361m; 1278m; 1219s; 1200s; 1132br (P02'); 
1074s (PO2')» (PO-H); 811m; 767s; 709m; 600s; 567s; 489m; 478m.
N. s.: 524, (9.6 %) [M+H^].

2.2.11 Preparation of [Zn(NEIBMPHj)2] .H2O
To an aqueous solution (25 cm̂ ) of NEIBMPH^ (0.5 g, 0.0022 mol), zinc (II) 
acetate (0.5 g, 0.0022 mol) was added. After 10 mins a white product was 
collected by Büchner filtration and washed with three portions of water (5 cm̂ ) 
and allowed to dry in a vacuum desiccator over silica gel.

Yield: 0.30 g (25 %). M.p., > 300 *C.
Micro analysis: calculated for CgH2jN20jjP̂ Zn: C, 17.1; H, 4.7; N, 4.9 % 
C, 17.1; H, 4.5; N, 5.2 %.
M. s.: 548, (3.8 %) [M+H*].

. Found:

2.3 Determination of protonation and stability constants for some alkylamino- 
methylenephosphonic acids and their metal complexes by potentiometric 
titration

Protonation constants for the ligands, and equilibrium constants for metal- 
ligand complexes were determined potentiometrically using a computer 
controlled titration system developed to acquire data under conditions of high 
thermal and potentiometric stability (Section 2.3.4).

2.3.1 Reagents and solvents used during potentioaetric titrations 
Origins and purities of the reagents used in potentiometric titrations are
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outlined in Table 2.3.1. The purity of ligand saoples used for potentioaetric
titrations were confirmed using C, H, and N elemental analysis, Ĥ, and 
when appropriate '̂p nmr spectroscopy.

Table 2.3.1 Origin and purity of reagents used in potentiometric titrations.

Reagent Source Grade

Nitric acid BDH concentrated soluticm®
Potassium hydroxide BDH concentrated solution®
Ib^drochloric acid BDH concentrated solution® 

ARISTAR, > 99.5Potassium nitrate BDH
Disodium tetraborate decahydrate BDH AnalaR, > 99.5
Nitrogen 
Soda lime

BOC
BDH®

'Oxygen free'^

Mercury T h o m  EMI Triple distilled
Mercury (I )chloride Aldrich AnalaR
Potassium Chloride BDH ARISTAR, > 99.5 %

ft *ConVol’ solutions prepared from AnalaR grade reeigents.  ̂Conforms to A.C.S. 
specification. Recrystallised according to a standard procedure ‘ before
use.  ̂Passed over soda lime and saturated with solvent before use. 
size 3-9 or 10-16; self-indicating type used.

Mesh

Water used for the preparation of solutions was obtained by the following 
method. Deionised water, produced to BS3978 specification using a R050-100- 
200 Reverse Osmosis unit (Purite Ltd.), was used without further purification, 
except for the preparation of base solutions where the water was degassed by 
sonication under vacuum at the water pump for at least 2 h before being stored 
under nitrogen.

2.3.2 Preparation of solutions 
2.3.2(a) Aqueous nitric acid

Nitric acid was made up .to 500 W  with water to give a stock solution of 
concentxation ca. 0.1 mol dm'̂ .

2.3.2/b) Aqueous hydrochloric acid

Hydrochloric acid, made up to 500 cm^ with water to give a concentration of ca.
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0.1 mol dm*̂ , was standardised against disodium tetraborate decahydrate (borax) 
using methyl red indicator, according to a standard procedure.^*

2.3,2(c) Aqueous potassium nitrate/nitrie acid for potentiometric titrations 
An aliquot (20 cm̂ ) of the nitric acid stock solution was pipetted into a 
volumetric flask (500 cm^). Potassium nitrate (4.85 g) was added to give 
[KNOj] = 0.096 mol dm’̂ . The solution was made up to the mark with water to 
give an acid concentration of 0.004 mol dm^ and hence an ionic strength of 
0.1 mol dm~̂ .

2.3.2(d) Aqueous potassium hydroxide

Aqueous potassium hydroxide was made up to 500 cm^ with water (which had been 
degassed by sonication under vacuum at the water pump until bubble evolution 
had stopped) to give a concentration of ca. 0.1 mol dm^. The resultant 
solution was further degassed by sonication under vacuum as before. The 
solution was stored in the reservoir of the motorised burette used in all 
titrations. All solution transfers were carried out while purging the 
receiving vessel with nitrogen to minimise exposure to air and, therefore, to 
carbon dioxide. The base {ca. 0.1 mol K(»l) was then standardised against 
previously standardised aqu. hydrochloric acid (ca. 0.1 mol dm ) using methyl 
red indicator according to the standard procedure.

2.3.2(e) Aqueous metal ion solutions

Solutions of metal ions susceptible to hydrolysis during storage, e.g. 
Fe(III), were prepared by dissolving the hydrated metal nitrate in nitric acid 
stock solution (20.0 cm^) and making up to the mark in a 500 cm̂  volumetric 
flask to give a metal ion concentration of ca. 0.05 mol dm^ and an acid 
concentration of ca. 0.004 mol dm"̂ . Solutions of metal ions not susceptible 
to hydrolysis during storage, e.g. Cu(II), Ni(II), Co(II), Pb(II), Cd(II) and 
Zn(II), were made up by dissolving the hydrated metal nitrate in water to give 
a metal ion concentration of ca. 0.1-0.05 mol dm^. The concentration of the 
metal ion in solution was determined by either atomic absorption spectroscopy 
[Ni(II), Cu(II), and Co(II)] or by complexometric titration of the metal ion 
solution with EDTA [Zn(II), Pb(II), and Cd(II)].^^

2.3.2(f) Solution for the salt bridge
,3.Potassium nitrate (2.5275 g) was added to a volumetric flask (250 cm ) and made
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up to the Bark with water to give a concentrâti(xi of [KNO^] = I = 0.1 mol da^, 
i.e. the same ionic strength as that used in the cell during potentiometric 
titrations.

2.3,2(g) Preparation of calomel reference electrode

The calomel reference electrode was prepared using experimental methods
adapted from those described by Vogel.7d

All experimental procedures for preparing the calomel electrode took place in 
a fume cupboard. The calomel electrode cell was thoroughly cleaned with water 
and finally with methanol, and allowed to dry completely before use. The 
electrolyte solution was prepared by dissolving potassium nitrate (2.40 g, 
0.095 mol dffl'̂) and potassium chloride (0.093 g, 0.05 mol dm‘̂ ) in water and 
making up to the mark in a volumetric flask (250 cm^).

A layer of mercury (ca. 1 cm depth) was gently poured into the calomel cell 
using a long-stemmed funnel. Calomel paste was prepared by rubbing together 
mercury(I) chloride (ca. 5 g) and mercury (ca. 5 cm^). In a glass pestle and 
mortar for a few minutes a small portion of the electrolyte solution was added 
(enough to keep a small layer of liquid above the paste). After standing for 
5 mins, the excess electrolyte was poured off and then fresh electrolyte was 
added and grinding was continued. This process was repeated 4 to 5 times 
until a smooth paste was obtained.

A layer of calomel paste was applied to the mercury such that the mercury was 
completely covered (ca. 1 cm thick). Electrolyte was then carefully added to 
the electrode cell so that the calomel layer was not disturbed and so that the 
level of the top of the electrolyte was approximately the same as the level 
in the measurement cell with all its fittings present. The electrode was 
allowed to equilibrate by standing for one week prior to use.

The composition of the electrode is shown in Table 2.3.2 and a schematic 
diagram is shown in Figure 2.3.1.
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Table 2.3.2 Com position o f  calom el re fe ren ce  e le c tro d e  used fo r  

Poten tiom etrie  t i t r a t io n s  in  aqueous s o lu t io n .

Electrolyte 
KNO.

a Calomel half cellb

KNO, (0.095), KCKO.OOS), Hg,Cl,(s) | Hg(s)

 ̂Ionic strength = 0.1 mol dm'\ ° Concentrations (/mol dm”̂ ) are given in 
parentheses.

- /
Plathnan 

wire

Salt bridge connecting titration cell

/

X> Water out

Glass sinter 
(porosity no. 3)

Electrolyte
sdution

Calomel paste

Mercury

Water jacket

Figure 2.3.1 Schematic diagram of the calomel reference electrode.
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2,3.3 Data acquisition

Potentionetric acid/base titrations were carried out using a previously 'in- 
house' built, automated titration apparatus based on a motorised piston 
burette (Metrohm Dosimat 655 fitted with an anti-diffusion tip) and driven by 
a BBC Microcomputer and 6502 second processor (Figure 2.3.2). All titrations 
were performed under an atmosphere of water-saturated, carbon dioxide-free 
nitrogen in a water-jacketed sample cell (Figure 2.3.3). The solution 
potential was measured using a glass electrode (Coming 003 11 lOlJ) 
referenced to a thermostated calomel electrode via a salt bridge conQ)osed of 
electrolyte solution (KNOj, I = 0.1 mol dm'̂ ). The liquid-liquid junctions 
between the salt bridge, the calomel electrode and the titration solutions 
were maintained by glass sinters (No. 4 porosity).

Figure 2.3.2 Schematic diagram of the titration apparatus.
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The titration environaent was maintained at 25.0 ±0.1 *C by a circulating 
water system based on a Grant SE15 water bath. Sample, circulating and ambient 
temperatures, obtained from platinum resistance thermometer probes (SDL Pt-100 
glass encased, SDL Pt-100 steel encased and RS Pt-100 respectively) were 
calculated and displayed during execution of the titratiOTi program, S.SOfTITR.

If the temperature exceeded a preset tolerance of ±0.1 *C (in early 
experiments, a tolerance of ±0.2 *C was used ) during a titration, the run was 
suspended until the temperature was within the correct range. The water flow 
was monitored during the titrations and any failure resulted in the titration 
being suspended until the water flow was restored. The titration data, i.e. 
the potential (mV) of the solution in the cell, volume of base added and 
saaiple temperature, were printed out and saved on to disc after every five 
data points.

Salt bridge

Deliveiy tube 
from burette

F T F E lid  

Water jacket

Water

in
1= ^

Glass electrode

probe 

Nitrogen in

URI
o

11— S Water 
out

Test sohitiaa

Magnetic follower

Figure 2.3.3 Schematic diagram of the titration cell used for potentiometric 
measurements.
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The titration program, S.SCMTITR,® allows certain input parameters (Table
2.3.3) to be varied according to the conditions required; e.g, a metal ion 
which is inert may require a different set of input parcuneters con^red to a 
labile metal ion, in order to allow the system to reach equilibrium before emf 
readings are taken. This is achieved by ensuring that the mV reading at each 
titration point is within a chosen tolerance (typically ±0.05 mV).

The titration system is designed so that the sample solution reaches 
equilibrium before an aliquot of base is added to the sample solution in the 
titration cell. The sequence of addition of base, delay and collection of mV 
readings can be summarised as follows. The motorised piston burette delivers 
a fixed increment of base. Then there is a delay of 45 s (delay between 
points, a 'mixing delay') before 60 (readings per point: 30-99) mV readings 
are taken and averaged. Then another 60 mV readings are taken without delay, 
and these readings are averaged. The second average is taken as the final 
mV value for the titration point and if the two averaged mV values are within 
±0.05 mV, the motorised piston burette delivers another fixed increment of 
base and the titration continues. If the readings are not within the 
tolerance specified, then the processes of obtaining the averaged readings are 
repeated until the tolerance condition is satisfied or the 'read limit' 
(chosen between 50-300 readings) has been reached. If the read limit is 
reached, then the final averaged mV reading is recorded. The next aliquot of 
base is then added.

Table 2.3.3 Input parameters which can be varied for a titration under the 
control of the program S.SCMTITR.

Parameter
Number of readings per point

/cm',3
/mV

Minimum increment 
Millivolt tolerance 
Fixed increment /cm^
Unknown concentration at each titration point

.3

Volume of base to add 
Delay between points 
Read limit
Temperature tolerance 
Water bath temperature

/cm
/s

,3
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2.3.4 Cell calibration

The electrode system was calibrated using a strong acid and assuming it to be 
fully ionised. The cell parameters (Eq and pK^) were obtained by direct 
titration of the strong acid solution ([Ĥ ] « 0.004 mol dm"̂ ) against standard 
base solution ([KOH] » 0.1 mol dm"̂ ), using the same ionic background ([KNO3]
= 0.096 mol dm'̂ ) which was to be used for the equilibria under study. 
Titrations were performed over the same j« range as that used for the sample 
titrations. Eq and were calculated by the computer program S.SCMCAL.^

Standard calibration titration conditions: number of readings per point: 30; 
volume of base delivered: 2 cm^; delay between points: 30 secs; read limit: 50 
points; tolerance for recording points: ±0.05 mV; temperature tolerance:
± 0.1*C.

2.3.5 Conditions for ligand and ligand/metal potentioaetric titrations

For 'ligand only' titrations, solution preparation was carried out using a 
standard procedure. A san^le of the ligand (to give a concentration of 
ca. 0.001-0.0005 mol dm"̂ ) was weighed out by difference using a five-figure 
balance (Mettler AE163), and placed in the titration cell. An aliquot of aqu. 
KNO3/HNO3 (I = 0.1 mol dm‘̂ ) was then added (25.0 cm^) using a pipette. For 
ligand/metal titrations, the above procedure was repeated and then a small 
aliquot of the metal stock solution, (between 0.25 cm̂  and 0.05 cm^), 
sufficient to give the desired ratio metal to ligand ratio {e.g. M:L; 1:1, 
1:2, 1:3) was delivered to the titration cell using a micropipette (Gilson 
Microman M250). In both types of titration, the cell was then placed in 
position on the titration apparatus and connected up to the circulating 
constant temperature water system. The nitrogen delivery tube, temperature 
probe, base solution delivery tube, glass electrode and the salt bridge 
liquid/liquid junction were washed and wiped dry before being placed into the 
titration solution (Figure 2.3.2). Initially, and under computer control, the 
solution temperature was allowed to stabilise to within the preset tolerance 
about 25.0 *C (±0.1 *C) and then the potential of the solution was recorded 
at five minute intervals. When two successive readings were within ±0.2 mV 
of each other, the automatic titration began. It was possible to adjust the 
temperature of the circulating water during the titration in order to minimise 
the time taken to reach thermal equilibrium in the cell.

Standard titration conditions: number of readings per point: 60; volume of
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base delivered: 2 cm̂ ; delay between points: normally 45 s, but increased to 
150 s where equilibrium might be slow to be established [e.g. Ni(II), Fe(II)]; 
read limit: 150 points; tolerance for recording points: ±0.05 mV; temperature 
tolerance: ±0.1 *C.

Table 2.3.4 Experimental conditions used for titrations of DEAMPHj.

Data file Ligand* Metal salt solution [M]:[L]

M040
M041

M032
M033
M082

MOll
M012
MOlO

M083
M084

M085
M086

/mg /umol /mol dm"̂  ^

4.80 28.72 0.001149®
1.57 9.39 0.000376®

4.56 27.28 0.001081
3.84 22.97 0.000914
4.48 26.80 0.001069

4.69 28.06 0.001090
4.23 25.31 0.001003

4.25 25.43 0.001007
4.36 26.09 0.001040

4.61 27.58 0.001099
3.79 22.68 0.000904

aliquot/cm'3 /mol dm''3 b

0.2483 0.000990 
0.1241 0.000498 
0.0827 0.000332

1:1.09
1:1.84
1:3.32

CoiNOjlj*
0.7323
0.2441
0.7323

0.000972
0.000330
0.000971

1: 1.12

1:3.04

0.2500 0.000989
0.0834 0.000332

CdiNOjlj*
0.0895 0.000329
0.0895 0.000329

1: 1.02

1:3.13

1:3.34
1:2.75

* RKW = 167.14; Section 2.2.1.  ̂Calculated for a starting volume of 25.0 cm̂
plus volume of metal aliquot unless otherwise stated. Calculated for 
starting volume of 25.0 cm̂ .  ̂ [Pb(II)] = 0.1007 mol dm^; Bttl AR Pb(N0j)2*6H20 
(> 99 %), * [Co(II)] = 0.03414 mol dm‘̂ ; BDH AR CoiNOjlj.bHjO (> 99 %). ^
[Zn(II)] = 0.0999 mol dm"^ BDH AR Zn(N0j)2.6H20 (> 99 %). * [Cd(II)] = 0.09215 
mol dm'^ BDH AR Cd(N0j)2.6H20 (> 99 %).
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Ligand ccwicent rat ions, together with netal ion concentrations for ligand/wetal 
titrations, are collected for each of the alkyla«ino«ethylenephosphonic acids, 
examined in this work; ECAMPHj, NEIBMPH^, the N-oxide derivative of NEIBMPH^, 
C m W H g  and DDDTMPHg in Tables 2.3.4, 2.3.5, 2.3.6, 2.3.7 and 2.3.8, 
respectively.

Table 2.3.5 Experimental conditions used for titrations of NEIBMPH^

Data file Ligand*
/mol dm’̂ **

Metal salt solution [M]:[L]
/mg /M*)l aliquot/cm^ /mol dm‘̂ ^

M096 3.08 13.21 0.000529*^
M097 2.66 11.41 0.000456^
MlOO 2.58 11.07 0.000443'
M078 6.06 25.99 0.001040'

Mn(N03)2"
NMnl 5.89 25.27 0.000999 0.2949 0.000326 1:3.06
NMn3 5.98 25.65 0.001014 0.2949 0.000326 1:3.11

M074 5.98 25.66 0.001019 0.1856 0.000331 1:3.08
M075 6.16 26.43 0.001049 0.1856 0.000331 1:3.17
M077 6.19 26.56 0.001054 0.1856 0.000331 1:3.18

Co (N0j)2*
M005 5.90 25.31 0.000998 0.3661 0.000493 1:2.02
M006 6.12 26.26 0.001040 0.2441 0.000330 1:3.15

Ni(N03)2*
M063 6.16 26.43 0.001032 0.6188 0.000998 1:1.03
M047 5.56 23.85 0.000942 0.3094 0.000499 1:1.89
M059 6.51 27.93 0.001108 0.2063 0.000333 1:3.33

Cu (N03)2‘
M049 5.68 24.37 0.000951 0.6231 0.000976 1:0.97
M050 6.35 27.24 0.001076 0.3116 0.000494 1:2.18
M051 5.89 25.27 0.001002 0.2077 0.000319 1:3.14

Zn(N03)2̂
M052 6.06 25.99 0.001030 0.2500 0.000989 1:1.04
M053 5.84 25.05 0.000997 0.1250 0.000497 1:2.01
M054 5.82 25.01 0.000997 0.0830 0.000331 1:3.01
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[Table 2.3.5 continued]
Cd(N0j)j‘

0.271 0.000988M056 5.29 22.69 0.000898 1:0.91
M057 5.25 22.52 0.000896 0.136 0.000499 1:1.80
M058 6.37 27.33 0.001089 0.0903 0.000332 

Pb(N03)/
0.2483 0.000990

1:3.28

M028 5.84 25.05 0.000992 1:1.00
M031 6.32 27.11 0.001079 0.1241 0.000497 1:2.17
M030 6.32 27.11 0.001081 0.0826 0.000332 1:3.26

‘ RMM = 233.095; Section 2.2.2.  ̂Calculated for a starting volume of 25.0 cm̂  
plus volume of metal aliquot unless otherwise stated. Calculated for 
starting volume of 25.0 cm^  ̂[Mn(II)] = 0.02797 mol dm“̂  BDH AR Mn(N03)2.6H20 
(> 99%). ® [Fe(III)] = 0.04485 mol dm"^ H & W Fe(N03)3.6Hj0 (> 98%).  ̂Metal
ion solution contained aqu. nitric acid, [Ĥ ] ca. 0.004 mol dm^. * [Co(II)l 
= 0.03414 mol dm’̂ ; BDH AR Co(N03)2.6Hj0 (> 99 %).  ̂[Ni(II)] = 0.0404 mol dm'^
H 4 W Ni(N03)2.6Hj0 (> 98 %). ‘ Cu(II)] = 0.04012 mol dm'^ H & W Cu(N03)2.3H20
(> 98 %).  ̂ [Zn(II)] = 0.09990 mol dm"^ BDH AR Zn(N03)2.6H20 (> 99 %). ^
[Cd(II)] = 0.09215 mol dm‘̂ ; BDH AR Cd(N03)2.4H20 (> 99 %).  ̂ [Pb(II)] =
0.1007 mol dm‘̂ ; BDH AR Pb(N03)2.6H20 (> 99 %).

Table 2.3.6 Experimental conditions used for titrations of the N-oxide 
derivative of NEIBMPH^.

Data file Ligand^ Metal salt solution 
aliquot/cm^ /mol dm^ ^

[M]:[L]
/mg /pmol /mol dm‘̂ ^

M087 7.11 24.09 0.000964^
M088 3.45 11.69 0.000468®
M090 5.85 19.82 0.000793®

Cu(NOj)/
M091 7.16 24.26 0.000947 0.6231 0.000976 1:0.97
M092 6.99 23.68 0.000936 0.3116 0.000494 1:1.89

3* m u  = 295.165; Section 2.2.5.  ̂Calculated for a starting volume of 25.0 cm 
plus volume of metal aliquot unless otherwise stated. ® Calculated for starting 
volume of 25.0 cm^  ̂[Cu(II)] = 0.04012 mol dm"^ H & W Cu(N03)2.3H20 (> 98 %).
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Table 2.3.7 Experiaental conditions used for titrations of CDTMPHg.

Data file
/mg

Ligand*
/Mmol /mol dm.-3 b

Metal salt solution 
aliquot/cm^ /mol dm"̂  ^

[M]:[L]

TC2 6.06 12.36 0.000494*
TC3 6.35 12.95 0.000518*
TC4 6.60 13.46 0.000539*

Mn(N0j)2*̂
TMnl 6.29 12.83 0.000504 0.4469 0.000491 1:1.03
TMn2 6.38 13.02 0.000511 0.4469 0.000491 1:1.04
TMn3 7.06 14.40 0.000566 0.4469 0.000491 1:1.15

Fe(N0j)j*’'
TFel 6.88 14.03 0.000559 0.0929 0.000166 1:3.37
TFe2 5.64 11.51 0.000459 0.0929 0.000166 1:2.76
TFe3 6.10 12.44 0.000496 0.0929 0.000166 1:2.99

Co(N0,)j*
TCol 6.04 12.32 0.000486 0.3661 0.000493 1:0.99
TCo2 5.77 11.77 0.000464 0.3661 0.000493 1:0.94
TCo3 5.91 12.06 0.000475 0.3661 0.000493 1:0.96

TOÍ2 6.01 12.26 0.000484 0.3094 0.000494 1:0.98
TNÍ3 6.42 13.10 0.000517 0.3094 0.000494 1:1.05
TNÍ4 6.28 12.81 0.000506 0.3094 0.000494 1:1.03

Cu(N0j)j‘
TCul 6.60 13.46 0.000532 0.3116 0.000494 1:1.08
TCu4 5.93 12.10 0.000478 0.3116 0.000494 1:0.97
TCu5 6.38 13.01 0.000514 0.3116 0.000494 1:1.04

Zn(N03>2̂
TZnl 6.03 12.30 0.000490 0.1250 0.000497 1:0.99
TZn2 6.68 13.63 0.000542 0.1250 0.000497 1:1.09
TZn3 6.07 12.38 0.000493 0.1250 0.000497 1:0.99

Pb(N0j)j‘
TPbl 6.67 13.61 0.000452 0.1241 0.000497 1:1.09
TPb2 6.03 12.30 0.000490 0.1241 0.000497 1:0.99
TPb3 5.82 11.87 0.000473 0.1241 0.000497 1:0.95

-54-



[Tfd>le 2.3.7 continued]

Data file
/mg

Ligand*
/pmol /mol dm’̂ ^

Metal salt 
aliquot/cm^

Gd(N03)

solution
/mol dm'̂  ^

M3

[M]:[L]

TGdl 5.54 11.30 0.000447 0.2790 0.000494 1:0.91
TGd2 6.33 12.91 0.000514 0.1395 0.000248 1:2.07
TGd5 6.22 12.69 0.000502 0.2790 0.000494 1:1.02
TGd6 5.83 11.89 0.000473 0.1395 0.000248 1:1.91
TGd8 5.80 11.83 0.000472 0.0930 0.000166 1:2.84

' RMM = 490.21; Sect ion 2.2.4.  ̂Calculated for starting volume of 25.0 cm
plus volume of metal aliquot unless otherwise stated.  ̂ Calculated for a 
starting volume of 25.0 cm̂ .  ̂[Mn(II)3 = 0.02797 mol dm^; BWl AR Mn(N0j)2»6H20 
(> 99 %). ® [Fe(III)] = 0.04485 mol dm'^ H & W Fe(N03)j.6H20 (> 98 %).  ̂Metal
ion solution contained aqueous nitric acid, [Ĥ ] ca. 0.004 mol dm . ® [Co(II)] 
= 0.03414 mol dm‘̂  BDH AR Co(N03)2.6H20 (> 99 %).  ̂[Ni(II)] = 0.0404 mol dm’̂  
H & W Ni(N03)2.6H20 (> 98 %).  ̂ [Cu(II)] = 0.04012 mol dm‘̂  H & W Cu(N03)2.3H20
(> 98 %).  ̂ [Zn(II)] = 0.0999 mol dm‘̂ ; BDH AR Zn(N03)2.6H20 (> 99 %). ^
[Pb(II)] = 0.1007 mol dm'̂ ; BDH AR Pb(N03)2.6H20 (> 99 %).  ̂ [Gd(III)]
= 0.04479 mol dm'^ BDH AR Gd(N03)3.6H20 (> 99 %).
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Table 2.3.8 Experimental conditions used for titrations of DDDTMPHg.

Data file Ligand* Metal salt solution [M]:[
/mg /\iaol /mol dm"̂  ^ aliquot/cm^ /mol dm'̂  ^

PBI3 6.78 12.28 0.000491*^
PBI9 3.83 6.93 0.000277^^
FBIO 3.88 7.03 0.000281®
PBll 3.78 6.84 0.000274®

Cu (N03)2**
PCul 6.30 11.40 0.000450 0.3115 0.000494 1:0.91
PCu2 6.94 12.57 0.000496 0.3115 0.000494 1:1.00
PCu3 6.68 12.09 0.000478 0.3115 0.000494 1:0.97

Zn(N03)2®
PZnl 7.12 12.87 0.000513 0.1250 0.000497 1:1.03
PZn2 6.88 12.46 0.000497 0.0625 0.000249 1:2.00
PZn3 6.09 11.03 0.000440 0.0625 0.000249 1:1.77
PZn4 6.41 11.61 0.000462 0.1250 0.000497 1:0.93
PZn5 6.65 12.04 0.000479 0.1250 0.000497 1:0.96

CdiNOj)/
PCdl 6.33 11.46 0.000456 0.1356 0.000497 1:0.92
PCd2 6.86 12.42 0.000494 0.1356 0.000497 1:0.99
PCd3 6.25 11.32 0.000450 0.1356 0.000497 1:0.91

Pb(N03)2*1
PPbl 6.70 12.13 0.000483 0.1240 0.000497 1:0.97
PPb2 6.44 11.66 0.000464 0.1240 0.000497 1:0.93
PPb3 6.54 11.84 0.000471 0.1240 0.000497 1:0.95

* RNW = 552.282; Section 2.2.6.  ̂Calculated for starting volume of 25.0 cm̂
plus metal aliquot unless otherwise stated.  ̂Calculated for starting volume 
of 25.0 cm^  ̂ [Cu(II)] = 0.04012 mol dm‘̂  H & W Cu(N03)j.3H20 (> 98 %). *
[Zn(II)] = 0.0999 mol dm'̂ ; BDH AR Zn(N03)2.6H20 (> 99 %).  ̂ [Cd(II)] =
0.09215 mol dm'^ BDH AR Cd(N03)2.4H20 (> 99 %). * [Pb(II)] = 0.1007 mol dm‘̂
BDH AR Pb(N03)2.6H20 (> 99 %).

2.3.6 Data processing
Data files from 'ligand only' and ligand/metal titrations were created and
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stored on disc during execution of the BBC program S.SOfTITR.® They contained 
values for 1̂, PK,. initial reactant concentrations, mean sample temperature 
and data for potential vs volume of base added. These data files were 
converted into ASCII format using the BBC program DECDATA,^® and then trans
ferred to a DEC VAX 11-780 mainframe computer (VMS version 5.4-3) using the 
Termulator^^ file transfer utility.

Stability constants from ligand and ligand/metal titration data were obtained 
using the FORTRAN 77 program SUPERQUAD^^ operating on the DEC VAX 11- 780 
mainframe computer. Refinement of the results for a specific equilibrium 
model (e.g. MLH, MLH2 etc.) was achieved by minimisation of the 'fit' 
parameters [i.e. chi-squared a statistic based on the weighted residuals) 
and sigma (o, the sample standard deviation)]; these are generated as part of 
the program’s output. Variation of the pH range of the data (by elimination 
of consecutive data points from either 'end' of the full data set) was used 
to obtain an acceptable fit between calculated and experimental data. Ligand, 
metal and base concentrations were held constant during refinement, whereas, 
the total acid concentration, [H*’], was not fixed, but was recalculated during 
the execution of the program. Protonation constants, obtained from analysis 
of titration data for the ligand, were held constant during analysis of data 
in ligand/metal files.

2.3.7 Computational methods

The computer program SUPERQUAD^^ (coded in FORTRAN 77) has been developed from 
the programs MINIQUAD^^’̂  ̂and MIQUV,^^ and is widely used to calculate formation 
constants of species used in solution equilibria from data obtained from 
potentiometric titrations. It is an extremely powerful general purpose 
computer program for stability constant determination. It can handle data 
from all known systems of potentiometric titration, including batch 
titrations, electrode readings in 01 or millivolts, and systems where the 
number of electrodes is equal to the number of reactants. It also caters for 
ion-selective electrodes whose response is other than Nemstian. Refinement 
of ligand, metal, and proton concentrations and standard potentials (obtained 
from cell calibration) are individually possible, and concentrations can be 
refined individually or they can be constrained to refine together.

SUPERQUAD (as well as MINIQUAD AND MIQUV) uses the Newton least-squares method 
to refine the overall formation constants O)  of species in an assumed model
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of the equilibrium system. The formation of each species is represented:

mM -I- IL + hH

where M, L, H ... are the uncomplexed reactant species (up to four are 
allowed), ...is the product species and m, 1, h, are the stoichiometric
reaction coefficients.

The overall formation constants O) are defined as follows:

^Ih = [M]* [L]‘ [Hi''

where [K̂ L̂ Hjj] is the concentration of the complex species, and [M], [L], and 
[H] are the concentrations of the uncomplexed reactant species, at 
equilibrium. The program calculates the free concentration of metal ion [M], 
ligand [L] and proton [Ĥ ] from the emf data for each titration data point 
using mass-balance equations applicable to each reactant in the system i.e. 
M, L, H (Section 1.3.2).

SUPERQUAD calculates 3 values which minimise the sum of the squared residuals 
between the observed, and calculated, E^^, emf values. The sum of squared 
residuals function, U, is given by the following equation.

U = I Wj

where w- is the weighting factor assigned to the ith observation. The 
calculated stability constants, the 'fit parameters' (i.e. x » ® ^  
relative standard deviation for each log 3)» together with a graphical display 
of the weighted residuals for each titration data point (a plot of the error 
in the difference between the measured electrode potentials and the calculated 
electrode potentials for each titration point) are generated after a 
successful convergence of U.̂  ̂ A fit at a confidence level of 95 % or greater 
is associated with an experimentally determined % of less than 12.60.

The refinement of ligand protonation and metal/ligand stability constants to 
fit the experimental data involved input of estimated values of log 3 for each 
species in the equilibrium models being refined. The pH range under study was
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then varied by elimination of data points frcM the full data set in order to 
achieve an acceptable fit as measured by ® values after each separate
refinement of the selected models. Refined log p’s with their relative 
standard deviations were produced. This procedure was repeated until x 
less than 12.60, o and relative standard deviations for each log p were as low 
as possible, and the graphical display of weighted residuals was acceptable. 
The strategy employed here in calculations of metal/ligand stability constants 
was to fix values of previously determined protonation constants and then 
refine for several different model systems for the equilibrium. The 
concentration of acidic protons from both the acid stock solution (HNO3, 
0.004 mol dm‘̂ ) and the ligand was treated as a refinable parameter in 
processing all data files.

2.3,8 Species* abundance vs pH diagrams

Protonation and metal/ligand stability constants refined by SUPERQUAD^^ were 
input into the program SPÊ  ̂ (as log p’s) along with reactant concentrations 
and equilibrium models. SPE creates a numerical file, as output, containing 
information about species’ distributions. These files, and hence species’ 
distributions, were initially viewed graphically with the program SPECIES and 
finally obtained as a hard copy using the GW-BASIC program HPPLOT^^ adapted for 
the Hewlett-Packard plotter.

2.4 Determination of pH-dependence of ^̂ P nmr chemical shift for some alkyl- 
aminomethylenephosphonic acids and their derivatives

Using aqueous solutions of the alkylaminomethylenephosphonic acids DEAMFH2, 
NEIBMPH^, CDIMPHg and DDDIMPHg (see Section 2.3) in nmr tubes, small volume 
acid/base titrations were performed. The ^̂ P nmr spectrum was recorded for 
each titration point in order to establish the dependence of ^̂ P chemical shift 
(6) on pH for these and related compounds.

The interaction of DEAMPH2 with aqueous solutions of hydrogen peroxide under 
similar conditions as a function of pH, was also studied using ^̂ P nmr/iil 
titrations.

The possible interaction of DEAMPHj with sodium stannate as a function of pH 
in aqu. solution was also studied using the same procedure.
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2,4,1 Reagents used
The origins and purities of reagents used in studying the alkylaminomethylene- 
phosphonic acids by nmr/pH titrations, are shown in Table 2.4.1.

Table 2.4.1 Origin and purity of reagents used in nmr/pH titrations.

Reagent Source Purity*

Phosphoric acid BKl AnalaR, aqu,> 85 %
Deuterium oxide Goss 99.9 %
Potassium nitrate^ B m ARISTAR, > 99.5 %
Nitric acid BOl AnalaR^
Potassium hydroxide BKl AnalaR^
Hydrogen peroxide^ Laporte aqu. 35 %
Nitric acid May & Baker 68
Ammonia^ 'em 35 %
Sodium stannate Laporte not known
Tetraethylammonium hydroxide Aldrich aqu. 20 % w/w
Water 1 1

* Manufacturer’s estimate.  ̂Dried in an oven for one day at 120 *C and stored 
in a desiccator over silica gel before use.  ̂’ConVol’ solutions prepared from 
AR grade reagents.  ̂Unstabilised hydrogen peroxide. ® 68 % minimum; used for 
adjusting 01 of hydrogen peroxide solutions.  ̂ Specific gravity 0.888. * 
Purified by reverse osmosis to BS3978 specification on a R050-100-200 Reverse 
Osmosis unit.

2,4,2 nmr spectra
During nmr/pH titrations, spectra were obtained in the broad band proton 
decoupled mode at 32.392 MHz on a Bruker W 8 0  or WP80SY FT nmr spectrometers, 
using aqu. 85 % phosphoric acid (H3P0 )̂ as an external reference. For 
experiments on DEAMPHj, two nmr tubes were used to provide the reference by 
sample substitution. A 5 mm outside diameter (o.d.) co-axial tube containing 
the reference was inserted into a 10 mm o.d. nmr tube containing the ligand 
solution. The sample solution upon which the titration was performed was 
contained in a separate 10 mm o.d. nmr tube. This method (the 'two tube 
method') was used to overcome the unfavourable dynamic ranges encountered when 
the reference solution was contained in a co-axial tube of 5 mm o.d. within
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the titration sample.

In later experiments) a 'one tube method' was used. This involved a co-axial 
tube (8 mm o.d.) containing the ligand solution for titration, inserted into 
a 10 mm o.d. nmr tube containing the reference. This arrangement resulted in 
a thin capillary film of reference solution between the two tubes. Deuterium 
oxide (D2O) in the sample solution was used as a lock signal throughout.

Typical spectrometer operating parameters: pulse length, 1 ^s; offset (01), 
2700 Hz; delay, 3.0 s; spectral width, 1602.6 Hz; acquisition time, 5.1 s; 
number of scans, 110; data points, 16 K; line broadening, 1 Hz; temperature, 
ambient (298 K).

2.4.3 jpif Measurements
All idl measurements were carried out using a Corning Series 180 pH/Ion Meter.
The lAl was recorded with a thin stem combination electrode (CMAWL/3.7/200,
Russell pH Ltd.) placed in the nmr tube. The electrode was calibrated, before
a two-day run, by using NBS standard 0.05m potassium hydrogen phthalate and
0.025m phosphate buffers, prepared using standard procedures.^* The pH values

7eof the buffer were corrected for temperature.

2.4.4 Preparation of aqueous solutions for nmr/pH titrations 
2.4.4(a) Acid stock solution
Aqu. nitric acid (40 cm^ 0.1 mol dm‘̂ ), potassium nitrate (9.706 g), and 
deuterium oxide (10 cm^) were placed into a volumetric flask (100 cm^) and made 
up to the mark with water.

2.4.4(b) Base solution
Degassed aqu. potassium hydroxide (1.0 mol dm'̂ ) was prepared by sonication and 
placed into a motorised piston burette (Metrohm 655 Dosimat) under nitrogen 
as described in Section 2.3.3.

2.4.4(c) Ligand stock solution
The concentration of ligand used in the stock solution depended on the 
protonation sites, i.e. it was necessary to use sufficient acid in order to 
ensure that all the protonation sites of the ligand were protonated. A 
concentration of ca. 0.02 mol dm"̂  in the phosphonic acid group was found to 
be satisfactory in these experiments. The ligand was weighed out by
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difference into a saa^le tube (15 cm^) and an aliquot of the acid stock 
solution (10.0 cm^) was added to give a solution of specification (for-jexample 
for DEAMPHj): [DEAMPHj] = 0.02 mol dm‘̂  [HNO3] = 0.04 mol dm’̂ , [KNO3] = 0.96 
mol dm'̂ , 10 % and ionic strength I = 1.0 mol dm’̂ .

2,4.5 nmr/pH titrations of DEAMPH2

Into each of two 10 mm diameter nmr tubes, an aliquot of the ligand stock 
solution (3.0 cm^) was added. One tube, the 'sample', was used without further 
addition, and to the other, the 'reference', a co>axial tube (5 mm o.d.) 
containing aqu. 85 % phosphoric acid was added.

Initially, the pH was determined for the ligand solution both the sample and 
reference tubes. The nmr spectrum was then obtained for the reference, and 
the HjPO^ signal was assigned to 0.00 ppm. The nmr spectrum of the sample 
was determined and 8^̂ P obtained.

A fixed aliquot (0.012 cm^) of base solution was added to the sample from the 
motorised piston burette. The tip of the burette was washed with water and 
wiped dry before being inserted into the sample solution. After addition of 
the base, the tip was slowly withdrawn to minimise the amount of solution 
extracted with the tip. The nmr tube was then gently shaken and the pH 
continuously monitored until the reading was stable (i.e. within ±0.01 pH 
units). Care was also taken to withdraw the electrode in such a way as to 
minimise loss of sample solution. The ^̂ P nmr spectrum of the sample was 
determined. The cycle of addition of base, determination of pH and ^̂ P nmr 
spectrum was then repeated to cover the 01 range 1.5-13.0. As the pH change 
per aliquot of base varied (e.g. became larger near the endpoint regions) the 
aliquot was decreased or increased as appropriate.

The H3P0  ̂reference signal was (via sample substitution) recorded after every 
5 titration points and reassigned to 0.00 ppm. In no case did the reference 
signal deviate from its original position by more than 0.05 ppm and the 
deviation was generally much less than this. The 01 of the 'reference' ligand 
solution was also recorded amid shown to be constant. Usually 25-30 points 
were recorded for each nmr/pH titration.

At the end of the titration, a volume of bame solution, equal to the total 
volume delivered into the sample solution, warn added to the sample solution

-62-



31surrounding the suju. phosphoric acid reference. Determination of the P nmr 
spectrum indicated that the position of the H3P0  ̂ reference signal was 
independent of the i« of the sample solution surrounding the co-axial tube and 
providing the deuterium lock.

2.4.6 pH Dependence of nmr spectrum of DEAMPH2 treated with aqueous 
hydrogen peroxide

All glassware in contact with hydrogen peroxide was pre-treated with cone, 
nitric acid and washed thoroughly with water.

The ligand solution ([DEAMPHj] = 0.02 mol dm"̂ ) was prepared by dissolving 
DEAMPHj in 35 % hydrogen peroxide (20 cm^) and deuterium oxide (10 % v/v). The 
solution was divided into four parts (1-4) each of 5 cm^ volume. The pH of 
each solution was adjusted to the required value using cone, nitric acid 
and/or aqueous ammonia (Section 2.4.3). The solutions were left to stand for 
one week, and the hydrogen peroxide was then decomposed by adding a platinum 
wire catalyst and heating the solution to ca. 50 *C until bubble evolution had 
stopped (ca. 3 hours).

The 01 and the nmr spectrum of each solution (1-4) after decomposition were 
determined. 6^̂ P was referenced to aqueous 85 % phosphoric acid by san^le 
substitution.

2.4.7 nmr/pH titration of DEAMPH2 in the presence of sodium stannate

A solution (10 cm̂ ) of DEAMFH2 and sodium stannate was prepared from acid stock 
solution to give a solution of specification: [DEAMFH2] = 0.01 mol dm^, 
[sodium stannate] = 0.02 mol dm^, [HNOj] = 0.04 mol dm^, [KNO3] = 1.0 mol dm^, 
1^0 = 10 % v/v. The resulting solution, which was slightly cloudy, was 
filtered through a fine glass filter paper (under a positive pressure of 
nitrogen gas) into a sample tube. Two aliquots (3 cm̂ ) of this solution were 
placed in 10 mm o.d. nmr tubes, one to be treated as the 'sample', and the 
other as the 'reference', for nmr/pH titrations by the 'two tube' method.

The titration procedure was followed as in Section 2.4.5 to obtain both the 
pH and the ^̂ P nmr spectrum for each titration point.

2.4.8 ^̂ P nmr/pH titration of NEIBMPH^ and its N-oxide derivative

The ligand, NEIBMPH^ (0.02348 g, 0.01 mol dm'̂ ) was weighed into a sample
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bottle (15 cm^), into which the acid stock solution (10.0 cm^) was added. From 
this solution, 3.0 cm̂  was pipetted into an nmr tube (8 am o.d.). Initially, 
the pH was determined for the ligand solution in the internal nmr tube (8 mm 
o.d.). The nmr spectrum was then obtained for the sample and the reference 
using the 'one-tube' method. The HjPO^ reference signal was assigned to 0.00 
ppm. A fixed aliquot of base solution was then added to the sample from the 
motorised piston burette. The nmr tube w€us gently shaken and the lil monitored 
until stable (±0.01 pH units). The nmr spectrum of the saniple and the 
reference was determined. The cycle of addition of base, determination of 
jAi and ^̂ P nmr spectrum was repeated to cover the pH range (2-13).

The reference signal was reassigned to 0.00 ppm after every 5 titration 
points. In no case did the reference signal deviate from its original 
position by more than 0.07 ppm and the deviation was generally much less than 
this. Usually 20-26 points were recorded for each nmr/pH titration.

The N-oxide (0.02453 g, 0.01 o»l dm"̂ ) was weighed into a sample tube (15 cm^). 
Acid stock solution (10.0 cm^) was pipetted into the sample tube. Subsequently,
3.0 cm̂  of this solution was pipetted into an nmr tube (8 mm o.d.) and the 
titration was carried out as for NEI1^4PH^.

2.4.9 nmr/pH titration of DN/DiPHg

The ligand, DDDTMPHg (0.02724 g), was weighed into a san?>le bottle (15 cm^). 
To this, acid stock solution (10.0 cm^) was added (pipette) and then 3.0 cm̂  
of this solution was added to the nmr tube (8 mm o.d.) to give a ligand 
concentration of 0.0049 mol dm‘̂. The titration procedure was followed as 
described in Section 2.4.8.

2.4.10 nmr/pH titration of DDDTMPHg in the absence of excess acid 
A stock solution was prepared by placing potassium nitrate (10.1261 g,
1.0 mol dm’̂ ) and D2O (10 cm̂ ) in a volumetric flask (100 cm^) and making up to 
the mark with water.

The ligand, DDETWPHg (0.02689 g), was weighed into a sample tube into which the 
stock solution (10.0 cm^) was pipetted to give a solution with [DDDTMPH^] = 
0.00487 mol dm'̂ . 3.0 cm^ of this solution was pipetted into the nmr tube (8
mm o.d.) and the titration procedure described in Section 2.4.8 was followed.
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2.4.11 nmr/pH titration of DDDUUPHg against tetraethylammonium hydroxide

An aqueous solution of tetraethylammoniu* hydroxide, (20 % w/w, 250 cm ) was
made up to the mark in a 500 cm̂  volumetric flask with water. The solution was
standardised against hydrochloric acid using methyl red indicator; [tetra—

-1 7Hethylammonium hydroxide] = 0.69 mol dm .

No attempt was made to maintain constant ionic strength during titrations 
using tetraethylammonium hydroxide. The ligand, DWyiMPHg (0.02792 g), was 
weighed into a sample tube and 10.0 cm̂  of DjO/HjO solution (10 % v/v) was 
added. 3.0 cm̂  of this solution was pipetted into the nmr tube (8 mm o.d.) to 
yield a solution with [DDtm^PHg] = 0.00506 mol dm“̂  and titrated against 
aqueous tetraethylammonium hydroxide following the method described in Section 
2.4.8.

2.5 Instrumental methods

2.5.1 Infrared spectra
Samples were prepared as KBr discs (16 mm diameter). All infrared spectra 
were obtained using either of the instruments noted below (t3rpical conditions 
are given in parentheses): Perkin—ElBier 781 (range 4000—600 cm^, scan time 
3 mins, noise filter 1); BIO-RAD FTS40 Fourier transform infrared spectro
meter [background spectra were obtained from KBr discs (16 mm diameter), range 
4000-400 cm*̂ , number of scans 16, resolution 8 cm^.

2.5.2 nmr spectra
nmr spectra were obtained using a Bruker AM250 spectrometer operating at 

250.13 MHz in pulse Fourier transform (pFt) mode. Samples for nmr were 
dissolved in deuterated solvents containing tetramethylsilane (SiMe^) as an 
internal standard. Spectra of water soluble samples were obtained in 
deuterated water (DjO) containing sodium trimethylsilylpropionate (TSP-d^) as 
the internal standard; all nmr spectra were recorded at the natural pH of the 
ligand solution. Typical operating conditions: ambient temperature (300 K), 
pulse width 2.0 ps, delay 5 s, acquisition time 3 s, number of points 
16 K.

2.5.3 nmr spectra
nmr spectra were obtained using a Bruker AM250 pFt spectrometer operating
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at 62.90 MHz. Samples were dissolved in deuterated solvents and tetramethyl- 
silane (SiMe^) was used as the internal standard. Spectra of water soluble 
samples were obtained in deuterated water (D2O) containing sodium trimethyl- 
si lylpropionate (TSP-d^) as the internal standard; all nmr spectra were 
recorded at the natural 1«  of the ligand solution. Typical operating 
conditions: ambient temperature (300 K), pulse width 2.0 ps, acquisition time 
1 s, delay 3 s, number of points 32 K.

2.5.4 nmr spectra
nmr spectra, other than for ^̂ P nmr/i* titrations, were obtained using a 

Bruker AM2S0 pFt spectrometer operating at 101.26 MHz. Samples were dissolved 
in deuterated solvents and aqueous phosphoric acid (HjPÔ , 85 %) was used as 
the external standard.

All nmr spectra were recorded at the natural pH of the ligand solution. 
Typical operating conditions: ambient temperature (300 K), pulse width 3.0 ps, 
acquisition time 2 s, delay 5 s, number of points 32 K.

2.5.5 nmr spectra
^̂ ®Sn nmr spectra were obtained using a Bruker AM250 pFt spectrometer operating 
at 93.28 MHz. Samples were dissolved in deuterated solvents and tetramethyl- 
tin (SnMe^) was used as the external standard. Typical operating conditions: 
ambient temperature (300 K), pulse width 6 .0  ps, acquisition time 0 .5  s, 
number of points 64 K.

2.5.6 Elemental analysis
Analyses for the carbon, hydrogen and nitrogen content of samples were 
obtained using a Carlo Erba 1106 Elemental Analyser.

2.5.7 Mass spectra
Electron impact (e.i.) spectra were obtained using an AEI MS-9, or a Kratos 
Profile, Mass Spectrometer operating in positive ion mode.

2.5.8 UV-visible spectra
The absorption spectra of aqueous solutions of metal complexes of alkylamino- 
methylenephosphonic acids were obtained on a Shimadzu UV—2100 UV-visible 
spectrophotometer in the range 190-700 nm at concentrations ranging from
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0.001-0.006 mol dm'̂  depending upon the sample solubility. Quartz cells of 
1 cm path length were used. «

2.5.9 Magnetic susceptibilities

Magnetic susceptibilities were measured at 24.4 *C (297.4 K) by the Gouy 
method using a JMC magnetic susceptibility balance with a permanent magnet. 
The balance was calibrated against the solid complex Hg[Co(NCS)^]

2.5.9(a) Procedure used to measure magnetic susceptibilities 
The Gouy tube was cleaned with dilute sulphuric acid, rinsed thoroughly with 
distilled water, and dried using a stream of nitrogen gas. When the Gouy tube 
was completely dry, the weight of the Gouy tube was noted down (4 decimal- 
place balance).

The JMC balance was zeroed, and the Gouy tube was then placed into the sample 
holder. The reading was allowed to settle (a few minutes) and then noted. 
The Gouy tube was taken out of the sample holder and the calibration sample 
[HgCo(SCN)^], which had been ground before hand using a pestle and mortar, was 
slowly added with a plastic spatula. The Gouy tube was gently tapped on the 
bench a few times after addition of each small portion of calibrant, to ensure 
that the packing of calibration sample was homogenous. Enough calibration 
sample was added to ensure that the length of the calibration sanale in the 
Gouy tube was between 2.5-3.5 cm. The tube and contents were weighed as 
before. The Gouy tube was then placed in the sanqple holder of the JMC 
balance, and the reading allowed to settle for a few minutes. The reading and 
the temperature were noted.

2.5.9(b) Sample preparation

The sample was ground using a pestle and mortar to produce a uniform powder. 
The Gouy tube was deemed as before and allowed to dry. The empty Gouy tube 
was weighed, and then placed into the sample holder. The reading was noted 
after the reading had stabilised. The temperature was also noted.

Enough sample was added to the Gouy tube, using a plastic spatula, to ensure 
the length of the sample was between 2.5-3.5 cm. Again, the Gouy tube was 
gently tapped on the bench during addition to ensure homogenous packing. The 
sanale was then placed in the saflQ)le holder, the temperature noted, and the 
reading allowed to stabilise before being noted.
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2,5.9(c) Calculation

The calibration constant, c, was determined from the following equation;

C X 1 X  (R -  Rjj)

m X 109

where 3̂  is the mass susceptibility (c.g.s), 1 is the sample length (cm), m is 
the mass in (g), R is the balance reading for the Gouy tube plus the sample 
and R|) is the balance reading for the empty Gouy tube. The calibration 
procedure was repeated; the results are shown in Table 2.5.1.

Armed with the value of c, the mass susceptibility (X̂ ) of the sample was 
determined. The molar susceptibility (X,) of the sample was obtained from:

x,== RMM X

22A diamagnetic correction was calculated for all the atoms in the sample and 
then added to the molar susceptibility (X̂ ) to produce the actual molar 
susceptibility (X'^). This value is then used to calculate the effective 
magnetic moment of the sample under investigation:

XJ = X| + diamagnetic correction

= 2.84 V(T X XJ)

where T is the absolute temperature in Kelvin.

Table 2.5.1 Measurements made for the calibration sample HgCo(SCN)^.

(Cl) (C2) Mean
Mass of HgCo(SCN)^ used /g 0.3326 0.3118
Length of HgCo(SCN)^ used /cm 3.2 3.2
Reading of empty Gouy tube {^) -006 -006
Reading of Gouy tube plus HgCo(SCN)^ (R) 605 571
Mass susceptibility 3̂  /10‘̂ c.g.s 16.198 16.204
Calibration constant 2.6190 2.7944 2.707
Temperature / *C 24.5 24.4 24.4
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Table 2.5.2 Measurenents nade for the sanale.

[Cu (NEIBMPH3)2]
Mass of sample used /g 0.2031
Length of sample used /cm 3.1
Reading of empty Gouy tube (Rq) -004
Reading of Gouy tube plus sample (R) 67
Mass susceptibility /lO’̂ c.g.s 2.9333
Molar susceptibility /lO’̂ c.g.s 1.5479
Diamagnetic correction /lO"® c.g.s 339.48
X'l /lO"^ c.g.s 188.75
Average ten5>erature / *C 24.4
Effective magnetic moment (;i) /BM 2.1

2.6 Single crystal X-ray diffraction methods

2.6.1 Data collectiorf^

ÜP-Ray data for single crystals of DEAMFH2 and CDTMPî^ (Chapter 7), were 
collected on a Philips PWllOO four-circle diffractometer with graphite crystal 
monochromated Mo-Ka radiation {X - 0.7107 A) in the 0-range of 3-25* and a 
scan width of 0.8*.

The computer systematically adjusts the four-circles, which brings all the 
sets of planes into the diffracting position. The three-circles (m, 0,)
are needed to get the crystal into the correct orientation, the fourth-circle 
(20) brings the counter into position. Initially, the coiq>uter moves the four 
circles in small increments until 25 diffracted beams(reflections) have been 
detected auid recorded (Peak hunting). From the 25 sets of data (for the four- 
circles) the computer calculates a,b,c and a,3>Y unit cell. Lastly,
the computer is then set to drive the four circles to all the settings of a, 
X, 0 and 20 to record all the reflections produced by the crystal.

2.6.2 Structure solution and refinement of diethylaminomethylenephosphonic 
acidf DEAMPH2

The coordinates of the carbon, nitrogen and phosphorus atoms were located by 
direct methods.Absorption corrections were applied to the data after 
initial refinement with isotropic thermal parameters for all atoms; before
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application of absorption corrections, R = 0.101. After absorption 
corrections has been applied, R = 0.0778. Difference Fourier s3aithesis,
calculated using data with sin 0 < 0.35, revealed the positions of the 
hydrogen atoms H(01) and H(nl). The remaining hydrogen atoms, H(la), H(lb), 
H(21a), H(21b), H(22a), H(22b), H(22c), H(31a), H(31b), H(32a), H(32b) and 
H(32c) were given idealised positions; C-H 1.08 A, U = 0.08 A .̂ After several
cycles of refinement with anisotropic thermal parameters assigned to all the

23non-hydrogen atcms, the refinement converged with R = 0.0498 and Rw = 0.489.

2.6.3 Structure solution and refinement of (±)~trans-cyclohexane-l,2-diamine- 
tetrakis(methylenephosphonic acid), CDTMPHg.Hp- 

The coordinates of the phosphorus atoms, P(la), P(lb), P(lc), and P(ld), some 
of the oxygen atoms, 0(la), 0(lb), 0(2c), 0(3c), 0(ld), 0(2d) and 0(3d), the 
two nitrogens, N(l) and N(2), and some of the carbon atOBis C(la), C(lb), C(l), 
C(2) and C(4) were located from direct m e t h o d s . T h e s e  coordinates were 
included in the first Fourier synthesis to calculate the scale factor, with 
one cycle of least-square refinement of the coordinates and thermal parameters 
converging at R = 0.1796 and Rw = 0.1822. The Fourier map revealed the 
positions of all remaining non-hydrogen atoms, including the water molecule. 
Absorption corrections were applied to the data after initial refinement with 
isotropic parameters for all the non-hydrogen atoms. Refinement of the data 
gave R values before and after absorption correction as 0.0778 and 0.0752, 
respectively. Difference Fourier syntheses, calculated using data with sin 
0 < 0.35, revealed the positions of the following hydrogen atoms; H(2n), 
H(lwa), H(lwb), H(2oa), H(3oa), H(2ob), H(2oc), H(3oc), H(2od), H(3od), 
H(3a), H(4b), H(5a), H(5b), H(6a), H(lal), H(lb2), H(lcl) and H(ld2). 
However, all the carbon-bonded hydrogen atoms were placed in idealised 
positions (C-H 1.08 A) and their thermal parameters fixed at 0.08 A . In the 
final cycles of full-matrix least-squares refinement, all of the non-hydrogen 
atoms were assigned anisotropic thermal parameters, and this refinement 
converged with R = 0.0420 and Rw = 0.0420.^^
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3.1 IntToductioo

Over the last ten years’, a new cluster chemistry of organooxotin compounds 
has been d e v e l o p e d . T h i s  class of ccmipounds is based on the bonds formed 
between carboxylic and/or phosphorus based acids with organostannonic acids, 
i.e. bridged carboxylate and phosphate ligands to central tin atoms. It has 
been discovered that some of the organooxotin coao>ounds prepared have 
demonstrated catalsrtic activity in polymerization and/or transesterification
processes 10

It is well known that hydrogen peroxide is decomposed by small amounts of 
transition metal ions e.g. Fe(III), Cu(II) andNi(II).^^ However, the presence 
of small quantities of alkylaminoalkylphosphonic and/or aminocarboxylic acids 
are known to stabilize hydrogen p e r o x i d e . I n  general stabilizers may act 
by either complexing metal ii^nirities or forming colloids which adsorb 
impurities onto its s u r f a c e . H y d r o g e n  peroxide is also known to be 
stabilized by combination of both sodium stannate and aminomethylenephosphonic 
acids; this combination provides enhanced stability.^^ In an attempt to 
understand the mechanism by which a-aminomethylenephosphonic acids and sodium 
stannate i«prove st€d>ility of hydrogen peroxide, it was assumed that some 
reaction between the two different types of stabilizers yielded species which 
complex or adsorbs the offending metal ion impurities present in aqueous 
solutions of hydrogen peroxide.

It has been reported that reactions between orgaxK>stannonic acids and 
phosphorus-based and/or carboxylic acids can produce many of the organooxotin 
clusters mentioned in Section 1.4;̂ '̂ ® the organotin coo^unds formed contain 
cavities which may play a role in sequestering metal ions (Section 3.2.8). 
To explore these possibilities, some previously prepared and some new 
organotin clusters were synthesised. Attempts were also made to s3mthesis 
clusters based on aminomethylenephosphonic acids.

All the organotin compounds prepared in this work were characterised by C, H, 
N elemental analysis, ir and nmr spectroscopy, where possible.

3.1.1 Preparation of the 'cage' cluster I,
[(CHj)2Sn2((Xi) (Of(OCfi^)2)j(OjPOCfi^)]2

In order to gain some experience in this relatively new field of organooxotin
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chemistry« a previously reported route was followed to prepare the 'cage 
cluster I, [(013)28112(011)(02P(0CjHj)2)3(0jP0CjH5)]2.̂

The preparation of I involved the synthesis of the precursor methylstannonic 
acid, 013800211.' Organotin hydroxides and oxides are commonly obtained by the 
hydrolysis of the corresponding organotin chlorides under basic conditions. 
Methylstannonic, is a white, amorphous solid, which is insoluble in conmion 
organic solvents but soluble in some organic acids, e.g. acetic acid and 
trifluroacetic acid. C, H, and N Elemental analysis was satisfactory with the 
formulation of [CH,SnO,H] (Section 2.1.2). The melting point of Ol3Sn02H 
(313.4-328.8 *C) is characteristic of many organostannonic acids; ’ the 
organostannonic acids are all solids which usually do not melt but decompose 
at temperatures above 300 The low-molecular weight acids are insoluble
in the common organic solvents and water; the higher-molecular weight acids 
are soluble in most organic solvents except petroleum ether and water. ‘ The 
stannonic acids are amphoteric, dissolving in sodium or potassium hydroxide 
and also in the halogen acids. Lambourne suggested that the stannonic acids, 
when freshly prepared, exist as cyclic trimers.' However, further condensation 
may occur on standing.'

'̂ C and 'h  nmr spectra for methylstannonic acid were obtained in deuterated 
t r if luroacet ic acid (CF3C02D-dj) (Section 2.5). The 'h  nmr spectrum gave a 
singlet at 1.47 ppm overlapped with a pair of doublets ("^^"^Sn satellites) due 
to the methyl protons coupling to the tin nuclei (I = -1/2) isotopes 119Sn
(abundance: 8.6 %) and "’sn (abundance: 7.6 %).

The '̂ C nmr spectrum for metl^lstannonic acid is unremarkable and showed a 
single resonance at 9.4 ppm due to the methyl carbon; there was no observable 
coupling between carbon and the tin nuclei ("^^"^Sn).

The next stage in the preparation of the 'cage' cluster, I, was the synthesis 
of hexameric methyloxotin acetate, [CH3Sn(0)02Cai3]j.̂  The method involved a 
condensation reaction between methylstannonic acid and glacial acetic acid,

6CH3Sn02H + 6Œ3œ2H [CH3Sn(0)02CŒ3)j + 6H2O

described by Day et who succeeded in obtaining colourless, cubic crystals 
of hexameric methyloxotin acetate. These crystals were subsequently examined
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by X-ray crystallography and the hexamer was found to have a 'drum' structure.’’

The 'drum' structure of hexameric methyloxotin acetate consists of cyclic 
hexamers with carboxylate groups bridging two tin atoms (Figure 3.1.1).^

The *‘̂ Ŝn nmr spectrum obtained by Chandrasekhar^ for a related 'drum' hexamer ic 
/i-butyloxotin cyclohexanoate, [CH2CH2CH2CH2Sn(0)02CCgHj|]g, shows only one signal * 
indicating the equivalence of the six tin atoms in the cyclic hexamer.*

Me

Figure 3.1.1 Schematic diagram of the 'drum' structure of hexameric methyl
oxotin acetate, [CH2Sn(0)02CCH2]̂ .̂

A possible mechanism for the condensation reaction of methylstannonic acid 
with glacial acetic acid has not been discussed in the literature to date.

As the product was insoluble in common organic solvents as well as some 
organic acids (i.e. acetic and trifluroacetic acid) characterisation by nmr 

spectroscopy was precluded. Nevertheless, Day et ai. managed to determine the 
^̂ Ŝn nmr spectrum of [(31380(0)0 2 0 3 1 3 in phenol, but decomposition was
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indicated.^ The ir spectrum of hexameric methyloxotin acetate was obtained and 
the bands assigned (Table 3.1.1).

Table 3.1.1 Assignment of the bands in the ir spectrum (v/cm') of methyloxo
tin acetate, [C21jSn(0)02CCHj]j.*

sym(Sn-O) 
620s 
623*

b (CHj rock) (C-0) 
770ms 1030m

b symlCHj)* asymCCOO")** sym(CXX)')'’ (C-H)' 
1350ms 1530s 1600s 3000-2020w*^

vb

1525* 1595*

‘ M.p. = 300-350 *C dec.  ̂Stretch. * Deformation.  ̂Two bands also observed 
at 2820 cm‘̂  * Data taken from ref. 5.

Hexameric methyloxotin acetate, [CH3Sn(0)02CCH3]j, was used as a precursor to 
prepare the methyltin trfs(diphenylphosphate) The method (previously 
described by Kumara Swamy et al.) involved heating the starting materials, 
[CH3Sn(0)02CC5l3]g and diphenyl phosphate, under reflux for seven hours in an 
apparatus fitted with a Dean-Stark trap.

[CH3Sn(0)02CCH3]g + 6CH3Sn(02P(0Ph)2)3 + H2O + CM3CO2H

The product was obtained as a viscous red/brown oil; C, H, and N elemental 
analysis showed that the product contained some impurities, probably acetic 
acid and toluene. These impurities were observed in the and nmr 
spectra. The nmr spectrum obtained in deuterated chloroform (CDCI3) (Tableg
3.1.2) is consistent with that obtained by Kumara Swamy et al.

Table 3.1.2 Assignment of the bands in the 'h  nmr spectrum (6/ppm) of methyl- 
t in tris{d ipheny1 phosphate).

acetic acid impurities
0.20-0.87 1.26
0.20-0.90*

toluene impurity aromatic protons
2.3,7.2 6.74-7.36'

6.60-7.40*
b

* Singlet.  ̂Very complex splitting pattern. * Ref. 9, bands are quoted as 
being broad.

The nmr spectrum of methyltin tris(diphenyl phosphate), showed a resonance
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at 21.5 ppm due to the methyl carbon. A DEPT 90 spectrum obtained for 
methyltintris(diphenylphosphate) indicated that all the signals were positive 
and due to Oij or C3I groups.

The last stage in the preparation of the 'cage' cluster, I, involved 
hydrolysis of methyltin tris(diphenyl phosphate) in a diethylether/aceto-
nitrile mixture at room temperature to yield a white powder, the 'cage

0cluster, I.

C3l3Sn(OjP(OPh)2)3 + THjO w* [(GH3),Sn2(OH)02P(OPh)2)3(O3^P^)^2 + 2PhOH + 4(PhO)2P02H

Kumara Swamy et al. obtained crystals of the 'cage' cluster I which when 
examined by Jf-ray crystallography and found to have a tetranuclear 'cage'

Q
composition (Figure 3.1.2).

Figure 3.1.2 Schematic diagram of the 'cage' cluster, I,
[ (CHj )2Sn2(OH) (OjPCOCjHj )j )3 (OjPOCgHj) ]2.

The %  nmr spectrum of the 'cage' cluster I was obtained in deuterated 
chloroform (CDCI3) and the results are consistent with those determined by 
Kumara Swamy^ (Table 3.1.3).
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Table 3.1.3 Assignment of the signals in the 'h  nmr spectrum (6/ppm) for the 
'cage' cluster, [(GH3)2Sn2(OH)(02P(OCjH5)2)3(OjPOCjH5)]2.

0.22^

aromatic protons 
6.91-7.35 
6.80-7.40^

Olf Ĵ(Cff-̂ *̂̂ Sn) / Hz ^J(CW-^^’sn) / Hz
9.18 147.0 144.0
 ̂ 146, 145®

® Two types of methyl groups.  ̂Broad singlet. ® Ref. 9, all bands are quoted 
as being broad.  ̂The position of the 0/f could not be determined exactly. ® 
Approximate values.

3.2 The preparation of some novel organotin clusters with phosi^ionic and/or 
carboxylic acids

The main purpose for the previous reactions (Section 3.1.1) was to gain some 
experience and understanding of this organotin cluster area.

3.2.1 Preparation of n-butylstannonic acid

To overcome solubility problems and to aid characterisation by nmr
spectroscopy, n-butylstannonic acid was prepared from the hydrolysis of

20n-butyltintrichloride.

CH3CH2CH2CH2SnCl3 + 2H2O CH3CH2CH2ai2Sn02H + 3HC1

The product n-butylstannonic acid was a white amorphous solid which was 
insoluble in common organic solvents except for some organic acids. The 
melting point of CH3CH2CH2CH2Sn02H was determined and found to be in agreement 
with other organostannonic a c i d s . T h e  ir spectrum obtained for n- 
butylst€umonic acid contained the characteristic band Vgyj(Sn-O) at 620 cm‘'.

The 'h  and nmr spectra for n-butylstannonic acid (Section 2.5) were 
obtained in deuterated trifluroacetic acid. ^
evidence of tin satellites.

The Ĥ nmr spectrum showed

3.2.2 Preparation of the hydrochloride salt of phenylstannonic acid

The hydrochloride salt of phenylstannonic acid was prepared by a method
described by Davies et Phenyltin trichloride was hydrolysed in basic
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conditions.
CjHjSnClj + 2H2O ^  [CjHjSnOjH] .HCl + 2HC1

On addition of aqueous ammonia solution, a white precipitate was collected and 
dried in a desiccator over cone, sulphuric acid. From C, H and N elemental 
analysis the product was found to be the hydrochloride salt of phenylstannonic 
acid.

3.2.3 Preparation of the novel compound n-butyloxotin diethylamirK>methylene- 
phosphonate

The preparation of a cluster of an organostannonic acid with an amino- 
methylenephosphonic acid, DEAMPHj, was attempted. The reactants were heated 
under reflux for 5.5 hours in an apparatus fitted with a Dean-Stark trap. The 
resulting mixture was filtered and reduced in volume to leave a yellow solid.

CHjCHjCHjCHjSnOjH + (CH3CHj)2NCH2P03H [CH3CHjCH2CH2Sn0(02P(0H)CH2N(CH2CH3)2) ] + HjO

The ir spectrum obtained showed characteristic stretching bands for the 
phosphonic acid group and for tin—oxygen stretching. Comparison of the ir 
bands obtained for n-butylstannonic acid (Table 3.2.1) with that for n-butyl- 
oxotin diethylaminomethylenephosphonate, showed a lowering of the values 
for the frequencies of the bands assigned to the Sn-0 stretch.

Table 3.2.1 Comparison of the bands in the ir spectrum (v/cm'̂ ) for n-butyl- 
oxotin diethylaminomethylenephosphonate and n-butylstannonic 
acid.

sym(Sn-O)*
579m

/?-butylstannonic acid 620br

(PO) sym,asym(P02‘) 
992s 1091-1144br

sym(CH3)
1464m
1462m

b (C-H)*’̂̂
2855-2957
2858-2956m

‘ Stretch.  ̂Deformation.  ̂A number of bands due to aliphatic CH groups.

The nmr spectrum determined for n-butyloxot in diethylaminomethylene- 
phosphonate in deuterated acetic acid, was complex and could not be 
assigned.

The above results are inconclusive as to whether a new compound was prepared
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or a mixture of products. Much time was spent on this area without success^ 
The preparation of other new organotin clusters were examined, in order to 
determine their compositions by X-T&y crystallography. However, many were 
only obtained in powder form with little or no proof of their structures in 
solution (due to insolubility) and solid state (lack of crystals). What 
follows is a discussion of the preparation of new conQX>unds prepared and the 
probable structures in the solid state based on previous work.

3.2.4 Preparation of the novel hexameric alkyloxotin carboxylates

(a) Hexameric methyloxotin benzoate

Hexameric methyloxotin benzoate was prepared by reacting methylstannonic acid 
with benzoic acid under reflux for five hours. A white powder was obtained 
in 65 % yield.

6C2i3Sn(0)«l + CgHjOOjH [C3i3Sn(0)02CCgH5]g + SOp

C, H and N elemental analysis was found to be satisfactory and suggested the 
formulation of the compound was that of a 'drum' (i.e. a similar structure to 
[GH3Sn(0)02CXH3]g already determined by Kumara Swamy). The Ĥ nmr spectrum of 
hexameric methyloxotin benzoate was determined in deuterated trifluroacetic 
acid (CF3C00D-d^) (Section).

The methyl protons (C/^) are coupled through two bonds to the tin atom to give 
a doublet overlapping the singlet (̂ J = 145.5 Hz) and is consistent with the 
value determined for methylstannonic acid (143.9 Hz).

Examination of the %  nmr data available for other hexameric alkyloxotin 
carboxylates, e.g. hexameric n-butyloxotin cyclobutanoate and cyclopropanoate^ 
and hexameric /j-butyloxotin cyclohexanoate* also show multiplets arising from 
only one monomeric unit, i.e. [RSn(0)02CR']. This suggests, that all the mono
meric units are equivalent. This assignment of the %  nmr spectra of these 
types of 'drum' structures by Day et al. and Chandrasekhar et al.^ also 
provide some evidence of the 'drum' structure of hexameric methyloxotin 
benzoate.

(b) Hexameric n-butyloxotin benzoate

The condensation reaction of benzoic acid with 7?-butylstannonic acid heated 
under reflux with a Dean-Stark trap produced a white powder.
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ÓCHjCJijCaijCHjSniOOH + eCgHjCOjH [CH3C2Ì2aÌ2CH2Sn(0)02CC5H5]  ̂ + «IjO

The product was very soluble in acetic acid but not in chloroform. The 
product was expected to have the same structure as hexameric methyloxotin 
acetate i.e. a 'drum' structure. The and nmr spectra were obtained in 
deuterated trif luroacetic acid and indicated the equivalence on the monomeric 
units [RSniOOjCR'] (Table 3.2.2).

Table 3.2.2 Assignment of the bands in the nmr spectrum (6/ppm) of 
hexameric n-butyloxotin benzoate, [CH2CH2C]H2CH2Sn(0)02CCgHj]g.

1 . 01* 1.53^ 1.95*̂  2.30“ 7.52^

* Triplet, ^J(HH) = 7.3 Hz. '’An approx, sextet, ^J(HH) « 7.4 Hz.  ̂An approx, 
pentet, ^J(HH) « 7.7 Hz.  ̂An approx, triplet, ^J(HH) » 8.0 Hz. * Doublet, 
^J(HH) = 7.5 Hz.  ̂Triplet, b(HH) = 7.6 Hz.  ̂Triplet, b(HH) = 7.0 Hz.

Table 3.2.3 Assignment of the bands in the nmr spectrum (6/ppm) of 
hexameric n-butyloxotin benzoate, [01jCH2CH2CH2Sn(0)02CCjH5]j

Ĉ , d,
26.82, 28.34, 33.45

C02̂
ca.175.5

C^ C^ C?
129.60, 130.62, 132.30

Comparison of the nmr data available for other hexameric butyloxotin 
carboxylates^’̂ , suggests that from the evidence of the nmr spectra obtained 
for hexameric /i-butyloxotin benzoate that it does have the 'drum' formulation 
and is retained in solution.

(c) Hexsuaeric n-butyloxotin hippurate

The reaction of hippuric acid [CgH5C(0).NHCH2CX>2H] with /i-butylstannonic acid 
heated under reflux for eight hours, after cooling small amounts of 
diethylether and hexane were added and a white precipitate isolated. The 
product was soluble in pyridine and acetic acid. C, H and N elemental 
analysis was found to be consistent with the 'drum' structure, 
[CH3CH2CH2CH2Sn(O)O2CCH2NH00CgH5]j. However, nmr spectra were not obtained 
because of the solubility problem.
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(d) Hexameric phenyloxotin acetate
The reaction of phenylstannonic acid (in toluene) with glacial acetic acid was 
carried out and a white precipitate collected. C, H and N elemental analysis 
indicated the product to have a 'drum' formulation, i.e. [PhSnlOlOjCPhl^.PhCHj. 
The ir spectrum was obtained and showed the presence of the characteristic 
stretches for the carboxylate group (COO') (Section 2.1.14).

(e) Hexameric phenyloxotin benzoate
The reaction of phenylstannonic acid with benzoic acid heated under reflux for 
six hours, produced a white precipitate. The product also had a drum 
formulation which was confirmed by C, H and N elemental analysis,
[CjH5Sn(0)02CCgH5]j.

The preparation of phenylstannonic and n-butylstannonic acids was to aid the 
solubilities of any organooxotin compounds formed and hence aid 
characterisation by nmr spectroscopy and X-ray crystallography. Again the use 
of phosphonic acids with differing R groups, in the preparation of new organo
oxotin compounds, was to aid characterisation. However, many of the new 
organooxotin compounds formed were insoluble in the common organic solvents. 
Therefore, recrystallisation and determination of their solid state structures 
were unsuccessful and hence their solid structures have been based on the 
results of other workers in this area.

3.2.5 Preparation of the novel 'ladder' form of [(CHj^^^jSn(O)O^XHj) 2~ 
(CHpipipi^n (OfCHj) j)J 2

The reaction of n-butylstannonic acid with glacial acetic acid heated under 
reflux for five hours produced a white crystalline solid.

6GHjCH2CH2CH2Sn(0)0H + bCHjCOjH ^  [CW3CH2CH2CH2Sn(0)02CCH3]j + 6H2O

The condensation reaction between /j-butylstannonic acid and glacial acetic 
acid was expected to produce the 'drum' structure i.e. 
[CH3CH2CH2CH2Sn(0)02CC5l3]j. However, C, H and N elemental analysis indicated the 
formulation of the product to be that of the ladder 
[(Œ3CH2CH2CH2Sn(0 )02C Œ 3)2(CH3CH2CH2CH2Sn(02CCH3)3)]2.* The product was sparingly 
soluble in CCl^, CHCI3 and acetic acid, but insoluble in DMSO, methanol, 
acetone and acetonitrile. The possible structure of this compound could be 
similar to that determined by Chandrasekhar ei al. for the organotin cluster
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[(CTj<aCH;CHjSn(0 )02CC5H.. ), CHjCH;CH2CH.Sn(0,CC5H,,)3]2 which was also found to have 
the 'ladder' con?)osition (Figure 3.2.1).

Figure 3.2.1 Schematic diagram of the 'ladder' form of (CHjCH2CH2C3l2Sn(0)- 
OjCXgHjj) 2 CH3CH2CH2CH2Sn(0 2 CX:gĤ ) 3 ],.

3.2.6 Preparation of the novel compound, methyl tin trjs(styrenephosphonate),

The reaction of styrene phosphonic acid with hexameric methyloxotin acetate 
heated under reflux in toluene (6 hours) produced a white precipitate after 
three hours. C, H and elemental analysis indicated the product * not to have 
a 'cage' or 'drum' formulation, but to have the following structure 
[CH3Sn(02P(<»l)CH=CHC5H5)3l. The product was insoluble in CCl^, ether, acetone, 
methaxK)! in chloroform.

3.2.7 Preparation of some 'cages' with phosphorus-based acids

(a) Preparation of the 'cage' [(CHfilfHfH2 )^np(OjP((m)C(CHj)j) ^ ] 2

A previously reported route was followed for the reaction of t—butylphosphonic 
acid with n-butyl-stannonic acid.^ To a solution of t-butylphosphonic acid, 
n^butylstannonic acid was added to give a light-brown coloured solution. A 
light-brown crystalline material was collected.
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C, H axid N elemental analysis indicated the product to have the same 
formulation [(CH3( Œ 2)3)2Sn20(02P(0H)C(CH3)3)̂ ]2 as determined by Kumara Swamy et 
al? All nmr spectra were determined in deuterated chloroform (CDCI3) and are 
in agreement with the results (Table 3.2.4) determined by Kiimara Swamy et al, 
Kumara Swamy et al,t noted that the reaction of n-butylstannonic acid with t- 
butylphosphonic acid, proceeds via a condensation:

4Ol3CH2C3l2CH2Sn(0)(»l + 8 RPO(CH) 2  [ (Œ3CH2C3i2Œ2)2Sn20(02P(C»i)R)̂ ]2 + 6 H2O 

where R = t-butyl group.

Table 3.2.4 Assignment of the bands in the nmr spectrum (5/ppm) of 
[ (CH3CH2CH2Œ 2 )2Sn20(02P(0H)C(C2i3 >3 ]2.

C ^ Œ 2- 
0.90* 

Ref.9 0.88

(0/15)3-0- 
i.io\ i.ie** 
1.10, 1.15

C/^-Sn
1.28*̂

-CHfU- 
1.38^ 1.64* 
1.37, 1.65

* Triplet, protons of n-butyl group, ^J(HH) = 7.3 Hz.  ̂Two doublets from two 
different t-butyl groups, ^J(HP) =4.9Hz, 4.7Hz. *An approx, triplet, ^J(HH) 
« 8.0 Hz. An approx, sextet, methylene protons of n-butyl group, ^J(HH) »
7.3 Hz. * An approx, pentet of the n-butyl group, ^J(HH) « 7.5 Hz.  ̂Singlet, 
two types of bridging OH groups. Overlapped with a pair of doublets, 
Ĵ(H-̂ ^̂ ^̂ ’̂sn) = 26.6 Hz.

The ̂ P̂ nmr spectrum for the cage showed two signals (P and P') both overlapped 
with a pair of doublets, due to coupling to the tin nuclei [^J(P'-^^^Sn) = 238.7 
Hz, ^J(P'-^^’sn) = 228.1 Hz and ^J(P-^^^Sn) = 286.6 Hz, Ĵ(P-̂ ’̂sn) = 273.9 Hz.

The ^̂ Ŝn nmr spectrum obtained for the cage shows nine S3nnmetrical lines with 
the central line being the chemical shift of the tin atoms in the cage cluster 
(Figure 3.2.3). The signal (centred at -630.4 ppm) is coupled through two 
bonds to two phosphorus atoms (P) to give a triplet, Ĵ(̂ ^̂ ^̂ ^̂ Sn-O-P) = 286.4 Hz 
and is further coupled to two different phosphorus atoms (P") Ĵ(̂ ^^^^^^Sn-0-P') 
= 239.3Hz, to give a triplet of triplets (Figure 3.2.2). These results are 
consistent with those determined by Kumara Swamy 9
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Figure 3.2.2 nmr spectrum of [(C3^CH2CH2CH2)2Sn20(02P(0H)C(CH3)j)̂ ]2 in
deuterated chloroform.

t-Bu

Figure 3.2.3 Schematic diagram of the 'cage', 
[(CH3(C2i2)3)2Sn20( 02P(0H)C(CH3)3)4]2.
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The reaction of the t-butylphosphonic acid and n-butylstannonic acid yielded 
a compound which is much more soluble in the common organic solvents (in this 
case, chloroform). This aided characterisation of the compound by nmr 
spectroscopy and X-ray crystallography as determined by Kumara Swamy et al. 
(Figure 3.2.3).

9

(b) Preparation of the novel 'cage' f
Therefore, in order to produce compounds which were more soluble in the common 
organic solvents, different alkylphosphonic acids were used in the reactions 
to prepared cage compounds.

The reaction of phenylphosphonic acid in acetone with n-butylstannonic acid 
was carried out. This reaction produced a colourless solid which was soluble 
in dimethylformamide (DMF) but was insoluble in acetone, methanol, 
dimethylsulphoxide (DMSO), chloroform and acetonitrile. C, H and N elemental 
analysis indicated that the formulation of the product was that of a 'cage', 
[(CH3CH2CH2CH2)2Sn20(02P(0H)CH2CjH5)4]2. However, as the sample was insoluble in 
many of the common organic solvents, characterisation by nmr spectroscopy was 
precluded.

(c) Preparation of the novel 'cage' [(CHj)^np(0^(0H)C(Œj)^)^]2

Another simple condensation reaction was used which involved the reaction of 
methylstannonic acid with t-butylphosphonic acid. The mixture of 
methylstannonic acid and t-butylphosphonic acid in toluene was heated under 
reflux for nine hours in an apparatus fitted with a Dean-Stark trap to yield 
a white powder, [(CH3)2Sn20(02P(0H)C(Œ3)3)4]2. C, H and N elemental analysis 
indicated the product to have the 'cage' formulation, i.e. similar to that 
determined for the 'cage' cluster of [ (n-Bu)2Sn20(02P(0H) t-Bu)̂ ]2 by Kumara 
Swamy et al, (Figure 3.2.3). The product was soluble in DMF, DMSO and 
sparingly soluble in acetic acid, methanol and chloroform.

Again, as the sample was only sparingly soluble in some of the common organic 
solvents and hence nmr spectra were not determined.

3.2.8 The possible clathration of metal ions by organotin drums 
The stabilisation of aqueous solutions of hydrogen peroxide by amino- 
phosphonic acids is well known. It is possible that in aqueous solutions of 
hydrogen peroxide that reaction between sodium stannate [Na2Sn(Œ)^] and an a-
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aminoalkylphosphonic acids (Chapter 6) may take place. The resulting compound 
may involve large 'cage's or cluster formations which séquestrant metal ions 
(Figure 3.2.4). However, this proposal has not been successful in this work. 
Kumara Swamy ei al. suggested that the organooxotin compounds prepared from 
the reactions of phosphonic and stannonic acids, contained flexible cavities 
that may have the potential to be used as clathration agents, but this has not 
been carried out to date.

Figure 3.2.4 Possible clathration of metals by the 'drum' formulation of 
hexameric n-butyloxotin benzoate, [CH2CH2CH2CH2Sn(0 )02CCgHj]g.

In this work, it was possible to react copper perchlorate with hexameric n- 
butyloxotin benzoate, [CHjCHjCHjCHjSniOlOjCCgHjlj, previously prepared (Section
2.1.11) in which a pale blue precipitate was collected. The resulting 
compound was soluble in acetone and hot methanol, but crystallisation was 
unsuccessful. C, H and N elemental analysis and ir spectrum, suggested that 
the basic 'drum' formulation of [CH3CH2CH2CH2Sn(0 )02CX:jH5]g was still present, 
but the exact nature of the solid state structure remains unknown. The ir 
spectrum was obtained and comparison with the ir bands obtained for 
[CHjŒjCHjCHjSnlOlOjCCgHjlj (Table 3.2.5) showed some differences.

It may be possible to sequestrate metal ions by using organotin 'cage' 
compounds with carboxylic and/or alkylaminoalkylphosphonic acid derivatives 
but this needs to be examined more thoroughly with the aid of nmr spectroscopy 
and X-ray crystallography.
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4.1 Introduction

The development of alkylaminomethylenephosphonic acids as cooqplexing ligands 
with a high affinity for a variety of metal cations has led to widespread use 
of such ligand systems in many different areas of industry and medicine.^ 
Their study has proved to be interesting from both a fundamental and a 
practical point of view, and their main advantage over phosphates is the high 
stability of the former ligands to hydrolysis which is attributed to the 
presence of the strongly covalent carbon to phosphorus bond. a-Alkylaminó
me thy lenephosphonic acids, RR'NCH^P0 Ĥ2 are analogs of a-alkylaminomethylene- 
carboxylic acids, RR'NCaijCXXMl.̂  An obvious difference is that the phosphonic 
acid group is diprotic. Alkylaminomethylenephosphonic acids share with 
alkylaminomethylenecarboxylie acids many properties which are useful in a 
variety of applications, e,g. their colour reactions with ninhydrin and its 
derivatives are useful in analysis.However, replacement of a carboxylic 
acid group by a phosphonic acid group results in considerable changes in the 
specificity of the chelating agent which can be related to differences in 
stereochemistry, polarisability, inductive effects and ic-bonding, between the 
two groups.^ The properties of alkylaminomethylenephosphonic acids were first 
reported as early as 1949 by Schwarzenbach^ simultaneously with those of alkyl-
aminomethylenecarboxylic acids and, since then, this new class of chelating

8-18ligands has expanded rapidly in importance.”

Many reports in the literature in recent years have been concerned with the 
stabilities of metal complexes with alkylaminomethylenephosphonic acids (e.g. 
refs. 6, 19-25) and some have described investigations of their structures in 
aqueous solution.Martell et have determined the protonation and 
metal ccMoplex stability constants of a series of related aminocarboxylic and 
aminophosphonic acid ligands in order to explain differences in their 
coordinating abilities. It was suggested by Martell^’̂  ̂ that if two or more 
phosphonate groups were present in a ligand, then the bi-negative charges of 
the phosphonate groups would prevent all the groups from coordinating around 
a single divalent metal cation. In this context. Carter et al.̂  ̂determined 
the stability constants for complexes between Ca(II) and Mg(II) and a series 
of acids in which the acetic acid groups of nitrilotriacetic acid (NTAHj) were 
substituted, stepwise, by methylenephosphonic acid groups to give the

 ̂ Although alkylaminomethylenephosphonic acids usually exist as 
zwitterions, RR'NH^CHjPOjHT, they will be written in the unionised form, 
RR'NGH2POjH2 unless the zwitterion form is being emphasised.
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coBpounds nitri lodiaceticaethylenephosphonic acid (NDAMPH^)» nitriloaceticdi— 
(methylenephosphonic acid) (NAMHPH5) and nitri lo tris( methylenephosphonic acid) 
(NTMPHj):

HO2CH2C —

NTAH,

CH2C02H CH2P03H2
HO2CH2C —

\CH2CO2HCH2C02H
NDAMPH4.

CH2PO3H2 CH2PO3H2
H,0 ,PH,C —

\cH2PO3H2CH2PO3H2
'5 NTMPHg

HO2CH2C —

NADMPH
The values of log on advancing from NTAHj to NTMPHg for and Mĝ  ̂
complexes are shown in Table 4.1.1.

Table 4.1.1 Stability constants for Câ * and Mg?̂  complexes for a series of 
related acids.

10« %
log

NTAHj^ NDAMFH^^ NADMFHj^ NTMPHg'
6.41 7.18 6.17 6.68
5.41 6.28 - 6.49

 ̂Ref. 23, I = 0.1 mol dm‘̂ KCl at 25 *0. Ref. 23, I = 0.1 mol dm‘̂ KNO3 at 
25 ’C.  ̂Ref. 20, I = 1.0 mol dm"̂  KNO3 at 25 *C.

For Câ ,̂ the value of log increases from NTAHj to NDAMPH^ on replacement 
of an acetic acid group by a phosphonic acid group, but this increase does not 
continue in going from NDAMPH^ to NTMPHg. Martel 1̂ ^̂  ̂suggested that this un
expected behaviour was due to the electrostatic repulsicm of the negatively 
charged phosphonate groups which were, as a result, not able to completely 
coordinate around the metal cation;“ ’̂* replacement of two of the acetate 
groups in NTAH3 by methylenephosphonate groups to give NADMPHj does not result 
in an increase in the value of log The stability of the complex ML is
influenced by the repulsion of the donor groups (i.e. POj ), the metal co
ordination geometry and the possible coordination of the nitrogen to the 
central metal cation. However, such ligands may be especially effective for
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ions having a greater charge than +2; such ions can neutralise charge to
19charge repulsions and produce a higher stability for the resulting complex. 

Oakes et al,^ studied complexes of various metal ions with ethylenediamine- 
tetrakis(methylenephosphonic acid) (EDTMPHj) to determine the hydrat ion numbers 
of these complexes in aqueous solution and found that the hydration numbers 
were greater than in the carboxylate analogs (i.e. EDTAl^). These authors 
argued that the repulsion between the donating groups (i.e. phosphonate 
groups) around the metal atom leaves the metal coordination sphere incomplete, 
which is then satisfied by other donor molecules in the system. In aqueous 
solution, this increases the number of water molecules coordinated to the 
central metal atom. There are some examples of complexes of a-aIky 1 amino-
methyl enephosphonic acids in which the coordination sphere of the metal is

27 28conqpleted by water molecules. ’

The use of alkylaminomethylenephosphonic acids as stabilisers for hydrogen 
peroxide is well k n o w n . H o w e v e r ,  the solution chemistry of this 
stabilisation process is not fully understood. The decomposition of hydrogen 
peroxide is catalysed by transition metal ions; a-alkylaminomethylene-
phosphonic acids may stabilise hydrogen peroxide by acting as sequestering

29agents (Chapter 6) for these metal ion impurities and contaminants. 
Knowledge of the species present in solutions containing alkylaminomethylene
phosphonic acid stabilisers and metal ions would be an important element in 
understanding the process. Hence, analysis of the solution chemistry of some 
a-alkylaminomethylenephosphonic acids and their complexes with metal ions was 
undertaken using the potentiometrie titration technique. Ifowever, while this 
method can give an indication of the stoichiometries of species in solution 
and provide a measure of their stabilities, it cannot discriminate at the 
microscopic level. Nmr spectroscopy, on the other hand, when used in 
conjunction with potentiometric studies, can often provide the required 
insights at the molecular level.

Alkylaminomethylenephosphonic acids used industrially for hydrogen peroxide 
stabilisation generally contain several phosphonic acid groups (e.g. 
diethylenetriaminepentakis(methylenephosphonic acid), DTFMPHm, has three basic 
nitrogen sites and five methylenephosphonic acid groups). DTPMPHjq has various 
trade names including 'BRIQUEST 543-45AS' and 'DEQUEST 2060'.^^ The equilibria 
in aqu. solution, and even more so in hydrogen peroxide, are likely to be very 
conq>lex. In order to facilitate study of the solution chemistry of alkyl- 
aminomethylenephosphonic acids, model compounds with either one, two or
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HjP j PHjC CHjPOjHj

/  ^  \ « 2 » AH2OJPH2C

DTPMPHij
four methylenephosphonic acid groups were selected. Hence, protonation of
N-ethyli„inobisfnethylenephosphonic acid), NEIBME«,, diethylaninonethylene-
phosphonic acid, DEAMPH,, trans-cyclohexane-1,2-d ia «in e tetralris(.ethylene- 
Phositoiic acid), CDIME^ and 5,8-dioxadodecane-l,12-dia«inetetrai3s(«ethylene-

pbosphonic acid) DDDIMPH,, have been investigated by -eans of potentio«try and 
nnr spectroscopy. Their complexation behaviour with various metal cations 
.-(Chapter 5), has also been investigated by means of potentiometry.

4.2 syntheses and characterisation of s o «  alkylaminomethylenepliosphonic 

acids

one of the major routes for the preparation of a-amino«thylenephosphonic 
acids is by the procedure given by Moedritxer and Irani. However, it h M  
been noted both by industry^' and other that the products prepar^
by this method (Moedritzer-Irani) are often impure. On the other hand, the 
preparation of a-a«inomethylenephosphonic acids (by this route) which are 
insoluble in water, is often achieved in high yields. The reaction involve
heating the appropriate amine, formaldehyde and phosphorous acid under reflux 
with concentrated hydrochloric acid:

R j . ^  + nCHjO + nHP(0)(0H), Rj.,N(®2POjHj), + tlHjO

where n = 1, 2, 3. To date, examination of the mechanism of this reaction has 
not appeared in the literature.

4.2.1 Synthesis and characterisation of IXAtBVj and NEIStm^
Two siw>le aminomethylenephosphonic acids, DEAMPHj (Sectitm 2.2.1) and NEIBMPH,

\ ' ^ P 0 j H 2  C H 3C H 2 —

C H .C H , /  „3  2  NEIBMPH,

P O 3H 2

P O 3H 2
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(Section 2.2.2) i were prepared according to the Moedritzer-Irani reaction^^ and 
characterised by C, H, and N elemental analysis and nmr spectroscopy. The nmr 
spectra (̂ H, and for DEAMPHj and NEIBMPH^, were determined in DjO with 
deuterated sodium trimethylsilylpropionate (TSP-d^) used as the internal 
reference for both and nmr spectra. For ^̂ P nmr spectra, aqueous 
phosphoric acid (85 %) was used as an external reference. Assignments for H 
and nmr spectra of both DEAMPHj and NEIBMPH^ are given in sections 2.2.1 and 
2.2.2, respectively.

The 'h  nmr spectrum of NEIBMPH^ is unremarkable, with only one feature worth 
noting, i.e. the coupling of the methylenephosphonate protons (Ci^-P) through 
two bonds to the adjacent phosphorus atom; ^J(HP) = 12.9 Hz.

In the 'h  nmr spectrum of DEAMPHj, the signals due to the methylene protons of 
Ci^-P and CHjC/^-N are more clearly resolved than in the Ĥ nmr spectrum 
obtained for NEIBMPH^. A triplet is observed (at 1.31 ppm) arising from the 
methyl protons (Cî ) and a doublet at 3.28 ppm can be ascribed to the 
methylene-phosphonate protons Ciî -P» which are coupled through two bonds to the 
adjacent phosphorus atom. The value of the coupling constant [^J(HP) = 13.4 
Hz] obtained for DEAMPHj, is consistent with that found for NEIBMPH^. The 
remaining two protons of the ethyl group give rise to an approximate quintet 
at 3.37 ppm. This quintet could arise from a number of possibilities. The 
CHjC/^-N protons are coupled through three bonds to the CH^ protons to give a 
quartet whose components may be further coupled (through four bonds) to the 
phosphorus atom. The value of the coupling constant *J(HP) (< 1) found for a 
similar a-aminomethylenephosphonic acid, 1-aminopropylphosphonic acid,^^ 
suggests that this possibility is unlikely. A second possibility is that the 
components of the quartet (arising from the coupling of CHjC/^-N to CH^) are 
further coupled through four bonds to the methylenephosphonate protons, CH^-P. 
But this also is unlikely as the methylenephosphonate protons C/^-P show only 
coupling to the phosphorus [^J(HP)]. The value of the coupling constant *J(HP) 
(< 1; found for 1-aminopropylphosphonic acid^S also suggests that this 
possibility is unlikely. A third possibility is that the CHjCi^-N protons are 
anisochronous and therefore each proton (H* and li) gives a quartet on coupling 
through three bonds to the adjacent methyl protons. These two quartets could 
then be overlapped to give the appearance of a quintet, but this explanation 
requires that ^J(H^) « 0 Hz. This explanation might apply if the nitrogen 
is pTochiraly which may arise if the nitrogen is protonated and proton (Ĥ ) 
exchange is sufficiently slow, or if the rate of nitrogen inversion is slow
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enough at the non-protonated n i t r o g e n . T o  conclude, there is no obvious 
first order assignment of this quintet, and the nmr experiment which
would have been helpful vias not available in this work.

The nmr spectrum of NEIBMPIi is shown in Figure 4.2.1. The resonance of 
the methylene carbon of the methylenephosphonate group is split into a doublet

4

by coupling with an adjacent phosphorus [*J(CP)1 and is split further into a 
doublet by a three-bond coupling with phosphorus. The methylene carbon of the 
ethyl group splits into a triplet through three bond coupling with both 
phosphorus atoms.

CHjCHr

CHr

I I I l‘
IS It s •

Figure 4.2.1 The nmr spectrum of NEIBMPI^ in D2O at 62.9 MElz

The nmr spectrum obtained for DEAMPHj is substantially siiq>ler than that 
for NEIBMPH^. The resonance of the methylene carbon of the methylene
phosphonate group is split only into a doublet by coupling with the adjacent 
phosphorus atom [^J(CP)]. The resonance of the methylene carbons of the ethyl 
groups is split into a doublet by a three bond coupling to phosphorus.

The values of the coupling constants [^J(CP) and ^J(CP)] obtained for DEAMPH2 
and NEIBMPH^ are consistent with those reported by Sawada et al)^ for
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ethylenediaminetetraJtis(methylenephosphonic acid), QXIMPHg.

The nmr spectra obtained for NEIBMFf^ and DEAMPH2 confirm the presence of 
only one phosphorus environment, with single resonances at 9.11 p£wi and 8.28 
ppm, respectively. Hence, the rapid exchange of protons between all the 
species present in solution produces an average chemical shift for the 
phosphorus atoms.

4.2»2 Synthesis and characterisation of CUIMPHg

The preparation of another alkylaminomethylenephosphonic acid, CDlMPf^, was 
attempted by various adaptations of the Moedritzer-Irani method^^
(Section 2.2.4). The (±)-trans-l,2-diaminocyclohexane isomer was used in the 
synthesis. The trans isomer of the diamine has two possible conformations of 
the substituent groups attached to the cyclohexyl ring in the chair form, i.e. 
aa or ee,^ which are inter-convertible. The di-equatorial (ee) conformation 
is normally the more stable conformation.^^ With the two chiral carbons in the 
ee conformation, there are two possible stereoisomers, i.e. RR and SS.

Due to the high solubility of this compound in water, it was found to be 
extremely difficult to isolate the product in significant yields in the solid 
form. With some good fortune, a small amount of solid CDTMFHg was obtained 
after many attempts. The successful method involved extraction of the 
reaction mixture with diethylether (Section 2.2.4). It was thought that the 
diethylether was removing some of the excess hydrochloric acid present in the 
oil. However, C, H, N elemental analysis of this material showed that it 
could be approximately formulated as CDTMPHg.3HCl. The ir spectrum of this 
sangle, obtained as a KBr micro disc, indicated the presence of the 
characteristic stretching bands of the phosphonate group (PO3 )• However, 
characterisation by nmr spectroscopy indicated the presence of a number of 
phosphorus-containing impurities.

In order to determine the stability constants of CDIMPf^, a pure sample of 
CDTMPHg was kindly supplied by Interox Research & Development and its purity 
was confirmed by characterisation. Elemental analysis (C, H and N) was 
consistent with formulation as indicating that the sample did not
contain hydrochloric acid.

a = axial and e = equatorial.
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The %  nmr spectrum obtained for this pure sample of cmWPHg in DjO (01 cs. 2) 
was coBQ>Iicated by various couplings to phosphorus and to other protons in the 
molecule. The multiplets were also broad, suggesting that the cyclohexyl ring 
is 'flipping' at a rate which is intermediate on the nmr time scale. It is

RING CHj’S

-CH-N-

-CHrPÔ i

BB

4S «« V

Figure 4.2.2 The nmr spectrum of CDTMPHg with an expanded region (at 
C3. 50 ppa) shown in the inset.

noted that the line broadening does not arise from the rather concentrated and 
hence relativity viscous solution used;^*’̂  ̂ the TSP resonance remains sharp. 
The line widths of the resonances in the nmr spectrum are also slightly 
broad (ca. 11 Hz), which again indicates the possibility of that the 
cyclohexyl ring is slowly 'flipping' at room tenq>erature.

The observed pattern of the resonances in the nmr spectrum of CDTMFHg in D2O 
(01 ca. 2) was more complicated then those for DEAMFH2 and NEIBMFl^ (Figure
4.2.2).

N

N/
C^2«>3»2

\  c ’®h2P03H 2



The two single resonances at 25.6 and 26.8 pi»n, can be assigned to the 
methylene carbons of the cyclohexyl ring (3,6 and 4,5). The remaining signals 
can be divided into two groups; two at ca. 66.6 ppm and six between ca. 45 and 
55 ppoL, These groups can be assigned on the basis of chemical shift. The 
former are assigned to the CH carbons of the cyclohexyl ring, and the latter 
group is ascribed to the carbons of the four methylene phosphonate groups, 
CH2-P. There are two possible assignments, and hence explanations, of the 
splitting patterns due to C-P spin-spin coupling for these CH and CH2-P 
signals.

The two equatorial amine groups are expected to be equivalent because they are 
related by a two-fold axis. Then, if the N(CH2POj)2 groups are identical, only 
one nmr multiplet for CHj-P would be expected (as observed for NEIBMFI^). 
Ifowever, in contrast to the ^̂ P nmr spectra obtained for DEAMPH2 and NEIBMPl^, 
two resonances were observed in the ^̂ P nmr spectrum of CDTMPHg (at 15.4 and 
16.7 p£w»). This behaviour suggests either that the two nitrogen atoms are not 
in the same environment, or that the ^̂ P nuclei in the two CH2PO2H2 groups (e.g. 
in C ĤjPOjHj and AljPOjHj) on a particular nitrogen atom are an isochronous.

The latter case could arise from the proximity of the chiral CH carbons on the 
ring, giving rise to isochronous pairs (say) Ĉ , C? and C?, Ĉ ® and, by the same 
token, two ^̂ P resonances at differing chemical shifts. The pattern of the
CHj-P signals in the ^̂ C nmr spectrum can then be assigned as follows: the
resonance of one of the methylene carbons of the methylenephosphonate groups 
on each nitrogen atom (say) d  and C?, splits into a doublet by coupling with 
the phosphorus in the a-positiwi. For the other methylene carbons (i.e. ,
Ĉ )̂ the resonance is split to give a doublet by coupling through one bond to 
phosphorus and then again into a doublet of doublets by coupling to the 
phosphorus three bonds away. On this basis, the ^̂ C nmr spectrum can be
interpreted as (say) Ĉ , ci 6 = 52.3 ppm, ^J(CP) = 146.5 Hz; C®, Ĉ ®
6 = 49.4 ppm, ^J(CP) = 146.4 Hz and ^J(CP) = 11.6 Hz.

It is relevant to this interpretation that nitrogen inversioif^ will render the 
two methylenephosphonate groups (previously diastereotopic, i.e. differing in 
chemical shift) on a particular nitrogen atom, equivalent.

However, for quaternary ammonium compounds, nitrogen inversion is not possible 
and chiral ions may be separated into its enantiomers that are relatively 
stable.^^
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Thus, if the nitrogen atoms were not protonated, the anisochronous behaviour 
of the two Oi2 groups within each amino group would be lost. Clearly, this 
interpretation requires that nitrogen inversion is inhibited by some means on 
both amino groups, and a full interpretation can only be advanced in the 
knowledge of the protonation scheme.

The alternative assignment of the and nmr spectra is based on the 
supposition that the amino groups are not equivalent due to some special 
feature(s) of the molecule and of the -N(CH2POjH2)2 groups in particular (see 
later). Under these circumstances, (say) d  and (f would be isochronous and 
exhibit both one bond and three bond coupling to phosphorus (i.e. an AA’XX’ 
spin system), and and would be an isochronous pair exhibiting only one 
bond coupling to phosphorus ([MPlj spin system).

It should be noted that the %  nmr CH resonances at 66.7 and 66.5 ppm do not 
give unambiguous distinction between the two alternative assignments. In the 
assignments in which and d  are anisochronous, the two signals may be 
components of a doublet due to three bond coupling to just one of the 
phosphorus atoms in the N(CH2P03H2)2 groups.

On the other hand, the assignment which assumes the amino groups to be non
equivalent should, at least, generate two separate resonances for the two 
anisochronous CH carbon atoms. In this case, ^J(CP) would be close to zero. 
The crucial ^̂ C-{̂ P̂} experiment, which would have determined the separation of 
the CH signal as a coupling or as a chemical shift phenomenon, was not 
available in this work.

As mentioned previously, the protonation scheme for CDTMPI^ has an important
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bearing on these two alternative eussignments and so the assignments will be 
considered further (Section 4.5) when the protonation scheme has been 
established.

4.2.3 Characterisation of DDDTMPH^

A sample of DDIXIMPH, was kindly supplied by J. Lockhart and P. Iveson' from 
the University of Newcastle Upon Tyne and the purity of the sample was 
confirmed by C, H, N elemental analysis. Nmr spectra were obtained in DjO with 
deuterated TSP-d. as the internal standard reference for both and nmr’ 3j
spectra, and aqueous phosphoric acid (85 
nmr spectra.

as the external reference for ‘̂P

H2O 3PH2C ’ CH2POJH2

H2O3PH2C \ CH2PO3H2

DDETIMPHi

Allowing for the symmetry in the molecule, the expected five signals were 
observed for the 12 carbon atoms in the nmr spectrum (Figure 4.2.3). The 
resonance of the methylene carbons of the methylenephosphonate group (d) at

-CHfO-CHr

-H-aii-

Figure 4.2.3 nmr spectrum of DDDIMFHg in D2O.

 ̂ P. Iveson, Ph.d Thesis, University of Newcastle Upon Tyne, 1991
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ca. 54 ppm, splits into a doublet by coupling with an adjacent phosphorus 
[^J(CP)] and the components are further split into doublets by a three-bond 
coupling with phosphorus. The resonance of the methylene carbon (Ĉ ) of the 
aliphatic backbone, splits into a triplet by coupling through three bonds with 
two phosphorus atoms. The other carbons (Ĉ , and Ĉ ) in the molecule are 
assigned to the remaining three singlet resoneuices on the basis of chemical 
shift.

The nmr spectrum of DDDlMFf^, showed only one signal at 8.83 ppm, 
indicating that the four phosphorus atoms are in one environment. Presumably, 
rapid exchange of protons between all the species present in aqueous solution 
produces an averaged chemical shift.

4.2.4 Infrared spectra
The ir spectra of the alkylaminomethylenephosphonic acids, DEAMFH2, NEIBMPH^ 
and CDlMFHg, were all obtained as 16 mm KBr discs (Section 2.5).

The ir spectra of aminomethylenephosphonic acids are usually quite difficult 
to assign. The more interesting features lie in the fingerprint region (900- 
1500 cm’̂ ). Bands due to deformation of the aliphatic CHj group (1400- 
1470 cm‘b and the phosphonate stretching bands (vPO) at (850-1300 cm'̂ ) are
usually observed. 39,40

The ir spectra of allQrlaminomethylenephosphonic acids show a wide range of 
characteristic stretching bands for the phosphonate group giving rise to 
complex patterns of absorptions which are further complicated by the formation 
of hydrogen bonding (lowers the frequency of the band). Possible vibrations 
are; (P-OH); (P=0); asym (POj"); sym (POj'); asym (POj") and sym (POj").̂ ® The 
combined effect usually results in a broad cluster of bands in the fingerprint 
region. The associated Œ  stretch of the phosphonate group occurs as a group
of broad, medium bands in the region 2560-2700 cm-1

Assignments of these bands in the ir spectra of DEAMFH2, NEIBMPI^ and CDTMPHg, 
are summarised in Table 4.2.1.
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Table 4.2.1 Assignments for selected bands in the ir spectra of some alkyl- 
aminomethylenephosphonic acids (v/cm*^).

Ligand (PO-H)^ (CHj)‘ (CHj)" asym, sym(P02‘) (P-O)

DEAMFH2
NEIBMPH^
CDTMPHg

2484-2758br
2546-2704br
2546-27950

2964,2935,2873
2972,2912,2808
2962,2943,2872

1468
1446br
1444m^

1124br 
1214-1124br 
1084-1007br

1005
975-939

949

‘ Stretch. Deformation.  ̂Not fully resolved.

4.3 Protonation equilibria for diethylaminoaethylenei^iDSphonic acid, DEAMF^

Diethylaminomethylenephosphonic acid, DEAMFH2) contains one basic nitrogen site 
and one methylenephosphonic acid group. Potentiometric titrations of the acid 
were carried out in the absence of metal ions over the 01 range 2-12 (Figure
4.3.1), generating two data files. Analysis of the data files, using 
SUPERQUAD,yielded two protonation constants (Table 4.3.1). The protonation 
constants (log Pqjj and log 00̂2) obtained from data file M040 are characterised 
by satisfactory statistics and agree closely with the values determined by 
Wozniak et The protonation constants for DEAMPHj determined by Carter et

al.^ are substantially different to those determined in this work and this
could be ascribed to the different ionic strength used. The value of log Kq ĵ

43(11.55) determined by a previous worker at the University of North London 
under the same conditions as those used in the present work is also 
significantly different. This may be due to the lower reliability associated 
with data at high pH and/or it may reflect the improvements in the stability 
constant determination procedures which have taken place since the earlier 
work. Data file M041 yielded protonation constants of lower reliability than 
those from file M040, as indicated by high and o values. The results from 
the file M041, shown here for comparison, were not used in further work on 
this ligand.
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2-.Table 4.3.1 Protonation constants for I£AMFH2 (L = [Et2NCH2P03] )

Datafile log log B ,J J log
^ 1 2

M040̂ »̂ 11.92(0.016) 17.22(0.024) 5.30
M04l‘»' 11.78(0.072) 16.81(0.170) 5.03

Literature^ 11.81(0.03) 17.09(0.03) 5 .28
Literature^ 12.32 ±0.19 18.11 ±0.11 5.79
Literature^ 11.55 ±0.12 16.92 ±0.15 5 .37

‘ Data obtained at I = 0.1 eol d«'̂  KNOj, 25.0 ±0.1 *C. Figures in parentheses 
are standard deviations obtained from SUFGRQUAD. Convention: for
 ̂Fit parameters obtained from SUPERQUAD, =3.26, o = 0.345; pH 2.75-11.22, 
152 data points. ® Fit parameters obtained from SUFERQUAD, = 16.12, 
o = 0.655; pH 2.89-11.25, 125 data points.  ̂Ref. 42, at I = 0.1 mol dm'̂  KNOj,
25.0 *C. Figures in parentheses are 3o. * Ref. 23, at I = 1.0 mol dm^ KNOj,
25.0 *0.  ̂Ref. 43 at I = 0.1 mol dm‘̂ KNOj, 25.0 *C.

The two buffer regions (Figure 4.3.1) correspmd apEnroximately to the two 
stepwise protonation omstants, i.e. pH 4.5-5.5 and pH 11-12. DEAMPHj has 
three protonation sites, the bcisic nitrogen and the two phosphonic acid 
oxygens, and hence three protonation constants might be expected for 
determinations in an initially acidic solution:

log Kjjj
2- liT

log Kjjjj2 log Kqij
liJj ^  LHj'

The two log K values determined from the analsrsis using SUPERQUAD^^, were 
assigned to the protonation scheme for DEAMFH2 as:

log K,„ log K,1,
L*' U f  UIj

rather than the alternative two sequential prot(xiations resulting in LHĵ . 
This assignment is based on comparison with the results of potentiometric 
studies of some other alkylaminomethylenephosphonic acids^*^^’̂  f.e. three 
si^>le amincMiethylenephosphonic acids, containing three, two and one
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methylenephosphonate groups respectively (Table 4.3.2)

VOlUM bMS/Bl
Figure 4.3.1 Titration curves (pH vs volume of base aulded) for DEAMPH2;

(a) calibration curve, (b) [DEAMFH2] = 0.0004 mol dm^, and 
(c) [DEAMPH,] = 0.001 mol dm‘̂tt

Table 4.3.2 Protonation constants for some a-aminomethylenephosphonic acids.

% £

M L H NTMPHĝ DMAMFH,̂
4i

0 1 1 12.34 10.62 11.06

0 1 2 6 .66 5.82 5.19

0 1 3 5.46 4.83 0.45*

0 1 4 4 .30 <2

0 1 5 <2

0 1 6 <2

 ̂Ref. 23, I = 1.0 mol dm'̂  KNO,, 25.0 ‘C.  ̂Ref. 43, I = 1.0 mol dm'̂  KNO3,
25.0 *C.  ̂Ref. 42, I = 0.1 mol dm’̂ KNO,, 25.0 *C.  ̂Ref. 42, I = 0.1 mol dm‘̂m

KNO3, 25.0 *C. ® For fully protonated species LH3̂.
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Also of relevance is another sinple alkylaminomethylenephosphonic acid, tri- 
methylammoniuBmethylenephosphonic acid (1MAMPH2), (CH*)jN^CH2P02H2, in ?diich the 
nitrogen is in a quaternary environment and hence cannot be protonated. Only 
one protonation constant (Table 4.3.2) was determined by WOzniak and must 
represent protonation of the phosphonate function:

(CH3)3N^CH2P03
log Kji,

The value of log Kqjj for each of the three alkylaminomethylenephosphonic acids 
NTMPHg, IDMPH^ and DMAMPHj is greater then ten. However, in the case of 
TMAMPHj, where the quaternary nitrogen cannot be protonated, log Kq^ (5.10) is 
very much less than ten and is also very similar to the log Kqj2 for ra4AMPH2 
(5.19). This strongly suggests that the log K value of 5.30 for DEAMPHj 
corresponds to the first protonation of the phosphonate oxygen and that 
log Kq33 for DEAMPHj is due to the protonation of the basic nitrogen site to 
give the species LH". Log K values for IDMPH^ and NTMPH^, each with one 
nitrogen, also fit this pattern.

Furthermore, during analysis of the data files for DEAMPH2 using SUPERQUAD, 
inclusion of the fully protonated species 013̂  in the model for the equilibria 
in solution over the pH range 2-12 did not lead to successful refinement. It 
is likely, therefore, that the fully protonated species exists only in 
very acidic conditions (i.e. less than pH 2). Previously determined 
protonation constants for DEAMPHj were also similarly €issigned (Table
4.3.1).̂ »̂̂ ^

AllQrlaminomethylenephosphonic acids are difunctional cooQxsunds containing both 
a basic and an acidic group. a-Aminomethylenephosphonic acids are analogous 
to a-euninomethylenecarboxylic acids, e.g. glycine (GlyH) and L-proline; these 
are amphoteric and exist as zwitterions in solution and the solid state. 
Glycine exists as the fully protonated species, GlyH2̂, in very acidic media 
(i.e. less than pH ca. 2.5). Two protonation constants have been determined 
for glycine

HjNCHjCXX)" + ^  HjN̂ CHjCXX)" log Kq^ = 9.78

H3N^Ol2COO‘ + Ĥ  ^  H3N̂ C3l2CXX»l log = 2.35
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It has been found experimentally that many a-aminomethylenephosphonic acids 
also exist as zwitterions in the solid state’̂ and the presence of 
zwitterions has also been inferred for solutions in acidic media {e,g. refs. 
35,42,44,58-61).

On the basis of these observations and comparisons, the detailed protonation 
scheme for DEAMPll, is proposed as:

CH3CH2s^
N—  CH,

CH3CH2/" 2̂-

CH,CH H

CH3CH2/
C H _ P — 0“

LH"

'3'^2\|+ f^ N — CH2— P — OH
LH, N j-

Determining the macroscopic protonation constants for a ligand by the 
potentiometry does not in itself indicate the sequence of protonation of 
available sites on the ligand. However, by following the nmr chemical shift 
of a ligand’s protons, carbon atoms or phosphorus atoms as a function of 1«, 
microscopic protonation schemes can often be elucidated. This method was used 
as early as 1964 to determine the protonation schemes of polyamines, poly- 
carboxylic acids, and polyaminomethylenecarboxylic acids [e.g. ethylenedi- 
aminetetraacetic acid (EDTAH^), was studied by following (CHj) as a function 
of Thereafter *'̂C, ‘H and nmr spectroscopy have become widely used 
in determining the structures of a-aminomethylenephosphonic acids in 
s o l u t i o n . T i t r a t i o n s  to determine the nmr dependence of pH have 
arguably produced the most conclusive evidence for assigning protonation
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schemes.

The nmr spectra for DEAMPH2 were determined as a function of 1«  in order to 
confirm the protonation scheme proposed above. The conditions employed for 
the nmr/iil titrations were qualitatively similar to those used in the 
potentiometric titrations. It was necessary, however, to use a ligand 
concentration ca. ten-fold greater so that the nmr signal could be detected 
within a reasonable time scale. Concentrations of other components of the 
solution were likewise increased (f.e. I = 1.0 mol dm^ KNOj, initial [HNOj]
= 0.04 mol dm’̂ ). A base {aqu. KC^) concentration of 1.0 mol dm'̂  was used in 
order to minimise volume changes which would effect ionic strength during the 
titration. As only 10 % DjO was employed, it was assumed that the deuterium 
isotope effect^^ would not significantly affect solution pH, and therefore pH 
values were not corrected.

In the 01 range studied (1.37-12.79), the ^̂ P nmr spectra obtained showed only 
one signal indicating that there is rapid exchange of protons between all the 
species present in solution at each point. The plot of 6(^̂ P) against pH 
showed a distinctive curve similar to that obtained for other simple a-amino- 
methylenephosphonic acids (Figure 4.3.2a) The pH dependence 
of 5(̂ P̂) for DEAMPH2 broadly correlates with that determined by Carter et a l P

• I
Comparison of the species distribution curves with the plot of 6( P) vs pH for 
DEAMFH2 (Figure 4.3.2) shows a correspondence between the 'half-neutralisation 
points' at ca. jtfl 5 and ca. iSl 12 on the species curves and the approximate 
positions of inflections on the 5(̂ P̂) vs pH curve. The 'half neutralisation 
points' also correspond approximately to the two 1*^ values determined by using 
SUPERQUAD.Hence, it is reasonable to assume that the upfield shift of the 
phosphorus signal between ca. pH 4 and 6 {ca. 2 pinn) is associated with the 
deprotonation of the species LH2 to form the species LH . Then the large 
downfield shift of 5(̂ P̂) at ca. pH 11-13 {ca. 5.5 ppm) is assigned to 
deprotonation of LH* to form the fully deprotonated species L . On this 
basis, the slight upfield shift of the phosphorus signal at ca. pH 1-4 (Figure 
4.3.2b) would be due to the deprotonation of the species LHj’’ to give the 
neutral species LH2*

There is substantial evidence from previous work on a-aminomethylenephosphonic 
acids which indicates that an upfield shift (usually at low pH) of the 
phosphorus signal with increasing is due to deprotonation of the
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phosphonate oxygen and that the sharp downfield shift (usually at high pH) is 
due to the nitrogen-bound proton being neutral

(b)

Figure 4.3.2 (a) The 01 dependence of 8(̂ P̂) for DEAMFH2 in aqu. solution;
(b) species distribution plots^^ as a function of 01 for DEAMFH2.
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^^leton determined the variation of the chemical shift as a function of 
pH (0)) for a simple alkylphosphonic acid, methylphosphonic acid, CI^P0jH2 
(MPHj).® The resulting plot of vs pD showed two inflections in the curve, 
at pD 2.3 and 7.8, which corresponded to the two successive protonations of 
MP^‘ and their log K values.^

2-CHjPOĵ

CHjPOjicai)'

CHjPOjiOH)'

CH3P03«2

lOE Kqjj “ "7‘3

lo8 ” 2.1

As the jil is increased, there is a large upfield shift in the phosphorus 
signal in the region pD 0-2.5 [A(5^^P) ca.7 ppm] with an inflection 
corresponding to the deprotonation of MPHj to form MPH’. Between pD ca. 2.5-6, 
there is a levelling off of the curve. As the pD is further increased, there 
is another upfield shift in the phosphorus signal between pH 6.5-10 [A(6^̂ P) 
ca. 4 pim]. Again, this upfield shift coincides with the second inflection 
at pD 7.8, indicating that the species MPH‘ is being deprotonated to form the 
fully deprotonated species MP^’. Above pD 10. there is a final levelling off 
of the curve.

Coi^paring the results determined by Appleton for MPHj^ with that obtained for 
DEAMPH2, a major difference is observed. For MPH2, there is no downfield shift 
in the phosphorus signal above pD 8; instead as already mentioned there is a 
levelling off of the curve. This strongly indicates that the upfield shift 
of the phosphorus signal for DEAMFH2 as 1®  increases is due to the 
deprotonation of the phosphonate oxygens.

Appleton also studied the variation of the as a function of 1®  for 
aminomethylenephosphonic acid, NH2CH2POJH2 (AMPH2) and the resulting plot of 6̂ P̂ 
vs pD was significantly different to that obtained for MPHj.^ In the case of 
AMFH2, the three inflections in the curve at ca. pD 10, 6 and 1 correspond to 
the successive protonations of AMP^" and the log K values determined.^

AMP̂ ' ** AMPH' log Koii = 10.05

AMPH" AMPHj log Kjij = 5.39

AMPHj AMPHj^ log Kjjj = 0.44
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At low pD (0-1.5), there is a small upfield shift in the phosphorus signal 
[A(6^̂ P) ca. 4 ppm] which corresponds to the deprotonation of the fully 
protonated species AMPHj* to give AMFH2. Between pD 2-4, there is a slight 
levelling off of the curve, with another slight upfield shift in the 
phosphorus signal between pD 4-6, which corresponds to the deprotonation of 
AMPHj to give AMPJT. Above pD 10, there is a rather large downfield shift of 
the phosphorus signal [A(Ô^^P) ca. 11 ppm] and, by comparison with the pD 
dependence of 6^̂ P for MPHj, this downfield shift corresponds to the process in 
which the nitrogen bound proton is being neutralised to form the fully 
deprotonated species AMP̂ ".̂ *̂

Conqparison of the results for MPH2 and AMPH2, and for several other eunino- 
methylenephosphonic a c i d s , w i t h  those for DEAMPH2, leads to the 
conclusion that the downfield shift of the phosphorus nucleus in DEAMPH2 can 
be assigned to the deprotonation of the basic nitrogen.

The origins of the downfield shift of the phosphorus signal on nitrogen 
deprotonation are the subject of some debate, and several factors have been 
identified as being important. The possibility of formation of intramolecular 
hydrogen bonds between the phosphonate oxygens and the neighbouring protonated 
nitrogen, and hence the state of protonation of the basic nitrogen and 
phosphonate oxygen atoms, is expected to greatly influence 6(̂ P̂) for the
various species in solution.^^*^ Recently, Dhansay et al.̂  ̂also suggested that 
disruption of intramolecular hydrogen bonds on deprotonation of the nitrogen 
was responsible for the dramatic downfield shift in the phosphorus signal.

^^leton et al.^ studied the dependence of 6(̂ P̂) for a sequence of amino- 
alky Iphosphonic acids, NH3(CH2)jjPOjH2 (where n = 1, 2 and 3). At a pH of 
greater than 11, the change in 6 (̂ P̂) for the three aminoalkylphosphonic acids 
decreased as n incresised from 1 to 3. Appleton®® suggested the presence of 
cyclic structures in which strong hydrogen bonds are formed between the 
protonated nitrogen and the phosphonate oxygens. These structures involved 
five, six and seven membered rings (n = 1, 2 and 3 respectively), ^pleton 
proposed that as the carbon chain increased and hence the size of the ring 
formed in solution also increased, the hydrogen bonds became weaker resulting 
in less interaction between the amine and phosphonate groups. This in turn 
was assumed to lead to a decrease in the change in 5(̂ P̂).®®

A typical feature of the solid state structures of the many a-aminomethylene

59
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phosphonic acids whose structures have been determined by X-ray 
crystal is the extensive nature of their hydrogen bonding
interactions. For example, in the solid state structure of DEAMPH2 (Section
7.2), there are two very strong intermolecular hydrogen bonds, one between a 
protonated phosphonate oxygen and an unprotonated phosphonate oxygen, 
0(3).. .H0(2), and the other between the protonated nitrogen and an 
unprotonated phosphonate oxygen, H(nl).. .0(1), but no intramolecular hydrogen 
bonding was found. In fact, only in one instance has an intramolecular 
hydrogen bond found between a protonated nitrogen and a phosphonate oxygen 
forming a five membered ring, i.e. for ethylenediaminebis(methylenephosphonic 
acid).^^ This intramolecular hydrogen bond has to be classified as being weak,
(N)H. ..0(1) = 2.68(4) A and the angle at hydrogen, N-H. ..0(1), is 96(5) *. 
However, in a mixed aminophosphonic and carboxylic acid, a six membered 
intramolecular hydrogen bond between a nitrogen-bound proton and phosphonate 
oxygen was found, i.e. for 2—amino—3—phosphonopropinonic acid, 
NH2CH(00(»1)CH2P03H2.̂  ̂ This hydrogen bond can be classified as being stronger 
than the intramolecular hydrogen bond formed in ethylenediaminebis(methylene— 
phosphonic acid), (N)H. ..0(1) = 2.04(4) A and N-H. ..0(1) is 145(4)

Therefore, examination of the solid state structures of a-aminomethylene- 
phosphonic acids suggests that five membered rings involving intramolecular 
hydrogen bonds between the protonated nitrogen and the phosphonate oxygen are 
rare. Ring formation may be more favourable where the possibility of a six- 
membered ring exists.

Sawada et al?^ later proposed that Appleton’s observations were due instead 
to a through-bond electronic effect [P-(CH2)jj-N], i.e. as the carbon chain 
increased, the electron-withdrawing effect of the phosphonate group on the 
nitrogen decreased.

Another explanation offered for the downfield shift of the phosphorus signal 
as the I® is increased, and the nitrogen-bound proton is neutralised, is 
centred around the h3rbridisation changes at n i t r o g e n . T h e  dramatic 
deshielding of the phosphorus atom is attributed to conversion of the nitrogen 
atom from tetrahedral (sp̂ ) to an uncharged pyramidal environment (sp^). 
Letcher and van Wazer^^ further developed this idea using quantum mechanical 
methods and separated the effects into opposing contributions to the 
chemical shift from the inductive effects of proton dissociation and the 
accompanying effects due to changes in the pi-bonding between the phosphorus
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and oxygen atoms. 56

Thus» the actual mechanisms which produce this downfield chemical shift of the 
phosphorus signal when nitrogen is deprotonated still remain unresolved.

Species distribution curves (species abundances vs pH, obtained using the
program SPEÍ^ Section 2.3.9) for DEAMPH, (Figure 4.3.2a), show that the
neutral (zwitterion) Ui. and the monoprotonated species LH' are dominant over*
the E« range 2-12.

4.4 Protonation constants for N-ethyliminobis(aethylenephosirfiQnic acid), 
NEIEICB,

N-ethyliminobis(methylenephosphonic acid), NEIBMPHi, contains three functional 
groups, i.e. one basic nitrogen site and two methylenephosphonic acid groups. 
The potentiometric titrations of the free ligand were carried out, as for 
DEAMPH2, in the absence of metal ions over the same pH range (Figure 4.4.1). 
NEIBMPH^ contains 5 possible protonation sites but analysis, using SUPERQUAD,

Figure 4.4.1 Titration curve (pH vs volume of base added) for NEIBMPI^;
(a) calibration curve; (b) [NEI^CH^] = 0.0005 mol dm-3
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of the three data files obtained, gave only the four protonation constants 
shown in Table 4.4.1. The results obtained for all the data files are 
considered reliable as judged by low and o values, and satisfactory weighted 
residuals o u t p u t T h e  buffer regions (Figure 4.4.1) correspond approximately 
to the four stepwise protonation constants determined.

Thermodynamic equilibrium constants are strictly defined in terms of 
activities of the species in solution at equilibrium. The activity (aj) of a 
species is its effective concentration in solution and is defined as:

where yj is the activity coefficient and Cj is the actual concentration of the 
ith species in the solution. Ionic activity coefficients vary with 
concentration and in very dilute solutions approach unity. The ionic activity 
coefficient also varies with the total ionic strength of the solution. 
Therefore, working in a medium of constant ionic strength minimises changes 
in ionic activity coefficients and hence the activities of the species. Under 
these circumstances, 'concentration equilibrium constants', calculated from 
the concentrations of ions rather than their activities, become useful. It 
follows that when comparing two equilibrium constants at different ionic 
strengths, the activity coefficients of ions in the two solutions will be 
slightly different and hence the measured equilibrium constants will also be 
different. As the activity coefficient, £il and ionic strength are inter
related, it is in^rtant to state the sample temperature, ionic strength and
solvent composition for protonation or stability constant determination in

70order to allow comparison of data or duplication of results.

The protonation constants for NEIBMPH^ determined by Carter et al}^ and 
Bel’skii et al}^ at I = 1.0 mol dm'̂  KNO3 (Table 4.4.1) vary significantly from 
the results determined here, presumably because of the difference in ionic 
strengths used for the two determinations. The agreement between the value 
of log obtained in this work and that by a previous worker at the 
University of North London*^ is somewhat unsatisfactory, but values of log 
are particularly sensitive to a number of factors including the low abundance 
of the fully deprotonated ligand in the pH range studied in the refinement, 
the possible interaction of the ligand with the background electrolyte, as
found by Anderegg,^^ and the unreliability of the data obtained at high pH, as

72measured with a glass electrode.
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4-\ aTable 4.4.1 Protonation constants for NEIBMPI^ (L = [EtNiCHjPOPj] )

Data file: M096^ M097^ MOIOO^ Mean^
log Poll 12.11(0.01) 12.16(0.02) 11.74(0.03) 12.00 ±0.26
log Pou 18.35(0.02) 18.45(0.03) 18.02(0.03) 18.27 ±0.25
log Ko,2 6.25 6.29 6.29 6.28 ±0.03
log %,3 23.23(0.03) 23.34(0.03) 22.92(0.04) 23.16 ±0.24
log Kj,j 4.88 4.89 4.89 4.89 ±0.01

POU 25.02(0.04) 25.43(0.04) 24.87(0.06) 25.11 ±0.32
log Kj„ 1.78 2.09 1.96 1.94 ±0.16

Literature^
log Poll log KoiJ log Kjij 1°8 1=01«

12.42 ±0.10 5.92 ±0.04 4.70 ±0.04 <2
Literature^ 11.98 ±0.05 5.92 ±0.03 4.68 ±0.03 <2
Literature^ 11.73 ±0.08 6.34 ±0.07 5.00 ±0.14 2.1 ±0.4

 ̂This work: I = 0.1 mol dm"̂  KNO,, 25.0 ±0.1 *C. Figures in parentheses are
 ̂ b •Standard deviations obtained from SUPERCyJAD. Convention: for Fit

parameters obtained from SUPERQUAD, = 5.14, o = 0.0771; i« 2.81-11.12; 130
data points.  ̂Fit parameters obtained from SUPERQUAD, ” 7.13, o = 0.0607;
pH 2.97-11.09; 111 data points.  ̂Fit parameters obtained from SUPERQUAD, x̂
= 5.40, o = 0.0940; pH 2.77-10.98; 105 data points. ® Unweighted mean of
values from each refinement; error limits are derived from the ranges obtained
for each log (and log  ̂Ref« 23, at I = 1.0 mol dm^ KNOj 25.0 *C.
 ̂Ref. 44, at I = 1.0 mol dm"̂  KNOj, 25.0 *C.  ̂Ref. 43, at I = 0.1 mol dm‘̂

KNOj, 25 .0  *C.

Using arguments previously applied to the determination of the protonation 
scheme for DEAMPH2 (Section 4.3), the protonation scheme shown below is 
proposed for NEIBMFH^. The scheme is consistent with the jrfl-dependence of 6^̂ P 
for this molecule reported by Scowen^^ and in this work (Chapter 6). The 
neutral ligand exists as a zwitterion in solution, with the fully protonated 
species NEIBMPH^, occurring only in very acidic conditions f.e. less than 
pH 2. Furthermore, during analysis of the data files for NEIBMPH^ using 
SUPERQUAD,inclusion of the fully protonated species LHĵ  in the model for the 
reactions occurring in solution over the 01 range 2-12 did not lead to 
successful refinement. Therefore, the protonation consteuits have been 
assigned to the following protonation scheme:
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Species distribution curves®' for NEiaMPH^ (Figure 4.4.2) show that the 
dominant species over the 01 range 2-12 are LH^ , LHj , and LHj .

Protonation constants (Table 4.4.2) are useful in deciphering the electronic 
effects of the phosphorus-containing substituents (i.e. phosphonate groups) 
on the relative basicity of the nitrogen in ethylamine, DEAMPHj, NEIBMPH^ and
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The first protonation of the ligand (logR^jj) increases with increasing number 
of methylenephosphonic acid groups, whereas that of aminopolymethylene- 
carboxylate ligands is scarcely changed by the number of carboxylate groups 
[log Kqjj = 9.78, 9.65 and 9.71 for N,N-dimethylglycine, N-methyliminobis- 
(acetic acid) and nitrilotriacetic acid respectively]. The high negative 
charge of the phosphonate groups (PÔ ’̂) compared with the carboxylate group 
(CO,") may induce the higher and, indeed, increasing basicity of the nitrogen

* îiatom of the alkylaminomethylenephosphonic acids. For example, on replacement 
of one of the hydrogens of ethylamine by a methylenephosphonate group to give 
DEAMFH2, there is a large increase in the value of log Kqjj for DEAMPHj (ca. 1 
log unit). This increase in log Kqjj also continues from DEAMPHj to NTMPHg.

Table 4.4.2 Protonation constants of some related ligands.

Ligand log log Kqj2 log Kj,j log I08 1̂ 15 1̂ 16

EtNHj^
DEAMPHj^
NEIBMPH^^

10.72
11.92 5.30
12.00 6.28 4.89 1.94
12.34 6.66 5.46 4.30 < 2  < 2

DBGHj^ 10.47 2.04

1 ^
 ̂Ref. 6; ethylamine. ° This work; carried out at I = 0.1 mol dm"’’,
25.0 ±0.1 *C. Ref. 23; nitrilotris(methylenephosphonic acid); I =
1.0 mol dm’̂ KNO,, 25.0 ±0.1 *C.  ̂Ref. 42; N,N-diethylglycine; I = 0.1 mol dm’̂w
KNO3, 25.0 ±0.1 *C.

24This increase in basicity has been ascribed by some workers to the increase 
in electron density on the nitrogen arising from the negatively charged 
phosphonate groups (-1 in the carboxylate to -6 in trisphosphonate). A 
similar result is also seen when comparing log of DEGHj with DEAMPHj. On 
replacing the carboxylate group of DEGHj with a phosphonic acid group, there 
is an increase in the value of log Kqjj for DEAMPH2 ca. 1.5 log units.

The increase in the value of log Kgjj for NEIBMP^ (12.00) over that of DEAMP^ 
(11.92) corresponds to the substitution of an ethyl group of DEAMPH2 with a 
methylenephosphonate group. This increase in the basicity of the nitrogen 
atom has been ascribed (see above) to the extremely electron-rich phosphonate 
group, which counteracts the loss of the +inductive effect of one of the ethyl
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groups. Further substitution at the nitrogen site of NEIBMP^ , by replacing 
the ethyl group with another methylenephosphonate group, gives rise to an even 
more basic nitrogen atom as found by Sawada for NTMP^ ; log Kqjj = 12.80 (at 
I = 0.1 mol dm'̂  KNO3).

Sawada suggested, from the closeness of the values of log Kqj2 and log Kqjj
determined for NTMPIL, that these values could hence be assigned to the

® 2- . 7- 24protonation of each of the unprotonated phosphonate groups (POj ) in NTMPH .
This suggests that, in an aminopolymethylenephosphonic acid, if the values of
log K corresponding to the protonation of the phosphonate oxygens were close
to each other then protonation would occur on each of the unionized
phosphonate groups. The reason for this has been suggested to be due to
charge repulsions between the negatively charged phosphonate groups (PO3 ).
This will be at its maximum if free rotation about the C-N bond is
possible.^^**^ In the case of NEIBMPH^, the values of log Kqj2 (6.78) and log Kqjj
(4.89) are close, suggesting that charge repulsion will be at its maximum.
This is consistent with their assignment to successive protonation of each of
the unprotonated phosphonate groups (POĵ  ). The value of 1.94 is much less
than for log Kqj2 and log Kqj3 and can be ascribed to protonation of one of the
protonated phosphonate groups (POjH').

4.5 Protonation equilibria for (±)-trafis-l,2-diaminecyclohexanetetr«tfs- 
(methylenephosi^ionic acid),

CDTMPHg is known to be very effective in the prevention of hydrogen peroxide 
decomposition in the presence of metal ions.̂  ̂ It is likely, therefore, that 
understanding the efficiency of CDTMPHg in this application requires knowledge 
of the possible equilibria in aqueous solution.

The two ligands, CDTMPHg and DDDTMPHg (Section 4.6) have in common two nitrogen 
atoms and four methylenephosphonate groups. However, the major difference 
between these two ligands is in their backbone structure. CDTMPHg has a 
'rigid' cyclohexane backbone^’ and DDDTMPHg has a flexible aliphatic/ether type 
chain. This variation may have a considerable effect on the stability of any 
metal complexes formed in aqueous solution (see Chapter 5).

Potentiometric titrations of the 'free-ligand', CDTMPHg (Section 2.3), were 
carried out in the absence of metal ions over the pH range 2-12.
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Potentiometric titration curves obtained for CiyiMPH, (Figure 4.5.1) have an 
inflection corresponding to ca. five equivalents of base being consuioed by the 
ligand system by ca. pH 9. An approximate indication of the values of the 
protonation constants can be obtained by inspection of the buffer regions 
observed in the titration curve (Figure 4.5.1), i.e. pK.’s values are expected 
at ca. 2, 5, 6.5 and greater than 9.

Analysis, using SUPERQUAD^\ of the three data files obtained for CDTMPHg 
(Section 2.3.6), yielded the protonation constants given in Table 4.5.1. 
Theoretically there are ten possible protonation constants (logKjjjj), allowing 
that the fully neutralised anion, LHg, can accept two protons to become the 
acid salt:

LH LHj' LH,- LHj"" w^ L H t' ^ L H g  ^LHj' LH,10

Figure 4.5.1 A typical titration curve (pH vs volume of base added) for
CDTWPHg; (a) calibration curve; (b) [CDTMPHj] = 0.0005 mol dm^.
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However» only five out of the ten possible protonation constants could be 
determined in this work.

Initial refinement of data file TC2 for a model consisting of species where 
MLH = Oil to 016 was unsuccessful; the log K value for the species 015 became 
negative on refinement and hence was removed from the final output. Another 
model, which was tried for all three data files, included the species where 
MLH = Oil to 017. Again, this refinement was unsuccessful, as indicated by 
high o values. A model which only included the species where MLH = Oil
to 015 was found to be successful for all three data files, as indicated in2
Table 4.5.1. The results were characterised by acceptable % suid o values. It 
is assumed that the five protonation constants determined apply to successive 
protonation steps (i.e. none remained undetected between log K values of 2.05 
and 11.26). However, assignment of each log K value to a particular 
protonation step is not trivial. Thus the log K values given in Table 4.5.1 
could be assigned to any of the following protonation sequences; sequential 
protonation of the species L resulting in the species LHc"̂  , or sequential 
protonation of the species liL̂  resulting in LH^', and so on. The classical 
method of assignment has been to con^>are with protonation constants for other 
related ligands. For exan?)le, in this case, comparison with ethylenediamine 
tetraitis( me thy lenephosphonic acid), EDTMPHj and 1,6-hexa-methylenetetralcis- 
(methylenephosphonic acid), HMIMFHg (Table 4.5.2) is appropriate.

H2O3PH2C

CH2PO3H2

CH2P0^H2

CHjPOjH,

CH2PO3H2

EDTMPHj HNmiPHg

The protonation constants of CDTMPHj were previously determined by Banks et al. 
on the octa-sodium salt by potentiometry in 1959.^^ Compared to the work 
reported here, there are two differences in the method by which Banks 
determined the protonation constants of CDTMFHg. One was that the titrations 
were carried out using a different ionic medium, i.e. sodium perchlorate (I 
= 0.1 mol dm'̂ ), and the other difference was the method used to calculate the
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log K values. This »ethod involved graphical analysis, by hand, of the buffer 
regions in the titration curves, and the fact that each titration point can 
be expressed as a function of the total concentration of CDTMPHg, the hydrogen 
ion concentration, the noles of base added per nole of CDTMPHg, the eight 
protonation constants and the various species of CDTMPHg present is solution.
Banks calculated the log K values from expressions derived from simultaneous

77equat ions.

Table 4.!5.1 Protonation constants for CDTMPHg (L = 
[ W j(CHjPO,)j(CHjPOjH) ]’■) .*

Datafile TC2*’ TC3‘̂ TC4'* Mean*
log 1̂1 11.33(0.016) 11.21(0.015) 11.23(0.019) 11.26 ±0.07
log 1̂2 21.38(0.020) 21.25(0.016) 21.25(0.018) 21.29 ±0.09
log *S)12 10.05 10.04 10.02 10.04 ±0.02
log ^13 27.99(0.033) 27.83(0.025) 27.82(0.027) 27.88 ±0.11
log *S)13 6.61 6.58 6.57 6.58 ±0.02
log ^14 33.01(0.046) 32.86(0.034) 32.83(0.036) 32.,90 ±0.11
log *S)14 5.02 5.03 5.01 5..02 ±0.01
log ^15 35.37(0.067) 34.95(0.070) 34.52(0.113) 34.,95 ±0.42
log •Siu 2.36 2.10 1.69 2..05 ±0.36

* The monoprotonated ligand is denoted as L; see text. Data obtained at I =
0.1 mol dm‘̂ KNO,, 25.0 ±0.1 *C. Figures in parentheses are standardJ h
deviations obtained from SUPERQUAD. Convention: 3uu for Fit
parameters obtained from SUPERQUAD, = 8-^0» o = 0.1415; pH 2.75-11.21, 152
data points. ® Fit pcuraa^ters obtained from SUPERQUAD, = 5.60, o = 0.1012;
pH 3.03-10.70, 87 data points.  ̂Fit parameters obtained from SUPERQUAD,
= 5.74, o = 0.1165; pH 2.95-10.66, 92 data points. ® Unweighted mean of values
from each refinement; error limits are derived from the ranges obtained from
each log ^  (and log %g)>

Banks determined eight out of the ten possible protonation constants
(Table 4.5.2). Protonation constants with values 10.89 and 9.39 were assigned

77to the processes of successive protonation of the two nitrogen atoms:

L*" + ^  LĤ ‘ log  K,1,

LĤ ‘ + H* ^  LHj®" log  l!„j
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The remaining six protonation constants (log to log K^g) were assigned to 
the successive protonations of the phosphonate oxygen atoms.

Table 4.5.2 Protonation constants for some related ligands.

MLH Oil 012 013
l08 % H  

014 015 016 017 018

EDTMPHg’̂
EOTMPHg^
EOTMPHg*̂
EDlMPHg^
HMIMPHg*

CDTMPHĝ

CDTWPHg*

5.05 2.72 1.46
3.15 (1.37)
3.02 1.33
3.00
3.25

5.32 3.70 2.40

 ̂ Ref. 20, I = 0.1 mol dm'̂  KNOj. Values in parentheses estimated by 
extrapolation.  ̂Ref. 73, I = 0.1 mol dm^ KNOj.  ̂Ref. 74, I = 0.1 mol dm^ 
KNO3.  ̂Ref. 75, I = 0.1 mol dm'̂  KCl. ® Ref. 76, I = 0.1 mol dm'̂  KNO3.  ̂This 
work I =0.1 mol dm‘̂ KNO3, 25.0 tO.l’C. * Ref. 77, I = 0.1 mol dm'̂  NaClO^,
25.0 *C.

There are a number of factors that can significantly affect the values of the 
protonation constants determined by potentiometry. These include the 
concentration and nature of the ionic medium used, differences in sample 
preparation and hence purity,^* and the reliability associated with the data
at high Anderegg also noted that some association of the species in

71aqueous solution with the electrolyte ions cannot be completely ruled out.

The protonation constants of CinMPHg determined in this work are significantly 
different to those determined by B a n k s . T h e  components that are likely to 
be causing the disparities in the log K values are differences in sample 
preparation and the methods used to calculate the protonation constants.

The protonation constants of ethylenediamineietrakis(methylenephosphonic 
acid), EDTMPHg, have been determined by a number of workers over the last 
20 years, e.g. Motekaitis,^^*^^ Westerback,^ Kabachnik^^ and Rizkalla.^® EDTMFHg 
also has ten possible protonation constants, allowing that the fully 
neutralised anion can accept two protons to become of acid salt (LHjq )» but
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only five out of the ten possible protonation constants were determined 
directly by the potent iometric method, f.e. log Kq 2̂ Kqĵ . Motekaitis et

determined the values of log Kqjj and log by a linear extrapolation of 
the differences in the values between the other protonation consteuits 
determined at two different ionic strengths (I = 0.1 mol dm”̂ and I = 3.0 
mol dm”̂ ).̂  ̂ Motekaitis suggested that sequence of protonation of the anion, 
EiyiMP̂ ", based on the values of the protonation constants determined, 
corresponds to the initial successive protonation of the two basic nitrogen 
atoms (log Kqii and log ^ 1 2) • This assignment was also based on comparison 
between the relatively high basicity of the nitrogen atoms expected through 
migration of the negative charge (from the phosphonate groups, -8) towards the 
nitrogen atoms, and the baaicity of the nitrogen atoms in the parent amine 
(ethylenediamine log Kjjjj = 10.04 and log Kqjj 9.89).^^

There is significant variation in the values of log Kq ĵ for EOIMPI^ determined 
by the different groups of workers (Table 4.5.2), i.e. log Kqjj = 10.60 , 13.14 
(estimated by extrapolation of the results determined by potentiometry at two 
different ionic strengths, I = 3.0 and 0.1 mol dm’̂ KNOj)̂ ,̂ 12.99^* and 12.10^^. 
The large variation in the value of log Kqij of ca. 2.56 log units could be 
ascribed to differences in sample preparation and hence purity, or the lower 
reliability associated with data obtained at high The value of log Kqjj 
= 12.10 (I = 0.1 mol dm'̂  KCl) determined by Kabachnik^^ is similar to the 
values obtained at I = 0.1 mol dm*' KNOp but could be ascribed to the 
differing ionic medium used.

The protonation constants, log Kqjj and log Kqj2, determined for 1,6-hexa- 
methyleneteiraJ(:is(methylenephosphonic acid), HMIMPHj, have also been assigned 
to the protonation of the basic nitrogens.^^ Zaki proposed that the formation
of five-membered rings between the nitrogen-bound proton and phosphonate

76oxygens produced enhanced stability of these protonated species.

Comparisons between these results leads to the conclusion that the values 
for the process of neutralisation of the nitrogen-bound protons can vary quite 
significantly (Table 4.5.2). The process of protonating the first nitrogen 
atom can have an associated log K value anywhere between 10.6 to 13.1 log 
units. Again, the process of protonating the second nitrogen atom can also 
have a log K value between 7.7 and 10.2 log units. These rather large 
variations in the values of log K for the process of protonating nitrogen 
atoms for related alkylaminomethylenephosphonic acids makes it unreliable to
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assign the macroscopic protonation constants of CDTMPHg to a protonation scheme 
on this basis.

Nevertheless, it was initially thought that the values of log (11.26) and 
log Ka„ (10.04) could be assigned to the successive protonation of the two 
basic nitrogens of COTWF*, which was the conclusion reached by Banks.'

The protonation constants determined for piperazine-1,4-i>is(methylene- 
phosphonic acid), PBMPH^^ (Table 4.5.3), also imply, on this basis, that the

H2O3PH2C — I I— CH2PO3H2

values of log Kqjj (10.00) and log Kjj, (7.15) are for the processes of 
successively protonating the two nitrogen atcMS. However, examination of the 
dependence of on pH indicates a totally unexpected protonation sequence 
for PBMP*’.̂  Assuming the relationships between shielding of the nucleus 
and protonation of the phosphonate group (PO^ ) and the nitrogen atom 
(described in Section 4.3), the results suggest that the value of log Kqjj 
corresponds to protonation of one of the piperazine nitrogens, but the values 
of log Kqj2 (7.15) and log Kjjj (5.10) are for protonation of two phosphonate 
oxygens. Quite unexpectedly, the remaining piperazine nitrogen is protonated 
only at a relatively high pH (log = 3.20).

Table 4.5.3 Protonation constants for PBMPi^.*

log Kpii
10.00

log K312 
7.15

log Koj3 
5.20

log Koi, 
3.20

 ̂Ref. 79, I = 0.1 mol dm"̂  KNO3, 25.0 ±0.1 *C.

Therefore, as already mentioned in Section 4.3, the macroscopic protonation 
constants for a ligand, determined by potentiometry, do not reveal the 
sequence of protonation of the available sties on the ligand. In order to

 ̂ I. Khan, M. Phil. Thesis, University of North London, 1994.
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elucidate the protonation scheae for CCTOP*', '̂P nnr spectra as a function of 
the degree of titration, ■:[■:= (noles of titrator)/(noles of titrant)] were 
determined (Figure 4.5.2a and 4.5.2b) by Hggele et al. at Heinrich Heine 
University using the Stopped Flow NMR (SFNMR) technique.
In this method, *̂P nmr spectra are determined on a non-spinning sample 
contained in an nmr tube connected to a PC-controlled titration system. After 
each addition of the titrant to the sample in the titration cell, the solution 
is pumped through the entire system (i.e. cell, nmr tube and connecting tubes) 
until a constant 01 is attained. The solution flow is then stopped and the 
nmr spectrum is acquired on the titration sample. The entire titration is 
computer controlled and spectra are conveniently displayed on a two- 
dimensional plot (contour plot) vs degree of titration, x.

The ^̂ P SFNMR plot for CDTMPHj (Figure 4.5.2a and 4.5.2b) shows two single 
resonances at the start of the titration (ca. 15.0 ppm and 16.0 ppm) 

-^confirming the presence of two averaged environments for the phosphorus atoms, 
as previously noted for CDTMPHg in aqueous solution (Section 4.2.1). As the 
titration proceeds to five equivalents of base, there is an upfield shift in 
both the signals (15 ppm and 16 ppm) of ca. 2.5 ppm and 3 ppm, respectively. 
This is indicative (Section 4.3) of the neutralisation of five phosphonate 
oxygen-bound protons of CDTMPHg. On addition of the sixth equivalent of base, 
the signal originally at 15 ppm shifts downfield by ca. 0.5 ppm, but the 
signal originally at ca. 16 ppm shifts only slightly; instead it levels off 
at ca. 13.5 ppm. Again, on addition of the seventh and. eight equivalent of 
titrant, the signal originally at 15.0 ppm continues to shift downfield by 
ca. 0.5 ppm to merge with the other signal, into a broad signal centred at
ca. 13.0 ppm.

As previously discussed in section 4.2.2, there are two possible assignments 
of the nmr spectra, with respect to the methylenephosphonate carbons. In 
one assignment the close proximity of the chiral carbons (1 and 2) gives rise 
to isochronous pairs (say) Ĉ , and C?, The alternative assignment is

N/
C^HjPOjHj

N /
cA < 2P03 H 2
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based on the supposition that the amino groups are not equivalent and hence 
C‘ and C* would be isochronous and and C‘® would be an isochronous pair.

(a)

P cbHiic»! shift /ppB
0.« »J •.« — T,—

PO3H2 *‘P cl

I
.**y .PO3H2

(b)

<r
/

I ■ « " t » I ■— t ■ i t I » \ » I
1 9 ,9  i t . e  I t . «  I « . «  I t . «  I t . «  11 .«

31P cheaicAl shift /f

Figure 4.5.2 (a) Dependence of on degree of titration (t) for titration
of an aqueous solution of CDIMFHj against the titrant (NaOH) by
the SFNMR technique; (b) stacked plot of nmr spectra vs

80degree of titration, z.
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Given this ambiguity, and the lack of success in elucidating the protonation 
scheme from comparison of the log K values determined for CDTMFf^ with those 
of related acids, it was hoped that determination of the SFNMR plot of vs 
T would be helpful in resolving both problems.

Other workers, i.e. Clegg et have suggested that assignments of the
protonation schemes of polyaminomethylenephosphonic acids from plots of 
vs 01 can be unclear, even though they are usually based on the rule that 
phosphonate and nitrogen protonations would deshield and shield the phosphorus 
nuclei, respectively. However, several possible electronic effects 
(potentially of opposite signs) may also contribute to the shift in the 
phosphorus signal. Clegg^^ noted that although the protonation of a 
phosphonate group is likely to deshield the phosphorus atom in the sause 
phosphonate group (of a polyaminomethylenephosphonic acid), it may have the 
opposite effect on the phosphorus atom in another phosphonate group. Since 
exchange processes for protonation equilibria are normally fast, the observed 
chemical shift is a weighted average for the two or more phosphorus atoms in 
the ligand. This may result in the phosphorus signal being shielded or 
deshielded in the corresponding spectrum.

These considerations notwithstanding, it is tempting to consider the 
protonation behaviour of CDTMPHg in the light of its solid state structure 
(Chapter 7). However, one has to first question whether the protonation 
constant log Kqjj (11.26) does indeed represent the value for the first 
protonation of CDTMP^" or is there a higher value (s) missed by the 
Potentiometrie method. The two reasonably high values of log K(jjj (11.26) and 
log Kqj2 (10.04) are consistent with two high pK^’s found for (Table
4.5.2) . It is therefore reasonable to assume from that both log Kqjj and 
log Kqj2 can be ascribed to successive protonations of the two nitrogen atoms. 
However, the value of 11.26 does fall in the lower end of the range for the 
process of protonating the first nitrogen atom of EDTMP^ , i.e. 11.82-13.14 
[the value of 10.60 determined for EDTWPHg^^ is not included in this range 
because it is significantly lower than the other values of log (Table
4.5.2) ]. This may suggest that there is another pk^ value for CDTMPHg greater 
than 11.26.

An indication of the total number of ionizable protons available on CIXIMPHg, 
comes from the refinable parameter TOTWM (total number of millimoles of 
available proton initially present in the titration vessel) in the SUPERQUAD^^
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input files. When a value that corresponds to eight available protons on 
COTMPH, was used as input into the SUPERQUAD*^ files, subsequent refinement ofw
the data files for the model which included the formation of the species LH' 
to LHĵ ' was unsuccessful. Whereas, when a value that corresponded to seven 
available protons on CDTMPHj was used, subsequent refinement of the data files 
for the same model was successful (Table 4.5.1).

Further evidence is available from the potentiometric titration curves (Figure
4.5.1). The curves exhibit an inflection which corresponds to ca, 5 
equivalents of base being consumed by the ligand system by ca. pH 9. This 
suggests that there are three pK^ values greater than 9, but only two were 
determined by potentiometry, i.e. 10.04 and 11.26, and therefore, one pk^ value 
remains undetected. Taken together, the arguments constitute substantial 
evidence to support the suggestion that the log K value of 11.26 in fact 
corresponds to log Kqj2*

In the solid state structure of CDTMPHg all eight protons were located by .Y-ray 
crystallography (Section 7.3). Seven phosphonate oxygens are protonated and 
only one nitrogen atom was found to be protonated (Figure 4.6.3). Two very

‘POjH,
PCV*2

Figure 4.5.3 Solid state structure of CDTMPHj showing the two intramolecular 
hydrogen bonds.

strong intramolecular hydrogen bonds were found, i.e. 0(2c).. .0(2a) = 2.57 A 
and 0(2d)...0(2b) = 2.48 A. The protonated nitrogen, however, is not involved 
in any intramolecular hydrogen bonding with either phosphonate oxygen atoms
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or the other nitrogen atom, even though it is quite close to the latter 
(2.78 A). Each of the two very strong hydrogen bonds involves a phosphonate 
oxygen atom from two different aminobis(methylenephosphonate) subsitutents, 
thus effectively holding each methylenephosphonate group in a fixed position 
relative to the other three groups. This produces a rigid structure and (in 
the solid state) gives rise to non-equivalence of the methylenephosphonate 
groups. In addition, the fact that only one nitrogen atom is protonated (NIf ) 
in the solid state is also a source of non-equivalence between the amino- 
methylenephosphonate groups.

These observations may be useful in assigning the nmr spectrum of CDTMPHg. 
As previously discussed in Section 4.2.2, there are two possible assignments 
of the nmr spectrum with respect to the methylenephosphonate carbons. In 
one assignment the two N ( Œ 2POj)2 groups are equivalent and the close proximity 
of the chiral carbons gives rise to two pairs of isochronous methylene
phosphonate carbons (i.e. Ĉ ,Ĉ  and C^,C‘*̂). The alternative assignment is 
based on the supposition that the amino groups are not equivalent and hence 
the four methylenephosphonate carbons can be classified into two pairs of 
isochronous nuclei, one pair within each methylenephosphonate group. If the
solid state structure of CDTMPHg were retained in solution, the latter
assignment would apply, i.e. there would be two pairs of isochronous 
methylenephosphonate carbons, and

There must be a resonable possibility that the essentially rigid structure of 
CDTMPHg is retained in solution because of the forced crowding of the 
methylenephosphonate groups (due to their 1,2 ee disposition) and the 
likelihood that the strong hydrogen bonding found in the solid state structure 
persists in solution. Ring flipping of the cyclohexyl ring which might 
separate the aminobis(methylenephosphonate) groups through ee/aa equilibrium 
can be ruled out (at ambient temperature) from inspection of the nmr
spectrum. The complexity of the methylene/methine region of the spectrum (̂ H) 
supports the absence of fast ee/aa exchange, and, indeed, the slight
broadening of the signals observed in the spectra (Section 4.2.2) suggests 
that any lack of rigidity in the molecule arises from relatively slow 
exchange.

If the essentially rigid structure of CDTMPï^ is retained in solution, it is 
also tempting to explain the SFNMR plot of CDTMPHo as follows. On the basis

y
that deprotonation of a nitrogen-bound proton causes a downfield shift in 6 P,
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then one can assign the phosphorus signal at 15 ppm in the SFMHR plot of 
CDTMFl^ as being due to the phosphorus atoms of the two methylenephosphonate 
groups attached to the protonated nitrogen. The other phosphorus signal at 
16 ppm in the SFNMR plot can then be ascribed to the phosphorus atoms of the 
two methylenephosphonate groups attached to the unprotonated nitrogen atom. 
As the titration proceeds, five phosphonate oxygen-bound protons are 
neutralised and this process produces the expected upfield shift in both 
phosphorus nuclei (i.e. these will be the five protons not strongly held by 
hydrogen bonding). As the sixth equivalent of titrant is added, the SFNMR 
plot of shows only nitrogen deprotonation for the signal originally
upfield (15 ppm), but not for the signal that was originally downfield 
(16 Pi»). The signal originally at 16 ppm continues to move slightly upfield.

On addition of the seventh equivalent of base, the signal originally at 
16 ppm shifts by very little and levels off about ca. 13.3 ppm, whereas the 
signal originally at 15 ppn continues to move downfield (by ca, 0.5 ppm), 
though less steeply, and the two signals broaden and begin to coalesce. On 
addition of the eighth equivalent of base the two signals continue to coalesce 
at ca, 13 ppm. The behaviour of the signals during addition of the seventh 
and eighth equivalents of base is consistent with neutralisation of the two 
strongly hydrogen bonded phosphonate protons at very high pH. As 
deprotonation of CDTMPHg nears completion, the structure becomes less rigid and 
the amino groups become equivalent. Hence the two signals broaden and 
coalesce.

The clear implication of this interpretation is that the first five 
deprotonations are of the phosphonate protons that are not held by intra
molecular hydrogen bonding. On addition of the sixth equivalent of titrant 
the nitrogen-bound proton is neutralised and this process corresponds to a 
log K value of 10.04. On addition of the seventh and eighth equivalents of 
base the two strongly hydrogen-bonded phosphonate protons are neutralised and 
these processes of successively neutralising the two phosphonate protons (at 
high £rfî) correspond to log K = 11.26, with the other log K value being greater 
than 11.5.

The assumption that the rigid solid state structure of CDTMPHg is retained in 
solution allows satisfactory rationalisation of both the nmr and SFNMR 
nmr spectra. Combining this model of the protonation processes with the 
evidence for assignment of the potentiometrically-determined log K values
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discussed earlier leads to the conclusion that the 'species' L in the 
SUPERQUAD^^ input files should be assigned to the monoprotonated species, 
cmWPH’’ in the chemical system, with log Kqjj corresponding to protonation of 
one of the nitrogen atoms. The protonation scheme based on these arugments 
is slK>wn below.

UV2-

The species distribution curves^^ for CDTMPHg (Figure 4.5.4) show that the 
dominant ligand species are LHj, LH^, and LH3 with the monoprotonated ligand
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being produced above 10 (LH' )

Figure 4.5.4 Species distribution curves for COTMPHg.

4.6 Protonation equilibria deterained for DODIME^

Potentioaetric titrations of the 'free-ligand', OTIXIMPI^» were carried out as 
Sefore over the pH range ca. 2-12. The titration curves (Figure 4.6.1) have 
an inflection corresponding to ca, six equivalents of base per mole of ligand 
at ca. pH 9. The appearance of the curves in the region ca. pH 4-7 indicates 
the presence of overlapping equilibria. Analysis, using SUPERQUAD*^, of the 
four data files obtained at two different concentrations (Table 2.3.8) yielded 
the protonation constants given in Table 4.6.1. Only.five out of the ten 
possible protonation constants could be determined.

Two regions of the titration curves (Figure 4.6.1) contain buffer regions 
which correspond approximately to the five protonation constants, i.e. between 
pH 4-7 and pH 10-12. DDOTlilPHg has ten possible protonation sites available 
from the two nitrogen atoms and four phosphonate groups.

L>- LHj*- ^  LHj5- LH,' **■ LH,* **

To assign the {^*s determined for DIHTIMFHj to a protonation scheme, comparison 
with results for some other related alkylaminomethylenephosphonic acids was 
again examined; i.e. ethylenediamine tetraicf s(methylenephosphonic acid)
(EDlMFHg), 1,6-hexamethylene tetrai:is( methylenephosphonic acid) (HMIMPH,,), 
pentamethylenediaminebis( isopropylidenephosphonic acid) (PMBISPH^) and oxa- 
diaminebis(ethyleneisopropylidenephosphonic acid) (OBEISFH^).
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HjOjPHjC / ® V ° 3 “2 /®”2^ 3“2
^NCH jCHjN' )NCH,(CH2)4CH2N (

HjOjPHjC /  CHjPOjHj HjOjPHjC /  ^ C H jPOjHj

H j O a P i H a O j C v  /
) n (CH2)sN

C(CH3)2P03H2

H

H203P(H3C)2C v .C(CH3)2P03H2

volume Dase/ml

Fignre 4.6.1 Titration curves (pH vs voluae of base added) for DDDTMFH^;
(a) calibration curve, (b) [DUXIMPHg] ca. 0.0005 b o I d a^ .
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As already mentioned in Section 4.4, the protonation constants of EDTMPHg 
reported by a number of workers (Table 4.6.2) (at the same ionic strength and 
in the same medium) are significantly different and hence one must ascribe 
these differences to either sample preparation and purity and/or the lower 
reliability associated with the data obtained at high pH. Nevertheless, 
comparison of the data for EDTMPHg with that for HMTMPHg where the same 
functional groups are separated by a much longer aliphatic chain, is useful 
in relation to the protonation of DDDTMPHg. The values of log and log Kqj2 
for both EDTMPHg and HMIMPHg^^ (Table 4.6.2) have been assigned to the processes 
of successively protonating the two nitrogen atoms.

Table 4.6.1 Protonation constants for DDDTMPHg (L = [CgHjg02N2H^(CH2P0ĵ )4l)*

Datafile PBI3^

log ejjij 11.24(0.020)
log 3oi2 18.22(0.031)
log Kq22 6*98
log 24.37(0.033)
log Kq 3̂ 6.15
log 3oi4 29.82(0.036)
log 5.44
log 34.37(0.046)
log Kq25 4.56

PBI9^ PBIO^ PBll* Mean^

11.15(0.010) 10.96(0.014) 10.93(0.035) 11.07 ±0.17
18.01(0.019) 17.84(0.030) 17.87(0.061) 17.99 ±0.23
6.86 6.88 6.94 6.92 ±0.06
24.17(0.020) 24.02(0.027) 23.97(0.064) 24.13 ±0.24
6.15 6.18 6.10 6.15 ±0.05

29.55(0.021) 29.41(0.030) 29.40(0.069) 29.55 ±0.27
5.39 5.39 5.43 5.41 ±0.03

34.20(0.028) 34.15(0.036) 33.95(0.092) 34.17 ±0.22
4.64 4.74 4.56 4.63 ±0.12

 ̂The monoprotonated ligand is denoted as L; see text. Data obtained at I = 
0.1 mol dm'̂  KNO,, 25.0 ±0.1 *C. Figures in parentheses are standard 
deviations obtained from SUPERQUAD. Convention: for Fit
parameters obtained from SUPERQUAD, = 6.73, o = 0.1398; i« 3.60-10.79, 89 
data points.  ̂Fit parameters obtained from SUPERQUAD, - 9.55, o = 0.0495;j 2pH 3.22-10.93, 77 data points. “ Fit parameters obtained from SUPERQUAD, % = 
7.45, o = 0.0898; pR 3.26-10.70, 94 data points. ® Fit parameters obtained from 
SUPERQUAD, = 10.79, o = 0.1230; pH 3.31-10.60, 57 data points.  ̂Unweighted 
mean of values for each refinement; error limits are derived from the ranges 
obtained for each log (and log %g)*

The difference between the value of log Kqjj and the value of log K|jj2 (Table
4.6.2) increases with increasing chain length between the two nitrogen atoms.
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i.e. the differences for EDTMPHg are 3.13,'^ 3.21,^^ 1.38̂ *̂  and 0.12^^ whereas for 
HNTIMPÎ  the difference is 4.11.''. This suggests that the processes for 
successively protonating the nitrogen atoms on are in themselves,
significantly different, whereas, the processes for successively protonating 
EDTMP^* at the nitrogen atoms are similar̂ *̂ ’̂ .̂ Zaki^' noted that this increase 
in the difference between the value of log Kq,j and the value log Kqij 
EDTMPHg compared with HMIMPHg has been attributed to the increase in basicities 
of the nitrogen atoms due in turn to the decrease in repulsive forces between 
the positively charged nitrogen atoms on increasing the backbone chain.

However, since the only difference between EDTMPHg and HMIWPI^ is the length 
of the backbone chain, and the resulting pK^’s are very different (Table
4.6.2), it may be that the value of log for has not been

Table 4.6.2 Protonation constants for some related ligands.

log

MLH on 0 1 2 013 014 015 016 017

EDTMPHg* (13 .14) 1 0 . 0 1 8.13 6.57 5 .26 3.15 (1 .37 )

EDTMPHĝ 12.99 9.78 7.94 6 .42 5.17 3.02 1.33

EDTMPHĝ 10.60 9.22 7.43 6.63 6.18 5.05 2.72

EDTMPHĝ 10.60 10.48 9.27 7.39 5.63 3.80

HMIMPHg*

PMBISPH^^

11.82 7.71 6.23 5.68 5.12 3.25

1 1 1 1 6.13 5.77

OBEISPH^* 11.48 10.56 6.40 5.15

018

1.46

 ̂Ref. 73. I = 0.1 mol dm”̂ KNOj, 25.0 *C .  ̂Ref. 74. I = 0.1 mol dm‘̂ KNO3 ,

25.0 *C .  ̂ Ref. 20. I = 0.1 mol dm'̂  KNO3 , 25.0 ’ C. Ref. 76. I = 0.1 mol dm'̂  
KNO3 , 25.0 *C . ® Ref. 76. I = 0.1 mol dm‘̂ KNO3 , 25.0 *C .  ̂Ref. 82.
I = 0.1 mol dm‘̂ KNO3, 25.0 *C.  ̂Ref. 82. I = 0.1 mol dm'̂  KNO3, 25.0 *C.

determined, i.e. log Kq|j is greater than 12 and the value of 11.82 (HMTMPHg) 
is for the process of protonating the second nitrogen atom. Increasing the 
backbone chain length between the aminobis(methylenephosphonic acid) groups, 
one might expect the two groups to behave as independent 'fragments' and hence 
protonation of the nitrogen atoms would result in similar log K values.

-134-



The protonation constants of two related acids, PMBISPH^ and OBEISFI^
(Table 4.6.2) are similar and Kabachnik has noted that introduction of an
heteroatom (such as oxygen, sulphur or nitrogen) into the backbone chain has

00no significant effect on the of the corresponding acids. It is worth
noting that the differences between the log K values of log Kqjj and log Kqjj for 
lOinMFHj and FMBISFH^/OBEISFH^ may be due to the number of methylenephosphonate 
substituent groups present, i.e. 4 rather than 2, respectively. The two high
log K values for PMBISPH^ and OBEISPH^ have been ascribed to the successive

82protonations of the two nitrogen atoms.

The structure of DDDTMPI^ is similar to that of HMTMPï^ and, since the 
introduction of an heteroatom is not expected to significantly affect the 
values,the two log K values corresponding to the successive protonation of 
the nitrogen atoms should be of the same order. The pattern of determined 
log K ’s for DDDTMPHg is indeed similar to that for HMIMPHj and the amino- 
tetraki.phosphonate groups are also well separated in DDDTMFHg. So, on this 
basis, there is a possibility that log Kq,j for DDDTMPHj has not been determined 
by the potentiometric method in this work. Motekaitis had similar problems 
in determining the values of log Kqjj and log Kqĵ  for EDTMPI^.^^

Such comparisons with values for similar compounds suggest that
assignment of the log K value of 11.07 for DDDTMPHg to log may be 
incorrect.

Extensive efforts were made to try and refine data files PBI3 and PBI9 for a 
model including two log K values at or about 11, but this proved to be 
unsuccessful as indicated by the resulting high % and/or o values obtained and 
'excessive'^^ deviations for individual log 3 values.

Some evidence that one of the protons of the acid remained unionised in the 
pH range of the titration was provided by the results of refinements of the 
datafiles under different conditions. Although [Ĥ ] was treated as a variable 
parameter in refinements using SUPERQUAD^^ the total number of millimoles of 
proton in the SUPERQUAD*^ input files was varied over several different 
refinements. On refinement of datafile PBI3 with values of the total number 
of millimoles of proton corresponding to 6, 7 and 8 ionisable protons, the 
following results were obtained. For data file PBI3, on changing the input 
value of the total number of millimoles of proton, the value either increased 
or decreased during refinement to a value which corresponded to ca. seven
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ionisable protons on the ligand. Only the first pka (log Kqjj = 11.00) varied 
significantly between the refinements, but the values of the subsequent pka’s 
only varied by ca. ±0.15 log units. This is evidence that the removal of the 
last nitrogen-bound proton may be occurring at a high pH, f.e. > 12.

This possibility is supported by the qualitative appearance of the titration 
curves. The four titration curves all show an end-point corresponding to 
ca, 6 equivalents of base per mole of DDDTMPHg at ca. lil 9, suggesting that 
there are two protons remaining to be neutralised at a higher pH (> 9.5).

As previously mentioned in sections 4.3 and 4.5, the macroscopic protonation 
constants determined for a ligand by potentiometry do not reveal the sequence 
of protonation of basic sites on a ligand. By following the chemical shift 
of a ligand’s phosphorus atoms as a function of pH, the microscopic 
protonation schemes can often be clarified.

Therefore, the nmr spectra for DDDTMPHg were determined as a function of pH 
as described in section 2.4. Three different nmr titrations were carried 
out, with the conditions employed for one of the ‘̂P nmr titrations (against 
aqueous potassium hydroxide) being qualitatively similar to those used in the 
potentiometric titrations (Section 2.4.9). A second ^̂ P nmr titration 
experiment (also against aqueous potassium hydroxide) involved using a stock 
solution which did not contain an excess of nitric acid (Section 2.4.10) and 
the normal titration procedure was followed (Section 2.4.8). The final P nmr 
titration experiment involved using a stock solution without both supporting 
electrolyte and excess nitric acid (Section 2.4.11) and titration against 
aqueous tetraethylammonium hydroxide instead of potassium hydroxide (Section 
2.4.8).

In all three ̂ P̂ titration experiments, the ̂ P̂ nmr spectra obtained showed only 
one phosphorus signal over the pH ranges studied. This is indicative of rapid 
exchange of protons between the species present in aqueous solution at each 
titration point for all three titrations.

The profile of 6^̂ P vs pH resulting from the titration where the stock solution 
used contained nitric acid [Figure 4.6.2(a); curve denoted as ”□"] is similar 
to that obtained for other alkylaminomethylenephosphonic acids (Section

This curve, and that for 6^̂ P vs lil obtained for DDDTMPHg 
from titrations where the stock solution did not contain nitric acid [Figure
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4.6.2(a); curve denoted as are similar within experimental error in the 
range common to both, i.e. 2-12.5. One difference between the two 

profiles [Figure 4.6.2(a)] is that there is an extra inflection at ca. pH 2 
for the titration carried out in the presence of extra acid.

Comparison of the species distribution curves^^ (calculated from the pk̂  
values) [Figure 4.6.2(b)] with the profiles of vs 1«  for DDiyiMPHg [Figure 
4.6.2(a)] shows a correlation between the 'half-neutralisation' points on the 
species distribution curves^^ [Figure 4.6.2(b)] and the approximate positions 
of the inflections on the profiles of the vs lil [Figure 4.6.2(a)]. In 
particular, increasing shielding of the P nucleus between ca. 01 4-7 [Figure 
4.6.2(a)] clearly correlates with a series of overlapping equilibria [Figure 
4.6.2(b)] and the value of 11.07 (Table 4.6.1) correlates with the presence 
of species causing a large downfield shift in the phosphorus signal, i.e. ca. 
4 ppm [Figure 4.6.2(a)].
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Figure 4.6.2 (a) The pH dependence of for DDDTMPHj in aqueous solution;
□ = titration vs aqueous KOH, stock solution containing nitric 
acid; a  = titration vs aqueous KOH, stock solution without 
nitric acid; v ~ titration vs aqueous Et^NOH, stock solution 
without supporting electrolyte, (b) Species distribution 
curves®^ for DDDTMPHg.
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An alternative way of presenting the results of a nmr titration to 
determine the sequence of neutralisation of the protons on a ligand, is to 
plot vs X, (x = degree of titration, defined in Section 4.5). It is 
convenient to carry out a ̂ P̂ nmr titration to be presented in this way in the 
absence of an initial excess of acid (i.e. without aqueous nitric acid in this 
case). The resulting plot of 6^̂ P vs x (Figure 4.6.3, curve denoted as ”a ") 
shows that increasing degree of titration results in shielding of the 
phosphorus nucleus until x = 6-7. This shielding can be ascribed to the
deprotonation of six phosphonate oxygens, as discussed in Section 
4 3 23,30,57,59,50,65,67

Thereafter, the phosphorus nucleus is deshielded as x increases beyond ca. 7 
and this can be ascribed to deprotonation of the nitrogen-bound 
p r o t o n s . T h e  conclusion reached is that six phosphonate oxygens 
are deprotonated between ca. liî 2-9, resulting in the shielding of the 
phosphorus nucleus and two nitrogen bound protons are neutralised above pH 9.5 
(x > 6.5) resulting in the large downfield shift [Figure 4.6.2(a)].

This implies that there are two 0C.*s greater than 9.5 log units for the 
processes of successively deprotonating the two nitrogen atoms. However, only 
one log K value above this has been determined (11.07). This conclusion seems

Figure 4.6.3 Profiles of 5̂ P̂ vs x (degree of titration) for DDDTMPH in
aqueous solution, a  = titration against potassium hydroxide, 
stock solution without nitric acid; ▼ s titration against 
aqueous tetretethylammonium hydroxide, stock solution without 
supporting electrolyte.
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to be consistent with the comparison of vs pH profiles [Figure 4.6.2(a)] 
with the species distribution curves [Figure 4.6.2(b)]. The broad 'well' 
between pH values of ca, 6 and 9.5 [Figure 4.6.2(a)] coincides with the 
dominance of a single species in the range pH 8-11 [Figure 4.6.2(b)]. Also 
the rather low value of for this species [Figure 4.6.2(a)] would support 
its formulation of a species with both nitrogens fully protonated. This is 
also consistent agrees with the titration curves (Figure 4.6.1) in which the 
inflection at pH ca. 9 corresponds to ca. six equivalents of base being 
consumed by the ligand system with two protons remaining to be neutralised at 
a higher pH (> 9.5), only one of which was determined using the potentiometric 
method.

Based on these arguments, the protonation constants for DDDTMPHg^ have been
assigned to the following scheme:

^ ?PNjC

A

l4wj)jO(CMj)iO(CM2)2N 

lü̂-
11

i\.

J/'

I
IV

A
O
IhjC

nTcH2)jO(CH2)20(CM̂J/
UI3»

HO\ \ j/ J/'

l\-

HO\ \/ US*

MO-p-../ US-z-

 ̂ The 'species' L in the SUPERQUAD^^ input files must therefore be 
assigned to the monoprotonated species DDDTMPH in the chemical system and the 
value corresponding to the first protonation of the one of the nitrogens of 
the species DDDTME^ remains undetermined.
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Since DDDTMPHg contains the ether linkage -O-CH2CH2-O-, it might be expected 
that potassium ions in the stock solution (and/or base) used in the 
potentiometric and the two nmr titration experiments (Section 2.3, 2.4.9 
and 2.4.10) [Figure 4.6.2(a)] would coordinate to the ether oxygens of the 
ligand. Pedersen found that some macrocylic crown ethers he prepared were 
able to form stable complexes with alkali metal ions, especially potassium. 
Such coordination might affect the pH determination using the glass electrode 
and/or the shielding of the phosphorus nucleus.

In order to investigate this possibility, the 6^̂ P vs 01 titration of DDDTME^ 
against aqueous tetraethylammonium hydroxide (Section 2.4.11) was carried out. 
The resulting plot of 6^̂ P vs x (degree of titration) (Figure 4.6.3, curve 
denoted as ’V )  is similar to the profile of 6^̂ P vs x for the titration 
against aqueous potassium hydroxide (Figure 4.6.3, curve denoted as " a " ) ,  

except at high pH (> ca. 10), where the downfield shift in the phosphorus 
nucleus in less than 1 ppm. The difference between the two curves (Figure
4.6.3) provides evidence for complexation of potassium ions with the ligand 
at high 01 (> 10).

The difference between the plots of Ô̂ P̂ vs 01 at pH ca, 8 for the titrations 
of the stock solutions with (□) and without ( a ) nitric acid, and the plot of 
the titration without supporting electrolyte (v) [Figure 4.6.2 (a)] indicates 
that there is either a complexation effect and/or an alkali metal ion effect 
in which the glass electrode responds to alkali metal ions at high pH 
resulting in a lower pH value than the true 01.̂  ̂ However, the 6 P vs x 
(degree of titration) (Figure 4.6.3) shows that at least part of this 
difference is due to complexation of potassium ions.
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5.1 The stability of soae aetal ooaplezes of two 'simple' a-awii 
phosphonic acids, DEAMF^ and NEIEME^

itbylene-

The conD^lexing ability of a-aminomethylenephosphonic acids with various metal 
cations has been widely investigated, usually by means of potentiometry (e.g. 
ref. 1) and occasionally using nmr spectroscopy (e.g. ref’s. 2-9).

After analysis of the protonation behaviour of both DEAMFH2 (Section 4.3) and 
NEIBMPH^ (Section 4.4), there was a need to examine the coiq>lexation behaviour 
of these two acids. Of particular concern is the need to establish the 
identity of the species in solution in order to probe the means by which these 
t}rpes of a-aminomethylenephosphonic acids may stabilise aqueous solutions of 
hydrogen peroxide.

The potentiometric method was exclusively used in this work, the titrations 
being performed exactly as for the protonation studies, but with the addition 
of appropriate quantities of metal ions. The previously determined 
protonation constants for DEAMPH2 and NEIBMFH^ were held constant during 
analysis of the titration data using the SUPERQUAD program.^® In the 
refinement of all the datafiles for both DEAMFH2 and NEIBMFH^, the fully 
deprotonated ligand, f.e. DEAMP^’ and NEIBMP^’ respectively, was defined as L.

5.1,1 Stability constants for metal ion caaplexes with DEAMPH2  

The coordination behaviour of DEAMFH2 has received some attention previously; 
Utozniak̂  ̂ and Carter^^ reported stability constants for DEAMPH2 with Ca(II), 
Mg(II) and Cu(II). Several protonated species of Cu(II) with DEAMFH2 were 
reported by Wozniak, i.e. [CuL], [CuLH]^ and [CuL(CÄl)]’.̂  ̂ However, only one 
species, [ML], was reported by Carter for DEAMPH2 with Mg(II) and Ca(II).^^

The coordination behaviour of DEAMPH2 with Cu(II) and Ni(II) was also 
investigated using potent iometric titrations by a previous worker at the 
University of North London.However, precipitation of Cu(II) and Ni(II) 
complexes, or hydrolysis products, in basic solution this precluded refinement 
of the data to determine stability constants.

Potentiometrie titrations of DEAMFH2 in the presence of metal ions were carried 
out over the pa range 2-12 (Section 2.3.6). The following metal ions were 
examined: Zn(II), Cd(II), Pb(II) andCo(II). For each metal ion, at least two
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potentiometrie titrations were carried out, and where possible, differing 
ratios of ligand to metal were used (i.e. M:L ratios of 1:1, 1:2 and 1:3).

5,1,1(a) Zinc(II) and Cadmium(II)

Potentiometric titration curves for DEAMPHj with the metal ions Zn(II) and 
Cd(II) (Figure 5.1.1) show characteristic signs of hydrolysis. The
discontinuities in the curves at, respectively, pH > 8 and > 7, and the 
associated scatter of points, are reasonably ascribed to hydrolysis and 
subsequent precipitation of the hydrolysis products. The slight deviation of 
the titration curves in the presence of the metal ions from the 'ligand-only' 
curve indicates only weak complexation in the 01 range below the onset of 
hydrolysis. The concentrations of DEAMPHj used in the titration of DEAMPHj 
alone [Figure 5.1.1 (a)] and with Zn(II) [Figure 5.1.1(b)) are different. 
This results in the 'ligand-only' curve being slightly to the right of the 
'metal-ligand' curve in Figure 5.1.1 (b).

Values of stability constants (only log 3jjq) for DEAMFH2 with Cd(II) and Zn(II) 
were only determined frra one datafile in each case (Table 5.1.1). 
Refinements of the datafiles for DEAMPHj with Zn(II) and Cd(II) involved 
'cutting-back' the data region to exclude the area of the curve which was 
ascribed to hydrolysis. Although values for log were obtained, they 
dictate that the co9q>lexes have only small abundance (< 10 %) in the 01 range 
studied. The values must therefore be regarded as very approximate.
Refinements of the datafiles for DEAMPHj with Cd(II) and 2n(II) using a model 
which included metal-ligand hydrolysis products were also unsuccessful.

Metal stability constants for a similar ligand, AT,AHlimethylaminomethylene- 
phosphonic acid (DMAMPHj) withMn(II), Zn(II), Fe(II), Co(II) and Cd(II) also 
gave unreliable titration curves at high 01.^^ This was ascribed to 
precipitation of the metal complex or of metal hydroxide. The stability 
constants determined for DEAMFHj with Cd(II) and Zn(II) show reasonable 
agreement with the results reported for iV,AHiimethylaminomethylenephosphonic
acid. 14

CH.

P 0 3 H:

DMAMPHj
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Table 5.1.1 Stability constants for coiq>lexes of DEAMPH2 and DMAMFH2.

DEAMPHj
DMAMFHj

Log 0CdL L08 P&L ^
5.62(0.016)^»^ 6.52(0.017)*»^ 7.46*
5.17 ±0.1* 5.45 ±0.1*

d ca. 2*»̂
LO« PciL
1.28 ±0.18*

* This work, I = 0.1 mol dm’̂ KNO3 , 25.0 ±0.1 *C. Figures in parentheses are
relative standard deviations obtained using SUFERQUAD. These values should 
be taken as very s^roxinate estimates (see text).  ̂ Datafile M085. Fit 
parameters determined using SUPERQUAD, = 4.30, o = 0.0688, pH range 
3.60-8.98, number of points = 37. * Datafile M084. Fit parameters determined 
using SUPERQUAD, = 6.32, o = 0.1750, pH range 3.00-7.84, number of points 
= 53.  ̂Ref. 11, I = 0.1 mol dm’̂ KNO3 , 25.0 *0. * Ref. 12, I = 1.0 mol dm’-
KNO ,̂ 25.0 *C.  ̂Estimate; precipitation prevented precise measurement. ̂ _3* A^,AMimethylaminomethylenephosphonic acid. Ref. 14, I = 0.1 mol dm KNO.,

25.0 ±0.1 *C.

Figure 5.1.1 Titration curves (01 vs volume of base added) for acidified 
solutions of (a) DEAMPH2, [DEAMFH2] ca. 0.001 mol dm^,
(b) Zn(N03)2 with DEAMPHj, [M];[L] ca. 1:1 and (c) Cd(N03)2 with 
DEAMPH2, [M]:[L] ca. 1:1.
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5.1.1(b) Cobalt(II)

The potentiometric titration curve obtained for Co(II) with DEAMPH2 (Figure
5.1.2) showed some slight deviation of the 'metal-ligand' curve from the 
'ligand-only' curve, but the deviation (between 1®  3 and 8) is partly 
attributed to the small difference in concentrations of base used in the two 
potentiometric titrations. The potentiometric titration curve obtained for
Co (N03)2 in the absence of DEAME^ is shown in Figure 5.1.2(c) and shows 
irregularities in the curve at ca. 8.5 which must be ascribed to 
precipitation of metal hydrolysis products. On this basis, the 
discontinuities observed in the metal-ligand curve at ca. 8-9 [Figure 
5.1.2(b)] must be also be ascribed to precipitation of metal hydrolysis 
products.

Figure 5.1.2 Titration curves (pH vs volume of base added) for acidified 
solutions of (a) DEAMFH2, [DEAMFH2] ca. 0.001 mol dm~\
(b) Co (N03)2 with DEAMFH2, [M]:[L] ca. 1:1 and (c) Co(N03)2.
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Attempts to fit the data for Co(II)-ligand titrations to different models of 
the equilibria which might occur in solution failed. The models tried 
involved species with stoichiometries of 110, 111 and 112.

Stability constant determinations by Sawada^* for the analogue of DEAMPHj, 
DMAMPHj, gave a value of log = 4.80, which suggests that, in spite of the 
results obtained here, DEAMPHj nay have some affinity for the metal Co(II).^*

5,1,1(c) Lead(II)
In contrast to titrations in the presence of Zn(II), Cd(II) and Co(II), the 
titration curves of DEAMPHj with the metal ion Pb̂  ̂ (Figure 5.1.3) show no 
evidence of precipitation. Determination of stability constants for metal 
complexes of a variety of aminomethylenephosphonic acids have shown^^’̂^

Figure 5.1.3 Titration curves (pH vs volume of biise added) for acidified 
solutions of (a) DEAMFH2, [DEAMFH2] ca. 0.001 laol dm^,
(b) Pb(N03)2 with DEAMPHj, [M]:[L] ca, 1:1, (c) Pb(N03>2 with 
DEAMPH2, [M]:[L] ca, 1:2 and (d) Pb(N03)2 with DEAMPH2, [M]:[L] 
ca, 1:3.

-151-



(exeuQ>les also given in E. N. Rizkalla, Rev, Inorg, Chem.^ 1983« 5» 223) that 
complexes with M:L ratios of 1:1 and 1:2 can be formed in solution. 
Therefore, in order to increase the likelihood of forming complexes with M:L 
ratios of 1:2 and possibly 1:3, and hence measure their stability constants, 
the concentration of the metal ion was decreased through the three titrations 
involving Pb(II) (datafiles M032, >W33 and M082).

Analysis, using the program SUPERQUAD,of the three datafiles gave the 
stability constants summarized in Table 5.1.2. These analyses were 
characterized by satisfactory o values, and by weighted residuals plots 
which displayed a reasonably random distribution of points. During the 
refinement of the titration data from file M082 ([M]:[L] = 1:3.32), inclusion 
of the species [M^] in the model for equilibria occurring in solution was 
partially successful. The value of jj" was somewhat high and the weighted

Table 5.1.2 Stability constants for DEAMFH2 with Pb(II).*

Datafile MO3 2 '’ M033*̂ M082^ Mean^
[M]:[L] 1:1.09 1:1.84 1:3.32

log $[11) 7.32(0.047) 7.64(0.047) 7.73(0.036) 7.56 ±0.24
log $1,1 14.50(0.043) 14.81(0.053) 15.15(0.039) 14.82 ±0.33
log K ill 7.18 7.17 7.42 7.26 ±0.16
log $11./ 0.084(0.014) -0.16(0.027) -0.63(0.035) -0.24 ±0.39
log -7.24 -7.80 -8.36 -7.80 ±0.56

* I =0.1 mol dm’̂ KNO3, 25.0 ±0.1 *C. Figures in parentheses are relative
standard deviations obtained using SUPERQUAD. Convention: for
 ̂ Fit parameters determined using SUPERQUAD, •¿‘ - 2.53, o = 0.063, iil range 
5.19-7.36, number of points = 30.  ̂Fit parameters determined using SUPERQUAD, 
‘¿ ‘ = 4.93, o = 0.078, 1«  range 4.91-7.75, number of points = 29.  ̂ Fit
parameters determined using SUPERQUAD, ^  = 4.00, o = 0.051, pH range 5.21- 
8.23, number of points = 24. ® Unweighted mean of values from each refinement; 
error limits are derived frcxn the ranges obtained for each log (and 
log K„jj).  ̂ {Pb(HjO)}^^ + DEAMP^" ^ {Pb(DEAMP)(OH)}’ +
Pn-1 = [{Pb(DEAMP)(0H)}’][rî ]/[{Pb(H2O)}2̂ ][DEAMP̂ ’].
* {Pb(DEAMP)(H20)> {Pb(DEAMP)(0H)}' +

= [{Pb(DEAMP)(QH)}’][H*)/[{Pb(DEAMP)(H20)}]; log = log 3n-i - lo« 3iio*

-152-



residuals output showed evidence of systenatic errors'® and hence the value of 
log 3̂ 20 considered satisfactory.

The possibility that some Pb(II) hydrolysis reactions could also be occurring 
in solution wcus investigated. However, attempted refinement of datafile M032 
for a model including log 3io-i ([Pb(OH)]^} along with values for the other 
species (log 3ijq» 1o8 3iu *uid log failed, log 3|q.i being rejected in all
cases. In datafile M033, refinement for a model which only involved the 
species i.e. MLH = 110, 111 and 112 was unsuccessful.

The potentiometric titration curves for DEAMPH2 withPb(II) (Figure 5.1.3) show 
four buffer regions at ca. jAl 2-3, 5, 7.5 and 11. Up to pH ca. 9, 
approximately two equivalents of base is consumed by the 'metal-ligand' system 
suggesting the formation of the species [PbL]. There is fairly close 
correspondence between the 'ligand-only' curve and the 'metal-ligand' curves 
up to pH ca. 5.5.

5,1.2 Stability constants for metal ion complexes with NEIBMFH^

The iminobis(methylenephosphonic acid) moiety is present in a number of more 
'complex' a-aminomethylenephosphonic acids, e.g. CDTMPHg and DI®TMPi^. 
Therefore NEIBMPH^ provides a model system for the investigation of the 
possible species in solution and the ways in which two or more ligating 
methylenephosphonate substituent groups can affect the stability of any 
resulting metal complexes.

The complexation behaviour of NEIBMPH^ has been previously studied with a 
number of transition metals, Cu(II), Co(II), Ni(II) and Mn(II)'^, and the 
alkaline earth metals Ca(II) and Mg(II).'^ The majority of the species 
determined in these studies were species with a 1:1 metal:ligand ratio. A 
previous worker at the University of North London examined the coordination 
behaviour of NEIBMPH^ with Cu(II) and Ni(II) and investigated the possible 
formation of species with metal : lig6uid ratios of 1:1 and 1:2 and some metal 
complex hydrolysis products.'^

5.1.2(a) Manganese(II)
Knowing the readiness with which manganese can form hydrolysis species or 
oxidise to form oxidation products (i.e. MnÛ2) at high 01, titration datafiles 
for NEIBMPH^ with Mn(II) were obtained at metal:ligand ratios of 1:3 only.
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Snooth titration curves were observed and these show only some deviation of 
the 'metal-ligand' curve from the 'ligand-only curve', indicating the 
formation of weak metal complexes (Figure 5.1.4).

Refinement of each datafile for the model describing the formation of species 
with metal:ligand ratios of 1:1 was successful for only two datafiles (NMnl 
and NMn3, Table 5.1.3). It was not possible to obtain a successful refinement 
for a model involving the species [MI^].

Volume base/ml

Figiiire S.1.4 Titration curves (pH vs volume of base added) for acidified 
solutions of NEIBMFI^ (a) [NEIBMFH^] ca. 0.001 mol dm^;
(b) Mn(N03)2 with NEIBMPH^, [M]:[L] ca. 1:3.
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Table 5.1.3 Stability const£uits for NEIBMPH^ with Mn(II).^

Datafile: NMnl^ NMn3^ Mean^
1:3.06 1:3.11

log Biio 6.95(0.012) 6.83(0.0425) 6.89 ±0.06
log P,,, 15.74(0.007) 15.09(0.0379) 15.42 ±0.33
log K,„ 8.79 8.26 8.53 ±0.27
log 3,,j 20.73(0.021) 20.73
log K,,j 4.99 4.99

* I = 0.1 mol dm"̂  KNO,, 25 ±0.1 *C. Figures in parentheses are standard 
deviations obtained using SUPERQUAD. Convention:
parameters determined using SUPERQUAD, - 4.33, o = 0.0297, pH range 
4.64-10.23, number of points = 57. Fit parameters determined using
SUPERQUAD, jj" - 10.03, o = 0.0686, pH. range 5.56-8.79, number of points = 31. 
“ Unweighted mean of values fr<Mn each refinement; error limits are derived from 
the ranges obtained for each log 3|m (and log %g)«

The coordination behaviour of NEIBMPH^ with some metal ions has also been 
investigated by Bel’skii in suiueous potassium nitrate (1.0 mol dm^), i.e. 
Ca(II), Cu(II), Co(II), Ni(II) and Mn(II). The value of log Pjjq (6.89) 
determined in this work is similar to the value obtained by Bel*skii for the 
species [MnL] (log = 6.94). However, there was significant variation 
between the value of log found in this work (8.53) and that found by 
Bel’skii (log Kjjj = 3.29).^^ The values of log and log for MIEMFH^, the

CH , - N ^
PO3H2

P O 3 H 2

methyl analogue of NEIBMPH^, with Mn(II) are closely agree with the values 
found in this work, i.e. log Kjjq = 8.24 and log = 7.93.^^
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5.1,2(b) Iron(III)

It is known that iron(III) can readily form hydroxy species at 7 and above; 
therefore three potentiometric titration datafiles were obtained at a 
metal:ligand ratio of 1:3 in order to limit the possibility of metal 
hydrol3rsis. A variable increment in the volume of base added was used in one 
titration (datafile M074); this allowed more data points to be recorded in the 
end-point regions where a small volume of base can result in a large increase 
in the mV reading [Figure 5.1.5(c)]. The titration curves obtained show 
disoxitinuities in the data above 7 and the associated scatter of points 
can be ascribed to precipitation of hydrolysis products of the metal or metal

Volume baoe/ml
Figure 5.1.5 Titration curves (i^ vs volume of base added) for acidified 

solutions of NEIBMFH^ (a) [NEI6MPH,] ca. 0.001 mol dm'^
(b) Fe(N03)3 with NEIBMPH^, [M]:[L] ca. 1:3 and (c) Fe(N03)3 with 
NEIBMFHf, [M]:[L] ca. 1.3; curve is offset to show effects of 
variable increment used in addition of base.
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complexes. The titration curves were not as smooth €ts those normally obtained 
[Figure 5.1.5(b) and (c)] and may suggest that precipitation of hydrolysis
products and/or colloid formation. 16(a)

Refinement of all three datafiles for a model which only involved species with 
a metal:ligand ratio of 1:1 was unsuccessful. A successful refinement for 
a model involving the species 110, 111 and 112 was obtained only if the 
following metal hydrolysis constants were used in the SUFERQUAD input files 
as constant: log = -11.10 {for [FeCOH)^]}, and log 3 0̂̂  = -20.50 (for 
[Fe((»l)̂ ]'}.̂ ^̂ *̂ ’̂  ̂ Refinement for this model was achieved by limiting the data 
to the region of 01 below that at which the signs of hydrolysis appeared in 
the titration curves (at 01 ca. 7.5). The values for log 3jjq obtained from 
each datafile (Table 5.1.4) show a degree of variation not seen for ccMplexes 
of other metals with NEIBMFl^ examined in this work; e.g. the difference 
between the values of log in datafiles M074 and M075 is ca. 0.6 log units. 
This difference may be ascribed to the small amount of [FeL]' present (< 20 %)

Table 5.1.4 Stability constants for NEIBMFH^ with Fe(III).^

Datafile: M074^ M075® M077'̂ Mean®
[M]:[L] 1:3.08 1:3.17 1:3.18

log e,,|) 20.68(0.045) 20.06(0.066) 20.44(0.042) 20.39 ±0.29
log Pm 28.40(0.034) 27.88(0.029) 28.18(0.028) 28.15 ±0.27
log K,„ 7.72 7.82 7.74 7.76 ±0.06
log P m 33.41(0.036) 33.17(0.052) 33.34(0.030) 33.31 ±0.14
log K,,J 5.01 5.29 5.16 5.15 ±0.14

M  = 0.1 mol dm*̂  KNO3, 25 ±0.1 *C. Figures in parentheses are standard
deviations obtained using SUPERQUAD. Convention: for Log 3 values
for metal hydroxy species were included in all refinements as constants: 
log 3jq_3 = -11.10 and log 330-4 = -20.50.̂ ^̂ *̂ *̂  ̂  ̂Fit parameters determined using 
SUPERQUAD, = 5.82, o = 0.0365 , 01 range 5.69-7.76, nuniber of points = 44. 
® Fit parameters determined using SUFERQUAD, = 9.24, o = 0.0740, pH range 
5.69-7.75, number of points = 25.  ̂Fit parameters determined using SUPERQUAD, 
X̂  = 5.48, o = 0.0394, pH range 5.39-7.77, number of points = 29. * Unweighted 
mean of values from each refinement; error limits are derived from the ranges 
obtained for each log 3|m (and log i^)*
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in the pH region examined in each of the successfully refined datafiles, or 
it may be attributed to the presence of hydrolysed metal complex species (not 
modelled for) which are important above pH 8 and which may have some 
importance in the pH regions examined in the datafiles. Although, the results 
were judged to be acceptable according to the fit parameters % and o (Table
5.1.4), the log 3 values must be subject to some uncertainty in view of the 
evidence for hydrolysis in the iH range used for data refinement.

5,1.2(c) Cobalt(II)

Two datafiles were obtained for NEIBMFH^ with Co(II) at metal:ligand ratios of 
ca. 1:2 and 1:3, respectively. The potentiometric titration curves (Figure 
5.1.6) show that the 'metal-ligand' curve closely follows the shape of the 
'ligand-only' curve up to pH ca. 5 and that thereafter, there is slight but 
increasing deviation indicating the formation of weak metal complexes.

Successful refinements for a model involved only species with a metal:ligand 
ratio of 1:1 (f.e. MLH = 110, 111 and 112) were obtained for both datafiles 
(Table 5.1.5). Refinements of datafile M006 for models which only involved

Table 5.1.5 Stability constants for NEIBMPI^ with Co(II).*

Datafile: M005^ M006*̂ Mean^
[M]:[L] 1:2.02 1:3.15

log P,1|) 8.10(0.025) 8.15(0.049) 8.13 ±0.03
log Pin 15.64(0.018) 15.75(0.031) 15.70 ±0.06
log Kjjj 7.54 7.60 7.57 ±0.03
log p,,2 20.88(0.026) 20.94(0.042) 20.91 ±0.03
log 5.24 5.19 5.22 ±0.03

 ̂ I =0.1 mol dm’̂ KNO,, 25.0 ±0.1 *C. Figures in parentheses are standard 
deviations obtained using SUPERQUAD. Convention: for Fif
parameters determined using SUPERQUAD, = 4.06, o = 0.0342, irfl range 
4.46-7.49, number of points = 49.  ̂Fit parameters determined using SUPERQUAD, 

= 9.33, o = 0.0559, iH range 4.66-7.95, number of points = 48.  ̂Unweighted 
mean of values frc»n each refinement; error limits are derived from the ranges 
obtained for each log 3|m (and log K|qj)*
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species with a metal: 1 igand ratio of 1:2 (i.e. MLH = 120, 121 and 122) were 
not successful.

Figure 5.1.6 Titration curves vs volume of base added) for acidified 
solutions of NEIEMPH^ (a) [NEIBMPi^] ca. 0.001 mol dm'^
(b) Co (N03)2 with NEIBMFH^, [M]:[L] ca. 1:3.

The value of log (8.13) determined in this work is similar to the value 
obtained by Bel’skii, log ßjjQ = 7.86.'^ The values of log K ĵ q (9.27) and 
log Kjii (6.59) found by Sawada for with Co(II)^* bear a relationship to
each other which is similar to the values found in this work, log = 8.13 
and log = 7.57, but, the latter is quite different to the value determined 
by BePskii for the formation of the species [CoLH]' (log s 2.86).^^

5.1.2(d) Nickel (II)

Potentiometrie titration datafiles were obtained for NEIBMFI^ with Ni(II) at
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metal: 1 igand ratios of ca. 1:1, 1:2 and 1:3. The titration curves were smooth 
and show no evidence of precipitation of metal c<nQ>lexes or metal hydrolysis 
products. The 'metal-ligand' curve closely follows the 'ligand-only' curve 
up to ca. 6 but diverges at higher pH, indicating the formation of some 
metal complex species. The small deviation between the curves at lower pH can 
be attributed to the slightly larger concentration of the ligand used in 
Figure 5.1.7(a) and the slightly larger concentration of base used in the 
titration of NEIBMPH^ with Ni(II) in Figure 5.1.7(b).

Volume base/ml

Figure 5.1.7 Titration curves (pH vs volume of base added) for acidified 
solutions of NEIBMPH4 (a) [NEIBMPI^] ca. 0.001 mol dm’̂
(b) Ni(N03)2 with NEIBMPH^, [M]:[L] ca. 1:1.
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Refinenent for a model involving three species where the metal:ligand ratio 
of 1:1 (i.e. MLH = 110, 111 and 112) was only successful for datafile M063. 
Whereas, for datafiles M047 and M059, a model which involved only the species 
[ML]^‘ and [MLH]' facilitated successful refinement. The stability constants 
determined are summarised in Table 5.1.6.

Table 5.1.6 Stability constants for NEIBMFf^ with Ni(II).*

Datafile: M063*̂ M047® M059^ Mean®
[M]! [L] 1:1.03 1:1.89 1:3.33

log Piio 8.03(0.012) 8.21(0.007) 8.28(0.030) 8.17 ±0.14
log P m 15.19(0.013) 15.29(0.007) 15.50(0.019) 15.33 ±0.17
log K m 7.16 7.08 7.22 7.15 ±0.07
log P m 19.82(0.120) 19.82
log 4.96 4.96

 ̂ I = 0.1 mol dm'̂  KNO,, 25 ±0.1 *C. Figures in parentheses are standard
 ̂ hdeviaticms obtained using SUPERQUAD. Convention: pjy for

parameters determined using SUPERQUAD, = 10.23, o = 0.0339, pH range
4.19-7.32, number of points = 57.  ̂Fit parameters determined using SUPERQUAD,

= 16.13, o = 0.0367, ptl range 4.40-9.00, number of points = 55.  ̂ Fit
parameters determined using SUPER(yJAD, x̂  “ 5.16, o = 0.0579, 01 range
5.43-8.96, number of points = 37. ® Unweighted mean of values from each
refinement; error limits are derived from the ranges obtained for each log
(and log

Determination of the stability constants for NEIBMPH^ with Ni(II) was also 
carried out by a previous worker at the University of North London.*’' 
Refinement of the datafile IS2N2 (see Table 5.1.7, [M]:[L] cs. 1:.00) obtained 
by Scowen for a model which included the species with a metal:ligand ratio of 
1:1 (i.e. MLH = 110, 111, 112, 121 and 11-1) also included the single 
hydrolysis constant for Ni(II), log pjo-i = -9.86 [Ni(«l)]' as a constant in the 
SUPERQUAD input files. The results determined by Scowen for this file are 
similar to the results obtained in this work (Table 5.1.7) except for the 
value of log 3jjj. Scowen noted that, for datafile IS2N2, the titration curve 
shows two discontinuities at pH ca. 9 and pH ca. 10. Therefore, he excluded
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the data points above this first discontinuity (increasing pH) in refinement 
of this datafile. The difference in the value of log obtained in this 
work (19.82) and that obtained from datafile IS2N2 (21.35)^^ could be ascribed 
to the inclusion of the hydrolysis constants for Ni(II) in successful 
refinement of the latter file, or it may be attributed to the difference in 
refinement strategy used for IS2N2 and the inclusion of the species 121 in 
successful refinement.

Table 5.1.7 Stability constants for NEIBMPH^ with Ni(II).

*°8

MLH 110 111 112 120 121 122 11-1
IS2Nl‘’'’ 8.62 16.26 21.86 13.96 23.80 30.18

-1.62'*IS2N2‘*̂ 8.54 15.84 21.35 - 23.44 -

This work* 8.17 15.33 19.82 -

Bel’ski î 7.97 10.69

* Ref. 13, I = 0.1 mol dm"’ KNO,, 25.0 10.1’C. The Ni(II) hydrolysis constant 
was also included in the refinement, log Pjq_j = ”9.86. [M]:[L] = 1:2.06.
 ̂ [M]:[L] = 1:1.00.  ̂ Represents the overall formation of the species
[NiL(OH)]’. ® I =0.1 mol dm'̂  KNOj, 25.0 ±0.1 *C. Log ß values are obtained
from Table 5.1.6.  ̂Ref. 15, I = 1.0 mol dm'̂  KNOj, 25.0 *C.

Successful refinement of datafile IS2N1 ([M]:[L] = 1:2.06) by Scowen*^ was for 
a model which included more species with a metal:ligand ratio of 1:2.

However, it was noted by Scowen^^ that data collection gave more reproducible 
results for the study of NEIBMPH^ with Cu(II) after improvements to the 
Potentiometrie titration apparatus stability and installation of air 
conditioning had been undertaken.The study of NEIBMPi^ with Ni(II) had been 
carried out before these improvements had been effected. In summary, the 
variation in the values of log ß for Ni(II) determined in this work for 
NEIBMFH^ and those found by Scowen'^ can be attributed to the difference in 
refinement strategies used, the inclusion of the Ni(II) hydrolysis constant 
in the SUPERQUAD input files (IS2N1 and IS2N2) and the improvements made to 
the apparatus for determining stability constants.*^
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The value of 8.17 (log K,,q) found in this work is similar to that found by 
Bel’skii (log Kjjq = 7.97).^^ However, there is a discrepancy in the values of 
log found by Bel’skii^^ and in this work of ca. 4.5 log units. The value 
of log (15.85) determined*^ for the analogue MIBMP!^ with Ni(II) is of the 
same order as that found in this work.

5.1.2(e) Copper(II)
Titration datafiles for NEIBMPH^ with Cu(II) were obtained at metal: ligand 
ratios of ca. 1:1, 1:2 and 1:3. In each case, a smooth titration curve w£is 
observed and there was no evidence of precipitation of metal complexes or 
hydrolysed species. The small deviation between the curves at lower pH can 
be attributed to the slightly greater concentration of base used in curves

Figure 5.1.8 Titration curves (jil vs volume of base added) for acidified 
solutions of NEIBMPH^ (a) [NEIBMPH^] ca. 0.001 mol dm"^
(b) Cu (N03>2 with NEIBMPH^, [M]:[L] ca. 1:1; (c) Cu(N03)2 with 
NEIBMPH4, [M]:[L] ca. 1:2; (d) Cu(N03)2 with NEIBMPH^,
[M]:[L] ca. 1:3.
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(b), (c) and (d) in Figure 5.1.8. The 'metal-ligand' curve (at a metal:ligand 
ratio of ca. 1:1) shows a deviation from the 'ligand-only' curve which is 
larger than for any other metal ions with NEIBMFf^. This suggests that Cu(II) 
complexes with are more stable than those for the other divalent metal 
ions examined in this work.

The potentiometric titration curves for NEIBMFIi^ with Cu(II) are shown in 
Figure 5.1.8. The end-point on the titration curve at i« ca. 7.5 corresponds 
to ca. 4 equivalents of base, one greater than in the ligand system. This 
suggests that the species lii’ present in the 'ligand-only' system in this 
region loses a proton on complexation with Cu(II) resulting in the formation 
of [CuL]^'.

Table 5.1.8 Stability constants for NEIBMFI^ with Cu(Il).^

Datafile: M049^ M050^ M051^ Mean®
[M] : [L] 1:0.97 1:2.18 1:3.14

log Piio 13.38(0.006) 13.24(0.007) 13.21(0.004) 13.28 ±0.10
log B,„ 18.03(0.003) 17.99(0.002) 17.99(0.004) 18.00 ±0.03
log K,„ 4.65 4.75 4.87 4.73 ±0.08
log Pii2 21.47(0.026) 21.04(0.051) - 21.26 ±0.22
log K,,j 3.44 3.05 - 3.25 ±0.20
log 3i20 18.44(0.035)^ 18.44
log Kj20 5.23 5.23

* I = 0.1 mol dm*̂  KNOj,, 25.0 10.1 *C. Figures in parentheses are standard
deviations obtained using SUFERQUAD. Convention: 3|m for ® Fit
parameters determined using SUPERQUAD, = 4.49, a = 0.0467, pH range
3.06-4.72, number of points = 74. Fit parameters determined using SUPERQUAD,

= 3.67, o = 0.0150, pH range 3.29-4.74 , number of points = 48. “ Fit
parameters determined using SUPERQUAD, = 5.33, o = 0.0265, range
3.30-4.59, number of points = 36. Unweighted mean of values from each
refinement; error limits are derived from the ranges obtained for each log 
(and log  ̂Log 3̂ 20 ^ refinement in which log log
and log constant. Fit parameters determined using SUPERQUAD,
= 1.56, a = 0.1360, pH raxige 6.98-10.30, number of points = 18.
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Refinenents of datafiles M049 and M050 for a Bodel which involved species with 
a metal:ligand ratio of 1:1 (i.e. MLH = llOy 111 and 112) were successful. 
However, satisfactory refinement of datafile M051 could only be obtained for 
a model which involved the species [CuL]^’ and [CuLH]’. A separate refinement 
of datafile M051 for a model which only involved species with a metal:ligand 
ratio of 1:2 (f.e. MLH = 120, 121 and 122) was unsuccessful, but refinement 
for the species [CuL2̂ ~̂ ^  successful. The results are summarised
in Table 5.1.8.

A more comprehensive study of the coordination of NEIBMFI^ with Cu(II) at the 
same ionic strength used in this study was carried out by Scowen.^^ This study 
involved examination of the titration data for formation of species with 
Bietal: 1 igand ratios of 1:1 and 1:2 (Table 5.1.9). Refinement of datafile M060 
for a model which involved the species 110, 111 and 112 was successful when 
two hydrolysis constants for Cu(II) were placed into the SUPERQUAD input files 
as constants.The results determined from this datafile (i.e. log log 

and log comparable with those determined in this work (Table
5.1.9). Refinement of datafiles M061 and M062 by Scowen, which also included 
the two Cu(II) hydrolysis constants, yielded more species with a metal:ligand

Table 5.1.9 Stability constants for NEIBMPl^ with Cu(Il).

log

MLH 110 111 112 120 121 122
Moeô »'’ 13.54 18.10 21.97

34.28^M061*»® 13.72 18.14 22.13 18.94 28.41
M062*‘* 13.74 18.05 22.14 18.91 28.51 34.19
This work^ 13.28 18.00 21.26 18.44
Bel’ski i* 13.09 18.49 22.09

* Ref. 13, I = 0.1 mol dm‘̂ KNOj, 25.0 ±0.1*C. Also included in the refinement 
were the two hydrolysis constant for Cu(II), [Cu(OH)]^ and [Cu2((®2]̂ *̂ ^

[M]:[L] = 1:1.02. [M]:[L] = 1:2.12.  ̂A large relative error is associated
with this log 3 value. * [M]:[L] = 1:3.04.  ̂ I = 0.1 mol dm'̂  KNOj, 25.0 ±0.1
*C. Log 3 values are obtained from Table 5.1.8. * Ref. 15, I = 1.0 mol dm'̂
KNOj, 25.0 *C.
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ratio of 1:2 than in this work. The value of log 3̂ 20 in this work is
simileir to the value found by Scowen in both datafiles M061 and M062.

The average values of log 3^0» and log 3|i2 determined in this work
(Table 5.1.9) are also similar to the values determined by Bel’skii at I = 1.0 
mol dm’̂ KNOj.̂ ^

5.1.2(f) Zinc(II)
Potentiometric titration curves for NEIEMPH^ with Zn(II) at metal:ligand ratios 
of ca. 1:1, 1:2 and 1:3 are shown in Figure 5.1.9. There is a close 
correspondence between the 'ligand-only' cxirve and the 'metal-ligand' curve 
up to ca. pH 4.5. Approximately 4 equivalents of base are consumed in the 
metal-ligand system by an end-point at ca. pH 8 [as observed for Cu(II)] and 
this suggests the formation of [ML] .

Figure 5.1.9 Titration curves (pH vs volume of base added) for acidified 
solutions of NEIBMPH^ (a) [NEIBMPH^] ca. 0.001 mol dm"^
(b) Zn(N0j)2 with NEIBMPH,, [M]:[L] ca. 1:1; (c) Zn(NOj)2 with 
NEIBMPH^, [M]:[L] ca. 1:2; (d) Zn(N0j)2 with NEIBMPH^,
[M]:[L] ca. 1:3.
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Successful refineaents of two datafiles (M0S2 and M053) was obtained for a 
aodel involving only three species i.e. MLH = 110, 111 and 112, whereas, in 
datafile M0S4, a successful refinement could only be obtained for a model 
which involved the species [ML]^‘ and [MLH]'. A particular refinement of M054 
for a model cMprising of species with a metal:ligand ratio of 1:2 (i.e. MLH 
= 120, 121 axid 122) was unsuccessful, but, a satisfactory refinement for the 
species [ML2] alone was obtained for datafile M054 in a high pH region. The 
results are sunanarised in Table 5.1.10.

Table 5.1.10 Stability constants for NEIBMFH^ with Zn(II).^

Datafile: M052^ M053® M054^ Mean^
[M]:[L] 1:1.04 1:2.01 1:3.01

log 9.31(0.017) 9.42(0.012) 9.13(0.006) 9.29 ±0.16
log  P,„ 15.93(0.013) 15.93(0.008) 15.80(0.005) 15.89 ±0.09
log K,„ 6.62 6.51 6.67 6.60 ±0.09
log  P,,j 20.18(0.111) 20.00(0.133) 20.09 ±0.09
log  Kjjj 4.25 4.07

14.35(0.051)^
4.16 ±0.09

log  3,J| 14.35
l o g % 5.22 5.22

* I =0.1 mol dm'̂  KNO,, 25.0 ±0.1 *C. Figures in parentheses are standard
 ̂ bdeviations obtained using SUFERQUAD. Convention: foi*

parameters determined using SUFERQUAD, = 10.00, o = 0.0705, pH range
4.02-6.91, number of points = 62.  ̂Fit parameters determined using SUFERQUAD,

= 5.83, o = 0.0220, pH range 4.18-6.47, number of points = 46.  ̂ Fit
parameters determined using SUFERQUAD, * 2.80, o = 0.0281, pH range
3.69-6.62, number of points = 51. * Unweighted mean of values from each
refinement; error limits are derived from the ranges obtained for each log
(and log  ̂Log 3|20 ^ refinement in which log log
and log constant. Fit parameters determined using SUPERQUAD, x
= 7.15, o = 0.3049, pH range 6.01-10.40, number of points = 39.

5.1.2(g) Lead(II)
Three potentiometric titration curves were obtained for NEIBMFI^ with Fb(II) 
at metal:ligand ratios of ca. 1:1, 1:2 and 1:3 (Figure 5.1.10). The 'metal*
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ligand' curves closely follow the 'ligand-only' curve up to pH ca. 3, with 
significant deviation occurring above jil 4.5. Again, the end-points on the 
titration curves (Figure 5.1.10) at pH ca. 8.5 is equivalent to 4 moles of 
proton being neutralised in the metal-ligand system [see Cu(II)] and provides 
evidence for the formation of the species [ML] .

Refinements of all three datafiles for a model involving only [PbL]^’, [PbLH] 
and [PbLHj] was successful (Table 5.1.11). Refinement of datafile M030 using 
[PbLj]̂ ', [PbLjH]^" and [PbLjHj]*’ as a model was unsuccessful, as was an 
attempted refinement for [PbL,]^’ on its own.

Figure 5.1.10 Titration curves (i® vs volume of base added) for acidified
solutions of NEIBMPH^ (a) [NEIBMPH^] ca. 0.001 mol dm"^
(b) Pb(N0j)2 with NEIBMPH^, [M]:[L] ca. 1:1; (c) Pb(N0j)2 with 
NEIBMPH4, [M];[L] ca. 1:2; (d) Pb(N0j)2 with NEIBMPH^,
[M]:[L] ca. 1:3.
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Table 5.1.11 Stability constants for NEIBMFf^ with Pb(II)

Datafile: M028^ M031^ M030^ Mean®
[M]:[L] 1:1.00 1:2.17 1:3.26

log Pii, 11.30(0.004) 11.16(0.008) 11.07(0.018) 11.18 ±0.12
log P,,1 17.85(0.002) 17.70(0.003) 17.64(0.007) 17.73 ±0.12
log K„1 6.55 6.54 6.57 6.55 ±0.02
log Pii2 21.77(0.005) 21.58(0.010) 21.67(0.018) 21.67 ±0.09
log K,,j 3.92 3.88 4.03 3.94 ±0.09

* I = 0.1 mol dm'̂  KNO3, 25 .0 ±0.1 *C. Figures in parentheses are standard
deviations obtained using SUPERQUAD. Convention: for ° Fit
parameters determined using SUFERQUAD, = 6.87, 0 = 0.0178, pH range
4.15-6.48, number of points = 46.  ̂Fit parameters determined using SUPERQUAD,

= 5.63, 0 = 0.0276, pH range 4.07-6 .63, number of points = 51. Fit
parameters determined using SUFERQUAD, = 8.92, a = 0.0420, pH range
4.07-6.84, number of points = 52. ® Unweighted mean of values from each
refinement; error limits are derived from the ranges obtained for each log 3)([j 
(and log Kn^g).

5.1.2(h) Cadmium(II)

Potentiometric titration curves for NEIBMPI^ with Cd(II) at metal: ligand ratios 
of ca. 1:1, 1:2 and 1:3 were obtained; the curve for the 1:2 (metal:ligand 
ratio) titration is shown in Figure 5.1.11. Up to ca. pH 4 there is close 
agreement between the 'ligand-only' curve and the 'metal-ligand' curve. 
Thereafter, as the titration proceeds, approximately four equivalents of base 
are consumed by the 'metal-ligand' system by ca. 8.5, indicating the 
formation of [CdL]^’ in this region [see Cu(II)], with significant deviation 
of the 'metal-ligand' curve occurring above ca. lil 5.

Refinements of all three datafiles (M056, M057 and M058) for a model which 
only involved species MLH = 110, 111 and 112 was successful (Table 5.1.12). 
Refinement of datafile M058 for a model which only involved the species

[MLjH]̂ " and was unsuccessful, as was refinement for a model
with only one species, [ML2]̂ *.
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Figure 5.1.11 Titration curves (01 vs volume of base added) for acidified
solutions of NEIBMPH^ (a) [NEIBMPH^] ca. 0.001 mol dm"^
(b) Cd(N03)2 with NEIBMPH^, [M]:[L] ca. 1:2.

Table 5.1.12 Stability constants for NEIBMPH^ with Cd(II).^

Datafile: 
[M]: [L]

M056^
1:0.91

M057'̂
1:1.80

M058'*
1:3.28

Mean

log ßjio 
log
log Kjjj
log
log

9.10(0.013)
16.39(0.007)
7.29
21.17(0.014)
4.78

8.91(0.015)
16.29(0.009)
7.38
21.08(0.017)
4.79

8.74(0.001)
16.28(0.005)
7.54

21.08(0.010)
4.80

8.92 ±0.18 
16.32 ±0.06 
7.40 ±0.14
21.11 ±0.06 
4.79 ±0.01

* I = 0.1 mol dm'̂  KNO,, 25.0 ±0.1 *C. Figures in parentheses are standard
 ̂ bdeviations obtained using SUPERQUAD. Convention: 0|jjj for Fit

parameters determined using SUPERQUAD» - 7.41, o = 0.0313» 0i range
4.85-7.15» nunOier of points = 34. Fit parameters determined using SUPERQUAD»

= 7.14» o = 0.0415» pH range 3.87-8.24» number of points = 56.  ̂ Fit
parameters determined using SUPERQUAD» - 2.35» o = 0.0184» 0i range
4.67-7.15» number of points = 46. ® Unweighted mean of values from each
refinement; error limits are derived from the ranges obtained for each log
(and log K|y).

-170-



5.1.3 Species abundance plots of some metal ions with DEAMPH2 and NEIBMPH^ 
Species distribution curves^* show the abundances of the various species 
present in solution over the jAI 2-12 relative to the total ligand 
concentration (taken as 100 %). The curves depend on the species modelled for 
in solution and on the values of log p obtained, in this case from SUPERQUAD" . 
The relative abundances of the species are affected by the metal:ligand ratios 
used in the input files, e.g. in a system with a metal:ligand ratio of 1:3 
then the metal-containing species have a total abundance of 33.3 %.

The species distribution curves'* can only be regarded as valid in the pH range 
used for a successful refinement of 'ligand-only and metal-ligand
datafiles. Species not modelled for may be important in the regions outside 
this pH range, and hence some uncertainty will arise in the relative 
abundances of the species outside the pH range examined.

Using log 3 values obtained in this work together with the protonation 
constants for the ligand and appropriate relative concentration of metal and 
ligand the species distribution curves^* for DEAMPHj with Pb(II) (Figure
5.1.12) and for NEIBMPH^ with Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Pb(II), 
Cd(II) and Fe(III) [Figure 5.1.13 (a) to (h)] were computed.

Figure 5.1.12 Species distribution curves^* for DEAMPHj with Pb(II),
[Ml: [L] ca. 1:1.
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The species distribution curves^^ for DEAMFH2 with Pb(II) at a metal: 1 igand 
ratio of ca. 1:1 are shown in Figure 5.1.12. The curves are valid in the pH 
range ca. 3-9, based on the pR ranges of data used in refinements for 
protonation and stability constants. In the pH range 5-9, the metal complex 
species are dominant, f.e. [PbLH]^, [PbL] and [PbL((Xl)] . Ligand species LH2 
and LH~ are also present in this region.

The species distribution curves^^ for NEIBMPI^ with the metal ions Mn(II), 
Co(II), Ni(II), Cu(II), Zn(II), Pb(II) and Cd{II) [Figure 5.1.13(a) to (h), 
respectively] were computed for a metal:ligand ratio of ca. 1:1. The three 
metal-ligand species [MLHj], [MLH]‘ and [ML]^‘ were determined for all the 
metals in this work, and this results in species distribution curves^® which 
are similar in character. The curves are only valid in the pH range 3-10, 
based on the pH regions used of data refinements. The increasing value of log 

on going from Mn(II) to Cu(II) in the first transition metal series, f.e. 
6.89 to 13.28 log units, results in increasing importance of the metal-ligand 
species at a lower 01. For example, the species distribution curves for 
NEIBMPH^ with Cu(II) show that [CuL]^' begins to form at pH ca. 3.5 [Figure 
5.1.13.(d)], whereas, for Mn(II) the species [MnL]^" begins to form at a much 
higher i* (ca. 7) [Figure 5.1.13(a)].

Only two examples were studied in which a refinement for the species [M^]® 
was successful, f.e. for NEIBMPH^ with Cu(II) and Zn(II). The species 
distribution curves^* for NEIlWiPH^ with Cu(II) [Figure 5.1.13(d)] and Zn(II) 
[Figure 5.1.13(f)] however, shows that the species [MLj]̂ ” is not present to 
any significant extent at a metal:ligand ratio of 1:1, presumably because the 
ratio of metal:ligand does not favour the formation the [MLj]̂ ".

The extremely high log 3jjq (20.39) value determined for NEIBMFl^ with Fe(III) 
has a considerable effect on the resulting species distribution curves^* 
[Figure 5.1.13(i)]. The valid pH range for the curves is ca. 3-8. The 
formation of metal-ligand species are significant at a much lower pH (ca. 2) 
than that observed for NEIBMPH^ with the other metals examined in this work. 
Another significant feature is that the species [Felilj]̂ , [FeLH] and [FeL] 
account for nearly 100 % of the available metal over the valid pH range. 
Above ca. 8, the curves show that the hydrolysis of Fe(III) is important; 
however, above this region, other species not modelled for may be in^rtant. 
There is therefore a strong possibility that the curves above pH 8 do not
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(d )

(e)

(f)

Figore 5.1.13, oontiimed. Species distributicxi curveŝ  ̂for NEISMFĤ  with
■etsl ions at [M]:[L] ca. 1:1 (d) Cu(II) (e) Cu(II) at 
[M]:[L] ca. 1:3 and (f) Zn(II).

-174-



(g)

(h)

18Figure 5.1.13, ccntixnied. Species distribution curves for NEIBMFH^ with
metal ions (g) Pb(II), [M]:[L] ca. 1:1 and (h) Cd(II),
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(i)

Figure 5.1.13, coatimied. Species distribution curves^^ for NEIBMFH^ with
oietal ion (i) Fe(III), [M]:[L] ca. 1:3.

5.1.4 Possible structures of aetal complex species in solution 
Examination of the results determined in this work and elsewhere for coaq>lexes 
of metal ions with DEAMFfL show that the species [ML] was determined to be 
present in all cases (Table 5.1.13). There are only two exaflQ>les in which 
more than one species were determined, i.e. for Pb(II) and Cu(II).^^ The 
values for the process of forming the species [ML] (log for the
transition metal ions with DEAMFH2 follow the Irving-Williams series: Co(II) 
«  Cu(II) > Zn(II) > Cd(II).^»^^

The transition metal complexes formed by DEAMFI^ are more stable than those 
formed with the alkaline earth metals (Table 5.1.13). This was also observed 
for the methyl analogue of DEAMPH2, i.e. dimethylaminomethylenephosphonic acid, 
DMAMFHj.^^

The value of log 3jj() (7.56) determined for Pb(II) with DEAMFH2 in this work is 
identical (within experimental error) to the value determined for log 
(7.46) for Cu(II) with DEAMPHj.^^ This suggests that the process for forming
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the species [ML] for DEAMPHj with Pb(II) may be similar to that for Cu(II). 
This strong complexing ability of DEAMFH2 for Pb(II) may be of some use in the 
sequestration of the toxic, heavy metal.

Table 5.1.13 Stability Constants for some metal ions with DEAMPH2.

log

MLH 110
Metal

ca. 2̂Mg(II)*
Ca(II)^ 1.28
Co(II)^
CudD*^

-----\
I A S

Zn(II)^ 6.5®
Cd(II)^ 5.6®
Pb(II)^ 7.56

111

14.12

14.82

11 -1

- 0.02

0.07

122

27.56

* Ref. 12. I = 1.0 mol dm"̂  KNO3 , 25.0 *C.  ̂Estimate.  ̂This work. I =
0.1 mol dm'̂  KNO3 , 25.0 ±0.1 *C.  ̂Ref. 11. I = 0.1 mol dm"̂  KNO3 , 25.0 *C.
® Approximate values.

As discussed in section 5.1.2, the coordination chemistry of with
various metals examined by BePskii et al.̂  ̂and Scowen^^ shows some agreement 
with that determined in this work. The present work indicates formation of 
the species [ML]̂ ", [MLH]' and [MLHj] in all cases. There were only two 
examples in which the formation of the species were determined with
some certainty, i.e. for Cu(II) and Zn(II). The stability constants for 
NEIBMFl^ are collected in Table 5.1.14.

2-The values of the stability constants for the formation of the species [ML] 
for transition metal complexes with NEIBMPI^ follow the Irving-Williams 
series^’̂  ̂except that log 3jj(j for Ni(II) and Co(II) are of similar magnitude: 
i.e. Mn < Co » Ni < Cu > Zn > Cd. The Irving-Williams series is based upon 
the stabilities of complexes of divalent metal ions of the first transition 
series. The Irving-Williams series for transition metal ions is: Mn(II) < 
Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II) > Cd(II)^»^^ which is the reverse of
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10the order of the size of the cationic radii for this series. The Irving- 
Willians series is rationalised on the basis of the metal ion and its charge« 
and it arises from a number of factors including d-orbital contribution to the 
metal-ligand bond,^ and the second ionisation potential of the metal. The 
stability of any metal and ligand is greater if the oxidation state of the 
metal is +3 rather than +2.^ For example« the value of log ßĵ Q determined for 
Fe(III) withNEIBMPH^ is 20.39« which is considerably larger than the estimated 
value of log ß^Q for Fe(II) from the Irving-Williams series in this work« of 
ca. 7.5.

Table 5.1.14 Stability Constants for some metal ions with NEIBMPH^.

MLH no 111 112
Metal
Mg(II)‘ 4.42
Ca(II)‘ 3.36
Mn(II)*’ 6.89 15.42 20.73
Codi)** 8.13 15.70 20.91
Nidl)** 8.17 15.33 19.82
Cu(II)'’ 13.28 18.00 21.26
Zn(II)*’ 9.29 15.59 20.09
Cd(II)*’ 8.92 16.32 21.11
Pb(II)'’ 11.18 17.73 21.67
Fedii)** 20.39 28.15 33.31

‘ Ref. 12. 1 = 1.0 mol dm’̂ KNO,« 25.0 •c. **

120

18.44
14.35

.-3

25.0 ±0.1 *C.

The values of log determined in this work for the metal ions [e.g, Mn(II)« 
Co(II)« Ni(II)« Cu(II)« Zn(II) and Cd(II)] with NEIBMPH^« are each ca. 1 log 
unit less them the log 3uq values determined for A^methyliminobfs(methylene- 
phosphonic acid)« MIBMPH^ (Table 5.1.15). The effect of substitution of the 
methyl group at nitrogen in MIBMPH^ with an ethyl group to give NEIBMPH^ seems 
to result in lower stability of complexes with NEIBMFH^« possibly due to the 
substituent effect of the ethyl group resulting in the reduced basicity of
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both the nitrogen and phosphonate oxygen atoms.

Table 5.1.15 Stability constants for complexes of NEIBMPH^* and

KjJjL Kcol log K,î I08 108 1 0 8 % ,
NEIBMPH^^
MIBMPH^^

6.89 8.13 8.17 13.28 9.29 8.92
8.24 9.27 9.59 14.32 10.44 10.18

* This work. 
KNO3, 25.0 •

I = 0.1 
C.

mol dm'̂  KNC»3, 25.0 ±0.1 *C. ^ Ref. 14. I = 0.1 mol

The relatively high stability constant (log Kjq̂) determined for NEIBMPI^ with 
Cu(II) compared to the values determined with Ni(II) and Co(II) can be 
explained by the Irving-Williams series, i.e. the smaller the cationic radius 
of the metal then the greater the stability of the metal complex formed. The 
values of log Pjjq determined for the analogue MIBMFH^ with Ni(II) (9.59)^^ and 
Co(II) (9.27)^^ are close and this close agreement was also observed for the 
values of log ^  and log for NEIBMPH^, in this work.

On the other hand, the low values of log determined for NEI^IFI^ with 
Co(II) and Ni(II) may also be explained in terms of the metal’s requirements 
for its coordination sphere. For example, the higher stability constant 
observed for the complex [CuL]^* may be ascribed to the Cu(II) ion preferring 
a tetrahedral arrangement,^^ whereas Ni(II) and Co (II) may prefer octahedral 
coordination and this may lead to an overcrowding of the donor groups (POj ) 
on the surface of the metal ion. This in turn increases the electrostatic 
repulsions and the steric forces between the donor groups and hence lowers the 
stability of the complex f o r m e d . I f  all the donor groups cannot completely 
satisfy the coordination sphere of the metal ion then extra donor atoms (e.g. 
water) are needed to satisfy the coordination sphere.^

The stability constants for metal ions with DEAMPH2 are much lower than those 
with NEIM>H^, e.g. log Pjjq for Cu(II) with DEAMPH2 is 7.46,^^ whereas with 
NEIBMFH^ the value of log Pjjq is substantially greater (13.28). This is 
consistent with the results determined by Sawada for MIBMFN^ and DMAMPHj^^ (the 
difference between the values of log Pjjq for for Cu(Il) and with that 
for I^<AMFH2 is ca. 6.3 log units). This suggests that in both NEIBMPI^ and 
MIBMFI^ coflQ>lex stability is enhanced through increased basicity of the ligands
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due to substitution of an extra aethyleneptiosplionate group at nitrogen. 
Possible foraation of five-aeabered chelate rings on coordination of the bia- 
(aethylenei^iosiAianate) groups to the aetal ion aay also be a contributing 
factor.

An interesting feature of the stability constants deterained for Pb(II) with
DEAMPHj and NEIBMFH^ is the rather high value of log cooQ>ared to the other
transition aetals. For DEAMFHj, the value of log for the foraation of
[PbL] is 7.56 and is close to the value for log Pjjq for Cu (II) (7.46). For
NEIBMFH|, the value of log Fb(II) (11.18) is ca. 2 log units less than
that for Cu(II) (13.28). This indicates that both DEAMFH2 and NEIBMP!^ have
a strong coaplexing ability for the heavy aetal Fb(II)t alaost as strong as
for Cu(II). This higher stability for Pb(II) complexes with a-aainoalkyl-
phosphonic acids is also observed for the following related ligands: iainobis-

24(aethylenephosphonic acid), ethylenediaainebis(isopropylidene-
i phosphonic acid), (EBDISPH^)^ and oxadiaainebis(ethyleneisopropylidene- 1
phosphonic acid), ((BEDISFH^)^^ (Table 5.1.16).

H - / "
PO3H2

PO3H2

H203P(H3C ) 2C C(CH3)2P03H2
^NCH^CH^N
H

BBDISFHf

H2O3 P ( H3 C ) 2C C ( CH3 ) 2 PO3 H2yNCH2CH2OCH2CH2N ^
H \



Table 5.1.16 Stability constants for complexes of some metal(II) ions with 
some related ligands.

log

DEAMPH2 
NEIBMFHf̂  

IBMFH^^
dEBISPH4 

OBEISPH^®

Co Ni Cu Zn Pb
- - l A ê 6.52'’ 7.56^
8.13 8.14 13.28 9.29 11.18
7.75 8.32 12.84 9.03 10.17
11.19 11.23 20.35 13.38 16.00
9.02 8.84 16.18 11.17 11.68

 ̂Ref. 11. I = 0.1 mol dm'̂  KNO3, 25.0 *C.  ̂This work. I = 0.1 mol dm"̂  KNO3,
25.0 ±0.rc. Ref. 24. I = 0.1 mol dm'̂  KNO., 25.0 *C.  ̂Ref. 26.

J

I = 0.1 mol dm"̂  KNO3, 25.0 *C. * Ref. 25*. I = 0.1 mol dm‘̂ KNO3, 25.0 *C.

Insight into possible structures of the species in solution is available from 
the (relatively few) reported A^ray crystallographic structure determinations 
of metal complexes with aminomethylenephosphonic acids.* A typical feature 
of such complexes is their pol3TDeric nature« although it is unlikely (on 
solubility grounds) that such structures would be present to any significant 
extent in solution. The known structures all contain a single metal ion 
coordinated to the phosphonate oxygen atoms and/or the nitrogen atoms. The 
following diagram represents the coordination modes of the metal ions in the 
structures available at this time.

P— o.

\ q /  P— ^ 0 — P

OH2
e - o ^ l ^ P

P — 0 ^ 1  ̂ 0 — P*
OH2

p— 0^
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There are only three examples in which the nitrogen atoos are coordinated to
the netal ion foming relatively stable five-aeabered chelate rings.28,33,34 For
exaaple, ShkoPnikova et alJ^ isolated crystals of a copper(II) coaplex with 
ethylenebis(aaineisopropylphosphonic acid) (EDISFH^) which was subsequently 
exaained by Ji^ray cnrstallography. The solid state structure of 
[CuCEDDIFHj)] shows the copper ion to have a square-p3rraaidal geoaetry with 
both nitrogen atoms and two phosphonate oxygen atoms coordinated to the metal.

CH.
CH:

0 =

OH.

.N.
CH-

CH,

1^=0

>H

Figure 5.1.14 Schematic diagram of the solid state structure of
[Cu(EDISPHj)].“

Coordination of the Cu(II) ion to the nitrogen atoas and the phosphonate 
oxygen atoms produces three relatively stable, five*^abered chelate rings. 
In similar case, Kabachnik et al, prepared and isolated the copper(II) coaplex 
of ̂ ,J^,i^l,4,7-triazacyclononanetris(aethylenephosphonic acid), TACNIMFH^, in 
which the copper ion is coordinated to the three ring nitrogen atoms and to 
two phosphonate oxygen a t o a s . T h e  copper(II) ion also has a square-psrraaidal 
geoaetry with five five-aembered chelate rings formed (Figure S.1.15).

\__ I
Figure 5.1.15 Schematic diagram of the solid state structure of

[Cu(TACNTMPH^)] 33
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Another exaiq>le of nitrogen coordination to the aetal ion was found for the
Fe(III) complex with JV,Ar,Af-l,4,7-triazacyclononanetris(iethylenephosphDnic
acid), TACNTMPHj.^ The Fe(III) ion is in a distorted octahedral environment
coordinated to all three nitrogen atoms and three phosphonate oxygen atoms
(Figure 5.1.16) producing six five-membered chelate rings.

OH

Figure 5.1.16 Schematic diagram of the solid state structure of
[FedACNTMPHj)] 34

There are a few exa^>les of metal coq>lexes with aminc»ethylenephosphonic 
acids in which the metal to ligand ratio is greater than 1:1 and where the 
structure is known. For example, the complex of Zn(II) with aminomethyl- 
phosphonic acid (AMFHj) has the structure shown in Figure 5.1.17.^ The Zn(II)

-CH2NH3'*’

Figure 5.1.17 Schematic diagram of the solid state structure of
[Zn(AMFH)2l.̂ 0 »

ion is in a tetrahedral enviroiMent, coordinated to four phosphmate oxygen 
atoms from two different molecules of AMPlT. This results in two four-membered 
chelate rings.

Some indication of the microscopic nature of the metal cxMplexes in solution 
can also be inferred from their stability constants as proposed by Sawada.̂ »̂ * 
The bcisicity of uncoordinated oxygens (f.e. O') on the ligands is expected to 
decrease on coordination of the ligand to the metal cation. Consequently, if 
the first protonation of the complex [ML] occurs on the phosphonate oxygen (O')
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uncoordinated to the metal cation, then the first protonation constant for the 
complex [ML] ([ML] + ft - [MLii'’]), log should be less then that of the
phosphcxiate oxygen of the 'free-ligand' (i.e. log Kq22 for DEAMFH2 and 
NEIBMPH^). For the coB«>lex of DEAMPHj with Pb(II) there are two possible 
structures for the refined species [PbL].

CH3CH2 /  \ q /  I \

Et

H
CH

/ ■ "  \ o / | \CH3CH2

I II III

Since the value log Kjjj (7.26) is greater than the value for the process of 
protonating a phosphonate oxygen in the free ligand, i.e. log Kq|2 = 5.30, then 
it is likely that protonation occurs at the nitrogen atom in I to form III. 
Although it may be tempting to assume that the species [FbL] does not contain 
a M ^  bond, there is no evidence to distinguish between I and II. The rest 
of the coordination spti^re of Fb(II) is satisfied by other donor molecules 
i.e. in this case water̂ '̂  ̂and hs^olysis of one of the water molecules results 
in the hydroxy metal complex [PbL(OH)]*.

The method described by Sawada^^ for inferring the possible structures of metal 
complexes in solution was used for complexes of NEIBMPHf. The possible 
structures of the species [ML]̂ * are based on the cr3rstal structures available.

0

— 0

IV VI
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However, since structures containing eight-membered chelate rings have not 
been found structure VI is unlikely. The stability constants determined for 
protonating the species [ML]̂ * for the metal ions Mn(II), Co(II), Ni(II), 
Zn(II), Cd(II), Pb(II) and Fe(III) (log = 6.55-8.53) are all greater than 
the value for the process of protonating a phosphonate oxygen of the free- 
ligand (log Kgjj = 6.28). In analogous work on MIBMPH^, Sawada^^ suggested that 
this could be ascribed to the protonation of the species [ML]̂ " at the nitrogen 
atom to form the monoprotonated species [MLH]' (structures VII or VIII).^*

H

\ o /

•P— 0"

H

/ \

0

VII VIII

The process for protonating the species [CuL]^' to form [CuLHl” has a value of 
log Kjjjjj = 4.73. This suggests that in the protonation of [CuL]^', the proton 
does not attack the nitrogen but, instead, an uncoordinated phosphonate oxygen 
atom (POĵ *) (structure IX). This is evidence for the persistence of a Cu-N
bond.

OH

IX
For copper(II) in particular, coordination of both the nitrogen atom and 
phosphonate oxygen atoms to form two relatively stable five membered chelate
rings has been found in the solid state.28,33

A similar interpretation has be placed on stability constants for a Cu(II) 
complex of the related ligand, iminobis(methylenephosphonic acid), IBFfl̂  with 
Cu(II).^ The protonation of the complex [ML] (where L = IDP^’) has a value of 
log Kqj2 (4.60), i.e. smaller than the value for the second protonation 
constant of the free ligand (log = 6.08), representing the first proton
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attacking an uncoordinated phosphonate oxygen atom.

There are a number of crystal structures which involve the metal coordinated
I] 29-32to two of more aminomethylenephosphonate ligands“* 

structures X or XI are proposed for [Znl^]^ and [CuL2l̂  .
and on this basis

° 0. .0. 0

<■ , >

2- ,0H,

XI

5.2 The stability of some metal complexes of two 'complex' o-aminomethylene- 
phosî ioaic acids, cniMF^ and

The coordination behaviour of two 'complex' a-aminomethylenephosphonic acids,
i.e. irans-cyclohexane-l,2-diaminetetrai:is(methylenephosphonic acid), CDTMPHg 
and 5,8-dioxadodecane-l, 12-diaminetetrakfs(methylenephosphonic acid), DDDTMFHj, 
was studied under similar conditions (I =0.1 mol d m \  KNO^). The protonation 
equilibria of both CDTMPHg and DDDTMPHg have been determined to establish the 
various species in aqueous solution (Chapter 4).

The structures of CDTMPHg and DDDTMFHg are significantly different, i.e. there 
is a 'rigid' cyclohexyl ring in CDTMPHj and DDDTMPHg has a flexible, aliphatic 
ether type backbone. However, both CDTMPI^ and IX)DTMF1^ contain the basic 
iminobis(methylenephosphonate group). The differences in their structures may 
significantly affect the stability of metal complexes formed in solution.

5,2.1 Stability constants for metal ion complexes with CDTMPHg 
The coordination behaviour of CDTWPHj with the following metals was examined 
by potentiometric titration over the pH range 2-12; Mn(II), Fe(III), Co(II), 
Ni(II), Cu(II), Zn(II), Cd(II), Pb(II) and Gd(III). For the metal ions, 
Co(II), Ni(II), Cu(II), Zn(II) and Pb(III), three potentiometric titrations
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were obtained at metal to ligand ratio of ca. 1:1. For the metal ion Mn(II) 
only two potentiometric titrations were obtained at a metal:ligand ratio of 
ca. 1:1. In the case of CDTMPHj with Fe(III) three datafiles were obtained at 
a metal:ligand ratio of ca. 1:3 in order to prevent any precipitation of 
unwanted metal complex or metal hydroxy species. For CDTMPHg with Gd(III), 
five datafiles were obtained covering metal:ligand ratios of ca. 1:1, 1:2, and 
1:3. The previously determined protonation constants (Section 4.4) for CDTMPHg 
were used as constants in the SUPERQUAD^*^ input files, and subsequent 
refinement of the datafiles yielded the metal-complex stability constants. 
Recalling that the first protonation constant of CDTMPHg was not determined by 
potentiometry (Section 4.5), refinement of all datafiles obtained for CDTMPHjj 
with metals was carried out on the assumption that L was defined as the 
fflonoprotonated ligand, i.e. CDTMPH' .

5.2.1(a) Manganese

Two titration curves were obtained for CDTMPI^ with Mn(II), and one is shown 
in Figure 5.2.1. There is a close correspondence between the 'ligand-only'

Figure 5.2.1 Titration curves (i^ vs volume of base added) for acidified 
solutions of cmMPHg; (a) [CmTUPHg] ca. 0.0005 mol dm"^
(b) Mn(NOj)2 with CDTMPHj, [M]:[L] ca. 1:1.
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curve and the 'metal-ligand' curve up to pH ca. 3 with significant deviation 
occurring at higher lAi. An end-point region of the titration curve at 01 ca. 
9 corresponds to ca. seven equivalents of base being consumed by the 'metal- 
ligand' system, i.e. one greater than in the ligand-only system (Section 4.5). 
This suggests that the species LHĵ ' complexes with the metal ion to form the 
species [MLH]^" in this region.^

Refinements of both datafiles for a model involving the species [MnLHj]'’", 
[MnLHj]^’ and [MnLH]^" was successful.

Table 5.2.1 Stability constants for CDTMPHg withMn(II).*

Datafile 1Mn2^ Mean^
[M]:[L] 1:1.03 1:1.04

log ß,ij 10.11(0.025) 10.49(0.033) 10.00 ±0.35
log ßi„ 18.56(0.008) 18.62(0.014) 18.56 ±0.01
log K,11 8.45 8.18 8.57 ±0.33
log ßi,2 25.14(0.009) 25.13(0.019) 25.18 ±0.20
log Ki,2 6.58 6.51 6.62 ±0.21

 ̂ The monoprotonated ligand (CDTMPH^ ) is denoted as L; see text. Data 
obtained at I = 0.1 mol dm'̂  KNO,, 25.0 ±0.1 *C. Figures in parentheses are 
standard deviations obtained from SUPERQUAD. Convention: pjy for Fit
parameters obtained from SUPERQUAD, = 6.00, o = 0.0326; pH 4.76-7.56, 32 
data points.  ̂Fit parameters obtained from SUPERQUAD, = 8.82, o = 0.0660; 
pH 4.79-7.59, 34 data points.  ̂Unweighted mean of values from each refine
ment; error limits are derived from the ranges obtained from each log (and

%H^*

5.2.1(b) Iron (III)
The Potentiometrie titration curves obtained for CDTMPHg with Fe(III) were 
smooth and showed no evidence of precipitation. One example of the titration 
curves obtained is shown in Figure 5.2.2. Seven equivalents of base were

 ̂ Note: In the SUPERQUAD^® input files, L has been denoted as CETIMPĤ " and 
so the stability constant for (for example) is log that
for [MLHjr’ is log etc.
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consumed by the 'metal-ligand' system at the end-point on the titration curve 
at pH ca. 9, indicating the formation of [MLH]^” in this region.

Refinements of datafiles TFel, TFe2 and TFe3 for a model which only involved 
the species [MLH]̂ ", [MLH,]^ and [MLK,]^" were successful (Table 5.2.2).
Separate refinements for two datafiles (Tfel and Tfe2) for a model with only 
one species [MLjH,]̂ ’’ were successful (Table 5.2.2).

Figure 5.2.2 Titration curves (i^ vs volume of base added) for acidified 
solutions of CiyiMPÎ ; (a) [CDTMPI^] ca. 0.0005 mol dm^;
(b) Fe(NO,)3 with CDlMPHj, [M]:[L] cs. 1:3.
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Table 5.2.2 Stability constants for CDTMPHj with Fe(III)

Datafile Tfel̂ * Tfe2^ Tfe3^ Mean®
[M]:[L] 1:3.37 1:2.76 1:2.99

log p,io 18.60(0.045) 18.75(0.063) 18.94(0.076) 18.76 ±0.16
log 25.09(0.027) 25.28(0.040) 25.38(0.047) 25.25 ±0.16
log Kjjj 6.49 6.53 6.44 6.49 ±0.05
log P,12 29.89(0.010) 30.16(0.018) 30.15(0.020) 30.07 ±0.18
log Kii2 4.80 4.88 4.77 4.82 ±0.06
log 3,20 22.99(0.043)^ 22.79(0.138)* 22.89 ±0.10

<1
 ̂ The monoprotonated ligand (CDIMFH'') is denoted as L; see text. Data 
obtained at I = 0.1 mol dm'̂  KNOp 25.0 ±0.1 *C. Figures in parentheses are 
standard deviations obtained fr(Mn SUFERQUAD. Convention: for ̂ ^1^«  ̂Fit
parameters obtained from SUPERQUAD, = 7.20, o = 0.0284; jSi 3.30-7.65, 41 
data points.  ̂Fit parameters obtained from SUPERQUAD, = 7.89, o = 0.0557;
I® 3.28-8.75, 38 data points.  ̂Fit parameters obtained from SUPERQUAD, = 
8.38, o = 0.0582; i« 3.29-8.29, 39 data points. * Unweighted mean of values
from each refinement; error limits are derived from the ranges obtained from

f 1each log {and log K|qj). Fit parameters obtained from SUPERQUAD, % = 6.00
o = 0.0896; lAl 8.69-10.29, 16 data points.  ̂Fit parameters obtained from
SUPERQUAD, = 8.00 o = 0.0939; pH 8.75-10.18, 12 data points.

5.2.1(c) Cobalt

One example of the potentiometric titration curves obtained for CD̂ IMPIî  with 
Co(II) is shown in Figure 5.2.3. Again the formation of [MLH]^‘ is inferred 
from the equivalents of base consumed by the metal-ligand system on the 
titration curve at pH ca. 8 [see Mn(Il)].

Successful refinements were obtained for all datafiles for a model which 
involved the species with a metal:ligand ratio of 1:1 (i.e. [MLH]^", [MLH,]*" 
and [MLHj]̂ ') and they were characterised by satisfactory fit parameters (Table
5.2.3).
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Figure 5.2.3 Titration curves (01 vs volume of base added) for acidified 
solutions of CDIMPHj; (a) [CDTMPHj] ca, 0.0005 mol dm''̂
(b) Co (NOj)2 with CmWPHg, [M]:[L] ca. 1:1.

Table 5.2.3 Stability constants for CDTMFHg with Co(II).^

Dataf ile TCol*’ TCo2^ TCo3** Mean“
[M]: [L] 1:0.99 1:0.94 1:0.96

log 3,10 10.39(0.029) 10.13(0.036) 10.38(0.034) 10.30 ±0.17
log 3,1, 19.32(0.020) 19.12(0.023) 19.30(0.022) 19.25 ±0.13
log K,„ 8.93 8.99 8.91 8.94 ±0.05
log 3,12 26.19(0.020) 26.04(0.019) 26.14(0.018) 26.12 ±0.08
log Kjjj 6.86 6.92 6.84 6.87 ±0.05

 ̂ The monoprotonated ligand (CDTMFH^ ) is denoted as L; see text. Data
obtained at I = 0.1 mol dm‘̂ KNO,, 25.0 ±0.1 *C. Figures in parentheses are

 ̂ h •standard deviations obtained from SUPERQUAD. Convention: for " Fit
parameters obtained from SUFERQUAD, = 2.18, o = 0.0846; pH 5.73-10.49, 44
data points.  ̂Fit par£uneters obtained from SUPERQUAD, = 5.82, o = 0.1008;
pH 5.55-10.46, 44 data points.  ̂Fit parameters obtained from SUPERQUAD,
= 6.41, o = 0.0885; pH 5.62-10.38, 41 data points. * Unweighted mean of values
from each refinement; error limits are derived from the ranges obtained from
each log (and log Kjy)*
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5.2.1(d) Nickel(II)
Smooth potentiometric titrations curves obtained for CDTMPHg with Ni(II) and 
show no evidence of precipitation; one example is shown in Figure 5.2.4.

In order to obtain successful refinements for all three datafiles for a model 
involving the species [MLHj]̂ ", [MLHj]̂ " and [MLH]^’, it was necessary
to add two Ni(II) hydrolysis constants (log 3io.̂  and log 3iq.2) into the 
SUPERQUAD input files as constants.̂ ^̂ '̂ '*̂  ̂ The results are given in Table 
5.2.4. In spite of this, the reproducibility for all the log 3 values for 
Ni(II) complexes was significantly poorer than those normally obtained in this 
work [cf., e.g. Co(II), 5.2.1(c)]. It is therefore likely that the best-fit 
model for the equilibria has not been obtained.

Figure 5.2.4 Titration curves (pH vs volume of base added) for acidified 
solutions of CDTniPHg; (a) [CDTMPHg] ca. 0.0005 mol dm'^
(b) Ni(N03)2 with CDIMPHg, [M]:[L] ca. 1:1.
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Another source of irreproducibility in log 3 values might be the provision of 
insufficient time for equilibrium at each data point; Ni(II) is known to be 
an 'inert' species.However, in generating one datafile (TNi4), a longer 
time delay of 300 s per point was used (total titration time ca. 20 h) and the 
values of log 3 determined were not significantly different to those in 
datafile TNi3 which was run at the normal delay of 150 s.

Table 5.2.4 Stability constants for CIXIMPÎ  with Ni(II).^

Dataf ile TNi2^ Tai3^ 1Ni4*̂ Mean^
1:0.98 1:1.05 1:1.03

log Pii, 9.38(0.027) 8.64(0.057) 8.73(0.036) 8.92 ±0.43
log Pii, 18.90(0.023) 18.25(0.034) 18.30(0.022) 18.48 ±0.42
log Kiii 9.52 9.61 9.58 9.57 ±0.05
log P„2 26.61(0.024) 26.16(0.025) 26.15(0.017) 26.31 ±0.30
log 7.71 7.91 7.84 7.82 ±0.09
log Pjij 32.03(0.048) 31.53(0.032) 31.49(0.029) 31.68 ±0.35
log K,,3 5.42 5.38 5.34 5.38 ±0.04

 ̂ The monoprotonated ligand (CDTMPH^’) is denoted as L; see text. Data 
obtained at I ca. 0.1 mol dm"’ KNOj, 25.0 ±0.1 *C. Figures in parentheses are 
standard deviations obtained from SUPERQUAD. Convention: 3klj for The
following Ni(II) hydrolysis values were input and held constant in all three 
datafiles; log 3io-i = “S.OO and log 3iq.2 = -17.50.̂ ^̂ *’̂»̂’ ** Fit parameters
obtained from SUPERQUAD, = 5.26, o = 0.0839; pH 4.92-10.52, 54 data points.
Fit parameters obtained from SUPERQUAD, = 5.43, o = 0.1556; pa 4.49-10.29, 

56 data points.  ̂ Fit parameters obtained from SUPERQUAD, = 6.55, o = 
0.1290; pH 4.58-10.41, 58 data points. ® Unweighted mean of values from each 
refinement; error limits are derived from the ranges obtained from each 
log ^  (and log % ) .

5.2.1(e) Zinc(II)
One example of the potentiometric titration curves obtained for CDTMPHg with 
Zn(II) is shown in Figure 5.2.5. The metal-ligand system consumes ca. seven 
equivalents of base by the end-point on the titration curve at pH ca. 9, 
indicating the formation of [MLH]^'.
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Successful refineaents of all three datafiles were obtained for a aodel udiich 
only involved species with a aetal:ligand ratio of 1:1 (i.e. [MLH2]̂
and [MLHj]^).

Table 5.2.5 Stability constants for CDTMFI^ with Zn(II).^

Datafile TZnl*̂ TZn2*̂ TZn3^ Mean^
[M]:(L] 1:0.99 1:1.09 1:0.99

log 11.77(0.030) 11.86(0.036) 11.78(0.032) 11.80 ±0.06
log p,„ 20.57(0.019) 20.61(0.023) 20.57(0.020) 20.58 ±0.03
log K,„ 8.80 8.75 8.78 8.78 ±0.03
log P,,J 26.72(0.011) 26.77(0.013) 26.73(0.011) 26.74 ±0.03
log K,,J 6.15 6.15 6.16 6.16 ±0.01
log P,,3 30.96(0.049) 31.17(0.045) 30.96(0.052) 31.03 ±0.14
log Kjij 4.24 4.40 4.23 4.29 ±0.11

 ̂ The nonoprotonated ligand (CDTMFH^') is denoted as L; see text. Data 
obtained at I ca. 0.1 nol da'̂  KNO3, 25.0 10.1 *C. Figures in parentheses are 
standard deviations obtained froa SUFERQUAD. Conventicm: for  ̂I'if 
parameters obtained froa SUPERQUAD* ‘¿ ‘ - 4.80, o = 0.0442; pH 4.57-9.26, 40 
data points.  ̂Fit paraaeters obtained from SUFERQUAD, = 5.24, o = 0.0567; 
pH 4.58-9.10, 41 data points.  ̂Fit paraaeters obtained from SUFER(^AD, = 
7.20, o = 0.0474; pH 4.56-9.19, 40 data points. * Unweighted aean of values 
froa each refineaent; error limits are derived froa the ranges obtained froa 
each log (and log Kjm).

5.2.1(f) Lead(II)
The potentiometric titrations curves obtained for CDTMFf^ with Pb(II) were 
SBiooth and show no evidence of precipitation. One titration curve is shown 
in Figure 5.2.6. Again, the metal-ligand system consumes ca. seven 
equivalents of base by the end-point on the titration curve at pH ca. 9, hence 
[MLH]^' is being formed.

Refinements of datafiles TFbl, TPb2 and TPb3 for a model involving the species 
[PbLH^]^", [PbLHj]̂ ', [PbLH2l̂ ‘ and [PbLH]^" were successful (Table 5.2.6).
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Fignre 5.2.5 Titration curves (pH vs voluae of base added) for acidified 
solutions of CDrn4FHg; (a) [CDTMFHg] ca. 0.0005 aol da*̂ ;
(b) ZnCNOj)} with anMFHg, [M]:[L] ca, 1:1.

Figure 5.2.6 Titration curves (pH vs voluae of base added) for acidified 
solutions of CDTMFH,; (a) [GDTMPH,] ca. 0.0005 aol da'^ (b) 
Pb(N03)2 with CDTMFHg, [M]:[L] ca. 1:1.
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Table S.2.6 Stability constants for CDlMFHg with Fb(II).^

Dataf ile TPbl^ TPb2*̂ TPb3^ Mean^
[M] : [L] 1:1.09 1:0.99 1:0.95

log 10.51(0.093) 10.61(0.036) 10.66(0.038) 10.60 10.09
log P,1, 19.28(0.061) 19.43(0.025) 19.45(0.026) 19.39 ±0.11
log 8.77 8.82 8.79 8.79 ±0.03
log P,1J 26.13(0.045) 26.27(0.018) 26.28(0.019) 26.23 ±0.10
log K,„ 6.85 6.84 6.83 6.84 ±0.01
log p,,3 31.49(0.047) 31.64(0.020) 31.64(0.020) 31.61 ±0.12
log K,,j 5.36 5.37 5.36 5.36 ±0.01

 ̂ The Bonoprotonated ligand (OTIMFH^') is denoted as L; see text. Data 
obtained at I = 0.1 nol da'̂  KNO., 25.0 10.1 *C. Figures in parentheses are 
standard deviations obtained from SUPERQUAD. Convention: for Fit 
parameters obtained frcxn SUFERQUAD, - 10.64, o = 0.0974; 4.65-9.49, 45 
data points.  ̂Fit parameters obtained frcm SUPERQUAD, = 9.65, a = 0.0394; 
pH 4.66-9.71, 43 data points.  ̂Fit parameters obtained frc» SUPERQUAD, =
6.74, o s 0.0280; pH 4.75-9.46, 39 data points. Unweighted mean of values
from each refinement; error limits are derived from the ranges obtained from 
each log (and log

5.2.1(g) Copper(II)

The three potentiometric titration curves obtained for CDIMFl^ with Cu(II) were 
smooth axid showed no signs of precipitation; one of the titration curves 
obtained is shown in Figure 5.2.7. Deviaticm of the 'metal-ligand' curve 
from the 'ligand-only' started at a much lower pH (2.5) than for CDIMPfî  with 
the other divalent metals investigated in this work, suggesting greater 
stability of the Cu(II) coiplexes. The formation of the species [CuLH]^~ is 
inferred from the equivalents of base consumed by the metal-ligand S3rstem at 

ca. 9 [see Mn(ll)].

Initial refinements of all three datafiles for a model which involved five 
species (i.e. MLH = 110, 111, 112, 113 and 114) was unsuccessful. Further 
refinement of the datafiles for a new model which excluded the species [MLHj]* 
was successful. These results are summarised in Table 5.2.7.
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1«ble 5.2.7 Stability constants for CimfFH| with Cu(II).*

Datafile TCul'̂ TCu4' TCu5^ Mean*
[M]: [L] 1:1.08 1:0.97 1:1.04

log Piio 13.20(0.043) 13.36(0.035) 13.23(0.046) 13.26 ±0.10
log p,„ 21.70(0.032) 21.89(0.025) 21.72(0.033) 21.77 ±0.12
log K,,1 8.51 8.52 8.49 8.51 ±0.02
log P,u 28.52(0.021) 28.66(0.018) 28.52(0.021) 28.57 ±0.09
log K,„ 6.81 6.77 6.80 6.79 ±0.02
log P,,3 33.11(0.023) 33.14(0.022) 33.03(0.019) 33.09 ±0.06
log K„j 4.59 4.48 4.51 4.53 ±0.06

* The Bcmoprotonated ligand (CDIMPH^*) is denoted as L; see text. I = 0.1 
fliol dm"̂  KNOj, 25.0 ±0.1 *C. Figures in parentheses are standard deviations 
obtained from SUPERQUAD. Convention: ^  for  ̂Fit parameters obtained
from SUFERQUAD, = 3.70, o = 0.0602; pH 4.02-9.39, 43 data points. ® Fit 
parameters obtained fr<mi SUFERQUAD, = 6,2St o = 0.0663; i<l 3.86-10.02, 47 
data points.  ̂Fit paraaieters obtained from SUPERQUAD, = 1.67, o = 0.0762; 
pH 3.75-9.58, 48 data points. * Unweighted mean of values from each refine
ment; error limits are derived from the ranges obtained from each log Pmj (and

%n) •

5.2.1(h) Gadolinium(III)

An imaging technique that is becoming widely used in medical diagnostic 
technology is magnetic res(xiance imaging (MRI).^ In this technique, metal 
complexes (usually of lanthanide metals) are used as image enhancement agents, 
with complexes of gadolinium (III) being the most ccMmon used.

To be useful in MRI applications, a critically important feature of a metal
complex is that it should have a high stability constant for binding between
the metal ion and the ligand.This can be achieved by using a multidentate
ligand which is capable of coordinating to a metal ion via several ligating
groups. The large number of ligands s3mthesised for use as MRI agents have
usually contained nitrogen and oxygen donor atons {e.g. a-aminomethylene-
c€irboxylates). For example, the lanthanide complexes of the macrocyclic
ligand 1,4,7,10-tetraazacyclododecane-l,4,7,10-tetraacetic acid (DOTAH^) are

38being thoroughly investigated as an MRI agent.
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Figure 5.2.7 Titration curves (i« vs volume of base added) for acidified 
solutions of CDTMPHg; (a) [CDTMPHg] ca. 0.0005 mol dm'^
(b) Cu (N0j)2 with CDTWPHg, [M]:[L] ca, 1:1.

-198-



Attention is now turning towards the complexation of the phosphorus analogs 
of carboxylic acids (i.e. aminophosphonic acids) with lanthanide metals such 
as Gd(III) for possible use as new MRI a g e n t S i n c e  CDTMPHj has the 
potential to coordinate to a metal ion via several functional groups and 
thereby form relatively stable complexes an investigation of the coordination 
behaviour of CDTMPH, with Gd(III) was undertaken.

Potentiometrie titrations for CDTMPHg with Gd(III) at metal:ligand ratios 
of ca, 1:1, 1:2 and 1:3 were obtained. Three curves at metal:ligand ratios

Figure 5.2.8 Titration curves (pH vs volume of base added) for acidified 
solutions of cmWPHg; (a) [cmMPHg] ca. 0.0005 mol dm’̂
(b) GdiNOjlj with COTMPHj, [M]:[L] ca. 1:1; (c) GdCNOjlj with 
Cim4PHg, [M]:[L] ca. 1:2; (d) GdCNOjlj with CDTMPHg,
[M]:[L] ca. 1:3.

-199-



of ca. 1:1, 1:2 and 1:3 are shown in Figure 5.2.8. The titration curves 
clearly show deviation of the 'metal-ligand' curve from the 'ligand-only' 
curve at low i« (> ca, 2.5) be ascribed to the excess nitric acid (Section
2.3.2) contained in the gadolinium stock solution. This excess acid in the

Table 5.2.8 Stability constants for CDTMPi^ with Gd(III).^

Datafile log p„5 log 3i,., log Pii.j o [M]:[L]

TGdl 12.62(0.074) 5.13(0.102) 3.20'* 0.3488*̂ 1:0.91

TGd2 12.05(0.026)
12.18(0.047)
12.27(0.038)

4.56(0.062)

constant
-2.82(0.134)
-2.67(0.102)

9.00®
5.57“
10.14*

0.1226®
0.0312“
0.0283®

1:2.07

TGd5 12.02(0.032)
12.80(0.106)
12.60(0.084)

4.57(0.096)

constant
-2.04(0.172)
-2.39(0.158)

5.00^
2.80«

0.1837^
0.0685\
0.0659“

1:1.02

TGd6 12.01(0.040)
12.13(0.048)
12.21(0.039)

4.43(0.143)

constant
-2.90(0.131)
-2.76(0.120)

6.00i
7.33J
7.33*

0.1957!
0.0213J
0.0194*

1:1.91

TGd8 11.97(0.020)
12.19(0.057)
12.25(0.048)

4.51(0.049)

constant
-2.80(0.170)
-2.70(0.170)

6.11^
12.60*
12.60“

0.0377^
0.0203*
0.0183“

1:2.84

Average® log P,ip log Pj,., log Kjj.j log 1̂1-2 log K,,.J

12.25 ±0.55 4.64 ±0.49 -7.63 -2. 64 ±0.60 -14 .91

 ̂ The monoprotonated ligand (CIXIMPh ’") is denoted as L; see text. Data 
obtained at I = 0.1 mol dm'̂  KNOj, 25.0 ±0.1 *C. The following Gd(III) 
hydrolysis constantŝ ^̂ *̂ ’̂̂  ̂were added to the SUPERQUAD input files; log = 
-8.00, log 3jq_2 = -15.60, log 3io-3 = ”25.20, log 3io-4 = -37.00. Convention: ^  
for  ̂ 01 6.44-8.76, 20 data points.  ̂pH 6.63-8.82, 15 data points.
 ̂pH 6.69-7.11, 7 data points. ® pH 6.69-7.11, 7 data points.  ̂pH 6.74-8.16, 
7 data points.  ̂ pH 6.74-7.20, 10 data points.  ̂ pH 6.68-7.15, 10 data 
points.  ̂pH 6.57-9.01, 17 data points.  ̂pH 6.75-7.11, 6 data points.  ̂01 
6.75-7.11, 6 data points.  ̂pH 6.79-8.36, 9 data points. “ 01 6.72-7.08, 5 
data points. ® pH 6.72-7.08, 5 data points. ® Unweighted mean of values from 
each refinement; error limits are derived from the ranges obtained from each 
log 3|o (and log K̂ uj).

metal stock solution is to prevent the metal hydrolysing on storage. In
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addition, there is further deviation between the 'netal-ligand' curve and 
'ligand-only' curves above pH ca. 3.5, suggesting the formation of protonated 
metal complex species. However, refinement of datafile TGdl for a model which 
involved the species 110, 111 and 112 was unsuccessful.

If four metal hydrolysis constants were placed into the SUPERQUAD input files 
as constants: log 3jq.j = -8.00 {for Gd(C»l)̂ }̂, log 3iq_2 = -15.60 (for Gd(0H)2^}, 
log 3iq_3 = -25.20 (for Gd(QH)3}, log 3k).4 = -37.00 (for successful
refinements for datafiles were obtained for models variously involving the 
species [GdLH], [GdL] and [GdL((»i)]. The results are reported in Table 5.2.8 
in the manner of Brown et where a value appears under a particular
log 3, that species was included in the model for refinement.

5.2.2 Stability constants for metal ion complexes with DDDTMPHg 
The complexing properties of DDDTMPHg (Section 2.2.4) with four metals were 
examined: Pb(II), Cd(II), Zn(II) and Cu(II). For Cu(II), Cd(II) and Pb(II), 
three potentiometric titrations were obtained at a metal:ligand ratio of ca. 
1:1. For Zn(II), five titrations were obtained variously at metal:ligand 
ratios of ca. 1:1 or ca. 1:2.

The previously determined protonation constants (Section 4.5) for DDDIMPF^ were 
held as constant in the SUPERQUAD^® input files, and with subsequent refinement 
of the datafiles, the metal-complex stability constants were obtained. Since 
the first protonation constant of DDDTMP®" was not determined 
potentiometrically (Section 4.6), L was defined, for use in the SUPERQUAD 
program, as the monoprotonated species DDDTMPH .

5.2.2(a) Copper(II)
One of the three potentiometric titration curves obtained for DDDTMPHg with 
Cu(II) is shown in Figure 5.2.9. There is considerable deviation of the 
metal-ligand curve from the ligand-only curve from ca. idi 3.5 upwards 
suggesting that the complexes formed are more stable than those for DDDTMPHg 
with the other metals examined in this work. The end-point on the titration 
curve at pH ca. 8 represents the metal-ligand system consuming cs. seven 
equivalents of base, i.e. one greater than in the ligand-only system at the 
end-point at this i«. This is taken as evidence for the formation of the 
species [MLH]^', in this region.
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Volume base/nl

Figure 5.2.9 Titration curves (i* vs volume of beise added) for acidified 
solutions of DDinMFf^ (a) [DDEXTMFf^] ca, 0.0005 mol dm'̂ ;
(b) Cu (N0j)2 with DOmMPHj, [M]:[L] ca. 1:1.

Refinements of datafiles (PCul and PCu2) for a model which only involved the 
species [MLH]^', [MLHj]*", [MLIL]̂ ' and [MLHj]" were successful. One
titration curve showed clear signs of precipitation of either the metal 
complexes or metal hydrolysis products at ca. pH 9.5 and higher and a 
successful refinement of this datafile for a model involving the species

- 202-



[MLHj]’, [MLHj]̂ ", [MLHj]̂ ' and [MLH]^' was achieved by limiting the data
to the region of pH below that at which hydrolysis had become evident in the 
titration curve. The stability constants are summarised in Table 5.2.9.

Table 5.2.9 Stability constants for DDDTMPHg with Cu(II).

Datafile PCul^ PCu2‘̂ PCu3^ Mean^
[M]:[L] 1:0.91 1:1.00 1:0.97

log 3,10 13.36(0.021) 13.19(0.037) 13.31(0.038) 13.29 ±0.10
log 3iu 20.03(0.013) 19.95(0.024) 20.01(0.023) 19.99 ±0.05
log Kjjj 6.67 6.77 6.70 6.71 ±0.06
log 3,12 25.40(0.010) 25.44(0.017) 25.44(0.017) 25.43 ±0.03
log K,,2 5.37 5.49 5.43 5.43 ±0.06
log 3,,3 29.75(0.005) 29.81(0.010) 29.79(0.009) 29.78 ±0.03
log K,i3 4.35 4.37 4.35 4.36 ±0.01
log 3,1, 32.94(0.051) 33.16(0.052) 33.11(0.057) 33.07 ±0.13
log K,„ 3.18 3.36 3.32 3.29 ±0.11

 ̂ The monoprotonated ligand (DDDTMPh ’") is denoted as L; see text. Data
obtained at I = 0.1 mol dm*̂  KNO,, 25.0 ±0.1 *C. Figures in parentheses are
standard deviations obtained from SUPERQUAD. Convention: 3|q̂  for  ̂Fit 
parameters obtained from SUPERQUAD, ^  = 5.05, o = 0.0354; pH 2.96-6.34, 76 
data points.  ̂Fit parameters obtained from SUPERQUAD, = 7.78, o = 0.0388; 
lil 3.10-6.40, 72 data points.  ̂Fit parameters obtained from SUPERQUAD, jj" = 
7.17, o = 0.0383; pH 3.10-6.20, 69 data points. ® Unweighted mean of values 
from each refinement; error limits are derived from the ranges obtained from 
each log 3|qj log

5.2.2(b) Zinc(IJ)
One out of the five potentiometric titration curves obtained for DDDTMPHg with 
Zn(Il) (PZn2) showed evidence of precipitation at and above pH ca. 9. One 
example of the titration curves with no precipitation is shown in Figure 
5.2.10. The deviation of the metal-ligand curve from the ligand-only curve 
occurs at i« ca. 3 with ca. 6.5-7 equivalents of base have been consumed by 
the end-point on the titration curve at jil ca. 9 (for curves where [Zn]:[L] 
is ca. 1:1). This suggests that the formation of [ZnLH]^‘ in this region 
[Section 5.2.2(a)].
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Successful refinements of datafiles, PZnl, PZn3, PZn4 and PZn5 for a model 
which only involved the species [MLH]’'", [MLH2]̂ ’, [MLH.]"’ and [MLH,]^ were 
obtained (Table 5.2.10). A separate refinement of datafile PZn2 for a model 
involving species with a metal:ligand ratio of 1:2 was unsuccessful, as were 
refinements for datafile PZnl for a model with species having a metal:ligand 
ratio of 2:1 (i.e. [MLjHjl'-S [ML.H,r‘“).

Figure 5.2.10 Titration curves (pH vs volume of base added) for acidified
solutions of DDDTMPHg (a) [DDDTMPHj] ca. 0.0005 mol dm’̂
(b) Zn(N0j)2 with DDDTMPHj, [Ml:[L] ca. 1:1.
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Table 5.2.10 Stability constants for DDDTMPHg with Zn(II).^

Datafile PZnl^ PZn2‘̂ PZn3*̂ PZn4® PZn5*' Mean^
[M]:[L] 1:1.03 1:2.00 1:1.77 1:0.93 1:0.96

log Piio 9.89 9.71 9.68 9.93 9.98 9.84 ±0.16
(0.007) (0.012) (0.017) (0.010) (0.006)

log P,„ 17.13 16.83 16.94 17.16 17.25 17.06 ±0.23
(0.005) (0.009) (0.012) (0.007) (0.004)

log K,„ 7.24 7.12 7.26 7.23 7.27 7.22 ±0.10
log 3,,2 23.17 23.03 23.08 23.16 23.21 23.13 ±0.10

(0.003) (0.005) (0.006) (0.004) (0.002)
log K,,2 6.03 6.19 6.15 6.00 5.96 6.06 ±0.13
log 3,13 27.73 27.78 27.81 27.72 27.67 27.74 ±0.07

(0.010) (0.014) (0.020) (0.015) (0.009)
log K,,3 4.56 4.76 4.73 4.56 4.46 4.61 ±0.15

* The monoprotonated ligand (DDDTMPH^”) is denoted as L; see text. Data
obtained at I = 0.1 mol dm"̂  KNO,, 25.0 ±0.1 *C. Figures in parentheses are

 ̂ bstandard deviations obtained from SUPERQUAD. Convention: for Fit
parameters obtained from SUPERQUAD, ^  - 10.59, o = 0.0375; pH 3.33-7.19, 68
data points.  ̂Fit parameters obtained from SUPERQUAD, = 5.33, o = 0.0350;
pH 3.34-7.00, 60 data points.  ̂Fit parameters obtained from SUPERQUAD, =
10.59, o = 0.0439; pH 3.44-7.25, 54 data points. ® Fit parameters obtained
from SUPERQUAD, •¿‘ = 2.57, o = 0.0521; pH 3.24-7.07, 65 data points.  ̂Fit
parameters obtained from SUPERQUAD, jj" - 2.40, o = 0.0279; itfl 3.45-7.00, 60
data points. * Unweighted mean of values from each refinement; error limits
are derived from the ranges obtained from each log (and log %g).

5.2.2(c) Cadmium(II)

Two of the three datafiles obtained for DDDTMPHg with Cd(II) (i.e. datafiles 
PCd2 and PCd3) showed signs of precipitation edx)ve ca. pH 9. The titration 
curve for datafile PCdl is shown in Figure 5.2.11. Deviation of the 'metal- 
ligand' curve from that of the 'ligand-only' curve occurs above a of ca. 
4, and with ca. seven equivalents of base are consumed by the 'metal-ligand' 
system by the end-point at pH ca. 9. This infers the formation of the 
monoprotonated species [CdLH]^' in this pH region.

-205-



Successful refinements was obtained for the titration datafiles for a model 
which only involved species with a metal:ligand ratio of 1:1 (Table 5.2.11).

Volume base/ml

Figure 5.2.11 Titration curves (pH vs volume of base added) for acidified
solutions of DDDTMPHj (a) [DDDTMPHg] ca. 0.0005 mol dm*^
(b) Cd(N03)j with DDDTMPHg, [M]:[L] ca. 1:1.
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Table 5.2.11 Stability constants for DDDTMPHg with Cd(II)

Datafile PCdl^ PCd2^ PCd3'̂ Mean^
[M]:[L] 1:0.92 1:0.99 1:0.91

log P,1( 9.25(0.006) 9.22(0.021) 9.33(0.011) 9.27 ±0.06
log 3iii 16.56(0.005) 16.58(0.016) 16.60(0.008) 16.58 ±0.02
log Kjy 7.31 7.36 7.27 7.31 ±0.05
log Pjij 22.83(0.003) 22.82(0.012) 22.83(0.006) 22.83 ±0.01
log Kiij 6.27 6.25 6.23 6.25 ±0.02
log B,,j 28.00(0.005) 28.05(0.018) 28.00(0.010) 28.02 ±0.03
log 5.17 5.23 5.17 5.19 ±0.04

 ̂ The monoprotonated ligand (DDDIMPh’") is denoted as L ; see text. Data
obtained at I = 0.1 mol dm"̂  KNO., 25.0 ±0.1 *C. Figures in parentheses are
standard deviations obtained from SUPERQUAD. Convention: for Fit 
parameters obtained from SUPERQUAD, ^  - 4.94, o = 0.0305; pH 3.27-7.18, 63 
data points.  ̂Fit parameters obtained from SUPERQUAD, = 2.40, o = 0.1369; 
pH 3.11-8.33, 80 data points.  ̂Fit parameters obtained from SUPERQUAD, = 
5.11, o = 0.0623; pH 3.20-8.41, 72 data points. ® Unweighted mean of values 
from each refinement; error limits are derived from the ranges obtained from 
each log (and log %g)*

5.2.2(d) Lead(II)
The potentiometrie titrations for DDDIMPHg with Pb(II) showed no evidence of 
precipitation. One of the three titration curves is shown in Figure 5.2.12. 
The titration curves for DDDIMPHj with Pb(II) show deviation of the 'metal- 
ligand' curve from the 'ligand-only' curve above ca. 3.5. Approximately 
seven equivalents of base are consumed by the metal-ligand system by an end
point at ca. pH 9, suggesting the formation of [PbLH]^'.

Refinements of each datafile for a model which involved only species with a 
metal:ligand ratio of 1:1 (i.e. [MLH]^*, [MLH2]̂ ’, [MLHj]^ and [MLI^]^ were 
successful (Table 5.2.12).

-207-



Volume base/m l

Figure 5.2.12 Titration curves (01 vs volume of base added) for acidified
m

solutions of DDDTMPHg (a) [DDDTMPHg] ca. 0.0005 mol dm"-;
(b) PbCNOj), with DDDTMPHg, [M]:[L] ca. 1:1.
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Table 5.2.12 Stability constants for raXHMFHg with Pb(II).^

Datafile PPbl** PPb2‘̂ PPb3*̂ Mean®
[M]:[L] 1:0.97 1:0.93 1:0.95

log 3ll0 10.72(0.022) 10.83(0.021) 10.75(0.025) 10.77 ±0.05
log 9i„ 18.12(0.014) 18.20(0.014) 18.12(0.017) 18.15 ±0.05
log Kjj, 7.40 7.37 7.37 7.38 ±0.02
log 3,12 24.24(0.010) 24.28(0.010) 24.23(0.012) 24.25 ±0.03
log K,i2 6.12 6.08 6.11 6.10 ±0.02
log 3,13 29.35(0.007) 29.36(0.007) 29.33(0.009) 29.35 ±0.02
log K,,3 5.11 5.09 5.10 5.10 ±0.01

 ̂ The monoprotonated ligand (DDDIMPh ’") is denoted as L ; see text. Data
obtained at I = 0.1 mol dm‘̂ KNO,, 25.0 ±0.1 *C. Figures in parentheses are
standard deviations obtained from SUPERQUAD. Convention: for  ̂Fit 
pareuneters obtained from SUPERQUADy = 8.00, o = 0.0775; pH 3.19-7.13, 68 
data points.  ̂Fit parameters obtained from SUPERQUAD, jH" = 9.11, o = 0.0851; 
pH 3.11-7.25, 71 data points.  ̂Fit parameters obtained from SUPERQUAD, = 
2.90, o = 0.0759; 3.32-7.22, 63 data points. ® Unweighted mean of values 
from each refinement; error limits are derived from the ranges obtained from 
each log 3|qj (and lo8

5.2.3 Species distribution plots of some metals with CDTMPHg and DDDnUPHg 
The species distribution curves^® obtained for CDTMPI^ with the metal ions 
examined in this work are valid in the pH range based on the data used in 
refinements for protonation and stability constants, as mentioned in section
5.2.1. For the metal ions Co(II), Ni(II), Pb(II) and Cu(II) the valid 
region is between 3 and 10; and for the ions Mn(II) and Zn(II) it is between 
pH 3 and 9.

The species distribution curves obtained for CDIMPf^ with the metal ions Mn(II) 
and Co(II) are similar with only three metal-ligand species, i.e.

[MLHj]̂ ' and [MLHj]^ determined from the refinements of the datafiles. Whereas 
the species distribution curves for the metal ions Ni(II), Cu(II), Zn(ll) and 
Pb(II) are in themselves similar but are different to the curves for Mn(II) 
and Co(Il), because four metal-ligand species were determined from the
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refinements. However, most of the divalent metal ions are sequestered above 
pH 5-6, with the metal-ligand species dominating the region above this pH.

(a)

(b)

Figure 5.2.13 Species distribution curves^* for GTTMFHg with metal ions at
[M]:[L] ca. 1:1 (a) with Mn(II) and (b) with Co(II).
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(C)

(d)

Figure 5.2.13, cootiiiued. Species distribution curves^^ for cmMFHj with metal
ions at [M]:[L] ca. 1:1 (c) with Ni(II) and (d) with Cu(II).
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(e)

(f)

Figure 5.2.13, continued. Species distribution curves^^ for CDlMFf^ with metal
ions at [M]:[L] ca. 1:1 (f) with Zn(II) and (g) with Pb(ll).
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Fe(III) is known to catalyse the decomposition of aqueous solutions of 
hydrogen peroxide and therefore the sequestration of this metal is important. 
The species distribution curves for CDlMPHg with Fe(III) are, as expected, 
different to the curves for CIHMPHg with the divalent metal ions determined in 
this work. The valid pH range for the curves computed for CDTMPHj with Fe(III) 
is between 3 and 9. Most of the metal ion [Fe(III)] is complexed by ca. pH

.n3 2uid above pH ca. 10, the species [FeL<,E,] * is becoming important.

(g)

(h)

Figure S.2.13, continued. Species distribution curves^^ for CDTMFH^ (g)
Fe(III) at [M]:[L] of ca. 1:3 and (h) Gd(III) at [M]:[L] 
of ca. 1:1.
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The valid pH range for the species distribution curves obtained for CDTMPHo 
with for Gd(III) [Figure 5.2.13(h) are between pH 3 and 8. The Gd(III) ion 
does not complex until pH cs. 6.5-7 which coincides with the formation of the 
monoprotonated species [GdLH]^'. Thereafter, deprotonated species appear to 
be important, i.e. [GdL]^’ and [GdL(OH)]° .

(a)

(b)

Figure 5.2.14 Species distribution curves** for DDDTMPHj with metal ions at
[M]:[L] ca. 1:1 (a) with Cu(II) and (b) with Zn(II).
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The species distribution curves computed for DDDTMPHg with the metal ions 
Pb(II), Cd(II), Zn(II) and Cu(II) are valid in the pH range 3 to ca. 8, based 
on data refinements used. The curves for DDDTWPHg with the metal ions Zn(II), 
Cd(II) and Pb(II) are similar, i.e. they all contain four metal-ligand 
species, [MLH,]̂ ", [MLH.]'’” and [MLH^]^’. With most of the metal ions 
being complexed by pH ca, 5-6.

(c)

(d)

Figure 5.2.14, oantinued. Species distribution curves^* for DDDTMPHg with
metal ions at [M]:[L] ca. 1:1 (c) withPb(II) and (d) withCd(II)
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The curves obtained for DDDTMPHg with Cu(II) are different in that they contain 
five metal-ligand species, i.e. [CuLH]^", [CuLHj]^', [CuLHj]^ , [CuLH^]^ and 
[MLHj]‘. With most of the Cu(II) ion being sequestered by pH ca. 4, with the 
species [CuLHj]" being important below pH 3.

5.2.4 Comparison with previous work for CDTMPHg

The metal stability constants determined by Banks^^ for CDTMPHg with a variety 
of metal ions seem quite low compared to those determined for EDTAH^ and those 
in this work/^ Kabachnik^^ noted that the low values of stability constants 
determined by Banks^^ may be ascribed to assumption of an incorrect model for 
the species in solution; in particular, protonated complexes were not 
considered. Alternatively, the differences between stability constants 
determined for CDTMPHg in this work and by Banks*^ may be due to differences in 
ligand purity and ionic media, and other conditions.^^ The potentiometric 
titrations for CDTMPHg with various metal ions carried out by Banks were 
using a different ionic medium, i.e. sodium perchlorate and in this work 
potassium nitrate was used. The titration curves obtained by Banks only have 
20 points in total, whereas in this study, 200 points were normally used, 
although, x-y were utilised in refinement. Bank’ŝ  ̂ titrations for CDTMPHg 
with various metals were carried out with a metal:ligand ratio of 20:1. The 
present work carried out with the advantages of computer controlled 
acquisition of the data and analysis using a sophisticated computer program, 
represents an appropriate advance on the work carried out by Banks in 1959. 
In particular, the importance of protonated species has been confirmed as 
suggested by Kabachnik .

5.2.5 The configuration and orientation of the ligating groups and its effect 
on complex stability

It has been noted by Hancock and Marte 11̂  ̂ that the values of metal complex 
constants of CDTAI^, trans-cyclohexane-l ,2-diaminetetraacetic acid, are greater 
than those for the straight chain analogue, EDTAH^, ethylenediaminetetraacetic 
acid (Table 5.2.13).*̂ »̂ ^

Hancock et al.̂  ̂suggested that for the acid, EDTAH^ in aqueous solution, there 
is free rotation about the central carbon-carbon bond and hence the free 
ligand may adopt a trans configuration which maximises the charge separation 
between the substituent groups. Indeed, this configuration is found in the
solid s t a t e . I n  contrast, the cyclohexyl ring of CDTAH^ inhibits rotation
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about the corresponding C-C bond, and the two trans-iminodiacetate substituent 
groups are most likely to be in an ee configuration. This arrangement of the 
ligating groups in CDTAH^, is pre-organised for complexation which leads to the 
increase in complex stability.^^’̂  ̂ Thus, energy is not expended in orienting 
the ligating groups for complexation, e.g. the stability of transition metal 
complexes of CDTAH^, are ca. 2 log units greater than those of EDTAH^ (Table
5.2.13).^^

Table 5.2.13 Comparison of some stability constants (log I^) of some related 
acids.

Metal ion CDTAH^^ EDTAH,^
Mn(II) 17.43 13.81
Fe(II) 18.90 14.27
Co(II) 19.58 16.26
Ni(II) 20.2 18.52
Cu(II) 21.92 18.70
Zn(II) 19.35 16.44
Fe(III) 30.0 25.0
Gd(III) 19.47 17.35

 ̂Ref. 46. I = 0.1 mol dm"̂  KNO3, 25.0 *C.  ̂Ref. 4^. I = 0.1 mol dm'̂  KNO3,
25.0 *C.

Hancock^^ suggested that in EDTAH^ type ligands, orientation of the ligating 
groups from the trans to the pre-organised configuration must involve 
overcoming the electrostatic repulsions of the negatively charged groups on 
bringing the ligating groups together for complexation.

The values of log Kjjjg for CDTAH^ for the transition metal ions are still 
slightly greater than those for EDTAl^ (ca.l log unit). This suggests that the 
higher stability observed for protonated complexes [MLH] for CDTAH^ may be 
ascribed to the pre-organisation of the ligating groups in CDTAH^ compared to 
the re-organisation of the substituent groups in EDTAH^ 45

Since the value for the first protonation constant for CDTMP^' could not be 
determined (Section 4.5) it was necessary to compare the values for log kjjg 
determined for CDTMPHg with some metal ions with the corresponding values for
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other related ligands (Table 5.2.14). The values of log Kjy determined for 
CDTMPHg in this work for the transition metal ions, except for Mn(II), are ca. 
2-4 log units less than those for EDTMP!^, suggesting that another factor other 
than pre-organisation is affecting the stability of the protonated metal 
complexes [MLH]. The higher stability of the protonated complex [FeLH] of 
CDTMPHg (log = 18.76) compared with EDTMPHg (log kjjj = 13.75) may indicate 
that pre-organisation of the substituent groups in CDTMPHg (c.f. to EDTMPHg) 
enhances the stability of the larger metal ions such as iron(III). Whereas, 
the value of log KjJg for CDTMPHg with Gd(III) is ca. 4 log units less than the 
value calculated for EDTMPHg.

Table 5.2.14 Comparison of some stability constants log kjy of some related 
acids.^

Metal ion CDTAH^^ EDTAH^^ CDTMPHj^ EDTMPHg^
Mn(II) 7.98 6.74 10.30 8.77
Co(II) 10.22 9.09 10.30 12.43
Ni(II) <1 d 8.84 12.33
Cu(II) 12.80 11.53 13.26 17.78
Zn(Il) 9.97 9.27 11.80 14.08
Fe(III) d d 18.75 13.75
Gd(III) 9.40 d 12.25 16.20

 ̂ The values of the stability constants (log KjJg) are for the process for
forming the monoprotonated coiq>lex [MLH] by the reaction, + lif ^MLH?  ̂ and

is calculated as log xjjg = log + log - log Kf*yj.  ̂The values of the 
stability constants used to calculate log for each metal ions were 
obtained from ref. 46.  ̂ In this work, the monoprotonated ligand CDTMPH^" is 
denoted as L. I = 0.1 mol dm'̂  KNOj, 25.0 ±0.1*C. ^ Values for log Kjjg could 
not be calculated.

This indicates that the stability of the protonated complexes of CDTMPHg is 
being affected by other factors, such as, strong intramolecular hydrogen
bonding (Section 7) which may be need to be broken for coordination of the 
metal ion to the ligand to be favoured, the crowding of the phosphonate groups 
around the nitrogen atoms thus inhibiting coordination of the metal ion to 
nitrogen.
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It is worth noticing that the values of log for CDTMPH, are all greater 
than those calculated for the EDTAH^ and CDTAH^, suggesting that the protonated 
species [MLH]^' formed with CDTMPHg are more stable than those for EDTAH^ 
possibly due to pre-organisation of the methylenephosphonate groups in dXTMPH,TÜ
compared to EDTAll. Whereas, the lower stability constants (log for
CDTAI^ compared to CDTîÆHj, suggests that pre-organisation is not the main 
factor affecting the stability of the complexes, but may be influenced by the 
repulsion of the POĵ ' groups, the metal coordination geometry and possible 
coordination of the nitrogen atom to the metal.

As expected from the Irving~Williams series and noted by Gil lard et al, , 
Cu(II) is by far the strongest complexing divalent transition metal ion with 
respect to CDTMPHg. The stabilities of the [MLH]’'* complexes of CDTMPHg withw
the divalent metal ions examined in this work are of the order Mn(II) < Co(II) 
> Ni(II) < Cu(II) > Zn(II) > Cd(II). Except for the reserved order for Co(II) 
and Ni(II) this follows the Irving-Williams series.

The order of stability of the metal complexes [MLH]''’ of DDDTMPHg with the di- 
metals examined in this work is Cu(II) > Zn(II) > Cd(II) < Pb(II).

5.2,6 Possible structures of metal complex species in solution 
The possible structures of metal complexes with CDTMPHg and DDDTMPHgin solution 
were not examined by the method of Sawada^* because it was not possible to 
determine the values for the first protonation constant of the free ligands, 
i.e. log Kqjj for CDTMP^’ and DDDTMP^".

Determination of the solid state structure of CDTMPHg (Section 7) shows the 
methylenephosphonate substituent groups are pre-organised for complexation 
as observed in the solid state structure of CDTAH^; strong intramolecular 
hydrogen bonding between methylenephosphonate groups hold the substituent 
groups close together and results in the 'crowding' of the phosphonate groups.



The assunption that a proton is retained by the ligand (QDTMPH' ) in solution 
is a reasonable one, because the two strongly hydrogen bonded protons on the 
methylenephosphonate oxygen atoms hold the ligating groups ready for 
complexation and still leaves six potentially coordinating oxygen atoms.

The complexation behaviour of lanthanide metals with aminocarboxylic acids had
been investigated by potentiometry as early as 1974, before any evidence
appeared that these lanthanide complexes would be of interest in medicine and

¿0the MRI technique.

Prados et al}^ noted that during potentiometric titrations of some amino
carboxylic acids with lanthanide metals [e.g. La(III)], the deprotonation of 
the ammonium group usually took place after lanthanide hydrolysis. Also, in 
acidic solutions of the simple amino acids, the lanthanide ions tend to 
coordinate to the carboxylate residue with the ammonium group remaining 
protonated and unbound.^® Therefore, complexes of La(III) ions with 
aminocarboxylic acids do not involve coordination of the nitrogen atom to the 
metal ion and hence the nitrogen atoms remains protonated until relatively
high pa SO

The increased multidentate character of alkylaminomethylenephosphonic acids 
(P0j2-) compared to alkylaminomethylenecarboxylie acids (CO^ ) favours formation 
of coB^lexes with rare-earth metals, which are known to be characterised by 
a high coordination capacity and a strong affinity for oxygen. For the 
lanthanide metal ions [e.*. Gd(III)l a possible structure for [GdL]’' (log p,jj 
= 4.64) (XIII) involves the coordination sphere being satisfied by donor 
molecules (i.e. in this case water) since the normal coordination number of 
Gd(III) can be six, eight or nine.^^

o»r

XIV
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The species [GdL]^’ can then undergo subsequent hydrolysis and lose a proton 
to form the deprotonated species [GdL(OH)]^’ (XIV). Since coordination of the 
amino groups in aminocarboxylic acids to lanthanide metal ions is unlikely, 
and the because of the pre-organisation of the methylenephosphonate groups in 
CDTMPHg resulting in a 'crowding' effect of these groups, then coordination of 
the nitrogen atoms to Gd(III) is also unlikely.

Table 5.2.15 Metal stability constants (log for some related ligands.^

Ligand Cu(II) Zn(II) Cd(II)
10.08 d 6.88

dEDTMPH^* 17.78 14.08
DDDlMFHg' 13.29 9.84 9.27

Pb(II)
d
d

10.77

 ̂The values of the stability constants (log k|q ) are for the process iTor
forming the monoprotonated complex [MLH] by the reaction, + lii  ̂and

is calculated as log = log + log - log  ̂ It is assumed that
these values are for the process for forming the monoprotonated species [MLH]^ 
because the value of log Kq,. (11.82) is for protonating only one nitrogen atom 
and the value of log Kqjj (7.71) is for the process of protonating a 
phosphonate oxygen (see section 4.6).  ̂Values for calculating log are
taken from ref. 26.  ̂Values for log k |̂ j could not be calculated. ® Values
for calculating log are taken from ref. 46. * This work. I = 0.1 mol dm*
KNOj, 25.0 ±0.1 *C.

The values of log k|^ for EDTMFHc with the metal ions Cu(II) (17.78) and Zn(II) 
(14.08) are all greater than those determined for DDDIMPHg in this work (Table 
5.2.15). This suggests that increasing the aliphatic chain between the two 
nitrogen atoms in HMIPB/' compared to EDTMPHg decreases the stabilitj*̂  of the 
resulting complex. Motekaitis'“ suggested that the two nitrogen atoms and the 
four phosphonate oxygen atoms were all able to coordinate to the metal (XVII).
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However, increasing the aliphatic chain from to results in an 
increasing stability of the [MLH] complexes. This may be ascribed to the 
inability of the two nitrogens and all the phosphonate groups of HWIWPH3 to 
fully coordinate around the divalent metal {c.f. to Kabachnik 
suggested that the insertion of heteroatoms (0, S or N) into the aliphatic 
chain between the two nitrogen atoms may take part in coordination to the 
metal ion.̂ ® This may be the case in DDDTMPHg (XVIII), and may explain the
higher stability of the resulting complexes compared to HWTMPHg 51

0,P
NH-I- PO 2-

XVIII

Therefore, increasing the chain length between the two nitrogens as in DDDTMPHg 
may provide some steric hinderance for complexation (c./. EDTMFf^) but may also 
promote coordination of the ether oxygen atoms to the metal ions.

5.3 The preparation of some metal complexes of an a-aminomethylenephosphonic 
acid, ^tbyliminobisCmettaylenephosplionic acid)

It has already been noted that the complexation behaviour of aminomethylene-
phosphonic acids has been widely studied by potentiometry (Section 5.1) with
the major interest being centred on the various species in aqueous solution.
Ifowever, information about the nature of the metal-ligand species in aqueous
solution is hindered by the lack of knowledge about the ways in which these
ligands coordinate to metal ions. Relatively few X-ray crystal structures of

"7-34metal complexes of alkylaminomethylenephosphonic acids have been reported."

Metal complexes of alkylaminomethylenephosphonic acids in the solid state have 
not been widely studied. However, the early 1980’s, produced a growing 
interest in the preparation and characterisation (i.e. by ir spectroscopy, uv- 
visible spectroscopy, nmr spectroscopy and thermal analysis) of these types 
of complexes.

- 222-



The majority of metal complexes prepared with alkylaminomethylenephosphonic 
acids have been found to have one of the following formulations: e,g. 
MjLiCHljj.xHjO (x = 1, 2 or 4; n = 1, 2),̂  ̂or M^L.xHjO, or MjL.xHjO, or M2Na^L.
This suggests that alkylaminomethylenephosphonic acids can coordinate to 
bivalent metals in a variety of ways, and hence produce solid complexes with 
varying metal to ligand ratios.

In the present work, the preparation of some solid complexes of NEIBMPH^ with 
bivalent metal ions were investigated. All the solids were isolated from 
aqueous solution as amorphous powders and were characterised by C, H and N 
elemental analysis, ir, nmr spectroscopy (where possible), and mass 
spectroscopy. These complexes were found to have either one of the following 
stoichiometries [M(LHj)2] or [M(LHj)2l.HjO (Table 5.3.1).

Attempted preparations of bivalent metal complexes with CDTMPHg were 
unsuccessful. Many of these products could not be fully analysed, as the 
complexes obtained from aqueous solutions were either oily/sticky residues or 
glassy type solids. This again emphasises the difficulty in obtaining 
crystals of these metal complexes, suitable for analysis by X-ray 
crystallography.

Table 5.3.1 Analytical data obtained for some metal complexes of NEIl^iPH,

Complex colour [M + Ĥ ] % yield M.p. *0

[Cu(NEIBMPH3)2l pale blue b 47- 250 dec.
[Zn(NEIBMPH3)2].H20 white 563 25 > 300
[Cd(NEIBMPH3)2] white 577 48 > 250
[Co (NEIBMPHj)2] pink 578 40 > 300
[Mn(NEIBMPHj)2] white 520 42 c

 ̂ This work.  ̂ Not enough sample to obtain a mass spectrum. Magnetic
susceptibility calculated (Ugfj) at 24.4 *C = 2.13 BM.  ̂ Metal perchlorate 
used.

Mitrofanova et has also investigated the preparation of some, solid 
metal complexes of NEIBMPH^, i.e. Cu(ll), Ni(II) and Co(II). The composition 
calculated for the copper complex with NEIBMFI^ in this work, is in agreement
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with one of the compositions calculated by Mitrofanova et ai. Mitrofanova 
also isolated complexes of Co(II) with varying metal to ligand ratios, e.g. 
1:1 and 1:2.” In this work, the Co(II) complex was found to have the 
formulation [Co(LHj)2].

5.3.1 Characterisation of some metal complexes of NEIBMPH^

The ir bands considered to be importcuit in the metal complexes are the 
stretches of the phosphonic acid group because these are likely to be involved 
in coordination (Table 5.3.2).

The 'free ligand' as well as the complexes exhibited bands due to POj and
V P0,̂ ‘ vibrations and it is these bands that give clues regarding the

syi 2
complexation behaviour of the ligand. Owing to the electron withdrawing 
nature of the metal ions, electron density is withdrawn from the phosphorus 
atoms which may result in an increase in the bond order of P=0. Therefore, 
an increase in the frequency of the bands of POj and POj and a 
decrease in the frequency of P-OH are expected when the metal is
coordinated to the ligand through the phosphonate oxygen atoms. It was noted 
that the splitting of the band at 1044-1088 v̂ y, VO^' can also be assigned to 
the bending motion of the (0-P-C) linkage in the complex [Cu(NEIBMPH3)2l

Table 5.3.2 Assignment of the stretching vibrations of the phosphonic acid 
groups in the ir spectra (cm^) of some metal complexes with 
NEIBMPH^.^

Compound
NEIBMPH^ 939^,974' 1025® 1124, 1175®

»UJi
1214*'

[Mn(NEIBMPH3)2l 932 1073'’
1044, 1068, 1088*̂

1143 1201,1219
1202**[Cu(NEIBMPH3)2l 928 1152

[Cd(NEIBMPH3)2l 934 1080 1131,1160 1197,1217
[Co (NEIBMPH3)2] 933 1074 1132,1156 1200,1218

* This work.  ̂The band was broad and not fully resolved.  ̂Could be due to - 
P(0H)2 absorption.  ̂The band is split into a triplet.

In all the metal complexes examined by ir spectroscopy, it was noted that
there generally was an increase in the value of v̂ jŷ  PO2 , as well as a
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decrease in the value of P-OH.

The calculated effective magnetic moment was determined (Section 2.5.9) for 
the copper complex [Cu(NEIBMPHj)2] at 297.4 K = 2.13). This value was 
found to be consistent with values obtained for other copper (II) complexes 
of aminophosphonic acids (normal range = 1.73-2.20 ^ )  and also suggests 
there is no metal-metal interactions.^^ This value supports that a mononuclear 
complex formed, i.e. would have a lower value if a dinuclear metal complex 
formed, due to metal-metal interactions.^^

UV-visible spectra were obtained for two of the metal complexes, i.e. 
[Cu(NEIBMPH3)2l and [Co(NEIBMPH3)2l (Section 2.5.8). An intense absorption band 
for the copper (II) complex was observed in the region 273 nm, this probably 
arises from charge transfer.Absorption bands in the visible region of the 
spectrum at 513 nm and 495 nm were observed for the cobalt(II) complex, with 
another small band at ca. 278 nm. These bands observed in the visible region 
probably corresponds to d-d transitions, with the band at 278 nm being 
ascribed to charge transfer.

Ĥ, and nmr spectra were only obtained for [Cd(NEI®4PH3)2] in deuterated 
sodium hydroxide (NaOD) (Section 2.2.8). Comparison between the nmr spectra 
obtained for the free-ligand with that of the cadmium complex, differences 
between the chemical shift of the signals and coupling constants are observed 
(Section 2.2.7). Many of the complexes prepared by other workers, seem to be 
insoluble in water and common org€uiic solvents and hence this precludes 
characterisation by nmr spectroscopy.^"^ ̂  However, Govindarju et al.̂  ̂prepared 
a chromium (III) complex of nitrilotris(methylenephosphonic acid) which was 
water soluble, hence nmr spectra were obtained. To date, this was the only 
example found in which nmr spectra were determined for a metal complex with 
an aminomethylenephosphonic acid.

The difference in the chemical shift of the resonance signals in the and 
nmr spectra between the free-ligand with that of the cadmium complex, can be 
influenced by the metal ion as noted by Govindaraju et al}^ However, the 
differences observed in the spectra obtained for [Cd(NEI®4PH3)2] can be 
ascribed to the different solvent used or that the nmr spectra are jil 
dependent. For the 'free ligand', deuterated water (D2O) was used, whereas for 
the cadmium(II) complex, deuterated sodium hydroxide was used.

13.
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Differences in the coupling constants obtained for [CdiNEIBMPHj).] i.e.
m

^JiCHj-P) = 6.1 Hz compared to that obtained for the free ligand [’’JiOL-P) =
4.4 Hz] may be ascribed to the electron-withdrawing effect of the metal ion.

It is evident from the ‘‘P nmr spectra that for [Cd(NEIBMPH3)2] as well as that 
for the free ligand, only one phosphorus environment is observed suggesting 
there is rapid exchange of protons on all the species present in solution 
(Section 4.3).

<1«  ̂
In the broad band decoupled ■'‘P nmr spectrum of the cadmium con5>lex, there is
evidence of carbon-phosphorus coupling ['JCCHj-P) = 142.9 Hz] which is slightly
larger than that for the free ligand *J(CH«-P) = 139.3 Hz.

A possible structure for the cadmium complex can be inferred from the solid 
state structures of other metal complexes with aminomethylenephosphonic acids, 
e.g. see below.

/  \ ( x  \
> 032- ^ 2-

2-
.OH.

XI
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6.1 The effect of hydrogen peroxide on some a-aainoaethylenephosphonic acids

One of the many industrial uses of a-aminomethylenephosphonic acids is as a 
stabiliser for hydrogen peroxide.^ It is generally known that small amounts 
of transition metals [i.e. iron(III), copper(II) and nickel(II)] cause 
catalytic decomposition of hydrogen peroxide.* Hydrogen peroxide is used as 
a bleaching agent and therefore decomposition can be a major problem 
especially where large amounts of hydrogen peroxide are used. The use of 
stabilizers in hydrogen peroxide, e.g, diethylenetriaminepeniai:fs(methylene- 
phosphonic acid), DTPMPH,jj, has been shown to be especially effective in
minimizing hydrogen peroxide decomposition in the presence of iron(III)

2 ,3ions. ’

p w ,  CHjPOjH,

H203PH2C'^ \CH2PO3H2

0EQUEST2060

DTPMPH^q

oi-Aminomethylenephosphonic acids are known to be readily oxidized by hydrogen 
peroxide to yield their N-oxide derivatives.* The mechanism by which a-amino- 
methylenephosphonic acids stabilise solutions of hydrogen peroxide has been 
investigated by a number of workers in collaboration with industry (Section 
6.5).^ However, as the mechanism of stabilisation of hydrogen peroxide is not 
fully characterised there remains a need to investigate the effect of hsrdrogen 
peroxide on a*aminomethylenephosphonic acids and their derivatives.

It is known that following the nmr chemical shifts of a ligand’s atoms as a 
function of can help determine the microscopic protonation scheme (Section
4.3) in aqueous solution. For example, and nmr spectroscopy have
been widely used for clfiu’ifying the protonation schemes for some polyamino- 
methylenecarboxylic® and polyaminomethylenephosphonic acids. * This technique 
seemed applicable to the study of the species resulting from interaction of 
a-aminomethylenephosphonic acids and hydrogen peroxide.
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Therefore, the 01--dependence of the nmr chemical shift for DEAMFH2 which 
had been treated with aqueous hydrogen peroxide was monitored during 
titrations against base (Section 2.4).

In another approach, the N-oxide derivative of NEIKiPH^ was prepared and 
characterised by nmr spectroscopy and C, H, N micro analysis. The protonation 
scheme for the N-oxide, and its complexation behaviour with Cu(II), were 
examined by potentiometry and nmr spectroscopy (where possible).

The examination of the possible interaction between an a-aminomethylene- 
phosphonic acid, DEAMPHj, and sodium stannate was investigated by determining 
the lÆî-dependence of (6)̂ P̂ during titrations of DEAMPHj in the presence of 
sodium stannate (Section 2.4.7).

5.1.1 The ¡^-dependence of the nmr chemical shift for DEAMPH2 after 
treatment with aqueous hydrogen peroxide 

All the nmr/pH titrations were carried out as in Section 2.4. The *̂P broad 
band proton decoupled nmr spectra were obtained at 40.52 MHz on a WP80 FT 
spectrometer, using 85% phosphoric acid (HjPÔ ) as an external reference bj" 
sample substitution. The lock signal for the spectrometer in this case was 
10 % v/v DjO (Section 2.4.6). As only 10 % D2O was employed, the pH was not 
corrected.^

The ligand DEAMPHj was treated with aqueous solutions of hydrogen peroxide and 
the pH of each solution was adjusted with either aqueous nitric acid or 
aqueous ammonia (see Section 2.4.6). The resulting solutions were left for 
a period of one week and thereafter the hydrogen peroxide was decomposed over 
platinum wire at 60 *C. The pH was re-determined and recorded.

All the ‘̂P nmr spectra obtained showed only one signal for the phosphorus 
environment over the 1®  range 0.5-11.49, indicating that rapid exchange of 
protons between all the species occurs in solution at each point. Under 
conditions of fast proton exchange among the various species, the observed|Taverage chemical shift of the nucleus N (6V  ) is given by:

«".is = \ Xi Equation 6.1.1

where 6"| is the intrinsic chemical shift of the ith species, and is the
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mole fraction of the ith species.'^ The chemical shift vs pH profile 
obtained for the treated ligand, DEAMFH2 (Figure 6.1.1, denoted as ”ET) was 
significantly different to that obtained for the untreated ligand 
(Figure 6.1.1, denoted as ’V ) .

As the titration proceeds there is an upfield shift of the phosphorus signal 
from ca. 9 ppm to ca. S ppm (between pH 0.5 and 2.2). This is indicative of 
a phosphonate oxygen-bound proton being neutralized, as seen in the case of 
the untreated ligand DEAMPH, (Section 4.3). As the pH is increased from 2.2 
to 10, another upfield shift in the phosphorus signal is observed of ca. 3.5 
ppm. This suggests that the nitrogen is not deprotonated and, indeed, may not 
be protonated after treatment with hydrogen peroxide.

Figure 6.1.1 The pH-dependence of 5̂ P̂ for DEAMPH2 on its own (denoted
as ” a ”) and after treatment with aqueous hydrogen peroxide 
(denoted as "ET).
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The pH dependence of 5̂ *P for DEAMPHj after treatment with aqueous solutions of 
hydrogen peroxide (pH adjusted) was also carried out by another worker at the 
University of North London.^ A similar plot of 5̂ *P vs pH was obtained 
suggesting that hydrogen peroxide reacted with the nitrogen of DEAMPH2 to form 
of the N-oxide derivative in basic solutions.*

The overall profile obtained for DEAMPH. after treatment with hydrogen peroxide 
is similar to the dependence of ^̂ P chemical shift on the number of equivalents 
of deuterated sodium hydroxide which Carter et al. determined for titrations 
of the N-oxide derivative of NIMPH^.’ The difference between the two profiles 
for the N-oxide derivative of NTMPHg and the parent acid is similar to DEAMPHj 
and its N-oxide derivative.

H2 O3 PH2 C ----- N
/

\

CH2PO3H2

CH2PO3H2

NTMPHj

6.1.2 Synthesis and characterisation of the N-oxide derivative of NEIBMPHf 
The N-oxide derivative of NEIBMPH, was prepared as described in Section 2.2.5, 
by a method euiapted from a procedure reported by Carter et al.^ The ligand, 
NEIBMPH^, was heated under reflux for 24 h with hydrogen peroxide at 60 *C. 
The resulting solution was decomposed for a period of one week by passing dry 
air through the mixture. On addition of ethanol to the oily residue, a white 
precipitate was obtained.

The product was characterised by C, H, and N elemental analysis and nmr 
spectroscopy (̂ H, ^̂ P and ^̂ C, Section 2.2.5).

The mechanism by which the alkylaminomethylenephosphonic acid is oxidised to 
its N-oxide derivative by hydrogen peroxide has not been described in the 
literature to date. However, the mechanism may be similar to that for 
oxidation of a tertiary amine by hydrogen peroxide.^®

 ̂ I. J. Scowen, Ph.D Thesis, University of North London, 1993

-234-



nr I

\ H

Comparison between the nmr spectra obtained for the N-oxide derivative 
[Figure 6.1.2(a)] and that for NEIBMPH. [Figure 6.1.2(b)], revealed some major 
differences.

The methyl protons of the ethyl group (CH;ai,) coupled through three bonds to 
the adjacent protons (Cî ) in the same group, are observed in ‘H nmr spectra 
for both the N-oxide (1.17 ppm) and for NEIBMPH, (1.37 ppm).

crU-ro#, J
(a)

ca^r"

A.

(b)
otfiMr

cKr

11 ■ I I I I ■ > I I I I 1 1  I 1 1  M  a n  1 1 ■ I I I I I I I I I I 1 1 I
M  ! . •  U% U 9  I .S  ! . •  - f

Figure 6,1.2 %  nmr spectra for aqueous (D2O) solutions of (a) the N-oxide
derivative of NEIBMPH^ and (b) NEIBMFH,.
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The expected splitting pattern for the methylenephosphonate protons (Cit”P0.H2) 
is a doublet, arising from the protons coupling through two bonds to the 
adjacent phosphorus atom [*J(HP)]. The Cft protons in the ethyl group are also 
expected to couple through three bonds to the adjacent methyl protons 
resulting in a quartet. In the nmr spectrum obtained for NEIBMPH^, the 
signals arising from the methylenephosphonate protons {CK-VO.iL) and the 
protons in the ethyl group (CH,C/t) are overlapped (ca. 3.4-3.7 ppm).

However, the signals arising from CH,-P0,H2 and CHjCfî  in the *H nmr spectrum for 
the N-oxide [Figure 6.1.2(b)] are clearly defined and are slightly shifted 
downfield by ca, 0.7 ppm compared to the positions of the signals in the 
'free-ligand'. The region between 4.0-4.3 ppm when expanded clearly shows two 
quartet-like multiplets with another quartet slightly at higher field (Figure
6.1.3). The latter quartet (4.04 ppm) can be assigned to the CH3C« protons, 
which are coupled through three bonds to the adjacent methĵ l protons. The 
remaining two multiplets in this region are assigned to the methylene
phosphonate protons. The methylenephosphonate protons in the N-oxide 
derivative are an isochronous (aTtfP0,E,). This arises from the prochiral 
environment of the nitrogen atom and results in the protons and H“ being 
coupled to each other and further coupled through two bonds to the phosphorus 
atom giving and ABX spin system. The two AB subspectra are shown in Figure 
6.1.3.

«
Figure 6.1.3 The two AB subspectra observed in the H nmr spectrum for the N- 

oxide derivative of NEIBMPHj. The quartet arising from the 
CH3CA; protons is not labelled.
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The X part of the ABX spin system, theoretically six signals, is observed in
the  ̂P nmr spectrum as a triplet centred at 5.14 ppm. The chemical shift 
is significantly upfield (5.14 ppm) of the phosphorus signal in the P nmr 
spectrum for NEIHMPH^ (9.14 ppm).

Analysis of the AB subspectra^^ yields two different sets of parameters (Table 
6.1.1), both of which satisfy this part of the spectrum. However, the 
parameter set appropriate for this spin system (set 1) can be chosen on the 
basis of the X spectrum (proton coupled, P nmr spectrum). Parameter set 1 
predicts that only four of the six lines in the X spectrum have significant 
intensity and that the inner two lines of the symmetrical pattern are 
overlapped, yielding a triplet pattern. Parameter set 2 predicts a 
s3Tnmetrical pattern of five signals each with sufficient intensity.

31,

Table 6.1.1 Analysis of the AB subspectra to give two sets of parameters.*

1046.15 (4.18) 1028.09 (4.11)
1037.47 (4.15) 1037.37 (4.15) 30.21 14.90

 ̂Values are in Hz, except for the values in parentheses which are in ppm.

Major differences were also observed between the nmr spectra obtained for
NEIKidPHi and its N-oxide derivative. Oxidation of the nitrogen of NEIBMPH^ by

■3hydrogen peroxide to form the N-oxide results in a downfield shift for all C 
nmr signals by ca. 8-13 ppm. This suggests that all the carbons are being 
deshielded due to the highly electronegative oxygen atom of the N-oxide group 
withdrawing electron density away from the methylene carbons.

Based on this and other observations, it is clear that treatment of NEI^IPH^ 
with hydrogen peroxide forms the N-oxide derivative.

6,1.3 Protonation equilibria for the N-oxide derivative of NEI&fPH^

The N-oxide derivative of NEIBMPH^ has five possible protonation sites, the 
four phosphonate oxygen atoms and the amine oxygen atom.

4-
log Kq,j log Kj)j2 Kgj3 log Kqî  log Kq35

LH3- LHĵ LH, LĤ LHĵ
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Three potentiometric titrations of the ligand at three different concentration 
of the N-oxide (Figure 6.1.4) were carried out over the pH range as before 
(Section 2.3) in the absence of any metal ions. The shape of the 
potent iometric titration curves obtained for the N-oxide, are somewhat 
different to those obtained for NEIBMPHj (Section 4.3). Approximately three 
equivalents of base are consumed by the N-oxide system by the end-point at pH 
ca. 8 on the titration curve. For each data file the fully deprotonated 
ligand was defined as L = [CH3CH2N(0)(CH-POjlj]*'. Using the SUPERQUAD‘̂ program, 
refinements of the datafiles for a model which included the species LH'' , LHj* , 
LHj" and UL were successful (Table 6.1.2). Using arguments previously applied 
to the determination of the protonation scheme of NEIBMPHj (Section 4.4), the 
fully protonated species LH*’ probably exists only in very acidic conditions. 
The titration curves gave no indication that the N-oxide was unstable over the 
pH range studied.

Figure 6.1.4 Titration curves (pH vs voltime of base added) for (a) [N-oxide] 
ca. 0.001 mol dm*’ and (b) [NEIBMPH^] ca. 0.001 mol dm‘̂
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4-1 aTable 6.1.2 Protonation constants for N-oxide, where L = [EtN(0)(CH2P03)2 3

Datafile M087^ M088^ M090^ Mean®
108 Bon 10.12(0.010) 9.99(0.020) 10.02(0.014) 10.04 ±0.08

Poi2 16.28(0.016) 16.13(0.033) 16.11(0.022) 16.17 ±0.11
log K(,J 6.16 6.14 6.09 6.13 ±0.04

1°S »013 20.89(0.022) 20.71(0.051) 20.66(0.030) 20.75 ±0.14

1=013 4.61 4.58 4.55 4.58 ±0.03

»014 23.26(0.009)^ 22.88(0.010)̂ 23.07 ±0.19
log Kji, 2.37 2.22 2.30 ±0.08

 ̂ I = 0.1 mol dm'̂  KNO,, 25.0 ±0.1 *C. Figures in parentheses are standard
 ̂ bdeviations obtained from SUPERQUAD. Convention: pjy for Mu^Hg. Fit

parameters obtained from SUPERQUAD, = 2.57, o = 0.0915; 01 2.81-11.12; 130
data points.  ̂Fit parameters obtained from SUPERQUAD, = 5.60, o = 0.0798;
pH 2.97-11.09; 111 data points.  ̂Fit parameters obtained from SUPERQUAD,
= 3.32, o = 0.0902; pH 5.08-9.71; 31 data points. ® Unweighted mean of values
from each refinement; error limits are derived from the ranges obtained for
each log (and log Kjjjj).  ̂ Fit parameters obtained from SUPERQUAD, =
4.36, o = 0.0711; 01 2.71-3.32; 44 data points.  ̂Fit parameters obtained from
SUPERQUAD, = 3.78, o = 0.0812; pH 2.64-3.42; 54 data points.

To date, relatively few studies have been concerned with the determination of 
protonation constants for N-oxide derivatives of a-aminomethylenephosphonic 
acids. Carter et al, prepared the N-oxide derivative of nitrilotris(methylene 
phosphonic acid), NTMPHg and determined its protonation and complexation 
behaviour by potentiometry and nmr spectroscopy where appropriate.^ Carter et 
al.̂  noted the occurrence of one weakly acidic proton of the N-oxide derivative 
and interpreted this as the proton bound to the amine oxygen. Carter also 
suggested that the large difference between the values log and log Kqj2 
(Table 6.1.3) for the N-oxide derivative of NTMPHg (ca. 5.1 log units) could 
be ascribed to protonation of two different functions in the molecule, i.e. 
the amine oxygen and the phosphonate oxygen.^

Carter confirmed the protonation scheme of the N-oxide derivative of NTMPHg by 
carrying out ^̂ P vs pH nmr titrations of both the N-oxide and NTMPHg.^ 
Differences were observed in the resulting plots of (Ô)̂ P̂ vs equivalents of 
base at high pH.^ As with other alkylaminomethylenephosphonic acids, the 6^̂ P

-239-



Table 6.1.3 Protonation constants of the a-aminomethylenephosphonic acids, 
NTMPHg and NEIBMPI^, and their N-oxide derivatives.

ligand log Kqu
^ 1 2

log Kjij log Kj,, log Kjij K jij

NTMPHĝ 12.34 6.66 5.46 4.30 < 2 < 2

N-oxide^ 12.05 6.95 5.26 3.28 < 2 < 2

NEIBMPH^^
N-oxide^

12.00 6.28 4.89 1.94
10.04 6.13 4.58 2.54

 ̂Ref. 4. I = 0.1 mol dm’̂ KNOp 25.0 *C . " This work. I = 0.1 mol dm‘̂ KNO3,
25.0 ±0.1 ’C.

vs equivalents of base profile for NTMPHg and the N-oxide showed a gradual 
upfield shift in the phosphorus signal as the titration progressed in acidic 
medium; this was ascribed to the deprotonation of the phosphonate oxygen atoms 
(Section 4.3). At high pH, the profile of vs equivalents of base for the 
N-oxide derivative showed a slight downfield shift in the phosphorus signal, 
whereas the unconverted ligand showed a very large downfield shift at high pH. 
Carter suggested that this much smaller downfield shift for the N-oxide was 
consistent with the amine oxygen atom being deprotonated and that the 
deprotonation site, being an extra atom away from the phosphorus atom, has a 
much smaller influence on the phosphorus chemical shift than the tertiary 
nitrogen atom in NTMPHg.^

Therefore, in order to clarify the protonation scheme of the N-oxide 
derivative of NEIBMPH^, ^̂ P nmr vs pH titrations for both the N-oxide and 
NTSIEMPH^ were determined.

The resulting profiles of 6^̂ P vs pH (Figure 6.1.5) for the N-oxide and 
NEIBMPH^ are significantly different. The steady upfield shift in the 
phosphorus signal is ascribed to the deprotonation of phosphonate oxygens and 
the large downfield shift in the phosphorus signal thereafter, is ascribed to 
deprotonation of the nitrogen-bound proton (Section 4.4). However, for the 
N-oxide derivative there is only a slight downfield shift (ca. 0.5 ppm) in the 
phosphorus signal observed at high pH [Figure 6.1.5(a)]. By analogy with
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Carters work on NIMPH«,' this slight doM̂ Tifield shift may be due to 
deprotonation on the eunine oxygen.

(a)

(b)

Figure 6.1.5 (a) The i®-dependence of vs 01 for NEIBMPH^ and the N-oxide 
and (b) species distribution curves^^ for the N-oxide.
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The following protonaticn scheme has been assigned to the protonation 
constants determined for the K-oxide derivative of NEIBMPIL.

CH3CH2
0- » / ■

XHjP\«-

0
OH

CH,

OH

OH

LH.

OUP— 0“ 

! >

'CHjP-OH
l^OH

6.1.3(a) Preliminary examination of the stability of Cu(II) coa^lexes of the 
N~oxide derivative

Limited potentiometric studies for the N-oxide derivative of NEIBMFH^ with 
Cu(II) were carried out (Section 2.3.6). Potent iometric titrations for the 
N-oxide with Cu(II) were obtained at metalrligand ratios of ca. 1:1 and 1:2. 
Significant deviation of the 'metal-ligand' curve form the 'ligand-only' curve 
occurs at a ca. pH 3 (Figure 6.1.6) indicating the formation of metal 
complexes.

The previously determined protonation constants for the N-oxide were held as 
constant in the SUPERQUAD*^ input files. Subsequent refinements of the data 
files for a model which included the species [ML]*', [MLH]' and [MLHj] were 
successful. The metal stability constants are summarised in Table 6.1.4.
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Figure 6.1.6 Titration curves (0i vs volume of base added) for acidified 
solutions of N-oxide; (a) [N-oxide] ca. 0.001 mol dm^; (b) 
Cu (N03)2 with N-oxide, [M]:[L] ca. 1:1 and (c) Cu(N03)2 with N- 
oxide, [M]:[L] ca. 1:2.

Table 6.1.4 Metal stfiÔ ility constants for the N-oxide derivative withCu(II).‘

Datafile
M091^
M092^

log ß,i( 
11.14(0.010) 
11.13(0.009)

log ßjj, 
16.36(0.006) 
16.39(0.004)

log K„1 
5.22 
5.26

log P „ J  

20.35(0.010) 
20.01(0.009)

log K,;2
3.99
3.62

Mean^ 11.14 ±0.01 16.38 ±0.02 5.24 ±0.02 20.18 ±0.17 3.81±0.18

 ̂ I = 0.1 mol dm'̂  KNO,, 25.0 ±0.1 *C. Figures in parentheses are standard
 ̂ hdeviations obtained from SUPERQUAD. Convention: for Fit

parameters obtained from SUPERQUAD, x‘ = 3.74, o = 0.0280; pH = 3.50-5.89, 46 
data points.  ̂Fit parameters obtained from SUPER(^AD, = 4.53, a = 0.0431; 
pH = 3.51-6.92, 60 data points. ® Unweighted mean of values from each refine
ment; error limits are derived from the ranges obtained from each log (and 

*
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The species distribution curves*^ for the N-oxide derivative of NEIBMPI^ in the 
presence of Cu(II) is shown in Figure 6.1.7.

Figure 6.1.7 Species distribution curves*^ for N-oxide derivative with Cu(II) 
at [M]:[L] ca, 1:1.

As already mentioned in Section 5.1.4, the basicity of uncoordinated oxygens 
(O') on the N-oxide is expected to decrease on coordination of the ligand to 
a the metal ion via another site on the ligand. The process of protonating

i2* /rrs.T i2- j. u” [CuLH]") to give the monoprotonated speciesthe complex [CuL]^’ ([CuL]‘‘ + H”
has a value of log Kj.j = 5.24. This value is less than that for the process 
of protonation a phosphonate oxygen of the 'free-ligand' (log Kq 2̂ “ 6« 13); 
consequently, this indicates that protonation of [CuL] occurs at a 
phosphonate oxygen rather than on the amine oxygen at(m. This can be taken 
as evidence that the amine oxygen atom is coordinated to the Cu(II) ion, as 
proposed in structure I [CuL]^" and structure II [CuLH]".

OH

\

II
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It seems reasonable to assume that formation of two six-membered chelate rings 
by involving the amine oxygen in coordination to Cu(II) contributes to the 
stability of these complexes.

Stability constants for metal complexes of some N-oxide derivatives obtained 
by Carter et al} suggest that the ligands ability to coordinate metal ions 
[e.g. Ca(II) and Mg(II)] is reduced slightly on conversion to the N-oxide. 
The difference in the values of log K î q for Cu(II) with the N-oxide (11.14) 
and NEIBMPH^ (13.28) is ca. 3 log units.

In summary, in aqueous solutions of hydrogen peroxide, a-aminomethylene 
phosphonic acids are converted to the N-oxide derivatives. The metal 
stability constants of the N-oxide derivative of NEIBMPH^ with Cu(II) indicate 
that the ligand can still complex metal ions, but the stability of the 
resulting complexes are somewhat less than the analogous complexes with the 
parent acid.

6.1.4 Preliminary investigations of the possible interaction between DEAMPH2  

and sodium stannate

The combination of alkylaminomethylenephosphonic acids and sodium stannate 
produces improved stability of hydrogen peroxide which is not achieved by

1 /  1Ceither the aminophosphonic acid or sodium stannate alone. ’ The mechanism 
of stability enhancement is not known.

Sodium stannate has the composition Na2Sn0..3H20. However, the water cannot be 
removed by prolonged desiccation and can only be removed at 140 *C in vacuo, 
during which the nature of the substance is altered.Williams suggested that 
in the solid state, the three water molecules form part of an ion, [Sn(0H)J‘", 
a deduction which is supported by Wyckoff’s X-iay evidence that the lattice 
of potassium stannate is similar to that of potassium hexachloroplatinate(II) 
with six anionic ligand groups octahedrally arranged around the central metal
atom. 17

6.1.4(a) The ¡^-dependence of the nmr chemical shift of DEAMPH2 in the 
presence of sodium stannate

The interest in sodium stannate/phosphonate interactions originated from a 
project to "clone” a hydrogen peroxide formulation which is used as a cleaner 
for contact lens. The interaction between CDTMPI^ and sodium stannate was
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implied, in a decrease in the concentration of the free phosphonic acid, as 
determined by ion chromatography.^*' It was suggested that the phosphonic acid 
was bound to stannate in some way and hence could not be detected. The sodium 
stannate was also added to solutions of N-oxide derivatives of aminomethylene- 
phosphonic acids and the concentration of the N-oxide was also found to 
decrease. However, the exact nature of this interaction has not be fully 
characterised. It was suggested that a tin-phosphonate complex is formed 
which may bind to the free metal ions reducing the instability of hydrogen 
peroxide (Chapter 3). 15

Investigation of the possible interaction of an alkylaminomethylene- 
phosphonic acid with sodium stannate was carried out by using nmr/01 
titrations. A solution of the ligand DEAMPH2 and sodium stannate in a 2:1 
molar ratio, was prepared (Section 2.4.7). All nmr spectra showed one 
signal for the phosphorus environment over the pH range 1.65-13.00. This 
again indicated rapid proton exchange. The resulting profile of 6 P vs pH for 
DEAMPHj with sodium stannate was similar to that for DEAMPH2 alone [Figure 
6.1.8(a) and (b)].

As the titration proceeds [Figure 6.1.8(b) there is etn upfield shift of the 
phosphorus signal of ca. 1.5 ppm. As determined before (Section 4.3) this is 
ascribed to the phosphonate bound proton being neutralised. As more base is 
euided (ca. jrfl 11) there is a rapid downfield shift of the phosphorus signal 
of ca. 5.5 ppm, similar to that observed for the untreated ligand DEAMPH2.

This suggests that the phosphorus atom is being deshielded as in the free 
phosphonic acid alone (Section 4.3), implying that the nitrogen is being 
deprotonated (as before). Since the pH-dependence of ^̂ P for DEAMPHj in the 
presence of sodium stannate is not significantly different to that for the 
untreated ligand, the basic structure of DEAMPH2 appears to be retained and 
this experiment provides no further evidence for interaction.
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(a)

(b)

Figure 6.1.8 The pH-dependence of for (a) DEAMPHj alone and (b) DEAMPHj 
in the presence of sodium stannate.
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7.1 Introduction

The coordination behaviour of alkylaminomethylenephosphonic acids has been 
widely studied since I960» by a number of workers (Chapter 5) Banks,
Kabachnik,^ Westerback,^ Motekiatis^ and Sawada^ to name but a few. Further 
insight into the nature of the species of metal complexes with a-amino- 
methylenephosphonic acids is hampered by the lack of information about the 
ways in which these acids coordinate to metal ions. There are relatively few 
crystal structures of the metal complexes^ because suitable crystals for X— 
ray analysis are particulary difficult to o b t a i n , c o m p a r e d  to the free 
acids, e,g. refs. 12-14. In this work, attempted syntheses of metal complexes 
of CDTMPHg were unsuccessful, probably because they were difficult to isolate. 
Solid metal complexes of NEIBMPH^ were isolated and characterised, but it was 
not possible to obtain them in crystalline form (Chapter 5).

In contrast, the solid state structures of the 'free acids' have proved more 
readily accessible (e.g. refs. 12-22), but success in obtaining crystals of 
any given euninomethylenephosphonic acid appears to be largely fortuitous. In 
particular, isolating solid products from reactions to synthesise AT, A^di- 
alkylaminomethylenephosphonic acids has been reported as particularly 
difficult.

Nf ^Diethylaminomethylenephosphonic acid, DEAME^,^^ was reacted with n-butyl- 
stannonic acid in order to prepare a complex, but the colourless crystals 
isolated from the reaction mixture were found to be the 'free ligand', DEAMPHj, 
and not the desired complex (again, indicating the difficultly in preparing 
solid metal complexes of a-aminomethylenephosphonic acids). The crystals were 
suitable for X-ray crystal structural analysis (Table 7.1.1).

Crystals of (±)- tran.s-cyclohexane-1,2-diamine tetrakfs( me thylenephosphonic
ñt

acid), CDTMPHg, were originally isolated by another worker,* and were used for 
X-ray crystal structural analysis (Table 7.1.1). Subsequently, however, 
during the course of this work, beautiful, colourless rectangular crystals of 
CDTMPI^ were also isolated after allowing a reaction mixture to stand for nine 
months (Section 2.2.4).

The crystals of N, A^diethylaminomethylenephosphonic acid and (±)-trans-cyclo
hexane-1,2-diamine teirakis(methylenephosphonic acid) used for X-ray structural
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analysis were fully characterised by C, H, N elemental analysis and nmr 
spectroscopy (Section 2.2). The nmr spectra obtained for the crystals were 
consistent with those obtained for the bulk samples, as described in 
Section 2.2.

PO3H 2

C H 3C H 2

CH3CH2

P O 3H 2

P O 3H 2

DEAMPH2 C D TM PH , PO3H 2

Table 7.1.1 Crystal data obtained for iV,JV-diethylaminomethylenephosphonic 
acid and (±)-tran^cyclohexane-1,2-diaminetetrakfs(methylene- 
phosphonic acid).

Molecular formula 
Relative molecular weight 
Lattice type 
Space group 
a / A 
b / A 
c / A 
^ Í •
Ü / ^

Z

ft000)
/ g cm"

-1u(Mo-Ka) /cm 
X
Final R(Rj)
Number of reflections 
Dimensions /mm

DEAMPH,

167.145
monoclinic
P2,/ni
7.708(2)
11.398(3)
9.435(2)
105.3(2)
779.54
4
360
1.389
2.9
0.71069
0.0498(0.0489)
856
0.20 X 0.20 X 0.15

C D IM P H j.H jO

!̂CV2®13̂ 4
508.233
monoclinic
P2,/c
10.660(3)
10.512(3)
18.778(3)
105.474(2)
2027.95
4
1064
1.665
4.3
0.71069
0.0420(0.0420)
2552

0.25 X 0.30 X 0.20
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,Y-Ray data^^ were collected on a Philips PWllOO four-circle diffractometer as 
described in Section 2.6. The structure solution and refinement of DEAMPH, and 
CDTMPHj are described in Sections 2.6.2 and 2.6.3, respectively.

7.2 Description of the solid state structure of N, AMiethylaminomethylene- 
phosphonic acid, DEAMFHj

The tables of fractional atomic coordinates, anisotropic thermal parameters, 
bond lengths, bond angles, inter- and intra-molecular distances are given in 
Appendix 1 (Tables 1-7).

The structure of the DEAMPH. molecule in the solid state is shown in Figure
7.2.1.“̂ Overall, the molecule has virtual symmetry (mirror symmetry) along 
the nitrogen-carbon-phosphorus bonds, if the proton on the phosphonate oxygen 
atom is neglected.

DEAMPfit was found to be zwitterionic*''**" (Figure 7.2.1), with the nitrogen
m

atom and one phosphonate oxygen atom each protonated. The positively charged 
nitrogen atom has a distorted tetrahedral coordination sphere (Table 7.2.1).

Figure 7.2.1 Molecular structure of DEAMPH, including hydrogen atoms.
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Table 7.2.1 Bond angles (*) around the nitrogen atom in the DEAMPH2 molecule.

C(31)-N(l)-C(l) 114.0(3) 
C(21)-N(l)-C(l) 113.7(3) 
C(31)-N(l)-C(21) 110.2(3)

H(nl)-N(l)-C(l) 101(3) 
H(nl)~N(l)-C(31) 107(3) 
H(nl)-N(l)-C(21) 110(3)

 ̂Values in parentheses are estimated standard deviations.

The C-N-C bond angles are all slightly greater than the idealised tetrahedral 
angle of 109.45*, whereas the bond angles involving the proton on the nitrogen 
atom H(nl); i.e. H(nl)-N(l)-C, are in a lower range, 101-110*. Comparison of 
the C-N-C bond angles with those for other a-aminomethylenephosphonic acids 
indicates that a pattern is observed (Table 7.2.2).̂ '»"'*̂ ' Where there are two 
or more methylenephosphonate groups, the greatest C-N-C angle is between the
substituent methylenephosphonate carbons. For example, this C-N-C angle

17between C-N-C in Ai-ethyliminobis(methylenephosphonic acid) is 113.1(3)*,
whereas the angles C-N-C between the methylenephosphonate groups and the ethyl

17group are equal at 112.1(3)*.

Table 7.2.2 Bond angles (*) at nitrogen for some related a-aminomethylene
phosphonic acids.^

NEIBMPH^^ NTMPHg*̂ EDTMPHg^
Angles between CH2PO2H2 groups 113.1(3) 113.0(2) 111.4(3)

112.4(2) 111.7(3)
112.3(2)

Angles between CH2PO3H2 and alkyl groups 112.1(3) 109.6(3)
112.1(3) 109.9(3)

108.2(3)
110.9(3)

 ̂Values in parentheses are estimated standard deviations.  ̂ Ref, 17. Af- 
ethyliminobis(methylenephosphonic acid). Ref, 20. Nitrilotris(methylene- 
phosphonic acid).  ̂ Ref, 21. Ethylenediaminetetral:is(methylenephosphonic 
acid).

In DEAMPH2, there is only one substituent methylenephosphonate group, but it
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is interesting that the angles at nitrogen involving the methylenephosphonate 
carbon are much larger [C(21)-N(l)-C(l) = 113.7(3)*, C(31)-N(l)-C(l) = 
114.0(3)*] than the angle between the two ethyl groups [C(31)”N(1)-C(21) = 
110.2(3)*]. In DEAMPH2 there is significant repulsion between the phosphonate 
group and the two ethyl groups resulting in the ethyl groups at nitrogen being 
'pushed' away from the monoprotonated phosphonate group. Whereas, in the 
solid state structure of NEIBMPH,,^^ the angles around the nitrogen atom 
involving the methylene carbons are similar, suggesting that repulsion between 
the phosphonate groups and the ethyl groups is not as great as for DEAMPHj.

In DEAMPHj, the bond angle subtended by the nitrogen atom and the phosphorus 
atom at the carbon atom is extremely large, N( 1)-C(1)-P( 1) = 120.2(3)*, 
compared to the range of values (110.9-117.9*) found for other related a- 
aminomethylenephosphonic acids (Table 7.2.3). This very large angle indicates 
considerable distortion in the environment of the methylene carbon, and it 
appears that this may be due to the staggered conformation of the phosphonate 
group with respect to the protonated nitrogen. However, the eclipsed 
conformation of both methylene carbons at the nitrogen atom, i.e. C(21) and

Table 7.2.3 N-C-P bond angles (*) for some related a-aminomethylenephosphonic 
acids.^

Ligand N-C-P No. of substituent phosphonate groups

DEAMPHĵ 120.2(3) 1
DMAMBPĤ ^̂ 115.6(1), 112.0(1) 2
NEIBMPH^^ 117.9(3), 114.0(2) 2
EDTMPHg® 115.2(3), 116.9(3) 4

116.7(3), 115.7(3)
NIMPHg‘ 112.6(2), 113.5(2), 117.9(2) 3
AMPHj* 110.9(1) 1

 ̂Values in parentheses are estimated standard deviations.  ̂This work. N, 
AHDiethylaminomethylenephosphonic acid. '' Ref, 14. N, Af-Dimethylaminobis- 
(methylenephosphonic acid).  ̂Ref, 17. .V-ethyliminobis(methylenephosphonic

f
acid). ® Ref, 21. EthylenediaminetetraA'is(methylenephosphonic acid). ' Ref, 
20. Nitrilotris(methylenephosphonic acid). * Ref, 19. Aminomethylene- 
phosphonic acid.
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C(31) with the phosphonate oxygens 0(1) and 0(2) provides evidence of some 
interaction between the protons on the methylene carbons and the phosphonate

oxygen atoms, i.e. H(21b).. .0(1) = 2.39 A and H(31b).. .0(2) = 2.48 A resulting 
in the large N-C-P angle observed.

The carbon to carbon bond lengths in the ethyl groups of DEAMPHj are themselves 
similar, C(21)-C(22) = 1.515(7) A and C(31)-C(32) = 1.488(7) A although the 
difference is of low significance, and both distances are smaller than the 
carbon to carbon single bond length 1.54 A found by Makaranets in the solid

7̂ mrstate structure of Af>ethyliminobis(methylenephosphonic acid).‘ In DEAMPHj, 
the three C-N bond lengths are also slightly different, but it is of low 
significance.

7.2.1 Classification of phosphorus to oxygen bond lengths 
The protonated phosphonate oxygen has a bond length [P-0(2) = 1.543(3) A] 
which is significantly longer than the other two phosphorus to oxygen bond 
lengths in the molecule, P-O(l) = 1.487(3) A and P-0(3) = 1.520(3) A.

The P-O(l) bond length [1.487(3) A] falls at the upper end of the range,
1.456-1.489 A, for P=0 in fully protonated phosphonate groups (-PO3H2) of 1-
aminoalkanephosphonic acids.However, the phosphorus to oxygen bond, P-0(3)
[1.520(3) A] probably reflects some degree of double bond character since it
is close to the upper end of the range (1.49-1.51 A) for bond lengths between
phosphorus and non-protonated oxygens in monoprotonated groups (PO3H ) of 1-
aminoalkanephosphonic a c i d s . T h e r e  is, therefore, some evidence for
regarding P-O(l) and P-0(3) as involving partial double bond character. The
difference in these bonds lengths may be related to the nature of the

22intermolecular hydrogen bonding interactions involving the oxygen atoms.

The bond length from phosphorus to the protonated oxygen atom [P-0(2) =
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1.543(3) A] is similar to other bond lengths for P-O(H) groups (1.51-1.57) in 
related aminophosphonic acids.̂ *̂ »̂ "̂̂  ̂ The two types of phosphorus to oxygen 
bond found in the solid structure of DEAMPHj are summarised in Table 7.2.4.

The angles around the phosphorus atom are slightly distorted away from that 
expected for a idealised tetrahedral, 111.6(2)*, 111.7(2)* and 114.3(2)*. The 
largest angle is found between the two unprotonated oxygen atoms, [0(3)-P-0(l) 
= 114.3(2)* and is consistent with mutual repulsion between the bonds to the 
two oxygen atoms due to their partial double bond character. An even larger 
O-P-0 bond angle was found by Makaranets in the solid structure of NEIBMPH^,
0(l)-P(l)-0(3) = 116.0(2)* between the two P-0 bonds with partial double bond

17character.

Table 7.2.4 Classification of the phosphorus-oxygen bonds in DEAMPHj.^

Phosphorus-oxygen bond length / A 
P-0(2) = 1.543(3)
P-O(l) = 1.487(3)
P-0(3) = 1.520(3)

Assignment
P-O(H)
PaO
PaO

 ̂Values in parentheses are estimated standard deviations.

7.2.2 Hydrogen bonding interactions

There is a strong hydrogen bond between the protonated nitrogen atom and a 
phosphonate oxygen, H(nl).. .0(1)' = 1.67 A of a molecule related by the 2| 
screw axis. Figure 7.2.2(a) shows the infinite spiral chain along the b axis, 
which results from this interaction.

A second strong intermolecular hydrogen bond was also found between the 
protonated phosphonate oxygen atom 0(2) and a phosphonate oxygen atom of a 
molecule related by an inversion centre [0(2).. .0(3)' = 2.53 A], hence forming 
a bridged dimer. Figure 7.2.2(b). These hydrogen bonded pairs link each 
helical chain to a parallel chain on either side, so that a two-dimensional 
hydrogen-bonded 'sheet' [Figure 7.2.2(c)] is present in the solid state 
crystal.

Significantly, no intramolecular hydrogen bonding was found in the structure
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of DEAMPll.. A similar situation was observed for the related acid, NEIBMPH.

«sCMa'/
3*«a

Figure 7.2.2 (a) Intermolecular hydrogen bonding present in DEAMPH,: molecules 
of DEAMFH2, related by a 2, screw axis forming long spiral chains 
held together by hydrogen bonding between the protonated 
nitrogen atom and the phosphonate oxygen atom.

CH3CH2\5 , ^
CH3CH2

PO3H2

0(2)
H(02)

0(3)

Figure 7.2.2 (b) Intermolecular hydrogen bonding present in DEAMPH2: Molecules 
of DEAMPH2 forming a bridged dimer between the protonated 
phosphonate oxygen 0(2) and a phosphonate oxygen atom 0(3)' of 
an adjacent molecule across an inversion centre.
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CH3CH2\
CH3CH2

POjHj

Figure 7.2.2 (c) Two-dimensional hydrogen-bonded sheet of molecules of DEAMPH2
in the solid state.

7.3 Description of the solid state structure of (±)-trans-cyclohexane-l,2-di- 
aminetetral:is(■etfayleiiephosphonic acid), C37IMFB|.H20

Tables of fractional atomic coordinates, anisotropic thermal parameters, bond 
lengths, bond angles, inter- and intra-molecular distances are given in 
Appendix 2 (Tables 1-7).

The solid state structure of the molecule of CDTMPI^ is shown in Figure
7.3.1.^^ The (±)-trans form of CDTMPHg can have two possible configurations at 
the chiral carbons [C(l) and C(2)] involving the substituent aminomethylene- 
phosphonic groups, i.e. aa or ee and hence there are four possible 
stereoisomers, i.e. RS, SR, RR and SS. However, in the solid state structure 
of CDTMPHg, the substituent aminomethylenephosphonic acid groups are in the 
more favourable ee conformation, as expected,** and hence only two 
stereoisomers are possible, i.e. RR and SS. Therefore, in the solid state

 ̂ a - axial, e = equatorial.
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structure of CDriMPHj, the isoaers present will be an equal aaount of both RR 
and SS.

Figure 7.3.1 Molecular structure of CDTMF1^.H20. The h3rdrogen atoas on the 
cyclohexyl ring, and the eethylenephosphonate groups (C^-P) have 
been oaitted for clarity.

The conformation of the cyclohexyl ring in CDTMFI^ is a distorted chair. The 
molecule of COTMPHj was found to be singly zwitterionic; f.e. only one nitrogen 
atom was found to be protonated. In contrast to the solid state structure of 
CDTMP!^, the structure of ethylenediamine ietrai:is(methylenephosphonic acid) was 
found to have both nitrogen atoms protonated.The solid state structure of 
the carboxylic analogue of CDTMPHj, i.e. irans-cyclohexane-l,2-diaminetetra- 
acetic acid, (CDTAH^) also shows that only one nitrogen atom is protonated. 
This difference in the protonation state of the nitrogen atoms in polyamiiK>- 
phosphonic and carboxylic acids, may be ascribed to the effects of flexibility 
in the ethylene backbone chain.

The bond angles around the nitrogen atom which is not protonated, are all 
greater than the idealised tetrahedral angle; C(l)-N(l)-C(la) = 114.5(3) , 
C(l)-N(l)-C(lb) = 110.9(3)* and C(lb)-N(l)-C(la) = 112.0(3)*. The
corresponding angles around the protonated nitrogen atom also show deviation
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from the idealised tetrahedral axigle; C(ld)-N(2)-C(lc) = 110.7(3)*, C(2)-N(2)- 
C(lc) = 110.8(3)* and C(2)-N(2)-C(ld) = 113.1(3)*. In contrast, the angles 
involving the proton on the nitrogen atom are all in a range lower than 
expected 106-109*, i.e. H(2n)-N(2)-C(Ic) = 108.8(3)*, H(2n)-N(2)-C(Id) = 
107.1(3)* and H(2n)-N(2)-C(2) = 106.1(3)*.

The bond lengths around the nitrogen atoms also show significant differences; 
the unprotonated nitrogen atom [N(l)l, has shorter nitrogen to carbon bond 
lengths, i.e. N(l)-C(la) = 1.472(5), N(l)-C(l) = 1.482(5) and N(l)-C(lb) = 
1.486(5), than the protonated nitrogen atom [N(2)], i.e. N(2)-C(ld) = 
1.500(4), N(2)-C(lc) = 1.512(5) and N(2)-C(2) = 1.525(5). This reflects the 
reduced bond strength expected for HN^-C compared to N-C.

Bond lengths of carbon to nitrogen atoms of related aminomethylenephosphonic 
acids (Table 7.3.1) compare well with the values obtained for CDTWPHg in this 
work, e,g. in the solid state structure of l,4,7-triazacyclonon2uietris-
(methylenephosphonic acid) a mean C-N bond length of 1.46 A was found for the

21nitrogen atom which was unprotonated.

Table 7.3.1 Mean bond lengths (A) around nitrogen atoms in same related 
aminomethylenephosphonic acids.

Ligand Protonated nitrogen atom unprotonated nitrogen atom

DEAMPtt,'i
CDTMPHĝ

NEIBMPH,b4
CIBMPH.4
NTMPHj^
AMPHj®
TACNTMPHĝ
EDTMPHg*

1.480

1.462

- U AThis work.  ̂Ref, 17. ^Ethyliminobis(methylenephosphonic acid). Ref, 18. 
Cyclohexaneiminobis(methylenephosphonic acid). ** Ref, 20. Nitrilotris- 
(methylenephosphonic acid). ® Ref, 19. Aminomethylenephosphonic acid.  ̂Ref, 
22. l,4,7-triazacyclononanetrfs(methylenephosphonic acid)  ̂ Ref, 21. 
Ethylènediamine tetrakis(methylenephosphonic acid).
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Differences in the carbon to nitrogen bond lengths in two aminocarboxylic 
acids which contain both protonated and unprotonated nitrogen atoms were also 
observed. In the structure of trans-cyclohexane-l,2-diaminetetraacetic acid 
(CDTAH^), the mean C-N bond length involving the protonated nitrogen atom is 
also longer, i.e. 1.514 A, than the mean bond length involving the 
unprotonated nitrogen atom, i.e. 1.463 A similar situation also exists
in the structure of diethylenetriaminepentaacetic acid, DETPAHg.̂ *̂

In CDTMPHg, the phosphorus carbon bond lengths (CHj-P) themselves show some
degree of variation. For example, one phosphorus to carbon length is slightly
shorter than the other three, i.e. P(lb)-C(lb) = 1.788(4) A, cf. P(la)-C(la)
= 1.806(4) A, P(lc)-C(lc) = 1.809(4) A and P(ld)-C(ld) = 1.811(4) A. This
slightly shorter phosphorus to carbon bond length [1.788(4) A] is associated
with the aminomethylenephosphonate group containing the unprotonated nitrogen
atom and the monoprotonated phosphonate group (PO^H’). This behaviour was also
observed by Clegg et al. in the structure of 1,4,7-triazacyclononaneiris-
(methylenephosphonic acid), in which the shortest C-P bond was 1.820 A and was
found in the aminomethylenephosphonate group containing the monoprotonated

• 22phosphonate group and the unprotonated nitrogen atom.

In CDTMPHg, the angles subtended by the protonated nitrogen atom and the 
phosphorus atom at the carbon atom (N-C-P) [N(2)-C(lc)-P(lc) = 115.6(3)* and 
N(2)-C(ld)-P(ld) = 113.3(3)*] are larger than the corresponding angles
involving the unprotonated nitrogen atom [N(l)-C(lb)-P(lb) = 112.9(3)* and 
N(l)-C(la)-P(la) = 111.9(3)*].

In the structure of iV-ethyliminobis(methylenephosphonic acid), NEiaiPi^, the 
largest N-C-P angle 117.9(3) * was found in the aminomethylenephosphonate 
group which contained the protonated nitrogen and the monoprotonated 
phosphonate group (POjH').̂  ̂ In the structure of ethylenediaminetetrsi:is- 
(methylenephosphonic acid) the two large N-C-P angles of 116.7(3) * and 
116.9(3) * were found in the aminomethylenephosphonate groups which involved 
the protonated nitrogen atoms, and contained the monoprotonated phosphonate 
group (P0jH‘) and the other was found in a fully protonated methylene- 
phosphonate group (P03H2).̂  ̂ Clegg found, in the structure of 1,4,7-triaza- 
cyclononaneiris(methylenephosphonic acid), that the largest N-C-P angle
involved the unprotonated nitrogen atom, N(2)-C(21)-P(2) = 118.1(1)* and also

22contained a monoprotonated phosphonate group.
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Based on these observations there seems to be no correlation of the size of 
the N-C-P angle with either the state of protonation of the nitrogen atoms or 
the phosphonate groups. In CDTWPHg, as with DEAMPH2 (N-C-P = 120*), the large 
N-C-P angles may be due to the interaction of hydrogen atoms with phosphonate 
oxygens, i.e. there is a close interaction between the proton attached to the 
chiral carbon atom [C(2)] and a phosphonate oxygen atom, H(2)...0(lc) =
2.30 A.

7,3,1 Classification of phosphorus-oxygen bond lengths

In cmWPHg, seven out of the eight phosphonate oxygens were found to be 
protonated, i,e, three out of the four phosphonate groups are fully protonated 
(POjHj). In the monoprotonated phosphonate group, two phosphorus to oxygen 
bond lengths are identical, i,e, P(lb)-0(lb) = 1.509(3) A and P(lb)-0(2b) = 
1.508(3) A. These bond lengths between phosphorus and non-protonated 
phosphonate oxygens fall in the range for monoprotonated phosphonate groups 
(POjH") in 1-aminoalkanephosphonic acids as found by Polyanchuk (1.49-1.51 A). ' 
This indicates that both P(lb)-0(lb) and P(lb)-0(2b) have the negative charge 
spread over the two oxygen atoms, producing bonds intermediate between single 
and double.

The three remaining unprotonated oxygens in the fully protonated phosphonate 
groups (PO3H2), i.e. 0(2a), 0(lc) and 0(ld) also have varying bond lengths; 
P(la)-0(2a) = 1.496(3) A, P(lc)-0 (lc) = 1.484(3) A and P(ld)-0(ld) =
1.474(3) A. The bond length P(ld)-0 (ld) (1.474 A) has considerably double 
bond character. The other two phosphorus-oxygen lengths, P(la)-0(2a) = 
1.496(3) A and P(lc)-0 (lc) = 1.484(3) A, fall at the upper end of the range 
for P=0 in 1-aminoalkanephosphonic acids as summarised by Polyancuk 1.456- 
1.489 A.^‘*

An attempt has been made to classify the P-0 bond lengths in CDTMPHg from the 
data available from the solid state structures of other related a-amino- 
methylenephosphonic acids. This data establishes a characteristic range of 
values for the various phosphorus to oxygen bond lengths, i.e. P-O(H), P=0 and 
P»0. Analysis of the data in Table 7.3.2 indicates the ranges for the various 
type of phosphorus to oxygen bond lengths, i.e. 1.46-1.48 A for P=0; 
1.51-1.56 A for P-O(H) and 1.48-1.52 for PaO. These ranges overlap and the 
distinction between the values obtained for P=0, PaO and P-O(H) are not well 
defined. These ranges differ slightly to those determined by Polyanchuk, who
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Table 7.3.2 The phosphorus-oxygen bond lengths (A) of some a-aminomethylene- 
phosphonic acids.

Acid P-O(H) P=0 P»0 Ref.
AMPHĵ

NEIRMPH^^

1.567(3) 1.512(2)

1.493(2)

19

1.557(4) 1.491(3) 17

1.541(3) 1.512(3)

1.517(3) 1.504(3)

NTMPHĝ 1.537(3) 1.456(3) 1.499(3) 20
1.519(3) 1.503(3)

EDTMPHg“̂

1.538(3)

1.543(3)

1.534(3)

1.489(3)

1.547(3) 1.476(3) 1.486(3) 21
1.529(3) 1.468(3) 1.500(3)

1.542(3) 1.507(3)

1.527(3)

1.557(3)

1.553(3)

1.505(3)

CIBMPĤ ® 1.544(2) 1.479(2) 1.498(2) 18

1.542(2)

1.549(2)

1.514(2)

DEAMPHj' 1 .540(3) 1.524(3)

1.489(3)

This work

CDTMPHg* 1.510(4) 1.474(3) 1.509(3) This work
1.548(3)

1.544(3)

1.516(3)

1.508(3)

1.505(3) 1.496(3)

1.547(3)

1.536(3)

1.484(3)

 ̂Aminomethylenephosphonic acid. '' Af-Ethylimino5is(methylenephosphonic acid).
Nitri lo tris(methylenephosphonic acid). EthylenediaminetetraA'is(methylene-

. fphosphonic acid). Cyclohexaneiminobis(methylenephosphonic acid). N,N-Di-

ethylaminomethylenephosphonic acid.  ̂ (±)-trans-Cyclohexanediamineieirafcis-
(methylenephosphonic acid).
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defined two different geometries of the phosphonate group: that is 
monoprotonated (PO3H ) and fully protonated (POjH,).'̂  Polyanchuk’s ranges are: 
1.47-1.48 A for P=0 ; 1.55-1.57 A for ?-0 (H) (in monoprotonated phosphonate 
group); 1.53-1.55 A for P-O(H) (in fully protonated phosphonate group) and
1.49-1.51 A for PkO. 21

The phosphorus to oxygen bond length in the structure of DEAMP^, P(l)-0(2) = 
1.540 A, was found to be significantly longer than some of the corresponding 
phosphorus to oxygen bond lengths involving protonated oxygens atoms in 
CiyiMPHj, (Table 7.3.2) e.g. in CDTMPH, P(la)-0(la) = 1.510(4) A and P(ld)-0(2d) 
= 1.505(3) A. These differences between phosphorus to oxygen bonds may be 
related to the nature of intermolecular and intramolecular hydrogen bonds in 
which the oxygen atom is involved as discussed in Section 7.3.2.

The four types of phosphorus to oxygen bond found in the solid state structure 
of CDTMPHj are summarised in Table 7.3.2.w

7.3.2 Intramolecular hydrogen bonding interactions

In CDTMPHg a number of intramolecular hydrogen bonds were found, which is in 
contrast to the structure of DEAMPHj, in which no intramolecular hydrogen bonds 
were observed. There are two strong intramolecular hydrogen bonds between 
phosphonate oxygen atoms, i.e. 0(2c).. .0(2a) = 2.57 A and 0(2d).. .0(2b) = 2.48 
A. A further strong hydrogen bond between a protonated phosphonate oxygen 
atom and the oxygen atom of the water molecule [H(3od).. .0(lw) = 1.55 A] was

-PP|H|r

‘POiH,
PPiH,

Figure 7.3.2 Intramolecular hydrogen bonding in CDTMPHj.HjO: between (a) the 
phosphonate oxygen atoms, 0(2c)-0(2a), 0(2d)-0(2b) and (b) water 
molecule and a protonated phosphonate oxygen atom, O(lw)-H(3od).
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In cmMPHg, the N(2)...N(1) distance of 2.78 A is slightly smaller than that 
observed by Shkol’nikova in the structure of the carboxylate analog of CDTMPHg, 
CDTAH^, N(1)...N(2) = 2.825(3) Shkol’nikova suggested that, in the solid
state structure of CDTAH^, the value of the nitrogen to nitrogen distance of 
2.825(3) A placed it in the range (2.9-3.0 A) for a intramolecular hydrogen 
bond.^^ A similar distance was observed in the structure of diethylenetriamine- 
pentaacetic acid, N(2)...N(1) = 2.826 A, which Shkol’nikova also suggested to 
be an intramolecular hydrogen bond (Table 7.3.3).^^ In CDTMPHg, the distance

Table 7.3.3 (N)-H^...N distances (A) in some related acids.

Distance TACNTMPHg^ CDTAH¿^ DETPHg*^ CDTMPHg“

N - H 0.83, 0.86 0.99 0.95 1.05
H . . . N 2.39, 2.39 2.25 2.23 2.21
N . . . N 2.77, 2.81 2.83 2.83 2.78

 ̂Ref, 22. 1,4,7-triazacyclononanetriyl tris(methylenephosphonic acid). “Ref, 
29. trans-Cyclohexane-1,2-diaminetetraacetic acid. ^Ref, 30. Diethylenetri-
aminepentaacetic acid.  ̂ This work. 
tetraii:is(methylenephosphonic acid).

(±) - trans-cyclohexane-1,2-diamine-

between the proton on the nitrogen atom and the other unprotonated nitrogen 
atom, H(N2)...N(1) = 2.21 A, is slightly less than that observed for di- 
ethylenetriaminepentaacetic acid, H(N1)...N(2) = 2.25(4) A (Table 7.3.3). 
However, although the two nitrogen atoms in the structure of CDTMPHg are 
reasonably close (2.78 A), there is no intramolecular hydrogen-bonding between 
the protonated and the unprotonated nitrogen atomsr all the hydrogen atoms 
have been determined in the structure, leaving no doubt about their positions.

The strong intramolecular hydrogen bonding interactions between the 
methylenephosphonate groups (Figure 7.3.2) in the molecule of CDTMPI^ hold the 
four substituent methylenephosphonic acid groups in fixed positions with 
respect to each other and hence produces a relatively rigid structure. As 
observed in the nmr spectra of CDTMPHg (Section 4.2.2) the rigidity of the 
molecule of CDTMPHg seems to be retained in solution. This feature of the 
structure can then be used to plausibly assign the protonation scheme of 
CDTMPHg (Section 4.5) and may also affect the stability of any metal complexes 
form (Section 5.2).
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".J.J Interaolecular hydrogen bonding interactions

There are a number of strong hydrogen bonding interactions between plK>sphonate 
oxygen atoms and the molecule of water in CDTMPît (Table 7.3.4).

The way in which a strong intermolecular hydrogen bond between a protonated 
phosphonate oxygen atom and a phosphonate oxygen atom of a molecule related 
by an inversion centre, H(3oa).. .0( Ic) ' = 1.36 A forms a bridged dimer is 
shown in Figure 7.3.3 (a).

Table 7.3.4 Intermolecular hydrogen bonding interactions for CDTMPHJ.H2O/ A.

H(3oa)...0(lc)^ = 1.36 H(loa).. .0(ld)^ = 1.25
H(lwb)...0(lb)^ = 1.74 H(3ob)...0(2a)= = 1.58

H(3oc)...0(lb)^ = 1.47

-1-x, -y, -1-z.  ̂-X, -0.5+y, -1.5-z.  ̂-x, 0.5+y, -0.5-z. -1+x, y,

.N__

PPA
POjHj

Figure 7.3.3 (a) Intermolecular hydrogen bonding in CDTMPHg: molecules of
CDTMPHj forming a bridged dimer through hydrogen bonding between 
the protonated phosphonate oxygen atom 0(3a) and a phosphonate 
oxygen atom 0(lc)' of an adjacent molecule across an inversion 
centre.
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A further four strong intermolecular hydrogen bonds were found between three 
protonated phosphonate oxygen atoms and phosphonate oxygen atoms of molecules 
related by the 2. screw axes (Table 7.3.4). One intermolecular hydrogen bond 
involves the proton on the water molecule H(Iwb) and an unprotonated 
phosphonate oxygen atom of a molecule related by the 2, screw axes. These 
hydrogen bonding interactions of molecules related by the 2, screw axes are 
shown in Figure 7.3.3 (b).

.PpjH,

Pp,H,
PpjH,

Figure 7.3.3 (b) Intermolecular hydrogen bonding in CiyiWPHj: molecules
of CDTMPHj forming long spiral chains held together by hydrogen 
bonding interactions.
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These hydrogen bonding interactions link each helical chain to a parallel 
chain on either side, so that a two-dimensional hydrogen bonded 'sheet' is 
present. Hydrogen bonding interactions also link the helical chains in the 
hydrogen bonded 'sheet' to other 'sheets' above and below it, so that .a three- 
dimensional network of hydrogen bonding is present in the solid state."

7.3.4 Conformation of the cyclohexyl ring in CDTMPHt.H'C

Evaluation of the conformation of saturated rings can be made from a 
mathematical combination of the torsion angles. This analysis is b2ised upon 
consideration of the approximate sjnnmetry possessed by most rings. The% 4
conformation of a ring is conveniently characterised by the torsion angles.^* 
There are two tjT>es of sjTnmetry that need to be considered in order to define 
conformation, the mirror planes perpendicular to the dominant ring and the 
twofold axes lying in the ring. The location of symmetry in a ring depends 
upon the number of atoms comprising that ring. In rings containing an even 
number of atoms, symmetry elements may pass through two ring atoms located 
directly across the ring from each or bisect two opposite ring bonds (Figure
7.3.4). 31

(m - 2) (m - 2)

(m -  3) (m -  3)
Figure 7.3.4 The signs of the torsion angles in six-membered rings describe 

the symmetrical positions of atoms related by the S3nnmetry 
operation. Torsion angles of atoms sequence related by mirrors
(___), have opposite signs, wherects torsion angles of atomic
sequences related by rotations (----) have the same signs.'’
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Six-membered, saturated rings possess twelve potential symmetry elements that 
must be considered in order to determine the ring’s conformation (Figure
7.3.5).

41
The asymmetry parameters defined by Duax ei precisely define the 
conformation of any ring relative to ideal conformations (chair, boat, etc.) 
and relative to any other ring of similar compositions. The asymmetry 
parameters of non-ideal systems measure the degree of departure from ideal 
symmetry (i.e. asymmetry) at any of the possible symmetry locations. Related 
torsion angles are compared in a way that will result in a value of zero if 
the symmetry in question is present.

pii

chair

twist-boat

w
boat

sofa

haif-ehair

Figure 7.3.5 The most commonly observed conformations of saturated six- 
membered rings. The mirror (....) and twofold (-----)3'rotational symmetries are also shown. *
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Mirror-related torsion angles are inversely related (same magnitude, opposite 
signs) and are compared by addition. The root-mean-square calculation of 
these individual values then yields a measure of the ring deviation from ideal 
symmetry at the symmetry location in question:

AC. =
( f  (0i + el)’)i ■ 1 Equation 7.3.1

m

where m is the number of individual comparisons and 9- and 0: are the sjTnmetry- 
related torsion angles. Equation 7.3.1 is used to calculate mirror-plane 
asymmetry parameters (AC^), the units of which are degrees. The asymmetry 
parameters of six-membered rings are useful in detecting the nature of 
distortions brought about by ring junction and subsitutents strains. In a 
perfectly symmetric saturated ring in the chair conformation, six asjrmmetry 
parameters would have a magnitude of zero. ‘

Calculation of the asymmetry paran«ters for CDTMPI^ (Figure 7.3.6) using 
Equation 7.3.1, confirmed the deviation of the cyclohexyl ring from the ideal 
chair conformation (Table 7.3.5). At carbon 2 [ACj(2)], there is excellent 
mirror symmetry [AC,(2) = 0.7]. The remaining carbons in the cyclohexyl ring 
show deviation from the symmetry expected for the chair conformation.

Figure 7.3.6 The nomenclature used for defining the location of asymmetry 
parameters in the cyclohexyl ring of C D T M P H g . a o .  The torsion 
angles and S3nnmetry axes (--- ) are also shown.
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Table 7.3.5 Calculated asymmetry parameters (*) for the cyclohexyl ring in
. E , 0 .

A C j d )  =  2 . 4 0 A C . ( 4 )  =  2 . 4 0

A C 3 ( 2 )  =  0 . 6 7 A C . ( 5 )  =  0 . 6 7

A C . ( 3 )  =  3 . 0 5 A C , ( 6 )  =  3 . 0 5

The strain in the cyclohexyl ring can also be seen from the values obtained 
for the torsion angles (Table 7.3.6). Comparing the mirror sjnnmetries 
obtained for CDTMPH.HnO with those observed in the commonly observedw •
conformations (Figure 7.3.5), it can been seen that the conformation of the 
cyclohexyl ring in CDTMPH, deviates from the ideal chair towards the ’’sofa" 
conformation, which only has one mirror symmetry. It is clearly seen from the 
torsion euigles the two eingles with values of 60 * are at the apex of the 
cyclohexyl ring that points above the plane of the ring. The remaining angles 
(57 •) form the flattened plane of the ring (Figure 7.3.7).

Table 7.3.6 Values of the torsion angles (r) in the cyclohexyl ring of 
CDTMPHg.H^O.

Angle Angle T/-
C6-C1-C2-C3 -60.92 C2-C3-C4-C5 -57.62
C2-C1-C6-C5 58.61 C3-C4-C5-C6 56.73
C1-C2-C3-C4 60.47 C4-C5-C6-C1 -57.12

N(2)

H(2)

3 4

N(2)

N(1)
T 6

Figure 7.3.7 Schematic diagram of the "sofa" conformation of the cyclohexyl 
ring in CDTMPHj.HjO.

-271-



The mirror symmetry of the cyclohexyl ring is through the carbons numbered 
C(2) and C(5).

Again distortion is observed at the euigles relating to the nitrogens attached 
to the methylene carbons of the cyclohexyl ring, i.e. N-C-C angles. The 
carbon, C(2), which lies along the mirror symmetry and is attached to the 
nitrogen N(2), has an almost prefect tetrahedral angle [N(2)-C(2)-C(l) =
109.4 •]. However, at the other carbon (Cl) attached to the nitrogen (Nl), 
the angle is greater than the 109.4 * [N(l)-C(l)-C(3) = 110.7 *].

Table 7.3.7 Angles (*) involving the chiral carbon atoms C(l) and C(2).

C(2)-C(l)-N(l) = 110.7 
C(6)-C(l)-C(2) = 108.3 
C(6)-C(l)-N(l) = 115.1

C(3)-C(2)-C(l) = 110.9 
C(3)-C(2)-N(2) = 113.2 
C(l)-C(2)-N(2) = 109.4

7.3.5 The configuration of the substituent groups

In the solid state structure of the straight chain analog, EDTMPHj, the 
aminomethylenephosphonate groups are almost at right angles to each other 
(86*) along the N-C-C-N backbone and they are also in a gauche (skew) 
conformation to each other [Figure 7.3.8 (b)].^^ This may meocimise the charge 
separation between the ligating groups as suggested by Hancock et al.'32

Differences in the torsion angles between the substituent groups (N-C-C-N) 
were observed for both CDTMPHg.H20 and its carboxylate analog, CDTAH^.HjO.^^ The 
torsion angle (N-C-C-N) for CDTAH^.HjO, is slightly greater than the idealised 
gauche conformation of 60* (63.50*).^^ However, in the case of CDTMPI^.H20, the 
N-C-C-N torsion angle is much less them the idealised angle of 60* (46.52*), 
which was not expected. The bulky aminomethylenephosphonate groups seem to 
lie closer together, probably held together by the strong intramolecular 
hydrogen bonding between the phosphonate oxygens (Section 7.3.2).

This apparent flexibility of the substituent groups in EDIMPHg (i.e. the large 
torsion angle) may explain the greater thermodynamic stability of the metal 
complexes formed compared with those formed with CDTMPHg (Section 5.2). 
Therefore, the N-C-C-N torsion angles of the ligating groups may greatly 
affect the stability of any metal complexes with CDTMPI^ formed in aqueous
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solution (Section 5.2).

If the N-C-C-N angle is too large (i.e. greater than 90 *) and there is 
naxiiBui charge separation between the substituents as in EDTAI^y then energy 
is required to reorganised the ligating groups to the correct orientation for 
coBplexation. If the N-C-C-N angle is too small, as in CWMPHg (46 *) then 
energy mist again be expended to reorganised the substituents and break any 
strong hydrogen bonds present.

(b )

K D

H(CS)

H(C6)1

(c)

H(l)

C(9.
N(9

4»«2

C»)
N(l)

HCO

Figure 7.3.8 Newman projections for (a) CDTAi^.H^O, along bonds C(9)-C(14);
(b) EinMFHj.HjO, along bonds C(5)-C(6); (c) along
bonds C(l)-C(2).

-273-



7.4 References

14.

17,

18.

19.

C. V. Banks and R. E. Yerick, Anal. Chim. Acta., 1959, 20, 301.
M. I. Kabachnik, T. Ya. Medved’, N. M. Dyatlova, 0. G. Arkhipova and M. 
V. Rudomino, Russ. Chem. Revs., 1968, 37, 503.
S. Westerback, I. Murase and A. E. Martel 1, Inorg. Nucí. Cheta. Lett., 
1971, 7, 1103.
R. J. Motekaitis, I. Murase and A. E. Martel 1, Inorg. Chem., 1976, 15, 
2303.
K. Sawada, T. Araki and T. Suzuki, Inorg. Chem., 1987, 26, 1199.
P. Fenot, J. Darriet, C. Garrigou-Lagrange and A. Cassaigne, J. Mol. 
Struct., 1978, 43, 49.
Y. Ortiz-Avila, P. R. Rudolf and A. Clearfield, J. Coord. Chem., 1989, 
20, 109.
M. I. Kabachnik, M. Yu. Antipin, B. K. Shcherbakov, A. P. Baranov, Yu.
T. Struchkov, T. Ya. Medved’ and Yu. M. Polikarpov, Koord. Khim., 1988, 
14, 536.
L. M. Shkol’nikova, A. L. Poznyak, V. K. Bel’skii, M. V. Rudonino and N.
M. Dyatlova, Koord. Khim., 1986, 12, 981.
N. Choi, I. Khan, R. W. Matthews, M. McPartlin and B. P. Murphy, 
Polyhedron, 1994, 13, 847.
I. Lukes, Z. Kvaca and I. Dominak, Collect. Czech. Chem. Camun., 1988, 
53, 987.
Y. Okaya, Acta. Cryst., 1966, 20, 712.
L. M. Shkol’nikova, G. V. Polyanchuk, V. E. Zavodnik, M. V. Rudonino, S.
A. Pisareva, N. M. Dyatlova, B. V. Zhadanov and I. A. Polyakova, Zh. 
Strukt. Khim., 1987 , 28, 124.
S. Kulpe, I. Seidel and K. Szulzewsky, Crys. Res. Technol., 1984, 19, 
669.
Z. Galdecki and W. M. Wolf, Acta. Cryst., 1990, C46, 271.
I. Lazar, D. C. Hmcir, W.-D. Kim, G. E. Kiefer and A. D. Sherry, Inorg. 
Chem., 1992, 31, 4422.
B. I. Makaranets, T. N. Polynova, V. K. Bel’skii, S. A. li’ichev and M. 
A. Porai-Koshits, Zh. Strukt. Khim., 1985, 26, 131.
L. M. Shkol’nikova, G. V. Polyanchuk, N. M. Dyatlova, I. B. Geryunova and
M. I. Kabachnik, Izv. Akad. Nauk SSSR, Ser. Khim., 1985, 5, 1035.
M. Darriet, J. Darriet, A. Cassigne and E. Neuzil, Acta. Cryst., 1975, 
B31, 469.

-274-



20. J. J. Daly and P. J. Wheatley, J. Chem, Soc, (A)<> 1967, 212.
21. G. V. Polyanchuk, L. M. Shkol’nikova, M. V. Rudomino, N. M. Dyatlova and 

S. S. Makarevich, Zh, Strukt. Khim.<, 1985, 26, 109.
22. W. Clegg, P. B. Iveson and J. C. Lockhart, J. Chem. Soc., Dalton Trans., 

1992, 3291.
23. K. Moedritzer and R. R. Irani, J. Org. Chem., 1966, 31, 1603.
24. I. J. Scowen, Ph. D. Thesis, University of North London, 1993.
25. I. D. C. Hales, B.Sc. Project, University of North London, 1992.
26. M. K. Cooper, P. J. Guemey and M. McPartlin, J. Chem. Soc., Dalton 

Trans., 1982, 757.
27. N. Y. Choi, unpublished results. M. McPartlin, personal communication.
28. E. L. Eliel, N. L. Allinger, S. J. Angyual and G. A. Morrison, 

Conformational Analysis, Interscience Publishers, New York, 1967.
29. L. M. Shkol’nikova, G. V. Polyanchuk, N. M. Dyatlova, M. A. Porai-Koshits 

and V. G. Yashunskii, Zh. Strukt. Khim., 1983, 24, 92.
30. L. M. Shkol’nikova, G. V. Polyanchuk, N. M. Dyatlova and I. A. Polyakova, 

Zh. Strukt. Khim., 1984, 25, 103.
31. W. L. Duax, C. M. Weeks and R. C. Roher, Topics in Stereochemistry, 1976, 

9, 271.
32. R. D. Hancock and A. E. Martell, Chem. Rev., 1989, 89, 1875.

-275-



^)peiidix 1

Table  1 Fractional atomic coordinates and thermal parameters (Â ) for DEAMPH2.

Atom X y z Uiso or Ueq
P 0.11879(15) 0.96233(9) 0.33597(13) 0.0346(6)
0(1) 0.1597(4) 0.8856(3) 0.2215(3) 0.045(2)
0(2) -0.0847(4) 0.9866(3) 0.3050(3) 0.045(2)
0(3) 0.1984(4) 0.9203(3) 0.4925(3) 0.048(2)
C(l) 0.2283(5) 1.1041(3) 0.3375(4) 0.033(2)
N(l) 0.1994(4) 1.1734(3) 0.1995(4) 0.033(2)
C(21) 0.0068(6) 1.2024(5) 0.1301(5) 0.045(3)
C(31) 0.2837(6) 1.1203(4) 0.0875(5) 0.048(3)
C(32) 0.4834(7) 1.1201(5) 0.1401(7) 0.070(4)
C(22) -0.0724(6) 1.2744(5) 0.2331(6) 0.062(3)
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Table 2 Fractional atomic coordinates for the hydrogen atoms for DEAMPH2.

Atom X y z

H(la) 0.371(1) 1.089(1) 0.377(1) 0.08
H(lb) 0.184(1) 1.159(1) 0.415(1) 0.08
H(21a) -0.003(1) 1.252(1) 0.031(1) 0.08
H(21b) -0.069(1) 1.122(1) 0.103(1) 0.08
H(31a) 0.244(1) 1.171(1) -0.013(1) 0.08
H(31b) 0.237(1) 1.031(1) 0.066(1) 0.08
H(32a) 0.539(1) 1.082(1) 0.057(1) 0.08
H(32b) 0.525(1) 1.069(1) 0.240(1) 0.08
H(32c) 0.532(1) 1.209(1) 0.161(1) 0.08
H(22a) -0.212(1) 1.294(1) 0.180(1) 0.08
H(22b) 0.002(1) 1.355(1) 0.260(1) 0.08
H(22c) -0.064(1) 1.225(1) 0.332(1) 0.08
H(nl) 0.267(7) 1.244(5) 0.236(6) 0.08
H(o2) -0.151(6) 1.038(5) 0.392(6) 0.08
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Table 3 Anisotropic thermal parameters (Â ) for DEAMFH2.

Atom
U12

0 .001 ( 1 )

0(1)
0.003(1)

0 ( 2 )

-0.002(1)
0(3)

0.013(2)
C(l)

0 . 001( 2 )

N(l)
-0.001(2) 

C(21)
0.005(2) 

C(31)
-0.008(2) 

C(32)
0.010(3) 

C(22)
0.016(2)

Ull U22 U33 U23 U13

0.037(1) 0.032(1) 0.035(1) 0.001(1) 0.010(1)

0.057(2) 0.036(2) 0.041(2) -0.004(1) 0.018(1)

0.033(2) 0.052(2) 0.049(2) -0.001(2) 0.014(1)

0.058(2) 0.048(2) 0.038(2) 0.014(1) 0.015(1)

0.036(2) 0.037(2) 0.025(2) 0.002(2) 0.001(2)

0.035(2) 0.037(2) 0.028(2) -0.003(2) 0.004(1)

0.028(2) 0.061(3) 0.046(3) 0.015(2) -0.004(2)
1
0.056(3)
i

0.047(3) 0.042(3) -0.009(2) 0.020(2)
1
0.058(3)
1

0.070(4) 0.082(4) -0.004(3) 0.035(3)
1
0.046(3) 0.058(3) 0.081(4) 0.013(3) 0.022(3)
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Table 4 Bond lengths (A) for D£AMFH2<

P -0(1) 1.487(3) p -0(2) 1.543(3)
P -0(3) 1.520(3) p -C(l) 1.821(4)
C(l) -N(l) 1.489(5) N(l) -C(21) 1.493(5)
N(l) -C(31) 1.506(5) C(21) -C(22) 1.517(7)
C(31) -C(32) 1.488(7)
0(2) -H(o2) 1.23(6) C(l) -H(la) 1.080(1)
C(l) -H(lb) 1.080(1) N(l) -H(nl) 0.97(6)
C(21) -H(21a) 1.080(1) C(21) -H(21b) 1.080(1)
C(31) -H(31a) 1.080(1) C(31) -H(31b) 1.080(1)
C(32) -H(32a) 1.080(1) C(32) -4J(32b) 1.080(1)
C(32) -H(32c) 1.080(1) C(22) -H(22a) 1.080(1)
C(22) -H(22b) 1.080(1) C(22) -H(22c) 1.080(1)
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Table 5 Bond angles (*) for DEAMFH2.

0(2) -P 
0(3) -P 
C(l) -P 
N(l) -C(l) 
C(31) -N(l) 
C(22) -C(21) 
H(o2) -0(2) 
H(lb) -C(l) 
N(l) -C(l) 
H(nl) -N(l) 
H(nl) -N(l) 
H(21b)-C(21) 
C(22) -C(21) 
H(31a)-C(31) 
H(31b)-C(31) 
C(32) -C(31) 
H(32b)-C(32) 
H(32c)-C(32) 
H(32c)-C(32) 
H(22b)-C(22) 
H(22c)-C(22) 
H(22c)-C(22)

-0(1) 111.6(2) 0(3) -P -0(1) 114.3(2)
-0(2) 111.7(2) C(l) -P -0(1) 109.9(2)
-0(2) 106.8(2) C(l) -P -0(3) 101.8(2)
-P 120.1(3) C(21) -N(l) -C(l) 113.7(3)
-C(l) 114.0(3) C(31) -N(l) -C(21) 110.2(3)
-N(l) 111.1(4) C(32) -C(31) -N(l) 111.5(4)
-P 123(2) H(la) -C(l) -P 106.8(1)
-P 106.7(1) H(lb) -C(l) -H(la) 109.5(1)
-(Hla) 106.9(2) N(l) -C(l) -H(lb) 106.6(2)
-C(l) 101(3) H(nl) -N(l) -C(21) 110(3)
-C(31) 107(3) H(21a)-C(21) -N(l) 109.0(2)
-N(l) 109.1(2) H(21b)-C(21) -H(21a) 109.5(1)
-H(21a) 109.0(3) C(22)- C(21) -H(21b) 109.0(3)
-N(l) 108.9(2) H(31b)-C(31) -N(l) 109.1(2)
-H(31a) 109.5(1) C(32) -C(31) -H(31a) 108.9(3)
-H(31b) 109.0(3) H(32a)-C(32) -C(31) 109.3(3)
-C(31) 109.5(3) H(32b)-C(32) -H(32a) 109.5(1)
-C(31) 109.6(3) H(32c)-C(32) -H(32a) 109.5(1)
-H(32b) 109.5(1) H(22a)-C(22) -C(21) 109.5(2)
-C(21) 109.5(3) H(22b)-C(22) -H(22a) 109.5(1)
-C(21) 109.5(3) H(22c)-C(22) -H(22a) 109.5(1)
-H(22b) 109.5(1)
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Table 6 Intermolecular distances (A) for DEAMPH2.

Atoml
P
0(2) . 
0(3) .
H(o2) . 
N(l) . 
H(32c). 
H(nl).. 
C(21) . 
H(21a). 
H(21b). 
C(l) . 
N(l) . 
C(21) . 
H(32c). 
C(22) . 
H(22b). 
H(nl).. 
0(3) .. 
H(o2).. 
H(22a). 
H(32b). 
H(22c). 
H(o2).. 
H(31a). 
H(21a). 
H(22a). 
H(32a). 
C(22) .

s A B C
-1 0.0 2.0 1.0
-1 0.0 2.0 1.0
-1 0.0 2.0 1.0
-1 0.0 2.0 1.0
-2 1.0 1.0 1.0
-2 1.0 1.0 1.0
-2 1.0 1.0 1.0
-1 0.0 2.0 0.0
-1 0.0 2.0 0.0
-1 0.0 2.0 0.0
-2 1.0 1.0 1.0
-2 1.0 1.0 1.0
-2 1.0 1.0 1.0
-2 1.0 1.0 1.0
-2 1.0 1.0 1.0
-2 1.0 1.0 1.0
-2 1.0 1.0 1.0
-1 0.0 2.0 1.0
-1 0.0 2.0 1.0
-2 0.0 1.0 1.0
-1 1.0 2.0 1.0
-1 0.0 2.0 1.0
-1 0.0 2.0 1.0
-2 1.0 1.0 1.0
2 -1.0 2.0 -1.0
1 -1.0 0.0 0.0

-1 1.0 2.0 0.0
1 -1.0 0.0 0.0

Symmetry Transformations:

Where S =

The second atom is related to 
the first atom, at (x,y,z), by the 
symmetry operation S with (A,B,C) 
added to the (x’,y’,z’) of S.

X, y, z 
0.5+x, 0.5-y, 0.5+z
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Table 7 Intramolecular distances (A) for DEAMPHj.

H(la) .. .P 2.37 H(lb) ...P 2.37
N(l) .. .P 2.87 C(21) ...P 3.33
H(21b). ..P 2.92 C(31) ...P 3.45
H(31b). . .P 3.03 H(22c)...P 3.31
H(o2).. .P 2.44 0(2) ...0(1) 2.51
0(3) ...0(1) 2.53 C(l) ...0(1) 2.71
H(la) ...0(1) 2.99 N(l) ...0(1) 3.31
C(31) ...0(1) 3.21 H(31b)...0(l) 2.39
0(3) ...0(2) 2.54 C(l) ...0(2) 2.70
H(lb) ...0(2) 2.84 C(21) ...0(2) 3.14
H(21b). ..0(2) 2.48 C(22) ...0(2) 3.36
H(22c). ..0(2) 2.73 C(l) ...0(3) 2.60
H(la) ...0(3) 2.72 H(lb) ...0(3) 2.81
H(o2) ...0(3) 2.94 C(21) ...C(l) 2.50
H(21b). ..C(l) 2.74 C(31) ...C(l) 2.51
H(31b). ..c(i) 2.71 C(32) ...C(l) 3.05
H(32b). ..C(l) 2.71 C(22) ...C(l) 2.98
H(22c). ..C(l) 2.63 H(nl)...C(l) 1.92
N(l) ...H(la) 2.08 C(31) ...H(la) 2.66
C(32) ...H(la) 2.63 N(l) ...H(lb) 2.07
C(21) ...H(lb) 2.72 C(22) ...H(lb) 2.61
H(21a). ..N(l) 2.11 H(21b)...N(l) 2.11
H(31a). ..N(l) 2.12 H(31b)...N(l) 2.12
C(32) ...N(l) 2.47 H(32b)...N(l) 2.71
H(32c). ..N(l) 2.71 C(22) ...N(l) 2.48
H(22b). ..N(l) 2.72 H(22c)...N(l) 2.72
C(31) ...C(21) 2.46 H(31a)...C(21) 2.57
H(31b). ..C(21) 2.81 H(22a)...C(21) 2.14
H(22b). ..C(21) 2.14 H(22c)...C(21) 2.14
H(nl) ...C(21) 2.04 C(31) ...H(21a) 2.61
C(22) ...H(21a) 2.13 C(31) ...H(21b) 2.76
C(22) ...H(21b) 2.13 H(32a)...C(31) 2.11
H(32b). ..C(31) 2.11 H(32c)...C(31) 2.11
H(nl) ...C(31) 2.02 C(32) ...H(31a) 2.10
C(32) . 
H(nl) .

..H(31b)

..C(22)
2.10
2.63

H(nl) ...C(32) 2.53
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^ipendix 2

Table 1 Fractional atomic coordinates and thermal parameters (A) for 
C m M P H g .H jO .

Atom X y z Uiso or Ueq
P(la) -0.20043(11) -0.09241(11) -0.43235(6) 0.0265(6)
0(la) -0.0665(3) -0.1286(3) -0.4383(2) 0.044(2)
0(2a) -0.2238(3) -0.1275(3) -0.3598(2) 0.032(2)
0(3a) -0.3028(3) -0.1534(3) -0.4978(2) 0.039(2)
P(lb) 0.09507(10) 0.13967(10) -0.28649(6) 0.0222(5)
0(lb) 0.2341(2) 0.1501(3) -0.2906(2) 0.031(2)
0(2b) 0.0650(3) 0.0130(3) -0.2571(2) 0.029(2)
0(3b) 0.0597(2) 0.2487(3) -0.2410(1) 0.029(1)
P(lc) -0.51139(10) 0.00206(11) -0.34561(6) 0.0229(5)
0(lc) -0.5076(3) 0.0362(3) -0.4217(1) 0.029(2)
0(2c) -0.4358(3) -0.1219(3) -0.3189(2) 0.040(2)
0(3c) -0.6455(3) -0.0178(3) -0.3342(2) 0.033(2)
P(ld) -0.15159(10) 0.10883(10) -0.15018(6) 0.0235(5)
Odd) -0.0507(3) 0.1720(3) -0.0917(2) 0.041(2)
0(2d) -0.1071(3) 0.0020(3) -0.1909(2) 0.041(2)
0(3d) -0.2624(3) 0.0572(3) -0.1192(2) 0.033(2)
N(l) -0.1471(3) 0.1505(3) -0.3833(2) 0.022(2)
N(2) -0.3070(3) 0.1742(3) -0.2887(2) 0.019(2)
C(la) -0.2187(4) 0.0768(4) -0.4481(2) 0.026(2)
C(lb) -0.0060(4) 0.1591(4) -0.3786(2) 0.028(2)
C(lc) -0.4361(3) 0.1253(4) -0.2810(2) 0.027(2)
C(ld) -0.2277(4) 0.2289(4) -0.2170(2) 0.023(2)
C(l) -0.2021(4) 0.2781(4) -0.3768(2) 0.021(2)
C(2) -0.3271(3) 0.2673(4) -0.3531(2) 0.020(2)
C(3) -0.3736(4) 0.3977(4) -0.3359(2) 0.026(2)
C(4) -0.3993(4) 0.4797(4) -0.4053(2) 0.035(3)
C(5) -0.2785(4) 0.4909(4) -0.4327(2) 0.036(3)
C(6) -0.2295(4) 0.3601(4) -0.4471(2) 0.032(2)
0(lw) -0.3006(3) -0.1803(3) -0.1127(2) 0.049(2)

- 8-



Table 2 Fractional atomic coordinates (A) for the hydrogen atoms for 
CDTMPHg.HjO.

Atom X y z

H(lal) -0.321(1) 0.101(1) -0.461(1) 0.08
H(la2) -0.182(1) 0.102(1) -0.495(1) 0.08
H(lbl) 0.018(1) 0.086(1) -0.413(1) 0.08
H(lb2) 0.013(1) 0.251(1) -0.399(1) 0.08
H(lcl) -0.421(1) 0.088(1) -0.226(1) 0.08
H(lc2) -0.503(1) 0.205(1) -0.289(1) 0.08
H(ldl) -0.152(1) 0.288(1) -0.228(1) 0.08
H(ld2) -0.290(1) 0.286(1) -0.193(1) 0.08
H(l) -0.127(1) 0.326(1) -0.336(1) 0.08
H(2) -0.404(1) 0.229(1) -0.398(1) 0.08
H(3a) -0.462(1) 0.388(1) -0.319(1) 0.08
H(3b) -0.300(1) 0.442(1) -0.292(1) 0.08
H(4a) -0.428(1) 0.574(1) -0.393(1) 0.08
H(4b) -0.476(1) 0.437(1) -0.448(1) 0.08
H(5a) -0.301(1) 0.545(1) -0.483(1) 0.08
H(5b) -0.203(1) 0.539(1) -0.391(1) 0.08
H(6a) -0.302(1) 0.314(1) -0.491(1) 0.08
H(6b) -0.141(1) 0.370(1) -0.464(1) 0.08
H(2n) -0.254 0.098 -0.302 0.08
H( Iwa) -0.215 -0.156 -0.079 0.08*
H(lwb) -0.278 -0.234 -0.154 0.08
H(loa) -0.010 -0.226 -0.423 0.08
H(3oa) -0.398 -0.101 -0.529 0.08
H(3ob) 0.124 0.294 -0.202 0.08
H(2oc) -0.345 -0.132 -0.340 0.08
H(3oc) -0.678 0.064 -0.316 0.08
H(2od) -0.040 0.004 -0.221 0.08
H(3od) -0.272 -0.036 -0.116 0.08
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Table 3 Anisotropic thermal parameters (A) for CDlMPHg.H20.

Atom U11
U12

U22 U33 U23 U13

P(la) 0.028(1)
0.007(1)

0(la) 0.041(2)
0.019(2)

0(2a) 0.025(1)
0.005(1)

0(3a) 0.053(2)
0.009(1)

P(lb) 0.018(1)
0 . 002 ( 1 )

0(lb) 0.020(1)
-0.001(1)

0(2b) 0.028(1)
0.002(1)

0(3b) 0.022(1)
0 . 0 0 1 ( 1 )

P(lc) 0.022(1)
0 . 000 ( 1 )

0(lc) 0.026(1)
-0.003(1)

0(2c) 0.038(2)
0.013(1)

0(3c) 0.025(1)
-0.007(1)

P(ld) 0.027(1)
-0.004(1)

Odd) 0.051(2)
-0.018(2)

0(2d) 0.046(2)
0.006(1)

0(3d) 0.041(2)
-0.006(1)

N(l) 0.019(2)
0.003(1)
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[Table 3 continued]

N(2) 0.018(1) 
-0.001(1)

0.024(2) 0.015(2) 0.000(1) 0.005(1)

C(la) 0.028(2) 
0.006(2)

0.033(2) 0.015(2) -0.003(2) 0.004(2)

C(lb) 0.022(2) 
0.005(2)

0.037(2) 0.026(2) 0.000(2) 0.008(2)

C(lc) 0.021(2) 
-0.005(2)

0.038(3) 0.022(2) 0.002(2) 0.008(2)

C(ld) 0.025(2) 
-0.002(2)

0.025(2) 0.018(2) -0.001(2) 0.001(2)

C(l) 0.022(2) 
0.002(2)

0.022(2) 0.020(2) 0.003(2) 0.009(2)

C(2) 0.018(2) 
0.002(2)

0.026(2) 0.017(2) 0.000(2) 0.003(1)

C(3) 0.031(2) 
0.005(2)

0.023(2) 0.024(2) 0.001(2) 0.005(2)

C(4) 0.038(3) 
0.008(2)

0.031(3) 0.037(3) 0.009(2) 0.006(2)

C(5) 0.049(3) 
0.005(2)

0.026(2) 0.033(2) 0.013(2) 0.010(2)

C(6) 0.039(2) 
0.000(2)

0.031(2) 0.026(2) 0.008(2) 0.012(2)

0(lw) 0.059(2) 
-0.004(2)

0.030(2) 0.059(2) -0.003(2) 0.030(2)
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Table 4 Bond lengths (A) for CinMFHg.H20.

P(la) -O(la) 
P(la) -0(3a) 
P(lb) -O(lb) 
P(lb) -0(3b) 
P(lc) -O(lc) 
P(lc) -0(3c) 
P(ld) -O(ld) 
P(ld) -0(3d) 
N(l) -C(la) 
N(l) -C(l) 
N(2) -C(ld) 
C(l) -C(2) 
C(2) -C(3)
C(4) -C(5)
0(la) -H(loa) 
0(3a) -H(3oa) 
0(2b) -H(2od) 
0(2c) -H(2oc) 
0(2d) -H(2od) 
N(2) -H(2n)
C(la) -H(la2) 
C(lb) -H(lb2) 
C(lc) -H(lc2) 
C(ld) -H(ld2) 
C(2) -H(2)
C(3) -H(3b)
C(4) -H(4b)
C(5) -H(5b)
C(6) -H(6b)
0(lw) -H(lwb)

1.510(4)
1.548(3)
1.509(3)
1.536(3)
1.484(3)
1.516(3)
1.474(3)
1.547(4)
1.472(5)
1.482(5)
1.500(4)
1.517(6)
1.522(6)
1.513(7)
1.181(3)
1.162(3)
1.454(3)
1.149(3)
1.030(4)
1.046(3)
1.080(6)
1.080(6)
1.080(6)
1.080(6)
1.080(5)
1.080(5)
1.080(6)
1.080(6)
1.080(7)
1.043(4)

-0(2a)
-C(la)
-0(2b)
-C(lb)
-0(2c)
-C(lc)
-0(2d)
-C(ld)
-C(lb)
-C(lc)
-C(2)
-C(6)
-C(4)
-C(6)
-H(2oc)
-H(3oc)
-H(3ob)
-H(3oc)
-H(3od)
-H(lal)
-H( Ibl)
-H(lcl)
-H(ldl)
’H(l)
-H(3a)
-H(4a)
-H(5a)
-H(6a)
-H(lwa)

1.496(3)
1.806(4)
1.508(3)
1.788(4)
1.544(3)
1.809(4)
1.505(3)
1.811(4)
1.486(5)
1.512(5)
1.525(5)
1.537(6)
1.526(6)
1.521(7)
1.433(3)
1.466(3)
0.982(3)
1.023(3)
0.990(3)
1.080(6)
1.080(6)
1.080(6)
1.080(6)
1.080(5)
1.080(7)
1.080(7)
1.080(6)
1.080(6)
0.995(3)
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Table 5 Bond angles (*) for CDTMPHg.H20.

0(2a) -P(la) -O(la) 113.3(2) 0(3a) -P(la) -O(la) 108.5(2)
0(3a) -P(la) -0(2a) 111.6(2) C(la) -P(la) -O(la) 107.4(2)
C(la) -P(la) -0(2a) 110.8(2) C(la) -P(la) -0(3a) 104.8(2)
0(2b) -P(lb) -O(lb) 113.0(2) 0(3b) -P(lb) -O(lb) 111.4(2)
0(3b) -P(lb) -0(2b) 110.4(2) C(lb) -P(lb) -O(lb) 106.8(2)
C(lb) -P(lb) -0(2b) 108.8(2) C(lb) -P(lb) -0(3b) 106.2(2)
0(2c) -P(lc) -O(lc) 111.8(2) 0(3c) -P(lc) -O(lc) 116.0(2)
0(3c) -P(lc) -0(2c) 105.5(2) C(lc) -P(lc) -OUc) 110.5(2)
C(lc) -P(lc) -0(2c) 106.6(2) C(lc) -P(lc) -0(3c) 105.7(2)
0(2d) -P(ld) -O(ld) 116.7(2) 0(3d) -P(ld) -O(ld) 110.9(2)
0(3d) -P(ld) -0(2d) 107.7(2) C(ld) -P(ld) -Odd) 107.7(2)
C(ld) -P(ld) -0(2d) 108.2(2) C(ld) -P(ld) -0(3d) 105.0(2)
C(lb) -N(l) -C(la) 112.0(3) C(l) -N(l) -Cda) 114.5(3)
C(l) -N(l) -C(lb) 110.9(3) C(ld) -N(2) -Cdc) 110.7(3)
C(2) -N(2) -C(lc) 110.8(3) C(2) -N(2) -Odd) 113.1(3)
N(l) -C(la) -P(la) 111.9(3) N(l) -C(lb) -Pdb) 112.9(3)
N(2) -C(lc) -P(lc) 115.6(3) N(2) -C(ld) -Pdd) 113.3(3)
C(2) -C(l) -N(l) 110.7(3) C(6) -C(l) -Nd) 115.1(3)
C(6) -C(l) -C(2) 108.3(3) C(l) -C(2) -N(2) 109.4(3)
C(3) -C(2) -N{2) 113.2(3) C(3) -C(2) -Cd) 110.9(3)
C(4) -C(3) -C(2) 108.7(4) C(5) -C(4) -C(3) 111.1(4)
C(6) -C(5) -C(4) 110.7(4) C(5) -C(6) -Cd) 110.5(4)
H(loa)-0(la) -PUa) 129.0(3) H(2oc)-O(2a) -Pda) 128.3(2)
H(3oa)-0(3a) -P(la) 122.6(2) H(3oc)-O(lb) -Pdb) 133.7(2)
H(2od)-O(2b) -P(lb) 119.6(2) H(3ob)-0(3b) -Pdb) 123.4(2)
H(2oc)-O(2c) -P(lc) 112.4(2) H(3oc)-O(3c) -Pdc) 110.6(2)
H(2od)-0(2d) -P(ld) 129.1(3) H(3od)-O(3d) -Pdd) 118.4(3)
H(2n) -N(2) -C(lc) 108.8(3) H(2n) -N(2) -cdd) 107.1(3)
H(2n) -N(2) -C(2) 106.1(3) Hdal)-C(la) -Pda) 108.9(4)
H(lal)-Cda) -N(l) 109.0(4) H(la2)-C(la) -Pda) 108.9(4)
H(la2)-C(la) -N(l) 108.7(4) H(la2)-C(la) -H(lal) 109.5(4)
H(lbl)-C(lb) -P(lb) 108.6(3) Hdbl)-C(lb) -Nd) 108.7(4)
H(lb2)-C(lb) -P(lb) 108.6(3) H(lb2)-C(lb) -Nd) 108.5(4)
H(lb2)-C(lb) -H(Ibl) 109.5(5) Hdcl)-C(lc) -Pdc) 108.0(4)
H(lcl)-Cdc) -N(2) 107.9(3) H(lc2)-C(lc) -Pdc) 107.9(3)
H(lc2)-C(lc) -N(2) 107.9(4) H(lc2)-C(lc) -H(lcl) 109.5(5)
Hddl)-C(ld) -P(ld) 108.5(3) Hddl)-C(ld) -N(2) 108.4(4)
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[Table 5 continued]

H(ld2)-C(ld) -P(ld) 108.6(3) H(ld2)-C(ld) -N(2) 108.6(3)
H(ld2)-C(ld) -H(ldl) 109.5(5) H(l) -C(l) -N(l) 104.3(3)
C(2) -C(l) -H(l) 111.9(4) C(6) -C(l) -H(l) 106.4(4)
H(2) -C(2) -N(2) 107.2(4) H(2) -C(2) -C(l) 110.1(4)
C(3) -C(2) -H(2) 106.0(4) H(3a) -C(3) -C(2) 109.8(4)
H(3b) -C(3) -C(2) 109.5(4) H(3b) -C(3) -H(3a) 109.5(5)
C(4) -C(3) -H(3a) 109.6(4) C(4) -C(3) -H(3b) 109.8(4)
H(4a) -C(4) -C(3) 109.0(5) H(4b) -C(4) -C(3) 109.2(5)
H(4b) -C(4) -H(4a) 109.5(5) C(5) -C(4) -H(4a) 109.0(5)
C(5) -C(4) -H(4b) 109.1(5) H(5a) -C(5) -C(4) 109.2(5)
H(5b) -C(5) -C(4) 109.2(5) H(5b) -C(5) -H(5a) 109.5(5)
C(6) -C(5) -H(5a) 109.3(5) C(6) -C(5) -H(5b) 109.0(4)
H(6a) -C(6) -C(l) 109.3(4) H(6a) -C(6) -C(S) 109.1(4)
H(6b) -C(6) -C(l) 109.2(4) H(6b) -C(6) -C(5) 109.2(5)
H(6b) -C{6) -H(6a) 109.5(5) H(lwb)-0(lw) -H(lwa) 105.7(3)
0(2c) -H(2oc)-O(2a) 170.4(2) 0(3c) -H(3oc)-0(lb) 158.8(2)
0(2d) -H(2od)-O(2b) 173.2(2)
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Table 6 Internolecular distances (A) for CDlWPHg.HjO.

Atoml Atom2 Dist S A B c
0(lc) ....P(la) 3.60 -1 -1.0 0.0 -1;0
0(3b) ...P(la) 3.61 -2 0.0 1.0 0.0
Odd) ...P(la) 3.59 -2 0.0 1.0 0.0
H(3ob). ..P(la) 2.71 -2 0.0 1.0 0.0
P(ld) ...0(la) 3.70 -2 0.0 1.0 0.0
Odd) ...0(la) 2.43 -2 0.0 1.0 0.0
H(3ob). ..0(la) 2.97 -2 0.0 1.0 0.0
P(lb) ...0(2a) 3.66 -2 0.0 1.0 0.0
0(3b) ...0(2a) 2.56 -2 0.0 1.0 0.0
H(3ob). ..0(2a) 1.58 -2 0.0 1.0 0.0
P(lc) ...0(3a) 3.46 -1 -1.0 0.0 -1.0
0(lc) ...0(3a) 2.50 -1 -1.0 0.0 -1.0
0(lw) ...0(3a) 2.78 2 0.0 -1.0 0.0
H(lwa)...0(3a) 2.82 2 0.0 -1.0 0.0
0(3c) ...P(lb) 3.54 1 -1.0 0.0 0.0
H(3oc). ..P(lb) 2.73 1 -1.0 0.0 0.0
H(3b) ...P(lb) 3.09 -2 0.0 1.0 0.0
H(lwb). ..P(lb) 2.82 -2 0.0 0.0 0.0
P(lc) ...0(lb) 3.51 1 -1.0 0.0 0.0
0(3c) ...0(lb) 2.45 1 -1.0 0.0 0.0
H(lc2). ..0(lb) 2.86 1 -1.0 0.0 0.0
H(3b) ...0(lb) 2.67 -2 0.0 1.0 0.0
0(lw) ...0(lb) 2.77 -2 0.0 0.0 0.0
H(lwb). ..0(lb) 1.74 -2 0.0 0.0 0.0
0(3b) ...0(2b) 3.08 -2 0.0 1.0 0.0
H(ldl). ..0(2b) 2.58 -2 0.0 1.0 0.0
H(l) ...0(2b) 2.59 -2 0.0 1.0 0.0
H(3b) ...0(2b) 2.54 -2 0.0 1.0 0.0
H(5b) ...0(2b) 2.80 -2 0.0 1.0 0.0
0(2d) ...0(3b) 3.05 -2 0.0 0.0 0.0
H(2od). ..0(3b) 2.76 -2 0.0 0.0 0.0
H(3oa). ..P(lc) 2.52 -1 -1.0 0.0 -1.0
H(ld2). ..P(lc) 3.31 -2 -1.0 1.0 0.0
0(lc) ...0(lc) 3.08 -1 -1.0 0.0 -1.0
H(lal). ..0(lc) 2.86 -1 -1.0 0.0 -1.0
H(3oa).,..0(lc) 1.36 -1 -1.0 0.0 -1.0
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[Table 6 continued] 

H(lc2)...0(2c) 2.92 -2 -1.0 1.0 0.0
C(ld) ...0(3c) 3.25 -2 -1.0 1.0 0.0
H(ld2). ..0(3c) 2.27 -2 -1.0 1.0 0.0
C(3) ...0(3c) 3.27 -2 -1.0 1.0 0.0
H(3a) ...0(3c) 2.96 -2 -1.0 1.0 0.0
H(3b) .. .0(3c) 2.62 -2 -1.0 1.0 0.0
H(loa). ..P(ld) 2.57 _o 0.0 0.0 0.0
H(6b) ...0(ld) 2.85 o 0.0 0.0 -1.0
H(loa). ..O(ld) 1.25 -2 0.0 0.0 0.0
H(3ob). ..0(2d) 2.95 -2 0.0 1.0 0.0
H(5a) ...0(3d) 2.90 2 0.0 0.0 -1.0
C(6) ...0(3d) 3.28 2 0.0 0.0 -1.0
H(6a) ...0(3d) 2.90 2 0.0 0.0 -1.0
H(6b) ...0(3d) 2.96 2 0.0 0.0 -1.0
0(lw) ...H(lc2) 2.69 _o -1.0 0.0 0.0
0(lw) ...H(3a) 2.61 -2 -1.0 0.0 0.0
H(4b) ...C(4) 2.86 X -1.0 1.0 -1.0
C(5) ...H(4b) 3.05 -1 -1.0 1.0 -1.0
0(lw) ...H(5a) 2.82 2 0.0 0.0 0.0
H(3oc). ..0(lw) 2.98 -2 -1.0 1.0 0.0

Symmetry Transformations:

Where S =

The second atom is related to 
the first atom, at (x,y,z), by the 
symmetry operation S with (A,B,C) 
added to the (x’,y’,z’) of S.
X, y, z 
X, 0.5-y, 0.5+z

-16-



Table 7 Intramolecular distances (A) for CDTMPHJ.H2O.

0(lc)
N(l)

N(l) . 
H(lb2). 
H(l) . 
H(2od). 
0(3b) . 
H(lbl). 
H(3ob). 
P(ld) . 
N(l) . 
H(lbl). 
N(l) . 
H(lb2). 
H(ldl). 
H(l) . 
N(2) . 
H(lc2). 
H(2) . 
H(2oc). 
0(2c) . 
N(2) . 
H(lal). 
C(2) . 
H(3oa).

..P(la) 3.60 0(2c) ...P(la) 3.71
,.P(la) 2.72 H(lal). ..P(la) 2.38
..P(la) 2.38 C(lb) ...P(la) 3.35
..P(la) 2.94 H(2n) ...P(la) 3.33
..P(la) 2.43 H(3oa). ..P(la) 2.38
..P(la) 2.64 0(2a) ...0(la) 2.51
..0(la) 2.48 N(l) ...0(la) 3.30
..0(la) 2.68 H(la2). ..0(la) 2.79
..0(la) 3.23 H(lbl). ..0(la) 2.43
..0(2a) 2.52 P(lc) ...0(2a) 3.43
..0(2a) 2.57 N(l) ...0(2a) 3.10
..0(2a) 2.72 H(2n) ...0(2a) 2.66
..0(3a) 2.66 H(lal). ..0(3a) 2.78
..0(3a) 2.97 0(2d) ...P(lb) 3.47
..P(lb) 2.73 H(lbl). ..P(lb) 2.37
..P(lb) 2.37 C(l) ...P(lb) 3.49
..P(lb) 3.02 H(3ob). ..P(lb) 2.23
..P(lb) 2.56 0(2b) ...0(lb) 2.52
..0(lb) 2.52 C(lb) ...0(lb) 2.65
..0(lb) 2.87 H(lb2). ..0(lb) 2.87
..0(lb) 2.74 0(3b) ...0(2b) 2.50
..0(2b) 3.59 0(2d) ...0(2b) 2.48
..0(2b) 3.16 C(lb) ...0(2b) 2.68
..0(2b) 2.94 P(ld) ...0(3b) 3.49
..0(3b) 3.15 C(lb) ...0(3b) 2.66
..0(3b) 2.87 C(ld) ...0(3b) 3.22
..0(3b) 2.37 C(l) ...0(3b) 3.25
..0(3b) 2.43 H(2od). ..0(3b) 2.85
..P(lc) 2.82 H(lcl). ..P(lc) 2.38
..P(lc) 2.38 C(2) ...P(lc) 3.43
..P(lc) 2.93 H(2n) ...P(lc) 2.83
..P(lc) 2.25 H(3oc). ..P(lc) 2.11
..0(lc) 2.51 0(3c) ...0(lc) 2.55
..0(lc) 3.17 C(la) ...0(lc) 3.28
..0(lc) 2.39 C(lc) ., ..0(lc) 2.71
..0(lc) 3.15 H(2) .,..0(lc) 2.30
..0(lc) 2.96 H(2oc)....0(lc) 2.66
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[Table 7 continued]

0(3c) ...0(2c) 2.44 C(lc) ....0(2c) 2.69
H(lcl). ..0(2c) 2.79 H(2n) ....0(2c) 2.98
C(lc) ...0(3c) 2.66 H(lcl),...0(3c) 2.92
H(lc2). ..0(3c) 2.80 N(2) ...P(ld) 2.77
C(lc) ...P(ld) 3.36 H(lcl) ...P(ld) 2.85
H(ldl). ..P(ld) 2.38 H(ld2) ...P(ld) 2.39
0(lw) ...P(ld) 3.59 H(2n) ...P(ld) 2.77
H(Iwa)...P(ld) 3.24 H(2od) ...P(ld) 2.30
H(3od). ..P(ld) 2.20 0(2d) ...O(ld) 2.54
0(3d) ...O(ld) 2.49 C(ld) ...O(ld) 2.66
H(ldl). ..Odd) 2.78 0(3d) ...0(2d) 2.46
N(2) ...0(2d) 3.02 C(ld) ...0(2d) 2.69
H(2n) ...0(2d) 2.46 H(3od) ...0(2d) 2.56
N(2) ...0(3d) 3.33 C(lc) ...0(3d) 3.19
H(lcl). ..0(3d) 2.27 C(ld) ...0(3d) 2.67
H(ld2). ..0(3d) 2.76 0(lw) ...0(3d) 2.54
H(lwa)...0(3d) 2.37 N(2) ...N(l) 2.78
H(lal). ..N(l) 2.09 H(la2) ...N(l) 2.09
H(lbl). ..N(l) 2.10 H(lb2) ...N(l) 2.10
H(l) ...N(l) 2.04 C(2) ...N(l) 2.47
H(2) ...N(l) 2.80 C(6) ...N(l) 2.55
H(6a) ...N(l) 2.82 H(6b) ...N(l) 2.78
H(2n) ...N(l) 2.21 H(lcl) ...N(2) 2.11
H(lc2). ..N(2) 2.11 H(ldl) ...N(2) 2.11
H(ld2). ..N(2) 2.11 C(l) ...N(2) 2.48
H(l) ...N(2) 2.82 H(2) ...N(2) 2.11
C(3) ...N(2) 2.54 H(3a) ...N(2) 2.76
H(3b) ...N(2) 2.81 C(lb) ...C(la) 2.45
H(lbl). ..C(la) 2.43 H(lb2) ...C(la) 3.02
C(l) ...C(la) 2.48 C(2) ...C(la) 3.10
H(2) ...C(la) 2.89 C(6) ...C(la) 2.98
H(6a) ...C(la) 2.70 H(2n) ...C(la) 2.88
H(3oa). ..C(la) 2.81 C(l) ...H(lal) 2.55
C(2) ...H(lal) 2.68 C(6) ...H(lal) 2.88
C(lb) ., ..H(la2) 2.54 C(l) ...H(la2) 2.94
C(6) .,..H(la2) 2.95 C(l) ...C(lb) 2.44
H(l) ., ..C(lb) 2.44 C(6) ...C(lb) 3.19
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[Table 7 continued]

H(6b) ...C(lb) 2.89 C(l) ...H(lb2) 2.45
C(6) ...H(lb2) 2.75 C(ld) ...C(lc) 2.48
H(ld2) ...C(lc) 2.57 C(2) ...C(lc) 2.50
H(2) ...C(lc) 2.55 C(3) ...C(lc) 3.17
H(3a) ...C(lc) 2.85 H(2n) ...C(lc) 2.10
H(3oc) ...C(lc) 2.57 C(ld) ...H(lcl) 2.51
C(ld) ...H(lc2) 2.89 C(2) ...H(lc2) 2.57
C(3) ...H(lc2) 2.73 C(l) ...C(ld) 3.13
H(l) ...C(ld) 2.91 C(2) ...C(ld) 2.53
C(3) ...C(ld) 2.95 H(3b) ...C(ld) 2.64
H(2n) ...C(ld) 2.07 C(l) ...H(ldl) 2.70
C(2) ...H(ldl) 2.59 C(3) ...H(ldl) 2.90
C(2) ...H(ld2) 2.92 C(3) ...H(ld2) 2.84
H(2) 2.14 C(3) ...C(l) 2.50
H(3b) 2.73 C(4) ...C(l) 2.93
C(5) 2.51 H(5b) ...C(l) 2.76
H(6a) 2.15 H(6b) ...C(l) 2.15
H(2n) 2.51 C(2) ...H(l) 2.17
C(3) 2.74 C(5) ...H(l) 2.71
C(6) 2.11 H(3a) ...C(2) 2.14
H(3b) ...C(2) 2.14 C(4) ...C(2) 2.48
H(4b) ...C(2) 2.72 C(5) ...C(2) 2.91
C(6) ...C(2) 2.47 H(6a) ...C(2) 2.71
H(2n) ...C(2) 2.08 C(3) ...H(2) 2.10
C(4) ...H(2) 2.64 C(6) ...H(2) 2.67
H(4a) ...C(3) 2.14 H(4b) ...C(3) 2.14
C(5) ...C(3) 2.51 H(5b) ...C(3) 2.76
C(6) ...C(3) 2.93 C(4) ...H(3a) 2.14
C(4) ...H(3b) 2.15 C(5) ...H(3b) 2.76
H(5a) ...C(4) 2.13 H(5b) ...C(4) 2.13
C(6) ...C(4) 2.50 H(6a) ...C(4) 2.75
C(5) ...H(4a) 2.13 C(5) ...H(4b) 2.13
C(6) ...H(4b) 2.75 H(6a) ...C(5) 2.13
H(6b) ...C(5) 2.14 C(6) ...H(5a) 2.14
C(6) ...H(5b) 2.13 H(3od)...0{lw) 1.55
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Appendix 3

Published in the Journal of Inorganic Biochemistry, 1993, vol.51, 439.

SIWÜCTÜRAL AND STABILITY STUDIES OF SOME AMINOMETHLYENEPHOSPHONIC ACIDS AND 
THEIR METAL COMPLEXES
T. Candy,^ N.Choi,* G. HSsele,^ I. Khan,* H-W. Kropp,* R.W. Matthews, M. 
McPartlin,* M. Constantinou*,
‘school of Applied Chemistry, The University of
London S7 8DB, U.K. ‘Interox Research i Development, MoorfieldBo^,
Cheshire WAS OFE, U.K. ‘Heinrich Heine University, UniversititsstaBe I, D-4000
Düsseldorf, Germany.

Potential biological applications of aminophosphonic acids (e-g. as medic^ 
therapeutic and diagnostic reagentsUl, and as biocidal agents[2]) have cone 
under close scrutiny. In particular, some aminomethylene-ptosphonic acids 
involving cyclic moitiés have been identified as bone resorption inhibitors
and antiinflammatory agents[3]. ,  ̂ v
Two polyaminophosphonic acids of this type, LHg and L ^ ,  have 

synthesised and their solid state structures ^ d  solution chemism e s  
determined to provide a basis for investigating biological activity, ^ t h  
compounds are zwitterionic. Protonation schemes have been elucidated usi^ 
a combination of measurements, obtained from an automated potentlometric

J  ^ N(CH2P03H2)2

N ( C H 2 P 0 3 H 2 ) 2
H2O3PH2CN NCH2PO3H2 r  H4

titration apparatus, and nmr vs pH data, obtained using a stopped-flow 
apparatus, ^oichiometric stability constants (log 3>) have been determined 
for complexes of with a range of metal 10ns includii« Gd(ni). In
contrast to the reLatively strong complexes formed by LHg, 
significant binding only with Cu(II). However, protonated complexes of LTL 
with Cd(II) and Pb(II) were isolated in the solid state and their c r ^  a 
structures determined. Cd(L^).411̂ 0 is a simple linear polymer with Cd 
octahedrally coordinated to two phosphonate oxygens and four water molecules. 
In contrast, the structure of [Pb^(L^)2(C10^)^]5.5Hj0 consists of a complex 3-D 
network of phosphonate groups bridging the lead atoms in several different
modes.
1. I.K. Adzamli, H. Gries, D. Johnson, and M. Blau, J. Med. Chem., 32, 139

2 D. Cameron, H.R. Hudson, I. Lagerlund, and M. Pianka, Eur. Pat. 153 284. 
3. I. Yasuo, T. Makoto, S. Shuichi, and A. Tetsushi, Eur. Pat. Appl. EP 

325,482 (1989).
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