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ABSTRACT

Inpart | of the thesis, studies were carried out on

the precipitation of hydroxyapatite. A prelimnary

experi ment involving the preparation of calcium
hydroxyapatite (HAP) wusing three different sets of
starting materials was done. The crystallinity and

stoichionetry of the HAP were dependent on the starting

mat eri al s.

The precipitation of anorphous calcium phosphate
(ACP), and its transformation to HA? in the presence of
vari ous conpounds and ions have al so been studi ed using
x-ray diffractonetry. The nucl eotides, AMP, ADP and ATP
(usually regarded as type Il inhibitors) caused a slight

but discernible decrease in the nmean size of the

apatitic crystals. However, citrate another type 11
inhibitor did not appear to alter the nean cryst
size in agreenent with literature. It would appear that

the effect an inhibitor has on the resultant apatitic
crystal is dependent on the nechani smof inhibition and
not necessarily on whether it is a type | or type II
inhibitor. Results obtained for casein and L-glutanate
shows that they nay be regarded as type Il inhibitors.
Tetracycline, a broad spectrumantibiotic which nmay al so
be classified as type Il inhibitor, caused a slight

decrease in the nean size of the apatitic crystals.
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I nhi bition by this conpound seens to be nore as a result

of steric hinderance rather than attachnent to the active
site of the HAP nucl ei.

Preparation of tin hydroxyapatite was attenpted usi ng
hydrateci cin (I1) oxide as the starting material. To the
best of our know edge, a new tin (Il) phosphate was
obtained which has strong simlarit; 3 wth calcium
hydr oxyapatite (HAP) . This newtin (Il) phosphate gave
a nol ybdenum bl ue colouration due to the reduction f
nol ybdophosphoric acid during phosphate determ nation,
indicating that tin existed in the +2 oxidation state.
X-ray diffraction patterns of the products obtained in
the attenpted preparation of tin cal ciumhydroxyapatite
by aqueous and solid state reactions were obtained.
Preci pitati on fromaqueous systemcontaining 3 atom%tin
I n solution gave product which is essentially featurel ess
and characteristic of anorpnous conpounds, in agreemnent
wth literature. At tin concentration significantly
greater than 20 atom % the products of solid state

reaction at both 500° and 700°C were anor phous.

Inpart Il of the thesis, the conformations adopted
by sone ring conmpounds in the solid state are descri be,
and paraneteri zed. The effects of the nolecular

envi ronment on the geonetry and confornati on of the rings,

have been elucidated based on x-ray diffraction

structural dat a.

For cycloheptane ring derivatives, the boat
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PRECIPITATION OF SOME PHOSPHATES
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Hi i Background

Bone mineral has been shown to consist of two
calcium phosphate pools, a noncrystalline (amorphous)
calcium phosphate and a crystalline (apatite) phase
(Posner, 1969). The hardness and physical strength of
bone, differentiating it from other connective tissues,
stem from the extracellular deposition of calcium
phosphate within a soft, fibrous, organic matrix. This
highly specialised connective tissue not only forms the
supportive framework of the body but also enters into
metabolic interaction with 1t (Posner 1969). The
chemical nature of the micro-crystals in bone and the
physical properties of its surfaces have been the subject
of discussion for many years. The conventional view is
that hydroxyapatite (HAP) is the relevant compound. About
65% of a mature bone is calcium phosphate, and the two
phases are chemically and physically distinct. Thus, the
percent crystallinity of bone (that is the percent by
weight of the total mineral that is apatitic and not
amorphous) is another important physical parameter of
this tissue. The basic model is modified in detail by
internal lattice faults with entrapped contaminants, and

the free surfaces are believed to have suffered
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heteroionic exchange with ions such as Sret, MgQ*, Na*t,
C032‘ and citrate {(MacGregor and Brown, 1965). In
'consequence quantitative analysis of whole bone has
yielded no definitive data. o

In the formation of bane mineral,lthé amorph0us
phase is laid down first by some active process of the
bone cell. Subsequently some of the phase is stabilised
to remain noncrystalline, while a larger portion is
transformed wvia sgolubilisation te¢ the crystalline form
(Posner 1969, Eanes and Meyer, 1977 . @

The description of the in vivo transformation of the
amorphous calcium phosphate to the crystalline calcium
phosphate is inferred from studies on synthetic
analogues. The reaction of calcium and dibasic phosphate
salts 1in neutral or basic solution has as its final
product crystalline  hydroxyapatite. During the
precipitation of the crystalline material a precursor
phase is formed which is amorphous to x-ray diffraction
(Eanes et al, 1965). This amorphous phase convertg in
| the presence of water to microcrystalline hydroxyapatite,
The lifetime of the metastable amorphous precursor in

agueous solution is a function of the presence of certain

macromolecules, interfering ions, pH, viscosity, ioconic -

gstrength and temperature (Eanes et al, 1965, Termine and

Posner, 1970).

i
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1.2 Precipitation in calcium phosphate system

1,2.12 T s of cipd e

The behaviour of supersaturated calcium phosphate
solutions in regard to what they may precipitate, is a
matter of considerable importance to the physiology of
hard tissues. A degree of supersaturaticn is often
encountered in solutions of calcium phosphates and other
calcium or phosphate salts, whereas for instance, silver
halides precipitate readily from solutions just above
saturation. Ignoring different hydrates, five pure
orthophosphate of calcium may crystallize from aqueous
solution (Laundager Madsen, 1970). They are:

1 Primary calcium phosphate, Ca (H,P0,),

IT Ssecondary calcium phosphate, CaHPO,

ITI Tetracalcium monohydrogen triphosphate,

CayH(PO,) 4

IV Tricalcium phosphate, Cag(P04),

\/ Calcium hydroxyapatite Cag(P0O,)40H.
X Crystallizes only from strong phosphoric acid as
anhydrous or with one mole of water. II exist in two

forms, the anhydrous form (monetite), which is stable
above approximately 36°C, and the dihydrate (brushite).
Both can be precipitated from slightly acid solution, pH

<6. III is the normal product of precipitation in
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neutral or slightly.b;;ié.ﬁeaiﬁﬁp .iﬁ.ié”ﬁ;téégéble'and
will slowly recrystallize to hydroxyapatite. IV which
is anhydrous is formed by heating HA? éﬁﬂélﬁémﬁératuré of
3500°C. V is the stable final product of preqipitation'

from neutral or basic solutions. IAEIIEEE rate of
'crystallization is verye<slow at ordinary temperature, it
often appears as submicroscopic crystals. | _

| These multitude of possible solid phases which may
aoccur in  the calcium phosphate system make the
gquantizative description of precipitatiorn and dissoliurion

extremely zomplex (Lundager Madsen, 1970).

The formation of a crysztalline precipitate from a
supersaturated solution is included in the general
phenomsncn of phase change. Although the precipitation
of sparingly soluble salts is important in a wide variety
cf fields, the mechanism of the crystallization process,
isg one of tre least well understood phenomena in
chemistry (Koutsukos et al, 197%). The structure of the
precipitate is the result of many kinetic processes which
interact with each other, The concept of struccure
comprises the following: the particle size distribution;
the lattice structure of the precipitated crystals; the
shapes and morphology of the c¢rystals and in some cases

the distribution of the various shapes; the structure of



the surfaces; the presence of dislocations,
imperfections, impurities and inclusions in the crystals;
and the nature of interparticle interaction resulting
from flocculations, aggregation and agglomeration
(Dunning, 1973).

In studying precipitation processes it is important
to distinguish three different stages in the mechanics of
crystallization -

i) The nucleation stage in which the first minute
particles of the new phase are generated
within the motherphase.

ii) The growth of these nuclei, nurtured by the
motherphase to form primary crystalline
particles.

iii) The ageing of the primary dispersion or
precipitate during which changes in shape,
structure, perfection, size, aggregation,
agglomeration and flocculation may take place
(Wray et al, 1957 and Dunning, 1973).

These processes are not entirely independent of each
other. For example, growth processes are involved in
nucleation and nucleation takes place during part of the
growth stage, while ageing is not confined to the later
stages but may occur earlier.

Bone growth is an example of this nucleation

phenomena, in that it represents the birth of one phase
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from another. The precipitation of calcium phosphate,
involving the formation of nonapatitic calcium phosphate
phases during the early stages is a complex one. Some of
the practical difficulties arising in the study of
crystal nucleation from solution are concerned with the
elucidation of the relative roles of crystallization,
dissolution and agglomeration in the whole precipitation
scheme . For these reasons the mechanism of primary
processes in precipitation from solution is to some
extent obscured, and as a consequence the interpretation
of data has often been contradictory ({(Walton, 1965).
Such difficulties as determining the stoichiometry of
precipitation from the results of precipitation
experiments is due to the appreciable reduction in the
concentrations of crystal lattice ions during reaction
(Koutsoukos et al, 1980) . At each stage, the
supersaturated solutions may be metastable with respect
to different phases which can form and subsequently
redissolve as the concentrations decrease. In the
precipitation of calcium phosphates, this probably
accounts for the apparent variable stoichiometry and
complex kinetics observed experimentally.

It has been shown (Eanes et al, 1967; Walton et al,
1967 and Furedi-Milhofer et al, 1972) that precipitation
in basic calcium phosphate system proceeds in at least

two steps:
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i) The initial formation of metastable colloidal
suspensions which forms in neutral or basic
solutions.
ii) Secondary precipitation and crystallization
which ensue after a period of metastability.
Further changes occur mainly due to ageing and
hydrolysis.
The complete sequence of events is strongly dependent
upon temperature and solution environment (Termine and
Posner, 1970).

Although the detail of the nucleation process
involved are not known it is possible to establish the
composition of the precursor phase (McGregor and Brown,
1965; Walton et al, 1967). The initial stages of
nucleation are difficult to investigate owing to problems
associated with the detection of nuclei of atomic
dimensions. Nucleation and crystal growth are
spontaneous processes which lower the energy of the
growing particle and the nucleation process has to
overcome an activation energy. A physical expression of
this energy barrier is the supersaturation which is
attained before nucleation and crystal growth ensue.
1.3 Significance of study

The formation and identification of metastable
phases during, and subsequent to phase transitions have

important implications in many systems particularly those



of biological nature. The type of crystals which are
usually involved in metastable phase transitions are
those in which there is a large entropy of
crystallization (e.g. silicates and some phosphates).
Considerable gpeculation and controversy have surrounded
the nature of the calcium phosphate which precipitates
under physiological conditions.

In bones there is a mixture of the amorphous phase
and the crystalline phase in contact with water. Thus,
it is obvious that some factors must exist within living
systems which regulate the physicochemical conversion of
amorphous calcium phosphate to the crystalline apatite.
Knowledge of the mechanism(s) involved is of importance
for understanding the growth of bone mineral.
Industrially, knowledge of this mechanism could be of
importance for water softening and waste water treatment
processes (Feenstra et al, 1979). The suggestion that
OCP 1is present in greatest amounts in newly formed bone,
whether child or adult means that the chemical properties
and interaction of two crystalline species must be taken
into account for a full understanding of bone growth and
remodelling, bone healing and various pathological
conditions. Furthermore studies of calcium phosphate
systems will give clearer understanding of:

i) mechanism for prevention of dental caries by

fluoride in drinking water;
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ii) the unusual variability in the stoichiometry
of apatitic precipitates;

iii) the cause of ribbon 1like and platey
morphologies of biological apatitic
crystallites; |

iv) a possible mechanism for incorporation of
impurities and defects into dental enamel;

) a mechanism of growth of biological apatites;
and :

vi}) a rationale why teeth may vary in their caries

susceptibility.

Although the precipitation of sparingly soluble
salts is important in a wide variety of fields, the
mechanism of crystallization process is one of the least
well understood  phenomena in chemistry. The
crystallization of inorganic salts from aqueous solution
is important because of its inveolvement in areas such as
removal of phosphate from waste water, the fate of
elements such as Al, Ca, Fe and other heavy meﬁals in the
formation of lake and ocean sediments, and in industry
where formation of scale on metal surfaces 1is a
continuing problem. In desalination technology the
reduction of heat transfer surfaces by growth of
magnesium hydroxide and calcium gsalts such as sulphate
hydrates, carbonate polymcrphs and pheosphates is a
serious limitation to the use of evaporative techniques.

Calcium phosphate formation is involved in many of these

-
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processes yet the stoichiometry of the precipitated
phases is still poorly understood.

1.4 Research cobjectives

In a preliminary survey, HAP will be prepared using
somewhat different starting materials. The aim is to
determine whether the crystallinity and stoichiometry of
the apatitic products depend on the materials used for
preparation. Generally this part of the work is to study
the transformation of ACP to HAP, and to determine how
some substances (of biological origin), and some ions
would affect this conversion. Since the bone of a
matured human adult consists of a mixture of ACP and HAP,
it would appear that a mechanism exists which regulates
the conversion of ACP to HAP in vivo. This in vitro
study was therefore undertaken as part of the on-going
search to determine the transformation process. The
studies with inhibitors may provide information on the
nature of conversion, classification of the inhibitors
and structure-activity relationship. X-ray analyses as
well as chemical analyses of the solids obtained will be
carried out with the aim of determining the extent of
conversion, the mean sizes of the particles and the Ca/P
molar ratios. The effect of pH and temperature on the
transformation process will also be determined.

An attempt is made to prepare tin hydroxyapatite,

which has never been prepared. Characterization of the
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solid compound cbhtained will be éarried out using X-ray
diffraction spectrophotometric and X-ray fluorescence
metheds. Isomorphous substitution of tin into HAP will
also be attempted by aqueous and solid state reactions.
The aim here is to compare the interaction of tin with
HAR on the one hand, with the interaction of its heavier
congener, lead, with the same phosphate. Lead has been
shown to substitute for calcium in Cag(P0,),0H in the

whole range.
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On the basis of chemical, x-ray diffraction and
electron-microscope studies, it has been assumad that the
inorganic constituent of bone tissue is a poorly
crystallized calcium phosphate resembling, but not
identical tc the mineral hydroxyapatite in structure and
composition. This single phase description is no longer
adequate and bone mineral is now thought to be composed
of at least two chemically and physically distinct
calcium phosphates (Posner, 1969). Results have
indicated that besides an apatite phase, pone mineral
contains a large proportion of a noncrysta.line
(amorpious) calcium phosphate. This noncrystalline phase
was found to be extensively and uniformly distribut:d
throughout the ossecus tissue of several mammalia..
species (Termine and Posner, 1967). Approximately 40% of
the mineral in the femurs of adult human, cow and rat is
amorphous.

The amorphous content of Dbone however, does
apparently vary with age. It appears that the amorphous
material predominates in early bone but is superseded [ -
crystalline apatite as bone matures (Posner, 1569).

The little that is known about the properties of in
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vivo ACP, shows clearly that this phase is not apatitic
in structure. When viewed in the electron-microscope,
this material consists of aggregates of extremely fine
particles and contrasts markedly with the straight edged,

solid needle-shaped crystals of bone apatite.

2.1.1 Synthetic Amorphous Calcium
Phosphate

The descripticon and knowledge of'properties of iIn
vivo ACP in mineralised tissue is limited and at present,
additional properties can only be inferred from studies
on s'mthetic analoguer. In this regard, the initial
solid phase that appears in the rapid precipitation of
calcium orthogphcsphate from basic solutions is
sty :cturally noncrystalline, though well defined
chemica.ly (Eanss et al 1965, Bienenstock and Posner
1968) . The molar Ca/P0; ratio of this amorphous phase
was found to vary from 1.44 - 1.55, depending on the
conditions of precipitation and on the calcium salt used
in the precipitation (Fosner, 1969). The molar Ca/P0y
ratio 1s consistent for each salt, a ratio of 1.52 was
found when the nitrate solution was used, a value of 1.46
was observed when the chloride solution was used. The
amorphous material with a Ca/P0,; molar ratio 1.50 was

found to have the greater solution stability. This

observation is a possible chemical justification for
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Figure 2.1 X-Ray diffraction patterns of amor] hous calciun phosphate
(upper) and synthetic hydroxyapatite (lower). The Miller
indices are shown on the crystulline pattern (Posner, 1969

TR
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considering the amorphous calcium phosphate as hydrous
tricalcium phosphate, TCP having the chemical formula
Cay(POg) .XH,0 (Lundagar Madsen et al, 1986). The
amorphous material has a transient existence when kept in
contact with its preparative medium and rapidly converts
into crystalline apatite. The degree of instability
could be related to the deviation of the composition form
the Ca;(P04), composition.

The x-ray diffraction patterns of ACP does not
contain many sharp Bragg maxima clharacteristic orf
crystalline materials, but instead, consist of a few
diffuse, ill-defined maxima typical of such commonly
recognised noncrystalline substances as glasses and
certain polymers (See figure 2.1). A lack of crystalline
structure does not imply a lack of local or short range
aromic order (Eanes and Posner, 1965). The cbservation
that the Ca/P0, molar ratio of this material which ir 1.5
is only slightly influenced by the initial Ca/P0, molar
ratio of the preparative solution, suggests a well
defined local structural unit. What is absent in this
case is the periodically repetitive spatial array of this

local unit unique to crystalline substances (Eanes and

Posney, 1965).

.12 itd ' i Rele

- I

Knowledge of the conditicns for precipitation of ACP

is essential for understanding the behaviour of
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supersaturated Ca/P0, solutioné, since it strongly
influences the occurrence domains of other phases. It is
generally recognised that ACP is formed in the higher pH
range pH > 6.7. Whenever formed, ACP normally appears as
the first precipitate. Through its consumption of
calcium and phosphate as well as its lowering of pH
(except in strongly basic solutions). It reduces the
supersaturation of other calcium phosphates, often below
the critical value for homogensous nucleation (Posner,
1969) .

In sclutions containing, apart from calcium and
.phosphate, only ammonium and nitrate ions, ACP isg formed
whenever the quantity. |

Ia = a’(Ca?*)a®* (HPO, 2 ) a™ 2 (H*)
exceeds a certain critical value. This value decreases
strongly with increasing temperature {Lundager Madsen and

Thovardarson, 19839). Ia is the formation constant and a

-

the activities of the iong. Tﬁis mass;action.expression
corresponds to the reaction -
Cay (POy) 5 + 2HY —-oooo- > 3Ca’* + 2HPO 2"

Normally the formation.of ACP is instantaneous or nearly
so, but in some cases of very dilute sclutions, delays of
up to several hours can be observed (Lundager Madsen et
al, 1986). Decreasing the dielectric constant of the
medium by the addition of either dioxane or methanol

greatly enhanced ACP formation. Fereign ions such as
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P2074', C032'. F~ and Mgz' all enhance formation of ACP.
(Termine and posner 1570). Increasing the intrinsic
viscosity of the medium with either glycerol or sucrose
inhibited ACP formation considerably.
2.2 Calcium hydroxyapatite, HAP

The basic calcium phosphate mineral, hydroxyapatite,
(Ca;q(P04)3(OH)5 15 a prototyps of one of the major
constituents of bone and teeth. Studies nave been
carried out on this material by bone biolegists,
surgeons, dentists, ferrilizer <chemists, catalyst
chemists, geologists, sclid state physiciste and so on.
Apatites represent a major source of phosphorus and
calcium in the earth’s crust, and it occurs ales in
igneous and sedimentary rocks.

Biological apatite is not pure HAP, but is rodif:ed
by the presence of many other ions such as Cl°, F’

substituted for some OH ; Srz*, Baz"' for some CaZ+. and

C032' for P043'. Apatite, in general refers to a fam ly
of compounds such as fluoroapatite, Cag (POy4) <7,
chloroapatite, Cag (PO, ' 4C1 and hydroxyapatite,

Ca5{PO4)3OH (Posner, 1969, .

o - N mation

The formaticn of HAP as in bone gruwth is an exaple
of nucleation phenomena, because it represents the birth
of one phase from another. In the presence of high

concentrations of calcium and phosphate (total Ca and
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total PO, greater than 10mM) and pH values greater than
6.8, the precipitation of hydroxyapatite is always
preceded by the formation of an amorphous precursor
(Eanes et al, 1965, Walton et al, 1967; Termine 1972, and
Boskey and Posner, 1973). 1In the absence of such foreign
ions as F~ and C032', HAP is the thermodynamically stable
end product of calcium phosphate precipitations carried
out at physiological pH (7.4) and temperature (37°0)
(Eanes and M=yer, 1977). Boskey et al (1976) found that,
in the presence of lower concentration of calcium and
phosphate (tctal Ca and total PO, each less than 2mM),
the st prec:pitate fcrmed at pH 7.4 has an x-zay
diffracc:on patterrn, morphology and colloidal proper:z:es
distinct from those ©f ACP found in the presence of
higher concentraticns of reactants. This observation
contradicte the results of Termine and Posner, (1570) and
Eanes (137C ., who concluded that ACP was an okliga:zcory
precurscr to HAP. Furthermore, it is apparent that the
pH and specific concentrations of calcium and inorganic
phosphate as well as the ionic strength, temperature and
presence of heteronuclei rather than calcium phosphate
millimolar products alone are critical in determining the
initial phacse precipitated in the course of HAP formation
(Nancecllas et al, 1974 and Boskey et al, 1976).

Synthetic basic calcium phosphate prepared from

carbonate-Iiree agqueousg solutions have x-ray diffraction
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stoichiometry by exhibiting low Ca/P molar ratios
(Posner, 1969). This has been attributed to the
adsorption of HPO42‘ on the surface of the HAP crystal
and missing calcium ions either from the surface or
interior of the crystal. The calcium-deficient apatites
are in reality a continuous series of lamellar
intergrowth between octacalcium phosphate and HAP (Brown,
1966) . A typical crystal of hydroxyapatite precipitated
from solution at room temperature would be needle-like in
appearance, with dimensions 2008 x 50A x 50A. Such a
crystal would have a high reactive surface comparable to

many catalysts (Posner, 1969).

2.2.2 Substitution into HAP

The  hydroxyapatite structure is subject to
isomorphous substitution. The incorporation of foreign
ions affects the crystallinity, morphology and lattice
parameters, and as a consequence the stability of the
apatite structure (Bigi et al, 1991). Furthermore, the
presence in solution of foreign ions can prevent the
formation of the apatitic phase from solution. The
anions F~ and Cl1~ replace hydroxyl ions chemically. The

closer coordination of the fluoride as compared to the

hydroxyl by the calcium. accounts in part, for the Y

greater chemical stability of fluoride substituted HAP as
evidenced by its resistance to dental caries (Posner,

1969) . The entry of carbonate into the crystal structure
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especially in the phosphate position causes a lattice
distortion (Legeros et al, 1967). Furthermore, HAP
precipitated in the presence of carbonate tends to be
poorly crystallized, showing broad x-ray diffraction
patterns and its weakening effects on the bonds in the
structure thus increasing the rate of dissolution and
solubility.

The role and location of the many potential
substituents for Ca?* in the apatite structure have
remained unclarified. Substitution of various cations
for calcium in calcium hydroxyapatites is generally
related to the gize of the ionic radii of the ions
compared to that of ca?* ion (Bigi et al, 1991). 1In
biological apatites many cations have been assumed to be
only adsorbed on the apatite surface and not part of the
structure (LeGeros et al, 1980).

The pH of the solution affects the nature and the
extent of incorporation. The concentration of the
foreign ion also causes the formation of apatite with
differing crystallinity and optical spectra (Posner,

1969) .

p I ae3 €. OCP

Octacalcium phosphate, CagH, (P04) . .5H,0 is
encountered in systems containing calcium phosphates more

bagsic than dicalcium phosphate. OCP has a significant
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role in the chemistry of bones, teeth, phosphate
fertilizers and other precipitated calcium phosphates
(brown et al, 1962). OCP has distinctive x-ray and
optical properties and it contributes additional lines in
carlstrom’s x-ray pattern for HAP. Single crystal
Weissenberg measurements on OCP gave lattice ceonstants,
a=19.70A b = 9.59A and ¢ = 6.87A. The existence of OCP
as a distinct crystalline phase, rather than a hydrous
defective apatite was established by single crystal and
powder diffraction x-ray studies. Its x-ray, optical and
chemical properties indicate that OCP is structurally
relatei to HAP, although the two salts are not
isostructural (Figure 2.2). OCP is composed of apatitic
layers that are parallel to the b-c plane and separated
by hydrated layers. Chemical analyses do not yield
constant numbers of water of hydration, and this
uncertainty reflects the ease with which water enters and
leaves the OCP lattice (Brown et al, 1957).

The layer-type structure of OCP and the similarity
of parts of its structure to that of HAP are reflected in
the chemical and physical properties of OCP. The close
correspondence between the atomic positions in apatite
layer in OCP and those of HAP, (Figure 2.2) indicates
that epitaxial overgrowths of one compound on the other
are very likely (Posner, 1969). The water layer, which

occupies almost half of the OCP unit cell, rules out
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(b)

Figure 2.2 Stricture of octacalciun phosphate (a) and caleium
hydroxyapatite (b) projected through the c-axis on
to the basal plane (Pcsner, 1969; Brown et al, 1962).
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consideration of OCP as a defect apatite and makes
formation of true solid solutions of the two compounds
highly unlikely (Brown et al, 1962). The formation of
lamellar mixed crystals of the two compounds is more
probable. This intracrystalline mixtures not only
account for apatitic precipitates with Ca:P ratios less
than that in HAP, but also explains observed chemical and
physical properties of the precipitated basic calcium
phosphates.

Some indications support the idea that OCP may be
present in bone. The. 'platey’ habit of crystallites in
bones has been interpreted as indicating that OCP
participated in their formation. Thus it is cons:dered
that bone mineral is first formed as OCP and that there
are spontaneous ageing changes (hydrolysis) which convert
OCP into HAP (MacGregor and Brown, 1965). In children
where bone growth is maximal, there tends to be mcre OCP
in the microcrystals than in the older subject where the
reorganisation of the OCP to HAP overtakes the
precipitation process.

Table 2.1 Some Physical Properties of OCP and HAP.

- A A e e e e e e A e e A e e e e e e e e e e e e e o e

HAP oCP
A-axis 9.4322 8.63CA
C-axis 6.881A 6.870A
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2.3.1 ml r

OCP can be converted to HAP by progressive
hydrolysis in boiling water. This is reflected in a
gradual increase in indexes of refraction, and decrease
in the intensities of the OCP lines in the x-ray powder
pattern of the residual solids and the emergence of sharp
HAP patterns. The pattern of an OCP crystal that had
been boiled is essentially that of HAP alone, indicating
that there is considerable reorganisation of the lattice
during hydrolysis (Brown et al, 1962).

Anhydrous dicalcium phosphate DCPA having a chemical
formular, CaHPO, is sometimes formed as a separate phase
in the hydrolysis of OCP. OCP is not the most stable
calcium phosphate under any of the conditions of its
preparation, even though OCP precipitates in preference
to HAP and DCPA. Brown et al (1970), showed that
aggregates of extremely fine acicular crystallites of HAP
appeared during the hydrolysis of OCP crystals and that
precipitation of HAP was maintained by dissolution of
OCP. Thus, HAP apparently is produced by two mechanisms,
and its acicular or platey habit shows whether it had
been produced by direct precipitation or hydrolysis
respectively.

On drying at temperatures slightly above 100°C, OCP
loses some of its water of crystallization without

apparent change in its x-ray powder diffraction pattern,
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although its mean refractive index increases slightly.
As drying temperature is raised, the material
progressively loses water and the OCP line patterns
gradually weaken and disappear at about 180°C (Brown et
al, 1962), forming an apatite and DCPA. There is no
evidence of HAP and DCPA by direct precipitation or by
hydrolysis of OCP.

In aqueous systems containing low concentrations of
fluoride ions, fluorapatite is the most stable calcium
phosphate (Farr et al, 1962). OCP is reported to react
with fluoride to produce an apatite. The apatite
reflections are less sharp than the OCP reflections. In
contrast to dehydrated or hydrolysed OCP crystals,
fluoride-treated OCP crystals are very soft and smear
easily. If OCP is present in tooth enamel, fluoride
treatment would increase its chemical stability but may
decrease its mechanical strength (Brown et al, 1962).
HAP also reacts with fluoride, but much slower than OCP,
implying that, when a lamellar mixed crystal of HAP and
OCP is treated with fluoride solution, the resulting

crystal is largely fluorapatite interlayered with HAP.

2.4 Di ' Dihydr DC

Dicalcium phosphate dihydrate, DCPD is an important
product of the application of fertilizers to soils. The
main interest in this sparingly soluble salt stems from

its participation in the physiological formation of
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calcium phosphates. Thus, DCPD has been proposed as an
intermediate in the formation of bones and teeth; but
there is still much discussion as to the exact nature of
the precursor in the formation of HAP under physiological
conditions. DCPD may also play an important part in
dental caries occurrence. Caries is believed to resul-
from the acid attack upon the dental enamel, mainly HAP,
of organic acids produced by the metabolic action of
bacteria living in the vicinity of the enamel surface.
These organic acids with pa values in the range 5 to 7,
produce acidic conditions with pH from 4 to 6. In
agqueous solutions of calcium phosphate under such
conditions, the stable solid phase consists of dicalciun
phosphate, and a complex species present in the solution
are CaHzPC‘é"’ and CaHPO, (Marshal et al, 1969).
2.5 TIransformation of ACP to HAP

One c©f the peculiarities of the aqueous calcium
phosphate system is the occurrence of amorphous calcium
phosphates which are isothermally unstable over the pH
range 6.8-12. If they are in contact with their
preparative solution, these materials will hydrolyse
nonreversibly into crystalline apatite. The
physicochemical mechanisms which govern this precipitate
phase transformation process are such that once initiated
it would normally proceed to completion, that is, only

crystalline apatite is present (Eanes et al, 196%5; Eanes
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and posner, 1965). Therefore, amorphous calcium,
phosphate would be expected to have only a finite
suspension lifetime the natural extent of which may be
dependent upon the exact experimental conditions used.

In synthetic systems this conversion rate has proved
o be strictly proportional to the number of apatitic
crystals already formed and not on the amount of material
remaining (Posner, 1969). Such autocatalytic behaviour
is an example of secondary heterogeneous nucleation,
where the crystalline phase evolves through the
nucleation of new crystals on the surface of the already
developed crystals. Secondary nucleation phencmena can
occur only in solutions supersaturated with the ions of
the crystallizing phase (in this case with calcium
phosphate and hydroxyl ions). (Posner, 1969 Feenst:a
et al, 1979). This implies that the amorphous calcium
ghosphate i1s more soluble than the crystalline apatite.
The fact that the secondary mechanism is the only rate-
determining step in the conversion suggests further that
the amorphous phase acts essentially as a passive, labile
reserviour of calcium and phosphate ensuring a steady-
state condition of supersaturation throughcut the
conversion (Tung et al, 1983).

The isothermal metastability of the ACP in sclution
implies that the formation of this phase is a kinetic

rather than a thermodynamic phenomencn. This initia:l
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interaction between solution calcium and phosphate ions
apparently results in collisions leading to irregular
coordination complexes, which, upon separating from
solution, do not grow into periodic crystalline
structures. The spontaneity and rapidity of the
appearance of synthetic ACP from solution, is an added
evidence for the in situ formation of this phase in bone
without the assistance of an intervening substrate. Such
homogeneous nucleation processes however, occur only at
solution concentrations much higher than are needed for
heterogeneous nucleations, such as subsequent secondary
nucleation of apatite crystals (Posner, 1969). The fact
that apatite is not in evidence at such high solution
concentrations even though from a thermodynamic view
point, their formation should be favoured over that of
the amorphous particles, suggests that they can evolve
only through relatively slower heterogeneous nucleating
mechanisms (Posner, 1969).

The heterogeneous nucleation of the first apatite
crystals is of necessity on foreign substrates. These
foreign substrates are never absent in synthetic
preparations. Their relatively low concentration,
together with their lower effectiveness as nucleators,
explains why after the appearance of a few crystals of
apatitic nature, secondary nucleation, using newly formed

crystals as substrates become the dominant and
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controlling factor in the conversion of ACP to
crystalline apatite. Nevertheless, even secondary
nucleation cannot compete with homogeneous nucleation
when the degree of supersaturation is high enough to
favour the latter, and this is why the amorphous phase
appears initially (Posner, 1969).

In the initial stage of the in vivo calcification of
the collagenous matrix the earliest mineral deposits are
extremely small. Changes in the size of bone crystals
with age have been noted in x-ray diffraction studies on
powdered rat bones (Posner, 1969). The mean size was
observed to increase with age of the animal up to
maturity. At this point a sharp levelling off of growth
rate occurred and the size became relatively constant and
independent of age. This could be considered as an
evidence for matrix restricted crystal growth (Posner,
1969) . However, it could also mean that secondary growth
due to dissolution and reprecipitation does not occur for
bone crystals in fully mineralised tissue. Secondary
growth or ripening is encountered in aqueous (Synthetic)
systems of sparingly soluble salts in which the initial
precipitate is finely divided (Eanes et al, 1965).
Secondary growth is not a continuation of the initial
growth of each particle, but is actually a consolidation
process in which a decrease in the number of particles

occur. This consolidation is accomplished by the

]‘1
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dissolution of the smaller, less stable particles with
the dissolved material deposited as growth on the larger,
more stable particles (Posner, 1969). Secondary growth
occurs in synthetic apatite systems prepared by rapid
precipitation in aqueous media. The initial growth of
the apatite crystals occurs in a matter of minutes or
less (Eanes and Posner, 1965); the average crystal size
at the end of this precipitation period is generally
smaller than the crystals found in bone (Eanes et al,
1965). The crystal growth with age in synthetic systems
continues indefinitely, although at progressively reduced
rates. However, water is necessary for the ripening to
proceed in these synthetic systems and reducing the

water-to-mineral ratio will retard secondary growth.

2.5.1 Intermediate state in Transformation of
ACP to HAP

The initial solid phase that precipitates from a
calcium ;phosphate solution depends on the degree of
supersaturation (Nancollas and Tomazic, 1974). In a
solution of low supersaturation, HAP is obtained without
precursor phases (Nancollas and Tomazic, 1974; Boskey and
Posner, 1976). On the other hand, the first solid to
form in  highly supersaturated solutions is a
noncrystalline calcium phosphate approximating Cag (PO4) ¢
in composition (Boskey and Posner, 1976). In a study of

the transformation and crystal ripening of ACP that had
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been precipitated in highly supersaturated and buffered
media, initially adjusted to pH 7.4, Furedi-Milhofer et
al, (1973), demonstrated that crystalline precipitates
were formed by a two-step precipitation via (1) ACP and
(2) a precursor, OCP as proposed by Brown et al, (1962).
Many assumptions have been made as to the chemical nature
of this precursor phase. The calcium phosphate ionic
concentrationg vary appreciably during reactions. At
each stage, therefore, the supersaturated solutions are
metastable with respect to different calcium phosphate
phases, which could form, and subsequently dissolve as
the concentrations in the supersaturated solutions
decrease. Since the concentration changes become very
small as the reaction proceeds, a relative analytical
error of only a few percent in the total calcium or total
phosphate concentration could preclude differentiation
between the possible crystalline phases (Tomson and
Nancollas, 1978, and Koutsoukos et al, 1980).

The hydrolysis of previougly prepared amorphous
calcium phosphate established that the conversion of ACP
to an apatite involves two processes (Tung and Brown,
1933) . The first process consumes acid and indicates the
formation of a mere acidic calcium phosphate intermediary
with the solubility of octacalcium phosphate, (OCP), the
second process consumes base and indicates the conversion

of the intermediary to apatite and possibly, direct
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conversion of ACP to apatite. From experiments involving
the mineralization and x-ray analysis of epiphyseal rat
cartilage, Posner, (1969) identified an amorphous
material of approximately tricalcium phosphate, TCP
composition. This phase in addition to OCP and DCPD have
been proposed as a precursor to HAP in the formation of
teeth and bone. The thermodynamic analysis of solution
composition data suggests that ACP converts into a
nonstoichiometric apatite when the OCP-like intermediary
in formed and a stoichiometric apatite is formed when no
OCP-like intermediary is involved (Tung and Brown, 1983).
Studies on mineralization kinetics show that, the ratio
of Ca/PO, in the precursor phase is significantly lower
than the 1.50 required for TCP (Tomson and Nancollas,
1978). Hydrolysis is expected only to increase the molar
Ca/P ratio, which further rules out TCP as the precursor
phase. Results obtained by Brown et al (1957), Tung and
Brown (1983), Walton et al (1967), Feenstra et al (1978)
and Tomson and Nancollas (1978), show a Ca/P0, ratio
correspond to OCP in the early stages of the reaction and

this phase was confirmed by x-ray analysis.

2.5.2 QOCP precursor model

It has been concluded that the stoichiometry of the
initial phase in calcium phosphate precipitation at
physiological pH is approximately 1.5 and is thus similar

to tricalcium phosphate Ca3fP04}2. (Walton et al, 1967).
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The formation of this phase, (that is ACP), is detected
by a gradual development of opalescence in the solution
after a certain lag time (Termine and Posner 1970). This
lag time is dependent on concentration, ionic strength
and pH. The dependence of the lifetime of ACP on the
above mentioned parameters was studied by Termine et al
(1970) . It appeared that both the long time for the
formation and lifetime of ACP are increased at lower
supersaturation. The reason for the nucleation of this
unstable phase seems to be explainable in terms of
classical nucleation theory (Wwalton et al, 1967).
Hydroxyapatite is a hard material of high surface energy
and is not readily nucleated with a low thermodynamic
driving force (that is low supersaturation). On the
other hand, Octacalcium phosphate probably has a much
lower surface enerqgy, it undoubtedly has a large entropy
of crystallization because of the large number of
entities involved in a neutral cluster. The
stoichiometry of a product Ca,(PO,4), represents the
minimum number of ions in a neutral molecule and may have
low entropy of formation. However, the stoichiometry is
the same as tricalcium phosphate. The crystalline
arrangement is unlikely to resemble that of the latter
compound because it, too, is a hard, high surface energy
material. Electron diffraction measurements affirm that

the product under consideration is amorphous or soft.
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The octacalcium phosphate (OCP) precursor model
proposed by Brown (1966) to explain the formation of
nonstoichiometric apatites (Ca/P0; < 1.67) provides a
possible interpretation of the sequence of events that
takes place during the early stages of transformation.
The first crystals to form at physiological pH and
temperature are postulated to be two-dimensional growths
of single unit cell thick OCP (Brown, 1966). They
deviate from apatite in morphology, compogition,
structure and solubility, as exemplified by low Ca/PO4
molar ratios, high levels of HPO42' ions and distorted
lattice dimensions. This growth pattern which is known
as Ostwald ripening (Walton, 1962; Dunning, 1973),
account for the flaky appearance of the earliest crystals
(Eanes and Meyer, 1977), as well as for their solubility
approaching the value for OCP. These primary crystals
are unstable and with a concomitant decrease in
solubility. They also change steadily upon- solution
ageing to compositions and structures more nearly
resembling HAP. This post conversion crystallization
process is more complicated than can be described by a
steady change in the growth and perfection of a highly
defective apatite (Eanes and Meyer, 1977).

There are two different hypotheses to explain how
this transformation takes place. One hypothesis

considers ACP dissolution and subsequent transformation
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into crystalline phosphate as the main mechanism (Meyer
and Eanes, 1978), while in the second hypothesis, ACP
const itutes an expitaxic substrate for secondary
nucleation of the crystalline phase (Garcia Ruiz et al,
1980). This phase structurally identified as OCP, takes
the torm of enlarged prismatic crystals, oriented in all
directions of space covering the initial nucleus of ACP.
The initial ACP does not change its volume during growth
of the ordered phase. OCP formation is thought to be as
a consequence of a drop of the calcium and phosphate

concentration due to the prior precipitation of ACP.

2.5.3 Effe vironm -
Transformation

Once initial mineral phase separation (that is
precipitation of ACP) takes place during solution-
mediated calcium;phosphate formation, the next major
event to occur is the transformation of ACP to tiny
crystals of HAP. The amount of time that actually
elapses during the solution mediated transformation is
short and variable. On the other hand, the time required
to reach this period of rapid precipitate conversion is
strongly dependent upon the exact solution environment
(Termine et al, 1970). 1In as much as initial mineral
phase separation ié also dependent upon solution
environment, it can thus be seen that exact control of

initial Ca/PO4 molar mixing ratio, pH, total ionic
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strength, viscosity and temperature, will determine the
complete sequence of events occurring within any calcium
phosphate-formation system (Termine and Posner, 1970).

The effect of decreasing initial Ca/PO, molar mixing
ratio upon ACP suspension lifetime, shows that ACP
appears to be much more stable if formed from solutions
at low levels of initial supersaturation. The initial
mineral -phase separation is enhanced by solutions rich in
calcium relative to phosphate and poor in total salt
concentration. On the othef hand, ACP formation is
inhibited by solutions rich in inorganic phosphate
relative to calcium and high in ionic strength. This lag
period (that is the length of time required before ACP
precipitates) is directly related to the degree of
metastability of the calcifying solution being used
(Termine and Posner, 1970).

High pH values enhance ACP formation and affect
subsequent transformation to HAP, The total time
required for the ACP to HAP transformation to reach
completion increases with increasing pH. Under different
experimental conditions, observed conversion paths are
independent of (i) the nature of buffer, (ii) the type of
univalent ions in solution, or (iii) whether the
amorphous material was left in contact with the mother
liquor or filtered, dried, and added to fresh buffer

(Boskey and Posner, 1973).
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The effect of increasing temperature enhances ACP
formation. It also increases the rate of transformation
by both increasing the solubility of the ACP and
providing additional energy needed to form a stable
primary nucleus (Termine and Posner, 1970; Boskey and
Posner, 1973). ACP was found to be three times less
stable at 37°C, while sixteen times more stable at 4°c,
than at 25°C (Termine and Posner, 1970).

The amorphous particles remain stable in ethanol or
acetone, and convert more slowly in a 50% acetone
solution than they do in pure buffer. This corroborates
the view of Posner (1965) that, the reaction is solution
mediated or at least accelerated by the presence of
water. The increase in the rate of conversion with
increased water solid ratio up to 400:1 further
illustrates the necessity for water in the conversion
(Boskey and Posner, 1973). The effects of varying ionic
strength and dielectric constant show that ACP is least
stable when suspended in aqueous media of low dielectric
constant and low ionic strength (Termine et al, 1970).
In addition ACP is more stable in solutions of high
intrinsic viscosity. Addition of either 34% (w/v)
glycerol or 26% (w/v) sucrose reduces the transformation
of ACP drastically (Termine et al, 1970).

These findings demonstrate that the lag time

required for initial mineral phase separation from any
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given calcifying solution, (i.e 1its degree of
metastability) is an exact function of many different
environmental factors. Therefore it can be seen that in
comparing results obtained from different calcification
systems, each of these factors must be thoroughly

accounted for in each assessment.
2.6 Inhibition of ACP -HAP Transformation
2.6.1 Inhibition

Whenever crystals grow or dissolve, the linear rate
of growth or dissolution may be strongly affected by the
presence cf non-constituent ions or molecules. If the
rate is reduced, the compcnents responsible for the
reduction are call inhibitors.

The presence of inhibitors may explain why calcium
phosphate i1s not spontaneously precipitated in some
biological systems despite the golution being
supersaturated with respect to them. However, existing
information concerning inhibition of crystal growth and
dissolution is mainly of qualitative nature (Nielsen and
Christoffersen, 1982). Other problems of inhibition
theory is that:

i) it is not easy to devise ways of detecting and

describing the effect of inhibitors;

ii) the effect of inhibitors are not easy to

~explain; and

iii) it is not easy to isolate and identify in vivo
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inhibitors.
However, it is known that inhibitors cannot influence
diffusion in solution (Nielsen and Christoffersen, 1982),
therefore the reduced growth rate due to an inhibitor
must be surface controlled.

The effect of an inhibitor is in general explained
on the basis of the rate controlling mechanism for
growth. If the concentration of inhibitors adsorbed is
so high that new nuclei can hardly be formed without
inhibitor units being removed, the rate of growth will be

severely reduced.

2.6.2 Effect of Added Macromolecules on
ACP-HAP Transformation

Macromo;ecules can influence both initial formation
of amorphous calcium phosphate and the ultimate formation
of apatite through amorphous-crystalline conversion. The
exact effect which a given macromolecule exhibits toward
amorphous calcium phosphate formation is strongly
dependent upon the initial degree of supersaturation of
its calcifying solution (Termine and Posner, 1970). For
example, at high supersaturation, macromolecular effects
would not be expected to compete efficiently with the
relatively high driving forces for ACP formation existing
within the solvent space itself. Thus under these
conditions, macromolecules probably behave only as ca?t

or HPO42" binding agents. However at relatively low
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levels of initial supersaturation, that is, where
solution ACP formation lag times are quite long, specific
macromolecules could contain sites either in their
internal or solvation-shell space which may actually be
favoured locations for ACP nucleation and/or growth.
Thus, under these latter condition,s, ACP formation could
take place within the protective domain of the
macromolecular species and not in free solution (Termine
et al, 1970).

Several macromolecules such as the phosphoprotein
phospholipids, proteoglycans, free carboxyl-containing
polymers, pyrophosphate, some diphosphonates, and others,
inhibit amorphousg-crystalline transformation or
replication from pre-existing crystal seeds in metastable
solutions (Termine et al, 1970, Termine et al, 1980 and
Nancollas, 1982). Phosphoprotein for example inhibit two
stages of the crystal growth. An initial lag period was
induced, and this period was prolonged indefinitely when
a combination of phosphoprotein precoated seeds were used
together with soluble phosphoprotein in the crystal
growth reaction. Phosphoproteins prolonged that stage of
the reaction where OCP is the predominant mineral phase
present prior to its conversion to the final apatite
product. Pretreatment of the phosphoprotein with Calcium
diminished their inhibitory activity to the seeded

crystal growth as towards apatite formation in synthetic
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extracellular fluids. The presence of collagen
diminished the inhibitory activity of the phosphoprotein
towards precipitation but had no effect on phosphoprotein
modulated apatite crystal growth in the seeded systems

(Termine et al, 1980).

Citrate has minimal effect on ACP-HAP transformation
at near physiological conditions, it has a small,
measurable stabilising effect in ACP at higher
concentrations (>2x10"%M), and decreases the rate of
recrystallization. Citrate is thought to decrease the
rate of conversion of the first formed OCP-like phase to
the more apatite-like secondary crystalline phase (Meyer
and Selinger, 1980 and Furedi-Milhofer et al, 1972). If
crystal ordering of the precursor precedes OCP
nucleation, this process could be hindered and secondary
nucleation delayed, by the occluded foreign matter
(Firedi-Mihofer et al, 1972). The solubilities of the
calcium ;phosphate phases are not affected however. This
suggests that the sgpecific interactions of citrate with
crystalline calcium phosphate may play a casual role in
determining the physical and chemical characteristics of
the inorganic component of hard tissues (Meyer and
Selinger, 1980).

Results obtained in investigation with model
macromolecules on initial mineral phase separation and

amorphous-crystalline conversion provide ample evidence
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that macromolecules definitely interact with calcium
phosphate salts (Termine et al, 1970). Specifically,
phospholipids, RNA, and the phosphoprotein, phosvitin,
casein, and the free carboxyl containing polymers,
polyacrylate, poly-l-glutamate and others, indicate that
organically bound phosphate and acidic amino acid side
chains may well be the most potent sites, for any given

macromolecule-mineral interaction (Termine et al, 1970).

2.6.3 Structural factors influencing the
Bild : s to inhibi

Many biological molecules are recognised as having
the potential to influence calcification systems through
an inhibitory action. Compounds as wide ranging as ATP,
fructose 1,6-bisphosphate, phosvitin, casein,
pyrophosphate, polyphosphates, phosphonoformate, and
phosphocitrate are known inhibitors, and because of the
diverse nature of the molecules only few guidelines have
ever emerged for predicting the inhibitory ability of
compounds (Williams and Sallis 1982) . |

Polyanionic compounds are potential inhibitors of
hydroxyapatite (HAP) formation (Termine et al, 1970,
Meyer and Nancollas, 1973), and on the basis of studies
with l1-hydroxyethane-1,1-diphosphonate (EHDP} ,
pyrophosphate and imidodiphosphonate (PNP) , the
suggestion has been made that compounds possessing a

H,0,P-x-POyH structure (x may be C, N, 0) will inhibit
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(Robertson and Fleisch, 1970). Termine and Conn (1976)
extended this idea by proposing as a minimum requirement
that the two phosphate ester groups need not be closely
linked as in for example, fructose 1,6-bisphosphate for
inhibition to occur. It has alsoc been proposed that an
inhibitor molecule should possess at least one phosphate
group and at some other position an acidic group, either
another phosphate or a carboxylic moiety (Williams and
Sallis, 1979). Although molecules with basic groups are
immediately recognised as inhibitors, many other factors
must also be responsible for the degree of potency.

in certain situations, this rule needs
qualification. Polycarboxylic, phosphate-free molecules
will inhibit, but the minimum number of carboxylic groups
required for inhibition is unknown (Williams and Sallis,
1982). Structures of some potent inhibitors are given in
the next chapter (figure 3.7). Formic and oxalic acids do
not inhibit, but citrie acid is a weak inhibitor.
Notably, the dehydroxyl and dehydro derivatives of citric
acid - namely tricarballylic acid and aconitic acid fail
to inhibit. In this particular case, the hydroxyl group,
perhaps due to its position in a tetrahedral environment,
must be associated with the weak inhibitory ability of
citrate. However, the ability of phosphonoacetate and
phosphonoformate to potently inhibit HAP formation, shows

that hydroxyl groups in compounds with phosphate groups
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are not needed for potent inhibition (William and Sallis,

1982) . The type of functional group present is of

primary importance in determining whether a compound

inhibits or not. Secondary factors including:-

ta) the number of active groups, (b), their proximity

(c) stereochemical arrangement (d), steric factors,

(e) 1lipophilicity and (f), lability of the molecule
also influence inhibitor potency (Williams and
Sallis, 1982).

In general, as the number of anionic groups
increases, so does the inhibitor power. Thus Adenosine
triphosphate (ATP), is more powerful than Adenosine
diphosphate fADP]. tripolyphosphate 1is better than
pyrophosphate, and phosphocitrate is stronger than 2- and
3-phosphoglycerate. The proximity of the groups is
vital, since the closer the anionic groups, the more
strongly a molecule inhibits HAP formation. For example,
phosphonoformate is more potent than 2-phosphoglycerate,
which is more powerful than 3-phosphoglycerate.
Furthermore, a linear arrangement of active groups is
less potent than an irregular arrangement, which allows
for a <closer packing of active groups. The
stereochemical arrangement of chelating groups about a
tetrahedral sp3 carbon is more suitable for binding to
active sites than about a trigonal nitrogen. If the

anionic groups are bound to an sz hybridized carbon
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(that is, double-bonded carbon), the molecule no longer
inhibits. Substitution of sterically bulky group on to
a parent inhibitor reduces the inhibitory capabilities
of the inhibitor. This is because of the decreased
ability to fully bind to the active sites. The molecular
size of the inhibitor also opposes the effects of
increasing the number of groups and proximity by
rendering binding to active sites less efficient
(Williams and Sallis, 1982).

Inhibitors of ACP-HAP transformation have Dbeen
grouped into two types by Williams and Sallis (1982),
based on the manner by which their increasing
concentrationh affect the parameters defining the
transition. These are often referred to as Type I and
Type II inhibitors. (Table 2.2).

Prior to transformation, ACP spherules are similar
in appearance irrespective of the type of inhibitor.
After transformation however, the crystals found in
presence of type I inhibitors are comparatively small.
In contrast, type 1II inhibitors do not alter the
dimensions of the particles involved, even though the on-
set of the conversion process is delayed, sometimes as
long as with type I inhibitors. Although needless of HAP
are usually formed after the conversion process, this is
not the case when a sufficiently high concentration of

type I is present. No transformation occurs and ACP
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spherules are indefinitely stabilized (Williams and
Sallis, 1982). If the concentration of type I inhibitor
is a little less than the amount required to completely
block conversion, it is possible to detect a small degree
of transformation.

Type I inhibitors are crystal growth inhibitors.
Inhibition is not due to chelation but is considered to
be as a result of adsorption on to ACP and HAP (Meyer and

Nancollas, 1973, williams and Sallis, 1979).

Table 2.2 Examples of Type I and Type II Inhibitors.

_________________________________________________________

Type I Inhibitors Type II Inhibitors
Pyrophosphate Adenosine-s-Diphosphate
Phosphocitrate Adenosine-s—Triphoéphate
Tripolyphosphate Citrate
Immidodiphosphate Phosphonoformate

l1-Hydroxyethane-1, 1.
diphosphonate (EHDP) 2-phosphoglycerate

3-phosphoglycerate
Magnesium iron

_______________________________________________________

* (Williams and Sallis, 1982).

These inhibitors stabilize HAP embryos and inhibit
subsequent growth by binding to the active sites and
poisoning heterogeneous nucleation. At high

concentration of inhibitors, embryos fail to reach their
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critical size, and redissolve, hence the decrease in the
extent of conversion of ACP to HAP. Type II inhibitors
on the other hand are considered to act wmainly by
decreasing the lability of ACP. Both classes bind to Acp
and HAP, and it therefore appears either that type 1
(Crystal growth) inhibitors bind with higher affinity to
the defect sites on HAP from which crystal growth
proceeds or that these sites are different from those
bound by type II inhibitors or both (Termine and Conn,
1876) .

Although inhibitors have been grouped into two
types, it does not necessarily indicate that only two
mechanisms underly this division. Binding to active
sites on HAP is the fundamental mechanism with type I
inhibitors while with type II inhibitors, ACP is
considered to be the main locus of action, although
diverse mechanisms must be responsible for their
inhibitory action. It is also suggested that bulky
anionic macromolecules can bind to ACP and HAP
sufficiently to sterically interfere with the conversion
process (Fleisch and Bisaz 1962; Blumenthal et a, 1979).

It is possible to predict compounds that will
inhibit HAP formation and offer preliminary estimate of
potency. It is also possible to explain.the mechanisms
at the calcium phosphate surfaces that may underly the

separation of inhibitors into two classes, but it is
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difficult to elucidate any structural features of

molecule that will indicate whether it is type I or tyj
II inhibitor. No obvious pattern emerges, but type
inhibition has been ascribed to the presence of o
phosphate group and, in close proximity either to anoths
phosphate or multiple carboxylic groups (Williams a
Sallis, 1982). ; In the case of nucleotides, where:
tripolyphosphate and pyrophosphate are ;ype I inhibitor:
ATP and ADP are type I1 inhibitors. The reason given

the inability of ADP and ATP to bind as efficiently i
pyrophosphate and tripolyphosphate to HAP embryos, whi
may make them susceptible to surface catalys:

hydrolysis.

2.6.4 Effect of added ions on ACP-HAP
Transformation

Cations and anions separately or in combination ai
as inhibitors of ACP-HAP transformation. Ions such |
Mg?, Sr?*, Be?' and F~ have been found to inhib:
calcification in wvitro (Bachra and Fischer, 196
Nancollas; 1982). The inhibitory action of Mg?*, Sr
and F~ ions on apatite formation at high concentration
these inhibitors, and of combinations of Mg?* with F~ |
sr?* ions at lower concentration is due to the inhibiti
of apatite nucleation and crystal growth (that is thi
are type 11 inhibitors). The inhibitory action of Mg

ions on the formation of apatite probably involv
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interference with the formation of HAP critical nuclei,
by entering the pre-nuclei structures of HAP and
creating a structural mismatch (Nancollas, 1982). A
molar Mg/Ca ratio greater than 0.2 effectively prevents
the transformation of ACP and will also delay the
formation of apatite from solutions of low
supersaturation. They also slcw down the transformation
of Octacalcium phosphate, OCP into apatite (Bachra and
Fischer, 1969). The relatively large concentration of
Mgz+ ions in the bone is thought to be the principal
component which prevents the precipitation of HAP in vivo
(Nancollas, 1982).

Fluorapatite is less soluble than hydroxyapatite,
and thus the incorporation of F~ ions within the lattice
would be expected to result in a more rapid precipitation
of the apatite. However, seeded growth and spontaneous
precipitation experiments of HAP in presence of F~ ions
have shown that this anion reduces the rate of reaction
at low concentrations (< 10 °M) but enhances-growth at
higher concentrations (> 107 °M) (Nancollas, 1982).
Studies of the ionic molar ratios in the precipitating
phase suggest that this phase is not fluorapatite, (FAP)
but rather a fluoridated hydroxyapatite in which the
degree of substitution of F ions for OH  ions in the
lattice varies with the initial F~ concentration in the

solution (Nancollas, 1982). Fluoride inns retard the
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formation of ACP which precedes the hydrolysis of OCP to
HAP and inhibits or even eliminates the formation of OCP-
like precurscor phase. This is in contrast to the
influence of Mgz* ions during precipitation of calcium
phosphate which apparently stabilizes TCP-like precursor

phases.

2.6.5 Effect of Inhibitors and Reaction medium
upon crystal shape of HAP -

The initial spontaneous precipitation of ACP due to
the addition of base appeared unaltered by the presence
of inhibitors. This observation is supported by light
scattering and calcium ion activity measurements
(Williams and Sallis, 1982). Subsequently as described
by Eanes et al (1965), the spheres increased in diameter
although addition of an inhibitor decreased the growth
rate of the ACP spherules. Just prior to the
transformation, all particles appear similar, but during
the transformation, a change in morphology is evident
with spheres of ACP becoming indistinct and needle-like
deposits appearing except when high concentration of type
I inhibitors are present. After transformation however,
aggregates of needle-like deposits are visible, although
dimensions of the individual particles are small.

The particle size and shape of calcium phosphates
are determined by the relative rates of several

processes. The formation of an amorphous precipitate,
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amorphous to crystalline conversion, recrystallization
and ageing processes, hydrolysis and so on, bring about
morphological as well as chemical and structural changes
of the precipitate. Changes in temperature and addition
of foreign substances may preferentially affect the rates
of one or more processes involved, thus changing the

properties of the precipitate.

2.7.0 X-RAY SPECTROMETRY
2.7.1 QOrigin and generation of x-rays

The portion of the electromagnetic spectrum which
lies between ultraviolet and gamma radiation is called
the x-ray region. They have much shorter wavelengths
than visible light, typically of the order of 1.0.3
(10" 1nm), that is they represent a relatively high energy
form of radiation.

To produce x-rays, electrons are accelerated by an
electric field and directed against a metal target, which
slows them down rapidly by multiple collisions. Normally
most of the electrons are not brought to a full stop by
a single collision and a continuum of radiation is formed
{that is a white radiation). X-ray spectra show in
addition, a number cof sharp peaks of high intensity whose
positions change from one material to another. These
peaks are the characteristic lines for the element of
which the target is made (Dent Glasser, 1979). The most

useful metals are usually iron, copper and molybdenum.
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when electron bombarding the targets reach certain
critical energies they are capable of knocking electrons
out of their atomic orbitals. In particular, at energies
of about 10kev (for elements with Z approximately 30)
they can remove electrons from the innermost (K) shell.
The vacancy created in the K-shell is filled either by
descent of an electron from the next higher shell (L) or
the one above that (M). The decrease in potential energy
in going from the higher level to the lower appears as
radiation and as the energies of the shells are well
defined, each transition gives a nearly monochromatic

line. The principal peaks are:

Rons Kus L AEEEkE.E ¥ K
Kg1+ ¥g2 Moot K

Because the difference in energy between L and K shells

is less than that between the M and K shells, Ky is
always at longer wavelengths than Kg - As the atomic
number (Z) of the target element increaseg, Lhe

characteristic lines shift to shorter wavelength, and one
can in principle select a target to give almost any
desired value for the K, line which is the x-radiation.
The most widely used target is copper

Ky = 1.5423). In practice however, the choice of

targets are limited to materials which are solid, dense,

conductive and high-melting. Transition elements of the
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first and second long periods meet these requirements and
have characteristic radiations in the regions quite

useful for x-ray analysis.

2.7.2 X-ray diffraction by crystalline solid

A solid may be composed of particles arranged in a
regularly repeating pattern in which case it is said to
be crystalline. A solid whose particles show no long-
range order is said to be amorphous. The usefulness of
x-ray diffraction in the study of solid substances lies
in its ability to distinguish ordered from disordered
states (Alexander, 1969).

All materials interact to some extent with
electromagnetic radiation. Amorphous solids having no
long-range order, behave.towards incident radiation in
much the same way as fluids. They absorb or transmit it
equally in all directions, that is, isotropically. In
contrast the behaviour of crystalline materials towards
radiation is modified by the ordered arrangement of their
particles. Crystals may show anisotropy because
different directions within the repeating pattern
interact differentiy with the incident radiation. If the
wavelength of the incident radiation is of the order of
the interatomic distances, scattering or diffraction
phenomena become important and these too are modified by
the order of arrangement of crystalline materials (Dent

Glasser, 1979).
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The practical process of obtaining information about
a crystal structure from a study of its diffraction
pattern falls into two stages (Dent Glasser, 1979). The
first step is to study the positions of the ciffracted
beams with the object of determining the size and shape
of the unit cell. The second is to study the intensity
of the beams, with the objective of deducing details of
the atomic arrangement within the cell. X-ray
diffraction studies can be carried out on a single
crystal or on a sample consisting of a very large number
of randomly oriented crystalline particles, that 1is a
powder. Powder patterns are chiefly used as a rapid
means of identification, but they are sometimes used for
structural studies, particularly if crvztals large enough
for single crystal study cannot be obtained. The only
condition governing the position of a reflected beam from
a powder sample is the Braggs equation which can be
written as:

nA = 2dy,y Sin 8
or
NA = 2d Sin 6,

in order to indicate that the diffraction is by the
specific planes (hkl) or at the particular 8,7, often
called the Bragg Angle of the plane (hkl) (Alexander,

1569) .

The use of the equation depends on whether one is
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concerned with relating the measured angle 6 to the
interplanar spacing dhkl, as is the case in diffraction
experiments in which AN is known, or to the unknown
wavelength as is the case in x-ray spectroscopic

experiments in which the crystal spacing is known.
2.7.3 Recording the pattern

Diffraction patterns can be recorded on photographic
film, using an x-ray camera e.g. a DEBYE-SCHERRER POWDER
CAMERA. It can also be recorded using IONISATICN or
SCINTILLATICON DETECTORS wmounted in a housing that can be
moved in a circular path around the sample. The reason
for recording a powder pattern is to identify the phase
or phases of which a specimen consist (Dent Glasser,
1979). 1In general each substance gives its own unique
powder pattern which can be used to identify it - hence
the term finger-print methods. The patterns, a list of
d-spacings and relative intensities for most crys:zalline
phases are usually contained in a powder diffraction
file. he unit cell indices and optical data are, if
known also included in this file. |

Careful measurement of the relative intensities of
the lines present in the pattern should enable the amount
of the respective phases present in a mixture to be
estimated (Alexander, 1969; Dent Glasser, 1979). One

difficulty, is to find sufficient lines that are not

overlapped by lines from other phases; another is the
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possibility of varying degrees of prefecrred orientation
due to changes in morphology. Moreover, the intensity of
a pattern depends on the perfection of crystallinity; an
apparent increacs2 in the proportions of a given phase may
mean that its crystallinity is improving (Dent Glasser,
1979) ; Amorphous materials cannot be estimated Oy
diffractometry, and if present may prevent absolute
values Dbeing estimated for <crystalline phases.
Notwithstanding these reservation for many studies
quantitative powder diffractometry may be the best way to

follow phase changes that are occurring (Alexander, 1969;
Dent Glasser, 1979).
2.7.4 Application of X-ray diffraction methods
The capacity to reveal the degree cof ordering 1in
solid substances makes x-ray diffraction well suited to
the investigation of crystallinity in calcium phosphate
systems. X-ray diffraction analyses are being employed
to elucidate certain aspects of nucleation and growth
dynamics of emerging solid phase of calcium phosphate
systems (Boskey and Posner, 1973; Eanes and Posner, 1965).
X-ray diffraction pattern of the crystalline calcium
phosphate, HAP has a strong maximum at approximately 32°
28 plus some distinct maxima at higher angles. These
scattering region (that is 23-36928) have been

principally surveyed (Eanes et al, 1965; Bienenstock and
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Posner, 1967 and Thomas, 1991). The amorphous material,
on the other hand shows a broad maximum at approximately
29° 28, and a weaker broad maximum at approximately 45°
26 (Eanes et al, 1965).

An accepted method of following the extent of
conversion of ACP to HAP is the measurement of a degree
of crystallinity of each precipitate obtained at a
gpecified reaction time, from 1ts x-ray powder
diffraction pattern (Eanes and Posner, 1965; Boskey and
Posner, 1973). This index was originally defined to be
equivalent to the weight fraction of HAP present in the
reaction slurry. In the original method, the integrated
intensity of an x-ray diffraction peak (the 002 peak in
this case) characteristic of the crystalline material is
compared with the integrated intensity of a 100%
crystalline sample of the same material of similar size
({Eanes and Posner, 1965). The method suffers from the
following limitations. First, it involves app:oximations
regarding mass absorption coefficient of a very imperfect
calcium hydroxyapatite and an unidentified noncrystalline
solid component. Second, peak areas are measured which
due to the nature of the diffraction profiles, would
always be less than the true areas due to an unavoidable
overestimation profiles, would always be less than the
true areas due to an unavoidable overestimation of the

background level (Eanes and Posner, 1965). Furthermore,
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the 100% crystalline sample was arbitrarily assigned in
the original paper, but it is now known that an improper
assignment could lead to a concealment of wvaluable
information on phase changes during the conversion
process (Thomas, 19588). It was also thought that,
because crystal faces do not all grow at exactly the same
rate, wusing a single diffraction peak may not
sufficiently define the crystal growth profile (Thomas,
1988) .

The mean size, D, of the apatite crystals at
different sampling intervals is wusually estimated
approximately from the ccrresponding line breath at half
maximum intensity, B, (Eanes and Posner, 1965; LeGeros et
al, 1967), using the egquation:-

D = 57.3%" Mg, cos s;
where- K is a crystal shape factor with an approximate
value of 0.9, A is the wavelength of the x-radiation
employed, and 8 is one-half the scattering angle. The
constancy in crystal size implies that the crystal
nuclei, once formed, grow so rapidly to their final size
that at any given point during conversion the majority of
crystals present are fully developed. The constancy in
size, again implies that the conversion rate is
proportional to the number of apatite crystals already
formed and to the total interfacial area of the

crystalline phase (Eanes and Posner, 1965). Increased x-
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ray diffraction line broadening also result from small
crystallite size or from strain in the lattice, or from

both (LeGeros et al, 1967).
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CHAPTER THREE

3.0 STUDIES ON CALCIUM PHOSPHATE
PRECIPITATION

3.1 Introduction

The precipitation of calcium phosphates and in
particular HAP has been extensively studied. However
there remains considerable uncertainty as to the nature

of the phases formed during the early stages of the

precipitation reaction. The major events comprising
their formation from buffered solutions include, (1)
initial deposition of ACP, (2) its  subsequent

transformation into small crystals of apatite and (3) the
ultimate growth or ripening‘ of those crystals. The
physicochemical mechanisms which govern this precipitate
phase transformation process are such that once initiated
it would normally proceed to completion (a process known
as autocatalysis) (Boskey and Posner, 1973). Therefore
ACP would be expected to have only a finite suspension
lifetime, the extent of which may be dependent upon
experimental conditions used (Termine et al, 1970a). If
autocatalytic nucleation is the dominant mechanism in the
conversion process, seeding a preparation of
uncrystallized calcium phosphate with apatite crystals
will bring about a more rapid completion of the
transformation (Eanes and Posner, 1969).

The formation and identification of metastable
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phases during and subsequent to phase transitions have
important implications in many systems, particularly
those of biological nature. Bone tissue has always been
found to contalin substantial amounts of ACP as well as
HAP. It would therefore appear that some factors must
exist within 1living systems which regulate the
physicochemical conversion of ACP to HAP. If a
metastable phase persists for any length of time, it may
be identified by crystallographic or analytical
procedures.

In this chapter transformation of ACP to HAP was
studied under different experimental conditions, with the
aim of determining how these conditions would influence
nucleation of HAP crystals, extent of conversion and the
mean sizes of the resultant HAP crystals. The
experiments were carried out in the presence of certain
substances thought to be inhibitors of the ACP - HAP
transformations. These include Adenosine-5-monophosphate
(AMP) , Adenosine-5-diphosphate (ADP) Adénosine—s—
triphosphate (ATP), L-glutamate, casein, citrate,
pyrophosphate, tetracycline powder, some metal ions
(cd2*, Mg?*, pb2*, zn2*, sr?*, Ba®*), and Fluoride ion.

The products of the transformation in each case were
examined by x-ray powder diffractometry at various time
intervals. The aim is to attempt to decipher the mode of

inhibition of the various types (Types I and II) of
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inhibiting substances.
In a preliminary experiment HAP was precipitated
using three different sets of gstarting materials in order
to determine if the stoichiometry of the apatitic

precipitate is influenced by the type of reactants.

3.2 EXPERIMENTAL

3.2.1 ipi i ium r 3

Reagents

Unless where stated, all reagents used were of
analytical grade. All solutions were prepared using
doubly distilled water.
ct il l i ] ] I ] I.

A solution of 0.019M was prepared by dissolving
appropriate amount of the salt in water.

Calcium acetate solution

A solution containing 0.008 mole of ca?* was
prepared by dissoclving the calculated amount of the salt

3 of water.

in 400cm
mmon i h lu
A solution of 0.019M was prepared by dissolving
appropriate amount of the salt in water.
Calcium nitrate golution
The solution was prepared as described for calcium

acetate.

Calcium hydroxide solution
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A 0.50M solution was prepared by dissolving the

appropriate amount of the salt in water.

h ri

A 0.30M solution of the acid was prepared by
diluting appropriate amount of the acid (sp. gr. 1.75)
with water.
Procedure A

The sodium hydrogen phosphate solution (1100em?) was
heated to boiling and the calcium acetate solution
(400cm?)  was carefully added drop-wise with constant
stirring, using a mechanical stirrer. After
precipitation, the contents of the flask were refluxed
for about one hour to enhance homogeneity and
crystallinity of the apatite. The precipitate was
filtered, washed with water and dried at 105°C for about
four hours.
Procedure B

HAP was precipitated as in procedure A, but using
ammonium hydrogen phosphate and calcium nitrate as
reagents.
Procedure C

HAP was precipitated by allowing calcium hydroxide
solution (500em3) to drop (at a rate of one drop per
second) into boiling orthophosphoric acid solution

(700cm?) . The mixture was stirred constantly using a
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mechanical stirrer. After precipitation, the contents of

the flask were treated as in procedure A,

3.2.2 Precipitation of ACP - HAP precipitates

Reagents

Buff ion

pH 9.0

The solution was prepared by mixing together 60cm> of

0.50M hydrochloric acid solution and 250cm> of 0.60M tris

(hydroxy methyl) amino methane solution. The resultant
3

solution was made up to 1000cm”.

pH 7.4

3 of

The solution was prepared by mixing together 42cm
0.10M hydrochloric acid solution and 50cm? of 0.10M tris
(hydroxymethyl) amino metgane solution. The resultant
solution was made up to 1000em” .

The buffer solutions were standardized with PYE
Unicam (Pw 9418) pH meter.
Calcium nitrate solution
0.04M solution was prepared by dissolving the appropriate

amount of the salt in 400cm3 of the buffer solution.

Diammonium hydrogen phosphate solution

0.036M solution was prepared by dissolving the
appropriate amount of the salt in 500cm® of the buffer

solution.
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ni lution
One part of ammonia solution (25%) was mixed with
one part of acetone (that is 1:1), to give a solution
with pH approximately 10.6.
Procedure
The precipitation of ACP was initiated by mixing
together the pre-buffered solutions of Ca(NO,3), and
(NH,;) , HPO,. Separate experiments were performed at 25°C
and pH 9.0 in a water-thermostated double walled bath
(Thomas, 1989).
ACP was allowed to convert to HAP, with stirring at
about 250 r.p.m. using a mechanical stirrer. Samples of

3 jce-cold

the precipitated solids were taken into 15c¢m
ammonia/acetone water, and filtered quickly by suction
using a vacuum pump. The precipitate was washed with
acetone to obtain a free flowing powder. The time of
completion of acetone wash was recorded in each case as
the time reaction coordinate (Boskey and Posner, 1973;
Thomas, 1989). The reaction was carried oug for nine
hours in each case, and samples were withdrawn at known

times. The dry samples were stored in a vacuum

desiccator over phosphorus pentoxide.



Buffer solution

Prepared as described in section 3.2.2.

roh . lut
Prepared as described in section 3.2.2.
Diammonium hydrogen phosphate solution
This was prepared as described in section 3.1.2.
Metal salts

Metal salts used include, magnesium nitrate, lead

nitrate, zinc nitrate, strontium nitrate, cadmium

nitrate, barium nitrate and sodium fluoride.
Ammonia/Aceton luti

Prepared as described in section 3.2.2.

Procedure

The crystal growth experiment was initiated by
mixing together pre-buffered solutions of Ca (NO4), and
(NHg) 5 HPO, . 0.001M (or 2.5% relative to the molar
concentration of Ca?*) each of Ccd?*‘, Mg?*, pb2*, zn2*,
sr?*, Ba?* and F~ respectively were added to the
mediating solutions in separate experiments. Nitrates of
the metals were used to avoid changes in the initial
number of ions in solution (Thomas, 1989). The
experiments were carried out at pH 9.0 and 25°C over a

period of nine hours. Withdrawal of samples were as
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described in section 3.2.2.

3.2.4 Preparation of ACP-HAP precipitates

Reagents
Buffer solutions

They were prepared as described in section 3.2.2.

Calcium nitrate golution
The solution was prepared as described
3,224

Diammonium hydrogen phosphate solution

The solution was prepared as described
3.2.2.
Ammonia/Acetone solution

The solution was prepared as described
3.2
Inhibitors

These include, sodium pyrophosphate,

in section

in section

in section

trisodium

citrate, adenosine-g-monophosphate sodium salt (AMP),

adenosine-s-diphogphate sodium salt (ADP), adenosine-s-

triphosphate sodium salt (ATP), L-glutamate sodium salt,

Casein and tetracycline powder. Concentrations of each

inhibitor used for different experiments are shown in

table 3.1.
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Table 3.1: Inhibitors and experimental conditions
used in the Acp-HAP transformation.

Name of Inhibitor Concentration pH Temperature
Adenosine-5-monophosphate 0.002M 9.0 25°cC
0.002M 9.0 50°C
Adenosine-5-diphosphate 0.002M 9.0 25°C
0.002M 9.0 50°cC
Adenosine-5-triphosphate 0.002M 9.0 25°¢
0.002M 9.0 50°¢C
Tetrasodium pyrophosphate 0.001M 9.0 25°¢C
0.002M 9.0 50°C
Trisodium citrate 0.001M 9.0 25°C
0.002M 9.0 50°C
L-Glutamate (sodium salt) 0.001M 9.0 25°C
Casein .0.5mg/Cm> 9.0 25°C
Tetracycline powder 0.5mg/Cm’ _ 7.4 37°9¢C
0.025mg/cm> 7.4 37%¢
Procedure

The procedure is as described in section 3.2.2. The

experiments were carried

out

temperatures for some inhibitors,

at different pH and

as shown in table 3.1.

The concentration of each inhibitor in the mediating

solution is also shown in table 3.1.
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3.2.5 Effect of tetracycline on HAP crystals
Reagents
Tetracycline powder

0.01g of the powder was weighted accurately.

HAP Crystals

5g of HAP prepared using procedure C in section

3

3.2.1 was suspended in 200cm” of water.

Procedure

Tetracycline powder was added to the HAP suspension
and stirred at room temperature for about one hour. The
HAP crystals were recovered by filtration and dried at

about 80°C for about three hours.
3.2.6 Chemical analysis of samples

3.2.6.1 E i i
Absorption Spectrophotometry

Reagents
Standard solutions for metal ions

Standard solutions were prepared for calcium,
magnesium, zinc and cadmium, by dissolving abpropriate
amounts of their soluble sgalts in water to give a
solution containing 50ppm of each ion (Whiteside, 1975).

u ion

10% (w/v) of lanthanum solution was prepared by
dissolving 31.20g of lanthanum nitrate hexahydrate in a
100cm?® volumetric flask and made up to the mark with 50%

(v/v) hydrochloric acid.
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Procedure

The standard and sample solutions were each treated
with 5em® of the lanthanum solution and aspirated into
the flame. Absorption intensities were measured and
sample concentration were read off from a calibration
curve.

A PYE Unicam sp 1900 atomic absorption
spectrophotometer was used. Instrumental conditions are

as prescribed by Whiteside (1975).

3.2.6.2 Colorimeteric determination of
Phosphorus

Reagents
Sodium molybdate solution

The solution was prepared by dissolving 12.5g of the
salt in 500cm® of 5M sulphuric acid.

Hydrazinium sulphate solution

The solution was prepared by dissolving 1.5g of

3 of water.

hydrazinium sulphate in 1000cm
t ard hate lution

A stock solution containing 50ppm of phosphate ions

was prepared by dissolving 0.21979 of potassium

3

dihydrogen phosphate in 1000cm” of water.

Procedure
Different concentrations of the standard solutions
were prepared, ranging from 0 to Sppm. 5ecm® of the

molybdate solution was added to each standard solution in
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a 50cm® volumetric flask. This was followed by 2em’ of
the hydrazinium sulphate solution and diluted to the
mark. After mixing, the volumetric flask was immersed in
a boiling water both for about 10 minutes to develop the
colour. It was allowed to cool and the absorbance was
taken at 830nm. A calibration curve was constructed from
the results obtained (Basset et al, 1986). -

2cm3 of the sample sclutions were transferred into
50cm? volumetric flasks. The procedure for preparing the
standard solutions was repeated and the concentration of

phosphate ions was read off from the calibration curve.

3.2.7 X-ray Analysis

The x-ray powder diffraction patterns of the dried
precipitates were taken using a Philips powder
diffractometer (Pw 1730), at the Centre for Energy
Research, Ahmadu Bello University Zaria. Nickel-filtered
copper K, radiation was employed. The scattering region
24-36° 26 was principally surveyed; this portion of the
diffraction pattern includes the main hydroxyapatite
profile,

At a given time t, the extent of reaction, (that is
the fraction of ACP converted), is equivalent to the
weight fraction of hydroxyapatite present in the slurry
{Boskey and Posner, 1973). In the transformation of ACP
to HAP, the integrated intensity of an x-ray diffraction

peak characteristic of the crystalline material obtained
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in the presence of other ions and <‘nhibitors, were
compared to the intensity of samples obtained without
inhibitors. The reliability of this x-ray method for
determining the fraction of crystalline hydroxyapatite in
a given sample has been confirmed using mechanical
mixtures of ACP and HAP (Boskey and Posner, 1973).

Because of extensive overlaps, cnly the 002 peak at
about 25.8°926 was judged to be sufficiently resolved for
line-breadth measurements. The width at one-half the
maximum height of this peak, B, was measured in degress
29. The quantity, 1/8, which is proporticnal to the mean
crystallite size and/or degree of perfection in the
direction along the c-axis of the crystals was taken as
the measure or the crystallinity index (Eanes et al,
1965). Since the variations in the degree of resolution
of the remainder of the diffraction pattern reflected the
changes in the 002 reflection, this crystallinity index
can be taken as representative of the crystal as a whole.

The mean size D, of the apatite crystals at
different sampling intervals were estimated from the
corresponding £, by use of scherrer’s equation (Eanes and
Posner, 1965):-

D = 57.3K )‘/3% Cos 8
where K’ is the crystal shape factor with an approximate
value of 0.9, A is the wavelength of the x-radiation

employed ( A\ = 1.54A) and 6 is one-half -he scattering
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angle.
X-ray diffraction patterns were also taken for the
HAP precipitates obtained using three different methods
of preparation. Approximate cell parameters, a- and c-
axes, for the samples were obtained using the equa
for an hexagonal system (Alexander, 1969).

d = (4/3&2' (h? + k2, hk) + .12/023'”



3.3 Results

X-ray diffraction patterns of precipitates obtained
using three different procedures of preparation of HAP
are compared in figures 3.1. The Ca/P mole ratios and
cell parameters for the different precipitates are
compared in tables 3.2 and 3.3 respectively.

X-ray diffraction patterns for the conversion of ACP
into HAP at 25°C and 50°C are shown in figure 3.2. The
precipitation reactions were carried out using
concentrations and pH that allowed for the precipitation
of ACP. Samples were regularly taken for analysis over
a period of nine hours. The growth of HAP crystals is
indicated by the development of distinct Bragg peaks with
time of reaction and the region between 19° and 39° 29
{which is the main diagnostic region) is used in this
study. Table 3.4 contains the corresponding
crystallinity index; 1/3% and the mean size, D of apatite
crystals as a function of time.

The effects of certain inhibitor molecules on the
transformation of ACP to HAP are distinct and varied.
Appendix I contains the x-ray diffraction patterns for
precipitates obtained in the presence of some inhibitor
molecules. A short lag time of over 30 minutes was
observed in presence of adenosine-5-monophosphate (AMP),
at 25°9C and pH 9, before a discernible conversion of ACP

to HAP was obtained. 1Increasing the temperature from
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259C to 50°C shows that conversion started in less than
10 minutes. Table 3.5 shows the effects of AMP on the
crystallinity index and mean sizes of the apatitic
crystals obtained at 25°C and 50°C and pH 9.

Adenosine-5-diphosphate, (ADP) and adenosine-5-
triphosphate, (ATP) have been classified as type II
inhibitors (Williams and Sallis, 1980). The x-ray
patterns of precipitates obtained in presence of these
inhibitors are also given in appendix I. At 25°C and pH
9, ADP stabilized ACP for over 4 hours and when the
temperature was increased to 50°C conversion of ACP to
HAP was almost immediate. Table 3.6 shows the effects of
ADP on crystallinity and mean sizes of HAP crystals at
reaction temperatures of 25°C and 50°C. At 25°C and pH
9, using ATP as inhibitor there was no conversion of ACP
into HAP throughout the period of the experiment {(that is
9 hours) . Increasing the temperature to 50°C in a
separate experiment, transformation started at about 4
hours. The effect of pH on the transformation of ACP to
HAP in presence of ATP is compared in figure 3.3. X-ray
diffraction patterns of the precipitates obtained at
different pH shows that conversion of ACP to HAP in
presence of an inhibitor also depends on the pH of the
mediating solution. Tables 3.7 and 3.8 contain the
corresponding effects of ATP on the mean sizes and

crystallinity of HAP crystals under the various
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experimental conditions. At the concentration of
pyrophosphate used (0.002M), this inhibitor stabilized
ACP for over 9 hours. Increasing the temperature from
250¢ to 50° did not stop the inhibition. X-ray
diffraction patterns obtained for the precipitates are

given in appendix I.

Table 3.2 Ca/P molar ratio of HAP obtained from
three different procedures.

Method of ca?* (mole) 10-5 P (mole)l0-5 Ca/p
preparation
A 6.18 4 .44 1.40
B 6.78 4.55 1.49
c 6.72 4.05 1.66

Table 3.3 Cell parameters of HAP obtained from
three different procedures.

Method of preparation a-axis (&) c-axis (i)
- A 9.5202 6.9503
B 9.5148 6.9608
(64 9.4724 6.9598

Literature value 9.432 6.881

1]
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Table 3.4 Crystallinity index 1/f, and mean size D
of apatite crystals obtained at 25°C and

pH 9.
Reaction Temp. Time (min) By (8) 1/B% D values
25°¢ 10 * * *
30 1.80 1.00 TT .47
60 0.80 1.28 96.79
120 0.80 1.28 96 .88
240 0.80 1.28 96 .88
480 0.80 1.258 96.92
540 0.80 1.28 96.92
50°¢C 10 1.00 1.00 77.69
i0 0.90 3,12 88.52
60 D.80 1.258 96.86
120 0.80 1::2% 96.88
240 0.80 125 96.88
480 0.80 1.25 96,88
540 0.79 1.26 97.05
* - values could not be determined, because

precipitate was essentially amorphous.

Table 3.5: Crystallinity index, I/E% and mean size, D of
apatite crystals obtained in presence of AMP
at 25°C, s50°C and pH 9.

Reaction Temp. Time (min) By (8) 1/%y, D values
25%¢ 10 * *
30 - * .
60 * *

120 1.00 1.00 77.82

240 0.88 1.14 89.79

480 0.88 i.14 90.23

540 0.88 1.14 90.23

50°C 10 1.00 1.00 77.82

30 1.00 1.00 77.82

60 1.00 1.00 78.24

120 1.00 1.00 78.69

240 0.86 1.16 82.35%

480 0.86 1.16 92.35

540 0.86 1.16 92.35
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Table 3.6: Crystallinity index, 1/8% and mean size, D of
apatite crystals obtained in presence of ADP
at 25°c, 50°C and pH 9.

Reaction Temp. Time (min) £, (8) 1/3% D values
At 25°C 10 * * *
30 * * *
60 " * *
120 * * *
240 * " W

480 1.00 1.00 77.79

540 1.00 1.00 77.78

50°C 10 1.00 1.00 77.78

30 1.00 1.00 77.82

60 1.00 1.00 78.82

120 1.00 1.00 77.84

240 1.00 1.00 77.78

480 1.00 1409 77.85

540 0.90 1:%13 86.44

* See table 3.4 for meaning

Table 3.7: Crystallinity index, 1/8, and mean size, D of
apatite crystals obtaineéd in presence of ATP
at 50°C and pH 9.

_________________________________________________________

Reaction Temp. Time (min) 2% (8) 1/8Y% D values
At 50°C 10 * » *
30 * * *
60 * * &
120 * * *
240 * * *

480 1.00 1.00 77.82

540 1.00 .00 77.78

* See table 3.4 for meaning.
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X-ray diffraction patterns for precipitates obtained
in the presence of citrate ions at 25°C and 50°C and
pH 9 are also given in appendix 1. The effects of the
citrate ions on the crystallinity and mean sizes of HAP
crystals are shown in table 3.9. The effects of casein
and glutamate on crystallinity and mean size of HAP
crystals are indicated in tables 3.10 and 3.11
respectively.

Figure 3.4 shows x-ray diffraction patterns of ACP-
HAP precipitates when tetracycline was used as inhibitor.
The precipitation reactions were carried out at
physiological conditions (that is pH 7.4 and 37°C
Different concentrations of tetracycline powder were used
for separate experiments.‘ No precipitate was recovered
when O.OSmg/cm3 of tetracycline was used. Results
obtained when 0.025m9/cm3 and 0.01mg/cm3 of tetracycline
were used are shown in figure 3.4. The effects of
tetracycline on crystallinity and mean size of HAP
crystals are contained in table 3.12. X-ray diffraction
patterns of HAP crystals obtained from procedure C in
section 3.2.1 and HAP crystals treated with tetracycline
are compared in figure 3.5.

The x-ray diffraction patterns of ACP-HAP
precipitates obtained in the presence of metal ions
namely, Mg?*, sr2*  cd?*, pb2* and Ba?' are given in

appendix II. The various effects of these metal ions on
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crystallinity and mean sizes of HAP crystals are given in
table 3.13.

X-ray diffraction patterns for ACP-HAP precipitatés
in presence of F  are also given in appendix 1I. The
reactions involving all the metal 1ons and fluoride ion
were carried out at 25°C and pH 9.

Chemical analyses weré performed on ACP-HAP
precipitates obtained at different times for the control
experiment as well as those obtained in the presence of
Mgz+,2n2* and Cd2%*+. Table 3.14 contains the
concentrations of Ca?* and P043' as well as the Ca/P
molar ratios for each precipitate withdrawn at different
times in the control experiment. Table 3.15 contains the
concentrations of Caz*,.Mgz+. 9043' and Ca;q_, Mg, /P
molar ratio. Table 3.16 contains concentrations of Caz*,
zZnst, P043' and Ca;g_,Zn, P molar ratios. Table 3.17
contains the concentrations of Ca2+. cdz*, PO43” and the
Calo_x“Cdx/P molar ratios for each precipitate. Calcium

2+_M2+/p) molar ratios for

- metal ion/phosphorus (i.e Ca
the metal ions in tables 3.14 - 3.17 were plotted against
time and shown in figure 3.6. The curves show a typical
behaviour of precipitation reactions involving metastable

phases (Eanes and Meyer, 1977).
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Table 3.9: Crystallinity index, 1/8, and mean size of
apatite crystals obtained in presence of
citrate 25°C, 50°C and pH 9.

Reaction Temp. Time (min) g% (8) 1/BY% D values
At 25°C 10 * * .
30 4 * *
60 - * *

120 1.00 1.00 77.51

240 0.80 1.25 96.96

480 0.80 1.25 96.92

540 0.80 1.25 96 .88

50°C 10 1.00 1.00 1.71

30 1.00 1.00 77.78

60 0.80 1.25 97.28

120 0.80 1.25 97.21

240 0.80 1.25 97.14

480 0.80 1.25 97.28

540 0.80 1.25 97.28

* See table 3.4 for meaning

Table 3.8: Crystallinity index, 1/f, and mean size, D of
apatite crystals obtained in presence of ATP
at 379, pH 9.0 and 7.4.

pH Time (min) By, (8) 1/8, D values (A)
7.4 10 * * *
30 * * *
60 * - *
120 * * *
240 1.0 1.0 79.41
480 N 6 1.0 79.41
540 095 .05 83.59
9.0 10 * * *
30 * * *
&0 * * *
120 * * *
240 * * *
480 L J | 0.91 72 :19
540 1.0 1.0 79.41

* See table 3.4 for meaning
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Table 3.10: Crystallinity index, 1/8,, and mean size,
D of apatite crystals obgained in presence
of casein at 25°C, and pH 9.0

Time (min) By, (8) I/E% D values (A)
10 1.0 1.0 79.41
30 1.0 1.9 79.41
60 1.0 1.9 79.41
120 1.0 1.0 79.41
240 Q.95 1.080% 83.59
480 0.95 1: 056 83.59
540 0.95 1.08 83.59

Table 3.11: Crystallinity index, 1/f, and mean size, D
of apatite crystals obtained in presence of
glutamate at 25°C, and pH 9.0

10 * * *

30 1.0 1.8 79.41
60 1.0 1.9 79.41
120 1.8 1.0 79.41
240 0.90 i R 88.23
480 0.87 .15 91.29
540 085 1.18 93.42
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Table 3.12: Crystallinity index, 1/£,, and mean size, D of

apatite crystals obtained in presence of
tetracycline at pH 7.4 and 37°C

Conc of Time (min) B, (8) 1/B, D values (A)
tetracycline
0.01lmg/ml 10 1.0 1.0 79.41
30 0.90 1.32 88.23
60 0.90 .31 88.23
120 0.90 5 s B 88.23
240 9.84 1.39 94:.55
480 0.80 1 .25 99 .27
540 0.80 L.25 99,27
0.025mg/ml 10 1.0 1.0 79.41
30 1.0 1.0 79.41
60 0.90 .11 88.23
120 0.90 1.11 88.23
240 0.90 1.12 88.23
480 0.80 e [ G | 88.23
540 0.9% 1.09 87.26
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Table 3.13: Crystallinity index, 1/, and mean size, D of
apatite crystals obtained in presence of
some ions at 25°C and pH 9.

Ions Time (min) By, (8) 1/13% D
Mg2-+ 10 * » *
30 - * *
60 * * -
120 L *® *
240 0.80 1.25 97.17
480 0.80 1.25 9717
540 0.80 1.25 97.16
Sr2+ 10 " * *
30 * * *
50 * w *
120 1.20 0.83 66.2
240 0.83 1.20 85.7
480 0.85 1.18 93 .4
540 0.88 1.14 90.2
2n2+ 10 * > *
30 . - - *
60 * * *
120 0.99 101 80.2
240 0.90 L:13 BB.2
480 0.84 1.19 94.5
540 0.82 1.22 96.8
ca?+ 10 - * >
3D * - *
60 1.00 1.00 . 79.4
120 0.89 (I B9 .2
240 0.90 {8 U 4 88.2
480 0.88 1.14 90.2
540 0.88 1.14 90.2
ph2+ 10 . * *
30 - * +*
60 * * *
120 0.80 1.25 97.15
240 0.80 1.25 97.19
480 0.80 1.25 97.21
540 0.72 1.40 102.95
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Table cont.

lonsg Time {(min) B% (9) 1/3% D
BaZ+ 10 * * n
30 * * *
60 * * *
120 1.1 0.91 79 .4
240 0.83 1.20 85.7
480 0.82 3 [ 96 .8
540 0.82 1.22 96 .8
F' 10 * * *
30 * * *
60 1.0 1.0 79.4
120 0.96 1.04 82.7
240 0.85 1.18 93 .4
480 0.86 1.16 D23
540 0.85 .18 93.4
* See table 3.4 for meaning.

Table 3.14: Concentrations of Ca?*, PO43‘ and Ca/P
molar ratios for ACP-HAP precipitates
obtained at different times.

Time (min) ca?*t (1010-5) P(10° ) Ca/P Ratio

10 2.38 2.90 0.82
30 2.92 2.94 0.98
60 2.38 2.20 1.08
120 2.22 2.20 1.00
240 2.88 2.22 1.30
480 2.59 2.00 1.30
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Table 3.15: Concentrations of Ca®*, Mg2*: PO,3"~ and
Ca- Mg/P molar ratios for ACP-HA
precipitates obtained in presence of Mg2*

__________________________________________________________

Time (min) c¢a?* (1019-5) mMg?* (10°%) P(107°) cCa-Mg/P

_________________________________________________________

10 3.75 3.90 3.14 1.24

30 1.81 1.93 2.98 0.65

60 3.81 4 .00 2.91 1.34

120 3.81 3.98 3.92 1.02

240 3.12 3.26 3.87 .84

480 3,25 3.41 2.48 1.40

540 2.72 2.84 2,03 1.40

Table 3.16: Concentrations of Ca®*, zZn?*: p0,3~ and

Ca- Zn/P molar ratios for ACP-HA 3

precipitates obtained in presence of Zn

10 2:.3% 2.40 3:15 0.77
30 2.3 2.41 3.02 0.81
60 2.50 2.60 2.91 0.89
120 2.22 3.14 3.90 0.81
240 3.44 3.57 3.90 Q.92
480 3.62 3.76 2.50 1.51
540 2.99 333 2.04 1.50
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Table 3.17: Concentrations of Ca<t, cd2*, 9043' and

Ca- Cd/P molar ratios obtained_for ACP-HAP
precipitates in presence of Cd<’

10 3.88 1.38 4.70 0.85
30 2.69 1.08 3:.32 0.84
60 2.59 1.03 3:17 0.84
120 3.94 1.46 4.72 0.87
240 2.00 0.91 2.42 0,86

480 2.19 0.97 2.62 0.87
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3.4 Piscussion

Synthetic basic calcium phosphates prepared from
carbonate-free aquecus solutions have x-ray diffraction
patterns similar to hydroxyapatite but often depart from
its stoichiometry by exhibiting low Ca/P molar ratios
between 1.5-1.60 (Posner, 196%9). 1In this work the HAP
crystals with the highest and ideal Ca/P molar ratio
{1.65) were obtained from the procedure C, which involves
the use of Ca(OH), and H4yPO,. The cther methods, A and
B (that is Na,HPO,/CH,COOCa and Ca{NO4),/(NH;), HPO,
regpectively) gave apatite crystals with 1.41 and 1.49
{table 3.2}. Broader peaks corresponding to the 211,
112, 310 and.212 reflections are observed for the more
imperfect crystals as shown by the x—ray;diffraction
patterns obtained for samples from procedures A and B.
Generally a iow Ca/P molar ratic has been attributed to,
first, excess HP042" groups adsorbed on the surface of
the stoichiometric HAP crystals and secondly, missing
calcium either from the surface or from the interior of
the HAP crystals (Posner, 1969). Posner (1969) further
suggested that a general formular for all cation-
deficient apatites can be written as My o-xHox
(PO4)6(OH)2; where M is any divalent cation such as Calt,

The xX-ray diffraction patterns of ACP-HAP
precipitates shown in figure 3.2 is typical of solids

undergoing phase changes (Boskey and Posner, 1973). The
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values of the crystallinity index, 1/£, and mean size D
of apatite crystals show that the mechanism of the
transformation isg such that once the initial nuclei are
present, the rate of proliferation and perfection of the
crystalline material is very rapid. The rate of
production of these crystalline materials during this
proliferation period has been found to be proportional to
the fraction of crystalline material already present
(Boskey and Posner, 1973). This process is said to be
autocatalytic, since it accelerates itself by production
of additional crystals. Furthermore, since the mean
crystal size, D of apatite formed is nearly the same
throughout the conversion, this also implies that
conversion rate is proportional to the number of apatite
crystals already formed and to the total interfacial area
of the crystalline phase. 1In an attempt to explain the
mechanism of conversion, Eanes and Posner (1965),
suggested that the precursor phase first dissolves with
subsequent solution transport of the dissolved ions to a
nucleation site. Crystallization then occurs directly
from a supersaturated calcium phosphate solution with
some ancillary nucleating mechanism acting as the rate
controlling step, making ACP a passive but unstable
calcium and phosphate ion reservoir.

Increasing the reaction temperature to 50°C caused

the induction time to reduce and the rate of conversion
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to increase. The mean size of the apatite crystals did
not change significantly (table 3.4). There is8 some
indication then that, there is an energy barrier whiéh
must be overcome in order to form the first stable
nucleus. According to Boskey and Posner (1973},
increasing the temperature decreases the induction time
by increasing the solubility of the ACP as well as
providing additional energy needed to form a stable
primary nucleus. - This also agrees with the results
obtained by Termine and Posner (1970), that ACP are more
stable at lower temperature.

Previous studies (Termine and Posner, 1970; Termine
et al, 1970; williams_ and Sallis, 1982) on the
transformation of ACP into HAP have demonstrated that
many compounds inhibit the formation of HAP. It is this
finding that has led to this reappraisal of the factors
determining whether or not a substance will inhibit HAP
formation on one hand, and the effects of such inhibitors
on the crystallinity and mean sizes of the resultant HAP
crystals. The structures of the inhibitors used in this
work are shown in figure 3.7, since these have formed one
of the bases of classifying them (Williams and Sallis,
1982) . Inhibitors have been grouped into two types based
mainly on the manner by which their increasing
concentration affects the parameters defining transition.

The nucleotides that is, adenosine-5-monophosphate
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(AMP), adenosine-5-diphosphate (ADP} and adenosine-5-
triphosphate (ATP) following the classification of
Williams and Sallis (1982) are type II inhibitors. With
this type of inhibitors ACP is considered to be the main
locus of action, although other mechanisms can be
responsible for their inhibitory action. AMP shows a
weak inhibitory action, delaying conversion for a short
time. ADP showed a relatively stronger inhibitory action
and ATP showed the strongest inhibitory action among the
nucleotides used in this work. At 25°C in the presence
of AMP, conversion of ACP into HAP started at about 2
hours, with ADP the conversion started at about 8 hours
and with ATP the precipitates were amorphous throughout
the period of reaction (appendix 1). This trend can be
attributed to the extent to which each of the nucleotide
binds to the active sites on the HAP nuclei. The
complexing ability of these nucleotides increases as the
polyphosphate chain becomes longer (Wazer, 1958). This
means that, ATP binds to the active sites on HAP nuclei
the most, while AMP binds to it the least. This trend is
also supported by measurement of stability constants of
ionic complexes of various adenosine phosphates with
calcium ions (Smith and Alberty, 1958). The conversion
of ACP into HAP at 25°C in presence of AMP and ADP may
occur as a result of hydrolysis of the nucleotides with

time, or that they bind poorly to the active sites of the
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HAP nuclei. The adenosine meoiety can also sterically
obstructed one active site per molecule, thus decreasing
the coverage and therefore permitting HAP crystal growth
to continue (Williams and Sallis, 1982). ATP though
capable of being hydrolysed, the area of scission of the
polyphosphate is thought to be dependent on pH of the
media (Corbridge, 1980). In biological processes or
reactions at approximately neutral pH, ATP can be
hydrolysed successively leading to ADP and AMP, thus

releasing high amount of energy.

ATP + H,0 ------ » ADP + H4PO,
ADP + Hy0 ------ » AMP + HPO, 2"
AMP + Hy0 ------ » A + HPO 2"

In bioclogical processes,lthe rates of hydrolysis are
greatly increased by the presence of enzymes. In
alkaline solution ATP breaks at the second P-0-P linkage
(figure 3.7), to give AMP and pyrophosphate (Corbridge,
1980) . From the results obtained (appendix 1) when
precipitation was carried out in alkaline medium (pH
9.0), pyrophosphate was possibly formed as a result of
the hydrolysis, and pyrophosphate being a stronger
complexing agent (Smith and Alberty, 1958), than AMP,
causes a more permanent poisoning of the HAP nuclei,
This may explain why the precipitates obtained were
amorphous throughout the period of reaction. Increasing

the reaction temperature from 25°C to 50°C, caused
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conversion of ACP into Hap at approximately 8 hours of
reaction. At this temperature ACP converts faster into
HAP, and the concentration of the pyrophosphate that
resulted from the hydrolysis of ATP may not be enough to
cause a permanent inhibition. When the precipitation
reaction was carried out under physiological conditions
(pH 7.4 and 37°C) in the presence of ATP (figure 3.3),
the conversion of ACP into HAP started at approximately
1 hour. Under this condition as discussed earlier, ATP
hydrolyses successively to AMP; and since the
susceptibility of these nucleotides to hydrolysis is
given as AMP > ADP > ATP (Smith and Alberty, 1958), it is
expected that ACP should convert at relatively shorter
induction time as observed. For AMP and ADP, when the
temperature was increased from 25°C to 50°C at pH 9
(appendix 1), this appeared to appose their inhibitory
effects, and conversion of ACP into HAP started at
approximately 10 minutes for both inhibitors.

Williams and Sallis (1982) reported that type II
inhibitors do not alter the dimensions of the particles
involved in the transition. 1In this work it was found
that the nucleotide inhibitors actually caused a slight
reduction in the mean sizes of the crystals (tables 3.5,
3.6 and 3.7), even when the temperature was increased.
However, citrate which is also a type II inhibitor did

not cause such a reduction in the crystal size (table

AKZRA{
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3.9). This finding suggests that even though the
nucleotides and the citrate are type 11 inhibitors, they
may bind to different sites of the HAP nucleus. Tables
3.5, 3.6 and 3,7 show that increasing the temperature of
reaction acts only to reduce the inducticn time, but does
not have any effect on the size of the apatite crystals
formed in presence of nucleotide inhibitors. The fact
that citrate cannot be hydrolysed further confirms that
the mechanism of inhibition is different from that
exhibited by the nucleotides. It has also been reported
that the solubilities of the apatite crystals obtained in
the presence of citrate ions were not different from
those obtained in the control experiment (Meyer and
Salinger, 1980). Tt would therefore appear that the
effect an inhibitor would have on the resultant apatite
crystals is also dependent on the mechanism of inhibition
and not necessarily on whether it is a type I or type II
inhibitor.

Pyrophosphate on the other hand has been classified
as a type I (that is, a crystal growth) inhibitor
(Williams and Sallis, 1982). This ion can change either
the surface or the internal chemical composition of the
initial amorphous phase, thus increasing the activation
energy barrier of amorphous calcium phosphate dissolution
and initial apatite crystal feormation (Termine and Posner

1970) . Both classes of inhibitor bind to ACP and HAP,
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and it therefofe appears either'that type I inhibitor
bind with higher affinity to the defect sites on HAP from
which crystal growth proceeds, or that these sites are
different from those bound by type II inhibitors or both
with the concentration of pyrophosphate used in this
work, no transformation of ACP into HAP occurred and the
ACP spherules were stabilized throughout the period of
reaction (9 hours). Pyrophosphate 1s likely to have
bound very strongly to ACP, thus changing its chemical
composition and showing no evidence of being hydrolysed
in the course of the reaction, even when the temperature
was increased to 50°C. In the pyrophosphate ion (figure
3.7}, the P-0O-P bond is more difficult to hydrolyze than
polyphosphates attached to organic groups. The
pyrophosphate resembles the diphosphate group in ADP
structurally and the difference in the inhibitor potency
could be because of the size difference. ADP probably
acts on the surface of the HAP nuclei (in which case it
is prone to surface catalyzed hydrolysis), while the
pyrophosphate may enter the HAP nucleil and cause a more
permanent poisoning of the HAP nuclei at the temperature

used. Since there was no conversion of ACP to HAP, even

at 50°C, this could imply that the pyrophosphate was not

hydrolysed at this temperature, and ACP wag stabilized
for a much longer period.

The citrate ion delayed the conversion of ACP into
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HAP for approximately 60 minutes at 25°C (appendix 1I).
Table 3.9 shows that the inhibitor did not affect the
dimensions of the apatite crystals. Though citrate héd
earlier been classified as a type II inhibitor, this
finding is contrary to the generalization made by
williams and Sallis (1982). Increasing the reaction
temperature to 50°C, completely nullifies the inhibitor
potency of the «citrate ions at the stipulated
concentration. The citrate ions have been reported to
substitute for phosphate ions on the apatite surface
(Cifuentes et al, 1980).

Casein, a protein found in milk did not inhibit ACP
to HAP transformation at the concentration (0.1lmg/ml)
used in this experiments. Termine et al (1970), reported
that this protein inhibited the conversion minimally at
a higher concentration (0.5mg/ml). Casein probably
interferes sterically with the conversion process
especially at high inhibitor concentrations. - There are
also indications that organically bound phosphate and
acidic amino acid side chains may be potent sites for any
given macromolecule-mineral interaction (Termine et al,
1970) . Like inhibitors containing phosphate groups, the
use of casein resulted in the reduction of the mean size
of the apatitic crystals formed. Based on the mode of
inhibition casein may be grouped along with type II

inhibitors.
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L-Glutamate was found to delay conversion of ACP to
HAP for about 30 minutes. Though not classified by
Williams and Sallis (1982), L-glutamate possesses one of
the structural factor necessary for a potent ACP-HAP
inhibitor (that is more than one carboxylic group). L-
Glutamate was also found to reduce the mean size of the
apatite crystals and may be regarded as a type II
inhibitor.

Tetracycline whose structure is shown in figure 3.4,
is a breoad-spectrum antibiotic. It has been found to be
an inhibitor of ACP - HAP transformation. It is an
amphoteric compound, and exist as zwitteriong in neutral
solutions. It forms stable complexes with many metals
including calcium and sﬁch chelates are usually very
insoluble in water. The affinity of tetracycline for
calcium causes it to be laid down in newly formed bones
and teeth as tetracycline-calcium phosphate complexes
(Doerge, 1978). Deposits of this antibiotics in teeth
coursé ‘;. yellow discolouration which darkens over a
period of time. The precipitation reactions in the
presence of tetracycline were carried out at
physiological conditions (pH 7.4 and 37°C + 0.05). At a
concentration of 0.005mg/ml of tetracycline, no
precipitate of calcium phosphate was isolated. This may
be as a result of a greater affinity of tetracycline for

calcium ions compared to the phosphate ions. When a
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lower concentration (2.5x10w3 mg/ml) was used, ACP-HAP
precipitates were formed. The rate of ACP to HAP
conversion, as well as the extent of conversion wefe
affected by tetracycline at this concentration. It was
found that at this concentration tetracycline did not
significantly stabilize the amorphous phase (figure 3.4).
At still a lower concentration of tetracycline (1.0x10"
3mg/ml) tetracycline cannot be regarded as an inhibitor
of ACP - HAP transformation. Table 3.12 shows that the
mean size of crystals formed at this concentration
(1.0x10 mg/ml) showed considerable reduction in the mean
size of the HAP crystals. At high concentrations, it is
possible that apart from forming chelates with calcium
ions, tetracycline probaﬁly interferes sterically with
the conversion process. Tetracycline may be classified
as a type 11 inhibitor based on the classification used
by Williams and Sallis (1982). All precipitates obtained
using tetracycline were yellow at first, but darkened
with time when exposed to light. In a separate
experiment, when HAP crystals were treated with a neutral
solution of tetracycline (0.05M) the resultant HAP
crystals turned yellow and later darkened. The x-ray
diffraction pattern obtained for these HAP crystals
(figure 3.5b), is not different from that obtained for
the pure HAP crystal (figure 3.5a). It appears from this

result that, tetracycline was only adsorbed on the
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surface of the HAP crystals, since broadening of the
peaks were not observed.

Metal ions apart from sometimes substituting for
ca’t in apatites, also affect the transformation of Acp
into HAP and the dimensions of the resultant crystals.
Mg?* (a type II inhibitor) was found to inhibit Acp to
HAP transformation (Appendix II). Nancollas (1981),
considers the inhibitory role of Mgz* to involve
interference of this ion with the formation of HAP
critical nuclei by entering the prenuclei structure and
creating a structural mismatch. At the concentration
used in this study (0.001MO. Mg ion inhibited the
nucleation of HAP for about 2 hours, but did not inhibit
crystal growth. The mean size of apatite crystals
obtained in presence Mg2+ (table 3.13) are comparable to
the control.

2+

Although it has been reported that Sr can easily

enter the apatite lattice (Koutsoukos and Nancollas,

1981), they similarly compete with Ca?*

and prevent the
formation of the appropriate nuclei and slow down crystal
growth. The presence of Sr?* in the crystallizing
solution was found to reduce not only the crystal growth,
but also the mean size of the apatite crystals (table
3.13). In the crystallization of hydroxyapatite from

agueous solution, Koutsoukos and Nancollas (1981),

obtained Ca-Sr-hydroxyapatite crystals which were much
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smaller than ﬂAP crystals. The reason given is thatlthe
presence of sr2* results in the creation of ionic
vacancies in the lattice and insignificant incorporation

of the strontium ions.
2+

zn2* which has been found to substitute for Ca in
HAP only to a little extent (Inikori, 1992), was found to
delay the nucleation of HAP crystals for about 2 hours
{appendix II). Zn?* 1like Mg?* did not reduce
gsignificantly the mean size of the apatite crystals
formed. Cd%* (ionic radius 0.97A) is similar to Ca2*
- {ionic radius 0.99A) in size, and is therefore expected
to substitute for Ca2* in HAP at the low concentration
used. Cd?* was found to delay the nucleation of apatite
¢rystals for about 30 ﬁinutes, and also reduced the
crystal growth and mean size of the apatite crystals.
This reduction in size of the apatite crystals is in
agreement with the smaller ionic radius of cd?* with
respect to that of ca’t, However this difference in
ionic radii appears too small to justify the observed
reduction in size. Instead the reduction may be
attributed to the nature of the cation-oxygen
.interacticns {(Big et al, 1986). R

Pb?* was found to inhibit nucleation proceés,ubut .
enhanced crystal growth. The replacement of lead for

calcium in the apatite structure induces an enlargement

of the lattice constants in agreement with the larger
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ionic radius of lead (1.30A) with respect to that of
calcium. However, this cannot be justified on the basis
of the difference in ionic radius and nature of the
cation-oxygen interaction alone, but may be accounted for
more completely by the structural differences caused by
the inhomogeneous lead distribution in the two non-
equivalent cation sites of the HAP structure (Bigi et al,
1991) .

Ba?* gubstituted to a small extent for Ca?* in HAP
in aqueous medium (Bigi et al, 1984). Ba?* like Sr2*
inhibited nucleation process for some time {appendix II),
but did not reduce the crystal growth, thus giving
crystals similar to those obtained for the control. It
appears that under the experimental condition used in
this reaction, Ba?* did not substitute for Ca®* in HAP.

The F ion was found to inhibit  ACP-HAP
transformation by reducing the growth rate of the
apatitic crystals, and delaying the nucleation of HAP
crystals. Fluorapatite (FAP) is less soluble compared
with hydroxyapatite and thus incorporation of F~ within
the lattice would be expected to result in a more rapid
precipitation of the apatite with a lower final calcium
and phosphate concentrations (Newesely, 1961). However,
studies of the ionic molar ratios in the precipitating
phase was reported to be suggestive that this ;phase is

not FAP but rather in fluoridated hydroxyapatite



110

(Nancollas, 1982). Nancollas (1982), also reported that
F~ retards the formation of ACP, but this was not
observed under the conditions used in this experimenf.
The effect of F~ on the size of the resultant HAP
crystals was not very significant (table 3.13).

Chemical analysis of ACP-HAP precipitates shows an
initial increase in the Ca/P molar ratio of the control,
and a lowering at about 2 hours, after which a constant
value (1.3) was maintained. In the absence of such ions
as F and CO,, HAP is the thermodynamically stable and
product of calcium phosphate precipitations carried out
in neutral or basic pH. The data obtained in this study
(table 3.14), show that the crystals are apatite like in
their general structural féatures. The first crystals to
form in the spontaneously precipitating systems deviated
markedly from HAP in composition and structural details
as exemplified by 1low Ca/P molar ratios, x-ray
diffraction patterns and distorted mean sizes. These
primary crystals are unstable and steadily change upon
solution ageing to compositions and structure nearly
resembling HAP. The rate at which these chemical and
structural changes decrease with time suggests a
maturation behaviour similar to that observed in either
sparingly soluble inorganic precipitates known as Ostwald
ripening (Walton, 1967, Dunning, 1973). Eanes and Meyer

(1977) observed similar changes in the growth curve of
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HAP under physiological conditions. They reported that
these phase changes and the final apatitic stage of the
maturation process was marked mostly by changes in the
chemistry of the solids. Furthermore, the significant
increase in the Ca/P ratio of the solid obtained at 1
hour occurred, but was accompanied by very little
decrease in solution calcium. This finding they
explained, indicate that the increase in crystal mass
during this time span from newly deposited material was
negligible and consequently could not account for the
observed increase in Ca/P ratio. Instead the significant
amounts of the earliest apatite formed by hydrolysis
change into more stoichiometric material through
cont inuous dissolution/gfowth process such as ostwald
ripening.

The behaviour of the precipitating phases, differ in
the presence of the different metal ions, that is Mg2+ ,
zn?* and cd?*. The Ca-Mg/P molar ratio shows an initial
decrease and then an increase before it finally attains
a stable composiiion of 1.4 (figure 3.6). This increase
in Ca-Mg/P ratio indicates maturation of the apatite
crystals and this is consistent with result obtained from
x-ray analysis of the precipitates discussed earlier.
The Ca-Zn/P molar ratio also shows a general increase,
giving a value of 1.5, nearing the expected value for

apatites. The Ca-Cd/P molar ratio deviated markedly from
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the expected value for apatifeé,-wﬁich ié approximately
~1.67. This result is also consistent with the inhibitory
role Cd?* plays on the crystal growth of HAP. The low
Ca-Cd/P ratio may be as a result of the contribution from
the other precipitating phases of calcium phosphate

sygEem unable to convert to the apatite in presence of
ca“"-
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CHAPTER FOUR

4.0 Attempted Preparation of "Tin

n 1 1 m n

Pure stoichiometric hydroxyapatites, My (PO4) g (OH) 5
are difficult to prepare from solution. The
precipitation of calcium hydroxyapatite is usually
nonstroichiometric with Ca:P meolar ratio less than
theoretical and contains acid phosphate, carbonate and
excess water. Other hydroxyapatites such as barium,
cadmium, lead and strontium hydroxyapatites are known and
have been prepared (Sundarsanan and Young, 1972; Fowler,
1974; Okada and Iwai, 1978; Inikori, 1992). These
hydroxyapatites are isostructural with calcium
hydroxyapatite, and as such they have the possibility of
being incorporated into bony tissues and dental enamel.
Structural and crystal studies show that the crystals are
hexagonal and have the space group P,/M. Lattice
parameters of hydroxyapatites are shown in table 4.1,

Many of the studies on hydroxyapatites have been
directed towards defining the exact nature of the
interaction of various ions with calcium hydroxyapatite.
Usually the substitution of a cation for Ca?* in calcium
hydroxyapatite, HAP is accompanied by changes in the

apatite lattice or unit cell parameters. These changes
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are often related to the size of the ionic or crystal
radius of the cation compared to that of the CaZ*.
Similarity in the cationic radius has therefore been
proposed as a reason for isomorphous substitution for
ca?* in HAP (Chiranjeevirao et al, 1982). This proposal
is not always supported by experimental observations.
For example cations larger than ca?*, such as Sr2*, Pb2+
substitute for Ca?* giving a complete series of solid
solutions of the type Cag_, Mn(PO4),0H (n=o to 5, M
refers to the substituting cation) (Koutsoukos and
Nancollas, 1981). cd?* and Mg2+ with smaller radii (the
latter more so) have also been found to substitute for
ca?* in the whole range (Inikori et al, 1989). Calcium-
barium hydroxyapatites on éhe other hand show a zone of
immiscibility between 0 and 64 atom % barium (Bigi et al,
1984) .

In a survey of the effects of various cations on
calcium hydroxyapatite in aqueous medium at about 100°C,
Legeros et al {1980), reported that  amorphous

2+ and

precipitates were obtained from solutions with Sn
ca®* mole ratio of 3:97. It was therefore thought that
tin does not substitute for Ca®* in HAP to any
significant extent, and therefore may not form an
apatite. Lead which is just below tin in the ;periodic

table forms lead hydroxyapatite which has been prepared

in large amounts from a non-conventional procedure using
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lead nitrate (Bigi et al, 1991). Lead also substitutes
for calcium in HAP in the whole range. While the lattice
constant a of the resultant solid solutions varies
linearly with composition, the variation cf the lattice

constant € does not follow Vegard’s law but shows a

discontinuity at about 50% lead atom content. The
variations of the lattice constants of the solid
solutions follow the same laws whether samples are
obtained from aqueous media or by solid state reaction
(Big et al, 1991). The aim of this section was to study
the interaction of tin with calcium hydroxyapatite for
comparison with the results obtained for lead. An
attempt was made to prepare tin hydroxyapatite from

hydrous tin (II) oxide.
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4.2 EXPERIMENTAL

4.2.1 Attempted preparation of tin
hydroxyapatite

.Preamblg
- Like Pb2+ salts, Sn2+ salts are colourless and
generally soluble in water but are extensively
hydrolyzed. For example _ _
SnCl, + Hy O SnfOH} Cl + HC1
Scluticons of tin (II) salts react with alkali te yield a
white precipitate of hydrated tin(II) oxide, Sn0.xH,0.
Hydrolysis of Sn(II) salts gives (Sn3(OH)4)2+ and
(Snz(OH)z}z+ as minor contributors (Cotton and Wilkinson,
1976) . - | o

3 sn?*+ 4H,0 - (Sny (OH) 4} 2% + an*

The trimeric ion appears to provide the nucleus of
several‘ basic tin (II) salts obtained from aqueous
solutions at fairly low pH, an example of which is the
basic tin (II) nitrate, Sny (OH) 4, (NO5}, (Donaldson and
Moser, 1961). Lead hydroxyapatite had earlier bheen
prepared from nitrate, PbgO5; (NO3), (Thomas, 1988 and

Bigi et al, 1991).

Reagents
| Copper sulphate pentahydrate

Metallic tin.
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1:1%v/v Ammonia solution

This solution was prepared by mixing together one
part of ammonia solution (Sp. gr.0.91) to one part of
water, to give a total volume of 280cm>.
: I hpl | ; id

This solution was prepared by mixing an appropriate
volume (7cm3) of orthophosphoric acid (Sp. gr. 1.75) in
250cm® of water.
Sulp! I g luti

20cm3 of the acid was taken in 400cm® of water.
Procedure

Hydrous tin (II) oxide was first prepared, using the
method described by Donaldson and Moser, (1961). Cu (II)
S04 (Sog} was dissolved in the sulphuric acid solution
and metallic tin (509] was then added. The mixture was
heated to boiling (without stirring) until the solution
turned colourless and the deposited copper was covered
with a grey coating of tin. The resulting tin (I11I)
sulphate solution was filtered and the filtrate treated
with ammonia solution, to precipitate the hydrous tin
(IT) oxide. The grey precipitate was washed by
centrifugation using distilled water until it was free of
ammonia, and then suspended in water.

An attempt was then made to ©prepare tin
hydroxyapatite using the hydrous tin (II) oxide. A

paste of the hydrous tin (II) oxide, was transferred into
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the orthophosphoric acid solution over a period of about
30 minutes. The mixture was stirred continuously for 1
hour using a magnetic stirrer. The precipitate obtained
was filtered by suction and washed several times using
warm water. It was dried in an oven at 100°C for about

2 hours.



medium
Reagents
5D2+ {:521- Solution

A solution containing 3:97 mole ratio of Sn?*/ca?*,
giving a total of 0.008 mole of cation was prepared by
weighing the calculated amount of tin (II) chloride and
calcium nitrate into 400cm® of water.

Ammonium hydrogen diphosphate solution

A solution containing 0.019 mole of phosphate ions
in 1100ecm® of water was prepared by dissolving
appropriate amount of the salt in water.

Procedure

An attempt to prepare synthetic tin calcium

hydroxyapatite was made based on the report of Legeros et

2+ and ca?*, and

al (1980); with a solution containing 8n
by precipitating from an aqueous medium. This was done
by dropwise addition of the mixed tin/Calcium ions to a
boiling and stirring solution of ammonium hydrogen
diphosphate.

After precipitation, the content of the reaction
flask was refluxed for about 1% hours to enhance the
homogeneity and crystallinity of the precipitate. The

precipitate was then filtered, washed with water and

dried in an oven at 105°cC,
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4.2.3 Preparation of tin calcium
Reagents '
Calcium hydroxyapatite

This was prepared by the method described in section
3.2.4c.
Procedure

Attempts to prepare tin calcium hydroxyapatites were
made by heating mixtures of the final precipitate from
section 4.2.1, assumed to be tin hydroxyapatite and
calcium hydroxyapatite in a furnace at 500°C overnight.
Mixtureg were made with tin ranging from 0 to 100 atom %.

The synthesis was repeated at 700°C.

4.2.4 X-ray diffraction analysis

X-ray powder diffraction patterns of the final
precipitate from section 4.2.1, and tin "calcium
hydroxyapatites" were taken as described in section

3.2.7, in the 26 range of 52 - 509,

4.2.5 Infra-red absorption analysis

Infra-red absorption analysis was carried out for
the unknown tin phosphate precipitate, obtained from the
attempt to prepare tin hydroxyapatite in section 4.2.1.
About 1.0mg of the powdered sample was mixed intimately
with 300mg of potassium bromide (Infra-red grade).
Pellets were made under wvacuum, and analysed at the

Department Chemistry, University of Bologna, Italy.
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4.2.6 The gquantification of tin and
w m £

0 ' h recipita

4.2.6.1 X-ray fluorescence analysis

The high Z elements as well as the low Z elements of

the powder samples can be analysed using different
radioisotopes and secondary target x-ray tubes. The
ijpowder samples were prepared without using the binder
and pressed with 2 ton pressure. The Am-241 radioisotope
source and Cd-109 radioisotope source were used to excite
the fluorescent for tin element and the coherent and
incoherent scatter of the samples respectively, at the
International Energy and Atomic Energy Centre, Austria.
The spectra evaluation was done using orthogonal
background order of 10. The quantification for Sn was
performed with the use of the fundamental parameter
method of the AXIL/QXAS package. In the analysis of
phosphorus, cellulose was used as the binder and pressed
with 5 ton pressure. With the use of tube x-ray
fluorescence system, Fe secondary target was used to
excite the fluorescence and for the calculation of
sensitivity of the P, the Mo target was used for the
calculation of absorption. The spectra evaluation were
done using Linear Filter background order of 10. The
quantification of P was performed with the use of
Quantitative Analysis of Light Matrix Materials of the

AXIL/QXAS package.
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4.3 Resgults and Digcussion

X-ray diffraction pattern obtained for the new
compound suspected to be rein hydroxyapatite’
Sng (PO,4) ,OH, is shown in figure 4.1, The x-ray
diffraction pattern shows distinct peaks between 29 and
31 28 (the main diagnostic region of calcium
hydroxyapatite) in addition to some distinct maxima at
higher angles. The peak observed at 26928 for this
compound is similar to the 002 peak of calcium
hydroxyapatite. The general formular for hydroxyapatites
is considered to be MS(PO4)3OH (M = divalent cation), and
they belong to the hexagonal Pb,/M space group. Results
obtained from calculation of lattice parameters (using d-
spacing values for the compound in appendix III),
assuming the centrosymmetric space group (that is Pb3/M}.
showed that the a-axis = 9.88A and C-axis = 7.45A. These
are compared with results obtained for some synthetic
hydroxyapatites in table 4.1. There appears to be some
correlation between the ionic radii and the lattice
parameters, although this is not exact.

The result of infra-red measurement on the compound
is shown in figure 4.2 and the spectra for calcium
hydroxyapatite is shown in figure 4.3. Mean wave numbers
for the vibrations of phosphate and hydroxyl groups of
the tin phosphate together with other synthetic

hydroxyapatites are shown in table 4.2. The spectra of
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apatite substanées'céntéining rhosphate ions have nine
infra-red active internal vibrations of the phosphate
groups (Klee and Engel, 1967). Six of these (V, V, Vg
Vap Vaa: Vap!) are vibrations in which the movements of
the atoms are symmetric and the remaining three
vibrations in which the movements c¢f the atoms are
antisymmétric (i.e Vs, V3, and v4?), All bandsl
associated with PO, group in hydroxyapatites occur in the
range from <30 to 1:109¢cm™t (Klee and Engel, 1969). Rands
due to the librational motion ¢f the OH ions in hydroxy
compounds may alsc occur in this region. 8Such bands have
been cbs=r-=d i the zase of Cag(i0,)40H (at €3icm™ ) and
Cdg (PO4YqCH at Tl4cm ), and in this study {at €300y,
The band assignments are as follcws for the internal Vv,
Vo, Vy and vy PO modes: the band ranging from 980cm™ 1 to
1100cm™ 1 cerresgonds to the band ranging from 1040cm™ L to
10%2cm™ = oiserved for calcium hydroxyapatite for the
components of tripl,; degenerate V, antigymmetric F-0
stretching mode; the band at 940cm” corresponds to the
962cm™ 1 of calcium hydroxyapatite; for v,, non-degenerate
P-0 stretci.ng mode; the bands at 520cm“1, 550cm”™ L and
5%0cm” 1 correspend to the 561cm‘1, 575cm™ 1 and GOlcm'lz
components of the triply degenerate V, 0-P-0 bending
mode; the band a: 455cm © is assigned to the components

of the doukbly dsgenerate V,
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Table 4.1 Ionic radii and Cell parameters for some
synthetic hydroxyapatites.

Compound Tonic radii (K) a-axis (i} c-axis (A) References
Cdg (PO4) ,0H 0.97 9.335 6.664 Okada and
Iwai (1978)
CaS(PO4)3OH 0.99 9.421 6.882 Posner (1969)
Srg (PO, ) 4OH 1.12 8.765 7.280 Sundarsanam
et al (1972)
Sng (PO4) OH 1.12 9.884 7.450 This work
Pb5(PO4)3OH 1.20 9.890 7.433 Posner (1969)
Bag (PO4) ,0H 1.34 10377 7732 Fowler (1974)

Table 4.2 Mean wavenumbers for the vibrations of
phosphate and hydroxyl groups of "Sng (PO,4) ;OH"
and some synthetic apatites.

Compound Vy (PO4) V4 (PO4) V4 (PO4) V,(PO,) OH OH

Cag (PO, ) yOH 962 473 1057 580 631 3572
Cag (PO4) OH 950 - 1029 571 714 -

ST (PO4) 4OH 947 457 1045 575 539 3592
Sng (PO,) 0H 940 455 1040 553 630 3540
Pbs (PO4) ;0H" 930 - 1030 551 - 3560
Bag (PO, ) ;0H 933 437 1023 565 430 3606

et e S

References Klee and Engel (1970), * Inikori (1992).



.ofl the doubly degénerate Vo 0-7-0 bending mocde,
corresponding to the 473cm band in calcium
hydroxyapatite. The band 3550cm”! is assigned to the O-H
stretching mode for the tin compound.

The results obtained for the new tin phosphate in
the x-riy fluorescence analyses {(figure 4.3) show that
the tin compound has Sn/P molar ratio of 0.%92, which is
below the expected 1.67 for stoichismetric apatites. In
a separate determination for phosphorus on the tin
compound by molybdenum blue method |Bassett, 1982), tin
in the compound reacted as a reducing agent by leading to
the formation of molybdernum bliu=s., This indicates that
tin was actially present in the original sample as Sn<*t.
Various reasons couid be attributed to the_
nonstoichicmetry cf the compound. The high phosphate
concentraticn ¢culd result from adsorption of H- PO,  on
the surfaces of the tin hydr . xyapatite, or some sn* icns
cculd be missing from the crystal lattice, thus creating

-

lattice vacancies and reducing the amount of Sn“" in the
crystal.

X-ray diffraction patterns of the products obtained
in the preparation of tin calcium hydroxyapatite, in
agqueous and sclid state reactions were obtained. Figure
4.4 shows the x-ray pattern of the product oktained by

precipitation from agqueous system containing 3 a:om % tin
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in solution together with the patterns of the products
of the solid sclutions of tin calcium hydroxyapatite in
the range 0-10 atom % tin cttained by solid state
reaction at 500°C. The pattern of the product from the
agqueous system is essentially featureless and
characteristic of an amocrphous preoduct. This is in
agreement with the observation of Legerns et al (1980).
At tin concentration sign:ficantly greater than 20 atom
%. the products of the sclid state reaction at both 500°C
and 700°C (figure 4.5) were essentially amorphous. This
can be seen from figure 4.4 in which the pattern of the
product with 20 atom % tin snhows no significan: peak.

The products of the rzactizn at 502°C and 700° w-re quite

si.zilar, except for a slight increase in crystall:inity of
the solid solutions (C-1C atom % Sn) at 700°C, as can be
g2en from a slight sharpening of the peaks for tihe solid
soluticns with 10 atom % Sn in figure 4.5. The increase
in crystallinicy is as would be expected. The structural
modifications of hydroxyapatite induced by lead which is
directly above tin in the periodic table have also been
characterized (Bigi et al, 1991). Lead substitution for
Ca®* in HAP structures causes an expansion of the lattice
parameters, consistent with the difference in 1ionic
radius. Substitution of Sn?* also shows an expansion of

the lattice parameters for the precipitates (in which 0-

10% atom tin was used), and this appears to be as a
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result of the incorporation of tin in ﬁﬁ? as.depicted by
the reducad peak intensities of the x-ray patterns
(figure 4.4 and 4.5). However, chemical analysis of
these products showed that not all the $n?* in the solid
mixtures actually substituted for Ca®* in HAP. For Pb<*

the variation of the ¢ paramster with composition does

not follow the Vegard’'s law while the a-axis -aries
linearly with lecad concentration (8igi et al, 15%%1'. The
“variations of the cell parameters of the solid scluticn
follow the same laws whether cthe samples are obtained
from agqueous media or by solid-state reaction for the
replacement of lead for calcium, but cannot be sail Zo be

true for tin substitution of Ca?* ix HAP.
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CHAPTER FIVE .
5 .'0 Summary and Conclusion
5.1 Summary o | o

The precipitation of calcium phosphates from aqueous
solution was studied. The major events comprising the
formation of different phases of calcium phosphate sclids
were monitored 1in buffered solutions. These events
include (a) initial deposition of amorphous calcium
phosphate, ACP, (b) its subsequent tréﬁsformation into
small crystals of apatite, and (c) the ultimate growth or
ripening of these crystals. The physicochemical
mechanisms which govern  this precipitate phase
transformation process are such that once initiated it
would normally proceed to completion (a process known as
autocatalysis) (Boskey and Posner, 1973). Therefore, ACP
would be expected to have only a finite suspension
lifetime, the extent of which was found to be dependent
upon experimental conditions used. _ -

In this study a preliminary experimenﬁ involving the
preparation of HAP using three different sets of starting
materials was carried out. It was found that the
stoichioﬁetry.éhd crystallinity of HAP crystals obtained
were dependent upon the starting materials used.
Transformation of ACP to HAP was carried out under

different experimental conditions, with the aim of
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determining how these conditions would influence
nucleation of HAP crystals, extent of conversion and the
resultant mean sizes of the HAP crystals. Experiments
were algo carried out in presence of certain substances
thought to be inhibitors of the ACP-HAP transformation.
The products of the transformation were examined by x-ray
powder diffractometry. Results showed that inhibitors
which had been grouped into type I and type II (Williame
and Sallis, 1982), inhibited this process to various
extents depending on their binding power and experimental
conditions such as pH and temperature. Type I inhibitors
are stronger binding agents than type II, so ACP was
stabilized throughout the period the experiments were
carried out. With type II.inhibitors, convergion of ACP
to HAP started after some time, giving crystals of
different sizes for different inhibitors. Adenosine
phosphates (type 1II inhibitors), inhibited ACP-HAP
transformation, the extent of which was dependent on the
number of phosphate groups attached to the adenosine
moiety. Casein, L-glutamate and tetracycline (all
classified as type IT inhibitors from results obtained in
this work), did not inhibit ACP-HAP transformation at low
inhibitor concentrations, but gave crystals with
relatively small mean sizes.

Transformation of ACP into HAP was also carried out

in presence of some metal ions, all of which may be
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classified as type II inhibitors. Mg2*, zn?* and Ba?”*
delayed nucleation of apatite crystals, but did not
reduce the mean size of the resultant crystals. pp2*
delayed nucleat;on but increased the mean size of the
crystals, while cd?* and Sr2* reduced the mean size of
the crystals. F ion (which may also be classified as
type II inhibitor), was found to inhibit ACP-HAP
transformation by reducing the growth rate of HAP
crystals and delaying nucleation. |

In another survey of effects of cations on caicium
hydroxyapatite in agueous medium, $n* and Ca?* in a mcle
ratio of 3:92 were allowed to react at about 100°C.
Amorphous précipitate was obtained iﬁ agréement with
results obtained by Legerds et al (1980}. An attempt was
made to prepare tin hydroxyapatite, since lead which is
just below tin in the periodic table forms 1lead
hydroxyapatite, (Thomas, 1988 and Bigi et al, 1991).
The tin compound formed was examined using x-ray
diffraction analysis and x-ray fluorescence. Results
showed that the compound has strong similarities with
hydroxyapatite.

5.2 Conclusion

I. The stoichiometry and crystallinity of HAP crystals
are dependent upon the starting materials for its
preparation.

II. The effect an inhibitor would have on the resultant

£ ]
Iz
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IV.
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apatite crystals is dependent on the mechanism of
inhibition and not necessarily on whether it is a
type I or type II inhibitor. Furthermore, the
nucleation time of HAP crystals in presence of type
I1 inhibitors is dependent on pH and temperature of
the reaction media. Type I inhibitors stabilize
ACP even at high temperature.
Tetracycline may be regarded as a type II
inhibitor, which if present in calcifying solution
will result in the formation of HAP crystals with
small mean sizes. Tetracycline obviously does not
enter into the HAP lattice, but is adsorbed on the
surface of the HAP crystal.
Foreign metal ions fﬁivalent) delay the nucleation
of HAP and also affect the mean sizes of the
resultant crystals. They may be classified as type
IT inhibitors. The effects of these ions did not
show any trend in terms of the ionic radii of the
metal ions used.
The tin phosphate is not isomorphous with calcium
hydroxyapatite, this compound is either a new type
of tin phosphate or a very defective tin
hydroxyapatite. The oxidation state of tin in the

tin compound is +2.
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CHAPTER ONE

1.0 INTRODUCTION

The configuration and conformation of a natural or
synthetic product are often determined by conducting X-
ray crystal structure studies on the compound. These
have been instrumental in defining the composition and
constitution of many compounds {(Duax et al, 1976). Full
X-ray crystal structure studies provide the most precise
and accurate details concerning molecular conformation,
the most favoured orientation of side chains aﬁd the
nature of the primary intermolecular interactions that a
specific compound has with its environment. These
structure determinations-provide a wealth of raw data
concerning molecular conformation and intermelecular
interacticons that is ideally suited to analysis of
structure - function relationships.

The functions and activities of Compounds are
determined by their composition, coﬂstitution,
configuration and conformation (Duax et al, 1976).
Composition defines the number and kinds of atoms that
make up the molecule. This is readily represented by its
chemical formula. - Constitution refers to the
connectivity of the molecule and is best illustrated
diagrammatically showing which atoms are bonded to one

another. Molecular configuration defines the chirality
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of all the asymmetric centres in the moiecule.
Conformation refers to the total geometric distribution
or diSposition of the atoms in three dimensions. The
non-identical arrangement of the atoms in a molecule
obtainable by rotation about one or more single bonds
result inl differences in conformation (Eliel et al,
1967) . Only rotation about bonds between atoms carrying
at least one other substituent can lead to differences in
conformation. When there are more than two substituted
atoms which can rotate with respect to each other {(like
the methyl) group in propane, (CHy - CH, - CH,),
differences in conformation will result from rotation
about any or éll of the sa}ient bonds. Rotation about a
single bond is in most instances, not free and some
conformations are more stable than others (Eliel et al,
1967) . The different conformations of a molecule are
stereoisomeric, since they differ in spatial arrangement,
but not in the number, kind of atoms and the way in_which

these atoms are linked.

1.1 SIGNIFICANCE AND QOBJECTIVE - |

The significance of a study such as this lies mainly
in the elucidation of structure-function relationships
and giving suitable reasons for such phenomenon. For
example, the way in which a steroid acts in a normal,
carcinogenic, or a carcinostatic process is a function of

its total structure (Duax et al, 1976). Similarly the
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function of different sequiterpenes, nucleosides and
nucleotides, in different environments is also a function
of the structures of these compounds. The more detailed
knowledge obtained about the structures of individual
compounds, the easier it will be to correlate specific
structural features of that compound with the various
functions. Minor changes in the basic makeup of the
compound totally alter their conformation and biological
functions.

In this part, a quantitative evaluation of the
conformation of some ring compounds is carried out
interms of some geometric and conformational parameters,
which measure the degree of departure from ideal
symmetry. The aim is to,-as far as possible, elucidate
features which determine the conformations of some rings

found in some natural products.
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 X-RAY DIFFRACTION METHOD OF DETERMINING
TOTAL STRUCTURE:

Conformational analysis may be described as the

interpretation of the reactions and properties of

compounds in terms of their conformations (Eliel et al,

1967). These conformational arrangements are almost in
variably dete:mined by physical methods. The most
important of these total methods iz X-ray

crystallography, which in principle will gives the total
structure of any compound which can be obtained in
crystalline form.

An X-ray structure determination involves two main
steps (Stewart and Hall, 1971). The first is the
measurement of diffracticn intensities. The Unit cell
parameters and space group for the crystal are initially
determin . by photographic techniques and a more accurate
set is subsequently measursd with a diffractometasr. For
a moderately complex organic molecular crystal (30 - 50
non hydrogen atoms in the asymmetric unit of the cell)
approximately 2000 - 4000 reflections are needed for a
reliable structure study. The more accurate and precise
the data, the easier it is to solve the structure, as
well as determine the fine details of the molecular and

crystal structure of the compound. However, to determine
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the gross molecular structure of an organic molecule with
one or two heavy atoms (e.g. chlorine), the demand for
accurate data is small. The advent of the use of
diffractometers has greatly increased the accuracy with
which diffracted intensities can be measured.

The second and most critical stage in X-ray
structure analysis is a solution to the phase problem.
Radiation being scattered from different centres will be
more or less out cof phase, leading to interference
pattern. A variety of techniques for determining phases
have been developed and refined (stewart and Hall, 1971).
Cne end result of this method is a well determined
stereochemical structure of the molecular crystal. The
X-ray diffraction techniques has been of tremendous value
in establishing the complete structures of natural
products when carried sufficiently far the X-ray 2thod
can yleld very accurate bond lengths and angles (Eliel et
al, 1967).

Other methods used in structure determination
include, nuclear magnetic resonance, infrared
spectroscopy, dipole moments and kinetic methods. These

methods are 1less reliable c-mpared to diffraction

methods.
2.2 THE TORSION ANGLE CONCEPT

Torsion angle or dihedral angle is commonly used to

denote the angle which characterizes the steric
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'”_réiationshipubetween twe vicinallbonﬂsuin a molecule.

The torsion angle concept was introduced te organic

chemistry to supply a precise description of steric

relationships across single honds and to provide
particularly convenient tocl for defining ring geometry.

The application of this concept to conformational

énalyéis has led to the formulation of several rules

concerning:

ﬂﬁéi - ring conformations and deﬁormations .and Loeir -

| | effectlupéhriﬁﬁeéactions énd ) *

:,ﬁ)’: gecmetry at a ring junccion and ﬁransmission of
deformations (Bucourt, 1974). These rules make it
convenient to study the stersechemistry of c¢yelic
and polycyclic molecules, since all the
conformations a molecule might adopt can be
determined in a logiczl way and easily transcribed
Cnto paper. 2 descripticn of tftorsion angle is
given in appendix IV,

2.2.1 Description of Ring SGegmetry
The torsion angles of a cycle are those described by

each group of three consecutive bonds forming the cycle,

as shown by the bonds a, b, and c¢ in the cyclohexane
molecule of figure 2.la. To assign a torsion angle the
three successive bonds, a, b, and ¢ or the fqur connected

atoms can be named as ®a, b, ¢ or Px, vy, =z, u.

Sometimes, only the position of the cencral bond need tobe
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indicated, that is éb or ¢y, z. Th's means ®b is the
torsion angle related to the bond b

The relative positions of the central bonds of two
torsicn angles are denoted by two numbers. For example,
the torsion angles ¢b and ®#d of figure 2.1(b), are in the
1, 3 position, the direct:on of ~umbering being chosen so
as to minimize the value of the second number. The exact
description of the gecmetry of a ring is given by the
sequence of the algebraic values of its torsion angles.
The values are written alcng each central bond. The
information contained in such a seguence is beth
qualitative and quantitative, The simple sequence of
signs of the torsion angles indicates the type of
conformation and the absolute values of the torsion
angles allow the deformation with respect to a reference
conformation to be estimated (Bucourt, 1976). For
example the sum of the absolute values of the t»orsion
angles cof a ring is taken as a relative measure of the
puckering or flattening cof a deformed conformation. The
greater the sum the greater the puckering, and
conversely, the smaller the sum the greater the
flattening (Bucourt, 1974). Such a sum may also be
calculated for just part of a ring.

Figure 2.2(a) shows a system of four consecutive
bonds which forms part of a ring. Suppose the shape of

the ring in the region Ai and the orientation of a
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Figure 2.2 Geometry as a function of successive torsion
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. possible axial-subsﬁituent on Ai are to be determined.

Assume that Al is a tetragonal atom bearing two

substituents, Following the sequence of the torsion
angles ©of the ring in a clockwise direction, the

algebraic value of ¢’ which precede and follow Ai can
give the relative position of Ai rszlative to other atoms

in the ring. When & - ¢’ = 0 (or 0), the ring atom Al

lies in the mean plane (that is the least sguare planes

through the five ring atoms (x, v, 2, u of figure 2.1)

and its two substituents are synmetrically positioned
above and below this plane. They are called isoclinal,

figure 2.2(b) when ¢ - ¢’ = 0, Ai is out of the mean
plane defined by the five ring atoms. If the difference
is positive, Ai lies akove the mean plane and its axial
substituent is R-oriented (above the ring Figure 2.2{(c)).

If the difference is negative, i lizs below the mean
plane and its axial substituent is sa.d to te w-oriented
(below the ring Figure 2.2(d}){ . b

' The magnitude of the difference is also of
importance since the greater the difference, the greater
the distance of Ai from the mean plane and the more axial
the substituent, that is the more puckered is this region
of the ring. The inspection of the sequence of signs
therefore can yield useful information for example, the
ideal chair form of cyclohexane is characterized by an

arrangement of opposite signs.
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The sequence +,- indicates that the ring atom and its
axial substituent are pointing upwards, conversely the
inverse sequence -, + corresponds to a ring atom and its

substituent pointing downwards.

2.2.2 Steri elationships at a Ring

n 10I

Steric relationships at a ring junétion is of prime
importance in the phenomenon of confeormational
transmisgion. Fusion between two rings in a polyweric
molecule représents where the deformation of one ring can
be transmitted to the othér.

When two rings are fused in a trans wmanner the
"torsion angles of junction" ¢ and &' are of opposite
signs, figure 2.3. A torsion angle of junction is the
torsion angle of each ring which has the common bond ag
its central bond (Bucourt,1974}. The signg are
determined by the «- or fR-orientations of the angular
substituents R and R’, and are consistent with the fact
that, in the case of a trans fusion the angulér
substituents are always axially orientated to both rings.
It can be seen from figqure 2.3 that the signs of the
torsion angles of a junction are related to the

orientations of the axial substituents.
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Figure 2.3 Rules of conformational transmission at a trans juction
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Figure 2.4 Rules of conformational transmission at a Cis junction
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A ring deformation which causes an opening of one of
the junction torsion angles ¢, will induce a closing of
the junction torsion angle, &' of the other ring.
Conversely a closing of one torsion junction will induce
an opening of the torsion at the angle of the junction in
the other ring. At trans junction, the deformation is
transmitted in the opposite direction to the one by which
it is induced (Bucourt, 1974), and the magnitude of the
transmitted deformation should be the same as the
inducing one.

In cis fusion both torsion angles of junction are
usually positive, (figure 2.4), when one torsion angle is
closed the torsion angle of junction in the other ring is
also closed (and conversely, an opening will give rise to
an opening in the other ring). However, at the site of
the cis fusion, the signs of the torsion angles can be
simultaneously inverted. Contrary to the situation in
the trans fusion, the signs of the torsion angles of
junction in cis fusion are not fixed (they can both be +
or both -). For this reason cis fused junction is
flexible while a trans fused junction is rigid.

The signs of the torsion angles of the junction in
cis fusion are not related to the o or £ orientations of
the angular substituents as in trans fusion. However,
the axiality of substituents is always related to the

signs of the torsion angles of junction, since each
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angular substituent is axial to one ring and equatorial
to the other according to the signs of the torsion angle
of junction. The values of the two torsion angles of
junction at a cig fusion should be the same and the
transmitted deformations should alsc be identical
(Bucourt, 1974) .

2.2.3 Quantitative Analysig of Ring
Conformation

The endocyclic torsion angles redundantly define the
conformation in case of five and six - membered rings
(buax et al, 1976). If all bond lengths and angles are
held constant, and closure is required, two endocyclic
torsicn angles having only one common bond will fully
define the conformation of a six-membered ring. It has
been generally recognised that the symmetry of a ring
provides a qualitative means of defining the ring’s
conformation. The most widely used guantitative
descriptors of ring conformation other than torsion
angles are pseudorotation parameters (O and ¢) defined by
Altona et al (1968). A quantitative evaluation of the
conformations of rings of any size from which comparative
analysis can be easily made is obtainable from a
mathematical combination of torsion angles. This
analysis 1is based upon consideration of approximate

symmetry possessed by rings,
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2.2.4 Symmetry in Rings

The two types of symmetry considered in order to
define ring conformation are mirror planes perpendicular
to the dominant ring plane and twofold axes lying in the
ring plane. Either of these symmetry elements may be
~ present at any of the three kinds cf locations described
in figure 2.5. The location of the symmetry in a ring
depends on the number of actoms comprising that ring. If
there is an odd number of atoms in the ring, all symmetry
elements pass through one ring atom and bisect the
cpposite bond (figure 2.5 a and d}. In rings containing
an even number of atoms, symmetry elements may pass
Srharougn two atoms located directlwy zcross the ring from
each other (figure 2.5 b and e¢) or bisect two opposite
ring konds (figure 2.5 ¢ and £). o |
2.3 Asymmetry Parameters

Asymmetry parameters define precicsly the
confomation of any ring relative to ideal conformations
(chair, boat, envelope and so on), and relative to any
other rang of similar composition (Duax et al, 19%976).
” The asymmetry parameters of non-ideal systems
mzasure the degree of departure from ideal symmetry it
' any of the p0331ble Bymmetry locations. Related torsion
angles are compared in a way that will result in a value
cf zero if the symmetry in question is present. Mirror

related torsion angles are inversely related (same




rings

Figure 2.6 The nomenclature defining the leocation of an asymmetry
parameter.
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magnitude, opposite sign), and such torsion angles are
compared by addition. The two fold related torsion
angles are directly related (same magnitude and sign),
and are compared by subtraction. The root-mean-square
synthesis of these individual discrepancies then yields
a measure of the ring’'s deviation from ideal symmetry at
the symmetry location in question. The equations are
given in section 3.2.

It is also necessary to define which of the possible
locations the asymmetry parameter 1is describing.
Therefore an atom or bond label must be included with the
asymmetry parameter that uniquely fixes the location of
the parameter in the ring. The atom label for the lower
numbered atom present in‘the symmetry location or the
two-atom label of the bisected bond containing the lowest
numbered atom will generally be sufficient to locate the
position of the asymmetry parameter uniquely. This is
shown in figure 2.6. The asymmetry parameters of
saturated six-membered rings are useful for detecting the
nature of distortions brought about by ring junction and

substituent strains.

2.4 RMATION PECIF
2.4.1 Small Rings

Cyclopropane is a planar molecule and it appears to
present no conformational problems (Eliel et al, 1967).

Planar cychobutane rings in the solid state have
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been found in a number of simplé derivatives in which
cychobutane ring is neither conjugated nor fused to
another ring (Margulis and Adman, 1968). All of these
molecules are centrosymmetric and crystallize in the
. ' space groupKFé;fE} with the molecular centre of symmetry
coinciding with the crystallographic centre of symmetry.
There has been only slight evidence of the existence of
planar rings in gas phase or in solutions puckered rings
are alsc known in the solid state. In the puckered
conformation, positions analogous to the equatorial and
axial positions of c¢yclohexane occur, whereas in the
planar conformation all pesitions are equivalent
{(Margulis and Adman, 1968}. The puckered form of
cychobutane have been foﬁnd experimentally to be more
stable than the planar one by l.28kca1/molg {Bucourt,
1970} . | I

The wmost important ring system smallerl than
cyclohexane, from the conformational point of view, is
cyclopentane. Cyclopentane is a puckered flexible ring
characterised by pseudorotation. (Pitzer and Donath,
1959) . The puckering rotates around the ring without any
significant energy barrier, thus giving rise to an
infinity of conformaticns which differ only in bond and
torsion angles. The presence of one or more substituents
will in general change the delicate equilibrium between

torsional and bond bending energies and introduce steric
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factors as well as giving rise to a potential energy
barrier opposing pseudorotation (Pitzer and Donath,
1959). Therefore, the importance of a substituent is its
power to restrict the flexibility of the ring to a more
narrow range depending on the shape and depth of the
enerqgy well.

Attention has been focused exclusively on two
specific conformations of the cyclopentane ring, they
are, the C4 or envelope form with mirror symmetry and the
C, or half-chair form with a two-fold rotation axis
(figure 2.7). These two typical symmetric forms are only
two particular points along the essentially strain-free
pseudorotation circuit, and there 1is evidence that
certain substituted cyclopentanes exist preferentially

with a geometry close to one or the other of these forms.

% 34
3 13 +
- .o_... HU
o 13\"
15 t
Y4

Envelope (C Half chair (C,)

g)

Figure 2.7 Torsion angles in Cyclopentane
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A method developed by pitzer and Donath (1959),
characterizes all these different conformations in terms
of common properties. It describes more vigorously the
conformation actually encountered in terms of two
parameters: the maximum attainable torsion angle.
during pseudorotation and a specific phase angle 0, which
locates the exact point on the pseudorotation pathway.
If the phase angle O is set to zero at the half chair
form, then the fecllowing equation:
éj. Pnax Cos (Q + j8) where j = 0, 1, 2, 3, 4
’ and & = 144°
gives the simultaneous variations of the torsiocn angles
¢, ¢, ¢, ®3 and ¢, cf tha cyclopentans. A variation

of 0 from 0 to 720° gives a description of the enti

a}

e
pseudorotation circuit. (Values of & varying frcm 360 to
720° will yield the mirror images of the confcrmat _ons
already encountered from 0 to 360°). (Bucourt, 1374).
Duax et al (1976), proposed a two - parameter definition
for the conformation of a ring of any size. A
quantitative evaluation of the conformations of rings of
any size from which comparative analysis can easily be
made can be obtained from a mathematical combination of
torsion angles. This analysis is ©based upon

consideration of approximate symmetry possessed Dy most

rings.
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2.8 .8 Medium Rings

The geometry of medium rings has been described in
terms of the magnitude of their torsion angles
(Hendrickson, 1964 and 1967). The flexibility of these
rings allow them to adopt a great number of shapes. The
fact that ring families are so characterized by their
torsion angles also allow the use of torsion angles for
their definition. A family is definable by its symmetry
element (s) and its sequence of signs of torsion angles,
A topological convention devised by Hendrickson (1964) is
based on this and allows all possible symmetric
conformations of medium rings to be generated and also
gives their interrelations.

In this convention any symmetrical ring is described
by a symbol containing a horizontal symmetry line
representing the symmetry element (plane or axis) passing
through the ring. The cyclic sequence of torsion angle
signs of the bonds (+,0,-) arranged around it as in the
physical ring. The rules for use of the convention can
be summarized as follows:-

a) Bonds opposed across the symmetry element have
torsion angles (wy, wy, etc) equal in magnitude and
equal in sign across an axis but opposite in sign
across a plane of symmetry.

b) The symbol is equivalent to the physical ring and

80 may be turned over or around without changing
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its identity.
c) when a symmetry element bisects a bond the sign of
its torsion angle appears at the appropriate end of
the symmetry line. 1t is zero (i.e eclipsed) if

the symmetry is a plane.

(a)
O

axts
®,=0
W1 vy g W Wy Wy Wy W WDy
+ - 4 + - 4

Figure 2.8 The symbols and rules for use of sign
sequence convention

d) The mirror image of a ring is generated by
reversing all signs; thus it may be shown that a
ring with a plane is identical with its enantiomer
while one with only an axis is not.

e) Symbols with three or more like signs in sequence
are either not real rings or are very highly
strained.

With this convention it is not only easy to generate all

possible ring forms but it is also possible to follow the

torsion angle changes in any mode of interconversion
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between families. The conventioﬁ symbols corresponding
to some families of medium rings are discussed in
subsequent chapters. |
2.4.3 Cyclohexane
The rigid or chair form of cyclohexane is
characterized by the regular altenation of the signs of

its torsion angles as shown below

chair form.

In an undisto;ted.chair all the torsion angles havé sdme
absolute wvalues [Bucourtf 1974) . These two properties
reflect the high degree of symmetry of this conformation.
It possesses émong other elements of symmetry a centre of
inversion and a threefold rotation axis perpendicular to
the mean plane of the molecule and passing through its
centre. AsS a consequence, the torsion angles in the 1,
4-positions are of opposite gign, whereas they are of the
same sign in the 1, 3 positions. |

A deformation of the cyclohexéhe chair fofﬁﬁﬁay
arise locally, for exaﬁple, as the result of the fusion
with another cycle or through the presence of axial
substituents suffering van der waal repulsion {(Bucourt,

1974). As a result the torsion angles of the ring is
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made to close or open. A decrease in the absolute values
of the torsion angles ccorresponds to a flattening of the
rings. An increase corresponds to a puckering.

In the flexible form of cyclchexane, the torsion
aﬁgies in the 1, 4 positions are of identical sign. This
identity reflects the presence of a two-fold symmetry
axis perpendicular to the ring at its centre. The

sequence of gigns is as shown below.

Flexible.form
Owing to thé. flexibility of this form a continuous
variation of all the torsiOn angle values gives rise to
an  infinite number of conformations (Bucourt, 1974).
Among these, the two of highest degree of symmetry are
the twist form or stew boat (Figure 2.9), which pussess
two further two-fold symmetry axis, and the'boat farm

with planes of symmetry.

s 85¢ 0. 54%/ -
Lo D, a r TG
- . \{-
Dy @, 3 b 568, 7%
. @, 65° £ 542 o
Or{ QD3 {54°
54 < ©,<65"

Figure 2.9 The flexible form of cyelohexane
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Following the description of the pseudorotating
cyclopentane (Altona et al, 1968), the pseudorotation of
the flexible form of cyclohexane which interconverts all
possible twist and boat forms has been described (Buys
and Geise, 1968). Thus, the geometry of any one
conformation in cyclohexane pseudorotation circuit may be
determined by the expression -
Bj = Ppax CO8 (O + jo)

where & .. represents the greatest value a torsion angle
can reach during the pseudorotation" 6 is the
pseudorotational phase parameter varying from 0 to 360°,

j is an integer (0 to 5) refering to each torsion angle

and & = 120°.
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CHAPTER THREE

3.0 MOLECULAR CONFORMATIONS OF THE CYCLOHEPTANE
VATIVE N _THE SOLID

3.1 PREAMBLE

The cycloheptane carbon frame-work constitutes the
major structural unit in a rapidly rising number of
naturally occurring compounds, particularly in the
sesquterpenoids (chart 3.1). While the conformations of
cyclopentane and cyclohexane derivatives have been
extensively examined (Bucourt, 1975; Duax et al, 1976:
Thomas, 1982, 1989, 1991), those of cycloheptane
derivatives have not been subjected to such extensive and
comparative analyses.

It is known that several conformational differences
exist between the higher symmetry cyclohexane and the
relatively lower symmetry cycloheptane (Hendrickson,
1963) . For instance, cyclohexane has one chair form,
while the more flexible cyclocheptane has a family of
chair forms which are readily interconvertible by
pseudorotation. Among the chair forms in the latter
sequence, the twist chair with an axis of symmetry (i.e
C, axis) and a chair with a plane of symmetry (i.e Cq
plane of symmetry) are symmetrical with the former
thought to be the most stable and the latter least stable
in the pseudorotation sequence. The difference in the

energy favouring twist - chair form of cycloheptane over
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(a) (b)

ARiS="~

28° \

() (d)

Figure 3.1 Atomic nuwbering scheme used for a cycloheptane ring
with two fused 5-membered rings; schematic representations
of (b) twist chair (c¢) chair (d) twist boat conformations of
cycloheptane illustrating preferred stereochemistry of
5-membered ring fusion. (After Hendrickson).
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the chair form is small (i.e 1.4 calories), but since the
chair form represents an energy maximum on the
pseudorotational sequence it would only have a transient
existence (Hendrickson, 1967). Like cyclohexane, the
cycloheptane chair forms are also thought to be capable
of undergoing a conformational flip into a series of
higher energy boat forms. The boat series is normally
made of flexible forms interconvertible by
pseudorotation. In this sequence, a twist boat form with
C, axis of symmetry is judged the most stable, while the
boat form with a Cg plane of symmetry is the least
stable.

The most stable twist - chair form of cycloheptane
has seven distinguishablé substituent positions. The
unique axis-carbon with two identical positions, both
equatorial in energetic status, and three other carbons
on each side of the axis each with distinguishable axial
and equatorial positions. The equatorial position
alternates above and below the ring plane as they do in
cyclohexane (Hendrickson, 1962). The interconversion
between axial and equatorial positions in cycloheptane
can all occur by facile pseudorotational passage of the
substituent through a sequence of all positions without
any flip to the beoat forms (Hendrickson, 1967).

Some conflict exists in literature about the

possible conformations of some cycloheptane derivatives
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in solid state. For example, Sekita et al (1971),
attributed a boat conformation to the cycloheptane ring
of the compound bromomexicanin-E, while Mcphail and Sim
(1973) assigned a conformation midway between the twist
chair and chair form to the same ring. The relationship
between the conformation of the ring and the
stereochemistry of fusion of a five membered ring to the
cycloheptane derivative has also been a subject of some
discussion in the literature. The fusion of a five
membered ring to cyclcocheptane ring is a very restrictive
process, since such a ring will not tolerate fusion at a
torsion angle of greater than 45 - 509 without
introduction of considerable strain (Hendrickson, 1962).
Hendrickson (1963), proposed that cis fusion of a five
membered ring to the cycloheptane ring is most favoured
at bond A in the twist chair form (figure 3.1b) while
trans fusion takes place at either bond B or C (figqure
3.1b). Mcphail and Sim (1973), from studying the
structures of six cycloheptane derivatives demonstrated
that in europatin bromoacetate (H7), (chart 3.1) the cis
fused cyclopentene and trans-fused.'ﬁ~1actone are found
at bonds of the D and B types respectively, but the
authors erroneously (as shown later) prosposed that in
the closely related compounds solstitalian (H8, chart
3.1) and bromodihydroisophotosantonic lactone acetate

(H9, chart 3.1), the cis fused five membered rings are
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found at bonds of the A type.

The present study was therefcre carried out to
resolve the above conflicts, and attempt tco decipher
factors which determine the variocus conformations adopted
by the cycloheptane ring derivatives. Consequently,
studies have been carried ocut on the conformations of
carboxylic cycloheptane rings in 28 molecular
environments interms of some geometric and conformational
parameters (Duax et al, 1976; Bucourt, 1974; Mcpha.l an
Sim, 1973). Some previous conformaticnal assignments i-
the literature have been revised.

The atomic numbering scheme used is shown in figure
3.1a for a typical sesquiterr=snoid. Schematic
representations of the twist chair, chair and twist boat
forms as propocsed by Hendrickson (1943), are shown in
figure 3.1b, figure 3.1c and figurs 3.1d respectively.
The various kinds of bond with respect to the symmetry
elements {C, or Cg) of the rings are labelled A to D, and
A’ to C’ for symmetry related equivalents in figure 3.1.
3.2 EXPERIMENTAL PROCEDURE
3.2.1 Data for Calculation:

Primary structural data for molecules containing
cycloheptane derivatives were obtained from the
literature for X-ray analyses with R¢ wvalues not

exceeding 15%.
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3.2.1.1 Asymmetric Parameters:

Asymmetric parameters (OC, and OCg) were calculated
using the expressions defined by Duax and Co-workers

(1976) and described by Thomas (1982a,1982Db).

m
6Cg = (I (g5 + 975)% )%
i=1 m
and
m
ac; = (T (g3 - ¢'5)% H*
i1=1 m

For the ideal chair, 4Cg = 0, while for ideal twist
chair &C, = 0. Similarly, for the ideal boat 6Cg = 0 and

for the ideal twist boat &C, = 0.
3.2.1.2 Conformational Parameters T, and Zg

The parameters I, and I proposed by Mcphail and Sim
(1973), are measures of the deviation of the ring
conformation from C, and Cg symmetry. They have been
estimated in this study using the expressions:

Ly, = (/wl - w6/+/w2 - w5/+,/w3 - w4/].

Zg = {/wl + w7/+/w2 + w6/+/w3 + Wg +/w4/}.
where w,; to w, are the endocyclic torsion angles of the
rings as illustrated in figure 3.2. Each pair of angles
within the modulus sign is a symmetry pair in terms of
both the sign and magnitude of the torsion angles. For
ideal forms both I, (for twist chair and twist boat) and

Ea (for chair or becat) are zero.
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Figure 3.2 Sketches showing symmetry pairs of endocyclic torsion angles (w)
used in cealculating the confommtion parameters
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Figure 3.3 Topological conventions of sign sequences of the endoeyel ie
torsion amyrles in the varions conflomat 1ons
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3.2.2 Definition of the Conformations:

The conformations are described as chair, twist
chair, boat and twist boat depending on the sign sequence
of the endocyclic torsion angles, and the estimated
cenformational parameters QCS, ac,, I, and . A
gimplified topological convention in terms of the sign
sequence of the endocyclic torsion angles as described in
gsection 2.2.1 is shown in figure 3.3 for the various
forms. In the figure, the conventional notations reflect
dispositions of the perspective views as indicated in the
sketches. For the twigt chair and twist boat conformers,
the views are:along the symmetry axis and this accounts

for the way their conventional notations are oriented.

3.3 RESULT AND DISCUSSION

Geometric and conformational parameters (0OC,, OCy,
L, and L) for some cycloheptane ring derivatives (H1 to
H19) in the chair/twist chair forms are shown in table
3.1, while the corresponding endocyclic torsibn angles
are given in table 3,2, Table 3.3 represents a listing
of the geometric and conformational parameters for rings
(H20 and H28) in the boat/twist boat family of
conformations, with | endocyclic torsion angles
correspondingly listed in table 3.4. It is quifé.évident
from the values of ZI/¢/, that the rings in the
chair/twist chair conformations are more puckered (with

a mean I/¢/ = 4259 than those in the boat/twist boat
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conformation (with mean I/¢/ = 324°). Chart 3.1 shows
the molecular environments of the various cycloheptane
derivatives examined in this study.

The relative conformations of the rings in the
chair/twist chair family (H1 - H19) are displayed in
tables 3.2 and 3.3 and figure 3.4. The cycloheptane
derivatives fused to two S5-membered rings (H1, H6 and
H13) all adopt the chair conformation. The methylene
cycloheptane ring represented in this study by the
derivatives HS5, HB8, H10, H14, H16, H19 and H22, has
received some attention in the literature (Bovill et al,
1979). Thus, while molecular mechanics calculations for
a series of chair and twist chair conformers indicate
that the most stable form of an isolated methylene
cycloheptane is a twist chair, in which a C, axis of the
ring passes through the carbon atom adjacent to that
bearing the exocyclic methylene group, the rings in HS,
H19 and H22 adopt conformations different from the twist

chair.
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Table 3.1: Conformation and Geometric Parameters for Some
Cycloheptane Ring derivatives in the chair/Twist Chair
Forms.
—fompd. Approx.
Symmetry of
Code £, Ig o, oCg L/¢/ Torsion of Reference
angles
H1 82.0 13.0 40.2 5.5 421 Cg(56) DullForce et al 1971
H2 7.5 100.3 3.0 36.5 454 C5(6) Mazhar-ul-Haque et al
1974

H3 7.4 99.7 2.5 36,2 459 Cy (6) b

H4 29,0 61.0 11.9 22.4 401 C5(7) Mcphail et al 1975a
H5 100.0 20.0 39.3 i 433 Cg(9) Bovill et al 1979

Hb 74.0 22.0 34.6 7.4 422 Cg(7) Cox and Sim 1975

H7 32.0 107.0 12.7 39.4 407 Cy(8) Mcphail and Sim 1973
HB 18.0 79.0 6.9 28.9 454 C, (B) "

H9 19.0 49.0 7.3 22 446 C5(8B) #

H10 22,80 97.0 7.6 33 426 C,(8) ™

H11 40.0 92.0 18.9 31.3 420 Czlal "

H12 62.0 40.0 25.7 13.7 405 Cg (6) Sekila et al 1971

H13 56.0 37.0 21.7 14.7 348 Cg(7) Dullforce et al 1971
H14 30 62.2 13 22.5 462 Cy(1) Chowdhury 1983

H15 95 8.0 37.3 &0 426 CB!BJ Fronczek 1979

H16 28 77,0 9.7 27.4 437 C2f10) Cox et al 1975b

H17 27.4 71.0 12.6 24.1 398 C,(10) Mazhan et al 1969

H18 62 48.0 21.7 16.8 431 Cg(10) Mcphail et al 1975b
H19 102 10.0 40.5 4.4 427 Csill Mcphail et al 1975c
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Table 3.2 Endocyclic Torsion Angles of Some Cycloheptane Ring
Derivatives in the chair/Twist Chair Conformations.

Compd . Torsicon Angle (deg.)

Code C1-Cg  Cc-C¢ Cp-Cq  Cy-Cy Cg-Cqg Cq-C1q C10-Cy
H1 76 -66 69 -85 60 : 4 -61
H2 -35.1 39.8 38.4  -93.8 73.7 -44 68.9
H3 -94.,1 37.8 40.8  -91.5 71.5 -49.9 73.3
H4 -84 -62 -18 -31 62 -68 76
HS 64 -3 68 90 67 62 79
He 64 -82 64 -57 7€ ~13 6
H7 25 -63 102 -41 -42 8BS -49
HY 51 74 88 -35 -15 92 -69
HY 63 -78 79 -31 -42 81 -72
H10 44 -59 84 -37 -43 90 -69
H11 -36 59. -81 12 53 . -98 61
H12 -36 68 -82 19 - 60  -86 51
H13 29 -52 74 -95 - 63 -30 -1
H14 49.3 -90.7 74.6  -60.9 75.3 -82.4 28.3
H15 -4 63 B6 -66 65  -79 63
H16 79 -69 57 -75 B9 -40 -28
H17 -77 60.6  -36.0 58.7 -81.2 36.6 52.9
K18 -76 87 -51 -23 65 -64 ' 65

H19 62 -87 68 3 -68 80 -59
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Figure 3.4 Correlated variation in principal asymmetry parameters

ﬂCs and bCz for cycloheptane derivatives in the

chair and twist chair conformations. The eqmtign of the
line is: acs = 36.44 - 0.896 .602 (n =13, r"= 0.96).

The points (@O ) were not included in the least -
squares fit.
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120

Figure 3.5 Correlated variation in the conformation parameters £gand £;
for cycloheptane derivatives in the chair/twist chair
conformations. The equation of the line is:

£5 = .99.44 - 0.974%2  (n = 14, r® = 0.95). The points
( O ) were not included in the least squares fit.
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Both H5 and H19 adopt the chair conformation while H22
adopts a twist boat conformation. The latter
conformation may be due to constraints arising from the
double cis fusion of the two S5-membered rings in H22 to
bonds which are in a 1, 3 - relationship. The relative
positions of the C, axis (for the twist chair) and mirror
plane Cg (for the chair) for the fused methylene
cycloheptene rings do not necessarily follow the pattern
prescribed by molecular mechanics for the free ring.
Thus, while the Cy axis of the ring in H14, H16 and the
mirror plane in H19 pass through the required carbon
atom, these symmetry elements in H5, H8 and H10 do not
pass through the expected parbon atom. It would appear
that for the fused ring, other intramolecular constraints
may influence the relative position of the symmetry
element in the methylene cycloheptane.

In general, a preponderance of 1, 3 - non-bonded
interactions among substituents on the cycloheptane
derivatives over 1, 4 - nonbonded interactions leads to
a preference of conformations in the chair/twist chair
family to those in the boat/twist boat forms. The
Chair/twist chair sequence also appears preferred when
there are equal numbers of 1, 3 - and 1, 4 - nonbonded
interactions on the cycloheptane ring derivatives.
Within the chair/twist chair family, it is not easy to

decipher any distinctive factors which determine what
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conformation in the series the ring adopts. The
conformation of bromomexicanin - E (H12) in this sequence
requires a revision. The cycloheptane ring derivatives
in H12 was earlier assigned a boat conformation (Sekita
et al, 1971) and later changed to a conformation midway
between the chair and twist chair forms (Mcphail and Sim,
1973) . Examination of the asymmetry parameters in table
3.2 for H12 and the correlation diagrams (figures 3.4 and
3.5) reflecting the possibility of interconversion by
pseudorotation, shows that the ring H12 adopts a
conformation cloger to the twist chair form than the
chair form.

Comparison of figure 3.3 with figure 3.4 and figure
3.5 with figure 3.6 éhows that the conformation
parameters OC, and OC, (Duax et al, 1976), and Ls; and I,
proposed by Mcphail and Sim (1973), give similar
conformational information for thege rings in the solid
state. . Thus, any of these parameters may be used to
specify the ring conformation with a possibility of
obtaining information on the pseudorotational sequences
of the two families.

In figure 3.6 and 3.7, tables 3.3 and 3.4 the
relative conformations of rings in the boat/twist boat
series are presented. It is evident that the twist boat
form is the predominant form, as can be seen from figure

3.6 and 3.7. There is clearly a clustering of the points
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towards the twist boat end of the psrudorotation inter-
conversion lines, suggesting the much higher stability of
the twist boat form over the boat form. The
conformations in this sequence seem to be adopted when
there is, on the ring derivative, a relatively higher
preponderance of 1, 4 - nonbonded interactions over 1, 3
- nonbonded interacticns (generally in a ratio greater
than 2:1 respectively). The derivative H22 appears an
exception to this rule. Hcwever, the twist Dboat
confcrmation is probably irposed on this ring by the
unusual double cis fusion of two S-membered rings at the
B and D types of bond (figur=s 3.1). Infact, it is only
in the twist boat tirat bornds B and D can have the same
fusion stereochemistry in the same derivative (figure
< % 1 IR The cycloheptene (H27) fused to only one 5-
membered ring adopts the twist boat form unlike the
derivatives (H1, H6 and H13) fused to two S5-membered
rings which adopt the chair conformation. However, in
H27, there is clearly a preponderance of 1,4-nonbonded
interactions over 1,3-non- bended interactions. Only two
molecules (H23 .and H24) in the set studied have the
characteristics of the boat form. Even then, the
corresponding points in figures 3.6 and 3.7 deviate
significantly from the pseudorotation interconversion
line. This would suggest that the rings are forced to

adopt a particular boat form, possibly by special
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Table 3.3 Conformation and CGeometric Parameters for some
Cycloheptane Ring Derivatives in the Boat/Twist forms.
Compd . Approx.
Symmetry of
Code L, Eg ac, oCg L/¢/ Torsion of Reference
angles
H20 17.7 48.9 6.1 20.2 335 Cy(10) Pettersen and Kim 1976
H21 25.1 47.7 8.5 19.2 330 Cy(10) "
H22 11.7 59.4 4.0 18.4 329 Cz{lD) Malone 1980
H23 60.4 52.5 30.5 21.5 334 Cg(10) Nozaki 1979
H24 70.2 57.7 34.6 25.8 346 Cg 110) "
H25 8 54 2.8 21.2 323 Cy(10) Cox and Sim 1977
H26 33.4 46.4 12.1 16.1 326 C,(10) Von Dreele et al 1975
H27 30 58 1251  19:9 295 C5 (9) Sundaraqman et al 1975
H28 31 69.3 11.1 26.1 302 Cy (10} Herz et al 1980
Table 3.4 Endocyclic Torsion Angles of Some Cycloheptane
Ring Derivatives in the Boat/Twist Boat
Conformat ions
Compd . Torsion Angle (deg.)
Code C1-Cq Cg-Cg Cg-Cq Cy-Cg Cg-Cq Cg-Cyro Ci10-C
H20 -72.0 -13.7 1.7 -19.9 -64.5 44 .5 48.5
H21 -61.3 -21.4 72.5 -12.0 70.8 48.9 42.7
H22 -60.4 -21.1 75.0 -17.9 -65.8 46 .0 42.9
H23 78.5 -42.6 - 2.8 42.7 -55.0 -42.0 70.9
H24 0.8 -45.5 - 3.7 44.8 -62.6 -34.8 76.9
H25 70 -11 67 -15 -68 47 45
H26 -69.2 -19.4 65.0 - il -74.7 40.4 53.5
H27 3 57 -11 -64 49 37 -74
H28 -69 -19.4 65 - 4.1 -74.7 40.1 30.1
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Figure 3.6 Correlated variation in principal asymmetry paraau'neterz-srn!h‘.?B
xslruzrll!ic2 for cycloheptane derivatives in the boat and twist
boat conformations. The equation of the line is:

QCB = 23.18 - 0.543 QC2 (n = 4, 1!'2 = 0.93).
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Figure 3.7 Correlated variation in the conformtion parameters £gand £,
for cycloheptane derivatives in the boat and wist noat
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constraints imposed by the presencz of two highly

strained cyclopropane rings.

Several of the conformations in the boat/twist boat
sequence were inadequately described in the
literature. Thus, H20, H21, H27 and H28 were
described essentially as distorted boat forms and
boat respectively. The sign sequences of the
torsion angles in table 3.5, together with figures
3.6 and 3.7 show that these are more of twist boat
forms than boat forms. The ring H22 was described
as adopting the twist chair conformation, while
from this study it is clearly seer to belong to tla
twist boat form. Examination of the values of the
torsion angles in tables 3.1 and 3.3 shows that
while th2 chair and the bcat tend towards the
monoplanar form (Bucourt, 1974), the twist chair
tends towards the 1, 2 - diplanar form and the
twist boat towards the 1, 3 - diplanar form.

The stereochemistry of ring fusion to the
cyclcheptane derivatives in the molecules studied 1is
summarized for the various conformational forms in table
3.5. Fcor the twist chair forms (H4, H7, H8, H9, H10, and
H11l) the ring is cir fused only at bond A or D. This is
in agreement with the proposal by Hendrickson, (1963).
However, it would appear that an A/D Cis/Cis fusion is

not feasible in the twist chair conformation. Although
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most .o'fl the.'fusi.ons at bonds B and < are trans as
proposed by Hendrickson, a cis fusion at bond C 1is
iﬂobserved in H17 and the conformation though closer to the
.. twist chair form, shows a signiticant deviation (AC,{10)

= 12.8) fram the ideal form. 7Tt is known that in some

e cases, a multiplicity of substituents or fused rings

often, as in cyclohexane systems, causes ring
conformations which are less favourable in the parent to
“become preferred (Hendrickscn, 1963). This may be
| responsible for the c¢is fusicon at bond € in HL7.
Similarly, & trans fusion is observed at bond D in Hil
~instead of the anticipated cis fusicn. For solstitalian
" (H8) and bromodihydroisophotosan tonic lactone acetate
~(H9}, Mcphail and Sim (1973), propeosed that the cis fused
5 - memberad rings are found at bonds of the A type. It.
is obvious from table 3.5 that these rings are fused at

bonds of the D type as in the related compound euparotin

bromoacetate (H7).
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Stereochemistry of Ring Fusion (a)

to be Cycloheptaneg

i} chair Forms

ii)Twigt chair forms

iii)Twist Boat Forms

Ring Sterecochemistry Ring Stereochemistry Ring Steregchemistry
Code ¢f Fusgion Code of Fusion Code of Fusion
H1 B/B’ trans/trans HZ2 B/B’ trans/trans H20 B/C’ trans/cis
HS B/C trans/ (-} (b} H3 B/B’ trans/transg H21 B/C* trans/cis
He& ‘ AjC trans/ (-} H4 A/C? Cis/trans Ha2 B/D Cis/Cis
H12 R/R' (is/Cis H7 B/D trans/cis H25 B/C' trans/cis
H13 A'/C trans/{(-} jat:) B/D trans/cis H26 B/C* trans/cis
H15 B/D trans/cis H9 B/D trans/cig H27 cr cié
H18 A/D trans/cig H1¢ A/D Cis/(-) H28 B/C’' trans/fcis
H19 A/D trang/cis H1ll A/D cigftrans
jqu A/C {-)/trans
H1l6 B/C E—J/trans
H17 B/C* trans/cis
'(qj capital letters (A, B, ¢, D) refer to bond types at which fugion
takes place
(b} {-) Refers to the presence of a double bond at ring junctiocn.



190

Ags can be seen from table 3.2 (for H7, H8, H9), the Cq
symmetry axis passes through the C8 carbon atom and
bisects the C1 - C5 bond, which is a bond of the D type.

From figure 3.1¢, the preferred fusion
sterecchemistry for the chair forms is a trans fusion at
bonds of the type A, B or C, with cis fusion expected
preferably at bond D. Generally, this is in agreement
with table 3.5. However, it is seen from the table that
a B/B’ cis fusion is possible as in H12. For the twist
boat forms, cis fusion is expected at the A or C bond,
while trans fusion is preferred at the B or D bond
(Figure 3.1d). As can be seen also from table 3, all
observed C bond fusions are cis for the twist boat form,
and most observed B bond fusions are trans as
anticipated. However, an unexpected B/D - cis/cis fusion
is observed in H22. It is not quite obvious why a B/D -
cis/cis fusion pattern is adopted, but probably further
strain arising from the presence of the C10 - alkene

imposes the observed fusion stereochemistry on this ring.



Chart 3.1

191

Structures of seven membered rings showing the
molecular environments
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CHAPTER FOUR

4.0 MOLECULAR CONFORMATIOQONS OF FURANOSE RINGS

OF NUCLEQSIDES AND NUCLEOTIDES IN SOLID
STATE

4.1 PREAMELHE

The furanose ring is centrally located in the sugar
| phosphate chains of nucleic acids (figure 4.l1la). From x-
ray studies, it has been suggested (Altona and
Sundaralingam, 1972) that this five-membered ring in
solid state is not planar but puckered at either the
C(2’) or C(3’) atom (figure 4.1h). Usually, in
nucleosides and nucleotides only one puckered state of
the five-membered ring‘ is observed (Westhof and
Sundaralingam, 1983). In dinucleotides, the conformation
of the two sugars are sometimes different but each
nucleotide fragment has a precise conformation. The
observed differences in conformation of furanose rings in
these compcunds are probably due to the different
hydrogen bonding schemes adopted by the furanoside
moieties in the crystal lattice, and some of the

differences may be ascribed to the type of substituent in

the furanose ring (Sundaralingam, 1965). A change over .

from one conformer of the furanose ring into the other
produces major structural changes in the naturally

occurring nucleic acids, and has an important bearing on
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their biological functions.

The furanose ring like cyclopentane is a puckered
flexible ring characterized by pseudorotation. In
cyclopentane the angle of maximum puckering rotates
without substantial change in potential energy. However,
the presence of one or more substituents, endocyc¢lic or
exocyclic will give rise to an induced potential energy
barrier opposing free pseudorotation {Pitzer and Donath,
19592) . The consequences of limited pseudorotation were
studied by Altcna et al (1968) and more recently by
Thomas (1982), on the conformation of the five-membered
D ring in steroids. The puckering in the furanose ring
is thought to‘be mainly dug tc the torsional forces about
the single bonds, arising from nonbonded interactions of
the substituent atoms which are in opposition to the
forces striving to retain tetrahedral bond angles (Altona
et al, 1972).

A gquantitative description of puckering and
conformation in terms of the maximum angle of torsion
{ém) and of the phase angle of pseudorotation (&) has
been presented (Altona et al, 1968; Altona and
Sundaralingam, 1972; Thomas, 1982), based on the
interrelationship between the five torsion angles in a
nonplanar five wmembered ring. It has also Dbeen
demonstrated that both qualitative and quantitative

information can be obtained on the geometry of any ring,
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from the sequence of the algebraic values of its angles
(Bucourt, 1974). The simple sequence of the sign of the
torsion angles within the ring indicates the type of
conformation, while the absolute values of torsion angles
allow the deformation with respect to a reference
conformation to be estimated. A quantitative evaluation
of the conformation of rings of any size may be obtained
in terms of the asymmetry parameters. OCg and OC, as

earlier stated in section 2.3.

CHzOH N

X,

Figure 4.1 diagrammatic projections of the furanose ring
showing the C(3’) and C(2’) puckering.

In the crystal structure of the nucleosides and
nucleotides, strain in the five-membered ring of the

sugar close to intermolecular contact of exocyclic
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substituents, and special packing considerations such as
intermolecular H- bonding cause puckering of the rings,
such that in many cases C(2‘) or C{3’) (figure 4.1b) atom
is displaced from the plane of the other four atoms
{Munns and Tollin, 1970). It is believed that the rihose
conformation is independent of whether the base is a
pyrimidine or purine system in nucleosides and
nucleotides. In this chapter, the puckering and
conformations of furanose rings in a variety of
nucleosides and nuclectides have been examined in terms
cf the sum of the absclute values of the torsion angles
(Z/¢/), and asymmetric parameters (OCg and OC,), and some
relationshipé among various parameters derived.
Information on the conformations of the furanoside moiety
would be of considerable importance in nucleic acid model
building and knowledge regaraing the shapes of the
furanosides would contribute toward a better
understanding of their chemical reactions and physical
properties. Thus, features which determine the

conformations of these rings have also been elucidated.

4.2 EXPERIMENTAL

4.2.1 Calculaticn

Primary structural data for various compounds of
nucleosides and nucleotides were obtained from x-ray

analyses in literature with Ry generally less than 15%.
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4.2.1.1 Agvmmetry and Geowetr: : Paraweglere

Asymmetry parameters OC, and OC, were calculated as
in Thomas (1982, 1385) using the expressions proposed by
Duax and Coworkers (Duax et al, 1976) (see section 3.2.2
for equations). The parameter, 2/¢/, the sum of the
moduli of the endocyclic torsion angles, were worked ocut
in each case,. The furancse ring is regard=d as
essentially planar if £/¢/ is less than 42%, the
expected value for the maximui attainable torsion angle
in the ideal cyclopentane half-chair form {Bucourt,

1574) .

4.2.2 Atomic numbering Scheme and Nomenclature
for Conformations

The atomic numbering schemes for the f-purine and B-
prrimidine are shown in figure 4.2 (a and Db}
respectively. The conformations are described in this

work as envelope (C,} and half-chair (C

g y forms. The

p
half-chair confeormation is essentially a 1, 2 - diplanar
form instead of a monoplanar form of the cyclohexane
derivative, the nomenclature proposed by Bucourt (1374).

The envelope form, on the other hand., is a mcnoplanar

form as indicated in figure 4.2 (¢ and d),
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N 6

(a) Purine (b) Pyrimicine

velope Half-chair (a—~e<gh,
(monoplanar)
(c) (d)

Figure 4.2 Atomic nurbering scheme and designation of torsion
angles for purines and pyrimidines; (c¢,d) nomenclature
for some symmetric conformations of some furanose rings.

oH
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4.3 RESULTS AND DISCUSSION

The names, codes and references for all the
compounds used in this study are given in appendix VI.
The geometric (Z/¢/) and conformational parameters (OC,
and 0Cg) for the envelope (Cg) and half-chair (C,) forms
of the furanose rings are shown in tables 4.1 and 4.2,
while the corresponding endocyclic torsion angles are
presented in table 4.3. The relative conformations are
displayed in the plots of mirror asymmetry parameter, OCg
(3') versus the rotational asymmetry parameter OC, (27-
3’) in figure 4.3 and OC, (3’'-4') are displayed in
figures 4.5 and 4.6 respectively. In each case the atoms
C(3') or C(2’) are the out-of-plane atoms in the envelope
forms of these classes of furanose derivatives. It is
not easy to decipher any distinctive structural factor
that favours either the C(2’') or C(3’) envelope, even
though Munns and Tollin (1970) have attributed it to
intermolecular contact of exocyclic substituents and
special packing considerations such as inter-molecular
hydrogen bonding. In this study also, it appears that in

most cases if the torsion angle a (figure 4.2) is less
than €, the ring adopts a Cg(3’) envelope conformation
and if the torsion angle a is greater than €, the ring

adopts Cg(2') envelope conformation. From table 4.1 and

figure 4.2, it is clear that the conformation of the
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furanose ring is independent of whether the base is a
pyrimidine or purine system in nucleosides and
nucleotides. The values of the sum of moduli of the
torsion angles, L/¢/, also indicate that puckering of the
furanose ring is independent of the base system in
nucleogides and nucleotides. There is also no exact
correspondence between the extent of puckering of the
furanose ring and the size of the substituents on the
ring.

Figures 4.3 and 4.4 show the possibility of

interconversions between the C(3') envelope and either
the C(2’), C(3’) half-chair or C{3*), C(4’) half-chair
conformation, These interconversions between the CB

envelope and C, half-chair forms are similar to those
observed in some 2,4-bridged saturated -lactone rings
{(Thomas and Agbaji, 1989). However, in the furanose
rings, there appears to Dbe a clustering of the
conformational forms at intermediate points in the
pseudorotation pathway between the C(3’) envelope and
C(2’), C(3') half-chair (figure 4.3). The structures of
the furanose rings in chart 4.1, show that the ring
adopts a Cg(3’) or Cg(2’') envelope conformation when the
hydrogen groups on C(2’) and C(3’) atoms are either both
fi- or both o- oriented as in F7, F8, F9, F11 and F12.
However, if one of the hydroxy group is $- oriented and

the other o- oriented, the furanose ring adopted a
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conformation intermediate between C,(3’) envelope and

Cy(27-3") half-chair forms (Fl1, F2, F5, Fé and F15).
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Table 4.1 Geometric and Conformational Parameters for some furanose
rings

Compound ¥/¢/ GC211'~2‘) 0nc, (37 -47) 0C2{3'-4'1 OCSIZ'} acs(3*)
Code

F1 134:7 B.9 8.8
F2 112.0 =7 7.1
F3 125.8 12.5 5.8
F4 127.2 $.4 7.9
F5 116.0 8.8 6.6
F6 124.3 9.6 7.3
F7 123.4 11.8 5.4
F8 123.0 13.2 .3
F9 312722 16.7 2.3
F10 114.3 14.2 2.9
Fll 126.3 B.1 1.1
F12 129.0 Toid 5.2
F13 129.4 3:7 12.0
Fl14 122.3 &8 11.4
F15 114.7 6.3 B.3
F16 124.1 5.5 12.2
F17 130.6 15.0 4.0
F18 112.6 10.6 5.8
F19 121.3 13.4 ‘ 4.4
F20 119.2 B.4 8.1
F21 120.0 8.2 4.0
F22 104.7 8.4 2.0
F23 132.6 2.1 14.0
F24 106.6 2.3 10.9
F25 107.6 4.7 12.3
F26 138.1 31.2 8.3

F27 119.2 10.2 6.7

F28 120.4 11.0 6.1
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Compound E/¢/ 0OC,(1'-2') AC,(3'-4') 0C,(3'-4") aCg(2') 0OCg(3")
Code

F29 126.9 17,3 2.6
F30 137.6 18.7 2.4
F31 112.0 171 0.1
F32 123.3 10.0 7.4
F33 137.4 33.2 8.1
F34 113.0 17.3 0.7
F35 118.4 16.7 1.4
F36 110.7 11.8 1.8
F37 113.0 10.9 4.9
F38 133.7 10.2 2.9
F39 124.0 7.9 4.5
F40 109.2 8,2 5.8
Fa1 133.7 3.3 14.4
Fa2 119.5 6.9 9.3
F43 106.7 6.9 7.6
Fa4 149.7 0.25 12.5
F45 136.3 6.0 11.2
F46 1331 7.4 10.4
P47 127.2 1.98 13.7
F48 143.2 6.0 11.6
F49 112.0 ¥7.5 1.2
FS0 119.2 16.7 1.8
F51 125.0 17.6 1.4
F52 101.5 13.2 1:8
F53 116.6 12.4 0.5
F54 119.6 6.4 8.9
FS5 123.3 0.85 14.7
F56 121.6 7.9 8.3
F57 114.8 7.6 8.7
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Table 4.2 Geometric and Conformaticnal Parameters for some furanose

rings
L(:ode T/P/ OC5{017-47) OC,(1'-01") OU,(37-4") ACLI1°) AC (017} ACg{4”)
Code
F58  115.2 6.9 4.4
F59  107.0 o 12.0 : 42
P60 142.4 ' - 8.7 o B 7.4
F61  153.9 _ 5.6 8.3
F62  132.6 ' 1.9 | 10.2
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Table 4.3 Endocyclic Torsion Angles of Some Furanose Rings
Torsion Angle * (deqg)

Compound

Code a b c d e
F1 7.8 -30.6 40.6 -37.1 18.6
F2 6.5 -25.0 33.8 -31.4 15.3
F3 5.0 -28.7 38.5 -36.9 20.7
F4 6.9 -28.5 in.1l -35.5 18.2
F5 6.3 -25.5 35.2 -32.3 18.7
Féa 6.2 -28.0 37.4 -34.7 18.0
7?7 4.9 -26.8 37.1 -35.3 393
Fa 4.1 -25.58 17.2 -35.9 22,9
F9 2.3 =25:7 38.5 -38.2 22.5
F10 -2.4 23.9 -34.4 33.7 -19.9
F11 -19.5 35.7 =37.9 27.7 - §.5
F12 18.8 -36.0 '39.1 -28.7 6.4
F13 9.0 -29.5 37.1 -32.9 5.2
Fl4 9.8 -29:5 36.9 -31.8 14.2
F15 7.5 -26 .6 34.3 -31.0 15.3
Fl16 -14.,7 33.2 -37.7 33.3 7.2
P17 -3.8 21.3 38.2 -41.1 26.2
F18 -3.59 17.6 31.2 -34.9 25.0
F19 -3.4 -20.1 34 .6 37.6 25.6
F20 -27.3 36.9 -31.9 17.0 6.1
F21 26.2 -36.9 35.5 -19.0 -4.4
F22 31%0 -31.9 21.2 -3.6 =12.0
F23 -11.3 -14.3 33.1 -40.86 33,:3
F24 B.B 12.0 -26.9 32.0 -26.3
F25 -25.9 38.6 -26.9 13.9 2.3
F26 =30.5 43.5 -37.8 20.2 6.1
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Torsion Angle * (deq)

Compound

Code a b c d e

Fa7 -26.7 36.9 -32.6 1B.0 5.0
F28 -26.5 371 -32:2 18.8 4.8
F29 -2%5.8 39.3 -36.8 23.2 Las
F30 -24.4 42.0 -41.4 27.7 i |
F31 =22.1 34.7 -33.4 21.6 0.2
F32 ~27:9 381 331 187 5.9
F33 -30.7 42.6 -37.6 20.4 6.1
F34 -22.0 35.0 -34.0 22.0 0.0
F35 21.9 35.7 -35.5 23.8 =% 5
F36 -18.0 32.2 -33.2 23.7 =3.%
F37 -17.8 - 32.3 =-33.8 24.6 -§.B
F38 -19.4 e b G | -40.3 30.1 -6.8
F39 5.0 19.4 -34.0 38.1 -27.5
F40 -15.8 31.4 =33.0 23.8 =8
F41 -33.4 41.0 33.1 14 .6 11.6
F42 -28,1 36.7 -32.0 15.8 6.9
F43 247 32.8 -28.3 14.9 6.0
Fa4 -14.5 -14.0 37.5 -46.2 3T.5
F45 -16.9 36.5 -41.2 32.% -9.6
F46 -31.2 41.2 -34 .8 17.9 8.0
F4a7 337 -39.1 31.6 -13.8 -11.0
F48 -38.5 44.2 -32.4 11,3 17.0
F49 -22.6 37.0 -36.7 24 .4 =13
F50 -22.6 36.0 -34.4 24.0 -2.2
F51 -23.4 37.7 -37.3 25.3 -1.8

FH2 =17 .6 30.6 -31.0 20.2 -2.1
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Torsion Angle * (deg)

Compound

Code a b C d

F53 1.1 -22.9 34,7 -35, -22.3
FS4 -15.% 32.5 35.9 27. -F.3
P55 -11.5 30.9 -36.9 31, -12.86
F56 -7.0 27.8 =369 33. -16.7
F57 ~-4.6 32.8 -34.3 25, -17.9
Fsa 36.0 -24 .4 5.5 16. -33.2
FS9 -22.86 1.8 17.2 -31. 34.2
F60 38.7 -44.3 31.7 -9, -18.4
FGi. 41.5 -46.1 34.6 -10. -19.3
F62 34.6 -13.4 -10.,5 32. ~42.1

* The various torsion angles are coded a, b. d and e as

shown in figure 3.1.
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Intermediate conformations are.also adopted when bulky
substituents such as phosphate or keto group replace the
hydroxy group either at the C(2’), C(3’) or C(5’') atom
as is the case in F2, F4, Fl11l and F13. Figure 4.4 shows
the possibility of interconversion between the C{3’)
envelope and the C(3’), C(4’) half-chair. F21, F22 and
F24 show significant deviations from the apparent
interconversion line, probably as a result of crystal
packing forces or different hydrogen bonding schemes
adopted by each molecule. Fl16 and F25 are two molecules
in the same asymmetric unit, but have C{2'), C(3') and
C(3’), C(4') half-chair conformations respectively. This
suggests that crystal packing patterns can modify the
conformation of furanosé rings in the solid state.

The correlated variation in principal asymﬁeéfy
parameters in figures 4.5 and 4.6, show the possibility
of interconversion between the C(2’) envelope and either
the C({1’), C(2’) half-chair or the C(2'), C(3') half-
- chair conformations respectively. In figure 4.5, the
conformations are clustered midway between the C(2')
envelope forms and the C(1’), C{(2’) half-chair forms,
"while in figure 4.6, the clustering is largely at the
C(2') envelope form and midway in the C(2') and C(2'),.
C(3’) pseudoratation pathway. Only few of the rings
adopt either the C,(17-27) form (F4l, F44, F47) or Cy (27 -

3’) form (F55), Furanose rings tends to move closer to
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the C, half chair form when bulky substituents replace
hydroxy group either at C(2‘), C{(3’) or C{5) atom (F28,
F40), or when one of the hydroxy groups on C{(2') and
C{(3’) atom is «-oriented (F27, F33, F3%, F43), or when
the ring is a deoxy-furanose ving (F32, F38, F42).
Comparison of F27 with F31 suggests that halogen
substituents may modify solid state base packing patterns
(Buggi and Thewalt, 1969), which in turn modify the
conformation of the furanose ring. Similarly,
gsubstitution of halogens at the C5 pogitions cf F32, F37,
F38 and F42, coupled with the presence of deoxy-furancse
rings (F32, F38, F42), tend to force the rings to adopt
intermediate;forms, even though the halogen did not show
a clear trend. This observation suggests that, there
exist 1, 5 non-bonded interactions between the halogens
at C5 and 0O(1') in agreement with the suggestion of
Camerman et al (19&5). |

Figure 4.7 shows that F5 and F45 which are two
molecules in the same asymmetric unit adopt different
conformations. F5 adopts the Cg(37) envelope, while F45
adopts C,(1’-2’} half-chair conformation. This would

indicate that packing forces in the crystal and hence

environment of the molecule may play a major role in

determining the conformation a furanose ring adopts.
Other derivatives with twe molecules in the same

asymmetric units F31 and F48 (guanosine} and F49 and F46
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(inosine), also adopt different conformations for each
asymmetric unit pairs F31 is Cg(2’) envelope F48 is
C,(1'-2") half-chair while F49 is Cg(2') envelope and F46
is C,(1’-2’) half chair forms. These conformations are
formed inspite of the fact that inosine (F31 and F48)
lacks the amino group at C4 which is an integral part of
the hydrogen bonding scheme (Munns and Tollins, 1970).
It has been suggested that the parallel stacking of these
purine are of preponderant importance in determining the
conformation of furanose rings.

Special constraints may force atoms other than C(2')
or C(3’) out of the plane of the other ring atoms. The
small value of the torsion angle about the bond C(1’)-
C(2’) in F59 shows that the ring atoms C(3‘), C(4’) and
O(1’) are close to planarity and C(1‘) is displaced from
the plane (table 4.3). This ring is shown to be
distorted slightly from an envelope conformation (table
4.2). This contrasts with the earlier conclusion that
puckering of the furanose ring occurs at either C(2’) or
C(3') or at both atoms in the half-chair form
(Sundaralingam, 1965). The observed conformation agrees
well with that suggested earlier (Beale et al, 1971).
Similarly small value of torsion angle about the bond
C(2")-C(3’) of F58, as a result of the cyclic phosphate
attached to the C(2’) and C(3’) ring atoms, cause the

furanose ring to flatten and making the bonds C(1’)-C(2')
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and C(3’)-C(4’) slightly coplanar. This results in the
displacement of 0(1’) from the plane of the other four
atoms giving an 0(1’) envelope conformation. F60 and F61
also contain cyclic phosphate groups at positions C(3’) -
C(47) of the furanose ring. The fusion of the cyclic
phosphate group is cis, thus causing the ring to adopt a
C2(3’-4') half-chair conformation, while in F44, the
cyclic phosphate at position C(3’)-C(4’) is trans and the
ring adopts a C,(1’-2’) half-chair form. From results
obtained for F44, F57, F59 and F60, it can be seen that
the position and stereochemistry of the cyclic phosphates
attached to the furanose ring may determine
conformational forms that do not necessarily involve
puckering at either the C(2') or C(3’) atom.

From this study therefore, and from some previous
studies on five-membered rings such as Y¥-lactone rings
(Thomas and agbaji, 1989), D rings in steroids (Thomas,
1982), it has been shown that furanose rings like these
other rings can be described in terms of Cg envelope
forms with the possibility of any of the ring atoms being
the out-of-plane atom and C, half-chair forms in which
two atoms are displaced by approximately equal amounts on
Opposite directions from the plane of the remaining three
atoms. From these studies (Thomas et al, 1982, 1989 and
this work), it seems clear that many of the five-membered

rings in natural products tend to adopt conformations
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intermediate between the C, envelope and C, half-chair.
Only very few rings are found to have conformations at
the extremes of the pseudorotational circuit. Reasons
such as effects of non-bonded interactions, size and
position of substituents, stereochemistry of ring fusion,
packing patterns among others, have been deduced for
these observations. In furanose rings additional
constraints arising from intra and inter-molecular
hydrogen bonding may also determine the conformation

({Munns and Tollins, 1970).
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CHAPTER FIVE

5.0 FORMATIONS F ME -
MEMBERED RINGS

5.1 INTRODUCTION

The methods used to calculate conformations of
normal and medium rings have the general limitation of
increasing complexity as the ring size increases. For
ten-membered rings, no satisfactory systematic method for
selecting the types of conformation to be tested has been
proposed. Only with cyclopentane was a total solution
possible (Altona et al, 1968). With medium rings the
greater flexibility affords a large number of different
shapes. This is partly because there are more rings
representing energy minima of comparable magnitude and
partly because these are of lower symmetry than rings
like cyclohexane in which all carbons are geometrically
identical (Hendrickson, 1964). Evidences are available
(Hendrickson, 1967), that implicate only symmatrical
conformers as candidates of preferred energy minima,
hence the confinement of analyses of medium rings to
symmetrical forms.

The basic symmetry elements through a 10-membered
ring are either a plane or a two fold axis of symmetry
through the molecule, passing through either a pair of
opposite atoms (type A) or midpoints of a pair of

opposite bonds (type B). Some ring forms have only one
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serious candidates for viable molecular conformations.
Similarly, viable forms with eclipsed bonds (w=0) are
only found when the zeroes in the notation are not
adjacent and when their replacement by (+) and (-) yields
viable forms (Hendrickson, 1967). This is in effect the
rotation of a plane to an axis in the next position
around the ring and rotation to the right affords a
conformation enantiomeric to the one formed on rotating
to the left. Thus, even-membered rings of type A yield
type B (of opposite symmetry) and vice versa.

This nomenclature system proposed by Hendrickson
(1964), is related not only to the projection of a ring
onto its plane of symmetry but also to the torsion angle
convention. For example, the all-chair (C, CC, CCC)
rings have fully alternating (+) and (-) torsion angles,
ignoring eclipsed (w=0) bonds, and the boat regions in a
conformation have a pair of like signs together, as can
be seen in figure 5.1

The present study was carried out to attempt to
parameterize the various conformations of cyclodecane
ring derivatives in the solid state wusing the
nomenclature system proposed by Hendrickson (1964) and
asymmetric parameters (AC, and 0Cg) defined by Duax et
al, (1976). Attempts are also made to decipher factors
which determine the various conformations adopted by the

cyclodecane derivatives.
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5.2 EXPERIMENTA
5.2.1 Calculation

Primary structural data for various compounds of
sesquiterpenoid and diterpenoid families were obtained

from x-ray analyses with Ry generally less than 10%.

5.2.1.1 eom i m 2 2

Calculations were made as described in section

. [P TR o

5.2.2 ic N 24§ m -
Ri ¥ iterpene

This is as shown below:
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5.3 RESULTS AND DISCUSSION

Ring symmetries for the cyclodecane ring derivatives
under study together with the ring conformations
(obtained by the sign sequence of the torsion angles) are
shown in table 5.1. The basic symmetry element is either
a two-fold rotational axis or a mirror plane through the
ring. The most prevalent element being the C, rotational
axis. The Cg plane is observed clearly, only in
structures T3 and T13. 1In some cases (T10, T11, T22,
T23), the mirror plane is destroyed probably because of
severe distortions resulting from steric crowding of
substituents on the cyclodecane ring. Conformation (ACg
and OC,) and geometric (I/¢/) parameters are given in
table 5.2. The corresponding torsion angles are listed
in table 5.3. Figure 5.2 shows a plot of the asymmetric
parameters (0OC,5(2-3) and OC4(3) or OCg(5) of some of the
cyclodecane ring derivatives, while chart 5.1 show the
molecular environments of the various rings examined in
this study. The name and references of the various
compounds are given in appendix VIIT.

The conformations of the rings with the chair
central subunit i.e. Boat-chair-Boat, BCB (T1 -Ti1)
appear to be the most viable owing to the peculiarly
favourable torsional energy which outweighs the non-
bonded strain situation that is the 1, 2-, 1, 3-, and 1,

4- nonbonded interactions (Hendrickson, 1964; Date,
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1973). This form also has an axis perpendicular'to its
plane of symmetry; twc parallel planes of three seriously
interacting substituents each found above and below the
molecular plane (figure 5.2) and as can be seen from
figqure S.3, does not undergo pseudorotaticn. The boat
forms or boat regions in the conformations are identified
by a pair of like signs occurring tcgether as can be seen
in figure 5.1. It is observed that the cyclodecane ring
derivatives adopting the BCB conformation generally have
bulky substituents at either the C(3}) and/or C{(10)}
positions or may have a -lactene ring attached to C(7)
and C(8) positions (figure S.4). Relatively bulky
substituents ét the C(1), C(2), or C(3) positions may
impose the BCB conformation on the ring (T2). A keto
substituent at C(10) as in T3 and T4 also tends to impose
a BCB conformation on the ring. It has beeg reported
that the type of conformation adopted by cyclodecane ring
derivatives may also depend on the cis- or trans- nature
of the C(1)-C({(10}) and C(4)-C(5} double bonds of
germacranolides (T5, Té6 and T23}) (Rechlewska, 19582).
This however, does not apply to other 10-membered ring
sesquiterpene. | | o | B | |

Table 5.1 éhows that Tlé and TiB havé.théfééé.and
CBC conformations respectively. The CCB which belongs to
the same group as BCB (i.e. having a chair central

subunit) is intermediate in form between the more
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symmetrical CCC and the BCB conformers. With two lactone
rings at the (C(4)-C(6) and C(7)-C(8) bonds and two
epoxide groups at C(1)-C(10) and C(2)-C(3), T12 adopts
the CCB conformation. The CBC conformation belong to
another groups of boat family, that is the group that has
a boat central subunit (BBB, CBB, CBC) (Hendrickson,
1964) . All three forms suffer from non-bonded
interactions, with the CBC having a 1, 3-nonbonded

interaction (figure 5.1).
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Table 5.1 Ring Symmetries
Cyclodecane derivatives.

and Conformations of some

Ser.No. Compound Code Ring Symmetry Conformation
1 ™ C, BCB
2 T2 C, BCB
3 T3 Cq BCB
4 T4 Cy BCB
5 TS C, BCB
6 T6 C, BCB
7 T7 C, BCB
8 T8 C2 BCB
9 TS Cy BCB
10 T10 (o BCB
11 T11 c, BCB
12 T12 Co CCB
13 T13 Cg CBC
14 T14 C, cce
15 TiS C, cee
16 T16 Cy ccc
17 TR C, cee
18 T18 C, cce
19 T19 C, cce
20 T10 C, cce
21 T21 C, cce
22 T22 Cy TCCC
23 T23 C, TCCC
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Table 5.2 Geometric and Conformations at Parameters for some
Cyclodecadiene Ring derivatives

Compound Code Z/¢/ QCq . 0OC, Approx. Sym. of
torsion angles
o T 739 38.3 30.08 Cy(1-2)
2 T2 om 25.4 7.2 Cy(1-2)
3 -113 . 942.1 33.03 55.4 Cg(2-3)
4 T&  951.9  32.5 51.3 Cg(2-3)
5 TS 843 56.1 44.1 ' C,(4-5)
e T6 660 85.5 36.1 . Cy(4-5)
7 T7 504 . 43.8 22.01 Cy{(2-3)
8 T8 872 56.1 47.8  Cy(2-3)
9 - T-'1:'_91_':' .a§s 423 42.2  “'. C, (3-4)
10 o © Ti0  884.8 - 41r.8 ;',  C, (3-4)
11 . Ti1 914.1 S T C,(3-4)
12 T2 778 - s7.86  48.2 . C,(2-3)
13 T3 957.3 a3s . - Cq (4)
14 T4 1041 32.5 16.3 . C,(2-3)
15 . Tis 1062 30.15 21.65  C,{2-3)
16 . T16 1038.8  30.3 17.6 . Cy(2-3)
17 - T17  1056.3  32.2 19.4 ' fg'c2(2-3)
18 . T8 1054  32.18  19.5 o Cy(2-3)
19 - T19  1049.1  36.4 12.18 Cy(2-3)
20 C T10 1042 33.9 24 .17 Cy(2-3)
21 ~ T21 1038 - 332 C30.7 L Cy{2-3)
22 _f‘il T22 8533 - - 7.2 o Cp(2-3)

23 . T23 889 - ' 701 C, (4-5)
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of Some Cyclodecadiene Derivative.

Table 5.3 Endocyclic Torsion Angles

CODE a I C d e £ g h i 3j
Tl -119 48 79 =70 -65 143 -61 -45 105 -4
T2 -143 55 55  -149 102 -57 103 -148 61 68
T3 53.7 30.4 -106.2 164.8 -108.1 65.4 -116.1  74.9 71.8 -150.7
T4 54,9 31.6 -106.9 163.5 -110.9 70.8 -116.2 70.4 73 -153.7
TS -90 73 -87 165  -121 65 -38 -65 136 -3
6 -56 14 -54 155  -101 36 -71 -44 125 4
7 -91.3 53.6 -80.3 -163.2 122.5 14.4 -78.7 43.3 91.3 -166.2
TS 51 -115 109 1 -115 94 -54 113 -169 51
TY -80 -58 92 4 -124 135 -89 61 -96 168
T10 -110.7 -0.9 92.4 -70.4 -64.8 158.6 -91.7 56.5 -87.6 151.2
T11 -114.6  -3.6 99.1 -69.2 -71.6 157.4 -93.7 66.4 -89.9  148.6
T12 66 -3 55  -163 116 -2 -39 73 57 -153
T3 ~71.3 -39 94 158.8 90.2 56 -116.2 78.7 -92.4 162.7
T14 -101 54 -89 156 -132- 87 79 67  -111 165
T15 -107 50 -83 154 -137 93 87 76 -108 165
T1§ 97.5 59.4 -85.7 155 -136 89.9 -75.7 66.6 -115.4 166.6
T17 -109.7 52.5 -89.5 145.8 -121.3 95.8 -91.6 76.4 ~105.8 167.9
T18 -105.1 53.3 -85.7 147.8 -126.8 95.7 -87.5 74.2 -111.2 168.7
T19 -100.2 50.5 -87.5 157.2 -130.% 86 -82.2 75.2 -114.8 164.8
T20 -100.1 50.1 -87.7 152.1 -133.6 98.6 -80.7 62.4 -108.7 168
T21 -101 55 -2 146 -131 101 -80 55 -111 176
T22 62.6 43.6 115.6 -5.4 129.3 -80.6  56.3 -99.%  132.9 -127.5
T23 -97 75 -92 147  ~119 95 -63 56 132 13
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This is as a result of the strain imposed by the Central
boat unit and all three have two eclipsed bonds. T13 was
reported to have the BB (type B) conformation (Calleri et
al, 1983), but is shown to have the CBC conformation
(type A) in this study. (Figure 5.1, tables 5.1 and
5.2). The sign sequence of the torsion angles (table
5.3), shows that T13 has a CBC conformation, having an
approximate Cg(4) symmetry for the torsion angles.
Furthermore, the BB conformation is not a viable form of
type B cyclodecanes, having energetically unfavourable
eclipsed butane units and severe H-H interpenetrations.
The position of the lactol ring (i.e C(7)-C(8) in T13 and
the absence of axial substituents may be responsible for
the adoption of the transient {i.e CBC) conformation of
the cyclodecadiene ring.

The all-chair (i.e the stair) form, Ti14 - T21
contain lactone rings fused at positions C(6)-C(7) and in
most cases contain double bonds at C(1)-C(10) and C(4)-
c(5). Ti7, T18 and T21 all have a C(4)-C(5) epoxide
instead of the double bond. Fusion of the five-membered
ring (i.e. whether Cis- or trans-) seem not to affect the
conformation of the ten-membered ring. While this is
also true for rings adopting the BCB conformation, the
position of the five-membered ring seems to be one of the
criteria for adopting the CCC conformation. All the

rings that adopt the CCC conformation do not have 8-



236
oriented (i.e. axial) substituents at the C(8) position.
T15 and T16 have o-oriented substituents at C(8), but
this seem to be of no consequence to the conformation
adopted by the rings.

T22 and T23 adopt conformation close to the twist-
chair-chair-chair (TCCC). Both have three like signs in
sequence (table 5.3), and are either not rings at all or
they contain severe interpenetrations of non-bonded
substituent groups. Both have bulky and/or sterically
demanding substitutions at C(6) to C(10). This unusual
conformation is probably adopted to minimize the enhanced
unfavourable steric strain introduced into the CCC form
by these substituents. A BCB conformation is not adopted
in the two cases as this Eorm is known to be sterically

more strained than the all chair form.
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Chart 5.1 Structures of ten - mesbered rings showing the rolecular
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CHAPTER SIX

6.0 SUMMARY AND CONCLUSION
6.1 SUMMARY

The conformations adopted by some five-, seven-, and
ten-membered ring derivatives in naturally occurring
compounds in the solid state were investigated. The
values of endocyclic torsion angles derived from x-ray
diffraction structure determinations with Rg values
generally less than 15% were obtained from literature and
used for this study.

In the conformational study of the various ring
types, sign sequences of the endocyclic torsion angles
were used to determine the conformation of the ring
types, as proposed by Hendrickson (1964) and Bucourt
(1974) . Asymmetric parameters, OCg; and OC, were
calculated using the expression proposed by Duax and co-
workers (Duax et al, 1976). The geometric parameter,
z/¢/, the sum of the moduli of the endocyclic torsion
angles for each ring type was also calculated in each
case and reflect the extent of puckering of the ring.
The effects of the molecular environments on the
conformation and geometry of these ring types were then

elucidated based on the derived structural data.
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6.2 CONCLUSION
6.2.1 Seven-membered rings

Although the twist-chair is estimated by energy
calculations to be the most stable conformational form in
the chair/twist-chair pseudorotational sequence of the
cycloheptane, there is relatively no high preponderance
of the twist-chair forms (eleven) over the chair forms
(eight) among the derivatives reported in this study. On
the other hand, the boat form is seldom observed in the
boat /twist-boat sequence, with the twist-boat clearly the
predominant form based on the structures examined in this
study. The stereochemistry of fusion of 5-membered rings
to cycloheptane derivatives is generally in agreement
with molecular energy calculations. However,
multiplicity of substituents on the ring may force a
different fusion stereochemistry from the expected one in

the solid state.

6.2.2 Five-membered rings

It is apparent that the five-membered furanose rings
in nucleosides and nucleotides may adopt other
confirmations where the out-of-plane atom is not C(2’) or
C(3’). The type, size and stereochemistry of fusion of
substituents may determine the type of conformation (i.e.
either Cg envelope or C, half-chair) or in some cases

determine the out-of-plane atom. Like some other five-
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membered rings (such as 2.4-bridged % -lactone and D
rings in steroids) furanose rings adopt mainly, forms
which are intermediate between the Cg envelope and C,

half-chair conformations

6.2.3 Ten-membered rings

Although the preferred form of cyclodecane is
thought to be the BCB form owing to its peculiarly
favourable torsional energy compared to the all-chair
form (CCC), a preponderance ratio of 17(BCB) rings to 8
(CCC) rings is observed in this study. The
stereochemistry of fusion of the five-membered rings to
cyclodecane derivatives seem not to affect the
conformation of the 10-membered rings. However, the
position of the five-membered ring is important. The
(CCC) conformation appears to require fusion of a five-
membered § -lactone ring at the C(6)-C(7) bond. An axial
substituent on C(8) or at the C(2) and C(3) atoms of the
cyclodecane ring derivatives tend to confer the BCB

conformation.

6.3 RECOMMENDATION FOR FURTHER STUDY

The correct orientations of substituents on the
furanose rings of nucleosides and nucleotides should be
ascertained. This will show how non-bonded interactions
of substituents on the five-membered ring contribute to

the type of conformation adopted by this ring.
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Appendix 1  X-Ray pattern of ACP-HAP precipitates
in presence of metal ions
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Appendix 11  X-Ray patterns cf ACP-HAP precipitates obtained
in presence of some inhibitors
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APPENDIX TIT

X-Ray diffraction data for the tin compound, and the
equation used for calculating cell parameters for a

compound having hexagonal space group.

Degrees 26 d-spacing
26.0 3.4270
29.8 2.9981
30.2 2.9592
30.9 2.8938
3L.5 2.8B400
39.6 2.2758
44 .3 2.0446
45.0 : 2.0144
45.6 1.9893
46 .8 1.9411
52.9 1.7307

- 5__(h2+hk+k31+;§ )
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INITI LE N

Torsion angle (or dihedral angle) is a term commonly
used to denote the angle which characterizes the steric
relationship between two vicinal bonds in a molecule. A
perspective view is given below. For example a system of
three consecutive bonds a, b, ¢ defines two half planes
a, b and b, ¢ intersecting along the central bond b.
They form a figure known in geometry as a dihedron. The
value of this angle gives an accurate evaluation of the
relative positions of the vicinal bonds a and ¢ (Bucourt,

1974) .
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APPENDIX V

Compound codes, names and references of sesquiterpenes containing

the seven-membered ring.

Code Name Reference
H1 Dihydrodecaacety/gaillardin-P benzoate pullforce, T.A. et al (1971}
H2 Bromoisotenulin Mol. 1 Maxhan-ul-Haque et al (1974)
H3 Bromoisotenulin Mol. 2 L " (1974)
H4 Plenolin Mcphail and Onan, (1975)
H5 Mikanokngptin Bovill et al, (1979)
H6 Berladin Cox and Sim, (1975)
H7 ﬁuparetin Mcphail and Sim, (1973)
H8 Solstitlian " .
H9 Bromodihydrosophotosan tonic lactone
acetate " "
H10 Bromogeigerin " X
H11 Bromohelenalin » ¥
H12 Bromomexicannin-E Sekita et al, (1971)
H13  Bromogaillardin Dullforce et al, (1971)
H14 Cyclotagitinin-C chowdhury, (1983)
H15 Fluoroguaianolide Fronczek, (1979)
H16 Deacetylneotennlin Cox and Sim, (1976)
H17 Bromohelenalin Mazhan—ul-ﬁague.li1969}
H1B Helenalin Mcphail and Onan, (1975)
H19 ;;g—-Acetyl-2-0-P-iodobenzoylflorilena- " # (1975)
H20 Hymenolane Pettersen et al, (1976)



Code Name Reference

H21 Hymenxon " "

Haz2 _ : Malone and Kim, t1976)
H21 Alcochol {~}-m$'liol {A) Nozaki, (1979}

H24 S S " n

H25 Paucin monohydrate Cox and $im, (1977)

H26 Autunolide Von Dreele et al, (1975}
H27 Parthemolin Sundaraman, (1975)

H28

Herz, et al, (1980)
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Compound codes, names and references of furanose ring derivatives.

Code Naine Reference
F1 Inosine Munns and Tellin, (1970
F2 Guanosine-5' -phosphate Murayama et al, (1969)
F3 Adenosine/S-bromouridine complex Haschemeyer et al, (1965)
F4 Adenyl-2' -phosphate-5’ -Uridine (Uridine
res Shefter et al. (1970)
F5 5-Iodouridine Rahman et al, (1970)
F6 Cytidine Furberas et al, {1965)
F7 2-Thiocytidine dihydrate Hung-yin Lin, (1971)
Fh 2,4-Dithiouridine dihydrate N "
F9 5-methyl/uridine Hunt et al, (1969)
Fi10 Deoxy adenosine monohydrate Watson, (1965)
F11 Inosine-S'—phosphatg Nagashima et al, (1974)
F12 9-B-D-arabinofuranosyl adenine HC1 Chwang et al, (1974)
F13 3’ -deoxy-3' - (dihyroxyl phouphine/méthyl)
adenosine Hecht et al, (1972)
F14  Deoxycytidine HC1 Subramanian et al, (1970}
15  4-Thio Uridine disulphide Altona et al, (1972)
F16 Guanosine hydrobromide Mol.l Tougard et al, (1974)
F17 5-Bromouridine in complex with Adenosine same as F3
F18 Calcium thymidine-5'-phosphate Altona et al, (1952}
F19 adenosine-3'-phosphate dihydrate Sundaralingam, (1966)
F20 2-Thio-1- (B-D-ribofuranosyl) - 3H-
benzimidazole Prusiner et al, (1973)
F21 9-B-D-Arabinofuranosy/adenine Bunick et al, (1974)
F22 Adenosine-5' -methlphosphonate Mol. I Barnes, {1979)
F23 4 - Thiouridine monohydrate Same
F24 Deoxy cytidine-5'-phosphate Viswamitra et al, (1971)
F25 Guanosine hydrobromide Mol.TT Tougard et al, (1974)
F26  Adenyl-2’ -phosphate-5'-Uridine

(adenyl res.)

Same as FS



F27
F28
F29
F30
F31
F32
F33
F34
F35
F36
Fi7
F38
F39
F40
F41
F42

F43

P44

F45
F46
F47
F48
F49
FS0
F51

F52

F53
F54
F55
FS56
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8 - Bromoguanosine
3':0-Acetyladenosine

6 - Thioinosine Mol. I

6 - Thioinosine Mol. II

Guanosine dihydrate Mol. I
5-lodo-2’ -deoxyuridine
dihydrouridine

5 - Bromouridine
5-(1-2'-deoxyuracyl) ethyl sulphide
3'-0-Acetyl-4-thiothymidine

5- chorouridine

5- fluoro-2'-deoxy Uridine
Uracil-B-D-arabinofuranoside

D (+)-Barium Uridine 5'-phosphate
5-Bromo-2' -deoxy uridine

Bromo deoxyhytidine (in complex with

deoxyguanosine)
Diliydrouridine hemihydrate

§'-Methylene adenosine-3',5'-cyclic
phosphate

5- lodouridine Mol. I1

Inosine dihydrate Mol. I1
Adenosine-5’ -methlphosphonate Mol.I1
Guanosine dihydrate Mol. II

Inosine dihydrate Mol. 1

Rubidium adenosine-5’- diphosphate
8- Bromo adenosine

Deoxyguanosine (in complex with bromo-

deoxycyt idine) .
l1-B-D-Arabinofuranosyl-cytosine

NZ- Dimethyl/gquanosine
5-methylammonium-5' -deoxy adenosine

Thymidine

Buggi and Thewalt (1969)

RO-0 et al, {(1970)
Shefter, (1968)

Thewalt et al, (13%70)
Cameraman et al, (1965)
Sundaralingam, (1971)
Iball et al, (1971)
Altona et al, (1972)
" "
Coulter et al, (1969)

" "
Tollin et al, (1973)
Shefter et al, (1965)
Iball et al, (1966)
Haschemeyer, et al (1965)
Sundaralingam, (1976)
Sundaralingam, (1974)
Same as Fé
Thewalt et al, (1970)
Same as FiB8 -

The walt et al, (1570)

" "
Altona et al, ({(1972)
Haschemeyer et al, (1965)
Tougard et al, (1974)

Altona et al, (1972)
Saenger, (1971)
Tollin and Wilson, (1969)



F57
FS8

F59

F60
F61

F62
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1-B-D-arabinofuranosyl) cytosine HC1
Na-B-cytidine-2*,3'- cyclic phosphate

Methyl-1,2‘,3,5-tetra-o-acetyl-fR-D-
galacto- furanuronate

Guanosine-3‘,5’- cyclic monophosphate
Cyclic Uridine - 3',5’-phosphate

1-(R-D-arabinofuranosyl) Thymine

Sherfinski et al, (1973)

Coulter, (1973)

Beale, et al, (1971)
Chwang et al, (1974)
Coulter, (1969)

Tougard, (1973).
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Appendix VII

Some viable ten - membered rings with axis/plane

TCBC= TCC i TecC
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APPENDIX VII]

Compound code, Compound name and references of cyclodecadiene ring
derivatives.

Compound Code Name Reference

T1 Melnerin Watkins et al, (1978)

T2 Glavcolide Cox and Sim, (1975)

T3 Dihydrochrysanol ide El-Feraly et al, (1983)
T4 Dihydrochrysanolide ¥ ¥ "

TS Schkuhriolid Rychlewska, (1982)

Té Melampodin . n

% Ursiniolide A monohydrate " (1981)

T8 Melampodine B Fronczek et al (1980)

T9 Eupaformonin Mcphail and Onan, (1976)
T10 Cordifene I Begcey et al, (1981)

Til Cordifene II 2 " L

T12 Dihydromikanolide i Cox and Sim, (1977)

T13 Hallerol Calleri et al, (1983)

T14 Tamaulipin-A Wwitt and Watkins, (1978)
T15 Alatolide monohydrate Cox and Sim, (1977)

T16 Eupatolide Mcphail and Onan, (1975)
T17 Parthenolide Mol. I Quick and Rodger, (1976)
T18 Parthenolide Mol. II " L .
T19 Herbolide A Jones and Kennard, (1979)
T20 Ovatifolin Gopalakrishna et al, (1977)
T21 Eupahyssopin Kuo-Hsiung hec et al (1976)
T22 Briarein Bucks et al, (1977)

T23 Enhydrin Rychlewska, (1982).



