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this complex is identical to an®hepatobiliary ageat errongously formulated

. ' - r“*> ye
\ ABSTRACT _ /
Interest in technet1um chemistry is der1ved from the fact that
it is a recent]y-d1scovered\element and from the use of technet1um-99:L—
as a radioactive label in d1ag;o§t1c medicine. Compounds related to
both sources of interest have besn charaéteriéed by X-ra@ cryst§1]o—
graphy, vibrational spectroscopy and multinuclear nuclear magnetip
reéonance spééfroscopy. g ]
The crystal's;ructure of a penicillamine complex.of techne{jum
consists of an oxptechnetium(V) core bonded to the S, N, and 0 atoms

of one penicillapine moiety and the S and N atoms of a second. Further

characterizatio ; including tracer studies with gngc, indicate that -.

as a technetium({IV) sﬁeciegﬁ The crystal structure of an‘anionic catechol
comp Jex of technetium also contains the oxotechnetium(V) core and.sug-
gests that the technetium(IV) formulation for a number of other radio-
pharmaceuticals is incérrect- The cry§ta1 structure determination of a--
complex containing the ethy]eneb1s(2 mercaptoacetam1ﬁe) 11gand forms )
part of a larger program to design, systemat1ca11y,new scann1ng agents
Technetium complexes involving cyanide ligands are shoqn to be
similar to their rhenium analogs. ' .
Several new téchnetium(ﬁ11)>species.were synthesizeds and uséd~to"
establish ranges for parameEFrs in the nuclear magnetic resonance

S

spectroscopy of 997e.
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NOMENCLATURE
-
~ d v deuteron® ™
» | . %
S - neutron - .
- ) ) ] p—
g gram .
MW megawatt
3 “n.mr. nuclear magnetic resonance
& .
h hour, Planck's cons®ant
y year . o
o keV kiloelectron volt
» N , . oy
_h“‘ﬂk¥i_\ megae]ectﬁdp volt = 7
- . * . ) '
I.T. . .isomeric transition ‘ *
~ + - DTPA H%ethy1enefriaminebentaaéetic atid
. X B , . . .
- ijDTA ethylenediaminetetraacetic acid
>.MIDA- o methyliminodiacét{c acid
/’///N\> " HEDP - (hydroxyethy1idene)diphosphonate
’ I " nuclear spin quantum numg;r

‘m;bnetic moment : o

-

.{,)-~magnetogyric ratio 7
**  shielding factor, standard deviation

parts per'million
absolute freduehcy

tetramethylsilane

(iv) ~



N \

Nomenclature (continued)

MHz “  megahertz ’
J ' coupiidb constant * \\\
sp%n-]attice relaxation time ‘\)

in-spin relaxation time

. deg degree .
min minute -
mm . millimeter “
us microsecond
am _ -céntimeter '
R¢ retention time
- m milliliter
pH , -Togyg[H']
nm -nénomete;ﬂ
e\ ' moTar extinction coeffici
6 chemical shift
T av average
mCi millicurie N N
HIDA - N(2,6-dimethylcarbamoylnethyV)iminodiacetic acid
‘Hz ertz. '
- X gram susceptibility j
Vosf effective magnetic mopent (
f intern31 force: constant. .

(//"~3\ﬁ§:> . symmetry force constant
_ - (v) /!

R gstrom . k///‘%f-/q
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Nomenclature {continued)

mdyne ‘mi114dyne )
en ethylenediamine
FEP fiuoroethy]ene polymer
Av line width
{
*
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GENERAL INTRODUCTION

CHAPTER 1

1.1 Historical Background

The periodic c]ass1f1cat1on of the elements was discovered

H//)Egndependent1y by L. Meyer and D. I Mendeleev in 1869 (1). 1In addition

to providing a convenient classification of the known elements, the
periodic table enabled scientists to predict the existence and properties

of new elements. Such predictions were widely tested and many of the

blank spaces in the table were qﬁick]y filled. However, element 43,

a second row t}ansition metal, wés one of a select few which could not

be isolated from natural sources, despite several claims to the contrary (2)

The discovery of element 43 was only made possible by the

development of new techniques in nuclear physics and radiochemistry”

In 1937, Perrier=and‘Segré reported some chemical properties 0f%lement

43 based on an analysis of a mo]ybé&num plate which had b subjected
to dehteron irradiation from a cyclotron (3). Tﬁey later §uggestbd

~ that this element be called technetium (chemical symbol, Tc) from the

Greek word technetos, meaning artificial, since it was the f1rst

prev1ous1y unknown element to be made by man (4). (
» The_nuc]ear reactiogs relating to the discoveryﬁbf technetium &
are: |
94Mo(d,n)gsmTc

~and

r

96Mo(d,n)97mTc




~

where 95MmT¢ denoégs the metastable isomer of 957¢ (5). At present, a
totalof twenty isotopes and six isomers of technetium are known with
half-lives that range from one second to several million years (5).

of these, only 997¢ (t% = 2.12 x 10° years) haé been obtained on a
macro scale, The'ready availability p? this isotope is a byproduct of
the nuclear age since‘gch is a major component in spent reactor fuels.
This is illustrated by the fission yield curves (Figure 1) where 997¢
represents approximately six per cent of the fission products from
233y, 235y and 239, (6). With estimates of 2.5 g of 99Tc produced
each day by a single 100 MW nuclear reactor, it is very probab]g that
the world supply of this man-made element exceeds that of its third

\row congener, rhenium, which occurs naturally (5).

By 1955, aram amounts of technetium were available to chemists
and the number of stﬁdies on technetium grew rapidly (7).a D1 1965,
two monographs were published in which the chemistry of technetium
and rhenium was reviewed (8,9). At that 1me, technetium was considered
to bé a true anomaly in the periodic table since its chemistry was
apparently so different from that of rhenium, Two examples will
serve to illustrate the'cqnfusion that existed and how the differepces
were eventually resolved.

The preparation of cyclopentadiene complexes of transition
metals typically involves a reaction between the metal halide and
sodium cyclopentadienide in tetrahydrofuran or a similar solvent (10).
Huggins and Kaesz used this method to Q{iii:e the technetium complex
from Tc014 (11). In contrast to observatiﬁps by Wilkinson and co-

workers on the previously prepared rhenjgﬁ comp lex, (C5H5)2ReH (12), -

s

L
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they did not observe a metal hydride band in the infrared spectrum nor
wag_there a signal 1n-the Tow frgquency region of'the 1H_n.m:r. spectrum
characteristic of hydridic protons. This information along with the
diamagnetism.of the complex and-a determination of the mo]ecu]ar\\"
weight, led them to éuggést thét the product w;;\hxdimer with the
formu]a E(CgHg)pTc] o (11). Howevér, later work by Fischer and Schmidt‘
Hemopstrated that the standard preparation resulted in the formation
of a tgphnetium complex directly analogous to that of rhenium (13).
A force Fonstaﬁﬁ calculation showed that the Tc-H bond was somewhat
weaker than tﬁé ReH bond (13). This trend parallels that found for
' Mo(CsHsjéH2 and«its tungsten analog, as might be expected.

 The second example involves the hexachlorides of these two
metals. In 1962, Colton reported the synthesis of TcClg from the )
action of chlorine gas on technetium metal (]4)i Since second- row
elements are not expected to form higher chlorides than tﬁeir thg:d
row counterparts, Colton predicted that ReClg should be stable although 1 Jﬁ
previous attempts to synthesize the compound had been unsuccessful- (14).
Shortly. thereafter, Colton fulfilled this prediction by reporting the
synthesis of ReClg (15). However, in an effort to study the ahoma1ous
magnetic properties of ReClg, Guest and Lock discovered that the published .
synthesis produced only ReOC14 and ReClg (16). A subsequent study of -~ %
the tecﬁnetium system by the same workers showed that the product
actually obtained Q;re Tc04C1 and Tg0Cl4 (17ji An alternate synthesis
of ReClg involving halogen exchange between ReFg and BC13 or PC13 has

Tikewise been shown to be incorrect (18,19). Thus, the highest known
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chlorides{of these me;:}s are TcCly and ReClg respectively, in dgreement
with thé observed trends both across and down the remainder of the
periodic table. \

Other inconsistencies 1isted in 1965 have also not withs tood
careful examination (20) and it is geﬁera]]y accepted that the chemistry -
of technetjum is analogous to that of rhenium (10)}. A brief outline of

this chemistry is presented- in the following section. More extensive

reviews have been published (2,5,7,21,22,23,24).

1.2 Qutline of Technetium Chemistry

The outer shell ;electron configuration for technetium is

1

4d655 and each of the expected oxidation states from VIf{to -1 have

been observed (10). Characteristic examles of technetium in the

various oxXidathon states are described below.

The techndtium (VII) compound, Tco0y, is the only product

obtained when th€ metal is burned in excess oxygen at 400°¢ (2).

It is readifly/purified by sublimation and dissolves in water to give

pertechnetfclacid, HTcO, (21). The pertechnetate anion is a much weaker ’

characteri h ammonium.pertechnetate being the form most commonly

used for gynthetic purposes (24). The insoluble hepBasulfide, Te,S4,

is important in the isolation of technetium from various sources,
especially spent reactor fuels (21). Other technetium (VIIi{zompounds
include TQPBF and Tc03CI which are liquids at room temperatifre, and

TcH92' which is one of few examples of coordination number nine (10).

4/,/’
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Several technetium (VII) speéies are discussed in Chapter 6
The'hexava]gnt oxidation state is represented by compounds

such as Tc042-, TcO3, TcFg and TcOF, (24). There are relatively few

egamp]es since technetium (VI} compounds tend to disproportionate

according to the reaction (2):
3Tc(VI) »*2Tc(VI1) + Te(IV)

Although simple anionic halide and pseudohalide complexes of
technetium (V) exist? the chemistry of the pentavalent state is dominated
. . . +
by three types of oxotechnetium (V) cores: Tc03+, trans-TcO,  and linear

—’\\‘\ 4+ (

Tc203 24). The first of these may exhibit a coordination number of
- five (TcOC]Q') (25), six (pyrazoly1-Tc0C1,) (26) or sevenv(TCO(Eﬁfh)Z")
(27). The five coordinate complexes have geometries based on a square
pyramidal arrangement with the oxo group at the apex and the base

formed by the remaining four ligands (7). The trans-Tc02+'coré is found

in technetium (V) complexes with the most common nitrogen Tigands (e.g. en),
leading to the suggestion that the n-donor ability of the equatorial L
ligands is the determining factor between mono and dicxo species (28). K\«
The complex u-O[O(EtzNC§é)2Tc]2 is the only example of the Tinear Tc2034+

unit reported thus far (29). Oxotechnetium (V) chemistry is the basis
. _ .
for much of the :gsea ch presented in this work.
The mosm:n\'techneti um (IV} compounds are technetium
2-

ioxide and the hexahalo-dianions, TcX The former is very stable
6 B

and a common, usually undesirable, product in‘the reduction of pertech-
f
netates {10). The latter are easily hydrolyzed and serve as starting

materials for a variety of reactions (30).
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Polarizable {"soft") Tigands such as triphenylphosphine and/or
the formatjon of metal-metal b%pds seem to be necessary for the
stabilization of technetium in the lower oxidation states. Although
such compounds are normally prepared under anhydrous.coﬁ?ﬁtions,
Davison and cb—workers havetrecenti} shown that isonitrile comp]exesl
of technetium(I) can*be.ﬁrepared by direct reduction ?j‘§>rtechnetate

in aqueous solution (31).

~

1.3 Technetlum and Nuc1ear Medicine
The field of nuc]ear medicine has deve]oped/jfggrihe tracer .
prgg?hp1e f1r§t descr1bed by Hevesy who used tad1ogct1ve isotopes of
tead to trace the assimilation and distribution of thaéig]ement in
p}ants (32). In nuclear medicine, this concept has been extended to
7inc1ﬁde a wide variety of radiocactive compounds administered to patients
as diagnostic aids (the most common apb11cat1on) therapeutic agents
(e.qg., ]311 in the treatment of hyperthyroidism), or simply as metabolic
tracers (e.g. drug distribution studies) (33). The importance of
radiopharmaceuticals in diagnostic medicine is derived from the fact
that the physiological function of an organ, as well as it; structure,
can be visualizéd (24). The availability of this additional information
has resulted in a better understanding of disease and thereby improved
the practice of medicine(34).

| In 1960, Richards suggested that 9ngc possessed raaiophysicaT
properties that were ideally suited for uﬁe.in diagnostic imaging (35).
These properties, summarized schematically in Figure 2, include: a

short half-life (6 hours) whi-ch giQes gngc a high specific activity; N i
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a y-ray energy (140 keV) which is in the optimal range,for detection by
scintil1a#40 _cameras and ﬁhich is poorly absorbed by body tissues; a
re]ative§§£§Zab1e daughter nuclide wh%ch minimizes'any long-term haza%d ‘
from particulate radiation and a relatively stable parent nuclide,

%o (35). The last charactgristic'1ed to the development of a generator
which made 99MTc avaiTab]e on demand at any hospitaI.(Bﬁj. The generator
consisted of 99Mo absorbed on an alumina column from whid1'99"TTc, in

the form of pertechnetate, cou1d'be\h§riodica1Iy'eluted with & saline
solution (36). Other generators, based on subiimation of Tc,07 or on
éoTvent extraction with methyl ethyl ketone héVe since been developed

(37,38). The advantages, disadvantages anp future prospects for a

\

number of generator types form the subject of a recent review article (39).

Although perfechnetate,;an be used directly aslan imaging agent,
the majoritﬁpof 99mr¢ raﬁiophérmacetticﬁﬂ?'h1ﬂ01ve c&ordinaf;on comp]ex;s
of technetium in lower oxidation states. Thegg comp le xes cgﬁ’be divided
into two broad classes, namely, technetium—ﬁag§§% and technetium-
essential radiopharmaceuticals (40). In the class of tagged compounds,

99mMT¢ is bound to large substances such as colloids, cells or proteins.

The presence of the metal ipn'creates only a small perturbation and the

biodistribution is unchanged. from that of the untagged-material. Technetium-

essential radiopharmaceuticals consist of smaller molecules such as drugs
or low-molecular-weight peptides Tabelled with BMmTc.  In this class,

the biodistribution of the complex:is often very different from that of
the parent sﬁbstance. The ideal properties of 99MTe and the ease of

formation of a variety of scanning agents have made 99MT¢ the most

.
e \
l‘ .
,

et 3tk s e A e < o 2 e
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widely-used radionuclide in nuclear medicine (41). A summary of 99mre.
rédiopharmaceutiqg]s currently in use is presented iéfTéble 1 (40).

The typicaltjabe]]ing procedure consists of mixing 99mTc0;‘
%roﬁ a 99Mo.generator wjth'i reducing agent in the presensﬁkof the

- desired. ligand. Various reducing agentsh;ncluding'éta us ion, ferric

chloride plus ascorbiszg;idf’ferrous ion, sodium borohydrige and concen-"

trated hydrochloric acid, have been used (42). The concentration of
the 1abelled pfoduct is usually at the nanomoTar level.which is suffi-
cient to prodtke the image required fof diagnosis but which is too g
to allow examination by most of the stéﬁdé}d chemical methods. “AnaT;sis
of radiopharmgceutitaTs has largely been based on chromatographic
techniqués and the;detailed structures of the complexes and even the
oxidation state of the metal ion often remain unknown. This lack )
chemical knowledge has meant that serendipity has been the mijor ctor
in radiopharmaceutical developments thus far (43).

‘ Some of the difficulties céﬁ be overcome by using an afternate
method of preparation. The aqueous reduc@igh of per;echnetété in the
presence of a ligand is subject to several limitations: only one.pypg.
of ligand can be intnpduced; the fiﬁa] oxidation state, coordination
number and-coordihation‘géometry in the product are not gontro]led; the“,
reductant is often incorporated into the final product; excess redUcpaﬁt
is injected into the patient; ;nd a mixture of technetium complexes,
rather than a‘sing1e product, is usually\pbtained (44). However,
reactions which involve tﬁe substitution Bf igands onto a pre-reduced

and isolated technetium centre allow contro} over the oxidation state

M

>
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Table 1. 2?™c-Radiopharmaceuticals Currently in Use

Technetium—Tangd Radiopharmaceuticais

1. Particles and colloids
Tc-albumin microspheres, Tc-ferric hydroxide aggregates, Tc-sulfur’

1
c61loid, Tc-phytate.

. 4
2. Proteins .
Albumin, streptokinase, urokinaséj*f+b<i?ogen
3. Cells ¥
Erythrocytes, leukocytes, platelets, lymphocyted ' .

4, Small motecules

Bone agents, e.g.,\po]yphosphates, pyrophosphate, diphosphonatés.

Technetium-Essential Radiopharmaceuticals

1. Kidney function agents

Tc-DTPA, Tc-EDTA, Tc-MIDA({methyliminodiacetic acid), Tc-citrat'e

2. Kidney structure agenté

* Tc-gluconate, Tc-glucoheptonate, Te-Fe-ascorbate, Tc-inuh’n,_
*4,?’Tzfiannitol, Tc-dimercaptosuccinic acid

Y

3. Infarct avid agents

‘. 4 ~

Tc-pyrophosphate, Tc-glucoheptonate, Tc-tetracycline and Tc-HEDP
. N\ -
(HEDﬁ;TH}droxyethylidene)diphosphonate)

4. Hepatobiliary agents :

Tc-dihydrothkoctic acid, Tc-HIDA, Tc—pyridbxylideneglutamate
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and ligand environment of the technetium product (44). Davison and
co-workers have shown that the anion, TcOXE (X ='C1,Br) is a useful
eubstrate for such substitution reactions (25,29,45). The hexahalo-
dianiens, Tcxg' (X = C1,Br) have also been used as starting materials :
in the synthesis of radiopharmaceuticals (44). Simple substitueion
reactions hold considerable promise as preparative routes since_the
clinical usefulness of a 1abe1122 compound is partially determined by
its egse of preparation.by unskif]ed personnel.

// In order to allow the completely rational de51gn of new scanning
agents, the structural features and chemical behav1our of a number of
) comelexes need to be correlated with their respective biodistributions.
This may be accomplished by studying the chemistry of the complex
bafed on the more stable gch nucleus and then using gngc and the
tracer principle to determine the biodistribution of that complex.

The characterizations of several compounds relating to th1s process

are presented in the following chapters.

1.4 Nuclear Magnetic Resonance Spectroscopy

. The history,‘theory.and instrumentation of nuclear magnetic
. reson;nce (n.m.rt)spectroscopy have been described in a number of
general texts (46;47,48). The following outline hae-been derived
Tfrom such sources to provide a ba@kground for the discussions in
Chapter 6. | '
Each isotope of an element can be assfgned a gtohnd state')

nuclear spin quantum number, I, which i5 also known as simply the spin

of that isotope. The value of I may be zero, half-integral or integral,
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corresponding to the ngmbér of protons and the number of neutrons being
both even, of opposite parity or both odd, respectively. When I # O,
the nucleus has a magnetic moment, y, given by:

L < 3h[1(1+] %K

2

where. v, the magnetogyric ratio, is a characteristic of thé part%cu]ar

nucleus. The receptivity of the nucleus is defined as:
vIN(1)(1+1)

where N is the natural abundance of the isotope of interest. The
Féceptivity is usually expressed as a value relative to that of 4 or
of 13¢ and is an indication of the ease with which. an observable
signal can be obtained from an n.m.r. active nucleus.

When a nucleus with a non-zero spin is placed in a strong
magnetic fie]d; By, the orientation of the spin axis becomes quantized.

Each orientation corresponds to a different eﬁérgy, E, given by:

¢ _ =yh
‘.\ E—E‘i— mBo,

m= -I,-I+1,...,I-1,1

At equilibrium, the populations of these energy levels are described
by é'Bothmann distribution. The n.m.r. experiment consists of
detecting transitions between the energy levels that are induced by

the application of suitable radiofrequency radiat%on. The three main

types of parameters of chemical interest that can be ogbtained by n.m.r.

spectroscopy are chemical shifts, coupling constants and relaxation times.

Chemical shifts in the resonance freqFéncy result from the

(

~—
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shielding of the nucleus by the surrounding electronic environment.

This can be expressed mathematically by:

By = Bb(]-;c) o
where By is the actual Jocal magnetic field experiencegsby the nucleus )
and o is a shielding factor. Several phenomena contribute to the
obsé::iffj:jg;lQQSZQ local diamagnetic and paramagnetic currents,
effe from heig ouring atoms and external electric fields. Since
the shielding parameter is dependent on the field strength, chemical

shifts are genefa11y reported in parts per millipn {ppm) relative to

the resonance of some suitable reference compound. An alternate system™ -

}

is based on abso]ute frequencies,:Ez, which are scaled to a standard

magnetic field in which the protons in tetramethylgilane (TMS)

reso at exactly 100 MHz. By definition (49): ‘
—_ - 100 vy (1-04)

=k y(TW[T- o ™Sy

Spin-spin coupling occurs between two nuc]ei*(bbth with I # 0)
when the spin states of one nucleus act to split the enerqy levels of
the other. Coupling is not affected by the tﬁaniﬁg'of the molecule

and is independent of By, at least to a first approximation.- The inter-

~action, which is reciprocal in nature, can be decomposed into three
contributions; spin-dipolar, spin-orbital and spin-contact mechanisms.
The latter, also known as the Fermi contact mechanism, is the dominant
mode in high resolution n.m.r. spectroscopy. This mechanism involves

the polarization of the spiné'of the electrons in the intervening

!
%
A
]
|
i



chemical bonds and varies as the fraction.of "s" character in those

bonds. The nature and relative importance of various coupling mechanisms

have recently been reviewed (50).

Experimentally, a nucleus coupled to a set of n nuclei with
spin I will have its resonance split into 2nl + 1 lines. For a nucleus
coupled to nuclei with I = %, the relative intensities of these lines
are given by the coefficients of the binomial expansion. The frequency
separation between the lines is known as the coupling constant, J,
Spin-spin coupling provides useful information about thé structure of
the compound while the magnitude of the coupling constant can be related
to the electron density about the nucleus..

Two relaxation times (Ty and T,) are used to characterize the
first order rate processes by which the Boltzmann distribution of
populations into the available energy levels is re-established. Spin-
lTattice relaxation (Tq) is achieved through interactidng between the -
nuclei and the surrounding molecules which are collectively known as
the lattice. The motions of molecules in solution, the unpaired
electrons in paramagnetic substances and the quadrupole momentg present

in nuclei with I > %, all contribute to this process. Spin-spin

" relaxation (T,) involves the direct exchange of energy between nuclei.

Under.conditions permitting rapid molecular motions, Ty = Ty
The chemical shifts, coupling constants and relaxation times
for a number of technetium species, particularly as they relate to the

development of 997¢ n.m.r. spectroscopy, are discussed in Chapter 6.
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1.5 Summary

The study of technetium chemistry is of interest from a number
of ‘perspectives. As‘a major component of spent reactor fuels, technetium,
especially .in the form of stable, water soluble pertethnetate, is a
factor iﬁ tﬁe safe disposal of nuclear wastes. Secondly, since relatively
few technetium compounds have been fully characterized, it is interesting
to test the trends predicted by the Periodic Law, Furthermore, a much
better understanding of technetium chemistry is‘pecessary for the rational
design of new radiopharmaceuticals basedgpn 9ngc. Finally, the develop-
ment 6f 99Tc n.m.r. spectroscopy requires the study of a number of
compounds in order to establish the range of n.m.r. parameters, chemical
shifts, line widths.and coupling constants, that may be observed. These
parameters c;nstitbfe a sensitive probe of the structures of technetium
complexes in solution,

In Chapters 3 Sad 4, thé crystal structures of complexes containing
the oxotechnetium(V} core bonded to penicillaminato, catecholato or
ethylenebis(2-mercaptoacetamido) Tigands are descriﬁed. These results
demonstrate that the formu]ation of certain classes of 99MTc-radio-
pharmaceuticals as technetium(IV) species 12 “incorrect. In Chapter 5,
two cyano complexes of technetium, TcOz(CN)g_ and Tc(CN);', are
- characterized and shown to be similar to their rhenium analogs by X-ray _
crystallography and vibrational spectroscopy. In Chaptef 6, several

:

new technetium(VII) species are synthesized, and used, together with

other complexes, to demonstrate the utiTity of P7¢ n.m.r. spectroscopy.

A A
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CHAPTER 2
EXPERIMENTS '
1 2.1 Handling of Radipactive Materials
A11 work 1nvo1v1ng 99Tc was performed according to the /

rgEUTQt1ons and recommendat1ons of the Canadian Atomic Energy Contro)
Board.* Al transfers of radioactive material as well as most syntheses
were carried out in fume ficods with very high flow rates. In order to
minimize the risk froﬁ/;;cidental spills, the floors of the fume hoods
were lined with plastic sheeting and then absorbent paper. Both com-
ponents were repiaced on a régu]ar basis. Radioactive samples
required for syntheses.on the vacuum line, for analysis by various
spectroscopic methods or for sing]e'c;ysta1 structure determinations
were transported from the fume hodds in.closed cqntainers. Al
laboratory areas in which Eéchnefium wa§ used were monitored routinely

by the McMaster Health Physics Group for radioactive iontamination.

2.2 Preparation and Analysis

. Details of the preparation.of compounds studied in this thesis
arengiyen in the apprdpriate;chqptérs.
Elemental anaiysis for T-ox072,3,6—(D-penici11aminat0-S,N,0)-
4,5—(D-peniciT1aminato—N,S)fechnetjum(V) was performed by:
Canadian Microana]ytiéaT Service Ltd.
%704 University Blvd.
Vancouver, B.C. V6T 1K6

17
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Crystals which are discussed in Chapters 4 and 5 as well as some

. of the n.m.r. samples in Chapter 6 were obtained from:

Professor Alan Davison

Massachusetts Institute of Technology

Cambridge, Massachusetts
Professor Davison was also responsible for obtaining elemental analyses
for these compounds.

Densities of all crystals were determined by flotation in the

solvent mixtures given in the appropriate chapters.

2.3 X-ray Crystallography

2.3.1 Single crystals

Small crystals with weli-developed faces were examined under a
polarizing microscope for homogeneity and the best of these were chosen ~
fog déta collection. The crystals were then mounted on thin g]ass
fibres or inside ;TESS capil]arfés and aligned on precession cameras.
Space groups were determined from the symmetry and systematic absences
observed on zero and first layer precession photographs. The crystals
were then transferred to either a Syntex P21 or a Nicolet P3 aptomatic
diffractometer. An orientation matrix was determined from a rbta#ﬁon
photogfaph také;-;%th Polaroid film. Unit cell parameters'were then
obtained from a least-squares refinement frqm fifteen we]]-centered,'
medi um angle reflections.

Intensity data were measured using graphite monochromated MoKa
radiation (Ad.?]OGQR) to a maxium 26 = 55°. Data were collected
using a coupled 8(crystal)-28(counter) scan with scan rates that ranged

from 5.0 deg min=1 for weak reflections to 29.3 deg min~1 for



19

strong reflectidps. Scan rates were determined by the program supplied
with fhe instrument on the basis of the counting rate at the centre of
the reflection (571).

The stability of each system was monitored by measuring two
standard reflections after every- forty-eight reflectjons.' This infor-
mation was used to normalize all data to the initial intensity of the
standard reflections. Stationary counts at the ]imit; of each sc
were made for half the scan time to establish the backgrdund. The\ net
intensity, I, of a reflection was taken as I = Nt - NB] - Np-_whére Ny
is the total peak count aﬁd NB] and NB2 are the background cdunts.

The standard deviations, o(I), of the thet intensities were taken as

o(1) = (Nr + g, + NBZ)*E.

2.3.2 Data Processing {52) !

Unscaled structure amplitudes, Fo,and their standard deviations,

o(F),were calculated from the expressions:

Fo = (E%‘)li
F) =1 oy
o ) > (Lp) f ( -

where Lp is the combined form of the Lorentz and polarization factors .,
given by (1 + cos229)1(2 sin28). Where necessary, corrections for
secondary extinction were made using the method of Larson (53).

Unscaled structure amplitudes, Fc,were calculated using

the equation
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Fc(hkz') =

<.
K M
w—

ijj exp[2n1(hxj+kyj+22j)]

where f; is tﬁq scattering factor gf the jth atom in the unit cell and
Xjo¥; and z; are the fractional coordinates of the jth atom along the
three crystallographic axes, a, b and c, respective1y. The temperature

factor, Tj, describes the magnitude of vibration of the atoms about their
‘mean positions as:

Ty = ewl-2r2y(dy )2 ]

where Uj is the iéotropic thermal parameter expressed in terms of mean
square amplitudes in RZ for the jth atom in the unit cell and dhkz is
the interplanar spacing for the set of planes defined by the Miller

1’

dndices, h, k, 2. The general temperature factor expression is

2
T= exp [-2n° (U} a2+l

2 %2y 2 52
kb U332 c*® +
| 2U12hkafb*+2U13hRa*c*+2U23k£b*c*)]j
where Uij_are the anisotropic temperature fact&rs expressed in terms
" of mean square amp 11 tudes of vibration in R2 and a*, b* and c* are the .
reciprocal cell axes.

The computer, programs used for initial data treatment, DATCO5
and DATRDN, were taken from the XRAY 76 package (54) Structure
solution and refinement USEd SHELX 76 (55}. Least-square planes,
dihedral ang1q§ and torsional angles were calculated by the program .

NRC-22 (56). Diagrams were ﬁrébared using the program ORTEP Il (57).
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A1l calculations were carried out on a Cyber 170-730 computer.
Scattering curves and anomalous "dispersion corrections for all atoms
were taken from the "International Tables for X-ray Crysta]lography"_

(58,59).

Z.Q;;H\;tructuFE Solution and Refinement

A11 structures were solved by the_heavy atom method in which

the coordinates of the heaviest atoms (technetium or technetium and
arsenic) were found from three-dimensional Patterson syntheses. Least
squares refineﬁent of the heavy atom positions followed by three-
dimeﬁ%iona] electron difference maps revealed thé nonhydrogen atoms.
Initially, isotropic temperature factoés were used for all atoms.
Starting with the heavier atoms, temperature factors were thén made

sequentially anisotropic. Tests were made at each stage to show that

. the use of the increased parameters was justified (60). The positions

of hydrogen atoms were generally found on‘subsequenf difference maps
and were ejther fixed in calculated positions or refined. Temperature
factors for hydrogen atoms were fixed at values 20% greater than the
isotropic temperature factors of the atom to which they were attached.
Further refinement using full-matrix least-squares minimizing
Ew(|[Fol - [F, | )2, where w is the weighting term, was term1nated when
the maximum shift/error was less than 0.2 for nonhydrogen atoms. The

residuals used in SHELX 76 are:

lFl- IR |l

21
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Reflections with I < O were classified as unobserved and not used in
the refinement prbcess. The moduli of F, and F. for all reflections
for the structures reported in Chapters 3, 4 and 5 are listed in

reference 61.

2.4 Infrared Spectroscapy

Infrared spectra were recorded on a Perkfn-E]mer‘Model 283
Spectrophotometer. The samples were ground with dry KBr and preésed
into disks using a (manual) Wilks Mini-Press. The barrel of the Mini-
Press also acted as a hq]der for the KBr disk, thereby minimizing the

risk of contaminating the infrared spectroph

r. Spectra were

calibrated with polyethylene or indene.

2.5 Raman Spectroscopy

" Raman spectra wefe recorded on a SPEX 14018 double monochromator

: 0
using the green (X 5145A) ‘exciting line from a Spectra-Physics Model 164
_argon ion laser. The spectra were obtained at either room temperature

or liquid-nitrogen temperature {or both). Powder samp]es were contained

in glass melting point tubes and liquid saines in n.m.n tubes.

2.6 Nuc]ear Magnetic Resonance Spectroscopy

guclear magnet1c resonance spectra were var1ous]y obtained on
250 MHz Briker WM-250 (99Tc and 13C), 90 MHz Bruker WH-90 (99Tc, 19F

and 170) and 80 MHz Bruker *WP-80 (13C and ]H) Four1er transform spectrometers

e ————
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Spectra were 2H-]ocked by using either a deuterated solvent or an

external D;0 Tock sample located in the probe head, or in the annular
cavity formed by pTacing the sample tube inside a larger precision glass
tube. The 'H spectra of Tcng' were run in a 5 mm precision glass tube
containing an acetone-dg capillary for 16cking. A few spectra, notably
for those samples containing HF as a so]veﬁ;, were obtained without a
2H-Tock. 99TE n.m.r. spectra were recorded &ith use of a 20us pulse width.
Spectra involving other nuclei were obtained by standard operating
procedures.

Spin-lattice re1éxation times, s we}e measured in degassed,
vacuum sealed samples by the standard (m-t-7/2) sequence with accumu]atfon
of the free induction decay after the #/2 pulse. The results reported
in Chapter 6 were obtained from a least-squares Tinear regression analysis
of the-data. |

Vériab]e temperature studies were carried out with use of Bruker
temperature controllers. Temperatures were measuréd with a thermo-
couple inserted directly into the sampTe'region of the probe and were
accurate to + 1°C.

Magnetic susceptibility measurements by thé n.m.r. method were

performed on the 60 MHz Varian T60 continuous wave spectrometer.

2.7 Electronic Absorption $pectroscopy

Electronic spectra were recorded on a Cary 14 recording spectro-=
photometer. The samples were contained in spectrophotometer cells from
Hellma. The pathlength in these cells was the normal 1.00 cm but the

Tateral dimension of the window was 0.40 cm. This feature permitted

-
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the use of small volumes of solutioh and reduced the risk of radioactive

contamination. %
~N

2.8 .Experiments with Technetium-99m

In the study of penicillamine complexes of technetium (Chapter 3),
Whatman Chromatography Paper #1 was used to :Stain descending paper

chromatograms. Thin Tlayer chromatograms'ﬁé? obtained on silica jeT

rd

strTes from Gelman Instrument Company. In both cases, the solvent was .

‘ n-butand]-acetic acid-water (4:1:1) and Rf values for species containing

99mT¢ were determined with the use of a Packard que] 7201 Radiochro-

' matogram .scanner. D-(-)-penici]1amiqe was identjfied on the chromatograms

using a solution of ninhydrin (0.1% in butanol). The paper chromato-

gram of 1-oxo-2,3,6-(D—penici11aminatoFN,S,0)-4,5(D-penici11aminato—

'N,S) technetium(V) was cut into twe]vé"strips of equal width and each

strib'was analyzed for‘?ch with a Chicago Nuq]éar proportional counter
in the Health Physics Debartment.'v

Radjoscans of the rabbits used in this study Qere obtained on
an dhip Nuclear Inc. Sigma 410 Radioisotope camera at various gjﬁe-.
intérya]s following intravenous injection of the‘gngc preparations.
Thev;ata were accumulated on a Digita1 PDP 11/45 céhpyier and optimized
jmages were d15p1ay?d on a video screen.. These images were then photo-
graphed using Polaroid film. _ ' '. ~

(several 5 to § m. aliquots of 99mTc05 were eluted from a %Mo

generator. The-gngc in these-pamp]es'was éllowed to decay for several

e
L,

weeks, in sealed vials. The_samples were thep used to test the sensﬁtivity

of 997¢ J&m.r. spectroscopy (Chapter 6).

) ’ . " S



_ CHAPTER 3

TECHNETIUM AND D-PENICILLAMINE

3.1 Introduction

Iﬁ the early years of radiopharmaceutical development, amino
acids and their derivatives were widely used to complex various radio-
nuc]id;s. In particular, tech#®tium-99m complexed by penicillamine
was used as such, as well as a means of obtain{ng otﬁer labelled
compounds {62). It was soon discoveréd that a variety of complexes,
each with different chemical, chromatographic and physiologicall
behavjouf, cou1d-3; formed with re]ativé]y small changes in pH,
temperature or reactant concentrations (62). Kits for the routine

+ preparation of 99mTc-penici]1amine complexes as liver, gallbladder
and kidney scanning agents fbdk advéntage of this sensitivity to
labeMing conditions (63,64,65,66). Yokoyama and coworkers have
reporied chromatographic ané spectropﬂotomqtric characteristics for
sevemal penicillamine conplexeg d¢ technetium (67,68,69,70,?1).
However, the detailed structures -of these complexes remain ﬁﬁknown.

N Results:f}om studies of the chemistry of penicillamine complexes

i of technetigm are presented in this chapter. A staﬁie compound was

\\synthesized by l}gand substitution of Tc0C1,, fb]]owing a procedure
‘outljhed by DaQison and coworkers (23,26j. The crystal stfuctung of
this material was determined by X-ray Erysfa11ography (72). Nuclear
'magnetic.resonancé, ;ﬁbrational and electronic absorption spectra of

25 .



26

this compound were analyzed (72). A brief tracer study was performed
in an effort to relate this work to published reports. Preliminary

results involving reduced technetium centres are also reported.

-~

e
3.2 Preparation of CygHygN,055,Tc

A solution of NHgz(TcOCl4) was prepared By dissolving 0.36 g
(0.002 mo1) of NHaTcOs (Amersham) in 15 mL of concentrated hydrochloric
acid. After 10 minutes at room temperature, 3 mL of the dark green
solution was added to 0.12 g (0.0008 mo1) of D(-)-Penicillamine
(Aldrich) dissolved in 5 mL of distilled water. On mixing, the solution
became dark reddish brown. It was allowed to evaporate tﬁ dryness in
air, and crystals suitab{é for X-ray examination were obtained by
recrystallizing the ra§1due from water. Analysis: Caj;ulated for
CioH1gNx05S,Te: €, 29.3; H, 4.4; N, 6.8. Found: C, 28.5; H, 4.1;
N, 6.3. The density was cbtained by flotation in a carbon tetrachloride-

bromoform mixture.

3.3 X-ray Studies

Precession photographs showed the~crystal was orthorhombic
with systematic absences that are consistent with the space group
‘P212]2]. An acentric space group was expected since only one enantiomer
of a chiral Tigand was used in preparing the compound. Crystal data
and other'nunhers re]ateq to data collection and structure refinement
are summarized in Table 2. The atom parameters from the fiha1

refinement aqg—ﬁisted in Table 3 and interatomic distances
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énd angles are listed in Tap]e 4. The structure reported is consistent
with the known chirq]ify of the 1igand. Nevertheless, the opposite
chirality was tested by changing the signs of all positional parameters
and ref1n1ng until the maximum shift/error was less than the value in
TabTe 2. The residual 1nd1ces Ry = 0.0617 and Ro = 0.0539 indicate
the reported structure‘is correct\?t the 99.5% confidence level (60).
The molecule is shown in Figure-3. The structure comprises a
distorted octahedron of liggnd atoms about tﬁe technetium atom. There
is a iiort Te-0(ox0) bond (1.657(4)A), which is a characteristic
feature of metal-oxo centrés jn many Tc{V) and Re(V) complexes (73,74).
~The S and N atoms .of the twol}iéating D-penicillamine grouﬁs form a
' ciébarrangement in the equatorial plane and, are bent away from the
oxo group in the usual manner. The reason the 0(3)-TF-N angle is
smél]er than 0(3)¥Tc-N(a) (91.1(2) vs. 99.1(2)°) appéars to be because
of’ihe_steric effects of the sixth coordinated oxygen atom, 0(1), of the
ionized carboxylate group. Coordination angies involLing this atom
and other 11gand atoms in the same D—pen1c111am1ne moIecu1e are all
smaller than between 0(1) and corhespond1ng atoms in the other D-
penicillaming group (0(1)-Tc-S, 82.9(}) vs. 92.1(1)%; 0(1)-Tc-N,
70.0(2) vs. 72.9(2)°). The Tc-0(1) distance (2.214(4)3) is much Tonger
than the Tc-0(3) distance but is comparable to the Tc-N distances-and
appears to indicate a relatively strong bond, in cantrast to many bonds
trans to a M - 0 group (74,75). The reason for this argument is that
the nonbonged 0(1)...N , N{(a), and 0(1) ...S distances (2.537(7),
2.613(6), 2.985(4)2) are generally considerably shorter than the sum
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of the van der Waals radii (2. 90, 3. ZSR), (76) 1mp1y1ng strong repu]s1on
-wh1ch must be countered by strong bonding; and even 0(1) S(a)
(3.238(4)A) is comparable to the 0(3)-S distances and to the sum of the'
radii. This effect has also been observed in a rhenium compfex whe?g
a coordinated oxygen atom was found to be trans to a  M=0 group (775.
The Tc-S distances are normal (73) as are most of the bond lengths
and angles within the D-peniciliamine molecule (78,79). Angles in the
) bound 1{gands involving the coordinated atoms differ slightly from those
in the free ligand (78,79) and M-S-C(1}T\M-S(a)—C(1a), M-N-C(4)}, M-N(a)-
C(4a) and M-0(1)-C(5) are a1 2-3° iarger than corresponding angles in
a cobalt complex (M = Tc or Co) (80,81). The Tc-N bonds (2.185(5),
2.209(6)3) are Tlonger than normal (range 2.07—2.163)(26,82,83) and
close to the value obtained for Tc-N trans to (2.259(4)R) (26)
where a structural trans effect is known to occur (74). There is no
such structural effect present here, and yet, as noted abpve,_}be\
Tc-N bonds are as long as Tc-0(1), which is trans to Tc=0. The
lengthening of Tc-N must be caused by the steric interactions mentioned
above.
It is interesting to compare this structure to structures tha
:have been postulated for Tc-penicillamine complexes (71,84). Firnau
ﬁas suggested that an oxotechnetium(IV) core is chelated by the S and
N atoms of two penicillamine molecules (84). The structure reported
here is quite different but it still satisfies the requirements that
Firnau identified as necessary for substances that are excreted by the

liver and is more consistent with the known chemistry of technetium
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and rhenium. Yokoyama has'suggested thgt i compound Tabelled Conplé} I
has a structure invo]ﬁing tridentate (S,N,0) and bidentate (S,N)
penicil]anﬁne moieties but also has assigned an oxidation state of (IV)
to technetium in a Tc=0 core {(71). Evidence supporting the reformulation
of both these postulated structures to that of the complex reported heree
is presented in Tater sections of this chapter.

The packing of the molecule within the unit ¢ell is shown in
Figure 4, The most important feature of the packing is a very strong
hydrogen bond between 0(2) of one molecule and 0(1a) of a molecule
related by the 2y axis at &, %, 0.. The molecules thus form a spiral
up the ¢ direction. There are‘further,'weaker hydrogen bonds between
pairs of molecules in this spiral (O(Za):..N(a) , 2.982(7)2; 0(2a)...
N, 3.008(7)3). Between spirals, the interactions are solely van der
Waals, and as a result, the spirals pack in an hexagonal nét, as shown

in Figure.S. ~ ‘ o~ T

- 3.4 Spectroscopic Studies -

The electronic spectrum is shown in Figure 6 for reference purposes
since Kramer (85) has suggested that the colour of technetium comp lexes
-is very dependent on whether the pairs of N and S atoms in the equatoriail
p1a;és are mqtua]]y cis or mutually trans. An absorption maximum of j
420 nm h;s been reported as chargcteristic of Yokoyama's Cqﬁp]ex I (67).

The W and 13¢ n.m.r. spectra of the complex are presented in T
Table 5. The resonances occur in the regions expected for each of the
fugctfona] groups (86,87). Bécause each region contains pairs of peaks,

the solid state structure appears to persist in solution. The Hdub]ing“
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Figure 4. The unit cell contents of CyoH1gN,05S,Te.
the and

axes are parallel to the bo tom an s1de
e page, respectively, and the view is along <.
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Figure 5. Arrangement of the spiral chains in the
. unit cell, showing the hexagonal net. X marks the

spiral axis.
Figure 4.

The projection is the same as in

A
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Table 5. 'H and '°C n.m.r. spectra of C]O”]QNZOSSZTC *

Functional Group 61H,ppm ' 613C, ppm
— CHj 1.44 24.32
1.48 28.92
1.71 30. 10%
1.84
N
—_C — , 52.9g%*
I 56.05%*
|
e C = H 3.19 66.90%*
l 3.55 71.77%%
— NH 5.68"
2 6.52% (
~— 00" 171.87
173.11

* Samples (0.09M} were dissolved in DMSO-dg. Chemical
shifts are with respect to internal T™S. :

This resonance was approximately twice as intense as
other peaks in the spectrum. .

Assignments are based on an off-resonance spectrum.

Broad lines (no special precautions were taken to
_ dry the solvent).

Lo BT R
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of the signals is shown schematically in Figure 7 for the 13C n.m.r.
spectrum of C10H19N20552Tc. The 13C n.m.r. spectrum of a cobalt(III)
complex.in which penicillamine is N,S bonded to the metal is included
for comparison (88). There is no clear-cut correlation between thesé
two spectra,) so assignment of individual peaks to the 'tri- or bidentate
D—penjbil]amine moieties was not attempted. It is interesting to note
that(gignaTs from the two carboxylate car@on atoms in the technetium

compfex are %o close to each other.

f The-vibrational spectra of the technetium complex and D-penicil-
lamine are given in Table 6. Some assignments of the bands Hébe been
attempted based on previous work (89,90,91) and the arguments contained
herein.

_The D-penicillamine ligand exhibits a typical Zwitterion spectrum
in the infrared; that is, it has the vibrationsvof both an ionized
carboxyl group (COE) and an amine salt (NH;). The NH; asymmetric and
synmétric stretching vibrations give rise to a broad, strong band over
the range 3200-2400 e 1, There are several peaks on the low-frequency
wing, which continues to 2200 cm‘1, and a prominent, iso1ated band at
2027 cm! (a combination band produced by NH; motions ).

The‘NH; deformations are assigned as 1588 (asynnetrié) and
1518 cm | (synmetric)(typical7ranges 1665-15851and 1530-1490 cnf]).

The CO, stretches are assigned as 1612 (asymmeéric) and I3§7 en )
(symmetric)(typical ranges 1605-1555 cm™! and 1425-1393 cm‘1). The C-H

and CH3‘vibrations occur virtually unshifted.for both ligand and complex

and fall in characteristic regions: the C-H deformation occurs at
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Table\EFk Vibrational sﬁh@tra(cm'])(Re1ative intensities in parentheses)

D-peniciltamine

IR

3162(75)

3145sh

2958(91)

2923(90)
2903sh

2864(33)
2853(32)
2781sh

2741(24)
2721(22)

2601(11)br

2504(8)

Raman

3015(19)
2980(56)

2961(27
2929(77)
2902(14)
2862(7)

\

2777(4)

2590(10)
2511(50)br

1N
C1ot1gN2055,Tc

IR

3314(44)
3244(64)
3224sh

3157(21)
3135sh

2862(25)

2941(17)
2907(5)
2862(11)

Raman
{av of 3 Assignment
spectra)

}v(NHZ)as_ym

+
v(NHs)asym

v(NHz)sym
v(NH;)sym

u(CH3)asym,
several components

double

v(CH)+2x1457

.}v(CHa)sym

2x1397 ™
2x1373 ’ '

v(S-H)

mbtim eyt a o e



Table 6 {continued)

D-penicillamine

IR

2261(5)‘
2027(3)

1612(38)

1588(98)

1556(38)
. 1518(100)
1472(17)
1457(7)

1437(13)

1397(34)
1387(15)
1373(12)
1336(25)

1278(27)

1208(6)
1195(28)

Raman

1626 (5)br
1596(a)br

1515(7)
1471(4)
1454(21)

1439(21)
1394(19)
1386(14)
1336(30)

1279(6)

1192(12)

C10H19N20532Tc

Raman
IR (av of 3
spectra)

1677(73)br -

1589(62)

1457(47)
1437(5)
W13(72)br

1387(22)
1372(44)

1314(14) )
1303(10)

1249(20)
1208(16)
1193{10)

45

Assignment

NH; comb bana
v(C=0)
'v(COé)asym
6(NH§)asym(]igand),
} G(NHZ)comp1ex
8 (NHg)sym

}G(CH3)ésym ’
v(C-0)

¥

v(COZ)sym
}G(CH3)sym,in-phase

and out-of-phase

5(C-H)

}6(C—H)+v(00;)sym

+.
NH3 rock

NHZ twist

}v(C-N)‘ <"



" Table 6 (continued)

D-penicillamine

IR

1163(33)

\jy 1138(8)

1092(38

)
1054(43)
1012(37)

)

961(33) -

918(24) - _

885(33)

" Raman

1159(15)

1119(12)sh

1090(15)

1052(10)

1008(9)
959(24)

918(24)

883(12)

869(54)/7'"‘369(23)

754(72)

674(37)

570(67)

754(24)

673(26)

575(33)

46

C10H79M205S,Te |
. Raman
IR {av of 3 Assignment
spectra)
1156(18)br :
CH3 twists

1113sh 1119(10) |

v(C-C-N)
1097(34) ' }
1047(33) CHy wag.
1002(22) v(C-C)
958(100) 952(100) v(Tc=0) complex

i NH, wag

914(32) CH3 rock
896(22) - NH, wag
883(12) ' v(N-C-C)

8(SH}
824(49) i NH, rock
763(67) " CHy rock
735 NH, rock
724(8) ‘
709(37) §(C=0)
698(7) w(C=0)

€0y scissor
609(71)

€0, rock

D



47

Tabte 6 (continued)

D-penicillami CynHa NOS.T
penich amine 10 13 2Vg 2 C .
Raman .
IR Raman IR (av of 3 - Assignment
spgctra)
g
540(63) - 546(100) 555(39) v(C-5)
489(25) 491(6) v(Tc-0)
464(54) 466(6) . T(NHS)
458(42) '
v(Tc-N)
443(29) 440(11)
405(42) 402(10) 412(51) 406(18) §(0-C-C-N)
384(56) 386(25)  5(0-Tc-0)
355(25) 355(24) © 360(33) - §(C-C-S)
321(28)br  329(11)  330(5) §(C-C-S),CHy torsion -
R 293(33
) . v(Te-S)
281(13) 286(5) _
272(14) §(0-Tc-0)
246(6) 252(12) 249(6)
© 208(14) 208 5(Te-N)
150(37)
135(13) 140w §(S-Tc-S)
114(40) 114(9)

100(8)



1336 cn” ! (typical range 1340-1315cm™'). The bands at 1387 and 1373
]

cn ' result from the-in-phagg and out-of-phase interaction of the
symmetric deformations of the CH3 group; the bands at 1457 and 1437 cm !
result from the asymmetric deformations. CHy group twists, wags, and

" rocks are asﬁigned to bands that‘foljow the usual order of freguency
-and for-which wags show greater intensity than twists. The NHE group
(1igand) énd NH, group (complex) twists, wags, and rocks fall in similar
order.

The ligand can coordinate to a metal via the N, S, and 0 sites,
and the Tc complex contains one ligand coordinated at all three sites
and one ligand codrdinated through N and S only. Neither retains the
witterion form. ' |

The spectra. of the Fc complex are therefore expected fo show
several major differepcés from those of the ligand: (1) presence of
pairs of Tc-S, Té;N, and single Tc=0, Tc-0 stretching and deformation
. vibrations, (2) pres;;Eé of two types of bOZ group vibrations -- -
carboxylic acid in one ligand and coordinated CO2 groups 1in the other,
(3) abséﬁce of S-H vibrations, and (4) absence of Zwitterion spectra
and presence of NH2 group vibrations.

In addition, we may expect a general doubling of the other
vibrations in the comb]ex because of the presence of two Tigands and
some frequency shifting of vibrations in the complex.

{1). The region 760-300 cm™ ! of botﬁ spectra contain several

bands: some unique to the Tigand, others unique to the complex.. The

C-S, Tc-S, Tc-0, and Te-N stretches and the CO2 deformations are all
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‘expécted to fall in this region, and obviously there will be ambiguities;
thus, although we can make reasonable tentative assignments for these
bands, positive assignments are not possible. The Te=0 stretch is
assigned as the very intense 958-cm™ ! band and happens to fall near the
NH2 wag (and NH; wag Of the ligand). The Tc-N streéches are tentatively
assigned as 458 and 443 cm~!. The Tc-$ s$retch is assigned as the 293-
286 cm~1 doubJet.

(2) Two CO stretches are assigned for the comp lex. -0n1y the
C-0 bond lengths of th

xylic acid ligand are significantly different
and hence the C-0 band may . appear broadened rather than split. Bands
between 502 and 555 cm ! wh% h show shifts of +40 cm™! on formation of a
metallcomp1ex have been designated as COé rock modes.fn the Zwitterions
of several amino acids (89). For D-penicillamine, such behaviour is
found in the Tc-compiex where the band at 570 cm-] (ir, ligand) disappears
in the complex and a new band of similar intensity appears at 609 cm” -1
{(+ 39 em™ 1) This can be assigned as the CO2 rock " By comparison
with alanine, the D-penicillamine pands at 754, 674 and 570 e ! probab}y
all have a substantial C0; coﬁtribution (89);' Other CO, deformafions
are 2iijgned at 709 and 698 cm"] (complex) and 674 and 464 e} Ejigand).-
(3) The S-H stretching vibration occurs at 2511 cm ! and the
deformation at 869 em | (for the ligand only); these bands are absent
for the comb]ex, as expected.
{4) The complex shows thegpresence of NH, vibrgtions, and the
| ihit?erion Specfrum s absent, as expecteg}\ ) !
Groups contaijing S tend to have bands that are more intense

in the Raman than in the infrared'region. Comparison with other thiols

-
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suggests that v(C-S) should occur close to 585 cm™ ! (similar to 2-
methyl-2-propane-thiol and tert-butyl sulfides). Further studies of the
penici]lamiﬂé molecule have shown that the band at 548 cm~! exhibits

the characteristics of C-S modes: it does not shift on deuteration: it
s the most intense Raman band; and it is highly polarized (92). The
band at 555 cm™ ! (ir, complex) is the most likely candidate for v{C-S)
in the complex becéuse the C-S bond lengths are similar and we do not
expect a large ligand-complex frequency shift.

Metal-sulfur complexes exhibit bands in the range 250-360 cm-)
(v(M-S}) and also one or twa bands in the range 586—654-cm'1. The origin
oflfgg'latter is uncertain although they have the magnitude of v(M-S)
6vertones and could result from Fermi resonance between such errtones
and v(C-S) modes. Also, the ligand may show two v(C-S) bands because
of rotatjona?l isoﬁgrism. Deformations of thé S-M-S unit occur at

145-155 cm™ ).

3.5 Tracer Studies

Solutions for tracer studies were prepared as follows. Approxi-
mately 40 mCi of gngcoz in saline solution (0.2-0.8.mL) was added to a
small vial containing 60 mg of D-penicillamine. For “"carrier-added"

exper{ments, the vial also contained 2-6 mg of NH499

Tc0y. The
resulting solutions were made—a&igig by addition of two or threg_drops
of concentrated hydrochloric acid and allowed to stand for fifteen to
twenty minutes. The solutions were then titrated to pH } with TN NaOH
and diluted to a total volume of 6-10 mL.

Descendi&g{paper chromatograms showed that the bulk of the
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radioactivity was located at an Rf value of 0.7. This value corresponds

to that for the coloured spot present in the carrier-added solutions.
It is also identical to that of the complex whose structure is reported
above. Some chfomatograms presented a small fraction (less than 20%)

of the total radioactivity at R¢ =

.25 which can be assigned to ggmﬁcoa.
D-penicillamine itself had an Rf va ué of 0.6. With thin,layer chroma-
tography, Rf values for the complex were.0.85. D-pebici1TaminE' s not
well resolved and ggmTc04 was 1 . observed by this iechniqué.
Radioscans-of the rabbit injected with a "carrier-free" solution
are shown in Figure 8. Within two minutes,- much of the radioactivity
had localized in the kidneys (shown in black because of the setting of
the_upper threshold 1imit) with some activity in the heart. At ten
minztes, the Tiver was poorly défined but visible and céﬁsiderab]e radio-
activity had appeared in the bladder. The image of the Tiver was some-
~ what 1mpr;;;H\ét twenty minutes when the exper1ment was halted. «
A second rabbit was injected with a solution to which carrier
NHg ggTc()4 had been added. At three minutes, {Figure 9), much of the »
activity was located'in fhé kidneys as before but here, the crescent
shape of the Tiver is much more visible. -At ten minutes, the bladder was !
weTT'defined: At thirty minutes, the kidneys were no longer visible and
and some radioactivity was observed in the gut. The latter is consistent
with the technetium complex passing through the gaT]blad;er. ‘This process
was virtually complete after forty-five minutes.
Although the second rabbit was 1?rger than the first, it received
proportionately a much larger dose of gngc (QOOpCi‘vs 500pCi). This .

fact, together with the differences in the size and age of the rabbits

- f "“
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(b)

2y
Figure 9. RadioScans of a rabbit injected with a "carrier-added" Tc-
penicllamine preparation: (a) 3 minutes; (b) 10 minutes; (c) 30 minutes;
{d) 45 minutes. .

-
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may account for the differences between the two series of images. A1l
experiments are consistent, however, with results quoted by grishﬁamurthy
and coworkers who used a similar procedure to prepare an hepatgbiljary
scanning agent (63,64). The Re values obtained here are ident%ca] to
those found by Krishnamurthy who likewise observed radioactivity in the
kidneys and bladder (63,64). Our reésults show that less than 5% of
the administered dose appears in the liver or gallbladder. Krishnamurthy
does not quote results in these terms but estimates based on the data
reported are in good agreement with this low fraction. D1rect comparisons
are not possible since the earlier images were obta1ned w1th a pinhole
collimator (64) as opposed to the parallel-hole collimator used here.

This brief tracer study serves to estaﬁﬂish that the complex
used by Krishpamurthy (63,64) has the molecular structure described in

section 3. 3 and that the structure suggested by Firnau (84) is 1ncorrect

carboxylate group and the cis arrangement of sulfur atoms.

with respect to the oxidation state of technetium, the coord1nat10n of(///// :

It should be noted that the low Specificity of this preparation
makes it undes1rab1e for routine use as an hepatob111ary scann1ng agent --
a role which 15 current1y filled by complexes of 99mr. involving sub-
stituted iminodiacetic acids (e.g. 9ngc—HIDA where HIDA = N(2,6-

dinethy1pheny1carbamby]methy15iminodiacetic acid)} or pyridoxyﬁidene

' glutamate as ligands {93).

J———

3.6 Reduced Species

Various reducing agents, inc1uding_sddium.dithjonite, triphenyl-

phosphine and sodium borohydride were added to solutions of the Tc-
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penicillamine complex described above in an effort to obtain a complex in
which both pgnici]lamine molecules were bound to the metal jon in a
tridentate manner. The fact that these experiments were not successful
indicates that the above complex is very stable.

An a]ternatg syﬁthetic route to a reduced complex involved
substitution of chloride Tigands in salts of TcC1g_ by D-penicillamine.

This method produced unstable orange-coloured solutions (* 470 nm) in

max
both agueous and alcoholic media. The colour changed to reddish brown
in the space of a few hours (aqueous) or days (methanol or ethanol).

The stability was only slightly improved by degassing the solvents or by

L] -

working under a vacuum.

Solutions with identical absorption spectra could.be obﬁgined
withJKzTcBr6 as arreactant, indicating that tﬁé orange complex probably
does not incorporate halide ions. Similar results were obtained when
a thiourea €;;z1ex of technetium(III), Tc(SC(NH2)2)5013, was used as a
starting material. This fesu]t, together with the known-reducing power
of peﬁici11amine itself, suggested that the'orange complex contained
technetium in the oxidation state ITI. A measurement of the magnétic
susceptibility of a freshly-prepared sémp1e using the n.m.r. method of
Evans (94) gave an effective magnetic mqmént of 2.53.Bohr magnetons
(Table 7). This value %s in good agreemeﬁt with that found by the same -

method for the thicurea complex (Table 7). This effective magnetic

moment corresponds to two unpaired electrons which would be expected

for a low-spin complex of technetium{II1) and is reduced from the spin-

only value by spin-orbit coupling.
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Table 7. Magnetic Susceptibility Measurements

Orange Conp]ex Tc(SC(NHZ)é)BC13 k\_ﬁ\ﬁj

- Av(Hz)* —_— 37.5 "38.0

Clg mL~1)* 4.26x10-2 6.05x1072

- 6.28x10~6 4.28x1076

Molecular Weight (M) 97.42% 662.08 . - %
X o - 2.69x1073 2.93x10"3 |
ueff(Bohr magneton # 2.53 | | 2.65 (i_J, ~

*  Av is_the frequency separation between two H n.m.r. signals from
the methy! protons of t-butanol in two different environments --

one signal is from t-butanol in a 5 mm tube containing D,0 and the
other is from t-butanol in an insert containing the meta comple}7/
dissolved in D)0,

** ( is the concentration of the metal complex in the insert.

*rk oy = SAV Xg» Where v = 60 MHz and X = -0.72x107°,

2wyl
+ Based on the formulation, Tc(penici]lamine)z.
++ Jcorr . . . i -
XM = Mx XpIA® (XDIA is a diamagnatic correction).

.
_ﬂ# bopr = 2.83(xp" )%, (T=298 K)
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The &range complex is insoluble in nonpolar solyents such as
benzenewhich suggests the possibility of an ionic species. Addition of
(C4H9)4NC1 or NaPFg, however, failed to precipitate a salt. Small
amounts of an orange solid could be'precipitated; presumably as a
potassium sale, f?e; original solutions in ethano1 by volume reduction
and subsequent"addition of diethyl ether. The vibrational spectra of
this solid are presented in Table 8. There islno band in the 950 cm:]
region which indicates that the complex does not include a Tc=0 group.

ands erising from COE rocking and deformation modes are also absent.
At the same time, strong bands at 1§50 and 1385 cm”! are observed in
the iﬁfrared spectrum. These values are characteristic of coordinated
carboxylate groups and the large frequency separation of 265 cm™!
indicates considerable covalent character in the M-0 bond (95). ;]he
most intense bands in the Raman were observediin the region of metal
ligand stretches (350-560 em 1),

Based on the'availab]e evidence, the orange complex %s tentatively
1dent1f1ed as an anionic comp1ex of technetium (III} which is chelated.
by all three binding S1te%‘ef each of two penicillamine mo]ecuTes{‘ .The
1nstab111ty of such a complex would be expected since the oxygen 554
n1trogen 11gands are not very po]arlzable and therefore would not help

stabilize th]; lower oxidation state. A similar 1nstab111ty has been

observed in the comp 1@x Tc(HIDA)z in which_oxygen and n1trogen 11gands

r

known to reduce water to produce hydrogen gas (96). The reducing abi]ity_{- o

of technetium(III) in this complex may explain why the orange complex is’

fairly stable in ethanol but is u%stable in aqueous solutions even when

)

—

F““f%?
. f’;

are coordinated to a technet1um(III) centre (96). The HIDA complex 1sft,f- .

-
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the water has been thoroughly degassed and th solution is kept under

a vacuum. '
\vji_\\\jhe orange comp]ex is read11y ox1d1ze;%¥n;f?f; the comp lex

described in section 3.3. This was established by %ge‘ETectron1c
absorption spectra of aging so]ut1ons of the orange complex which were
identical to that shown in Figure 6. Furthermore, precession photographs
showed that the only crysta11ine material isolated from fhese preparations
was the same’as the above complex (section 3. 3). These results

" demonstrate the stability of the technetium(V) comp1ex and relate to
Yokoyama s Complex I which was also obtained from the reaction of TcCI%
with penicillamine (70). Complex I likewise had an absorption maximum

at 420_nm, was very stable in a variety of environments and behaved
similarly to Krishnamurthy's complex (63,64) when injected into rats.
Therefore, the hepatobiliary agent of Krishnamurthy and the Complex -

of Yokoyama can both be 1dent1f1ed with the technetwum(v) comp Tex

character1zed in this chapter.

Yokoyama has reporte the formation of a large number of comp lexes"

involving penicillamine and technetium (67). During the etudy of the
orange comp lex. described here, solutions of several different colours

and various degrees of 1nstab111ty were observed None of these solutions
could be identifjied with any of the absorption maxima reported by
Yokoyama. This serves to emphasize the complexity of <the chemistry o
penicillamine, with its three binding sité?szikéT?TEring polarizability,
when in the presence of a metal ﬂhich can exis} in a varieyy of oxidation’

states,

AY;

[P MR



N

CHAPTER 4
TOWARD RADIOPHARMACEUTICAL DESIGN

4.1 Introduction

In the previous chapter, the synthesis and characterization of
a comptex containing the stable oxotechnetium(V) core was described. :
The stability of such a complex, particularly in aqueous solution, makes
it suitable for use as a scanning égent.' Davi;qn and others have
studied a series of bis{dithiolato) (45,73,97) and bis(2-mercapto-
ethanolato) (8) complexes of oxotechnetium(V). Both classes of comp lexes
can be reggily synthesized by the reduction of pertechnetate in fhe Tip
presence of the d1th1o1ror 2-mercaptoethanol ]1gand or by metatheg?%ﬁ <\_,
from TcOC]i. X-ray crystallographic studies‘(73,98) have estab]ishéd v i\\\‘\\
the core structures of these complexes to be square pyramids with the |
oxd-pxygen‘occupying the apical position .and either four sulfur atoms
or two oxygen atoms and two sulfur atoms c&nsfitpting'the basal p]ane. -

The catechol complex of techneffum, whose crystal structure is

. - P
descfibed in the following sectiaf, forms a 1o;$qg} extension of this

sEriéE:io include a Tc(V)004 core structure. There are a number c-
TN

-
containing radiopharmaceuticals with ligands that are purely oxygen

donors, including citrate ion, glucoheptonate, gluconate and mannitol
(40). The oxidation state of technetium in these polyol complexes was
assumed to be IV (9§).‘The characterization of the catechol and

ethyleneglycolate (700) complexes is a strong indication that the

60
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correct oxidation state of technetium in such radiopharmaceuticals
is V. . .

. On the basis of this work, the concept arose of a ligand that
would be capable of sequestering the oxotechnetium{V) core after
reduction of TCOE in aqueous solution, and that could be functionalized
with a variety of groups and molecules fo generate, conceivably, a
family of radiopharmaceuticals. The ligand was designed %o be tetra-
dentatelso that it would exploit the geometrical preferences of
the oxotechnetium(V) core by spanning the basal plane of a square
pyramid; . avoid the geometrical illsomerism possible with unsymmetric
bidentate Tigands; maximize the kinetic inertness of the fina]l

complex by taking advantage of the cheTaté/;;;;é(i and

backbone amenable ta chemical modification (300). The ¢

provide a

lex whose

structure is described in section 4.3 forms part of a study“into igandi///,,rfﬁ“
which satisfy these criteria. o

4.2 The Crystal Structure of Tetrabutylammonium Bis(catecholato)

oxotechnetate(V)

Crystals of the title compound were obtained from A. Davison.
The synthesis, method of crystallization and elemental analysis of the
salt have been reported elsewhere (100). The density was obtained by
flotation in an aqueous zinc bromide so]utfon. Precession photographs
.showed the crystals were monoclinic with systematic absences that were

consistent with the space group C2/c or Cc. Theé ric'space group
) .

was chosen and justifieg’by the successful solution of the structure. -

The structure was indtially solved using data collected at room téﬁgerature.

S

-
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The temperature factors of two carbon atoms (C{13),C{14)), suggested
they were disordered so each was replaced by two carbon atoms and.
parameters, including the occupancy, were altowed to vary. In an
effort to avoid the disorder problem, a second data set was co]]ected
at -55°C. Although the disorder persisted, the temperature factors of
a1f atoms in the structure were’;;;:ced, thus improving the overall ‘
accuracy of the structure. This Tow temperature data set was used to
provide thé structural information reported hgre. Gegmetric calculation
showed that two sets of atoms involved in the disordzs had to be
correlated and so the occupancy of each disorderad atom was fixed at 0.5.

-

Crystal data and other numbers related to data collection and

//’gi;;;;ure refinement

from the final refinement are listed in Table 10, and interatomic

re summarized in Table 9. The atom parameters
distances an gles are listed in Table 11. -Least iigiifs planes and
dihedral ang1e§ are listed in Table 12. i

The anion is shown in Figure 10. The coordination geometry
is square pyramidal, just like the TcOS and Tc05202 comp lexes studied
(43,73,98) previously, with the Tc atom O. 701(1)R above the plane of
the four oxygen atoms. Because each pair of catecho] oxygen atoms is
nearly coplanar with their benzene ring, the rings are bent away from
the oxo-group, making’ a dihedral angle of 162° with the base of the
square pyramid and 144°*with each other. The Tc-0 distances ETC-O(I)

\ I »
1.648(5), Tc-0(2) 1.956(3), Tc-0(3) 1. 958(3)A) are consistent with

values found previously for Te=0 (range 1.610(4)-1.%?9{5)3) (25,26,45,
72,73,98,1?}(102,103) and Tc-0 bonds (1.950(6)%) (73}. c(1)-c(2)

—
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{1.3985 )g) and both C-0 dftances (1.362(5), 1.351(5)%) correlate well
yith those found in K12V0(02C6H4); (104) and oxo-molybdenum conpjexes
(105) (range ].376(\2)—1.397(6)3, -].352(6)-1.37(2)2 respectively).
However, the C-0 distances are 1onge} than those normally founa in
- /2an1exes of many metals not containing oxo-groups (range 1.32(1)-
1.355(6)2) (104,105) and C(1)-C(2) is generally shorter than equivalent
bﬁnds in the same large group of metal complexes (1.402(7)—1.414(5)3)
although there are three exceetions (1.348(10)—1.366(11)3) (105).
-~ A structurally analogous low spin d? complex is found in the
oxoosmium(VI) diester 050(02C2H4)2 (106). The 0s-0 (terminal) bond
length 1is 1.66(1)3; and the average 0-(terminal)-0s-0{ester) bond
~ angle is 110°. There is an as=0_stretch at 992 cm™! in the infrared
spectrum. ATl of these parameters agree well with those of T;0(6566H4)5
The pai%)hg of the fitle compound within the unit cell is
shown in. Fidure 1T~ The cation and anion form an ion pair with the
ystallographic two-fold axis passing through 0(1) and Tc in the
anion and N in the cation, The catiJ;, which has the n-butyl groubs
arfanged in a fla{ cross, lies below the ahion (thg 0Xo group is
defined as up) with the, cross parallel to the base of'the square .
pyramid. Bond lengths and angles within thé cation“arelunremarkabiér
One pair of n-butyl groups eclipses the two catechol rings and the
alternate pair of n-butyl qyounp lies between the catechol rings.. The
former pair is tﬁuqrrestricted in its geometry; the Iétter pair is not

(/ and shows the disorder|mentioned above. The separati etween a

C(14J atom at (x,y,z) -and another at (1/2-x, 1/2-y,r-z)Us 2.996(8)&1 -

- - .



Figure ;lj The unit cell contents. of C HagNOgTc. .
he d-c axes are parallel to the bo%gom an

side™of th¥ p#e, respectively, and the view is
down

AN

72
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This is much Jess than the diStapCe expected between two methyl groups
which may be taken as the 4,154 B)R between C(14) and a C(14P) atom
re]éted by the above transformation. This indicates that the maximum
occupancy at the C(14) site is 0.5 rather than the 0.6 value obtained
when the occupancy factors were refined. For this reason, E?e pccupancy -
factors for the. disordered atoms were fixed at 0.5.

The ion piirs are packed in layers parallel to the EE plane-at

roughly Z = 1/4, 3/4. Each.layer is composed of rows of ion pairs
along the a direction witﬁ the oxo-groups of one layer lying between
cation pairs in'the next row. Layers at Z = 1/4 and 3/4 have the oxo-
groups pointing in opposite directions along E. Forces between layers

are W?ﬁfaér Waals. - ¥

band in phe infrared spectrum of this
4

z ‘There is a stron
catecholatd comp ;;at 9p0 cm™! which can be assigned to the Tc-oxo
(apical)} st etch.? It is instructive at this point to cdmparg_the
-ré]evant structyral parameters and v(Tc=0) of representative members
of the ;1ass of) complexes with the Tc05,0,_, core (Table\ 13). TheJ%;b
average Tc-S bond length seems to be the same in the T 4 and TcOSZO

2
and the average Tc-0 {ligand) distance also seems to be independent of

2
the basal plane varies a substantial amount from core to core but not Y

core type, be it Tc0S 02 on:Ieeoa. The distance of the metal from

in a systematic manner. There is, however, a slight but significant

systematic eriation in the Tc-oxo bond length across the series which\k
- -

is correlated with changes n the Tc=0 st?etching frequency. As

sulfur atoms are replaced by oxygen atoms, the band shifts to higher
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energy, at’1east for the ethaneditholgzgi- 2-mercaptoethanolato -
catecholato series. Thus, as the average ligating atom becomes
“harder”, the Tc=0 bond gets stronger. The resﬁ1t is expected since
an inverse bond length - v(M=0) relationship has already been‘demon-
strated by Cotton and Wing (107} for molybdenum and Howa#d—Lock, Lock
and Turner (108) for rhenium.

Recenfly, de Kieviet investigated (109) the structure 0}»
99MTe-gluco eptonaté-(a renal agent) by studying the properties of a
997¢ complex| formed by Sn{II) reduction of a $o1ution of 99Tc0; and
excéss glucoheptonate. The product (whi;h was not iso1atedi showed
bands in the infrared spectrum at 930 and 970 cm‘], suggesting the
presencé of the Te=0 moiety. It was further deduced from the infrared
spectrum that the carboxylate-oxygen of the ligand was involved in
the binding. The final identification (109) of this unisolated
species as bis(glucoheptanato)ogotechnetium(V) is consistent with
the complex whose structure is presented ;ereuand with the properties
of the bis(1,2-ethanediolato)oxotechnetium{V) anion which has
recently been characterized (100).

These results estab?ishAtHat,stabIe bis(],g-diolato)-ox
technet;im(v) complexes can be prepared and are resiétant folhydroiysis
‘;E the presencé of excess diol.  They clearly suggest that the same
typé of core structure can exist in 9ngc-radiopharmaceuticals with

oxygen-donor ligands.

¢ -
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‘
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4.3 =The ﬁéysta] Structure of Methyltriphenylarsonium Oxo(N,N'-

f

ethy]enebis(2-merca6toacefdhido))technetate(v)

~

Crystals of the title compound were obtained from A. Davison.
The synthesis, method of crystaliization and elemental analysis of
the salt have been reported elsewhere (101). The density was obtained
by flotation in an aqueous zinc bromide solution. Prece§sion photo-
graghs showed the crystals were monoclinic with systemayic absence
that were consistent with the space group P21/c. The P:¥tgk§on map
was analyzed by assuming two heavy atoms in the unit cell. FEach of
the eight possible sa{utions was tested and one selected for further
///refinement. The appafgﬁt inconsistency between weighted and unweighted
residual indices (Ry = 0.1167, R, = 0.0324) results from-a large
number of weak reflections in the data. ‘

Crystal data and other numbers related to data collection and
structure ref{hement are summarized in Table 14. The atom parémeters
from the.fina1 refinement are listed,in Table 15, and interatomic
distances and angles are listed in Table 16. Leq?t §quares p1ane§ and
torsion angles are listed in Tég~e 7. .

Ve

The anion is shown in Figure 12. As predicted (T&E) the
structure is dominated by tH; oxptechnetium(V) core with two sulfur
and two nitrogen atoms of the ﬁ,h'-ethy]enébis(2-mercaptoacétamide?
ligand bent away from,the oXo-group fo form the base of a distorted
square pyramid. The Te-0 bond distance (L‘679(§JR) is equivalent °
within experimental error to that in cjs-(TCO(SCHZCOS) )" (1. 672(8)3)‘
(73). The displacement of the technetium atom above the square’b]ane
iswalso similar (0. 772(1)R vs. 0. 791(8)A respect1ve1y)

. . 0
3
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Although the remaining bond lengths are unremerkable,'there
are significant differences hetween angles-that should be equivé]ent,: |
particularly those invo]ving the nitrogen atoms (e.q. Tc—b(]) C(é) s
114.6(5)° hnd‘Te-N(Z)-C(d) 119.4(4)°. These d1fference§‘are apparent]y
caused by buck11ng in the five-membered chelate rings surround1ng
. the metal centre. The S(T)C(T)C(Z)N(]) N(T)C(3)C(4)N(2) and
. N(Z)C(S)C(S)S(Z) torsion angles have values of 6. 2(7), 30.2(7) and
—29e1£1)° reSpect1ve1y, demonstrat1ng clearly th d1fference between .
thstwo SCCN r1ngs. The distortion is fur\ther 111ustrated by the ’ ,,(' ‘
fact that N(T) is 0. OBG(G)A above and N(2) is- 0&074(6]A below the
least squares plane through the su]ﬁar and_n1trogen atoms. The §
conformatien of the chelate rinqg ie designated as §6A or AXé (for
c(1)c(2), C(3)C(4) C(S)C(G)j ‘The asymmetry in the anion is. caused o,
by the conformational requirements of the é@e]ate r1n91

\Tbe £(t1on is shown in F1gure 13. e As-C d1stancfs in the
catjoﬁ are virtually identiifl (average 1?:;;(7)3) despite the dif- .~ o
ferences between methyl and phenyl groups. The equ1va1ence of these .
d1stances haehbeen observed 1nhpther crystal structures conta1n1ng~—-t> Lo
this cat1on (110,1M). ected, the methyl‘p?etons are - staggé?ed
with respect to the three p:::;?>%1ngs The 1latter exhibit normal ‘
bond 1engths and ang]es and are planar to within 0. 01A Eowe;er the
arsenic lieg s11ght1y out of the p1::j>of each of the rings (range . T

0.019(7) to 0.07QGJ)A). Such displadements have been attributed to .

van der Waals repulsions betﬁeen'the phenyl rings (110).

The conformation of the cation can be defined in terms of the

-

LA
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. and are separated by layers of anlggi\at z

torsion ahg]es (C(?)ASC(u)C(B))yhere C(8) is the carbon atom in the
- phenyl ring that is closest to the methyl. group.. 'A conformétidna]
_ana}ysfs of tr1pheny1phosph1ne in free and solid states based on &n
" ideal C3 -symmetry, gave a single, broad potential energy mini um at

a tors1on angie of 39 iﬁ?O, the Tow energy Timits being 3 ~ and 550
?(112). Experimentally, there ?ﬁ é bias to values at the higher end

-

‘of this range {113). It is interesting to note'that the cation in

this conpoun does not have ymﬁethy and that_the torsion angles

of =17.729\ -62. =373 (foraC(a)c(s) =-C(8),C(9),C{14)c(15).

87

and C(20)C(25), espectively) cqﬁér such ‘a.wide range, . Such distortions

are nqq unknown;="hey hSJE been observed’previoust jn tripheny1-'

- o e _ .
* ‘/jyﬂﬁggine complexes of transition metals and give rise’ to chiral,,‘i

®

centres (114). By analogy, the cation in F1gure 13 hasggn S conf1gurat1on \l

The packing of the title compound within the unit cell is

shown in Figure 14, The cations are arranged in convoluted }ﬁyefs

. parallel to the éﬁ plane (at z = 1/4, 3/4). The layers are composed

of undulating columns of cations centred on )the two-fold screw axes
. ’ .

1)

1/2 The intricacy of

the packing arrangement resutts from the asymmetry of the constituent

ions which would aTso account for the absence of graphitic stacking
(115). Thé#e are no interionic contacts either within or between

the 1ayers'that are’ less than the sum of van der Waals radii.

> The crxsta11bgraphic info ion presented here provides

an accurate assessment of the stereochemistry and dimensions of a

technetium anion-which may be the prototype for a néw.c1ass ofuseful

~

4
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. Figure 14. The unit cell contents of C%%HZSNZOBSZASTC.
The ¢ and b

axes are parallel ‘to the bottom and’side of -
‘the Page, ?espective]y, and the view is down'g*.

- Ao . .
. . - K R

-

v | T / .



P

. /L ) Lo RET |
' ' [~ 89
diagnostic agents. Deta11ed knowledge of this molecular geometry w111\
be a useful baseline for assess1ng the effect of modifications or /
Substitutions made on the’ temp1ate molecule and may possibly aid i
\aACIearer understanding of structure-activity relationships within
this class of complexes. _ ;; -
It is interesting to note thatfanimal studies have shown .that .
the above anion is excreted unchandtd into both urine and bile (101,
115). C11n1ca1 eva]uat1on of thTG an1on in a limited number of renal-.
nsplant patients demonstrated h1gh k1dney-to-background ratios and
(/f—i:js high extraction eff1c1enc1es in patients with good renal function
but poor ratios in-patients with thoderate to,seve;e decreases in renal
function (116). F itzberg has recently synthesized a derivative of
“the above an1on in which a carboxy]ate group has been added to one of
the carbon atoms in the ethylenediamihe backbone (117). The new conp1ex'
has an improved specificity for evaluation of renal function relative.
to that of the parent material but is di;ficu1t to separate from a
second'conﬁonent brodoced in the_peﬁction (117). Based on the above
structure, the impurity is Bresunably a che1ate-ring isomer. Further
W 'to characterize these products using .complexes of 99Tc iS'in

rogress (117). Such 'studies®epresent one of very few examples of the

rationa1 development of new radiopharmaceuticals.



) CHAPTER §
SIMPLE TECHNETIUM COMPLEXES

5.1 Introduhtion

As mentioned in Chapter 1, technetium has ‘been available for
chemical studies dh the macroscoﬁic sca?e\for only the lggt thirty years.
Thus, much of technet1um chem1stry has remained un®xTored. Some of the
more/recent work has involved the study of simple complexes which have
exact counterparte in rhenium chemistry. Such studtes serve to confirm
trends observed elsewhere in the periodic table. .. N |

In the following section{ the crygtal structure determiﬁetdon
of K3Tc02(CN)4 is reported. This compound was found to be isostructural
with its rhenium analog (118,119} which prdvides a bagis for comparing
the vibrational spectra of tpe teo anions. -In another sect1on, the
vibratioea] spectra of Ic(CN); are compared to those of heptacyano

~ complexes of other metal ions. F1na1]y/7the results’ of a crysta]]o— ' -

graph1c exam1nat1on of (C4H9)4NTc(N0)Br4 are presented

Jg-\“ The Crystal Structure and Vibrational Spectroscopy of K3Tc02 Cﬁ
' ,rnyéta1s of the title compound were obté(ned from A. Davison.

‘The.synthesis, methoq_of crystallization and elemental analysis of this
material are reported'elseﬁhere.(120). The density of‘the crystals was
obtained by flotation in a chloroform-bromoform mixfure. Precession'
photogrdphs showed the crystals to be triclinic with cell parameters

very close to the values found for the rhenium analog. - Crystal data

90 . d



" M=0 bond length found in the rhenium a

[oasl . '
¢
f
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and 6thef numbers }e1ating to data collection and strucfure refinement

“are listed in Table 18. The atom parameters from the final refinement ‘.

are listéd in'Table 19 and the interatomic distances and angles are
Tisted in Tablg 2 oo | /o

The%udgt cell contains discrete ions of K' and TcOz(CN)g'. The -
anion, shown 1n Figure 15, sits on a centre_of synnefry which forceé the

0=Tc=0 group to be Tinear The coordination geometry argudﬁ technet1um

is near]y 2 regular octahedron with the largest deviation from right

angles be1ng 2.03° (C(T) Te-C(2)). The bond angles in the two *inde-

-p ndent Te-C- N groups dlffer s1gn1f1cant1y from linearity and from ei§%>

other 3.0(2)°, I€:C(1)—N(1), 178.3(2)°, Tc-C(Z)—N(Z)). Both effectfis
may be caused by i teractions with potassium 1ons which are not equiva-
Tent for N(1) and N(2) (Table 20). The Tc=0 bond 1ength (1;766(2))

is 511ght1y longer than that found in other structures containing the’

: Tc02 unit {range 1.741(1)-1.752(1)A)(28,121) but somewhat Tess than the

Tog (1.781(3)R)(118,119).
As- expected, the Tc=0 distanc is myth longer if the trans-dioxe anion
thgn'in the mono-oxo species presenteq in Table 13. This difference

is caused by mutua{ competition between the two oxygen atoms for th;-

same metal orbitals k24). - ' -

Onelof.the potassium ions, K(1), is located on an %pversion

centre with six (20,4N) nearest neighbours at about 2. Sﬁg resu]tinQQ?ﬁ\\\\\\\
a distorted octahedra'! gﬁ’eometry The coordmatmn qbou}/K(Z) is much '
less regular with four nearest nelghbours at about 2. BA and two at about
3. 2A Each nitrogen and oxygen atom & the anion is ir close contact .

with three potassium ions. The contents of the unit cell are shown in Figure 16
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Figure 15. The anion TcOZ(CN)4

B I LT SN

96

T e b bt ek i a e i e S St ad B e <t



97

/

(£)9g 6L
(£)88°LEL
MN 97 °8%1L
9)06° 18
(¢)e2- 201
{9)sL €8
(t)ES SEL

N

N

n

)

r . (9)5L°28. ANWZ-E
(2IN-(2)9-(2)N (S)L6°€L" (LN-(2)
{2IN=(2)n= (LN (9)06°8EL - (LIN-(2)
ﬁmvz-ﬁmvx-_m_vz 9Y6L " 9¢ _MNWZ-MN
A - VA o
T(LN-(2)3-( LN (9)12° 221 "(ON-(z
(2IN-(2)%-10 (5)ve" 28 . 0-(2

. . (2)558°2 .0
JO6L € (2N (7 (22282 0" ~{
8€8°2 2IN' (2 vaoom.m o..,M

GLL'E (LN (2 2)ovs*2 (2N
808°¢ LIN®" " (2) (2)e8'z (LN {

ﬁmxm/ong 403 (Bap)saibue pue’ (y)souessip

A

=10 (9)op-s8 (SIN-(L)A-(LIN
=10 (9)e9'es (IN-(L)X-0
A-,0 (9)e9- 6z (LIN=(L)¥=-0
Wx-o (2)£°8L1 mez-ﬁmwu-up
%-0 (2)oeLl L)N-(L)2-21
)= (6)L6°L8 (2)a-aL-(1)3
JA-0 (8)LL°06 (2)a-3L-0
M0 . 8)9e"L (1)a-a1-0
2N (€)ewl (2)n-(2)2

N (€)opl™ (LN=(L)2

wa me_qp.m Amwu-UE

L}y 2)spt'e {1)a-91

L)Y (2)99s°1L 0-31
-JHWO3RUDIUI 07 ILqEL

g

i
1
I
|




f

Figure 16. The unit cell .contents of C?N 0 K Tc.

The a and b axes are approximately parailel’ to the
bottdm and“side of the page, respect1ve1y, and the

" view is along c*. 0
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The infrared and Raman spectra for K3Tc02(CN)4 are listed in
Table 21. Assignment of the bands was made by a direct comparison to the

spectra of the rhenium analog (included in Table 21) which has been

fully anaTyzed by a detailed force constant ca]cu]at1on (108). As expected,

the Targest frequency differences between the two compounds dccur for
modes involvin neta1-oxygen bonds. “Symmetry factoréd" fﬁrce constants
for metal-oxygen onds can be obtajned by con;1der1ng only the M-0
stretch1ng vibrations of a molecule but allowing for the symmetry of

the whole molecule (122). For a molecule w1th.04h symmetry, the relat{en-'

ships betweeg the intemal force constants (f) and symnetry force con-

stants F are as follows (122):
'J

0.588851 [ Vs \2
- FA =
- (Ayq) ug (1000)

and N’////,

0.588851 vy \?2
FlAgy) = T
_ (ugt2uc) \ 1000

J

where v;, vy are the symmetric and antisymmetric stretching frequencies,

1}

fr+frr

“O/UTC are the reciprocal masses of the “elements shown,

f,. is the stretching force const

s and

f__ is the stretch-stretch interactis

rce
rr orce constant.

By using these equations and va]ues from Table 21, we obtain f = 5,381
mdyne R and fr 1.016 mdyne R for the technet1um complex. As

expected, these values are both smaller than those found for the rhenium

R L i
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compound (6.056 and 1.224 mdyne ﬂ-] respectively)(108) where the more
diffuse 5d orbitals allow fof greater oﬁerlap with ligand orbitals,
thus forming a stronger bond. '
' The spectra presented in Table 21 are in good agreement with a
recently published Tist of stretéhing frequencies above 750 cm"] for
“this complex (120). A major exception involves the cyanide bands in
the Raman spectrum of the solid. Since the va]ues_réported here cor-
respond exact]y to those of the rhenium analog, it is assumed that thé
(\“*\\ pub]wstd data is incorrect.
The comparison between technetjum and rhenéhm can be extended
to incTude,the ethyTenediamipé (en) conprf;exes (121,123). The values
of interest are presenfed in Table 22. Fof both metals, the M=0 bond
1ength decreases by about 0. 023 and the strsfch1n§ frequency increases
by about 50 cm -1 1n going from MOZ(CN) to MO (en) These changes
result primarily from the overa]] charges on the complexes (124)
cyanide ion has nm~acceptor propert1es that act to reduce the electronic
T:i:;é on the metal centre, making the Tatter more e1ectronegat1ve TN
Thus, in the cyanide comp]ex, with its triple negative charge, the .o
bonds to the oxygen atoms, and conséqueni#y-the)v bonds as well, Qill
be weaker. .
The cyclam comptex of techne}ium, also listed in Table 21,
appears to be anomalous in that the Tc=0 bond 1ength:(1;751j4)g)‘is - - ;
virtué]Ty the same as that found in Tc02(en);'(1.746(3)ﬁ) bﬁt the y :
asymmetric stretching frequency is 43 e lower. HWithout the corres-

ponding symetric stretching frequencies from Raman spectra of both b

complexes, it is not possible to compare force constants as . shown
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Table 22.

Complex

3_"
TcOz(CN)4

Re0,(CN) 3~
Tc0,(en);
Re02(en);

Tc02(t':yc"lam)+

i

103

_ ' 0 . -
Comparison of~Bond Distanceés(A) and va(M=0)(cm ])

for Some MO,L, Complexes (M=Tc,Re)

"M=0
\‘/

1.766(2)
1.781(3)
1.746(3)*
1.765(7)*
1.751{4)*

* average value

va(M=0)

783

775,

833
819
790

M-L

2.143(3)
2.135(5)*
2.158(4)*
2.162(16)
2.125(11)*

g

L4

rgf.

this work
(118)
(121)

- (128)
(28)

A e e — -

[N
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above for TcOZ(CN)z- and ReOZ(CN)i-. Nevertheless, a shift of 43 cm™)
is a substantial change and implies a difference in foroe constant
despite the equivaTence of the Tc=0 bond Tengths The reason for this .
behaviour is not clear ;ot may be re]ated to steric stra1n in the
cyclam complex. Theoretical calculations have shown that in metal
-comp]exes of cyclam, a metal-nitrogen separation of 2.073 producqﬁdg
m1n1ma1 amount of strain in the macrocyclic ligand (125). The M-N

bond length in the technet1um complex (2. 125(11)&) is considerably
longer than this opt1mum value and the strain in the ligand is apparent
in the‘observeq bond and torsion angles which are larger than those
found in the Ni(III) complex (28). That is, the Tc-N bond is long
considering the constrictive effects of the cyclam Tigand although

it is short compared to Tcoz(en); (Table 21). Nhéther these differences
in Tc-N'bond lengths and Tigand strain nou]d account for a change in
force constano without affecting the Tc=0 bond lengths, is not known

. Further spectroscopic stud1es on these and re1ated complexes would

\Hb]p resolve this d11emma

~ 5.3 The Vibrational Spectroscopy of KaTc(CN)7
Samples of the title compound were_synthes%zeo using K12CN and
k13en according to published pnocedures (120). The infrared and Raman
spectra obtained from these samples are presented in Table 23. Some

of the bands are assigned to known hydrolysis products (120) which are

* " present as impurities but an examination of all the data allows the

assignments of the Tc(CN)7 frequenc1es as shown

In the cyan1de stretching region (2000-2150 cm‘1), the pattern
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Table 23. Vibrational Spectr‘a(c:m"]) for Kch(CN)7
‘ lzclnfr‘ared_ i3C 12 Raman 13 Species
5 | 2122(30,0.7)  2088(64,0.20)  Tc(cN)4
§ 2111(77,0.2)  2076(100,0.11) Te(CcN)4-
E Lo 2100(22,0.5) T ‘
" 2078(100) | 2065(60,0. 44) Te0,(CN)7™ -
2103sh- 2059sh )
2004(100). | 2050(52) o , Te(cN)§
3 2080(60), ' - TeO(eN)E
: \\\/’° | -, -2070(27,0.7)  2022(60,0.71)  Te(cN)3-
- 2065(11,0.7) - _
‘051(80)  2010(38) . - ] Te(oN) 3
1385(35) 1385(52) . cyanato impurity
- 910(35),br o . TeO(CN)2 |
: | ' 788(66) . 825(60,0.15) ?coz(cm)q‘
540(35),br  530(22) . .
450(9) ,br 564(100,0.36) 455(85,0.38)  Te(cN)%-
| 360(20) ,br | 2(20,0.02)  363(29,0.33)  Te(on)d
| 337(65),br - Ty (nd
| . -
| 322(12)
298(18) - ’ |
270(10)br o | 240(65,0.35)  238(46,0.33)  Tc(en)d
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of one dapo1a ized and fWD polarized Raman bands and two noncoincident
infrared bands parallels that foun& for the rhenium analog (126) and i%
consistent with DSh'synmetry (Raman, ZA; + Eé}_infrared, A; + E;).

- Far metal Tigand modes (below 500 cm‘l), the Raman spectra of
aqueous solutions exhibit three sitong'bands at 465," 362 and 240 em 1.
The latter two bands may include two frequencfgs each but the band
profile does not change upon polarization. ‘Ail three bands are polarized

to the ¥ime extent (polarizatdon raf\e is approximately 0.38) and a

detailed assignment was not attémpted. The high'reTat%vé intensities

* of these bands would suggift that they should be characteristic of MX

the published spectra of the isoe]eéyronic
complexes of Re (126), W or Mo (127) repeat the above pattern of

relaf1vq 1ntens1tles or polarization ratios in the low frequency reg1on

The cause of this difference is not clear.

-y

5.4 A Crystallographic Examination of (-C4Hg)4NTc§N0)Br4 -

Crystals of the title compound were obtained from A. Davison
who is studying the anion as a potential starting material for low -
valent technetium complexes of chemical and radiopharmaceutical
interest. Precession photographs indicated the crystals were tetra-
gonal. A data set was collected using Ihe uel] parameters a=b=12.04,
c=22. 4OR Systematic absences in this data were consistent with the
space group P4/nnc. Refinement of atomac positions for technetium -
and four bromtne atoms in this space group resulted in 1arge isotropic
temperature factors (up to‘O.1R2) for all atoms ahﬂ\fpnfusing electron

difference maps. Both these observatiéns indicated the possibility of

AN



Numerous e forts were made to resol}ve.the amb1gu1t1es including the

ch]ect1on of data sets in space groups o;\ﬁower symoetry and various

Erysta]s;iﬁhe app}ication of direﬁt methods for structure solution; and

refinement of’(partial) occupancy factorsi~ Throughout these atteﬁpis, S

calculated dens{fies bastd on the tjfle formula were unreasonab1y Tow;

‘ ‘ggchnéfqum and four bromine atoms were cons1stent1y found to be coplanar; .

ligands in axial positions could not be refined; isotropic tenperature

factors were larger than expected and the éation was not well defined.
These difficulfies;ﬁere not overcome during the coyrse of this work.

‘ Furtﬁermore, Dr. Davison has FEEBrted that there are éome ambiguitig§

- associated with the chemistry of the anion (96) which may meanbED}t the |

* above formulation is incorrect. . . ; ///

W
Crystallographic stbd;es of low-valent t chnet1um complexes

»

containing the n1trosy1 ligand will Jead to a be ter understanding of

these systems. In future, at least some of the d1ff1cu1t1es experienced
here could be minimized by working with the ch]or1ne analog in order to
reduce the d1spar1ty between the electron densities of an1on and cation.
This would serve to equalize the contributions of tation and anion to
the intensities of observed reflections and lead to a more balanced S
refinement. In addition, the probability of disorder could be reduced

by using a cationlof Tower symmetry.

=~
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. B, 6.
TECHNETIUM-99 NUCLEAR MAGH ‘ICWCE SPECTROSCOPY
6.1 Introduction f’*{ -

a : .
Technetium-99 is the only n.m.r.-active technetium isotope -

(I = 9/2) possessing a significantly Tong half-life. It is obtained “
in 100% abundance and has a detection receptivity relative to H of
0.275 ﬂpich makes 997c¢ ohe of.Fhe most receptive nuclei énown;(128)1
Although 99Tc¢ pos;;;;;;fza\ﬁp;reciab1e quadrupole moment (Q = -0,19(5) x
10"28m2)‘(1231:JFhe effect of quadrupole line broadening js attenuated

' by the large size of the spin, I, according to the reélaxation equation 1 (49):

WIS IS I 31,2( 21+3 ) (Hﬁ) (igg)c M
‘ 10 \12(21-1) 3 h

where Av is the observed 1ine width

T, is the Spin-spin‘re1axation time

T3 is the spin-lattice relaxation time

eq is the e]ectri? field gradient at the gch nucleus

n is an asymmetry parameter, 0 < n <1

‘and <t_ is the isotropic tumbling correlation time. That is,

. c ‘
?e]ativeTy narrow line widths are expected for species in which 9ch is

‘ - . . . A v, . ’
© found in a symmetric environment. Despite such favourable cy%racter1st1cs,

this nuclide has been all but ignored as a n.m.r. nucleus,lprimari]y
~ \

7

because of its former scarcity and partly because of its radioactivity.

Ll
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At the start of this work, very few references to technetium existed in
the n.m.r. literature. The nuclear magnetic moment of 99Tc was deter-
mined to be 5.6805(4) in 1952 (130) ‘Kidd briefly mentioned that the

99

Tine width for Tc 1n~§gugous solutions of pertechnetate, TCO&, Was

29 Hz. Figgis and codofkers (132) reported a single 79 n.m.r. signal
from 170-enriched Tc0, with . 0) 749 ppm and 5‘4151; 1150 ‘Hz. Four
additional reports, each dealing with Tc0, appeared during the course of
this work (133,134,135,136). - Some of these reports‘are discussed in the -
following section in which the n.m.r. characteristics of the‘pertechnefa}e
anion are described in detail. These résults, together wifh those pre-
sented in later sections for d(;er compounds, constitute the most compre-
hensive study of this nucleus to date (137) and serve to establish the
ranges of a number of 99Tc n.m.r. harameters as'a basis for further
~research. A 1ist of all chemical shifts, line widths and coupling

constants observed in this study are presented in Tab]e 24 to be found

at the end of this chapter

6.7  Studies of the Pertechnetate Anion, Tc0;

Severa] characteristics of TcO4 support its selection as a standard

f gch n.mr. spectroscopy. Salts of the anion are eas11y pur1f1ed by
Jrecrystallization from solutions of hydrogen peroxide. Because of the
high sensitivity of 99Tc and narrow 1ine width (av =. 7 Hz) resulting
from a cubic electric field at 99Tc, an acceptable Spectrum of Tc04
can be obtained from a single transient (signal’/noise %/E;B pulse .
width 35 ns at 2.114 Ton a3 9.7 mm column of 0.210 MNH4T604 in DZO)'
. The position of the n.ﬁ.r. signal from TcOa‘is in&épendent of the choicg\
)
|
-
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of cation (NH4, Na , K, Cs+) and of concentration of Tc0; between 0.210
and 4.90 x 10'7 M. Consequently, all chemical shift data' for 99Tc n.m.r.
signals are-quoted relative to,TcOi. The exact resonance frequency of
9Tc was determined to pe = = 22508311 + 10 Hz at 25°C which is in good
agreement with an {hdepgﬁﬁent measurement (133).

" The sensitivity ofﬁ?ch h m.r. was demonstrated by'a110wing
samples of ggmTc04 obtained from a 99M0 generator to decay to 99TcO4
The concentration of TcO4 in one of these samples was calculated to be
approximately 8 x 107 Y based on the known elution history of the
generator. After 189,297 scans (us1ng the Bruker WM 250 1nstrument), a
spectrum of this sample in a 10'mm tube was obtained g1v1ng a line w1dth
of 11 Hz and a s1gna1/no1se ratio of about 10. A second sample, with
a calculated conceﬁtration of 5.86 x 10'7 M was p1acéd in a 10 mm tube
and a solutjon of NHQTC04 (2.00 x ]0'5'M) in deuterated Qimethy]
sulfoxide was placed in an insert. After 85;893 scané, thexggIc n.m.r.
spectrum showed two signals separated by 9.6 ppm. -Taking into account
the relat}ve cross-sectional areas for the insert aqd 10 mm tube, the
- ratio of signal intensities.was found to be equal to the ratio of the
caTcu]ated concentrations. The separation of the two perfechnetate
signals results from differences in the bulk diamagnetic susceptibilities
of the solvents used. This technique could prove t; be a very useful,
quant1t;;1ve method of measuring technetium spec1esqat the Tow concentra—
tions used in nuclear medicine. These results also establish that a

concentration of approximately 5 10f8 M for 99TcOi in a 10 mm tube
"is the lower limit of detectability for the Bruker WM 250 instrument.
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The 170 n.m.r. spectrum of KTcO4 enriched in 170 (21.9%) and
180 (42.7%) is shown in Figure 17. Details of the enrichment prbéeduré
have appeared elsewhere (137). The spectrum consists of an equiintensity
decet arising from splin-spin coupling of 170 to 997¢ (J = 131.4 Hz).
The chemical shjft with respect to Ho0 is 748.6 ppm and thé-observed
Tine width is 23 Hz. These values are in good agreement with those
obtained.from a solution of NH4Tc04-containing 2 natural abundance of
170 (133). The saddie shape of the decet is character1st1c of partial
quadrupole- coTTapse (138)

The 997¢ n.m.r. spec%pum of this sample is shown in Figure 18.
The spectrum consists of a strong central line (Tc0z)}, an equiitensity
sextet (Tc17003) and an eleven-line multiplet (Tc]70202). In addition,
a set of smaller splittings (8.8 Hz at 2.114 T) are observed on each
of the hain lines. These splittiﬁgs are caused by primary isotopic
shielding effects ar1s1ng from a statistical distribution of ]60/]70/

180 isotopic isomers. The relative intensities of - thes

¥ and.z are the concent}ations of ]60, 170, and,]BO,-respective1 .
As shown in Figure 19, the agreement bétween observed aﬁd calcula
1ntens1t1es is very good and confirms the cause of these splittings.
‘qhe re massive 1so€5p1c isomers occur at lower frequencies. The
iso 1c sh1ff/yer oxygen mass unit is 0.22 ppm. This value has

been obta\ggﬂ 1ndependent1y by .Tarasov and coworkers (136).

/
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Figure 17. The ]70 n.m.r. spectrum of ]70-enriched KTcO
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Figure 18. The 997¢ n.m.r. spectrum of 170 (21.9%) énd 189 (42. 7%5‘\
enriched KTcO4 in H20 at 25°C. Isotopic isomers are denoted quif)_ |
Tc04, (B) Tc 1700 and {C) Tc ]70202, where a non- -superscripted 0 /,5
_represents 169 and/or 180, Assignments for the insets corres onding
to A and B are Tc 160,18 () and Tc 170160 1803 (8), where x,

the number of 160 atoms is indicated.
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a)
J .
b) ' |
: -
43210 X . 3210 X
N - 17 16, 18,
(1) Tc*0,%07, (11) Tc 070,055

Figure 19. Observed (a) and calculated (b} intensity ratios for
1587T757T30 isotapic isomers of KTc0,. In decreasing values of -
X, the calculated percentages are 1.57, 7.56, 13.67}°11.00 and
3.32 for I(b) and 3.89, 14.07, 16.97 -and 6.82 for I1(b).
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The line width for aqueous Tc0; was found to be 2,7 Hz wh1ch . f\\d/”
is an order of magnitude sma]]er than that reported by Kidd (137). )

From equation 1, the Tine width correspondS to a value of O\118 s for
T1 and is in good agreement with the Ty value of 0.139 s determined by
the inversion-recovery method in the present study. As discussed in

section 6.1, the line widths of 99Tc resonance are mainly due to the

. direct quadrupolar relaxation. Even though 991c should pos§ess an

W . .
electric field gradient of zero in TcOi, the efficient relaxation of

997¢ is presumably brought about by guadrupolar relaxation since the
electric field gradient can be ﬁodu]ated by mixing the asymmetric
molecular vibrations. This theory, first originated by Valiev (139),

has more recently been exteﬁded to ;he case of a guadrupolar nucleus '

at the centre of a molecule belonging to a cubic point group (140).

" The effective electric field gradient at 997c in ‘aqueous TcO4 estimated

from equation 1 with Ty = 0.139 s and T, = 8.1 x 10712 s is eq = -0.15 x
1015 esy based on a T] value estimated from an inaccurate line width

(29 Hz) and quadrupole moment-(0.3 x 10-28 m). The quadrupole moment
used in the present calculations {-0.19(5)x10-28 m2) (129) agrees with
the predictions of the single-particle nuclear shell model. Both

calculations assume T = 8.1 x 10712 g, ‘ 7

6.3 Dipotassium Enneahydridotechnetate(VII), Kzlgﬁg

The synthesis of the title compound was first reported by

Ginsberg (141) who identified the mater1a1 by infrared spectroscopy

f
and X-ray powder patterns which were very similar to those observed

for the rhenium analog. Ginsberg (147) also reported a 1H n.mr. - :
. N 1
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spectrum that was compatible with the TCHS- anion, consisting of a broad,
partially quadrupole collapsed Tline (av = 189 Hz) to low frequency of
tetramethylsilane. The gth and W n.m.r. spectra of TcHg_ which-are
shown in Figure 20, were obtained by repeating the preparation of the
hydride according to the published procedure (141). KoTcHg was dissolved
in 40% KOH in HZO solvent at-=79°C and the spectra were recorded at
~-1209C., The gch resenance was shifted 3672 ppm to Tow frequency of
TcO& and displayed partially resolved binomial decet fihe structure

with a 99Tc-TH coupTing of 24 Hz. A 99c Tine width of 22 Hz was
measured from the 'H- decoupled spectrum. The coupling is also in agree-
ment with the observed H spectrum which consisted of a partially
quadrupole-collapsed decet¥ﬂgv1ng a line width of 224 Hz. The spectra
are cons1stent with a hydride structure that is f]ux11:’1 on the n.m.r.
time sca]e and provide def1n1t1ve proof for the existence of TcH .
A significant low-frequency shift relative to Tc0a is anticipated for
Tc(VII) bonded to e]ectropos%five centres such as hydridic protons. -
The obsérved 99Tc Ehemical shift typifies hydride chemical shifts and
represents the most shielded 297¢ nucleus observed thus far, The Tow

frequency position of the 1H resonance is also character1st1c of protons

of a hydridic nature bonded to technetium.

6.4 Oxyfluorides of Technetium(VII) *

Pertechnety] fluoride, TcOsF was f1£§t synthesized by Se11g and
coworkers (142) by fluorinatioh of pertechnetate in anhydrous HF.
Hydrogen fluoride so]pt1ons of Tc03F were prepared here by condensing

anhydrous HF onto '/0-enriched KTc04 in FEP reaction tubes at -196°C.

———— o
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Fig’ure 20. The 99Tc (a) and TH (b) n.m.r. spectra of TcHS- (K2Tf:H9
dissolved in 40% KOH) recorded at -12°C,
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KTc04 rapidly dissolves in HF upon warming to room temperature, yieriﬁg
- colourless to pale yellow solutions. The high frequency shifts of both
the 99Tc (43.7 ppm, &v =23 Hz) and ‘7e (1048 ppm, v = 108 Hz)/re-
sonances relative to TcOE are indicative of fluorination. The 997c-

179 codﬁi?ng (J.='139.8 Hz) is, however, similar to that of Tcoa
(3 = 131.4 Hz), suggesting that there is Tittle distortion from the
tetrahedral 0-Tc-0 bond angle. Interestingly, no 19r-997¢ coupling or
19 resonance could be observed, a]though a Ramaﬁ”pectrum of the sample :
showed that only TcO5F was formed. It was concluded that Tc03F behaves
as a weak fluoride ion base and undergoes exchﬁnge with HF achrd1ng

to the reaction:
F+HF = Teoh 4 pe
Tc03F + HF = Tc03 + HF2

This was confirmed-by condensing a ieefold excess of,Ast into the
sample at -196°C. The resulting s;$h tion yielded new 99Tc (160.7 ppm)
and 170 (1214 ppm) resonances to high frequency of TcOsF.  The Tine width
of the 997¢ signe1 wagﬁquit broad: (v = 670 Hz) and the '70 resonance
(av = 720 Hz) was a partially quadrupole-c011apsed decet with a "square
top" such that no multiplet lines are reso]ved These chemical shifts
and line widths ‘are consistent with the hitherto unreported TcO3 cation
wh1ch would have D3h symetry in solution. Removal of HF aﬁa excess
AsF5 from the above solution followed by redissolution in HF produced
the same chemical shifts and 1nd1cated that the salt, TcO3AsF6, was
stable to pumplng at room temperature

It was of interest to synthes1ze'other,member$ of the series

' TcOxFi;ZX. Nople gas f1uerides have been used previously to synthesize

DS

o
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examples of high-oxidation- spate species of the elements- that were
inaccessible by other means, (143 144) and these methods were applied
here. A twofold excess of XeF6 was added to a HF solution of Tc03F which
also conta1ned HZO from the solvolysis of Tc04 The resu1t1ng solution
ylelded a new 997¢ resonance (245.9 ppm, Av = 135 Hz) to high frequency
of both TcOsF and Tc03. The signal was split into a 1:2:1 trip]et

(J = 259 Hz) arising from 997¢-19¢ spin-spin coupling involving two

equivalent fluorine atoms directly bonded to 99Tc. The 170 and 19f n.m.r.

spectra consisted of partially quadrupole-collapsed decets arising from
spin coupling to 997¢ (Table 24). Fluorination of Tc03F with Krf, in

HF also yieldeq the above product, which réacted further with this

potent fluorinating agent to.give a second new oxyfluoride in HF solution.

The latter species, which has been studied by 99Tc, 179 and 19 n.m.r,
(Table 24), yielded singlets in each instance. | ; .
The 997¢ n.m.r. sbectrum in Figure 21 shows the resonances of
the two products obtained from the reaction of KrF, with TcOsF.  The low
frgquenqy tripietlis tentatively assigned to Tc205F4 and the broad 99T¢

singlet to TcOZE3 where the structures of the compounds are as follows:

F F F
\\\Tl ;\TI/O N |—
c B, c | //,Tc F
/ | | \o o” |
F ‘ F F
X Tc205F ' Tc0,F 5
\\

b e
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Bos:_, PpM
99TC_ Pp

Figure 21. The ch n.m.r. spectrum of Tc20 F4 (A} and Tc02F3 (B) N

resulting from the incomplete react1on of KrF2 w1th KTcO4 in HF. ' %
1 ‘ S
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In reactions Bi-T 3F wWith XeFG, both xenon tetrafluoride and 0, gas were

observed as cted from the balanced equation:

-

2Tc03F'+ XeF6 -+ Tc205F4 + XeFy + 0.5 02
. ]

e

Small amounts of'xenon oxide tetrafluoride, resulting from the reaction
.

of XeF6 with H20 formed by HF solvolysis of TcO4 was also detected.

Oxygen and krypton gases are liberated in reactions of Tc03F with

4 .
KrF2 according to the reactions given by: a

o
—

2TCOSF + Krfp +Te,0F, + kr + 0.5 0,

Tc205F4 + KrF2 -+ TcOzFé + Kr + 0.5 02

-

In the case of KrF2 reactions, water. generated in the solvolysis of
TcO, is quantitatively oxidized to yield 0, and HF.

CHimica) éXchange of fluorine afoms among solvent and Tc02F3

accounts for the failure to observe 997¢-19 coupling in this case as

well as the observation of only a single broad 19F env1ronment at Tow

temperature (TabTe 24). The broad ]70 resonance for Tc02F3 is attr1butab]e

to partial collapse- of the 9971179 coupling brought about by quadrupole
relaxation of 99Tc in the asymmetric electric field of a trigonal
bipyramid and‘bj fluctuating electric field gradients arisihg from
chemical exchangé of f]uorinetligands. The possibi]ify tﬁat TcOff5
rather tﬂen Tc0yF 3 is formed in the reaction of Te,05F with excess

Ker can be ruled out. Tc0F5 should behave 1ike the reiated pseudo-
ectﬁhedral BeOF5 (145) eﬁd IOF; (146) molecules and would not-be expected

to exhibit chemical exchange -among its axial and equatorial fluorine

¥
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envirodments and HF solvent. The absence of two nonlabile fluorine
environmgnts as well as the observed exchange behaviour attributed to
Tc02F3 is consistent with the formulation of the latter oxyfluoride and
inconsistent with TcOF¢ formation.

The observation of gch_]gF cohpTing for Tc205F4 indicates
the rate of fluorine exchange is slow. Only one oxygen environment
could, however, be observed for the oxygen-bridged structure proposed
for Tc205F¢. .The partia]]y resolved 397c-17p coupling is consistent
with the lower symmetry around 997c. Failure to observe a unique
bridging 170 environment is caused by the effects of two 997¢c nuclei
spin-spin coupled to one ]70. This would g{ve rise to a broad,
partia11} quadrupole-coliapsed 19-1igg multiplet having one-fourth
the i@tensity of the fermina] oxygen environment. The line width and -
Tow intensity of the YMine presumably precludes observation of the bridging
~environment of Tc205F4 with the pre%ent instrumentation and 1ete1 of

17 enrichment,

6.5 Species in Lower Oxidation States ‘ ,

The 997¢ resonance for Tc02(CN)2' (sectioﬁ:SlZ) was found to be
"806.0 ppm to high frequ;;cy of TtOZ. This represents the mo;t de-
shielded 99Tc environment observed thus far and is contrary to the trend
anticipated on the basis of oxidation staté aTohe The effect can be
-traced to. the paramagnetic contribution to 99Tc sh1e1d1ng which is
small 1n technetium(VII)(d°) compounds compared to that for species in
lower oxidation states.

+
1///, The chemical shifts observed for 397¢ ip Tc(CNCR3)6, (R = H,

e e i L o
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CH) and Tc(CN) (Table 24) are within the established range and the
yrespective line widths of 74 and 5000 Hz parallel the relative symmetries
of the two complexes (approximately Oh and DSh)' The broadgning of

the 99T¢ resonances as the symmetry is lowered is to be expected from
equation 1 above and may prove to be a limiting factor in gch ﬁ.m.r.
spectroscopy. Indeed, none of the oxotechnetium(V) complexes described
in earlier chapters yielded an observable gch resonance., Further
research is necessary to establish the 1imitétions of 99Tc n.m.r.
spectroécbpy.

r



- CHAPTER 7
CONCLUSIONS |
-In the preceding chapters, results were presented({?at pertain

to various aspects of techngtium chémistry including the‘Eblative
stabilities of different oxidation states in aqueous medié, ‘
similarities to known rhenium chemistry and the deve1opmént:of 99Tc
nuclear magnetic resonance spectroscopy. These studies were prompted
'by two major considerations, the desire to exp}ore the properties of

a relatively new and unstudied é]ement and to gain a better understanding

-of the structural features and chemical properties of radiopharmaceuticals

based on technetium-99m. Both of these objectives were réa]i%ed, at

least in part, during the course of this work. '_a4f/)_

With respect to the basic chemistry of technetium, the cyano
complexes, TcOz(CN)i' ;nd Tc(CN);-, described in Chapter 5 are
directly -analogous to those found previously for rhenium. These .
results provide f&rther evidence that technetjum-}s not an anomaly in
the pe;ﬁodic'table. The parallel between technetium and rhenium aiso
exiﬁts:for the structures and stabilities of the comb]exes containing
Hfhetoxotechnetium(v) core which were discussed in Chapters 3 and 4.
Several new technetium(VII} species inc]uding‘Tcog, T(:205F4 and Tc02F3
were described in Chapter 6. These compounds were used to establish
ranges for chemical shifts, line widths and coupling constants in 9ch
nuclear magnetic resonance spectroscopy. Throughout these §tudies, the

utility of numerous instrumental techniques, particularly X-ray .

crysta]lography, vibrational spectroscopy and multinuclear magnetic

125
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resonance spectroscopy, in the characterization of new comp uan of

! -

technetium was demonstrated.

The crystal structures of three complexes related to E;:io-

pharmaceuticals were described in Chapters 3 and 4. In the ¢ of the

. AN
Te-penicillamine complex, a tracer study indicates that the formﬁ{ifion

of a known hepatobiliary agent as an oxotechnetium(IV) species is )
incorréét. Support for fﬂe extension of this correction to other radig-
pharmaceuticals was found in the structure of the Tc-catechol complex
where four oxygen ligands are bound to an oxotechnetium(V) core. The
crystal structure of the oxo(N,N'—ethy1enebis(2—mercaptoacetamido)
technetate(V) anion forms an integral part of a larger effort to system-

atically design an improved scanning agent.

There are many opportunities for further research. The instability

of penicillamine complexes of technetium in Tower oxidation states
invites/ further experimentation to characterize fully the transient
species and to étudy the, stabilizing effects of ligand modification.
There are many radiopharmaceuticals based oﬁ 99MTc which have not yet
been characterized. The potential of 99MTc as a flag-in the study of
biological processes such as nutrjent metabolism and drug action has
not been extensively explored. Finally, the nuclear magnetic resonance
spectroscopy of 9ch requires further study to allow radiopharmaqists
and chemists to take full advantage of this very.sensitive qyﬁ]eus.
Progress in each of these areas will involve cooperation among workers

in several fields of science.
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