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- ABSTRACT
v
Severa] rad1oha1ogenated nuc1e051des and pyr1m1d1n9 bases were

AY i

synthesized and evaluated as potential rad1opharmaceut1cals for
non-invasive tumor diagndsis. 2' -[1°F]-F r? -deouyur1d1ne (2'-
[1°F]-FUR), 2'- [3umcl] chloro- 2'-dco%§yr‘ gﬁ,%ﬁ -[34MC1]- C]UdR) and
2'- [12311 iodo-2'-deoxyuridine (2“{}?‘1fg‘

,.g,i“-re synthes1zed via
react1on of the appropr1ate rad1oha11d% with 2 2'-cyc10ur1d1ne in acidic
med1a. 6-[12311-Iod0urac11 and 6-[*®C1]-chlorouracil were prepared via
non-isotopic halide exchange reactions with 6- ch]orourac11 and 6~ 1odo-
urac11 respect1ve1y |
Methods for the recovery of 18F and 3*MC1 from the productton

targeEs, in a!chemical form compatib]g with the proposed.labe11ing
techniques, were:investiga%ed. Tha production of anhydrous hydrogen
“fluoride-18 via the 50(°He,n)™®Ne B*19F, 20Ne(d,a)°F, SLi(n,t)a-
_ng(t,n)laF ngc1éar reactions were e!a]dated. The highest recovery
(69.3%) of '°F was obtained when the 2°Ne(d,a)®F nuclear reaction was
used and tne 1rrad1ated target was purged w1th a m1xture of anhydrous
hydrogen f1u0r1de in neon The ut1f1ty of 3“mc1 produced via the
#5C1(p,pn)3*MCl, 3“S(d,2n)3“mC1'and 3‘*S(p,n)“"‘C]-nu’clear reactions

was examined. The *“S(p,n)3"MC] reaction, with hydrdgen ;u]fide as

the target gas, affdrded the best'cpmpromise between absolute yie]dr
(13.0 MBq uA'lh'l)-andrspegific activity (from 300 MBq mmol-' to

' e

no-carrier-added) of’3“mC]

o

The in vivo tissue dlstr1but1on of each~rad1oha1ogenated nucleo-

~ side or nuc]eobase was eva]uated 1n S murine tumor mode] to determine

its' potential for use in non-invasive tumor imaging. The tissue



& . X

" distribution of 6-[*?*I]%iodouracil, -2'u[1“1]-xﬁdR and 6-[*H]-2'-FUdR |

il

. tion grad1ent between the tumor and surrounding tissue su1tabﬂe for

were studied in a'Walker 256 carc1nosarcoma mode] in ma]e Wistar rats.
The tissue distrtbution of 2'-C1UdR was determ1ned with 2 -[35¢c1]-2'-
ClUdR in a,Lewis\Lung ‘carcinoma model in maLe BDF, mice. The analogues
tested showed Tow absolute¢ uptake of,radfoactivity by the tumor (max imum
tumor uptake of"s-[lzilj-iodouraci] =1.58, 2'- [22°17-IUdR =0.55,
6-[*H]-2!-FUdR = 0.41 and 2' [35C1] C]UdR 2 42 % of the 1nJected
rad1oacttv1ty dose) and persistently high blood 1eve1s of rad1oact1v1ty

(6-[12%17-iodouracil =5.52, 2'-[*231]-IUdR = 2.78, 6-[3H]- -2! Fqu 4.29
and 2'-[3°C1]-C1UdR = 0. 72 % of 1nJected radioactive dose "é h,-/

injection). These two factors did not prOV1de a suff1c1ent ‘concentra-

satisfactory gamma camera imaging procedures with these new radio-

labelled analogues.

vi
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I.

INTRODUCTION



Two aspects of cancer treatment are of particular interest to
radiopharmacy and nuclear medicine. These are early detection of the
disease and evaluation of -the subsequent response to treatment. Clinically
the degree of tumor regression is the parameter most often used to
evaluate a therapeutic modality. However the methods currently in use
are subject to error and are not applicable to a wide population of
tumors®. For example, the rate of cell loss from a tumor is not always

-proportional to the number of cells killed and may be characteristic of
‘each individual tumor?. Therefore tumor vo]umé régression is not a
very sensitive indicator in many tumor systems. A method more
applicable to the clinical setting would allow quantitation of the
pro1iferatiye‘potentiai of a tumor mass with non-invasive techniques.

[§
The possibility of localizing primary or metastatic tumors and assessing,

non-invasively, changeﬁ in the proliferative states of ma]i;nant
tissues with radionuclide tracers (tumor diagnostic agents) would be
very useful c]iniéa]]ya’“. '
Radioisotope techniques are often the methods of choice fér
examining patients with suspected tumors. The techniques are non-
invasive, atraumatic, give 1ittle radiation hazard in relation to the
nature of the diseasé and yield results with an accuracy comparable to
other more expensive or more complicated tests®. However most of the
.tumor imaging agents studied have been discovered empirica]]y.and are
non-specffiq, For example, radioactive gallium, which was first
infroduced és a bone scanning agént, is widely used clinically as a
general tumor imaging agent but is known to accumulate in abscesses

as well®»7,



A more rational approach to the deve]dpment of tumorﬂdiégnosticv
agents has been based on the knowledge that exogénous]y supp11ed

il
nuc]eos1des are 1ncorporated into ce]]u]ar DNA and RNA via the salvage

pathway3:“>% in a manner proportional to the number of d1v1d1ng cells.
Thus thymidine, labelled with 11C 9°10 has been studied-
asfa,potentia] radiopharmaceutical for the determination of DNA
: synthe§is in intact organisms. The Short hé]f—]ife of *C limits the
usefulness of this radiotracer to medical centers whiéh have close
access to a.cyc1otron. A second disadvahtage of 11C-Tabelled thymidine
is the observation“that it is rapidly catébO]ized and the IC labelled
Latabolites are reﬁti]izea to label sites other than DNA, such as lipids
and proteins®>!°. The thymidine analogue, 5-iodo-2'-deoxyuridine (5-
IUdR)** has been investigated aﬁ.an alternative to **C-labelled
thymi&ine since it is not subject to the same limitations®. The o
authbrs concjuded that measurement of the total uptake of S—IUdR by
a tumor before and after treatment should give an indication of the
'tumor-response to the therapy. |

The rapid loss of radioiodide, low tumor spécjficity and the
1ength of time required to evaluaté tumor therapy‘ﬁsing radiolabelled
5-IUdR stimu1ated the study of alternative ha]ogenated nucleosides.
Thus, the feasibility of using *®F-Tabelled 5-fluoro- -analogues of
uracilt?s 1?, uridine® and 2'-deoxyuridine***'* to prov1@g an 1ndex of

\

the proliferative potential (fraction of cells in a tumor capable of

repopulating the tumor) of tumor tissue was investigated.| The
rationale for using the fluorinated analogues is different\than that

for 5-IUdR. 'The 5-f1uoro¥ana1ogues are known ‘to be metaboli ally



phosphorylated and thereby trapped inside -the cells. Intracellularly,

5-fluorouracil and 5;f1uoro-2'-deoxyur1dine are -converted to

v5-f1uoro-2'-deoxyuridine-S'-monophdsphate which binds to and inhibits

the enzymé thymidylate synthetase 16 | 5-Fluorouridine and 5-f1uoro-
uracil are’anaboliZEa to ‘the nu;ieoéide triphosphate and incorp-
orated into RNA *. | | |

The objeétive of this‘project was to synthesize and evaluate a
serieé of radioha]ogenatedvpyrimidine bases and nucleosides as radio-
pharmaceuticals for the non-invasive delineation of a tumor. The
2'-halo-2'-deoxyuridine analogues chosen ( 2'—FUdR; 2'-C1UdR and
2'-IUdR ) are considered to be analogues of uridine 17°18 and the
6-halouracil derivatives ( 6-chlorouracil and 6-iodou;;:;] ) may
be considered uracil or orotic acid analogues®®. A]though the

. o . ,"
biochemical fate of these analogues is not well understood, they have

the potential to enter the pyrimidine metabolic pathways via the

~ salvage pathway and therefore -interact with the cellular metabo]fc

prodgsﬁ. The specific goals of the project were to:

1. determine if the radiohalogenated analogues chosencould be

" synthesized and purified within’theytime'frames"imposed~by‘fhe
short-1ived radionuclides selected;
2. determine if *°F and **MC1 could be recovered in a chemical form
suitable for the synthesis of the fluoro and chloro derivatives§

and

3. determine if the radiolabelled analogues would demonstrate:

sufficient tumor selectivity and absolute incokporation into
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the tumor, within the time constraints of each radionuclide, to
make non-invasive gamma camera imaging practical in a clinical ¢

setting.

a



II. LITERATURE SURVEY



a

A. Historical Development of.  Nuclear, Medicine and Radiopharmacy

In 1896, Antoine Henry discovered a naturally occurring radioactive

uranium salt. Five years 1ater in 1901, Henri Alexander Danlos
:‘reported the first med1cal use of a rad1o1sotope with the introduction
of radium therapy. Henr1 Ludw1g Blumgart pioneered the diagnostic use
of radioactivity in vivo in 1924 by attempting to determine blood
velocity in man by injectingfa so1ution of radon in normal saline 3
‘intravenously However nuclear med1c1ne would probab]y not have
evolved into a v1ab1e d1agnost;c tool w1thout the deveTopment of
artificial rad1o1sotopes In 1934, Jean Frederic: Jo]1ot Cur1e and

' his wife Irene became the f1rst radiochemists to produce the
artificial rad1ousotope- . On% year later Hevesey used this new
radiophosphoroue radionuclide for metabojie studies fn rats 2%,
Radiophosphorous was Tater shown to accumu]ate in tumors and by L
1941 Kroll et al. had predicted a br1ght future for. the detection

of tumors with rad1onuc11des

| The nuclear reactor first bu11t by Fermi and his co]]eagues in -
1942 soon became- the ma1nstay of the. rad1opharmaceut1ca1 industry
even though E.0. Lawrence had developed the cyclotron many ye rs
earlier in 1930. Most radionuclides used in medicine, industry and B
‘research today are extracted from the fdesion products of reactors

or are produced specifically by slow (thermal) neutron irradiation

| of selected target materials inside}the reactor 2°.

The recent interest in“mcyclotron produced radionuclides is a

" result of the latest requ1rements demanded by nuclear med1c1ne

phys1c1ans for rad1opharmaceut1ca15 . The 1n1t1a1 approach,ln



nuclear medicine was to yisua]&ze, non-invasively, the in vivo
physio]ogica]-distribut{Sn of radioactivity in a particular organ or

5‘ localize a suspected abn&%qf1ity22. Therefore the méjbrity of the“

| procedures were désigned to' reveal anatomical or physio1ogica1 function
abnérma]ities. However, the development of X-ray cbmputed tomography,
ultrasonography and the potential of nuc]ear_magnetic.resonance imaging

e medical commuﬁity with a éomprehensive battery

techniqdes, provides
of methods to determine the gross abnormaﬂities of specific organs, of

t

which nuclear medicine plays only a part23L ‘Therefore the focus of
nuclear medicine has shiftéd towards the mére subtle aspects of organ
function. The major objective is to elucidate how efficiently an

organ or system is‘fdnctioningz“, by quéntification of various ‘
parameters such.aé metabolism?®, membrane transport2® and the viable
fraction of a cell méss?. : |

| The advent of single photon;émission computed tomoé}aphy (éPECT)27
and positron emfssion tomography (PET)2® has greatly increased the
éccuracy with which accumulated data can be quantitated. ‘The increased
accuracy is due to the inherent superiority of contfast resolution
demonstrated by tomographié techniques in comparison to p]anar‘,

’ Scintigraphy. Whereas the gamma camera provided two dimensional
analysis of the.three dimensional phenomén&h of_ig_!igg tracer
distribution, PET and SPECT techniques allow the third dimension to

be measured. This allows the contribution of activity above and below
the region of interest (ROI) to beirejected and the activity within

the ROI to be more precisely deterﬁhnedzg. .A relatively long imaging

time is required to accumulate stat%stica]]y significant data during
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which time a steady state concentration of radiotracer witﬁin the ROI

is necesséry for aﬁcurate interpretation of tﬁé.resu1ts. The challenge
for nuclear medicine and radiopharmacy therefore‘1ies ih'the design

and synthesis of radiopharmaceuticals that will fulfill the requirements
imposed by the imaging instrumentation and answer the gpecific questions
- related to tissue fUnc:ion asked by physicians. |

i
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B. Radiopharmaceutical Design

The concept of a "magic bullet" has provided incentive for the
development of new, more specific chemotherapeutic agents and diagnostié’
techniques‘in all areas of medical research. The design of new radio-
pharmaceuticals is no exception. New approaches rely upon an under-
standing of the pharmacology, biochem%stry, physiology and'anatomy
unique to the subject in question. The structure-activity re]ationship ,
information e;uy1dated from current agents is also important.

The des1gn of rad1opharmaceut1cals is further comp11cated by the
choice of a suitable rqd1oact1ve label. The half-1ife of the rad1o-
nuclide must be long enough for the radiopharmaceutical to be synthesized
and purified, to a116w the radiopharmaceutical sufficient time to
l6calize and conqeﬁtrate in the organ of interesf and to provide an
observed,levei of radioactivity which does not decrease significantly
yia physical decay during the imaging procedure; These factors must
be compromised to minimize the radiétioﬁ dose to the patient3®?, The

‘mode of decay of the radionuclide must be suitable for external
,defection‘purpose%. °Thus o and B~.emissions and veryylowvenergy Y ré}s
and X rays which c%nnot be déteéted outside the body are undesirable
components of a radionuc]ide dgcay;scheme. Very high enérgy Y.
emissions are also ﬁndesirab]evbecause théy‘are poor]y'detectéd (Tow
sensitivity), cause high backgrqund cqunt ratesvand result in high
radiation fields during synthesis and purification of the product?®’»3'.
Furthermore the specific activity of the radiopharmaceutica1 must be
‘Sufficiént1y high to preclude indgction'of an undesjrab]e pharmaéoloéical

response or saturation of the biological system beihg studied3?,
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Most biologically active compounds Consisf of carbon, hydrogen,
oxygen and nitrogen. This composition represents a major obstacle to
the synthesis of radiopharmaceuticals containing "natural" labels.®
There are no y emitting radioisotopes of hydrogen and the clinically
useful radioisotopes of oxygen, nitrogen and carbon have very short
half-lives (T3 *°0 =2 min, **N=10 min and 1?@ =20 min)337 Therefore
frequent use is made of "foreign" labels to design analogues of
physiologically active compounds in anticipation that they will behave
biologically similar to the parent molecule. | |

The radioha]ogens‘laF, 3%MCY, 77Br and 1231 are particularly well
suited as "foreign" Tabels for radiopha;maceutica1s and are potentia]]y
 the cyc]otron—producéd nuclides of choice in nuclear medicine?*s3%,

The adVantages of the Halogen fahi]ylas radiolabels are based on both
théir chemical and physical characteristicé. Halogen ghemistry is weld
documented.and in many instances is direct]y applicable to radiochemical
labelling techniques. The advantageous physical attributes of radio-‘—‘
halogens. include thefr short half-lives and emission characteristics
(Table“I) which are particularly well suited. for either-the widely
avai]ab]e_éjng1e photon 1nstrumentation or the newer SPECT and PET

. techniques3*»35, | - T e

The design of radiéha]ogenated pyrimidine nucleosides and
nucleobases for pbtehtia1 use as tumor imaging égents requires
cgnsiderétidn of:

1:‘ thq genera]-metabo]ism of natural nucleosides;

2. the metabolic and structural perturbations that may occur with

the introduction of the halogen label;



TABLE I. Physical Characteristics of Some Medically Useful

Radiohalogens?3,

.

Major Abundancy Energy
Radionuclide Half-Life Emissions % : MeV
1op 109.9 min gt | 97 0.635
| Yy 194 0.511
e 1.5 8" 100 4.45
| v 200 0.511
3umc 32.0 min B 26 2.5
83 26 1.3
y(IT)é 47 0.145
Y(gt) 12 1.17
y(é+) 38 2:13_
Y(gt) 12 3.32
. v 104 0.511
778 57 h Y(gc)? 22.8 0.24
Y(£e)> 22.1 0.52
123] 13 h Y(EC)> 82.9 0.159.

1. Annihilation photon: photon produced by the annihilation of a

positron and an electron.

2. Isomeric transition:.

3. Electron capture: a radioactive transformation whereby a

nucleus captures one of its orbital electrons3®..

_ a transit¥on between two isomeric states
of -a nucleus or from an isomeric state to the ground state.



. the desired position; and

13

the synthetic routes avai]ab]e for introducing the 1abew into

P

¢

the availability of the radiohalogens in the chemical form

required for the{synthesis.
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C. The Metabolism of Pyrimidine Nucleosides

The ability to synthesize pyrimidine.nucleotides required for DNA
and RNA synthesis ( Scheme 1 ) 37°38 {5 an almost universal trait
among living cells 39, However, it is via the salvage reactions
( Scheme 2 ) 37°40s403s4) that many nucleobase and nucheoside
analogues gain entry into the metabolic reactions depicted th Scheme 1.
For example, 5-fluorouracil can be converted direét]y to the
ribonucleoside monophosphate, 5-f1uorourid1ne—5'-monéphosphate
( 5-FUMP-) by pyrimidine phosphoribosyltransferase “2. 5-Fluorouracil
can also be converted directly to 5-FUMP via a two step synthesis. First
5-fluorouracil] is converted to the ribonucleoside, 5-fluorouridine |
( 5-FUR ); by uridine-phosphor§1ase. Then, 5-FUR is phoSphory]ated by
uridine-cytidine kinase to 5-FUMP. However, the 2'-deoxyribonucleoside-
5'—monophssphate derivative of a pyrimidine base cannot be obtained

directly from the free base in one step. For example, 5-fluorouracil

~must first be converted to the deoxyribonucleoside, 5—f1uoro-2'-deoxy-

uridine ( 5-FUdR ) by either uridine phosphorylase or thymidine?

'phosphOry1ase, The deoxyribonucleoside 5-FUdR is then phosphorylated

by thymidine kinase to 5-FdUMP. Uridine phosphorylase and thymidine
phosphorylase have overlapping specificity. 5-F1uorouraci], 5-FUR and
5-FUdR must be converted to nucleotides té exert their cytotoxicity “2°44,
Howevef; it is not neceséary for all nucleosides #o bs phosphorylated to
éxert a biological effect. For example, the physiA]ogical nucleoside

adenosine has been implicated in a variety of regulatory functﬁons 45,
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Uridine-Cytidine Kinase.
5'-Nucleotidase

Uridine Phosphorylase
Cytidine Deaminase

_Uracil Phosphoribosyltransferase

Thymidine Phosphorylase
Thymidine Kinase
Deoxycyt1d1ne Kinase
Deoxycytidylate Deam1nase
Cytidylate Kinase

Thymidylate Kinase
R1bonuc1eot1de Reductase
Nucleos1de Diphosphate Kinase

-Thymidylate Synthetase
CTP Synthetase '

Nucleosidemonophosphate Kinase

Enzyme Commission Number*®

TR AN N RN W NN W N W N RN W NN

7.2.2
1.3.2
.5.2.3
.3.3.1
.4.2.10
.1.1.23
.7.1.48
.1.3.5
.4.2.3
.5.4.5
.4.2.9
4.2.4
7.1.2
.7.1.74
.5.4.12
.7.4.14
.7.4.9
.17.4.1
.7.4.6

.1.1.45
.3.4.2

.7.4.4
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Pyrimidine hases are not anabolized iﬂ_!ixg_as effciently as

the corresponding nycleosides. The incorporation of 5-iodouracil
‘into DNA was found to be less efficieng than SFIUdR“B, while the uptake
of 5-fluorouracil into various murine tumors was reported tb be less .
éhan that'bf either 5-FUdR®s1* or S-FUR“. This discrepancy can be
attributed in part to the catabo]iq pathway of pyrimidine'nuc]eobases.
The first step jn'the‘degradation of the free baéé i§ irreversible
reduction to the,5,6;dihydropyrimidine, whi]e the first step in
nucleoside degradation is reversible cjeavage of the nucleoside
g]yébsidic bond to yield the free base and ribose—l-phosphéte or
"deoxyribose-1-phosphate"®. ‘Other'facto;s that cdhtribute;to the
differential tumor uptake of basés and nucleosides are differences

in their rates and me&hanisms of entry into cells and differences in
their rates of metabolic trapping inside the cells 7743,

The complex-metabolism of physiological nucleotides makes it
difficult to predict-the ultimate fate ofvexogeﬁous pyrimidine
nuC]eoside:analogues entering'the metabolic pathways; This was
demonstrated Sy Hunting et al.°°, who determined quantitatively the
metabolic fgtes of .uridine, 2'-deoxyuridine, thymidine, cytidine and
2'-deoxycytidine in cultured Chinese hamster ovary'ce1ls. The results
indicated a much more complicated metabolic fate’for the ribonué]eo- ,
sides compared to the*deoxjrfbonuc]eosides. Uridine was- incorporated,
in at Teast trace amounts, into all of the pyrimidine nucleotides.
Cytidine was converted ihto all of the pyrimidiné nucleotides
excepting the phosphorylated deriviatives of thymidine; |

However, conversion of cytidine to thymidine ngcTeotides would not



hayeibé%n detected under the experimentgl conditions employed because
5-t3H}4£ytidine was$ysed and the tritium label would have been lost
from the C-5 position during the synthesis of thymidylate®?. In
contrast, 2;-deoxycytidine and thymidine were cdnverted to their
respective mono-, di- and triphosphétes only. 2'—Dé0xyuridine was
anabolized almost asiefficient]y as thymidine into the thymidine

nucleotides. These were the only interconversions between the

- deoxyribonucleosides observed5°~ Although it is-difficult to

~

accurate]y pred1ct the biological fate of pyr1m1d1ne analogues,
™~

the b1o}e§1ca1 activity of new compounds can be direeted towards

specific goals by synthesizing new analaogues having structural

alterations based on the biological activity of currently known

. nucleosides.

18
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D. Pyrimidine Nucleobase and Nucleoside Analogues |

19

Almost every structural feature of a nucleoside plays an important

the pyrimidine heterocycle has been modified at every pos1t1on in the

‘r1ng by rep]acement or 1nterchange of the ske1eta1 carbons and

nitragens or by modification of the subst1tuents at each position.
A similar, but less extensive‘study of the ribofuranosyl moiety has
inc]udedbsubstituent modification at all five carbon positions and
replacement of the ring heterocyclic oxygen.

The extent and natﬁre of the bfo]ogica].transformations that a

nuc]eos1de or base analogue may undergo is difficult to determine

a Er10r1; However, a, number of structura] features are known to be

impbffant,determinants in the metabolic fate of .pyrimidine nuc]eoside'

ana]ogues These are°ls32; %

%

1; the .anomeric conf1gurat1on of the glycosidic bond between the

" base and the sugar;

2. the enantiomeric configuration of the stigar; vj
3. the conformation of the b@ée and sugar rings;
4. the conformational relationship between the base and the sugar

about the C-1'-N-1 glycosidic bond;
5. the sites of attachmeht of the base.and sugar;
6. the subst{tuents on the base and sugar;
7. .the'configura;ion of the C-2' andfﬂ%ﬂ' substituents on the
sugar.
The physio1ogiqa1'nucledsides and nucleoside antibiot{es isolated

from natural sources exist primarily-in the B anomeric configuration

' role in determining 1ts,metabo11c fate and b101og1ca1 activity. Indeed,
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(Figure 1). However the B-configuration is-hot an absolute requirement
for biological activity. For example the a-anomer of 2'-deoxythio-
guanosine is known to undergo metabolic phosphorylation and eventual

incorpération into the terminal positions.of RNA and DNA®2. Nucleosides

HO OH

Figure 1. Anomeric Configurations of thé.G1ycosid1c Bond

~ which have the L-enantiomeric configu»ration are metabo!, but to
a. lesser extent than the natura1 D-isgmérs?%; The conformation of
the sugar and the conformation between the base and sugar are
.strongiy influenced by the last three structural features listed.
It is the alteration of these structur®l features, due to chemical
modification of naturally occuring nucleosides, that is responsible
~ for the wide range of biB]ogica] actiohs‘obserVed for the various

nucleoside and nucleobase analogues.
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1. C-6 Substituted Pyrimidines

The majority of nucleoside ana]ogueﬁ synthesized haVe‘béen
modified in the pyrimidine heterocycle. Pyrimidine bases are
essentially planar, and functiona]lgroup substitution or interchange
- of annular atoms has little effect on thé ring conformation as long
as the aromaticity of the base is retained®®.

~ Pyrimidines which have undergone substitution in the C-6 position
are‘potgntia]lana1ogues of uracil (la) or_orotic acid (1b) and mayv
interfere with de novo pyrimidine metabolism at the orotate;phogphori-

bosyltransferase or orotidine-5'-phosphate decarboxylase enzyme Tevel®®.

A\
(o R1 RZ
H R . -
k I a H H
Oé N R% b H COOH
|
H ¢ CH, H
s

Alternatively, fhe pyriﬁidine C-6 position has been implicated as_the site
| of enzyme attack in the'initiation‘Of variohs metabolic events in thch
natural and synthetic nué]eosides énd nuc]eobases’are involved. These in-
clude the synthesis of of thymidine monophosphate (inhibited by 5-FUdR)SS,
the deamination of cytosine nucleosides (metabo]fsm,of ara-C) 56, and the
‘general catabolism of pyrimidines ¥ A number ﬂf C-6 mono-substituted

analogues of uraci},’cytosine (2) and thymine (1c) have been synthesi;ed.
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The 6-methyluracil derivatives (3a-e_)'were initially prepared
‘as possible antimetabolitesS8»5%569, 6-Methyluraci (3a) was
reported to have no antimicrobial or cancerost;atic activity®® and
6-methyluridine (3b) did not exhibit bacteriostatic activity®?.

The bulky methyl group of 3b decreased its susceptibi]ity‘ to cleavage |

1

R

. a H
H\ H :
~ l _ b ribose
O)\ N~ “CH, ¢ 2'-deoxyribose
IIR , d ribose-5-monophosphate

. e ribose-5~diphosphate

y «
- (8.5%) of the glycosidic bond under similar conditions that resulted
in 50% degradation of uridine to uracil. The monophosphate derivative
3d was a substrate for a numbe}' of pho_sphatases”. Theﬁbio]ogica]

activity of 3c®® and 3e5° was not reported. - T B
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.
The 6-methyl cytosine analogues (4a-c) wére prepared to determine
whether the methyl group would hinder deamination in vitroS6é. This
proved true with the free base.4a, but the bulky methyl group increased
the rate bf non-enzymatic cleavage of the cytosine nucleosides 4b,c
to the free base. This was ascribed to steric rather than electronic
factors in which the 5'-hydroxyl is forced into a positioh where it
can hy&rogen bond with the C-2 carbonyl. This effect stabilizes the
base oxonium ion formation and makes the pyrimidine a better leaving

'group®*.

R
a H
b ribose

..¢ deoxyribose

‘The introduction of halogen substituents intqwthe C-6 -position
of pyrimidiné nucleobases was of interest because of the biological
effects observed with these substituents in the C-5 position.
‘6-Fluorouracil (5a) was inactive agéfnst,a variety of Baqteria]
system551’°2.' Introduction of the sfrong]y electronegative fluorine
atom into the C-6 position ofvuracil decreases thé pKa 6f the base
and increases its sdsceptibi]ity to nuc]ebphi]ic reactions. . The

biological inactivity of 5a was attributed'to the ease with which



R R
a F e -CF,
b Cl. f -CH,F
¢ Br g -OH
d |
5

it undergoes hydrolysis to barbituric acid (5g), which is ihactive:
in nucleic acid metabolism®®. The biological activity of ané]ogues
5c-f ©%265 was not reported but 5b exhibited moderate inhibition of
microbial growth at high concentrations®®. The 2 ,4-dimethoxy
derivative of 5b was approximately 1000 fold more inhibitory in
the same system.
%imi]ar substituents in cytosine and thymine bases have also

been examined. 6-Fluorocytosine (6a) was found to be weakly active

against Candida albicans, Saccharomyces carTbeggensis ahd Strepto-

coccus faecalis®’. The deamination of 6-fluorocytosine to the
bio]oéically inactive 6-fluorouracil derivative (5a), in a-manner
analogous to the inactiVation of ara-C may account fbr'its weak .
biological effects. 6-Chlorocytosine (6b) exhibited moderate
antitumor activity im a C1498 myelogenous leukemia test system®®.
6-Fluorothymine (7a) was shown to inhibit the growth of
influenza A PR8 in Ehrlich ascites tumor cells®®. The activity

of analogues 7b,c have not been reported®3:79,

24
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R R
a "F HI I CH3 Qa -F
b -CI , b
07 N R Ci
| ¢ -1l
H

2. Pyrimidine Nucleosides with C-2' HaTogenated'Sugars

The.biological activity of nuc]éoside ana]ogues‘iéga résu]t of
vtheir structural and conformational similarities and dissimilarities
to the natural enzyme sﬁbstrates. The conformation of the analogues
must be similar to the natural substrate or the resufting enzyme—
substrate complex will not be ideal. The 2'-halo-2'- deoxyuridine
ana]ogues 8a-d in wh1ch the 2 hydroxy] function has been replaced
with a ha]ogen atom in the ribose Eonf1gurat1on are cons1dered
conformational analogues of uridine (8e) rather than 2 edequur1dihe"
(8f). The biological activity of these anﬁ related pyrimidine |
nucleoside analogues has been evaluated. _

The 2'-halogenated ribosides of uracil (8a-c), thymine (9a-c)
and 5-fluorouracil (10a-c) were originally synthesizedvas potential
antimetabolites’t»72573,  The 2‘-iodo analogues 8d and 9d had been
prepared earlier as intermediates in the conversion of pyrimidinei

nucleosides to deoxynucleosides and were not tested for biological
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H H* —
' F
N~ H b CI
HOCHZ o ¢ Br
d |
e OH
HO R ¢ H
8

activity’*. The 2'-fluoro analogues 8a and 10a inhibited the growth

of a uracil-requiring ;train of Bacillus subtilis when grown in the
presence of certain 5'-substituted nuc]ebsides. The 2'-fluoro and
' 2}-ch1oro ané]ogues of thymidine (10a,b) were not incorporated into-
mouse embryo cells’®. The 5'-monophosphate of 8a was a substrate

for thymidylate synthetase’®. The difluoro analogue 10a was

R’ :
a F
b CI
¢ Br
d |

11 Br

26



27

phosphorylated by a crude enzyme extract from Ehrlich carcinoma cells
and, as the 5'-monophosphate, inhibited thymidylate synthetase’’. The

diphosphate of 8a, 2'-FdUDP, was a substrate fdr Escherichia coli’®

polynucleotide phosphorylase, forming the homopo]ymer, poly 2'-FUdR.

The fluoro polymer was a substrate for Micrococcus luteus RNA phospho-.

diesterase and pancreatic DNase II but was resistant to pancreatic
RNase and DNase I. Poly 2'-FUdR also formed 1:1 complexes with

polyadenylic acid but did not induce interferon’g. The triphosphate

of 8a was a substrate for Escherichia coli RNA polymerase and was .
incorporated.into a po]yme( approximately 40% as efficienf]y as
UTP7%. The 2'-f]uofo-Z'-deoxycytidine derivative, 2'-FCdR (12a),
was active against P815 and L5187 leukemia cell growth.ig.!igzg 82,

2'-FdCDP was observed to be a substrate for Escherichia coli

polynucleotide polymerase’® and an inhibitor of ribonucleoside
.diphosphate reductase®®. The latter enzyme was shown to catabolize
2'-FdCDP to fluoride ion, cytosine and a sugar pyrophosphate which
in turn was metabolized to free pyrophosphate and a.sugar. The
enzyme was inactivated by 2'-FdCDP after approximately 100 turnovers.
of substrate®?!.

2'-Chloro-2'-deoxyuridine (8b) w3s active against Bacillis subtilis

growth 7° under similar conditions described for 8a and 12b and 13b

were more potent inhibitors of P815 and L5187Y cell growth in vitro

than the fluoro analogue (12a)®?. The diphosphates of 8b and 12b

were substrates of Micrococcus lysodeikticus po]ynuc]eotfde phos-

phorylase®328%, The corresponding polymers were ineffective as

inducers of interferon. This is in contrast with the 2'-fluoro- and
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NH, R?
| R
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I a F
N H b CI
HOCH, ¢ Br
d |
HO R’ R'
12 H
13 F

2'-chloro-2'-deoxyinosinic acid polymers Which, when complexed with
polycytidylic acid, exhibited interferon inducing activity. 2'-Chloro-
2'-deoXycytidine-S'-diphosphate (12b), 2'-C1dCDP and 2'-fluoro-2'-deoxy-
cytidine-5'-~diphosphate (12a), 2'-FdCDP, afe classified as unreactive

proinhibitors of Escherichia coli ribonucleoside diphosphate-reductase.

Inhibitors of this class are converted to'active intermediates which
‘react with the active site of the'enzyme 2'—F1uoro-2'-deoxycytidine-
5'-diphosphate and 2'-C1dCDP both seem to act in a s1m1]ar manner
Inact1vat10n of the enzyme results .in a loss of t1tratab1e sulfhydryl .
groups which cannot be regenerated, suggesting irreversible inactivation
of the enzyme active site 8l. The enzyme cata]yzés the Toss of free
base aﬁd halide ion from the deox}ribose diphosphate sugar followed by
‘c]eavaée df thevdiphosphate from the sugar. The halide ipns are

thought to be released via a free radical mechanism in whiéh an hydrogen
is abstracted from either the C-1' or C-3' positions. The authors

~ speculate that the reactive intermediate could be analogous to structure

14._Structure 14 is a potenf Michael acceptor which could be attacked by



<
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* the sulfhydryl group of the enzyme and become covalently bound to the

active site of the enzyme 89,

The biological acfivity of the 2'—bromo‘%nd 2'-iodo substituted
deoxynucléosidé; ( 8c,d - 13c,& ) has not been reported. However Fox
et al. have suggested that the cytidine analogues ( 12¢,d ) and
( 13c,d ) may be converted in vivo to the corresponding ara-C
derivatives 85 and this hypothesis may also be valid for the uridine
analogues as well. If this were the case, the biological activity
of analogues ( 8c,d ) and ( 10c,d.) should parallel that of the

corresponding ara-U and ara-5-fluorouracil derivatives. The 2'-bromo

pyrimidine nucleosides may be substrates for the polynucleotide

phosphorylase enzyme which is known to polymerize 2'-bromo-2'-deoxy-

3

adenosine-5'-diphosphate 86,
s
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E. Chemistry of Pyrimidine Nucleosides and Nucleobases

Q

1. Chemistry of Pyrimidines

Pyrimidines, or 1,3-diazines (15), are six membered heterocyé]ic
ring structures. The electron densities at the C-2, C-4 and C-6
positions of pyrimidine are qualitatively similar to the C-2, C—4 aq""
C-6 positions of 1,3-dinitrobenzene (16) and pyridine (17) respecti&e]y.
The low electron density at the C-2, C-4 and C-6 positions of pyrimidine

is due to the combined inductive and resonance effects of the two ring

e

4 5+
INT | 5 ! ¢ 5~ 5
2 R« ' o b

1

15 - 16 | 17

nitrogen atoms“?t Nucleophilic substitution reactions on pyrimidine
ring systems preferentially occur at the C-2, C-4 and C-6 positions,
4Theoret1ca11y, nuc]éophi]fc substitution at the C-2 position should

be favoured relative to the C-4(6) position on the basis of resonance

- structures, however the cdnverse is generally obsec&gﬁ$::perimenta11y°°.
© These reactions are subject to kinetic rather an thermodynamic
control. The increased‘electrostatic repulsion, ulting from the

~effect of two nitfbgen lone e]ectron'pairs upon the C-2 position
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relative to the single nitrogén lone electron pair upon the C-4(6)
~position, is proposed as a plausible explanation for this'obsefvation39;

The introductidn of the keto functions of uracil (1a) and_thymine (lcf
or the amino function of cyt021ne.(2)‘into the pyrimidine ring,”enhance
the ring stability significantly. Electron donating subs;ituents also
decrease - the féactivity of p&rimidines with respect to ;ubsequeht
introduction of nucleophiles,.a property which is advantageoﬁs for
selective syntheses®®. The C-5-position of pyrimidine has a higher -
electron density than the other positions and is susceptible to -
electrophilic substitution when suitab]y activated by e]ecfrdn-

donating substituents®’.

a. Synthesis of 6-Halogenated Pyrimidine Nucleobases

The synthesis of C-6 substituted pyrimidines can be
approached via two general methods. The first method, called
the principal synthesis, involves construction of the pyrimidine
ring by conQensation of two appropriately seiected bifunctional,
acycTic precursors. The second method involves manipulatiaon of
‘substituents present on a breformed pyrimidine nucleus. The
principal synthesis is unsui%ab]e for.the’synthesiSVof 2-, 4-
or 6-halo pyr}midinése7. Ha]ogeﬁation'of the.C-Z, C-4 and C-6
positions hés generally been aécomp]ished via nucaeophilic
substitution reactions inyolving the preformed pyrimidine nucleus.t‘

~ Most nuc]eophi]#c substitutions requiré the presence of a -
3

suitable leaving group. This is especially important for tge

synthesis of 6-substituted natural pyrimidine nuc]eo'f;i»
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K£he keto functions at C-2 and C-4 of uracil and fhymine anﬁ the .
amino function at C-4 of cytosine'deactivate'the ring to ﬁuc]eo;
philic attack. Therefore displacement reactions Ehat occur at
temperatures of 25°C or less for unsubstituted or activated
pyrimidines require heating at reflux or pressure reacfion

conditions with deactiVated”pyrimidines (Scheme 3)°°

Scheme 3."Amina§jon of 2,4-Dichloropyrimidine

The most Common synthesis of 6-substituted pyrﬁmidines is
via the nucleophiiic displacement of a 6-halo substituent. Thus
bromo- and chloropyrimidines are readily prepared'by the reaction
of a phosphorous oxyhalide with the appropriate hydroxy pyrimidine
(Secheme 4). The chloro compounds are the intermediates of choice
?‘\,{i{zv
| LER N

- WA
‘ . 'ﬁl\

/
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since chlorine is as reactive as bromine and iodide and is the
most readily introduced haiogen°7. ~The fluoro- and iodopyrimidines

have been most conveniently prepared by halide exchange with the

chloro intermediate. -
Y
/k X -C1,Br Y=F, Y=F,1 - y“(t\N
: A
li
59 R=H ) 18 a X=CI 19 a Y= F

h R= CH, b X= Br b v= 1

Scheme 4. Synthesis of 2,4,6-Tr{halopyrimid1nes

The 6-chloro (5b) and 6-bromo (5¢) analogues of uracil ¢an
bekreadily prepared from barBituric acid (5g) via the appropr1ate
2,4,6-trihalopyrimidine. Selective displacement of the C-2 and
C-4 halide substituents of.18a,b (R=H) with methoxide anion,
followed by demethy]at1on us1ng dilute mineral acid in acetic

# respect1ve1y.

acid gave 6-chlorouracil (Sb)<and 6-bromouracil (5¢)®
‘Attempts to syntheSize 6-iodouraci1 (5d) in a manner analogous to

Sb or 5¢ resu@ted in the formation of barbituric acid (59).

¢ (

- Tw%atment of 6-ch10rourac11 (5b) directly with sodium iodide

J . . :
afforded 5d in good yield®*.. In contrast, the nucleophilicity of



fluoride anion was too Tow to allow the analogous fluorine for
" chlorine exchange with 6-chlorothymine (7b). The failure of
this reaction was attributed to the presence of the C-2 and C-4
ketone functions which deactivate the ring to nuc1eophi1ﬁc
substitution®®. The synthesis of 6-fluorothymine (7a) was
succeésfu11y accomplished byythe»procedufe reported for the
syntheses of 6-f1uprodraci] (5a) and 6-fluorocytosine (6a)®3 or
by the action of alkali on 2,4,6-trifluoro-5-methylpyrimidine
(19a, R=CH,)®%?. The gﬁﬁﬂﬁiubhine substituent of 5a and 6a was

\g,z

too acid labile to be ﬁﬁéﬁgﬁﬁdnﬁy acidic cleavage of their benzyl-

ether derivatives,'however,'cata1ytic hydrogenation proved
sufficiently mild to afford the'desired fluoro pyrimidines 5a%?
and 6a®3. |

.The pKa and reactivity of pyrimi?ines are profoundly
. affected by the_é]eétronic character\and position of functional
substituents®®+®7.. Halogen substitution, as expected, results
in-éjéécreased pKa combared with the parent, in the decfeasing
‘ordér F, Cl, Br and I%2., This effect is much gfeater for C-6
substituents than for C-5 substituents. For example, introduction
of fhe highly electronegative fluorine étom at C-5 of uracil
decreases the pKa from 9.50 to 7.98. 6-F1ﬁorduraci] has a pKa
of 4.03. Similar observationé of a Tower magnitude haveibeeh
observed with the other halgg?n contaihing isomers.”iThe electron-
withdrawing effect of fluorine at the C-6 of pyrimidines signifi-
cantly increases their susceptibility to acid catalyzed

nucleophilic displacement reactions at this position. This
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accounts for the difficulty in obtaining the 6-fluoro analogues
of uracil (5a) and cytosine (6a) by acidic hydrolysis of the

ether intermediate®2,%7.

2. Modification of the Sugar Moiety of Pyrimidine Nucleosides

Synthetic procedures for the preparatiéh of nucleosides with
modified\bugars can be divided into three major approaches. The first
method employs a coup]ing reaction in which a derivatized base (TMS,
-0Et) having the desired functionality and a sugar are coupled to f&rm a
nucleoside. In the second procedure the pyrimidiﬁe heterocycle is -
constructed using a preformed sugér analogue. vThé third approa;h
involves the modification of a preformed natural or synthetic nucleo-
sidéag. Due to time constraints, the modi%ication of preformed
nucIeosides provides the most suitable method for synthesizing radio-
pharmaceuticals. The coup]ing reactions require that the radioactjve-
label be incorporated‘rélatively ear]yvin the synthetit*sequence |
before the nucleoside is actually fofmed. The condensation and \

S \

déb]ocking procedures that must follow the 1abe111ngfstep‘are _ \‘
Aun&esirab]e'because they increase fhe tdtalureaction time which is \\\
an important consideration with shortgjived radionuclides, and .
further decrease the overall radiochemical yield. Synthesis of the
pyrimidine‘ring of thevdesined'nucleoside by condensation and cycliza- -
tion reactions USing‘the appropriate sugar as st&rting material,
‘permits control over the stereochemistry of the product but requirés

several synthetic steps following the introduction of the Tabel®°.

Modification of intact nucleosides offers important advantages
- - \ ‘

RS
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including retention of preexisting substituent configuratgjion and
‘stereochemistry at una]tered loci and the necessity for fewer reaction
steps®®.  For these reasons the preformed nucleoside provides the

best alternative as precursor for syntheses of short-lived radiolabelled
analogues. A discussion of the major synthetic methods available

for the 1ntroduction df substituents into the C-2' position of
pyrim%djne nucleosides follows. An excellent review}covering chemical
modification of the various positions on the ribose moiety of intact
nucleosides has recently been published by Moffatt’!.

[N

a. Synthesis of Pyrimidine 2,2'-Cytlonucleosides

fhe major'methods of inProdUcing substitdents into the C-2'
position of pyrimidine nucleosides can be divided into tﬁob
categories: thosé reactions 1nvo1vihg a 2,2'-cyclonuc1eoside\

directly and tﬁose reactions in which the 2,2'-cyclonucleoside. .
is formed in situ. | | |
2,2;-Cyc10uridine (20) was first synthesized unintentionally fn
an at;empt to deblock 3',5'-di-0-acetyl-2'-tosyluridine wfth
methanolic ammonia to prepare the 2'-tosyluridine derivative®?,
¢ The unexpectedo2,2'-cyc1ourid%he nucieoside was postulated to
have arisen via intramolecular nucleophilic disp]ateme&% of _the
tosyl function by the C-Z'Qxygen of the uracil base. This and
similar methods’2 réqdired numerous ‘selective blocking and
deblocking stéps to(pfepare’the 2,2"'-cyclonucleoside from the
| starting riboside. A number of procedures were deve]oﬁed td

circumvent these steps and provide a less cumbersome route to



the 2,2'-cyclo derivatives. The most convenient method for the
synthesis of 2,2'-cyclouridine was reported by Hampton and
Nichol93; this method has since proven useful in the synthesis
of%other 2,2'-cyclo pyrimidine nucleosides®®s°!, The reaction
involves treatment of uridiﬁe with diphenylcarbonate and sodium
bicarbonate in dimethy1formam1de'or hexamethylphosphortriamide®*
td give 2,2'-cyclouridine in one step. The rgaction 15 be]ievéd
to proceed via an uridine 2',3'-cyclic carbonate 1ntermediate
(20,x=0). The pyrimidine C-2 oxygen prefgréntia11§yattacks the

C-2' position, rather than the C-3' position, to give the thermo-

37

dynamically more stable 2,2'—cyc1ouridine derivative®® (Scheme 5).

2,2'—Cyc}ouridine, prepaked by treating uridine with either
carbonyldiimidazole or thiocarbonyldiimidazole, is postulated to

. arise via a similar intermediate (20, x=0,S) ®°
o

-CcoX

o

e ]

20 21

Scheme 5. Synthesis of 2,2'-Cyclouridine via a 2',3' Cyc11c
' Carbonate Intermed1ate
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Reactions of 2,2'-Cyclonucleosides

The chemi;try of 2'-substituted pyrimidine nucleosides and
the chemistry of 2,2'-anhydro-1-g-D-arabinofuranosylpyrimidine
nuc]eosideg are inextricably related aue to the propensity of the
C-2 carbonyl to participate in intramolecular nucleophilic

~displacement reactions imolving sybstituents on the sugar
moiety®?. Participation of the C-2 carbonyl of the pyrimidine
»hetérocycie governs the stereochemistry of the substituents
introduced‘into_tﬁe C-2' position of. intact pyrimidine nucieosides.
Intramoiecuiar nucleophilic displacement of & leaving group in the
EiEQ configuration on the sugar by the C-2 carbonyl of the base
occurs preferenfia]]y to substitution by éh external nucleophile.
Thus, only substitution with rentention of the riég configuration
at C-2' can occur with pyrimidine nucleosides in which the C52
carbonyl is frée to participate in the reaction.

The use of 2,2'-cyciop¥rimidine nucleosides as pfecursors
for the synthesis of 2'—sub$tituted analogues originated with
the synthesis of 2'-halo-2'-deoxy analogues of uridine, thymidine
and 5—f1uorouridiné71’72. Fox et al.”? noted that reaction of
2,2'-cyclouridine with aqueous 3.0 N hydrogen chloride gave two
producté identified as ara-U (23, R=H) and 2'-C1UdR (8b). When
2,2'-cyclouridine was reacted with an ethereal solution of
anhydrous’ hydrogen chlogide in the abéence of water, 2'-CTUdR
was obtained as the sole product in essentially quantitative
yield. The reaction was successfully extended to i?giude the.
2'-fluoro, -bromo and{—iodo analogues whicﬁ can aigg be prepared

“»
J
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{n good yielq using this proéedure; These reactions differ from
‘;he reaction of 2,2'fCYC10uridine with sodium jodide reported by
- Brown 23.31.97; In the‘Jaﬁtef reaction, 2'-IUdR (8d)-was obtained
yih Tow yie]dﬂany after acetic acid was adHEd.“iThese.findings
p%bmpﬁed Fox.gzhgl: to bostu]ate that'protonatién of_the 2,2'-
" cyclo intermediate (éé, R=H) was necessary to facilitate the
cleavage of. the‘anhydro bond (Scﬁeme(5)72’99. Further evidence
for fhis regétion mechahism‘was reported by Kikugawa éilgl.gg{
These authots éxnthesizéd'ﬂf3-Methy1—2'—iodo-2'-debxyurjdine
(24, R=-CH;) by thé reaction of mgthyT 16d1de wjth 2,2'-cycio-
uridine 1in dimethyl%ormamide, Methy1atioﬁ (cf. protoﬁatidn)
occurred before cleavage of the 2,2'-anhydro bond to QiVeﬂthg
intermediate (22, R=-CH,) if the reaction was stopped Before
it had gone to completion. This intermediate (22, R=-CH;)
1iberated aciq'and was- converted into the arabinog anaTogue
(23, R=-CH,) in the presence of water.. If the reaction was
a]]erd to proceed in the absence of water, only the 2'-iodo
nucleoside (24, R=-CH,) was obtained. The observation that
the stable crysta]]iné hydrogen chloride or bromide salts of
2,2'-cyclouridine cqn“be converted to the corresponding 2'—
halogenated derivative simply upon heating 1ends further
creden;e to the postulated reaction mechanism’?,.

Other feagents for the introduction of halogens into the
C-2' position ofvpyrimidiné.pucledsides, via cleévagevof the .
2,2'-anhydro bond,,héve also bgen proposed. The attempted
synthesis of 2'4f1uoro-2'-deoxycyt1dine (12a) (2'-FCdR) via

the treatment of 2,2';Eyc10cytidine_with anhydrous hydrogen
: : . o ‘ 3}
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fluoride was unsuccessful’’® and only Tow yields of 2'-FCdR were
obtained by the decomposition of the hydrofluoride salt of 2,2'-
cyc]ocytidine9°t Instead, the synthesis of 2'-FCdR was achieved
using a crown ether-anhydrous pbtassium fluoride complex in DMF.
This procedure was only successful when the reaction mixture was
vigorously dried by azeotropic distillation with benzene ;g’remove
all water. |

The reaction of 2,2'-cyclonucleosides with nucleophiles does
not always afford the desired 2'-substituted product. Nucleophilic
substitution can also occur at the C-2 posftion of the pyrimidine
heterocycle.,” This is exemplified by the reaction of aqueous
hydrochloric acid‘with 2,2'-cyclouridine’*»72 in which both
2'-C1UdR and ara-U are produced. Nucleophilic attack of wafer
at ;héVC-leosit{on of the Qraci] ring competes with attack of
chloride at the C-2' position of the sugar to give the afore-

‘mentioned products.

B



F. Radiochemistry and Radionuclide Production

1. Radiochemistry

The successful synthesis of a radiolabelled molecule requires
a consideration of the limitations imposed by the radionuc]ide, the
basic chemical characteristics of the labelling reagents and the
compound to be labelled. The main considerations introduced by the
radionuclide are3?,101.
1. the time réquired for synthesis and purification;

the specific activity required for the radiolabelled compound;

the requirement for small-scale procedures;

W N

,the‘1imited'number and availability of synthetic‘precursors; gnd
5. radiation protection for the personnel.

The major limiting factor in radioactive syntheses i. ¢ half-
life of the radionuclide. For example, the use of short-1lived
radionuclides such as **™C1 (T3=32 min) and °®F (T3 =109.7 min)33
stringently ]imité the time available for the synthetic and purifica-
tion procedures, whereas the use of longer lived nuclides, including
1231 (T3=13.2 h) and 3°C1 (T3=3 x 10° y)33 imposes minimal time
restraints. It should be recognized that after Six half-lives )
haVe.passed, less than 2% of the starting radioactivity remains,

irrespective of the chemical yield®2. Therefore, the two most

important factors in the choice of reaction conditions are the rate

of product formation and the rate of radioactive decay. For example,"

assuming first-order reaction kinetics, the relationship betwgen

these two constants is given by eqUafion 1191 where Tnax 1S

42
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Toax = (1/K1) In(Ky/Ax) + 1 : Equation 1
the length of time required for optimum yield, K, is the ;ate of
formation of the desired product (usually determined experimentally)
and ) is the decay constant of the radionuclide. These factorsfméy
be better illustrated by Figure 2, which compares the absolute
chemical yields of hypotheticql reactions wfth the decay of the

radionuclide3®?,10?

. Visual inspection of Figure 2 indicates that the
initial rate of product formation is more fmportant than the overall
chemical yield. Equation 1 neglects the purification, séparatﬂpn and
transfer steps that must also be performed. Those reactions requiring
complex purification or workup of the final product may, be less
applicable than procedures which afford lower chemical yields but which
require simple workup protocols. | ‘

In most instances a high spec1f1c act1v1ty radiopharmaceutical is
desirable to minimize the poss1b111ty of eliciting an undes1rab1e
pharmacological response to the tracer or saturating the biological
process being measured. The maximum specific activity theoret1ca11y

possible is .inversely proport1ona1 to the half-1ife of the radlonucllde .

as shown-by equation 21°%:

<

'-

~dN/dt = AN = (In2/T3)N Equatidpz,

B v"”’:’ﬁ
.

where N.is the number of atoms and A is the decay- constant of\th ‘;

radiontf¢1ide. This ideal, “carr1er free" state is, 1n pract1cg
virtually 1mposs1b1e to achieve due to 1sotop1c d11ut1on of : ﬁhé

rad1o\&otope, by other isotopes of the same element, presen;h
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target material aﬁd reagents used during production!®°®. The oriéina]
terms, "carrier-*ree" and "carrier-added";.heglect this problem of
inadvertent.di1ution of the radionuclide and in this context a new
term, "no-carrier-added", has been tbihed. The new definitions are
as followst?3»10%: |

MY Carrier-free (CF):' The radionuclide is not contaminated with

any other stable or radioactive nuc]ide of the same element.

45

2. No-carrier-added (NCA): The radionuclide has not beenvintentionqlly-“

x di]utéd with other stable or radioactive nuclides of the same
element. The specific activity is very high andumay be CF..,
é. Carrier-added (CA): A known amount of.stablé or rééioactﬁve
| isotope has been added to the radionuc1{de'of interest.
4. Carrier (C): A stable or radioactive isotope of the element
in quest%on; :
5. . The above definitiqn§ refer to a specific pQ§ition or positions

when applied to é given molecule.

In practice then, the highest speciffc activity that can be
claimed is NCA which may approach CF status undef rigorously
controlied conditions. Radiochemical §yntheses‘are usually
eonducted on as small a scale as possible, to reduce the amount
of intentionally added carrier. This often introduces technical
problems since it is difficuit to handle and éransfer reaétio;
volumes smaller than 10-30 wl.

- The specific activity of radioiabelled products to whiph‘ﬁarrier

has beer » ed during synthesis is dependent on the starting activity

and the concentration of added carrier. If carrier must beﬂéddeﬁ and
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‘a high specific activity product is required, a high level of radio-
~activity %ust.be used which may pose radiation protection pfob]ems.

For shorter lived radionuclides, the problem is compounded by a

which must be considered when determiﬁing-the 1dbe111ng strategy.

For example, reactor produced '°F is available oniy as the'anion~
while an acéé]erator can provide more novel anhydrous fluorinating
reagents such as F,, CF,OF, NOF, S?e or SF,32. Also, commercial
sources of'radioiodine often subp]y the radioisotope 1n‘aque0us

.. solutions of sodium hydroxidé, with or without addedvantioxidant.

Theéé additives may influence the selection of the reaction to be

used.

o

2. _Fluorine-18

/
|

o : . ) ,
Fluorine-18 (T3 =109.9jmin)33 is the only radioisotope of fluorine -

that has a half-life of sufficient length to be of uge as a radio-
pharmaceutical label. It decays primarily by g% emission (97%) and
electron capture (3%) to #He stable isotope '°0. The 8" ( « =0.635

. | ,
MeV; E, o =0.28 MeV) emitted by *°F has a maximum range of 0.7 mm in

> which is one of the sbortest ranges oafrthe medically relevant

' water1°
gt emitters (*1C, 13N 159, 34Mc1, S2Fe, %%Ga, 77Br and °Rb)32,33,
These characteristics make 18F é good candidate for PET. The range
of the B plays an 1mportant role in 11m1t1ng the spatial resolution
of the PET detect1on system. The co1nc1dent Y rays are em1tted\when

the B has reached therma] energy and has theneforg.trave]]ed away

4

>
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from its point of origin. Therefore the 1nherent~spatia1 resolution
of a particular gt emitting radiopharmaceuticﬁﬁ'is inversely
proportional to the Emax and rahge of the 8*. .

Early interest in '®F production was focusséd’bn developing an
aqueous solution of fluoride-18 suitab]e for human usel®®>1°7_ This
could be accomplished in avnuclear reactor by irradiating an’oxygen
containing lithium salt with thermal neutrohs, utilizing the'ﬁLi(n,t)a,
‘lso(t n)!8F nuclear reactﬁons. The °F was recovered via var1ous
extractwn”8 109,110 op distillationil? techn1ques Less complex
recovery methods were required when a cyclotron was used to producel
fluoride-18. The most common cyclotron production methods used
helium-3 (3He)*? or.helium 4 (*He)'°® irradiation of a water target
or He, “He and deuteron (d)!'2»!!* bombardment of a neon target
(fab1e I1). The '®F could be.simply'e]uted from the target with
ster11e water or normal saline,

New synthet1c intermediates and production methods for 18F were
necessary ‘to -exploit the potential of 1ef Tabelled rad1opharmaceut1ca1s
Reactor produced 18f 1s generally avallaﬁke only as the fluoride anion
‘ because the quant1tat1ve ox1dat1on of NCA 18F 1s not practicallls,

Thus the chemistry of reactor 18F has been 11m1ted ‘to nucleophilic
substjtut1on and addition reactions us1ng reagents such as anhydrous )
hydrogen f]uoridells, tetraf1uoroborate511?, and metal fluorides32, |
New“f1uorinatin§ reagents such as crown ether- ootassium fluoride

118

complexes™ > and tetraa]ky]ammon1um fluorides*?!® have been prepared

and their usefu]ness as nucleophilic f]uor1nat1on reagents has been

demOnstratedlzfalzl. Recently the preparation of XeF,-1°F, an

i
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TABLE II. Common Nuclear Reactions for Fluorine-18 Production®*?s***

Target Nuclear \ Q-value? Threshold Energy?
Nucleus Reaction , Product MeV MeV
160 a,pn lep -18.544 23.180
16 ’ B+ . : ’
0 a,2n 1eNe B 18 23,773 29.716
160 He,p . 18F +2.003 0
! B+ | i
160 e ,n leNe P 2ep 3,196 3.795
(‘) = ‘
160 Mon 1ep +1.270 0
190 pn LE . -2.437 -
180 e, t EL -1.673 2.5
20)g d\a 18 +2.796 0
. ‘ . D + ‘ - ) |
2% SHe,on  ®Ne 5 IF 7,296 o 9.115
20Ng He,ap . 18f -2.697 3,102

: 1. The Q-va]ué of a nuclear reaction is the sum of» he kinetic
and radiant energies of the reactants minus the Sum of the
kinetic and radiant energies of the products®®.

2. The threshold. energy is the energy limit for an incident
particle or photon below which a part1cu1ar endothermic
reaction will not occur36

m«A
i 4" g
PE;

oy
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e]ect?aphilic fluorinating reagent, by exchange between XeF, and )
tetrabuty]ammon1um fluoride-18 has been reported122 B

The cyc]otron and van de Graaff charged part1c1e acce]erators
“provide the most convenient means for the production of electrophilic
fiuorinating reageﬁts. The majority of these reagentg, including |
CF§OE122, NOF, C1F and F,''* have been produced by addition of the
‘ aphropriate carrier to the target gas prior to irradiation.. The
1nerﬁ‘chafacter df neon and ease of target gas handling have made the
2%Ne(d,a)*®F ‘reaction the production method of choice'?*. The
production of anhydrous '®F reaction intermédiates/by the irradiation
of neon with 2He and “He has also been jnvestigatedll“ﬂ

The producttdﬁfpf.aphydrOUS 18F has not been limited to positive]y
charged particle aéce%erators. Electron linear accelerators have also
been used to produce the high energy photons‘neéessary for y induced
nuclear reactions. No-c§rrier-§dded 18F_cah be obtained via the
20Ne(y,2n)8Ne>18F, 2°Ne(y,pn)19F~and 23Na(y,on)t8F nucTéar<rea¢tions.
The 18F‘can“'then be converted into reaction intermediates as described
for cyclotron produced 18p activityl?s’lzé. Carrier-added '°®F ¢an be
produced'by‘dikeétrirradiation of fluorine containing compound§ using :
the 8F(y,n )1°F nuclear react1ons125 | | .
~  .The direct synthesis of ®F labelled compounds iﬂ.EiEE via either
- intramolecular conversion of °F to °®F, or recoil labelling by extra-
molecular generation of 18F has also been investigated. Thé synfhesis
of 1°F 1abe11ed simple ch]orof]uorocarbons for pulmonary 1nha1at1on
stud1es was accomplished in 10-30% radiochemical yields using recoil"

L8F from ‘the 20Ne(d,a) ®F reaction!?’. Direct activation of intra-

molecular '°F in CF,C1 via ths °F(p,pn)'®F reaction resulted in
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radiochemical yields approximately one order of magnitude less than
that observed with the reéoi] method 28, |

When a position specific -label is required, direct activation of
a fluorinated precursor provides a.highé; radiochemica] yield of the
desired product than recoil 1abe11ingﬁvia extramolecularly generated
18F129  Thys, the more promising approach is via the‘conversionvof
intramolecular !°F to !°F via the 19F(n,2n)”Ff29 6r the 1°F(p,pn)eFl2®
reactions. For example, the radiochemical yield of 5-[®F]-fluoro-
uracil was less than 1% when uracil was allowed to réact with recoil
18F atoms produced by the 2°Ne(d,a)®F'*°13% nyclear reaction. In
comparison, direct activation of 5-fluorouracil using the £9F(n,2n)”F

reaction gave the °F labelled compound %n 8% radiochemical yield!??,

3.  Chlorine-34m

'There are four radioisotopes of chlorine that have sufficfently
long half-1ives to bé useful as tracers ih biology and medicine.
Chlorine-34m (T3 =32.0 min)®3 is of particular interest in nuclear
‘medicine because it is a short-lived positfoh emitting radionuclide.
The decay spectrum qf 34Mcy is complex due to contributions from 3“C1,
the short-lived daughter radionuclide of **M™C1, and from the excited state
of 3*S, the stable nuclide arising from 3%C1 decay. Chlorine-34m  v
emité a high yield (47%) of 0.145 MeV phptons in addition to twd;éf’s
.( both 26'% qbundance ). The photon yieid is increased a further 25 % .~

by emmissions from decay of the excited state 3%S and the daughter 3%C1,

* .
R
A

contributes a third g ( 100 % ) to the overall emission spectrum of

34MC1131,  These properties make 3*"C1 and attractive radionuclide for
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PET (coincident 0.511 MeV vy rays). Conventional single photon imaging
(0.145 MeV vy rays) is complicated by the high background caused by fhe
" high energy‘annihilation photons.

Chlorine-34m may be produced by charged particle or fast. neutron
bombardment of th@ﬁéppropriete targets. High yields of low specific
activity 3*M() cah”he obtained using either the ?5C1(n,2n)3“mC1 or
35CT1(p.pn)®*MCT nuclear reactions. The specific activity of the 3“MC]
can be increased by separating it from the 35C1. This has ‘been
accomplished traditﬁona]iy by modifjcations of the Szilard-Chalmers
vtechnique132. The long-1ived chlorine redioisotope, 35C1, was prepared
with high specific activity (555 MBq g~! C1) by Anbar and Netal33 via
the 35C1(n,y)?5Cl reaction using chlorobenzene as target material.
The-inorganic chloride wes recovered as H3®C1 by distillation of the
irradiated chlorobenzene in concentrated sulfuric acid.' Machulla
et al.?®* produced practically carrier-free 35m01 using a technique
originally developed byhBell and Stoecklin!3® for the production of
36C1. The 3*MC1 was produced via the *°C1(p,pn)®*™C1 reaction using
K;[ReCIGJ as the targetvmaterial. The»hexaeh]oro comblexrof Re was .
chosen because of its radiation resistance at high doses producihg
only free 3%C1- and [ReC1536Ci] after bombardment. ‘ In contrast the
organic ch]or1des decompose s1gn1f1cant1y at h1gh rad1at1on doses and '
comp]xcate the separation techniques. The h1gh spec1f1c aet1v1ty of
the 3*Mcy produced is attributed to the radiation stébility of the
[ReCl¢]1™ complex wh1ch is able to recombine very qu1ck1y w1th radio-
1yt1ca11y produced free C1”. This effect accounts for the Tow rad1o-
chemicat yields (15%) obtained a}§gr jon exchange chromatographic

separation of the irradiation prodpct135;

N P
,.

L BRa
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131 studied the effects of target composition on

Malcolme-Lawes
the yield of ngh specific activity @Cl1 using the 35C1(n,2n)3“mé1
nuclear reaction. Various alkyl chlorides were irradiated in poly-
ethylene ampoules after which the inorganic **MC1 was separated from
brgénitajly bound 3“MC1 by extraction into 0.1 N aqueous NaOH. The
highest yie]ds~of inorganic **MC1 were obtaineq when a mixture of
chloroalkanes and nonhalogenated short chain alkanes were irradiated;
this indicated that short chain chlorocarbons containing some hydrogen
would be the most efficient target system for producing inorganic |
3#Mc1.  Brinkman and Vjsse,rl36 and Black and Morgan!3’ conducted
similar eXperimeﬁts in which glass ampoules were substituted for
polyethylene. bua]itative]y similar results to those Oj\Malcolme—Lawesl31
were obtainéd where glass ampoules were used, however the absolute yield
of inorganic chloride increased for each substrate studied. |

Zato]ok_in,g_g_gl.“B compared the thick farget yiers of 3MCY
produced by irradiation of natural isotopic abundance bhosphorous,.
sulphur and chlorine targets with proton{ deuteron, he11um-3.or
- helium;4 (Slphé).particles. The authors were interested in the
technique as an analytical tooi, rather than as a radiochlorine
production method SO no attempt was made to recover’the 34MCT from
the'target materials. The highest yield of 3"‘“‘C]vwas obtained by

proton irradiation of chlorine, followed by alpha and proton

irradiation of sulphur.
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A. Materials

1. Solvents .and Reagents

The so]vents used'for both preparative and analytical-chromatography
were reagent grade and were g]ass d1st111ed prior to use. - Reagent grade
-dioxane and d1methy1formam1de were dr1ed over calcium hydride at reflux
temperature. Benzene was dr1ed‘over sodium wrre at reflux temperature.
The dry solvents were stored~1n amber bott]es over mo]ecu1ar s1eves\ |
(3A L1ndeman) or used: 1mmed1ate1y after d1st111at1on Tr1f1uoroacet1c“
acid and tr1f1uoroacet1c anhydr1de (A]dr1ch) were used as supp]1ed

Sod1um 1od1de potass1um iodide, sodJum b1carbonate, sodium
chloride, ca1c1um chloride and potassium brom1de were reagent grade.
The 1norgan1c salts were dried at 200°C andﬂstored in xggggnat 80°C
until use ‘ i | |

The samples of authentrc nuc1e051des and organ1c reagents were
ana]yzed by H nmr and mp determ1nat1on to conf1rm»fhe1r :dent1ty and
purity. Uracil and 2'- deoxyur1d1ne were purchased‘FrOm Nutr1t1ona1 |
Bidchem1cals Ur1d1ne 6-chloro-2,4- d1methoxypyr1m1d1ne 2,2 -cyc1o-'
cytidine hydrochloride and d1pheny]carbonate were obta1ned from L
~Aldrich. Authent1c samples of 2' f]uoro 2'- deoxyur1d1ne 2! -?1uono-
2" deoxycyt1d1ne and 2'-chloro-2"* deoxyur1d1ne were g1fts from

J.R. Mercer and 2'-bromo-2' -deoxyur1d1ne was a g1ft from Y. w Lee
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2. Radionuclides and Radiochemicals

The radiochemical purity of the commercial products was determined
by the specific chromatographic techniques described by the manufactufer.

Chlorine-36 (3°C1) was purchased (New England Nuc]eaf) as an
aqueous solution of hydrogen chloride (14.4 MBq m1~', 159 KBq mg~! of
chloride).

Iodine-125 ('2°1) was purchased (Edmonton Radiopharmaceutical
Center) as a no-carrier-added aqueous solution of 0.1 N sodium
hydroxide (3.7 GBq'm1™'). The radionuclidic purity was éonfirmed
by analysis of the gamma ray spectrum (Tracor Gamma Trac ZéOO) forﬁ'
additional gamma peaks. Only the singles peak at 27 KeV and the
coincidence peak at 58 KeV, consistent with the expected 1251
spectrum!?®®, were observed. -

6-[*H1-Uridine (777 GBq mmol1-', 37 MBq m1™1) was purchased as an
aqueous solution from Amersham Corporition (Oakville, Ontario). |
2-[**C]-Uridine was purchased from éithgr Mo}avek Biochemicals (2.03 .
GBq mmo1~*, 1.85 MBq m1~') or Aﬁersham Corporation (1.96 GBg mmol-1,
1.85 MBq m1~1), 6-[3H]—2'—Deoxyuridine (925 GBq mmo1~%, 37 MBq.m1™1)
was purchased from Amersham Corporation. 6-[3H]-2'-Fluoro-2'-deoxy-~
uridine (42.6 GBq mmo1~') was obtained as a gift from J.R. Mercer or
prepared as described in section III.C.2.a. -Tritiated water was

-, purchased from Amersham Corporation (4.33 x 10° dpm g~!).
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B. Instrumental

1. Chemical Analysis .

\\ ‘
Melting points (mp) were determined with either a Blichi capillary

apparatus or a Fisher-Johns hot plate apparatus and are uhcorrected.°
Proton magnetic resonance ('H nmr) spectra were recorded with
deuterated dimethylsulfoxide as solvent qnd tetraméthy]si]ane as
““internal standard using a Varian EM-360A spectrometer. Coupling 7
constants are reported in Hertz (Hz). Mass spectra (ms) were measufedf
with an AEI-MS-9 mass spectrometer. fxact mass measurements Qere used
to determine elemental composition. U]trav%o1et (uv) spectra and uv

o

standard curves were obtained using a Unicam SP-1800 spectrometer.

-~

2. Chromatographijc Analysis

Reverse phase high performance 11quid‘bhromatogr&phy (rp-hplc) was
performedqusing either a Hewlett-Packard or Tracor 994 solvent delivery
system‘coup1éd to a Unicam variable wavelength uv spectrometer and a
Wate}s uBondapak C-18 (3.9 mm x 300 mm) reverse phase column. Merck

LobarTM

silica gel columns (25 mm x 270 mm or 37 mm x 400 mm) were
gsed for normal phase 1iquid chromatography. For the Lobar ::stem
solvent was delivered under positive pressure (helium) and the eff]uent
was monitored with a Unicam variable wavelength' uv spectrometer.
‘Co]umn‘eff1uent”radioactivity~was monitored with either a Berthold

BF 2025 flow detector or by collection of individual samples. The

samples were analyzed by gamma spectroscopy (Nal(T1) or Ge(Li)) or

liquid scintillation counting (1sc).
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Analytical thin layer chromatographic (tlc) separations wehef‘
performed using precoated silica gel plates (Whatman MK-5 1 in ERLE o
or Merck 50 mm-x 75 mm) impregnated with shortwave uv indicaf&?.l Small
scale preparative tlc was performed on prepoured silica gel p1ate§\}ﬁQ cm
x 20 cm X 0.25 to 2.0 mm in thickness; Merck or Whatman). The chrom;to-
graphic bands containing the componehts of interest were visualized
with uv, removed from the plate and extracted with either methanol or
the development solvent. The silica gel was removed from the solvent by
either centrifugation or filtration.

Large scale preparative chromatographic separations weré'performed

on an Hitachi centrifugal chromatograph (cc) coupled "to a fixed

wavelength uv (254 nm) detector. Thin layer chromatographic grade
silica gel (Camag, Berlin, FRG) was used for tﬁe cc separations.

Papér chromatography was performed using Whatman nﬁmber 1
chromatography paper (£§1mm x 200 mm).

" Radiochromatograms of vy emitting radionuclides were qualitatively
analyzed with either a Berthold gas flow scanner or a custom built
instrument using a collimated sodium iodiqe crystal (NaI(T1)).

‘Quantitative aha]yse§ were obtained by triangulation of thé peaks
on the chromatégram trace or by dividing the chfgmatograminto
individual sections and counting each sample direct1y. The rédioactive
components of chromatogram sections containing beta emitting nuclides
were eluted by addition of 250 ul of wafer directiy to the samp]e in
a lIsc vial._ The samples were then dissolved in a water-compatible
fluor, and counted by Isc. S
—To ensure reproducibility, and to avoid anomalous chromatographic.

behavior, all high specifié(activity samples were first diluted in

S
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methanolic solutions of authentic’ standards before tlc angfjysis. Low

specific activity samples requiring larger samp]e volumes (2-5 ul) for
¥}
adequate count rates during sungquent analysegl were applied as a row

of spots rather than by reapplication over the original spot1“°

&
3. Gamma and Liquid Scintillation Spectroscopy

Gamma emitting-samples containing more than 37 KBq were
ana]yzeo with a Capintec dose calibrator. The,abso]ute activity
of anaiyt1ca1 samples was determined with a calibrated multi-channe}
spectrometer and Ge(Li) detector. Large numbers of samples were
counted with either a Tracor TN- 11 high reso]ut1on gamma spectrometer,
a Tracor Gamma Trac 2200 or a Beckman 8000 automat1c gamma. spectro-
meter. - toe ' -

. Beta emittjhotnuclfdes were counted with either a Berthold BF500,
a Beckman LS9000> or a Tracor Mark III automatic liquid scintillation
spectrometer A11 samples were dark and temperature adapted for 24
hours before count1ng, un]ess otherw1se stated ,

Quench correct1on curves for 1sc were prepared by accurately
pipetting a- knounivo1ume of ca11brated standard of the appropriate
rad1onuc1roe‘1nto a series of 1sc vials containing unquenched fluor.
The samplengere counted to determxne the precision of p1pett1ng, and
those samp]es dev1at1ng from the mean by more than 2.5% were rejected.
The samp?es were then quenched by the addition of increasing volumes
of so]ub111zed t1ssue which was prepared following the same protoco]

—used to prepare the unknown samples. Quenched background samp]es were

also prepared with different volumes of solubilized tissue, omitting

58



the radioactive standard. The quenched

/

' same conditions as the unknowns.

"

samples were'counted under the

3, + B aal T
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. Methods ~ g

1. Radionuclide Production

a,‘ Target Preparation

J

i.

Gas Targets for Fluorine-18 and.Chlorine-34m Production

-,‘or Mone1

The gas target jackets were mach1n76 from either copper
or stainless steel and were fitted with liners prepared fFOm ey

- w"‘ ﬁ B
o o
either quartz, .teflon, aluminum or stainless steel. Theﬁﬁsahg“

jackets and liners were rigorously cléaned.using a series of .
.
aqueous and organic so]vents before drying at 105 ’C for at

least four hours. Valves were constructed from sta1n]ess steel .
TM, and tublng was either teflon or stainless steel 1f

contact w1th hydrogen fluoride or fluorine was intended. A]]

" components,were cleaned and dried as above.

el
. 4~ ) -

The %@rget system wae\assembled wh11e ,the components w@%e

o |

. st111 hot, and pressuré tested for leaks w1th neon. The

system was then dried in vacuo’(< 0.1 Pa) at 50-80°C for

at 1east 18 hdUrs The target system was then used directly .

without further treatment’ « In some casés the target was

passivated (to decrease the surface react1v1ty) to fluorine"

by filling 1t to 150 kPa with anhydrous hydrogen f1u0r1de (25—

100%) in neon and heating at 110°C for 48 hours prior to use.
The target gas was separatedvfrom the vacuum of the

cyclotron beam tube by a 22 u.Hayar foi]r The target

A

o .\Qw”'
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i
|

/

|/ temperature was regulated with chilled recirculating methanol
| or water.

| ' ‘ : . x
|

ii. Solid Targets for Fluorine-18, Chiorine 34m and lodine-123
. Production ‘

WAL
' Soiid targets were prepared by compre551ng approximateiy

200 mg of the target mater1a1 into a d1Sk The disk was -
mounted in a stainless steel target holder during irradiations.

The target was isolated from the beam tube and the temperazure,

was regulated as described abeve. - , '~ /

'ﬁ&&~ Production of Fluorine-18

AR .

/

g y
i. '°0(3He,n)®Ne + 1°F - ‘ 4

" Fluorine-18 was brodUCed, using thg title reactibn,Mby
~ two methods; A'solid target was prepared from tantalum
pentoxide (Tézos) powder, The é8 MeV' (incident energy) 3He
'%é%. partic]es were attenuated td apbrbxihateiy 17 MeV with a 308
aluminum foil window. A stream of helium gas (300J500 ml
'min'l) was swept across the soiid target to carry the 1°Ne
released from the target matrix into a series of traps
containing anhydrous hydrogen fluoride in dioxane (5%) or
1.0 N aqueous Sodium/hydkoxide - The trapped radioactivity
was quantitativeiy and qualitativeiy anaiyzed with a

Ge(Li) detector
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A second production method used a gas target system. The

"‘~~o§ygen target gas was dried by passage thkough anhydrous

i,

‘was irradiated at;@ $i

container maintainet
) -/

ca]cfﬁhfchlpride before the target was filled. The target

.

pressuke was\majntained at 200 kPa above atmospheric pressyre
Ny N :

and a flowrpate"o¥f300 ml min-! of target gas was emp]oyéd

- during irradiation. The target gas effluent was passed

through two scrubber traps in series containing 1.0 N aqueous

sodium hydroxide and 1% aqueous sodium iodide respectively.

‘The'trapped radioactivity was characterized as described above.

v

®Li(n,%H)a, *S0(°H,n)'°F

Lithium carbonate (2 g) enriched to 95% °Li (Oakridge)

£

:
D

Lx of 5x10%¥2 n em~2 s~! at the
Heidelberg Triga Il reactor. The irradiated 1ithium carbonate,
and éérngr potasyiuy fluoride, were transferred to a teflon

at 200-250°C. Concentrated sulphuric

‘ .
~acid was added slowly to the ot container. The hydrogen #

f]uoride-lB'evolve-'was carried in a stream of he)ium gas
thfough heated teflo tubing‘to a teflon-lined reaction vessel
where it was trapped in solution of 2,2'-cyclouridine in
dioxane. The accumulation of radioactivity in the reactfon
vessel was monitored with a survey meter'and~co11eétion was
terminated when no fufther increase was apparent. The éctiVity'
coi]ected was QUantitatEd in a‘dosg calibrator and’analyzed |

gualitatively with a Ge(Li) detector.

-~
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iii. 2%Ne(d,a)*°F

" Sodium fluoride-18, produced via the 2°Ne(d,a)!®F
reaction, was prepared routinely as an aqueous solution in
normal sa11ne or d1st1ﬁ1ed water intended for clinical use.
The target.system consisted of a quartz Tiner which was
filled with'enough normal sa]ine or water to cover the

liner surfece, The Tinter was rotated on its longitudinal

axis 'during the irradiation. This desigj enabled the '°F

2
1Y : > .
Figure 3. Target System for Routine Product1on of *® F for
' Clinical Use ‘
1) Beam pipe; ‘2) co]11mator; 3) heat exchanger for
foils; 4) foils; 5) target; 6) water cooling;
. 7) quartz tube; 8) magnetic rotation system;
9) pressure gauge; 10? solvent so]dtioz; 11) remotely
operated valve; '12) isotonic saline sollution;
¥3) injection pump; 14) millipore filter;
15) evacuated sterile vessel; 16) electronic control;
17) pump for heat exchanger; 18) heat exchanger;
19) thermostat.
_ n

W o

U
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i,
to be washed from the walls during the irradiation and
removed from the target immediately aftgr bombardment
(Figure 3)141,1%2

Figure 4 illustrates the gas target and recovery system &

. that was. developed for the production of anhydrous hydrogen

Figure 4.

T P :
g ‘Q_;:B .

Réco?éry System for Anhydrous Hydrogen Fluoride-18. .

1) target; 2asf) two-way valves; 3) 18F trap and S
‘reaction vessell; 4) survey meter; 5a,b) silica-gel

traps; 6) aque NaOH scrubber; 7) rotameter;

8) waste gas bag;. 9) Ne target gas drying columns;
10) Ne (99.99% pure); 11) anhydrous hydrogen fluoride
(HF,(9?.§§?; 12) anhydrous HF in Ne; 13) lead shielding,
for (4). o o ~ : :

k\.
.
\
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fluoride-18. The system was constructed from_stain]ess'stee1

‘and teflon which are resistant to anhydrous hydrogen fluoride

and e]emehta])f]uorine. This construction also allowed the

target to be dried in vacuo by flaming with a bunsen'burner

" when necessary. The reaction vessel (3) which also served

as the first collection flask, could be isolated by valves
(2a,b,c and d) from the‘system, and removed to a hot cell
for further processing witqgut é]tering the integrity of
the target or exposing personnel to airborne °F. The
Atarget gases (200-400 kbg above atmospheric pressure)
could be vented into the reaction ves§e]‘(3) containin§ a
suspension of 2,2'-cy¢10uridiné fn d%%xghe and a secondary
series. of traps'(Sé,b and 6), throughﬁﬁ gas flow rotameter
(7) and into a waste gas storage baé (8).K)The collection

vessel was monitored for recovered °F with a shielded

_survey detector (4). Pure neon (10) or neon contai§§§g

vcarrier anhydrous hydrogen fluoride (1-10% v/V) (12) was

passéd.through the target, into the collection system, until

no increase in the collection vessel (3) radiation field was
' ’ Py

noted. -

’ r
The recovered radioactivity was analyzed quantizdtively

in a dose calibrator and qualitatively with a Ge(Li)

demcmr.
\‘

~
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Production of Chlorine-34m

i,

3501 (p,pn)?*MC1

A solid target was,Qrepared from natural abundance
magnesiumxch1oride (35C1'=75,77%)33 and ;krédiéted with
22 MeV protons. The target was cooled with methanol (-20°C)
and isolated frbm the tyc]otron beam tube vacuum with a
22 Hévar foil window.%‘
| After irﬁadiation, the pellet of magnes{um ch]pride
&5§ﬂcfhéﬁed and quantitatively recovered 4n methanol for
further chemical workup, as described in section III.C.Z.d.
Aliquots of the irradiated térget were analyzed with'a

Ge(Li) detector to quantitake and characterize the product.

/

345 (p,n)3*MC1 and 3*S(d,2n)3"MCc1 - ///)//// o

The térgét system (Figure 5) consisted of a glass lined

cylinder (2), separated from :'c beam tube vacuum with a

‘22 u Havar foil, connected by teflon tubing to an anion

exchange column (5). After irradiation, the hydrogen
équide was passed through the anion ‘exchange reéin, where

R :
the 3“MC1 was trapped. The flow rate (50 ml.min™!) was

“monitored with a gas{¥low rotameter (6) Tocated after the

anion exchange resin. The closed system was completed

with an evacuated waste gas collection bag (7),to trap

‘the effluent hydrogen sulfide. The jon exchange resin
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* could be isolated by -Quick ConnectorsTM (4a,b) and removed
from the collection system. In this way, volatile radio-
activitx was retained within the target and the trapping

system.

%

T

Figure 5. - Target System for 3%MCY . Production.

1) target; gqus 1%Her, 3a,b) two-way va]ves
- 4a,b) quick conneCtors 5) an1on exéhange resin;
6) gas flow rotametdr; 7) waste gas bag,
8) hydrogen sulfide cylinder. ,

- The trapping system consisted of an dnion egchaqge column
conneczed via a stain]ess\steel needle valve to the glass

: s1eeve‘ ‘TQf Dowex lek‘anion,exchanggffesiﬁ (4.5 mEq g~ dry
weight) was prepared by.exchange with 1.0 N aqueous hydro-
chlgric or acetic acid and washed with distilled water. The
resin was washed with absolute\ethanol and dried 1n~!gggg

over s111ca gel- phOSphorous pentox1de at ambient temperature. _
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The ion exchange column was packéd in teflon tubing under
vacuum to a uniform density af 4.7 mg dry resin per cm of
tubing. An aliquot of the irradiation product was

characterized with a Ge(Li) detector.

Production of Bromine-82

Iy
Ut

'.». N

‘Bromine-82 labelled compounds were prepared aS>Hescr1bed by
Lee et al.'*® by neutron activation. The precursors contained
natural abundaﬁce bromine (®Br=49.31%)32 and were irradiated at
a neutron flux of 10*% n cm™2 s™! for up to‘four hours at the
University of Alberta S]owpoke‘Facility (UAgF).

The total amount of ®2Br and contaminating ®°M8r/®°Br
arising from competing nuclear reactiqns was calculated from the

formula:

'Xtirr) '

A = N0Y¢(15e Equation 3

where N is the mass of the irradiated isotope in terms of
Avogadros number, o, is the thermal neutron cross section
(nyy reaction) of the irradiated isotope in barns, ¢ is the

neutron flux inﬁn cm™? s, X\ is the dech constant of the

‘radionuclide produced and tifr is the length of time of

irradiation of the sample.

The presence of °°™r and °°Br contamination was monitored-..

by analysis of the gamma ray spectrum (Tracor Gamma-Trac 2200)

of the product. . o ’
PR 4
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' e, Production of lodine-123

¢

Iodine-123 (*23]) was prepared as described by F. Helus
% et al.'** with minor modifications. The !2°I, produced by thé

12*Te(p,2n)12°I nuclear reaétion, was sublimed from the tellurium
oxide (86.71% enriched 124Te, Qak Ridge, USA) at 750°C and collected
in a stream of oxygen (10 m1 min~!) on a liquid nitrogen cooled

cold finger of either quartz, copper or éold. The 23] was removed
from the cold finger by halide exchange with a methanolic solution
of éither sodium jodide or sodium chloride. The major rad1onuc11d1c
1mpur1t1es, determ1ned with a Ge(L1) detector, were 121] (0.84%)

‘ and*“z“I (1. 23%) calcu]é@éd .toxthe end of irradiation.

‘N2. Synthesis

The pmcedures employed for the synthes1s of the "-

deoxyuridine ana]ogues werenmd1f1cat1ons ofﬁtheigethods reported by
fCod1ngton72, Cushley'® and Thelander®!. Synthesis of 2'-fluoro-2'-
deoxycytidine was accomplished by the method of Mengel and Guschlbauer®®,
2,2'~Cyclouridine was prepafed by the method of Hampton and Nich01f3.

!

The 6-halouracil analog&es were synthesizéd as described by Horwita

and Tomson®“,, .

& i’

a. 2'-Fluoro-2"-deoxyuridine (2'-FUdR)

A

i.  Reaction of Ahhydrous Hydrogen Fluoride with 2,2'-Cyclouridine

/7

Anhydrous hydrogen fluoride (6.8,mm01)'d11uted'withVneon\,

‘was passed thrqygh a suspension of 2,2'-cyclouridine (31.5 mg,w}

~
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0.139 mmol) in anhydrous dioxane (22 m1) in'a teflon-lined
stainless gtee] reaction vessel. The reaction mixture was heated
at 175°C (oil bath temperature) for 140 minutes. An aliquot
(0.9 m1) was diluted with distilled water and titrated With

0.1 N sodium hydroxide to determine the unreécted'hydrogenr

fluoride concentration. The remaining solution was treated

'w1th aqueous ca1c1um carbonate until the evo]ut1on of gas had C

ceased and was then filtered. The so]vent was removed in vacuo

at 40°C, and the residue was purified by preparative si]ica gel

tlc (20x20 cmx 1.0 mm"iniihickness) using chloroform-ethanol

(4:1 v/v) as the development solvent. The uv band corresponding

to authentic 2'-fluoro-2'-deoxyuridine (2'-FUdR) (Rf=0.54)

was eluted with absolute ethanol to yield the title compound

(15.6 mg, 46%¥. *H nmr (DMSO-d¢) &: 3.45 [3H, m, C,'-H anQ

Cs'=H1, 4.14 [1H, m(Jy, L =24), C3'-H], 5.02 [1H, d(Jy. F=\52) of m,
Cot-H], 5.66 [1H, d(Js ¢=8), Cs-H], 5.89 [1H, d(J;, F =18)

of d(J1r 20 =2), Cav-H1, 7.88 [WH, d(Js ¢=8), Co-HI.

[y

Reaction of Anhydrous Hydrogen Fluoride- 18 with 2 2'—Cyclo—

ur1d1ne ‘

titrated with 0.1 N sod1um hydrox1de to determ1ne the. amount

+

The hydrogen fluoride-18, generated as described in

- section II1.C,1, was trapped on-line in a suspension of

2,2'-cyclouridine in dyoxahe. A teflon-lined stainless steel

© vessel servéd as both the reaction vessel and the trap. An

v

aliquot of the react1on so]ut1on was diluted W1th water and

A 1

&



of unreacted hydrogen t]uoride. The remaining reaction volume
was treated with an aqueous suspension of calcium or barium
carbonate. The supernatant was filtered and the solvent was
removed in vacuo. The residue was redissolved in water and
passed through a minicolumn of either lanthanium fluoride on

~

DEAE cellulose (5% w/w) or aluminum oxide to remove the free

fluoride-18. The identity and radiochemical yield of the

product was determined by silica gel tlc, rp-hplc or prepara-

tive silica gel column chromatography (Merck B column). *
) O

iii. Reaction of Anhydrous HydrogeR'Fluoride with 6-[3H]:2,2'-

Cyclouridine | | .

‘A methano]ic solution of 6-[*H]-2,2'-cyclouridine (3.07
MBq, 4 9 umol) was evaporated to dryness in a teflon v1a1
under a stream of nitrogen, then dried,in vacuo (< 0.13 kPa) ’
. at ambient temperature for 24 hours. Tbe residue was dissolved
in anhydrous dioxene (1.3 ml1) and ;he solution was saturated
with anhydrous, hydrégen fluoride whlch was bubbled into the
solution through a rubber septum. “The rubber septum was
replaced with a teflon.eap and the seaTed vial was placed in
‘a stainless steel reaction vessel containing 1.0 ml dioxane,
“to equi]ibrete internal and external pressure, and heated at
-; : 110°C for 15 hours.; The straw colored reaction mixfufe was
treated with aqueous calcium carbonate unt11 the evolution” of

»;,;“g<\ carbon dioxide had ceased The suspens1on 'was f11tered and -

YO '~=w the so]vent removed in vecuo The res1due was pur1f1ed by
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preparative silica gel tlc using chloroform-ethano] (4:1\v/v)
as the development solvent The chromatographic band ‘
migrating with authentic 2'-FUdR wa; eluted and rechromato-
graphed us1ng chloroform dioxane- mexhano1 (8:6:3 v/v) as the
development so]vent The band co- chromatographing with
standard 2'-FUdR was eluted with methanol to gjve 6-[3H]-2'-
fluoro-2'-deoxyuridine in 19.2% (O.SQVMBq) radiochemica] yield.
The specific activity was calculated to be 21.67 MBq mmol=!.

b.  2'-Fluoro-2'-deoxycytidine (2'-FCdR)

i. Reaction of Potassium Fluoride with 2,2'-Cyclocytidine

ﬂydrochforide in the Presence of Dicyelohexyl-la-Crown—G'

Potassidm fluoride (496'mg, 8:5? mmol) was drfed in vacuo
at 160°C for 12 hours and 2 2'-cyc1ocyt1d1ne hydrochlor1de
(140 mg, 0.532 mmol) was dried in vatuo (< 0.1 pa¥ at .
amb1ent,temperature~for 72 hours. chyclohexy1-18‘erown-6‘
(202 mg, 0.543 mmol), anhydrous benzene (20 m1) a:d anhydrous

dimethy]formamide (20‘m1) were added to the dry otassium§

f]uoride under a helium atmosphere and the solytion heated
at 130°C. When the benzene azeotrope had been/collected I
* (80 min), dry 2,2 -cyc]ocyt1d1ne hydroch10r1de was added and
- the reactwn m1xture was heated under reflwx for E'S hours.;
The solvent was removed in vacuo and thefre51dua1 o11 adsorbed
;..ontq?a-slurry of silica ge] and ch]oroform | Th1s mater1a1 was
added to a slurry- packed s111ca gel co]umn and e1uted with a

0 .
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c.

N

‘ch]onoform-methanol\SB:Z v/vi. Fractions 15, 16 and 17

6-Ch10rouraci1

*‘Stepwise ioﬂvént gradient from chloroform (250 ml1) to

(15 m1) were combined to give 2'-f1uoro-2'-deoXycytidihé_in

52;7% (69 mg, 0.281 mmof) chgmical yield. 4 nmr (DMS0-d )

1/

. 6: 3760 [3H, m, Csi-H and Cy1-H], 4.14 [1H; Mg, £220),¢

Cs'=H], 4.90 [IH, diaz._F=;54))of'd(J2.,3. =4) of d(J;+ 11 =2),

. i

_ , ol . _ gy
C,*-H1, 5.20 [1H, q(Jgi_gy 51y =4)» Cs'-0H, exchanges with
deuterium oxidel, 5.62 [IH,d(Jyi_ gy g1y =6)s C3i-OH, -

s [1H.1d050 gy 30h =80 Co;
exchanges with deuterium oxide], 5.82 [1H, d(Js ¢=8), Cs-H]; "
=18) of d(Jyr,,1 =2),-Cy1-H], 7:21

LY

5.89 [lH,‘d(JI.’F

-and  7.38 ~[2H, C4-NH, exthanges with deuterium°dxidg1,

 7.92 [1H, d(Js,e=8), Ce-HI.

)

&4

. Demethylation bf’2,4-Dimefhoxy-6-ch1orgpyrimidine

A solution of 2;4-d1métﬁ8xy-5-ch1orqbyrimidine (5.89 g;f

33.7 mmol1) in glacial acetic acid (450 m])»and 2.0 N‘hydro-

1 .
chloris acid (65 ml1) was heated under reflux for 45 minutes.

‘Rémoval of the solvent in vac%g at 45°C afforded a yellowish ~

solid which was recrystaﬂ]iied.twice from water to gi?g if

6-chlorouracil as fluffy Wﬁité-cfystals, mp'295-298°C\(déC), :
Tit. 298-300°C (dec)®* (3.587 g, 72%). *H nmr (DMSOxds) 6
5:73 [1H, s, Cs-H], 11.24 [1H, s, Ni-H exchanges with deuterium

oxide], 12.00 [lH, s, N;-H .exchanges wfth deuterium oxidel; -
7

* exact mass ca]cy]atedbfor CuH3N,0,%5CT: 145.98825; found
- (high resolution ms): 145.98736. ‘
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1

“. N . . o ~ i ' “u
Calcium Chloride Exchange of 6-Iodouracil

c
-

( Anhydrous ca]c1um chloride (2 76 mg, 0. 025 mmo1) and

N

“ 6- 1odod;5211 (17.7 mg, L 0.074 mmo]) were sdspended in- dry
d1methy1formam1de (50 p1) in a- sea1ed g]ass pressure- vial.
The suspens1on was heated at 140°C W1th gent1e intermittent
agitation unt11 -the mixture became homogeneous -The so]ut1on
gradudl1y changgd color and formed a red-brown precipitate

A

after 60 minutes. The yield of 6¥cthrouréc11;;gﬁgﬂﬁﬁ?éd by

1=

quaﬁtitati%ér;ﬁ>hgjc (water-methanol 49:1 v/v),'was 77.4%

_ . o : : - :
- (5.49 mg, 0.039 mmol). - Product identity was established by

cochrgmatdbraphy with‘adthentﬁc 6-Ch10royrac11 on silica gel
‘tlc'using ch]oroform-e%hdﬁoT (4:1 v/v) as déve]opment solvent ‘
and erhplc.(as aboVe);" l

rs

iii. Calcium €hloride-36 Exéhahge of G—Podourééiiﬂwi/ '

| v \
Calédum hydroxide (13.26 mg, 0.179 mmo1) Was‘titrated
directly in the’reaction via] with an adueous solution of

[*®C1]-hydrogen chloride (1.88 MBd, 0.323 mmol). The[vial

" was sealed, agitated until the calcium hydrqxidé had dissolved

and the water was then removed in vacuo at 85°C. 6-Iodouracil

(79 2 mg, 0.333. mmo]) and dfy dimethylformamide (200 yl) ware 2

added to, the anhydrous calcium ch10r1de 36. The susbension

was heated. at 152°C‘for 30 minutes, at which time ana]ytjca]
t1c.C311ica'ge]) using.chlorofofm—ethano1 (4:1 v/v) indicated
that 77% of the 36C1‘activity’wds‘assocfated'wfth the 6-¢h1oro-‘”

‘uracil standard. The residual activity remained near the

R AR e vy
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4.“\ - .
solvent front. 6-[3°C1]-Chlorouracil was separated from

-

Unreactéd 6310douraci1 and‘calcium‘th1oride-36 by preparative

Ccc (5 mm S1l1ca ge] d1sk) with a solvent gradient elution'froﬁf

100% ch]oroform to ch]oroform—ethano1 (3:2. v/v) Fractions 25

through 35 (50,m1) were combined and the so]ventgwas reﬁbved
in vacuo. The residue was redissolved in water and passed

.thrbugh a AgCl-cellulose column to remove chloride-36

contaﬁihation, which gave a final rad1ochem1ca1 yield of

31.6% (0 59 MBq)

d. '2'-Ch1oro-2'-deoxxyridine'(?'-ClUdR)

A

-
£

. Reaction of Sodium Chloride with 2,2'-Cyclouridine

Sodium chloride (2.63 g, 44.58 mmol1), 2,2*-cyclouridine

(1.02 g, 4.50 mmo]) and trifluoroacetic acid (5.0 ml, 66.6

mmo]) were st1rred in dry d1methy1 ormamide (15 ml) at 130°C for

20: m1nu$es. The reaction mixture dupérnatant was poured 1nto

rco]d diethylether (75 m1) giving a white precipitate which

wds recrystallized from methanol to yield 624 mg, (2.38 mmol,

52.9%) of Zf—chloro-Z'—dede&ridine (2'-C1UdR) , mp 206-207°C,

1it. 207-21272. . The reaction mixtufe residue was dissolyed

in methanol and the-products were separated by,prepayative’

. cc (5 mm silica gel disk) using a solvent gradient from

| chlorofofm (100%) to ch]orofofm-methanoT (2:1 v/v).

Fractions 12,13 and 14 (50 ml) contained 2'-CTUdR (*H nmr

~and tlc), fractions 16, 17 and 18 contained ara-U (identical

©

b

-
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‘ C?-uH], 4.18 [1H, m, collapses to a triplet after geuteriuh ~

" t(J1r 20 =dz1 30 =5), Cp1-HI, 5.22 [AH, broad s, Cs'-OH,

4 264.0363. -

30 minutes. The solvent was removed in vacuo and the rgaction

 mixture was purified_by\;;EEErative cc using a solvent»qradien;

1

by *H nmr and tlc with an authentic sample) and fractions)

20 through 26 contained 2'lcyc1ouridtpe (tlc). 'H nmrﬂ

(DMS0-ds) §: 3.62 [2H, (broad), Cs:-H], 3.96 [1H, m, ,

oxide exchange (Jz+ 3t =J3+ 4+ =5), C3i-H], 4.53 [IH,

/

exchanges with.deuterium oxide], 5.65 [1H, d(Jsis =8), Cs-H],
5.86 [1H, d(J3.;0H’3, =5), Ca«,PH,"exchanges With:deutoriom
oxide], 5.99 [1H, d(Ji*,z* =6), Cy'-H], 7.92 [1H, d(Js,s =8),
Ce-H]; exact mass calculated for C9H11N§0;35C1: 262;0358;-?ound-
(high resolution ms): 262.0367; exact mass calculated for

CsH13N2057CT: 264.0327; found (high resolution ms):-

1Y

_ii. Reaction of Sodium Chloride-36 with 2,2'-Cyclouridine

An aqueéus-so]ution‘of'hydrogen ch]ofide-36 (3.18 MBq;
20.52 mg, 0.56 mmol) was titrated with aqueou5310.ofN sodium
hydroxide (55 ul; 0.55 mmo])‘diYectlyviovavgJass pressure vial.
The woter,oas removed in vacuo at ambien‘.iemperature and the
contents were'drjed 15_!5529 at 170°C for 2 hours. lAiSoiuZion -
of 2,2‘~cyclouridino (123 mg, 0.54 mmol) in inhydrous _
dimefﬁyﬂformamide (S.O;ml) and(triflooroaceticracid (SOHCH,

!
0.65 mmol) was added and the reaction was heated at 163°C for

—

of increasing proportions of methanol. in chloroform. Fractions R
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24 through 28 (50 ml) affdrdéd the desired 2'j[35C1]-C1UdR ¢
in 29.8% (43.0 mg, 0.164 mmol1) chemical yie]d and 29.4% 
(0.93 MBq) radiochemical yield as determihed by sf-hp]c
(methanb]-Water_l:lQ v/v). The theoretica1‘spécifﬂ¢ aéyivity .

was 5.56 MBq mmol1~'; the observed specific activity was

. 5.46 MBq mmo17%. The’product was ideptified by cochromato-

iii.

_ graphy with an authentic sample &y silica gel tlc using

“ichloroform-dioxane-methanol (8:6;3 v/v) and chloroform-

ethanol (4:1 y/V) and rp-hplc {methanol-water 1:19 v/v).

©

Reaction of Magnesium Chloride-34m with 2,2'-Cyclouridine

+

A suspension’of magnesium chloride-34m (v 2.10 mmol, t.

19.26 MBq) in methanol was evaporated to dryness at 160°C

~under a streém‘of helium A solution of 2 2‘-cyc10dridine

(12 6 mg, 0.056 mmol) in anhydrous d1methy1formam1de (3 m1)
and tr1f1uoroacet1c acid (325 u] 4 2 mmol) was added to the

,magne51um chloride-34m and the suspens1on was, heated at 160°C

- for 15 minutes. ‘The reactnon m1xture was eluted with methanol

- from a mini co]umn of aluminum ox1de pr1or to pur1f1cat1on by

preparat1vé‘s111ca gel tlc us1ng chloroform- ethano1 (2 1 v/v)

as thé development solvent. The product which coghromato—

'graphed with authentic 2'-C1UdR waf/%?éovered in 55.8% chemical

yield (8.19 mg, 0.031 mmol) as estfmated from rp-hplc. The
?H nmr'spectrqm and tic Rf Va]ueé ware identical with an

authentic sample.
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‘ s
The 2'-[*“MC1]-C1UdR was recovered in 2.7Q‘60.5% MBq)

radiochemical yield (calculated at *he end of irradiation)._

4

Reaction of,DoWex 21-K Chloride with 2,2'—Cyc1ogrid1ne

-

Dowex 21-K an1on exchange resin (33 9 mg, 0.152 mmo1
“of ‘chloride an1on) and 2, 2 -cyc]our1d1ne (32.5 mg, 0. 144
mmo]) were suspended in anhy@rous d1methy1formam1de (3.0ml).
Trif1uoroacetie acid‘(15 ul, 0.20 mmol) was added and the

reaction was stirred at 160°C for 60 minutes.“Reaction‘“

‘progress was monitored by rp-hp1c analysis of-aliquots L

(20 1) taken during:the course of the reacfions . The final

product was purified by preparafiye tlc with chloroform-

~ethanol (4:1 v)v) as deve]opment solvent. The *H nmr

spectrum and tlc Rf va1ues were identical with an authentic

samp]e N

\

Reaction of Dowex 21-K Chloride-34m with 2,2'-Cyclouridine o

Appreximately 3 cm (equivalent tp O. 063 mmo1 chloride)
of the jon exchange trigp1ng co]umn labelled with 19. 07 MBq
"of MCT was added to a solution of 2 2' -cyc]our1d1ne

(13.0 mg, 0.058 mmol) in anhydrous dimethylformamide

(1.2 m1). Trifluoroacetic acid (0.026 mmol) was added

to the suspension and the reaction mixture was stirred at

140°C for 15 minutes. ,The~pro§ress of the reaction_ was - %ﬁﬁﬁ@‘

* monitored by silica gel rad% -tlc with chloroform-ethanol
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(2:1 v/v) as the development solvent.  Jhe radiochemjcal

.yield was calculated to be 22.2%(4.26 MBq) with a specific

’ - { .
activity. of 0.304 GBg mmol™! (calculated at the end of

»
irradiation). e P

[®H]-2,2"~Cyclouridine

!

Reaction of Ca]ciuﬁ

A mgthanoIiC‘solutioh of 6-[3H]-2,2'-c;£:oukidine (2.87
MBq) was evaporated to dryness directly in a glass pressure

reaction vial under a stream of hitrogen'gas_at ambient

_ temperature. Anhydrous calcium chloride (1.9 mg, 17.0 umpl)

was addéd, and the vessel Qﬁs‘sealed and dried in vacuo
(< 0.13 kPa) for 18 -hours at ambient temperaﬁure. Anhydrous -

dimethylformamide (0.5 ml1) was added and the suspension was

‘heated at 150°C foh approxihate]y 2 mih to effect solution.

After the suspension cooled to ambient temperature, tri-
fluoroacetic acid (5 ul, 65 umol) was added and the reaction
mixture was heated at 150°C for 15 minutes. The reaction

mixture was pu%ified directly by preparative silica gel tlc

“with chloroform-ethanol (4:1 v/v) as the development solvent.

| The faint uv absorbing band which corresponded to an |

authentickstandard was‘extracted to give 1.52 MBq of
6-[*H]-2'-CTUdR (53.2% radiochemical yield). The specific
activity was’deiérmined by a combination of rp-hplc and

1sc'to be 11.1 GBq mmol-l.
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e. 2'-Bromo-2'-deo}yuridine (2'¥BrUdR)

14
. , - N

Reaction of Potassium Bromide with 6-[*H]-2,2'-Cyclouridine

~ .
N ]

. A methgnolic solution of 6—[3H];2,2'-cyclouridine (%.74

' MBg) was EVapoe?ted to dryness directly in a glass pﬁESsure

react1on vial under a stream of nitrogen gas at ambient

temperature Anhydrous potgfs1um bromide (4. 40 mg, O. 037 mmo])

was added to the vessel which was sealed and dr1eg.1n vacuo
& w“k i‘*mm i .
(< 0.13 kPa) for 18 hours at ambient temptrﬂt d

dimethylformamide (0.5 ml) was added to the react1on and the f;g, ;E
SUSpensidn was heated for approximately 3 minutes‘to’éffeet

solution. The suspension was cooled te foom temperature, 
trif]ﬁbroatetic.ecid (5 ul, 0.085 mmol) was added, and

the reaction mixture was heated at 150°C for 30 mihutes. ~The

reaction mixture was purified directly by preparative tlc

with ¢Hloroform-ethanol. (4:1.v/v) as the development solvent.

f.  2'-Iodo-2'-deoxyuridine (2'-IUdR).

Extraction of the very taint uv absorbing band‘yhich cofreSponded
to authentic standard gave 6-[3H]-2'-BrUdR in 26.6% radio- '
chemical yield (0.73 MBq).

i.

Reaction of Sodium Iodide with 2,2'-C1€10uridine

Sodium odide (3.08 g, 20.53 mmol) and 2,2'-cyclouridine

(0.445 g, 1.97 mmol) were suspended with vigorous stirring in

v

dry dioxane. Trifluoroacetic acid (1.0 m1, 12.9 mmol) was
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added and the suspension heated at‘reflux for 25 minutes at
which time most of the_so]ids had dissolved 1eaving.é ye]]ow
solutiqp.  Thé.dioxane from the reaction supernatant was

removed in vacuo and the residue was recrystallized from-

- absolute ethanol to give 2'-IUdR (0.366 g, 52%P, mp 152-154°C

(dec); Tit. 145-147°C (dec)**®. 'H nmr (DMSO-d¢) 6: 3.58 -
[2H, km‘,'C\yst-H], 3.90 [2H, m, Cs¢-H and Cur-HI, 4.@; [m,
d(Jz¢,50 =3) of d(J1",2+ =8), Cor-H], 5.15 [IH, tg, gu gy
5), C;j-OH, ekchanges with deuterium oxide], 5.68 [1M,
d(Js,6=8), Cs-Hl, 5.98 [1H, d(J. 3._gy =5, Ca'-OH, exchanges
with deuterium oxide], 6.20 [1H, d(Jy' ,*=8), Cy'-H], 7.85
[1H, d(Js,6=8), Ce-HI.

‘Reaction of Hydrogen Iodide with 2,2'-Cyclouridine T

\2,2'—Cyc10uridine_(64.2 mg, 0.28 mmol) was suspendgg*in
dioxane (25 ml) and hydrogen iodide gas was bubbled directly
into the reaction mixture (5 ml min~! for 20 minutes;

4.5 mmol). - The reaction VeSSel was sealed and heated.at

1100°C ‘for 60 minutes. The solvent was removed in vacuo at

30°C and the residue.was’chromatbgraphed on two silica gel -
plates (20 cmx20 cmx 0.53mm). The twa major products were
identified by tlc as unreacted 2,2';cyc10uridine (R =0.15)
and 2'-IUdR (R¢=0.55). The 2;-IUdR was e]uted'%rom the
silica gel in-29.9% chemical yield (30.2 mg). - The *H nmr
spectrum aﬁd tic Rf values were identipa1 with an authentic

sample.



iii. Reaction of Sodium Iodide-125 with 2,2'-Cyclouridine

iv.

L4

X

¥

I'e
Sodium jodide (5.2 mg, 0.035 mmol) and 2,2'-cyclouridine

(16.6 mg,“b.073 mmol) were ddded to an aqueous solution of
iodine-125 (98.0 MBq) in 0.1 N sodium hydroxide (0.030 mmol)
and dried in vacuo (< Ot13 kPa) at ambient temperature for
24 hours. Dry dioxane (é.o ml) was added and the suspension
was heated at 150°C to effect solution. The solution was
cooled to room temperature, tfifiuoroacetic acié (10'u1,
0.13 mmol) was added and the reaction mixture heated at
148°C for 16 minutes. The light yellow supernatant was
removed and the résjdue-was washed with dioxane (1.0 ml).
The two fractionsﬂwére combined and purified by preparative
tlc using chloroform-ethanol (4:1 v/v) as the.development
solvent. The uvfabsorbing band which cochromatographed

with éuthentic 2'-1UdR was extracted with methanol to give
2'-[*2517-1UdR in 47% (45.9 MBq) radiochemical yield. The
specific activity was determined by rp-hplc agd'gamma
spectroscopy to be 2.72 GBq mmol~!.

|

' ' ! . ) |

Reactioﬁ of Sodium lodide-123 with 2,2'-Cyclouridine

A methanolic solution of sodium iodide-123 (0.45 GBqs
0.0014 mmol) was evaporated to dryness directly in a

gﬁass pressure vial at 135°C under a stream of nitrogen gas.

~ Dioxane (1.0 m1), 2,2'-cyclouridine (O.6lmg, 0.0026 mmol) and
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trifluoroacetic acid (2 ul, 0.026 mmol) were added to the dry
sodium iodide-123 aﬁd stirred at 135°C for 15 minutes. The
light yellow supernatant which contained 90% of the radioactivity

was purified directly via silica gel tlc with chloroform-

ﬁthano] (4:1 v/v) as development so]vént. The uv band which

corresponded to authentic 2'-IUdR was extracted with methanol
to give 2'-[**°I]-IUdR in 83.1% (0.37 GBq) radiochemical yield.
Radiochromatographic analysis with rp-hplc and silica gel tlc

cohfirmed the identity and radiochemical yie]J.(SO:O%) of the L

. product. The specific act{vity was calculated to be 0.63 qu

mmo1-1,

"
VR

Reaction of NCA Sodium Iodide-123 with 2,2'-Cyclouridine

‘Todine-123 (0.46 GBg) was recovered from the gold foil
by non-isotbpic exchange with methanolic sodium ch]oridé
(0.0062 mmo]) without added carrier iodide and evaporated to
dryness directly in a glass pressure vial by heating under a
stream of nitrogen gas. Dioxane (1.0 ml), 2,2'-cyclouridine
(0.8 mg, 0.0035 mmoi) and trifluoroacetic écid (2 ul, 0.026
mmo])dWere added to the '2°I and the suspension was heated
at 135°C with stirring for 15 minutes. A]fquotﬁiof the
reaction were diluted with carrier 2'-IUdR and analyzed
radiochromatographically. Silica gel tlc (ch]ofoform-
ethanol 4:1 v/v)rand rp-hplc (water-methanol 9:1 v/vj
indicated t;e radiochemical yield of 2‘:[1231]-iuqR to be

20.8% and 21.3% respectively.
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Reaction of Sodium Iodide with 2-['*C]-2,2'-Cyclouridine

Sodium iodide (0.304 mg, 0.002 mmol) and 2-[**C]-2,2'-
cyclouridine (0.130 MBq) were dried in vacuo (< 0.13 kPa) at

80°C for 4 hours and then at ambient temperature for 12 hours.

Dioxane (200 ul1) was added and the resulting suspension was

stirred at 140°C to effect solution, and allowed to cool to
ambient tem é;;£;re. Trifluoroacetic acid (5 ul, 0.065 mmol)
was added/;Zd\the solution stirred at 136°C for 15 minutes.
The 2-[*“C}~ '-IddR was isolated directly, by preparative
silica gel tlc with chloroform-ethanol (4:1 v/v) as
development so]vént,in 28.7% (0.037AMBq3 radiochem‘ia] yieyﬂg
A radiochemica]ipurity of 97.8% was determined by radio-tlc

with ch]oroform—dioxane-methano] (8:6:3 v/v) .as devefopment

solvent,

6-Iodouracil

i.

Sodium Iodide Exchange of 6-Chlorouracil

Sodium iodide (7.972 g, 53.15 mmol) and 6-chlorouracil

(0-989 g, 6.75 mmol) were stirred in dimethylformamide (8.0

‘ml) under a nitrogen atmosphere for 75 minutes at 145°C. The

dark red suspension, which solidified upon cooling, was
transferred in aqueous methanol and the solvent removed
iﬂ.!EEEQ at 60°C. The residue was stirréd with hot water
(8.0 p]) and the supernatant‘was‘}emoved to yield 0.144 g of a

yellow water-insoluble solid. Another 0.843 g of a similar
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yellow solid precipitated from the aqueous supernatant,
after it cooled to room temperature to give a combined
product weight of 0.987 g (4.14 mmol, 61.4%), mp 272-275°C
(dec). A second recrystallization from absolute ethanol \\
gave pale green to colorless needles in 34.3% yield (0.551

g,,2.32 mmol); mp 278-279°C (dec) 1it: 279-280°C (dec)*®*:

'H nmr (DMSO-ds) 6: 5.82 [(1H, s, Cs-H], 10.35 [1H, broad s,

N;-H, exchanges with deuterium oxide]; exact mass calculated

for C4H;3N,0,1: 237.9230; found (high resolution ms)

237.9238.

Sodium Iodide-123 Exchange of 6-Chlorouracil

Sodium jodide-123 (0.36 GBg, 0.0007 mmol) in methanol
(0.5 m1) was evaporated in a stepwise manner directly in a
0.2 ml glass pressure reaction vial at 150°C under a stream

of nitrogen. Sodium iodide (12.0 mg, 0.081 mmol), 6-chloro-

uracil (19.3 mg, 0.131 mmol) and dimethylformamide (25 pl)

were added to the sodium fodide-123 and heated at 150°C

for 113 minutes. The reaction mixture was dissolved in
methanol and purified by preparative tlc (chloroform-

;thanol 2:1 v/v). The uv absorbing band which cochromato-
graphed with authentic 6-iodouracil was recovered in 44.4%
(0.16 GBq) radiochemical yield. Quantitative and quali-

tative rp-hplc (water-methanol 9:1 v/v) analysis of the

<rude reaction product indicated a radio;hemica] yield 4

of 45.5% of 6-[123]]-iodouracil. »
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2,2'-Cyclouridine (2,2'-CUR)

ii.

o o |

1

. ! . ‘ .
~ Reaction of Diphenylcarbonate with Uridine

Uridine (1. 99 g, 8.14 mmo]), d1pheny1carbonate (2 81 g,
13.0 mmol) and sod1um-b1carbonate (0.0% g,wQ,Smemo]: were

dissolved in dry d1methy]formam1de (4.0 m1) and stirred at

140°C for 25 minutes. The reaction m1xture was poured onto

ice cold diethyl ether (20 m1), to yield a yellowish
semisolid precipitate which was recrys%a]]i;ed from hot .
'methéno1vto give 2,2'-cyciouridihe’(1.36 é; 73.7%) as an

off white powder, mp 238-239°C.‘ A second re;rysta]]izétidh
ffoh'hot méthano]_gave the product as Cplorless, needle-like -

crystals (0.804 g, 43.7%) mp 242.5-244.5°C; 1it 238-244°C%;

246-248°C°%), H nmr (DMSO-d¢) &: 3.26 [2H, m(collapses to -

a-d(Jyr s =5.5) after dedterium oxidemexchange) Cst-H],
4.11 [IH, t(dur 51 =5), Cur-H], 4.43 [IH, 40330 31_on
= 3), col]apses to a s1ng]et after deuter1um exchange,
C3--H], 4.99 [1H, t(J5 _OH,5" =5) exchanges w1tﬁ
deute¢1um oxide, Cs'-OH], 5.24 [1H, d(J1',27 =6), G, -H1,
5.86 élH' d(Js 6 % 8), Cs-H], 5.92 [lH d(J3 GOH 3. =4) |
exchanges with deuter1um oxide, Can-OH], 6 34 [1H,

d(Jl',z"'G), Cl"H]s 7.87 [1H,.d(Js ¢ = 8): Cs -H].

:Reaction of Dipheny1carbonate with 6-[3H]-Uridine

\

'Uf{dineJ(Z.O'mQ, 0.0082 mmol), diphenylcarbonate (4.85 mg,

"0.025 mmoT)?and'sodium bicarbonéte (v 0.05 mg)>were‘mixed with

v
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radiochemical yield was 83.7% (6.68 MBq).

87

- an aqueous solution of 6-[*H]-uridine (7.98 MBq). The water
‘was removed under a stream of nitrogen gas at rooﬁi;emperature

and the reactants were dried in vacuo at 40°C for 9 hours. The

dried reactants were dissolved in‘dimethy]formaﬂide (0.3 ml)
and heatéd at 153°C for 15 minutes. The solvent'was removed

under a stream of nitrogen gas at ambient“temperature_and the .

‘product used withaut further pqrification. The product was

identified as 6-[?H]-§,2'-cycloug141ne by radiochromatographic

analysis on silica gel tlc (ch]orofprm-ethaﬁgiil;l v/v). The

po)

L

—

i. Effect of Reaction Time on Yield of 6?[3H]¢2,2'-Cyclouridfne

Uridine (14.5 mg, 0.06 mmo1), diphenyicdrbonate (18.5 mg,

© 0.10 mmol) and sodium bicarbonate (catalytic amoufit) were

added to an aqqeoué solution of 6-[3H]-uridine (0.25 MBq) and
dried in vacuo for 2 hours at ambient temperature and then
for a further 16 hours at 80°C. Anhydrous dimethylformamide
(0.5 m1) was added to the reactants and the reaction mixture

was stirred at room temperature until dissolution was comp1ete.

. The solution was heated at.152°C for 30 minutes. Samples (10

ul) were removed at 5 minute intervals for t1¢ analysis (dupli-

cate). A 3 ul aliquot of each sample was plated djreétlf'onto

rd

silica gel tlc plates. The remaining 7 ul aliquot was added to

a methanolic solution of‘uraci1, uridine and 2,2'-cyclouridine

and applied to the tic plates. A1l tlc thométograms Weré



debe]dped with chloroform-ethanol (1:1 v/v) as the development
~ solvent. The standards were lo&ated by uvivisualization. The,

appropriate secfions“were analyzed by 1sc.and\the fraction of

the toté] radiqq;fivityvassociated with eéch compound wasf :

calqulated.

ij\-q

Arabinouridine (Ara-U)

.

i. Reaction of Sodfum Hydroxide with 2,2'-Cyclouridine

| A solution of 2,2'-cyclouridine (68.4 mg, 0.28 mmo1 ) inu
10N aqueous sodium hydroxide (1.0 mmot) wés heatea at 148°C -~
- for 5 minutes with stirring. The reaction products were |
‘separated by cc.using ch]orofdrm-methanol»(4:1 v/v) as the’
deVeTopmeht solvent.' Fractions 6 through 9 (50 ml1) gave
arabinouridine (15.4 ng, 22.6%). H nmr (DMSO-dg) &:
© 3.58 [2H, m, Csi-H], 3.72 [2H, m, Cy1-H and C,'-H], 3.93
[2H, m, coliapses to d after»exchange with deuterium oxide
(011 21=021,5124) C, i;,—Hiiand C21=0H], 5.00 [1H, broad s,
Cs-0H, exchanges with deuterium-?xide],-5.54 (2H, d(J555‘=8),'
Cs-H, broad s, Cy'-0H, exchanges‘w%th,deuterium oxide], f
5,95 [IH, d(Jy+ o+ =4), Cy-H], 7.58 [1H,‘d(J5',s=é),
Ce-H], 11.30 [1H, broad S, N;-H, exchandgg withydeuterium

oxide].
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3. Tissue Distribution .

6-Iodouracil and the 2'4ha1o-2'-deoxyuridine analogues were.
designed to be Qsed for }umg;'delineation and determination of the
proliferative potential of a tumor maés using non-invasive gamma- |
camera imagingztechniques. 'The tissue distributibn studies ‘were désigned
to determine whether or not_thg.radiohalogeneted analogues synthesized |
have the characteristics of a useful tumor delineating agent. Three
distribution parameters were. considered important: | |

1. | the degree of tumor_speéificify (tumor specific activity‘reiative
to other tissues); : | i

2. the absolute concentration of radioactﬁvity in the tumoﬂ»(number
of- photons available for detec;jon); and | B ‘

3. the ratio between the radjoactf?ity in the tumor ‘and ih'the blood
and:between the tumor and the surroundihg tissue (the degree of
contrast between the tumor and background radiation)*s,

; Tﬁese parameters were determined as a fun;tion of time after
injection of the radiolabelled aqa1ogues. The_chemica]yidentity of

the radjoactivity in the tumor and background tissues was nof determined.

bécause.the gamma-camera cannot distinguish between the 1nitiai chemical /

form of the injected radiocactivity and any-metabd]ites which retain the ///

/
radioactive labell®., /
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"Animal Tumor Models

i.

Lewis Lung Carcinoma , \

The Lewis lung tumor model has been used for
screening of chemotherapeutic agents by the U.S. National
Cané;f Institute %7, The Lewis lung carcinoma originated
spontaneously as a carcinbma of "the lung fn a C57BL mouse.
it js a rapidly growjng tumor of the epidermoid carcinoma )
type. A solid tumor is formed after subpannicular trans--
plantation of a small piece of the tumor 148, |

j/ia;:[;W$s\1yngfcartinoma tumor model used in these
studies was donated by Dr. A.R.P. Paterson 6f thé McEachern
Laboratory, University df A1berta. The tumor 1jne was
maintained in young adult (‘20-25,g~) male, BDF, hybrid

mice as a solid tumor 1*8. A donor mouse bearing the solid

tumor was sacrificed by cervical dislocation 5ﬁd\tge tumor”

. . | .
mass was excised and submerged in steri]e‘physio]ogicat*x\_

saline.” A fragment of the tumor was inserted subpannicu]ar]yh‘

-in the pectoral'region of an anesthetized ( diethyl ether )

‘mouse with a trochar 1482, Tumors were re-transplanted

in a ten to twelve day cycle for maintenance and eightito

ten days in advance for tissue distribution studies.
4
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fi.'walker 256 Carcinoma
The Walker 256 carcfnoma originated spontaneously
as a mammary adenocarcinoma in a female rat. It is a
hardy tumor and can be maintained in a variety of rat
strains as a solid tumor~1“9. The Walker 25; tumor model
. has beé; used to screen a number of exberimenta] tumor
imaging‘agents’12’15°1 !

The Walker 256 carcinosarcoma tumor model was maintaihed
by the Central Animal Laborgtory of the German Cancer
Research Centerlin Heide]berg. ‘Young, male, Histar rats
( 200-250 g ), 1n6£u1ated either subpannicularly in*the
upper ddﬁsé] region or intramuséu]ar]y in the right hind
muscle group were obtained dirétt}y from the animal center. °

Approximately 107 ce]]s”were,transp]anted for each,tnmor, five

to seven days before use.

Tissue Samp1es

Thirty seconds before expiration of the time interval, é%ch
animal (rat or mouse) was anesthetized with ether, exsanguinated
>by cardiac punéture; theh sacrificed by cervical dislocation.

The tissues of interest were excised in their entirety, blotted -
free of blood and weighed. The whole organ or aliquots thereof
were brepared for analysis as described specifically for each
anaiogue tested. VThe muscle tissue samples consisted pf,specimens
from the front .and rear muscle grodps of the hind‘Teg contra-f

lateral to the tumor bearing leg. The fehur from the same leg
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. \\ .
. was taken as the bone sample. Thyroid upta\e of radioiodide was

blocked by administering 1% potassium iodide|in the drinking
water 48 hours prior to injection of radioiodide labelled
- compounds®®!, unless otherwise stated. Skin é’mBIgs were

obtained from the back of the animal to decrease tHe‘possibility

- . 3 ) - 3 \l \
of urinary contamination during handling. N

° 4
¢ - ) ¢

6-[3H]-2'-Fluoro-2'-deoxyuridine

The 6-[3H]-2'-fluoro-2'-deoxyuridine (42.6 GBq mmol~!) was
gengfously prepared for this study by J.R. Mercer. Five male
Wistar rats bearing Walker 256 carcinomas were used for each time
period. Each rat was injected with 0.15 MBq (3.5 pmol) of 6-[3H]-
2'-?UdR in 0.4 ml normal saline intravenouS]y‘via a tail vein.

- Aliquots of each tissue'(apbroximately 100 mg) were accurately
weighed directly in glass 1sc vials and %mmersed in So‘luene-350TM
tissue solubilizer (2,0 ml). Each sample was heated at 50°C in a
water bath until a‘c1ear solution, free from particulate matter,
was obtained. Upon cooling to ambient temperature,,the samples
were disso]ved in 15 ml of a liquid scintillation cocktail
consisting of diphen&1oxazole (4.0 g 17%) and E;bis-[?-(S-pheny]—
‘.oxazo]y])]benzehe (50 mg 171) in toluene (TPP). Blaod samples
!were digested in 2.0 ml‘So]uene-350TM—iSopropanol (1:1 v/v) at
50°C, then decolorized With 30% hydrogen peroxide (0.2 m1). The
solubilized sample was fhen disso]véd in 15 m1 of a mixture of

InstageITM?iSopropanol (9:1 v/v) liquid scintillation cocktail.
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The standards for the tissue sample quench correction curve
were prepared using a tritiated water standard dissolved in

M

So1uene—350T and added to the TPP fluor. Each standard was

quenched with a blood and liver homogenate (1:1 w/w) solubilized
infSo]deée-BSOTM, The standard curve for the blood samples was
prepared with tritiated water in Instage]TMfisopropano1 (9:1 v/v).
tpe standards were quenchgd with whole blood solubilized in

Soluene-350M

and decolorized with 30% hydrogeh pero;ide.

The samples and standards were counted with a Berfhold
BF 5000/300_HP9825 liquid scintillation spectrometer. Counting
efficiency and background correction calculations were deterﬁiﬁéd'ﬁ

automatically.

2'-[35C1]-Chloro-2'-deoxyuridine

"2'-[35C1]-Ch10r0—2'—deoxyﬁridihe (5.66 MBq mmo1~!) was
purified by preparative cc as described e]sewheré (11I.C.2.d)
~and stored as a solution in sterile normal saline (77.3 kBg m1~1).
Analytical tlc and rp-hplc indicated a minimum radiochemical
pqrity‘of 97.6 and 99.5% respectively at the fime of use.

Six BDF,; mice bearing Lewis lung cafcinomas were used at
each time interva].studﬁed. .Each mouse was injecfed intra-
venously with 7.78 kBq of 2'-[3°C1]-C1UdR (1.37 dmol) in 0.1 ml

normal saline.
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° The excised tissues were'weighed’d1rect1y in glass lsc
vials. The entire heart, lungs, spleen, kidney, testis, tibia and
femur were wetted with distilled water (0.2 ml), immersed in NCS'M
(1.5-2.0 ml) tiséue solubilizer and heated.at 50°C until a clear
solution was obtained. "’ Aiiquots (approximafe]y 100 mg) of11ivef,
tumor and muscle were treated as described above. The samples were
cooled to ambient -temperature, dissolved in Riaf1uorTM Tiquid
scintillation fluor (15 m1) and neutralized with a mixture of 4%
“’aquedus: SnC1, and acetic acid (1:1 v/v) to decrease chemilumines-
cence. -
Blood samples (approximately 100 mg) Qere lysed with distilled

water (0.2 m]),‘digested in NCSTM (

1.0 ml) at 50°C for 1 hour and
decolorized with 30% hydrogen peroxide (0.2 m1).  The blood samples
were then treated as described for the tissue sampies.

Urine samples were collected by excising the intact bladder
and transferring it and the contenés to an 1sc vial. Aliquots
(5 ul) 6f‘ﬁrine wefe ahéayzeq directly by tlc (chToroform-ethano],
2:1 v/v). The plates were visualized under uv, the radiocactivity
cochromatographing with authentic 2'-C1UdR was isolated, and-the
remainder of the chromatogram was divided into 1 cm sectibns. The
distribution of radioactivity'oh the plate was determined as
described in section III.B.2. The urine remaining was diluted
with distilled waterb(O.Z ml) and counted direct]y in Riaf]uorTMv 
(15 ml1). S

The standards required for the quench correction curve were

prepared with aqueods sodium chlorjde-36 dissolved 1n'Riaf1uorTM

and were quenched with blood solubilized in NCSTM. The counting
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efficiency of an unquenched sample of 36C1 was assumed to be

152,153 and the quenched samples were normalized

approximately 100%

to the unquenched sample count rate. The samples were counted

with a Beckman LS9Q00 1iquid scintijlation.spectromeien,ﬁuhich
) , . '

determined the counting efficiency and background correction

automatically.

N
1 7/

2'—[123Ij-lodo-2‘-dEOQyuridine

-

i.  Tissue Distribution ‘ | )

2'-[*231]-I0odo-2"'-deoxyuridine was purified prior to use
by preparative tlc (silica gel) using chloroform;ethano1 (4:1
v/v).to remove organic impurities. An'aqueous solution of
the purified product was passed through a AgCl/cellulose
(5% w/w) column to remove4gny.free jodide-123 remaining.
Ana]yéica] micro tlc (silica gel) with chloroform-ethanol
(4:1 v/v)'as development solvent indicated a radiochemical )
purity greater than 99.0%.

Thfee male Wistar rats bearing Walker 256 fumors
inoculated intramuscularly in the riéht hind leg muscle group
were used for each timé period studied. Each r%t was injected -
with 1.48 MBq of 2'-[*?°I]-IUdR (0.63 TBq mmo171; 2.35 pmoT at
time of injection) via the tail vein. The tissuelsamp1es were
weighed direc%]y in plastic gamma counting tubes. The samples

M

were counted on a Tracor TN-11T high reéo]ution gamma ray

spectrometer programmed to correct for background and décay.
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ii. Whole Body Excretion

Three rats were injected with 1.67 MBq of 2'-['221]-IUdR
intravenously. The urine«and whole body elimination profile
of 2'-[*?31]-IUdR was monitored by determining the whole body
radioactivity remaining, after the rats were induced to
micturate, at various time intervals following injection.

The whole body radioactivity was measured at the designated .
time intervals with a Capi’ntecTM ddge calibrator. A measure-
ment obtained 30 seconds after injection ;asﬂset as time zero
~and all subsequent measurements were normalized to this gimé
and activity.‘ Aliquots of the urine co11ected after
micturition were di]uted‘with non-radioactive 2'-IUdR and
analyzed directly by micro tic (silica gel) with ch]oroform-.
. ethanol (2:1 v/v) as the development solvent. The chromato-
grams wefé visualized under uv 1ight and scanned for
qualitative distributionvof'radiéactivity with a Berthold
chromatogram scanner. The appropriate sections of. the
chromatograms were collected and quantitatively analyzed

by gamma spectrometry with a NaI(T1) well detector.

6-[123I]-Iodouracil

6-[1%%1]-Iodouracil was purified the evening befofe use by -
preparative silica §e1 tlc usfngych]oroform;ethanol (4:1 v/v) as
thevdeye1opment so]veht, then refrigerated in a dry state untif
use. The product was dissolved in water and passed through a

AgC1/DEAE ce]]u]ose\golumn immediately prior to use. Analytical

\ ‘ ey
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tlc (chloroform-ethanol 2:1 or 4:1 v/v) indipated a radiochemical
purity greater than 99%.

Each rat, bearing a Walker 256 tumor, was injected with
1.85 MBq of 6-['2%I]-iodouracil (2.54 GBq mmol-! at the time of
injection). The tissue samples were prepared and analyzed as
described for the 2'-[*?°I]-IUdR study with the exception that ’
prior to anesthesia, micturition was induced and the urine |
collected on glass plates. ‘The urine was applied directly to
minicolumns of AgCl/cellulose (2 cm in 1 ml tuberculin syringe)
~and eluted with distilled water (0.5 m1) to remove free iddide-
123. The eluate, after the addition of carrier 6-iodouracil,
was analyzed directly by tlc (silica gel) with ch]oroform-ethano{
(2:1 v/v) as the development -solvent. The plates were visualized
under uv light to locate the 6-iodouracil standard. Those p]aiés
containing sufficient activity we}e scanned with the chromatogram
scanner to determine the qualitative radioactivity distribution
'Aprofile. The chromatograms were then divided into ;;ctioné and
the radioactivity in each section measured by gamma spectroscopy
(NaI(T1) well crystal). The radioactivity on AgCl/cellulose

columns and in the remaining column eluate was measured in a

similar manner. A : ‘

Co-administration of 6-[*?3I]-Iodouracil and 6-Chlorouracil

6-[1?3I]-Iodouracil (8.02 GBq mmol1~! at time of injection)
was purified as described in section III.C.3.e to remove organic
4 . ’

1mpurities'other than 6-chlorouracil. -Analytical radio-tlc
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(ethylacetate-éthanol, 4:1 v/v and chloroform-ethanol, 4:1 v/v)
indicated a radioéhemica] purity of greater than 99%. The
relative concentrations of 6-iodouracil and 6-chlorouracil in
the injection solution were determined b?igﬁintitative rp-hpic
(water-methanol, 9:1 v/v).

Three rats bearing Walker 256 tumors were studied at each
time interval. Each rat was injected with 0.09 umol 6-[}23]]-
iodouracil (0.74 MBq) and 0.03 umol 6-chlorouracil in 0.5 ml
normal saline. Tissue samples were preparedan{ analyzed as

described for 2'-[*?°11-IUdR. .

Whole Body Excretion of Sodium Iodide-123

Sod1um iodide-123 was obta1ned as described (III.C.1.e) with -
the except1on that an aqueous solution of 0.1 N sodium hydrox1de
was used to recover the 1231 without added carrier. For whole
body elimination studies, 1.67 MBg of sodium iodide-123 in normal
sa]iﬁe was injected intravenously into three norma]vmale Wistar
rats. The time zero measurements were made 30 seconds after
injection as described for 2'-[**°I]-IUdR and the remaining

measurements were taken after micturition was 1nqued,

‘Whole Body Imabing

as

2'-[123]]-Todo-2" -deoxyuridine

]
f

Non-invasive, qualitative tissue distribution studies were

perfofmed with a Searle HP gamma camera fitted with a pinhole
p
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collimator. The rats weré initially anesthetized with ether
and.positioned under the gamma camera. Rats bearing subpanni-
cular Walker 256 tumors in the upper dorsal regiqp were positioned
to present a dorsal view, thereby elevating the tumor, while rats
bearing intramuscular tumors in the hind leg were imaged from the
dorsal aspect with the legs spread apart and the tumor somewhat
isolated from the body. During the imaging procedure, the rats
were maintained under nitrous oxide/ha]othane/oxygen anesthesia
and body temperature was kept constant with an electric heating
pad.

A continuous dynamic image was recorded on magnetic tape
for the initial 30 to 60 minutes post injection. Static images
wefe recorded (10° counés image-!) at longer time periods on both
Polaroid film and magnetic tape. The camera was activated just
prior to intravenous injection of the 2'-['231]-IUdR (12.0-14.8
MBq; 23.5 pmol). R

6-[1231]-lodouracil

Non-invasive distribution studies with 6-[123I]-iodouracil
‘were performed essentia]Ty as described for 2'f[123IJ-IUdR.
Dynamic and static images were recorded after intravenous
injection of 17.04 MBq of 6-[1231J-iodouraci1 (7.2 umol) in

Wistar rats bearing Walker 256‘carcinomas.
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Sodium lodide-123 = - .

| . . L. 2
o : .
Cife

The no carrier added 1231 was obtained as a sterile normal

saline solution from Dr. Sinn of the Radiopharmacology Department

of the Germanvgancer Reéearch Center.

~ The qualitative whole body distribution of sodium iodide-123
was‘determined in one norma] ma]e wistér rat end two rats bearing
a walker 256 carcinoma in either the raght hind 1eg (1ntramuscu1ar)
or the upper dorsal reg1on (subpannicular). The animals were
anesthetized end positioned for imaging as described for.

2'-[1231]-IUdR. A dynamic image was recorded durihg the initial

,45 minutes fo11ow1ng intravenous 1nJect1on of sodium iodide-123 -

(26 3 28.5 MBq) and static images (10° counts 1mage ) were

obta1ned thereafter
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A. Radionuc]ide Production
' ¥

Most radionuclides can be pfoduced by more.than one_hucleau
reaction., The ultimate use of the product is an important consideration
'>ih selecting the production methodology. The yield, specific eetivity
Aaud radionuc]idie purity required of the produet, the complexity of the -
ehemisfry required to synthesize the produtt aud the ha]feTife of the
rad1onuc11de must be balanced against the availability of particle type
: and particle energy required by the nuclear react1on the cost%of the
target mater1a1 and handling and recovery of the rad1onuc11de15“

A11 of the rad1onuc]1des used in this study, with the exception of
18F and **MCT, were routine]y available in a chemical form direct]j
applicable to the synthesis of the radioha]ogenated nucieosides and
pyrimidines.: The preparetion of the.short—]iuedfradionuc11des, 82pr
and 12371, required only minor modification qf routineprocedures as
describéd in the éxperimenfa] sectiqn‘(III}C.l) uhereas 38C1 and 1251
uere available commercially. It was tuerefore necessary to exam%ne
»the feasibility of a number of different nuclear reections for,the
‘production and recovery of ®F and 3“mC1.

.az;‘
1. Fluorine-18
~Aqueous fluoride-18 was routinely prepared.es a‘so1ution in normal

sa]ine intended for clinical use. The huc]eophiiicity of 18F anion

B,

produced in this way is greatly reduced due to hydrat1on of the f1uor1de

R

anion and the formation of strong hydrogen bonds in protic solvents®Z2,

Therefore aqueous solutions of 1°F were unsuitable for the chemical

applications described in th1s thesis. The conversion of the aqueous
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18F anion, produced invthis manner, to anhydrous hydrogen fluoride by
distillation from hof concentrated sulphuric acid was 1arge1y unsuccess-
- ful. Although hydrogen fluoride-18 was recovered afterAQjétijlation in
moderate yield (Tab]e I1I), the product was not sUﬁtable for f1uorination

of 2,2'-oyclourfdine. The best radiochemical yield was obtained when 1oF

~

Table III. Regovery of 18F Via Distillation Techniques. .
Nuclear  Target o ' ~ Recovery?
Reaction “Material Recovery Methods - " (%)

2%Ne(d,a)*®F  Neon gas Recovered in normal saline .  54.7

and distilled directly from.
concentrated sulphuric acid

20Ne(d,o)*8F Neon.gas ~ Recovered in water, diluted 32.2+12.4
' - with potassium fluoride, '
dried and distilled from
su]phur1c acid

-5Li(n,3H)"He, LiéCb3 - Anhydrous Li, CO d1st111ed - 2.1%0.7

160(3H,n)*8F (95% sL1) directly from 95% su]phur1c
acid

3

1. Y1e1d calculated as the‘% recovered in the distillate from the
~ total activity added to the sulphuric acid..

was recovered from the target in normal saline and d1st111ed d1rect1y
from hot su1phur1c ac1d Th 18p recovered however was not anhydrous
- and contained 1arge concentrat1ons~of ch]or1de ion. The recovery of ‘
'°F in distilled water rather than normal saline, followed by the
evaporation of water in the presence of carrier potassium~f1uoride,

did not completely e]iminatelthe problem of contamination by either

.
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water or chloride. This conclusionAwas based upon the presence of ara-U
~

and 2'-C1UdR peaks in the rp-hplc‘trace of the final reaction product.

A

The presence of chloride contamination was most 1likely du§”tqﬂincomp1ete

rremoval of the sodium chloride from the target. Recovery of anhydrous

hydrogen fluoride-18 from/aqueous 18F was inefficient and time consuming.

A second method emp]oyed reactor produced 8F via the ®Li(n,3H)"He,

- 2%0(3H,n)*®F nuclear reactions. Lithium carbonate was irradiated as an»

anhydrous salt and the }®F produced was distilled directly from hot.
sulphuric acid in a stream of helium carrier gas. The recovery of !°F
with this method was also inefficient and unsatisfactory (Table III).

Similar results have been reported concerning the distillation of 1°F

116

frdmgsulphdric acid. Nozaki et al.3*® reported that it was necessary

to vigorously agitate the su]phuric acid solution with 3-5 g min~! of
steam in order to remoVe the 8F. The 18F yas subsequentiy trapped on
an anion exchange resin. ~The resin was dried and the 18F was e]uted
with carrier anhydrous hydrogen fluoride. The method produced a product
which had a low specific activity and was not comp]ete]y'anhydrous
Others117 121 a]so found it necessary to use aqueous sulphuric acid and
“high flow rates of an agitating gas to reméve the °F during the
distillation. .In these instances the recovered '®F required drying
before subsequent use. Gnade et al. 118‘rec':ently repprted a method
whereby 18F could be recovered as anhydrous hydrogen f1u0r1de via
d1st1]1at1on fron su]phurlc acid. The method was\comp]ex because it
required the separation of the '8F from the 1rradieted Tithium cégbonate

before the distillation step. Azeotropic sulphuric acid (98%) was,

~ necessary to prevent the co-disti]]ation.of.water with the hydrogen

fluoride;

7

/
l
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In view of these results, recovéry of 1°F as anhydrous hydrogen
fluoride-18 by distillation was discontinued in favor of a faster'and
more effiC1ent.methodxxgquiring less sample handling. The feasibility
of récoveking 1“F as anLydrous hydfogen-f]uoride directly froh the
- cyclotron target after irradiation was therefore 1nvestfgated. The
1®F species produced during such irradiations is known to be h1gh1y

reactive and to bfnd tenaciously to the target surface118 185, |
Fluorine-18 can be produced d1rect1y or via a parent- daughter system
“in which 1®Ne (T3 =1.7 sec)3? decays to '°F!12»11%  The ®Ne should
be mo&% reéadily removed from a“targét than *8F, since:it>1s chemically
inert. Both of these prédUctipn methods were investigated.

Initia11y the irradiation of‘160 (natural isotopic ébundance)
containfng targets with 3He partic]es was investigated (Table IV).
Fluorine-18 was produced directly via the *°0(2He,p)®F and_
180(3He,5H)13F reactions and 1ndirecf1y via the 160(3He,n)”Ne§+ 18p
reaction?!, No detectab]e_émounf of F was removed from thetarget
during the irradiation of é continuods flow of oxygen‘gas and only a
trace of 18F{was"r'ecovered using a solid tantalum pentoxide target}
swept with helium Qas. In spitewof}the fact that flow rates up to

- 500 m1’min'1‘of target gas were used, the major radionuclides removed,
without - the a&Zition of carrier hydrogen f]uof%de, were g8* emitters
which had Ha]f—]ives of 125.7+2.0 s and 20.4 £0.4 min. These half-
lives corresponded well with those of 250 (T} =124 sec) and 1IC’
(Tié=20.3}nin) respective1y33, which were possfb]e contaminants produced.

via the €0(%He,a)'%0 and *°0(°He,20)1C nuclear reactions (Table V)22,




TABLE IV. Recovery of 18F Via Gas Flow Techniques,
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c. Anhydrous HF (53 mg) was passed

through the target after
~irradiation

Nuclear Target _ Recovery
Reaction ~ Material Recovery Methods - (%)
160(3He,n)%Ne 0,4gas Continuous flow of 0, during the trace
150(3He,p)toF irradiation C
160(3He,*H)18F Ta,0s Helium swept over the Ta,0s during trace
the irradiation . '
ZONe(d,a)'®F  Neon gas Target? ‘passivated at 110°C with’
‘ anhydrous HF (100%) for 48 hr
a. Anhydrous HF (46 mg) was passed 51.8
through the target after
Jrradiation
b. Anhydrous HF (16 mg) was passed - 28.8
through the target during and :
after irradiation
2ONe(d,a)'®F ~ Neon gas Target? passivated at 110°C with
. Fo ?25% in neon) for 48 hr . :
a. Anhydrous HF (12 mg) was passed 59.5
through the target during and
-after irradiation :
~.2%Ne(d,a)'®F  Neon'gas  Target® not passivated ' 1
' : a. Anhydrous HF (2 mg) was passed 37.0
through the target after
irradiation ( ] ‘
- b. Anhydrous HF (7.2 mg) was passed 31.5
through the target after '
irradiation
. 69.3

1. Yields normalized to the recovery obtained routinely for clinical
use using the rotating quartz 1iner (0.63 GBq pA-! h-1).

2. Stainless steel target with stainless steel Tiner and 15 ml volume.

3. Stainless steel unlined target with 100 ml volume.
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TABLE V. Possible Interfer1ng Nuclear Reactions with the 160 (3He,n)'®Ne
_and 2°Ne(d ,a)1°F Reactionsl13,157

Target Product

Nucleus _Reaction Nucleus Decay Mode T} Q Value
160 3He,a 159 gt 123.6 s 4.823
160 3He,2a 11c g+ . 20.3min - 5.3
160 - 3He,apn 13N gt 9.96 min -12.9
180 He,2n  1°Ne g 18 - 3.75
1eg 3He,SLq 150 gt 123.6 s - 6.31
18g 3He,1%Be e g+ ; 20.3 min - 9.11
180 3He,8Li 13y - gt ~9.96 min -12.41

~20pe d,n 21Na gty 22.8's
22Ng d2n 22\ B,y 2.60 yr . D

The inability to remove more than trace amounts of 1°F from.the
target may be explained in partbby the fact @hét only 5% of the total
yield of *®F produced by 3He irradiation of oxygen is derived from the
decay of 1®Ne to Lep1ss Furthermore,‘the very short ha]f;1ife of 8Ne
may have required highef flow rates than those used in order to femove
an appreciable fraction of the *®Ne produced before it decayéd“to

18F157, These high flow rates were not conducive to trapping the °®F
in on-line, small volume liquid traps. Others!'® have also fouﬁd that
o ep produced“during the irradiation of oxygen gas with *He or “He
partﬁc]es remained in the target until carrigr‘anhydrous hydrogen

fluoride was added to the target.:
\
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The 2°Ne(d,a)!8F reaction was selected for further investigation
because.it would afford the highest.radiochemica1 yield, with the
exception of the 180(p,n)'®F reaction’?*, In addition the neon would
act a§ a chemically inert carrier which would aid in the recovery of
18F from the target;“

The recovery values given in Table IV are nbnma]ized.to the
yield (0.63 GBq uA'?ﬂbfl)‘recovered from the rotating target during
the routine pro&uction of '8F under optimum conditions. The facilities
necessafy to passivate the targets, as suggested by Lambrecht et al.''*
were not available. However targets which were treated with either
elemental fluorine (150 kPa of 25% fluorine in neon) or énhydrous
hydrogen fluoride (100 kPa of 100% anhydrous hydrogen fluoride) at
110°C did produce higher recoveries than non-treated targets. The
daté, however, are not directly comparable bet&een treated anq non-
treated targets becaﬁse the operating parameters varied from ékperiment —
to experiment.

The 18F‘recdvered was analyzed by y-specfroscoby with a Ge(Li)
detector. dAna]ysjs of the 0.511 MeV annihilation y-line indicated
the mean half-life was 111.2£3.5 mihutes, which compares favourably
with the published‘value of 109.9 minutes* for ®F. Sodium-21,
produced by Tow energy deuterons via the ?°Ne(d,n)?'Na reaction*2,
waS not detected since it would have decayed prior to analysis due to
its short half-Tife (T3 =22.8's) 33. The 1.27 MeV gamma line of 22Na,
produced Qia the 22Né(d,2n)22Na reaction, was also absent from the
‘spectrum (Table V). No gamma. lines, other than 0.511 MeV annihi]ation'

v's, were observed.

i N B 8 i Tt U n AR o PR Susiis it o
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2. Chlorine-34m

Several different approaches to the production of 3McY and its
‘recovery from the target system were ipvestigated. Thekfeésibility of
using the *3C1(p,pn)3“Mmc1] nuc]ear‘reactioa was investigated because
this reaction is known to produce 3“WTC1 in high yield3*“. Accordingly,
a soiid disk of magnesium chloride (nétur;] isotopic abundance, 75.55%
350102 was irradiated with 22 MeV protons, prodﬁcingia“mC1 in good
yield. Unfortunately the large ﬁass of magnesium chloride (200 mg)
required for a solid target diluted the specific activity of the final
“product to an unacceptaB]e Tevel (96.2 kBq mg~' magnesium chloride).
Various methods'31=135 of separating **MC1 from the target material to
increase the final specific activity to a more acceptable level were
considered. In view of the 32 minute half-life of 3“MC1, the
relatively long and complex separation techniqueé and low overall
radiochemical yields obtained, these procedures did not represent an
attractive’so1utiog to the prob]eh;

A more attractive alternative seemed' to be the **S(p,n)?*MC] and
**5(d,2n)**MC1 nuclear reactions,‘in which *MCT is produced directly .
by nuclear transformation, without added carrier. These reactioﬁs
produce **™C1 in appreciable yields using natural isotopic abundance
(4.21% 3l’S)“suh‘.ur' céntaining targets. Therefore, an expensive
~kisdtopica11y enriched target was not required for the developmental
work. The target and recovery system (F{gure 7, IIT.c.ii) developed
for the production of 3“M¢] was.conceptually similar to the system

used for '°®F production. Hydrogen sulfide was chosen as the target
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-material because it'is a gas and could be readily handled with the
existing techniques.

The data in Table VI compare the radiochemical yields of **MC1
‘obtained'under various experimental conditions. The recovery v&]ues
(MBg pA-! h™') were determined by quantitative »ana1ys1'sl'r58 of @he
0.145 and 1.17 MeV y-lines characteristic of 34MCY with a Ge(Li)

detector. The 0.511 MeV annihilation y-line was not included in the

lysis as this Tine contains contributions from both 3*MC1 and 3“C1
as other possible positron emitting‘contaminants. Equation 4
was used to>correct for the decay which had occurred during the

irradiation, in order that the various irradiations could be compared.

&

" X.A . )
Y = —7—— " Equation 4
I(l-e'lt) ’ '

In equat%on 4 Y. is the thick targef yield in dps uA'?‘h'l, A is fhe
a;tivity of the radionuclide, in dps, determined at the end of irradiaQ |
tion, I is the fkradiation current in pA, t is the Iength of time of

the irradiation and X {s the «decay constant of the radionuclide. The
theoretical yield for each reactioniwas ca]cu]ated from'the'resuTts
reporied by Zatolokin et al.'®®, The variations in the percentage of
swmcy reco?ered, using different production paramefers, arefbe§t'exp1ained
by éhanges in the target gas pressure and the precipitation of elemental
sﬁ]fur during irradiation. An increase in the hydrogen sulfide pressure

inside the target would be expected to enhance 3“mc17production by -
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‘ « 4
increasing the.effective cross-section and the stopping power of the

target. The absolute yield of 3%MC1 would increase until the target
could stop all of the proton beam; within the energy range covering the
reaction cro;s-section (thick target). The thick target pressure of’
hydrogen sulfide for this target system was estimated at 700 kPa for

22 MeV protons and 200 kPa for 12 MeV deuterons’®®. The higher target
pressure also a]]owed'a 1§rger proportion of the target volume to be
removed during recovery of the target gas. During the recovery of
3“mC1f?rom the target, the residual hydrogen sulfide remaining in the
target after atmospheric pressure was reached was not removed. The
hydrogen sulfide was oxidized to elemental sulfur_ during irradiation and .
it was nécessary tb release the target gas slowly from the target of the
prgcipitéted sulfur particles would block the Qujck Cohne§torsTM and ion
exchange column in the recovery system. Addition of a carrier gas was
found‘to aggravate the prob]ém. Therefore the target was ‘allowed to
reach equilibrium with atmospheric pressureuand the remaining radig-
act%vity was not recgvered. The precipitation of elemental sulfur

during irradiation also resulted in a concommitant reduction of hydrogenf
W sulfide pressure in the target, thereby reducing the effective croés—
section of the target. The recovery of 34MCY may have been further
comp]icatéd by the formétion of su]fur ch]or&des during the irradiation,
which would havé co-preéipitaied with the elemental sulfurl®?,

Thé reacfioh products were analyzed and thé radiochemical purity
determingd with a Ge(Li) detector.' The spectra obtained for the\ |
3*S(p,n)**MC1 and 3*S(d,2n)3*MC1 reaction products were free froﬁ
gamma lines which Qére not attributable to 3“mC1 or **C1. The only

interfering gamma line detected in the 35C](p,pn)3‘:}"C1 reaction
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product spectrum was observed at 1.367 MeV. This gamma 1ine corresponded
to **Na arising from the *°Mg(p,2p)*“Na'®! or the *®Mg(p.’He)*"“Na'®?
nuclear reactions which could 6ccur at the proton energies used.

The half-lives of the reaction products were determined with
either a Ge(Li) detector Ok<a dose calibrator. Data collected with
a Ge(Li) detector required long counting times and were corrected for

decay occurring during the counting period with equation 5°°:

1 )‘(tz ‘tl)
T = /x In Equation 5
1_e-)\(t2't1)

where T is the corrected time for the observed counts, A is the decay
constant of the radionuclide and t, -t: is the counting time of the
sample. A comparison of the ha]fé1ife values determihed for the
proddéf of each nuclear reaction is given in Table VII. These
experimental values agrée}c]ose]y with the accepted half-1life of

32.0 minutes33,

TABLE VII.  Observed Half-Lives for 3*MC]

S Observed
Target? " Nuclear Analytical Half-Life
Material Reaction ' Method (min)

MgC1, 35C1(p,pn)3*mCT Ge(Li) 32.1
H,S . 345(p,n)34MC) T Ge(Li) 32.4

Dose Calibrator - 31.7
H,S ° - “s(d,2n)3*mc] Ge(L1) 34.5

1. Target material was of natural isotopic abundance, 75.77%
35C1 and 4.21% 3%s33. :

e T P S S b
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3. Bromine-82 i o ¢

Bromine-82 (T3 =35.3 h) labelled 2'-BrUdR’ was prepared as described
by Lee gglgl.l“s’ls“‘by direct neutron activation of fhe brom}na;ed
'pregdrsor}(III;C.l.d). This labelling technique Was'comp11cated by
Szi]ard;Chalmers c]eavage.and thermal and radiolytic decomposition of
the product. 'Tpe free bromide-82 formed via the Szilard-Chalmers
ﬁrocééé duri;g'irradiatibn was efficiently removed by elution of an
aqueous solution of the product through a mini-column of AgCl
impregnated cellulose. The thermal and radio]ytic decomposition
prqducts were readily sepaféted from 2'-[®2Br]-BrUdR by rp-hplc which
was. é]so used to simultaneously detérmine the re]ative'specific activity
of the product. The specific activity varied w%ih'the‘time and
“intensity of néutron irradiation of the sample. The radiochemical
purity of the final 2'—[828r]-BfUdR was greater than 99%.

The radionuclidic purity of thé product was monitored with a
Tracor 2200 gammauspectfometer and multichannel analyzer. Neutron
activation of natural iﬁotopi; abundance Br produced four bromine
radioisotopes coﬁcommitant]y. The 7°Br(n,y) nuclear reaction produced
208y (T3 =17.7 min) and ®°™Br (T3=4.42 h) while ®ZBr and °2MBr
(T3 =6.05 min) arose from the BlBr(n,y)“Br/“—“‘Br reaction33. Analysis
“of the irradiated product, after allowing sufficient time for thé total

decay of 8°mBn, revealed no y-peaks not attributable to ®2Br.

&
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© B, Synthesis of 6-Halouracil Analogues

Nuc1eoph1T1c'disp1acemeﬁt of a halogen atom provides a facife
route to C-2, C-4 and C-6 substituted pyrimidines 33287, Ch]okine?
bromine and iodine are displaced in aromatic ﬁuc]eophi]ic substitution
reactions with approximately equal facility. The u;ua1 order of
reactivity is C1 >Br >I, which is opposite the normal order observed

~1in nucleophilic substitutions. This reversed ofderfbf reactiQity is

eXp]ained by the fact that the formation of the intermediate-complex

“during the reaction is the rate-1imiting step and this process is j.im;
. / . -
promoted by groups with strong -I (electron withdrawing) effects®s.

Therefore 6—2h1orouraci].(5b) abd 6-iodouracil (Sd) were selected as

precursors for the synthesis of 6-[123I]-iodouracil and 6-[%¢C1]- ®

chlorouracil respectively (Scheme 7). The stable starting materials

AN

" were synthesized according to the procedures reported bvaorwitz and
- Tomson®*. Details of the stable syntheses and reaction products will

not be discussed {nvdetail excepi where they are relevant to the

‘labelling reactioﬁs.
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Scheme 7. S'yvnfh'osls; of 6-[1231]-iodouracil

and 6-[3Ci]-chlorouracil.
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- 1.  6-[*%C1]-Chlorouracil (5b)

6-Iodouracil (5d) was selected as the precursof for the synthesis
o?’6-[35C1]-cﬁlof0uraci1 (5b) rather ihan.6-bromourac11'(5c) since
6-6h10rouraci1 was more readily separatgd from 6—10dou§§c11 than from
6-bromouracil. Initial attempts to synthesize 5b by the reaction of
equimolar amounts of sodium chloride and 5d in dimethy1formamide
yielded only trace quantities 6f.5b. This was probably due to the
Tow so]ubi]ity of sodium chloride in dimethy]formamidé. Halogen-
halogen exchange feéctions fea;h an equilibrium which can be shifted

in the direction of the product by using an excess of the desired .
- 4

’

halide. This was not acceptable, as a molar excess'of carfier,nuc]eo— :
phiie would haQe resulfed in an inherenf‘reduction in the radiochéhica]

yield and specific act{vitywofdthe producf. The use of a chloride salt

1w;ich is more éo]ub]e in the reaction so]vénf than the iodide salt would
provide another method for éhifting the equilibfium in the desired

nhydrous ferric

dirv'ection.- With this in mind, equimolar quantitiesq
* chloride were reacted wiﬁh 6¥iodquraéi1. Unfortunately, this reaction
gave a.comblex mixture of reécfion,produt£s from which it was difficult
to separate the desired 6-chlorouracil. The complex reaction mixture
~probably resulted from side Eeactions due to the,oxidjzipg»poten{ia] of
ferric chloride!®®. On the other hand,‘Teéction of anhydrous ca]ciuﬁ;'
chloride with 5d in dimefhylformamide affordeg‘é;ch1orouraci1 in greater
than 60% chemical yielq. {his procedure was therefore used to prepare
6-[*°C1]-chlorouracil. |

A pre]iminaryieXperiment (Table VIII) indicated than an optimum

radiochemical yield was obtained within 30 minutes using equimolar
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quantities of reactants. Calcium chloride-36 was prepared quantitatively
by the titration of calcium hydroxide with an aqueous solution of
hydrogen cﬁ]oride-36 and evaporated to dryness in vacuo at 85°C. The
anhydrous calcium chloride-36 was allowed to react with 6-iodouracil in
dimethylformamide for 30 minutes to give the.3°C1 labelled 5b in 77% |
radiochemical yie]d.. The identity of the product as 6-[36C1]-ch1oro- ’
uracil was established by co—chromatography with an authentic samp]e\

on silica gg1 tlc and rp-hplc. The 6-[*®C1]-chlorouracil was reédi]y

separatéd from 6-iodouracil using preparative-cc- (silica gel).
. ;r': )

2. 6-[*?°I7-lodouracil (5d)

The synthesis of 6u[1231]-iodburaci1 (5d) required a modification
of the preparative procedure in order to obtain an acceptable specific

activity and radiochemical yield. Preliminary experiments indicated

/"’\

TABLE VIII. Radiochemical Synthesis of 6- [3%¢1]- Ch1orourat11 Reaction
: Conditions and Radiochemical Yields.

ca3¢Ci, 6-IU | Ratio ° Temperature Time “Radiochemical
[umol] [umol] (C17/6-iodouracil) =~ °C . min, -~ Yield %
38 67 1.1 o 150° 30 73.1
. : 60 65.7
\ | 9 542

179 ' 333 1.1 1520 31 77.1
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t;;'reaction was toncentration dependent with respect to iodide (Table
‘IX). The Towest practical concentration of iodide was found to be 2.5
to 3.0'um01 of iodide per ul of dimethylformamide. Reactions using
dioxane as so]vent weré not suitable, possibly due to the 16w solubility
of sodium iodide and 6-chlorouracil. Thg data from the last experiment
iﬁ Table .IX also suggested that 5d was degraded at high tempekatures
with time. .

The optimum sD]vght vo1ume fdr the synthesis of 6—[?23I]-iodoufacil
was approximately 25 ul (Table X). Solvent volumes Tess than this were
difficult to manipulate.. Larger volumes unnecéssari]y di]uted the final
specific activity of the product due to the 1ncregsed amount of carrier
1od1de required to keep the 1od1de solvent volume rat1o in the opt1mum
range. 6-[*?°I]-Iodouracil (5d),,prepared by the reaction of sodium
jodide-123 with 6?ch10roufacf1 (5b) under the conditions outlined in
Table X, was separated from unreacted:Sb and iodide-123 by preparative-,
| tlc. The relative mobilities of 5d and 5b were very simi1ar'and in
‘ somé experiments it’was not possible to remove all of the starting
material 5b; The\chemica] purity of tﬁe radioiodinated product 5d was
determined by monitoring the uv ébsorption\profile o% the radio-rp-hplc
e1ﬁent. Contamination levels of 1e$s than 1% of 6-chjorouraci1 in the
| 6-[**°1]-iodouracil product (on a molar Basfs) were readily detected ,

(Figure 6). The radiochemical puritx of 5d was defekmined by radio-tlc
which was more efficient than radio;fp-hplc for detecting Tow Tevels of
‘radioactive contaminahts. The radiochemical purity of 6-[**I]-iodo- .
uracil after preparafive—t]c was greater than 95%. The residual

radioactive impurity which was free iodide-123 was readily removed from.

ae
[
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~ the final product by a Ag(Cl impregnated DEAE-cellulose column. The
final radioéhemica] purity of tHe product was greater than 99%. The
purified 6-[1231]-iodouracil was quite stable on storage at 4°C as a
dry film on the surface of a sealed glass flask. It exhibited only

3% decompos}tion to free iodide-123 in a twelve hour period.
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Solvent:

Trace A:

Trace B:

Figure 6. Radio-rp-hplc Trace of 6-[12°I]-lodouracil After Preparative-tlc.

y

Trace B

Methanol:Water 9:1’?/v; 1.5 ml min-?!
(plastic scintillator); chart s
(30 cmx 3.9 mm id).

uv detection (254 nm); radicactivity detection
peed 1 ¢cm min=%; Si1-1-X® C-18 reverse phase column
Radioactive detector trace.

respect to total '?2I activity).

Peak 1. lodide-123 in column void volume (4.2% with
Peak 2. 6-[*%2%1]-I1U (95.8% radiochemical purity).
Ultraviolet detector trace. Peak 1. Column void volume.

Peak 2. 6-C1U contaminant
(0.7% with respect to 6-1U). Peak 3. 6-IU (99.3% chemical purity).

-
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C. Synthesis of 2'-Halo-2'-deoxyuridine Analogues

Urid{ne analogues, modified at the C-2' sugar position, are readily
prepared by reaction of 2,2'-cyc10%ridine (21) with the appropriate
nucleophile under anhydrous conditions (see I1.D.2). The presence of
water in the reaction mixture reduces the yield of the desired C-2' sugar
substituted product, due to-a competing reaction in which water cleaves
the 2,2'-anhydro bond by nucleophilic attack af the C-2 of the uracil ripg
to afford ara-U (23, R=H). Nucleophilic attack at the C-2 of uracil is
kinetically favored with respect toxattack at the‘C-2! sugar positicn

because it requires a lower activation energy. When the nucleophile
introduced into the C-2 position of uracil is a gpod‘1eavingwgr6up, the
reaction is readily reversible !ig attack of the C-2' arabino hydroxyl
at the C-2 position to reform the,2,2'-cyc1onuc1éo$1de. When the ,C-2
~ substituent is an hydroxy] function, the thermodynamically stable uracil
ring is formed, due to tautomerism to the 2,4-diketopyrimidine ring
system, and reformation of the cyc]onuc1eoside is not fqyoured; On the
other hand, Sn2 nucleophilic displacement at the C-2° sugar termipus,
which requires a higher activation energy, affords a thermodynamically
more stable product than attack at the'C-prbsition..This is due to the
formation of the stable uracil r;;g system and an sp3. alkyl-nucleophile’
bond.- This latter product is more resistant to recyclization than the C-2
Subétituted pEoduct due to the higher actjvation energy barrier for the |
reverse process'®’. Cleavage of the 2,2'-anhydro bond by nucleophilic
attack at the C-2' 'sugar position is facilitated in acidic media,
probab]y‘due to protonation of the N-3 of the uracil ring®® (Scheme 6,

section E.2.b).

2
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The synthesis and structural characterization of the 2'-halo-2"'-
deoxyuridine derivatives, first synthesized by Fox et al.'®»"! via
reaction of anhydrous‘hydrogen halides with 2,2'-cyclouridine (21),
have been discussed in the literature section. The radiohalogenated

-analogues (8a-d) were prepared by modification of these reported methods
tScheme 8). The stable analogues were first synthesized, via the
modified methods subsequently uSed to prepare the radiolabé]led
analogues, to pfovide é%idenqe for the structures assigped the radio-
labelled analogues. This work will not bewdiscussed except where the

'deta11s are relevant to the radiosyntheses described.

1. 2,2'-Cyclouridine (21)

The synthesis of 2,2'-cyclouridine must be conducted under

C anhydrous conditions to prevent the.desired pkoduct from reacting-

further.with water to produce ara-U (23, R=H). In preparative scale
Feactiohs, trace quantities of moisture in the reaction mixture have’
little ndticeable effect on the direction in which the reaction will
proceed. On the other hand, traces of impurities in small scale
reactions can significantly alter the outcome. In preliminary

~ experiments designed to optimize the reaction conditions for the éma]]‘
scale syn;hesis of 6-[3H]-2,2'-cyclouridine from 6-[3H]-uridine, radio-
chemical yields as low as 5% were obtained. The dimethy]forﬁamide used
és the solvent in the reaction was stored over 3 K molecular sieves to
remove traces of moisture {hadvertently introduced durfﬁg storage.

When freshly distilled dimethylformamide was employed rather than

dimethylformamide stored over molecular sieves the radiochemical yield
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was greater than 80%. The low initial yields may have been caused by

traces of aluminum-silicate powder from the molecular sieves (silica

gel has been reported to catalyze rearrangement reactions’®® and cleave

ethers'®?) or other impurities 1nadvertently added during use or formed

.~ during storage of the solvent. The reaction proceeded rapidly at 152°C,

© reaching a maximum radiochemical yield within 10-15 minutes (Figure 7)
when freshly distilled solvent was used. Thus the preparati?e synthesis

of 6-[3H]-2,2'-cyclouridine was accomplished in 83.7% radiochemical

yield within 16 minutes at 153°C (III.C.2.h). ’
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2. 2'-Fluoro-2'-deoxyuridine (8a)

Two methods for the“synthesis of 2'-FUdR (8a) were investigated.
,The brocedure repo}ted by CodingEon et al.”! required reaction of
2,2'-§yc1ouridine (21) with an excess of anhydrous hydfdgen fluoride
in ‘dioxane for 18 hour; at 110°C. Thesé reaction Eonditionsvﬁere
modi fied by increasiné the rea?fﬁ n temperature and decreasing the-
reaction time to compensate féf/E%L short half-life of 8F (T3 =109.7
minutes)33.. Optimum chemical yields of 2'-FUdR,determined’previously
in our laboratory by J. Mercer!??, were obtained using ten equivalents
of anhydrous hydrogen %1uoridé. Reactions using fewer equiva}anté of
anhydrous hydfogen fluoride afforded significant]& lowér chemical yields
6f 2'-FUdR. Under these circumstdnceé, a ten-fold excess of < uoride
anion would afford a maximum theoretical radiochemiéa] yield of 10% of
-_the_sfarting 18F activity. When the qhemica1 yie1d is considered, the
overall ra&iochemica] yie1d would be approximately 3%. The absolute ,
and relative radiochemical yields of 2'-[*°F]-FUdR synthesfzed usind
anhydrous hydrogen fluoride-18 (see fII.C.Z.a} are given in Table XI.
The concentration of anhydrous hydrogén fluoride trapped in the reagtion
vessel after the recovery of 1°F from the target was difficult to"
control. The actual coﬁcent;aiion present during reaction was
determined byfstandard acid-base titration of an a]iqdot“of the reactidn
mixture ‘with sodium hydroxide to a pheno]phtha]eia end point. The(_ x /
radiochemical synthesis proceeded poorly, affording 2'-[*®]-FUdR iag
trace‘quantitieé on1yu The relapive]y harsh conditions necessary to
" force the fluorination reaction é]so resulted in the degradative

formation of uracil and other unidentified products w&i@% were less
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TABLE XI.  Synthesis of 2'-['®°F]-Fluoro-2'-deoxyuridine: Reaction

Conditions and Radiochemical Yields using Anhydrous
Hydrogen Fluoride-18. ‘

_ Anhydrous S
: Hydrogen Molar Reaction Reaction "Radiochemical
2,2'-CUR Fluoride - Ratio - Time Temp Yield

umo]1 umol - F~/2,2'-CUR min  °C 3t (%)

21 100 4.8 65 160 0.15 (0.72)
-49 360 7.8 60 160-210 ‘0{09 (0.70)

22 1029 47 92 180 0.16 (7.4)
54 2640 ' 49 61 185 . 0.40 (19.0)

4.4 230 52 32 180  0.13 (6.8)

1. Absolute radiochemical yield recovered after purifiéation by

preparative silica gel column or thin layer chromatography,
calculated. back to end of irrddiation.

2. Relative radiochemical yield calculated on the theoretica]nggxdmum Y
*8F which could be incorporated due to the excess of fluoride '

anion, calculated back to end of irradiation.

Al

ho]ar than the desired product (8a) or'starting material (21). The

‘preéeﬁCe of ara-U (23, R=H) in some of the reactions indicated that

moisture was not always completely excluded from the 1°F target-
recovery system. ' |

While the developmental wark for the syhthesjs of 2'-[*8F]-FUdR

. was in progress, Mengel and Guschlbauer!?® published the synthesis of

’2'-F]uoro-?'—deoxycytidiné (12a, 2'-FCdR) via the reaction of a

potassiumAflqofide-crOWn ether complex with 2,2'Fcyc]ocytidine hydro-
chioride. The direct application of this method to the synthesis of

2'-FUdR from 2,2'~-cyclouridine was unsuccessfui. Under similar

<
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cqndifiohs; 2'-FCdR was obtained from 2,2'-cyclocytidine hydrochloride
in good yield (see III.C.2.b). This indicated that the reported
procedure had been properly reproduced and that the synthesis of 2'-FUdR
| required different reaction conditions. Upon the addition of trifluoro-
acetic acid to the Erown ether-potassium fluoride reaction, to facilitate
cIéavage of the 2,2'-anhydro bond, small quantities of a product with
‘simflar chromatographic R¢ va]ueé'(silica geI—t@c ahﬁ rp-hplc) to 2'-FUdR
were detected. The quantity of product recovered was too smaII to allow
- more rigorous structural determination of the unlabelled product.
‘fﬁ PreIiminar% syntheseé with‘potassium fluoride-18 indﬁcéted that Tow
levels of !°F were associated with the product, suggesting that 2'-
[**F]1-FUdR may have been synthesized using this method These results

/
warrant further investigation into the synthesis of 2' [leF] FUdR using

wthe potass1um f1u0r1d;-crown ether reagent.

% - The Tow absolute rad1ochem1ca1 yields and the short physica]lhaIf-
-#Iife of 18F precIuded the use of 2'-[*8F]-FUdR directly for further
l‘ b1oIog1caI stud1es Therefore the 6-[3H]-2'-FUdR analogue Waé
synthesized (see III ¢.2.a) as an alternate radiolabelled analogue of
2h-FUdR. 6~-[3H]-2' -FIuoro-Z'-deoxyuridihe was prepare@, using the
reaction conditions determired by J. Mercer!”°, via the reaction of
excess anhydrous hydrogen %1uorjde with 6-[3H]-2,2'-cyclouridine él
IIO°C for 15 hours. A lowér reaction ‘temperature than that used in
the 1ef syntheses was emponed to decrease the number and amount of
" thermal degradatmon products formed at h1gh temperatures An

‘ unldent1f1ed 3H’~conta1mng contam1nant having a similar but slightly

less poIdr Rf value than 6-[3H]-2" -FUdR required sequential purification
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by silica gel tlc using two different solvent systems before an

acceptable radiochemical spurity (98.9%) was obtained.

3. 2'-Chloro-2'-deoxyuridine (8b)

The procedure reported for the synthesis of 2'-Cl1UdR (8b) was
reinvestigated to determine if a practfcaT chemical yield could be -

obtained within a time period compatible with 3*MC1 (T4 =32.0 minutes)??

and to evaluate nyc]eophi]"kgﬁlorinating reagents other than anhydrous
hydrogen chloride. Pré1%ﬁ%ﬁﬁg&ﬁ§xperiments on a small scale (1-5 mg)
indicated that the reéctibn of 2,2'-cyclouridine with an excegs of
chloride anion (ammonium, calcium, magnesium and sodium saTts)'afforded
2'<C1UdR 1in nearly quantitative yield; as deterﬁined,by the disappearante

of 2,2'-cyc10ur1dine from the reaétioh mixture monitored by chromato-

"~ graphic analysis using rp-hplc. Sequential' andlysis of the reaction of

E ammOnium chloride with 2,2'-cyc]puridiné was;uéed to détermine the

optimum reaction time. The reaction proceeded rapidly in both dioxane
~ g

and dimethyl formamide, wifh only a trace of 2,2'~cyclouridine remaining
af;er 15 hinuies at 150°C. Dimefhy]formamide,»rather than dioxane, was
chosen as the solvent for further syntheses, due tgsits sSperior |
| sojvating properties.

Reaction of magnesium chloride-34m, produced by proton irradiation
of aiso]id magnesium ch]oride target'(éeé ITI.C.1.c) with 2,2'-cyclo-
Qridine afforded 2'-C1UdR as the majB?‘product in near quantitative
yield, but Tow radiochdical yield (1-3%). The Tow radiochemical yield
was due to the 1ar;L amount of materia]knecessafy to prepare the solid

‘target, therefore resulting in a large excess of non-radioactive-

‘
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chloride anion in the reaction hixture The 1déntity of the product‘
was confirmed by comparison of t]c, rp-hplc and H nmr data with an
authent1c sample. |

An-alternative method for producing 3MCY using the 3“S(p,n)3*MC1
andwa“S(d,Zn)3“mC1 reactions provided *“MC1 having very high specific
‘ éttivity (NCA). Chlorine-34m produced by irradiation of hydrogen
sulfide gas could be readily separated from the target ga§ using an
anion exchange resin (III.C.1.c). Preliminary experiments in which
equimolar quantities of the chloride form of Dowex 21-K anion exchange
resin and 2,2'-cyclourid1ne (21)vwere heated in d1methy1f6rMamide and
trifluoroacetic acid indicated that a maximum chemical yield of 2'-C1UdR
was obtained witﬁin 10 minutes at 160°C. Longer reaction times resﬂ]ted
,in\decomposition of the product to ara-U. These resu]ts were also
observed during the reaction of Dowex 21-K-3“MC1 with 21 in d1methy1-
formamide at 155°C (Table XII). A maximum radiochemical yield (34. 5%)
was obtained within 5 minﬁtes When the react1on temperature was

‘decreased to 140°C, a small -increase in rad1ochem1ca1 yield from 31 to
136% at 10 minutes was obtained. The presence of ara-U in the react1on\\
prodﬁct was most 1ikely due fo incomplete drying of the Dowex 21-K anion
exchange resin. The resin proved‘to be a-facile chlofinéting reagent
“and faciiitafed purification of’the 2{-t3“mC1]-C1UdR by retaining the
‘majority of unreacted ch10r1de 34m ,;’ |
2'-[*°C1]1-Chloro-2'-deoxyuridine rather than 2 -[2*me11- CTUdR was
used in the biological stud1es, as the 1ong half- 11fe of 35C1 (T#=3 x |
10° y)3% was more conven1ent than the short half-life of 38Mey for

sample manipulation and analysis. The 2' -[36C1]—C]UdR was prepared via
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TABLE XII.  Synthesis of 21-[3¥*MC1]-Chloro-2'-deoxyuridine: .
Reaction Conditions and Radiochemical Yields.

Dimethyl-
formamide 2,2'-Cyclo- : )
Volume Chloride! uridine Temperature Time Radiochemical
ml ~umol wmol ~  °C Min  Yield (%)2
1.2 63.5 57.5 155 5 35
10 .31
15 22
3.0 63.5 57.5 140 10 36

'1;‘ Dowex 21-K anion exchange resin.
2. Decay corrected to EOB.

e

«

(

the reaction of 2,2'-cyc1odrfdine with sodium chloride-36, ahd recovered
in 29% radiqchémica] yield aftef preparative-cc purificafion. Thé final
speéific activity (5.46 MBq mmbl;l) of the product was equal to the
specigic activity of the starting materia], indicating that no dilution
Qith extraneous ch]oride had occurred during the reaction and purifica-
tion procedures. |

The triéiated analogue 6-[3H]-2'-CI1UdR with a;pigher sbecific
“activity (11.1 GBQ mmbl’l) than 2'[36C1]-C1UdR was prepared via the
- reaction of anhydrous calcium chloride with 6-[3H]-2,2'-cyc1our1dine.
6-[5H]-2'fCh19r042'-deoxyuridine wﬁs ob%ained in 53.2% radiochemical

4

yield after preparative-tlc purification.



) 134
r”’// \
)
4. 2'-Bromo-2'-deoxyuridine (8c)
\,

6-[3H]-2'-Bromo-2'-deoxyuridine was prepared as an a]ternative
tracer forv2'-[szr]-BrUdR via reaction of potassium bromide with
6-[*H]-2,2'-cyclouridine. The prodhct waa purified by preparative-tlc.
.In contrast to 6—[3H]-2'3C1UdR,(8b), 6;[3H]-2'-BrUde(8c) was not stable
when stored at 4°C. Both tritiated nucleoside analogues 8b and 8c were
prepared from the same sample of 6-[*H]-2,2'-cyclouridine and were
stored under similar conditibns. '6-[3Hj;2'—Ch10ro-2‘—deoxyuridine was
stil1 98% radiochemically pure after storage as a solid under refrigera-
tion for seven days. On the otﬁer hand, 6-[3H]-2'-BrUdR was only 85.3%
radiochemically pure after storage under 1dent1ca1 conditions for the
same time per1od. The major radioactive impurity corresponded closely
with the retention time of ara-U (23, R=H) as determined by rp-hplc
vana]ysis” This suggested that the tritium label was stable. The
instability of 6—[3H];2‘jBrUdR may be eXp]atned by intramolecular
nucleophilic attack of the'C¥2 oxygen of uracil at the C-2' sugar
terminus to displace bromide anion which is a good leaV1ng group.
6 [3H]- Arab1nour1d1ne (23 R=H) could then arise from nuc]eoph111c
attack by water at the C-Z of the uracil moiety to cleave the 2,2'-
anhydro linkage in a manneffsimilar'to the méchanism proposed by.
Watanabe et al.’®. Recent studies with cytidine analogues which‘have

good 1eaving groups in the ribo-, arab¥no- and xy]gfuraﬁosy] configura-

-~

tions indicated that these positions may undergo intramolecular -

nucleophilic diép]acement reactions in vivo that eventually lead to
the unsubstituted arabinofuranosyl nuc i des as shown in Scheme 9.

The relative stability of the 6~-[*H]-2'-i 1udR analogue may be explained

Y
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29 . 30

. 4 8
Scheme 9. Intramolecular Conversion of Modified Cyt?'gine Nucleosides
to Ara-C8°.
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by the poorer leaving ability of chloride in comparisoh.with brohi&e.
Watanabe et al.®® also noted that the conversion of 3'—iodoxy10cytosine
(30, x.=I) was converted to ara-C (29, x =0H) at a slower rate than
3'-bromoxylocytosine (30, x =Br). This was attributed’to aifferences
between the fufanose conformations of the C-3' substituted nucleosides
in which the 3'-iodo-sugar assumed a conformation less favourable to
‘nucleobhi11c displacement by the 2'-hydroxyl fuﬁction. Therefore,
following a similar line of reasoning, the differences in stability of
- 8b and 8c may a]so‘be due to differences in the preferred conformationé_
assumed by the C-2' substituted analogues. The'confofmation of the
2'-bromo analogue could faciiitaté the displacement of the bromine atom
by the uracil C-2 oxygen whereas the 2'ech10ro éugar conformation could

be less favourable to disp]qcement of the chlorine atom.

5. 2'-Iodo-2'-deoxyuridine (8d)

Recovery of '2°I anion, for the syntheéis of 2'-[*231]-IUdR (éd),
from the cold-finger trappihg surface (see III.C.l.e) was ihdepéndent
of the éonstruction material o% the cold-finger. The radiochemical
yield of 2'-[*2°I1-IUdR was also independent of the trapping surface
| of the source of 231 but'was inf1uénced by thelexéhange solvent used
to remove the 1231 from tﬁe coidsfinger. The'radiochemicalryiéId of -
2'-[1231]-IUdR rapidly reached a maximum, then slowly decreaéed when
an aqueous exchange solvent was used (Table XIII). When a mefhano]ic
exchahge solution was employed the rédiochehicaT yield and rate of
reéctioh'were similar to thét observed with aﬁ ;queou5150urce of 1237,

However, the yield did not decrease with reaction time but rather
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increased slowly. The addition of a small amount of carrier iodide
influenced the direction and yield of the reaction. In no-carrier-
added (NCA) reactions, in which sodium chloride was used as a non-
isotopic exchange carrier, the radiochemical yields were lower than
observed in carrier-added syntheses using the same '?°I source. In
additien, the number of‘radioactive side-products was greater in
reactions using no-added-carrier iodide (Figure 8). Limited she]f-life
studies in normal saline at 20°C and 37°C indicated that 2'-[!?3I]-IUdR
was stable in vitro, exhibiting minimal loss of iodide-123 within 21
hours. The in vitro stability of 2'-t123I]—IUdR Qes unexpected in
view of the facile intramolecular displacement of good leaving groups
in the C-2' position by the C-2 oxygen of the pyrimidine ring. The
stability ef 2'-IUdR was éleo unusual in view of the instabi]ity'of 2'-
BrUdR, since iodide is a better leaving group than bromide. The unexpected ;
stability of 2'-[*?°I]-IUdR could be due to the 2'-iodo-sugar adopting

a conformation in which the displacement of the C-2' substituent is less
favoured than in the conFormatioh adopted by the 2'~bromo analogue, as
discussed in section IV.C.d.

The synthesis of 2'-[*251]-IUdR was complicated by'the presence of
sodium hydroxide in the 1251 solytion (iodination grade). The synthesis
-proceeded smoothly when a two-fold excess of 2,2'-¢yc1ouridine and‘
frif]uoroacetic acid (based on the sodium hydroxide concentration) was

‘used, providing 2'-[*251]-IUdR in moderate yield (III.C.2.f).



Solvent:

Trace A:

Trace B:

Trace C:

Figure 8.
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Methanol:Water 9:1 'v/v; 2.0 ml min~%; uv detect1on (254 nm); radioactivity detection
{plastic sc1nt111ator). chart ‘speed 1 cm min~ 1; Si1-1-X® C-18 reverse phase column
(30 cmx 3.9 mm id).

Radioactive trace of no carrier added reaction. Peak 1. Iodide-123 (column void
volume). Peaks 2 &3. Unidentified radiochemical contaminants. Peak 4. 2'-[*23I]-IUdR.

Radioactive trace of carrier added reaction. Peak 1. lodide-123 (column void
volume). Peak 2. 2'-[*231]-IUdR.

Ultraviolet detection of carrier added reaction. Peak 1. Column void volume.
Peak 2. 2,2'-Cyclouridine. Peak 3. 2'-IUdR. Va

Radio-rp-hplc Trace of 2'-[22?]]-lodo-2'-deoxyuridine Prepared With and Without
Added Carrier Iod1de

©
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~ the criterion used in the eva]uat1on The important aspects of these .
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D. Biological Evaluation

The biological evaluation of the radiohalogenated nucleobases and

nucleosides synthesized as tumor probes has been limited to in vivo tissue

distribution studies in murine tumor models. The ideal situation would
allow research and diagnosis with new radiocactive tumor—diagnostic agents
to be done with the human model. Although transp]antab]e tumors in rats
and mice are obvious]y not identical to spontaneous tumors in man,
studies using tumor models provide 1mpprtant biological information not
obtainable by other‘methods. . |
The metabolism of the radiohalogenated pyrimidines testeg was not
inVestigated because the gammma camera can not distinguish between radio-
activity emitted by the original rediotracer and radioactivity emitted by
metabolites of the tracer. No rigorous attempt was made to identify the
padio]abe]]ed metabolites by conventional methodsponce the animal had been
injected. The initial tissue distribution studies were evaluated on the
basis of whether or not ‘these new radiolabelled agents would be useful for

the non-invasive delineation of a tumor mass. Therefore, the overa]l/d1s-

tr1but1on of the radiolabel, as vlewed externa]]y by a. gamma camera,‘uas

studies were to determ1ne if the rad1o]abe1]ed analogues wou1¢
1. demonstrate high tumor to background rat1os and therefore « ";“*

‘.

enable visualization of the tumor, and

2. accumulate in the tumor in sufficient concentration to .

- provide adequate count rates for gamma- camerfvrﬁﬁging‘ |
The differential tissue d1str1but1on data for the rad1olebe11ed p;p1m1d1ne :
base and nuc1eos1de analogues has been expressed as pereent 1n3ected

rad1oact1ve dose\1ncorporated per gram of t1ssue per ntﬂinaected
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radioactive dose incorporated per whole organ; tissue to blood ratios;
and specific activity (dpm or cps mg=') of each tissue, and are tabulated
in the appendiées. The tissue uptake has been expressed as a percentage
of the anectéd radjoactive dose because the absolute concentration of
radiolabel in each tissue was important and the chemical identity of the
radioactivity wés not established. The'tissue to whole blood ratios

were used because it is the total radioactivity present in the
circulating blood that comprises the background radiation detected by

the gamma-camera.

1. Biodistribution of 6-[12’I]-lodouracil

The distribution of 6-['23I]-iodouracil was studied in male Wistar
fétsﬂbearing intfamuscu]ar Walker 256 carcinosarcomas. The absolute uptake
of radioactivity after intravenous injection of 6-['2%]]-iodouracil
J(0.73 umol per rat) was low in all the tissues studied (Table XIV).

Most of the radioactivity remained in the blood during the‘study. The
b]obdfcdntainedUZB% of the dose 15 mjnut?§ after injection and 2.5%
- after 8 hours. This preponderance of b]ggd radiocactivity was reflected
.iﬁ the low tissue :b]ood,ratiosobseryed'for thg other ffssues. The
llivér, kidney and tumor accumulated 1% or mo;e‘of the dose éfter‘ls
minutes, but‘ did n()t concentrate the v}{ioactivity from” the blood.
This was indicated by thé Tow tissue :bfood ratios observed for these
tissues. The graaua1 rise in tissue : blood ratios for tumor and Tiver
observed untijl 2 hours after injection may have been due. to the decreése

in blood radioactivity, rather than uptake and metabolic trapping by

either organ, since the absolute concentration of radioactivity of both
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TABLE XIV. Percent Dose of *?3I Incorporated per Whole Organ of

S‘\ Walker 256 Carcinosarcoma Bearing Wistar Rats after
Injection of 6-[*2?2I]-Iodouracil.

' Time in minutes '
Tissue 15 30 60 ..120 240 480 960 1560

Blood X 28.72 18.15 10.76 5.52 2.97 2.55 0.11 0.11
SO 2.48 5.70 4.26 3.68 - 1.37 1.25 0.05 0.07

Thyroid X  0.57 0.39 0.41 0.11 0.08 0.05 0.004 0.004
- sD  0.24 0.12. ©.23 0.05 0.02 0.05 0.002 0.002

Liver X 2.66 2.04_ 1.39 0.93 0.46 0.23 0.022 0.025
sp .0.13 0.22 0.18 0.36 0.18 0.14 0.010 0.014

Kidney_ X  0.98 0.80 0.97 0.23 0.13 0.06 0.006 0.010

sb 0.30 0.34 0.23 0.09 0.06 0.05 0.004 0.005

!
\

GIT . X 0.24 0.18 0.08  0.13 70.07 0.04 0.009 0.013
sp  0.02 0.05 0.03 0.12 0.03 -0.02 0.002 0.009

Stomach X  0.35 0.28 0.48 0.33 0.61 0.16 0.016 0.017
sD  0.10 0.04 0.09 ©0.08 0.42 0.08 0.003 0.004

Tumor© X  1.58 1.12 0.87 0.65 0.29 0.08 0.007 0.013
sD 0.25 0.36 0.22 0.26 0.18 0.04 0.004 0.007

P

Three animals per time period.
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‘the 1jver and the tumor decreased during that time period. The only

<

tissues which demonstrated tissue : blood ratios greater than 1 were

~the stomach and -the skin,(Figurev9). This ‘observation was probably

el st 12 L .
due to the accumulation of radioiodide relged fom 6-[12°I]-iodouracil

in vivo. The stomach can accumulate jodide-4gthe gastric juice up to a
concehtration 40 times that found in:the plasmal’l. Iodide is also known
to concentrate in the inner layers of the epidermis o% the skin and
become organically bound in the hair'’*. The latter phenomenon seems
to be peculiar tb the rat. Thyfoidiaccumulation of radioiodide was
inhibited by prior addition of pota;sium iodide to the animals' drinking
‘;water, ‘An increase in the pTasﬁa'iodide level decreases the conversion
of free iodide to 6rganicé]1& bound 10dide~ih the thyroid and saturétes
the iodide concehtrating mechanigm of . the thyroid. Excess plasma iodide
reduces but does not comﬁ]ete]yinhibi; transport of iodide by the
stomach and small iﬁtesfihe151*i71. Thes most ﬁmbortant rqq%e of iodide
excretion is via the kidney into the Qrine. o “ ,
Exéretipn of unchanged 6-&123I]-10dOUrac11 accoun;;% for approxi-
mateiy one fhird of the urina%y radioactivity Qp to 2 hburs post o

injection (Table XV). The bqﬁance was dde to free iodidé and

!
!

‘unidentified, polar metabolites retaining the radioiodine moiety.

After 4 hours, the‘méjé:%€y¢(9l.6%) Qf the urinary radioactivity was
excreted as free fodide. Tae Tow uptaké of radioaCiiVity by the liver,
the major site of’pyrimidihe metabolism®’2, may account for the
relatively large proportion.of unmetabo?ized 6—[123I]-iodburaci1 }ound
in thé urine up to 4 hours after fnjection. 6-[1231];Iodouraci1;may be

considered an analogue df orotic acid or ur&diT. The saturation capacity

<

*
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TABLE XV. Urinary Excretion Analysis after Intravenous Injection of
6-[12%I]-lodouracil into Wistar Rats Bearing a Walker 256
Carcinosarcoma (n=3), ‘

o Proportion (%) of urinary'radioactivity associated with:
Time (min) ~  Iodidel 6-102 Unidentified?

Post .Injection X t SD X £ SD Xt SD
15 15.6 + 9.4  33.1% 6.8 51.2 + 13.2
30 6.8+ 2.3 43.3 + 20.6 49.9 t 9.0
60 32.3 & 16.1 27.7  20.1 40.0 + 4.3
120 S 32.3£14.7 '30.7 = 19.5 37.0 £ 10.8
240 - 61.1+14.9 - 9.4% 6.0 295t 9.2
480 91.6 £ 2.5 1.2+ 0.5 7.2 £ 2.0
960 - 86.3 t 4.2 1.7+ 0.8 11.7 + 3.8
1560 9.6+ 2.0 ~ 0.7% 0.2 5.3 % 1.1

1. Fraction of ur1nary 231 retained on the AgC1-DEAE cellulose
mini-column. _

Fraction of urinary '2°I co—chrOmatographing with authentic 6-1U.
3. Fraction of urinary 23] unaccounted for by 1) and 2).

¥

of the normal fat Tiver fof\wetabo1izing“orotic acia in the circulationi
was found to.be épproximate]y 5 mg kg~! (33 uM)f7ir- Uracil was not
incorporated into thé RNA‘Of horma1-rat liver to the'same'éxtent as -
orotate, but was catabo11zed and excreted’’", For example, more. than ;
- 80%~of 2 mg (18 umo]) of 2 [14Cc1- uracil 1n3§cted 1ntrapér1tonea11y 1nto
normal rats was degraded to CO within 3 hours and 5% was recovered
unchanged in the ur1ne17“. The injected*dose (0 72 umol) of 6- [123I]
iodouracil would have been expectedu$o be”w1th1n the metabo11c capac1ty
of the normal rat liver based on urac11 or orotic acid metabol1sm in

the rat However 6-[1231]-iodouracil was not metabolized as eff1c1ent1y.._

- as the reported metabo]1sm of either orot1c ag1d or uracil.
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L'v The tissue : blood ratios indicated that 6-['23]1]-iodouracil did not

attain a concentration gradient of sufficient magnitude to allow non-

" invasive tumor imaging, a conclusion substantiated by the gamma ray

camera studies. It was evident from the images obtained that the

injected radioactivity was excreted quickly by the urinary system and

| accumulated in sufficient concentration to delineate the bladder within

5-10 minutes after injection. Sixty-five minutes post injection the

kidneys and bladder were evident but the abdominal gégion was a diffuse

‘area of réQative]y high activity (Plate 1). After 4 hours, only the

stomach and bladder were evident and the image for 6-[12°I]-jodouracil
closely resembled the image obtained 75 minutes after injection of

. L “\ . - )
sodium iodide-123 where. the stomach (large focus of radioactivity) and

- the bladder (smaller focus of radioactivity) were the only tissues

clearly de)ineatéd (Plate 1).

Another tissue distfibution sfudy was undertaken when 6-chlorouracil
and 6—[12311-1odourac11 were injected sihu]taneous]y to<determfhe,the
efFECt‘fhat 6-chlorouracil may have had.On the differential bio]ogica1'
distribution of radioactivity after injection of 6-[123I]{iodoura¢i1.gf'
It was neceséary'toidetermine this effect since the removal of 6- =
ch]orodraci]*from~6—[1231]-iodourécil,affer purification was not always
complete. The data,fn Table’XVI compare'the‘tissue: b]oodvraﬁios'fér
several‘tissues after the‘injection of 6-[*2?%I]-iodouracil with and
without co-injection of 6—ch1orourac11; The data indicate_thatlco-

injection of even an excess of 6-chlorouracil, on a molar basis with

respect to 6-iodouracil, had Tittle effect on the overall tissue

distribution of 6-[%23I]-iodouracil.



147

,

Y

. 6-[!-]23]-!U
’:’txlOll Counts
65 Minutes After injection

Nai-123
1x10° Counts
o 75 Minutes After Injection

o~

~

2'-[1-123]-1UdR
1x10° Counts
120 Minutes After Injection

AR

Plate 1. Gamma Camera Images of Wistar Rats Bearing Intramuscular
Walker- 256 Carcinomas ( Searle HP Camera with Pinhole Collimator)
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The 1ow tissue utilization of 6-[123I]-iodoﬁracil by any of the
tis;sues analyzed was reminiscent c".he tissue distribution data reported
for 5-iodouracil and 5-iod;orotic acid labelled with *31'7%. In these
stUdies neither 5-[*3!I]-iodouracil nor 5-[13iI]-iodoorotic acid -
demonstrated significant preferential concentration in either normal
tissues ok experimental tumo;s. Others'’® have reported poor utilization
of 5-[3H]-sodium orotatg in normal tissues of rats bearing hepatomas

“with vérying gfowth_fates. Oniy:the 1iver,,kidney and hepatoma were
rreported to<héve‘incorporated radioacfivity from the blood. In the
same tumor mod;]s, 5-[3H]-uracil demonsérated a similar qualitative
pattern of tiésué incorpofation to that of 5-[3Hj-o tate, although
the exteht of’uptake was quantit&tive]y‘léss. 1ﬁ

3

2. .Tissde Distribution of 6-[3H]-2'-Fluoro-2'-deoxyuridine

The tissue distribution of 2'-FUdR was studied with‘the tritiafed
analogue 6-[3H]-2'-FUdR rather than the *°F 1abe11ed{compound for
conveniénc due to the short half-life of 1°F, Male Wistar réfs
inoculated with Walker 256 carcinomas were used as the tumor model.

The kidneys and Tiver rapidly accumulated radioactivity after
intravéaous injection of 6-[3H]-2'-FUdR (3.5 pmol per rat) and accounted
for'éreater than 3 and 32% respectively of the dose 15 mindtes after |
injection (Tqb]e XVII). The blood contained 5% of the radioactive
dose after 15 minutes and this level remained constaﬁt during the 6
hour time period examined. The remaining tissues examined, including

theffumor, gave no evidence for accumulation of 6-[3H]-2'-FUdR or its

radiolabelled metabolites. The tissue : blood ratios for these tissues
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TABLE XVII. Percent Dose of ’H Incorporated per Whole Organ

of Walker 256 Carcinosarcoma Bearing Wistar Rats
after Injection of 6~[*H}-2'-Fluoro-2'-deoxyuridine.

Tissue o 15 30

Time in minutes

60

120 240 360

Blood X 5.06  5.22  4.49 4.29 4.31 4.29
o SD 0.78  0.68 0.5 0.21  0.35 . 0.33
Liver - X 31.70 19.53  9.95 3.37  2.96  2.85
SD 8.22 . 6.50 1.37 0.69 0.32  0.58

Spleen X > 0.23 0.22 0.22 0.17 0.18 0.21
SO 0.064 0.05 0.02 0.02 0.09 0.08

Kidney = X 3.35  2.52  1.47 . 0.63 0.46  0.50
. sD 0.42 . 0.30 p.17 0.12 0.21 0.16

GIT X 0.29 0.27 0.23 0.23 0.16 0.22
SD 0.12 0.10 0.08 ©0.08. 0.09 0.07

Stomach X 0.41 0.37 0.38 0.31 0.20 0.36
SD 0.11  0.08 0.09 ~ 0.08 0.03  0.10

Tumor X 0.41  0.28  0.24 0.30 0.27 0.26
- 0.09 0.14

SD 0.19 0.17

0.20

- 0.10

Blood volume célculatod as 6.5 % of body weight!?7,

150
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remained constant at éach time period studied, indicating that blood
perfusion rather than tissue uptake accounted for the majority of the
radioactivity observed in the fissues (Table XVIII). Tumor : blood
| ratios at nb time exceedeq unity'and were comparable, within experimental
error, to the values calculated for the spleen, géstrointestina1‘£réct or
stomach. These latter tissues have high cell growth rates and would’ |
"be expected to incorporate exogenous1y supplied nucleosides more readily
than less actively growing tissues. ' ' | |
2'-F1uoro-2'-deoxyuridine has been shown to be a substrate for
_the erythrocyte nucleoside transport méchan%sm175. The mono- and
diphosphate of 2'-f1uoro-2f—deoxyuridine were shown to be substrates
of a number of enzyme systems 76°77, 2'-Fluoro-2'-deoxylridine
could therefore enter and be metabolized in the liver in a manner-simf]ar
to that of uridine.; The‘half-fife of 5-[3H]-uridiné clearance from
plasma was reported to be approximately 6 to 9 minutes!??>'%°  This can
be attributed to the rapidraegradatfon of uridine in the Tiver, which
catabolizes 70 to 90% of the uridine entering the organ'’?:'°%, The
metabolites of 5-[3*H]-uridine Were»S-[3H]-uraci} and [3H]-water. ‘A |
constant level of blood radiocactivity was observed up to 4 hours after
injection of 5-[3H]-uridihe. |
The small dose (3.5 pmol per rat) of 6-[3H]-2'-FUdR injected could
have been cleared from the circulation very quickly by the Tiver,
possibly on the fiést pass. If 6-[3H]-2'-FUdR was metabolized in a -
manner analagous to 5-[*H]-uridine, the tissue distribution of 3H would
' not accurately reflect the tissue distribution of 18F that would be

obtained with 2'-[®F]-FUdR. The radiolabelled catabolites of



TABLE XVIII.

Tissue to Blood Ratios of *H in Various
Organs in Walker 256 Carcinosarcoma
Bearing Wistar rats after Injection of
6-[*H] -2'-Fluoro-2'-deoxyuridine.
Time in minutes
15 30 60 120 240 360
Liver X 9.58 5.77 3.06 1.03 0.97 0.92
sD  3.24 2.57 0.60 0.19 0.16 0.55
Spleen X 1.07 1.01 1.05 0.80 0.70 1.10
sb  0.16 0.20 0.13 0.11 0.06 0.52
‘Kidney X 6.18 4.53 2.75 1.24 1,07 1.11
sb 0.8 0.52 0.11 0.23 0.36 0.4l
Stomach X  0.94 0.76 0.89 0.74 0,53 0.97
sb 0.27 O0.I2  0.24 0.20 0,05 0.32
Tumor X 1.00 0.87  0.82 0.69 0.62 0.76
- .SD- 0.15 0.13 0.09

0.10 0.08 0.18

-
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2'-[1%F]-FUdR would be expected to be the fluorinated ribose analogue
and f]uoride-lS in contrast to 6-[*H]-uracil and [®H]-water, the
analogous metabolites of 6{[3H]¥2'-FUdR. Theréfore, the interpretation
of the tissue distribution hata of 6-[3H]-2'-FUdR in relation to the
suitability of 2'-[*°F]-FUdR for tumor imaging must be made with caution.
The high levels of 3H in the liver suggested that 6-[3H]-FUdR was taken
up and possibly metabolized in the liver.  The very Tow fraction of *H
in the tumor after injection of 6-[*H]-2'-FUdR indicated that the
.abso1ute concentration of radioactivity in the tumor after injection
of 2'-['°F]-FUdR may be too low for accurate external visualization of
the tumor. |
s

3. Tissue Distribution of 2'-[3¢C1]-Chloro-2'-deoxyuridine

To allow for lengthy analytical procedures, 2'-CTUdR Tabelled with
Tong-lived 3°Cl1 was used for ﬁﬁéﬁtisSue distribution stud;es rather than
the shorter-lived 3*M(1 radioisotope. The differential tissue distribu-
tion studies. were condﬁcted using male BDF, mice bearing a subpannicular
Lewis Lung carcinomé as the tbmor model. The tumors were used 8 to 10
days after implantation and ranged from 100 to 300 mg in size.

The injected radwoact1V1ty (7 78 kBq, 1.37 umol per mouse) was
removed rapidly from the blood with less than 1% of the dose remaining
1n<the blood 2 hours after injection. The liver, spleen, kidney, gastro-
‘intestinal tract and tumor were the major organs to take up 35C1 aétivity
(Table XIX). Comparison of the tissueAuptake‘of 38C1 after injection of
2'-[35C1]- Cl1UdR indicated that the tumor, k1dney and spleen accumu]ated

the radioactivity more efficiently than the other t155u95 (Table XX). §

i

VO ¢
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TABLE XIX. Percent Dose of *°¢Cl Incorporated per Whole OEgan
: of Lewis Lung Carcinoma Bearing BDFy; Mice after
Injection of 2'-[3¢Cl)~Chloro-2'-deoxyuridine.

Time in minutes

Tissue 15 30 60 90 120 180

Blood X 3.26 2.06 1.64 1,02  0.72  0.58
SD  0.42 1.36  0.65 0.34 0.10 - 0.14

Liver X 3.61 1.85 1.52 0.89 0.53 0.54
SD 0.86 0.18 0.82 0.33 0.15 ' 0.10

Spleen X 2.12 1.76 1,48 1.07 0.60 0.58
. . SD  0.52 0.18 0.35 0.68  0.20 0.13
Kidney X 1.23 0.69 0.53 0.30 0.21 0.28
SD 0.23 0.07 0.21 0.08 0.03 0.21

GIT X 4.09 2.63 2.65 1.32 0.86 1.00
sD  0.92 0.38 1.05 0.22 0.22 0.32

Stomach X 0.23 0.18 0.14 0.09 0.06 0.06
SO 0.04 0.04 0.05 0.04 0.02 0.01

Tumor X 2.42 1.41
_SD 1.22 0.89

14 1.16 ' - 0.94 1.36
40 - 1,12 0.38 1.72

- N

Five animals per 15, 30 and 120 minute time periods.
Six animals per 60, 90 and 180 minute time periods.
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TABLE KX. Percent Dose of *°‘Cl Incorporated per Gram Tissue
of Lewis Lung Carcinoma Bearing BDF; Mice after ,
Injection Of 2'-[2¢Cl]-Chloro-2'-deoxyuridine.

b)

Time in minutes

15 30 60 90 120 /180
Blood X 2.00 1.26 1.01 0.63 0.44 0.36
SD 0.26 0.22 0.40 0.21 0.06 0.0
Liver, % X  2.53 1.38 1.10 0.69 0.32  0.41
'sD . 0.67 0.23 0.47 0.21 0.17 0.07
Spleen - X ' 14.02 14.08 8.83  6.05  4.28  3.82
. sp’ 3.08  2.49 2.68 1.83 1.09 ~ 1.26
Kidney. X 6.76  4.01 3.08 1.89 1.30  1.60
7 sp 0.73 0.56 1.33  0.50 0.22 1.34
GIT* -~ X 2.76  2.00 - 2.08 1.02  0.65  0.82
C SD 0.36 0.37 '1.04 0.20 0.15  0.38
Stomach * X 1.93  1.31  0.98  0.74  0.45  0.48
- s sp 0.29 0.20 0.32 0.29 0.08 0.16
Tumor X 4.37  3.96 2.66 1.99 1.87 1.94
S s

D 1.13°  0.87 0.95 0.65 0.47 1.49

fEinuaningls per 15, 30 and 120 minute time periods.
-Six animals per 60, 90 and 180 minute time periods.

o
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’Thws 1s 111ustrated in Figure 10 in wh1ch the sp]een tumor and kidney

t1ssue blood ratios 1ncreased during the f1rst hour after 1nJect1on
_and remained high for the duration of the exper1ment.

| Chromatographic analysis of the urinary contents -of the bladder

and detérm1nat1on of the tota] amount of radioactivity present in the
* btadder at each time per1od‘a11owed the extent of metabo]1sm of 2'

[3601] CludR and its ur1nary prof11e to be estimated (Table XXI). Most

of the injected radioactive dose (69. 7%) was recovered in the urine

w1th1n 3 hours post 1nJect1on Catabolism of 2 [35C1] C]UdR occurred

Y , . ' ’
TABLE XXI. Ur1nary Excret1on Analysis After Intravenous Injection of
| - . 2'-[35C1]-Chloro-2'~-deoxyuridine into Male BDF1 Mice

Bearing a Lew1s Lung Carcinoma (n=6).

Proportion? (%) of urinary radio=
% of InJected
Dose Recovered ~activity assoc1ated with:

Time (min) .in Urine?! Ch]or1de 2 ClUdR Unidentified

~ Post Injection X £5SD - X £ SD Xt SD X % SD

15 12.7% 6.5 2.3£2.4 _ 95.0%¢2.9  2.5%3.0

307 31.1£14.5 - 6.5%¥2.9  88.14.4 7.1+4.3

Y60 42.7£30.4 2413 92.0:4.8  5.54.2
90 . 53.3£18.2  3.2¢1.3  90.8%3.4  6.0%3.4

120 , 56.3%32.9 8.6+4.0 . 84.4%5.3 - 7.0£4.5

i

180 | 6‘9:7:10,‘6.‘ . 4.8%5.0 85.3+6.0  9.7%5.5

1. Inc1udes the. ur1nary b]adder and contents removed from each mouse
during dissection and therefore represents the total radioactivity
excreted “into the urine durihg the time period in question minus
urinary activity 1ost to the ‘environment before sacrifice. .

N

2. Proportions det@rm1ned by silica ge] t]c -analysis .of the urine..

-
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sTowly as wa evident from the 3 hour urinary analysis which indicated
that 85% of he excreted radioact1v1ty was stiii assoc1ated with
unmetabolized 2'-C1UdR. Further analysis of the data was limited as
+ it could not be assumed that the urine collected represented the total
“- amount formed during-the~time period. The'values~presented, therefore,
underestimate the true rate of urinary excretion.'rWith/this in mind it
is evident that 2'-[3%C1]-C1UdR was rapidly excreted unchanged in the
urine since at least 69% of the injected dose was found in the urine
3 hours post injection and that 85% of this radioactiuity was stii]
associated uith'Z' CiUdR ) ‘ o/ ,
) In contrast to 6- [3H] 2'-FUdR, the injected dose of 2' £3Z;1]-C1UdR
(1.37 pmo] per mouse) may have saturated the metabolic capac1ty of the

@

mouse 1iver. The capac1ty of the rat liver to clear uridine on the
first,pass from the c1rcu1ation is approx1mate1y 73% at concentrations’
(50 uM) many times greater than’ phy51oiogica1 1eve]s172 However a |
‘bo]us 1nJection of 1. 37 umol 2'-[35C1]- C1UdR wouid resu]t in an initial
i mo]ar concentration far greater than 50 uM (approx1mate1y 850 uM
'agﬁas$uming blood volume is 6.5%'77 of a 25‘gvmouse) . If one assumes that
‘the mouse 11ver capac1ty for uridine was similar to that for the rat
fthe c]earance of 2 -[35C1]-C1UdR from the blood would probably be less
than 70% efficient The Tow extraction eff1c1ency would be conSistent
with the low concentration of 38C1 act1v1ty in the 1iver and the rapid
Sexcretion-of unchanged 2! -[3601]-C1UdR in_the urine. The low rate of
_metabolism of 2'-[?°C1]-C1UdR would allow the other tissues sich as the
| spieen and tumor an'ooportunity to incorporate 2‘4[36C1]-C1UdR.. An

w.analysis of theiacid soluble fraction of the spieen, tumor-and'kidneys

I

Y
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for phosphorylated metabolites would be necesséry to determine whether
these tissues had accumulated the 3%C1 by metabolic trqpping of 2'-
L38C1]-C1UdR. The 3¢C1 activity in the.kidneys could have beena
reflection of the urinary excretion of 2'-[3°C1]-ClUdR and its =

metabo1ites.’

4. ' Tissue Distribution of 2'-[1231]-2'-Iodo-2'-deoxyuridine

The tissue distribution of 2'-[*2°I]-IUdR (2.35 pmol per rat) was
studied using male Wistar rats bearing intramuscular Walker 256 carcinomas
as the tumor model. Uptake of 2'-[123I]-IUdR by the various tissues was

“very low. The b100d,.116er,‘sp1eEn, kidney and thyroid accumulated the

AR

most radioactivity of be tissues examined 15 minutes after injection
(Table XXII). The injfaz _;radioaétivi%y was rapidly cleared from the

- blood which accounted fo nh]yvé% of the injected dose after 15 minutes.”

'prevef'thewzoﬁpentrat'on of rédioactivity in the blood remained at this

Tevel upfto.8 hours pbst,injection whereasvthe“oiher tiséues exhibited

& gradual decrease in r'dioactivifyllevel as aufunction of timeff This

- was indicated by the gén ra1 trend of deéreasiné‘tissue : blood 1eve15
-as a function of time (Table XXIII). The skin and stomach‘were the

~only tissues to demonstrate consistently high tissuéé}b1ood ratios

during the course of the experiment. Thié probably reflected uptake

of free radioiodide released from 2'-[*?*I]-IUdR jﬂ_xiig.

Chromatogfaphic analysis if the urine indiqated that excretion of
: unchanged'2'7[125I]fIUdR aCCounked for most of the early post injectioh
radidﬁ%tivfty with 39% of the %gjécted‘dOSe excreted as 2';[123I]—iUdR

within 7 hours (Table XXIV). The balance bf the urinary radioactivity
.
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TABLE XXII. Percent Dose of '33] “Incorporated per Whole Organ.
g - of Walker 256 Carcinosarcoma Bearing Wistar Rats
after Injection of 2'-[323I]-Iodo-2'~deoxyuridine.
Time in minutes
Tissue 15 30 60 120 i 240 480 960 1560
2.21 2.78 2.28 2.91 0.212 0.097
0.69 '0.40° 0.93 0.35 0.041 0.074
7.01 4,21 1.95 1.32 0.103 0.072
.25 1.59 0.58 0.17 0.30 0.016 §.020°
R : e o . : o
Spleen X 1.09 1.36° 1.00 0.52 - 9.23 0.13 0.007 0.005
sD  0.15 0.05 0.26 0.07 ¢b.08 0.01 0.001 0.002
Kidney X  1.32 1.17 0.66 0.46 0:24 0.17 0.010 0.005°
: sD  0.20 0.11 0.15 0.97 0.02 0.0Z"ix.0.003 0.002
- - B W ! rg‘\‘
Tumor X - 0.22 0.55 0.38 0.40 , 0.21 0.12 °0.015 0.003
sb 0,08 0.20 0.04 0.05 0.09 0.01 0.004 0.0Q
‘Thyroid X  1.11 0.56 0.41 0.23 0.11 0.12. 0.005 0.002
~SD 0.06 ©0.11 0.18 0.04 0.02 0.06 0.001 0.001
B
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TABLE ‘XXIII. Tissue:Blood Ratios of Various Tissues in Walker 256 g#
- Carcinosarcoma Bearing Wistar Rats after Injection
of 2'-[*2?1]-2'-Todo-2'-deoxyuridine (n=3).

Time in minutes

Tissue 15 30, 60 120 240 480 960 1560
Liver X 9.21 6.45 4.68 2.15 1.42 £.72  0.54 1.11
SD 0.49 1.23 1.50 0.57. 0.58 .'0:06"ig06 0.36
_ o oy . » gl .
Spleen X 9.83 9.66 7.02 3.43 2.0H 9061 0.95
SO 3.46 0.92 1.58 1.00 0.4 0.16 k.33
. _ v . '\‘> . A
Kidney = X  9.96 2.64 1.6 0.74 0.88
N ~ *sp 2713 0.65 0.60 0.09 0.26

Stomach X 2.87

SD 0.34 0.22 0.18 0.67 0.12 0.70
GIT X 8.46 1.91- 1.43  0.83 0.74 0.90
SD 2.48 0.46 0.27 " 0.12  0.06 0.26
Muscle X 1.35 0.71 0.37 0.22 0.22 - 0.36
SD 0.09 0.20 0.09 0.01 '0.03 0.18
Tumor , X 3.52 4,13 4.35 2.8 2.24 1.12 1.00 1.02
~SD '0.11 0.59 0.80 0.7¥%1.18 0.05 0.26 0.26
Thyroid X 11.96 . 6.95 4.76 2.12 1.40 0.78 0.74 0.73
SD 1.80 0.96 1.87 0.41 0.68 0.07 .0.18 0.38
Skin X 1.72 2,13 1.95 1.38 1.42 1.18 1.42 3.90
: sb 0.34 0.32 0.28 0.30 0.51 0.41 0.52 2.02.
v AL R ’ 7 '
i o
. ' *
. o
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TABLE XXIV Whole Body Elimination and Urinary Excretion Analysis After
Intravenous Injection of 2'-[!231]-Iodo-2'-deoxyuridine
into Male Wistar Rats Bearing a Walker 256 Carc1nosarcoma

(n=3). .
: Proportion (%) of urinary radio-
g of Total activjty associated with:? N
Time (min) Dose Excreted®  2'-IUdR ~  Jodide Unidentified
Post Injection XS x £ SD x £ SD x £ 5D

30 16.4 £'5.2 - 79.3%6.5 16.8+3.2 4.0%3.4
60 20.1 % 6.7 78.2 £ 0.3 18.2%3.4 3.4%3.2
120 7.126.7 5 73.6° 25.3 11
20  58.2%7.9 36.6" 6l.1 - 2.4
420 71.6 £ 5.4 15.1" 65.3  19.7
960 - 86.9 3.7 - - -

1500 90.3+2.8° - - -

_ ——r :

1. Cumu]at1ve excretion oF rad1oact1v1ty Fkom the whole body calculated
<% @s 100-fraction remaining in the body a} each time period.

2. Determ1ned by silica gel tlc analysis of thejurine collected after
induction’ of m1ctur1t10n at each time interval,

3. n=2 - | ‘ e
4. n=1 o ' '

was attributable to rad1o1od1de and poss1b1y other. po]ar metﬁﬁb]1tes
retaining the }2°I mo1ety Qualitative ana1ys1s of the ur1ne “radio-
chromatograms using the Berthold t]c scanner 1nd1cated that the majority
of the urinary rad1oact1v1ty was assoc1ated with two d1st1nct peaks
corresponding to 2'-IUdR and,1pd1de.v Seventy-two percent of the total
dose was excreted within 7 hours and 90% was excreted within ‘25 hours}

qfter‘injection.
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The whofe body elimination of 1231 as a function of time after the
3

inject1on»of 2'-[*2°1]-IUdR is compared (Figure 11) with the elimination "
profile of 12°I after injection of sodium iodide-123. The excretion

profile of 2'-[*231]-1UdR could not be resolved as a simple bi-exbonen-
R .

, tia],‘in contraﬁt to the twe—compartment.modefwcalculated for the

\
|

e]imination_oﬁ 2'-[®2Br]-BrUdR®*, The complex elimination profile

. v _ ’

was due in part to the degradation of 2'-[*?3I]-IUdR to radioiodide.
lodide also has a compTex elimination profile due to the diversity of

~its metabolism, including active incorporation by the thyroid, stomach

. jﬁﬁd‘§E?%.ofethe rat*’1. The excretion profile of Na'?®l was similar to

those reported by ethers®?, %\
The re1at1ve tissue concentrations of 1231 f011ow1ng inJect1on
of 2' [12311 IUdR 1nd1cated ‘that the tumor did not reach a sufficient

iw;‘ .

‘tumor background tissue ratio to allow tumor-imaging. This was also
ev1dent'from«the gamma ray camera studies (P]a:e/il,in/whieh.fhe only .,
distinguishab]e features wére the liver and ur nery bladder. The '
uptake of 123 into the tumor leg versus the control leg was compared

by computer ana1y51s of the gamma-: ainera 1mage recorded after injection

of 2' -[123I]-IUdR (P]ate 2). The activity versus time prof11e (Plate

;2A) plotted over the initial 24 minutes after injection of 2' [12311-.

-

IUdR indicated that the concentration of 123I in the tumor leg rema1ned
"k
constant during the same time period for which the *2%I activity in the

control leg showed a steady decline. This suggested that some of the

1231 in the tumor may have been trapped (perhaps metabolically) while

_the control muscle 23] activity may have been due primarily ‘to blood

perfusion. The h1stogram (Plate 2B) also 1nd1cated that the 1eve1 of

1231 activity in the tumor leg was greater than that 1n the control leg,
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30 minutes after injection of 2'-['231],IUdR. The difference in uptake
between the tumor and the muscle detected by the gamma-camera was not
s gfeat as the tumor : muscle ratios ca]cu1ateﬁ from the tissue
distribution data (15 min=2.6 and 30 min=3.3). Delineation of the
tumor was poor with 2'-[*2°I]1-IUdR (Plates 1 and 28B).

Substitution of the 2'-hydroxy1 influences the conformation assumed
by nucleoside analogues but it is difficult to predict what the effect
of a given substituent would be. The furanose ring conformation exists
in a dynamic equilibrium between two pucker conformations in which eitilh
the C-2'(S) or th& C-3'(N) atom is furthest away frgm the plane of the -
other-atoms of the ribosegring?®2,1e*, The unsubstituted ribosides
favor a chfdfﬁationa] equilibrium approximately 50% N and 50% S while
thghdeoxynucleosides favor a predominantly 5 equilibrium!®%. The effect
which the C-2' or C-3"substifuent has on the conf 1 equilibria
of nucleoside analogues has been attr1buted to stemsion electro-

static 1nteract1ons (subst1tuent e]ectronegat1v1ty and -polarity), hydrogen

bonding and other factors!®®. None of these factors alone completely-

accounts for the conformational preferences assumed by the ana)ogues

-~

studied’,18¢6,

e .

F1uor1qg has a van der Waals radlus (1.35 A) between that)of
hydrogeq{il 20 A) and oxygen (1.40 A) but is more electronegative than-
either, funct1ona1 group (F=4.0, 0=3.5, H=7.1). Chlorine (1.80 A)
is larger than oxygen but is less electronegative (3.0) while bromine
(1.95”3) and.jpdine (2.16 A) are larger than oxygen and compare more
favorably with ghe methyl group (2.0 A) in both size and electro-
negativity (Br=2.8, 1=2.4 and CH5 =2.5)1e7,
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The data presented by Cushley et al.'® and Guschelbauer and | -
Jankowskil’ ind;Zated that the conformational equilibria (relative
contributions of the N and S states as determined by the J;° ,2' coupling ,
constants) of 2'-IUdR, 2' BrUdR and 2'-C1UdR was between the conforma- ¢
tional equilibria favored by uridine and 2' deoxyuridine The
conformational equilibrium assumed by 2'-FUdR favored the N state to
a greater extent than that observed for uridine. The 2'-halogenated
deoxyuridine analogues are therefore considered to be analogues of ‘
uridine rather than 2'-deoxyuridine.
The rapid blood clearance and high liver radioactivity after
injection of 2'~[12°[]-IUdR and 6-[*H]-2'-FUR was qualitatively
similar to the profile presented by 5 [3H]-uridine*®?®, Unlike uridine,
-[r2]- IUdR and 2' [35C1] C1UdR were not rapidly metabolized and
large proportions of the“early urinary radioactivity was due to unchange¥
nucleoside (2'-[12°1]-1UdR = 73.6% after'2 hours and 2'-[*%C1]-C1UdR =
85.3% after 3 hours). The rapid clearance and constant decrease qf 3°C1\
activity from the blood was in contrast to the kinetics of 6-[3H]-2‘—FUdR\
;and 2*-[*231]-1IUdR in the blood stream. Caution must be exercised when
comparing the tissue distribution of 2'-[3%C1]-C1UdR t& 6-[3H]-2'-FUdR-V
and 2'-[*231]-IUdR since the former was studied in a meuse nodel and the .
fatter in a rat que1t Differences in size and metabolism must be
cqnsidered'as factors in any observed differences. After this work
was comp1éted, it was Tearned thatﬁqqltured Walker 256 carcinosarcoma
ce]]s lack NBMPR binding sites,'whicH suggests that these cells have

either an atypical or an uncharacterized nucleoside transport mechanism188

Therefore, the low tumor uptake of 6- [3H] 2'-FUdR and 2 [12313 -TUdR""§% “Qﬁkbii ¥

observed for the rat wa}ker 256 carc1nosarcoma may not'be characteristic 7 !

'
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of the analogues but rather.characteristic of the tumor. This suggests
that other tumor models should be tested before the analogues are
considered unsuitable. In addition, 2'-FUdR should be tested with

a '®F label since the distribution of radioactivity after injection of

2'-FUdR analogues labelled with *H or '“C in the base would be different I

than the distribution of °®F activity.
The value of a tumor delineating agent is determined by its degree
of tumor specificity, which is a function of the absolute amount of

»

radioattivity in the tumor and the ratio between the radioaqtjyj;y,in

. the tumor and the blood and surrounding tissues. Both of these para-

meters are dynamié, changing with time after injectioh. In order to
§ompare the ré4ative utility of tumor localizing agents, it has been
suggested that a tumor index be applied which would consider the effect
of the chan91ng concentrat1on of rad1oact1v1ty in the tumor and in the
background. The tumor index proposed by Emr1ch et al. 146 g ca]cu]ated
as the“tumor uptakg (percent injected dose 1ncorporatedkper gram tumor)
multiplied by phe tumor : blood katio..:B]ooaprepresents a ubiquitous
background: value, but othgr‘more séecific background tissues;Qor
specific tumd;g have been uéed. The tumor indices for the nucleoside
and base analogues tested, using wholé blood as thé baquround tissue,
are given in Table XXV. In terms of tumor index,.2'-[*¢C1]-C1UdR

would be predicted to be the best tumor imaging agent of the nuc1eosides
in the series. The index also predlcts that the best time for imaging

would be between 15 and 30 minutes, which is well w1th1n the effect1ve

: ,_half life of 3“mC1 1abe1]ed 2 -C}UdR _ The compar1son between 2 -CTudR

k)

'N*aﬁa the other ana]ogues must take 1nto cons1derat1on the differences

.

e L 5 e e ol e b et - N . L
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in specific activity and tumor models used for these studies, as
R

discussed previously.

TABLE XXV,  Tumor Index® in Relation to Time After Administration.

Time after administration (min)

Radiopharma-

ceutical 15 30 60 90 120 180 240 360 480 960 1560
6-[*2%13-1u 0.18 0.22, 0.23 - 0.18 - 0.09 - 0.03 0.001 0.002
6-[H)-2'-FUR  0.31 0.24 0.18 -  0.12 - 0.10 0.15 - - -
2'-[%°C1)-CludR  9.60 12.72 8.17 6.91 6.56 10.84 - - - - -
2'-[*?°1]-1udR  1.90 2.99 - 2.96 - 1.63 - 0.73 - 0.27 0.016 0.007

1. Tumor indices calculated-as proposed by Emrich et al.1*®,

-
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~the use of an enriched %S target material. \Hydrogen su1f1de was not

171

. A summary of the experimental results jis preserited in Table XXVI

a-c. The recovery of anhydrous hydrogen fluoride-18 for the synthes1s

of 2' §1BF] -FUdR was most successfh] when the 2°Ne(d a)leF nuclear -
:react1bn was used Carrler anhydrous hydrogen f1u0r1de was requ1red
. to recover apprec1ab1e y1e1ds of- 18F with the result that the spec1f1c

'act1v1ty of the °F recovered was 1OW The chemical and rad1ochem1ca1

yields obtained did nat, prov1de suff1c1ent 2'-[18F]- FUdR for tissue
distribution stud1es

The 3l‘S(p n)**MC1 nuclear reaction provided the best comﬁ{ohise

‘between rad1ochem1ca1\\?eld and ‘specific activity for the production

\

of 3*MC1. The 34Mc1 could be recoyered from the target gas and 2'7

-[3“mC1]-C1UdR could be synthesized'within two ha]f lives of 3%MC7y,

A

The short: t1me requ1red for the preparation of 2 [3“mC1] C1UdR wou]d ‘
a]]ow suff1c1ent time for use of 2'A[3*MCT1]-C1UdR as a tumor” 1mag1ng
agent. The yield ofbf“mC1 ¢ould have been increased further through

\
an 1dea1 target mater1a1 due to the production of elemental su]fur
during 1rradtat1on. The use of a solidstarget could perhaps obv1ate,'

the problems associated with a gaseous H,S target’lthereby g1v1ng an

increased recovery of 3“MCj from the target material.

2'- [1231] Iodo 2'-deoxyuridine was synthe51zed in high yield in
»
the presence of a sma]] amount of carr1er 1od1de No- carr1er—added
2'-[*231]1-IUdR was synthesized in Tow radiochemical yield. The’

presence’ of sodium hydroxide or sodium chloride in the reaction

3 mixture interfered with the synthesis of radioiodinated 2'-IUdR.

6-[1231]-Iodouracil was readily synthesized by iodide-123 exchange

,dn 6-chlorouracil in the presence of carrier jodide. The yield of



<172

' #

“6¥[f23I]-1odouracj1 was dependent upoo the iodide concentration which.
Timited the.product’soecific activity No-carrier-added "6-[12%1]-
1odourac11 cou]d not ‘be synthes1zed by this method. . B ﬁ

The t1ssue distribution, data for 2'-[*2%I]- IUdR, 6 [3H] 2! FUdR
and 6-[12°1]-1odouracil in the Walker 256,carc1nosarcoma,tumor model
.1ndicated fGat the Tow tumor uptake of redioactivity ahd:the h{gh
- blood and backgrouqd radioactivity would preclude the use of these
agents for tumor  imaging. The tissue‘diStribution'ﬁ%udies for 2'-E35C1j-
C]UdR in the Lewis Lung earcinoma théér model indicated higher tumor
uptake and lower background radioactivity for 2'- [3®C1]-CTUdR than
observed for the other ana1ogues : _ .

‘More .than one tumor model should be-used to evaluate.radiolabelled !
* nucleosides for ‘tumor imagjng before definitive conclusioens regarding
their applicability are drawn. This conc]usioq\ie based upon the‘l
"observed differeﬁces in the uptake‘patterns of the labelled compounds
,by the ‘Walker 256 andlthe Lewis ngg tomor models. It has aiso
Jrecent]y been suggested that jﬂﬁtured Walker 256 carc1nosarcoma cells
lack NBMPR b1nd1ng s1tes which indicates that these ce]]s e1ther do
not transport ngc1eos1des or transport. them via an undemonstrated
transport?mechéniém Therefore tumor models. which demonstrate more

typical nuc]eos1de transport capab111t1es than the Walker 256 model

~ may be more suitable for evaluating nuéleoside analogues as potential

5

iumor\imaging agents.
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TABLE XXVIa. Summary of Results: RadioﬁucLida Production. o,
. LQ B
Product Nuclear .Taiget Recovery Recovery
Reattion Material Conditions _ %1
. ;
™~
13f 2oNe (d,q) **F Neon 18F eluted from _ 54.7
. ' target with normal
. , saline and distilled
. from conc. H>S0,.
, 4 v _ '
1sF 2%Ne(d,@)!*F  Neon 15F eluted from 69.0
, . target with
i anliydrous HF.
3 . : ' -
2ECTy 345(p,n) 34mCy H,S 3¢ removed from 14.4:
- target gas on anion

<

exchange resin.’

~

e

'. Values obtained unﬂe; optimum conditions.
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’ ‘
TABLE XXVIb. Summary of Results: Radiochemical Synt:hesis.)
' - , L
‘*2\
Product Molar Ratio Time Temp Yield
' halidejsubstrate win °c %
)
6-[>¢C1]~Chlorouracil 1.1 ¢ €31 152 77.1
. ) - : : ) 3 R
6-[*221)-Iodouracil 1.0 118 150 55.4
- 6-[?H]-2,2'-Cyclouridine =+ . -~ 16 . 153 83.7
4
. 2'-[1*F]-FudR - 49.0 . 61 185 0.4
- 2'=[>¢C1]-ClUdR 1.0 30 163 29.8
2'-[*+m1]-ClueR 1.1 10 140 36.0
2'-[*231]-T0R - 0.5 257 135 84.0
2'-[2221]-TUR - NCA 15 . 133 21.0
’ ‘A : / » ‘ .
2'-[***1] - IgaR 0.5 ) 16 148 47.0
7 »
T
NN
. oo

S
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TABLE- XXVIc. Summiry'of Results: Tissue Distribution.

Analogue Tumor Uptake Tumor:Blood Emrich Tumor
. %L / organ? Ratio? " Ratio?
: (min)? (min) ? (min) ?
' 6-[1f=I]ondouracil' 1.58 ’ 0.86 ' 0.23
) : B 15) (240) (60)
6- [*H]-2'~FUdR 0.41 100 0.31
as) (15) Qs
2'-[asC1]-ClUR  2.42 ; 5.58 12,72
. . (30) (180) 300
2'-[*131]-TUdR 0.55 4.35 2.99
: . (30 - (60) ? . (30)

et

. Maximum values observed.
v 3. Time after injection,

1

1

o~

4
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