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ABSTRACT
SYNTHESIS OF MESOIONIC NUCLEOSIDES AS POTENTIAL ANTINEOPLASTIC AGENTS.

Shanaz M. Tejani, Ph.D., Medical College of Virginia, Virginia Common-
wealth University, 1983.

Advisor: Dr. R. A. Glennon

During the past few decades, analogs of purine nucleosides have
been described that are modified either in the heterocyclic base, sugar
moiety or both, and many of these modified nucleosides display antivi-
ral and/or antineoplastic activity. The Class II mesoionic purinones
are isosteric with their non-mesoionic purinone counterparts. It is
conceivable that the mesoionic purinone nucleosides might constitute an
entirely novel class of modified nucleosides with potential chemothera-
peutic activity. That the mesoionic heterobases are bioiscosteric as
well as isosteric with non-mesoionic purinones was realized by demon-
strating that certain mesoionic xanthine derivatives, such as Anhydro-
8-ethyl-5-hydroxy-7-oxo-1,3,4-thiadiazolo[3,2-a)pyrimidiniur hydroxide
and Anhydro-6-p-chlorobenzyl-8-ethyl-5-hydroxy-7-oxo-1,3,4-thiadiazolo
[3,2-a)pyrimidinium hydroxide were comparable in potency to test com-—
pound, theophylline as inhibitors of adenosine binding at the A; site.

Three different types of mesoionic nucleosides were subsequently
designed and synthesized as potential antineoplastic agents. Mesoionic
thiadiazolopyrimidine nucleosides, i.e. Anhydro-6-ethyl-8-(2',3',5'-tri-
O-acetyl-D-ribofuranosyl)-5-hydroxy—-7-oxo-1,3,4-thiadiazolo[3,2-a]lpyri-
midinium hydroxide and Anhydro-8-(2',3',5'-tri-0O-acetyl-D-ribofuranosyl)

-5-hydroxy-7-oxo-1,3,4~thiadiazolo[3,2-a]pyrimidinium hydroxide were de-—

xiii



signed to serve as potential pro-drugs of 2-amino-1,3,4-thiadiazole
mononucleotide which has been reported to be a potent inhibitor of ino-
sine monophosphate dehydrogenase. The O-acylated derivatives of the
target compounds were prepared by the acid catalyzed condensation of
D-ribose with 2-ATD followed by protection of the hydroxyl groups and
subsequent cyclization to the mesoionic products; anomeric separation
was achieved by column chromatography. All attempts to deprotect the
hydroxyl groups of the mesoionic nucleosides resulted in hydrolytic
ring-opening of the mesoionic heterobase. The O-acetyl derivatives of
the mesoionic thiadiazolopyrimidine nucleosides were evaluated for anti-
neoplastic activity but were found to be inactive. The mesoionic thia-
zolinopyrimidine nucleoside, i.e. Anhydro-6-ethyl-8-(D-2'-deoxyribo-
furanosyl-5-hydroxy-7-oxo0~2,3-dihydrothiazolo[3,2-a]pyrimidinium hydrox—
ide, prepared in a similar fashion to the mesoionic thiadiazolopyrimi-
dine nucleosides, was designed as a potential inhibitor of the enzyme
thymidylate synthetase. The mesoionic thiazolinopyrimidine nucleoside,
was obtained as the a anomer and was not evaluated for antineoplastic
activity. The mesoionic imidazothiazine nucleoside, i.e. Anhydro-1-
(2',3',5"-tri-0-acetyl-D-ribofuranosyl)-5-hydroxy-7-oxoimidazo[2,1-b]
thiazinium hydroxide was prepared as a potentially useful agent, due to
its structural and isosteric similarity with purine nucleosides. The
mesoionic imidazothiazine nucleoside was prepared by a cyclization re-
action between the tri-O-acetyl-D-ribofuranosyl imidazole-2-thione and
carbon suboxide. The mesoionic imidazothiazine nucleoside was not sta-
ble at room temperature or in aqueous solution. While the results of
this study on the chemotherapeutic utility of mesoionic nucleosides was

rather discouraging, knowledge has been gained that might be of wvalue

xiv



for the future design and synthesis of useful mesoiomnic nucleosides.
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I. 'INTRODUCTION

Nucleic acid molecules can be envisioned as polymers constructed
from four major nucleoside components; adenosine, EZuanosine, cytidine
and uridine make up the ribonucleic acid (RNA) polymer and deoxyadeno-
sine, deoxyguanosine, deoxycytidine and thymidine make up the deoxyri-
bonucleic acid (DNA) polymer, The basic structures of these individual
nuclecsides can be modified at specific locations by addition or substi-
tution of various groups, and such naturally occurring structural modi-
fications are referred to as minor, odd or rare nucleosides (1).

These are not the only knewn modified nucleosides. During the past
few decades, analogues of purine nucleosides have been described that
are modified either in the heterocyclic base or sugar moiety ox both,
and a large number of these modified nucleosides hawve generated a great
deal of interest. Recently, modified nucleosides with interesting anti-
viral and antineoplastic activity have been reported.

Nucleoside antibiotics are another diverse group of modified nucle~
osides that are structurally similar to the purine and pyrimidine
nucleosides, and have aided in studying complex processes such as RNA
and DNA biosynthesis, and enzymatic mechanisms. Certain antimetabo-
lites are also considered as modified nucleosides; hecause of their
structural resemblance to purine and pyrimidine nucleosides and nucleo-
tides, they have been useful as structural analogs in biological sys-
tems. For example, the antineoplastic agent 7-deazainosine has been
reported to inhibit the ribophosphorylation of inosine and adenosine,

and thus serves as an antimetabolite (2).



In recent years, there has been increased interest in modified
nucleosides in which the sugar moiety is attached at the N3 position of
the purine ring. These nucleosides are now commonly called "isopurine"
nucleosides. Interest in isopurine nucleosides was stimulated when
Forrest et al, in 1961, isolated 3-ribosyluric acid and the correspond-
ing nucleotide from beef erythrocytes. The isopurine nucleosides can
be envisioned as being bicyclic nucleosides with the ribofuranosyl
moiety residing in the pyrimidine ring; some of these modified nucleo-
sides have been reported to exhibit interesting biological activity such
as antiviral and antitumor properties,

Coburn et al (3-6) and Glennon et al (7-11) have xeported that mes-
oionic purinones bear an isosteric relationship with mon-mesoionic puri-
nones, hence, it might be interesting to investigate wmesoionic purinone
nucleosides. Mesoilonic nucleosides may be envisioned as a novel class
of modified nucleosides that show structural and isosteric similarity
to other chemotherapeutically useful nucleosides and, thus, may serve as

potentially useful chemotherapeutic agents.



II. 'BACKGROUND

A. Five-Membered Ring Mesoionic Heterocycles

In 1949, Baker and 0llis (12) recognized that N-phenylsydnone could
only be represented as a resonance hybrid of several dipolar canonical
forms (Fig 1), and the term "mesoionic" was suggested by Baker et al
(13) to describe this type of heterocycle. Although the name '"sydnone"

has nearly become synonymous with “mesoionic'", there are, in fact, num-—

+
Ph._ Ph.

N— N ph‘&:::;.

| J\«___.» Il —

NN 0 ~ o = o]
+.

Figure 1: Resonance hybrid structures for N-phenylsydnone.

erous five-membered ring mesoionic heterocycles, The chemistry of these
mesoionic heterocycles has been the subject of several reviews (14-16).
In 1975, 01lis and Ramsden (15) re~defined a mesoionic compound as fol-
lows: "A compound may be appropriately called mesoionic if it is a
five-membered heterocycle which cannot be represented satisfactorily by
any one covalent or polar structure and possesses a sextet of electromns
in association with the five atoms comprising the ring."'" The (+)

(Fig 2) symbolizes a delocalization of gp—electrons within an electron-
deficient heterocyclic ring; this is balanced by an electron-rich exo-
cyclic group.

If the atoms a-f in the general structure below are chosen from



suitably substituted C,N,0 or S atoms, then 228 different mesoionic ring

o

a

|
\\d//EN‘f_

O—

Figure 2: General representation of a five-membered ring mescionic
heterocycle.

systems can be formulated; of these, 56 ring systems have been synthe-—
sized (16).

Mesoionic compounds have attracted the attention of many medicinal
chemists. The first report that the sydnones might possess properties
as amino acid antagonists was by Brookes et al (17) in 1957. A number
of sydnones have been examined for antitumor activity; for example,
Daeniker and Druey (18) reported such activity for the ethylene homolog
1 (n=2), and Greco et al (19) reported carcinostatic activity in mice

for 3-(4-methoxybenzyl)sydnone. There have also been several reports

O\L—@N—-— @Hz)n -t @O

that sydnone derivatives exert antibacterial, antimalarial, antiparasi-
tic, antiinflammatory, analgesic and other biological activities (20-
23) . Sydnone derivatives have been incorporated into several penicil~

ling and cephalosporins (e.g. 2a and 2b respectively) that exhibited



antistreptococcal and antistaphylococcal activities in vivo (24,25).

Two sydnone imines, sydnofen (3a) and sydnocarb (3b) have undergone
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clinical trials as antidepressants (26,27). Recently, a mesoionic
1,3,4~thiadiazolidine~2--thione (LU2443) (4) has been reported to exhi-
bit antiepileptic activity (28). Several older reviews describing the
biological activities of various five-membered mesoionic heterocycles
are available (16,29).

Since the term '"mesoionic" was coined, rapid progress has been made
in heterocyclic chemistry and several novel related ring systems have
been reported; this has required a broader interpretation of the defini-
tion. According to Ollis and Ramsden (16), use of the term "mesoionic"
should be restricted to five-membered heterocycles of the general type

shown in Figure 2; it was further suggested that larger ring compounds,
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such as 5, for example, be called mesomeric betaines.

Coburn (3).,however, had earlier extended the originaX definition
to include any heterocyclic ring system which showed extemsive T-elec-
tron delocalization and where no single dipolar or covalemt structure
could be drawn to indicate true molecular structure. Although some in-
vestigators prefer to describe six-membered mesoionic compounds as mes-

omeric betaines - (16,30,31) ,the exclusion of six-membered rings frem the



definition of "mesoionic" appears unwarranted (32).

B. Six-Membered Ring Mesoionic Heterocycles

The first six-membered ring monocyclic mesoionic heterocycle (i.e.
mesoionic 4,6-dioxopyrimidine 5) was reported by Kappe et al (33) in
1971; Potts et al (34,35) have also reported the synthesis of several
related derivatives. Mesoionic 4,6-dioxo-1,3-thiazines (i.e. 6a) (36)
and mesoionic 4,6-dioxo-1,3-oxazines (6b) (37,38) (Fig. 3) have also been

prepared. The aza analog of 5, i.e. 7, is also known. None of these

o,

O *
i ’-(/I\ Ry ,?,/k
5 (X-NR), 6a(x-5), &b (x=0) ;

Figure 3: General structures for monocyclic six-membered mesoionic
heterocycles.

monocyclic six-membered ring heterocycles have been evaluated for auny
biological activity; however, the chemistry of these ring systems has
recently been reviewed (32).

Ring~fused six-membered mesoionic heterocycles have also been re-
ported. Coburn et al (39) reported the synthesis of several mesoionic
pyridazinopyrimidines, 4a, and pyridazinotriazines, 4b, which were
screened for antibacterial activity. Greco et al (40) described their
efforts to prepare examples of mesoionic pyrimidotriazines, 4c, and
their monothione derivatives. Potts et al (31) studied the synthesis
and reactions of mesoionic pyridepyrimidines, 4d, and pyrimidopyrimi-
dines, 4e. Kappe et al (41) prepared monocyclic, bicyclic and tricy-
clic mesoionic 1,3-thiazine derivatives e.g. 4f - 4i. Hagemann et al

(42) reported the synthesis of a fused ring derivative of mesoionic
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Figure 4: Examples of fused six-membered ring mesoionic
heterocycles and related compounds.



1,3-thiazine 7, i.e, 4j. A number of mesoionic 1,3-oxazine derivatives
such as 4k, 41, have been prepared and their chemistry studied (37,38).
The structures of these six-membered mono, bi and tricyclic mesoionic
heterocycles is shown in Figure 4.

In 1975, Coburn and coworkers (3,4) postulated a hypothetical class
of mesoionic purinones; these structures can be either a f£ive-membered
mesoionic heterocycle fused to a six-membered ring, or a six-membered
mesoionic heterocycle fused to a five-membered ring. Several such ring
systems have now been synthesized., These mesoionic purinones may be
viewed as a special type of fused five or six-membered mesoionic com-

pound, and will be discussed in the following section.,

C. Mesoionic Purinones: General Introduction

Coburn and coworkers (3,4) reported the formulation of a large class
of mesoionic heterocycles that are isoelectronic and isosteric with non-
mesoionic purinones; these mesoionic compounds have been formally
divided into two classes. Those mesoionic purinones derived from a
five-membered mesoionic ring structure are referred to as Class I, while
Class IT derivatives are derived from six-membered ring mesoionics. The
mesoionic purinones can be further divided into several swubclasses:
mesoionic hypoxanthines, mesoionic xanthines and mesoionic 2-purinones
(Fig 5). The atoms X, Y and Z can be varied amongst C, N, 0 and S so
long as the resultant structures possess a T-electron system that is
isoelectronic with that of their non-mesoionic counterpart. In this
way, over one hundred mesoionic ring systems can be theoretically con-
structed that are iseelectronic with the purinones.

Mesoionic compounds undoubtedly derive some of their stability as a

result of resonance stabilization. Choosing two examples for closer
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inspection, it can be seen that several possible resonance hybrids can
be drawn for a Class I mesoionic hypoxanthine analog (Fig 6) and for a
Class IT mesoionic xanthine analog (Fig 7). Thus, it might be mislead-
ing to depict these structures as a single dipolar entity, Several dif-
ferent methods have now been employed to describe the structures of
these compounds, With respect to the Class I mesoionic hypoxanthines,
the structure shown in Figure 8a is perhaps the most common; however,
this structure fails to take into account electron delocalization in the
six-membered ring. Alternative structures are those shown in Figures 8b
and 8c. The Class II mesoionic xanthine analogs have been represented
as shown in Figure 9. Because Figures 8c and 9c imply aromatic charac-
ter (which these compounds do display), suggest electron delocalization,
and readily identify and contrast Class I versus Class II analogs, such
structural representations will be used herein.

Before continuing, it should be made clear that these mesoionic
derivatives are not salts; they simply suffer from our inability to

"covalent" meth-

satisfactorily depict their structures using standard
ods. In fact, some of these compounds do exist as their corresponding
salts; for example several Class II mesoionic 1l,3-dialkylhypoxanthine
derivatives have been prepared by treatment of 1,3-dialkylhypoxanthi-
nium halides with base (43), and guanosine can be methylated with
methyl ijodide to afford 7-methylguanosinium iodide (44), This will be
discussed further under the appropriate headings.

Some of the mesoionic heterocycles to be described below possess
numbering systems that differ from that of purine. For the sake of

simplicity and for ease of discussion, the purine numbering system will

be used when discussing these heterocycles in general (as, for example,

11



Figure 6:

Resonance structures for an example of a Class I
mesoionic hypoxanthine analog.
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Figure 7: Resonance structures for an example of a Class II
mesoionic xanthine analog.
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Notations employed to represent a Class 1
mesoionic hypoxanthine analog.
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Notations employed to represent a Class II
mesoionic xanthine analog.
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in the Background section). However, when individual mesoionic hetero-
cycles are described or discussed, their correct IUPAC numbering system
will be used.

Various mesoionic purine ring systems have been formulated and stu-
died from a quantum chemical standpoint, but relatively few compounds
have been prepared synthetically (3,4). In the Class I hypoxanthine
analogs, the electron densities on the two nitrogen atoms in the six-
membered ring are nearly equal, while in the Class I mesoionic purin-2-
one analogs, the densities at N3 exceed those at Nl‘ In both cases,
the electron density on the exocyclic oxygen is increased as compared to
its non—-mesoionic counterpart. In the Class I hypoxanthine series, the
purine l-position becomes electron rich, while the purine 8-position is
electron deficient. In both the Class I mesoionic hypoxanthine and
purin-2-one series, the sié~membered ring is electron rich and the five-
nembered ring is strongly electron deficient. When the charge densities
of a Class I xanthine analog is compared with xanthine, it is found
that the six-membered ring in the mesoionic series is only slightly elec-
tron deficient, ccmpared to xanthine.

Quantum chemical studies have also been completed on the Class II
analogs and their electronic structures have been compared with those of
their covalent non-mesoionic counterparts (4). For all Class II hypox-
anthine analogs, nucleophilic attack was predicted to occur at the
purine 2-position, and electrophilic attack was preferred at either the
purine 7, 8 or 9-position, depending on the substituents present. When
compared with hypoxanthine, there is a significant increase in electron
density in the five-membered ring of the mesoionic hypoxanthine analog.

This is in direct contrast with a Class I hypoxanthine in which the
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five-membered ring is electron-deficient.

With Class II purine-2-one analogs, nucleophilic attack was predict-
ed to occur at the purine 6-position and electrophilic attack was pre-
dicted tc occur at the purine 3-position in most cases. The Class IL
purine-2-~ones show very similar psuedocarbonyl charge densities and bond
orders when compared to their covalent analogs.

Comparison of the.quantum chemical studies completed on Class II
mesoionic xanthine analogs to xanthine itself has revealed several com-
mon features; nucleophilic attack was predicted to occur at the two
psuedocarbonyl groups and electrophilic attack was predicted to take
place at the purine l-position. The results of these studies dindicate
the close similarities in ground state properties of these mesoionic
analogs and the purinones themselves, 1In addition, with respect to any
anticipated biochemical properties of these mesoionic analogs, it might
be expected that the general increase in electron affinity may be of
importance, especially since the naturally occurring purinones function
as electron acceptors during nucleic acid base interactions in biologi-—
cal systems.

D. Nuclecsides and Modified Nucleosides

The term "nucleoside'", introduced by Levene and Jacobs in 1909 (45),
was originally applied to the purine-carbohydrate derivatives isolated
from alkaline hydrolysates of yeast ribonucleic acids. Even though the
term nucleoside, in the strictest sense, is reserved for glycosyl
purines and pyrimidines derived from nucleic acids, it has now gradually
come to include both natural and synthetic glycosyl amines in which the
amine is a heterocyclic base.

There are four kinds of known nucleosides: N-glycosides, C-glyco-
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sides and S- or 0O-glycosides (46). The most common are the N-glycosides
in which the D-ribose or D-2'-deoxyribose is attached through C;' to
either a purine or pyrimidine base. In the case of C-glycosides, the
sugar is attached to a heterocyclic base via a C-C bond, while an O or
S-glycoside has the sugar moiety connected to the heterocyclic base by
an 0-C bond or a S-C bond, respectively. Structures of all four kinds

of nucleosides are shown in Figure 10.

ji\ l HN/l\H ~4

HO HO

OH OH

Figure 10: Examples of an N-glycoside (a), C-glycoside (b),
O-glycoside (c), and S-glycoside (d).

Considerable effort has been directed towards the synthesis of nu-
cleosides, partly as a complementary method to degradation studies to
help elucidate structures of naturally occurring compounds, and also
partly to provide analogs for the interpretation of biological action
in terms of chemical structure. Recently, isolation of nucleoside anti-

biotics as well as abnormal or 'modified" nucleosides as potential che—



motherapeutic agents against neoplastic diseases has intensified this
effort and has led to development of methods by which many nucleosides
may be synthesized. These methods fall into three general classes:
1) a preformed heterobase is treated with a protected or unprotected
sugar.
2) elaboration of a N-glycosyl precursor .
3) modification of a preformed nucleoside either in the sugar moiety
or the heterobase. Several reviews have covered in detail the conven-
tional methods of purine nucleoside synthesis (47-49). Today most pyri-
midine nucleosides and some purine nucleosides are almost exclusively
prepared using the Vorbrﬁggen modification (50-52) of the Hilbert
Johnson procedure (53). A review by Dekker and Goodman (49) summarizes
nucleoside chemistry through 1970 and a review by Walker and coworkers
(54) discusses the synthesis and chemical reactions of nucleosides
through 1979. Besides these, several other references and textbooks
are available on the subject of nucleosides and nucieotides (45,55-57).

Before 1950, each of the known classes of nucleic acids was thought
to consist of only four basic nucleoside monomers, Today, this concept
has proven to be quite naive since many additional components have now
been discavered both in RNA and DNA. Modified nucleosides have been
found in almost all major classes of nucleic acids including messenger
RNA (mRNA) and ribosomal RNA, (58,59) although the greatest number and
structural variations per molecule have been found to occur inm transfer
RNA (tRNA).

The presence of modified nucleosides in nucleic acids was realized
in 1948 when Hotchkiss (60) detected the first known modified component

of a nucleic acid, i.e., 5-methyl-2'-deoxycytosine, in a sample of calf-

18
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thymus DNA. Since that time, five modified nucleosides in DNA, and more

than thirty modified nucleosides in RNA have been identified.
5-Methyldeoxycytidine is one of the only modified components that

has been detected in the DNA of plant and mammalian tissues. The

5-methyl substituent does not seem to affect normal base pairing, but it

could perturb the secondary structure of DNA. Even though the individual

DNA molecule interacts with other molecules during the course of repli-

cation and transcription, the basic chemical reactions are repetitive.

It therefore seems that DNA does not have much need for modifying groups.

The mRNA does not appear to contain many modified nucleosides, al-
though data on this are somewhat sparse. Several reasons have been
given as to why extensive modifications of mRNA are not likely to occur.
The most important reason is that, after the mRNA molecule is sequen-
tially synthesized on the corresponding DNA molecule, any structural
changes could affect the efficiency of transmission of the message. Loss
of normal coding properties resulted when guanosine residues of synthe-
tic oligonucleotides were replaced by 7-methylguancsine residues (61).
Replacement of uridine residues with 5,6~dihydrouridine in oligonucleo-
tide triplets resulted in loss of template activity. The mRNA of mouse L
cells is found to be methylated in both the base and ribose moieties via
S—adenosylmethionine, although the variety of methylated bases in mRNA
is more limited than in ribosomal RNA (62,63).

Most of the research on nucleic acid structure has centered around
tRNA since the tRNA molecule is relatively small, and individual molecu-
lar species can be more readily isolated and identified. Transfer RNA
is perhaps the most versatile of known classes of nucleic acids in terms

of wvariety and complexity of the chemical reactions in which it partici-
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pates. Each tRNA molecule carries a specificity for a particular amino
acid, recognizes the corresponding amino acyl synthetase and maintains
its reading fidelity for the codon.

Some modifications in the tRNA structure are relatively more elabo-—
rate than the above mentioned simple modifications and result from the
attachment of a more complex side chain. Not only does the presence of
a larger side chain create bulk, but these side chains may also be func-
tionalized. It is for these reasons that such nucleic acid components
are called "hypermodified nucleosides." Six such nucleosides, a ~ f
(Fig 11) have been detected in tRNA. These modifying components have
been found to occur in the anticodon loop adjacent to the 3' end of the
anticodon of tRNA molecules (64%).

Compounds such as lla-11d represent tRNA compenents in which a rela-
tively large side chain protrudes from the basic polynucleotide backbone.
These furnctionalized side chains must confer some unique properties on
the surrounding oligonucleotide region. The allylic, hydroxyl, and car-
boxyl groups of these modified compounds could very readily bond cova-
lently with other molecules and could therefore constitute reactive cen-
ters of high specificity. 6-Isopentenyladenosine (6-~IPA) (lla) and
other analogs have stimulated interest by their potential application as
immuno—-suppressive agents, the primary effect of which has been-suggest—
ed to be interference with RNA and protein synthesis (65).

Another uniquely modified nucleoside designated as nucleoside Q
occurs in the first position of the anticodon of E.coli tRNATyr,
crABES | erNA®® and triA™®P (66), and in rat liver tRNA (67). More
recently, nucleoside Q has been found in tRNA's from various organisms,

including several mammalian tissues, other animals such as starfish,
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hagfish and in wheat germ (68)., Structure elucidation has indicated
nucleoside Q to be 7-(4,5-cis-dihydroxy-l-cyclopenten-3-yl-amino

methyl)-7-deazaguanosine (8).
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Most of these so-called modified nucleosides have simple modifica-
tions such as methylation, reduction of a 5,6 double bond of a pyrimidine
base, replacement of a hydroxyl group with a sulfur atom, replacement of
an amino group with a hydroxyl group, or variation in position of sugar
attachment (e.g. pseudouridine). It is possible that methylated nuclco-
sides could have a pronounced influence on the secondary structure. Neot
only can they create a bulk effect, but they could also change the
hydrogen~bonding capability and modify the base-~stacking pattern. Meth-
ylation appears to be the most common form of modification in tRNA; more

than twenty methylated nucleosides have been identified and these
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include methylation of both the heterocyclic base and the sugar moiety.
The properties of modified nucleosides can differ from those of the
parent nucleoside. For example in dihydrouridine, there is a decreased
T—electron overlap which modifies the neighbor-neighbor stacking inter-
actions that are normally found in oligonucleotides containing uridine.
Pseudouridine contains an active hydrogen which could provide a specific
reactive site in the tRNA polymer that would not be provided by uridine.
Thus we see how these subtle and simple modifications can cause a con-
siderable change in the chemical properties of tRNA at their point of
location,

Nucleosides and nucleotides have attracted considerable interest not
only because they are building blocks of the nucleic acids, DNA and RNA,
but also because they are cofactors and allosteric effectors for many of
the fundamental enzymatic reactions. Nucleoside and nucleotide analogs
are widespread in nature, and numerous synthetic analogs, that have ex-
hibited degrees of biological properties, have been produced over the
years. These analogs have important applications in helping elucidate
several aspects of cell function, intermediary metabolism, enzymatic
mechanisms, biosynthesis and hormonal response. Analogs of natural pur-
ine and pyrimidine nucleosides have proven to be quiteleffective as
antibacterial, antiviral and anticancer agents duc to their roles as
enzyme inhibitors and antagonists,

Even though several unusual nucleosides, such as isoguanosine
(crotonoside) were isolated in the early 193Q0's (69), it was not until
much later that serious attention was dirxected towards nucleosides as
potential drugs, especially as antitumor agents, A major stimulus for

the synthesis of nucleoside analogs was the observation that purine and
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pyrimidine analogs, such as 5-bromouracil, 8-azaguanine, and 6-mercapto-

purine possessed antitumor activity (70-72). The report that nebularine

(98 ~-D-ribofuranosylpurine) was cytotoxic to mice, while the aglycone

was relatively nontoxic, suggested that ribosylation of a base may affect
its biological activity din vivo (73).

In the past few decades, there have been reported a variety of nu-
cleosides that are modified in the heterocycle porticn, within the car-
bohydrate ring, or both. Figure 12 illustrates some examples of purine
nucleosides, modified in the heterocyclic portion, that were reported to
exhibit interesting biological activities. The nucleoside 2-aza-adeno-—
sine (Fig 12a) was found to be a potent inhibitor of XB cells in cul-
ture (74). Replacement of nitrogen with carbon in the inidazele ring
produced some potent nucleosides; among these are toyocamycin (Fig 12b)
and sangivamycin (2, 75-77). Exchange of a carbon for a nitrogen atom
in the imidazole ring provided 8-aza analogs of natural purines; 8-aza-
adenosine (Fig 12c¢) and 8-azaguanosine have demonstrated potent inhibi-
tory activity against microbial and tumor cells in vitro (78,79). It
was observed that while the B-anomer of 8-aza—-adenine arabinoside was
ineffective, the a—-anomer of this compound was active as an antineoplas-
tic agent. More recently, 2,4-dioxo~8-(8 ~D-ribofurancsyl)pyrido 2,3-d
pyrimidine (80) (Fig 12d) and other derivatives have shown inhibitory
activity against leukemia L1210 cells in culture. Two other modified
nucleosides (Fig 12e,f) have recently been reported to exhibit interest-
ing antiviral and antineoplastic activity (81).

The de novo synthesis of purines proceeds via a number of imidazole
ribonucleotides and it was suggested that imidazole derivatives be eval-

uated for activity. Some of these derivatives have proven to be quite



25

H2 NH2 )
C
v T
N S N
R R
a b

\N 54/
R

e g

NH, o
N/ N HN)\[,:
' | !\ N N-R
§N = 1 N/\N

e B '

o

(te]

Figure 12: Structural examples of biologically active nucleosides
modified in the heterocyclic base.



potent inhibitors of cell grocwth. One example (Ribavirin), shown in
Fig 12g, was active against several experimental tumors in vivo (82).
Recently a large number of imidazole nucleosides has been synthesized
and several have shown both antiviral and antitumor properties (83).

The search for potentially active nucleoside analogs has also led
to modification of the carbohydrate ring. Figure 13 illustrates some
examples of modified nucleosides. The carbocyclic analog of adenosine
(Fig 13a) proved to be a potent inhibitor of both bacterial and mamma-
lian cell growth (84). The 4'-thio analogs of purine nucleosides sub-
stituted at their 6-position with Cl or SH also were active (85,86)

(Fig 13b).

The demonstration that the “amino nucleoside" (Fig 13c) had biologi-
cal activity, prompted synthesis of other nucleoside analogs modified at
the 3-position of the carbohydrate ring (87). Dideoxy nucleosides have
also been prepared and 2',3'~dideoxyadenosine (Fig 13d) inhibited growth
of E.coli (88,89). More recently, a tri-O-acetyl derivative (Fig 13e)
has demonstrated activity against Walker carcinoma (90).

Anhydro or cyclonucleosides have previously been prepared as syn-—
thetic intermediates. Interest in these compounds as potential antitu-
mor agents was stimulated when pronounced antitumor activity was ob-
served for 2,2'-0-cyvclocytidine (Fig 13f) (91).

Acyclic nucleosides were designed as potential antineoplastic
agents; Baker (92) and Schaeffer (93) had initially demonstrated activ-
ity for derivatives of purines and pyrimidines carrying alkyl or aryl
groups at 9-position, This has led to the development of agents such as
acyclovir (Figl3g) with useful antineoplastic and antiviral activity

(94).
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The attachment of the carbohydrate moiety in natural nucleosides is
usually at N for pyrimidines and at Ng for purines. However, other
positions for attachment of the sugar moiety were recognized when ribosylu-
ric acid was isolated from beef erythrocytes and the xibosyl moilety was
shown to be attached at N3, rather than N9 (95) (Fig 14a). The corres-
ponding nucleotide, 3-ribosyluric 5‘'-phosphate was also obtained from
natural scurces (96). Hatfield et al (97) purified the enzyme nucleo-
tide pyrophosphorylase and demonstrated that xanthine could be ribophos-
phorylated to 3-ribosyl xanthine-5'~phosphate by this enzyme. Since the
ribosyl moiety is attached in a manner that corresponds to naturally
occurring pyrimidine nucleosides, it was suggested that the synthesis of

" nucleosides and nucleotides was catalyzed by a

these unique '"isopurine'
pyrimidine pyrophosphorylase (97). Substrate specificity studies have
shown that the enzyme is a 2,6~diketo pyrimidine ribonucleotide pyro-
phosphorylase (97), which has the capability of converting uric acid and
xanthine, to their corresponding nucleotides, when the sugar moiety re-
sides at N3 of the pyrimidine portion of the heterocycle.

Although the biological function of 3-ribosyl uric acid is not
clear, the isolation of this compound stimulated a surge oﬁ interest in
the synthesis of bicyclic nucleosides with the ribofuranosyl moiety re-
giding in the pyrimidine ring, and these Yisopurine'" nucleosides were
evaluated for potential biological activity. Figure (1l4a-f) (95,98-102)
illustrates examples of some naturally occurring or synthetically pre-~
pared isopurine nucleosides., Leonard et al (103,104) synthesized 3-iso-
adenosine (Fig 14g) in order to compare its behavior in chemical and

biological systems with adenosine to see whether adenosine and 3-isoade-

nosine exhibited a similar relationship in a biological system.
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3-Isoadenosine was found to inhibit growth of various cell lines

in vitro and in vivo and showed activity against adeno III virus in cul-
ture. The di~ and triphosphate derivatives of 3-isoadenosine have been
prepared (105) and an NAD analog containing 3-isoadenosine in place of
adenosine has been synthesized, 3-Iso-ATP was capable of replacing ATP
in hexokinase-catalyzed phosphorylation of glucose, and the NAD analog,
NMN-3-iso-AMP was reduced by various dehydrogenase enzymes (105).
7-Isoadenosine (Fig 14h) was also prepared and compared to 3-isoadeno—
sine and adenosine (106). In contrast to 3-isoadenosine, 7-isoadenosine
did not inhibit cell growth, Results of the study by Leonard et al
(104) suggested that 7-isoadenosine bears little similarity to adenosine,
whereas 3-isoadenosine bears structural resemblance to adenosine as a
substrate in enzymatic conversions,

From the preceeding examples, one can see that biological activity
has been observed with a relatively large number of modified purine
nucleosides which vary widely from each other. It is quite clear that
because of their varied biological activity and varied structural modi-
fications, the design and synthesis of other novel mcdified nucleosides
will be fruitful and may have a potential for biological activity.

E. Mesoionic Purinones and Mesoionic Purinone Nucleosides

Since mesoionic purinones are isosteric with non-mesoionic puri-
nones, it is conceivable that mesoionic purinone nucleosides might con-
stitute a new class of heterocyclic agents with chemotherapeutic poten-
tial as antineoplastic or antiviral agents. To date, this has not yet
been explored.

The term '"mesoionic nucleoside" was first used by Glenmon and co-

workers (107) in 1981, However, a review of the literature reveals that



several such derivatives have been known for over thirty years and, in
fact, that a few are even naturally occurring. The fact remains that up
to this time, these compounds have not been recognized as belonging to a
much larger class of compounds that we now call mesoionic nucleosides.
What follows is a review of the literature on mesoionic purinones
and mescionic purinone nucleosides that have been reported to date. An
attempt has been made to classify these nucleosides, previously viewed
as unusual individual entities, in the same manner in which the mesoio-
nic purinones have been classified. This review will constitute the
first attempt to view mesoionic purinone nucleosides as a single large
class of compounds. The realization that these meseionic purinone
nucleosides are members of various sub-classes should allow generaliza-
tions to be made that might lead to a better understanding of their
chemical and physico-chemical properties, and should allow for the de~
sign and synthesis of novel agents with potential therapeutic utility.
In 1956, Brederek et al (108,109) reported that treatment of guano-
sine With‘dimethyl sulfate at pH 4.0 affords l-methylguanosine. Later,
Lawley et al (110) noted that 7-methylguanine was a product when DNA was
methylated with dimethyl sulfate in a neutral aqueous solution. Lawley
et al (111) suggested that guanosine reacted with dimethyl sulfate to
yield a betaine that was irreversibly destroyed by alkali. Haines et al
(112) alkylated 2',3',5'-tri~0O-acetylguanosine with diazomethane and
provided evidence for the 7-methylguanosine structure. In 1963, Dunn
(113) isolated naturally--occurring 7-methylguanosine from acid hydroly-

sates of tRNA from pig liver, yeast cells and the leaves of Brassica

chinensis.,
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The effects of various alkylating agents under mild conditions of
pH 7.3 to 7.5 at 23°C on free bases, nucleosides and highly polymerized
DNA of calf thymus have been investigated by Reiner et al (114). Their
studies have indicated that there is differential sensitivity amongst
the DNA bases. Only the purine bases of intact DNA molecules appear to
be attacked upon alkylation at room temperature and physiological pH.
Complete inactivation occurs only when one of these bases, guanine, has
been alkylated. Also, the most reactive site with respect to alkylation
appears to be the nitrogen atom at the 7-position.

Guanosine itself has been alkylated by other alkylating agents, such
as diethyl sulfate, 1,4-dimethanesulfonyloxybutane, ethylene oxide and
butadiene dioxide (115). The major product obtained on acid hydrolysis
was 7-alkylguanine, again illustrating that the most likely site involved
is the N7 nitrogen (116).

Initial studies by Brederek et al (108,109) and the later work of
Lawley et al (110,111) and Haines et al (112) identified with certainty
that 7-methylguanosine was the product obtained on methylation of gua-
nosine. When inosine and xanthosine were methylated, the products ob-
tained were 7-methylinosine and 7-methylxanthosine, respectively.

Jones et al (44) later postulated a betaine structure for these methy-
lated nucleosides on the basis of their properties., 7-Mcthylguanosine
can now be represented as shown in structure 9, and probably consti-
tutes the first example of what can now be called a Class I mescionic
hypoxanthine nucleoside.

Class I Hypoxanthine Derivatives. Although a fairly large number of

these mesoionic hypoxanthine ring systems have been formulated and stu-

died from a quantum chemical standpoint (3,4), relatively few examples
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have been synthetically prepared. Ackermann and List (117) isolated
herbipolin (10), a dimethylguanine from Mediterranean sponges. This
naturally occurring mesoionic 7,9~dimethylguanine derivative was later
syntheéized by Brederek et al (118). This bis hydroxyethyl derivative
(i.e. 11), (115) 7-methyl-9-ethylguanine 12 (119), as well as the
7,9~disubstituted hypoxanthine derivative 13 (120) are also known.

If the Ng (or N7) alkyl group of a mesoionic hypoxanthine is re-
placed by a sugar moiety, the result is a mesoionic nucleoside. Thus,
7-methylguanosine (9) may now be considered as being a Class I mesoio-
nic hypoxanthine nucleoside.

The 7-ethyl (119,121) and benzyl (122) homologs 14 and 15 have also
been prepared. Additional related derivatives are known, including

7-methyl- (110,44) and 7-ethyl- (119) 2'-deoxyguanosine 16 and 17, and
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the nucleotides, methylguanylic acid 18, (115) 7-methyl and 7-ethyl-2"'-
deoxyguanylic acids (19 (119) and 20, (119), respectively), but none of
these has been as well investigated as 7-methylguanosine. The mescionic
inosine analog 21 (44, 123) and the 2',3'-isopropylidine derivative of
7-methylinosine, 22 (124) have also been prepared.

Methylation of nucleic acids (119,125,126) has attracted ccnsidera-
ble attention over the years. Chemical methylation of nucleic acids is
very complex and therefore earlier workers conducted the alkylation stu-
dies on simpler ribo- and deoxyribonucleosides (112,119,125). This
injitial pioneering work has led to an understanding of the relative re-
activities of the more common purine bases and their principal sites of
alkylation.

In DNA, the principal product, 7-alkyl-2'-deoxyguanosine has been
shown to be readily depurinated and this can lead to backbone breakage;

certain difunctional alkylating agents also cause crosslinkage (124,127)
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It has also been found that 7-methyl-2'-deoxyguanosine-5'-triphosphate
may be substituted for 2'-deoxyguanosine-5'-triphosphate in DNA polyme-
rase reaction using calf thymus DNA as the template (128). Additional
interest in 7-methylguanosine has arisen since it appears to have a
higher turnover rate than other methylated bases in intact animals (129).

One of the first systematic studies on the alkylation of guanosine,
including product identification, was that by Haines et al (112) who
treated an aqueous solution of guanosine with either diazomethane or

dimethyl sulfate at pH 4,0 and 7.0. When Jones et al (44) methylated



guanosine with methyl iodide in N,N-dimethylacetamide at 3OOC, they re-
ported high yields of 7-methylguanosine (9). The major site of alkyla-
tion of guanosine in acidic or neutral media is N7, while in alkaline
solution, alkylation occurs at Nl' On occasion, it has been difficult
to separate the mesoionic compound from its salt. For example, methyla-
tion of 7-methylguanosine (9) with methyl iodide yields 1,7-dimethylgua-
nosinium iodide (23) (44); Brookes et al (122) reacted guanosine with
benzyl bromide to afford a mixture of mesoionic 7-benzylguanosine (15)

and 7-benzylguanosinium bromide (24).

0 OH
;\(h;:e_ +/CHQPh
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Although 7-methylguanosine (9) is stable indefinitely when stored
at room temperature, 7-methylinosine (21) slowly decomposes to 7-methyl-
hypoxanthine. 7-Methylguanosine and other Class I mesoionic hypoxan-—
thine analogs exhibit properties that indicate a general electron defi-
ciency in the imidazole ring. The somewhat greater stability of
7-methylguanosine (9) over 7-methylinosine (21) has been interpreted as
being due to the electron donating amino group at the purine 2-position.
Hydrolysis studies also support the idea of an electron deficient five-
membered ring. Methylation of either 7- or 9-methylguanine affords the

identical mesoionic 7,9-dimethylguanine derivative; the effect of alkyl
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variation on stability has been studied, In general, 7,9-dialkylgua-
nines are relatively stable at a pH of below 8.5; however, alkaline
(pH >8.5) hydrolysis results in ring opening of the imidazole ring to
give 5,6-diaminopyrimidine derivatives. Heating 7-alkylpurine nucleo-
sides in dilute acids results in a rapid (usually less than 30 minutes)
and quantitative conversion to the 7-alkylpurine. %hus, the glycosidic
bond is less stable than in the corresponding non-mesoionic nucleoside.
7-Alkylpurine nucleosides are also rapidly decomposed by aqueous alkalij;
at neutral or alkaline pH, 7-methylguanosine (9) undergoes ring opening
to yield the 2-amino-4-hydroxy-6-ribofuranosylaminopyrimidine (25), and
Hall (130) has isolated 25 from an enzymatic hydrolysate of yeast tRNA,
The 2',3'-isopropylidene derivative of 7-methylinosine, i.e. 22, under-—
goes a similar base catalyzed ring opening reaction. The rate of ring
opening for 7-benzylguanosine (15) was found to be similar to that of
7-methylguanosine (9). Under conditions of acid hydrolysis, there is
little difference in glycosidic bond stability when 7-ethylguanosine
(14) was compared with 7-methylguanosine (9), (122) however the glyco-
sidic bond of 7-alkylguanosines are approximately 15-2C times more sta-
ble than that of mesoionic 1,7-dialkylguanosines (125). Studies of the
glycosidic cleavage of the mesoionic 7-alkylpurine nucleosides may be
useful in as much as they might serve as models for studying the acid
catalyzed hydrolysis of natural nucleosides and suggest that acid
hydrolysis of such natural nucleosides may involve an initial protona-
tion at N7.

Methylation of 2'~deoxyguanosine moieties of DNA has been reported;
N7—methylation labilizes the glycosidic bond and the methylated base,

7-methylguanine, is readily split out of the nucledic acid. According
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to Lawley et al, (111) it seems probable the 7-methyl-2'-deoxyguanosine
may only have a temporary existence under these conditions. Jones et al
(44) have methylated 2'~-deoxyguanosine directly to afford the mesocionic
7-methyl-2'~deoxyguanosine (16), and Lawley et al (119) have prepared
both 16 and 7-ethyl-2'-deoxyguanosine (17), as well as 7-methyl- and
7—ethyl—2'~deoxyguanosine~5'—monophosphate,_lg and 20, respectively.

The 5'-methyl hydrogen phosphate ester of 16 has been prepared by
Khorana (127).

Comparison studies of the stabilities of 7-methylguanosine (9) and
7-methyl-2'-deoxyguanosine (16) reveals that the mesoionic 2'-deoxy
derivative is very unstable and decomposes almost spontaneously to give
7-nethylguanine (119). Comparisons of the rates of hydrolysis of 7-
methyl- and 7-ethyl-2'-deoxyguanosine (16 and 17, respectively) and
7-methyl—- and 7-ethyl-2'~deoxyguanosine-5'~monophosphate (19 and 20,
respectively) at neutral pH, and over the range of pH 5-10, shows that

the methylated nucleoside and nucleotide were less stable than their



corresponding ethylated derivatives (119). It has also been reported
that at pH 9,7-methyl-2'-deoxyguanosine-5'-monophasphate (19) undergoes
opening of the imidazole ring, a reaction that apparently competes with
hydrolysis of the glycosidic bond. However, at pH > 9, ring opening
appears to be the predominant reaction (119).

Michelson et al (131) have methylated polyguanylic acid and polyino-
sinic acid, using techniques that avoided degradation of these polymers,
and were successful in isolating the corresponding mesoionic polynucleo-
tides. Acid hydrolysis of these products gave the corresponding methy-
lated purine component, i.e., 7-methylguanine and 7-methylhypoxanthine.
Alkaline hydrolysis followed the same path previously described for hy-
drolysis of the nucleotide (111), Both polymers were resistant to the
action of rattlesnake venom diesterase (131).

As previously stated, some of these mesoionic nucleoside derivatives
are naturally occurring. In 1963, Dunn isolated 7-methylguanesine (9)
from acid hydrolysates of tRNA from pig liver, yeast cells and the
leaves of Brassica chinensis (113). There is also ewvidence that 9 may
be a component of calf and rat liver tRNA (113). Kemenes et al (132)
have hypothesized that a modified nucleoside, such as 9, might stabilize
certain regions of the tRNA structure. The observation that 9 is not
reduced by sodium borohydride is pertinent to theoretical models of the
three-dimensional structure of tRNA (132)., It may be reasonable to
assume that these mesoionic nucleosides are involved in defining the
molecular conformation of certain parts of tRNA structure.

RNA from viral sources contains 7-methylguanosine (9) as part of
the 5'-terminal cap structure which is thought to play an important role

in translation (133-137). Antibodies specific for 9 have been described
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(138-140) . These antibodies have been employed to detect the presence
of 9 in synthetic nucleic acid polymers and to fractionate oligonucleo-
tides containing methylated bases. 7-Methylguanosine antibodies dis-
play specificity for methylated purines over non-methylated purines, and
distinguish between 1l,- 3- and 7-monomethyl derivatives (138), Although
the antibodies can recognize 7-methylguanosine in the RNA cap, the de-
gree of reactivity observed in less than with free 7-methylguanosine.
This has been suggested as reflecting a constrained configuration for 9
as it exists in the cap. Proton NMR studies indicate the 7-methylgua-
nosine occurs in a stacked configuration with respect to the adjacent
base, which may prevent maximum recognition by the antibody (141,142).
Relatively few reactions involving these mesoionic nucleosides have
been reported. For example, 7-methylguanosine (9), a Class I mesoionic
hypoxanthine derivative, can be readily converted by treatment with
nitrous acid to 7-methylxanthosine (26), a Class I mesoionic xanthine
analog (44). Compound 9 has also been methylated to afford 1,7-dime-
thylguanosinium iodide (122), Attempts to derivatize 9 by silylation
-with BSTFA results in oxygen insertion to give what is believed to be

27 (143).

Class I Xanthine Derivatives. Brederek et al (144) reported the prepa—

ration of 7,9-dimethylxanthine (28), which now, by definition, is a
Class I mesoionic xanthine analog, Jones et al (120} by independent
methylation of 7- and 9-methyl xanthine established the structure of 23.
Compound 28 was also obtained upon treatment of 7,9-dimethylguanine
(10) with nitrous acid (44).

Senga et al (145) have reported the synthesis of the 1,2,3-thiadia-

zolo [4,5-d]pyrimidine derivative 29, which is another example of a
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7-Methylxanthosine (26), the first example of a Class I mesoionic

xanthine nucleoside, was obtained by treating the mesoionic 7-methylgua-



nosine (9) with nitrous acid (44). At room temperature 26 slowly decom-—
poses to 7-methylxanthine; 26 rapidly decomposes in aqueous alkali to
afford several ring-opened products similar to that observed for 7-meth-—
ylguanosine (44). Upon treatment with acid, 26 is hydrolyzed to
7-methylxanthine (44).

Class I 2--Purinone Derivatives, To date, no examples of Class I mesoio—

nic 2~purinones or 2~purinone nuclecsides have been reported.

Class II Hypoxanthine Derivatives. Class II mesoionic analogs may be

formulated by the fusion of a five~membered ring to the exocyclic nitro-—
gen of a hypothetical imino derivative of the mesoionic 1,3-disubsti-~
tuted pyrimidin-4,6-~dione 5 i.,e. 30. Results of a quantum chemical study
suggest that there are both differences and similarities between these

mesoionic ring systems and their non-mesoionic counterparts, (see Section

I1C).

In 1962, Townsend and Robins reported the synthesis of 3-methylgua-
nine and suggested, based on observed chemical properties, that 31 and
32 must be significant resonance contributors (146) - Albert used a
similar argument to explain some of the properties of structurally re-
lated 3-methyl-8-azapurin-6-ones (147). Structures such as 31 and 32
do not adhere to the definition of mesoionic in that this compound can

be represented by a single covalent structure, i.e, 33. Thus it was of



interest, from a theoretical standpoint, to further investigate these
structures. On the basis of quantum chemical calculations, Pullman pre-
dicted that the "mesoionic'" 3-methylguanine would be about 50 Kcal/mole
less stable than the usual tautomers of guanine, and concluded that the
7H-tautomer 33 would be the most stable (148), Indeed, Abola et al
(149) have demonstrated by X-ray crystallographic methods that 33 pre—

dominates in the crystal state.
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Coburn and Carapellotti prepared the first examples of true Class
II mesoionic hypoxanthines, i.e. gﬁ{(lSO). In contrast to the salts
34a (X=Br, I) which darken rapidly upon exposure to air, the mesoionic
compounds exist as white crystals that are stable to heat and light in
air. The chemistry of these compounds was not studied; however, it

was found that 34 (R=R'=benzyl) undergoes slow conversion, upon treat-
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ment with 57 aqueous sodium bicarbonate, to the ring-apen product
N-benzyl-5(4) - (N-benzylformamido) imidazole-4(5)~carboxzamide (150).

To date, no Class II mesoionic hypoxanthine nucleasides have been
reported.

Class II Xanthine Derivatives. This is perhaps the bemst studied of the

three Class II subclasses, and yet, of the thirty-six possible heterocy-
clic ring systems that are isoelectronic and isosterie with xanthine,
examples of less than a dozen have been synthesized. ®f these, only one
or two ring systems have been studied in any detail. $lennon et al (9)
have prepared several examples of mesoionic imidazopyrimidine and 1,2,4-

triazolopyrimidine 35 and 36, respectively, but their echemistry has not
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been explored. Examples of a 1,3,4-oxadiazolopyrimidine, 37, and a
1,2,4-thiadiazolopyrimidine 38, have also been reported (5), Coburn and
Glennon (151) reported the first synthesis of mesoionic thiazolopyrimi-~
dines, 39, and 1,3,4-thiadiazolopyrimidines, 40, and a large series of
such derivatives have since been prepared and evaluated for their anti-
microbial activity (5,6) and for their ability to inhibit cyclic AMP
phosphodiesterase (8,10,11,152). Several such derivatives produced hy-
potensive effects in rats similar to that produced by the xanthine deri-
vative theophylline (11).

For the most part, derivatives of 39 and 40 have been prepared by
the cyclization of an appropriately substituted amino derivative of a
five-membered heterocycle with either a trichlorophenylmalonate ester,
(5-10,151,153) substituted malonyl dichlorides (41), chlorocarbonyl
ketenes (154) or carbon suboxide (151) (Fig 15). 1In fact, most of the
Class II mesoionic xanthine analogs have been prepared by the malonate
condensation method of Kappe and Lube (33).

Derivatives of 39 and 40 are ordinarily stable to heat and light in
air, are readily recrystallizable from organic solvents, possess minimal
aqueous solubility and display typical heteroaromatic properties. Deri-
vatives of 40 ordinarily melt with decomposition, while derivatives of
39 do not. The spectral characteristics of such compounds, including
infrared, (151) proton nmr, (151) 13C—-nmr, (155) ultraviolet and mass
spectra, (151,156) have been examined.

Derivatives of 39 that are unsubstituted at the purine l-position
are prone to electrophilic attack (151) and have been demonstrated to
undergo, for example, bromination and nitration to yield, in accordance

with predictions based on quantum chemical studies, (4) the correspond-
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Figure 15: Preparation of Class II mesoionic xanthine analogs by different cyclization
procedures.,
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ing purine l-substituted derivatives 4la and 41b. Substituted deriva-
tives of 39 are only moderately sensitive to acid; several compounds
have been recrystallized from 5% hydrochloric acid, although prolonged
heating with 5-10% hydrochloric acid results in ring opening to afford
a 2-alkylaminothiazole ﬁg and the corresponding malonic acid derivative
(6,151) (Fig. 16).

Compounds such as 39 are presumably attacked by hydroxide and alko-
xide at the bridgehead carbon to give complex mixtures of products (151).
Concomittant attack may also occur at one of the pseudocarbonyl posi-
tions; this phenomenon has not been thoroughly investigated. Attack by
amines occurs, initially, at the purine 6-~position followed, under more
vigorous conditions, by attack at the purine 2-position to give ring
open products (6,151,157). This is normally a stepwise process; gentle
heating of an ethanolic solution of 39 with benzylamine or phenethyla-
mine will afford ﬁi, while heating a solution of 39 in phenethylamine
at reflux will afford_&é, Attack by amines is hindered by the presence
of alkyl substituents at the purine l-position and is facilitated by
electron withdrawing substituents on the six-membered ring (158). Com—
pound 39 also undergoes dipolar cycloaddition reactions with dimethyl-
acetylene dicarboxylate to afford 44 (151), (Fig 16).

1-Aza analogs of 39 and 40, i.e. 45 and 46, respectively, have been
reported (159,160). Derivatives of 45 and 46 possess only limited solu-
bility in water and most organic solvents; they are less stable and more
prone to ring opening than their corresponding deaza parents 39 and 40.

Several nucleosides of Class II mesoionic xanthine analogs have been
reported, For example; Glennon and co-workers have prepared the o and

B~anomers of compound 47 (R = H, CZHS)’ as well as their 2',3',5'-tri-O-
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acetyl derivatives (107).
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Prisbe and co-workers (161) converted 1-(2,3-0-isopropylidiene-8 -D-
ribofuranosyl) imidazo[1,2~a]-1,3,5~triazine-2,4-(1H,3H)-dione to 48 by
treatment with methyltriphenoxyphosphonium iodide. However, when the
corresponding 6-thio analog was subjected to similar conditiors, the

l-aza mesoionic xanthine nucleoside 49 was isolated.
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Class II 2~Purinone Derivatives, The first examples of a Class II meso-

ionic 2-purinone ring system, 50, were recently reported (162); no nu-

cleoside derivatives have been prepared to date. Compound 50 can exist

as any one of several tautomers and each tautomer may be represented by
a number of dipolar canonical structures. On the basis of proton and
13C*nmr studies, Coburn and Taylor have concluded that these mesoionic
compounds exist predominantly as the C7—H tautomer 51 (162). Deriva-
tives of 51 were found to be prone to hydrolytic ring opening reactionms.
Although 51 (R = CH3) was stable in water at room temperature, heating
at reflux, or treatment with sodium hydroxide, afforded compound 52.

Reaction of 51 (R = phenyl) with dimethylacetylene dicarboxylate (DMAD)

gave a compound assigned structure 53 (162).
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When one considers the number of hypothetical Class I and Class II
mesoionic ring systems that are possible, not to mention the variety of
derivatives resulting from the attachment of various substituents, the
number of potential mesoionic nucleosides is enormous. What follows is
the first synthesis of mesoionic nucleosides based on rational design

for possible chemotherapeutic utility,



IITI. RATIONALE AND DISCUSSION OF SYNTHESIS

The work to be described herein deals with Class II mesoionic xan-
thine nucleosides; based on the work of Glennon et al, (8,10,11,152) the
synthesis of such compounds certainly appears feasible. However, before
undertaking the rational design and synthesis of such nucleosides, it
would be reassuring, and, in fact, prudent, to determine if the mescionic
heterobases possessed a bioisosteric relationship with their non-mesoio-—
nic counterparts., If this could be demonstrated, there would then be a
greater probability that the mesoionic nucleosides might be capable of
mimicking a non-mesoionic nucleoside and/or nucleoside antimetabolite.
In the section that immediately follows, evidence will be provided that
demonstrates that the mesoionic hetercbases do, indeed, possess a bio-
isosteric relationship with their non-mesoionic counterparts (at least
in the systems studied). The next three sections will then describe the
design and synthesis of three different types of mesoionic nucleosides
as potential chemotherapeutic agents. The mesoionic nucleosides were
designed as potential inhibitors of enzymatic pathways. The mesoionic
thiadiazolopyrimidine nucleosides, 93 and 94 were designed as pro-drugs
of 2-amino-1,3,4~thiadiazole (2-ATD) mononucleotide which has been re-
ported to inhibit the enzyme, inosine monophosphate dehydrogenase (IMP
dehydrogenase) (Section IIIB). The mesoionic thiazolinopyrimidine nu-
cleoside 113 was designed as a potential inhibitor of the enzyme thymi-
dylate synthetase (Section IIIC), while the mesoionic imidazothiazine
nucleoside 146 may inhibit those enzymes that utilize IMP as a substrate

in purine biosynthesis (Section LIID). The structures of these target
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mesoionic nucleosides are shown in Figure 17.

A. Bioisosteric Relationship

Cyclic-AMP PDE studies: In 1958, Sutherland et al (163,164) report-

ed that methylated xanthines, such as caffeine and theophylline, inhibit
cyclic nucleotide phosphodiesterase (PDE). Subsequsently, structural
modifications of these alkylated xanthines has led to more potent and
selective inhibitors (165-169). For example, l-methyl-3-isobutylxzan-—
thine (IBMX) was found to be at least fifteen times more potent than
theophylline as an inhibitor of PDE. A series of &-substituted theo-
phylline derivatives were also tested for inhibitionm of PDE in an in
vitro assay system and it was found that as the length of the side chain
at position 8 increased, the activity increased. By contrast, the
J-substituted theophylline derivatives were less potent inhibitors than
was theophylline.

Since the Class II mesoionic xanthine analogs bsar close structural
and isosteric similarity with the methylated xanthimes, several such
compounds were prepared and evaluated by Glennon et al (8,10,11,152) as
inhibitors of cyclic-AMP PDE. Theophylline (54), was the standard ref-
erence agent, and the compounds were assayed using t'he method of Klee,
(170) against bovine heart PDE; some of their results are shown in
Table 1. The general conclusion was that the mesoicnic xanthine ana-
logs displayed a moderate degree of activity, and, furthermore, that
the type of inhibition, as determined using Lineweawer Burk and
Hanes-Woolf plots, appeared to be similar to that pwoduced by theophyl-
line. In addition, several mesoionic derivatives like theophylline
itself, were found to produce hypotensive effects in vivo (anaesthetized

rats) (11),
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Structures of target mesoionic nucleosides as potential anti-
neoplastic agents.
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Table 1: Inhibition of cyclic-AMP phosphodiesterase by mesoionic

xanthine analogs (152).

o 1
] H 3
Me-n Riy - DN ~N
£ N K
J\\ I /7 \:iLJ\\ 2
0" N 0" N S S5
| |
Me R3
THEOPHYLLINE 1 I1
Compound R1 R3 RELATIVE
POTENCY
Ia Et Et 0.3
b Et Bzl 0.9
c Bzl Et 2.5
d Et pP-Bzl 31.7
IIa ’ Et Et 0.4
b Me Bzl 2.2
c Bzl Et 7.9
d Et pClBzl 42.9
Theophylline 1.0




Adenosine binding studies; More recently, it has been demonstrated

that alkylxanthines are inhibitors of adenosine binding. Adenosine is
a naturally occurring nucleoside that plays an important role in many
functions related to the central nervous system. Behaviorally, adeno-
sine and its analogs produce sedation and anticonvulsant effects (171).
Biochemically, adenosine modulates adenylate cyclase (AC) activity by
binding at either intracellular and/or extracellular receptor sites.
Adenosine stimulates AC by binding at the extracellular A, stimulatory
or low affinity receptor and inhibits AC via the Ay inhibitory or high
affinity receptor (Fig 18). It also interacts with AC by binding to an
inhibitory intracellular regulatory "P" site (172).

The alkylated xanthines such as caffeine and theophylline are known
to act as adenosine antagonists at the extracellular Al and A2 receptor
sites, but have no effect on the intracellular P site. The behavioral
and biochemical effects of alkylated xanthines suggest that the stimula-
tory effects of caffeine and theophylline on the central nervous system
may be due, to a large extent, to their antagonistic effects on the ade-
nosine receptors (173). Structure-activity relationships for the alky-
lated xanthines have been studied and recently some potent xanthine
analogs have been developed (174). TFor example, 8-phenyltheophylline
(55) and 1,3-dipropylzanthine (56) were found to be the most potent in
displacing radiolabelled Ng-cyclohexyladenosine from adenosine Ap sites,
while caffeine was the least potent (174,175),.

Thus, it was of interest to examine the effects of several mesoionic
xanthine analogs in this system, Many of the required compounds were on
hand as a result of previous studies in these laboratories, and some

were re-synthesized. However, two compounds of interest, i,e, 68 and
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76, had not been previously prepared.

T T
54
54 CH, CH3 H
55 Ph
55 CH3 CH3
ég Pr Pr H
68 CH H Pr Pr
76 N Ph Et Et

Synthesis: Mesoionic heterocycles have previously been synthesized
by reacting substituted ox unsubstituted bis (2,4,6-trichloro phenyl)
malonate esters with 2-substituted-aminothiazoles or thiadiazoles at
160°C to yield the corresponding mesoionic xanthine analog in which the
substituent at Cg can be varied depending on the ester employed (5-10,
33,151,153) . The bis—-(2,4,6-trichlorophenyl)-malonate esters were pre-
pared according to the literature procedures, by allowing a substituted
(eg 58,59) or unsubstituted (eg 57) malonic acid derivative to react
with 2,4,6-trichlorophenol (60) in the presence of POC13 (Scheme 1).

The mesoionic analog_éﬁ was prepared by a fusion reaction between
2~(n—propylamino)thiazolé (67) énd 63; 2—-(n-propylamino) thiazole (67),
the required starting material for this reaction was prepared from com—
mercially available 2—aminothiazolé (64) by acylation with propionyl

chloride (65) (176) followed by reduction of the resulting amide 66 with

"Redall (Scheme 2).



Ci Cl
::C(COOH)Z + c \—*/ on 2C3 :;cg |
c cl 0
57 R=H 60 .
58 R =Et ;ZR:Et
89 R=pr 63 R=p:

Scheme 1: Synthesis of bis (2,4,6-trichlorophenyl) malonate esters.

The mesoionic analog 76 was prepared in similaxr fashion from
2—ethylamino-5-phenyl-1,3,4-thiadiazole (71); the latter starting ma-
terial was prepared by two different synthetic routes. 1In the first
method, (6,177) (Scheme 3) 4-ethyl-3-thiosemicarbazide (69) was reacted

with trimethylorthobenzoate (70) in an acid medium to afford a product

HQND CHgCHyCOCI HN,Q} ; @
6

o

HN
Et ‘
i A2 = nPr 67
(0,
nPr
.~ N 63
~
(o) -
|
nPr
68

Scheme 2: Synthetic pathway for the preparation of Anhydro-6,8-di-n-
propyl-5-hydroxy-7-oxo-thiazolo[3,2~a]pyrimidinium Hydroxide
( 68) .
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Scheme 3: Preparation of 2Z-ethylamino-5-phenyl-1,3,4-thiadiazole (71).

that melted at l73~l750C, and whose spectral data indicated the desired
2-ethylamino-1,3,4~thiadiazole (71). However, Chandra et al (178) had
previously prepared Zl_by treatment of benzal thiosemicarbazone with
ferric chloride and reported a melting point of 238»2400C. Because the
thiosemicarbazide may have cyclized to afford 3-phenyl-5-mercapto-1,2,4~
triazole, it was necessary to further identify the product., Satisfac-
tory elemental analysis was obtained for compound 71; furthermore a
search of the literature revealed that the mercaptotriazole had been
previously reported by Shah et al (179) to melt at 141-142°C. 1In order
to resolve this problem, compound 71 was prepared by a second route.
Thiosemicarbazide (72) was benzoylated and cyclized to give 2-amino-—
5-phenyl-1,3,4~thiadiazole (74) via acid catalysis, Compound 74 melted
at 224°C, which is identical to the compound prepared by Hoggarth (180),
Young et al (182), Kurzer (183) and Kubota et al (181), However,
Chandra et al (178) reported that Zﬁ.melted 213—2140C. Compound 74 was
subsequently acylated to give N-acetamido-5-phenyl-1,3,4~thiadiazole

(75), melting point 278~2820C, which corresponded with literature val-
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ues (181-183), Reduction of Zi with LiAlH4 afforded the desired com-—
pound 71 which was identical to that prepared by the cyclization of the
thiosemicarbazide. Thus, it might be concluded that: the structural
assignment made by Chandra et al (178) was incorrect:. Fusion of
2-ethylamino-5-phenyl-1,3,4~-thiadiazole (71) with 62 at 16OOC afforded

the mesoionic thiadiazolopyrimidine 76 (Scheme 4).

0 s
1 \ ]
HNNH CNH, 4 PhCOCI —— Phé NHNHC NH,

72 80 73

—

Ac, @ —N
,ﬁ—ﬁ\p I N

Scheme 4: Synthesis of Anhydro-2-phenyl-6,8-diethwi-5-hydroxy-7-oxo—
thiadiazolo[3,2~a]lpyrimidinium Hydroxide (76)

The mesoionic compounds §§3‘Z§‘and other derivatives were evaluated as
adenosine antagonists at the Aj or high affinity receptor site. Results
of the study, which will be discussed in detail in Section IV (i.e. (Dis-
cussion of Biological Results), suggest that several of these mesoionic
compounds did display properties comparable to theoprhylline and éuggest

that a bioisosteric relationship does exist,



B. Thiadiazolopyrimidine Nucleosides

tationale: 2-Amino-1,3,4~thiadiazole (2-ATD; 77) and its deriva-
tives have been shown to produce several different chemotherapeutic
effects. For example, Burchenal and coworkers (184) reported that
2-ethylamino-1,3,4~thiadiazole (2E-ATD) was active against leukemia
8174 of the C58Fl mouse, while Troy et al (185) found that 2-ATD in-
hibited melanoma cells, Sarcoma 180 and leukemia P1534 in mice. In
addition, Krakoff (1886) demonstrated that 2-ATD produced an increase in
de novo synthesis of uric acid in man. Since these antineoplastic and
uricogenic effects could be reversed by nicotinic acid and nicotinamide,
2-ATD and 2E-ATD were initially considered as niacin antagonists (185).
Oleson and his associates (187) demonstrated that 2-ATD exhibited car-
cinostatic activity against S~91 melanoma and 6C3HED lymphosarcoma. A
series of compounds were evaluated (Table 2) and the results revealed
that the parent compound, 2-ATD, appeared to be the most active; sub-
stitution at either the 5-position or on the amino group of 2-ATD re-—
duced or totally abolished activity.

Ciotti and coworkers (188) compared the relative effectiveness of
2—-ATD and aminopterin in increasing the life span of mice with advanced
leukemia (L1210); Figure 19 shows that 2-ATD was capable of increasing
life span (even when the treatment was initiated late in the course of
the disease state). At the most effective dose levels, the tumors
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