Journal of Diagnostic Imaging in Therapy. 2017; 4(1): 35-75
http://dx.doi.org/10.17229/jdit.2017-0503-029

ISSN: 2057-3782 (Online) http://www.openmedscience.com

REVIEW ARTICLE

OPEN

MEDSCIENCE

Squaryl Molecular Metaphors — Application to Rational

Drug Design and Imaging Agents

Sean L Kitson®

Open Medscience, County Armagh, BT62 2LG, United Kingdom
(History: received 12 March 2017; revised 26 April 2017; accepted 01 May 2017; published online 03 May 2017)

In memory of Djuka Erakovic 1934-2013

Abstract Molecular Metaphors is the application of squaryl building blocks towards creative functional group
chemistry to produce lead compounds and imaging agents. This strategy is applied to rational drug design and to
various imaging agents that would normally contain conventional functional group chemistry. These, include
carboxylic acids, a-amino acids, peptide bonds and phosphonates. Moreover, the squaryl metaphor is a precursor
to complex organic molecules involving functional group interchange (FGI) and rearrangements. This article
discusses the application of these metaphors in the area of neurochemistry, especially NMDA receptors. An
important area of drug design is the inhibition of angiotensin II enzyme by the use of losartan. This commercial
drug contains a tetrazole moiety that can be modified using the squaryl group to give a semisquarate derivative.
These concepts can extend to the semisquarate of ibuprofen. Moreover, a discussion on peptidomimetics
regarding the substitution of the peptide bond for squaramide allows for a change in the biological properties due
to modification at the peptide bond. Furthermore, the topic on how squaryl metaphors can be exploited primarily
by the central 1,3-hydroxyamide sequence to the generation of a novel class of HIV protease inhibitors. Also,
squaryl metaphors can be used to develop potential inhibitors of glutathione and novel anti-migraine drugs. The
discussion continues on the design of anticancer drugs: in particular, a novel class of metalloproteases, including
phosphonates for semisquaramides, leading to squaryl nucleosides. This review concludes with the application of
squaryl metaphors in the design of positron emission tomography (PET) and magnetic resonance imaging (MRI)
agents towards theranostics.

Keywords: squaryl metaphors; bioisosteres; rational drug design; positron emission tomography imaging;

magnetic resonance imaging

INTRODUCTION

angmuir first devised the term isosterism in 1919
and this regards the physicochemical properties of
the constituents of organic molecules [1]. The

concept of isosterism was developed further by Grimm,
who applied the hypothesis of hydride displacement law to
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describe the ability of individual functional chemical
groups to mimic other moieties [2,3].

Erlenmeyer rationalised these concepts and categorised
isosteres into atoms, ions and molecules based on the
valence level of electrons [4]. A further understanding by
Friedman led to the term bioisosterism to include all atoms
and molecules that fit the broadest definition of isosteres
[5]. This approach was independent of whether the drug
was an agonist or an antagonist towards biological activity.

Moreover, Thornber applied the term bioisosterism to
include subunits, groups or molecules that possess
physicochemical properties of similar biological effects [6].
Finally, in 1991 Burger widened the definition of
bioisosteres to include compounds or groups that possess
similar molecular shapes and volumes independent of
agonists or antagonists [7].
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These bioisosteres would require approximately the same
distribution of electrons and give a high probability of
generating comparable physical properties such as
hydrophobicity [8].

Currently, bioisosterism is one of the most useful tools to
the medicinal chemist in rational drug design and in
particular regarding the carboxylic acid bioisosteres [9].
The carboxylic acid functional group is part of the
pharmacophore of many commercial drugs ranging from
non-steroidal anti-inflammatory medicines (NSAIDs),
statins, B-lactam antibiotics and anticoagulants [10]. The
important role of the carboxylic acid group is its
contribution towards biomolecular recognition at the
receptor site, due to its ability to form strong hydrogen
bonds [11].

One lesson that can be apparent from drug discovery is
that structures with the same bond connectivity/shape as the
naturally occurring intermediates are not necessarily the
most potent inhibitors [12]. A term commonly used to
identify structures that can be used to replace others in
bioactive molecules is bioisosterism [13]. It directly
translates as the same shape as one present in a biological
molecule. Here we may refer to these kinds of replacements
as molecular metaphors (S. L. Kitson, Squarate Molecular
Metaphors — A Strategy for Drug Design, personal
communication, February 2001; S. L. Kitson, Molecular
Metaphor Drugs — A New Approach to Rational Drug
Design, personal communication, December 2001).

In the context of this review, molecular metaphors are
described as the replacement of functionalities in a given
substrate that can serve as molecular substitutes. These
replacements may have similar structures but have different
molecular recognition patterns. Therefore, the key to
molecular recognition in biological systems, is the charge
distribution of the substrate in space and not its molecular
shape and volume [11]. Bioisosterism signifies that two
molecules are similar and it is a term that would be better to
fall into disuse regarding drug discovery [14-16].

A squaryl entity (Figure 1) is a molecular mimic that can
undergo a functional group interchange (FGI) - the
replacement of one functional group by another - to squaryl
functionality [17]. A new compound is produced leading to
a different or improved biological activity. The vast
majority of pharmaceutical drugs are carbogenic
compounds [18]. Furthermore, in vivo activity of these
compounds depends on the solubility profile of plasma and
tissue  distribution to influence the associated
physicochemical properties [19].
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Figure 1. Squaryl molecular metaphors
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Conversely, the interaction of a drug with a receptor or an
enzyme is dependent on the characteristics of the drug
molecule. These factors include ionisation [20], electron
distribution [21], polarity [22] and electronegativity [23].

This review discusses how to apply squaryl molecular
metaphor technology to rational drug design and imaging
agents. These types of molecular metaphors (Figure 2)
relate to the function of squaric acid [24]. These include
squarate, semisquarate, squaramic acid, squaramide [25]
and squaric acid N-hydroxylamide [26]. Also, these
metaphors can act as mimics for carboxylic acids [27],
carboxylic esters [28], amino acids [29], peptides [30] and
hydroxamic acid analogues [31].
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Figure 2. Nomenclature of squaryl entities

These drug modifications produce a different biological
activity profile [32]. Consequently, there may be a
multitude of molecular modifications by the incorporation
of squaryl entities leading to an increase in the drugs’
potency. For example, the synthesis of compounds bearing
an aryl group can undergo substitution with the following
groups: CHzSOzCH3; CH,SOsEt; CH;NHSO,CH3;
CH2302NHCH3; CHzSOzNHz; COzH; CHzCOzH and
CH,CONH». These moieties can substitute for a squaryl
entity.

In general; carboxylic acid moieties can have detrimental
effects on the volume of distribution [33]. Incidentally there
are specific enzymes as evidenced by the short half-life for
anti-inflammatory drugs. For example, ibuprofen and
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diclofenac have short half-lives of 2-3 hours compared to
oxicams (e.g. piroxicam) half-lives of 20-60 hours [34].

The methodology behind squaryl molecular metaphors is
to provide a novel technology for new leads in drug
research. Many organic chemists have not taken up this
challenge to date. Admittedly, it is hard to stay on top of a
still rapidly developing synthetic methodology and move to
systems of biological complexity at the same time. Some
opinions signify that we have a complete array of methods
available with which to probe and investigate living
systems, for example the use of computational methods
applied to rational drug design [35].

Molecular metaphors can have a broad range of
applications, from synthetic organic chemistry to
nanotechnology platforms [36] and including biomaterials
[37]. Consequently, this review provides a valuable
contribution to the interest of drug discovery and molecular
imaging groups. Furthermore, this review will assist in the
projection of new chemical entities leading to commercial
drugs and imaging agents to address various disease states.

CLASSICAL METAPHORS

For a Pharmaceutical Company to succeed it must have a
lucrative drug pipeline [38]. To generate new chemical
entities (NCEs), the principles of molecular metaphors can
be applied where possible to functional groups. The concept
of bioisosteres does not apply to the subject of molecular
metaphors, but only to classical metaphors [39]. However,
these classical metaphors are functional groups that have
similar spatial and electronic character. In many cases,
replacement of a group with a bioisostere results in a new
compound that retains the activity of the parent [40]. This
approach is standard in medicinal chemistry since it allows
the generation of marketable analogues of a known drug
that has an intellectual property composition of matter [41].
These classical metaphors are shown below in Table 1.

Univalent atoms and CHs, NH,, OH, F, Cl
groups Cl, PH,, SH
Br, i-Pr
I,-Bu
Bivalent atoms and R-CH;-, R-NH-R’, R-O-R’
groups R-S-R’, R-Se-R’
R-COCH;R’, R-CONHR’
R-CO,R’, R-COSR’
Trivalent atoms and R;CH, R3N
groups R3P, R3As

Tetravalent atoms R4C, R4Si
=C=’ =N+=’ =P+=
Ring equivalents -CH=CH-, -S-,
-CH=, -N=

-0-, -S-, -CH,-, -NH-

Table 1. Classical metaphors
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NON-CLASSICAL METAPHORS

Non-classical metaphors do not have the same number of
atoms but fulfil the steric and electronic rules of
bioisosteres, however, do produce a similarity in biological
activity [42]. This approach allows the medicinal chemist
to make changes to the drugs’ parameters to augment
potency and selectivity in order to produce a reasonable
pharmacokinetics profile [43]. Multiple alterations may be
necessary to counterbalance undesirable biological effects
[44]. For example, modification of the functionality of the
drug involved in binding may decrease the lipophilicity and
its ability to penetrate the cell wall and diffuse across other
membranes [45]. Subsequently, the drug molecule can
undergo further substitution with additional lipophilic
groups at sites distant from that are involved in receptor
binding [46].

Consequently, modifications of this sort may change the
overall molecular shape and result in other biological
activity [47]. Carboxylic acid moieties are essential for
biological activity; in particular for the substitution of the
group with phosphonate, phosphonic and phosphinic acids,
sulphonamides and tetrazoles (Figure 3) [48]. These subtle
changes can have a major effect on the efficacy of the drug
substrate [49]. For example, phosphonic and phosphinic
acids have a higher acidity (pK. ~1-3) compared to
carboxylic acids (e.g. aspirin pK, = 3.49) producing lower
partition coefficients (log P) [50].
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Figure 3. Non-classical metaphors
SQUARYL SYLLOGISM

Metcalf et al. [51] and Holt er al. [52] have suggested that
vinyl carboxylates can serve as equivalents for enolates and
two other pharmaceutical groups have reported that
semisquarates can be cognated to carboxylates [53,54].
Combining the above methodology that carboxylates are
equivalent to enolates, and semisquarates are equivalent to
carboxylates then semisquarates can act as stable mimics
for enolates.
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Vinyl carboxylates can serve as equivalents for enolates:

A{O_ — o

o

Semisquarates can be cognated to carboxylates:

N/ 0
_ —

R O-

Semisquarate Carboxylate
Combining these ideas that carboxylates are equivalent to
enolates and semisquarates are equivalent to carboxylates.
Therefore, semisquarates can act as a stable metaphor for
enolates:

—_—

Zo.

Semisquarate (Z)-Enolate
The second argument favours the semisquarate-for-enolate
substitution in that like many 1,3-dicarbonyl compounds;
semisquarates contain a stable enol within their structures.
However, due to the constraint of its cyclic structure, the
semisquarate can mimic only the (Z)-enolate [55].

OXOCARBONS

The term oxocarbon was first coined in 1963 and designates
compounds in which all of the carbon atoms connect to
carbonyl or enolic oxygens, including the hydrated or
deprotonated equivalents [56]. These cyclic oxocarbon
anions are members of an aromatic series - (Hiickel’s rule
for monocyclic systems) - stabilised by the delocalization of
electrons around the carbon ring [57]. The monocyclic
oxocarbon family (Figure 4) include the following:

Kitson
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Figure 4. The oxocarbon family

Numerous investigations have studied the structure and
bonding of oxocarbons [58,59]. The monocyclic oxocarbon
dianions (C,O,%) and the neutral cyclic compounds (CnOy)
comprise two prototype sub-groups within the oxocarbon
family. The oxocarbons croconate (CsHs*") and rhodizonate
(C¢O6*) were discovered over 160 years ago. The lower
analogues squarate (C404%) and deltate (C;03*) were
synthesised over the last few decades [60]. The aromaticity
of (C,0.F) (n = 3-6) decreases with increasing ring size.
The deltate (C305%) is both ¢ and © aromatic, and squarate
(C404%) is moderately aromatic while (CsHs*) and (C¢Hg*)
are less aromatic [61].

DELTIC ACID

Deltic acid (dihydroxycyclopropenone) is a triangular
oxocarbon first discovered in 1975 by Eggerding and West
[62]. Deltic acid (H>C303) dissociates in water at 25 °C to
give pKa = 2.57 and pKp = 6.03 resulting in a Dz,
symmetric deltate anion, (C303)>". These pK, values
indicate that deltic acid is a weaker acid than squaric acid
[63]. One method to synthesise deltic acid is from squaric
acid involving the formation of bis(trimethylsilyl)squarate
using the reagent BSA [(&V, O-bis(trimethylsilyl)acetamide)]
(Figure 5).

This intermediate is then subjected to photochemical
decarbonylation to give bis(trimethylsilyl)deltate followed
by solvolysis to generate the deltic acid [64].
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Figure 5. Synthesis of deltic acid
SQUARIC ACID

Squaric acid (3,4-dihydroxy-3-cyclobutene-1,2-dione) also
known as quadratic acid is a symmetrical Da, planar
diprotic four-membered oxocarbon compound [51].
Although it is a small ring molecule, it possesses unique 27-
pseudo-aromaticity [65].

The acidity constants of squaric acid have been
determined in solutions with low varying ionic strengths by
Ireland and Walton to be pKa. = 1.7 and pKa = 3.21 [66].
However, Tedesco and Walton reported pKa = 0.4 and pKa
= 2.89 [67] and by MacDonald the acidity constants were
pKa = 1.2 and pKa = 3.48 [68]. The work of Park et al.
produced a value of pKp = 3 [69]. Alexandersson and
Vannerberg [70] have reported the values of pKa. = 0.96
and pKa = 3.19. This results in high acidity (pKa = 1.2-
1.7, pKa» = 3.2-3.5). The accepted acidity constants of
squaric acid are pKa = 0.54 and pKap = 3.48 [71] and
intrinsic properties of an organic acid [72] compared with
sulphuric acid (pKa1 = -3.0 and pK.» = 1.92) as shown in
Figure 6.
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Symmetrical resonance stabilised 'aromatic' anion
Figure 6. Resonance structures of squaric acid

This inherent property of squaric acid makes it more
anionic than other enols such as phenol (pK. ~10) or

Kitson

cyclopentane-1,3-diones (pK. ~6) at physiological pH. It
contains a stable enol within the structure and due to the
geometry of its cyclic structure, squaric acid can mimic
only the (Z)-enolate form [73].

The (Z)-enolate and dianion of squaric acid is a valuable,
versatile precursor to various ‘shapes’ in the synthesis of
carbogenic compounds, due to the inherent ring strain of the
cyclobutenedione structure [74]. The acidic hydroxy
groups can undergo further transformations to provide
esters [75], amines [76] and halide derivatives of squaric
acid [77].

Various nucleophiles can give rise to 1,2- [78] and 1,4-
Michael addition products at the carbonyl or olefinic carbon
centres of the ring system [79]. Furthermore, the
cyclobutenedione ring can be further transformed by
thermolysis [80], photolysis [81] and the application of
organocatalysts [82] to generate highly functionalized
compounds.

Examples of these transformations are shown in Figure 7
and include (£)-septicine [83], perezone [84], lawsone [85],
(Z)-multicolanic esters [86] and (E)-basidalin [87]. Also,
squaric acid has been found to catalyse reactions involving
the N-substituted of pyrroles [88].

It is evident from these examples that squaric acid is a
useful Cy-synthon building block for the construction of
biologically interesting heterocycles. Another interesting
transformation starting from alkyl squarate includes a 4n-6n
electrocyclic ring opening and ring close to give
echinochrome A [89].
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Figure 7. Squaric acid is a key Cs-synthon leading to
highly functionalized compounds
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SYNTHESIS OF NATURAL PRODUCTS
The total synthesis of (+)-septicine (Figure 8) was achieved
in 8 steps in a yield of 27% starting from dimethyl squarate

[83]. The synthesis involved the ring expansion of the 4-(1-
pyrrolo)cyclobutenone to give indolizinedione system.

H;CO

o e} Ar
7 N
o — - —
\\o H;CO o // N

OCH;

H;CO,

HyCO

Dimethyl squarate
0
o Ar Ar
AN —
- E——
—H —
= on A Ar
o

Figure 8. Synthesis of (+)-septicine

(+/-)-Septicine

The synthesis of this natural product, a toxic amine
resulting from bacterial proteolysis [90] takes advantage of
the asymmetry arising from the ring nitrogen atom [91].

Consequently, its synthesis is derived from a pyrrolidine
moiety and with the correct regioselectivity to produce the
(Z)-stilbene derivative. This approach benefits from the
absence of regiochemical problems in the joining of these
building blocks.

Furthermore, a route has been developed from dimethyl
squarate via 3,4-bis(3,4-dimethoxy-phenyl)-1,2-
cyclobutenedione. Since the two carbonyl groups in the
diketone are the same, the reaction with N-lithiopyrrole
yields one product. Other natural product syntheses take
advantage of the symmetrical properties of squaryl
derivatives and skeletal changes via electrocyclic reactions
and include perezone [84] and lawsone [85]. The syntheses
of (E)-basidalin [86] and (Z)-multicolanic esters [87]
demonstrated a new method to access substituted furanones
(Figures 9-12).

The above compound shapes are prepared from squaric
acid on a solid support involving palladium-mediated
coupling reactions to produce multiple core structure
libraries. The halogenated aryl ether on Wang resin are
generated through a Mitsunobu reaction and subsequently
coupled to tributyltin isopropyl squarate under Stille
conditions. Another route involves 1,2-addition of
nucleophiles to the squarate followed by acid-mediated
rearrangement. In both cases, the product is cleaved from
the resin under trifluoroactic acid conditions [74].
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Figure 9. Synthesis of perezone
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Figure 12. Synthesis of (E)-basidalin
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MONILIFORMIN

In 1970, a strain of the mould Fusarium moniliforme was
isolated from corn seed damaged by southern leaf blight
[92]. The mould was found to produce water-soluble
mycotoxin and given the trivial name moniliformin (Figure
13) [93]. This compound has growth-regulating and
phytotoxic effects on mammals [94]. Moniliformin pK, =
0.88) from the fungal plant pathogen Gibberella fujikuroi
was found by X-ray analysis to be the potassium salt of the
semisquaric acid [95]. Furthermore, semisquaric acid is an
inhibitor of pyruvate dehydrogenase and transketolase
compared to squaric acid which acts as an inhibitor of
glyoxylase I. The original toxin is the corresponding
sodium salt. The semisquaric acid molecule contains a
vinylogous acid function linked to a carbonyl group in a
four-membered ring system [96].

H oM

=

o// \\o
M =K, Na*
Figure 13. Moniliformin

The [242]-cycloaddition of gaseous ketene to
tetraethoxyethylene yields crystalline, stable cyclobutanone
(Figure 14). Surprisingly, the hydrolysis of the
cyclobutanone was not a straightforward reaction. Under
varied experimental conditions, large amounts of ring-
opened products were formed. Finally, the hydrolysis with
18% hydrochloric acid, in the presence of dioxane at 60°C,
afforded semisquaric acid of 90% yield [96].

Et

et iiZ:j —

\\\\O

Figure 14. Synthesis of semisquaric acid

Spinger et al. accomplished a short semisquaric acid
synthesis via a haloketene [97]. The [2+2]-cycloaddition of
ethylvinyl ether with dichloroketene formed in situ from
dichloroacetyl chloride and trimethylamine, afforded the
cyclobutenone derivative that could then be hydrolysed by
aqueous hydrochloric acid to semisquaric acid (Figure 15).
In both cases, the semisquaric acid is readily converted into
the salt form to afford moniliformin.

Cl
Rl
/\O/\+ —C—0——»>
Cl

Figure 15. Synthesis of semisquaric acid
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SQUARIC ACID FAMILY

Squaric acid is a four-membered oxocarbon compound that
has potentially useful multi-functionality and intrinsic ring
strain towards the synthesis of complex compounds.
Squaric acid has been the focus of several research groups
including West, Kinney, Liebeskind, Moore and Paquett
[98]. Based on the cyclobutenedione structure, acidic
hydroxyl groups are replaced by superior leaving groups
and then various nucleophiles can react at the carbonyl or
olefinic carbon centres.

The squaric acid family of derivatives consists of
dichloride, methyl ester chloride, diethylamide chloride,
alkyl esters (Figure 16). These squaryl derivatives are
versatile building blocks in the synthesis of new chemical
entities towards the treatment of chronic inflammatory
diseases such as rheumatoid arthritis, multiple sclerosis and
asthma [99].

MeO OMe
E( c
0// \\O

HO OH Cl Cl Me!
H SOCI, /DMF CH,0H
I\, N\, Y

E©OH/ (E0),CH EL,NSMe,

EtO, OEt EpN Cl
7N, 7N,

Figure 16. Squaric acid family
SYNTHESIS OF SQUARIC ACID

Squaric acid was first synthesised by Cohen et al. in 1959
from the aqueous hydrolysis of 1,3,3-triethoxy-2-chloro-
4,4-difluorocyclobutene. Furthermore, by the aqueous and
acid hydrolysis of 1,2-diethoxy-3,3,4,4-
tetrafluorocyclobutene [100]. Interestingly, the carbon-14
radiosynthesis of squaric acid reported by Heys and Chew
[101] was modelled on the synthetic route reported by
Bellus [102].  This methodology involved a [2+2]
cycloaddition of tetra-alkoxyethylenes with oxyketenes.

These oxyketenes generated in situ by triethylamine-
promoted dehydrohalogenation of the corresponding acyl
chlorides. The cyclobutanone intermediate formed
undergoes rapid enolization followed by esterification with
another equivalent of acid chloride to give the key
compound which is the cyclobutenol ester. Displacement-
induced fragmentation of the ester, promoted by
SiOs/triethylamine or basic Al,Os, yields smoothly the
mono-orthoester of squaric acid. The acid hydrolysis of the
cyclobutenol ester and the orthoester afford [U-!4C]squaric
acid in high yield (Figure 17).
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[U-4C]Squaric acid
Figure 17. Synthesis of [U-“C]squaric acid

The lowest member of this series of oxocarbons,
methylmoniliformin  (3-hydroxy-4-metbylcyclobut-3-ene-
1,2-dione) was prepared first by Chickos [103] via the
addition of methylmagnesium bromide to the substrate,
diethyl squarate (Figure 18).

EtO 0 EO o
| 7 CH,MgBr | /
N\ -OH
EtO 0 EtO CH,

Figure 18. Synthesis of methylmoniliformin

Previous studies on the reaction of Grignard reagents with
dimethyl squarate resulted in the isolation of mono- or
dialkyl- cyclobutenedione derivatives according to a 1,4-
addition process (Figure 19). Kraus et al. [104] have
discovered that lithium reagents react with dimethyl
squarate at the carbonyl centre via a 1,2-addition process
leading to 2-hydroxy-3,4-dimethoxy-3-cyclobutenones.

H;CO OCH,3 H;CO OCH,
R,Li
R,Li —_
H;CO OCH; Y4 Ry Ry Ry
° OH OH OH
2N\ \ R OCH; R, R,
o &) R,MgBr
R,MgBr .
VR 2N\
0/ N ° g 74 \0

Figure 19. Michael addition of Grignard reagents and
lithium reagents to dimethyl squarate

Based on several literature precedents, it appears that
lithium reagents attack dimethyl squarate exclusively at the
ketone function. Furthermore, Grignard reagents favour
conjugated addition [98]. When there is a competition
between the direct attack on the ketone function (1,2-
addition) and conjugate addition of a o-f-unsaturated
ketone substrate, the less stable carbanion favours 1,2-
addition. Consequently, the more resonance stabilised
carbanion favours conjugation addition. Dehmlow and
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Schell [105] reacted several dialkyl squarates, for example,
di-ethyl, di-n-propyl, di-isopropyl, di-n-butyl, di-tert-butyl
and di-benzyl with various Grignard reagents. On acid
hydrolysis, the corresponding 3-alkyl-4-alkyl-3-
cyclobutene-1,3-diones were isolated in yields ranging from
2% to 65%. The lower yields were due to the formation of
1,2- and 1,4-addition products and by over addition of the
Grignard reagents to the dialkyl squarate (Figure 20).

RO 0 RO

//0 o\\ //o

R'MgBr H*
| —_— —_—
\ ---- OH

RO o RO R' RO R

Figure 20. Addition of Grignard reagents on di-propyl
squarate

Liebeskind and co-workers chose to work with di-isopropyl
squarate. This material prepared in 86% yield by refluxing
squaric acid in excess toluene/propan-2-ol [106]. The di-
isopropyl squarate reacts with the following Grignard
reagents: RMgX/yield: EtMgX (43%), iso-PrMgX (65%)
and fert-BuMgX (14%). Then on subsequent hydrolysis to
give moderate yields of 3-(1-methylethoxy)-4-alkyl-3-
cyclobutene-1,2-diones. This chemistry seldom proceeded
cleanly and required the isolation of product by careful
chromatography.

Other procedures used commercially available di-
isopropyl squarate to react with the di-isopropyl magnesium
chloride (RsMgCI) and iso-butylmagnesium bromide
(RsMgBr) to afford the corresponding 4-hydroxy-4-
substituted-2,3-bis(l-methylethoxy)-2-cyclobuten-1-ones
[55,107].

-Pro //O o // . Amberlyst
RMgX | resin
| —
N | OH ey
i-PrO 0 i-PrO R

© \ //O Amberlyst

resin

o} 0
N

—_—

— CH,0H —

i-PrO R HO R

Figure 21. Resin-H* work-up

These were not isolated and in turn converted into the 3-(1-
methylethoxy)-4-substituted-cyclobut-3-ene-1,2-diones,
simply by stirring in dichloromethane - in the presence of
dry amberlyst-15 ion exchange resin - in a two-phase
system at ambient temperature. The conversion of this
semisquaric acid derivative, was facilitated using wet
amberlyst-15 ion exchange resin, simply by stirring in
methanol at ambient temperature (Figure 21).
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SQUARYL MOLECULAR METAPHORS

This section outlines the methodology behind classical and
non-classical metaphors. The broadest definition of
classical metaphors (bioisosteres) consists of groups or
molecules having similar chemical and physical
resemblances to produce comparable biological properties
[32].

A trend in this area is the increasing occurrence of non-
classical metaphors that do not have the same number of
atoms and produce a parameter that is vital to the receptor-
drug interaction. Therefore, similar effects in two functional
groups do not imply atom upon atom overlap [42].

NH—N

COH
\S\ e 5\
HO,C HOLC
2

Glutamic acid tetrazole Glutamic acid tamic acid isquarate

Figure 22. Tetrazole — semisquarate interchange

The tetrazole group shown in Figure 22 is an excellent non-
classical metaphor for the carboxylic acid moiety of
glutamic acid [108]. Other carboxylic acid metaphors
include the phosphinic or phosphonic acid [109] and the
sulphate ester functionality (Figure 23) [40].

Aspartic acid

P
- j\

HO,C NH,

Aspartic acid sulphate ester

Aspartic acid phosphate
Figure 23. Carboxylic acid metaphors

Figure 24 outlines the rational thinking behind the
principles of squaryl molecular metaphors that describe the
transformations of carboxylic acids, amino acids and
peptides to their corresponding squaryl derivatives.
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Squaric acid
HO O -0 (6] -0 O
7/  pK, ~1 pK,~22
R B ———
N\
HO (0] HO (6] -0 (¢}
Carboxylates
R O R O-
!
-— | — Vo
];f /]j\ A
0 o 0 o R™ 70
Amino acids
R (0] R O-
2 co,
\ % )\ *
HoN (6] HoN (¢} R NH;
+
Peptides

Figure 24. Metaphors of carboxylic acids, amino acids
and peptides to their corresponding squaryl derivatives

The semisquarate (Figure 25) can offer en routes to novel
chemical entities that can provide the medicinal chemist
new types of functional groups to generate lead compounds.
The resultant substituted semisquarates can mimic the
unstable equivalent and therefore obtain different electronic
properties. These changes in property may result in new
interactions with the active site in proteins and other
biomolecules [110].

HO o) FG O
74 FGI //
| > |
N
R \ (6] R %‘0
Semisquarate Functionalised semisquarate

Figure 25. Functionalisation of semisquarate

The semisquarates of cyanides and amino derivatives
should be relatively stable in the ring form. These masked
compounds in the squaryl entity would benefit further
chemical transformations especially allowing for
conjugation of biomolecules. These may include
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monoclonal antibodies, proteins and novel anti-nicotine
vaccines [111].

Table 2 demonstrates the potential usage of squaryl
molecular metaphors showing a variety of transformations
to give carbonyl functionality. These squaryl molecular
metaphors can substitute the peptide bond and peripheral
functional groups sites on the peptidic drug [14,15]. Table
2 provides various examples of the synthetic equivalent
such as the squaryl carboxylic acid (R; =R, R,= OH) to the
corresponding carboxylic acid. Some of these resultant
compounds would normally be unstable. However, the
squaryl derivative may well be stable with notably higher
acidic properties, in the case of carboxylic acids.
Interestingly, these principles can be extended to include
the replacement of N-cyanoguanidine moiety in a drug lead
for squaramide [112,113]. Other squaryl metaphors
(thioxocarbons) can be used to mimic thiolketones shown in
Figure 26 [114].

CN (0] e}
N7 N—
J =
Ry Ry R R
~ NH N H/ ™~ NH NH/ 2
N-Cyanoguanidine moiety Squaramide
S S
s N
o = =L
R, R,
Ry Ry g s
Thiolketone Thioxocarbon

Figure 26. Squaryl metaphors of thiolketones and N-
cyanoguanidine

PYRROLYL SQUARAINES

The pyrrolyl squaraine chemical structure is present in
many dyes and polymers and first appeared in literature in
1965 by Treibs and Jacob [115]. Since that time these
pyrrolyl squaraines have generated interesting compounds,
having both optical and electrical conduction properties in
addition to magnetic properties [116]. The synthesis of
pyrrolyl squaraines occurs between the condensation of a
pyrrole (or linked bispyrrole) and squaric acid (Figure 27).

Ry R, R Ry o- R Rs
s} 0
N\_/ —
oo S A
Ry N H Ry N N Ry
HO OH | ‘ H ‘
Ry Ry o Ry

1,3-Squarate

Squaric acid Pyrrole
bis(pyrrol-2-yl)squaraine

Figure 27. Synthesis of bisquaryls
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R{ Ry
Functional Group Ri R:
‘Equivalent’
Alkyl carbonate RO RO
Dithiocarbonate RS RS
Diselanyl carbonate RSe RSe
Trifluoroacetic acid CF; OH
Carbonic acid HO OH
Phosgene Cl Cl
Oxalic acid COH OH
Formamide H NH,
Carbonyl dicyanide CN CN
Carbonothioic acid SH OH
Hydrazine R NHNH,
Semicarbazide RO NHNH,
Ketone R R
Aldehyde R H
Ester R OR
Amide R NH,
Acyl halide R Br, Cl
Acyl azide R N;
Carboxylic acid R OH
O-Carbamate RO NH;
N-Carbamate RO NHR
Carbamic acid HO NH,
Phosgene Cl Cl
Amino acids R NH,
Urea NH; NH;
Pyruvic acid CHs OH
Acyl nitrile R CN
Formaldehyde H H
Nitronium ONO; ONO;

Table 2. Examples of functional group equivalents
SQUARYL AMINO ACIDS

A squaryl mimic for the a-amino acid group might provide
greater bio-availability or brain penetration for these agents
relating to the amino acid class of Excitatory Amino Acids
(EAA) antagonists [117]. At physiological pH, the a-amino
carboxylic acid group is present as an ammonium
carboxylate [118]. The squaryl chosen to mimic amino acid
functionality is squaramide (3,4-diamino-3-cyclobutene-
1,2-dione) [10].

The squaramide contains a dipole, possssing a partial
negative charge on the carbonyls and a partial positive
charge on the nitrogen. The dipole is a contribution from
the canonical forms [57].
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Though the 3.4-diamino-3-cyclobutene-1,2-dione group
resembles the ammonium carboxylate functionality
electronically; it should be emphasized that it lacks other
properties of a-amino carboxylic acid (Figure 28). For
instance, the group is not basic or acidic at physiological
pH and the amino group is not nucleophilic. A potential
advantage of this mimic over a-amino acid is its lack of
chirality, making these derivatives more readily accessible.

o\ //o o\\ o- oj:/[o
;LNH/R HZN// :NH/R N \N+H/R

H,N

Squaryl amino acid

o-Amino acid
Figure 28. Squaramide — amino acid synergy

Hence, the group 3,4-diamino-3-cyclobutene-1,2-dione
contains a dipole making it an electronic metaphor of the
ammonium carboxylate. The Figure 29 below outlines the
squarate ~ metaphors  methodology  for  potential
proteinogenic a-amino acids.

The B-amino acids - although of less importance than the
parent a-amino acids - are crucial structural features of
numerous biologically active natural products, as well as
building blocks for B-lactam antibiotics [119].

Furthermore, the squaryl amino acids are accessible from
the initial addition reaction of a dianion enolate, generated
from N-Boc a-amino acid tert-butyl ester, to diisopropyl
squarate, followed by the subsequent decarboxylation of the
resulting carboxylic acid moiety [29] shown in Figure 30.

A new set of amino acids could in principle result from
the substitution of the carboxylic moiety for a semisquarate
entity (Figure 31).

The squaryl amino acids in Figure 32 are metaphors of
the natural proteinogenic amino acids synthesised by a
radical reaction between 2-stannylcyclobutenedione and the
carbanion addition to di-isopropyl squarate.

Kitson
Squaryl Glycine
H NH, H,N, OH OH
S 7N, Y
Squaryl Alanine Squaryl Proline
H,yC NH, OH
HN
OH
\N NN NH
7N, 7N,
o// \o
Squaryl Phenylanine '
NH, OH
"
N\ N\
7N, 7N,
Squaryl Gutamic acid
I I
HO ) 0= OH 0—= OH
OH OH
H,N 0— NH, H,N
NN N
o// \0 H o/ ¢}
Figure 29. Squaryl amino acid families
(6] o
NH, (0]}
2 NH, N 74
>
R OH
R OH

B -Amino acid Squaryl B -amino acid

Figure 30. Semisquarate -amino acids
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Figure 31. Synthesis of squaryl amino acids
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Figure 32. Synthesis of squaryl amino acid metaphors
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NEUROCHEMISTRY

The N-methyl-D-aspartate (NMDA) receptor is a site for
the neurotransmitter glutamate, which is the most important
excitatory transmitter in the brain [120]. NMDA also acts as
a ligand-gated ionic channel [121] and is the famous
agonist of the NMDA receptor [122].

The receptor is very complex and the ligand-gated
channel seems too implicated in the toxic effects of
excessive glutamate [123]. These cellular functions include
(Figure 33) [124]:

e the postsynaptic receptor for L-glutamate, (the
major excitatory neurotransmitter in the CNS, that
can be activated by the drug NMDA;

e both voltage sensitive and ligand-gated channel for
calcium;

e  synaptic plasticity and memory formation;

e excessive Ca’" enters the postsynaptic neuron via
NMDA receptors, it exerts toxic effects on that
cell by activating second messenger systems that
result in the apoptosis of the cells.

COH COH

CO,H
H,N™ COH \NH

L-Glutamic acid N-Methyl-D-aspartic acid
Figure 33. Chemical structures of L-glutamic acid and
NMDA

The NMDA receptor plays a role in neurodegenerative
disease states. These include the following: excitotoxicity
[125] - over stimulation of the central glutamate receptors,
resulting in a slowly progressive neural death both in vitro
and in vivo. This excitotoxicity is believed to contribute to
neurodegenerative disease states [126].

D-2-Amino-7-phoshono-heptanoic acid

carbon spacer

Phosphonic acid group Glycine moiety
N/’ N
H, 03P \/\/\NH/Q Hy03P \/\/\/Q
0\\ //0

1

4
H,0;P 3
SN2
5

NH,

Figure 34. Potential squaramide NMDA antagonists
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These include both acute and progressive neurological
disorders, such as seizures. The blockade of glutamate
receptors (including the NMDA receptor), can decrease
excitability and reduce seizure activity [127]. Investigations
into NMDA receptor blockade is a possible way to reduce
the damage that occurs from episodes of seizure. Also, it
has been shown that NMDA receptor antagonists can
induce schizophrenia-like psychosis [128].

All NMDA receptors possess several binding sites of
pharmacological interest including those for glutamate,
glycine, polyamines and open channel blockers [129]. A
novel squaryl molecular metaphor of the amino acid, 3,4-
diamino-3-cyclobutene-1,2-dione, has been incorporated
into a series of NMDA antagonists [130]. These achiral
compounds have demonstrated an affinity for the NMDA
receptor, for example perzinfotel (EAA-090). Perzinfotel
acts as a potent NMDA antagonist. It has neuroprotective
properties and has been investigated for the treatment of
stroke, but lacks analgesic effects. Nevertheless, it shows a
reasonable safety profile compared to older drugs, and
further development is required to produce a more
favourable pharmacokinetic profile [131].

Outlined below is the synthetic methodology to the target
squaryl compounds (Figure 34). Diethyl squarate can
undergo a 1,4-Michael addition to the enolic double bond
and then subsequent ejection of a mole of ethanol with
aminoalkyl phosphonate esters (Figure 35). These
phosphonate esters are readily prepared from the
corresponding trivalent phosphoric acid esters [P(OR);]
using  Arbuzov conditions. Ammonolysis of the
phosphonate-squarate  adduct, followed by selective
hydrolysis of the phosphonate ester produced the
phosphonic acid squaramide [96].

N Mo N

) QORI ¢
OEt r{\IH

NH, / EOH
—_—

EtO OEt
Diethyl squarate
o 0 0 0
Nt isne N—/
—_—
Et03p\H /I;k Hzogp\H /Q
NH NH, NH NH,

Figure 35. Synthesis of phosphonic acid squaramide

The technology developed by Liebeskind [132] involves the
treatment of 3,4-di-ethoxycyclobutenediones with the
silylstannane, [n-Bu3SnSiMes] under catalytic conditions
[tetra-n-butylammonium cyanide] furnished 3-ethoxy-4-
(tri-n-butylstannyl)cyclobutenedione in 65% yield (Figure
36). This compound is cross-coupled with organic iodides
attached to sp? and sp-hybridized carbon atoms, under the
influence of co-catalytic palladium/Cu species, to provide
3-ethoxy-4- substituted-cyclobutenediones in excellent
yields. Highly substituted and functionalised
cyclobutenediones can be prepared under mild and neutral
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reaction conditions to form carbon-carbon bonds (Stille
coupling) [133].

o [o] o [o] o o
\ // "Bu,SnSiMe, \ // (PhCH,)CIPd(PPhy), \\ //
—_— —_—
);k Bu,N*CN- Cul/ DMF /RI );k
EtO OEt EtO SnBuy EtO R

Figure 36. Liebeskind’s technology

A novel free radical approach involves using mono- and di-
alkyl-substituted cyclobutenediones has received much
attention for its importance as synthetic precursors [96].
Recent procedures to prepare mono-substituted derivatives
involve organolithium or Grignard addition to 3.4-
dialkylcyclobutene-1,2-diones, and then either hydrochloric
acid rearrangement to afford 3-alkoxy-4-alkylcyclobutene-
1,2-diones [96].

An alternative to the synthesis of substituted
cyclobutenediones, is a free radical approach developed by
the research group of Kinney [130]. This strategy is used in
the presence of the diethoxyphosphinyl group required for
the synthesis of potential NMDA antagonists, as well as
other functionalities [132]. Liebeskind's reagent (3-ethoxy-
4(tri-n-butylstannyl)cyclobutenedione) is  useful in
palladium-catalysed Stille cross-coupling with various alkyl
and aryl iodides.

The alkyl radicals formed in the presence of a radical
initiator, azobiscyclohexylnitrile (AIBN) on alkyl halides
(Figure 37). The radical species first react with Liebeskind's
reagent, followed by the elimination of trialkyltin radical, to
afford 3-alkoxy-4-alkylcyclobutene-1,2-diones in
reasonable yields.

This novel free radical procedure provides an additional
method for incorporation of functionalized alkyl groups
into the cyclobutenedione moiety [132].

o) \\ // 0 o 0 \\ //o
_ ABIN _
EtO SnBuy EtO R

Figure 37. Synthesis of 3-alkoxy-4-alkylcyclobutene-1,2-
diones

The overall synthesis of the NMDA antagonist (Figure 33)
involves the reaction between diethyl-(2-aminoethyl)-
phosphonate  and  3,4-diethoxy-3-cyclobutene-1,2-dione
(diethyl squarate) in ethanol, to afford the phosphonate
ester of monoethoxy squarate. This substrate, when treated
with ethanolic ammonia, gave the 3,4-diamino-3-
cyclobutene-1,2-dione moiety of the phosphonate ester.
Deprotection of the phosphonate ester by refluxing in 1,2-
dichloroethane  included a large  excess of
bromotrimethylsilane, to afford the phosphonic acid
squaramide [132].
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LOSARTAN SEMISQUARATE

The methodology of molecular metaphors can be a useful
tool to the medicinal chemist in rational drug design. In
particular, the carboxylic acid moiety has been of interest in
biomolecular recognition. This concept can play a major
role in the discovery of new non-peptidic angiotensin II
antagonists [134]. Systematic evaluation of molecular
metaphors for the replacement of the carboxylic acid
moiety in Losartan, led to substitution with tetrazole, a
more favourable anti-hypertensive profile, in comparison to
its carboxylic acid congener [135].

Although an array of carboxylic acid metaphors exist and
include tetrazole and other acidic heterocycles, hydroxamic
acid and trifluorosulphonamide, there is moderate
bioisosteric literature reported for the semisquarate
derivatives. Other carboxylic acid metaphors include
boronic acids, mercaptoazoles and sulfonimidamides.

In summary, it has been demonstrated that carboxylic
acid molecular metaphors of 3-hydroxy-3-cyclobutene-1,2-
dione, can give rise to new lead compounds, in the area of
antihypertensive drugs [96]. These squaryl derivatives -
coupled with the Liebeskind’s technology - make this an
attractive area in the field of drug research.

The reaction involves Liebeskind's reagent with alkyl or
aryl halides under Pd/Cu- catalysed cross-coupling Stille
conditions. The treatment of 3,4-di-ethoxysquarate with n-
BusSnSiMes/catalytic  cyanide, afforded Liebeskind's
reagent in 65% yield (Figure 38). This compound cross-
coupled with organic iodides - attached to sp?> and sp-
hybridized carbon atoms - to provide 3-ethoxy-4-
substituted-cyclobutenediones in a reasonable chemical
yield [136].

c O\\Q//O
\/\/QK\/OH
N EtO SnBuy
- R

! | Pd (1I) cat /Cul cat

Figure 38. Synthesis of losartan semisquarate

Losartan squarate

Hence, highly substituted and functionalized
cyclobutenediones are prepared under mild reaction
conditions, to generate carbon-carbon bonds. Subsequent
acid hydrolysis on the monoethoxy group of the squarate
produced the semisquarate and acts as a non-classical
metaphor of the carboxylic acid group.

IBUPROFEN SEMISQUARATE

NSAID ibuprofen has found widespread use since it
showed improved potency and tolerance over aspirin, which
had for decades been the mainstay drug for similar
indications [137]. A vast demand for ibuprofen, combined
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with the relatively high dosage can amount to grammes per
day. The substitution of the carboxylic acid moiety in
ibuprofen for a molecular entity such as semisquarate
(Figure 39) could potentially lead to more potent drugs and
therefore a new family of NSAID lead compounds.

CO,H Br

Ibuprofen

Ibuprofen Squarate
Figure 39. Synthesis of ibuprofen semisquarate

Ibuprofen can undergo the decarboxylation reaction to give
a secondary halide substrate. The conversion of this
substrate - to the corresponding organometallic compound -
can facilitate the addition to the dialkyl squarate. The
resultant adduct is susceptible to acid hydrolysis of the
ester, leading to the semisquarate of ibuprofen.

SUOSAN SEMISQUARATE

The suosan family of high-potency sweeteners was
discovered by Muller and Petersen [138]. These sweeteners
contain  the  N-aryl-N'-(carboxymethyl)- or  -(2-
carboxyethyl)urea moieties and are both carboxylic acid
mimics (Figure 40). The major disadvantage of the suosan
sweetener family is their low water solubility, particularly
at the pH used in carbonated beverages. A potential
carboxylic acid metaphor is the use of a semisquarate
derivative [139]. Incorporation of this highly acidic polar
group, may well assist in the solubility of these new
squarate sweeteners, in carbonated food preparations [140].

°\ =
NHJ\NH/\COZH NH NH/\C()ZH
CN CN
Suosan Suosan squaramide
o) 0
o N

NH NII/\\i( NH OH

Suosan squarate Suosan squaramic acid

Figure 40. Suosan, semisquarate and semisquaramide
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LACTIVICIN SQUARAMIC ACID

The antibiotic lactivicin (Figure 41) is not a typical f-
lactam but can bind to penicillin proteins [141]. This
binding indicates a similar mode-of-action to the p-lactam
antibiotics family. The cyclic amide of lactivicin, is
susceptible to activation by the electronegative oxygen,
bonded directly to the nitrogen and the accompanying
lactone moiety. The cyclic amide and the lactone moieties
are capable of being substituted for squaryl entities. This
modification in principle can activate the lactam amide, by
the delocalization of the nitrogen lone pair. The squaryl
moiety can also serve - not only as an amide-activating
functionality - but also as a source of the required anionic

centre.
>/NH
7 F
o= N/O

CO,H

0
0
Figure 41. Lactivicin

The starting material phenoxyacetyl-(L)-cycloserine, in the
lactivicin squaramic acid synthesis, was prepared by
Stammer et al. by the treatment of phenoxyacetyl-(L)-O-
aminoserine hydrochloride with aqueous hydrochloric acid
[142].
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Figure 42. Synthesis of lactivicin squaramic acid
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This material was then treated with diallylsquarate, in the
presence of triethylamine, to give O-
(allyloxydioxocyclobutenyl)aminoserine in an overall yield
of 37%. Acylation using the activating agent DCC
proceeded smoothly to the acid sensitive cycloserine
derivative. The allyl group was catalytically cleaved by
palladium(0) in the presence of N-methylaniline to afford
the target compound, lactivicin squaramic acid (Figure 42).

VASOTEC SEMISQUARATE & SQUARAMIDE

Angiotensin-converting enzyme (ACE) inhibitors are a
family of peptides, of major significance, for controlling
hypertension and congestive heart failure [143]. The
majority of them possess a common structural element, an
N-substituted ethyl-(S)-2-amino-4-phenylbutyrate moiety
[144]. The chemical structure of some ACE inhibitors
including quinapril, trandolapril and moexipril are shown in

Figure 43.

o COH

Quinapril

OCH;
CO,Et
N
NH v OCH;
0 CoH
Moexipril
COEt
N

NH

o ToH

Trandolapril

Figure 43. ACE inhibitors

The syntheses of this group of ACE inhibitors have been
reported via reductive amination of 2-oxo-4-phenylbutyrate,
conjugate  addition of amines to ethyl-4-oxo-4-
phenylcrotonate followed by reduction, Sx2 displacement
of (R)-2-hydroxybutyric acid-derived triflate intermediates
by amines and via asymmetric alkylations [145].

The ACE inhibitor vasotec (enalapril) was originally
synthesized by Merck Sharp and Dohme for the treatment
of hypertension. Vasotec contains a dipeptide alanyl proline
residue and may be modified using squaryl molecular
metaphors [146].

The methodology applied to lactivicin squaramic acid
synthesis can be used to replace the proline moiety with a
squaramide group. Alternately, the carboxylic acid
functionality on proline can be replaced with a squarate
group.

These subtle changes may lead to a better drug profile
than vasotec. This lead discovery demonstrates that squaryl
entities are a powerful tool in the intellectual property of
pharmaceuticals (Figure 44).
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The tritium labelled synthesis of enalapril maleate (MK
421) has been accomplished by Bartroli et al. [147]. The
methodology involved used N'-hydroxysuccinimidyl ester
of N-carboxyalkyl alanine derivative and reacted with L-
[4,5-H] proline. The crude reaction mixture was treated
with maleic acid to give the maleate salt of tritium labelled
enalapril in 27% yield.
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Figure 44. Vasotec and squaryl vasotec
PEPTIDOMIMETICS

There is a tremendous amount of current interest in the
study of dipeptide analogues [148] shown in Figure 45.
These isosteres of natural dipeptides are proving valuable
for producing mechanism based enzyme inhibitors and
proteolytically stable peptides, both of which hold great
promise as therapeutic agents [149].

The challenge is the transformation of a bioactive peptide
into a non-peptide entity to reproduce, as closely as
possible, the relevant 3-D topography [150]. The aim was
to mimic the pharmacophore - specific spatial arrangement
of elements such as charges, lipophilic and hydrophilic
groups - that are essential for recognition and interaction
with the complementing domain of the receptor. This
application leads to the introduction of the biochemical
message, as in the case of agonists, and inhibition of
antagonists [151].

The substitution of a peptide (CO-NH) bond for a squaryl
entity, generates a new biological function. Therefore, a
new lead discovery in the rational design of peptide-based
drugs is paramount [152]. Ketovinyl and hydroxyethylidene
dipeptide metaphors, as well as heterocyclic and unnatural
amino acids, are shown to be replacements for the peptide
bond [153]. The peptide bond isosteres (Figure 46) provide
the platform, for studying the mechanism-based enzyme
inhibitors and proteolytic reactions, on the stability of the
unnatural peptide linkage. These isosteric analogues are
important because they incorporate the key structural
features of the known trans-double bond.
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Both ketomethylene and hydroxyethylene isosteres have the
potential for directing alkylating agents (indicated by the
arrows in Figure 46) such as cysteine thiol [153].
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Figure 45. Dipeptide metaphors

The hydroxyethylidene template can provide a tool for drug
design, utilising the conformational restriction about the C-
2 and C-3 bond. This method has been used to prepare
angiotensin converting enzyme inhibitors based on the
benzoyl-Phe-Gly-Pro [154]. Other similar templates
function as statin mimics and have been made use of in
structural activity studies on pepstatin-renin inhibitors
[155].
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Figure 46. Ketomethylene and hydroxyethylene isosteres
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The biological activities of peptides are most often
dependent upon primary and secondary structure [156]. The
introduction of geometric changes into the peptide may well
induce a different biological function. A squaryl molecular
metaphor for the substitution of the peptide bond
(RCONHR) in established drugs, can lead to a whole array
of new lead compounds, in the rational design of peptide
hormones and neurotransmitters (Figure 47) [157].
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Figure 47. Peptide bond squarate metaphor

Bisquaryls result from the coupling of
halocyclobutenediones with squaryl stannane derivatives
[158]. These reactions are catalysed with copper(I)iodide to
assist in the palladium coupling of the two semisquarate
derivatives. This technique is used when applied to the
synthesis of squaryl peptides. The en route to bisquaryls
derivatives utilises the technology developed by Liebeskind
[132] shown in Figure 48.
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Figure 48. Bisquaryl peptide metaphors
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This technology generates a broad range of biologically
active peptides and provides an understanding of the scope
and limitations of the approach. Spectroscopic and
theoretical conformational analysis give an insight into the
effects of such modifications on conformational preferences
[159]. The information gained will enable analogues of
biologically active peptides to be synthesised and studied.

AZA DIPEPTIDES

Malaria causes over 800,000 deaths per year and is the most
lethal of the Plasmodium species [160]. The infectious
agent in humans is the Plasmodium falciparum and has
acquired resistance to the majority clinically used
antimalarial drugs [161]. In order to help in the search for
antimalarial treatments, the public chemical library of GSK
included four compounds containing a squaryl moiety, with
activities ranging from 62 nM to 878 nM against the P.
falciparum strain 3D7 [162].
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\ // cl
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Figure 49. Squaramides from the GSK library

The two squaramides in Figure 49 are antagonists of the
serotonin receptor and were not an obvious choice in the
rational drug design towards the malarial genome [163].
Extensive structural-activity relationship data was required
to investigate these unusual squaryl moieties in the
development of novel antimalarial pharmaceuticals.
However, this strategy led to the synthesis of aza squaryl
derivatives, by using the methodology in Figure 50. An
approach was to design a versatile scaffold by incorporating
the recognition part at the double bond in the falcipain
inhibitors [164]. A series of compounds were synthesised to
contain the aza dipeptide recognition seaction, where the
squaryl moiety acts as a replacement of the P; carbonyl
group. The amino acid residues chosen for these
replacements included glycine, phenylalanine and
homophenylalanine. The incorporation of the recognition
seaction is a result of N-BocLeu and the corresponding
hydrazine. Several squaryl derivatives showed increased
antiplasmodial activity against CQ-resistant P. falciparum
strain with negligible cytotoxicity. Overall, aza dipeptide
squaryl derivatives, are promising lead compounds for the
development of novel agents against P. falciparum malaria.
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Figure 50. Synthesis of aza squaryl derivatives
SQUARAMIDE LEAD COMPOUNDS

The squaryl molecular metaphors continue to play a vital
role in rational drug design to develop new treatments for
various disease states. Squaramides have found use in the
design of novel organocatalysts such as Rawal’s catalyst
[165]. This squaramide (-)-cinchonine catalyst is utilized in
the conjugate addition of 1,3-dicarbonyl compounds to f-
nitrostyrenes, to  obtain  products  with  high
entioselectivities. This bifunctional catalyst probably
operates in a similar mode to Takemoto’s catalyst which
contains a thiourea functionality [166,167].

The functionality of squaramides has the ability produce
biologically active compounds. Squaramide is the conjugate
base of squaric acid and can recognize the ammonium
cation through its remarkable hydrogen bond accepting
character, to produce a di-O-protonated squaramide.
Consequently, this is due to the aromaticity of the four-
membered ring in the complex form. A theoretical study
has shown that squaramide complexed with ammonium
cation is more aromatic in behaviour than squaramide and
this maybe the result of the hydrogen bond acceptor
character of squaramide (Figure 51) [168].
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Figure 51. Squaramide complex

Squaramides can mimic ureas, guanidines and phosphates
including other reported functional groups. They can act as
hydrogen bond acceptors and hydrogen bond donors
towards cation and anion recognition sites of amino acids
[169]. These compounds possess the vital parameters
towards the design of antibody-drug conjugates (ADCs)
[170] and radionuclide-antibody conjugates (RACs) [171].
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Squaramides can selectively bind protein kinases including
the CXCR2 receptor. Pharma are developing various
CXCR2 selective antagonist receptors containing a
squaramide metaphor, which has the potential to become a
first-in-class anti-inflammatory treatment for chronic
obstructive pulmonary disorder [172,173].

In addition to the squaramide CXCR2-CXCRI dual
inhibitors (Figure 52) [174].
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Figure 52. CXCR2-CXCRI1 inhibitors

Moreover, squaramides have been evaluated for antitumour
activity in gastric carcinoma cells (HGC-27) shown in
Figure 53 [175].
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Figure 53. Structure of squaramide HGC-27

Another interesting drug lead is the NMDA antagonists
known as EAA-090 [176]. This NMDA antagonist
possesses a squaramide in place of the a-amino acid
functionality [131]. The squaryl moiety is structurally
similar to a-amino acids - but is deficient in the general
properties of amino acids - such as the basicity, acidity and
nucleophilicity (Figure 54).

mogor”” >Ny N

NMDA antagonist
Figure 54. Structure of squaramide EAA-090

Studies have demonstrated that EAA-090 is potent against
the standard NMDA antagonist, CGS-19755 (Selfotel)
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[177]. These binding studies conducted in the presence of
[*H]CPP using various rat brain models [178].

The research of Chi-Wan Lee er al. has discovered a
novel peptidomimetic, containing the squaramide metaphor
as the replacement of the guanidine group [179]. The
squaryldiamide derivative was tested as a transactivator of
transcription (Tat)-TAR inhibitor and was able to bind TAR
RNA with high affinity. Therefore, the squaramide could be
used as a potential metaphor of unsubstituted guanidine in
peptidomimetics. Furthermore, applying RNA-targeted
structure-activity-relationship (SAR) studies a novel
peptidomimetic squaryldiamide was revealed to be a
metaphor for guanidine. This metaphor was able to bind
TAR RNA with a high affinity for the HIV type-1 tat
protein (Figure 55) [180].
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Figure 55. Squaryl peptidomimetic inhibitor of HIV-1

Squaramides have been used to design a novel series of
adenosine  5’-triphosphate-sensitive  potassium  (Karp)
channel openers for the treatment of wurge urinary
incontinence (UUI) [181]. Furthermore, these studies
identified that the N-cyanoguanidine moiety of pinacidil
can be replaced with a squaramide to give the analogue
(Figure 56) [112].
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Figure 56. Potassium channel openers
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The squaramides WAY-133537 [182] and WAY-151616
[113] are claimed to have bladder selective properties over
cardiovascular parameters in animal models (Figure 56).
WAY-151616, indicated excellent tissue selectivity for
bladder K channels over arterial tissue (MAP ED20 = 100
mg/kg; selectivity: MAP ED20/bladder ED50 = 166) [183].

These squaryl drug leads provide a novel class of Karp
channel openers with unique selectivity for bladder smooth
muscle in vivo. Further modification is required to produce
the desired oral selectivity.

However, SAR studies have shown that the incorporation
of a squaramide as an amino acid metaphor, in a series of
VLA-4 integrin antagonists, gave an improvement in the
rate of clearance (Figure 57) [184].
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Figure 57. Squaramide VL A-4 integrin antagonist

The effect of a novel histamine H)-receptor antagonist,
pibutidine hydrochloride (IT-066) on the [*H]tiotidine
binding to canine cloned H,-receptor-expressed hepa cells
was evaluated. The squaramide, IT-066 displaced the
binding of [*H]tiotidine to cells transfected with the wild-
type Hs-receptor in a concentration-dependent manner
(Figure 58) [185].
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Figure 58. Pibutidine hydrochloride (IT-066)

These results show that IT-066 interacts and binds to the
H-receptor in a time-dependent manner. Consequently, the
irreversible inhibition of IT-066 is important in the
interaction with '°Thr especially in the fifth transmembrane
domain of the H,-receptor [185].

Hybrid Antibiotics

The emerging and continued resistance to currently
available antibiotics and the limited pipeline of new
antibacterials urgently call for the development of new
methodologies that can address the problem of growing
antibacterial resistance [186]. The next generation of
antibiotics may consist of hybrids containing structures
based on fluoroquinolones, anthracyclines, oxazolidines,
macrolides and others [187]. The advantages of such
systems can produce a covalent binding that can make the
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pharmacokinetic characteristics of these molecules more
reliable and improve the penetration of each component
into the cell [188,189].
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Figure 59. Squaramide hybrid antibiotic

Consequently, the drug efficacy will increase due to
inhibition of two targets but also the resistance to one or
both antibiotics can be circumvented. The structures can be
grouped together according to the type of covalent spacer
(cleavable or not) connecting the moieties of two agents.
Dual action antibiotics with a spacer/chemical linker that
can be cleaved in living cells are known as dual action
prodrugs [190].

However, the dual-action hybrid antibiotics mainly
consist of two antibiotics that inhibit different targets in a
bacterial cell. The possible advantages include activity
against drug-resistant bacteria, increasing the spectrum of
the activity and reducing the bacterial resistance (Figure 59)
[191].

Access to a range of pharmaceutical drugs is a major
concern for developing countries [192]. Consequently,
Chagas disease which is caused by Trypanosoma cruzi is
a typical example of a chronic disease without an
effective treatment [193]. Current treatments were
based on benznidazole and nifurtimox [194].
Unfortunately, these treatments proved to be expensive and
have toxic side effects [195].
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Figure 60. Anti-Chagasic agent.

The application of squaramides owing to the fact they are
capable of functioning as hydrogen bond donor and
acceptor groups. These properties enable multiple
interactions with receptor sites. The incorporation of amine
and carboxylic acid functional groups enable the
squaramide compounds to have increased solubility and
therefore, make them a suitable choice for the rational
design of drugs. The authors applied the Lipinski’s rule
of five [20] in the design of the squaramide candidates
for treating Chagas disease [196]. Various studies
confirmed that the squaramide compound (Figure 60) to
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be the most effective for both acute and chronic phases.
The activity, stability, reduced cost of starting materials
and straightforward synthesis make amino squaramides
appropriate molecules for the development of anti-
Chagasic agent [197].

Vitronectin receptor antagonists have a possible role in
the treatment of restenosis following balloon angioplasty
[198]. Urbahns et al. have investigated several novel
arginine mimetic scaffolds leading to the insight of the
alpha(V)beta(3)/ligand interaction [199]. Squaramides have
shown that subnanomolar alpha(V)beta(3) antagonist with
improved potency on human smooth muscle cell migration

(Figure 61).
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Figure 61. Vitronectin receptor antagonists

The design and synthesis of a novel 3-hydroxy-cyclobut-3-
ene-1,2-dione derivative were evaluated in the thyroid
luciferase receptor assay. The substrate 3-[3,5-dichloro-4-
(4-hydroxy-3-isopropylphenoxy)-phenylamino]-4-hydroxy-
cyclobut-3-ene-1,2-dione has demonstrated selectivity
towards thyroid hormone receptor B (Figure 62) [200].

Figure 62. Squaryl of KB-141
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A rational structure-activity relationship for 3-hydroxy-
cyclobut-3-ene-1,2-dione compound as a thyroid hormone
receptor B indicated the squaramide to exhibit similar
selectivities for TR-a and TR- as that shown by KB-141.
The more elaborate SAR, lead optimization, in vitro, in vivo
studies and pharmacokinetics in rodent models, is required.

HIV PROTEASE INHIBITORS

Polypeptides are regulators of life in biological systems
[201]. These regulators are specific enzymes consisting of
long chains of proteinogenic amino acids and facilitated by
the transcription of RNA. At this stage, they are not in their
final biological information form, and the peptide needs to
modify to the correct length. Subsequently, this is
accomplished by using nature’s molecular scissors, known
as proteases [202]. They merely cut the chain at specific
locations so as to transform the enzyme to its active form.

The shape of HIV is spherical with a diameter of 0.1
micrometres and the outer viral envelope consists of two
layers of lipids. These lipid membranes are derived from a
human cell, when a newly formed virus particle buds from
the cell [203].

The embedded viral envelope contains proteins from the
host cell, containing approximately 72 copies of a complex
HIV protein that projects from the envelope surface. This
protein is known as Env and consists of a cap made of three
or four molecules called glycoprotein (gp)-120. Also, the
stem consists of three or four gp41 molecules that anchor
the structure in the viral envelope. The envelope proteins
are a focus in the development of HIV vaccines [203].

Renin is an essential protease enzyme, which has
received much attention in its mode of action. The central
role of this polypeptide is to cut the larger peptide
angiotensinogen, to give the corresponding decapeptide
angiotensin I. Angiotensin I, initiates the potent precursor
vasoconstrictor octapeptide angiotensin II on release with
another protease called angiotensin converting enzyme
(ACE) [204].

The mode-of-action of proteases is to stabilise a
relatively high-energy transition state. In this case, the
initial adduct is the hydroxy centre or its oxidised
equivalent, the carbonyl carbon. This transformation causes
the geometry at the centre to change from sp? to sp* [205].

Established inhibitors, consist of part molecules, that
mimic a crucial stretch of the protease recognition site and
most importantly provide a sequence that duplicates the
transition centre sterically without including a cleavable
bond [206].

The fermentation product pepstatin is a peptide-like
inhibitor of pepsin and offers an insight into the rational
drug design of the protease inhibitors. The central position
of pepstatin provides a 1,3-hydroxyamide sequence. The
1,3-hydroxyamide is thought to act as a transition state
analogue to the peptide bond. Note that a methylene
replaces the single amide nitrogen. The active moiety,
statin, has been prepared by the total synthesis involving
aldol-like condensation of isoleucyl aldehyde with the lithio
carbanion from acetate [207] shown in Figure 63.
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Figure 63. Peptide bond transition state analogue

The o-hydroxy-B-amino acids are well-recognized main
components for a variety of protease inhibitors and offer a
new generation of pharmaceuticals. In many instances, the
bioactivity of a-hydroxy-B-amino acids is expressed in the
inhibition of aspartyl protease (renin, HIV protease). This
mode of action is the ability of amino acids to mimic the
tetrahedral intermediate in the hydrolysis of proteins. The
process mediated by the aspartyl proteases, results in a
blocking of the enzymes [207].

The functional simplicity of viruses, combined with the
fact that they require a living host for their replication, has
made them an unusually problematic therapeutic target
[207]. Human immunodeficiency virus (HIV), in common
with most viruses, consists of a packet of genetic
information encoded in this instance in RNA and an outer
protein coat. One of the final steps in viral replication
involves the synthesis of the coat peptide. Production of this
coat peptide involves scission of the initially produced
much larger protein using aspartyl protease; a virus lacking
the correct coat is not functional. This kind of thinking has
led to the research of designer protease inhibitor drugs
[208].

HIV-protease inhibitors are promising chemotherapy
agents of HIV infections [209]. The HIV protease
functions as a C, symmetric homodimer [210] as shown in
Figure 64. By applying the concept of mimetism to the
natural substrate of HIV, to replace the interaction sites of
the enzyme, novel peptide-based inhibitors of HIV-1
proteinase have been designed with C, symmetry [211].

These are analogues that resemble the TS for the natural
polyprotein substrate used by the HIV-protease, as the late
stage in the replication of HIV. The B-amino acids are
incorporated as a central building block in bis-symmetric
lipophilic side chain arrangements. These derivatives
showed high inhibition activity of HIV-protease [212].
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Figure 64. C: symmetric homodimer

Protease inhibitors are antiviral drugs. The mode-of-action
is to interrupt the way that HIV utilises healthy cells to
make more of the virus. When HIV enters a cell, its only
goal is to make more viruses to infect other healthy
surrounding cells. HIV hijacks the cell, to produce certain
proteins the virus can use to copy itself. These proteins,
utilised by the virus, include reverse transcriptase and
protease. The objective of protease inhibitors is to stop the
protease from helping to assemble a new viral form [213].

The FDA has approved the following protease inhibitors
[214]: atazanavir (Reyataz, 2003), darunavir (Prezista,
2006), fosamprenavir (Lexiva, 2003) and indinavir
(Crixivan, 1996). In addition to lopinavir/ritonavir (Kaletra,
1996), nelfinavir (Viracept, 1997), ritonavir (Norvir, 1996)
and saquinavir (Invirase, 1995).

HIV-protease is an important target for drug design
[215]. There are several high-resolution X-ray crystal
structures available both of the protein alone and also
complexed with a variety of inhibitors [216]. Numerous
HIV-protease inhibitors have been in development over the
last few decades for their biological and pharmacological
properties [217]. For example, amprenavir derived from
the prodrug fosamprenavir is an aspartyl protease inhibitor,
containing a (2R,3S5)-1,3-diamino-2-hydroxy-4-phenyl-
butane (in bold) as the key subunit [218] as shown in Figure
65.
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Figure 65. (2R,35)-1,3-Diamino-2-hydroxy-4-phenyl-
butane subunit embedded in amprenavir
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A possible lead modification to the aspartyl protease
inhibitor family is to incorporate squaryl entities. These
incorporated squaryl moieties can then interact probably by
hydrogen bonding, at the active site, in the HIV core:
namely with the two aspartic acid residues, one fully
ionised and the other not [211]. This interaction will then
‘gum up’ the aspartic acid molecular scissors thus
preventing the HIV making proteins for replication of itself
(Figure 66).
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An interesting approach to the design of HIV protease
inhibitors is from the research of the Dupont Merck group
[219]. This new class of inhibitors are based on a cyclic
urea core (Figure 67).
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Figure 67. Squaryl HIV inhibitor

The uniqueness of this class of inhibitors is the cyclic urea
carbonyl oxygen that mimics the hydrogen bonding features
of the key structural water molecule [211]. The premise
behind the incorporation of the cyclic urea core into an
inhibitor would be to replace the flap water molecule,
which could lead to improvement in binding energy. This
positive entropic effect should be provided by the cyclic
urea core.

This class of inhibitors also contained the diol
functionality as a transition state mimic to interact with the
catalytic aspartates. Several inhibitors based on these
concepts were developed and found to be potent against
HIV proteases [220]. To date, these inhibitors have not yet
been approved for HIV therapy.

The squaryl HIV drugs may be simpler to manufacture
than the already known inhibitors. Therefore, lowering the
drug price and allowing poorer nations to access these new
squaryl designer drugs would be of great benefit.
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GLUTATHIONE

The non-proteogenic amino acid S-buthionine-S,R-
sulphoximine (BSO) is a potent glutathione inhibitor under
investigation as a potential chemotherapeutic agent for the
treatment of various cancer states such as malignant
melanoma (Figure 68) [221]. Specifically, the S,S-BSO is
used to deplete glutathione, the main protectant compound
in tumours. Therefore, this permits the subsequent use of an
anticancer (antineoplastic) agent or radiation to be more
effective at a lower dose.

Moreover, it has been proven that S,S-BSO is more
active as a chemotherapeutic agent at even lower doses.
Biological studies have shown that S-buthionine-S-
sulphoximine (S,S-BSO) is more potent in the inhibition of
the tripeptide glutathione than S,R-BSO [222].
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Figure 68. S-Buthionine-S-sulphoximine

Figure 69 demonstrates a potential strategy to develop the
next generation of glutathione inhibitors. The carboxylic
amino moiety in S,5-BSO could be substituted for the
squaryl entity 3,4-diamino-3-cyclobutene-1,2-dione. The
squaryl metaphor contains a dipole and therefore makes it
an electronic mimic of the ammonium carboxylate;
equivalent to the amino acid moiety in S,S-BSO.
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Figure 69. Squaryl buthionine sulphoximine
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This subtle substitution converts the chiral centre of the
amino acid to give an achiral compound but leaving the
chirality at the sulphoximine unchanged-namely the
S-chiral centre.

HISTONE DEACETYLASE INHIBITORS (HDAC)

Several groups have prepared analogues of suberoylanilide
hydroxamic acid (SAHA) by replacing the zinc binding
moiety with N-hydroxyurea and 4-hydroxymethyl
oxazoline units [223]. The application of squaryl entities
provides the platform to chelate the biological zinc (Figure
70). The aliphatic carbon chain can be varied to optimise
the pharmacokinetics of these novel HDAC inhibitors.
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Figure 70. The binding mode of hydroxamic acid and
squaric acid N-hydroxylamide amide

The therapeutic class histone deacetylase inhibitors are
central to the design neurological and psychiatric drugs
[224]. A series of suberoylanilide hydroxamic acid (SAHA)
substituted compounds was synthesised and evaluated for
their inhibitory and cytotoxic activity.

METALLOPROTEASE INHIBITORS

Matrix Metalloproteases (MMP's) help cells spread and set
up new blood supplies to support tumour growth. By
designing a selective inhibitor that gums up the enzyme and
reducing the spread of cancer [225].

The interaction of typical inhibitors is between the
sulphone and the episulphide with the residual amino acids
(leu-191 and ala-192) is facilitated by the zinc ion centre in
the metalloprotease [226]. The inhibitor then becomes
covalently bound to an active site glutamate residue (glu-
404). The substitution of the sulphone moiety in the
inhibitor below for a squaryl entity may produce a better
metalloprotease drug. The squarate derivative shown in
Figure 71 may react with the residual amino acids in the
protein and therefore stop the process of metastasis [30].
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Figure 71. Matrix metalloprotease metaphors
ANTI-MIGRAINE DRUGS

Anti-migraine drugs can generate vast revenues for the
pharmaceutical sector. Figure 72 shows the chemical
structures of the leading commercial migraine drugs [227].
All of these drugs contain an indole pharmacophore for
their therapeutic action on selective CNS agents [228,229].

Sumatritan
NMe,
NH
/ \S \
7\
(0] [0}
NH
Zolmitriptan
NMe,

Figure 72. Antimigraine drugs
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The indole derivative, serotonin (5-hydroxytryptamine) is
an important neurotransmitter in the brain [230]. Several
mental health indications and in particular depression are
linked to inappropriate levels of receptor sensitivity to this
compound [231]. The serotonin moiety has reported in the
design of CNS drugs in an attempt to ensure interaction
with brain receptors [232]. A quite recently introduced
compound that is effective against migraine, sumatriptan,
bears a closer resemblance to serotonin [233].

BMS-181885 is a potent 5-HTip agonist developed by
Bristol-Myers Squibb [234]. It is one of several second-
generation triptans under development for the treatment of
migraine. BMS-181885 is structurally and
pharmacologically similar to that of GSK drug,
sumatriptan.

The sulphonamide moiety in sumatriptan is a non-
classical metaphor for the carboxylic acid. Therefore,
molecular metaphor principles can be replaced with a
squaryl entity (Figure 73).
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Figure 73. Antimigraine squaryl metaphors
IMDH ENZYMES

The biochemistry of  Thermus  thermophiles  p-
isopropylmalate dehydrogenase (IMDH), the key enzyme
of the leucine biosynthesis in yeast, bacteria and higher
plants occurs in two simple transformations (Figure 74)
[235]. In the first step (2R,3S)-isopropylmalate is
oxidatively decarboxylated to give ketoisocaproate and
secondly the leucine keto acid is then subsequently
transaminated [236].

The intermediate in these two steps 1is the
decarboxylation to give an enol or enolate that undergoes
stereoselective protonation. Squaryl derivatives can act as
enol/enolate substrates in the inhibition of the IMDH
enzyme. Due to the constraint of the cyclic structure in
semisquarates they can only function as (Z)-enolates [55].
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Figure 74. Thermus thermophiles p-isopropylmalate
dehydrogenase (IMDH) — squaryl analogues

PHOSPHONATE AND SQUARATE ANALOGUES

The American Cancer Society has projected for 2017 the
total number of cancer diagnoses to be 1,688,780 and
600,920 cancer deaths in the US. Cancer accounts for 25%
of all deaths in the USA. According to the National Institute
of Health, over $40 billion was spent annually in direct
medical costs to treat cancer patients in the USA [237].
Therefore, there is a need for new cancer treatments that are
both therapeutic as well as cost-effective [238].

Several research groups have synthesised a series of
novel anti-cancer agents with a glycerol backbone or
aliphatic chain structure linked to phosphorus-containing
side chains, such as phosphonocholines (phospholipids) and
phosphonoglycerols [239]. Platelet Activating Factor (PAF)
is a phospholipid composed primarily of the Cis and Cisg
homologues [240]. The biological properties are its potent
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ability to aggregate platelets and to lower blood pressure
[241]. These novel phosphonates may be lead compounds
to develop squaryl drugs targeted towards the treatment of
lung, breast, colorectal, cervical and ovarian cancer, as well
as lymphomas, leukaemia, and melanomas.  Squaryl
molecular metaphors continue to play a role in the rational
drug design of anti-inflammatory, anti-allergy and anti-
cardiovascular disease properties and potential treatment for
arthritis, asthma and hypotension [96].

The general approach to squaryl metaphors is the
substitution of the phosphonate for a molecular entity in
which the carbon to oxygen bond in the phosphate
monoester is substituted by a stable carbon to carbon bond
of the squarate (Figure 75). This squaryl for phosphate
substitution can open a broad range of drug candidates,
which may survive the deactivation and elimination process
before the drug substance can be delivered and therefore
produce effective treatments.
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Figure 75. Squaryl for phosphate substitution

Wissner et al. have prepared a host of structural analogues
of this vital substance [242]. These include the replacement
of the phosphocholine portion of the molecule with a
neutral sulphonyl bismethylene group (Figure 76).
Moreover, a squaryl-phosphonate syllogism can be applied
directly to the phospholipid PAF structure to give the
potential squaryl analogue.
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n
O
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Figure 76. Sulphonyl bismethylene group
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The authors have demonstrated that the sulphonyl
bismethylene moiety in the PAF structure resulted in a
decrease in biological activity. Literature precedents have
indicated that the sulphonyl bismethylene group has similar
steric requirements to the phosphate group. Since these two
groups differ in electronic characteristics, it may well be the
ability of the phosphate group to bear a negative charge that
is responsible for its contribution to the activity of PAF
[243].

Medicinal drugs undergo various detoxification
processes in the human body. These processes may involve
the potent nucleophile glutathione. This tripeptide interacts
with the drug and makes it less pharmacologically active
[244]. Other mechanisms are in place which can interfere
with the drug candidate namely glucuronidation [245]. The
glucuronidation process involves the conjugation primarily
with hydroxyl, carboxyl, amino, heterocyclic nitrogen and
thiol groups [246]. If these functional groups are absent in
the drug substrate, they can be introduced directly by
chemical methods.

The glucuronidation process is not simple and involves
the use of the activated derivative of glucuronic acid,
uridine diphosphate glucuronic acid (UDPGA). UDPGA is
synthesised in a two-stage process starting from glucose-1-
phosphate and is first coupled to uridine triphosphate to
give UDP-glucose. UDP-glucose undergoes oxidation by
the enzyme UDPG-dehydrogenase which uses NAD as a
cofactor to produce UDPGA [247].

Nucleoside diphosphate sugars are intermediates that
donate glycosyl residues in the biosynthesis of
polysaccharides, glycolipids, glycoproteins and some
components of the bacterial cell wall. Compounds that
interfere with protein glycosylation show a variety of
biological effects, such as inhibition of the replication of
enveloped animal viruses [248].

For instance, 2-deoxy-D-glucose is a glycosylation
inhibitor having antiviral activity, converts to UDP-2dGlc
and GDP-2dGlc and consequently interferes with the
biosynthesis of the linked oligosaccharide precursor of the
N-glycosylated glycoproteins [249]. Replacement of the
phosphonates in the UDPGA with squarate entities may
produce potent inhibitors for this enzyme and therefore
enable protection against the administered drug from being
eliminated before it can reach the specific target.

GLYCOBIOLOGY

Complex oligosaccharides can indicate a significant number
of diverse and important biological functions. It has been a
major incentive for devising new methods for the chemical
and enzymatic synthesis of this class of molecules [250].
The introduction of squaryl molecular metaphors into this
field of chemistry generates a new set of glycol squarates.
Consequently, expressing different biological properties in
the oligosaccharide [251]. Hence, the substitution of the
phosphorus linkage with a squaryl entity provides a range
of interesting oligosaccharides [252]. Moreover, squaryl
coupling of carbohydrates bearing amino-terminus spacer
arms to proteins (Figure 77).
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squaryl entity

Squaramides contain a four-membered ring system related
to squaric acid and are capable of forming four hydrogen
bonds. A high affinity for hydrogen bonding is a product of
the increase aromaticity of the ring system. This hydrogen
bonding and aromatic swapping, in combination with
structural rigidity, has been exploited in many of the
applications of squaramides [253].

The formation of squaramide derivative takes place
under relatively mild or aqueous conditions. This approach
makes them ideal wunits for bioconjugation and
supramolecular chemistry [254].

The research group of Tietze demonstrated the
conjugation of two amines with squarate ester [255]. The
key feature of this reaction is the slight excess of amines to
give high yields of the two amine components. UV
spectroscopy can be used to analyse this process. For
example, in the synthesis of glycoconjugates, where the
cyclobutene-1,2-dione skeleton is linked to a saccharide,
protein or immunogens [256]. In a recent work
hydrophobic didecyl squarate was reported to be a reagent
to handle with ease for purification, as shown in the
conjugation of bovine serum albumin (BSA) (Figure 78).

Recent developments in glycoconjugate technology can
be applied for drug immunotherapy and also on a variety of
oligosaccharide-squaramide-protein (e.g. bovine, human
and chicken serum albumins) conjugates have been
prepared with the Tietze’s squarate ester methodology and
tested for their bioactivity [257]. Furthermore, a one-pot
procedure was developed by Alegre-Requena et al. to give
unsymmetrical squaramides that can generate large
compound libraries [258].
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a-AMINO PHOSPHONIC ACIDS

The o-amino phosphonic acids and cyclic a-
aminophosphonic acids [259] and their esters serve as
attractive substitutes for amino carboxylic acids in
biological systems. The absolute configuration of the a-
carbon strongly influences the biological properties of a-
amino phosphonic acids [260]. The pK, values of a-amino
phosphonic acids are similar to those of the corresponding
a-amino acids [261].

Phosphonic acids are doubly-ionized at physiological pH
and may affect their potency as enzymes inhibitors. These
compounds exhibit interesting and useful properties such as
peptide analogues [262], antiviral agents [263] and haptens
for the generation of catalytic antibodies [264]. This
moiety is present in potent antibiotics [265], herbicides and
pesticides [266].

When studying drug design, it is important to understand
the Transition-State (TS) of the potential inhibitors. A
transition-state mimic has the ability to bind an enzyme at
its point of interaction as strongly as any available inhibitor.
These strong binding interactions will prevent enzyme
activity. In order to identify a particular inhibitor of the TS
of an enzyme computational modelling and experimental
techniques are used to reveal the geometric shape [267].

The introduction of squarate entities in TS theory may
prove futile in the development of lead drug modification.
Figure 79 shows an example of demonstrating how a
squaryl TS analogue can replace phosphonate esters.
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Figure 79. Squaryl-TS
GLYCOPEPTIDES

In 1999, the structure of FimH was determined by x-ray
crystallography studies and found to comprise of two folded
domains [268]. These studies indicated that FimH is a
mannose-specific bacterial lectin found on type 1 fimbriae
with a monovalent carbohydrate recognition domain
(CRD). The N-terminal adhesive domain plays a key role
in surface recognition, while the C-terminal domain is
responsible for organelle integration. The two domains
linked via a tetra-peptide loop, in addition to a
carbohydrate-binding pocket are located at the N-terminal
domain. Further studies have indicated that type 1 fimbrial
adhesins are conserved in the core structure. Several studies
have demonstrated that in vitro induced mutations can lead
to the modification of the C-terminal domain [269].

Consequently this results in bacterial adhesion, forming
dual bending sites and related binding phenotypes [270].
Furthermore, binding studies using multivalent ligands have
indicated regions of the carbohydrate-binding sites on the
protein. A squaramide moiety was used as a bivalent
glycopeptide ligand and has the ability to bridge two
carbohydrates on FimH. The bivalent glycopeptide,
containing a squaramide shown in Figure 80, was
synthesised to test this hypothesis of two carbohydrate
binding sites on FimH protein [271].
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The methodology involved reacting azido-functionalized
mannotrioside and 2-azidoethyl mannoside with diethyl
squarate. The authors concluded that further studies are
required to test this hypothesis [271].
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Figure 80. Bivalent glycopeptide squaramide
NUCLEIC ACID SQUARATE ANALOGUES

The chemical modification of oligonucleotides has gained
considerable interest due to their potential application as
regulators of gene expression [272]. The Figure 81 below
outlines the possible metaphors of the modification to the
phosphodiester linkage.
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Figure 81. Phosphodiester linkage and squaryl
metaphors

The use of phosphonate analogues, such as biological
phosphate monoesters has been governed primarily by the
general stability of the phosphorous-carbon bond [273].

The oligonucleotides analogues, containing a squaramide
linkage, were developed to mimic the phosphate group
[273]. The modified thymidine dimer derivative T3’sq5’T
which has a squaramide linkage was synthesised by a two-
step substitution with diethyl squarate and incorporated into
oligodeoxynucleotides.

The DNA duplex [5-d(CGCATsqTAGCC)-3°/5’-
d(GGCTAATGCG)-3’] was found to be distorted at the
modified dimer site but preserved the base pairing ability.
Continued work with U2’sq5’T indicated unique base-
pairing ability for oligonucleotides with G at the site
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opposite to the T of U2’sq5°T. This research suggests the
possibility to create a new class of antisense/antigene drugs
and nucleotide analogues based on squaryl-nucleoside
(base) conjugates [274].

The antineoplastic agent, 6-mercaptopurine produces a
50% remission rate for childhood acute leukaemia [275].
This substrate inhibits several enzymatic systems, but these
inhibitions are irrelevant to its anticancer activity. Only
tumours that convert the drug to its nucleotide are affected
[276].

The  immunosuppressive  drug  6-mercaptopurine
underwent bioactivation by a reaction with 5-
phosphoribosylpyrophosphate and catalysed by
hypoxanthine-guanine phosphoribosyl transferase (Figure
82). The final substrate inhibits several enzymes in the
purine nucleotide biosynthetic pathway. However, the most
prominent site is one of the first enzymes in the de novo
pathway, namely, phosphoribosylpyrophosphate
amidotransferase and catalyses the conversion of
phosphoribosylpyrophosphate  to  phosphoribosylamine
[277].

Nz ‘ N\
k\ NH hypoxanthine-guanine
phosphoribosyl transferase

Figure 82. Bioactivation of 6-mercaptopurine

The introduction of squaryl entities into nucleoside-based
drugs such as anti-cancer and antiviral may prevent these
drug substances from being deactivated by the enzymes that
take part in the elimination processes. These squaryl
nucleoside drugs may have a higher reactivity (more
potent). Therefore, a low dosage relationship is required
and may eventually lead to fewer side effects [278].

The squaryl analogue of cytidine 5'-monophospho-3-
deoxy-D-manno-2-octulosonic acid 3-deoxy-D-manno-2-
octulosonic acid (KDO) is a vital component of the outer
membrane lipopolysaccharide of all Gram-negative bacteria
(Figure 83). Several groups have pursued inhibition of
KDO metabolism as a strategy for the development of
novel anti-infective agents [279].
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Figure 83. Synthesis of KDO
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PET IMAGING

Positron emission tomography (PET) imaging is a
recognised diagnostic tool used in nuclear medicine to
obtain clinical information from the patient. An extension
of this imaging technique is the PET-CT hybrid. This
system consists of two scanning machines, namely the PET
scanner and an X-ray computed tomography (CT) scanner.
These modern medical modalities occupy a central role in
the technological apex of nuclear medicine and provide a
prominent role in theranostics [280].

The second hybrid is a PET scanner combined with
magnetic resonance imaging (MRI). This powerful imaging
tool can obtain clinical images and provide corresponding
information about the diagnosis of many disease states.
These hybrid scanning machines are used in the clinical
setting to show the effect of current and new therapies.
PET scanning can detect the in vivo processes by which
certain cancers utilise sugar molecules; while MRI provides
for example structural details of tissues within a brain
tumour. The major advantage of using PET-MRI scanning
over PET-CT is the two-fold reduction in radiation dosages
given to the patient. PET-MRI is a proven valuable
imaging tool wused in the areas of oncology,
neuropsychiatric and heart diseases [281].

Consequently, PET-CT scanning can evaluate diseases
via a functional approach, including morphostructural
analysis. The benefit of using PET hybrid scanning is the
potential for early diagnosis of the disease state. This
method leads to a favourable prognosis and personalised
therapy for the patient. Today, the most utilised PET
radiotracer,  currently used for  oncology is
['8F]fluorodeoxyglucose (FDG). In 2015, the number of
clinical PET and PET/CT scans performed in the USA were
expected to exceed 1.7 million. However, this is a net
increase of about 6% compared to 2014. The scanning of
patients takes place at 2,380 sites in the USA using fixed or
mobile PET, PET/CT or PET/MR machines [282].

Vital diagnostic information can be gained using ['®F]-
FDG and several other radiopharmaceuticals. These include
fluorine-18 florbetapir (Amyvid) [283], fluorine-18
florbetaben (Neuraceq) [284], fluorine-18 flutemetamol
(Vizamyl) [285], fluorine-18 ethylcholine (FECH) [286]
amongst others, with the overall aim to evaluate in vivo
biological processes. PET imaging is creating numerous
opportunities in the area of molecular imaging and provides
a platform for a potential revolution in clinical theranostics
especially in oncology, neurology and cardiology [287].

The history of PET imaging has been the focus of
research in the human body since the 1970s [288]. This
impressive non-invasive technological platform has seen a
prominent clinical role in diagnosis, staging and monitoring
of various disease states in patients since the 1990s. The
pioneering research of Brownell and Sweet at the
Massachusetts General Hospital in 1953 allowed for the
first positron detector to study brain function in humans.
Since then the imaging scientists Kuhl, Pogossian, Wolf,
Sokoloff, Phelps, Di Chiro, Alavi and Wagner have made
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further contributions to the future development of clinical
PET imaging [289].

In the 1990s, Wagner showed that the glucose analogue,
FDG could be utilised in various PET studies [290].
Preliminary applications of clinical PET imaging were
performed for the studies of brain disease, oncology and
dementia. In the late 1980s, the advancement of technology
brought about faster and more accurate whole-body
examinations. These images were acquired by using PET-
FDG scanning and become a valuable clinical tool in
oncology. The central role of PET-FDG in nuclear
medicine departments was for diagnosing, staging and re-
staging of cancer in patients on a daily basis [291].

In 1997, the FDA gave approval for the regulation of
PET radiopharmaceuticals used in diagnostic imaging
[292]. Subsequently, PET-FDG became an established
imaging technique in the clinical assessment of many
neoplasms, finding a role also in non-malignant diseases for
example dementia, myocardial ischaemia, inflammation
and infection [280]

The fundamental aspect of PET imaging is the detection
of radiation inside the human body. The radiation emitted
is due to the decay of short-lived radionuclides. In the
decay process, a positron (e*) and neutrino (v) are
simultaneously emitted. The positron is an anti-matter
electron (e’) with identical mass to an electron having a
positive charge. In the decay process, the ejected positron
decreases in kinetic energy by colliding with the
surrounding atoms. This process causes the positron to
come to rest. These positrons have characteristic energies
peaking at 0.63 MeV and have a very short range within the
tissue [293].

gamma

e+ = positron
e- = electron

v = neutrino

180° £0.5°
gamma = quantum / photon (511 keV)

gamma
Figure 84. Positron-electron (e* - e’) annihilation

The gamma rays exit from the patient’s body and interacts
with the scintillation crystals. These crystals are made of
BGO (bismuth germinate), LSO (lutetium oxyorthosilicate)
and GSO (cerium-doped gadolinium silicate). These, are
also included LYSO (cerium-doped lutetium yttrium
orthosilicate) extending to the photomultiplier tubes in the
rotating detectors [294].

The positron hits an electron (e’) resulting in an
annihilation reaction which results in energy. This energy
is the product of two annihilation photons (511 keV), from
the point of (e* - ) interaction in opposite directions. The
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annihilated photons are quantified using the principles of
coincidence PET detection of gamma rays (Figure 84)
[295].

These crystals convert gamma radiation into photon
energy. The transducer converts the photons into electrical
signals that are registered by the tomography electronics.
The information generates 3-D real-time images, for
example, the brain or a whole-body scan (Figure 85) [296].

Figure 85. PET-FDG scan of tuberculosis
IMAGING AGENTS

The application of PET imaging is an excellent tool towards
the development of novel medicinal drugs and improved
clinical imaging. Therefore, a technological drive to
generate novel radiotracers for a variety of in vivo
biological targets is clearly becoming apparent [297].

To date, the fluorine-18 (‘8F) is the most employed PET
radionuclide due to its manageable half-life of 109.7 mins,
compared to carbon-11 (20 mins) which allows the
commercial distribution of "®F-radiotracers. Consequently,
this allows the radiochemist to implement a more complex
chemical synthesis towards the imaging agent. PET
imaging is utilised to obtain information on the non-
invasive  observation of chemical processes in
tissues/organs. The radiotracer locates and binds to the
receptor of interest and it is important that the imaging
agent does not lead to significant receptor occupation [298].

Molecular imaging technology is not exploited to its full
potential because many '8F-labelled probes are inaccessible
or notoriously difficult to produce. In certain situations, the
radiochemist faces synthesis challenges associated with the
short half-life of '8F. Other issues are the use of sub-
stoichiometric amounts of '8F compared to the precursor
used and the availability of parent '*F sources [299].

Researchers are developing methods to access ['®F]CFs-
substituted molecules for the application in pharmaceutical
discovery programmes (Figure 86).
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Flutamide (Eulexin)

Figure 86. PET imaging agents ["Flfluxetin and
[8F]flutamide

Huiban et al. have reported the development of a process
for the late-stage ['®F]trifluoromethylation of (hetero)arenes
from ['®F]fluoride using commercially available reagents
and (hetero)aryl iodides. This ['®F]CuCF; based protocol
benefits from a large substrate scope and is characterised by
its operational simplicity [300].

The introduction of fluorine or a trifluoromethyl group
can improve the effects of medicinal drugs due to its
stereoelectronic effects. Consequently, about 25% of all
commercial drugs contain fluorine [301]. This analysis
demonstrates how important it is to develop new synthesis
methods to incorporate fluorine-18 into drug molecules.
Numerous methods for fluorine incorporation are
inadequate due to reaction step times and purification
methods [302].

The research group of Yamamoto has developed a range
of carbo- and heterocyclic molecules containing the
trifluoromethyl group from a single starting material [303].
Central to this synthesis was the transformation of squaric
acid to incorporate the CF; group to generate various cyclic
building blocks (Figure 87).

The squaric acid approach was attractive due to its four-
carbon cyclic ring strain. The ring strain is released to form
five and six membered cyclic molecules. The
trifluoromethyl group was successfully introduced into the
squarate in two steps in a single flask using the Ruppert-
Prakash reagent [304].

The trifluoromethyl present in the squarate derivative can
undergo rearrangement to various 1,4-benzoquinones which
are present in many biologically significant molecules such
as ubiquinone, vitamin K, antibiotic and anticancer agents
[304].

This method generates various trifluoromethyl-
containing polycyclic quinones in a few steps involving
thermal ring expansion and aerobic oxidation which would
otherwise be a difficult synthesis. These building blocks are
capable of transforming to other complexed heterocyclic
compounds such as butenolides and bicyclic pyridones
including a five-carbon cyclic compound amino
cyclopentenedione.
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This methodology can be wused to incorporate the
trifluoromethyl group to create many interesting imaging

agents.
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Figure 87. ['®F]Squarate leading to highly functionalized
['8F]compounds

Zirconium-89 is a positron-emitting radionuclide used in
PET imaging for the detection of oncology disease states
[305]. This radiometal has a longer half-life of 79.3 hours
compared to fluorine-18. This physical property makes it a
more attractive radionuclide for the synthesis of PET
radiotracers [306]. Zirconium-89 can bind to the
desferrioxamine (DFO) ligand. DFO is a bacterial
siderophore utilised since the late 1960s to treat iron
overload in the human body [307].

The three hydroxamic acid moieties in DFO can form
coordination bonds with Fe3* ions; moreover, making DFO
a hexadentate ligand that chelates the Fe** ions. Due to the
coordination geometry of zirconium-89, DFO has also been
used as a chelator in the design of PET imaging agents
[308].

The work of Donnelly er al. producing designer novel
DFO ligands containing squaryl functionality (Figure 88)
[309]. The zirconium-89 is fixed by chelation to from the
DFO. Consequently, the terminal squaric monoamide
monoester can conjugate with biomolecules (e.g. herceptin
(trastuzumab), rituximab and cetuximab) through the
formation of a squaramide linker [28].
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Figure 88. Zirconium-89 DFO-squaramide PET imaging
agent
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Other radionuclides can be used such as gallium-68 for PET
imaging [310]. In addition to indium-111 for SPECT
imaging [311] to produce specific imaging agents to target
tumours [312].

MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI) is a clinical tool for
anatomical and functional imaging of diseased soft tissues,
including solid tumours. MRI contrast agents can be used
on patients to help in the detection of tumours. Gadolinium-
based contrast agents are the most commonly used in
clinical MRI. The challenge is to design and develop novel
Gd(IIT) contrast agents with high relaxivity, low toxicity,
and specific tumour binding properties [313].

Chemical modification to MRI contrast agents containing
Gd(III) can increase their relaxation properties. The toxicity
of Gd(III) contrast agents can be controlled by increasing
the thermodynamic and kinetic stability profiles. These
modifications contribute to an improved pharmacokinetic
profile. The knowledge gained from cancer genomics and
biology can provide vital information in designing tumour
specific contrast agents [314].
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Figure 89. Squaramide contrast agent for MRI.
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Numerous Gd(III) chelates are investigated in animal
models with the aim to provide superior MRI agents for
oncology diseases. For example, the Gd(III) complex of
inulin-1,4,7,10-tetraazacyclododecan-1,4-7-triacetic acid
conjugate linked with squaramide as a contrast agent for
MRI (Figure 89) [315].

FUTURE CHALLENGES

The 3-D model of HIV reveals the active site is at the end
of a cylindrical opening where the two aspartic acid
residues lie. The diameter of this opening is the same as a
C-60 Buckminsterfullerene. The group of Kenyon has been
looking at how to utilise this fact by incorporating
functional groups on the outer surface of the C-60 molecule
[316]. They have managed to create a diamine C-60
derivative to be used in the research of protease inhibitors
(Figure 90). An extension of this concept is to introduce
squarate entities such as nitronium squarate [317] that can
behave as molecular scissors. With the advent of
nanotechnology, these types of chemical scissors may be
advantageous in drug design [318].
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Figure 90. Cs0o—Squaramide molecular scissors

Combinatorial chemistry and vast drug substrate libraries
can be produced simultaneously and quickly by automated
procedures [319]. These compound libraries are a useful
resource for the pharmaceutical industry in their quest for
biologically active lead structures. The introduction of
chloromethylated polystyrene support on one of the amino
groups in squaramide provides a platform for chemical
synthesis [24]. This squaryl resin is capable of reacting with
a host of alkyl or aromatic alkyl aldehydes to produce
secondary amino squarate supported substrates. The
squaryl family provides suitable resin templates that can
undergo screening for biological activity.
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Cyclic peptides and their derivatives are often more stable
in vivo than their linear counterparts and therefore can often
represent promising drug candidates [320]. Peptide nucleic
acids are a combination of amino acids linked to
nucleobases. These peptide units are stable to snake venom
phosphodiesterase and the squaryl equivalents may offer a
broad range of drugs. The nucleoside and squaryl linkages
should also be stable to nucleolytic cleavage [321,322].
These concepts can extend to molecular recognition
patterns in the creation of squaramide DNA (Figure 91).

Figure 91. Squaramide DNA
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