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Abstract: The functionalization of the skeletal systems of heterocycles represents a significant goal
for the development of new compounds. The heterocyclic molecule xanthine (3,7-dihydro-/H-
purine-2,6-dione) is a purine base with a bicyclic ring skeleton and four different nitrogen atoms,
three of them are -NH groups. The principal derivatives are the well known natural methylxanthines
(e.g., caffeine, theophylline and theobromine) that have prominent physiological effects at a very low
dose. The natural methylated xanthines, theophylline, theobromine and caffeine, are present in dif-
ferent plants such as the tea, cocoa and coffee species. For this reason natural xanthines can be con-
sidered as bio-based and renewable starting materials; their use in organic synthesis is strongly rec-
ommended in order to carry out sustainable chemistry. Essentially, the xanthine scaffold led to the
preparation of numerous compounds very attractive in the pharmaceutical field, and these drugs are
commercialized for a wide range of biological activities. The scope of this mini-review is to consider
the use of natural xanthines as starting material in chemical transformations carried out in organic
solvents, without the intent to be exhaustive of all the synthetically chemical applications. More in-
formation on the chemical and electrochemical reactivity of this structural core in an organic solvent
can be useful for the scientific community. The effectiveness of natural xanthines can be improved
by modifying the structures of these already biologically active compounds.

Keywords: Bio-based, chemical transformations, derivatives, electrochemical transformations, natural methylated xanthines,

NHC complexes, xanthines.

1. INTRODUCTION

The research of new procedures viea manipulation of
functional groups around fundamental skeletal systems is an
important goal of synthetic heterocyclic chemistry. The de-
velopment of new compounds by derivatization of xanthine
scaffolds has withdrawn more interest thanks to their activity
in biological systems and their contribution to the new me-
dicinal drug discovery. Xanthine (3,7-dihydro-1H-purine-
2,6-dione, Fig. 1) is a purine base, mainly produced by the
body tissues and found in humans’ fluids, and by botanical
species [1]. Xanthine has a bicyclic ring skeleton, and the
rings are referred to as A- (uracil) and B- (imidazole) rings,
respectively. Xanthine decomposes by heating without melt-
ing and with partial sublimation; it is poorly soluble in water
and even less in alcohol, whilst it is soluble in mineral acids
and freely soluble in basic solutions. Xanthine has four dif-
ferent nitrogen atoms; consequently, it gives typical reac-
tions of the corresponding functional groups.
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Among purine-based compounds, xanthine and its de-
rivatives have attracted great interest, as they provide im-
portant medicinal effects [2]. The natural methylaxanthines,
theophylline, theobromine and caffeine (Fig. 2) exhibit bio-
logical activity as stimulants, and thus they have been used
for pharmacological purposes [3-5].
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Fig. (1). The basic scaffold of xanthine.
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Fig. (2). Xanthine and its natural methylated derivatives: caffeine,

theobromine and theophylline.
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Fig. (3). Xanthine as a lead molecule for future drugs for several therapeutic targets.

The recent development of new xanthine derivatives for
different diseases proves the importance of the xanthine core
for medicinal chemistry research. Various natural, semi-
synthetic and synthetic derivatives have been synthesized
and evaluated for various therapeutic activities, including
bronchodilators, cognitive enhancers or nootropic drugs, and
as anti-inflammatory activity [6]. Since the majority of met-
abolic diseases could derive from oxidative stress, it is sig-
nificant that recent studies have shown the positive effect of
xanthines on diseases related to oxidative stress [7-9].

Xanthine and its derivatives can be used as starting mate-
rials for the synthesis of derivatives with different functional
groups at different positions of the scaffold. In order to ex-
plore diverse roles of xanthine derivatives, the investigation
of various methods for their synthesis and structural modifi-
cation of their structures has now become an important goal
of several research groups.

The activities of xanthines are linked to the diversity of
substituents that can be introduced, especially at the N NP,
N’ and C® positions (Fig. 1). We will consider both classical
chemical transformations and electrochemical ones. Among
the chemical transformations, organic electrochemistry is
considered an eco-friendly technique, as the reagent is the
electron, non-pollutant, with no by-products and precise stoi-
chiometric control [10, 11].

We will report the chemical reactions in which natural
xanthines act as starting material, in order to obtain function-
alized compounds. The covered reactions will fall mainly in
the following categories of xanthine derivatives:

- Xanthine-Annelated
- Xanthine-NHC complexes
- Functionalization at Nl, N3, N"and C*
- 7-Substituted Xanthines
- 8-Substituted Xanthines
- 7,8-Substituted Xanthines
- Xanthines Electrochemistry
2. XANTHINE DERIVATIVES AND PHARMACEU-
TICAL APPLICATIONS

Xanthine derivatives have gained great interest because
of their dietary effects and their large presence in natural and

non-natural products. In fact, their detection and quantifica-
tion are topics of great importance due to their widespread
presence also in beverages and wastewaters [12]. The availa-
bility of xanthines from natural sources involves a series of
opportunities. The scope of this mini-review is not to provide
a complete report on the activities of biological derivatives
of xanthine, but we here report only some of these activities.
Different natural and synthetic xanthine derivatives have
been recognized as therapeutically potent compounds and
utilized for targeting various diseases such as bronchodilator
for the treatment of asthma [13, 14], enzyme regulators of
cell signaling pathways [15], phosphodiesterase inhibitors
[16], adenosine antagonists [17], histone deacetylase activa-
tors [18], antimicrobials [19], etc.

Moreover, the antioxidant and anti-inflammatory activi-
ties of xanthine derivatives have been largely reported [20-
22]. The presence of reactive oxygen species and nitric oxide
(NO) derivatives in the cell produces undesirable effects on
its components, such as carbohydrates, proteins, lipids, and
nucleic acids. These processes can have a significant role in
a nonspecific pathogenesis mechanism for different disease
states, such as atherosclerosis, ischemic stroke, and diabetes.
Therefore, antioxidant compounds development able to stop
the pathological biochemical processes at different levels of
oxidative and nitrosative stress is a challenge for medical and
pharmaceutical sciences [23].

Chemical synthesis represents an important way to obtain
structural diversity of compounds of interest. Xanthines can
act as a starting material for large-scale diversification in
derivatization reactions. The presence of many sites (N', N°,
N’, N” and C® sites) for chemical substitution represents an
important characteristic of this scaffold (Fig. 3). Moreover,
the molecular and physiological behavior of xanthines repre-
sents a further research challenge [24].

3. XANTHINE-ANNELATED

The construction of a third ring starting from the bicyclic
xanthine structure can lead to the production of biologically
valuable compounds and many physico-chemical character-
istics can be modulated in this way. As an example, Miiller
and coworkers synthesized imidazo[2,1-i]purinones and
ring-enlarged analogs derived from xanthine derivatives in
the development of novel adenosine Ajs and Aj, receptor
antagonists, which showed a greater water solubility [25].
The tricyclic purine derivatives have been obtained accord-
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Scheme 1. Synthesis of imidazo[2,1-i]purinone derivatives and ring-enlarged analogs [26].
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Scheme 2. N-phenethyl-substituted pyrimido[2,1-f]purinediones and analogues [27, 28].

ing to the route described by Shimada et al. [26], reported in
Scheme 1. Thionation with phosphorus pentasulfide was the
first step and it was carried out in dry pyridine to yield 6-
thioxanthines. In the second step, the amino-substituted pu-
rines were obtained after methylation with methyl iodide.
The obtained compounds were treated with amino alcohols
in dimethyl sulfoxide (DMSO). The final ring closure was
performed by cyclization with thionyl chloride at high tem-
perature (under reflux conditions) to obtain the tricyclic pu-
rine derivatives. The yields for cyclization of unbranched
hydroxy-alkyl derivatives depend on the ring size of the final
product. The synthesis of five and six rings proceeds in high
yields (Scheme 1).

The construction of a third ring can also involve the im-
idazole ring, as reported by Drabczynska and coworkers in
the continuous search for novel adenosine A, receptor an-
tagonists [27, 28]. The synthetic route is reported in Scheme
2. In particular, 7-(3-chloropropyl)-8-bromotheophylline and
7-(3-chloropropyl)-8-bromo-1,3-dipropylxanthine were used
and then cyclized with phenylalkylamines to obtain N-
phenethyl-substituted pyrimido[2,1-f]purinediones (Scheme
2). The N-phenethyl-substituted pyrimido[2,1-f/purinediones
and analogs with the modifications of ethylene spacer
showed micromolar or sub-micromolar affinity as adenosine
A, receptor antagonists and the affinity depends on the kind
of substituent on the aromatic ring. More recently, similar
compounds were synthesized by the same procedure and
tested for analgesic activity as well as for adenosine receptor
binding affinity [29].

Another contribution to the previous studies is based on
the annelation of xanthine derivatives to give new imid-
azo[2,1-f]purine-2,4-diones and pyrrolo[2,1-f]purine-2,4-
diones. The new compounds resulted in the most potent and
selective human Aj; adenosine receptor antagonists [30]. The
strategy employed involved an intermolecular Wittig reac-
tion between the carbonyl moiety of the introduced N’-chain
and the bromomethyl function at the 8-position, in order to
obtain the cyclization of the pyrrole ring condensed at the
N’-C® link of the purinone nucleus. In particular, the derivative
1-benzyl-7-methyl-3-propyl-1H,8 H-imidazo[2,1-f]purine-2,
4-dione (Fig. 4) showed an excellent affinity toward the hu-
man Aj; adenosine receptor and a significant selectivity ver-
sus the other subtypes [31].
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Fig. (4). 1-Benzyl-7-methyl-3-propyl-1H,8H-imidazo[2,1-f]purine-
2,4-dione [31].

Moreover, Drabczynska et al. reported a series of new
cycloalkyl derivatives of imidazo-, pyrimido- and 1,3-
diazepino[2,1-f]purinediones tested for adenosine receptor
affinity. In this paper, the syntheses and other chemical
properties of these of N-cycloalkyl-substituted imidazo-,
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pyrimido- and 1,3-diazepino[2,1-f] purinediones were de-
scribed [32]. These compounds were synthesized by cycliza-
tion of 7-halogenoalkyl-8-bromo-1,3-dimethyl xanthine de-
rivatives with aminocycloalkanes (Scheme 3). The basic
nitrogen atom in the cycloalkyl substituted tricyclic xanthine
derivatives gives a better water-solubility in comparison to
the other xanthine derivatives as well as non-xanthine adeno-
sine receptor antagonists.

The synthesis of 1,3-dimethylperhydroimidazo-, -pyrimido-
and -1,3-diazepino[2,1-f]purinediones with cycloalkyl sub-
stituents in the N® N® or N'* position, respectively, of the
annelated ring was then implemented. The starting materials
were obtained according to described procedures [33].
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Scheme 3. Synthesis of imidazo-, pyrimido- and 1,3-diazepino[2,1-
flpurinediones [27-33].

These compounds were obtained by cyclization with
amines under different reaction conditions (amount of amine,
various organic solvents and different reaction times). The
class of tricyclic compounds containing the third ring is con-
sidered as bioisosteric analogs of (£)-8-styrylxanthine [27,
33, 34] having potential antiparkinsonian [28, 33], and anti-
convulsant activities [35].

A new class of interesting MAO-B inhibitors derived
from1,3-dimethylsubstituted tetrahydropyrimido[2,1-f]puri-
nediones were obtained by ring-closing reactions to yield
tetrahydropyrimidine[2,1-f]purinediones starting from 8-bro-
mo-7-(3-chloropropyl)-1,3-dialkyl xanthines. In the general
procedure the synthesis was carried out under heating in a
microwave reactor [36].

More recently, a new series of 1,3-dipropyl- and 1,3-
dibutylpyrimido[2,1-f]purinedione-9-ethylphenoxy deriva-
tives, including a CH,CONH linker between the (CH,),-
amino group and the phenoxy moiety, were analyzed as
A1/A,4 adenosine receptor antagonists. The synthesis was
carried out in the absence of solvent and by microwave- as-
sisted heating to link the amide moieties with the pyrim-
ido[2,1-f]purinedione-9-ethylphenoxy scaffold (Fig. 5) [37].

The solvent-free microwave-assisted synthetic protocol
was used to insert the amide fragment into the N’-
phenylethylpyrimido[2,1-f]purinedione core, obtained by the
previously described methods [32, 34].

The same authors published a paper where a series of
novel compounds was synthesized and evaluated as MAO-B
inhibitors. A typical modification of the tricyclic structures
based on a xanthine core by enlargement of the third hetero-
cyclic ring or attachment of various substituted benzyl moie-
ties was carried out to develop a new compound, the 9-(2-
chloro-6-fluorobenzyl)-1,3-dimethyl-6,7,8,9-tetrahydropyri-

Petrucci et al.

mido[2,1-f]purine-2,4(1H,3H)-dione, tested as a dual-target
drug for neurodegenerative diseases [17]. The synthesis
scheme is very similar, but in the last step of synthesis the
non-traditional scheme was used (solvent-free microwave-

assisted).
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Fig. (5). Tetrahydropyrimido[2,1-f]purinedione scaffold and deriva-
tives.
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4. XANTHINE-NHC COMPLEXES

N-Heterocyclic carbenes (NHCs) are non-charged mole-
cules containing a divalent carbon atom in a nitrogen-
containing ring [38]. They are frequently used as organocata-
lysts in organic synthesis [39-40], or as ligands in organome-
tallic compounds [41]. As the xanthine structure contains an
imidazole ring (possible NHC precursor), N-heterocyclic
carbene (NHC) complexes derived from xanthines have
aroused much attention. Xanthine-NHC complexes can be
used as catalysts [42-43] for different important organic
transformations or as drugs (antimicrobial or anticancer
agents). As an example, Hor and co-workers reported the
synthesis and the properties of Pt(I) xanthine-NHC deriva-
tives [44].

Xanthines can be easily functionalized and their metal
derivatives result in optimal candidates for the research of
novel metallo-drugs. In fact, the combination of biological
activity with a metal centre in the same chemical structure
can produce compounds with pharmaceutical applications.
Therefore, the good reactivity of xanthines core along with
their biological activity makes the metal derivatives excellent
candidates for the development of novel metallodrugs.
Moreover, depending on the kind of metal, several xanthine-
NHC complexes are excellent catalysts for important organic
reactions [45].

In order to obtain an NHC from the xanthine scaffold, its
N-alkylation to yield an imidazolium salt is necessary. Gen-
erally xanthines are functionalized before the preparation of
their corresponding azolium salt. The synthesis of xanthine-
NHC metal complexes generally involves coordination strat-
egies carried out with transmetalation agents and bases able
to deprotonate the N-heterocyclic azolium salt [46].
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Scheme 4. Syntheses of the caffeine- and theophylline-based NHC Au(I) complexes.

Recently, starting from caffeine, theophylline and theo-
bromine, a new class of silver(I)-N-heterocyclic carbenes
was synthesized [47, 48], showing anticancer activity. For
the synthesis of silver-based compounds transmetalation
agents were used, such as silver oxide or acetate. As an ex-
ample, the silver-NHC complexes shown in Fig. (6) were
synthesized in methanol as solvent starting from the corre-
sponding imidazolium salts and silver acetate.
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Fig. (6). Silver-NHC complexes.
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Moreover, the efficacy of a silver-caffeine NHC deriva-
tive has been observed in two specific airway infection pro-
tocols [49].

Over the last years, gold(I)-N-heterocyclic carbenes
(NHCs) have been transformed into some of the most popu-
lar cores in medicinal inorganic chemistry [50]. Several au-
thors have described the promising anticancer activities of
gold(I)-NHC complexes in vitro and also in vivo. A new
series of gold(I)-N-heterocyclic carbene (NHC) complexes
based on xanthine ligands have been synthesized and charac-
terized [51]. A neutral compound Au(I)-methylated caffeine-
2-yliene [Aul(MC)] was synthesized adapting a procedure
described by Berners-Price et al. [52]. This simple procedure
is reported in Scheme 4. Different cationic complexes were
obtained via the commonly used silver-carbene route by re-
acting caffeinium and theophyllinium tetrafluoroborates with
silver oxide and then with chloro(tetrahydrothiophene)gold(I)
[Au(tht)Cl] [53-54]. This bis-carbene complex [Au(caffein-
2-ylidene),|[BF,4] (Scheme 4) appeared to be selective for
human ovarian cancer cell lines and poorly toxic against
healthy organs.

Platinum-based drugs such as cisplatin were pivotal in
the fight against cancer. NHC-Pt(II) complexes derived from
caffeine via C*-halogen activation could be obtained starting
from 8-chlorocaffeine, which reacted with [Pt(PPhs),] under
oxidative addition of the C®*-halogen bond to the metal cen-
ter. The resulting Pt(I) complexes feature a C*-bound yli-

dene ligand (Scheme 5). Protonation of ylidene at the N’-
atom yielded complexes bearing a protic N-heterocyclic car-
bene ligand derived from the purine base with an -NMe, NH-
substitution. The purine derivatives, such as 8-chloro-
caffeine, could be converted into protic NHC ligands by an
oxidative addition reaction without prior alkylation of both N
atoms of the five-membered heterocycle [55].
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Scheme 5. Pt(1I) complexes with a Cg-bound ylidene ligand [55].
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An NHC-palladium compound was obtained using N°-
benzylcaffeine as a starting material. The study of these salts
to form the NHC-Pd complexes has shown interesting be-
havior. For the 1,3,7-trimethyl-9-benzyl xanthine, the use of
a strong base was possible to deprotonate C®, since the only
acidic proton in the ligand is H®. Trans-dichloro-bis(1,3,7-
trimethyl-9-benzylxanthine-8-ylidene) palladium(II) was
obtained starting from 1,3,7-trimethyl-9-benzylxanthinium
bromide in tetrahydrofuran solvent in the presence of potas-
sium fert-butoxide (Scheme 6). After completing the reac-
tion, potassium bromide was eliminated from the mixture by
filtration. The PdCl,(NCPh), was dissolved in acetonitrile
and the solution was slowly added to the free carbene to ob-
tain the Pd(II) metallo-complex [56].

Copper catalysts are often employed in organometallic
chemistry. Copper is also an important element in the biolog-
ical processes. New generations of NHC copper catalysts
have been recently studied. In particular, copper(I) complex-
es bearing NHC ligands have been reported as active cata-
lysts for different transformations including cyclo-additions
and homo- and hetero-coupling reactions [57]. With the aim
to enhance the water solubility, novel copper complexes
were synthesized by the use of theophylline as a basic scaf-
fold to prepare copper catalytic system more water-soluble.
The water-soluble quaternary ammonium salt N-(4-(bromo-
methyl)benzyl)-N, N-dimethylethanammonium bromide was
linked to the theophylline using K,CO; in DMF.

The resulting product was methylated with methyl iodide
in CH;CN at 80°C to give the water-soluble NHC salt.
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Scheme 7. Synthesis of the water-soluble copper complex used as a catalyst starting from theophylline as active catalysts for different trans-
formations including cyclo-additions and homo- and hetero-coupling reactions [57].

Treatment of the NHC salt with copper(I) chloride and an
excess of potassium carbonate in dry acetone under reflux
conditions gave the copper complex (Scheme 7). In order to
examine the activity assay of the theophylline copper com-
plex, two different reactions were selected and tested: a
three-component click reaction and the Glaser homo-
coupling reaction. The copper complex catalyst displayed
excellent activity in these reactions [57].

5. FUNCTIONALIZATION AT N', N°, N’ AND C*

Xanthines can act as starting materials for large-scale
structural diversifications by derivatization reactions. In the
xanthine scaffold there are the N', N3, N7, N and C? sites
available for the substitution. The most challenging part of
the xanthine based drug development process is the presence
of three -NH groups. In combinatorial drug development
processes, a definite understanding of the relative reactivity
of the different -NH functions of xanthine has been funda-
mental to optimize the results.

The principal -NH groups derivatives are the well known
natural methylxanthines (e.g. caffeine, theophylline and the-
obromine). Despite being very interesting as promising
pharmacophores, there are few methods for 1- and 1,3-
substituted xanthines synthesis.

The classic Traube purine synthesis from 6-aminouracil
derivatives [58, 59] and its recent modifications [60-64] re-
quire long reaction times and harsh reaction conditions.
Moreover, these syntheses are typically indicated for the
preparation of alkyl-substituted xanthines. Other different
reported methods to substitute xanthines employed isocya-
nates in a two-step cyclocondensation reaction [65-67] or 4-

amino-5-carbamoylimidazoles and phosgene [68]. A new and
practical method for the synthesis of 1- and 1,3-substituted
xanthines, which avoids the use of toxic reagents, has been
reported by Zavialov, et al. A base-promoted condensation
of the imidazole with carbamates led to a 1-substituted 7-
PMB xanthine followed by alkylation to give the final prod-
uct according to Scheme 8 [69].

o PMB o o PMB
N . _re xOBu R N
O RI_
>y — T T
H,N N diglyme o) ITI N
K
lR3X
o PMB
Rl\ )tN/
N
| »
OéI\N N
R3

Scheme 8. Synthesis of 1- and 1,3-substituted xanthines PMB = p-
methoxybenzyl group [69].

Therefore, it is not surprising that N-alkylation of xan-
thines is still actively studied and most of the derivatives are
related to sites Nl, N3, N’. About the C* derivatives, Shamim
et al. reported the synthesis and the effects of 8-phenyl and
8-cycloalkyl substituents on the activity of theophylline, caf-
feine, 1,3-dipropylxanthine, 1,3-dipropyl-7-methylxanthin 3-
propylxanthine, and 1-propylxanthine [70]. Caffeine and
theophylline are unselective adenosine receptor antagonists.
The structural modification of the xanthine scaffold, espe-
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cially in position C8, induced the discovery of a class of de-
rivatives as active compounds: the 8-styrylxanthines. Among
this group of derivatives, the istradefylline and 8-chloro-
styrylcaffeine (CSC) appear to have important pharmacolog-
ical activities (Fig. 7) [17].

Below the most recent and interesting reactions are re-
viewed concerning the Nl, N3, N’ and C* funzionalizations
organized as mono-, di- e tri- substituted xanthines.

5.1. 7-Substituted Xanthines

In order to develop a new target-specific anticancer from
the theophylline structure, a series of novel theophylline-
containing acetylenes and 1,2,3-triazoles with different nu-
cleoside derivatives have been synthesized. There are two
synthetic routes to obtain N7-alkylated compounds. For the
series of theophylline-containing acetylene derivatives, the
commercially available theophylline was alkylated with
ethyl 2-bromoacetate in dimethylformamide and potassium
carbonate, or with ethyl 2-hydroxypropanoate by using the
reagents tetrapropylammonium perruthenate (TPP) and
diisopropylazodicarboxylate (DIAD) to give the ester com-
pounds. A series of steps and the subsequent reactions with
propargyl alcohol using N,N'-dicyclohexylcarbodiimide and
4-dimethylaminopyridine gave theophylline derivatives con-
taining a terminal acetylene group (Scheme 9).

Lastly, the reaction of acetylene compounds with sodium
ascorbate and CuSO, x 5SH,O with the corresponding azide
compound in a mixture of ethanol and water (2:1), led to the

Lyl

iy

L LIOHH,0
THF:H,0, 1t, 4h O

JI

synthesis of theophylline containing 1,2,3-triazole nucleoside
derivative. These compounds were examined for anticancer
and antimicrobial activity [71].

The thiazolidine-4-one was used as a scaffold to synthe-
size new xanthine derivatives with better antioxidant effects
in comparison to theophylline [72]. The new 1,3-thiazolidine-
4-one derivatives were synthesized according to Scheme 10.
Theophylline (1,3-dimethylxanthine), in the presence of so-
dium methoxide, gave the salt in a quantitative yield, which
was in turn reacted with ethyl chloroacetate and resulted in
theophylline-ethyl ester. Theophylline hydrazide was ob-
tained in good yield in the following reaction in the presence
of an excess of hydrazine hydrate. Then, the condensation of
the compound with different aromatic aldehydes produced
the corresponding hydrazones in satisfying yields [73]. Fi-
nally, the cyclization of hydrazones in the presence of mer-
captoacetic acid led to thiazolidine-4-one derivatives in
moderate to excellent yields.

Two new xanthine derivatives with the thiazolidine-4-one
scaffold (Fig. 8), and in particular their chitosan-based for-
mulations, previously reported having promising antidiabetic
effects, have been evaluated regarding a possible protective
effect on the liver and renal functions as well as on haemato-
logical main problems under diabetes mellitus conditions [74].

5.2. 8-Substituted Xanthines

8-Bromocaffeine (8-BC) is a commercially available com-
pound that can be used in nucleophilic aromatic substitution
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Scheme 12. 8-Heteroaryl-substituted xanthines synthesis.

reactions. Moreover, 8-BC is an important precursor for
many drug syntheses and also employed as a reagent in or-
ganic chemistry. Soltani Rad and coworkers described the
application of 8-BC as a reagent in organic chemistry [75].
In this case, the synthesis of nitriles was rapid, convenient
and it could be obtained starting from aldoximes using DBU
in DMF solvent in the presence of 8-bromocaffeine. This
method was operative for the conversion of aliphatic and
aromatic aldoximes into nitriles using a microwave or con-
ventional heating conditions (Scheme 11).

8-Heteroaryl-substituted xanthines are highly potent an-
tagonists at human A,p adenosine receptors. The interest in
the direct C-arylation of xanthines led to the study of a cata-
lytic system that was proved to be efficient in the oxidative

cross-coupling with a variety of thiophenes or furans
(Scheme 12) [76].

The catalytic system comprises Pd(OAc), as a catalyst,
Cu(OAc), ‘H,O as an oxidant, pyridine, and 1,4-dioxane
(Scheme 12). A variety of thiophenes and furans were tested
with caffeine, n-butyl theophylline, benzylic theophylline,
benzylic theobromine, and 1,3-diethyl xanthine. The result-
ing unsymmetrical bi-heteroaryl molecules were obtained in
good to excellent yields [76].

8-Vinylxanthines are well-known antagonists for the hu-
man A, adenosine receptors [77]. They can be efficiently
obtained using a bimetallic Pd/Cu catalyst, which results in
an efficient and versatile system for the dehydrogenative
Heck coupling of xanthines with alkenes to give the corre-
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Scheme 14. Synthesis of the key intermediate 8-mercapto-3-methyl-7-propyl-3,7-dihydro-1H-purine-2,6-dione.

sponding 8-alkenylated products in satisfactory yields. In
order to obtain 8-alkenylated xanthine derivatives, the opti-
mized reaction conditions were selected studying the reactiv-
ity of caffeine with n-butyl acrylate. After screening a num-
ber of parameters, it was found that all the components had a
crucial role. The best result was achieved when the reaction
was performed in the presence of Pd(OAc), (2.5 mol%),
CuCl (15 mol%), Cu(OAc),xH,O (1.5 equiv.) and pyridine
(1.0 equiv.) in dimethylacetamide at 120°C for 20 h. Under
the optimized reaction conditions, a relatively broad series of
olefins was proved. Activated alkenes such as a,p-
unsaturated esters and amides smoothly resulted more reac-
tive in the coupling with caffeine to give the corresponding
alkenylated products. This protocol was useful to prepare
other xanthines derivatives such as 8-alkenylated theophyl-
line and theobromine (Scheme 13). Through this procedure,
the transformation of the alkaloid scaffolds into fluorescent
molecules was possible. The derivatives p-extended conju-
gated N-heteroarenes showed notable fluorescent properties
and have resulted to be potential reagents for biological im-
aging applications [78].

A very recent paper reported the ligand-based design of
fragment-like xanthine derivatives as LSD1 (Histone lysine-
specific demethylase 1) inhibitors. The FAD-based drug
strategy was used to design and synthesize xanthine deriva-
tives. The compounds obtained by modification at position 8
of the xanthine scaffold were synthesized as shown in
Scheme 14.

The key intermediate, the 8-mercapto-3-methyl-7-propyl-
3,7-dihydro-1H-purine-2,6-dione, was next used to synthe-

size a focused library of xanthine derivatives through vary-
ing substituents. A base promoted nucleophilic substitution
reaction was also used for the introduction of two types of
common substituents (benzyl and acetamidyl) to position 1
of the xanthine scaffold [79].

5.3. 7,8-Substituted Xanthines

An efficient and versatile synthetic approach was de-
scribed to design fluorescent kinase inhibitors derived from
the xanthine scaffolds. To facilitate the exploration of N’-
and C*-substituents, theophylline was identified as a conven-
ient starting point. The fluorescent kinase inhibitors based on
the xanthine scaffold were obtained by using a two steps
synthetic route. Thus, the strategy toward the target com-
pounds was obtained with a versatile combination of regiose-
lective N’-arylation and/or direct C*-arylation. Various or-
ganic solvents were used in the first step to obtain the N’-
aryl xanthine derivatives. The synthesis of a variety 7,8-
diaryl-1,3-dimethyl-1H-purine-2,6(3H,7H)-diones was ac-
complished by the C®-arylation of aryl xanthines with ar-
ylbromides bearing functional groups such as acetamide,
sulfonamide, and carbamate groups. The building of the C*-
(hetero)aryl ring was obtained by the copper catalyzed C-H
bond activation. The reaction (Scheme 15) which was carried
out in the presence of Pd(OAc),, Cu(l), and Cs,CO;, gave
compounds in satisfactory to good yields [80].

6. XANTHINES ELECTROCHEMISTRY

The electrochemical methodology features as a valuable
ally in the organic synthesis and it often allows obtaining
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products, which are not obtainable (or with difficulty) using
classical chemical reactions. Despite the electrochemical
methodology provides reactions both in oxidation and in
reduction, the large number of papers present in the literature
on xanthine electrochemistry is on the electrochemical oxi-
dation.

As we have described earlier for xanthine-NHC com-
plexes, the literature mainly reports the use of caffeine as
starting material for the synthesis of the corresponding NHC
(N-heterocyclic carbene) metal complexes, after its transfor-
mation into the corresponding caffeinium salt and deprotona-
tion at the C* atom of the imidazolium ring [56, 51]. None-
theless, a few papers report the use of caffeine as a starting
material in organic synthesis [81, 82].

In a recent paper the electrochemical reduction of caf-
feine was studied [83]. The caffeine cathodic reduction, in
DMF-BusNBF,, yielded N-formyl-N,1-dimethyl-4-(methyl-
amino)-1H-imidazole-5-carboxamide, a highly functional-
ized imidazole product derived from the opening of the ura-
cil ring. This reactivity is opposite to the cathodic one of the
methylated salt of caffeine, which yields the opening of the
imidazole ring and formation of substituted uracil (hymeni-
acidin), derived from the hydrolysis of the corresponding
electrogenerated N-heterocyclic carbene (Scheme 16) [84].
Moreover, the products obtained by cathodic reduction of
caffeine, or its salt, are different from what can be obtained
by classical organic synthesis. The cathodic reduction of
caffeine led to the uracil ring opening with the formation of a

formylated product at the amide nitrogen atom, while the
classical chemical way led to the formylated product at the
more basic amine nitrogen atom. Thus, the cathodic reduc-
tion yielded a product formylated at the exocyclic amide
nitrogen, when a different result could be obtained by classi-
cal organic synthesis, in which the product was formylated at
the exocyclic amine nitrogen. The different synthetic routes
are summarized in Scheme 16. The nature of the starting
material (caffeine, bio-based and thus renewable) renders
these studies interesting from the "greenness" point of view.

The behavior of some naturally widespread methylxan-
thines under oxidative conditions has also been studied.
Among these, caffeine, theophylline and theobromine are
especially available in coffee, cocoa and tea, so that they
have been the most largely consumed alkaloids for centuries
up todays, daily taken as traditional beverages and more re-
cently also as soft drinks, energy drinks and even as a food
supplement. Many systemic effects are well known, especial-
ly those regarding the most studied caffeine; both positive
and negative effects have been discussed in a recent review
by Monteiro J et al. They have been used in traditional med-
icine since ancient times, as drugs in medicine for decades,
and increasing pharmaceutical potentialities are emerging in
the current scientific overview [85].

In particular, some beneficial effects have been in part
ascribed to antioxidant properties towards damages by oxida-
tive stress: some protective effects towards hydroxyl radical
have been reported in the last twenty years by in vivo and in
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Scheme 17. Proposed mechanisms for the electrochemical oxidation of theophylline at the pyrolytic graphite electrode in 1 M acetic acid.
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Scheme 18. Oxidation of xanthine in aqueous acetic acid.

vitro studies [86-89]. Conversely, caffeine proved inactive
towards moderate hydrogen/electron scavengers as DPPH
and ABTS-" according to Brezova V et al. 2009 [90].

There is no doubt that the potentialities of caffeine and
related methylxanthines as antioxidants could have a strong
impact on biomedical research. As antioxidant and antiradi-
cal activities may occur according to different mechanisms,
depending on the medium, and molecular structure [91] and
likely involving radical species, a deeper insight into the
behavior of methylxanthines under oxidative conditions was
required.

The electro-oxidation of caffeine, theophylline and theo-
bromine in water at different pH on a pyrolytic graphite elec-
trode was studied by Hansen et al., and an irreversible four
electrons process was proposed. In particular, the principal
and potential determining reaction for the oxidation of xan-
thines was proposed to start with a two-electron attack at the
-N’=C?®- double bond to the corresponding uric acid, imme-
diately further oxidized to an intermediate 4,5-diol species,
with further different fate depending on its stability.

In the case of theophylline, a dimeric product was also
observed after controlled potential electrolysis in one molar
acetic acid [92-94].

More recently, the anodic oxidation of caffeine and theo-
phylline in glacial acetic acid/sodium acetate was reported
by Quintanilla et al. yielding 1,3,8-trimethyl-1,3,6,8-tetra-
zaspiro[4,4]nonane-2,4,7,9-tetrone and (4-acetoxy-1,3,7-
trimethyl-2,6,8-trioxo-9H-purin-5-yl) acetate from oxidation
of caffeine and the same spiro compound 1,3,8-trimethyl-
1,3,6,8-tetrazaspiro[4,4nonane-2,4,7,9-tetrone from the oxi-
dation of theophylline. A mechanism involving the corre-
sponding uric acid was proposed [95].

A deeper insight into the behavior of methylxanthines
under oxidative conditions was carried out in an organic sol-
vent, providing an environment more suitable to radical spe-
cies and reducing chemical competing reactions than in water.

Only a few studies on the electro-oxidation of methyl-
xanthines in organic solvent have been described. Chan ef al.
reported the one-electron oxidation coupled to consecutive H
atom transfer of caffeine in acetonitrile, leading to a proto-

nated caffeinium cation as the long-term product in high
yield, whose structure was confirmed by single-crystal X-ray
crystallography and NMR spectroscopy [96].

In recent works, Petrucci and co-workers reported a
comprehensive investigation on caffeine, theophylline and
theobromine in acetonitrile, including the anodic behavior by
cyclic voltammetry and electrolysis in UV-vis cell, computa-
tional analysis (DFT study) and chemical reactivity with
ROS (reactive oxygen species) [97]. The mono-electronic
anodic oxidation of the double bond -C*=C>- was proposed
for both caffeine and theophylline, yielding the correspond-
ing radical cation, quite stable in the case of caffeine (I in
Scheme 19), and easily deprotonating to the neutral radical
in the case of theophylline (Il in Scheme 19). A different
reactivity for the radical cation of caffeine and the neutral
radical of theophylline was then proposed, leading to differ-
ent caffeine and theophylline derivatives, i.e. 4,5-disubsti-
tuted caffeine derivatives and 8-substituted theophylline de-
rivatives (Scheme 19).

The interaction of methylxantines with superoxide and
galvinoxyl as ROS was studied by UV-vis spectrophotome-
try, and any antiradical activity for caffeine, theophylline and
theobromine was excluded. The high oxidation potential
values of caffeine, theophylline and theobromine, measured
in acetonitrile, and even higher in water [98], suggest that the
one-electron transfer process could take place only in the
presence of strong oxidants, such as HO radical. This led to
reconsider the potential antioxidant activity of methylxan-
thines. The electro-oxidation of theophylline in organic sol-
vents has also been recently reported in the literature [9],
where the electrogenerated radical cation was supported by
the formation of a di-hydroxy-4,5-substituted theophylline
derivative, and the following deprotonated neutral radical
was supported by the formation of dimeric forms in C*
(Scheme 20) as evidenced by the liquid chromatography
coupled with tandem mass spectrometry analysis of the an-
odically electrolyzed solutions of theophylline.

CONCLUSION

This mini-review is an updated and comprehensive over-
view of the reaction types for derivatization of xanthine re-
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ported in the literature during the last thirty years. The signif-
icant selected examples reported in this paper emphasized
the possibility of utilizing the xanthine scaffold as bio-based
and renewable starting material. In fact, starting from the
natural products, caffeine, theophylline and theobromine,
classical organic synthesis and/or biotransformations allow
to obtain a wide range of products.

Chemical synthesis represents the most helpful way to
obtain structural diversity of compounds employing the
fragments of interest. Organic synthesis represents the means
to offer a large-scale diversity in derivatization. Numerous
examples show that xanthines are widely employable as bio-
based and renewable starting materials in organic synthesis
for realizing of compounds of pharmacological interest as
drugs with diverse-range biological activities. Hopefully, this
mini-review can provide a source of information for organic
chemists working on this structural core for the design of
new selective reactions and the synthesis of new and effec-
tive drugs targeting specific human diseases.
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