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1) NaOH/water, reflux, 2 h

2) HCO2H/(CH3CO)2O, 55 °C, 2 h, rt, 12 h
    (literature) 29% (two steps)

51% (one step)
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Abstract The electrochemical reduction of caffeine, never carried out
previously, yielded in DMF–Et4NBF4 N-formyl-N,1-dimethyl-4-(methyl-
amino)-1H-imidazole-5-carboxamide, a highly functionalized imidazole
product derived from the opening of the uracil ring. This reactivity is
different from that of the methylated salt of caffeine, the cathodic re-
duction of which leads to the opening of the imidazole ring. Moreover,
the product obtained by cathodic reduction, formylated at the exo-
cyclic amide nitrogen, is different from that formed by treatment in an
aqueous solution of sodium hydroxide followed by formylation. The lat-
ter is formylated at the exocyclic amine nitrogen.

Key words cathodic reduction, caffeine, ring opening, electrolysis,
cyclic voltammetry

Caffeine is a well known, natural, and widespread prod-
uct, found in various parts of plants from South America
and East Asia (the most famous are tea, cocoa, and coffee
plants).1 It is a xanthine (1,3,7-trimethyl-3,7-dihydro-1H-
purine-2,6-dione) and thus its structure can be seen as the
fusion of an uracil ring with an imidazole one; it is a
biobased and renewable reagent, quite cheap, and conve-
nient as a starting material in organic synthesis.

The majority of literature papers reports the use of caf-
feine as a starting material for the synthesis of the corre-
sponding NHC (N-heterocyclic carbene) metal complexes,
after its transformation into the corresponding caffeinium
salt and deprotonation at the C2 atom of the imidazolium
ring.2 Nonetheless, a few papers report the use of caffeine as
a starting material in organic synthesis.3 The very small
number of papers reporting the use of this xanthine as a
starting material resides probably in the very high chemical
stability of this molecule. In fact, quite drastic conditions
are needed to make caffeine react (ozone,4 very basic solu-
tions,5 etc).

On the other hand, electrochemical oxidation of caffeine
is quite easy [its oxidation peak potential in cyclic voltam-
metry (CV) is around +1.4 V (vs SCE), depending on the
electrochemical system used], so that very often the caf-
feine presence is evidenced by electrochemical methods.6
Despite the large number of papers present in the literature
on the electrochemical oxidation of caffeine, its electro-
chemical reduction has never been reported (to the best of
our knowledge). In order to fill this lack of information and
to explore the possibility to use caffeine as a biobased start-
ing material for a cathodic electrosynthesis, we decided to
study the electrochemical reduction of caffeine.

Recently, we reported the cathodic behavior of methyl-
caffeinium iodide in DMF solution, carrying out cyclic vol-
tammetries (and DPVs) and preparative electrolyses.7 The
product of the electrochemical reduction was a substituted
uracil (hymeniacidin) derived from the hydrolysis of the
corresponding electrogenerated N-heterocyclic carbene
(Scheme 1).

Scheme 1  Electrochemical reduction of caffeinium iodide to hymenia-
cidin7

Hymeniacidin (a natural product) derives from the im-
idazole ring opening; in fact, the electrochemical reduction
of the caffeinium cation involves the scission of the C2-H
bond of the imidazolium moiety, which bears a smaller
negative charge. On the other hand, in the case of caffeine
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(which is not charged) the reduction site should be on the
uracil ring, most probably at the urea carbonyl group, lead-
ing to a completely different product in case of ring opening.

With this in mind, we carried out the cathodic reduc-
tion of caffeine in DMF, after a careful analysis by cyclic vol-
tammetry, in order to choose the best experimental condi-
tions for this electrochemical reduction.

Cyclic voltammetric curves of caffeine (reported in the
Supporting Information) reveal that it is not possible to se-
lectively reduce caffeine in the solvent-supporting electro-
lyte systems taken into consideration by us. In particular,
we used MeCN, DMF, and the ionic liquid BMIM-BF4 (1-bu-
tyl-3-methylimidazolium tetrafluoroborate) as the solvent,
with Et4NBF4, Bu4NBF4, and NaClO4 as supporting electro-
lyte. Except for the CVs in DMF–NaClO4 at a GC cathode, all
the other CVs show that the reduction of both caffeine and
the solvent-supporting electrolyte occurs at about the same
potential. In DMF–NaClO4 at GC, the CV shows clearly a re-
duction peak for caffeine at -2.53 V vs SCE (see Figure S2 of
the Supporting Information). At this potential, the reduc-
tion of the solvent-supporting electrolyte just begins (onset
potential). We thus started the study of the cathodic reduc-
tion of caffeine using DMF–NaClO4 as the solvent-support-
ing electrolyte. The results of these electrolyses are report-
ed in Table 1, entries 1–5.

Table 1  Electrochemical Reduction of Caffeine. Effect of Various Pa-
rameters on the Product Yielda

The first experiment was carried out at a constant po-
tential of –2.55 V vs SCE (caffeine peak potential in cyclic
voltammetry), on a glassy carbon (entry 1) cathode. The
current flow was stopped after 2 F (the electrolysis was
quite slow and the current after 2 F was almost the same as
that of the beginning of the electrolysis). After evaporation
of the catholyte solvent, the crude reaction product was an-
alyzed by 1H NMR spectroscopy. The 1H NMR spectrum in
CD3OD showed, along with the NMR signals relative to caf-
feine, a series of singlets, relative to the methyl groups of a
different product. Because of the very low yield of the prod-
uct (12%, see later) and the long duration of electrolysis
(which is probably due to molecule adsorption on the sur-
face of glassy carbon cathode), we decided to use platinum
as the cathode material, despite the CV shows the co-reduc-
tion of reagent and supporting electrolyte (Figure S3). We
chose the same potential as that of entry 1. The current
flow was stopped after 2 F (entry 2) and after 3 F (entries 3
and 4). The current after 3 F was still high, which suggests
that the co-reduction of the supporting electrolyte was oc-
curring. The low current efficiencies confirm that this was
the case. The galvanostatic electrolysis gave a similar yield
of product (entry 5) as the potentiostatic electrolyses (en-
tries 3 and 4). Workup of the catholyte showed the pres-
ence of the same product as that obtained in entry 1.

The possibility of forming a product deriving from the
opening of the imidazole ring (analogue of hymeniacidin)
was excluded, because of the presence of a methyl signal at
3.90 ppm (see Supporting Information), very similar to the
that of N–CH3 of the imidazole ring of caffeine (the hymeni-
acidin lowest field methyl signal is at 3.37 ppm). Moreover,
a signal at 8.52 ppm led us think of a formamide moiety.
Unexpectedly, the integral of this signal diminished with
time, rendering us uncertain about the real presence of a
formyl group. Furthermore, the MS spectra (ESI and EI)
show an m/z value of 168, corresponding to the relative
mass of caffeine with a loss of 26 (possibly –CO + 2 H, thus a
ring opening). Keeping these considerations in mind, we
identified three possible structures for this product
(Scheme 2), deriving from the uracil ring opening. Amine A
(caffeidine)8 was considered in view of the mass spectra
(relative molecular mass 168). This amine is the product
obtained by strongly basic hydrolysis of caffeine. Products B
and C could derive from the reduction of the urea carbonyl
group of caffeine, yielding the corresponding alcohol (simi-
lar to a hemiaminal) and subsequent ring opening (see lat-
er). Products A and B were previously reported in the litera-
ture by Keyzers and coworkers.5

In particular, amine A was obtained in 56% yield from
caffeine by treatment with NaOH 2 M for two hours at re-
flux, while formamide B was obtained from A, in 51% yield,
after treatment with formic acid and acetic anhydride at
55 °C for two hours and at rt for 12 hours.

Entry Electrolyte E/Ib Fc Product, 
%d (CE, %)e

Caffeine 
(%)f

 1g NaClO4 –2.55 V 2 12 (12) 83

 2 NaClO4 –2.55 V 2 21 (21) 74

 3 NaClO4 –2.55 V 3 41 (27) 43

 4h NaClO4 + H2O –2.55 V 3 44 (29) 39

 5 NaClO4 10 mA cm–2 3 42 (28) 47

 6 Et4NBF4 15 mA cm–2 1 28 (56) 71

 7 Et4NBF4 15 mA cm–2 2 40 (40) 46

 8 Et4NBF4 15 mA cm–2 3 47 (31) 32

 9 Et4NBF4 15 mA cm–2 4 38 (19) 28

10h Et4NBF4 + H2O 15 mA cm–2 3 51 (34) 35

11h Bu4NBF4 + H2O 15 mA cm–2 3 49 (33) 38
a All the electrolyses were carried out in a two-compartment cell, by using Pt 
electrodes, at rt, under an inert atmosphere. SCE reference electrode was 
used when necessary. Caffeine (0.5 mmol) in DMF (5.0 mL, 0.1 M electro-
lyte) was the catholyte; DMF (2.0 mL, 0.1 M electrolyte) was the anolyte.
b Potentiostatic (E) or galvanostatic (I) conditions.
c Number of Faradays per mole of caffeine passed through the cell.
d Product as described later in the paper. The yield was calculated from the 
NMR spectrum of the crude reaction, see later in the paper.
e Current efficiency, considering a two-electron process.
f Recovered caffeine.
g Glassy carbon (GC) was used as the cathode, instead of platinum.
h [H2O] = 0.2 M.
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Scheme 2  Possible products from the cathodic reduction of caffeine

We thus synthesized A and B following the literature
methods in order to compare their NMR spectra and TLC
behavior with those of the electrolysis product. Product A
was immediately excluded, as its NMR spectra were very
different from those of the electrolysis product (both in
field and multiplicity of signals, see Supporting Informa-
tion); interestingly, Keyzers and co-workers5 reported an
H/D exchange in CD3OD for the formyl hydrogen atom of
product B, yielding a decrease of the integral of this signal
during time (the same phenomenon observed by us).

Nonetheless, the NMR signals (both 1H and 13C) were
slightly different, although similar. Moreover, Keyzers and
co-workers5 isolated B as a mixture of rotamers (due to the
partial double bond character of N–CHO bond, leading to
two possible rotamers), whereas we had only one set of sig-
nals. Furthermore, the mass spectrum of B gave the m/z val-
ue of its molecular weight, whereas the mass spectrum of
our product gave a fragment corresponding to a decarbon-
ylation, both in the EI and ESI mode, the latter evidencing
an instability of our product under mass spectrum record-
ing conditions.

These results led us to propose structure C for the elec-
trolysis product, for which both easy decarbonylation reac-
tion and the absence of rotamers are predictable.

N-Formylimides (such as product C) are important
starting materials for the synthesis of enamides,9 -amido-
acrylates,10 -amidoacrylonitriles,11 etc.

Because of the low yield in this new product (21%, Table
1, entry 2), it was quite difficult to obtain it in pure form.
Hence, we decided to change various parameters in order to
try to enhance the yield. Given the closeness of the onset
reduction potential of the solvent-electrolyte and the high-
ly negative reduction potential of caffeine, the selectivity
(41–42% yield of C, Table 1, entries 3 and 5) after about 50%
conversion is relatively good. In DMF–NaClO4, we cannot
exclude the reduction of sodium cations at the electrode

and the following reduction of caffeine by reduced sodium
(indirect reduction). Water is much easier to reduce than
sodium cations. Furthermore, an irreversible ring opening
(Scheme 3) requires the presence of protons and water is a
good proton donor. Thus, we added water (0.2 M concentra-
tion) to the catholyte. This resulted in a small increase in
yield (Table 1, entry 4).

A change of supporting electrolyte to the common
Et4NBF4 seemed to increase the electrochemical perfor-
mances, with a yield in C which varied with the number of
Faradays (entries 6–9) and reached 47 and 51% after 3 F in
the absence and in the presence of water, respectively (en-
tries 8 and 10).12

The use of Et4NBF4 should avoid the possible indirect re-
duction of caffeine, as the cathodic reduction of tetraeth-
ylammonium cations leads to the formation of Et3N.13 A
mechanism for this two-electron cathodic reduction is pro-
posed in Scheme 3.

The ring opening reported in Scheme 3 is a two-elec-
tron two-proton reaction, but the yields of product C are
very similar in the absence and in the presence of water
(Table 1, entries 8 and 10). It is thus probable that, in the
absence of water, the proton donor is the tetraalkylammo-
nium cation, which undergoes Hoffman elimination after
deprotonation.

Unexpectedly, the real challenge of this electrochemical
synthesis was the product isolation in pure form. In fact, it
was really difficult to completely separate the product from
traces of the supporting electrolyte, which is probably due
to the very polar nature of this product. After column chro-
matography followed by preparative thin layer chromatog-
raphy (PLC), a pure product C was obtained.

Scheme 3  Possible mechanism for the two-electron cathodic reduc-
tion of caffeine

In conclusion, the electrochemical methodology proved
to be a valuable ally for organic synthesis, allowing to ob-
tain N-Formyl-N,1-dimethyl-4-(methylamino)-1H-imidaz-
ole-5-carboxamide C.14,15 This product was not obtainable
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(or with difficulty) by using classical chemical reactions
and is a valuable starting material for the synthesis of
enamides and related products.

In particular, the cathodic reduction of caffeine led to
the uracil ring opening with the formation of a formylated
product at the amide nitrogen atom (Scheme 2, product C),
whereas the classical chemical way led to the product
formylated at the more basic amine nitrogen atom (Scheme
2, product B). Moreover, the nature of the starting material
(caffeine, biobased and thus renewable) renders this syn-
thesis interesting from the ‘greenness’ point of view.

Last, the cathodic reactivity of caffeine is opposite to
that of caffeinium salt, rendering the electrochemical meth-
odology suitable to obtain, in one or two steps, an amino-
substituted uracil or an amino-substituted imidazole start-
ing from the same molecule, caffeine.
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