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Abstract: C� H bond formylation is the most immediate
way to incorporate the versatile formyl group into
(hetero)aromatics. However, the type of reagents and
severe conditions involved in the classical formylation
methods often curtail their application, especially in the
presence of other functional groups. Herein, we present
the Eschenmoser’s salt, a commercially available
(dimethylamino)methylating chemical, as a useful re-
agent for the C� H formylation of indolizines and other
compounds. The method is straightforward and mild,
furnishing indolizinecarbaldehydes in modest-to-good
yields with exclusive and remote regioselectivity. Fur-
thermore, these compounds can be easily transformed
into push-pull dyes and are highly selective in the
colorimetric detection of nitrite, a substance extensively
employed as preservative in the food industry, the
concentration of which is crucial to control to prevent
harmful effects in living organisms. The assay is simple,
allowing the naked-eye detection of nitrite in solution or
on a cotton swab for a wide range of concentrations.

Introduction

In recent years, late-stage and remote C� H functionalization
have received a great deal of attention in drug discovery
because they allow to access molecules of interest through
new disconnections with high atom and step economy.[1] The
formyl group is a very versatile functionality in synthetic
organic chemistry,[2] as well as in the field of colorimetric
and fluorimetric chemosensors.[3] Its incorporation into
(hetero)aromatic compounds generally relies on classical

formylation methods,[4] namely: the Vilsmeier–Haack,[5]

Reimer-Tiemann,[6] Duff[7] and Gatterman[8] reactions, or the
metalation-formylation with DMF. However, the harsh
reagents and conditions involved in these methods often
lead to low yields and poor selectivities, particularly, when
sensitive functional groups are present. An unprecedented
transition-metal catalyzed formylation of heteroarenes by
C� H activation, lately reported by the group of Glorius, is
praiseworthy.[9] Indolizines are privileged molecular plat-
forms in synthetic heterocyclic chemistry[10] and in drug
discovery, being present in relevant pharmacologically-
active compounds (Figure 1, I–X),[11] and with manifold
applications in materials science because of their prominent
photophysical properties (Figure 1, XI–XV).[12] The differ-
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Figure 1. Pharmacological and photophysical properties of some
indolizines.
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ently substituted indolizines depicted in Figure 1 give an
idea on the varied activities exhibited by this type of
heterocycles.[11] For instance, fantofarone (I) is a calcium-
channel blocker used in the treatment of vasospasms;[13a]

compound II was identified as a strong HIV-1 viron
infectivity factor inhibitor;[13b] indoxam (III) is an effective
inhibitor of secretary phospholipase A2 (s-PLA2),[13c] which
related 2-(indolizin-1-yl)-2-oxoacetamides manifest compa-
rable cytotoxicity to that of taxol;[13d] and indolizines V and
VII have shown antiproliferative activity against human
neuroblastoma (BE2-C)[13e] and liver carcinoma (Hep-G2)
cells,[13f] respectively. It is worthy of note that the indolizine-
7-carbaldehydes X are potent antioxidants, displaying
intense inhibition of lipid peroxidation.[13g] The synthesis of
indolizine-7-carbaldehydes typically requires the pre-instal-
lation of the formyl group in the starting materials or the
transformation of a precursor functional group.[12e,13g,14]

Therefore, on the basis of what aforesaid, it is timely to
develop new late-stage C� H formylation methods of hetero-
cycles that allow, among others, the synthesis of indolizine-
carbaldehydes in a chemo- and regioselective manner.

In a different context, nitrites can be found naturally in
water and are widely used as food additives for preservation
or color fixation purposes.[15] However, its accumulation in
both physiological and environmental systems can have a
detrimental effect on the health of mammals, invertebrates
and aquatic organisms. Despite protecting food from micro-
organisms (e.g., Clostridium botulinum), nitrites can react
with secondary and tertiary amines, under the acidic
conditions in the stomach, to produce highly carcinogenic N-
nitrosamines which, ultimately, might lead to esophageal,
gastric or colorectal cancer.[16] The important need to control
the levels of nitrite in the recent decades has triggered the
development of multiple analytical methods, most of them
based on chromatographic, spectroscopic and electrochem-
ical detection.[17] Colorimetric detection methods, which can
visually provide enough analytical information, are cost-
effective and far more convenient because of their simplicity
and easy applicability.[18] They usually rely on the acidic-
medium induced diazotization of an amine indicator with
the nitrite of the sample, followed by the coupling with a
secondary species that gives an azo chromophore (Griess
test).[19] Though widely deployed to quantify nitrite in food,
this standard test has some disadvantages, such as the need
to control the reaction to avoid diazonium-salt decomposi-
tion before coupling, narrow working concentration range,
long steady-state times and the toxicity of the process. The
alternative nitrosation/nitration assays omit the coupling
with the second component,[20] though colour changes are
not so evident, especially when trying to detect trace
amounts, and noxious N-nitrosamines are formed in some
cases. Consequently, the development of on-site tests for
naked-eye nitrite detection that are fast, straightforward,
efficient in different concentration ranges and that might be
carried out both in solution and in other types of media is
welcome.

By virtue of our current interest in indolizine
chemistry,[21] we present herein the first application of the
Eschenmoser’s salt,[22] a commercially available and well-

known (dimethylamino)methylating chemical, as a direct
formylating agent, which allows the regioselective formyla-
tion of indolizines. Moreover, the resulting indolizinecarbal-
dehydes have found application in the synthesis of some
push-pull dyes and in the selective and efficient colorimetric
detection of the nitrite ion.

Results and Discussion

The starting indolizines 1 (Scheme 1) were prepared follow-
ing our reported multicomponent method from indolizine-2-
carbaldehyde, secondary amines and terminal alkynes,
catalysed by copper nanoparticles on activated carbon.[21a]

An initial study on indolizine formylation was conducted
using indolizine 1a as a model substrate. Given the low
volatility of the potential products and the fact that they are
colored, we found TLC as a fast and reliable tool for
reaction monitoring (Figure S1). Attempts to formylate
indolizine 1a using conventional methods were unfruitful
(Table 1, entries 1–4; Figure S2).

Fortunately, when exploring the (dimethylamino)meth-
ylation reagents (Table 1, entries 5 and 6), the corresponding
carbaldehyde 3a was formed after reaction with the
Eschenmoser’s salt (Table 1, entry 6), albeit in poor yield.
An exhaustive optimization process was undertaken in order
to improve the performance of this transformation. For this
purpose, numerous experiments were carried out by varying
the solvent, base, stoichiometry, amount of water, atmos-
phere and reaction time (Figures S3–S10). The best con-
ditions were determined to be: 1a/Eschenmoser’s salt (2)/
NaHCO3 (1 :2 :2) in MeCN and air at rt for 8 h.

Scheme 1. Multicomponent synthesis of indolizines 1.

Table 1: Preliminary attempts to formylate indolizine 1a.

Entry Method Formation of 3a

1 Duff[23] (HMTA, CF3CO2H) x[a]

2 Reimer-Tiemann[6a] (CHCl3, KOH, H2O) x[a]

3 Vilsmeier–Haack[24] (DMF, POCl3, DCE) x[a]

4 i) BuLi-TMEDA, THF; ii) DMF[25] x[a]

5 HCHO+Me2NH,[b] MeCN[26][ x[a]

6 H2C=NMe2I (2),
[b,c] MeCN ✓[d]

[a] No formylation product was detected. [b] (Dimethylamino)meth-
ylating reagent. [c] Eschenmoser’s salt. [d] Solely this method led to a
formylated product (3a, in this case), though in <10% isolated yield.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202215916 (2 of 9) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202215916 by U

niversidad D
e A

licante, W
iley O

nline L
ibrary on [17/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The optimized formylation conditions were extended to
an array of indolizines derived from seven different secon-
dary amines and twelve different alkynes (Table 2). In
general, the reactivity of the starting indolizines seems to be
more dependent on the electronic character of the substitu-
ent at the 3 position, rather than on the 1-amino substituent,
though dibenzylamino-substituted indolizines were compa-
ratively less reactive (3a and 3 l). The 3-alkyl-substituted
indolizine 3h was found to be the most reluctant to react.
Substituents with a negative inductive effect at the ortho and
para positions of the 3-aryl unit also manifested a detrimen-
tal effect, with warming being recommended to improve the
yield (3 l–3n). On the contrary, moderate-to-good yields
were recorded for phenyl- (3b–3g) and 4-methoxyphenyl-
substituted (3 j and 3k) indolizines, in the latter case
probably due to a positive resonant effect exerted by the
methoxy group. All the meta-substituted 3-aryl indolizines
were formylated in good yields (3o–3r), irrespective of the
electronic character of the substituent; similar behavior was
observed for the thienyl-substituted indolizines 3s and 3t. It
is noteworthy that the reaction was regioselective in all the
cases studied, with the formyl group being incorporated
exclusively into the 7 position of the indolizine nucleus.
Moreover, we managed to adapt a protocol for the in situ
generation of the Eschenmoser’s salt (2), from N,N,N’,N’-
tetramethylmethanediamine and chloroiodomethane,[27] and
subsequent formylation of the indolizine (Scheme 2); lower
isolated yield and longer reaction time were noted when
compared with the use of the Eschenmoser’s salt, though it
can be considered a fair alternative method.[28]

A series of experiments were conducted in order to shed
light on the reaction mechanism. A first evidence was given
by the reaction of the indolizine 1u with the Eschenmoser’s
salt (2), which gave the substituted indolizine 4 (Scheme 3);
this was indeed the only indolizine tested in which the
(dimethylamino)methylated product was obtained instead of
the formylated one. Next, we tried to ascertain the source of
the oxygen atom in the formyl group. We observed a
progressive and significant decrease in the conversion of
indolizines 1a (Figure S8) and 1b (Figure 2a), when increas-
ing the amount of water in the formylation with 2. This
behavior could be in agreement with water being formed as
a by-product, the addition of which to the reaction medium
would be unfavorable to displace the reaction to the desired
product; an explanation based on the loss of activity of 2 by
the reaction with water cannot be ruled out.[22b] When the
formylation of 1b was carried out in the presence of 1 equiv
H2

18O under an atmosphere of dry synthetic air, the
incorporation of 18O into the product 3b was 19% (Figur-
es 2b and S11). This relatively low incorporation is not so
much unexpected if we take into account that the substitu-
tion of 18O from H2

18O into carbonate oxyanions (i.e.,
HC16O3

� and C16O3
2� ) is feasible.[29] The reactivity of

indolizines 1a and 1b towards the formylation dramatically
dropped when the reaction was carried out in dry and
degassed MeCN under argon (Scheme 4a, Figures S9 and
S12). In the case of 1b (m/z 276), a by-product was observed
by GC-MS, which m/z (274) suggests that oxidation of the
starting indolizine occurred (Figure S12). Astonishingly, we

Table 2: Formylation of indolizines 1 with the Eschenmoser’s salt (2).[a]

[a] 1 (1.0 mmol), 2 (2.0 mmol), NaHCO3 (2.0 mmol), MeCN, air, 8 h;
yield of the isolated product 3 in parenthesis. [b] Reaction at 70 °C.
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did not observe any appreciable incorporation of 18O when
indolizine 1b was subjected to the standard conditions but
under a 18O2 atmosphere (Scheme 4b and Figure S13).
Therefore, the above experiments sustain that the (dimeth-
ylamino)methylated indolizine is the most probable inter-
mediate, and that the molecular oxygen of air is not the
source of the oxygen atom in the formyl group of the
products but the bicarbonate anion.[30] In fact, if we take into
consideration the 2 equiv of NaHCO3 and 1 equiv of H2

18O
as the only sources of O in the experiment of Figure 2b, the

expected 18O incorporation after total isotope scrambling
should be 14%, which is close to that determined exper-
imentally (19%). A reaction mechanism was proposed
involving: (a) a Friedel–Crafts-type reaction between the
indolizine (1) and the Eschenmoser’s salt (2), through the
dienamine moiety of 1, to form an iminium ion; (b) base-
promoted rearomatization to give the Eschenmoser’s prod-
uct; (c) oxidation of the latter by the oxygen of air to
generate a (dimethyl)iminium ion, with the concomitant
release of water; (d) addition of water to the latter iminium
ion leading to a hemiaminal; (e) simultaneous liberation of
dimethylamine and formation of the C=O bond; and (f) final
neutralization by the action of NaHCO3 and/or Me2NH
(Scheme 5). The fact that better formylation yields are
attained when utilizing two equivalents of the Eschenmo-
ser’s salt and two equivalents of NaHCO3 could be related
with the former being partially deactivated by the reaction
with the in situ generated water; the HI derived from this
side reaction and/or the formylation reaction could be
neutralized by the extra amount of NaHCO3. The results in
Table 2 lend weight to the argument that the oxidation step
could be more favoured when an electron-rich aromatic or
heteroaromatic substituent is present at the 3 position of the
indolizine; the opposite can be argued when that substituent
is alkyl or electron-poor.

In view of the potential use of the Eschenmoser’s salt as
a general formylation tool, and considering that the
oxidation by air of the intermediate (dimethylamino)meth-
ylated product might not be so spontaneous as for com-
pounds in Table 2, three model starting materials were
additionally included in this study: a nitrogen heteroaro-
matic (indole), an oxacyclic one (3,4-dihydro-2H-pyran) and
an aromatic one (N,N-dimethylaniline). The three com-
pounds reacted nicely with the Eschenmoser’s salt to give
the (dimethylamino)methylated products, but the aldehyde
was not detected except in the case of N,N-dimethylaniline
and in a small amount (<10%), thus making necessary the
addition of an oxidant besides air. Our recent interest on the
selective oxidation of amines,[31] led us to combine the
Eschenmoser’s salt with some of our catalysts; that of copper
nanoparticles on activated carbon (CuNPs/C) was found to
be efficient in this transformation, giving rise to the expected
aldehydes 5–7 in moderate-to-good isolated yields
(Scheme 6).

Taking into account the importance of indolizines in
materials science, relevant to their notable photophysical
properties, we took advantage of the versatility of the formyl
group in indolizines 3 to extend their conjugation and obtain
some push-pull dyes (Scheme 7).[32] Horner–Wadsworth–
Emmons reaction of indolizine 3b with diethyl (cyanometh-
yl)phosphonate led to the β-indolizinyl acrylonitrile 8 in high
yield. Condensation of 3b with an excess of acetone
furnished the methyl indolizinylvinyl ketone 9 in nearly
quantitative yield, whereas the application of these con-
ditions to the double condensation of 3b with acetone was
less efficient. Fortunately, this apparent lower reactivity
could be circumvented by warming under ultrasound
activation, to produce 10 in a fair isolated yield.

Scheme 2. Formylation of indolizine 1e by in situ generation of the
Eschenmoser’s salt.

Scheme 3. Reaction of indolizine 1u with the Eschenmoser’s salt (2).

Scheme 4. Reaction of indolizines 1a and 1b with the Eschenmoser’s
salt (2) using degassed and dry MeCN under (a) Ar and (b) 18O2

atmospheres.
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Furthermore, we observed that indolizinecarbaldehydes
3, in a proper reaction medium, could be used for the
colorimetric detection of nitrite ion:[33] when solutions of 3a
or 3b (10� 4 M, MeCN) in acidic medium were mixed with a
solution of nitrite ion (10� 4 M, MeCN), a change in color

Figure 2. (a) Effect of the amount of added water in the formylation of 1b with 2. (b) Experiment with labeled water in the formylation of 1b with 2.

Scheme 5. General reaction mechanism proposed for the formylation of indolizines 1 with the Eschenmoser’s salt (2).

Scheme 6. Application of the Eschenmoser’s salt to the formylation of
other substrates.

Scheme 7. Transformation of indolizine 3b into some push-pull dyes.
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from pale yellow to deep red occurred immediately. We
must underline that, when the same protocol was applied to
the parent indolizine 1a, the detection of nitrite was not
effective because the color change was hardly discernible,
especially, when compared with that of indolizinecarbalde-
hyde 3a (Figure S14). The test was found to be highly
selective for nitrite ion against other thirteen anions,
including both inorganic and organic ones (Figure 3a). This
selectivity was also manifested when compared with its
closest relative, the nitrate ion (Figure 3b). By varying the
amount and concentration of indolizine 3a, acid (2N HCl)
and nitrite, we could conclude that the color change is fast
for nitrite concentrations �10� 4 M. For nitrite concentra-
tions <10� 4 M, the addition of some solid NaCl considerably
accelerated the reaction and the consequent color
change.[20a] In this way, the test was successfully applied to
the detection of 3 ppm of aqueous NaNO2 (4.35×10

� 5 M),
an amount set by the World Health Organization as a safe
limit in drinking water, as well as in detecting the maximum

amount of nitrite in drinking water set by the EPA (1 ppm,
1.45×10� 5 M).[34] We must point out that the identification
of nitrite in solutions in the range 10� 2–10� 5 M could be
effected with very diluted solutions of the indolizine 3a,
typically <10� 4 M (Table S1); this fact gives an idea on the
sensitivity of 3a and sustainability of the assay.

UV/Vis spectroscopy analysis brought into view very
different spectra for 3a, 3a/2N HCl and 3a/2N HCl/NO2

� ,
with λmax of 434, 385 and 509 nm, respectively (Figure S15a).
A similar pattern was observed for 3d, 3d/2N HCl and 3d/
2N HCl/NO2

� ,[35] with λmax of 444, 385 and 532 nm,
respectively (Figures 4 and S15b). The latter was used to
establish the relationship between the absorbance and nitrite
concentration, displaying a linear correlation in the three
different concentration ranges recorded (Figures 5 and S16).
The LoD[36] and LoQ[37] were determined to be 3.04×10� 6 M
and 1.01×10� 5 M, respectively (Figure S16c and equations
below).[38]

In search for an assay on a solid support, 10� 4 M samples
of 3d were impregnated on SiO2, flash SiO2 and Amberlyst
MB 3A, with acidification (2N HCl) of a 10� 2 M nitrite
solution and mixing; impregnation of 3d on basic Al2O3,
Celite, microcrystalline cellulose, MgSO4, MgO, NaCl, ZnO,
CaO, TiO2, PVA, PVC and montmorillonite K-10 was done
with or without previous acidification of 3d (the nitrite
solution was acidified in the latter case), followed by
addition of the nitrite solution. Only SiO2, flash SiO2,
microcrystalline cellulose, MgSO4 and PVA underwent a
color change, with the three latter being acidified prior to
the impregnation with 3d. Unfortunately, the reaction was
slow and with a faint coloration, making these assays useless
for lower nitrite concentrations. Last attempts were carried
out on cotton swabs as supports by (a) immersion of the
swab into a 10� 4 M solution of 3d, drying for a few minutes
and subsequent introduction into an acidified 10� 2 M nitrite
solution; (b) immersion of the swab into a previously
acidified 3d solution and, once dry, immersion into the
nitrite solution; and (c) immersion of the swab into the
nitrite solution, followed by drying and immersion in an
acidified solution of 3d. Luckily, the third variant of the
experiment produced a noticeable color change both in the
cotton swab and in the solution (Figure 3c). This change is

Figure 3. Test for the selective detection of nitrite ion (10� 4 M, MeCN)
using 3a (10� 4 M, MeCN) in acidic medium (pH 1.57, 2N HCl): (a) in
solution against thirteen anions (10� 4 M, MeCN or 1 :1 MeCN-H2O);
(b) in solution against KNO3 (10

� 4 M, MeCN); (c) on a cotton swab.

Figure 4. UV/Vis spectroscopy analysis of 3d, 3d/2N HCl and 3d/2N
HCl/NO2

� .
Figure 5. Calibration curve for nitrite concentrations ranging from
6×10� 4 to 5×10� 6 M using indolizine 3d (λ 532 nm).
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relatively fast for concentrations of nitrite in the range
>10� 2–10� 3 M. As occurred in solution, the addition of NaCl
is necessary for nitrite concentrations <10� 4 M, together
with a higher concentration of the indolizine 3d (10� 3 M)
and acid. Nonetheless, we would recommend the cotton
swab assay to be applied for nitrite concentrations of up to
10� 4 M, because the pink color is more difficult to be noticed
for lower concentrations. As mentioned in the introduction,
sodium nitrite is a common preservative used in charcuterie
and other food products (E250); gratifyingly, we could
extend the test to the detection of nitrite in frankfurters,
after previous extraction with warm water (Supporting
Information).

Conclusion

This study has highlighted the application of the Eschenmos-
er’s salt, a common (dimethylamino)methylene building
block in organic synthesis, as a novel direct formylation
agent in the presence of sodium bicarbonate. When applied
to 1-amino-substituted indolizines, the corresponding indoli-
zine-7-carbaldehydes are formed in a regioselective manner
and in modest-to-good yields. The procedure is very simple,
involving two solid reagents, in air at room temperature, and
compatible with the presence of amino groups, among
others. It must be pointed up that the classical formylation
methods were found to be inefficient in this transformation.
A thorough mechanistic study has revealed, against all odds,
that the source of the oxygen atom in the formyl group is
not the molecular oxygen of air but bicarbonate anion. We
have also demonstrated that the Eschenmoser’s salt can be
used to install a formyl group in other substrates, albeit the
addition of an oxidant or catalyst (e.g., CuNPs/C) can be
mandatory to facilitate the oxidation step of the (dimeth-
ylamino)methylated intermediate. Taking advantage of the
presence of the formyl group, some push-pull dyes have
been synthesized by extending the indolizine-ring conjuga-
tion.

In addition, the indolizinecarbaldehydes obtained have
been shown to be selective agents for the rapid and efficient
colorimetric detection of nitrites in solution for a broad
variety of concentrations. Further to this, the nitrite ion can
be also naked-eye discerned on a simple cotton swab. Good
results have been observed for the nitrite ion detection both
in water and in different food. The development of a
portable nitrite detection kit is under way.
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