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BF3-OEt, mediated inverse electron demand Diels—Alder (IEDDA)
reaction of chalcones with aryl acetylenes is reported for the
synthesis of symmetrical and unsymmetrical 2,4,6-triarylpyrylium
ions. The protocol provides an effective one-pot method for the
utilization of readily available simple substrates under mild reaction
conditions leading to a diverse array of pyrylium ions in moderately
good yield.

Triarylpyrylium salts feature prominently in the repertoire of
synthetic molecules due to their wide range of applications in
synthetic, medicinal and material chemistry." Aromaticity of
pyrylium salts makes them susceptible to nucleophilic reactions
and are remarkable precursors for the synthesis of pyridinium,
pyridine, phosphinine, thiopyrylium cores, etc.” Because of tunable
fluorescence properties, substituted pyrylium ions have been
used as photosensitizers,'”” Q-switchers,"” laser dyes,® organic
luminophores” and in solar cells.®

The diversified industrial applications of pyrylium salts led
to the exploration of various methods for their synthesis in the
early 20th century. Among them, the most established metho-
dology is the cyclization of 1,5-dione (Scheme 1a).° In 1935,
Dovey and Robinson reported a two component synthesis of
triarylpyrylium using acetophenone and dypnone with very low
yield.'® In 1963, Bos and Arens reported the pyrylium cations as
a byproduct in the addition reaction of carbonyl compounds to
alkynes (Scheme 1b).™* Further, metal catalyzed rearrangement
of triarylcyclopentadienes was reported in 2003.'> The main

@ Chemical Sciences and Technology Division, CSIR-National Institute for
Interdisciplinary Science and Technology (NIIST), Thiruvananthapuram - 695 019,
India. E-mail: drsasidharbs@niist.res.in

b Academy of Scientific and Innovative Research (AcSIR), CSIR-NIIST campus,
Thiruvananthapuram 695 019, India

t Electronic supplementary information (ESI) available: Experimental proce-

dures, optimization table, 'H and *C NMR spectra of all new compounds

(PDF), X-ray crystal structure data of 3f (CIF). CCDC 1574744. For ESI and

crystallographic data in CIF or other electronic format see DOI: 10.1039/

c8cc06444j

This journal is © The Royal Society of Chemistry 2018

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

Synthesis of symmetrical and unsymmetrical
triarylpyrylium ions via an inverse electron
demand Diels—Alder reactionf

C. T. Fathimath Salfeena,®® Basavaraja,®® K. T. Ashitha,®® V. Praveen Kumar,®®
Sunil Varughese,®® Cherumuttathu H. Suresh

@ and B. S. Sasidhar (2 *3©

Dilthey et al. 1916
o] o

BF3.0Et,
H + ®Jk
Bos et al. 1963 Q
i BF3.OFt | N - b
+ @;)—: — 2 Z
@JLH Ry 0% Ry
Rq=Aryl BF®
Symmetrical pyrylium ion
Our work ;VR1'

@JI\/\Ri+@E

R, Ry, Ry= Aryl, heteroaryl

BF3.0Et,
Cyclohexane

BFY

Symmetrical and unsymmetrical pyrylium ions

Scheme 1 Strategies employed for the synthesis of pyrylium ions.

limitations of the existing methods are low yields, tedious
separation process and only symmetrical pyrylium ions can
be synthesized in a single step reaction. As a result, very few
derivatives of pyrylium salts are commercially available and
are priced at exorbitant rates even for milligram quantities.
These consequences inspired us to develop an approach for the
synthesis of triarylpyrylium ion through the IEDDA reaction
(Scheme 1c).

Over the years, the IEDDA reaction has gathered a remark-
able amount of attention by offering a broad spectrum of
applications in organic synthesis, and polymer and material
science.”® In the life sciences, IEDDA has solved challenging
problems in bioorthogonal and metal-free click chemistry.'*
Following the initial success of the IEDDA of 3,6-disubstituted
1,2,4,5-tetrazines, a wide variety of tetrazines and triazines have
been well investigated along with the less reactive 1,2-diazines."*™"”
However, other than azine chemistry, the IEDDA has not been
generalized for other substrates, especially with unprotected
and non-activated substrates under mild reaction conditions.

Chem. Commun., 2018, 54, 12463-12466 | 12463


http://orcid.org/0000-0001-7237-6638
http://orcid.org/0000-0003-1546-2083
http://crossmark.crossref.org/dialog/?doi=10.1039/c8cc06444j&domain=pdf&date_stamp=2018-10-18
http://rsc.li/chemcomm
http://dx.doi.org/10.1039/c8cc06444j
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC054088

Published on 11 October 2018. Downloaded by |owa State University on 1/20/2019 6:38:10 PM.

Communication

Q BF3.0Et, (3 equiv.) z
.JL //\. —
@;)—_ 0O, 60-70°C
@ @ * C;clohexane 6 O@ @
3 BF4

I 3b, 70°/ I I I I 3d, 67°/ I

3c, 56"/

Z

N

@ O

3a, 65°/
I 3e, 48% | I I

3f, 51%

g&&@

67%

0360

L

3p, 57% 3q, 76% 3r, 48% 3s, trace

Scheme 2 Substrate scope with respect to chalcone derivatives.

Therefore, the present protocol is an effective tool for the
utilization of readily available simple substrates leading to a
diverse array of symmetrical and unsymmetrical pyrylium ions
through the IEDDA reaction.'®

In line with our previous results on the reactivity of
o,B-unsaturated ketones,'® we perceived a reaction between
chalcone and phenylacetylene in a nonpolar solvent, anticipat-
ing the formation of a 4H-pyran ring which can be air oxidized
to a pyrylium ion. Our investigation commenced with the
reaction of 0.11 mmol of chalcone (1a) and 0.33 mmol of
phenylacetylene (2a) by employing 3 equivalent of BF;-OEt, as
a catalyst in CCl, at room temperature, a yellow colour fluo-
rescent product (3a) precipitated out in 35% yield without
any further purification. Product 3a was fully characterised by
various spectroscopic techniques such as 'H, *C and '°F NMR,
as well as single-crystal X-ray analysis (Scheme 2), confirming
the product as 2,4,6-triphenylpyrylium tetrafluoroborate unam-
biguously (for details see ESIf). To optimise the reaction
conditions, a systematic screening of various nonpolar solvents
such as n-hexane, cyclohexane, and toluene, as well as polar
solvents like THF, CH,Cl,, CHCl;, DMF and ethylacetate was
carried out (Table S1, ESIT). A comparatively higher percentage
of products precipitated in nonpolar solvents than in polar
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solvents. In particular, 35 and 34% yields were obtained in CCl,
and cyclohexane, respectively. For further optimisation studies
we took cyclohexane as the solvent. Addition of additives like
In(OTf);, CF3COOH, AuCl-PPh;, AuCl;-3H,0, and Cu(OAc), did
not improve the reaction yield. Interestingly, supply of mole-
cular oxygen at room temperature improved the yield of the
reaction to 44%. Here, oxygen is expected to act as a co-oxidant
for the improved kinetics of the reaction. Further increase in
the yield up to 65% was observed when the reaction was carried
out at elevated temperatures (60-70 °C). In contrast, the refluxing
temperature suppressed the yield of the product. Similarly, in a
stoichiometric ratio of 1:2 of chalcone and phenylacetylene at
60-70 °C, pyrylium ion was obtained with a reduced yield of 49%.
Furthermore, catalyst loading higher than three equivalents of
BF;-OEt, did not produce any encouraging result.

After optimising the reaction conditions, we explored the
scope of the reaction for the synthesis of both symmetrical
and unsymmetrical 2,4,6-triarylpyrylium ions using an array of
chalcones and alkynes (Scheme 2).

A wide range of aromatic and heteroaromatic chalcones (1),
and alkynes (2) bearing electron withdrawing, or donating
groups were employed as suitable substrates. The reaction
conditions showed very good functional group tolerability. Only
comparable differences have been found for all the cases. From
these results we concluded that aryl rings with electron donating
groups are competing better in the reaction than electron with-
drawing groups. But, chalcones with a -F substituent have
shown higher yields than those with an electron donating
group. Chalcones with heteroaryl substitution, like furan, thio-
phene etc. afforded higher yields. Encouraging results were also
obtained with substituents -OMe, -OH, -Cl, -Br, naphthalene
etc. When we extended the reaction for a fused system, using
tetralone chalcone, cyclised product 3r was obtained in 57%
yield. In contrast, for 2-benzylidene cyclohexanone the product
3s precipitated in a trace amount. For understanding the
mechanism of the reaction we extended the scope to various
substituted aryl and heteroaryl acetylenes (Scheme 3). As predicted it
clearly displayed the electronic effect of substituents on the reaction
process. Phenylacetylene with electron withdrawing groups reduced
the yield of the reaction, while methyl and n-propyl substitution
provided comparatively higher yields. 3-Ethynylthiophene afforded

BF3.0Et; (3 eqv.)

02, 60-70°C
Cyclohexane

R;=CHj; 3t, 64%
R3=Br; 3u, 52%
R5=F; 3w, 44%

Scheme 3 Scope of the reaction with substituted phenylacetylene.
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Scheme 4 Scope of the reaction for differently substituted 2,4,6-
triarylpyrylium ions.

the highest yield of 98%. We have also synthesized a variety of
differently substituted unsymmetrical 2,4,6-triarylpyrylium
ions (Scheme 4). To the best of our knowledge the present
work is the first report on the synthesis of both symmetrical
and unsymmetrical pyrylium ions via one-pot transformation.

Based on the results, we propose an inverse electron demand
Diels-Alder (IEDDA) mechanism for the reaction (Scheme S7,
ESIt). In a normal [4+2] cycloaddition, the highest occupied
molecular orbital (HOMO) of the chalcone interacts with the
lowest unoccupied molecular orbital (LUMO) of the arylacetylene
(Fig. 1a), while coordination of BF; to the carbonyl lowers the
energy of the LUMO of the chalcone and promotes the interaction
between that and the HOMO of the arylacetylene (Fig. 1b). Density
functional theory calculations® at M06-2X/SMD/6-311++G(d,p)//
MO06-2X/6-311++G(d,p) level (ESIT) show LUMO activation®® of the
chalcone that facilitates an IEDDA mechanism. The activation
energy (E,.) determined from transition state 1 (ts1) for this
mechanism is 13.3 kcal mol™', which yields 2,4,6-triaryl-4H-
pyran (Fig. 2a). Formation of the isomer 2,4,5-triaryl-4H-pyran
via ts1’ is more energy demanding (E.cc = 23.9 keal mol "), which
in fact corroborates the high regioselectivity of the reaction (Fig. S65,
ESIY). For normal cycloaddition, without the mediation of BF;-OEt,,
transition states similar to ts1 and ts1’ show substantially higher
Eqer, viz. 26.3 and 26.8 keal mol ', respectively (Fig. S66 and S67,
ESIT) which confirms that BF;-OEt, acts as a catalyst and brings
regioselectivity in the reaction. The intermediate obtained from
ts1 is 2,4,6-triaryl-4H-pyran. - -BF; adduct (Fig. 2b). BF; in the
adduct showed a strong tendency to abstract the hydride
moiety from the saturated C-H bond by heterolytically cleaving
it with E,. 30.2 kcal mol™" via ts2 (Fig. 2c). This step of the

LUMO-033 ¢V ¥ HOMO -8.00 eV
(a) » ' (b) !
p : PNk

HOMO -7.95 eV LUMO -2.67 eV

Fig.1 Frontier molecular orbital interaction for [4+2] cycloaddition
(a) without and (b) with BFs mediation.
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reaction yields the ion-pair complex of pyrylium cation and
BF;H . The BF;H  may further react with BF; in the system to
yield BF,, the counter cation observed in the crystal structure
of 3f (Scheme 2). This also supports the use of an excess
amount of BF; in the reaction. The pyrylium cation formation
from 4H-pyran is endothermic because the bond energy of the
cleaved C-H bond is very high compared to the newly formed
ionic B-H bond (Fig. 2d). Although the facile nature of the
reaction under mild conditions cannot be fully explained by the
endothermic nature of the product formation, the conversion
of BF;H™ to BF, in excess of BF; may drive the reaction
towards the forward direction.

Since the pyrylium ions are of high industrial relevance, the
production in large scale by means of a simple and industrially
feasible process is highly desirable. Hence, we conducted an
experiment with 1 g of 3-(4-chlorophenyl)-1-phenylprop-2-en-1-
one (1 g) and the product 3f yielded 763 mg (43%) under the
optimised conditions (Scheme 5). Alongside, a pyrylium ion
with different anions shows variations in physical properties
and reactivity. Hence, in an attempt to prepare pyrylium ions
with triflate as the anion using triflic acid as the catalyst was
successfully demonstrated with a yield of 48% (4a) (Scheme 5).

In conclusion, we have developed an effective protocol
towards the industrially relevant pyrylium ions from simple
precursors: chalcones and alkynes. The strategy provides a wide
range of symmetrical as well as unsymmetrical triarylpyrylium
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Scheme 5 (a) Gram-scale synthesis of 3f. (b) Synthesis of 2,4,6-triphenyl-
pyrylium triflate, 4a.
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ions through operationally simple and mild reaction conditions
in one-pot. The reaction proceeds via a highly regioselective
inverse electron demand Diels-Alder (IEDDA) mechanism.
Ongoing efforts in our laboratory are directed toward the
establishment of the generality of this protocol on other
heterocyclic appended and fused chalcone systems for the
exploration of catalytic and photophysical properties.
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