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A series of the chalcone derivatives of the five-membered monoheterocyclic compounds, (E)-1-aryl-
3-heteroarylpropen-1-ones, were prepared by aldol condensation of the corresponding aldehydes of thio-
phene, pyrrole, and furan with m- and p-substituted acetophenones. Similar condensation of the acetyl
compounds of the heterocycles with m- and p-substituted benzaldehydes gave another series of the
chalcone derivatives, (E)-1-heteroaryl-3-arylpropen-1-ones. The 13C chemical shift values (δC) of the
chalcone derivatives were determined in order to find if they correlated with the Hammett σ values. A
good correlation, especially for the β-C for both series, was found for the 13C chemical shift values (δC)
of the chalcone derivatives with the Hammett σ values. The chemical shift values of the β-C of the hetero-
cyclic compounds were plotted against those of the benzene derivatives. The resulting slopes were found
to be close to the values of the aromaticity indices.
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Introduction

One of the most important concepts in organic chemistry is
aromaticity. The term “aromaticity” is quite conveniently
used in explaining the physical and chemical behavior of
many cyclic compounds. It is not surprising to find count-
less research articles related to the aromaticity.1 The con-
cept of aromaticity was originally coined to explain the
unique nature of benzene and its derivatives. Many organic
chemistry textbooks cover the concept by listing a few
criteria for the aromaticity2: (1) cyclic compound with a
large resonance energy, (2) tendency to react by substitu-
tion rather than addition, (3) (4n + 2) electrons in a ring,
and (4) ability to support a diamagnetic ring current.
The concept of aromaticity has been expanded to the

non-benzenoid compounds such as five-membered mon-
oheteroaromatic cyclic compounds like thiophene, pyrrole,
and furan. Naturally, many attempts have been made for
the quantification of the relative aromaticity of the hetero-
cycles.3 A quantitative measure of aromaticity may include
two experimental methods. One is to measure the energy
(e.g., heat of formation) of the compound in question and
to compare this with that of a hypothetical model com-
pound without the cyclic conjugation.4 Another is to look
in particular at the geometries and magnetic properties of
aromatic compounds and then compare them with non-
aromatic analogs.5 In addition to the experimental methods
molecular orbital calculation is widely carried out to come
up with a better understandings about the aromaticity.6

Table 1 lists the aromaticity indices frequently cited in
literatures, which should be directly related to the current
paper.
Generally speaking, Table 1 shows the indices of aroma-

ticity decreasing from benzene, thiophene, pyrrole, and to
furan. Although the numerical values for the indices were
not given, a similar order of the decrease was reported by
the measurement of 1J(CC) spin–spin coupling constants for
the five-membered heterocycles.14

Whatever method is employed, there seems to be prob-
lems in the quantitative aromaticity scale. The problems are
encountered because of (1) the difference between the elec-
tronic structure of the heteroatom and carbon, (2) incompati-
bility of the different physical and chemical molecular
characteristics, (3) comparison of the experimental data
obtained in different media, and (4) difficulties in the defi-
nition of the non-aromatic model to compare with the aro-
matic compound.
NMR spectroscopy has been employed as a tool for the

determination of the aromaticity.15 Typically, ring-current
intensity and nucleus-independent chemical shifts are the
criteria for the aromaticity. On the other hand, the compari-
son of the chemical shift values of one series of aromatic
compounds to those of another series may be used as a
measure of the relative aromaticities of the two aromatic
rings.
There are several reports on the values of the indices

of aromaticity for the five-membered monoheterocyclic
compounds using NMR spectroscopy in this way.16 At
first, the chemical shift values of m- and p-substituted
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benzophenones were compared with the aryl ketones of the
heterocycles.16a Similar approaches were made with the
substituted phenyl esters16b, c and amides.16d
The present paper reports the values of the indices

derived from the values of the chemical shifts of the two
chalcone series, (E)-1-aryl-3-heteroarylpropen-1-ones (1–4)
and (E)-1-heteroaryl-3-arylpropen-1-ones (5–8).

Experimental

Nuclear magnetic resonance (NMR) spectra in
chloroform‑d solution were recorded on a Bruker DPX-400
FT NMR spectrometer (Billerica, MA, USA) in the Central
Lab of Kangwon National University at 400 MHz for 1H
and 100 MHz for 13C and were referenced to tetra-
methylsilane. The solutions were 0.10 M in CDCl3. Each
solution was prepared in a l mL cylindrical volumetric flask
by weighing the compound into the flask and filling with
the solvent containing 1%-TMS. A portion (0.60 mL) of
the solution was transferred into a 5 mm NMR tube and the
spectrum was obtained at 20�C. The σ values for the m-
and p-substituents are from the literature.17

Benzaldehyde, 2- and 3-thiophenecarbaldehydes,
2-pyrrolecarbaldehyde, 2- and 3-furfurals, and m- and p-
substituted acetophenones were the commercial products
and used as delivered. Column chromatography was per-
formed using silica gel and a 1:1 mixture of ethyl acetate
and hexane as the elution solvent. The chalcone derivatives
were prepared by following the procedures reported.14,18,19

Yields are listed in the supporting information. 1H and 13C
NMR spectral data are also listed in the supporting
information.

Preparation of the Chalcones. An Illustrative Procedure
with (E)-1-Aryl-3-(2-pyrrolyl)-2-propenones (3k).
2-Pyrrolecarbaldehyde (12 mmol), acetophenone
(13 mmol), and 24 mmol of NaOH in ethanol (20 mL) and
water (10 mL) were mixed in an ice-bath and stirred for 4 h
in the bath. The mixture was neutralized with 1 M-HCl
aqueous solution to pH 8–9. The resulting precipitate was
collected and recrystallized from ethanol.

Results and Discussion

Chalcones are widely known compounds and their synthe-
ses are extensively reported. In addition, chalcone has a
structural characteristic of α,β-unsaturated carbonyl skele-
ton, which raises various spectroscopic interests. The pres-
ence of an enone moiety in chalcone has been the point of
interest in studying the transmission of the electronic effect
of the substituent from one aryl ring to the other ring. For
example, the carbonyl stretching frequencies in 1-phenyl-
3-(5-aryl-2-furyl or 2-thienyl)propenones were studied in
order to compare the effect of the heterocyclic rings in the
transmission of the electronic effect.20 (E)-1-(5-methyl-
2-furyl)-3-(substituted phenyl)-2-propen-1-ones (8, 5-CH3)
were synthesized by crossed-aldol condensation between
2-acetyl-5-methylfuran and substituted benzaldehydes.21

The 1H and 13C chemical shift values were attempted to
correlate with the Hammett substituent constants to show
poor correlation coefficients. The antimicrobial activities
were also examined.
At first we were interested in preparing chalcone derivatives

of five-membered monoheterocyclic compounds in order to
evaluate various biological activities. We attempted to prepare
the chalcone derivatives according to the Scheme 1.
Aldol condensation between benzaldehyde and

acetophenones were very effective, giving the chalcones,
(E)-1-aryl-3-phenyl-2-propenones (1) in over 90% yields.22

Similarly, (E)-1-phenyl-3-aryl-2-propenones (5) were pre-
pared from the condensation of acetophenone with m- and
p-substituted benzaldehydes in good yields. (E)-1-Aryl-
3-(2-thienyl)-2-propenones (2) were prepared by the aldol
condensations of 2-thiophenecarbaldehyde with m- and p-
substituted acetophenones in the presence of NaOH in
ethanol-water solution.23 Condensation of 2-acetylthiophene
with the substituted benzaldehydes gave 6. The yields of
2 and 6 were generally good (60–90%).18 Series of (E)-
1-aryl-3-(2-pyrrolyl)-2-propenones (3), that were aldol con-
densation products between pyrrole-2-carbaldehyde and m-

Table 1. Values of aromaticity indices in literatures.7

Method Benzene Thiophene Pyrrole Furan

Ring current8 1.00 0.75 0.59 0.46
Bond length9 1.00 0.93 0.91 0.87
Dewar resonance energy10 22.6 6.5 5.3 4.3
Hess–Schaad resonance

energy11
9.0 4.5 5.3 1.0

ETRPE
12 45.7 33.0 40.0 7.0

ING
12 40.9 39.5 38.7 36.7

Iring5b 0.0883 0.0696 0.0962 0.0541
RCI5b 1.751 1.450 1.464 1.431
IA5b 100 81.5 85 5.3
Dilution shift method13 13.93 11.56 — 7.67

Scheme 1. Synthesis of the Chalcone Derivatives.
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and p-substituted acetophenones, were prepared,19 but the
yields were not as good as the thiophene series. On the other
hand, the yields of 7 which were the condensation products
of 2-acetylpyrrole with m- and p-substituted benzaldehydes
were good (75–91%) under similar reaction conditions. Simi-
larly, the condensation of furfural with the acetophenones
gave the chalcone analogs 4 and the similar reaction of
2-acetylfuran with the substituted benzaldehydes resulted
8 in moderate yields (40–60%).
All the products were purified by recrystallization from

ethanol to analytical purity, which is essential for spectro-
scopic analysis. The NMR spectra of 1–8 were obtained in
0.1 M CDCl3 solutions. Assignments were made with the
aid of 1H 1H COSY and 1H 13C HETCOR spectroscopy.
The complete chemical shift data are not listed in the pre-
sent paper because of the limited space and the objective of
the current paper is to discussing the aromaticity.
The substituent effect on the chemical shift is typically

analyzed by the single substituent parameter (SSP) and dual
substituent parameter (DSP) approach, which are represen-
ted by Eqs. (1) and (2), respectively.24

δ = ρσ + δo ð1Þ
δ = ρIσI + ρRσR + δo ð2Þ

Figure 1 shows the correlations of the chemical shift
values of the β-Cs of 1–8 with the Hammett σ values17

according to Eq. (1).
Table 2 lists the slopes (ρ) and the correlation coefficients

(r) obtained from the similar plotting with the values of the
chemical shifts of C O, α-C, β-C, and i-C of 1–8.
There are several striking characteristics in Table 2. One

of them is the negative values of the slopes for the carbonyl
and the ipso-Cs. Furthermore, the correlations are poor for
the carbonyl carbons (r = 0.525–0.597) of 1–4. The poor
correlation for the substituted benzoyl series is not surpris-
ing because the substituted benzoyl derivatives show poor
correlation similarly for the carbonyl carbon.16 Solaniova

et al. investigated the substituent effect of chalcones having
para substituents in terms of the field (F) and resonance (R)
parameters and reported the directions of the two effects
were opposite ( F and +R) for 1 and same ( F and –R)
for 5.22 We reported the positive ρ values for the electron-
donating substituents and the negative ρ values for the
electron-withdrawing substituents,16,18 which resulted in
poor correlation overall.
In contrast, the correlations are good (r = 0.967–0.992)

for the carbonyl carbon shifts of 5–8, although the absolute
magnitude of the ρ values are smaller (ca. 63–76%) than
those of 1–4. The distance between the substituent and the
carbonyl carbon atom is much closer in 1–4 than in 5–8,
which could be the cause of the smaller ρ values (approxi-
mately −111.69 to −154.61 ppm for 1–4 vs. −56.74 to
−109.12 ppm for 5–8).
The inverse correlation of the chemical shifts of the car-

bonyl carbons in 5–8 with good to excellent correlation
coefficients may be the result of the alternating π–polariza-
tion25 as I:

Similar polarization may be operating in 1–4, but the
presence of the carbonyl group bonded directly to the phe-
nyl ring having the substituent should affect the electronic
effect of the substituent differently depending on the nature
of the substituent (electron-donating group vs. electron-
withdrawing group), as shown in II and III.
Such a polarization effect should cause the inverse corre-

lations (ρ = − 289.71 ~ −371.82 ppm) of the chemical
shifts of the β-Cs in 5–8, which are confirmed from
Table 2. The inverse correlations observed for the β-Cs in
5–8, are striking contrasts to the normal correlations
(ρ = 174.82 – 268.96 ppm) in the cases of 1–4, as shown in
Table 2. The inverse substituent effect was reported for the
α-Cs of m- and p-substituted styrene26 and for the α-Cs of
the substituted cinnamate esters.27

The phenomenon of the alternating π polarization is
evidenced by the observation of the normal correlation for

Figure 1. Correlation between σ and 13C chemical shifts of
β-carbons in 1–8 in 0.1 M-chloroform‑d.

Table 2. Slopes and correlation coefficients (ppm) of the plots of
13C chemical shift values against the Hammett σ.

C=O α-C β-C i-C
ρ r ρ r ρ r ρ r

1 −142.66 0.573 −121.42 0.844 268.96 0.994 −91.68 0.997
2 −148.60 0.597 −144.80 0.878 247.23 0.994 −73.58 0.992
3 −111.69 0.525 −91.87 0.809 204.68 0.991 −5.92 0.800
4 −154.61 0.621 −121.19 0.845 204.62 0.994 −57.34 0.993
5 −109.12 0.967 472.32 0.978 −371.82 0.952 −92.03 0.997
6 −94.09 0.972 458.33 0.941 −352.47 0.953 −78.40 0.996
7 −69.97 0.980 356.61 0.859 −290.47 0.937 −9.79 0.822
8 −56.74 0.992 310.34 0.875 −289.71 0.959 −65.55 0.982
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the chemical shifts of the α-Cs (ρ = 310.34–472.32 ppm)
for 5–8. A similar correlation was reported for the 13C
NMR spectra of pyridine chalcone analogs.28

It is worthwhile to point out that the absolute magnitude
of the slope is the largest for the β-Cs among 1–4 and α-Cs
among 5–8. The latter is expected because the carbon atom
is the β-C of the styryl system (ZC6H4CH = *CH2).

26,27

However, the β-C in 1–4 is separated by three bonds from
the benzene ring having the substituents at m- and p-posi-
tions, and the through-bond transmission of the electronic
effect of the substituent cannot explain the largest values of
the slopes. Apparently, the effect may be transmitted
through space as shown in IV.

When the values of the chemical shifts of the β-Cs in the
heterocycles 2–4 are plotted against those in the benzene
derivatives 1, excellent correlations (r = 0.999) were
observed as shown in Figure 2. Similar plotting with the het-
erocycles 6–8 against the benzene derivatives 5 also showed
a good correlation. Table 3 lists the slopes and the correla-
tion coefficients of such plots for C O, α-C, β-C, and i-C.
Table 3 clearly reflects that the thiophene ring bonded

to the β-C of propenone behaves magnetically very close
to benzene ring with slopes of 2/1 near unity (0.92–1.14)

for C O, α-C, β-C, and i-C with the excellent r values
(0.992–0.999). When the thiophene ring is bonded to the
carbonyl carbon, the values of the slopes of 6/5 for
C O, α-C, and i-C decrease about 10%. However, the
slope for the β-C shows a slight increase (0.92 for 2/1 to
0.95 for 6/5).
The correlations of the furan series with the benzene

series (4/1 and 8/5) are also excellent (r = 0.990–0.999). It
should be pointed out that the slopes of the plots of 2/1 and
4/1 for the carbonyl carbon are same (1.00). Both S and O
atoms belong to the group VI in the periodic table and the
overall electronic effect may be similar because the hetero
atoms and the carbonyl carbon atom are apart by four
bonds. Apparently, the chemical shift of the carbonyl car-
bon atom seems to be influenced mostly by the electronic
effect of the substituent and the nature of the aryl group at
the β position is not important except the case of pyrroles
3 and 7.
The value of the slope for the carbonyl carbon atom of

the pyrrole against the benzene (3/1) is smaller (0.84) than
the analogous slope values of thiophene and furan (1.00).
The resonance contribution of the N atom should be much
more significant than that of S or O atom, as shown in
V and VI. The electronic effect of the substituent should be
transmitted differently through the extended conjugation of
the double bonds, which leads to the smaller value of the
slope

.
The significant contribution of the resonance structures

V and VI in the pyrrole compounds are well reflected by
the slopes of near zero for the ipso carbon in the plots of
3/1 and 7/5 with the poor correlation coefficient values.
Such a resonance contribution should be minimal with
the benzene ring or the heterocyclic rings having S and
O atoms.
The values of the slopes for the α-Cs are very close

also for thiophene (1.14) and furan (1.13). The α-C is
separated from the hetero atom by three bonds, and
the unshared electron pair orbital should be close to the
p orbital of the α-C, as shown in VII. Therefore, the

Figure 2. Correlation of 13C chemical shifts of the β-Cs in the
heteroaryl chalcones 2–4 with those in the chalcones 1.

Table 3. Slopes and correlation coefficients of the plots of 13C chemical shift values of the heterocycle series (2–4 and 6–8) vs. those of
the benzene series (1and 5).

2/1 slope r 3/1 slope r 4/1 slope r 6/5 slope r 7/5 slope r 8/5 slope r

C=O 1.00 0.999 0.84 0.982 1.00 0.998 0.86 0.998 0.64 0.965 0.52 0.990
α-C 1.14 0.997 0.75 0.955 1.13 0.993 0.99 0.982 0.71 0.830 0.66 0.983
β-C 0.92 0.999 0.76 0.999 0.76 0.999 0.95 0.999 0.79 0.992 0.76 0.985
i-C 0.94 0.999 0.00 0.035 0.74 0.999 0.86 0.998 0.11 0.865 0.71 0.995
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susceptibility of the substituent effect may be greater in
2 and 4 than in 1, which leads to the values of the slopes
greater than unity.

The most important observation from the values of the
slopes in Table 3 is for the β-Cs. The β-C atom is bonded
directly to the benzene and the heteroaryl rings. Therefore,
the values of the slopes should be considered as a measure
of the overall influence of the heteroaryl ring that is com-
pared to the benzene ring. If we define the aromaticity as
the overall influence of the benzene ring, the relative mag-
nitude of the slope of a plot for a heteroaryl system against
a benzene system many be considered as the index of the
aromaticity. Such logic may lead to the values of the slopes
0.92, 0.76, and 0.76 for the β-Cs of 2/1, 3/1, and 4/1,
respectively, should be a reflection of the aromaticity indi-
ces for thiophene, pyrrole, and furan, respectively, if the
index of benzene is set to 1.00.
The values of the slopes from the plots of the chemical

shift values of the carbonyl carbon atoms in 6–8 against
those in the benzene compounds 5 also seem to be consid-
ered as the indices of aromaticity for the heterocycles. The
values 0.86, 0.64, and 0.52 from 6/5, 7/5, and 8/5, respec-
tively, should reflect the magnitude of the direct influence
of the heterocyclic rings in comparison with the benzene
ring. The values obtained for α-C and β-C from the slopes
of the plots 6/5, 7/5, and 8/5 may be considered as the indi-
ces of the aromaticity for the heterocycles. Although they
are slightly different, it is certain that thiophene is most like
benzene whereas furan is least like benzene.
In conclusion, it is possible to evaluate the degree of aro-

maticity of heterocyclic compounds numerically from the
slopes of the plot of the 13C NMR chemical shift values of
the heterocyclic derivatives of chalcones against the
chalcone derivatives with same substituents Figure S1–S16.
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