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Abstract The standard (p° = 0.1 MPa) molar enthalpies
of formation in the condensed state of chromone-3-car-
boxylic acid and coumarin-3-carboxylic acid were derived
from the standard molar energies of combustion in oxygen
at T = 298.15 K, measured by combustion calorimetry.
The standard molar enthalpies of sublimation were
obtained by Calvet microcalorimetry. From these values
the standard molar enthalpies in the gaseous phase, at
T = 298.15 K, were derived. Additionally estimates of the
enthalpies of formation, of all the studied compounds in
gas-phase, were performed using DFT and other more
accurate correlated calculations (MCCM and G3MP2),
together with appropriate isodesmic, homodesmic or
atomization reactions. There is a reasonable agreement
between computational and experimental results.
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Introduction

Chromones are a class of compounds with a large distri-
bution on nature and a huge number of applications and
properties. They have potent effects in preventing both
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earlier and late asthmatic responses to inhaled allergens,
such as pollen, and reducing airway reactivity to a range of
inhaled irritants [1-3].

In the present study, we report the standard molar
enthalpies of formation of chromone-3-carboxylic acid and
coumarin-3-carboxylic acid in the gas-phase, at
T = 298.15 K. This results were obtained from measure-
ments of combustion energies, at 7 = 298.15 K, using a
static bomb calorimeter. The standard molar enthalpies of
sublimation were measured by Calvet microcalorimetry.
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We also present estimates of the enthalpies of formation
of the two isomers in gas-phase, using DFT and also other
more accurate composite correlated calculations, MCCM
and G3MP2, together with appropriate isodesmic, homodes-
mic or atomization reactions.

Additionally the NICS values are discussed compara-
tively to the non substituted chromone and coumarin.

Experimental section

Materials and DSC

Chromone-3-carboxylic acid [CAS 39079-62-4] and coumarin-
3-carboxylic acid [CAS 531-81-7] are commercial products

from Aldrich Chemical Co. [4]. The samples were purified
by repeated sublimation under reduced pressure before the
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Table 1 Temperatures of fusion, Ty, enthalpies of fusion, A H? (Ttus), and purity of chromone-3-carboxylic acid and coumarin-3-carboxylic

crom

acid

Compound Tr/K Al _HO (Tgys)/kJ mol ™' Purity/%
Chromone-3-carboxylic acid 473.21 £ 0.48 31.42 £ 0.38 99.80 £ 0.08
Coumarin-3-carboxylic acid 463.11 £ 0.11 30.95 + 0.13 99.57 £ 0.03

experimental studies. The purity of the two isomers
(Table 1) was derived from DSC (Setaram DSC 141)
analysis by a fractional fusion technique [5]. The samples,
hermetically sealed in stainless steel crucibles, were heated
at 1.67 x 1072 K s~ '. The temperature scale of the calo-
rimeter was calibrated by measuring the melting tempera-
ture of three high purity reference materials (naphthalene,
benzoic acid and indium) [6] and its power scale was cali-
brated with high-purity indium (mass fraction > 0.99999).
The recorded thermograms for both compounds did not
show any phase transitions between 298 K and the melting
temperature of the compounds.

The purity of the samples was also confirmed through
the carbon dioxide gravimetry results. The average ratios,
together with the standard deviation of the mean, of the
mass of carbon dioxide recovered after each combustion
experiment to that calculated from the mass of sample
were: chromone-3-carboxylic acid (0.9998 & 0.01) and
chromone-3-carboxylic acid (1.0000 £ 0.01). The densi-
ties of the samples were estimated, from the mass and the
dimensions of pellets of the crystalline compounds, as
chromone-3-carboxylic acid (1.13 g cm ™) and coumarin-
3-carboxylic acid (1.17 g cm ™).

Combustion calorimetry

The combustion experiments were performed with a static
bomb calorimeter, using a twin valve bomb, type 1108 of
Parr Instrument Company. The apparatus and technique
have been described previously [7, 8] so only a brief
description is made here. Benzoic acid (Bureau of Analysed
Samples, Thermochemical Standard, BCS-CRM-190 p) was
used for calibration of the bomb. Its massic energy of
combustion under certificate conditions is A =
—(26435.1 =3.5) 1 g_l. The calibration results were cor-
rected to give the energy equivalent ¢, corresponding to the
average mass of water added to the calorimeter, 3119.6 g.
From six independent calibration experiments performed
& = (160048 £ 1.6) J K™', where the
tainty quoted is the standard deviation of the mean.
The compounds were burnt in pellet form. Combustion
experiments were made in oxygen at p = 3.04 MPa, with
1.00 cm® of water added to the bomb. The electrical energy
for ignition, AU(ign.), was determined from the change in
potential difference across a capacitor when discharged

uncer-
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through the platinum ignition wire. As samples were
ignited at T = 298.15 K,

AU(IBP) = — {8031 + Am(HZO) . Cp(HQO, 1) + Sf}ATad
+ AUign (1)

where AU(IBP) is the energy associated to the isothermal
bomb process, &, is the energy of the bomb contents after
ignition and AT,q is the adiabatic temperature raise calcu-
lated using the program LABTERMO [9]. For the cotton-
thread fuse, empirical formula CH; 3600843, the value of
—16250 J g~ [10] was taken for the massic energy of
combustion, Acuo (the value has been confirmed in our
laboratory). The corrections for nitric acid formation
AU(HNOs3) were based on —59.7 kJ mol ™" [11] for the
molar energy of formation of 0.1 mol dm™> HNOs(aq)
from N,, O,, and H,O(). The mass of compound,
m(compound), used in each experiment was determined
from the total mass of carbon dioxide, m(CO,, total),
produced after allowance for that formed from the cotton
thread fuse.

An estimated pressure coefficient of specific energy:
(Oup)r = —02T g7 MPa~' at T = 298.15 K, a typical
value for most organic compounds, was assumed [12]. For
each compound, the corrections to the standard state, AUs,
to derive the standard massic energy of combustion, Acuo,
were made by the procedure given by Hubbard et al. [13].
The atomic weights of the elements were those recom-
mended by the [TUPAC commission in 2005 [14].

Microcalorimetry calvet

The standard molar enthalpies of sublimation were mea-
sured using the “vacuum sublimation” drop microcalori-
metric method [15]. The microcalorimeter was calibrated
in situ for these measurements using the reported enthalpy
of sublimation of naphthalene [16] Samples, of about
3-5 mg of the compounds contained in a thin glass capil-
lary tube sealed at one end, were dropped, at room tem-
perature, into the hot reaction vessel, in a high temperature
Calvet microcalorimeter (SETARAM HT 1000D) held at
T =444 K for chromone-3-carboxylic acid and at
T =453 K for coumarin-3-carboxylic acid and then
removed from the hot zone by vacuum evaporation. The
thermal corrections for the glass capillary tubes were
determined in separate experiments and were minimized,



Thermochemistry of chromone- and coumarin-3-carboxylic acid

521

as far as possible, by dropping tubes of nearly equal mass
into each of the twin calorimeter cells. From six indepen-
dent experiments for each compound a mean value was
obtained for the observed standard molar enthalpy of

sublimation, A7 HO,
cr,298.15K° ~ M

T = 298.15 K, Alog 1sxHC (), using the equation:
T

which was then corrected to

T 0 _
A298415KHm(g) =
298.15K

), (g)dT (2)

where T is the temperature of the hot reaction vessel,
Cg,m(g) is the molar heat capacity of the compound in the
gas phase and was obtained from statistical thermody-
namics using the vibrational frequencies obtained from the
DFT calculations with the B3LYP functional and the

6-31G* basis set:

Chromone-3-carboxylic acid

C9,(g)/(Imol 'K™") = —0.000474(T /K’
+0.837(T/K) — 28.573 (3)

Coumarin-3-carboxylic acid

C9,,(g)/(Jmol 'K™") = —0.000485(T /K’
+0.847(T/K) — 30.648 (4)

Computational details

The geometries of all molecules have been fully optimized
using density functional theory (DFT) with the Becke
3-parameter hybrid exchange [17] and the Lee—Yang—Parr
[18] correlation density functionals (B3LYP) and the
Pople’s split-valence 6-31G* extended basis set [19, 20].
The optimum structures so obtained where further certified
as true minima by constructing and diagonalizing the cor-
responding Cartesian hessian matrix, this procedure pro-
viding also the harmonic vibrational frequencies which,
after properly scaled by the recommended scaling factor
0.9614, [21] allow reliable calculations of the thermal
corrections to the molecular energy. We have further
refined the optimum structures by reoptimizing them using
the same methodology with the Pople’s split-valence
6-311G** extended basis set [22, 23]. These final opti-
mized structures where then used to perform single point
DFT calculations with the cc-pVTZ basis set [24-27] and
also energy calculations based on more accurate correlated
computational techniques of the MCCM/3 suite [28, 29]
and of the Gaussian series, namely G3MP2 calcula-
tions[30]. In addition we have studied the main electronic
interactions contributing to the stabilization of the mole-
cules by analysing the corresponding restricted Hartree—
Fock wave functions, HF/6-311G**, by using Natural
Bonding Orbitals (NBO) procedures [31-33].

All the geometry optimizations, vibrational analysis and
single point calculations have been performed using the
UK version of program GAMESS [34, 35]. The MCCM
series of calculations have been performed using the
MLGAUSS program version 2.0 [36], which rely on the
Gaussian 03 series of programs [37].

The Nucleus Independent Chemical Shifts (NICS) values
were calculated using B3LYP/6-311G** wave functions at
the B3LYP/6-311G** geometries. The methodology used
was developed by Schleyer and his coworkers as a mean of
providing useful aromaticity indices [38]. Two different
values were calculated for each ring and each molecule: one
at the geometrical centre of the ring (i.e. the point whose
coordinates are the nonweighted mean of the homologous
coordinates of the heavy atoms of the rings), denoted
NICS(0) and 1.0 A above the center of the ring, denoted
NICS(1.0). The calculation of NICS values has been per-
formed with the Gaussian 03 series of programs [37] and all
NBO analyses were made with the program NBO 5.0 [39].

Experimental results

The temperature of fusion of chromone-and coumarin-3-
carboxylic acid was measured using a differential scanning
calorimeter. The results (observed at the onset temperature
of the calorimetric peak), Ty, are presented in Table 1
together with the enthalpies of fusion, at the temperatures
of fusion, AL H? (T},s), and the purity of the purified sam-
ple. Those values represent the mean values of six inde-
pendent experiments on fresh samples and the uncertainties
are twice the standard deviation of the mean.

Results for a typical combustion experiment of the two
isomers are given in Table 2. The values of the massic
energy of combustion, A.u’, refer to the combustion
reaction:

Table 2 Typical combustion experiments, at 7 = 298.15 K

Chromone-3-carboxylic ~ Coumarin-3-carboxylic

m(CO,, total)g 159701 1.45361
m(cpd)/g 0.68818 0.62624
m(fuse)/g 0.00264 0.00262
AT,/K 0.9457 0.8550
e/ Kh 15.65 15.28
Am(H,0)/g 0.0 0.0
—AU(IBP)/J 15149.43 13696.09
AU(fuse)/J 42.87 42.55
AU(HNO)/ 7.57 5.47
AU(ign.)/I 1.11 1.08
AUs/J 13.56 12.24
—AIJ g7 21920.76 21774.13

@ Springer



522

M. A. R. Matos et al.

Table 3 Individual values of the massic energy of combustion, at
T =298.15 K

Chromone-3-carboxylic acid Coumarin-3-carboxylic acid

A0 g™h
21920.76 21774.13
21905.03 21767.13
21934.40 21785.91
21902.04 21763.65
21921.51 21772.97
2191821 21774.98
21912.25 21769.79
- 21779.36
—<Au’>10 g7
219163 + 4.2 217734 + 2.5

Table 4 Derived standard (p° = 0.1 MPa) molar values, at
T=1298.15K
Compound —AUY/ —AHY/ —AeH? (cr)/
kJ mol ™! kJ mol ™! kJ mol ™!
Chromone-3- 41675 £ 1.9 41663 £ 1.9 626.3 £ 2.3
carboxylic acid
Coumarin-3- 41403 14 41391 £ 14 653.5 £ 1.9

carboxylic acid

CioHgO4(cr) 4 19/20,(g) — 10CO2(g) + 3H0(1)  (5)

The individual results of all combustion experiments,
together with the mean value and its standard deviation, are
given for each compound in Table 3. Table 4 lists the
derived standard molar energies and enthalpies of com-
bustion and the standard molar enthalpies of formation for
the compounds in the condensed phase, at T = 298.15 K.
In accordance with normal thermochemical practice, [40]
the uncertainties assigned to the standard molar enthalpies
of combustion are, in each case, twice the overall standard
deviation of the mean and include the uncertainties in
calibration and in the values of auxiliary quantities. To
derive A¢H? (cr) from A H?(cr) the following standard
molar enthalpies of formation, at T = 298.15 K, were used
for H,O(l), —(285.830 £ 0.042) kJ mol™" [41]; COx(g)
and —(393.51 + 0.13) kJ mol ' [42].

Measurements of the standard molar enthalpies of sub-
limation for the isomers are given in Table 5 with uncer-
tainties of twice the standard deviation of the mean.

The derived standard molar enthalpies of formation, in
both condensed and gaseous phases, at T = 298.15 K, are
summarized in Table 6.

Computational results and discussion

Structurally both chromone-3-carboxylic acid and couma-
rin-3-carboxylic acid are found to be completely planar
molecules at their most stable geometries, being in that
respect similar to non-substituted cromone and coumarin.
However, new structural features are brought into play by
the —COOH substituents; indeed, these substituents allow
for the occurrence of intramolecular hydrogen bonds
involving the hydroxyl groups of the substituents and the
oxygen atoms of the carbonyl groups. These interactions
are in fact observed for these compounds since in both
cases the hydrogen atom of the hydroxyl group points to
the carbonyl oxygen atom resulting in O-H---O with
included angles of about 150° and non-bonded O---H
distances of 1.77 A and 1.75 A, respectively, for coumarin-
3-carboxylic acid and chromone-3-carboxylic acid chro-
mone-3-carboxylic acid. In both cases, these parameters
have values which are characteristic of hydrogen bond
formation (the van der Waals radius of oxygen atoms is
about 1.46 A). In addition those hydrogen bonds can be
also characterized as resonance assisted hydrogen bonds
(RAHB) [43-45] since their formation allows for another
molecular ring to be closed.

Our experimental findings and also all our calculations
predict coumarin-3-carboxylic acid to be more stable than
chromone-3-carboxylic acid. Also all our calculations
predict non-substituted coumarin to be more stable than
non-substituted chromone, in which they agree with
experimental observations [46]. Finally, both experimental
and computational evidences suggest that the introduction
of the -COOH substituents induces an attenuation of the
stability difference between coumarin and chromone.
Indeed, while experimentally coumarin is found to be
373 + 4.1 kJ mol™! more stable than chromone [46],
coumarin-3-carboxylic acid is only 22.8 #+ 4.2 kJ mol ™!
more stable than chromone-3-carboxylic acid. This

Table 5 Derived standard (p° = 0.1 MPa) molar enthalpies of formation at 7 = 298.15 K

Compound —A¢HO (cr)/kJ mol ™! A$ HO /kJ mol ™! —A¢H® (g)/kJ mol ™!
Chromone-3-carboxylic acid 6263 £ 2.3 113.8 £ 1.2 5125 £ 2.6
Coumarin-3-carboxylic acid 653.5 £ 1.9 118.2 £ 2.7 5353 £33
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Table 6 DFT electronic energies, thermal corrections to 7' = 298.15 K, kJ-mol~' and G3MP2 enthalpies at T = 298.15 K

Compound EB3Lyprs-311G++ EB3Lyprec-pvTz Evic.ut Emc-qcispra Hgamp2 TCEg3Lypi6-31G6+
Chromone-3-carboxylic acid —685.78 —85.84 —684.74 —684.75 —684.62 0.14563
Coumarin-3-carboxylic acid —685.79 —685.86 —684.75 —684.76 —684.63 0.14809
Chromone —497.14 —497.19 —496.35 —496.36 —496.25 0.13109
Coumarin —497.15 —497.21 —496.36 —496.37 —496.27 0.1307
1,4-Benzodioxan —460.22 —460.27 —459.5 —459.51 —459.38 0.14806
1,4-Benzodioxan-2-carboxylic acid —648.84 —648.91 —647.88 —647.89 —647.74 0.16478
Ethane —79.857 —79.866 —79.713 —79.714 —79.647 0.07586
Propanoic acid —268.49 —268.51 —268.1 —268.1 —268.01 0.09325
All energies are in a.u. (1 Ey = 2625.50184 kJ mol™ 1)
TCEg3Lypr6-316* = Erans + Erot + Ezp + AT "R E
Table 7 Nucleus Independent Chemical Shifts (ppm) fragments rotated 180° around the C—-O bond. The resulting
- - energy difference, 37.1 kJ mol ™, is very close to the energy
Benzene ring Pyranone ring difference observed for the non-substituted molecules (i.e.
NICS(0) NICS(1.0) NICS(0) NICS(1.0)  almost no attenuation is observed) a fact which indicates that
Benzene _97 115 B ~ hydrogen bond formation must play an important role in the
Chromone 1027 —1130 041 312 observed stability difference behaviour. Qur NBO E.malyses
Chromone3-acid  —10.07  —11.20 0,01 a1 suggest that the hyergen bqnd strengt.h is higher 1p ChI:O—
carboxylic mone-3-carboxylic acid than in coumarin-3-carboxylic acid,
Coumarin —9.40 —10.69 —0.42 _3.04 as indicated by the stabilization resulting from the hyper-
Coumarin-3-acid —924  —1072 147 —4.10 conjugative interaction involving the carbonyl oxygen =

carboxylic

attenuation closely parallels the corresponding one found
from our more accurate (G3MP2) calculations, which predict
stability differences of 39.8 kJ mol~! and 32.0 kJ mol™!,
respectively, for the non-substituted and for the substituted
systems. In order to clarify the influence of hydrogen bond
formation in this behaviour we also conducted G3MP2 cal-
culations for coumarin-3-carboxylic acid and chromone-3-
carboxylic acid molecules constrained to conformations not
allowing hydrogen bond formation, i.e. with the —OH

lone-electronic pair (as donor) and the antibonding ¢* orbital
of the —OH fragment (as acceptor), which amounts to 75.4
and to 63.9 kJ mol ™!, respectively, for chromone-3-carbox-
ylic acid and for coumarin-3-carboxylic acid. Thus, accord-
ing to our analysis, hydrogen bond formation involving the
substituent and the carbonyl oxygen stabilizes more the
chromone derivative than the coumarin one, thus leading to
the observed equalization of the corresponding stabilities.
Other important interactions analysed involve the 7 lone
electronic pair of the oxygen atom of the pyranone ring and
the o* antibonding orbital involving both atoms of the car-
bonyl group (C=0). These interactions, which only occur for

Table 8 Theoretical estimates of the standard enthalpies of formation in the gas phase at T'= 298.15 K of chromone-3-carboxylic acid and

chromone-3-carboxylic acid

Compound R —A¢HO (2)/kJ mol ™!
DFT/B3LYP MC-UT/3 MC-QCISD/3 G3MP2 Exp.
6-311G** cc-pVTZ
Chromone-3-carboxylic acid 1A 527.9 490.9 519.4 521.8 517.2 5125 £ 2.6
1B 533.5 497.6 523.0 525.1 524.0
At 408.2 429.1 493.8 501.6 518.4
Coumarin-3-carboxylic acid 1A 549.2 548.5 541.0 543.7 546.7 5353 £33
1B 554.8 555.1 544.6 547.1 556.0
At 430.6 489.8 515.6 524.9 550.4

At atomization reaction
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the coumarin-based systems, are responsible for the greater
stability of these systems, as described elsewhere [47]. Our
NBO analysis indicate also an important role for this stabi-
lizing interaction in explaining the relative stability of
chromone-3-carboxylic acid and coumarin-3-carboxylic
acid, since we observed it is attenuated by about 26 kJ mol ™!

systems whose thermochemical properties are well estab-
lished experimentally [42, 48, 49].

The optimum geometries, the energies and the
thermal corrections for all the auxiliary molecules have
also been obtained using the same procedures as
described above.

(o} [}
COOH
+ CH;CH,COOH ———» + CHyCH; 1A
O (&)
o] [9)

0. COOH COOH 0.
OO O~ C0 -

0 (0} O (6}

N N COOH
(:(\AL + CH3;CH,COOH ——> Oii + CH;CH; A

(&) 0 O (8]

o COOH N N COOH o
sogootoogool

0 (%) 0 o o 0

when we compare non-substituted coumarin and its 3-car-
boxylic acid [46].

Thus both analysed interactions have the effect of
attenuating the excess stability that coumarin based sys-
tems evidence when compared with chromone ones.

The NICS values calculated for both rings are reported
in Table 7, where the values calculated for the non-
substituted parent molecules and for benzene are also
reported for comparison purposes; from these values we
can observe that no remarkable effects of the introduction
of the substituents are observed for the benzene rings, i.e.
these rings preserve essentially their aromaticity upon
substitution at the pyranone ring, while a small increasing
effect is observed for the aromaticity of the pyranone
ring. This effect can be attributed to the —COOH sub-
stituents which have 7 electron donor character, and thus
enhance the n electronic density in the extended delo-
calized system.

Total energies, identified by the subscripts B3LYP/6-
311G**, B3LYP/cc-pVTZ, MC-UT/3 and MC-QCISD/3 as
well as thermal corrections, TCE/6-31G*, are reported in
Table 6 for the studied compounds. We also report in that
table the absolute enthalpies at 298.15 K, obtained from
the G3MP2 calculations (in the column Hgzpps).

In order to estimate the enthalpies of formation of the
systems from the calculated energies we used the following
set of isodesmic/homodesmic reactions involving auxiliary

@ Springer

The estimated values of molar enthalpies of formation in
the gaseous phase obtained by DFT calculations and the
more accurate MCCM and G3MP2 methods for the com-
pounds are presented in Table 8, for all reactions used.

We can observe from that table that all levels of cal-
culation provide estimates of the enthalpies of formation in
reasonable agreement with experiment; however, only the
most accurate calculations (MCCM and G3MP2 methods)
can provide energies with enough accuracy so as to allow
reliable use of atomization energies to estimate enthalpies
of formation.
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