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Abstract

The standard (p° = 0.1 MPa) molar enthalpies of formation of crystalline 2,3,5-trimethylpyrazine-1,4-dioxide and 2,3,5,6-tetramethylpyrazine-
1,4-dioxide were measured, at 7=298.15 K, by static bomb calorimetry and the standard molar enthalpies of sublimation, at 7=298.15 K, were
obtained from Calvet microcalorimetric measurements. These values were used to derive the respective standard molar enthalpies of formation in
gaseous phase. The mean N-O bond dissociation enthalpy has been calculated for both compounds.

© 2006 Published by Elsevier B.V.
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1. Introduction

The pyrazine ring system, one diazine resulting from the for-
mal replacement of a CH unit by a nitrogen atom in position
4 of the pyridine, is a relevant component of aromas of many
fruits, vegetables and wines. Many synthetic pyrazine deriva-
tives are important as therapeutic agents, since derivatives of
that heterocyclic ring have also a relevant role in several bio-
logical processes [1,2]. The pyrazine N-oxide derivatives have
been also widely investigated due to the interest for their use
in synthetic drugs, particularly as antibacterial and hypertensive
agents [3].

The thermochemical study of heterocyclic molecules derived
from pyridine N-oxide [4-7], from quinoxaline N,N'-dioxide
[8-10] and from a few quinoline N-oxides [11] has received a
lot of attention from researchers of our Thermochemistry Group,
whose main goal is to establish relationships among the energet-
ical, structural and reactivity properties [12], in order to clarify
their behaviour. In this context, there is a big interest on the
knowledge of the values of the gaseous enthalpy of formation
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of these compounds and of the parent compounds without the
N-O bonds.

Although quinoline N-oxide and quinoxaline N,N'-dioxide
derivatives are bicyclic systems, generated when a benzene ring
fuses to the pyridine N-oxide or the pyrazine N,N’-dioxide, the
thermochemical data for the diazine N,N'-dioxide systems are
scarce [8] and this fact makes difficult the use of such knowledge
to establish a scheme to predict parameters for quinoxaline N,N'-
dioxides.

The present work, reporting the study of two N,N'-
dioxides: 2,3,5-trimethylpyrazine-1,4-dioxide (TrMePzDO)
and 2,3,5,6-tetramethylpyrazine-1,4-dioxide (TeMePzDO),
is a contribution to reduce the lack of values of the gaseous
standard molar enthalpies of formation of pyrazine N-oxide
derivatives. The gaseous standard molar enthalpies of formation
of these two compounds were derived from the measurements
of the standard molar energies of combustion, using a static
bomb calorimeter, and from the standard molar enthalpies
of sublimation, measured by Calvet microcalorimetry. The
results obtained in this study, together with those for the
gaseous standard molar enthalpy of formation of the corre-
spondent polyalkylpyrazines, were used to derive the mean
dissociation enthalpy of the N-O bonds for both compounds
studied.
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2. Experimental
2.1. Synthesis of compounds and purity control

2,3,5,6-Tetramethylpyrazine-1,4-dioxide (TeMePzDO) and
2,3,5-trimethylpyrazine-1,4-dioxide (TrMePzDO) were prepa-
red by hydrogen peroxide oxidation of 2,3,5,6-tetramethyl-
pyrazine and 2,3,5-trimethylpyrazine according to Klein and
Berkowitz [13]. The crude product was extracted from the
sodium hydroxide neutralized reaction mixture by using chlo-
roform. The resulting chloroform solution was concentrated
under reduced pressure to about one-third of its original vol-
ume and then diluted with an equal volume of cold 2,2,4-
trimethylpentane. The solid product formed was collected by
vacuum filtration and further purified by vacuum sublimation.
Elemental analyses were in excellent agreement with calculated
values: mass fractions for TeMePzDO: CgH12N2O,: found:
C, 0.5707; H, 0.0730; N, 0.1655; calculated: C, 0.5713; H,
0.0719; N, 0.1666 and for TrMePzDO: C7H1gN20O>: found: C,
0.5460; H, 0.0644; N, 0.1807; calculated: C, 0.5453; H, 0.0654;
N, 0.1817. The melting points measured in a melting point
apparatus, Stuart Scientific SMP2, were: TeMePzDO, 496 K;
TrMePzDO, 406 K.

The average ratios of the mass of carbon dioxide recov-
ered to that calculated from the mass of sample, together
with the standard deviation of the mean, were: TrMePzDO,
(1.0000 =+ 0.0004); TeMePzDO, (1.0001 + 0.0002). The density
of the crystalline samples was estimated to be p=1.00gcm—3
for both compounds.

2.2. Combustion calorimetry

The energies of combustion of the two compounds were
performed using an isoperibol static bomb calorimeter, with a
twin valve bomb of internal volume 0.290 dm3. The apparatus
and the technique have been previously described [14,15,11].
The energy equivalent of the calorimeter was determined using
the combustion of benzoic acid NBS, SRM 39j, with the mas-
sic energy of combustion of Acu=—(26434+3)Jg~1 (value
under certificate conditions). The calibration results were cor-
rected to give the energy equivalent, ecy, corresponding to
the average mass of water added to the calorimeter, 2900.0 g.
One set of 12 calibration experiments was made in oxygen at
p=3.04 MPa, with 1.00 cm?® of water added to the bomb, leading
t0 ecal = (15546.5 4 1.1) JK~1, where the uncertainty quoted is
the standard deviation of the mean. Combustion experiments
were made in the crystalline compounds in pellet form. For
all experiments, ignition was made at 7'=(298.150 + 0.001) K.
The electrical energy for ignition AU(ign.) was determined
from the change in potential difference across a capacitor when
discharged through the platinum ignition wire. For the cot-
ton thread fuse of empirical formula CH1 68600843, the spe-
cific energy of combustion is Acu®=—16250Jg~1 [16]. The
corrections for nitric acid formation, AU(HNO3), were based
on —59.7kJmol~1 [17], for the molar energy of formation
of 0.1moldm~=3 HNOs(aq) from Nz, Oz, and HO(l). Cor-
rections for carbon soot formation were based on the massic

energy of combustion of carbon Acu®=—33kJg~! [16]. The
mass of compound, m(compound), used in each experiment
was determined from the total mass of carbon dioxide, m(CO2,
total), produced after allowance for that formed from the cot-
ton thread fuse. An estimated pressure coefficient of specific
energy: (du/dp)T=—0.2Jg~*MPa~—! at T=298.15K, a typi-
cal value for most organic compounds [18], was assumed. For
each compound, the standard massic energy of combustion,
Acu®, was calculated by the procedure given by Hubbard et
al. [19].

2.3. Calvet microcalorimetry

The standard molar enthalpies of sublimation were measured
using the vacuum sublimation drop microcalorimetric method
[20]. Samples, about 3-5 mg of the crystalline compounds, con-
tained in a thin glass capillary tube sealed at one end, were
dropped, at room temperature, into the hot reaction vessel, in
a high temperature Calvet microcalorimeter (SETARAM HT
1000) held at a convenient temperature, 7, and then removed
from the hot zone by vacuum evaporation. Simultaneously, an
empty capillary of the same mass is dropped in the reference
cell of the Calvet microcalorimeter, thus compensating the heat
uptaken for heating the glass of the capillary. The observed
enthalpies of sublimation were corrected to 7=298.15K, by
means of Al 1=\ Hy, (g) estimated by a group method based
on values of Stull et al. [21], using the following equations:

TrMePzDO
= (3-methylpyridine) 4+ 2 x (2-methylpyridine)
—pyridine — benzene 4+ 2 x NO Q)

TeMePzDO
= (3-methylpyridine) 4+ 3 x (2-methylpyridine)
—2 x pyridine — benzene + 2 x NO 2

The microcalorimeter was calibrated in siru for these mea-
surements using the reported standard molar enthalpies of sub-
limation of naphthalene [22].

The molar masses used for the elements were those recom-
mended by the IUPAC Commission [23].

3. Experimental results

Results for a typical combustion experiment of each com-
pound are given in Table 1. As samples were ignited at
T=298.15K, the energy associated to the isothermal bomb pro-
cess is:

AU(IBP) = —{Sca| + Am(HZO)Cp(HQO,I) + Sf}ATad
+AU(ign.) 3

where Am(H,0) is the deviation of the mass of water added
to the calorimeter from the average mass (2900.0g) assigned
to ecal, ¢p(H20, |) is the heat capacity of liquid water, sf
is the energy of the bomb contents after ignition, ATyq is



M.D.M.C. Ribeiro da Silva et al. / Thermochimica Acta 450 (2006) 67-70 69

Table 1
Typical combustion experiments at 7=298.15 K

TrMePzDO TeMePzDO
m(COg, total) (g) 1.51861 1.43940
m(compound) (g) 0.75777 0.68540
m(fuse) (g) 0.00232 0.00289
ATy (K) 1.30587 1.25328
ef (JK™1) 14.73 14.60
Am(H20) (9) -1.1 -35
—AU(IBP)? (J) 20313.75 19482.88
—AU(fuse) (J) 37.68 46.93
—AU(HNO3) (3) 48.43 53.94
AU(ign.) (9) 1.18 1.18
—AUs (J) 13.38 11.64
—Acu® (3g71) 26675.99 28261.41

m(CO>, total) is the total mass of CO, formed in the experiment; m(compound)
is the mass of compound burnt in the experiment; m(fuse) is the mass of fuse
(cotton) used in the experiment; ATy is the corrected temperature rise; s is the
energy equivalent of contents in the final state; Am(H,O) is the deviation of the
mass of water added to the calorimeter from 2900.0 g; AU(IBP) is the energy
change for the isothermal combustion reaction under actual bomb conditions;
AU(fuse) is the energy of combustion of the fuse (cotton); AU(HNO3) is the
energy correction for the nitric acid formation; AU(ign.) is the energy of com-
bustion of the fuse; AUy is the energy correction to the standard state; Acu® is
the standard massic energy of combustion.
& AU(IBP) includes AU(ign.).

Table 2
Individual values of the massic energy of combustion, Acu°, at 7=298.15K
TrMePzDO TeMePzDO
26675.43 28289.69
26675.99 28235.32
26675.62 28261.41
26663.87 28277.51
26663.41 28279.89
26676.74 28253.92
—(Acu®) Ag7h)
26671.8+2.6 28266.3+8.2
Table 3

Derived standard (p°=0.1MPa) molar values in the condensed phase, at
T7=298.15K (kJmol~1)

Compound AUy, (cr) AcHp, (cr) AsHp, (cr)
TrMePzDO —4112.0 £ 1.1 —41132 + 1.1 —(70.5+1.4)
TeMePzDO —4754.1 +£ 2.8 —4756.6 + 2.8 —(106.5 £ 3.0)

the adiabatic temperature raise and AU(ign.) is the energy
of ignition. The individual results of all combustion experi-
ments, together with the mean value and its standard devia-
tion, are given, for each compound, in Table 2. Table 3 lists
the derived standard molar energies and enthalpies of com-

Table 4
Standard (p° =0.1 MPa) molar enthalpies of sublimation, at 7=298.15 K

Table 5
Derived standard (p° =0.1 MPa) molar enthalpies of formation, at 7=298.15K
(kJmol—1)

Compound A¢HS, (cr) AL HS, AtHS (9)
TrMePzDO —(70.5+£1.4) 116.2 + 2.9 457 + 3.2
TeMePzDO —(106.5+3.0) 1075+ 1.6 1.0+ 34

bustion, AUy, (cr) and Ac¢Hy, (cr), and the standard molar
enthalpies of formation for the compounds in the condensed
phase AfHp, (cr) at T=298.15K. In accordance with nor-
mal thermochemical practice [24], 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¢Hy, (cr) from A¢Hy, (cr)
the standard molar enthalpies of formation of H,O(l) and
CO,(g), at T=298.15 K, —(285.830 & 0.042) kI mol~1 [25] and
—(393.51 4 0.13) ki mol—1 [25], respectively, were used.

Measurements yielding the standard molar enthalpies of sub-
limation AgHS,, at T=298.15K, are given in Table 4 with
uncertainties of twice the standard deviation of the mean. The
derived standard molar enthalpies of formation, in both the con-
densed and gaseous phases, for both compounds are summarized
in Table 5.

4. Discussion

The first thermochemical data found in the literature for
derivatives of pyrazine N,N'-dioxide is for the pyrazine 1,4-
dioxide (PzDO) itself [8], and so the experimental results
reported in the present work are a new contribution enlarging the
knowledge about the properties and chemical behaviour of these
heterocyclic nitrogen compounds. In the literature, there are
studies reporting data for several pyrazine (Pz) derivatives, par-
ticularly for the polymethylpyrazines 2,3,5-trimethylpyrazine
(TrMePz) and 2,3,5,6-tetramethylpyrazine (TeMePz) [26]. All
these values are summarized in Table 6 and based on these
values we can discuss two aspects: the effect of the substitu-
tion of hydrogen atoms by methyl groups in the molecule of
pyrazine 1,4-dioxide comparatively with the effect caused in
pyrazine, and the values of the mean dissociation enthalpy of the
N-O bonds for the two pyrazine 1,4-dioxide derivatives. Table 6
reports also the enthalpic increments for the substitution, Z, of
three or four methyl groups, Me, into the pyrazine ring (Pz)
and in the pyrazine 1,4-dioxide (PzDO) ring, calculated as the
difference between the standard molar enthalpies of formation,
in the gaseous state, of substituted pyrazines or pyrazine 1,4-
dioxides and of the pyrazine or pyrazine 1,4-dioxide itself, as it

Compound No. of experiments T (K) Agfzgm W HS (kImol~1) Alog 15 HS (9) (kImol 1) A HE, (298.15K) (kImol—1)
TrMePzDO 6 389 1334 £ 2.9 17.24 116.2 + 2.9
TeMePzDO 6 425 1359 + 1.6 28.41 107.5 + 1.6
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Table 6
Comparison of values of enthalpy of formation, in the gaseous state, at 7=298 K,
measured in this work with literature values

Z-Pz/Z-PzDO AfHg, (9) (kImol—1) Z-increment (kI mol—1)
Pz 196.1 + 1.3[27] -

TrMePz 74.3 + 2.7 [26] —(121.8+3.0)
TeMePz 54.7 + 4.5 [26] —(141.4£4.7)

PzDO 186.5 + 1.9 8] -

TrMePzDO 45,7 £ 3.22 —(140.8£3.7)
TeMePzDO 1.0 £ 348 —(185.5+3.9)

& This work.

is represented in Eqgs. (4) and (5), respectively:
Z-increment = AtHy(Z — Pz,0) — AtHpp,(Pz,9) 4)
Z-increment = A¢Hp(Z — PzDO,9) — AtHy,(PzDO,9) (5)

The tendency on the relative variations of the standard molar
enthalpies of formation by three or four methyl groups is con-
sistent for the heteroaromatic rings, Pz or PzDO, although the
increments for pyrazine-1,4-dioxide point for a higher stabiliza-
tion in comparison with identical substitution on the pyrazine
ring. This aspect is consistent with the fact that the electron
donating character of the substituents should increase the elec-
tron density of the aromatic rings turning more stable the ring
with the two N-O covalent dative bonds.

The mean dissociation enthalpy of the N-O bonds,
(DHR(N-0)), for a polymethylpyrazine N,N-dioxide,
Z —PzDO, can be derived as one half of the enthalpy of the
gaseous reaction (4), and for the calculation of this value,
AsHS,(O, ) = (249.18 +0.10) kJ mol—* [28] is required:

(Zz—-PzDO,g) — (Z—Pz,q9) + 20(Q) (6)

Using the results reported in this work, A¢Hy,(TrMePzDO)
=(45.7+£3.2)kImol~! and AfHZ(TeMePzDO)=(1.0+3.4)
kimol~1, as well as the literature values A¢HS(TrMePz)
=(74.3+2.7)kImol~! [26] and AfHZ (TeMePz)=(54.7+
4.5)kImol~t [26], the (DHZ(N-O)) for TrMePzDO and
TeMePzDO are (263.5+3.4) and (276.0+5.5)kimol~1,
respectively. These results and the previous data obtained for
pyrazine 1,4-dioxide, (DHS,(N-O)) = (254.0 + 2.3) kimol 1
[8], confirm that the propensity of the pyrazine N,N-dioxide
derivatives for promoting oxidation is decreasing with an
increase on the number of electron donating groups presentin the
molecule, as it should be expected by considering the inductive
effect of the methyl groups.

Acknowledgements

Thanks to Fundacdo para a Ciéncia e a Tecnologia, Lisbon,
Portugal, for financial support to Centro de Investigacdo em
Quimica of the University of Porto and to FEDER for financial
supportto the research project POCT1/44471/QUI/2002. MAAV
also thanks the grant from the project POCT1/44471/QUI1/2002.

CG and SK thank to the National Science Foundation for support
received under NSF-REU grant (CHE-0243795).

References

[1] H. Foks, D. Pancechowska-Ksepko, A. Kedzia, Z. Zwolska, M. Janowiec,
1l Farmaco 60 (2005) 513-517.

[2] C.G. Bonde, N.J. Gaikwad, Bioorg. Med. Chem. 12 (2004) 2151-2161.

[3] H.M. Barham, 1.J. Stratford, Biochem. Pharmacol. 51 (1996) 829-837.

[4] M.D.M.C. Ribeiro da Silva, M.A.R. Matos, M.C. Vaz, L.M.N.B.F. Santos,
G. Pilcher, W.E. Acree Jr., J.R. Powell, J. Chem. Thermodyn. 30 (1998)
869-878.

[5] M.D.M.C. Ribeiro da Silva, M.A.R. Matos, M.S. Miranda, V.M.F. Morais,
W.E. Acree Jr., J. Chem. Thermodyn. 36 (2004) 107-113.

[6] W.E. Acree Jr., S.A. Tucker, M.D.M.C. Ribeiro da Silva, M.A.R. Matos,
J.M. Gongalves, M.A.V. Ribeiro da Silva, G. Pilcher, J. Chem. Thermodyn.
27 (1995) 391-398.

[7] M.D.M.C. Ribeiro da Silva, J.M. Gongalves, S.C.C. Ferreira, L.C.M. da
Silva, M.J. Sottomayor, G. Pilcher, W.E. Acree Jr., L.E. Roy, J. Chem.
Thermodyn. 33 (2001) 1263-1275.

[8] W.E. Acree Jr., J.R. Powell, S.A. Tucker, M.D.M.C. Ribeiro da Silva,
M.A.R. Matos, J.M. Gongalves, L.M.N.B.F. Santos, V.M.F. Morais, G.
Pilcher, J. Org. Chem. 62 (1997) 3722-3726.

[9] M.D.M.C. Ribeiro da Silva, J.R.B. Gomes, J.M. Gongalves, E.A. Sousa,
S. Pandy, W.E. Acree Jr., J. Org. Chem. 69 (2004) 2785-2792.

[10] M.D.M.C. Ribeiro da Silva, J.R.B. Gomes, J.M. Gongalves, E.A. Sousa,
S. Pandy, W.E. Acree Jr., Org. Biomol. Chem. 2 (2004) 2507-2512.

[11] M.D.M.C. Ribeiro da Silva, L.M.N.B.F. Santos, A.L.R. Silva, O. Fernan-
des, W.E. Acree Jr., J. Chem. Thermodyn. 35 (2003) 1093-1100.

[12] W.E. Acree Jr., G. Pilcher, M.D.M.C. Ribeiro da Silva, J. Phys. Chem. Ref.
Data 34 (2005) 553-572.

[13] B. Klein, J. Berkowitz, J. Am. Chem. Soc. 81 (1959) 5160-5166.

[14] H.A. Gundry, D. Harrop, A.J. Head, G.B. Lewis, J. Chem. Thermodyn. 1
(1969) 321-332.

[15] J. Bickerton, G. Pilcher, G. Al-Takhin, J. Chem. Thermodyn. 16 (1984)
373-378.

[16] J. Coops, R.S. Jessup, K. Van Nes, Calibration of calorimeters for reactions
in a bomb at constant volume, in: F.D. Rossini (Ed.), Experimental Ther-
mochemistry, vol. 1, Interscience, New York, 1956, pp. 27-58 (Chapter
3).

[17] D.D. Wagman, W.H. Evans, V.B. Parker, R.H. Schumm, I. Halow, S.M.
Bailey, K.L. Churney, R.L. Nutall, The NBS tables of chemical thermody-
namic properties, J. Phys. Chem. Ref. Data 11 (Suppl. 2) (1982).

[18] E.N. Washburn, J. Res. Nat. Bur. Stand. (US) 10 (1933) 525-558.

[19] W.N. Hubbard, D.W. Scott, G. Waddington, Standard states and corrections
for combustions in a bomb at constant volume, in: F.D. Rossini (Ed.),
Experimental Thermochemistry, vol. 1, Interscience, New York, 1956, pp.
75-128 (Chapter 5).

[20] F.A. Adedeji, D.L.S. Brown, J.A. Connor, M.L. Leung, .M. Paz-Andrade,
H.A. Skinner, J. Organometal. Chem. 97 (1975) 221-228.

[21] D.R. Stull, E.F. Westrum Jr., G.C. Sinke, The Chemical Thermodynamics
of Organic Compounds, Wiley, New York, 1969.

[22] J.S. Chickos, W.E. Acree Jr., J. Phys. Chem. Ref. Data 31 (2002) 537-698.

[23] T.B. Coplen, J. Phys. Chem. Ref. Data 30 (2001) 701-712.

[24] F.D. Rossini, Assignment of uncertainties to thermochemical data, in: F.D.
Rossini (Ed.), Experimental Thermochemistry, vol. 1, Interscience, New
York, 1956, pp. 297-320 (Chapter 14).

[25] CODATA, J. Chem. Thermodyn. 10 (1978) 903-906.

[26] M.A.V. Ribeiro da Silva, V.M.F. Morais, M.A.R. Matos, C.M.A. Rio,
C.M.G.S. Piedade, Struct. Chem. 7 (1996) 329-336.

[27] J. Tjebbes, Acta Chem. Scand. 16 (1962) 916-921.

[28] J.D. Cox, D.D. Wagman, V.A. Medvedev, CODATA Key Values for Ther-
modynamics, Hemisphere, New York, 1989.



	Experimental thermochemical study of two polymethylpyrazine N,N´-dioxide derivatives
	Introduction
	Experimental
	Synthesis of compounds and purity control
	Combustion calorimetry
	Calvet microcalorimetry

	Experimental results
	Discussion
	Acknowledgements
	References


