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The standard ° = 0.1 MPa) molar enthalpies of formation for crystalline 2-hydroxyquinoxaline,
2,3-dihydroxyquinoxaline, and 2-hydroxy-3-methylquinoxaline were derived from the standard molar enthalpies
of combustion, in oxygen, &t = 298.15 K, measured by static bomb combustion calorimetry. The standard
molar enthalpies of sublimation, 8t = 298.15 K, of the three compounds were measured by Calvet
microcalorimetry. The derived standard molar enthalpies of formation in the gaseous phase are44%.9
kJ-mol~! for 2-hydroxyquinoxaline—(179.2 £ 5.3) k3mol~?! for 2,3-dihydroxyquinoxaline, ane-(8.8 +

4.9) kdmol* for 2-hydroxy-3-methylquinoxaline. In addition, theoretical calculations using the density
functional theory and the B3LYP/6-311G** hybrid exchange-correlation energy functional were performed

for these molecules in order to obtain the most stable geometries and to access their relative stability. The

theoretical results are in general good agreement with experimental findings.

Introduction combustion results were consistent and the carbon dioxide
recovery ratios were satisfactory. The average ratios, together
! . . with the standard deviation of the mean, of the mass of carbon
methyl pyrazines as well as 2,3-dimethylquinoxafinie. the dioxide recovered to that calculated from the mass of sample

present work, we continue with the study of substituted . .
quinoxalines to extend the thermochemical data basis for these €€ 0.9996+ 0.0004 for 2-hydroxyquinoxaline, 0.9998

kinds of compounds for a better understanding of the effect of 0.0009 for 2,3-dihydroxyquinoxaline, and 1.00870.00022

substituents on the energetics of nitrogen heterocycles. We repor‘LOr 2-hydroxy-3-methylquinoxaline. Purity was also confirmed
the standard molar enthalpies of formation of 2-hydroxy- PY €lémental microanalysis and DSC.

quinoxaline (2-OHQ), 2,3-dihydroxyquinoxaline (2,3-DOHQ), Combustion Calorimetry. The combustion experiments were
and 2-hydroxy-3-methylquinoxaline (2-OH-3-MeQ) in the gas- Performed with a static bomb calorimeter; the apparatus and
eous state obtained from measurements of combustion energieéechnique have been descritfédThe energy equivalent of the
using a static bomb calorimeter and from the values of the calorimeter was determined from the combustion of benzoic
respective enthalpies of sublimation measured by Calvet mi- acid (Bureau of Analyzed Samples, Thermochemical Standard,
crocalorimetry. Although the hydroxyquinoxalines likely exist BCS-CRM-190 p), having a massic energy of combustion, under
in the keto-form in the solid phase, as shown in the crystal standard bomb conditions, of(26 431.8+ 3.7) Jg~1. The
structure of 2-hydroxyquinoxalirethese compounds may likely  calibration results were corrected to give the energy equivalent,
exist in the hydroxy-form (enol-form) in the gaseous phase. The e(calor), corresponding to the average mass of water added to
geometries of these molecules were obtained using the densitythe calorimeter: 3119.6 g. From nine calibration experiments,
functional theory and the B3LYP hybrid exchange-correlation e(calor)= (15 911.2+ 1.5) JK~1, where the uncertainty quoted
energy functional. Single-point B3LYP/6-311G** energy cal- is the standard deviation of the mean. This value was used for

In previous work we have studied benzodiazin@sd some

culations allowed us to study the height of the-B torsional the study of 2-hydroxyquinoxaline and 2,3-dihydroxyquinoxa-
barrier, the relative stability, and the-® bond dissociation line. For 2-hydroxy-3-methylquinoxaline, the same calorimeter
energy of the three hydroxyquinoxalines. with a different bomb was used, and the values@falor) =

(16 013.8+ 1.2) JK! was obtained from six calibration
Experimental Section experiments. Combustion experiments were made in oxygen at

Materials. The compounds were obtained from Aldrich 3.04 MP_a, with l. crh of water added to the bomb. In_ all
Chemical Co. The 2-hydroxyquinoxaline was recrystallized combustion experiments;hexadecane (Gold Label, Aldrich)

several times from ethanol. The 2,3-dihydroxyquinoxaline and V&S used to moderate and to make the combustions. complete.
2-hydroxy-3-methylquinoxaline were purified by repeated vacuum WO samples of-hexadecane were used. The massic energy

sublimation. The purification process was repeated until the Of combustion of the sample ofhexadecane used for 2-hy-
droxyquinoxaline and 2,3-dihydroxyquinoxaline wAsu® =

*To whom correspondence should be addressed. E-mail: risiva@ —(47 156.9+ 1.2) Jg~*, and the massic energy of combustion
fc.up.pt. of the sample oh-hexadecane used for 2-hydroxy-3-methyl-
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TABLE 1. Typical Combustion Experiments at T = 298.15 TABLE 2. Values of the Massic Energy of Combustion,
K A%J-g71, at T = 298.15 K
2-OHQ  2,3-DOHQ  2-OH-3-MeQ 2-OHQ 2,3-DOHQ 2-OH-3-MeQ

m(CO,,total)/g 1.626 98 1.785 32 1.996 55 26 870.70 22 652.71 28 419.61
m' (cpd)/g 0.311 55 0.455 26 0.522 99 26 850.35 22 639.96 28411.64
m'(fuse)/g 0.004 40 0.003 88 0.002 76 26 871.71 22 655.76 28 426.65
m'"'(n-hexadecane)/g 0.279 56 0.254 21 0.224 73 26 865.92 22 631.20 28 406.30
ATadK 1.359 78 1.406 93 1.595 16 26 863.18 22631.12 28 429.15
&l(J.K™Y) 16.50 16.49 16.54 26 854.37 22651.14 28 417.47
AmM(H,0)/g 0.0 0.0 -0.1 26 848.20 22 635.58
—-U(IBP)/J 21658.17 22 409.14 25570.29 22 636.64
—AU(HNO3)/J 25.79 37.13 47.10 <A 1Igt

AU(ign)/J 1.19 1.19 1.15 c
—AUJ 10.25 12.76 14.06 26 860.6+ 3.6 22641.8+ 3.5 284185+ 3.5
:iggﬁ-akzgzgdecane)/\l 0f30183.00 0'?8 987.98 0'01% 595.00 added to the calorimeter from 3119.6 g akids is the correction
—AU(fuse)/J 71.46 63.01 44.82 to the standard state. Samples were ignitell=at298.15 K, so
—A°/(Ig™h) 26 854.37 22 639.96 28 429.15 that

quinoxaline wasA.u° = —(47 145.8+ 1.3) gL For all AU(IBP) =

experiments, ignition was made at (298.1500.001) K. The —{e(calor)+ Am(H,0) c,(H,0,l) + e} ATq+ AUy,

electrical energy for ignition was determined from the change

in potential difference across a capacitor when discharged where AU(IBP) is the energy inherent to the isothermal bomb
through the platinum ignition wire. For the cotton-thread fuse, processe; is the energy associated with the contents of the bomb
empirical formula CH esé0.843 the massic energy of combus-  after combustionATag is the adiabatic temperature rise, and

tion A = —16250 Jg.° Corrections for nitric acid AUy, is the ignition energy. The remaining quantities in Table
formation were based on59.7 kmol~1 for the molar energy 1 are as previously defined.

of formation of 0.1 moldm—3 HNOs(aq) from N, O, and The individual results for the standard massic energies of
H2O(l).” Corrections for carbon formation were based on the combustionAcu , obtained in all the experiments together with
massic energy of combustion of carbagu® = —33 k3g *.# the mean values and their standard deviations calculated for

The amount of substance used in each experiment was detereach compound are given in Table 2. Table 3 lists the derived

mined from the total mass of carbon dioxide produced after standard molar energy and entha|py of CombusMﬁ](cr)
allowance for that formed from the cotton-thread fuse and from gnqg AH (cr), and the standard molar enthalpy of formation

the n-hexadecane, and that lost due to carbon formation. An for the compounds in the crystalline stateTat= 298.15 K,

estimated value of 1.13-gm™® for the relative densities of  AHe (cr). In accordance with normal thermochemical practice,
2-hydroxyquinoxaline, 2,3-dihydroxyquinoxaline, and 2-hy- the uncertainty assigned to the standard molar enthalpy of
droxy-3-methylquinoxaline was assumed. An estimated pressurecombustion is twice the overall standard deviation of the mean

coefficient of specific energyo(/op)r = —0.2 Jg™MPa* at and includes the uncertainties in calibration and in the values
T = 298.15 K, a typical value for most organic compounds, of the auxiliary quantities uséd.To derive AiHZ(cr) from
was assumed. The massic energies of combustiguf, for AcHe (cr), the standard molar enthalpies of formation of

the compounds were calculated by the procedure given by H,0(l) and CQ(g), at T = 298.15 K, —(285.830+ 0.042)
Hubbard et af. The relative atomic masses used were those kJ.mol-1 13 and—(393.51+ 0.13) kdmol-L, 13 were used. For
recommended by the IUPAC Commission. each compound, at least six independent sublimation determina-
Sublimation Calorimetry. The standard enthalpies of sub-  tions were performed, yielding the averag@H:, values also
limation of 2-hydroxyquinoxaline, 2,3-dihydroxyquinoxaline, given in Table 3, with uncertainties of twice the standard
and 2-hydroxy-3-methylquinoxaline were measured using the deviation of the mean. From the values for the standard molar
vacuum sublimation drop microcalorimetric methid&amples enthalpies of formationAHe (cr), and of sublimationAZHe

. . . m cr'm?
of about 2-5 mg of each compound contained in a thin glass of the crystalline compounds, the values of the standard molar

capillary tube sealed at one end were dropped at room epihaipies of formation in the gaseous staigH?(q), were
temperature into the hot reaction vessel, in a high-temperature yerived (Table 3).

Calvet microcalorimeter held af = 492 K for 2-hydroxy-

quinoxaline, afl = 564 K for 2,3'd|hydroxyqu|noxal|ne, and Theoretical Calculations and Discussion

at T = 437 K for 2-hydroxy-3-methylquinoxaline, and then . . ) ) .

removed from the hot zone by vacuum sublimation. The The equilibrium geometries of all substituted quinoxalines

observed enthalpies of sublimation were correcteB40298.15 have been obtained through full geometry optimization within
; ° 1y the framework of density functional theory (DFT) using the

K, using Azgg_ls ol(kdmol1) = 36.73, 60.32, and 28.76, " . . .

respectively, for 2-hydroxyquinoxaline, 2,3-dihydroxyquinoxa- B3LYP™ hybrid exchange-correlat_lon energy func_tlonal to

line, and 2-hydroxy- 3-methylquinoxaline. The 29(52[ He represent the exchange and correlation energy potentials together

' . : 98.15K 'm with the Pople 6-311G** triplez valence plus polarization (tzvp)
values were estimated by a group method based on the value

I 5
of Stull et alt* The microcalorimeter was calibrated in situ for basis set

. oo The resulting optimized geometries (see Figure 1 and Tables
g;e:aepr;tiﬁgrzzrlnems using the reported enthalpy of subl|mat|on4 and 5, respectively, for the bond lengths and bond angles)

indicate that the substituted quinoxalines are planar molecules,
with the O-H substituent always being coplanar with the
aromatic ring. This finding is in agreement with a similar
Results for a typical combustion experiment are given in behavior found for phenol and substituted pheHdisand is a
Table 1, whereAm(H;0) is the deviation of the mass of water clear indication that delocalization of electronic density into the

Experimental Results
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TABLE 3. Derived Standard (p° = 0.1 MPa) Molar Values atT = 298.15 K

=AU (cr)/kFmolt

—AdHs (cr)/kFmolt

AsHy (cr)/kFmol? AcOHg/kImol? AHp(g)/kFmolt

2-OHQ 3925. A4 1.3 3925.7+ 1.3
2,3-DOHQ 3671.3t 1.4 3670.1+ 1.4
2-OH-3-MeQ 4551.9+-1.8 4553.1+ 1.8

11 6

12 N 1)5/17

8’ Y1 5

910 2 4 16/18

14 20

Figure 1. Atom numbering scheme for hydroxymethylquinoxaline.

TABLE 4. Calculated Bond Lengths of Substituted
Quinoxalines (A)

2-OHQ 2,3-DOHQ 2-OH-3-MeQ
1-2 1.426 1.421 1.422
2-3 1.369 1.373 1.368
3-4 1.304 1.294 1.299
4-5 1.432 1.447 1.443
5-6 1.302 1.294 1.307
6-1 1.368 1.374 1.369
1-7 1.414 1.409 1.412
7-8 1.378 1.379 1.377
8-9 1.415 1.410 1.412
9-10 1.377 1.379 1.378
10-2 1.414 1.409 1.411
7-11 1.084 1.083 1.083
8-12 1.085 1.084 1.084
9-13 1.085 1.084 1.084
10-14 1.084 1.083 1.083
5-15 1.347 1.344 1.350
4-16 1.086 1.344 1.500
15-17 0.968 0.969 0.968
16-18 0.969 1.089
16-19 1.094
16—20 1.094

TABLE 5. Calculated Bond Angles of Substituted
Quinoxalines (deg)

2-0OHQ 2,3-DOHQ 2-OH-3-MeQ
1-2-3 120.8 120.3 120.2
2-3-4 117.4 117.9 116.9
3-4-5 121.4 121.8 123.9
4-5-6 123.1 121.8 119.6
5-6-1 116.7 117.9 118.4
6-1-2 120.6 120.3 120.9
2-1-7 119.2 119.5 119.6
1-7-8 119.9 120.0 120.0
7-8-9 120.9 120.5 120.3
8-9-10 120.2 120.5 120.8
9-10-2 120.1 120.0 119.9
10-2—1 119.7 119.5 119.4
1-7-11 118.2 118.1 117.9
7-8-12 119.7 119.9 120.1
8-9-13 119.7 119.7 119.5
9-10-14 122.2 121.9 121.9
4-5-15 117.0 1175 120.4
5-4-16 119.5 117.4 116.8
5-15-17 107.1 106.3 109.4
4-16-18 106.2 106.5
5-15-19 110.9
5-15-20 110.9

aromatic ring from ther lone pair on oxygen is more effective
than delocalization from the lone pair. In addition, we found

—79.9+1.7 125.8+£ 4.0 45.9+ 4.3
—335.5+ 1.7 156.3£ 5.5 —179.2+£5.3
—131.8+£2.2 123.0+ 4.4 —8.8+£4.9

should occur for the torsional motion of the-® bond around

the axis of the €O bond. To analyze the height of such a
torsional barrier, we have also performed single-point B3LYP/
6-311G** energy calculations for all the substituted quinoxalines
with the respective ©H bonds rotated by 30around the €O
bonds and with all the remaining geometrical parameters frozen
at their previously optimized values. The energies of both
molecular conformations, shown in Table 6, provide the
following estimates of the ©H torsional barriers: 43.1
kJmol~! (2-hydroxyquinoxaline), 39.9 kol (2,3-dihydrox-
yquinoxaline), and 44.7 kahol™! (2-hydroxy-3-methylquinoxa-
line). These results are substantially higher than the barriers
calculated for phenol using the same computational methodology
(19.6 kdmol™1) and for some substituted phendl$10—30
kJmol~1) using DFT and the BecketPerdew energy func-
tional 1819 This higher G-H torsional barrier found for substi-
tuted quinoxalines can, at least in part, be considered as a
consequence of the formation of the hydrogen bonds (the
torsional barrier height for OHquinoxaline relative to its trans
conformation is predicted to be only 15.9-kbl™1).

The importance of the extended electronic delocalization from
the s lone pair of the oxygen atom to the aromatic ring is also
evident from the predicted-€0 bond lengthsRs 15 and R4 16
in Table 4), which are intermediate between that of a pure double
bond (1.225 A in benzoquinori®and the mixed singledouble
bond in phendt (1.375 A).

Harmonic vibrational frequencies, allowing the calculation
of energies at any temperature higher than 0 K, were also
obtained for these molecules through construction and diago-
nalization of the corresponding Hessian matrixes, using restricted
Hartree-Fock (RHF) theory and the Pople 6-31G* doulgle-
plus polarization (dzvp) basis s€étThe RHF method, which
has the benefit of being much less computationally demanding
than DFT/B3LYP, has, however, been reported to provide good
estimates of the vibrational frequencies, which consistently
overestimate the experimental ones byl0%. Thus, the
predicted harmonic vibrational frequencies were further scaled
by 0.9.

All RHF and B3LYP calculations were performed using the
UK version of the program GAMES%S:24

The relative stability of the substituted quinoxalines can be
assessed through the energy (or enthalpy) of the reactions

CgHeN, + 10CH, + 2NH, —

3CH,CH, + 4CH,CH, + 2CH,NH + 2CH,NH,

CgHgN,O + 11CH, + 2NH, —

3CH,CH, + 4CH,CH, + 2CH,NH +

2CH,NH, + CH,OH

CgHeN,0, + 12CH, + 2NH, —

3CH,CH, + 4CH,CH, +

2CH,NH + 2CH,NH, + 2CH,0H

that the G-H bond also adopts a cis conformation relative to ¢ H,N,O + 12CH, + 2NH; —

the C-N bond of the aromatic ring, thus favoring the formation

of an O—H- - -N hydrogen bond, which further stabilizes this

molecular conformation. As a consequence, an energetic barrier

3CH,CH, + 5CH,CH, + 2CH,NH +
2CH,NH, + CH,OH
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TABLE 6. Calculated Energies (Hartree}

closed-shell radical
planar orthogonal
2-OHQ —493.327 655 47-493.311 223 42 —492.667 154 94
2,3-DOHQ —568.583 999 42-568.568 784 57 —567.929 010 85

2-OH-3-MeQ —532.661 706 89-532.644 693 42 —532.003 172 55

aWe use in this table atomic units for energy: 1 Hartrég €

2625.50 kdmol™).»The calculated energy for the trans planar

conformation is—493.3172991F,,.

TABLE 7. Calculated Reaction Energies and Reaction
Enthalpies (kJ-mol1)

AE AH ArHexp
(0OK) (298K) (298 K)  AH;, AHY, exp
2-OHQ 597.7 632.9 633.7 46.7 45194.3
2,3-DOHQ 6815 720.6 732.0 —167.8 —179.2+5.3
2-OH-3-MeQ 626.6 664.7 679.9 6.0 —8.8+4.9
TABLE 8. Calculated O—H Dissociation Energies
(kJ-mol~1)
D(0O—H)
2-hydroxyquinoxaline 415.7
2,3-dihydroxyquinoxaline 401.3
2-hydroxy-3-methylquinoxaline 410.6
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CgHeNL0," + CgHeN, — CgHgN,O + CgHN,O
CoHgN,0 + CgHeN, — CgHeNLO + CoHgN,

and the effect on the radicals considering the energy variation
of the reactions

CgHsN,0O," + CgHgN, — CgHN,O" + CgHgN,O
CgH,N,O" + CgHgN, — C;H:N,O" + C4HgN,

where, in both cases, a positive reaction energy means a
favorable (i.e. stabilizing) interaction between the substituents.
In this way we were then able to observe that the interaction
between the two substituents unstabilizes 2,3-dihydroxyquin-
oxaline by about 9 kdnol~1, a fact that can be attributed to a
saturation effect on electronic delocalization, which occurs
because both substituents areslectron donor groups. This
saturation effect is not present on 2-hydroxy-3-methylquinoxa-
line, for which the two substituents interact, producing a
marginal stabilization of<4 kF}mol~1. For the corresponding
radicals, the interaction between the oxygen atom and the other
substituent has in both cases a stabilizing effect, amounting to
about 5 and 8 kidnol™%, respectively, for 2,3-dihydroxyquin-

WhiCh, being of the isodesmic type, are ||ke|y to produce a oxaline and 2-hydrOXy'g'methquUinOXaline. This Stab|l|2|ng

substantial cancellation of the correlation errors introduced in effect occurs because theelectron acceptor oxygen atom can
the calculations. On the other hand, the use of such reactionsenhance electronic delocalization. The combined result of these

provides estimates of the Stab|||z|ng effect of electronic delo- effects is then that both disubstituted qUinOXalineS have a smaller
calization and, since the auxiliary simple molecules are well O—H dissociation energy than 2-hydroxyquinoxaline. ThetD

studied experimentall$, we will also be able to estimate the

dissociation energy of 2-hydroxy-3-methylquinoxaline is indeed

enthalpies of formation of the substituted quinoxalines. The Very close to that estimated for phenol.

energies of all auxiliary molecules have also been obtained using

the same calculation procedures described for substituted Acknowledgment. Thanks are due to Junta Nacional de
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