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Abstract: The protolytic equilibria of 13 4-aryl-2,4-dioxobutanoic acids (ADKSs)
were spectrophotometrically studied in aqueous solutions in the pH range 1-9 at
25+1°C and an ionic strength of 0.1 mol I"? (NaCl), with the exception of the
4-OH-derivative which was also potentiometrically studied in the pH range 7-10 at
25+1 °C and an ionic strength of 0.1 mol It (NaCl). In solution, the compounds
simultaneously exist in one diketo and two enolic forms; therefore, the determined
acidity constants (pKg; 1.87-2.29, pK,, 6.63-8.13 and pK,3(4-OH-) 9.52) represent
system macro constants. The *H-NMR spectrum of the parent compound (4-phenyl-
-2,4-dioxobutanoic acid) (25 °C, pD 5.0) proved the existence of all tautomeric forms.
Using the extended Hammett relation, the determined pK, values were correlated
with literature o values. The predicted pK, values were in fair accordance with the
experimentally observed ones. Molecular, monoanionic and dianionic forms of the
parent compound were optimized by the semi-empirical molecular orbital PM6 me-
thod using the implicit water solvation model (COSMO). The obtained geometries
were used to explain the quality of the LFER models.

Keywords: acidity constants, 4-aryl-2,4-dioxobutanoic acids (ADK), linear free
energy relationship (LFER).

INTRODUCTION
4-Aryl-2,4-dioxobutanoic acid (Ar-C(O)-CH»-C(O)-COOH) (ADK) deriva-
tives exert widespread biological activities.l The targeting of HIV-1 integrase
(IN), the enzyme responsible for the integration of viral DNA in the host ge-
nome, is among the most important ones.2~4 Appropriate structural modifications
on the phenyl ring were used to assess the different types of biological activity
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(manuscript in preparation). Part of current studies on the physicochemical pro-
filing of these compounds is presented in this manuscript, which describes the
protolytic equilibria of 13 alkyl-, alkoxy-, hydroxy-, nitro- and halo-phenyl sub-
stituted derivatives (limited set) in aqueous solutions in the pH range 1-10 (Table I).
The reported compounds (1-13) are inactive or exert low activity and are inten-
ded to be used to develop a model for a larger set incorporating active congeners.
Acidity constants of the studied compounds in aqueous solutions have hitherto not
been reported. The only reported pKj values (pKa1 3.68-4.14 and pKg2 9.52-11.13,
substances 1-3, 7-10 and 13 (Table 1)) were potentiometrically determined in an
ethanol-water (3:1, v/v) mixture.> As reported by others,6-8 these compounds
simultaneously exist in two enolic forms (conformationally locked by the pseu-
do-ring) and one diketo form, having two rotatable bonds responsible for the con-
formational flexibility (Scheme 1).

TABLE I. Concentration equilibrium constants (pRaia) in aqueous solution of ADKs with the
wavelengths used for the spectrophotometric determinations (1 = 0.1 mol I'1 (NaCl); t = 25+1 °C)

Comp. R- pPKa1 Alnm pPKa2 Alnm PKa3
1 H- 2.06+0.03 314.0 7.56+0.02 328.5 -
2 4-Me- 2.22+0.05 319.0 7.99+0.02 329.3 -
3 4-Et— 2.2840.02 319.9 7.83£0.05 326.8 -
4 4-i-Pr- 2.29+0.05 319.9 7.8510.02 329.3 -
5 4-tert-Bu— 2.21+0.03 321.6 7.77+0.06 331.9 -
6 3,4-di-Me-  2.09+0.04 321.6 7.92+0.04 326.8 -
7 4-F— 2.06+0.05 314.8 7.50+0.03 325.9 -
8 4-Cl- 2.09+0.04 316.5 7.30+0.03 334.4 -
9 4-Br— 2.06+0.03 318.2 7.53£0.03 333.6 -
10 4-NO,— 1.87+0.06 328.5 6.63£0.02 324.2 -
11 3-OH- 2.18+0.04 314.0 7.45+0.04 332.7 -
12 4-OH- 2.29+0.05 331.9 7.73+0.018 - 9.54+0.072
13 4-MeO- 2.28+0.03 316.5 8.13+0.03 326.8 -
@potentiometrically determined values
0 OH 9 9 oH 9
_ OH OH A OH
o) 0o o

Scheme 1. The diketo (I1) and two enolic (I and I11) forms of 4-phenyl-2,4-dioxobutanoic acid (1).

Aim of this work was to study the protolytic equilibria of a set of 13 ADKs.
The determined acidity constants within the studied set are useful to develop a
model in which more active and significantly less soluble congeners will be in-
corporated.
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EXPERIMENTAL

Apparatus and reagents

All used chemicals were of analytical reagent grade, purchased from Aldrich, Fluka, or
Merck, and were used without further purification. The deuterated compounds had, at least, 99.5 %
deuterium.

Melting points were determined in open capillary tubes on a Biichi apparatus and are uncor-
rected. The infrared spectra (IR) were recorded on an FT Perkin-Elmer 1725X spectrometer, (KBr
disc). The 1H- and 13C-NMR spectra were recorded in DMSO-dg on a Varian Gemini 200 spectro-
meter at 200/50 MHz. Tetramethylsilane (TMS) was used as the internal standard for the IH-NMR
spectra. The residual solventsignal of DMSO-dg was used as the internal standard at 39.70 ppm for
13C-NMR calibration. The mass spectra (ESI-MS) were recorded on a ThermoQuest Navigator.

The 1H- and 13C-NMR spectra of compound 1 were recorded in deuterated acetate buffer (ct°t =
=0.1mol I'Y, pD 5.0 (pD = pHmeasured + 0-4)%19) on Bruker Avance spectrometer at 500/125 MHz. The
IH-NMR spectrum was referenced to the HOD peak at 4.70 ppm as the internal standard; the TSP
(3-(trimethylsilyl)-1-propanesulfonic acid-dg sodium salt) was not added to avoid interactions
between the salt and the sample. The pH measurements in deuterated solutions were performed
using a Corning pH-meter 120 with a Corning Ag/AgCI microelectrode (KCI solution). For deter-
mination of acidity constants, a GBC Cintra 6 spectrophotometer with 1 cm silica cells and a PHM240
pH-meter (Radiometer) with a combined GK2401B electrode (Radiometer) were used. The titra-
tions were performed with a TTT-60 titrator with an ABU-12 autoburette (Radiometer).

Synthesis of compounds 1-13

Examined compounds (1-13) were synthesized using a previously described procedure. !l
Compounds were obtained by addition of equimolar amounts of aryl ketones and diethyl oxalate
(0.05 mol*) to a twofold molar quantity of sodium methoxide (Scheme 2), obtained by dissolution of
sodium in dry methanol (2.3 g (0.1 mol) Na in 40 ml), mixed overnight and poured into ice-cold water.

o 0 oH
_~ 0 O 1)2eq. MeONa/MeOH = = OH
R Ted om 2HO R 0
3) HCI

Scheme 2. Synthesis of the examined compounds, R— = 1) H—; 2) 4-Me—; 3) 4-Et-; 4) 4-i-Pr—;
5) 4-tert-Bu—; 6) 3,4-di-Me—; 7) 4-F—; 8) 4-Cl—; 9) 4-Br—; 10) 4-NO,—; 11) 3-OH-; 12) 4-OH—; 13) 4-MeO-.

After 3—-4 hours of vigorous stirring at room temperature, the reaction mixture was filtered
into water that had been acidified with conc. hydrochloric acid to pH 2-3. The obtained precipitate
was collected by filtration and washed with ice-cold water. The filtrates were concentrated under
reduced pressure to remove MeOH. Additional amounts of the compounds were harvested from the
in this way obtained solutions. The crude products were crystallized from an appropriate solvent.
Characterization of synthesized compounds 1-13 was performed by melting points, IR, 1H- and
13C- NMR spectroscopy, and ESI-MS (Electrospray lonization Mass Spectrometry).
Characterization of compounds 1-13

The NMR integrals belonging to the diketo tautomers are not reported for the H-NMR spec-
tra. In the “aromatic” region, the overlaps of low intensity peaks of the diketo form with signifi-
cantly stronger ones from the enol form were observed. The overlap of the enol aromatic peaks (main-
ly) was also observed. Thus, for some signals, full multiplicities are not reported and, as a conse-

*Compounds 5 and 7 were prepared starting with 0.025 mol of substituted acetophenones and
equivalents of other reagents.
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quence, some peak integrals (overlapped) have fractional values. The ESI-MS spectra were recor-
ded in the negative mode.

4-Phenyl-2,4-dioxobutanoic acid (1): m.p. 143-144 °C*, decomposition; pale yellow powder
(7.90 g, 80 %, ACOE/PhH); C1oHgO4; My, 192.17; MS: M* 191 (100 %); 119 (60 %). IR v (cmL):
1720; 1625; 1276; 1244. *H-NMR (200 MHz, 29 °C, DMSO-dg) ¢ 10.91 (b); 8.08 (d, J = = 7.02 Hz,
2H); 7.95 (d, J = 9.54 Hz); distinct maxima 7.76, 7.72, 7.69 (triplet-like overlapped peaks, J; » =
=7.20 Hz, J;3 = 7.30 Hz, “1.04 H”); distinct maxima 7.63, 7.59, 7.56 (triplet-like overlapped
peaks, Jy » = 7.58 Hz, J 3= 7.02 Hz, “2.19 H”); 7.48 (d, J = 7.30 Hz); 7.15 (s, 1H); 4.65 (s). 13C-
NMR (50 MHz, 29 °C, DMSO-dg) ¢ 195.71; 192.04; 190.85; 170.70; 163.58; 161.89; 134.99;
134.22; 129.44; 129.26; 128.85; 128.21; 98.22; 49.46.

4-(4-Methylphenyl)-2,4-dioxobutanoic acid (2): m.p. 141-142 °C, light yellow crystals (6.30
g, 61 %, ACOEt/PhMe); C11H1004; My, 206.19; M* 205 (100 %) 133 (62 %). IR v (cm'1): 3520;
1603; 1290; 1248; 1142; 700. IH-NMR (200 MHz, 29 °C, DMSO-dg) 7.96 (d, J = 8.08 Hz, 2H); 7.91
(d, J=8.11 Hz); 7.38 (d, J = 8.07 Hz, 2H); 4.57 (s); 2.56 (3); 2.41 (s, 3H). 13C-NMR (50 MHz, 29 °C,
DMSO0-dg) 6 190.61; 170.00, 163.42; 145.03; 132.21; 129. 94; 128.21; 97.87; 21.40.

4-(4-Ethylphenyl)-2,4-dioxobutanoic acid (3): m.p. 101-102 °C, light yellow crystals (7.30 g,
66 %, ACOEt/PhMe); C1,H1,04; My, 220.22; M* 219 (100 %) 147 (82 %) IR v (cm™1): 3523; 1700;
1607; 1290; 1247. 1H-NMR (200 MHz, 29 °C, DMSO-dg) J 7.84 (b, overlapped with aromatic sig-
nals); 7.96 (d, J = 8.42 Hz, 2H); 7.89 (d, J = 8.70 Hz); 7.40 (d, J = 8.14 Hz, 2H); 7.25 (d, J = 8.70 Hz);
7.11(s, 1H); 4.58 (s); 2.70 (q, J1 3 = 15.16 Hz, J; » = 7.58 Hz, 2H); 1.22 (t, J = = 7.58 Hz, 3H). 13C-
NMR (50 MHz, 29 °C, DMSO-dg) ¢ 190.91; 170.22; 163.65; 151.15; 162.63; 129.08; 128.86;
128.62; 128.44; 98.05; 28.63; 15.28.

4-(4-i-Propylphenyl)-2,4-dioxobutanoic acid (4): m.p. 96-97 °C, light yellow crystals (4.1 g,
35 %**, PhMe); C13H1404; My, 234.25; M* 233 (100 %) 161 (71 %); IR v (cm'): 3503; 1702;
1606; 1293; 1249. TH-NMR (200 MHz, 29 °C, DMSO-dg) § 8.77 (b); 8.01 (d, 2H, J = 8.43 Hz); 7.93
(d, J = 8.14 Hz); 7.61 (d, J = 7.30 Hz); 7.44 (d, 2H, J = 8.42 Hz); 2.9 (sp, Jy = 6.92 Hz, Jy 3 =
=13.84 Hz, Jy 4 = 20.44 Hz, 1H); 1.23 (d, J = 6.73 Hz, 6H). 1*C-NMR (50 MHz, 29 °C, DMSO-dp)
6 190.66; 170.29; 163.55; 155.50; 132.71; 129.03; 128.43; 127.37; 127.10; 97.97; 33.84; 23.66.

4-(4-tert-Butylphenyl)-2,4-dioxobutanoic acid (5): m.p. 124-125 °C, pale yellow powder
(4.60 g, 75 %, PhMe); C14H1604; M, 248;27; M* 247 (100 %); 175 (46 %); IR v (cm1): 3537.0;
1706.0; 1610.0; 1297.0; 1249.0. 1H-NMR (200 MHz, 29 °C, DMSO-dg) J 8.01 (d, J = 8.71 Hz,
2H); 7.92 (d, J = 8.42 Hz); 7.60 (d, J = 8.43 Hz, 2H); 7.09 (s, 1H); 4.55 (s); 1.32 (s, 9H). 13C-NMR
(50 MHz, 29 °C, DMSO-dg) 6 190.64; 170.27; 163.53; 157.71; 132.29; 128.75; 128.17; 128.28;
97.98; 35.22; 30.98.

4-(3,4-Dimethylphenyl)-2,4-dioxobutanoic acid (6): m.p. 175-177 °C, decomposition; white
powder (6.30 g, 57 %, PhMe); M,, 220.22, C1,H1,04; M* 219 (100 %); 147 (64.3 %); IR v (cm™1):
1705; 1612; 1261. *H-NMR (200 MHz, 29 °C, DMSO-dg) J 7.77 (s, 1H); 7.71 (d, J = 7.86 Hz, 1H);
7.28 (d, J = 7.86 Hz, 1H); 6.64 (b); 4.40 (b). 13C-NMR (50 MHz, 29 °C, DMSO-dg) ¢ 164.42;
142.81; 137.34; 133.28; 130.30; 128.70; 97.93; 19.84; 19.55.

4-(4-Fluorophenyl)-2,4-dioxobutanoic acid (7): m.p. 145-147 °C, decomposition; white need-
les (crystalline) (3.60 g, 69 %, ACOEt/PhMe); My, 210.16, C1gH7FO,4; M* 209 (100 %), 137 (33.1 %);
IR v (cm™): 3522; 1631; 1601; 1240. IH-NMR (200 MHz, 29 °C, DMSO-dg) § 8.17 (dd, J = 8.71
Hz, 2H); 7.41 (t, J = 8.70 Hz, 2H); 7.11 (s, 1H); 4.58 (s). 13C-NMR (50 MHz, 29 °C, DMSO-dg) J
189.93; 169.69; 168.38; 163.44; 131.72; 131.41; 131.21; 116.74; 116.30; 98.20; 49.33.

* At 143-144 °C the compound turns to a dark red color. This product melts at 155-156 °C. In the
literature the latter temperature is reported as the melting point (Ref. 11 from the main text and
Tetrahedron 60 (2004) 6479).

** Hydrolysis of the Et-ester described in main text is insufficiently efficient for compound 4.
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4-(4-Chlorophenyl)-2,4-dioxobutanoic acid (8): m.p. 164-165 °C, decomposition; white crys-
tals (8.30 g, 73 %, AcOEt/PhMe); M,, 226.61, C1oH;ClO4; M* 225 (100 %), 153 (51.7 %); IR v
(cm™1): 3504; 1630; 1591; 1323; 1286; 1241; 1142. TH-NMR (200 MHz, 29 °C, DMSO-dg) 6 8.08
(d, J=8.70 Hz, 2H); 8.01 (d, J = 8.70 Hz); 7.63 (d, J = 8.69 Hz, 2H); 7.57 (d, J = = 8.90 Hz); 7.10 (s,
1H); 4.59 (s). 13C-NMR (50 MHz, 29 °C, DMSO-dg) § 189.50; 170.44; 163.61; 163.63; 139.22;
133.68; 131.43; 130.66; 130.02; 129.50; 129.50; 129.28; 129.00; 98.20; 49.37.

4-(4-Bromophenyl)-2,4-dioxobutanoic acid (9): m.p. 163-164 °C, decomposition; white pow-
der (3.95 g, 58 %, PhMe); M,, 271.06, C1qH;BrO,; M* 271 (100 %), 269 (82 %), 199 (8.8 %), 197
(8.7 %); IR v (cm™1): 3534; 1622; 1588; 1291; 1241. 1H-NMR (200 MHz, 29 °C, DMSO-dg) ¢ 7.94
(d, 3 =8.70 Hz, 2H); 7.72 (d, J = 8.70 Hz, 2H); 7.01 (s); 4.53 (5). 13C-NMR (50 MHz, 29 °C, DMSO-
dg) 0 189.13; 171.05; 163.44; 134.11; 132.43; 130.07; 128.34; 98.18.

4-(4-Nitrophenyl)-2,4-dioxobutanoic acid (10): m.p. 158-160 °C, light orange-red powder
(9.50 g, 80 %, ACOH/PhMe); C19H;NOg; M, 237.17; M* 236 (100 %) 164 (60 %); IR v (cm™):
3492; 1707; 1603; 1528; 1349; 1288; 1239. 'H-NMR (200 MHz, 29 °C, DMSO-dg) J 8.40-8.12
(m, “5.7 H”), within distinct strong doublet 8.32 (J = 6.70 Hz). Other observable peaks at: 8.38,
8.37, 8.35, 8.27, 8.26, 8.21, 8.20, 8.19, 8.18, 8.15; 7.125 (s, 1H); 4.67 (s). 13C-NMR (50 MHz, 29 °C,
DMSO-dg) ¢ 186.86; 172.31; 166.17; 163.26; 152.00; 150.37; 140.10; 130.99; 130.19; 129.48;
124.31; 124.021; 98.88.

4-(3-Hydroxyphenyl)-2,4-dioxobutanoic acid (11): m.p. 175 °C, light dull-orange powder
(5.60 g, 54 %, AcOEt); C1oHgOs; My, 208.17; M* 207 (100 %) 135 (24.6 %); IR v (cm™L): 3390;
1628; 1580; 1283; 1199. *H-NMR (200 MHz, 29 °C, DMSO-dg) 6 8.97 (b); 7.47 (d, J = 7.65 Hz, 1H);
7.39 (s, b, “1.38 H”); 7.33 (doublet-like, J = 7.88 Hz, “0.9 H”); 7.07 (d (peak broadening), J =
=8.11 Hz, 1H); 6.99 (s, 1H); 4.48 (s). 13C-NMR (50 MHz, 29 °C, DMSO-dg) § 195.93; 191.98;
190.81; 170.27; 163.53; 158.25; 137. 54; 136.32; 130.59; 130.33; 121.56; 119.88; 119.14; 114.71;
114.15; 98.22; 49.46.

4-(4-Hydroxyphenyl)-2,4-dioxobutanoic acid (12): m.p. 202-204 °C, dark yellow-orange pow-
der (4.6 g, 44 %, water); C1oHgOs; M,, 208.17; M* 207 (100 %), 135 (10.4 %); IR v (cm'1): 3233;
1723; 1604; 1270; 1226. 1H-NMR (200 MHz, 29 °C, DMSO-dg) ¢ 14.10 (b, 1H); 10.74 (b, 1H);
7.99 (d, J =8.71 Hz, 2H); 7.86 (d, J = 8.71 Hz); 7.05 (s, 1H); 6.93 (d, J = 8.71 Hz, 2H) broadening
in peak basis; 4.47 (s). 13C-NMR (50 MHz, 29 °C, DMSO-dg) 6 190.79; 168.34; 163.70; 163.62;
131.085; 126.06; 116.19; 97.75.

4-(4-Methoxyphenyl)-2,4-dioxobutanoic acid (13): m.p. 158-159 °C, decomposition; yellow
powder (7.80 g, 70 %, AcOEt/PhH); M, 222.19, C1,H1¢0s; M* 221 (100 %), 149 (70.9 %); IR v
(cm1): 3468; 1688; 1602; 1295; 1261; 1180. IH-NMR (200 MHz, 29 °C, DMSO-dg) ¢ 8.06 (d, J =
=8.70 Hz, 2H); 7.11 and 7.07 doublet overlapped with singlet, “3.3 H”; 4.54 (s); 3.89 (s, 3H). 13C-NMR
(50 MHz, 29 °C, DMSO-dg) ¢ 190.66; 168.94; 164.46; 163.73; 131.25; 130.76; 127.57; 114.79;
114.42; 97.91; 55.96; 49.15.
Determination of acidity constants

The acidity constants were spectrophotometrically determined (except for pKy, and pK,3 of
compound 12, which were potentiometrically determined) at t = 25+1 °C and constant ionic strength
0.1 mol I (NaCl). Stock solutions of compounds 1-13 were prepared in ethanol (¢ = 1.0x102 mol I,
except for 5 where ¢ = 0.5x102 mol I due to its lower solubility). Working solutions (¢ = 1.0x10™
mol I for all but 5, c5 = 0.5x10* mol I'1) were prepared in deionized water (the ethanol concen-
tration was up to 1 %, vol) in the pH ranges 1.1-3.5 for pK,; and 5.9-9.1 for pKj, determination.
HCI solutions were used for pH 1.1-3.5, phosphate buffers for pH 5.9-8.0 (c'! = 0.01 mol I'Y),
carbonate buffers for pH 8.1-9.1 (c'! = 0.01 mol I'Y). The UV-Vis spectra of compounds 1-13 in
their monoanionic form (HA") were recorded in acetate buffer (c®°t = 0.01 mol I'1, pH 5.5%). The

*For 4-NO,— derivative (10) the acetate buffer pH 4.5 was used.
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measured pH values were converted to pcy according to the relation:12 pcy = —log [H30*] = pH — A,
where A is the correction factor (A = 0.08) determined by potentiometric titration of a standard HCI
solution with a standard NaOH solution at 25+1 °C and ionic strength 0.1 mol I"? (NaCl). For solu-
tions with pH < 2, the pcy values were calculated according to the concentration of the standard
HCI solution.

The spectra were recorded over the 220-500 nm range at a scanning speed of 500 nm min1
against the corresponding blank. For pK, determination, the absorbances were measured at the
wavelength of the absorption maximum or at the wavelength of the maximal differences in absor-
bances. Three sets of experiments were performed.

For the potentiometric determination of pK,, and pK,3 of the compound 12, 20.00 ml aliquots
of the stock solution of 12 (c1, = 9.9198x10™ mol I'1) in 0.1 mol I'* NaCl were titrated with 0.020 ml
increments of the standard NaOH solution (¢ = 0.1298 mol I'1) until the pH 10 was attained. The
values of pK,, and pK,3 were found according to the formation function n (the mean number of
protons bound to the base (12)), with the data from three times repeated experiments. The for-
mation function was calculated according to equation:13

32 —[H30]-[OH™]
C12

n=

@

where ¢y, is the concentration of 12, [H30*] is calculated from pcy, and [OH™] is the concentration
of NaOH in the solution.

LFER calculations

Linear regressions were obtained using the BILIN program.14 The coefficients following the
terms in Eqgs. (5-10) are twofold standard deviations. The statistical parameters are reported as
follows: n — number of observations; r — correlation coefficient; F — Fischer test, Q2 — leave one out
cross-validation; spress — Standard deviation of Q.

Geometry optimization

The reported conformations of the molecular, monoanionic and dianionic forms of 1 (Figs. 5a-5c,
respectively) were obtained by the semi-empirical MO PM6 method® with implicit water solva-
tion (COSMO) (Keywords: EF, PM6, GNORM = 0.01, PRECISE, EPS = 78.4, RSOLV = 1.000,
DISEX = 3.000, NSPA = 92) using the MOPAC 2007 package.!%? The VegaZZ 2.1.0 was used as
the graphical user interface (GUI).16

RESULTS AND DISCUSSION

The examined set (compounds 1-13), comprised mainly of 4-substituted de-
rivatives (1-5, 7-10, 12, 13) and alkyl-, halo-, hydroxy-, alkoxy- and nitro-phe-
nyl substituents, can be considered as sufficient for the derivation of a linear free
energy relationship. Compounds 6 (3,4-di-Me-) and 11 (3-OH-) were included
because the majority of the so far reported biologically active ADK derivatives
have alkyl- or oxygen-containing substituents in position 3 of the phenyl ring. In
this way, the model could be tested for further expansion. Using the extended
Hammett correlation, the determined pK, values were correlated with literature
substitutent constants!’ (o and om; or and oy; Table 11).

ADKSs in aqueous solution, in the studied pH range, act as diprotic acids,
with the exception of compound 12, which showed dissociation of carboxyl, a-hy-
droxyl, and 4-OH-phenyl groups. As mentioned before, ADKSs in solution under-
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go keto-enol tautomerization. The NMR spectra (Fig. 1), recorded in agueous so-
lution (pD 5.0), proved the existence of the diketo and both enolic forms, thus the
acidity constants represent system macro constants.

TABLE 1. Structures, experimentally determined pKj, values of the studied compounds (1-13) and
the used substituent constants

(@] OH
= OH
R
I (o]
Comp. R- PKa1 op Om OR oy
1 H- 2.06 0 0 0 0
2 4-Me- 2.22 -0.14 0 -0.109 -0.039
3 4-Et— 2.28 -0.32*1) 0 -0.10% -0.057)
4 4-j-Pr- 2.29 -0.28*2) 0 -0.12% -0.067)
5 4-tert-Bu- 2.21 -0.20 0 -0.13 -0.079
6 3,4-di-Me— 2.09 -0.14 -0.07 - -
7 4-F- 2.06 0.213 0 -0.459 0.62
8 4-Cl- 2.09 0.23 0 -0.23 0.52
9 4-Br- 2.06 0.23 0 -0.2510) 0.50
10 4-NO,~ 1.87 0.78 0 0.27 0.641D)
11 3-OH- 2.18 0 0.029 -0.06 0.18
12 4-OH- 2.29 -0.37 0 -0.4312) 0.239
13 4-MeO- 2.28 -0.27 0 -0.61 0.27
Comp. R- pKao op Om OR oy
1 H- 7.56 0 0 0 0
2 4-Me- 7.99 -0.14 0 -0.14 -0.04
3 4-Et- 7.83 -0.13% 0 -0.109 -0.057
4 4-j-Pr- 7.85 -0.13% 0 -0.129 -0.067
5 4-tert-Bu- 7.72 -0.15% 0 -0.159 -0.079
6 3,4-di-Me— 7.92 -0.14 -0.06% - -
7 4-F- 7.50 0.219 0 -0.459 0.62
8 4-Cl- 7.30 0.28%) 0 -0.23 0.52
9 4-Br- 7.53 0.15*2) 0 -0.30% 0.44
10 4-NO,~ 6.63 0.78 0 0.15 0.6410
11 3-OH- 7.45 0 0.12 -0.06 0.18
12 4-OH- 7.73 - - - -
13 4-MeO- 8.13 -0.27 0 -0.61 0.27

*op *ok; 1) J. Org. Chem. 23 (1958) 1215; 2) J. Am. Chem. Soc. 80 (1958) 4979; 3) Summ. Sci Techn., Ser.
Gen. Ques. Org. Chem. p. 163 (1979); 4) Chem. Scripta 9 (1976) 200; 5) J. Am. Chem. Soc. 90 (1968) 1757; 6) Can.
J. Chem. 46 (1968) 2929; 7) J. Am. Chem. Soc. 100 (1978) 7765; 8) J. Org. Chem. 29 (1964) 1222; 9) Can. J.
Chem. 61 (1983) 2376; 10) Prog. Phys. Org. Chem. 13 (1981) 119; 11) Prog. Phys. Org. Chem. 10 (1973) 81;
12) J. Am. Chem. Soc. 85 (1963) 3146; The other o, and oy, valuesare taken from J. Org. Chem. 23 (1958) 420;
The other og and oy values are taken from J. Am. Chem. Soc. 94 (1972) 9113

As the differences in the acidities of the carboxyl and a-hydroxyl groups are
sufficiently high (Table I), the pKy1 and pKj» of the diprotic acids could be sepa-
rately determined. The values of pKy» and pKa3 of compound 12 are too close to
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be determined spectrophotometrically, thus they were potentiometrically determi-
ned. Briefly, as this will be reported separately, the 4-OH-phenyl group dissocia-
tes at a lower pH than the a-hydroxyl group. The formed phenolate ion is tauto-
merically equilibrated via a quiynoid structure and transfers the negative charge to
the former aroyl oxygen. The negative charge on the “aroyl” oxygen, in turn, sta-
bilizes the a-hydroxyl oxygen; this results in the higher pK, value of the a-hydroxyl.

O OH
= OH
H O
\
OH O R
S OH
H O
\ |

7.5 740 785 720 775 770 TS5 760 755 750 745

Fig. 1. 1D 1H-NMR spectrum of compound 1 (region 7.4-8.0 ppm)* at pD 5.0 and t = 25 °C in D,0.

For the spectrophotometric determination of the acidity constants, two trans-
formed forms of the classical spectrophotometric equation® were applied:

_ kB Aa
A= Aq,a —Ka 0] (2)
A= AAZ' _Kiag[H?)O-k](AHA -A) (©)

where Ay,a, AHA-, Aa2-, and A represent the absorbances of the molecular
(H2A), monoanionic (HA-) and dianionic (A27) forms of the ADKs and their
mixture at specified wavelengths, respectively. Egs. 2 and 3 gave linear depen-
dences when the spectrum of only one “pure” form (HA™) was required for the
determination of K31 and Kgo. The absorption spectra used for the determination
of the acidity constants of compound 1, as a representative, are shown in Fig. 2a
and 2c. The values of K1 and Ko were calculated by linear regression analysis
from the slope of the corresponding lines (Fig. 2b and 2d).

*As the singlet of —-CH,— protons from the diketo form, present at 4.50 ppm, is signifycantly
weaker, just the region with the signals from the two enolic forms is shown.
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Fig. 2. a) Absorption spectra of compound 1, used for the determination of K4 in solutions of dif-
ferent acidity, the pH values are indicated on the figure; b) spectrophotometric determination
of K1 according to Eq. 2; ¢ = 1.0176x10-4 mol I'; 4 = 314.0 nm; c) absorption spectra of
compound 1 used for the determination of K, in solutions of different acidity, the pH
values are indicated on the figure; d) spectrophotometric determination of K,
according to Eq. 3; ¢, = 1.0021x10"4 mol I'1; 1= 328.5 nm.

As mentioned previously, Ky and Ky3 for the 4-OH-derivative (12) were
determined potentiometrically according to the formation function. In the pH
interval where the HoA~, HA2~ and A3~ forms are present, the formation func-
tion gave the following linear dependence:13

[HsO0*FP(2-n) _, [H30"](n-1)
o a2 =

Ka2 (pKg2 7.73+0.01) and Kz (pKaz 9.52+0.07) were determined from the

slope and the intercept of the corresponding line from three times repeated expe-
riments (Fig. 3).

Considering the obtained pKj values (Table I), the distribution of the species

at some physiologically important pH values can be calculated. As the pKj1 of all

the studied compounds lies within the interval 1.87-2.29, at pH 1.5, 30 to 70 %

K +Ka2Ka3 (4)
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of the ADKs (depending on the specific pKa1 value) are present in the HoA form
(H3A for compound 12). The pKg2 values of compounds 1-11 and 13 lie within
the 6.63-8.13 range, thus at pH 7.4, 15 to 85 % of these compounds (depending
on the specific pKyo value) is present in the HA~ form, and at pH 9, most of
ADKs 1-11 and 13 are completely deprotonated (A2~ form). The situation for
compound 12 is slightly more complicated with HoA~ and HAZ~ being the domi-
nant species in the pH range 6.7-8.6 and HA2~ and A3~ in the pH range 8.6-10.5.
Representative distribution diagrams for compounds 1 and 12 are shown in Figs.
4a and 4b, respectively.

8.0x10™

32 4.0x10™
om
z
2.0x10™
0.0
. ) \ \ . Fig. 3. Potentiometric determination of
0.0 10x10°  20x10°  30x10°  40x10° Kao and Kyz for compound 12 accor-
[H,0IA-1)7 ding to Eq. (4), ¢1» = 9.9198x10* mol I'1,
1.0 1.0
a) ~HA A Ax b)
o2
0.8 0.8 -
£ 06 £ osp pK., oK pK.
@ i » a3
g 5 / 2\ /
s 2
04 04 2 2
HA ,le
02 0.2 -
R = M O'00 2 4 6 8 10 12 14
pH
Fig. 4. Distribution diagrams: a) compound 1 and b) compound 12.
LFER

The determined acidity constants (pKs1 and pKg2) were correlated with lite-
rature substituent constants in order to build a linear model of the Hammett type.
Correlation of the determined pKjapvalues with the o, and o substituent cons-
tants has moderate statistics:
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PKa1 = —0.382 (+0.070) op + 1.622 (+1.080) o + 2.151 (+0.022) (5)
(n=13;r=0.969; s = 0.034; F = 76.069; Q2 = 0.916; Spress = 0.040)

The constant term in Eq. (5) is far for the experimentally obtained pKy1 of
the unsubstituted compound 1. Exclusion of the parent compound (1) results in a
statistically better correlation.

PKa1 = —0.381 (+0.037) o + 1.694 (£0.570) oy + 2.159 (0.012)  (6)
(n=12; r = 0.992; s = 0.018; F = 280.480; Q2 = 0.960; Spress = 0.029)

Factorization of the influences of the substituent on resonance and inductive
ones does not allow the inclusion of the disubstituted derivative (6):

pKa1 =-0.380 (£0.180) or — 0.392 (£0.140) o) + 2.174 (£0.055) @)
(n=12;r=0.925; s = 0.055; F = 26.574; Q2 = 0.771; Spress = 0.069)

Again, exclusion of the parent compound (1) results in a statistically better
correlation:

PKa1 = —0.333 (+0.130) og — 0.423 (£0.980) oy + 2.202 (+0.043)  (8)
(n=11; r = 0.968; s = 0.037; F = 59.605; Q2 = 0.891; Spress = 0.049)

Even the terms in Egs. (7) and (8) are not standardized; the inductive term
has a somewhat higher weight. In the pH range 1-5, the diketo form is present in
a significantly lower amount compared to the enolic form | in the existing tauto-
meric mixture (Scheme 1) (this is clearly seen in the NMR spectra, exemplified
by the TH-NMR spectrum of the parent compound (1) at pD = 5.0, Fig. 1). There-
fore, resonance transmission of the substituent effects to the carboxylic group
could be expected to be dominant. However, the optimized structures of the eno-
late molecular and monoanionic forms with the implicit water solvation model
(COSMO) clearly show that the carboxyl group of the molecular form and the
carboxylate anion of the monoanionic form of the compounds is torsionally dis-
torted from the rest of the molecule, as exemplified on the parent compound (1)
(Figs. 5a and 5b). Accordingly, the higher weight of the inductive effect repro-
duces the real situation in water, which was used as the medium in the present
study of protolytic equilibria.

Correlation of the determined pKg2 values with the op and om substituent
constants has much better statistics than the corresponding equation describing
PKa1 (Eq. (9)):

PKa2 = -1.319 (20.220) op — 1.706 (+1.600) oy + 7.677 (+0.062) 9)
(n=12;r=0.977; s =0.094; F = 93.574; Q2 = 0.927; Spress = 0.118)

The 4-OH-substituted derivative could not be included in Egs. (9) and (10);
the explanation is offered above. Exclusion of the 4-tert-Bu- derivative (5) gives
a superior correlation (r = 0.985, F = 128.15, Q2 = 0.931). For this, no explana-
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tion can be offered. Factorization of the influences of the substituent on reso-
nance and inductive ones, with exclusion of the disubstituted derivative (6), gave
a good correlation:

PKa2 = —1.416 (0.290) og — 1.168 (+0.220) o + 7.591 (+0.086)  (10)
(n=11; r=0.983; s = 0.083; F = 114.494; Q2 = 0.949; Spress = 0.102)

b)

Fig. 5. The molecular, monoanionic and dianionic
enol (Scheme 1, structure 1) optimized by the MO
semi-empirical PM6 method and implicit water sol-
vation (COSMO) using MOPAC 2007.1° Ball and
stick presentation: white spheres — hydrogen, gray
c) spheres — carbon and dark gray spheres — oxygen.

Additional exclusion of the 4-tert-Bu- derivative (5) gave the best of the in
this article reported correlations (r = 0.993, F = 264.285, Q2 = 0.977).

At this stage, obvious question arises: Why the Hammett correlations of
pKaz2 (Egs. (9) and (10)) are statistically significantly better than corresponding
ones correlating pKa1? The optimized structures!® of the molecular, monoanionic
and dianionic forms of the compounds (exemplified by the parent compound (1),
Figs. 5a-5c) offer the probable explanation. The molecular form of enol | (Sche-
me 1) has an almost perfect coplanar > C(O)-CH=C(OH)- (keto-enol) moiety,
stabilized by an intramolecular H-bond. In the parent compound, the > C=0..H-O-
distance is 1.71 A, with a H-bond energy of —0.2997 kcal mol-L. The aryl group
is twisted from the plain of the keto-enol moiety by 37.61°, while the carboxyl
group is twisted by 101.70°. In the monoanionic form, a similar distortion of the
carboxylic group exists (91.25° for the parent compound (1)), i.e., the carboxylic
group is almost perpendicular to the plane of the keto-enol moiety. Transmission
of the resonance effect is efficiently suppressed in this manner. Accordingly, the
inferior statistics of Egs. (5)—(8) in respect to Egs. (9) and (10) could be reason-
ably explained. On the other hand, in the monoanionic form, the aryl group is
twisted in respect to the keto-enol moiety by a minor amount (7.83° for the pa-
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rent compound (1)), i.e., the aryl ring is almost coplanar with the keto-enol moi-
ety, therefore transmission of resonance and inductive effects is very efficient and
could be described by the extended correlation of the Hammett type. As a note, in
the dianionic form (exemplified by the parent compound (1), Fig. 5¢) the keto-
enol moiety is again coplanar, but the aroyl keto and ionized vinyl hydroxyl are
in the Z configuration with respect to each other, because of the repulsion bet-
ween the charge on the enolate anion and the lone pair of the aroyl keto group.
Time scales of the rotation around the aroyl keto-vinyl =CH- and the deproto-
nation of the —OH group should be examined in the future.

The values of pK, predicted from Egs. (5)-(10) are given in Table Ill and
shown in Fig. 6. The substituent constants were taken from different sources and
the main criterion was to choose those derived from the ionization of carboxylic
acids or solvolysis of the corresponding derivatives. To the best of our know-
ledge, a set of substituents constants derived from compounds having an enoliza-
ble interface between a phenyl ring and the reaction center (carboxylic group in
the present case) has not been reported in the literature. For compounds 3 and 4,
op values were used in Egs. (5) and (6). This could be an indication that hyper-
conjugation of 4-Et- (3) and 4-i-Pr- (4) substituents could influence the overall
structures of these molecules, which is possible, particularly considering the tau-
tomeric form 11 (Scheme 1). The or of compounds 2, 7, 8, and 13 (m-electron
delocalization) are derived from the benzoic acid ionization model, while the
others are m-electron delocalizations derived from 13C-NMR shifts.

TABLE Il11. Experimentally obtained (pK,; and pKy,) and predicted acidity constant values
Predicted pKyy Predicted pKy,

comp. R v Ei ) Ea®) Ea() Ee® ¥ Eq(9) Eq.(0)
1 H- 2.06 2.15 *a 2.17 * 7.56 7.68 7.59
2 4-Me—- 2.22 2.20 2.21 2.23 2.25 7.99 7.86 7.84
3 4-Et- 2.28 2.27 2.28 2.23 2.26 7.83 7.85 7.79
4 4-i-Pr— 2.29 2.26 2.27 2.24 2.27 7.85 7.85 7.83
5 4-tert-Bu— 2.21 2.23 2.24 2.25 2.28 7.72 7.87 7.88
6 3,4-di-Me- 2.09 2.09 2.09 * * 7.92 7.96 a

7 4-F- 2.06 2.07 2.08 2.10 2.09 7.50 7.40 7.50
8 4-Cl- 2.09 2.06 2.07 2.06 2.06 7.30 7.31 7.31
9 4-Br- 2.06 2.06 2.07 2.07 2.07 7.53 7.48 7.50
10 4-NO,— 1.87 1.85 1.86 1.87 1.88 6.63 6.65 6.63
11 3-OH- 2.18 2.18 2.19 2.13 2.15 7.45 7.47 7.47
12 4-OH- 2.29 2.29 2.30 2.25 2.25 7.73 * *

13 4-MeO- 2.28 2.25 2.26 2.30 2.29 8.13 8.03 8.14
@0mitted from equation derivation
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Fig. 6. Experimentally obtained vs. calculated pK, values for compounds 1-13. Graph a)
corresponds to Eq. (5), graph b) to Eq. (6), graph c) to Eq. (7), graph d) to Eq. (8),

graph e) to Eq. (9) and graph f) to Eq. (10).

The selection of the substituent constants could roughly indicate possible dif-
ferences between the amounts of all three possible tautomeric forms in aqueous
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solution for the molecular or ionized forms of every studied compound, as well
as differences in the mode of their solvation. This account offers rationale for the
magnitudes of the experimentally obtained pKj, values, which have been discus-
sed in the presented correlations. These partially “empirically” derived models by
the classical LFER approach could be extended to a larger set of congeners.
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NU3BOJ

JINTHEAPHE KOPEJIAIIMJE CJIOBOAHE EHEPTUIJE (LFER) ITPOTOJIUTUYKNX
PABHOTEXA 4-APWJI-2,4-JUOKCOBYTAHCKHNX KUCEJIMHA
Y BOJEHUM PACTBOPMMA

TATJAHA ). BEPEURY, BPAHKO J. IPAKYJINRZ, MIRE F. ZLOHS3, JOBAHA P. TIELIEJbY,
I'OPJJAHA B. TMOIMOBUA* 1 UBAH 0. JYPAHWR?

YXemujcku paryaimieims, Yrusepauisiemn y beozpady, Citiydeniticku imipz 12—16, 11000 Beozpad, 2Lenimiap 3a
xXemujy — MHcitiuitiyiti 3a xemujy, ilexHoA02ujy u meitianypzujy, Yrueepauitieii y beozpaoy, Hhezowesa 12,
11000 Beozpao, *The School of Pharmacy, University of London, 29/39 Brunswick Square, London
WCIN 1AX, United Kingdom u *®apmayeyiticku axyaiiei, Ynusepauitieini y Beozpady,
Bojsooe Ciuieiie 450, 11000 Beozpao

IporonuTtnuke paBHOTexe 13 jenumera n3 kinace 4-apui-2,4-1MOKCOOYTAHCKHUX KHCEIHMHA
(AIK) criekTpoh)OTOMETPHjCKH Cy IpoyuYaBaHe y BOJACHUM pacTBopuma y pH uuteppany 1-9 npu
temmeparypu 25+1 °C u jonckoj jaunan pactsopa 0.1 mol I'1 (NaCl), ca usyserxom 4-OH-nepusa-
Ta KOjH je IpoydyaBaH M IOTEHIHOMeTpHujcku y PH unTepBany 7-10 mpu uctum ycnoBuma. Kako
AJIK y BoZIeHOM pacTBOpY MOUIEKY KETO-€HOIHO] TAYTOMEPHUJU M HCTOBPEMEHO TI0CTOj€ Y AUKETO
U 1Ba eHonHa obnuka, To oxpehene kucenuncke koucrante (pKy 1.87-2.29, pKy, 6.63-8.13 u
pKa3(4-OH-) 9.52) mpeacraeibajy Makpo koHcrante 3a nati cucreM. "H-NMR crnexrap ocHoBHe
cyncranie (4-¢pennn-2,4-nuokcobyrancka kucenuna) (25 °C, pD 5.0) norsphyje npucycTBo cBHX
TAayTOMEpHHUX 00JMKa. YHOTpeOoM ImpoupeHe XaMmeToBe Kopeianuje, oapehene pK, BpenHocTH
KOpEJHCaHe Cy ca JINTepaTypHUM ¢ BpeaHoctuma. [Ipensubhere pK, BpenHocTr 106po ce ciiaxy ca
EKCTIIEPHUMEHTAIHO N00ujeHnM. MoJeKyckr, MOHOaHJOHCKH M AWAHjOHCKH OOJIMIIM OCHOBHE CYTI-
CTaHIIe Cy ONTUMH30BAHN CEMHEMITHPHjCKOM MOJEKyJIcKo—opouTanHomM PM6 meTonom ca mMrnm-
UTHUM MoJienioM cosBaranuje y Boau (COSMO). lobujeHe reomerpuje cy ynorpebibene 3a o0ja-
mmewme kBanurera LFER monena.

(Mpumsbero 29. maja 2007)
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