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This paper deals with the basicity, both in the gas phase and in aqueous solution, of a set
of 150 pyrazoles covering a range of about 200 kJ-mol™ in proton affinity and 10-15 pK;
units. There are 63 NH-pyrazoles, in many cases, with two different tautomers, and 87 N-
substituted pyrazoles. The gas phase results are well reproduced by DFT theoretical
calculations when the less stable tautomers are removed. The pK, values to be
reproduced adequately by the calculations need not only to remove some tautomers but to
use dummy variables accounting for the protonation on exocyclic amine groups and the
conformation of 5-phenyl groups. Using these restrictions a large number of unknown pK,s
can be predicted and a few errors corrected.

1. Introduction

Amongst the physicochemical properties of drugs (water solubility, partition coefficient,
crystal structure, stereochemistry), related to ADMET (Absorbtion, Distribution,
Metabolism, Excretion)' and to SAR (Structure Activity Relationships)® and QSAR
(Quantitative Structure Activity Relationships),® one of the most important is their acid-
base characteristics. The Lipinski's "rule of five" state that an orally active drug should
have no more than five hydrogen bond (HB) donors (HBD) and no more than ten HB
acceptors (HBA).* Since HB can be considered as the initial step of protonation,® these
rules are related to the acidity and the basicity of drugs. Besides, the great majority of
drugs contain ionizable groups, most being basic while only some are acidic.

The pyrazole skeleton is very common in a great variety of drugs as has been
reported in several books and reviews.® Furthermore, some of us have been the main
contributors to the determination of the pK,,"®%''" and to the gas-phase basicity of
pyrazoles, both experimental'?!31415.1617.1819.202122 5 theoretically.?>?*?*? Therefore,
we decided to carry out a theoretical study of the basicity of a large family of pyrazoles
(150) both PA and pK, (note that the collection is incomplete, only 68 PAs and 156 pK,s).

2. Computational methods
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The geometries of pyrazoles ng) and pyrazolium cations (PzH") have been fully optimized
using the functional B3LYP?" and the 6-311++G(d,p) basis set®® as implemented in the
Gaussian 09 package (the coordinates of all the optimized geometries are gathered in the
Supporting Information).?® The minimum energy structure of all compounds was
characterized by frequency analysis. The solvent effects have been evaluated by
reoptimizing the structures at B3LYP/6-311++G(d,p) level and the Self-Consistency
Reaction Field (SCRF) method,*® based on the Polarized Continuum Model (PCM) of
Tomasi and co-workers,®! in water as solvent using the standard parameters provided by
the Gaussian-09 program.

Scheme 1 shows the acid dissociation of a protonated pyrazole (PzH") into its
conjugated base, neutral pyrazole (Pz), and a free proton (H"). The pK, value of an acid is
defined as shown in the equation 1. Here, AG,q was directly obtained as the difference of
the free Gibbs energies of the products and reactants, as indicated in equation 2. Thus,
the Gaq value of each species can be obtained by adding the solvation energy (AGs) to the
free Gibbs energy in gas phase (Ggas) (3).

AG
PzH"—=— Pz + H*
Scheme 1. The species involved.

AG

K, = 9 (1
PR = RTin10 M

AGaq = Gaq (Pz) + Gag (H) — Gag (PzZHY) (2)
Gaq = Ggas + AGS (3)

The proton free energy in aqueous solution is uncertain. Thus, we decided to use
experimental values for this variable. The experimental estlmations of the solvation energy
of the free proton range from —1062.7 to —1112.5 kJ-mol™'. Most programs for calculating
solvent effects (SMD, COSMO®®) use the last value.*¥

With the aim of minimize possible errors we calculated two pK, values for each Pz by
using different AGs data according to literature, i.e the highest calculated value AGs = —
1112.5 kd-mol™" and the mean value of the range, AGs = —1085.7 kJ-mol™". %

G (P2)+AG.(H")—G. (PzH™)
K P = aq N aq 4
PKa (P2) RTIn10 “)

Table 1 contains all the data for the following discussion and Table S1 of the
Electronic supplementary information (ESI) contains supplementary columns with
intermediate data. For some substituents we have used simplified codes: they are reported

in Fig. 1.
N/_> N/_> N/_> H3C

b B gl momom B

1-adamanty! 2H-campho 1Hcampho 1- pNP 1-DNP 1-TNP 1-C(NH)NH,

Fig 1 Structure of some substituents.
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Table 1 Collection of data related to pyrazoles 1 to 150. All pK; values from reference % save compounds 55 and 56 (see footnote k). AH Gas = H Gas (Pz) — H Gas (PzH"); AG Gas
= G Gas (Pz) — G Gas (PzH"); AH Aqueous = H Aqueous (Pz) — H Aqueous (PzH"); AG Aqueous = G Aqueous (Pz) — G Aqueous (PzH"). ¢ compounds (62, 98, 117, 132, 148)
correspond to protonation on the amino group.

AHGas | AG Gas AH AG - PA E Fitted

No Name R’ R® R* R® (kJ- (kJ- Aqueous Aqueous | Calc | NIST corr. );? and

mol™) | mol™ | (kd'mol™) | (kJ-mol™) pKa (kd'mol™) | P"a | predicted

1 Parent H H H H 891.03 890.67 1106.14 1105.37 3.44 894.1 2.48 1.83
2a 3-Me H CHs H H 913.28 917.07 1116.87 1118.68 5.77 906.0 3.32 3.07
2b 5-Me H H H CHs 914.75 917.84 1116.84 1119.46 5.91 906.0 3.32 3.14
3a 3-Et H CzHs H H 917.81 920.21 1117.16 1118.49 5.74 3.30 3.05
3b 5-Et H H H CoHs 919.54 922.14 1116.25 1114.78 5.09 3.30 2.71
4a° 3-+Bu H +CsHo H H 927.31 928.31 1114.83 1120.98 6.17 922.8 3.30 3.28
4b 5-+Bu H H H tC4Hy 928.93 931.39 1115.48 1115.01 5.13 922.8 3.30 2.73
5 4-Me H H CHs H 906.77 910.60 1112.78 1112.96 4.77 906.8 3.09 2.54
6° 4-Adamantyl® H H 1-Ad H 927.21 926.65 1120.72 1116.94 5.47 913.1 2.91
7 3,5-diMe H CHs H CHs 934.66 942.65 1125.82 1126.47 7.14 933.5 412 3.80
8a 3,4-diMe H CHs CHs H 927.05 930.80 1123.23 1124.55 6.80 927.3 3.91 3.62
8b 4,5-diMe H H CHs CHs 930.39 931.49 1124.28 1125.95 7.04 927.3 3.91 3.74
9 3,4,5-triMe H CHs CHs CHs 947.04 952.09 1132.45 1139.18 9.36 949.3 4.63 4.98
10a 3,4-diMe,5-Et H CHs CHs CoHs 949.81 954.54 1132.41 1134.56 8.55 4.60 4.55
10b 3-Et,4,5-diMe H C2Hs CHs CHs 951.41 953.25 1133.77 1136.93 8.97 4.60 4.77
11 3,5-diEt,4-Me H CzoHs CHs CoHs 955.78 957.76 1133.91 1135.99 8.80 952.8 4.51 4.68
12a 3,4-triCH> H CH, (CHa)2 H 927.61 929.95 1120.63 1122.05 6.36 3.61 3.38
12b 4,5-triCHz H H (CHa)2 CH> 933.40 935.36 1125.15 1126.05 7.06 3.61 3.76
13a 3,4-tetraCH, H (CHa)2 (CHa)2 H 935.43 937.63 1124.74 1126.61 7.16 4.01 3.81
13b 4,5-tetraCHz H H (CHa)2 (CHa)2 936.02 938.16 1124.70 1126.58 7.15 4.01 3.80
14a 3,4-pentaCH, H (CHa)2 (CHy)s H 937.89 940.27 1124.68 1125.86 7.03 3.96 3.74
14b 4,5-pentaCH, H H (CHz)s | (CHz)2 | 938.64 | 940.52 | 1124.22 1125.49 6.96 3.96 3.70
15a 2H-campho® H H -- -- 943.29 945.15 1121.93 1123.64 6.64 3.35 3.53
15b 1 H-campho® H -- -- H 955.10 957.05 1132.16 1133.89 8.44 3.35 4.489
16a 3,4-triCH,,5-Me H CH> (CH2)2 CHs 947.95 950.77 1130.68 1131.40 8.00 4.38 4.26
16b 3-Me,4,5-triCH; H CHs (CHa)2 CHz 951.39 956.13 1134.42 1136.03 8.81 4.38 4.69
17a 3-Me,4,5-tetraCH. H CHs (CHy)2 (CH2)2 | 953.61 957.93 1133.27 1134.81 8.60 4.65 4.57
17b 3,4-tetraCH»,5-Me H (CHa)» (CHy)2 CHs 955.23 957.56 1134.16 1137.28 9.03 4.65 4.80
18a 3-Me,4,5-pentaCHs» H CHs (CH2)3 (CHz)2 | 955.77 959.44 1133.56 1136.50 8.89 4.57 4.73
18b 3,4-pentaCH»,5-Me H (CHa)2 (CHz)s CHs 956.93 959.42 1134.01 1138.23 9.20 4.57 4.89
19 3,5-dit-Bu H tC4Hy H tC4Hy 957.62 961.57 1127.03 1127.05 7.24 952.7 3.99 3.85
20a 3-t-Bu,5-Me H t-CaHg H CHs 946.87 949.53 1127.69 1130.13 7.78 946.2 414
20b 3-Me,5-tBu H CHs H tC4Hy 946.99 948.59 1126.06 1128.89 7.56 946.2 4.02
21" 3,5-dit-Bu,4-Me H tCaHg CHs t-CaHg 967.90 970.29 1134.01 1135.85 8.78 967.5 4.25 4.67
22 3,5-diMe,4-+-Bu H CHs t-CsHg CHs 950.11 951.87 1130.08 1134.20 8.49 4.28 4.52
23a 5-NO> H H H NO2 814.17 815.83 1054.64 1055.73 —5.26 820.8 —4.66 —2.80
23b 3-NO2 H NO» H H 815.41 816.30 1040.79 1041.59 —7.73 820.8 —4.66 —4.11
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24 4-NO» H H NO» H 814.25 | 816.12 1058.82 1060.76 —4.38 822.2 -1.96 —2.33
25 3,5-diNO> H NO2 H NO2 749.13 | 750.48 993.93 995.15 —15.87 759.4 —8.44
26 4-F H H F H 860.65 | 862.01 1089.01 1090.15 0.77 863.0 0.41
27 4-Cl H H Cl H 865.73 | 865.29 1088.09 1087.38 0.29 868.5 0.60 0.15
28 4-Br H H Br H 868.64 | 868.22 1088.36 1087.75 0.35 0.64 0.19
29a 3-Cl H Cl H H 868.03 | 869.99 1079.56 1081.63 —0.72 -0.48 —0.38
29 5-Cl H H H Cl 874.68 | 876.33 1091.96 1093.43 1.35 —0.48 0.72
30a 3,4-diBr H Br Br H 857.91 859.85 1066.29 1067.21 -3.25 -1.83 -1.73
30b 4,5-diBr H H Br Br 860.73 | 862.33 1075.47 1076.06 -1.70 -1.83 —0.90
31a 4-NO,,5-Me H H NO, CHs 839.04 | 840.94 1068.05 1067.13 -3.26 -1.25 -1.73
31b 3-Me,4-NO> H CHs NO2 H 840.60 843.17 1070.90 1072.40 —2.34 -1.25 —1.24
32a 3-Me,4-Cl H CHs Cl H 889.20 | 891.88 1098.97 1100.68 2.62 1.42 1.39
32b 4-Cl,5-Me H H Cl CHs 890.50 | 890.15 1098.68 1100.31 2.55 1.42 1.36
33a 3-Me,4-Br H CHs Br H 891.58 | 894.05 1098.81 1100.73 2.63 1.46 1.40
33b 4-Br,5-Me H H Br CHs 892.85 893.15 1098.61 1101.94 2.84 1.46 1.51
34a 3-Br,4-Me H Br CHs H 888.29 | 891.22 1087.06 1089.06 0.58 0.24 0.31
34b 4-Me,5-Br H H CHs Br 893.73 | 893.87 1097.88 1100.61 2.61 0.24 1.39
35a 4-Cl,5-Et H H Cl CaHs 896.48 | 897.74 1099.92 1099.74 2.45 1.50 1.30
35b 3-Et,4-Cl H CoHs Cl H 897.05 | 897.83 1099.71 1099.57 2.42 1.50 1.29
36a 4-Br,5-Et H H Br C2Hs 898.76 | 899.48 1099.17 1100.59 2.60 1.53 1.38
36b 3-Et,4-Br H CoHs Br H 899.29 | 899.98 1100.21 1100.08 2.51 1.53 1.34
37a 3-Cl,5-Me H Cl H CHs 891.01 896.04 1089.59 1094.03 1.45 0.30 0.77
37b 3-Me,5-Cl H CHs H Cl 896.36 | 901.97 1102.50 1106.37 3.61 0.30 1.92
38a 3-Br,5-Me H Br H CHs 895.69 | 902.26 1091.35 1094.32 1.50 0.45 0.80
38b 3-Me,5-Br H CHs H Br 899.16 | 906.58 1102.01 1104.13 3.22 0.45 1.71
39 3,5-diMe,4-NO» H CHs NO» CHs 863.07 | 865.97 1078.16 1079.13 -1.16 —0.46 -0.62
40 3,5-diMe,4-Cl H CHs; Cl CHs 911.71 914.99 1107.95 1107.30 3.78 2.22 2.0
41 3,5-diMe,4-Br H CHs Br CHs 913.59 | 915.38 1107.78 1108.28 3.95 2.30 2.101
42a 3,4-DiBr,5-Me H Br Br CHs 880.37 | 881.84 1075.49 1075.44 —1.80 —0.96 —0.96
42b 3-Me,4,5-diBr H CHs Br Br 882.30 | 885.46 1085.06 1085.26 —0.08 —0.96 —0.04
43a 3-Cyclopropy! H c-CsHs H H 926.75 | 929.26 1118.70 1121.90 6.34 3.10 3.37
43b 5-Cyclopropy! H H H c-CsHs | 928.38 | 929.44 1121.35 1124.35 6.76 3.10 3.60
44a | 3-Cycloprop.,4-Me,5-Et H CaHs CHs c-CsHs | 952.76 | 954.31 1134.57 1134.58 8.56 4.30 4.55
44b | 3-Et,4-Me,5-cyclopropyl H c-CsHs CHs CoHs 955.10 | 956.00 1127.69 1123.72 6.65 4.30 3.54
45a 3-Ph H CeHs H H 920.97 | 920.00 1105.55 1108.09 3.92 914.2 213 2.08
45b 5-Ph H H H CsHs 922.68 924.85 1108.83 1111.37 4.49 914.2 2.13 2.02
46a 4-Cl,5-Ph H H Cl CeHs 898.75 | 900.57 1090.28 1091.42 1.00 0.26 0.16
46b 3-Ph,4-Cl H CeHs Cl H 901.53 | 903.42 1089.99 1091.13 0.94 0.26 0.50
47a 4-Br,5-Ph H H Br CeHs 900.63 | 902.36 1090.75 1091.90 1.08 0.30 0.20
47b 3-Ph,4-Br H CeHs Br H 903.71 905.75 1090.72 1093.54 1.37 0.30 0.73
48a 4-Me,5-Ph H H CHs; CeHs 933.66 | 935.02 1113.44 1114.24 4.99 2.68 2.28
48b 3-Ph,4-Me H CeHs CHs H 934.84 | 937.12 1113.01 1113.97 4.95 2.68 2.63
49a 3-Ph,5-Me H CeHs H CHs 940.18 | 939.05 1114.97 1120.28 6.05 932.1 2.92 3.22
49b 3-Me,5-Ph H CHs H CeHs 940.76 943.56 1118.59 1125.29 6.93 932.1 2.92 3.32
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50a 3-Ph,5-Et H CeHs H CzHs 943.85 | 943.65 1114.95 1118.23 5.69 935.6 3.03
50b 3-Et,5-Ph H CoHs H CeHs 944.10 | 947.02 1118.31 1121.55 6.27 935.6 2.97
51a 3,4-diMe,5-Ph H CHs CHs CeHs 950.04 | 952.97 1122.18 1124.3 6.76 3.47 3.23
51b 3-Ph,4,5-diMe H CeHs CHs CHs 953.76 | 956.42 1121.73 1128.74 6.66 3.47 3.54
52a 3-Me,4-Br,5-Ph H CHs Br CeHs 919.70 | 921.99 1099.99 1102.23 2.89 1.20 1.17
52b 3-Ph,4-Br,5-Me H CeHs Br CHs 923.66 | 923.83 1099.68 1100.84 2.65 1.20 1.41
53 4-Phenyl H H CeHs H 906.42 | 908.08 1102.06 1102.86 3.00 906.0 1.64 1.60
54 3,5-diPh H CeHs H CeHs 944.72 | 948.48 1106.36 1108.46 3.98 946.3 1.43 1.75
55a 3-CF3,5-Me H CF3 H CHs 863.85 | 867.90 1073.29 1081.59 -0.73 866.8 —-0.50 —0.30
55b" 3-Me,5-CF3 H CHs H CFs 868.22 | 872.83 1086.94 1091.87 1.07 866.8 -0.50 0.57
56" 3,5-bisCF3 H CF3 H CFs 798.34 | 799.21 1031.09 1031.48 —9.51 808.7 —8.23 -5.06
57 4-COqEt H H COEt H 878.61 880.81 1086.64 1088.02 0.40 880.7 0.21
58a 3-Me,5-COEt H CHs H CO2Et | 905.86 | 909.68 1097.26 1102.78 2.99 902.6 1.59
58b 3-COqEt,5-Me H CO.Et H CHs 912.583 | 916.99 1093.33 1095.06 1.63 902.6 0.87
59 3,5-CO:Et H CO:Et H COqEt | 884.44 | 887.67 1062.36 1066.22 -3.42 881.6 -182
60a 3-Ph,5-CO2Et H CeHs H CO2Et | 908.81 910.00 1084.07 1083.51 0.51 899.7 0.27
60b 3-CO2Et,5-Ph H CO2Et H CeHs 921.16 | 924.10 1086.32 1088.65 -0.39 899.7 —0.58
61a 3-NH> H NH2 H H 927.37 | 929.37 1125.48 1128.50 7.49 921.5 4.11 3.98
61b 5-NH: H H H NH2 938.35 | 939.26 1131.18 1133.44 8.36 921.5 4.11 4.45
62 4-NH, H H NH: H 913.88 | 914.35 1114.84 1116.47 5.38 907.6 5.57 2.86
62c 4-NH: H H NH: H 864.08 | 864.80 1103.60 1103.14 3.05 5.57 5.92
63 3,5-diPh,4-OH H CeHs OH CeHs 944.29 | 945.72 1103.56 1108.47 3.98 2.01 1.75
64 1-Me CHs H H H 912.83 | 912.85 1113.05 1113.02 4.78 912.0 2.09 1.74
65 1,3-diMe CHs CHs H H 932.583 | 934.60 1123.06 1124.37 6.77 933.9 2.82 2.80
66 1,5-diMe CHs H H CHs 932.60 | 937.49 1121.94 1122.87 6.51 934.3 2.89 2.66
67 1,4-diMe CHs H CHs H 927.56 | 928.31 1119.61 1121.13 6.20 928.4 2.48 2.49
68 1,3,5-triMe CHs CHs H CHs 951.07 | 955.32 1131.47 1129.83 7.72 949.3 3.80 3.30
69 1,3,4-triMe CHs CHs CHs H 944.95 | 947.18 1127.90 1127.96 7.40 941.5 3.13
70 1,4,5-triMe CHs H CHs CHs 945.83 | 946.97 1128.64 1130.28 7.80 941.5 3.34
71 1-Me,3-t+Bu CHs £C4Hg H H 944.82 | 943.05 1177.83 1183.88 7.56 944.4 3.22
72 1-Me,5-tBu CHs H H tCqHy | 942.28 | 943.95 1121.39 1123.46 6.61 939.2 2.71
73 1-Me,3,5-dit-Bu CHs t-C4Hg H tC4Hy | 969.17 | 971.47 1132.77 1137.85 9.13 970.8 4.05
74 1,3,4,5-tetraMe CHs CHs CHs CHs 960.86 | 964.96 1136.02 1138.02 9.16 962.1 4.27 4.07
75 1,4-diMe-3,5-dit-Bu CHs tCqHg CHs tC4Hy | 976.75 | 978.91 1136.28 1137.19 9.01 979.6 3.99
76 1-Me,3,5-diNO> CHs NO» H NO2 773.55 | 777.06 1000.15 999.75 -15.07 788.8 —8.82
77 1-Me,4-Br CHs H Br H 890.16 | 890.48 1094.63 1095.68 1.74 0.18 0.11
78 1,3-diMe,4-Br CHs CHs Br H 910.51 912.11 1104.72 1106.76 3.68 0.87 0.12
79 1,5-diMe,4-Br CHs H Br CHs 908.61 909.70 1102.90 1104.78 3.34 0.91 0.97
80 1,3,5-riMe,4-Br CHs CHs Br CHs 927.75 | 928.30 1112.34 1113.67 4.89 1.78 1.80
81 1,3-diMe,5-Br CHs CHs H Br 917.44 | 919.25 1108.19 1111.17 4.46 1.20 1.57
82 1,3-diMe, 4,5-diBr CHs CHs Br Br 899.37 | 901.02 1091.73 1093.86 1.42 —-0.60 —0.05
83 1,5-diMe,3,4-diBr CHs Br Br CHs 895.35 | 896.49 1080.67 1082.22 —-0.62 -1.52 -1.13
84 1,3-diMe,5-COzEt CHs CHs H COzEt | 920.78 | 925.79 1100.44 1101.01 2.67 924.9 0.62
85 1,5-diMe,3-COzEt CHs CO:qEt H CHs 929.40 | 931.41 1098.25 1102.22 2.89 933.4 0.73
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86 1-Me, 3,5-diCOzEt CHs COqEt H COzEt | 902.42 | 907.71 1070.36 1073.83 —2.09 913.4 -1.92
87 1-Me,3-NO2 CHs NO2 H H 839.78 | 836.58 1048.78 1051.41 —6.01 850.3 —4.58 —4.00
88 1-Me,5-NO> CHs H H NO2 836.78 | 840.05 1060.95 1062.41 —4.09 847.6 -2.35 —2.98
89 1-Me,4-NO> CHs H NO2 H 837.46 | 838.63 1064.79 1065.80 -3.49 -2.18 —2.66
90 1,3,5-TriMe,4-NO> CHs CHs NO. CHs 879.52 | 882.04 1082.57 1084.18 -0.27 -0.95 -0.95
91 1-Me,3-Ph CHs CeHs H H 937.51 933.71 1110.63 1113.49 4.86 932.6 1.78
92 1-Me,5-Ph CHs H H CeHs 939.67 | 941.36 1115.46 1117.76 5.61 932.4 1.81
93 1,3-diMe,5-Ph CHs CHs H CeHs 956.43 | 959.76 1124.49 1127.04 7.24 956.6 2.68
94 1,5-diMe,3-Ph CHs CeHs H CHs 954.29 | 953.77 1118.65 1122.14 6.38 954.3 2.59
95 1-Me,3,5-diPh CHs CeHs H CeHs 958.71 959.82 1112.48 1116.11 5.32 958.9 1.26 1.66
96 1-Me,3-NH> CHs NH: H H 942.81 945.28 1129.19 1133.65 8.39 937.4 3.81 3.66
97 1-Me,5-NH> CHs H H NH2 951.47 | 954.26 1133.48 1134.52 8.55 949.5 4.23 3.74
98 1-Me,4-NH> CHs H NH. H 933.11 936.58 1120.05 1119.02 5.83 5.52 2.30
98¢ 1-Me,4-NH> CHs H NH2 H 877.75 | 881.81 1107.19 1107.61 3.83 5.52 5.53
99 1-Me,3,5-diPh,4-OH CHs CeHs OH CeHs 958.30 | 961.65 1109.39 1111.89 4.58 1.96 1.26
100 1,3-diMe,5-OEt CHs CHs H OC2Hs | 965.61 969.83 1133.29 1135.96 8.80 3.51 3.88
101 1,5-diMe,3-OEt CHs OC:Hs H CHs 967.24 | 970.17 1125.99 1128.66 7.52 2.05 3.20
102 1-Et CzHs H H H 919.72 | 921.26 1113.50 1115.45 5.21 2.00 1.97
103 1-Et,3-NO2 CoHs NO» H H 847.92 | 848.04 1048.43 1049.76 -6.30 —4.71 —4.16
104 1-Et,5-NO2 CzHs H H NO2 846.90 | 849.38 1062.04 1060.91 —4.35 -2.32 -3.12
105 1-Et,4-NO2 CoHs H NO2 H 845.68 | 848.49 1064.03 1064.35 -3.75 -2.13 —2.80
106 1-Bu n-C4Hg H H H 926.30 | 926.72 1113.34 1113.66 4.89 928.8 1.80
107 1-t-Bu t-CaHo H H H 933.83 | 936.79 1115.61 1115.21 5.16 1.95 1.94
108 1-Adamantyl 1-Ad° H H H 948.26 | 950.80 1118.93 1119.34 5.89 954.5 2.33
109 1-Phenyl (Ph) CeHs H H H 922.77 | 925.26 1099.19 1102.41 2.92 0.44 0.75
110 1-Ph,3,5-diMe CeHs CHs H CHs 964.57 | 974.98 1121.89 1124.14 6.73 2.65 2.77
111 1,5-diPh,3-Me CeHs CHs H CeHs 966.07 | 971.92 1115.76 1119.17 5.86 1.51 1.94
112 1,3,5-Triphenyl CeHs CeHs H CeHs 968.83 | 968.72 1105.78 1106.68 3.67 0.39 0.78
113 1-Phenyl,4-Cl CeHs H Cl H 899.68 | 902.24 1082.93 1085.87 0.02 -1.40 -0.79
114 1-Phenyl,4-Br CeHs H Br H 901.93 | 904.10 1082.21 1085.31 —0.08 -1.32 —0.85
115 1-Phenyl-3-NH: CeHs NH: H H 946.74 | 951.88 1115.69 1118.39 5.72 2.91 2.24
116 1-Phenyl-5-NH; CeHs H H NH: 968.47 | 977.58 1128.33 1133.54 8.37 3.09 3.65
117 1-Phenyl-4-NH; CeHs H NH: H 938.97 | 940.69 1104.66 1106.77 3.68 4.73 1.15
117¢ 1-Phenyl-4-NH, CeHs H NH: H 873.39 | 876.80 1098.15 1099.75 2.45 4.73 4.80
118 1-Ph,3-Me,5-NH2 CeHs CHs H NH2 982.53 | 990.91 1135.11 1135.54 8.73 4.76 3.84
119 1-Ph,3-Me,5-OEt CeHs CHs H OCoHs | 971.99 | 980.31 1119.75 1123.13 6.55 2.34 2.68
120 1-Ph,3-MeO,5-Me CeHs OCHs H CHs 946.64 | 955.65 1103.60 1111.86 4.58 1.17 1.63
121 1Ph,3,4-diMe,5-OEt CeHs CHs CHs OCoHs | 979.55 | 986.23 1124.54 1127.44 7.31 2.55 3.08
122 1-pNP pNP® H H H 878.30 | 880.42 1081.42 1084.03 —0.30 —0.65 —0.96
123 1-pNP,3-Me pNP® CHs H H 895.22 | 899.97 1090.14 1089.56 0.67 0.14 —0.45
124 1-pNP,5-Me pNP® H H CHs 906.47 | 913.89 1097.65 1100.91 2.66 0.62 0.61
125 1-pNP,4-Me pNP® H CHs H 889.85 | 893.83 1085.55 1087.28 0.27 -0.16 —0.66
126 1-pNP,3,4-diMe pNP® CHs CHs H 904.84 | 904.56 1093.33 1097.13 1.99 0.51 0.25
127 1-pNP,4,5-diMe pNP°® H CHs CHs 918.41 924.91 1102.42 1106.75 3.68 1.08 1.15
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128 1-pNP,3,5-diMe pNP® CH, H CHs 922.32 | 933.98 1105.40 1107.25 3.77 1.50 1.20
129 1-pNP,3,4,5-triMe pNP® CHs CHs CHjs 931.38 | 943.72 1110.00 1117.74 5.61 1.87 218
130 1-pNP,3-NHz pNP® NH> H H 902.81 | 907.02 1099.32 1108.37 3.96 1.93 1.30
131 1-pNP,5-NH; pNP® H H NH, 925.14 | 933.04 1111.31 1112.81 4.74 2.11 1.72
132 1-pNP,4-NH2 pNP® H NH> H 893.19 | 893.95 1084.64 1086.33 0.1 4.05 -0.75
132¢ 1-pNP,4-NH; pNP® H NH> H 839.00 | 840.76 1087.11 1087.04 0.23 4.05 3.62
133 1-DNP DNP' H H H 875.64 | 876.58 1078.16 1076.97 —1.54 —1.40 | -1.62
134 1-DNP,3-Me DNP' CHs H H 893.82 | 896.01 1086.16 1087.35 0.28 —0.28 | —0.66
135 1-DNP,3-Et DNP’ CzoHs H H 898.03 | 899.65 1085.46 1089.17 0.60 —0.42 | —-0.49
136 1-DNP,3-+Bu DNP' t-C4Ho H H 906.49 | 906.24 1086.41 1083.38 -0.41 —0.60 | —-1.02
137 1-DNP,5-Me DNP' H H CHs 893.45 | 899.27 1088.04 1099.03 2.33 —0.13 0.43
138 1-DNP,4-Me DNP' H CHs H 886.73 | 888.95 1081.62 1081.76 -0.70 —0.90 | -1.18
139 1-DNP,3,4-diMe DNP' CH, CH, H 903.41 | 905.99 1089.08 1089.02 0.57 -0.10 | —0.50
140 1-DNP,4,5-diMe DNP' H CHs CHs 904.78 | 909.72 1089.56 1096.79 1.94 0.20 0.23
141 1-DNP,3,5-diMe DNP' CHs H CHj 909.19 | 919.11 1095.55 1106.27 3.60 0.55 111
142 1-DNP,3,4,5-triMe DNP' CHs CHs CHjs 917.65 | 925.75 1100.55 1102.90 3.01 0.70 0.80
143 1-DNP,2H-campho’® DNP' H 917.69 | 918.13 1089.43 1091.69 1.04 —-1.00 | -0.25
144 1-DNP,1H-campho® DNP' H 933.05 | 938.00 1102.18 1106.08 3.56 0.36 1.09
145 1-TNP TNP? H H H 857.16 | 862.63 1066.04 1067.45 -3.20 —2.00 | —2.51
146 1-Acetyl COCHjs H H H 865.79 | 867.77 1075.68 1077.59 -1.43 2.94 -1.57
147 1-NO; NO; H H H 834.43 | 837.72 1047.96 1049.75 -6.30 —415 | -4.16
148 1-NH; NH> H H H 894.13 | 895.17 1100.76 1099.84 2.47 0.00' 0.51
148c 1-NH, NH» H H H 799.31 | 801.83 1047.65 1048.75 -6.48 0.00' —4.25
149 1-Chloro Cl H H H 866.32 | 867.80 1075.59 1077.60 —1.43 —1.57
150 | 1-C(NH)NH,,3,5-diMe n CHs H CHs 927.85 | 933.20 1103.20 1103.90 3.18 0.89
150c | 1-C(NH)NHy,3,5-diMe n CHs H CHj 994.31 | 997.37 1167.66 1169.23 14.63 6.98

 Tautomer 4a with solvent effect has an |mag|nary frequency (M7ecm” )

4,5,6,7-tetrahedro-4,7-methano-2(1) H- |ndazole

AGs(
AGs(

H")]; where AGs(H
H")]; where AGs(H*

pNP; " DNP; ¢ TNP. "

Compound 6 with solvent effect has an imaginary frequency (552cm™); © 1-Ad;
3,5-dimethyl-1H-pyrazole-1-carboximidamide; 150¢, 1-carboximidamidinum cation.
) =—-1112.5 kJ- mol™", these values differ from those calculated according to note j by 4.69 pKa units and are only reported in Table S1;' pK, 0.1752*[AGaq +
) =—1085.7 kd-mol™ ! *From reference 18;' Experimental result <0.4, assumed to be 0.00.

(4S 7R)-7,8,8-trimethyl-
' pKa = 0.1752*[AGaq +
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3. Results and discussion
3.1. The gas phase.
3.1.1. The tautomerism of pyrazoles. Neutral molecules.

We have represented in Fig. 2 the pyrazole tautomers when they are different, i.e., when
R® # R°. We have labeled a the most abundant tautomer in the gas phase according to our
calculations, even if in some cases they differ from those reported in the literature.
However, note that most literature results come from condensed phases (solution and
solid state)® and will be discussed in section 3.2 (water solution).

HsC CoHg t-C4Hq

) Ve N ) \ 7\ J \) A\

N —_— N —_— —_—

N ?\C% Y N/}Cz"'s Ny NQ\"'C4H9

| I I |
H H
2a 2b 3a 3 4b

HsC CH3 CHz HsC CH3 CoHs CHj
S G 5 PR 0
N = N, N \ N.
’}l N CH3 ’}l Csz CH I '}l
H H H H
8a 10b 12b
Ha

/ / /

N. Vo= N C \i \; j N‘{H3§ \l§
'}l N CH
H 3

13b 14a

% m@Q@Q

16a 16b 17a 17b 18a 18b
t-C4Hg HsC, O,N Cl
m\ — >/_§\ I\ = Vi \} I\ I\
N\'}l CH3 N\N t—C4H9 N/D\NOZ N‘N N\l}l N%C'
| 1
H H H H
20a 20b 23a 23b 29a 29b
Br. Br Br NO, HsC NO, H,C  Cl cl
) \S = I\ I\ —_— \S I \S //_g\
N\N N\N Br N\N CH3 N\’Tj N\’}l N\N CH‘3
1 1 | 1
H H H H H H
30a 30b 31a 32a 32b
HsC.  Br Br Br CH CH3 of C.Hs Cl
N — 7\ & \f /_ﬁ\ A\ — A\
N N N
N N CHs N\,}l Br N\,}, CoHs N
H H H H H
33a 33b 34a 34b 35a 35b
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Fig. 2 Pairs of tautomeric pyrazoles.

We have reported in Table 2 the differences in energy between tautomers a and b as
well as other properties related to the tautomerism of pyrazoles.
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Table 2 Differences in energy including the zero-point vibrational energy (ZPVE) correction (kJ:mol™") between tautomers a and b as
well as the effect of the water solvation defined as AAE (water—gas). Columns: 1% is the compound number of Table 1; 2" is the name of
the pyrazole tautomer a; 3" specifies the substituent at position 3 of tautomer a; 4™ is the difference in energy between the a (0 by
definition) and b tautomers in the gas phase; 5" is the corresponding values for the water solution (PCM) but here a is not always the
most stable tautomer (negative values correspond to the b tautomer being more stable); 6 is the difference in energy, AAE, when
tautomer a is the most stable in the gas phase and in water while the 7" is the difference in energy (actually a sum), AAE, when tautomer
a is the most stable in the gas E)hase and tautomer b in water; 8" and 9" reports the populations of tautomers a and b in the gas phase
and in water, respectively; 10" summarizes the calculated results of columns 6 and 7; finally, 11" and 12" report the experimental
results. 11" also contains a comment about the agreement or not between columns 10 and 11.

1 2 3 4 5 6 7 8 9 10 11 12
No pyrazole a taut. gas water AAE AAE gas water tautomer Exp. Cond.
3-subs b b a b-a % a % b % a % b

2 3-methyl Me 1.36 0.24 -1.12 63.4 36.6 52.4 47.6 | 2a=2b 2a~2b* H>0, HMPA
3 | 3-ethyl Et 1.74 -1.84 -3.58 66.9 33.1 322 | 67.8 | 3b

4 | 3-tbutyl tBu 1.8 —2.03 -3.83 67.4 32.6 30.6 | 69.4 | 4b

8 | 3,4-dimethyl Me 2.94 1.32 -1.62 76.6 23.4 63.0 | 37.0 | 8a 8b° X-ray

10 | 3,4-dimethyl,5-ethyl Me 1.16 1.47 +0.31 61.5 38.5 64.4 | 35.6 | 10a

12 | 3,4-trimethylene CH: 5.72 4.36 -1.36 91.0 9.0 85.3 14.7 | 12a

13 | 3,4-tetramethylene CH, 0.59 0.02 —0.57 55.9 441 50.2 | 49.8 | 13a=13b 13=13b* CDCls, X-ray
14 | 3,4-pentamethylene CH, 0.66 —0.39 -1.05 56.6 43.4 46.1 53.9 | 14a=14b

15 | camphopyrazole 2H 12.00 10.42 | —1.58 99.2 0.8 98.5 1.5 | 15a 15a° AcOH, X-ray
16 | 3,4-trimethylene,5-methyl CH; 3.74 3.95 +0.21 81.9 18.1 83.1 16.9 | 16a 16a~16b CDCl3, DMSO
17 | 3-methyl,5,4-tetramethylene Me 1.29 1.38 +0.09 62.7 37.3 63.6 | 36.4 | 17a

18 | 3-methyl,5,4-pentamethylene | Me 0.94 0.85 —0.09 59.4 40.6 58.5 | 41.5 | 18a=18b

20 | 3-t-butyl,5-methyl tBu 0.22 -1.70 -1.92 52.2 47.8 33.5 | 66.5 | 20b 20b° CDCls

23 | 5-nitro H 1.18 | —14.22 -15.40 61.7 38.3 0.3 99.7 | 23b 23b° H20, X-ray
29 | 3-chloro Cl 6.53 12.07 | +5.54 93.3 6.7 99.2 0.8 | 29a

30 | 3,4-dibromo Br 2.72 9.02 +6.30 75.0 25.0 97.4 2.6 | 30a

31 | 5-methyl,4-nitro H 1.74 3.39 +1.65 66.9 33.1 79.7 | 20.3 | 31a 31a>31b° Toluene, X-ray
32 | 3-methyl,4-chloro Me 0.98 —0.31 -1.29 59.8 40.2 46.9 | 53.1 | 32a=32b

33 | 3-methyl,4-bromo Me 1.01 0.22 —0.79 60.1 39.9 52.2 | 47.8 | 33a=33b 33b° DMSO, X-ray
34 | 3-bromo,4-methyl Br 5.01 10.96 | +5.95 88.3 11.7 98.8 1.2 | 34a

35 | 5-ethyl,4-chloro H 0.46 —0.42 —0.88 54.6 45.4 45.8 | 54.2 | 35a=35b

36 | 5-ethyl,4-bromo H 0.46 0.45 —0.01 54.6 45.4 545 | 45.5 | 36a=36b

37 | 3-chloro,5-methyl Cl 5.32 12.63 | +7.31 89.6 10.4 99.4 0.6 | 37a

38 | 3-bromo,5-methyl Br 3.52 10.28 | +6.76 80.6 19.4 98.4 1.6 | 38a 38a° H20

42 | 3,4-dibromo,5-methyl Br 2.14 9.48 +7.34 70.4 29.6 97.9 2.1 42a

43 | 3-cyclopropyl Cy 1.56 2.70 +1.14 65.2 34.8 74.8 25.2 | 43a

44 | 3-cyclopropyl,4-methy,5-ethyl | Cy 2.35 4.50 +2.15 721 27.9 86.0 14.0 | 44a

45 | 3-phenyl Ph 1.89 3.25 +1.36 68.2 31.8 78.8 | 21.2 | 45a 45a° HMPA, acetone

10
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46 | 5-phenyl,4-chloro H 2.81 —0.30 -3.11 75.7 24.3 47.0 53.0 | 46a=~46b

47 | 5-phenyl,4-bromo H 3.13 0.39 —2.74 78.0 22.0 53.9 | 46.1 | 47a=47b 47b X-ray

48 | 5-phenyl,4-methyl H 1.43 —0.44 —-1.87 64.0 36.0 45.6 | 54.4 | 48a=~48b

49 | 3-phenyl,5-methyl Ph 0.93 3.94 +3.01 59.3 40.7 83.1 16.9 | 49a 49a=~49b HMPA, X-ray
50 | 3-phenyl,5-ethyl Ph 0.52 4.26 +3.74 55.2 44.8 84.8 15.2 | 50a

51 | 3,4-dimethyl,5-phenyl, Me 3.78 —0.44 —4.22 82.1 17.9 45.6 | 54.4 | 51a=51b

52 | 3-methyl,4-bromo,5-phenyl Me 3.61 -0.54 —4.15 81.1 18.9 44.6 55.4 | 52a=52b

55 | 3-trifluoromethyl,5-methyl CF3 4.35 13.14 | +8.79 85.3 14.7 99.5 0.5 | 55a 55a° CDCls

58 | 3-methyl,5-ethoxycarbonyl Me 11.77 | —0.583 —-12.30 99.1 0.9 44.7 55.3 | 58b 58b° DMSO, X-ray
60 | 3-phenyl,5-ethoxycarbonyl Ph 12.37 | —0.36 —-12.73 99.3 0.7 46.4 53.6 | 60a 60a” DMSO, X-ray
61 | 3-amino NH» 10.68 5.40 —5.28 98.7 1.3 89.9 10.1 | 61a 61a° DMSO

2 Agree; ° Disagree.

11
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Using the Boltzmann equation (T = 298 K) we have calculated the populations of
tautomers. We will comment here Table 2 gas phase results concerning tautomerism in
what concerns some inversion in stability of the phenyl group at positions 3(5). Tautomer a
(3-phenyl) is the most stable for compounds 45, 49 and 50 without substituents at position
4; on the other hand, tautomer b (5-phenyl) is the most stable for compounds 46, 47, 48,
51 and 52. This is related to the conformation of the 3-phenyl group in a tautomers: for the
first three compounds the dihedral angle between rings ranges from 0 to 4° while for the
last five ones it ranges from 29 to 33° (see Table S2). A planar phenyl group prefers the 3-
position while a twisted one prefers the 5-position.

3.1.2. The tautomerism of pyrazoles. Protonated molecules.

Concerning the structure of the cations, for all of them we have calculated the
structures resulting from the protonation on the N2 nitrogen atom (pyrazolium salts);
besides, for six of them, we have also calculated the cations (pyrazoles c) resulting from
the protonation of the functional group (Fig. 3), mainly of the amino group (ammonium
salts).

+ +
NHs NH3 NH3 NH3 HaC
7 \S N < N < / 7\ 7\
N. N\ N_ 1\71
N N v N N O
H CH NH “
8 @ + 3 H2N'/3]r\NH2
62¢c
98c 148¢ 150c
117¢ NO, 132¢

Fig. 3 Cations protonated on the amino and amidine groups.

In Table 3 are reported the differences in stability (kJ:mol™') of the cations
corresponding to the pyrazoles of Fig. 3. The 7" column indicates the tautomer (c or a)
found experimentally.

Table 3 Relative stabilities of N, vs. functional group cations including the ZPVE
correction. The values of AH Gas for ¢ cations of Table 1 are also reported.

No Name AH Gas gas phase water AEE a® Exp. Ref.
(kJ: mol™)
N, a subs. ¢ N.a subs. ¢
62 | 4-NH 864.08 0 50.9 0 12.7 —38.2 62c 57
98 | 1-Me,4-NH; 877.75 0 56.0 0 12.9 —43.1 98¢ 57
117 | 1-Phenyl,4-NH; 873.39 0 66.0 0 7.0 -59.0 117¢c 57
132 | 1-pNP,4-NH; 839.00 0 54.7 1.6 0 —56.3 132¢ 37
148 | 1-NH; 799.31 0 94.6 0 52.6 —42.0 148a 0
150 | 1-Carboximidamide 994.31 66.2 0 65.0 0 -1.2
aniline 871.65°

2 Water effect on the stability of tautomer a calculated as ¢ — a; ° Experlmental value,
876.55 kJ-mol™".%

In the gas phase, excluding the very basic amidine derivative 150, all
aminopyrazoles, either 4-NH; or 1-NH>, protonate on the ring. The protonation on the C-
amino group lead to compounds having similar basicities than aniline (Table 3); the N-
amino group decreases considerably the basicity of the pyrazole ring compared with the
effect of the 4-amino one.

12
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3.1.2. Proton affinities.
For proton affinities (PAs), we have used all the NIST values that differ from those
published in our papers by being corrected for temperature effects.>® There are some
values that were not reported in the NIST database (Table S1). We have transformed
these data into PA NIST corr. empirically by means of equation 5:

PA NIST corr. = —(63+35) + (1.07+0.04) PA, n = 14, R® = 0.985 (5)

We have then compared the PA NIST corr. with the calculated AH values:

PA NIST corr. = (67+13) + (0.92+0.01) AH, n = 69, R? = 0.984 (6)

This is already acceptable but the correlation improves eliminating the less stable b
tautomers:

PA NIST corr. = (65+11) + (0.93+0.01) AH, n = 57, R? = 0.990 (7)
Fig. 4 is the plot corresponding to eq. 7.

PA NIST corr. 75

725 750 775 800 825 850 875 900 925
AH
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©
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[S 1
-
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o

Fig. 4 Plot corresponding to eq. (7) with worse points (6, 75, 86) and less basic pyrazoles
(23, 24, 25, 56, 76).

We have repeated this analysis using only the NH-derivatives:

13
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PA NIST corr. = (7915) + (0.91£0.02) AH, n = 42, R? = 0.986 (8)
PA NIST corr. = (71214) + (0.91£0.02) AH, n = 30, R? = 0.992 9)

The elimination of the less abundant tautomers improves the correlations (compare
egs. 7 vs. 6 and 9 vs. 8) but the quality of the regressions is not sufficient to determine the
proportions of both tautomers (the tautomeric equilibrium constant, Kt) since the largest
deviations are found for compounds, like 6 (4-adamantyl-1H-pyrazole-3.5-dicarboxylic acid
diethyl ester) and 86 (diethyl ester of 1-methyl-1H-pyrazole-3,5-dicarboxylic acid), that are
not involved in tautomerism. There is no anomaly in our gas phase calculations but there
is a significant intercept of about 65 kJ-mol™, that it is related to the less basic pyrazoles
(bottom-left of Fig. 4); removing them the intercept decreases to 19 kJ-mol™.

3.2. The aqueous phase.

We will now discuss the basicity of pyrazoles in water at 25 °C (thermodynamic values) of
Table 1. When the pK;s have been determined at another temperature, for instance at 20
C, or in the presence of small amounts of a co-solvent, for instance 5-10% of methanol or
ethanol, these values have been empirically corrected.®'°

3.2.1. The tautomerism of pyrazoles. Neutral molecules.

On going from the gas phase to water solution (Table 2) in most cases (26) the
predominant tautomer a remains unchanged but in several other (13) an inversion is
observed and tautomer b becomes the most stable. Considering only the effects > |2|
kJ-mol™", with some substituents, the stability of tautomer a increases, this is the case of
Cl (29, 37), Br (34, 38, 42), planar phenyl (49, 50) and CFs (55) while for other it
decreases: ethyl (38), t-butyl (4), twisted phenyl (46, 47, 51, 52), cyclopropyl (44),
ethoxycarbonyl (58, 60), amino (61) and specially nitro (23).

The experimental data on some of these compounds come from rather different
conditions, solution in solvents as different as chloroform, DMSO, water and others, as
well as solid state (NMR and crystallography, usually only one tautomer). Even though, the
agreement (Table 2) is satisfactory, with very few exceptions. The most evident is 8 where
the calculations predict tautomer a to be the most stable by 1.32 kJ-mol™', whereas the
experimental result corresponds to the b tautomer but it corresponds to a crystal structure.

Using AG instead of AE does not change the main conclusions because both
parameters are correlated:

AG = (0.99+0.04) AE, n = 39, R? = 0.955 (10)

3.2.2. The tautomerism of pyrazoles. Protonated molecules.

As reported in Table 3, water causes a truly enormous decrease (between 38 and 59
kJ-mol™) of the stability of tautomer a in the case of aminopyrazoles. The calculations
reproduce adequately the behavior of 1-aminopyrazole (148), but in the case of C-
aminopyrazoles, the calculations reproduce the greater stability of the ammonium salt
132c¢ but not those of the remaining compounds, where differences of 7-13 kJ-mol™ in
favor of a tautomers are calculated.

3.2.3. Thermodynamic pK; values.

14
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The first and most obvious observation of Table S1 is the effect of 4.69 pK; units due to
the value used for the free energy of the H*. The following points have to be removed 62,
98, 117 and 132 all of them 4-aminopyrazoles because it has been determined
experimentally that they do not protonate on the pyrazole ring but on the amino group;®’
the values for the protonation on the amino group are consistent with the experimental
pKa. In the case of 1-aminopyrazole (148) it protonates on the pyrazole ring,*® as the
agreement with the experimental pK, confirms. After several attempts (see S3 in the ESI),
we found that the best equation is the following one (using pK.' instead of pK7 adds an
intercept related to the 4.69 difference):

Exp. pKa = (0.53+0.01) Calc. pK{ — (0.81+0.05) NR — (0.37+0.12) 5-Ph + (4.30+0.21)
NHs*, n = 148, R? = 0.979 (11)

i. All b tautomers clearly less stable than the a ones have been removed in equation
(11): 15b (camphopyrazole tautomer 2H is much more stable than 1H), 29b, 30b, 34b,
37b, 38b, 42b (all of them 5-halo substituted) and 55b (5-CF3 substituted).

ii. All other effects being equal, experimental values are in average 53% of the
calculated ones.

ii. NR is a dummy variable that has the value 0 for the NH and the value 1 for the NR
pyrazoles. The N-unsubstituted pyrazoles are weaker bases than the corresponding N-
substituted ones. The decrease of 0.81 pK; units is related to the statistical effect that
amounts to 2 for NH-pyrazoles having identical substituents at positions 3 and 5.%1%4°

iv. 5-Ph is a dummy variable that has the value 0 for all pyrazoles save those having
a 5-phenyl substituent. The origin of the small but significant effect, —0.37+0.12, is
probably related to the conformation of the phenyl ring that could not be well reproduced
by the calculations in water both for the neutral and the protonated forms.

v. The very big effect necessary to account for the pK, of the 4-aminopyrazoles (62,
98, 117 and 132) is related to the NH3" cation, not only the statistical factor of 3 but a
different kind of structure. They are more related to aniline that we have calculated at the
same level (equation 12).

Exp. pKa = (4.4£0.3) + (0.39£0.08) Calc. pK. — (0.53£0.25) NR, n = 5, R? = 0.947  (12)

Two outlier points remain (Fig. 5):

F3C,
I\ I
inN )
H
56 O)\CHs
146
Exp. pK; =—8.23 Exp. pK; =2.94

Fitted pK, = —-5.06 Fitted pK; =—1.57

Fig. 5 Outliers.

The pK;, value of 56 has not been measured being too weak but estimated from its
acid (proton loss) pKa; compound 146 is an azolide*' and therefore very easy to hydrolize:
both experimental values are probably wrong.

This equation predicts for 150, an important compound,* a pKa of 0.92 if protonates
on N2 and 6.96 if protonates on the amidine (the N1 atom of pyrazole has its lone pair
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involved in the aromatic sextet, thus compound 150 is not a guanidine). Although it is clear
that it will behave as a guanidine, the second value should be considered with care in case
150 does not follow eq. (11) similarly to what happens to 4-aminopyrazoles.

Eq. 11 is useful to predict values and we have added them to the last column of
Table 1 but it is not entirely satisfactory since it has a slope of 0.53, that is, the calculated
pKas are almost twice the experimental ones. However, an examination of the literature in
what concerns pKj, calculations show that the reported results are not better than ours, for
instance, the mean absolute deviation (MAD) for 30 organic molecules*® and for 55 neutral
organic and inorganic acids® using the direct method (like us) is between 2.5 and 3 pK;
units, and for our much larger set is 1.9 pK, units. Using linear correlations, other authors
have found R? values ranging from 0.720 to 0.908.* Only for small sets (13 heterocyclic
compo‘gnds) bearing only H, CHz and CI substituents better correlations have been
found.

4. Concluding remarks

We have studied a large variety of compounds that although homogeneous in structure,
being all pyrazoles, differ in their protonation sites and in their tautomeric stability. The
range of experimental PA is 208.1 kJ-mol™" (from 759.4 to 967.5) and that of pKs is 10.28
pKa units (from —4.71 to +5.57), range that increases if predicted values are included
(15.80, from —8.82 to +6.98).

We have chosen the more demanding approach, leaving aside methods, like the
isodesmic and other thermodynamic cycles, that use a molecule, generally the parent
compound, as reference.B**%#”1 Qur results prove that this restriction is not absolutely
necessary.

Although most authors prefer for the proton solvation free energy the value of —
1112.5 kJ-mol™"¥23334 we have obtained better results with —1085.7 kJ-mol™, further
works are necessary to decide between both values.

Even if the main purpose of this paper is the calculation of acid-base properties of
pyrazoles, it also provides information to the related topic of NH-pyrazoles tautomerism
(remember that both tautomer share the same conjugated acid, the Eyrazolium cation).
Tautomerism of pyrazoles is still a matter of some confusion (see, ref.*® for a paper where
only one pyrazole tautomer is considered in the ground state without any proof).
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