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Abstract

2-Substituted 5-Me-70H-1,2,4-Triazolo[1,5-a]pyrimidines can exist as different tautomens. fdhetauto-

meric equilibrium of these compounds were determined by various NMR spectroscopic methods and quantum-
chemical calculations. The tautomeric equilibria of 2-substituted 1,2,4elof@aimidines depend on the used
solvent. In order to take solvent effects into accoahtjnitio calculations using the SCI-PCM method were
carried out. The solvation energy depends on the polarity of the substituents in position 2. The comparison of
chemical shifts determined by experimental methods andetiead@ab initio methods were used to definitely

find out the the tautomeric equilibria of these compounds.

Keywords: NMR spectroscopy, Solvent effects, Chemical shifts, GIAO, SCIPCM

The process of proton exchange proved to be fast on the
Introduction NMR time scale. Therefore the determination of different
tautomeric foms a-d of these compounds is difficult. Only
1,2,4-Triazolo[1,5-a]pyrimidines are biologically active com- this fast equilibrium of the most stable tautomeric forms can
pounds, which are applied as herbizides, pestizides, growthe studied by NMR spectroscopy. The relative stabilities of
regulators, vasodilators. They have also photostabilizing propthe different tautomeric forms cannot be concluded from the
erties. These compounds can exist at least in four tautomerigorresponding experimental results.
forms and in seven tautomeric forms if the substituents at In principle, the relative stabilities of the various tauto-
position 2 are included in the process of tautomerism (Figmeric forms can be determined using theoretaalinitio
ure 1 and 2). methods. Outgoing from the resultsalf initio calculations
The'3C and'>N NMR spectra of the following compounds at a high level of theory the relative energies of the structures
[1] were recorded in DMSQ; and assigned by employing participating in tautomeric equilibria can be concluded. How-
the whole arsenal of 1D and 2D NMR spectroscopic methever, these quantum chemical calculations of tautomeric
ods (Scheme 1). equilibria are very complicate. In the studied compouhds
12 each tautomer has a different type of conjugation. Typical
quantum chemical errors, as basis set error, electron correla-

$ Presented at the 11. Molecular Modeling Workshop, 6 -#ion error, solvent effects, are not easily to be compensated
May 1997, Darmstadt, Germany as e.g. along the conformational search of a molecule. The
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Table 1. Experimental (red$3C chemical shifts of the 2,5-
Me-7- 1,2,4-triazolo[1,5-a]pymidine 13 and results from
ab initio calculations (GIAO) using various basis sets and
various methods

Atom Exp. STO-3G 3-21G 6-31G* 6-31+G** BLYP6-31G* BLYP6-31+G**
C2 154.9 157 154 155 157 148 152
C5 164.3 159 159 168 172 152 157
C6 110.6 110 99 101 101 103 105
Cc7 146.8 138 143 150 153 136 141
C9 154.4 155 148 154 155 148 152
C10 16.3 32 25 25 25 25 26
Cl1 24.3 29 20 17 18 18 19

calculations of the tautomeric equilibrialofl2are even more  stant of DMSO (46.7) which was used in the parallel NMR
difficult because these tautomeric equilibria are characterisstudies and the molare volume defined by a 0.0004 a.u.
tically depend on present substituents and solvents employeibodensity value of the electron density were applied [6].
However, a combination of both NMR spectroscopy and The NMR chemical shifts were calculated using the
theoretical calculations seems to be very promising by con*gauge-including” atomic orbital (GIAOnethod [7]. The
cluding the position of present tautomeric equilibria. In ad-chemical shift is a difference of the chemical shieldik (
dition the comparison of calculated and experimentally deand 1°N), of the molecule and the chemical shielding of a
termined chemical shifts can be used to find out the mosteference compound. The GIAO method is implemented into
stable tautomeric form of the studied compounds. the GAUSSIAN 94 program [2].
In order to be comparable the calculation of the nuclear
shieldings of the reference compounds (TMS %€ and
Methodology nitromethane fo5N) and 1-13 has to be carried out at the
same level of theory. It should be noted that the calculation

The GAUSSIAN 94 program [2] and 6-31G* split valence of nuclear shieldings is strongly depend on the used basis
basis sets [3]were used at the Hartree-Fock-level and at ti§€ts. Therefore we checkéte results of calculated chemi-
DFT-BLYP-level [4]. Relaxed conformational energies were cal shifts of compound3 using various basis sets and levels
calculated by minimizing the whole structures of the com-of theory (HF/STO-3G, HF/3-21G, HF/6-31G*, HF/6-
pounds. Thesolvent effects of DMSO were taken into ac- 31+G**, BLYP/6-31G*, BLYP/6-31+G**) (Table 1). Results
count using a self-consistent reaction field model (SCRF)at the HF/6-31G* level of reference compour&ishow suf-

The SCI-PCM method [5] was employed. The dielectric conficient agreement with the experimental values [8] and there-
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Figure 1. Mostly relevant tautomeric forms of 2-substituted
5-Me-7-OH-1,2,4-triazolo[1,5-a]pyrimidines four tautomers.
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No. R, Table 2. Solvation energies of variuos tautomeric forms in
kcal/mol calculated as differences of HF/6-31G* energies
o 1 CH,. and the SCI-PCM//HF/6-31G* energies
AN 2 CH,OCH,COOH
> 3 COOH
S )QN g COSCHCOOH  Compound a b c d
CHy™ N 5 CONHPh
6 OH 1 7.9 12.9 13.4 12.3
573 gggﬁOSOHH 2 22.1 20.8  22.6 18.1
9 NHNO (5-GHy) 3 13.3 20.1 15.2 14.3
SH 2
10 H 4 17.7 21.2 20.6 19.7
7 N/N\ 5 15.6 17.5 13.5 12.9
< s > - 7 13.0 182 179  16.7
CHy” "N~ N 8 129 200 152 142
NH, 10 8.5 13.0 14.2 13.4
11 7.3 13.9 17.2 12.8
Z>N-N 12 11.0 102 125 117
N \> 12
L
CHg N Comp. a b c d e f g
CH,
N 6 10.9 17.0 16.2 14.8 23.0 18.4 12.8
/ —
)N\\> 13 9 12.6 19.8 22.2 185 244 221 156
N ==
CHy” N~ N

method with a dielectric constant of DMSO (46.7) and the
HF/6-31G* method.

The more polar the substituent in position32 4, 5, 7,
8), the more tautomelswere stabilized. Non-polar substitu-
ents in position 21(, 2, 10, 11, 1Plead to stronger stabilization
of tautomers relative to the other tautomeric forms.

For all compoundsl-11 the tautomeric lactim formb

Scheme 1.Compounds6,9 correspond to Figure 2, no
tautomeric forms exist for compou@

fore the chemical shieldings df12 were calculated at this

level. have been shown as the most stable tautomeric forms [8].
The *3C and N NMR spectra of the compounds13 g4 compoundl2 the tautomeric forna is more stable than
were recorded in DMSOgdas the solvent on a BRUKER ha other formsOn the other hand, the calculated chemical
ARX 300 NMR spectrometer and on a JOEL NMR ghjfis of these most stable forms are the best in accordance

spectrometer Alpha 500. 1D- and 2kperiments were car- yith the experimentally obtained values (cf. Table 3if6r
ried out. We already reported the details of experimental desq Table 4 fothe correspondingN chemical shifts). These
termination and the experimental results in references [1,8}agits are illustrated in Figure 3 and Figure 4 by compound
4 as an example of the whole def2 The determination of
the experimental results are shown in reference [8]. For com-
pound6 we got no experimental data BN chemical shifts
and broad lines of3C chemical shifts. This is in agreement
In our previous work [8,9] we already reported the applica-with the theoreticalasults. The diffegnces of the relative
tion of the relative stabilities of the tautometric forms in or- energies of tautome6b, 6f andég are very small (SCIPCM/
der to find out the position of present tautomeric equilibria ./HF/6-31G* energies differ less than 1 kcal/mol). But the
The tautomeric equilibria df-12 are influenced by solvents, best correlation ofC chemical shifts between experimental
especially when using polar solvents like DMSO. Solvationand theoretical results exist for tauton@ér
energy of the various tautomeric forms depends on the present Both the calculated®N and 13C chemical shifts of the
substituents. Table 2 shows the solvation energy of all tautomost stable tautomers of all compourfdd 2 studied show
meric forms of each molecule calculated using SCI-PCMsignificant better correlations to experimental data than the
other tautomeric forms of these compounds.

Results and Discussion
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Figure 2. Seven tautomers of compour®

Conclusions

J. Mol. Model.1997,3

o) o) H
H _N H N/l\/l
A\
| )R | )\%RH
CHy~ "N '}' CHs N N
H
c d
Q H
H N
N/
)R
Z N
CHy~ "N \
H
g

initio calculations of the relative stability of the tautomeric
forms together with theid3C/15N chemical shifts can be
employed to easily determine the position of these tautomeric
equilibria. Thecalculated chemical shifts of the most stable
tautomeric forms correspond to the experimentally deter-

The tautomeric equ”ibria of 2-substituted 5-Me-7-OH-1,2,4- mined demical shifts. The results of the GIAO method at
triazolo[1,5-a]pyrimidines are depending strongly on the usedhe HF/6-31G* level are in agreement with the experimen-
solvent. The process of proton exchange is fast on the NMflly determined chemical shifts checked éompound13.
time scale and therefore it is not possible to determine th&ll compoundsl-11exist as the lactim forrb, if the polar

tautomeric equilibria definitely. These solvent effectast

solvent DMSO is used. Compoud@ occures as the tauto-

be taken into account fdine ab initio calculations of these Meéera.

equilibria. The combination dfC/A°N NMR studies ancb
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Figure 3.1%C chemical shifts of compourl experimental
data (red) and calculated values (HF/6-31G*)
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Figure 4. 1N chemical shifts of compourt experimental
data (red) and calculated values (HF/6-31G*)
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Table 3. Experimental (italic)**C chemical shifts of the 2-
substituted 1,2,4-triazolo[1,5-a]pyrimidinds12and results
from ab initio calculations (GIAO HF/6-31G*)

379

Comp. Cc2 C5 C6 Cc7 c9 C1u Comp. C2 C5 C6 C7 Cco9 Cn
1 164.1 151 98.1 155.6 150.7 18.5 7 161.7 150.7 98.4 154.8 1511 184
la 170 174 81 152 156 25 7a 169 176 82 152 156 25
1b 163 146 95 150 149 19 7b 168 148 96 149 150 19
1c 146 165 97 151 149 24 7c 153 166 98 150 148 24
1d 165 171 94 152 155 25 7d 171 170 96 151 152 25
2 160.4 1515 98.2 155.7 1515 18.6 8 154 152.4 98.4 1556 1509 18.6
2a 165 174 82 152 156 25 8a 157 179 84 152 154 29
2b 160 147 95 150 149 19 8b 151 152 93 149 148 23
2c 147 166 96 151 149 24 8c 139 171 94 151 148 28
2d 160 171 93 152 154 25 8d 150 175 93 152 152 29
3 154 152.4 985 1556 1509 18.6 9 153.8 1515 98.8 155.2 150.3 18.6
3a 157 176 84 152 154 25 9a 165 176 83 153 154 25
3b 151 148 96 149 148 19 9b 151 146 97 149 149 18
3c 139 167 97 150 148 24 9c 148 166 98 150 147 24
3d 150 171 95 151 152 25 od 149 171 95 152 152 25
4 156.5 152.8 98,9 1556 151.2 18.7 9e 165 180 78 151 157 25
4a 158 176 84 152 154 25 of 158 150 95 147 148 19
4b 154 150 96 150 149 20 99 148 168 97 149 141 24
4c 139 168 98 151 148 25 10 151.9 151.7 98.2 1559 150.6 18.7
4d 150 171 96 151 153 25 10a 156 174 82 152 155 25
5 156.2 152.4 98.7 155.7 151 18.7 10b 150 147 95 150 149 19
5a 160 176 84 153 154 25 10c 133 166 97 151 148 24
5b 154 147 96 149 148 19 10d 148 171 94 152 154 25
5c 142 167 96 151 148 24 11 151.8 148.7 1145 177 1476 19.2
5d 153 171 95 152 153 25 1lla 155 168 100 153 154 24
6 163.9 149.3 99.2 154.7 1516 19.2 11b 152 140 107 202 146 18
6a 163 174 82 153 155 25 1llc 134 161 113 199 146 23
6b 160 146 96 149 150 19 11d 146 169 111 188 151 24
6¢C 146 164 98 151 148 24 12 154.2 163.1 89.9 1555 1484 244
6d 159 170 96 142 154 25 12a 156 172 80 150 156 25
6e 150 176 75 149 155 25 12b 150 140 97 144 147 19
6f 148 148 95 148 149 19 12c 133 157 98 146 146 24
69 139 168 96 150 144 23 12d 146 166 91 151 153 25
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Table 4.Experimental (italic)'>N chemical shifts of the 2-
substituted 1,2,4-triazolo[1,5-a]pyrimidine$-5,7-12 and
results fromab initio calculations (GIAO HF/6-31G*)

J. Mol. Model.1997,3

Comp. N1 N3 N4 N8 Comp. N1 N3 N4 N8
1 -117.4  -187.6 -253.9 -156.2 8 -101.7 -162.4 -254.4 -153.4
la -173 -183 -156 -206 8a -150  -187 -160 -198
1b -139 247 -306 -197 8b 107 -203 -306 -188
1c -142 -283 234  -204 8c -128  -287 -230 -202
1d 270 -179 204  -221 8d 268  -182 -203 217
2 -124.3  -165.4  -253 -156.1 9 -128.8 -1755 -254.2 -161
2a -163 -178 -153 -204 %a 2192 -210 -161 209
2b -129 -195 -305 -196 9b -165  -219 -305 -201
2¢ -139 -280 -231 201 9c -170  -290 184 211
2d -266 -191 -206 -219 9d 282 211 206 -225
3 -101.7 -162.4 -252.8 -153.6 %e 277  -208 -158 -248
3a -151 -187 -155 -198 of 274  -220 -303 -236
3b -107 -203 -306 -188 9g 285  -300 -225 -240
3c -128 287 231 201 10 -110.6  -165.4 -252.3  -155
3d 267 -182 -203 216 10a  -164  -181 154  -203
4 -105.2 -166.3 -251.8 -153.2 10b  -127  -196 -305 -193
4a -152 -180 -152 -198 10c  -129  -286 234 -202
4ab -105 -196 -305 -188 10d  -269  -174  -203 -220
4c -100 -288 -232 -197 11 -102.4 -173.1 -230.5 -142.6
4d 270 174 -201 217 11a  -147  -178 -140 -193
5 2048 -108.6  -62.6 -109.7 11b  -122  -198 -299 -178
5a 246 210 242 202 11c  -123  -285 216 -187
5b 291 -198 94  -210 11d  -254  -177 -179 -203
5¢ -267 -115 -169 -199 12 -120.4 -156.6 -148.6 -173.4
5d -135 214  -196 -184 12a  -158  -185 -167 -207
7 -124.3  -1685 -254.3 -155.1 12b  -140  -198 314 -206
7a -180 -185 -157 204 12¢  -140  -287 -243 -216
7b -162 -199 -305 -198 12d  -266  -179 -215 235
7c -165 -283 -231 -206
7d 272 -192 -206 222
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