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ABSTRACT

All the possible tautomeric equilibria and conformers of 1-, 2- & 1, 2- substituted indoles in
aqueous solution were studied by semi-empirical methods. All possible tautomeric equilibria
and conformers of the indoles were considered to determine the most stable forms. The
AM1/COSMO & PM3/COSMO calculations indicate that the compound 2-hydroxymethylindole
prefers anti-anti & anti-anti forms, 2-formylindole anti-, ethyl indole-2-carboxylate syn-syn,
indole-2-carboxylic acid syn-syn, indole-2-carbohydrazide syn-syn, 2-formyl-1-methylindole syn
forms respectively over other tautomeric forms by different percentages.

Keywords Indoles, Conformers, Semi-empirical methods, AMBMOD & PM3/COSMO methods.

INTRODUCTION

Indoles are associated with the different biologipeoperties. They exhibit antibacterial,
antioxidant, cytotoxic, insecticidal and pronounchdllucinogenic activities. Some of the
derivatives of indole are applied as antibioticpharmaceuticals. Because of the broad use of
indoles in a wide range of fields, such as bioclstnyi biology, pharmacology, and agricultural
sciences to name a few, indole syntheses that iédleand convenient are of great importance in
organic chemistry. The amino acid, tryptophan, inderivatives such as I-5-Hydroxytryptophan and N
acetyl-DL-tryptophan are important indole derivegiv[1l]. Serotonin and melatonin are also important
biochemically active molecules [2]. There are heslof alkaloid derivatives of indole, many of wahace found

in nature. Some indole alkaloids have been usedinadigl such as harmine [3]. Indole derivativesiarportant
pharmaceuticals or pharmaceutical intermediatesarid] hence their theoretical studies have been done
continuously [5].

As well known, the reactivity of a compound depemulgs tautomeric and conformational structurbesréfore,
it is of importance to investigate the tautomenit eonformational equilibrium for compounds. Iis tuidy, the
tautomeric equilibrium constant values of inddlg @-methylindole %), 2-hydroxymethylindole 3), 2-
formylindole @), ethyl indole-2-carboxylateby indole-2-carboxylic acidej, indole-2-carbohydrazide)( 1-
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methylindole §), 1,2-dimethyl indoleg), 2-formyi-1-methylindole30), and ethyl -1-methylindole-2-carboxylate
(12), which can exist as different major tautomersraisty to the solvent and the mode of the sulistisihave
been computationally calculated in aqueous solofiaoneans of AM1 [6] and PM3 [7] semi-empirical nagls.

Computational M ethods

Theoretical calculations were carried out at trerieted Hartree-Fock Level (RHF) using AM1
and PM3 semi-empirical SCF-MO methods in the MOPF8program([8] , implemented on an
Intel Celeron 400 MHz computer using a relativenm#ivity of 78.4 corresponding to water,
with up to 60 surface segments per atom for the @O $nodel being used to construct a solvent
accessible surface area based on van der Waalis Adldithe structures were optimized to
gradient norm of 0.1+1.0 in the aqueous phase,gutiie eigenvector (EF). The absolute
entropies of all structures were calculated fronomplete vibrational analysis. Enthalpies were
corrected to free energies using calculated ergsopnitial estimatesf the geometry of all the
structures were obtained by a molecular mechanagram (CS Chem. Office Pro for
Windows)[9] followed by full optimization of all genetrical variables (bond angles, bond
lengths, and dihedral angles), without any symmetnystraint, using the semi-empirical AM1
and PM3 quantum chemical methods in the MOPAC-8§am.

RESULTS & DISCUSSION

In this study, we considered oalyti (i.e. dihedral angle 1234 = 1Q0andsyn (i.e. dihedral angle 1234 20
conformers$cheme 1). The AM1 and PM3 calculated values for tautonirs Scheme-1, & -2) have been
used to be able to calculate free energy of thedoel conformers. The AM1 and PM3 calculated rfraletions
for individual conformers in aqueous solution awergin Tables 1 and2. The mole fraction of individual
tautomers can be calculated using the followingtems:
Ke
anti <> syn

According to equilibrium given above,
Kc= Ns/ Ntand Ns+ Nt= 1

can be written, whei€. is conformational equilibrium constalNg andN, are the mole fractions efn andanti
conformers.

Ns=1/1+KcandNt=Kc/1+K;

The overall free energy of the compound was cséclitsy the following equations.
AGt = [Ng] [AG4] + [N¢] [AG{]

WhereAG; is overall free energy of compoundts andAG; are free energies of confirmesaindt.
In this study, the equilibrium betweanti andsyn conformers were not investigated experimentaliylAjdut
possible anti and syn conformers were calculatédiiyand PM3 methods.
Theoretically, there are few possible tautomepecses for investigated indole derivatives.
These are given in schemel and 2. According tacéheulated free energies for tautomels,

form is more stable thatb by 2.06 and 3.36 kcal/mol arié form is more stable thaltc form
by 23.46 and 21.02 kcal/mol, byAM1&PM3 respectivelye calculated mole fractions of the
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tautomers support these results. The comp@uachibits four tautomeric forms (2a, 2b 2c &2d).
The calculated AM1 & PM3 free energies for tautamérms show that 2a form is more stable
than the others. The compouBexhibits eight tautomeric forms shownstheme-1 as

3al « 3a2, 3b1l < 3b2, 3cl « 3c2, 3d1 « 3d2

The calculated free energies for tautomers show3hh form is more stable than 3a2 by -2.42
and -3.36 kcal/mol, 3bl is more stable than 3b® .83 and -1.89 kcal/mol, 3cl is more stable
than 3c2 by 005 and -4.5 kcal/mol and 3d1 is mtable than 3d2 by 2.86 and -4.37, by AM1
&PM3 respectively. According to the calculated Akiid PM3 mole fractions of tautomer pairs, 3a [gefer
3al form with a preference of 98 and 100% to 3apyefers 3b1 form with a preference of 80 and @63b2,

by AM1 and PM3, respectively. 3c prefers both 8ahiwith preference of 51% and 3c2 form with agpegfce

of 49% in AML1 calculation and prefers only 3c1 famith a preference of 100% in PM3 calculation. Belgos
3d1 form with a preference of 99 and 100% to 3d2NA1 and PM3, respectively.

The compound exhibits four tautomeric forms, showrssheme1 as
4al < 4a2, 4b1l « 4bh2

The calculated free energies for tautomers shavdiidorm is more stable than 4a2 by 44.3, 2@8Bwol and
4b1 form is more stable than 4b2 by 25.57, 29.8R kwl, by AM1 and PM3, respectively. Accordingite

calculated AM1 and PM3 mole fractions of tautonarsp3a prefers 3al form with a preference ofat@D
100% to 3a2, by AM1 and PM3, respectively.

The compound exhibits eight tautomeric forms showisgtheme 2 as
5al « 5a2, 5b1 < 5b2, 4c1 < 5c2, 5d1 « 5d2

The calculated free energies for tautomers shanb#iiaform is more stable than 5a2 by 24.64 ar@¥ 26.
kcal/mol5b1 form is more stable than 5b2 by 9060 keal/mol, by AM1 and PM3, respectively. ferfn is
more stable than 5c2 by 24.67 and 27.75 kcal/mol5dl form is more stable than 5d2 by 25.90 ar@#B27
kcal/mol, by AM1 and PMS3, respectively. Accordiadtie calculated AM1 and PM3 mole fractions obiauer
pairs, 5a prefers 5al form with a preferenc@®dfahd 100% to 5a2, 5b prefers 5bl form with @yenete of
100 and 100% to 5b2, 5¢ prefers 5¢c1 form with fenarece of 100 and 100% to 5¢2, and 5d preferéofuil
with a preference of 100 and 100% to 5d2, by AMILRI3, respectively.

The compound exhibits eight tautomeric forms, showistheme?2 as
6al « 6a2, 6b1l «— 6b2, 6¢1 < 6¢2, 6d1 < 6d2

The calculated free energies for tautomers shawatdorm is more stable than 6a2 by 5.5 andcé@lbol, the
6b1 form is more stable than 6b2 by 3.78 and &a&8+ol, 6¢1 form is more stable than 6¢2 by 7@lre25
kcal/mol and 6d1 form is more stable than 6d2 5% &nd 8.19 kcal/mol, by AM1 and PM3, respectively.
According to the calculated AM1 and PM3, the maetibns of tautomer pairs, 6a prefers 6al forrh ait
preference of 100 and 100% to 6a2,. 6b preferfoimlwith a preference of 100 and 100% to 6b2 rélers
6¢1 form with a preference of 100 and 100% to 6dd prefers 6d1 form with a preference of 10018086

to 6d2, by AM1 and PM3, respectively.

The compound exhibits eight tautomeric forms, showistheme?2 as
7al « 7a2, 7Tbl « 7b2, 7cl < 7c2, 7d1 < 7d2
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The calculated free energies for tautomers shaiw#i form is more stable than 7a2 by 3.77 aAdkdal/mol,
7b1 form is more stable than 7b2 by 2.53 and &dB+ol, 7c1 form is more stable than 7¢c2 by 3@P761
kcal/mol, and 7d1 form is more stable than 7d2.8% &nd 8.38 kcal/mol, by AM1 and PM3, respectively
According to the calculated AM1 and PM3 the maetibns of tautomer pairs, 7a prefer 7al form with
preference of 100 and 100% to 7a2, 7b prefersoriviviith a preference of 99 and 100% to 7b2, Terprécl
form with a preference of 99 and 100% to 7c2, ahgr&fers 7d1 form with a preference of 100 anddl@D
7d2, by AM1 and PM3, respectively. Since compodhds 10 and 11, do not exhibit any tautomeric $orm
tautomeric equilibrium for these compounds haseeh studied. The impossibility of existence ofater
tautomeric forms, can easily be deduced from tteleats of formation and free energy vallieblé-1 and -

2).

For compounds 3, 5, 6, 7 anckfi- anti (i.e. a dihedrals 1234 and 2356988n-gyn (i.e. b dihedrals 1234 and
2356 &), anti-syn (i.e. ¢ dihedral 1234 18@nd dihedral 2356%) syn-anti (i.e. d dihedral 1234%and dihedral

2356 188) and in the compounds 4 and &fli (i.e. a dihedral 1234 18) gn (i.e. b dihedral 1234%
conformers were considered.

As can be seen from the AM1 and PM3 calculated frackon values in the aqueous phase calculdi@ies

1 and?) it is indicated that in AM1 calculations, compd@preferssyn -anti (3a) andnti- anti forms (3d) with
preference of 72 and 24%, respectively. On the bémel, in PM3 calculations, it prefeys -anti (3a),anti-syn

(3c) anti-anti (3d) forms with preference of 34, 37 and 28%geisely.
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Table-1 The AM 1 calculated thermodynamic propertiesof inddesder ivativesin aqueousolution (e = 784)

Compound AHg AS ﬁG? Mol fraction M;c Relative Overall mol Overall
alimol Al alimol of tautomers (ave) stability fractions of AGE
(kecalimol) (healmolK) | (leealmel) (kealimol) (calimol) tawtomes f
(kealimol)
1a 45.40 79.13 2182 0.97 2188 0.0 2128
Ik 4738 78,53 2388 003 206
1c 6880 1293 4528 0.0 2346
Za 3746 24725 1245 097 1241 0.00 1241
T 3044 23 56 1454 003 219
2o 6361 8583 40.04 0.0 1769
24 41.51 2424 1623 0.00 388
Zal 1280 258 -39.20 0o 3915 0.0 072 3892
Sal -10.04 2736 -36.78 002
Tl -10.85 20,74 3760 020 743 171 004
32 -1074 27135 23677 0.20
el 975 2877 3530 0.52 3578 337 0.00
3ol -H63 2765 S35705 0.48
a1 1204 2288 -38.53 099 -32.50 065 0.24
3d2 -Ha2 2740 -35.487 001
4a] 032 26 .46 -3514 1.00 23514 0.0 1.00 3514
dall 3465 85.54 9.16 000
4hl 3.04 86.42 -17.70 1.00 1770 17.44 0.00
A2 3339 8563 787 000
a1 a6l o701 71353 100 7352 317 02s -76.52
Sad -40.17 9634 -63.88 0.00
Sl 4276 9142 -76.01 1.00 7601 068 00
Fh2 -4251 0332 1470 0.0a
Sel -45.02 98.15 -1347 1.00 S1367 302 01s
502 -40.22 0458 -69.00 0.an
5d1 4831 9523 -76.70 100 -76.70 000 0.0 113
5d2 -4237 8583 -T0.80 0.0a
fal 4209 90.61 <7510 1.00 71510 242 0.03
] 4278 2099 -609 40 0.a0
ébt R0 2227 -73.50 100 27550 202 0os
- 20,46 7172 0.00
2-:12 —j; 22 2710 S1504 100 15704 178 005
602 -2 EE 2635 -68.67 ]
édl -51.46 g7 <1752 1.00 1152 0.00 0.0 513
Ad2 -45 7 2063 T1.98 0.00
Tal 26.26 8544 218 1.00 218 305 0ot
T2 29.13 92.43 158 0.0
Thl 2540 96,72 -3.42 099 -339 124 0.04
Th2 2743 9506 -029 0ot
Tel 26.62 4,50 -1.53 099 -1.50 373 0.00
To2 2013 9252 156 0.01
7d1 2250 9308 1.23 1.00 523 000 095
T2 2224 9231 0.58 oo
2 5155 8725 2355 1.00 9555
9 43 24 o179 16.49 100 16.49
10a 16.33 50.33 -10.58 009 s
1k 15790 9260 -11.92 0.0
11a -3135 10464 -BE 53 0oz
iih 4085 9773 6887 024 7031
e -37.05 101.05 A2 .06 Py
114 -40.39 101.16 70.54 07

aAGf = AHf — TAS

blfacb, Ne=1/[L+K], Np=K/[L+KJ] fac besc, Ng=1/[1+Ki+Kg], Np=Ke/
[1+Ka+ Kig], Ne=Kg/[1+Ku+Kg];lfaesbeoceod Ne=1/A N=Ku/A Ne=Kgy
Kio/ A, Ng= Kig Ko K/ A; A=1+ Kq + Ky K+ K K Kis.

¢ Weighted average of tautome&Gf(ave) - [Nleil [AGfla] + [Nlb] [AGflb] ..
d anti & syn |\4(anti) =1/ [1 + KT]y Ns(syn)= Kr/ [1 + KT] Kt = e(_ OAG ['RT) R =1.987 x 10
3kcal/mol and T = 298K.
€ OverallAG; = [Na][ AGf(a)] +[N b] [ AGf(b)] + [Nc][ AGf(C)] + ...
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Table-2 ThePM 3 calaulated ther modynamic propertiesof indolesderivativesin aqueoussolution (€ = 784)

www.scholarsresearchlibrary.com

Compound AHg A8 ,z_\(;}’ Mol fraction AG Relative Overall mol Overall
ol of tawtomers (ave) stahility fractions of a
Geallmol) | (kealmolE) | (kealimoly (healimoD) (healimal) rtomes AGy
(kealimol)
la 3450 7075 1113 1.00 1113 000 1113
1b 3214 7935 1449 0.00 336
1e 5508 7995 3215 0.00 2102
Za 2515 2667 -0.67 .99 064 ooo -0.64
b 835 2763 224 001 291
& 5100 2713 2593 0.00 2660
24 1307 8234 252 0.00 9.19
Zal 1274 29 A0 4494 1.00 4494 005 0.34
Fa2 1435 &0.32 -40.97 0.0
e 1706 26.22 4276 0.94 4286 213 001
Fh2 1439 2286 4087 0.04 -44.91
3al 1243 2912 -44.99 1.00 4499 000 0.37
32 1400 2850 -40.49 0.00
2d1 g2 2930 4483 1.00 4424 015 0.2
342 1409 28.50 -40 46 0.aan
dal 106 2637 .32.30 1.00 3280 044 032
a2 2195 2606 AT7 0.00 3310
N 751 2635 3324 1.00 3324 000 062
42 2159 2505 402 0oo
Sal 5279 100.40 827 1.00 8871 000 079
557 5387 9552 -32.64 0.00
Tl s047 9218 -26.90 1.00 2264 607 0.00
2 121 9461 -20.00 0.00 2253
56l 140 96 97 5029 1.00 -20.00 271 0.00
502 5370 06 48 -8254 0.aan
5d1 5053 9525 8792 1.00 8792 079 021
5d2 5166 9489 7994 000
fal 6480 22.00 G111 1.00 S111 224 003
a2 5760 27.28 -8361 oo
fihl 65.43 2772 91,59 1.00 91,59 1.76 004
2 5123 27.53 8331 000 9313
gcl 6714 2791 9333 1.00 5336 000 022
fic2 -58.17 27.02 2410 000
fidl -65.51 27287 9170 1.00 81,70 165 oos
fid2 5745 2742 -83.51 000
7al 1270 9031 -1420 1.00 -14.20 392 000
7a2 12.40 95.52 -10006 000
Thl 1240 0226 1526 1.00 1527 285 oo
Th2 1782 0298 -9.33 oo 1793
el 1160 07.47 1744 1.00 1745 047 024
7e2 12.45 96.92 583 000
7d1 1040 9573 1211 1.00 -12.12 000 075
7d2 1760 9205 973 000
g 3523 25.41 972 1.00 072
9 2547 2088 111 1.00 111
10a 587 9135 3309 0z 3293
1ob 456 9201 3228 02
11a 5215 10532 -20.55 071
11h -56.43 102.66 -87.03 oo 8035
e 5246 102.46 3299 027
11d -56.43 102.34 2708 oo
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Table- 3 Thecalculated tautomeric equilibrium congantsof indolesin agqueoussolution (e =784)

Tautomere AL P2
eopuilibriurn [543 " (kealfmol) K k Ba3,* (kealfmol) K k
la-Ib 205 3.10:¢ 10 1.51 336 3.40x 10 247
la-lc 45 .20 107" 17.20 21.0z2 7.78x 10 15.10
1t-1c 21.40 1.92: 10 15.70 17 66 1.10: 10 125
22 2.19 2% 10 1.70 291 7.29x 10 2.14
Za-2r 2763 487 10 .31 Al 301x 10 1252
2a-2d 388 1.4 10 285 220 1.78x 10 &75
2h-Ze 25.90 8% 10 15.70 3.0 412x 10" 173
ab-2d 1.69 £ 10 1.24 628 244 10 481
Ze-2d -23.20 282 10 & 10 -17.41 581% 10 1277
3al-3a2 241 1.7x 10 1.77 397 1.21= 10 25z
Tb1-H2 0.2 2.35% 10 0.60 128 4.1x 10 138
3el-3c2 0.05 211x 10 0.04 449 S0 326
3d1-342 286 7% 10 210 437 §.20 107 321
4al-4a2 44 31 3.12¢ 10 32.50 =02 508x 10 219
4b1-42 25.58 1.71x 10 15.78 2322 388 10 2143
5al-5a2 4 54 390 107 341 &.07 3.50% 107 4.45
Skl -5k 0.7 2E=10" Aaf.55 fEY gal=10" 4.05
Sol-502 4.a7 3 74= 107 343 T3 206= 10" 4.05
5d1-542 5.0 4 g3 10 4.32 747 1.40: 10 sS85
BalHal 5.50 920+ 10 4.03 749 317107 5.30
Bhl-th2 3.78 168 107 277 827 g45% 107 .07
ael-fol .07 648 10" 518 25 163= 107 a.7a
fdl-ad 5.54 2 a0 1EI': 404 219 0.76x 107 &a.01
Tal-Tal 377 1M1= 1EI': 2718 413 921 10" 3.03
Tl --Th2 2.53 139107 1.2A 543 1.03= 1EI'+_ 3.99
Tol-Ted 3.10 530 1EI'j 22 Tal 259 ID': 558
7d1-742 5.82 5.30% 10 427 838 7102107 | 6.15

SAGf = AGf b) - AGf(a)_

(- SACS ) RT)
Kr=e R = 1.987 x 18kcal/mol and T = 298K.
c K
pr=-log"r

In AM1 calculations, compoundl prefersanti (4a) from with preference of 100% and in PM3 dalioms it
prefersanti (4a) andyn (4b) forms with preference of 32 and 68%, resygti

In AM1 calculations, compourilprefersanti-syn (5b) andsyn-syn (5d) forms with preference of 25 and 75%,
respectively. In PM3 calculations, it prefensi- anti (5a), andsyn- gyn (5d) forms with  preference of 79 and
21%, respectively.

In AM1 calculations, compour@ipreferssyn-syn (6d) form with preference of 90% and in PM3 calkinihs; it
preferssyn-anti (6¢) form with preference of 88%.

In AM1 calculations, compourtipreferssyn-gyn (7d) form with preference of 95% and in PM3 calations, it
preferssn -syn (7d), &synanti (7¢) forms with preference of 75 and 24%, respbyti

In AM1 calculations, compourttd preferssyn (10b) form with preference of 91% and in PM3 cddtions it
prefersanti (10a) andy (10b) forms with preference of 80 and 20%, resyti

In AM1 calculations, compourid. prefersanti-syn (11b) andynsyn (11d) forms with preference of24 and 73%,

respectively. In PM3 calculations, it prefarti-anti (11a), andynanti (11c) forms with preference of 71 and
27%, respectively.
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The AM1 and PM3 calculated tautomeric equilibriuamstantKy was calculated and are given
in Table-3

CONCLUSONS

The obtained results indicated that AM1/ COSMO Rkt8/ COSMO solvation method is able to provide
reasonable estimates of protomeric tautomeristinigdype heterocycles in agueous solution. The AVWM3
calculations indicate that the compo@matefersanti-anti & anti-anti forms,4 anti-, 5 S9N, 6 HNESYN, 7 M-

9N, 10syn forms respectively over other tautomeric formslifferent percentages.
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