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The structures of some 2-substituted indan-1,3-diones are investigated in the gas phase and solution using
quantum chemical calculations and spectral (NMR, IR, and UV) measurements. The influence of the substituent
at the 2-position on the tautomeric equilibrium of 2-substituted indan-1,3-diones in solvents with different
polarity is evaluated. It is shown that the equilibrium in 2-formyl-indan-1,3-dione and 2-acetyl-indan-1,3-
dione is shifted to the 2-hydroxyalkylidene-indan-1,3-dione tautomer, while 2-carboxyamide-indan-1,3-dione
exists as a mixture of two tautomers, 2-(hydroxyaminomethylidene)-indan-1,3-dione and 2-carboamide-1-
hydroxy-3-oxo-indan, with extremely fast proton transfer between them. The situation for 2-carboxy-indan-
1,3-dione is quite different- on the basis of the analysis of the obtained results, the possible existence of an
anionic form of 2-carboxy-indan-1,3-dione in solution can be inferred.

1. Introduction TABLE 1: Calculated Relative Total Energies, AEr, (kcal
) o ~ mol~?) at Different Levels of Theory for Tautomers a—e of
There are a large number of investigations on the tautomeric Compounds +4 Shown in Figure 1

equilibria of 1,3-dicarbonyl compountisising a variety of

techniques and carried out in water, in organic solvents, and tautomer
recently in agueous solutions (i) of surfactants forming mice&lles a b c d e
and (ii) of cyclodextring. Many questions concerning the 1

tautomerism of 1,3-dicarbonyl compounds have already been MP2/6-31G** 0.00 3.75 6.97

: : P MP4/6-31G**/IMP2/6-31G** 0.00 4.25 5.11
answered, but many others are still under investigation. Fre- MP2/6-311G** 000 354

quently, both the keto and the enol forms of many 1,3'dicarb0ny| MP4/6-311G**//MP2/6-311G** 0.00 407
compounds are present in aqueous solutions in measurable 2

proportions. The enol tautomers of 1,3-dicarbonyl compounds y,po/6.31G 000 4.11 663 28.44 21.92
are stabilized by intramolecular hydrogen bonds; therefore the Mp4/6-31G*//IMP2/6-31G**  0.00 4.26 4.63 28.77 19.87
enol concentrations increase in aprotic solvents, i.e., when MP2/6-311G** 0.00 3.68

intermolecular hydrogen bonding with the solvent does not MP4/6-311G**//MP2/6-311G** 0.00 3.86

compete. This means that the ketnol equilibrium is very 3

sensitive to the nature of the solvent. 1,3-Diketones have one MP2/6-31G** 0.00 0.14 259

ionizable hydrogen atom, and the enolate form is present in mgg;g'giféﬂ'wpzm'm@* 8-8(7) 8-;’2 0.58
alkalme_ medium, bemg in some cases the prr_edomlnant sp“emes. MP4/6-311G*//MP2/6-311G* 0.05 0.00
In this work, we aim to check if theoretical calculations, 4
supported by_spectral_ (NMR, IR, and UV)_ measurements, can \ o, o1 s 000 093 528 13.65 2083
provide new information on the tautomerism of 2-substituted \1p4/6.31G**/MP2/6-31G*  0.00 0.74 3.38 14.02 18.52
indan-1,3-diones. These compounds can exist in at least threemp2/6-311G** 0.00 0.92
tautomeric form3and in five tautomeric forms if the substituent ~ MP4/6-311G**//MP2/6-311G** 0.00 0.71
at position 2 is included in the process of tautomerization. We

focus our attention on 2-formyl-indan-1,3-dionB,(2-acetyl- transfer in2 occurs in the singlet excited stdfeand the
indan-1,3-dioneZ), 2-carboxy-indan-1,3-dione), and 2-car- compound is a promising sunscreen candidate.
boxyamide-indan-1,3-dionely, shown in Figure 1, and on the The syntheses of was reported by Horton and Murdock in
conversion between their most stable tautomers. 196014 but for a long time the structure of the compound was

The physiological activity of 2-acetyl-indan-1,3-dione and its ot elucidated. Recently we reportédhat two tautomeric
derivatives is well-documentédts structure has been studied  forms 2-(hydroxyaminomethylidene)-indan-1,3-diode) @nd
by X-ray, IR, and NMR spectroscopiés® The tautomeric 5 _carhoamide-1-hydroxy-3-oxo-indadiy), are likely to coexist
equilibrium in2 has been investigated using quantum chemical i, the gas phase and in solution, with fast intramolecular proton

calculsnons at thce(jsemlerplplr|éhbllnd abb '.r"t'ﬁ Ieveli "; the h transfer between them. In this paper, new IR and UV investiga-
gas phase. According to the results obtained, 2-(1-hydroxyet “tions and ab initio calculations in solution were carried out to

ylidene)-indan-1,3-dion&a, (Figure 1) is the most stable. In elucidate the tautomeric composition 4f
our previous papers we have shown that intramolecular proton 2-Carboxy-indan-1,3-dione) was obtained by Perkin con

* Author to whom correspondence should be addressed. Fa@59 2 densation of_ phthalic anh_ydri(_je with acetic anhydride 130 years
8700225. E-mail: venelin@orgchm.bas.bg. agol®17put its structure is still under debate!®
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Figure 1. Tautomeric forms of 2-formylindan-1,3-dion&, 2-acetylindan-1,3-dione, 2, 1,3-dioxoindane-2-carboxylic a8icgnd 1,3-dioxo-2-
indancarboxamided, optimized at the MP2/6-31G** level of theory.

TABLE 2: Calculated Relative Enthalpies, Relative Gibbs Free Energies, and Activation Barriers (kcal mol?) for the
Tautomers of Compounds 4 Shown in Figure 1 for Isolated Molecules and in CHC§ and DMSO Solution

AHo AHp AGosg AGhog
compound a b c TS(a—b) TS(a—c) a b c TS(a—hb) TS(a—c)
1
MP2/6-31G** 0.00 3.20 5.74 3.81 59.15 0.00 3.23 4.83 3.97 59.07
MP4/6-31G**/IMP2/6-31G** 0.00 3.70 3.88 5.83 62.12 0.00 3.73 2.97 6.15 62.03
PCM/MP4/6-31G**//MP2/6-31G**
solvent CHC} 0.00 3.75 3.88 4.42 0.00 3.78 2.97 4.74
solvent DMSO 0.00 3.87 3.77 4.50 0.00 3.90 2.86 4.81
2
MP2/6-31G** 0.00 3.62 5.97 3.38 56.38 0.00 3.61 5.53 3.71 56.40
MP4/6-31G**/IMP2/6-31G** 0.00 3.78 3.97 5.04 58.85 0.00 3.76 3.53 5.36 58.86
PCM/MP4/6-31G**//MP2/6-31G**
solvent CHC} 0.00 3.99 3.99 4.01 0.00 3.98 3.53 4.33
solvent DMSO 0.00 4.11 3.81 4.12 0.00 4.10 3.36 4.44
3
MP2/6-31G** 0.30 0.00 2.02 2.50 70.27F 0.58 0.00 0.41 3.08 70.04
MP4/6-31G**/IMP2/6-31G** 0.52 0.00 0.63 4.26 73.1P 0.79 0.00 —-1.45 4.83 72.98
PCM/MP4/6-31G**/IMP2/6-31G**
solvent CHC} 0.63 0.00 —0.62 3.48 0.90 0.00 —2.23 4.03
solvent DMSO 0.66 0.00 —1.05 3.58 094 0.00 —2.65 4.13
4
MP2/6-31G** 0.00 0.47 4.97 1.29 53.11 0.00 0.18 3.87 1.43 52.57
MP4/6-31G**/IMP2/6-31G** 0.00 0.28 3.07 2.64 55.11 0.01 0.00 1.97 2.79 54.57
PCM/MP4/6-31G**//MP2/6-31G**
solvent CHC} 0.00 1.03 2.06 2.08 0.00 0.74 0.97 2.22
solvent DMSO 0.00 1.37 1.82 2.27 0.00 1.08 0.72 2.40
aTS (b—a).®TS (b —c).
2. Computational and Experimental Details basis set? The anionic and dianionic forms of compoufd

2.1. Quantum Chemical CalculationsThe calculations were ~ Were optimized at the MP2/6-31G** and MP2/6-86™* levels.

carried out using the PC GAMESS versi®of the GAMESS The transition structure for tautomeric conversion between the
guantum chemistry packag®The geometries of all possible ~ tWo most stable tautomers was located at the MP2/6-31G** and

tautomeric forms of the compounds studied were located at theMP2/6-311G** levels. The default gradient convergence thresh-

MP2 level using the 6-31G** basis s&tSelected structures  old (1 x 10~ hartree bohr?) was used. Frequency calculations
were reoptimized at the same level of theory using the 6-311G** at the same levels of theory were carried out to determine
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Figure 2. Tautomeric formsa andb andts of compoundsl—4, optimized at the MP2/6-31G** level of theory.

TABLE 3: MP4/6-31G**//MP2/6-31G** and MP4/6-311G**//MP2/6-311G**-Calculated Relative Enthalpies AH,, Relative

Gibbs Free EnergiesAG,gg and Activation Barriers AHg and AGZ‘%(in kcal mol~1) for the Tautomerization Reaction a— b in
2-Substituted Indandione$

compound isotope AHo AGaog AH} AGleg k v
MP4/6-31G**/IMP2/6-31G** Level
1 H 3.70 3.73 5.83 6.15 1.98 108 1245i
D 3.73 3.77 6.70 7.05 4.22 107 928i
T 3.74 3.79 7.07 7.45 2.15 10/ 782i
2 H 3.78 3.76 5.04 5.36 7.3% 108 1129i
D 3.85 3.83 5.88 6.23 1.68 108 844
T 3.88 3.87 6.24 6.62 8.74 10/ 712i
3 H —0.52 —0.79 4.26 4.83 179 1¢° 1242i
D —0.50 —-0.79 5.09 5.70 4.1% 10° 921i
T —0.50 —-0.79 5.45 6.09 2.1% 108 7740
4 H 0.28 —0.01 2.64 2.79 5.6& 10t 1162i
D 0.35 0.05 3.46 3.63 1.36 10% 862i
T 0.38 0.08 3.81 4.01 7.14 10° 723i
MP4/6-311G**//MP2/6-311G** Level
1 H 3.94 4.74 5.84 6.84 6.0% 10’ 1184i
D 3.97 4.77 6.69 7.72 1.36 107 888i
T 3.98 4.78 7.04 8.11 7.0% 10° 750i
2 H 4.03 5.01 5.12 6.24 1.66 10° 1084i
D 4.06 5.04 5.93 7.09 3.94 10/ 814i
T 4.07 5.05 6.28 7.46 2.1% 107 688i
3 H —0.05 0.08 3.73 4.36 3.95 10° 1193i
D —0.06 0.06 4.57 5.21 9.42 10° 889i
T —0.07 0.05 4.93 5.59 4,96 10° 748i
4 H 0.28 0.02 2.13 1.80 2.98 101 1119i
D 0.32 0.07 2.94 2.64 7.24 10% 834i
T 0.35 0.10 3.28 3.01 3.86 101 701i

a|lmaginary frequencies” are in cmt’. The rate constants are in's

whether the optimized structures were local minima or transition harmonic force field scaled by a factor of 0.9%5To study
statests) on the potential energy surface and to estimate thermal isotopic effects, force field calculations for the two most stable
corrections. To obtain accurate energies, single-point calculationstautomers, with the mobile protons substituted by deuterium
at the MP4/6-31G**/IMP2/6-31G** and MP4/6-311G**//[MP2/ (D) and tritium (T), were carried out.

6-311G** levels of theory were performed. Unscaled zero-point  The values of Gibbs free energies were calculated using the
energy (ZPE) corrections were included in the relative energy formulaAG = AH — TAS The classical rate constants at 298.15
values. The theoretical IR spectra were calculated from the K were calculated using the Eyring equatiérs (ks T/h) exp-
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TABLE 4: Selected MP2/6-31G**-Calculated Distances (A) and Bond Angles (deg) for Tautomers a and b and Transition
States of Compounds 1 and 2

2a
exptl.” exptl.® 2b 2ts la 1b 1ts
Distances

Ci1-C2 1.386 1.394 1.3979 1.4025 1.4007 1.3974 1.4021 1.4002
C2-C3 1.396 1.382 1.4042 1.3997 1.4012 1.4042 1.3999 1.4015
C3-C4 1.363 1.388 1.3983 1.4033 1.4017 1.3978 1.4030 1.4013
C4-C5 1.394 1.390 1.3906 1.3848 1.3867 1.3910 1.3850 1.3870
C5—-C6 1.393 1.385 1.4015 1.4041 1.4048 1.4039 1.4051 1.4061
C6-C1 1.358 1.383 1.3915 1.3884 1.3894 1.3920 1.3888 1.3899
C6—C8 1.479 1.488 1.4843 1.4704 1.4728 1.4856 1.4695 1.4729
C5-C7 1.475 1.504 1.4986 1.5068 1.5084 1.4990 1.5069 1.5090
C7—-C9 1.488 1.473 1.4772 1.4776 1.4714 1.4763 1.4783 1.4713
C8-C9 1.448 1.457 1.4612 1.3803 1.4070 1.4622 1.3791 1.4094
C9-C10 1.342 1.373 1.3702 1.4478 1.4120 1.3583 1.4359 1.3994
C10-C11 1.475 1.475 1.4881 1.5008 1.4951

C7-018 1.214 1.220 1.2320 1.2303 1.2310 1.2293 1.2284 1.2285
C8-017 1.239 1.225 1.2462 1.3188 1.2865 1.2441 1.3205 1.2844
C10-012 1.352 1.330 1.3332 1.2537 1.2824 1.3297 1.2495 1.2814
012-H22(19) 1.14 0.98 0.9926 1.7063 1.2743 0.9883 1.7727 1.2601
017-H22(19) 1.56 1.83 1.7524 1.0021 1.1620 1.8428 0.9964 1.1777
017-012 2.650 2.6553 2.6059 2.3924 2.7235 2.6566 2.3940

Bond Angle
012—-H22(19)-017 149.4 147.2 157.0 146.7 145.8 156.0

@ Available experimental data are also given. For numbering of the atoms see Figure 2.

TABLE 5: Experimental and Calculated Chemical Shifts (ppm) of Compounds 1 and 2
GIAO HF/6-31+G*/IMP2/6-31G**

experimental tautomex tautomerb
CDCl; DMSO-ds solid staté gas phase CHel DMSO gas phase CHg¢l DMSO
1
C1 123.9 125.8 125.9 126.0 124.9 125.9 126.2
c2 135.2 133.7 135.2 135.7 132.5 133.9 134.4
C3 136.2 135.6 136.7 137.1 136.0 137.3 137.7
C4 125.3 125.7 125.7 125.6 125.6 125.6 125.6
C5 141.7 142.6 141.9 141.7 136.9 136.4 136.3
Cc6 139.7 139.2 138.8 138.7 134.6 133.8 133.6
c7 188.83 190.3 192.0 192.6 191.2 193.0 193.6
C8 197.2 201.1 201.8 202.1 194.8 196.3 196.8
Cc9 113.2 105.6 105.7 105.7 103.9 103.8 103.8
C10 166.4 172.4 173.1 173.4 195.0 195.4 195.5
012 119.7 114.6 114.3 114.2 450.6 429.2 421.7
017 458.2 431.8 416.7 411.2 125.1 127.7 128.7
018 473.9 492.6 463.9 453.8 523.7 490.1 478.7
2

C1 122.6 122.3 125.0 125.6 125.7 125.8 124.6 125.5 125.8
Cc2 134.9 134.9 134.4 133.4 134.7 135.2 132.3 133.6 134.1
C3 134.0 134.9 135.0 135.1 136.3 136.7 135.4 136.6 137.0
C4 122.4 122.3 121.8 125.6 125.5 1255 125.5 1255 125.4
C5 138.0 139.1 138.2 142.6 142.0 141.9 137.0 136.5 136.4
Cc6 140.7 139.1 140.2 138.7 138.2 138.0 135.1 134.2 134.0
c7 183.6 182.4 188.6 192.1 193.4 193.9 192.6 194.0 194.5
C8 188.3 182.4 195.9 201.7 202.4 202.7 194.7 195.9 196.3
Cc9 108.8 108.5 109.3 102.6 102.8 102.9 103.0 102.8 102.9
C10 196.7 191.3 182.9 189.9 190.3 190.5 206.7 207.0 207.0
C11 19.1 19.4 18.3 175 17.6 17.6 28.1 28.2 28.3
012 147.0 135.8 135.1 134.9 432.6 416.4 410.4
017 408.2 414.3 399.6 394.4 129.0 130.4 131.0
018 478.3 490.3 468.7 460.2 524.5 497.9 487.6

aFor numbering of the atoms, see Figure® Reference 8¢ Reference 10¢ Reference 33.

(—AG#/RT), wherekg and h are the Boltzmann and Planck The NMR chemical shieldings of the more stable tautomeric
constants, respectively. forms of compound4—4 were calculated at the HF/6-31*

To estimate the solvent effect (chloroform (CHChand level using the GIAG®"28 approach and the MP2/6-31G**-
dimethylsulfoxide (DMSQ)) on the relative stabilities of the optimized geometry (MP2/6-31G** for the anion and dianion
tautomers, the polarized continuum model (P&Mjas imple- of 3). To compare to the experimental data, the calculated
mented in the Gaussian ¥&uite of programs was applied at  absolute shieldings were transformed to chemical shifts using
the MP4/6-31G**//MP2/6-31G** level. the reference compound tetramethylsilane, S{aHTMS) for
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TABLE 6: MP2/6-31G**-Calculated and Experimental IR 2-carboxy-indan-1,3-dion& according to ref 18, and 2-car-
Data in CCl, for Tautomer a of Compounds 1 and 2 boxyamide-indan-1,3-dioné according to ref 14.
assignment calculated experimental NMR spectra were recorded on a Bruker DRX-250 spec-
la trometer, operating at 250.13 MHz féiH and 62.9 MHz for
v(OH) 3288 (103R393(66) 13C, usirg a 5 mmdual probe head. The chemical shifts were
1’:(C=_O) 1693 (146) referenced to TMS in CD@hnd to the solvent signal in DMSO-
v S((i_o) 1660 (611) ds. The measurements were carried out at ambient temperature
»(C=C) 1623 (327) .
»(C-0) 1350 (2) (ca. 300 K) in solvents CDgland DMSOeds. Sample concen-
24 trations of 0.03-0.05 M for*H and saturated solutions f&iC
¥(OH) 3169 (147)2311(100) 3195,2336 NMR spectra were used.
v§(C=0) 1684 (181) 1715 The deuterium exchange of the mobile protons of 2-(hy-
szczc))) iggg ggggg igig droxyaminomethylidene)-indan-1,3-dior® (vas achieved by
»(C= . . .
WC—0) 1344 (39) 1990 dissolving 20 mg of the compound in 1 mL of chloroform and

stirring with 0.3 mL of BO. The organic phase was separated
aFrequenciesy, are in cnt!, and intensities (in parentheses) are in  and treated with another portion of 0.3 mL of,@ The

!(m_mol'l. Frequencies and intensities of deuterated compounds are in procedure was repeated to complete deuterium exchange of the

ftalic. mobile protons, and the process was monitoredHyNMR.

The 2-carboxy-indan-1,3-dion8)(was deuterated by dissolving

3 mg of the compound in 5 mL of .

IR spectra of2—4 were recorded with the IFS 113v and

; ; : ; : “Tensor 27" Bruker FTIR spectrometers in the spectral region
The inclusion of the solvent as a dielectric (polarizable 1 .
continuum model) in GIAO NMR calculations was used to of 4000-400 cnT". Solid-state spectra @-4 were measured

estimate the effect of the medium (CH@ind DMSO) on the in a KBr pellet. IR spectra of saturated solutions2and4 in
chemical shifts of the more stable tautomers of the studied C;CL; were mdeas:Jrgmlaelf mr(;14I§BrcI:|qHugl celldwglleé'k\llose of
compounds. All NMR calculations were carried out using t esaturate. solutions @fan 41N LG, an H were
Gaussian 03° recorded using 0.6 mm KBr liquid cell. Saturated solutions of

The MP2/6-31G**-optimized geometries for the tautomeric the deuterated compourtiin CCl, were also studied.
forms and MP2/6-31G** ones for the anion and dianion &f The absorption spectra of compouriis4 were recorded on
were used for the vertical transition energy calculations in time- & Specord M40 UVvis spectrophotometer in ethanol. Solutions
dependent density functional theory (TDDFf)The B3LYP with concentrations of & 1074 M L~* were used.

carbon and KO for oxygen atomsd = dcadref) — dcaie Both
Ocadref) anddcac were evaluated at the same computational
level.

functionaf! and the aug-cc-pVDZ basis $&were used in the The mass spectrometry analysis3ofias carried out on a 70
TDDFT calculations. eV Hewlett-Packard HP-5973 electron impact mass spectrom-
2.2. Experimental Details.2-Acetyl-indan-1,3-dion@ was eter. The melting point of compoun8 was measured on a

synthesized according to a previously published procetfure, BOETIUS (type PHMKO5) apparatus.
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Figure 3. UV absorption spectrum of 2-acetylindan-1,3-dione in ethanol. Optical density (OD) is in arbitrary units, and wavelength s in cm
TDDFT B3LYP/aug-cc-pVDZ-calculated—s* electron transitions for tautomdr (red line) and tautomea (black line).
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TABLE 7: Experimental and GIAO 13C Chemical Shifts (ppm) Calculated at the HF/6-3%#G* Level of Theory of Compound 4
GIAO HF/6-31+G*/IMP2/6-31G**

experimental tautomex tautomerb a/bd alb®
CDCl; DMSO-ds gasphase CHgl DMSO gasphase CHgl DMSO gasphase PCM gasphase PCM

C1 1211 120.9 125.0 125.0 125.0 124.1 124.8 125.1 124.8 125.0 124.9 125.0
C2 132.8 133.1 133.0 134.0 134.4 132.8 134.0 134.5 132.9 134.0 133.0 134.4
C3 132.8 133.1 133.9 134.9 135.3 134.3 135.5 135.9 134.0 135.0 133.9 135.4
C4 121.1 120.9 124.9 124.8 124.8 125.5 125.6 125.6 125.0 125.0 125.0 124.9
C5 138.5 138.2 141.3 140.7 140.5 136.3 135.7 1355 140.2 139.6 140.6 139.8
(o1} 138.5 138.2 139.7 139.1 138.9 136.2 135.3 135.1 139.0 138.3 139.2 138.4
C7 1925 191.1 194.9 195.8 196.1 195.2 196.3 196.7 195.0 195.9 195.0 196.2
C8 192.5 191.1 200.0 200.7 200.9 192.9 193.8 194.2 198.4 199.2 199.0 200.0
C9 95.1 92.2 85.9 86.1 86.2 96.1 95.6 95.5 88.2 88.2 87.3 87.5

C10 168.7 167.5 1714 171.6 171.7 172.4 172.8 172.8 171.6 171.9 1715 171.9

aalb = 77.7:22.3% (solvent CHE)L. ® a/b = 86.1:13.9% (solvent DMSO).

TABLE 8: MP2/6-31G**-Calculated and Experimental IR For compoundsl and 2, the energy difference between
Data for Tautomers a and b of Compound 4 tautomersa and b is in the range of 3.754.11 kcal mot?,
experimental while for compoundt it is smaller, 0.93 kcal mot. In the case
assignment  calculated CCl  CH.Cl,  CHCN of compound3 this difference is very small, only 0.14 kcal

mol~L. Tautomerc is also near in energy to the most stable

4a .
VA (NHy) 3609 (180)  3500's 3550 s * tautomeric f_orm of compounad. _
v (NH,) 3390 (95) 3317 w Tautomeric formsa andb of compoundsl—4 were reopti-
v(OH) 3104 (5) 3617 w 3470s*  3620s* mized at the MP2/6-311G** level. The energy differences
vY(C=0) 1682 (965) 1696 vs 1695vs 1697 vs between tautomers andb for compoundsl and?2 decrease in

vC=0) 1640 (600) ~ 1656vs  1658vs  1632vs  comparison with the results obtained at the MP2/6-31G** level,

Y(C=0) 1463 (58) jslS w while for compounds3 and4 there are no changes.

To obtain more accurate energies, single-point calculations
zz(s(,\’l“,i? o 2%3) Jos 3550S™ 4t the MP4/6-31G**//MP2/6-31G* and MP4/6-311G*//MP2/
»(OH) 3013 (396) 3470s*  3620s* 6-311G** levels of theory were performed. The energy differ-
v§(C=0) 1676 (526) 1696 vs 1670 sh 1668sh  ences between tautomessand b for compoundsl and 2
12{C=0) 1661 (40) 1635s 1632s increase in comparison with the results obtained at the MP2
»(C-0) 1463 (30) 1413w* level. The opposite tendency is observed for compoGaisd

2 Frequenciesy, are in cnt?, and intensities (in parentheses) are in  4; tautomer3b becomes even more stable. The energy differ-
km mol . ences between the most stable tautomer and taudezrease
o by about 2 kcal mal! in comparison to the results obtained at
’ 3 the MP2 level. The energy difference between tauton3érs
T 1-CH,CN and 3c becomes smat- 0.58 kcal mot!. For compound®

and4 the energy differences between the most stable tautomer
and tautomerd ande are large— in the range of 13.6528.77
kcal mol2.

3.2. Thermodynamics.The differences in relative energies
of the tautomers suggest that, in the gas phase, the molecules
should exist as a mixture of tautomers. However, the differences
in the relative energies correspond to the relative order of the
minima on the potential energy surface. To predict the order of
relative stabilities, one should include thermal and entropy
corrections. To investigate the influence of these parameters,
we have calculated the order of relative stabilities. The results
are collected in Table 2.

Inclusion of ZPE correction in the relative stabilities at the

0.8

0.6

Absorbance

0.4

0.2

0.0 41—
oo o e T T MP2/6-31G** and MP4/6-31G**//MP2/6-31G** levels de-
1800 1750 1700 1650 1600 1550 1500 .
. creases the energy differences between tautomarslb and
_ Wavenumber [em] o tautomersa and c¢ for compoundsl, 2, and 4 (Table 2).
Figure 4. IR spectrum of 2-carboxyamide-indan-1,3-dione in:CN However, at the MP4/6-31G**//MP2/6-31G** level the enthalpy
and CHC. differences AHop, between tautomeis andc of compoundsl

and 2 are small, 0.18 and 0.19 kcal mé] respectively.
Calculations at the MP2/6-31G** level predict tauton3ras

3.1. Gas-Phase Results: Relative Stabilitieg\ll possible the most stable, and the difference between tautoBiei@nd
tautomers of compoundd—4, presented in Figure 1, are 3ais 0.30 kcal mot?, while the enthalpy difference between
considered in our study. Geometry optimizations were carried tautomers3b and 3c is 2.02 kcal motl. However, at the
out at the MP2/6-31G** level of theory for all species. The MP4/6-31G**//IMP2/6-31G** level the enthalpy difference
relative energies of three tautomeric forms fcand3 and five between tautomeidb and3c decreases to 0.63 kcal mé] and
tautomers foR and4 are presented in Table 1. The calculations the difference betweea andc is found to be only 0.11 kcal
show that for all compounds tautomeehas the lowest energy.  mol™.

3. Results and Discussion
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Figure 5. UV absorption spectrum of 2-carboxyamide-indan-1,3-dione in ethanol. Optical density (OD) is in arbitrary units, and wavelength is in
cm™1. TDDFT B3LYP/aug-cc-pVDZ-calculated—zx* electron transitions for tautomédr (red line) and tautomea (black line).

The gas-phase-calculated Gibbs free energy differences of The intramolecular proton-transfer barriers between tautomers

tautomersa, b, andc obtained at the MP2/6-31G** and MP4/
6-31G**//MP2/6-31G** levels are presented in Table 2.

a and b and tautomersa and ¢ for compoundsl—4 were
calculated at the MP4/6-31G**//MP2/6-31G** level of theory

For all compounds, the effect of the frequency-dependent (Table 2). The MP4/6-31G**//MP2/6-31G**-calculated values

corrections is stronger on the tautomeric forerthan ona and
b. However, at the MP4/6-31G**//MP2/6-31G** level tau-
tomersc of compoundsl and 2 become preferred tb. For
compound3 the preferred tautomer & The energy differences
between tautomets (next in energy) and are small, 0.79 kcal
mol~. The situation for compourdlis complicated; tautomers
aandb are predicted to be almost isoenergetic (0.18 kcaltnol
at the MP2 level and 0.01 kcal nidlat the MP4 level).

The PCM-calculated relative stabilities in solvents CkHid
DMSO for tautomers, b, andc obtained at the MP2/6-31G**
and MP4/6-31G**//MP2/6-31G** levels are also presented in
Table 2. For compounds and 2 including the CHG{ solvent
effect does not influence the differences betwaemdc tauto-
mers, while the differences betwearandb increase by 0.05
kcal mol? for 1 and 0.22 kcal mai* for 2. As a result tautomer
¢ becomes more stable thanFor compound the situation is
different; tautomec is most influenced by consideration of the
solvent, and the difference between the preferred tautamer
and the next in energy tautomeincreases by 0.78 kcal nmdl
in comparison to the MP4/6-31G**//MP2/6-31G** result in the
gas phase. For compouddncluding the solvent effect makes
tautomera the most stable (next in energy is tautorb¢rand
decreases the energy differences betweeandc.

For compoundd, 2, and4 taking into account the solvent

of the proton-transfer barriers of tautomerizater> b (b —
a for compound3) are in the range of 2.796.15 kcal mot™.
The inclusion of solvent (CH@land DMSO) as a dielectric
decreases the barrier heights for all compounds studied, and
the decrease is stronger for CHCThe values of the proton-
transfer barriers for compourt 2.22 in CHC} and 2.40 kcal
mol~1 in DMSO, indicate an extremely fast proton-transfer
process.

The values of the proton-transfer barriers of tautomerization
a— care quite large (in the range of 54:572.95 kcal mot?),
and tautomerization should not occur. The absence of the signal
at about 5560 ppm for C9(H) carbon atoms fdr—4 and
DEPT-135 experiments in CDg€bhnd DMSOes confirm the
exclusion of tautomec.81533

3.3. Influence of the Isotopic Substitution on the Ther-
modynamics and Kinetics of Tautomerization.Calculations
at the MP4/6-31G**//MP2/6-31G** and MP4/6-311G**//MP2/
6-311G** levels of theory were performed to investigate the
influence of isotopic substitution of the mobile hydrogen atoms
in compoundsl—4 on the thermodynamics and kinetics of the
tautomerization reactioa — b (Table 3 and Figure 2).

The calculations at the MP4/6-311G**//MP2/6-311G** |evel
for compoundsl and 2 show weak increases ohHj in
comparison to the MP4/6-31G**//MP2/6-31G**-calculated

effect (DMSO) decreases the energy differences between theones, whileAGjg, increases by 0.69 kcal mdifor 1 and 0.88

most stable tautomera(or b) and tautomerc, while the
differences betweeaandb are less influenced. For compound
3 the difference AG,qg) between the preferred tautoneand
the next in energy tautomédr increases by 1.2 kcal mol in
comparison to the MP4/6-31G**//MP2/6-31G** result in the
gas phase.

kcal molt for 2. The situation is different for compounds
and4; the calculated barriers of activatidrGhy, are low at the
MP4/6-31G**//IMP2/6-31G** level (4.83 kcal mot for 3 and
2.79 kcal mot? for 4) and decrease at the MP4/6-311G**//
MP2/6-311G** level of theory (4.36 kcal mot for 3 and 1.80
kcal mol? for 4).
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TABLE 9: Selected MP2/6-31G**-Calculated Distances (A) and Bond Angles (deg) for Tautomers a, b, and ¢, Anion, and

Dianion of Compound 3

3a 3b 3c anl an2 dianion
Distances
Cl-C2 1.3999 1.4040 1.3946 1.4041 (1.4065) 1.4030 (1.4052) 1.4122 (1.4141)
C2-C3 1.4021 1.3984 1.4071 1.3998 (1.4026) 1.4011 (1.4038) 1.3963 (1.4000)
C3-C4 1.3999 1.4042 1.3946 1.4039 (1.4062) 1.4028 (1.4053) 1.4122 (1.4142)
C4-C5 1.3892 1.3842 1.3950 1.3871 (1.3898) 1.3876 (1.3904) 1.3855 (1.3889)
C5-C6 1.4078 1.4074 1.3983 1.3966 (1.3989) 1.3936 (1.3961) 1.3977 (1.4006)
C6—-C1 1.3892 1.3866 1.3951 1.3858 (1.3885) 1.3878 (1.3903) 1.3855 (1.3889)
C6—-C8 1.4953 1.4747 1.4821 1.5183 (1.5173) 1.5138 (1.5123) 1.5192 (1.5165)
C5-C7 1.4953 1.5016 1.4820 1.5021 (1.5008) 1.5132(1.5120) 1.5190 (1.5164)
C7-C9 1.4431 1.4631 1.5403 1.4218 (1.4250) 1.4469 (1.4482) 1.4271 (1.4276)
C8—-C9 1.4431 1.3710 1.5404 1.4481 (1.4508) 1.4458 (1.4492) 1.4271 (1.4277)
C9-C10 1.3780 1.4530 1.5074 1.4599 (1.4609) 1.4370 (1.4386) 1.5365 (1.5252)
C10-011 1.3167 1.3425 1.3509 1.3723 (1.3754) 1.3871 (1.3882) 1.2670 (1.2734)
C7-018 1.2448 1.2371 1.2234 1.2641 (1.2680) 1.2429 (1.2484) 1.2608 (1.2660)
C8-017 1.2448 1.3206 1.2234 1.2401 (1.2439) 1.2440 (1.2471) 1.2608 (1.2660)
C10-012 1.3167 1.2349 1.2187 1.2257 (1.2289) 1.2339 (1.2376) 1.2670 (1.2734)
012-H20 0.9901 1.8436
017-H20 1.8997 0.9935
011-H19 0.9901 0.9791 0.9726 0.9886 (0.9914) 0.9706 (0.9721)
017-012 2.7842 2.7138 3.1450 (3.1395) 3.0238 (3.0197) 3.6428 (3.7175)
018-011 2.7842 2.8913 2.6700 (2.6678) 2.8482 (2.8475) 3.6406 (3.7177)
C9-H20 1.0903
Torsion Angle
012-C10-C9-C8 6.4 0.0 0.3(7.1) 0.1(1.8) 81.7 (88.3)
011-C10-C9-C8 -174.3 180.0 179.9173.8) —179.9 (-178.8) —98.3 (-91.6)

aFor numbering of the atoms, see Figure 2. MP2/6-G¥*-calculated distances are given in parentheses.

The substitution of the mobile protons attached to oxygen creases its asymmetry. Therefore, in the cross-polarization
and nitrogen atoms with deuterium and tritium leads to slight magic-angle spinning spectrum &f separate resonances for
increases (0.020.11 kcal mot?) in AH’S and AGggg in particular carbons are observed (Table 5); the signals of C1 and
comparison to the unsubstituted compounds with the exceptionC4 are separated by 3.2 ppm, the signals of C5 and C6 by 2.0
of compound3, where there is no change at the MP4/6-31G**// ppm, and those of C2 and C3 by 0.6 ppm.

MP2/6-31G** level and a slight decrease (from 0.08 to 0.05  The carbon and oxygen chemical shifts of tautonzessdb
kcal moi™?) at the MP4/6-311G**//MP2/6-311G** level. of compoundsdl and?2 are presented in Table 5. As mentioned

The activation enthalpieAH} and free activation energies above, because of the experimentally proven absence of
AGheg increase faster upon substitution. In all cases the free tautomerc in solution, the chemical shifts of tautomessare
activation energies\Gh,q have higher values than the activa- Not presented. There is good agreement between the experi-
tion enthalpiesAH! with the exception of compound. mental 170 and calculated chemical shifts without the inclu-
However, the predicted values fdrare low, and the process ~ Sion of solvent effects (CHe) for tautomersa of compounds
of proton transfer should be fast on the NMR time scale. The 1 @nd 2 (A0 = —4.3 ppm forla and 2.3 ppm for2a) and
rate constants of the tautomerization reaction b calculated ~ unreliable prediction of chemical shifta¢ = —19.0 ppm for
by the Eyring equation are found to be on the order ok 1~ 1@and—10.0 ppm for2a) when the solvent effect is taken into
10°—1 x 10° s~* for compoundsl, 2, and3. For compouna} account.
they are on the order of & 10°—1 x 10" s71, and this suggests Taking into account the solvent effect for the carbon chemical
that the proton-transfer reaction is extremely fast. shifts of tautomersa and b of compoundsl and 2 actually

3.4. 2-Formyl-indan-1,3-dione and 2-Acetyl-indan-1,3-  Worsens the agreement with thi€ experimental data.

dione. The MP2/6-31G**-calculated bond lengths for tautomers ~ There is good agreement between the experimental and the
aandb of 2 and available X-ray dat§ are summarized in Table  calculated chemical shifts of tautomexsFor compound. the

4. There is reasonable agreement between the results obtainethost noticeable disagreements between calculated and experi-
by ab initio calculations and crystallographic data for compound mental*3C chemical shifts concerns CA¢ = —7.5 ppm), C10

2. According to Antipin et aP. the experimental 012017 (A6 = 6.0 ppm) and C840 = 4.0 ppm), while the values for
distance in2 (at —120°C) is 2.650 A, indicating the presence C3, C4, C5, and C6 are more accurate)(< 1.0 ppm). The

of an O—H--O intramolecular hydrogen bond. The MP2/6- average deviation between the calculated and the experimental
31G** calculations predict this distance to be 2.655 A. 13C NMR spectrum is 0.5 ppm fata.

The 13C NMR data obtained at room temperature fom For compound? the calculated carbon chemical shifts are
the solid state and in CHghnd DMSO solution are listed in  close to the experimental results in the solid state and in @DCI
Table 5. A significant downfield shift of the resonance peak of solution. In both cases the average deviations between the
the carbonyl carbon C8 compared to solutidn=t dselution — calculated and the experimentdC NMR spectra are 1.4 ppm
Osolid = — 7.6 and—13.5 ppm for CHG and DMSO, respec-  for 2a. The noticeable disagreements between calculated and
tively) and an upfield shift of the hydroxyl substituted carbon experimental chemical shifts in CD§Xolution concern C8X6
C10 A = 13.8 and 8.4 ppm for CHgland DMSO, respec- = 13.4 ppm), C7 A6 = 8.5 ppm), C9 A6 = —6.2 ppm), and
tively) indicate the existence of a hydrogen-bonded cycle, in C10 (A6 = —6.8 ppm). There is relatively good agreement
agreement with X-ray diffraction results. The formation of the between the experimental solid-state and the calculated chemical
012—H---017 hydrogen bond stiffens the molecule and in- shift for C8 (A6 = 5.8 ppm).
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TABLE 10: Experimental Data and Calculated Chemical Shifts (ppm) of Tautomers a, b, and ¢, Anion, and Dianion of

Compound 3
GIAO HF/6-31+G*/IMP2/6-31G**
tautomera tautomerb tautomerc anion dianion
experimental
(DMSO) gas phase DMSO gasphase DMSO gasphase DMSO gas phase DMSO gas phase DMSO

C1 120.1 125.7 125.9 125.0 126.4 126.7 126.9 122.2(122.5) 123.1(123.5) 116.5 121.0
Cc2 132.3 134.5 136.1 133.6 135.3 135.8 138.1 127.5(128.6) 132.3(133.6) 122.0 130.2
C3 132.3 1345 136.1 135.3 137.1 135.8 138.1 127.4(127.6) 132.4(132.6) 122.0 130.2
C4 120.1 125.7 125.9 126.1 126.3 126.7 126.9 122.3(122.0) 123.3(123.7) 116.5 121.0
c5 138.6 140.3 139.6 135.6 134.9 144.2 143.6  145.3(143.9) 141.8(139.9)  154.0 144.7
C6 138.6 140.3 139.6 135.8 1345 144.2 143.6  145.2 (145.0) 141.8(141.6) 154.0 144.6
C7 192.2 197.9 199.0 196.9 198.3 197.0 199.2  193.4(199.0) 196.4 (202.0) 190.0 194.2
c8 192.2 197.9 199.0 192.6 194.8 197.0 199.2  194.7 (192.9) 198.1(196.4) 190.1 194.3
Cc9 97.7 86.9 87.3 94.7 93.7 55.4 55.7 90.6 (94.2) 89.4 (91.5) 1215 112.2
C10 166.0 176.3 175.9 171.4 172.1 172.3 1741 170.3(168.8) 171.5(170.7) 180.5 183.9
O1l1 125.7 124.0 153.8 150.5 177.5 180.7 165.0 (148.0) 162.3 (148.1) 305.1 292.2
012 125.7 124.0 313.2 292.3 381.1 365.3 307.6(334.3) 286.8(298.7) 305.1 292.2
017 411.9 391.6 125.8 128.9 569.7 532.0 434.6(455.1) 397.5(413.1) 333.0 311.4
018 411.9 391.6 479.5 447.3 569.5 532.0 418.3(322.5) 395.3(320.1) 332.9 311.2

2 The calculated chemical shifts of the anionic form with an intramolecular hydrogen bond are given in parentheses. For numbering of the atoms,
see Figure 2.

0.20 The calculated stretching modes of theeG bonds of both
compounds are in the interval of 1720650 cnt?, which is
commonly observed for indandione and its derivati#€$The
v(C=C) mode is observed at 1618 clnThev(OH) frequency
mode is found at 3195 cm, while after deuterium exchange
v(OD) appears at 2336 crh There is a good agreement
between the calculated and the experimental data for compound
2 (Table 6).

The UV absorption spectrum @fconsists of three intensive
bands in the 42 00630 000 cn?! region. TDDFT B3LYP/aug-
cc-pVDZ calculations were performed to predict the absorption
maxima of compoun@. For tautomer absorption maxima are
predicted at 37 376, 41 169, and 41 701 ¢rand are found to
be in relatively good agreement with the corresponding experi-
mental data (Figure 3). For tauton®s, an intensive absorption
maximum is calculated at 38 007 cf and a low intensive

1-CH,CN
2-CH I!Cl:

—1632

0.154

-

0.10 4

Absorbance
— 170
—1692

— 1611

T T T I
1750 1700 1650 1600

1800 absorption maximum is calculated at 25 425¢énBecause of
Wavenumber [em’ ] a very low concentration of tautometb, it could not be
Figure 6. IR spectrum of 2-carboxy-indan-1,3-dione in €N and detected.

CHCla. 3.5. 2-Carboxyamide-indan-1,3-dioneAs we proved in ref

15, the tautomeric formda and 4b coexist in the gas phase
and in solution, with fast intramolecular proton transfer between
them. Because of the difficulty of direct comparison between
the experimental and the calculated chemical shift values,

average carbon chemical shifts (calculated on the basis of the

TABLE 11: MP2/6-31G**-Calculated and Experimental IR
Data for Tautomer b and the Anion of Compound 3

experimental

assignment calculated Gel.  CHLCN IPCMS6 (static isodensity surface polarized continuum model)
3b 3bl relative populations of tautomeasandb) in CHCl; and DMSO
»(011-H19)  3435(167) 3566 (122) 3540 were calculated and compared to the experimentally observed
v(017-H20) 3176 (263) 3186 (272) values. The average differences between the average chemical
(C10=012) 1706 (366) 1685 (181) 1701 hif btained at MP2/6-31G** imized . d th
»(C7=018) 1662 (179) 1665 (338) 1692 shifts obtained at MP2/6- -optimized geometries and the
1 ) corresponding experimentally observed values showed relatively
an an low average deviationsA(). The experimental results were
»(O11-H19) 3191 (277) 3568 ( 28) 3640 . . . . .
W(C10=012) 1735(599) 1704 (595) 1713 1715 consistent with a mixture of tautomeds and_4b in solution. _
»(C=0) 1650 (74) 1654 (219) 1671 1671 Herein we perform a similar sgheme using PCM relative
12(C=0) 1605 (341) 1627 (468) 1637 1632 populations of tautomer$a and4b in CHCIl; and DMSO and
2 Frequenciesy, are in cnt!, and intensities (in parentheses) are in combine NMR calculatl_ons in solvent (P(.:M) W'Fh averaged
km molL. (on the basis of populations) carbon chemical shifts. The carbon

chemical shifts o4a and 4b calculated at the Hartred=ock
Selected MP2/6-31G**-calculated and available experimental (HF) level without taking into account the solvent effect are
vibrational frequencies of tautomeasof compoundsl and 2 closer to the experimental data than those calculated in solvent
are given in Table 6. Our assignments for the ab initio calculated (Table 7). The gas-phase results for both tautomers are closer
frequencies are based upon the analysis of the correspondingo the experimental results in CD{bolution; the average
vibrational eigenvectors. deviations AJ) are 1.6 ppm foda and 1.2 ppm fodb. The
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Figure 7. UV absorption spectrum of 2-carboxy-indan-1,3-dione in ethanol. Optical density (OD) is in arbitrary units, and wavelengthris in cm
TDDFT B3LYP/aug-cc-pVDZ-calculated—s* electron transitions for the anionic formsnl (black line) andan2 (red line).

SCHEME 1

)
COOH
2eq. CH,ONa @
—_— Na
0o - CH,;0H
(o]

average deviations relative to DMSO experimental results are Cl, belong to a hydrogen-bonded hydroxyl group. The predicted
2.4 and 2.0 ppm fodaand4b, respectively. It can be seen that value ofv(OH) frequency modes, 3104 ¢’ is very low.

the use of this scheme leads to no improvement in the calculated TDDFT B3LYP/aug-cc-pVDZ calculations were performed
values of the chemical shifts of these tautomers; the averageto predict the absorption maxima of compouhdror tautomer
deviations Q) stay in the same range, +%.8 ppm for CHC} a absorption maxima are predicted at 34 540, 37 648, and 40 292

and 2.3-2.7 ppm for DMSO. cml, and they are in relatively good agreement with the
In the present work the ab initio and experimental IR spectra experimental data (Figure 5). For tautoniea low-intensive
of 2-(hydroxyaminomethylidene)-indan-1,3-diod@)and 2-car- long-wavelength absorption maximum is calculated at 24 631

boamide-1-hydroxy-3-oxo-indamtif) are compared in an at- cmL. The experimentally observed absorption band at about
tempt to prove the existence of both tautomers in solution. 25500 cm! proves the existence of tautomeiin solution.

The vibrational spectra of tautometa and4b are computed 3.6. 2-Carboxy-indan-1,3-dione2-Carboxy-indan-1,3-dione,
at the MP2/6-31G** level. Selected calculated and experimental 3, was synthesized by Perkin condensation of phthalic anhydride
(in CCly, CHyCI,, and CHCN) vibrational frequencies of the  with acetic anhydride and potassium acetate followed by
tautomers are presented in Table 8. The stretching modes ofisomerization of the phthalidene acetic acid with sodium
the G=0 bonds of tautomer$a and4b are complex since there  methoxide (Scheme 1) and subsequent hydrolysis of the sodium
are mixed vibrations. The®{C=0) vibrations are calculated salt with HCI leading ta3. Upon heating oB, carbon dioxide
to be 1640 and 1661 crhfor tautomerstaand4b, respectively, was released and indan-1,3-dione was obtal/éd.
while v$(C=0) of both tautomers in CGhre close, 1682 cmi Compound3 synthesized according to ref 18 is a crystalline
(4a) and 1676 cm! (4b). The observed in C¥Cl, frequency powder (mp 295302 °C (dec)) of ochre color. The electron
modes at 1695 cmt (v(C=0)) and 1658 cm! (»3{C=0)) impact mass spectrum & shows a base peak at/z 146
show the presence of tautoméa. The carbonyl frequency  corresponding to [M— CO;]". A molecular ion cannot be
modes of4b are found at 1670 cni (shoulder) and 1635 crd. obtained due to decarboxylation. Upon addingsCBOH or
The change in the solvent polarity leads to a change in the bandconcentrated HCI to a solution 8fin polar solvents, the color
intensity of the corresponding carbonyl modes (Figure 4), which of the solution changes from red-brown to yellow; the NMR

strongly overlap each other. spectrum indicates the presence of indandione only, obtained
The v(OH) frequency modes observed above 3500%mn as a result of the decarboxylation &f
solvents CGJand CHCN correspond to a hydroxyl group unin- Compound3 is insoluble in nonpolar solvents. It is soluble

volved in a hydrogen bond, while those at 34707érim CH,- in dimethylformamide and DMSO with a red-brown color. The
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SCHEME 2

SCHEME 3

an2

anl

solubility in tetrahydrofuran, acetone, methanol, and water is
low; however the initial yellowish suspension 8fin these
solvents turns to a red-brown solution within ca. 30 min. Most
probably the red-brown color of the solution is an indication of
the formation of the anionic form or a mixture of anion and
dianion (Scheme 2/

Only one anionic form can be obtained from the three
tautomeric form8a—c. For this anion two rotamers are possible,
with (anl) and without &n2) an intramolecular hydrogen bond
(Scheme 3). The rotamanlis more stable thaan2; the Gibbs
free energy difference is 8.54 and 6.94 kcal mat the MP2
level using the 6-31G** and 6-32G** basis sets, respectively.

J. Phys. Chem. A, Vol. 111, No. 39, 2009911

bond by 0.1 A and shortening of the EZ9 and C8-C9 bonds

by 0.01 A. The dianion has a nonplanar structure; the carboxy
group is almost perpendicular to the indandione moiety, at angles
of 82° and 88, depending on the optimization level, MP2/6-
31G** and MP2/6-3%G**, respectively.

In Table 10 are listed the experimental and calculated (with
and without taking into account the solvent effect) chemical
shifts of tautomer8a—c (Figure 1), the anions (two rotameric
forms), and the dianion of compourgdIt can be seen that the
inclusion of solvent effects through PCM leads to no improve-
ment in the values of the calculated carbon chemical shifts. The
calculated chemical shifts of tautomer whose presence in
solution is excluded by the experiment&C NMR spectra, are
presented for comparison with the chemical shifts of the anion
and dianion of compound By analysis of the average deviation
between calculated and experimental values of chemical shifts,
it can be seen that the calculated valuesdio? are closest to
experiment Ad = 0.9 ppm in the gas phase and 2.0 ppm in
DMSO solution). The average deviations forl areAd = 1.4
ppm in the gas phase and 2.5 ppm in DMSO solution. Probably

The MP2-calculated bond lengths and selected torsion anglesthe anion and/or the dianion of compouBexist in solution.

for tautomersa, b, andc and the anion and dianion &fare

The calculated chemical shifts of tautonieare also close to

summarized in Table 9. The extension of the basis set from the experimental ones with average deviationAdf= 1.7 ppm

6-31G** to 6-31+G** for the anions leads to a weak lengthen-
ing of all carbonyl bonds by 0.0820.005 A and carboncarbon
bonds by 0.0020.004 A. The C6C7 and C5-C7 bonds
shorten by 0.02 A. The formation of dianion from anion leads
to the following changes: strong lengthening of the-Ca.0

in the gas phase and 2.3 ppm in DMSO solution.

Interestingly, the chemical shifts of the carbonyl oxygen
atoms change more than those of the hydroxyl ones when one
passes from the gas phase to DMSO solution. A measurement
of the experimental’O NMR spectrum of3 is desirable to
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elucidate the reproduction of experimental values by calculation 31G** level, tautomer3b is favored. At the MP4/6-31G**//

in the gas phase and in solution. TH® chemical shifts could MP2/6-31G** and PCM/MP4/6-31G**//MP2/6-31G** levels,

be used to identify the structure(s) in solution because of the 3cis predicted to be the most stable; however its existence in

fact that they diverge greatly for different tautomers and anions. solution is not confirmed experimentally. On the basis of the
The analysis of IR spectra was performed by comparing the results obtained, it can be concluded that in solution 2-carboxy-

experimental spectra with the theoretical ones, using both
frequency and intensity matching as guidelines for the assign-
ments. The IR spectra 8fin CH,Cl, and CHCN are presented

in Figure 6. The observed carbonyl frequency modes in-CH
Cly at 1713, 1701, 1692, 1671, and 1637 énsorrespond to
frequency modes at 1715, 1671, and 1632%tm CH;CN. A
possible equilibrium between two forms may be inferred from
the strong frequency shift of<€€0 stretching modes in the more
polar solvent. One form can be related to tautoBiefThe other

is an anionic form. Similar to the anionic form tautonfdy

can also exist as two rotamers. The rotamer without an
intramolecular hydrogen bon8bl is less stable. The MP4/6-
31G**//IMP2/6-31G**-calculated Gibbs free energy difference
between3b and 3b1 is 2.47 kcal motl. Selected calculated
vibrational frequencies of rotameric for3® and3b1 and of

the rotameric anionaf1 andan2) and experimental frequency
modes are presented in Table 11.

The observed in CyCl, frequency modes at 1701 and 1692
cm! could be assigned to tautonf&s (Table 11). Its carbonyl
frequency modes are calculated at 1706 &ify(C10=012))
and 1662 cm! (»(C7=018)). The formation of anion shifts
the »(C10=012) band up to 1735 cm, the»(C7=018) band
disappears, and two new bands ari$gC=0) at 1650 cm?
and »3(C=0) at 1605 cm®. The carbonyl bands, which are

characteristic of an anion, are found at 1713, 1671, and 1637

cmL. A similar spectral behavior was observed in the formation
of 2-phenyl-indane-1,3-dione aniéhln the more polar solvent,
CH3CN, the tautomeranion equilibrium is strongly shifted to
the anionic form. The corresponding carbonyl modes of the
anion are observed at 1715, 1671, and 1632'cffiable 11).

Increase of the solvent polarity leads to changes in the band

intensity of the carbonyl modes that strongly overlap each other
(Figure 6).

The observed frequency modes at 3640 and 3540'dm
CH3CN »(OH) correspond to a hydroxyl group uninvolved in

hydrogen bonding. The first one could be assigned to the anion

form an2, and the second one to tauton3érl (Table 11). The
calculated values for(OH) of a hydroxyl group involved in
hydrogen bonding are low, 3178191 cn..

TDDFT B3LYP/aug-cc-pVDZ calculations were performed
to predict the absorption maxima of the tautomers and the
anionic forms of compoun@®. The calculatedr—x* electron
transitions for the anionic formsnl andan2 are presented in
Figure 7. The experimental observed low-intensive long-

wavelength absorption bands in ethanol at about 26 500 and

31 500 cn1? prove the existence @nl and/oran2in solution.

4, Conclusions

The paper studies the tautomerism of the following 2-sub-
stituted 1,3-indandiones: 2-formyl-indan-1,3-dione, 2-acetyl-

indan-1,3-dione, 2-carboxyindan-1,3-dione, and 2-carboxyamide-

indan-1,3-dione. We show that for 2-formyl-indan-1,3-dione and
2-acetyl-indan-1,3-dione the equilibrium is shifted toward

tautomera in the gas phase and in solution, while 2-carboxy-

amide-indan-1,3-dione exists as a mixture of tautorMarand

4b with extremely fast proton transfer between them. The
situation for 2-carboxy-indan-1,3-dione is more complicated.

According to the gas-phase-calculated Gibbs free energy dif-
ferences of tautomer3a, 3b, and 3c obtained at the MP2/6-

indan-1,3-dione exists in anionic form.
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