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version was practically coplete (no bands of the calculated as a difference between BRVEcor-
parent compound were seen in the spectra aftgicted total energiesE[", ) of the azanion and
metalation). Organic anions are not soluble in com- ot ot - ot
mon spectroscopic solvents and react with some SfOl€CUle:AE , =E,, (anion) fE ., (molecule)
them, so the use of polaprotic solvents (usually (Table 1).
DMSO or DMSO-@) [20i29] is necessary in these The E° values are related to the gas-phase
cases. acidities of Broensted acids and could also be used
The IR spectra were recorded on a Bruker IF@s an approximate measure of their pKa values in
113v FTIR spectrometer in a Gaéell of 0.13 mm polar aprotic solvents [37]. There is a fair linear
path length, at a resolution of 1 ¥rand 50 scans.  correlation between gas-phab&,q and DMSO
pKa values for 97 €H acids of various structures
COMPUTATIONS [38]. We have recently found a linear correlation

The quantum chemical calculations were perbetween B3LYP/6-31++G**AE2;, and pK, (sol-

formed using the GAUSSIAN-98 program packageent DMSO) for a series of CfiH, NAiH and OfiH

[30]. We employed B3LYP (Beckeis three-para-acids containing cyano and/or carbonyl groups [33]:
meter method [31] using the correlation functional

of Lee, Yang and Parr [32] and standard 6-31++G*PK{DMSO) = 0.1150AE,, [kJ-mol"] fi 150.04.
basis set. The stationary points found on the mole- This equation has successfully been used to
cular potential energy hypersurfaces were Characé_stimate pkis of moderate [3339] and superstrong
erized using standard harmonic vibrational analyse . . : L :

Use of the above basis set in the computations h %O] organic acids. We d'q no_t find in the I|te§9ture
recently given better or equally good structura Ny pKs (DMSO) data for isatin. The calculat

predictions, compared to other basis sets for bot al;ﬁoriise Qgggg’v gyk ;r(;qrgl Egg]sear:p:hédr_%xyée:gitcz-
molecules and/or anions [27/29, 33] (and referenc«%se X P-ny Y

therein). No scaling in the density functional force nzonitrile (1402.11 kJ-nfg) [21], so the tite
' 9 y compound should be a moderately weak Broensted

field was done. To estimate the effect of a polaf\lm_| acid. In fact, pKa op-hydroxyacetophenone is
medium (DMSO) on the fundamental vibrational119 (DMSO) ['41] and 8.05 ¢@) [41]; the
frequencies and intensities of the species studied we' . :

. orresponding values gi-hydroxybenzonitrile are
applied the Onsager SCRF method [34, 35] an . LT
DFT at the same level of theory (B3LYP/6- 3.1 and 7.97, respectively [42, 43]. Having in mind

i _ **
31++G**). In order to improve the visual repre- the above equation and the B3LYP/6-31++G

sentation of the calculated pectra in the figures, AEco. Of 1400.1 kJ-mdt (Table 1 the last line), we
the calculated absorption lines were repj&ced bgan calculated p{DMSO) of isatin near 11.07.
Lorentz functions with a half-width of 10 ¢mby : :
the SimOpus program [36] (see Fig. 2). Correlation analysis
We obtained the following linear correlation
RESULTS AND DISCUSSION between theoretical and experimental IR frequencies
of isatin: veyy = 0.9343vieor + 64.45 (crfi); corre-
lation coefficient R = 0.9998; standard deviation s.d.
Optimized total energieE™), Gibbs free ener- = 13.5; number of data points n = 15. According to
gies (G) and vibrational zero-point energiedZPE  Jaffeis classification [44], the correlation is excel-
calculated for the species stediin the gas state and lent, with 1 > R > 0.99. We shall use it for correla-
DMSO solution are given in Table 1. tional scaling of the theoretical frequencies in the
The deprotonation energyEX) of isatin was next section.

Energy analysis

Table 1. Total energies (E), Gibbs free enesy(G), zero-point vibtenal energies (ZPVE) of isatin and its azanion.

Gas-phase DMSO solution
Species E, a.u. G, au. ZPVE, kithol E, a.u. G, au. ZPVE, kJ-flol
Molecule fi513.095037 1513.012950 302.29 f1513.102387 i513.020158 302.51
Azanion 1512.547945 1512.479470 266.01 fi512.560381 512.491463 266.96
tot. _ _tot. tot. 1400.11 1387.48

AE E corr. (@zanion) fE . (molecule)

corr.
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Spectral analysis The vnan band (solvent DMSO) is broad and com-

Tables 2 and 3 contain theoretical and experPl€x, due to the formation of strong NAH...0=S
mental IR data for isatin and its azanion, reshydrogen bonds betweésatine and solvent.
pectively. We can find there a good agreemerft carbonyl stretchingsvc-o at 1740 cifft with
between experimental and scaled theoretical IBhoulder at 1757 cth correspond tax-C=0 and
frequencies. The mean absolute deviations betwe@rC=0 groups. According to the calculations there
them are 9.6 cf for isatine and 10.5 cthfor its s a vibrational interaction between the two carbonyl
azanion. These values are within the correspondingrups. The higher-frequency mode can be described
mean deviation intervals of 920 and 9f24"tm as asymmetrical stretch of the A(C=0)fA(C=0)i frag-
typical for DFT calculations for series of moleculesment, where thev(a-C=0) coordinate is predo-
and anions, containing cyano and/or carbonyiinant. The lower-frequency mode corresponds to
groups [23129] (and references therein). the symmetrical stretch of the same fragment; in this

We can state the following further comments ortasev(s-C=0) coordinate is predominant.

the results in Table~2: 1 The &wu coordinate is strongly delocalized,
1 vnan at 3444 cifi(solvent carbon tetrachloride) taking part in vibrations Nos. 12fi15 of isatin (Table
corresponds to hydrogen-bond free NAH group<).

Table 2. Theoretical (SCRF model) and experimental (DMSPHd data for isatin.

No. B3LYP/6-31++G** Approximate Experimental data
N, cnf! N, cniftc A, km-mof? Descriptior? N, cnf? A, km-mof*
1 3638 3464 81.0 N 3444
NH
2 3223 3075 3.9 %
PhH
3 3213 3066 6.3 e 3074 5.1
PhH
4. 3205 3059 0.3 v
PhH
5 3200 3054 2.2 v
PhH
6 1811 1757 387.1 1757 68.8
Va-(c=0)'"V p-(C=0)
7. 1789 1736 877.9 1740 216.8
V p-(c=0) » Y a-(C=0)
8. 1657 1612 693.6 5 1621 110.2
VPh: PhH ' © PhNC
9. 1639 1596 94.3 n 5 1611 12.1
Ph O PhH
10. 1517 1482 40.4 5 1487 3.1
PhH * ¥V Ph>
11. 1500 1466 147.8 5 1470 43.5
PhH * V Ph
12. 1408 1380 73.6 5 5 5 1398 2.2
NH * © PhH * 9 CNC
13. 1359 1334 110.0 n 5 5 5 1328 28.2
Ph' O NH ' © PhH * © PhNC
14, 1310 1289 76.2 n 5 5 5 1289 12.1
Ph' O NH ' © PhH * © PhNC
15. 1265 1246 19.0 5 5 5 1218 8.3
NH » © PhH » © PhNC
16. 1215 1200 25.1 5 5 1199 11.9
PhH » V Ph1 O Phcc
17. 1205 1190 106.4 5 5 5 1189 10.5
NCC ' ©PhH * © Ph
18", 1175 1162 51.8 1147 2.8

8 phsdphH O Nee

* Vibrational modesn, stretching;d, in-plane bendings; ° Measured after having decomposed the complex bands into componeSisaled,
according to the correlation equatiog=0.9343nueo + 64.45 (crit); correlation coefficient R = 0.9998; standaleviation s.d. = 13.5; number of
data points n = 15;% in carbon tetrachloride! Followed by 24 lower-frequency normal vibrations.
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Table 3. Theoretical (SCRF model) and experimental (DMSPHd data for isatin azanion.

No. B3LYP/6-31++G** Approximate Experimental data
N, cnf? N, cnft¢ A, km-mof* Descriptior? N, cnf! N, cnftc
1. 3206 3060 30.4 v 3057 2.3
PhH
2. 3190 3045 535 v 3050 5.1
PhH
3. 3175 3031 8.0 v 3045 2.3
PhH
4, 3171 3027 26.0 v 3042 2.5
PhH
5. 1748 1698 578.6 1716 119.3
V p-(C=0)
6. 1682 1636 206.1 1648 74.3
V a-(c=0) Vph+ O phnc O phr
7. 1621 1579 1186.7 5 N 1600 248.6
Vph'%phH ' 9ccc Va-(c=0)
8. 1593 1553 1011.6 v 5 5 1568 134.7
Ph' © PhH * 9 CCN
9. 1503 1468 200.8 5. s 1470 61.7
Ph' © pPhH
10. 1463 1431 356.9 5o 5 1439 92.7
PhH 1 © Ph
11. 1341 1318 140.3 5 5 1320 42.5
PhH ' © Ph
12. 1330 1307 407.4 5 5 1291 31.1
PhH ' © PhNC
13. 1262 1244 112.4 5 5 5 1243 16.5
PhNC ! O PhH * O Ph
14. 1244 1227 225.3 5 5 5 1224 18.7
PhNC* © PhH 1 © Ph
15. 1199 1185 3.1 5 5 5 1210 13.8
PhH * © Phcc © Ph
164, 1153 1142 181.8 1133 325

S phH 8 phs Vinee

*“See footnotes to Table 2! Followed by 23 lower-frequency normal vibrations.

The conversion of isatin into azanion is accompredict participation ofv,c-o coordinate also in
panied by the followingessential changes in the IR vibration No. 7.

spectrum (cf. Tables 2, 3 and Figs. 1, 2): 1 Again due to the resonance, indirect in this case,
. the ﬂ?carbonyl stretching frequency undergoes a
ISATIN AZANION lowering, but not so strong: calculated 397tm

o measured 24 cth
LT 1 In agreement between theory and experiment, the
é osl conversion of the molecule into azanion causes 2-
& ook fould increase in the integrated intensity of the 8a-
< 0 SATIN MOLECULE type phenylene ring band.

10 1407

1204 ISATIN AZANION

oer 100

0.0 | g e~ e e 804

1900 1800 1700 1600 1500 1400 1300 1200 1100

60+
cm’

40
20

Fig. 1. IR spectra of isatiand isatin azanion in DMSQ;d

ABSORBANCE

(0.09 mol -9 0
80

f The absence of a NfiH group in the azanion 60- ISATIN MOLECULE
cancels the NiiH vibration and the influence of the 40
dn-n coordinate on the Veer-frequency vibrations 207

o4 N

(cf. above).
f Due to the strong direct resonance between the

a-carbonyl group and azanionic centefc—o fre- _ .
quency undergoes an essential lowering: calculated Fig. 2. Theoretical (B3LYP 6-31++G**, SCRF) IR
121 onf’. measured 109 ¢t The computations spectra of isatin and isatin azanion.
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Structural analysis ture. Having in mind the low m.a.d values for the

, . . olecule we assume that the structural parameters,
Theoretical and experimental steric structural" P

parameters of the species studied are comparedcl Iculated by the sammethod for its azanion should _
also be adequate. So, we could estimate the steric

Table 4. The comparison of calculated with X-ray ructure charge, caused by the conversion of isatine
values for the molecule shows a good agreemelﬁ{to azanion: g€, y
between them. The me solute deviations ar&: '

m.a.d. = AtaR (theor)-R(exp) of 0.0408 A and
m.a.d. = fit&l/A theor)- A (exp.) of 0.710.

H12 5

Table 4. Theoretical and experimental bond Iengths&l}% (
and angles A’ in the isatin molecule and its azanion.

*%* a
BSLYPI,G_&HG , X-ray Scheme 1. Atom numbering of the isatiand its
molecule azanion Atheor(ion-mol) molecule azaniorp.
b
E&ﬂ) 11'_348022 15’3?2 _8:8?8‘31 }jiﬁ?i Like in many other cases [27129] (and reference
R(1,16)  1.0104 - - 0.943  therein), thel—2 conversion causes strong bond
R(23)  1.2110 12349  0.0239 1.2203 length changest and next tothe anionic center
Eg'gg igﬁg 1'2222 8-85% igﬁg (Table 4,A values in bold). They are strong short-
R(4.6) 14717 14643 70.0074 14503 enings of the RC! and NC jbonds and strong
R(6,7) 1.3936 1.3906 f10.0030 1.3883 lengthenings of the 1©° and CC''bonds.
R(6,11) 1.4100 1.4315  0.0215 1.4013 Bond lengthenings take place of théCt and
R(7,8) ~ 13981 1.4008 0.0027 1.3824  C40O° bonds. The &*bond in isatin (Table 4) is one
F|;((7§'192)) i:ggf; %:2?357) 8:8832 19'490743;, of the Iongesbcﬁdicarb(_)nyl bond reported [15, 1_6]
R(8,13) 1.0849 1.0868 0.0019 0.083 and probably responsible for cleavage of the five-
R(9,10)  1.4027 1.3952 0.0075 1.3903  membered ring in alkali media.
R(9,14)  1.0861 1.0893 0.0032 0.963 The strongest bond angle changes caused by the
R(10,11) ~ 1.3898 1.4139  0.0241 13743 1,2 conversion correspond to the 5-membered ring.
R(10,15) 1.0856 1.0868 0.0012 0.923 . .
mda’ 00408 The natural bond orbital (NBO) net electric
A22,1,11) 112.13 106.9567 -5.1767 111.42 chargesy on atoms of the species studied are listed
A(2,1,16) 122.73 - - 121.2°  in Table 5. The net charges distribution over frag-
Aﬁli;é@ 1122751143 1267038 Lo 112277-262 ments of the species studied are as follows: 110.003,
A§1:2:4g 10486 1092387 43752 105 82 0.075, 0.125 and f/0.197, for F}ﬁecarbonyl_group,
A(3,2,4) 127.98 122.0575 59321 12662  o-carbonyl group, phenylene ring and amido group,
A(2,45) 12443 126.8649 2.4338 123.62 respectively, of the isatin molecule, and 0.086,
A(2,4,6) 104.89 103.0657 f1.8338 104.92  /0.083, fi0.165 and 10.665 f@rcarbonyl group,
A5 lom doomm WS 1S wcabonyl goup, phenviene ing and azanioric
A@4.611) 107.78 104.7719 73.0107 107.22 centre, respectively, of the isatine azanion.
A(7,6,11)  120.83 122.6653 1.8258 12043  Taple 5. Calculated NBO atomic charges (q) for isatin
AA(((SE?’??, fz)) ﬁg:gé ﬁg:%é‘é F?(.)‘.l0583g6 112%'_222 and its azanion (For atom numbering see Scheme 1).
A(8,7,12) 12152 121.1577 fi0.3666 121.2 Atom 2 g(molecule) g(azanion)
A(7,8,9) 119.98 118.9368 fi1.0496 119.91 - -
A((7,8,l:g) 120.20 120.8127 0.6059 121.2 2: ”00661%5 305225
A(9,8,13) 119.80 120.2505 0.4437 119.2 o FO0.538 F0.639
A(8,9,10) 121.94 122.4936 0.5511 122.02 s 0.482 0.483
A(8,9,14) 119.29 118.7754 fi0.5210 119.2 e F0.484 A0.569
A(10,9,14) 118.76 118.7309 f0.0302 119.2 6 RO.202 RD.245
A(9,10,11) 117.48 119.2392 1.7571 117.2 & RO.151 RD.180
A(9,10,15) 120.90 121.1289 0.2287 119.2 G F0.265 F0.335
A(11,10,15) 121.61 119.6318 f1.9859 123.2 e FO-178 F0.213
A(1116) 11032 1159669 56460 110.7 cio R0.277 F0.296
A(1,11,10) 128.54 126.4395 f2.1083 127.5 11
md.a 0.71 c’ 0.199 0.209
H 0.259 0.230
2 Ref. 16. P For atom numbering see Scheme®IMean absolute H13 0.247 0.217
deviation between theoreticaihd experimental values. H4 0.246 0.216
There are not in the literature any esimental ;'112 8-2:? 0.231

(X-ray or other) data for the isatine azanion struc-
437



E. A. Velcheva et al.: Experimental and Dgtlidies on IR spectraind structural changes ...

12.

13.

14.

-0.29 -0.47

15.
Scheme 2. The natural bond orbital (NBO) azanionic

changes distribution over fragents of the isatin azanion. 1g,

The differencesAg; = g(anion) fig(molecule)
are quite informative to show the distributions of th
new (carbanionic, azanioniegt) electric charges in
anions [23ii29] (and references therein). We can sg¢g
in Scheme 2, that according to the computations
0.08€, 0.168 and 0.29¢& of the new azanionic 19,
charge are delocalized over fhwearbonyl groupga-
carbonyl group and phenylene ring, respectivelys0.
and 0.47&of it is remain localized at the azanionic

center.
21.

CONCLUSION
22.

We found in this study a good agreement
between theoretical and experimental IR data faqrs.
both the isatin moleculg and its azaniod. Use of
the same theoretical method and basis set made24t
possible to describe well both the steric and
electronic structure of the molecule On the basis 2°:
of these results we assumed that the structural pre-
dictions for the azanio? should also be adequate.
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EKCIIEPUMEHTAJIHO U T®II U3CJIEABAHE HA N4 CIIEKTPAJIHM U CTPYKTYPHU ITPOMEHU

I[MTPOU3TUYAIIU OT IIPEBPBIIAHETO HA 1H-MH0J1-2,3/1IMOH (U3ATUH) B ABAHUOH

EB. A. Bemuesa?*, Il. XK. Bacunesa-bossmxuesa, UB. I'. bunes

Jlabopamopus ., Cmpykmypen opeanuyen ananus®, Hucmumym no opeanuuna Xumusi ¢ yeHmvp no QuUmoxuMus.,
bwvneapcra akademus na nayxume, ya. , Axao. I'. Bornues®, 6n. 9, 1113Cogus

Iloceemena na axao. Hean FOxnoscku no nooo na 710+ma my eoouwiHuna

Ioctenuna Ha 17 nexkemspu 2007r.; Tlpepaborena na 25 suyapu 2008r.
(Pe3stome)

WY crnekrpalHu U CTPYKTYPHH TPOMEHH, MPOM3THYALIM OT mpeBpbinaHero Ha 1H-mumon-2,3-mumon (um3atun) B

A3aHUOH Ca W3CIEIBAHW upe3 CIEKTPOCKONCKH ekcrepuMentd u B3LYP/6-31++G** mpecMsaTanus B paMKUTE Ha
monena Ha Omzarep. Hameperno € j1o0po CHOTBETCTBME MEXAy eKclepuMeHTanHu U ckamupanu MY uecrorn. B
ChIIIACHE MEXIy TEOpHs M eKCTIEPHMEHT, TpeBpbllaneTo mpeauspukea 109 Cri' moHmkeHue Ha o-KapOOHMIHATA
BanenTHa uectota, 24 cnf' mommkeHue Ha f-KapGOHMIHATA BAJGHTHA YECTOTA M APYTHM ChHIICTBEHH CIICKTPAIHH
npomeny. Coluus TeOpeTHHEH METOJ JaBa N00pO ONMCaHHE Ha MPOCTPAHCTBEHATa M ENEKTPOHHA CTPYKTypa Ha
uzartuna. Criopen uzducnennsta, 0.76€ (NBO) or HoBus (a3aHMOHEH) 3apsi/l HA AHHOHA € JIENOKAIM3HPaH B aDOMATHHMS
OCTaThK M a3aHUOHHHMS LIEHTBD.

439



