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The protonation of 3-methylindole, D-tryptophan, 3-formylindole, 3-acetylin-

dole and indolyl-2-carboxylic acid in sulfuric acid media was studied by UV spectro-

scopy. The measurement of the absorbance at four selected wavelengths enabled the

calculation of'the corresponding molar absorptivities. The results were used to calculate

the pKa value of the protonated form of the indole derivatives by the Hammett Method.

The Hammett postulate (the slope of the plot log [c(BH+)/c(B)] vs. H should be equal

to 1) was tested. The dissociation constants and solvent parameter m* were also obtained

by applying the Excess Acidity Method. The position of the additional protons in the

protonated compounds is discussed.

Keywords: 3-methylindole, D-tryptophan, 3-formylindole, 3-acetylindole, indolyl-2-

carboxylic acid, protonation, dissociation constants, solvent parameter, Hammett Acid-

ity Function Method, Excess Acidity Method.

It has been known for some time that the UV spectra of indole and a number
of its derivatives, both naturally occurring and synthetic, depend on the acidity of
the solutions in which they were measured.!=3 Some indoles are used as acid/base
indicators.#~7 Of the indole derivatives studied in this work only the behavior of
3-methylindole in sulfuric acid has been the subject of investigation of Berti et al.
and Hinman et al.” Literature datad on the bromination of some simpler 3-substituted
indoles, such as 3-methylindole (skatole) and 3-(3-indolyl)propionic acid, show that
protonation of the indole is the first step in this reaction. Knowledge of the pKj,
values is, therefore, very useful in the study of organic reaction mechanisms in this
non-ideal strong acid system.%19 In the course of our systematic investigation! 1,12
of the acid-base properties of indole derivatives, we deemed it might be of interest
to study the behavior of 3-methylindole (MI), D-tryptophan (D-TrpH), 3-formylin-
dole (FI), 3-acetylindole (AI) and indolyl-2-carboxylic acid (ICAH) in sulfuric acid
media.

The purpose of the present work was to determine the dissociation constants
(pKa) using the Hammett Acidity Function Method (HAFM)!3 and the Excess
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R, R;=H;R,=CH; (MI)
R; = H; R, = CH,CHNH; " COO™ (D-TrpH)
A R, R;=H;R,=CHO (FD)
N R, =H; R, =COCH; (Al)
H R;=COOH;R,=H (ICAH)

Acidity Method (EAM), 1416 which have been successfully employed in the deter-
mination of pK, values from spectral measurements, in the presence of medium
effects. In addition, the exact positions of protonation have been inferred from the
values of the solvation parameters (m*) and the order of the protonation of these
compounds.

The studied compounds proved to be unstable in sulfuric acid solution, as
evidenced by the time-dependent changes in their UV spectra.’ In these cases, the
time dependence of the absorbance at | = 222 nm was recorded and the value for ¢
= ( was obtained by linear extrapolation. By using a HP8452A Diode Array
Spectrophotometer, which is much faster (the scan time per full spectrum scan is
about 0.1 s) than other conventional insturments, the method of linear extrapolation
could be abandoned.

The ions formed in the protonation reaction of MI and D-TrpH are kinetically
unstable compounds, so the rate of sample scaning is important. It is necessery to
examine the protonation of MI, D-TrpH, FI and Al in the proton donor sulfuric acid.
In such a medium sulfonation is also possible, which leads to errors during the
determination of the dissociation constants.

EXPERIMENTAL

Reagents

3-Methylindole (Ml), D-tryptophan (D-TrpH), 3-formylindole (FI), 3-acetylindole (Al), and
indolyl-2-carboxylic acid (ICAH) were Merck products and were used without further purification.
The physical properties of these compounds (UV absorprtion spectra and infrared spectra) were in
good agreement with the literature values. The purity of MI was further checked by gas-chromato-
graphy, on PERKIN ELMER GC-F17 instrument equipped with a hydrogen flame ionization detector.

Reagent grade sulfuric acid (97% by weight, product of Alkaloid-Skopje) was used. The
concentration of the sulfuric acid was determined by titration with sodium hydroxide.

Stock solutions (1 mmol/dm3) were prepared from M1, D-TrpH, FI, Al and ICAH in a mixture
of water and ethanol (10% by volume). Other more diluted solutions were prepared from these
solutions and different concentration of sulfuric acid (from 0.1to 17.0 mol/dm3). The degree of dilution
of the solutions was chosen in such a way that the absorbance had a value between 0.1 and 1.0 at the
studied wavelength.

UV absorption spectra

The UV spectra of each solution were recorded on a Hewlett-Packard 8452A Diode Array
Spectrophotometer. The absorbances were measured in 1 cm quartz cells at four analytical wavelengths
(Table I). A solution of sulfuric acid (of the same concentration as in the investigated solution) was
used as a blank. The spectra were recorded 1—1.5 min after preparation of the solution at 27—0.2 °C in
a thermostated cell.
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TABLE I. Wavelengths with (molar absortivity) in sulfuric acid solutions of all the studied compounds
(3-methylindole, D-tryptophan, 3-formylindole, 3-acetylindole and indolyl-2-carboxylic acid) used for
dissociation calculations

Cpd. c(HzSO4)/mol/dm3 | /nm and log (e’dm3molflcmfl)

MI 1.0 200 (4.19) 210(4.18) 222(4.46) 232(4.02)
9.5 (3.62 (3.58) (3.64) (3.69)

p-TrpH 6.0 208(4.22) 214(4.30) 220(4.32) 226(4.13)
11.0 (3.56) (2.96) (2.96) (3.20)

FI 1.0 300(3.88) 310(3.80) 320(3.53) 330(3.13)
8,0 3.41) (3.62) (3.76) (3.82)

Al 1.0 280(3.75) 300(4.00) 320(3.62) 340(2.65)
9.5 (3.14) (3.41) (3.93) (4.14)

ICAH 12.0 300(4.06) 310(4.04) 320(3.91) 330(3.70)
17.0 (3.53) (3.71) (3.82) (3.83)

RESULTS AND DISCUSSION

UV spectra and protonation of the 3-methylindole, D-trypthophan and indole-2-car-
boxylic acid in sulfuric acid solutions

The UV spectra of MI and D-TrpH dissolved in water are very similar,
exhibiting four bands (Table II), resulting from p fi p” transitions in the indolic
ring. The position and intensity of all the indole bands are influenced by the presence
of a methyl group in the indolic ring. Due to the inductive effect of the methyl group,
very small changes in the positions/intensities of the indole bands arise (Table II).
When a hydrogen atom in the methyl group is replaced by the -CHNH3*COO-
group, the batochromic effect decreases. This is illustrated in Table II, which shows
the wavelength of the lBa, le 1La and lLb transitions in the spectra of the
investigated indoles. This indicated that the -CHoCHNH3"COO- group behaves as
a weaker S-donor than the methyl group.

The changes in the spectra of MI and D-TrpH in the concentration range 1.0
to 11.0 mol/dm> HpSOy4 are analogous. The gehavior of MI nd D-TrpH in sulfuric
acid solutions is similar to that of indole, 2-(3-indolyl)acetic acid, 3-(3-in-
dolyl)propionic acid and 4-(3-indolyl)byturic acid.!® The UV absorption spectra of
D-TrpH at different acidities are illustrated in Fig. 1. The changes in the UV spectra
probably result from the formation of the protonated ions: D-TrpH" (cation of
D-trypthophan) and MIH" (cation of 3-methylindole), see Scheme 1. The observed
transitions of the UV spectra of D-TrpHy" and MIH™ are shown in Table III.

The bands at 290 and 292 nm (Table III) in the spectra, probably of D-TrpHy*
and MIH" ions, respectively, are due to the intramolecular charge-transfer transition
from the Highest Occupied Molecular Orbital (HOMO) of one part of the ion (the
phenylene ring), which acts as an electron-donor, to the Lowest Unoccupied
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Molecular Orbital (LUMO) of the other part (iminium group), which serves as an
electron acceptor.

TABLE II. Electronic transitions in water solutions. Concentrations of the compounds in water were
4-10~ mol/dm’

Compounds | /nm log &mol 'dm’cm ! Transitions

Ml 198 425 1Ba

222 445 1Bb

280 3.70 1La

288(sh) 3.67 ILb

D-TrpH 200 4.25 1Ba

218 445 1Bb

280 3.70 1La

288(sh) 3.66 ILb

FI 208 437 1Ba

244 4.06 1Bb

262 4.03 1La

300 4.07 1Lb

Al 208 438 1Ba

242 4.202 1Bb

260 3.93 1La

300 4.03 1Lb

ICAH 202 423 1Ba

218 426 1Bb

292 4.22 1LalLb

A
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180 220 260 300 340 380 A/nm

Fig. 1. UV spectra of D- try}ptophan (c=4.0- 10™ mol/dm® ) as a function of sulfuric acid concentra-
tion (mol/dm™): 6.0(1); 7.0(2); 8.0(3); 8.5(4); 9.5(5); 10.5(6) and 11.0(7).
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R = CH,CHNH;'COO"  (D-TrplD)
Scheme 1.

TABLE III. Experimental transitions in water solutions. Concentrations of the comopounds in water

were 4- 10~ mol dm™

Tons MIH" D-TrpH 2 FIH" AIH" ICAH,"
Transitions | /nm
'Ly 292 290 332 338 332
295.5"
'La 240 240(sh) 262,268 262,268 238
255" 240"
'By 234 236 236 236 230(sh)
2317
'Ba 206 204 200 202 200

*Date of IAAH,*, from Ref. 25

On the other hand, the shorter wavelength bands are probably due to transi-
tions appearing at 206 and 234 nm for MIH+ and 204 and 236 nm for D-TrpH2+)
within the phenylene ring. The UV absorption corresponding to the intramolecular
charge-transfer tarnsition may be represented by the following Scheme 2.

H R H R
+
hv
+ > t -
N N\
\H .

R = CH3, CH,CHNH; C0OO’
Scheme 2.

As illustrated in Fig. 1, the fact than the two absorption spectra intersect at a
few points which are not common to all the other spectra must mean that either more
than two forms or reaction products of the solute are present or that the change in
conditions, for instance in acidity, which produces the variation in the proportion
of the two forms also changes their molar absorptivity.2!

The application of the Characteristic Vector Analysis (CVA)22 for separating
these factors is therefore justified. The spectra, reconstituted according to Eq. (1)
using only
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Fig. 2. UV spectra reconstituted from the mean curve and the first characteristic vector of D-trypto-
phan (4.0- 107 mol/dm3) as a function of sulfuric acid concentration (mol/dm3): 6.0(1); 7.0(2);
8.0(3); 8.5(4); 9.5(5); 10.5(6) and 11.0(7).

A = A (mean) + cavy + Cavz (D

Al (mean), ny|, Ny ... (characteristic vectors) and ci,c2... (weighing coeftfi-
cients), show excellent isobestic points. The reconstituted spectra are shown in Fig.
2, from which it can be seen that all pass through a few isobestic points (at 235, 243
and 290 nm).

This is another strong indication that the first characteristic vector is indeed
due to the effect of protonation. One may, therefore, be dealing with a single
equilibrium:

B+H fl BH

The plot of absorbance (measured at | =220 nm) vs. the H; acidity function of
H»SO4 for D-TrpH gives a nonlinear curve (¢f. Fig. 3), indicating a decrease in the
concentration of the unprotonated form (in the range of — 4.5 to — 6.5 H;). A similar
curve was also obtained but, for M1 in this case, the changes in the concentration of the
unprotonated form are observed in the range of — 3.5 to— 5.5 H;.

The UV spectrum of ICAH recorded in water exhibits four bands (Fig. 4). The
position and intensity of these bands are in a good agreement with the literature
data.23 All these bands are due to p fi p* tansitions. The bands were denoted !B,,
IBy, 1L, and 1Ly, in the light of the free-electron model20 (see Table II). The UV
spectra of ICAH were measured in aqueous sulfuric acid solutions in the concen-
tration range from 1.0 to 17.0 mol/dm?3.
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Fig. 3. Effect of the indolic acidity function H; for sulfuric acid on the absorbance at 220 nm of
D-tryptophan.

With increasing the concentration of the mineral acid, the intensities of the
IB, and 1By, bands decrease, showing at the same time red shifts,20 in agreemeent
with the literature data.24 When this compound was investigated in more concen-
trated solutions (i.e., 12.0 to 17.0 mol/dm3 H>SO4), pronounced changes occurred.
Namely, in the long-wavelength region, the 1L, 'Ly, bands shift to 332 nm and
decrease in intensity. The observed transitions in the UV spectrum of ICAH™ are
shown in Table II1. This Table, for purposes of comparison, also includes literature
data25 for the calculated and experimentaly found transitions in the UV spectrum
of the cation of 2-(3-indolyl)carboxylic acid.

UV spectra and protonation of 3-formylindole and 3-acetylindole in sulfuric acid
solutions

Groups, such as, -CHO, -COOH, -COCH3, —CO and others with n and p
electrons can donate these electrons to the indolic ring, and this delocalization
(resonance) induces shifts in the positions of the indole bands (cf. Table II). The
spectra of MI and D-TrpH are very different from those of FI and Al recorded under
same conditions (for positions and intensities of the observed bands cf. Table II).
Also, no changes in the UV spectrum have been observed when a hydrogen atom
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Fig. 4. UV absoerption spectra of indolyl-2-carboxylic acid (4.0- 10° mol/dm3) as a function of sul-
furic acid concentration (mol/dm3): 12.0(1); 12.5(2); 14.0(3); 14.5(4) and 17.0(5).

from the aldehyde group is substituted by a methyl group. The changes in the spectra
of FI and Al are analogic in the concentration range of 1.0 to 10.0 mol/dm3 H2SO4.

Increasing in the polarity of the solvent results in a bathochromic shift of the
ILp bands. The 'L}, band of FT and Al disappear in sulfuric acid with a concentration
of 7.5 mol/dm3. In both cases, new bands at 202 (1B,), 236 (1Bp) and 262, 268 (1L,)
nm appeared. Differences are observed in the position of the ! Ly bands, 332 nm for
ICAHT (cation of 3-formylindole) and 338 nm for AIH" (cation of 3-acetylindole).
These differences, probably result from solvatation changes. The band at 338 nm is
probably due to the intramolecular charge-transfer transition from the indolic ring
to the protonated carbonyl group.

On the basis of the above results, for both compounds, it seems that protona-
tion lowers the energy of the ground state more effectively than that of the excited
state. In the concentration region between 1.0 mol/dm3 and 9.0 mol/dm3, a doublet
of bands appears at 262 and 268 nm. The splitting (the difference is 6 nm,
corresponding to » 850 cm~!) may be associated with one of the out-of-plane C-H
bending modes in the indolic ring. This doublet was also observed in spectra of these
compounds in perchloric acid.!? In this case, it may be of interest to discuss the
various possible positions of protonation. The absence of the two conjugated
fragments (see Scheme 3) in the reaction product of FI or Al with sulfuric acid was
clearly demonstrated by the absence of the UV spectral characteristics of the
indolium cation (bands at 200, 234, 240 and 278 nm).1°

The changes in the UV spectra of FI and Al in sulfuric acid (1.0 to 9.5 mol/dm3)
show that in these cases protonation occurs on the carbonyl group (see Scheme 4).
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Determination of the dissociation constants by the Hammett Acidity Function
Method

If quantitative data are needed for comparison of very weak base strengths, it
is convenient to use the Hammett Acidity Function Method (HAFM). Namely, for
a weak base B in strongly acid media, K, can be defined as the acid dissociation
constant of the protonated form, BH™:

B+H'Ml BH*
Ka = a(B)a(H")/a(BH") = {c(B)/c(BH)c(H ") Hf(B)f(H")/f(BH)}

where « is the activity, c is the concentration and fis the activity coefficient. The
logarithm form of Eq. (2) gives the termodynamically correct equation:

pKa = log {c(BH")/c(B)} - log {c(H")} - log {f(B)f(H")/f{(BH")} 3)
Hammett and Deyrup!3 postulated that an acidity function Ho may be defined

as an extension of the pH scale:
pKa — log 1 = Hg = — log {c(H")} - log {f(B)f(H")/f(BH")} 4)

It has been shown that equations of the above form give acidity functions
applicable only to closely related compounds (e.g., Ha for amides,!® H; for indo-
les,>7 etc.).

The pKj, values of the dissociation constants for the conjugate acids of MI,
D-TrpH, FI, Al and ICAH were obtained using the values of H;(HA)%1% and the
ionization ratio (log /) in the Hammett Eq. (5)

pKa = Hi(Ha) + log | ®)

2
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The method used for the calculation of the ionization ratio was same as the
one presented in our prevous paper.!1:12 The values for pK; for all the investigated
compounds are shown in Table IV. It should be mentioned that the value for MI is
in fair agreement with literature data.’

The value of the half protonation point (9.4 mol/dm3) for tryptophan was
reported by Podkovinska et al.! Substitution of this value into Eq. (6).

Hi = - 0.69 c(H2S04) + 0.227 (r = 0.999) (6)

(obtained by the least squares treatment of 21 data pairs H; vs. ¢(H2S04)), for the
following condition d(log /)dH; = 1, a pKa value of — 6.2 is obtained. This value is
in good agreement with the one obtained graphically (Table IV). On the other hand,
the pKa value is much smaller than the one calculated numerically (Table IV). The
results for d(log /)H; (demoted by m) of MI, D-TrpH nd ICAH clearly show that Hj,
is a suitable acidity function for these indoles. The m values of MI, D-TrpH and
ICAH do not deviate significantly from the values reported in the literature for other
3-alkyl or carboxyalkyl indoles. This behavior of the carbon bases MI, D-TrpH and
ICAH strongly suggests that the positive charge is almost completely localized on
the nitrogen atom. The hypothesis that FI, Al and ICAH should behave in a similar
manner as amides in relation to acids was checked by treating our experimental
results for three typical carbonylic indoles in sulfuric acid with the Ha function
proposed by Yates et al., for amides.'® The slopes of the plot log / against HA are
close to 1 (Table IV), except for [CAH. Such results seem to be sound evidence that
FI and Al follow the Ha function to a good approximation. Our pK, values for FI,
Al and ICAH indicate that FI or Al are by about 6 pKa units more basic than ICAH.
The explanation for this difference may be offered in terms of resonance stabiliza-
tion which produces much larger changes in basicity for FI or Al (see Scheme 5)
than for ICAH.

R N __ / N - 7/
‘c=0 =9 -0
H,S0,
N\ -HSOy4 N\ N\H
H H
R=H, CH;
Scheme 5.

Determination of the dissociation constants by Excess Acidity Method

The EAM is a method based on free energy relationships. It does not make
use of any acidity functions, but gives pK, values which refer to infinitely dilute
water solutions as the standard state. The solvent parameter m* obtained using this
method are probably best interpreted in terms of solvation changes. The dissociation
constant (pKa) and solvent parameter (m”™) were obtained from Eq. (8).
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log 1 - log {c(H")} = log {f(B)f(H")/f(BH")} + pK, (7
log I - log {c(H")} = m X+pK, (8)
where X is the Excess Acidity Function. 14
In this work, the X values were calculated in the range of 1.0 to 17.0 mol/dm?>
using Eq. (9).
X=ai(z-1)+ a2(22 -1),+a3(z-1)+ a4(z4 -1)+ a5(z5 -1) 9)
ehere z = antilog (w/100) and a1, a2, a3, a4, as are polinomial coefficients.

The values of the weight fraction of sulfuric acid (%) were obtained directly from
the acid concentration (in mol/dm3), using the published densities!4 at 298 K.

The revised EAM pKj, values for the investigated substances (Table 1V), in
most cases, differ from those obtained by the HAFM. The different pKj values result
from limitations of the HAFM. The zeroth-order aproximation?® (activity coeffi-
cients for two bases are the same) is of importance when using the HAFM.

In addition, both methods give pKj, values in resonable agreement in the low
acidity range (FI and AI). Deviations arc observed for progressively weaker bases (M1,
D-TrpH and ICAH). Also, the pK, value obtained by the EAM are smaller compared
to those calculated by the HAFM (Table IV). Analysis of the pK, values of the
investigated indoles (by the two methods)gives the following order of basicity:

FI > Al > Ml > D-TrpH > ICAH
TABLE IV. pK, values (determined numerically and graphically) for all the studied indoles

lons Numerical pKa Gr;f{?g\f\)lly G;a}giw;;)l ly “m Cm*
1.3-0.2
+ -3.9-02 —4.011-0.2 —0.9
MIH —4.6-0.2 5403 4455 (~0.962) (Ob-f640)
n -1.1 1.8-0.2
D-TrpH2 -5.4-0.1 -4.2-0.3 —6.2-0.1 (~0.971) (9.968)
d
+ d d -1.2 1.2-0.1
FIH —-1.7-0.1 -1.0-0.1 —2.2-0.1 (~0.985 (0.986)
d
" d d -1.4 0.8-0.1
AIH -1.4-0.2 -1.3-0.1 —2.1-0.1 (~0.996) (0.997)
-13
-8.3-0.2 -10.8-0.2 (-0.997) 1.1-0.05
ICAH" —6.8—
43702 6.8-0.3 411802 429 (0.981)
(-0.997)
4Ref. 7,Ref. 15 °The number is parentheses in the correlation coefficient. 4Obtained using H function

This order is in good agreement with the one found by Andonovski ef al.!2 in

perchloric acid. The m” values of MI, D-TrpH and ICAH do not deviate from the
values reported in the literature.2” The m” values for these compounds correspond-
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ing to the greater delocalization of the positive charge in the pyrrole ring. Further,
the m" values of FI and Al deviate appreciably from typical values for carbon bases.
On the other hand, the m” values for FI are close to the values for oxygen bases,
such as amides (»0.6).

Acknowledgements: We are indebted to A. Nikolovski for providing the studied compounds
and for his continous interest in the work.
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CTYJAUIA [TPOTOHALMIE 1 OAPEBVIBAIbA KOHCTAHTE M COLIMJALIUMIE
3-METWJT MHOOJIA, D-TPUTITO® AHA, MHIOJINI-3-KAPBANIIEXUTIA,
WMHOOIWII-3-METWUII KETOHA Y UHO0JIU-2-KAPBOKCUIIHE KUCEJIMHE Y
CYMITIOPHOJ KUCEJIIMHU [IOMORY YJIITPAIbY BUYACTE CIIEKTPO®OTOMETPUIE

BIIATOJA C. AHIOHOBCKH u 'OPAH M. CTOJKOBW'H

Uncmuinyia 3a xemujy, [Ipupoono maitiematitivuxu ¢paxyaitieiti, Ynusep3uitieii "Cs. Kupua u Meitioou;j", i. ip. 162,
91001 Ckoiije, Peitybauxa MakedoHuja

IIpoyuaBana je npoTHaIWja HHIOIWI-3-KapOagexua, MHIOIUI-3-MeTHI KETOHA, WH-
noui-2-KapOOKCHITHE KUCenHe, D-TpunTo(gaHa u 3-MEeTHJI MHAOJNIA Y CYMIIOPHO] KACETMHA
UV-cnekTpockonmjoM y o6nactu m3meby 400 m 190 nm. M3padynaTu cy MOJIapHU aliCOPIIAOHA
koedunpjenTn noMohy BpeJHOCTH 3a ancopOaHyje N3MEPEHE Ha YeTUpH n3abpaHe TajacHe
nyxuHe. Pesynraru cy uckopunthenu 3a uspauyHnasamwe pPKa BpeflHOCTH 3a peakuujy Hpo-
ToHanmje. TectupaH je XameToB noctynar (Haru6 Ha rpacduky 3asucHoctu log[c(BH+)/c(B)] v
onaocy Ha H 6u tpebano na Oyjae jenHak jepunaunm). KoHcTaHnTa Auconmjanmje u napamerap
pacrBapaya m" cy poOujeHn npuMeHOM Tako3BaHe Excess Acidity merope. Juckyrupana je
[03U1IMja aJUPAHUX [IPOTOHA Y IPOTOHUPAHUM jEIUICHUMA.

(ITpumsbeno 30. okroGpa 1998, pesupupaHo 8. jyna 1999)
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