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Indomethacine (1) and acemethacine (2) contain the substitu-
ents -OCH3, -CH2COOH, -CH2COOCH2COOH, C-indole
and O-benzoyl, which are susceptible to protonation in
highly acidic media. To determine the protonation sites and
the substituent effects reliably, the dissociation constants of
the set of structurally related compounds 1-benzoyl-3-
methylindole (3), 1-benzoyl-5-methoxyindole (4), 1-benzo-
ylindole (5), 5-methoxy-2-methylindole (6), (2-methylindol-3-
yl)acetic acid (7) and (5-methoxy-2-methylindol-3-yl)acetic
acid (8) were investigated in concentrated perchloric acid.
The UV/Visible spectral curves were studied by the Ham-
mett, Bunnett–Olsen and excess acidity methods, and the ob-
served medium effects of 1 to 5 were analysed by the vector
analysis and excess acidity methods. Acemethacine (2) dis-

Introduction

Indomethacine and acemethacine are nonsteroidal anti-
inflammatory drugs widely used in medicinal chemistry. In-
domethacine, [1-(4-chlorobenzoyl)-5-methoxy-2-methylin-
dol-3-yl]acetic acid (1), first synthesized in the early 1960s,[1]

is used as an analgesic in the treatment of rheumatoid ar-
thritis and other degenerative diseases, gout and acute mus-
culoskeletal disorders; it has also been used as an antipy-
retic to lower febrile symptoms. Appearance of side effects
has limited its use and prompted the pharmaceutical indus-
try to synthesize other parent molecules with similar action
and better tolerance by patients; acemethacine (2), obtained
from indomethacine by hydroxyacetic acid esterification,
may enable the achievement of such objectives. Indome-
thacine, a metabolite of acemethacine,[2] continues to be a
reference for therapeutic activity.In addition to basic hy-
drolysis of indomethacine[3] and acemethacine,[3d] acidic hy-
drolysis is also feasible; the close similarity of their UV/
Visible spectral curves makes it difficult to distinguish them
from one another and to determine their properties, so
study was extended to the set of structurally related com-
pounds 1-benzoyl-3-methylindole (3), 1-benzoyl-5-meth-
oxyindole (4), 1-benzoylindole (5), 5-methoxy-2-methylin-
dole (6), (2-methylindol-3-yl)acetic acid (7), and (5-meth-
oxy-2-methylindol-3-yl)acetic acid (8) (Scheme 1). Knowl-
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plays two acid–base equilibria with pKSH+(i) = –2.3 and
pKSH+ = –4.2, corresponding to the ester and amide groups.
The benzoylindoles 1, 3, 4 and 5 each show a single amide
equilibrium pKSH+ � –4.2, independently of the substituent.
Indoles 6–8 are stronger bases than benzoylindoles. Substitu-
tion of the indole H (NH) by the benzoyl group strongly re-
duces the N basicity, and increases the O basicity with pro-
tonation of the CO group. The solvation parameters,
m* = 0.70 for benzoylindoles and m* = 1.3 for indoles, reveal
greater charge location and less solvation requirements in
the latter.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

edge of acid–base behaviour is often crucial to interpret
pharmacokinetics and pharmacodynamics, and to deter-
mine hydrolysis mechanisms,[4] so in this work the proton-
ation reaction of the set of compounds and the substituent
effects has been undertaken, showing the existing relation-
ships among them.

The compounds investigated contain a number of weakly
basic substituents susceptible to partial or full protonation,
such as -OCH3, -CH2COOH, -CH2COOCH2COOH, indole
and benzoyl. Except for acemethacine (2), which displays
two acid–base equilibria (pKSH+(i) and pKSH+) the other
benzoylindoles each manifest a single substituent-indepen-
dent pKSH+ value. The protonation equilibria of these sub-
strates (S, indole or benzoylindole) can be represented in
the form [Equation (1)]

(1)

and the equilibrium constants in the form [Equation (2)]:

(2)

where cH+ is the hydrogen ion concentration, I = cSH+/cs

represents the ionization ratio, and the last term contains
the activity coefficients ratio. Ionization ratios can be exper-
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Scheme 1. Indomethacine (1), acemethacine (2), 1-benzoyl-3-methylindole (3), 1-benzoyl-5-methoxyindole (4), 1-benzoylindole (5), 5-
methoxy-2-methylindole (6), (2-methylindol-3-yl)acetic acid (7), and (5-methoxy-2-methylindol-3-yl)acetic acid (8).

imentally determined by measuring the observed variation
with medium acidity of a particular property of SH+ in re-
lation to that of S; the most commonly used properties in-
clude UV/Visible and 1H and 13C NMR characteristics.[5]

If the absorbance values for the unprotonated (AS) and the
protonated (ASH+) forms are measurable, then the ioniza-
tion ratios can be evaluated by Equation (3):

I = (ASH
+ – A)/(A – AS) (3)

where A stands for the absorbance at intermediate acidities.
The pKSH+ values in highly acidic media can then be evalu-
ated by using the following functions and equations:

a) The Hammett equation: although Equation (2) is ther-
modynamically exact, evaluation of the unknown activity
coefficients ratio term constitutes a major difficulty. The
first researcher to tackle this problem was Hammett,[6] who
defined the H0 acidity function as Equation (4).

H0 = –logaH+ · γB/γBH+ (4)

B is the set of primary nitroanilines that serve as refer-
ence bases and are susceptible to protonation in strongly
acidic media. Although Hammett envisaged H0 as being ap-
plicable to all weak bases S, it was soon realized that H0

was not valid for all types of weak bases.[7] A detailed analy-
sis of the many available acidity functions[5,6,8–12] suggests
that the cancellation assumption of the activity coefficients
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ratio term (γB/γBH+ = γS/γSH+) is feasible only for a reduced
set of bases with the same functional group[7,9,13] and in the
same acidic solvent;[14] in such a case, m = 1 in Equa-
tion (5),[6,15] so the closer m tends to unity, the more accu-
rate the pKSH+ values that can be deduced. It has been dem-
onstrated that the acidity functions HY are linearly related
with H0;[16] hence, Equations (2) and (4) result in Equa-
tion (5):

log I = –mHY + pKSH+ (5)

The HY function depends on: i) the particular base (Y),
ii) the solvent, iii) the mineral acid, and iv) the temperature
range, and measures the solution ability to protonate the
base Y relative to an ideal 1 m solution; in dilute acid –mHY

reduces to –mpH. By a process similar to that of Chandler
and Lee,[17] rearrangement of Equations (3) and (5) gives
Equation (6).

(6)

The m, AS, ASH+ and pKSH+ parameters can be evaluated
properly by an iterative fitting of Equation (6) to the experi-
mentally measured A–HY data pairs; for this work a set of
acidity functions for perchloric acid in water and 25 °C was
required. To overcome the difficulty of the cancellation
assumption, Bunnett–Olsen,[18] Marziano[19] and Cox–
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Yates[20] have suggested other different proposals, which are
in fact equivalent as shown below.

i) The Bunnett–Olsen Method (BOM)[18]

This is a general method based on the linear free energy
relationship (LFER)[Equation (7)], where the sum (H0 +
logCH+) plays the role of an acidity function that drops to
zero in diluted acidic media.

log I + H0 = φ (H0 + logCH+) + pKSH+ (7)

Equation (7) provides the pKSH+values as the intercept, and
φ as the slope parameter. According to this LFER, only
one of the available set of acidity functions described the
protonation of weak bases well; this method has been ex-
tensively used by Levi et al.,[21] Edward–Wong[22] and Bar-
nett–O’Connor.[23] Rearrangement of Equations (3) and (7)
results in Equation (8).

(8)

Fitting of Equation (8) to the experimental data pairs by
the above iteration procedure enables the φ, AS, ASH+ and
pKSH+ parameters to be evaluated.

ii) The Excess Acidity Method (EAM)

The cancellation assumption is eliminated altogether in
the excess acidity method (while this is also named the Mar-
ziano–Cimino–Passerini and the Cox–Yates method, this is
unfortunate since both are the same and the term “excess
acidity method” is preferred). A detailed survey of this
method has appeared recently.[24] In the first order (or lin-
ear) approach the activity coefficients of the weak bases are
assumed to be directly related to each other in the form,
see Equation (9).

(9)

B is a standard or hypothetical weak base[20] and KBH+
H2O

and KBH+ are the dissociation constants of a protonated
base in strong acid medium and in water, respectively,
from which the excess acidity function (term first used by
Perrin)[25] X can be defined. With Equation (9) in mind,
Equation (2) is converted to Equation (10).

log I – logcH+ = m* X + pKSH+ (10)
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Equations (9) and (10) were originally formulated by
Marziano et al.,[19a] who abbreviated the activity coefficient
ratio term for B as MC [Equation (9)] and the slope as n,
later nij

[19d] [Equation (10)]. Inclusion of the parameter m*
removes the need to distinguish the behaviour of the acidity
function for different substrates.[20] In strongly acidic solu-
tions, the substrate basicity relies both on pKSH+ and on m*.
The need for two parameters to describe the protonation
equilibria stems from the stabilization of SH+ by internal
delocalization of the cationic charge and by solvation ef-
fects. The parameter m* measures the ability of a set of
protonated bases to become stabilized by solvation, espe-
cially by H-bonding, and accounts for the sensitivity of the
equilibrium to the large changes in the acidity of the me-
dium needed to complete the protonation.[26–28] Thus, m*
= 0 represents the upper limit of the solvation requirements
on this scale (in water, H3O+ with m* = 0 has the highest
solvation requirements), whereas higher m* values denote
weaker solvation; m* = 1 corresponds to the solvation of
primary aniline bases,[20] while the highest m* values (ca.
2.0) have been observed for protonation of hydrocarbon
bases, where internal delocalization of the positive charge
is most important and solvation by H-bonding becomes
negligible.[29] The function X, defined at a given tempera-
ture for a set of bases in a particular acid (sulfuric,[20] per-
chloric,[20] hydrochloric[30] and hydrobromic[30]), represents
the difference between the observed acidity and that of the
system if it were to behave ideally.[31] By a procedure similar
to that used for Equations (6) and (8), Equation (11) results
from Equations (3) and (10).

(11)

Fitting of Equation (11) to the experimentally deter-
mined data pairs by the iteration described enables the m*,
AS, ASH+ and KSH+ parameters to be evaluated. Use of
Equations (6), (8) and (11) requires knowledge of the ab-
sorbance A as a function of cH+.

The 1–φ (B–O) and m* values are all roughly equivalent,
although they are defined in quite different ways. For sulfu-
ric acid, a plot of –(H0 + logcH+) against X is accurately
linear (correlation coefficient 0.9996) over the 0–99.5 wt%
concentration range, slope 0.983 (for perchloric acid, slope
0.890 and correlation coefficient 0.9920, over the 1–70 wt%
concentration range). Noto et al.[32] showed that the equiva-
lence between the B–O and the EA methods is fulfilled for
acid solutions up to 45 % perchloric acid. Outside this
range significant differences must be observed in the disso-
ciation constants estimates of the three different method. –
(H0 + logcH+) is identified with X0,[20] but in fact X0 is an
unrealistic function since it is obtained only from primary
aromatic amines. Often, the free energy formulations have
a number of important advantages over acidity function
treatments.[29] In this work, thepKSH+ values deduced by the



B. García et al.FULL PAPER
Excess Acidity method differed slightly from those obtained
by B–O, a feature ascribable to the weakness of the bases
studied, which required perchloric acid concentrations far
above 45 % (6.02 m). Actually, the excess acidity function X
and the Cox–Yates Equation (11) are most widely used.

Correction of Medium Effects

Equations (6), (8) and (11) do not work properly when
the spectral curves exhibit medium effects, characterized by
a shift of the absorbance bands upon increasing acidi-
ty.[6b,13a,33] Several methods for correction of these effects
have been put forward. The methods of Flexser et al.,[34]

and Dunn et al.[35] have historical interest, and those of Ka-
tritzky et al.[13e,36] and Yates–McClelland[16] leave space for
arbitrariness. The method of Davis–Geissman[37] and the
modification by Stewart–Yates[38] need identification of the
S and SH+ characteristic wavelengths, often difficult due to
medium effects. The Cox–Yates and vector analysis meth-
ods have been shown to be most efficient and are widely
used.[26–28,39]

a) The Cox–Yates Method

This method, developed by Cox[31,40] from an earlier ap-
proach,[41] involves introduction of the excess acidity func-
tion (or medium parameter) X [Equation (9)] and enables
the analysis of a large number of spectral curves over a wide
wavelength range, yielding consistent and reliable results.
Thermodynamic pKSH+ values can only be determined from
extrapolation to infinite dilution of the data pairs measured
in aqueous solutions, see Equation (10). Experimental and
theoretical aspects of this issue have been treated exten-
sively.[20,27,28,39–43]

b) The Vector Analysis Method

Medium effects have been treated successfully by charac-
teristic vector analysis (CVA) in the protonation of
amides,[28c,42d] hydroxamic acids,[27,28a] pyrimidines,[28d] hy-
drazones[44] and ketones.[45] This method reduces the exper-
imentally determined absorbance readings into the mini-
mum number of independent components capable of repro-
ducing the spectral curves, from which reliable ionization
ratios can be deduced.[46] The absorbance readings A, mea-
sured at n different acidity levels and r wavelengths, were
arranged into an (n× r) matrix array; if p independent com-
ponents are needed to reproduce the experimental readings,
then the absorbance values at every wavelength λ can be
expressed for each cH+ value by the set of equations. [Equa-
tion (12)].

Ar = Ār + c1 · v1r + c2 · v2r + ... + cp · vpr (12)

where Ār is the average absorbance corresponding to a par-
ticular wavelength for the n different cH+ values, vpr are the
characteristic vectors, and cp the weighing factors (or fitting
coefficients). It was demonstrated that in practice only two
characteristic vectors are sufficient to describe the total ef-
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Figure 1. Sets of UV spectral curves of indomethacine in perchloric
acid media recorded: a) before, and b) after application of vector
analysis.

fect, the first vector (v1r) representing the protonation effect
caused by the change in the medium acidity, and the second
(v2r) the medium effects upon protonation.[22,25] Values for
I and pKBH+ can be determined from the variation of c1

with medium acidity; if c1,B and c1,BH+ are the coefficients
for the fully unprotonated and the fully protonated base,
then the ionization ratios can readily be determined as in
Equation (13).

(13)
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c1 being the coefficients at intermediate extents of pro-

tonation. Once the c1 characteristic vectorsare determined
as a function of cH+, accurate pKSH+ values can be deduced
through substitution of A, AS and ASH+ by c1, c1,Sand c1,SH+

in Equations (6), (8) and (11). This methodby construction
leads to perfect isosbestic points, but the resulting data are
not more accurate per se.

Results and Discussion

The medium effects observed (Figure 1a, Figure 2a, Fig-
ure 3a, Figure 4a and Figure 5a) in the absorbance spectra

Figure 2. Sets of UV spectral curves of acemetacine in perchloric
acid media recorded: a) before, and b) after application of vector
analysis.
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Figure 3. Sets of UV spectral curves of 1-benzoyl-3-methylindole
in perchloric acid media recorded: a) before, and b) after applica-
tion of vector analysis.

ofbenzoylindoles 1 to 5 were corrected by the procedures
described (Figure 1b, Figure 2b, Figure 3b, Figure 4b and
Figure 5b). Acemethacine displayed two clearly differen-
tiated acid–base equilibria, pKSH+(i) (between 0.92 and
8.76 m HClO4 with an isosbestic point at 257 nm)
andpKSH+(between 9.22 and 11.52 m HClO4 with an isosb-
estic point at 272 nm)(Figure 2b), whereas the other com-
pounds each displayed only a single constant pKSH+. Indo-
methacine shows an isosbestic point between 4.6 and
11.5 m; the spectra below 4.6 m remained unchanged.
Table 1 lists the c1(i) and c1 coefficients at different cH+ val-
ues for all five substrates over the whole titration acidity
range. The spectral curves of indoles 6, 7 and 8 were quite
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similar (Figure 6), the sharp and well defined isosbestic
points simplifying the calculations.

Application of Equation (6) requires use of the acidity
functions HY, the choice of which depends on the particular
substrates. For benzoylindoles 1 to 5, the HI function in
0.1 to 6.0 m perchloric acid defined by Hinman–Lang[47] for
alkylindoles was insufficient to describe full protonation;
substitution of HY by HA

[10,11] or H0
[8d,48] into Equation (6)

gave m values far from unity, so the resulting constants were
not reliable. Table 2 lists the results deduced with Equa-
tions 8 and 11.

To gain a deeper insight into the protonation and further
decomposition of indomethacine and acemethacine, the

Figure 4. Sets of UV spectral curves of 1-benzoyl-5-methoxyindole
in perchloric acid media recorded: a) before, and b) after applica-
tion of vector analysis.
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Figure 5. Sets of UV spectral curves of 1-benzoylindole in perchlo-
ric acid media recorded: a) before, and b) after application of vec-
tor analysis.

pKSH+ values of the structurally related indoles 6 to 8 were
also evaluated with the HI and H0 functions; only HI ful-
filled the cancellation assumption [m � 1, in Equation (6)]
(Table 3). Indoles are very weak bases, so protonation oc-
curs outside the pH scale.[49] In concentrated perchloric acid
indoles protonate at position 3 (or the β position), forming
conjugated acids with the charge distributed mainly be-
tween the N and C 2 (or α C) sites[47,50] (Scheme 2).

Indole 6 undergoes protonation between 0.003–3.0 m

HClO4, so pH could be used as an acidity measure in the
diluted acid limit; the good agreement between pH and HI,
enabled the full protonation curve to be drawn (Figure 7)
and Equation (6) to be applied by substitution of HY by HI
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Table 1.c1 coefficients determined by vector analysis at different acid molarities (m): indomethacine (1), acemetacine (2), 1-benzoyl-3-
methylindole (3), 1-benzoyl-5-methoxyindole (4), and 1-benzoylindole (5).

1 2 2 3 4 5
M c1 M c1 (i) M c1 M c1 M c1 M c1

4.61 0.247 0.92 –0.345 9.22 0.357 6.45 –0.341 7.37 0.388 4.61 0.326
5.53 0.245 2.30 –0.297 9.45 0.364 6.91 –0.319 7.83 0.359 5.07 0.303
6.91 0.231 2.77 –0.259 9.68 0.291 7.37 –0.303 8.30 0.313 5.53 0.300
8.76 0.148 3.23 –0.251 9.91 0.275 7.83 –0.277 8.76 0.255 5.99 0.281
9.22 0.102 3.69 –0.208 10.14 0.073 8.30 –0.206 9.22 0.105 8.30 0.233
9.45 0.057 5.70 –0.069 10.37 0.007 8.76 –0.131 9.68 –0.028 8.76 0.153
9.68 0.011 5.53 –0.022 10.60 –0.117 9.22 0.015 10.14 –0.174 9.22 0.039

10.14 –0.102 5.99 0.023 11.06 –0.29 9.68 0.120 10.60 –0.315 9.45 –0.011
10.37 –0.124 6.91 0.152 11.29 –0.41 10.14 0.245 11.06 –0.416 9.68 –0.044
10.60 –0.250 7.37 0.247 11.52 –0.555 10.60 0.334 11.52 –0.493 10.14 –0.153
10.83 –0.282 8.30 0.455 11.06 0.405 10.60 –0.285
11.29 –0.446 8.76 0.568 11.52 0.451 10.83 –0.318
11.52 –0.520 11.29 –0.419

11.52 –0.413

Table 2. Protonation parameters determined by vector analysis with use of different equations. Mean pKSH+ values determined from
individual values of table: indomethacine (1), acemetacine (2), 1-benzoyl-3-methylindole (3), 1-benzoyl-5-methoxyindole (4), and 1-benzo-
ylindole (5).

Function (Equation) c1,S c1,SH+ Parameter pKSH+ χ2 average pKSH+

1
H0

a [see Equation (8)] 0.25±0.01 –0.9±0.1 φ = –0.53±0.05 –3.8±0.2 0.00023
Xb [see Equation (11)] 0.25±0.01 –1.0±0.2 m* = 0.60±0.06 –4.2±0.2 0.0023 –4.0±0.2

2 (i)
H0

a [see Equation (8)] –0.39±0.01 3±2 φ = 0.85±0.05 –2.0±0.2 0.00013
Xb [see Equation (11)] –0.33±0.01 0.93±0.07 m* = 0.35±0.04 –2.0±0.06 0.00058 –2.0±0.1

2
H0

a [see Equation (8)] 0.6±0.2 –0.9±0.5 φ = 0.4±0.3 –4±1 0.00191
Xb [see Equation (11)] 0.62±0.05 –1.2±0.3 m* = 0.60±0.03 –4.3±0.2 0.00189 –4.2±0.5

3
H0

a [see Equation (8)] –0.37±0.01 0.49±0.02 φ = 0.38±0.03 –3.8±0.1 0.0001
Xb [see Equation (11)] –0.36±0.01 0.50±0.02 m* = 0.71±0.04 –4.2±0.2 0.0001 –4.0±0.2

4
H0

a [see Equation (8)] 0.44±0.02 –0.56±0.02 φ = 0.39±0.04 –4.0±0.2 0.00014
Xb [see Equation (11)] 0.44±0.02 –0.58±0.03 m* = 0.71±0.05 –4.4±0.2 0.00014 –4.2±0.2

5
H0

a [see Equation (8)] 0.31±0.01 –0.49±0.03 φ = 0.41±0.05 –3.9±0.2 0.00033
Xb [see Equation (11)] 0.31±0.01 –0.51±0.04 m* = 0.68±0.06 –4.3±0.3 0.00033 –4.1±0.3

[a] Refs.[8d,48] [b] Ref.[20]

or pH depending on the high or low acidity region; the pH
scale and the excess acidity scale, X, do not correspond well
in dilute solution,[51] so X is inadequate to describe the full
protonation range. Moreover, combination of pH and H0

in Equation (8) does not give self-consistent parameters. In-
doles 7 and 8 undergo protonation in 0.5–7.5 m perchloric
acid and Equations (6), (8) and (11) apply satisfactorily.

Table 2 and Table3 list the c1,S, c1,SH+ and pKSH+ values
for benzoylindoles 1–5, AS, ASH+ and pKSH+ for indoles 6–
8, and the m, φand m* parameters evaluated by iteration of
Equations (6), (8) and (11), with the c1-HY and c1-X or A-
HY and A-X data pairs, A being the indole absorbance.

Comparison between benzoylindoles 1 to 5 and indoles
6 to 8 affords the following conclusions: a) benzoylindoles
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undergo acid-catalysed decomposition (not shown),
whereas indoles remain stable in acidic medium, b) in con-
trast to indoles (Table 4) substituents do not affect the acid–
base behaviour of benzoylindoles (Table 2), c) benzoylin-
doles are weaker bases than indoles; for instance, pKSH+ =
–4.0 for indomethacine (1), whereas pKSH+ = –2.1 for the
corresponding (5-methoxy-2-methylindol-3-yl)acetic acid
(8), d) the set of spectral curves of 6 to 8 exhibited well
defined isosbestic points (Figure 6), whereas 1 to 5, with the
indole N in the amide group, displayed noticeable medium
effects (Figure 1a, Figure 2a, Figure 3a, Figure 4a and Fig-
ure 5a). No experimental evidence for protonation of the
methoxy group in concentrated perchloric acid was found.
The methoxy group ring gives a weaker base than indole



B. García et al.FULL PAPER
Table 3. Protonation parameters determined by different equations, with mean pKSH+ values determined from individual values of the
table: 5-methoxy-2-methylindole (6), (2-methylindol-3-yl)acetic acid (7) and (5-methoxy-2-methyl)indol-3-ylacetic acid (8).

Function (Equation) As A1,SH+ Parameter pKSH+ χ2 average pKSH+

6
HI

c [see Equation (6)] 1.302±0.005 0.175±0.007 m = 1.33±0.06 0.17±0.02 0.00026 0.17±0.02

7
HI

c [see Equation (6)] 1.46±0.01 0.15±0.02 m = 0.88±0.04 –2.5±0.1 0.00025
H0

a [see Equation (8)] 1.477±0.008 0.166±0.006 φ = –0.48±0.04 –2.25±0.05 0.00017 –2.30±0.1
Xb [see Equation (11)] 1.467±0.007 0.159±0.006 m* = 1.22±0.04 –2.14±0.05 0.00015

8
HI

c [see Equation (6)] 1.17±0.01 0.19±0.01 m = 0.99±0.05 –2.3±0.1 0.00023
H0

a [see Equation (8)] 1.19±0.02 0.182±0.009 φ = –0.9±0.1 –2.1±0.1 0.00034 –2.08±0.1
Xb [see Equation (11)] 1.18±0.01 0.178±0.009 m* = 1.39±0.08 –1.83±0.09 0.00029

[a] Refs.[8d,48] [b] Ref.[20] [c] Ref.[4]

Scheme 2.

Figure 6. Sets of UV spectral curves of 5-methoxy-2-methylindole
(6).

when bound to an aromatic (for instance, pKSH+ methoxy
benzene = –6.54)[52] Table 3 shows that indoles 7 and 8 have
similar acidity strengths; the difference in reactivity relative
to 6 is due to the acetyl electron-withdrawing effect, which
lowers the indole ring basicity. Although the pKSH+ values
of indole and five derivatives reported by Berti et al.[53] dis-
agreed significantly with those reported by Hinman–
Lang,[47] they in fact yielded the same sequence basicity.
Table 4 lists the substituent effects on indoles’ basicities.
The significant differences are functions of the substituent

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 1161–11711168

Figure 7. Absorbance data (λ = 215.22 nm) of 5-methoxy-2-meth-
ylindole (6) in aqueous perchloric acid solution at 25 °C according
to Equation (6).

and ring site; donor substituents such as 2-methyl and 5-
methoxy strongly increase the basicity, as demonstrated by
comparison of the pKSH+ values of indole and 2-methylin-
dole with that of 5-methoxy-2-methylindole (6), and of that
of indol-3-ylacetic acid with that of 5-methoxy-2-methyl in-
dole-3-acetic (8). The finding that 2-methylindole is a
stronger base than indole can be explained in terms of cat-
ion stabilization by electron release from the methyl group.
The spectral curves of benzoylindoles displayed medium ef-
fects similar to those observed in the protonation of the
carbonyl group.[28c,54–59] The NMR spectra of amides in
strongly acid solutions are consistent with O-proton-
ation;[60] the main factor contributing to the stability of the
O-protonated form, the O–C–N π delocalization, was ab-
sent for the N-protonated form (Scheme 3), although the
latter has been observed as a secondary species at low con-
centration.[61] The close similarity of the spectrophotomet-
ric behaviour of benzoylindoles and amides and their ob-
served hydrolyses reveal that although indoles are stronger
bases than benzoylindoles, protonation in benzoylindoles
preferentially occurs at the O(CO) site rather than at the
indole group.
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Table 4. Acidity constants (pKSH+) for different indoles.

Indole pKSH+

5-methoxy-2-methylindole (6) +0.17
(2-methylindol-3-yl)acetic acid (7) –2.30
(5-methoxy-2-methylindol-3-yl)acetic acid (8) –2.08
Indole –2.43[47]

–2.5[50]

–2.5[53]

–2.8[54c]

1-methylindole –2.32[47]

2-methylindole –0.28[47]

3-methylindole –4.55[53]

–4.0[54c]

2,3-dimethylindole –1.5[47,51]

3-formylindole –1.36[52c]

(indol-3-yl)acetic acid �–5[55]

3-acetylindole –1.5[54c]

Scheme 3.

It can be concluded, then, that the presence of the CO
group strongly decreases the indole basicity and increases
the O-basicity.[62] Acemethacine, with two acid–base equi-
libria, represents a particular situation. Since the methoxy
group undergoes no protonation reaction, the pKSH+ value
of –4.2 for acemethacine (similar to other benzoylindoles),
should correspond to protonation of the O(CO) amide,
whereas the constant pKSH+(i) = –2.3 should be ascribed
to O(CO) protonation of the 3-acetoxy group with further
hydrolysis to produce indomethacine, observed by 1H
NMR, 13C NMR and mass GC.[63] The appearance of me-
dium effects (Figure 2a) and the two well differentiated
equilibria (Figure 2b) is also consistent with protonation of
the two CO oxygens.

Protonation equilibria are fully defined in terms of
pKSH+ and either φ (Bunnett–Olsen method) or m* (excess
acidity method); φ represents the response of the equilib-
rium to the change in the medium (i.e., increase in cH+ and
subsequent decrease of aH2O) and is a measure of the effects
caused by the changes of hydration.[18,21,42b] If primary ani-
lines are taken as a reference (φ = 0),[18] then positive φ
values should be expected for bases with higher solvation
requirements, and negative ones when hydration of SH+ is
comparatively low. The parameter m*, characteristic of the
behaviour of the set of bases, reflects the stabilization of
the protonated base both by internal delocalization of the
cationic charge and by solvation, especially by H-bond-
ing.[29] Cox–Stewart[64] suggested a change of ±0.1 m* units
as a measure of homogeneous behaviour of the bases under
consideration; thus, m* = 0 for H3O+ denotes the highest
solvation requirements. Other values are: m* = 0.18 for
ethers,[29,65] 0.4–0.6 for O-protonation of amides,[20]m* = 1
for primary amines,[20,66,67] 0.56 for hydroxamic acids,[27]

and 1.4 for tertiary aromatic amines.[29] The highest m* val-
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ues (ca. 2.0) are observed for protonation of hydrocarbon
bases, where internal delocalization of the positive charge is
most important and solvation through H-bonding becomes
negligible.[20,29,30,65]

The difference between benzoylindoles, m* = 0.70
(Table 2), and indoles, m* = 1.3 (Table 3), stems from the
reduction of H-bonding upon substitution of H by the ben-
zoyl group, which implies strong indole charge localization
and weaker solvation requirements. The close m* values for
indoles and amines, and the difference with the m* values
for C-protonation (ca. 2.0), support the charge being lo-
cated on nitrogen, as shown in Scheme 2. Solvation require-
ments and H-bonding are less for benzoylindoles than for
amides and benzohydroxamic acids, and higher than amine
protonation, as the corresponding m* values denote.

Experimental Section
Reagents: Indomethacine (1), acemethacine (2), 1-benzoyl-3-meth-
ylindole (3), 1-benzoylindole (5), 5-methoxy-2-methylindole (6), (2-
methylindol-3-yl)acetic acid (7) and (5-methoxy-2-methylindol-3-
yl)acetic acid (8) were commercially available (Sigma–Aldrich) and
were used without further purification. 1-Benzoyl-5-methoxyindole
(4) was synthesized as described elsewhere,[69] the resulting HPLC
purity being 99 %; 1H, 13C NMR and mass spectra were consistent
with the quoted purity. Since the substrates were only sparingly
soluble in pure water, the experiments to evaluate the solvent effect
on the equilibrium constants were carried out in 1 % v/v acetoni-
trile/H2O aqueous-organic solvents.

Methods: The acid solutions were prepared by careful addition of
the appropriate amounts of commercial HClO4 to a 100 mL flask
containing doubly distilled deionized water, and the equilibria were
investigated at 25 °C by the UV spectrophotometric technique. Be-
cause of hydrolysis of the benzoylindoles (1 to 5), with a constant of
around 0.001 s–1 at high perchloric acid concentrations, a modern
stopped-flow Bio-Logic SFM-300 spectrophotometer instrument
was used. This consists of a mechanical sub-system with three ma-
chined syringes, one valve block with 3×3-way valves, with one
or two optional mixers and one aging loop. To allow temperature
regulation of the reactant containers, the SFM syringes, valves, de-
lay lines, and cuvettes were enclosed in a water jacket. The syringe
plungers of the SFM were driven by stepping motors through ball
screws. The speed capability with all syringes running gives a dead-
time below 1 ms in the observation cuvette. The spectral curves
were recorded with a high-speed Bio-Logic Diode Array DAD
MMS-UV/1500–1 spectrophotometer (0.8 ms per spectrum). This
procedure drastically reduced the hydrolysis effect at time t = 0,
where the spectral curves were recorded.

For indoles 6 to 8, stable in acidic media, the cell samples were
prepared by adding 20 µL of a solution of substrate in pure acetoni-
trile by syringe into 2 mL of aqueous perchloric acid of the re-
quired acidity in each case, the resulting final substrate concentra-
tion being 5×10–5 m in 1 % acetonitrile/water for all acidities used.
The blank of the reference cell was prepared by addition (20 µL)
of pure acetonitrile (Biohit Proline Electronic micropipette, inaccu-
racy 0.5 %, imprecision 0.2 %) into mineral acid of the proper con-
centration (2 mL). The spectral curves were recorded on a Hewlett–
Packard 8453 spectrophotometer fitted with a diode array detec-
tion system and a temperature cell holder adapter, electrically regu-
lated and controlled by computer. The absorbance readings were
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performed at least in duplicate. The Lambert–Beer law was assessed
at the working wavelengths. The acidity functions used were those
available for aqueous mineral acid.
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