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Acid - Base and Metal-Ion-Coordinating Properties of Benzimidazole and
Derivatives (= 1,3-Dideazapurines) in Aqueous Solution:
Interrelation between Complex Stability and Ligand Basicity

Larisa E. Kapinos, Bin Song, and Helmut Sigel*?!

Abstract: The stability constants of the
1:1 complexes formed between Mg**,
Ca”, Sr2+, Ba2+’ Mn2+’ COH, Niz+, Cu2+’
Zn**, or Cd** (= M?**) and benzimida-
zole-type ligands sterically unhindered
at the N3 position (= L), namely,
benzimidazole, 1-methylbenzimidazole,
5(6)-chlorobenzimidazole, 6-chloro-5-
fluorobenzimidazole, 5(6)-nitrobenzimi-
dazole, 5,6-dichloro-1-(8-p-ribofurano-
syl)benzimidazole, and 5,6-dinitrobenzi-
midazole (DNBI), were determined by
UV/Vis spectrophotometry for DNBI
and for all the other ligands by poten-
tiometric pH titration in aqueous solu-
tions (25°C, I=0.5M, NaNO,). The
acidity constants for the monoprotonat-
ed ligands HL* were also measured. For
the HL' species which are symmetric
with respect to the H(N1) and H(N3)

constants are also given. Plots of log KM,
versus pKi, (taking into account the
micro acidity constants where appropri-
ate) give straight lines. The equations for
these least-squares lines allow calcula-
tion of the expected stability constant
for a complex of any benzimidazole-type
ligand, provided its pKY, value (in the
pK, range 2-6) is known. For the
stabilities of Fe** complexes with benzi-
midazole-type ligands an estimation
procedure is described. The effect of
steric inhibition resulting from annela-
tion (the fusion of a benzene ring to C4
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and C5 of imidazole), is quantified and
compared to that of a methyl group in
the ortho position to the N atom binding
the metal ion. The effect of annelation is
considerable for the complexes of the
divalent 3d metal ions (— 0.3 to —0.7 log
units) but practically nonexistent for
those of the alkaline earth ions, which
indicates outer-sphere complex forma-
tion for the latter. This interpretation
agrees with the observation that the
stability of the ML?** complexes of Ca’*,
Sr?*, and Ba?* is practically independent
of the basicity of the benzimidazole
derivative. The regression lines obtained
for the complexes of the benzimidazole-
type ligands now permit the determina-
tion of the extent of the steric inhibition
of the (C6)NH, group on metal-ion
binding at N7 of the adenine residue.

sites, the corresponding micro acidity

1. Introduction

The structure and size of benzimidazole is very similar to that
of the nucleobase purine; indeed, benzimidazole may also be
named 1,3-dideazapurine. It is thus not surprising that many
benzimidazole derivatives have been prepared to mimic
purine nucleosides and nucleotides (e.g. ref. [1-3]), and a
significant number of such compounds is known to be
biologically active. For example, 1-(5-p-ribofuranosyl)benzi-
midazole 3',5"-phosphate and analogues thereof activate cyclic
adenosine 3',5'-phosphate-dependent protein kinases.”! Sim-
ilarly, benzimidazole and a broad spectrum of derivatives can
serve as substrates for purine nucleoside phosphorylase.l The
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benzimidazole residue is also often used in drug design:P ! for
instance, several 2-[(4-chlorophenoxy)methyl]benzimida-
zoles act as selective neuropeptide receptor antagonists,!
and various substituted benzimidazoles can serve as prodrugs
which, activated by acid, serve as gastric proton pump
inhibitors.” Some benzimidazoles have shown antioxidant
capacities in lipid peroxidation.®l Another example is bis(5'-
amidino-2-benzimidazolyl)methane, which is an excellent
inhibitor of trypsin; the structural basis of this inhibition
depends on the binding of Zn?*.’l This observation has led to
the development of highly selective and Zn?*-dependent
inhibitors of several serine proteases.”’]

Considering the situation described above, it is surprising to
find that apparently no comprehensive studies exist!!-12]
which deal with the acid—base and especially the metal-ion-
binding properties of benzimidazole and derivatives. This is
even more startling given that enzymes employing nucleotides
as substrates are generally also metal-ion-dependent,['> 1 and
indeed, this latter fact has prompted much research on the
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interaction between metal ions and nucleotides or nucleic
acids as well as their constituents,!'> ! but not yet between
nucleotide analogues,/'>"? aside from some antivirally active
derivatives.['” 18]
It is the aim of the present
Y:‘:N\ study to correlate the acid—
| 2> base and the metal-ion-binding
z ’r properties of benzimidazole
X and the derivatives shown in
Figure 1. The only compound
studied in detail in this re-
spectl! is 5,6-dichloro-1-(3-p-
ribofuranosyl)benzimidazole
NBL: - X=Z=H; Y=NO, (DRB), which is biologically
DRB: X=pD-ribose; Y=2=Cl  yery active.”) A quantification
DNBI: X-H; Y=2=NO, of the indicated relations
Figure 1.. Chemical structur.es should also further our re-
o b (8 2001 et deaing with ihe
study: 1-methylbenzimidazole ~ Metal-ion-binding dichoto-
(MBI), 5(6)-chlorobenzimida-  my?* 24 of the adenine residue.
zole (CIBI), 6-chloro-5-fluoro-
benzimidazole (CIFBI), 5(6)-
nitrobenzimidazole (NBI), 5,6-
dichloro-1-(-p-ribofuranosyl)-
benzimidazole (DRB), and 5,6-
dinitrobenzimidazole (DNBI).

—_ W

Bl: X-Y-Z-H
MBI: X=CHj; Y=Z-H
CIBI: X-Z-H; Y=CI
CIFBIL: X=H; Y=F; Z-Cl

2. Results and Discussion

2.1. Acid-base properties of
benzimidazoles: Benzimidazole
and its derivatives shown in
Figure 1 can accept one proton at N3 giving the mono-
protonated species HL'. Hence, only the deprotona-
tion reaction of Equilibrium (1a) needs to be considered.

HL*=H'+L (1a)
Kii =[H][L)/[HL"] (1b)

The acidity constants were determined by means of potentio-
metric pH titrations in aqueous solutions (25°C; I=0.5M,
NaNO,), and the results are given in the third column of
Table 1.1 The acidity constants of monoprotonated benzimi-
dazole and 1-methylbenzimidazole have been determined
beforel'™!220] and they agree excellently with the present
results. The acidity constants of the other benzimidazole
derivatives listed in Table 1 have, to the best of our knowl-
edge, not been determined before.

Since the stability constants of the metal-ion (M?**)
complexes formed with 5,6-dinitrobenzimidazole (DNBI)
can only be determined by spectrophotometric measurements
(see Sections 2.3 and 4.3), we have endeavored also to
measure the acidity constant of H(DNBI)" by the same
method. The evaluation of one such experiment is shown in
Figure 2. It is satisfying to note that the result, pKHpxg =
1.72+£0.06, is almost identical with the one determined by
potentiometric pH titration (Table 1, entry 7); in both in-
stances I =0.5M, NaNO; (25 °C). Only recently[™” very similar
results were also obtained for the deprotonation of H(DRB)*;
specifically, pKijpre=3.13+£0.02 (potentiometry) and
3.10 £0.10 (spectrophotometry) (see also entry 6 of Table 1).
The excellent agreement between the results established by
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Table 1. Negative logarithms of the acidity constants [Eq.(1)] of the
protonated benzimidazole ligands (HL*) shown in Figure 1 and as
determined by potentiometric pH titrations in aqueous solutions at 25°C
and /=0.5M (NaNO;) together with the corresponding micro acidity
constants, pk,,, [Eq.(2)], when appropriate. The pKinm) values of
protonated imidazole (Im) and 1-methylimidazole (MIm) are taken from
ref. [27] and given for comparison to reveal the effect of annelation./® "]

HL* pKHiL Pk PKBammim)®”? APK yametation'”!
1 H(BID)* 5.63 +0.01 5.93 7.13+£0.011e 1.50+0.01
2 HMBID* 5.67+0.01 - 7.20 4 0.02M 1.53+£0.02
3 H(CIBI)*  486+001 516 (52740018  (0.41=+0.01)
4 H(CIFBI)* 4334001 463
5 H(NBD)'  361+£002 3091
6 H(DRB)* 3.134£0.0200 -
7 H(DNBD)* 1.75+0.05€ 205

[a] So-called practical (or mixed) constants?®! are listed; see Section 4.2.
[b] The error limits given are three times the standard error of the mean
value or the sum of the probable systematic errors, whichever is larger.
The error limits of the derived data (in the present case for column 6 to the
right) were calculated according to the error propagation after Gauss.
[¢] See text in Section 2.2. [d] APK yumtaion = PKHiim/per) ~ PKTlL- [e] The
spectrophotometric measurements gave pKH(DNBI) =1.72£0.06; this va-
lue (i.e., pkpn, =2.02) is used in the evaluations presented in Section 2.4
because the stability constants of the M(DNBI)** complexes were also
determined by spectrophotometry. [f] From ref. [19]. Spectrophotometric
measurements at 25°C and I=0.5m (NaCl) gave pK{{prg)=3.10£0.10
(30). [g] For H(Im)*. [h] For H(MIm)*. [i] The pK, value for H(5-chloro-
1-methylimidazole)™ is given for a further comparison (see text in
Section 2.1), and the difference should not be confused with a simple
annelation effect; therefore, both values are given in parentheses.

05 1.0 15 20 25 3.0 35 4.0
pH

Figure 2. Evaluation of the dependence of the optical absorption of DNBI
at 350 (@), 360 (m) and 370 nm (A) on pH in aqueous solution by plotting
the absorption (A) versus pH. The recorded absorption spectra (sample
beam: [DNBI] =0.10 mM, HNO; and NaNO; to give /=0.5M; reference
beam: NaNOs;/HNO;; 1cm quartz cells) were evaluated at the three
wavelengths mentioned; this led to the average result pKf{pngy =1.70 £
0.01 (30) for this experiment. The solid curves shown are the computer-
calculated best fits for the three wavelengths through the experimental data
points obtained at pH 0.46, 0.62, 0.69, 0.86, 0.99, 1.07, 1.16, 1.22, 1.31, 1.39,
1.44, 1.53, 1.63, 1.70, 1.75, 1.80, 1.91, 1.97, 2.09, 2.21, 2.39, 2.50, 2.70, 2.85,
3.05,3.31,3.63, and 4.21 (from left to right) by using pKi{ pgr = 1.70 (25°C;
1=0.5M, NaNOs).

the two rather different experimental methods provides the
necessary confidence in the spectrophotometric stability
constant measurements for the M(DNBI)?>* complexes (see
Section 2.3).

For H(MBI)™ we have measured the acidity constant
by potentiometric pH titration also at another, somewhat
lower ionic strength, /=0.1mM, NaNO; (25°C); the result,
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pKiimpy =5.62£0.03, is lower by ApK,=0.05+0.03 (cf.
entry 2 in Table 1) than the value measured at /=0.5M. This
very slight increase in acidity is expected and in agreement
with previous observations for related compounds: For
example, for monoprotonated imidazole (Im), pKijj. =
713 £0.01 (I=0.5M, NaNOj; 25°C)P" and 7.05+£0.02 (I=
0.1m, NaNOj;; 25°C), that is, ApK,=0.08+0.02, and for
1-methylimidazole (MIm) pKiim) =7.20 £0.02 (/= 0.5m)%"!
and 716 +£0.01 (/=0.1m),2% that is, ApK,=0.04+0.02. A
variation of the ionic strength from 0.5 to 0.1m results in a
similar slight decrease in stability for the ML?* complexes (see
Section 2.4).

The data in entries1 and 2 of Table 1 allow a further
interesting comparison: Annelation (the fusion of a benzene
ring to C4 and C5 of imidazole) increases the acidity of the
resulting compound, that is, of H(BI)", by ApK,=1.5. The
corresponding acidification is observed if the values for
monoprotonated 1-methylimidazole and 1-methylbenzimida-
zole (entry2) are compared. These results concur with
previous observations.?>?1 That the effect of a substituent
changes if it is moved from the 4,5-position in imidazole to a
5,6-position in benzimidazole is not surprising; the influence
of a chloro substituent, for example, is diminished in this way
(entry 3). It may be added that a similar acidification upon
annelation occurs for the neutral ligands too; the formation of
the anion is favored in benzimidazole (pKH = 12.8)?% com-
pared with imidazole (pK}i =14.4)? by ApK, ~1.6.5

2.2. Micro acidity constants for HL ' species symmetrical with
regard to the H(N1) and H(N3) sites: For a detailed
comparison of the acidity constants listed in column 3 of
Table 1 for the monoprotonated HL* species, as well as for
the evaluations to be carried out in Section 2.4, it is important
to note that for the release of a proton from H(BI)* and
H(DNBI)" two possibilities exist whereas there is only a
single one for HMMBI)* and H(DRB)" (see Figure 1). This
means the symmetric acids H(BI)* and H(DNBI)* are
favored by a factor of two in their deprotonation reactions
and hence for comparisons one has to add to the correspond-
ing pK, values 0.3 (= log2) to obtain the micro acidity
constants (pk,,) which actually quantify the acid—base
properties of H(BI)*/BI and H(DNBI)*/DNBI. This is ex-
pressed in a general form in Equation (2). The corresponding
results for the two systems mentioned are listed in column 4 of
Table 1 (entries 1, 7).

pkma = pKIl}I +0.3 (2)

How is the situation for those ligands which carry no
substituent at N3 but have nonequivalent substituents at C5
and C6, namely 5(6)-chlorobenzimidazole (CIBI), 6-chloro-5-
fluorobenzimidazole (CIFBI), and 5(6)-nitrobenzimidazole
(NBI) (Figure 1)? In these instances the probability of the
release of a proton from the monoprotonated species HL*
may not be equal for the H(N1) and H(N3) sites. However,
based on linear free-energy relations it was previously
concludedP! that “the five and six tautomers of 5- (or 6-)
substituted benzimidazoles are thermodynamically nearly
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equivalent”. In agreement therewith, glycosylation of 5(6)-
nitrobenzimidazole occurred such that it was concluded that
“the nitro group does not perceptibly influence the glyco-
sylation position if it is located in the 5- or 6-position of the
benzimidazole moiety”.['l Therefore, we have applied Equa-
tion (2) to the pK}j values of H(CIBI)*, H(CIFBI)*, and
H(NBI)™ too (see entries3-5 in column4 of Table 1).
Indeed, the excellent fit of the data points from these
asymmetric ligands in the log K¥, versus pKY; correlations
to be discussed in Section 2.4 confirms that the micro acidity
constants obtained in the way described quantify the acid -
base properties of these ligands well.

2.3. Stabilities of metal-ion complexes formed with benzimi-
dazole and derivatives: All the experiments aimed to deter-
mine stability constants of metal-ion complexes were carried
out with the metal-ion (M?*) concentrations in excess of the
concentrations of the ligands (L). This means that under these
conditions only 1:1 complexes form and therefore the
experimental data of the potentiometric pH titrations could
be described completely by considering Equilibrium (1) given
above and Equilibrium (3) for complex formation. The only

M + L==ML** Ga)
Ky =[ML>)(IM**][L]) (3b)

restriction is that the evaluation of the experimental data is
not carried into the pH range in which hydroxo complex
formation occurs; however, this was evident from the titra-
tions of the metal-ion solutions in the absence of ligand (see
Section 4.2.2). The results obtained from the potentiometric
experiments are collected in columns 3-8 of Table 2.

The determination of stability constants by potentiometric
pH titrations rests in principle on the observation of a
depression of the buffer region of the free ligand, compared
with that in the presence of metal ions. Such depressions can
usually no longer be measured with a high enough precision if
pK,<2.5. This is clearly the case for the H(DNBI)* system
(Table 1, entry7); hence, the stability constants for the
corresponding M(DNBI)** complexes had to be determined
by spectrophotometric measurements. Therefore, first we
measured the stability constant of the Cu(NBI)** complex
under the same conditions (25°C; [=0.5M, NaNO;) by
spectrophotometry (see Section 4.3): log K&hpy =248+
0.07 agrees excellently with the potentiometric result (Table 2,
column 4).

The spectral alterations which occur for DNBI upon
complex formation are small, but they can be well charac-
terized by recording difference spectra. Figure 3 provides a
representative set of such spectra which show the effect of
increasing amounts of Cu?* on DNBI. These experimental
data were evaluated at 350, 360, and 370 nm by a curve-fitting
procedure (Section 4.3), which is shown in Figure 4.

The difference spectra of Figure 3 were recorded at
pH 2.72; since pKiipner =1.72 (Table 1, footnote [e]), a part
of the ligand still exists in its protonated form. Hence, only so-
called apparent stability constants are obtained, which need to
be corrected for the competition between proton and metal-
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Table 2. Logarithms of the stability constants of the 1:1 complexes formed between several divalent metal ions (M?*) and benzimidazole or its derivatives
(L) shown in Figure 1 [Eq. (3)] as determined by potentiometric pH titrations in aqueous solutions at 25°C and I=0.5m (NaNOj,).[20]

log K} for

Mz DNBIP! DRB NBI L =CIFBI CIBI MBI BI

Ba?* - —0.16+£0.20 —0.25+0.20 —0.16+£0.10 —0.28+0.15 —-0.16+0.14 —0.33+£0.20
SrZ* - —0.13+0.28 —0.30+0.20 —0.22+0.10 —0.19+£0.06 —-0.26+0.15 —0.26+0.28
Ca?* - 0.00+£0.25 —0.20+0.15 —0.13+£0.10 —0.20+£0.12 —0.10+0.13 —0.18+0.21
Mg>* - —0.04+£0.20 —0.09+£0.15 0.02+£0.05 —0.06£0.03 0.03+0.08 0.05+£0.03
Mn?* - 0.31+£0.17 0.37+0.07 0.57+0.01 0.67£0.03 0.78 £0.04 0.76 £0.05
Co** 0.84 +0.07 1.14 £0.09 1.254+0.02 1.41 £0.04 1.47£0.03 1.55+0.04 1.59+0.01
Niz* 1.23+0.10 1.524+0.07 1.63 £0.05 1.84 £0.02 1.91£0.01 2.00+0.02 2.00+0.02
Cu** 1.78+£0.03 2.12+0.07 2.40 4 0.0414 2.76 £0.03 2.95+0.01 3.18 £0.021 3.26+0.03
Zn** 0.51 £0.07 0.86 £0.10 1.01+0.04 1.314+0.02 1.40+0.02 1.57+£0.04 1.61+0.02
Ca** 0.96 £ 0.09 1.35+£0.10 1.51+£0.05 1.73 £0.02 1.87+£0.01 2.10£0.06 2.10+0.02

[a] For the error limits see footnote [b] of Table 1. [b] The stabilities of the M(DNBI)?>* complexes were determined by spectrophotometry (see also
Figures 3 and 4 and Sections 2.3 and 4.3). [c] From ref. [19]. [d] The spectrophotometric determinations gave log Kgﬁ(NBD =2.48£0.07 (see also Sections 2.3
and 4.3). [e] Potentiometric pH titrations at /=0.1m (NaNOs; 25°C) gave pK{}pr) =5.6240.03 and logK€«ﬁ<MBl) =3.07+0.03.

24+~

330 340 350 360 370 380 390 400 410

Wavelength/nm

Figure 3. UV/Vis difference spectra of aqueous solutions of 0.00024 M 5,6-
dinitrobenzimidazole at 25°C in dependence on increasing concentrations
of Cu(NO3),: 0.002, 0.005%, 0.008*, 0.01*, 0.02, 0.025%, 0.035, 0.06, 0.08*,
0.10, 0.13 (an asterisk indicates that the experiment was done twice). One
1-cm quartz cell in the reference beam contained the corresponding
concentration of Cu(NOs), plus NaNOj; to maintain / at 0.5M and the other
DNBI (0.24 mm), while the sample beam contained the mixed system in
one cell and water in the other. The pH was adjusted to 2.72 £+ 0.02 in the
two cells which contained DNBI. Evaluation of these spectra at 350, 360,
and 370 nm leads to 16 points for each wavelength seen in the plots of
Figure 4.

ion binding by Equation (4).3% 33 In all instances at least three
independent experiments like those shown in Figures 3 and 4

log KM =logK.,,, +log (14 [H'J/K}L) 4

were carried out. The results for the M(DNBI)** complexes
are given in column?2 of Table 2. For the corresponding
complexes of the alkaline earth ions and Mn?* no stability
constants could be measured because the spectral alterations
were too small and therefore not of sufficiently good
reproducibility.

Of the seven metal-ion —benzimidazole systems considered
in Table 2, stability constants had only been previously
measured!'®?] for the M(BI)** complexes of Mn?*, Co?",
Ni2*, Cu**, and Cd?*. The agreement between the earlier
results and the present ones is fair to excellent. The stability
constants of the M(BI)?>* complexes with the alkaline earth
ions and Zn?>* were now determined for the first time as well
as all the other stability constants given in columns 2 and 4 -7
of Table 2; the values for the M(DRB)?** complexes (col-
umn 3) are from our recent work.[""]

Chem. Eur. J. 1999, 5, No. 6
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Figure 4. Evaluation of the UV/Vis absorption difference spectra of 5,6-
dinitrobenzimidazole seen in Figure 3 at 350 (o), 360 (0), and 370 nm (@) in
dependence on the total Cu(NOj), concentration present in aqueous
solutions at pH=2.72+0.02 (25°C; [=0.5m, NaNO;) for log K,,, and
AA,..«. The solid curves represent the computer-calculated best fits of the
experimental data points (see also Section 4.3) which lead to K,,,=56.2+
37, 533+41 and 534+43m! (lo) and AA,,, =-0225+0.005,
—0.177 £ 0.005, and —0.121 +£0.004 (10) at 350, 360, and 370 nm, respec-
tively. The weighted mean of the logarithmic results gives logK,,, =
1.737 £ 0.055 (30); this apparent stability constant needs to be transformed
with Equation (4) into the pH-independent constant to give log K&y pxpry =
(1.737 £0.055) + 0.041 = 1.78 £ 0.06 (30). The final value given in Table 2 is
the average of four independent experiments.

2.4. Correlation between complex stability and ligand basic-
ity: For families of structurally closely related ligands a linear
relationship between log K¥; and pKl is expectedP as
expressed by Equation (5). In Figure 5 the values from

log KM =m - pKH +b 5)

Tables 1 and 2 for log K}, versus pK}j; are plotted for four
metal ions as examples. It is evident that the data for a given
metal ion fit excellently on a straight line. It is especially
satisfying to note that this also holds for the data pairs of the
DNBI systems which were determined by spectrophotometry
(see also Figure 7 in Section 3).

The results listed in Tables 1 and 2 provide six or seven data
points for each metal ion. These were used to calculate the
straight-line equations summarized in Table 3 by the least-
squares procedure. From the plot of the equilibrium constants
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Figure 5. Relationship between log K}, and pK}, for the Mg**, Mn?*,
Co%*, and Ni** 1:1 complexes of 5,6-dinitrobenzimidazole (DNBI), 5,6-
dichloro-1-(-p-ribofuranosyl)benzimidazole (DRB), 5(6)-nitrobenzimi-
dazole (NBI), 6-chloro-5-fluorobenzimidazole (CIFBI), 5(6)-chlorobenzi-
midazole (CIBI), 1-methylbenzimidazole (MBI), and benzimidazole (BI)
(from left to right) based on the results given in Tables 1 and 2 (note that
the micro acidity constants were applied when appropriate; see text in
Section 2.2). The least-squares lines are drawn through the indicated seven
data sets (when available); the corresponding straight-line equations are
given in Table 3. Table 4 provides the differences between a given data
point and its straight line. All plotted equilibrium constants refer to
aqueous solutions at 25°C and /=0.5M (NaNOj).

of the Mg?* systems in Figure 5, it is evident that the data can
still be fitted rather well to a straight line. However, this line
only shows a small dependence on pKY; , and this is the reason
for the low value obtained for the correlation coefficient R
(Table 3, row 1, column 4). Such a dependence is no longer
observed for the other three alkaline earth ions, Ca®*, Srt,
and Ba?t. From the entries in Table 2, it is evident that the
corresponding results are not very precise (see also Sec-
tion4.2.2) and that for a given metal ion the stability
constants, within the error limits, appear to be independent
of the ligand considered. Thus, the stability constants log KM,

Table 3. Straight-line correlations for M?*-benzimidazole-type complex
stabilities and benzimidazole group basicities,[ ®! for aqueous solutions at
25°C and I=0.5M (NaNOs).

M2+ m b Rl

Mg?* 0.035+0.020 —0.179 £0.095 0.661
Mn?* 0.182+0.017 —0.287 £0.081 0.983
Co?* 0.186 +0.011 0.513 £0.048 0.992
Ni* 0.201+0.011 0.860 £ 0.052 0.992
Cu?* 0.391+0.013 0.936 +0.057 0.997
Zn** 0.284 +0.010 —0.055+£0.045 0.997
Cd*+ 0.293 +£0.011 0.385 £ 0.050 0.997

[a] The slopes (m) and intercepts (b) for the straight reference lines from
plots of logKM; versus pK}, were calculated by the least-squares
procedure from the experimentally determined equilibrium constants
listed in Tables 1 and 2 and by considering, where appropriate, the micro
acidity constants [Eq.(2)] for the various benzimidazole systems.
[b] Straight-line equation: y =mx + b, where x represents the pK, value
of any monoprotonated benzimidazole derivative and y the calculated
stability constant (logK) of the corresponding ML** complex [Eq. (5)];
the errors given with m and b correspond to one standard deviation (10).
[c] Correlation coefficient. In the case of small values for the slope (1) the
values for R are also expected to be relatively small (see Mg?*).
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for the complexes of Ca’*, Sr**, and Ba>" are probably best
represented in the pKi range from 3-6 by the averages
—0.14+£0.15, —0.2+0.15, and —0.2+0.2 (30), respectively.
For the seven metal ions for which straight-line equations
were calculated (see Table 3), it is interesting to determine the
deviation from the least-squares line for the stability constant
of each individual complex. It is satisfying to see from the
results summarized in Table 4 that all deviations of the data
points from their straight line are within +0.06 log unit.

Table 4. Logarithmic differences between the experimentally determined
stability constants (log K}, of Table 2) of the M?* complexes for DNBI,
DRB, NBI, CIFBI, CIBI, MBI, and BI (see Figure 1) and the least-squares
lines of the log K}, versus pK}; plots (Table 3) as determined by the seven
(six for Mg?* and Mn?*) complex systems.[?]

M2+ DNBI DRB NBI CIFBI CIBI MBI BI SD

Mg* - 0.03 —0.04 0.04 —0.06 0.01 0.02 0.017
Mn?* - 0.03  —0.06 0.01 0.02 0.03 -0.03 0.015
Co**  —0.05 0.05 0.01 0.04 —-0.02 0.00 -0.03 0.014
NiZ*  —0.04 0.03 —-0.01 0.05 0.02 0.00 -0.05 0.014
Cu?* 0.05 -0.04 —-0.06 0.01 0.00 0.03 0.01 0.014
Zn*>*  —0.01 0.03  —0.05 0.05 —-0.01 0.01 -0.02 0.013
Cd**  —0.02 0.05 —-0.02 -0.01 —-0.03 0.05 -0.02 0.013

[a] The column farthest to the right gives the standard deviation (SD)
resulting from the listed differences.

To provide a reliable error limit for any stability constant
calculated with the equations of Table 3 and a given pKH_
value for each of the seven metal ions listed in Table 3, the
standard deviation of the seven (six) data points from the
relevant least-squares line was calculated (Table 4, heading
SD). Users of the results described in this section are
recommended to apply the equations of Table 3 to benzimi-
dazole-type ligands in the pK, range 2—6 and to consider as
error limits for the calculated stability constants, log KN,
[Eq. (5)], two or three times the standard deviation (SD)
given in Table 4 for the corresponding metal ion system. For
calculated stability constants in the pK1{}; range 0-2 and 6-8
the error limits given for b (intercept with the y axis) should
also be taken into account.

For the 1-methylbenzimidazole system, a few experiments
were also performed at I=0.1m, NaNO; (25°C): pK{vgr =
5.62+0.03 and log KE;wpr =3.07£0.03 (Table 2, footnote
[e]). If one applies the value of 5.62 to the straight-line
equation given in Table 3, one calculates log K&iypy =3.13 +
0.04. The difference of 0.064+0.05 shows that in a first
approximation the results of Tables3 and 4 can also be
applied to an ionic strength of 0.1 if needed.

No stability constants were determined in this study for
Fe?*/benzimidazole-type ligands, despite the obvious biolog-
ical significance of this metal ion, because such measurements
are difficult to carry out and are rather error-prone if traces of
Fe** are present or formed during the experiment. In fact, in
the three stability constant compilations!'®'? not a single
value is given for Fe(BI)** or the Fe?* complex of any of the
other ligands. Therefore, we made the following estimation:
According to experiencel? based on the Irving-Williams
sequence,) one may propose the use of the average of the
results obtained for the Mn?** and Co?* complexes; this view is
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also supported by the results seen in Figure 6. This averaging
gives the straight-line Equation (6) (25°C; I=0.5m, NaNO;).
The error limit of log stability constants calculated in the pK,

log KFs, =0.184 - pKH, +0.113 ©6)

range 2 -6 is expected to be within £0.10 log unit. Application
of Equation (6) to, for example, pky,mmn=25.93 (Table 1)
gives log Kfp =1.20+£0.10, and for pKfiypy=25.67 (Ta-
ble 1) log Kfgmpn =1.16 £0.10 (25°C; I=0.5M, NaNO;) for
the stabilities of the Fe(BI)>* and Fe(MBI)>* complexes,
respectively.

4.0 .
Benzimidazole-type

3.5{ ligands

OS5
Ba Sr Ca Mg Mn Fe Co Ni Cu Zn
M2+

Figure 6. Logarithms of the stability constants according to the Irving-
Williams sequence for the 1:1 complexes for Ba>* through Zn>* formed
with a benzimidazole-type ligand with pK}}, =7.50 (@) and another one
with pKf; =4.00 (o). The corresponding stability constants, log K}, , were
calculated with the straight-line equations given in Table 3; the values for
the Ca?f, Sr**, and Ba?* complexes are given in the text of Section 2.4
(aqueous solution; 25°C; I=0.5m, NaNOj).

3. Conclusions

Comparison of the plots seen in Figure 7 for the complexes of
Zn** and Cd** with imidazole- (0) and benzimidazole-type
(0) compounds reveals that these ligands are members of two
families, because the corresponding experimental data fit
onto two different straight lines. This proves that the benzene
ring fused to the 4,5-position of imidazole sterically inhibits
metal-ion binding to N3. From Figure 7 it appears that the two
straight lines for a given metal ion are approximately parallel
to each other. Indeed, the slopes m of the regression lines for
the benzimidazole-type (Table3) and the imidazole-type
ligands (Table 2 in ref. [27]) agree within a single standard
deviation in most instances.

To obtain a broader basis as well as a quantification of the
indicated steric effect, we have calculated the metal-ion-
binding properties of a benzimidazole-type ligand to compare
it with those of an imidazole-type ligand (both ligands having
pKl; =6.00); the results are listed in columns?2 and 3 of
Table 5. The steric effect of the benzene ring is evident from
the stability differences listed in column4, which were
calculated according to Equation (7).

Alog K =10g K\ g1-type) — 108 K¥(im-type) @
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Figure 7. Evidence for a reduced stability of the Cu** and Zn>* 1:1
complexes of benzimidazole-type ligands (o) compared with those of
imidazole-type ligands (o), based on the relationship log K} versus pKY; .
The reduced stability reflects the steric inhibition due to annelation, i.e. the
fusion of a benzene ring to the 4,5-positions of imidazole. The imidazole-
type ligands are N-(2,3,5,6-tetrafluorophenyl)imidazole (TFPhIm),
5-chloro-1-methylimidazole (CIMIm), 4'-(imidazol-1-yl)acetophenone
(ImAP), 1-methylimidazole (MIm), and imidazole (Im) (from left to
right). For the benzimidazole-type ligands see Figure 1 and the legend of
Figure 5. The least-squares lines for the benzimidazoles are drawn
according to the equations given in Table 3 and those for the imidazoles
according to the data in Table2 of ref. [27]. All plotted equilibrium
constants refer to aqueous solutions at 25°C and /=0.5M (NaNOs).

The observation of a remarkable steric effect due to
annelation for the complexes of the divalent 3d metal ions
but none (within the error limits) for the complexes of Ca?*,
Sr?*, and Ba?" is interesting. This indicates that binding of the
latter metal ions occurs in an outer-sphere manner; this
conclusion concurs with the fact that the stability of the
corresponding complexes is rather independent of the basicity
of the ligands involved. For Mg?*, outer-sphere binding is
clearly still important, whereas its role for Mn?*, in the case of
the ligands considered, is diminished. Hence, these results
indicate that there exists principally an equilibrium between
outer-sphere and inner-sphere metal-ion binding and that this
equilibrium is of the inner-sphere type for Co?*, Ni**, Cu?*,
and Zn**, and of the outer-sphere one for Ca?*, Sr>*, and Ba*.
The different extent of steric inhibition observed for the
complexes of Zn?** and Cd** is probably the result of the
greater bond lengths of the latter ion.

At this point it seems of interest to compare the described
annelation effect, that is, the steric inhibition caused by the
benzene ring fused to C4 and C5, with the steric inhibition
resulting from the presence of a methyl group adjacent to N3
on the metal-ion-binding properties of imidazole-type ligands.
This can be done for several metal ions by means of the
publishedP stability constants for the complexes formed with
1,2-dimethylimidazole: The expected stability constants based
on the basicity of N3 were calculated (calcd) and compared
with the experimental (exptl) values (see columns 5 and 6 of
Table 5). From column 7 it is evident that the inhibition
resulting from an ortho methyl group on metal-ion binding at
N3 of imidazole is more pronounced than that due to
annelation (cf. column 4), but the inhibition of a methyl
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Table 5. Extent of the steric inhibition [Eq. (7)] of metal-ion binding to N3 due to annelation, as calculated with pK}}; = 6.00 and the straight-line equations
of Table 3 for benzimidazole-type ligands (BI-type) and for imidazole-type ligands (Im-type) with the corresponding data given in Table 2 of ref. [27] (25°C;
1=0.5m, NaNO,).!l The extent of the steric inhibition by a methyl group adjacent to N3, as exemplified by a methyl group at C2 of imidazole, is given for

comparison (see columns 5-7).

log KNpmim)

M2 log KM B1-type) log KM (im-type) AlogK exptll® calcdl¢! logAl)

Ba?* —-024+0.2 —03+0.2 0.1+0.3

Sr2+ —-024+0.15 —-02+0.15 0.0+0.2

Ca%* —0.14+0.15 —0.12+£0.10 0.0+0.2

Mgt 0.03 £0.05 0.11+0.05 —0.08 £0.07

Mn?* 0.81+£0.05 1.15+£0.02 —0.34+£0.05

Co** 1.63 +£0.04 2.18+0.03 —0.55+0.05 1.13+0.05 2.66 £0.03 —1.53+£0.06
Ni** 2.07+£0.04 2.77+£0.03 —0.70+£0.05 2.15+£0.05 3.27+0.03 —1.12+£0.06
Cu** 3.28+0.04 3.78+0.03 —0.50+0.05 3.70£0.05 4.61 £0.02 —0.91+£0.05
Zn?t 1.65+0.04 2.17£0.04 —0.52+0.06 1.92 +0.05 2.82+0.04 —0.90+0.06
Ca** 2.14+0.04 2.39+£0.03 —0.25+0.05

[a] For the error limits, see footnote [b] of Table 1. [b] The ligand used is 1,2-dimethylimidazole (DMIm); the stability constants are from ref. [36]; they
apply to aqueous solutions at 25°C and /= 0.5M (KNO;). It may be added that the constants determined by these authors® for 1-methylimidazole (MIm)
systems are in excellent agreement with our results?” [with the exception of the stability constant for Zn(MIm)?*, which is quoted as being 0.16 log units
larger than our value; we assume that this is a hydrolysis effect]. [c] Calculated with pK{}pmim) =8.21 (from ref. [36]) and the straight-line equations given
in Table2 of ref.[27] for imidazole-type complexes; the corresponding errors (30) are from Table 3 of ref. [27]. [d] Log A=logK¥ pmim)/expn —

log K} (pMim)/calcd-

group in ortho-imidazole-type ligands and in ortho-pyridine-
type ligandsP: 3"l seems to a first approximation to be of a
comparable order.

With the described results in mind, a question arises
concerning the steric inhibition caused by the 6-amino group
on metal-ion binding to N7 of an adenine residue. The
relevance of this question regarding biological systems is
evident. We intend to address this problem by studying the
stability of complexes formed with 4-amino-1-methyl-benzi-
midazole (= 9-methyl-1,3-dideazaadenine) and/or 1,4-dime-
thylbenzimidazole (= 6,9-dimethyl-1,3-dideazapurine).

4. Experimental Section

4.1. Materials: Benzimidazole (99 % ) was from Sigma Chemical, St. Louis
(MO, USA), 1-methylbenzimidazole (99 % ) from Aldrich Chemical, Buchs
(Switzerland), 5(6)-chlorobenzimidazole (98 %) from Kasei Kogyo, Tokyo
(Japan), 6-chloro-5-fluorobenzimidazole (>95 %) from Maybridge Chem-
ical, Trevillett (Tintagel, Cornwall, UK), 5(6)-nitrobenzimidazole (>98 %)
and 5,6-dinitrobenzimidazole were from Fluka, Buchs (Switzerland); all
these substances were used as obtained; however, potentiometric
pH titrations proved that they were free of any acid—base impurities. All
the other chemicals, including water, were the same as used previously,?”)
and the stock solutions and titer determinations were also made as
described.l?”)

4.2. Potentiometric pH titrations: The instrumentation, including the desk
computers, was the same as described recently.?’)

The acidity constants determined are so-called practical, mixed, or
Brgnsted constants.’! Their negative logarithms, given for aqueous
solution at 7/=0.5M (NaNO;) and 25°C may be converted into the
corresponding concentration constants by subtracting 0.03 from the listed
pK, values.™! The ionic product of water (K,) does not enter into the
calculations because the differences in NaOH consumption between
solutions with and without ligand (see below) are evaluated. The stability
constants presented are, as usual, concentration constants.

4.2.1. Determination of the acidity constants: The acidity constants K|
[Eqg. (1)] of H(BI)*, HMMBI)*, and H(CIBI)* were determined by titrating
S0mL of 1.8 mmM HNO; (25°C; I=0.5M, NaNO;) in the presence and
absence of 1.0 mM benzimidazole or one of the mentioned derivatives
under N, with 1 mL of 0.1 NaOH and by using the differences in NaOH
consumption between such a pair of titrations for the calculations. To
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investigate the influence of the ionic strength, the acidity constant Kfjmr
of H(MBI)" was also measured at /=0.1m (NaNO;; see footnote [e] of
Table 2).

With CIFBI, NBI, and DNBI, more concentrated solutions had to be used
because the acidity constants of their HL* species are lower. We titrated
25mL of 3.6mM HNO; (25°C; I=0.5M, NaNQO;) in the presence
and absence of 1.7 mm CIFBI, and 25 mL of 7.2 mm HNO; (/=0.5Mm,
NaNQ,) in the presence and absence of 2.5 mM NBI with 1 and 2 mL 0.1m
NaOH, respectively. The rather low solubility of DNBI required the
following conditions: 25 mL of 72 mM HNO; (/=0.5M, NaNO,) were
titrated in the presence and absence of 0.96 mm DNBI with 3 mL 0.07m
NaOH.

The acidity constants were calculated as described.?”) For the determi-
nation of Kijpygy only the pH range corresponding to about 60-97 %
neutralization for the equilibrium HL*/L was accessible; in this case three
independent titrations were made. In all the other instances the final results
for the various acidity constants are the averages of 14—36 independent
pairs of titrations.

4.2.2. Determination of the stability constants: The stability constants K}¥;
[Eq. (3)] of the M(BI)**, M(MBI)**, M(CIBI)**, M(CIFBI)**, and
M(NBI)?>* complexes were determined under the same conditions as the
acidity constants, but NaNO; was partly or fully replaced by M(NO;), (I=
0.5M;25°C). The stability constant K&} of the Cu(MBI)** complex was
also measured at /=0.1m (NaNOjs; see footnote [e] of Table 2). The
stability constant of M(DNBI)** could not be determined (see Section 4.3)
by potentiometric pH titration because pKijppr) < 2.

For the systems containing Mg?*, Ca?*, Sr**, or Ba**, NaNO; was always
replaced completely by M(NOs), because of the low stability of the
corresponding complexes; that is, [M(NO;),] was equal to 0.1667M and
consequently, M?>*:L ~167:1 for the BI, MBI, or CIBI systems, M?":L ~
98:1 for CIFBI, and M?>*:L ~67:1 for NBIL.

For the other metal ions in the systems with BI, MBI, and CIBI, the
following concentrations of M(NO;), were employed and at least two
different [M(NO;),] were used for a given ligand: 0.1667m (M?**: L =167:1
for Mn?*, Co?*, Ni**, and Cd**), 0.0833m (M?>*: L=83:1 for Mn?* and
Co0%%),0.0417m (M?>*: L=42:1 for Co?*, Ni**, Zn**, and Cd**) and 0.0208 M
(M?*: L= 21:1 for Co?*, Ni**, Zn?*, and Cd**). The same metal ion
concentrations were used for the other ligand systems but now the M?+:L.
ratios were 98:1 (Mn?* and Co?*), 49:1 (Co** and Zn**), 24:1 (Ni**, Zn**,
and Cd**) and 12:1 (Co*!, Ni**, and Cd**) for CIFBI as well as 67:1
(Co** and Mn?*), 33:1 (Co?*, Ni**, Zn?**, and Cd** ) and 17:1 (Ni**, Zn*,
Cd**) for NBI; in the latter case, the lowest [M?*] of 0.0208 M was not
employed.

In the Cu?*/BI, MBI, and CIBI systems, [Cu(NO;),] was 10.4,5.2,4.2, 3.4,
2.1, and 1.7 mm, so the Cu?*:L ratios were 10.4:1, 5.2:1, 4.2:1, 3.5:1, 2.1:1,
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and 1.7:1 (at least two different ratios were used for each ligand); in the
Cu?*/CIFBI system [Cu(NO;),] was 8.3 and 4.2 mwm, giving Cu®*:L ratios of
4.9:1 and 2.5:1; finally, in the Cu?*/NBI system [Cu(NOs),] was 20.8 and
10.4 mmM, giving Cu?*:L ratios of 8.3:1 and 4.2:1.

All the stability constants were calculated exactly as described in
ref. [27].1%] The results showed no dependence on the excess of M?** used
in the experiments. The final results given for the stability constants, K}
[Eqg. (3)], are always the averages from at least six independent pairs of
titrations.

The stability of the Ca?*, Sr>*, and Ba?* complexes was always very low, and
consequently the buffer depression was small; for example, for the Ba*t/
NBI system under the present experimental conditions it amounts to only
ApK, ~0.04. For this reason the error limits for these complexes are rather
large (Table 2).

4.3. Spectrophotometric measurements: The acidity constant K}, of
H(DNBI)* was also determined by spectrophotometry (Table 1, foot-
note [e]). The UV/Vis spectra of DNBI (0.10 mM) were recorded in
aqueous solutions (25°C; I=0.5M, NaNOj;) with a Perkin Elmer (Lamb-
da 2) UV/Vis spectrophotometer using 1 cm quartz cells. The pH of the
solutions was adjusted by dotting with relatively concentrated HNO; or
NaOH and measured with a Metrohm 654 pH meter with a Metrohm
6.0216.100 (PC) glass electrode. The spectrophotometric data were
analysed (see Figure 2) with an IBM-compatible desk computer with a
Pentium processor connected to an EPSON Stylus 1000ESC/P2 printer and
a Hewlett — Packard Desk Jet 1600C Color Smart printer. The evaluation of
the spectrophotometric measurements (Figure 2) was carried out above
330 nm because then the absorption of 0.5M NaNO; is no longer relevant.
The final result given for pKijpngr) (see Table 1, footnote [e]) is the average
of three independent experiments.

The stability constants K}, [Eq.(3)] of Co(DNBI)**, Ni(DNBI)**,
Cu(DNBI)**, Zn(DNBI)?**, and Cd(DNBI)** were determined by record-
ing difference spectra of the UV/Vis region between 330 and 420 nm (see
Figure 3) with the Perkin Elmer instrument and also with a Varian Cary 3C
spectrophotometer connected to an IBM-compatible desk computer (OS/2
system) and an EPSON Stylus 1500 printer.

A typical experiment for a stability-constant determination is shown in
Figure 3 and its evaluation in Figure 4; the latter was carried out
analogously to the evaluation described for 'H NMR shift data,*”! by
employing a curve-fitting procedure using a Newton-Gauss nonlinear
least-squares programme. An evaluation by regression lines according to
Equation (1) of ref. [33] gave the same results as the curve fit. All
experiments ([DNBI]=0.24 mm) were adjusted to a certain pH in the
range 2.6-3.5; the measured apparent stability constants were then
corrected for the competition of the proton by means of Equation (4).
The concentration range used for Cu(NO;), was from 0.002-0.13M;
for the other M(NO;), systems concentrations of 0.02-0.167M were
employed.

The final results given in Table 2 (column 2) are the averages of three
independent series of experiments with, in total, nine evaluations in the
case of Zn(DNBI)** or Cd(DNBI)?*; five series of experiments with in
total fifteen evaluations were carried out each for Co(DNBI)**,
Ni(DNBI)?** and Cu(DNBI)**.

The stability constant of the Cu(NBI)>* complex was also determined
spectrophotometrically to confirm the result obtained by potentiometric
pH titration. The difference spectra have a similar appearance to those for
the M**/DNBI systems; they were evaluated at 350, 360, and 370 nm. The
conditions were [NBI]=0.20 mm and [Cu(NO;),] =0.001-0.05m (25°C;
1=0.5m,NaNOs); four independent experiments at pH 4.02, 4.04, 4.51, and
5.02 were performed with in total 12 evaluations which led to the result
given in footnote [d] of Table 2.
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