Organic &
Biomolecular
Chemistry

Cite this: Org. Biomol. Chem., 2011,9, 2790

WWw.rsc.org/obc

PAPER

Pyridinium derivatives of histamine are potent activators of cytosolic carbonic

anhydrase isoforms I, II and VIIf

Khyati Dave,** Andrea Scozzafava, Daniela Vullo,* Claudiu T. Supuran*¢ and Marc A. Ilies**?

Received 10th September 2010, Accepted 5th January 2011
DOI: 10.1039/c00b00703j

A series of positively-charged derivatives has been prepared by reaction of histamine with substituted
pyrylium salts. These pyridinium histamine derivatives were investigated as activators of the zinc
enzyme carbonic anhydrase (CA, EC 4.2.1.1) and more precisely the human isoforms hCA 1, II and
VII. Activities from the subnanomolar to the micromolar range were detected for these compounds as
activators of the three isoforms, confirming the validity of current and previous designs. The
substitution pattern at the pyridinium ring was the main factor influencing activity, the three isoforms
showing different structural requirements for good activity, related with the number of pyridinium
substituting groups and their nature, among various alkyl, phenyl and para-substituted styryl moieties.
We were successful in identifying nanomolar potent and selective activators for each isozyme and also
activators with a relatively good activity against all isozymes tested—valuable lead compounds for

physiology and pathology studies involving these isozymes.

Introduction

Carbonic anhydrase (CA, EC 4.2.1.1) is a ubiquitous metalloen-
zyme present in prokaryotes and eukaryotes that speeds up the
equilibration of CO, with HCO;™ in water at neutral pH (CO, +
H,0 < HCO;™ + H"). In higher vertebrates CA is extensively in-
volved in respiration and CO, transport between the metabolizing
tissues and lungs, pH and carbon dioxide homeostasis, electrolyte
secretion in various tissues and organs, biosynthetic reactions,
bone resorption, calcification, tumorigenicity, etc. through its 16
known isozymes.”

The active site of most CA isozymes contains a zinc ion (Zn*"),
which is essential for catalysis,’ and it is used to decrease the
pKa of a coordinated water molecule, facilitating its ionization
in the rate-limiting step of the catalytic mechanism (equation 1).”
The resulting proton is transferred from the active site to the
external buffers via a proton shuttle (His64 in isoform CA I1).# The
zinc-bound hydroxide thus generated attacks the CO, molecule
bound in a hydrophobic pocket nearby, generating bicarbonate.
Subsequent displacement of HCO;~ from the Zn*" ion by another
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water molecule completes the catalytic cycle (equation 2).”° In-
organic anions, primary aromatic and heterocyclic sulfonamides,
sulfamates, sulfamides can bind to the zinc ion and inhibit the
activity of the enzyme.>*!*'? CA inhibition was studied intensely
immediately after the enzyme discovery and sulfonamide CA
inhibitors (CAls) were exploited for more than five decades in
the treatment of edema, hypertension, glaucoma, obesity, cancer,
epilepsy and osteoporosis.' !

EZn*-OH, = EZn**-OH +H"  -rate determining step- (1)

+H 0

EZn*"-OH" +CO, = EZn*-HCO, EZn*-OH,+HCO,

2

EZn*-OH,+A =
[EZn*-OH,-A] = [EZn*'-OH -AH'] = EZn*"-OH +AH* (3)
enzyme-activator complexes

In contrast with CAls, CA activators (CAAs) remained largely
unexplored for a long time,'"* although activation of CA was
reported simultaneously with its inhibition.* Contributions made
by Ho and Sturtevant (activation of CA with EDTA'), Puscas
et al (activation of CA with histamine'”), Silverman et al.
(activation of CA isozymes with imidazole, phosphate, histidine,
and hemoglobin'®*?°), and Chegwidden and Shelton (activation of
CA 111 with phosphate*) built confidence towards the possibility
of CA activation. In 1989, Parkes and Coleman? reinvestigated the
lysine, polylysine, imidazole, glycine and histidine CA activation
effects. CAAs intervene in the catalytic cycle (eqn (3)).
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Evolution of CAAs’ design, the activation potency of representative lead compounds 1-11 at a concentration of 10 uM against human CA I,

CA 11, and bovine CA TV,3:2426283033 and the proposed design for the novel CAAs (12).

These reports spurred extensive efforts towards discovery and
validation of new CAAs. Many natural compounds incorpo-
rating basic moieties, such as biogenic amines, amino acids,
and peptides were investigated and found to be CAAs of
various potencies.'’**?** Thus, phenylalanine (1), tyrosine (2),
and histamine (3) (Chart 1) were found to be very efficient
CAAs for both isozyme CA I and CA 11, all having a primary
amine as proton shuttling group. Serotonin (4) was found to be
moderately active. The amino group was retained in the design
of second generation activators (5-7), incorporating heterocyclic
amphiphilic anchors, among which the pyridinium moiety was
particularly efficient.”?¢ Activation of CA with bis-azoles such
as bis-imidazole (8) was discovered almost simultaneously. In
these compounds one imidazole ring acts as hydrophobic anchor
and the other one as proton shuttle (Chart 1).>*® These findings
prompted the reinvestigation of CA activation with histamine
(3), which possesses two moieties that can shuttle protons. X-ray
crystallography of CA II in complex with histamine® revealed that
the activator binds at the entrance of the active site cavity through
the imidazole moiety which participates in shuttling protons
between the active site and the bulk solvent, thus acting as a
second proton shuttle of the enzyme in addition to His64, whereas
the amino moiety from the aminoethyl group of histamine, does
not participate in any interaction with the enzyme active site and
might be thus derivatized.”

A comprehensive structure-activity relationship study* re-
vealed that efficient CAAs possess a proton-shuttling group
attached to a hydrophobic/amphiphilic aromatic/heterocyclic an-
chor via a short, flexible linker. Therefore various azoles have been
subsequently tested as proton-shuttling moieties in combination
with the most efficient anchors, yielding powerful activators, such
as 1,2,4-triazole pyridinium derivative 9.* However, a focused
SAR study on various azoles in combination with the efficient
cationic pyridinium anchor?®! revealed the imidazole moiety as the
best proton shuttle (e.g., compound 10), due to a pKa in the maxi-
mum activity range for CA I, I, and IV (6.5-8.5 pKa units)."”* CA
activation studies with various imidazole derivatives (histamine
derivatives, 4-methylimidazole, D- and L-histidine, carnosine (11)
and congeners, etc) subsequently confirmed this conclusion.?

One limitation of the pyridinium imidazole CAAs 10 and
congeners is the reduced mobility of the azole ring, which is

directly attached to the pyridinium moiety. The direct connection
between the two heterocyclic systems has a significant influence
on the electronic properties of both aromatic systems and on their
relative conformations.* Since the positively-charged pyridinium
group has a strong electron-withdrawing field effect, it is expected
to diminish the pKa of the imidazole moiety and to reduce its
proton shuttling capabilities. Building on these premises we are
now reporting the synthesis and CA activation properties of a
new series of pyridinium imidazoles 12 in which the pyridinium
anchor is separated from the imidazole ring via a short two carbon
linker. The design relies on the interesting activation properties of
histamine 3 and the fact that the 3D structure of the adduct of
CA 1II with this lead molecule is available.” The aim of this study
was to synthesize and evaluate the effect of replacing the small
amino group anchoring moiety with a bulkier pyridinium one
on the activation of the cytosolic isozymes CA I, CA II and CA
VII (all involved in crucial physiologic processes),” in a detailed
structure—activity relationship (SAR) study.

Results and Discussion
Chemistry

The structural diversity of pyridinium substituents can be eas-
ily generated using a library of highly reactive pyrylium salts
(Chart 2), conveniently prepared by acylation of mesityl oxide
or diacylation of olefins (the Balaban—Nenitzescu—Praill reac-
tion) and related procedures.* Pyrylium salts were reacted with
histamine following the Bayer—Piccard reaction* and generated
the corresponding pyridinium salts 12. The pyrylium/pyridinium
substituents were selected from a homologous set of aliphatic
substituents of increased steric bulk, together with aromatic
moieties that were proved to enhance binding in the active site
of CA for sulfonamide inhibitors incorporating them.?*3!

Thus, reaction of histamine 3 with substituted pyrylium salts of
Chart 2, afforded a series of pyridinium derivatives of type 12, as
shown in Scheme 1.

We selected the ethylene spacer to be present in the molecules
of the new CAAs reported here, of type 12, due to the space
restrictions in the active site of CA, ethylene being the shortest
linker that can decouple the two heterocyclic moieties both
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Chart2 Pyrylium salts used in this study; small aliphatic (Me) or aromatic (phenyl) substituents were used in combination with a homologous aliphatic

group set to sample various pockets of the active site of CA isozymes.
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Scheme 1 Preparation of pyridinium histamine derivatives 12 by reaction of histamine 3 with substituted pyrylium salts of Chart 2, according to the

Bayer—Piccard reaction.*

electronically and conformationally. Furthermore, this spacer
offers a large degree of flexibility for the imidazole ring related
to the pyridinium one, therefore allowing the sampling of various
binding pockets at the rim of CA active site by the pyridinium
anchor while keeping the imidazole ring in the proton shuttling
path of the active site. The R1-R5 moieties substituting the
pyridinium ring of compounds 12 encompass a large number of
alkyl, aryl, and alkenyl moieties, starting with the compact methyl
ones to the C2-C4, and ending with the much bulkier phenyl and
substituted styryl moieties, as well as combination of various such
variants (Table 1 and Chart 2). We have shown earlier that for
sulfonamide CAls incorporating substituted pyridinium moieties
(such as the ones present in the activators 12), the parameter
which strongly influenced enzyme inhibition was just the nature
of the groups substituting the pyridinium ring.** Indeed, an
X-ray crystal structure of one such compound, the sulfonamide
13,%° in complex with CA II showed the trimethylpyridinium ring
to bind effectively within the active site, towards its exit, and
to make a strong, parallel m-stacking with the phenyl ring of

Phel31, an amino acid residue critical for the binding of many
classes of CAIs.> Thus, we expected that similarly to sulfonamide
CAIs possessing the same moieties, the substituted pyridinium
rings present in the histamine derivatives 12 will modulate the
interaction between the enzyme and activator molecule, and thus
afford interesting SAR insights for this new class of CAAs.

CA activation studies

Activation data of three physiologically relevant, cytosolic CA
isozymes, the human (h) hCA I, IT and VII with compounds 12
and histamine 3 as standard compound are shown in Table 1. The
following SAR may be observed from the data of Table 1:

(1) Against the slow red cell isozyme hCA I, histamine 3 acts as
a low micromolar activator,” with an activation constant of 2 uM,
whereas its substituted pyridinium derivatives 12 show a range
of activities, with K,s of 0.5 nM-93 uM. It is thus clear that the
number and nature of moieties R1-R5 substituting the pyridinium
ring present in compounds 12 are essential for the biological
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Table 1 hCA I, II and VII activation with histamine pyridinium derivatives 12a—12z and histamine, by a stopped-flow, CO, hydrase assay.>!

NP
=

R3 R5 PFG
R4 12a-12z
Ka* (uM)
No. R1 R2 R3 R4 RS hCA I hCA II hCA VII
Histamine® 2 125 37.5
12a Me H Ph H Me 58 4.76 2.15
12b Et H Ph H Et 56 3.18 0.014
12¢ n-Pr H Ph H n-Pr 0.95 23 19
12d i-Pr H Ph H i-Pr 0.74 78 65
12e n-Bu H Ph H n-Bu 4.53 21 23
12f Me H Me H Me 3.15 18 7.71
12g Et H Me H Et 0.0005 43 1.15
12h n-Pr H Me H n-Pr 7.13 66 52
12i i-Pr H Me H i-Pr 0.63 0.009 0.13
12j n-Bu H Me H n-Bu 0.089 19 24
12k Me H Me H Et 37 45 1.12
12m Me H Me H n-Pr 43 31 1.16
12n Me H Me H i-Pr 24 0.043 7.53
120 Me H Me H n-Bu 7.88 0.13 8.16
12p Me Me Me H Me 0.24 0.11 0.008
12q Me H Ph H Ph 79 44 67
12r Et H Ph H Ph 84 31 75
12s n-Pr H Ph H Ph 93 0.018 81
12t i-Pr H Ph H Ph 65 0.127 46
12u n-Bu H Ph H Ph 60 51 74
12v Ph H Me H Me 34 0.92 53
12x Ph H Me H Ph 58 0.97 79
12y Me 3,5-(CH,),- Me 29 1.15 0.073
12z i-Pr H Me, N-styryl H i-Pr 77 0.99 12.5

“ From ref. 52

activity of these CAAs, similar to the situation already observed for
sulfonamide CAIs possessing the same substitution pattern, i.e.,
substituted pyridinium moieties attached to aromatic/heterocyclic
sulfonamide scaffolds.*”* The moieties present in 12a, 12b, 12k—
12n and 12q-12z, generally led to ineffective hCA 1 activators,
as all these compounds showed activation constants higher
than those of the parent, lead compound 3 (K,s of 24-93
uM). It may be observed that they incorporate either the
compact 2,6-dimethyl- and 2,6-diethylpyridinium moieties (12a
and 12b), the 2.4-dimethyl-6-alkyl-pyridinium ones (12k-12n)
or the bulkier moieties present in derivatives 12q-12z (i.e.,
4,6-diphenyl-pyridinium-,  2-phenyl-substituted  pyridinium-,
3,5-nonamethylene-2,6-dimethylpyridinium- or di-isopropyl-
styrylpyridinium- groups). On the other hand, another group of
derivatives, such as 12e, 12f, 12h and 120, showed much better hCA
I activatory properties compared to the compounds discussed
above (but still inferior to histamine 3), with K,s in the range of
3.15-7.88 uM. These compounds incorporate the 2,6-di-n-butyl,
2,4,6-trimethyl-, 2,6-di-n-propyl-4-methyl- and 2.4-dimethyl-6-n-
butyl-pyridinium moieties in their molecules. However, excellent
hCA T activating properties were observed for compounds 12c¢,
12d, 12g, 12i, 12j and 12p, which had K ,s in the range of 0.5 nM—
0.95 uM (Table 1). Thus, for the 2,6-disubstituted pyridinium salts

investigated here, an enlargement of the substituents at the pyri-
dinium ring from 2,6-dimethyl- to the corresponding di-isopropyl-
or di-n-propyl-moieties, led to a significant enhancement of the
enzyme activatory properties, of 61-times for 12¢ compared to 12a,
and of 78-times for 12d compared to 12a, respectively. A dramatic
increase has been observed by comparing 12b with 12g, which
differ only by the presence of an additional 4-methyl group at the
pyridinium ring of the last compound. These two compounds
differ in hCA I activatory properties by a factor of 112000.
This is indeed remarkable both for the highly effective hCA I
activating properties of 12g on the one hand, but also because of
the huge increase in activity induced by a small structural change
(an additional CH, moiety), the highest one ever observed in a
congener series of CAAs. Thus, these and the remaining data of
Table 1 show that a small structural variation in the scaffold of
compounds 12 leads to very different biological activity against
this isozyme, with all types of activities evidenced among the 24
new derivatives investigated here.

(ii) The physiologically dominant cytosolic isoform hCA II
is weakly activated by histamine 3 (K, of 125 uM)* whereas
all compounds 12 reported here acted as much better CAAs
(Table 1), with activation constants in the range of 9 nM-78 uM.
The pyridinium salts 12¢-12h, 12j-12m, 12q, 12r and 12u were

This journal is © The Royal Society of Chemistry 2011
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the least effective activators in the investigated series, with K,s
in the range of 18-78 uM. They incorporate 2,6-disubstituted-
pyridinium rings with bulkier alkyl moieties (12¢c—12e) or 2.,4,6-
trisubstituted- such moieties with C1-C4 alkyl groups (12f-12h,
12j-12m). The diarylsubstituted pyridinium salts 12q, 12r and 12u
also belong to this subtype. However, the remaining derivatives,
i.e,, 12a, 12b, 12i, 12n-12p, 12s, 12t, 12v—12z, showed much
more effective hCA 1I activating properties compared to their
congeners, with low micromolar to low nanomolar activation
constants (Table 1). Thus, again small structural changes in the
structure of these derivatives led to drastic effects on their hCA 11
activating properties, as for the previous isoform discussed above.
For example, compounds 12h and 12i are isomers, with the only
difference being the presence of n-propyl or iso-propyl groups in
positions 2,6 of the pyridinium ring. However, 12i was over 7000
times a better hCA II activator (K, of 9 nM) compared to its
isomer 12h. A similar situation has also been observed for other
pairs of compounds, e.g., 12r/12s, which differ by a factor of
about 1700 as hCA II activators. It is important to observe that
for this isoform, unlike for hCA I discussed above, most of the
compounds incorporating bulky, aromatic moieties (e.g. 12s, 12t,
12v-12z) showed very good, submicromolar activation constants,
being thus orders of magnitude better CAAs compared to the lead
molecule 3. Thus, SAR is rather different for these compounds
when acting as hCA I and hCA II activators. For example, the
best hCA T activator, compound 12g (K, of 0.5 nM), was only a
medium efficiency hCA II activator (K, of 43 uM).

(iii) The third cytosolic isoform investigated here, hCA VII, was
more efficiently activated by histamine 3 than hCA II was, but
less effectively than hCA T was (Table 1).5> hCA VII is a much
less investigated isoform compared to the previous two discussed
above, and only recently has it been shown that it may be involved
in the mediation of neuropathic pain, being thus a possible drug
target.®* Compared to hCA T and II which are ubiquitous in
mammals,’® hCA VII shows a more localized distribution, being
however abundant in the vertebrate brain.»**** Data of Table
1 show that hCA VII was activated by all pyridinium salts 12
investigated here, but with a distinct profile compared to the other
two isoforms. Thus, compounds 12¢c-12e, 12j, 12h and 12q-12x
showed medium potency — weak hCA VII activating properties,
with K,s in the range of 19-81 uM. The substitution patterns at
the pyridinium ring present in these compounds include the 4-
phenyl-2,6-disubstituted salts 12¢—12d incorporating bulkier alkyl
moieties (n-Pr, i-Pr and n-Bu), the trialkyl-substituted derivatives
12h and 12j, as well as the compounds with one or two phenyl
moieties 12¢—12x. Another group of compounds, among which
are 12a, 12f, 12n, 120 and 12z, showed better affinity for hCA
VII, with activation constants in the range of 2.15-12.5 uM.
They also have heterogeneous substitution patterns, such as the
disubstituted one 12a, the trisubstituted ones with only alkyl
moieties 12f, 12n and 120, or the one incorporating the styryl
moiety, 12z. A third group of derivatives showed however excellent
hCA VII activating properties, with K,s of 8 nM—1.16 uM. They
include the diethylpyridinium derivative 12b, the trisubstituted
ones 12g, 12i, 12k and 12m (possessing only alkyl moieties at
the pyridinium ring), and the tetrasubstituted pyridinium salts
12p and 12y. Again the nature of the moieties substituting the
pyridinium ring and their position on it are the main factors
influencing biological activity, as for hCA I and II. Small structural

changes in these compounds led to dramatic effects on their hCA
VII activating properties. For example, again the difference in
activation constants for the pair 12h/12i is very important, with
the second compound being 400 times a better hCA VII activator
compared to 12h, although they are isomers and differ only by
the presence of n-Pr versus i-Pr moieties in their molecules. The
tetramethylpyridinium derivative 12p was on the other hand a
963-times better hCA VII activator compared to the trimethyl-
substituted one 12f, of which it differs only by an additional
CH, moiety. All these data clearly demonstrate that we are in
the presence of a congener series of CAAs with very interesting
biological activity,** ranging from highly effective, low nanomolar
activators, to micromolar ones, being differentiated only by minor
structural changes. Ongoing X-ray crystallography studies with
activators of different potencies will shed more light towards the
structural basis of these differences in activation efficiency.

Experimental section
General

Melting points were determined on a Thermolyne heating plate
microscope and are uncorrected. The NMR spectra were recorded
in DMSO-dg, at =300 K with a Bruker Avance III spectrometer
operating at 400 MHz for 'H and at 100 MHz for *C. Chemical
shifts are reported as & values, using TMS as internal standard
for proton spectra and the solvent resonance for carbon spectra.
Coupling constants (J) are reported in Hz. Peak shapes were
denoted as follows: s, singlet; d, doublet; t, triplet; q, quadruplet;
sext, sextuplet; hept, heptuplet; m, multiplet; bs, broad singlet.
Attributions were done by means of chemical shifts, peak in-
tegration, COSY, HMQC and HMBC experiments, and model
spectra. HPLC-DAD-MS analysis (ESI) was done on an Agilent
1100 HPLC system equipped with a G1315A DAD and a 6130
Quadrupole MS. Combustion and HPLC confirmed the purity of
all compounds to be over 95%. Elemental analyses were done by
combustion, for C, H, N, with an automated Carlo Erba analyzer
and the results were found to be + 0.4% within the theoretical
values. Thin layer chromatography (TLC) was performed on
silicagel 60-F,s, plates (Merck, Whitehouse Station, NJ), eluted
with MeOH:CHCI; 20:80 (v/v).

All reagents and solvents were purchased from Fisher Scientific
(Pittsburgh, PA), VWR (West Chester, PA), or from Sigma-Aldrich
(St. Louis, MO) and were used without further purification.
Flash column chromatography was performed using Silicycle silica
gel SiliaFlash R12030B grade 60 A (40-63 um). Pyrylium salts
were prepared by the Balaban—Nenitzescu—Praill reaction and
related procedures,” optimized in our laboratories. After rigorous
purification, their structures were confirmed by 'H-NMR and "“C-
NMR.

General procedure for the preparation of compounds 12

(Adapted from Dinculescu and Balaban.*)

Histamine dihydrochloride (0.92 g, 5 mmol) was dissolved in
minimum amount of water (200 uL) and was treated with a
methanolic solution of sodium methoxide generated by reacting
115 mg Na metal with 10 mL of MeOH. The NaCl precipitate was
filtered off and the methanolic filtrate containing the histamine
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free base was added dropwise, under stirring, over a suspension
of pyrylium hexafluorophosphate (6 mmol) in 10 mL MeOH. The
homogenous mixture was refluxed for 5 min, and then was treated
with 0.9 mL (15 mmol) glacial acetic acid and refluxed for another
1-2 h. Aqueous ammonium hydroxide 25% (0.5 mL) was added to
the reaction mixture to convert any unreacted pyrylium salt into
the corresponding pyridine. The solvent was evaporated to dryness
and the residue was washed with ethyl ether, and then crystallized
from MeOH or iPrOH. Advanced purification was achieved by
column chromatography on SiO,, using MeOH/CH,Cl, gradient
elution. Useful fractions were grouped, evaporated to dryness, and
the purified product was crystallized from MeOH or /PrOH.

1-[2-(1 H-Imidazol-4-yl)-ethyl]-2,6-dimethyl-4-phenylpyridinium
hexafluorophosphate 12a. White crystals, mp = 299-306 °C,
Yield 94%; "H-NMR (dmso-d®), 8, ppm: 9.09 (s, IH, NH Im),
8.40 (s, 2H, H-3,5 Py), 8.09 (m, 2H, H,.,, 4-Ph), 7.70 (m, 4H,
H.ew» Hporo 4-Ph and H-5 Im), 4.76 (t, J = 8.2 Hz, 2H, Py-CH.,),
3.34 (t, J = 8.2 Hz, 2H, Im-CH,), 2.96 (s, 6H, 2CH; o-Py);
BC-NMR (dmso-d®), 8, ppm: 156.6 (2C, C-2,6 Py), 154.7 (C-4
Py), 135.4 (4-Ph), 134.4 (C-2 Im), 133.0 (4-Ph), 130.6 (2C, 4-Ph),
129.3 (C-4 Im), 128.8 (2C, C-3,5 Py), 125.2 (2C, 4-Ph), 118.3 (C-5
Im), 51.3 (Py-CH,-), 23.5 (Im-CH,-), 20.8 (CH; y-Py), 21.7 (2C,
2CH; o-Py); Elemental analysis- Found: C, 51.35; H, 4.66; N
10.05%; M+, 278.1. C\3HyF¢N;P requires C, 51.07; H, 4.76; N
9.93%; M+, 278.1.

1-[2-(1H -Imidazol-4-yl)-ethyl]-2,6-diethyl-4-phenylpyridinium
hexafluorophosphate 12b. White crystals, mp = 269-272 °C,
Yield 96%; '"H-NMR (dmso-d®), 8, ppm: 9.08 (s, IH, NH Im), 8.26
(s, 2H, H-3,5 Py), 8.15 (m, 2H, H,.,, 4-Ph), 7.70 (m, 4H, H,,
H,,. 4-Ph and H-5 Im), 4.77 (t, / = 8.0 Hz, 2H, Py-CH,), 3.33
(t, J =8.0 Hz, 2H, Im-CH,), 3.24 (q, / =7.3 Hz, 4H, 2CH,CH;
a-Py), 1.48 (t,J =7.3 Hz, 6H, 2CH,CH, 0-Py); *C-NMR (dmso-
d®), 8, ppm: 160.9 (2C, C-2,6 Py), 155.24 (C-4 Py), 135.3 (4-Ph),
134.7 (C-2Im), 132.8 (C-4 Im), 130.4 (2C, 4-Ph), 129.0 (2C, C-3,5
Py), 123.5 (2C, 4-Ph), 118.3 (C-5 Im), 49.9 (Py-CH,-), 27.1 (2C,
2CH,CH; o-Py), 24.9 (Im-CH,-), 13.9 (2C, 2CH,CH; o-Py);
Elemental analysis- Found: C, 53.48; H, 5.22; N 9.30%; M*, 306.1.
CyH,F¢N;P requires C, 53.22; H, 5.36; N 9.31%; M*, 306.1.

1-12-(1H -Imidazol-4-yl)-ethyl]-2,6-di-n-propyl-4-phenylpyri-
dinium hexafluorophosphate 12¢. White crystals, mp = 233-
236 °C, Yield 82%; '"H-NMR (dmso-d®), 8, ppm: 9.03 (s, IH, NH
Im), 8.30 (s, 2H, H-3,5 Py), 8.13 (m, 2H, H,,, 4-Ph), 7.70 (m, 3H,
Huewws Hpure 4-Ph), 7.65 (s, 1H, H-5 Im), 4.78 (t, J =7.7 Hz, 2H,
Py-CH,), 3.32(t,J =7.7Hz,2H, Im-CH,), 3.14 (t,J =7.7Hz,4H,
2CH,CH,CH; o-Py), 1.88 (sext, J/ =7.3 Hz, 4H, 2CH,CH,CH;
a-Py), 1.11 (t, J =7.2 Hz, 6H, 2CH,CH,CH; 0-Py); *C-NMR
(dmso-d®), 8, ppm: 159.7 (2C, C-2,6 Py), 154.8 (C-4 Py), 135.5
(4-Ph), 134.6 (C-2 Im), 133.0 (4-Ph), 130.5 (2C, 4-Ph), 129.4
(C-4 Im), 129.0 (2C, C-3,5 Py), 124.4 (2C, 4-Ph), 118.3 (C-5 Im),
50.2 (Py-CH,-), 35.4 (2C, 2CH,CH,CH; o-Py), 25.4 (Im-CH,-),
23.0 (2C, 2CH,CH,CH; o-Py), 14.5 (2C, 2CH,CH,CH; o-Py);
Elemental analysis- Found: C, 55.41; H, 6.01; N 8.82%; M*,
334.1. C,HxF(N;P requires C, 55.11; H, 5.89; N 8.76%; M*,
334.1.

1-[2-(1H -Imidazol-4-yl)-ethyl]-2,6-di-iso-propyl-4-phenylpyri-
dinium hexafluorophosphate 12d. White crystals, mp = 190-
193 °C, Yield 90%; '"H-NMR (dmso-d°®), &, ppm: 9.07 (s, 1H,

NH Im), 8.28 (s, 2H, H-3,5 Py), 8.19 (m, 2H, H,4, 4-Ph), 7.70 (m,
4H, H,.eo, Hporo 4-Ph and H-5 Im), 4.82 (t, J/ = 7.9 Hz, 2H, Py-
CH,), 3.57 (hept, J = 6.6 Hz, 2H, 2CH(CH,;), a-Py), 3.30 (t, J =
7.8 Hz, 2H, Im-CH,), 1.50 (d, J/ = 6.4 Hz, 12H, 2CH(CH,;), o-Py);
BC-NMR (dmso-d®), 8, ppm: 165.2 (2C, C-2,6 Py), 155.8 (C-4 Py),
135.4 (4-Ph), 134.9 (C-2 Im), 132.8 (4-Ph), 130.4 (2C, 4-Ph), 129.4
(2C, C-3,5 Py), 128.9 (C-4 Im), 121.8 (2C, 4-Ph), 118.5 (C-5 Im),
49.8 (Py-CH,-), 31.8 (2C, 2CH(CH;), a-Py), 26.1 (Im-CH,-), 23.5
(bs, 4C, 2CH(CHs;), o-Py); Elemental analysis- Found: C, 55.32;
H, 5.96; N 9.07%; M*, 334.1. C,,HyxFsN;P requires C, 55.11; H,
5.89; N 8.76%; M*, 334.1.

1-[2-(1H -Imidazol-4-yl)-ethyl]-2,6-di- n-butyl-4-phenylpyri-
dinium hexafluorophosphate 12e. White crystals, mp = 162-
165 °C, Yield 42%; '"H-NMR (dmso-d®), &, ppm: 8.70 (s, 1H,
NH Im), 8.28 (s, 2H, H-3,5 Py), 8.14 (m, 2H, H,,4, 4-Ph), 7.70 (m,
3H, Hyeww, Hpare 4-Ph), 7.48 (s, 1H, H-51Im), 4.77 (t, J =7.8 Hz, 2H,
Py-CH,), 3.29 (t, / =7.7 Hz, 2H, Im-CH,), 3.14 (t, /] =7.5 Hz,
4H, 2CH,CH,CH,CH; o-Py), 1.83 (m, 4H, 2CH,CH,CH,CH; o-
Py), 1.52 (sext, J =7.2 Hz, 4H, 2CH,CH,CH,CH; a-Py), 1.02 (t,
J =7.1 Hz, 6H, 2CH,CH,CH,CH; 0-Py); "C-NMR (dmso-d°),
8, ppm: 159.0 (2C, C-2,6 Py), 153.9 (C-4 Py), 134.8 (C-2 Im), 133.7
(4-Ph), 132.0 (4-Ph), 129.8 (C-4 Im), 129.6 (2C, 4-Ph), 128.1 (2C,
C-3,5 Py), 123.4 (2C, 4-Ph), 116.8 (C-5 Im), 49.8 (Py-CH,-), 32.6
(2C, 2CH,CH,CH,CH; o-Py), 30.7 (2C, 2CH,CH,CH,CH; o-
Py), 25.3 (Im-CH,-), 22.0 (2C, 2CH,CH,CH,CH; o-Py), 13.6 (2C,
2CH,CH,CH,CH; a-Py); Elemental analysis- Found: C, 56.54; H,
6.65; N 8.56%; M*, 362.1. C,,H3, F{N;P requires C, 56.80; H, 6.36;
N 8.28%; M*, 362.1.

1-[2-(1H - Imidazol-4 - yl) - ethyl] - 2,4,6 - trimethylpyridinium
hexafluorophosphate 12f. White crystals, mp = 227-229 °C,
Yield 33%; '"H-NMR (dmso-d®), 8, ppm: 9.14 (s, 1H, NH Im),
7.82 (s, 2H, H-3,5 Py), 7.68 (s, 1H, H-5 Im), 4.76 (t, /] =8.2 Hz,
2H, Py-CH,), 3.32 (t, J =8.2 Hz, 2H, Im-CH,), 2.89 (s, 6H, 2CH,
o-Py), 2.54 (s, 3H, CH; y-Py); *C-NMR (dmso-d®), 8, ppm: 157.6
(C-4 Py), 154.6 (2C, C-2,6 Py), 134.0 (C-2 Im), 128.23 (C-4 Im),
128.20 (2C, C-3,5 Py), 117.3 (C-5 Im), 50.4 (Py-CH,-), 22.5 (Im-
CH,-), 20.8 (CH; y-Py), 20.6 (2C, 2CH, o-Py); Elemental analysis-
Found: C, 43.34; H, 5.38; N 11.47%; M*, 216.1. C;;HsF;N;P
requires C, 43.22; H, 5.02; N 11.63%; M*, 216.1.

1-[2-(1H -Imidazol-4-yl)-ethyl]-2,6-diethyl-4-methylpyridinium
hexafluorophosphate 12g. White crystals, mp = 238-241 °C,
Yield 58%; '"H-NMR (dmso-d®), 8, ppm: 9.07 (s, 1H, NH Im),
7.80 (s, 2H, H-3,5 Py), 7.66 (s, |H, H-5 Im), 4.70 (t, J = 8.2
Hz, 2H, Py-CH,), 3.27 (t, J = 8.2 Hz, 2H, Im-CH,), 3.14 (q,
J =7.3 Hz, 4H, 2CH,CH; a-Py), 2.60 (s, 3H, CH; y-Py), 1.39 (t,
J =17.3 Hz, 6H, 2CH,CH; o-Py); *C-NMR (dmso-d°®), §, ppm:
158.7 (2C, C-2,6 Py), 158.3 (C-4 Py), 134.5 (C-2 Im), 128.1 (C-4
Im), 126.1 (2C, C-3,5 Py), 117.4 (C-5 Im), 48.8 (Py-CH,-), 25.7
(2C, 2CH,CH; o-Py), 23.7 (Im-CH,-), 21.2 (CH; y-Py), 12.6 (2C,
2CH,CH; o-Py); Elemental analysis- Found: C, 46.60; H, 5.48;
N 11.05%; M*, 244.1. C;sH,,F¢N;P requires C, 46.28; H, 5.70; N
10.79%; M*, 244.1.

1-]2-(1H -Imidazol-4-yl)-ethyl]-2,6-di-n-propyl-4-methylpyri-
dinium hexafluorophosphate 12h. White crystals, mp = 172—
175 °C, Yield 83%; '"H-NMR (dmso-d®), &, ppm: 9.08 (s, 1H,
NH Im), 7.80 (s, 2H, H-3,5 Py), 7.64 (s, IH, H-5 Im), 4.71 (t,
J =179 Hz, 2H, Py-CH,), 3.27 (t, J = 7.8 Hz, 2H, Im-CH,),
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3.03 (t, J =7.7 Hz, 4H, 2CH,CH,CH; a-Py), 2.59 (s, 3H, CH;
v-Py), 1.79 (sext, J = 7.5 Hz, 4H, 2CH,CH,CH; a-Py), 1.06
(t, J =7.3 Hz, 6H, 2CH,CH,CH, o-Py); *C-NMR (dmso-d®),
S, ppm: 157.8 (C-4 Py), 157.5 (2C, C-2,6 Py), 134.5 (C-2 Im),
128.1 (C-4 Tm), 127.1 (2C, C-3,5 Py), 117.4 (C-5 Im), 48.9 (Py-
CH,-), 34.0 (2C, 2CH,CH,CH; o-Py), 24.1 (Im-CH,-), 21.6 (2C,
2CH,CH,CH; o-Py), 21.1 (CH; y-Py), 13.4 (2C, 2CH,CH,CH;
a-Py); Elemental analysis- Found: C, 49.08; H, 6.40; N 9.93%;
M+, 272.1. C;HyF¢N;P requires C, 48.92; H, 6.28; N 10.07%;
M+, 272.1.

1-[2-(1H -Imidazol-4-yl)-ethyl]|-2,6-di-iso-propyl-4-methylpyri-
dinium hexafluorophosphate 12i. White crystals, mp = 214-
217 °C, Yield 72%; 'H-NMR (dmso-d®), 8, ppm: 9.08 (s, 1H,
NH Im), 7.92 (s, 2H, H-3,5 Py), 7.68 (s, |H, H-5Im), 4.76 (t, J =
7.9 Hz, 2H, Py-CH,), 3.49 (hept, J = 6.6 Hz, 2H, 2CH(CH,),
o-Py), 3.24 (t, J =7.8 Hz, 2H, Im-CH,), 2.62 (s, 3H, CH; y-Py),
1.40 (d, J = 6.5 Hz, 12H, 2CH(CH,), o-Py); *C-NMR (dmso-
d®), 8, ppm: 163.8 (2C, C-2,6 Py), 159.5 (C-4 Py), 135.4 (C-2 Im),
128.8 (C-4 Im), 125.6 (2C, C-3,5 Py), 118.5 (C-5 Im), 49.4 (Py-
CH,-), 31.3 (2C, 2CH(CHs;), a-Py), 26.1 (Im-CH,-), 23.5 (bs, 4C,
2CH(CH,;), a-Py), 22.1 (CH; y-Py); Elemental analysis- Found:
C, 49.11; H, 6.44; N 10.01%; M*, 272.1. C,;H,xF¢N;P requires C,
48.92; H, 6.28; N 10.07%; M*, 272.1.

1-[2-(1H -Imidazol-4-yl)-ethyl]-2,6-di-n-butyl-4-methylpyri-
dinium hexafluorophosphate 12j. White crystals, mp = 185-
188 °C, Yield 34%; '"H-NMR (dmso-d®), 8, ppm: 9.08 (s, 1H,
NH Im), 7.81 (s, 2H, H-3,5 Py), 7.63 (s, 1H, H-5 Im), 4.70 (t,
J =7.8 Hz, 2H, Py-CH,), 3.26 (t, / = 7.7 Hz, 2H, Im-CH,),
3.04 (t, J =7.7 Hz, 4H, 2CH,CH,CH,CH; o-Py), 2.59 (s, 3H,
CH; y-Py), 1.74 (sext, J =7.7 Hz, 4H, 2CH,CH,CH,CH; o-Py),
1.48 (sext, / = 7.4 Hz, 4H, 2CH,CH,CH,CH; o-Py), 0.99 (t,
J =7.3 Hz, 6H, 2CH,CH,CH,CH; o-Py); *C-NMR (dmso-d®),
S, ppm: 158.7 (2C, C-2,6 Py), 158.5 (C-4 Py), 135.4 (C-2 Im), 129.1
(C-4 Tm), 127.9 (2C, C-3,5 Py), 118.2 (C-5 Im), 49.9 (Py-CH,-),
33.0 (2C, 2CH,CH,CH,CH; a-Py), 31.2 (2C, 2CH,CH,CH,CH;
o-Py), 25.0 (Im-CH,-), 22.7 (2C, 2CH,CH,CH,CH; o-Py),
22.0 (CH; v-Py), 14.5 (2C, 2CH,CH,CH,CH; o-Py); Ele-
mental analysis- Found: C, 50.96; H, 6.93; N 9.16%; M",
300.1. C,yH3F4N;P requires C, 51.23; H, 6.79; N 9.43%; M*,
300.1.

1-[2-(1 H-Imidazol-4-yl)-ethyl]-2-ethyl-4,6-dimethylpyridinium
hexafluorophosphate 12k. White crystals, mp = 211-214 °C,
Yield 51%; "H-NMR (dmso-d®), 8, ppm: 9.06 (s, 1H, NH Im),
7.82 (s, 1H, H-5 Py), 7.80 (s, 1H, H-3 Py), 7.65 (s, 1H, H-5 Im),
4.69 (t, J =8.2 Hz, 2H, Py-CH,), 3.27 (t, / = 8.2 Hz, 2H, Im-
CH,), 3.15(q, J/ =7.2 Hz, 2H, CH,CH; o-Py), 2.86 (s, 3H, CH;
a-Py), 2.61 (s, 3H, CH, y-Py), 1.38 (t, J =7.2 Hz, 3H, CH,CH; o-
Py); BC-NMR (dmso-d®), 8, ppm: 159.6 (C-6 Py), 158.9 (C-2 Py),
155.5(C-4 Py), 135.4(C-21Im), 129.1 (2C, C-5Py + C-4Im), 127.1
(C-3 Py), 118.3 (C-5 Im), 50.4 (Py-CH,-), 26.5 (CH,CH; o-Py),
24.1 (Im-CH,-), 21.9 (CH; y-Py), 21.5 (CH; o-Py), 13.6 (CH,CH;
o-Py); Elemental analysis- Found: C, 44.92; H, 5.63; N 11.32%;
M+, 230.1. C,H, F4N;P requires C, 44.80; H, 5.37; N 11.20%; M*,
230.1.

1-[2-(1H -Imidazol-4-yl)-ethyl]-2-n-propyl-4,6-dimethylpyri-
dinium hexafluorophosphate 12m. White crystals, mp = 193-
197 °C, Yield 31%; '"H-NMR (dmso-d°®), &, ppm: 9.07 (s, 1H,

NH Im), 7.81 (s, 1H, H-5 Py), 7.79 (s, 1H, H-3 Py), 7.65 (s, 1H,
H-5 Im), 4.70 (t, / =8.0 Hz, 2H, Py-CH,), 3.27 (t, J/ = 8.0 Hz,
2H, Im-CH,), 3.03 (t, / =7.7 Hz, 2H, CH,CH,CH; a-Py), 2.85 (s,
3H, CH; o-Py), 2.56 (s, 3H, CH; y-Py), 1.77 (sext, J =7.3 Hz, 2H,
CH,CH,CH; o-Py), 1.06 (t, J =7.3 Hz, 3H, CH,CH,CH; o-Py);
BC-NMR (dmso-d®), 8, ppm: 158.7 (C-6 Py), 158.3 (C-2 Py), 155.6
(C-4Py), 135.4 (C-2Im), 129.3 (C-4 Im), 129.1 (C-5 Py), 128.0 (C-
3 Py), 118.3 (C-5 Im), 50.5 (Py-CH.-), 34.8 (CH,CH,CH; o-Py),
24.3 (Im-CH,-), 22.6 (CH,CH,CHj; o-Py), 21.9 (CH; y-Py), 21.6
(CH; 0-Py), 14.3 (CH,CH,CHj; o-Py); Elemental analysis- Found:
C, 46.45; H, 6.07; N 10.44%; M*, 244.1. C;sH,, F¢{N;P requires C,
46.28; H, 5.70; N 10.79%; M*, 244.1.

1-[2-(1H -Imidazol-4-yl)-ethyl]-2-iso-propyl-4,6-dimethylpyri-
dinium hexafluorophosphate 12n. White crystals, mp = 179-
182 °C, Yield 81%; '"H-NMR (dmso-d®), 8, ppm: 9.06 (s, 1H,
NH Im), 7.90 (s, 1H, H-5 Py), 7.80 (s, 1H, H-3 Py), 7.64 (s, 1H,
H-51Im), 4.73 (t, J =7.8 Hz, 2H, Py-CH,), 3.50 (hept, J/ =6.6 Hz,
1H, CH(CH,), a-Py), 3.27 (t, / = 7.8 Hz, 2H, Im-CH,), 2.85 (s,
3H, CH; o-Py), 2.58 (s, 3H, CH; y-Py), 1.37 (d, J =6.5 Hz, 6H,
CH(CHs;), a-Py); "C-NMR (dmso-d®), 8, ppm: 164.1 (C-6 Py),
159.1 (C-2 Py), 155.2 (C-4 Py), 135.4 (C-2 Im), 129.3 (C-4 Im),
129.1 (C-5 Py), 125.5 (C-3 Py), 118.5 (C-5 Im), 50.3 (Py-CH,-),
31.0 (CH(CHj;), a-Py), 24.8 (Im-CH,-), 23.4 (bs, 2C, CH(CHj;), o-
Py), 22.0 (CH; y-Py), 21.9 (CH; o-Py); Elemental analysis- Found:
C, 46.39; H, 5.91; N 10.64%; M*, 244.1. C;sH,,FsN;P requires C,
46.28; H, 5.70; N 10.79%; M*, 244.1.

1-]2-(1H -Imidazol -4-yl) - ethyl] - 2 - n-butyl -4,6 - dimethylpyri-
dinium hexafluorophosphate 120. White crystals, mp = 167—
170 °C, Yield 65%; '"H-NMR (dmso-d®), 8, ppm: 12.0 (bs, 1H,
NH Im), 7.76 (s, 1H, H-5 Py), 7.74 (s, 1H, H-3 Py), 7.65 (s, 1H,
H-51Im), 4.68 (t, J = 7.2 Hz, 2H, Py-CH,), 3.08 (t, J =7.2 Hz,
2H, Im-CH,), 3.01 (t, J = 7.7 Hz, 2H, CH,CH,CH,CH; o-Py),
2.79 (s, 3H, CH; a-Py), 2.54 (s, 3H, CH; y-Py), 1.69 (sext, J =
7.4 Hz, 2H, CH,CH,CH,CH; o-Py), 1.46 (sext, J =7.3 Hz, 2H,
CH,CH,CH,CH; a-Py), 0.98 (t,J =7.3 Hz, 3H, CH,CH,CH,CH;,
o-Py); PC-NMR (dmso-d°®), 8, ppm: 158.5 (C-6 Py), 158.1 (C-2
Py), 155.4 (C-4 Py), 136.4 (C-2 Im), 129.1 (C-4 Im), 129.0 (C-
5 Py), 127.8 (C-3 Py), 117.0 (bs, C-5 Im), 52.2 (Py-CH,-), 32.8
(CH,CH,CH,CH; o-Py), 31.3 (CH,CH,CH,CH; o-Py), 27.7 (Im-
CH,-), 22.7 (CH,CH,CH,CHj; o-Py), 21.8 (CH; y-Py), 21.5 (CH;
o-Py); 14.5 (CH,CH,CH,CH; o-Py); Elemental analysis- Found:
C, 47.98; H, 6.12; N 10.34%; M*, 258.1. C,sH,,FsN;P requires C,
47.64; H, 6.00; N 10.42%; M*, 258.1.

1-[2-(1H -Imidazol-4-yl)-ethyl]-2,3,4,6-tetramethylpyridinium
hexafluorophosphate 12p. White crystals, mp = 203-206 °C,
Yield 78%; '"H-NMR (dmso-d®), 8, ppm: 9.03 (s, 1H, NH Im),
7.76 (s, 1H, H-5 Py), 7.62 (s, IH, H-51Tm), 4.70 (t, J =8.3 Hz, 2H,
Py-CH,), 3.28 (t, J =8.3 Hz, 2H, Im-CH,), 2.87 (s, 3H, 6-CH; o.-
Py), 2.83 (s, 3H, 2-CH; a-Py), 2.81 (s, 3H, CH; B-Py); 2.40 (s, 3H,
CH; y-Py); *C-NMR (dmso-d®), 8, ppm: 157.6 (C-4 Py), 155.7
(C-6 Py), 153.9 (C-2 Py), 135.4 (C-2 ITm), 129.2 (C-4 Im), 129.0
(C-5 Py), 128.0 (2C, C-3,5 Py), 118.3 (C-5 Im), 51.8 (Py-CH,-),
23.7 (Im-CH,-), 21.6 (CH; y-Py), 21.4 (CH; B-Py), 18.5 (6-CH;
o-Py), 16.6 (2-CH; o-Py); Elemental analysis- Found: C, 45.16;
H, 5.43; N 11.06%; M*, 230.1. C,H, F4N;P requires C, 44.80; H,
5.37; N 11.20%; M+, 230.1.
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1-|2-(1 H-Imidazol-4-yl)-ethyl]-2-methyl-4,6-diphenylpyridinium
hexafluorophosphate 12q. White crystals, mp = 225-228 °C,
Yield 51%; "H-NMR (dmso-d®), 8, ppm: 8.90 (s, 1H, NH Im),
8.64 (bs, 1H, H-5 Py), 8.28 (bs, 1H, H-3 Py), 8.20 (m, 2H, Hono
4-Ph), 7.66 (m, 6H, H,;,, H,.ro 4,6-diPh), 7.57 (m, 2H, H,,,, 6-Ph),
7.23 (s, 1H, H-5Im), 4.75 (t, J =7.1 Hz, 2H, Py-CH,), 3.16 (t, J =
7.1 Hz, 2H, Im-CH,), 3.06 (s, 3H, CH; o-Py); "C-NMR (dmso-
d®), 3, ppm: 157.2 (C-6 Py), 156.8 (C-2 Py), 154.8 (C-4 Py), 1354
(4-Ph), 134.1 (C-2 Im), 133.6, 133.2, 131.6, 130.6 (2C), 130.0 (2C),
129.7 (2C), 129.2 (2C), 129.0 (C-4 Im), 126.7 (C-5 Py), 125.6 (C-3
Py), 117.8 (C-5 Im), 52.3 (Py-CH,-), 24.5 (Im-CH,-), 22.0 (CH;
o-Py); Elemental analysis- Found: C, 57.01; H, 4.80; N 8.45%;
M+, 340.1. C;3Hp, F¢N;P requires C, 56.91; H, 4.57; N 8.66%; M*,
340.1.

1-[2-(1H -Imidazol-4-yl)-ethyl]-2-ethyl-4,6-diphenylpyridinium
hexafluorophosphate 12r. White crystals, mp = 234-238 °C,
Yield 58%; '"H-NMR (dmso-d®), 8, ppm: 8.89 (s, 1H, NH Im),
8.51(d,J =2.0Hz, 1H, H-5Py), 8.28 (d, J =2.0 Hz, 1H, H-3 Py),
8.23 (m, 2H, Hy, 4-Ph), 7.67 (m, 8H, Hyeo, Hpora 4,6-diPh, Hopo
6-Ph), 7.19 (s, 1H, H-5 Im), 4.76 (t, / = 7.2 Hz, 2H, Py-CH,),
3.32 (g, J/ =7.3 Hz, 2H, CH,CH; o-Py), 3.15 (t, J = 7.2 Hz,
2H, Im-CH,), 1.57 (t, J =7.3 Hz, 3H, CH,CH; 0-Py); *C-NMR
(dmso-d®), 8, ppm: 161.5 (C-6 Py), 156.7 (C-2 Py), 155.2 (C-4 Py),
135.4 (4-Ph), 134.3 (C-2Im), 133.8, 133.2, 131.6, 130.5 (2C), 129.9
(2C), 129.8 (2C), 129.3 (2C), 128.9 (C-4 Im), 125.7 (C-5 Py), 125.0
(C-3 Py), 117.7 (C-5 Im), 51.8 (Py-CH,-), 27.4 (CH,CH; o-Py),
25.2 (Im-CH,-), 14.1 (CH,CH; a-Py); Elemental analysis- Found:
C, 58.06; H, 4.75; N 8.34%; M*, 354.1. C,,H,,F4N;P requires C,
57.72; H, 4.84; N 8.41%; M*, 354.1.

1-[2-(1H -Imidazol-4-yl)-ethyl]-2-n-propyl-4,6-diphenylpyri-
dinium hexafluorophosphate 12s. White crystals, mp = 132-
135 °C, Yield 47%; '"H-NMR (dmso-d®), &, ppm: 8.89 (s, 1H,
NH Im), 8.51 (bs, 1H, H-5 Py), 8.28 (bs, lH, H-3 Py), 8.23 (m, 2H,
Hno 4-Ph), 7.69 (m, 8H, Hyeios Hpro 4,6-diPh, Hy 6-Ph), 7.19 (5,
1H, H-5Im), 4.73 (t,J =7.1 Hz, 2H, Py-CH,), 3.21 (t,J =7.7 Hz,
2H, CH,CH,CH; o-Py), 3.02 (t, J =7.1 Hz, 2H, Im-CH,), 1.97
(sext, J =7.2 Hz, 2H, CH,CH,CH; o-Py), 1.15(t,J =7.2 Hz, 3H,
CH,CH,CH; 0-Py); *C-NMR (dmso-d®), §, ppm: 160.1 (C-6 Py),
156.8 (C-2 Py), 154.8 (C-4 Py), 135.8 (4-Ph), 134.2 (C-2 Im), 133.9,
133.1, 131.5, 130.5 (2C), 129.9 (4C), 129.3 (2C), 128.9 (C-4 Im),
125.7(C-5Py), 125.6 (C-3 Py), 116.8 (C-51m), 52.7 (Py-CH,-), 35.6
(CH,CH,CH; o-Py), 26.8 (Im-CH,-), 23.0 (CH,CH,CH; o-Py),
14.6 (CH,CH,CH; o-Py); Elemental analysis- Found: C, 58.47;
H, 5.17; N 8.48%; M*, 368.1. C,sH,FsN;P requires C, 58.48; H,
5.10; N 8.18%; M*, 368.1.

1-]2-(1 H -Imidazol-4-yl)-ethyl]-2-iso-propyl-4,6-diphenylpyri-
dinium hexafluorophosphate 12t. White crystals, mp = 145-
149 °C, Yield 43%; '"H-NMR (dmso-d®), &, ppm: 8.89 (s, 1H,
NH Im), 8.53 (bs, 1H, H-5 Py), 8.25 (m, 3H, H-3 Py, H,.4, 4-Ph),
7.69 (m, 8H, Hyetas Hpara 4,6-diPh, H, 6-Ph), 7.19 (s, 1H, H-5
Im), 4.74 (t, J = 7.0 Hz, 2H, Py-CH,), 3.68 (hept, J = 6.6 Hz,
1H, CH(CH;), o-Py), 3.15 (t, / = 7.0 Hz, 2H, Im-CH,), 1.58 (d,
J =6.6 Hz, 6H, CH(CH,), a-Py); "C-NMR (dmso-d®), 8, ppm:
165.8 (C-6 Py), 156.5 (C-2 Py), 155.4 (C-4 Py), 135.4 (4-Ph), 134.3
(C-2 Im), 134.0, 133.1, 131.5, 130.4 (2C), 129.9 (2C), 129.8 (2C),
129.4 (2C), 129.0 (C-4 Im), 125.7 (C-5 Py), 123.0 (C-3 Py), 117.6
(C-5Im), 51.9 (Py-CH,-), 31.8 (CH(CHj;), 0-Py), 25.9 (Im-CH,-),

23.5 (2C, CH(CH;), o-Py); Elemental analysis- Found: C, 58.58;
H, 5.02; N 8.32%; M*, 368.1. C,sH,FsN;P requires C, 58.48; H,
5.10; N 8.18%; M*, 368.1.

1-[2-(1 H-Imidazol-4-yl)-ethyl]-2-n-butyl-4,6-diphenylpyridinium
hexafluorophosphate 12u. White crystals, mp = 142-145 °C,
Yield 53%; '"H-NMR (dmso-d®), 8, ppm: 8.89 (s, IH, NH Im),
8.53 (bs, 1H, H-5 Py), 8.25 (bs, 1H, H-3 Py), 8.21 (m, 2H, Hoo
4-Ph), 7.67 (m, 8H, Hyew, Hpua 4,6-diPh, Heyo 6-Ph), 7.18 (s,
1H, H-5 Im), 4.78 (t, J = 7.0 Hz, 2H, Py-CH,), 3.25 (t, J =
7.9 Hz, 2H, CH,CH,CH,CH; a-Py), 3.15 (t, J = 7.0 Hz, 2H,
Im-CH,), 1.94 (m, 2H, CH,CH,CH,CH,; a-Py), 1.59 (sext, J =
7.4 Hz, 2H, CH,CH,CH,CH; a-Py), 1.06 (t, / = 7.3 Hz, 3H,
CH,CH,CH,CH, o-Py); ®C-NMR (dmso-d®), 8, ppm: 160.4
(C-6 Py), 156.8 (C-2 Py), 155.0 (C-4 Py), 135.4 (4-Ph), 134.2
(C-2 Im), 133.8, 133.2, 131.6, 130.5 (2C), 129.9 (20), 129.8 (20),
129.3 (2C), 129.0 (C-4 Im), 125.8 (C-5 Py), 123.0 (C-3 Py), 117.7
(C-5 Im), 51.9 (Py-CH,-), 33.8 (CH,CH,CH,CH; o-Py), 31.8
(CH,CH,CH,CH; a-Py), 25.4 (Im-CH,-), 23.0 (CH,CH,CH,CH;
o-Py), 14.6 (CH,CH,CH,CH; o-Py); Elemental analysis- Found:
C, 59.47; H, 5.79; N 8.13%; M*, 382.1. C,sHxF¢N;P requires C,
59.20; H, 5.35; N 7.97%; M*, 382.1.

1-[2-(1 H-Imidazol-4-yl)-ethyl]-2,4-dimethyl-6-phenylpyridinium
hexafluorophosphate 12v. White crystals, mp = 209-212 °C,
Yield 43%; 'H-NMR (dmso-d®), 8, ppm: 8.75 (s, |H, NH Im),
8.03 (s, IH, H-5 Py), 7.78 (s, IH, H-3 Py), 7.65 (m, 3H, 6-Ph),
7.51 (m, 2H, 6-Ph), 7.13 (s, 1H, H-5 Im), 4.69 (t, / = 7.0 Hz,
2H, Py-CH,), 3.09 (t, / = 7.0 Hz, 2H, Im-CH,), 2.94 (s, 3H,
CH; a-Py), 2.61 (s, 3H, CH; y-Py); *C-NMR (dmso-d®), 8, ppm:
158.9 (C-4 Py), 155.9 (C-6 Py), 155.5 (C-2 Py), 135.3 (C-2 Im),
133.5, 131.5, 130.7, 129.9 (2C), 129.7 (all from 6-Ph), 129.5 (C-4
Im), 129.5 (2C, C-3,5 Py) 117.5 (C-5 Im), 52.4 (Py-CH,-), 24.8
(Im-CH,-), 21.8 (CH; y-Py), 21.7 (CH; a-Py); Elemental analysis-
Found: C, 51.40; H, 4.99; N 10.30%; M*, 278.1. C3Hy,FsN,P
requires C, 51.07; H, 4.76; N 9.93%; M*, 278.1.

1-[2-(1 H-Imidazol-4-yl)-ethyl]-2,6-diphenyl-4-methylpyridinium
hexafluorophosphate 12x. White crystals, mp = 170-175 °C,
Yield 40%; "H-NMR (dmso-d®), 8, ppm: 8.72 (s, IH, NH Im),
8.03 (s, 2H, H-3,5 Py), 7.70 (m, 10H, 2,6-Ph), 7.93 (s, 1H, H-5
Im), 4.76 (t, J = 6.3 Hz, 2H, Py-CH,), 2.72 (t, J = 6.3 Hz, 2H,
Im-CH,), 2.70 (s, 3H, CH; y-Py); "C-NMR (dmso-d®), 8, ppm:
159.9 (C-4 Py), 155.8 (2C, C-2,6 Py), 135.4 (C-2 Im), 133.5 (20),
131.9 (2C), 131.4 (2C), 130.1 (4C), 129.8 (4C, 2C from 2,6-diPh +
2C-3,5 Py), 128.8 (C-4 Im), 117.5 (C-5 Im), 53.7 (Py-CH,-), 25.1
(Im-CH,-), 22.0 (CH; y-Py); Elemental analysis- Found: C, 56.58;
H, 4.91; N 8.77%; M*, 340.1. C,;H,,F¢N;P requires C, 56.91; H,
4.57; N 8.66%; M*, 340.1.

1-[2-(1 H -Imidazol-4-yl)-ethyl]-2,6-dimethyl-3,5-(nonane-1,9-
diyl)pyridinium hexafluorophosphate 12y. White crystals, mp =
229-234 °C, Yield 47%; '"H-NMR (dmso-d°®), 8, ppm: 9.01 (s, 1 H,
NH Im), 8.49 (s, 1H, H-4 Py), 7.60 (s, 1H, H-5 Im), 4.84 (t, J =8.0
Hz, 2H, Py-CH.,), 3.27 (t, J = 8.0 Hz, 2H, Im-CH,), 2.98 (t, J =
6.1 Hz, 4H, 3,5-CH,(CH,),CH,-), 2.81 (s, 6H, 2CH; a-Py), 1.71
(m, 4H, 3,5-CH,CH,(CH,);CH,CH,-), 1.14 (m, 6H, 3,5-(CH,),-
), 0.98 (m, 4H, 3,5-(CH,),-); "C-NMR (dmso-d®), 8, ppm: 153.0
(2C, C-2,6 Py), 148.2 (C-4 Py), 138.0 (2C, C-3,5 Py), 135.5 (C-2
Im), 129.3 (C-4 Im), 118.3 (C-5 Im), 52.5 (Py-CH,-), 32.4 (2C,
3,5-bisCH,), 27.5, 25.8 (2C), 25.2 (2C), 25.1 (2C), 23.8 (Im-CH,-),
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17.7 (2C, 2CH; a-Py); Elemental analysis- Found: C, 53.68; H,
7.16; N 9.02%; M*, 326.1. C, H3, F{N,P requires C, 53.50; H, 6.84;
N 8.91%; M*, 326.1.

4-[2-(4-Dimethylaminophenyl)-vinyl]-1-[2-(1 H -imidazol-4-yl)
ethyl]-2,6-di-isopropylpyridinium hexafluorophosphate 12z. Yel-
low crystals, mp =201-204 °C, Yield 55%; '"H-NMR (dmso-d®),
4, ppm: 9.08 (s, 1H, NH Im), 8.07 (d, J =16.1 Hz, |H, CH = CH-
Py), 7.97 (s, 2H, H-3,5 Py), 7.68 (s, 1H, H-5 Im), 7.65 (d, J =8.9
Hz, 1H, H-2,6 Ph), 7.15(d, J =16.1 Hz, I1H, CH = CH-Py), 6.85
(d, J =89 Hz, 1H, H-3,5 Ph), 4.69 (t, J =7.7 Hz, 2H, Py-CH,),
3.45 (hept, J =6.6 Hz, 2H, 2CH(CH3;), 0-Py), 3.24 (t, J =7.6 Hz,
2H, Im-CH,), 3.07 (s, 6H, N(CH.),), 1.44 (d, J = 6.4 Hz, 12H,
2CH(CH,;), a-Py); *C-NMR (dmso-d®), 8, ppm: 163.6 (2C, C-2,6
Py), 154.4 (C-4 Py), 152.8 (Ph), 142.8 (Ph), 135.4 (C-2 Im), 130.9
(2C, C-3,5 Py), 128.9 (C-4 Im), 123.59 (CH = CH-Py), 119.8 (2C,
Ph), 118.5 (C-5 Im), 118.2 (CH=CH-Py), 112.9 (2C, Ph), 48.9
(Py-CH,-), 40.6 (2C, N(CH,),), 31.3 (2C, 2CH(CH,;), a-Py), 26.2
(Im-CH,-), 23.6 (bs, 4C, 2CH(CH;), 0-Py); Elemental analysis-
Found: C, 57.16; H, 6.58; N 10.13%; M*, 403.1. C,;H;sF;N,P
requires C, 56.93; H, 6.43; N 10.21%; M*, 403.1.

CA enzyme assay

An Applied Photophysics stopped-flow instrument was used for
assaying the CA catalysed CO, hydration activity.® Phenol red
(at a concentration of 0.2 mM) was used as indicator, working at
the absorbance maximum of 557 nm, with 10 mM Hepes (pH
7.5) as buffer, 0.1 M Na,SO, (for maintaining constant ionic
strength), following the CA-catalyzed CO, hydration reaction for
a period of 10 s at 25 °C. The CO, concentrations ranged from
1.7 to 17 mM for the determination of the kinetic parameters
and activation constants. For each activator at least six traces of
the initial 5-10% of the reaction have been used for determining
the initial velocity. The uncatalyzed rates were determined in
the same manner and subtracted from the total observed rates.
Stock solutions of activators (10 mM) were prepared in distilled-
deionized water and dilutions up to 0.001 uM were done thereafter
with distilled-deionized water. Activator and enzyme solutions
were preincubated together for 15 min (standard assay at room
temperature, or for prolonged periods of 24-72 h, at 4 °C)
prior to assay, in order to allow for the formation of the E-A
complex. The activation constant (K, ), defined similarly with the
inhibition constant K32 can be obtained by considering the
classical Michaelis—Menten equation (equation 4), which has been
fitted by non-linear least squares by using PRISM 3:

v =i/ {1 + Ky /[S] (1 + [A]/K,)} “4)

where [A]; is the free concentration of activator.

Working at substrate concentrations considerably lower than
Ky ([S] << Ky), and considering that [A]; can be represented
in the form of the total concentration of the enzyme ([E],) and
activator ([4],), the obtained competitive steady-state equation for
determining the activation constant is given by eqn 5:3%

v =vo. Ka/{Ky + ([A) = 0.5 {([4] + [E]. + K») — ([A], + [E],

+ KoY — 4LALIED )} ©)

where v, represents the initial velocity of the enzyme-catalyzed
reaction in the absence of activator.’-

Conclusion

We report here a series of positively-charged derivatives which
has been prepared by reaction of histamine with a large series of
substituted pyrylium salts. These pyridinium histamine derivatives
were investigated as activators of three cytosolic isoforms, hCA 1,
IT and VII. Activities from the subnanomolar to the micromolar
range were detected for these compounds as activators of the three
CAs. The substitution pattern at the pyridinium ring was the main
factor influencing activity, and the three isoforms showed different
requirements for good activity, both regarding the number of
groups at the pyridinium ring, and their nature, among a large
number of alkyl, aryl and styryl such moieties. We were successful
in identifying nanomolar potent and selective activators for each
isozyme (e.g. 12g for CA 1, 12s for CA 11, 12b for CA VII) and
also activators with a relatively good activity against all isozymes
tested such as 12i and 12p, valuable tools for future physiology
and pathology studies.

Abbreviation list

CA carbonic anhydrase

CAI  carbonic anhydrase inhibitor
CAA carbonic anhydrase activator
Im imidazol

Py pyridinium

SAR  structure—activity relationship
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