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Abstract

Pyridinium chlorides with long alkyl substituents were prepared, sometimes in quantitative
yields, using a macroporous, strongly basic, anion exchange resin of the styrene-divinylbenzene
type. This procedure opens the way to convert readily available and highly pure pyrylium salts
with tailored amphiphilicity inducing substituents, into pyridinium perchlorates, and then by this
optimized anion exchange procedure into the corresponding chlorides. Previous transfection
studies using long chain pyridinium perchlorates have proven acute cell toxicity whereas the
corresponding chlorides were benign and had good to high transfection efficiencies, superior to
commercial nonviral vectors. All new compounds were fully characterized and can now be made
available in large quantities.
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Introduction

Recent in depth studies of cationic amphiphiles have demonstrated practical utility for the latter
for delivery of DNA and RNA into cells. The groups of Jan Engberts and Dick Hoekestra
describe the synthesis of pyridinium chlorides as amphiphiles by the quaternization of 4-
methylpyridine, in order to identify lead structures and to optimize the efficiency of these
quaternary salts in transfection experiments. Some characteristics of amphiphile/DNA complex
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formation were also presented.'” Although their synthetic methods are non demanding and high-
yielding, the pyridinium polar head group in their constructs was minimally substituted. Sandy
Balaban, to whom this work is dedicated, has used the 2,4,6-trimethylpyridinium scaffold for
attaching various lipophilic chains via the well known conversion of pyrylium salts into
pyridinium salts by reaction with primary amines.’ Constructs using glycerolamines, by
esterification with fatty acids of the two glycerol hydroxyl groups, have provided 2,4,6-
trimethylpyridinium-substituted compounds, which were tested in vivo,*” and have allowed
structure-activity correlations.® Marc Ilies and Sandy Balaban have also reviewed their work as
well as recent developments in non-viral gene delivery.” A very recent comprehensive study by
Jean-Pierre Vigneron, Jean-Marie Lehn and Pierre Lehn and their coworkers summarizes the
present status of cationic lipids in the field of non-viral gene therapies.*

Our group has been involved since 1991 in synthesizing amphiphilic pyridinium salts with
the long chains attached directly to the pyridinium nucleus. This design could combine in a
unique manner (i) ionic pairing with the anionic nucleic acid strands, (if) n—m stacking
interactions of the pyridinium cation, and (iii) hydrophobic packing between the long chains
which in an aqueous environment leads to micellar aggregates. More than fifty new compounds
were assessed and previous papers describe their preparation from either 2, 4, 6-trisubstituted or
2, 3, 4, 6-tetra-substituted pyrylium salts having either one, or two linear o/y-alkyl side chains.”
15" All these pyrylium salts were synthesized as perchlorates, which although hazardous
compounds that could lead potentially to powerful explosions, when handled with care, allow an
unprecedented and easy purification from the complex reaction mixtures. A comprehensive
review on the available methods for the synthesis of pyrylium salts, including detailed
experimental procedures involving different anions, has been recently published in a father-son
co-authorship.'®

Ammonium perchlorate, which has been widely used as a solid rocket propellant and missile
fuel, is known to contaminate drinking water, groundwater or soil. The perchlorate anion is a
powerful thyroid toxin that can affect the thyroid’s ability to take up the essential nutrient iodide
used to make thyroid hormones. Edwards reported earlier on substrate inhibition of active iodide
secretion in saliva by nitrate and also by thiocyanate and perchlorate anions.'” The perchlorate
anion has been primarily studied in human patients with Graves’ disease. Graves’ disease is an
autoimmune disorder in which patients have antibodies to the TSH receptors in the thyroid. As a
result, patients are hyperthyroid with thyroids that are actively pumping iodide and producing
elevated levels of the thyroid hormones T3 and T4.'®2° All our cell culture assays involving
pyridinium perchlorates proved an enhanced cytotoxicity and thus these compounds were
abandoned for transfection studies. Thus, it was highly desirable to develop a facile, high-
yielding anion exchange method, chloride being among the most used anion. Unfortunately, the
synthesis of pyrylium chlorides is non-practical leading to impure and usually hygroscopic oils.
Pyridinium salts with long alkyl substituents are expected to have surfactant properties”'** and
are microbiologically active compounds.”> On the other hand, pyridinium chlorides have
antibacterial activity’* and cetylpyridinum chloride was useful for isolation of Mycobacterium
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tuberculosis from sputa.”> For N-octyl pyridinum chloride, practical uses as surfactant,”
disinfectant”’ and industrial applications as cleaning agent,”® for modification of properties of ion
exchange membranes® or water-dispersible agents were also described.*

Ion exchange processes can be very useful in organic chemistry and can be simply carried
out on various solid supports in high yields. Some of the known industrial processes utilizing ion
exchange materials are®': (i) conversion of one salt to another, (if) removal of ionic impurities
from organic compounds, (iii) separation of both inorganic and organic ions by chromatography,
(iv) catalysis. One example of converting a pyridinium perchlorate, which is not a
pharmaceutically acceptable ingredient, to the corresponding chloride salt was reported.*

CHy
CHgy e i 3
R3 +Cl R
R N VIONIT AT14 ~
N EtOH or | D —— | .
| B + RlNH2 DVE + 6 -ClO, 2 N/ R6
R2 o] RS R? T R 4 R | i
clo,” 2 rL 104 rRL
1 3-10 3Cl - 10Cl
Compound R’ R’ R’ R°
3 CH3 C] 1H23 CH3 Cl 1H23
3Cl1 CH3 C] 1H23 CH3 Cl 1H23
4 CH3 CiiH; H CiHp
4Cl1 CH3 C11H23 H C11H23
5 Ci2Has Ci1Has H CH;
5Cl1 CioHos CiiH; H CH;
6 CioHas Ci1Has CH; CH3
6Cl1 Ci12Hos Ci1Hays CH; CH;
7 CH3 CisHzy H CisHz;
7Cl1 CH3 C15H31 H C15H31
8 CH3 C15H31 CH3 C15H31
8Cl1 CH; Cis5Hzg CH; CisHag
9 CH3 C17Hzs H C17Hss
9Cl1 CH3 C17H35 H C17H35
10 CH; Ci7H3s CH; Ci7H3s
10Cl1 CH; Cy7H35 CH; Ci7H35

Scheme 1. Synthesis of pyridinium chlorides from pyrylium perchlorates followed by anion
exchange.
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The present paper describes the synthesis of 2,4,6-trisubstituted and 2,3,4,6-tetrasubstituted
pyridinium chlorides having two various linear and long side chains in the 1,2- or 2,6-positions.
An experimental procedure, spectral data and elemental analyses for all new compounds are
presented. These novel chlorides are expected to be useful as efficient transfection vectors in
nonviral gene therapy.

Results and Discussion

Conversion of pyrylium salts 1 into N-alkyl-pyridinium perchlorates (3—10) followed by
anion exchange to N-alkyl-pyridinium chlorides (3CI-10Cl)

Pyridinium perchlorates 3—10 were prepared as previously described.”'” Table 2 presents
elemental analyses and melting points and the synthetic procedure for the anion exchange. Yields
were 60-80%. These compounds usually crystallize as colorless crystals (N-methylpyridinium
perchlorates 3—4,9’“, 7 and 9,14 8 and 10,15) or are waxy oils which crystallized in the refrigerator
(N-dodecylpyridinium perchlorates 5-6). All these compounds are soluble in fairly polar solvents
such as lower alcohols, acetone, chloroform, methylene chloride, etc. N-Dodecylpyridinium
perchlorates S, 6 having two long alkyl side chains in positions 1- and 2- are highly soluble also
in weakly polar solvents such as diethyl ether, a fact quite uncommon for organic salts. This was
not the case for N-methylpyridinium perchlorates 3—4, 7-10 with 2, 6-dialkyl side chains as
these could be precipitated from alcoholic solutions with diethyl ether.”"

The conversion of pyridinum perchlorates 3-10 was easily performed by passing the
perchlorate salts through the strongly basic ion exchange resin Vionit AT14 which was brought
in the chloride form in order to afford the chloride salts 3CI-10Cl in almost quantitative yields.
All chlorides compounds are waxy oils but again the N-methyl pyridinium chlorides proved to
have a higher crystallinity because although they were obtained as waxy oils, after prolonged
standing they crystallized in the refrigerator exhibiting low melting points (35-48°C) as detailed
in Table 2. All the chlorides were fairly soluble in diethyl ether.

Two mixtures of solvents were useful for the anion exchange to pyridinium chlorides namely
methanol: water and acetone: water. The influence of the solvent and water concentration on the
yield in pyridinium chloride was studied in some detail for 4Cl and 5CI and is presented in Table
3. In all cases the use of a methanol : water mixture gave less satisfactory results. It should be
noted, however, that slow exchange, presumably via decyclization to the 1-amino-1,3-dien-5-
one 12, occurred when compounds were eluted with solvent mixtures containing methanol
(Scheme 2). A mixture of CI"/ ClO4 pyridinium salts and ring-opened products 12-13 was
obtained in these cases, showing that this system is inefficient, due not only to the incomplete
anion exchange, but also due to an undesired ring opening.
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Compound Mol. Form. E.A. (%) Aspecta  m.p. Synthesis Solvents
Caled.  Found (0C) Solvent  Ion Exchange
(vol:vol)
3 C30HsgNCIO4  N:2.64  N:2.70 CC CC C,HsOH -
Cl:6.70 Cl:6.68
3Cl1 Cs;0Hs6NCl  N:3.01 N:3.04 WOCR WOCR - (CH;),CO:H,0 =
CL:7.63 CI:7.60 65:5
4 CypHs4NCIO, N:2.71 N:2.68 CC CC C,H;OH -
Cl:6.89 Cl:6.88
4C1 CpHssNClI N:3.10 N:3.09  WOCR 41-42 - (CH3),CO:H,0 =
Cl:7.86 Cl:7.85 65:5
5 C30HsNCIO;, N:2.64 N:2.68 WOCR 34.5-35 CH,Cl, -
CL:6.70 CL:6.72
5Cl1 C;0Hs¢NCl - N:3.01 N:3.03 Waxy oil - - (CH;),CO:H,0 =
Cl:7.63 Cl:7.65 50:4
6 CyHNCIO, N:2.05 N:2.18 WOCR 44-45 DMF -
Cl:5.19 Cl1:5.20
6Cl CyHxNCl  N:2.26 N:2.28  Waxy oil - - (CH;),CO:H,0 =
CL:5.73 CL:5.72 50:4
7Cl1 Cs7H; oNCl  N:2.48 N:2.46 WOCR 44-45 - (CH;),CO:H,0 =
Cl:6.30 Cl1:6.29 60:5
8Cl1 CisHNClI N:242 N:240  WOCR 39-40 - (CH3),CO:H,0 =
Cl:6.15 Cl:6.14 65:5
9Cl1 C4HNClI  N:2.26  N:2.26 WOCR 46-47.5 - (CH;),CO:H,0 =
CL5.70 ClL:5.71 60:5
10C1 CpHgoNCl N:2.21  N:2.22 WOCR 36-37 - (CH;),CO:H,0 =
Cl:5.60 Cl:5.61 65:5

* CC stands for Colorless Crystals while WOCR stands for Waxy Oil which Crystallized in the
Refrigerator (4 °C).
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Table 3. Conversion of N-alkylpyridinium perchlorates 4 and 5 into N-alkylpyridinium chlorides
4Cl and 5CI*

Compd. Solvent Mixture Vol:Vol Product CIO4/Clb  Yield (%)
4 CH;0OH:H,0 65:5 mixture of 4, 3:2 45d
4Cl and 12-13
4 (CH;),CO:H,0O 65:10 mixture of 4 and 1:2 70d
4C1
4 (CH;),CO:H,0O 65:5 4Cl - 99¢
5 CH;0OH:H,0O 65:5 mixture of 5, 1:1 50d
5Cl and 12-13
5 (CH;),CO: H,O 50:10  mixture of 5 and 1:2 78d
5C1
5 (CH3),CO: H,O 50:4 5Cl1 - 99¢

(a) All reactions were performed at 25°C using Vionit AT14. (b) determined by "H-NMR (400
MHz) analysis. (c) analytically pure compound. (d) determined after preparative TLC
purification.

CHy CHg CHg
R3 ) RS RS R3
N HO Xy 6 NS
| — | P — | Y R6 P—
+ =
R2 T RO R2 T OH R2 ’T o R2
R 1

1

R r1
3-10 11 12 13

Scheme 2. Side reactions leading to a mixture of ring opened products.

High concentrations of water and high elution rates increased the anion exchange yields to
pyridinium chlorides. The amount of water in the elution solvent mixtures is an important factor
in determining the relative selectivity of the resin for ClO4/Cl ions. The use a mixture of acetone:
water elution solvent in the second case gave the best results. The decrease in conversion into
chlorides 4Cl and SCI with increasing water concentration is due to the differences between
polarity of solvent and pyridinium solubility and also probably to the base catalyzed ring opening
to the ketodiamine. We have not yet tried to suppress this side reaction by controlling the pH
with various buffers.

The purification of the products sometimes met with difficulty so that after solvent
evaporation, the reaction mixture had to be separated by thin layer chromatography (silica gel
Merck type 60G, solvent diethyl ether: acetone = 9: 1), when the pyridinium perchlorates remain
adsorbed. For these cases, a mixture of solvents acetone : water 65:5 (for 4Cl) or 50:4 (for 5CI)
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affords excellent separation results and the pyridinium chlorides thus obtained were analytically
pure compounds. The purity of pyridinium chlorides was confirmed by "H-NMR, IR spectra and
elemental analyses. It is interesting to note that the long chains on our compounds allow easy
purification of organic salts by chromatography, which ensures highly pure compounds of GMP
quality. It is not so common practice in preparative organic chemistry to perform
chromatographic separations, which may include also reverse phase HPLC, on ionic compounds.

NMR and IR spectra
The 'H- and *C-NMR chemical shifts of pyridinium salts were in agreement with the previously
reported NMR data on the 2,4,6-tri- or 2,3, 4, 6-tetrasubstitured homologs.9'15 The atom

numbering for NMR assignments follows the one shown in Chart 1. Unambiguous assignments
for 3CI-10C1 were accomplished using two-dimensional correlation spectroscopy (COSY).
Table 4 presents the proton chemical shifts and should allow an easy comparison of the data for
the various compounds.

n:4,8, 10

At ot gt
X=0":N -CH3, N -C12H25
Y = CIO4'; CI

Chart 1. The compounds discussed in this work and their atom numbering scheme.

Most of the signals for 3CI-10Cl were similar to those observed for the analogous
perchlorates 3-10. A small systematic difference in chemical shifts values for the PB—protons
(3H/5H) of the heterocyclic ring and the first alkyl side chain protons was observed (see Table
4). Comparison of the spectral data within 3CI-10Cl and 3-10 indicates that the different anion
pairing was responsible for differentiated "H-NMR spectra and this could be used to quantify the
mixtures with partially exchanged anions. The chloride anion leads to slightly more deshielded
signals than the perchlorate.

The "*C-NMR spectra of pyridinium chlorides 3C1-10C1 are summarized in table 5 where
only those signals which could be safely assigned are listed. For all these compounds, similar
spectra to those observed for the analogous perchlorates were obtained.

The only difference observed in the IR spectra was the absence of the sharp band at 625 cm™
(when measured in KBr pellets) and of the broad and intense band at 1100 cm™, both which
correspond to the ClO4 anion. In Table 6 IR spectra for some typical compounds are presented.
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Table 4. Selected signal assignments for "H-NMR spectra (400 MHz, recorded in CDCl3) of 3-6
and 3CI1-10C1

Cpd 3C 4C 6C 3H 5H 2,CH, 2C 3CH 4CH 1CH, 2¢C 3C

H; H; Hj H, 2 2 1'CH; H, H,
3 23 249 - - 7.38 309 302 1.84 1.39 4.17 - -
7
3¢l 23 250 - - 7.41 3.30 3.23 1.88 1.39 4.38 - -
8
4 - 2.56 - 7.39 - 3.04 - 1.75 1.49 4.14 - -
4cl - 2.56 - 7.44 - 3.13 - 1.76 1.49 4.27 - -
5 - 2.54 285 745 7.55 2.98 - 1.77 1.47 4.28 1.77 1.47
5cl - 2,57 3.02 749 7.67 3.07 - 1.78 1.49 4.58 1.78 1.49
6 23 250 - - 7.44 299 296 1.70 1.49 4.36 1.84 1.49
8
6cl 24 254 - - 7.60 3.15 3.08 1.84 1.49 4.51 1.84 1.49
0
Tcl - 2.58 - 7.41 - 3.14 - 1.77 1.48 4.22 - -
8l 23 2.59 - - 7.41 3.20 3.18 1.88 1.49 4.29 - -
9
9c¢l - 2.56 - 7.41 - 3.15 - 1.77 148 4.27 - -

ISSN 1424-6376 Page 279 ©ARKAT USA, Inc



Issue in Honor of Prof. Alexandru T. Balaban ARKIVOC 2005 (x) 272-284

Table 5. Selected signal assignments for ?C-NMR (100 MHz, recorded in CDCl3) of 3, 5 and
3Cl, 5Cl1

Carbons N-methyl N-dodecyl
3 3CI 5 5CI
C-2 155.43 155.58 154.20 154.42
C4 156.63 156.75 157.78 157.48
C-6 156.22 156.42 157.34 157.42
C-3 126.84 126.88 129.04 128.95
C-5 133.97 133.29 127.28 126.96
6-CH; - - 21.28 21.32
4-CHj; 21.51 21.10 21.68 21.70
3-CH; 15.47 15.55 - -
2,'-CH, 34.15 34.28 33.13 33.06
2¢'-CH, 34.27 34.39 - -
3'-CH; 29.73 30.88 28.78 28.73
10'-CH, 31.87 31.97 31.91 31.72
11'-CH;, 22.63 22.70 22.68 22.52
12'-CH; 14.06 14.15 14.11 14.08
1"-CH, - - 51.97 52.18
2"-CH, - - 28.78 28.92
3"-CH, - - 26.70 26.53
®"-CH, 39.69 39.72 14.09 13.98

Table 6. The IR spectra of 5-6 and SCI-6Cl in CH,Cl,

Compound v(cm™)
5 1100s, 1465m, 1635m, 2855ms, 2930w
5C1 980m, 1000s, 1465m, 1630m, 2855m, 2930w
6 1100s, 1480m, 1550m, 1620m, 1680m, 2855mv, 2930w
6Cl 980m, 1000s, 1480m, 1550ms, 1620m, 1680m, 2855ms, 2930w

The IR spectra for 1, 3—10, and 3Cl — 10Cl were in full agreement with those of the
2,4,6-tri- or 2,3, 4, 6-tetrasubstitured homologues described earlier. 34
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Table 7. Selected signal assignments for 'H- (400 MHz) and "*C-(100 MHz) -NMR spectra,
recorded in CDCl; of 11-13 derived from 5 and 10

Compd. 5/H 10/H 10/C
11-13
from
3-H 4.71 4.48 -
5-H 5.54 - -
2-C - - 159.26
3-C - - 113.31
4-C - - 158.84
5-C - - 116.15
6-C - - 212.64
1"CHy, 3.67 3.42 34.39
1"CHj
2,CH, 2.90 2.88 31.98
2'¢CH, 2.78 30.99
10'CH, 1.5-1.22° 1.32-1.40° 29.75
3'CH, 1.7-1.8°¢ 1.6-1.8¢ 29.45
11'CH, 1.5-1.22° 1.32-1.40° 25.71
4CH; 231 2.33 22.74
3CH; - 2.17 15.52
6CH; 2.45 - -
»CH; 0.96 0.90 14.15
OH 8.13 8.39 -
NH 3.80 3.79 -

“m, with 4'-11', 2""-11"CH,.° m, with 4'-11'CH,. °t, with 3 CH, . “t, 3,” and 3¢"CH, m, with 4'-
11" CHo.

IR and UV spectra for 11-13 derived from 5, recorded in a cyclohexane solution
IR: v(cm'l), 1120m, 1260w, 1465w, 1550m, 1730m, 2855m, 2930m, 3420m.
UV: Amax (nm), 227, 253, 277.

Experimental Section
General Procedures. The NMR spectra have been recorded on a Bruker Avance DRX 400
instrument, equipped with a 5 mm inverse detection multinuclear probe head and field gradients

on the z axis, operating at 400 MHz for 'H and at 100 MHz for "*C nuclei. All spectra have been
recorded in deuterated chloroform, and the chemical shifts have been reported as 6 values
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referenced to TMS as internal standard. Infrared spectra were run on a Zeiss UR 20 instrument.
Melting points were measured in open capillary tubes (for the low melting compounds) or on a
hot-stage melting point apparatus which was equipped with a polarizer in order to check for
nematic properties. All other reagents were obtained from commercial sources and purified by
standard methods as necessary.

Materials and Methods
The synthesis of pyridinium salts with long alkyl substituents 3-10 via pyrylium salts 1 has been
described in detail elsewhere.”'” Briefly, these reactions were performed by refluxing of
reactants in ethanol / dimethylformamide, or according to the method optimized by Katritzky, at
room temperature in methylene chloride.*® Pyridinium chlorides were conveniently prepared by
passing the perchlorate salts through a strongly basic ion exchange resin of the styrene-
divinylbenzene type and afforded the chloride salt 3C1-10Cl in yields higher than 99%. Scheme
1 presents the synthesis of the new compounds which are described in this paper, while the atom
numbering is shown in Chart 1.

All new compounds were fully characterized by 'H- and >C-NMR (at 400 MHz for protons
and at 100 MHz for carbons), by IR spectra and by elemental analysis.

Conversion of N-alkyl-pyridinium perchlorates 3-10 into N-alkyl-pyridinium chlorides 3ClI-
10Cl. General Procedure. Vionit AT14 - chloride (0.3-1.25 mm, 1.5-2 g) was slurried with
aqueous HCI 6% (deionized water use i1s recommended) and packed onto an wusual
chromatography column. The resin was washed with 6% HCI until the effluent was clear (4-5
bed volumes), deionized water until the pH climbed to 7 (4-6 bed volumes), and finally with an
acetone / water mixture (60:5-65:5 vol/vol or according to Table 2). The perchlorate salts (0.03-
0.06 g, 0.12-0.14 mmol) dissolved in acetone / water (10:1) were loaded onto the column and
eluted with acetone/water (60:5-65:5 vol/vol, or according to Table 2). The appropriate fractions
were evaporated and the resulting solid further dried in a vacuum oven. Elemental analyses for
the chloride salts were in agreement for successful ion exchange.
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