











































































































































































































































































































































































































4000-400 cm" range) of 71 revealed bands at 3100 (Ar-H), 3080 (Ar-H), 1617, 1586,
1538, 1485, 1015 and 747 (ortho-disubstituted benzene ring) cm™. The 'H NMR spec-
trum (250 MHz, CDCls) of 71 consisted of a pair of broad singlets, of equal intensity, at &
7.29 and 7.48 ppm. Benzofuroxan wés tested for antimicrobial activity against the yeast

strain Saccharomyces cerevisiae EL1 (concentration test range: 1000-1 ug cm®). The

resulting MIC values were 15.6 ug cm™ in NAJ and 62.5 ug cm™ in MOJ.

0O 72a R=0OH
A 72b R = OC(O)CH=CH,

/N\ 73a R = NH,
"R — /O 73b R = NHC(O)CH=CH,
N 74 R =CH=CH,

Fig. 24 Suggested routes to polymerizable benzofuroxans.

As can be seen from the above MIC results, benzofuroxan 71 showed significant
activity against Saccharomyces cerevisiae. Encouraged by these results, it was decided to
undertake the synthesis of a polymerizable benzofuroxan. Unfortunately, time restrict-
ions prevented this work. Shown in Figure 24, however, are suggested routes to some
‘simple’ polymerizable benzofuroxans (72b, 73b). Green and Rowe’s synthesis of ben-
zofuroxan 71 (Scheme 3) relies on having an ortho arrangement of nitro and amino
groups on a benzene ring. A precursor towards a polymerizable benzofuroxan would
therefore be an ortho-nitroaniline that contained a functional handle. The benzofuroxan
ring system could be formed using Green and Rowe’s method, and the functional
handle then used to attach a vinyl group. Potentially useful functional handles are
hydroxyl and amino groups. Fortunately, the synthesis of hydroxybenzofuroxan 72a
and aminobenzofuroxan 73a are given in the literature.>' Reaction of 72a and 73a with
acryloyl chloride should then give the acrylate monomer 72b and the acrylamido monomer
73b respectively (alternatively, the acrylation reaction could be performed prior to form-
ation of the benzofuroxan ring system). A final candidate for a polymerizable benzo-
furoxan is vinylbenzofuroxan 74. This could, in principle, be prepared from vinyl-o-

nitroaniline using the method of Green and Rowe. However, vinyl ortho-nitroaniline could
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not be found listed in any chemical catalogue and, as a consequence, it would have to be
synthesized beforehand.

3.1.4 Parabens Compounds

p-Hydroxy benzoate esters (‘parabens’), HO-C¢Hs—CO,R, are potent antimicrobial agents
but are relatively non-toxic to humans. Parabens compounds are commonly used as pre-
servatives in the cosmetics, food and pharmaceutical industries.’® The mode of action of

parabens compounds is varied as they are known to affect the following;

RNA, DNA and protein synthesis.”
e Deactivation of enzymes.>*

55,56

Disruption of cell membranes.

Inhibition of amino acid uptake.”’

A recent study examined the antimicrobial activity of 3-substituted parabens esters,
in particular the 3-amino parabens ester 78 (Scheme 4).>° It was decided to investigate fur-

ther the parabens ester 78, with the aim of producing a polymerizable analogue.

CO.H CO,CgH1g CO,CgH1g CO,CgoH1g
i i ( ] i ©
—> —_ —>
© © N02 5
OH OH OH

75 76 77

Scheme 4 Reagents and conditions: i, n-CoH1s0OH, conc. H,SO,,
toluene, Dean-Stark, 17 h; ii, conc. H,SQ,, conc. HNO3;, CH:Cl, rt,

18 h; iii, Hp, Pd/C, EtOH, r.t, 16 h.

The method detailed by Brown ef al®® was used to prepare 78. The three-step
synthesis of 78 is shown in Scheme 4. A solution of p-hydroxybenzoic acid 75 and nonan-
1-ol in toluene was refluxed in a Dean-Stark apparatus to afford the crude ester 76. Punfi-
cation by distillation and flash-column chromatography (silica gel)” gave the n-nonyl para-
bens ester 76 as a white solid (25%), mp 38-39 °C (lit % 44 °C). A solution of the ester 76
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in dichloromethane was then stirred with a mixture of concentrated sulfuric and concen-
trated nitric acid to afford th¢ crude product 77. Purification by flash-column chromat-
ography (silica gel) gave the 3-nitro parabens ester 77 as a yellow solid (85%), mp 44-46
°C. Finally, the nitro parabens ester 77 was hydrogenated (palladium/carbon catalyst) using
a Cook hydrogenation apparatus to afford the crude product 78. Purification by flash-
column chromatography (silica gel) gave the 3-amino parabens ester 78 as a tan solid

(80%,; 12% overall yield from p—hydfoxybenzoic acid 75), mp 70-72 °C.

Table 1 Synthesis of the 3-amino parabens compound 78 (Scheme 4).

Cpd.” Yield (%) Mp(°C) vyu/cm'® MIC%ug cm?
76 25 38-39 3382 (O-H) & 1683 (C=0) 500
77 85 44-46 3272 (O-H), 1728 (C=0) >1000
1548 (NO,) & 1337 (NO)
78 80 70-72 3480 (N-H), 3392 (O-H), 7.8
3320 (N-H), 1677 (C=0)
& 1608 (N-H)

*Compound. “After flash-column chromatography (silica gel). “KBr pellet. “Test
organism, Saccharomyces cerevisiae EL1; test medium, Norwegian apple
juice.

The series of compounds 76-78 were characterized by elemental microanalysis
and FTIR and '"H NMR spectroscopic techniques. The FTIR spectra (KBr pellet; 4000
400 cm™ range) of 76, 77 and 78 revealed strong carbonyl absorptions at 1683, 1728 and
1677 cm’* respectively, and sharp hydroxyl bands at 3382, 3272 and 3392 cm’ respect-
ively. The nitro compound 77 revealed bands at 1548 and 1337 cm” due to the nitro
group, while the amino compound 78 revealed N-H bands at 3480 (stretch), 3320 (stre-
tch) and 1608 (bend) cm™. The 'H NMR spectrum (250 MHz, CDCls) of 78 revealed
signals at & 0.88 (t), 1.1-1.6 (m), 1.74 (gn) and 4.27 (t) ppm due to the nonyl chain, and
signals due to the aromatic protons at 8 6.76 (d), 7.42 (dd) and 7.45 (d) ppm. The signals

due to the hydroxyl and amino groups overlapped and appeared as a broad singlet at )
4.83 (exch.) ppm. The series of parabens esters 76-78 were tested for antimicrobial activ-
ity against the yeast strain Saccharomyces cerevisiae EL1 (concentration test range:

1000-1 pg cm™). The MIC values (recorded in NAJ) were as follows: 76, MIC = 500
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g cm; 77, MIC = >1000 ug cm’; and 78, MIC = 7.8 ug cm®, A summary of yields
melting points, FTIR spectral data and MIC values for the series of compounds 76—78

is presented in Table 1.

CO_H
HO-{CHzJ-OH
e - n
80 \ 81
NH, “
OH
0 O OH

CO,C4H, \@’n

78 82

NH, NH,

o
I
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I

CH,=CHCOCI

0O @) @)
AN
COZCQH.]Q \eafn \ﬂ/\
O

79 7 83
'l\'/uw NH,
OH H OH

Fig. 25 Suggested routes to polymerizable amino parabens.

CH,=CHCOCI

-
<...______

The microbiological tests revealed the amino parabens 78, MIC = 7.8 pug cm®,
was very active against Saccharomyces cerevisiae. Unfortunately, time restrictions pre-
vented the investigation of polymerizable analogues of 78. Shown in Figure 25, how-
ever, are suggested routes to two polymerizable amino parabens compounds. On
paper, a ‘simple’ polymerizable version of 78 is the acrylamido parabens ester 79. The
latter could be prepared by the reaction of 78 with acryloyl chloride. Note that in
order to avoid O-acrylation, the hydroxyl group of 78 would probably need to be pre-

protected (for example, as a trimethylsilyl ether) beforehand. It must be bomne in mind,
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however, that functionalization of the amino group (as in 79) may render the resultant
molecule inactive. A second, more elaborate example of a polymerizable amino para-
bens compound is the acrylate 83 (Figure 25). 3-Amino-p-hydroxybenzoic acid 80
could be converted to the benzoate alcohol 82 using the di-alcohol 81. The aliphatic
hydroxyl group of 82 could then be acrylated with acryloyl chloride to give the acryl-
ate 83. In an alternative synthesis, a di-amine could be used in preference to the di-
alcohol 81 for the conversion 80 — 82. This would afford, after the acrylation step,
an acrylamido monomer, 83 but with both the C(O)O groups replaced by C(O)NH.
Note in the monomer 83 that the polymerizable unit forms part of the ester chain. The
alkyl chain is a key feature in parabens compounds. As a result, structural modification of
the chain may affect the antimicrobial activity of the resultant molecule (c.f the acrylamido

parabens compound 79).

CO,C4H, COCeHig  OC(O)C4H,,
OH OH OH
HNC(0)C,H, OC4H, CoHyo
86 87 © 88 ©
OH OH OH

Fig. 26 Structural variants 84-88 of n-nonyl 4-hydroxybenzoate 76.

It may be profitable to investigate further the relationship between antimicrobial

activity and parabens structure. Shown in Figure 26 is the nonyl parabens compound 76

and a selection of structural variants, compounds 84-88. Comparison of the antimicrobial
activities of 76 and 84-88 may go some way to indicate the required optimum structure
for maximum antimicrobial potency. For example, compound 84 might be used to assess

the influence of further conjugation on antimicrobial activity. As a second example, con-
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sider compound 85. In this case, the ‘sense’ of the ester group is inverted with the result
that the alkyl chain and benzene ring are now attached to electron-withdrawing and
electron-donating groups respectively (c.f. structure 76). Finally, consider compounds 86—
88. In these examples, the benzene ﬁng and alkyl chain are linked via functional groups
other than an ester group. The antimicrobial activities of 86-88 might be used to ascertain
the necessity for the ester linkage in the parabens structure.

3.1.5 Isothiazolinones

Kathons

4-Tsothiazolin-3-ones (‘kathons’) are potent antimicrobial agents and are principally
used as preservatives in the cosmetics industry.”? The synthesis of kathons 93 by one-
step chlorination—cyclization of the respective dithiodipropionamides 92 (Scheme 5)
has been described by Lewis ef al.®’ From the comprehensive range of kathons pre-
pared by Lewis, the chloropropyl kathon 93a was found to be particularly interesting.
The kathon 93a has a primary alkyl chloride group which would serve as a useful fun-
ctional handle for the preparation of polymerizable analogues. It was decided to
prepare the kathon 93a with the aim of producing a polymerizable isothiazolinone.

An attempt was made to synthesize the kathon 93a using the method detailed
by Lewis.’' The three-step synthesis of 93a is shown in Scheme 5. Dithiodipropionic
acid 89 was stirred with thionyl chloride, at room temperature, to afford 3,3'-dithiodi-
propionyl dichloride 90 as an amber liquid (99%). The acid chloride 90 in toluene was
then added to a solution of 3-chloropropylamine hydrochloride 91a in aqueous
sodium hydroxide in an attempt to prepare the dithiodipropionamide 92a. Work-up
afforded a tan solid, mp 103-105 °C. Recrystallization of the latter from acetone—
water gave an off-white solid, mp 106-107 °C. The 'H NMR spectrum (250 MHz,
CDCls) of the recrystallized product revealed signals at 6 2.02 (gn), 2.60 (t), 3.00 (1),
3.45 (q) and 3.61 (t) ppm, and a broad singlet at & 6.23 (exch.) ppm. Although these
spectral features are consistent with the structure 92a, the spectrum contained an add-

itional signal in the form of a broad singlet at & 1.70 (exch.) ppm. The chemical shift

of this singlet falls in the range expected for thiol protons, viz. & 1-2 ppm.** This evid-
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ence suggested that the thiol 94, and not the dithiodipropionamide 92a, had been
formed. Supporting evidence for the structure 94 came from high resolution mass
spectroscopy. The parent ion of 92a, corresponding to C,;H,,CLLN,0,S,, would be
expected at m/z 360.0500 (CI*”’) and m/z 364.04410 (CI’**"). No signals corres-
ponding to these m/z values were found in the mass spectrum of the product isolated
from the attempted reaction 90 — 92a. However, there was a signal at m/z 183.0306
(15.8% abundance) which suggested the parent ion of 94 (C¢H,;,CI’**’"NOS requires
M, 183.0299). Unfortunately, no melting point data for the dithiodipropionamide 92a
was cited by Lewis.®’ As a result, no comparison could be made with the melting
point of the thiol 94. The FTIR spectrum (KBr pellet; 4000400 cm’ range) of 94
revealed a strong carbonyl absorption at 1630 cm™. The MIC value of 94 was >1000 pg
cm” (recorded in NAJ against Saccharomyces cerevisiae EL1; concentration test range:

1000-1 pg cm™).

89 2 90 2
l T
93 O 0
3 ii /\/U\

4 2
Cl /N-—R <—-X—' ‘{S NHR

5 S, 92 2

i *

0O R=a (CH,),Cl

HS NH(CH,),Cl

¢ (CH,).NH
94 273 2

Scheme 5§ Reagents and conditions: i, SOCL, py (catalytic), r.t.,.ft
d: ii, RNH,(.HX) 91, NaOH (aq), toluene, 0 °Cor.t., 1¥2-2 h; ii,
SOzClz, CHzC'z, O°C—>r.t., 1-5d.

The ring-closure of 94 to the chloropropyl! kathon 93a was attempted, despite

the failure to prepare the dithiodipropionamide 92a. A solution of 94 in 1,2-dichloro-
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ethane was stirred with sulfuryl chloride, at room temperature, for several days.
Work-up of the reaction mixture afforded a yellow-orange oil. The 'H NMR spectrum

(250 MHz, CDCl) of the oil consisted of a complex set of peaks in the range 6 1.9-

4.1 ppm. However, there was little, if any, indication of the desired product, the
chloropropyl kathon 93a. The oil was distilled but '"H NMR spectroscopy revealed it
to be little-changed from the crude material. Repeated attempts were made to prepare
93a but all met with failure. Attempts to prepare 93a using a different chlorination—
cyclization agent (thionyl chloride) and a different solvent (chloroform) also met with
failure.

The Lewis paper” did not include the preparation of the bromoethyl kathon
93b (Scheme 5) so it was decided to attempt its preparation next. In a similar manner
to 93a, the bromoethyl group of the kathon 93b could be utilized as a functional
handle in the preparation of polymerizable kathons. 3,3'-Dithiodipropionyl dichloride
90 and 2-bromoethylamine hydrobromide 91b were reacted in a similar manner to that
described for the attempted preparation of the dithiodipropionamide 92a. Work-up
afforded an off-white solid, mp 128-131 °C. Recrystallization of the latter from
toluene gave a white solid, mp 137-138 °C. The 'H NMR spectrum (250 MHz,

CsDsN) of the recrystallized product revealed signals at 6 2.85 (t), 3.19 (t), 3.66 (1),
3.82 (q) ppm, and a broad singlet at 6 9.31 ppm. No sign of a thiol proton was
evident from the spectrum. As a consequence, it was concluded that the dithiodiprop-
ionamide 92b had been successfully prepared. The FTIR spectrum (KBr pellet, 4000
400 cm™ range) of 92b revealed a strong carbonyl absorption at 1648 cm’

The ring-closure of 92b to the bromoethyl kathon 93b was attempted next.
The dithiodipropionamide 92b and sulfuryl chloride were reacted in a similar manner
to that described for the attempted preparation of the kathon 93a. Work-up of the
reaction mixture afforded an orange oil. The 'H NMR spectrum (250 MHz, CDCls) of
the oil consisted of a complex set of peaks in the range & 3.5-4.3 ppm. However,
there was little, if any, indication of the desired product, the bromoethyl kathon 93b.

It was additionally planned to synthesize the aminopropyl kathon 93¢ (Scheme

5). This could be prepared from the ring-closure of the derived dithiodipropionamide
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92¢. Due, however, to time constraints and the failure to synthesize 93a and 93b, the

preparation of the kathon 93¢ was aborted.

0 0
Vi
() Cl N  omemeeeee > Cl N
S —\—\ Sn2 S _\—\
93a Cl 95 A

0
:J CH,=CHCOCI :/4
() Clwwv N——  -mmroemmmmmeee > Cl N
_\—\ s Ny 1\2
96 N
H 0

Fig. 27 Suggested routes to polymerizable kathons.

Due to failed syntheses, the investigation of polymerizable analogues of the
kathons 93a and 93b was not possible. Shown in Figure 27, however, are suggested
routes to the polymerizable kathons 95 and 96. In Route I, ‘Z’ represents a molecule
containing both a nucleophilic atom (e.g. N or O) and a polymerizable group (e.g. —
CH=CH,). The Sx2-like substitution of the chlorine atom of 93a with the nucleophilic
atom of ‘Z’ would give the polymerizable kathon 95. In order to facilitate the Sx2
reaction, however, it may be necessary to replace the chlorine atom of 93a with a
better leaving group (e.g. OTos). The bromoethyl kathon 93b (Scheme 5) could be
reacted with ‘Z’ in a similar fashion to that of 93a. In the second example shown in
Figure 27 (Route II), the amino group of the aminopropyl kathon 93¢ could be acryl-
ated with acryloyl chloride to give the acrylamido kathon 96. The hydroxy analogue
of 93¢ (NH, replaced by OH) could be acrylated in a similar fashion. Alternatively,
93¢ could be reacted with methacryloyl chloride [CH,=C(CH3)COCI] or a methacryl-
ate ester [CH,=C(CH;)CO,R]. This would produce a monomer that could be more

readily polymerized.
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Benzokathon

Following on from the work of earlier studies®® the antimicrobial activity of benzokathon
99 (Scheme 6) was investigated. Structurally, benzokathon (1,2-benzisothiazole-3-one,
or 2-thiobenzimide)™ consists of the basic isothiazolin-3-one ring system fused to a
benzene ring. Oxidation of the sulfur atom of benzokathon produces the well-known

sweetener Saccharin® (o-benzoic sulfimide), 99 but with —S— replaced by —SO,—.

0] O

COxH _ )
i i
@ — /S - /NH
SH S S

97 98 99

Scheme 6 Reagents and conditions: i, EtSH, conc. H,SO,, 50 °C,
2% h; ii, NH; (g), EtOH, r.t., 22 h.

Benzokathon 99 was prepared according to the synthesis described by M°Kibben
and M°Clelland.** The two-step synthesis of 99 is shown in Scheme 6. A solution of
thiosalicylic acid 97 and ethanethiol in concentrated sulfuric acid was heated at 50 °C
for 2.5 h. Purification of the crude product by steam distillation and recrystallization
from ethanol afforded 3H-1,2-benzodithiol-3-one (2-dithiobenzoyl) 98 as orange-
yellow crystals (9%), mp 70-73 °C (lit.,*> 78-80 °C). Gaseous ammonia was bubbled
through an ethanolic solution of 2-dithiobenzoyl 98 at room temperature. The crude
benzokathon obtained was converted to its sodium salt and precipitated from water
with concentrated hydrochloric acid. Recrystallization from ethanol afforded benzo-
kathon 99 as tan platelets (42%), mp 156-157 °C (lit.,** 158 °C). 2-Dithiobenzoyl 98
and benzokathon 99 were characterized by elemental microanalysis and FTIR and 'H
NMR spectroscopic techniques. The FTIR spectra (KBr pellet; 4000400 cm’' range) of
98 and 99 revealed strong carbonyl absorptions at 1662 and 1645 cm’ respectively. The
'H NMR spectra (250 MHz, CDCL;) of 2-dithiobenzoyl 98 and benzokathon 99 were
very similar to each other. Each spectrum revealed a second order splitting pattern for

the four aromatic protons: 98, 8 7.42 (1 H, m), 7.64 (2 H, m) and 7.97 (1 H, d) ppm,
99§ 7.45 (1 H, m), 7.66 (2 H, m) and 8.08 (1 H, d) ppm. The NH proton of 99 app-
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eared as a broad singlet at & 11.05 ppm. The 'H NMR spectrum (250 MHz) of benzo-
kathon was also recorded in ds-methanol. Interestingly, the spectrum revealed a first
order splitting pattern for the four aromatic protons (c.f second order spectrum in
CDCl): 99, 6 7.41 (1 H, t), 7.63 (1 H, td), 7.77 (1 H, d) and 7.95 (1 H, d) ppm. 2-
Dithiobenzoyl 98 and benzokathon 99 were tested for antimicrobial activity against the
yeast strain Saccharomyces cerevisiae EL1 (concentration test range: 1000-1 ug cm).
The MIC values were as follows: 98, MIC = 125 pug cm® (NAJ), 99, MIC = 250 pg
cm™ (NAJ), 250 ug cm™ (SOJ) and 1000 ug cm™ (MOYJ).

O  100a R=OH 0
100b R = OC(O)CH=CH, o
. Ny 1012 R=NH, N
g’ 101b R=NHC(O)CH=CH, s’ _

102 R =CH=CH;

Fig. 28 Suggested routes to polymerizable benzokathons.

As can be seen from the above MIC results, benzokathon 99 showed moderate
activity against Saccharomyces cerevisiae in NAJ and SOJ. Encouraged by these results, it
was decided to undertake the synthesis of a polymerizable benzokathon. Unfortunately,
time restrictions prevented this work. Shown in Figure 28, however, are suggested
routes to some ‘simple’ polymerizable benzokathons. M°Kibben and M*Clelland’s syn-
thesis of benzokathon 99 (Scheme 6) relies on having an ortho arrangement of
carboxylic acid and thiol groups on a benzene ring. A precursor towards a polymer-
izable benzokathon would therefore be a thiosalicylic acid that contained a functional
handle. The benzokathon ring system could be formed using M'Kibben and
McClelland’s method, and the functional handle then used to attach a vinyl group.
Potentially useful functional handles are hydroxyl and amino groups. Neither of the
hydroxy- or amino-thiosalicylic acids is commercially available, however, so each would
have to be synthesized beforehand. Reaction of hydroxybenzokathon 100a and amino-
benzokathon 101a with acryloyl chloride should then give the acrylate monomer 100b and
the acrylamido monomer 101b respectively (alternatively, the acrylation reaction could be

performed prior to formation of the benzokathon ring system). Another candidate for a
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polymerizable benzokathon is vinylbenzokathon 102. This could, in principle, be pre-
pared from vinylthiosalicylic acid using the method of M°Kibben and M"Clelland’s. How-
ever, vinylthiosalicylic acid is not commercially available and, as a consequence, it
would have to be synthesized beforehand. A final candidate for a polymerizable benzo-
kathon is the acrylamido monomer 103. The latter could be prepared from the reaction
of benzokathon 99 (Scheme 6) with acryloyl chloride.
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3.2 Phosphonium Salts

3.2.1 Introduction

Quaternary ammonium salts (quats) are, perhaps, the best known class of cationic
biocides. The antimicrobial actiiiity of low molecular weight and polymeric versions of
quaternary ammonium compounds has been studied before (refer to section 3.4 for
further details). The target site for low molecular weight cationic biocides is the cyto-
plasmic membrane. The mode of action involves diffusion through the cell wall to the
cytoplasmic membrane, followed by disruption of the membrane leading to death of
the cell. Another class of cationic biocide are the phosphonium salts. In comparison
to quaternary ammonium compounds, very little research has been performed on the
antibacterial activity of polymeric phosphonium salts.®* Recently, however, a series of
papers were published detailing studies by Endo and co-workers on the synthesis and
antibacterial testing of a range of low molecular weight and polymeric trialkyl- and

triaryl-phosphonium salts >"*+"%

R1
RZ
104 R! = Et a | Et
1= CH=
105 R'=CH=CH, o b | BU
N c | n-CgH,,
RZ—P—R?  d|Ph
R2
R1
R2
106 R’ =Et a | n-C,H,,
1= =
107 R'!=CH=CH, b | 1-C.jHg
l\,/Ie ¢ | n-CygHy
pT-R2
o
Me

Fig. 29 Antibacterial phosphonium salts.
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The phosphonium compounds studied by Endo include those shown in Figure
29. The phosphonium salts were tested against the bacterial organisms Staphylococ-
cus aureus and Escherichia coli in order to determine their antibacterial effectiveness,
It was found that polymeric versions of 105a—d had higher antibacterial activities than
the corresponding low molecular weight model compounds 104a—d and 105a—d. In
addition, compounds with the longest alkyl chain (R* = n-CgH;;) were more active
than compounds with shorter chains.®” The effects of counter anion structure, molec-
ular weight and co-polymer composition on the activity of polymeric versions of 105b
were investigated.®® Antibacterial activity was low for polymers with counter anions
that formed a tight ion-pair, while it was high for polymers that tended to dissociate to
form “free’ ions; activity decreased in the order: CI' > BF, (tetrafluoroborate) > Cl1O,
(perchlorate) > PFs (hexafluorophosphate). In addition, antibacterial activity was
found to increase with homo-polymer molecular weight and also with the mole
fraction of phosphonium salt monomer in the co-polymers. Polymeric phosphonium
salts with particularly long alkyl chain were studied.”” The antibacterial activity of
polymeric versions of 107a—c decreased with an increase in chain length. In contrast,
the reverse trend in activity was observed for the low molecular weight compounds
106a—c and 107a—c. In this case, activity increased with an increase in chain length. In
addition to the study of polymeric phosphonium salts, Endo has managed to success-
fully immobilize phosphonium salts (para-isomeric versions of 105b and 105¢) onto
the surface of poly(propylene) by photografting.** The resultant phosphonium salt
films were found to exhibit high surface bactericidal activity. Finally, Endo has invest-
igated co-polymers of the para-isomeric version of 105b and the analogous quat-
ernary ammonium monomer (p-105b, but with P” replaced with N").*>" Antibacterial
activity was found to increase with the mole fraction of phosphonium salt monomer in
the co-polymers. Mixtures of phosphonium salt homo-polymers and quaternary amm-
onium salt homo-polymers (prepared from the same monomers used in the co-poly-
merization studies) were also examined. Maximum antibacterial activity was achieved

with an optimum mixture of the two homo-polymers.
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Inspired by the above research it was decided to prepare a selection of Endo’s

phosphonium salt monomers and polymers and test them for antimicrobial activity

against Saccharomyces cerevisiae EL1 in apple juice and orange juice.

3.2.2 Monomer and Polymer Synthesis

The polymerizable phosphonium salts 105a—d (Scheme 7) were prepared by the
method published by Endo.*’ A solution of m/p-vinylbenzyl chloride 108 in solvent
(toluene, n-hexane, or tetrahydrofuran) was stirred, separately, with each of the phos-
phines 110a—d to afford the following phosphonium salts: triethyl 105a [mp 160 °C
(cf 1it.,” 169-171 °C); 42%)], tri-n-butyl 105b [mp 136 °C (c.f. lit.,*” 135-137 °C);
61%)], tri-n-octyl 105¢ (gum), and triphenyl 105d [mp 252 °C (c.f lit.,*” 256 °C);
24%)]. Endo prepared the phosphonium salts 105a—d from a sample of m/p-vinyl-
benzyl chloride 108 that was composed of 68% meta-isomer and 32% para-isomer.
The sample of m/p-vinylbenzyl chloride 108 (Dow Chemicals) used in the present
studies was confirmed by "H NMR spectroscopy (250 MHz, CDCls) to be composed
of approximately 60% meta-isomer and 40% para-isomer. As a result, Endo’s phos-
phonium salt series 105a—d are slightly more enriched (by ~8%) with meta-isomer in
comparison to the series 105a—d prepared for the present studies. This means that the
melting points for each series should be slightly different. For comparative purposes,
the melting points of 105a—d from the Endo preparation are indicated parenthetically

in the melting point data listed above.

=z =z
R=a Et
—_— b Bu"
C n-C8H17
d Ph
Cl PR3 CI
108 m/p-mixture 105 m{p-mixture
109 p-isomer 111 p-isomer

Scheme 7 Reagents and conditions: PR; 110, solvent (toluene,
n-hexane or THF), r.t. , 2-5 d (N).
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Endo published microbiological data for m/p-isomeric mixtures of 105a—d
only. Consequently, it was decided to prepare the corresponding para-isomeric phos-
phonium salts in order to determing if substitution of the vinyl group had an effect on
antimicrobial activity. The para-isomeric phosphonium salt monomers 111b—d were
prepared in a similar manner to that of 105a—d with the exception that pure p-vinyl-
benzyl chloride 109 (Kodak) was used instead of 108: tri-n-butyl 111b (mp 123 °C),
tri-n-octyl 111¢ (gum), and triphenyl 111d (mp 160 °C; 21%). The triethyl salt 111a
was not prepared. A summary of yields and melting points for the series of phosphon-

ium salts 105 and 111 is presented in Table 2.

Table 2 Synthesis of polymerizable phosphonium salts 105 and 111 (Scheme

7).

105 (m/p-isomeric mixture) 111 (p-isomer)
R Yield (%)* Mp (°C) Yield (%)° Mp (°C)
aEt 42 160 Not synthesized
b Bu" 61 136 — 123
C n-C8H17 —_ gum —_ gum
dPh 24 252 21 160

®|solated yield.

The series of phosphonium salts 105 and 111 were characterized by elemental
microanalysis, FTIR and "H NMR spectroscopic techniques. IR and 'H NMR spectros-
copy revealed that the majority of the phosphonium salts were hydrated to varying
degrees. The degree of hydration was calculated from elemental microanalytical data (see
section 2.3.2 for further details) and ranged from 0.33-1.9 molecules of water per phos-
phonium salt molecule. Selected 'H NMR spectral data for the series of phosphonium
salts 105 and 111 is presented in Tables 3 and 4 respectively.

The series of phosphonium salts 105 and 111 were tested for antimicrobial
activity. The MIC values were determined in NAJ and SOJ media against the yeast strain
Saccharomyces cerevisiae EL1, the concentration test range was 1000-1 pg cm”. The
data obtained from the MIC tests is summarized in Table 5. It came as a disappointment
to find that all but one of the phosphonium salts tested were inactive. All had MIC

values 21000 ug cm™ except for that of the tri-n-octyl monomer 105¢, MIC = 625
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Table 3 Partial 'H NMR (8/ppm; JIHz) spectral data® for the polymerizable
phosphonium saits 105 (Scheme 7). N.b. ‘n7 — meta-isomer; ‘0’ — para-isomer.

R
a Et b Bu" € n-CgH,7 d Ph
Me 1.17 0.90 0.85 —
G, J77, morp) (,J6.7 m& P (tJ6.5 m&p)
1.25
& J7.7, mor p)
ArCH,PCH, 24-26 2.40 2.37 —
(m, m & p) (brm, m & p) (brm, m &.p)
ArCH,P 424 4.27 4.25 5.47
(d, Jup 15.4, (d, Jup 15.3, (d, Jup15.2,m) (d, Jup 14.5,
m & p) m & p) 4.26 m & p)
d, Jup 15.2, p)
CH=CHH, s 5.28 5.29 5.28 5.10
(d, J10.9, (d, J10.9, d, J10.7, p) (d, J11.0, m)
m & p) m & p) 5.29 522
(d, J10.7, m) (d,J10.38, p)
CH=CHHgss 5.73 5.74 5.74 5.40
d,J17.7, p) (d, J17.6, p) (d, J16.8, p) d,J17.4, m)
5.78 5.77 5.78 5.66
(d,J17.5, m) d,J17.5, m) d,J17.6, m) (d, J17.5, p)
CH=CH, 6.66 6.67 6.66 6.43
(dd,J176and (dd,J176and (dd,J17.9and (dd, J17.4 and
10.8, m & p) 10.9, m & p) 11.0, m & p) 11.0, m)
6.59
(dd, J 17.5 and
10.8, p)

’Recorded at 250 MHz in CDCls.

Table 4 Partial '"H NMR (8/ppm: J/Hz) spectral data® for the polymerizable
phosphonium salts 111 (Scheme 7).”

R
b BUn C n-CaH17 d Ph
Me 088 (brt J6.5)  0.85(t J6.3) —
ArCH,PCH,  2.35 (br m) 2.37 (br m) _
ArCH,P 427 (d, Jup 15.4) 427 (d, Jup 15.4) 5.4 (d, Jup 14.7)

CH=CHH,s 526(d,J109)  5.27(d, J10.9) 5.21 (d, J 10.9)
CH=CHHpas 5.72(d, J17.5)  5.74(d, J17.6) 565 (d, J 17.6)
CH=CH, 6.65 6.66 6.58

(dd, J17.5& 10.9) (dd, J17.6 & 10.9) (dd, J17.6 & 10.9)

*Recorded at 250 MHz in CDCls. °The tri-n-butyl salt 111a was not prepared.
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Ug cm” in NAJ (despite MIC values of >1000 Hg cm>, 105d and 111d were the only
compounds to show inhibitory effects: 105d down to 3125 ng cm”, and 111d down

to 62.5 ug cm™). Endo tested his phosphonium salt series 105a—d against Staphylo-
coccus qureus and Escherichia coli and found that the most active member of the
series was the tri-n-octyl monomer 105¢.*” The above MIC results therefore support
Endo’s finding.

Overall, Endo showed the phosphonium salt series 105a—d to be more micro-
biologically active than the in-house synthesized phosphonium salt series. It is impor-
tant to point out, however, that Endo’s compounds were tested against bacteria (viz.
Staphylococcus aureus and Escherichia coli), whereas the in-house compounds were
tested against a yeast organism (viz. Saccharomyces cerevisiae). Bacteria and yeasts are
different classes of micro-organism and consequently they have completely different struc-
tures (refer to section 1.2.1, The Structure of Micro-organisms, for further details). The
microbiological activity of a given chemical species might therefore be expected to vary

from one type of organism to another.

Table 5 MIC data” for the polymerizable phosphonium salts 105 and 111 (Sch-
eme 7). N.b. ‘— — not prepared.

NAJ® MIC/ug cm™ SOJ%: MIC/ug cm™
R 105 111 105 111
a Et 1000 — >1000 —
b Bu" >1000 >1000 >1000 N/A
¢ n-CgHy7 62.5 N/A N/A N/A
d Ph >1000 >1000° >1000 N/A

“Test organism, Saccharomyces cerevisiae EL1. ®Norwegian apple juice.
®Sainsbury’s orange juice. *“Inhibitory effect down to: “31.25, %62.5 pg cm™.
As mentioned in the introduction, it is generally found that polymeric phos-
phonium salts have higher antibacterial activities than the corresponding low
molecular weight compounds. A cationic polymer has a higher positive charge density
than the corresponding monomer and, as a result, the former can more effectively
adsorb onto cell surfaces.’” The tri-n-butyl phosphonium salt monomer 105b was
selected for polymerization. This would allow a comparison to be made between the

activities of the monomer and polymer. The monomer 105b was homo-polymerized
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(Scheme 8) according to the published method.*” Monomer 105b and initiator, 2,2’-
azobis(2-methylpropionamidine) dihydrochloride, were dissolved in water and the sol-
ution degassed (freeze-pump-thaw method) and then heated at 60 °C for 5.5 h. The
crude product was dissolved in methanol and precipitated into diethyl ether to afford
the homo-polymer 112b as a white solid (66% conversion). 'H NMR spectroscopy
(250 MHz, CD3OD) of 112b revealed a series of broad signals, characteristic of those
found in typical polymer spectra. Notably prominent signals were those due to the n-
butyl chain: 8 0.94 (3 x CH3), 1.47 [3 x CHy(CH,),CHs] and 2.20 [3 x CHy(CH,),-
CH;] ppm. The Ar—CH,—P signal appeared as a very broad singlet at 6 3.8 ppm, while
the aromatic protons were found at 6 6.5 and 7.11 (each, a broad singlet) ppm. The
polymer 112b was soluble in water and had an MIC of >1000 pg cm” in NAJ but
exhibited an inhibitory effect down to 125 pug cm™ (c.f monomer 105b, MIC = >1000
g cm’ in NAJ; no inhibitory effect observed).

Y P

105b —_—> O 112b

P(n-Bu); CI” P(n-Bu); Cl”

Scheme 8 Reagents and conditions: 2,2'-azobis(2-methylprop-
ionamidine)«2HCI, H,0, 60 °C, 5%z h.

In conclusion, the most active monomer tested from the series 105a—d was the
tri-n-octyl phosphonium salt 105¢. This result supports the general finding that
cationic biocides with long alkyl chains are more active than those with shorter chains.
The tri-n-butyl homo-polymer 112b was found to inhibit yeast growth more than the
corresponding monomer 105b. This result is in agreement with the finding that poly-

meric cationic biocides generally tend to be more active than the corresponding low

molecular weight compounds.
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3.2.3 Other Polymerizable and Polymeric Phosphonium Salts

The phosphonium salt monomer 105 (Scheme 7) essentially consists of a hydrophilic
functionality (the phosphonium salt, -PR;"Cl') and a hydrophobic functionality (the
vinylbenzyl group, —-C¢H4CH=CH}). The polymerizable phosphonium salts 113-116
(Figure 30) are considerably more hydrophilic in nature than 105 and may prove
worthy of study in the future. The methacrylate monomer 113 and the methacrylamide
monomer 114 are both derived from methacrylic acid. In each of these examples, the
vinyl and phosphonium salt groups are separated by a dimethylene bridge. Further
structural variation on 113 and 114 might include a longer hydrocarbon bridge or,
alternatively, a more hydrophilic bridge (e.g. an ether bridge). The final two polymer-
izable phosphonium salts shown in Figure 30 are based on vinyl ethers. Compound
115 is similar to that of 113 and 114 as it has a dimethylene bridge separating the
phosphonium salt and vinyl groups. The vinyl ether 116 contains an ethoxy group as

part of the bridge and therefore serves as a more hydrophilic variant of 115.

O O
O/\/PR3+ X | N/\/P R,” X

I
H

113 114

/\O/VPR’; X /\ONO\APRa+ X-
115 116

Fig. 30 Candidates for polymerizable phosphonium salts.

In his co-polymer studies®® Endo employed styrene, acrylamide and N-vinyl-2-
pyrrolidone as co-monomers with the tri-n-butyl phosphonium salt monomer 105b
(Scheme 7). Two additional co-monomers worthy of study are 2-hydroxyethyl meth-
acrylate (HEMA) 117 and dodecyl methacrylate 118 (Figure 31). A co-polymer
comprised of the monomers 105 and 117 would be considerably hydrophilic in nature;,

this enhanced hydrophilicity may prove to be an important contributory factor to the
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polymer’s bactericidal effectiveness. Alternatively, 105 might be co-polymerized with
the hydrophobic monomer 118. As mentioned previously, an important feature of
cationic biocides is the possession of a long alkyl chain. A co-polymer of 105 and 118
would effectively possess two different antimicrobial functionalities, a trialkylphos-
phonium salt and a dodecyl group. It would prove interesting to correlate co-polymer
composition with antibacterial activity. Such a study would reveal the optimum

‘balance’ required of the two functionalities for maximum antibacterial activity.

O
117
» — Co-polymers
0O
O/(CH2)11CH3 + F’R3+ Cr
105
118

Fig. 31 Phosphonium salt co-polymers — suggested co-monomers.
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3.3 Diiodomethyl Sulfones

3.3.1 Introduction

As discussed in the introductory chapter an important class of antimicrobial agents are
the activated halogen compounds. The key structural feature of these molecules can
be represented as X—C-E, where X is a halogen atom (X = Cl, Br or I) and E is an
electron-withdrawing group (e.g. CONH,, CO,R, CN, NO,). The antimicrobial effic-
acy of these compounds is induced by the activation of the hallogen atom by electron-

withdrawing groups in direct proximity to it.

RSO,CH,COH
119
RSO,CH, X
119 121
or »
RSCH,CO,H

120 (R = Ar only)

Scheme 9 Preparation of halomethyl sulfones (R = alkyl, aryl or
Ph; n = 1-3).

When E = SO,R (R = alkyl, aryl or Ph) the subsequent compounds are referr-
ed to as halomethyl sulfones, and have the general formula RSO,CH;.,X,, where n =
1-3. Two synthetic procedures commonly used to prepare halomethyl sulfones are
shown in Scheme 9. In the first of these (Route i), the substituted sulfonylacetic acid
119 is treated with an aqueous solution of sodium hydroxide and a halogen at neutral
pH.”® Halogenation followed by decarboxylation yields the halomethyl sulfone 121. In
the second procedure (Route ii), 119 (or its ester) is halogenated with sodium hypo-
halite in an alkaline aqueous solution to produce 121" Alternatively, the aryl thio-
acetic acid 120 (R = Ar) can be halogenated with sodium hypohalite.”" In this case,

oxidation of the sulfur to the sulfonyl group occurs in addition to halogenation and
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decarboxylation. The number of halogen atoms in the halomethyl sulfone 121 depends
on the relative stoichiometric proportions of sulfonylacetic acid 119 (or 120) and
halogen (or hypohalite) used in the reaction — a proportionately larger quantity of the
latter will result in a greater degree of halogenation.

The halomethyl sulfones 121 produced in this way are commonly used as pro-
tective coatings for foams, latex and textiles against the degradative effects of fungi
and bacteria.”’ The diiodomethyl sulfones (X =1, n = 2) are especially useful as anti-
fungal and antibacterial coatings.7°‘72 The present studies are concerned, in particular,

with diiodomethyl-p-tolylsulfone, MeCsH,SO,CHI,.

3.3.2 Diiodomethyl-p-tolylsulfone (Amical)

Diiodomethyl-p-tolylsulfone 125 (Scheme 10) commonly goes under the trade name
Amical. Apart from being used as an antifugal and antibacterial coating (as previously
cited) Amical is also used as a pesticide against ants, termites and cockroaches.” It
was decided to investigate further Amical’s antimicrobial activity. A sample of Amical
was first prepared and tested and then potentially interesting polymerizable and poly-

meric Amical analogues were considered.

Me Me Me Me
© i © i © ii ©
_ —_ —

SH ?

o_—:?:o O:?::O
CHQCO2H CH2002H CH3—nln
122 123 124 1256 n=2
126 n=1

Scheme 10 Reagents and conditions: i, CICH,CO,H, NaOH (aq),
A, 2 h: i, H,0, (aq), AcOH, r.t., 6 h; iii, NaOH (aq), I, 0-5°C, 2 h.

A sample of Amical was prepared according to the synthetic route shown in
Scheme 10. The synthesis used a combination of two literature methods: the method

of Kenney et al.” was followed to prepare the sulfonylacetic acid 124, and then the
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method of Ammo ef al.”” was used to convert 124 into Amical 125. A solution of p-
thiocresol 122 in aqueous sodium hydroxide solution was refluxed with chloroacetic
acid to give p-tolylmercaptoacetic acid 123 (45% yield), mp 92-93 °C (lit.,”* 88.5-90
°C), MIC = 250 pug cm™ (NAJ) and >500 pug cm™ (MOJ). Oxidation of a solution of
123 in acetic acid with aqueous hydrogen peroxide solution yielded p-tolylsulfonyl-
acetic acid 124 (29% yield), mp 110-115 °C (lit.,”* 114-115 °C), MIC = >1000 ug
cm” (NAJ) and >1000 ug cm™ (MO)J). Finally, a solution of 124 in aqueous sodium
hydroxide was stirred with a 3 molar excess of iodine (w.r.t. p-tolylsulfonylacetic acid
124) to afford diiodomethyl-p-tolylsulfone (Amical) 125 (82% yield) as a dark-tan
powder, mp 134-135 °C (lit.,” 148-148.5), MIC = <1 pg cm® (NAJ) and 1.95 pg
cm” (MOJ). 'H NMR spectroscopy was used to calculate the percentage purity of the
product. The results revealed that the reaction product was composed of 89% Amical
125 and 11% of the mono-iodo Amical analogue, iodomethyl-p-tolylsulfone 126. The
percentages were calculated by integration of the CHI, and CH,I signals: 125 Me-
CsHaSO,CHI, (singlet, 6 5.96 ppm), 126 MeCsH,SO,CH.I (singlet, 8 4.45 ppm).

Table 6 Compositions and melting points of mixtures of Amical 125 and its
mono-iodo analogue 126 and how they vary with the molar excess of iodine
used in the synthesis (Scheme 10, Route iii).

Composition®
Molar excess I,° 125 (%) 126 (%) Appearance Mp (°C)
0 trace ~100 white powder 125-127
1.2 10 90 off-white powder 112-114
2.0 59 41 light tan powder 101-103
3.0 89 11 dark tan powder 134-135

*Determined by 'H NMR spectroscopy (250 MHz, CDCls). "W.r.t. p-tolylsul-
fonylacetic acid 124 (Scheme 10).

The iodonation reaction (Scheme 10, Route iii) was repeated using molar
excesses of iodine (w.r.t 124) in the range 0-3. Obtained from these experiments were
various mixtures of Amical 125 and the mono-iodo Amical analogue 126. A summary
of the compositions and melting points of these 125/126 mixtures is presented in
Table 6. When a 0 molar excess of iodine was used the mono-iodo Amical analogue,

iodomethyl-p-tolylsulfone 126 (39% yield) was produced as a white powder, mp 125-
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127 °C, MIC = 3.9 ug cm”® (NAJ) and 125 pug cm? (MOJ). 'H NMR spectroscopy
revealed that 126 was ~100% pure, with only a trace impurity of Amical 125. Similar-
ly, iodine molar excesses of 1.2 and 2.0 yielded 125/126 mixtures of 10%/90% (mp
112-114°C) and 59%/41% (mp 101-103 °C) respectively. For comparative purposes
a sample of Amical was purchased from Angus Chemicals. The finely divided tan
powder (trade name, Amical 48), mp 142-145 °C (lit.,”* 157 °C), MIC = <1 ug cm®
(NAJ) and 3.9 ug cm™ (MOYJ), was shown by 'H NMR spectroscopy to be ~94%
pure, with a ~6% impurity of the mono-iodo Amical analogue 126. A summary of

yields, melting points and MIC values of a selection of the compounds discussed

above is presented in Table 7.

Table 7 Synthesis of Amical 125 and the mono-iodo Amical analogue 126
(Scheme 10) plus comparative data for Amical 48.

MIC®/ug cm™
Compound Yield (%)° Mp (°C)  Lit. mp (°C) NAJ° MOJ°
123 45 92-93 88.5-90* 250 >500
124 29 110-115 114-115"*  >1000 >1000
125° 82 134-135 148-148.5% <1 1.95
126’ 39 125-127 — 3.9 125
Amical 489 — 142-145 1577 <1 39

*Test organism, Saccharomyces cerevisiae EL1. "Isolated yield. “Norwegian
apple juice. “Mills orange juice. °11% Impurity of 126. Trace impurity of 125.
9Angus Chemicals (composition: 94% 125, 6% 126).

As can be seen from the MIC data shown in Table 7 both the Amical precur-
sors 123 and 124 are relatively inactive. However, both Amical 125 and the mono-
iodo Amical analogue 126 are quite potent antimicrobial agents (especially in NAJ).
In addition, the MIC values obtained for the Angus Chemicals Amical agreed quite

favourably with the values obtained for the in-house synthesized Amical.

3.3.3 Polymerizable Aromatic Diiodomethyl Sulfones

Due to the favourable MIC results obtained for Amical 125 it was decided to try to
synthesize a series of polymerizable Amical analogues and then attempt their polymer-

ization. Unfortunately, time restrictions prevented this work. However, suggested
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routes to three ‘simple’ polymerizable aromatic diiodomethyl sulfones are shown in
Figure 32. The synthesis of Amical 125 (Scheme 10, Route iii) relies on having a
molecule with an aromatic sulfonylacetic acid group (ArSO,CH,CO,H). The latter
can, in turn, be prepared from an aromatic thiol (ArSH) via the aromatic sulfide
(ArSCH,CO,H). A potential precursor towards a polymerizable diiodomethyl! sulfone
would therefore be a di-substituted thiophenol with a functional handle, the latter of
which could be used to add on a vinyl group. Molecules fitting these criteria are p-
hydroxythiophenol 127a and p-aminothiophenol 128a, both commercially available
materials. Thus 127a and 128a could be used as starting materials towards the syn-
thesis of the acrylate 127b and the acrylamide 128b respectively. However, due to the
di-functional nature of both precursors it would have to be decided on the best time to
introduce the acrylation step into the overall reaction scheme, i.e. before, during, or
after the conversion SH—>SO,CHI, (Scheme 10). A final candidate for a polymer-
izable aromatic diiodomethyl sulfone is the vinyl compound 129b. This could be
prepared from p-vinylthiophenol 129a. However, the latter is not a commercially

available material and would therefore have to be synthesized beforehand.

127a R'=OH, R2=SH

R 127b R' = OC(0)CH=CH,, R? = SO,CHI,
128a R!=NH,, R? = SH
128b R! = NHC(0)CH=CH,, R? = SO,CHI.
129a R!=CH=CH,, R? = SH

R? 129b R! = CH=CH,, RZ = SO,CHI,

Fig. 32 Suggested routes to polymerizable diiodomethyl sulfones.

3.3.4 UV Spectrophotometric Studies of Amical Decomposition

Introduction

Samples of Amical 125 (Scheme 10) were submitted for 'H NMR spectral analysis.
The NMR laboratory returned the samples as solutions in the solvent used for the
NMR experiment, in this case dJeuteriochloroform. It was observed that the deuterio-

chloroform solutions were all violet in colour. Although not directly relevant to the
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research detailed in this thesis this observation was found sufficiently interesting to
merit further investigation.

It is a well-known observation that if iodine is dissé)lved in organic solvents
the resultant solutions are tinted characteristic colours. For example, a solution of
iodine in ethanol is pale brown in colour, whereas a chloroform solution of iodine is
violet in colour (c.f. observation in previous paragraph). In order to investigate the
violet colour of the NMR solutions a series of UV spectrophotometric experiments
were carried out. A solution was freshly prepared of Amical (Angus Chemicals) in
chloroform. The UV spectrum was run immediately and revealed a single, intense,
off-scale band’ centered at ~316 nm (Figure 33, broken line). The sample was removed
from the UV instrument and left to stand in daylight, at room temperature. After only
a few minutes the chloroform solution (originally colourless) had turned a pale violet
colour, with the violet intensity gradually increasing with time. The solution was left
to stand in daylight for 35 min after which time a second UV spectrum was taken.
This time, in addition to the aforementioned 316 nm band, the spectrum revealed a
broad, lower intensity band at 512 nm (Figure 33, solid line). It was suspected that the
512 nm band was due to iodine produced from the breakdown of Amical. In order to
check this suspicion a solution was prepared of iodine in chloroform and the UV spec-
trum taken. The spectrum showed a sharp band at 241 nm and a broad, intense band
at 512 nm (Figure 34). The above experiments therefore confirmed the original sus-
picion that Amical in chloroform breaks down (in a manner yet to be ascertained) to
form molecular iodine, giving rise to a characteristic iodine peak in the UV spectrum
at 512 nm. Note that the violet colour of the Amical solution cannot be attributed to
an iodine impurity in the Amical sample. If this were true the chloroform would imm-
ediately turn violet on addition of the Amical — this is not observed. The following
questions now arise: (i) is the Amical breakdown process affected by either light or
concentration?; and (ii) how much Amical breaks down to form iodine? (all the

sample or only a fraction of it?). In order to help attempt to answer these questions a

further series of UV experiments were performed.

143



19

R

coot

706) , )
6.6 8.5 1.8

1.5 7.8 7.5 3.8
Absorbance

Fig. 33 UV Absorbance spectrum of a solution of Amical 125 (Sch-
eme 10) in chloroform (0.0079 mol dm®) left in daylight. Note the
appearance, with time, of the |, band at 512 nm: broken line, t = 0
min, As2 = 0.013; solid line, t = 35 min, Asy; = 0.274.
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Fig. 34 UV Absorbance spectrum of a solution of I, (Fisons) in chlor-
oform. Note the prominent band at 512 nm.
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Effect of Light on Amical Breakdown

The first of these experiments examined the effect of light on Amical breakdown An
accurately weighed sample of Amical (10.0 mg) was placed into a 1 cm UV quartz-
glass cuvette (fitted with stopper). The cuvette was then charged with chloroform
(3.00 cm®), measured from a graduated pipette. This produced an approx. 0.0079 mol
dm solution of Amical in chloroform. The cuvette was stoppered, quickly shaken
and placed immediately in the UV spectrophotometer. Fixed wavelength (512 nm)
absorbance measurements were then made at periodic intervals, over the course of
one hour. During the period between measurements the cuvette was removed from
the UV instrument and left to stand in daylight. In addition, the cuvette was briefly
shaken prior to each absorbance measurement. The above experiment was repeated
on a freshly prepared Amical solution of identical concentration (0.0079 mol dm™) to
that used in the previous experiment. This time, however, the cuvette was left inside
the UV instrument, in darkness, throughout the course of the absorbance measure-
ments. A third experiment was performed on a fresh solution of Amical (0.0079 mol
dm'3). This time, in the period between absorbance measurements, the cuvette was
placed under a UV light source (a hand-held 254 nm UV lamp of the type commonly
used for viewing TLC plates). The results obtained from these experiments are shown
in Table 8,' with the data represented graphically in Figure 35. As can be seen from
Figure 35 the rate of Amical breakdown to iodine increased in the order, darkness <
daylight < UV light. In the case of the UV light irradiated sample the rate of iodine
production levelled off after ~35 min but with the sample left in daylight iodine prod-
uction was steady over the course of one hour. When the Amical sample was kept in
darkness iodine formation was almost totally suppressed with only a very small, resid-
ual absorbance being measured. In conclusion, the above experiment shows that the
breakdown of Amical to iodine occurs more readily in the presence of light. The

breakdown mechanism therefore appears to be photochemical in nature.

! Tables 8-13 are reproduced at the end of this section.
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t/min

Fig. 35 Plot of I, absorbance (As:2) vs. time for 0.0079 mol dm” sol-
utions of Amical 125 (Scheme 10) in CHCI; subjected to UVas4 light
(A), daylight (m) and darkness (0). Refer to Table 8 for the raw data.

Asq2

0 10 20 30 40 50 60 70
t/min

Fig. 36 Plot of I, absorbance (As:2) Vvs. time for differently concen-
trated solutions of Amical 125 (Scheme 10) in CHCl subjected to
daylight: [Amical}/mol dm?=0.237 (a), 0.158 (m), 0.079 (), 0.030 (@)
and 0.0079 (0). Refer to Table 9 for the raw data.
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Effect of Concentration on Amical Breakdown

The second series of experiments examined the effect of concentration on Amical
breakdown to iodine. A solution of Amical in chloroform (0.030 mol dm™) was pre-
pared rapidly in a graduated flask (25 cm’). During the solution preparation the flask
was covered with a towel in order to exclude light. A sample of the solution was
transferred to a cuvette. A series of fixed wavelength (512 nm) absorbance measure-
ments were then made at periodic intervals, over the course of about one hour.
During the period between measurements the cuvette was removed from the UV
instrument and left to stand in daylight. The above experiment was repeated on three
further Amical solutions of concentrations 0.237, 0.158 and 0.079 mol dm™ The
results obtained from these experiments (along with the 0.0079 mol dm™ ‘daylight’
data obtained in a previous experiment — see Figure 35) are shown in Table 9, with
the data represented graphically in Figure 36. As can be seen from Figure 36 the rate
of Amical breakdown to iodine increased with increasing concentration. Additionally,
the time at which the absorbance levelled off decreased with an increase in concen-
tration. For example, in the case of the most concentrated solution (0.237 mol dm™)
the absorbance began to level off after ~10 min. However, with the 0.030 mol dm”
solution the absorbance didn’t begin to level off until ~25 min. Finally, as commented
on earlier, the absorbance of the 0.0079 mol dm? solution continued to increase
steadily over the course of one hour. The final interesting feature to be noted from
Figure 36 is the absorbance level-off values: the more concentrated the solution, the
larger the absorbance level-off value. In conclusion, the above experiment shows that
with an increase in Amical concentration: (i) the breakdown of Amical to iodine
occurs more quickly; and (i) iodine production reaches a larger plateau value in a
faster time.

For UV spectra the Beer-Lambert law states:

A =log (I/]) = &cl (1)

where A is the solution absorbance, I, and / are the intensities of the incident and trans-
. . . -1 -1 3 .
mitted light respectively, £ is the molar extinction coefficient (cm” mol” dm’), c is the

solution concentration (mol dm™), and / is the path length (cm) of the absorbing solution.
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Applying eqn. (1) to the present UV studies it can be seen that iodine absorbance is a
direct measure of iodine concentration. The above experiments have shown that
Amical breaks down in solution to produce iodine as a by-product. Moreover, iodine
production reaches a level-off, or plateau, value after a certain time (Figure 36).
Iodine absorbance is therefore a direct measure of the concentration of Amical that
has broken down to iodine. If the level-off iodine absorbance is measured for an
Amical solution of known concentration then it would be possible to calculate the per-
centage decomposition of Amical to iodine. Repeating this procedure for a series of
Amical solutions of different concentration would therefore enable a correlation to be
made between the degree of Amical decomposition and concentration. Such a correl-

ation was made for the concentraion curves shown in Figure 36 and is described as

follows.

In order to determine iodine concentrations from the absorbance values an
iodine absorbance—concentration calibration graph was calculated. A standard stock
solution (0.0020 mol dm™) of iodine in chloroform was prepared. This solution was
used, in turn, to prepare a series of standard solutions with concentrations of 0.0016,
0.0014, 0.0012, 0.001, 0.008, 0.006, 0.004, 0.002 and 0.0001 mol dm™. Fixed wave-
length (512 nm) absorbance measurements were then determined for each solution.
The results obtained from these experiments are shown in Table 10, with the data
represented graphically in Figure 37. The molar extinction coefficient of iodine in
chloroform can now be calculated using the Beer-Lambert law. For the present
experiments the path length /=1 cm and so eqn. (1) simplifies to 4si2 (I2) = € 12]. A plot
of Asp, versus [L1] should therefore produce a straight line, intersecting the origin, of

slope & (Figure 37). The slope of the line in Figure 37 is therefore the value of the
extinction coefficient € of iodine in chloroform. Linear regression analysis’® was perform-

ed on the data points in Figure 37 and yielded a value of £= 894 cm™ mol”" dm’. Substitut-

ing the value of £ into eqn. (1) and rearranging gives,

[Iz] = A512/894 [CHC13, c=1 cm] (2)

Given the absorbance As;; of an iodine solution in chloroform it is now possible to

calculate the iodine concentration using eqn. (2). Such a calculation was performed for
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Fig. 37 Plot of |, absorbance (Asi2) vs. concentration for solutions of
I in CHCIs. Refer to Table 10 for the raw data.
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Fig. 38 Plot of Amical 125 (Scheme 10) concentration (in CHCI3) VS.
percentage of Amical decomposed to I2. Assumptions: 2 Amical — 1
I, (a), 1 Amical — 1 |, (m). Refer to Table 11 for the raw data.
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each of the concentration curves shown in Figure 36. The results are summarized in Table
11. The first column of Table 11 gives the Amical concentration while the second column
gives the level-off absorbance value of the 512 nm iodine band. The latter figures were
substituted into eqn. (2) and the corresponding iodine concentrations obtained are shown
in the third column. With the iodine concentrations now known it is possible to calculate
the corresponding percentage decomposition of Amical for each curve in Figure 36.
Before this can be done, however, the stoichiometry of the Amical-iodine breakdown
process has to be examined more closely.

Leaving aside mechanistic arguments for the moment, consider how many Amical
molecules it takes to form one molecule of iodine (I;) when the former breaks down in
solution. One Amical molecule contains two iodine atoms. Firstly, consider the case when
both iodine atoms are cleaved in the breakdown process and enter solution. If these atoms
each then recombine with another iodine atom the overall effect will be the formation of
one molecule of iodine (I;) for every decomposed Amical molecule. In this case the
concentration of decomposed Amical is equivalent to the iodine concentration, ie.
[Amical]gecomp = [I2]. The corresponding percentage of Amical decomposed to iodine can
therefore be calculated by simply dividing the iodine concentration (Table 11, column 3)
by the Amical solution concentration (column 1) and multiplying the result by 100%. The
results of this calculation are shown in the fourth column of Table 11. As can be seen from
the data in column four the percentage decomposition of Amical to iodine is inversely
proportional to [Amical]. The most concentrated Amical solution examined (0.237 mol
dm®) corresponded to ~0.7% Amical decomposition whereas, at the other end of the
scale, the 0.0079 mol dm™ solution corresponded to ~7.5% decomposition. Now consider
the case when only one iodine atom is cleaved in the breakdown process. If this atom
enters solution and then recombines with another iodine atom the overall effect will be the
formation of one molecule of iodine (I,) for every two decomposed Amical molecules. In
this case the concentration of decomposed Amical is equivalent to half the value of the
iodine concentration, 7.e. [Amical]secomp = 0.5[L2]. The corresponding percentage of Amical
decomposed to iodine can therefore be calculated by multiplying the iodine concentration
(Table 11, column 3) by a factor of two and then dividing the result by the Amical solution
concentration (column 1). Multiplying the final result by 100% then gives the percentage
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decomposition. The results of this calculation are shown in the fifth column of Table 11
As a result of the stoichiometry discussed above, note that the data in the fourth and fifth
columns differ by only a factor of two. Figure 38 shows a plot of the calculated percentage
decomposition of Amical (Table 11, columns 4 and 5) versus Amical concentration (Table
11, column 1). The conclusion to be made from Figure 38 is that Amical decomposition
(whether liberating one or two iodine atoms per molecule) is inversely proportional to

concentration, with the nature of the proportionality resembling that of an exponential-like

decay curve.

Mechanism of Amical Breakdown

Now consider the mechanism of the breakdown of Amical in solution to form molecular
iodine. Suggestions for Amical decomposition modes under acidic, alkaline and photo-
chemical conditions are shown in Figure 39, pathways (i)(iii) respectively. Under acidic
conditions, pathway (i), Amical 125 can lose an iodide cation to form the iodo carbanion
130. The latter can then either protonate to form the mono-iodo Amical analogue 126, or
lose an iqdide anion to form the carbene 131. Carbenes are, typically, highly reactive
species. It therefore seems likely that 131 will react or breakdown further. An iodide
cation and iodide anion are cleaved in forming 130 and 131 respectively. These can
combine to form a molecule of iodine. Under alkaline conditions, pathway (ii), Amical 125
can lose a proton to form the di-iodo carbanion 132. The latter can then lose an iodide
anion to form the iodo carbene 133 which, like 131, can react or breakdown further.
Under photochemical conditions, pathway (i), Amical 125 can lose an iodide radical to
form the iodo radical 134. The latter can then lose an iodide radical to form the carbene
131, the latter of which can react or breakdown further as in pathway (1). The 1odide
radicals cleaved in forming 134 and 131 can combine to form a molecule of iodine. Now
reconsider the Amical decomposition curves shown in Figure 38. The results of an earlier
experiment (Figure 35) showed that the rate of Amical breakdown to iodine was affected
by light. This, coupled with the fact that all UV experiments were conducted under neutral
conditions, suggests that Amical forms iodine via the photochemical route shown in Figure
39, pathway (iii). If the mono-iodo radical 134 does not cleave its remaining iodine atom

then clearly two molecules of 134, and therefore two molecules of Amical 125, are requir-
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Fig. 39 Suggested decomposition modes of Amical 125 under (i)
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ed to form one molecule of iodine. This decomposition mode is represented by the upper
curve (A) in Figure 38. If, on the other hand, the mono-iodo radical 134 breaks down
further to form the carbene 131 then only one molecule of Amical 125 is required to form
one molecule of iodine. This decomposition mode is represented by the lower curve (W) in
Figure 38. Although the present UV experiments indicate Figure 39, pathway (iii), to be
the likely mechanism of iodine formation, they do not indicate the extent of Amical 125

breakdown, i.e. 125->134, or 125—131. Consequently, either one of the curves shown in
Figure 38 could be correct.

UV Spectrophotometric Studies of Iodomethyl-p-tolylsulfone and Iodoform

The question which now arises is whether the breakdown of Amical 125 to iodine in
chloroform is a characteristic of Amical, alone, or do other iodomethyl sulfones behave
likewise? In an attempt to answer this question a UV spectrophotometric experiment was
performed on the mono-iodo Amical analogue 126, iodomethyl-p-tolylsulfone (Scheme
10). A solution was prepared in a UV cuvette of 126 in chloroform (0.0079 mol dm™).
The cuvette was stoppered and the UV spectrum run immediately. The spectrum
revealed a single, intense band at 295 nm (Figure 40, broken line). The sample was
removed from the UV instrument and left to stand in daylight, at room temperature.
The chloroform solution very slowly turned violet in colour over a period of 24 h. The UV
spectrum of the solution was taken after 20 h and revealed, in addition to the afore-
mentioned 295 nm band, an iodine band at 512 nm (Figure 40, solid line). This experiment
proves that 126, like Amical 125, breaks down in chloroform to produce molecular iodine.
Decomposition therefore occurs in both the mono-iodo and di-iodo compounds. A further
series of experiments examined the effect of light on the breakdown of the mono-iodo
Amical analogue 126. A solution was prepared in a UV cuvette of 126 in chloroform
(0.0079 mol dm™). Fixed wavelength (512 nm) absorbance measurements were then
taken periodically (in the manner described previously for the Amical UV exper-
iments), leaving the cuvette to stand in daylight between measurements. The above
experiment was repeated on two further solutions of 126 in chloroform (each, 0.0079
mol dm™), one solution kept in darkness and the other subjected to UV light (protocol

as for the Amical UV experiments). The results obtained from these experiments are
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Fig. 40 UV Absorbance spectrum of a solution of the mono-iodo
Amical analogue 126 (Scheme 10) in chloroform (0.0079 mol dm®)
left in daylight. Note the appearance, with time, of the I, band at 512
nm: broken line, t = 0 min, As;> = 0.007; solid line, t = 20 h, As; =
0.047.
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Fig. 41 Plot of |, absorbance (As:2) vs. time for 0.0079 mol ij sol-
utions of the mono-iodo Amical analogue 126 (Scheme 10) in CHCl3

subjected to UVas, light (a), daylight (m) and darkness (0). Refer to
Table 12 for the raw data.

154



shown in Table 12, with the data represented graphically in Figure 41. As can be seen
from Figure 41 the rate of breakdown of 126 to iodine increased in the order, darkness
< daylight < UV light. In the case of the UV light irradiated sample the rate of iodine
production levelled off after ~45 min. With the sample left in daylight iodine product-
ion, although heavily suppressed, continued to increase very slowly. When the sample
was kept in darkness iodine formation was almost totally suppressed with only a very
small, residual absorbance being measured. These results are similar to those obtained
for Amical 125 (Figure 35), with two noticeable differences. The first of these concerns
the rate of iodine production in daylight. In the case of Amical 125 the rate of iodine prod-
uction was quite marked in daylight (Figure 35, ). However, in the case of 126 the rate
of iodine production was extremely slow in daylight (Figure 41, H). The second difference
concerns the level-off absorbance values of the UV light curves. In the case of Amical 125
the level-off absorbance value = 0.527 (Figure 35, A). However, in the case of 126 the
level-off absorbance value = 0.210 (Figure 41, A). The experiments performed on 125 and
126 (Figures 35 and 41 respectively) used identical solution concentrations (0.0079 mol
dm”). As a consequence this means that, when subjected to UV light, 125 produced about
two-and-a-half times as much iodine as 126 did. In conclusion, therefore, it appears that
iodine production, resulting from decomposition, increases with the degree of iodonation.
It has been shown that the iodomethyl sulfones 125 and 126 (Scheme 10) break
down in chloroform to form molecular iodine. Do other iodine compounds behave in a
similar fashion? In an attempt to answer this question iodoform (CHI;) was selected as a
model compound against which a comparison could be made. The dayligh/UV light/
darkness UV spectrophotometric experiments described for the compounds 125 and 126
were repeated on a sample of iodoform. A solution was prepared in a UV cuvette of iodo-
form in chloroform (0.0019 mol dm®). The UV spectrum was run immediately and
revealed an intense, off-scale band centered at ~332 nm with a prominent shoulder at
376 nm (Figure 42, broken line). The sample was removed from the UV instrument
and left to stand in daylight, at room temperature. The chloroform solution very rapidly
turned violet in colour in a matter of seconds. The UV spectrum of the solution was taken
after 35 min and revealed, in addition to the aforementioned 332 nm band, an iodine band

at 512 nm (Figure 42, solid line). This experiment proves that iodoform, like both 125 and
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Fig. 42 UV Absorbance spectrum of a solution of iodoform, CHls, in
chloroform (0.0079 mol dm®) left in daylight. Note the appearance,
with time, of the |, band at 512 nm: broken line, t = 0 min, As; =
0.037; solid line, t = 35 min, As, = 2.224.
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Fig. 43 Plot of I, absorbance (As2) vs. time for 0.0019 mol dm™ sol-
utions of iodoform (CHIs) in CHCIs subjected to UVas light (A), day-
light (m) and darkness (0). Refer to Table 13 for the raw data.
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126, breaks down in chloroform to produce molecular iodine. Periodic, fixed wavelength
(512 nm) absorbance measurements were then taken of solutions of iodoform in chloro-
form (0.0019 mol dm) subjected to daylight, darkness and UV light (in a similar manner
to the experiments performed on 125 and 126). The results obtained from these exper-
iments are shown in Table 13, and the data is represented graphically in Figure 43. As can
be seen from Figure 43 the rate of breakdown of iodoform to iodine increased in the
order, darkness < daylight < UV light. These results are similar to those obtained for
both 125 and 126 (Figures 35 and 41 respectively), with some interesting differences.
Note, for example, that iodoform breaks down to iodine in the absence of light (Figure 43,
#). Compare this with 125 and 126 where darkness was found to totally suppress iodine
formation in each case (Figures 35 and 41, #). Another difference between the iodoform
and 125/126 results concerns the absorbance level-off times of the UV light curves. In the
case of both 125 and 126 the rate of iodine production had levelled off after 3045 min
(Figures 35 and 41, A). With iodoform, however, iodine formation was still prominent
even after 4 hours. The final difference, of note, concerns the absorbance values. Despite
the iodoform solutions being one quarter as concentrated as the solutions of 125 and 126
(c.£ 0.0019 against 0.0079 mol dm™) the absorbance values, for a given time, obtained for
the former were much larger. Consider, for example, the UV light curves obtained for 125,
126 and iodoform (Figures 35, 41 and 43, A). The absorbance values after 45 min are
0.527, 0.210 and 1.127 respectively. Note that iodine production is far greater in the case
of the iodoform solution. In conclusion, the breakdown of 125/126/iodoform in chloro-
form to produce iodine increases in the order 126 < 125 < iodoform. This order follows
the degree of iodonation (1, 2 and 3 respectively). It seems reasonable to assume, there-
fore, that the more iodine atoms the molecule has the greater will be the rate of decomp-
osition to form iodine. This, however, is not the whole story as stability factors have to be
considered too. For example, 125 and 126 (Scheme 10) each contain arylsulfonyl groups
attached to the iodomethyl moiety, whereas iodoform only has attached a hydrogen atom.
The relative abilities of these groups to stabilize the intermediate(s) resulting from chemical

breakdown of the parent molecule are likely to play an important role in determing the rate

of iodine production.
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Table 8 Variation of |, absorbance (As12) with time for 0.0079 mol dm” solutions

of Amical 125 (Scheme 10) in CHCl, subjected to daylight, darkness and UVasy
light. Refer to Figure 35 for the graphical output.

A512 ~
tmin Daylight Darkness® UV.s4 light”
0 0.007 0.017 0.009
3 0.025 0.016 - 0055
6 0.046 0.017 0.113
9 0.076 0.018 0.213
12 0.114 0.019 0.293
15 0.147 0.018 0.365
18 0.168 0.019 0.413
21 0.186 0.020 0.455
24 | 0.210 0.021 0.486
27 0.235 0.019 0.506
30 0.261 0.020 0.516
33 0.298 0.021 0.520
36 0.330 0.023 0.521
39 0.362 0.024 0.524
42 0.393 0.024 0.523
45 0.423 0.026 0.527
48 0.446 — —
54 0.480 — —
57 0.497 — —
60 0.513 — —
63 0.527 — —

*Sample left inside UV instrument. "Hand-held UV lamp (254 nm) commonly
used for viewing TLC plates.

Table 9 Variation of I, absorbance (Ass;) with time for differently concentrated
solutions of Amical 125 (Scheme 10) in CHCI; subjected to daylight. Refer to
Figure 36 for the graphical output.

As1

timin 0.237 M 0.158 M 0.079 M 0.030 M 0.0079 M
0 0.226 0.150 0.075 0.020 0.007
0.5 0.259 —_ — — —
0.75 — 0.198 — — —

1 0.302 — 0.127 — —

1.5 0.329 0.251 — 0.039 —

2 0.372 — 0.199 — —

2.25 — 0.312 — — —

2.5 0.429 — — — —

Table continued ...
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Table 9 (contd.)

A512
tmin 0.237 M 0.158 M 0.079 M 0.030M  0.0079M

3 0.488 0.394 0.291 0.065 0.025

3.5 0.553 — — — —

3.75 — 0.495 — _ —

4 0.611 — 0.407 — _

45 0.695 0.627 — 0.093 —

5 0.769 — 0.559 — —

55 —_— 0.859 — — —

6 1.063 — 0.735 0.128 - 0.046

6.5 — 1.052 — — —

7 1.251 — 0.812 — —

7.5 — 1.112 — 0.183 —

8 1.300 — 0.846 — —

8.5 — 1.135 — — —

9 1.309 — 0.882 0.247 0.076
10 1.312 1.159 0.915 — —
10.5 — — — 0.330 —

11 — 1.168 0.944 — —
12 1.302 1.180 0.970 0.422 0.114
13 — 1.185 0.986 — —
13.5 — — — 0.515 —
14 1.310 1.194 0.998 — —
15 — — 1.005 0.595 0.147
16 1.318 1.198 — — —
16.5 — — — 0.661 —
17 —_ —_ 1.006 — —
18 1.328 1.200 — 0.708 0.168
19 — — 0.994 — —
19.5 — — — 0.755 —
20 1.338 1.203 — — —
21 — — 0.985 0.787 0.186
22 1.344 — — — -
225 — —_ — 0.812 —
23 _ — 0.979 — —
24 1.356 — — 0.824 0.210
25 — 1.223 0.978 — —
25.5 — — — 0.830 —
26 1.360 — - — —
27 _ _ — 0.833 0.235
28 1.365 — — — L
30 — 1.232 0.975 — 0.261
—_ — 0.831 —
gg 1_?75 . — — 0.298

Table continued ...
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Table 9 (contd.)

As1;

t/min 0237 M 0158 M 0.079M 0.030 M 0.0079 M
35 1.374 — 0974 — —
36 — — — — 0.330
37 — — — 0.832 —
39 — — — — 0.362
40 1.383 1.247 0.974 — —
42 — — — — 0.393
45 1.393 — — 0.842 0.423
48 — — — — 0.446
50 — 1.256 0.975 — —
54 — _— — — 0.480
57 —_ — — — 0.497
60 _ — — — 0.513
63 — _— — — 0.527

Table 10 Variation of I, absorbance (As12) with concentration for solutions of 1,
in CHCl,. Refer to Figure 37 for the graphical output.

L 1 2 4 6 8 10 12 14 16 20
As, 0091 0189 0365 0535 0711 0899 1087 1248 1433 1777

10" mol dm”™.

Table 11 Variation of Amical 125 (Scheme 10) percentage decomposition to |,
with concentration (solutions in CHCI3). Measurement of the level-off |, absorb-
ance (As12) allowed the [I;] to be calculated for each Amical solution. With [l;]
known, the percentage of Amical decomposed to I, could then be determined.
Refer to Figure 38 for the graphical output.

Amical decomposition (%)

[Amicalymol dm®  Asi, (max.)®  [L’/10*moldm® Am —>1,° 2Am -1’

0.0079 0.527 5.89 7.46 14.92
0.03 0.832 9.31 3.1 6.2

0.079 0.975 10.9 1.38 276
0.158 1.256 14.0 0.89 1.78
0.237 1.393 15.6 0.66 1.31

*Refers to the level-off absorbance value (see Figurg 36). FCalg::'Jlated from an |,
absorbance—concentration calibration graph (se? Flg'ure 37). ““Assumes one |,
molecule results from the breakdown of onetwo® Amical molecule(s) (Am).
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Table 12 Variation of |, absorbance (As;,) with time for 0.0079 mol dm™ solut-

ions_of the mono-iodo Amical analogue 126 (Scheme 10) in CHCI; subjected to
daylight, darkness and UV, light. Refer to Figure 41 for the graphical output.

A512

tmin Daylight Darkness® UV.,s, light’

0 0.003 0.0 0.0

3 0.005 0.003 0.024

6 0.007 0.001 0.046

9 0.008 0.001 0.066
12 0.009 0.0 0.085
15 0.01 0.002 0.1
18 0.01 0.001 0.117
21 0.01 0.003 0.132
24 0.013 0.003 0.146
27 0.013 0.004 0.16
30 0.018 0.005 0.171
33 0.021 0.006 0.183
36 0.018 0.004 0.193
39 0.019 0.006 0.201
42 0.02 0.006 0.206
45 — 0.006 0.21
48 — — 0.202
51 — — 0.199
54 — — 0.195
57 — — 0.199
60 - — 0.201

*Sample left inside UV instrument. PHand-held UV lamp (254 nm) commonly
used for viewing TLC plates.

Table 13 Variation of I, absorbance (Asi2) with time for 0.0019 mol dm” splut-
ions of iodoform (CHls) in CHCIs subjected to daylight, darkness and UVasq light.
Refer to Figure 43 for the graphical output.

A512
tmin Daylight Darkness’ UVas, light”
0 0.001 0.007 0.005
2 0.014 — 0.056
4 0.037 — 0.117
6 — — 0.182
7 0.09 — —
8 — 0.017 0.247
9 0.133 — —
10 — — 0.308
12 0.211 — —

Table continued ...
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Table 13 (contd.)

A512
Hmin Daylight Darkness® UV.sq light’
13 — — 0.405
15 0.291 — —
16 — 0.055 0.493
19 — — 0.577
20 0.428 — —
24 — 0.133 —
25 — — 0.739
30 —_ — 0.841
32 —_ 0.228 —
35 0.806 — —
40 — 0.324
45 — — 1.127
48 — 0.412 —
50 1.041 — —
56 —_— 0.492 —
60 1.129 — —
64 — 0.562 —
65 — — 1.370
70 1.193 — —
72 — 0.626 —
80 1.24 0.685 —
88 — 0.738 —
91 1.276 — —
96 — 0.786 —
100 1.302 — —
104 — 0.828 —
112 — 0.868 —
120 1.382 0.904 1673
128 - 0.934 —
144 — 0.987 —
150 152 — 1.781
180 1.621 - —
s - _ 1.875
210 1.704 — 1.933
224 — 1.112 —
240 _ 1.121 2.0
285 1.855 — -
375 2.015 —

*Sample left inside UV instrument. Band-held UV lamp (254 nm) commonly
used for viewing TLC plates.
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3.3.5 Towards a Polymer-Supported Diiodomethyl Sulfone

Introduction

The microbiological results obtained for both Amical 125 and the mono-iodo Amical
analogue 126 (Scheme 10) proved encouraging. Following on from this research it
was decided to synthesize a polymeric analogue of Amical or, at least, a polymeric
species carrying the diiodomethyl sulfone moiety (the advantages and merits of poly-

meric antimicrobial agents have been discussed previously in section 1.5).

AMA Co-Ponmer

AMA
AMA X AMA X
(a) ( g
W AMA Polymer

|
AMA AMA AMA AMA

AMA Polymer

Y Y Y Y

Y-Z linkage (e.g. ester)”  AMA AMA AMA AMA

Fig. 44 Synthetic approaches towards polymeric antimicrobial
agents: (a) polymerization of monomeric AMAs, (b) chemical mod-
ification of existing polymers.
There are, essentially, two basic synthetic approaches towards the synthesis of
a polymeric antimicrobial agent (Figure 44). The first of these involves the synthesis
of a polymerizable AMA (Figure 44a). For example, a vinyl group could be introduc-
ed into an antimicrobial molecule or, alternatively, a vinyl compound with a suitable
functionality (‘W’) could be converted into a polymerizable AMA. The resultant
AMA monomer could then be polymerized, or alternatively co-polymerized, to form
an AMA (co-)polymer, as shown. Potential routes to polymerizable Amical analogues
have been discussed previously in section 3.3.3. The second approach towards a

polymeric AMA involves the chemical modification of an existing polymer (Figure



44b). If the polymer contains a suitable functional handle (°Y’) then it would be
possible, in principle, to use the ‘handle’ as a synthetic ‘linkage’ between the polymer
and a functionalized antimicrobial agent, AMA-Z (Route ii). For example, Y might be
an hydroxyl or an amine group, while Z might be an ester or acid chloride group. The
resultant linkage, in this case, would be an ester group. Alternatively, but allowing

room for less synthetic scope, the ‘handle’ could be converted directly into an anti-

microbial functionality (Route i).

SO,CI S0,CH,CO,H [ SOH
iiii
4>
[via 136]
NHC OMe NHC OMe | NHCOMe |
135 137 136

Scheme 11 Reagents and conditions: i, Na,SOs;, H,0, inert atm.,
45-50 °C, 2 h (pH 8.5-9.0); ii, CICH,CO.H, then Na,CO; (pH 4.0—
4.2), 84-85 °C, 3 h; iii, HCI (aq) (pH 0.3).
It was noticed that the arylsulfonyl portion of the Amical molecule (—CsHs-
SO;-) bears a structural similarity to a p-benzenesulfonic acid group (-CsH,SO:H). If
the latter group were a pendant function on a polymeric ‘bead’ the species is what is
commonly referred to as an ion exchange resin of the sulfonic acid type [Ion ex-
change resins are highly porous, cross-linked polymer beads (anywhere from milli-
metres down to microns in diameter). When a solution of ions is passed through an
ion exchange resin the latter has the ability to exchange the ions in the solution for
ions of its own kind (anions or cations, depending on the resin type)]. The question
now arises as to a viable conversion of a ~CsH,SOsH group into a —-CsHsSO,CHI,
group? If the latter conversion could be effected then it would be possible, in
principle, to synthesize a polymer-supported diiodomethyl sulfone in the form of resin
beads. Such a polymer-supported AMA seemed a very interesting and potentially
technologically useful idea. A synthesis by Courtin’’ was found detailing the conver-

sion of an arylsulfonyl chloride into an arylsulfonylacetic acid. The procedure (Scheme
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11) involved the reduction of the sulfonyl chloride 135 with an aqueous solution of
sodium sulfite. The resultant sulfinic acid intermediate 136 was then acidified with

chloroacetic acid to give the sulfonylacetic acid 137,

Q
@)
|
(0
l |
(P v
139 lSl—CI
0]
O 140 l i, orlll, or IV
Q
: A
1 v
142a n=2 9
142b n=1 S_CH3-n|n
142¢c n=3 I

0]

Scheme 12 Reagents and conditions: |, SOCl,, A, 5 h; II: i,
Na,SO;, H;0, 60 °C, 2 h (pH 8); ii, CICH,CO,H, 80-95 °C, 3% h;
ii, HCI (ag) (pH 1); llIl: i, Na;S0O; CICH,CO,H, n-BusN'CI,
CH.CI—H,0, 40 °C, 6 h (pH 8); ii, HCI (aq) (pH 2); IV: i, Na,SO;,
n-BusN*CI, CH,Cl-H,0, 40 °C, 1 h (pH 8); ii, CICH,CO3H,
CH,Cl,, 40 °C, 5 h; iii, HCI (aq) (pH 2); V, I, NaOH, n-Bus,N'CI"
CH2C|2—H20, r.t., 24 h.

In the light of the availability of sulfonic acid ion exchange resins and the
aforementioned sulfite reduction method the synthesis of a polymer-supported diiodo-
methyl sulfone can now be visualized (Scheme 12). The synthesis will be described in
principle for the present and the results of the experimental chemistry discussed, in

detail, later on in the section: The starting material would be a benzenesulfonic acid

ion exchange resin, represented by the structure 138 (Scheme 12). The sulfonic acid
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138 would, firstly, be converted to the sulfonyl chloride 139. The latter would then, in
turn, be converted to the sulfonylacetic acid 141 (via the sulfinic acid 140) using
Courtin’s reductive method. The final step in the synthesis would involve the halogen-
ation and decarboxylation of the sulfonylacetic acid 141 to form the diiodomethyl-p-
- benzenesulfone resin 142a. The transformation sulfonylacetic acid — diiodomethyl
sulfone has been described previously for the synthesis of Amical 125 and the mono-
iodo Amical analogue 126 (Scheme 10, Route 1i). On paper, at least, the synthesis of
the diiodomethyl sulfone resin 142a looked promising. It was anticipated, however,
that problems might arise during the reduction and halogenation reactions (139 —
141, and 141 — 142a respectively). Although both of these reactions are known to

work for low molecular weight compounds, it remained to be seen whether the same

reactions would work successfully on polymeric resin beads.

Sulfonic Acid Ion Exchange Resins — Technical Specifications and Conditioning

It was decided to attempt the synthesis outlined in Scheme 12 on two different types of ion
exchange resin, Amberlyst 15 and Dowex 50-X8. Each of these is a strongly acidic cation
exchange resin of the benzenesulfonic acid type (-CsH4SOsH). Although both resins have
the sulfonic acid group that the synthetic chemistry demands (Scheme 12), the physical
characteristics of each resin are markedly different. Ion exchange resins are three-dimen-
sionally cross-linked polymer matrices in bead form. Covalently immobilized onto the
polymer is a specific functional group that gives the resin its ion-exchange properties. Ion
exchange resins can have the same functional group but constitutionally different polymer
matrices. It is these same differences that give resin bead types their own unique set of
physical characteristics. For example, Amberlyst 15 is a ‘rigid’, extremely porous (macro-
reticular) resin that is essentially non-swelling. Dowex 50-X8, on the other hand, is a
‘soft’, swellable, gel-type resin of low porosity. The technical specifications on Amberlyst
15 and Dowex 50-X8 resins are summarized in Table 14. It was anticipated that the chem-
istry in Scheme 12 might work successfully on one particular type of resin but not on

another type. As a result, Amberlyst 15 and Dowex 50-X8 resins were chosen in order to

give the chemistry a better chance to work.
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Table 14 Technical specifications on Amberlyst 15 and Dowex 50-X8 ion-
exchange resins.

Resin description Amberlyst 15 Dowex 50-X8
BDH catalogue # 55133 55036
Supplied Dry Wet
Exchange type Cation Cation
Functionality SO; H* SO; Na’
Colour ‘cement’ grey orange-red
Physical appearance rigid & opaque soft & glassy
Wet exchange capacity/meq cm? 1.75 1.9

Dry exchange capacity/meq g 4.3 3.9 (H' form)®
Particle size range/mm 0.4-0.5 0.300-0.850
Wet density/g cm™ 0.6 0.85
Maximum operating T/°C 120 150

*Experimentally determined after resin conditioning.

Both Amberlyst 15 and Dowex 50-X8 resins were conditioned prior to use acc-
ording to a standard technique outlined in the BDH Chemicals literature.”® The Dowex 50-
X8 resin was supplied from the manufacturer in the form of its sodium salt. It was there-
fore converted into the sulfonic acid form. The Amberlyst 15 resin was supplied in the
required ionic form. Despite this, it was regenerated to ensure that all the ~SOs™ groups
were in protonated form. In a typical resin conditioning experiment the resin was packed
into a column and firstly back-washed with water in order to ensure efficient packing of
the resin bed. The resin was then pre-washed with deionized water and regenerated with a
volume of 5% aqueous hydrochloric acid solution that corresponded to four times the
theoretical capacity of the resin bed (as recommended for strongly acidic cation exchange

resins’®). The volumes required of HCI solution to regenerate each resin were calculated as

shown below.
Amberlyst 15 Dowex 50-X8
Exchange capacity = 43 meq g’ (dry) 1.9 meq cm” (wet)
Amount of resin conditioned = 3017 g 50.0 cm’
= Resin capacity = 4.3 x30.17 meq 1.9 x 50.0 meq
=129.731 meq 95 meq
Now, HCl regenerant solution’ = 1371 4 meq dm> 1371 4 meq dm™
= Volume to regenerate resin = (129.731/1371.4)dm’  (95/1371.4) dm’
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= 0.09457 dm’ =0.06927 dm’

— 4 x Volume HCI = 4% 0.09457 dm’ 4x0.06927 dm’
=0.3783 dm’ =0.2771 dm’
ie 3783 cm’ ie 277.1 cm’

Experimental volume used = 380 cm’ 280 cm’

"The re_gg}enerant‘solution was 5% aq. HCl. This corresponds to (5/36.46) x 10 = 13714
mol dm™ HCl. Since eq HCI = mol HCI, 5% HCl = 1371.4 meq dm”.

After being treated with the regenerant solution the resin was thoroughly washed with
deionized water and dried with acetone. For experimental purposes the resins were requir-
ed in dry form and so were dried in vacuo before use and stored over anhydrous calcium
chloride. Quantitative recovery and weighing of the Dowex resin enabled the calculation
of the resin’s dry exchange capacity in the H" form: 95 meq of the Na" resin were condit-

ioned to yield 24.41 g of dry H' resin = dry exchange capacity of Dowex H' resin =
(95/24.41)=39meqg".

Calculation of Degree of Sulfonation of Sulfonic Acid Resins

The general structure of Amberlyst and Dowex benzenesulfonic acid resins can be repre-
sented by the structural formula: —[CH,CH(CsH,SO;H)]o{CH,CH(C¢Hs)]1o— In other
words, only a fraction of the benzene rings are sulfonated, the fraction being defined by the
factor o, where 0 < ot < 1 (the value of o varies from one resin type to another). The frac-
tion of unsulfonated benzene rings is therefore (1-0t). Ion exchange resins are cross-linked
(usually with divinylbenzene). The above structural formula is therefore only an approx-
imate representation since it does not directly take into account the fraction of benzene
rings involved in cross-linking. Assuming the above formula, therefore, the theoretical per-

centage, %F, of an element is given by the expression,
%E = 100E[Niot + No(1 — )] / MWae (3)

where E is the elemental atomic weight, N is the number of atoms of the element in the
sulfonated portion of the structure, N is the number of atoms of the element in the unsulf-

onated portion, o is the fraction of sulfonated benzene rings, and MW, is the average
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molecular weight of the whole structure. Let Q represent the molecular weight of the sulf-

onated portion of the molecule corresponding to the formula CHZCH(C6H4803H). Sim-
ilarly, let R represent the molecular weight of the unsulfonated portion corresponding to
the formula CH,CH(C¢Hs). The average molecular weight of the whole structure can
therefore be expressed as,

MWae = Qo+ R(1 - o)) 4
By substituting this expression for MW, into eqn (3) the latter becomes,
%E = 100EINio+ Ny(1 - 0))] / Qo + R(1-w) (5)

Eqn. (5) can now be used to give expressions for the theoretical percentages of
carbon, hydrogen and sulfur in a benzenesulfonic acid resin. In the case of carbon, N,
=N =8, for hydrogen, N, =N, = 8, and for sulfur, N; =1 and N, = 0. Applying eqn

(5) therefore gives the following expressions,

%C = 100C[8c + 8(1 - )] / [Qot + R(1 - )] (6)
%H = 100H[80 + 8(1 — a)] / [Qow + R(1 - )] (7)
%S = 100Sa. / [Qa+ R(1 - a))] (8)

where C, H and § are the elemental weights of carbon, hydrogen and sulfur respectively. It

can be shown that rearranging eqns. (6)~(8) in terms of ¢ gives the respective equations,

o = (800C - R%C) / %C(Q - R) 9)
o = (800H — R%H) / %H(Q - R) (10)
o = R%S / [%SR - Q) + 100S] (11)

The fraction o of sulfonated benzene rings can now be calculated from any one of eqns.
(9)(11) if elemental microanalytical data for the benzenesulfonic acid resin is available. If
the experimental elemental microanalytical data are perfectly accurate then, naturally, the
values of o determined from eqns. (9)—(11) should all be identical. In practice, however,
this is rarely found to be the case. In general, experimental elemental microanalyses on

resin beads yield notoriously inaccurate values for the carbon and hydrogen contents. As a
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result, it is common practise to use the heteroatom content (%) (e.g. sulfur in the present

case) for determining or.
Elemental microanalyses were carried out on dry samples of conditioned Amber-
lyst 15 and Dowex 50-X8 (H' form) resins. The elemental contents allowed the factor o

to be determined for each resin using eqns. (9)«(11). The results of the calculations are
summarized in Table 15.

Table 15 Determination of the fraction o of sulfonated benzene rings in Am-

berlyst 15 and Dowex 50-X8 sulfonic acid ion exchange resins. Calculations

are based on elemental microanalytical data — the most reliable data was ob-
tained from the sulfur content (highlighted).

Amberlyst 15 Dowex 50-X8 (H* form)
Microanalysis o Eqgn.* Microanalysis o Egn.®
%C = 50.60 1.07 9) %C = 46.41 1.29 9)
043 %H = 5.63 0.49 (10)
" %S = 1295 062 (1)

*The Vfollowmg values were used in oans. (9(11) C = 1201 H=101. S =
32.06, Q( CaHaOsS) =184.21, and R( CaHa) =104.15.

As explained previously, the most reliable value of a is generally obtained from hetero-
atomic microanalytical data. In the present case, the value o was based on sulfur content,
i.e. eqn. (11). For Amberlyst 15 sulfonic acid resin %S = 13.90, corresponding to a value
of o = 0.69 (Table 15). Similarly, for Dowex 50-X8 sulfonic acid resin %S = 12.95%,
corresponding to a value of o = 0.62. In other words, approximately 69% of the benzene
rings in Amberlyst 15 are sulfonated, compared to 62% sulfonation in Dowex 50-X8. As a
final point of note, compare the values of o that are based on elemental carbon and hydro-
gen (Table 15). As mentioned earlier, the carbon and hydrogen contents are generally too
unreliable to determine ¢ with. Based on elemental hydrogen, the o, values are 38% and
21% out compared, respectively, to the Amberlyst and Dowex o values based on sulfur.

However, the elemental carbon data was so inaccurate that the resulting values of o were

both > 1.0, which is clearly absurd since, by definition, 0 <o < 1
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Theoretical Microanalyses of Chemically Modified Amberlyst and Dowex Resins

The calculation of the o value for each of the Amberlyst and Dowex sulfonic acid resins

was based on the structural formula: —CHCH(CsH X)) —[CH,CH(C4Hs)] 10—, X =
| SO;H. Now that the o values are known for each resin type it is possible to calculate theo-
retical elemental microanalyses for structural formulae with X groups other than SO;H, in
other words for the chemically modified resins 139 (X = SO,CI), 141 (X = SO,CH,CO,H)
and 142 (X = CHz.l,, n = 1-3) (Scheme 12). The theoretical elemental microanalyses
calculated for the Amberlyst- and Dowex-derived resins 139, 141 and 142 are summarized
in Table 16. In addition, the theoretical carbon and hydrogen contents (based on experni-
mental %S) are given for Amberlyst 15 and Dowex 50-X8 sulfonic acid resins,

Table 16 Theoretical elemental microanalyses® of Amberlyst 15, Dowex 50-
X8, and the chemically modified resins 139, 141 and 142a (Scheme 12).

Analyses are also given (for comparison) for the mono- and tri-iodo species
142b and 142c.

Resin type X %C %H %Cl| %l| %S
Amberlyst 15 SOsH 6028 507 — — 13.90°
Dowex 50-X8°  SOsH 6248 525 — — 12.95¢
Amberlyst 139  SO,CI 5582 429 1421 — 12.85
Dowex 139 SO,CI 5815 451 1330 — 12.03
Amberlyst 141  SO,CH,CO,H 5980 5.03 — — 11.74
Dowex 141 SO,CH,CO,H 6170 519 — — 11.05
Amberlyst 142a SO,CHI; 31.46 244  — 5278 6.67
Dowex 142a SO,CHlI, 3354 262 — 5098 6.44
Amberlyst 142b SO,CH,l 4262 358 — 3575 9.03
Dowex 142b SO,CH.l 4489 378 — 3412 862
Amberlyst 142c  SO,Cl; 2493 176 — 6275 5.28
Dowex 142c SO,Cl3 2677 193 — 61.03 5.14

Calculations based on the fragment: -{CH,CH(CesHaX)],-{CH2CH(CeHs))1-«—
(Amberlyst 15, o = 0.69; Dowex 50-X8, a = 0.62). >“Experimentally deter-
mined in order to calculate %C and %H. °H" form.

The analyses for the resins 139, 141 and 142 were calculated from the equation,

%E = 100E[Na+No(1-0)] / Qo+ R(1 - ) (12)
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This expression is near-identical to eqn. (5) with the exception that O’ represents the mol-
ecular weight of the functionalized portion of the molecule corresponding to the general

formula CHCH(CsH4X), X = functional group. Save for Q*, the variables in eqn. (12) are
identically defined to those in eqn. (5).

Calculation of Exchange Capacity of Sulfonic Acid Resins

Recall the sulfur contents obtained for the Amberlyst and Dowex sulfonic acid resins
(Table 15). In addition to allowing « to be calculated, the sulfur data can be used to calcu-

late the resin exchange capacity. The calculations of the exchange capacities of Amberlyst

15 and Dowex 50-X8 sulfonic acid resins are given below.

Amberlyst 15 Dowex 50-X8

1 g dry resin contains:  13.90% S 12.95% S
=0.139g S =0.1295g S
=(0.139/32.06) moles S = (0.1295/32.06) moles S
=(139/32.06) mmol S = (1295/32.06) mmol S
=434 mmol S =4.04 mmol S
= 4.34 mmol SO;H = 4.04 mmol SO;H
=434 meqg’ of H' =404 meqg of H'

c.f 4.3 meq g" (BDH lit.) c.f 3.9 meq g" (experiment)

For Amberlyst 15 sulfonic acid resin %S = 13.90, corresponding to an exchange
capacity of 4.34 meq g This figure is therefore in excellent agreement with the value
quoted for Amberlyst 15 in the BDH literature, viz. 4.3 meq g’ For Dowex 50-X8 sulfon-
ic acid resin %S = 12.95%, corresponding to an exchange capacity of 4.04 meq g'. This
figure agrees favourably with the value of 3.9 meq g obtained from the resin conditioning

experiment (for details, refer to the section Sulfonic Acid Ion Exchange Resins — Tech-

nical Specifications and C onditioning).

Chemical Modification of Amberlyst and Dowex Sulfonic Acid Resins

The specifications and conditioning of Amberlyst and Dowex sulfonic acid resins have

been described in previous sections. Now consider the experimental chemistry. As stated
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previously, the aim in this case was to chemically modify the sulfonic acid resin 138 into
the diiodomethyl sulfone resin 142a, via the sulfonylacetic acid resin 141 (Scheme 12).
The synthetic pathway 138 — 142a was carried out in parallel on Amberlyst 15 and Dow-
ex 50-X8 sulfonic acid resins. Identical sets of reaction and experimental conditions were
applied to each resin type. At the end of each synthetic step the resin beads were recovered
quantitatively, dried (drying pistol) and weighed for use in the next step; in addition, small
samples were reserved for elemental microanalysis, FTIR spectroscopy and microbiolog-
ical testing. Due to the intrinsically insoluble nature of resin beads solution state 'H NMR
spectroscopy could not be utilized (solid state °C NMR spectroscopy, however, would
have proved a valuable structural tool for these experiments but it was not available rout-
inely).

The initial step of the synthesis involved the preparation of the sulfonyl chloride
resin 139 (Scheme 12). Dry sulfonic acid resin 138 (Amberlyst 15 or Dowex 50-X8) was
refluxed with thionyl chlonde to yield the sulfonyl chloride resin 139, the latter of which
was dried with dichloromethane (CaCl,—dried). The next step in the synthesis involved the
conversion of the sulfonyl chloride resin 139 into the sulfonylacetic acid resin 141. This
synthesis was attempted using three different sets of reaction conditions (Scheme 12, Rou-
tes [I-1V).

The first set of conditions (Route IT) was adapted from the method descnibed by
Courtin’’ for the conversion of a low molecular weight arylsulfonyl chloride into an aryl-
sulfonylacetic acid (Scheme 11). In the Courtin synthesis the sulfonyl chloride was stirred
in a concentrated solution of sodium sulfite, under an inert atmosphere. Trial experiments
on the sulfonyl chloride resin 139 (Scheme 12) revealed that the Courtin synthesis could
be applied using a much less concentrated Na;SO; solution (as long as the reductant was
used in an excess). In addition, it was not found necessary to either stir the reaction mix-
ture or to use an inert atmosphere. As a result of these findings, the sulfonyl chloride resin
139 was heated, unstirred, in an aqueous solution of sodium sulfite in a stoppered reaction
flask The solution was then acidified with chloroacetic acid and heated further. Finally, the

solution was acidified with aq. HCl and the resin beads washed with water and acetone

respectively.
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The second set of conditions (Route IIT) adapted Coutin’s method in the form of a
‘single pot’, heterogeneous reaction. It was anticipated that the aqueous reductive system
(Route IT) might hydrolyse the sulfonyl chloride resin 139 back to the sulfonic acid resin
138. As a result, a water—dichloromethane/Na,SO; system was used in conjunction with a
phase-transfer catalyst (7-BusN"CI). This system, hopefully, would help prevent the risk
of hydrolysis. An additional advantage of the two-phase system is that the organic com-
ponent (CH,Cl;) would be better able to penetrate the resin beads with the reductant, (n-
Bu,N'),SO;”. In the ‘single pot’, two-phase experiment sulfonyl chloride resin 139,
sodium sulfite and chloroacetic acid were stirred, and heated, in a solution of water—
dichloromethane, with tetra-n-butylammonium chloride as the phase-transfer catalyst. The
solution was acidified and the resin beads washed as described in the previous paragraph.

The third set of conditions (Route IV) utilized an identical two-phase system to
that described above. This time, however, the reaction was carried out in two steps. In the
two-step, two-phase experiment sulfonyl chloride resin 139, sodium sulfite and tetra-n-
butylammonium chloride were stirred, and heated, in a solution of water—dichloromethane.
After a time, a solution of chloroacetic acid in dichloromethane was added and the solut-
ion heated further. The solution was acidified and the resin beads washed as described
previously.

The final step of the synthetic pathway 138 — 142a involved the conversion of the
sulfonylacetic acid resin 141 into the diiodomethyl sulfone resin 142a. In a previous
section the synthesis of the diiodomethyl sulfone, Amical 125 (Scheme 10), was described.
The synthesis’ involved the addition of molecular iodine to an alkaline solution of the
sulfonylacetic acid 124. A two-phase adaptation of this halogenation synthesis was used in
an attempt to form the diiodomethyl sulfone resin 142a (Scheme 12). As described prev-
iously, three different synthetic procedures (Routes II-IV) were used in an attempt to
prepare the sulfonylacetic acid resin 141. The two-phase, halogenation reaction was car-
ried out, separately, on each of the three sulfonylacetic acid resin products (Amberlyst-
and Dowex-derived resins). The resin product obtained from the reaction 139 — 141 was
added to a solution of iodine, sodium hydroxide and tetra-n-butylammonium chloride in
water—dichloromethane. The resultant solution was stirred (r.t.) overnight. The Amberlyst-

derived resin bead products were washed with water and acetone (respectively) and then
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extracted in a Soxhlet with acetone. The Dowex-derived resin bead products, on the other

hand, were washed with 50% aqueous methanol and acetone (respectively) and then

extracted in a Soxhlet with methanol. The Soxhlet extractions ensured that
trapped in the resin beads would be washed out.

‘free’ 10dine

Tablg 17 Experimental elemental microanalyses of Amberlyst 15 and the
chemically modified Amberlyst resins 139, 141 and 142a (Scheme 12).

Compound/Group Remarks %C %H %CI %l %S

Amberlyst 15 — 50.60 5.82 — — 13.90
139 SO,CI — 5047 459 6.33 — 13.91
141 SO,CH,CO,H Route i 4728 4.63 — — 13.32
142a SO,CHlI, Crude 4480 4.43 — 4.31 12.76
142a SO,CHlI, Soxhlet® 4541 3.99 — 4.85 9.60
141 SO,CH,CO,H Route Il 4886 4.71 — — 11.41
142a SO,CHlI, Crude 46.38 4.55 — 1.09 12.51
142a SO,CHI, Soxhlet® 4577 4.37 — 0.53 12.89
141 SO,CH,CO,H Route IV 4885 473 — — 13.10
142a SO,CHI, Crude 4551 4.45 — 0.85 1276
142a SO,CHI, Soxhlet® 4577 4.41 — 0.81 13.19

*Solvent: acetone.

Table 18 Experimental elemental microanalyses of Dowex 50-X8 and the
chemically modified Dowex resins 139, 141 and 142a (Scheme 12).

Compound/Group Remarks %C %H %ClI %l %S

Dowex 50-X8° — 4641 563 — — 12.95
139 SO,CI — 4917 444 861 — 14.81
141 SO,CH,.CO,H Routell 4527 435 « — — 14.05
142a SO,CHI, Crude 4448 423 « — 791 1314
142a SO,CHI, Soxhlet’ 4450 4.02 — 815 12.82
142a SO,CHl, Soxhlet’ 4499 4.31 — 091 1335
141 SO,CH,CO,H Route lll 5116 532 — — 12.90
142a SO,CHl, Crude 4801 468 — 081 1356
142a SO,CHI, Soxhlet? 46.92 4.58 — 055 1365
141 SO,CH,CO,H RoutelV  51.00 518  — — 13.49
142a SO,CHI, Crude 48.01 4.81 — 163 1310
142a SO,CHI, Soxhlet? 47.07 4.57 — 081 1390

d .
*H* form. "Solvent: acetone. °Solvents: acetone then methanol. “Solvent:
methanol.
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Elemental microanalytical data for the chemically modified Amberlyst and Dowex
resins 139, 141 and 142a are summarized in Tables 17 and 18 respectively. FTIR spec-
troscopy (KBr pellet), in addition to elemental microanalysis, was used to monitor the
synthesis 138 — 142a. In order to confirm that the sulfonylacetic acid resin 141 had been
prepared successfully the 1717 cm™ carbonyl absorption of the carboxylic acid group in p-
tolylsulfonylacetic acid 124 (Scheme 10) was used as a reference. The Amberlyst-derived
attempts at 141 revealed absorptions in the carbonyl region at 1717 cm™ (broad, weak to
medium intensity, Route II product), 1709 cm™ (sharp, weak intensity;, Route Il product)
and 1709 cm™ (sharp, weak intensity, Route IV product). The Dowex-derived attempts at
141, on the other hand, revealed either extremely little (Route II & III products) or
nothing at all (Route IV product) in the 1700-1720 cm™ region of interest. In addition, the
spectrum of the Dowex product derived from Route II was near-identical to the spectrum
of the sodium salt form of Dowex 50-X8. In the case of the Amberlyst-derived resins it
therefore appeared that a small percentage of sulfonyl chloride groups in 139 had been
successfully converted to sulfonylacetic acid groups in 141. On the basis of the FTIR band
intensities the conversion seemed greater when the Route II (aqueous) reduction method
was used. In the case of the Dowex-derived resins, however, it appeared that there had
been little, if any, successful conversion of 139 into 141. Spectral evidence suggested that
in every attempt to prepare 141 from 139 the latter had either been partially, or com-
pletely, hydrolysed to the sodium salt form of the sulfonic acid 138 (aq. NaOH was used
as a pH adjuster in Routes II-TV). Now consider the results for the iodonation reaction,
141 — 142a. FTIR spectroscopy of the Dowex-derived attempts at 142a (originated from
Routes II-TV) revealed spectra that were near-identical to the spectrum of the sodium salt
form of Dowex 50-X8. The spectra of the Amberlyst-derived attempts at 142a (originated
from Routes II-IV) were similar, but not identical, to the Dowex 50-X8 sodium salt spec-
trum. Elemental microanalysis of the Amberlyst-derived attempts at 142a (after Soxhlet
extraction) revealed either low (4.85%; product originated from Route II) or very low
(0.53 and 0.81%; products originated from Routes IIl & TV respectively) iodine contents.
Similarly, elemental microanalysis of the Dowex-derived attempts at 142a (after Soxhlet
extraction) revealed very low (0.91, 0.55 and 0.81%; products originated from Routes 11—
IV respectively) iodine contents. Note the elemental microanalytical data obtained from

176



the Soxhlet extraction of the Dowex-derived product originated from Route II (Table 18).
When acetone was used as the extraction solvent the iodine content did not change very
much (7.91— 8.15%). However, when the extraction solvent was changed to methanol,
the iodine content dropped to only 0.91%. Acetone was therefore considered to be an
ineffective extraction solvent for the Dowex-derived resins and so methanol was used
instead (acetone, on the other hand, was found to be a good extraction solvent for the
Amberlyst-derived resins). In conclusion, in the attempted preparation of the diilodomethyl
sulfone resin 142a the highest iodine content (4.85%) was achieved with the Amberlyst-
derived resin 141 that originated from Route II.

The overall results for the synthesis 138 — 142a are disappointing. The iodon-
ation reaction appeared to have worked successfully. However, due to the low conver-
sions achieved in the 139 — 141 step (the aqueous reduction — Route II — appeared the
most successful method, though), there were not enough sulfonylacetic acid groups on the
resins 141 to undergo iodonation. As a consequence, only low, or very low iodine load-
ings were achieved for the resins 142. Theoretical elemental microanalyses for the iodo-
methyl sulfone resins 142a—c are shown in Table 16. In the case of the Amberlyst-derived
resins the iodine contents are 35.75, 52.78 and 62.75% for the mono-, di- and tn-iodo
species respectively. Similarly, for the Dowex-derived resins the iodine contents are 34.12,
50.98 and 61.03% for the mono-, di- and tri-iodo species. Assuming only mono-iodon-
ation of 141 occurred the resultant resin 142b would still contain a relatively high iodine
content (~35%). The highest iodine content obtained for the resin 142 in the present
experiments was a value of ~5% (Amberlyst-derived resin originated from Route II). Due,
however, to the low percentage of sulfonylacetic acid groups on the resins 141 it is not

possible to assess the degree of iodonation (i.e. 142a, 142b or 142c¢) that this 5% value

corresponded to.

Microbiological Testing of Chemically Modified Amberlyst and Dowex Resins

Bead samples of Amberlyst 15, Dowex 50-X8 and the chemically modified resins 139,
141 and 142a (Scheme 12) were tested for antimicrobial activity using three different

methods: the plate assay technique, the liquid assay technique, and the supernatant

test. A short summary of each test is given below. For further information, however,
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refer to the experimental chapter, section 2.4.2 of which explains in detail the method-
ology and experimental protocol of each technique.

The plate assay technique is a ‘dry’ test since samples are tested in the dry
state (c.f. MIC testing). In a typical experiment test samples are arranged on the
surface of an inoculated malt extract agar (MEA) plate. The plate is incubated and
then examined for inhibitory effects. Uninhibited microbial growth is represented by a
‘lawn’ of growth of the micro-organism. An active sample would inhibit microbial
growth. This is represented by a zone of inhibition (diameter measured in millimetres)
around the test sample area. An inhibition zone indicates ‘leaching’ of an active agent
from the test sample. The liquid assay technique is a ‘wet’ test since samples are test-
ed in solution. In a typical experiment test samples are added to vials containing the
test medium. The samples are then inoculated and incubated. Samples of the test med-
jum are plated out onto MEA plates and viable count determinations performed to
determine cell numbers The cell number (units, cfu cm™) indicates the extent of
microbial growth: no growth = 0 cfu cm™; uninhibited growth = “control’ value (for
the present tests, ~10” cfu cm™); and inhibited growth = 0 < cell number < ‘control’
value. Inhibition indicates either direct contact of the cell with the test sample
(‘contact activity’) or ‘leaching’ of an agent from the test sample. The supernatant
fest is a ‘leakage’ test and is similar to the liquid assay experiment. In a typical exper-
iment test samples are added to vials containing the test medium. The samples are
then incubated sans inolculum. Samples of the test medium are then removed, inocu-
lated and incubated further. Viable count determinations are performed to determine
cell numbers. Inhibition indicates, unambiguously, ‘leaching’ of an agent from the test
sample.

Microbiological test data for Amberlyst 15, Dowex 50-X8 and the chemically
modified Amberlyst and Dowex resins 139, 141 and 142a are summarized in Tables 19
and 20 respectively. The headings ‘Plate’, ‘Liquid’ and ‘S/N’ refer to plate assay, liquid
assay and supernatant tests respectively. Entries under the plate assay column indicate the
diameters (mm) of inhibition zones. The term ‘no inh.” refers to samples that displayed no

inhibition zone. Entries under both the liquid assay and supernatant columns indicate cell
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'T.able 19 Microbiological testing® of Amberlyst 15 and the chemically mod-
ified Amberlyst resins 139, 141 and 142a (Scheme 12). Columns 4-6 indicate

FheI results of plate assay, liquid assay, and supernatant (S/N) tests respect-
ively.

Entry Compound/Group Remarks Plate® Liquid® SIN°

1 Amberlyst 15 — 0.5~1  no growth 1.0x10°

2 139 SO,CI — 2 no growth <102

3 141 SO,CH,CO,H Routell noinh. com. growth com. growth
4 142a SO,CHlI, Crude no inh. no growth com. growth
5 142a SO,CHI, Soxhlet” noinh. nogrowth  com. growth
6 141 SO,CH,CO,H Routelll noinh. ~10* com. growth
7 142a SO,CHI, Crude 2-3 2 x 107 inh. growth®
8 142a SO,CHlI, Soxhlet’ noinh. 2 x10? com. growth
9 141 SO,CH.CO.H RoutelV noinh. ~10* com. growth
10 142a SO,CHI, Crude 3mm 2x10° com. growth
11 142a SO,CHlI, Soxhlet’ 34 com. growth _com. growth

*Test organism, Saccharomyces cerevisiae EL1. ®Entries indicate diameters
(mm) of inhibition zones around bead samples on MEA plates; ‘no inh.” — no
inhibition zone. °Cell numbers (cfu cm™) determined by viable count method:
0 (no growth):; O < cell number < ~10” (inhibited growth); > ~10" (complete
growth — ‘com. growth’). ‘Solvent: acetone. °Inhibited growth (cell number
N/A).
numbers (cfu cm™) as determined by the viable count method. The terms ‘no growth’ and
‘com. growth’ refer to cell numbers equal to zero and the ‘control’” value respectively.
Resin samples are numbered from #1-23 for ease of identification. In the discussion to
follow a positive’ result refers to samples that displayed an inhibitory effect (i.e. a zone of
inhibition in the plate assay test, or a cell number less than the ‘control’ value in either the
liquid assay or supernatant tests). Conversely, a ‘negative’ result refers to samples that had
no inhibitory effect (i.e. no zone of inhibition in the plate assay test, or a cell number equal
to the ‘control’ value in either the liquid assay or supernatant tests). The microbiological
test results will now be discussed in detail.

For any single resin species there appears, overall, to be little, if any, correlation of

the results from the three microbiological tests. Indeed, the results are often contradictory.

For example, consider sample #19. The positive result from the plate test indicates leak-
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Table 20 Microbiological testing® of Dowex 50-X8 and the chemically mod-
ified Dowex resins 139, 141 and 142a (Scheme 12). Columns 4-6 indicate

the results of plate assay, liquid assay, and supernatant (SIN)

. tests respect-
ively.

Entry Compound/Group Remarks Plate’® Liquid® SIN®
12 Dowex 50-X8° — 1-2 no growth  <10?
13 139 SO.CI - 2-3 no growth <102

14 141 SO,CH,CO,H Routell noinh. nogrowth 4.0 x 10
15 142a SO,CHI, ‘Crude 34 no growth 2.9 x 10?
16 142a SO,CHI, Soxhlet® 34 no growth 9.0 x 10’

17 142a SO,CHl, Soxhlet’  noinh. com. growth com. growth
18 141 SO,CH,CO,H Routelll see’  ~10-10° 20x10°

19 142a SO,CHI, Crude 5 2 x 107 com. growth
20 142a SO,CHI, Soxhlet” noinh. com. growth com. growth
21 141 SO,CH,CO,H RoutelV 1 nogrowth  1.0x 10

22 142a SO,CHI; Crude no inh. com. growth com. growth
23 142a SO,CHI, Soxhlet” noinh. com. growth com. growth

*Test organism, Saccharomyces cerevisiae EL1. “Entries indicate diameters
(mm) of inhibition zones around bead samples on MEA plates; ‘no inh." — no
inhibition zone. °Cell numbers (cfu cm™) determined by viable count method:
0 (no growth); O < cell number < ~10” (inhibited growth); > ~10" (complete
growth — ‘com. growth’). °H* form. °Solvent: acetone. ‘Solvents: acetone then
methanol. Possible inhibition no zone (i.e. direct contact inhibition). "Solvent:
methanol.
age. The liquid test is also positive. However, the supernatant test is negative. In the same
way the results obtained for sample #10 are contradictory. Some samples, however, show
self-consistency in their results. For example, consider sample #8. The negative result from
the plate test indicates no leakage, a result supported by the negative supernatant test.
Since the liquid test is positive it can be concluded that the sample displayed contact
activity. Similar sets of self-consistent results are also shown by samples #4, 5, 6 and 9. In
particular, samples #4 and 5 each showed no growth (i.e. total microbial kill) in their liquid
assay tests. These samples were therefore very active.

Within any given test there is, again, little correlation with resin structure. It was

hoped that the diiodomethyl sulfone resin 142a would be very active. However, in some

instances, the sulfonic acid 138 and sulfonyl chloride 139 forms seemed more active than

subsequent species in the plate assay test. Consider, for example, the plate assay results
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obtained for the sample progression #1—5. Another example of this ‘reverse activity” effect
can be seen in the plate assay results for the sample progression #12, 13, 21-23. Now
consider the plate assay results for the sample progression #1, 2, 9-11. In this case the
desired progression of activity is obtained since the precursors seem less active than sub-
‘sequent species.

Figures 45 and 46 show photographs that were taken of a pair of agar plates
(diameter 88 mm) after a typical plate assay experiment. The test organism, in each case,
was the yeast strain, Saccharomyces cerevisiae EL1. Samples #7, 8, 10 and 11 (Table 19)
are tested in Figure 45, and samples #17, 19, 20, 22 and 23 (Table 20) are tested in Figure
46. In Figure 45, zones of inhibition can be seen around the bead samples #7, 10 and 11.
Note that sample #8 has no zone of inhibition. In Figure 46, a large zone of inhibition can
be seen around the bead sample #19. Each of the samples #17, 20, 22 and 23 has no inhib-
ition zone.

In conclusion, the results obtained from the microbiological testing of the resins
138, 139, 141 and 142a are, overall, rather disappointing. From the chemistry results there
is good evidence for achieving the proposed structural transformations and, in particular,
for generating the polymer-supported diiodomethyl sulfone resin 142a. Unfortunately,
however, the results of the chemistry are not reflected consistently in the microbiological
data. It is important, here, to mention the reliability of the microbiological results. Living
systems are prone to contamination. As a result, microbiological testing is commonly con-
ducted to strict and rigorous protocols. For example, it is standard practice in biochemistry
laboratories to test samples in duplicate and then to perform multi-repeat experiments. The
data obtained from these experiments is then usually collated and statistically analysed
before any conclusions can be drawn from the results. The present microbiological data
was limited by both shortage of material and time constraints. As a result, it was not

possible to conduct the microbiological tests according to the rigorous protocol defined

above.
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Fig. 45 Photograph of the results of a plate assay experiment. Sam-
ples #7 (top left), 10 (bottom left) and 11 (bottom right) display inhib-
itions zones (= active) whereas sample #8 (top right) does not (=

inactive). Samples as in Table 19. Test organism is Saccharomyces
cerevisiae EL1. Agar plate diameter = 88 mm.
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Fig. 46 Photograph of the results of a plate assay experiment. Sam-
ples #17 (centre), 20 (top right), 22 (bottom left) and 23 (bottom right)
have no inhibition zone (= inactive) but sample #19 (top left) dis-
plays a large inhibition zone (= active). Samples as in Table 20.
Test organism is Saccharomyces cerevisiae EL1. Agar plate diam-
eter = 88 mm.
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3.4 Nicotinate Quaternary Ammonium Salts
3.4.1 Introduction

As discussed in chapter 1, antimicrobial activity is strongly influenced by certain key
aspects of molecular design. These include physical factors like, for example, molecular
shape and size. The most important influence on antimicrobial activity, however, is molec-
ular structure and the key features here include functional group type and the ‘architec-
ture’ of molecular sub-structure. A well-known, and extensively.studied, class of anti-
microbial compound that exhibits interesting aspects of molecular design are the quat-
ernary ammonium compounds (or quaternary ammonium salts — ‘quats’ for short).
Quaternary ammonium compounds are commonly used as antibacterial agents and
disinfectants.” The key structural features of quats appears to be the possession of (i) a
positively charged nitrogen atom, and (ii) a hydrophobic group (for example, a hydro-
carbon chain). The mode of action of quaternary ammonium compounds has been exten-

sively described******? and involves the following sequential steps:

o Electrostatic attraction between the positive charge of the quat and the negatively
charged outer membrane of the cell wall.

e Absorption onto, and diffusion through, the cell wall.

¢ Binding to the cytoplasmic membrane.

e Disruption of the cytoplasmic membrane followed by the release of cytoplasmic

constituents (e.g. potassium ions), leading to death of the cell.

Polymeric versions and analogues of quaternary ammonium compounds are
potentially very interesting. For example, a polymeric quat could provide the basis for a
controlled release system.83’84 In such a system, the antimicrobial agent is covalently imm-
obilized onto a polymeric support via a labile bond (e.g. an ester or amide linkage). The
agent can then be slowly released, by hydrolysis or decomposition, to give a ‘free’ active
antimicrobial agent. Polymeric quats can be useful in other ways. For example, if the anti-

microbial agent is permanently :mmobilized onto a polymeric support it has claimed that

the polymeric quat can bind, irreversibly, to live, bacterial cells. ** The literature contains
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examples of soluble polymeric quaternary ammonium salts that, in addition to being anti-

microbially active, are more active than their monomeric analogues.’**® There are also

many examples of insoluble polymeric quats that have no antimicrobial activity.*®*" At the

present time, it is not fully understood why some polymers are active and others are not.

=z
COZH COZR
| I, Or ii | Hi 148 3-_isomer
_ _ 149 4-isomer
N N
Cl~
143 3-isomer 146 3-isomer N“
144 4-isomer 147 4-isomer + CO.R
™
R=a Me f sec-C5H11 =
b Et g n-CgH17
c P h n-CgH1g 109
d Pr i n—C12H25
e n-C5H11
Cli

Scheme 13 Reagents and conditions: i, ROH 145a—d, conc. H,SO,
A, 1 d; i, SOCI,, py, 100 °C, 1 h, then ROH 145e—i, 100 °C, 4 h: iii,
109, neat, 70°C, 1 d.

Encouraged by the results of previous research,® the present studies were
concerned with the design and synthesis of a novel polymerizable quaternary ammonium
compound. In addition to adhering to the structural critenia discussed above a new quat
compound should, ideally, be relatively straightforward to synthesize, from readily avail-
able and (preferably) inexpensive starting materials. Additionally, the compound should be
as ‘bio-friendly’ as possible and not be too harmful or toxic. In keeping with these criteria,
the series of polymerizable nicotinate quaternary ammonium salts 148 (Scheme 13) were
proposed. With regard to structural design, the quat 148 is, essentially, a polymenzable
pyridinium salt in the form of an alkyl nicotinate ester that has been quaternized with a

vinylbenzyl group, with chloride ion as the counter-ion. Key structural features in the quat

148 include the positively charged nitrogen atom, the alkyl ester and the vinyl group. As
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mentioned previously, the first two of these features are known to influence antimicrobial
activity. The additional structural feature of a vinyl group in 148 would allow the molecule
to be polymerized, the result of which would be a polymeric pyridinium chloride with an
alkyl ester side-chain.

It was anticipated that the length and shape of the ester chain in 148 would be key
structural influences on antimicrobial activity. As a result, the series of quats 148a—i, with
esters of different chain length (C,_1) and branching (148d and 148f), were synthesized.
The position of the ester group on the pyridinium ring was considered an additional factor
that might influence antimicrobial activity: the inductive influence of a para-substituted
ester group in 149 (c.f. meta-substituted ester in 148) would, theoretically, have the effect
of re-enforcing the positive charge density on the nitrogen atom. Since charge is an impor-
tant design feature in quaternary ammonium compounds, the quats 148 and 149 should, in
theory, exhibit different antimicrobial activities. As a result, a selection of the isonicotinate

quat series 149 were synthesized.

3.4.2 Monomer Synthesis

The two-step synthesis of the polymerizable nicotinate quaternary ammonium salts 148ai
is shown in Scheme 13. The first step involved the preparation of the nicotinate esters
146a—i. The nicotinate esters 146a—d, with chain lengths in the range C,.3, were prepared
by a standard literature procedure.” Nicotinic acid 143 was refluxed, separately, with each
of the alcohols 145a—d in the presence of concentrated sulfuric acid to produce the esters
146a—d (Scheme 13, Route i). Kugelrohr distillation afforded the following nicotinate
esters: methyl 146a (mp 38-40 °C; 81%), ethyl 146b (77%), n-propyl 146¢ (72%), and
iso-propyl 146d (57%). The isonicotinate esters 147a—d were prepared, and purified, in a
similar manner to that of the nicotinate esters 146a—d: methyl 147a (35%), ethyl 147b
(67%), n-propyl 147¢ (70%), and iso-propyl 147d (65%). The nicotinate esters 146ei,
with chain lengths in the range Cs.i2, were prepared by the published method of Wood-
ward and Badgett.go Nicotinic acid 143 was heated with thionyl chloride in pyndine to give
nicotinoyl chloride (143, but _COCl for =CO,H). The latter was then heated, separately,
with each of the alcohols 145e-i to produce the esters 146e—i (Scheme 13, Route 1).

Kugelrohr distillation afforded the following nicotinate €sters: n-pentyl 146e (60%), sec-
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pentyl 146f (22%), n-octyl 146g (71%), n-nonyl 146h (86%), and n-dodecyl 146i (85%)

The isonicotinate esters 147g and 147; Were prepared, and purified, in a similar manner to
that of the nicotinate esters 146e—i:

n-octyl 147g (66%), and n-dodecyl 147 (76%). Due
to time constraints, the isonicotinate esters 147e, 147f and 147h were not prepared.

The final step of the synthesis involved quaternization of the nicotinate esters
146a—i with p-vinylbenzyl chloride 109 (Scheme 13, Route iii). A neat solution of each of
the nicotinate esters 146a—i in p-vinylbenzyl chioride 109 was heated at 70 °C for 24 h.
Trituration with diethyl ether afforded the following nicotinate quaternary ammonium
salts: methyl 148a (mp 135-137 °C; 74%), ethyl 148b (mp 4648 °C; 72%), n-propyl
148¢ (gum, 99%), iso-propyl 148d (glass; ~100%), n-pentyl 148e (mp 93-97 °C; 60%),
sec-pentyl 148f (gum;, ~100%), n-octyl 148g [mp 60 (softened)—100 (decomp.); 69%], n-
nonyl 148h (mp 111-112 °C; 66%), and n-dodecyl 148i (mp 55 °C; 72%). The isonico-
tinate quaternary ammonium salts 149a—d, 149g and 149i were prepared, and purified, in
a similar manner to that of the nicotinate quaternary ammonium salts 148a—i: methyl 149a
(mp 142 °C; 61%), ethyl 149b (mp 73-78 °C; 93%), n-propyl 149¢ (mp 129-131 °C;
79%), iso-propyl 149d (mp 117-125 °C; ~100%), n-octyl 149g [mp 79 (softened)-87
(melt) °C; 68%], and n-dodecyl 149i (mp 123 °C; 21%). A summary of yields and
melting points for the series of nicotinate and isonicotinate quats 148 and 149 is pre-

sented in Table 21.

Table 21 Synthesis of polymerizable nicotinate and isonicotinate quaternary
ammonium salts 148 and 149 (Scheme 13).

Nicotinate quat 148 Isonicotinate quat 149
R Yield (%)* Mp (°C) Yield (%)° Mp (°C)
aMe 74 135-137 61 142
b Et 72 4648 93 73-78
cPr 99 gum 79 129131
dPr ~100 glass ~100 117-125
e n-CsHi; 60 93-97 Not synthesized
f sec-CsHy, ~100 gum Not synthesized
g n-CgHyy 69 60°-100° 68 79°-87
h n-CgHs9 66 111-112 Not synthesized
i N-Cq2Hos 72 55 21 123

%Isolated yield. “Softened. “Decomposed.
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The series of nicotinate and isonicotinate esters 146 and 147 and polymerizable
nicotinate and isonicotinate quats 148 and 149 were characterized by elemental micro-
analysis and UV, FTIR and 'H NMR spectroscopic techniques. The UV electronic spectra
(ethanol, 190-350 nm range) of each compound series 146, 147, 148 and 149 showed a
pair of bands in the following regjons: 146, 218222 and 263-264 nm, 147, 213-219 and
274-275 nm; 148, 204207 and 253-254 nm; and 149, 206-208 and 253-254 nm. The
FTIR spectra (KBr pellet, or film, 4000-400 cm! range) of each compound series 146,
147, 148 and 149 showed a strong carbonyl absorption in the following regions: 146,
1721-1726 em™; 147, 1723-1733 cm’; 148, 17261747 cm’’; and 149, 1728-1733 cm™,
'"H NMR spectroscopy (250 MHz, CDCls) revealed that all members of the quat series
148 and 149 were hydrated to varying degrees, ranging from 0.4-1.6 molecules of water
per quat molecule. A summary of FTIR and UV electronic spectral data for the series of
nicotinate and isonicotinate quats 148 and 149 is presented in Table 22. Selected 'H
NMR spectral data for the same compounds is presented in Tables 23 and 24 respect-

ively.

Table 22 FTIR and electronic spectral data for the polymerizable nicotinate and
isonicotinate quaternary ammonium salts 148 and 149 (Scheme 13).

Nicotinate quat 148 Isonicotinate quat 149

Vmax (C=0) / Vmax (C=0) /
R cm'e Amadnm’ cm’® Amadnm®
aMe 1729 204 and 253 1733 206 and 253
b Et 1739 206 and 254 1729 206 and 253
cPr 1733 205 and 254 1733 206 and 254
dPr 1729 206 and 254 1728 206 and 253
e n-CsHq4 1729 205 and 253 Not synthesized
fsec-CsHy1 1729 207 and 254 Not synthesized
gn-CgHiy 1726 205 and 253 1729 208 and 253
h n-CgHys 1747 N/A Not synthesized
in-CioHys 1746 206 and 253 1733 206 and 253

*KBr pellet (solid), film (gum/glass). °In ethanol.
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Table 23 Partial 'H NMR (/ppm JIHz)
nicotinate quaternary ammonium salts 148

Spectral data® for the polymerizable

(Scheme 13).
Vinyl H
R Me OCH,  =CHH, =CHH,.. —CH= NCH,
aMe 3.98 — 5.29 573 6.64 6.53
(s) @,J109) (d,J176) (dd. J176 (s)
& 10.9)
b Et 1.40 4.43 529 573 6.64 6.46
tJ7.1) @Q,J 7.1) d,J 10.9) (d, J17.6) (ad,J17.6 (s
1 &10.9)
cPr 0.98 4.31 528 573 6.64 6.54
t, J7.4) (t, J6.8) @,J109) d,J176) (dd,J176 (s)
| &10.9)
d Pr 1.38° — 5.29 574 6.64 6.48
d, J6.3) (d,J10.8) d,J17.6) (dd, J17.5 (s)
& 11.0)
en-CsHyy  0.90 4.36 5.30 574 6.65 6.45
(br s) t, J6.1) d,J10.7) d,J17.3) (dd, J17 4 (s
& 11.0)
f sec-CsHy, 0.90° — 5.29 5.74 6.65 6.43
t J7.3), d,J10.9) d,J17.6) (dd, J176 (s)
1 .34d & 10.9)
d, J6.3)
gn-CeHyy 087 4.36 5.30 575 6.66 6.45
{t J6.4) (t, J6.8) (d,J10.9 d,J17.6) (ad, J17.6 (s)
& 10.9)
hn-CoHs 0.87 4.36 5.30 575 6.65 6.45
{t, J6.5) {t, J6.9) d,J109) (d,J176) (dd,J176 (s)
& 10.9)
i n-Ci;H,s  0.87 437 5.31 5.76 6.67 6.46
(t, J6.6) t, J6.8) (dd,J109 (dd,J176 (dd,J176 (s)
&0.5) & 0.5) & 10.9)

*Recorded at 250 MHz in CDCl,. °2 x Me. °CH,CHs. °CHCH..

Table 24 Partial 'H NMR (8/ppm; J/Hz) spectral data® for the polymerizable iso-
nicotinate quaternary ammonium salts 149 (Scheme 13).

Vinyl H
R Me OCH, =CHH.,s =CHHgans —CH= NCH,
a Me 3.96 —_ 525 5.69 6.59 6.48
(s) d,J109) (d,J176) (dd,J176 (s)
&10.9)
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Table 24 (contd.)

Vinyl H
R Me OCH2 =CHHc,s =CHHm —CH= NCH2
b Et 1.35 4.39 522 5.66 6.56 6.46
€J71) @J71) @ J109 d,J176) (dd,J176 ()
& 10.9)
c Pr 0.98 4.32 5.26 570 6.60 6.51
tJ74) J8.7) d,J109) (d,J176) (dd,J176 (s)
| & 10.9)
d P’ 1.33° — 5.22 5.66 6.56 6.44
d,J6.2) d,J109) (d,J176) (dd,J176 (s)
& 10.9)
gn-CeHyy 0.86 4.35 5.26 5.69 6.60 6.52
t.J66) (t,J6.7) d,J109) (d,J176) (dd,J176 ()
& 10.9)
inCioHys  0.87 4.37 5.29 572 6.63 6.54
t.J66) (t,J6.7) d,J109) (d,J176) (dd,J176 (5)
& 10.9)

*Recorded at 250 MHz in CDCls. 2 x Me.

3.4.3 Microbiological Testing

Introduction

The series of nicotinate and isonicotinate esters 146 and 147 and the polymerizable nico-
tinate and isonicotinate quats 148 and 149 were tested for antimicrobial activity. The MIC
values were determined in NAJ and MOJ media against the yeast strain Saccharomyces
cerevisiae EL1; the concentration test range was 1000—1 pg cm™. The data obtained from
the MIC tests is summarized in Table 25. In addition, plots of MIC vs. chain length, x (n-
C.Hx+1), are shown for each compound series 146, 148 and 149 in Figures 47-49 respect-
ively. The plots include only MIC data for compounds with straight-chain esters. Note
that data points corresponding to MIC values >1000 ug cm” are plotted as “1000° ug cm™
values but are represented by white squares (O) in order to differentiate them from other
data points (black squares, ®).

As mentioned previously, key features of quaternary ammonium compounds are
the possession of a positively charged nitrogen atom and a hydrophobic group. As a result,

the MIC data will be analysed in order to see how antimicrobial activity is affected by each

of the following;
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Fig. 47 Plot of MIC vs. chain length for the nicotinate esters 146
(Scheme 13); test organism, Saccharomyces cerevisiae EL1; test
media: (a) NAJ, (b) MOJ. Data points corresponding to MIC values
>1000 pug cm™ are represented by white squares (0O). See also Table
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Fig. 48 Plot of MIC vs. chain length for the polymerizable nicotinate
quats 148 (Scheme 13); test organism, Saccharomyces cerevisiae
EL1: test media: (a) NAJ, (b) MOJ. Data points corresponding to MIC
values >1000 ug cm® are represented by white squares (O). See

also Table 25.
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Fig. 49 Plot of MIC vs. chain length for the polymerizable isonico-
tinate quats 149 (Scheme 13), test organism, Saccharomyces
cerevisiae EL1; test media: (a) NAJ, (b) MOJ. Data points corres-
ponding to MIC values >1000 ug cm” are represented by white

squares (0O). See also Table 25.
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e Ester chain length: C,_y;, straight-chain esters.
e Structure of ester chain: branched v straight-chain ester.

* Position of ester group on pyridinium ning: meta- vs. para-substitution.

Table 25 MIC data’ for the nicotinate and isonicotinate esters 146 and 147, and

the polymerizable nicotinate and isonicotinate quats 148 and 149 (Scheme 13).
N.b. ‘— — not synthesized.

NAJ® MIC/ug cm? MOJ°: MIC/ug cm™

R 146 147 148 149 146 147 148 149

a Me >10°0  >10°0 100 >10° >10° >100  >10° >10°
b Et >10°  >10° 10° >10° >10° >10° 10° >10°
cPr 10°Y  10°°  10°° 10°° 500 500 10>  10°
dPr >10° 10" 10° >10°¢ >10° 500 10° 10°

e n-CsHyy 250 — 500 — 250 — 10° —

f sec-CsHy; 500 — 10° — 500 — 10° —
gnCeHiy 3125 NA 625 625 500 NA >10° 250
hn-CsHis 250 — 625 — N/A — N/A —

i N-C1oHos 10° NA 625 625 >10° NA 500 500

*Test organism, Saccharomyces cerevisiae EL1. "Norwegian apple juice.
“Mills orange juice. “Inhibitory effect down to: “15.6, °125, '62.5 ug cm®.

Ester Chain Length

In NAJ, the nicotinate ester series 146 showed an increase in activity from C, to Cg (max-
imum activity at Cg, MIC = 31.25 ug cm’), followed by a decrease in activity from Cs to
Cy, (Figure 47a). A similar minimum in MIC (maximum in microbiological activity) was
observed for the series 146 in MOJ, with maximum activity at Cs, MIC = 250 ug cm’
(Figure 47b). In NAJ, the nicotinate quat series 148 showed an increase in activity from C,
to Cpo. Maximum activity was observed for the Cs, Co and Cy quats, each with an MIC
value of 62.5 ug cm” (Figure 48a). A similar activity pattern was observed for the series
148 in MOJ, with maximum activity at Ci,, MIC = 500 ug cm” (Figure 48b). Note, how-
ever, that the activity momentarily decreased at Cs, MIC = > 1000 pg cm”. This apparent-
ly erroneous result could be due to experimental error in the MIC test. In NAJ, the iso-
nicotinate quat series 149 showed an increase in activity from C, to C2. Maximum activity
was observed for the Cg and C;, quats, each with an MIC value of 62.5 ug cm” (Figure

49a). In MOJ, however, the isonicotinate quat series 149 showed an increase in activity
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from C, to Cs (maximum activity at Cg, MIC = 250 g cm™), followed by a decrease in

activity at C,, (Figure 49b).

In conclusion, the activity in each of the quat series 148 and 149 was found to

increase with an increase in chain length from C, to Cpo. In general, maximum activity was

observed for the Cs, Cy and Cj, compounds. For the nicotinate ester series 146, maximum

activity peaked for compounds with chains of moderate length (Cs and Cs).
Structure of Ester Chain

A comparison was made between compounds with iso-propyl and sec-pentyl alkyl chains
(Table 25, R =d and f respectively) and their straight-chain counterparts, n-propyl and n-
pentyl (R = ¢ and e respectively). Consider, first, the results obtained for the isomeric C;
alkyl chains. In both NAJ and MOJ, n-propyl nicotinate 146¢ was more active than iso-
propyl nicotinate 146d (e.g. in MOJ: 146¢, MIC = 500 ug cm®; 146d, MIC = >1000 pg
cm™). In the case of the isonicotinates, however, n-propyl isonicotinate 147¢ and iso-
propyl isonicotinate 147d had identical activities in each test medium (MICs of 1000 pg
cm” in NAJ, and MICs of 500 g cm” MOY). The n-propyl nicotinate quat 148c¢ and iso-
propyl nicotinate quat 148d had identical activities in each test medium (MICs of 1000 pg
cm” in NAJ, and MICs of 1000 pg cm® in MO)J). In the case of the isonicotinate quats,
however, the n-propyl isonicotinate quat 149¢ was more active than the iso-propyl iso-
nicotinate quat 149d in NAJ (149¢, MIC = 1000 ug cm™; 149d, MIC = >1000 pug cm™).
In MOJ, 149¢ and 149d had identical activities (MICs of 1000 pg cm™). Now consider the
results obtained for the isomeric Cs alkyl chains (data for the nicotinate species, only). In
both NAJ and MOJ, n-pentyl nicotinate 146e was more active than sec-pentyl nicotinate
146f (146e, MIC = 250 pg cm” in both NAJ and MOJ; 146f, MIC = 500 ug cm™ in both
NAJ and MOYJ). The n-pentyl nicotinate quat 148¢ was more active than the sec-pentyl
nicotinate quat 148f in NAJ (148e, MIC = 500 ug cm’™; 148f, MIC = 1000 pg cm®). In
MOJ, however, 148¢ and 148f had identical activities (MICs of 1000 ug cm™).

In conclusion, the straight-chain ester and quat compounds were generally found
to be more active than their branched-chain counterparts. At worst, the straight-chain and

branched-chain species had similar activities.
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Position of Ester Group on Pyridinium Ring

Although the MIC data for the isonicotinate compound series 147 and 149 was incom-
plete (Table 25) it appeared that, for a given chain length and test medium, the nicotinate
and isonicotinate species (whether ester or quat) had comparable activities. A notable
exception to this, however, is the octyl quats 148g and 149g. In this case, the isonicotinate
quat 149g (MIC = 250 ug cm™) is considerably more active than its nicotinate counterpart
148g (MIC >1000 pg cm™) in MOJ. In NAJ, however, both compounds have identical
activities (MICs of 62.5 ug cm™). There are other examples of nicotinate and isonicotinate
compound pairs with different activities (e.g. in MOJ: 148b, MIC = 1000 pg cm™; 149b,
MIC = >1000 pg cm™) but, in general, the data is not consistent enough to form any

concrete conclusions. As a result, the influence of the position of the ester group on anti-

microbial activity is not entirely clear.

General Conclusions

From the MIC test results (Table 25), the following general conclusions can be drawn:

e An increase in ester chain length leads to an increase in antimicrobial
activity. Compounds with chain lengths in the range Cs to C,2 are the most
active.

e Straight-chain compounds have greater antimicrobial activities than their
branched-chain counterparts.

e The position (mefa- vs. para-substitution) of the ester group on the pyrid-

inium ring does not appear to significantly influence antimicrobial activity.

A final conclusion to make concerns the testing media. It was found that, in general, for a
given compound, smaller MIC values were recorded in NAJ than in MOJ. In general,
compounds therefore tested more active in Norwegian apple juice than in Mills orange
juice.

The first conclusion therefore supports the finding that antimicrobial activity in

quaternary ammonium compounds is enhanced by a hydrophobic group (for example, an
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alkyl chain). In addition, the second conclusion supports the view that straight-chains are
more readily able to insert into cell membranes than branched-chains

3.4.4 Polymer and Co-polymer Synthesis

As mentioned in the introduction to this section there is strong evidence to suggest
that soluble polymeric quaternary ammonium compounds are effective and potentially
very versatile antibacterial agents. It was decided to select one of the nicotinate quats

148a—i and investigate its polymerization reactions with the aim of producing a water-

soluble polymeric pyridinium salt.

- P

148g > O 150

Cl~ Cl~

2 00203H17 = C02C8H17
N+ l N+ ,
A A

Scheme 14 Reagents and conditions: AIBN, THF, 60 °C, 18 h.

Encouraged by favourable MIC data (Table 25), the n-octyl nicotinate quat
148g was selected for polymerization studies. The homo-polymerization of the mon-
omer 148g is shown in Scheme 14. Monomer 148g and initiator, azobis-iso-butyro-
nitrile (AIBN), were dissolved in tetrahydrofuran and the solution degassed (freeze-
pump-thaw method). The solution was then heated at 60 °C for 18 h. Repeated tritur-
ation of the crude product with diethyl ether afforded the homo-polymer 150 as a tan
powder (mp 127-135 °C; 27% conversion). 'H NMR spectroscopy (250 MHz,
CDCl;) of 150 revealed a series of broad signals, characteristic of those found in
typical polymer spectra. Notably prominent signals were those due to the Cg ester
chain: § 0.86 (CH;), 1.27 [(CH,)sCH;] and 1.77 (OCH,CH>) ppm. The OCH, signal

was less prominent but could be seen at 8 ~4.3 ppm. The methine and methylene

peaks due to the polymer backbone appeared in the range & 2.0-3.6 ppm. The
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aromatic protons appeared as a series of very broad signals in the range & 5.5-10.0

ppm. FTIR spectroscopy (KBr pellet) of 150 revealed a strong carbonyl absorption at

1724 cm™ (c.f 17 1
(c.f 1726 cm™ in the monomer 148g). It came as a disappointment to find

that the polymer 150 was very insoluble in water. An MIC test revealed that 150 was
inactive: MIC =>1000 [31.25] ug cm® in NAJ, and MIC = >1000 g cm™ in MOYJ.

Z
=
| x-C02CaHi7 i 151
_ + — Cl
N N
+3
1469 108 Cl |
| p

CO,CgHy7

v iv
i, or iii
o 0

OH
AN OR: P
CHs
0 154 O 153 0 152
Cl° Cl- Cl~
m N )

= S =
CO,CgH47 CO,CgH4¢7 CO,CgH¢7

Scheme 15 Reagents and conditions: i, neat, 66 °C, 18 h; ii,
K2S,0s, H20, 66 °C, 19 h; iii, AIBN, THF, 78 °C, 20 h; iv, AAm,
AIBN, THF, 64 °C, 19 h; v, HEMA, AIBN, THF, 64 °C, 19 h.
It was decided to co-polymerize 148g with a water-soluble co-monomer with
the aim of producing a water-soluble pyridinium salt co-polymer. However, owing to
shortage of sample 148g a batch of the isomeric nicotinate quat monomer 151 was

prepared (Scheme 15). Recall that the quat 148g was prepared by the quaternization
of n-octyl nicotinate 146g with p-vinylbenzyl chloride 109 (Scheme 13). The quat 151
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was prepared in an identical manner to that of 148g with the exception that the ester

146g was quaternized with the isomeric mixture, m/p-vinylbenzyl chloride 108

(Scheme 15). The isomeric mixture 108 was used in preference to the pure isomer

109 because none of the latter was available at the time; in addition, it was more
economic to use the considerably less expensive isomeric mixture. The sample of m p-
vinylbenzyl chloride 108 (Aldrich) was confirmed by '"H NMR spectroscopy (250
MHz, CDCl;) to consist of an approximate 7:3 mixture of meta-/para-isomers. The
quat 151 was purified by trituration with diethyl ether and afforded a gum (63%). The
'H NMR spectrum (250 MHz, CDCl3) of 151 was similar to that of the quat 148g
with the exception that the former spectrum showed an additional set of signals due to
the meta-quat component. In addition, the spectrum revealed that the quat 151 was
hydrated with 1.5 molecules of water per molecule of 151. The FTIR spectrum (film)
of 151 revealed a strong carbonyl absorption at 1731 em™ (c.£ 1726 cm™ in the mon-
omer 148g).

Before proceeding with co-polymer studies, the quat 151 was homo-polymer-
ized (Scheme 15). The homo-polymerization of 151 was attempted in both aqueous
(Route ii) and organic (Route iii) solvents. In the aqueous system, potassium persul-
fate (K»S.0s) initiator was added to a solution of the monomer 151 in deionized
water. Upon addition of the persulfate the solution turned milky white in colour.
Despite this, the solution was degassed and then heated at 66 °C for 19 h. At the end
of the reaction a water-insoluble gelatinous material had formed. This gel-like residue
was dried and examined further. It was found to be completely insoluble in all the
common bench solvents. A series of swelling tests were then conducted. The gel was
found to swell in N,N-dimethylformamide, dimethylsulfoxide, ethanol, methanol and
tetrahydrofuran (slight swelling), but did not swell in acetone, benzene, dichloro-
methane, diethyl ether, ethyl acetate, n-hexane, toluene and water. It was concluded
from these observations that the gel-like material was the polymer 152 in the form of
either a very high molecular weight species or, alternatively, a cross-linked gel.

The organic system (Route iii) used to homo-polymerize 151 was identical to
that used for the homo-polymerization of 148g (Scheme 14). A solution of monomer

151 and AIBN in tetrahydrofuran was degassed and then heated at 78 °C for 20 h.
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Work-up afforded the homo-polymer 152 as a sandy powder (mp >340 °C;, 7%

conversion). 'H NMR Spectroscopy (250 MHz, CDCls) of 152 revealed the following
key signals: 8 0.87 (CHs), 1.27 [(CH,)sCHs], 1.78 (OCH,CH), 1.9-3.6 (CH,CH of
polymer backbone), ~4.3 (OCH,), 5.8-6.5 (ex br, NCH,;) and 6.5-10.5 (several
signals, v br, Ar-H) ppm. FTIR spectroscopy (KBr pellet) of 152 revealed a strong
carbonyl absorption at 1727 e¢m™ (c.f 1731 em” in the monomer 151). Like 150
(Scheme 14), the polymer 152 was insoluble in water. As a result, and owing to the
poor MIC results obtained for 150, the polymer 152 was not tested for antimicrobial
activity.

The monomer 151 was co-polymerized, separately, with two different water-
soluble co-monomers, acrylamide (AAm) and 2-hydroxyethyl methacrylate (HEMA).
As already mentioned, the homo-polymer 152 was found to be insoluble in water. It
was hoped that by introducing the hydrophilic AAm and HEMA functionalities into
the polymer 152 the water solubility of the resultant co-polymers would be improved.
The co-polymerization of 151 with acrylamide is shown in Scheme 15. A solution of
AIBN and equimolar amounts of monomer 151 and acrylamide in tetrahydrofuran was
degassed and then heated at 64 °C for 19 h. Work-up afforded the AAm co-polymer
153 as a tan powder (28% conversion). 'H NMR spectroscopy (250 MHz, CDCls) of
153 revealed the following key signals: & 0.87 (CHs), 1.27 [(CH3)sCHas]}, 1.73 (OCH,-
CH,), 1.6-3.9 (CH,CH of polymer backbone), ~4.3 (OCH,) and 5.5-10.5 (several
signals, v br, Ar—H) ppm. The NH; signal could not be clearly identified; in theory,
RCONH, protons resonate in the range & 5-12 ppm.” FTIR spectroscopy (KBr
pellet) of 153 revealed a pair of strong carbonyl absorptions at 1724 cm’ (ester C=0,
cf 1727 cm™ in the homo-polymer 152) and 1666 cm! (AAm C=0). In addition,
there was a medium intensity band at 3209 cm”, assigned to N-H stretching. Unfor-
tunately, the co-polymer 153 was found to be insoluble in water. As a result, and
owing to insufficient sample weight, 153 was not tested for antimicrobial activity.

The conditions for the co-polymerization of 151 with 2-hydroxyethyl meth-
acrylate (Scheme 15) were identical to those used in the acrylamide co-polymerization
reaction. Work-up afforded the HEMA co-polymer 154 as a sandy-brown powder
[mp 78 (softened)-110 °C; 8% conversion]. 'H NMR spectroscopy (250 MHz,
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CDCls) of 154 revealed the following key signals: § 0.88 (with sh, CH;), 1.28

[(CH;)sCHs], 1.73 (OCH,CH,), 1.6-4.1 (CH,CH of polymer backbone, and CH,CH,

of HEMA), ~4.3 (OCH,) and 5.6-10 0 (several signals, v br, Ar-H) ppm. FTIR spec-

troscopy (KBr pellet) of 154 revealed a strong carbonyl absorption at 1724 cm™ (c.f

1.
1727 cm”™ in the homo-polymer 152). Like 153, the co-polymer 154 was insoluble in

water. As a result, and owing to insufficient sample weight, 154 was not tested for
antimicrobial activity.

The experimental conditions used for the preparation of the homo-polymers
150 (Scheme 14) & 152 (Scheme 15) and the co-polymers 153 & 154 (Scheme 15) are
summarized in Table 26. A summary of elemental microanalytical data and selected
FTIR data for the same compounds is shown in Table 27

Table 26 Polymerization of nicotinate quaternary ammonium salts 148g (Sch-
eme 14) and 151 (Scheme 15).

[MJ/mol [Co-M]/ [initiator) Conditions: Con.?
PP M  dm® Co-M° moldm® moldm™ Solvent, T ¢ (%)
150 148g 0.43 None — 0.021° THF,60°C,18h 27
152" 151 022 None  — 0.0062° H,0,66°C,19h —
152 151 0.32 None  — 0.015° THF 78°C,20h 7

163 151 025 AAmh’ 0.25 0.014° THF,64°C,19h 28
154 151 0.25 HEMA' 0.25 0.014° THF,64°C,19h 8

*Polymer. "Monomer. “Co-monomer. “Conversion. *AIBN. Either a very high
molecular weight species or a cross-linked gel. °K,S,0s. "Acrylamide. ‘2-
Hydroxyethyl methacrylate.

Table 27 Elemental microanalytical data and selected FTIR data for the poly-
meric pyridinium salts 150 (Scheme 14) and 152-154 (Scheme 15).

Elemental microanalysis
Polymer %C %H %ClI %N Vmadcm™

150 63.60 765 463 274 1724 (C=0)

152° 66.96 7.62 7.38 2.75 N/A

152° 63.81 7.39 522 253 1727 (C=0)

153 63.47 7.52 433 409 3209 (N-H), 1724 (ester
C=0), 1666 (AAm C=0)

154 63.86 7.68 338 222 1724 (C=0)

*KBr pellet. *°Scheme 15, Routes ii° and iii.°
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In conclusion, the results of the above co-polymer studies came as somewhat of a

disappointment. Owing to the water-insolubility of the homo-polymer 152 (Scheme 15) it

had been hoped that Co-polymerization of the monomer 151 with the hydrophilic mon-
omers acrylamide and 2-hydroxyethyl methacrylate would lead to a water-soluble poly-
- meric pyridinium salt. However, neither the AAm co-polymer 153 or the HEMA co-

polymer 154 were soluble in water. In addition, the yields obtained of 153 and 154

were very low (28% and 8% respectively).

3.4.5 Other Polymerizable Nicotinate Quaternary Ammonium Salts

The key structural features of the nicotinate quat 148 (Scheme 13) are the hydrophobic
alkyl chain and the vinyl group. As mentioned previously, the hydrophobic group in quat-
ernary ammonium compounds plays a principle role in the compound’s mode of action
against bacterial cells. The vinyl group of 148 is a useful, additional feature that allows the
molecule to be polymerized (the merits of polymeric quats were discussed earlier). With
these key features in mind, now consider the possibilities for other types of polymerizable
nicotinate quaternary ammonium compounds.

Shown in Figure 50 is a suggested route to the polymerizable pyridinium salt
157. The monomer 157 is structurally similar to that of the quat 148 (Scheme 13),
with two notable exceptions. The first of these concerns the alkyl chain. In 148, the
alkyl chain is part of the ester group. In 157, however, the alkyl group is attached to
nitrogen, forming a pyridinium salt. The second structural difference between 148 and
157 concerns the location of the vinyl group. In 148, the vinyl group is attached to
nitrogen in the nicotinate ring, whereas in 157 it is located at the other end of the ester
chain. In other words, on comparing 157 to 148, the positions of the alkyl and vinyl
groups are switched around. The monomer 157 has the same key structural features
as 148 and so would make an ideal candidate for a new quaternary ammonium com-
pound. The synthesis of 157, however, would not be as straightforward as that of
148. Nicotinic acid 143 could be converted to the nicotinate alcohol 155 using the di-
alcohol 81. The hydroxyl group of 155 could then be acrylated with acryloyl chloride
to give the acrylate 156. Finally, quaternization of 156 with an alkyl halide (RX)
would give the polymerizable pyridinium salt 157. Alkyl groups with different chain
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lengths could be used to generate a series of compounds 157 in a similar manner to
that of 148. This would allow the correlation of chain length with antimicrobial

activity. The advantage of the structure 157, over that of 148. is that the di-alcohol 81

>

HO{CHZ}OH I
CO.H
= 2 81 n = OHOH
S . - [ "
N SN
143 155
CH,=CHCOCI
v
0 0 0 T
n n
F | o’&o)ﬁ X 7 0o
s | X | |
Y x ”
R 157 156

Fig. 50 Suggested route to a polymerizable pyridinium salt.

acts as a “spacer’ group, effectively separating the polymerizable group from the anti-
microbially active part of the molecule. The length, n, of the spacer group therefore
acts as an additional structural ‘variable’. Also, the spacer group need not be derived
from the di-alcohol 81. Instead, it might prove interesting to use a more hydrophilic
spacer, e.g. a poly(ethylene glycol) (‘PEG’), HO(CH,CH,0),H. Introducing a spacer,
such as this, would make the resultant monomer more hydrophilic. This would be par-
ticularly advantageous if the ultimate aim was to produce a water-soluble polymer (or
co-polymer) of 157. Another alternative spacer group might be the amino-alcohol,
HO(CH,).NH,. This could be attached to the carboxylic acid group of nicotinic acid
143, via oxygen or nitrogen, to ultimately give the monomer 157 but with one of the
C(0)O groups replaced by C(O)NH. The monomer 157 is just one example of a
potentially interesting group of polymerizable quaternary ammonium compounds

which would make useful targets for extensions of this work.
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4. FUTURE WORK



Each section of the Results and Discussion chapter concluded with suggested avenues

of research for future study. The potentially more attractive, and profitable, of these

research areas are summarized below.

The ‘model’ compounds benzofuroxan 71 (Scheme 3), 3-amino parabens 78
(Scheme 4) and benzokathon 99 (Scheme 6) all displayed antimicrobial activity against
Saccharomyces cerevisiae EL1. The synthesis of benzofuroxan and benzokathon
heterocyclic ring systems are based on ortho-substituted benzene rings. An ortho-
substituted aromatic compound with a residual functional group (e.g. an hydroxy or
an amino group) would therefore serve as a precursor towards polymerizable deriv-
atives. In this way, acrylate and acrylamido monomers of both benzofuroxan (Figure 24,
72b and 73b respectively) and benzokathon (Figure 28, 100b and 101b respectively)
might be realized. Vinylbenzofuroxan 74 (Figure 24) and vinylbenzokathon 102 (Figure
28) are also potentially interesting monomers, but their syntheses may be more problem-
atical. The synthesis of a monomer based on the 3-amino parabens ester 78 could be
undertaken by modifying either the amino or carboxylic acid groups. Using the former
strategy, it would be possible, using protection chemistry, to prepare the acrylamido mon-
omer 79 (Figure 25). Alternatively, a ‘spacer’ function with a polymerizable end group
could be attached to the carboxylic acid group to produce the novel acrylate monomer 83
(Figure 25).

A relatively new class of cationic biocides are the phosphonium salts. These
compounds serve as an interesting, and novel, alternative to the more conventional
cationic biocides, the quaternary ammonium salts. The present studies were concerned
with the polymerizable phosphonium salts 105 and 111 (Scheme 7). The polymer-
izable function in these compounds is a vinylbenzyl group. The methacrylate monomer
113 and the methacrylamide monomer 114 (Figure 30) have been proposed as hydro-
philic variants of 105 and 111. Alternatives to the methacrylate monomers 113 and
114 would be the phosphonium salt vinyl ethers 115 and 116 (Figure 30). The vinyl
ether 116 contains an ethoxy spacer group and therefore serves as a more hydrophilic
variant of 115.

Of the compounds tested in the present studies, Amical 125 and the monoiodo

analogue 126 (Scheme 10) proved to be the most potently active against Saccharo-
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myces cerevisiae EL1. The diiodomethyl sulfone moiety of Amical can be formed

from an aromatic thiol group. A thiophenol with a residual functional group (e.g. an

hydroxy or an amino group) would therefore serve as a precursor towards polymer-
izable Amical derivatives, Targets worthy of future study might include the acrylate-,
acrylamido- and vinyl- diiodomethyl sulfone monomers 127b, 128b and 129b (Figure
32) respectively.

Amical is an example of a class of antimicrobial agents referred to as activated
halogen compounds. The biologically active part of the Amical molecule is the diiodo-
methyl sulfone (-SO,CHI,) moiety — the diiodomethyl group is activated by the
sulfonyl portion. The structure of diiodomethyl compounds can therefore be general-
ized to X~CHI,, where X is an activating group of some description. It may prove
interesting to study diiodomethyl compounds that contain different activating groups.
Examples of conventional ‘X’ groups worth investigating are —C(O)R, —C(O)Ar and
—CO2R. An example of a more exotic, and novel, X-functionality might be the phos-
phorous (V) group, -P(O)(OH)R.

The present studies indicate good evidence for achieving the chemical modif-
ication of the sulfonic acid ion exchange resin 138 to the diiodomethyl sulfone resin
142a (Scheme 12). An ‘antimicrobial resin’ is a very desirable target since it has the
potential of being technologically very useful. It would prove both beneficial and
logical, therefore, to optimize the chemistry shown in Scheme 12 with the aim of
producing a resin 142a with a high iodine loading. Rigorous microbiological testing of
the resin would then allow its antimicrobial potential to be fully realized.

Nicotinic acid 143 (Scheme 13) proved a useful precursor in the synthesis of
the polymerizable nicotinate quaternary ammonium salts 148a—i (Scheme 13).
Nicotinic acid could also serve as a precursor towards the preparation of the polymer-
izable pyridinium salt 157 (Figure 50). The acrylate monomer 157 is an interesting
structural variant of the nicotinate quats 148 because the roles of the ester moiety and
the nitrogen atom are complimentary. In the quats 148, the polymerizable group is
attached via the nitrogen atom and the all-important alkyl chain forms part of the ester
group. In the monomer 157, however, the nitrogen atom bears the alkyl chain and the

polymerizable group is attached to an alkyl spacer which, in turn, forms part of the
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ester group. The spacer group therefore serves as an additional structural “variable’.
For example, it may prove interesting to prepare a more hydrophilic version of 157 by
employing a poly(ethylene glycol) spacer group, HO(CH,CH,0),H.

The logical conclusion to the above research would be the preparation and
microbiological testing of homo-polymers and co-polymers. The co-monomers need
not be non-antimicrobial compounds. Alternatively, it may prove interesting to
produce co-polymers derived from different antimicrobial monomers (a ‘mixed’ anti-
microbial polymer). Additionally, if a series of co-polymers are prepared using diff-
erent co-monomer ratios then microbiological activity could be correlated with co-

polymer composition. This would give the optimum co-polymer ratio required for

maximum antimicrobial effectiveness.
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6. APPENDIX



Selected ' H NMR Spectra

Reproduced in the following pages are 'H NMR spectra (Figures 51-59) of a

selection of important compounds featured in this thesis. The spectra are listed in
Table 28.

Table 28 'H NMR Spectra.

Compound Section Scheme Spectrum
Nonyl 3-amino parabens ester 78 3.1.4 4 Fig. 51
Chioropropyl thiol 94 3.1.5 5 Fig. 52
Bromoethyl-dithiodipropionamide 92b 3.1.5 5 Fig. 53
Diiodomethyl sulfone 125 3.3.2 10 Fig. 54
Monoiodomethyl sulfone 126 3.3.2 10 Fig. 55
Octyl nicotinate quat 148g° 3.4.2 13 Fig. 56
Homo-polymer 150 of octyl nicotinate 344 14 Fig. 57
quat 148g

Co-polymer 153 of octyl nicotinate quat 344 15 Fig. 58

151° and acrylamide

Co-polymer 154 of octyl nicotinate quat 344 15 Fig. 59
151 and 2-hydroxyethyl methacrylate

*p-lsomer. >mip-isomeric mixture.
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