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A green synthesis of chemiluminescent N-sulfopropyl acridinium esters in ionic liquids without

using the carcinogen 1,3-propane sultone
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Chemiluminescent acridinium dimethylphenyl esters containing hydrophilic N-sulfopropyl groups in the
acridinium ring are used as labels in automated immunoassays for clinical diagnostics. Introduction of the

N-sulfopropyl group in these labels is normally accomplished by N-alkylation of the corresponding, nonchemi-
luminescent acridine ester precursors with the toxic carcinogen 1,3-propane sultone. In the current study, we
report that sodium 3-bromopropane sulfonate in ionic liquids (ILs) is a benign alternative to 1,3-propane sultone

for introducing the N-sulfopropyl group in chemiluminescent acridinium ester labels. The sultone reagent can be
eliminated in the synthesis of N-sulfopropyl acridinium dimethylphenyl ester labels by taking advantage of the
increased reactivity of acridan esters toward nontoxic sodium 3-bromopropane sulfonate in [BMIM][BF4].

Sodium 3-bromopropane sulfonate in ILs is also potentially a nontoxic alternative to 1,3-propane sultone for
introducing the water-soluble, three-carbon sulfobetaine moiety in other molecules as well.

Keywords: green synthesis; chemiluminescent N-sulfopropyl acridinium ester; ionic liquid; acridan

N-alkylation; sodium 3-bromopropane sulfonate

Introduction

Chemiluminescent acridinium dimethylphenyl esters
(Figure 1) containing hydrophilic N-sulfopropyl
groups in the acridinium ring are highly sensitive
labels that are used in automated immunoassays for
the measurement of a wide range of clinically
important analytes [1�5]. These acridinium esters
are typically synthesized by N-alkylation of the
nonchemiluminescent, acridine ester precursors with
the toxic reagent 1,3-propane sultone [6�8] (Figure 2).
The acridine nitrogen in these esters is very unreactive
toward alkylating reagents because of steric hin-
drance from the hydrogens at C-4 and C-5 (see

Figure 2 for numbering system). These hydrogens

are oriented in the same plane as the lone pair of

electrons of the acridine nitrogen owing to the flat

nature of the acridine ring (Figure 2). As a conse-

quence, harsh reaction conditions are usually em-

ployed to install the N-sulfopropyl group at the

acridine nitrogen [1]. Typically, this entails using

1,3-propane sultone as both the reactant and solvent

in neat reactions and at high temperatures where

sultone decomposition competes with N-alkylation of

the acridine ester substrate [1]. The formation of

polysulfonated acridinium ester by-products also

complicates chromatographic purification and lowers
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the yield of the N-sulfopropyl acridinium dimethyl-

phenyl ester product [1].
Despite its toxicity, 1,3-propane sultone is widely

used to introduce a three-carbon sulfobetaine in

various dyes and polymers to increase their water

solubility [9]. We wanted to develop less toxic

alternatives to this reagent for introducing the N-

sulfopropyl group in chemiluminescent acridinium

esters. The reaction of acridine esters with 1,3-
propane sultone proceeds via ring opening of the
sultone reagent through a charged transition state
and results in the formation of a zwitterionic product
(Figure 2). Classical Hughes-Ingold theory [10�13]
predicts that increasing the polarity of the reaction
medium will lower the activation energy of the
reaction. Consistent with this prediction, in a recent
study [14], we reported that highly polar, room
temperature ionic liquids (ILs) such as1-butyl-3-
methylimidazolium hexafluorophosphate [BMIM][PF6]
and tetrafluoroborate [BMIM][BF4] are excellent
media for the N-alkylation of acridine esters with
1,3-propane sultone. N-alkylation of a range of acri-
dine dimethylphenyl ester substrates proceeded cleanly
in these ILs and in excellent conversion with reduced
quantities of the sultone reagent. Moreover, the
alkylation reactions in these polar solvents proceeded
with minimal polysulfonation and were amenable to
scale up for the synthesis of gram quantities of
hydrophilic acridinium dimethylphenyl ester labels in
high yields.

The increased reactivity of acridine esters toward
1,3-propane sultone in ILs is mostly attributable to
the polar nature of these unique reaction media.
The empirically determined Kamlet-Taft [15�19]
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Figure 1. Structures of chemiluminescent acridinium di-
methylphenyl ester labels containing N-sulfopropyl groups

in the acridinium ring that are used in automated immu-
noassays in Siemens Healthcare Diagnostics’ ADVIA:
Centaur† systems [1�3].

N
H5 H4

O O

O OMe

..

1
2

36

7
8 9

+

Oδ–

δ+

S
O O

N

O O

O OMe

#

O
S

O O

N

O O

O OMe

SO3
–

+

2a

5a

Figure 2. N-Alkylation of acridine methyl ester 2a with 1,3-propane sultone [14]. The reaction proceeds via a charged
transition state and is facilitated by polar solvents such as the ILs [BMIM][PF6] and [BMIM[BF4].
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parameter p* which, is a good measure of a solvent’s

polarity/polarizability, is typically high for ILs such

as [BMIM][PF6] and [BMIM][BF4]. For example, p*

values for [BMIM][PF6] and [BMIM][BF4] are 1.032

and 1.047, respectively [20]. For comparison, Kamlet-

Taft parameter p* of water is 1.09 [19]. In our earlier

study [9], we noted excellent correlation between the

parameter p* of the solvent and the extent of

conversion to N-sulfopropyl acridinium ester product

in the reaction of its acridine ester precursor with

limited quantities of propane sultone. However, the

alkylation reaction was not particularly sensitive to

either the acidity of the cation or the basicity of the

anion comprising the IL as reflected by the Kamlet-

Taft parameters a and b, respectively.
As we noted in our study [14], while a direct

comparison of the toxicological properties of propane

sultone with [BMIM][PF6] and [BMIM][BF4] is not

available, the former is a potent carcinogen [6�8] due

to its strong alkylating nature, whereas the latter two

ILs can reasonably be expected not to be similarly

toxic. However, not all ILs are as benign as once

thought, and they can be quite toxic to aquatic life

when discharged into the environment [21�28]. A

number of toxicological studies have investigated the

relationship between IL structure and toxicity [21�
28]. Toxicity of ILs is generally attributable to the

lipophilicity of the cation [25]. The two ILs derived

from the 1-butyl-3-methylimidazolium [BMIM] ca-

tion contain relatively short hydrocarbon chains and

have been shown to be significantly less toxic than

longer chain analogs in a range of toxicological tests

[25]. The two ILs have also been used extensively as

solvents in a variety of synthetic transformations due

to their excellent properties such as the ability to

dissolve a wide variety of organic solutes, low vapor

pressure, high thermal stability, and recyclability. An

excellent review of the applications of ILs in synthesis

can be found in a two-volume book edited by

Wasserscheid and Welton [29].
Despite the increased reactivity of acridine esters

toward 1,3-propane sultone in [BMIM] ILs, our

previous efforts to replace this reagent with less-

reactive and less-toxic alkylating reagents for the

synthesis of N-sulfopropyl acridinium esters were

largely unsuccessful. In the current study, we report

a successful and practical approach toward the

synthesis of N-sulfopropyl acridinium esters in

[BMIM][BF4] without using the sultone reagent. We

outline the rationale of this new green synthetic

approach as well as its scope for the synthesis of

these chemiluminescent labels and other potential

applications.

Results and discussion

Based on our previous study [14], a reasonable
strategy to increase the reactivity of acridine ester
substrates toward propane sultone or other alkylating
reagents is to identify IL solvents that are more polar
than the two [BMIM]-derived ILs. Increased acridine
ester reactivity would then enable further curtailment
in the usage of the sultone reagent or its replacement
with a less-toxic reagent such as sodium 3-bromo-
propane sulfonate for the synthesis of chemilumines-
cent acridinium dimethylphenyl esters containing
N-sulfopropyl groups.

In a study reported by Poole and coworkers [30],
who examined the properties of a series of tetra-
alkylammonium sulfonates and other salts, the two
ionic salts ethylammonium nitrate (p* �1.24) and
sec-butylammonium thiocyanate (p* �1.28) were
among the most polar salts. Based on their Kamlet-
Taft p* values, these two ionic salts are even more
polar than the two [BMIM] ILs. However, these types
of salts, including the alkylammonium sulfonates,
described by Poole and coworkers are unsuitable for
the N-alkylation of acridine esters because the ions
comprising the ionic salt are not expected to be
chemically inert to alkylating reagents especially at
high temperatures. Additionally, as noted by Cro-
whurst and coworkers [20], there may be little room
to manipulate the structure of a particular IL to
increase its polarity because to begin with most ILs
tend to be quite polar. Consequently, tuning the
structure of an IL such as [BMIM][BF4] to make it an
even more suitable reaction medium for the N-
alkylation reaction of acridine dimethylphenyl esters
appears to be quite difficult and is probably imprac-
tical. Moreover, any new IL would need a compre-
hensive evaluation of its toxicological properties in
comparison to the two [BMIM]-based ILs, before it
can be implemented in a green synthetic process.

As an alternative, we envisaged that perhaps
improving the reactivity of the acridine dimethylphe-
nyl ester substrates by chemical modification may
enable the use of a significantly less-toxic alkylating
reagent such as sodium 3-bromopropane sulfonate in
reactions in [BMIM] ILs. Recognizing that the
decreased reactivity of the acridine nitrogen was due
to steric hindrance from the hydrogens at C-4 and C-5
in the relatively inflexible and flat acridine ring
(Figure 2), we reasoned that conversion of the
acridine esters to the corresponding acridan esters
(Figure 3, compounds 3a and 3b) might improve their
reactivity. In these acridan dimethylphenyl esters, the
central ring is reduced and consequently has in-
creased conformational flexibility to allow greater
access of the ring nitrogen to less-reactive alkylating
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reagents such as sodium 3-bromopropane sulfonate.
The transition state of the acridan N-alkylation
reaction also involves build up of charge and is
expected to be similarly responsive to the polarity of
the reaction medium as the acridine alkylation
reactions. Following the N-alkylation reaction, the
resulting N-sulfopropyl acridan dimethylphenyl ester
would have to be oxidized to the corresponding N-
sulfopropyl acridinium ester (Figure 3).

The synthesis of acridan dimethylphenyl esters
from the corresponding acridine esters entails reduc-
tion of the central ring in these compounds. The
acridine dimethylphenyl esters themselves were easily
synthesized by esterification of commercially avail-
able acridine-9-carboxylic acid with methyl and
isopropyl 4-hydroxy-3,5-dimethylbenzoates as illu-
strated in Figure 3 (steps a and b). In our initial
experiments, we observed that the reduction of these
acridine esters to the corresponding acridan esters
was easily achieved using sodium cyanoborohydride
in a mixture of hydrochloric acid (HCl) and tetra-
hydrofuran (Figure 3, step c). The reduction reaction
proceeded cleanly and very rapidly as evidenced by
the bleaching of the yellow-colored solution of the
protonated acridine ester almost instantaneously
upon the addition of the reducing agent. The loss of
color results from disruption of the acridinium ring
chromophore [3] by hydride reaction at C-9 in a 1,4-
addition reaction that is facilitated by the positive
charge on the protonated acridine nitrogen. Because
sodium cyanoborohydride is generally considered to
be toxic due to potential for hydrogen cyanide
formation, we investigated alternate methods of
reduction including catalytic hydrogenation as well
as other less-toxic reducing agents such as sodium
tri(acetoxy) borohydride [31], sodium borohydride,
and picoline-borane [32]. Catalytic hydrogenation did
not afford a clean reaction, whereas the other two
hydride reagents proved ineffective. Sodium borohy-
dride reduction of acridine esters in plain methanol
failed to afford any product because of reduced
reactivity at C-9 of the unprotonated acridine ester
substrate. In acidic methanol, sodium borohydride
decomposed rapidly precluding any opportunity for
reaction. Sodium tri(acetoxy)borohydride [31] has
been advocated as a less-toxic alternative to sodium
cyanoborohydride, but this reagent failed to reduce
the acridine ester to the acridan ester even in acidic
media. The borane complex of 2-methylpyridine
(picoline-borane) is a more recent, nontoxic alter-
native to sodium cyanoborohydride for reductive-
amination reactions [32] and has been used for
oligosaccharide labeling [33,34]. We were pleased to
note that the reduction reaction of acridine dimethyl-
phenyl esters with picoline-borane complex in acidic

media proceeded cleanly to give the corresponding
acridan esters (Figure 3, step c). No reduction
occurred in the absence of acid. The reduction
reaction could be scaled up to gram quantities using
only a slight excess (1.2 molar equivalents) of the
picoline-borane complex. The acridan dimethylphe-
nyl esters 3a and 3b were formed cleanly with no by-
products and required no further purification.

In our preliminary small-scale experiments, we
examined the N-alkylation of acridan esters (25 mg)
in [BMIM][BF4] using the reagent sodium 3-bromo-
propane sulfonate (Figure 3, step d, Table 1). Sodium
3-bromopropane sulfonate is commercially available,
and although its toxicological properties have not been
completely evaluated, it is a high melting salt with a
significantly less-reactive bromide moiety (compared
to propane sultone). It has low vapor pressure and low
lipophilicity and is not classified as a carcinogen.
Unfortunately, the utility of this benign reagent
(as an alternative to propane sultone) for introducing
a three-carbon sulfobetaine moiety has been limited
by both its lower reactivity and poor solubility in
conventional organic solvents. However, we noticed
that this reagent showed significantly improved solu-
bility in [BMIM]-ionic lquids even when compared to
other polar aprotic solvents such as sulfolane. Sig-
nificantly better solubility was also observed in the
more hydrophilic IL [BMIM][BF4] than [BMIM][PF6]
at elevated temperatures and, therefore, the former
IL was used for reaction optimization. Concentrations
of the acridan ester substrate and the alkylating
reagent were similar to what we used previously for
the N-alkylation of acridine esters with 1,3-propane
sultone in ILs [14]. All reactions were also conducted
under an inert atmosphere to prevent air oxidation of
the acridan dimethylphenyl ester substrate back to
the inert acridine ester. Reactions were analyzed by
high performance liquid chromatography (HPLC) to
estimate the extent of conversion to product.

In the absence of any base, the N-alkylation of
acridan ester 3a with 10 equivalents of sodium 3-
bromopropane sulfonate in [BMIM][BF4] at elevated
temperature (160�1658C) afforded relatively poor
conversion (22%) to the oxidized N-sulfopropyl
acridinium ester product 5a (entry 1, Table 1, Figure 3).
However, inclusion of either the organic base 2,6-
di-tert-butylpyridine or the simple inorganic base
potassium carbonate to neutralize the HBr formed in
the substitution reaction, improved conversion to
approximately 50% (entries 2�4). Even though the
alkylation reactions were conducted under an inert
nitrogen atmosphere, oxidation of the acridan ester
substrate was observed to compete with the N-alkyla-
tion reaction. In fact, only small quantities of the N-
sulfopropyl acridan dimethylphenyl ester product 4a
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Figure 3. Synthetic scheme for the synthesis of acridan esters and their N-alkylation reactions with sodium 3-bromopropane

sulfonate in [BMIM][BF4]. The acridan N-alkylation reaction also has a charged transition state and is facilitated in the IL
[BMIM][BF4]. Reagents: (a) Thionyl chloride, ROH; (b) p-toluenesulfonyl chloride, pyridine; (c) picoline-borane,
tetrahydrofuran, 10% HCl; (d) sodium 3-bromopropane sulfonate, potassium carbonate, [BMIM][BF4]; (e) air or oxygen;
(f) 1-2 M HCl; (g) TSTU, diisopropylethylamine, DMF.
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Figure 4. HPLC traces. Upper panel: analysis of the reaction mixture from N-alkylation (Figure 3, steps d and e) on a gram
scale of acridan isopropyl ester 3b with sodium 3-bromopropane sulfonate in [BMIM][BF4] followed by oxidation. Compound

eluting at 6.4 minutes is product 5b and compound eluting at 10.2 minutes is acridine isopropyl ester 2b. Small peaks eluting at
4.4 minutes and 7.3 minutes are the corresponding carboxylic acids of 5b and 2b, respectively; middle panel: analysis of the
product 5b following purification by column chromatography; lower panel: analysis of the N-sulfopropyl acridinium

carboxylic acid 6 obtained by hydrolysis of the isopropyl ester 5b.
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were observed in these small-scale alkylation reactions.

Instead, the oxidized N-sulfopropyl acridinium pro-

duct 5a and the oxidized acridine ester starting material

2a, were the major products. We cannot rule out the

possibility that adventitious oxygen in these small-scale

reactions may be responsible for the undesired but

facile oxidation reaction of the starting material as well

as the oxidation of the N-alkylated acridan ester.

Conducting the reaction under an argon atmosphere

gave similar conversion (entry 5) as did increasing the

amount of alkylating agent (entry 6). Increasing the

reaction temperature from 160�1658C to 1908C (entry

7) also afforded a similar level of conversion to the N-

sulfopropyl acridinium ester.
In addition to the oxidation side reaction, we also

observed partial methyl ester cleavage (20�30%) in

the N-alkylation of the acridan ester substrate 3a

under all conditions. However, this side reaction

could be minimized by using the acridan isopropyl

ester 3b in the N-alkylation reaction with sodium

3-bromopropane sulfonate. This acridan ester sub-

strate afforded a similar extent of conversion to the

oxidized N-sulfopropyl acridinium ester product as

can be noted from Table 1 (entry 8) and showed less

cleavage of the isopropyl ester. Retaining the ester on

the phenol simplified product isolation of the acridi-

nium ester 5b during scale up as discussed below.
In sharp contrast to the acridan ester N-alkylation

reactions, attempted N-alkylation of the correspond-

ing acridine ester 2a afforded very poor conversion to

the N-sulfopropyl acridinium ester as can be noted

from Table 2. In all instances, the extent of conver-

sion to product was observed to be B20%. The poor

conversion observed with acridine ester 2a also

suggests that in situ formation of 1,3-propane sultone

from intramolecular cyclization of sodium 3-bromo-

propane sulfonate is unlikely because propane sultone

is a very effective N-alkylating reagent of acridine

esters in ILs [14]. A comparison of the extent of

product formation in Tables 1 and 2 from the acridan

Table 1. N-Alkylation of acridan dimethylphenyl esters with sodium 3-bromopropane sulfonate in [BMIM][BF4].

Entry Substrate
Reaction temperature

(8C), time (h) Base, equivalents

Sodium

3-Bromopropanesulfonate
(equivalents) Product, (% conversiona)

1 3a 160�165, 3 � 10 5a (22)
2 3a 160�165, 3 2,6-di-t-

butylpyridine, 2
10 5a (52)

3 3a 160�165, 3 2,6-di-t-
butylpyridine, 4

20 5a (44)

4 3a 160�165, 3 Potassium

carbonate, 2

10 5a (48)

5 3a 160�165, 3 Potassium
carbonate, 2

10 5a (44) (reaction under argon)

6 3a 160�165, 3 Potassium

carbonate, 2

20 5a (45)

7 3a 190, 2 Potassium
carbonate, 2

10 5a (48)

8 3b 160�165, 3 Potassium
carbonate, 2

10 5b (51)

aMeasured by HPLC analysis and based on ratio of product (5a and 5b) to acridine ester (2a and 2b) (oxidized starting material); [acridan] �
0.065 M; N-alkylation reactions were conducted under a nitrogen atmosphere followed by air oxidation (Figure 3, steps d and e).

Table 2. N-Alkylation of acridine ester 2a with sodium 3-bromopropane sulfonate in ionic liquids.

Ionic liquid

Reaction temperature

(8C), time (h) Base, equivalents

Sodium 3-Bromopropanesulfonate

(equivalents)

% Conversion to

5aa

[BMIM][BF4] 160�165, 3 � 10 14
[BMIM][BF4] 160�165, 3 2,6-di-t-butylpyridine, 2 10 16
[BMIM][BF4] 160�165, 3 Potassium carbonate, 2 10 13

[BMIM][BF4] 160�165, 3 Potassium carbonate, 2 20 16
[BMIM][PF6] 160�165, 3 � 10 B10

aMeasured by HPLC analysis; [acridine ester] �0.065 M.
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and the acridine esters, respectively, suggests that the
former substrates are at least threefold more reactive
toward sodium 3-bromopropane sulfonate.

Despite the modest conversion observed in the
small-scale reactions, the acridan N-alkylation reac-
tion was useful for preparative purposes which was
our main goal, and a detailed procedure is described
in the experimental section. N-alkylation on a half
gram to gram scale of acridan ester 3b (Figure 3, steps
d and e) with ten equivalents of sodium 3-bromopro-
pane sulfonate in [BMIM][BF4] followed by oxidation
led consistently to �60% conversion to the N-
sulfopropyl acridinium ester 5b (Figure 4, upper
panel). Better conversion was observed in these
larger-scale reactions. Complete oxidation of the N-
sulfopropyl acridan dimethylphenyl ester 4b to the
corresponding acridinium ester 5b (Figure 3, step e),
an intrinsically higher energy process than acridan 3b

to acridine ester 2b oxidation, required molecular
oxygen which was bubbled through the reaction
mixture following the N-alkylation reaction. The
acridinium ester product 5b and the acridine ester
2b (formed from oxidation of acridan ester starting
material 3b) were precipitated from the reaction
mixture by adding ice-cold water which dissolved
the other reaction components (IL and salts). The
mixture of product 5b and acridine ester 2b could
either be extracted with a mixture of ethyl acetate and
methanol or simply collected by filtration. A small
quantity (�10%) of product 5b was lost in the
aqueous layer by either procedure. The product 5b

was further separated from the acridine ester 2b by
column chromatography and was isolated typically in
�40% yield and �90% purity (Figure 4, middle
panel). The unreacted acridine ester 2b was also
isolated cleanly in near quantitative yield for recycling
in the picoline�borane reduction. If we take into
account the recovered acridine ester starting material
the actual yield of the acridinium ester product 5b was
�65% in these gram-scale reactions.

Cleavage of the isopropyl ester in the product 5b

to the N-sulfopropyl acridinium carboxylic acid 6 was
achieved by acid hydrolysis as described previously
[14], and 6 was isolated by a simple filtration step in
�60% isolated yield and �90% purity (Figure 4,
lower panel). The carboxylic acid in acridinium ester
6 provides a handle for conjugation to proteins and
other molecules using standard N-hydroxysuccini-
mide ester chemistry [1�3]. As an alternative to the
work-up procedures where the product 5b was
isolated prior to hydrolysis of the isopropyl ester,
the acridan N-alkylation reaction mixture could be
directly subjected to acid hydrolysis. (Direct hydro-
lysis of acridan N-alkylation reaction mixtures con-
taining [BMIM][BF4] is also expected to hydrolyze

the tetrafluoroborate anion in the IL) [35]. The
acridinium ester 6 and the corresponding carboxylic
acid of acridine ester 2b were collected by filtration.
Compound 6 was converted to the N-hydroxysucci-
nimide ester 7 [14] and was purified by column
chromatography in approximately 36% isolated
yield.

Although not a focus of the current study, the
acridan N-alkylation reaction that we have described
offers the opportunity for the synthesis of other
acridinium compounds containing various N-alkyl
groups. Synthetic access to such compounds is very
difficult owing to the poor reactivity of the acridine
nitrogen. For example, Brown and coworkers [36]
recently described the synthesis of acridinium esters
containing long chain N-alkyl groups by N-alkylation
of the acridine ester precursors using iodide or
trifluoromethanesulfonate alkylating reagents. Typi-
cal reported yields were B15% (3�14%) using these
powerful alkylating reagents and, moreover, these
N-alkylation reactions were conducted in toxic sol-
vents such as nitrobenzene or 1,2-dichloroethane.
Similarly, Adamczyk [37] and co-workers have re-
ported that introduction of the N-sulfopropyl group
in acridine N-sulfonylcarboxamides with poor reac-
tivity can be performed using the reagent neopentyl 3-
trifloxypropane sulfonate. However, N-alkylation
using even this strong alkylating reagent required 7
days to afford 34% conversion to product. Finally,
the reagent 1,3-propane sultone is widely used in
industry to introduce the water�soluble, three-carbon
sulfobetaine moiety in a variety of molecules and
polymers [9]. Our results with acridan N-alkylation
reactions suggest that sodium 3-bromopropane sulfo-
nate in ILs may be a benign alternative to 1,3-
propane sultone for such applications.

Experimental

General

Chemicals were purchased from Sigma-Aldrich (Mil-
waukee, Wisconsin, USA) unless indicated otherwise.
Sodium 3-bromopropane sulfonate was purchased
either from TCI America or Alfa Aesar. All com-
pounds including the ILs were dried under high
vacuum over P2O5.

All final compounds and intermediates were
analyzed and/or purified by HPLC, using a Beck-
man-Coulter HPLC system. TLC analysis was per-
formed using 250-mm analytical silica plates from EM
Separations Technologies. Flash chromatography
was performed using glass columns or an ‘Autoflash’
system from ISCO. Matrix-Assisted Laser Deso-
rption Ionization-Time of Flight (MALDI-TOF)
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mass spectroscopy was performed using a Voyager
DETM BiospectrometryTM Workstation from Perkin-

Elmer. This is a benchtop instrument operating in the
linear mode with a 1.2 meter ion path length, flight
tube. Spectra were acquired in positive ion mode. For
small molecules, a-cyano-4-hydroxycinnamic acid
was used as the matrix and spectra were acquired

with an accelerating voltage of 20,000 volts and a
delay time of 100 nsec. For High Resolution Mass
Spectra (HRMS), samples were dissolved in HPLC-
grade methanol or acetonitrile and analyzed by

direct-flow injection (injection volume �5 mL) Elec-
troSpray Ionization (ESI) on a Waters Qtof API US
instrument in the positive ion mode. Optimized
conditions were as follows: capillary �3000 kV,

cone �35, source temperature �1208C, desolvation
temperature �3508C. NMR spectra were recorded
on a Varian 500 MHz spectrometer. IR spectra of
neat samples were recorded on a Bruker TENSOR37

FTIR spectrometer, ATR mode on ZnSe crystal.

Synthesis acridan esters 3a and 3b

(a) Methyl-3,5-dimethyl-4-hydroxybenzoate, com-
pound 1a. A solution of 3,5-dimethyl-4-hydroxyben-
zoic acid (5 g, 0.030 mole) in methanol (75 mL) was

cooled in an ice-bath and thionyl chloride (8 mL) was
added dropwise (Figure 3). The reaction was then
warmed to room temperature and stirred for 16
hours. Solid sodium bicarbonate was then added to

neutralize the acid, and the resulting suspension was
concentrated under reduced pressure. The residue was
partitioned between water and ethyl acetate (75 mL
each). The ethyl acetate layer was separated and dried

over anhydrous magnesium sulfate. It was then
concentrated under reduced pressure to afford a tan
powder. Yield �5.49 g (quantitative). TLC analysis
of the product using 2% ethyl acetate in chloroform
showed a single spot of Rf�0.4. HPLC analysis of

the product was performed using a Phenomenex, C18,
10 micron, 3.9�300 mm column and a 40-minute
gradient of 10 0 60% MeCN/water (each with
0.05% TFA) at a flow rate of 1.0 mL/minute and

UV detection at 260 nm. Product was observed
eluting at 20 minutes. dH (500 MHz, CDCl3) 2.27
(s, 6H), 3.87 (s, 3H), 7.70 (s, 2H). nmax/cm�1 3347
(OH), 1686 (CO), 1599, 1435, 1320, 1277, 1183.

MALDI-TOF MS m/z 180.9 (M�H)�; HRMS m/z
181.0873 (M�H)� (181.0865 calculated).

Compound 1b (isopropyl-3,5-dimethyl-4-hydro-
xybenzoate, 97% yield) was prepared similarly. dH

(500 MHz, CDCl3) 1.35 (d, 6H, J�6.0), 2.27 (s, 6H),
5.27 (spt, 1H, J�6.0), 7.69 (s, 2H). nmax/cm�1 3397

(OH), 1691 (CO), 1602, 1486, 1360, 1314, 1175.

MALDI-TOF MS m/z 209.3 (M�H)�; HRMS m/z
209.1188 (M�H)� (209.1178 calculated).

(b) 2?,6?-Dimethyl-4?-methoxycarbonylphenyl acridine-
9-carboxylate, compound 2a. A suspension of acridine-
9-carboxylic acid (5 g, 0.0224 mole) in anhydrous
pyridine (100 mL) was treated with p-toluenesulfonyl
chloride (8.5 g, 0.0446 mole). The reaction was stirred
under a nitrogen atmosphere for 15�20 minutes and
then methyl 3,5-dimethyl-4-hydroxybenzoate (4 g,
0.0222 mole) was added. The reaction was stirred at
room temperature under a nitrogen atmosphere for 16
hours and then concentrated under reduced pressure.
The crude reaction mixture was dissolved in chloro-
form (150 mL) and washed with 5% sodium carbonate
(400 mL), water (100 mL), 10% HCl (200 mL), and
water (100 mL) in that order. The chloroform solution
was then dried over anhydrous magnesium sulfate and
concentrated under reduced pressure. The crude
product was purified by flash chromatography on
silica using 70% hexanes, 25% chloroform, and 5%
ethyl acetate as eluent. Yield�5.9 g (68%); bright
yellow powder. dH (500 MHz, CDCl3) 2.48 (s, 6H),
3.95 (s, 3H), 7.70 (m, 2H), 7.86 (m, 2H), 7.92 (s, 2H),
8.35 (d, 2H, J�9.0), 8.43 (d, 2H, J�9.0). nmax/cm�1

1740 and 1716 (CO), 1437, 1321, 1223, 1187, 1132.
MALDI-TOF MS m/z 386.1 (M�H)�; HRMS m/z
386.1393 (M�H)� (386.1392 calculated).

Compound 2b (quantitative yield) was prepared
similarly. dH (500 MHz, CDCl3) 1.40 (d, 6H, J�6.0),
2.49 (s, 6H), 5.28 (spt, 1H, J�6.0), 7.70 (m, 2H), 7.87
(m, 2H), 7.90 (s, 2H), 8.36 (br d, 2H), 8.43 (d, 2H, J�
9.0). nmax/cm�1 1747 and 1707 (CO), 1316, 1155.
MALDI-TOF MS m/z 414.3 (M�H)�; HRMS m/z
414.1689 (M�H)� (414.1705 calculated).

(c) 2?,6?-Dimethyl-4?-isopropyloxycarbonylphenyl
acridan-9-carboxylate, compound 3b. A solution of
2?,6?-dimethyl-4?-isopropyloxycarbonylphenyl acri-
dine-9-carboxylate (0.84 g, 0.0021 mole, 2b) in tetra-
hydrofuran (40 mL) was mixed with 10% HCl (4 mL).
The resulting yellow solution was treated with picoline-
borane complex (0.27 g, 0.0025 mole mole) in one
portion. The reaction was stirred at room temperature.
After 2 hours, the reaction was quenched with 10%
HCl (10 mL) and stirred for 3 hours. The reaction
mixture was then concentrated under reduced pressure
to 10�15 mL and was extracted with ethyl acetate (70
mL). The ethyl acetate layer was separated and washed
twice with water (2�25 mL) followed by aqueous
sodium bicarbonate (25 mL) and brine (25 mL). It was
then dried over anhydrous sodium sulfate and concen-
trated under reduced pressure. TLC analysis (silica,
25% ethyl acetate, 75% hexanes) indicated clean
product with no trace of starting material. Yield of
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3b�0.84 g (quantitative, light yellow powdery solid).
dH (500 MHz, CDCl3) 1.32 (d, 6H, J�6.0), 1.75 (s,
6H), 5.18 (spt, 1H, J�6.0), 5.30 (s, 1H), 6.27 (br s, 1H),
6.79 (d, 2H, J�8.0), 6.94 (m, 2H), 7.22 (m, 2H), 7.35
(d, 2H, J�8.0), 7.61 (s, 2H). nmax/cm�1 3378 (NH),
1712 (CO), 1483, 1312, 1169. MALDI-TOF MS m/z
416.2 (M�H)�; HRMS m/z 416.1864 (M�H)�

(416.1862 calculated).
Compound 3a (quantitative yield) was prepared in

a similar manner. dH (500 MHz, CDCl3) 1.75 (s, 6H),
3.84 (s, 3H), 5.30 (s, 1H), 6.26 (br s, 1H), 6.79 (dd,
2H, J�8.0, 1.0), 6.94 (m, 2H), 7.22 (m, 2H), 7.35 (d,
2H, J�8.0), 7.62 (s, 2H). nmax/cm�1 3389 (NH), 1744
and 1712 (CO), 1480, 1320, 1230, 1118. MALDI-TOF
MS m/z 388.2 (M�H)�; HRMS m/z 388.1549 (M�
H)�, (388.1549 calculated).

General procedure for the N-alkylation of acridan
dimethylphenyl esters 3a and 3b with sodium
3-bromopropane sulfonate in ionic [BMIM[BF4]
A mixture of 2?,6?-dimethyl-4?-methoxycarbonylphe-
nyl acridan-9-carboxylate (3a, 25 mg, 0.065 mmole),
sodium 3-bromopropane sulfonate (0.146 g, 0.65
mmole), and anhydrous potassium carbonate (18
mg, 0.13 mmole) in [BMIM][BF4] (1 mL) was heated
at 160�1658C under a nitrogen atmosphere for 3
hours then open to air for 1 hour (Figure 3 and Table
1). The reaction was then cooled to room temperature
and dissolved in methanol (20 mL). HPLC analysis
was performed using a Phenomenex C18, 10 micron,
3.9�300 mm column, and a 30-minute gradient of 10
0 100% MeCN/water (each with 0.05% trifluoroa-
cetic acid) at a flow rate of 1.0 mL/minute and UV
detection at 260 nm. 48% conversion to the product
2?,6?-dimethyl-4?-methoxycarbonylphenyl 10-sulfo-
propylacridinium-9-carboxylate [14] (5a) eluting at
17 minutes was observed. Oxidized starting material
(2a) was observed to elute at 24 minutes.

General procedure for the attempted N-alkylation
of acridine dimethylphenyl ester 2a with sodium
3-bromopropane sulfonate in ILs
A mixture of 2?,6?-dimethyl-4?-methoxycarbonylphe-
nyl acridine-9-carboxylate 2a (25 mg, 0.065 mmole),
sodium 3-bromopropane sulfonate (0.146 g, 0.65
mmole), and anhydrous potassium carbonate (18
mg, 0.13 mmole) in [BMIM][BF4] (1 mL) was heated
at 160�1658C under a nitrogen atmosphere for 3
hours (Table 2). The reaction was then cooled to
room temperature and dissolved in methanol (20
mL). HPLC analysis was performed using a Phenom-
enex C18, 10 micron, 3.9�300 mm column, and a 30-
minute gradient of 10 0 100% MeCN/water (each
with 0.05% trifluoroacetic acid) at a flow rate of 1.0

mL/minute and UV detection at 260 nm. Poor
conversion to the product 2?,6?-dimethyl-4?-methox-
ycarbonylphenyl 10-sulfopropylacridinium-9-carbox-
ylate 5a (�13%) eluting at 17 minutes was observed.
Oxidized starting material 2a was observed to elute at
24 minutes.

Preparative procedures for the synthesis of
N-sulfopropyl acridinium dimethylphenyl ester
derivatives by N-alkylation of acridan dimethylphenyl
ester 3b with sodium 3-bromopropane sulfonate in
[BMIM[BF4]
A mixture of 2?,6?-dimethyl-4?-isopropyloxycarbonyl-
phenyl acridan-9-carboxylate (3b, 1.00 g, 2.41
mmoles), sodium 3-bromopropane sulfonate (5.42 g,
24.1 mmoles), and anhydrous potassium carbonate
(1.33 g, 9.63 mmoles) in [BMIM][BF4] (20 mL) was
heated at 1658C under an argon atmosphere for 5�8
hours. It was then heated for an additional 3 hours at
1658C, and dry oxygen was bubbled through the
reaction mixture. The reaction was then cooled to
room temperature and a small portion was dissolved
in methanol and analyzed by HPLC using a 4.0�50
mm, Phenomenex, Kinetex 2.6 micron, C18 column,
and 10-minute gradient of 10 0 90% MeCN/water
(each with 0.05% TFA) at a flow rate of 1 mL/minute
and UV detection at 260 nm. Product 5b eluted at 6.4
min (67% conversion) and oxidized starting material
2b eluted at 10.2 min (Figure 4, upper panel).

For isolation of the acridinium isopropyl ester 5b,
ice-cold water (250 mL) was added to the reaction
mixture, and the mixture was transferred to an
Erlenmeyer flask and stored in the refrigerator at
48C for 24 hours to complete the precipitation. The
precipitated solids were collected by vacuum filtration
and further dried under high vacuum. The product 5b

and the acridine ester 2b were separated by flash
chromatography on silica using an ISCO autoflash
system. Ethyl acetate was used to elute acridine ester
2b followed by 40% methanol in ethyl acetate to elute
product 5b. Yield (5b) �0.56 g, (43%); yield (2b) �
0.35 g, (35%). dH (500 MHz, CF3COOD) 1.45 (d,
6H, J�6.0), 2.52 (s, 6H), 2.93 (br s, 2H), 3.83 (br s,
2H), 5.37 (spt, 1H, J�6.0), 5.85 (br m, 2H), 7.97 (s,
2H), 8.12 (br t, 2H), 8.53 (br t, 2H), 8.76 (d, 2H, J�
9.0), 8.91 (d, 2H, J�9.0). nmax/cm�1 1749 and 1708
(CO), 1377, 1191, 1145. MALDI-TOF MS m/z 536.3
(M�H)�; HRMS m/z 536.1751 (M�H)� (536.1743
calculated).

The isopropyl ester in compound 5b was hydro-
lyzed to the N-sulfopropyl acridinium carboxylic acid
6 [14] by acid hydrolysis. Compound 5b (0.9 g, 1.68
mmole) in 2M HCl (90 mL) was refluxed under a
nitrogen atmosphere for 4 hours. The reaction was
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cooled to room temperature and stored in the
refrigerator at 48C for 16 hours to complete pre-
cipitation of the product. The acridinium carboxylic
acid 6 was collected by filtration and dried over P2O5.
Yield �0.52 g (62%).

For N-alkylation followed by direct hydrolysis,
the crude reaction mixture (0.5 g scale reaction)
following alkylation and oxidation was treated with
75 mL of 2M HCl. The reaction was refluxed for
4 hours. The reaction was then cooled to room
temperature, and a small portion was dissolved in
methanol and analyzed by HPLC using a 4.0�
50 mm, Phenomenex, Kinetex 2.6 micron, C18 column,
and 10-minute gradient of 10 0 90% MeCN/water
(each with 0.05% TFA) at a flow rate of 1 mL/minute
and UV detection at 260 nm. Product 6 [14] eluted at
4.4 min (complete conversion), and the carboxylic
acid corresponding to oxidized starting material 2b

eluted at 7.3 min. The hot HCl solution was added
slowly to ice-cold water (150 mL) and a yellow solid
precipitated out. The suspension was kept in the
refrigerator for 24 hours and the precipitated solids
were collected by filtration. Crude 6 was converted to
the N-hydroxysucinimide ester 7 [14] as follows. It
was dissolved in DMF (15 mL) and treated with
diisopropylethylamine (0.654 mL, 3.76 mmoles) fol-
lowed by N,N,N?,N?-tetramethyl-O-(N-succinimidy-
l)uronium tetrafluoroborate (TSTU) (0.989 mg, 3.29
mmoles). The reaction was stirred at room tempera-
ture for 2 hours. HPLC analysis as described earlier
showed complete conversion to the NHS ester 7

eluting at 5.1 minutes. The product 7 was purified by
flash chromatography on silica using an ISCO
Autoflash system. The column was first eluted with
ethyl acetate followed by 40% methanol in ethyl
acetate to elute product 7. Yield �0.292 g (36%).

Conclusions

In summary, we have developed and demonstrated a
practical and green N-alkylation reaction for the
introduction of the hydrophilic N-sulfopropyl group
in commercially useful, chemiluminescent acridinium
dimethylphenyl ester labels. The new synthetic pro-
tocol takes advantage of the increased reactivity of
acridan esters in ILs toward sodium 3-bromopropane
sulfonate and eliminates use of the potent carcino-
genic reagent 1,3-propane sultone [6�8]. The acridan
esters are easily synthesized from the corresponding
acridine esters by a simple reduction reaction, using
the nontoxic reducing reagent picoline-borane. The
acridan N-alkylation synthetic protocol also uses a
nontoxic inorganic base potassium carbonate as an
acid scavenger in the N-alkylation step and, air or
oxygen as the oxidant for the subsequent conversion

of the N-sulfopropyl acridan ester to the chemilumi-
nescent N-sulfopropyl acridinium ester.
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