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N-Alkylation of a fluorescent macrocyclic amine in aqueous

micellar solution produces enhanced emission; the reaction with

chloromethyl methyl ether exhibits autocatalysis.

Recently we reported that macrocycle 1 can act as a fluor-

escent chemosensor for reactive organohalides including some

that are known to be carcinogens.1 The sensing effect is

due to an accelerated N-alkylation reaction that produces a

quaternary ammonium product, 2, which exhibits diminished

PET quenching of the naphthalene fluorophores (Scheme 1).

Previous mechanistic studies with the non-fluorescent parent 3

have shown that the macrocycle accelerates the N-alkylation

reaction by forming a non-covalent pre-reaction complex that

undergoes a rapid SN2 reaction inside the macrocyclic cavity,

with the two amide NH groups activating the halide leaving

group.2 This enzyme-like enhancement effect is inhibited by

polar solvents which act as competitive inhibitors. Sensor 1 is

not effective in homogeneous aqueous solution, which is a

practical limitation since many, but not all,3 of the eventual

applications involve aqueous biological or environmental

samples.4 One of the simplest ways to overcome this technical

problem is to incorporate the sensor inside micelles,

which have relatively dry and non-polar interiors.5 Here, we

demonstrate that fluorescent macrocycle 1 can sense the

presence of reactive organohalides in micellar solution, and

thus act as a dosimeter for these dangerous alkylation agents.6

Previous work with parent 3 uncovered very high reactivity

with benzyl bromides.2b Furthermore, the N-alkylation

products have a propensity to form aggregrates in non-polar

solvents. This aggregation is readily envisioned by inspecting

the X-ray crystal structure of previously unreported ion-pair 4,

formed by reaction of parent 3 with benzyl bromide (Fig. 1).y
Our first goal was to determine if the reactivity and signal

response with sensor 1 changed as we moved from organic

solvent to aqueous micelles. Therefore, we examined the

alkylation of 1 with 4-tert-butylbenzyl bromide. As shown in

Fig. 2a, treatment of 1 with a ten-fold excess of 4-tert-

butylbenzyl bromide in tert-butylmethyl ether solvent

produced a moderate fluorescence increase and also an intense

excimer emission band at 520 nm, presumably due to

self-aggregation of the ion-pair product 2a. Shown in Fig. 2b

is the change in fluorescence emission when the same reaction

is repeated in an aqueous micellar solution composed of

Tween 20, a neutral polyethylene glycol surfactant with cmc

of 6 � 10�5 at 21 1C. There is a substantial fluorescence

enhancement but no emerging excimer band indicating

that the ion-pair product does not self-aggregate in micellar

solution. In both solvent systems the reaction exhibited pseudo

first-order kinetics with the reaction rate about 1.5 times

faster in the organic solvent (second-order rate constants are

3 � 103 M�1 h�1 and 5 � 103 M�1 h�1, respectively).

We next examined the reaction of 1with the potent alkylating

agent chloromethyl methyl ether to produce ion-pair 2b.z In

organic solvent, a rapid pseudo first-order reaction is observed

with the same emerging excimer band as in Fig. 2a.1 In

contrast, the N-alkylation reaction in micellar solution gener-

ated a strong, four-fold increase in fluorescence intensity with

no excimer band (Fig. 3a). Furthermore, there was a very

distinct change in reaction kinetics to a sigmoidal profile

(curve A in Fig. 3b). This biphasic kinetic feature is a signature

of autocatalysis,7 and this conclusion was confirmed with

curves B and C, which show that the induction period

disappeared when the same reaction was repeated with small

amounts (0.1 and 0.2 molar equivalents) of the product 2b

present at time zero. In contrast, the presence of simple

lipophilic quaternary ammonium salts such as 6 had no effect

on the sigmoidal kinetic profile. This suggests that the auto-

catalysis is not produced by any reaction-induced change in

micelle charge or structure, but rather it is due to the cationic

macrocyclic component in product 2b acting as a Lewis acid

catalyst. This explanation implies that ion-pair 2b is less

aggregated in micelles than organic solvent and better able

to activate the electrophilic chloromethyl methyl ether. Inde-

pendent evidence for decreased aggregation in micelles was
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gained by a control experiment that monitored the change in

fluorescence when sensor 1 was treated with HCl to produce

the ion-pair 1�H+Cl�. In organic solvent, this titration

produced a fluorescence enhancement due to protonation of

the tertiary amine and, concomitantly, a strong excimer

emission (Fig. 4a).1 However, in micellar solution there was

only an increase in monomeric fluorescence and no excimer

band (Fig. 4b).

It seems that the appearance of product 2b induces a change

in the micellar reaction mechanism. We propose that the early

stage of N-alkylation reaction occurs within the non-polar

interior of the micelle and proceeds by the SN2 mechanism that

has been previously elucidated and described in the introduc-

tion section.2 In weakly polar organic solvent , the ion-pair

product, 2b, is tightly associated, aggregated, and relatively

inert. However, in micelles there is some deaggregation which

allows the cationic macrocycle component in 2b to activate the

chloromethyl methyl ether for nucleophilic attack by another

molecule of 1. Additional studies are needed to fully test all

aspects of this hypothesis and to learn why the autocatalytic

effect is absent when the organohalide is 4-tert-butylbenzyl

bromide. In any case, we have demonstrated that fluorescent

macrocycle 1 can act as a dosimeter for reactive organohalides

in aqueous micellar solution, a significant step towards the

utilization of this novel class of chemosensors for practical

application.
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Fig. 1 X-Ray structure of 4 which packs in the unit cell as a cofacial

dimer of ion-pairs. The two bromide anions are shown as spheres.

Fig. 2 Change in fluorescence emission (ex: 306 nm) for sensor 1

(20 mM) after treatment with 4-tert-butylbenzyl bromide (200 mM) at

25 1C in, (a) tert-butylmethyl ether, and (b) aqueous micellar solution

(800 mM, Tween 20).

Fig. 3 (a) Change in fluorescence emission (ex: 306 nm) for sensor 1

(20 mM) in micellar solution (800 mM, Tween 20) after treatment with

chloromethyl methyl ether (200 mM) at 25 1C, (b) change in fluores-

cence emission (440 nm) for the same reaction but in the presence of

0.0 (curve A: +), 0.1 (curve B: �) and 0.2 (curve C: *) molar

equivalents of the product 2b at time zero.

Fig. 4 (a) Change in fluorescence emission (ex: 306 nm) for sensor 1

(10 mM) with excess HCl in tert-butylmethyl ether, (b) sensor 1

(20 mM) with excess HCl in micellar solution (800 mM, Tween 20).
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