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Abstract

Rate constants, kA,R, for the rearrangement of the (Z )-phenylhydrazones (1aee) of a series of 5-alkyl-3-benzoyl-1,2,4-oxadiazoles
substituted at C(5) with linear alkyl chains of different length (from C4 up to C12) into the relevant 4-acylamino-2,5-diphenyl-1,2,3-triazoles
(2aee) have been measured in dioxan/water in the base-catalyzed region (pSþ 10.5e12.6). For each substrate log kA,R are linearly related to
pSþ. The significant decrease of the slopes of these straight lines (from 0.96 down to 0.78) upon increasing the length of the linear alkyl chain
at C(5) and that of the reactivity (down to 14e26%) upon increasing the substrate concentration suggest a decrease of the polarity of the ‘actual’
reaction medium and provide indirect evidence of the tendency of the substrates (Z )-1aee to self-assemble. To confirm the above outcome direct
evidence of the formation of self-assemblies in solution were obtained from 1H NMR and spectrofluorimetry measurements while ESI-MS
experiments point out the presence of aggregated substrates also in the gas phase.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Our research group is involved by long time in the kinetic
study of the mononuclear rearrangement of heterocycles
(MRH) or BoultoneKatritzky reaction (BKR).1,2

Our interest in this and in general in ring interconversion of
azoles is based on both the intriguing mechanistic aspects of
the rearrangement (depending on both the proton concentration
and the structure of the investigated substrates) and the wide
synthetic applicability of ring interconversion of 1,2,4-oxadi-
azoles.1e3 E.g., a strong electron-withdrawing substituent,
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such as a perfluoroalkyl,3 favoured new irreversible ring-
degenerate rearrangements3a as well as new ANRORC-like
(Addition of a Nucleophile followed by Ring Opening and
Ring Closure) processes eventually associated with ring-enlar-
gement.3bef

In order to extend the study of the reactivity in MRH of
(Z )-phenylhydrazones of 3-benzoyl-1,2,4-oxadiazoles, we have
synthesized a new series of 5-alkyl-substituted substrates with
the aim of evaluating the effect of linear alkyl chains of differ-
ent lengths (from C4 up to C12) on the rearrangement rates of
(Z )-1aee into the relevant triazoles 2aee (Scheme 1).

The presence of long linear alkyl chains at C(5) of the
1,2,4-oxadiazole ring could favour self-assembly and conse-
quently could affect the course of the rearrangement. In this
paper we will therefore investigate the supramolecular behav-
iour of the title substrates by collecting evidence on their abil-
ity to self-assemble both in solution (by using kinetics,
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1H NMR spectrometry, and spectrofluorimetry) and in the gas
phase (by using ESI-MS).

2. Results and discussion

2.1. Kinetic investigation

The rearrangement of (Z )-1aee into 2aee has been studied
in dioxan/water (D/W; 1:1, v/v) at different proton concentra-
tions. The apparent first-order rate constants, kA,R, and the cor-
responding rate profile (plot of log kA,R vs pSþ) are reported in
Table S1 of Supplementary data and Figure 1, respectively.

Figure 1 highlights that in the investigated pSþ range: (a)
the reactivity is largely affected by proton concentration as
has already been observed for other base-catalyzed
MRHs;2,4,5 (b) all the (Z )-phenylhydrazones (1aee) investi-
gated show similar reactivity, e.g., at pSþ ca. 11.5 the reactiv-
ity ratio between the investigated substrates is 1.00�0.15 in
line with the mechanism proposed (SNi)2aed and the strictly
similar electronic effects of the investigated 5-alkyl groups;2e

(c) only at the lowest and at the highest investigated pSþ does
the reactivity of the five substrates become significantly differ-
ent, spanning from (kA,R)1a/(kA,R)1e 0.74 up to 1.7 at pSþ 10.5
and 12.5, respectively.
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Figure 1. Plot of log kA,R for the rearrangement of (Z )-1aee into 2aee in D/W

at 313 K versus pSþ.
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Scheme 1. Base-catalyzed rearrangement of the (Z )-phenylhydrazones 1aee

into the relevant triazoles 2aee.
The slopes of the rate profiles (Fig. 1) decrease from 0.96
down to 0.78 on increasing the length of the linear 5-alkyl
chain (Table S1). The rather low slope4e6 values obtained
for (Z )-1d and (Z )-1e suggest a tendency of these substrates
to self-assemble into clusters of different size. The observed
rate constants are probably the outcome of different contribu-
tions from mononuclear rearrangement of each aggregated or
monomer form of the substrate.

In order to gain more information on the association pro-
cess we carried out a further kinetic investigation on the
MRH at different concentrations of (Z )-phenylhydrazone of
3-benzoyl-5-hexyl-1,2,4-oxadiazole (1b) (from 3.0�10�5 up
to 5.0�10�4 M), keeping constant the borate buffer concentra-
tion. The measured rate constants at different pSþ values are
reported in Table S2 of Supplementary data and the plots of
log kA,R versus [(Z )-1b] at three different pSþ in Figure 2.

The data in Figure 2 point to an ‘apparent’ significant de-
crease, observed for the first time, of the reactivity upon in-
creasing the concentration of (Z )-1b (14e26% in the pSþ

range 12.1e10.8) up to a critical (Z )-1b concentration. This
reactivity decrease, at each investigated pSþ, could be related
to a change in the state of aggregation of the substrate. Above
the critical breakpoint concentrations the reactivity reaches
a minimum plateau value suggesting that the MRH process
is brought about only by a largely prevailing and less reactive
substrate self-assembled into an aggregate with an optimum
aggregation number. Indeed at this high (Z )-1b concentration
the aggregated form of the substrate should prevail over the
monomer form. The breakpoint concentrations depend slightly
on the pSþ value, but anyway (Z )-1b appears to be completely
aggregated above 1�10�4 M.

This behaviour of (Z )-1b well agrees with that observed for
the rearrangement of the same substrate in water/b-CD at sim-
ilar proton concentrations.2f In the latter case the much larger
decrease (ca. 31) of the rearrangement rate with respect to the
reaction in D/W was ascribed to the more hydrophobic envi-
ronment of the cavity of b-CD compared with D/W solutions.
In the present case the long linear chain at C-5 favours the
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formation of aggregated substrate, which provides a more hy-
drophobic environment in which the rearrangement takes
place.

2.2. Spectrometric evidence for self-assembly

The self-association of (Z )-1aee and also of 2aee has
been studied by 1H NMR and spectrofluorimetry in solution
and by ESI-MS in the gas phase. Strong support for the occur-
rence of self-assembly has been obtained by all the three
techniques.

2.2.1. 1H NMR measurements
We examined the 1H NMR behaviour of the only (Z )-1a

(R¼C4H9) derivative, because of the very low solubility of
the other Z-phenylhydrazones (1bee) in water. Nevertheless
a small amount of CD3OD (3% v) was added to the D2O so-
lution in order to ensure the complete sample dissolution.
Spectra were recorded at different (Z )-1a concentrations
(from 1�10�4 up to 8.0�10�4 M) in a wide range of temper-
ature (298e333 K).

By increasing the temperature from 298 to 333 K an im-
provement of the resolution of all signals of the 1H NMR spec-
trum of 1.0�10�4 M (Z )-1a solution (Fig. 3) was observed, in
agreement with a disaggregation occurring at higher tempera-
ture. Figure 3 points out higher shifts for aliphatic protons with
respect to the aromatic ones, suggesting that only aliphatic
hydrophobic chains are involved in the aggregation process.

To examine whether the aggregation process occurs for
both (Z )-1a and the relevant triazole 2a, 1H NMR spectra
were recorded by using solutions containing increasing frac-
tions of CD3OD (see Figs. 4 and 5, respectively), a solvent
in which the intermolecular interactions are minimized.

As a matter of fact a different effect of the structure of the
side chains on the aggregation process could be expected. The
substituent bound to the C(5) of the 1,2,4-oxadiazole ring in
(Z )-1a is a linear alkyl chain, which can give only van der
Waals interactions. In contrast in 2a the alkyl chain is bound
to the C(4) of the 1,2,3-triazole ring via an amide group, which
can give polar (hydrogen bonds and dipoleedipole) interac-
tions with other 2a molecules or with the solvent. Spectra of
the two compounds were also measured in pure CD3OD in
order to obtain data for the non-aggregated molecule (upper
traces of Figs. 4 and 5).

Figure 3. Spectrum of a 1.0�10�4 M solution of (Z )-1a in D2O/CD3OD (97:3)

at: (a) 298 K; (b) 333 K.
Marked upfield shift (red dotted lines) and broadening of
both aromatic and aliphatic signals can be observed for (Z )-
1a on decreasing the fraction of CD3OD (see spectra aed of
Fig. 4).

The behaviour of 2a is quite different (Fig. 5): its aromatic
and aliphatic signals appear more and more resolved on going
from spectrum a to e, while neither marked shifts nor broaden-
ing of the peaks are observed. The signals maintain their
spinespin couplings even at a high concentration of D2O
where the signal-to-noise ratio is less favourable (spectrum
a). It is quite evident that triazole 2a does not self-assemble
in solution in these experimental conditions, notwithstanding
the presence of the alkyl chain. The polar amido group favours
the solvation with water or methanol (via hydrogen bonds7)
over substrateesubstrate interactions.

Our findings concerning (Z )-1a and 2a (R¼C4H9) could be
reasonably extended at least to short chain derivatives. More-
over our experiments do not exclude the self-assembly in so-
lution of triazoles with longer alkyl chains as it has been
detected in the gas phase where the absence of solvent mole-
cules allows only substrateesubstrate interactions (see below).

2.2.2. Spectrofluorimetric measurements
The tendency of (Z )-1b and (Z )-1e (R¼C6H13 and C12H25,

respectively) to self-assemble was tested also through spectro-
fluorimetry by using 9-diethylamino-5H-benzo[a]phenoxazin-
5-one (Nile Red) as the fluorescent probe. The solvatochromic
fluorescent probe Nile Red has already been proved to be very

Figure 4. 1H NMR spectra of a 1.1�10�4 M solution of (Z )-1a recorded at T

298 K in solution of D2O/CD3OD (v/v): (a) 10:1, (b) 4:1, (c) 2.5:1, (d) 1.7:1,

(e) 0:1.

Figure 5. 1H NMR spectra of a 1.2�10�4 M solution of 2a recorded at T 298 K

in solution of D2O/CD3OD (v/v): (a) 6:1, (b) 4:1, (c) 1.5:1, (d) 1.2:1, (e)

1:1.75, (f) 0:1.
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efficient in its capability to identify different aggregate mor-
phologies formed by amphiphilic mixtures.8

Spectra were recorded at different concentrations of the
investigated (Z )-phenylhydrazones (from 1.9�10�8 up to
5.5�10�4 M) at 298 K (data at increasing concentrations of
(Z )-1b are reported in Fig. S1 of Supplementary data). The
fluorescence intensity rises with increasing [(Z )-1b] and the
maximum emission wavelength, lmax, exhibits a remarkable
blue shift [from 648 to 582 nm for (Z )-1b (Fig. 6a and
Fig. S1 of Supplementary data) and from 648 to 575 nm for
(Z )-1e (Fig. S2 of Supplementary data)].

The cac (critical aggregation concentration) can be evalu-
ated either at the onset of the fluorescence intensity increase
in the plot of fluorescence intensity emission versus log [sub-
strate]8a or at the inflection point in the plot of lmax versus log
[substrate]8b (Fig. 6a and b, respectively).

The average cac calculated are 3�10�5 and 5�10�5 M for
(Z )-1b and (Z )-1e, respectively. Figure 6b shows a not very
steep transition from the lmax of the monomer to that of the
aggregate covering an interval of [(Z )-1b] of about 2 orders
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of magnitude. This effect reveals that the observed phenome-
non is not a simple aggregation process from monomers to mi-
celles but a rather more complex transformation of substrate
into different aggregates (i.e., dimers, trimers and eventually
small clusters).

As a matter of fact, classical techniques, used for the cmc
(critical micellar concentration) determination, such as tensio-
metry9 and solubilization of water insoluble dye-molecules,9

were not able to provide evidence for the formation of true mi-
celles (data not shown). It is generally accepted that cmc
strongly depends on the length of the hydrophobic group.9

In contrast the C6H13-substituted (Z )-1b appears to have com-
parable cac values. This suggests that aggregates of different
type and dimensions are obtained from the two substrates.

2.2.3. ESI-MS measurements
Interestingly, direct evidence for self-assembly for all the

investigated compounds [(Z )-1aee and 2aee] have been ob-
tained by electrospray ionization mass spectrometry (ESI-
MS). Several recent literature examples have been reported
on the use of ESI-MS measurements to detect and evaluate
self-association processes in the gas phase.10e12 In an ESI-
MS analysis, charged species (hosteguest complexes or self-
assembly systems) are transferred from the small droplets of
solution into gas phase under relatively mild conditions, gen-
erally without fragmentation.13 The principal problem in using
ESI-MS in supramolecular chemistry is to determine whether
the peaks present in the spectra correspond to species present
in solution, or whether these peaks are the result of processes
occurring in the mass spectrometer. If this problem is solved,
for example, by comparing data obtained with ESI-MS and
data obtained with other independent techniques, ESI-MS
data can give new information on the supramolecular behav-
iour of the system.

The ESI-MS spectra were recorded in positive ion mode
with a variation of the concentration of the substrate, S,
from 1.0�10�6 up to 2.0�10�4 M [S dissolved in water/ace-
tonitrile (1:1, v/v)]. All the spectra showed the molecular
ion peak and a high-intensity signal corresponding to the
dimer (S)2. On increasing [S] a weak, double charged signal
corresponding to the trimer (S)3 was also observed.

In Figure 7a and b the spectra of 2b at 3.0�10�6 M and
1.1�10�4 M, respectively, are reported as examples of the
general behaviour displayed by all the examined compounds.
Figure 7a shows the presence of different peaks ascribable
to the monocharged monomer {m/z¼349, 371, 412 corre-
sponding to [2bþH]þ, [2bþNa]þ and [2bþacetonitrileþNa]þ,
respectively} and dimer {m/z¼719 corresponding to
[(2b)2þNa]þ}. At higher substrate concentrations the peak
of the double charged trimer [(2b)3þKþH]2þ (at m/z¼542)
is also detected.

The monotonic increase of (S)2 with increasing [S] {the
peak corresponding to the dimer going from 25% at
[2b]¼3.0�10�6 M (Fig. 7a) up to 100% at [2b]¼1.1�
10�4 M (Fig. 7b)}, the significant detection of trimers only
at the highest [S] (Fig. 7b) and the appearance of the same
peaks at all the investigated cone voltage (from 20 to 80 V,
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data not shown) suggest that the detected species are not
artifacts formed in the mass spectrometer during the measure-
ment but rather correspond to species already present in
solution.14,15

The absence of any evidence of aggregation in the instance
of the parallelly studied 2a from 1H NMR measurements could
be due therefore to the solvation ability towards 2b of the
CD3OD/D2O mixtures with respect to the situation observed
by ESI-MS in the gas phase (i.e., in the absence of solvents).

In order to confirm the ability of the studied S to self-
associate, the ESI-MS spectra of 2b were recorded in the pres-
ence of CTAB (at concentration below its cmc) in ion positive
mode at increasing [2b]. The peak intensity at m/z¼632 (de-
riving from a 1:1 association between the cationic surfactant
and 2b) increases with increasing [2b] (data in Table 1) and
eventually becomes the base peak. Thus, 2b shows a high ten-
dency to aggregate only (see the above reported 1H NMR data
concerning 2a) with molecules with a remarkable lipophilic
domain (e.g., CTAB contains a linear alkylic chain of 16 car-
bon atoms).

Recently, the binding constants of both small organic hoste
guest complexes or large biological complexes have been de-
termined16e18 by ESI-MS as the relative abundances of the
complexes detected by this technique have been proved16 to
correlate with the equilibrium distribution in solution. For ex-
ample ESI-MS has been used to measure the association

Figure 7. (a) ESI-MS spectrum of a 3.0�10�6 M solution of 2b in water/ace-

tonitrile (1:1, v/v); ACN: acetonitrile. (b) ESI-MS spectrum of a 1.1�10�4 M

solution of 2b in water/acetonitrile (1:1, v/v); ACN: acetonitrile.
constants of glycopeptide antibiotics, which form both homo
and heterodimers.14,15 The validity of this method relies on
the assumption that the ionization probability of the monomer
should be similar to that of the dimer for every compound.
Moreover the published15 good agreement between dimeriza-
tion constants determined by ESI-MS and those acquired in
solution by other independent and complementary methods
(e.g., 1H NMR) demonstrates that the ESI-MS spectra reflect,
at least qualitatively, the real stability of the complex in
solution.

Nevertheless we determined the dimerization constants for
S from only ESI-MS measurement with the main aim of com-
paring the stability of the dimer for the different investigated
compounds and aware of the fact that the obtained equilibrium
constants refer to the experimental conditions adopted for the
ESI-MS measurement, the studied equilibrium being:

Sþ S#ðSÞ2 ð1Þ

The equilibrium concentrations of S and (S)2 were calculated
from the sum of the ion abundances (measured by peak areas)
of all the monomeric and dimeric forms, respectively. The ap-
parent dimerization constants, Kdim, were calculated by Eq. 2.

Kdim ¼
½ðSÞ�2
½S�2

ð2Þ

The Kdim values for (Z )-1aee and 2aee were estimated at low
concentration of S (1.0�10�5 M for 1,2,4-oxadiazoles and
2.0�10�6 M for 1,2,3-triazoles) in order to avoid the forma-
tion of trimers: their values are reported in Table 2 and give
information concerning the trend of dimer stability as a func-
tion of the structure of S.

Interestingly, the triazoles 2aee showed a greater ability to
give dimers, with association constants 6e15 times higher
than those of the oxadiazoles (Z )-1aee. As expected, Kdim

values of (Z )-1 and 2 increase on increasing the linear alkyl
chain length. The effect is particularly strong for the longest

Table 1

Major peaks and relative abundance of the ESI-MS spectra of 2b in the pres-

ence of cetyltrimethylammonium bromide, CTAB

Molar ratio

CTAB:2b

Major peak observeda Relative abundance (%)

1:0.2 632.4 [CTA$2b]þ 50

649.4 [CTABþCTA]þ 100

719.4 [(2b)2þNa]þ Trace

735.3 [(2b)2þK]þ Trace

1:0.5 632.4 [CTA$2b]þ 100

649.4 [CTABþCTA]þ 48

719.2 [(2b)2þNa]þ Trace

735.3 [(2b)2þK]þ Trace

1:1 632.4 [CTA$2b]þ 100

649.4 [CTABþCTA]þ 46

719.3 [(2b)2þNa]þ Trace

735.3 [(2b)2þK]þ Trace

a The peak corresponding to the heterodimers lacks a bromide ion, accord-

ingly the signals of the dimer of the surfactant correspond to species with only

one bromide ion (in table, CTA: cetyltrimethylammonium ion).
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alkyl chain derivatives [(Z )-1d, (Z )-1e, and 2e], whereas Kdim

values are very similar for those with shorter alkyl chains [see
Kdim values for (Z )-1aec and 2aed].

The dependence of Kdim on linear alkyl chain length at C(5)
in (Z )-1aee indicates that the van der Waals interactions must
contribute significantly to the self-assembling, particularly for
the derivatives with the longest alkyl chains. However, dimers
from triazoles 2aee turn out to be more stable than oxadiazole
dimers suggesting that intermolecular hydrogen bonds, partic-
ularly strong for amides,7 can significantly contribute to Kdim.

3. Conclusions

Rate constants for MRH of (Z )-phenylhydrazones of a se-
ries of 5-alkyl-3-benzoyl-1,2,4-oxadiazoles 1aee with linear
alkyl chains of significantly different length (from C4 up to
C12) at the same pSþ are only slightly different, in agreement
with the similar electronic and the negligible steric effects of
linear alkyl chains of different length. It had already been
proved2e that the rearrangement rates of the (Z )-phenylhydra-
zones of some 5-alkyl-3-benzoyl-1,2,4-oxadiazoles (alkyl¼
Me, Et, iPr and tBu) in D/W are only moderately affected by
the substituent of the 1,2,4-oxadiazole ring.

An interesting outcome obtained from kinetic data is the
significant decrease of the slope values of the lines obtained
by plotting the logarithmic rate constants versus pSþ (from
0.96 down to 0.76) on going from the substrate with the short-
est alkyl chain (C4), (Z )-1a, to the substrate with the longest
alkyl chain (C12) at C(5), (Z )-1e. This decrease appears to
be indicative of a variation in the polarity of the microenviron-
ment in which the rearrangement process takes place and
therefore of the tendency of the (Z )-1aee to self-assemble. In-
deed, slopes significantly lower than unity indicate that the
base-catalyzed rearrangement does occur in a medium less
polar than the hydrophilic D/W mixture.2,4e6

A further confirmation of the formation of aggregated sub-
strates comes from the first time observed dependence of the
kA,R of the investigated MRH on the (Z )-1b concentration.

Direct evidence for self-assembly of the examined (Z )-phe-
nylhydrazones (1aee) of 3-benzoyl-5-alkyl-1,2,4-oxadiazoles
both in solution and in the gas phase have been obtained by

Table 2

Dimerization constantsa of (Z )-1aee and 2aee

S Kdim
b (M�1)

1a 5.4�103

1b 6.0�103

1c 7.2�103

1d 1.5�104

1e 2.2�104

2a 6.9�104

2b 8.1�104

2c 8.9�104

2d 9.4�104

2e 3.2�105

a The values were averaged over 10 experiments recorded at different

concentration of S.
b The errors were estimated to be approximately 15%.
1H NMR, spectrofluorimetry, and ESI-MS measurements. As-
sociation constants, obtained by ESI-MS analysis, provide
qualitative information about the specific interactions, not eas-
ily detectable in solution, involved in the dimerization pro-
cesses of the different (Z )-1aee and 2aee and allow to
differentiate the contributions of the linear alkyl chains and
of the amide group to the aggregation phenomena.

On the whole the combined kinetic and spectrometric study
has provided evidence of the self-assembly in both (Z )-1aee
and 2aee.

4. Experimental

4.1. General

Synthesis and characterization of 5-alkyl-3-benzoyl-1,2,4-
oxadiazoles (AeE), (E )- and (Z )-phenylhydrazones of 5-alkyl-
3-benzoyl-1,2,4-oxadiazoles (1aee), and the relevant triazoles
(2aee) are reported in Supplementary data. HRMS were
recorded on a Thermo Finnigan Mat95XP apparatus.

4.2. General procedure for the synthesis of 5-alkyl-3-
benzoyl-1,2,4-oxadiazoles

5-Alkyl-3-benzoyl-1,2,4-oxadiazoles (A, CeE) were pre-
pared through the reactions of phenylglyoxyloyl chloride
oxime (u-chloroisonitrosoacetophenone) and the respective
oximes (pentanal, heptanal, nonanal, undecanal, and tridecanal
oximes) in refluxing toluene according to literature.19 The
crude product of reaction was purified by chromatography
on silica gel (elution with a gradient ranging from 98:2 to
90:10 petroleum ether/ethyl acetate). The yields (not opti-
mized) of the pure ketones ranged between 20 and 30%.

4.3. General procedure for the synthesis of the (E )- and
(Z )-phenylhydrazones of 5-alkyl-3-benzoyl-1,2,4-
oxadiazoles (1a, cee)

The title compounds were prepared and purified according
to the methods reported.2cef Phenylhydrazine (8 mmol) was
added to a solution of 5-alkyl-3-benzoyl-1,2,4-oxadiazole
(4 mmol) and acetic acid (0.2 mL) in ethanol (80 mL). The
mixture was kept at room temperature in the dark. After
48 h the ethanol solution was concentrated at reduced pressure
to a small volume and the residue extracted with ethyl ether.
The combined ethereal extracts were washed repeatedly with
water, dried with sodium sulfate and evaporated at reduced
pressure. The residue was chromatographed on silica gel
(eluted with a gradient ranging from 98:2 to 90:10 petroleum
ether/ethyl acetate) to give the (Z )- and, in case, the
(E )-isomer.

4.4. Heat-induced rearrangement of the (Z )-
phenylhydrazones (1a, cee) into triazoles (2a, cee)

Thermally induced rearrangement of (Z )-1a, cee gave 2a,
cee by heating the samples (0.2 g) in a preheated oil-bath
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(150 �C) for a few minutes. By purification on a silica gel
column (petroleum ether/ethyl acetate 85:15) triazoles were
obtained in practically quantitative yields.

4.5. Kinetic measurements

The kinetics in D/W (1:1, v/v) were followed spectrophoto-
metrically as previously described2cef by measuring the disap-
pearance of (Z )-1aee at the wavelengths of their absorption
maxima, where the absorptions of the relevant triazoles 2aee
were negligible. An operational pH scale, pSþ,2c was estab-
lished in aqueous dioxan by employing the pKa values of acids
determined by interpolation from the data reported by Harned
and Owen.20 For D/W (1:1, v/v) the pH-meter reading after
calibration against buffers was not significantly different
from pSþ, requiring a correction of only þ0.16.

Pseudo-first-order conditions were ensured by using a large
excess of borate buffer (1.25�10�2 M); the concentration of
(Z )-1aee was 5.00�10�5 M. Kinetic measurements for (Z )-
1b were carried out at variable substrate concentration (from
3.0�10�5 to 5.0�10�4 M). The spectrophotometric measure-
ments were collected with a double-beam spectrophotometer
(Varian Cary 1E). The rate constants are accurate within �3%.

4.6. NMR measurements

1H and 13C NMR spectra of all synthesized compounds
were carried out on spectrometers (Varian Gemini) operating
at 300 (proton) and 75.5 MHz (carbon) or at 200 and
50 MHz for proton and carbon, respectively, using the solvent
peak as internal reference. Chemical shifts are reported in
parts per million (d scale).

1D and 2D NMR spectra were recorded on spectrometers
operating at 600 or at 400 MHz (Varian Mercury). In order
to completely solubilize the substrate, the 1H NMR experi-
ments were performed in mixed solutions of D2O/CD3OD us-
ing residual HOD as an internal standard (4.76 ppm at 298 K).

ROESY data were collected on a Varian spectrometer oper-
ating at 600 MHz, using a 90� pulse width of 6.1 ms and a spec-
tral width 6000 Hz in each dimension, respectively. The data
were recorded in the phase sensitive mode using a CW spin-
lock field of 2 KHz, without spinning the sample. Acquisitions
were recorded at mixing times 100e500 ms. Other instrumen-
tal settings are: 128 increments of 2K data points, 32e64
scans per t1, 1.5 s delay time for each scan.

4.7. Fluorimetric measurements

Steady-state emission spectra were recorded on a spectroflu-
orimeter Jasco FP-6200, with a band-pass of 5 nm and an exci-
tation l¼550 nm. Aqueous solutions (5.0�10�7 M) of the
fluorescent probe Nile Red were used for all the measurements.

On addition of different aliquots of a mother solution of the
oxadiazoles (Z )-1b and (Z )-1e in dioxan to the aqueous solu-
tion of Nile Red, fluorescence emission remained very low up
to a critical aggregation concentration (cac).8 The formation of
aggregates from (Z )-1b and (Z )-1e, into which Nile Red
preferentially solubilizes, was confirmed also by the blue shift
of the lmax of Nile Red observed at similar oxadiazole
concentrations.

4.8. ESI-MS measurements

ESI-MS spectra were acquired with a single quadrupole
mass spectrometer. A syringe driven by a pump was used
for direct injection of the sample into the instrument (ZMD
Micromass single quadrupole operating at m/z¼4000). Chang-
ing the cone voltage from 80 to 20 V did not change signifi-
cantly the absolute intensity of the peaks.

To minimize the influence of variations in instrumental con-
ditions on the reliability of mass spectra, the ESI-MS parameters
(i.e., the pressure of the gas, the desolvation temperature, the
capillary and cone voltages, etc.) were kept rigorously constant
from run to run in each series of experiments. In particular a
capillary voltage of 2.70 kV and a cone voltage of 20 V were
applied; a desolvation temperature of 150 �C was used.

The solutions of (Z )-1aee and 2aee in acetonitrile/water
(1:1, v/v) were introduced at a flow-rate of 15 mL min�1. For
the determination of dimerization constants the errors were es-
timated to be approximately 15%. For the measurements with
surfactant a cone voltage of 30 V was applied. The values of
relative abundance were averaged at least from 10 independent
experiments.

In the experiments with CTAB the monomeric surfactant
gave very intense signals that could mask the peaks of other
species present in the solution. We have therefore examined
the spectral range m/z¼330e750, renormalizing the relative
abundance. In every case mass spectra were averaged over
typically 50 scans.
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