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Interactions of 1,4,7,10,13-pentaoxa-16-azacyclooctadecane (aza-18-crown-6) and 1,4,7-trioxa-10-azacyclododecane
(aza-12-crown-4) with iodine have been investigated spectrophotometrically in chloroform and 1,2-dichloroethane solu-
tions. The observed time dependence of the charge-transfer band and subsequent formation of I3 in solution were related
to the slow transformation of the initially formed 1 : 1 macrocycle-I, outer complex to an inner electron donor—acceptor
(EDA) complex, followed by fast reaction of the inner complex with iodine to form a triiodide ion, as follows:

K
macrocycle + 1 f—f[> macrocycle-I, (outer complex),
as

macrocycle-I, (outer complex) slow, (macrocycle-I")I” (inner complex),
(macrocycle-I")I™ (inner complex) + I, 2% (macrocycle-THI; .

The pseudo-first-order rate constants at various temperatures for the transformation process were evaluated from the
absorbance-time data. The activation parameters (E,, AH*, and AS?) for the transformation were obtained from the
temperature dependence of the rate constants. The stoichiometry and formation constants of the resulting EDA complexes
have also been determined. The influences of both the azacrowns’ structure and the solvent properties on the kinetics and
stability of the resulting charge-transfer complexes are discussed.
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Among the most interesting developments in chemistry
has been the synthesis of macrocyclic polyethers.!? These
comprise a large group of cyclic compounds which can bind
metal ions by entrapment within an electron-rich cavity cre-
ated by its inward-oriented donor atoms. The intense in-
terest in the macrocyclic ligands centers on the extraordi-
nary stability of their cation complexes and their peculiar
ability to selectively bind certain cations in preference to
others.>*= However, studies on neutral molecule-macrocy-
cle interactions have been far fewer in number than those
on cation-macrocycle complexes.® Interest in such molecu-
lar complexes has been strongly stimulated by the possibility
of their applications in such broad areas as separation sci-
ence, catalysis of chemical reactions, biomimetic receptors
and the conversion of chemical reactions into electronic or
optical signals.

Iodine has been found to form with a variety of donor
charge-transfer complexes whose properties have been thor-
oughly studied.”—® More recently, increasing attention has
been paid to the molecular complexes of iodine with macro-
cyclic crown ethers and their aza derivatives in various
solvents."'= The results of these studies have clearly re-
vealed that the substitution of the donating oxygen atoms in
a crown-ether ring by NH groups results in a drastic increase
in the stability of the jodine complexes'*!>"'8 over those of

ordinary crowns.!:1319

We have recently been involved in a spectroscopic study of
the molecular complexes of some azacrown ethers'”#%?! and
ordinary crowns' in chloroform solution. In this paper we
report on the results of kinetic and spectral studies concerning
the interaction of I, with aza-18-crown-6 (A18C6) and aza-
12-crown-4 (A12C4) in chloroform and 1,2-dichloroethane
solutions. The structures of the crown ethers used are shown
in Fig. 1.

Experimental

The macrocycles A18C6 and A12C4 (both from Fluka) were of
the highest purity available and were used without any further purifi-
cation, except for vacuum drying. Resublimed iodine of analytical
grade (Merck) was used as received. Reagent-grade chloroform
and 1,2-dichloroethane (both from Fulka) were used without any

H

A18C6 Al12C4
Fig. 1. Structure of azacrown ethers.
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further purification.

All UV/vis spectra were recorded on a Philips PUB 700 spec-
trophotometer and absorbance measurements were made with a
Philips PU 875 spectrophotometer equipped with a temperature-
controlled cell holder. Conductance measurements were carried
out with a Metrohm 660 conductivity meter. A dip-type cell made
of platinum black with a cell constant of 0.830 cm™' was used.
In all experiments, the temperature was kept constant at the de-
sired temperature of +0.05 °C using a Lo-Temprol 154 thermostat.
Specific details are given in the Results and Discussion section.

Results and Discussion

The electronic absorption spectra of mixtures of azacrowns
with an excess amount of iodine (i.e. I to crown molar ra-
tio of 10) were recorded as a function of time at various
temperatures. Sample spectra for the I,-A18C6 system in
chloroform at 25 °C are shown in Fig. 2. In all cases, the
spectrum obtained immediately after mixing iodine with the
azacrown ethers resulted in two strong absorptions in the
250—450 nm region, where none of the initial reactions ab-
sorb measurably. The first absorption located at 265 nm is
presumably a charge-transfer band and the second at 364 nm
is the blue-shifted iodine band.”

However, as can be seen from Fig. 2, the intensity of the
charge-transfer band decreased markedly with the elapse of
time, while an intensification of a new band at 293 nm and
the band at 364 nm is observed. This latter spectrum resem-
bles that of a 1 : 1 mixture of tetrabutylammonium iodide and
iodine in chloroform. It should be noted that the bands at 293
and 364 nm are characteristic for the formation of triiodide
ion, I, in the process of complex formation between iodine
and different electron-pair donor ligands.®!*!517—2123—2 The
observed time dependence of the charge-transfer band and
the subsequent formation of the I3 ion'in solution are most
probably due to a transformation of the initially formed 1: 1
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Fig. 2. UV-vis spectra of a mixture of I, (5.0x107°
moldm™) and A18C6 (5.0x10™* moldm ™) in chloro-
form at 25 °C: 1, I, alone; 2, immediately after mixing;
time intervals: 3, 20 min; 4, 40 min; 5, 60 min; 6, 80 min;
7, 100 min; 8, 120 min; 9, 140 min; 10, 160 min; 11, 180
min; 12, 200 min; 13, 220 min; 14, 870 min.

I adduct have been frequently reported in the literature.
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macrocycle-I, outer complex to an inner EDA complex fol-
lowed by a fast reaction of the resulting inner complex with

iodine to from a triiodide ion:?*

macrocycle + 1 —f;—“» macrocycle-I, (outer complex), (@))]

f

macrocycle-I, (outer complex)

slow,

2% (macrocycle-I")I~ (inner complex), (2)

(macrocycle-INI™ (inner complex) + I, 2% (macrocycle-I")I; .

3

The formation and isolation of such a stable (macrocycle-I*)-
11=21

In order to obtain further information about the kinetics
and mechanism of the interaction of iodine with A18C6 and
A12C4, the absorbance at 364 nm was monitored as a func-
tion of time in solutions of chloroform and 1,2-dichloroethane
containing reactants at an iodine-to-macrocycle mole ratios
of 20: 1 at various temperatures. This was done by proper
interfacing of the instrument to a personal computer. Sam-
ple absorbance-time plots for the A12C4-I, system in 1,2-
dichloroethane at different temperatures are shown in Fig. 3.
It is interesting to note that the conductivity-time plots show
patterns similar to those observed in Fig. 3. For example,
in the case of A12C4—I, in 1,2-dichloroethane at 25 °C, the
production of I; ions caused a rather sharp increase in the
solution conductivity for about 60 min (see Fig. 4), further
supporting the free triiodide ion in solution. The transfor-
mation of the outer complexes into the corresponding inner
complexes was found to follow a pseudo-first-order kinetics.

All of the resulting rate constants at various tempera-
tures are summarized in Table 1. Using the correspond-
ing Arrhenius plots (Fig. 5) and the Eyring transition-state
theory,”® the activation parameters (E,, AH*, and AS*) were
calculated. The results are also included in Table 1. The
data given in Table 1 indicate that, in both solvents used,
the pseudo-first-order rate constants increase with increasing
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Fig. 3. Absorbance-time plots at 364 nm for a mixture of I,

(1.5x107° moldm™) and A12C4 (7.5% 107> moldm ™)
in 1,2-dichloroethane solution at different temperatures: 1,
25°C;2,30°C;3,35°C; 4,40 °C; 5,45 °C.
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Fig. 4. Conductivity (uS cm™")—time plot for a mixture of I,
(1.5%107% moldm™?) and A12C4 (7.5x107> moldm™)
in 1,2-dichloroethane solution at 25 °C.

temperature, the influence of temperature on the A12C4-1,
system being more pronounced than that of the A18C6-1,
complex. The much faster transformation of A18C6-I, in
comparison with the A12C4-I; complex could be related to
the increased stability of the latter complex over the former
one, as will be discussed later. It is noteworthy that the
k values obtained by the spectrophotometric and conducto-
metric methods at 25 °C for the A12C4-1, system in 1,2-
dichloroethane are in satisfactory agreement.

Table 1 shows that the entropies of activation for the trans-
formation of the outer complexes into the corresponding in-
ner complexes are high and negative. The negative AS* val-

Table 1.
Chloroform and 1,2-Dichloroethane Solutions
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ues are indeed what one should expect in reactions involving
the ionization of neutral molecules.” Since the transforma-
tion involves ionization, the activated complex may be an ion
pair, stabilized by solvation to a greater extent than the initial
outer complex. Consequently, the more ordered form of the
solvent molecules in the transition state results in a large neg-
ative AST value. On the other hand, the positive enthalpy of
activation in going from the molecular outer complex to the
ionized inner complex reflects a weaker structure, a poorer
overlap, and a sloppy geometry for the transition state when
it is compared with the initial macrocycle-I, complex.

Form the data given in Table 1 it is immediately obvi-
ous that, in the case of both macrocycles used, and at all
temperatures studied, the k values obtained in 1,2-dichloro-
ethane are much larger than those in chloroform solution.
There is actually a considerable decrease in the energy of
activation along with an increased dielectric constant of the
medium; in a more polar solvent, like 1,2-dichloroethane
(&£ =10.4), the transformation (2) proceeds much faster than
that in chloroform with & =4.8. This is in support of the pro-
posed three-step mechanism. In fact, the resulting charged
transition states in going from the outer complexes to the in-
ner ones (as the rate determining step of the mechanism) are
expected to be more stabilized in 1,2-dichloroethane because
of its higher solvating ability and relative permittivity than
chloroform.*

The stoichiometry of the resulting charge-transfer com-
plexes between A18C6 and A12C4 and iodine were ex-

Calculated Rate Constants at Various Temperatures and Activation Parameters for A18C6-I, and A12C4-I, Systems in

Macrocycle Solvent Temp ky E, AH? ASt

°C g ! kY mol™! kY mol ™! Jmol 1K™!
A18C6 Chloroform 25 9.124+0.13)x 107

30 (1.224+0.01)x 10~*

35 (1.5440.02)x 10~*

40 (2.144+0.01)x 10™*

45 (2.80£0.02) x 10~* 4441 4141 —483+5

1,2-Dichloroethane 15 (4.16£0.32) x 10~

25 (7.53£0.57)x 107*

35 - (9.63+0.36)x 107*

45 (1.6640.06) x 10~* 3345 3143 —201+12
Al12C4 Chloroform 25 (5.704+0.10) x 107°

30 (7.58+0.05)x 10~¢

35 (1.124+0.02)x 1073

40 (1.86+0.01)x 1073

45 (2.4940.02)x 1073 65+3 61+4 —142+13

1,2-Dichloroehtane 25 (1.83+0.04)x 10~*

259 (2.00£0.05)x 10~*

30 (2.55+0.05)x 10™*

35 (3.7740.08) x 10~*

40 (5.18+0.14)x 10~

45 (7.724+0.30)x 10~* 56+2 5442 —136+5

a) Evaluated from conductance-time data.
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Fig. 5. Arrhenius plots of Ink vs. 1/T for different macro-
cycle-L—solvent systems studied: 1, A18C6-I,-1,2-
dichloroethane; 2, A12C4-I,~1,2- dichloroethane; 3,
A18C6-I,—chloroform; 4, A12C4-I,~chloroform.

amined by the method of continuous variations.?' Plots of
absorbance vs. mole fraction of macrocycles, Xmacrocycle, fOr
all cases studied are shown in Fig. 6. As can be seen, all con-
tinuous variations plots exhibited a maximum at a Xmacrocycle
value of 0.5, indicating the formation of 1: 1 charge-transfer
complexes in solution.

It is noteworthy that the energy of the blue-shifted band
of iodine provides a good measure of the donor—acceptor
interaction, as pointed out by Mulliken.** Since the blue shift
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Fig. 6. Absorbance at 364 nm vs. mole fraction of macrocy-
cle, Xmacrocycle, for different macrocycle-I,—solvent systems:
1, A18C6-1,—1,2—dichloroethane; 2, A12C4-1,-1,2-dichlo-
roethane; 3, A18C6-I,—chloroform; 4, A12C4-I,—chloro-
form.
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of the I, band arises from an increased separation of the ¢
and o™ orbitals that occurs during the transfer of charge from
the donor to the 6™ orbital of I, it is reasonable to expect the
extent of the blue shift would be dependent on the amount
of charge transferred to the iodine molecule. The blue shift
observed for the I, molecule in the presence of cyclic amines
A18C6 and A12C4 (from 510 to 364 nm) is much larger
than that reported for the ordinary amine~I, systems.” Thus,
due to the transfer of more charge from the cyclic amines to
the iodine molecule, we expect to witness a largely increased
stability of A18C6-I, and A12C4-I, complexes over ordinary
amine-I, complexes.

In all cases studied, during the first few seconds after
the addition of azacrown to the iodine solution, a rather
sharp step-functional increase in the absorbance at 364 nm
was observed, as was previously reported (Fig. 7). This
initial change in the absorbance (AA) upon the mixing of the
azacrowns and I, was found to increase along with a rise in
the azacrown/I, mole ratio to reach a constant value at a mole
ratio of 1: 1 (see Figs. 7 and 8). Such a dependence of AA on
the azacrown/I, mole ratio indicates the formation of EDA
complexes between the donors and the acceptor used. The
corresponding formation constants can be evaluated from AA
vs. azacrown/I, mole ratio as follows.

The macrocycles react with I, in solution to form 1:1
EDA complexes. The formation constant and the mass-
balance equations are given as follows:

K¢ = [macrocycle-I;]/[macrocycle][LL], 4)
Chracrocycle = [macrocycle] + [macrocycle-1> ], (5)
Ci =[]+ [macrocycle-1,], 6)

substitution of Egs. 5 and 6 into Eq. 4 and rearrangement
yields,

Kf[IZ]Z + [1 + Kf(cmacrocycle - CI)][I2] -G =0. (7)

The observed absorbance change of solution is given by

0.3
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Fig. 7. AA vs. time plots at 364 nm for a 1.5x10™*

mol dm™ solution of I, in chloroform in the presence of
varying concentration of A12C4 at 25 °C. [A12C4]/[L;]
mole ratios are: 1,0.12; 2, 0.25; 3,0.37; 4, 0.50; 5, 0.74; 6,
0.98;7, 1.22; 8, 1.46; 9, 1.70; 10, 1.94; 11, 2.40; 12, 2.98.
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Fig. 8. AA vs. [macrocycle]/[I;] plots for A12C4 (A) and

A18C6 (B) in 1,2-dichloroethane (1) and chloroform (2)
solutions. The initial concentration of I is 1.5x107*
moldm 3.

AA = Emacrocyclesl, [macrocycle-1,]. ®)

To evaluate the formation constant from the AA vs.
Chacrocycle/ C1 mole ratio data, a curve-fitting program KINFIT
was used.* The free acceptor concentrations ([I,]) were eval-
uated from Eq. 7 by means of a Newton—Raphson procedure.
Once the value of [I,] had been obtained, the concentrations
of all other species involved were calculated from the corre-
sponding mass-balance equation by using the estimated value
of Ky at the current iteration step of the program. Refinement
of the parameters is continued until the sum-of-squares of
the residuals between the calculated and observed values of
the absorbance change for all experimental points is mini-
mized. The output of the KINFIT program comprises the
refined parameters Kr and &pacrocycle-l,» the sum-of-squares
and standard deviation of the data.

A sample computer fit of the AA vs. macrocycle/I; data
is shown in Fig. 9. As can be seen, the fair agreement be-
tween the observed and calculated absorbances further sup-
ports the existence of a 1:1 EDA complexation between
the macrocycles and iodine in solution. The log Ky values
obtained by this procedure are given in Table 2. It is seen
that, in both solvents used, the K; values for A12C4-1, are
larger than those for the A18C6-I, system. Such observa-
tions could be related to a decreased flexibility of the A12C4

Bull. Chem. Soc. Jpn., 72, No. 9 (1999) 2009
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Fig. 9. Computer fit of AA vs. [A18C4]/[1,] in chloroform

solution at 25 °C: (x) experimental point; (O) calculated
point; (=) experimental and calculated points are the same
within the resolution of the plot. The initial concentration
of L is 1.5x10™* moldm>.

Table 2. Formation Constants of A18C6-I; and A12C4-1,
EDA Complexes in Chloroform and 1,2-Dichloroethane
Solutions at 25 °C

Chloroform 1,2-Dichloroethane

log K¢ Emacrocycle*l, log Kt
A18C6-I, 4.254+0.16 2290 + 192 5.01 +=0.15 5693 £ 183
A12C4.1, 4.88 4+0.06 1935 +29 5.22+0.13 3240 £+ 67

Complex

gmacrocycle I

molecule as compared with A18C6. Molecular-mechan-
ics calculations,*?¢ as well as the crystalline structure®” and
spectroscopic investigations,* performed on 12C4 and 18C6
molecules have shown that, in the most stable conformation,
the heteroatoms of 12C4 are more readily available to the ac-
ceptor molecule for the process of charge-transfer, compared
with 18C6. This would possibly facilitate the formation of
the A12C4-I, complex. Moreover, while the I* ion having
an jonic size of 1.66 A* is too small for the cavity of A18C6
with a size of 2.6—3.2 A,* it possesses a more suitable fit-
ting condition inside the smaller cavity of A12C4 (cavity
size=1.2—1.5A)%

The data given in Table 2 revealed that, in the case of
both macrocycles used, the stability of the resulting iodine
complexes increases with increasing polarity of the solvent
from chloroform to 1,2-dichloroethane. A similar solvent
effect on the stability and charge-transition energies of dif-
ferent charge-transfer complexes has been reported in the
literature.*'—*3 It has been suggested that the observed trend
in the stability of the charge-transfer complexes could be due
to the high stabilization of the excited states in which the
charge is probably more separated than in the ground states.
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