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Abstract—The complexation of tetramethylresorc[4]arene with primary and secondary amines in acetonitrile was investigated spectro-
photometrically. The stoichiometry of the complexes formed was shown to depend on the amine concentration. Based on the proposed
complexation models, the formation constants of the complexes as well as their thermodynamical parameters were determined and discussed.
Depending on the amine concentration, two types of solid complexes of tetramethylresorc[4]arene with amines were obtained. The
composition of these complexes was confirmed by 'H NMR. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Supramolecular chemistry belongs to the most rapidly
developing areas of chemistry.! It concerns mainly the
complementary, non-covalent molecular interactions such
as hydrogen bonds, m-electron interactions, van der Waals
forces. The resorcarenes are particularly useful for investi-
gation of such interactions.” Because of their cylindrical
structure, they tend to form host—guest complexes with
the neutral organic molecules, ammonium cations® and
metal cations.” The mr-electron interactions also allow
resorcarenes to form external complexes, e.g. with electron
acceptors such as tetracyanoethylene.” The presence of
hydroxy groups, which readily form hydrogen bonds,
increases the complexing capabilities of resorcarenes
further. Up to date, complexes with amines, amino alcohols
and pyridine,® pyridils and phenanthroline,’ saccharides and
steroids,8 amino atcids,9 chiral alcohols and glycosideslo
have been studied. This paper concerns the equilibria of
complex formation by tetramethyl-resorc[4]arene (the
resorcarene) with primary and secondary amines in aceto-
nitrile, over a wide range of concentrations of the amines
studied. This is a continuation of our studies into the
synthesis and complex formation properties of resorcarenes.

2. The complex-formation equilibria in the resorcarene—
amine system

Our previous studies proved that the reaction of the resor-
carene with amines at moderate excess of the amine forms
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the complexes of the 1:2 stoichiometry.® These complexes
have been obtained as solids and investigated by 'H NMR.
Our further experiments have shown that, at a several
hundred-fold excess of amines, complexes of a 1:4
stoichiometry are formed. UV-VIS spectroscopy was
used to determine the formation constants of the complexes
formed by the resorcarene with selected amines. The
investigated amines were: diethylamine, piperidine, cyclo-
hexylamine, cyclohexylethylamine, and phenylethylamine.
The effect of the added amine on the first long-wave absorp-
tion band of resorcarene was observed. Depending on the
amine, two types of changes were noted, which are shown in
Figs. 1 and 2. In case of the primary amines, i.e. cyclo-
hexylamine (Fig. 1) and cyclohexylethylamine, two clear
isosbestic points appear in the range of low and high
concentrations of the amines. The first isosbestic point
(A=286.5 nm), for the several-fold excess of the amine,
corresponds to formation of the 1:2 resorcarene—amine
complex.

The second isosbestic point (A=290.3 nm), for about 100—
250-fold excess of the amine, corresponds to formation of
the 1:4 resorcarene—amine complex. On the other hand,
only one isosbestic point appears for the secondary amines
such as diethylamine and piperidine (Fig. 2); the increase in
the amine concentration results in monotonic long-wave
shift of the absorption band of resorcarene. Such changes
of the absorption band of resorcarene effected by the added
amine were studied at several temperatures. It is character-
istic that only one isosbestic point is observed in each case at
60°C; it appearsat the same wavelength as the first isosbestic
point at 20°C. The solid 1:4 complexes of the resorcarene
with the selected amines (piperidine, cyclohexylamine)
were synthesized using a several hundred-fold excess of
the amine. Their compositions were confirmed by 'H

0040-4020/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0040-4020(01)01081-X



10378 W. Iwanek, M. Urbaniak / Tetrahedron 57 (2001) 10377-10382

286.5 nm Isosbestic points 20°C

06

04

Absorbance

0,0 L L 1 Il L
280 285 290 295 300 305 310 315 320

nm

1,0

09 286.5 nm 60 uc

08 - /
07 |-
06 |-

05

Absorbance

04
03
02

01

0 1 1 L 1 1 L L
280 285 290 295 300 305 310 315 320

nm

0,

Figure 1. Effect of the added cyclohexylamine on the absorption band of the resorcarene. The resorcarene concentration is 7.35%107> M, the amine
concentration varies from 7.51X107° to 1.95x10™> M. The changes in the absorption spectrum are shown for 20 and 60°C.
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Figure 2. Effect of the added piperidine on the absorption band of the resorcarene. The resorcarene concentration is 7.35x10™> M, the amine concentration
varies from 7.51x10 7> to 1.95%10™2 M. The changes in the absorption spectrum are shown for 20 and 60°C.

NMR spectra. In these spectra, the OH- --NH hydrogen bond
signal of the 1:4 complex appears upfield in comparison to
the 1:2 complex. For example, this signal appears at 6=4.62
for the 1:4 resorcarene—cyclohexylamine complex versus
0=06.02 for the 1:2 complex.

This indicates that the hydrogen bond is stronger in the 1:2
complex than in the 1:4 complex. This may explain why it is
more difficult to synthesize the 1:4 complexes. Fig. 3 shows
a possible structure of the 1:4 resorcarene—cyclohexylamine
complex, which was proposed taking into account the
crystallographic structure of the 1:4 resorcarene—pyridine
complex® as well as the reports on complexation of phenols
with amines.'"!

The shift of the absorption band of the resorcarene resulting

Figure 3.

from the addition of the amine testifies that the excess of the
primary or secondary amine can stabilize the proton-
transferred species by hydrogen-bonding network forma-
tion, where the amines act as a hydrogen donor and form
a hydrogen bond to the O® anion.

3. Determination of the formation constants for the
resorcarene—amine complexes

The literature data as well as the above-discussed spectro-
photometric UV—VIS and "H NMR indicate that the highest
number of the amine molecules which can be attached to the
resorcarene molecule is 4, therefore our calculations were
based on this model (Scheme 1).

In Scheme 1 C is a resorcarene molecule; A is an amine
molecule; CA, CA,, CA;, and CA4 are the individual types
of complexes formed in the studied systems; K, K,, K3, and
K, denote the formation constants of the individual
complexes, respectively. The change of absorption, AD, in

(CA) M (€A} . [CA3) [CAq)
BTG > KICIAR *" XIKACIAP K4 RRACTAR

C+4 CA+ A4 CAy+ 4 CA3 +4 Ay

Scheme 1.
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such a system, (for /=1) is described by Eq. (1)
AD = cp[CA] + eca, [CAL] + £cp, [CA3] + eca,[CA4]
(1)

wherein AD=D—D, is a difference between the absorption
observed and the absorption of the resorcarene at given
wavelength; eca, &ca,» €ca,> &ca, are molar absorption
coefficients for the individual complexes; [CA;] are the
equilibrium concentrations of the formed complexes (i=1,
2, 3, 4). Using the expressions for the total concentration of
the resorcarene (Eq. (2)) and the amine (Eq. (3)), one
obtains the Eq. (4) for the theoretical change of absorption
in the studied system.

Co = [C] + K,[CI[A] + K, K,[CI[AT’ + K, K,K;[C][A]’

+ K, K,K;K,[C][A]* (2)

Ao = [A] + K, [CI[A] + 2K, K, [CI[A]® + 3K, K,K;[C][A]

+ 4K, K,K;K,[CI[A] 3)

D_DOZ

Cole K\ [A] + £,K K [A) + &K KK [AP + K KKKy [A]Y)
1+ K [A] + [(1[(2[A]2 + ](1](21(3[A]3 + K1K2K3K4[A]4

“)

wherein C is the analytical concentration of resorcarene,

[C] is the equilibrium concentration of resorcarene, A, and
[A] are the analytical and equilibrium concentrations of the
amine, respectively, K; is the complex formation constant
(i=1, 2, 3, 4). First, the Egs. (2) and (3) were solved numeri-
cally for given values of the formation constants and the
molar absorption coefficients. Then, using the equilibrium
concentration of the amine for the given parameters, the
theoretical absorbance was computed from Eq. (4). The
values of Ky, K, K3, K4 as well as eca, &ca, &ca, £ca,
were optimized iteratively.

The proposed model allowed computation of formation
constants as well as the molar absorption coefficients for
the individual complexes. Table 1 summarizes the
logarithms of the formation constants for the investigated
temperatures as well as the molar absorption coefficients of
the formed complexes. In each case, the fitting of the
theoretical parameters to the experimental data was
performed for the same number of data points as well as
the same range of concentrations of the amines, taking into
accounts the equilibrium concentrations both of the
resorcarene and of the amines. The goodness of fit was
given by the following expression.'*

1 & D-DYy
%—n_p; o (5)

wherein D is the observed absorption; D’ is the computed
absorption; n—p is the number of degrees of freedom; n is
the number of experimental data points, p is the number of
fitted parameters. Fig. 4 shows an example of fitting the

Table 1. Logarithms of formation constants K (M ") for the complexes of resorcarene with amines and their molar absorption coefficients & (M~' cm™') at

300 nm computed from Eq. (4)

log K; log K, log K3 log K4 £ & &3 &4 X
Piperidine
20°C 4.09 6.32 3.25 2.41 4260 615 1910 5640 1.94% 1073
30°C 3.73 6.08 3.20 2.20 2460 446 1460 5220 5.86x107¢
40°C 3.63 5.95 3.13 2.03 4490 363 1250 4770 2.04%107°
50°C 3.23 5.79 3.12 1.89 4480 304 1130 4910 5.30% 1073
60°C 2.86 5.66 3.00 1.78 1137 183 1080 4410 8.10%x 1073
Diethylamine
20°C 3.24 5.65 331 2.10 7450 287 1490 4540 2.57%x 1073
30°C 291 5.46 3.24 1.89 7080 173 1250 4250 2.56 X 1073
40°C 2.90 5.37 3.19 1.54 6000 144 1150 5170 5.38x107°
50°C 2.64 5.17 3.03 1.36 4900 143 958 5510 8.31x 1073
60°C 2.52 5.06 2.98 1.22 4270 102 778 5970 423%x107°
Phenylethylamine
20°C 1.15 4.01 1.34 2.04 5400 187 1040 1210 1.95x 107*
30°C 1.09 3.86 1.25 2.00 3390 158 597 1110 228 %1074
40°C 0.97 3.63 1.15 1.98 3190 151 460 1003 3.52x107*
50°C 0.88 3.60 1.07 1.96 3450 91.8 504 914 6.55x 107*
60°C 0.78 3.49 1.01 1.95 3430 67 613 811 3.00x 107*
Cyclohexylethylamine
20°C 2.02 5.16 0.96 3.57 14500 200 300 6800 5.18x107*
30°C 1.46 4.96 0.71 2.96 14100 449 669 6380 2.96 X 107*
40°C 1.26 4.73 1.57 2.48 13490 389 855 1820 3.73x107*
50°C 0.95 4.50 1.57 2.04 11330 377 750 2000 2.13x107%
60°C 0.95 4.49 1.57 1.63 14300 289 1020 2830 2.84%x107*
Cyclohexylamine
20°C 2.55 6.73 1.29 3.56 17700 247 304 6950 1.01x 1073
30°C 1.12 6.10 0.82 3.09 15100 480 552 6370 3.96x 107*
40°C 1.11 5.20 1.57 2.45 13800 464 960 2210 3.96 x 107
50°C 1.14 4.57 1.66 2.28 15400 343 1080 1780 5.54x107%
60°C 1.02 4.41 1.40 1.50 15700 192 2820 2220 2.30%x 1074
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Figure 4. Example of fitting of the parameters of Eq. (4) to the changes of
absorption of the first long-wavelength absorption band of the resorcarene
depending on the concentration of piperidine at 300 nm.
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Figure 5. Differential spectra of the complexes formed between the
resorcarene (7.35X107° M) and piperidine (1072M) in acetonitrile at
increasing temperature.

theoretical curve resulting from Eq. (4) to the experimental
data, taking into account the equilibrium concentrations of
the resorcarene and the amine.

The data presented in Table 1 indicate that, in cases of
cyclohexylamine, cyclohexylethylamine, and phenylethyl-
amine, two formation constants, i.e. K, and K,, outweigh the
others at 20°C. This is reflected in the UV-VIS spectra,
where two isosbestic points are observed. In cases of
diethylamine and piperidine, the K, formation constant
prevails, whereas the K3 and K, constants are comparable.
Therefore, no isosbestic point is observed in this concentra-
tion range, and the increasing concentration of the amine
causes merely the monotonic shift of the absorption band of
resorcarene towards longer wavelengths. At 60°C, in all
cases, the K, formation constant clearly dominates the
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Figure 6. A plot of linear dependency of In K; on the reciprocal tempera-
ture for the resorcarene—piperidine complex.

others. This is manifested in that only one isosbestic point
is observed for all studied systems at this temperature. Such
a strong temperature dependence is shown also in Fig. 5,
which presents the change of differential absorption band of
the complexes formed between the resorcarene and
piperidine in relation to the resorcarene absorption band.
For the piperidine concentration being about 140 times
greater than the resorcarene concentration in acetonitrile,
the increase of temperature results in the decreasing incre-
ment of absorption of the complexes formed as well as the
change of shape of the absorption band of the complex.

These observations suggest that the equilibria in the
resorcarene—amine system depend not only on the amine
concentration, but they also strongly depend on tempera-
ture. The thermodynamic parameters for the individual
complexes forming in the resorcarene—amine system were
determined from the thermal dependencies using the van’t
Hoff equation:

In K = —AH/RT + AS/R 6)

Fig. 6 shows an example of the thermal dependence of the
logarithm of the K; formation constant for the resorcarene—
piperidine system.

Table 2 summarizes the computed thermodynamical para-
meters of formation of individual types of complexes in the
studied systems. In all cases, a negative enthalpy of forma-
tion is observed for the individual complexes, which results
from formation of hydrogen bonds between the resorcarene
and the amine. The calculation shows that, in all cases, the
K, constant is greater than others.

However, the entropy of formation of such complex is
positive only for the secondary amines. Moreover, the K;
constant is greater than the K, constant only for the

Table 2. Thermodynamical parameters AH (kJ mol™") and AS (J mol™' K™') for the individual complexes formed in the resorcarene—amine systems in

acetonitrile

Amine AH[ AS] AHZ ASZ AH; AS'; AH4 AS4
Piperidine —55.10 —109.26 —30.40 16.81 —-10.77 25.68 —29.34 —54.43
Diethylamine —32.28 —48.93 —27.52 14.13 —15.96 9.24 —42.96 —106.50
Cyclohexylamine —8.94 —6.95 —115.83 —267.40 - - —91.66 —244.15
Cyclohexylethylamine —50.08 —134.89 —39.76 —36.67 - - —89.98 —239.53
Phenylethylamine —17.54 —37.54 —24.62 —-7.63 —16.11 —29.30 —4.2 24.50
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secondary amines, reflected by the positive entropic effect,
which, in consequence, increases the negative value of the
free enthalpy (AG) of formation of such a complex. An
enthalpic—entropic compensation is observed for all
remaining complexes, i.e. the higher negative enthalpy
corresponds to the higher negative entropy.

4. Determination of the formation constants of the 1:3
and 1:4 complexes from the 1:2 complex

As already mentioned, the 1:2 resorcarene—amine
complexes can be readily synthesized, as described earlier.®
By attaching the consecutive amine molecules, the
complexes CAj3 and CA, are formed, as shown in Scheme
2. The values of K’ and K’4 can be determined in a similar
way to that for the process described in Scheme 1.

This independent method for computing the formation
constants of the 1:3 and 1:4 complexes of resorcarene was
used with piperidine as well as with diethylamine. It was
intended to assess the correctness of the general model used
for computing of the formation constants in the wide range
of concentrations of the amines studied. This process can be
observed by means of the UV-VIS spectroscopy. Fig. 7
shows the changes in the absorption bands of the acetonitrile
solution of the 1:2 resorcarene—piperidine complex result-
ing from addition of piperidine.

As in Fig. 2, the isosbestic point is not clearly marked in this
range of the amine concentrations, since none of the forma-
tion constants predominates. Using the modified Eq. (4) and
the identical computing technique, the formation constants
K'; and K’; as well as the molar absorption coefficients
&'ca, &'ca, were calculated. The results are given in
Table 3. Table 4 shows the thermodynamic parameters for
the complexes formed, which were calculated according to

Eq. (5).

Ay e
K= RKaIciap A KIKICTAR

CA,+ A4 CAz +A4 CAy

Scheme 2.
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Figure 7. Effect of the addition of piperidine on the absorption spectrum of
the 1:2 resorcarene—piperidine complex in acetonitrile. The complex
concentration is 7.27X107° M, the amine concentration varies from
5.58x107* to 7.25x107° M. All spectra were taken at 20°C.

Table 3. Logarithms of the K’; and K’ formation constants (M™" and the
molar absorption coefficients &’ (M~ cm™") for the complexes formed
between the 1:2 resorcarene—amine complex and the amine in acetonitrile

IOg KI3 lOg K/4 8/3 8'4 X2

Piperidine

20°C 3.18 2.44 1660 5460 3.27x107°
30°C 3.15 2.20 1420 5180 2.14%x 107
40°C 3.13 2.05 1040 5370 1.22x107*
50°C 3.12 1.85 990 5250 5.10%x 1073
60°C 3.03 1.68 956 5360 7.12%x 107
Diethylamine

20°C 3.29 221 1340 5670 2.60%x 1073
30°C 3.24 1.88 1320 5600 2.07%x 107
40°C 3.21 1.52 1350 6280 471%x 1073
50°C 3.03 1.36 1478 6840 8.55x 1073
60°C 3.03 1.24 1418 7250 8.59x 1073

Table 4. Thermodynamical parameters AH’ (kJmol™') and AS’
(Jmol ' K™ for the complexes formed by the 1:2 resorcarene—amine
complex and the amine in acetonitrile

AH/3 AS/3 AH/4 AS/4
Piperidine —6.16 40.06 —34.94 —72.70
Diethylamine —13.78 16.40 —42.53 —105.2

In general, one can note a good agreement between the
formation constants and the molar absorption coefficients
with the results in Table 1. The calculated thermodynamic
parameters of the complexes formed also reproduce the
previously observed tendency for the positive entropic
effect in the case of the 1:3 complexes as well as the enthal-
pic—entropic compensation in the case of the 1:4 complexes.

In summary, the complexation of the resorcarene with the
primary and secondary amines in acetonitrile was followed
spectrophotometrically across a wide range of the amine
concentrations. The dependence of complex stoichiometry
on the amine concentration was demonstrated. Two types of
solid resorcarene—amine complexes were obtained. The
thermodynamic parameters of the formed complexes were
determined.

5. Experimental

"H NMR spectra (500 MHz) and '*C NMR (125 MHz) were
recorded on a Bruker AM 500 spectrometer. The coupling
constants (J) are given in Hz. UV-VIS spectra were taken
on an Specord 500 spectrophotometer. IR spectra were
taken on an Specord M80 spectrophotometer. The melting
points are generally >300°C.

5.1. General procedure for the preparation of complexes
of resorcarene with selected amines

The 1:2 complexes were synthesized as previously
described,6 but acetonitrile was used instead of ethanol. In
case of the 1:4 complexes, in a typical experiment, calix-
resorcarene (0.5 g) was dissolved in acetonitrile (5 ml)
followed by addition of the amine (100 equiv.). The solution
was heated until the precipitate dissolved, and then left apart
to crystallize. Yield 50%.
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5.1.1. 1:2 Resorcarene—piperidine complex. IR (KBr) v:
3700-3100 cm™' (max. 3176 cm™'; >NH---OH), 2800—
2300cm~ ' (max. 2536cm”; >NH,"); 'H NMR
(500 MHz, DMSO-dq, RT): 8=1.47 (m, 24H, CH;, CH,),
2.70 (s, 8H, CH,), 4.41 (q, J=7.20 Hz, 4H, CH), 6.04 (s, 4H,
ArH), 6.81 (s, 10H, ArOH---NH), 7.05 (s, 4H, ArH); "*C
NMR (125 MHz, DMSO, RT): =18.90, 20.88, 22.76,
24.31, 25.65, 28.49, 46.08, 56.40, 103.07, 124.29, 12441,
152.68; MS-FAB (NBA, 30°C): 629.6 (M"—CsH;N),
544.1 (M* —2XCeH 5N).

5.1.2. 1:4 Resorcarene—piperidine complex. IR (KBr) v:
3700-3100 cm—"' (max. 3280 cm™'; >NH---OH), 2800—
2300 cm—' (max. 2527cm”; >NH,"); 'H NMR
(500 MHz, DMSO-d¢, RT): 6=1.44 (d, J/=7.20 Hz, 12H,
CHj), 1.49 (m., 24H, CH,), 2.56 (s, 16H, CH,), 3.80 (s,
12H, ArOH---NH), 4.46 (q, /=7.20 Hz, 4H, CH), 6.13 (s,
4H, ArH), 6.97 (s, 4H, ArH); '*C NMR (125 MHz, DMSO,
RT): 6=18.90, 20.88, 22.76, 24.31, 25.65, 28.49, 46.08,
56.40, 103.07, 124.29, 124.41, 152.68; MS-FAB (NBA,
30°C): 796.2 (M"—CsH;;N—4H), 735.3 (M+Na"—2x
CsHN), 655.1 (M"—3xCsH;;N+3H).

5.1.3. 1:2 Resorcarene—cyclohexylamine complex. IR
(KBr) »: 3700-3100cm—'  (max. 3192cm
—-NH,---OH), 2800-2300 cm—' (max. 2576 cm b
—-NH;"); '"H NMR (500 MHz, DMSO-d¢, RT): 8=1.21
(m, 4H, CH,), 1.50 (d, /=7.20 Hz, 12H, CH,), 1.64 (m.,
4H, CH,), 1.74 (m., 4H, CH,), 2.59 (m., 2H, CH), 4.4 (q,
J=17.20 Hz, 4H, CH), 6.02 (s, 10H, ArOH:--NH), 6.04 (s,
4H, ArH), 7.08 (s, 4H, ArH); *C NMR (125 MHz, DMSO,
rt): 6=18.50, 20.03, 24.40, 25.19, 27.75, 34.50, 49.67,
56.00, 102.79, 123.70, 123.99, 152.43; MS-FAB (NBA,
30°C): 544.2 (M —2XC¢H{3N).

5.1.4. 1:4 Resorcarene—cyclohexylamine complex. IR
(KBr) »: 3700-3100cm—'  (max. 3178 cm
—NH,---OH), 2800-2300cm™ ' (max. 2544cm ';
—-NH;"); 'H NMR (500 MHz, DMSO-dg, rt): =1.01 (m,
16H, CH,), 1.20 (m, 8H, CH,), 1.53 (d, J=7.20 Hz, 12H,
CH,), 1.63 (m, 8H, CH,), 1.72 (m, 8H, CH,), 2.51 (m, 4H,
CH), 4.38 (q, J=7.20Hz, 4H, CH), 4.62 (s, I12H,
ArOH---NH), 5.97 (s, 4H, ArH), 7.15 (s, 4H, ArH); "C
NMR (125 MHz, DMSO, RT): 8=20.04, 24.46, 25.25,
27.87, 35.34, 49.74, 102.82, 123.27, 123.98, 152.64; MS-
FAB (NBA, 30°C): 643.5 (M —3XC¢H5N).

10.

11.

12.

14.
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