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Their Complex with Divalent Metal Tons

Ki-Whan Chi,” Yoon Soo Ahn, Kwang Taeg Shim, Hwang Huh, and Jeong Soo Ahn

Department of Chemistry, University of Ulsan, Ulsan 680-749, Korea
Received February 4, 2002

The aminomethylation of phenols with para-substituents by the Mannich reaction has successtully been
accomplished to produce the Mannich bases 2-6. The compounds 7-8 have also been synthesized in order to
identify the effect of the side arms and the macrocycle in the complex formation. Protonation constants and
stability constants of the double armed diaza- [ 8-crown-6 ethers 2-7 with metal ions have been determined by
potentiometric method at 25 °C in 95 % methanol solution. Under a basic condition (pI1 = 8.0), the double-
armed crown ethers 2-6 revealed stronger interaction with divalent metal ions than the simple diazacrown ether
1. The stability constants with these metal ions were Co®' < Ni*' < Cu®' > Zn*" in increasing order, which are
in accordance with the order of the Williams-Irving series. The stability constants with alkali earth metal ions
were Ca’” < 8¢ < Ba®' in increasing order, which may be explained by the concept of size effect. [t is
noteworthy that the hosts 2-6, which have phenolic side arms and a macrocycle, bind stronger with metal ions
than the hosts 1 and 7. On the other hand, the host 8, which has phenolic side arms with a pyperazine ring,
provided comparable stability constants to those with the host 3. These facts demonstrate that phenolic side
arms play a more important role than the azacrown ether ring in the process of making a complex with metal
ions especially in a basic condition. [n particular, the log Ky values for complexation of divalent metal ions
with the hosts 2-6 had the sequence, i.¢.. 2 (R-OCIIl;) < 3 (R—Cll5) <=4 (R—11) < §(R—CI) < 6 {R—CF3). The
stability constants of the hosts 5 and 6 containing an electron-withdrawing group are larger than those of the
hosts 2 and 3 containing an electron-donating group. This substituent effect is attributed to the solvent effect in
which the ary] oxide with an electron-donating group has a tendency to be tied strongly with protic solvents.
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Introduction

Double armed crown ethers and related macrocycles
represent a new class of synthetic cation-binders which are
characterized by a parent macrocyclic ligand and a cation-
ligating functionalized arm.’ With this class of compounds,
the guest cation can be wrapped in such a way that
additional donor groups on the flexible arms would provide
further coordination to the guest cation trapped in the parent
macro-ring. The structure of metallic complexes with double
armed crown ethers is similar to that of bicyclic cryptand
compounds, but a higher mobility of the ligating two arms
attached to the crown ether ring may permit stable and
dynamic complexation.” Since their cation-binding behaviors
are strongly dependent on the coordination characters of
their side arms, an introduction of a potential binding site on
the side arms is a promising strategy for the functionali-
zation of crown ether compounds. In this sense, diazacrown
ether with phenolic side-arms might be an interesting host
molecule to be studied since oxygen atoms in the phenolic
side-arims could function as extra ligands in the formation of
a complex with a metal cation guest.

One plausible way for the synthesis of that kind of host is
the Mannich reaction® between azacrown ethers, formalde-
hyde and phenolic derivatives. Although substituted phenals
are commonly used in the Mannich reaction, it has been
difficult to undergo aminomethylation of various phenols

with sterically hindered amines. Instead of direct amino-
methylation, bulky azacrown ethers were treated with the
methanol solution of paraformaldehyde to provide the N-
methoxymethyl-substituted azacrown ethers, which sub-
sequently gave the Mannich bases by a reaction with a
proper substrate.’ However, a more convenient one-pot
method™ has been recently developed by Chi and co-
workers using 1.4.10,13-tetraoxa-7.16-diazacyclooctadecane,
paraformaldehyde and phenolic derivatives in benzene to
produce double-armed diazacrown ethers in good yields.

[n this paper we report the synthesis of a variety of the
double-armed crown ethers 2-7 and the mimic host 8, and
the binding properties between the receptors and various
divalent metal ions. A complex formation study has been
studied by potentiometry and 'H-NMR under a basic condi-
tion. Consequently, a substituent effect of the phenol ring of
2-6 has been established and the function of the phenolic
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side arms in the complex formation has been elucidated.
FExperimental Scction

Synthesis. Starting materials were purchased from Aldrich
chemical company and used without further purification, All
chromatography solvents were of analytical grade and
freshly distilled prior to use. Thin-layer chromatographic
analyses were conducted by using a pre-coated TI.C plate
(60 Tas4, 20 ¢cm X 20 ¢cm) purchased from Merck company.
Silica gel {230-400 mesh) was used in flash chromatography
and deactivated by ca. 2% triethylamine in eluent solution,

IR spectra were recorded on a Mattson 5000 (UNICAM)
spectrometer (KBr). Melting points of the prepared com-
pounds were determined on an Aldrich melt temp apparatus
and were uncorrected. 'H and *C NMR (300 MHz, 75.48
MHz, respectively) spectra were recorded using a Varian
Unity-plus 300 I'T NMR or Bruker AM-300 NMR spectro-
meter, Mass spectra were obtained using a KRATOS Profile
HV-3 or Shimadzu GC MS-Q.P 5050 (70 V) spectrometer
with a direct insertion probe. All the host molecules were
synthesized by the known procedure,’

Preparation of 7,16-Bis|(8'-trifluoromethyl-2'-hydroxy-
phenylymethyl]-1,4,10,13-tetraoxa-7,16-diazacycloocta-
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decane (6). To a solution of 4-(trifluoromethylphenol (148
mg, 0.91 mmol) and paraformaldehyde {27 mg, 0.91 mmaol)
in dry benzene (8§ ml.) was added 1,4,10,13-tetraoxa-7,16-
diazacyclooctadecane (100 mg, 0.38 mimol) at room temper-
ature. Then, the resulting mixture was heated at reflux for
18-22 hrs, After removing the benzene at reduced pressure
from the reaction mixture, the final product 6 was isolated
by column chromatography on silica gel using hexane-ethyl
acetate.

white solid; mp 104-105 °C: yield 45%; '"H-NMR (CDCls,
300 MHz) 2.86 8{t./=4.1 Hz. 8H). 3.61 (5. 8H). 3.67 {t. /=
5.3 Hz, 8H), 3.85 (s, 4H), 6.85 (d. /= 8.4 Hz, 2H), 7.23 (m,
2H), 7.40 (d. 2H, J = 8.4 Hz); “C-NMR (CDCl;, 75.48
MHz) & 53.68, 58.20, 68.80, 70.77, 116.45, 120.97. 122.54,
123.49, 125.69, 126.03, 161.09; IR (cm™") 3435, 2887, 1616,
1334, 1112; MS m/= (rel. intensity) 610 (M*, 7). 591 (5), 473
(3). 435 (B), 361 (14), 306 (51). 261 (30), 175 (100). 127
(35). 56 (62).

Preparation of 1,4-Bis|(5'-methyl-2'-hydroxyphenyl)-
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mcthyl|piperazine (8). To a solution of p-cresol (108 mg,
0.91 mmol) and paraformaldehyde (27 mg, 0.91 mmol} in
dry benzene (8 ml.) was added piperazine (100 mg, 0.38
mmol) at room temperature. Then, the resulting mixture
was heated at reflux for 18-22 hrs. Afier removing the
benzene at reduced pressure from the reaction mixture, the
final product 8 was purified by recrystalization using
methanol,

white solid; mp 225-226 °C; vield 41%; '"H-NMR (CDCls,
300 MHz) 62.23 (s, 6H), 2.48-3.1 (m, piperazine, 8H), 3.66
(s, 4H), 6.74 (s, 1H), 6.81 (m, 2H), 7.02 (d, /= 1.8 Hz, 2H);
BC-NMR (CDCls, 7548 MHz) & 2042, 5235, 61.22,
115.79, 120.50, 128.35, 129.28, 129.33, 155.07; IR {cm™)
3638, 2973, 1589, 1011; MS m/z (rel. intensity) 326 (M",
58). 311 (20), 205 {70), 150 (51), 136 (17). 121 {100), 85
(80), 56 {48).

Potentiometric measurements, Potentiometric titrations
were carried out with Metrohm 736 GP titration system
fitted with a glass electrode and Ag/AgCl reference elec-
trode system, The pH electrode was checked with standard
pH 4.00, pH 7.00 and pH 10.0 buffers before each titration.
Ca(NQs)z, SrCla, BaCly, CoClz, NiCly, CuCly, ZnCl; and
Pb(NQO:); were purchased as 99.9+% purity and used
without further purification. The stock solution was prepared
from HPLC grade methanol and triply-distilled water. A
typical solution for potentiometric equilibrium studies con-
sisted of the following reagents: 1.0 x 107 M ligand, 1.0 x
1078 M metal ion, 24 x 107 M HCI and 1.0x 107 M
(CH:)yNCI of background electrolyte in 95% methanol
solution. Every ftitration was performed under a CO»-free
nitrogen atmosphere and the cell was thermostated to
25.0£0,1"C.

(a) Protonation constants mcasurcments: The pH
profile of an acidified host was obtained in the absence of
metal ion. An acidified host solution {24 ml.) was prepared
and stirred for 15 min for equilibrium, it was then titrated by
slow addition (0.015 ml. at a time) of 1.0x102 M
(CH1):NOH solution. Multiple sets of data files containing
70-90 points were used in calculating the protonation
constants. The protonation constants were calculated using
the program PKAS.®

(b) Stability constants measurements: [he pH profile of
an acidified host-metal ion (1 : 1 molar ratio) solution was
determined according to the procedure (a). Stability con-
stants of complexes were calculated by the iterative Fortran
program BEST.® The average deviation between observed
and calculated pH was less than 0.015 pH units.

'H NMR measurements. 'H NMR spectra of the free
hosts 1-8 and their complexes were recorded using a Varian
Unity-plus 300 spectrometer at 25.0 = 0.1 °C in the CD:OD/
CDCl: (4 : 1 viv). Tetramethylsilane was used as an internal
standard material. For elucidation of the complex composi-
tion, NMR titration experiments were conducted with
various molar ratios of metal to host (from 0 : 1 upto 9: 1).”
Excess bases (2.2 equivalents of MesNOH versus 1.0
equivalent of host) were added just before each run and
chemical induced shifts (C1S) were evaluated.
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Results and Discussion

The Mannich reaction for the synthesis of the ortho
aminomethylated phenols 2-6 was accomplished according
to the known procedure.” The compound 7 with benzyl side-
arms was also easily prepared by a treatment of 1 with
benzyl bromide or it is commercially available at a resonable
price. Aminomethylation of p-cresol with piperazine and
paraformaldehyde in benzene gave the Mannich base 8
without any difficulty.

The NMR titration experiments with S~ and 7Zn"" ions
indicated that CIS were maximized when the metal to host
mole ratio reached 1.0, This fact showed that each of these
ions formed a 1 : 1 complex with a host.

The equilibrium constant measurements were carried out
using the potentiometric titration technique in 95% MeOH at
25.0 °C. For the protonation constants determination, a
standard HCI solution was added to protonate all basic sites
of the host and the solution was then titrated with a
standardized MeyNOH solution. For the stability constants,
metal salt was added to the protonated host solution, and in
the titration process all the acidic protons were released from
the host. The protonation equilibrium constants and stability
constants obtained were defined as follows;

1. "+H* = H KM= [ HY[L7][H] ()
LH-H = LH>  K:"=[LH:)/[L"H][H] )
LH-+H = LH:  Ki" - [LH:'}[LHa2][H'] (3)
LIy 117 = LILY K= [LHZ JLEG (1] 4

LH+ M = MLHY Kuiip = [MLHJ/[LH][M™] (5)
L"H—=M" = MLH" Kymu =[MLH V[LT][M?']  (6)
L™+M* =ML K = [MLJ/[L™]|M? | (7)

Protonation-deprotonation processes of the tested com-
pounds were expressed by equations (1), (2), {3) and (4).
Equations {5) and (6), (7) describe a complex formation in a
neutral or alkaline medium, respectively. Where [[LH:] and
[M?#*] represent the equilibrium concentrations of free host
and metal cation, respectively. The log K. values for the
protonation of the hosts are listed in Table 1.

The compounds 2-6 and 8 had four protonation constants

Table L. Logarithms of the protonation constants for the hosts 1-8
in 95% methanol solution at 23 °C and g 0.01 M (CH2)4NCI

Host log K, log K3" log K"
| 8.65 7.11 -
(8.94) (7.81)°
2 (R=0OCH:} 11.49 8.94 374
3 (R=CH;3) 11.28 8.71 6.63
4 (R=H) 11.24 9.77 374
5(R=CD 10.95 10.09 6.16
6 (R=CF;) 10.52 9.69 7.11
7 8.81 7.77 -
8 11.06 9.02 5.08
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Figure 1. Polentiometric equilibrium curves for ihe complexes
belween the host 3 and Ca®™, Sr°, Ba®™, Co™. Ni¥*, Cu**, 7Zn*" or
PL*' as a function of added (CH;)uNOIT in 953% methanol solution
at 25 °C.

in which the log K" and log K," values correspond to the
protonation of the phenoxide groups. Also, the log K;" and
log KM values are related with the protonation of the
macroring N-pivots, and the log Ky values are very small
and negligible, On the other hand, the compounds | and 7
have two protonation constants, respectively, the log K"
and log KM values were attributed to the protonation of the
azacrown N-pivots. Potentiometric titration curves ot the
host 3 with various metal cations are shown in Figure 1.

[t should be noted that the titration curve with Pb™ or Cu”
in TFigure 1 was distinguished from those with other ions
since the pH of the solution with lead or copper ion
remained less than 6.0 even after 0.75 mL of MesNOH
solution was added. This fact gives us a good qualitative
clue that lead and copper ions would make a stronger
interaction with the host 3 than other ions. The stability
constants (log Kni)' of 1-8 with metal cations are listed in
‘lable 2.

As shown in Table 2, the stability constants for alkali earth
metal ions were Ca’ < Sr** < Ba®™ in increasing order, which
may be explained by the size effect between a metal ion and
diazacrown ring. The stability constants with transition
metals were Co™ < Ni*” < Cu®" > Zn*" in increasing order.
which are in accordance with the order of the Williams-
Irving series.'" In particular, binding with Cu™ and Pb* ions
was stronger than other metal ions. The large stability
constants of Cu?*(d”) might be attributed to a Jahn-Teller
distortion.'” Also, Pb* jon seemed to make a soft-soft
interaction with 2-6 to have big stability constants. It is
noteworthy that the hosts 2-6 containing phenolic side arms
and a macrocycle bind more strongly with metal ions than
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Table 2. Logarithm of the stability constants for the hosts 1-8 with various metal jons in 93% methanol solution at 23 °C and g = 0.01 M

(CH)NCI
Iost Ca™ S Ba? Co? Nit Cu™ 7n? Ph
1 3.75 6.01 6.56 3.82 4.04 8.03 nd 8.85
(3.81)" (5.89)" (5.00" - (4.13)"? (8.48)"" (4.8H" (9.48)"
2 (R=0CH:) 8.15 7.54 11.53 7.20 7.85 13.35 8.14 8.79
3 (R=CH;) 7.85 793 11.82 7.98 8.07 13.53 8.44 10.34
4 (R=H) 8.29 7.94 11.76 8.53 8.73 13.75 8.62 12.12
S (R=Cl) 8.43 9.39 12.51 8.54 031 14.85 8.93 13.11
6 (R=CT+) 8.93 941 14.06 8.71 9.01 16.70 9.27 (5.21
7 2.0 5.17 5.81 2.24 241 6.50 2.42 .09
8 nd 8.42 9,78 nd nd 12.29 nd 10.88

nd: not determined
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Figure 2. Hammett plots for the complex between 2-6 and various
divalent metal ions in 95% methanol solution at 25 °C and ¢ 0.01
M (ClELNCL

the hosts 1 and 7. This fact tells us that hydroxy group on the
side arms played an important role in the complex
tormation. The shapes and the binding sites ot the hosts 2-6
should be the same as each other except in the para
substituent of the phenol groups. Such substituents exert
influence on the phenolic acidity, and in turn result in
different stabilities of the complexes. [n particular, the log
Kw values for complexation of divalent metal ions with the
hosts 2-6 have the sequence, i.¢e., 2 (R=OCH;) <= 3 (R=CHj3)
< 4 (R=H) < 5 (R=Cl) < 6 (R=CF3). The stability constants
of hosts containing an electron-withdrawing group are larger
than those of hosts containing an electron-donating group.
‘This substituent effect is attributed to the solvent effect in
which the aryl oxide with an electron-donating group has a
tendency to be tied strongly with protic solvents.

A plot of log K" against the substituent constants (&)
shows a straight line, indicating that the Hammett corre-
lation’® holds for the para substituents of the side arms. Also,
plots of log Kwny values versus o, provide a good linear
correlation in every case. (Figure 2)

As indicated in Figure 2, the reaction constants (p) with
Pb*", Cu™ and Ba™ (7.59, 4.20 and 3.04 respectively) are
much bigger than those (1.35-2.58) with other metal ions,
which demonstrates that the three ions are more sensitively

affected by the substituent in the phenolic ligand during the
complex formation, [n addition, the host 8 which has a
piperazine moiety instead of a diazacrown ring was
examined as a host. The stability constants of 8 with Sr*™,
Ba®, Cu?* and Pb?* were determined, and the result showed
that the stability constants of 8 were comparable with those
of 3 in spite of the absence of a crown ring in 8. This
strongly indicates the fact that the phenolic groups in 8 exert
a crucial influence on the complex formation with metal ions
especially under a basic condition,

[n conclusion, the aminomethylation of phenols with para-
substituents by the Mannich reaction has been successfully
accomplished to produce the double-armed crown ethers 2-
6. The compounds | and 8 have also been synthesized in
order to compare the effects of side arms andfor the
macrocycele on a complex formation, The hosts 2-6 revealed
stronger interaction with divalent metal ions than the hosts |
and 7 which had no phenolic side arm. Under a basic
condition, the hosts § and 6 containing an electron-with-
drawing substituent produced larger stability constants with
metallic guests than the hosts 2 and 3 containing an electron-
donating group. The substituent effect is attributed to the
solvent effect in which the aryl oxide with an electron-
donating substituent has a tendency to be tied strongly with
protic solvents. This fact and the stability constants of 8
demonstrate that phenolic side arms play a more important
role than the azacrown ether ring in the process of making a
complex with metal ions especially under a basic condition.
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