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A new macrocyclic ligand (L1) having four crown ether moieties at the peripheral position was synthesised by a
conventional Schiff-base condensation reaction. The corresponding dinickel (1) and dicobalt (2) complexes formed a unique
face-to-face dimerised structure by complexation with a Cs* ion, which was characterised by 'H NMR, UV-vis and
electrospray ionisation (ESI)-MS. Multi-sandwich structures consist of a 2:1 interaction of the benzo-18-crown-6 ether with
the Cs™ ion affording a significantly high overall formation constant (K,; = 25.9 + 0.9 at 298 K). The redox behaviour of
the assembled structure of the dicobalt complex was investigated by cyclic voltammetry. In the dimerised structure, two
sequential reductions ascribed to the Co'Co™/Co""Co' and Co™Co'/Co'Col couples were observed at —1.13V (E))
and —1.36V (E,) vs. Ag/AgCl, and both potentials were separated by E = E; — E; = 0.23 V. A mixed valence state
(Co"Co") was stabilised in the complex with the comproportionation constant K o, = 7.7 X 10° at 298 K.

Keywords: crown ether; Schiff-base; dinuclear complex; face-to-face dimerised structure; mixed valence state

Introduction

The host—guest interaction is an important tool for the
construction of a supramolecular assembly of various
functional materials, such as a metal complex, dye and
catalyst (/-3). A well-designed assembled structure
provides a unique function in supramolecular chemistry.
In this area, the properties of the crown ether for host—
guest interactions are some of the most useful tools for
molecular assembly (4, 5). Therefore, many studies have
emerged in the past two decades using the crown ether
moiety for this purpose. To utilise the cation-binding
property of the crown ether for construction of the
assembled structure, crown ether moieties were introduced
at the peripheral position of the desired molecule, such as a
porphyrin, phthalocyanine or other compounds (6—217). In
these studies, a unique face-to-face structure was
constructed based on a sandwich-type interaction between
two moles of the crown ether and cation as shown in
Figure 1.

Recently, we reported the syntheses of a variety of
dicobalt complexes with Schiff-base macrocyclic ligands
(22-28). The Schiff-base macrocycle is a useful molecule
for constructing various metal complexes with the desired
structure (29—34). Especially, the multi-metallic complex
of the Schiff-base macrocycle has been developed in the
fields of catalytic chemistry, host—guest chemistry and
bioinorganic chemistry (35-38). Furthermore, the supra-
molecular assembly of the Schiff-base macrocycle has

been reported in recent years (39—42). This approach will
open the door to extend the Schiff-base macrocycle into
new molecular systems. To develop this approach, we
introduced the crown ether moiety into a Schiff-base
macrocycle. In the molecule, the formation of a unique
sandwich-type structure in dimetallic complexes (Ni"'Ni",
Co"Co™) will be expected. The syntheses and supramo-
lecular assemblies of dimetallic complexes caused by the
host—guest interaction of crown ether moieties and cations
are reported in this paper.

Results and discussion
Synthesis of dicobalt and dinickel complexes

A dinucleating ligand (L1) having four crown ether
moieties was synthesised by the conventional Schiff-base
condensation reaction between the 1,2,4,5-tetraaminoben-
zene tetrahydrochloride and salicylaldehyde derivative
(4-hydroxy-5'-formylbenzo-18-crown-6 ether) having a
benzo-18-crown-6 ether moiety as shown in Scheme 1.
The compound was characterised by IR, UV -vis, NMR,
electrospray ionisation (ESI)-MS and elemental analysis.
The characteristic NMR signal ascribed to the phenolic
protons with strong hydrogen bonding (—PhOH. - .N=C—)
appeared at 13.3ppm, and the IR analysis showed an
intense C=N) band at 1620cm ' (27). ESI-MS showed
a strong peak at m/z = 1514.2 ascribed to M + Na™. The
synthesised Schiff-base ligand having two N,O, cores was
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Figure 1. Schematic representation of the cation-induced
supramolecular assembly of the crown ether-substituted molecule.

Sandwich-type structure

suitable for accommodating two metal ions. The
corresponding dinickel and dicobalt complexes were
synthesised by the reaction of L1 with nickel(IT) acetate
and cobalt(Il) acetate, respectively. The diamagnetic
nickel (II) complex 1 showed a well-defined NMR
spectrum at 3—8.5 ppm, and the phenolic protons of L1
disappeared by complexation with the nickel ions. A band
assignable to the C==N vibration of the coordinated
azomethine group appeared at 1600 cm ™', which is shifted
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Scheme 1. Synthesis of dinickel and dicobalt complexes.
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to a lower energy by 20cm ™' compared to that of L1,
indicating that the ligand is coordinated to the nickel ion
through the nitrogen atoms of the azomethine group (27).
ESI-MS shows a strong peak at m/z = 1628.1 ascribed to
M + Na*. The dicobalt complex 2 was synthesised in an
almost similar manner to that for 1 under anaerobic
conditions and was characterised by elemental analysis,
IR, UV-vis and ESI-MS (see Experimental section).
According to these spectroscopic data, both dimetal
complexes (1, Ni"™Ni" and 2, COHCOH) of L1 having the
benzo-18-crown-6 ether moiety were successfully syn-
thesised. The supramolecular assemblies of 1 and 2 with
guest cation binding were investigated in detail.

Supramolecular assemblies of 1 and 2

'H NMR and ESI-MS studies

The complexation ability of 1 with alkali metal cations
(K* and Cs™) was analysed by 'H NMR in dimethyl

sulphoxide-ds (DMSO-dg). Upon complexation, the peaks
for the crown ether bridge protons shifted downfield upon
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Figure 2. '"H NMR spectra of 1 (1.0 X 1073 M) in DMSO-d at
298 K. (a) 1, (b) 1 + 4 equiv. mol of KCIO,4 and (c) 1 + 2 equiv.
mol of CsClOy,.

addition of both the K™ and Cs™ ions. In contrast, the peak
assignable to the o-position of the benzene ring (peak b in
Figure 2) shifted in a different direction upon addition of
the K* and Cs™ ions; an unusual upfield shift was observed
for the Cs* ion binding as shown in Figure 3. These
spectral changes indicate that different supramolecular
structures in 1 were formed that were dependent on the
alkali cations. A possible explanation for this upfield shift
of the b proton upon the Cs™ ion addition is due to the face-
to face assembled structure in 1. The face-to-face structure
positioned the b proton near an opposite benzene ring of 1
and disposed the b proton in the shielding area. As the four
crown ether moieties are substituted on the same plane of
1, the face-to-face dimerised complex should have high a
symmetrical structure. Therefore, no ROESY peak other
than those expected in the same basic macrocycle (the
protons ¢ and d, ¢ and b) was observed in 1 with the
assembled structure. ESI-MS provided direct evidence for
the formation of the assembled structure for the Cs™ ion
binding. An intense peak at 935.44 ascribed to the
sandwich structure of 1 with Cs™ ions ([1L,Csg]*",
M-4ClO,4) was obtained in the presence of 2 equiv. mol
of CsClO, with the satisfied isotope pattern as shown in
Figure 4(a). As the benzo-18-crown-6 ether forms a
sandwich structure with the Cs™ ion (Z, 2), the complex 1
provided a stable 2:4 assembled structure due to the Cs™
ion binding (Scheme 2). A similar 2:4 assembled structure
of 2 by Cs* ion binding was also confirmed by the ESI-MS
analysis, m/z = 935.75 ([22Cs4]4+, M-4ClQy) as shown in
Figure 4(b). In contrast, peaks at 841.50 and 1643.98
ascribed to [1 + 2KJ*T (M-2Cl0,) and [1 + K]T (M-
ClO,) were obtained in the presence of 4 equiv. mol of
KClO,4 as shown in Figure 4(c). The peak which was
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Figure 3. Complexation-induced shifts (A8) of 1 complexed
with KClO, (grey bar) and CsClO, (black bar). The positive and
negative values represent upfield and downfield shifts,
respectively.

ascribed to 1:4 structure of 1 with K ion was not observed
even in low temperature (~233 K) and/or in the presence
of excess amount of KClO4 (40 equiv. mol) since the host—
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Figure 4. ESI-MS of the supramolecular form of dimetal
complexes 1 and 2 in DMF. (a) 1 + 2 equiv. mol of CsClOy, (b)
2 + 2 equiv. mol of CsClQOy, (c) 1 + 4 equiv. mol of KClOy, (d)
2 +4 equiv. mol of KClO,4. Calculated isotope patterns are
represented by bars under a peak cluster of the parent ion.
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Scheme 2. Formation of face-to-face dimerised structure.

guest interaction of benzo-18-crown-6 ether with the K+
ion is weak. Similar peaks at 841.52 and 1643.98 ascribed
to [2 + 2K]** (M-2C10y) and [2 + K] (M-ClO,) were
observed for 2 in the presence of 4 equiv. mol of KCIO, as
shown in Figure 4(d). In this way, the arrangement of four
benzo-18-crown-6 ether moieties in the same basic plane
of the macrocycles L1 is suitable for the face-to-face
dimerised structure in 1 and 2.
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Figure 5. UV-vis absorption spectra observed during the
complexation of 1 (1.0 X 107> M) with (a) Cs* ion (0-2 equiv.
mol of CsCl0O,4) and (b) K™ ion (0—4 equiv. mol of KCIO,) ion in
DMF at 298 K.
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UV—vis studies for 1 and 2

These supramolecular assemblies of dimetal complexes (1
and 2) were also investigated by UV—vis spectroscopy.
Both complexes showed a strong absorption around 450—
550 nm ascribed to the MLCT band (27, 43). These bands
were changed with the addition of the Cs™ ion as shown in
Figure 5(a) for 1 and Figure 6(a) for 2. The Cs™ jon
binding caused a hypochromic shift in the absorption band
around 450-550 nm. In contrast, the UV —vis spectra of 1
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Figure 6. UV-vis absorption spectra observed during the
complexation of 2 (1.0 X 107> M) with (a) Cs* ion (0-2 equiv.
mol of CsClOy) and (b) K™ ion (0—4 equiv. mol of KCIO,) in
DMF at 298 K.
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Figure 7. Absorbance changes vs. the concentration ratios of
CsClO, to 1 (5.0 X 107° M) in DMF at 298 K: solid and dashed
lines, theoretical plots; symbols, experimental data.

and 2 almost did not change with the addition of the K*
ion as shown in Figures 5(b) and 6(b), respectively. The
binding of the K ion to the benzo-18-crown-6 ether
moiety of 1 or 2 caused no drastic change in MLCT,
whereas the binding of the Cs™ ion significantly changed
the MLCT due to the drastic structural change in the
molecule. It is expected that the four-point 1:2 interaction
between the Cs™ ion and the benzo-18-crown-6 ether in
the complex caused the sandwich-type structure of 1 and 2,
whereas the K* ion binding to the benzo-18-crown-6 ether
moieties of 1 or 2 with 1:1 interaction resulted in the
monomeric structure of the complex. From the UV -vis
spectral change, the overall formation constant (K,j;) of
Equation (2) was determined using the reported procedure
(6, 44).

21 +4Cst = (1),(Cs™), 1)
_ [(@)(Cs™)y]
Kall - [1]2[CS+]4 (2)

Theoretical plots of the absorbance changes vs. the
concentration ratios of the Cs™ ion to 1 for the various Ky
values were constructed. The experimental points were
then added to this plot, and the best fit was chosen for the
K. value of the assembled structure with log Ky =
259%09 at 298K as shown in Figure 7. In this
procedure reported by Thanabal and Krishnan (6), the
values of K can be calculated by using a variety of
approximations. Therefore, the experimental plot did not
exactly fit to the theoretical plot and existed in some range
of the K. Thus, the overall formation constant K,;; should
be determined as some deviation using this method. Four-
point sandwich structures consisting of a 2:1 host—guest
interaction of the benzo- 18-crown-6 ether with the Cs™ ion
afforded a significantly stable assembled structure with a
high overall formation constant.

©

Co''co'/Co'"Co
Co''co'/co'co

-2.0 -15 -1.0 -0.5 0
E/V vs. Ag/AgCl

Figure 8. CVs of 2 (1.0X 107° M) in DMF containing
1.0 X 107" M n-BuyNCIO, at 298 K. (a) 2, (b) 2 + 4 equiv. mol
of KCIO4, (¢) 242 equiv. mol of CsClO4; sweep
rate = 100mV s~ ..

Electrochemical studies of 2

The cyclic voltammogram (CV) and differential pulse
voltammogram (DPV) of the dicobalt complex 2 in N,N-
dimethylformamide (DMF) at 298 K are shown in Figures
8(a) and 9(a), respectively. Two discrete redox pairs,
corresponding to the Co"Co"/Co"Co' and Co"Co'/Co'Co’
couples, were observed at —1.11 V (E;) and — 1.29V (E,)
vs. Ag/AgCl. The two sequential reductions, E; and E,,
were separated by E=FE; — E, =0.18V. The redox
behaviour of 2 was similar to that of the dicobalt complex
with the same macrocyclic ligand (two N,O, cores) except
for having a t-butyl substituent on the 3,5 position of the
benzene ring in place of the benzo-18-crown-6 ether
moiety (27). The thermodynamic significance of E can be
illustrated by the comproportionation equilibrium (K.om,)
shown in Equations (3) and (4) (27, 45). The Ko, value is
1.1 X 10° at 298 K (Table 1).

Kcom

CTCID + (T CoD> 2@e> @

RT

E=—— 4
nFInK oy )

We also measured the CV of 1 in DMF. Two discrete
redox pairs, ascribable to the Ni"Ni"/Ni"Ni' and Ni"Ni"/
Ni'Ni! couples, were observed around —1.29V (E) and
—1.61V (E,) vs. Ag/AgCl, respectively (data not shown).
These peaks were ambiguous compared to those of 2;
therefore, we did not investigate the redox behaviour of 1
further. The CVs of the dicobalt complex 2 in the presence of
guest cations, i.e. K" and Cs" ions in DMF at 298 K, are
shown in Figure 8(b) and (c), respectively. The data are
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Table 1. Redox potentials and K, values for the dicobalt complex (2) in DME.*

E\/V vs. Ag/AgCl

Complex Co"Co"/Co"Co' Co"Co'/Co'Co’ Keom

2 (CoCo™ —1.11 —1.29 1.1x 10°
2 + 4 equiv. mol of KCIO, —1.06 —1.24 1.1 % 10°
2 + 2 equiv. mol of CsClO4 —1.13 —1.36 7.7 % 10°

“Working electrode: glassy carbon, counter electrode: Pt, [complex] = 1.0 X 10 M, [n-BuyNClO,4] = 1.0 X 10~ ' M, under Ar atmosphere at 298 K.

Scan rate, 100 mV/s.

summarised in Table 1. Weak peaks around — 1.6 Vin Figure
8(a) and (b) are probably concerned with some oxygenated
complex of 2 since CV was measured under air, the intensity
of this peak became large (data not shown). In the presence of
the K™ ion, the Co™Co"/Co"Co' and Co''CoY/Co'Co! couples
were observed at —1.06V (E;) and —1.24V (E,) vs.
Ag/AgCl, respectively, and both values were positively
shifted compared to those of 2 without the guest cation due to
the electron-withdrawing property of the positive K* ion
bound in the benzo-18-crown-6 ether moieties, although the

o™ o™

M. M, —
O 'N N ©
K‘OQ/ \Qo’\.
e} o} o} o}
[o o] [o o] @
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Scheme 3. Guest cation dependent host—guest complex structure.

E (= E; — E») and K_,, values were the same (E = 0.18 V,
Keom=1.1X 10° at 298 K). Thus, peripheral binding of K*
ions in 2 causes no drastic change in redox property probably
due to keeping the monomeric structure in 2. In contrast, the
Co"Co"/C0"Co" and Co"Co"/Co'Co' couples were observed
at —1.13V (E;) and —1.36V (E;) vs. Ag/AgCl,
respectively, in the assembled structure of 2 with the Cs*
ion binding. The DPV clearly showed a difference between
the redox behaviour of 2 in the presence of K and Cs™ ions.
A negative shift of the second reduction peak for the face-to-
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Face-to-face dimerised structure
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Figure 9. DPVs of 2 (1.0X 10~ * M) in DMF containing
1.0 X 107" M n-BuyNCIO, at 298K. (a) 2, (b) 2 + 4 equiv. mol
of KClO4, (c) 242 equiv. mol of CsClO4; sweep
rate = 100mV s~

face dimerised structure in 2 compared to those of the
monomerised structure (Figure 9(a) and (b)) was observed as
shown in Figure 9(c). Due to this shift, the £ (= E; — E>)
and Ko, values increased (E = 0.23V, Keom = 7.7 X 10° at
298 K) compared to those of 2 or 2 with the K ions. The
increase in K, indicates a stabilisation of the mixed valence
state in the assembled structure of 2 by the Cs™ ions.

1..4 _|+2
@ @9 @ @ 8% @ @ %8 @
-m; -ﬁ s -113V E-E: -E H -1.36 V .I V. H
Keom =7700
(at 298 K)

&)

In other words, the face-to-face dimerised structure
induced by the binding of the Cs™ ions depresses the second
reduction of the Co"'Co' centre. In the case of a rigid face-to-
face dimerised structure, it is difficult to accommodate a
large Co'ion in the two N,O, cores at the same time so that
the second reduction shifted to the negative direction. Also, it
is conceivable that the comproportionation state in 2 with the
face-to-face dimerised structure may be localised in the same
macrocycle unit and not located in the opposite macrocycle
unit; reduction of a pair of Co"Co' moieties should occur
with no interaction. Thus, the redox wave of Figure 8(c) at
—1.36 'V did not split.

Concluding remarks

Supramolecular assemblies of dimetal complexes having
four benzo-18-crown-6 ether moieties at the peripheral
position were investigated. The dinickel and dicobalt
complexes provided a unique face-to-face dimerised
structure with Cs™ ion binding as shown in Scheme 3.
Multi-sandwich structures consisting of a 2:1 host—guest

interaction between the benzo-18-crown-6 ether and the Cs™
ion afforded a significantly stable assembled structure with a
high overall formation constant. The results obtained here
provide a new design for multi-metallic compounds that are
important in many areas. We are presently exploring this
molecular system in regard to various applications, such as
homogeneous catalysis, magnetic materials and redox
devices. These are currently in progress in our laboratory.

Experimental

All solvents and chemicals used in the syntheses were of
reagent grade and were used without further purification.
DMF was of spectroscopic grade (WAKO, Osaka, Japan) for
the UV —vis measurements. For the electrochemical studies,
DMF was stirred for 1 day in the presence of barium oxide
under a nitrogen atmosphere and then distilled under reduced
pressure. The distillation was performed in the absence of
light, and the purified DMF was stored in a refrigerator under
nitrogen in the presence of activated molecular sieves 4 A.
Tetra-n-butylammonium perchlorate (n-BuyNClO,) was
purchased from Nakalai Chemicals (special grade) and
dried at room temperature under a vacuum before use. 4'-
Hydroxy-5'-formylbenzo-18-crown-6 ether was synthesised
by a reported method (46, 47).

'H, '*C, 2D COSY and ROESY NMR spectra were
recorded by a Bruker Avance 500 spectrometer installed at
the Center of Advanced Instrumental Analysis, Kyushu
University, and the chemical shifts (in parts per million) were
referenced relative to the residual protic solvent peak. The
UV -vis absorption spectra were measured by a Hitachi U-
3300 spectrophotometer. The IR spectra were recorded by a
JASCO FT-IR 460 plus KH spectrophotometer using KBr
discs. The MALDI-TOF MS were obtained using a Bruker
Autoflex II with dithranol as the matrix. The ESI-MS were
obtained using a JEOL JMS-T100CS in DMF. The CV and
DPV were obtained using a BAS CV 50 W electrochemical
analyser. A three-electrode cell equipped with a 3.0 mm-
diameter glassy carbon rod and 1.6 mm-diameter platinum
wire as the working and counter electrodes were used,
respectively. An Ag/AgCl (3.0 M NaCl) electrode served as
the reference. The non-aqueous DMF solutions containing 2
(1.0x 10~ M) and n-BuyNCIO, (1.0x 10~" M) were
deaerated prior to each measurement, and the inside of the
cell was maintained under a nitrogen atmosphere throughout
each measurement. The E, value of ferrocene/ferrocenium
(Fc/Fct) was +0.55V vs. Ag/AgCl with this set-up.

Synthesis of dinuclear complexes
Dinuleating ligand (LI)
To a solution of 1,2,4,5-tetraaminobenzene tetrahy-

drochloride (90mg, 0.32mmol) in 5ml of ethanol, 4'-
hydroxy-5'-formylbenzo-18-crown-6 ether (670 mg,
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1.88 mmol) was added under nitrogen. Five hundred
microlitres of triethanolamine (3.76 mmol) were added to
it and the solution was stirred for 24h. An orange
precipitate appeared by the addition of diethyl ether, which
was collected by filtration, washed by dichloromethane
and dried in wvacuo. Yield: 72%. Anal. calcd for
C74HogN4Ong: C, 59.37; H, 6.62; N, 3.76. Found: C,
59.59; H, 6.55; N, 3.90; 'H NMR (500 MHz, CDCls,
298 K): & (ppm): 3.74—4.16 (m, 8OH, crown), 6.53 (s, 4H,
Ph), 6.88 (s, 4H, Ph), 7.18 (s, 2H, Ph), 8.55 (s, 4H, imine),
13.31 (s, 4H, OH); IR (KBr; v/cm_l): 1620 (C=N); MS
(ESI, m/z): Calcd for C;4HosN4NaO,g: [M + Na]™,
1513.6. Found: [M + Na]*, 1514.2; UV-vis (in DMF):
(Amax/nm), 393, 421, 5204,.

Dinickel complex (1)

To a solution of L1 (51 mg, 34 mmol) in 5 ml of ethanol,
Ni(OAc),*4H,0 (18 mg, 73 mmol) in 5 ml of ethanol was
added dropwise. A dark solid immediately precipitated
and the mixture was stirred at 70°C. After 3 h, the solid was
collected by filtration, washed by ethanol, methanol and
acetone and dried in vacuo. Yield: 47%. Anal. calcd for
C74H94N4Ni2028: C, 5538, H, 590, N, 3.49. Found: C,
55.13; H, 6.02; N, 3.47; '"H NMR (500 MHz, DMSO-d,
298 K): & (ppm): 3.54—4.05 (m, 8OH, crown), 6.33 (s, 4H,
Ph), 6.79 (s, 4H, Ph), 8.32 (s, 4H, imine), 8.35 (s, 2H, Ph);
IR (KBr; v/em ™ 1): 1600 (C=N); MS (ESL, m/z): Calcd for
C74H94N4N3N12028: [M + Na]+, 1625.4. Found:
[M + Na]™, 1626.0; UV—vis (in DMF): (Apa/nm), 333,
430, 486.

Dicobalt complex (2)

All procedures were carried out using a standard Schlenk
apparatus to avoid oxidation by atmospheric oxygen. To a
solution of L1 (60mg, 40mmol) in 5ml of ethanol,
Co(0OAc),4H,0 (21 mg, 86 mmol) in 5ml of ethanol was
added dropwise. A dark brown solid immediately pre-
cipitated and the mixture was stirred at 70°C. After 3 h, the
solid was collected by filtration, washed by ethanol,
methanol and acetone and dried in vacuo. Yield: 44%.
Anal. caled for C74Hg4N4C0,0,5°H,0: C, 54.75; H, 5.96; N,
3.45. Found: C, 54.74; H, 5.94; N, 3.50; IR (KBr; V/cm_l):
1590 (C=N); MS [ESI, m/z]: Calcd for C74HgsN40,5Co0,:
[M]", 1604.4. Found: [M + H]*, 1605.0; UV-vis (in
DMF): (Aa/nm), 333, 430, 486.

Host—guest complexation behaviour
UV —vis titration

Toa 1.0 X 10> M solution of 1 in DMF was added a stock
solution of CsCIO, (1.0 X 1073 M) or KCIO,4 (1.0 X 107°
M) in DMF at 298K, and the change in the UV-vis

spectra of 1 was recorded at 0—2 and 0—4 equiv. mol of
Cs™ and K™ ions, respectively (Figure 5). For the Co(II)
complex 2, the titration was carried out in a glove box to
avoid air oxidation (Figure 6). For measurement of the
overall formation constant (K,;), a 4.3 X 10~ % M solution
of 1 in DMF was used at 298 K (Figure 7).
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