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Three symmetrical macrocyclic dinuclear complexes [M>L(H,0),]J(ClO4), (M> = Cu®*, Ni**,
Mn*" and n=0, 2) have been synthesized by cyclocondensation between 2,6-diformyl-
4-fluorophenol and 1,4-diaminobutane in the presence of M>* cations. The crystal structure of
[Cu,L])(ClOy4), was determined by X-ray diffraction techniques. The electronic and magnetic
properties of the complexes were studied by cyclic voltammetry and magnetic susceptibility.
The results confirm that the complexes obtain electrons easily and there are very strong
antiferromagnetic couplings between two copper(II) ions in [Cu,L](ClOy),. The strong electron-
drawing groups of fluorine attached to the phenyl ring of a macrocyclic complex enhances the
antiferromagnetic exchange of the complex and makes it more easily reduced than its analogs.

Keywords: Crystal structure; Electrochemistry; Dinuclear macrocyclic complexes; Magnetism

1. Introduction

Coordination chemistry of macrocyclic ligands has attracted attention in [1-4] with
design and synthesis of macrocyclic ligands important with diphenoxo-bridged
ligands having powerful coordinating interaction with transition metal ions [5-8]. A
number of diphenoxo-bridged macrocyclic complexes have been studied for the
relationship between structure and properties such as magnetism and electro-
chemistry [9-12]. The cavity sizes of the coordinated metal ions in the complexes
affect the electronic and magnetic properties of the complexes [13]. In our previous
study [14], we found that alteration of the groups in the phenyl ring change the
electron density in the C=N bond, changing the susceptibility of the macrocyclic
complexes to attack by protons in solution and also affecting the ability of the metal
ions to accept electrons [15]. Complexes with an F atom as substituted group on the
phenyl in the diphenoxo-bridged macrocyclic complexes is less reported, and a new
macrocyclic ligand (H,L, scheme 1) derived from the 2+2 cyclocondensation
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Scheme 1. The structure of H,L.

between 2,6-diformyl-4-fluorophenol and 1,4-diaminobutane and its complexes,
[M,L(H>0),]J(ClO04),, M=Cu, Ni, Mn; n=0, 2) were synthesized, and the
structures, electronic, magnetic properties, as well as stability of the complexes
were studied to further understand the effect of the substituted groups on the
structure of macrocyclic complexes.

2. Experimental

2.1. Materials

All solvents and chemicals were of analytical grade and used as received, except
methanol, which was dried by general method. 2,6-Diformyl-4-fluorophenol was
prepared according to the literature method [16].

2.2. Physical measurements

IR spectra were measured using KBr disc on a Vector 22 FT-IR spectrophotometer.
Far-infrared spectra were recorded on a Nexus FT-IR spectrophotometer; frequencies
were calibrated with polystyrene film. Nujol mulls were used for solid-state spectra.
The contents of metals in complexes were determined by conductometric titration.
The fluorine contents in the complexes were determined by oxygen flask combustion
method. The samples were decomposed in oxygen flasks at 700°C and HF was absorbed
in a solution of sodium hydroxide. Cerium nitrate was added to the solution, followed
by ethanol. Excessive cerium ion was titrated with EDTA using mixed indicator
of xylenol-orange tetrasodium and methylene blue. Thermoanalyses of the complexes
were performed on a SDT 2960 TA thermoanalyzer under an argon atmosphere at
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a rate of 10°Cmin~". Electrospray mass spectra (ES-MS) were determined on a
Finnigan LCQ ES-MS mass spectrograph using methanol as the mobile phase with a
sample concentration of about 1.0 mmol dm~>. The diluted solution was electrosprayed
at a flow rate of 5 x 107® dm® min~" with a needle voltage of +4.5kV. The temperature
of the heated capillary in the interface was 200°C and a fuse silica sprayer was used.

The magnetic susceptibility of a crystalline-powdered sample was measured on a
SQUID-based magnetometer in the temperature range 1.78 ~300°K, and diamagnetic
corrections were made using Pascal’s constants. Cyclic voltammogram measurements
were run on a CHI Model 750B electrochemical analyzer in DMF solution containing
tetra(n-butyl)ammonium perchlorate (TBAP) as the supporting electrolyte. A three-
electrode cell equipped with a glassy carbon-working electrode, a platinum wire as the
counter electrode, and an Ag/AgCl electrode as the reference electrode was used.
Scanning rates were in the range 20 ~200mVs~'. The solution was deaerated for
15min before measuring. Half-wave potentials were calculated approximately from
(Epa+ Epc)/2, and the measured error was £2mV.

2.3. Crystal structure determination

Diffraction intensity data were collected on a SMART-CCD arca-detector diffract-
ometer at 293 K using graphite monochromatic Mo-Kea radiation (A =0.71073 A). Data
reduction and cell refinement were performed by SMART and SAINT Programs [17].
The structure was solved by direct methods (Bruker SHELXTL) and refined on F? by
full-matrix least squares (Bruker SHELXTL) using all unique data [18]. The non-H
atoms in the structure were treated as anisotropic. Hydrogen atoms were located
geometrically and refined in riding mode.

2.4. Preparation of the complexes

[Cu,LJ(Cl0y4), (1). To a refluxing solution of 2,6-diformyl-4-fluorophenol (0.5 mmol,
0.084 g) in absolute methanol (15 mL) was added a solution of hydrated copper acetate
(0.25mmol, 0.05g). The solution was stirred vigorously while a methanolic solution
(15mL) of 1,4-diaminobutane (0.5 mmol, 0.044 g) was slowly added. After addition, the
resulting solution turned bright green, and triethylamine (ca. 1 mL) was added following
reflux for 6 h. Hydrated copper perchlorate (0.25 mmol, 0.093 g) was added to the above
solution, and the solution stirred for 4 h, and then ether (50 mL) was added to precipitate
the product. The precipitate was filtered off, washed with ether, and dried in air (yield
0.075g, 55%). Anal.: found: Cu, 16.58; F, 5.01; Calcd for Co4H4N4F>Cu,Cl,O1 (%):
Cu, 16.63; F, 4.97. IR (KBr, vem™"): 1640 (vc_n), 1130, 1093 (vci04), 626 (8ci04). The
blue block crystals of [Cu,L](ClOy4), suitable for X-ray diffraction were obtained by slow
diffusion of diethyl ether into the mother solution over one week.

[Mn,L(H,0),|(Cl0y4), (2). 2 was prepared by a similar procedure as described above,
except that the corresponding Mn(OAc),-2H,O and Mn(ClOy),- 6H,O were used.
Micro-crystals of [Mn,L(H»0),](ClOy4), were obtained by slow diffusion of diethyl ether
into the methanol solution of the crude product. Yield: 0.050¢g, 46%. Anal.: found:
Mn, 14.00; F, 4.89; Calcd for Co4HsN4F>Mn,Cl,O1, (%): Mn, 14.03; F, 4.85. IR
(KBr, vem™"): 3400 (vop), 1638 (C=N), 1131, 1090 (vcios) and 619 (Scios-).
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INi,L(H,0),](ClOy4), (3). 3 was prepared by a similar procedure as described above,
except that the corresponding Ni(OAc), - 2H,0 and Ni(ClOy), - 6H,O were used. Yield:
0.069 g, 63%. Anal.: found: Ni, 14.80; F, 4.83; Calcd for Cy4HsN4F,Ni>Cl,04q (%):
Ni, 14.84; F, 4.80; IR (KBr, vem™"): 3400 (vop), 1642 (C=N), 1131, 1092 (vci04) and
623 (8cioa-)-

3. Results and discussion

3.1. Synthesis and characterization

The presence of fluorine in the complexes presents the determination of C, H and N by
elemental analyzer. The metals and fluorine contents were determined by general
chemical methods. The acquired results agree with the compositions of the complexes.

In the infrared spectra of the complexes, the strong carboxyl absorption at 1694 cm™'
in 2,6-diformylphenol disappeared, and sharp C=N stretching vibration bands
corresponding to four imine groups of the macrocyclic framework are observed at
1641cm™" for 1, 1639cm™" for 2 and 1636cm™" for 3 [19]. The very strong bands
centered at 1130, 1093 and 626cm™', 1131, 1090 and 619cm™', 1131, 1092 and
623 cm ™! can be ascribed to ClO,- vibration for 1, 2 and 3, respectively. The vibrations
of ClO4 in 1, 2 and 3 exhibit well-defined split band centered at ca 1112cm™", implying
that ClO4- groups are coordinated to metal in the solid state [20].

The quality of the crystal of 2 and 3 are not good enough for structures by X-ray
technique; the far-infrared spectra of 2 and 3 (figures 1 and 2) show characteristic bands
for water in 2 at 570, 491 and 405 cm ™', ascribed to the two swaying vibrations of water
and a stretch vibration of Mn-O (water), respectively. The bands at 466 and 299 cm ™'
correspond to stretch and deformational vibrations of Mn-O (phenoxide) in the
macrocycle, and the similar vibration types of Mn-N are found at 392 and 228 cm™".
The band at 321cm ™! was designated as the Mn-O (perchlorate) stretch. In 3, the
swaying vibrations of water and stretch vibrations of Ni—O (water) appear at 566, 496
and 403 cm™! [21]. The bands found at 539, 351, 469, and 250 cm ™! are ascribed to

T T T T T T T T T T T T
0 100 200 300 400 500 600
Figure 1. The far-infrared spectra of 2.
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the stretch and deformational vibrations of Ni-O (phenoxide) and Ni-N in the
macrocycle [22], respectively. The results indicate that water and perchlorate were
coordinated to the metal centers.

To prove water exists in 2 and 3, thermogravimetric analyses of the complexes were
done. In the thermogram of 1, there is only one weight loss at about 260°C
corresponding to decomposition of the complex with no weight loss from room
temperature to 200°C, indicating no solvent water in 1. Complexes 2 and 3 began to lose
4.61 and 4.70% of their weight at 105-115°C corresponding to the loss of two water
molecules (Caled, 4.60% for 2 and 4.55% for 3), respectively. The results are consistent
with IR spectra of the complexes. All complexes decomposed above 260°C.

3.2. Electrospray mass spectra

The ES-MS spectra of complexes 1, 2 and 3 in MeOH solution are listed in table 1.
For 1, the ES-MS spectrum shows a peak corresponding to the macrocyclic coordinated
ion [Cu,L]** at m/z 283.3 (100%), which confirms the formation of the complex, and
another peak at m/z 678.1 (60%) corresponding to [Cu,L(MeOH);(OH)]*. The results
show that 1 is very stable in methanol solution. For 2, the ES-MS spectrum gives
a series of peaks at m/z 631.1(100%), 613.3(95%), 634.1(48%) and 601.1(45%)
corresponding  to  [Mn,L(MeOH); s(H,O)(OH)]*,  [Mn,L(MeOH), s(OH)]",
[Mn,L(MeOH)(H,0),(OH)]" and [Mn,L(H,0),(OH)]*, respectively. All species
contain the dinuclear unit indicating that 2 is stable in methanol solution.
Additionally, there are half solvent molecules in the series, demonstrating that some
dimers exist in methanol solution with solvent molecules acting as pu-bridges linking two
macrocyclic complexes. The ES-MS spectrum of 3 shows peaks corresponding to the
macrocyclic series [NizL(MeOH)lAs(Hg,O)]:H_, [NizL(ClO4)0.5(OH)0A5]+,
[Ni,H;L(ClO4),]*" and [Ni,H;L(ClO4)>,(MeOH)]*" at m/z 207.7(100%), 614.0(45%),
246.4(55%) and 263.7(35%), respectively. The behavior in the mass spectrum
conditions is similar to that found for 2 with dimers of the macrocyclic complexes in
solution.

T T T T T T T T T T T T
0 100 200 300 400 500 600
Figure 2. The far-infrared spectra of 3.
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3.3. Crystal structure of [Cu,L](ClOy); (1)

The perspective view of [Cu,L](ClOy4), (1) is given in figure 3, together with the atom
numbering scheme. Crystallographic data and details about the data collection are
presented in table 2. Selected bond lengths and angles for the copper(Il) coordination
are listed in table 3. The macrocyclic molecule has a symmetric center at the center of
the Cu—Cu bond, and adopts a Z-shaped structure, similar to those reported by
Thompson [23]. The planes of phenyls are parallel to each other with the parallel
distance of 1.08A in the macrocycle. The angles between C=N and the phenyl
connected with it are 152° and the same angles are found between the plane composed
of N4O, and the phenyls in the complex. The coordination polyhedra of copper(II) ions
are the same and could be described as a distorted octahedron with Jahn-Teller effects.
Two oxygen atoms of each asymmetric bidentate perchlorate occupy the apical
positions in a trans-arrangement with somewhat longer contacts 2.654 and 2.694 A to
copper(Il), respectively, consistent with the infrared data, where three perchlorate
vibrations are observed (1130, 1093, 626cm™'), indicative of a low-symmetry

Table 1. The physical measurement of the complexes.

Chemical analyses

Complexes Metals F ES-MS (m/z, abundance)

1 Cu 16.58  5.01  283.3(100%), 678.1(60%)
2 Mn 1400 489  631.1(100%), 613.3(95%), 634.1(48%), 601.1(45%)
3 Ni 14.80  4.83  207.7(100%), 614.0(45%), 246.4(55%), 263.7(35%)

Figure 3. Perspective view of 1 with atom labels.
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perchlorate. The copper—copper separation (3.042(3) A) and phenoxide oxygen bridged
angle (102.5(10)°) are comparable with those found in 1a with a different substituent
group (CHj3) on the phenyl ring [23], the Cu—O (perchlorate) distances (2.654(3),
2.694(3) A) are more similar and longer than those found in analogs [23]. The bidentate
perchlorate coordination is similar to that found in la and [Cuy(FPM)(ClOy),]
(FPM =1a with all azomethine nitrogens saturated) [23,24], except that the axial
interactions are weaker and coordination of perchlorate is symmetric in
[Cur(FPM)(CIQy4),]. The distances between Cu(Il) and coordinated atoms in the
macrocycle fall in the range 1.935~1.960 A. In-plane copper—oxygen distances
(1.956(2) and 1.943(2) A) are somewhat shorter than those in 1a and copper-nitrogen
distances (1.960(3) and 1.935(3) A) are the same as those in 1a, perhaps from the strong
electron-withdrawing effect of the fluorine, increasing Cu— L. The copper departs by
0.0672 A from the mean N,»O, basal plane.

Table 2. Crystal data and details of the structure determination for complex 1.

Empirical formula C24 H'_;4C12N4CU2010F2

Formula weight 764.46

Crystal system Orthorhombic

Space group Pbca

a(A) 15.4297(12)

b (A) 10.1213(8)

¢ (A) 17.6030(14)

a (%) 90

B ) 90

v 90

Volume (A%) 2749.0(4)

Z 8

DC;\lcd (g cm’3) 1.814

Mu (Moka) (nm) 1.638

F(000) 1536

Crystal size (mm?) 0.30 x 0.20 x 0.16

Temp. (K) i 292 (2)

Mo-Ka radiation (A%) 0.71073

6 range (deg) 2.31-27.50

Nref, Npar 3140, 199

Tot. uniq. data R(int) 17380, 3140, 0.0539

Observed data [I>2.0 o(])] 3140

w! 1/[S*(F2) +(0.0403P)* + 1.7150 P]
P=(F2+2F2)3

R, wR,, S 0.0453, 0.1005, 1.050

Max. and Av. shift/error . 0.001, 0.000

Min. and max. resd. dens. [e.A%] —0.472, 0.408

Table 3. Selected bond lengths (A) and angles of complex 1.

Bonds Length (A) Bonds Length (A)
NI1-Cul 1.935(3) CulA-Ol 1.943(2)
Cul-0Ol 1.956(2) CulA-N2A 1.960(3)
Bond angles Values (°) Bond angles Values (°)
NI1A-CulA-Ol 165.50(10) NIA-CulA-OlA 90.52(10)
O1-CulA-Ol1A 77.46(10) N1A-CulA-N2A 100.18(12)

O1-CulA-N2A 92.36(10) Cul-O1A-CulA 102.54(10)
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3.4. Electrochemical properties of the complexes

The electrochemical properties of 1-3 have been studied by cyclic voltammetry in DMF
containing 0.1 M tetra(n-butyl)ammonium perchlorate. A typical cyclic voltammogram
of 1in DMF is given in figure 4 and the numerical data of 1 and 3 summarized in table 4.

For 1, when scanning from 0 to —1.2'V, two cathodic peaks appeared at —0.492V
and —0.168 at scan rate 0.02 Vs~ ', corresponding to stepwise one-electron reductions of
the binuclear copper(Il) complex to a binuclear copper(l) species through a
Cu(I)-Cu(I) intermediate. The reduction potentials are constant as the scan rate
increases, revealing that the processes are controlled by the electrode reaction [25].
A comparison of the reduction potential (table 3) of the first one-electron-reduction
steps for 1, 1a [23] and 1b [26] (the derivative 1b is 7-butyl groups instead of fluorine in
1) shows that the most thermodynamically favored process occurs for 1, which not only
has molecular flexibility associated with the butylene bridge similar to 1a, but also a
more positive copper(Il) center associated with fluorine being the strong electron-
drawing group, thus enhancing the stability of copper(I). The second one-electron-
reduction step for this series also occurs at the most positive potential for 1. These
results indicate that the ring substituent electronic effects associated with fluoro (1),
methyl (la) and ¢-butyl (1b) groups influence the first and second one-electron
reductions. The two waves for 1 were irreversible, poorly resolved anodic peaks,
different from 1a and 1b. Thus, the strong electron withdrawing of fluorine increases
absorption of the Cu(I)-Cu(I) and Cu(I)-Cu(I) species on the electrode. For 3, when
scanning from 0 to —1.5V, two pairs of anodic and cathodic peaks with the half-wave
potentials (E;,) —1.142 and —0.812V are observed. The cathodic and anodic peak
currents that appeared at half-wave potentials (E;,) —0.812V are almost equal.
The value of z'pc/vl/2 is constant as the scan rate varies between 50 and 150mVs~',
indicating that the pseudo-reversible process with AE=103mV at v=50mVs~' was
controlled by diffusion. The second couple at —1.142 V of the half-wave potential is also

0.000004 - Scan Rate (V/s)
1 0.02
0.000003 | 2005
3 010
4 0.15
0.000002 4
=
e
5 0.000001 4
@]
0.000000 —
—0.000001 4
—0.000002 T T T T T ) T ) T ) T T T
-1.2 -1.0 -0.8 -06 -04 -0.2 0.0
Potantial /V

Figure 4. Cyclic voltammogram of 1 in DMF solution at different scan rates.
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pseudo-reversible (AE=100mV). Compared with the analogs [27,28], the E}/, for the
first one-electron-reduction and the second-electron-reduction steps are all in the range
—1.00~1.65V (first) and 1.80 ~ 1.95V (second). The E,, value for the two steps in 3 is
more positive than those of its analogs [27,28], similar to those found in the copper(II)
complex described above. It can be concluded that metal centers are more positive
when strong electron-withdrawing groups are attached to the ring of macrocyclic
complexes and would be more easily reduced. There are no redox processes in the
range 0~ —1.5V for 2.

3.5. Magnetic properties of (1)

The temperature dependence of magnetic susceptibility of 1 from 300 to 1.78 K is shown
in figure 5 as x,,7 versus T with nonlinear least-squares fitting of Bleaney—Bowers [29]
equation (1) to the experimental data. The magnetic parameters of 1 can be estimated as
g=2.28, —J=542cm™ ", and p=0.00396 with R=1.008 x 10° (R is an agreement
factor defined as R= Z [(XMT)Ca]cd - (XMT)obs]2/ Z (XMT)(Z)bs)s and SO
—2J=1084cm™', which indicates that relative strong antiferromagnetic coupling
exists between the two copper(Il) ions in 1.

_ 2Ng*p? y (1-p) Ng*B’p
kT 3 +exp(—2J/kT) kT

(1

In this expression, 2J (in the spin Hamiltonian H = —2J§,3,) is the singlet—triplet splitting
or exchange integral, x and g have their usual meanings and p is the ratio of the
paramagnetic impurity. According to the effective magnetism formula,
terr = 2.828(xm )%, the experimental effective magnetism quadrature equals 0.42 emu
Kmol™! at 290K where x,,7=0.0222emu K mol~!, which is much smaller than the
theoretic value 1.73emuK mol™' calculated from per=g[S(S+ 1)]'? (when g=2.0,
S'=1/2) based on the Cu(Il) unit, indicating very strong interaction between two copper
ions in the complex; similar magnetic behavior was observed for a structurally
characterized analogous dicopper(IT) complex [30,31]. The x,,7 value rapidly decreases
in the range 300150 K, reaching a value 1.008 x 10~®emu K mol ™', and is then constant
in the range 150-10 K. The result agrees well with the crystal structure of 1, in which the
distance (3.042 A) of two copper(II) is much shorter than its analogues.

Comparing coordination structures of 1 with that of 1a, the average phenoxide-
bridged angle and the average Cu—O (bridge) distance in 1 are slightly smaller than those
in 1a, and the solid angle at the phenoxide bridge in 1 (355.94°) is slightly larger than that

Table 4. Cyclic voltammogram data for the complex 1, 2, 1a, 1b and 2 (scan rate 100mVs™").

Redox potential (V)

Complex Epe (Ep) Eyp Epe (Epa) Eyp
1 —0.492 —0.168

1a —0.810% —0.350%

1b —0.922° —0.5307

2 —1.192(—-1.092) —1.142 —0.864(0.761) -0.812
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Data: TEMP_XmT
Model: user44
Chi"2= 1.008E-6
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T

Figure 5. Experimental and calculated plots of x,,7 (emu Kmol™") vs. T (K). The solid line shows the fit
with the equation (1).

in 1a (353.17°); pyramidal distortion is almost the same. The coordination polyhedra of 1
and 1a are much the same. Spin exchange between copper(Il) centers bridged by oxygen
donors are dependent upon the degree of pyramidal distortion at the oxygen bridge
[23,31]. However, the 2J for 1 (1084 cm™') is much greater than that for 1a (850cm™")
despite the fact that there are similar coordination structures in the Cu,O,N, centers. So
the difference of the exchanges (2J) between 1 and 1a can be attributed to the electronic
effects of substituents in the macrocyclic ring. Because of the increased charge on
copper(Il) caused by the strong electron-withdrawing fluorine, the antiferromagnetic
exchange is enhanced in 1, in agreement with the electrochemical data.

4. Conclusion

Three macrocyclic complexes ([M,L(H»0),]J(Cl04),, M =Cu, Mn, Ni; n=0, 2) have
been obtained by (2 +2) cyclocondensation between 2,6-diformyl-4-fluorophenol and
1,4-diaminobutane in the presence of M>" ions. The crystal structure shows that 1
adopts a Z-shaped structure with Cu—Cu separation 3.042 A bridged by phenoxo
groups. The coordination polyhedra of the two copper(Il) are distorted octahedra.
The ES-MS, thermogravimetric analyses and far-infrared spectra confirm that 1 does
not contain coordinated waters, while 2 and 3 contain two coordination waters. The
results of cycle voltammograms show that 1 has only two reduction processes, while 3
has two couples of redox processes. Variable-temperature magnetic susceptibility data
for 1 reveal strong antiferromagnetic interactions with the magnetic parameters
g=2.28, J=—542.4cm™", and p=0.00396. The strong electron-withdrawing fluorine
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in the phenyl ring enhances the antiferromagnetic exchange of the complex and makes it
more easily reduced than its analogs.
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