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A novel asymmetric oligobipyridine ligand, 1-(5’-methyl-2,2’-bipyridin-5-yl)-2-(6'-methyl-2,2'-bipyridin-6-yl)ethane
(L*%), was synthesized, and double-stranded helical complexes [Cu',L*,][C1O,],*Et,0O 1 and [Cu™,L*,(OH)(H,0)]-
[C1O,]; 2 were obtained by reaction of the ligand with copper-(1) and -(11) ions, respectively. X-Ray data for 1 show that
the two ligands intertwine around the two copper(1) ions with distorted tetrahedral geometry. The distance between
the two Cu(1) ions is 7.290(2) A. The copper(1r) ions in 2 have a disordered tetragonal pyramidal geometry with a
N,O donor set. The intermetallic distance is 6.875(2) A. In both 1 and 2 the two ligand strands are arranged in a
head-to-tail configuration. The complexes were also characterized by ES-MS, "H NMR and ESR spectroscopies.
The results show that the difference in linkage of the spacer group to the bipyridine units produces a great impact

on the helix formation with Cu'.

Introduction

There is current interest in inorganic helical complexes contain-
ing metal ions."™* Double**® and triple®® helical structures
have been generated by complexation of ligands with two or
more metal ions. In these supramolecular constructions the
formation of the helicates can be described as the result of
reading molecular information stored in the ligands by metal
ions following the co-ordination algorithm such as tetrahedral
and octahedral etc.® The type of structure is determined by the
nature and arrangement of the binding subunits in the strands,
and the co-ordination geometry of the metal ions which
determine the steric program and the reading algorithm of the
self-assembly process. Previous works have shown that oligo-
bipyridine ligands containing bipyridine units linked by
CH,OCH, or CH,CH, group at the 6,6’ positions co-ordinate to
silver(1)” and copper(1) ** with tetrahedral co-ordination geom-
etry to form double helicates, but cannot form a double helix
with Cu™. On the other hand, such units linked at the 5,5’
positions co-ordinate to nickel(i) and iron(u1) with octahedral
co-ordination geometry to give a triple helicate*® and circular
tetranuclear," pentanuclear '> and hexanuclear!! double helices.
It seems that the self-assembly process of supramolecular heli-
cates is not only controlled by the co-ordination geometry of
metal ions and the flexibility of the spacer groups in the ligands,
but also influenced by the linkage mode of the spacer group to
the bipyridine units in the oligobipyridine ligands. In order to
illustrate the effect of the bridge between the bipyridine units in
the oligobipyridines on the formation of inorganic helicates, we
designed and synthesized a novel ligand L*, in which two
bipyridine units are connected by a CH,CH, spacer group at
the 5,6 positions, and investigated the reaction of L* with Cu',
Cu", etc. The results show that L% not only co-ordinated to
copper(l) to form a double helical complex [Cu',L,]-
[ClIO ), Et,0 1 which is similar to that obtained with the
reported ligand L% but also co-ordinated to Cu™ giving a
dinuclear double-stranded helical complex [Cu™,L%,(OH)-
(H,0)][C10,]; 2, a species which has not been obtained using
the reported ligands L** and L%.%?

Experimental
Materials

Tetrahydrofuran (THF) was dried by sodium with benzo-
phenone and distilled before use. Acetonitrile was purified by
treatment with KMnO, and then distilled over P,0O5 and
K,CO,. 6-Hydroxymethyl-6’-methyl-2,2'-bipyridine,'* 5,5'-
dimethyl-2,2'-bipyridine ** and [Cu(CH,CN),]CIO, " were syn-
thesized according to literature methods. All other chemicals
were of reagent grade quality obtained from commercial
sources and used without further purification.

Preparations

6-Bromomethyl-6'-methyl-2,2'-bipyridine. This compound
reported in the literature '* was obtained as a by-product with
poor yield. We prepared this compound by the method similar
to that for synthesis of 6-chloromethyl-6’-methyl-2,2’-bipyrid-
ine.”® A mixture of 6-hydroxymethyl-6’-methyl-2,2’-bipyridine
(1.2 g, 6 mmol) and phosphorus tribromide (6 ml) was refluxed
for 30 min and then concentrated in vacuum to afford a dark
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residue, which was hydrolysed slowly with care and neutralized
with a saturated Na,CO; solution to pH > 8.5. The crude prod-
uct was obtained by filtration and chromatographed on a silica
column with ethyl acetate-light petroleum, bp range 60-90 °C,
(1:4) to give 1.3 g of the white powder product. Yield 81%, mp
88-89 °C (1it." 88 °C). "H NMR (CDCl,): 5 2.73 (s, 3 H), 4.73 (s,
2H),7.26 (d, 1 H),7.54(d, 1 H), 7.79 (t, 1 H), 7.90 (t, 1 H), 8.34
(d,  H) and 8.44 (d, 1 H).

1-(5'-Methyl-2,2’ -bipyridin-5-y1)-2-(6'-methyl-2,2’-bipyridin-
6-yl)ethane (L*). The ligand L was prepared under an argon
atmosphere using standard Schlenk techniques. Diisopro-
pylamine, butyllithium, 5,5'-dimethyl-2,2'-bipyridine, and 6-
bromomethyl-6"-methyl-2,2’-bipyridine were used in anhydrous
THF at —78 °C according to the procedures reported for pre-
paring L*.° The crude product was washed with methanol
(10 ml) three times, chromatographed on a silica column with
light petroleum (bp range: 60-90 °C)-acetone (5:1 v/v), and
then recrystallized from acetonitrile, dried in vacuum, yield
ca. 60%, mp 140-142 °C. ES-MS: m/z 367.1 (LH*). '"H NMR
(CD,CN at 298 K): 6 2.37 (s, 3 H), 2.58 (s, 3 H), 3.22 (s, 4 H),
7.21(d, 1 H),7.24 (d, 1 H), 7.67 (dd, 1 H), 7.71 (dd, 1 H), 7.73
(t, 1 H), 7.76 (t, 1 H), 8.22 (d, 1 H), 8.23 (d, 1 H), 8.24 (d, 2 H),
8.26 (d, 1 H), 8.40 (d, 1 H) and 8.48 (d, 1 H) (Found: C, 79.01;
H, 6.27; N, 15.05. Calc. for C,,H;;N,: C, 78.66; H, 6.05; N,
15.29%).

[Cu',L*%,][C10,],-Et,O 1. A mixture of [Cu(CH,CN),]JCIO,
(27 mg, 0.082 mmol) and L* (30 mg, 0.082 mmol) in methanol
(10 ml) was refluxed under an argon atmosphere for 2 h. Brown
precipitates were obtained when ether (50 ml) was added to the
resulting clear orange solution, filtered off and washed with
ether, yield 38 mg (82%) of complex 1. Single crystals suitable
for X-ray structural analysis were obtained by slow diffusion of
ether into the methanol solution. 'H NMR (CD,CN at 298 K):
02.05(s,3 H),2.44 (s, 3H), 3.18 (br, 4 H), 7.52 (d, 1 H), 7.59 (d,
1H),7.74(d, 1 H), 8.04 (d, 1 H), 8.12(t, 1 H), 8.17 (d, 1 H), 8.19
(t, 1 H), 8.27 (s, 1 H), 8.29 (d, 1 H), 8.32 (d, 1 H), 8.34 (d, 1 H)
and 8.61 (s, 1 H) (Found: C, 54.75; H, 4.68; N, 10.06. Calc. for
C5,H5,CLCu,NgOy: C, 55.12; H, 4.80; N, 9.89%).

[Cu",L%*,(OH)(H,0)I[C1O ], 2. The ligand L*® (60 mg, 0.164
mmol) was suspended in 10 ml of acetonitrile, and copper(1r)
acetate monohydrate (32.7 mg, 0.164 mmol) in water (3 ml) was
added dropwise. After stirring for 2 h in an ice-water bath a
clear blue solution was obtained. Several drops of saturated
sodium perchlorate solution were added and the mixture was
still clear. After keeping at 4 °C for 3 d blue crystals were
obtained, yield 60 mg (69%) of complex 2. Single crystals
suitable for X-ray diffraction analysis were obtained by slow
evaporation from the solution of acetonitrile and water at 4 °C
(Found: C, 48.04; H, 4.12; N, 9.51. Calc. for C,4H,,Cl;Cu,Ng-
0O, C,48.31; H, 3.97; N, 9.39%).

CAUTION: perchlorate salts combined with organic ligands
are potentially explosive and should be handled with care.

Crystallography

Parameters for data collection and refinement of complexes 1
and 2 are summarized in Table 1 and selected bond lengths and
angles are listed in Table 2.

[Cu,L*%,][C10,],Et,0 1. The data were collected on a
Siemens P4 four-circle diffractometer with graphite-mono-
chromated Mo-Ka radiation (A =0.71073 A) at 293(2) K using
the 020 scan mode with a variable scan speed 5.0-50.0° min~*
in w. Data were corrected for Lorentz-polarization effects
during data reduction using XSCANS,"” and a semiempirical
absorption correction from y scans was applied.

The structure was solved by direct methods and refined on F?
by full-matrix least-squares methods using SHELXTL version
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5.0." One of the perchlorate anions is disordered. The site
occupancy factors of these disordered oxygen atoms were
refined as 0.46 for O(22), O(23) and O(24), 0.54 for O(22"),
0(23") and O(24'), respectively. All the non-hydrogen atoms
were refined anisotropically. All the hydrogen atoms were
placed in calculated positions (C-H 0.96 A) assigned fixed
isotropic thermal parameters at 1.2 times (1.5 times for CH,
group) the equivalent isotropic U of the atoms to which they
are attached and allowed to ride on their respective parent
atoms. The contributions of these hydrogen atoms were
included in the structure-factor calculations.

[Cu",L%,(OH)(H,0)I[CIO,], 2. The measurement was per-
formed on a Siemens SMART/CCD area detector diffracto-
meter and 3-circle goniometer (fixed y). Unit cell parameters
were refined from the setting angles and observed w angles of
selected strong reflections taken from the complete data set.
The structure was solved by direct methods, and full-matrix
least-squares refinement was based on F? with all independent
data. The positions of the metal atoms were obtained from an
E-map. The other non-hydrogen atoms and the hydrogen atoms
in the co-ordinated water molecule and the OH™ group were
obtained from Fourier-difference maps. Two of the perchlorate
anions are disordered. The site occupancy factors of these dis-
ordered oxygen atoms were refined as 0.78 for O(12), O(13) and
0(14), 0.22 for O(12"), O(13") and O(14"), 0.33 for O(21), O(22),
0(23) and O(24) and 0.67 for O(21"), O(22"), O(23") and O(24"),
respectively.

All computations were carried out on a PC-586 computer
using the SHELXTL-PC program package.'®

CCDC reference number 186/1294.

See http://www.rsc.org/suppdata/dt/1999/729/ for crystallo-
graphic files in .cif format.

Other physical measurements

Absorption spectral measurements were performed on a
Shimazu UV-3100 spectrophotometer, 'H NMR spectra on a
Bruker AM-500 spectrometer using the residual proton in
deuteriated solvent as the internal reference (CDCl;, 6 7.26
or CD;CN, ¢ 1.93). Electrospray mass spectra (ES-MS) were
recorded on a LCQ system (Finngan MAT, USA) using
methanol as mobile phase.. The spray voltage, tube lens offset,
capillary voltage and capillary temperature were set at 4.50 kV,
0V, 17.00 V and 150 °C, respectively, and the quoted m/z values
are for the major peaks in the isotope distribution. Cyclic
voltammograms were performed on an EG&G M273 potentio-
stat/galvanostat system using a platinum disk working electrode
(0.008 cm?), which was polished prior to use and rinsed
thoroughly with water and acetone, a platinum wire counter
electrode and an Ag-AgCl electrode as reference. All the meas-
urements were carried out at 298 K using purified acetonitrile
as solvent and freshly recrystallized 0.1 mol dm™* tetrabutyl-
ammonium perchlorate as supporting electrolyte; samples were
bubbled with argon prior to each measurement. Ferrocene was
added at the end of each experiment as an internal reference. A
mercury cathode and a silver wire anode were employed during
controlled potential coulometric analysis in the same support-
ing electrolyte as above. X-Band ESR spectral measurements of
complex 2 were carried out on a Bruker 200D-SRC system.

Results and discussion
Structure of [Cul,L*,][C10,],-Et,O 1

Fig. 1 shows the ORTEP " representation of the cation struc-
ture of [Cu',L3%,]** with the atom numbering scheme. It is clear
from the X-ray structural analysis that the two L3 ligands
adopt a head-to-tail configuration. Since the ligand is asym-
metric two kinds of co-ordination are possible when the ligands
interact with homonuclear dimetal ions, one is head-to-head



Fig. 1 The structure of the cation [Cu',L%,]** with the atom number-
ing scheme. Thermal ellipsoids are drawn at 50% probability.

(HH) and the other is head-to-tail (HT). However only the
head-to-tail species was obtained by reaction of [Cu(CH;-
CN),]JCIO, with ligand L*®. The absence of the head-to-head
form is probably due to the steric effect of the terminal methyl
and the methylene substituents. The steric control of directional
isomerism in helicates of asymmetrically substituted 2,2": 6, 2":
6",2"-quaterpyridine (qtpy) derivatives has been observed by
Constable et al.® recently, and the appropriate substitution of
qtpy at the 4 and 4’ positions leads to the preferred formation
of the HH over the HT isomer. Intrinsically, in both their and
the current self-assembly systems, the ligand strands in the
helicates adopt the arrangement spontaneously to minimize the
steric repulsion between the substituents of the pyridine rings.
The copper atoms of complex 1 are four-co-ordinated with
distorted tetrahedral geometry in which the N-Cu-N bond
angles are found in a range from 81.16(12) to 134.04(12)° for
Cu(1) and from 81.36(12) to 138.99(13)° for Cu(2), the Cu—N
bond lengths are from 1.994(3) to 2.069(3) A and the mean
length of all eight copper—nitrogen bonds is 2.031 A as listed
in Table 2. The N-Cu-N angles and the Cu-N bond lengths
of 1 are similar to those of reported complexes such as
[Cu',L%,]**.3 However, the intermetallic distance of 7.920(2)
A between Cu(l) and Cu(2) for 1 is longer than that of
[CuLL%,]** (5.926 A).> This difference is considered to be
caused by the different linkage modes of the CH,CH, spacer
group to the bipyridine units of the ligands. In the ligand L%
the two bipyridines are connected by the CH,CH, spacer
group through the 5 and 6’ positions, while the L% ligand
consists of two bipyridines bridged by the same spacer group
at the 6 and 6’ positions.

Each pyridine ring in complex 1 is planar with atom devi-
ations less than 0.03 A. The four bipyridine fragments are also
almost planar since the dihedral angles between the pyridine
groups of each bipyridine subunit are quite small [1/2, 1.94(13);
3/4,10.83(10); 5/6, 6.19(10)° and 7/8, 0.52(11)°, respectively; the
pyridine planes are numbered according to the numbering of
the nitrogen atom as shown in Fig. 1]. In the case of complex
[Cu',L%,]** the planarities of two bipyridine subunits of each
ligand are different, the bipyridines containing N(1) and N(2)
or N(7) and N(8) being almost planar as reflected by their aver-
age dihedral angle of 5°, and the bipyridine subunits with N(3)
and N(4) or N(5) and N(6) are twisted about the ring junction
with an average angle of 17°.% The large deviation from plan-
arity for one of the two bipyridine units in each ligand of the
complex [Cu',L%,]** has been reported to originate from the
steric hindrance induced by the methyl and methylene substitu-
ents o to the chelating nitrogens.® Such steric hindrance is
thought to be much smaller in complex 1 since the methyl and
methylene substituents are at the f rather than the a positions
to the chelating nitrogens of N(3) and N(4) or N(5) and N(6) in
each ligand L*®. The decreased strain in 1 is supported by the

Fig. 2 The structure of the cation [Cu™,L%,(OH)(H,0O)]*" with the
atom numbering scheme. Thermal ellipsoids are drawn at 50%
probability.

smaller dihedral angles of N(3) and N(4) or N(5) and N(6) than
those of [Cu,L%,]*" (see above) and by the bending of the
terminal pyridine planes involving N(4) and N(5) as reflected by
the dihedral angle of 38.3(2)° for [Cu',L%,]** and of 16.72(11)°
for complex 1. The results indicate that changing one of the
bipyridine connections from the 6 to the 5 position reduces the
steric hindrance to formation of a double-stranded helix with
Cu'. Therefore, the ligand L is beneficial to such formation
compared with ligand L.

As shown in Fig. 1, two ligand strands in 1 intertwine around
the copper(l) ions forming a double-stranded helicate, the
dihedral angles between two bipyridine units of each ligand
being 85.89(7) [between N(1), N(2) and N(3), N(4)] and
82.20(7)° [between N(5), N(6) and N(7), N(8)], respectively. The
dihedral angles between the two almost planar bipyridine frag-
ments for Cu(1l) [N(1), N(2) and N(5), N(6)] and Cu(2) [N(3),
N(4) and N(7), N(8)] are 81.90(6) and 74.60(5)°, respectively.
This is in agreement with the distortion from the ideal tetra-
hedron of each copper site as mentioned above.

Structure of [Cu",L%,(OH)(H,0)][CIO,]; 2

Fig. 2 illustrates the structure of the cation part of [Cu",-
L36,(OH)(H,0)][ClO,]; 2. In addition to the two oligobipyrid-
ine ligands L%, one H,0 molecule is co-ordinated to Cu(1) and
an OH™ group to the Cu(2) atom to form an unsaturated
double-stranded dinuclear helical complex. Thus both Cu
atoms in 2 are five-co-ordinated with a N,O donor set. The
geometric parameter 7 of the polyhedra Cu(1)N,O and
Cu(2)N,O, calculated by using the literature method,”' are
0.129 and 0.337, respectively. Therefore, the co-ordination
geometry of both Cu atoms in 2 can be regarded as a distorted
tetragonal pyramid, since the t value is equal to zero for a
perfectly tetragonal geometry while it becomes unity for a per-
fectly trigonal-bipyramidal geometry, and the larger 7 value of
the Cu(2)N,O polyhedron indicates that this is much more dis-
torted than Cu(1)N,O. The atoms O(1), N(1), N(5), N(6) and
0(2), N(3), N(4), N(8) form the basal planes of the Cu(1) and
Cu(2) sites, respectively, and N(2) and N(7) occupy the corre-
sponding apical positions. The average copper—nitrogen bond
length of the basal plane is 2.041 A for the Cu(1) site and 2.051
A for the Cu(2) site. The apical bonds are elongated Cu(1)-N(2)
2.208(2) and Cu(2)-N(7) 2.167(2) A (see Table 2). The devi-
ations of the copper atom from the O(1), N(1), N(5), N(6) and
0(2), N(3), N(4), N(8) basal planes are 0.239(1) A for Cu(l)
and 0.372(1) A for Cu(2), respectively. The metal-metal dis-
tance of complex 2 is 6.875(2) A which is shorter than that of 1.
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Table 1 Crystal data and summary of data collection and structure refinement for complexes 1 and 2

[CuLL%,][CIO,],-Et,O 1

[CUIIZL562(OH)(H20)] [ClO0,]; 2

Empirical formula Cs,Hs,C1,Cu,NgOq C,4sH,,CL,Cu,NgO,,
M 1133.01 1193.37

TIK 293(2) 293(2)

Crystal system Triclinic Monoclinic

Space group P1 P2,/n

alA 11.2999(7) 11.216(3)

bIA 14.669(2) 21.616(4)

clA 18.003(2) 20.795(5)

al® 113.605(9)

pr 95.520(10) 95.91(2)

yI° 103.020(7)

UIA®, 7 2605.4(5), 2 5015(2), 4

/mm™* 0.982 1.084

No. reflections measured 10307 22769

No. unique reflections 8844[R(int) = 0.0884] 8368[R(int) = 0.0517]
Variables 686 742

Goodness of fit indicator 1.046 1.064

R1 0.0588 0.0712

wR2 (all data) 0.1528, (0.1867) 0.1319, (0.1522)

Table2 Selected bond lengths (A) and angles (°) for complexes 1 and 2

[Cu',L%,)- [Cu™,L%,(OH)-
[CIO)'Et,O 1 (H,0)][C10,]; 2

Cu(1)-N(1) 2.004(3) 2.066(2)
Cu(1)-N(2) 2.057(3) 2.208(2)
Cu(1)-N(5) 2.052(3) 2.018(2)
Cu(1)-N(6) 2.012(3) 2.039(2)
Cu(2)-NQ3) 1.994(3) 2.028(2)
Cu(2)-N(4) 2.069(3) 2.011(2)
Cu(2)-N(7) 2.061(3) 2.167(2)
Cu(2)-N(8) 2.001(3) 2.113(2)
Mean of Cu-N 2.031 2.081
Cu(1)-0(1) 1.909(2)
Cu(2)-0(2) 1.912(2)
N(1)-Cu(1)-N(2) 81.86(11) 77.46(7)
N(1)-Cu(1)-N(5) 126.54(12) 160.28(7)
N(1)-Cu(1)-N(6) 134.04(12) 92.91(7)
N(2)-Cu(1)-N(5) 113.87(12) 121.66(7)
N(2)-Cu(1)-N(6) 123.43(11) 98.57(7)
N(5)-Cu(1)-N(6) 81.16(12) 80.14(7)
O(1)-Cu(1)-N(1) 92.39(7)
O(1)-Cu(1)-N(2) 93.05(7)
O(1)-Cu(1)-N(5) 91.36(7)
O(1)-Cu(1)-N(6) 168.03(7)
N(3)-Cu(2)-N(4) 81.36(12) 80.16(7)
N(3)-Cu(2)-N(7) 125.01(11) 99.53(7)
N(3)-Cu(2)-N(8) 138.99(13) 89.39(7)
N(4)-Cu(2)-N(7) 107.31(12) 134.69(7)
N(4)—Cu(2)-N(8) 123.07(12) 147.48(7)
N(7)-Cu(2)-N(8) 81.99(12) 77.23(7)
0(2)-Cu(2)-N(3) 170.11(7)
0(2)-Cu(2)-N(4) 91.31(7)
0(2)-Cu(2)-N(7) 90.01(7)
0(2)-Cu(2)-N(8) 95.30(7)

All atoms of each pyridine ring in 2 are also planar and the two
pyridine rings of the bipyridine units with N(1), N(2); N(3),
N(4) and N(5), N(6) are almost coplanar since the dihedral
angles are quite small [1/2, 8.43(8); 3/4, 9.47(7) and 5/6,
1.74(7)°], while the bipyridine unit with N(7) and N(8) shows a
large deviation in planarity [dihedral angle 7/8, 17.84(9)°]. The
helication of each ligand L of 2 is confirmed by the dihedral
angles of 80.47(3)° between bipyridine fragments with N(1),
N(2) and N(3), N(4) and 83.84(3)° between two bipyridine units
with N(5), N(6) and N(7), N(8).

Each ligand L*® has two bipyridine units, one is 5,5'-disub-
stituted and another is 6,6'-disubstituted. As shown in Fig. 2,
a 5,5'-disubstituted bipyridine of one ligand and a 6,6'-
disubstituted bipyridine of another ligand co-ordinate to the
same copper(11) ion, ie. the two ligand strands are arranged in
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head-to-tail configuration in complex 2. Such an arrangement
reduces the steric hindrance between the methyl and the methyl-
ene substituents and makes possible the formation of the
dinuclear copper(i1) double-stranded helicate. In the case of
ligand L%, the two bipyridines are both 6,6’-disubstituted, there
is steric hindrance between the methyl and methylene substitu-
ents a to the chelating nitrogens and such a steric effect is con-
sidered to inhibit the formation of helicate complexes of L%
with Cu™.® The distances between the two terminal methyls
C(1)+-+-C(25) and C(24) - - - C(48) of [Cu',L%,]*" are 4.57 and
4.81 A, and the separations between the methylene substituents
C(12)---C(36) and C(13)---C(37) are 4.48 and 5.51 A, res-
pectively. The corresponding distances are 7.002(8) [C(23)- -
C(47)], 7.235(7) [C(24)---C(48)], 6.082(8) [C(11)---C(35)]
and 6.104(8) A [C(12) - - - C(36)] for 1 and 7.220(10) [C(23) - - -
C(47)], 6.736(13) [C(24)---C(48)], 7.318(12) [C(11)---C(35)]
and 7.307(10) A [C(12)- - - C(36)] for 2. It is obvious that the
distances between the two terminal methyls or the methylene
substituents in 1 and 2 are longer than those of [Cu',L*,]**. On
the other hand, the three nitrogen atoms in the basal plane of
the Cu(1) site of 2 are N(5) and N(6) from the 5,5’ -disubsti-
tuted bipyridine unit and N(1) from the 6,6’-disubstituted bipy-
ridine unit, while the other nitrogen atom N(2) of the 6,6'-
disubstituted bipyridine unit occupies the apical position of
the distorted square pyramid. A similar situation was observed
for the Cu(2) site. The co-ordination of the 6,6'-disubstituted
bipyridine unit out of the basal plane probably contributes to
the differing planarities of the bipyridine groups as mentioned
above. These arrangements were considered to reduce the steric
hindrance of the methyl and methylene substituents in the
complex 2.

The present study demonstrates that the ligand L strongly
stabilizes the copper(1) versus copper(il) complex due to the
steric hindrance of the methyl and methylene substituents a to
the chelating nitrogens, which inhibit the formation of a dis-
torted tetragonal pyramidal copper(ir) complex as proposed by
Lehn and co-workers.® The results indicate that the change of
the linkage mode between bipyridine units in ligand L*® makes
it possible to co-ordinate Cu™ to form a double helicate which is
not obtained using the ligand L.

An intermolecular hydrogen bond is formed between the
OH™ group in one cation and a H,O molecule in a neighboring
cation. The O(1)---O(2A) separation is 2.403(2) A, and the
O(1)-H(1A)---O(2A) angle is 158.4(2)°; symmetry code A
—-05+x,05—x,05+ z.

Electrospray mass spectra

The ES mass spectrum of complex 1 includes three main peaks,
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Fig. 3 Electrospray mass spectrum of [Cu™,L%,(OH)(H,0)][ClO,]; 2
in acetonitrile; the inset shows the observed (traces) and calculated
(bars) isotopic distributions for the major peak at m/z 460.9.

at m/z 430.3 corresponding to the most abundant ion [Cu',-
L%,]**, a small peak at m/z 958.9 resulting from {[Cu',L%,]-
(Cl0,)}* and a small peak at m/z 795.0 corresponding to the
[Cu'L%,]* cation. There are four main peaks observed in the ES
mass spectrum of 2 as shown in Fig. 3, a major peak at m/z =
460.9 corresponding to {[Cu',L%,](CH,OH),}*", the peaks at
mlz 488.1, 497.3 and 429.3 corresponding to {[Cu™,L*,(OH)]-
(C10,)}*", {[Cu",L*,(OH)(H,0)(C10,)}*" and [Cul,L*,J*",
respectively. The appearances of {[Cu’,L*,](CH,OH),}*" and
[Cu',L%,]** indicate that the majority of the Cu' was reduced
to Cu' under the electrospray condition. When the capillary
temperature was set as 200 °C the relative intensity of the peaks
at m/z 488.1 and 497.3 decreased to almost zero, the cation at
m/z 429.3 becoming the major species. The inset compares
observed and calculated isotope distributions for the major
peak at m/z = 460.9; the agreement is excellent and ensured our
assignments.

Electrochemistry and UV-visible spectra of complexes 1 and 2

The electrochemical properties of complexes 1 and 2 were
investigated by cyclic voltammetry. Complex 1 showed a quasi-
reversible wave, at Ey= +0.77 V (AE, =70 mV, i,./i,, = 0.69) vs.
Ag-AgCl in CH,CN at scan rate 100 mV s™'. The E; value is
similar to those of the reported analog [Cu’,L%,]*" (Ey= +0.88
V vs. SCE) and [Cu(dmbpy),]* (Ei=+0.72 V vs. SCE;
dmbpy = 6,6'-dimethyl-2,2'-bipyridine).®> Complex 2 exhibited
a quasi-reversible wave at Ey=+0.64 V (AE,=80 mV, i,/
iva = 0.89) vs. Ag-AgCl in CH,CN solution at scan rate 400 mV
s~! however the redox waves became irreversible at scan rates
of 100, 50, and 20 mV s~'. The E, value is similar to that of
complex 1 and higher than that of the reported mononuclear
copper() complex [CuL’'(H,O)]*" (Ey=+0.19 V vs. SCE) in
which the Cu™ has a distorted trigonal bipyramidal geometry
[where L’ = 1,2-bis(9-methyl-1,10-phenanthrolin-2-yl)ethane].?*
Such a significant difference of E: values between complex 2
and [CuL’(H,O)** is considered to be due to the different co-
ordination environments and geometry. Controlled potential
coulometric analysis showed two-electron processes for both
complexes 1 and 2.

The UV-visible spectra of complexes 1 and 2 in acetonitrile
solution were measured at room temperature. Complex 1 shows
a transition near A, = 444 nm (¢ = 5976 M~! cm™') which can
be assigned to metal-to-ligand charge-transfer (MLCT) accord-
ing to the literature.>*!® The appearance of absorption at
about A, =629 nm (¢=2600 M~' cm™!) for 2 arises from
d,, d,,—d._, transitions. The high-energy transitions
located in the UV region of both 1 (303 nm, 73570 M ' cm™;
253 nm, 66770 M~' cm™') and 2 (317 nm, 62080 M~! cm™};
251 nm, 53570 M™! cm™") are from intraligand ®—— m*
transitions.

' H NMR Spectra of complex 1 and electron spin resonance
spectra of 2

The '"H NMR spectra of the ligand L* in CD;CN and complex
1 in acetonitrile-d; at 298 K are shown in Fig, 4. Only one
kind of ligand proton signal was observed for 1 within the
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Fig. 4 (a) The 500 MHz 'H NMR spectra of ligand L% in CDCN.
(b) The COSY spectrum of [Cul,LJ[CIO,], I in CD,CN at 298 K.

NMR timescale, although there is no C, symmetry axis or
center for 1 in the solid state. For resolving all the protons of
1, COSY and NOSY experiments were employed, and peak
attributions of the aromatic proton are as shown in Fig.
4(b). The chemical shifts of the aromatic proton in the com-
plex are different from those of free L*®. For example, the
proton e shifts upfield by more than 0.4 ppm, while b shifts
downfield by only 0.15 ppm, indicating that e lies in the shield-
ing region of the bipyridine subunits of the second ligand which
is similar to the reported case of [Cu',L%,]*" 2

The g values of the ESR spectra in a polycrystalline powder
and in an acetonitrile-1,4-dioxane (50: 50 v/v) solution of com-
plex 2 at room temperature are 2.060 and 2.072, respectively.
The spectrum in acetonitrile-1,4-dioxane (50: 50 v/v) solution at
100 K, gave g;=2.244, g, =2.063 and 4, =160 G.

Conclusion

The present results show that the ligand containing two bipyrid-
ine units linked by a CH,CH, bridge at the 5,6’ positions is able
to form double-stranded helical complexes with copper(1) and
copper(11) ions. This was confirmed by X-ray structural analy-
sis and ES-MS spectra. The structure in solution of 1 was
investigated by "H NMR spectroscopy.

The copper(i) complex 2 is thought to be the first example
of a double-stranded helical structure which contains two di-
substituted bipyridine units co-ordinating to the same
copper(1) ions. It is clear from our study that the self-assembly
of inorganic helicates containing bipyridine units bridged by a
CH,CH, group is partially controlled by the linkage mode
between the bipyridine units, the co-ordination geometries of
the metal ions and the flexibility of the spacer groups. The
change of the linkage mode between the bipyridine units in
ligand L makes it possible to co-ordinate Cu™ to form a
double helicate which was not obtained using the ligands L*
and L.
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