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Dipyridylamine (dpa) oligomers having chiral (S)-2-methylbutyl (MB) side chains at the amine-N atoms,
(MBdpa),, (H-(CsH3N-N(MB)-CsH3N),,—H; m = 2, 3, and 4), were synthesized. Complexation of (MBdpa), with

CuCl, provided a coordination polymer,

[{Cu,Cl4—(MBdpa),},]. Single-crystal X-ray analysis of [{Cu,Cly—

(MBdpa),},] showed that intermolecular interactions linked the Cu,Cly—(MBdpa), complexes into one-dimensional
coordination polymers. The crystal of [{Cu,Cly—(MBdpa),},] exhibited a phase transition between 100 and 85 K
due to the ordering of the MB side chains, resulting in a quadrupling of the unit cell. (MBdpa),, had an expanded elec-
tron system along the oligomer main chain as revealed by UV-vis spectroscopy. (MBdpa),, were photoluminescent in
solutions and copper complexation quenched their photoluminescence.

Coordination polymers based on transition metal atoms and
organic ligands are the subject of increasing interest due to
their unique crystal structures.'”!7 Metal complexation of di-
meric aromatic ligands is one of the convenient methods for
construction of the coordination polymer.':1®

For construction of such a coordination polymer in this
work, we selected a derivative of 2,2'-dipyridylamine (dpa)
as a starting material. Metal complexes containing dpa have
been attracting much attention due to their unique crystal
structures.'8-3? Recently, N-alkylation of dpa has been reported
to give an ligand (Rdpa) useful for functional metal com-
plexes.*? In this work, we designed a new ligand for coordina-
tion polymer: a dimer of dpa with chiral (S)-2-methylbutyl
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(MB) side chains at the amine-N atoms, (MBdpa), (Chart 1).
A coordination polymer was obtained by using a reaction of
(MBdpa), with copper(Il) chloride. X-ray crystallographic
analysis revealed that the coordination polymer caused a phase
transition at low temperature, which altered the lattice unit
volume.

On the other hand, it has been reported that derivatives of
dpa show interesting optical properties such as emission of
blue light.333 In order to expand the scope of the chemistry
of dpa, we also prepared longer oligomeric ligands, (MBdpa);
and (MBdpa)4 (Chart 2), and investigated their optical prop-
erties.

Here we report results obtained about (MBdpa),, (m = 2, 3,
and 4) and the coordination polymer of (MBdpa), with Cu(II).

Experimental

Synthesis of MBdpa. A DMSO solution (20 mL) of NaH
(0.20 g, 8.4 mmol) was stirred at 40 °C for 0.5 h and at 75 °C
for 1 h. To the solution was added 2,2’-dipyridylamine, dpa,
(1.20 g, 7.0 mmol). After stirring at 60 °C for 12 h, (S)-2-methyl-
butyliodide (1.6 mL, 7.3 mmol) was added, and the solution was
stirred at 60 °C for 24 h. To the reaction mixture was added water,
and the product was extracted with ether. After the organic layer
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was dried over Na;SQOy, the solvent was removed by evaporation
to give a yellow liquid, which was purified by silica gel column
chromatography (eluent = CHCls). The solvent was removed by
evaporation and the resulting liquid was dried in vacuo to give
MBdpa (py-N(MB)-py; py = 2-pyridyl) as a yellow liquid
(0.57 g, 34%). '"HNMR (400 MHz, CDCl3, 25 °C) § 8.32 (dd,
2H, 6-H of py, J = 2.0 and 4.8 Hz), 7.50 (td, 2H, 4-H of py, J =
3.6 and 8.8 Hz), 7.07 (d, 2H, 5-H of py, J =8.8 Hz), 6.83
(td, 2H, 3-H of py, J = 3.6 and 4.8 Hz), 4.07 (m, 2H, NCH,),
1.89 (m, 1H, CH(Me)), 1.49 and 1.14 (m, 2H, CH(Me)CH,),
0.88 (m, 6H, Me).

Synthesis of MBdpaBr and MBdpaBr;. (cf. Scheme 1). To a
chloroform solution (20 mL) of BusNBr3 (2.2 g, 4.6 mmol; Bu =
butyl) was added dropwise a chloroform solution (15 mL) of
MBdpa (0.70 g, 3.1 mmol), and the mixture was stirred at 20
°C for 12 h. After an aqueous solution of sodium thiosulfate
was added to the reaction mixture, the organic layer was separated
and dried over Na;SO,4. The solvent was removed by evaporation
and the resulting yellow liquid was purified by silica gel column
chromatography (eluent = CHCl3) to give MBdpaBr (R; =
0.14, 0.33 g, 34%) and MBdpaBr, (R; = 0.46, 0.53 g, 43%) as
yellow liquids.

Data of MBdpaBr: 'HNMR (400 MHz, CDCl;, 25 °C) § 8.34
(dd, 1H, 6-H of py, J = 1.6 and 4.8 Hz), 8.31 (d, 1H, 6-H of pyBr,
J =2.8 Hz), 7.56 (td, 1H, 4-H of py, J = 3.6 and 8.4 Hz), 7.54
(dd, 1H, 4-H of pyBr, J = 2.8 and 8.8 Hz), 7.10 (d, 1H, 3-H of
py, J = 8.4 Hz), 6.97 (d, 1H, 3-H of pyBr, J = 8.8 Hz), 6.90
(td, 1H, 5-H of py, J = 3.6 and 4.8 Hz), 4.02 (m, 2H, NCH,),
1.86 (m, 1H, CH(Me)), 1.45 and 1.13 (m, 2H, CH(Me)CH,),
0.87 (m, 6H, Me). Anal. Calcd for C;sHgN;Br: C, 56.26; H,
5.67; N, 13.12; Br, 24.95%. Found: C, 56.46; H, 5.94; N, 12.84;
Br, 25.14%.

Data of MBdpaBr,: '"HNMR (400 MHz, CDCls, 25 °C) §
8.33 (d, 2H, 6-H of pyBr, J = 2.4 Hz), 7.60 (dd, 2H, 4-H of pyBr,
J = 2.4 and 8.8 Hz), 7.00 (d, 2H, 3-H of pyBr, J = 8.8 Hz), 3.99
(m, 2H, NCHy), 1.85 (m, 1H, CH(Me)), 1.45 and 1.13 (m, 2H,
CH(Me)CH>), 0.87 (m, 6H, Me). Anal. Calcd for C;5sH7N3Br:
C, 45.14; H, 4.29; N, 10.53; Br, 40.04%. Found: C, 45.03; H,
4.30; N, 10.49; Br, 40.43%.

Synthesis of (MBdpa),. To a DMF solution (15 mL) of
bis(1,5-cyclooctadiene)nickel(0),%¢ [Ni(cod),], (0.85 g, 3.1 mmol),
2,2'-bipyridyl, bpy, (0.48 g, 3.1 mmol), and cod (0.34 g, 3.1
mmol), was added MBdpaBr (0.50 g, 1.6 mmol). After the reac-
tion mixture was stirred at 60 °C for 48 h, the solvent was re-
moved by evaporation, and the product was extracted with chloro-
form. The extract was washed with brine. The organic layer was
dried over sodium sulfate and the solvent was removed by evap-
oration to give a yellow liquid. Purification by silica gel column
chromatography (eluent = ethyl acetate/hexane (v/v = 3/1))
gave (MBdpa), (py—-N(MB)-py'—py’-N(MB)-py; py = 2-pyridyl;
py’ = pyridine-2,5- or -5,2-diyl) as a yellow liquid (0.28 g, 75%).
'THNMR (400 MHz, CDCls, 25 °C) § 8.53 (d, 2H, 6-H of py’, J =
2.4 Hz), 8.35 (dd, 2H, 6-H of py, J = 2.0 and 4.8 Hz), 7.68 (dd,
2H, 4-H of py’, J = 6.8 and 8.8 Hz), 7.56 (td, 2H, 4-H of py, J =
8.7 and 8.8 Hz), 7.15 (d, 4H, 3-H of py and 3H-py’, J = 8.8 Hz),
6.85 (t, 2H, 5-H of py, J = 6.8 Hz), 4.12 (m, 4H, NCH;), 1.93 (m,
2H, CH(Me)), 1.50 and 1.15 (m, 4H, CH(Me)CH,), 0.89 (m, 12H,
Me). BCNMR (100 MHz, CDCl;, 25 °C) § 157.8, 157.0, 148.3,
145.6, 137.1, 134.7, 126.4, 117.2, 115.4, 114.4, 54.0, 34.0, 27.1,
16.9, 11.4. Anal. Calcd for C3yH3sNg: C, 74.97; H, 7.55; N,
17.48%. Found: C, 74.91; H, 7.55; N, 17.20%.

Synthesis of (MBdpa);Br;. To a chloroform solution (5 mL)
of BuyNBr; (0.24 g, 0.50 mmol) was added dropwise a chloro-
form solution (4 mL) of (MBdpa), (0.16 g, 0.33 mmol), and
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the mixture was stirred at 20 °C for 12 h. After an aqueous solu-
tion of sodium thiosulfate was added to the reaction mixture, the
organic layer was separated and dried over Na,SO4. The solvent
was removed by evaporation and a resulting yellow liquid was
purified by silica gel column chromatography (eluent = ethyl
acetate/hexane (v/v = 1/3)) and by HPLC (eluent = chloroform)
to give (MBdpa)Br; (0.15 g, 69%) as a yellow liquid. '"HNMR
(400 MHz, CDCls, 25 °C) § 8.53 (d, 2H, 6-H of py’, J =2.8
Hz), 8.35 (d, 2H, 6-H of pyBr, J = 3.2 Hz), 7.73 (dd, 2H, 4-H
of py’, J = 2.4 and 8.8 Hz), 7.61 (dd, 2H, 4-H of pyBr, / =24
and 8.8 Hz), 7.18 (d, 2H, 3-H of py’, J = 8.4 Hz), 7.06 (d, 2H,
3-H of pyBr, J = 8.8 Hz), 4.08 (m, 4H, NCH,), 1.92 (m, 2H,
CH(Me)), 1.48 and 1.16 (m, 4H, CH(Me)CH>), 0.89 (m, 12H,
Me). Anal. Calcd for C30H34NgBr,: C, 56.44; H, 5.37; N, 13.12;
Br, 23.99%. Found: C, 57.80; H, 6.15; N, 12.53; Br, 23.99%.
MS (FAB) m/z 639 (IM + H']).

Synthesis of (MBdpa); and (MBdpa);. To a THF solution
(5 mL) of MBdpaBr (0.43 g, 1.3 mmol) was added dropwise a
THEF solution of 'PrMgCl (2 M, 1.3 mL) at 0 °C. After the reaction
mixture was stirred at 0 °C for 20 h, trimethyl borate (0.69 mL, 6.7
mmol) was added at —78 °C and the reaction mixture was stirred
at —78 °C for 2 h and at 20 °C for 24 h under nitrogen atmosphere.
To the reaction mixture was added water (100 mL), and the prod-
uct was extracted with chloroform. After the organic layer was
dried over sodium sulfate, the solvent was removed by evapora-
tion to give 5-bis(methoxy)borylpyridine-2-yl-(S)-2-methylbutyl-
(pyridine-2-yl)amine, MBdpaB(OMe),, as a light brown solid.
MBdpaB(OMe), was used for the further reaction without purifi-
cation. To a THF solution (5 mL) of MBdpaBr;, (0.34 g, 0.85
mmol) and MBdpaB(OMe), (1.7 g, 2.1 mmol) were added
[Pd(PPh3)4] (0.24 g, 0.21 mmol) and an aqueous solution (12
mL) of sodium carbonate (1.2 g, 1.1 mmol). After stirring at 60
°C for 48 h, the reaction product was extracted with chloroform.
The organic layer was dried over sodium sulfate and evaporation
of the solvent gave a yellow liquid, which was purified by silica
gel column chromatography (eluent = ethyl acetate/hexane (v/v
= 3/1)) and by HPLC (eluent = chloroform). The solvent was
removed by evaporation to give (MBdpa); (py—N(MB)-py'—
py”-N(MB)-py”-py’-N(MB)-py; py = 2-pyridyl; py’ and py”
= pyridine-2,5- or -5,2-diyl) as a yellow liquid (60 mg, 15%).
'THNMR (500 MHz, CDCls, 25 °C) § 8.55 (dd, 4H, 6-H of py”
and 6-H of py’, J = 2.3 and 2.8 Hz), 8.36 (dd, 2H, 6-H of py, J =
1.3 and 5.0 Hz), 7.72 (dd, 2H, 4-H of py”, J = 2.7 and 8.7 Hz),
7.70 (dd, 2H, 4-H of py’, J = 2.3 and 8.7 Hz), 7.56 (td, 2H, 4-
H of py, J = 1.4, 6.9, and 8.7 Hz), 7.21 (d, 2H, 3-H of py”, J =
8.7 Hz), 7.16 (d, 4H, 3-H of py” and 3-H of py, J = 8.7 Hz), 6.89
(d, 2H, 5-H of py, J = 5.0 and 6.9 Hz), 4.13 (m, 6H, NCH,), 1.95
(m, 3H, CH(Me)), 1.52 and 1.18 (m, 6H, CH(Me)CH>), 0.91 (m,
18H, Me). *CNMR (125 MHz, CDCls, 25 °C) § 157.8, 157.1,
156.8, 148.3, 145.7, 145.6, 137.2, 134.9, 134.8, 126.9, 126.3,
117.3, 115.5, 1149, 114.4, 54.1, 54.0, 34.1, 27.2, 27.1, 17.0,
11.5, 11.4. Anal. Calcd for C4sHs3No: C, 75.07; H, 7.42; N,
17.51%. Found: C, 74.33; H, 7.42; N, 17.51%. MS (FAB) m/z
721 (M +H*D).

Synthesis of (MBdpa)s. (py—-N(MB)-py’—py”-N(MB)-py”'—
py”-N(MB)-py”-py'~(MB)-py; py = 2-pyridyl; py’, py”, and
py” = pyridine-2,5- or -5,2-diyl) was synthesized by reaction
of (MBdpa),Br, with MBdpaB(OMe), in a similar manner.
'THNMR (500 MHz, CDCls, 25 °C) § 8.55 (dd, 6H, 6-H of py’,
6-H of py”, and 6-H of py”’, J = 2.3 and 2.8 Hz), 8.36 (d, 2H,
6-H of py, J =2.3 Hz), 7.73 (dd, 4H, 4-H of py” and 4-H of
py’s J =2.8 and 8.7 Hz), 7.70 (dd, 2H, 4-H of py”, J =23
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and 8.7 Hz), 7.56 (td, 2H, 4-H of py, J = 2.3 and 8.3 Hz), 7.23
(d, 4H, 3-H of py’ and 3-H of py”, J = 8.7 Hz), 7.16 (d, 4H, 3-
H of py and 3-H of py””, J = 8.3 Hz), 6.89 (td, 2H, 5-H of py, J =
4.1 and 7.4 Hz), 4.15 (m, 8H, NCH,), 1.96 (m, 4H, CH(Me)), 1.53
and 1.18 (m, 8H, CH(Me)CH>), 0.89 (m, 24H, Me). 3CNMR
(125 MHz, CDCl3, 25 °C) § 157.8, 157.1, 156.9, 156.8, 148.4,
145.7, 145.6, 137.2, 135.0, 134.8, 127.0, 126.7, 126.3, 117.3,
115.5, 114.9, 1144, 54.1, 54.0, 34.1, 27.2, 27.1, 17.0, 11.4. MS
(FAB) m/z 960 (IM + H]).

Synthesis of [{Cu,Cly—(MBdpa),},]. A methanol solution
(0.5 mL) of CuCl, (2.65 mg, 0.02 mmol) was placed on a meth-
anol solution (0.5 mL) of (MBdpa); (4.8 mg, 0.010 mmol) in an
NMR sample tube (radius = 5 mm). Mixing of the two solutions
was carefully avoided. Standing the two-layer solution at room
temperature for 7 days gave green crystals (1.6 mg, 21%) of
[{Cu,Cly—(MBdpa);},] in the interface region between the two
solutions. These crystals were used for X-ray structural analysis.
Anal. Calcd for C30H3¢Cl4CuyNg-2H,0: C, 45.87; H, 5.13; N,
10.70; Cl, 18.05%. Found: C, 45.95; H, 5.04; N, 10.20; Cl,
17.48%.

To a methanol solution (0.5 mL) of CuCl, (2.65 mg, 0.02
mmol) was added a methanol solution (0.5 mL) of (MBdpa),
(4.8 mg, 0.010 mmol), and the reaction solution was stirred at
20 °C for 12 h to give a greenish precipitate. The precipitate
was washed with methanol and dried under vacuum to give
[{Cu,Cly—(MBdpa);},] (4.5 mg, 59%) as a green powder. Anal.
Calcd for C3()H36C14CUZN6-2H202 C, 45.87; H, 5.13; N, ]0.70;
Cl, 18.05%. Found: C, 45.61; H, 4.70; N, 10.38; Cl, 18.49%.

Apparatus. NMR spectra were recorded on JEOL EX-400
and GX-500 spectrometers. Elemental analysis was carried out
by using LECO CHNS-932 and Yanaco MT-5 analysers. UV—
vis and photoluminescence spectra were obtained by Shimadzu
UV-vis 3100PC and Hitachi F4010 and F4100 spectrometers,
respectively. Phosphorescence lifetime was determined by using
the Hitachi F4100 spectrophotometer at 20 °C. CD spectra were
recorded on a JASCO J-820 spectrofluorometer. MS analysis
was performed with JEOL JMS-700 by using 3-nitorobenzylalco-
hol as a matrix. ESR measurement was carried out with a JEOL
JES-RE3X spectrometer in the X-band at 123 K.

Crystal Structure Determination. The crystal structure of
[{Cu,Cl4—(MBdpa),},] was determined at 100 K and 85 K.
The diffraction intensity measurement at 100 K was carried out
on a Rigaku Saturn CCD area detector system, and the diffraction
data at 85 K were measured using a Rigaku R-AXIS RAPID imag-
ing plate diffractometer, both with graphite monochromatized
Mo Ko radiation. Selected experimental parameters and crystal
data are summarized in Table 1. Diffraction intensity data were
corrected for Lorentz and polarization effects. Absorption correc-
tion was applied for the dataset at 100 K but not for that at 85 K.
The structures were solved by the direct method, using SIR92%
for the data at 100 K and SHELXS973® for those at 85 K. The hy-
drogen atoms were introduced using the riding model. Both struc-
tures were refined by the full-matrix least squares using
SHELXL97.3% All the non-hydrogen atoms were refined aniso-
tropically for the data at 100 K, while only Cu and Cl atoms were
refined anisotropically for the data at 85 K.

Results and Discussion
Synthesis of Oligomers of N-(S)-2-Methylbutyldipyridyl-
amine, (MBdpa),,. N-(S)-2-Methylbutyldipyridylamine,
MBdpa, was prepared by NaH promoted deprotonation of
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Table 1. Crystal Data and Experimental Conditions

Empirical formula

Formula weight

T/K

Crystal system

Space group

a/A

b/A

c/A

B/

V/A3

V4

(Mo Kor)/mm~!

Number of measured reflections
Number of independent reflections
Rine

RI(F,)” [Fo* > 20(F,)]
WR2(F,*)® [all data]

C30H36C14CU2N6
749.56

100(2) 85(2)
monoclinic monoclinic
C2 (no. 5) C2 (no. 5)
18.036(6) 33.558(3)
11.674(2) 23.021(2)
16.665(5) 19.040(2)
113.641(10) 119.07(3)
3214(2) 12857(2)
4 16
1.687 1.687
16943 25681
7172 19684
0.0583 0.0460
0.0575 0.0762
0.1730 0.3156

a) Rl = X||F,| — |Fe|l/E|F,|. b) wR2 = [Ew(F,” — F&)/Sw(F,*)* 12 w=1/[0*(F,®) +
(0.0673P)* + (30.7765P)], where P = (F,%> +2F.2)/3. w = 1/[02(F,?) + (0.1532P)*], where

P = (F,> +2F.2)/3.

solv. TMS
HC°,H®
N He Ho
imp. H,O
HY,H' ‘g
Hi ~
H0 HhHm Hn Ha )
H
IS S
T l T T T I T T | T T T [ T T T I
8
6 5 4 2 0
solv.
. d
CJ Ch Cg CI C
k Af c" ca b C
1 (‘:O I [ ‘C ' ‘Ce
— T T T T T T T
160 140 120 100 880 60 40 20
Fig. 1. 'H and BCNMR spectra of (MBdpa); in CDCls.

NH group of dpa and following alkylation with (S)-1-iode-
2-methylbutane. Dimer, trimer, and tetramer of MBdpa,
(MBdpa),, (m = 2, 3, and 4), were synthesized by using orga-
nometallic coupling reactions, as shown in Scheme 1.

Figure 1 depicts '"H and '3CNMR spectra of (MBdpa),.
The NCH, hydrogens (H* in Fig. 1) and the hydrogen at the
chiral center (H") give peaks at § 4.12 and 1.93, respectively.
A peak assigned to the two methyl groups (H® and H®) is ob-
served at § 0.89. Methylene hydrogens (H® and HY) adjacent

to the chiral center are diastereotropic each other and show
peaks at § 1.15 and 1.50 in an equal intensity. Peaks due to hy-
drogens of the pyridine rings are observed in the range of §
6.85 to 8.53 (see Experimental Section). '*CNMR signals as-
signed to aromatic and aliphatic carbons of (MBdpa), appear
in ranges of § 114.4-157.8 and of § 11.4-54.0, respectively,
and assignments of these signals are shown in Fig. 1. The as-
signments were confirmed by using '"H-'"H COSY and 'H-'3C
COSY techniques.
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Structures of (MBdpa); and (MBdpa)4 were also confirmed
similarly, by elemental analysis and 'H and '*C NMR and MS
spectroscopy.

Cu Complex of (MBdpa),. Reaction of CuCl, and
(MBdpa), in methanol under stirring conditions gave a pow-
dery copper complex of (MBdpa),. The complex had a com-
position of Cu,Cly—(MBdpa),, as judged from elemental ana-
lytical data; however it was insoluble in organic solvents,
which prevented recrystallization of the copper complex.

Single crystals of [{Cu,Cly—(MBdpa),},] were fortunately
obtained in an interface region formed between a methanol so-
lution of CuCl, and a methanol solution of (MBdpa), formed
in an NMR tube. The obtained crystal was also sparingly solu-
ble in the organic solvents, however, it was suited to X-ray
crystallographic analysis.

Structure of [{Cu,Cl4—(MBdpa),},]. Figure 2 illustrates
the crystal structure of [{Cu,Cly—(MBdpa);},] at 100 K.
Crystal data and relevant experimental parameters used in
the structure determination of [{Cu,Cly—(MBdpa),},] at 100
K and 85 K are shown in Table 1. Selected bond lengths
and angles for [{Cu,Cly—(MBdpa);},] are listed in Table 2.
An asymmetric unit of [{Cu,Cly—(MBdpa),},] at 100 K con-
tains two MBdpa units and two Cu and four Cl atoms. The two
MBdpa subunits are referred to as A and B. The atoms are la-
beled with a number that is consistently assigned for the two
subunits; the suffix A or B indicates the subunit name. The
Cu and Cl atoms are similarly labeled. When we refer to the

Fig. 2. Structure of [{Cu,Cly—(MBdpa),},] at 100 K
viewed down the b axis. Letters A and B represent the sub-
unit names. Symmetry codes: (i) —x, y, —z; (ii)) 1 —x, y,
1 —z @Gi) 1 4+x,y 1+2z
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features common for the two subunits in the following discus-
sion, we use the labels without the suffices for the subunits.

The two independent MBdpa moieties exhibit different
conformations for the MB groups: frans for the ethyl group
and gauche for the methyl group in the subunit A and gauche
for the ethyl group and frans for the methyl group in the sub-
unit B. The C7 atom of the MBdpa moiety is located close to
the twofold axis and bonded to its symmetry equivalent, com-
pleting the (MBdpa), molecule. Each MBdpa moiety chelates
to a Cu atom using its two N atoms (N1 and N2) of the pyri-
dine rings as the donor atoms, while the amine-N atom (N3)
does not bind to the Cu atom. The coordination geometry of
these MBdpa moieties is similar to that found for the 2,2’-di-
pyridyl(N-propenyl)amine (Prdpa) ligand in Cu(Prdpa)(NOs),,
Zn(Prdpa)(NO3),, and Cu(Prdpa),(NO3),.>> Two Cl atoms
bind to the Cu atom, Cl1 at 2.249(3)-2.254(3) A and CI2 at
2.291(3)-2.296(3) A from Cu, thus completing the neutral
[{Cu,Cl4—(MBdpa), }, ] complexes. The coordination geome-
try around the Cu atom is distorted square pyramidal (with the
geometric parameter T of 0.39%%), with N1, N2, Cl1, and CI2 in
the basal square with the cis configuration. The C12 atom of an
adjacent Cu,Cly—(MBdpa), complex is located at 2.629(3)—
2.653(3) A from the Cu center, to occupy the apical site, com-
pleting the square pyramidal five coordination. This intermo-
lecular interaction links the Cu,;Cly—(MBdpa), complexes in-
to one-dimensional coordination polymer extended along the
a + ¢ direction. In other words, the ClCu(-Cl),CuCl cores
are concatenated by the (MBdpa), ligands. The Cu--Cu dis-
tance in the Cl1Cu(-Cl),CuCl core is 3.619(1) A. With respect
to the midpoint of the two Cu atoms, the ClCu(u-Cl),CuCl
core and the dpa moieties of the MBdpa ligands are approxi-
mately symmetric, leading to the opposite chirality for the
amine-N atoms (N3A and N3B). Thus the two independent
(MBdpa), molecules may be described as a pair of diaster-
eomers that exhibit the same chirality at the MB groups and
the opposite chirality at the amine-N atoms.

To obtain diffraction data at lower temperature, we exposed
a separate crystal to X-ray irradiation. Preliminary diffraction
images taken at room temperature were successfully indexed
with the same lattice parameters as that obtained at 100 K.
However, upon lowering the temperature to 85 K, there ap-
peared additional diffraction spots that could not be indexed
with the unit cell obtained at 100 K. A satisfactory indexing
could only be achieved when one assumed a quadrupled unit
cell. When the crystal was brought up to room temperature
again, the diffraction spots due to the quadrupled cell disap-
peared, suggesting that the structure of the crystal changed
back to that of the higher temperature phase. Since both the
phases have the same space group C2, the volume of the asym-
metric unit is also quadrupled. An asymmetric unit now ac-
commodates eight independent MBdpa subunits (named here
as A to H). The subunits A, C, E, and G correspond to the sub-
unit A of the 100 K phase and the subunits B, D, F, and H cor-
respond to the subunit B of the 100 K phase. The subunits A,
B, C, and D bind to their respective symmetry equivalent
counterparts to complete (MBdpa), molecules. The subunits
A and B are linked into one coordination polymer and the sub-
units C and D into another. On the other hand, the subunits E
and G complete a (MBdpa), molecule, and F and H another.
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Table 2. Selected Interatomic Distances (A) and Torsion Angles (°) in [{Cu,Cly—(MBdpa),},]

100 K
CuA-CuB 3.6193(12)
CuA-N2A 2.036(7)
CuA-CI2A 2.296(3)
CuB-N1B 2.019(9)
CuB-CI1B 2.249(3)
CuB-CI2A 2.653(3)
N3A-C11A-CI12A-C14A —~178.5(9)
N3B-C11B-C12B-C14B —85.9(12)
85 K

CuA-CuB 3.638(4)
CuE-CuF 3.633(4)
CuA-NIA 2.019(14)
CuA-Cl1A 2.266(5)
CuA-CI2B 2.636(5)
CuB-N2B 2.056(14)
CuB-CI2B 2.304(5)
CuC-N1C 2.018(11)
CuC-Cl1C 2.268(4)
CuC-CI2D 2.601(4)
CuD-N2D 2.060(11)
CuD-CI2D 2.301(5)
CuE-N2E 2.058(12)
CuE-CIIE 2.262(5)
CuE-CI2F 2.629(5)
CuF-N2F 2.054(14)
CuF-CI2F 2.299(5)
CuG-N2G 2.034(12)
CuG-Cl1G 2.254(5)
CuG-CI2HY 2.612(5)
CuH-N2H 2.039(14)
CuH-CI2H 2.300(5)
N3A-C11A-CI12A-C14A —174.8(14)
N3B-C11B-C12B-C14B —82(2)
N3C-C11C-C12C-C14C —175.9(14)
N3D-C11D-C12D-C14D —81(2)
N3E-C11E-C12E-C14E —179.7(14)
N3F-C11F-C12F-C14F —83.3(15)
N3G-C11G-C12G-C14G —177.6(14)
N3H-C11H-C12H-C14H 97(2)

CuA-N1A 2.025(9)
CuA-Cl1A 2.254(3)
CuA-CI2B 2.629(3)
CuB-N2B 2.024(8)
CuB-CI2B 2.291(3)
N3A-C11A-C12A-C13A 56.2(12)
N3B-C11B-C12B-C13B 142.7(11)
CuC-CuD 3.627(3)
CuG—CuH 3.619(4)
CuA-N2A 2.046(14)
CuA-CI2A 2.309(5)
CuB-N1B 1.996(16)
CuB-CIIB 2.248(6)
CuB-CI2A 2.647(5)
CuC-N2C 2.039(9)
CuC-CI2C 2.299(4)
CuD-NI1D 1.952(12)
CuD-CI1D 2.248(5)
CuD-CI2C 2.640(4)
CuE-N1E 2.061(14)
CuE-CI2E 2.301(5)
CuF-N1F 2.021(14)
CuF-CI1F 2.260(5)
CuF-CI2E 2.637(5)
CuG-N1G 2.054(15)
CuG-CI2G 2.301(5)
CuH-NI1H 1.967(15)
CuH-CI1H 2.242(5)
CuH-CI2G" 2.645(5)
N3A-C11A-C12A-C13A 60.8(18)
N3B-C11B-C12B-C13B 146(2)
N3C-C11C-C12C-C13C 57.1(19)
N3D-C11D-C12D-C13D 146(2)
N3E-C11E-CI12E-C13E 56.8(18)
N3F-C11F-C12F-C13F 146.1(13)
N3G-C11G-C12G-C13G 57.7(17)
N3H-C11H-C12H-C13H —40(2)

Symmetry codes: (iv) x, y, z — 1; (V) x, y, z+ 1.

These four subunits are linked into one coordination polymer.
The structures of the subunits A—H viewed down the b axis are
depicted in two separate illustrations for clarity. Figure 3 de-
picts the coordination polymer consisting of the subunits D,
E, F, and G that are located around y =~ 1/4. The subunits
A, C, E, and G roughly retain the conformation of subunit A
at 100 K and the conformation of the subunits B, D, and F
are similar to that of subunit B at 100 K. However, the MB
group of subunit H exhibits a different conformation from oth-
ers, which characterizes the structure at 85 K. As depicted in
Fig. 2, the MB group of subunit B of the 100 K phase exhibits
larger displacement parameters than that of subunit A, which
may be attributed to the contribution of the conformer that
has the same structure as subunit H of the 85 K phase. The
100 K phase presumably contains this conformer as a disorder
component. Therefore, we conclude that the cell quadrupling

observed at 85 K is due to the ordering of the MB groups in
the subunits B, D, F, and H. This ordering is associated with
the rearrangement of the coordination polymer chains. The
matrix associated with the cell quadrupling transforms the lat-
tice constant at 100 K to ar = 33.332 A, by = 23.348 A, c1 =
19.026 A, and Br =119.72° (suffix T denotes transformed
values). Comparison of these values with the lattice constants
at 85 K indicates that the repeat distance along the coordina-
tion polymer, which is parallel to the direction of cgsg (or
ajook + c1o0x), does not change upon the phase transition.
On the other hand, ar is shorter than agsk and br is shorter than
bgsk by about 0.2-0.3 A, indicating that the spacing between
the coordination polymers has changed. The chains consisting
of the subunits A + B and C + D, which were equivalent and
thus had the same y coordinates in the 100 K phase, are dis-
placed from each other along the b direction with 0.153 A in
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CRHY °CuG

NG

C13G

Fig. 3. Structure of the subunits E, F, G, and H of the 85 K phase. Only selected atoms are labeled for clarity. Cell outline for the
100 K phase is also drawn to illustrate the relationship between the phases. Note that the conformation of C11-C15 in the subunit
H is different form those in the subunits B, D, and F (and the subunit B of the 100 K phase). Symmetry codes: (iv) x, y, z — 1; (v) x,

v, z+ 1L

Agsk

Fig. 4. Packing diagram of [{Cu,Cly—(MBdpa),},] at 85 K projected down to the ab plane. Only a half of the unit cell

(0 < z < 1/2) is shown for clarity. The MB groups of the subunits B, D, and F are surrounded by circles with solid lines and
H with broken lines. Arrows indicate the dislocations of the coordination polymers. Symmetry codes: (ii) 1 —x, y, 1 — z; (vi)
l—x,y, —z; (vil) =1/24x, 1/24y, z; (viii)) 1/24+x, 1/24+y, 7, (x) 1/2—=x, 1/24+y, 1 —z; X) 1/2—x, 1/2+y, —z; (xi)

xy 1+z

the 85 K phase (the displacement was calculated based on the
midpoints of the two Cu atoms). The chain consisting of the
subunits D + E + F + G at x &~ 1/4 and y = 3/4 is shifted
along the a direction with 0.184 A from that at x ~ 1/4 and
y =~ 1/4 (they had the same x coordinates in the 100 K phase).
As shown in Fig. 4, these dislocations lead to the different
shapes of the cavities that accommodate the MB groups of
subunits F and H, which then lead to the different conforma-
tions.

UV-Vis Data of (MBdpa),, and the Cu-(MBdpa),, Com-
plex. The UV-vis and photoluminescence (PL) data of
(MBdpa),, are summarized in Table 3. The absorption peak
due to a 1—7r™* transition of (MBdpa),, shifts to a longer wave-
length with increase in the chain length, indicating that the
electronic system of MBdpa is expanded even through the
C-N-C non-conjugating bond in (MBdpa),,.

Optical data of [{Cu,Cly;—(MBdpa);},] could not be ob-
tained due to its poor solubility in organic solvents; however,
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Table 3. UV-Vis and PL Data of (MBdpa),,

Copper(ll) Complexes of Oligodipyridylamine

Absorption in CHCl3/nm Photoluminescence

(Molar coefficient/mol~! Lem™!) in THF (%, %) EXP
(MBdpa), 350 (52000) 389 (63) 345
(MBdpa); 365 (53000) 404 (67) 365
(MBdpa),4 369 (78000) 409 (76) 368

a) Quantum yield of the photoluminescence (®; + ®;). b) Peak position of the excitation

monitored at the photoluminescence peak.

Intensity of emitted light (a.u.)

| | ]

400 450
Wavelength/ nm

500

Fig. 5. Photoluminescence spectra of (MBdpa),, in THF.

UV-vis, photoluminescence, and circular dichromism (CD)
measurements of the CH3CN solution of (MBdpa), in the
presence of a CH3;CN solution of CuCl, were carried out. Ad-
dition of the CH3CN solution of CuCl, into the CH3CN solu-
tion of (MBdpa), caused a shift of the absorption peak by 15
nm to a shorter wavelength. The hypsochromic shift seems to
be attributed to reduction of electronic interaction between the
two MBdpa units of (MBdpa), due to the copper complexa-
tion, which seems to decrease the angle of C(2-position of
the pyridine ring)-N—C(2’-position of the pyridine ring).
Photoluminescence Data. It has been reported that dpa
exhibits a fluorescence peak at 340 nm and a phosphorescence
peak at 410 nm in solutions when irradiated with a 284 nm
light corresponding to a 'L, band (!S;-'Sy transition).>* The
(MBdpa),, oligomers (m = 2, 3, and 4) give also photolumi-
nescence spectra as depicted in Fig. 5. Each of the photolumi-
nescence spectra show a maximum peak and a shoulder peak.
The shoulder peak was ascribed to the phosphorescence of
(MBdpa),, based on its lifetime. The phosphorescence life-
time of (MBdpa), and (MBdpa); obtained for the shoulder
peak, 689 ms and 682 ms, respectively, were somewhat shorter
than that of dpa (1.1 s3). It has been reported that the phos-
phorescence lifetime of 7r-conjugated macromolecules be-

w
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o~k — (MBdpa),
5.1
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2 |

©
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Fig. 6. Circular dichroic spectra of (a) (MBdpa), in
CH3;CN and (b) CH3CN solutions of a m:1 mixture of
CuCl, and (MBdpa),, (m =2 and 3 for (b)-1 and 4 for
(b)-2, respectively). Concentration of (MBdpa),, is
0.60 x 1073 M (molarity is based on the MBdpa unit).

comes shorter as the 77-conjugation length increases.® Total
quantum yields ®, + ®; of (MBdpa),, somewhat increased
with increase in the chain length, as shown in Table 3.

Addition of CuCl, into the CH3CN solution of (MBdpa),,
caused decrease of intensity of the PL, probably due to the ex-
istence of the chloride ligands, which are known to quench PL
through heavy atom effects. A similar quenching effect of met-
al complexation on PL of derivatives of dpa has been report-
ed.?

Circular Dichromism (CD). Figure 6 depicts circular di-
chroic spectra of CH3CN solutions of (MBdpa),, (m =2, 3,
and 4) and a mixture of CuCl, and (MBdpa),, in a m:1 molar



1. Yamaguchi et al.

AH,=22.7mT

g=2.0683

Fig. 7. ESR spectrum of [{Cu,Cly—(MBdpa),},] at 123 K.

ratio. (MBdpa),, showed CD signal with Cotton effect with a
similar intensity in the range of 180 nm to 380 nm (Fig. 6a).
The wavelength of the Cotton effect around 350 nm corre-
sponds to the position of the UV-vis peak. The CH3CN solu-
tions made of CuCl, and (MBdpa),, (m = 3 and 4) showed
CD signals at positions similar to those of (MBdpa),,
(m=3 and 4) with a higher 6 value, compared with
(MBdpa),, (m =3 and 4) themselves. As judged from these
data, (MBdpa),, (m =3 and 4) may form helical structures
by the complexation with Cu**. A solution of CuCl, with
(MBdpa),, to the contrary, did not show any CD signal in
the range of 280-450 nm. As discussed above, single crystal
X-ray analysis revealed that [{Cu,Cly—(MBdpa),},] had a
polymeric structure containing no helical conformation. The
Cu—-(MBdpa), complex dissolved in the solution seems to
have a similar structure.

ESR Spectrum. Figure 7 depicts the ESR spectrum of
[{Cu,Cly—(MBdpa),},]. Two types of g values, g, and g,
have been used to distinguish unambiguously between d_,»
and d_» ground states for which gy > ¢, and g, > gy, respec-
tively.*>#! The ESR spectrum shows three signals (g = 2.227,
2.113, and 2.068), and no hyperfine structure is observed.
These g-values can be classified as g; =2.09 and g =
2.227, confirming that the unpaired electron largely resides
in the copper(Il) d,>_> orbital.

Conclusion

Dipyridylamine oligomers having N-(S)-2-methylbutyl side
chains, (MBdpa),,, were obtained by the organometallic cou-
pling reactions. Copper complexation of (MBdpa), provided a
new coordination polymer, [{Cu,Cly—(MBdpa),},]. Single
crystal X-ray analysis revealed that [{Cu,Cly—(MBdpa),},]
underwent the phase transition between 100 and 85 K in the
solid state, resulting in a quadrupling of the unit cell at the
lower temperature. UV-vis data indicated that (MBdpa),,
had an expanded electron system along the oligomer main
chain. (MBdpa),, showed photoluminescence (PL) in THF
and their phosphorescence component was revealed by the
time resolved PL. ESR data showed that the magnetic orbital
of [{Cu,Cly—(MBdpa);},] was formed mainly by the d._,»
orbital. '
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