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Variety of Crystal Structures of Chiral Schiff Base Lu(III)-Ni(II)/
Cu(II)/Zn(II) and the Related Complexes
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Abstract: New mononuclear [Cuy(L1),(H,0)]2H,0* CH3;0H] (ecyCu),, multinuclear [Cuy(L1),K;][Ni(CN),] (cy-
CuKN:i), and dinuclear Ni(L1)Lu(NO;); (eyLuNi), Cu(L1)Lu(NO;); (cyLuCu) and Zn(L1)Lu[(NO;),CH;COO]CH;0H
(cyLuZn) complexes incorporating chiral Schiff base ligands were prepared and characterized by various techniques such
as solid-state CD spectra, diffuse reflectance electronic spectra, IR spectra, and single crystal X-ray diffraction analysis.
Crystal structures were also compared with previous ones, namely [Cu(L2)](H,0) (diCu), Cu(L1)Gd(NO3); (cyGdCu).
Interestingly, determined crystal structures exhibited drastically different structural characteristics as regards coordination
numbers, crystalline solvents, features and strain condition, nevertheless with little modification in 3d metal substitution
and/or modified organic ligands. In this paper, comparison of common components of structures will be discussed sys-

tematically.
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INTRODUCTION

Chiral Schiff bases transition metal complexes, so-called
salen-type ligands, are one of the most studied chiral cata-
lysts in asymmetric synthesis because of their ability to act
as chiral catalysts or as co-catalysts [1-7]. Moreover, their
binuclear complexes containing transition metals and rare
earth metals have gained importance from the viewpoint of
special interest in photophysical and magnetic properties
arising from interactions between metal ions as well as sole
metal ions having suitable electronic states or unpaired elec-
trons [8-19].

We have been interested in chiral salen-type 3d-4f binu-
clear complexes and have investigated structure-property
correlation and their variety resulting from metal substitution
and their combination [20-23]. In this work, in order to in-
vestigate structural features due to metal ions, we systemati-
cally investigate nine Schiff base complexes (abbreviated as
cyCu, cyCuKNi, cyLuNi, cyLuCu, cyLuZn, diLuNi [20],
diLuCu [20], and diLuZn [20]) and characterized them with
diffuse reflectance electronic spectra, solid-state CD spectra,
and X-ray crystal structure analysis. Additionally, these crys-
tal structures were also compared with previously prepared
two compounds, namely diCu [21] and cyGdCu [22]. Based
on the basic structure of mononuclear ¢yCu having a com-
mon component, in which both four-coordinated and five-
coordinated Cu(Il) complexes are contained in a crystal, the
variety and the reason of coordination geometries and struc-
tural features caused by systematic modifying ligands and
substituting metal ions will be discussed (Fig. 1).
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EXPERIMENTAL SECTION
Materials

Chemicals of the highest commercial grade available
(solvents are from Kanto Chemical, organic compounds are
from Tokyo Chemical Industry and metal sources from
Wako and Aldrich) were used as received without further
purification.

Preparation of cyGdCu

Single crystals suitable for X-ray analysis of cyGdCu
were prepared according to the procedure given in the litera-
ture [22].

Preparation of cyCu

To a solution of cyGdCu (0.0060 g, 0.0075 mmol) dis-
solved in methanol (1.5 mL), a solution of potassium tetra-
cyano nickel(IT) hydrate (0.0019 g, 0.0075 mmol) dissolved
in water (1.5 mL) was added and stirred for 24 h at 298 K.
The aqueous solution of potassium tetracyano nickel(II) hy-
drate played a role in promoting crystallization of good sin-
gle crystals of cyCu. Purple needle crystals suitable for X-
ray crystallography were obtained from the resulting solution
(yield 0.0011 g, 32.03 %). Yield 0.0011 g (32.03 %). IR
(KBr (cm'l): 426 (w), 463 (w), 506 (w), 560 (m), 600 (m),
668 (w), 732 (s), 781 (w), 881 (w), 921 (w), 977 (m), 1025
(m), 1108 (w), 1163 (w), 1224 (s), 1242 (s), 1321 (s), 1354
(m), 1390 (w), 1442 (s), 1473 (s), 1542 (m), 1600 (s), 1626
(s) (C=N), 2928 (s), 3504 (s).

Preparation of cyCuKNi

Under N, atmosphere at 298 K, treatment of tetracthy-
lammonium perchlorate (0.640 g, 2.00 mmol) and potassium
tetracyano nickel(IT) hydrate (0.259 g, 1.00 mmol) in metha-
nol (50 mL) for 72 h gave rise to tetracthylammonium
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Fig. (1). Structures of complexes and summary of structural features determined.

tetracyanonickel(II) hydrate (a precursor). To a 5 mmol/L
methanol solution of potassium tetracyanonickel(II) hydrate
(1.5 mL), a precursor cyGdCu (0.0060 g, 0.0075 mmol) in
methanol (1.5 mL) was added and stirred for 24 h at 298 K.
A few grains of brown prismatic crystals suitable for X-ray
crystallography were obtained from the resulting solution.
Yield 0.0013 g (15.41 %). IR (KBr (cm™): 562 (s), 668 (W),
748 (s), 853 (w), 970 (m), 1027 (w), 1082 (m), 1212 (s),
1242 (s), 1318 (m), 1440 (s), 1473 (s), 1542 (m), 1629 (s)
(C=N), 2118 (m) (C=N), 2839 (w), 2933 (w), 3423 (s).

Preparation of cyLuNi

To a solution of o-vanillin (0.305 g, 2.00 mmol) dis-
solved in methanol (60 mL), (/R,2R)-(-)-1,2-cyclohexane-
diamine (0.114 g, 1.00 mmol) was added and stirred at 313

K for 2 h to give yellow solution of ligand(L1).
Nickel(IT)acetate tetrahydrate (0.2545 g, 1.00 mmol) was
added to the resulting solution to yield muddy brown solu-
tion of the complex. After stirring at 313 K for 3 h,
lutetium(II)nitrate hexahydrate (0.3642 g 1.00 mmol) was
added to the resulting solution and the mixed solution was
refluxed for 4 h at 373 K. After cooling the solution, the re-
sulting orange compound was filtered and recrystallized
from methanol/diethyl ether to obtain single crystals. Yield
0.5732 g (71.64 %). Anal. Found: C, 33.22 ; H, 291 ; N
8.61 %. Calc. for C22H24LUN5Ni013I C, 33.02 5 H, 3.02 5 N,
8.75 %. IR (KBr (cm™):566 (w), 598 (w), 681 (w),740 (m),
786 (w), 810 (w), 869 (w), 964 (m), 1036 (m), 1077 (m),
1168 (w), 1232 (s), 1321 (s), 1383 (m), 1478 (s), 1520 (s),
1619 (s) (C=N), 1700 (s), 2328 (w), 2944 (w), 3401 (s).
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Preparation of cyLuCu

To a solution of o-vanillin (0.305 g, 2.00 mmol) dis-
solved in methanol (60 mL), (/R 2R)-(-)-1,2-cyclohexane-
diamine (0.114 g, 1.00 mmol) was added and stirred at 313
K for 2 h to give yellow solution of ligand (L1). Cop-
per(Il)acetate hydrate (0.2027 g, 1.00 mmol) was added to
the resulting solution to yield muddy purple solution of the
complex. After stirring at 313 K for 3 h, lutetium(III)nitrate
hexahydrate (0.3610 g, 1.00 mmol) was added to the result-
ing solution and the reaction was refluxed for 4 h at 373 K.
The solution was evaporated under reduced pressure, and
deep brown compound was yielded. This compound was
filtered and recrystallized from methanol/diethyl ether to
give crystals. Yield 0.5962 g (74.06 %). Anal. Found: C,
33.14; H, 3.06; N, 6.80 %. Calc. for C;oH,4LuNsCuOy3: C,
32.83; H, 3.01; N, 8.70 %. IR (KBr (cm™): 533 (w), 650 (W),
740 (m), 855 (w), 949 (m), 1019 (m), 1070 (m), 1221 (s),
1303 (s), 1383 (m), 1468 (s), 1521 (m), 1630 (s) (C=N),
1652 (s), 2328 (w), 2943 (m), 3399 (s).

Preparation of cyLuZn

To a solution of o-vanillin (0.305 g, 2.00 mmol) dis-
solved in  methanol (60 mL), (/R2R)-(-)-1,2-
cyclohexanediamine (0.114 g, 1.00 mmol) was added and
stirred at 313 K for 2 h to give a ligand (L1). Zinc(IT)acetate
tetrahydrate (0.2243 g, 1.00 mmol) was added to the result-
ing solution to yield light-yellow solution of the complex.
After stirring at 313 K for 3 h, lutetium(III) nitrate hexahy-
drate (0.3526 g, 1.00 mmol) was added to the resulting solu-
tion and the reaction was refluxed for 4 h at 373 K. The solu-
tion was evaporated under reduced pressure, and yellow
compound was obtained. This compound was filtered and
recrystallized from methanol/diethyl ether to obtain single
crystals containing (nonstoichometric) CH4O solvent suitable
for X-ray analysis. Yield 0.5732 g (68.57 %). Anal. Found:
C, 35.86; H, 3.60; N, 6.62 %. Calc. for C,5sH3;LuN4ZnO;: C,
35.92; H, 3.74; N, 6.70 %. IR (KBr (cm™): 444 (w), 537 (w),
566 (w), 624 (w), 665 (m), 739 (s), 781 (w), 812 (w), 857
(m), 888 (w), 949 (s), 1015 (s), 1073 (m), 1165 (w), 1221
(s), 1268 (s), 1165 (m), 1380 (w), 1384 (m), 1476 (s), 1534
(s), 1556 (m), 1630 (m) (C=N), 1656 (m), 2942 (m), 2424
(s), 3403 (s).

Preparation of diCu

Single crystals suitable for X-ray analysis of diCu were
prepared according to the procedure given in the literature
[21].

Physical Measurements

Elemental analyses (C, H, N) were carried out with a
Perkin-Elmer 240011 CHNS/O analyzer at Tokyo University
of Science. Infrared spectra were recorded using KBr pellets
on a JASCO FT-IR 4200 plus spectrophotometer in the
range of 4000-400 cm™' at 298 K. Diffuse reflectance spectra
were measured on a JASCO V-570 UV/VIS/NIR spectro-
photometer equipped with an integrating sphere in the range
of 800-200 nm at 298 K. Circular dichroism (CD) spectra
were measured as KBr pellets on a JASCO J-820 spectropo-
larimeter in a range of 800-300 nm at 298 K. Fluorescence
spectra in the solid state were recorded on a JASCO FP-6200
spectrophotometer at 298 K.
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X-Ray Crystallography

Prismatic single crystals of purple cyCu, brown
c¢yGdCu, brown cyCuKNi, orange cyLuNi, purple cyLuCu,
pale yellow cyLuZn, and green diCu were glued on top of a
glass fiber and coated with a thin layer of epoxy resin. Inten-
sity data were collected on a Bruker APEX2 CCD diffracto-
meter with graphite monochromated Mo Ko radiation
(A=0.71073 A). Data analysis was carried out with a SAINT
program package. The structures were solved by direct
methods with a SHELXS-97 [24] and expanded by Fourier
techniques and refined by full-matrix least-squares methods
based on F* using the program SHELXL-97 [24]. A multi-
scan absorption correction was applied by a program
SADABS. All non-hydrogen atoms were readily located and
refined by anisotropic thermal parameters. All hydrogen at-
oms were located at geometrically calculated positions and
refined using riding models.

The crystallographic data for “cyCu, cyGdCu, and Cy-
CuKNi”, “cyLuM (M=Ni, Cu, and Zn)”, and “diCu”are
summarized in Tables 1, 2, and 3, respectively.

RESULTS AND DISCUSSION
Structure Description of cyCu

Complex cyCu crystallizes in monoclinic, space group
P2, with Z = 2. As shown in Figs. (2) and S1, the asymmet-
ric unit of c¢yCu contains crystallographically two inde-
pendent molecules of four-coordinated and five coordinated
mononuclear Cu(II) complexes. One of the Cu(ll) complex
affords a four-coordinated square planar [CuN,O,] geometry
with the four donor atoms of the tetradentete Schiff base
forming the equatorial plane with Cul-N1, Cul-N2, Cul-
02, and Cul-O4 distances ranging from 1.8946(19) to
1.937(2) A (Table 4).

The other Cu(Il) complex affords a five-coordinated
square pyramidal [CuN,O;] geometry with additional aqua
ligand occupying the axial sites with Cu2—N3, Cu2-N4, Cu2-
06, and Cu2-O8 distances ranging from 1.9114(19) to
1.951(2) A and axial O atom from coordinate aqua ligand
with Cu2-09 distance of 2.453(2) A (Table 4). The dis-
placement of Cul and Cu2 from the A-plane and A’-plane
(Fig. 3) is 0.0198(13) A and 0.1407(13) A, respectively. The
chiral (/R,2R)-(-)-1,2-cyclohexanediamine moieties adopt a
A configuration with torsion angles N1-C9-C20-N2 = -
47.2(3)° and N3-C31-C42-N4 = -45.8(3)°, respectively.

The dihedral angles between the B-plane and C-plane
and between the B’-plane and C’-plane are 13.86(6) and
5.45(5)°, respectively. The angles between the A-plane and
B-plane and between the A’-plane and B’-plane are 9.65(4)
and 8.77(4)°, respectively. And the angles between the A-
plane and C-plane and between the A’-plane and C’-plane
are 4.21(6) and 3.42(3)°, respectively. Moreover, the angles
between the A-plane and D-plane, between the A-plane and
E-plane, and between the D-plane and E-plane are 8.24(4),
6.82(6), and 14.65(6)°, and between the A’-plane and D’-
plane, between the A’-plane and E’-planes, and between the
D’-plane and E’-plane are 7.84, 4.81, and 6.53°, respec-
tively.
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Table 1.

Crystal data and structure refinement for cyCu, CyGdCu, and cyCuKNi.

Orita and Akitsu

cyCu

cyGdCu

cyCuKNi

Complex CCDC=978339 CCDC=978341 CCDC=978340
Empirical formula C4sHsgN4Cuy Oy, Cy,H5,GdAN;sCuO 3 C4gH43CuNiK,NOg
Formula weight 974.03 787.25 1128.93
Temperature (K) 173(2) 173(2) 173(2)
Crystal system Monoclinic Monoclinic Triclinic
Space group P2,(#4) P2,(#4) P1(#1)
a(A) 12.5607(18) 11.2519(14) 10.3332(18)
b (A) 13.996(2) 15.2843(19) 11.896(2)
c(A) 13.590(2) 15.8759(19) 12.022(4)
a(®) 106.403(3)
B(°) 114.296(2) 105.2850(10) 107.050(3)
v(°) 109.936(2)
V(A% 2177.6(6) 2633.7(6) 1201.9(5)
Z 2 4 1

Crystal size (mm)

0.11x0.09x0.06

0.21x0.20x0.19

0.25x0.23x0.10

collection(®)

Densi lculated

ensity (ca gu ated) 1.486 1.985 1.560

(g/cm™)
Absorpti fficient

sorption cse icien 1.045 3.382 1.500
(mm™)
F(000) 1020 1552 580

O range for data 220 t0 27.55 2.30 to 27.47 2.13t027.61

-14<=h<=6, -19<=k<=19, -20<=1<=20

-13<=h<=12, -15<=k<=14,

Independent reflections

[R(int) = 0.0202]

[R(int) = 0.0585]

Limiting indices -14<=h<=16, -17<=k<=17, -1 1<=I<=17
-l11<=I<=15
Reflections collected 12035 14537 6590
8926 10930 5758

[R(int) = 0.0172]

Completeness to 6

99.6 %

99.5 %

972 %

Refinement method

Full-matrix least-squares on F*

Full-matrix least-squares on F*

Full-matrix least-squares on
P

5758/3/628

parameter

Data/restraints/parameters 8926/7/599 10930/1/762
Goodness-of-fit on F* 1.024 0.921 1.372

Final R indices R1=10.0335, R1=10.0457, R1=0.0399,
[I>2sigma()] WwR2 =0.0767 wR2=0.1136 WR2 = 0.0653

R1=10.0404 R1=10.0461 R1=0.0595
R indices (all data) ? i i
wR2 =0.0794 wR2=0.1142 wR2 =0.0687

Absolute structu
solufe structure 0.023(9) -0.050(11) 0.449(19)

Largest diff. peak and hole
(eA?)

0.801 and -0.656

2.490 and -1.632

0.419 and -0.544
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Table 2.

Crystal data and structure refinement for cyLuM(M=Ni, Cu, Zn).
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Complex

cyLuNi
CCDC=978343

cyLuCu
CCDC=978342

cyLuZn
CCDC=978344

C25H31LHN4ZH013

C22H24LHN5CL1013

Empirical formula CHLuN;sNiO 5
Formula weight 800.14 804.97 835.88
Temperature (K) 173(2) 173(2) 173(2)

Crystal system Triclinic Monoclinic Triclinic
Space group P1(#1) P2,(#4) P1(#1)
a(A) 9.2894(7) 11.3230(10) 8.6140(5)
b (A) 12.0897(9) 15.0586(13) 13.1481(7)
c(A) 12.1846(9) 15.8854(14) 13.7513(8)
a(®) 101.6720(10) 85.4810(10)
B(°) 96.3530(10) 103.7560(10) 84.5190(10)
v(°) 90.6220(10) 71.5330(10)
V(@AY 1331.10(17) 2630.9(4) 1468.90(14)
Z 2 4 2
Crystal size (mm) 0.180.11 0.06 0.16 0.12 0.09 0.160.120.11
Density (calculated) (g/cm™) 1.996 2.032 1.890
Absorption coefficient (mm™) 4.471 4.617 4.230
F(000) 788.0 1580.0 828
Orange for data collection(®) 2.17t027.51 2.29t0 27.62 2.27t0 25.03
-8<=h<=14, -19<=k<=14, -9<=h<=10, -11<=k<=15,

T -12<=h<=11, -14<=k<=15,
Limiting indices
-15<=1<=7 -20<=1<=19 -l4<=I<=16
Reflections collected 7330 14463 6845
6365 10366 5825

Independent reflections

[R(int) = 0.0446]

[R(int) = 0.0179]

[R(int) = 0.0553]

973 %

Completeness to 6

97.0 %

99.6 %

Refinement method

Full-matrix least-squares on F*

Full-matrix least-squares on F*

Full-matrix least-squares on F*

5825/483 /803

10366 /1/762

Data/restraints/parameters 6365/45/761
Goodness-of-fit on F> 0.852 1.009 1.030
R1=0.045 R1=0.0230 R1=0.0305
Final R indices [[>2sigma(I)] 7 i i
wR2=0.1132 wR2=0.0510 wR2=10.0799
R1=0.0474 R1=0.024 R1=0.0316
R indices (all data) 7, 7 ?
wR2=0.1148 wR2=0.0514 wR2=10.0811
Absolute structure parameter 0.019(17) 0.024(7) 0.003(9)
0.794 and -0.906 2.073 and -1.147

Largest diff. peak and hole (e A”)

3.248 and -2.170

The displacement of O9 from the F-plane is 0.6961(32)
A for the four-coordinated molecule taking planar structure
(see Fig. 4). Whereas the displacement of O10 from the F’-
plane is 0.9007(33) A for the five-coordinated molecule (see
Fig. 4). Since axial water ligands and crystalline water are in
the same side, the overall molecule takes slightly distorted

umbrella structure towards the opposite side of the axial
ligand (see Fig. 5).
Structure Description of cyGdCu

Complex ¢yGdCu crystallizes in monoclinic, space
group P2, with Z = 4. As shown in Fig. (6) and S2, the
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Gd(III) ion affords a ten-coordinated environment with dis- Table4. Selected bond lengths (A) and angles(®) for cyCu.
torted square pyramidal towards bridging nitrate ligands.
While Cu(Il) ion affords a four-coordinated square planar Bond lengths
[CuN;0,] geometry with Cul-N1, Cul-N2, Cul-0O2, and
Cul-O4 distances ranging from 1.898(5) to 1.916(5) A Cul-N1 1.930(2) Cu2-N3 1.948(2)
(Table 5), the displacement of Cul from the A-plane is
0.0357(25) A (see Fig. 3). The chiral (IR2R)-(-)-12- Cul-N2 1.9370) Cu2-Nd4 1.9510)
cyclohexanediamine moiety adopts a A configuration, with Cul-02 1.8966(17) Cu2-06 1.9114(19)
torsion angle N1-C9-C20-N2 = -49.1(6)°.
Cul-04 1.8946(19) Cu2-08 1.9166(17)
Table3. Crystal data and structure refinement for diCu. Cu2-09 2453(2)
Bond angles
c 1 diCu
omplex CCDC=978345 N1-Cul-N2 85.08(10) N3-Cu2-N4 84.37(9)
Empirical formula CuHaNCuO, N1-Cul-02 94.53(9) N3-Cu2-06 93.02(9)
Formula weight 560.08 N1-Cul-O4 167.89(11) N3-Cu2-08 175.17(11)
Temperature (K) 173Q) N2-Cul-02 170.41(11) N4-Cu2-06 167.30(11)
Crystal system Monoclinic N2-Cul-O4 93.68(9) N4-Cu2-08 92.83(8)
Space group P2,(#4) 02-Cul-O4 88.68(7) 06-Cu2-08 88.86(8)
a(d) 12.3063(17)
b (A) 9.5429(13)
c(A) 22.516(3)
o(°)
B(°) 98.227(2)
()
V(@AY 2617.0(6)
z 4
Crystal size (mm) 0.14 0.10 0.06
Density (calculated) (g/cm™) 1.422
Absorption coefficient (mm™) 0.878
F(000) 1164 Fig. (2). Molecular structures of cyCu showing selected atom label-
ing scheme. Hydrogen atoms are omitted for clarity.
Orange for data collection(®) 2.29t0 27.52

-9<=h<=15, -12<=k<=11,

Limiting indices 29<=]<=29

Reflections collected 14028

9632

Independent reflections [R(int) = 0.0280]

Completeness to 6 99.0 %

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 9632/1/705

Goodness-of-fit on F* 0.930
. . . R1=0.0335,
Final R indices [[>2sigma(I)] WR2 = 0.0799
- R1=0.0494,
R indices (all data) WR2 = 0.0877
Absolute structure parameter -0.024(10)

Largest diff. peak and hole 0.396 and -0.446

(eA?)
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moieties.

X
R - R |
Rﬁﬁmﬁo ,-%E,M__?Df
~\
? d_‘I:-’}““OnL
I I
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Fig. (6). Molecular structures of cyGdCu showing selected atom labeling scheme. Hydrogen atoms are omitted for clarity.

Table5. Selected bond lengths (A) and angles(°) for cyGdCu.
Bond lengths
Cul-N1 1.916(5) Cu2-N3 1.919(5)
Cul-N2 1.912(5) Cu2-N4 1.923(5)
Cul-02 1.898(5) Cu2-06 1.912(4)
Cul-04 1.911(5) Cu2-08 1.906(5)
Gd1-01 2.554(5) Gd2-05 2.575(5)
Gd1-02 2.332(4) Gd2-06 2.404(4)
Gd1-03 2.635(5) Gd2-07 2.545(4)
Gd1-04 2.335(5) Gd2-08 2.334(4)
Bond angles
N1-Cul-N2 87.1(2) N3-Cu2-N4 87.2(2)
N1-Cul-02 94.8(2) N3-Cu2-06 952(2)
N1-Cul-O4 169.1(2) N3-Cu2-08 177.7(2)
N2-Cul-02 173.4(2) N4-Cu2-06 177.5(2)
N2-Cul-O4 95.6(2) N4-Cu2-08 93.6(2)
02-Cul-04 83.69(19) 06-Cu2-08 83.99(18)
01-Gd1-02 63.05(16) 05-Gd2-06 61.45(14)
01-Gd1-03 157.54(15) 05-Gd2-07 154.91(15)
01-Gd1-04 128.69(15) 05-Gd2-08 125.72(15)
02-Gd1-03 123.89(16) 06-Gd2-07 126.00(14)
02-Gd1-04 65.98(17) 06-Gd2-08 65.24(15)
03-Gd1-04 60.61(15) 07-Gd2-08 63.06(15)

The overall molecular structure of planar is an umbrella
shape. The dihedral angle between the B-plane and C-plane
is 24.82°. The angles between the A-plane and B-plane and
between the A-plane and C-plane are 19.18 and 6.45°, re-
spectively. Moreover, the angles between the A-plane and D-
plane, between the A-plane and E-planes, and between the
D-plane and E-plane are 13.70, 5.94 and, 19.39°, respec-
tively. The displacement of Lul from the F-plane is
0.4675(29) A.

Structure Description of cyCuKNi

Complex cyCuKNi crystallizes in triclinic, space group
P1 with Z = 1. As shown in Figs. (7 and S3), there are four-
coordinated and five-coordinated K(I) ions in the same
molecule. Moreover, square planar [Ni(CN),]* units are
bridged to form a one-dimensional chain as shown in
Fig. (8). The Cu(Il) ion affords a five-coordinated square
pyramidal [CuN;0,] geometry with Cul-N1, Cul-N2, Cul-
02, and Cul-0O4 distances ranging from 1.885(7) to 1.989(8)
A and the axial Cul-N5 (cyanide) bond distance being
2.435(8) A (Table 6). The displacement of Cul from the A-
plane (see Fig. 3) is 0.1640(32) A. The chiral (/R,2R)-(-)-
1,2-cyclohexanediamine moiety adopts a A configuration,
with torsion angle N1-C9-C20-N2 =43.1(8)°.

The dihedral angle between the B-plane and C-plane is
6.06°. The angles between the A-plane and B-plane and be-
tween the A-plane and C-plane are 9.68, and 3.63°, respec-
tively. Moreover, the angles between the A-plane and D-
plane, between the A-plane and E-planes, and between the
D-plane and E-plane are 9.49, 4.89, and 6.51°, respectively.

The displacement of K1 from the F-plane is 0.0307(50)
A, and there is K ion almost in the F-plane. Detailed struc-
tural description for the other molecules with Cu2 is omitted
because of similarity.
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Fig. (8). Crystal packing of cyCuKNi viewed down from the a axis.

Structure Description of cyLuNi, cyLuCu, and cyLuZn

Complexes cyLuNi, cyLuCu, and cyLuZn crystallize in
triclinic, space group P1 with Z = 2, P2, with Z =4, and P1
with Z = 2, respectively. As shown in Figs. (9-11 and S4-
S6), Lu(IIl) ion affords a ten-, nine-, and nine-coordinated
environment with distorted square pyramidal from the plane
made by two nitrate ligands. Ni(Il) ion affords a four-
coordinated square planar [NiN,O,] geometry with Nil-N1,
Nil-N2, Nil-O2, and Nil-O4 distances ranging from
1.814(14) to 1.888(14) A (Table 7). Cu(Il) ion affords a five-
coordinated square pyramidal [CuN,03] geometry with Cul-
N1, Cul-N2, Cul-02, and Cul-O4 distances ranging from
1.893(5) to 1.920(4) A and axial O atom from bridging ni-
trate ligand with Cul-09 distance of 2.399(5) A (Table 8).
Zn(Il) ion affords a five-coordinated square pyramidal
[ZnN,03] geometry with Znl-N1, Znl-N2, Zn1-O2, and
Zn1-O4 distances ranging from 2.015(9) to 2.054(9) A and
axial O atom from bridging acetate ligand with Zn1-09 dis-
tance of 1.996(9) A (Table 9). The displacement of Nil,
Cul, and Znl atoms from the A-plane (see Fig. 3) is
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0.0071(85) A, 0.0619(20) A, and 0.6150(45) A, respectively.
The chiral (/R,2R)-(-)-1,2-cyclohexanediamine group adopts
a A configuration, with torsion angle N1-C9-C20-N2 =
-43.3(13)°, -42.0(5)°, and -43.4(9)°, respectively.

The dihedral angles between the B-plane and C-plane are
3.08°, 16.91°, and 32.59°, respectively. The angles between
the A-plane and B-plane and between the A-plane and C-
plane are 8.98, and 6.00°, 10.08, and 10.99°, and 11.36 and
21.32°, respectively. Moreover, the angles between the A-
plane and D-plane, between the A-plane and E-planes, and
between the D-plane and E-plane are 11.34, 7.41, and 5.59°,
1.44,9.78, and 11.02°, and 14.07, 23.01, and 37.07°, respec-
tively.

Structure Description of diCu

Complex diCu crystallizes in monoclinic, space group
P2, with Z = 4. As shown in Figs. (12 and S7), Cu(Il) ion
affords a five-coordinated square pyramidal [CuN,Os;] ge-
ometry with Cul-N1, Cul-N2, Cul-02, Cul-O4 distances
ranging from 1.921(2) to 1.964(3) A and axial O atom from
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Table 6. Selected bond lengths (A) and angles(°) for cyCuKNi.
Bond lengths
Cul-N1 1.934(7) Cu2-N3 1.907(8)
Cul-N2 1.989(8) Cu2-N4 1.964(7)
Cul-02 1.885(7) Cu2-06 1.915(6)
Cul-04 1.927(6) Cu2-08 1.941(7)
Cul-N5 2.435(8) Cu2-N6 2.403(9)
Nil-C45 1.822(12) Nil-C47 1.861(11)
Nil-C46 1.912(11) Nil-C48 1.861(10)
K1-01 2.716(7) K2-05 2.771(7)
K1-02 2.696(7) K2-06 2.723(7)
K1-03 2.765(7) K2-07 2.727(7)
K1-04 2.705(7) K2-08 2.707(7)
K1-N6* 2.864(9) K2-N5" 2.868(10)
K2-N8" 3.170(11)
Bond angles
N1-Cul-N2 83.5(3) N3-Cu2-N4 85.5(3)
N1-Cul-02 94.3(3) N3-Cu2-06 94.5(3)
N1-Cul-04 173.9(3) N3-Cu2-08 172.5(3)
N2-Cul-02 169.3(3) N4-Cu2-06 166.2(3)
N2-Cul-04 92.6(3) N4-Cu2-08 92.0(3)
02-Cul-04 88.6(3) 06-Cu2-08 86.3(3)
C45-Nil-C46 178.0(6) C46-Nil-C47 86.1(4)
C45-Nil-C47 94.3(4) C46-Nil-C48 91.2(4)
C45-Nil-C48 88.5(5) C47-Nil-C48 176.1(6)
01-K1-02 57.3(2) 05-K2-06 56.5(2)
01-K1-03 172.7(2) 05-K2-07 164.2(2)
01-K1-04 116.4(2) 05-K2-08 114.4(2)
02-K1-03 115.5(2) 06-K2-07 114.4(2)
02-K1-04 59.06(19) 06-K2-08 58.13(19)
03-K1-04 56.6(2) 07-K2-08 56.9(2)

Symmetry operation: '[x, y, -1+z], “[x, y, 1+z].

coordinate aqua ligand with Cul-09 distance of 2.340(3) A
(Table 10). The displacement of Cul atom from the A-plane
(see Fig. 3) is 0.1634(13) A. The chiral (/R,2R)-(+)-1,2-
diphenylethylenediamine group adopts a A configuration,
with torsion angle N1-C9-C24-N2 and C10-C9-C24-C25 =
-47.6(3)° and 58.0(3)°, respectively.

The dihedral angle between the B-plane and C-plane is
9.00°. The angles between the A-plane and B-plane and be-
tween the A-plane and C-plane are 11.36 and 8.44°, respec-
tively. Moreover, the angles between the A-plane and D-

plane, between the A-plane and E-planes, and between the
D-plane and E-plane are 14.12, 4.90, and 15.02°, respec-
tively.

Two axial water ligands of two molecules face each other
inside the two dimeric molecules (see Fig. 4) and the
displacement of O10 from the F-plane is 0.7791(35) A.
The overall molecular structure is slightly distorted umbrella
shape to the opposite direction of the axial ligand
(see Fig. 5).



10 Open Chemistry Journal, 2014, Volume 1 Orita and Akitsu

Fig. (10). Molecular structures of cyLuCu showing selected atom  Fig. (11). Molecular structures of cyLuZn showing selected atom
labeling scheme. Hydrogen atoms are omitted for clarity. labeling scheme. Hydrogen atoms are omitted for clarity.

Table 7. Selected bond lengths (A) and angles(®) for cyLuNi.

Bond lengths

Nil-N1 1.848(15) Ni2-N3 1.836(16)
Nil-N2 1.857(14) Ni2-N4 1.852(15)
Nil-02 1.888(14) Ni2-06 1.861(14)
Nil-04 1.814(14) Ni2-08 1.806(14)
Lul-O1 2.477(15) Lu2-05 2.523(13)
Lul-02 2.287(13) Lu2-06 2.338(14)
Lul-03 2.451(12) Lu2-07 2.471(13)
Lul-04 2.302(13) Lu2-08 2.270(13)

Bond angles

NI1-Nil-N2 87.4(6) N3-Ni2-N4 88.0(7)
NI1-Nil-02 95.8(6) N3-Ni2-06 95.2(7)
NI1-Nil-04 176.3(6) N3-Ni2-08 174.5(7)
N2-Nil-02 176.2(6) N4-Ni2-06 175.6(7)

N2-Nil-04 96.1(6) N4-Ni2-08 94.9(6)
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(Table 7) contd....
Bond angles
02-Ni1-04 80.9(6) 06-Ni2-08 82.2(6)
Ol1-Lul-02 63.6(5) 05-Lu2-06 62.6(4)
O1-Lul-03 152.2(5) 05-Lu2-07 150.2(5)
Ol1-Lul-0O4 123.0(5) 05-Lu2-08 124.3(4)
02-Lul-03 127.4(4) 06-Lu2-07 126.5(4)
02-Lul-04 63.1(4) 06-Lu2-08 63.1(5)
03-Lul-04 64.8(5) 07-Lu2-08 66.4(5)
Table8. Selected bond lengths (A) and angles(°) for cyLuCu.
Bond lengths
Cul-N1 1.918(4) Cu2-N3 1.914(4)
Cul-N2 1.920(4) Cu2-N4 1.913(4)
Cul-02 1.893(5) Cu2-06 1.914(4)
Cul-04 1.907(4) Cu2-08 1.917(5)
Cul-09 2.399(5) Cu2-018 2361(4)
Lul-O1 2.443(4) Lu2-05 2.676(4)
Lul-02 2.262(3) Lu2-06 2.225(4)
Lul-03 2.594(4) Lu2-07 2.465(4)
Lul-04 2.250(4) Lu2-08 2.259(3)
Bond angles
N1-Cul-N2 87.89(18) N3-Cu2-N4 86.94(19)
N1-Cul-02 94 .84(18) N3-Cu2-06 95.87(17)
N1-Cul-O4 175.80(19) N3-Cu2-08 178.04(17)
N2-Cul-02 173.37(16) N4-Cu2-06 169.68(17)
N2-Cul-04 95.98(17) N4-Cu2-08 94.78(17)
02-Cul-04 81.14(16) 06-Cu2-08 82.28(16)
Ol1-Lul-02 65.29(14) 05-Lu2-06 61.31(13)
O1-Lul-03 154.02(13) 05-Lu2-07 155.82(13)
O1-Lul-O4 131.01(12) 05-Lu2-08 124.37(13)
02-Lul-03 125.85(13) 06-Lu2-07 133.25(12)
02-Lul-0O4 66.43(14) 06-Lu2-08 68.39(15)
03-Lul-04 62.01(12) 07-Lu2-08 64.86(14)

As shown in Figs. (3-5), the least square mean planes (A-
plane , B-plane, C-plane, D-plane, E-plane, and F-plane) are
defined using the atom groups (c/k/w/o, d/e/f/g/h/i
p/q/t/s/tha , ¢/d/i/j/k ,o/p/u/v/w, and b/c/o/n) for the molecule
with M1 atom. Similarly, the least square mean planes (A’-
plane , B’-plane, C’-plane, D’-plane, E’-plane, and F’-plane)
are defined for the molecule with M atom.

Similar to previous binuclear 3d-4f complexes [10-13,

20-22], Lu(IIl) ions of most of the complexes described in
this paper adopt ten-coordinated environment. However,

nine-coordinated Lu(IIl) ions are also found for diLuZn
[20], cyLuCu, and cyLuZn, and both nine- and ten-
coordinated Lu(III) ions are found for diLuCu [20]. Forma-
tion of nine-coordinated Lu(IIl) environment is attributed to
the smallest ionic radii due to lanthanide contraction as well
as significantly steric hindrance of nitrate ions to eliminate
[10-13,20-22].

Bridged structures for cyLuCu, cyLuZn, and diLuZn
[20] may be ascribed to axial ligands of Cu(Il) and Zn(II)
complexes. Distortion of Lu(Ill) coordination environment
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Table9. Selected bond lengths (A) and angles(°) for cyLuZn.
Bond lengths
Znl-N1 2.017(10) Zn2-N3 2.017(8)
Znl-N2 2.054(9) Zn2-N4 2.051(10)
Zn1-02 2.027(9) Zn2-06 2.042(10)
Zn1-04 2.015(9) Zn2-08 1.998(8)
Zn1-09 1.996(9) Zn2-017 1.972(9)
Lul-O1 2.539(9) Lu2-05 2.599(9)
Lul-02 2.265(9) Lu2-06 2.242(8)
Lul-03 2.626(9) Lu2-07 2.559(9)
Lul-04 2.253(9) Lu2-08 2.232(8)
Bond angles
N1-Znl-N2 81.8(3) N3-Zn2-N4 81.6(3)
N1-Zn1-02 89.0(4) N3-Zn2-06 89.7(4)
N1-Zn1-04 152.0(4) N3-Zn2-08 145.3(3)
N2-Zn1-02 137.1(3) N4-Zn2-06 144.3(4)
N2-Zn1-04 90.8(4) N4-Zn2-08 89.9(3)
02-Zn1-04 78.1(4) 06-Zn2-08 77.8(4)
01-Lul-02 63.1(3) 05-Lu2-06 62.2(3)
01-Lul-03 148.5(3) 05-Lu2-07 147.6(3)
O1-Lul-04 130.8(3) 05-Lu2-08 125.2(3)
02-Lul-03 125.4(3) 06-Lu2-07 131.8(3)
02-Lul-04 68.6(3) 06-Lu2-08 69.1(3)
03-Lul-04 61.9(3) 07-Lu2-08 63.4(3)

toward the axial ligand side may be due to stabilization of
bond lengths (Fig. 4). Overall molecular shape also depends
on flexibility of 3d ions, namely flexible Cu(Il) and Ni(II)
for flexible while rigid Zn(II) for bent ones (Fig. 5).

Fig. (12). Molecular structures of diCu showing selected atom
labeling scheme. Hydrogen atoms are omitted for clarity.

Solid-state CD and Electronic Spectra

Figs. (13 and S8) show CD spectra for cyCu and cy-
CuKNi and diffuse reflectance electronic spectra for cyCu
and cyCuKNi, respectively. Figs. (S9 and S10) show CD
spectra for cyLuNi, cyLuCu, and cyLuZn and diffuse re-
flectance electronic spectra for cyLuNi, cyLuCu, and cy-
LuZn, respectively.

The d-d bands (only for Ni(II) or Cu(II) moieties) and CT
bands of CD spectra appeared at about 16000-18000 cm™
and 24500-26800 cm™, respectively. The corresponding d-d
bands of electronic spectra appeared at about 18400-18600
cm’, the changes of which are attributed to substitution
and/or coordination environment of 3d metal ions [20, 21].

Solid-state Fluorescence Spectra

Fig. (14) depicts fluorescence spectra of cyLuZn at
300 K in the solid states. Under this condition determined
based on the electronic spectra, florescence peak for cyLuZn
appeared at 460 nm due to the ligand. Unfortunately, the
other complexes could not be observed in the fluorescence
spectra in the solid state under the same conditions.
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Table 10. Selected bond lengths (A) and angles(®) for diCu.

Bond lengths

Cul-N1 1.946(2) Cu2-N3 1.951(3)
Cul-N2 1.964(3) Cu2-N4 1.966(3)
Cul-02 1.932(2) Cu2-06 1.938(2)
Cul-04 1.921(2) Cu2-08 1.916(2)
Cul-09 2.340(3) Cu2-010 2.333(3)

Bond angles

N1-Cul-N2 83.03(11) N3-Cu2-N4 83.38(11)
N1-Cul-02 92.60(10) N3-Cu2-06 92.10(10)
N1-Cul-O4 173.99(11) N3-Cu2-08 172.66(12)
N2-Cul-02 164.93(11) N4-Cu2-06 166.45(11)
N2-Cul-04 92.68(10) N4-Cu2-08 92.97(10)
02-Cul-04 90.49(9) 06-Cu2-08 90.01(9)
5
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Fig. (14). Solid-state fluorescence spectra (A, = 360 nm) for cyLuZn at 300 K.
CONCLUSION smallest ion radii among 4f ions) of ten-coordinated for di-

LuNi [20], cyLuNi, nine- and ten-coordinated for di-
LuCu[20], and nine-coordinated for cyLuCu, cydiZn, cy-
LuZn. Therefore, desorption of nitrate ions is facilitated by

Consequently, Fig. (1) also summarized structural fea-
tures for a series of salen-type complexes mentioned. This
study systematically reports on Lu(Ill) complexes (the
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significantly steric hindrance. As for 3d ions, axial ligands
and degree of distortion from planar basal plane exhibited
variety among them. Distortion of overall molecular struc-
tures depends on 3d metal ions mainly. So Ni(Il) complex is
planar, and Zn(II) complex is an umbrella shape toward the
opposite direction to the axial ligand. However, as for flexi-
ble Cu(Il) complex, distortion of overall molecular structures
depends on 4f metal ions. Flexibility of coordination envi-
ronment of Cu(II) ions brings about the diversification of the
structures.
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