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Syntheses, crystal structures and properties of silver(1) and copper(i)
complexes with an oxazoline-containing tetradentate ligand 1
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Six new coordination complexes, [AgL]CF3SO5 (1 and 2), [Ag,L,](NO3),-4CH;NO, (3),
[AgLINO5-0.5CH;0H (4), [AgL]BF, (5) and [CuyL,(OCH3),(OH)»(NO3),](NO3),-0.32H,0 (6),
were obtained by reactions of the corresponding metal salts with ligand N,N’-bis[4-(4,5-
dihydrooxazol-2-yl)-benzyl]ethane-1,2-diamine (L). The results of X-ray crystallographic

analysis indicate that complexes 1 and 2 are supramolecular isomers with a wavelike cationic
two-dimensional network structure of 1 and a double-stranded helical chain of 2. Complexes 4
and 5 also have helical chain structures with P and M forms. Differing from polymeric structure
of 1, 2, 4 and 5, complexes 3 and 6 are a M,L, molecular rectangle and a MyL, cage,
respectively. The results show that the flexible ligand L can have different conformation and
coordination modes leading to complexes with varying structures. Magnetic data show that there

are antiferromagnetic interactions in the dimeric unit of complex 6.

Introduction

In recent years, a great deal of effort has been devoted to
the assembly of metal-organic frameworks (MOFs) with
multidentate organic ligands, due to their novel structures
and topologies, as well as their interesting properties and
potential applications in optics, magnetism and catalysis,
etc™ In contrast to the rigid ligands that show little
or no conformational changes when they interact with metal
salts, flexible multidentate ligands can adopt different
conformations and have more possible coordination modes
according to the different geometric requirements of metal
ions. Currently, many interesting structures with flexible multi-
dentate ligands such as rotaxanes, catenanes, helicates and
infinite one-dimensional (1D) chains, two-dimensional (2D)
networks and three-dimensional (3D) frameworks have been
reported.’ However, it is still a great challenge for chemists to
design and synthesize MOFs with predicted structures and
topologies when the ligands with more than two coordination
sites are flexible.
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In our previous work, we have systematically studied the
assembly reactions of a series of di-Schiff base and reduced
di-Schiff base ligands with flexible -CH,CH,— spacers, such as
1,2-bis(4-pyridylmethylamino)ethane (L1), 1,2-bis(4-pyridyl-
methyleneimino)ethane (L2), 1,2-bis(3-pyridylmethylamino)-
ethane (L3) and 1,2-bis(3-pyridylmethyleneimino)ethane (L4)
with various metal salts and obtained MOFs with different
structures and properties.® For example, complexes
[Agr(L2),](CF3S03), with an infinite chain-like structure and
[Ags(L2),](NO3);-H,O with an infinite 2D network were
obtained by assembly of L2 with AgCF3;SO; and AgNOs;,
respectively, in which L2 is tridentate in the former and
tetradentate in the latter.® The results demonstrate that such
multidentate ligands are versatile and can adopt different
conformations when they interact with metal salts as a
consequence of their flexibility. For further studies on
assembly of flexible multidentate ligand with transition metal
salts, we designed and synthesized a new reduced di-Schiff base
multidentate ligand N,N’-bis(4-(2-oxazolinyl)benzyl)ethane-
1,2-diamine (L) (Scheme 1). The flexible multidentate ligands
with pyridyl groups are well studied,’ while those with
oxazolinyl groups have not up to now been documented. In
this paper, six new coordination complexes, [AgL]CF3;SO;
(1 and 2), [Ag;L,](NO3),-4CH;NO; (3), [AgLINO;-0.5CH;0H
(4), [AgLIBF4 (5) and [CusLo(OCH3)2(OH)>(NO;3),](NO3),-
0.32H,O (6), were obtained by assembly of L with
different Ag() and Cu(u) salts, respectively. Herein, we
report the synthesis, crystal structures and properties of these
complexes.

Scheme 1 Structure of the ligand L.
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Experimental section
Materials and measurements

All commercially available chemicals are of reagent grade and
were used as received without further purification. The ligand
L (N,N’-bis[4-(4,5-dihydrooxazol-2-yl)-benzyllethane-1,2-diamine)
was synthesized by procedures similar to those reported
previously.” All procedures for synthesizing silver(1) complexes
were carried out in the dark. The CHN microanalyses were
carried out on a Perkin-Elmer 240C elemental analyzer at the
Analysis Center of Nanjing University. FT-IR spectra were
recorded in the range 4004000 cm ™' on a Bruker Vector22
FT-IR spectrophotometer using KBr pellets. The luminescent
spectra for the solid samples were recorded at room temperature
on an Aminco Bowman Series 2 spectrophotometer with a
xenon arc lamp as the light source, and all the measurements
were carried out under the same conditions. Magnetic
measurements in the temperature range 1.8-300 K were
performed on a MPMS-SQUID magnetometer at a field of
2000 Oe on crystalline sample of 6 in the temperature-settle
mode. The diamagnetic contributions were corrected by using
Pascal’s constants.

Syntheses

[AgL]CF3SO5; (1). A methanol solution (3 mL) of
AgCF;SO; (7.71 mg, 0.03 mmol) was added slowly to a
solution of L (11.4 mg, 0.03 mmol) in methanol (3 mL) with
stirring to give a clear solution. After several days, colorless
needles were obtained by slow diffusion of diethyl ether into
the reaction solution. Yield 43%. Anal. Calcd. for
Cy3Hy6AgF3N4OsS: C, 43.48; H, 4.12; N, 8.82; Found C,
43.42; H, 4.07; N, 8.81. IR(KBr, cm™"): 1683(s), 1638(s),
1418(m), 1371(m), 1265(m), 1198(s), 1167(s), 1121(s),
1094(m), 941(m), 818(m), 797(w), 715(w), 677(w).

[AgL]CF3SO3 (2). A dichloromethane solution (2 mL) of L
(11.4 mg, 0.03 mmol) was added slowly to a solution of
AgCF;S0O;5 (7.71 mg, 0.03 mmol) in acetonitrile (I mL) to
give a clear solution. After several days, colorless crystals were
obtained by slow diffusion of diethyl ether into the reaction
solution. Yield 53%. Anal. Calcd. for C,3HAgF3N4OsS: C,
43.48; H, 4.12; N, 8.82; Found C, 43.47; H, 4.13; N, 8.87.
IR(KBr, cm™'): 1635(s), 1572(w), 1518(w), 1420(m), 1376(s),
1341(m), 1266(s), 1158(s), 1097(s), 1054(s), 1031(s), 942(m),
819(m), 727(w), 678(w), 637(m), 572(w).

[Ag,L,](NO3),-4CH3NO; (3). A buffer layer of methanol-
nitromethane (1:1) solution (4 mL) was carefully layered over
a solution of L (11.4 mg, 0.03 mmol) in nitromethane (3 mL).
Then a solution of AgNO; (5.1 mg, 0.03 mmol) in methanol
(3 mL) was layered over the buffer layer. Crystalline 3 was
isolated after one week. Yield 13%. Anal. Calcd. for
C48H64Ag2N14018: C,4300, H,481, N, 1462, Found C,
43.13; H, 4.72; N, 14.59. IR(KBr, cm™"): 1636(s), 1572(w),
1513(w), 1368(s), 1259(s), 1096(m), 1018(m), 942(m), 841(w),
824(w), 743(w), 684(m).

[AgLINO3-0.5CH30H (4). The title complex was prepared
in a similar way to that for preparation of 1, except that
AgNO; was used instead of AgCF3;SOs. Yield 21%. Anal.

Caled. For C22_50H28AgN505'50: C, 4788, H, 500, N,
12.41; Found C, 47.73; H, 5.11; N, 12.49. IR(KBr, cmfl):
1635(s), 1513(w), 1474(w), 1365(s), 1338(m), 1308(s), 1253(m),
1096(m), 1044(w), 1015(w), 943(m), 889(w), 850(w), 745(w),
684(m).

[AgL]BF4 (5). Complex 5 was prepared in a similar way to
that for preparation of 2, except that AgBF, and methanol
were used instead of AgCF;SO; and dichloromethane,
respectively. Yield 32%. Anal. Calcd. For CyHcAgBF4N4O-:
C, 46.10; H, 4.57; N,9.78; Found C, 46.15; H, 4.70; N, 9.71.
IR(KBr, cm™Y): 1640(s), 1572(w), 1513(w), 1456(m), 1417(m),
1370(s), 1262(s), 1193(w), 1070(s), 942(m), 842(m), 742(w),
683(m), 521(w).

[CuyLx(OCH3)>(OH)>(NO;3),l(NO3),-0.32H,0 (6). A methanol
solution (5 mL) of Cu(NOs3),-6H,0 (7.2 mg, 0.03 mmol) was
added to a solution of L (11.4 mg, 0.03 mmol) in methanol
(5 mL) with stirring. The mixture was stirred for another 5 min
and then left to stand at room temperature. Several days later,
deep blue crystals were obtained. Yield 53%. Anal. Calcd. for
C46H60'64CU4N12020‘321 C, 4060, H, 449, N, 1235, Found C
40.51, H 4.39, N 12.37. IR(KBr, cm™"): 3423(m, br), 1715(w),
1641(s), 1573(w), 1515(w), 1367(s), 1261(s), 1108(s), 1076(m),
1044(m), 1019(m), 979(w), 944(m), 861(m), 796(w), 744(w),
697(m), 594(w).

X-Ray crystallography

The X-ray diffraction measurements for complexes 1-5 were
performed on a Bruker Smart Apex CCD diffractometer with
graphite-monochromated Mo-Ka radiation (A = 0.71073 A)
at 293(2) K. Empirical absorption corrections were applied
to the data by using the multiscan program SADABS.?
Structures of 1-5 were solved by direct methods and refined
by full-matrix least-square on F° using the SHELXTL
program package.” All non-hydrogen atoms were refined
anisotropically. The bond distances around N2 and disordered
N1, the thermal factors of C1, C2 and disordered N1 in 1, the
C-N bond lengths in nitromethane in 3, and the geometrical
parameters and thermal factors of the disordered nitrate
anions in 4 were restrained in the refinement. The hydrogen
atoms of L ligands in 1-5 were generated geometrically, except
those of C1, C2 and N1 in 1 were located directly. The N1
atom in complex 1 was disordered over two positions with site
occupancy factors of 0.70 and 0.30, respectively. The diffraction
data of 6 were collected on a Rigaku RAXIS-RAPID Imaging
Plate diffractometer with graphite-monochromated Mo-Ka
radiation (A = 0.71075 A) at 200 K. The structure of 6 was
solved by direct methods using SIR92,' expanded using
Fourier techniques DIRDIF94'! and finally refined using
SHELXL-97. The geometrical parameters and thermal factors
of the disordered nitrate anions in 6 were restrained in
the refinement. All the non-hydrogen atoms were refined
anisotropically by the full-matrix least-squares method on
F?. The hydrogen atoms except those of the hydroxyl group
and the free water molecule were generated geometrically. All
calculations were performed using the teXsan crystallographic
software package (Molecular Structure Corporation).'? Details
of the crystal parameters, data collection and refinements for
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Table 1 Crystal data for complexes 1-6

1

2

3

4

5

6

Empirical formula Cy3HasAgF3N405S CrzHosAgF3N4OsS CugHeaAgoN 14018 Coo s0HasAgN5O5.50 CarHasAgBF4N,Oy CysHeo.64CuaN12050 32

Formula weight  635.41 635.41 1340.87 564.37 573.15 1360.98
Crystal system Monoclinic Monoclinic Triclinic Monoclinic Monoclinic Monoclinic
Space group P2/c P2i/n P1 C2fc C2fe P2/c
a(A) 10.642(2) 17.0542(11) 5.5352(7) 14.0161(8) 15.250(9) 13.3839(19)
b (A) 25.648(5) 7.8076(5) 11.4453(14) 8.7983(5) 8.2253(5) 15.715(2)

¢ (A) 9.4569(19) 18.7729(12) 22.023(3) 40.648(2) 39.011(2) 26.095(4)

o (%) 90 90 82.720(2) 90 90 90

B (©) 97.89(3) 95.7930(10) 83.933(2) 98.3990(10) 100.4250(10) 94.420(5)

7 () 90 90 87.015(2) 90 90 90

v (A%) 2556.8(9) 2486.9(3) 1375.2(3) 4958.9(5) 4813(3) 5472.0(14)
VA 4 4 1 8 8 4

D (g cm ™) 1.651 1.697 1.619 1.512 1.582 1.663
u(mm™) 0.934 0.960 0.798 0.857 0.895 1.622
F(000) 1288 1288 638 2312 2320 2823
Reflns. collected 12614 14205 6872 12014 11524 39744
Independent reflns. 4509 5655 4769 4359 4240 9628

Ring 0.0225 0.0475 0.0207 0.0365 0.0243 0.0929
Parameters refined 343 322 364 331 330 775
Goodness-of-fit 1.025 1.053 0.984 1.226 1.137 1.102

Rl, WR2a
> 20 (D)

0.0697, 0.1867

Ry, wRy" (all data) 0.0852, 0.2026

0.0631, 0.1544

0.0850, 0.1668

0.0777, 0.2188

0.1015, 0.2367

0.0728, 0.1654

0.0801, 0.1695

0.0614, 0.1578

0.0703, 0.1638

0.0730, 0.1795

0.0930, 0.1904

TRy = ZIF,| — |Fl/|F,); wRy = [Ew(ZF,>—F.2)?/Zw(F,2)*

compounds 1-6 are summarized in Table 1. Selected bond
lengths and angles for compounds 1-6 are listed in Table 2.

Results and discussion
Structure of [AgL]CF3;SO3 (1)

The title complex crystallizes in monoclinic space group P2,/c.
There are one Ag(1) atom, one L ligand and one trifluoro-
methylsulfate anion in the repeat unit of 1. As shown in
Fig. la, each Ag(1) is four-coordinated, with distorted
tetrahedral coordination geometry, by two nitrogen atoms of
the ethylenediamine unit of one L ligand and two ones of the
oxazoline group of two other L ligands. The N-Ag—N bond
angles vary from 72.3(2)° to 134.9(3)° and the Ag—N bond
distances are in the range from 2.248(5) to 2.459(5) A (Table 2)
with an average Ag—Noyxazoline distance of 2.36 A, which is
longer than those in the reported Ag(l) complexes with
oxazoline-containing ligands, for example [Ag(.S,S-bbop)|CF5S0;
[bbop = 2,2-bis(4'-benzyloxazolin-2’-yl)propane] with an
average Ag—Nixazoline bond length of 2.16 A" Therefore,
three L ligands coordinate to one Ag(1) to achieve tetrahedral
disposition of the four nitrogen atoms and in turn each L
ligand connects three Ag(1) atoms. The L ligand in 1 has
C-shape with a dihedral angle of 83.1° between the two
terminal oxazolinyl planes. Such coordination mode makes
complex 1 a wavelike 2D cationic network with (6,3) topology
(Fig. 1b). A simplified 2D network where only the Ag(1) atoms
are presented is shown in Fig. 1c. It can be seen that each six
Ag(1) atoms form a hexagon with chair conformation
(Fig. 1b and c), and the Ag---Ag distances are 8.75 A
for AglA---AglB, AglC.--AglD, AglD---AglE and
AglF---AglA and 795 A for AglB---AglC and
AglE.--AglF (Fig. 1b), respectively. A similar woven structure
has been observed in the complex [Ag(L1)]BF,-CH;CN,' in

which the L1 ligand also adopted a C-shape, but in which the
dihedral angle between the two terminal pyridyl rings is 6.7°.
The vacancy formed between two adjacent 2D sheets is
occupied by trifluoromethylsulfate anions, which are stabilized
by two N-H---O [N2..-04' 2.975(12) A (symmetry code:
i=ox y 1 + z); NI-O3 3.235(17) A] and two C-H:--O
[C19---03"3.273(16) A (symmetry code: ii = x, =y i+
C2---05"13.401(14) A (symmetry code: iii = 1 — x, —y, | — 2)]
hydrogen bonds (Fig. 1d). The hydrogen bonding data are
summarized in Table 3.

Structures of [AgLICF3SO; (2), [AgLINO;-0.5CH;0H (4) and
[AgLIBF, (5)

It is interesting to note that, when the same reaction of ligand
L with AgCF;SO3 was carried out in dichloromethane and
acetonitrile instead of methanol, a new complex 2 was
obtained. The crystallographic analysis provides the direct
evidence for the structure of 2. Complexes 1 and 2 have the
same composition and formula, but different structures, so
they are supramolecular isomers.'> The coordination environment
around Ag(1) atom in 2 is the same as that in 1, furthermore,
each L ligand also links three Ag(1) atoms through its
ethylenediamine moiety and two oxazoline groups as shown
in Fig. 2a. However, the ligand L has a distorted C-shape in 2,
subtly different from that in 1, resulting in the formation of the
double-stranded helical chain (Fig. 2b), rather than the 2D
network that appeared in 1. The L ligand in 2 connects two
Ag(1) atoms via the two oxazoline nitrogen atoms to produce a
1D helical chain with a pitch of 15.62 A, which is further
linked to another helical chain by the coordination bonds of
ethylenediamine unit and Ag(1) to form a double-stranded
helix with P and M forms (Fig. 2b). A similar Ag(1) complex
containing the di-Schiff base ligand N,N’-bis(3-acetylpyridene)-
idene-1,2-diaminoethane with a double-helix chain structure
has been reported previously.'® The 1D helices in 2 are stacked
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Table 2 Selected bond distances (A) and angles (°) for complexes 1-6

1
Ag(1)-N(4) 2.248(5)  Ag(1)-N(3)*? 2.358(6)

Ag(1)-N(1)*! 2.376(8)  Ag(1)-NQ)*! 2.459(5)

N@4)»-Ag()-NGB)?  115.6(2)  N(@A)»-Ag()-N(1)*'  134.9(3)

NQG)-Ag()-N)*' 102.53)  N@)-Ag()-NQ)*'  114.7Q2)

NQR)*-Ag(1)-NQ)*' 107.62(18) N(1)*'-Ag(1)-NQ2)*' 72.3(2)

2

Ag(1)-N(4)" 2.306(4)  Ag(1)-NQG)* 2.360(4)

Ag(1)-N(Q2) 2.390(4)  Ag(1)-N(1) 2.419(4)

N@)"-Ag(1)-N@B3)* 96.52(15) N@"-Ag(1)-N@2)  123.64(13)
NE*-Ag(1)-N@2)  128.05(13) N#)P-Ag(1)-N(1)  133.18(13)
NG -Ag(1)-N(1)  98.94(14) N(2)-Ag(1)-N(1) 77.80(12)
3

Ag(1)-N(4)" 2247(7)  Ag(1)-N(1) 2.278(7)

N@)"-Ag(1)-N(1)  170.6 (2)

4

Ag(1)-N(4)*® 2311(5)  Ag(1)-NQG)* 2.360(5)

Ag(1)-N(1) 2.390(5)  Ag(1)-N(2) 2.403(5)

N@)"-Ag(1)-N@3)*"  92.6(2) N@)"-Ag(1)-N(1)  126.73(19)
NG 7-Ag(1)-N(1)  118.28(19) N(4)*-Ag(1)-N(2)  121.69(19)
NQ)*-Ag(1)-N@Q2)  123.77(18) N(1)-Ag(1)-N(2) 77.54(17)
5

Ag(1)-N(1)"® 2319(5)  Ag(1)-N@)* 2.362(5)
Ag(1)-N(3) 2.387(4)  Ag(1)-N(2) 2.431(4)
N(D)P-Ag(D-N@* 91.70(17)  N(1)*-Ag(1)-N@)  126.61(16)
N@)*-Ag(1)-N(3)  121.16(17) N(1)"-Ag(1)-N(2)  119.58(15)
N@)*-Ag(1)-N(Q2)  125.13(16) N(3)-Ag(1)-N(2) 76.79(14)
6

Cu(1)-0(51) 1.943(5)  Cu(1)-0(52) 1.945(5)
Cu(1)-Cu(2) 2.9439(12) Cu(2)-0(51) 1.944(5)
Cu(2)-0(52) 1.948(5)  Cu(3)-0(62) 1.939(5)
Cu(3)-0(61) 1.942(5)  Cu(3)-Cu(4) 2.8444(12)
Cu(4)-0(61) 1.937(5)  Cu(4)-0(62) 1.945(5)
O(51)-Cu(1)-0(52)  77.7(2) O(51)-Cu(1)-O(11)  95.37(19)
O(11)-Cu(1)-Cu(2)  80.92(13)  O(52)-Cu(1)-O(11)  91.8(2)

0O(51)-Cu(2)-0(52)  77.6(2) 0(52)-Cu(2)-0(12)  92.3(2)

O(51)-Cu(2)-0(12)  94.1(2) 0(62)-Cu(3)-0(61)  81.5(2)

0(62)-Cu(3)-0(21)  97.6(2) 0(61)-Cu(3)-0(21)  95.4(2)

0(61)-Cu(4)-0(22)  95.8(2) 0(61)-Cu(4)-0(62)  81.4(2)

0(62)-Cu(4)-0(22)  92.1(2)

Symmetry transformations used to generate equivalent atoms: #1 x,
T—-ri+to-xi+ypd-z#Bxy+1lLs#xy-17z
#5—x+2,—y,—n#ox + Ly +ln#Ix-Ly-Lz#xy-1z
#x,y + 1,z

ina---PMPM--- repeating mode, hence the bulk crystals of 2
were obtained as a meso-compound. The trifluoromethyl-
sulfate counteranions are fixed through two N-H-:--O
[N1---03 3.229(6) A, N2---03" 3.136(6) A, symmetry code:
ii = x, —1 + y, z] hydrogen bonds to the double-stranded
helices (Table 3).

Complexes 4 and 5 have the same double-stranded helical
chain structure as 2, and thus the structural descriptions of 4
and 5 are omitted here.

Structure of [Ag,L,](NO3),-4CH5NO, (3)

In contrast to the polymeric structure of 1, 2, 4 and 5, complex
3 is a dinuclear [Ag,L,]*" rectangle, which lies about an
inversion centre, as shown in Fig. 3a. It is noticeable that each
L with extended Z-shape acts as a bis-monodentate (rather
than a tetradentate) ligand, using its two oxazoline nitrogen

(d)

Fig. 1 (a) The coordination environment of Ag(l) in 1 with the
ellipsoids drawn at the 30% probability level. The hydrogen atoms
and trifluromethanesulfonate anion are omitted for clarity. Symmetry
codes: N3A = —x, —p + 1, —z;N4A = x, —y + 1,z — L (b) The 2D
wavelike cationic network of 1. (c) Schematic representation 2D
network of 1 where only the silver(1) atoms are presented. (d) Crystal
packing diagram of 1 with hydrogen bonds indicated by the dashed
lines.

atoms to bind two Ag(1) atoms while the nitrogen atoms of
ethylenediamine unit do not take part in coordination, as was
observed in [Co(L2)»(SCN),J-EtOH.® In turn, each Ag(1)
atom links two L ligands with a N1-Agl-N4A bond angle
of 170.6(2)° to form a 38-membered M,L, macrocyclic
rectangle. The bond lengths of Agl-N1 and Agl-N4A are
2.274(6) and 2.237(5) A and the intermetallic distance of
Agl---AglA is 18.2136(22) A. The rectangles are further
linked together via nitrate anions through Ag- - -O weak inter-
actions [Agl---O3 2.78 A, Agl---05 2.66 A, Agl---O3
2.81 A, Agl---04" 2.80 A, symmetry code: iii = x, y + 1, z]
(Fig. 3b) to generate a 1D tube with dimensions of
6.30 x 1636 A2 along the a axis (Fig. 3c). The shortest
intermetallic distance (Ag: - -Ag) between two adjacent rectangles
is 5.54 A. The nitromethane molecules are located in the inter-
stices between the metallocyclic rectangles and are held there via
two C-H---O (nitromethane) and three N-H---O hydrogen
bonds (Table 3). The 1D tubes are further connected together
through C-H---O (nitrate) hydrogen bonds to form a 2D
network (Fig. 3d).
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Table 3 Hydrogen bond distances (A) and angles (°) for complexes 1-6 (D: donor; A: acceptor)

D-H---A Distance D---A D-H-A Angle D-H-A
1

NQ2)-HQA)- - -O(4)*! 2.981(12) N(Q2)-H(Q2A)-O(4)"! 166
N(1)-H(1A)---O(3) 3.204(17) N(1)-H(1A)-O(3) 139
C(19)-H(19)- --O(3)"* 3.261(15) C(19)-H(19)-0(3)** 160
C(2)-H(2C)- - -0(5)* 3.401(14) C(2)-H(2C)-0(5)" 173
2

N(1)-H(1C)- --O(3) 3.229(6) N(1)-H(1C)-0(3) 147
N(2)-H(Q2C)- - -0(3)** 3.136(6) N(2)-H(2C)-0(3)** 142
C(7)-H(7A)- - -O(5)*° 3.201(8) C(7)-H(7A)-O(5)" 124
3

N(@2)-H(2A)- - -O(6)® 2.873(7) N(Q2)-H(2A)-0(6)"® 153(6)
NQB3)-H(3A)---O(8) 3.008(7) N(3)-H(3A)-0(8) 111(5)
N(Q3)-H(3A)---0(9) 2.877 (8) N(3)-H(3A)-0(9) 165(6)
C(11)-H(11A)- - -0(6)*’ 3.177(8) C(11)-H(11A)-0(6)" 128
C(12)-H(12B)- - -O(9)"® 3.238(9) C(12)-H(12B)-0(9)"* 132
C(21)-H(21B)- - -0(3)"’ 3.250(11) C(21)-H(21B)-0(3)"’ 129
C(22)-H(22B)- - -O(4)" 3.265(11) C(22)-H(22B)-O(4)* 131
C(22)-H(22B)- - -O(5)*1° 3.035(11) C(22)-H(22B)-0O(5)*'° 116
4

C(2-H(20)- - -04)*"! 3.267(14) C(2)-H(2C)-0O(4)*!! 128
C(7)-H(7A)- - -O(7)*1 3.49(3) C(7)-H(7A)-O(7)"! 174
C(15)-H(15A)- - -O(3)"!! 3.358(7) C(lS)fH(ISA)70(3)#1; 149
C(22)-H(22A)- - -O(1)*1? 3.242(10) C(22)-H(22A)-O(1)*'? 130
C(22)-H(22B)- - -O(8)""* 3.50(3) C(22)-H(22B)-0O(8)""* 158
5

C(7)-H(7A)---F(2) 3.344(10) C(7)-H(7A)-F(2) 162
C(11)-H(11A)- - -F(1)*!* 3.236(9) C(11)-H(1A)-E(1)*4 129
6

NI1-HI.--021%13 3.229(8) NI1-H1-021%13 142
N2-H2---043 3.136(11) N2-H2-043 123
N3-H3.-.071 3.241(6) N3-H3-071 147
N4-H4- --032 3.003(10) N4-H4-032 161
C3-H9- - -04216 3.171(11) C3-H9-042#1 121
C4-Hl11---013#7 3.242(10) C4-H11-013*7 127
C10-H13---023#15 3.156(10) C10-H13-023#1° 133
C15-H17---051 3.293(9) C15-H17-051 152
Cl16-H18---061 3.355(9) C16-H18-061 146
C25-H23---052 3.351(9) C25-H23-052 160
C26-H24- - -062 3.306(9) C26-H24-062 147
C30-H26- - -041 3.49(2) C30-H26-041 158
C35-H29---052 3.310(9) C35-H29-052 156
C36-H30- - -062 3.338(9) C36-H30-062 149
C40-H32---013%7 3.374(8) C40-H32-013%17 145
C45-H35---051 3.419(9) C45-H35-051 160
C46-H36- - -061 3.249(9) C46-H36-061 148
C202-H47- - -042"18 3.343(11) C202-H47-042718 144
C202-H48- - -031#1° 3.304(12) C202-H48-031%#1° 142
C302-H51- - -043%% 3.213(16) C302-H51-043%° 161
C302-H52---013%?! 3.175(12) C302-H52-013"! 138
C402-H55- - 0227 3.214(10) C402-H55-022%% 133
C402-H55- - 0233 3.204(10) C402-H55-023%% 161
C402-H56- - -041#%° 3.080(15) C402-H56-041%%° 145

Symmetry transformations used to generate equivalent atoms: #1 x, y, 1 + Z#2x, 5=y, 3 T 5#1 —x,—p, | =5 #43 - x, S + p, 3 - #5
— 14y, 5#62—x, =y, = #T L —x, =y, =ML+ x5, 0,8 -1+ 0y, L+ #1002+ x,p, 1+ Z#11 -1+ x,—f + p,z#12 -1 +
—%-‘ry,z;#l3—l +x, -1 +y,z#141 —x,1 +y,%—z;#15—x,1—y,l—z;#161—x,l—y,l—z;#l7x,%—y,—%+z;#le,%—y,%+

1 3 X
Z;

#19 —x, -1+ p 33—zl —x, i+ yd-z#l1-x1-p2-z#2x3-yi+z

Structure of [CU4L2(OCH3)2(OH)2(NO3)2](NO3)20.32H20 (6)

In contrast to the linear two- and tetrahedral four-coordinated
Ag(1) in 1-5, Cu(m) can have different coordination number
and geometries. To investigate the effect of the metal ion on
the structure of the complex, Cu(NOs),-6H,O was reacted

with ligand L, and 6 was isolated. As shown in Fig. 4a,
complex 6 consists of a cage-like dication unit [CuyL,(NO3),-
(OCHj;),(OH),*" with two different kinds of Cu,O, units
linked by two U-shaped L ligands. In the CulO,Cu2
subunit, each Cu(n) is five-coordinated with square-pyramid
(t = 0.02 for Cul and 0.01 for Cu2)'” coordination geometry
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Fig. 2 (a) The crystal structure of 2. The hydrogen atoms and
trifluoromethanesulfate anions are omitted for clarity. Symmetry
codes: A = x,y — 1,z B = x, y + 1, z. (b) Space-filling diagram
of double-stranded helical chains in 2 with P and M forms. (c) Crystal
packing diagram of 2 showing the relationship of P and M forms.

by two oxygen (O51 and O52) atoms from the methoxoyl
bridging groups, two nitrogen atoms from the oxazolinyl
groups of L and one oxygen atom of the nitrate anion. The
Cu—Oppethoxo  bond  lengths, which are in the range
1.943(5)-1.948(5) A, as well as the Cul---Cu2 and
O51---052 distances of 2.94 and 2.44 A, are similar to
those observed in the reported bis(p-methoxo)dicopper(in)
complexes.18 In the case of Cu30,Cu4 subunit, the Cu(1) also
exhibits a square-pyramidal coordination geometry (t = 0.03
for Cu3 and 0.02 for Cu4), with the oxygen atom of the nitrate
anion occupying the axial position. Two nitrogen atoms
from the ethylenediamine unit of L ligand and two bridging
hydroxyl oxygen (061 and 062) atoms form the basal plane.
The Cu—Opydroxo distances in the 1.937(5)-1.945(5) A range
are comparable to those reported for other p>-hydroxobridged
dinuclear complexes.'”” The Cu3---Cu4 and O61---062
distances are 2.84 and 2.53 A, respectively. The averages of
O—-Cu-O angles for the methoxyl and hydroxyl bridges are
98.38 and 94.26°, respectively.

Of interest is the unusual bridging mode of L ligands. Two
Cu,0O, subunits are linked together by two U-shaped L ligands

I
b
& B
0

N
i d § 74 A A (4
VA4 I}/} g Egg

e S LBVl B VL VLS Vil 2l Vals Vo R
(b)

(@) &

6.30 A

Fig. 3 (a) The crystal structure of 3. The hydrogen atoms, nitrate
anions and nitromethane molecules are omitted for clarity. Symmetry
code: A = 2 — x, —y, —z. (b) 1D tubelike structure of 3. (c) Schematic
drawing of the tubelike structure of 3 in which the L ligands are
simplified to straight lines linking the two coordinating nitrogen
atoms. (d) 2D network of 3 with hydrogen bonds indicated by the
dashed lines.

to give a cage-like tetranuclear structure, in which the
Cul---Cu3 and Cu2---Cu4 distances separated by L ligands
are 7.05 and 7.01 A, respectively. The MyL, cationic cages are
further linked together through N-H.--O and C-H---O
hydrogen bonds (Table 3) to produce a 3D structure (Fig. 4b).

Luminescence properties

The photoluminescence of ligand L and complexes 1-6 were
studied in the solid state at room temperature. An emission at
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(b)

Fig. 4 (a) The structure of [CuyLo(CH;O)(OH)(NOs).J** in 6.
(b) Crystal packing diagram of 6 with hydrogen bonds indicated by
the dashed lines.

429 nm was observed for complex 1 upon excitation at 364 nm,
and the free ligand L displays luminescence with an emission
maximum at 419 nm upon excitation at 357 nm, as illustrated
in Fig. 5. Therefore, the observed luminescence of complex 1
can be tentatively assigned to the intraligand fluorescence
emission due to their similarity.’® The observed red-shift
(10 nm) of emission for complex 1 compared with that for
the free ligand L, accompanied by an increase of luminescence
intensity, may be attributed to the coordination of the L ligand
to the silver ions.>! However, no clear photoluminescence
was observed for the complexes 2—-6 under the experimental
conditions used. Complexes 2—-5 have different structures to 1,

cSeaa

350 400 450 500 550 600 650
A\nm
Fig. 5 The emission spectra of ligand L (solid line) with Ae. = 357 nm

and complex 1 (dotted line) with Ay = 364 nm in the solid state at
room tempetature.

and the silver(1) complexes have been reported to show weak
or no luminescence at room temperature,>> while for complex
6 the luminescence may be quenched by the Cu(i) ion. The
results imply that the luminescence is greatly influenced by
central metal ion and the structure of the complexes.

Magnetic properties

The crystal structure of complex 6 showed that there are
Cu,(OCHj;), and Cu,(OH), dimeric units (Fig. 4a), and thus
magnetic interactions may be expected between the Cu(in)
atoms bridged by methoxyl and hydroxyl groups. The distance
of ca. 7.0 A between the two Cu,0; units is long, so that the
magnetic interactions between the two Cu,O, units can
be neglected. Magnetic measurements were performed on
crystalline sample of 6 at an applied magnetic filed of 2000
Oe in the temperature range 1.8-300 K, and the plots of
*m vs. T and T vs. T are shown in Fig. 6a. The yuT is
1.35 emu K mol™! at 300 K, which is smaller than the
spin-only value of 1.5 emu K mol™' (¢ = 2) and decreases
gradually upon cooling to 1.07 emu K mol~" at 80 K. For the
O-bridged copper(i1) complexes, the magnetic properties are
usually dictated by the Cu—O—Cu bridging angle. It has been
reported that in the methoxyl-bridged Cu,0, unit there is an
antiferromagnetic interaction when the Cu—-O-Cu angle is
larger than 95.7° and a ferromagnetic interaction when the
Cu-O-Cu angle is smaller than 95.7°.'%2324 In complex 6, the
methoxyl-bridged Cul-O51-Cu2 and Cul-052-Cu2 angles
are 98.5(2) and 98.3(2)°, respectively, suggesting the presence
of an antiferromagnetic intra-dimer interaction. The plot of
ym ! vs. T'is shown in Fig. 6b, which exhibits a linear relation
above 115 K. The temperature dependence of magnetic
susceptibilities above 115 K obeys the Curie-Weiss law
M = C/T — 0) with Weiss constant 6 = —40 K, and Curie
constant C = 1.38 emu K mol™'. The negative value of 0
shows the antiferromagnetic interaction. Between 80 K and
8 K, the y\ T is fairly constant, indicating almost no magnetic
interactions between the two copper ions Cu3 and Cu4. At
very low temperature (below 8 K), the y\ 7T decreases rapidly,
indicating very weak antiferromagnetic interactions, may
come from intermolecular interactions between copper units
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Fig. 6 (a) Temperature dependence of the yu7 () and yu (O) for
complex 6. (b) Temperature dependence of yn ' for complex 6.
The solid lines represent the best fit of the lines.

(through short contacts), and/or could be mediated by the
nitrate bridging units.?

Conclusion

The present study shows that the reaction of a new flexible
multidentate ligand L with various metal salts can afford a
variety of MOFs, in which the flexible ligand L can have
different conformation to fit the geometrical requirement of
metal ions. In complex 1, ligand L adopts a C-shape to gave a
(6,3) topological 2D network, while the distorted C-shape of L
ligand in 2, 4 and 5 results in the formation of a double-helical
chain. In the case of complexes 3 and 6, the ligands L have
extended Z- and U-shapes, leading to the formation of a M,L,
macrocyclic rectangle (3) and a ML, cage (6), respectively.
The results show that the new oxazoline-containing tetradentate
ligand L is versatile for the construction of new MOFs.
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