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A dinuclear Cu(Il) complex [Cuy(L;),]'2H,0, having an
unprecedented in situ formed diphenolate 2,6-piperidin-4-one
derived ligand produced from the flexible Schiff-base ligand HL,,,
can be yielded as a side product in the presence of
Cu(OAc),'H,O/NH;-H,O dissolved in methanol and acetone,
besides the expected dinuclear Cu(II) complex [Cu,(L)4].

Schiff bases are a vital kind of ligands, and they can be facilely
synthesized and coordinated with a variety of metal ions. The
construction of transition-metal complexes having Schiff-base
ligands has become one of the hottest research topics in modern
coordination chemistry. Recent researches show that Schiff-base
complexes have various applications such as anticancer agents, ™
homogeneous or heterogeneous catalysis,*> ionic liquids,*”
photochromism.'®™"® Among them, some Schiff-base ligands,
derived from the reversible condensation between salicylaldehyde
derivatives and flexible amines, and their Cu(Il) complexes have
been investigated in literature.'®'® The construction of Schiff-
base complexes can be regarded as metal-assisted self-assembly,
which is commonly reported in literatures."

In our previous work, a series of Schiff-base macrocyclic metal
complexes bearing salicylaldehyde-based components have been
studied.? In addition, a Schiff-base ligand obtained from the

condensation between salicylaldehyde and N-(3-
aminopropyl)imidazole, exhibiting multi-farious coordination
fashions with copper(I) and cadmium(II), has been

investigated.”' As a further study of this work, we report herein
the syntheses and structural characterizations of two new flexible
Schiff-base ligands HL; and HL,, derived from the condensation
between dihalogen substituted salicylaldehyde and N-(3-
aminopropyl)imidazole, and their dinuclear five-coordinate Cu(II)
complexes formulated as [Cu,(Li)4] (1) and [Cuy(Ly)4] (2),
respectively, in which two of the L; and L, ligands are tridentate
and the other two are bidentate. Furthermore, a unique
tetradentate divalent anionic ligand L; including an in situ formed
piperidine ring is obtained, which is suggested to come from the
monovalent anionic ligand L;. As a result, another dinuclear
Cu(Il) complex 3 with the formula of [Cuy(L;3),]-2H,0 has been
produced where the Schiff-base C=N unit in ligand L, disappears.

As shown in Scheme 1, two flexible Schiff-base ligands HL,
and HL, were prepared in high yields by the condensation
reaction between N-(3-aminopropyl)imidazole and 3,5-dichloro-
salicylaldehyde/3,5-dibromosalicylaldehyde, where several drops
of glacial acetic acid was added as a catalyst to promote the
reaction. Complex 1 was synthesized using Cu(OAc),"H,O as

metal source in the acetone/methanol mixture with excess

s0 aqueous ammonia. The microcrystals of complex 1 (main product)
and complex 3 (by-product) were obtained simultaneously in the
same beaker by slow evaporation in air at room temperature for
two weeks. Control experiments by altering the reflux time for 1,
2, 4 and 8 hours indicate that the yield of complex 3 could be

ss gradually increased with the reaction proceeding, and it reaches
the maximum of 23% after 4h reflux with crystal formation after
slow evaporation of solvent after two weeks. The synthesis of
complex 2 was similar to that described for complex 1.7
Nevertheless, the yield for ring formation reaction of L, is much

6 lower since the required brown crystals corresponding to 3 are
present in a very small amount (unsuitable for X-ray diffraction)
among green crystals of 2 and it is very difficult to be isolated
and characterized.
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Scheme 1 Schematic illustration for the preparation of three dinuclear
90 Cu(Il) complexes.

In the FT-IR spectra of HL; and HL, (Fig. SI1 and Fig. SI2), a
strong absorption peak is observed for each at 1632 and 1641 cm™
!, indicating the formation of the Schiff-base C=N unit. In
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contract, such a band is shifted to 1623 cm™ in complexes 1 and 2
(Fig. SI3 and Fig. SI4), reflecting the influence of metal-ion
complexation on the coordinated C=N unit. However, such a
strong peak cannot be found in the FT-IR spectrum of complex 3
(Fig. SIS), suggesting the disappearance of C=N moiety of in situ
formed ligand L; after metal-ion complexation. In addition,
negative ESI-MS spectra of HL; and HL, clearly show the
presence of a molecular ion peak with 100% ion abundance (Fig.
SI6 and Fig. SI7). However, it is difficult for us to obtain high
quality ESI-MS spectra of all three dinuclear Cu(Il) complexes.

UV-Vis absorption spectra of complexes 1-3 have been
compared with those of corresponding ligands HL; and HL,, as
can be seen in Fig. SI12, where DMF was used to record the UV—
Vis absorption spectrum of complex 3 because of its poor
solibility in methanol. The electronic spectra of two ligands are
very similar having two absorption bands centered at 295 and 372
nm for HL, and 291 and 375 nm for HL,, respectively. The
former for each is assigned as the 7—z* electronic transition of the
phenolic ring, while the latter is attributed to the z—=z* charge
transition of the azomethine chromophore. After copper(Il) ion
complexation, UV—Vis absorption spectra of complexes 1 and 2
are also nearly identical, where a new d-d transition absorption
peak emerges at 423 and 425 nm for each. In comparison with 1
and 2, the broad d-d transition absorption peak of 3 is slightly
red-shifted to 428 nm. Furthermore, the phase purity of dinuclear
Cu(IT) complexes 1-3 has been confirmed by the PXRD patterns
(Fig. SI13—Fig. SI15), in which the simulated and as-synthesized
spectra are almost the same.
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Fig. 1 ORTEP diagrams (30% thermal probability level ellipsoids) of the
molecular structures of three dinuclear Cu(Il) complexes 1 (a), 2 (b) and
3 (c¢) with the atom-numbering scheme. Selected bond lengths (A): 1:
Cul-O1, 1.920(3), Cul-02, 1.919(2), Cul-NI, 2.035(3), Cul-N4,
2.038(3), Cul-N3A, 2.381(3), C7-N1, 1.278(5), C8-N1, 1.479(4). 2:
Cul-Ol, 1.893(14), Cul-02, 1.914(11), Cul-N1, 2.021(12), Cul-N4,
2.007(14), Cul-N3A, 2.302(15). 3: Cul-0O1, 1.883(4), Cul-03, 1.897(4),
Cul-N1, 1.973(5), Cul-N3, 2.041(4), C7-N3, 1.498(6), C14-N3,
1.524(6), C20-N3, 1.485(6). Symmetry code: 1—x, y, 3/2—z.

ORTEP diagrams with the numbering schemes of the
molecular structures of three dinuclear Cu(Il) complexes are
given in Fig. 1.7 X-ray single-crystal diffraction studies for 1 and
2 reveal that each Cu(Il) ionis five-coordinated by three nitrogen
and two oxygen atoms from three L; ligands. The coordination
geometry can be described as a Jahn-Teller distorted pyramid
with the 7 value®® of 0.252 for 1 or 0.215 for 2. The apical
position for each Cu(Il) center is occupied by one nitrogen atom
of imidazole ring, where the Cu—N bond length is significantly
longer than those Cu—O (phenolic oxygen atoms) and Cu-N
(Schiff-base nitrogen atoms) ones in the coordination plane. The
dihedral angle between the imidazole and the phenolic rings
within ligands L; or L, is 80.1(1)° or 84.3(5)°. In contract, the
dihedral angle between the two coordinated phenolic rings within
the basal coordination plane is 11.9(1)° in 1 or 11.8(5)° in 2, and
that between the two coordinated imidazole rings is 24.8(1) or
24.3(5)°. It is noted that four L; and L, ligands in 1 and 2 can be
divided into two groups. Half of them serve as the bidentate
ligands, while the other half act as the tridentate ones. The two
copper(Il) centers are separated by two flexible N-(3-
aminopropyl)imidazole units with the separation between them of
9.202(3) Ain10r9.151(11) Ain 2.

X-ray structural analysis for complex 3 exhibits that it is also a
dinuclear Cu(Il) compound. However, each Cu(ll) ion is four-
coordinated by two phenolic oxygen atoms and piperidine
nitrogen atom from one ligand as well as one imidazole nitrogen
atom from the other ligand, showing square planar coordination
geometry. The dihedral angles between the imidazole and two
phenolic rings are 28.6(2)° and 29.7(2)°, and the distance
between two Cu(Il) centers is 5.637(4) A. It is interesting to point
out that an unusual 2,6-diphenolic piperidine based multidentate
ligand L; is in situ formed where the original Schiff-base C=N
double bond disappears. Different from the half-bidentate and
half-tridentate monovalent ligands L; and L, in 1 and 2, the
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divalent anionic ligand L; in 3, which is suggested to come from
the flexible Schiff-base ligand HL, with the participancy of
methanol and acetone, displays a tetradentate coordination
fashion.

In summary, two new flexible Schiff-base ligands HL, and HL,
were prepared via the condensation between 3,5-
dichlorosalicylaldehyde/3,5-dibromosalicylaldehyde and N-(3-
aminopropyl)imidazole. The reactions between HL,/HL, and
Cu(OAc),2H,0/NH;-H,0 in the mixture of methanol and
acetone solvents yield two dinuclear five-coordinate Cu(Il)
complexes formulated as [Cu,(Li)4] (1) and [Cuy(L,)4] (2),
respectively, in which two of the L; and L, ligands are tridentate
and the other two are bidentate. It is very interesting to mention
that an unprecedented dinuclear four-coordinate Cu(II) complex
formulated as [Cuy(Ls),]-2H,0 (3) is obtained as a by-product of
this reaction, where the tetradentate ligand H,L; having an in situ
formed 2,6-diphenolic piperidine ring.

This work was financially supported by the Major State
Basic Research Development Programs (Nos. 2013CB922101
and 2011CB933300), the National Natural Science
Foundation of China (No. 21171088), and the Natural Science
Foundation of Jiangsu Province (Grant BK20130054).

Notes and references

¢ State Key Laboratory of Coordination Chemistry, Nanjing National
Laboratory of Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210093, P. R. China

b College of Sciences, Nanjing Tech University, Nanjing, 210009, P. R.
China

* E-mail: whuang@nju.edu.cn

+ Electronic Supplementary Information (ESI) available: Syntheses of
Schiff-base ligands HL, and HL,, FT-IR, ESI-MS, 'H and C NMR,
UV-Vis and PXRD spectra, together with Table of selected bond angles
and hydrogen bonds for related compounds. CCDC: 995477-995479. For
crystallographic data in CIF or other electronic format See
DOI:10.1039/b000000x/

1 Y. Sunatsuki, Y. Motoda and N. Matsumoto, Coord. Chem. Rev.,
2002, 226, 199.

2 R. Ziessel, Coord. Chem. Rev.,2001, 216-217, 195.

3 S. Yamada, Coord. Chem. Rev., 1999, 190-192, 537.

4 A. Corma, H. Garcia and F. X. Llabrés i Xamena, Chem. Rev., 2010,
110, 4606.

5 E. Kimura, S. Wada, M. Shiyonoya and Y. Okazaki, Inorg. Chem.,
1994, 96, 770.

6 A. E. Visser, R. P. Swatloski, W. M. Reichert, Jr. J. H. Davis, R. D.
Rogers, R. Mayton, S. Sheff and A. Wierzbicki, Chem. Commun.,
2001, 135.

7 A. Ouadi, B. Gadenne, P. Hesemann, J. J. Moreau, 1. Billard, C.
Gaillard, S. Mekki and G. Moutiers, Chem. Eur. J., 2006, 12, 3074.

8 K. M. Song, H. Y. Gao, F. S. Liu, J. Pan, L. H. Guo, S. B. Zai and Q.
Wu, Catal. Lett., 2009, 131, 566.

9 T. Sano, Y. Nishio, Y. Hamada, H. Takahashi, T. Usuki and K. Shibata,

J. Mater. Chem., 2000, 10, 157.

P. Wang, Z. Hong, Z. Xie, S. Tong, O. Wong, C. Lee, N. Wong, L.

Hung and S. Lee, Chem. Commun., 2003, 70, 1664.

L. Lepnev, A. Vaschenko, A. Vitukhnovsky, S. Eliseeva, O. Kotova

and N. Kuzmina, Synth. Met., 2009, 159, 625.

C. Che, S. Chan, H. Xiang, M. Chan, Y. Liu and Y. Wang, Chem.

Commun., 2004, 13, 1484.

C. Che, C. Kwok, S. Lai, A. F. Rausch, W. J. Finkenzeller, N. Zhu and

H. Yersin, Chem. Eur. J., 2010, 16, 233.

A. Grabowska, Chem. Phys. Lett, 1997, 267, 132.

K. Hassan, S. Maryam and R. Majid, J. Mol. Struct., 2013, 1032, 62.

V. T. Kasumov, F. Koksal and A. Sezer, Polyhedron, 2005, 24, 1203.

10

11

12

13

14

15
16

65

80 20

90

95

100

105

110

115

120

125

21

22

23

24

17 H. Lin and Y. L. Feng, Chin. J. Struct. Chem., 2005, 24, 346.

18 A. N. Kursunlu, E. Guler, F. Sevgi and B. Ozkalp, J. Mol. Struct.,
2013, 24, 476.

(a) J. W. Sharples and D. Collison, Coord. Chem. Rev., 2014, 260, 1;
(b) R. W. Saalfrank and A. Scheurer, Top. Curr. Chem., 2012, 319, 125;
(c) M. J. Wiester, P. A. Ulmann and C. A. Mirkin, Angew. Chem. Int.
Ed., 2011, 50, 114; (d) G. A. Timco, T. B. Faust and F Tuna, Chem.
Soc. Rev., 2011, 40, 3067; (e) B. Breiner, J. K. Clegg and J. R.
Nitschke, Chem. Sci., 2011, 2, 51; (f) D. L. Long, R. Tsunashima and
L. Cronin, Angew. Chem. Int. Ed., 2010, 49, 1736; (g) M. D. Ward,
Chem. Commun., 2009, 4487; (h) M. Yoshizawa, J. K. Klosterman, M.
Fujita, Angew. Chem. Int. Ed., 2009, 48, 3418; (i) M. Albrecht and R.
Froehlich, Bull. Chem. Soc. Jpn., 2007, 80, 797; (j) G Mezei, C. M
Zaleski and V. L Pecoraro, Chem. Rev., 2007, 107, 4933; (k) M. D.
Pluth and K. N. Raymond, Chem. Soc. Rev., 2007, 36, 161.

(a) W. Huang, H. B. Zhu and S. H. Gou, Coord. Chem. Rev., 2006,
250, 414; (b) J. C. Jiang, Z. L. Chu, W. Huang, G. Wang and X. Z. You,
Inorg. Chem., 2010, 49, 5897; (¢) H. Q. Chen, K. Zhang, C. Jin and W.
Huang., Dalton Trans., 2014, 43, 8486; (d) K. Zhang, C. Jin, H. Q.
Chen, G Yin, W. Huang, Chem. Asian J., 2014, DOIL
10.1002/asia.201402357R1.

H. F. Qian, Y. Dai, J. Geng, L. Wang, C. Wang and W. Huang.
Polyhedron, 2014, 67, 314.

Syntheses of dinuclear copper(ll) complexes 1-3. Complex 1: HL,
(0.062 g, 0.20 mmol) was dissolved in the acetone/methanol mixture
(wv=2:1,15 cm3), and excess NH;-H,O was added. The mixture was
added a solution of Cu(OAc),-H,O (0.020 g, 0.10 mmol) in acetone
(10 ecm®) and refluxed for 4 h. After that, the solution was cooled to
room temperature and filtered. The filtrate was allowed to evaporate
slowly for two weeks in air at room temperature, and green
microcrystals of 1 were obtained in a yield of 0.088 g (67 % based on
Cu(II) ion). Main FT-IR absorptions (KBr, cm™): 3443 (w), 2858 (w),
1411 (s), 1218 (vs), 1030 (m), 705 (m). Anal Calc. for
Cs,HusClsCu,N,04-2H,0: C, 46.20; H, 3.88; N, 12.43 %. Found: C,
46.61; H, 3.85; N, 12.58 %. UV—Vis in methanol, A, = 423 and 332
nm. Single crystals of 3 suitable for X-ray diffraction determination
was obtained as a dark-green by-product in a yield of 0.030 g (23 %
based on Cu(Il) ion), together with the main product 1 in the same
beaker. Main FT-IR absorptions (KBr, cm™): 3433 (w), 2912 (w),
2854 (w), 1710 (w), 1512 (m), 1454 (vs), 1147 (s), 705 (m). Anal.
Calc. for CsoHs4ClgCu,NgO1o: C, 45.85; H, 4.16; N, 6.42 %. Found: C,
45.57; H, 3.99; N, 6.18 %. UV-Vis in DMF, A = 428 and 334 nm.
Complex 2: The synthesis of 2 was similar to that of 1. Yield: 0.116 g
(68 % based on Cu(Il) ion). Main FT-IR absorptions (KBr, cm™):
3442 (w), 2857 (w), 1411 (vs), 1286 (vs), 1029 (s), 751 (m). Anal.
Cale. for Cs;HasBrsCu,N1,042H,0: C, 36.58; H, 3.07; N, 9.84 %.
Found: C, 36.79; H, 2.70; N, 10.09 %. UV-Vis in methanol, An.x =
425 and 336 nm.

Crystallographic data: 1, formula, Cs;HssClsCusN1204, Mr = 1315.72,
monoclinic space group, P2/c, a = 12.946(2), b = 13.680(2), ¢ =
19.492(4) A, a =y = 90°, f = 114.307(2)°, ¥ = 3146.009) A®, Z =2,
Dc = 1.389 g-cm?, crystal size (mm) = 0.08 x 0.10 x 0.12, § = 1.07,
Rl = 0.0550 and WR2 =0.1647. 2, formula, C52H4gBrgCu2N1206, My =
1703.32, monoclinic space group P2/, a = 12.949(10), b =
14.283(12), ¢ = 19.337(12) A, o = y = 90°, B = 114.18(4)°, V =
3263(4) A’, Z=2, Dc = 1.701 g-cm?, crystal size (mm) = 0.10 x 0.10
x 0.12, § = 1.06, R, = 0.0939 and wR, = 0.2451. 3, formula,
CsoHs4ClsCusNgOq9, Mr = 1309.69, monoclinic space group P2/n, a =
8.722(7), b = 18.004(13), ¢ = 18.378(14) A, a = y = 90.00, =
99.404(10)°, V = 2847(4) A’, Z =2, Dc = 1.528 g-cm>, crystal size
(mm)=0.10x 0.12 x 0.16, S=0.87, R, = 0.0628 and wR, = 0.1700.
A. W. Addison, T. N. Rao, J. Reedijk, J. van Rijn and G. C.
Verschoor, J. Chem. Soc. Dalton Trans., 1984, 1349.
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