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Abstract: A novel 36-metallacrown-6 complex [CuL(N(CN)2)(PF6)]6·0.5H2O 1 was achieved using a
tridendate ligand, 1,4,7-triisopropyl-1,4,7-triazacyclononane (L), and a flexible ligand, dicyanamide in
MeOH. The µ1,5 bridging models of the dicyanamide ligand linked the macrocycle to form in a specific
size with the chair conformation. The anion was important to form this 36-metallacrown-6 complex,
as change was obtained with the larger anion BPh4

−, binuclear copper compound 2. The magnetic
property indicates that slightly ferromagnetic interactions resulted from a superexchange mechanism.
DNA binding properties were also studied. UV and fluorescence spectra showed that complex 1
could bind with DNA.
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1. Introduction

The control of ligand–field and metal–metal interactions in coordination chemistry has great effects
for the development of novel magnetic and biologically active molecules. To optimize the properties,
it is helpful to predict the relative arrangement of the metal ions, their geometry, and their stoichiometry
within the molecular polynuclear complexes, in order to control the electronic and magnetic exchange
interactions. The metallacrown strategy has led to advances in relevant areas, such as molecular
magnetism [1–5] and luminescent complexes for biological imaging [6–8]. Metallacrowns have also
been investigated for their multinuclear structures and interesting molecular architecture [9–16].
Many single-molecule-magnets (SMMs) are constructed by metallacrown complexes, such as DyX4M
12-Metallacrown-4 [17], Gd2Mn4 [3], Mn6(Ishz)6 [18], etc. The size of the metallamacrocycles can be
determined by the nature of the bridging ligands and metal ions involved, such as the coordination
geometries of the metal ions, the length of a bridging group between the metal centers, or the number
of repeating units. Proper strategies are required to control the nuclear number of metallacrowns and
obtain the desired compounds.

Most reported metallacrowns have been prepared using hydroxamic acids and/or ketonoximic
acids as constructing ligands [19,20]. Previously, we reported a hexanuclear metallamacrocycle Ni
complex which was obtained by using the tridentate ligand 1,4,7-triisopropyl-1,4,7-triazacyclononane
and the flexible ligand dicyanamide (dca) [21]. Herein, we report a nonplanar metallacrown
copper compound: [CuL(N(CN)2)(PF6)]6·0.5H2 (L = 1,4,7-triisopropyl-1,4,7-triazacyclononane), using
tridentate ligand L and a long bridging ligand dicyanamide for the construction of metallacrowns.
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Reaction of LCuCl2 species, NaN(CN)2 as bridging ligand, and KPF6 as anion in CH3OH solvent
gave the hexanuclear complexes [22]. Single crystal X-ray analysis [23] of the compound illustrated
that the compound is isomorphous and crystallized in the rhombohedral group R3. The crystal data
and structure refinement are summarized in Table 1, and selected bond lengths (Å) and angles (◦) are
summarized in Table 2. Figure 1 gives a perspective view of compound 1. The structure presents
a regular hexagon from the c axis (Figure 1a). The copper atom was five coordinated with three N
atoms from the L ligand and two N atoms from N(CN)2. Actually, the six copper atoms adopted a
chair confirmation from the a axis (Figure 1b), where three Cu atoms were in the same plane and the
other three Cu atoms were in another plane. N(CN)2

− anions bridged LCu2+ species, which formed a
hexahydric Cu ring adopting the chair conformation. Cu···Cu···Cu angles and the Cu···Cu distances
were the same, with 72.95◦ and 7.70 Å, respectively. The angles of N-Cu-N in the ring were 79.17◦,
while the C-N-C angle in the N(CN)2

− anion was 121.8(5)◦. The packing diagram shows a regular
array of hexahydric Cu rings and PF6

− anions along the c axis, with a regular honeycomb-like structure
(Figure 2). PF6

− looks like blooming flowers on the ipr3tacn rings, forming cycles with 12 PF6
− anions.

These values for the angles of the geometry demonstrate that the formation of hexahydric rings in this
reaction is strongly favored.

Table 1. Crystal data and structure refinement for 1 and 2.

Compound 1 2

Empirical formula C17H33.17CuF6N6O0.08P C82H106Ni2B2N12
Formula weight 531.51 1398.83

Temperature 294(2) K 293(2) K
Wavelength 0.71073 Å 0.71073 Å

Crystal system, space group Rhombohedral, R–3 Triclinic, P–1
Unit cell dimensions a = 28.417(3) Å α = 90◦ a = 10.2350(2) Å α = 74.4◦

b = 28.417(3) Å β = 90◦ b = 10.8420(2) Å β = 88.8◦

c = 15.6781(19) Å γ = 120◦ c = 18.055(3) Å γ = 78.5◦

Volume 10964(2) Å−3 1890.2(6) Å−3

Z, Calculated density 18, 1.449 Mg m−3 1, 1.229 Mg m−3

Absorption coefficient 1.024 mm−1 0.550 mm−1

F(000) 4965 748
Crystal size 0.26 × 0.20 × 0.16 mm3 0.24 × 0.20 × 0.14 mm3

θ range for data collection 1.43–25.02◦ 1.99–26.40◦

Limiting indices −33 ≤ h ≤ 17, −33 ≤ k ≤ 33, −18 ≤ l ≤ 18 −12 ≤ h ≤ 12, −5 ≤ k ≤ 13, −22 ≤ l ≤ 22
Reflections collected/unique 18,801/4320 [R(int) = 0.0511] 10,744/7607 [R(int) = 0.0255]
Max. and min. transmission 1.000000 and 0.712842 1.000000 and 0.818876

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 4320/54/287 7607/0/448
Goodness-of-fit on F2 1.066 1.006

Final R indices [I > 2θ(I)] R1 = 0.0421, wR2 = 0.1133 R1 = 0.0442, wR2 = 0.0860
R indices (all data) R1 = 0.0691, wR2 = 0.1320 R1 = 0.0774, wR2 = 0.0990

Largest diff. peak and hole 0.558 and −0.362 e Å−3 0.326 and −0.290 e Å−3

Table 2. Selected bond lengths (Å) and angles (◦) for 1 and 2.

1

Cu(1)-N(4) 1.992(3) Cu(1)-N(2) 2.077(3)
Cu(1)-N(6) 2.001(4) Cu(1)-N(3) 2.201(3)
Cu(1)-N(1) 2.070(3)

N(4)-Cu(1)-N(6) 86.05(14) N(1)-Cu(1)-N(2) 85.62(12)
N(4)-Cu(1)-N(1) 95.30(13) N(4)-Cu(1)-N(3) 118.49(15)
N(6)-Cu(1)-N(1) 178.58(14) N(6)-Cu(1)-N(3) 93.39(16)
N(4)-Cu(1)-N(2) 154.96(15) N(1)-Cu(1)-N(3) 85.58(14)
N(6)-Cu(1)-N(2) 93.35(14) N(2)-Cu(1)-N(3) 86.55(13)
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Table 2. Cont.

2

Ni(1)-N(4) 2.022(2) Ni(1)-N(1) 2.065(2)
Ni(1)-N(6) 2.086(2) Ni(1)-N(3) 2.0897(19)
Ni(1)-N(2) 2.0992(18)

N(4)-Ni(1)-N(1) 117.56(9) N(4)-Ni(1)-N(6) 84.72(9)
N(1)-Ni(1)-N(6) 93.79(9) N(4)-Ni(1)-N(3) 154.51(9)
N(1)-Ni(1)-N(3) 87.87(8) N(6)-Ni(1)-N(3) 95.90(8)
N(4)-Ni(1)-N(2) 93.74(8) N(1)-Ni(1)-N(2) 87.51(7)
N(6)-Ni(1)-N(2) 178.33(8) N(3)-Ni(1)-N(2) 85.19(7)

Symmetry operation is P–1 for 1 and R–3 for 2.
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The distance from the center to the closest non-hydrogen atom of the ligand was 4.455 Å in 1,
thus the inner cavity had an estimated volume of ca. 80 Å−3 (Figure 3). Note that the anion was found to
have a pronounced effect on the hexanuclear structure. When we changed the anion PF6

− to the larger
anion BPh4

− with a similar nickel complex. A similar structure could not be obtained, but a binuclear
NiII complex 2 was obtained (Figure 4) [24]. In complex 2, the Ni ions were five-coordinated with the
N(1), N(2), N(3) from L ligands and N(4), N(6) from dicyanamide ligands. Two Ni ions were bridged
by dicyanamides, forming slightly distorted square-pyramidal geometry. The distances of Ni-N bonds
were almost equal and amounted on average to 2.072 Å. The nearly planar dicyanamide utilized two of
three possible N-donors to coordinate Ni ions, resulting in the formation of a twelve-membered, slightly
puckered ring. The bond angle inside the ring, N(4)-Ni1-N(6), was 84.72(9)◦. The intramolecular
Ni···Ni separation was 7.386 Å.
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Figure 4. Perspective view of the binuclear NiII complex [LNi(N(CN)2)]2(BPh4)2 2 with the
atom-numbering scheme.

Although we performed the reactions in absolute CH3OH, water molecules were observed in
compound 1 probably due to non-removed or osmotic water from surroundings. We speculate that
the cavity of the two compounds might show abilities to absorb and store H2O molecules. The powder
X-ray diffraction technique was used. The compound was immersed in water for 24 h, and the XRD
patterns of the bibulous solid showed the main reflections remaining nearly identical with the pristine
samples, which supported the notion that the crystal lattice of the compound would remain intact
after absorbing the water molecules (Figure 5).
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Figure 5. XRD patterns for compound 2. (a) No adsorption of water molecules; (b) After adsorption of
water molecules.

The magnetic susceptibilities were measured under a 1000 Oe applied magnetic field in the
2−300 K temperature range. As illustrated in Figure 6, the value of χmT increased with decreasing
temperature from 300 K to 2 K, showing the presence of an antiferromagnetic interaction between
the Cu(II) ions. The slightly ferromagnetic interactions resulted from a superexchange mechanism of
adjacent Cu(II) ions. With decreasing temperature, the χmT increased slightly from 300 K to 24 K and
then increased rapidly from 25 K to 2 K.
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2. DNA Binding

In order to investigate whether DNA was the biological target of the compound, its interactions
with Calf-thymus DNA (CT-DNA) were studied by UV-Vis and fluorescence spectroscopy. CT-DNA
was prepared with Tris-HCl/NaCl buffer with pH of 7.5. The absorption spectra of compound 1
with absence and presence CT-DNA at various concentrations are shown in Figure 7a. The potential
CT-DNA binding ability of complexes was studied by UV spectroscopy by following the intensity
changes of the intraligand π–π* transition band at 232 nm and 298 nm. Upon the addition of an
increasing amount of CT-DNA (from 10−5 to 10−4 M) to the complexes (10−5 M), 20% hypochromism
and slight red shift (7–12 nm) were observed, indicating that interactions between the DNA phosphate
groups and Cu cations, or Cu coordination to guanine bases, might have happened.
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As a fluorescence spectral method, the relative binding of the complex to CT-DNA was studied
though an ethidium bromide (EB)-bound CT-DNA solution with Tris-HCl/NaCl buffer (pH = 7.5).
Fluorescence intensities at 610 nm were measured with various complex concentrations. Fluorescence
titration spectra are shown in Figure 7b. The emission intensity showed a reduction with increasing
concentration of complex 1, suggesting that the compound can replace EB from CT-DNA and intercalate
into the DNA double helix [25]. Ethidium bromide is an intercalator that gives a significant increase in
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compounds might play a significant role in the assembly of this metallacrown. The results in this
article may provide an incremental advancement to the field of metallacrown chemistry.

Author Contributions: Y.-S.Y. designed the research and wrote the manuscript. L.-J.L. and H.-Y.J. performed
the experiments. X.-Y.L. and Y.-G.L. participated in analyzing data. S.-P.Y. contributed to the revisions of
the manuscript.

Acknowledgments: We are grateful for the financial support from the fund of Wuhan Textile University
(017/165006), Natural Science Foundation of Hubei Province (2016CFB334) and National Natural Science
Foundation of China (No. 21204087).

Conflicts of Interest: The authors declare no conflict of interest.

References and Notes

1. Chow, C.Y.; Bolvin, H.; Campbell, V.E.; Guillot, R.; Kampf, J.W.; Wernsdorfer, W.; Gendron, F.; Autschbach, J.;
Pecoraro, V.L.; Mallah, T. Assessing the exchange coupling in binuclear lanthanide(III) complexes and the
slow relaxation of the magnetization in the antiferromagnetically coupled Dy2 derivative. Chem. Sci. 2015, 6,
4148–4159. [CrossRef] [PubMed]

2. Boron, T.T.; Kampf, J.W.; Pecoraro, V.L. A mixed 3d−4f 14-metallacrown-5 complex that displays slow
magnetic relaxation through geometric control of magnetoanisotropy. Inorg. Chem. 2010, 49, 9104–9106.
[CrossRef] [PubMed]

http://dx.doi.org/10.1039/C5SC01029B
http://www.ncbi.nlm.nih.gov/pubmed/29218180
http://dx.doi.org/10.1021/ic101121d
http://www.ncbi.nlm.nih.gov/pubmed/20849124


Molecules 2018, 23, 1269 7 of 8

3. Deb, A.; Boron, T.T., III; Itou, M.; Sakurai, Y.; Mallah, T.; Pecoraro, V.L.; Penner-Hahn, J.E. Understanding spin
structure in metallacrown single-molecule magnets using magnetic compton scattering. J. Am. Chem. Soc.
2014, 136, 4889–4892. [CrossRef] [PubMed]

4. Chow, C.Y.; Guillot, R.; Riviere, E.; Kampf, J.W.; Mallah, T.; Pecoraro, V.L. Synthesis and magnetic
characterization of Fe(III)-based 9-metallacrown-3 complexes which exhibit magnetorefrigerant properties.
Inorg. Chem. 2016, 55, 10238–10247. [CrossRef] [PubMed]

5. Escuer, A.; Mayans, J.; Font-Bardia, M. Linked nickel metallacrowns from a phosphonate/2-pyridyloximate
blend of ligands: Structure and magnetic properties. Inorg. Chem. 2016, 55, 3161–3168. [CrossRef] [PubMed]

6. Jankolovists, J.; Andolina, C.M.; Kampf, J.W.; Raymond, K.N.; Pecoraro, V.L. Assembly of near-infrared
luminescent lanthanide host(host–guest) complexes with a metallacrown sandwich motif. Angew. Chem.
Int. Ed. 2011, 50, 9660–9664. [CrossRef] [PubMed]

7. Trivedi, E.R.; Eliseeva, S.V.; Jankolovist, J.; Olmstead, M.M.; Petoud, S.; Pecoraro, V.L. Highly emitting
near-infrared lanthanide “encapsulated sandwich” metallacrown complexes with excitation shifted toward
lower energy. J. Am. Chem. Soc. 2014, 136, 1526–1534. [CrossRef] [PubMed]

8. Chow, C.Y.; Eliseeva, S.V.; Trivedi, E.R.; Nguyen, T.N.; Kampf, J.W.; Petoud, S.; Pecoraro, V.L. Ga3+/Ln3+

metallacrowns: A promising family of highly luminescent lanthanide complexes that covers visible and
near-infrared domains. J. Am. Chem. Soc. 2016, 138, 5100–5109. [CrossRef] [PubMed]

9. Lah, M.S.; Pecoraro, V.L. Isolation and characterization of {MnII[MnIII(salicylhydroximate)]4(acetate)2

(DMF)6}.2DMF: An inorganic analog of M2+(12-crown-4). J. Am. Chem. Soc. 1989, 111, 7258–7259. [CrossRef]
10. Cutland, A.D.; Malkani, R.G.; Kampf, J.W.; Pecoraro, V.L. Lanthanide [15]metallacrown-5 complexes form

nitrate-selective chiral cavities. Angew. Chem. Int. Ed. 2000, 39, 2689–2692. [CrossRef]
11. Jian, F.F.; Jiao, K.; Li, Y.; Zhao, P.S.; Lu, L.D. [Ni6(SCH2CH2OH)12]: A double crown [12]metallacrown-6

nickel(II) cluster. Angew. Chem. Int. Ed. 2003, 42, 5722–5724. [CrossRef] [PubMed]
12. Guillerm, V.; Kim, D.; Liu, X.; Adil, K.; Luebke, R.; Eubank, J.F.; Lah, M.S.; Eddaoudi, M. A supermolecular

building approach for the design and construction of metal-organic frameworks. Chem. Soc. Rev. 2014, 43,
6141–6172. [CrossRef] [PubMed]

13. Mezei, G.; Baran, P.; Raptis, R.G. Anion encapsulation by neutral supramolecular assemblies of cyclic
CuII complexes: A series of five polymerization isomers, [{cis-CuII(µ-OH)(µ-pz)}n], n=6, 8, 9, 12, and 14.
Angew. Chem. Int. Ed. 2004, 43, 574–577. [CrossRef] [PubMed]

14. Pereira, C.L.M.; Pedroso, E.F.; Tumpf, H.O.S.; Novak, M.A.; Richard, L.; Garcia, R.R.; Riviere, E.;
Journaux, Y. A CuIICoII metallacyclophane-based metamagnet with a corrugated brick-wall sheet
architecture. Angew. Chem. Int. Ed. 2004, 43, 956–958. [CrossRef] [PubMed]

15. Zaleski, C.M.; Depperman, E.C.; Dendrinou-Samara, C.; Alexiou, M.; Kampf, J.W.; Kessissoglou, D.P.;
Kirk, M.L.; Pecoraro, V.L. Metallacryptate single-molecule magnets: Effect of lower molecular symmetry on
blocking temperature. J. Am. Chem. Soc. 2005, 127, 12862–12872. [CrossRef] [PubMed]

16. Zaleski, C.M.; Depperman, E.C.; Kampf, J.W.; Kirk, M.L.; Pecoraro, V.L. Using
LnIII[15-MCCu

II
(N)(S)-pheHA

−5]3+ complexes to construct chiral single-molecule magnets and chains
of single-molecule magnets. Inorg. Chem. 2006, 45, 10022–10024. [CrossRef] [PubMed]

17. Boron, T.T., III; Lutter, J.C.; Daly, C.I.; Chow, C.Y.; Davis, A.H.; Nimthong-Roldan, A.; Zeller, M.; Kampf, J.W.;
Zaleski, C.M.; Pecoraro, V.L. The nature of the bridging anion controls the single-molecule magnetic
properties of DyX4M 12-metallacrown-4 complexes. Inorg. Chem. 2016, 55, 10597–10607. [CrossRef]
[PubMed]

18. Moon, D.; Song, J.; Kim, B.J.; Suh, B.J.; Lah, M.S. Three-dimensional helical coordination networks of a
hexanuclear manganese metallamacrocycle as a helical tecton. Inorg. Chem. 2004, 26, 8230–8232. [CrossRef]
[PubMed]

19. Samara, C.D.; Psomas, G.; Iordanidis, L.; Tangoulis, V.; Kessissoglou, D.P. Host–guest interaction of 12-MC-4,
15-MC-5, and fused 12-MC-4 metallacrowns with mononuclear and binuclear carboxylato complexes:
Structure and magnetic behavior. Chem. Eur. J. 2001, 7, 5041–5051. [CrossRef]

20. Gibney, B.G.; Stemmler, A.J.; Pilotek, S.; Kampf, J.W.; Pecoraro, V.L. Generalizing the metallacrown analogy:
Ligand variation and solution stability of the VVO 9-metallacrown-3 structure type. Inorg. Chem. 1993, 32,
6008–6015. [CrossRef]

21. Chen, G.J.; Wang, Z.G.; Yang, Y.S.; Tian, J.L.; Yan, S.P. A nickel(II) metallamacrocycle complex with
antiferromagnetic properties. Z. Anorg. Allg. Chem. 2013, 639, 475–477. [CrossRef]

http://dx.doi.org/10.1021/ja501452w
http://www.ncbi.nlm.nih.gov/pubmed/24625070
http://dx.doi.org/10.1021/acs.inorgchem.6b01404
http://www.ncbi.nlm.nih.gov/pubmed/27696831
http://dx.doi.org/10.1021/acs.inorgchem.6b00103
http://www.ncbi.nlm.nih.gov/pubmed/26934209
http://dx.doi.org/10.1002/anie.201103851
http://www.ncbi.nlm.nih.gov/pubmed/21913290
http://dx.doi.org/10.1021/ja4113337
http://www.ncbi.nlm.nih.gov/pubmed/24432702
http://dx.doi.org/10.1021/jacs.6b00984
http://www.ncbi.nlm.nih.gov/pubmed/27015360
http://dx.doi.org/10.1021/ja00200a054
http://dx.doi.org/10.1002/1521-3773(20000804)39:15&lt;2689::AID-ANIE2689&gt;3.0.CO;2-0
http://dx.doi.org/10.1002/anie.200351896
http://www.ncbi.nlm.nih.gov/pubmed/14661205
http://dx.doi.org/10.1039/C4CS00135D
http://www.ncbi.nlm.nih.gov/pubmed/25009001
http://dx.doi.org/10.1002/anie.200352636
http://www.ncbi.nlm.nih.gov/pubmed/14743407
http://dx.doi.org/10.1002/anie.200352604
http://www.ncbi.nlm.nih.gov/pubmed/14966877
http://dx.doi.org/10.1021/ja050951i
http://www.ncbi.nlm.nih.gov/pubmed/16159280
http://dx.doi.org/10.1021/ic061326x
http://www.ncbi.nlm.nih.gov/pubmed/17140199
http://dx.doi.org/10.1021/acs.inorgchem.6b01832
http://www.ncbi.nlm.nih.gov/pubmed/27704795
http://dx.doi.org/10.1021/ic049393j
http://www.ncbi.nlm.nih.gov/pubmed/15606165
http://dx.doi.org/10.1002/1521-3765(20011203)7:23&lt;5041::AID-CHEM5041&gt;3.0.CO;2-6
http://dx.doi.org/10.1021/ic00078a018
http://dx.doi.org/10.1002/zaac.201200446


Molecules 2018, 23, 1269 8 of 8
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