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Synthesis and crystal structure of a 2 nm long rectangular

copper dimetallomacrocyclex
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A new mixed-heterocycle ‘extended-reach’ ligand has been synthesized and used to prepare
copper(II) and nickel(II) complexes. An X-ray crystal structure determination reveals that the
copper complex is an M2L2 metallomacrocycle having an unusual rectangular shape with a
length of over 2 nm stabilized by intramolecular �-stacking.
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1. Introduction

One of the topical areas of supramolecular chemistry is the synthesis of large
metallomacrocyclic structures by self-assembly of transition metal ions and appro-
priately designed organic ligands [1–4]. These metallomacrocycles typically have large
voids that make then ideal for construction of catenanes and rotaxanes [2, 5–8] or useful
as synthetic receptors and molecular reaction flasks [3, 4, 9].

Fujita and co-workers pioneered much of the initial work in this area with the
synthesis and investigations of the dynamic behaviour of dinuclear metallomacrocycles
in solution [5–7, 10]. These discrete systems are formed from the self-assembly
of divergent polydentate ligands and cis-protected transition metal ions [5, 11].
Self-catenation of these systems can be induced by high concentrations and stabilised by
edge-to-face CH � � �� interactions [7]. A dimetallomacrocycle containing a fluorinated
spacer group has been used to bind electron-rich aromatic guests within the cavity
of the metallomacrocycle [3]. In similar rational approaches, other workers have
reported the metal-directed self-assembly of dinuclear metallomacrocyclic structures
with divergent polydentate ligands based upon, for example, various organic
spacers [12, 13], chiral groups [14], fullerenes [15], and metalloporphyrins [16].
These assemblies display interesting host-guest behaviour; for instance ‘Lantern’
complexes based on amide containing ligands bind both anions and cations [13].
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Simple tripodal ligands, which are capable of facial coordination of an
octahedral metal atom, represent a very large class of extensively studied
compounds in coordination chemistry. These include the C3-symmetric azole and
azine containing compounds, for example, tripyrazolylborate [17], tripyrazolyl-
methane [18] and tri-2-pyridylmethane [19]. Unsymmetrical examples have
also been studied [20], as well as ligands incorporating multiple atom tethers
between the donor heterocycles [21]. Extension of these simple tripodal motifs
to divergent bridging ligands with tripodal binding domains has also been
described [19, 22, 23].

We are engaged in study of a class of ligand that consists of a bridging core to
which are appended di-2-pyridylmethyl-, or di-2-pyridylamino-substituents [24–26].
These ligands possess two binding domains with a tripodal arrangement of three
nitrogen donor atoms. Examples of this ligand class have been studied in various
contexts by Lippard and co-workers [27] and Manzur et al. [28]. Until recently, we
restricted our study of such ditopic tripodal ligands to diazine cores and
consequently, to metal-metal separations of up to ca. 6.9 Å. One of the main aims
of this work was to prepare bridging ligands where the metal-metal distance could
be systematically enlarged by altering the core structure of the ligand. As part of our
studies of the coordination chemistry of ditopic tripodal ligands we have reacted
them with various M(BF4)2 salts (where M¼Co, Ni, Cu, Zn). With these metal
precursors we have observed two common structures in the complexes of these
tripodal ligands; either side-by-side [2þ2] metal-ligand dimers or dinuclear helicates
[24]. In this communication we focus on our results for the extended-reach ligand 1

whereby a 2 nm long 38-atom dicopper metallomacrocycle was synthesized
(scheme 1) and characterized by X-ray crystallography.

2. Experimental

2.1. General Experimental

Unless otherwise stated reagents were obtained from commercial sources and used as
received. The starting material for the synthesis of 1, 4-chloro-6-(di-2-pyridylamino)
pyrimidine (2), was prepared as described elsewhere [25]. Melting points were
recorded on an Electrothermal melting point apparatus and are uncorrected.
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2

Scheme 1. Synthesis of (1), (3) and (4).
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The Campbell microanalytical laboratory at the University of Otago performed
elemental analyses. Electrospray (ES) mass spectra were recorded using a Micromass
LCT-TOF mass spectrometer. NMR spectra were recorded on Varian 300MHz and
Varian 500MHz spectrometers at 23�C, using a 3mm probe.

2.2. Preparation of 1,4-bis(6-[di-2-pyridylamino]-4-pyrimidyloxy)benzene (1)

Compound 2 (250mg, 0.88mmol) and 1,4-dihydroxybenzene (48.5mg, 0.44mmol) were
combined and dissolved in DMF. K2CO3 (122mg, 0.87mmol) was added to this
solution and the reaction mixture heated at 120�C for 24 h. The reaction was cooled to
room temperature and the DMF removed in vacuo. The resulting residue was
redissolved in chloroform and filtered through a Celite plug before the filtrate
was washed with water, then brine and dried over magnesium sulfate. The solvent was
removed in vacuo to give a pale brown solid, which was purified by chromatography on
alumina (20 g) to give 1 as a cream solid. Yield 314mg (59%). M.p. 237–239�C. Anal.
calcd for C34H24N10O2 �½H2O(%): C, 66.55; H, 4.11; N, 22.83. Found: C, 66.66;
H, 3.78; N, 22.73. ES-MS: 605.3 [(Mþ1)]þ. 1H NMR (CDCl3) � 8.50 (d, 4H, H600),
8.44 (s, 2H, H20), 7.75 (t, 4H, H400), 7.22 (d, 4H, H300), 7.18 (t, 4H, H500), 7.16 (s, 4H,
H2/H3/H5/H6), 6.49 (s, 2H, H50). 13C NMR (CDCl3) � 170.0, 163.9, 158.1, 155.7,
149.7, 138.4, 122.6, 121.4, 121.0, 94.89.

2.3. Preparation of the complexes

[Cu2(1)2(CH3OH)2](BF4)2(SiF6) (3). Cu(BF4)2 (11.2mg, 0.032mmol) and 1 (20.0mg
0.033mmol) were both dissolved in hot methanol and the solutions combined.
Immediately a pale blue solid formed. Addition of dichloromethane to the reaction
mixture led to the formation of blue crystals of 3 � 8(CH2Cl2) that were suitable for
X-ray crystallography. These were collected and dried in vacuo. Yield 18.2mg (66%).
M.p. 220–223�C (dec.). Anal. calcd for C70H56B2N20O6F14SiCu2(%): C, 48.98; H, 3.30;
N, 16.33. Found: C, 48.20; H, 3.28; N, 16.27.

[Ni2(1)2(H2O)4](BF4)4 � 2(H2O) (4). Ni(BF4)2 (11.2mg, 0.033mmol) and 1 (19.9mg,
0.033mmol) were both dissolved in hot methanol and the solutions combined.
On standing a blue microcrystalline solid precipitated from solution, was collected and
then dried in vacuo. Yield 8mg (27%). M.p. 4280�C (dec.). Anal. calcd for
C68H64B4N20O10F16Ni2(%): C, 45.72; H, 3.62; N, 15.69. Found: C, 45.68; H, 3.84;
N, 15.39.

2.4. X-Ray Crystallography

The crystal data, data collection and refinement parameters for 3 � 8(CH2Cl2) are
given below. The measurements were made with a Siemens CCD area detector
using graphite monochromatised Mo K� (�¼ 0.71073 Å) radiation. The intensities
were corrected for Lorentz and polarisation effects and for absorption [29].
The structure was solved by direct methods using SHELXS [30], and refined on F2

using all data by full-matrix least-squares procedures using SHELXL-97 [31].
All non-hydrogen atoms were refined with anisotropic displacement parameters.
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Hydrogen atoms were included in calculated positions with isotopic displacement
parameters 1.2 (aromatic) or 1.5 (aliphatic) times the isotropic equivalent of their
carrier carbon atoms.

Crystal data for 3 � 8(CH2Cl2): C78H72B2Cl16Cu2F14N20O6Si, FW 2395.55, triclinic,
P-1, a 10.757(3), b 11.718(3), c 21.781(6) Å, � 96.346(4), � 95.415(4), � 111.295(4)�, V
2515(1) Å3, Z 1, � 1.581Mg/m3, � 0.945mm�1, F(000) 1208, blue plate 0.58� 0.40�
0.30mm, 2	max 52�, T 168K, 32825 reflections [Rint¼ 0.0306], 10124 unique
(97.9% completeness), 701 parameters, GOF 1.05, wR2 0.187 for all data, R 0.060
for 7497 data with I42
(I).

3. Results and Discussion

A previous synthesis of a related tripodal ligand, 4,6-bis(di-2-pyridylamino)pyrimidine
provided a significant amount of monosubstituted compound, 4-chloro-6-(di-2-pyridyl
amino)pyrimidine (2), as a by-product [25]. It was thought that 2 could be reacted with
various substituted benzene cores to form a variety of ‘extended-reach’ tripodal ligands,
analogous to the work of Kodera [22] and Reger [23]. The present ‘extended-reach’
ligand was prepared by heating 2, hydroquinone and potassium carbonate overnight in
DMF, to give 1,4-bis(6-[di-2-pyridylamino]-4-pyrimidyloxy)benzene (1) in 59% yield
(scheme 1). While providing large metal-metal separations, a disadvantage with such
ligands is that the metal centers of potential dinuclear complexes are no longer
connected via a conjugated core, removing the possibility of metal-metal interactions
through the �-system of the ligand. We postulated that this tripodal ligand would be
capable of the formation of discrete M2L complexes or dinuclear metallomacrocycles
on reaction with transition metals.

The formation of complexes of 1 was hindered by low solubility of this compound in
polar solvents. Reaction with various transition metal precursors invariably led to
preferential precipitation of the ligand under the conditions used. This was overcome in
certain cases by adding dichloromethane to the reaction mixtures. When copper
tetrafluoroborate was reacted with 1, a blue powder precipitated from the reaction
mixture almost immediately. It was induced to crystallize by addition of dichlor-
omethane to the reaction mixture to give 3 in 66% yield. By a combination of elemental
analysis and X-ray crystallography, 3 was characterized as [Cu2(1)2(CH3OH)2]
(BF4)2(SiF6). Crystals of 3 were obtained as a dichloromethane solvate. A related
complex (4) was prepared by reaction of 1 with nickel tetrafluoroborate in methanol
and isolated as a blue crystalline solid in 27% yield. Elemental analysis on 4 confirmed
a 1 : 1 metal-ligand stoichiometry for the complex, and on the basis of the crystal
structure of complex 3 and a preference of nickel(II) for octahedral geometries with
azine ligands, it is probable that this complex is also a [2þ2] dimer with composition
[Ni2(1)2(H2O)4](BF4)4 � 2H2O.

The structure of 3 � 8(CH2Cl2) is a large [2þ2] dimetallomacrocycle formed from
two molecules of the extended-reach ligand, 1, and two copper atoms. The use of
this ligand leads to a large 38-membered dimetallomacrocyclic ring which has a
rectangular shape and a length of 2 nm. The complex crystallizes in the space group
P-1, with one molecule of 1, one copper atom, a coordinated methanol molecule,
four dichloromethane solvate molecules, one tetrafluoroborate anion and half a
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hexafluorosilicate anion in the asymmetric unit. The hexafluorosilicate anion is likely

to originate from action of hydrofluoric acid (formed from decomposition of the

tetrafluoroborate anion in water) on the glass reaction vessel. Three of the

dichloromethane solvate molecules are disordered over two sites. A perspective view

of the complex is shown in figure 1, with hydrogen atoms and non-coordinated

anions and solvate molecules omitted for clarity.
The copper atoms have a distorted square-pyramidal coordination geometry

(� value of 0.24) with the oxygen atom of the methanol solvate in the apical position

(Cu –O¼ 2.134(3) Å). Despite having eight nitrogen donor atoms available for

coordination, only the four pyridine nitrogen atoms of each ligand participate in

coordination to copper. All coordinate in the basal positions of the copper(II) centers

with bond lengths that range from 2.010(3) to 2.041(3) Å. The pyrimidine donors do not

coordinate and thus the ligand is hypodentate in this complex.
The extended-reach ligand 1 has considerable flexibility in its conformation, but in

this structure acts as a rigid rod to connect the two copper atoms. Consequently, the

Cu-Cu distance is 18.101(1) Å, considerably longer than other [2þ2] bimetallic

complexes prepared with related ditopic tripodal ligands [24, 28, 32]. This extended

structure is stabilised by weak �-stacking interactions (3.625(6) Å) between the

pyrimidine rings of the ligands. Furthermore, the tertiary amines adopt a planar

geometry that is observed for other amine bridged ligands [33], which reinforces this

rod-like structure, and inhibits coordination by the pyrimidine nitrogen donors. The

central arene rings are aligned parallel but significantly offset with no �-stacking
interaction.

In this structure the ligand does not act in the manner originally intended; no

coordination by the pyrimidine nitrogen atoms is observed meaning that the tripodal

nature of the ligand donor set is not being utilised. Similar behaviour of a tripodal

binding domain occurs in selected complexes reported by Reger et al., where not all

the donor atoms in a tripodal binding site coordinate to a single metal, or alternatively,

Figure 1. A perspective view of the [2þ2]-dimetallomacrocycle 3, with hydrogen atoms, non-coordinated
solvate molecules and anions omitted for clarity. Selected bond lengths (Å) and angles (�): Cu(1)–N(21)
2.010(3), Cu(1)–N(210B) 2.029(3), Cu(1)–N(31) 2.032(3), Cu(1)–N(310B) 2.041(3), Cu(1)–O(90) 2.134(3),
N(21)–Cu(1)–N(210B) 170.64(12), N(21)–Cu(1)–N(31) 87.18(13), N(210B)–Cu(1)–N(31) 90.75(12),
N(21)–Cu(1)–N(310B) 93.26(13), N(210B)–Cu(1)–N(310B) 84.99(12), N(31)–Cu(1)–N(310B) 156.29(12),
N(21)–Cu(1)–O(90) 96.45(12), N(210B)–Cu(1)–O(90) 92.80(12), N(31)–Cu(1)–O(90) 94.32(12),
N(310B)–Cu(1)–O(90) 109.16(12).
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act as a bridge between two metals [34]. Thus, in this complex, 1 behaves as a bridging
doubly bidentate ligand.

A consideration of the packing reveals that the [2þ2]-dimers (3) are hydrogen bonded
into an extended polymeric chain (figure 2). The coordinated methanol molecules
hydrogen bond (d¼ 1.95(1) Å, D¼ 2.593(4) Å) to an adjacent hexafluorosilicate anion,
which acts as a bridge between adjacent molecules of 3. No other significant
interactions affect the packing of the discrete [2þ2]-dimers in the crystal.

In summary, we have synthesized an extended-reach ligand that readily forms a large
(2 nm long) 38-membered dimetallomacrocyclic ring when reacted with copper(II)
tetrafluoroborate. This work paves the way for synthesis and study of structurally
related tripodal ligands where control over the bridging geometry and metal-metal
distance is possible by altering the aromatic core within the present ligand.

Supplementary material

Crystallographic data for 3 � 8(CH2Cl2) have been deposited with the Cambridge
Crystallographic Data Centre (CCDC 648879). Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax:
þ44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk.

Acknowledgements

We thank the Royal Society of New Zealand for funding through the Marsden Fund
and a James Cook Research Fellowship.

References

[1] (a) S. Leininger, B. Olenyuk, P.J. Stang. Chem. Rev., 100, 853 (2000); (b) B.J. Holliday, C.A. Mirken.
Angew. Chem. Int. Ed., 40, 2022 (2001); (c) S.R. Seidel, P.J. Stang. Acc. Chem. Res., 35, 972 (2002); (d) P.J.
Steel. Acc. Chem. Res., 38, 243 (2005).

Figure 2. A packing diagram showing the hydrogen-bonded chains of the dimetallomacrocycles.

122 C. J. Sumby and P. J. Steel

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



[2] M. Fujita, K. Ogura. Coord. Chem. Rev., 14, 249 (1996).
[3] M. Fujita. Chem. Soc. Rev, 27, 417 (1998).
[4] M. Fujita, M. Tominaga, A. Hori, B. Therrien. Acc. Chem. Res, 38, 369 (2005).
[5] M. Fujita, F. Ibukuro, H. Hagihara, K. Ogura. Nature, 367, 720 (1994).
[6] M. Fujita, F. Ibukuro, K. Ogura, H. Seki, O. Kamo, M. Imanari. J. Am. Chem. Soc, 118, 899 (1996).
[7] M. Fujita. Acc. Chem. Res, 32, 53 (1999).
[8] A. Hori, K. Kumazawa, T. Kusukawa, D.K. Chand, M. Fujita, S. Sakamoto, K. Yamaguchi. Chem.,

Eur. J, 7, 4142 (2001).
[9] (a) C.H.M. Amijs, G.P.M. van Klink, G. van Koten. Dalton Trans., 308 (2006); (b) D. Fiedler, D.H.

Leung, R.G. Bergman, K.N. Raymond. Acc. Chem. Res., 38, 349 (2005).
[10] M. Fujita, M. Aoyagi, F. Ibukuro, K. Ogura, K. Yamaguchi. J. Am. Chem. Soc, 120, 611 (1998).
[11] M. Fujita, M. Aoyagi, K. Ogura. Inorg. Chim. Acta, 246, 53 (1996).
[12] (a) D. A. McMorran, P. J. Steel. Angew. Chem., Int. Ed., 37, 3295 (1998); (b) C. M. Hartshorn, P. J. Steel.

Inorg. Chem., 35, 6902 (1996).
[13] N.L.S. Yue, D.J. Eisler, M.C. Jennings, R.J. Puddephatt. Inorg. Chem, 43, 7671 (2004).
[14] T.J. Burchell, R.J. Puddephatt. Inorg. Chem, 44, 3718 (2005).
[15] T. Habicher, J.F. Nierengarten, V. Gramlich, F. Diederich. Angew. Chem., Int. Ed, 37, 1916 (1998).
[16] (a) C.M. Drain, J.-M. Lehn. J. Chem. Soc., Chem. Commun., 2313 (1994); (b) J. Fan, J.A. Whiteford, B.

Olenyuk, M.D. Levin, P.J. Stang, E.B. Fleischer. J. Am. Chem. Soc., 121, 2741 (1999).
[17] (a) S. Trofimenko. Chem. Rev., 93, 943 (1993); (b) S. Trofimenko. Prog. Inorg. Chem., 34, 115 (1986).
[18] D.L. Reger. Comments Inorg. Chem, 21, 1 (1999).
[19] L.F. Szczepura, L.M. Witham, K.J. Takeuchi. Coord. Chem. Rev, 174, 5 (1998).
[20] (a) P.K. Byers, A.J. Canty, B.W. Skelton, A.H. White. Organometallics, 9, 826 (1990); (b) W. Yang, H.

Schmider, Q. Wu, Y.-S. Zhang, S. Wang. Inorg. Chem., 39, 2397 (2000); (c) W.-Y. Yang, L. Chen, S.
Wang. Inorg. Chem., 40, 507 (2001).

[21] (a) L.M. Berreau. Eur. J. Inorg. Chem., 273 (2006); (b) A.G. Blackman. Polyhedron, 24, 1 (2005).
[22] (a) M. Kodera, H. Shimakoshi, Y. Tachi, K. Katayama, K. Kano. Chem. Lett., 27, 441 (1998);

(b) M. Kodera, Y. Tachi, S. Hirota, K. Katayama, H. Shimakoshi, K. Kano, K. Fujisawa,
Y. Moro-Oka, Y. Naruta, T. Kitagawa. Chem. Lett., 27, 389 (1998); (c) M. Kodera, H. Shimakoshi,
K. Kano. Chem. Commun., 1737 (1996); (d) M. Kodera, H. Shimakoshi, M. Nishimura, H. Okawa,
S. Iijima, K. Kano. Inorg. Chem., 35, 4967 (1996).

[23] (a) D.L. Reger, R.P. Watson, J.R. Gardinier, M.D. Smith. Inorg. Chem., 43, 6609 (2004); (b) D.L. Reger,
J.R. Gardinier, S. Bakbak, R.F. Semeniuc, U.H.F. Bunz, M.D. Smith. New J. Chem., 29, 1035 (2005); (c)
D.L. Reger, R.F. Semeniuc, I. Silaghi-Dumitrescu, M.D. Smith. Inorg. Chem., 42, 3751 (2003); (d) D.L.
Reger, R.F. Semeniuc, M.D. Smith. Dalton Trans., 285 (2003); (e) D.L. Reger, R.F. Semeniuc, M.D.
Smith. J. Organomet. Chem., 666, 87 (2003); (f) D.L. Reger, R.F. Semeniuc, M.D. Smith. J. Chem. Soc.,
Dalton Trans., 476 (2002); (g) D.L. Reger, R. F. Semeniuc, M.D. Smith. Inorg. Chem., 40, 6545 (2001);
(h) D.L. Reger, T.D. Wright, R.F. Semeniuc, T.C. Grattan, M.D. Smith. Inorg. Chem., 40, 6212 (2001).

[24] C.J. Sumby, P.J. Steel. Inorg. Chem. Commun, 6, 127 (2003).
[25] C.J. Sumby, ’Synthesis and Study of Bridging Heterocyclic Ligands’, Ph.D. Thesis, University of

Canterbury, Christchurch, New Zealand (2003).
[26] P.J. Steel, C.J. Sumby, unpublished results.
[27] (a) A.M. Barrios, S.J. Lippard. J. Am. Chem. Soc., 121, 11751 (1999); (b) A.M. Barrios, S.J. Lippard.

Inorg. Chem., 40, 1250 (2001); (c) A.M. Barrios, S.J. Lippard. Inorg. Chem., 40, 1060 (2001); (d) A.M.
Barrios, S.J. Lippard. J. Am. Chem. Soc., 122, 9172 (2000); (e) J. Kuzelka, S. Mukhopadhyay, B.
Spingler, S.J. Lippard. Inorg. Chem., 43, 1751 (2004); (f) J. Kuzelka, B. Spingler, S.J. Lippard. Inorg.
Chim. Acta, 337, 212 (2002).

[28] (a) J. Manzur, A.M. Garcia, A. Vega, E. Spodine. Polyhedron, 18, 2399 (1999); (b) E. Spodine, A.M.
Atria, J. Manzur, A.M. Garcia, M.T. Garland, A. Hocquet, E. Sanhueza, R. Baggio, O. Pena, J.-Y.
Saillard. J. Chem. Soc., Dalton Trans., 3683 (1997).

[29] R.H. Blessing. Acta Cryst, A51, 33 (1995).
[30] G.M. Sheldrick. Acta Cryst, A46, 467 (1990).
[31] G.M. Sheldrick. ’SHELXL-97’, University of Göttingen, Göttingen, Germany (1997).
[32] J. Manzur, A.M. Garcia, R. Letelier, E. Spodine, O. Pena, D. Grandjean, M.M. Olmstead, B.C. Noll.

J. Chem. Soc., Dalton Trans., 905 (1993).
[33] C.J. Sumby, P.J. Steel. Inorg. Chim. Acta, 360, 2100 (2006).
[34] (a) D.L. Reger, R.F. Semeniuc, V. Rassolov, M.D. Smith. Inorg. Chem., 43, 537 (2004); (b) D.L. Reger,

R.F. Semeniuc, C.A. Little, M.D. Smith. Inorg. Chem., 45, 7758 (2006).

Rectangular copper dimetallomacrocycle 123

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1


