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Metallamacrocycles constructed through self-assembly play
an important role in the development of molecular architec-
ture and topology.[1] There have been numerous reports on
fascinating molecular assemblies that consist of metallamac-
rocycles, from catenanes,[1a] pseudorotaxanes,[1a,c] and helica-
tes[1a,b,d] to molecular polygons/polyhedrons.[1d] The M�bius
strip is another intriguing topology that has attracted consid-
erable attention from chemists[2] but remains rarely seen in
synthetic molecular assemblies. Previous reports are almost
all confined to M�bius arrangements of electronic orbitals or
spins, including many theoretical studies on M�bius aroma-
ticity or delocalization,[2] together with the syntheses of a
M�bius aromatic hydrocarbon[3] and a magnetic M�bius
strip.[4] The synthesis of a molecular M�bius strip, an organic
molecule consisting of three crown ether rings, was first
realized in 1982.[5] Recently, a M�bius strip of NbSe3 single
crystals was reported.[6] Herein, we report the formation of a
molecular assembly that contains a highly robust metal-
lamacrocycle, with the bonds directly attached to the metal-
lamacrocycle adopting a M�bius arrangement.

We have been exploring the chemistry of gold complexes
with a pyridyl-2,6-diphenyl2� (CNC) ligand. Our previous
work led to the isolation of several AuIII–CNC complexes[7]

that contain the tridentate CNC ligand (see the inset of
Scheme 1). In the course of developing the chemistry of AuI–
CNC complexes, we conceived that [Li2(CNC)(tmeda)2] (1;
tmeda=N,N,N’,N’-tetramethylethylenediamine)[8] would be
a useful alkylating agent. Treatment of 1 with [Au(PCy3)Cl]
(Cy= cyclohexyl) in dry toluene gave [Au2(CNC)(PCy3)2] (2 ;
reaction 1, Scheme 1) in 80% yield. Complex 2 is thermally
stable and undergoes decomposition to give metallic gold at
> 325 8C. The 31P NMR spectrum of 2 in CD2Cl2 shows one

sharp singlet at d= 57.35 ppm. The X-ray crystal structure of
2[9] (see the Supporting Information) features a CNC ligand
that bridges two AuI ions, an unreported coordination mode
of the CNC dianion in its coordination chemistry.[10]

In view of the propensity of the CNC ligand to bridge AuI

ions, we envisioned that this ligand could have a unique
application in constructing AuI metallamacrocycles. Previ-
ously, a wide variety of AuI metallamacrocycles had been
prepared by employing isocyanide-, acetylide-, pyridine-,
carboxylate-, and phosphane-based bridging ligands,[11] nota-
ble examples of which are the singly and doubly braided
[2]catenanes reported by Puddephatt and co-workers.[11b,c]

Our strategy for constructing the metallamacrocycles
presented herein is through self-assembly from 1 and AuI–
diphosphane complexes (reactions 2 and 3, Scheme 1). Reac-
tion of 1 with [Au2Cl2(m-dppm)] (dppm= bis(diphenylphos-
phanyl)methane) in dry toluene for 24 h gave a yellow
suspension. Removal of the solvent followed by extraction
with dry CHCl3 and slow evaporation of the CHCl3 extract
afforded [Au3(CNC)(m-dppm)2]Cl (3-Cl) as yellow crystals in
86% yield. Under similar conditions, the reaction of 1 with
[Au2Cl2(m-Ph2PC�CPPh2)] resulted in the formation of [Au4-
(CNC)2(m-Ph2PC�CPPh2)2] (4), which was isolated as yellow
crystals in 75% yield by diffusion of Et2O into a solution of
CHCl3. Treatment of 3-Cl with excess LiClO4 and LiPF6

produced [Au3(CNC)(m-dppm)2]ClO4 (3-ClO4) and [Au3-
(CNC)(m-dppm)2]PF6 (3-PF6), respectively, in about 95%
yield. In the solid state, complexes 3-Cl, 3-ClO4, and 3-PF6

exhibited a high thermal stability similar to that of 2 ; complex
4 is less stable and decomposed at 150 8C and subsequently
gave metallic gold at 250 8C.

X-ray crystal-structure determinations of 3-Cl·8.5CHCl3,
3-PF6·CH2Cl2·5CHCl3, and 4·3CHCl3

[9] revealed a 16-mem-

Scheme 1. Syntheses of 2–4 from 1 (note the omission of the tmeda
ligands in 1 for clarity). The inset depicts the coordination mode of
the CNC ligand in previously reported gold complexes.
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bered C8NP4Au3 metallamacrocycle in 3 and a 26-membered
C16N2P4Au4 metallamacrocycle in 4 (see Figure 1 and the
Supporting Information). The Au atoms in 3 and 4 form a
{Au3} triangle and a {Au4} parallelogram, respectively, with

intramolecular Au···Au contacts of 3.015(29)–3.040(29) E for
3 (Au1···Au2, Au2···Au3) and 3.178(10) E for 4 (Au1···Au2,
Au1’···Au2’), which fall within the range of 2.9–3.2 E expected
for the occurrence of weak AuI···AuI interactions.[12] The Au�
C bond lengths of 2.034(14)–2.070(16) E in 3 and 2.077(39)–
2.091(14) E in 4 are comparable to those in 2 (2.053(9)–
2.059(13) E).

Interestingly, the bonds directly attached to the 16-
membered metallamacrocycle C8NP4Au3 in 3 adopt a
M�bius arrangement. The M�bius strip that passes through
the C8NP4Au3 ring and the P�C and C�C bonds directly
attached to the ring is depicted in Figure 2. As a M�bius strip
is chiral, the crystal structure of 3 contains pairs of P and
M enantiomers (see the Supporting Information), thus ren-
dering 3 to be racemic.

Further examination of the structures of 3-Cl·8.5CHCl3
and 3-PF6·CH2Cl2·5CHCl3 revealed the existence of intra-
molecular C�H···p interactions, as indicated by the close
contacts (2.787–3.113 E) between one of the methylene
hydrogen atoms in each dppm ligand (see the Supporting
Information) and the carbon atoms of the nearest phenyl
rings of the CNC ligand. In both crystal structures, 3 exists as
dimers, each of which consists of a pair of P and M enan-
tiomers linked by two intermolecular C�H···p interactions (a
C�H bond of a dppm phenyl group with the nearest phenyl

ring of the CNC ligand; closest H···C distances: 2.826 E for 3-
Cl·8.5CHCl3 and 2.848 E for 3-PF6·CH2Cl2·5CHCl3). For
each of the dimers in 3-Cl·8.5CHCl3, there are also four
intermolecular C�H···p interactions that arise from the C�H
bonds of four CHCl3 molecules (two inside and two outside
the dimers) and the nearest CNC phenyl rings (closest H···C
distances: 2.540 and 2.739 E for the interactions outside and
inside the dimers, respectively).

The structure of 3 remains intact in solution, as revealed
by mass-spectrometric and NMR spectroscopic analysis; for
example, complex 3-Cl exhibits a prominent cluster peak at
m/z 1589 in the FAB mass spectrum, which is assignable to
[Au3(CNC)(m-dppm)2]

+. The 31P NMR spectra of 3-Cl, 3-
ClO4, and 3-PF6 each show two multiplets (AA’BB’ system)
with d� 30 (P1 and P4) and 37 ppm (P2 and P3; assignment
based on the 31P,1H HOESY NMR spectra shown in the
Supporting Information), which is consistent with the C2-
symmetic structure of the molecule of 3. In the 1H NMR
spectra of 3-Cl, 3-ClO4, and 3-PF6, the H

a signal (d� 1.2 ppm)
is substantially upfield from that of Hb (d� 4.0 ppm; see the
Supporting Information for an example), a phenomenon
attributable to the shielding of Ha by the phenyl ring of the
CNC ligand. The NOESY NMR spectrum of 3-Cl shows a
cross peak between Ha and H3 (see the Supporting Informa-
tion). These data are in agreement with the intramolecular C�
H···p interactions in the crystal structures of 3-Cl and 3-PF6.

In contrast, the 26-membered metallamacrocycle
C16N2P4Au4 in 4, which consists of a pair of P- and M-
[Au2(CNC)P2] moieties,[13] exhibits a fluxional behavior in
solution. This is evident from the variable-temperature
1H NMR (60 to �53 8C)[14] and 31P NMR spectra of 4 in
CDCl3 (see the Supporting Information for further details).
We propose that 4 is partially changed to its conformer 5 upon
dissolution in CDCl3, and there is an equilibrium between 4
and 5 in solution (Figure 3).[15] Indeed, the EXSY spectrum of
4 at �53 8C shows cross signals of H3�H3’, H4�H4’, H5�H5’,

Figure 1. Perspective structures of 3-Cl and 4 determined by X-ray
crystallography along with the metallamacrocycles in the two com-
plexes. For 4, there is a crystallographic center of symmetry located in
the center of the molecule.

Figure 2. Arrangement of the bonds directly attached to the 16-
membered metallamacrocycle C8NP4Au3 of 3 along a MFbius strip. A
MFbius strip is a unique single-sided surface, as evident by following
the track of the arrows.
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H6�H6’, H8�H8’, and Ph�Ph’ pairs (see Figure 3 and the
Supporting Information), together with the cross signals that
possibly arise from the exchanges between 4 and 5, in
accordance with the conformational changes shown in
Figure 3. Notably, the H3, H4, and H3’ signals of 4 (d= 5.7–
6.3 ppm) are considerably upfield from the corresponding
signals of 3 (d� 6.9–7.1 ppm), which could result from
intramolecular C�H···p interactions (see the Supporting
Information). Such C�H···p interactions do not exist in 5,
consistent with the downfield shift of these signals, partic-
ularly for H3, upon increasing temperature (which increases
the 5/4 molar ratio).

Complexes 3-Cl, 3-ClO4, and 3-PF6 are remarkably stable
both in organic solvents (such as CH2Cl2, CHCl3, dimethyl-
formamide (DMF), and dimethylsulfoxide (DMSO)) and
under physiologically relevant conditions (see the Supporting
Information). The high stability of 3-Cl in solution relative to
most self-assembled polynuclear AuI compounds, including 4
(which decomposed within several days in a solution of CHCl3
at room temperature), prompted us to examine its cytotoxic
properties; gold compounds not only have long been used as
antiarthritic drugs but also are promising antitumor agents,[16]

and stability is an important issue in the design of new AuI

therapeutic agents. The cytotoxicities of 3-Cl toward cancer
cell lines (including cervical epithelioid carcinoma (HeLa)
and nasopharyngeal carcinoma (SUNE1 and its cisplatin-
resistant variant CNE1)) and normal lung fibroblast cells
(CCD-19Lu) were determined by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. From
the cytotoxicity profiles (see the Supporting Information), the
corresponding IC50 values (dose required for the inhibition of
50% cellular growth) of the cancer cell lines were determined
to be 6.53–8.20 mM, which are comparable to those of the
clinically used cisplatin (IC50= 14.8 (HeLa), 2.3 (SUNE1),
and 8.9 mM (CNE1)). Importantly, 3-Cl was found to be
almost equally cytotoxic to SUNE1 and its cisplatin-resistant

variant CNE1, with a resist-
ance factor of 1.2 (IC50-
(CNE1)/IC50(SUNE1)
ratio) less than one third of
that observed for cisplatin
(3.9). The IC50 value of 3-Cl
for normal human cells
CCD-19Lu was determined
to be 19.1 mM, thus indicat-
ing that this AuI compound
is 2.3–2.9-fold less toxic to
normal cells than to the
forging cancer cells.

In summary, we have
observed a new coordina-
tion mode of the pyridyl-
2,6-diphenyl2� ligand and
isolated two AuI compounds
that contain unprecedented
types of gold metallamacro-
cycles. Both types of metal-
lamacrocycle have intramo-
lecular AuI···AuI and C�

H···p interactions; the metallamacrocycle with stronger
AuI···AuI and C�H···p interactions is highly robust in solution
and shows interesting topological and cytotoxic properties,
whereas the other exhibits a unique fluxional behavior in
solution. The present work demonstrates that polydentate
cyclometalating ligands, such as pyridyl-2,6-diaryl2�, together
with AuI could be useful for constructing new classes of
molecules with unprecedented topology and properties.

Received: March 1, 2006
Published online: June 22, 2006

.Keywords: aurophilicity · gold · metallacycles · MFbius strip ·
structure elucidation

[1] a) D. B. Amabilino, J. F. Stoddart, Chem. Rev. 1995, 95, 2725;
b) C. Piguet, G. Bernardinelli, G. Hopfgartner, Chem. Rev. 1997,
97, 2005; c) F. M. Raymo, J. F. Stoddart, Chem. Rev. 1999, 99,
1643; d) S. Leininger, B. Olenyuk, P. J. Stang, Chem. Rev. 2000,
100, 853.

[2] H. S. Rzepa, Chem. Rev. 2005, 105, 3697.
[3] a) D. Ajami, O. Oeckler, A. Simon, R. Herges, Nature 2003, 426,

819; b) T. Kawase, M. Oda, Angew. Chem. 2004, 116, 4496;
Angew. Chem. Int. Ed. 2004, 43, 4396.

[4] O. Cador, D. Gatteschi, R. Sessoli, F. K. Larsen, J. Overgaard,
A.-L. Barra, S. J. Teat, G. A. Timco, R. E. P. Winpenny, Angew.
Chem. 2004, 116, 5308; Angew. Chem. Int. Ed. 2004, 43, 5196.

[5] D. M. Walba, R. M. Richards, R. C. Haltiwanger, J. Am. Chem.
Soc. 1982, 104, 3219.

[6] a) S. Tanda, T. Tsuneta, Y. Okajima, K. Inagaki, K. Yamaya, N.
Hatakenaka, Nature 2002, 417, 397; b) G. R. Patzke, Angew.
Chem. 2003, 115, 1002; Angew. Chem. Int. Ed. 2003, 42, 972.

[7] a) K.-H. Wong, K.-K. Cheung, M. C.-W. Chan, C.-M. Che,
Organometallics 1998, 17, 3505; b) C.-M. Che, C. K.-L. Li, R. W.-
Y. Sun, S. C.-F. Kui, N. Zhu, Chem. Eur. J. , DOI: 10.1002/
chem.200600117.

[8] Prepared by treating 2,6-bis(2’-bromophenyl)pyridine with
nBuLi, followed by addition of TMEDA; see: S. C. F. Kui,

Figure 3. Proposed conformational changes of 4 in solution viewed from the top (upper) and side (lower) of
the molecules. The structure of 5 was built using Chem3D 5.0 on the basis of the crystal structure of 4.

Angewandte
Chemie

4781Angew. Chem. 2006, 118, 4779 –4782 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de



PhD dissertation, The University of Hong Kong, 2005 (see the
Supporting Information for the X-ray crystal structure of 1 [9]).

[9] CCDC 294396–294400 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

[10] For other examples of metal complexes with the CNC dianion,
see: a) M. Maestri, C. Deuschel-Cornioley, A. von Zelewsky,
Coord. Chem. Rev. 1991, 111, 117; b) G. W. V. Cave, N. W.
Alcock, J. P. Rourke, Organometallics 1999, 18, 1801; c) W. Lu,
M. C. W. Chan, K.-K. Cheung, C.-M. Che,Organometallics 2001,
20, 2477; d) W. Lu, N. Zhu, C.-M. Che, Chem. Commun. 2002,
900; e) V. W.-W. Yam, R. P.-L. Tang, K. M.-C. Wong, X.-X. Lu,
K.-K. Cheung, N. Zhu, Chem. Eur. J. 2002, 8, 4066; f) M. Polson,
S. Fracasso, V. Bertolasi, M. Ravaglia, F. Scandola, Inorg. Chem.
2004, 43, 1950; g) A. J. Wilkinson, A. E. Goeta, C. E. Foster,
J. A. G. Williams, Inorg. Chem. 2004, 43, 6513; h) J. D. Crowley,
I. M. Steele, B. Bosnich, Inorg. Chem. 2005, 44, 2989.

[11] Selected examples: a) J. C. Vickery, M. M. Olmstead, E. Y.
Fung, A. L. Balch, Angew. Chem. 1997, 109, 1227; Angew.
Chem. Int. Ed. Engl. 1997, 36, 1179; b) C. P. McArdle, M. J.
Irwin,M. C. Jennings, R. J. Puddephatt,Angew. Chem. 1999, 111,
3571; Angew. Chem. Int. Ed. 1999, 38, 3376; c) C. P. McArdle,
J. J. Vittal, R. J. Puddephatt, Angew. Chem. 2000, 112, 3977;
Angew. Chem. Int. Ed. 2000, 39, 3819; d) R. J. Puddephatt,
Coord. Chem. Rev. 2001, 216–217, 313; e) J. H. K. Yip, J.
Prabhavathy, Angew. Chem. 2001, 113, 2217; Angew. Chem.
Int. Ed. 2001, 40, 2159; f) F. Mohr, M. C. Jennings, R. J.
Puddephatt, Angew. Chem. 2004, 116, 987; Angew. Chem. Int.
Ed. 2004, 43, 969; g) R. Lin, J. H. K. Yip, K. Zhang, L. L. Koh,
K.-Y. Wong, K. P. Ho, J. Am. Chem. Soc. 2004, 126, 15852.

[12] a) H. Schmidbaur, Chem. Soc. Rev. 1995, 24, 391; b) H.
Schmidbaur, Gold: Progress in Chemistry, Biochemistry, and
Technology, Wiley, Chichester, 1999.

[13] Although it is possible to generate the P,P or M,M analogues of
4, no such structures were observed. Modeling studies revealed
that the P,P or M,M structure renders all the phenyl groups of
the two diphosphane ligands in an unfavorable eclipsed arrange-
ment, in contrast with the favorable staggered arrangement of
the phenyl groups of each diphosphane ligand in 4 (see the
Supporting Information). The molecules of 4 in the crystal
structure are linked by intermolecular C�H···p interactions (a
C�H bond of a dppm phenyl group with the nearest dppm
phenyl ring; closest H···C distances: 2.841 E) to give 2D sheets.

[14] Further decrease in temperature resulted in freezing of the
CDCl3 solvent, which, together with the poor solubility of 4 in
other solvents, hampered NMR measurements at lower than
�53 8C.

[15] No molecules of 5 were observed in the crystal structure of 4.
The molecular symmetry of 4 (Ci) and 5 (C2h) would result in the
appearance of two singlets and one singlet, respectively, in their
31P NMR spectra. The observation of only one singlet at 0 8C or
above (see the Supporting Information) could arise from the
rapid conformational changes depicted in Figure 3. Lowering the
temperature to �40 8C causes the signals of 4 (d= 17.8,
14.7 ppm) and 5 (d= 17.0 ppm) to be resolved. The change
from 4 to 5 can be effected by breaking the AuI···AuI interactions
(note the longer AuI···AuI contact of 3.178(10) E in 4 than that of
3.015(29)–3.040(29) E in 3), accompanied by intramolecular
rotations to render the phenyl groups of each Ph2PC�CPPh2

ligand in an eclipsed arrangement. Therefore, 5 should be
energetically less favored than 4, consistent with the increase in
the amount of 4 but decrease in the amount of 5 upon lowering
the temperature (see the Supporting Information).

[16] a) C. F. Shaw III, Chem. Rev. 1999, 99, 2589; b) M. J. McKeage,
L. Maharaj, S. J. Berners-Price, Coord. Chem. Rev. 2002, 232,
127.

Zuschriften

4782 www.angewandte.de � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2006, 118, 4779 –4782


