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The search for host molecules that can selectively recognize
specific guest molecules at their receptor site and produce a
measurable physical change is currently of immense interest.
Spectroscopic detection of metal ions or anions is of great
importance both in classical analytical chemistry and in the
molecular design of ion sensors that involve optical signal
transformation. The utilization of sensitive luminescence
signaling has always been an attractive and popular option,
particularly when combined with a selective and specific
complexing process involving the target species. Ion-control-

led luminescence probes are of interest for ion sensing as well
as for the construction of molecular optoelectronic
switches.[1±3] A number of ion-binding organic receptors have
been studied, most of which were based on polyaromatic
luminophores[2a, c, 4] and the exploitation of photoinduced
electron transfer (PET) processes.[1±3] Although there has
been increased attention given to the design of metallore-
ceptors in recent years, most of it has focused on systems with
metal-to-ligand charge-transfer (MLCT) excited states,[5] with
relatively few studies of other systems.[5a, b, 6]

In recent years there has been a growing interest in the
study of polynuclear gold(i) complexes, in particular with
regard to the phenomenon of aurophilicity associated with
these complexes, which results from weak gold ± gold inter-
actions.[7] Recent studies by us[8] and others[9] have shown that
the presence of weak gold ± gold interactions in a number of
di- and polynuclear gold(i) complexes gives rise to unique
electronic spectroscopic features; in particular many of them
exhibit intense yellowish green to orange-red phosphores-
cence. In general, we and others observed that an increase in
gold ± gold interactions leads to a lower energy emission.

Herein, we describe a versatile luminescence ion probe for
potassium ions based on the switching on and off of the gold ±
gold interactions. The present system not only serves as a
molecular phosphorescent ion sensor and a molecular opto-
electronic switch, but also provides spectroscopic evidence for
potassium ion induced gold ± gold interactions.

The complexes [Au2(dppm)(S-benzo[15]crown-5)2] (1) and
[Au2(dcpm)(S-benzo[15]crown-5)2] (2) were synthesized by
the reaction of [Au2(dppm)Cl2] and [Au2(dcpm)Cl2], respec-
tively, with two equivalents of 4'-sulfanylmonobenzo[15]-
crown-5 in the presence of triethylamine in dichloromethane
under an inert atmosphere of nitrogen (dppm� bis(diphe-
nylphosphanyl)methane; dcpm� bis(dicyclohexylphospha-
nyl)methane). The identities of 1 and 2 were confirmed by
1H NMR spectroscopy, positive-ion FAB-mass spectrometry,
and satisfactory elemen-
tal analyses,[10] and the
structure of 2 was con-
firmed by an X-ray crystal
structure determination;
the Au ± Au separation is
3.28 �.[11]

The electronic spectra
of 1 and 2 in dichloro-
methane/methanol (1/1)
containing 0.1m tetra-n-
butylammonium hexa-
fluorophosphate as sup-
porting electrolyte show
spectral changes upon ad-
dition of K� ions (Fig-
ure 1). Isosbestic points
were observed at 266,
335, and 390 nm for 1 and at 235 and 352 nm for 2, which
are indicative of a clean reaction. Control experiments with
the crown-free analogues [Au2(dppm){S-3,4-(OMe)2C6H4}2]
(3) and [Au2(dcpm){S-3,4-(OMe)2C6H4}2] (4) showed no UV/
Vis spectral changes upon addition of K� ions under the

the high-resolution 1458 detector bank, by using the GSAS suite of
programs.[16] Nitrogen content, measured from C,H,N analysis, showed the
nitrogen stoichiometry to be 1.01(3), assuming a Ca:Au ratio of 2:1.
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Figure 1. UV/Vis spectral changes of 2 (5.3� 10ÿ5 mol Lÿ1) upon addition
of various concentrations of potassium ions in CH2Cl2/MeOH (1/1; 0.1m
nBu4NPF6). The insert shows the plot of Ao/(AoÿA) versus 1/[K�] at
290 nm

same conditions. This observation is supportive of the
importance of the crown moieties in the specific association
of 1 and 2 with K� ions rather than resulting from changes in
the solvent polarity. A plot of A0/(A0ÿA) versus [K�]ÿ1

yielded a satisfactory straight line, which indicated that the
complexation of a K� ion to the dinuclear AuI complex was in
a 1:1 ratio (A and A0 refer to the absorbance at 290 nm with
and without K� ions, respectively). Since the ionic radius of
the K� ion is too large to fit into the cavity of a benzo[15]-
crown-5, the 1:1 complexation ratio indicates that the K� ions
are sandwiched between two benzo[15]crown-5 units within
the dinuclear AuI complex. The lg K values for the binding of
K� ions to 1 and 2 were 3.4 and 4.0, respectively.

The changes in the luminescence response of 1 and 2
towards K� ion binding were found to be more pronounced.
The emission spectra of 1 (Figure 2) with excitation at 390 nm,
the isosbestic wavelength, showed a drop in intensity at
approximately 502 nm with the concomitant formation of a
new long-lived, low-energy emission band at 720 nm upon
addition of K� ions. An isoemissive point was obtained at
about 600 nm. The lifetime of the excited state for the
emission band at 720 nm was determined as 0.2 ms. Interest-
ingly, in the absence of K� ions, the emissive lifetime of the

Figure 2. Emission spectra of 1 (1.7� 10ÿ3 mol Lÿ1) upon addition of
various concentrations of potassium ions in CH2Cl2/MeOH (1/1; 0.1m
nBu4NPF6).

band at 520 nm was less than 0.1 ms. Successive addition of
free benzo[15]crown-5 to the mixture of 1 and K� led to the
observation of a reverse trend, in which the low-energy
emission at 720 nm dropped in intensity with a concomitant
rise in the high-energy emission at 502 nm. This result is
indicative of the reversible nature of the ion-binding process.
A plot of I0/(Iÿ I0) versus [K�]ÿ1 for 1 yielded a satisfactory
straight line, which further confirmed that the complexation
of K� ion to the dinuclear AuI complex was in a 1:1 ratio;
thedetermined lg K value of 3.2 is in close agreement with that
obtained from absorption measurements (I0 and I refer to the
emission intensity at 720 nm in the absence and in the
presence of K� ions, respectively). The identity of the {1 ´ K�}
adduct was confirmed by electrospray-ionization mass spec-
trometry (ESI-MS). Similar to the absorption studies, control
experiments with the crown-free analogues 3 and 4 under the
same conditions showed no changes in the emission character-
istics upon addition of K� ions, supportive of the importance
of the crown moieties in the specific association of 1 and 2
with K� ions.

Despite the well known high affinity of benzo[15]crown-5
for sodium ions, addition of Na� ions to 1 did not give rise to
the growth of a new emission band at 720 nm. This is
consistent with our rationale for the design of complexes 1 and
2 as a photoswitch. In solution the Au ± Au separation in 1 and
2 is large as a result of the floppy nature of their structures.
Thus, an emission typical of monomeric AuI ± phosphane was
observed at around 502 nm. Upon addition of K� ions, which
have ionic radii too large to fit into the cavity size of
benzo[15]crown-5, the K� ions would tend to sandwich
between two crown ethers, thereby bringing the two AuI

centers into close proximity. Such Au ± Au interactions that
involve the overlap of the 5d, 6s, and 6pz orbitals on each Au
atom with those of the other Au atom would give rise to
bonding and antibonding combinations of ds, ds*, dp, dp*,
dd, dd*, ss, ss*, ps, and ps* character (the z axis is taken to be
the Au ± Au bond axis). A net stabilization of the dinuclear Au
acceptor orbitals ss or ps would result. Thus a red emission
characteristic of the ligand-to-metal ± metal bond charge
transfer (LMMCT; from the thiolate ligand to the gold ±
gold bond)[12] is observed. Addition of an excess of free
benzo[15]crown-5 to the mixture of 1 and K� ions extracted
the sandwiched K� ions from 1, with a breaking of the short
Au ± Au contact and a reversal of the emission trend. Similarly,
addition of Na� ions to a mixture of 1 and K� ions also caused
a drop in the intensity of the emission band at 720 nm,
probably as a result of the high affinity of the benzo[15]crown-
5 unit for Na� ions, which displace the K� ions. Similar
findings were also observed for complex 2. Although one
cannot eliminate the possibility that the generation of the low-
energy emission band at 720 nm in 1 and at 713 nm in 2 upon
addition of K� ions is a result of the slowing down of the rate
of nonradiative decay that arises from the interlocking of the
two crown units by K� ions to render the complexes more
rigid, we favor the assignment of the low energy emission
band as derived from a LMMCT state resulting from the
formation of a weak Au ± Au interaction.
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Continuing efforts to study ever larger biologically relevant
proteins by NMR spectroscopy have resulted in many
advances over the past 10 years; one notable development is
the introduction of multidimensional heteronuclear techni-
ques for proteins labeled with 13C and 15N. These techniques
have greatly facilitated NMR studies of the structure and
function of proteins with molecular weights up to 30 kD.
However, their application to larger proteins is hampered by
the decrease in the molecular tumbling rate.[1] This shortens
the transverse relaxation time of the protein, which in turn

Keywords: crown compounds ´ gold ´ luminescence ´
molecular switches ´ S ligands

[1] For example, see a) F. L. Carter, R. E. Scatkowski, H. Wohltzened,
Molecular Electronic Devices, North Holland, Amsterdam, 1988 ; b) V.
Balzani, F. Scandola, Supramolecular Photochemistry, Ellis Horwood,
London, 1991; c) H. J. Schneider, H. Durr, Frontiers in Supramolec-
ular Organic Chemistry and Photochemistry, VCH, Weinheim, 1991.

[2] a) J. P. Konopelski, F. Kotzyba-Hibert, J. M. Lehn, J. P. Desvergne, F.
Fages, A. Castellan, H. Bouas-Laurent, J. Chem. Soc. Chem. Commun.
1985, 433; b) J. M. Lehn, Angew. Chem. 1988, 100, 91; Angew. Chem.
Int. Ed. Engl. 1988, 27, 89; c) F. Fages, J. P. Desvergne, H. Bouas-
Laurent, P. Marsau, J. M. Lehn, F. Kotzyba-Hibert, A. Albrecht-Gary,
M. Al-Joubbeh, J. Am. Chem. Soc. 1989, 111, 8672; d) J. M. Lehn,
Angew. Chem. 1990, 102, 1347; Angew. Chem. Int. Ed. Engl. 1990, 29,
1304; e) D. J. Cram, Angew. Chem. 1988, 100, 1041; Angew. Chem. Int.
Ed. Engl. 1988, 27, 1009.

[3] a) A. W. Czarnik, Acc. Chem. Res. 1994, 27, 302; b) A. W. Czarnik in
Fluorescent Chemosensors for Ion and Molecule Recognition, Amer-
ican Chemical Society, Washington, DC, 1993 ; c) ªChemosensors of
Ion and Molecular Recognitionº: A. W. Czarnik, J.-P. Desvergne,
NATO ASI Ser. Ser. C 492, 1997; d) A. P. de Silva, H. Q. N. Gunaratne,
C. P. McCoy, Nature 1993, 364, 42; e) A. P. de Silva, H. Q. N.
Gunaratne, T. Gunnlaugsson, A. J. M. Huxley, C. P. McCoy, J. T.
Rademacher, T. E. Rice, Chem. Rev. 1997, 97, 1515.

[4] F. Fages, J. P. Desvergne, H. Bouas-Laurent, J. Am. Chem. Soc. 1989,
111, 96.

[5] a) P. D. Beer, Adv. Inorg. Chem, 1992, 39, 79; b) P. D. Beer, Chem.
Commun. 1996, 689; c) S. C. Rawle, P. Moore, N. W. Alcock, J. Chem.
Soc. Chem. Commun. 1992, 684; d) D. B. MacQueen, K. S. Schanze, J.
Am. Chem. Soc. 1991, 113, 6108; e) D. I. Yoon, C. A. Berg-Brennan,
H. Lu, J. T. Hupp, Inorg. Chem. 1992, 31, 3192; f) Y. Shen, B. P.
Sullivan, Inorg. Chem. 1995, 34, 6235; g) S. Watanabe, O. Onogawa, Y.
Komatsu, K. Yoshida, J. Am. Chem. Soc. 1998, 120, 229; h) R. Grigg,
W. D. J. A. Norbert, J. Chem. Soc. Chem. Commun. 1992, 1300;
i) V. W. W. Yam, K. M. C. Wong, V. W. M. Lee, K. K. W. Lo, K. K.
Cheung, Organometallics 1995, 14, 4034; j) V. W. W. Yam, K. K. W.
Lo, K. K. Cheung, Inorg. Chem. 1995, 34, 4013; k) V. W. W. Yam,
V. W. M. Lee, K. K. Cheung, F. Ke, K. W. M. Siu, Inorg. Chem. 1997,
36, 2124; l) V. W. W. Yam, V. W. M. Lee, J. Chem. Soc. Dalton Trans.
1997, 3005; m) V. W. W. Yam, A. S. F. Kai, Chem. Commun. 1998,
1091.

[6] a) A. L. Balch, V. J. Catalano, M. A. Chatfield, J. K. Nagle, M. M.
Olmstead, P. E. Reedy, J. Am. Chem. Soc. 1991, 113, 1252; b) A. L.
Balch, F. Neve, M. M. Olmstead, Inorg. Chem. 1991, 30, 3395; c) L.
Fabbrizzi, G. D. Santis, M. Licchelli, P. Pallavicini, A. Perotti, J. Chem.
Soc. Dalton Trans. 1992, 3283; d) L. Fabbrizzi, G. Francese, M.
Licchelli, A. Perotti, A. Taglietti, Chem. Commun. 1997, 581; e) R.
Grigg, W. D. J. A. Norbert, J. Chem. Soc. Chem. Commun. 1992, 1298;
f) P. Ghosh, P. K. Bharadwaj, J. Roy, S. Ghosh, J. Am. Chem. Soc. 1997,
119, 11 903.

[7] a) H. Schmidbaur, Gold Bull. 1990, 23, 11; b) F. Scherbaum, A.
Grohmann, B. Huber, C. Krüger, H. Schmidbaur, Angew. Chem. 1988,
100, 1602; Angew. Chem. Int. Ed. Engl. 1988, 27, 1544; c) P. Pyykkö,
Chem. Rev. 1997, 97, 597; d) Y. Jiang, S. Alvarez, R. Hoffmann, Inorg.
Chem. 1985, 24, 749; e) D. M. P. Mingos, J. Chem. Soc. Dalton Trans.
1976, 1163; f) D. E. Harwell, M. D. Mortimer, C. B. Knobler, F. A. L.
Anet, M. F. Hawthorne, J. Am. Chem. Soc. 1996, 118, 2679; g) R.
Narayanaswamy, M. A. Young, E. Parkhurst, M. Ouellette, M. E.
Kerr, D. M. Ho, R. C. Elder, A. E. Bruce, M. R. M. Bruce, Inorg.
Chem. 1993, 32, 2506.

[8] a) C. M. Che, H. L. Kwong, V. W. W. Yam, K. C. Cho, J. Chem. Soc.
Chem. Commun. 1989, 885; b) C. M. Che, H. L. Kwong, C. K. Poon,
V. W. W. Yam, J. Chem. Soc. Dalton Trans. 1990, 3215; c) V. W. W.
Yam, T. F. Lai, C. M. Che, J. Chem. Soc. Dalton Trans. 1990, 3747;
d) C. M. Che, H. K. Yip, V. W. W. Yam, P. Y. Cheung, T. F. Lai, S. J.
Shieh, S. M. Peng, J. Chem. Soc. Dalton Trans. 1992, 427; e) V. W. W.
Yam, S. W. K. Choi, J. Chem. Soc. Dalton Trans. 1993, 2057; f) V. W. W.
Yam, W. K. Lee, J. Chem. Soc. Dalton Trans. 1993, 2097; g) V. W. W.
Yam, C. L. Chan, K. K. Cheung, J. Chem. Soc. Dalton Trans. 1996,
4019.

[9] a) T. M. McCleskey, H. B. Gray, Inorg. Chem. 1992, 31, 1733; b) C.
King, J. C. Wang, N. I. Md. Khan, J. P. Fackler, Jr., Inorg. Chem. 1989,
28, 2145; c) N. I. Md. Khan, C. King, D. D. Heinrich, J. P. Fackler, Jr.,
L. C. Porter, Inorg. Chem. 1989, 28, 2150; d) H. R. C. Jaw, M. M.
Savas, R. D. Rogers, W. R. Mason, Inorg. Chem. 1989, 28, 1028;
e) H. R. C. Jaw, M. M. Savas, W. R. Mason, Inorg. Chem. 1989, 28,
4366; f) A. Vogler, H. Kunkely, Chem. Phys. Lett. 1988, 150, 135;
g) W. B. Jones, J. Yuan, R. Narayanaswamy, M. A. Young, R. C. Elder,
A. E. Bruce, M. R. M. Bruce, Inorg. Chem. 1995, 34, 1996; h) S. D.
Hanna, J. I. Zink, Inorg. Chem. 1996, 35, 297; i) S. D. Hanna, S. I.
Khan, J. I. Zink, Inorg. Chem. 1996, 35, 5813; j) D. V. Toronto, B.
Weissbart, D. S. Tinti, A. L. Balch, Inorg. Chem. 1996, 35, 2484; k) 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; l) D. Li,
C. M. Che, S. M. Peng, S. T. Liu, Z. Y. Zhou, T. C. W. Mak, J. Chem.
Soc. Dalton Trans. 1993, 189.

[10] 1: 1H NMR (CDCl3): d� 3.7 ± 4.1 (m, 34 H, CH2 (crown ether) and
PCH2P); 6.6, 7.0 ± 7.1 (m, 6 H, Ar-H); 7.2 ± 7.4, 7.6 ± 7.7 (m, 20H, PPh2);
positive-ion FAB-MS: m/z : 1077 [Mÿ S-benzo[15]crown-5�]; ele-
mental analysis calcd for 1 ´ 2CH2Cl2: C 42.71, H 4.14; found: C 42.89,
H 3.91. 2: 1H NMR (CDCl3): d� 1.1 ± 2.2 (m, 46H, dcpm); 3.7 ± 4.1 (m,
32H, CH2 (crown ether)); 6.6, 7.0 ± 7.1 (m, 6H, Ar-H); positive-ion
FAB-MS: m/z : 1101 [M�ÿS-benzo[15]crown-5]; elemental analysis
calcd for 2 ´ 1/2CH2Cl2: C 44.53, H 5.89; found: C 44.28, H 5.88. 3: 1H
NMR (CDCl3): d� 3.7 ± 3.8 (m, 14H, OCH3 and PCH2P); 6.6, 7.0 ± 7.1
(m, 6H, Ar-H), 7.2 ± 7.4, 7.6 ± 7.7 (m, 20 H, PPh2); positive-ion FAB-
MS: m/z : 947 [M�ÿ SC6H4(OMe)2; elemental analysis calcd for 3 : C
44.11, H 3.58; found: C 43.94, H 3.67. 4 : 1H NMR (CDCl3): d� 1.1 ± 2.2
(m, 46 H, dcpm), 3.8 (d, 12H, OCH3), 6.6, 7.0 ± 7.1 (m, 6 H, Ar-H);
positive-ion FAB-MS: m/z� 971 [Mÿ SC6H4(OMe)�2 ]; elemental
analysis calcd for 4 ´ CH2Cl2 ´ H2O: C 40.57, H 5.47; found: C 40.21,
H 5.21.

[11] V. W. W. Yam, K. K. Cheung, unpublished results.
[12] J. M. Forward, D. Bohmann, J. P. Fackler, Jr., R. J. Staples, Inorg.

Chem. 1995, 34, 6330.

[*] Dr. G. Zhu, M.Sc. X. Kong, M.Sc. X. Yan, Dr. K. Sze
Department of Biochemistry
Hong Kong University of Science and Technology
Clear Water Bay, Kowloon (Hong Kong)
Fax: (�852) 2358-1552
E-mail : gzhu@ust.hk

[**] The authors thank Dr. David Smith for helpful discussions and Dr.
Mingjie Zhang for a sample of 15N-labeled calmodulin. This work was
supported by grants from the Research Grant Council of Hong Kong
(HKUST 563/95M, 6197/97M, and 6038/98M), and the Hong Kong
Biotechnology Research Institute is acknowledged for the purchase of
the spectrometer.


