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Abstract: A luminescent molecular rectangle [Aus(u-PAnP),(u-bipy)2](OTf)4 (1-(OTf)s) (PANP = 9,10-bis-
(diphenylphosphino)anthracene, bipy = 4,4'-bipyridine, X = NO3;~ or OTf"), synthesized from the self-
assembly of the molecular “clip” Au(u-PAnP)(OTf), and bipy, shows a large rectangular cavity of 7.921(3)
x 16.76(3) A. The electronic absorption and emission spectroscopy, and electrochemistry of the
metallacyclophane, have been studied. The 14" ions are self-assembled into 2D mosaic in the solid state
via complementary edge-to-face interactions between the Ph groups. 'H NMR titrations ratify the 1:1
complexation between 14" and various aromatic molecules. Comparing the structures of the inclusion
complexes indicates an induced-fit mechanism operating in the binding. The emission of 14" is quenched
upon the guest binding. The binding constants are determined by both *H NMR and fluorescence titrations.
Solvophobic and ion—dipole effects are shown to be important in stabilizing the inclusion complexes.

Introduction of compounds is usually synthesized by the coordination-
directed self-assembly of transition metal and multitopic
ligands® This synthetic methodology has been proved to be very
versatile and far-reaching, as based on it a myriad of molecular
triangles’ squaregd8 rectanglesy® pentagond? hexagons?
marcocycled? polyhedrons, and cag€s*have been created.

A major advantage of metallacyclophanes over the organic
tyclophanes is their modularity that allows control over and
fine-tuning of their dimensions, topology, electronic properties,
and binding selectivity. Furthermore, it is synthetically straight-
forward to introduce functional units such as catalytié?
luminescentcd8rpsixdiinlib,12e 16y redox-active centeiidtb.17

into the frameworks of the metallacyclophanes. These properties
of metallacyclophanes entail their potential applications in

A major facet of hostguest chemistry is to understand
molecular recognition, a multitude of processes and interactions
that lies at the heart of many biological phenomé@n the
practical side, the knowledge gleaned from the studies provides
leads to the design of artificial supramolecules that are applicable
in advanced technologies such as catalysis, chemical sensing
molecular machinery, and electronic$raditionally, the field
has been dominated by organic molecules, and the-gomstst
chemistry of receptors such as crown etheryptand? and
cyclophaneshas been studied extensively. Recently, there is a
burgeoning interest in the inorganic counterparts of cyclophanes,.
often known as metallacyclophanes or metallacycles. This class
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ing metallacyclophanes into luminescent and electrochemical

[M 4(eny(u-bipy)s](NO3)s (M = Pd', P!, en= 1,2-diaminoeth-

sensors, molecular sieves, and catalysts has been made in receane, bipy= 4,4 -bipyridine), which bind to neutral and anionic

years!>18 Aside from the practical aspects, study of the

thermodynamics and kinetics of the self-assembly of metalla-
cyclophanes would provide important insights into the evolution
and emergence of complex structuté$?
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Scheme 1. Synthesis of the Gold Rectangle
), 4+
Ph,P O P\th
AT Au
cl X \
AT _~Au
PPh, PhaP 4 AgX PhoP ; _ N, N X4
4MeZSAuCI (X= N03 or OTf) 2 ND—@N | P S |
: L0 L0 (00—
CH20|2 CHZCIZ CH2C|2 a , N
PPhy Q \ #
thP\Au PhZP\Au\ N N
PAnP

CyCIeS of Zrlll,22 RU”,23 PdI’Si,Qj,24 Pﬂl,gi’k’24'25 Rhl,l6d Ré,7d’80'ge
and 0¥'?6 were studied. The metallacycles form inclu-

Ph,P
[Aug(u-PANP);(u-bipy)21(X)4
1+(X)4

Described in this paper are the synthesis, spectroscopy,
electrochemistry, solid-state self-assembly, and -hgsest

sion complexes with guests as diverse as substituted ben-chemistry of a luminescent gold rectangle. The present work

zeneg/d:8b.c,119,18d,2423 gnthracened;?? square planar Pdand
Pt!, and metalloporphyrin complex&s%The binding invokes

stemmed from our recent studies of the ligand 9,10-bis-
(diphenylphosphino)anthracene (PANnP) (ScheméZ¢1)The

m—m interactions between the aromatic rings of the hosts and ligand, containing a chromophoric anthracene, can impart
guest$i11922 hut, in some cases, other interactions such as luminescence to its metal complexes, as exemplified by the gold

hydrogen bond®;2¢ metal-ligand coordinatior§.25? and metat-

ring [Aus(u-PAnPY}>CIO4](CIO4), which displays intensesr*

metal bond¥ are also involved. Metallacyclophanes whose fluorescence in solutiof Another special feature of PANP is
luminescence is responsive to the binding of the substrate arethe adjustable bite distance between the twoRIBhor groups,

of special interest because of the potential applications of the which is an attribute of the flexible anthracenyl backbone. Our
compounds in chemical sensing. Examples of this class of study showed that the twoFfAu—X units of the binuclear Agt

compounds include the molecular rectangles(BO)(«-bipy)-
(bipm)] (M = Mn' or Ré),%ef a RH,-cyclophang® and
various Ré&,74.80.16e18Rd, P!, 18dand Rif, squared? and Ré;
and RU; triangles?d23

Stereoelectronic complementafitpetween binding partners
and preorganization of the binding $iteare pertinent to the
selectivity and strength of hosguest binding. In this regard,
molecular rectangles with extendedsurface should be able
to host planar aromatic compounds. Molecular rectaftlese

(u-PANP)X (X = Cl and Br) are syn-oriented and widely
separateddAu—Au = 9.154(2)A)2° This conformation gives
the complex a U-shape geometry and an approxin@ie
symmetry, which invites the application of the [#u-PAnP)E"

unit as a molecular “clip” in assembling the molecular rect-
angles. The idea of using a molecular “clip” in assembling
metallacycles was illustrated by the recent work of Stang in
which the organoplatinum [Ri-anti?~)(OTf),] clip was used

in constructing molecular rectangles JfRE)s(u-ant)a(u-

less common than molecular squares. Among the early reported.)2](PFs)s, cages, and trigonal prisni$h3° Rheingold and

molecular rectangles are binuclear'Rtbmplexes which can
be assembled into [2]catenarf@8Other examples include [M
(CO)zo(u-bipy)(bipm)] (M = Mn' and Ré),% e [Pt(PEg)s(u-
anti¥),(u-L)]*" (anth= anthracene-1,8-diyl, = bipy, 1,4-
bis(4-ethynylpyridyl)benzene, 2,5-bis(4-ethynylpyridyl)furan or
bpe)?9h and rectangles bearing cofacial terpyridy!"Rzbm-
plexes?

(21) Fujita, M.; Nagao, S.; llida, M.; Ogata, K.; Ogura, K.Am. Chem. Soc
1993 115 1574.

(22) Houghton, M. A,; Bilyk, A.; Harding, M. M.; Turner, P.; Hambley, T. W.
J. Chem. Soc., Dalton Tran&997, 2725.

(23) Xu, D.; Hong, B.Angew. Chem., Int. EQ00Q 39, 1826.

(24) Whiteford, J. A,; Lu, C. V.; Stang, P. J. Am. Chem. Sod 997 119
2524,

(25) (a) Stang, P. J.; Chen, K.; Arif, A. M. Am. Chem. S0d.995 117, 8793.
(b) Whiteford, J. A.; Stang, P. J.; Huang, S. Dorg. Chem.1998 37,
5595.

(26) (a) Jeong, K.-S.; Cho, Y. L.; Song, J. U.; Chang, H.-Y.; Choi, MJG.
Am. Chem. Sod 998 120, 10982. (b) Chang, S.-Y.; Jeong, K.-B.0rg.
Chem.2003 68, 4014. (c) Jeong, K.-S.; Choi, J.-S.; Chang, S.-Y.; Chang,
H.-Y. Angew. Chem., Int. EQ00Q 39, 1692.

(27) Reference 5, p 61.

(28) Cram, D. JAngew. Chem., Int. EdEngl. 1986 25, 1039.
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Bosnich also demonstrated that a molecular cleft comprising
cofacial terpyridyl P8 complexes can combine with bipy to
form molecular rectangle and trigonal prisms with large
cavity %31 The well-known propensi## of gold(l) for linear
coordination geometry has been exploited in constructing
metallacycles and catenar@sAs shown in the work of
Puddephatt, coupling the digold(l) complexes jpPhP(CH)n-
PPh)(CFCOy),] (n = 1, 3, 5) with the ditopic diisocyanoben-
zene, bipy or bpe (1) gives rise to the metallacycles [Au-

(29) Zhang, K.; Prabhavathy, J.; Yip, J. H. K.; Koh, L. L.; Tan, G. K,; Vittal,
J. J.J. Am. Chem. So003 125 8452.

(30) (a) Mukherjee, P. S.; Das, N.; Kryschenko, Y. K.; Arif, A. M.; Stang, P.
J.J. Am. Chem. So2004 126, 2464. (b) Kryschenko, Y. K.; Seidel, S.
R.; Muddiman, D. C.; Nepomuceno, A. |.; Stang, P..JAh. Chem. Soc
2003 125 9647. (c) Das, N.; Mukherjee, P. S.; Arif, A. M.; Stang, PJJ.
Am. Chem. So@003 125, 13950. (d) Kuehl, C. J.; Yamamoto, T.; Seidel,
S. R,; Stang, P. Drg. Lett 2002 4, 913.

(31) (a) Crowley, J. D.; Goshe, A. J.; Bosnich,BChem. Soc., Chem. Commun
2003 2824. (b) Goshe, A. J.; Crowley, J. D.; Bosnich, lely. Chim.
Acta 2001, 84, 2971. (c) Goshe, A. J.; Bosnich, Bynlett2001, 941.

(32) Gold: Progress in Chemistry, Biochemistry, and Technal@phmidbaur,
H., Ed.; Wiley: New York, 1999.
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Chart 1
Aromatic Guests
OMe ] 8 9 10
7 3 2 2' 3! 8 1
2 4 7
3 6 4 7 2
4 5 5 6 6 5
OMe 6 5 4 3
1,4-dimethoxybenzene  napthalene biphenyl phenanthrene pyrene
Dmb Nap Bip Phen Py
OMe CO,H CN
8 9 1 8 1 8 Br 1 8 1 8 1
6 3 6 3 6 3 6 3 6 3
5 10 4 5 10 4 5 10 4 5 10 4 5 10 4
anthracene 9-methoxyanthracene 9-bromoanthracene  9-anthracenecarboxylic acid  g-anthracenecarbonitrile
An MeO-An Br-An COyH-An NC-An

PhP(CH)mPPh)2(u-L")2](OTH) 424 In view of these findings,
we envisioned that the molecular rectangle J@:PANPY(u- fluorescence titrations.
bipy)2](OTf)4 (1:(OTf)4) could be assembled from two Afu- Physical Methods. UV —vis absorption and fluorescence spectra
PANP¥* clips and two bipy (Scheme 1). Analogous to the Wwere recorded on a Hewlett-Packard HP8452A diode array spectro-
cyclophanes containing 4;Bipyridinium group® such as photom_eter and a Perkin-EImer LS50B spectroﬂuorophoto_mete_r,
Stoddart’s cyclobis(paraquptphenylene) ioff (CBPQT), the respectlvely. The averaged optlc_al path length for the emitting light is
gold rectangle is a receptor for the various aromatic molecules 1 cm. Luminescence (:Ll;antum ?}felfl was referenced to anthracene in
depicted in Chart 1. The complexation betweBti and the chloroform @« = 0.27)%8 'H and®*P{*H} NMR spectra were recorded_

. . . . . on a Bruker ACF 300 spectrometer. Elemental analyses were carried
:L%r:t?[t,ll(;r?tge;:lsd ;\Qtlacnr’][ ;fi\éijggf;[irgnm pr:](;)\i%cgsl?:ls?érﬁtesni?\l&ns, out in the department of chemistry, National University of Singapore.

the nonlinear least-squares regression on the data of NMR and

_ b Electrospray ionization mass spectra (ESI-MS) were measured on a
the factors which govern the stability of the heguest Finnigan MAT 731 LCQ spectrometer. Solid-state reflectance spectra

were recorded on Shimadzu UV-2401 spectrophotometer equipped with
a solid-state sample holder. The samples were prepared by grounding
the crystals of the compounds in Nujol. Cyclic voltammetry was

complexes.

Experimental Section

performed in a conventional two-compartment electrochemical cell with
deaerated acetonitrile containing 0.1 ivBu,PF; as electrolyte. The
“glassy carbon disk working electrode (area 0.07)cgtectrode was

° treated by polishing with 0.0m alumina on a microcloth and then
according to the reported methods. KAu@ks purchased from Oxkem.  gonicated for 5 min in deionized water followed by rinsing with

Silver triflate, MeS, and 4,4bipyridine were purchased from Aldrich  ,atonitrile used in the electrochemical studies. An Ag/AgEL M

and used. without bein.g. purified. All of .the.aromatic guests, obtained ;, CH:CN) electrode was used as the reference electrode, whereas a
from Aldrich, were purified by recrystallization from hot ethanol. The  yjatinum wire was used as the counter electrode. The half-wave potential
solvents used were purlfleq according tq the literature procedures. (Ev») values are the average of the cathodic and anodic peak potentials
The software program Kaleidagraph version 3.5 was used to carry out¢,. the oxidative and reductive waves of reversible coupfieghe
potential of the complex was always referred to the half-wave potential
of the ferrocenium/ferrocene (&™) couple as the internal refereriée.

General Method. All of the syntheses were carried out in; N
atmosphere with standard Schlenck techniques. 9,10-Bis(diphenylphos
phino)anthracene (PANHEY and Aw(u-PAnP)ChH> were synthesized

(33) (a) McArdle, C. P.; Van, S.; Jennings, M. C.; Puddephatt, R. Am.

Chem. Soc2002 124, 3959. (b) Hunks, W. J.; MacDonald, M.-A.;
Jennings, M. C.; Puddephatt, R.Qrganometallics200Q 19, 5063. (c)
McArdle, C. P.; Irwin, M. J.; Jennings, M. C.; Puddephatt, RAdgew.
Chem., Int. EA1999 22, 3376. (d) Qin, Z.; Jennings, M. C.; Puddephatt,
R. J.Chem.-Eur. J2002 8, 735. (e) McArdle, C. P.; Irwin, M. J.; Jennings,
M. C.; Vittal, J. J.; Puddephatt, R. Chem.-Eur. J2002 8, 723. (f)
McArdle, C. P.; Vittal, J. J.; Puddephatt, RAhgew. Chem., Int. E@00Q
819

39, 38109.
(34) (a) Puddephatt, R. J. Chem. Soc., Chem. CommA98 1055. (b) Irwin,

M. J.; Vittal, J. J.; Yap, G. P. A.; Puddephatt, R.JJ.Am. Chem. Soc.
1996 118 13101. (c) Irwin, M. J.; Puddephatt, R. J.; Rendina, L. M.; Vittal,
J. J.J. Chem. Soc., Chem. Commur996 1281. (d) Brandys, M.-C.;
Jennings, M. C.; Puddephatt, RJJChem. Soc., Dalton Tran200Q 4601.
(e) Burchell, T. J.; Eisler, D. J.; Jennings, M. C.; Puddephatt, R.Ghem.
Soc., Chem. CommuBa003 2228.

(35) Bthner, M.; Geuder, W.; Gries, W.-K.; hig, S.; Koch, M.; Poll, TAngew.

Chem., Int. Ed. Engl1988 27, 1553.

(36) (a) Odell, B.; Reddington, M. V.; Slawin, A. M. Z.; Spencer, N.; Stoddart,

J. F.; Williams, D. JAngew. Chem., Int. Ed. Engl988 27, 1547. (b)
Ashton, P. R.; Odell, B.; Reddington, M. V.; Slawin, A. M. Z.; Stoddart,
J. F.; Williams, D. JAngew. Chem., Int. EcEngl. 1988 27, 1550. (c)
Anelli, P. L.; Ashton, P. R.; Ballardini, R.; Balzani, V.; Delgado, M.;
Gandolfi, M. T.; Goodnow, T. T.; Kaifer, A. E.; Philp, D.; Pietraszkiewicz,
M.; Prodi, L.; Reddington, M. V.; Slawin, A. M. Z.; Spencer, N.; Stoddart,
J. F.; Vicent, C.; Williams, D. JJ. Am. Chem. Sod 992 114, 193. (d)
Nielsen, M. B.; Jeppesen, J. O.; Lau, J.; Lomholt, C.; Damgaard, D.;
Jacobsen, J. P.; Becher, J.; Stoddart, J. rg. Chem2001, 66, 3559.

(37) Perrin, D. D.; Armarego, W. L. FRurification of Laboratory Chemicals

2nd ed.; Pergamon Press: Oxford, 1980.

Determination of the Solubility of the Aromatic Guests. The
solubility of the aromatic guests was determined by the—Whg
absorption spectrometric method. Saturated solutions of the aromatic
guests were then prepared by adding the large excess of the compounds
to volumetric flasks containing 5 mL of GEN until solids appear. 1
mL of saturated solution was pipetted out and diluted to 50 mL or 100
mL. UV—vis absorption spectra of the diluted solutions were measured
to give the absorbance of the— 7* bands. The concentrations of the
compound in the saturated solutions were then determined from the
extinction coefficients of the bands.

Modified Job’s Plot. CDsCN solutions of G]/{[G]: + [H]} ratio
ranging from 0 to 1 were preparedQJ; and H]: are the total
concentration of the guest and host, respectively). The su@]oahd
[H]: was kept constant in all of the solutions. The stoichiometry of the
host-guest complexation was determined from fheoordinate at the
maximum in a modified Job’s plot in which theaxis is [G]i(dc —

(38) CRC Handbook of Organic Photochemisti§caiano, J. C., Ed.; CRC
Press: Boca Raton, FL, 1989.

(39) (a) Gritzner, G.; Rta, J.Pure Appl. Chem1982 54, 1527. (b) GagheR.
R.; Koval, C. A,; Lisensky, G. Clnorg. Chem 198Q 19, 2855.
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0c°) (0c® = chemical shifts of the free guest protons) andxtfaxis is Table 1. Selected Bond Lengths (A) and Angles (deg) of
[G]A[G]: + [H]} .42 Auz(u-PANP)(NO3)2+0.5E1,0
'H NMR Titrations. In the*H NMR titrations, [G]; is fixed while Au(1)—-O(1B) 2.11(2) P(LyAu(1)—O(1A) 162.5(1)
[H]: is varied. The chemical shifis of certain protons of the guest is Au(1)—0O(1A) 2.19(4) P(1yAu(1)—0(2A) 145.0(8)
plotted againstHi];. The binding constariyyr, and the chemical shift Au(1)-O(2A)  2.43(3) P(1yAu(1)-(01B) 178.8(8)
difference (\dc) between the free guestd’) and the complexed guest ﬁﬂgg:g((i)) gégg((% S((zl-)Az lﬁ;&)(;%le’) 1‘;%?)((?3))
(0&%), were obtained from nonlinear least-squares regression onto the Au(2)-P(2) 2.213(2)
data of the eq 10 Au(1)—Au(2) 3.375(6)
o [Adg > . .
O0g=0g — G (B — /B~ = 4[H][G]) 1) PANP)C} and 2 mol equiv of AQN@in CHyCl,. The X-ray
[Cl, crystal structure of the complex (Figure 1 and Table 1) shows
B = [H], + [G], + 1 (1.1) a U-shape geometry similar to that of Au-PAnP)C}b.2° The
t KR ' two gold atoms Au(1l) and Au(2) are syn to each other and

separated by 9.197(3) A. Au(2) is coordinated linearly to an O
Ady values for the host protons were also determined by similar ziom of the NQ™ ion and a P atom of the PANP (P{2)u-
least-squares fittings. In the cases of weakly binding guests, the shifts(z)_o(4)= 177.0(3). On the other hand, the NOion bonded
were very small and thé\dy values were estimated as the largest to Au(1) is disordered. The AtP distances are typic&and

chemical shifts observed in the titrations.
Fluorescence Quenching StudiesThe emission spectra of GH the Au(2)-0(4) (2.092(7) A) and Au(1yO(1B) (2.11(2) A)

CN solutions containing the samié]j but different 5], were recorded, ~ diStances are close to the ones observed in AugiN®s)
The intensity ratid /1 ratio (I andl° are the emission intensities (Au—0 = 2.093(6) A)* The central anthracenyl backbone is
of the host in the presence and absence of the guest, respectively) waslightly curve toward the metal ions, and the dihedral angle be-
plotted against@];, and the binding constanté, were obtained by tween the two lateral rings is 13.9n the crystal, the molecules
fitting by nonlinear least-squares regression with the eq 3 wkege aggregate into dimers, showing an intermolecular-Au dis-
andky are constants related to the fluorescence intensities of the-host  tance of 3.375(3) A. Similar AtAu distances£2.9-3.5 A),

guest complex and host, respectivély. observed widely in the solid-state aggregations of éom-
K plexes, have been taken as the structural evidence for aurophilic
e KolGl, interactions'® In addition, the two concaved anthracenyl rings
Iy ke, : : )
g A7 2 partially overlap, and the separation between their best planes
[ 1+ KqlGl; is 3.7 A, which is typical for aromatia—z interactions*® It is

possible that the solid-state aggregation of the gold complex is

In the quenching of the emission of the guests by the hosts, the o roq it of cooperative actions of aurophilic and aromatier

emission spectra of solutions containing the sa@p put different . . 1
[H]: were recorded. The emission intensity of the gukegtt the wave- |rk1]teract|0rlls. T?qé P NMR SFecgum (121'?].MHZd’. Ccogl Orf]
length/ of 1:(OTf), was measured. The data were best-fitted by a mod- the complex shows a singlet t_20'31' _T IS _'n icates that
ified Beer's Law (eq 3J2 wheree is the extinction coefficient of the ~ COMplex reverts td;, symmetry in solution with both N&

host at the wavelength and|c® is the emission intensity aH]; = 0. ions adopting the same coordination mode.
Synthesis of the Gold RectangleThe gold rectangle [Au
I [H] 3) (u-PANPY(u-bipy)](NO3)4 (1:(NOs)4) was synthesized in a high

yield of 82% by reacting the molecular “clip” A(u-PANP)-
(NO3)2 with 1 mol equiv of 4,4bipyridine (bipy) in CHCl,
X-ray Crystallography. The diffraction experiments were carried  for 5 h (Scheme 1). The produtt(NOs); was slowly precipi-
out on a Bruker AXS SMART CCD 3-circle diffractometer with & tated from the reacting solution as yellow solids. Metatheses
sealed tube at 23C using graphite-monochromated MaxKadiation of 1-(NOs)s with NaOTT, LiClOs, and NaPE gives 1:(OTf)s,
(1 = 0.71073 A). The software used was as follows: SMARTOr 4,6, “and1-(PRy),, respectively. Whild-(NOs), is entirely
collecting frames of data, indexing reflection, and determination of . . : :
lattice parameters, SAINF for integration of intensity of reflections msol_uble |n_ CHCl, CHiCN, and MeOH but dissolves fairly
and scaling, SADABS" for empirical absorption correction, and well in a mixture of CH_ClleeOH (8:2, vIv), the othgr three
SHELXTLA for space group determination, structure solution, and compounds are soluble in GEN and a CHCl,/MeOH mixture
least-squares refinements (2 Anisotropic thermal parameters were ~ but sparingly soluble in CkCl,. The'H NMR spectra of all of
refined for the rest of the non-hydrogen atoms. The hydrogen atoms the gold complexes are basically identical and will be discussed
were placed in their ideal positions. A brief summary of crystal data later. Consistent with the rectangular structurel’tf, the 3!P-

and experimental details are given in the Table S1, and the selected{1H} NMR spectra of the four complexes display a singlet at
bond length, angles, and structural parameters are given in Tables lsimilar chemical shift § 21.35-22.89).

s

and 2. The ESI-MS spectra of:(NOs)s, 1:(OTf)4, 1:(ClO4)4, and

Results and Discussion 1-(PFs)4 (Figures StS20) measured in GIEN display sig-
Structure of Auy(u-PANP)(NO3)2:0.5Et,0. Complex Ay- (43) (2)SMART & SAINT Software Reference Manulersion 4.0; Siemens

(,M-PAI’IP)(NQ:,)Z was Synthesized from the reaction OfZQM' Energy & Automation, Inc., Analytical Instrumentation: Madison, WI,

1996. (b) Sheldrick, G. MSADABS: a Software for Empirical Absorption
Correctiony University of Gottingen: Gottingen, Germany, 1996. (c)

(40) (a) Hirose, KJ. Inclusion Phenom. Macrocyclic Che@001, 39, 193. (b) SHELXTL Reference Manualersion 5.03; Siemens Energy & Automation,
Macomber, R. SJ. Chem. Educl1992 69, 375. Inc., Analytical Instrumentation: Madison, WI, 1996.

(41) Connors, K. A.Binding Constants: The Measurement of Molecular (44) Mathieson, T.; Schier, A.; Schmidbaur, H.Chem. Soc., Dalton Trans.
Complex StabilityWiley-Interscience: New York, 1987; pp 24£8. 200Q 3881.

(42) Physical Chemistry: Principles and Applications in Biological Sciences (45) (a) Schmidbaur, HGold Bull. 199Q 23, 11. (b) Schmidbaur, HChem.
Tinoco, I., Jr., Sauer, K., Wang, J. C., Eds.; Prentice Hall: New Jersey, Soc. Re. 1995 24, 391.
1995; pp 388-390. (46) Hunter, C. A,; Sanders, J. K. M. Am. Chem. Sod99Q 112 5525.
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Table 2. Selected Bond Length (A), Angles (deg), and Other Structural Parameters of 1 (OTf)4+4.8H,0, (1DAn)-(OTf)a,
(1oPy)+(OTf)4CHCl,, and (1>Br—An)-(OTf)4-Et,O

— Normal of the

\ @ p—Au—" N N—aAu— . averaged mean 4 Average mean

‘.N N plane e plane of _

~.//n x #C-#C  |N-N ) - anthracenyl ring

e = . W\

o ; = JAU.AU P—Pl \
Pua /F/
U=——=p] _ AL
et 4
!
—Au—

average mean
planes

T S X=HorBr
Interplanar distance d = b-a o
1 (0Tf),+4.8H,0 (1DAn)+(OTf), (1D>Py)+(OTf)4*CH,Cl, (1>Br—An)+(OTf),*Et,0
Au—Au? (A) 7.069(3) 6.854(2) 6.811(2) 6.526(2), 6.604(2)
P—P2 (A) 6.375(3) 6.351(3) 6.342(2) 6.255(4), 6.256(4)
N—Na (&) 7.665(3) 7.229(2) 7.102(3) 6.767(4), 6.910(4)
y-C—y-C2 (A) 7.921(3) 7.341(4) 7.187(3) 6.980(4), 6.981(4)
Au(1)—P(2) (A) 2.255(2) 2.239(3) 2.247(4) 2.240(4), 2.246(4)
Au(1)—N(1) (A) 2.044(1) 2.052(3) 2.063(1) 2.073(1), 2.071(1)
C(6)—P(1)~Au(l) (deg) 108.7(3) 110.0(3) 110.4(1) 109.4(5), 109.5(5)
P(1)-Au(1)—N(1) (deg) 177.4(4) 178.5(3) 177.7(3) 175.0(4), 178.5(5)
Au(1)—N(1)—C(3) (deg) 173.4(4) 175.9(4) 176.8(3) 175.6(4), 176.4(4)
N(1)—C(3)—C(3a) (deg) 175.8(3) 177.5(3) 178.7(2) 177.5(4)
db (A 3.645(2) 3.552(8) 3.401(4)
X—Xe¢ (A) 16.76 16.76 17.05 16.95
04 (deg) 21.69 10.42 3.60 2.71
w*® (deg) 43.7 43.3 47.4 56.5, 49.9
¢f (deg) 22.3 30.5 31.4 40.0
%9 (deg) 16.8 10.5 8.0 13.2
7 (deg) 12.4 0.9 25.9
€ (deg) 16.4 14.7 21.9 21.4,19.4

a|ntrannular Au-Au, P—P, N—N, andy-C—y-C distances? d = interplanar distance between the'dypyridine and the aromatic guest, defined as the
difference betweeb (the perpendicular distance between a carbon atom and the plane of the aromatic guagtjistatice between the carbon atom in
the best plane of bipyf. X—X = distance between the centroids of the two anthrancenyl rindgé'in! 6 = twist angle between the two pyridyl rings of
the bipy.® @ = tilt angle of the anthracenyl rings, defined as the angle between the normal of the best plane of the anthrancenyl ring and the long meridian
of the rectanglef ¢ = angle subtended by the twe+ bonds of the PAnP ligand.y = angle subtended by the two AN bonds."r = angle between
the long axis of the aromatic guest and the central axis of the bipy: dihedral angle between the lateral rings in the anthracenyl ring.

nificant peaks which can be attributed to the triply charged A simpler and nearly quantitative synthesis (yietd90%)
species I*T+NO3)3+ (M2 751.39, calcd. 751.77)1F+OTf)3" of 1-(OTf)4 involves the reaction of Ayfu-PANP)(OTf} gener-
(m/z 780.37, calcd. 780.76)1%™+ClO,)3+ (mVz 763.51 calcd. ated in situ from the reaction of (AuG(}-PAnP) and AgOTf
764.09), and1*"+PR;)3" (m/z 779.18, calcd. 779.43), respec- in CH,Cl,, with 1 mol equiv of bipy. Attempts to isolate Au
tively. The assignments are further confirmed by calculated («-PAnP)(OTf) were unsuccessful as the compound slowly
isotopic distributions. The most prominent peaks in the spectra decomposes in the solid state. Nonetheless, e NMR

of 1:(NOs)s, 1:(OTf)s, and 1+(ClO4)s belong to the “half- spectrum (121.5 MHz, CiTl,) of Auy(u-PAnP)(OTf) prepared
rectangle” [Au(u-PANP)(bipy}-X]*™ (X = NOz~, OTf", and in situ shows a singlet &t 21.66, suggesting that the complex
ClO47). On the other hand, no “half-rectangle” peak is observed could have &, “clip”-like structure similar to that of Ap(u-

in the ES-MS of1:(PF)s. Instead, the largest peak of the PANnP)(NQ).. The self-assembly ofi-(OTf); is completed
spectrum atm/z 1241.40 (calcd. 1241.6) is identified by within 5 h atroom temperature, as indicated by the precipitation
simulated isotopic distributions as doubly charg&d -2PFR;)>" of the product from the solution.

(Figures S17, 18). These results lend support to the rectangular That the reaction between the digold(l) clip and bipy gives
structure ofl** and suggest the stability of the gold complexes the molecular rectangle as the major product suggests that the
in solutions. Elemental analyses of the compounds also agreemacrocylic1*" ion is either thermodynamically or kinetically
well with the proposed molecular formulas. The structure of stable. Apparently, entropy would favor the formation of discrete
1-(OTf)4 was confirmed by X-ray crystallography (vide infra). rectangle over polymer. An additional driving force for the
Among all of these saltd:(OTf), is the only one that can be  formation of the gold rectangle could come from the insolubility
crystallized, and hence is the focus of the present study. of the metallacyclophane in reacting solvent L, as the
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distance between the centroids of the opposite anthracenyl rings
X=X, is 16.76(3) A, and its width, taken as the distance between
the y-carbon atomsy(-C—v-C) of the two opposite bipy, is
7.921(3) A. The cavity ofi** is significantly larger than that
of CBPQT*" ion, which is also rectangular in shape (6.80.3
A)'sea

The 14 ion is slightly bellied on its four sides. For the two
sides of the rectangle, the anglsubtended by the two AtN
bonds is 16.8 The bulging is due to the C(anthraceryB(1)—
Au(l) angle (108.7(3), the bending of the bipy (N(H)C(3)—
C(3A) = 175.8(3}), and the small offset between the central
axis of the bipy and the AuP bond (Au(1)}N(1)—C(3) =
173.4(4Y). The out-of-plane distortion of the central ring of
the anthracenyl backbone, indicated by the anglef 22.3
subtended by the PC(anthracenyl) bonds, is responsible for
the bulging at the two ends of the rectangle. The distortion

Figure 1. ORTEP diagram of As(u-PANP)(NQ)-0.5E40 showing the S|gn|f|cantly shortens the AdAu distance to 7.069(3) A (cf.
dimerization of the complex in the solid state via aurophilic attraction. 9.154(2) A in Ap(u-PANP)(NQ),). The anthracenyl rings are
Hydrogen atoms and solvent molecules are omitted for clarity. Thermal curved away from the Au atoms, and the dihedrdletween

ellipsoids are shown at 50% probability. the two lateral rings of the anthracenyl backbone is 16.4
L , L ) Apparently, the shortening of the AtAu distance is to maintain

precipitation would shift the equilibrium toward the formation - \inear metal coordination (P@RU(L)-N(L) = 177.4(4))

of the metallacyclophang. The syn-orientation of the two Au which is known to be the preferential geometry of Aan. The

atonjs in the molecular clips A@"PAnP)(X)Z (X =NOs™ and . two pyridyl rings of the bipy are not coplanar, showing a twist

OTf") would also favor the formation of the macrocylic angle 0 of 21.69. The Au-P and Au-N bond lengths are

structure, as in the case of the metallacycle JAtPhbPCH,- . . .
. . . . normal. The two opposite anthracenyl rings are parallel and tilted
PPR)o(u-bipy)](CFsCOz)a. ¥ As will be discussed later, it a4 one end of the rectangle. The tilt angte defined as

appears that the marcocyclié* is also stabilized kinetically: the angle between the normal of the ring and long meridian
once formed, the complex would be locked in the rectangular ¢ .o rectangle, is 43°7 The eight phenyl rings in*+

structure and would n.ot opep.up fo form the polymer. can be grouped into two geometrically different sets: four
The self.-assemb!y is sensitive to the anions: when AgCIO axially oriented phenyl rings (R and four equatorially
or AgBF is used instead of Ag@B0, the reported ring-  griented phenyl rings (RR (Figure 2b). Possibly, the anthra-
like compound [Au(u-PANPYSCIO(CIOA)'2¢ or [Aus(u- cenyl rings are tilted to minimize the steric repulsion with the
PANP}DBF,](BF4):* is identified by NMR and X-ray crystal- Phy rings. The P rings at the two ends df** are pointing
lography as the major product. It is possible that the tetrahedraly opposite directions and are related bg.aotation. Similarly,

ClO4~ and BR™ ions have a template effect that promotes the a tour Pl rings are equivalent. However, the ffings are
ring formation. In fact, like many other metallacycles arising diastereotopic with the Rhrings.

ioNn- in3d,10a,19a,4: i
from anion-templatior; the gold rings encapsulate an Solution Structure of 1:(OTf)4. Some metallacyclophanes

anion in their cavitiesl-(OTf), is infinitely stable in the solid . . . .
N . . are known to dissociate or undergo dynamic exchanges with
state but undergoes slow decomposition in solution under light. . . . ) g
other oligomeric or polymeric structures in solutiohghsOf

X-ray Crystal Structure of 1 +(OTf)4:4.8H,0. The crystals particular relevance to the present study is the work of the

of 1-(OTf4-4.8H,0 were obtained from slow diffusion of ether b yyenhatt group which suggested the presence of equilibria

into a CH.CIl,/MeOH (8:2, v/v) solution of the gold compound. bet tet 1da tallacyl -PPh(CH,) PP )
The X-ray crystal structurg-(OTf)4-4.8H0 reveals a tetracation L'e)z]V\EEZT::CeOZ)ig(()m (i rge_g al_c,yzst%t; pr( orZ)T 4_(:??;(52%
14+ comprising two opposite [Adi(«-PANP)E" units linked by ' ! ' §

two bipy ligands (Figure 2 and Table 2, see scheme for Table PPh)(tt-L")]n(CFsCOy)n, 3 ; i
o ; - oot and other species arising from the
2 for the definitions of the structural parameters). THe ion fing o(genin;?“eHowevgr, it is believed that the gold rectangle

has a rectangular s_hap«_e and is f+e_nced on its four S'd'.es by thqs stable and retains its macrocyclic structures in solution. First
anthracenyl and pyridyl rings. TH&*" ion shows an approximate of all, if 1-(OTf), equilibrates with the polymer [Au-PAnP)-

Cfgrt,hsyrg?metry dv:Eere trt'ez ?).('S bisects the F:;VO py:;?i’r: rlngst (u-bipy)].(OTf),, or other olgiomeric species in solution, one
orthe bipy and the center of INVETSIon comncides with e CeMET 414’ expect significant broadeniril and3P NMR signals
of the rectangle. Four disordered OTibns are located around and even the appearance of new peaks at low temperature

) g .
e i eac o, I e entr o e okl 23 10 However, mef) NAR specum (CCN, 121 Wi
y (F9 ’ 9 ge, (Figure S21) of the complex displays a singled &2.76 whose
) ) N ) line shape remains unchanged even at 243 K. On the other hand,
(47) Prabhavathy, J. M. Sc. Thesis, National University of Singapore. 1 . .
(48) (a) Mann, S.; Huttner, G.; Zsolnai, L.; Heinze, Kngew Chem., Int. Ed. the 'H NMR signals are slightly broadened as the temperature
Engl. 1996 35, 2808. (b) Hasenknopf, B.; Lehn, J.-M.; Boumediene, N.; s [owered from 298 to 243 K (Figure S21). Nonetheless, it can

Dupont-Gervais, A.; Van Dorsselaer, A.; Kniesel, B.; FenskeJ.DAm. . . : . L
Chem. Soc1997, 119 10956. (c) Fleming, J. S.; Mann, K. L. V.; Carraz, ~ be aptly explained by a fluxional process involving the flipping

anobenzene) and coordination polymers JuPPh(CHy)m-

C.-A,; Psillakis, E.; Jeffrey, J. C.; McCleverty, J. A.; Ward, M. Angew. ; . _
Chern.. Int. Ed.1998 37 1279, (d) Schnebeck, R.-D.: Freisinger. E..  Of the anthracenyl rings (Scheme 2): In contrast to the X-ray
Lippert, B. Angew. Chem., Int. EA.999 38, 168. crystal structure ofl** in which the two ends of the tilted
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Figure 2. ORTEP diagrams of:(OTf)4-4.8H,0 showing (a) the top view and (b) the side view of tife ion. (b) Hydrogen atoms, anions, and®i
molecules are omitted for clarity. Thermal ellipsoids are shown at 50% probability.

Scheme 2. Proposed Anthracenyl Ring Flipping of 14+

anthracenyl rings are nonequivalent (i.ep 3t He7, Hia =
Hs g), the room-temperatuféd NMR spectrum of the complex
shows two multiplets abd 7.34 and 8.42 attributable to;Hs g

three species1*" (host), the aromatic guests, and the kost
guest complex. This indicates thEt™ does not dissociate or is
not in equilibrium with other species in solution. The similar

and H 36,7 respectively. The merge of signals signifies a fast NMR spectroscopic properties displayedIB{NOs)4, 1:(ClOy)a,

exchange betweenH=Hg7and H 4= Hs gin solution. The

and1-(PFRs)4 also indicate that the rectangular structurelbf

exchange involves flipping of the anthracenyl rings which occurs is not affected by its counterion.

concomitantly with a swapping between the diastereotopig Ph

The fact thatl*" retains its macrocyclic structure in solution

and PRq (Phiw = Pheg). Because the two exchanging partners could be due to kinetic stabilization. Recently, Stang et al. have
are identical, the P atoms should remain equivalent throughoutdemonstrated that the molecular rectanglegPEt)s(u-antt ),
the process. In accord with this is the invariable singlet observed (u-L)2](X)4 (L = bipy, bpe, 1,4-bis(4-ethynylpyridyl)benzene,

in the VT 31P{1H} NMR measurements.

Another piece of evidence supporting the integrity of tfe
ion in solution comes from our binding studies. As will be
mentioned lateH NMR and fluorescence titrations unambigu-
ously show thafl** forms 1:1 complexes with various aromatic
molecules (Chart 1). The binding of all of the guestdtbcan
be properly described by an equilibrium which involves only

2,5-bis(4-ethynylpyridyl)furan, X= CIO,~, Pk, BF,7) are
kinetically stable with respect to dissociation as the weakly
nucleophilic anions are unable to displace the dipyridyl lig&#ds.
Similarly, the OTf, CIO,~, and Pk ions in the gold
complexes, being poor electron donors, should not be able to
substitute the bipy id**. Furthermore, the anthracenyl rings,
oriented almost perpendicular to the plane of the rectangle,
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Figure 3. UV —vis absorption (blue) and emission (red) spectra: (®Tf)4.
Solvent: CHCN, T = 298 K. Excitation wavelengtk 420 nm, excitation
and emission slit widths= 10 nm.
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Figure 4. Cyclic voltammogram ofl-(OTf)s. Solvent, CHCN (0.1 M
n-BusNPFs); working electrode, glassy carbon; counter electrode, platinum
wire; reference electrode, Ag/AgN@0.1 M in CH;CN).

would possibly shield the gold atoms from the attack of the mV) and —2.2 V (AE; = 70 mV), respectively. As the CV
anion. These could be the reasons for the exceptional stability (Figures S22) of the free PANP ligand also shows two similar

of 14" in comparison to other gold metallacycles.

UV —Vis Absorption and Luminescence of 1(OTf)4. The
UV —vis absorption spectrum (Figure 3) bf{(OTf), displays a
very intense band at 270 nrapfx = 1.4 x 10° M1 cm™Y),
which corresponds to the high-ener§jy — z* transition of

reversible couples at1.9 and—2.2 V, these two couples can
be assigned to the reduction of PANP liberated frith after
decomposition. However, it is noted that the cathodic wave (c)
in the voltammogram ofl** is much larger than its anodic
counterpart (9. A differential pulse voltammetric study on wave

the anthracenyl rings. In addition, there is a moderately intense (C) shows that it is actually an overlap of two waves. Scanning

absorption band in 328480 nm which displays vibronic peaks
at 367, 390, 418, and 441 NMax = 441 NM,emax = 2.6 x

the potential of the working electrode tel.9 V also leads to
deposition of gold metal on the electrode surface. We thus

10* M~1cm1). The absorption band arises from the low energy attribute wave (c) to be an overlap of two reduction processes,

Lt — a* transition of the anthracenyl ring. Similar absorption

the reversible reduction of free PAnP and the irreversible

bands are found in the spectra of other PAnP-containing reduction of Al species generated from the decomposition of

complexes such as [A@-PANP}DClO4](ClO,)2. ¢ Irradiating
an aerated CKCN solution of1-(OTf)4 at 420 nm gives an
emission maximized at 480 nm with quantum yield of 0.05

1#* as a result of reduction wave (a). The appearance of more
than one Alireduction wave is commonly observed in poly-
nuclear Al clusters!® The couple (e,¢ at Eyp of —2.3 V is

(Figure 3). The small Stoke shift indicates that the emission is due to the bipy generated from the cathodic decomposition of

Lr* — 7 fluorescence. [Ag(u-PAnP}DOCIO,)(CIO,), displays

emission of similar energy and band shagse.
Electrochemistry of 1-(OTf) 4. The room-temperature cyclic

voltammogram (CV) of a CECN solution of1-(OTf)4 is shown

14*, as the free ligand also shows a reversible couple at the
same potential (Figure S23). A small irreversible wave attribut-
able to the oxidation of decomposed product frixth appears

in the reverse anodic scan. No oxidation wave is observed if

in Figure 4. Upon reduction, an irreversible peak (a) appears atthe initial voltammetric scan is made toward the anodic side.

about—1.2 V versus Cgret’0, This is followed by a small
quasi-reversible couple (B)bat E;» of —1.38 V (AE; ~ 80
mV). The irreversible peak (a) is likely a metal-centered
reduction as most Aua-phosphine compounds show a metal-

The electrochemistry df-(OTf), is drastically different from
that reported for the CBPQT, and the bipy-containing
rectangles [R{PEB)s(u-antt¥ ) (u-bipy),](PFe)s>° and [Re-
(CO)o(u-bipy)(bipm)],5* which are dominated by ligand-

centered irreversible reduction at similar potential in acetoni- centered redox processes. The organic cyclophane CBPQT

trile.#® Holding the potential of the working electrode -af..2

exhibits two quasi-reversible two-electron coupleEgt= 0.59

V also leads to slow deposition of gold metal on the electrode V and—1.01 V (vs CpFe™) which correspond to bipyridinium-
surface which can be observed with the naked eye. The centered two-electron reductions Similarly, the CV of4{Pt

reversible couple (b;pis attributed to redox reaction centered
at the bipy in1*" by comparison with the voltammogram of
the Pt-rectangle [RPEL)s(u-antt¥ ) (u-bipy)]*t (which has
the same charge 44" and also shows a bipy-centered reduction
at—1.44 V)30 The irreversible nature of wave (a) indicates that

(PE®)s(u-antt?~)2(u-bipy)z](PFs)a and [Re(CO)a(u-bipy)-
(bipm),] shows reversible reductions localized in the heterocyclic
ligands. No metal-centered reduction is observed. On the
contrary, the CV ofL-(OTf), is dominated by the irreversible
metal-centered reductions and the reduction of products arising

14+ decomposes upon reduction. Further scanning the potentialfrom cathodic decomposition. This could be related to the early
toward the cathodic side leads to the appearance of two smallonset of the irreversible Aueduction to Ad at—1.2 V, which

reversible couples (c)cand (d,d) atE;, of —1.9 V (AE; = 70

(49) Rakhimov, R. D.; Butin, K. P.; Grandberg K.J.. Organomet. Cheni994
464, 253.
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(50) Kaim, W.; Schwederski, B.; Dogan, A.; Fiedler, J.; Kuehl, C. J.; Stang, P.
J.Inorg. Chem2002 41, 4025.

(51) Hartmann, H.; Berger, S.; Winter, R.; Fiedler, J.; Kaim, Warg. Chem.
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Figure 5. (a) Ball-and-stick and (b) space-filling representations of the X-ray crystal structuleéf)-(OTf)s, and ball-and-stick representations of the
X-ray crystal structures of (c)1OPy) (OTf)sCH.Cly, and (d) (DBr-An)-(OTf)4-Et,O. Hydrogen atoms and anions are omitted. Color scheme: guest
carbon atoms (red), Au (orange), P (purple), guest protons (blue), bipy proton (green).

precedes the bipy-centered reductior-4t38 V. Our observa- rings3? It is noted that the structures of the inclusion complexes
tion is also consistent with the electrochemical properties of of CBPQT" and hydroquinols show similar-€H-+-z between
most Ad-compounds reported in the literatfe. the guest and the-phenylene rings of the ho%t.The distances
X-ray Crystal Structures of the Inclusion Complexes. (2.8-2.9 A) between the interacting hydrogen atoms and the
Complexation betwee*" and the aromatic guests was first p-phenylene ring are close to the distance between theahd
hinted by the remarkable increase in the solubility of some of the anthracenyl rings (2.928 A). Thetdnd H; of the bipy are
the polycyclic molecules such as An and Py in the presence of close to the rings of the An.
the gold rectangle, and was further confirmed by the NMR and  The bound Py inX>Py)-(OTf)s:CH.CI; is disordered equally
the luminescence studies (vide infra). Orange crystals of threeover two positions (Figure 5¢c and Table 2). Thgaxis of the
inclusion complexes1OAn)-(OTf)s, (1DPyY)(OTf)sCH,Cly, rectangle passes through the midpoint between the C5a aAd C5a
and OBr-An)-(OTf)4Et,O were obtained by slow diffusion  of the Py, which also coincides with the center of the rectangle.
of ether into CHCI,/MeOH (8:2, v/v) solutions containing  The two disordered positions of the Py are generated by & 180
1-(OTf) and excess guests; their X-ray crystal structures are rotation of the guest around ti& axis. The guest is located
shown in Figure 5 (Table 2). The aromatic guests are interposedslightly closer to one end of the rectangle than the other. The
between the two bipy ligands of the gold rectangle. As long C; axis of the guest is almost in line with the horizontal
commonly observed in the— stacking of aromatic molecules, N—N axis of the bipy, showing a small angteof 0.9°. This
the overlap of the aromatic rings of the guests and bipy is leads to extensive overlaps between of the Py and bipy rings.
staggered® The structures of the compounds confirm the 1:1 The Hy 100f the Py are protruded out of the cavity Bff, while
host-guest stoichiometry of the complexation. the rest of the guest protons are close to the bipy. Notably, the
The An molecule in IDAN)-(OTf), is intercalated between  Hz and H; are directed toward the lateral ring of the anthracenyl
from the two bipy ligands. The orientation of the guest in the backbone. The calculated distance between the centroids of the
cavity is centrosymmetric with the center of the molecule co- lateral rings and bland H; are 2.673 and 3.189 A, respectively,
inciding with the center of inversion of the host. As a result, and the distance between the centroids of the lateral ring and
the complex shows an approximalg, symmetry. Furthermore,  the axial ring of the Py bearing the two protons is 4.678 A.
the An is oriented with its lon@; axis close to the NN vector These structural features compare favorably with the ones
of the bipy (Figure 5a and Table 2). The small angtsf 12.4° reported for edge-to-face interactioisuggesting the presence
between the axes results in extensive overlap of the aromaticof the hydrogen bonding between the host and the guest.
rings of the An and the bipy. The;H of the guest are protruded The Br—An in (1oBr—An)-(OTf)4Et,O is disordered over
slightly out of the periphery of*", while the rest of its hydrogen ~ two sites A (55% occupancy) and B (45% occupancy), which
atoms are close to the bipy rings. Notably, theadd H, at the are related by 180rotation around the long axis of the molecule
two ends of the guest are found directly pointed toward the lat- (Figure 5d and Table 2). The position of the guest is asymmetric,
eral rings of the anthracenyl unit. The calculated distance be- being closer to one end of the host than the other. The long
tween the H,7 and the centroids of the lateral rings is 2.928 A,
and the distance between centroids of the lateral ring and the(52) ,&a%9%zcggé%é.lz(.t;))clz<uer{gé,'\é.';Asi\e!\t/iitlesri?:?]‘, > Rroc. R Soc. é%’;‘_"ﬁghc?ﬁ;;
ring containing the interacting hydrogen atoms is 5.115 A. These Ser. A1993 345, 37. (c) Oikawa, S.; Tsuda, M.; Kato, H.; Urabe,Acta
structural features suggest the presence of weaki@x or Crystallogr., Sect. B985 41, 437. (d) Bong, D. T.; Ghadiri, M. RAngew.

. X Chem., Int. ED2001, 40, 2163. (e) Dance, |.; Scudder, M@hem.-Eur. J
edge-to-face interactions between the guest and the anthracenyl 1996 5, 482.
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axis of the BAn and the N-N vector of the bipy is separated
by an angler of 25.9. In site A, the H, Hz, Hs, and H; of the
guest are protruded out of the rim of th&" ion, while the H

and H are near to the pyridyl rings. The Br atom and itgH
are projected out of the cavity. The terminal protons of the guest
are involved in edge-to-face interactions with the anthracenyl
rings as the B—C3—C4—H, edge of the guest is directed toward
one of the lateral rings of the anthracenyl backbone. The
distances between thes;ldnd H; and the centroid of the lateral
ring are 3.419 and 2.766 A, respectively. The centroids of the
lateral ring and the ring containing the interacting H atoms are

13.2 (cf. y = 16.8 for the freel*"). In addition, the bipy in
the complexes are less twisted as the twist anglies the Br—
An- (2.71°), Py- (3.60), and An-(10.42) complexes are
significant smaller than that for the free host € 21.69).
Similarly, the binding of 1,4-dimethoxybenzene to the CBPQT
ion reduces the twist angle of the bipy units fronf 1@ 4°.36a.b
Apparently, the flattening of the bipy would improve the overlap
with the aromatic guests and thus enhancerthe interactions.
Analogous to the width of th#** ion, the decrease in the twist
angle 6 observed in the three complexes is in line with the
increase in the-AGywmr. This observation lends support to the

separated by 4.846 A. These structural parameters compardénduced-fit mechanism.

favorably with the aromatic compounds that exhibit similar
edge-to-face interactio’¥3The H, and H; of the bipy are close

to thes-rings of the guest. The distances between the Br atom
and the H and H of the bipy (3.598-3.841 A) are too long

for C—H---Br hydrogen bonding.

Among all of the structural features of the inclusion com-
plexes, the one of particular importance is the interplanar
distanced between the bipy and the guest, as it is related to the
strength of the guest binding. Because the pyridyl rings in the
bipy are not coplanar, the interplanar distance is defined as
= b — a whereb is the perpendicular distance between the
a-carbon atom in the bipy and the plane of the guest,aisd

Similar to the free hostdf = 43.7), the anthracenyl rings in
the An- and Py-complexes are tilted toward the same direction
with tilt angles @ of 43.3 (An-complex) and 47.%4 (Py-
complex). In addition, the rings are slightly curved with the
dihedral anglese of 14.7 (An-complex) and 21.9 (Py-
complex). The binding of the guests leads to significant
shortening of the intrannular-HP distances. To sustain such a
short P-P distance, the central rings in the anthracenyl units
are distorted from planarity and the bow angie# the An-
(30.5’) and Py-complexes (31°Y4are markedly larger than that
in the free host (223. The 1*" ion in the Br~An complex
shows a different conformation in which the anthracenyl rings

the perpendicular distance between the carbon atom and theyre titled in opposite directions (Figure 5d). Moreover, the two

best plane of the bipy (Scheme for Table 2). It is found that the
interplanar distances in the three complexes fall into the range
of m—a interactions €£3.5—-3.7 A) and follow the order of Bt

An (d = 3.401(4) A)< Py (d = 3.552(8) A)< An (d = 3.645-

(2) A). This indicates that the BrAn binds most strongly to
14+, followed by the Py and then the An. It is corroborated by
the correlation between thet and the free energy of binding
—AGnwr determined byH NMR titration (vide infra), that are
19.74 0.4, 18.2+ 0.1, and 17.2: 0.2 kJ mot? for the binding

of the Br—An, Py, and An, respectively. Comparing the
dimensions of thed** ions in the complexes and the fréé"

ion in 1-(OTf)44.8H,0 shows that the guest binding leads to
the shortening of the width of the rectangle: the intraannular
Au—Au (6.526(2)-6.854(2)A), N-N (6.767(4)-7.341(4) A),
andy-C—y-C = (6.980(4)-7.341(4) A) distances in the three

inclusion complexes are markedly shorter than the ones in the;

free host: Au-Au = 7.069(3) A, N-N = 7.665(3) A, and
y-C—y-C = 7.921(3) A. Again the intraannular AtAu, N—N,

and y-C—y-C distances in the three complexes follow the
order: BrAn < Py < An. These findings indicate that the
guest binding induces contraction of the molecular rectangle,
whose extent is proportional to the binding strength of the guests.
These observations point to an induced-fit mechatfiamwhich

the binding of the guest causes the host to undergo conforma-

tional changes which in turn enhancesits .z interactions with

the guest. The conformation changes involve mainly the

contraction of the bite distance of PAnP, which is expected not

to be energy demanding as the ligand is highly flex#3#®
The complexation causes other structural changdgiras

well. First, the1*" ions in the inclusion complexes are less

bulged than the fre@*", showing a smaller anglg of 10.5—

(53) (a) Kasai, K.; Aoyagi, M.; Fujita, MJ. Am. Chem. So00Q 122, 2140.
(b) Fujita, M.; Nagao, S.; Ogura, Kl. Am. Chem. So0d.995 117, 1649.
(c) Hamilton, A. D.; Van Engen, DJ. Am. Chem. So0d.987, 109 5035.
(d) Sijpesma, R. P.; Wijmenga, S. S.; Nolte, R. J.MAm. Chem. Soc.
1992 114, 9807. (e) Koshland, D. E., JAngew. Chem., Int. EcEngl.
1995 33, 2375.
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ends of the rectangle are nonequivalent, having slightly different
intraannular Au-Au (6.526(2), 6.604(2) A), and NN (6.767-

(4), 6.910(4) A) distances. As a result, the symmetry ofltHe

ion descends t&s where the plane of reflection bisects the
anthracenyl rings. The intrannularP distance (6.255(4) A)

is the shortest among the four gold compounds and is maintained
by severe distortion of the central ring of the anthracenyl
backbone ¢ = 40°).

Solid-State Self-AssemblyThe crystal structure df-(OTf),
4.8H,0 reveals linear stacking of tHé* ions along thes-axis,
which results in open channels (Figure 6). Similar open channels
have been observed in the crystals ofy(@bpp)(u-bipy)s]&"
(dppp= 1,3-bis(diphenylphosphino)propafffhand CBPQT 362
The distance between two adjacent Au atoms in a column is
10.308 A. Sandwiched between twid* ions are four OTf
ions whose Ckgroups are pointed toward the center of the
rectangle, and the oxygen atoms of the;®@bups are near
the a-H of the pyridyl rings. There are on average 4.8CH
molecules per** ion, two of them are found between two
stackingl** ions, and the remaining are located in the interstitial
space. The water molecules could be originated from the
solvents used in crystal growing, such as MeOH.

The solid-state packing of th#" ions reveals intriguing
tectonic supramolecular arrangement: theions, paneled on
theab-plane, form a 2D mosaic in which each ion is surrounded
at its corners by four neighboring ions (Figure 6). The packing
leads to highly porous crystal with a large interstitial space,
which resembles an open channel, located in the center of four
adjacent stacking columns of tHé* ions. Viewing down the
c-axis, one would see the two Blrings at the “head” of the
14t ion are projected upward, whereas the twq,Rmgs are
pointing down at the “tail”. The equatorial Ph rings at the head
are tilted upward, while the ones at the tail are tilted downward.
The axial and equatorial Ph rings in the head and tail are labeled
Phy, Phyd, Phyt, and Pld. In the panel, the head and tail of
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Figure 6. Crystal packing diagram df-(OTf)4-4.8H,0O showing the open channels and the 2D mosaic omlhglane. Hydrogen atoms, anions, angCH
molecules are omitted. Inset shows the complementary edge-to-fadehPinteractions between adjacdrit ions. Color scheme: see Figure 5.

Table 3. Structural Parameters for the Edge-to-Face Ph—Ph Interactions

complexes 1 (OTf),+4.8H,0 (1+An)+(OTf), (1-Py)+(OTf)4-CH.Cl, (1-Br=An)-(OTf)s-Et,0
i (A) 4.988 4.900 4.954 5.078, 5.316
i (A) 3.496, 3.279 3.484, 3.279 3.438, 3.395 3.312, 3.493, 3.518, 3.629
k (A) 6.025 5.996 5.962 5.995
dihedral angle 87.8 89.0 89.4 88.1,89.9
between P and Pl
dihedral angle between 0.0 0.0 0.0 7.9,5.4

Phy, and Pl or Phd" and Phd

arectangle are next to the tails and the heads of its neighboringis 4.988 A. The intermolecular-FP distanceK) between the
molecules, respectively. This head-to-tail orientation allows two interacting PPhgroups is 6.025 A. As demonstrated by
complementary edge-to-face interactions of the Ph rings betweenthe comprehensive surveys of Dance and Scudder, edge-to-face
adjacent molecules: the Bhrings of a rectangle are faced Ph—Ph interactions, also known as “phenyl embrace”, widely
directly to the edges of the Rhrings of two molecules in the  occur in the crystals of metal complexes containing £&h
front. Conversely, the edges of &hrings of the rectangle are  diphosphines, such as PRIH,PPh as ligands, and have a
directed toward the faces of ghrings of the two preceding  determining effect on the solid-state packing of the com-
molecules (inset in Figure 6). These complementagy'PPh.d plexes3?¢54The values of andk observed irl-(OTf)44.8H0
and Ph/—Ph. interactions occur at every corner in the mosaic. fall into the average values 6f(5 A) andk (<7 A) obtained
The H and H in the Phd/Phy ring are directed toward the ~ from the surveys. In addition, the dihedral angle (8y&nd
centroid of the PR/Ph,! with the calculated H-centroid thei value (4.988 A) of the gold complex compare favorably
distanceg of 3.496 and 3.279 A (Table 3, for the defln!t|0ns (54) (a) Dance, |.: Scudder, M. Chem. Soc.. Chem. Comma895 1039, (b)

of structural parameters, see Scheme for Table 3). The interact- ~ Dance, I.; Scudder, Ml. Chem. Soc., Dalton Tran200Q 1579. (c) Dance,
ing Ph rings are almost perpendicular to each other, showing a (5 Scudder M. Chem. Soc, Daiton Tran200a 1@%;‘3&5?‘."35&'&"&
dihedral angle of 878 The distancei) between their centroids M. J. Chem. Soc., Dalton Tran$998§ 1341. o ’
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H9,1D H1 ,4m

Hozg7

free An

[1*1=0.94 mM

Hz,a,a}J“L
[1*1=169 mM
HQISIB'?M

[1*1=2.30 mM

Hz,a,a,?m

[1*]=324 mM

Hosgz

86 84 82 80 78 76 7.4 7.2 7.0 6.8 6.6
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Figure 7. 'H NMR spectral change upon addition D{OTf), (concentration= 0.00-5.06 mM) to a CRCN solution of An (concentratior 2.52 mM).
The1-(OTf)s and An protons are labeled in blue and red, respectively. The top and bottom spectra belong to the free An ant+ (@ fygeespectively.
The shifts of the host protons increase as tHk flecreases because when tB fis fixed the percentage of occupied host increasesdasi§ lowered.

with the corresponding parameters between a pair of benzeneupward, while the four PR rings are tilted downward. It is
molecules engaging in edge-to-face interactions (dihedral angleapparent that if all of thd*" ions in the panel have the same
= 86.5, i = 5.025 A)522¢ |t is believed that the complementary ~ orientation, complementary Bf-Phyinteractions as observed
edge-to-face PhPh interactions are a major driving force for in the other three compounds would not be possible. It is
the self-assembly of** in the solid state. therefore intriguing to find that each rectangle in the-Bin-
Reminiscent of the free host, tHé" ions in the solids of complex is surrounded by four “flipped-over” rectangles whose
An- and Py-complexes form linear channels and assembled intoorientation is different from that of the surrounded ion by a
2D mosaic via the complementary interactions of the nearly 180 rotation around the long central axis (Figure S27). As such,
perpendicular PR"—Ph.{ and Ph{—Phy" rings (Figures S24, the four upward pointed Rlarings of the surrounded rectangle
25). Thei, j, andk distances are comparable with the ones now face directly to the four upward tilted Rfof its neighbors.
observed in1-(0Tf)4-4.8H,0O (Table 3). The channels are Conversely, the downward pointed Rhrings of the four
occupied by the guests, and the separationk*ofions in the adjacent molecules face to the edges of the downward tilted
columns and the positions of anions are similar to those in  Phegrings of the central molecule. The interacting Ph rings are

(OTf)4:4.8H,0. The CHCIl, molecules in {DPy)(OTf)4CH,- nearly perpendicular to each other, andithje andk distances

Cl, are sandwiched between the stackirig ions. are close to those found in the other three compounds (Table
On the other hand, th&" ions in the B-An-complex form 3). The special arrangement of ti€" ions in the crystal of the

zigzag-like columns (Figure S26). Sandwiched between two Br—An-complex underscores the important role played by the

stacking gold rectangles are one £l molecule and four OTf complementary edge-to-face RhPhyinteractions in the solid-

ions. While thel*" ions in the Br-An-complex self-assemble  state self-assembly of the gold complex.

into a 2D mosaic similar to those observed in the other three 1H NMR Titrations. The complexation betweeit and the
complexes, there are some subtle differences. Unlike the otherguest was investigated by monitoring chemical shifts of
three gold complexes, the anthracenyl rings in the Bn-com- certain guest protons as a function of the total concentration of
plex are tilted toward each other (Figure 5d). As a consequencethe host H]:. Figure 7 shows the spectroscopic changes observed
the four PRy rings at both ends of the rectangle are pointing in the titration of1-(OTf)4 and An. Invariably, the complexation
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Table 4. Binding Constants and Free Energy of Binding for the Table 5. Chemical Shifts (6) of the Free Host and Guest Protons
Aromatic Guests Determined by 'H NMR and Fluorescence and the Change in the Chemical Shifts (Ad) Induced by the
Titrations Complexation

guest Kawr (M*l) =AGyyr (kJ mol*l) KQ (M*l) —AGQ (kJ mol*l) Guest Protons Host Protons
Dmb 50+ 7 9.7+ 0.4 a Guest H 5 | A& H Ady
Bip 126+ 10 12.0+0.2 a Hass6 6.85 -0.32 He 0.00
Nap 128+ 52 12.0+ 1.0 118+ 31 11.8+ 0.7 H 373 ol6 H 0.07
Phen 527£26 155401 463+ 29 MeOOOMe e | 373 ] -0 b
An 1029+ 71 17.2+£0.2 909+ 103  16.9+:0.3 Hiass +0.02
MeO—An 1353+ 70 17.9+ 0.1 b Haz67 +0.03
NC—An 1137+ 32 17.4+ 0.1 b

Br—An 2858+ 508  19.7+£0.4  2277+160 19.2+0.2 Hazse | 763 | -0.76 Ha 004

w
N

N

)

COH—An 25594+ 350  19.4+0.3  2208+223 19.1+0.3 . Hyzss | 746 | -047 Hp -0.11
Py 1564+ 34 182+ 0.1  1376+40  17.9+0.1 \ \ 4 Has N P 0.00
6 ' 5
aNo quenching? Cannot be determined as the emissions of the guests Hazer 002
and the host overlap. Hiass | 791 | -0.31 Hy -0.02
1 8
. i H, -0.09
moves all of the guest protons, and theahd H; of bipy upfield 2 OO 7 Hazer | 729 | -025 J
but the H 45 sand H 367 0f the anthracenyl rings in the host 3 6 Hiass 0.00
4 s

downfield (Figures S2836). That all of the guest protons and Hyzer | +0.02
the H, and H; of the bipy are shifted upfield indicates the
participation of the bipy in the guest binding. It is in accordance

Has 879 | -1.14 He -0.29

©
N
o

with the inclusion geometries exhibited by the three complexes. 8 Q i Howo | 781 1 081 B | 0@

The upfield shifts are attributable to the influence of the diatropic 7 Q Q 2 Mo 1 795 | Hiass | 004

ring currents of the aromatic rings. Similar upfield shifts have 6 5 4 3 Hy | 7.67 | -137 | Haser | #0.10

been observed in the binding of aromatic guests to the CBPQT Hig 7.73 | -0.88

jon .36 s o Ho10 852 | -1.16 Hy -0.61
Except the H and H;, which are slightly broadened, the 72 Hiass | 808 | -1.I5 Hp -0.90

signals of all of the guest and host protons remain sharp 6 s Hasesr | 752 | -1.40 | Hisss | +0.08

]
-
=)
I

throughout the titrations. This implies that the guest exchanges Hyze7 | +0.16
rapidly between the cavity df*t and the solution in the NMR Ho | 831 | -128 He | -0.66
time scale. Thus, the observed chemical shifts of the guest
protons ) are the weighted average of the chemical shifts of
the complexed guesic® and the free guesic®. The stoichi-
ometry of the inclusion complexes was established to be 1:1
by Job’s plots (Figures S3746). The binding constant§yvr

and the chemical shift differenceésdc (Adg = 0cC — d¢P) are Hio 8.90 | -0.83 Ha 035

(o}
=
o©

His 829 a Hp -0.94
8.05 Hiass +0.08

Hzj367 7.52 | -1.20 Hajs67 +0.14
Hive 413 | -0.39

]
wO..
AOA

» N)

Jon
E
o
®

N
o

Q
z

obtained from the least-squares fit (Figures S88) to eq 13° 8 L, Hys | 840 | -1.06 Hy ~ |-087
where [B]; is the total concentration of the guest. QOO Hes | 823 | a Hiss | +0.08
° 3 H. 7.81 a Hz367 +0.13
5 10 4 2,7
0= 08~ [sed)@— VB amey ) t | 767 | A6

2[Cl; Hio 862 | -0.84 Ho | -066
1 s 1 1 5 Hig 8.52 a Hp -0.97
B=[H],+ [C]; +-— (1.1) 7 OOO His | 810 | -097 | Hiass | +0.01
e ° 5 0 4 ° Hy | 771 a Haser | +0.19
The binding constant&ywr Of the aromatic guests differ Hss 7.56 | -1.10 . —

greatly, ranging from 50t 7 M~! for Dmb to 2858+ 508 R S Hio 8.67 | -0.82 o :
M~1for Br—An. TheKnvr and the free energy of the binding 72 His | 814 | a Hy  |-0.90
—AGnmr are listed in Table 4. 6 . Hes g1l | -125 Hiess | +0.09
5 o4 Ha367 7.57 | -1.39 Haz67 +0.19

Chemical Shift Differences Induced by Binding. Other

parameters extracted from the least-squares fit are the chemical —° Hises | 825 | -1.19 Ho o |-0.80
shifts differences of the guest\§c) and host Ady) protons Hisoo | 8.15 | -0.65 Hp -1.47
induced by the complexation (Table 5). It is noted thatAlde Has 806 | -168 | Hiass | +0.10
values roughly correlate with the binding free energhGnwr; Hasr +0.21

that is, the weakly binding Dmb, Bip, and Nap AGywr =
9.7-12.0 kJ mot?) showAdg values 0.16 to—0.76 ppm)
that are markedly smaller than those observed for the Phen,elicited by the binding of the other guestAdy = —0.62 to

a Cannot be determined as the signals are masked.

An, 9-substituted anthracenes, and PAAGyvr = 15.5-19.7 —1.47 ppm). As discussed in the previous section, the increase
kJ moll, Adg = —0.65 to —1.68 ppm). The same trend is in —AGyur reduces the interplanar distance between the bipy
observed in thé\oy for the H, and H;: for example, the binding ligands and the guest. It is reasonable to expect that the decrease
of Dmb, Biph, and Nap induces upfield shifts of thg Ady in separation would lead to stronger mutual shielding which in

= —0.07 to—0. 11 ppm) that are remarkably smaller than those turn gives rise to the largekds and Ady values observed.
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The Adg values of the protons in a guest are dependent on

the inclusion geometry, the distance between the protons and

the bipy, and the intrinsic susceptibility of the protdf%35In
general, theAdg values of the protons in the three inclusion
complexes are in accordance with their X-ray crystal structures,
suggesting that the solid-state inclusion geometries could

represent the time-averaged orientation of the bound guests in~.

solution.

First, all of the protons in the An show similar largeig
values of—1.15 to—1.40 ppm (Table 5), consistent with the
extensive overlap between the aromatic rings of An and bipy
observed in the structure of the An-complex. Although thg H
and H; g, Hy and Hyg, and H e and H 7 are nonequivalent in
the solid-state structure, only three sets of mulitplets corre-
sponding to H 458 Ho 10 and H 36 7are found in the solution
NMR spectrum of 1% and An mixture (Figure 7). The

coalescence of the signals is due to rapid rotation of the guest
inside the host and/or fast exchange between the bound anc

free guest molecules. Notably, the)¢ value for the Hse7
(—1.40 ppm) is slightly larger than th®ds values of the other
protons (1.15 ppm). This could be due to the edge-to-face
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interactions between the anthracenyl rings and the protons, orFgure 8. Emission spectral change upon addition of An to asCN

the shielding of the terminal protons by the diatropic current of
the anthracenyl rings. Similarly, the hydroquinols protons
involved in edge-to-face interactions with thghenylene rings
of CBPQT*" are more upfield shifted than the other protéffs.

The complexation between Py and the gold rectangle leads
to a large upfield shift of the apical44 (Adg = —1.68 ppm)
(Table 5). It can be aptly accounted by the solid-state orientation
of the guest where the Hs covered by two pyridyl rings and
the H; is engaged in edge-to-face interactions with the anthra-
cenyl ring36¢ The H, 365Shows a smallendg value as they
are not so close to the bipy and anthracenyl rings. ThegHg
which are protruded out of the rim of the rectangle, show the
smallestAdg value of —0.65 ppm.

The Adg values for the BrAn protons can also be correlated
with the solid-state inclusion geometry of the complex (Table
5). The Hyg, which is far from the cavity, is less shieldefids
—0.84 ppm) than the other protons. Thég values for H g

solution of 1-(OTf)s. Excitation wavelength= 420 nm, excitation and
emission slit width= 10 nm. Inset shows the emission titration curve and
the least-squares fit using the eq 2. The emission intensity of the host is
monitored at 480 nm.

—1.47 ppm) are more affected than thg Aoy = —0.55 to
—0.80 ppm) (Table 5). It is reasonable, as thg being closer
than H, to the central position, would be more shielded by the
m-rings of the guests. Unlike the bipy protons, the protons of
the anthracenyl rings are downfield shifted upon the complex-
ation. And invariably, the bls¢7are more affectedAon =
0.01-0.21 ppm) than the Hy 55 (Ady = 0.00-0.10 ppm) at

the ends of the ring. The downfield shifts could be due to the
distortion of the anthracenyl ring caused by the binding. Another
possible cause is the interactions of the rings with the apical pro-
tons of the guests. Similarly, downfield shifts of fi@henylene
rings of the CBPQT" ion upon binding of hydroquinols were
also accounted for by edge-to-face interactions between the

and H 7 cannot be determined as they are masked by the otherProtons of the hydroquinols and tipephenylene ring8%°

signals. The Hs (—0.97 ppm) and ks (—1.10 ppm) show
similar largeAdg values, which are reasonable as these protons
are close to the bipy and involved in the edge-to-face interactions
with the anthracenyl rings. Similarly, the termingl and H; ¢
of NC—An and CQH—AnN are more shielded than the; ¢

The methoxyl protons in DmbAYs = —0.16 ppm) and
MeO—An (Adg = —0.39 ppm) are much less affected by the
binding than the aromatic protons of the compountiéd =
—0.32 ppm for Dmb and\ég = —1.20 and—1.28 ppm for
MeO—An) (Table 5). The smalA6 values displayed by the
methoxyl protons reflect their long separations fromshengs
of the bipy. In view of the structures of the three inclusion
complexes, one would expect the binding involves mainly the
aromatic rings of Dmb and Me©An, and their methoxyl
groups could be projected out of the rims of tHe ion.

The binding also moves the resonances of thet H, of
the bipy to higher field. In all cases, the;Ady= —0.87 to

(55) (a) Odashima, K.; Itai, A.; litaka, Y.; Arata, Y.; Koga, Retrahedron
Lett 198Q 21, 4347. (b) Diederich, F.; Griebel, . Am. Chem. So¢984
106, 8037. (c) Cowart, M. D.; Sucholeiki, I.; Bukownik, R. R.; Wilcox, C.
S.J. Am. Chem. S0d 988 110, 6204.
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Fluorescence Quenching of the HosfThe emission ofi**
at 480 nm is quenched by Nap, Phen, Ani-Bin, CO,H—An,
MeO—An, NC—An, and Py (Figures S5760). However, the
fluorescence intensity is not diminished even in the presence
of a large excess of Dmb and Bip. Figure 8 shows the change
of the emission intensity ofi*" upon addition of An. The
binding constant&q for the guests were determined from the
least-squares fits to the ed!or 1:1 host-guest complexation
(Figures S61-65).

1+ Ko Ko[Gl
W~ ke 2 2
L. 1+Kg[G, (

TheKq values for MeG-An and NC-An are not determined,
as the emission of the guests overlaps with that*df TheKq
and the binding free energyAGq are listed in Table 4. The
results show that thKq values are close to the corresponding
Knmr values determined frodH NMR titrations. This leads to
the conclusion that the quenching only occurs when the guest
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0.5 emission of1*", which would facilitate energy transfer from
the excited state df*" to the CT excited state. The CT excited
state, believed to be nonemitting, would relax to the ground
04+ . state via radiationless decay. The absence of similar CT
absorption in the spectra of the mixtureslefOTf), and excess
Dmb and Bip could account for the fact that the two compounds
do not quench the emission.

Apparent Quenching of the GuestsThe emission intensity
of all of the guests is reduced upon additionlefOTf), to the
CH3CN solutions of the compounds. The decrease in the
emission intensity of the guests is found to obey the Beer's
Law, showing linear plots of lo¢c%1c versus H]: (Ic andlg®
are the emission intensity of the guests in the presence and
absence of**, respectively). Furthermore, the gradients of the
0 plots are equal to the extinction coefficients B~ (Figures
400 450 500 550 600 650 700 750 800 S72-76). In other words, tha@4* ion, acting like an emission

Wavelength (nm) filter, attenuates the fluorescence intensity of the guests by

absorbing the emitted light. The filter effect is due to the

03

Absorbance

0.2

0.1

Figure 9. UV—vis absorption spectra of GBN solutions of1-(OTf)4

(concentration= 2.0 mM, black) and Py (concentratien 8.0 mM, blue), extensive overlap between the intense low-energy- 7*

the sum of the two spectra (red), and the mixturé-¢©Tf)4 and Py of the absorption band of**, which ranges from 320 to 480 nm, and
same concentrations (orange). the fluorescence of the guests. Nonetheless, it does not neces-
binds to14*. In other words, the emission is not quenched by Sarily rule out quenching of the guests by processes such as
bimolecular (StersVolmer) reactions betweefr(OTf), and intramolecular energy transfer to the CT excited state. It is

the aromatic molecules. because the absorption of the host is so dominating that it is

Possible Quenching MechanismThe X-ray crystal struc- v_irtuglly impossible to extract the binding constants from the
tures of the inclusion complexes clearly show that the com- titrations.
plexation alters the conformation tf*. Particularly, the central Stability of the Inclusion Complexes.The structural and
ring in the anthracenyl undergoes severe out-of-plane distortion SPectroscopic results clearly show that the complexation between
upon the binding. It is possible that the distortion affects the 1*" and the guests is predominantly resulted from the interac-
emission quantum yieldTe) of the anthracenyl rings. Another  tions between the aromatic rings of the host and the guests. In
plausible quenching mechanism is energy transfer from the addition, the edge-to-face interactions could contribute to the
anthracenyhz* excited state to a nonemitting charge-transfer stability of the inclusion complexes containing the “long” guests
(CT) excited state which arises from the interactions between Such as An and Py. In fact, the binding of the guestd*o
the bipy and the guest. Previous studies showed that thebelongs to a class of hesguest complexation which involves
fluorescence of anthracetfeand hydroquinof$c is quenched ~ receptors with permanent charge and neutral aromatic mol-
upon their binding to the CBP@T ion. The UV-vis absorption ecules?” A multitude of secondary interactions including van
spectra of the inclusion complexes exhibit low-energy charge- der Waal, charge-transfer (CT), solvophobic efféctand
transfer absorption bands ascribable to the electronic transitionelectrostatic interactions have been invoked as the driving forces
from the m-electron-rich guests to the-electron-deficient ~ Of this class of complexation.
bipyridinium in CBPQT+.3656 The quenching is attributed to The common way to probe the driving forces of the
fast energy transfer from the emittingr* excited state of the complexation is to correlate the free energy of binding with
guest to the low-lying CT excited state, which returns to the different molecular properties of the guests and other physical
ground state via radiationless decay. While the-t¥ié absorp- quantities’®59 CT interactions have been suggested to be
tion spectra of CHCN solutions which contaid-(OTf), and responsible for the complexation between CBPQTand
excess guests show no distinct new absorption band, a weakelectron-rich aromatic molecul&->0|t is supported by the
absorption tailing from 500 to 800 nm is observed in the spectra correlation between the free energy of binding and the electron-
of the mixtures ofl-(OTf), and Nap, Phen, An, BrAn, CO,H— donating ability of the guesf8.Furthermore, for the complex-
An (Figures S66-70), and Py. No such absorption tail is found ation between CBPQT and tetrathiafulvalene and its deriva-
in the sum of the spectra df(OTf)4 and the guests recorded tives (TTF), the free energy of binding is increased as the
at the same concentrations. Figure 9 shows the absorptionreduction potential of TTF is decreas&iHowever, the plot
spectra of the mixture of-(OTf), and Py, and the sum of the
spectra of the two compounds. Similar absorption spanning (67) IE/?c)ueSchnggi?r%o‘%ﬂéhgﬁshgg&?gﬁﬁalié?mgfgﬁ;ﬁ%&i ggrﬁ'bglargﬁ aGiruest
~500-700 nm is observed in the solid-state YVis reflectance Ed.; Atwood, J. L., Davis, J. E. D., MacNicol, D. D., e, F., Exec.
spectra of the crystals. of the An-, BAn-, and.Py-compIexes Eggéﬁeéghaen%?mnggggéﬁﬁ 815%671 \3/g|23 Chapter 3. (b) Diederich, F.
(Figure S71). The solids of-(OTf), do not display such an (58) (a) Schneider, H.-J.; Kramer, R.; Simova, S.; Schneided, Bm. Chem.
absorption tail which could be part of a CT band that overlaps hsﬂéfégggrﬁg Sﬁf‘ir.ﬁ?)ci‘ér%*é’é‘aggfi lgaggfl%r.d&cl)iM'\iﬂr.z’o?:r;A,l?Arg;’ E.
with the absorption of the host and the guest. Notably, there is Kaifer, A. E.J. Org. Chem1995 60, 8093. (d) Liu, T.; Schneider, H.-J.
large overlap between the supposed CT absorption and theg ’(*E;‘)ggg"ﬁn%it‘ji';‘-“!f‘}_;E‘fﬁg;‘gj éf%?r-nov oCBem. Ber1989 122 1211,

(b) Canceill, J.; Cesario, M.; Collet, A.; Guilhem, J.; Lacombe, L.; Lozach,

(56) Ballardini, R.; Balzani, V.; Dehaen, W.; Dell'Erba, A. E.; Raymo, F. M; B.; Pascard, CAngew. Chem., Int. Ed. Endl989 28, 1246. (c) Smithrud,
Stoddart, J. F.; Venturi, MEur. J. Org. Chem200Q 591. D.; Diederich, F.J. Am. Chem. S0d99Q 112 339.
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of —AGnmr Vversus the reported reduction potentials of the
guest8! measured in CECN (Guest + 1le- — Guest, E vs
SCE) (Figure 10a and Table 6) shows no correlation, implying
that the CT interactions are not the primary driving force for
the guest binding td**. This conclusion does not contradict
with the observation of CT absorption bands in the solutions
and solids of the inclusion complexes. In fact, studies showed
that the CT interactions between some aromatic donors and
acceptors can be very weak even though the mixtures of the

(a)

-AG
NMR

(kJmol™)

20 T

T
i Br-An
MeO-An

L]

18 3

Py

-

16

14 |

«NC-An

% Phen

compounds display CT bands in the BVis spectré?

As the guests are transferred from a solvent cage to the cavity
of 14" upon complexation, their interactions with the solvent
could affect the binding strength. The affinity of the guests for
the solvent can be gauged by their solubility, which can be
determined by the U¥vis spectrometric method (Table 6). The
complexation also leads to the displacement of solvent molecules
from the cavity of 14*, which also requires free energy.
Assuming this free energy is similar for the binding of all of
the guests, one would expect a correlation between the solubility
of the guests and the AGnwr if the solvophobic effect is one
of the main driving forces of the complexati®hOur analysis
shows that the correlation efAGyvr and the solubility of the
guests is reasonably gooR € 0.93) (Figure 10b). In general,
the sparingly soluble polycyclic An, substituted An, Phen, and
Py, bind more strongly t@** than the more soluble Dmb, Bip,
and Nap. This indicates that the solvophobic effect could be
partly responsible for the stability of the inclusion complexes
of the large aromatic molecules.

van der Waals interactions consist of dispersive forces and
attractions that are due to dipole induced by permanent charges.
Schneider et al. have shown that the binding of neutral aromatic
guests to charged cyclophanes that contaim-surface is
markedly stronger than that to analogous cyclophanes which
are neutraf® The increase in the binding strength has been
attributed to the iorrdipole interactions between the charges
in the cyclophane and the-electrons of the guests. Notably, a
study of the complexation between CBPQRNd disubstituted
biphenyls and benzenes shows a good correlation between the
binding free energy and the molecular polarizability of the 18
guest$* The averaged molecular polarizabilityf) of Nap,
Phen, An, BeAn, and Py was reporté.On the other hand, 16
the ayy of Dmb, Bip, MeO-An, NC—An, and CQH—AnN can
be estimated using Miller's empirical equattr, = (4/N)
[Saral? whereN is the total of number of electrons in the
molecule and,is the parametrized polarizability of individual

12 + MNap i

Bip

0r f omb

8 I I L 1
1 1.2 14 16 1.8 2

E (V vs SCE)

22 T T T T
CO,H-An

(b)

—y=18.193-4.1111x R=0.93589

20

{{ Br-An

(kJmol")

() 20

atoms in the molecule (Table 6). As expected from their higher 12 Nep i gip 1
number ofm-electrons, the large aromatic molecules like Py
and An, are more polarizable than the smaller and less 10 4
—y = -0.84306 + 0.070505 R=0.9701
Dmb
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Figure 10. Plots of—AGnwmr Versus (a) oxidation potentials, (b) solubility,
and (c) molecular polarizability of the guests.
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conjugated Dmb, Bip, and Nap. The plot 6/AGyvr versus
the oy of the guests shows a reasonably good correlation with
R = 0.97 (Figure 10c). This suggests that the higher binding
affinity exhibited by the large aromatic molecules is partly due
to the increased iondipole interactions.
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Table 6. Binding Free Energy, Solubility, Molecular Polarizability, show the presence af— interactions between the guests and
and Oxidation Potential of the Guests the bipy and edge-to-face or-G-+-z bonding between the
molecular guests and the anthracenyl backbones of the host. Comparing
guests  ~AGw (kI mol™) solubiity (M) _polarizabilty ow (A) E (v vs SCEY’ the structures of the inclusion complexes suggests the mani-
Dmb 9.7+ 0.4 2.420 1460 1.34 festation of an induced-fit mechanism in the complexation. The
ﬁ';’p 1122?; 2'(2) 1'232 132'2 1'2411 fluorescence of the gold rectangle is quenched upon the guest
Phen 15.5¢ 0.1 0.310 2470 1.50 binding. It has been argued that the quenching is due to either
An 17.240.2 0.020 2593 1.09 structural changes of the gold rectangle triggered by the guest
’,ll"g(_);/:” ggi 8-% 8~(1)gg ;gzg i-gg binding or fast energy transfer from the emitting excited state
Br—An 1974104 0.085 283 133 of the gold rectangle to the nonemitting CT excited state. Finally,
COH—An  19.4+0.3 0.031 2649 the higher binding affinity exhibited by the polycyclic aromatic
Py 18.2+ 0.1 0.082 2822 116 guests is related to the solvophobic effect,-alipole interac-

N . tions, and the edge-to-face interactions.
aReference 65° The molecular polarizability of the compounds is 9

calculated from the empirical formulan = (4/IN)[3.zdl?, whereN is the Acknowledgment. This work is dedicated to Professor
total of number of electrons in the molecule andis the parametrized . . .

polarizability of individual atoms in the molecu. ¢ All of the potentials ~ Sunney I. Chan on the occasion of his retirement. We thank
cited are half-wave potentials measured insCN, except for that for Bip Ms. Tan Geok Kheng for her assistance in the determinations
which is the peak potential (ref 61). of the X-ray crystal structures. We also thank the National

University of Singapore for financial support.
Conclusions y gap pp

Supporting Information Available: Synthesis and charac-
terizations, X-ray crystallography data, ESI-MS, calculated
isotopic distributions, cyclic voltamograms of the free ligands,
_ ~ et packing of the An and Py complexe¥1 NMR titrations,

(X NO;~ or OTF) and 4,4-bipyridine. The molecular modified Job’s plots, titration curve fittings, fluorescence

recognitions of the gold rectangles in the solid state and SO|Uti0nt'trat'ons and curve fittings. charge-transfer absorption spectra
have been studied in detail. It has been shown that the molecular- - & urve fitings, 9 pt P ’

rectangles assemble into 2D mosaic in the solid state via theBeers plgts of the absorption of the guest emission by the host,
. ) . . and CIF files of Au(u-PAnP)(NQ).-0.5E£O, 1:(OTf)44.8H,0,
complementary edge-to-face PRh interactions in the solid (15An)-(OTf)a, (15PY}(OTHaCH,Cl, and 05Br-An) (OTf)z:
state. 'TH NMR and fluorescence titrations, along with the - = 11a, (1OFY bt SBI-A 4
! Et,O. This material is available free of charge via the Internet
structural results, showed that the gold rectangle is a receptor

for aromatic molecules of different sizes and electronic proper- at http://pubs.acs.org.
ties. The X-ray crystal structures of the inclusion complexes JA0456508

To summarize, we have demonstrated the facile synthesis of
a kinetically stable nanoscopic luminescent gold rectangle by
the self-assembly between the di-gold(l) clipAuPAnP)(X),

J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004 15869



