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A series of novel heterometallic square complexes with the general molecular forfiataBr(CO)Re[u-
(pyterpyyM]} 4(PFs)s and { (dppf)PdL-(pyterpy}Rul} 4(PFs)s(OTfg (4), where M= Fe (1), Ru (2), or Os @),

pyterpy is 4-(4'"-pyridyl)-2,2:6',2"-terpyridine, dppf= 1,1-bis(diphenylphosphino)ferrocene and OTf is
trifluoromethanesulfonate, were prepared by self-assembly between BrRe¢€@ppf)Pd(HO)(OTf), and
(pyterpyyM(PFs),. The obtained NMR spectra, IR spectra, electrospray ionization mass spectra, and elemental
analyses are all consistent with the proposed square structures incorporating terpyridyl metal complexes as bridging
ligands. Multiple redox processes were observed in all square complexes. All four complexes display strong
visible absorptions in the region 46600 nm, which are assigned as metal (Fe, Ru, or Os)-to-ligand (pyterpy)
charge transfer (MLCT) bands. Squaexhibits an additional weak band at 676 nm, which is assigned to an
Os-basedMLCT band. For each complex, the bands centered between 279 and 377 nm are assigned as pyterpy-
basedr—x* bands and the Re-based MLCT band. Square luminescent in room-temperature solution, while
squaredl, 2, and4 do not have any detectable luminescence under identical experimental conditions.

Introduction of such self-assembly macrocyclic complexes are highly de-
pendent on the bridging ligandsMoreover, transition-metal
based macrocyclic complexes have shown the potential for being
used as hosts for a variety of guest molecules, from anions to
small organic molecules® and subsequent recognition events
can be conveniently monitored by opti¢&P NMR,4d-6 mass

' spectrometry, or electrochemical techniquésSince the first

Luminescent polynuclear transition-metal complexes contain-
ing multichromophroic ligands with extended conjugation have
been extensively studied in recent years, possibly due to their
potential use as sensors, probes, and photonic devitemng
the numerous luminescent transition-metal complexes, Re(l)-
Ru(l)-, and Os(l)-based polypyridyl chromophores are the most
commonly studied because they usually exhibit fairly strong
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luminescence in the visible region and the photophysical
properties are relatively easily tuned by simply modifying the
coordinated or ancillary ligands. These compounds also have G
the advantage of being relatively stable with respect to photo-
decomposition. In each case, the emission from the complexes
usually originates from triplet metal-to-ligand charge transfer
(®MLCT) excited state(s) and has the added feature of being
typically sensitive to the nature of the environment and
influenced by solvent, temperature, and pH.

Recently, we have been interested in transition-metal based
macrocyclic complexes which are self-assembled from different
predesigned, structural information coded building blockke
relatively weak metatligand interactions allow the systems to
reversibly perform structural error checking until the most
thermodynamically stable products are reached. Our previous
studies have indicated that the geometries and physical properties
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Self-Assembly Organometallic Squares

self-assembly molecular square, prepared by Fujita and co-
workers in 1990 that is based on a labile Pd(Il) comglexany
self-assembly molecular squares utilizing Pd(Il) or Pt(ll) as
corners have been reported in the literatuta. 1995, Hupp
and co-workers first introduced self-assembly molecular squares
utilizing octahedrafac-tricarbonyl Re(l) halide as cornets?®

The incorporation of potentially luminescefdc-tricarbonyl
Re(l) diimine chromophores into the macrocyclic structures
offers rich photophysical properties and potential applications
in sensors or ultrafine sieves. Since then, numerous Re(l)
carbonyl based macrocyclic complexes have appeared utilizing
a variety of bridging ligand$3d:8211|n this paper, we have
utilized both the strategies of self-assembly and “complexes as
ligands™°12and report the preparation of a series of octanuclear
molecular squares with the general molecular formulas
{fac-Br(COYReu-(pyterpyhM]}4(PFs)s and {(dppf)Pdp-
(pyterpy)Rul} 4(PFs)s(OTf)s, Wwhere pyterpy is '4(4"'-pyridyl)-
2,2:6',2"-terpyridine, dppf= 1,1-bis(diphenylphosphino)fer-
rocene and M= Fe, Ru, or Os. The electrochemical and
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spectra were obtained using a Finnigan MAT TSQ700 triple quadrupole
mass spectrometer equipped with a Finnigan electrospray interface. UV-
vis spectra were obtained using an HP 8450A diode array spectropho-
tometer. Emission spectra were recorded in deoxygenated solvent
solutions at 293 K, with an SLM 48000S lifetime fluorescence
spectrophotometer equipped with a red sensitive Hamamatsu R928
photomultiplier tube. Reported luminescence quantum yields are relative
to Os(bpy)(PFs)z2 in CHCN (®em = 0.005), unless otherwise not&d?

The detailed procedures for photophysical measurements have been
described in an earlier pap¥il.uminescence lifetimes were determined

on a PRA System 300 time-correlated pulsed single-photon appératus
that is described in detail in an earlier pageBingle exponential decays
were observed for each measurement. The reported values represent
the average of at least three readings, and the errors for lifetime data
were estimated to be less than 10%.

Electrochemical measurements were recorded on a Princeton Applied
Research Model 263A potentiostat (EG&G instruments). The electro-
chemical cell consists of a platinum working electrode, a platinum wire
counter electrode, and a Ag/AgN@0.01 M in CHCN solution)
reference electrode. Cyclic voltammograms were obtained in deoxy-
genated anhydrous DMF, with the electroactive material (1 mM) and

spectroscopic properties of these octanuclear molecular squares.1 M tetrabutylammonium hexafluorophosphate (TBAH) as supporting

are also presented.

Experimental Section

Materials and General ProceduresAll reactions and manipulations
were carried out under nitrogen or argon with the use of standard inert-
atmosphere and Schlenk techniques. Solvents used for synthesis wer
dried by standard procedures and stored under nitrégenlvents used
in luminescent and electrochemical studies were spectroscopic and
anhydrous grade, respectively. The ligands and complek¢$'4
pyridyl)-2,2:6',2"-terpyridine  (pyterpy}? [Fe(pyterpy)][PFs]2,**
[Ru(pyterpy}][PFe]2,"* [Os(pyterpy)][PFel2'> and (dppf)Pd(HO).-
(OTf),*% were prepared by literature methods. All other chemicals are
commercially availabletH NMR spectra were obtained using either a
Briicker AM 360 spectrometer or a Brker AC 300 spectrometer, and
13C, 3P and**F NMR spectra were obtained using a'Bker AM 360
spectrometetH NMR spectra are reported in ppm relative to the proton
resonance resulting from incomplete deuteration of the NMR solvent;
3P NMR spectra are reported in ppm relative to external 8504
at 0.00 ppm; and®F NMR spectra are reported in ppm relative to
external CFGlat 0.00 ppm. Infrared spectra were measured on a Nicolet
20SXC Fourier transform infrared spectrophotometer. Electrospray mass
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electrolyte. Ferrocene (Fc) was used as an internal standard for potential
calibration, reversibility criteria, and number of electrons exchanged
in each redox proceg$ All potentials for the complexes in the study
are reported relative to Fc/FcThe scan rate was 200 mV/s, and the
measurements were uncorrected for ligtjignction potentials.

General Procedure for Synthesis of the Squares 1 and. 20 a

400 ml flask containing 0.1 mmol of BrRe(COand 0.1 mmol of

M(pyterpyk(PFs). was added 20 mL of C¥CN and 40 ml of THF,
successively. The resulting solution was heated t6®@or 2 days.
The precipitate was collected on frit, washed with THF and diethyl
ether, and dried under vacuum to afford an analytical pure product.

Square 1:91%. IR @c=o0, cMT, DMSO): 2025, 1927, 1898H
NMR (360 MHz, DMSOsg): 9.81 (s, 16 H), 9.32 (bd, 16 H), 9.02 (d,
16 H,Ju-n = 7.8 Hz), 8.43 (bd, 16 H), 8.05 (t, 16 Hy-n = 6.9 Hz),
7.26 (d, 16 H,J4—n = 5.0 Hz), 7.19 (t, 16 HJy_n = 5.3 Hz).23%C
NMR (DMSO-dg): 195.9, 191.5, 160.3, 157.5, 155.2, 154.5, 152.8,
151.0, 146.4, 144.7,139.1, 127.8, 124.5, 121.7.riv8& 1170.8 (calcd
1171.0 for (M— 4PRK)*"), 908.1 (calcd 907.8 for (M- 5PR7)%"),
and 732.4 (calcd 732.3 for (M 6PR7)"). Anal. Calcd for GzoHiir
BriFssFesN301,PsRey: C, 38.23; H, 2.07; N, 8.30. Found: C, 37.87;
H, 2.11; N, 8.01.

Square 2:88%. IR @c=0, cm !, CH;CN): 2028, 1928, 1904H
NMR (360 MHz, DMSO¢g): 9.60 (s, 16 H), 9.11 (d, 16 Hly-n =
8.0 Hz), 8.99 (d, 16 HJy—n = 5.9 Hz), 8.43 (d, 16 H)y-n = 6.2 Hz),
8.09 (t, 16 HJy-n = 7.3 Hz), 7.56 (d, 16 HJy-n = 5.1 Hz), 7.28 (t,

16 H, Jy-n = 7.0 Hz).°C NMR (DMSO<g): 195.7, 191.2, 161.2,
158.8, 155.8, 154.4, 147.5, 146.7, 141.7, 131.3, 128.4, 125.1, 124.8.
MS m/z 2578.44 (calcd 2578.90 for (M- 2PR™)?") and 1670.51
(caled 1670.95 for (M— 3PRK7)%"). Anal. Calcd for GrHiuir
BraFagNs:01.PsReRus: C, 37.91; H, 2.06; N, 8.23. Found: C, 37.77;

H, 2.25; N, 8.29.

Square 3: The preparation of squar@ was similar to those for
squared and2. After collecting the precipitate, the solid was purified
by column chromatography eluted by a mixture of {iNl/saturated
aqueous KN@water (8:1:1 v/v). The first brown band is the unreacted
Os(pyterpy). The second dark purple band is the desired sqBare
The fraction was collected, and a saturated methanoligaR-solution
(10 mL) was added. The solution was reduced in volume to precipitate
square3 as the hexafluorophosphate salt. Yield: 78%. 426, cm?,
CHZCN): 2030, 1928, 1904*H NMR (360 MHz, DMSO¢g): 9.61
(s, 16 H), 9.10 (d, 16 HJ4-+ = 7.8 Hz), 8.99 (d, 16 HJ4-1 = 5.6
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Scheme 1

THF/CH3CN
BrRe(CO)s + L
A 48h

Hz), 8.42 (d, 16 HJy—w = 5.5 Hz), 7.95 (t, 16 HJy-n = 6.3 Hz),
7.44 (d, 16 Hdy—n = 5.5 Hz), 7.22 (t, 16 H)y—n = 6.4 Hz). The
solubility of square8 in DMSO-d; or other polar solvents is too low to
obtain well-resolved®C spectra. MSwWz 1307.0 (calcd. 1307.0 for
(M — 4 PR)*"). Anal. Calcd for G7aH11BraF4gN301,PsRe,Os:: C,
35.59; H, 1.95; N, 7.72. Found: C, 35.29; H, 2.16; N, 8.02.

Square 4:To a 25 ml flask containing 0.1 mmol of (dppf)Pd{®).-
(OTf), and 0.1 mmol of Ru(pyterpy)PFs). was added 10 ml of
CH3NO, under nitrogen. The mixture was refluxed for 2 h. Subse-
quently, the CHNO, solution was transferred to a 250 ml flask
containing 200 ml of rapid stirring cold diethyl ether. The resulting
precipitate was collected on frit, washed with diethyl ether, and dried
under vacuum to afford the analytical pure product. Yield: 93Rb.
NMR (300 MHz, CBCN): 8.97 (s, 16 H), 8.86 (bd, 16 H,), 8.66 (d,
16 H, Jy-n = 7.9 Hz), 8.11 (bd, 16 H), 7.947.65 (m, 96 H), 7.39
(bd, 16 H), 7.18 (bt, 16 H), 4.77 (bd, 16 B, = 87.3 Hz), 3.41 (d,

16 H,Jy-n = 6.8 Hz).23C NMR (CDsCN): 159.1, 157.2, 153.9, 151.7,
148.4,145.2,139.7, 135.5 (8-, = 11.4 Hz), 134.8, 133.8, 131.2 (d,
Je-p = 11.4 Hz), 129.7, 129.2, 126.3, 125.4, 123.3, 120.4, 79.2, 77.6,
75.9.3'P NMR (CDsCN): 38.7 (s),—142.9 (heptetJo_r = 699 Hz).

19F NMR (CDsCN): —70.5 (d,Je_p = 711 Hz),—80.3 (s). MSm/z
1821.5 (calcd 1821.0 for (M- 4 OTf")*") and 1170.3 (calcd 1168.4
for (M — 6 PR)5"). Anal. Calcd for GoaH224772N3:024P16SsFesP ds-

Rug: C, 46.32; H, 2.86; N, 5.69. Found: C, 46.69; H, 3.11; N, 5.63.
fac-BrRe(CO)s(pyterpy)2 (5): Squarel (60 mg, 0.011 mmol) was
suspended in 100 ml of water and acetonitrile mixture (1:1 in volume)
containing 0.2 g of NaOH. The solution was added dropwise to 30%
H2O, until the purple color disappeared. The brown solution was

filtered, and the filtrate was extracted with @, (3 x 50 mL) and
dried over MgSQ. The solvent was removed, and the brown solid
obtained was subjected to column chromatography on neutral alumina.
The first band was eluted by GBN/toluene (1:1) to afford orange
powdery5 (10 mg, 23%). IR {c=0, cm %, CH,Cl,): 2026, 1926, 1898.

1H NMR (300 MHz, acetoned): 9.14 (d, 4 H,J4—4 = 6.7 Hz), 8.88

(s, 4 H), 8.748.72 (m, 8 H), 8.15 (d, 4 H}y-n = 6.8 Hz), 8.01 (t, 4

H, Ji-n = 7.6 Hz), 7.49 (t, 16 HJu—n = 7.7 Hz). Anal. Calcd for
BrCssH sNsOsRe: C, 53.20; H, 2.91; N, 11.54. Found: C, 53.15; H,
2.88; N, 11.43.

Results and Discussion

Preparation and Characterization. Squares1—3 were
prepared by reaction between BrRe(g&)d the metal-complex
bridging ligands in refluxing CECN/THF mixture (see Scheme

Sun and Lees

M = Fe, Ru, or Os

Mm@ 6

1). Squaret was prepared by reaction between (dppf)Ra{)#+
(OTf)2 and (pyterpyiRu(PFs)2 in CH3NO; solution (see Scheme

2). The corner compleXx was prepared in low yield by removing
the iron atoms from squarkfollowing a literature procedure
(see Scheme 3%.In each of the squares—3, four possible
diastereomers with respect to the relative positions of CO and
Br- may exist!®"In Scheme 1, we do not intend to specify any
isomer that is preferentially formed during the self-assembly
process. A variety of analytical methods were employed to
characterize the square structures, and all obtained data confirm
the 1:1 stoichiometry between the corner componéat- (
BrRe(CO} or cis-(dppf)Pd) and the metal-complex bridging
ligand. The clean and sharp peaks in it NMR spectra
indicate that a single species is present in the solution and
exclude the possibility of formation of polymeric or oligomeric
species in each case. In general, the peaksliNNMR are all
downfield shifted in square&—3 when compared to their
corresponding metal-complex bridging ligands. However, the
protons are slightly upfield shifted in squat€0.03, 0.11, and
0.10 ppm for H, Hg, and H, respectively, see Chart 1 for
proton labeling) in comparison to the protons in Ru(pytespy)
(PFs)2. The less downfield shifting of than H; may be due

to the ring current effect generated from the phenyl groups in
dppf. The downfield shifting for |, Hg, and H indicates that

the electron-donating dppf renders the (dppf)Pd(ll) moiety less
acidic compared to Br(CQ@Re(l). The subtle difference in the
electron accepting abilities of (dppf)Pd(ll) and Br(GR&(l)

also results in a slight difference in the band positions of the
electronic absorption spectra for these square complexes (vide
infra). The3P NMR spectrum of squar shows two signals,
one singlet at 38.7 ppm and one heptet-d42.9 ppm. The
singlet corresponds to the phosphorus in dppf, and the heptet
originates from the PF counteranion. The appearance of a
single3!P signal from dppf indicates that squar@as a highly
symmetric structure. Several attempts have been made to obtain
X-ray quality crystals and, while we found it possible to grow
very small crystals from slow diffusion of ether into @EN/

(22) (a) Constable, E. C.; Ward, M. Dhorg. Chim. Actal988 141, 201.
(b) Constable, E. C.; Cargill Thompson, A. M. W.; Tocher, D. A.;
Daniels, M. A. M.New J. Chem1992 16, 855.
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Scheme 2

“
&

F\‘th
Pth—P?—OHg (OTf)a + N

OH, (OThg (PFe)s

@

Scheme 3 have provided high sensitivities and the observation of high
molecular weight species within a limited mass-to-charge ratio
observation window. On gentle ionization, even highly charged
intact species can be observed without undergoing frag-
mentatior?3@24We have recorded a high-resolution ESI mass
spectrum for complexX utilizing the Fourier transform ion
cyclotron resonance (FTICR) technique. Figure 1 illustrates the
ESI-FTICR mass spectrum and the calculated and experimental
isotopic distribution for comple® based onZ — 2 PR]%F,
and the excellent agreement between the calculated and
experimental isotopic pattern clearly confirms the square
structure. Several literature reports have suggested the coexist-
5 ence of molecular triangle and square structures in solution and,
(3) indeed, other physical data (IR, NMR, and elemental analysis)

for such species ought to be very simi#atdowever, there is

no indication of a molecular weight in any of the mass spectra

that corresponds to either the molecular triangle or other higher

order structures. The exceptionally clean NMR spectra are also

evidence for a single product in the self-assembly process.

The sizes of squards-4, based on MM3 molecular modeling

and defined by interatomic distances between-Re or Pd-

Pd, are 21.8x 21.7 A (1), 21.9x 21.8 A (2), 21.9x 21.8 A

(3), and 21.8x 21.8 A (4).26 Thus, square$—4 represent some

of the largest self-assembly molecular squares reported in the

DMSO solution, these crystals underwent solvent loss readily literature. However, the effective internal cavities for these
and collapsed to form amorphous solids immediately after they squares are much smaller than measurements from the edges

NaOH/H,0,

Square 1

Chart 1

were removed from the mother liquor. due to the perpendicular arrangement of two terpyridine units
We have obtained direct evidence for the square structures@round the center metals. _ _ _
of Compounds]_—4 from electrospray jonization (ES|) mass Electrochemical Propertles.Cycllc voltammetric experi-

spectra. Electrospray ionization mass spectrometry (ESI-MS) ments were performed in deoxygenated DMF solution; in sevgral
has been successfully used for detection of supramolecularcases, DMF has proven to be a superior solvent for studying
species in solutio’® The efficient ionization process and the

multiple-charging phenomenon inherent in ESI mass spectra(24) (a) Constable, E. C.; Schofield, Ehem. Communi99§ 403. (b)
Manna, J.; Kuehl, C. J.; Whiteford, J. A.; Stang, P. J.; Muddiman, D.

C.; Hofstadler, S. A.; Smith, R. DJ. Am. Chem. Sod997 119
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1999 398 796. (b) Przybylski, M.; Glocker, M. OAngew. Chem., C.; Smith, R. D.J. Am. Chem. S0d.996 118 8731.
Int. Ed. Engl.1996 35, 806 and references therein. (c) Marquis- (25) (a) Cotton, F. A.; Daniel, L. M.; Lin, C.; Murillo, C. AJ. Am. Chem.
Rigault, A.; Dupont-Gervais, A.; Baxter, P. N. W.; Van Dorsselaer, Soc.1999 121, 4538. (b) Cotton, F. A.; Daniels, L. M.; Lin, C.;
A.; Lehn, J.-M.Inorg. Chem 1996 35, 2307. (d) Fujita, M.; Nagao, Murillo, C. A. Chem. Commurl999 841. (c) Lee, S. B.; Hwang, S.;
S.; Ogura, KJ. Am. Chem. S0d.995 117, 1649. (e) Leize, E.; Van Chung, D. S.; Yun, H.; Hong, J.-Tetrahedron Lett1998 39, 873.
Dorsselaer, A.; Kramer, R.; Lehn, J.-Ml.. Chem. Soc., Chem. (d) Baxter, P. N. W.; Lehn, J. -M.; Rissanen, &hem. Commun.
Commun.1993 990. (f) Bitsch, F.; Dietrich-Buchecker, C. O.; 1997 1323. (e) Fujita, M.; Sasaki, O.; Mitsuhashi, T.; Fujita, T.;
Khémiss, A.-K.; Sauvage, J.-P.; Van Dorsselaer)JAAm. Chem. Soc Yazaki, J.; Yamaguchi, K.; Ogura, KChem. Commuril996 1535.

1991, 113 4023. (26) CAChe 4.5 for Power Macintosh, Fujitsu Limited, 2000.
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Figure 1. ESI-FTICR mass spectrum of squa2e
Table 1. Redox Potentiafs
compounds Eox, VP Eres, V
1 0.65 —141,-1.54
2 0.76 —151,-1.83
3 0.48 —1.54,-1.84
4 0.70,0.88 —1.61,—1.89
5 b —1.69 (i)
(pyterpy}Fe(Pk)2 0.55 —1.58,-1.70
(pyterpy}Ru(PF) 0.70 —1.59,-1.85
(pyterpy}Os(Pk)2 0.45 —1.58,—1.86
(dppf)Pd(4-phpy(OTf),° 0.81 —1.75 (i),—2.07 (i)
pyterpy —2.24

@ Analyses were performed in 1 mM deoxygenated DMF solutions
containing 0.1 M TBAH, scan rate is 200 mV/s. All potentials in volts
versus [Fe(gHs)z] ™ (0.13 V with peak separation 78 mV in DMF);
(i) = irreversible procesg.The oxidation potentials of Re{(l/4-2) are
out of the solvent windowt 4-phpy is 4-phenylpyridine.

multiple reduction processes in cyclic voltammetfyThe
obtained redox potentials are summarized in Table 1. For each
of the four square complexes, a reversible oxidation wave was
observed for M%+3 (M = Fe, Ru, or Os), and an additional
irreversible oxidation wave that appears at higher potential for
square4 is assigned to F&*2. The oxidation potentials for
Re*2* are out of the solvent window and are not observed in
squared—3 and corneb. All oxidation potentials obtained for
squaresl—4 exhibit multielectron processes, ca. 4, dased

on the current intensity using ferrocene as the internal reference

The appearance of simultaneous electron transfer indicates tha{

there is negligible communication between the metal cefters.
All square complexes exhibit two reductions which are assigned
to pyterpy-based reductions. The reduction potentials also exhibit
multielectron-transfer processes similar to the oxidation proc-
esses.

It is interesting to compare the redox potentials between
square complexes and their corresponding metal-complex

(27) (a) Ruben, M.; Breuning, E.; Gisselbrecht, J.-P.; Lehn, JAMyew.
Chem., Int. Ed200Q 39, 4139. (b) Hartmann, H.; Berger, S.; Winter,
R.; Fiedler, J.; Kaim, Winorg. Chem?200Q 39, 4977. (c) Marcaccio,
M.; Paolucci, F.; Paradisi, C.; Roffia, S.; Fontanesi, C.; Yellowless,
L. J.; Serroni, S.; Campagna, S.; Denti, G.; BalzaniJVAm. Chem.
Soc 1999 121, 10081. (d) Fees, J.; Kaim, W.; Moscherosch, M.;
Matheis, W.; Klima, J.; Krejcik, M.; Zalis, Snorg. Chem 1993 32,
166.

(28) Flanagan, J. B.; Margel, S.; Bard, A. J.; Anson, FJCAm. Chem.
Soc 1978 100, 4248.
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ligands. Except for squarg the oxidation potentials localized
on the metal-complex ligands in the square complexes are
anodically shifted compared to their corresponding free metal-
complex ligands; this is understood to be due to the dative
bonding character of the ligands. The degree of anodic shift is
in the order of squarg (100 mV) > square2 (60 mV) > square

3 (30 mV). The anodic shift indicates that the electron-
withdrawing BrRe(CO) moiety destabilizes the metal with
respect to oxidation to a M state. In the case of squade
there is virtually no shift of the oxidation potential R+
because of the electron donating dppf ligand, which compensates
the electron density loss on the bridging metal-complex during
the coordination.

Squared (170 mV),2 (80 mV), and3 (40 mV) also exhibit
a significant anodic shift in their first reduction potential
compared to their metal-complex ligands. The overall effect of
coordination to the corner metals (BrRe(G@y (dppf)Pd) is
the reduction of the energy gap between the d orbital localized
on central metal ane* orbital localized on pyterpy, in other
words, the energy of the MLCT levels. Consequently, the cyclic
voltammetry data agree well with the electronic absorption
spectral data (vide infra).

Photophysical Properties.Electronic absorption and lumi-
nescence data recorded from the squares, corner5, metal-
complex bridging ligands, and pyterpy are summarized in Table
2. Figure 2 shows the absorption spectra of squares All
four squares display broad and intense visible absorptions in
the region 406-600 nm, which are assigned to metal (Fe, Ru,
or Os)-to-ligand (pyterpy) charge transfer (MLCT) badAgls.
Square3 exhibits an additional weak band at 676 nm, which is
assigned to an Os-baséMLCT (Os-MLCT) band!>3! For
each complex, the bands centered between 279 and 377 nm are
assigned to pyterpy-basad-7* bands and the Re-based MLCT
band on consideration of the absorption spectra of pyterpy and
cornerb. The formation of Re(l)-based square complexes shifts
the MLCT band to lower energy as compared to their metal-
complex bridging ligands. Coordination of the free 4-pyridyl
ring in the metal-complex ligand to the Re(l) center lowers the
so* orbital localized on pyterpy and, thus, red shifts the
corresponding MLCT band. Similar red-shift behaviors have
also been observed when these metal-complex ligands are
protonated or methylated in the 4-pyridyl positidfis.

An alternative explanation for the red shift is the more
extended conjugation in square complexes compared to the free
bridging ligands. However, in view of the noninteracting redox
potentials (vide supra), such a possibility is less likely. For
squaresl and2, the MLCT band red shifts 599 and 412 cn
elative to (pyterpyye(PF). and (pyterpyjRu(PFs)2, respec-
ively. The red shifting of the MLCT bands in squaBés less
prominent; the!MLCT band is 168 cm?! red-shifted and the
SMLCT band is red-shifted 177 cr compared to the corre-
sponding MLCT bands in (pyterp@s(PFk).. In the case of
squared, the Ru(ll)-to-pyterpy MLCT band does not shift in
comparison to the MLCT band in (pyterpRu(PF).. The
electron-donating dppf ligand certainly plays an important role
here as it reduces the electron-accepting ability in Pd(Il).

Squaresl, 2, and 4 do not have any detectable solution
luminescence at room temperature, even though both the pyterpy
ligand and the corneég emit in room-temperature solution. The

(29) Tapolsky, G.; Duesing, R.; Meyer, T.ldorg. Chem199Q 29, 2285.

(30) Morris, J. V.; Mahaney, M. A.; Huber, J. B. Phys. Chenil976 80,
969.

(31) Campagna, S.; Denti, G.; Sabatino, L.; Serroni, S.; Ciano, M.; Balzani,
V. J. Chem. Soc., Chem. Commua®889 1500.
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Table 2. Electronic Absorption and Emission Spectra at 293 K

compounds Amax NM (€ X 1073, M~icm™?) Aem NM 7, NS Dend

1° 281 (279), 333 (200), 345 (192), c
377 (107), 588 (147)

2b 279 (278), 320 (175), 332 (159), c
498 (133)

3de 238 (196), 275 (281), 318 (222), 748 42 4.2x 1074
402 (49.4), 490 (122), 676 (30.9)

4d 236 (242), 275 (327), 313 (251), c
331 (181), 488 (115)

5df 244 (80.9), 274 (62.8), 317 (33.0), 530 646 1.8x 1073
379 (sh, 6.55)

(pyterpy)Fe(Pk)¢ 245 (62.9), 276 (93.8), 283 (102), C
324 (60.8), 334 (55.5), 374 (9.2),
568 (34.2)

(pyterpy»Ru(PR).¢ 240 (58.9), 276 (95.0), 313 (61.1), c
333 (48.5), 488 (36.3)

(pyterpy)Os(PFR)*¢ 239 (48.4), 276 (68.3), 317 (56.3), 740 67 6.7x 1074
394 (11.1), 486 (27.3), 668 (7.1)

pyterpy? 244 (38.5), 279 (26.2), 315 (8.8) 359 1.4 @02

aQuantum yield is calculated relative to Os(bjfi?fs). in CH3CN, unless otherwise statétl.? DMSO solution.° No luminescence detected.
9 CHLCN solution.® Aex = 490 nm. ex = 380 nm. Quantum yield is calculated relative to [(bpy)Re(€BEtpy)](PR) (Pem= 0.027 in CHCN).2®
9 CH,CI; solution, Zex = 320 nm. Quantum yield is calculated relative to 9,10-diphenylanthrackgg=t 0.95 in EtOH)
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Figure 3. Emission spectrum of squafin deoxygenated CCN
Figure 2. Electronic absorption spectra of squates4 in DMSO solution at 293 K.
(squaresl (solid line) and2 (thin dash line)) or CBCN (squares3

(thick solid line) and4 (dashed line)) at 293 K. The stronger ligand field and lower oxidation potential of Os(ll)

compared to Ru(ll) and Fe(ll) results in an increased energy
gap between théMLCT and3MC statest2 Therefore, it can be
inferred that théMC excited states are not so readily thermally
populated in squard. The luminescence of squaBeexhibits a
lower energy emission feature with a shorter lifetime and lower
guantum yield compared to (pyterp@s(PF). (Table 2). This
observation is in accordance with the energy gap law and is a
consequence of the more efficient nonradiative decay in square
3than in (pyterpy)jOs(PFk)2.1” The quantum yield and position

of emission of squar@® is also independent of the excitation
wavelength, and excitation of squaBeat 380 nm, where the
QRe(l) moiety is the sole chromophore, results in a luminescence
band centered at 676 nm. The same luminescence position is

corner5 exhibits luminescence at 538 nm in gEN with a
lifetime of 646 ns, which is typical MLCT emission. Pyterpy
emits at 359 nm in CkCl, with a lifetime of 1.4 ns. The small
Stokes shift and very short lifetime indicate that the emission
originates from a singletr—x* excited state. The lack of
luminescence at room temperature from squéres and4 is
attributed to the existence of metal-centered (MC) states lying
in close proximity to the MLCT states. The distortion from
perfect octahedral structure, due to tk®, symmetry in
M(pyterpyy (M = Fe, Ru), results in a relatively weak ligand
field at the metal and, thus, the MC states are at low en&rgy.
The MLCT excited states appear to be deactivated through thes
low-lying nonemissive MC states via an efficient nonradiative X -
decay pathway. The low-lying MC states localized in ferrocenyl 2SO observed when squag is excited at 490 nm. The
moieties in square also provide an additional radiationless Wavelength independent luminescence band implies that the

relaxation pathway for the deactivation of the MLCT excited ©€Nergy transfer from higher energy states (Re MLCTrorr*)

Statess3 to the lowest OSMLCT state is very efficient and close to

In contrast, squarg exhibits room-temperature luminescence U”'t_V- _ _
in deoxygenated C¥CN solution (see Figure 3). The origin of Figure 4 illustrates the spect_ral_overlap between the absorption
the emission is assigned to a Os(ll)-badbtLCT transition. band of squared and the emission feature of corngr The

spectral overlap occurs from the red edge of the singlet

(32) (a) Indelli, M. T.; Scandola, F.; Flamigni, L.; Collin, J.-P.; Sauvage, absorption band to the triplet absorption band. Thus, it can be
J.-P.; Sour, Alnorg. Chem1997, 36, 4247. (b) Calvert, J. M.; Caspar, ; i ;
3V Binstead, R A.- Westmoreland. T. D.: Meyer. T1.JAm. Chemn. concludeq that t_he intramolecular energy transfer is most likely
Soc.1982 104 6620. to be a triplet-triplet process. The complete quenching of the

(33) Lee, E. J.; Wrighton, M. SI. Am. Chem. Sod991, 113, 8562. emission from the Re(l)-based donor in squaiadicates that
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the energy transfer rate is much faster than 10'°s 134 The BrRe(CO),-Py—Terpy-Os

Re(l) to Os(Il) separation and the distance between the edges . L )
of the coordinating ligands are 10.9 and 1.5 A, respectively. electrostatic and/or any hydrophobic interactions between square

Given that there is a such short distance of separation betweer 21d guest anions, and the difference in stability provided by
the Re(l) donor and Os(Il) acceptor and a large degree of triplet Counterions may account for the square decomposition and the
character involved, it can be concluded that the energy transfer/f"eProducibility of the results.
occurs likely via a Dexter-type electron exchange proéess,
although the participation of a “Fster-type dipole-dipole
mechanism cannot be completely ruled #ul qualitative We have demonstrated here that metal complexes with
energy level diagram of squaBsis summarized in Scheme 4, pendant pyridines can be used as linear bridging ligands for
depicting the energy levels and processes of the Re- and Osthe construction of large square structures in a self-assembly
based moieties. manner. The dimensions of these large squares are about 21.8
The highly positive charges and luminescent behavior of * 21.8 A,_which represent some of the largest molecular squares
square3 have prompted us to study its potential use as a host "eported in the literature to date. All square complexes exhibit
for inorganic anionic speci€8.l® We have tested several multlelec_tron_ redox processes, |nd|_cqt|nganegllg|ble electronic
inorganic polyatomic anions, such as BFCH,COO™, PR, communications be_tween the_lnd|V|duaI phromophores._ TI_1e
and OTF, with the expectation of observing changes in ©bserved photophysical properties are dominated by the bridging
luminescence intensities that arise from hagtest interactions. ~ Metal-complex ligands with minimum influence from the corner
Unfortunately, in this particular square molecule, we have found chromophores.
that the emission results are irreproducible, and we noted that  aAcknowledgment. We are grateful to the Division of
decomposition of squarg was usually observed when excess chemical Sciences, Office of Basic Energy Sciences, Office of
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