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Introduction

Polymetallic supramolecular assemblies have been the subje
of attention because of their potential application to light-har-
vesting and light-activated devicéddowever, the electronic
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This A+B methodology is able to accommodate a range of
different metal centers, whose stereochemistries may be pre-
controlled in relation to the carbocyclic frame of the participating
BLOCKSs. Additionally, the relative spatial orientations of the
coupled chromophores may be varied from a rodlike topology
(e.g.14 or 15) to a curved framework (e.d.2 or 13).1° In the
rodlike systems, the separation of the chromophores can be
varied while maintaining the relative orientation of the metal
centers; with curved frameworks, the relative orientation changes
with distance.

Results and Discussion

The synthesis (Scheme 1) of ligaBdwvhich is used to prepare
BLOCK 3 and contains a-linked sesquinorbornane subunit
in the alicyclic frame, was achieved by the stoichiometrically
controlled reaction of 7,8-diazaphencyclone (DARYS;1 with
the bis-alken&’.12 The synthesis of ligand1 (used to prepare
BLOCK 4) was achieved in a two-step process, the first

cgnalogous to that used f8rbut involving the bis-cyclobutene-
1,2-diester910 to form the 1:1-adducflO, followed by low-
temperature nucleophilic epoxidation of the remaining cy-

and spatial requirements for effective intercomponent energy clobutene-1,2-diester group 0.

transfer within these assemblies are not well understaot)
ligand design becomes pivotal to any study addressing suc
issues.

We have recently reported the synthesis of a variety of
bifunctional ligands incorporating rigid alicyclic spacgfsand
their reaction with appropriate metal centers to provide ho-
modinuclear complex&sThe synthesis of analogous heterodi-

The required BLOCK complexe$—4 were prepared by
hreaction of the respective ligands with excess [M(b(¥ls-
SO;)2] (M = Ru or Os, bpy= 2,2-bipyridine)}+13in chloroform/
2-methoxyethanol mixtures under microwave conditions.
BLOCK 5 was prepared from BLOCHK by treatment with
dimethyl acetylene dicarboxylate in the presence of [RTD)-
(PPh)3] according to the method of Mitsudo et *8I*> This

nuclear complexes presents a significant challenge due to thereaction fails when applied to norbornanes containing uncom-
preferential formation of homodinuclear byproducts, and ex- plexed 1,10-phenanthroline groups. The resultant cyclobutene-
amples of coupling procedures for selective formation of mixed- 1,2-diester was subjected to low-temperature epoxidation as

metal systems are limited and relatively recét.

This report deals with an entirely new approach to the
synthesis of mixed-metal ligand-bridged dinuclear complexes
Individual preformed mononuclear norbornene-bearing A-
BLOCKSs (e.g.1—3) and epoxide-bearing B-BLOCKs (e.4.
and5), both incorporating 1,10-phenanthroline ligating groups
which are coordinated to®tbctahedral Ru(ll) or Os(Il) metal
centers (E= COMe), are stereoselectively coupled together
through their attached carbocyclic components to form rigidly
linked [ML2-(rigid spacer)-ML;] compounds. The technique
builds on the convergent approach developed for linking of
uncoordinated BLOCKSs to realize the free bifunctional ligands,
which we reported recentfy.
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described above to produce complex BLOGK
The ability of ACE (alkenet cyclobutene epoxide) couplifg

. to accommodate cationic metal complexes was established here
for the first time, by reaction of the ruthenium A-BLOCK
with the ruthenium B-BLOCKS5 to form the coupled diruthe-
nium ligand-bridged complex2, which was isolated as the PF
salt (Scheme 2). This compound was identical with the product
formed from the appropriate di-bidentate bridging ligabg
treatment with [Ru(bpyfCFsS0s).]. The coupling is presumed
to involve thermal ring-opening of the cyclobutene epoxide to
give a 1,3-dipolar species as the transient intermediate which
is trapped by the norbornene dipolaropHil€his 1,3-dipolar
cycloaddition process is highly stereoselective and leads ex-
clusively to products in which the two metal centers are
spatially separated by a rigid alicyclic framewdr.The rigid-
ity of the final product is assured since the ACE coupling
process forms a 7-oxanorbornane ring at the junction of the two
BLOCKs. Complex15 was synthesized by the coupling of
BLOCKSs 3 and4.
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Chart 1

(bpy>2Ru”\/NN

A-BLOCKs B-BLOCKs

Scheme 1

i) CHClI3, sealed tube, 85°C; ii) 'BuO,H, MeLi, -78°C; 0 11
i) microwave with [M(bpy),(CF3SOj3),]

The mixed Ru-Os systeml13 was prepared in a similar  munication between the metal centers. The heterodinuclear
manner from the osmium-complexed A-BLOCK and the complexes displayed two one-electron reversible couples cor-
ruthenium-complexed B-BLOCH, while the related RaOs responding to successive 5 (ca.+0.550V) and Rl (ca.
dinuclear ligand-bridged compledd by coupling2 with 4. No +0.990 V) oxidations, but neither redox couple was shifted
metal interchange or self-condensation products were observedrelative to its monomeric precursor again indicating a lack of
The products were formed in good yield (421%), a significant electronic coupling across the alicyclic frameworks.
improvement on those obtained by sequential metalation of pre- The uncoordinated ditopic ligands poss€&ss point group
assembled ditopic ligands. symmetry, which is lost on coordination within the tris(biden-

The structures of the precursor and product complexes aretate) complex. Anisotropic interactions with proximate pyridyl
supported by electrospray-mass spectrometry, and electronic andings of peripheral bipyridine ligands render the two halves of
H NMR spectral data (given as Supporting Information). the phenanthroline entity and the attached substituents of the
Absorption spectra of the mononuclear building BLOCKs ligands nonequivalent'H NMR spectral studies of these
showed intense bands in the UV region attributedrter* complexes (Supporting Information) reveal that substituents with
transitions of the bipyridine and phenanthroline type ligands, an axial orientation experience a greater differential ring current
and metal-to-ligand charge-transfer (MLCT) bands in the visible effect than equatorial substituents, the effect diminishing as the
region?® The homodinuclear complex&& and15 have similar distance from the metal center is increased. For example, exam-
MLCT absorptions to their mononuclear precursdrs3, and ination of the resonances for the norbornyl substituents attached
5). The heteronuclear complexds8 and 14 showed broad  to the phenanthroline group in the compléxreveals two
absorptions tailing out t-670 nm due to an overlapping of  C-methyl singlets ad 2.01 and 2.03 and two methyl ester
the RU' and O4 MLCT transitions. The electronic spectra of resonances @t3.00 and 3.27, which contrast with the two ester
all the dinuclear species prepared were essentially the sum ofgroups at the terminus of the ligand which are almost super-
their mononuclear precursors. imposed § 3.71 and 3.72).

Cyclic and differential pulse voltammetry confirmed the pres-  We have previously undertaken extensive studies of other
ence of two metal centers in each dinuclear product (Supporting dinuclear systems bridged by various small rigid conjugated
Information). For each diruthenium complex, only one reversible
two-electron redox couple was observed (ee0.990V; Pt (16) Juris, A.; Barigelletti, S.; Campagna, S.; Balzani, V.; Belser, P.; von
working electrode vs Ag/Ag), indicating no electronic com- Zelewsky, A.Coord. Chem. Re 1988 84, 85 and references therein.
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Scheme 2

(bpy)2Ru
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heterocyclic ligands. Because of the close proximity of the metal
centers there were appreciable differences in #HeNMR
spectra of the diastereoisomersA/AA and AA/AA) arising
primarily from different anisotropic interactiofs’=2° The
smallest dinuclear complex in this study2] has a significantly
greater metatmetal displacement (calculated at ca. 24.1 A using
semiempirical PM3(tm) geometry optimizatiék$), and ac-
cordingly we see no differences in thel NMR due to the

2+4 B 44

Notes

T 4+
N\M”(b )
- PY)2

3+a B 45
42%

52%
electrode using a Ag/Ag(0.01 M) reference electrode. Cylic volta-
mmetry scan rates were 100 mV/s, and for differential pulse voltam-
metry measurements the conditions used were scan rate 4 mV/s, pulse
amplitude 50 mV, pulse width 60 ms and pulse period 1 s. Microwave
reactions were conducted in a modified 600W Sharp Carousel R-2V55
microwave oven. High-resolution mass spectra were obtained on a
Micromass Autospec magnetic sector instrument with an electrospray
source; accurate mass determinations used poly(ethylene glycol)
intrinsic standards.

presence of both diasterecisomers. No attempt was made to SynthesesLigands in BLOCKsL, 2, and5 were synthesized using

separate or prepare stereoisomerically pure complexes.

Conclusions

The paper describes a significant advance in synthetic

methodology for the preparation of homometallic and hetero-

metallic ligand-bridged dinuclear complexes. The stereoselec-

tivity of the coupling protocols ensures the formation of
compounds in which the geometry is predetermined by that

methods reported previously,as were the complex precursors [Ru-
(bpy)(CFsS0;)] and [Os(bpy)COs]. 1322

Ligands 8 and 10.These were prepared by heating excess DAPC
(6) dissolved in CHGJ (ca. 3 cnd) with either bis-alkene? 50 mg,
0.184 mmol) or bis-cyclobutene-diested; (500 mg, 0.370 mmol)
overnight in a sealed tube at 9C. Data for8: yield, 17 mg (17%);
mp >350 °C; accurate mass, observedz 532.1994, GzH2sN20s
requires 532.1998. Data fdrO: yield, 280 mg (38%); mp 312C
(decomp); accurate mass, obsera#d816.2543, GsHaoN,O13 requires

possessed by the precursor mononuclear BLOCKSs. The spatial816.2530.

relationship of the metal centers may be controlled by the

Ligand 11. A tetrahydrofuran/dichloromethane solution of monoad-

rational design of the bridge framework: the approach has duct10 (250 mg, 0.306 mmol) was cooled t678 °C. An aliquot of
provided the heterodinuclear species required for an investiga-tert-butyl hydroperoxide (0.410 mol) was added, followed by methyl-
tion of the effects of spatial separation on intercomponent energyIlthlum (0.460 mmol). Purification of the crude product was analogous

: - - to that previously reported for the epoxide ligand in BLOGR Data
terlzg\sl\tﬁrergrzocesses’ the results of which will be described for 11 vyield, 154 mg (60%); mp 283C (decomp); accurate mass,

observedn/z 832.2478, GsHdN2014 requires 832.2480.

[Os(bpy)(CF3S0s),). [Os(bpy}COs] (400 mg, 0.675 mmol) was
suspended in nitrogen-purged 1,2-dimethoxyethane (28), camd
trifluoromethanesulfonic acid (1.0 &nwas added slowly with stirring.
The mixture was heated to 10C for 2 h and then cooled to &C
overnight. The dark precipitate was filtered, washed with diethyl ether,
and dried. Yield: 459 mg (85%).

Complex Building BLOCKs 1-5. In a typical reaction, the
appropriate ligand (ca. 50 mg, 0.10 mmol) was dissolved in chloroform
(8 cn?), and 2-methoxyethanol (5 Gnwas added followed by an
equimolar quantity of [Ru(bpyjCFS0s)2] (72 mg) or [Os(bpy)CFs-
SOs)7] (80 mg). The maroon suspension was heated under microwave
conditions (4 min at med/high setting, followed by an additional 4 min

Experimental Section

Physical Measurements.Instrumentation used for spectral (elec-
tronic, 300 MHz*H NMR) and electrochemical measurements has been
described previouslf. Electrochemical measurements were made in
acetonitrile/0.1 M [(-C4Hg)4]CIO, solution at a platinum disk working
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on high) resulting in an intense orange/red solution. The solvent was and the complex13) was isolated as the RFsalt: yield, 55.4 mg
removed under vacuum, the residue dissolved in acetone/water and(71%); mass spectrum, observetz 1177.2277 (most abundant isotope
cation sorbed onto a column of SP Sephadex C-25. On elution with peak within cluster), [@eHgoN120:150sRU](PE)22t requires 1177.2309.
0.25M NacCl in 25% acetone/water, a single orange band was collected Homodinuclear complexes2 and15 and heterodinuclear complex
and the desired complex precipitated by addition of a saturated KPF 14 were prepared in an identical fashion via coupling of the appropriate
solution (2 cnd). The precipitate was filtered after settling overnight, mononuclear building BLOCKs1(with 5, 2 with 4, 3 with 4). Data
washed with diethyl ether and air-dried. Data for yield, 98.3 mg for 12: yield, 45%; mass spectrum, observerz 1132.2065 (most
(82%): mass spectrum, observat 1053.1968 (most abundant isotope  abundant isotope peak within cluster), 1§19oN1201sR W] (PFs)22"
peak within cluster); [6H4:NsOsRU](PFs) " requires 1053.1948. Data  requires 1132.2030. Data fdr4: yield, 52%; mass spectrum, ob-
for 2: yield, 113.4 mg (88%); mass spectrum, obsemnén1143.2512 servednvz 1267.2550 (most abundant isotope peak within cluster),
(most abundant isotope peak within cluster)sd€i:NsOsOs](PF)™ [C118H9eN120160sRuU](PF)2?" requires 1267.2520. Data fab: yield,
requires 1143.2510. Data f8r yield, 75.4 mg (61%); mass spectrum,  42%; mass spectrum, observedz 1241.2309 (most abundant isotope
observednwz 1091.2068 (most abundant isotope peak within cluster); peak within cluster), [GaH100N12010RW](PFs)22 requires 1241.2325.

[CssHa4NsOsRU](PFs) " requires 1091.2073. Data fdr yield, 90.6 mg : .
(59%); mass spectrum, observet 1391.2549 (most abundant isotope Acknowledgment. This work was funded by the Australian

peak within cluster); [GHseNesO14RU](PRy)* requires 1391.2559. Data Research Council (ARC Senior Research Fellowship to R.N.W.
for 5: yield, 86.8 mg (64%); mass spectrum, obsermezi1211.2138 (1992-1996); Large Qrants (to R.N.W. and F.R.K.); and Central
(most abundant isotope peak within cluster)sd@isNeO:RU](PR)* Queensland University. A.C.S. acknowledges the award of a
requires 1211.2133. CQU postgraduate scholarship and funding from the CMA. Mr.
Dinuclear Complex 13.Complexe<2 (38 mg, 0.030 mmol) an8 Tom Frey is thanked for the HR-ESMS analyses.

(40 mg, 0.029 mmol) were heated in a sealed tube at’CAfor 30 h

with a minimum of acetonitrile (3 drops). On cooling, the solution was
diluted with acetone/water and the product purified by cation exchange
chromatography (SP Sephadex C-25). Elution with 0.25 M NacCl
solution removed a minor band of mononuclear material; at an eluent
concentration of 0.5 M NaCl, the major olive green band was collected 1C9902370

Supporting Information Available: Listings of physical data‘td
NMR and UV-visible spectra, electrochemical redox potentials) for
complexesl—5, 12—15, and ligands8, 10, and11. This material is
available free of charge via the Internet at http://pubs.acs.org.



