Coordination Chemistry Revicws Hm

166 (19971 121 139

Stereochemistry and polymetallic ligand-bridged molecular
assemblies

F. Richard Keene *

School of Moleewlar Scivnces, James Cook University of North Queenstand, Tovasitle,
QLd 481, Justralio

Reveived 11 November 1996

{antents
Abstract .. ... O 3
i Intreduction ... . ... ... ... 122
L1 Mimaery of photosynthetic sysiems - © 00 000 0 000 A I
1.20 Electrom and energy transter in polvmetaliic assemblies . . 0.0 . 000 124
2 Stercechenustey n polymetallic assemblies . 0 0 0000000000000 0000000123
Y1 The “Stereochemical Problem™ . . .0 0L L 127
220 Stercochenmistry jo rutheniom comploaes with budentaie ligands . .0 o 13
23 Addressing the "Stercochemueal Problem™ o0 00 00 00000000000 Lo 131
23010 Using tndentate igands . 0 0L N A1
232 Chrd building Blocks and the “Claragens™ 00 000 oo o000 0 0 133
233 Other examples of stereoselective synthesis 0 000 000000000000 135
3 Stereochermstry and polvnuclzar assemblics the search for spatial effeces .. ... . . . 13K
310 The symthesis of tnsiheterolepiv) complexes 00000 000000 13K
12 Swereochennical considerabions . . ... L L L o 139
320 Example a mononuclear chromophore-quencher system .0 00000 142
322 Example o dinockeor system widh an r-azodimine bodge 00 143
3230 Example  mono- di- and tri-noclear compleses of the HAT ligand . ... [BX3
331 Stercochemistry doesat make any dilivrenee? 0000000 L0 1M
14, Chromatographic techiigues . .. .0 L P
4, Stereochemestey sind polynuclear assembles  the past, present angd luwee L L .
Acknowiedgements . 0000000 I
References . ... . P
Abstract

There have been many recent developments in synthetic methodologies {or palvmetallic
ligand-bridged mmolecular assemblies. encouraged by the prospect that such materials hove
putential application to photochemicul molecular devices. The assemblies have nvolved
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ruthentum(11) metal centers. which are mvariably octabedral. However, the synthetic advances
have often vecurred without constderation of the problem of stercochemical ambiguity in the
products. The present review examines this uncertainty and ways in which it nuay be addressed.
In particular, it assesses approaches o the pre-determination ol the stercochemistry of poly-
noclear assemblies mcorporating Ru(lly and related centers jeg. Ostll)) by the use of
precursors with an established geometry, and the use of chromatographic technigues in the
separation ol stereoisomeric mixtures, Some of our own work is claborated, where we have
been able (o separate stereoisomers of chramophore-quencher complexes and of dinuclear
and trimuglear ligand-bridged specics, Additionally. the review summarizes owr prelinunary
studies of their plivsical properties as a function of the spabial arrangement of the components,
¢ 19487 Elsevier Suicnce S.A.

1. Introduction
1A Mindcry of photosynthetic svsienis

The concept of controlled molecular architeciure  and emergence of the “nanome-
ter technology™  huas developed from an increasingly intimate understanding of
properiies at @ moleculir level. One example of its application is the rational design
of supramolecular assemblies which [orm the basis of materials to be used m
photochemical molecular devices (PMDs). Ioliowing light absorption, such materi-
als may perform u variety of functions: e.g. conversion of light energy 1o chemical
or clectrreat energy. light-activated molecular switches. ete. Artificial photosynthesis
15 but one obvious goal.

In nature. the process of photosynthesis onginates with light-promoted electronic
excitation within the “antenna system’ of an organism. In a serics ot short range,
rapid electron-transfer steps. physically-separated reducing and oxidizing centers are
created which have lifeumes sullicient that subsequent chemical reactivity may tuke
place {the reducton of carbon dioxide to carbohydrates and the oxidation of water
to oxvgen, respectively) [1.2]. Such an organism must necessurily contain tinter atia)
two essential components; light absorbers (Cchromophores™) which harvest light
energy allowing clectronic excitution. as well as ¢lectron- and energy-transfer agents
{guenchers”y which rapidly relay the absorbed electronic encrgy away from the
chromophore to an appropriate site in the system for utilization. Further, Tor a
photosynthetic system un addmional component 18 abso required. namely catalviic
sites, at which the chemical reactions oceur.

The three components are contained within an cnzyme matrix which controls the
spatial relationships between them and. together with the trans-membranc nature
of some of the relay processes. Imit the reactivity pathways, However, the precise
manaer in which the enzyme structure effects processes such as clectron transfer
remains a subject of conjecture {31

A key issue is the rapid physical separation of the excited clectron from the
chromophore. and a number of elegunt model studies of this process have been
undertaken, albeit they are limited because the linkages between the components
are covalent [4 8]. The overall principle of such studies s represented below. where
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a chromophore () is attached to redox-active groups (guenchers). In the case where
an electron donor { D) and an clectron acceptor {A) are involved. the initial D C A
species absorbs light energy and forms an excited state 3 *C. A, which produces
the redox charge-separated state 3* -C-A ™ by a series of electron transfer steps.

() ==

As an exemplar of such studies. the work of Gust, Moore and coworkers is cited,
where photoexcitation of a carotenoid porphyrin diquinone tetrad (represcnted
C-P-QQ,-Qp) gives rise to the charge-separated state ¢ " —P -Q, —Qp . rational-
ized via a series of electron transfers between adjacent groups{ Fig. 1)[9]. In these
particular studics, the components are actually mimics of the natural systecm  the
porphyrin as the chromophore with the carotenoid and quinone moieties being
donor- and acceptor-quencher functionalines, respectively, More extended {pentad
C P, P, Q4 Qp) systemis of the same type have also been investigated [10].

Attention is also drawn to the elegant bis{porphyrin} systems of Sauvage and
coworkers [11, 12] which model the function of the “reaction center™ in the photosyn-
thetic process.

Ultimately. chemical reactions in any photosynihetic scheme are multi-electron
processes, although in the chromophore only one electron 15 excited per photon
absorbed. The simuliuncous supply of several electrons is achieved by the use of
“antenna’ systems which funnel electrons to a reaction site. To achieve artificial
photosynthesis. the same elements of spatial and charge separation must occur
within synthesized molecules. Although the precise chemical reactions will differ
from those in the natural systems. they necessarily remain multi-electron in character,
50 that the artifictal molecular assembly {“supramolecule™} will also require severai
sites for light absorption and clectron excitation, and be designed so that the photo-

Fig. 1. Chromophoere-quencher tetrad O P Qy Qg [9].
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induced eleetron transter relay 1s direeted to a spatially-separated chemically reactive
{catalytic) site.

1.2 Electron and energy ranxfer in polvinetatfic assemibfies

Polymetallic molecules. appropriately constructed. could conceivably provide the
basis for such a supramolecular syster [13.14]. For the required building blocks,
mononuglear transiion metal complexes of the d" metal ceniers ruthenium (11,
osmium{ 11} and rhenium¢ 1) with polypyridyvl hgands Je.g bpy =22 bipyridine and
phen = L 10-phenanthroline and their analogues) are of particular interest as piceur-
sors because of their extensive {and well studied!) photochemistry [15]. Of these. the
rutheninm compounds have recetved most atlention. as the synthetic versatility of
osmium is comparatively limited and rhenam spectes tend to lack broad-band
absorption in the visible spectral region.

\_J \_/

N N

—nN N—

bpy = 2,2-hipyndine phen = 1.10-phenanthroling

The capacity for variation of the photephysicall speciral and redox charucteristics
by ligand control 15 extensive, und this has been well documented for homoleptic
and bist heteroleptic) complexes of ruthenium( 11} with bidentate pelypyridyl ligands
115) As alluded 1o previously (18], with 200 bidentate ligands (pp). there are 200
homoleptic possibilities [Ru{ppla]” . ~4 x 10* bisthetereoleptic |[Rul{pp:tpp3*-
species and  ~ 1.3 < 10" wristheterolepticd complexes [Ru(ppi{pp )y pp 3} our
recent reports of the synthesis of a range of trisheteroleptic) complexes of ruthenium
[16 19]and osmiun [20] have served to emiphasize this particularty atiractive aspect
ol versatility 1 the utilization of such species as building blocks for polvinuclear
assemblics.

Onver the last decade. significant developments have occurred in synthetic sehienies
for o wide range of Hgand-bridged polymcetailic assemblics. 11 is not intended o
exhaustively review the area. us onby o portion s of particulir relevanee to the
subsequent discussion. However, 1t i noted that there is a recent comprehensine
review [21] addressing the synthesis and phivsical properties (elecirocheniical and
photophysical) of such complexes. and the reader is directed 1o that work (or
additional mtormation.

The aature of the bridging moiety may have a significant influence on the proper-
ties of 4 polynuclear assembly, [t can promote strong coupling between the centers
or be effectvely insalating (or anyihing in betweend 1t can be flexable or it cap
rigidly contra! the spatial relationship between the attached metal centers. [n erms
of couplmg, the concept of a “supramolecular”™ assembly 1implies that the individual
components will substantially retain ther individual characteristics. Very strong
coupling 13 not consistent with this requirement. although the study of svstems
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which the coupling may be systematicaily varied s valuable in develomng our
understanding of intramolecular electron and cnergy transfer processes that occur
in polymetaltic assemblics lollowing light absorption.

The consequence of flexibility (or at least lack of rigidity) within the bridge is that
the geometry ol the assembly is uncertain. both in terms of the distance hy which
the metal cenlers are separated as well as their refative orientations. Under these
circumstances, any theoretical treatment of electron or energy transfer is rendered
difticult. Additionally, since in any applications of these materials such transfers will
be over long distances and directional. the uncertainty s imiting. Such directional
control, which 1s a feature of the framework provided by the enzyme matrix in
natural svstems, can only be developed when there is rigidity i the bridge and the
slereochemical features of the component metal centers themselves are kinown and
controlied.

Given these restriciions. ene shonld note the advantages and limitations of some
of the polvnuclear assemblies which have been developed.

Inttially. mention should be made of the self-assembled polymetallic species in
which metal centers {tetrahedral such as Agilyor Cutl)y |22 28] octahedral such
as Fe(Ily. Cotll), Coflll), Ni¢lly. Ro(ll) [24.29 31]) have been vsed ax linking
points for long chain polypyridyl ligands. forming double and riple strand helicate
structures. While the helicates themselves are rod-like, there have also been examples
of extending the prineiple to 213 structures {32 36]. The concept is extremely elegant.
but is not entirely relevant o the present discussion of stercochemical variation in
polyvinuclear species induced by tris{bidentate) Ligation at octahedral conters: while
such a coordination mode may be present in helicite structures, the only stercoiso-
meric ambiguity s the chirality which s in turn gencrally controlled by the helicity,

Polymetaihic helical configurations are also included in the intermediate species in
the formation of molecular composite knols [37]. but as the Cull) centers mvolved
are tetrahedral. these complexes are not germane to this review, 10is primarily i cases
where metal centers in a polvnuclear assembly possess ocltuhedral coordination that
their individual trather than collective) stereochemistries are ol Tundamental concern.

In such assembhies. simple bridges such as N will praduce mainly chain-like
structures [38]. There is also o range of bridges, using the .« -diimine hgating motif’
in polypyridyl species. which may produce extended polvauclear systems, bul in
which there is considerabie fiexibiinty because of the possibility of bond rotation in
the Iink (e.g. phenvl, polyphenyl or alkynyl) between the hgating groups {39 491
There are o aumber of dendnmers (including the so-called “star-burst™ and
“arboral” structures) which may be put in the same category {30 53]

On the other hand. there are a number of bridges which possess sufficient rigidity
to meet the enteria specified above in terms of controlling the melecular framework.
As one example in this category, a series of assemblies containing up to twenty-two
metal centers have been reported by the Italian groups headed by Denti and Balzani
[34 68]. The syntheses involve what has been termed a “complexes as ligands™
technigque: this imcthodelogy dates back to early syntheses of dinuclear ligand-
bridged species [69.70]. but has been developed for the lurger oligomers vsing either
a convergent-or divergent approach [21].
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One of this sertes is the decanuelear species, which has been synthesized in homo-
or hetero-metallic forms containing Ru(1l}) andyor Os(11} [56]. From photophysical
studies it demonstrates that energy transfer may be dirccted from a number of
peripheral sites {M,} to a single central site (M), whereas in other cases energy 1s
transferred in the opposite direction{ Fig. 2)[56].

Structural control within such polymetallic molecules is paramount since the type
and arrangement of metal centers greatly influences energy migration patterns
[21,71]. But despite an extensive and rapidly growing literature on the synthesis and
electronic characteristics of such compounds [21]. the issue of the effects of sterew-
isomerism on those propertics, while receiving occastonal tacit acknowledgement.
has rarcly been addressed. An understanding of such aspects seems fundamental:
photo-promoted mtramolecular electiron or energy transfer between chromophoric
and catalytic sites are essential processes in artifictal assemblies designed as photo-
chemical molecular devices, and they will be spaually dependent. The assembly iy
required 1o provide the molecular framework which 15 a leature assoctated with the
enzyme matrix in natural systems, and which contrels the directional qualities of
the transter processes.

The redox charge sepuration described carlier in organic systems occurs also in
metal-containing species, in which a metal center functions as the chromophore (C)
and the redox active groups {I» and A) are attached to the ligands. Although many
examples are now known [21]. two of the criginal examples are chosen to illustrate

Tarmnal hgans

2 2-hipyridine (bpy)

u[ -
u/ ] S
N o

Brdgingbgans <7
ging liga ~—
2.3-bis(2-pyridylipyrazing (2.3-dpg)

Fig. 2. The decanuclear species |Ru,,idpphyt bpyd, ]3¢ [56].
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Fie. 3. Chromphore-gueicher complexes exhibiting redox charge separation [72,73).

the point {Fig 33 In system (a). foelowing photoexenation at the osnmium center
(Cy to produce the metal-to-hgand charge transter { MLCT) state, a scquence of
redox queaching processes oceur in which the donor phenothizzine (D) is oxadized
and the acceptor 4 4-bipyridium functionalization { A) reduced. forming the charge-
separated state. DY C A7 [72]. Similarly in {b). charge separatton can be achieved
across a4 bndge between two metal centers: tollowing photoexcitation of the
Re! bpz chromophore (bpz — 2.2 -hipyrazine) to form the MLCT excited state. the
ultimate product hos the denor phenothiazine as a radical cation and the bpz ligand
as a radical anion [73]. In both of these cases. there are no isomeric uncertainties
about the target molecules, but that has been an exception rather than the norm in
the systems mvestiguted.

2. Stereochemistry in polymetallic assemblies
2.1 Fhe Ustereochemical probleni”

Stereoisomerism is possible in systems containing octahedral metal centers with
bidentate ligands [741. When the ligands are symmetrical {C, symmetry). chiral
forms (A and A cnantiomers) exist for the tris{bidentate) species. whereas for a
bis{ bidentate) complex there are geometric wsomers {¢is/frans } as well as enantiomers
of the cis form. When-ligands are non-symmetrical, extra geometrical isomerisn
occurs. In polynuclear species based on such centers, the sterecisomeric possibilities
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increase exponentizlly with the number of metal centers. In such cases. the samples
obtained under normal synthetic conditions will be u mixture of stereoisomers in an
uncertain ratic - u product described by von Zelewsky as possessing a “fuzzy
stereochemistry™ [75].

A number of examples may be given involving systems where studies have been
undertaken on the physical properties of 1solated speaics which clearly have a number
of stercochemical possibilities. The following cases are discussed as they are represen-
tative but arc also particulurly relevant to our subsequent approach lo the
“stereochemical problem™,

In their studies of charge-separated excited states in mono-nuclear complexes
containing hgands with donor- and acceptor-quencher functionalities. Eliiot and
coworkers have mvestigated the system [Ru(44PTZ),{423D0Q° ) [76.77]. An
examination of stereoisomerism in such a system reveals that there are four geometric
isomers, shown in Fig. 4 (A represents the bipyridinium acceptor quencher. and D
the phenothiazine donor quencher). A similar humber of isomers arc possible in
fRu(bpy-AQ )L bpy-PTZ)]* . studied by Meyer ct al. [78]. 1n both the above systems
[77.78]. the possible existence of geometric isomers was acknowledged. although
there was no evidence Tor more than one isomer  or if more than one isaer was
present there was no evidence of differences in their characteristics.

A number of exumples of ligand-bridged oligomeric species have been reported

i trans(D) s-cla(D}

cis(DD),cis(DA),cis{DA)

Fig. 4. Geometric isomers in o general [Rutbpy-Dhibpy-Ai) " complex,
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by Denti, Balzani and coworkers [34 6], as well as examples from other laborato-
rics [21].

Of these oligomers. the decanuclear species mentioned carlier { Fig, 2) has been
reported in which the bridging ligand is 2.3-bis( 2-pyridyl }pyrazine {2.3-dpp} and
terminal ligands 2.2-bipvridine (bpy) [36]. In such an assembly, since the internal
metal centers (M) are [Ru(2.3-dpph}®" moieties. they all can exhibit sicr, fuc
geometrical isomerism as 2.3-dpp in non-symmetrical. In addition, all ten metal
centers may be chiral. As u result of this, there are n fact 6.144 diastereoisomers of
this species  cach with an enantiomeric fornt! While 1t is unlikely that all these
stereotsomers would be represented in a synthesized mixture, it emphasizes the point
that the stereochemistry of such systems 15 very complicated. Furthermore. the
presence of a plethora ol stereoisomers compheates the characterization of the
complex by techniques such as NMR. the interpretation of which s rendered
extremely difficult as the diastercoisomeric complexes have non-equivalent NMR
spectra [38.79]) 11 also implies that the clectrochemical and photophysical data
measured represent an average of the various forms.

As another example, a study wuas presented by Brewer and coworkers on the
clectrochemical  and  photophysical  properties of  the  trinuclear  species
[ Rutbpy)a!; {Os(2.3-dpp),CLI ' [80). In this complex the bridging Os center may
adopt a ersrCly or rransiCH geometry. and since the 2.3-dpp ligand is non-symmetri-
cul. the ¢isi 1} form has three geometric isomers and the frans isomer two. All the
civ 1somers may have chiral forms. as well as both ruthenium centers. As a result,
there are actually sixteen possible dinstercoisomers. all but two of which have
enantiomeric forms. OF course, the (ull complement may not necessurily exist.
However, in the representations in Fig 5, the stercochemistry in such a linear
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B

Fig. 5 Chem 30w represenition of dinswereoisomers of [{Rufbpyad 1O8 2 3-lpp)CLY G atoms
vintted for clarty ) [(80].

trinuclear species may be very different for u relatively small change  the species
shown are both AtRMA(OSIA(RYY Torms. and differ only in that the geomelric
arrangement about the Os center s cistCH cis{ prracine} and cis{CH/ runs( pyrazine),
shown below as A and B respectively, The consegquences on the relative disposition
of the two “terminal™ ruhenium centers 1s guite prolound.

2.2, Srercochemistry in rutheniuar complexes with hideatate ligands

Although an extensive literature exists on the synthesis of mononuclear complexes
of rutheniumill}, there have been few studies of stercotsomerism. When non-
symmetrical bidentate ligands are involved, for complexes of the type [Rulab),J*-
the existence of fue and mer geometric 1somers has heen recognized from 'H and
13 NMR studies of complexes where ab = non-symmetrically-substituted derivatives
of 2.2-bipyridine and §18-phenanthrohne {81.82], azobis{ 2-pyridine) [83], and
2-¢ 2-pyridyl Jthiazole and 2-¢ 2-pyrazyi ihiazole [84]. Similarly, **Ru NMR has been
used to identily the presence of both geometric somers m analogous complexes
where ab= 14{2-pyodyl)-3.5-dimethylpyrazole  [85], l-methyl-2-¢ 2-pynidyl yinu-
dazole, 2+ 2-pyndyl yoxazole. 2-( 2-pyvridyl 1thiazole and 2-( 2-pyridyl yselenazole [86 ],
and 2.3-bis{ 2-pyridyl ipyrazine [87]. Priov to our own work [88.89], there were fow
reports claming the separation of such stercosomers. Using HPLC techniques.,
separations were achieved for the species |Rulapyh]® ™ (two geometric isomers)
and [Rufapyl:(bpyvifF ' {two of the three possible geometric isomers) 'hpy = 2.2
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bipyridine: apy = azobis(2-pyridine)} [83]. Structures of mer-[Rufapy),]*’ and
cis.trans. cis-]Rufapy),Cl,] have also been published {the order of specificution of
the geometry being acido ligand (€1 }: py: azo} [90]. More recently, the separation
of geometric isomers has been reported for complexes of substituted pyrazolylpyri-
dine ligands [91].

apy = azobis(2-pyrdine) 2-{2-pyrazylithvazole
1-(2-pyridyl)-3,5-dimethyipyrazole

C}—Q:j \—/ \\

X = N-Me: 1-methyl-2-(2-pyridyljimidazole R
X =0 2-(2-pyndyljoxazole

X =8 2-{2-pyridyiithiazole 1-substituted-3-(2-pyridinyl}-
X = Se: 2-{2-pyadyhselenzzoie 4.5,6,7-tetrahydroindazcles

Three isomers ol [Rui pap).ClL] and or [Rultap);Cl,] have been isolated [92,93].
and the structures of the ois trans eiv- and cis-eis ofs-[Rufpap)»,Cli] {94] and
cis trans cis-fRu{papi N [95] forms determined. The cis trans cis. els ¢y ols
anel trans trans trans geometric isomers ol [Ruinpap),Cl,] have been separated [96]
and the stereochemical course investigated of the reactions of [Ru{pap),Cl;] and
[Ru(npap),Cly] species with H,Q/0H  [97.98]. and of the reaction of
[Ru{pap),(OH-*'  and [Ruftapl,(OH.)L,F*  to  form  [Ru{paphB.j*'/
(Ru(tap)-.B,]*" (B is a bidentate lipand) [99]. Cis and itruns isomers of
[Ru{L},Cl.] {where L are aryl{2-pyridylmethylene}amine Schiff-base Ligands) have
also been reported [100].

In terms of the scparation of chiral forms of such molecules. the resclution of
IRu(ppr®” [101.102]. [Ruiphen)¢py),* " [103] and [Ostppi)° ™ (104,105} (pp=
phen and bpy} was achieved many decades ago.

As far as dinuclear complexes are concerned. very little stereochemical information
has been available. In a number of cases. there have been claims for absolute
preferences for one dmstercoisomeric forms over another [83.106] and linkage
isomerism has been shown in species involving the 3.4-bis{ 2-pyridyl }-1.2 4-tnazolate
(bpt} ligand (below) as a bridge [ 107 [09]. Our own studies on the slerecchemistry
of hgand-bridged dimers, and those of von Zelewsky and coworkers [110.111] wall
be discussed in more detail below,

2.3 Addressing the Ustereochemical problent”
2.3.1. Using mridentute ligands.

The stercochemical problem may be avoeided by the use of tridentate ligands of
the type 2.2:6".2"terpyridine (tpy). which coordinate in a meridional fashion about
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R=H: pap = 2-(phenylazo)pyndine = 2-4{{4-nitrophenyljazo)pynidine
R=CHy tap = 2-(3olflazoypyridine | PaP - 2 (d-ophenyliazolpy

N N—{i :>—R
A\
— H

R=H CH,y orCl

an octahedral metal center creating an achival species of the type [Métpyh["
[21.39.40]. However. it should be noted that there are a number of consequences
of this approuach. Firstly. the fifetime of the *MLCT excited state of [Ru{tpyi,]*’ is
some 3 4 orders of magnitude shorter at room temperature in solution than for
[Ru{bpy}:)* " and [Ruiphen)y]® . and unlike the latter complexes [Rultpy).)? ' docs
not leminesce [112 116] This is a consequence of faster radiatonless deactivation
through a *"MC (metal-centered ) state, brought about by the weaker field strength
in [Rultpy},]* " because of the geometric requirements of the coordinated tpy ligand
and resultant distortion from the strictly octahedral environment [ 17, 118]. At 77 K.
this poth s unsvallable. and the lummescence and  emission  lifetime  of
[Ru{tpy):] * is vomparabie with that of [Rutbpy)|"™ and {Rui{phen),** [119]. It
has been shown that the lifetime of the [Ru{tpy},)* " chromophore is significantly
increased by the incorporation of electron-withdrawing substituents at the 4'-position
[39.120 122}

The second consequence ts that in order to avoid further stereolsomerism { gcomet-
ric). any bridging must oceur through the 4-positions of the tpy ligands. which for
[Ruitpy)s}]" " species have a mutually frans arrangement  any polynuclear specics
involving bridging ligands based on tpy-type hgands is therefore necessarily linear
or rod-like.

Sauvage and coworkers have also exammed the evclometaliated anilogue on the
basis that the higher a-donating properties of the cyclemetallating ligand allows
some control of the spectroscopie and redox characteristics [42.43,123).

The use of these ligands and ligand-bridges has allowed a development of the
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understanding ol aspects of intrameoelecular electron and energy transfer processes
[39 43,123]. However, to comprehend fully the consequences of the spatial retation-
ship of the component mctal centers on these processes  and maximize the ability
to vary the characteristics of the coordination environment of thoese centers the
use of trist bidentate) species is ultimately required. And therein hes a challenge.

230 Chirad huilding Maocks and the " Cliragens”

Two separate approaches have been taken (o this task by von Zelewsky and
coworkers [75].

In the first, an enantiomerically pure chiral building block wus sought which could
be used o produce meno- and dinuciear species of predetermined stercochemistry.
The complexes [Ru(phen)y{pyy]* ' and {Ru{bpy){py)-]*" (conveniently resolved
by conventivnal diastereotsomer formation using the 0,0 -dibenzoyltarirate anion)
were found 1o undergo stereorctenitve substitution of the two monodentate pyridine
figands [110.111,124]. This hnportant property was shown by reaction of cither A-
o A-[Ruippiipy)a)”” {pp=bpy or phen) with the chiral bidentate ligand
{R.R-1.2-dimminocyclohexane {or its cnantiomer) to give pure diastereoisomeric
products jL11].

NH,

NH, .
N,

RR-maminocyctohexane SS-diaminotyclohexane
AR-dach SS-dach

These chiral  precursors  were  used  to synthesize  dinuclear  species
[tRu{pp).} (u-BLY* " (pp=bpy or phen; BL =bridging figands 2.2-bipyrimidine
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thpmi, 2.5-bis{ 2-pyridyl)pyrazine 125-dppt or 4.6-bis{2-pyridyl)pyrimidine
t4.6-dppm ) with predetermined stereochemistry [110. 111}, In these cases the nieso-
{AAY diastereoisomer and the enantiomers (AA and AA) of the rae diasterecisomer
were separately synthesized and their stercochemical integrity confirmed using 'H
NMR and CD methods.

N~ ™=
|
<—:-N N— /N o
YaY,. |
N N- o 1 \N
. . N
22 bipynmidine 4,6-bis(2-pyidylipyrimidine 2.5-bis(2-pyridylipyrazine
P 4,6-dppm 2,5-dpp

The principle of the second strategy was to impose a chiral disposition about the
metal center of a precursor. which in turn would promote the stercoselective synthesis
of oligomers derived from it. Such ligunds. catled “Chiragens”, arc based on [4.5]-
pineno-2.2'-bipyridine. which arc derived from the naturally occurring chiral species
{--}-myrtenal [125,126]. [4,5]-Pineno-2.2"-bipyridine is chiral. and undergoes regio-
sclective deprotonation whereby two such moleties may be linked by a spucer to
give the “Chiragen” series of ligands. The hnkage may be an alky! chain {denoted
CGla). =00 3, 4-7) [124 127] bpy {denoted CGlbpy])) 1127] or o-. mi- or p-
xylendivl ldenoted CGloim:p-xyt]l [129 131]). The Chiragens CGli} where w4
show stereospecific coordination to octahedral metal centers ruthenium and osmium
[126]. snd the same ligands have been used to control the stereochemistry of the
general species of the type [Ru{CGa]ClL| and [Os{CGRIXL T (X =01 L m=0;
X =PMSO, m=2) [131.132], which may be used as precursors in syntheses of
higher nuclearity ussemblies. They have alse been used to produce helicate species
with predetermined chirality {1291 The ligands CGlrl {#=0, 3) and the CG{bpy]
do not coordinate as tetradentate ligands: however, they coordinate to a metal center
in 2 bidentate manner and therefere are potential bridges. They have been incorpo-
rated in di- or trinuclear species: in such systems stercospecificity was observed. bud
was tnduced by the chirality of the metal centers invelved [ 1281

A chiragen based on the “dipinene’™ precursor has also been developed {designated
superchiragen[{}] or SGS[0] and shows sumilar behavior to 1ts CG{0] analogue
[127.128].

in terms of the overall aims. by impuosing stercochemistry on the primary building
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block of an assembly the "Chiragen™ approach secks to mamntain stercoselectivity
i the addition of further components. Furthermore. sinee that stercoselectivity
appears Lo be complete. the chances of photoisomerization are minimized so that
the stereochemistry is retained during photochemical processes.

The negative aspect of the approach s that since the Chiragen ocoupies four
coordinafion pesitions about the metal center. the opportunity for versatility in
terms of the coordination environment is limited.

2330 Other examples of stereoselective svnthosis

There are a limited number of other recent examples of controlled stereochemistry
which reflect a burgeoning nterest in the topie. For example. there have heen a
number ol cxamples involving condensations of chiral monomers containing the
1.10-phenanthroline-3,6-dione ligand to form bridged complexcs of predetermined
stercochemistry. Linceoln and Nordén [133] have used this methodology to produce
AA-H Ru{phen), . tdppz{ I [-11¥dppzi1* - (Fig. 6) using resolved [Ru{phen),-
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2 {phenkRu

{phen}Ru — K

Fig. 6. Stcreoselective synihesis of diastercoisomers | Ruipheny,! tdppz 10U Wdppzi [ [133),

( phen-3.6-dione)]*™ [134] as the precursor. In a simifar manner. Lehn and coworkers
[135] have reported the complex shown in Fig. 7. in which the stercochemistry of
the two ruthenium centers is predetermined by the use of the same A- or
A-JRu{phen),{ 1.10-phenathroline-5,6-dione)}” ' precursor: Again in a related system,
MacDaonnell and Bodige have used resolved precursors o form a single diastereoi-
somer of the tpphz-bridged dimer (Fig. 83 [136]:

Tor and cowarkers [137] have reported the use of the Hua and von Zclewsky
precursor {111] 10 produce chiral complexes of functionalized phen ligands. which
may be subsequently linked to form dimers with predetermined stercochemstry
(Fig. 9}

Additionally, Kane-Maguire and coworkers [138] have recently reported the
resotution of  eisfRuf{phen){(CH,CNL]* . which may be used as a chiral

P

Ruphen):
-~

/

Fig. 7. Stercoselective synthesis of disstereonomers of trimetallic species | 135].
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Fig 9. Stereoselecuve syathesis of duasterceismers of alkyne-bridged dinuclear species [137],

precursor  for  lurther synthesis. ncluding  chiral neutral  species  such as
cis-|Rufpheny, X1 { X =CN ", C1 y which are difficelt 1o obtain by other means.

While these examples show the increasing appreciation of the problem. they do
not offer a general approach 1o its solution,
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3. Stereochemistry and polynuclear assemblies
Jd Fhe svathesis of wis? heteroleptic y complexes

In owr own approach 1o the stereochemicat problen. we have atiempied (o honor
three aims, Firstly, the use of metal venters in polynuclear assemblies was considered
imporiani beciuse # provides the ability 1w control the photophysical and spectral
characteristics of the chromophore component. as well as the redox properties {a
feature important i controlling  intramelecular electron and  energy  transter
following fight ihsorption}. and such versaubity may obly be achieved by the use of
brdentaie hgands. The second necessity was that the centers must have a substantial
level aof photoinertness. For complexes contaning pyridyi-type ligands low levels of
photolability are kivwwn [ 139], and i cases where stereotsomerism is possible photo-
somerization and photoracemization have been reported. particularly in cases where
monadentate ligands are avelved |10 130,141]. In the case of the “Chiragen™
ligands, one of the attractive features was that since the chiral ligand imposed a
stercoselectivily onis attachment o the metal center. photoracemization would he
minmzed [131] [0 worth noting however lrom our studies that tnsheteroleptic)
species proved to be at least 107 104 times more photoinert than the |Rutbpyy)™
archetvpe, [17] and despite concerns to the contrary [131]. we have not observed
photolability in the |Ru{pp)COR]T " species.

The synthetic methodology we have used for the heteroieptic tnstbidentate)-
rutheniumy [T complexes 18 based on the sequential addition of the polypyndyi
ligands 1o the oligomerie precursor [Ru(CO),0C1 5], as summarized in Fig. 10]16.17).

n- b

(R(CO),Cl, ],
o [ 1 MeOHéreflux)
. CFSO4H
t {neat, or i

1.2-dichlorobenzenc)

[Ru{ppXCQO},;Cl;] /_\
ARCESOD _~  [Ru{ppHCO}){CF;803);]

1 CHaCly pp’
{EtOH reflux)

[Ru(pp)(pp (CO),**
MeaNO |

PP i
[Ru(pp)}(pp"Xpp'))**

g [ Ssnthenie seheroe Tor hetereleptic tris{ bidentateyruthenium{ 1} complexes [17].

(MeQCHCHAOH)
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Prehminary details of the scheme were reported earlier [142 147). We have alse
recently  reported o related  synthetic  route  to produce  heteroleptic
tris( bidentate)osmum{ 11} analogues [201.

3.2, Stereochemical considerations

From 2 sterecchemical point of view, the penultimate complex in the scheme, viz.
the species [RaippHpp MCOLI . is pivotal as such a bis{bidentate) species 1s
closely stereochemically related to the final product and it 1s at this final stage that
the stecreochemistry may be controlled. We undertook two separite but interrelated
studies of the stereochemistry of this decarbonylation process.

[n the first, the formation of the species [Ru{Me,bpy)(pmb).]® ™ was studied in
detail {88]. In this complex. 4.4-dimethyl-2.2"-bipyridine {Me,bpy) is a symmctri-
callv-substituted ligand. and 4-methyl-4-neo-pentyl-2.2%bipyndine {pmb} 15 non-
symmetricaily substituted. The target complex in such a case hus three possible
geometric isomers. shown below. In terms of the synthetic scheme, there are of
course two allernative approaches: the target complex can be obtained by cither
reaction of Me:bpy with [Ru{pmb},(CO,]*" {which has three geometric somers
exactly  analogous  te  the  target)., or by reaction  of  pmb  with
[RutMe.bpyipmbHCO):]? . which hus two geometric forms. Figs, 11 12

3.

HC—C(CHy)y, My

@ o \FH’Q&

Me,bpy pmb Me,bpy

Clearly. in the first case. f stereochemical integrity were retaiined in the decarbony-
lation process, then a direct conversion of each of the dicarbony! somers to the

1
trans{R) s-¢is{R) 1-cis{R}

Fig. 11 Geometric womers of [RudpmbiMe,bpy)f 'R - peo-pental-y
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corresponding isoner of the target complex would be expected. In the seeond case.
the addition of the second pmb ligand 1o cither of the two geometric isomers of the
dicarbonyl specics conld occur in two ways and se Lwo isomers would be obtained
in cach case. Within our studics. the respective dicarbony! complexes were separated
into their geometric isomers and the stereochemical course of the final reaction
studicd. In the decarbonylation reactions, the dicarbonyl species was reacted with
excess trimethylamine N-oxide t TMAQ} in the presence of the third bidentate ligand.
Initial studics used refluxing 2-methoxyvethane! as the solvent. but carelul investiga-
tions revealed that a small amount (~ 3% of ligand scrambling occurred under
those conditions: however, i the reaction was performed at <40-C, then the
stereochemical integrity of the dicarbony! species was completely retained i the
pumner shown in Mg, 14 [88].

In the second study. the chiral integrity of the dicarbonyl specics was observed
during the decarbonylation process [147]. This work involved two separute but
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Fig. 14 Stercochemical course of the decarbony lation reactions of [Ru{ pmbi(CO1* " with Me,bpy. and
of [Ruipmby Me bpyit COLF T with Me.bpy 785

significant parts. The |Ruippi(pp WCOY,|* " precursor is chiral and may be resofved
into A and A enantiomers, This was achieved for the cases where pp=pp =bpy {or
phen). with chiral integrity being established unequivocally by the use of 'H NMR
studies with chiral lunthanide shift reagents. The chiral [Ru{pp)iCOLYE ~ forms
were then reacted under decarbonylation conditions with ¢ third pp ligand 1o produce
the corresponding [Ru{pp)y]’ " complexes. for which the chiral forms are well
characierized [101.102]. The resulis were totally analogous with those for the
[RutMe.bpy){pmb);]* study. and showed total retention of chirality at temper-
atures <40 €. with ~ 5% racemization at 126 C.

The chiral dicarbonyl species may also be used as a2 precursor for dinuclear species,
The synthete methodology may be wsed to prepare dinuclear compleses if the
dicarbony| precursor is reacted with a complex [Ru{pp){pp 3 pp”}* " in which one
of the hpands in the tris{bidentate} species is a potential bridging ligand. such as
2.2 bipvrimidine. This has been referred o carlier as the “complexes as figands™
approach (o oligomer synthesis. In the present iastance. the teis{bidentate) com-
plex  [Ru({Mebpyidbpm)]® ' | Me,bpy = 4475 3 - tetramethy]-2.2-bipyridine)  was
resolved by cation exchange column chromatogaphy (see below) and one enantiomer
reacted with a chiral form of Ru{ phen,{CO)LF 1 under decarbonylation conditions.
At a temperature <40 O it was found that the one single diastercoisomer of the
dinuclear species [( Me,bpylL.RutbpmiRuf phen),[* ™ was obtained({Fig. 15},
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A-{+)-]|Ru{phen)»(COj» =7

. Lali  MeyNO
decarbonylation | MeOXCH,CH,OH

phen | (@) {b) | A-t+)]RulMe bpyi{bpmn®’

A-(+)-|Ru(phen);|** AA-{(phen);Ru(bpm)Ru(Me bpy o [+

Frgo 15 Stereochemical course of decarbonylation reactions | 147),

The conclusions are extremely significant. The synthetic methodology allows the
extensive and controlled varation of the coordination gnvironment of individual
metal centers, and therelore of the spectral. photophysical and redox characteristics.
But in addition. since the stereochemical integrity of the dicarbonyl precursor is
mamtained in the decarbonylation reaction. the stercochemistry may be predeter-
mined in mononuclear and cligonuclear species by uppropriate choice of the stereo-
chemistry of the precursor. We have exploited our methodology (o control the
stereochenistry of hgand-bridged polymetallic assemblies, and as well as w probe
the effect of the spatial refationshup of the component meial centers on intramolecuiar
clectron and encrgy transfer within them. A number of examples are summarized
helow,

324 Example  « mononuclear chromoaphore-guencher system

Previous studies on chromophore-quencher complexes (see above) have probed
the characteristics of the charge-separated state as a function of the distance of
sepuration of the donor and acceptor groups, and the nature of the rigidity and
electronic character of the bridging groups between them. However, the dependence
of the electron transfer process on their stereochemical relationship has not been
investigated. In some cases. the systems have been deliberately chosen to avoid this
spatial ambiguity [39). while other studies of this type have investigated target
compounds composed of ¢ mixture of stereoisomers |76 78] While the cxistence of
the stereoisomers has been acknowledged [77,78], we are nol aware of any report
of the 1solation of sterecisomers of 4 mononuclear species containing a single donor
and a single acceptor functionality.

The combination of the synthetie methodology for tris{ heteroleptic) complexes
[17] and the confirmation of retention of stercochemical integrity during the final
decarbonylation step of vur scheme [88,147] allowed the solation of a specics of
this type. Using variations on the earbier techniques, we have isolated the four
geometric isomers of the system [Ru{Me,bpy)(bpy-MQ? "} bpy-PTZ}* " (Fig. 16)
i Me,bpy =4.4°-dimcethyl-2.2-bipyridine:  bpy-MQ*~ =({4"-methyl-2 2-bipyridin-4-
ylymethyl }-1-methyl-4 4-bipyrinediium  cation: bpy-PTZ ={{4'-methyl-2* . 2-bipyri-
din-4-vl)ymethyl Jphenothiazine! {89].
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A vartation in the methodoelogy deseribed carlier [17] was required 1o avoid
the sensitivity of the PTZ functionality to oxidation by the decarbonylation
agent TMNO, Firstly, the bpy-MQ? "~ ligund was added to the [Ru(Me,bpy{CO1n
(CF SO 3,] precursor. As with the pmb system. [88] the presence of the non-
symmelrically-substituted bidentate ligand in [Rut Me,bpy i bpy-MQ* OO
induces geometrical isomerism in its complexes: 9A contains the MQ? ™ substituent
@ civrans onentation with respect to both carbonyl ligands, whercas in 9B it has
# civieis orientation {Fig. 173 Fractional ervstallization aliowed substantiad but not
complete separation of the geometric forms. but the separation and the avoidance
ol the problem of the sensitivity of the PTZ grouping in the decarbonylation process

was achieved vig an extra step mireduced inle the previously reported synthetic
scheme {17]. The decarbonylation of ¢ with TMNO wus undertaken in the presence
of pyridine {py) to produce [RutMesbpyi{bpy-MQ? yipynlt' (103, which was
readily sepurated into geometric soimers by cation exchange chromatography. Such
bis{ pyridine} species are known to react with & third bidentate polypyridyl ligand
with stereochemical retention of configuration [111].

The stereochemical consequences of the reactions of 10A and 10B with bpy-PTZ
are shown in Fig. 18: TOA results in & trans-11 + cis? 2;-1 mixture and 10B produces
civ {411 beiss 252810 The two pairs of isomerie mixtures of [Ru¢Me,bpy)-
{bpy-MQ* ' W bpy-PTZ)* - were separated by cation-exchange chromatography.
giving the four isomers which were charactertzed by NMR spectroscopic technigues.

The physical characteristics of the somers have been investigated. No significam
differences were observed between the clectronie absorption spectra of stereo-
omers, or in their clectrochemical behavior, Initial photophysical studies sugsest
differences arc observed between the four geometric forms of the complex
[Rui Me,bpyHbpy-MV* "3 bpy-PTZ )] - the lifetimes of the charge-separated state
for all the iy isomers are dilferent {while of the same order). with the behavior of
the tranys isomer bemng distinet. These details will be reported shortly [89].

122 Example  « dinuclear system with an s-acodiimine bridge

The stereochemistry of the dinuclear species [(ppHpp }Ru(BL)Rutpp M pp ™ ii!
{(where pp=pp and pp"=pp™ BL is a bridging ligand} has been examined
[79. 11011 L, 147]. For all such dimeric species. there are two diastereoisomeric forms.
comprised of the cnantiomeric pairs AA: AA and AAAA. In cuses where the coording-
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Fig. 16, Geometric isomers of the sysiem [Ruf Me,bpyithpy-MQ W hpy-PTZ))' [R9)

tion environment of the metal centers 15 equivalent {ie. pp=pp =pp " =pp"). the
AA and AA forms are identical {i.c. a micse torm),

There is a significant difference between the rae and sweso diastercoisomers as the
terminal polypyridyl igands “above™ and “below™ the plane of the bridging ligand
bear a significantly different reiationship. For the complexes where the axes of the
“bites” of the two bidentate moities of the bridging ligand { BL} arc iinear (e.g. bpm)
orf have g stepped parallel relationship {e.g. apy), the terminal polypyridy] ligands
“above™ and “helow™ the plane of the bndging ligand are approximately paraliel
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Fig, 17, Geometric isomers of the system [Ruf Mebpybpy-MQ® 31X 1X - CO 9 or X - py (Tih
[R9].

in the AA‘AA lorm, whereas they are perpendicular in the AA/AA stercolsomer.
This is shown n a schematic manner in Fig. 19, It should be noted that if the
relationship of the axes ol the two “bites™ are angular (e.g. 2 3-dpp. HAT ) the
above description is reversed.

We have separated the diasterecisomers for a range of dinuclear complexes by
cation-exchange chromatography [ 79]. and the synthesis of predetermined diastereo-
isomers of a selection of dinuclear species has been achieved using chiral precursors
I LT, 147].

R

7 N N

B Y

B=H azaobis(2-pyridine) {apy} A

= CHg: azobis{4-methyi-2-pyridine) {mapy}

‘To probe the stereochemival effects in dinuclear species, we chose to investigale
the series of complexes |[(pp),Ru{BL}Ru{pp'}:)" . where pp/pp’ were the terminal
iigands bpy or Mc,bpy. and the brideging ligand BL was of the x-azodiimine type
{apy or mapy) [148].

The bridging ligand affects the degree of metal metal interaction in di- and oligo-
nuclear complexes as it determines the distance and relative orientation of the metal
centers, and influences through-space electronic coupling and the degree of through-
bond communication (via ligand metal orbital overiap) [ 14.149]. Figands possessing
the azo functionality have extremely low-lylng n* orbitals and arc strongly
m-gecepting [83,92,96,150 153]. Morcover, dinuclear complexes in which ligands
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meso {AA} rac {AA = AA}

Fip. 19, Schematic representation of the diasterecisomerie forms of the dinucleor ligand-bridped specics
[{Ruippli ABLNY !pp =4 synunctrical bidentate ligand; BL=-a symmctric bridging ligand (shown
hotehed ) in which the axes of the two “bites” are lincar!,

such as azobis{2-pyridine} function as the bridge have compropeortionation con-
stants (K,) in excess of 10° for the di-ruthenium case. and hence exhibit a very high
degree of metal metal interaction [83,149.150,154.155]. Bridging ligands of this
type alse are found to enhance the structural differences between the diastercoisomers
of such dinuclear species, because of the stepped-parallet (as opposed to linear)
orientation of the axes of the bidentate chelating ligand Functions n the apy-tvpe
bridging groups( Fig. 2{).

The two diastergoisomeric forims were readily sepuarated by cation-exchange chro-
matography. the relative ease of scpuration being rationalized in terms of the
proncunced stereochemical differences in the relative orientation of the terminal
ligands nduced by the «-azodnmine bridging ligands.

Previcus studies of wx-azodiimine-bridged dmuclear compounds suggested that
only one diastercoisomer was observed [83]: there were differences in the svnthesis

.

AA AA

Fig. 20. CHEM 3Diw representations of the diasterevisomeric forms of [} Rut Me,bpy), ) ;i-mapy)]*
[148].
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condinons in the two studies. bul our work clearly shows the presence of both
somers [ 148].

The diastercosemers show differences in their physical characieristics. For exam-
ple. during the chromatographic separation there was a noticeable difference in the
color of the diastercoisomers on the column  the first band eluted {meso) was dark
emerald-green and the second band (rie) olive-green for all five dinuclear compounds
rinvolving the y-uzoditmine bridging ligands. The absorption spectra of the complexes
showed intense bands in the UV region. with bands m the visible region (assigned
as artsing from MLCT transitions} at ca, 380 and 770 nm: for the two dastercosom-
ers of [FRu{bpyLi(p-apyi? there was i red shift of ~7 nm in the rve compared
with the mese form i the absorption arising  from  the lowest enrergy
d{ Rut n*{p-apyy transition. The stercochemistry aiso affected the d{Ru) - n*(hpy}
transition: a shoulder at 430 nm in the meso isomers was enthanced in the rae isomers,
We are not aware of other reports of a sigmificant difference in such physical
properties ol hgand-bridged diastereotsomers,

The diullerences were also reflected in the electrochemical properiies of the disiere-
oisomers. Although the eflects were relatively smail. v all the z-arodumine bridged
complexes. the oxidative couples were shifted 1o more positive potentials and the
rcductive couples to more negative potentials Tor the rue (AA AAY Torms relative 1o
the mese (AA Y dinstercosomers. Addibonally, the separation between the two metal-
centered oxidutions {AE| ., ) was consisiently larger for the rae form. This implies
a shightly greater degree of metal metal communicalion for one stercochennical form
over the other. and we believe this to be the first observation of stereochemical
influences on the electron transfer properties withia dinuclear metallic complexes.

Similar dilterences miay be even more clearly demonsirated in a related dinuciear
complex, [HbpvL,Ruliu-dpal)t idpa = 2.3-bis{ 2-pyridyl - | d-diaazaanthracenc? .
[ this case. the separation of the oxidation waves of the twoe metal centers is greater
YR =007 and 132V of, 114 and 132 V) oy the mrese diastercoisomer (i which
the terminal hgands of the diiferent metal centers are parailel 1. indicating differences
m the communication induced by the stereochenistry (Fig 21) [156].

2230 Example  mono-, di- and rei-nuclear comploxes of the HAT ligand

We have alse investigated the stercochenusiry of complexes containing the bridging
ligand 1.4,5,8.9,12-hexanzatriphenylene ( HAT ) | 137]: This hgand has three sites for
bidentate ligation to o metal center. and may scrve as a bidentate ligand in mono-
nuclear spectes oF as a Igand bridge in Ji- and tri-nuctecar species. Exawmples are
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known in each ol these categories, and studies have addressed synihetic strategies
for homonuclear und heteronvclear species [138 162]. photophysical propertics
[159.161 165] and interaction with hiological species such as DINA J166 169). In
all these studies. the problem of stercoisemerism within the species of cach nuclcarity
has not been cliborated. although it has been acknowledged [ 163].

The development of syathetic methodelogies using stereoisomerically pure build-
ing blocks [R8.147] and chromatographic techniques [79] have enubled vs 10 olate
indidual diastereonsomers {and their corvesponding cnantiomeric pairsy in honio-
nuclear and  heteronuclear complexes imolving HAT as the bridaing ligand
[I137.1740]. This stereochemical control has allowed wn investigation nto the eflect
of stereoisomerism on physical properties such as their electrochemical and phato-
physical characteristies [1537]0 and the interaction with chiral assemblies such as
DNA. These investigations had previously been limited because stercoisomerically
pure complexes have not been available

Our investigations of the mono-. di- and tri-nuclear complexes are discossed in
sucecession betow. The separated diasterciosonwers  and when appropriate. enantiom-
crs have all been ssolated, and were characterized by 'H NMR spectroscopy
{including studies involving the chiral Tanthanide-induced shift reagent [Eufttcy,}.
CD spectra and ORI meusurements),

In general. the sepavation of stercoisomers was achicved using cation exchange
chromatographic  technigues. The monenuclear vomplexes [Ru{pplt HAT)P
(HAT .= bpy or phen) were vesolved inte enantiomerie forms using an eluent with a
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B ‘¢ 9t

Fig. 22, Chem 3D%v representation of diastereoisomeric Toris of [ Rulbpy) L pu-HAT I  1iA broe- 1AA
(=AAN {Brmesa- JAAL Hydropen aloms are omited for clanty.

chiral anion {see below}. The dinuclear complexes [} Ruipp):).(0cHATH? were
chromatographically scparated into the ruc {AA/AA) and mwso (AA) diastereo-
tsomeric torms, and the ruce form was resolved by the same techmique using a
chiral ctuent. In a similar manner, the homometallic trinuclear complexes
['Rulpp)s){n-HATH® ' were chromatographically separated into the heterochiral
{AZAATA) and homochiral (A AY diastercoisomeric forms (determined by NMR
spectroscopy), and the AYAY diastercoisomer was subsequently resolved using a
chiral eluent { Figs. 22 and 23).

The resolution of the A*A A*A diastereoisomer could not be achieved chromato-
graphically, but the two forms were isolated by separately reacting resolved AA and
AA forms of [{Ru(pph!.(n-HAT)* " with rac-[Ruipp),Cl,] resulting in the two
diastercoisomeric complexes A AA and A*'A2A. respectively. These diastereoiso-
meric mixtures were separated by cation exchange chromatography, thus realizing
the AZA and A%A Torms. Since the absolute configuration of the precursor complex
(T Rut{bpy); ! p-HATY' " was known, the absolute configuration assignments of
A*A- and ATA-[{Ru{bpy)}2(u-HAT " could be made. We have used the same
methodology o isolate the stereowsomers of mixed Ru/Os trinucledr systems
[170].Fig. 24

Cyelic voltammetry wus performed on the separated diastercoisomers. rae- and
meso-{f Rutpp)-tA-HAT) ', and  homochiral- and  heterochirud-{ Ru(ppl,} ;-

T

i ) q

PR

Fig. 23, Chem 3D representation of diasteresisomeric Torms of [ Rutbpy ) fp-HATI 0 (A) heter-
ochiral {AAAL (B homochiral [AAA 1= AAAY. Hydrogen aloms are omitled for clamiy.
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Fig, 24. Synthetivc methodolopy For stereaisomers of [RuthpyhL G Ostbpe bbtn-HAT [170].

(W-HATH" " (where pp =bpy or phen). The one-clectron reversible oxidation waves
are directly correlated with the number of coordinated metal centers [158,164).
suggesting significant metal metal clectronic communication which is a characieristic
of conjugated bridging higands [171]. Compansons of the metal metal mnteraction
between the sceond and third metal oxidation process indicated o 40 mV oincreise
{stronger  inferactiony in the homochiral-] Ruiphen),! Ji-HATH® over the
heterochiral-[} Ruf phent, | (p-HATH] ' diastereoisomer.

No significant ditferences were observed between the electronic absorption spectra
of the diasicreoisomers in the present study.

Initial photophysical results have been undertaken on these systems. For the
dinuclear species at room temperature, the relative luminescence quantum yvields
and the emission hicumes showed o significant drop for the mese compared with
the ree dinstercisomers. Moreover in a glass al low temperature {77 K b, the Tuimnines-
cence of the lifctimes of the trinuclear heteronuclear diastereoisomer were slightdy
shorter than those of the homonuclear form, Wo significant ditferences were deteeied
at reom temperaiure in the dmstercosomeric forms of the trinuclear compounds.
3.3 Stereochemiviry does it make anv difference?

There have been numerous assertions that stereochemistry will have little mfluence
on physical properties in crreumstances where mixtures of 1somers were investigated
[56.150]. 11s apparent for these first studwes of this question thal the siercochemistyy
does influence the electronic transitions and the inter-metal communication. 1t would
be the normal cxpectation that such variations would become more significant as
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the size of the assembly grew . and we are currenily investigating otigomers of higher
nuclearity o clarify this ssue.

Moreaver. there have been several assertions that the use of {ris{ bidentate) build-
ing blocks for polynuclear assemblics will inevitably lead 10 2 stereochemical com-
plexity which is intractable [21.39.40]. Perhaps 1t is premature to impose such
Judgement at this point of time.

3.4 Chromeatosraphic rechnigues

The chromuatographic separation of stereoisomers forms an essential part of our
study. The mechanism deserves some comment in the present context. Our studies
of these processes are at an advanced stage and will be published iny the near future
[172.173].

While the technigue 1 based on & cation exchange mechanism (SP-Sephadex C25
support). the mode of separation is protoundly influenced by 4 differential associa-
tion between the components of the mixture and the anion of the cluent. This effect
hus been studied previously [174 1767, particulacly in relation to the separation of
stereoisomers of cobalt(TIT) complexes containing polyamine ligands, In those
instances, the association of different geometric isomers with appropriate anions via
hydrogen bonding [177] was regarded as the prime operative mechanism. Optical
resolution of racemates 1o the enantiomers has also been achieved using efuents with
chiral anions, although the Sephadex support itself is chiral and is not withowt
parucipalion in such scparations [174,173].

For the present polypyridyl complexes. the rate of elution  even for speeics wilh
high charges 15 rapid in the presence of certain anions by comparison with (e.g.}
1 . indicating that there ts an assoctation which lowers the effective chuarge of the
compiex. In addition, in these circumstances where the association Is present. separa-
tions of mononuclear complexes of the same charge but dilferent ligand composition.
geometric somers of mononuclear species, and diasterecisomeric di- and oligo-
nuclear complexes is achieved. Clearly, the different species undergo differential
association with certain anlons leading 10 chromatographic separation in their pres-
ence. Additionally, enantiomers of mono- and oligonuclear complexes can be sepa-
rated. on the basis of dilferential association with chiral antons and-or becanse of
the invoivement of the chiral support [172.173].

The precise nature of the assoctations 18 currently under investigation. For specics
containing polypyridy! ligands, a hydrogen bonding mechanisay 1s unlikely. In our
carly studies involving the scparation of diastereoisomeric forms of dinuclear species,
toluene-d-sulfonate was used on the imstinetive notion that an aromalic ion might
undergo n-stacking with the diastercosiomer in which the termmal hgands were
paraliel (rather than orthogonal ). While separation was indeed achieved, the order
of clution indicated that preferential association occurred with the diastercoisomer
in which the terminal nngs were orthogonal. Further, the effect does not actually
require an aromatic anion. and any alkyl carboxylate where # >4 shows an associa-
tion and atlows a chromatographic scparation. Our studics indicate that the associa-
tion appears 1o have compenents involving both r-stacking and specilic hydrophobic
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_SP-Sephadex

D'y}

g, 25 Proposed mechanism for influence of aniony on cation cxchanpe processes

interactions. as confirmed by NMR studies of the interaction of the anions and the
substrates [172.173].

Studies of these chromatographic processes over the temperature range 5 50 C
reveal a temperature dependence [ [72,173]): since the equilibria directly involving
the support are likely to have small activation energies [178], it is clear that the
assaciation equilibrium is fundamental in the process. NMR titration studies of the
anions with diastereotsomeric forms ol dinuclear complexes indicate differences in
the association constants between pairs of diustereotsomers in dinuclear systems. so
that the separations oceur as a result of the association processes ( Fig, 23).

We have been able to routinely resolve mononuelear, dinuclear and trinuclear
complexes into thew cnantiomers using cluents with chiral antons [147.157.179].
The opticat resolutions undoubtedly oceur by similar differential associations. Again
the nuture of that association is uncertain at this point: interestingly. a crystal
structure ol A-JRu{bpy )t py L] —)-O.0 -dibenzoyl-L-tartrate } 12.H, O clearly
demonstrates a specific packing of benzoyl groups of the anion between the bpy
planes and py rings of the cation, allowing differential interaction of the chiral anion
with enantiomers of the cation [180].

4. Stereochemistry and polynuclear assemblies — the past, present and future

There has been @ major recent surge in the methodologies of synthetic chemistry
of polymetallic assemblics, and also in the design of ligands and bridges required to
meet specific requirements ol electronic und spatial characteristics appropriate 1o
their potential application. Polypyridyl ligands have a special importance in these
developments  particularly in combination with the d°® metal centers Rut I}, Os(11}
and Ref{l} and a fundamental tenet of the work described above is that ultimately
versatility s enhanced significantly by the use of bidentate ligands. although the
requirement is not exclusive,

However. that coendition is assoctated with the spectre of a proliferation of isomeric
possibilities. Accordingly. a particular interest would be the symmetric functionaliza-
tion of a bidentate ligating motif {such as 1.10-phenanthroline and 4.5-diazafluorene).
There are recent examples of such methodologies in bridged species with ada-
mantane-linked phen and daf ligands of €y, symmetry {daf =4.5-diuzafluorene?
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{181 183} and the linking of the same groupings by norbonane-based “molrac”
bridges (C, symmetry} [184]. Both developments herald an ability to meet the
symnwetry restriction i a rigid bridge system vet provide a linkage with versatility
in terms of clectronic characienstics and the physical sepuration between ligating
gl'{)LlpS.

/ N_¢ N\

There are other consequences of the present stereochemical studies that have not
been addressed in this review. There has been much recent nterest i the intercalation
of metal compiexes into nucleotides such as DNAL and there is a relevince in terms
bath lor thetr use as photoprobes and also in the design of chemotherapeutic drugs
[14.185.1861. The biclogical activity ol pelypyridyl complexes of iron and ruthe-
niuny, and the stereochemical component of such interactions. have i lact bheen
known for decades [187]. The consequences of the much wider range of complexes
of this type which have now been synthesized Is tantalizing. but their stereochemistiy
is certain to be critical i this context.

As a final reflection. it should be remembered thal the synthetic techniques for
jarge polymetallic assemblies have been acquired relatively recentdy {over the last
decade), and in & sense this has been associated with the simultaneous development
of appropriate techniques for characterization  particularly 1n mass spectrometry.
The eariter construction of large organic assemblies was underpinned by a clear
understanding of the sterecochemistry of the tetruhedral carbon atom. This is not
the case in coordination chemistry: over the last two or three decades the understand-
ing and control of the stercochemisiry of octahedral and tetrahedral metal centers
has not alwavs atiracted attention at the culiing edge of rescarch in inorganic
chemistry. The contrast should be heeded  unless the svnthetic developments are
accompanied by an understanding of the detailed sterecochemistry. then the products
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will often remain incempletely characterized and be mixtures of stereoisoners that
possess very different spatial orientations of components. The utilization of the new
materials may well be critically dependent on the control of component geometry
in a supramolecular assembly,
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