- 8., 7} Covrdimation Chemisiry Reviews “mm
ELSEVIER 166 (1947) 361 389

Design of chiral picen-based metal complexes for molecular
recognition of a-aminoacids and nucleic acids

Janice R. Aldrich-Wright *, Robert S, Vagg ®. Peter A. Williams ©*
* Deparument of Chemixiry, Eniversicv of Wessern Svdner, Macarthur, NSH 2560, qustrafia
® Schood of Chentistry, Mocquariv Universite, NSW 2HIY, Ausirafio
¢ Facidiy of Science and Techuologr, University of Western Svdnev. Nepean, NSH 2747,
Austrativ

Received WY April 1997 accepted 16 April 1997

Contents
Absltacl . L. 36l
Ahbrevialians . . . L L AR o
Lo Intreduction L0 L P TR
20 Intramoleculur discrmmnuaiim mvolving bgands with s-pyndyl groups 0 0 0 0 0 RIS
21, Chirol disgriminatien in [ Ru"f_diimincl:{R*-;mlj Twompleses L kTN
220 Stereochermucal aspects of phoen-based weoradentates Pt 111
23 Syntheuie aspecis of pren-based metal comples precarsers 000 000 RIiN
X Recagnition ol z-amnncacid malecutar structares 0000000 R R
30 Chiral diserminanion i ternary [Co™ipicen*uR* -aaf]’ " complexes . .. R i1
320 Swreochemcal effects of hgand Yeaplkylation - 00000000000 RER)
330 A strucingal anadyvsis of -amineacidate discrimination 0 0 374
4. Recogniion of pucleic aeoid molecolar siraclores 0000 00 0000000 L P )
4.1 Simple tris-twdentate metalloimercalalor 0000000000 . P )
42 Ternary [ RuMipreen®ithidentator ]| jons desspned as DNA metallointercalatons . 378
A0 Swmimary and conclustons . 0 L P S
S Datpaligand discrimingiors interaclions © . ..o R | )
520 Intrabgand intramoleculas) discriminatory imeractions . . R
530 Torormelecular discriminaiary imeractions 0 00 L R} 1
Acknowledpemients 000000 L .. 3Rb
Relerenees o0 0 . L 3
Abstract

Molecular design features which determine the enantio- and stereosclective hebaviowy of
metal complexes derived from chiral lincar A tetradentate hgands with (erminal y-pyrid|
groups are deseribed. Examples are provided of the ability of these complexes to recoguise
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the molecular struciures of biologically interesting molecules {(3-wminoacids and nucleic acids.
Noncovalent binding and steric Jactors which influence these malecular recagnition pracesses
are analysed and assessed. Fhese include discriminatony nteractions which occur at the
inerahigand. inferltzand gnrrameoeleculany and icfermolecular Jevels, © 1997 Elsevier Science § A,

Reveordy Molecular reeognition: Chiral disciimination: Noncovalent binding: Maolecular
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1. Introduction

Molecutar recognition. defined in its broadest sense. s a diseriminatory process
in which a selection is made by o host molecule. through o thermodynwmically
preferred interaction, for one of a4 number of potential guest molecules, For this
process to be discriminatory the different mechanisms involved in each intermolecular
association must necessarily be reversible und noncovalent, thereby allowsng subse-
quent displacement of a poorly matched guest molecule from an unfavourable
host - guest complex. I the energetic prelerence for one guest molecule is sufficienty
large then this diserimination process becomes specific and the ensbing recognition
of one molecule by the other becomes unambiguous.

There are many examples of such discriminatory processes m the ficlds of chemstry
and biology. determined by noncovalent intermaolecular bonding and shape comple-
mentarity. An elegant molecular recognition process ensues when both the host and
guest molecules are chural, with the one hand of the host betng able 1o discriminate
between the enantiomeric forms of the guest. These fundamental concepis are
employed by all living systems at the moiecular level and are the buasis tor the
inherent chirality of biological matier. An exeellent example is the prvatal role plaved
by INA n orchestrating transenption and replication processes through its varjous
molecular recognition lunctions,

The ficld of coordination chemstry provides ready application to this lnghly acinve
and rapidly expanding area of scientific rescarch. As a result. ehiral metal complexes
are finding potential uses ranging from that of auxiliaries 1 asymmetric synthesis
reactions o their funchening as agenls lor molecular biology and pharmacology
through an ability o selecuvely recognise. or be recognised by, naturally occurring
molecules. In doing so the imitial reversible molecular recognition process often may
lead to subsequent irreversible covalent binding reactions involving the metal ion.

[n this paper attention 1 paid 0 work undertaken in our laboratories on the
abilities of chiral metal complexes contaming ligands with termmal »-pyaidyvl groaps
Lo discriminate g-aninoacids and nucleic acids. Lead experiments ivalving com-
plexes based on the common oligopyridyl bidentate ligands bipy and phen have
resulted moowr use of - and. or A-substituted forms of the lincar ¥ -tetsadentate
[.6-bis(2-pyridyl 3-2,5-diuzahexane, picen {1 with R, R% R* and R = H ), u ligand
which has been a subject lor general study by coordination chemists for almost forty
vaars. An assessiment Is made of design actors which wnfluence the stercochemistrics
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adopted by these ligands upon coordination and the use of such species for the
asymmetric synthesis or optical errichment and resolution of #-aminoacids, and of
their use as components ol metalfoprobes of DNA conformational and base-scquence
stracleses,

Hs Hz
{D

2. Intramolecular discrimination involving licands with «-pyridy] groups

Examapies of contribuiions made by noncovatent interligand nteractions 1o the
chiroptical properties. stereoselectivities and thermodynanie stabilities of metal com-
plexes have been reviewed by Okawa 1. Although coordination chemists commoniy
pay atienton (o the effects of unfavourable merhigand sterie interactions on the
stereochemisiries adopled by metal complexes. the significant Tavourable contribu-
tions made by electrostatics or hvdrogen bonding or by interactions between hydro-
plrobic groups on dilerent ligands ofien receive less consideration. As a particular
example. the influence of m-stacking inteructions between aromatic rings on the
stercochemistries adopted by metal complexes is ofien overlooked or not recognised.
An cvaluation of all of these possible contributions s important when considering
the design features requived for the molecular recognition capabilities of metal
complexes or when attempting (o interpret their observed diserminatory behaviour,

The thermodynamie stabiliies of ternary complexes often are consuderably
enhanced by the occurrence of nterligand r-stacking between molecular components
of different higands, Examples particularly relevant 1o this review are those between
the purine moicties of simple nucleotde tigands and coordinated aromatic ligands
[2 5], between y-amunoacidate arematic substituents and nucleotide buases [6.7].
between the aronnatic substituents of two dilferent y-aminoacidate ligands on g
metal on [6]. and between aromalic «-aminoacidaie substituents and aromatic
components of other bgands [8 13]. Further, the propensity {or such interactions
to occur between pairs of complex ions containing coordinated phen ligands alone
alsa has been demonstrated. The self-association of [M{phen),)? ' cations (M=
divalent Ru or Zin) has been identified trom "H NMR studies [14.15]. In aqueous
maedia these speaies give rise to NMR spectra which are significantly concenmration
dependent and display features consisteni with n-stacking interactions between the
cittons 1o form dimers. In the case of the Ru( [T} complexes an intermolecular chiral
recoghition process s apparent i which the associative mechanism is enantioselee-
tive, with shape complementarity oceurning only between racenic pairs [13].
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21 Chival divevimination in { Rui ditmine 10 RY-aa s |7 complexes

Our foundution work on a set ol bivalent ruthenivm complex cations of general
form AA-[Ruldiimine) R*-aa)]’ (where dilmine represents the oligopyridyl biden-
tates bipy or phen or their substituted homologues) provided evidence for the use
of a-pyridyl groups as ligand components for intramolecular chiral discrimination
purposcs. These diasterecisomeric cations may be resolved using chromatographic
methods. However. their photolability at the metal ion centres results n isomeric
equilibrations which reflect the chiral discriminatory energy difference within each
digstercoisomeric pair |16 22]. The sieric bulk of the #-carbon aminoacid substitu-
enls was observed o play a significant role i determining the position of each
cquilibrium upon visible light irradiation. In general. & significunt A preference is
ohserved in cquilibrated solutions of bulky S-aminoacidate complexes. aseribed 1o
the existence ol a primary repulsive interligand sterie interaction invelving an
+-pyridyl proton of ene dilmine ligand {represented as HEin IT) and the aminoscidate
s-substituent { R in IF)in the less-favoured A propeller [ 16019, 20.23]. The consequent
higher steric sirain in this diastercoisomer therefore is able to be relieved by inversion
ol absolute configuration at the nietal centre upon irradation {0 give predominantly
the A complex at equilibrium,

A-(§-aal

{II

The steric nature of this discrimination process was exploiied to provide a means
for the kinctically controlled stercospeciiic synthesis of some Coflll) analogues
[24.23]. Additional ailkyl or aryl substitution on the s-carbon atom |23} or on the
a-gninoacidate N atom [22.26] wis shown (o enhance the overall sterie cantribution
to the determination of the position of these mtramolecular equilibrations. However,
changes n the nature of the S-aminoacidate ligands demonstrate that unfavourable
steric mteractions are only one form of determinant of the diatereoisomeric balance
existing after photoequilibration is achieved, [Diastereoisomers with S-aminoucidates
containing a-substituent groups capable of intramolecular hydrogen bonding com-
monly show a thermodynamic preference for the A complex cation | 17182121,
and the relative thermodynamic stabilities of such pairs also may be affected by
changes in pH and the nature of the solvent [18.20.21] It 15 clear that the simple
achievement ol a betier sterie fit is basic 1o egach of the diasterecisomeric systems
that these complexes represent. but intramolecular hydrogen bonding and hvdra-
phobic nteractions nonetheless may be predominant lactors,
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These diastercoisomeric equilibration processes represent an example of intramao-
lecular recognition. occurning beeause of interligand discriminatory interactions.
with the metal bisdiimine and z-aminoacidate moieties playing host guest roles.
The phetelability of these diastereoisomeric systems has allowed a unique opportu-
nity 1o quantify and compure the thermodynamic contributions made by the different
determinants of this type of discrmminatory recognition process [16.17.19.22],
Moreover. the identdication of the nature of these individual diseriminatory factors
allows them to be incerporated into other complex cations with similar structural
features which may be designed for meleculur recognition purposes. For example.
the sterweally-based disenminatory effect resulting from the disposition of the two
pyridyl groups 1n these [ M{ditmine){R*-am)}" ~ species could similarty be achieved
if their two diimine bidentate hgands were to be repluced by a single tetradentate
lgand containing equivalent x-pyridyl groups. For this reason tetradentates buased
on substituted forms of picen have been seiected for study and ternary complexes
of general Torm [ M picen® ) {R*-aai" ™ have been synthesised. Qur investigations on
these compounds are deseribed in more detail in Section 3 below. Similar disciimina-
tory principles allow complexes of this type to be designed as metalloprobes of
nucicic actd structures, This aspect of our investigations s claborated upon in
Sccuion 4,

220 Sreveochemtical aspects of picea-bused tetradenteares

Complexes denived {rom pieen® tetradentates have a number of potential advan-
tages over bisdiimine-based compounds when used for diseriminatory purposes. One
important advantage is that an appropriate choice of optically active precursor
allows such « tetradentate ligand to be readily constructed in g chiral form, thereby
facititating the study of cnantioselectuvity in its coordination behaviour. Through
synthetie design. steric bulk and rigidity also may be incorporaied intentionally into
such a tetradentate so as to enhance its selectivity functions. Complexes of these
figands also would not allow the relief of steric strain achieved through optical
mversion which 15 avaduble 1o the photolabile bisdiimine compounds, thereby
enhancing therr enantiodiscriminatory abilitics.

Additiona] advantages denve from the increased geometric selection alfowed for
study by the different stereoisomerie products which are possible when a linear
tetradentate binds to an octahedral metal jon. These are the rrans {planar). the
dissvimmetric () efv-2 and the asymmetric {C)) eds-[isomeric forms 127]. Moreover.
ii” the remaining two coordination sites on the metal ion in g ei5-§ complex are
occupicd by two ditferent monodentates, or by an unsymmetricat bidentate. then
those sites are diastercotopic and it becomes necessary to distinguish further between
the possible ¢fy-B, ov cis-B, forms |1.27]. It the tetradentate 1s unsymmetrical then
cis-xy or civ-, Torms alse are possible [28,29]. Further, the asymmetry of each of
the individual s Torms of these complexes provides a foundation for control of
metal lon absolute configuration and consequent enantioselective recognition abilitios
of complexes derived from these ligands,

The intramolecular parameters which determine the choice between these geome-
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tries have been comprehensively studied. Agperger and Liu [30 323, Bosmich ef of.
[33- 357 and Brubaker er ¢/ [36 38] have investigated and reported on the effects
of {-substitution on the basic framework of picen. In particular. various defined
forms of mherent intramolecular steric and torsional strain were dentified and
analysed in an extensive experimental study [39]. The existence of an importam
unfavourible intramolecular steric interaciion between the z-protons of the termmal
pyridyl groups (H1 and H2 1) m trans complexes, defined as B-strain [39]. was
identified as the reason for the dominant preference Tor ciy geometries observed with
these ligands on octahedral metal ions. These same protons remain important when
considering likely interligand and intermolecular steric interactions which could
intluence molecular recognition functions (vide infiu).

2.3 Svathetic uspects of picen-based metal complex precuryors

The synthesis of the archetypal ligand picen (1 with RY R 2 R* R¥ = H ) was first
described by Goodwin and Lions [403] following reduction of the Schifl's base
dimme  {ormed  between  1.2-dnminocthane and  pyndine-2-carboxaldchyde.
Modified forms of this gencral method have been utilised successfully with a selection
of diamines to produce o broad sct of substituted homologues. as summarised
in Tabic 1.

The simplest Csubstituted  derivative s the chiral ligand R*-picpn (I with
R *=— CH,). which may be obtained in either enantiomerie form depending upon the
choice of optically resobved 1.2-diaminopropane precursor [41 4310 A pheoyl-substi-
wited analogue. R*-picstyen (I with R¥:=C H:). also huas been synthesised [44]
Selection of various 1, 2-disubstituted diammines as precursors has provided for a set
of tetradentates which may be obtained in enantiomeric or meso forms. depending
on the nature and chosen configurations of the central vicingl substituent groups

Titbbe 1
Picen-type W -totradentate lipands synthesised

Ligand Subnutuent group R® ol (1), 0 - Rl
| 2 3 4
Pleen 3] K] ki I [62]
Picenhie, CHE, H [H] CH, j4d]
PicenBz, CHLOH 11 H CHLC fnd]
R*-picpn i CH, i i [41 43)
R*-picpnhle. il Cid, 3] CH, [2%]
R R*-pigin H CH, CH, H [35]
R*S=pachn It Ci, CH, n [30]
R*R*-picstien I L H. C 1 [>1)
RS _picsticn I < H. C, 1. i L
™ -piesiyen H L H: H ti [44]
R*R*.picchxn H CHUHLCEHLOH, H [40}
R*R*-picchsnMe, Cily CHLUH,CHLOH, iy 147]

R*-picpyrivie CHLCHLCH, H CH, [29
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(1, R* and R%). The lacile optical resolution of the enantiomers of R* R*-chxn [43]
allows ready access o synthetic precursors for the RR or 8§ forms of picchxn
{HI1(a)} [46]. The inherent nflexibility and chirality of this tetradentate, and N-
substituted derivatives [47]. have proven to be important determinants of 1ts stereo-
and enantioselective coordination behaviour and much of our work has concentrated
on the use of this hgand.

@“ﬁ PolRed b

(a) RR-picchan {b} RR-picchxnm
{IIT}

A series of PA(I1} complexes of these various wiradentates has been synthesised
and the products structurally characterised by NMR. X-ray diffraction and areular
dichroism methods [44.48]. Factors which determine the varying degrees of siereo-
sclectivity which these ligands exhibit in an enforced square-planar geometry were
assessed,

in the main. trivalent cobalt and bivalent ruthenium have been chosen for our
study of the coordination behaviour of these ligands with octahedral metal 1ons.
Normally, metal complex precursors of general form [Co™( picen®)y(1,] " have been
readily obtained either by aerial or peroxide oxidation of a Co™(picen*) species in
st [28.29.41,46.47.50 52] or by reaction of the chosen tetradentate with either
trans-[CoMpy i CLL 51 or NayJCofCO,3)3H-0 and hydrochloric acid [33]. The
two chloro monodentates of these precursor complexes are readily substituted by
other ligands such as nitro. U\zll;llo or g=iiminoacidates under relatively mild aqueous
conditions. Appropriate Ru'{ picen®) precursor species are not so readilv obtained.
although s general method emploving cis{Rudmso}, Ch as a starting material
ofien has provided cationic products of general form cis-| Ru"{ picen* {dmso)C1}-
under normal reaction condivions [34,55]. The two menodentates in these cations
may be replaced by other common ligands {e.g. bipy. phen}. usually with reicntion
of stercochemistry. However, ¢is-f complexes of this general type have proven 1o
be photouctive, with one of the coordinated secondary picen® amine groups readily
being oxidatively dehydrogenated to produce monoimine lforms {e.g. TE(h)) |54
57]. This Ru amine photonctivity therefore complicates the use of fx-(mmmaqddus
as hgands in the Tormation ol ternary complexes of these species [$4]

Although cfy geometries have been observed to result wvariably with both of
these metal 1ons. flexible and less-substituted derivatives such as picen and picpn.,
show very Iitile stereosclectivity in their binding., and R*-picpn demonstrates little
cnantioscliectivity [41,58 6. This lack of sclectivity 15 also observed with related
chiral 1etradentates in which the picolyl methylene hvdrogen atoms are substituted
by methyl groups [49]. Complexes of thiy tyvpe which have been studicd most
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exlensively are those of R*-picpn. Complicated paticrns of stereoselectivity are noted
for Cotllly complexes of this ligand. For example. the dichloro complex
[Cof{R-picpniCl,]" has been solated in all four possible ¢fs geometries A-x, A-x,
A-B and A-f [33.36.37.41,42]. and strain energy minimization calculations have
been carried out for all of these stereochemistries. A thorough understunding of the
system and kinetie versus thermodynamic control of isomer distributions was assisted
by the realization [41.42] that the A-x-[Co(R-picpn)CL]CIO, salt 15 solated as the
least soluble dinstercoisomer from a complex mixture of different species. Reaction
of this latter salt with  oxalate in water  gives  four  disastercomsmers,
A A2 B-[CoiR-picpniox)] ", with the A-» disastereoisomer being predominant (this
represents a4 new kind of octabhedral mnversion [41]) Reaction with NOy ion,
however, produced only two isomers. A-y- and A-8-[Co(R-picpn){ NG,),] 7. the latter
of which was shown to be the more thermodynamically stable [38].

Because of the single methyl substituent in the central chelate ring of R*-picpn a
further source of isomerism exists for efy-fi complexes. These are the eve and endo
lorms. named uccording to the disposition of the methy] group relative to the fold
in the tetradentate. Remarkably, the B-exe nitra complex forms stereospecificalty,
only A-f-exa-[Co{R-picpn){ NO,).| ™ being ultimately obtained, as confirmed by a
single-crystal X-ray study [61].

In contrast to the mono-substituted hgands, the optically active forms of the
vicinal C.C-disubstituted ligands (F with both R? and R? 2 H ) exhibit high sterco-
and enantiosclectivity in their coordination behaviour. the latier being determined
by the choice of chirality of the duumine synthene precursor. [n particular. this holds
lor the N-tetradentates based on 2R* 3R*-diaminobutane (R¥ R*-pichn) [8. 34, 53],
L R* 2R*-diphenyl-1.2-diamunoethane (R*R¥-picsticn} [51,52] and | R* 2R*-diami-
nocyclohexane (R*R*-piccchxn) [46]. Euch is observed to be both stereo- and
enanbiospeciiic when bound 1o CotlIIl the RR form of each. for example, producing
exclusively A-cis-B complexes. The commuon sterecochemical characterssuies of these
three vicinal ligands have been established by single-crystal X-ray studies { Table 2.
crrcular dichroism and NMR moeasuremients [8.34.46,51,52, 54,

The choice between the formation ol either eis-x or ¢is- complexes is governed
by the stercochemical requirements of the inner secondary N atoms of these tetraden-
tates. The minor torsional requirements ol the H substituents of these atoms faclitate
the necessury mendional arrangement of three of the nitrogen donors w the eix-f
torms. The central of these three has the choice of sdopting cither an R or § absolute
configuration. whereas the N atom at the fold of the tetradentate is constrained
such that iis configuration s determined by that adopted by the metat 1on. It was
recognised that. simitur to alkylpolvamine heands [69,70], alkyl substitution at these
secondary nitrogen atoms should enforee civ-2 geometries on the Co{ 11 ) complexes,
and experiment has shown this to be correct.

Substtution by methy! or benzyl groups on the secondary amine N atoms of
several of these ligands has been achioved in high synthetic yields ¢>80%). The
choice of N-substituenis (1, RY und Ry provides control of coordination siereoselee-
tivity, with the N A -duaikylated forms picenMe,, picpnMe,. picchxnMe, and
picpyrrMe, for example. yielding solely complexes with ¢is-% topologics with Co( 111}
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Tuble 2
Ternary Co(lID-ammoacidate complexes of picen-type ligands wlhich have been stractarally characterized
by single-crysial Xoray meihods

Complex Rl
A-BACO[RR-prehan i R-ABNA RO L0.5H0 18]

AP o RR-proenan)US-APM AU 2N a0, 51 0 [¥]

A-prfCol RE-pichsn)i pro-22 ] CLOIG, -0 [6:4]
APy [Co[RR-prochan ) { B-prog 1L, 6]
A-fLCal RR-picchan ES-prod i1 0O |64
A-f-Co[RR-piechan)(S-ne- Me-trpI<0), [ 1
A I RR-picsticn) LA MMANCIO 2.0 [52)
A-f§mendo-[CotS-picpn S -akn IO |65]
A Prreae-[ColS-plepn)S-alaf C1O |65
A-Bo-ende-[Cot B-pupnoiS-alnR CHO L, Has e
A-B e ve C ot KepiepnnS-alw) 1), (B3]
A-By-exe-[CotR-picpnit S-prad OO ), [6:t4]
AP CotS, RR.S-prehan 1 15-ala deCI0, 1110 [66]
AP -ICoSSS S chandi gy i OO, 2H L0 |67
AP fCol SRS Spychan R -alif(ClO g, 20O |67]
A-a-[ColSS-picchxnhic, W R-aka eI 471
A-y-{UOESS-piechan My HS-protCRY b HLO [6%]
A-r-[CotSS-prechxn Me 3S-phaCl1( ), {1
Arny - CotR-prepnMe, HiS-alin IO, 1251
Acy CoSprepyrrMe n S -alwd O10,),.0.5H .0 [29]
A= [ CotSapepy reMen -l CIO o, |24

* Four diastereorsomers cxst in o disordercd crystal structure.

[11,28.29.47.68]. A similar stercochemistry  has been observed in dinuclear
Mn ([ 1V ) complexes of such ligands {71 73], This stereospecificity is not retained
for Ru{Il). however. with these terttary amine ligands. Although syathetic reactions
are enantiospecific with both Coilll) and Ru(lly, complex products olten arc
obtained us mixtures of ¢iv-2 and ei-f3 forms with Ru{11), which require sepuaration
[37.63,74.75]. The problem of the photoactivity of the secondary wmine groups
observed with this metal wn and the unsubstituted picen* species is. however,
overcome with these V-substituted hgands.

3. Recognition of y-aminoacid molecular structures
31 Chiral diserintination in ternary JCo''s picen™® i R¥-aa j J* 7 complexes

The stereochemistries of ternary Co{ LH } complexes formed wath picen-type ligands
and y-amincacidates have been extensively explored and these studies have revealed
the geometric preferences which are adopted. No eiv-a isomers of ternary complexes
of the type [Col(R¥-prepni{R*-aa)]”’ wre known. but all cight AA-B, s-exo.
- Co(R*-picpm){R*-aa)?  disstercolsomers have been isolated Tor various
a-aminoacids and these have been studied by NMR and spectroscopic (including
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circulur dichroism} nwethods [59,60]. Five R*-picpn complexes of this type have
been characterised using single-crystal X-ray methods (Table 2}, with the simulta-
neous co-crysiallization of four diastercoisomers being ideatified with S-alanine [63].
Possible sterie reasons for the observed isomeric preferences or predominances
displayed by these R*¥-picpn ternary complexes are outlined in Section 3.3, However.
it is believed that at least in some of these ternary systems the isomer distributions
found are kinetic in origin.

Substantial erystallographic information has been accumulated on termary comi-
plexes of this type with R*R*-picchxn. Table 2 lists those which have been studied
by single-crystal X-ray methods. This erystallographic work is complemented by
extensive NMR studies |8 10.46.53.76]. In all cases the x-aminoacidate products
dertved from RR-picchxn have been observed (o retain the A-cis-f geometry of
the dichlore precursor species enantio- and stercospecifically. This overwhelming
stability of efs-B diastereoisomers for Co{lll) complexes ol R*R*-prechxn is not
confined to complexes containing ¥-aminoacids or their dichloro synthetic pre-
cursors. Single-crystal X-ray structures have revealed the same geometry in the
species A-B{Co(RR-picchsn NO,L),| ™ [61). A-B[ColRR-picchxmiftapi] ™ [62]
and A-B,-[Co{RR-picchxn)(hpm)]* " [77].

LEvidence s availuble to confirm that this 1s the thermodynamically favoured
geometry  at room  lcmperature [9]. When  v-amino-a-(#-buty! ymulonic  acid
(ABUuTMAH,) 15 reacied with A-B{CotBR-picchxm)CL] " in aqueous media the
main product formed is A-B,-[Co(RR-prechxn){R-ABuTMAH }(C10,},. However,
small quantities of a A-cis-x diastercosomer intermediate, formed under kinetic
control. were able to be solated us @ diperchlorate salt. This species appears 1o be
relatively stable in aqueous solutions under ambient conditions. but epimerises at a
rate conveniently followed by 'H NMR methods 1o the A-civ-B, diasterenisomer
when dissolved in dmso [9]. When the reaction is complete, no trace of the A-cfs-u
intermediate is detectable by NMR mcasurements and hence it is estimated that the
cquiltbrium constant at room temperature relating the A-cis-w and A-cis-§, isomers
is greater than 107 in favour of the fatter. Thus the chirul discrimination energy
preference for the 3 form is greater than 12k mol "

The sume pattern of thermodynamic stability has been observed in asymmetrie
synthesis experiments employing Co™-picen* complexes as chiral auxiliaries in the
formation of w-aminoacidates. These include experiments involving decarboxylation
of complexes containing various ARMAH, derivatives, these being precursors of
-aminodctds. Such work was based on the pioneering study of Asperger and Liu
[31] and elaborations by other workers [ 78.79). Thermodynamic rather than kinetic
control with respeet (o a number of s-aminoacids was established for these reactions,
which give mixes of two diastereoisomeric products containing opposite hands of
the a-aminoacidates [8.9.32.761. In the cases of R.S-phenylaianinate. and its coordi-
nated x-amino-y-benzymalonic acid precursor. significant r-bonding interactions are
evident between a pyridyl ring of the tetradentate and the phenyl ring of the pro-§
aminodcidate ligand [8] (Fie. 1), Similar ning stacking iy observed in the structure
of the ¥-methyl-S-tryptophanate complex [10] ( Fig. 2). Such interactions are hmpor-
tant in other refated complexes {vide infra}. Complementing this asymmetric synthetic
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Fig, 1A sierevvaew § 110 ol the molecular structure of the A-fi, {Co[RR-picchxn )i R-ABMA]  cation
{atomic coordmaies obtinned from erystallographic data |8]) The two Tinvourable noncovalent inter-
actions indicated between the prechsn and ABMA ligands are (1} a hydrogen bond wvolving the anupe
NH and unbeund carboxylate group, and 21 z-siacking of the aromatic pyridyl and pheny D ring compo-
ey A Close stroctural eelatomshg et with that shown Fig, 2

Fig. 204 stereonacw | T o the molecular steuctuare of the A1 {Co[RE-picchxniiS-x-Me-trplj* vation
Gitomie coordinates abliamed from envsabllographic data [10] A faoveurable r-stacking mmerition
between ong pyridyl rmg of RR-picchan and the aronuic indole substituent ol the S-amincacidare ligand
s mdicated. The structure mvay be relaied 1o dingram 11V (e,

chemistry s that concerning the stercospecific hydrogenation of coordinated
1.2-dehydroproline {pro-2H} in a related complex {Table 2} to give R- and §-
profinate products [53.64]. These observations and measerements of chiral diserimi-
nation energies are a result of molecular design in the vanous systems studied based
gencrally upen non-bonded sterte interactions in this class of complexcs. Such
interactions are discussed in the structural papers {references in Table 23 and are
analvsed in ferther depth in Section 3.3,

Frally, in this section, we note that variations in the stereoselectivities displayed
by these complexes which accompany different substitution patterns on the central
chelate ring of the tetradentate are parallelfed by similar effects occusioned by
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replacement of the paridyl groups by saturated analogues. Thus, a tetradentate
based on RR-picchxn but with the pyridyl groups replaced by 2S-pyrrolyd-2-yl
groups (SRRS-pychxn) is not at all stereospecific in wernary complexes of Co(I1l)
with z-aminoacidates [66]. The corresponding SS5§ tetradentate demonstrates 2
higher degree of stercoselectivity |67]. but these observations contrast with others
reported in the literature [80,81]. Three complexes containing these hgands alse
have been characterized crvstallographically {Table 2).
2.2 Stervochenical effecis of fivamd N-adkyviaiion

Alkyl substitution on the central N atoms of R*R*-picchxn s abserved (0 have
a dramatic effect on its coordination behaviour. With Co(lll) its slercospecilicity
changes from ¢iv-f§ 1o cie-2 and the abselute conligurations at the metal ion centres
are epposite to those ebtained with the unsubstituted forms. The A-civ-x stercochom-
wstry which RR-picchxnMe, entorees stereospecilically at Coflll) has been estab-
ished by spectroscopic techmques | 11.47.68] and contirmed by single-ervstad X-ray
studies on several of its ternary x-uminoacidate complexes { Table 23, This same
stereochemistry 15 adopted by NI [82]. 1 s worth noting also that the synthesis
of a-aminoucids vig decarboxylation of coordinated -aminomalonic acid precursors
gives rise to much lower enantiomeric excesses in the ¢is-x complexes than is abserved
n the corresponding fess symmetrical cfis-f spectes {68 . The sume kind of intramolec-
ular hydrophobic interuction found in the 2-amino-¥-benzylmalonicacidate (Fig, 1)
and x-methyi-S-tryptophanate (Fig. 2) complexes with RR-picchan is also observed
m the structure of the S-phe A-complex of 8-piecchxnMe; (Fig, 33 and s stability
m solution has been measured in terms of rotamer poputations by NMR micthods

[H].

Fig 30 A stereovion [THY of the moleculr structure of the A-x-(CotSS-picchsnhde 1S-phe]’ © cation
fatamic courdinates obtained rem enystadlographie dota [THL A Tvourable w-stacking interaction
bebween one paridyl ring of S5-picchvnMe, and the pheny! substiuent of the S-phe amimoacidane Ggand
is indicated. The sirneture may be related o diagrm (1vien,
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O some interest with respect (o stereospectlicity considerations is the fact that the
same patiern of peometric preference is found for R-picpnMe, in that R substitution
m the picen backbone enforces exclusively o A-cis-o configuration. This was con-
firmed i a single-crystal Xerayv study of A-x,. ».[Co{R-piepnMes ) (S-ala i ClO ).
where the o2, nomenclature refers to the sense of coordination positioning of the
aminoacid carboxylic oxygen atom, either ¢is or brans 1o the amine N atom closest
o the tetradentate methyl group [28]. The above considerations appesr to be general
in the sense thut other reloted but more exotic twetradentates (Table 1} give rise
i the sume slercospecifics. For cxample. the rigidity of the R*-picpyrrMe lig-
and  has  been demenstrated by the  structures ol the two  compounds
A [CofS-picpyvir Me Y R*¥-ala){CIO .. 1 2H O for both hands of the R*-alu higand
[29]. A related PA(I]) complex also has been structurally characterised with this
ligand [44].

330 A struetwral analvsis of y-aminoccidate discrimination

The distinction between the different topological forms of & ¢is-M{ picen™®) moiety
when diseriminating an g-aminoaadate bidentate is tlustrated in (IV). Here the
y-minoacidate represented is R*-proiinate and the tetradentate is RR-picchxn.
Simular to the |Ruidiimine) {R*-aa)]" species, a distinction may be made between
the ditferent sterne environments on the two sides of the x-aminoacidate chelate ring,
agam best identified in each diasiereetsomer represented in (1Y) by the positioning
of the 7-pyridyl protons Hi and H2 relative to that ring. The i structures (1V{e)
and {d)) alone would produce steric environments analogous to those of the bisdii-
mine compiexes (1¥(a) and {(b}}. and hence similar discriminatory behaviour might
be expected. In the eis-[34 forms (1V(e) and (£)). however. the predominant steric
interaction which would derive from proton H1 is absent, and hence so alse would
he uny chiral discrimtination based on this ipteraction. In contrast. this structural
feature still exists in the ois-B; isomers {1V (g) and (h)} and therefore in these forms
this sterie source of potential discrimination remains.

Hence. for discriminatory {unctions based on chirality recogmiion there are very
imporiant structural distinetions between these three oiy diastereoisomeric forms.
These sterically based discriminations would not ¢xist for an achiral x-aminoacidate
hgand such as glveine. diserimination should be minor between the enantiomeric
forms of a flexibic and less bulky ligand such as R*-alanine, but they should become
quite pronounced for bulky s-aminoacids with limited torsional flexiblity such as
R*-proiine. as represented in (IV), This is consistent with resolts oblained bhoth for
the phetelabile Ru-bisdiimine compounds [22,23] und for the Co'™-picen® systems.
Henee nthe set of A complexes represented by 1Vib), {d} and (h) the R-prolinate
ligand might be expected to be discnminated against by its metal-tetradentate hosis,
s 5 enantiomeric form being the more welcome guest, Conversely. preterential
recognition of the R-pralinate enantiomer would be achicvable, i destred. through
use of A-cis-x or A-cfs-f, tetradentate complex fragments as hosts.

Other potential sources of diserimination through noncovalent interactions also
may be identified w these different structures, The secondary amine NH group in
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the fold of the tetradentate is & potential H-bond donor. [t sdopts a fue relationship
with the 0 und N donors of the aminoacidate ligands in the ¢is-f3 isomers but not
in the eis-o Torms. As a result. for aminoacids with #-substituenis containing H-bond
acceptor groups the potential exists for discruminatory contributions due to interdi-
gand H-bonding mn the A-f-(R-aa). {1V ). and A-B,-(5-aa) (IV{g)} diastereoisom-
ers alone. Conversely. the pyridyl groups would huve the potential lor interligand
hvdrophobiv interactions through r-stacking involving aromatic aminoacid subsiitu-
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cots in the cis-B,-(85-aa) (IVEe). civ-8,-{R-um) (IV{h)) and both civ-a-{R¥-aa) torms
{1V {e) und (d)). This suggests that m-stucking may make & more signilicant contribu-
tion to epantioseclectivities exhibited in the cis-f§ systems than in those based on 4
Civ-o geometry.

The analysis provided above is consistent with the stercoselectivities displaved in
experiments involving optical resolutions or the syntheses of the s-ummoacidate
complexes. The [Co{picen*){R*-aa)]® " products are readily obtuined by reaction of
an y-amingacid with the respective [Co{ pieen® L] T speeles as precursors in agueous
solutions and uader mild conditions. The A-B-{Co(RR-picchxn ;7 precursor. for
cxample. demonstrates liltle discrimmation in reactions with R¥-ulanine under such
conditions and both S-zlaninate and R-alaninate ternary products may be readily
obtained [46|. 1tis of interest that. consistent with steric arguments presented above.
hoth A-cix-3, and A-cis-f, forms of the S-alaninate complex are isolated, but the
A-civ-f}, form alone may be obtaimed with R-alanine. Similar behaviour s observed
with the other teiradentates studied [32,539.60] and to date no A-cis-f}, product
contatning an R-aminoacidate guest molecule has been obtwmed from a reaction
involving a A-B-Co'-picen* host moiety and an v-uminoacid as synthetic precursors.
Furthermore. such synthetic reactions mvolving the less flexible R*-proline as u
precursor are observed to be enantiospecific. Each Co'™-picen* moiety studied has
demonstrated an abihty to distinguish the two hands of this more steneally demand-
ing ligand and no R-prolinate complex has been iselated under these conditions as
cither @ A-cév-2 or a A-cis-p product.

[t must be noted that this diseriminatory behaviour is in complete conirast to
that observed when the A-B-Co™-RR-picchan moiety is used as a template for the
asymmetric synthests of B*-proline. The ternary complex formed with the prochiral
1.2-dehvdroproline bidentale has a A-B, geometry [33] {allowed by the bidentate's
Juck of chirulity) and #ts reduction by agueous sodium borohydride yields a
A-By[CotRR-picchxn)(R*-pro) " mix 1 which the R-pro species is in the higher
drastereoisomeric proportion [53.64], This result is guite remarkable in the context
ot the other synthetic chemistry and predictions based on steric factors. as described
above, However, the two sets of synthetic conditions are distinctly different. [n one
case the Co™ R R-picchxn) meiety discriminaies against XR-prolinate as an incoming
limand entering the coordination sphere. In the sceond. discrimination likely is
governed by steric access 1o the already bound iminvacidate precursor lor the
inconing reducng agent. In this mechanism other factors such as selective hydrogen
bonding or clectrostatics involving reaction infermediates may play dominent roles.
[ cach case. howeser. the molecular recognition process between the two reagents
would be controlled by the stereochemical leatures established by the bound chirad
tetradentate ligand.

Indeed. the results of the x-aminoacidate asymmetric syntheses experiments based
on decarboxyviation of coordinated ¥-substituted-y-aminomalonale precursars con-
firm that likely products cannot be predicied solely from simple steric considerations.
Decurboxylation experiments on A-B-[Colpicen®*)(ARMA)] ' species generally
result in diasterenisomerie product mixtures which have a significant excess of the
R-aminoacidate forms [8.9,.52.76]. The 4 A7 A7 4-bused precursors. for example, con-
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sistently give R-iS-alanmate product ratios of around 9:1 for the RR-picchxn [76].
RR-picbn [8] and RR-piesticn [52] complexes. There is no obvious steric reason for
enantiopreferences in cfis-B, isomers (IV (e) and (f }. vide yupra) and these consistent
and high selectivities in favour of the R-handed products demonstrate the importance
of the overazll commen molecular architecture of the complexes. An important
comparison of the different discriminatory abiiities of the cis-7 and cis-fi gecometries
is allowed by the observation that decarboxylation of the more symmetrical
A-x-[Co{SS-picchxnMe, } AMMA)] ' analogue under the same conditions results in
no detectable enantiodiscrimination in the R*-alaninate products [68)].

When the 4R 4-bused precursors in these experiments have aromatic substituent
groups, however, the enantioprelerence obhserved in the products is reversed such
that S-aa products are obtamed m signiicunt excess [8.9). This behaviour has been
attriboted to stabilisation of the pro-5 configuration by micerligand H-bonding and
te the existence also of m-stacking interactions involving the aminoacidate side-chain
and the adjacent pyridyl ring in the A-f, isomeric forms. The presence of these
structural features in the ABMA synthetic intermediate has been confirmed by X-ray
analyses [R] (Fig. 1). Moreover, the - minteraction would appear to play a dominant
role in determining the chirality of the products. since similar interhgand H-bonding
15 apparent also in the erystal structure of the non-aromatic pro-S AMMA analoguc.
decarboxylation of which results nonetheless in a significant R-alaninate preference
[52]. Similar hyvdrophobic n-stacking mnteractions have been shown to exist in each
of the [Cofpicen*)(R*-aa)]* ' crysial structures obtained thus fur for x-amincacidates
containing aromatic a-substituents [1.11.83] (Figs. 1 3). In addivion. intermolecu-
lar n-m interactions between pyridy]l nngs alone have been observed in a related
Pu{ 11} structurc [44]). The indications are that this type of noncovalent interaction
is i source of discrimination which is at least as significant as interligand steric effects,

4. Recognition of nucleic acid molecular structures
4.1, Simple wris-hidentate metatfomterealuiors

The development and use of chiral metal complexes as molecular probes of nucleic
actd structures his been the subject of intense research over the last decade and the
topic has been well reviewed recently [84]. Much of this work has been initiated by
eurly reports of the enantiomeric recognition of duplex DNAs by simple tris-chetate
octahedral cations derived from oligopyridyl bidentates and of general type
{Mdiimine);]"” [85-89]. Both Yumagishi [88] and Barton e o/ [R9] inttially ascribed
the observed enantiopreference for A-{Ru{ pheni;)™ ™ 1o be due to a selective intercala-
tive form of binding. In that model, one coordinated phen ligand of the A cation
was proposed 1o be involved in positive hydrophobic bonding through a-stacking
with the nucleobases of the duplex whilst the other two ancillary ligands muke steric
contacts with 1he surface of the helical groove [89]. Tt was proposed that the
cnantiopreference observed arises due to the more pronounced steric clashes that
would exist between the two ancillary phea blades of the A isoner and the ribophos-
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phate backbone of the duplex. The emergence of evidence ugainst this intercalative
model lor the tris-phen complexes {90 93] led to the development and use of several
moedified derivatives, In particular, complexes contaimng diimine bidentates such as
phdi (V). dppz { VI, ppz ( VII) or dpg ( V11 ). which provide enhanced aromatic
surface aveas lor intercalation, have been shown unambiguousiy to intercalate nto
DNA [74.94 96].

Ol e
o O3,

(¥} VD) {VI} (VI

Both enantiomers of the [Rui{phem){dpp7)}? cation, for example, have been
shown 1o bmd to culi-thymus DNA [95 97). to alternating GC and AT homo-
polvmer dupiexes [96]. and (o HCGCGATCGCOGY, [90] and HGTCGACS, [99]
duplex fragments vig intercalanon. Fromy NMR analyses it is concluded that the A
grintiomer  irlercalates  selectively  inte the contral CG o base sequence of
HGTCGAC Y from the mapor groove of the duplex [95.99]. Similar intercalative
behaviour has been observed for homologues based on phdi. The interaction of
[Rutdiimine).iphdin)®  complexes (ditmine represenis phen or bipyy with calf-
thymus DNA and homo-polynucleic acids bas been investigated, A study emiploying
clectne dichrowsm and photolysis methods | 100] shows all 1ons (o bind with enantio-
meric discrimingtion vie mtercalation of the phdi fragment. and o Z-DNA cenformer
s transformied to B-DNA as a cesult of this intercalative interacuon. Anadogpues of
Ryt [Ty derived Trom bulky subsutuied forms of the anciliary domme higands show
cnaattoselecine bise-sequence recognition [101] The complex based on 445
dipheas -2 2-bipyridine specthically targets S~CTCOTAGAG-3 sites, We have demon-
strated that a corrclation exists between the degree of aromatic area available for
micraalation and chromatographic retennon wmes on iobibsed  DNA - for
[Rufdimineiy]”  compleses of phen. dppz, dpprMe.. dpy and dpgMe. [74].
Nonctheless. the enantioselectivity exhibited by simple coniplexes ol this ins-biden-
Late type formteraction with call-thyinus DNA has been shown to be quite unpredict-
able [94).

4.2 Fernary fRuM picen® pchideniate s [P dvas designed as DN A metalloimierealators

The basic structural deseription of this intercalative muodel aow has been proven
ta be substantially corvect. at leust for probe motecules containing bidentates with
extended aromatic surlace wreas [Y5.96]. Henee the discniminatory abilives of com-
plexes of this type. which are determined predominantly by mtermolecular contacts
between the DNA-groove surfaces and the ancillany bis-diminre components of the
different | M{dtimine}f bidemate})” ™ enantiomers, should be controlled by sterco-
chemical  Tactors similar to those  discussed  above for the recognition of
y-aminoacidates by Midnmine ™ species. That is, the unsymmetrical environment
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provided by the bis-diimine moicties which can assist in the discrimination of
y-uminoacidates shiould be @ common factor if applicd 1o thewr recognition of nucleie
acids. Omee again. imporiant advantages could be achieved if the two diimine ligands
of these metalloprobes were to be repluced by pieen-based tetradentates. Henee we
have synthesised ternary complex cations of general form
[Ru(picen®)( bidentate)]”  and are evaluating them for this recognition purpose
[54.56.57.63.74.75. 102, 103]. 1t iy of interest that the only previousty reported species
of this general type is the elemental [Rugpiceni{ bipy K CHO, ), complex deseribed by
Goadwin and Lions with the original synihesis of picen [40].

Ternary metaliointercalators of this type would have a number of advantages aver
probe molecules based on a tris-bidentate geometry. Flexibility in their synihetic
design again would allow for more lacile control of chirality and for the ready
incorporation of sterie bulk and selective secondary-binding sites. Morcover, (1)
since they contain only one intercalating bidentate any ambiguity as to which
molecular fragment intercalates can be avoided: (21 their inherent chiradiny, deter-
mined through tetradentate design {ride supral, cun provide optically pure metailo-
probes which are not subject o racemisation at the metal centre and which do not
require development of individual opticial resolution methods: €33 the ietradentate
pon-aromatic compoenents provide well-dispersed NMR resonances. of muajor assis-
Lance in solution stroctural analyvses of interactions with oligonucleotide targets [82]:
and {4} the existence of ofv-2 and cis-P stereoisomersm allows the opportunity for
a study ol diseriminatory efleets based on molecular shape which are unavailable to
the structucally less-sophisticated tris-bidentate probe molecules.

We huve synthesised a variety of Ru ) complexes of this general type and. where
secessary. have resolved the diastercoisomeric products mto their pure cis-2 and
cis-[} forms. (Uhe distinction between 3 and ff; geometrics does not exist with the
symmetrical oligopyridy]l bidentates.) The various complexes obtained with picen
demonstrate little stereoselecuvity in thenr formation. although the phen and tmp
ternary derivatives have enly been obtained with cix- geometry [33]. The crysial
siructure [E04] of the simplest potential metallointercalator of this iype, the
civ-2-Rud picemy{pheny]” cation, 15 shown in Fig. 4.

The use of vicing/ disubstituted picen derivatives provides the control over sterco-
selectivity which is lucking in the unsubstituted forms, and thenr structural chemistry
pivradicls that ol the Coi 1113 compounds deseribed carlicr. Complexes containing
R*R*-picchan, Tor example, displiy the same stereo- and enantiospecificity found
for Co{ ). That is. RR-picchxn aguin formys solely A-civ-f products with Ru{Ib)
[54.56.102]. Sumilar stereospectfics are observed with R*R¥-piebn [55]. The moelecu-
tar structure of the eas-A-B-{Ru(RR-picchxny{ pheni]*  cation [104] is shown in
Fig, 3 where a comparison of its ¢fs-f geometry may he made with that of the oiy-x
picen homologue (Fig, 43

Photo-oxidation of complexes ot this type [34 36] feads to products containing
the tetradentate 1t a moenoimine form (b)) and the erystat structure of such
complex has been determined [36]. The ¢is-A-B-[ Ru{ RR-picchxnmi }{ phen)|” ~ cation
crystailises in an unusual sobvate form with one molecule of unbound phen. and s
molecular structure ( Fig, 6) demonstrates two highly significant features. The parallel
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Fig 4. A stereoview |110] of the moleculur structure of the A enantiomer of ci-x-[Rui picen i phe)®
{atomic eovrdinates obtained Mrom orystallographic data [ 134]). The molecule has €, symmetry and hence
the siercochemical environments above and below the phen moiety, exempiified by x-pyridy] protons Hi
and H2, are equivalent. These protons wouid make prmary steric contacts with duples DNA or meial-
lointercalators based on this geomelry.

Fig, 3. A stercoview |11} of the molecular structure of the A-P-| Rut R B-piechxn phen)]* * diasicreosmner
(atomic coordmates oblaiaed from crvstllopraphic data [ 104]). Note the interchange of the positions in
the coordination sphere of a pyridyl and an amme group of the tefradentate in comparison with a A-
ef-x stereaisomer { B9g. 43 The lower amine group would provide the opportunily of nucicobase sequence
selecuvity through H-bonding tor metallointercalators based on this structure.

relative placement ol the bound and unbound phen molecules clearly indicates
hydrophobic bonding through a m-stacking interaction, Moreover. a biturcated
N H---N hydropen bonding arrangement involving the picchxnmi amine group us
donor and the two unbound-phen N atoms as acceptors also is indicated by the
interatomic geometrics {98]. These structural features are significant factoss when
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Fig. 6. A stercoview [ 1107 af the molecular structure of the A-B-fRui&R-piechanmiiphen]” phen sob-
vate complex obtained after photo-oxidation o 1he corresponding picchxn species | 54,56 ] shown i g 5
Atomic coordinates were obtained roin erystallographic data [ 104]. Favourabie intermolecular n-stacking
and H-bonding interactions between the cabon and the free beterooyelic base are imdicated.

considering both molecular recognition potential and probe design. The n x inter-
action demenstrates the propensity for cations of this type to stack with aromatic
buses such as those in DNAL This 1s particularly so tor those derived from proven
mtercalating bidentates such as { V) { VIII}. The indicated availability of the H-bond
donor group lor interaction with an acceptor on 4 r-bonded aromatic base also
provides the potential for control of nucleobase-sequence selectivity in that inter-
action [84]. Molecular modelling shows this N-H group to be deally positioned for
mteraction with the Q6 atom ol a guanine residue in the major groove of IPNAL
(1X). Analogous behaviour has been demonstrated with a set of RR111} ternury
metalleomntercalators [84. 105 109,

iy

R“\‘MN

g

R s

) 1 o

N

l ' H

O ™
H Guanine-Cytagng

B base pair
(1X)

Like H-bonding interactions are not available to the ¢is-7 lorms of the complexes
since their amine group protons are directed away from the aromatic bidentate
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component (e.g. Fig. 43 Hence an important design distinction exists between the
civ- and civ-[b Torms when employed for DNA molecular recognition purposes. This
mirrors thew different inframolecular H-bonding potential when discriminating
y-annogeidates (IV. vide suprad. The eis-u forms alone, with dyad symmetry, are
structurally anstogous to the tris-bidentate metaliomierenlators. where their molecu-
tar recogmiton function is thought 0 be determined primarily by shape selection
due to steric clashes between anallary hgands and the DNA groove surfices |84
89]. Once again. the closest intermiolecular sterie contacts with the nucles: acid are
Hikely 1o be those involving the two z-pyridy] protons (designated as HI and H2 in
the fignres) i the eiv-% complexes.

Unlike their Cof ) complexes. the ¥ A™-disubsututed picen® ligands e not
stercospecific and commonly produce cis-7 and cis-Bisomeric mixiures with Rugliy,
which nonctheless may be resolved by standaed chemical or chrematographic means
[63. 7475 102]. Ternary Rud 1y complexes of B* R¥-picchxnde. have been isolated
in both  ei-y and  eis-fi torms |37.75102]0 and  the  sirgeture ol the
civ-A-B RutSS-prechxnMeay phend]” ™ complex cation, derived (rom an X-ray anuaby-
sks [104], 08 shown i Fig, 7. A comparison of its molecular structure with that of
s unsubstituted analogue {Fig, 51 allows twoo important distinctions to be discerned.
apurt from feiatures arising from the opposiic chiralities of the 8% R¥-chsn fragments.
The N-CHj substituents reieve the intermolecular H-bouding potential of these
probe molecules. and therelore any potentiad nucleobuse-sequence selectivity denving
from this leature. Morcover, this methy substituent group naay be seen 1o protrude
over the aromatic bidentate (here pheny such that i is Hkely 1o act as g souree of
sterte hinderance Lo any =-stacking interactions near the metal ion centre. I contrast,
the corresponding civ-A-2 form would have bot methyl substituents disposed well
away fram the aromate hideatate moery (el Figs 30 similar 1o the amine protons

e

oA serenew THHT ol vhe moleew i strbeture of the A= RueSS-picchandM e vephenl © cation
FAGZ derroed from the erysicd strocture of as cnaoneer | ] A comparsen with the shuctine of
the RR-piechan diasicresisomie: shaw o Uig 5 tustrates topeiogical changes resalting feom Lot -
tion ol the wivadentie, Primaes sterie contavts mode with DNA by metalbomiercaliutors Based on 1lis

seomny would onvelve the Tower metha] group and the -pavids | prown §.
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of the unsubstituied forms (e.g. TFig. 4), and hence this steric hindrance feature
wauld be absent. Onee agan ihe intermolecular recognition potentinds of the two
cis-y and eis-B Torms are definably ditterent,

Confirmution of the propensity of these molecules for r-stacking interactions 1s
demonstrated by their solution behaviour. as measured by 'H NMR experiments
§57.75,82.102]. Similar 1o the simpler [M{phen),|*" cauons |14.15]. the ternary
metalloprobes based on the extended bidentates phdi and dpg show cvidence of
significant self-association in aqueons media at higher concentrations. An analysis
ol proton resonance data is consistent with dimer formation through ring stacking
mtergctions between the aromatie bidentate probe components ( Fig. 8). Comparable
magnetic shielding effects are apparent in NMR spectra when these compilexes are
allowed to interact with small synthetic oligonucleotide duplexes [57,82, 102], again
consistent with molecular recognition based on hyvdrophobic intercalative binding.
These NMR studies also show these intermolecular assoctations to be both groove
and base-sequence selective [82]0 An in vitre bacterial DNA svstem also has been
utilised in support of these studies. The different frameshifi-detecting 8. rephinneiton

mutual shielding
of dpg protons

pyridyf protons are

de-shiekied by
dpg ligands
V4 methy! protons are
\ de-shielded by

doqg ligands

mutual shielding \
of d rolons
Pq P () 4

Fig. 8. Representanions of possible paired structures Tormed through o mteractions between aromatic
bidentate components of {a) rve-cis-2- and (b) rec-cis-Ji- | Rud picchanMe, Hdpg i)’ species, An interpreta-
tian of the conseyuent magnetic shiclding cticcts observed in '"H NMR spectra is given,
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strains used indicate higher mutagenic activities for the cis-o diastercoisomers. and
for those derived from the bidentates with higher aromatic surface areas available
for intercalation [ 75,102, 103].

As described above. the polential exists with metal complexes of this 1ype for the
determination of metalloprobe enantioselectivity through picen® chiraiity selection,
and for control of nucleobase-sequence sclectivity through mtentionally designed
steric bulk and H-bonding capucities. A simple example of this pninciple is iliustrated
in Fig. 9. The DNA-recognition capahilitics of such complexes counld be further
enhanced by the synthetic incorporation of tethered secondary binding groups intu
the probe molecuies. We are undertaking such a study. The potential exists also for
the complexes to be incorporated into chimeras designed for purposes such as
spectfic DNA sequence recognition [84] or photocontrelled repair reactions per-
formed on the duplex {112},

5. Summary and conclusions

The significant advaniages of using a picen-based tetradentate ligand rather than
two bidentate ligands in octahedral metal complexes which are mtended for diserimi-
natory molecudar recognition functions have been deseribed above. An analysis in
depth employing the considerable structural information accumulated on such com-
plexes has allowed the identification of the noncovalent interactions which control
their stereochemical behaviour. These diseriminatory interactions may be applied at
three different molecular levels. as summarised below,

S Imraligand discrininatory nevactionys

The tactors which determine the particular cis stercochemistries adopted by these
tetradentates are identified as deriving primarily {from intraligand torsional inter-
actions. These are controlied by appropriate substituiion on the central N ¢ O N
atoms of the picen skeleion. Simple C-mono-substitution introduces chirality to the
tetradentates but this generally results i non-discrimmatory coordimation behaviour,
Appropriate alkyl or aryl substitution on hoth vicie! C atoms produces chiral
ligands which are highly steree- and enantioselective in thetr coordination behaviour,
This 18 enbanced further by NM-substitution. which also is a primary stereochemical
determinant, The thorough understanding of these parameters has reguired elaborate
experimental testing. but 1t &5 row cicar that abselute stereospecificity, as far as can
be experimentally determined. is simply & matter of choice through synthetic design
Tor this M picen* class of coordination complex.

320 Burerligand Dinramolecntar ; diserindnatory interaetions
The ability of a M picen* moecty to act as an asyminetric template in discriminat-

ing chiral bidentute ligands in the coordination sphere of the metal ion, as exemplified
by a-aminoucidutes, has been studied in depth. This principle has been applied both
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(b)

Fig. % Stereoscopic views of G oghe A amd by dthe Ao ctamtiomerie forms ol
ch=g=[Rui piceni bidentater]” cation positioned for inercalation mte i fixed model dE TACGTA 1, duplox
frapment [1T1E The A cnantiomer shows o sterie inieraction between the paridy ! protans 110 and §122
of the picen ligiod and the thymine methyl groups Cindicated *pin the magor groose of the duples. Sterie
bulk or secondary hoding components incorparited inwe the tetradentate in these posisions shoald resuly
1 a major enhancenient of the cnantioselective and sequence recognition capabilivies of metallointereala-
tars of s type.
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1o enantioselective coordination or optical resefution of v-aminoscidates as wetl as
1o their asymmetric synthesis. Pronounced ditferences are observed for the diasterco-
isomeric products of these two applications. demonstrating that diserimmatory
behaviour cannot be predicted from intramolecular stereochemical factors alone

At Teast three structural features which lead to noncovalent interligand mteractions
are wdentified as important discriminatory factors in complexes of this type. One
common determinant obviously is sterically based and involves the disposition of
the picen* w-pyridyl groups relative to the bidentate chelate ring. A second refates
to the potential of @ secondary amine group of the tetradentate to be invelved in
interligand hydrogen bonding s the ternary ¢fs- diastereotsomers. A third feature
is the availability of the pyridy] groups for involvement in interhigand hydrophobie
r-stacking inleractions with aromutic substituents on the bidentates. The pyridyl
rings provide potential. therefore. for both unfavourable steric and lavourable
hvdrophobic interactions. Each of these features may contribute 1o the subtle control
of the molecular recogmition functions exercised by the M picen® template hosts on
iheir hidentaie guests.

3.3 Itermiofecndar diserinimaiory interactiony

An understanding of these sources of interhigand discrimination allows their
application 1o the design of intact picen*-based complexes for selective recognition
of other molecular structures, An important example lies m their use as chiral
metailomtercalators of nucleic acids. For this purpoese we currently arc investigating
i detail w selection of termary Rufll) complexes which incorporate these tetraden-
tates with bidentate higands having known DNA-intercalating capabilitics.

Commen principics governing the control of enantioselectivity. hydrophobic or
H-bonding interactions. and steric complementarity through chelate structural design
apply to both intro- and intermolecular discriminatory applications. The increased
synthetic Mexibilty and structural diversity that this pieen class of ligands allows in
comparison with chelates based on simple oligopyridyl bidentates provides scope
for significant cnhancement of the many potential molecular recognition functions
to which such compounds may be applied.
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