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Molecular design features which determine the cnantio- and stercoselcctive behaviour of
metal complexes derived from chiral linear N4-letradentatc ligands with terminal o-pyridyl
groups arc describe,'. Examples are provided of the ability of these complexes to recognise
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the molecular structures or biologically interesting molecules (x-aminoacids and nucleic acids).
Noncovalent binding and stcric factors which influence these molecular recognition processes
nrc analysed and assessed, These include discriminatory interactions which occur at the
il/tl'l/Iigand. illll'r1igand (intramolecular) lind il1/l'I'll1olccular levels, -(', 1997 Elsevier Science S,i\.

Keywords: Molecular recognition: Chiral discrimination: Noncovalcnt binding: Molecular
design: N.l',h:tratknlatcs: 7.-aminoacidatcs: Asymmetric synthesis: DNA mctullointcrcahuors
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generic representation or a chiral o-umiuoncidutc bidcntatc
R*-alaninate
2-amillo-2-bcnzylpropandioic acid (z-nrnino-o-bcnzylmalonic
acid)
2-umino-2-butylpropandioic acid (l',(-amino-ry:~(I/-blityl lmalonic
acid)
2-am ino-f-mct hylpropandioic acid (x-amino-x-mcthylmalonic
acid)
2-amino-2-propylpropandioic acid (o-umino-z-propylmulonic
acid)
generic representation of an x-substitutcd-x-muincmalonic acid
2.2'-bipYl'idine
IR".2R*-diaminocydohcxanc
dimcthylsulphoxide
dipyrido [3.2-a:2'J -r[phenazi nc
di pyrido [3.2-(/:2'.3'-cJ-7. 8-dimethyl phcnazinc
dipyrido] 3.2-d:2'J'~lJ quinoxalinc
dipyrido [3~2-d:2'.3'·:1}2.3-dill1ethylq uinoxalinc
glycinate
hydroxy( 2-pyridyl )J11cthanul
o-mcthyl-Svtryptophanutc
9.1 O-phcnanthl'cnrquin oncdiiminc
Rtf'.·phcnyla}anillatc
J, lu-phenanthrotinc
3R" .4R*-dimcthy'-1.6-bis( 2-pyridyl )-2,5-diazahcxanc
N. N'-bis( 2-picolyl )-1 R*.2R*-d:aminocydohcxanc
N, N'-bis( 2-picolyl )- IRIfc-amino-2R*-iminocyclohcx:.lnc
N, N'-dimcthyl-N, N'-bis( 2-picolyl )- IR*.2R*­
diaminocyclohcxane
1.o-bist 2~pyridyl )-2,5-diazahcxane
generic representation of substituted homologucs of piccn
2,5-dibenzyl-r.6-bis( 2-pyridyl )-2j~di(izahcxanc
2.5-dimcthyJ- J.o-bist 2-pyridyJ )·2,5..diazahcxanc
3R*-mcthyi-I.6-bis( 2-pyridy! )·2.5-diazahexaH~

25-dimcthyi-3R*-mcthyJ- I.o-bist 2-pyridyl )-2,5~diazahcxanc
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l. Introduction

N. N'-bis~ 2-picolyl ,-N'-mcthyl-2R*-aminomcthylpyrrolidinc
3R*AR*-diphenyl-l.6-bis{ 2-pyridyl )-2.5-diazahcxanc
3RIfe-phenyl-I.6-bis{2-pyridyl '-2.5-diazahcxanc
R*-prolinate
1.2-dchydroprolinate
N, N'_bis( 2SIje ..pyrrolyd-P-yl )-1 RIje .2R*-Jiaminocyc1ohcxanc
1.2J-triaminopropane
3.4.7.8-tctramethyl-I,1 O-phcnanthrolinc

Molecular recognition. defined in its broadest sense. is a discriminatory process
in which a selection is made by a host molecule. through a thermodynamically
preferred interaction. for one or a number of potential guest molecules. For this
process to he discriminatory thedifferent mechanisms involved in each intermolecular
association must necessarily be reversible and noncovalcnt, thereby allowing subse­
quent displacement of a poorly matched guest molecule 1'1'0111 an unfuvourablc
host-guest complex. If the energetic preference for one guest molecule is sulllciently
large then this discrimination process becomes specific and the ensuing recognition
of one molecule by the other becomes unambiguous.

Therearc many examples of such discriminatory processes in the fields ofchemistry
and biology, determined by noncovalcnt intermolecular bonding and shape comple..
mcntarity. An elegant molecular recognition process ensues when both the host and
quest mole-uic. arc chirul, with the one hand of the host being able to discriminate
between the cnantiomeric forms of the guest. These fundamental concepts arc
employed by all living systems at the molecular level and arc the basis for the
inherent chirality of biological matter. An excellent example is the pivotal role played
by DNA in orchestrating transcription and replication processes through its various
molecular recognition functions.

The field of coordination chemistry provides ready application to this highly active
and rapidly expanding area of scientific research. As it result. chiral metal complexes
are finding potential uses ranging from that of auxiliaries in asymmetric synthesis
reactions ~I,:~ their functioning as agents for molecular biology and pharmacology
through '<, ' '0 selectively recognise, or be recognised by. naturally occurring
molecul ' : 'I' J so the initial reversible molecular recognition process often may
lead to. ,;~:r..~,~;>"tt irreversible covalent binding reactions involving the metal ion.

In this naper attention is paid to work undertaken in our laboratories on the
abilities or chiral metal complexes containing ligands with terminal c-pyridyl groups
to discriminate e-aminoacids and nucleic acids. Lead experiments involving com...
plexes based on the common oligopyridyl bidentatc ligands bipy and phcn have
resulted in our use of Coo and/or N-substituted forms of the linear N4-tetradentate
I~6-bis( 2-pyridyl )-2.5-diazahexanc. picen (I with R I. R 2~ R3 and R4 =B )~ a ligand
which has been a subject for general study by coordination chemists for almost forty
years. An assessment is made of design factors which influence the stereochemistries
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adopted by these ligands upon coordination and the usc or such species for the
asymmetric synthesis or optical enrichment «nd resolution or x-uminoucids, and of
their lise as com!' .ucnts ofmctulloprobcs of DNA conformational and base-sequence
structUI"l•.'S.

~3

H1 H2
(I)

2. lntramulecular dlserimlnatlon inl'ohing li~nnds with Cl-pyridyl f.,troUI)S

Examples of contributions made by noncovalcnt intcrligand interactions !o the
chiroptical properties, stercosclcctivities undthcrmodynumic stabilities or metal com­
plexes have been reviewed by Okuwa [I]. Although coordination chemists commonly
pay attention to the cflects of unfavourable intcrligcnd stcric interactions on the
stereochemistries adopted by metal complexes. the significant favourable contribu­
tions made by electrostatics or hydrogen bonding or by interactions between hydro­
phobic groups on different ligands often receive less consideration. As a particular
example. the influence or n-stucking interactions between aromatic rings on the
"crcochcmistrics adopted by metal complexes is often overlooked or not recognised.
An evaluation of all of these possible contributions is important when considering
the design features required for the molecular recognition capabilities of metal
complexes or when attempting to interpret their observed discriminatory behaviour.

The thermodynamic stabilities of ternary complexes often arc considerably
enhanced by the occurrence of intcrligand n-stacking between molecular components
of different ligands. Examples particularly relevant to this review arc those between
the purine moieties of simple nucleotide ligands and coordinated aromatic ligands
[2--5]. between o-uminoacidatc aromatic substitucnts and nucleotide bases [6~ 7]~

between the aromatic substitucnts of two different o-uminoacidatc ligands on a
metal ion [6]~ and between aromatic ~-aminoacidate substituents and aromatic
components or other ligands [8- I3J. Further, the propensity for such interactions
to OCC\lr between pairs of complex ions containing coordinated phcn ligands alone
also has been demonstrated. The self-association of [M(phcnhf + cations (M ==
divalent Ru or Zn) has been identified from lH NMR studies [14,15]. In aqueous
media these species give rise to NMR spectra which are significautly concentration
dependent and display features consistent with IT-stacking interactions between the
cations to form dimcrs. In the case of thc Ru( II ) complexes an intermolecular chiral
recognition process is apparent in which the associative mechanism is enantioselec­
tivc, with shape complementarity occurring only between racemic pairs [15].
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2./. Chira! discriminut ion ill I Ru(diin, .. '(R" .u}J+ complexes

Our foundation work on a set of bivalent ruthenium complex cations of general
form L\.i\-[R u(diiminc}z(R*-aa)] -+ (where diiminc represents the oligopyridyl bidcn­
rates bipy or phcn or their substituted homologucs) provided evidence for the usc
of o-pyridyl groups as ligand components for intramolecular chiral discrimination
purposes. These diastcrcoisomcric cations may be resolved using chromatographic
methods, However, their photolability at the metal ion centres results in isomeric
cq uilibrutions which reflect the chiral discriminatory energy difference within each
diastcrcoisomcric pair [16-22]. The stcric bulk of the ex-carbon aminoacid substitu­
ents was observed to play a significant role in determining the position of each
equilibrium upon visible fight irradiation. In general. a significant A preference is
observed in equilibrated solutions of bulky S-aminoaddate complexes, ascribed to
the existence of a primary repulsive intcrligand stcric interaction involving an
rl-pyridyl proton or onediimine ligand (represented as HI in II) and the aminoacidatc
e-subsritucru (R in II) in the lcss-fuvourcd Apropeller] 16~ 19~20.23]. Theconsequent
higher steric strain in this diasrcrcoisomcr therefore is able to be relieved by inversion
of absolute configuration at the metal centre upon irradiation to give predominantly
the" complex at equilibrium.

/\·(S-na)

(II)

A·(S·an)

The stcric nature of this discrimination process was exploited to provide a means
for the kinetically controlled stereospecific synthesis of some Co(III) analogues
[24,25]. Additional alkyl or aryl substitution on the o-curbon atom [23] or on the
o-nminoacidatc N atom [22~26 Jwas shown to enhance the overall steric contribution
to the determination of the position of these intramolecular equilibrations. However,
changes in the nature of the S-aminoacidatc ligands demonstrate that unfavourable
steric interactions arc only one form of determinant of the diatcreoisorneric balance
existing after photoequilibration is achieved. Diastereoisomers with S-aminoacidates
containing ex-substituent groups capable of intramolecular hydrogen bonding com­
monly show a thermodynamic preference for the t1 complex cation [17,18,20, 21 ]~

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 is clear that the simple
achievement of a better steric fit is basic to each of the diastereoisomeric systems
that these complexes represent, but intramolecular hydrogen bonding and hydro­
phobic interactions nonetheless may be predominant factors.
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These diastcrcoisomcric equilibration processes represent an example of intramo­
lccular recognition. occurring because of intcrlignnd discriminatory interactions.
with the mctulbisdiir-inc aud /Y·alllinnaddalc mG;dk:i playing hOSlgucst roles.
The photolability of thcs'. lii~J stereoisomeric systems ha~i allowed a uniq uc opportu~
nity to quantify and compare the thermodynamic contributions made by the different
determinants of this type of discriminatory recognition process [16.17. 1l)~22].

Moreover. the identification of thc nature of these individual discriminatory factors
allows them to be incorporated into othcr complex cations with similar structural
features which may be designed for molecular recognition purposes. For exampic.
the stcrically-based discriminatory effect resulting from the disposition of the two
pyridyl groups in these [M{diiminch(RIIc~ai.l)]" + species could similarly be achieved
if their two dumine bidcntatc ligands w.rc to bc replaced by a single tctradentutc
ligand containing equivalent o-pyridyl groups. For this reason tctrudcntutcs based
on substituted forms of piccn have been selected for study and ternary complexes
of general form (M(picenllc)(R*-aa)]"+ have been synthesised. Our investigations on
these compounds arc described in more detail in Section 3 below, Similar discrimina­
tory principles allow complexes of this type to he designed as mctailoprobcs of
nucleic acid structures. This aspect of our investigations is elaborated upon in
Section 4.

2.2. Stcnmchemica! aspects (~l!}i(,(,Jl-has('d tctradentatcs

Complexes derived from piccn" tctrudcntatcs have a number of potential advan­
tages over bisdiiminc-bascd compounds when used for discriminatory purposes. One
important advantage is that an appropriate choice of optically active precursor
allows such a tctradcntate ligand to be readily constructed in a chiral form. thereby
facilitating the study of enuntiosclectivity in its coordination behaviour. Through
synthetic design, stcric bulk and rigidity also may be incorporated intentionally into
such a tctradcntate so as to enhance its selectivity functions. Complexes of these
ligands also would not allow the relief of stcric strain achieved through optical
inversion which is available to the photolabilc bisdiiminc compounds, thereby
enhancing their enantiodiscrirninatory abilities.

Additional advantages derive from the increased geometric selection allowed for
study by the different stcreoisomcr'c products which arc possible when a linear
tetradentatc binds h) .m octahedral metal ion. These arc the trans (planar). the
dissymmetric (C l ) cis-« and theasymmetric (CI ) ds-B isomeric forms [27]. Moreover,
if the remaining two coordination sites on the metal ion in a cis·p complex are
occupied by two different monodemntcs, or by an unsymmetrical bidcntute, then
those sites arc diastereotopic and it becomes necessary to distinguish further between
the possible ciS-PI or Ci,\··P2 Ionns [I ~27]. If the tetradentatc is unsymmetrical then
cis-a, or ci,\·~f'J.2 forms also are possible [28.29]. Further. the asymmetry of each of'
the individual cis forms of these complexes provides a foundation for control of
metal ion absolute configuration and consequent enantiosclcctive recognition abilities
of complexes derived from these ligands.

The intramolecular parameters which determine the choice between these gcome-
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tries have been comprehensively studied. Aspergcr and Liu [30~- 32]. Bosnich (If ill.
[33 35] and Brubaker (11 al. [36··38] have investigated .md reported on the effects
of C-suhstitution on the basic framework of piccn, In particular, various defined
forms or inherent intramolecular stcric and torsional strain were identified and
analysed in an extensive experimental study [39]. The existence of an important
unf'ivourublc intramolecular stcric interaction between the o-protons of the terminal
pyridyl groups (H I and H2 in I) in 1I'1lllS complexes. defined as B-strain [39]. was
idcntilled as the reason for the dominant preference for cis geometries observed with
these ligands on octahedral metal ions, These same protons remain important when
considering likely intcrligand and intermolecular stcric interactions which could
influence molecular recognition functions ivid« injru).

1.3. S.1'1111t£'1;(' aspects (~(pic'(,II~hll.\'('d meta!contpk:» /Jf('('/'''.;Ol'S

The synthesis of the archetypal ligand ri;,\;:i ,I with I~ I, R2, R3. R~ =H) was first
described by Goodwin and Lions 140]. following reduction of the ~~ ... nif(·.~ base
diiminc formed between 1.2-diaminocthane and pyridinc-f-curboxaldchydc
Modified forms of this general method have been utilised successfully wit., a selection
or diarnincs to produce a broad set of substituted homologucs, as summarised
in Table I.

The simplest C-substituted derivative is the chiral ligand Rl{c-picpn (I with
R2 = CH3 ) . which may be obtained in either cnanriomcric form depending upon the
choice of optically resolved 1.2-diaminopropanc pIccursor [41-43]. A phcnyl-substi­
luted analogue, R*-picstycn (I with R2 = C(JI~d. also hns been synthesised [44].
Selection of various ].2-disubstiluted diamines as precursors has provided for it set
of tetrudcntates which may be obtained in cnantiomcric or meso forms. depending
on the nature and chosen configurations of the central vicinc! substituent gr: dPS

Tuble I
Piccn-typc N4-lCl radenta tc ligands synthesised

Substituent group R" or (I I, II =Ligand

Picon
l'iccnMc2
Piccnllz,
R*·picpn
R*-pkpnMe2

R"R*~pkbn

R*S*-picbn
n* R*·picslicn
R*S*·picslicn
n*·picsl}'cn
R* n*·picchxn
R*R*·picchxnMc2

R*-picpyrrMc

H
CIf,\
CI-l2Cc,lf~

II
CII"
II
H
If
II
H
H
CII.'I
- C' !-I2CH2CH2'"

2

If
H
If
CII)
CII ]

CHJ

CU"
C"H~
C(lU~

C,tt~

··CH;CH:,CH2CH r
-·CIJ2CH2C'l12CH2 ··

II
II
If
H
u
ell ,:\

CH .\

ChH~

C(lll~

H

H

Ref.

4

II [62]
CII.I [44]
CH2Chl-l~ [6~1

H [41 .. 43]

elf" [28]
II [55]
II [50]
H lSI]
II [50]
H l44]
H [46]
CH, [47]
CH" [29]
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(I. R1 and R3). The facile optical resolution of the cnuntiomers or R*R*~chxn l45)
allows ready access to synthetic precursors for tl.e RR or SS forms of picchxn
(III (a») [46 J. The inherent inflexibility and chirality of this tetradcntatc. and N~

substituted derivatives [47), have proven to be important determinants of its stereo­
and cnantiosclcctivr coordinution behaviour and nu.ch or our work has concentrated
on the Ut'C of thb ligand.

\..) RR-picrl,)\n

(III)

(b) JlR-picchxnmi

A series of Pd(II) complexes of these various tetradcntures has been synthesised
and the pr-xlucts structurally characterised by NMR, Xvray diffraction and circular
dichroism methods [44,48]. Factors which determine the varying degrees of stereo­
selectivity which these ligands exhibit ill an enforced square-planar geometry were
assessed.

In the main, tri- 'alent cobalt and bivalent ruthenium have been chosen for our
study of the coordination behaviour of these ligands with octahedral metal ions.
Normally, me ,JI complex precursors of general form [Co1H(picelll!C)CI

1]+ have been
readily obtained either by aerial or peroxide oxidation of a Co'fpicen") species in
situ [28,29,41,46.47.50-52) or by reaction of the chosen tetradentatc with either
tI'WIS-[COfll(PY)4CI2]+ [51] or NU3[Cr(C03h].3H20 and hydrochloric acid [53]. The
two chloro monodentates of these precursor complexes are readily substituted by
other ligands such as nitro. oxalate or o-aminoacidatcs under relatively mild aqueous
conditions. Appropriate Ru'tpicen") precursor species are not so readily obtained,
although a general method employing ds~[Rull(dmso)4CI2] as a starting material
often has provided cationic products of general form cis-[Rull(picen*Hdmso)Cl]+
under normal reaction conditions [54155]. The two mcnodentatcs in these cations
may be replaced by other common ligands (e.g, bipy, phen), usually with retention
of stereochemistry. However. ds~P complexes of this general type have proven to
be photoactive, with one of the coordinated secondary picen" amine groups readily
being oxidatively dehydrogenated to produce monoiraine forms (e.g. III(b)} [54­
57]. This Ru-amine photcactivity therefore complicates the usc of cx-aminoaciclates
as ligands in the formation of ternary complexes of these species [541.

Although cis geometries have been observed to result invariably with both of
these metal ions, flexible and less-substituted derivatives such as piccn and picpn,
show very little stcreoselcctivity in their binding, and R*..picpn demonstrates little
enantiosclcctivity [4],58-60]. This lack of selectivity is also observed with related
chiral tetradentates in which the picolyl methylene hydrogen atoms arc substituted
by methyl groups [49]. Complexes of this type which have been studied most
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extensively arc those of R*.picpn. Complicated paitcr« {II ( stereoselectivity are noted
for Co( III) complexes of this ligand. For c.,(J:(~i ':!', the dichloro complex.
['i"{)(R~picpn)CI2r has been isolated in all four p(.'Isiblr~ cis geometries A·f'J... 6·rx.
A I' ~.~:.Id 6·fJ [33.36J7.41.42]. and strain energy minimization calculations have
been carried out for all of these stereochemistries. A thorough understanding of the
system and kinetic l'CI'SliS thermodynamic control of isomer distributions was assisted
by the realization [41,42] t 'uu the ~-7.-[Co(R·picpn)CI2JCI04 salt is isolated as the
least soluble diastcrcoisomcr from a complex rnixtu ..e Of different species. Reaction
of this latter salt with oxalate in Witter eives four disastereoismers,,

LtA-C(, rJ·[Co (R·picpn)(ox)) +, with the 8·rJ. disastcreo.somcr being predominant (this
represents a new kind of octahed ral inversion [41)). Reaction with NOi i0l1 1

however, produced only two isomers. /\.f'J... and L\~P-[Co(R·pjcpn)(NOlhr\ the latter
of which was shown to be the more thermodynamically stable [58].

Because of the single methyl substituent in the ccntrul chelate ring l}f R*-picpn a
further SOUl-eC of isomerism exists for cis-p complexes, These arc the exo and endo
forms. nan': ~d according to the disposition of the methyl group relative to the fold
in the tctrudcntutc. Remarkably, the ~·exo nitro complex forms stereospecifically.
only Ll·I1·exo·[Co(R-picpn)( N02hl -I- being ultimately obtained, as confirmed by a
single-cry.tal X-ray study [6Q.

In contrast to the mono-substituted ligands. the optically active forms of the
vicinal C, C'·disubstitutcd ligands (I with both R2 and R3:t H) exhibit high stereo­
and enantioselcctivity in their coordination behaviour, the latter being determined
by the choice cf chirality of the diaminc synthetic precursor. 111 particular. this holds
for the N~·tetradcntalcs based on 2R*,3R*~diaminobutanc (R* R*·picbn) :1,34,55],
1R* ,2R*·diphenyl·1 ,2·diaminoetlvnc (RljeR*·picstien) [51,52] and 1R*,2R*~diamj·
nocyclohexaue (R* R*-piccchxn) [46]. Each is observed to be both stereo- and
enantiospccific when bound to Lo( JI l ), the RR form of each, for example, producing
exclusively A-cis-P complexes. The common stereochemical characteristics of these
three l'ichw' ngands have been established by singe-crystal Xvray studies (Table 2),
circular die', -oism and NMR measurements [8134,46,51,52~54].

The chos. between the formation of either cis-« or ds·~ complexes is governed
by the stereochemical requirements of the innersecondary N atomsof these tetraden­
tates. The minor torsional requirements 01 the H substituents of these atoms facilitate
the necessary meridional arrangement of three of the nitrogen donors in the cis·~

forms. The central of these three has the choice of adoptingeither an Ror S absolute
configuration, whereas the N atom at the fold of the tetradentate is constrained
such that its configuration is determined by that adopted by the metal ion. It was
recognised that, similar to alkylpolyamine ligands [69, 70J, alkyl substitution at these
secondary nitrogen atoms should enforce cis-a geometries on the Co(III) complexes,
and experiment has shown this to be correct.

Substitution by methyl or benzyl groups on the secondary amine N atoms of
several of these ligands has been achieved in high synthetic yields (> 80%). The
choice of N-SUr.3tituents (I, R t and R4) provides control of coordination stcreoselec­
tivity, with the N,N'-dialkylatcd forms picenMe2' picpnMe2' picchxnlvle, and
picpyrrMe, for example. yielding solely complexes with cis-a topologies with Co(III)
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Table' ~
Ternary Cu( III Hlmilloacidalccomplexes ofpiccn-typc lit!l\nds which han,' been slrtll'lunllly characterized
by sing!L:.l'l-yslal X-ray I11crhllt!S
---"---
( 'omplcx
---,----------,
,'\-I'I-'l'C'1l1 UR-pil:dlxn)(R~/\ BMr\)]< '1001.1 j II zO
A-lll-ICol RR-ricchxllHS-A I'MA )]C10",2Na( 'I( ).t,) II i}
A-llrlColRR-pkhxn)(pl'O-21f I]Cl.('Io, I120
A-I\2-ICo[RR-pkchxll)(l~-pro)J(( '10..)2
A-J\2-{Co[ RR-pin:hxnIIS-pw Ij(CIO.. 12.11 20

1\-1\1-1('01 RR~picchxn)(S-'l-Mc-1 I'pll(( '1() ..)2

A-Ill-reol RR~pksticn)(;\ MMA )](·IO...211~O
~-r~I-('Ild(J-rCo (.fo,'-pil.:pn) (.\'-iJia)j(CIO.. )~

i\-I'l-(',\"(I~I( 'o~S~piqi!1 )(S-nlll )](('10 .. )2

A-Il,-('1IC/"-[('o( R-picpn) (S-ala )]('10.. )2
A-I' ,-C'.\'(J"[Co( U-picpn)(S-ala )lICI().. 12
.1-1\ .-('xu-leo (R-piqmHS-pro))(('1001 ) 2

td\ 1-[CoIS, RR. S.pyl'llxn)(.\'-"Ia)]( ('10 01 1.11 .o
Li-I~l ,ICo(,,',~'.\·S-l'ychxll)(gly)](CIO..12,2i 110

~-I\2"[Co(SSSS-pychxlll(/~-alil)](('t04h 211/)
A-7·[CO (,\'S-pkl.:h XIl Ml'.!)( /l-alll )]( CIO.. ,~
1\-7.-[('0 (SS-picchxn Me,:) (S-pro)j(CIO.l)2.112()
A-7:-jCo(SS-picchxl1 MI,.'2 )(S·phcl](CI0ol )2

[\-rx l.rJ 2-lCo(R·pil'pn MC2)(S-ala)](CI0.ah
A·"J ,-[Co(S-picpyrrMc)(S-a la)](CI04h.lI.511"O
1\-'11-[Co(S·pif.:pyrrMc)(R-ala )j{C10.a)1

1\ Four diastcrcoisomcrs exist in a disordered crystal structure.

-_.,,-_._---------_._---
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[(}7J

1471
[(lH J
[II]
[11': ]
[29]
(2lJ]

[11.2M,29.47.68]. A similar stereochemistry has been observed in dinudcar
Mn( III/IV) complexes of such ligands [71-73}. This stereospecificity is not retained
for Ru( II ), however, with these tertiary amine ligands, Although synthetic reactions
arc cnuntiospcciflc with both Co( III) and R ,I (In. complex products often arc
obtained as mixtures of cis-« and C'i,\'.~ forms with I,:, ~ 11 ). which require separation
[57,63" 74" 75]. The problem of the photoactivity 0 the secondary amine groups
observed with this metal ion and the unsubsuuucd piccn" species is. however.
overcome with these N·substitutcd ligands.

3. Recognition of u..aminollcid molecular structures

3.1. ChiraIdtscrlminutiott i/11C'1'1l1llJ' / Co' JI ( ,,;c£111 lie) ( R*-lI(1) J2 + complexes

T~"_~ stereochemistries of ternary Co( III) complexes formed with piccn-type ligands
and C(·aminoilcidatcs have been extensively explored and these studies have revealed
the geometric preferences which arc adopted. No cis-« isomers of ternary complexes
of the type [Co(Rl\c·picpn)(R*-aa)t t arc known, but all eight A.A-ril.r('.\'o"
('odo-[Co(R*-picpn)(R*.aa)F4o diastcrcoisomcrs have been isolated for various
o-uminoacids .md these ~w vc been studied by NMR and spectroscopic (including
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circular dichroism) methods [59.60]. Five R*·picpn complexes of this type have
been characterised using single-crystal X-ray methods (Table 2). with the simultu­
ucous co-crystallization of four diastcrcoisomers being identified with .'i-alanine [65].
Possible stcric re-sorts for the observed isomeric preferences or predominances
displayed by these R*·picpn ternary complexes arc outlined in Section 3.3. However,
iJ is believed that at least in some of these ternary systems the isomer distributions
found are kinetic in origin.

Substantial crystallographic information has been accumulated on ternary COI11­

:~~~cxes of this type with R*' R'lc·picchxn. Table 2 lists those which have been studied
by single-crystal X-ray methods. This crystallographic work is complemented by
extensive NM R studies [8--1 O.46~ 53.76]. In all cases the e-aminoacidarc products
derived from RRhpicchxn have been observed to retain the A-c;,\'-fJ geometry or
the dichloro precursor species cnantio- and stereospecifically. This overv....helming
stability or ds-ri diastcrcoisomcrs for Co( III) complexes of R*n*·picchxn is not
confined to complexes containing et·,.minoacids 01' their dichloro synthetic pre­
cursors. Single-crystal X-ray structures have revealed the same geometry in the
species AM~-[Co(RR-picchxt1)( N02hJ+ [61]~ t\·fJ2-[Co(RR-picchxn)(tupj]' + [62]
and "-r~r~:Co(RR-picchxn){ hpmj]' + [77].

Evidence is available to confirm that this is the thermodynamically favoured
geometry at room temperature [9]. When c-amino-a-te-butyl jmalonic acid
(ABuTM AH 2) is reacted with t\-p·[Co(RR-picchxn)C121+ in aqueous media the
main product formed is A·fJt-[Co(RR-picchxn)(R-ABuTMAH )](CI04h, However,
small quantities of a 8-cis.. r:J. diastcrcoisomer intermediate, formed under kinetic
control, were able to be isolated as a diperchlorate salt. This species appears to be
relatively stable in aqueous solutions under ambient conditions, but epimeriscs at a
rate conveniently followed by tH NMR methods to the " ..dS-~1 diastereoisomcr
whcn dissolved in dmso [9]. When the reaction is complete, no trace of the !i-cis-a.
intermediate is detectable by NMR measurements and hence it is estimated that the
equilibrium constant at room temperature relating the /j ..cis-ti and A-ciS-PI isomers
is greater than 102 in favour of the latter. Thus the chiral discrimination energy
preference for the pform is greater than 12 kJ mol-to

The same pattern of thermodynamic stability has been observed in asymmetric
synthesis experiments employing Colll-picen*' complexes as chiral auxiliaries in the
formation of cx-Clminoacidates. These include experiments involving decarboxylation
of complexes containing various ARMAU2 derivatives, these being precursors of
o-aminoacids. Such work was based on the pioneering study of Aspcrgcr and Liu
[31 Jand elaborations by other workers [78~ 79]. Thermodynamic rather than kinetic
control with respect to a number of e-aminoacids was established for these reactions.
which give mixes of two diastcreoisomeric products containing opposite hands of
the e-aminoacidates [8,9.. 52, 76 J. In the cases of R~S·phcnylalaninate, and its coordi­
nated o-amino..n-bcnzymalonic acid precursor, significant 1t..bonding interactions arc
evident between a pyridyl ring of the tetradentate and the phenyl 1ing of thc pro-S
aminoacidate ligand [8] (Fig. I). Similar ring stacking is observed in the structure
of the e-methyl-Stryptophnnate complex [10] (Fig. 2). Such interactions are impor­
tant in other related complexes ivide ;'~/i·(f). Complementing this asymmetric synthetic
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Fig, I, 1\ stercovicw [IIOJ of the molecular structure of lltl' :\'lidC('IRR~pkl'hxn)(RRABMA)I' cation
(atomic coordinates obtained 1'1'0111 l'rystallographk data [t-i1). The two Iavourablc nuncovalcnt 111ll'/"

actions indicated between the picchxn and ABMA lignnds HIC' \ J) a hvdrogcn bond in\'ulvin!! the amine
Nil nnd unbound carhoxylutc group. and (2) It-stacking of 1~lL' ar-unatic pyridyl and 1,:ICllyl ringcompo­
ncnts. A dose structural rchuionship exists with that silo" 11 • :il!. 2,

Fig, 2, A siercovicw [11 OJ or the molecular structure of the A-lidCo[RR.picchxn)(S--x-Me-tqljfl cation
(atomic coordinutc« obtained from crystallographic data [lOp. A favourable n-stacking interaction
between one pyridvl ring or RR·picchxn und thc nrumatic indole substituent or the ,\'~alllinoacidatc ligand
is lndicatcd. The structure may be related to diagram (IV(l'».

chemistry is that concerning the stereospecific hydrogenation of coordinated
L2-dchydroproli fie (pro..2H) in a related complex (Table 2) to give Roo and s~

prolinate prod ucts [53,64]. These observations and measurements of chiral discrimi­
nation energies arc a result of molecular design in the various systems studied based
generally upon non-bonded steric interactions in this class of complexes. Such
interactions are discussed in the structural papers (references in Table 2) and arc
analysed in further depth in Section 3.3.

Finally. in this section, we note that variations in the stcreoselectivities displayed
by these complexes which accompany different substitution patterns on the central
chelate ring of the tetradcntatc arc parullcllcd by Similar effects occasioned by



replacement of the pyridyl groups by saturated analogues. Thus. a tetradcntatc
based on RR-picchxn but with the pyridyl groups replaced by 2S-pyrrolyd-2-yl
groups (SRRS-pychxll) is not at all stereospecific in ternary complexes of Cot III)
with n-nrninoncidatcs [66]. The corresponding SSSS tctrndcntutc demonstrates a
higher degree of stcrcosclcctivity [67]. but these observations contrast with others
reported in the literature pm,xl J. Three complexes containing these ligands also
have been characterized crystallogruphicully (Table 2).

Alkyl substitution 011 the central N atoms of R"" RIjI-picchxn is observed to have
a dramatic effect on its coordination behaviour. With Co( III) its stereospecificity
changes from l'is-f3 to C{S-C/., and the absolute configurations at the metal ion centres
are opposite to those obtuine-! with the unsubstitutcd forms. The !J.-ds-'1 stcrcochcm­
istry which RR-picchxnMc2 enforces stereospecifically at Cot III) has been estab­
lished by spectroscopic techniques II L47,68] and confirmed by single-crystal X-ray
srudics on scvernl of its ternary e-aminoacidatc complexes (Table 2). This same
stereochemistry is adopted by Nit II) [82]. It is worth noting also that the synthesis
of o-amiuoncids "ill decarboxylation of coordinated Ct-aminol11alonic acid precursors
gives rise to much lower enantiomcric excesses in the cis-a. complexes than is observed
in the corresponding less symmetrical cis-:' species [68]. The same kind of intramolec­
ular hydrophobic interaction found in the ct-amino-/1-benzylmalonicacidate (Fig. I )
and o-methyl-Svtryptopbanatc (Fig. 2) complexes with RR-picchxn is also observed
in the structure of the S-phe A-complcx of SS-picchxn MC2 (Fig. 3). and its stability
in solution has been measured in terms of rotamcr populations by NM R methods
[ ] I ].

..,

~-::t=r=

I::"ig. J. A stcreovicw r110] or the molecular structure or the i\-'Y..[C()(SS.pil·ch.xnMc~)(S.pheW· cation
(atomic coordinates obtained from crystallographic data [11]). A Iuvourublc n-stacking interaction
between one pyridyl ring of SS-rkchxnMc2 and the phenyl substituent of the S-phc aminoucidutc ligand
is indicated. The structure may he related to diagram (IV(c)).
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or some interest with respect to stereospecificity considerations is the fact that the
same pattern of geometric preference is found for R-pkrnMel in that R substitution
in the piccn backbone enforces exclusively it A-c;s-"I. configuration. This was COIl­

firmed in a single-crystal X-ray study or 1\-11.1, "I.,:dCo(/<-pil·pnMc2)(S-ala)](CIO.. b.
where the ~i.tl'Xl nomenclature refers to the sense or coordination positioning of the
aminoucid carboxylic oxygen atom. either cis or trans to the amine N atom closest
to the tctrudcntutc methyl group [28]. The above considerations appear to be general
in the sense that other related hut more exotic tetradcntutcs (Table I) give rise
to the same stercospccilics. For example, the rigidity of the R*-picpyrrMe lig­
and has been dernonstrutcd by the structures or till: two compounds
1\-~I·[Co(S·picpyrrMc)(R*-ala )](CIO_I).~.1 /~ H 20 for both hands of the R*-ahl ligand
[29]. 1\ related Pdt II) complex also has been structurally characterised with this
ligand [44J.

The distinction between the dillcrcm topological forms of a cis-M (piccn") moiety
when discriminating an c-urninoacidate bidentatc is illusu.ued in (IV). Here the
'l.-aminoacidatc represented is R*-prolinale and the tcuudcntatc is UR-picchxn.
Similar to the [Ru(diimineh(R*-aa)r species, a distinction may be made between
the different stcric environments on the two sides of the o-ununoacidatc chelate ring.
again best identified in each diastcrcoisorner represented in \ IV) by the positioning
of the o-pyridyl protons Ht and H2 relative to that ring. The cis-« structures (lV(c)
and (d) alone would produce stcric environments analogous to those of the bisdii­
mine complexes (IV(a) and (b», and hence similar discriminatory behaviour might
be expected. In the dS-P. forms (IV(e) and (r)). however, the predominant steric
interaction which would derive from proton HI is absent, and hence so also would
be any chiral discrimination based on this interaction. In contrast, this structural
feature still exists in the ciS-P2 isomers (IV(g) and (h)) and therefore in these forms
this steric source of potential discrimination remains.

Hence. for discriminatory functions based on chirality recognition there arc very
important structural distinctions between these three cis diastcrcoisorneric forms.
These sterically based discriminations would not exist for an achiral o-aminoacidutc
ligand such as glycine, discrimination should be minor between thc cnantiomeric
forms of a flexible and less bulky ligand such as R*~alaninc. but they should become
quite pronounced for bulky c-aminoncids with limited torsional flcxiblity such as
Rife-proline. as represented in (IV). This is consistent with results obtained both for
the photolabilc Ru-bisdiimine compounds [22,23] and for the Colll-piccn* systems.
Hence in the set of .'\ complexes represented by IV(b). (d) and (II) the R·.proJinatc
ligand might be expected to be discriminated against by its metal-tctradcntate hosts.
its S enantiomeric form being the more welcome guest. Conversely, preferential
recognition of the R-prolinate enantiorncr would be achievable, if desired, through
usc of ts-cts-« or t1-ciS-P2 tctradentatc complex fragments as hosts.

Other potential sources of discrimination through noncovalent interactions also
may be identified in these different structures. The secondary amine NH group in
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Ca) ,,-(S'I'/II)

.!"Ali

-\' HN-_
HI

Ce) A-~I-(S'pm)

(g) A- PZ-(S-r-m)

,1V)

(b) A-(R-I'm)

Cd) A-«·(R-prtlJ

(f) A-PI-(R·pm)

the fold of the tctradcutute is a potential H-bond donor. It adopts a[ac relationship
with the a and N donors of the aminoacidatc ligands in the C'is-B isomers but not
in the cis-« forms. As a result, for aminoucids with e-substitucuts containing If-bond
acceptor groups the potential exists for discriminatory contributions due 10 intcrli­
gand H-bonding in the A-PI-(R-aa). (IV(f». and A-P2-(S-aa) (IV(g» diastcreoisom­
ers alone. Conversely. the pyridyl groups would have the potential for intcrligand
hydrophobic interactions through n-stacking involving aromatic aminoacid substitu-
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cuts in the ds-f3 1-(S-aa) (IV((e}). ds-J3[(R-aa) (jV(h») and both ci.\'-IX-(RJIc-aa) forms
(IV (c) and (tI»). This suggests that a-stacking may make a more significnnt contribu­
tion to cnuntiosclcctivities exhibited in the f'is-J\ systems than in those based on a
ciS-11 geometry.

The analysis provided above is consistent with the stcrcosclectivitics displayed in
experiments involving optical resolutions or the syntheses of the o-aminoacidntc
complexes. The [Colpicen")(RJIc~aa )Ft products arc readily obtained by reaction or
lin o-aminoacld with the respective [Cotpicen*)CI:J~' species as precursors ill aqueous
solutions and under mild conditions. The A-r3-[Co(RR-pkchxn)CI2J+ precursor. for
example, demonstrates little discrimination in reactions with Rile-alanine under such
conditions and both S-alaninatc and R-alaninatc ternary products may be readily
obtained [~6 J. It isor interest that. consistent with stcric arguments presented above.
both A..cis-llJ and A-ds·~2 forms of the S-alaninatc complex arc isolated, but the
A-cis-13 1 form alone may be obtained with R-alaninc. Similar behaviour is observed
with the other tctrudcntatcs studied ~ )2,59,60] and to date no A-C'i,\,·rl2 product
containing all R-aminoaddatc guest molecule has been obtained 1'1'0111 i.l reaction
involving a A.~-Colll-piccn* host moiety and an o-uminoncid as synthetic precursors.
Furthermore, such synthetic reactions involving the less flexible RIt:-prolinc as a
precursor arc observed to be cnuntiospccific. Each CoII1_piccn* moiety studied has
demonstrated an ability to distinguish the l wo hands or this more sterically demand­
ing ligand and no R-proJinate complex has been isolated under these conditions as
either a A-l'is-rJ.. or a A-ds-p product.

It must be noted that this discriminatory behaviour is in complete contrast to
that observed when the A-r~·ColII-RR-picchxn moiety is used as a template for the
asymmetric synthesis of R*-proline. The ternary complex formed with the prochiral
1,2-dchydroprolinc bidcntatc has a A-P2 geometry [53] (allowed by the bidcntatc's
lack of chirality) and its reduction by aqueous sodium borohydride yields a
A-r3r[Co(RR-picchxll)(RIje..pro]' + mix in which the R-pro species is in the higher
diastercoisomeric proportion (53~64 J. This result is quite remarkable in the context
of the other synthetic chemistry and predictions based on stcric factors, as described
above. However, the two sets of synthetic conditions arc distinctly different. In one
case the Co"I(RR-pkchxl1 ) moiety discriminates against R-prolinatc as an incoming
ligand entering the coordination sphere. rn the second, discrimination likely is
governed by steric access to the already bound iminoacidate precursor for the
incoming reducing agent. In this mechanism other factors such as selective hydrogen
bonding or electrostatics involving reaction intermediates may play domincnt roles.
In each easel however. the molecular recognition process between the two reagents
would be controlled by the stereochemical features established by the bound chiral
tctrudentute ligand.

Indeed. the results of the o-nminoacidatc asymmetric syntheses experiments based
on decarboxylation of coordinated o-substitutcd-a-ammomalonate precursors con­
firm that likely productscannot be predicted solely from simple stcricconsiderations.
Decarboxylation experiments on A-Pl-[CO( piccnlJ')( ARMA)] + species generally
result in diustercoisomeric product mixtures which have a significant excess of the
R-aminoacidatc forms [8,9~ 52,76]. The AMMA-based precursors, for example, con-
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sistcntly give R-:S-alaninatc product ratios of around 9: I for the RR...picchxn [76 J­
RR-pichn [8] and RR-picsticn [52] complexes. There is no obvious stcric reason for
cnautioprefcrenccs in ci,~'-nl isomers (IV (e) and (f). ride JUr ~ and these consistent
and high selectivities in favour of the R-handed products den, ..rrate the importance
of the overall common molecular architecture of the complexes. An important
comparison or the different discriminatory abilities of the ci,\'-'1. and cis-fl geometries
is allowed by the observation .hat decarboxylation of the more symmetrical
!\-I)-[Co(SS-picchxn Me l )( AM MA)]'" analogue LInder the same conditions results in
no detectable cnantiodiscrimination in the R*-alaninate products [68].

When the ARAtA-bllscd precursors in these experiments have aromatic substituent
groups. however. the enuntioprcfcrencc observed in the products is reversed such
that S-aa products arc obtained in significant excess [8.9]. This behaviour has been
attributed to stabilisation of the pro-S configuration by intcrligand ll-bouding and
to the existence also of n..stacking interactions involving the aminoucidatc side-chain
and the adjacent pyridyl ring in the t\-rl, isomeric forms. The presence of these
structural features in the ARM. \ synthetic intermediate has been confirmed by X-ray
analyses [H] (" Fig. I). Moreover. the IT 1t interaction would appear to playa dominant
role in determining the chirality of the products. since similar intcrligand ll-bonding
is apparent also in the crystal structure or the non-aromatic pro..S AMMA analogue,
decarboxylation of which results nonetheless in a significant R-alaninatc preference
[52]. Similar hydrophobic n-stucking interactions have been shown to exist in each
of the [Co( piccn")(/(* ..aa))2 + crystal structures obtained thus far for o-amlnoacidates
containing aromatic l1..substituents [10, J 1.83] (Figs. J-3). In addition, intermolecu­
lar 1t-~1t interactions between pyridyl rings alone have been observed in a related
Pdt II) structure [44]. The indications are that this type of noncovalent interaction
is a source of discrimination which is at least as significant as intcrligand steric effects,

4. Recognltlon of nucleic acid molecular structures

4. J. Simple trts-bidcntutc metallotntercalators

The development and usc of chiral metal complexes as molecular probes or nucleic
acid structures has been the subject of intense research over thc last decade and the
topic has been well reviewed recently [84J. Much of this work has been initiated by
early reports of the enantiomeric recognition of duplex DNAs by simple iris-chelate
octahedral cations derived from oligopyridyl bidcntates and of general type
[M(diiminelj]" + [85·--89]. Both Yamagishi [88] and Barton et al. [89] initially ascribed
the observed enantioprcfcrence for L\..[Ru(phcnhF + to be due to a selective intercala­
tive form of binding. In that model, one coordinated phen ligand of the L\ cation
was proposed to be involved in positive hydrophobic bonding through n-stacking
with the nucleobases of the duplex whilst the other two ancillary ligands make steric
contacts with the surface of the helical groove [8'>]. It was proposed that the
enantiopreference observed arises due to the more pronounced steric clashes that
would exist between the two ancillary phon blades of the Aisomer and the ribophos-



phute backbone of the duplex. The emergence or evidence against this iutcrcnlativc
model for the iris-phon complexes [9(j 9)] led to the development and use of several
modified derivatives. In particular. complexes containing diiminc bidcntatcs such as
phdi (\' ). dppz (VI). rpz (VII) or dpq (VIII). which provide enhanced aromatic
surface areas for intercalation. have been shown unambiguously In intercalate into
DNA [74.94 9(1}.

(V) (VI) (VIII)

Both cnantiomcrs of the [Ru( phcnh(dPPz)f 1 cation. for example. have been
-hown to bind to calf.. thymus DNA ItJ) 97]. to alternating GC and AT hOI1H)·

polymer duplexes [96]. und to d(CGCCiATCGCG h f90J and u(GTCGAC)2 (99]
duplex fragments \'1'(/ intercalation. FIOI11 NM R analyses it is concluded that the ~

cnantiomcr intercalates selectively into the central CG base SCQUCl1lX of
d(GTCGAC' b from the major groove or the duplex [95.99]. Similar intcrcalntivc
behaviour has been observed for hornologucs based 011 phdi, The interaction of
[Rufdiimineljtphd! )]2 1 complexes (diiminc represents phen or bipy) with calf­
thymus DNA and homo-polynuclcic acids has been investigated, A study employing
electric dichroism and photolysis methods [100] shows all ions to bind with cnantio­
meric discrimination ria intercalation of the phdi fragment. and a Z-DNA conformer
is transformed to B-DNA as a result of this intci calative interaction. Analogues of
Rh ( I L~, ) derived from bulky substituted forms of the ancillary diimine ligands show
cnantioselcctive base-sequence recognition [101]. The complex based on 4.4'­
diphenyl-2,2'..bipyridine specifically targets 5'-CTCTAGAG..3' sites, We have demon­
strated that a correlation exists between the degree of aromatic area available for
intercalation and chromatographic retention times 011 immobilised DNA for
[Rutdiimincjj]!+ complexes of phcn, dppz, dppzMc,2, dpq and dpqlvlc. [74].
Nonetheless, the cnuntiosclcctivity exhibited by simple complexes of this tris-biden­
tate type for interaction with calf-thymus DNA has been shown to be quite unpredict­
able [94].

4.2. Tcnutry I Eu" (pitc'lI* ) (hit/eJltall') /1. -I iONS designee! as DNA IIIetaI/oill tercalotors

The basic structural description of this intcrculativc model now has been proven
to be substantially correct. at least for probe molecules containing bidentatcs with
extended aromatic surface areas [95,96]. Bence the discriminatory abilities of com­
plexes or this type, which arc determined predominantly by intermolecular contacts
between the DNAngroove surfaces and the ancillary bis-diimiue components of' the
different [M(diiminch(bidentarej]'" enantiomers, should be controlled by stereo­
chemical factors similar to those discussed above for the recognition of
o-uminoacidntcs by M(diiminc)2'" species. That is. the unsymmetrical environment
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provided by the bis-diimine moieties which cal) assist in the discrimination of
~~~,mil1oacidates should be a common factor if applied to their recognition of nucleic
acids. Once again. important advantage ~ could be achieved if the two diimine ligands
of these mctalloprobcs were to be replaced by piccn-bascd tctradentatcs, Hence we
havc synthesised ternary complex cations of general form
[Rtt(picCIl*)(bidcntittP)j2+ and arc evaluating them for this recognition purpose
(54.56.57.63.74.75.102. l03] It is of interest that the only previously reported species
of this general type is the elemental rRu( pken)( bipy)](CI04 h complex described by
Goodwin and Lions with the original synthesis of piccn [40].

Ternary mctallointcrcalators of this type would have it number of advantages over
probe molecules based on a tris-bidcntutc geometry. Flexibility in their synthetic
design again would allow for more facile control of chirality and for the n~,·\I.:!Y

incorporation of stcric bulk and select ivc secondary-binding sites. Moreover, (I)
since they contain only one intercalating bidcntatc any ambiguity as to which
molecular fragment intercalates can be avoided; (2) their inherent chirality. deter­
mined through tctradcntutc design tvidc supra). can provide optically pure mctullo­
probes which are not subject to rnccmisution at the metal centre and which do not
require development of individual optical resolution methods: (3) the tctradentate
non-aromatic components provide well-dispersed NMR resonances, of major assis­
ranee in solution structural analyses of interactions with oligonucleotide targets [82];
and (4) the existence of cis-a and cis-rl stereoisomerism allows the opportunity for
a study of discriminatory effects based on molecular shape which arc unavailable to
the structurally less-sophisticated tris-bidcntatc probe molecules.

We have synthesised it variety of Ru(II) complexes uf this general type lind. where
necessary. have resolved the diastercoisomcric products into their pure cis-« and
ds-f~ forms. (The distinction between Bl and n2 geometries docs not exist with the
symmetrical oligopyridyl bidcntutcs.) The various complexes obtained with pieen
demonstrate little stcrcosclectivity in their formation. although the phen and tmp
ternary derivatives have only been obtained with cis-« geometry [55]. The crystal
structure [104] of the simplest potential mctnllointcrculator of this type, the
ciS-Cl~[Rut piccn)( phem]' i cation, is shown in Fig. 4.

The use of vicinal disubstitutcd piccn derivatives provides the control over stereo­
selectivity which is lacking in the unsubst ituted forrus, and their structural chemistry
parallels that of the Co(I B) compounds described earlier, Complexes containing
R* UIfc·picchxll, for example, display the same stereo- and cnnntiospccificity found
for Co( III). That is, RR-picehxn again forms solely A-cis-fl products with Ru( II)
[54.56.101]. Similar stcrcospecifics arc observed with R*RIjl·pichn (55]. The molccu­
lar structure of the cis-A·p-[Ru(RR·picchxn)( phcn)f + cation [I04~ is shown in
Fig. 5, where a comparison of its cis-p geometry may be made with that or the cis-a
piccn homologue I Fig. 4).

Photo-oxidation of complexes of this type [54---56] leads to products containing
the tctrudentate in a monoimine form (III (bj), and the crystal structure of such a
complex has been determined [56]. The C'i,\'-A..p-[Ru(RR·picchxnmi)(phcn)f+ cation
crystallises in an unusual solvate form with one molecule of unbound phen, and its
molecular structure (Fig. 6) demonstrates two highly significant features. The parallel
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Fig. 4, A stcrcovicv, : 110J of I Ill' moleculn r st ructurc or tIll' A cnantiomc: of ci.F/-1 J{u(piccu Hphcm]' '
(atomic coordinatesobtained from nY:-lallllgrilpltir data 110411. The molecule has('.. symmetry .1lit! Ill'IICt:
the srcrcochcmical cnvironmcuts above ;IIHI helow the phcn moiety, exemplified by 7-pyridy! protons Jr1
and Ii~. arc cqui valent. Thl'SC protons \\ould mu kc prinraI'\, steric COlli acl~; wi th duplcx DN;\ fO" metal­
lointcrcnlutors based on this gcomcrry.

Fig. 5. A stereoview [t l ]of the molecular structure \11' the A-IHRu(/iR-picchxn)( phl'l1)f t diastcrcnisomer
(atomiccoordinatcs obtaiued from crysta Ilograph Il' data [104D, Note the in tcrchungc of I he posit ions in
the coordination sphere of <1 pyridyl and an it mille group or Ihe tetradcntate ill comparison with a 1\­
cis-a stereoisomer (Fig. 4). The lower amine group would provide theopportunity or nuclcobasc-sequcncc
selectivity through H-bomling for mctullointcrcalators based on this structure.

relative placement of the bound and unbound phcn molecules dearly indicates
hydrophobic bonding through a n-stucking interaction. Moreover, a bifurcated
N~-H ..·N hydrogen bonding arrangement involving the picchxnmi amine group as
donor and the two unbound-phon N atoms as acceptors also is indicated by the
interatomic geometries [98]. These structural features arc significant factors when
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Fig, (l, " sicrcovicw III OJ of the molcculur structure of the /\.,lMI Ru(RR·picdlxllmi)( phcn)]~ I phen sol­
vatc complcx obtained after photo-oxidat ion of thecorresponding picchx n species [54.5(1] shown ill Fig. 5.
Atomic coordinates were obtained from crystullographic data [104 J, Favourable intermolecular n-stucking
and lI-bol1lling interactions between the calion and the free heterocyclic base an: indicated,

considering hoth molecular recognition potential and probe design. The 1t---1t inter­
action demonstrates the propensity for cations of this type to stack with aromatic
bases such as those in DNA. This is particularly so for those derived from proven
intercalating bidcntatcs such as (V) -- (VIII). The indicated availability of the lf-bond
donor group for interaction with an acceptor on a n-bonded aromatic base also
provides the potential for control of nuclcobasc-sequence selectivity 1~1 that inter­
action [84]. Molecular modelling shows this N-H group to nc ideally positioned for
interaction with the 06 atom of a guanine residue in the major groove of DNA,
(IX). Analogous behaviour has been demonstrated with a set of Rh(1I1) ternary
mctallointcrcalntors [84. 105·--109].

(IX)

Like H~bonding interactions are not available to the cis-a forms of the complexes
since their amine group protons are directed away from the aromatic bidentate
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component (e.g, Fig. 4). Hence an important design distinction exists between the
cis-« and cis-r~ forms when employed for DNA molecular recognition purposes. This
mirrors their different intramolecular Hvbonding potential when discriminating
rx-aminoacidates (IV~ vide supra). The cis-a. forms alone, with dyad symmetry, are
structurally analogous to the tris-bidcntate metallointerculators, where their molecu­
lar recognition function is thought to be determined primarily by shape selection
due to steric clashes between ancillary ligands and the DNA groove surfaces [84­
89]. Once again, the closest intermolecular steric contacts with the nucleic acid arc
likely to be those involving the two o-pyridyl protons (designated as HI and H2 in
the figures) in the cis-« complexes.

Unlike their Co(lJI) complexes, the N,N'-disubstituted picen* ligands ure Hot
stereospecific and commonly produce cis-« and ds-p isomeric mixtures with Ru(II),
which nonetheless may be resolved by standard chemical or chromatographic means
[63,74,75,102]. Ternary Ru( II) complexes of R*R*-picchxnMcz have been isolated
in both cis-a and ds-~ forms [57. 75, 102], and the structure of the
cis-A-P-[Ru(SS-picchxnMc2}{phenj]? + complex cation. derived fr0111 an X-ray analy­
sis [104], is shown in Fig. 7. A comparison of its molecular structure with that of
its unsubstituted analogue (Fig. 5) allows two important distinctions to be discerned,
apart from features arising from the opposite chiralities of the R* R*-chxn fragments.
The N-CH 3 substituents remove the intermolecular If-bonding potentia) of these
probe molecules. and therefore any potential nucleobase-sequence selectivity deriving
from this feature. Moreover, this methyl substituent group may be seen to protrude
over the aromatic bidentate (here phcn) such that it is likely to act as a source of
steric hinderance to any n-stucking interactions near the metal ion centre. Incontrast.
the corresponding ds-A-r:t form would have both methyl substituents disposed well
away from the aromatic bidentate moiety (cf. Fig. 3), similar to the amine protons

Fig. 7. A stcrcovicw [110] of the molecular structure of the A·IHRu(SS-pkchxnMclJ(phcn)fl cation
[75.102] derived from the crystal structure of its cnantiomcr [104]. A comparison wirh the structure of
the RR-picchxl1 diastercoisorncr shown in Fig. 5 illustrates topological changes resulting from N-methyla­
tion of the tctradcntatc. Primary stcric contacts made with DNA by mctallointcrcahuors based on this
geometry would involve the lower methyl group and the z-pyridyl proton 1-11.
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of the unsubstituted forms (e.g. Fig. 4), and hence this steric hindrance feature
would be absent. Once again the intermolecular recognition potentials of the two
cis-a and cis-~ forms are definably different.

Confirmation of the propensity of these molecules for n-stacking interactions is
demonstrated by their solution behaviour, as measured by IH NMR experiments
[57,75,82,102]. Similar to the simpler [M(phenhf+ cations [14,15], the ternary
metalloprobes based on the extended bidentates phdi and dpq show evidence of
significant self-association in aqueous media at higher concentrations. An analysis
of proton resonance data is consistent with dimer formation through ring stacking
interactions between thearomatic bidentate probe components (Fig. 8). Comparable
magnetic shielding effects are apparent in NMR spectra when these complexes are
allowed to interact with small synthetic oligonucleotide duplexes [57,82, J02], again
consistent with molecular recognition based on hydrophobic intercalative binding.
These NMR studies also show these intermolecular associations to be both groove
and base-sequence selective [82]. An ill \'i,I'O bacterial DNA system also has been
utilised in support of these studies. The different frameshift-detecting S. typhimurium

mutual shielding
of dpq protons

(a)

(b)

mutual shielding
of dpq protons

Fig. 8. Representations of possible paired structures formed through x-x interactions between aromatic
bidentate components of (a)rae-cis-a- and (b) ral'·ci'·-~- [Rutpio J-:xnMc2Hdpq)]2+ species. An interpreta­
tion of the consequent magnetic shielding effects observed in l;i NMR spectra is given.
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strains used indicate higher mutagenic activities for the cis.. r:t., diastereoisomers, and
for those derived from the bidentates with higher aromatic surface areas available
for intercalation [75, 102, 103].

As desc« bed above, the potential exists with metal complexes of this type for the
determination of metalloprobe enantioselectivity through picen" chirality selection,
and for control of nucleobase-sequence selectivity through intentionally designed
steric bulk and H-bonding capacities. A simple example of this principle is illustrated
in Fig. 9. The DNA-recognition capabilities of such complexes could be further
enhanced by the synthetic incorporation of tethered secondary binding groups into
the probe molecules. We are undertaking such a study. The potential exists also for
the complexes to be incor porated into chimeras designed for purposes such as
specific DNA sequence recognition [84] or photocontrolled repair reactions per­
formed on the duplex (112].

5. Summary and conclusions

The significant advantages of using a picen-based tetradentate ligand rather than
two bidentate ligands in octahedral metal complexes which are intended for discrimi­
natory molecular recognition functions have been described 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 discriminatory interactions may be applied at
three different molecular levels, as summarised below.

5.1. Intraligand discriminatory interactions

The factors which determine the particular cis stereochemistries adopted by these
tetradentates are identified as deriving primarily from intraligand torsional inter­
actions. These are controlled by appropriate substitution on the central N-C-C-N
atoms of the picen skeleton. Simple C-mono-substitution introduces chirality to the
tetradentates but this generally results in non-discriminatory coordination behaviour.
Appropriate alkyl or aryl substitution on both vicinal C atoms produces chiral
ligands which are highly stereo- and enantioselective in theircoordination behaviour.
This is enhanced further by N-substitution, which also is a primary stereochemical
determinant. The thorough understanding of these parameters has required elaborate
experimental testing, but it is now clear that absolute stereospecificity, as far as can
be experimentally determined, is simply a matter of choice through synthetic design
for this M-picen* class of coordination complex.

5.2. Interligand (intramolecular] discriminatory interactions

The ability of a M-picen* moiety to act as an asymmetric template in discriminat­
ing chiral bidentate ligands in thecoordination sphere of the metal ion, asexemplified
by e-aminoacidates, has been studied in depth. This principle has been applied both
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(a)

(b)

Fig. 9. Stereoscopic views of (a) the A-Ct.- and (b) the ~·tX· cnantiomeric forms of a
cis-cx.[Ru(picen)(bidcntate)]2+ cation positioned for intercalation intoa fixed model rJ(TACGTA)2 duplex
fragment [II]]. The Aenantiomcr shows a steric interaction between the pyridyl protons HJ2 and H22
of the picen ligand and the thymine methyl groups (indicated *) in the majorgroove of the duplex. Steric
bulk or secondary binding components incorporated into the tetradentate in these positions should result
in a major enhancement of theenantioselective and sequence recognition capabilities of metalloimercala­
tors of this type.
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to cnantioselectivc coordination or optical resolution of o-aminoacidates as well as
to their asymmetric synthesis, Pronounced differences are observed for the diasrereo­
isomeric products of these two applications, demonstrating that discriminatory
behaviour cannot be predicted from intramolecular stereochemical factors alone.

At least three structural features which lead to noncovalent interligand interactions
arc identified as important discriminatory factors in complexes of this type. One
common determinant obviously is sterically based and involves the disposition of
the picen* «-pyridyl groups relative to the bidentate chelate ring. A second relates
to the potential of a secondary amine group of the tctradentate to be involved in
interligund hydrogen bonding in the ternary ds-B diastereoisomers, A third feature
is the availability of the pyridyl groups for involvement in intcrligand hydrophobic
n-stacking interactions with aromatic substituents on the bidentates. The pyridyl
rings provide potential, therefore, for both unfavourable steric and favourable
hydrophobic interactions. Each of these features may contribute to the subtle control
of the molecular recognition functions exercised by the M-·picen* template hosts on
their bidentate guests.

5.3. Intermolecular dlscriminatory interactions

An understanding of these sources of interligand discrimination allows their
application to the design of intact picen*-based complexes for selective recognition
of other molecular structures. An important example lies in their use as chiral
metallointercalators of nucleic acids. For this purpose we currently are investigating
in detail a selection of ternary Ru( II) complexes which incorporate these tetraden­
rates with bidentate ligands having known DNA~intercaJating capabilities.

Common principles governing the control of enantioselectivity, hydrophobic or
Il-bonding interactions, and steric complementarity through chelate structural design
apply to both intra- and intermolecular discriminatory applications. The increased
synthetic flexibilty and structural diversity that this pieen class of ligands allows in
comparison with chelates based on simple oligopyridyl bidentatcs provides scope
for significant enhancement of the many potential molecular recognition functions
to which such compounds may be applied.
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