
Coordination Chemistry Reviews, 29 (1979) 87-127 87 

@ Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

ISOMERISM IN COMPLEXES OF BfDENTATE LIGANDS WITH 
ENANTIOTOPIC DONOR ATOMS 

(Received 30 January 1979) 

CONTENTS 

A. Introduction . _ . . . . _ _ . . . . . . . . _ _ . _ . . _ ss 
B. Stereotopic relationships and symmetry labels . . . . . . . . . . . . “9: 
C. Complexes of meso bidentate ligands . . . . . . . . . _ . . . _ _ 

(i) Mtso ligands _ . . . . . . . . . . . . . . . . . . _ . . 91 
(ii) Octahedral tris chelates . . . . . . _ _ . . . _ _ _ _ _ . _ 94 

(iii) cis Octahedral bis chelates * . . . . . . . . . 101 
(iv) trats Octahedral and planar dis &&i&s : : : . . _ _ _ . _ . _ _ 102 
(v) Other complexes containing meso bidentatcs . . . _ . _ . . . _ _ 105 
(vi) Ligands with chiral centers at the donor atoms . . . _ . . . _ . _ 1Oi 

D. Complexes of prochiral hidentate ligands _ _ . . . . . _ _ . . _ . _ 112 
(i) Prochiral ligands . _ . . . _ . . . _ _ . _ _ _ . . . _ . 112 

(ii) Substituted 1,3-propancdiamincs _ . _ . _ . . . . _ . . . . _ 113 
(iii)Tripod Iigands . . . . _ . _ _ _ . _ . . _ _ _ _ _ _ _ _ 116 
(iv) Other prochiral Iigands . . _ . . . _ . _ . _ . _ . . _ _ _ 118 

E.Summary . . _ . _ . _ _ _ . . . _ . . . . . _ . _ _ . _ 120 
Acknowledgements . . . _ . _ . . . . . _ . . . . . . . . . . 121 
Note added in proof. . . . . . . . . . . _ . . . . - . . . . _ 121 
References . . _ . . (I . . _ . . . _ _ _ . . . _ _ . . . . - 122 

ABBREVIATIONS 

acac 
bn 
biPy 
chn 

CPn 
dach 
das 
dptn 
dtch 
dtd 
dth 

2,4-pentzmeclionate~l-) 

2,3-butanediamine 
bipyridyl 
l,Z-CycIohexanediamine 
1,2_cyclopentanediamine 
1,4_diazacycloheptane 
2,3_diaminosuccinate(2-) 
1,3&phenyl-l.3-propanediamine 
1,4&thiacycloheptane 
5,8dithiadodecane 
2,5dithiahexane 



dto 
EDDA 
en 
Et,Mc,en 
Elttn 

filY 
ibn 
Mctn 
N,N’-F,t,en 
N.N’-k1e,d1nt11 
,Y.h”-Rkl~~Il 
IN ,N’-hlc _tn 
OS 
ptt? 
1” 
l’tn 
sticw 
1’L\CN 
in 
t 11 Br 
tnc1 
tno1-I 
tnscrV 

3,Gdithiaoctane 
ethylenediaminediacetate 
1,!2-ethanediamine 
3,4dimet~lyl-3,4-he~anediamine 
2-ethyl-1,3-propanediamine 

glycinate 
1-methyl-1,2-propanediamine 
Z-methyl-l ,3-propanediamine 
~,~‘diethyI-~,Z~thanediamjne 
~,~‘dimethyl-2,2dimet~l~rl-l,3-pro~~nedi~ine 
N,N’-dimethyl-1,2ethanediamine 
N,N’-dimethyl-1,3-propanediamine 
osalate( 2-) 
1,2-bis(phenylthio)ethane 
1 ,Z-propaIlediamil~e 
2,4pentanediamine 
1,2diphenyl-1,2ethanediamine 
1,4,7-triazaoyclononane 
1,3-propanediamine 
2-bromo-1,3-propanediamine 
2-chloro-l,3-propaI~edi~~i~~e 
1,3-diamino-2-propanol 
2-thiocyano-1,3-propanediamine 

A.. INTRODUCTION 

It has long been recognized that metal ion compleses containing unsymme- 
trical “AB” [ 1 ] bidentate ligands, such as amino acids and unsymmetrical 
diamincs, may eshibit geometrical isomerism dependent upon the end-for-end 
orientations of the AB Iigands. Thus, in 1907, it was pointed out by Werner 
and Fr6hIich 121 that the presence of the unsymmetrical ligand 2,2-propane- 
diamine leads to two possible isomers in t~aIzs-yCo(p~l)~Cl,]’ and to three iso- 
mers in the cis complex (escluding isomerism resulting from chiral centers) 
(Fig. 1). 

Although \Verner eventually separated geometrical isomers resulting from 
the presence of 1,2-propanediamine in a complex (cis-[Co(en)(pn)(NO,)zJ+) 
[ 31, other workers had by that time reported [43 the separation of two iso- 
mers of tris(glycillato)cob~t(III) which were correctly ascribed as being due 
to the unsymmetrical nature of the ligand. It is now known that the red, 
nearly insoluble 0 form of [Co(gly),] is the facial isomer while the violet, solu- 
ble Q: form is the meridional isomer [5] (Fig. 2). Meridional isomers have also 
been termed “meridonal” [ 61, “meridianal” [ 73 and “meridial” [S]. The 
designations “cis” and “trmzs” [ 53, “bis-cis” and “trm2s-cis” f5], “1,2,3” and 
“1, 2, 4” [4 1, “cis4s” and “cis-Ct-ans” [93, “facial” and “peripheral” [lo], 
and “1, 2,3” and “1,2,6” [ I1 ] are other terms which have been used to 
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Fig. 1. Geometrical isomerism in [ Co(pn)$lz ]*. 

distingtiish the geometrical isomers of tris AB compleses or of the related 
Ma,b, compounds. 

The isomerism discussed above is dependent upon the distinguishability of 
the donor atoms (ligators) of the AB bidentate. The chemical dissimilarity. 
may be due to elemental differences in the Iigators themselves, as in mono- 
thioacetylacetonate (I) [ 71, environmental differences, as in 1,2-propanedi- 
amine (II), or both, as found in ~aminoacidatc ligands (III). In rare cases, iso- 
merism owing to the presence of bidentate ligands with diastereotopic 
[12] ligators has been reported. One example is provided by the isomers ob- 
served in the NMR spectra of compIeses of unsymmetricaIIy disubstituted 
dithiocarbamates (IV), where slow rotation about the C-N bond causes the 

i-i2C, ,o 
‘C 

h22 -0 
-“C* 

:: t; 

FACIAL hlERIDIC)NAL 

Fig. 2. Geometrical isomers of [Co(gly)3]. 
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two ligators to be non-equivalent [13]. 

a lx- 

Bidentnte ligands lacking any element of symmetry relating the donor 
atoms (i.e., “unsymmetrical” AB ligands [ I]) will always contain distinguish- 
able tigators. The requirement that there be no symmetry element relating 
the donor atoms is, however, overly restrictive. It is only necessary that there 
be no performabIe symmetry operation (a proper rotation) relating the donor 
atoms. Thus, bidentate ligands containing ligators which are reIated only by 
non-performable operations (improper rotations) have distinguishable estremi- 
ties and, though not widely recognized, such ligands can give isomeric com- 
plexes corresponding one-to-one x4th those obtainable with AB bidentates 
[24,15]. In this articIe, we survey the literature of complexes containing biden- 
tate ligands Lvith donor atoms which are related only by non-performable 
symmetry operations with particul~ emphasis on the isomers which can arise 
okng to the presence of such Iigands. The ligands discussed are divided, 
somewhat artificialfy, into two types - meso and proehiral. 

B. STEREOTOPIC RELATIONSHIPS AND SYMMETRY LABELS 

The reader should refer to the papers of Mislow and Raban [12] and 
Hirschmann and Hanson [ 161 for a complete discussion of stereotopic rela- 
tionships. 

Groups (or atoms) within a molecule which are distinguishable by any 
physical method are said to be heterotopic. The sole requirement for groups 
to be hcterotopic is that they not be related by any element of gyrosymmetry 
1161, i.e., by any operations involving rotations of the molecule as a whole 
atxi readily occurring bond torsions_ If the donor atoms of a free bidentate 
ligand are hcterotopic, isomerism will always be possible for the complexes 
formed upon attachment of that ligand to coordination sites which, when all 
other ligands present are included, are themselves heterotopic. This leads to 
the well-knotvn isomerisms possible for complexes of AB (“unsymmetrical”) 
bidentates. 

Hcterotopic donor atoms may be cot~stitutionaIIy heterotopic, as is usually 
the case for AB bidentatcs, or they may be stereoheterotopic, where steric 
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differences alone account for the distinguishability. In the latter case, the liga- 
tors may be enantiotopic, if they are related by an improper rotation axis in 
any energetically unique [ 165 conformer, or diastereotopic. Diastereotopic 
and constitutionally heterotopic donor atoms of a ligand are distinguishable 
under all circumstances, and typical AB bidentates contain ligators belonging 
to one or the other of these two classes. On the other hand, enantiotopic 
donor atoms are differentiable only in a chiral environment. 

In our discussion of metal chelate stereochemistry, it will prove useful to 
be able to designate the symmetries of the species obtained by appropriate 
brief labels. Unfortunately, point group designations cannot be rigorously 
applied to non-rigid molecules [17], which are common in &elate systems. 
The application of point groups to describe a system by characterizing all im- 
portant conformers treated as rigid entities (see, e.g., ref. 18) leads to needless 
complexity here. The “dynamic symmetry” [ 191 of a flusional molecule can 
be described by the group which is the direct product of the group of symme- 
try operations for the rigid skeleton and the group of permutation operations 
corresponding to conformation interconversions [ 20,211. However, the nam- 
ing of this effective symmetry group either leads to labels with which most 
chemists are unfamiliar [ 22,23] or, when given the label corresponding to the 
isomorphous point group (as suggested by some [24,25]), can in some cases 
yield a point group having no obvious relation to the geometry of the mole- 
cule_ 

We will employ the point group of the conformer of “highest symmetry” 
[22], if such a conformer can be unambiguously determined, to designate the 
“effective symmetry” of the chelates described_ Stereotopic relationships 
which hold for the fluxional molecule can then be determined from the point 
group symmetry of this conformer, which must be energetically unique (163. 
The highest symmetry conformer can be loosely described as having a “con- 
formation&y averaged” or “time-averaged” geometry. This is, of course, the 
“‘apparent geometry” of a non-rigid molecule when determined by any meth- 
od (isomer counting, NMR, etc.) whose intrinsic time scale is longer than that 
required for the molecule to adopt all energetically feasible conformations 
for fractions of time corresponding to those required for a Boltzmann distri- 
bution. In this article, complete rotational averaging is assumed for all freely 
rotating chelate ring substituents, and monodentate ligands are treated as 
point ligands. 

In some cases (for example, where secondary amines are donors), new cen- 
ters of stereoisomerism may arise upon coordination. In the determination of 
stereotopic relationships, the free ligand must be constrained to maintain any 
centers of stereoisomerism created upon coordination. 

C. COMPLEXES OF MESO BIDENTATE LIGANDS 

fi) Meso ligands 

Meso bidentate ligands contain constitutionally equivalent ligators in oppo- 
sitely chiral environments. Such a ligand may be designated “RS” (as opposed 
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Fig. 3. Stereoisomers or symmetrically disubstituted 1.2-ethanediamines. 

to “AA” and “AB” used, respective? y, to designate symmetrkal and unsym- 
metrical &dentate ligands) to indicate that the ligand halves are distinguishabIe 
by their chiralities, which most commonly may be assigned as “R” and ‘s” 
1263. 

Perhaps the most investigated meso bidentates have been the symmetrically 
disubstituted l,f?r-ethanediamines. Here we examine the steric properties of 
this group of molecules specifically; however, our observations hold for a num- 
ber of related systenis. Typical meso disubstitu~ed 1 ,Z-ethanediamines are 
w~+l,2-diphenyl-l,%zthanediamine (V) and ms-2,3_butanediamine (VI), 
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The symmeCricalIy disubstituted 1,2ethanediamines contain two chiral 
centers and esist as three diastereomers (Fig. 3). The R,R and S,S enantiomers 
possess twofold rotation axes for all conformations differing by rotation 
about the central carbon-carbon bond (treating the R and NH, groups as point 
substituents) and, therefore, contain homotopic amino ligators. The amino 
groups of the R,S (meso) diastereomer may be related by improper rotations 
depending upon the molecular conformation (Fig. 4). In the antiperiplanar 
(ap) rotamer [27], the NH, groups are related by an inversion center; while 
in the high energy eclipsed synperiplanar (sp) form, they are related by a 
mirror plane. Since in these two energetically unique rotamers the amino 

_-‘L’ 
.,( L. 

!& 
‘% +,& -. 

. . 
it$cr A . t-.x 

l-f li.2 ‘R 
.__.__.. _ _____. J 

kd:) frac) 

Fig. 4. Staggered and eclipsed conformers of meso 1,2disubstituted 1.2-ethanediamines. 
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Fig. 5. Chair conformers of cis-1,2-cyclohexanediamine. 

groups are related only by improper axes, these groups are enantiotopic [ 161. 
It is of interest that when free rotation is possible, there is likely to be a size- 
able fraction of these meso molecules in asymmetric ~onformatiot~s (*SC) 
]28]. Even in cyclic meso molecules where there may be some rigidity, there 
will usually be a number of conformers possible. In cis-1,2-cyclohexanedi- 
amine, the two conformers expected to be OF lowest energy (the enantiomeric 
chair forms) have no non-trivial symmetry (Fig. 5). Only certain higher energy 
conformers containing eclipsed amino groups have symmetry-related nitrogen 
atoms. 

In any situation where conformational interconversion is slow or where 
there is an unequal distribution of enantiomeric (energetically non-unique) 
[ 16) conformers, nominally enantiotopic groups within a meso molecule may 
become diastereotopic. This undoubtedly contributes to the NMR differentia- 
tion of nominally en~ntiotopic groups in chiral solvents or in the presence of 
chiral solutes or shift reagents [29]. Similarly, the stabilization of one con- 
formation over the others by coordination can cause groups which are enantio- 
topic in a free meso bidentate to become diastereotopic. 

One can, of course, design rigid meso systems. R,S-2,4-adamantanediol, 
VII, is one such potential ligand with strict C, symmetry (ignoring the hydro- 
xyl protons) [30]. 

8”- \ OH 
HO--. 

We finally call attention to ms-3-methyi-2,4-pentanediamine (VIII) which 
can exist as a pseudochiral pair 1311. As in other meso molecules, the Iigators 
are located in oppositely chiral portions of the molecule and are chemically 
equivalent in an achiral environment. 
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Fig. G. Facial and meridional isomers of tris meso octahedral compleses. 

Octahedral complexes containing three identical R,S (meso) bidentate 
ligands can esist as two diastereomers (ignoring A,A isomerism [32]). These 
are illustrated in Fig. 6 where the designations “facial” and “meridional” 
denote the similarities to the corresponding isomers in tris compleses of AB 

bidentates- 

(a) cis-1,2-Cyclopes tarzedianzine and cis-1,2-cg’clofie_~arzedialni~ze compleses. 
Though the possibility for facial and meridional isomers in tris meso sys- 

tems was first pointed out for tris(ms-2,3-butanediamine) complexes (by 
Woldbyeand Borch in 1967 fl4]), such isomers were first isolated for tris(cis-1,2- 
c~?clopentanediamine)cob~t(III) [33 ]_ The two isomers (Fig. 7), which are 
separable by cation exchange chromatography, have identical absorption spec- 
tra with some differences in their CD spectra. Despite the difference in effec- 
tive symmetries, ‘H NMR spectroscopy fails to distinguish between the two 
isomers. It is likely that the second, more intenseIy colored chromatographic 
fraction isolated [33] is the meridional form since statistical factors favor for- 
mation of this isomer [ 34 ]_ The complex [ Ni(cis-cpn), J ‘+ has also been pre- 
pared, though the presence of isomers has not been demonstrated [33J. 

More recently, the facial and meridional isomers of the tris(cis-l.,2-cyclo- 
hexanediamine) compleses of cobalt(II1) and chromium(II1) have been separ- 
ated and characterized [35]. The absorption and CD spectra of the two iso- 
mers are similar for both systems. Those differences which do exist indicate 
more strain and distortion in the meridional isomers as expected_ As is found 

Fig. 7. Facial and meridional isomers of [ Co(cis-cpn)~] 3*_ 
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for [Co(cis-cpn),13+, the facial and meridional forms of [Co(cis-chn),]3’ can- 
not be unambiguously identified by ‘H NMR spectroscopy; however, the pro- 
ton-decoupled ‘% N&AR spectra clearly distin@h between the facial isomer, 
with three equivalent &elate rings, and the meridional form, with no symme- 
try. The meridional/facial ratio for equilibrated [Co(cis-chn),]3’ in aqueous 
solution at 90°C is 1.43 [35] which, after accounting for the statistical entro- 
py contribution of R ln 3 [343, indicates that the enthalpy of the meridional 
form is 2.3 kJ mol-’ higher than that of the facial form. 

The preparations of [Ni(cis-chn),]X, - 12 t-f,0 salts (X = Cl-, Br-, NO;, CIO,) 
have been reported [36) but the possible isomerism was not discussed. 

(!_I) ms-2,3-Buta,zediamirze complexes. 
Studies have been reported on tris chelates of ms-2,3-butanediamine with a 

variety of metal ions j14,37-421. When chelated in a gauche conformation, 
this meso ligand must have one methyf group axial and the other equatorial 
[43]. Such a conformation has been found in an X-ray structure determina- 
tion on [ PdCl,(ms-bn)] [44]. 

That the optically active isomers of 1,2-symmetrically disubstituted 1,2- 
ethanediamines, such as (-+)-2,3_butanediamine, can adopt &elate ring con- 
formations with both methyl groups in the lower ener,9 equatorial position 
(Fig. 8) is believed to account for the higher stabilities observed for compleses 
of the active isomers compa.red with those of the meso isomers [38,45]. 
Kinetics involving loss of substituted 1,2_ethanediamine ligands from com- 
plexes also indicate a lower stability for complexes containing meso ligands 
[46,47]. Owing to the very bulky phenyl substituents of l,Z-diphenyl-1,2- 
ethanediamine, it has proven difficult to synthesize tris meso complexes, 

CH 
; 3 

N 

Fig. 8. Conformers of 2,3-butanediamine chelate rings. 
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although the tris active complexes form readily [45,48] (however [Ni(ms- 
stien),]‘+ has been prepared [49]). Th e stability differences observed between 
compleses of meso and active 1,2-symmetrically disubstituted 1,2-ethanedi- 
amines are also found in equilibrium [50--531 and kinetic 1541 studies on 
compleses containing polydentate ligands incorporating these 1,2ethanedi- 
amines. 

A calorimetric study on complexes of ms- and 1-2,3-butanediamine [SS] 
indicates an average value of -8 kJ mol-’ for the strain energy per avial CH, 
group in chelate rings containing meso ligands. This value is considerably 
higher than the value of about 4 kJ mol-’ calculated from reported stability 
constant data on 1 : I compleses of 2,3-butanediamine [38] but is in rela- 
tively good agreement with values of 9.2 kf mol-’ [56] and 8.8 kJ mol-’ 
[ 571 foutqd from molecular mechanics calculations. 

Proton NRIR spebtra of tris(ms--, 3 3-butanediamine) complexes show two 
methyl resonances which have been ascribed to axial and equatorial methyl 
groups whose interconversion is slow on the NMR time scale [ 141. However, 
others have pointed out [15,58 ] that the two methyl groups are diastereo- 
topic in the chiral tris chelates and therefore nothing can be said about the 
rate of conformational equilibration from the observation of methyl group 
non-equivalence. In fact, the observations of a single methine signal in the me- 
thyldecoupled ‘H NMR spectrum of [Co(NH,),(ms-bn)13’ [59], single meth- 
ine and ethylene signals in the ‘H spectrum of [Pt~en~(~~s-bn)]~~ [59] and a 
single methyl doublet in the ‘H NMR spectrum of [Pt(NH,),(ms-bn)]“* [60] 
indicate that there is rapid interconversion between the 6- and h-gauche forms 
of chelated ms-2,3_butanediamine in aqueous solutions of these compounds 
at room temperature_ 

Bagger 1611 has shown that the ‘??t-‘% coupling constants observed in the 
‘% NMR spectra of [Pt(NH~}~(~~s-bn)]~+ and [Pt(NH,),(Z-bn)]“+ can be 
esplained assuming the Karplus-type relationship J - a COS’Q where Q - 180 
deg for axial methyl groups, Q - 90 deg for equatorial methyl groups, and a - 
50 Hz. Thus, for the nzs-2,3-butanediamine comples, where there is apparent 
averaging of axial and equatorial groups owing to rapid 6 +-+ h equilibration, 
the value J = 27 -3 Hz is approximately the average of J = 49.8 Hz observed 
for the 1-2,3-butanediamine complex, where the methyl groups are expected 
to be primarily equatorial, an_d J - 0 Hz predicted for a complex with axial 
methyl groups. A similar conclusion has been reached by others in 13C NMR 
studies on [Pt(bipy)(bn)]“’ and related complexes [62]. 

Facial and meridional isomerism in a tris complex of ms-2,3-butanediamine 
has been studied only for the complex [Co(ms-bn),]3’, whose isomers (Fig. 9) 
have been separated by column chromatography [40] and partially separated 
by fractional recrystallization [41]. 

I;hrc- and mer-[Co(ms-bn),13’ can be distinguished by ‘H NMR spectroscopy 
[ 401; however, “C NMR spectroscopy proves to be much less ambiguous in 
identifying these isomers [63]. The ‘H-decoupled 13C NMR spectrum of @-[CO- 
(ms-bn),] 3t, with C, symmetry, shows only two methyl carbon resonances and 
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Fig. 9. Facinl and meridional isomers of [Co(uts-bn)~]” 

two methine carbon resonances. Here those carbon atoms which are enantiotopic 
in the free ligand become magnetically non-equivalent owing to the unequal ener- 
gies of the fel and ob conformers [43] even when chelate ring inversion is rapid 
[40]. A similar non-equivalence is seen for the ms-2,3-butanediamine ligand in the 
‘% NMR spectrum of [Co(en)~(~~s-btl)]3~ [64]. All atoms which are enantio- 
topic in the free l&and must become diastereotopic in the chiral tris &elate. 
The meridional isomer of [Co(ms-bn),]3’, with its C, symmetry, exhibits a 
13C NMR spectrum with additional splittings owing to the non-equivalence of 
al1 of the carbon atoms in this molecule [63]. 

That the facial and meridional isomers of [Co(nzs-bn),]3’ can be identified 
by NMR spectroscopy contrasts with the inability of either 100 MHz ‘H NMR 
[65] or 22.6 MHz 13C NMR spectroscopy [663 to identify the facial and meri- 
dional isomers of [Co(f-pn),]3’ (though “Codecoupled 251 MHz ‘H NMR 
spectroscopy may prove more useful in this case 1671). In the l,Spropane- 
diamine complex, however, the tendency for the single methyl group to 
remain equatorial forces the chelate rings into a relatively fixed conformation 
irrespective of their environment. On the other hand, small steric differences 
between the non-equivalent cheIate rings of mer-[Co(ms-bn)3]3+ may induce 
each ring, where there must be one axial and one equatorial methyl group, to 
spend a different percentage of time in a given conformation. This time-aver- 
aged conformational non-equivalence can then give rise to chemical shift, 
differences between chemically similar atoms in different chelate rings_ That 
this explanation is correct is indicated by the fact that ‘H NMR spectroscopy 
does identify the facial and meridional isomers of tris(Z-methyl-l ,Z-propane- 
diamine)cobalt(III), where this ligand, like ms-2,3-butanediamine, must have 
one methyl group axial and one equatorial when chelated [68]. 

Niketic and Woldbye have calculated an energy difference of 2.9 kJ mol- E 
between the lel forms of the facial and the more-strained meridional isomers 
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of tris(ms-2,3-butanediamine) complexes using molecular mechanics calcula- 
tions [56]. The relative isomer abundances for [Co(ms-bn),13’ predicted using 
this energy difference, taking into account the statistical factor [ 34 J favoring 
formation of the meridional comples, agree well with isomer abundances 
reported for [Co(ms-bn),]3+ [40]. The agreement, however, is probably 
largeIy fortuitous since there are many more conformers than just the all-lel 
forms for this system and, owing to the flesible nature of ms-2,3-butanedia- 
mine &elate rings, with one axial and one equatorial methyl group, there are 
likely to be relatively small energy differences between them. Isomer count- 
ing techniques show that there are four conformers possible for a facial isomer 
and eight conformers possible for a meridional isomer (with its three non- 
equivalent &elate rings) 1693. Using the pxameters and molecular mechanics 
program of DeHayes and Busch [7OJ, Them 1571 has calculated free energies 
for ali twelve conformers of one configuration (A or A) of facial and meridio- 
nal [Co(nzs-bn),]3’. When weigh ted over al2 possible conformers, these results 
give a calculated meridional/facial ratio of 2.9 : 1 at 29S”C for an equilibrium 
system. U~fortunateIy, the ratio of meridional and facial isomers of [Co- 
(ms-bn),]“’ appears to vary widely (from 1.4 I 1 to 3.5 I 1) depending upon 
the synthetic method used [40,63]. NMR spectra of a labile tris(?7zs-2,3- 
butanediamine) complex in solution could give the isomer distribution; how- 
ever, the ouly such study carried out to date was on a pammagnetic complex 
fNi(ms-bn),]” where the broadness of the NIMR resonances apparently ob- 
scures any indication of two isomers [ ‘?l]_ 

(c) ms-2,4-Pentanedianline conzplexes 
Six-membered diamine chelate rings are considerably more flexible than 

the five-membered rings discussed earlier 1721. 1,3_Propanediamine &elate 
rings are known to exist in both chiral skew boat and achiral chair conforma- 
tiorzs (Fig. 10) in both the solid state /73] and solution /?4]. Molecular mech- 
anics calculations [70,75,76] indicate that the chair conformation is some- 
what more stable than the skew boat in an isolated cheiate ring. This result is 
supported by the observation that the chelate rings in most crystal structures 
of 1,3-propanediamine complexes have a chair conformation [ 7’71. 

The symmetri~~iy substituted propanediamine ligand 2,4_pentanediamine 
exists as three isomers (Fig. II). The presence of methyl groups on 6-mem- 
bered d&nine chelate rings significantly changes the preferred ring conforma- 

char A-skew boat S-skew boot 

Fig. 10. Conformations of six-membered cheiate rings. 
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Fig. 11. Isamers of 2,-t-pcntanediamine. 

tion in some cases.Thus,while chelated ms-2,4-pentnnedi~unitle can exist in a 
chair conformation with both methyl gro;lps equatorial, this is impossible for 
the R,R and S,S ligands which may prefer, therefore, the higher energy skew 
boat conformation (Fig. 12) 1781. Indeed, crystal structures on R,R-2,4-pen- 
tanediamine chelates have shown skew boat ring conformations [79&I]. 

The presence of a sharp methyL doubIet in the ‘M NMR spectrum of [Co- 
(NH,), (nzs-ptn)l’* has been taken t,o indicate a chair co~lfo~-n~~t~o~~ with equi- 
valent equatorial methyl groups for the Sk-membered &elate ring [Sl]. These 
data, however, do not rule out the presence of other conformers with rapid 
conformational averaging tu give methyl groups which are equivalent on the 
NMR time scale. On the other hand, temperaturedependent solution studies 
of contact shifts in Ni(ms-ptn)” [F/Z] and of coupfing constants in a number 
of Pt(iI) and Pt(IV) compieses of tns -2,4-pen tanediamine (60 $3 1 demon- 
strate unequivocally the presence of (i-membered &elate rings in predomi- 
nantly chair conformations with no significant amounts of other conformers. 

The synthesis of [Co(ms-ptn),,)-‘+ has been reported and the ‘H NMR spec- 
trum described [S43. Since the presence of a mericlional isomer (Fig. 13) was 
ruled out owing to steric hindrance (when the chelate rings are in a chair coil- 
formatiotl), the broad methyl resonance observed in the ‘H NMR spec%rum of 

A 
?,-she:: bc:: s-Sk?.: oc I: CPa- 

L ._..-. _-._ _. .-.. -.--- I _-. .._. - ,?S .- . . .--. ._ - ..---- J 

Fig. 12. Same passMe conformations of 2,4-pentnnediamine chetatc rings. 
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Fig. 13. F:tcinl ant1 meritfionai isomers of [CO(NS-ptn)~js’. 

this complex was ascribed to overlapping peaks owing to the presence of two 
non-equivalent sets of methyl groups in a C3 facial isomer [S4]. However, 
both isomers have since been isolated from reaction mixtures by ion-eschange 
chromato@aphy [ S5] and an X-ray structure determination has been carried 
out on the hesacyanocobaltate(II1) salt of the facial isomer 1961. The two 
cliastercomers of [Co(~zzs-ptn)~]3c are easily distinguished by both ‘H and ‘3C 
NM R spectroscopy. There <are a greater number of peaks in the NMR spectra 
of the lower symmetry meridional isomer [SS]. Limited molecular mechanics 
calculations have been carried out on one diastereomer (presumably the facial 
form) [56]. 

(d) T>*is conrplexes of otl2er t72e.90 bidetztutes. 
The tris chelate of cobalt(II1) with ms-2,3cliaminosuccinate (IX) coordin- 

ated through only nitrogen atoms has been prepared [S7]. Any facial and meri- 
dional isomers present could not be separated by chromatography and the ‘H 
LNMR spectrum was too complex to be Fruitfully analyzed. The preparations 
of a number of tris chelates using mixtures of meso and racemic isomers of 
several P,P’-clialkyI-N,~t’,N’,A~‘-tetrametl~ylpyrophospl~oramides (Xl, presum- 
ably coordinated through oxygen, have been described [SS]. Surprisingly, the 
proton-decoupled -“P NMR spectrum of a magnesium complex showed 0111~ 

two peaks (corresponding to meso and racemic ligands) even though 16 non- 
enantiomcric isomers are possible for the complex [ 151. Though [Ni- 
(ms-s&n),]” has been prepared [49], the isomerism possible has not been 
investigated. 

Y- 
2 

u-C--NH2 

R-F-N(CH3)2 

A 

H-:: -NH2 
I 

CCC- 
K-r[-N(CH& 

3 
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c2 c-1 c2 

Fig. If. Diastereomers of octahedral cis his chelates conkining two meso (IZS) bidentate 
iigands. 

Some tris chelates containing only two meso bidcntates are discussed in t.he 
nest section. 

(iii) cis Octahedral his chefales 

Octahedral complexes containing two meso bidentate ligands coordinated 
cis with the remaining two coordination sites occupied by two like monoden- 
tate ligands or by a symmetrical bidentate can exist as three non-enantiomeric 
diastereomers - two having a conformationally averaged C1? symmetry and 
the other a CI symmetry (Fig. 14). Though related isomers in [M(IIB)~(AA~~ 
complexes have been widely studied [S9-911 only one system of cis-[&‘I- 
(RS),X,] chelates has been thoroughly investigated - that containing the 
ligand wzs2,kpentanediamine. 

(a) n2s-2,4-Per2ta}zediamine compleses. 
The complexes [Co(acac)(ms-ptn)z]” and fCo(os)(nzs-ptn),]’ have been 

prepared and two of the three diastereomers possible (Fig. 3.5) have been 
separated for the osalate derivative by solubility differences f92]. The ‘H 
NMR spectra were consistent with the symmetries C, and Cz for the two iso- 
mers obtained. In agreement with a crystal structure determination [93], the 
C, isomer obtained was assigned as f\-t~clrzs(RR)(enantiomeric to A-t,~ns(SS)) 
since molecular models predict this C, diastereomer to be the less sterically 
hindered [92]. 

Crystal structure determinations have been carried out on two different 

Fig. 15. Diastereomers of ICo(tZA)(ms-ptn):!]“‘. 
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Fig. 1G. Isomers possible for complexes containing two meso bidentate ligands in a planar 
coordination. 

Fig. 17. Isomcvs possible Tar complexes containing two unsymmetrical bidentate ligands in 
.? planar coordination with the high& symmetries possible indicated. 

crystals containing the less sterically hindered C2 diastereomer - optically 
pure /\-tlnn.s(RR)-[Co(os)(1,2s-ptn),] ClO, - I-I,0 [ 931 and the corresponding 
racemic compound (anhydrous) [ 941. Both structures have cations with 
6-memkered &elate rings in a chair conformation related by pseudo [93] or 
crystallographic [94] two-fold rotat.ion axes. 

Bouchcr and Bosnich [95] have prepared all the possible isomers of both 
the cis-bis and tmrzs-bis (vide infra) isomers of [Co(?ns-ptn),X,] and have 
studied the interconversions. The more stericaliy hindered C, isomer of [Co- 
fCO,)(~nsptn),]’ was prepared by a kinetic method starting with one of the 
isomers of ~).~~~~s-~Co(nzs-pt~l)~Cl~] + [95]. 

Molecular mechanics calculations have been carried out on the A-tmns(RR) 
isomers of [Co(nzs-ptn),(R,R-ptn)] +3 and [Co(nzs-ptn)I(S,S-ptn)]‘3; however, 
the other isomers possible were not included for comparison [77]. 

CompIeses containing two meso bidentate ligands in a planar coordination 
can exist as two isomers which may be designated “cis” and “tram” based on 
the relative orientations of chiral centers having the same chirality (Fig. 16). 
It is of interest that the highest symmetries possible for the well-known cis 
and tram isomers of planar bis(AB) systems (Fig. 17) are not the same as for 
the respective isomers of the bis(RS) complexes. 

TfJc two tram sites in the C-, his mesa chelate are non-equivalent [95] and 
when occupied by two different monodentate ligands can give rise to two iso- 
mers which meet both the criteria of Nourse for pseudo-chiraIity [ 311 and the 
criteria of Hirschmann and Hanson for pseudo-asymmetry 1963 (Fig. 18). 

Fig. 1s. Pscudochiral isomers of [M(RS)2SY]. 
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Fig. 19. Isomers of [Pt(nz.s-ptn)l]‘+. 

(a) ms-2,M’entanediumine 
Square-planar bis(ms-2,4-pentanediamine)platinum(II) and palladium( II) 

complexes have been prepared and a partial separation of the two possible iso- 
mers (Fig. 19) has been carried our for the platinum(H) compound f 9’73. Struc- 
tures have been assigned based on the colors of the tetrachloroplatinate(I1) 
salts of the isomers obtained. One of the PtCIz- salts exhibits a coloration indi- 
cative of a close cation/anion interaction while the other does not. Since a 
cis(RR,SS) isomer (designated “trans” in the original paper [97] to describe 
the relative orientations of the chair conformers) should prevent contact with 
PtClz- anions both above and below the coordination plane, this structure 
has been assigned to the isomer whose PtCls- salt shows no indication of 
cation/anion contact. The two isomers are not differentiable by 60 MHz ‘l-l 
NM R spectroscopy [ 601. 

Cis(RX,SS) and trans(RR,SS) isomers of t~alzs-[Co(nzs-ptn)2X21‘L (X = Cl-, 
CH,COO-) have been prepared and characterized [95] (Fig. 20). It has been 
proposed that the cis(RR,SS) isomer is more stable than the trans(RR,SS) 
isomer since a similar “steplike” Csi, configuration is observed in crystal struc- 
tures of tr.crns-[M(tn),X,]“’ systems (951. The structures of the two isomers 
of tpans-[Co(ms-ptn),(CH,COO-),I’ have been assigned using ‘H NMR spec- 
troscopy to show the non-equivalence of the axial acetate groups in the C3 
isomer. 

(b) ms-~,2-~ipheny~-~,2-et~lunedia~?li~e complexes. 
Since Lifschitz et al. first reported the syntheses of both yellow diamagnetic 

and blue paramagnetic forms of Ni(ms-stien),X, [4S,9S], these compleses 
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Fig. 2 1. Isom+ers and conformers possible for planar or tetragonal [ Ni(stien)z ] ‘+ and [ Ni- 
(stien)zX:-1” compleses (cnantiomers are not shown). 

have been extensively investigated. Crystal structures indicate that the diamag- 
lIetic forms of most or all of the bis(ms-1 ,2-diphenyl-1,2_ethanediamine) 
complexes are planar, fourcoordinate while the paramagnetic compleses are 
tetragonal, six-coordinate with two axial solvent molecules or anions in addi- 
tion to the planar coordination of the two bidentate ligands [99-1011. That 
ZI chelate ring containing a meso symmetrically disubstituted 1,2-ethanedi- 
amine ligand will always have one axial substituent to interfere with the asial 
coordination sites esplains why ms-1,2diphenyl-1,2ethanediamine shows a 
much greater tendency than the active forms to give planar, diamagnetic com- 
plexes with nickel(I1) f 1023. 

The possibility for two isomers of planar or tetragonal Ni(ms-stien)zX, com- 
pleses has been pointed out [48]. The isomers should exhibit symmetries 
lower than those expected for the conformationally averaged case (Fig. 16), 
the exact symmetry depending on whether the two bidentate ligands have the 
same conformation (6,6 or h,A) or have opposite conformations (6 ,A) (Fig. 
21). Crystal structures of both blue and yellow crystals isolated from bis(ms- 
1,2diphenyl-1,2-ethanediamine)nickel( II) dichloroacetate solutions have been 
reported [99,101]. The blue crystals contain tetragonal cationic complexes 
with asial water molecules. The yellow crystals contain both tetragonal com- 
pleses with axial dichloroacetate groups and planar cationic complexes in a 
2 : 1 ratio. All three of the discrete complexes whose structures have been 
determined lie on crystallographic centers of symmetry and, therefore, are 
present as the ci.s(RR,SS) isomer with a 6,h conformation. 

Steric constraints may esplain the fact that only the cis(RR,SS) isomer in 
a 6 ,A conformation is observed in the structure determinations cited [99,101]. 
The 6 ,A conformation is believed to be stericnlly favored in planar bis( 1,2- 
diaminoethane) complexes [43]. Furthermore, the cis(RR,SS) isomer permits 
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the axial phenyl groups to be on opposite sides of the coordination plane 
where interaction between them is minimal. This is not possible for a trans- 
(RR,SS) isomer (Fig. 21). Though a number of additional his compleses con- 
taining ms-1 ,Z-diphenyl-~,2-e~hal~ediamine [45--491 or its derivatives [ 1031 
have hnAn “eported, in all but one case there is no indication of which isomers axe 
are present. The splitting of v(As-0) in the IR spectrum of Ni(rrzs-sticn),- 
(ClO,), - 2(C,,H,),AsO [49] may indicate the presence of coordinated 
(C,,H;),AsO ligands in the non-equivalent asial sites of a t,an.s-(IZR,SS) isomer. 

(cl Platzar and tetragonal his complexes of other meso biden tate ligands. 
Nickel(II) and copper(H) form 1 : 2 complexes with 177siliaminosuccitlatc- 

(2-) (IX), and the complexes may be isoWed as the sodium salts, Na,[ M- 
(das),] - XHIO [104]. The copper comples is apparently coordinated only 
through the nitrogen atoms. No isomerism has been reported or discussed for 
the copper comples which could exhibit cis(RR,SS) and trans(RR,SS) isomers. 

Bis chelates of pIatilitln~(II) and palladiLlm(II) with cis-1,3-diaminocyclo- 
hesane have been prepared [105] and a crystal structure determination on the 
palladium comples [ 1061 has shown the presence of the cis(RR,SS) isomer. 

Other reported planar or tetragonal bis cnz~&rses containing meso bidcn- 
tates where isomerism has not yet been investigated are [Cu(n7s-l)n),](ClO.), 
flO7], [Ni(ms-bn)l]X, (X = Cl, Br) [42], [Cu(E=tJk,en),]” (“Et,Me,en” = 
3,4-dimetliyl-3,4~hesaIicdian~i~~e (XI)) [108], ttn~7s-lCoCl,(t7rs-clptn),]Cl 
(“dptn” = 1,3-diphcnyl-1,3-propancdiamine (XII)) [ 1091, and the 1 : 2 nickel- 
(II) and copper(H) complexes of cis-1,2-cyclohesanedinmine [36] and cis-2,3- 
cliaminotetralin (XIII) [ 1101. The interesting ligand cis-2,3-diamino-l~arls- 
decalin (XIV), containing diastereotopic donor atoms, is also discussed I IlO]. 

(v) Other complexes containing meso Biden tates 

The unique symmetry properties of meso bidentate ligands were employed 
in a classic, early study to determine which of two coordination geometries - 
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tetrahedral ff,) 

Fig. 22. Isomers possible for four-coordinate complexes containing one meso bidentate 
ligand (r?ls-stien) and one AB bidentnte ligand (ibn). 

square-planar or tetrahedral - was exhibited by platinum(II) [ I1 l] and palla- 
dium(II) [ 112 1. As discussed in the next section, tetrahedral complexes con- 
taining two meso bidentates or two unsymmetrical (AB) bidentates are poten- 
tially resolvable into a pair of enantiomers; however, this is not true when a 
tetrahedral complex contains one meso ligand and one achiral AB ligand. In 
this case, the conformationalIy averaged complex will possess a mirror plane 
and can only exhibit geometrical isomerism. On the other hand, a planar four- 
coordinate complex containing one meso and one AB bidentate possesses no 
S,, asis, and optical isomerism is possible. This is illustrated in Fig. 22 where 
the meso Iigand is ms-l,Zdiphenyl-1,Zethanediamine and the AB ligand is 
2-methyl-l ,Z-propatlediamine. The resolution of the mixed-ligand complexes 
[Pt(lTzs-stien)(ibn)]‘* and [Pd(ms-stien)(ibn)]‘^ [113.,112] provided some 
early evidence for a planar coordination in these compounds. 

Most of the complexes containing only one meso bidentate ligand cannot 
exhibit isomerism of the type discussed in this review. However, we will 
briefly describe some of these systems here to call attention to some of the 
meso figands available_ A complex of ms-2,4-pentanediol (XV) with oxoboron 
has been prepared and the crystal structure reported 11131. The ligand 2,3- 
diazabicyclo[2.2.l]hept-2-ene (XVI) is a potential bidentate, though in the 
complexes studied it functions as a unidentate or bridging ligand [114-1161. 
cis-Endo-N,N’di(4-methylbenzylidene)-ms-2,3-butanediamine (XVII) is an 
interesting derivative of ms-2,3-butanediamine and the crystal structure of a 
tetra.hedraI nickel(l1) complex containing this ligand has been reported [II?]. 
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The crystal structure of an interesting dioxo bridged binuclear complex of 
osmium(W) containing cis-1,2_cyclohexanediolate( 2-) ligands has been 
reported [llS]. The isomer found was centrosymmetric containing osmium 
atoms with opposite absolute configurations. 

(vi) Ligands with chiral centers at the donor atoms 

A number of ligands can develop enantiotopic donor atoms upon coordina- 
tion. This can occur either because rapidly interconverting centers of stereo- 
isomerism are stabilized (as is the case for N-substituted amines) or because 
the presence of the metal ion creates an asymmetric center either at the donor 
atom or elsewhere_ An example of the latter situation is provided by the 
ligand B&I; where two boron atoms which are homotopic in the free ion 
become chiral and enantiotopic in a complex [ 1191. The tetrahedral comples 
Be(B,H,)? with C2 symmetry exists as an enantiomeric pair owing to the pre- 
sence of these two enantiotopic chiral centers (Fig. 23) 11201; however, the 
moIecuIe is fluxional (1211. Two enantiomers also arise in tetrahedral com- 

Fig. 23. Enantiomers of Be(B~&)~. 
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pleses containing two AB bidentates [ 122,123]. Gas-phase ‘H NMR spectra 
of (CH,BeB,H,), indicate the presence of a methyl-bridged binuclear structure 
existing as two interconverting isomers [ 1211. The B,H; complexes comprise 
the only system discussed in this section where chiral centers are formed at 
non-donor atoms. 

When coordinated, N,N’ symmetrically substituted diamines t124,125] can 
exist in (R.R), (S,S) or (R,S) forms with chiral centers at the nitrogen atoms. 
The (R,R) and (S,S) forms of coordinated N,N’disubstituted-1,2-ethane- 
diamines are expected to be sterically favored since, unlike the meso form, 
ring conformations with both substituents equatorial are possible (Fig. 24). 
This may esplain why only (R,R) and/or (S,S) forms of the bidentate ligand 
are found in several tr~~zs-1Co(N,N’-RIIe2en)2X2]+ complexes [126,127], in 
[Cu(N,N’-Et,en)(NO?),] [ 1251 and in (+),SU-[Pt(R-pn)(N,N’-Me2en)] [Sb,- 
(C,H,O..),] - 2 Hz0 [129]. On the other hand, several systems containing meso 
forms of N,N’-disubstituted-1,2-ethanediamines are known. Some examples 
follow. 

Interconverting dl and meso forms of N,N’-disubstituted-1,2ethane-di- 
amines have been identified in aqueous solutions of several complexes by ‘H 
NMR spectroscopy. Equilibrated solutions of [Pt(N,N’-Me,en)(NH,)2]“ and 
EPt(N,hr’-Me,en)(bit,y)]“* eshibit room-temperature dl : meso ratios of approx- 
imately I : 1 and 2 : 1, respectively [ 1303. A 1 : 1 ratio has been reported for 
[Pt(NH~)~~EDDA)?, where the ethylenedianlined~acetate ligand is coordinated 
through the nitrogen atoms [131]. Finally, the di : meso ligand ratio in 
Ni(N,N’-h?e,en)‘” is 1.4 : 1, a value corresponding to a free energy difference 
of 0.88 kJ mol-’ (32°C) [132]. 

Only (R,S) forms of the diamine ligands are believed to the present in [CO- 
(I~‘.Ar’-Me~en)z(os)S’ and yCo(fV,N’-hrIe2en)2(co,)l’ [133]. Steric arguments 
and ‘H NMR spectra indicate that the only isomers isolated for these com- 
plexes are the A-tratzs(S,S) and A-trans(R,R) enantiomers (Fig. 14). Prefimin- 
ary X-ray diffraction results on Ni(N,N’-Me,en),(NO,), and Ni(N,N’- 
Me,en),Brl showing that the nickel(I1) ions lie at crystallographic centers of 
symmetry are consistent with trans octahedral structures containing either 
dl pairs of Iigands or two meso ligands in a cis(RR,SS) form (Fig. 16) 11341. 
There is no indication of the ligand forms present in a series of related tram 
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Fig. 25. h&o and dl forms of coordinated ethylcneglycol (R-I-1) and its derivatives. 

Fig. 26. Chelation of cyclic diaza (X=NH) and dithia (X=S) ligands. 

nickel(H) complexes containing NJJ’dimethyl- and N,N’-diethyl-1,2-ethane- 
diamine ligands [ 1351. 

Since the (R,S) form of a coordinated N,N’-dialkyldiamine which forms a 
six-membered, chairconformer chelate ring can have both alkyl groups equa- 
torial, one might expect a meso diastereomer to be favored for coordinated 
h’JV’-disubstituted 1,3-propanediamine. in agreement with this, ‘H NMR 
spectroscopy of aqueous solutions of [Pt(N,N’-Me,tn)(NH,),]Cl, shows that 
the meso/racemic ratio is 2.8 [136]. Moreover, crystal structures of tetrahe- 
dral [Zn(N,N’-Me,dmtn)I,] and [Cd(N,N’-Me,dmtn)Il] show that the biden- 
tate ligands have the meso form [137]. 

Symmetrical diols and dialkoxy ligands, and their sulfur analogs can also 
exhibit meso and dl forms with chiral centers at the donor atoms. Though an 
attempt to identify these forms in a ‘H NMR study of nickel(H) ethylenegly- 
co1 and ethyleneglycoldimethylether complexes (Fig, 25) was not successful, 
apparently owing to rapid interconversion [ 1381, an NMR study on the plati- 
num(H) and palladium(I1) 2,5-dithiahesane compleses [Pt(dth)Cl,] and [ Pd- 
(dth)Cll] in hesadeuterodimethylsLllfo~ide [ 1391 shows the presence of 
rapidly interconverting RS and RR,SS ligand isomers. Similarly, an NMR spec- 
trum of [Rh(dth)&12]* in D1O [140] indicates the presence of the five NMR- 
distinguishable (non-enantiomeric) isomers possible for a “DJh” complex with 
four chemically similar chiral centers 1691. Metal ions with a planar coordina- 
tion of two bidentate 2,5dithiahexane ligands with RS confi~rations have 
been found in X-ray structure investigations on [Co(dtll)l(C10~)2] 11413, [Cu- 
(dth),tBF,)J [I421 and [ReJJ~(dth)3] [143,144]. The first two structures 
cited exhibit the cis(RR,SS) isomeric form (Fig. 16), while the latter structure 
is trans(RR,SS). Crystal structure determinations have also been reported on 
two additional structures containing symmetrical dithiaethers coordinated in 
an RS form; however, neither [W,S,Cl,dth] [145] nor the 1,2-bis(phenylthio~- 
ethane complex fAu&12ptc] [146], both of which contain centrosymmetric 
binuclear species, can exhibit isomerism of the type discussed in this article. 

Additional complexes whose crystal structures show the presence of sym- 
metrical dithiaethers coordinated RR,SS are [Cu(dth)Cl], [147], the 3,6- 
dithiaoctane complexes fCu(dto)l]Bl?, [ 1421 and [Cr(dto)(CO),] [ 14S], and 
the 5,Glithiadodecane complex [Cu(dtd)Cll], [149], A large number of com- 
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plexes containing symmetrical dithiaethers of uncertain configuration have 
been reported [140,150-1631. 

In some cases, a ligand may have a structure such that coordination can 
reasonably give only the meso form. Certain cyclic diaza (XVIII) and dithia 
(XIX) ligands are of this type. Here, the donor atoms, which are homotopic 
in the limit of rapid conformational equilibration, become oppositely chiral 
upon coordination owing to steric constraints (Fig. 26). 

Square-pyramidal complexes of copper(H) [ 164-1663 and cobalt(U) [ 1671 
containing two hidentate 1,4_diazacycloheptane ligands and an axial mono- 
dentate ligand have been prepared_ The complexes can exist in three isomeric 
forms - two of Czv symmetry and one of C, symmetry (Fig. 27). A crystal 
structure of a salt containing the complexes [Cu(dach)ZNO,]’ and [ Cu- 
(dach)2HzO]‘+ shows that both of these cations have the C&. structure shown 

Fig. 27. Isomeric forms possible for square pyramidal [M(dach)2XlR+ complexes. 
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Fig. 28. Isomers possible for [M {M’(NHLCHzCH1_S)l },I”+. Absolute configuration assign- 
ments are for M’ > M in priority. 

in Fig. 27a 11683. No evidence has been found for any of the square-pyrami- 
dal copper(H) or cobalt(H) 1,BitiazacycIoheptane complexes existing in more 
than one isomeric form. 

Both planar and tetragonal (i.e., trans-octahedral) bis chelates of nickel(I1) 
with 1,4-dithiacycloheptane have been reported [ 169,1?OJ. With either of 
these coordination geometries, two isomers (Fig. 16) can exist. No isomerism 
has been reported for these systems. 

The reactions of a number of bis(P-mercaptoethylamine)metallates, 
M(NH,CH,CH2S)2, with a range of metal ions yield the trinuclear complexes 
[M’(M(NH,CHI,CHzS)Z} Jn+ (XX), where steric constraints force a meso con- 
figuration for the M(NH&H2CH$3)2 “ligand” whenever the ligand coordina- 
tion geometry is planar (M = Ni(II), Pd(I1)) [171,172]. If the coordination 
geometry at the central metal ion is also planar, two isomers are possible (Fig. 
28). A crystal structure has shown the idealized C2,, structure for the cationic 
complex in [Ni(Ni(NH,CH,CH,S),} ?]C12, where metal-metal bonds may 
dictate the isomer formed [173]. 

i 
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CH2CCt12 

/ \ s/cM2=?;” 

H2N\M/\M*H ltyt/ 2 j 

HzQz’ ‘s<H21(‘2 i 
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An interesting situation results when the central metal ion is tetrahedral 
(M = Cd(II), Cu(I), or Hg(I1)) [ 172 ] _ In this case there are also two isomers 
possible but these must be enantiomeric to one another. 

A number of related trinuclear complexes containing ligands similar to 
fi-mercaptoethylamine have also been reported [ 174,175]. 

Several families of bide&ate ligands possess stereochemically stable chiral 
centers at the donor atoms in the free ligands. Some of these are discussed 
here. 
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The meso and racemic forms of l,%bis(methylphenylarsino)ethane (XXI) 
have been separated by chromatography of t.he dichloropalladium(I1) com- 
plexes and, when liberated from the complexes, the isomeric ligands do not 
interconvert [176]. A large number of complexes prepared from mesolracemic 
mixtures of this ligand and also of 1~3-bis(methylphenyl~sino)propane 
(XXII) have been reported but isomerism has not been investigated 11771. 

Y,>HS 7OH.i ~35 yOH5 

CH~-A~-cH,CH,-f$-cH, CH~-_A~~H2CH,CH,-Ss-CH, 

XXI XXII 

Sulfinyl groups can coordinate through either oxygen or sulfur and the sul- 
fur atom is stereochemically rigid [ 1781. Meso and racemic forms of 1,2-bis- 
(methyisulfinyI)ethane (XXIII) and bis(metl~ylsulfinyl)methane (XXIV) can 
be separated by compIex formation [ 1793. A detailed study of complexation 
with divalent ions has been reported for the racemic isomer only of 1,2-bis- 
(methylsulfinyl)ethane [ ISO]. Copper( cobalt(U) and nickel(H) tris 
cheIates of ms-bis(phenylsuIfiny1)methane (XXV) and ms-l,Z-bis(phenylsul- 
finyl)ethane (XXVI) have been prepared but the isomerism possible has not 
been examined [ISl]. 

0 0 

R-i+(CHI),*-!-R 
(XXIII) R = CH,, n = 2 
(XXIV) R = CH,, n = 1 
(XXV) R = C-H,, )2 = 1 

(XXVI) R = C!,H,, n = 2 

c&Dichloride and cisdihydride complexes of platinum(I1) with P,P’-di- 
tert-butyl-P,P’-diphenyl-1,2ethanediphosphine (XXVII) have been prepared 
[182]; however, the isomeric composition of the ligand was not known. ‘H 
NiMR spectra indicated that the isomeric form used was pure meso or pure 
racemic _ 

(CH,),C-‘-CH,~H,-P-C(CH,), 
XXVII 

D. COMPLEXES OF PROCHIRAL BIDENTATE LIGANDS 

(i) Prochiral ligands 

A molecular achiral center which becomes chiral when a unique, new group 
is substituted for either of two like groups attached to that center is designated 
a “prochiral center”, and the two like groups are termed “prochiral groups” 
[ 1831. The most common prochiral assembfy, and the most important type 
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faclcl . C13 mer- Idlonc?l , C, 

Fig. 29. Facial and meridional isomers of tris prochiral octahedral complexes. 

discussed in this article, consists of a tetrahedral atom which is attached to 
three types of ligands (which may include lone pairs) to give the species Xa,bc. 
The substitution of a fourth unique ligand for each of the two like ligands in 
turn yield a pair of enantiomers. The prochiral groups are enantiotopic and 
distinguishable and may be uniquely labeled pro-R (‘pR “) and pro-S (“pS”) 
using sequence rules [ 1833. 

In the following sections, we discuss isomerism in complexes of ligands con- 
taining enantiotopic donor atoms located in prochiral portions of the mole- 
cules. These “pRpS” ligands, with their distinguishable ligators, can give rise 
to the same types of isomers as those possible with RS (and AB) ligands. For 
example, in tris chelates of pRpS ligands, facial and meridional isomers (Fig. 
29) are possible just as in tris meso complexes (Fig. 6). Since the effective 
symmetries of the complexes obtained with prochiral ligands are identical to 
those obtained for similar compleses with meso bidentates (but not, in all 
cases, with AB ligands!), much of the earlier discussion of geometry and iso- 
merism for complexes of meso ligands holds here. For convenience, therefore, 
the complexes of prochiral ligands are discussed by ligand type rather than by 
coordination geometry. 

The division of ligands with enantiotopic ligators into meso and prochiral 
types is instructional but admittedly somewhat artificial. For example, trans- 
decahydro-1,8-naphthyridine (XXVIII) contains prochiral nitrogen atoms 
which become chiral centers upon coordination [lS4]. 

0 
H L 

. r: : 1 i 

In general, discrimination between prochiral groups 11851, escept as it 
applies to isomerism and isomer identificatiotl, will not be discussed. For an 
example of some recent work in this area with metal ion complexes, see ref. 
186. 

(ii) Substituted 1,3_propanediamines 

This ligand (XXIX) was fist employed in an early investigation of the stereo- 
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Cry C -2h 

Fig. 30. Isomers of planar [MfMetn)2]‘L+ complexes. 

chemistry of Ni(I1) where it was recognized that a planar or tetragonal geome- 
try of [Ni(Metn)2]‘* could result in two isomers (Fig. 30) [187]. That no indi- 
cation of isomerism was found is not surprising in view of the fability of Ni(II) 
complexes. Attempted separation of the isomers expected for [Pt(Metn),]“’ 
has also been unsuccessful 11881, and ‘I-I NMR data on an aqueous solution 
of this complex gives no indication of more than one isomer [60]. 

Cl !2NH2 
I 

H-C-CH3 

I 
CH2NH2 

In the same year that the Pt(RS)(AB) complex [Pt(ms-stien)(ibn)12’ was 
resolved to provide additional early evidence for a planar coordination geome- 
try for platinum(II~ (vide supra) El11 J, an attempt was made to employ the 
Pt(pRpS)(AB) complex, (Pt(Metn)(ibn)]~*, for the same purpose [189]. Like 
the meso-ligandcontaining system, the platinum prochiral ligand complex 
should also exist as a pair of enantiomers (Fig. 31), though the attempted 
resolution failed. 

The tris complex [Co(Metn),13+ has been prepared, and the facial and meri- 
dional isomers (Fig. 32) have been separated by ~hromato~aphy on a cation 
exchange resin [ 1901. The isomers are easily identified by their i 3C NMR spec- 
tra. The spectrum of the C, facial isomer exhibits the expected four peaks 

3 ) 

Fig. 31. Enantiomers possible for [Pt(M~tn)(ibn)]~+. 
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facial ,$ rncr ~d~onal , C, 

Fig. 32. Isomers of A-[Co(Metn)s]3’. 

which can be assigned to methyl, methine and two diastereotopic methylene 
carbon atoms. The spectrum of the C, meridional complex exhibits addi- 
tional peaks. 

A crystal structure of fat-[Co(Metn).,]C13, which has been only partially 
refined owing to a disorder problem, shows a skew boat conformation for the 
six-membered ring (1901. Although such a conformation has been observed 
for unsubstituted 1,3_propanediamine chelate rings [ 1911, it is unexpected 
here since a chair conformer can form with the methyl group equatorial. 
Moreover, ‘H NMR data on Ni(Ettn)“+ show that the presence of an alkyl 
substituent at the 2 position increases the probability of a chair conformation 
[SZ]. It may be that packing effects cause formation of a skew boat chelate 
ring conformer in solid ~~c-~Co(~~etn)~]Cl~. 

(b) 1,3-Diamino-2-propanol 
The chemistry of 1,3diamino-2-propanol is complicated by the presence 

of three potential donor atoms. This Iigand tends to be either bidentnte, coor- 
dinating through two nitrogen atoms, or tridentate, where it often acts as a 
bridging ligand [ 1931. 

Planar (or tetragonal) complexes containing two 1,3diamino-2-propanol 
ligands coordinated to Ni(II) [ 1871, Pt(I1) and Pd(I1) [ 1921 and Cu(II) 
[194-198) have been prepared. Attempts to separate the CZh and Cs, iso- 
mers possible (similar to those in Fig. 30) have been unsuccessful for the Ni- 
(II) 11877 and Pt(I1) and Pd(I1) [192] complexes, though the ‘H NMR spec- 
trum of fPt(tnOH)2]2+ in solution indicates the presence of two isomers in 
approximately equal amounts [ 1991. X-ray studies on a number of copper 
complexes, [Cu(tnOH),X,] (X = NO; 11941, Cl- [195], SCN- [196], 
-OOCC,H,COO- [197] and S&N’ [ 198]), show the presence of octahedral 
complexes with four nitrogens in a plane and axial coordination of the anions. 
Only the idealized Cab isomer (Fig. 30 with --CH, replaced by --OH) is pre- 
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When such a ligand acts as a bidentate through Y donors only, the ligand 
becomes prochiral. 

Y 

/ 
z-xw 

\ 

\ 
Y 

Sulfite [23,1], selenite [212] and alkylsulfates [213] can form complexes 
where at least some of the ligands present are bound through osygen atoms 
only - either as bridging ligands or to a single metal ion center. When this 
occurs, the donors become enantiotopic (XXX1 and XxX11). This behavior 
could also be exhibited by thiosulfate; however, no complexes are known 
where thiosulfate is bidentate through oxygen only [214]. 

Bridging methylsulfate ligands are present in the binuclear compleses fMol- 
(CH,SO,),] and frat2~-thlio,(CH,SO,)~X~]‘- (X = halide) 12131. That the for- 
mer complex can exist as four isomers (Fi,. e 35) may explain the complicated 
IR spectrum observed for this compound [213]. The halide compounds can 
esist in two isomeric forms. The isomerism possible for these systems has 
not been studied. 

A special type of “tripod” ligand is any simple ligand Z-X where X con- 
tains three lone pairs of electrons. If two of these pairs coordinate by bridg- 
ing and if the geometry about the donor atom is non-planar, one can consider 
the two coordinating pairs to be enantiotopic. Thus, binuclear complexes 
dibridged by alkoxides, hydroxides or their sulfur or selenium analogs may 
occur in two isomeric forms. Disregarding the rest of the molecule, the two 
possible M2(XZ), moieties are shown in Fig. 36. 

Though a large number of structures have been determined by X-ray diffrac- 
tion techniques for hydroxy-bridged binuclear complexes [ 2151, in most 
cases the hydrogen positions are not well-defined. For a non-planar geometry 
about the bridging hydroxyl ions, as is clearly shown in at least one structure 
[216], the presence of crystallographic inversion centers in many of the struc- 
tures studied [203,216-2251 shows that these must have the “CZh” configura- 
tion for the M?(OH)? fragment. A D1 symmetry for one dicopper(II) compfes, 
however, indicates a planar geometry about the bridging hydroxyl groups in 
this case [226]. 

The structures of four dialkoxide-bridged complexes have been reported 
[ 227-229 1. That these binuclear structures exhibit somewhat flattened geo- 
metries about the bridging oxygen donor atoms is indicative of oxygen by- 
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CH, 0 

Fig. 35. Isomers possible for [Mo~(CH$O~)~]. 

Fig. 36. Possible iVl2(SZ)2 moieties and their idealized symmetries. 

bridization between sp’ and sp3 ]229]_ These centrosymmetric complexes all 
possess the CPh form of the M-JOR), groupings_ 

(iv) Other prochiral ligands 

Substituted malonic (propanedioic) acid (XxX111) 12301 can act as a pro- 
chiral bidentate ligand though little work on complexes of these Iigands has 
been reported. Salts containing 1 : 1 ratios of CufII) and %@I) with methyl-, 
ethyl-, n-propyl- and isopropylmalonate have been reported [233.], and 1 : 1 
complexes of Ni(I1) with butylmalonate [232] and of Si(IV) with methyl- 
malonate [233] have been prepared. Solution studies have been reported on 
bis(benzyImalonato)manganese(II), cobalt(I1) and -nickel(II) [234]. Monokis-, 
bis- and tris(methylmalonato)chromium(III~ 12353 and bis- and tris(bromo- 
maio~~ato)cl~romi~~m(III~ 12361 complexes have been prepared. Isomerism 
owing to the presence of the prochiral ligands has not been noted for any of 
these systems. 

COOH 

I 
R-C-H 

1 
COOH 
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Complexes of acetylacetone can be prepared with the bidentate ligand in 
the uncharged diketo form [23’7], and when there are two different substitu- 
ents at the 3 position, a prochiral ligand can result. Such complexes have 
been reported for 3-methylacetyla~eton~ (XXXIV) (2381 and (as a reaction 
intermediate) for 3chloroacetylacetone (XXXV) 12391 though no isomerism 
owing to the presence of the prochiral ligands was possible in these cases. 

An interesting system containing a prochiral fidiketonate analog where iso- 
merism owing to the presence of enantiotopic donor atoms in the free ligand 
occurs is the tris complex of Al(M) with the metallo-@liketonate ligand 
q”-C,H,(OC)Fe(CH,CO); (XXXVI) [240]. The iron atom lies at a center of 
prochirality, and the facial and meridional Forms of the aluminum comples 
have been identified by ‘I-I NMR spectroscopy. The eq~lilibri~In1 mixture is 
nearly statistical and contains approximately 30% facial isomer. 

Only one of the three isomers possible for a series of osovanaclium(IV) 
alkoxy-ethyl- and alkoxy-phenyldithiophosphinates (XXXVII) is indicated to 
be present in solutions by ESR [241]. The three isomers possible are analog- 
ous to those shown in Fig. 27. 

Some other bidentate prochiral ligands which have been reported to give 
complexes where isomerism &wing to the presence of enantiotopic donor 
atoms either is not possible or has not been investigated are the phosphorus 
ylid anion (CH,),P(C,,H,)(CH,)- (XXXVIII) [242], the hydrogeniminodiace- 
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Fig. 37. Structurai isomers possible for [(C5HIJWS~)~Fe(CO)~]. 

tate ion (XXXIV) [243], and the n-butylphenylphosphinate ligand (XL) 
[244]. 

Cd-1 0 
/ L 

\ .CP, 
_*2..’ - 

i 

,‘*. \. 
-CCCCHZNC+C03- 

CL 
.Ldcl> 

In some cases, normally homotopic ligators can become enantiotopic in 
the Emit of slow conformationaI equilibration. A case where this is true has 
been discussed in the literature [ 2451. Bis(cyclopentamethylenedithiocarba- 
mato)iron(II) dicarbonyl can exist as three isomers when the six-membered 
ring is locked in a chair conformation (Fig. 37). Only that isomer drawn with 
compIete Iines was found in an X-ray structure determination [245]. Though 
the authors [245] discuss the possibility of two non~nantiomeric isomers, 
three are possible - two of C, symmetry and one of CI (see Fig. 14). When 
conformationaNy rigid, the cyclopentamethyienedithiocarbamate ligand is 
prochiral; however, there is no prochiral center. 

E. SUMlUARY 

When coordinated, bidentate figands with heterotopic donor atoms can 
give rise to an isomerism which is not possible with bidentates containing 
homotopic ligators. Discussed herein are the bidentate ligands with enantio- 
topic donor atoms. Such Iigands give isomeric complexes corresponding one- 
to-one in number but not necessarily in symmetry with those obtained with 
AB bidentates. 





122 

The crystal structure of a 1 : 1 comples of Pd(II) with a meso diseleno- 
ethane derivative has also been reported [ 254 1. 
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