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The Concept of Prochirality Applied to 
Coordination Compounds 

G. MESTRONI, E. ALESSIO and G. ZASSINOVICH 
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L'niversity of Trieste, 
34127 Trieste, Italy 

L. G. MARZILLI 
Department of Chemistry, 

Emory University, 
Atlanta, Georgia 30322 

The concept of prochirality, widely used for organic molecules, is extended here 
to mononuclear octahedral (OC-6). square pyramidal (SP-S), square planar (SP- 
4) and trigonal bipyramidal (TB-5) coordination compounds. 

A prochiral coordination compound (C, symmetry) is characterized by a prochiral 
center, namely the metal atom, and by the existence of two heterotopic elements. 
The elements can be ligands, faces or planes, depending on the geometry of the 
complex. 

The most common reactions that can transform the prochiral metal center into 
a chiral one are treated in detail. Interactions of prochiral complexes with prochiral 
organic molecules are also treated. 

Applications of particular interest for prochiral coordination compounds can be 
envisaged in the fields of asymmetric synthesis and bioinorganic chemistry. 

Key Words: prochiral complex, prochiral metal atom, pro-pseudoasymmetric metal 
atom, stereochemical descriptors, prochiral catalyst, enantiotopic ligands, diaster- 
eotopic ligandr 

INTRODUCTION 

The concept of prochirality was introduced by Hanson in 1966.' 
Although widely used for organic molecules, it has seldom been 
used explicitly €or coordination compounds. This concept has been 
applied in particular to tetrahedral and trigonal assemblies. 

A prochiral tetrahedral assembly of ligands (e.g., CABXX in 
Fig. l ) ,  characterized by the presence of two homomorphic het- 
erotopic ligands (X) [Refs. 2-4, see Ref. 5 for definitions], be- 
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FIGURE 1 Schematic example of tetrahedral and trigonal prochiral assemblies of 
ligands and of the formal reactions that transform the prochiral center into a chiral 
one. The enantiotopic elements are named according to Ref. I ;  configurations of 
the chiral carbon atoms are assigned according to CIP rules (Ref. 6). the priority 
order being A > E > B > X. 

comes chiral by replacement of one homomorphic ligand by a new 
achiral one not already present in the assembly. The central atom 
(C in Fig. 1) is defined as the prochiral center. The two heterotopic 
ligands can be formally distinguished by the following procedure: 
one of them is arbitrarily elevated to a higher priority over the 
other, without affecting the priorities of A and B, to create a 
hypothetical chiral center to which the CIP chirality rules6 are 
applied. If the resulting center has an R configuration, then the 
selected ligand is called pro-R (Fig. 1) and may be denoted by 
adding a subscript R as X,. By default the other X ligand is pro-  
S (Xs). Note that there does not have to be a correlation between 
the prochirality descriptor (e.g., X,) and the configuration of the 
product arising. from the replacement of the heterotopic ligands 
(see, for example, Fig. 1). 

A prochiral trigonal assembly of ligands is characterized by two 
heterotopic faces.' Addition of the same achiral reagent to either 
face will give rise to enantiomeric products. Therefore, the two 
faces can be defined as prochiral and the central atom as the 
prochiral center. According to the rule introduced by Hanson,' 
the two faces can be distinguished as pro-R (or Re)  and p r o 4  (or 
Si) (Fig. 1). 
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Geometrical criteria can be applied to further classify hetero- 
topic elements (ligands and faces). When such elements can be 
interchanged by a rotation-reflection (S,) operation, most often 
a plane (a = S,) or a center (i = S2), they are called enantiotopic. 
When such heterotopic elements cannot be interchanged by any 
symmetry operation, they are called diastere~topic.~ For example, 
if A or B in Fig. 1 possesses a chiral center, the heterotopic ele- 
ments are diastereotopic. The descriptors pro-R and p r o 4  are used 
for both enantiotopic and diastereotopic  element^.'.^ 

Differentiation of enantiotopic ligands and faces occurs in the 
presence of a chiral reagent or catalyst. Several examples can be 
found in enzymatic reactions, where only one of the two enantio- 
topic elements of a molecule is recognized by an enzyme.2 More- 
over molecules bearing prochiral centers are commonly used as 
synthons in asymmetric synthesis and catalysis. For a given chiral 
reagent or catalyst, the enantioselectivity of the reaction will de- 
pend on the nature of the substituents on the prochiral center. 

It should be pointed out that the concept of prochirality, even 
though currently used in synthetic chemistry, is essentially geo- 
metrical in nature and it is not necessarily an expression of a 
precursor-product relationship. In fact, there exist stereoselective 
reactions at prochiral elements that do not generate elements of 
chirality.2.8 

By extending the concepts as used in organic chemistry to some 
selected classes of coordination compounds with C, symmetry, the 
metal center can be defined as prochiral. A coordination com- 
pound having a prochiral metal atom will have at least two hom- 
omorphic heterotopic elements, namely ligands, faces or planes, 
depending on the geometry of the complex. For each of these 
elements, a reaction can be identified that transforms the prochiral 
metal center into a chiral center. In particular, enantiomeric prod- 
ucts having opposite chirality at the metal atom can be formed by 
replacement of either one of the enantiotopic ligands by a different 
achiral ligand, addition of the same achiral ligand to either one of 
the two enantiotopic faces, or ligand rearrangement along either 
one of the two enantiotopic planes. Where appropriate, we point 
out obvious extensions of these concepts to other elementary re- 
actions typical of coordination compounds, such as oxidative ad- 
ditions, electrophilic additions, migration reactions, etc. 
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We will consider the cases of octahedral (OC-6), tngonal bi- 
pyramidal (TB-5), square pyramidal (SP-5) and square planar (SP- 
4) complexes. To simplify the discussion, the following restrictions 
will be applied to the nature of the complexes: (i) only mononu- 
clear complexes are considered; (ii) chelate ligands are not con- 
sidered, but some results on bidentate chelate complexes are used 
for illustrative purposes (therefore we will not treat those classes 
of dissymmetric complexes whose chirality arises from chelate ring 
distribution and is labelled by A €or a right-handed and A for a 
left-handed helix); and (iii) all the monodentate ligands are achiral 
and are assumed to have free rotation about the metal-ligand 
bond axis unless otherwise stated. Following Hirschmann and Han- 
son, we will treat all ligands as achiral points placed at the sites 
of the ligating atoms.2 Such points are to be regarded as distinct 
if the ligands that they represent are heteromorphic. Hetero- 
morphic ligands will be designated by different capital letters, while 
homomorphic ligands will be designated by identical capital letters. 

Even though the term “prochiral molecule” has been discour- 
aged,’ it is commonly used by biochemists and organic chemists; 
in the text that follows we will use the term “prochiral complex” 
to designate a complex having a prochiral metal center and bearing 
achiral ligands. 

When all the ligands are achiral, the reactions involving the 
heterotopic elements will convert the prochiral complex to a ra- 
cemic mixture of two optical isomers having opposite chirality at 
the metal atom. In the examples to follow, if one of the ligands 
has a chiral center of given configuration, two diastereoisomers 
will be obtained. 

Prochiral complexes could find appealing applications in reac- 
tions with chiral molecules, in particular those of biological interest 
such as aminoacids, proteins, mono- and poly-nucleotides. Pro- 
chiral complexes, in fact, although bearing only achiral ligands, 
should be able to give highly diastereoselective or, even, diaster- 
eospecific reactions with such biological molecules. The diaster- 
eoselectivity of such reactions will depend on the nature of the 
achiral ligands, since they become substituents of a chiral metal 
center. 

The interactions of prochiral complexes with prochiral ligands 
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and the involvement of prochiral complexes in catalytic cycles de- 
serve particular attention and are treated in a separate section. 

PROCHIRAL COMPLEXES 

Two classes of prochiral octahedral complexes can be defined: 
cis,cis,,trans-ML&XY (I) and frans-MbXYWZ (11) (Fig. 2). 
Complexes of class I have two pairs of enantiotopic ligands, L and 
Z, but we will assume that only L can be substituted. The following 
sub-classes can also be usefully defined: Ia when X (or Y) = Z; 
Ib when X (or Y) = L; JIa when two equatorial cis ligands are 
identical (e.g., Z = W). Configurational descriptors for enantio- 
topic ligands can be defined by extending the Hanson prochirality 
rules for tetrahedral assemblies' and adopting the CIP priority rules 
for determination of the absolute configuration of an octahedral 
center.6 Since the chirality symbols C (clockwise) and A (anti- 
clockwise) are used to denote absolute stereochemistry in coor- 
dination compounds other than tetrahedral,9 the enantiotopic li- 
gands L can be defined as pro-C (Lc) and pro-A (LA) (Fig. 3). 

Substitution of either one of the two enantiotopic ligands with 
an achiral entering ligand E will give octahedral enantiomeric prod- 
ucts (the following restrictions on the nature of E apply: for com- 
plexes of class I and Ib: E f Z; for complexes of class Ia: E # 
Z, X). Similarly, migration reactions that involve the enantiotopic 
ligands will give enantiomeric square pyramidal derivatives. More 
specifically, migration of either X or Y to L (or vice versa) for 
complexes of class I (see Fig. 4), and migration of any equatorial 
ligand to L (or vice versa) for complexes of class 11. 

Prochiral square pyramidal complexes are of the type cis, cis- 
MLZ,X (111), with L and Z ligands in the square plane (Fig. 2). 
They can be regarded as octahedral complexes of class I, where 
one of the axial ligands has been replaced by a phantom atom. 
Besides the two enantiotopic ligands, L, this class of complexes 
also possesses two enantiotopic planes containing the L, X and Z 
ligands. The narrowing of the L-M-Z angle from 180" to 120" in 
either one of the two enantiotopic planes will transform the pro- 
chiral square pyramidal complex into a chiral trigonal bipyramid 
(Fig. 5 ) .  It is of interest to note that the two enantiomeric trigonal 
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OC-6 (I) 

SP-5 (III) 

TB-5 (V) 
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Y 

OC-6 (11) 
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FIGURE 2 Schematic representation of the classes of prochiral octahedral (I, II), 
square pyramidal (111). square planar (IV) and trigonal bipyramidal (V, VI) co- 
ordination compounds. 

bipyramids can interconvert through a prochiral square pyramidal 
complex. 

Prochiral square planar complexes are of the type MXYWZ (IV) 
(class IVa when two cis ligands are identical, e.g., W = Z) (Fig. 
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FIGURE 3 Schematic example of a prochiral octahedral complex of class I and of 
the formal substitution reaction that transforms the prochiral metal center into a 
chiral one. Configurations of the chiral metal atoms are assigned according to CIP 
rules for octahedral assemblies (“the chirality symbol C is assigned to that config- 
uration in which the CIP priority numbers of the ligating atoms in the plane per- 
pendicular to the principal axis increase in a clockwise direction when viewing the 
plane from the most preferred atom of CIP priority 1 on the principal axis” (Ref. 
9). The enantiotopic elements are named according to an extension of the rules 
reported in Ref. 1. The ligand priority order according to CIP rules is: X > Y > 
E > Z > L. Metal atoms circled with different shadings represent optical isomers 
throughout the paper. 

2) and can be treated as octahedral complexes of class 11, but with 
the two equal axial ligands replaced by two phantom atoms. The 
two phantom atoms are the enantiotopic ligands; alternatively, the 
prochiral SP-4 complex can be regarded as having two enantiotopic 
faces. Replacement with E of either one of the enantiotopic phan- 
tom atoms (or, alternatively, addition of E to either of the en- 
antiotopic faces) will give rise to enantiomeric square pyramidal 
complexes (Fig. 6). 

The configurational descriptors for prochiral SP-5 and SP-4 com- 
plexes can be defined by applying the same rules as adopted for 
octahedral complexes (the phantom atom has obviously the lowest 
priority). 
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FIGURE 4 Schematic representations of migration reactions involving the enan- 
tiotopic ligands of a prochiral octahedral complex of class I producing enantiomeric 
square pyramidal derivatives. 

Finally, two classes of prochiral trigonal bipyramidal complexes 
of the type M b X Y Z  can be defined (Fig. 2). In the first class (V) 
the two enantiotopic ligands L are in the trigonal plane. The com- 
plex is still prochiral if either Y = Z (Va) or Y = L (Vb). This 
class of complexes also has two enantiotopic faces, defined by the 
plane containing the X, Y and Z ligands. In the second class (VI), 
the two enantiotopic ligands occupy apical positions and there are 
no enantiotopic faces. The configurational descriptors for prochiral 
TB-5 complexes can be determined by applying the usual pro- 
chirality rules and the priority rules defined by Mislow for deter- 
mination of the absolute configuration of trigonal bipyramidal as- 
semblies.'O In the case of structure VI, the prochiral descriptors 
correspond to those defined for prochiral trigonal assemblies, where 
Re = pro-C and Si = pro-A. 

For both class V and class VI~omplexes, replacement of either 
one of the enantiotopic ligands with E will give TB-5 derivatives 
of opposite chirality (for class V only, E # Z). Similarly, for 
complexes of class V, coordination of E in the trigonal plane to 
either one of the enantiotopic faces will give enantiomeric octa- 
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. . @ 

FIGURE 5 Schematic representation of the isornerization of a prochiral square 
pyramidal complex to two enantiomeric trigonal bipyramids. The two enantiotopic 
planes are indicated. 

E 

E 

FIGURE 6 Schematic representation of ligand coodination to a prochiral square 
planar complex of class IV producing two enantiomeric square pyramids. The 
enantiotopic attack directions are indicated. 
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hedral complexes. Examples for class V complexes are schemati- 
cally reported in Fig. 7. 

Trigonal bipyramidal complexes of class V can be also defined 
as prochiral with respect to the isomerization that permutes two 
equatorial ligands (L and Y) with the two axial ligands. This iso- 
merization is currently thought to occur through a pseudorotation 
process that simultaneously interchanges the two pairs of ligands 
(Berry mechanism"). The enantiomer formed depends both on 
which of the two L ligands participates in the pseudorotation proc- 
ess and on the direction of the rotation. 

When the complex with a prochiral metal atom has at least one 
chiral ligand, the heterotopic elements become diastereotopic. The 
case of octahedral complexes is treated in detail. For complexes 
of class I, the heterotopic ligands L become diastereotopic when: 
(i) either X or Y (or both) are chiral, or (ii) both Z ligands are 
chiral with the same absolute configuration. For complexes of class 
Ii,  these ligands are diastereotopic when (i) at least one of the 
ligands in the equatorial plane is chiral. (These can be either hom- 
omorphic or enantiomorphic l igand~.~) 

X 
I 

X 

\ Y I,L 

/ I'L 

Z- 

Y 

IbL 
z - 7  E 

G 

X 
I 

Y 

FIGURE 7 Schematic representation of enantiotopic ligand substitution and of 
ligand coordination in the case of a prochiral trigonal bipyramidal complex of class 
V, in both processes, producing two enantiomeric trigonal bipyramidal or octa- 
hedral derivatives, respectively. The enantiotopic attack directions in the trigonal 
plane are indicated. 

76 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



When, in complexes of class I, X and Y are enantiomorphic 
ligands, the metal atom is a pro-pseudoasymmetric p enter.^ In fact, 
substitution of either one of the diastereotopic ligands L by a new 
achiral ligand gives two diastereomeric meso forms. The same case 
applies to complexes of class I1 when X and Y are enantiomorphic 
ligands and Z = W. In agreement with the nomenclature used for 
tetrahedral assemblies, when the metal atom is a pro-pseudoasym- 
metric center the configurational descriptors of prochiral ligands 
adopt lower case letters: pro-c and p r o - ~ . ~ J ’  Examples of two cis 
enantiomorphic ligands can be commonly found among bidentate 
chelating systems with chiral donor atoms of opposite configuration 
(meso forms), such as diphosphines (e.g., (dipamp)) and disulf- 
oxides (e.g., 2,5-dithiahexane 2,5-dioxide (DTHO,)). As an ex- 
ample of a pro-pseudoasymmetric octahedral complex of class 11, 
we note the ruthenium (11) derivative trans,cis,cis-RuCl,(R,S- 
DTH02)(Im)2 (Im = imidazole) recently synthesized in our lab- 
0rat0ries.l~ 

Having defined the various classes of “prochiral complexes,” 
we now treat some of them in more detail, within the context of 
the most common reactions that can transform the prochiral metal 
center into a chiral one. 

We will begin by considering the replacement of one of the 
heterotopic ligands of a prochiral octahedral complex. All the sub- 
stitution reactions will be assumed to occur without formation of 
geometrical isomers. An obvious requirement is that the two het- 
erotopic ligands must be labile, while the other ligands are inert. 
The key steps of a substitution reaction, which goes through a 
dissociative path, are: (i) the dissociative step to give a square 
pyramidal or a trigonal bipyramidal intermediate and (ii) the as- 
sociative step (Fig. 8). If the substitution reaction proceeds through 
a square pyramidal intermediate, the complex will become chiral 
during the dissociation of one of the two enantiotopic ligands, L. 
If the reaction proceeds through a prochiral trigonal bipyramid 
intermediate, the complex will become chiral during the coordi- 
nation of the entering ligand, E, which can attack either one of 
the two enantiotopic faces. Moreover, if in this latter case E is a 
phantom atom, an isomerization reaction from a prochiral TB-5 
to a chiral SP-5 occurs. 

It is worth stressing at this point that an initially achiral octa- 
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X y chiral Y X 

I ,L@) 
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FIGURE 8 Schematic representation of the dissociative path in the substitution 
reaction of an enantiotopic Ligand on a prochiral octahedral complex. The possible 
chiral (square pyramidal) and prochiral (trigonal bipyramidal) intermediates are 
indicated. 

hedral complex with proper features, in the absence of isomeri- 
zation reactions, can evolve in two subsequent substitution steps 
to a prochiral and finally to a chiral derivative (for a detailed 
treatment of the step-by-step evolution of an achiral assembly of 
ligands to a chiral one, see Ref. 14). This case is well illustrated 
by the behavior of the complex rrans-R~Cl,(DMS0).,.~~ In aqueous 
solution this complex immediately releases two cis DMSO mole- 
cules to give the trans-dichloro cis-bis(dimethylsu1foxide) cis-dia- 
quo derivative (1) (Fig. 9). This complex is still achiral, having C& 
symmetry. The subsequent dissociation of a chloride ligand lowers 
the complex symmetry from &,,to Cs and gives the prochiral class 
IB cationic complex (2). Substitution of a water molecule in the 
equatorial plane by an achiral ligand will lead to enantiomers with 
opposite chirality at the metal atom (3a, 3b). The strong trans- 
directing effect16 of S-bonded DMSO will minimize the possible 
formation of other geometrical isomers. 

As an example of the interaction of a prochiral octahedral com- 
plex with chiral molecules, we studied in detail the reaction of 
frm-RuCl,(DMSO), with the mononucleotide 5'-dGMP and found 
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dl 
A 
(3b) 

FIGURE 9 Example of a step-by-step evolution of a symmetric octahedral complex 
(1)  to a prochiral (2) and eventually chiral (3a, 3b) derivatives; S = S-bonded 
dimethyl sulfoxide. The capital letters A and C under the complexes represent the 
chirality symbols according to Ref. 9, with the assumption that the entering ligand 
coordinates through a nitrogen atom. 

that at acidic pH two N7 coordinated diastereoisomers are actually 
formed, their equilibrium constant being = 0.6.’’ 

As examples of octahedral complexes with either enantiotopic 
or diastereotopic ligands we report the ruthenium(I1) derivatives 
~~C-[RU(DMSO)~C~,(R-NH,)~” (R = H, (R)-CH(CH3)-Ph or 
(S)-CH(CH,)-Ph), recently synthesized and characterized by our 
group.18J9 Of interest, such complexes can be thought of as belong- 
ing either to class Ia, when the chlorine atoms are assumed as the 
heterotopic ligands, or to class Ib, when the two DMSO’s trans to 
C1 are assumed as the heterotopic ligands. The first point of view 
is convenient when the chemical behavior of the complexes in 
aqueous solution is considered. In fact, upon dissolution in water, 
these complexes slowly release a chloride ligand, producing the 
corresponding aquo-derivatives as a pair of enantiomers (R = H) 
or of diastereoisomers (R = (S) or (R)-CH(CH,)-(C,H,)). In 
this latter case the two diastereoisomers should form with different 
rates and in different amounts (Fig. 10). The second point of view 
is more conveniently adopted for the interpretation of the complex 
‘H NMR spectrum. In fact, for R = H, each enantiotopic DMSO 
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8 

" 1  
FIGURE 10 Example of a prochiral Ru(I1) octahedral complex of class Ia; S = 
S-bonded dimethyl sulfoxide. A pair of enantiomers (R = H) or diastereoisomers 
(R = (S)- or (R)-CH(CH,)-Ph) is obtained upon hydrolysis of one enantiotopic 
ligand (Cl). 

brings two diastereotopic methyl groups (the complex lacks the 
''horizontal" symmetry plane); on the other hand Me, is enantio- 
topic with Me, and Me, with Me,, (Fig. 11) (the same situation 
can be found in organic molecules such as the methylene protons 
of diethyl sulfoxide3). Each pair of enantiotopic methyls is expected 
to give a different signal in the 'H NMR spectrum of the complex; 
moreover, due to 'H-{'H} coupling between diastereotopic meth- 
yls on the same DMSO, each signal should be split into a quartet. 

In fact, the 'H NMR spectrum of a fresh D20 solution of the 
ammonia complex consists of three peaks of equal intensity in the 
methyl region for S-bonded DMSOS.'~ A sharp singlet at 3.42 
ppm is easily attributed to the equivalent methyl groups of the 
DMSO trans to NH3, while two unresolved multiplets at 3.46 and 
3.40 ppm can be attributed to the two enantiotopic pairs of dias- 
tereotopic methyls of the enantiotopic DMSO's. A very similar 
spectrum was also reported for an aqueous solution of cis- 
RuCl,(DMSO),, where an H,O molecule sits in the place of NH3.20 
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Ru 
/ 

‘Cl 

/ \  
Me Me 

FIGURE 11 cbJuc-RuCl,(DMSO),(NH,) can be conveniently considered as a class 
Ib prochiral complex for the interpretation of its ‘H NMR spectrum. The two 
enantiotopic pairs of diastereotopic methyl groups (Me, and Me,; Me, and Me,) 
are indicated. 

Having treated the substitution reaction on prochiral octahedral 
complexes and, consequently, the coordinative addition to trigonal 
bipyramidal and square pyramidal derivatives, we turn now to 
examine these same processes for square planar species. Substi- 
tution reactions of prochiral square planar complexes will always 
give final products that are achiral at the metal center. However, 
for an associative mechanism, the trigonal bipyramidal interme- 
diates formed during the reaction are chiral when E is different 
from the ligand trans to the leaving group, since the leaving and 
entering ligands occupy equatorial positions. Square planar Pt(1I) 
complexes such as C~-[R(NH~)~X(H~O)]+A-  (X = Cl, OH), since 
they are metabolites of the widely used anticancer agent cis- 
Pt(NH3)zC12,21 represent particularly interesting examples of a class 
IVa prochiral complex. As depicted in Fig. 12, substitution of the 
water ligand by a chird ligand (E*, e.g., DNA) can proceed through 
two pentacoordinated diastereoisomeric intermediates. The com- 
plex will therefore preferentially undergo reaction at one of its two 
enantiotopic faces. On the other hand, in the case of the corre- 
sponding trans square planar isomer, the metal atom is an achiral 
center throughout the substitution process. In fact, when a complex 
bears two trans homomorphic non-labile ligands the metal center 
always remains achiral. 

On the other hand, coordination of an entering ligand, E to 
either one of the enantiotopic faces of a prochiral square planar 
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FIGURE 12 An illustration that a substitution reaction of a prochiral square planar 
complex can proceed through two pentacoordinated chiral intermediates. 

complex will give rise to chiral square pyramidal products or in- 
termediates, which can easily isomerize to trigonal bipyramidal 
final products. It is interesting to consider the consequences of this 
type of isomerization reaction on coordinative (or oxidative) ad- 
dition reactions of square planar complexes of the general formula 
cis-MLX, (GV symmetry, i.e., not prochiral). Association of E 
with such square planar complexes gives rise to a chiral trigonal 
bipyramid (or a chiral octahedron) through the formal interme- 
diate formation of a prochiral square pyramidal species. The case 
of coordinative addition is schematically reported in Fig. 13. Sev- 
eral examples of such reactions are known in the literature, such 
as the addition of small molecules to square planar d8 complexes 
of the type [M(L-L),]+ or [M(L-L)(L’-L’)]+ .22 

The coordinative and oxidative additions of small molecules (e.g., 
H,, 0,, CH,=CH,) to d8 square planar prochiral complexes de- 
serve particular consideration at this point. For example, molecular 
hydrogen can coordinateU on either of the two enantiotopic faces 
of a prochiral complex of class IV, the H-H bond being oriented 
either along the Z-M-X or the Z-M-Y axis. The oxidative ad- 
dition will result in two octahedral geometrical isomers, each as a 
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FIGURE 13 Schematic representation of the two elementary steps (ligand coor- 
dination followed by isomerization) which can transform an achiral (&) square 
planar complex into a chiral trigonal bipyramid. 

L 

Z $L 
I 

k 

FIGURE 14 Schematic representation of H, oxidative addition on a prochiral 
square planar complex of class IVa. Two geometrical isomers, each as a pair of 
enantiomers, may be obtained. 

pair of enantiomers (Fig. 14). An interesting example of this re- 
action has been reported for iridium(1) derivatives with diphen- 
ylphosphinoethane (DPE) of general formula cis-[Ir(CO)(X)DPEJ 
(X = C1, Br, I, CN) (Fig. 15). In this case only one geometrical 
isomer was found, due to a stereoselective attack of the hydrogen 
molecule along the P-Ir-CO axis." 
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FIGURE 15 Example of H, oxidative addition on a prochiral square planar Ir(1) 
complex of class N a  (X = CI, Br, I ,  CN) (Ref. 24). 

The same considerations used for H2 can be easily extended to 
the coordination of 0, (side-on) and ethylene. Finally, E can be 
an electrophile, such as in the first associative step of an oxidative 
addition reaction of E-X molecules (e.g., CH,-I). 

INTERACTIONS OF PROCHIRAL COMPLEXES WITH 
PROCHIRAL MOLECULES 

Of the most common substrates with prochiral centers (olefins, 
thioethers, ketones), the case of olefins will be treated in detail. 
Prochiral olefins are characterized by two enantiotopic faces; when 
they bind to a metal center, each of the unsaturated carbon atoms 
which bears two different substituents becomes asymmetric (and 
therefore a chiral center).= Accordingly, if the metal center is 
symmetric and not prochiral, two diastereoisomers will form (two 
enantiomers if the olefin has only one prochiral center), depending 
on which enantiotopic face is coordinated.*'j In this case the metal 
center can be formally compared to the oxygen atom in chiral 
epoxides. 

Coordination of a prochiral olefin to a prochiral complex will 
produce one further chiral center, namely the metal atom, and the 
number of possible stereoisomers increases accordingly. 

The interaction of a prochiral square planar complex with a 
simple prochiral olefin such as propylene will be treated in detail. 
The olefin is assumed to bind to the metal with the carbon-carbon 
double bond parallel to the Z-M-Y axis. 

Coordination of propylene with the same enantiotopic face (e.g., 
Re face) to either of the two enantiotopic faces of the complex 
will give two pentacoordinated diastereoisomers, namely CR and 
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AR,2' with opposite chirality at the metal atom and the same 
chirality (R) at the carbon atom (Fig. 16). The two other diaster- 
eoisomers, CS and AS, will be obtained upon coordination of the 
olefin with its Si face. An equal distribution of the four diaster- 
eoisomers should be obtained. In the absence of free rotation about 
the metal-olefin bond, the positions trans to Y and trans to Z are 
different. In the present case, two sets of four diastereomers are 
possible, giving eight total species. Diastereoisomers intercon- 
verted by rotation of 180" about the olefin-metal bond axis without 
bond rupture can be referred to as rotamers.= Coordination of 
the olefin along the Z-M-X axis will give the corresponding geo- 
metrical isomers, where Y occupies an apical position and X oc- 
cupies an equatorial position. 

The same situation applies in the case of prochiral 1,2-disubsti- 
tuted olefins of Cs symetry (e.g., C H R S H R ' ,  R # R') which, 
upon coordination to the metal center, give rise to two different 
chiral carbon atoms. On the contrary, in the case of prochiral 1,2- 
disubstituted olefins of CZh symmetry (e.g. , tram-Zbutene), the 

FIGURE 16 Schematic representation of the formation of two pentacoordinated 
diastereoisomers upon coordination of the Re enantiotopic face of propylene to 
either of the enantiotopic faces of a prochiral square planar complex of class IV. 
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rotamers are equivalent and the number of diastereomers is re- 
duced to four for each attack direction. 

We turn now to the consideration of a square planar complex 
with propylene displacing Y from the prochiral complex. In the 
hypothesis of olefin free rotation, the square planar symmetry 
plane is maintained and the metal atom becomes achiral. On the 
contrary, in the absence of free rotation the symmetry plane is lost 
and the metal atom becomes chiral; two diastereoisomeric rota- 
mers, with oposite chirality at the metal atom and the olefin always 
perpendicular to the plane of the complex are formed (Fig. 17). 
The two other diastereoisomers (not illustrated) are obtained when 
propylene coordinates with its other enantiotopic face. 

Assignment of the metal atom absolute configuration can be 
easily accomplished by viewing the complex as a pseudo trigonal 
bipyramid with the olefin coordinated in a metallacyclic fashion in 
the trigonal plane. Accordingly, the formation of the diastereo- 
isomeric rotamers can be envisioned as the coordination of the 
prochiral olefin to a prochiral trigonal bipyramid having two free 
enantiotopic coordination positions (Fig. 18). 

When either the olefin or the metal complex bears a chiral sub- 

FIGURE 17 Schematic representation of two diastereoisomeric rotamers obtained 
upon substitution of a ligand by propylene in a prochiral square planar complex. 
Coordination of propylene with only one of its enantiotopic faces is represented. 
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FIGURE 18 A rotamer of a square planar complex with a coordinated olefin can 
be envisaged as a pseudo trigonal bipyramid with the olefin bound in a metallacyclic 
fashion in the trigonal plane. 

stituent of given configuration, the number of possible stereoiso- 
mers will not change, but their distribution will be altered. The 
case of prochiral olefins coordinated to a square planar complex 
bearing a chiral ligand has been treated in detail by Bosnich,= but 
without consideration of the chirality acquired by the metal center. 

The case of prochiral thioethers can be treated as that of pro- 
chiral olefins, since the sulfur atom becomes chiral upon coordi- 
nation to the metal center. 

On the contrary, prochiral ketones bind to the metal center 
through the oxygen atom and therefore the carbonyl carbon atom 
becomes chiral only upon attack of a nucleophile (e.g. , hydride). 
If the ketone being attacked is bound to a prochiral metal center, 
four diastereoisomeric activated complexes are formed. 
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PROCHIRAL CATALYSTS 

A distinctive characteristic of coordination compounds is that they 
can behave as catalysts. From a general point of view, transition 
metal complexes involved in catalytic cycles are commonly divided 
into two main classes: achiral and chiral catalysts. Usually the chiral 
catalysts have a stable chiral signature with a given configura- 
tion on one of the nonleaving groups, often a chelating ligand 
(e.g.: [Rh(Chiraphos)(S)J+ (S = ~olvent)’~; [M(PPEI)(COD)] + 

(M = Rh,30 I P ;  PPEI = 2-pyridinal-1-phenylethylimine; COD = 
1, 5-cyclooctadiene); PtCl,/SnCl,/( - ) - BPPM (( - ) - BPPM = 
(2S,4S)-N-(tert-butoxycarbonyl)- 4- (diphenylphosphino) -2- [(di- 
phenyl -phosphin~)methyl]pyrrolidine.~~ 

Of course, there is no chiral signature for achiral catalysts. How- 
ever, when the ligand distribution about the metal atom is also 
taken into account, achiral catalysts can be distinguished according 
to whether they have an achiral or a prochiral metal center. In 
this latter case, the prochiral complex might be called a “prochiral 
catalyst .” 

“Prochiral catalysts” could find useful applications in the field 
of diastereoselective catalysis with substrates having a prochiral 
center and a chiral substituent of given configuration (e.g., the 
catalytic reduction of chiral ketones, oxidation of chiral thioethers, 
epoxidation of chiral olefins). A prochiral complex, in fact, could 
coordinate the substrate to give either one stereoisomer predom- 
inantly or one diastereoisomer that is much more reactive than 
the other(s). In this way, the prochiral catalyst promotes the re- 
action and at the same time amplifies the chiral information brought 
by the substrate. Such a catalytic process could give rise to one of 
the two diastereoisomeric products with a selectivity higher than 
that obtained with an achiral catalyst. For a given substrate the 
diastereoselectivity of the reaction will depend on the nature of 
the achiral ligands, which become substituents of a chiral metal 
center. Examples of the application of prochiral complexes in ca- 
talysis can be found in the isotactic and syndiotactic polymerization 
of propylene catalyzed in homogeneous phase by Group 4B me- 
tallocene/methylalumoxane ~ y s t e m s . ~ ~ . ~  

In the case of chiral catalysts, the metal atom is usually achiral; 
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very often, however, in the course of the proposed catalytic cycles, 
the metal atom becomes a prochiral and then a chiral center in 
subsequent sequential steps. The metal center returns obviously 
to its initial achiral form at the end of the cycle. If in the catalytic 
cycle the metal atom becomes a chira! center before or during the 
stereo-determining step, the enantiomeric excess of the reaction 
will depend also on the nature of the achiral ligands. 

CONCLUSIONS 

Several classes of coordination compounds of various geometries 
have been defined as prochiral, and the most common reactions 
that can transform the prochiral metal atom into a chiral center 
have been considered. 

The importance of recognizing a complex as prochiral becomes 
evident when it interacts with chiral molecules of given configu- 
ration to form two diastereoisomers. The diastereoselectivity of 
such reactions can be tuned not only by changing the substituents 
at the chiral center but also, more easily, by changing the nature 
of the achiral ligands. They become, in fact, substituents of the 
chira! metal center. 

Acknowledgments 

This work was supported by NIH grant GM 29222. We wish to thank Prof. S. 
Gladiali (University of Sassari, Italy) and Dr. Eric Mintz (Clark Atlanta University) 
for helpful discussions. 

Referen- 

1. K. R. Hanson, J .  Org. Chem. 20,2731-2744 (1966). 
2. H. Hirschmann and K .  R. Hanson, Topics in Stereochemistry 14, 183-229 

3. E. L. Eliel, Topics in Current Chemistry 105, 1-76 (1982). 
(1983). 

89 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



4. 

5.  

6. 

7. 
8. 

9. 

10. 
11. 
12. 
13. 
14. 
15. 

16. 

17. 

18. 

19. 

20, 
21. 
22 

23. 
24 

M. Nogradi, in Srereoseleciive Synthesis (VCH Verlagsgesellschaft, Weinheim, 
FRG. 19871. 
Hornomodhic ligands are identical when separated from the complex. Het- 
eromorphic ligands are not identical. Enantiomorphic ligands are a subclass of 
heteromorphic ligands that can be superimposed in isolation after a reflection 
operation of one of them. Ligands are homotopic if their positions can be 
interchanged through a C, symmetry operation. Thus, substitution of either 
one of two homotopic ligands will give the same product, provided the replacing 
ligand is different from all ligands in the complex. For more detailed definitions 
and examples, see Refs. 2-4. 
R. S. Cahn, C. Ingold and V. Prelog, Angew. Chem. Int. Ed. Engl. 5, 385- 
415 (1966). 
S. A. Kaloustian and M. K. Kaloustian, J. Chem. Ed. 52, 56-58 (1975). 
H. G. Floss, M. D. Tsai and R. W. Woodard, Topics in Stereochemistry 15, 

(a) M. F. Brown, B. R. Cook and T. E. Sloan, Inorg. Chem. 14, 1273-1278 
(1975). (b) T. E. Sloan, Topics in Stereochemistry 12, 1-36 (1981). 
K. Mislow, Acc. Chem. Res. 3, 321-331 (1970). 
R. S. Berry, J. Chem. Phys. 32, 933-938 (1960). 
D. Nasipuri, J. Chem. Ed. 66, 483-484 (1989). 
M. Henn, E. Alessio and G. Mestroni, unpublished results. 
K. Mislow and J. Siegel, J. Am. Chem. Soc. 106, 3319-3328 (1984). 
E. Alessio, G. Mestroni, G. Nardin, W. M. Attia, M. Calligaris, G. Sava and 
S. Zorzet, Inorg. Chem. 27, 4099-4106 (1988). 
(a) C. F. J. Barnard, J. A. Daniels, J. Jeffry and R. J. Mawby, J. Chem. SOC. 
Dalton Trans. 953-%1(1976). (b) D. M. Blake and M. Kubota, J. Am. Chem. 

E. Alessio, Y. Xu, S. Cauci, G. Mestroni, F. Quadrifoglio, P. Viglino and 
L. G. Marzilli, J. Am. Chem. Soc. 111,7068-7071 (1989). 
G. Mestroni, E. Alessio, M. Calligaris, W. M. Attia, F. Quadrifoglio, S. Cauci, 
G. Sava, S. Zorzet, S. Pacor, C. Monti-Bragadin, M. Tamaro and L. Dolzani, 
Progress in Clinical Biochemistry and Medicine 10, 71-87 (1989). 
E. Alessio, M. Henn, G. Mestroni, M. Calligaris and W. M. Attia, submitted 
to Inorg. Chim. Acta. 
J .  R. Barnes and R. J. Goodfellow, J. Chem. Research (M) 4301-4336 (1979). 
B. Lippert, Progress in Inorganic Chemistry 37, 1-97 (1989). 
(a) J. A. McGinnety, N. C. Payne and J. A. Ibers, J. Am. Chem. SOC. 91, 
6301-6310 (1969). (b) M. Laing, M. J. Nolte and E. Singleton, J. Chem. SOC. 
Chem. Comm. 660-661 (1975). (c) D. J. A. de Waal, T. I. A. Gerber, W. J. 
Louw and R. van Eldik, Inorg. Chem. 21, 2002-2006 (1982). 
G .  Pacchioni, J. Am. Chem. SOC. 112, 80-85 (1990). 
C. E. Johnson, B. J. Fisher and R. Eisenberg, J .  Am. Chem. SOC. 105,7772- 
7774 (1983). 

253-321 (1984). 

SOC. 92,2578-2579 (1970). 

25. G. Paiaro and A. Panunzi, J. Am. Chem. SOC. 86,5148-5152 (1964). 
26. G. Paiaro, R. Palumbo, A.  Musco and A. Panunzi, Tetrahedron Lett. 16, 

27. P. Reich-Rohnvig and A. Wojcicki, Inorg. Chem. 13,2457-2464 (1974). 
28. H. Boucher and B. Bosnich, J. Am. Chem. SOC. 99,6253-6261 (1977). 
29. J. Halpern, Pure & Appl. Chem. 55, 99 (1983). 
30. H. Brunner and A. Kiirzinger, J. Organomet. Chem. 346, 413-424 (1988). 
31. G. Zassinovich, R. Bettella, G. Mestroni, N. Bresciani-Pahor. S. Geremia and 

1067-1070 (1965). 

L. Randaccio, J. Organomet. Chem. 370, 187-202 (1989). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



32. (a) G .  Consiglio, P. Pino, L. I. Flowers and C. U. Pittman Jr., J. Chem. Soc. 
Chem. Commun. 612-613 (1983). (b) G .  Parrinello and J .  K. Stille, J.  Am. 
Chem. SOC. 109, 7122-7127 (1987). 

33. J. A.  Ewen, R. L. Jones, A. Razavi and J .  D. Ferrara, J .  Am. Chem. SOC. 

34. J .  A. Ewen, J .  Am. Chem. SOC. 106,6355-6364 (1984). 
110,6255-6256 (1988). 

91 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1


