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Abstract 

A wide variety of asymmetric metalloporphyrins have been prepared in an effort to develop catalysts for the 
enantioselective epoxidation of unfunctionalized olefins. As yet, no porphyrin-based catalyst has shown sufficient selectivity 
to be applied in general synthesis. Therefore, this review focuses specifically on the developments that are leading toward 
synthetically useful metalloporphyrin epoxidation catalyst, specifically addressing catalyst stability and activity, ease of 
catalyst preparation, and the potential for improvement of specific catalyst designs, 
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1. Background 

1. I. Introduction 

Recently there has been a tremendous surge 
in efforts to develop enantioselective epoxida- 
tion catalysts. For pharmaceutical and other bio- 
logical applications, the absolute stereochem- 
istry of a compound is crucially important. It is 
therefore becoming imperative that convenient 
methods be available to prepare biologically 
active materials in an enantiomerically pure form 
[ 1,2]. Optically pure epoxides are particularly 
desirable as versatile intermediates in asymmet- 
ric syntheses [3,4]. Catalytic methods represent 
the most efficient route to these materials since 
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just one chiral catalyst molecule can potentially 
create thousands of chiral product molecules [5]. 
An additional reason for the ongoing research 
efforts is that developing a clear understanding 
of the factors that define and control enantiose- 
lectivity in any one catalytic system should 
provide insights into the rational design of chi- 
ral catalysts for other reactions. 

Metalloporphyrin epoxidation catalysts were 
initially developed as part of efforts to model 
the reactivity of biologically interesting metallo- 
porphyrin-containing enzymes, such as the cy- 
tochrome P450 family [6]. The ability of these 
enzymes to oxidize unfunctionalized olefins 
asymmetrically has provided an especially excit- 
ing lead for catalyst development, though no 
synthetically useful systems have yet been de- 
veloped. However, excellent methods using 
non-porphyrin-based catalysts have been devel- 
oped for the enantioselective epoxidation of al- 
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j+pyrrolic pdiions,Y rrmeso-postions 

Fig. 1. Basic porphyrin structure. Meso-aryl groups are perpendic- 
ular to the porphyrin plane, such that aryl substituents may project 
over the metal binding site. 

lylic alcohols [7,8]. These systems rely on the 
hydroxyl group to coordinate the olefin to the 
chiral catalyst. In contrast, the epoxidation of 
unfunctionalized alkenes has proved to be a 
continuing challenge, even as manganese-salen 
complexes have been found to provide high 
enantioselectivities in the epoxidation of many 
conjugated alkenes [9,10], since it requires that 
the catalyst distinguish between the prochiral 
alkene faces using only non-bonded interac- 
tions. The well-defined structure of the por- 
phyrin macrocycle should facilitate catalyst de- 
sign for this sort of reaction, which requires 
steric modulation of the catalytic pocket. The 
porphyrin molecule is rigid and planar. Groups 
attached to the macrocycle can be designed to 
adopt well-defined orientations with respect to 
the metal binding site. Perhaps the most useful 
is the roughly perpendicular alignment which 
the meso-aryl groups of a tetra-aryl porphyrin 
assume in order to avoid steric interactions with 
the @pyrrolic hydrogens, as shown in Fig. 1. 
This geometry results in the orientation of 
meso-aryl groups directly above the metal bind- 
ing site of the porphyrin. 

The recent advances in the field of regiose- 
lective and enantioselective metalloporphyrin 
catalysis of epoxidation have been reviewed 
[I l] and a number of articles have discussed 
metalloporphyrin-mediated oxidations more 
generally [ 12- 161. Although impressive devel- 
opments have been made, as yet no porphyrin- 
based catalyst has been sufficiently refined to 
find application in general synthesis. Given the 

need for practical asymmetric synthetic tech- 
niques [17], in this article we will specifically 
address developments that are leading toward 
synthetically useful metalloporphyrin epoxida- 
tion catalysts. This is not intended to be a 
comprehensive review; rather we hope to high- 
light the strategies used to prepare chiral por- 
phyrins and discuss the merits and caveats of 
these methods in terms of creating a catalyst 
that would find broad application. 

1.2. General requirements 

The widely utilized catalyst systems devel- 
oped by Katsuki and Sharpless [8] and Zhang et 
al. [lo] represent the sort of performance that is 
required for synthetic applicability. The Katsuki 
and Sharpless methodology for the epoxidation 
of allylic alcohols uses readily available chiral 
tartrate esters as the asymmetric ligand. The 
catalysts are made by combining inexpensive 
titanium alkoxides with these tartrates, and em- 
ploy affordable alkyl hydroperoxides as the stoi- 
chiometric oxidant. The reaction requires 5 to 
10 mol% catalyst to efficiently convert a wide 
array of allylic alcohols to their corresponding 
epoxides, often in greater than 95% enan- 
tiomeric excess, under standard and straightfor- 
ward reaction conditions [7]. The bottom line is 
a cost of approximately $113.60 (US) to epoxi- 
dize one mole of olefin [ 181. Jacobsen’s tech- 
nology has so far found its greatest application 
in the enantioselective epoxidation of cis-dis- 
ubstituted olefins [19]. It similarly relies on 4 to 
5 mol% of relatively inexpensive and commer- 
cially available chiral manganese-salen com- 
plexes and buffered bleach as the terminal oxi- 
dant [15,20]. This leads to a cost of approxi- 
mately $172.80 (US) to produce a mole of 
epoxide [ 181, regularly in greater than 90% 
enantiomeric excess. 

We now begin to see the requirements that a 
catalyst system must satisfy in order to be truly 
practical. Naturally, the catalyst must be highly 
selective. It must primarily promote the desired 
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epoxidation, avoiding deleterious side reactions 
such as over oxidation and aldehyde formation; 
and for most applications, must achieve an 
enantiomeric excess (ee) of 90% (955 ratio of 
enantiomeric forms) or greater [17]. Further- 
more, it must display this selectivity for sub- 
strates which would be most generally applica- 
ble to an asymmetric synthesis. That is, cata- 
lysts that provide high ee’s only with substrates 
bearing groups not normally found in natural 
products and not easily transferred or removed 
are of little utility. The catalyst must also be 
both active and efficient. It must be able to 
perform a large number of catalytic cycles in an 
acceptable period of time while maintaining the 
aforementioned selectivity. Furthermore, for 
ease of product isolation, the catalyst must be 
able to consume virtually all of the olefin sub- 
strate. In the field of asymmetric porphyrin 
catalysis, it is common to express yields in 
terms of consumption of the stoichiometric oxi- 
dant, allowing reactions to be run with a huge 
excess of olefin, even though this does not 
reflect how the catalysts would be used in most 
synthetic applications. The number of turnovers 
required to achieve catalyst cost efficiency de- 
pends on the expense and ease of preparation of 
the catalyst. Given that chiral porphyrin synthe- 
ses tend to be low yielding, at least several 
thousand turnovers are essential. This highlights 
the need for a flexible and straightforward means 
of catalyst preparation. A useful catalyst must 
be easily prepared, since a long, difficult syn- 
thesis will not only discourage general use, but 
will slow the optimization and development of a 
design. An additional cost and convenience is- 
sue is the choice of stoichiometric oxidant. Rel- 
atively expensive iodosoarenes are frequently 
employed, but oxidants such as hypochlorite, 
hydrogen peroxide, and molecular oxygen are 
less expensive and produce less toxic byprod- 
ucts, making them preferable. Molecular oxygen 
has not yet been used with great success in an 
enantioselective system, but progress is being 
made with H,O, [21], and several systems have 
used bleach quite successfully [22-241. Finally, 

for maximum utility the catalyst must be stable 
and easy to use. Unless it is remarkably simple 
to prepare, the catalyst should be sufficiently 
stable to allow for convenient storage, and opti- 
mally it should not require very low tempera- 
tures, inconvenient solvents, or rigorously dry 
conditions to maintain its activity. 

1.3. Mechanistic considerations 

In order to develop rational design strategies, 
it is important to appreciate some general fea- 
tures of metalloporphyrin-catalyzed epoxidation 
reactions. Specifically, one would like to under- 
stand the nature of the relevant reactive interme- 
diates and the geometry of the transition state 
for oxygen atom transfer to the alkene. A num- 
ber of factors have been shown to affect the 
outcome of the reaction [l 11, including: the 
nature of the metal, the redox potential of the 
metalloporphyrin, the choice of axial ligand, 
and the stoichiometric oxidant [6,12,13]. De- 
spite this apparent complexity, most metallopor- 
phyrin-catalyzed epoxidations are thought to 
have many common mechanistic features. 

Iron and manganese are the metals most 
commonly employed, and the reaction is be- 

Fig. 2. General mechanism of metalloporphyrin catalyzed epoxi- 
dation of olefins. The porphyrin macrocycle is represented by an 
oval. Addition of a general oxidant, 101, leads to formation of a 
high-valent metal-oxo species. In the transition state the olefin is 
presumed to approach the putative metal-oxo side-on. 
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Fig. 3. Chiral catalyst design. Top: two possible transition state 
orientations of a cis-disubstituted olefin in an achiral catalytic 
pocket and the resulting racemic epoxides. Bottom: In a chiral 
catalytic pocket one possible olefin transition state geometry has 
been eliminated, leading to formation of a single epoxide enan- 
tiomer. 

lieved to proceed via a high-valent metal-oxo 
species [ 1 l-13,25], with the olefin approaching 
the metal-oxo side on (Fig. 2). This transition 
state geometry is supported by ‘shape selectiv- 
ity’ studies, most notably the work by Groves 
and Nemo [26]. Their work clearly demon- 
strated that the efficiency of epoxidation is af- 
fected by the olefin substitution pattern, specifi- 
cally cis-olefins are better substrates than 
truns-olefins in competition reactions. This im- 
plies that the olefin substituents interact consid- 
erably with the porphyrin plane during oxygen 
atom transfer. They also observed that cis-dis- 
ubstituted olefins react faster than l,l-disubsti- 
tuted olefins in competition reactions, implying 

that the olefin is oriented sideways (rather than 
parallel) toward the metal-0x0, either directly 
perpendicular (as shown in Fig. 2) or slightly 
twisted. This transition state structure can be 
further justified as allowing optimal overlap 
between the tilled T-orbitals of the approaching 
olefin and the electrophilic 7~ * (antibonding) 
orbitals of the high-valent metal-oxo [ 11,261. 

Thus we see that the key to enantioselective 
epoxidation of unfunctionalized olefins with a 
porphyrin-based catalyst is to create a steric 
environment which favors approach of only one 
prochiral face of an olefin toward the metal-oxo 
species. This can perhaps be better understood 
by viewing a porphyrin schematically from the 
top, as in Fig. 3. The top portion of Fig. 3 
shows an achiral porphyrin and two possible 
orientations of a cis-disubstituted olefin with 
the metal-oxo that would lead to a racemic 
mixture of epoxide products. In the lower por- 
tion of Fig. 3, groups have been attached (striped 
ovals) to make the porphyrin chiral, and it is 
now C,-symmetric. This modification should 
discriminate between olefin geometries, ideally 
leading to the production of only one enan- 
tiomer [27]. The specific shape and orientation 
of the striped ovals used to represent a chiral 
environment would depend on the chiral groups 
chosen and the mode of attachment to the por- 
phyrin. 

2. Design strategies: synthesis 

Schemes l-3 shows the three general routes 
that have been used to synthesize chiral por- 
phyrins [ 111. 

2.1. Convergent syntheses: attachment of chiral 
groups to pre-formed tetra-aryl porphyrins 

The most common method of synthesizing 
chiral porphyrins is to attach optically active 
units to preformed tetra-aryl porphyrins via 
amide or ether linkages. As shown by examples 



A [28] and B [29] in Scheme 1, a wide variety 
of macrocycles of different shapes and symme- 
tries can be prepared in this manner by varying 
the chiral group and the connectivity. This route 
generally provides maximum versatility for 
modification and refinement of a design, since 
the same porphyrin base can be combined with 
a wide variety of ‘straps’ and ‘loops’. Amino 
[30] and hydroxy [29] substituted tetraphenyl- 
porphyrins are easily prepared by the condensa- 
tion of the appropriate nitro- or methoxy-ben- 
zaldehyde with pyrrole. Porphyrin yields are 
near 10% [31], and the macrocycle is then re- 
duced or deprotected in high yield to reveal the 

free amine or hydroxy groups, respectively. The 
yields for coupling of the chiral group to the 
porphyrin vary substantially, but so long as the 
chiral group is easy to prepare and modify, in 
theory a whole family of related molecules can 
be readily synthesized and tested. 

A primary limitation of this method of syn- 
thesis is that it often requires tedious chro- 
matography to separate porphyrin atropisomers. 
The a$,(~$ form of porphyrin 1 (Scheme 1A) 
must be isolated from the mixture of ol,a,a,a; 
a,cr,a$; and ol,a$$ forms. If coupling con- 
ditions for incorporation of the chiral group are 
not sufficiently gentle, reequilibration may oc- 
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B. 

staggered 

Scheme 1. Synthetic strategies [ll]. attachment of chiral groups to pre-formed tetra-Aryl porphyrins. (A) attachment of chiral groups to 
pre-formed tetra-Amino porphyrin [28]. (B) attachment of chiral groups to pre-formed octa-hydroxy porphyrin [29]. 
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1. AeClO, 
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Scheme 2. Synthetic strategies [ll]. Condensation of chiral aldehydes with pyrrole [22,23,37]. . 

chiral 
HPLC 

Scheme 3. Synthetic strategies [ 111. Enantiotopic attachment of an achiral ‘strap’ [38]. 
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cur leading to atropisomers of porphyrin 2 as cycles with no decrease in enantioselectivity 
well. Similarly, there are two coupling orienta- [22-241. Also, if aldehydes with C,-symmetry 
tions which are possible in the condensation of are employed, problems associated with the sep- 
3 with a chiral bridging group (Scheme 1B). aration of atropisomers can be eliminated, since 
The ‘eclipsed’ form (4) must be separated from both faces of the porphyrin are equivalent in the 
the ‘staggered’ form (5). D,-symmetric product [23,24]. 

More critical to the application of catalysts 
derived from this synthetic strategy is the issue 
of stability in the presence of a stoichiometric 
oxidant. It appears that porphyrins with het- 
eroatom linkages between the aryl rings and the 
chiral moieties are more readily oxidized. This 
probably occurs by an intramolecular mecha- 
nism if they are near the metal active site, or 
intermolecularly if the porphyrin is insuffi- 
ciently bulky to prevent close approach of two 
catalysts [l 11. This fragility can lead to loss of 
catalytic activity through destruction of the con- 
jugated macrocycle [11,15,32,33], or more in- 
sidiously can result in a decrease in enantiose- 
lectivity with time due to decomposition of the 
chiral superstructure. The situation is exacer- 
bated if chiral substituent groups (R * > are se- 
lected which are also rich in heteroatoms. It is 
therefore imperative that the enantioselectivity 
of a catalytic system be carefully monitored as a 
function of time. Low catalyst efficiency is 
currently one of the greatest practical limitations 
of these chiral metalloporphyrin catalysts [15]. 
Because of these two issues (decreasing enan- 
tioselectivity with time and low turnovers), the 
amide or ether connections prescribed by this 
strategy may preclude maximal catalyst effi- 
cacy. 

This synthetic strategy is, however, consider- 
ably less versatile than chiral modification of 
preformed porphyrins. Substantial amounts of 
the chiral aldehyde are required, since porphyrin 
formation is inherently low yielding even under 
optimized conditions, particularly with bulky 
aldehydes [36]. Therefore, this method requires 
a straightforward chiral aldehyde synthesis in 
order to conveniently fine tune the catalyst 
shape. (This will be discussed in more detail 
under the section addressing catalyst shape.) 

2.2. Direct condensation of chiral aldehydes 
with pyrrole 

Alternatively, as shown in Scheme 2, chiral 
aldehydes can be condensed with pyrrole [22- 
24,34,35], facilitating the incorporation of 
meso-substituents which are entirely hydrocar- 
bon. This strategy avoids the use of troublesome 
heteroatom linkages in the porphyrin superstruc- 
ture, enhancing the catalyst stability tremen- 
dously and allowing for thousands of catalytic 

Following the initial work by O’Malley and 
Kodadek [22] and Halterman and Jan [23], Proess 
and Hevesi have prepared a chiral porphyrin by 
generating a chiral selenoallyl-cation derived 
from fenchylidene in the presence of pyrrole 
(Scheme 2, 8) [37]. In this manner, the asymme- 
try was similarly introduced to the meso-posi- 
tion at the porphyrin forming stage, and without 
any heteroatom connections. However, this de- 
sign lacks meso-aryl groups, since the fenchyli- 
dene moieties are attached directly to the por- 
phyrin. This results in tremendous freedom of 
rotation for the chiral groups, leading to poorly 
defined catalyst geometry, and very low enan- 
tioselectivity. This issue of meso-substituent 
flexibility was also problematic for Veyrat et al. 
[35]. Their porphyrins, prepared by direct con- 
densation of non-aromatic, commercially avail- 
able, chiral aldehydes (caronaldehyde and 
myrtenal) with pyrrole, showed substantial in- 
terconversion of atropisomers at room tempera- 
ture. 

2.3. Enantiotopic strap 

Inoue and his colleagues have prepared sev- 
eral chiral porphyrins without attaching chiral 
substituents using the novel strategy of bridging 
the porphyrin face from opposite @pyrrolic po- 
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sitions, as shown in Scheme 3 (9, 10) [38,39]. 
This ‘strap’ may pass over or under the por- 
phyrin, resulting in two enantiomeric species 

which were separated by HPLC using a chiral 
stationary phase. The synthesis is straightfor- 
ward and allows for a great deal of synthetic 

A. Chiral Pickets 

8. Chiral Straps 

C. meso “loops” with 
Chiral “straps” 

D. Chiral meso-“Loops” . 
H . . 

eclipsed 

staggered 

Fig. 4. Porphyrin shapes. A selection of the chiral porphyrins designs 

16 

applied to the enantioselective epoxidation of olefins. 
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variability in the choice of bridging group; nev- 
ertheless, there are several limitations. Alkyl 
substituents at the (5pyrrolic positions may ex- 
perience fewer steric constraints than meso-aryl 
groups, and this greater flexibility may limit the 
capacity to stringently control the geometry of 
the catalytic pocket. The necessity for chiral 
HPLC further limits the practicality of catalysts 
derived from this route, since it is expensive 
and not all catalyst designs may be readily 
separable. Once again, the use of amide groups 
to anchor the ‘strap’ may contribute to the low 
turnovers observed with these catalysts. 

E. 

3. Design strategies: shapes 

3.1. General requirements 

An impressive array of design ideas have 
been developed, using the synthetic methods 
just described, to create an asymmetric environ- 
ment which leads to epoxidation of one prochi- 
ral olefin face in preference to the other. For the 
epoxidation of unfunctionalized olefins, the 
guiding theory (as described earlier in Fig. 3) 
has been to design a chiral space in which the 
alignment of one enantioface with the metal-oxo 

23 

F. Four-Fold Symmetry 

n 

26 

Fig. 4 (continued). 
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will be sterically disfavored, leading to prefer- 
ential oxidation of the other prochiral face. Be- 
fore embarking on an analysis of the shapes that 
have been used to date, some guidelines for 
effective catalyst design should be mentioned. 
In order to produce asymmetric induction, the 
chiral environment must intrude sufficiently on 
the catalytic pocket to control olefin approach. 
In addition, the catalyst’s chirality must be suf- 
ficiently rigid that the pocket is well defined 
throughout the course of the reaction. These two 
requirements often conflict with the need to 
keep oxidizable portions of the chiral super- 
structure far away enough from the metal center 
to avoid self-oxidation and catalyst degradation. 
Chiral catalysts are logically classified accord- 
ing to the shape of the catalytic pocket they 
create. We have therefore classified each por- 
phyrin by its overall symmetry, and follow from 
there into a discussion of what chiral groups are 
used in each system to create the asymmetric 
environment and the ramifications of that design 
in terms of catalyst performance. Since the spe- 
cific reaction conditions employed for each cat- 
alyst vary substantially, it is difficult to make 
precise comparisons of ee’s and turnovers. 
Therefore, the data on catalyst performance pro- 
vided here are used only to describe general 
trends. 

3.2. Two-fold symmetry 

The vast majority of chiral porphyrin cata- 
lysts prepared so far possess two-fold symmet- 
ric pockets. In many, both faces of the por- 
phyrin are equivalent, though in some only one 
face is chiral. 

3.2.1. Chiral ‘pickets ’ 
The first synthetic chiral metalloporphyrin 

catalysts to be applied to asymmetric epoxida- 
tion were the C,-symmetric ‘picket fence’-type 
porphyrins represented in Fig. 4, part A [28]. To 
achieve this shape, four chiral groups are at- 
tached to the porphyrin meso-positions in a 
staggered OL$,OL$ geometry. Most examples of 

this design were synthesized in the manner 
shown in Scheme 1 part A, by attaching a chiral 
acid chloride to preformed tetra-aminoaryl por- 
phyrin [28,40,41]. These species have generally 
displayed low turnover numbers, which appears 
to be a general problem with 
tetra(aminophenyl)porphyrin-derived catalysts. 
The research groups of Mansuy, Licoccia, and 
Momenteau have used chiral groups conve- 
niently acquired from the ‘chiral pool’, includ- 
ing amino acids (ll), [40] camphanic acid (12), 
[41] and glucose (13) [34,42]. However, these 
groups which are rich in heteroatoms have 
proved to be particularly unstable, usually sur- 
viving less than 50 catalytic cycles. Groves and 
Myers’ catalyst (14) [28], which incorporated 
somewhat more rigid and oxidatively robust 
binaphthyl groups, was capable of over 70 
turnovers, a notable improvement to guide fu- 
ture developments. The ‘chiral wall’ picket-style 
porphyrin (6) described by O’Malley and Ko- 
dadek [22] similarly incorporated robust bi- 
naphthyl groups, but affixed them directly to the 
porphyrin meso-positions without any het- 
eroatom linkages (Fig. 4, part A, and Scheme 2 
part A). The result was a very sturdy molecule, 
capable of thousands of turnovers, presumably 
because the meso-substituents are entirely hy- 
drocarbon as well as rigid and bulky. Further- 
more, this activity was possible using inexpen- 
sive bleach as the stoichiometric oxidant. 

So far, catalysts of the ‘picket’ structural 
motif have not been found to be highly enan- 
tioselective alkene epoxidation agents, possibly 
due to a lack of structural rigidity. The attached 
chiral groups can rotate easily, leading to poor 
spatial definition of the catalytic pocket. The 
exception to this observation is the ‘chiral wall’ 
porphyrin (6) [22], which should be structurally 
quite rigid, since the bulky binaphthyl groups 
have very little rotational freedom. Although 
rigidity would be expected to enhance enantios- 
electivity beyond that seen in other ‘picket’ 
systems, the ee’s were still quite modest. Metal- 
loporphyrin 6 provided 20% ee for the epoxida- 
tion of styrene and performed best with 40% ee 
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for cis+-methylstyrene, using hypochlorite as 
the stoichiometric oxidant. In comparison, cata- 
lyst 11 showed 21% ee for the epoxidation of 
p-chlorostyrene using iodosylbenzene as the 
oxygen source [40], 12 was capable of 20% ee 
for formation of styreneoxide with iodosylben- 
zene [41], 13 showed 33% ee for p-chloro- 
styreneoxide with iodosylbenzene [34], and 14 
displayed 48% ee for styreneoxide using io- 

dosylmesitylene [26]. The lack of selectivity 
shown by 6 may be due to insufficient intrusion 
on the catalytic pocket by the binaphthyl ‘walls’. 
Alternatively, the low selectivity displayed by 6, 
and all the ‘picket’ systems, may be, at least in 
part, inherent in a two-fold symmetric catalytic 
pocket. 

The C,-symmetry utilized in the ‘picket’ de- 
sign (and many others) may not sufficiently 

substituent 

Y-? olefin = - 

metal-ox0 = ??

“chit-al” porphyrin substituents = 

disfavored 

favored 

favored 

Fig. 5. Steric control of transition-state geometries in a C,-symmetric catalytic pocket. Four of the transition state geometries which are 
possible in a two-fold symmetric catalytic pocket are depicted. Geometries B and C are both sterically reasonable, but produce opposite 
enantiomeric products. 
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restrict the number of olefin geometries in the 
transition state, allowing for the production of 
both the desired and undesired enantiomers. A 
radial distribution of olefin orientations around 
the metal-oxo is possible. Fig. 5 represents 
several sterically reasonable transition state 
models and the resulting epoxide product con- 
figurations. Transition state models A and B in 
Fig. 5 produce the same epoxide enantiomer, 
and B appears to be a more sterically accessible 
geometry. On the other hand, models C and D 
produce the opposite enantiomer, and C appears 
to be most accessible. In order to be highly 
enantioselective, the catalyst must create a sub- 
stantial energetic difference between the geome- 
try shown in B and that seen in C. The more 
open space left around the metal center, the 
more olefin orientations which will be allowed 
in the transition state. In comparison, four-fold 
symmetry will prove a greater confluence of 
chiral centers around the metal-oxo. This 

greater stereochemical density surrounding the 
metal center may help preclude some undesir- 
able orientations and provide a better defined 
catalytic pocket. Fig. 6 shows the same transi- 
tion-state geometries represented in Fig. 5, but 
in a four-fold symmetric environment. In this 
case, geometries A and D appear sterically most 
accessible, and would produce opposite enan- 
tiomers. However, the proximity of chiral pro- 
trusions on the porphyrin make it more likely 
that, for a given olefin, one of these geometries 
might be substantially less favorable energeti- 
cally. 

3.2.2. Chiral ‘straps’ 
The logical improvement on the ‘picket’ de- 

sign enhanced rigidity by connecting the pickets 
to create chiral ‘straps’. A comparison of three 
examples of this design (Fig. 4B) [27,40,43] 
gives a clear indication that heteroatoms near 
the catalytic pocket drastically impede catalyst 

favored disfavored 

disfavored favored 

Fig. 6. Steric control of transition-state geometries in a C,-symmetric catalytic pocket. The transition-state geometries shown in Fig. 5 are 
depicted in a faur-fold symmetric pocket. Orientations A and D appear most reasonable and will produce opposite enantiomers. However, 
the closer proximity of porphyrin chirality may more effectively preclude one of these orientations. 
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performance. In all three molecules an amide 
bond connects the chiral bridging group to the 
porphyrin, but Mansuy and colleagues took ad- 
vantage of this linkage again by connecting the 
chiral amino acids in 11 with terephthaloyl 
chloride, producing 15 [40]. The preparation of 
this molecule is straightforward, using conve- 
nient and relatively inexpensive reagents, but 
the design unfortunately places amide linkages 
almost directly above the metal center. Not 
surprisingly, this porphyrin displayed very poor 
stability, surviving less than two catalytic cy- 
cles. However, as expected, the enantioselectivi- 
ties did improve modestly compared to the un- 
strapped version (from 21% ee up to 50% ee for 
p-chlorostyrene with iodosylbenzene as the stoi- 
chiometric oxidant) [40]. The Collman group 
prepared a strapped porphyrin with a very bulky 
bridge composed of two binaphthyls linked to- 
gether by benzyl-ether groups (16) [43]. Their 
design placed the ether linkages similarly above 
the metal center, though the chiral bridge was 
slightly higher than in Mansuy’s structure (15). 
The decreased proximity to the metal center and 
the bulk of the system improve the catalyst 
stability, providing around 60 turnovers with 
ee’s similar to picket porphyrin 14 (48% ee for 
styrene and 63% ee for 2-vinylnaphthalene us- 
ing iodosylbenzene) [43]. Superior efficiency 
was demonstrated by Groves and Vi&i’s 
macrocycle (17) which had a single binaphthyl 
strap on each face of the macrocycle [27]. The 
bulky binaphthyl bridge had no heteroatoms 
near the metal center, and was also well above 
the porphyrin plane. Turnovers approaching 300 
were achieved, but with decreased enantioselec- 
tivity compared to the other strapped catalysts 
(at 0°C using iodosylbenzene: 36% ee for 
styrene with the manganese derivative of 17 and 
62% ee for &s-P-methylstyrene with the iron 
derivative of 17) [27]. 

Very little formal modeling has been done, 
nor are any truly systematic studies available, so 
it is difficult to say for certain what the flaws of 
this general design may be. The chiral bridges 
may not intrude sufficiently on the catalytic 

pocket. Furthermore, although the incorporation 
of straps across the porphyrin faces clearly in- 
creases the structural rigidity of these macrocy- 
cles, perhaps the amide linkages to the meso- 
positions are still insufficiently fixed, allowing 
the bridges to ‘sway’. This factor, along with 
the potential ambiguity of C,-symmetry, could 
explain the still modest enantioselection ob- 
served with these systems. 

3.2.3. Meso ‘loops’ with chiral ‘strap’ 
In the design represented in Fig. 4 part C, the 

catalyst similarly derives its asymmetry from a 
chiral group ‘strapped’ over the porphyrin face. 
In this case, however, the rigidity of the system 
has been further enhanced by creating loops to 
connect adjacent meso-positions. A catalyst with 
this design has been prepared (181, using a 
strategy that once again relies on a chiral bi- 
naphthyl group [44,45]. The adjacent meso- 
positions are connected with isophthalates, teth- 
ered to the meso-aryl groups via amide bonds, 
and the bridging binaphthyl groups are attached 
to the isophthalates via ether groups. This re- 
sults in the placement of the chiral group, and 
its ether attachments, very high above the por- 
phyrin plane (approximately 6 A) [ 111, undoubt- 
edly contributing to the system’s stability, but 
also decreasing the degree of intrusion on the 
catalytic pocket. This rationalizes the low levels 
of asymmetric induction (13% ee for styrene 
with iodosylbenzene as the stoichiometric oxi- 
dant) [45]. Furthermore, this design is not 
amenable to easy improvement by augmenting 
the chiral group, since the bridge is suspended 
so far above the catalytic site. Only drastic 
changes in the shape or steric bulk of the chiral 
group would affect the catalytic site far below. 
Nevertheless, this design does create a shape 
selective environment, so that linear olefins can 
be effectively epoxidized in the presence of 
cyclic olefins [46]. 

The monofaced design used here consumes 
less precious chiral material than would be re- 
quired to place a strap across both porphyrin 
faces, but it also introduces some problems. 
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Since the chiral strap crosses only one side, the 
open face must be efficiently blocked in order 
to avoid completely non-selective epoxidation 
on the achiral side. This requires an axial ligand 
which is sufficiently large to be excluded from 
the chiral pocket (this would lead to catalyst 
inhibition), and which possesses a sufficiently 
high metal-binding affinity to prohibit epoxida- 
tion on the open side. The Collman group’s 
solution was to use bulky anionic axial ligands 
and acetonitrile as the solvent with iodosylben- 
zene as the stoichiometric oxidant [45]. This 
worked effectively. The only drawback of this 
scheme is that it will probably be difficult to use 
this catalyst in oxidation reactions that employ 
aqueous bleach as the oxidant, since the anionic 
ligand would partition between the organic and 
aqueous layers and would probably be oxidized. 

This monofaced system works most effec- 
tively with manganese, rather than iron, as the 
ligated metal. Iron is thermodynamically most 
stable when hexacoordinate. Use of iron would 
therefore lead to a tendency to coordinate an 
axial ligand on the strapped side as well as the 
open side, leading to inhibition of the catalyst. 
In contrast, manganese prefers a pentacoordi- 
nate geometry [47]. With a ligand firmly associ- 
ated on the open face, the strapped side remains 
available for epoxidation. Manganese can also 
facilitate the use of inexpensive stoichiometric 
oxidants such as bleach (hypochlorite) and 
peracids, if the system is amenable to using a 
neutral axial ligand. Metal-ox0 formation with 
these oxidants appears to be facilitated by the 
presence of an electron-donating axial ligand 
[48] (often an imidazole or pyridine derivative). 
With iron, the addition of an axial ligand can 
actually deactivate the catalyst by blocking both 
faces. Whereas, when using manganese, many 
equivalents of an axial ligand can be added 
(enough to maintain saturation of the axial site), 
without inhibiting catalyst performance. 

In addition, under identical reaction condi- 
tions, a chiral manganese porphyrin has been 
shown to form epoxides at a slower rate and 
with higher enantioselectivity than the corre- 

sponding iron derivative. Since similar levels of 
carbonyl by-products are observed, the reactions 
are believed to proceed via the same mecha- 
nism. However, the manganese-catalyzed pro- 
cess may have a later (more product-like) transi- 
tion state, which leads to the observed higher 
selectivity according to the Hammond postulate 
]471. 

3.2.4. Chiral ‘loops’ 
Naruta and his colleagues have carried this 

idea a step further, constructing asymmetric 
walls along the sides of the porphyrin by bridg- 
ing adjacent meso-positions on both faces of the 
porphyrin with chiral groups (Fig. 4D) [29,49]. 
This leads to two patterns, ‘eclipsed’ (19) and 
‘staggered’ (20), both possessing two-fold sym- 
metry and both facially equivalent. Their partic- 
ular design takes advantage of the popular chiral 
binaphthyl (or bitetralin) groups, with ether 
tethers to the meso-phenyl groups. The steric 
bulk and low abundance of heteroatoms protects 
these substituents against oxidative catalyst 
degradation, leading to the possibility of hun- 
dreds of turnovers, though at a very slow rate 
(lo-25 turnovers/h). The synthesis started with 
easily prepared dibromo-binaphthyl (or bite- 
tralin) derivatives, but coupling to the octahy- 
droxyl-porphyrin (Scheme 1B) was difficult and 
low-yielding, requiring rigorously anaerobic 
conditions and high temperatures for several 
days. Furthermore, the two resulting isomers 
must then be separated chromatographically. 

The ‘eclipsed’ bitetralin-porphyrin (191, is a 
highly selective catalyst for the epoxidation of 
electron-deficient aromatic olefins. Enan- 
tiomeric excesses as high as 96% are observed 
for dinitro-substituted styrenes with iodosylben- 
zene as the stoichiometric oxidant [50]. This 
impressive selectivity is attributed to control of 
the orientation of the olefin in the catalytic 
pocket by n-stacking between the electron-poor 
substrate and the electron-rich binaphthyl walls 
of the porphyrin [51]. While this strategy 
shrewdly takes advantage of interactions other 
than van der Waals repulsions, in so doing it 
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limits the system’s general synthetic applicabil- 
ity. Substrates lacking an electron-deficient aro- 
matic ring are epoxidized with lower ee’s, for 
instance, 58% ee for styrene and 70% ee for 
indene using iodosylbenzene [501. 

The porphyrin designs depicted in part E of 
Fig. 4 also link adjacent meso-positions to cre- 
ate a chiral environment [52,53]. However, in 
this case the chirality of the catalytic pocket is 
formed through the incorporation of threitol 
derivatives (21). These threitol groups produce 
a ‘twist’ in the orientation of the o&o-aryl 
ethereal oxygens that is similar to that seen in 
19 and 20 with bitetralin groups. However, the 
Collman group further rigidified their design by 
connecting the threitol loops with an achiral 
strap across the porphyrin face (22). This leads 
to the highest enantioselectivities yet seen for 
the metalloporphyrin catalyzed epoxidation of 
electron-rich olefins, displaying 69% ee for 
styrene and up to 88% ee for dihydronaphtha- 
lene using iodosylbenzene [53]. This design is 
synthetically very flexible. Various dioxolane 
straps can be readily prepared in high yield 
from chiral threitols. However, the orientation 
of the threitol oxygens appears to be the 
strongest factor controlling enantioseiectivity, 
with the strap important primarily to pull the 
threitol loops closer together [53]. Therefore, it 
may prove challenging to dramatically improve 
this system’s selectivity, since a shorter bridge 
will be required to pull the loops closer to- 
gether, and this might substantially decrease the 
yield for catalyst formation. Nevertheless, this 
system provides an exciting opportunity for 
straightforward preparation of a series of struc- 
turally related catalysts, and the systematic stud- 
ies that could then be performed are truly essen- 
tial to ascertain the specific steric requirements 
for good enantioselection. 

Although the threitols are purchased in an 
enantiomerically pure form, the attachment of 
the dioxolane strap does not provide a single 
product. This mars the synthetic scheme, since 
there is the need to separate strapped-porphyrin 
isomers (22, 23, 24) to isolate the ‘out/out’ 

form 22 which proved to be the most effective 
catalyst. The threitol moieties provide the cru- 
cial chiral intrusions on the catalytic pocket and 
allow for a facile synthesis, but perhaps these 
oxygen-rich groups are insufficiently robust, 
since the ee’s decline after about 100 turnovers. 
The monofaced design still requires efficient 
blocking of the open face. The authors estimate 
that 15% of the epoxidation occurs on the open 
face, even in the presence of excess dicyclo- 
hexylimidazole as axial ligand. 

3.2.5. Achiral, enantiotopically attached strap 
All of the systems described so far have 

attached chiral groups to the porphyrin to intro- 
duce asymmetry. As described earlier, it has 
also proven possible to build a chiral porphyrin 
by bridging the porphyrin faces from enan- 
tiotopic B-pyrrolic positions with an achiral 
strap, as shown in Scheme 3 [38,39]. As in other 
examples, this monofaced design requires the 
somewhat problematic blocking of the open face, 
and the system’s two-fold symmetry may not 
strictly define the catalytic pocket. This particu- 
lar manifestation of the general design strategy 
provides well under 100 turnovers, presumably 
because the bridge is insufficiently bulky to 
prohibit intermolecular catalyst degradation. 
Furthermore, the fragile amide linkages of the 
bridge cross dangerously close to the metal 
center, a potential problem for maintaining cata- 
lyst selectivity through many turnovers. 

3.3. Four-fold symmetry 

To date very few porphyrins have been pre- 
pared which possess four-fold symmetry. Fig. 4, 
part F shows those which have been applied to 
enantioselective epoxidation (7, 25, 26). These 
molecules were synthesized via condensation of 
C ,-symmetric aldehydes with pyrrole (Scheme 
2B) [23,24]. As described earlier, this synthetic 
method facilitates the introduction of entirely 
hydrocarbon meso-substituents, and simplifies 
catalyst preparation/isolation by avoiding the 
formation of atropisomers. As a design strategy, 
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the D,-symmetric systems may provide better 
definition of the catalytic pocket than is possible 
with two-fold symmetry (Fig. 6). Even more 
crucial, bulky, entirely hydrocarbon meso-sub- 
stituents dramatically enhance the catalyst sta- 
bility. Catalysts 7, 25 and 26 are capable of 
several thousand catalytic cycles, with no loss 
of enantioselectivity. Furthermore, this robust 
efficiency allows complete consumption of the 
olefin substrate using inexpensive stoichiomet- 
ric oxidants such as bleach. However, for this 
design strategy to be effective, the chiral alde- 
hydes must be sufficiently straightforward and 
inexpensive to prepare to allow ‘fine-tuning’ of 
a design. 

Fine-tuning is essential. The enantioselectivi- 
ties shown by 7 are good (52% ee for styrene 
and 76% ee for &s-P-methylstyrene using bleach 
as the stoichiometric oxidant) [23], but not syn- 

thetically useful. These numbers are somewhat 
remarkable since the chirality of the pocket is 
due solely to the steric difference of an ethylene 
vs. a methylene group. One suspects that in 
order to improve the selectivity, the chiral moi- 
eties will have to be more intrusive on the 
catalytic pocket. Halter-man’s synthesis utilizes 
a Diels-Alder reaction between cyclopentadiene 
and benzoquinone to form the 2-fold symmetric 
polycyclic ring pattern seen in Scheme 4. The 
enantiomeric aldehyde forms are easily resolved 
(step d), and condensed with pyrrole to form the 
porphyrin (7) in very good yield in 6 steps. This 
synthesis is straightforward and efficient, even 
given the 50% loss at resolution. So long as the 
target ring system can be accessed via a Diels- 
Alder reaction, this route is capable of provid- 
ing reasonable quantities of a number of four- 
fold symmetric catalysts. 

Hd ‘OH 

d- 

CHO 

Scheme 4. Diels-Alder route to preparation of a D,-symmetric chiral porphyrin [23]. 

bTf Trd A 

CHO 

Scheme 5. Preparation of a D,-symmetric porphyrin from a chiral ketone 1241. 
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The synthesis of 25 and 26, on the other 
hand, take advantage of optically active chiral 
ketones as starting materials, readily available 
from the ‘chiral pool’ (Scheme 5). The por- 
phyrin macrocycle 25, was prepared in reason- 
able yield, in five steps, using a recently devel- 
oped tandem Stille-Heck reaction (step c) to 
form the central arene ring [24]. The manganese 
derivative of porphyrin 25 showed only very 
modest enantioselectivity (20% ee for styrene 
using hypochlorite as the oxygen source), which 
is to be expected since the chiral distinction of 
the catalyst is provided by the geminal-dimeth- 
yls, which are rather distant from the catalytic 
center. System 26, in which the geminal methyl 
bridge has been shifted closer to the metal 
binding site, showed substantially higher enan- 
tioselectivity (70% ee for styrene with 
hypochlorite) [54]. The potential for continued 
improvement of this design relies on the avail- 
ability of sterically varied chiral ketones. In 
order to optimize this design, the ‘chiral pool’ 
may not be sufficient, leading to the need to 
synthesize and resolve the optimal starting ma- 
terials. 

4. Conclusions 

We have presented a discussion of the strate- 
gies currently used to design enantioselective 
metalloporphyrin epoxidation catalysts, and have 
attempted to evaluate the numerous structures in 
terms of their viability as synthetically useful 
catalysts. Since to date no porphyrin system has 
shown the level of selectivity necessary for 
synthetic applications, we have focused on other 
issues essential to catalyst utility. Therefore, we 
have primarily been concerned with catalyst 
stability and activity, ease of catalyst prepara- 
tion, and the potential for improvement on a 
specific catalyst design. 

In general, ease of porphyrin synthesis tends 
to come at the expense of catalyst stability. 
Rigid, non-heteroatom containing groups seem 
to impart the most stability, but bonds involving 

nitrogen or oxygen are easiest to manipulate 
synthetically. To satisfy issues of cost viability, 
a porphyrin catalyst which is capable of only a 
few hundred turnovers must be prepared in high 
yield from very inexpensive materials. A more 
robust catalyst, capable of thousands of 
turnovers, can be made from proportionally more 
expensive reagents or in lower yield. 

It is more difficult to make generalizations 
about the catalyst shapes which are most effec- 
tive. In general, those designs are most selective 
in which the chirality of the porphyrin super- 
structure intrudes substantially on the catalytic 
pocket. Furthermore, the groups attached to the 
porphyrin plane must maintain a rigid confor- 
mation. Adding ‘loops’ and ‘straps’ often helps 
to immobilize the substituents. In addition, 
four-fold symmetric porphyrins may provide a 
more ordered environment than two-fold sym- 
metric species, though a direct comparison of 
the properties of analogous two and four-fold 
symmetric porphyrins has never been done. Sys- 
tematic studies have not yet been performed 
which would determine how far chiral groups 
need to intrude on the catalytic pocket, how 
high above the porphyrin plane these groups 
should be, and the effect of two-fold vs. four- 
fold symmetry. The lack of methodical studies 
of structurally similar porphyrins with systemat- 
ically varied shapes under comparable reaction 
conditions continues to hinder the design of 
effective catalysts. Nevertheless, great strides 
have been made, and it seems that the field may 
be on the brink of producing a truly syntheti- 
cally useful enantioselective metalloporphyrin 
epoxidation catalyst. 
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