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Discovery of Novel Catalysts for Alkene
Epoxidation from Metal-Binding
Combinatorial Libraries**
Matthew B. Francis and Eric N. Jacobsen*

The quest for practical routes to chiral intermediates has
inspired extensive research activity in the field of asymmetric
catalysis, which has resulted in the development of numerous
useful, highly enantioselective reactions. The vast majority of
effective catalysts discovered thus far are metal complexes
bearing specific ligands that direct the outcome of the
catalytic reaction through control of the steric and electronic
properties of the metal center. While progress has been made
in elucidating the nature of these interactions, the identifica-
tion of this finely tuned match between the metal ion and its
coordination environment remains difficult and continues to
limit the pace of reaction discovery.

Research directed toward the development of new systems
for asymmetric catalysis can be divided into two phases. In the
initial lead discovery phase effort is directed toward screening
a wide variety of metal complexes with the goal of identifying
a novel catalyst system for the reaction of interest. This is
typically followed by a lead optimization stage wherein a
highly enantioselective and reactive system is sought through
systematic variation of the ligand components and reaction
conditions. In the latter context, combinatorial chemistry has
already emerged as a powerful tool: useful chiral catalysts
have been obtained through the synthesis and analysis of
parallel libraries of structural analogues based on a previously
identified design motif.[1] However, despite the utility of
combinatorial chemistry for the efficient investigation of
systems that involve numerous interrelated variables, the
application of such strategies to catalyst lead discovery
remains underexplored. We reported recently the application
of metal-binding combinatorial libraries to the identification
of coordination complexes.[2] Herein we describe the success-
ful elaboration of this strategy to the discovery of novel
catalyst leads for a reaction of synthetic interest, namely the
asymmetric epoxidation of olefins with hydrogen peroxide.

Because of the extreme sensitivity of oxidation systems to
the exact coordination environment around the metal center[3]

an ideal library design for the discovery of epoxidation
catalystsÐand selective catalysts in generalÐshould consist
of the widest possible variety of metal ions bound by an
assortment of ligands, providing diverse coordination envi-
ronments. Our initial approach to such a library design is
depicted in Scheme 1. The general structural motif involves
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Scheme 1. Composition of a ligand library for transition metals. Sixteen
basic core structures were synthesized on a polystyrene support
(0.6 mmol gÿ1 loading, 100 ± 200 mesh particle size), represented by the
shaded sphere. A series of 12 end caps were attached, and resulted in the
formation of 192 potential ligand structures.

the joining of potential metal-binding moieties by chiral
linking groups, and is envisioned to provide a binding pocket
for metal-ion guests. Thus, five amino acids that displayed a
variety of donor side chains were coupled to aminomethyl
polystyrene (100 ± 200 mesh particle size, 0.6 mmol gÿ1 load-
ing) by standard peptide coupling techniques.[4] Three linking
elements were attached to these building blocks. Derivatives
of 1-amino-2-indanol (1 A ± 5 A) and trans-1,2-diaminocyclo-
hexane (1 B ± 5 B) were chosen to represent conformationally
restricted backbones, and the amino acid serine was incorpo-
rated to furnish less rigid binding environments (1 C ± 5 C). In
order to include structures similar to known epoxidation
catalysts, salicylimine D was prepared by coupling 6-tert-
butyl-4-hydroxysalicylaldehyde to polystyrene substituted
with 4-benzyloxybenzyl alcohol (Wang resin), followed by
condensation with one equivalent of 1,2-diaminocyclohexane.
A series of 12 capping agents 6 ± 17, chosen to incorporate a
range of heterocycles, phosphanes, and salicylimines through
imine and amide bond formation, were attached to the
resulting 16 basic structures. The resulting library of 192
potential ligands was then pooled in preparation for metal ion
insertion.

A set of 30 metal ion sources, which differed in metal ion
identity, oxidation state, and counterion, was chosen for

incorporation. A pool of the ligand library was exposed to a
0.02m solution[5] of each metal ion in THF or THF/MeOH for
1 hour. Facile isolation of the desired complexes was achieved
by filtration and thorough rinsing of the beads. After the
entire catalyst library was pooled, visual detection of the
metal-complex colors combined with the application of
qualitative inorganic staining reagents[2] indicated that ap-
proximately 80 % of the 5760 possible metal ± ligand com-
plexes had been prepared (Figure 1). In all cases, the binding
of metal ions to the unfunctionalized polymer support was not
observed.

Figure 1. Portions of the ligand library depicted in Scheme 1 were exposed
in separate reaction vessels to each of the 30 metal ion sources listed in
Figure 2. This microscope photo shows the colors of the potential 5760
metal ± ligand complexes after recombination. Each polymer bead is 90 mm
in diameter.

The identification of catalysts from large libraries is a
challenging endeavor. In addition to issues of rate and
turnover number,[6] the ability to distinguish desired reactivity
from nonproductive or unselective pathways is of crucial
importance. In the present context, we have chosen to directly
assay the products of catalytic reactions by using high-
throughput chromatographic techniques. In the case of
parallel libraries this allows the full and unambiguous
evaluation of each catalyst synthesized, and this approach
can be used to accurately screen for virtually any reaction. In
addition, while the screening of catalyst mixtures by this
technique may not yield reliable information about enantio-
selectivity, it can be used to rapidly differentiate pools of
catalysts that produce the desired product from pools of
catalysts that do not. In this way catalyst libraries too large for
parallel screening can be reduced to manageable numbers of
catalyst candidates in an efficient manner.

Our strategy for the identification of epoxidation catalysts
therefore involved a three step process. First, the entire
pooled catalyst library was screened for compatible reaction
conditions for the epoxidation of the model substrate trans-b-
methylstyrene (TBMS). This screening led to the identifica-
tion of aqueous H2O2 as a viable oxidant.[7] Its low cost, lack of
deleterious by-products, and ease of handling make hydrogen
peroxide a particularly practical oxidant; however, the
associated disproportion and homolytic bond cleavage path-
ways have limited its use with most epoxidation systems.[8] The
optimal solvent system was found to be a 1/1 mixture of
CH2Cl2 and tert-butanol, which was selected for its inertness
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toward redox reactions and its ability to dissolve appreciable
amounts of aqueous H2O2 while still swelling the polystyrene
beads.

The second stage in the screening process involved the
determination of active metal libraries for the epoxidation of
TBMS with aqueous H2O2. For this purpose catalyst sub-
libraries were prepared that contained a mixture of all 192
ligands and each individual metal source. Samples of the
catalyst pools[9] were exposed to 50 mL of a TBMS/H2O2 solution
(each 0.2m) in CH2Cl2/tBuOH (1/1) for 15 h [Eq. (1)].

O

30% H2O2 (aq)

1 mg metal library

200 mM 200 mM

+

50 µL CH2Cl2 / tBuOH 1/1
 15 h

(1)

Subsequent GC analysis of the reaction solutions revealed
that several of the metal libraries demonstrated epoxidation
activity, with those prepared with VOSO4 and FeCl2 proving
the most effective (Figure 2).[10] A screen of the unbound
metal ion sources indicated that VOSO4 displayed epoxida-
tion activity in the absence of the ligand library; however, the

activity in iron libraries was strongly dependent on the
presence of the ligands. It was also observed that the source of
iron was important, with complexes prepared with FeCl2

being roughly twofold more active for epoxidation than FeCl3

libraries, and much more active than those prepared with
Fe(acac)3 or Fe(OAc)2 (not shown).

Upon determining that FeCl2-derived libraries displayed
ligand-promoted epoxidation catalysis, the third step in the
screening process was to identify the ligand components
necessary for catalytic activity. The ligand library was
prepared in 12 batches, each containing a mixture of the 16
basic structures and a different end cap, and the correspond-

ing FeCl2 complexes were screened under the conditions
described above for the epoxidation of TBMS. From the
resulting data (Figure 3) it is evident that the end caps have a

Figure 3. Epoxidation activity for end cap sub-libraries prepared with
FeCl2 as the metal ion source. The y axis represents the yield of epoxide
product relative to an internal standard, and corresponds to a mixture of
the sixteen basic ligand structures with the indicated end cap.

dramatic effect on epoxidation activity,
with pyridine-containing end caps 6 and
13 producing the most active catalyst
libraries. Piperazine cap 14 promoted
epoxidation to a lesser extent, while all
of the other end cap libraries led to very
low levels of epoxide formation.

The next logical step in the deconvo-
lution of the catalyst library would be to
identify active catalyst structures by
evaluating only the sixteen compounds
corresponding to the most active end
cap pools. However, by overlooking the
least active end cap libraries singularly
active catalysts present among pools of
inactive structures might be missed. We
therefore chose to evaluate all of the 192
ligand structures individually[11] to check
the validity of this strategy. Following
metal complex formation with FeCl2,

each library member was screened in a parallel fashion for the
epoxidation of TBMS with 30 % H2O2, and a representation
of the epoxide yield data appears in Figure 4. A quick inspection
of the data reveals the presence of three ligand structures
(5 C-6, 5 C-13, and 2 C-13) that produce catalysts that are
substantially more active than other structures in the library.

A comparison of the corresponding structures (18 ± 20)
reveals several similarities. First, all of the structures exhibit
the expected pyridine-containing end caps 6 and 13, which
indicates that at least in this case a simple ligand deconvo-
lution strategy would not have missed the most active
catalysts. Second, the incorporation of serine as a linking

Figure 2. Epoxidation activity as a function of metal ion source under the conditions described in
Equation (1). The y axis represents the ratio of detected epoxide product relative to an internal
standard (relative yield). The dark bars represent the activity of each metal ion in the presence of the
pooled ligand library, and the light gray bars indicate the activity of the metal ion sources in the
absence of the ligands.
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Figure 4. Epoxidation activity in a parallel library of iron complexes.
Relative product yields are represented in a color-coded format (right),
with the most active (red) combinations reaching 59 % conversion. In all
cases, the cis-epoxide product was not observed. The labeling of the ligands
corresponds to Scheme 1.

group (C) gives rise to high levels of catalytic activity, while
analogous structures with linking groups A and B are much
less active. Finally, the amino acid attached to the solid
support has a significant influence on catalytic activity, with
serine-containing structures 18 and 19, and cystine-containing
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While these complexes represent structurally novel epox-
idation catalysts, their value as lead structures would be
greatly enhanced if they produced the epoxide products with
measurable enantioselectivity. In fact, catalysts 18 and 19 did
effect the epoxidation of TBMS in 4 and 7 % ee, respectively;
however, a better chiral ligand with higher enantioselectivities
would clearly be desirable. To this end we have screened the
parallel library[10] depicted in Scheme 2 for the epoxidation of
TBMS, which led to the identification of structures 33 ± 35 as
moderately enantioselective catalysts.[13] Up to 78 % conver-
sion of TBMS can be obtained (with the epoxide as the sole
reaction product) by using the optimized reaction conditions
of 1.5 equiv of 30 % H2O2 and 5 mol% of 34.[12, 14]
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Scheme 2. Composition of an optimization library based on identified
epoxidation catalysts. Twelve basic core structures were synthesized,
followed by attachment of eight end caps and incorporation of FeCl2.
The library of 96 compounds was prepared on a polystyrene support
(0.6 mmol gÿ1 loading, 100 ± 200 mesh particle size), represented by the
shaded sphere.
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These experiments serve to illustrate the ability of combi-
natorial chemistry to discover catalysts that bear no structural
resemblance to previously known systems. Through the
efficient screening of a library of 5760 ligand ± metal com-
plexes three novel, highly efficient catalysts have been
discovered for the epoxidation of TBMS with aqueous
H2O2. An initial parallel optimization library has produced
moderately enantioselective variants, which indicates that the
evolution of additional libraries to obtain catalysts that
produce synthetically useful enantioselectivities is worthy of
pursuit. The identified structures show a synergistic depend-
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Long-Range Electron Transfer through
DNA Films**
Shana O. Kelley, Nicole M. Jackson, Michael G. Hill,*
and Jacqueline K. Barton*

The possibility of efficient DNA-mediated charge transport
has been debated since the discovery of the double helix.[1, 2]

Photoinduced electron transfer between reactants bound to
DNA, or between bases contained within the p stack, has led
to varied conclusions regarding the nature of DNA as a
medium for long-range charge transport.[3±5] Consistently,
however, species well stacked within the helix have exhibited
remarkably fast electron transfer over long distances.[3] In-
deed, the integrity of the base stack itself appears necessary
for efficient long-range electron transfer, as perturbations
caused by intervening mismatches or bulges greatly diminish
the yields of DNA-mediated charge transport.[3, 6]

Electrochemistry has been used extensively to investigate
the kinetics of electron transfer through self-assembled
monolayers on solid surfaces.[7] Systems that feature redox-
active head groups held at variable distances by aliphatic
alkanethiols or conjugated linkers have yielded important
information regarding the ability of different media to
promote long-range electronic coupling. In an effort to
investigate DNA-mediated electron transfer involving
ground-state reactants, we have applied these methods to
study redox-active intercalators bound at discrete sites within
the individual helices of a DNA monolayer on gold.

ence on metal ion, counterion, and all ligand components, and
therefore would have been difficult to identify using tradi-
tional approaches. Furthermore, the screening method used in
these studies should be immediately applicable to the discovery
of catalysts for almost any desired reaction, and we are currently
evaluating the scope of this strategy in our laboratories.
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