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CONSPECTUS: Nature’s catalytic machinery has provided endless inspiration for chemists. While the enzymatic ideal has yet
to be fully realized, the field has made tremendous strides toward synthetic, small-molecule catalysts for a wide array of
transformations, often drawing upon biological concepts in their design. One strategy that has been particularly influenced by
enzymology is peptide catalysis, wherein oligopeptides are implemented as chiral catalysts in synthetically relevant reactions.
The fundamental goal has been to mimic enzymatic active sites by taking advantage of secondary structures that allow for
multifunctional activation of substrates within a framework of significantly reduced molecular complexity.
Our group has now been studying peptide-based catalysis for over two decades. At the outset, there were many reasons to be
concerned that general contributions might not be possible. Precedents existed, including the Julia−́Colonna epoxidations
mediated by helical oligopeptides, among others. However, we sought to explore whether peptide catalysts could find broad
applications in organic synthesis despite what was expected to be their principal liability: conformational flexibility. Over time,
we have been able to identify peptidic catalysts for a variety of site- and enantioselective transformations ranging from hydroxyl
group and arene functionalizations to redox and C−C bond forming reactions. The peptides often exhibited excellent catalytic
activities, in many cases enabling never-before-seen patterns of selectivity. Recent studies even suggest that, in certain situations,
the conformational flexibility of these catalysts may be advantageous for asymmetric induction.
In the course of our studies, opportunities to employ peptide-based catalysis to solve long-standing and stereochemically
intriguing problems in asymmetric synthesis presented themselves. For example, we have found that peptides provide
exceptional enantiotopic group differentiation in catalytic desymmetrization reactions. Early results with symmetrical polyol
substrates, such as myo-inositols and glycerols, eventually spurred the development of remote desymmetrizations of
diarylmethanes, in which the enantiotopic groups are separated from the prochiral center by ∼6 Å and from one another by
nearly 1 nm. Various hydroxyl group functionalizations and electrophilic brominations, as well as C−C, C−O, and C−N cross-
coupling reactions using peptidic ligands on copper(I) have now been developed within this reaction archetype. Additionally,
the preponderance of axially chiral, atropisomeric compounds as ligands, organocatalysts, and pharmacophores encouraged us
to employ peptides as atroposelective catalysts. We have developed peptide-catalyzed brominations of pharmaceutically relevant
biaryl, non-biaryl, and hetero-biaryl atropisomers that take advantage of dynamic kinetic resolution schemes. These projects
have vastly expanded the reach of our original hypotheses and raised new questions about peptide-based catalysts and the extent
to which they might mimic enzymes.
Herein, we recount the development and optimization of these stereochemically complex reactions, with a particular focus on
structural and mechanistic aspects of the peptide-based catalysts that make them well-suited for their respective functions. The
ability of these peptides to address important yet fundamentally challenging issues in asymmetric catalysis, combined with their
modularity and ease-of-synthesis, make them primed for future use in organic synthesis.
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1. INTRODUCTION
The ability to access enantiopure compounds is a fundamental
and critical challenge in modern organic synthesis. The
widespread use of single-enantiomer substances in chemical
industries, materials science, and chemical biology provides a
steady demand for asymmetric methodologies. While resolution
continues to be a mainstay of industrial synthesis, asymmetric
catalysis is now widely accepted as a reliable way to access
enantioenriched compounds. Since its inception, the field of
asymmetric catalysis has drawn inspiration from nature’s
catalysts. Enzymes have evolved to catalyze biochemical
reactions with exceptional rate acceleration and selectivity by
taking advantage of their well-defined folded structures and their
ability to undergo dynamic conformational changes.1 Within
active sites, substrate activation is achieved through the precise
orientation of catalytic residues, allowing for significant
stabilization of transition states.2 The kinetic advantages
provided by active site organization are typically bolstered by
protein dynamics, as conformational changes often occur upon
binding to provide additional stabilization of intermediates and
transition states along a continuous reaction coordinate.3,4

Together, these characteristics contribute to the remarkable
catalytic activities exhibited by enzymes and provide an ideal for
the conception of synthetic catalysts.
Inspired by the possibility of developing small-molecule

enzyme mimics with broad synthetic applicability, our group5,6

and others7,8 have sought to design short-sequence peptides that
capture essential features of enzymatic active sites within greatly
simplified molecular frameworks (Figure 1a). Peptides are well
suited as asymmetric organocatalysts. They are easily synthe-

sized from readily available amino acid residues, and their
oligomeric nature renders them modular and tunable. These are
helpful assets for deriving structure−selectivity relationships
during catalyst development.Moreover, their conformations can
be biased toward folded secondary structures by incorporating
known sequence elements.9,10 Peptides are dense with stereo-
chemical information: the chirality of the constituent residues
often translates into 3D-folded structures, providing a robust
platform for asymmetric induction.
The scope of peptide catalysis has expanded dramatically over

the past 20 years. Peptides have now been implemented in
myriad synthetically relevant transformations, including hydrox-
yl and amine group transfers,5 oxidations,11 reductions,12 and
C−C bond forming reactions.13 In addition to asymmetric
operations on small molecules, peptides have also proven useful
in the site-selective modification of complex, polyfunctional
structures.14 Our own pursuits have been assisted by the design
and incorporation of unique catalytic residues, including
proteinogenic, non-proteinogenic, and synthetic amino acids,
within peptide sequences (Figure 1b). Although these catalytic
residues can directly mediate the targeted reaction, the peptide
backbone often contributes to rate acceleration and selectivity
via stabilizing noncovalent interactions, such asH-bonds.15 Such
multifunctionality is a hallmark of enzymatic catalysis.
In the course of our studies, opportunities arose that allowed

us to employ oligopeptides to address unsolved problems in
asymmetric catalysis, including the desymmetrization of meso
and prochiral compounds and DKR reactions of prochiral
atropisomers. Regarding the former, the ability to differentiate
enantiotopic groups in symmetrical molecules has long been

Figure 1. (a) Peptide catalysis summarized. (b) Catalytic residues targeting specific transformations.
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considered a great challenge, especially in cases where the pro-
stereogenic element is remote from the reacting groups.16

Despite the practical advantages of catalytic remote desymmet-
rizations, highly selective examples remain uncommon. General
methods to catalytically discriminate between rapidly inter-
converting atropisomers have also been elusive. The prevalence
of axially chiral, atropisomeric scaffolds in pharmaceuticals,17

ligands,18 and organocatalysts19 has spurred the need for facile
access to atropo-enantioenriched compounds. However, while
resolutions and diastereoselective transformations of atro-
pisomers have been known for decades,20,21 atroposelective
catalysis represents a new frontier in asymmetric synthesis.22,23

This Account describes our efforts to develop peptide-based
catalysts for remote desymmetrizations of diarylmethanes and
atroposelective brominations of biaryl, non-biaryl, and hetero-
biaryl atropisomers (Figure 2). While not obviously related,

several unique aspects of peptide catalysis contributed to the
eventual synergy of these projects. The story highlights the
interplay of academic curiosity and industrial collaboration,
which, in turn, spawned new questions at the heart of
stereoselective catalysis. In each case, peptide catalysis was
found to be an enabling strategy, providing highly enantioen-
riched compounds of demonstrated relevance to medicinal and
pharmaceutical chemistry. The structural and mechanistic
details leading to the development of selective catalysts are
also discussed, as these themes prove central to ongoing work in
our group and in the community.

2. EARLY STUDIES ON THE DESYMMETRIZATION OF
POLYOLS

Our entry into peptide-catalyzed desymmetrization was inspired
by kinases, which are known to phosphorylate polyfunctional
substrates with site selectivity in vivo. Histidine-dependent
kinases mediate phosphorylation events using Lewis base
catalysis, wherein an active site His residue transfers phosphate
to the substrate through a reactive phosphorylimidazolium
intermediate. Encouraged by our early work on peptide-
catalyzed acylations,5 which capitalized on embedded π-
methylhistidine (Pmh) residues to deliver acyl groups via an
acylimidazolium ion, we sought to extrapolate to the site and
enantioselective phosphorylation of myo-inositol derivatives (1,
Figure 3).24 A biomimetic transformation of this type would
streamline access to phosphorylated myo-inositol natural
products.
We discovered pentapeptide 3 from a small catalyst library

synthesized using a random-number generator. Remarkably, 3
provided D-myo-inositol-1-phosphate derivative 2 in 65% yield
and >98% ee, presumably via group transfer from the
phosphorylated catalyst (Figure 3).24,25 Expansion of the library
led to the identification of peptide 4 that delivered ent-2 in 56%
yield and >98% ee under identical conditions.26 The absolute
configuration of the catalytically active Pmh residue is the same
in both 3 and 4, suggesting that the observed enantiodivergence
is a function of their different secondary structures. While

Figure 2. (a) Remote desymmetrization and (b) atroposelective
bromination reactions.

Figure 3. Enantiodivergent phosphorylation of a myo-inositol derivative.
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catalyst 3 possesses no readily identifiable structural motif, 4 is
biased toward a β-turn conformation by virtue of its central Pro-
Cle sequence and its internal H-bonding network (Cle =
cycloleucine).9,10 Additionally, both peptides accelerated the
reaction greatly over simple achiral catalysts, consistent with rate
enhancement through H-bonding interactions. The discovery of
these enantiodivergent catalysts enabled direct and efficient
syntheses of D-myo-inositol-1-phosphate and its enantiomer
following global deprotection of 2 and ent-2, respectively,
facilitating biological study of these agents.27

Building upon this strategy, we later developed a peptide-
based catalyst for the desymmetrization of flexible glycerol-type
substrates (Figure 4). High throughput screening revealed Pmh-

containing peptide 8 that catalyzes the conversion of glycerol 5
to mono(acetate) 6 with excellent enantioselectivity, albeit with
significant secondary KR in forming bis(acetate) 7.28 The
catalyst was proposed to selectively transfer an acetyl group from
the acylimidazolium intermediate to the gauche−gauche con-
former of 5 through multipoint association. These results are
comparable to state-of-the-art biocatalytic methods for related
transformations.29

3. REMOTE DESYMMETRIZATION OF
DIARYLMETHANE BIS(PHENOL)S

The inositol and glycerol desymmetrizations demonstrated that
peptide-based catalysts can differentiate enantiotopic sites in
close proximity. Possibly as a result, a collaboration with Merck
Research Laboratories surfaced that introduced remote
desymmetrizations, wherein the reactive functional groups are
many bonds removed from one another and from the pro-
stereogenic element. A long-standing challenge, remote
asymmetric induction is often viewed as the purview of enzymes,
given their macromolecular dimensions.16 However, oligopep-
tides seemed well suited for this task, given their tunable lengths
and structures.
We thus undertook the remote desymmetrization of bis-

(phenol) 9, wherein the enantiotopic hydroxyl groups are
separated from the prochiral center by 5.7 Å and from one
another by ∼1 nm (Figure 5a). Researchers at Merck had
explored lipases to catalyze the desymmetrizing hydrolysis of
bis(acetate) 11. In a screen of >450 enzymes, synthetically
useful enantioselectivities were only achieved with substantial
contribution from the secondary KR of mono(acetate) 10,

resulting in low yields. We therefore set out to develop a Pmh-
containing peptide that might do better via acylation of 9.30,31

Our catalyst library was designed around two structural
elements. First, we estimated that hexapeptides would be
sufficiently long to engage both phenols of 9 if a bifunctional
mechanism were operable. Second, we sought to mirror the
structural domains of the substrate: the terminal residues would
have aromatic side chains, while the central ones would be
aliphatic. After five rounds of screening, we arrived at
hexapeptide 12, which delivered 10 in 68% yield and 72% ee
(Figure 5a). Sequence truncation studies indicated that the two
C-terminal residues were unnecessary for enantioselectivity, so
12 was shortened to a tetramer retaining the critical N-terminal
residues. The C-terminal cap also had an effect on selectivity,
leading to the (S,S)-N-tosyl-diamine moiety in the optimal
scaffold. Tetrapeptide 13 provided mono(acetate) 10 in 80%
isolated yield and 95% ee. Although 20% of bis(acetate) 11 was
also formed, secondary KR of 10 only minimally contributed to
the observed ee (krel = 1.4). NMR studies showed that the
degeneracy in the aryl resonances of 9 is lost upon catalyst−
substrate association, suggesting that 13 breaks the bis(phenol)
symmetry via noncovalent interactions.
While investigating the scope of this reaction, we found that

yield and enantioselectivity diminished steadily with decreasing
steric demand of the prochiral substituent (Figure 5b). In
collaboration with the Sigman Group, we identified LFERs
correlating the enantioselectivity with various steric parameters,
including Sternhell interference energies.32 Steep negative
slopes suggested sensitivity to the size of the substituent. One
interpretation is that the steric profile of the substituent
influences the propeller-like twisting of 9, impacting attendant
interactions with 13. The Sigman Group was later able to
correlate the enantioselectivity trends with computed arene
vibrational frequencies, which are sensitive and directional
readouts of both steric and electronic substituent effects.33

We surmised that the catalytic Pmh residue of peptide 13
could mediate the desymmetrization of 9 via two limiting
mechanisms: (1) Lewis base activation of acetic anhydride or
(2) Brønsted base activation of the bis(phenol) (Figure 6).
While acylations of aliphatic alcohols (e.g., 1 and 5) are more
likely to proceed through the former mechanism, both
possibilities are accessible to 9 due to the increased acidity of
phenols. Although the precise activation mode remains
undetermined, these mechanistic questions motivated us to
consider other reactivity manifolds amenable to peptide-
mediated Brønsted base catalysis.
We ultimately arrived at electrophilic aromatic halogenation,

which we hypothesized could be accelerated by Brønsted base
activation of a phenol, rendering it more phenolate-like.
Furthermore, Lewis basic functional groups were known to
catalyze halenium ion transfer reactions with substantial rate
acceleration.34 Taken together, we thought peptides might
catalyze SEAr reactions through a mechanism involving
Brønsted basic phenol activation and backbone amide-mediated
halenium transfer. We initially tested this hypothesis in the
bromination of 9 (Figure 7a).35 Upon exposure to NBS, peptide
13 furnished monobromide 14 in 35% yield and 28% ee; the
remainder of the mass balance consisted of polybromides.
Because the Pmh residue was also brominated under these
conditions, we pursued a new catalytic residue, tertiary amine-
containing β-dimethylaminoalanine (Dmaa), which was ex-
pected to be more Brønsted basic, yet less prone to irreversible
side reactivity. Fortunately, peptide 15 also provided 14 with

Figure 4. Desymmetrization of glycerols.
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appreciable selectivity (Figure 7b). Encouraged by these
preliminary results, we turned our attention toward new
applications of this catalytic activation scheme.

4. ATROPOSELECTIVE BROMINATION REACTIONS
Following our studies of bis(phenol) desymmetrizations, we
sought a mode of enantioselective SEAr that might be of broad
synthetic utility. The growing interest in atropisomeric biaryls in
pharmaceuticals and natural products,17,20 as well as in chiral
ligands and organocatalysts,18,19 encouraged us to develop
peptide-catalyzed atroposelective brominations. We hypothe-
sized that if a biaryl phenol (e.g., 16) rapidly racemizes in situ,
preferential bromination of one enantiomer by a peptide-based
catalyst could establish a Curtin−Hammett scenario (Figure 8).
This type of DKR would require a low substrate enantiomeriza-
tion barrier, such that racemization is rapid relative to
bromination, and that the product is configurationally stable

about the chiral axis. Rotational barriers of mono-ortho-
substituted biaryls are known to be quite low, ensuring rapid
racemization in substrates like 16. We initially proposed a
tribromination of 16 to avoid complicated product mixtures.
This strategy also proved fruitful regarding the latter point, as
DFT calculations suggested that two ortho-bromides would be
required to configurationally lock the products. Interestingly,
the asymmetry of tribromide 17 stems from a meta-hydroxyl
group distal from the chiral axis, reminiscent of the central
challenge in our Merck collaboration.
At the outset of this study, the field of atroposelective catalysis

was quite young, and most reported examples involved
asymmetric cross-coupling strategies.20 However, Bringmann
and co-workers pioneered a different DKR-based approach
the atroposelective, nucleophilic ring-opening of strained biaryl
lactones (Figure 9).20 These groundbreaking studies, in addition
to a report by Murai involving C−H functionalization,36

Figure 5. (a) Peptide-catalyzed remote desymmetrization of a bis(phenol). (b) Methine substituent effects.

Figure 6. Mechanistic questions in the bis(phenol) desymmetrization.
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informed many aspects of our proposed atroposelective
bromination.

As our catalyst design centered on Dmaa, we chose to
incorporate a carboxylic acid directing group within the biaryl

Figure 7. Desymmetrizing bis(phenol) bromination catalyzed by (a) Pmh-containing and (b) Dmaa-containing peptides.

Figure 8. Biaryl DKR via atroposelective bromination.

Figure 9. DKR of Bringmann lactones.
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substrate to enforce intermolecular association between 16a and
the peptide through salt-bridging. Catalyst optimization led to
18, which furnished tribromide 17a in 80% isolated yield and
97:3 er (Figure 10a).37 Tripeptide 18 was effective over a broad
scope that included sterically and electronically diverse biaryls,
and even hetero-biaryls. Control experiments showed that the
reaction is sluggish and low-yielding both in the absence of
catalyst and using substoichiometric Hünig’s base to mimic the
Dmaa residue. However, catalytic (±)-Boc-Val-NMe2, the
isolated C-terminal residue of 18, boosted the yield to 91%.
These mechanistic queries suggest that backbone amides of 18
are essential for catalysis (Figure 10b). In pursuit of further
insights, we partnered with the Johnson Group to investigate the
noncovalent association of 18 with 16a using cryogenic gas-
phase infrared spectroscopy.38 The results were consistent with
multidentate docking model 18•16a, wherein the Dmaa side-
chain engages the carboxylic acid while upstream backbone
amides interact with the phenol, holding 16a in the (aR)-
configuration (Figure 10c). Though difficult to study directly, it
is possible that bromenium ion is delivered to 16a by nearby
amide, perhaps that of the C-terminal Val residue.
One of the advantages of selective electrophilic aromatic

bromination is the possibility for derivatization via cross-
coupling. Since products 17 contain three sterically and
electronically distinct bromides, we wondered if it might be
possible to access highly functionalized scaffolds through
regioselective cross-coupling sequences. Following optimiza-
tion, we developed an “A−B−C coupling” method that enables
the synthesis of pentaphenyls and other derivatives 20 via
sequential, Pd-catalyzed cross-coupling of methyl esters 19
(Figure 11).39

Having established a peptide-catalyzed atroposelective
methodology, we sought to expand its scope to include non-
biaryl atropisomers.21 We were particularly attracted to the

tertiary benzamide-type scaffolds that had been studied
extensively by Clayden and others and which were frequently
identified in biologically active compounds.17 We expected
substrates like 21 (Figure 12) to present new challenges for the
peptide-catalyzed bromination protocol. Since benzamides
might catalyze their own bromination, we opted to employ the
bulky N,N-diisopropyl amide motif to both disfavor the
autocatalytic reaction and achieve higher enantiomerization
barriers. Recognition between 21 and the Dmaa-containing
peptide was proposed to be nucleated by H-bonding between
the phenol moiety and the Dmaa side-chain, which we
hypothesized could also activate 21 toward SEAr.
We examined a peptide library based on the type II′ β-hairpin

architecture that we had previously identified in highly selective
catalysts for various transformations.5,6 Tetrapeptides can be
biased toward this secondary structure by strategic incorpo-
ration of a central D-Pro-Xaa sequence, where Xaa is either an L-
amino acid or an α,α-disubstituted residue.10,40 Sequence
optimization led to 23, which delivered (aS)-tribromide 22 in
89% yield and 94:6 er (Figure 12a).41 Catalyst 23 also
accommodated substitution at the 4- and 5-positions of 21,
but pre-installation of ortho-substituents elicited more interest-

Figure 10. (a) Peptide-catalyzed, atroposelective biaryl bromination. (b) Mechanism-driven experiments. (c) Proposed model for stereoinduction.

Figure 11. A−B−C cross-coupling of biaryl tribromides.
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Figure 12. (a) Peptide-catalyzed, atroposelective benzamide bromination. (b) Low-conversion LC/MS studies provide mechanistic insight. (c)
Proposed model for stereoinduction. (d) Regioselective tribromide functionalizations.

Figure 13. Spontaneous chirality transfer in a two-axis system.
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ing effects. The 6-methyl substrate was selectively brominated
by 23, while the 6-bromo substrate provided nearly racemic
product. These results are consistent with a barrier effect,
wherein the more electronically demanding bromide may
restrict rotation, preventing effective DKR. At the 2-position,
both methyl- and bromide-substitution furnished low er values.
Using LC/MS to analyze low-conversion reaction mixtures, we
determined that 23 overturns the inherent regioselectivity of the
reaction by favoring monobromination at the 2-position (Figure
12b). Therefore, 2-substituted benzamides may be poor
substrates because they block the enantiodetermining mono-
bromination event. NMR studies of the peptide−substrate
complex were consistent with multidentate association between
23 and 21, likely involving H-bonding (e.g., 23·21, Figure 12c).
Many other transformations catalyzed by this class of peptides
have revealed similar evidence of multifunctional catalysis,
prompting us to consider whether these well-defined β-turns
might be considered “privileged” chiral scaffolds.42

The products of benzamide bromination also proved
amenable to functionalization with no loss of configurational
integrity (Figure 12d).43 Regioselective Suzuki−Miyaura cross-

coupling of (aS)-22 delivers 4-arylated benzamides 24 in high
yields and ers. Other Pd-catalyzed cross-coupling methods,
including aminations and carboxymethylations, also selectively
target this position. Diversification of 24 via ortho-lithiation/
electrophile trapping provides an array of derivatives 25 with no
erosion of er.
We next targeted benzamides such as 26 that possess two

stereogenic axes, one defined by the chiral benzamide axis and
the other implicit in differentially N,N-disubstituted amides
(Figure 13). We initially considered the possibility of optimizing
four peptide catalysts that each selectively furnishes one of the
four possible product diastereomers 27. This would be
predicated on the assumption that both axes are configuration-
ally locked following bromination, which did not turn out to be
the case. Instead, the 23-catalyzed bromination of 26 led to a
kinetically controlled mixture of diastereomers, the ratios of
which fluctuated over time due to slow amide isomerization.44

During equilibration, the kinetically favored cis-27 redistributes
its enantiomeric composition to the thermodynamically more
stable trans-27, resulting in a spontaneous increase in the er of
the latter, albeit with compensatory enantioerosion of the cis-

Figure 14. (a) Peptide-catalyzed, atroposelective 3-arylquinazolinone bromination. (b) Tribromide functionalization.
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isomer. This intriguing phenomenon represents a rare example
of spontaneous enantioenrichment in homogeneous solution,
and its observation was only possible due to the ability of peptide
23 to differentially process the amide isomers of 26.
Motivated by the continued identification of hetero-biaryl

motifs in pharmaceutically relevant compounds, we became
interested in further expanding the atroposelective bromination
methodology to include hetero-biaryl substrates.21 Many such
compounds are known to exhibit atropisomerism, though few
catalytic methods had been reported for their asymmetric
preparation. We were drawn to the 3-arylquinazolin-4(3H)-one
scaffold (e.g., 28), which occurs in countless drug compounds
spanning a wide range of biochemical functions (Figure 14a).45

Quinazolinones 28 also presented an interesting challenge, as
enantiomerization barriers were expected to be higher than
similar biaryls due to the shorter C−N bond defining the chiral
axis. Indeed, DFT computations predicted a 19 kcal/mol barrier
for 28a, corresponding to a half-life of 7 s.46 Thus, racemization
could be slow on the rapid bromination time scale, limiting the
dynamic aspect of the transformation.
We initially examined a library of 21 Dmaa-containing

peptides biased toward type II′ β-hairpin secondary structures.
Peptide 30, which possesses a critical 1-aminocyclopropane

carboxamide (Acpc) residue at the (i + 2)-position, was found to
be a highly selective catalyst, delivering tribromide 29a in 86%
yield and 97:3 er (Figure 14a).46 Slow addition of NBS was
crucial to achieving this level of selectivity, as it possibly allows
more complete reracemization of 28a and thereby enables a
more efficient DKR. Under these conditions, 30 addressed a
broad scope of quinazolinones. Notable exceptions include 2-
CF3-containing 28b and ortho′-fluoride 28c. While the former
was likely unselective due to ineffective catalyst−substrate
interactions, the latter had too high of an enantiomerization
barrier (ΔG⧧ = 26.7 kcal/mol) to undergo DKR. Accordingly,
30 delivered tribromide 29c in 93:7 er at low conversion,
demonstrating that 28c is an effective substrate for classical KR.
Analogous to the benzamide bromination, low conversion LC/
MS studies showed that 30 overturns the inherent para-
selectivity by promoting stereodetermining monobromination
at the ortho-position of 28a. Additionally, NMR studies of
equimolar 28a and 30 revealed chemical shift changes,
intramolecular NOEs in 30, and even intermolecular NOEs
consistent with catalyst−substrate complex 30·28a. This model
predicts that the observed (aS)-configuration of 29a derives
from a multifunctional binding and activation mechanism,
wherein the site of enantiodetermining bromination is oriented

Figure 15. (a) Crystallographic conformers of peptide 30. (b)Homologous i + 2 series of catalysts for the bromination of 28a. (c) Correlation between
crystallographic τ(i + 2) and enantioselectivity.
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nearby the peptide backbone. It remains a possibility that 30
delivers bromenium ion to 28a via backbone amides,34 though
evidence of this mechanism remains elusive.
Tribromides 29 were amenable to regioselective derivatiza-

tion, providing access to a variety of functionalized, drug-like
compounds with no erosion of optical purity (Figure 14b).46

Buchwald−Hartwig amination of (aS)-29a selectively targets
the para-bromide, furnishing amines 31 in good yields.
Additionally, regioselective hydrogenolysis of 29a delivers
configurationally stable ortho-monobromide 32, which was
subsequently subjected to Suzuki−Miyaura cross-coupling to
biarylquinazolinones 33.
The quinazolinone bromination project also provided a

platform from which we launched a thorough structural
investigation of β-turn-biased, peptidic catalysts. These studies
were initially inspired by a curious finding: three distinct
conformations of peptide 30 were observed by X-ray
crystallography (Figure 15a).47 The first two, 30a and 30b,
were observed within the same asymmetric unit and exhibit the
expected type II′ β-hairpin structure based on the ϕ and ψ
dihedrals of the loop residues and the intramolecular H-bonding
network.9 A polymorphic crystal structure revealed 30c, which
adopts an overall prehelical conformation defined by a central
type I′ β-turn. The realization that these turn-biased
tetrapeptides can nucleate such globally different secondary
structures raised new questions about this class of catalysts.
In a structural analysis of 35 peptides by X-ray crystallography

and solution NMR, we observed more structural heterogeneity
than was expected from the catalyst design principles we often
employ.48 In a particularly striking example, we obtained X-ray
structures for seven (i + 2)-homologues of peptide 34. Only Aib-
containing 34g was found to adopt the expected type II′ β-
hairpin conformation in the solid state, while 34a−f exhibited
prehelical type I′ turns analogous to 30c (Figure 15b). In
solution, all of the peptides showed NOE signatures satisfying

multiple secondary structures, suggesting that these peptides are
conformationally dynamic under catalytically relevant con-
ditions.49

We also identified a correlation between the crystallographic
main-chain angle (τ) of the i + 2 residue and the
enantioselectivity observed in the bromination of quinazolinone
28a (Figure 15c), with larger values of τ(i + 2) delivering higher
ers.48 Wide τ-angles are often associated with structural
flexibility, suggesting that catalyst dynamics could play an
important role in the reaction. Indeed, NMR titration studies
show that 30 undergoes a conformational change from a
prehelical type I′ turn to a type II′ β-hairpin in the presence of
28a, reminiscent of conformational selection.50 While the same
overall change occurs for poorly selective substrate 28b, the
degree of structural homogeneity in the catalyst−substrate
complex is notably less. These data are consistent with a model
wherein effective substrates trigger more significant changes
toward a catalytically active conformation, as in 30·28a. MD
simulations performed with the Jorgensen Group were
consistent with these observations, providing atomic-level
resolution on the associated conformational changes.51 More-
over, in another collaborative study with the Sigman Group,
peptides of types II′ and I′ were subjected to multidimensional
parametrization.52 Features of both limiting conformations
correlated well with ΔΔG⧧ (Figure 16), suggesting that the
observed enantioselectivity might emerge from an ensemble of
transition states in which the catalyst adopts multiple
conformations.

5. REMOTE DESYMMETRIZATION OF
DIARYLMETHYLAMIDO-BIS(PHENOL)S

We eventually returned to the original impetus for our study of
enantioselective bromination, the desymmetrization of bis-
(phenol)s. As diarylmethane scaffolds continued to accumulate
in the medicinal chemistry literature,53 a variety of enantiose-

Figure 16. Multidimensional parameterization of the limiting catalyst conformations in the bromination of quinazolinone 28a.
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lective approaches had been reported,54 including two
remarkable examples of desymmetrizing C−H functionaliza-
tions reported by Shi/Hartwig and Wang/Yu.55,56 In a
complementary way, we chose to revisit desymmetrizing
bromination in the context of diarylmethylamido-bis(phenol)s
35 utilizing a Dmaa-containing peptide to remotely differentiate
enantiotopic phenols (Figure 17). We proposed that enantio-

discrimination could either occur analogously to the mechanism
proposed for bis(phenol) 9 (Figure 6) or by taking advantage of
a different intermolecular H-bond between the catalyst and the
prochiral amido group. Polybromination, which could erode
yields with complicated product mixtures, was a concern for this
system, so we blocked one of the phenol ortho-positions with an
electronically deactivating carbonyl group, which might also
slow bromination to permit more robust enantioinduction.
Following optimization, we identified Acpc-containing

peptide 38 that effectively differentiates the enantiotopic arenes
of pivalamides 35, providingmonobromides 36 in 55−69% yield
and 83:17−97:3 er (Figure 18a).57 Substrates bearing different
ortho-functionality were also effectively addressed by 38. In each
case, overbromination to the symmetrical dibromide 37 (31−
44% yield) also occurs with minimal contribution from
secondary KR (krel = 3.2), indicating that the primary mode of
asymmetric induction is indeed enantiotopic arene differ-
entiation.
During catalyst optimization, we noticed that 2-amino-

isobutyramide (Aib)-containing peptide 23 provided similar
yields of ent-36, the opposite enantiomer favored by 38, with
modest enantioselectivity (Figure 18a).57 The degree of
enantiodivergence was found to be substrate-dependent, with
ers ranging from 49:51 to 26:74 as a result of a single point
mutation at an achiral residue within an otherwise homologous
sequence. Peptides 38 and 23 only differ in mass by an
equivalent of H2, and yet they deliver opposite enantiomers of
36. This fascinating phenomenon inspired us to consider
possible conformational effects on enantioselectivity. We
eventually uncovered an i + 2 τ-angle correlation even more

Figure 17. Desymmetrizing bromination of diarylmethylamido-bis-
(phenol)s.

Figure 18. (a) Peptide-catalyzed, desymmetrizing bromination of diarylmethylamido-bis(phenol)s. (b) Correlation between crystallographic τ(i + 2)
and enantioselectivity.
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pronounced than that of the quinazolinone example (Figure
18b).48 Again, higher selectivities were observed for wider τ(i +
2) values. This possibly suggests that peptides 38 and 23 interact
with 35 from different conformations, as prehelical type I′ β-
turns are significantly more accessible when τ(i + 2) is wide. The
observed enantiodivergence might be rationalized by a model
wherein 35 preferentially interacts with prehelical 38 and hairpin
23 using either the N−H or CO of the prochiral pivalamide
group, respectively (Figure 19).

Thus, our adventures in atroposelective bromination and
peptide structure ultimately enabled us to address the unmet
challenge that initially inspired those studies, the desymmetriz-
ing bromination of a bis(phenol). Conceptually related, Lewis
and co-workers recently reported a biocatalytic system, wherein
an engineered halogenase mediates the desymmetrizing
chlorination of a bis(aniline) with excellent enantioselectivity.58

Our studies demonstrate that oligopeptides can be similarly
effective for remote desymmetrizations via designed non-
covalent interactions.

6. ASYMMETRIC CROSS-COUPLING WITH
PEPTIDE-BASED LIGANDS

The catalytic bromination of pharmacologically interesting
compounds begged the question of whether selective cross-
coupling strategies might be feasible. This challenge first
presented to us during our studies on regioselective function-
alizations of atropisomeric tribromides.39,43,46 It was further
brought into focus when we developed site-selective halogen-
ations of glycopeptide antibiotics, such as vancomycin and
teicoplanin, which provided templates to pursue the effectively
unknown area of site-selective cross-coupling.59 We thus
wondered if peptide-ligated transition metals could provide a
handle for site-selective cross-couplings. As a prelude to these
efforts, we pursued enantioselective cross-coupling as a testing-
ground for a new peptide-based ligand architecture.
Given the ongoing interest in diarylmethane-type scaffolds,53

we devised symmetrical dibromide 39 to investigate enantiose-
lective cross-couplings via distal stereocontrol (Figure 20). The
incorporation of trifluoroacetamido groups adjacent to the
bromides was inspired by an asymmetric Hurtley reaction
reported by Ma,60 wherein ortho-trifluoroacetamides served to
direct oxidative addition of a Cu(I)-complex. Moreover, the
effectiveness of the simple L-trans-Hyp ligand in Ma’s system
suggested that a peptidic ligand might also work well with Cu(I)
to achieve asymmetric cross-couplings. We proposed that a
tetraalkylguanidine-containing residue could be a synthetically
tractable ligand motif to install within a peptide that both
engages in N,O-chelation of Cu(I) and is sufficiently electron-
rich to promote oxidative addition. By incorporating β-linked,
tetramethylguanidinylated aspartic acid (TMG-Asp) as the N-
terminal residue, we were able to design peptide-based ligands
for asymmetric C−C,61 C−O,62 and C−N63 cross-couplings of
39, delivering malonates 40, ethers 41, and benzimidazoles 42
with excellent enantioselectivities (Figure 21).
The initial desymmetrizing malonate coupling was developed

in collaboration with Pfizer and Boehringer−Ingelheim (Figure
21a).61 Tripeptide 43 was identified as the lead ligand following
structure−function optimization. Notably, a C-terminal carbox-
ylate was found to play an important role in asymmetric
induction. Under the optimal conditions, ligand 43 provides up
to 76% yield and 93:7 er of mono(malonate)s 40, with t-butyl

Figure 19. Possible enantiodivergent binding modes in the
bromination of 35.

Figure 20. Asymmetric cross-coupling of diarylmethanes.
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substitution on the prochiral C atom delivering the best
results.32 Control and mechanistic experiments, including KR
studies on racemic analogs of 39, such as (±)-46, led us to
propose that remote stereocontrol is achieved via a distal
cation−π interaction (i.e., 43·39, Figure 22).
Tetrapeptide 44was optimized for the C−Ocross-coupling of

39, furnishing mono(ether)s 41 in up to 71% yield and 99:1 er

(Figure 21b).62 The reaction worked exceptionally well for a

wide scope of alcohol nucleophiles. Good yields and very high

selectivities were observed for hindered phenols, which are

difficult substrates in standard cross-couplings. Compounds

possessing both phenol and amine functionality selectively

couple at the phenol with ∼8:1 selectivity and 98:2 er.

Figure 21. Desymmetrizing (a) C−C, (b) C−O, and (c) C−N cross-couplings with peptidic ligands.

Figure 22. KRs provide mechanistic detail in the malonate cross-coupling.
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Similarly, ligand 45 enabled the highly enantioselective C−N
cross-coupling of 39 with various amine nucleophiles (Figure
21c).63 In situ acid-mediated cyclodehydration converted the
amine-coupled products into benzimidazoles 42 to avoid
complicated product mixtures in cases where small quantities
of benzimidazole formed during cross-coupling. Simple aniline
and alkylamine nucleophiles delivered mono(benzimidazole)s
42 in up to 71% yield and 98:2 er. Hindered amines, such as
naphthylamines and 2,6-disubstituted anilines, did not cyclo-
dehydrate spontaneously and gave similar yields of mono-
(amine)s with up to >99:1 er. Our experience with
atropisomerism led us to hypothesize that cyclodehydration of
these amines (e.g., 48a) would give rise to diastereomers upon
cyclodehydration due to the formation of a configurationally
stable chiral axis within a point-chiral framework (Figure 23).
Indeed, treatment of 48a with a CPA catalyst cleanly delivered
benzimidazole 42a in 90% yield, 17:1 dr, and >99:1 er. We were
also able to synthesize all four diastereomers of 42a with
complete catalyst control.

7. CONCLUSIONS

The chemistry detailed herein has expanded the purview of
peptide-based catalysts in an intriguing way. Initially stimulated
by fundamental questions about enzymes but challenged further
by practical problems posed by industrial colleagues, our
research program has shifted in focus to what might be called
“outer sphere” issues. Our forays into remote asymmetric
induction and atroposelective halogenation have unveiled a
golden opportunity for oligopeptide catalysis. These processes
share a multivalency at their mechanistic core with respect to
catalyst−substrate interactions, which appear to operate
decisively over great distances from the loci of bond formation.
Outer sphere interactions are also central to the selective
functionalization of complex systems, including natural products
and proteins. Catalyst-controlled site-selectivity seems a field
poised to break out of its infancy. Perhaps peptide-based
catalysts will have a special role to play in this pursuit. If so, this

might prove to be an additional aspect of their biomimetic
capacity, as outer sphere interactions are often central to the
selectivity of enzymes.64 The crafting of the proper outer sphere
catalyst environment is currently a major focus of our research.
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