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ABSTRACT: The structural analysis of a peptide-based catalyst for the
Baeyer−Villiger oxidation (BVO) is reported. This unique structure is then
analyzed in the context of its previously documented facility to control
selectivity (both enantioselectivity and migratory aptitude) in catalytic
reactions. The effects of additives on the solution conformation of the
peptide are found to be dramatic, revealing substrate-specific interactions
and a possible “induced fit” model. The experimental observation of
dynamic behavior supports the notion that flexibility in stereoselective
catalysts can be an advantageous feature.

Since its discovery, the Baeyer−Villiger oxidation (BVO)1

has taken its place as a highly utilized and interesting
reaction in organic synthesis. The use of a peroxyacid or
peroxide as a stoichiometric reagent to transform a ketone or
aldehyde into an ester or lactone (Figure 1a) is the best-known
implementation of this reaction. Catalysts for this trans-
formation, on the other hand, are not numerous. Early
contributions to catalytic BVOs were dominated by enzymes,
and in fact, many enantioselective BVOs have been disclosed
employing so-called Baeyer−Villiger monoxygenases.2 Small
molecule catalysts have also been published. Transition metal

complexes,3 Lewis acids,4 and chiral phosphoric acids5 have
been reported, and variants of each that achieve enantioselc-
tivity for various BVOs are known.6 Our lab pursued a
complementary approach based on the use of aspartyl peptides
as catalysts.7 These studies recently led to the discovery of
catalyst 1, which is enantioselective and regioselective for the
BVO of substrates such as 2 (Figure 1b).8 Interestingly, catalyst
1 allows for the kinetic resolution of 2 such that lactones 4 and
5 can be obtained with significant enantioenrichment. Even
more striking is the fact that catalyst 1 produces regioisomer 5
preferentially, reversing the intrinsic migratory aptitude
preferences exhibited by ketone 2 when simple peracids such
as mCPBA are used as stoichiometric oxidants. Catalyst 1 was
identified through analysis of combinatorial peptide libraries.7,9

As a result, the basis of its stereochemical influence was
unknown at the point of its discovery. Moreover, peptide 1
possesses a primary sequence for which prediction of the
solution conformation is not straightforward. Thus, we set out
to learn about the conformation of peptide 1 in solution.
Additionally, we were able to use NMR solution structures to
glean insights about the importance of the D-Lys to the catalyst
and its structure.
Ground State Solution Structure of 1. Our NMR

investigations of the solution structure of 1 were based on
full assignment of the proton NMR spectrum, followed by 2D
ROESY experiments. Thus, a solution of 1 at a reaction-
relevant concentration (0.01 M in CDCl3) was fully
characterized by COSY and 1H NMR experiments. Three-
dimensional structural features of 1 were further investigated
through measurement of the ROESY spectrum. Distance
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Figure 1. (a) Generic Baeyer−Villiger oxidation reaction. (b) Baeyer−
Villiger oxidation of substrate 2. The observed migratory aptitude is
reversed when mCPBA is used in comparison to catalyst 1.
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restraints for through-space interactions between protons on 1
were extracted and factored into a computationally simulated
annealing protocol.10 The average of the ten lowest-energy-
scored conformations was calculated and then subjected to
DFT optimization (see Supporting Information (SI) for
details) to produce a proposed snapshot of 1 in solution
(Figure 2a).8a,b,11

Two particularly notable features of the experimentally
restrained, calculated structure are the likely hydrogen bonds
within 1. These include a NHTyr(t‑Bu) to OD-Lys interaction (2.8
Å) and, second, an εNHD-Lys to OD‑Lys putative contact (3.1 Å)
(Figure 2). The former interaction meets the definition of a γ-
turn in terms of its seven-membered H-bond defined ring
(Figure 2b).12 The second interaction involves a side chain to
backbone interaction of the D-Lys (Figure 2c) in a manner that
may portend its functional role (vide inf ra). Noting structural
rigidity that is separate from the peptide’s active residue, we
observed that the two pyrrolidine rings, Pro at i+1 and D-Pro at
i+3, may be considered as two separate sectors of the peptide,
segregated by the intervening D-Lys residue. In addition, the
Pro-D-Lys-D-Pro array does not mimic the backbone dihedral
angles of tripeptide segments associated with known motifs for
polyproline helices.13 Finally, one provocative feature in the
ground state structure is the proximal nature of the aspartic acid
side chain at the i position and the i+2 D-Lys side chain. Taken
together, the experimentally restrained solution structure of 1
provides a catalytic scaffold for consideration that is not
reminiscent of known catalytic peptide sequences, or other
types of organocatalysts for any reaction studied to date.
Studies of Catalyst in the Presence of Substrates and

Products. We then turned our attention to the identification of
possible catalyst−substrate complexes. These experiments were
also undertaken with the idea in mind that catalyst−substrate
interactions might produce conformational changes,14 as
catalyst dynamics for peptide-based catalysts have been
implicated previously.8a,15 For these studies, we elected to
examine the interactions of substrate 6 (eq 1), which
participates in the BVO reaction with near total regioselectivity.
We felt this substrate was a good choice given its high intrinsic
preference for one lactone product, and its enantioselective
response to the catalyst. The results of these studies are
presented below.

NMR Titration Experiments with Mismatched Substrate
(and Favored Product). Shown in Figure 3a is an NMR

titration experiment that measured chemical shift changes in
the presence of the stereochemically mismatched starting
material 6 (i.e., the slow reacting enantiomer in the 1-catalyzed
BVO reaction). At reaction-relevant concentrations, minimal
perturbation was observed in the overlay of the spectrum of 1
and the spectrum of 1 in the presence of the less reactive
enantiomer of 6 (Figure 3a). Similarly, the analogous titration
experiment in the presence of favored product 8 (present in a
1:1 ratio) resulted in no significant changes to the proton
resonances of either 8 or 1 alone (Figure 3b). The spectra of
both mixed samples were nearly identical to the proton spectra
of each individual component.
Solution Structure of 1 in the Presence of Weakly

Interacting Substrates. ROESY spectra of all three samples
(1, 1 + 6, and 1 + 8) were also quite similar, although global
differences in cross-peak volumes are noted (see SI for details).
Two particularly notable differences when comparing 1 to the
samples of 1 + 6/8 are the loss of a HαAsp to HαD-Lys contact,
and the absence of a HαPro to HβD-Pro contact detected for 1
alone. Despite these similarities, the calculated structures of the
two mixed samples vary from that of peptide 1 alone (Figure
4). These similarities and differences, when subjected to
computationally simulated annealing and DFT optimization,
culminate in solution structures that show 1 to be different
from 1 + 6 (or 8). Yet, quite notably, 1 + 6 and 1 + 8 are
themselves quite similar when the peptide components are
overlaid, with a root mean squared deviation (RMSD) of 0.02
Å. On the other hand, when 1 itself is introduced into the

Figure 2. (a) Calculated structure of 1 showing parallel pyrollidine
ring and proximal aspartic acid and lysine side chain structural features.
(b) Zoomed-in section of 1 exhibiting γ-turn, an OD-Lys to NHTyr(t‑Bu)
contact. (c) Zoomed-in section of 1 showing OD-Lys to εNHD-Lys
hydrogen bond.

Figure 3. (a) Stacked spectra of mismatched substrate 6, peptide 1,
and a 1:1 mixture of both. (b) Stacked spectra of lactone BVO-product
8, peptide 1, and a 1:1 mixture of both.
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overlay, an RMSD of 0.709 Å is calculated, reflecting the
differences between the parent conformation and the other two
structures. Our interpretation of these observations is that both
the mismatched substrate and the product interact with 1 in a
manner that is quite similar, and perhaps not overly specific. It
may be that these compounds present their H-bond donor/
acceptor functionality to the peptide and disrupt the intra-
molecular D-Lys side chain-to-main chain interaction in a
manner that is reversible, leaving the catalyst available for
preferential interactions with the matched substrate as the
ensemble proceeds through the reaction coordinate.
NMR Titration Experiments with Matched Substrate. We

then investigated the structure of the peptide in the presence of
the stereochemically matched substrate employing the
analogous spectroscopic experiments.16 Importantly, the impact
of the matched substrate on the conformation of ent-1 proved
to be more profound in this stereochemically matched case.
Several remarkable changes to the proton chemical shifts in its
proton spectrum are evident (Figure 5a). The most noteworthy
changes in the structure of ent-1 occur in the vicinity of the
aspartic acid, which houses the catalytically active residue in the
BVO. Moreover, the proximal and adjacent Lys side chain
appears to have lost its side chain to backbone interaction,
exhibited in the ground state solution structure of 1 alone. This
is consistent with the Δδ of εNHLys, which was measured at
0.66 ppm in the upfield direction. This suggests the shielding of
a proton and disengagement in a hydrogen bond. These
observations further highlight the importance of the Lys to
catalysis, previously reported to be significant based on catalyst
analog synthesis.7

Solution Structure of 1 in the Presence of the Stereo-
chemically Matched Substrate. The changes in the NMR
spectra of ent-1 are paralleled by significant changes in the
overall computed structure of the peptide (Figure 5b). NMR
and computational analysis of the comixed sample led to a
structure that maintains the proximity of the pyrrolidine that is
observed in the parent structure; however, perhaps most

notably, the structure of ent-1 in the presence of 6 shows a
remarkable displacement of the Lys side chain away from the
backbone. It is possible that this conformational change occurs
to accommodate a docked substrate.
Comparison of Chemical Shift Perturbations of Catalyst 1

in the Presence of Matched and Mismatched Substrate. A
comparison of the proton chemical shift analyses for both
matched and mismatched samples supports these conclusions
(Figure 6). The most significant changes in the chemical shifts
of our BVO-competent peptide occur in the presence of the
matched enantiomer of 6 in the protons of the D-Lys residue.
For example, the NHD-Lys (Δδ = 1.33 ppm) and both Hβ1D-Lys
and Hβ2D-Lys (Δδ = 1.27 and 1.31 ppm, respectively) each
exhibit major chemical shift perturbations in the presence of the
matched substrate. The most pronounced change in the
mismatched sample is comparatively meager (Hγ1Pro (Δδ =
−0.10 ppm)). Taken together, these observations support a
role for the D-Lys residue engaging in a productive association
with 6 that is associated with a selective BVO.
Our studies have culminated in a look at the three-

dimensional solution structure of a peptide-based catalyst
with a unique primary sequence and unique catalytic behavior.
Discovered through combinatorial chemistry, its sequence was
not obvious and lacked precedent in terms of experimental
structure determination. Interestingly, the ground state
structure of 1 and its conformation in the presence of additives
are different. Interactions with the preferred substrate stereo-
isomer appear to be strong and specific. Interactions with the
disfavored substrate appear to be less dramatic. Among the

Figure 4. Overlay of calculated structures for 1. Green structure was
calculated from NMR restraints from 1 alone, blue structure was
calculated from restraints extracted from spectra of 1 and 6, and
orange structure was calculated from spectra of 1 and product 8.

Figure 5. (a) Stacked 1D proton spectra of peptide ent-1 alone and a
1:1 mixture of ent-1 and 6. (b) Structural change in 1 upon exposure
to matched substrate 6.
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implications of these studies is the role of dynamics. In general,
it is well-known from studies of enzymology that conforma-
tionally flexible catalysts can interact with substrates at various
points in a complicated reaction coordinate. The conforma-
tional requirements at each position may indeed be different,
and our results suggest that catalyst 1 exhibits dynamics of this
type. The binding of the catalyst to stereochemically matched
and mismatched substrates is different. In this case, the specific
interactions seem to parallel reactivity in a manner that is
consistent, although of course the scenarios associated with
Curtin−Hammett analysis dictate that this need not be so.17

Nonetheless, while these studies do not yet reveal all of the
aspects of stereochemistry determining steps at the transition
state, they do provide an experimental look at allowable
conformations for catalyst 1 on its own and in the presence of
relevant substrates. The documentation of these dynamic and
substrate-specific interactions improves our understanding of
this unusual catalyst. Combined experimental and computa-
tional approaches could refine hypotheses about the basis of
stereocontrol with 1 further, and efforts along these lines are
underway.
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