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ABSTRACT

The combined action of carbodiimide and hydrogen peroxide upon exposure to carboxylic acid catalysts serves to generate transient peracids
that can be engaged in the Baeyer-Villiger rearrangement of ketones to lactones. Up to 35 turnovers of the catalytic cycle may be achieved.
The conditions are especially useful in the context of reactive cyclohexanones, and allow the use of H2O2 as the terminal oxidant. A singular
example of a chiral catalyst demonstrates, in principle, that enantioselective catalysis will be possible with this strategy for catalyst turnover.

In spite of the fact that the oxidative conversion of ketones/
aldehydes to esters via the Baeyer-Villiger reaction (BV)
has been known for more than one-hundred years,1 there
remain innumerable optimizations of this venerable reaction
yet to be developed. One major challenge in the field has
been the development of robust catalytic cycles that allow
for efficient and rapid catalyst turnover. Moreover, highly
enantioselective variants of the BV reaction are almost
exclusively performed by enzymatic systems,2 which by their
nature exhibit substrate specificity. Nonenzymatic catalysts
for this goal have been demonstrated with organometallic
reagents3 as well as with potential mimics of biological

“Baeyer-Villiger-ases”,4 including systems based on flavin5a

and organophosphoric acid moieties.5b In each case, wide
generality has not yet been achieved, and the efficiency of
some catalysts has been limited in terms of overall turnover
number. A new entry into efficient BV catalysis, with the
potential for a larger substrate scope, could derive from
trivially accessible and tunable catalysts. The design prin-
ciples for a new catalytic cycle could then focus on rapid
rearrangement of the Criegee intermediate (1, Scheme 1),
and ultimately control of the rotational behavior of the
Criegee intermediate.

One strategy for this goal involves the development of
catalytic carboxylic acids that may shuttle between the
peracid oxidation state, and a carboxylic acid resting state.
Indeed, we have recently found that aspartic acid may
function in this capacity for enantioselective epoxidation
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catalysis.6 We now wish to establish that the same catalysis
concept is portable to the oxidation of ketones (e.g., 2,
Scheme 2). This strategy may represent a fundamentally new

catalytic cycle for the BV reaction. We targeted carboxyl
activation through the combined action of diisopropyl
carbodiimide (DIC) and 4-dimethylamino pyridine (DMAP).
Capture of intermediate 3 with H2O2 as the terminal oxidant
leads to the formation of aspartate peracid (4, Scheme 2).
The classical BV reaction then leads to product esters, and
regeneration of 2 for re-entry into the catalytic cycle.

Initially, exposure of 4-tert-butylcyclohexanone (eq 1, 7)
to 10 mol % of 2 activated by DIC/H2O2/DMAP resulted in
a low yield of lactone 8 (13%; eq 1). We attributed the low
yield to reaction of the aspartic peracid with excess DIC to
give inactive diacyl peroxide 6 (k1; Scheme 2).7 This process
was already observed in our epoxidation study, and the
introduction of a nucleophilic cocatalyst (DMAP or N-
methylimidazole; NMI) enabled perhydrolysis of the diacyl
peroxide and regeneration of the active peracid (i.e., 6 to 4
in Scheme 2). In the context of the BV, a nucleophilic
additive likewise facilitates diacyl peroxide perhydrolysis.8

Furthermore, the low yield of lactone suggested that the rate
of the reaction of peracid with ketone (k2, Scheme 2) was
slow in comparison to the rate of peracid reaction with DIC
(k1, Scheme 2). Thus, to compensate, we sought to maintain
a low concentration of DIC during the reaction through slow
addition of DIC. Indeed, addition of DIC at a rate of 0.13
equiv/h, in the presence of 0.1 equiv of 2, delivers 8 in 76%
yield (eq 1).

Having adapted 2 for catalytic BV oxidation, we wondered
next if use of more acidic carboxylic acids would lead to
more reactive peracid moieties, obviating the need for slow
addition of DIC, and perhaps increasing the number of
catalyst turnovers. Indeed, under conditions where 2 (pKa

≈ 4.4)9 produces a poor 15% yield of lactone 8, PhF5CO2H
(9; pKa ) 1.74)10 catalyzes the formation of 8 in a much-
improved yield of 86% (eq 2; Table 1, entry 1). Indeed, with

this catalyst, even when DIC is added in one batch at the
beginning of the experiment, the yield of 6 is reduced only
moderately (68% yield, Table 1, entry 2).
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Scheme 1. Peracid BV Oxidation of Cyclic Ketones

Scheme 2. A Catalytic Cycle for the BV Oxidation

Table 1. Use of PhF5CO2H (9) as a Catalyst for the BV

entry equiv of 9 additive (equiv) solvent
yielda

(%)

1 0.1 DMAP (0.1) DCM 86
2b 0.1 DMAP (0.1) DCM 68
3 0.1 DCM 20
4 0.1 NMI (0.1) DCM 91
5 0.1 NMO (0.1) DCM 50
6 0.1 DMAP (0.1) Et2O 58
7 0.1 DMAP (0.1) THF 42
8 0.1 DMAP (0.1) PhMe 48
9c 0.1 DMAP (0.1) DCM 42
10 DMAP (0.1) DCM 0
11d 0.1 DCM 0
12 0.05 NMI (0.1) DCM 69
13 0.01 DMAP (0.1) DCM 18
14 0.01 DMAP (0.1) + HOBt (0.1) DCM 35

a Calculated by comparison to an internal NMR standard after DIC
addition was complete. DIC was always added at 1.2 DIC equiv/h. b DIC
was added in one batch. c UHP (3 equiv) was used as the peroxide source.
d Experiment run without DIC or additive.
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With a more reactive peracid catalyst, we next set out to
define general experimental conditions for the BV reaction.
As expected, when no nucleophilic additives were used, yield
dropped substantially (20% yield, Table 1, entry 3). Also,
whereas DMAP and NMI are similarly effective as additives
(86% and 91% yield, respectively, Table 1, entries 1 and 4),
other nucleophilic species were far less so. Of the nucleo-
philes screened (HOBt, pyridine oxide, Ph3PdO, NMO) only
NMO had a discernible effect on lactone formation (50%
yield, Table 1, entry 5).

Solvent effects are also apparent. DCM (CH2Cl2) facilitates
the largest amount of lactone formation (86% yield, Table
1, entry 1). This is in contrast to ethers (Table 1; Et2O, 58%
yield, entry 6; THF, 42% yield, entry 7) or aromatic solvents
(PhMe, 48% yield, Table 1, entry 8). Anhydrous conditions
may be employed by substituting the urea-H2O2 complex
(UHP) for 30% H2O2(aq), albeit at the cost of yield (42%,
Table 1, entry 9).

The intermediacy of peracids in the above oxidations is
supported by further control experiments. For instance, no
lactone was produced in the absence of acid catalyst (Table
1, entry 10). Also, because no ketone oxidation takes place
when DIC is omitted (Table 1, entry 11), general acid
catalysis by RCO2H appears inoperative under these conditions.

We have also briefly examined the limits of catalyst
turnover. Lowering the catalyst loading to 5 mol % increased
the number of turnovers (69% yield, 14 turnovers, Table 1,
entry 12). On the other hand, a 1 mol % loading of
PhF5CO2H (9) only increased the turnover number to 18
(Table 1, entry 13), pointing to the existence of a catalyst
deactivation pathway. We hypothesized that deactivation
involves rearrangement of O-acyl ureas to N-acyl ureas (cf.
3 to 3′, Scheme 2). Accordingly, the addition of HOBt (10
mol %) to a reaction containing 1 mol % of 9 led to the
observation of 35 cycles (Table 1, entry 14).

We next examined the substrate scope of catalyst 9 under
these reaction conditions (eq 3). 4-Substituted cyclohexanones
are excellent substrates for rearrangement with catalyst 9.
Ketone 10 (Table 2, entry 1) was as reactive as 7 and produced
the desired lactone in 96% isolated yield. Tertiary alcohol-
containing ketone 12 rearranged to the 5-membered lactone 13
(Table 2, entry 2), presumably via the kinetically produced
7-membered lactone. TBS-ethers are tolerated, and lactone 15
is obtained in 78% yield (Table 2, entry 3). Finally, the more
electron deficient ketone 16 is less reactive and produced the
corresponding lactone 17 in only 48% yield (Table 2, entry 4).
Substituted cyclohexanones participate and abide by anticipated
migratory aptitudes.1b For instance, 2-phenylcyclohexanone (18)
delivers lactone 19 in 78% yield (Table 2, entry 5). Less reactive
substrates rearrange in lower yields. For instance, bicycle 20
produces ester 21 in only 23% yield within 8 h (Table 2 entry
6). Tetralone 22 also reacts slowly, giving 23 in 10% yield
(Table 2, entry 7).

Nevertheless, catalyst 9 processes moderately reactive ke-
tones efficiently.

The development of nonenzymatic catalytic enantioselec-
tive BV oxidations is, perhaps, a field in its infancy.
Nonetheless, we wish to report preliminary data that show
the translation of these reaction conditions to the desymme-
trization of prochiral ketones. Aspartate-containing peptide
24 mediates the oxidation of ketones 25 and 20 to give the
corresponding lactones with modest, but appreciable selectiv-
ity (65:35 e.r. and 71:29 e.r., respectively; Scheme 3). As
expected, the catalysis with these low reactivity substrates
proceeds with modest turnover efficiency. Nonetheless, these
early experiments document a remarkable potential for
peptide-based peracids to control the subtle bond rotations
associated with enantioselective BV processes (Scheme 1),
an area we will now explore in depth.

In conclusion, we have found a nonenyzymatic process
for amino acid and peptide-catalyzed Baeyer-Villiger oxida-
tions. Our approach is inspired by the capability of peracids
to effect BV reactions, and the portability of acid/peracid
catalytic cycles from epoxidation chemistry to BV reactions.
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Table 2. Substrate Scope of PhF5CO2H (9) in BV Reaction b

a Yield was measured by comparison to an internal NMR standard, or
by isolation of the product by chromatography. Except where noted, DIC
was always added at 1.2 DIC equiv/h. b Reaction run with 4 equiv of DIC
(rate of additions 0.5 DIC equiv/h), 5 equiv of aq H2O2, and DMAP (0.1
equiv) for 8 h. c DIC was added at 0.6 DIC equiv/h for 6 h.
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The versatility of the catalytic cycle may allow a common
set of catalysts to be studied in parallel development of
epoxidations, BV reactions, and other processes. The port-
ability of catalysts and catalytic cycles from one reaction

type to another is a potential hallmark of “privileged”
catalysts.11 At the same time, the adaptability of catalyst
scaffolds across a broad spectrum of chemical reactions is
also a hallmark of enzyme evolution.12 This work may
contribute to groundwork that allows for further exploration
of analogies between synthetic and enzymatic catalysts.13
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Scheme 3. Preliminary Study of Enantioselective BV
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