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Pyrrole-proline diketopiperazine (DKP) acts as an efficient mediator for the reduction of dioxygen by

Hantzsch ester under mild conditions to allow the aerobic metal-free epoxidation of electron-rich

alkenes. Mechanistic crossovers are underlined, explaining the dual role of Hantzsch ester as a reductant/
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Introduction

Epoxides and allylic alcohols are versatile intermediates that
are commonly used to induce complexity in modern organic
synthesis." Discoveries in the asymmetric epoxidation and
allylic oxidation of alkenes coincide, not accidentally, with
major breakthroughs in total synthesis, pharmaceutical indus-
try and materials science. Pioneering methods for asymmetric
epoxidation such as Mukaiyama,” Sharpless® and Jacobsen-
Katsuki,” despite their undeniable success are still not the
methods of choice for the pharmaceutical industry, due to the
strict requirements for metal impurities to be in the ppm
scale.” Considerable efforts towards the development of orga-
nocatalytic asymmetric epoxidation resulted in the powerful
methods of Shi,® List,” and Hayashi® among others,’ that
utilize hydrogen peroxide, oxone and alkyl peroxides as the
terminal oxidants. Greener variants utilizing dioxygen are rare
especially when metal catalysts are absent (Scheme 1).'°
Employment of methylhydrazine or isopropylbenzene
under basic conditions or photochemical initiated use of tetra-
methylguanidine provide a reliable protocol only for the
aerobic epoxidation of electron poor alkenes (Scheme 1).'!
Complementary organocatalytic epoxidation of electron rich
alkenes can be achieved by the Minisci reaction,'” where the
epoxidation of terminal positions is favoured. The mild con-
ditions employed by these protocols usually ensure their
chemo- and regio-selectivity in complex systems but at the
expense of precious (for the pharmaceutical industry) reaction
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promoter of the DKP catalyst and a simultaneous competitor for the epoxidation of alkenes when HFIP is
used as a solvent. Expansion of this protocol to the synthesis of allylic alcohols was achieved by adding a
catalytic amount of selenium dioxide as an additive, revealing a superior method to the classical appli-
cation of t-BuOOH as a selenium dioxide oxidant.

time. Modern efforts to employ flow chemistry in Minisci or
Mukaiyama reactions are surely of special practicality."?

In turn, monooxygenases are nature’s choice to produce the
desired oxidation levels of complexity in secondary metabolite
structures."* Commonly monooxygenases, apart from the active
metallic center, contain flavin mononucleotide (FMN) or flavin
adenine dinucleotide (FAD) cofactors that initiate the transfer of
electrons from NADH or NADPH to the terminal dioxygen
oxidant. Flexibility of their oxidation potentials is achieved by
different bimetallic coordination patterns and by ligands
attached to the metal center allowing either the epoxidation or
allylic oxidation of alkenes by typically similar enzymes, while
the more challenging CH-oxidation of unactivated hydrocarbons
is achieved by high-valent metal oxo species.'®

Considerable efforts have been made to achieve the biosyn-
thetic levels of selectivity between epoxidation and allylic oxi-
dation of alkenes by metal oxo complexes without success
(Scheme 1)."*“ This is mainly attributed to the sensitive factors
that rule the oxidative ability of high-valent metal oxo
species.'® To this end, aerobic protocols managing to deliver
chemoselective allylic oxidation are scarce and synthetically
favoured protocols rely either on the use of selenium dioxide
with t-BuOOH or palladium chemistry."” Still, the pursuit for a
green, aerobic protocol that can ideally have access to epoxides
and allylic alcohols with a high degree of chemocontrol is in
high demand.

Results and discussion

Recently, our group reported a green and efficient catalytic
system for the oxidation of sulfides to sulfoxides by taking
advantage of the ability of proline dipeptides to reduce dioxy-
gen under essential neutral conditions.'® According to our stu-
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Scheme 1 Reported methods for the aerobic epoxidation and allylic
hydroxylation of alkenes and the current work employing DKP as an
organocatalyst for the epoxidation and allylic hydroxylation of electron-
rich alkenes.

dies,'®” pyrrole-proline diketopiperazine (DKP) was found
optimal as a green, neutral activator of dioxygen in polar sol-
vents, to produce electrophilic hydroperoxy species 1 in its
contact with air (Scheme 2). The isolable 1 is able to readily
oxidize electron rich substrates when involved in the reaction,
producing hemiaminal 2. A catalytic cycle was developed allow-
ing the reduction of 2 back to DKP with the aid of Hantzsch
ester (3) in HFIP. During our studies, we were aware that the
same catalytic system was able to epoxidize alkenes but no
studies were available regarding the chemoselectivity of this
process nor its ability to be expanded to the allylic oxidation of
alkenes. The mildness and greenness of this protocol which
avoids toxic metals and hazardous oxidants, and also the
obvious mechanistic similarities of our catalytic prototype to
well-studied artificial riboflavin catalysts render DKP unique
and prone for further investigation, as riboflavin epoxidation
has not been reported.*®

Screening of optimized epoxidation conditions was per-
formed with Z-cyclooctene 5 as a model substrate (Table 1). As
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Scheme 2 Merging pathways for the aerobic epoxidation of alkenes in
HFIP.

in the case of sulfide oxidation, HFIP was found to be the
optimal solvent for the process providing cyclooctene oxide (6)
in 93% yield (entry 4). Polar aprotic solvents (DMSO and DMF;
entries 2 and 3) were able to initiate the epoxidation, but
failed to retain the performance of the catalytic cycle due to
their enhanced basic profile that shutters the hemiaminal
reduction. The same was apparent even when a mixture of
DMF with HFIP was used (entry 6). On the other hand, a
mixture of HFIP and DCM (entry 7) was found effective to
retain DKP catalysis, a result that is highly beneficial in the
cases where substrates are practically insoluble in HFIP.
Although protic solvents were known from our previous work
that instantly kill the catalytic cycle by interfering with the
reduction step, water mixtures were also tested in the presence
of HFIP as a medium to introduce buffer salts in order to
prevent the decomposition of labile epoxides. Unfortunately,
these attempts (entry 5) failed to produce useful yields of 6.
Further screening by additional equivalents of Hantzsch ester
(3), an open vial setting or by heating the reaction mixture
(entries 8-10, middle part of Table 1) resulted in diminished
yields of 6, whereas addition of hydrogen peroxide as a term-
inal oxidant led only to low yields of 6. Blank reactions (lower
part of Table 1) in the absence of (a) DKP and Hantzsch ester
(entry 12), (b) Hantzsch ester (entry 13) and (c) DKP (entry 14)
produced no product, 8% and 5-30% yields of 6, respectively.
The range of epoxide yields witnessed when Hantzsch ester
was used in HFIP in the presence of dioxygen was highly
dependent on its purity and the existence of metal-traces and
light.”® Based on these results, we initiated a parallel survey to
establish the crucial factors allowing its oxidation and how
this can result in the subsequent epoxidation of alkenes. It
was known from our previous work'® that pyridine 4 produced
from Hantzsch ester within the catalytic cycle promotes the

Green Chem., 2021, 23, 9172-9178 | 9173
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Table 1 Optimization of organocatalytic aerobic epoxidation and blank reactions

O, bubbling

O

5

DKP 10 mol%,Solvent

Hantzsch ester (3) (1 eq) QO

RT, o/n

6

Entry” Solvent Deviation from conditions Conv.” Yield of 67 (%)
Solvent screening 1 DCM — 20 12

2 DMSO — 10 6

3 DMF — 35 10

4 HFIP — 100 93

5 HFIP/H,0 3:1 — 16 8

6 HFIP/DMF 3:1 — 42 15

7 HFIP/DCM 3:1 — 93 56
Condition screening 8 HFIP 3(2eq.) 75 73

9 HFIP Open vial 55 50

10 HFIP Heat 45 °C 55 54

11 HFIP No. 1, H,0, (1 eq.) instead of O, 30 28
Blank reactions 12 HFIP No. 3; No DKP 0 0

13 HFIP No. 3 12 8

14 HFIP No DKP 10-44 5-35

15 HFIP +4 (0.25 eq.); +H,O (25 eq.); No DKP 10 5

16 HFIP +4(0.25 eq.); +H,0 (25 eq.) 100 93

“Reaction conditions: all reactions ran in 4 mL vials at 0.20 mmol scale of substrate. ” were determined by GC using 1,3,5-trimethoxybenzene as

an internal standard.

ability of DKP to activate dioxygen. Thus, blank reactions were
performed in the presence of pyridine 4 and water and found
that 0.25 eq. of pyridine 4 and 25 eq. of water were essential to
practically inhibit the epoxidation reaction induced by
Hantzsch ester (entry 15). To our delight, the same additives
allowed the epoxidation of cyclooctene in the presence of DKP
(entry 16) without affecting the optimized yield. To this end, it
is proposed that two reaction pathways are present during the
epoxidation reaction (Scheme 2). The first involves the direct
oxidation of Hantzsch ester by dioxygen in the presence of
HFIP, resulting in the indirect epoxidation of the substrate,
while the other implicates DKP as the mediator to achieve the
aerobic epoxidation of alkenes. The Hantzsch ester path
appears to halt in the presence of a substoichiometric amount
of pyridine 4 and excess of water, in favour of DKP catalysis
which is accelerated by the presence of pyridine 4. The inhi-
bition of the Hantzsch ester path to activate dioxygen is par-
ticularly valuable in the cases where an enantioselective oxi-
dation is pursued. In preliminary asymmetric experiments, it
is indeed true that the absence of pyridine 4 and water in reac-
tion media led to racemates, while their addition resulted in
the enantioenrichment of the final products.”*

With these results in hand, we next moved to test our opti-
mized protocol in different alkene substrates (Scheme 3).
Various alkenes bearing terminal, internal, allylic and conju-
gated double bonds were tested. Alkenes bearing electron-rich
double bonds were found optimal for fast oxidations in moder-
ate to good yields (compounds 6-13; Scheme 3). Aromatic
alkenes react slower compared to alkenes bearing an alkyl sub-
stitution, providing moderate yields of epoxides (compounds
15-20), while aromatic compounds bearing electron-withdraw-
ing groups fail to epoxidise (compound 14). Allylic alcohols

9174 | Green Chem., 2021, 23, 9172-9178

were surprisingly unreactive in most cases (compounds 23, 30,
and 35), in contrast to classical methods that favor their epoxi-
dation. The latter can be potentially attributed to the formation
of a hydrogen bond between HFIP and allylic alcohol that
sufficiently removes the electron density from the allylic p-bond.
Thus, reactants bearing hydrogen bonding donor groups are
able to be epoxidized with the lack of protection, while their
alkene moieties remain unreactive. The lack of reactivity is also
apparent for terminal monosubstituted alkenes, even after pro-
longed reaction times (compounds 36-38). The chemoselective
characteristics described above allow the method to be amen-
able for the late-stage epoxidation of complex substrates
bearing polyunsaturation (compounds 27-35, Scheme 3). The
protocol is tolerant to multiple functionalities such as aro-
matics, esters, aldehydes, amides, silyloxy groups, ketals etc.
Epoxidation can also be scaled up to several mmol scale of
the substrate even using 2 mmol% of the catalyst without evi-
dencing decrease on the yields of delivered products. In
these cases, HFIP and DKP can be easily recycled and
reused underlining the greenness and efficacy of the current
protocol.

For developing the idea of a biomimetic oxidative protocol
that would ideally have the ability to access both epoxides and
allylic positions, we sought to diverge from the prototype
epoxide pathway discussed above towards the discovery of its
allylic variation. During our screening on potential additives,
only selenium dioxide was found appropriate to achieve the
transformation allowing the allylic oxidation of alkenes
(Scheme 4), while the typical oxygen active Lewis acids of Cul,
Cu(OTf),, FeCls, Fe(TPP)Cl, etc. led only to decomposition or
mixtures of allylic oxidation and epoxidation products. To this
end, a catalytic amount of selenium dioxide allows the allylic

This journal is © The Royal Society of Chemistry 2021
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Scheme 3 Reaction scope. Reaction conditions: the optimized conditions of entry 4 of Table 1 were used unless otherwise noted. Reactions in
0.2 mmol scale unless otherwise noted. Numbers in parentheses correspond to isolated yields. Asterisk symbol denotes yields on 2 mmol scale with

2 mol% DKP.

oxidation of alkenes in good yields, in the cases where the
epoxidation reaction is competent (internal electron rich
alkene compounds 39, 40, and 43), whereas unreactive to
epoxidation alkenes by our method provide excellent yields of
allylic alcohol (terminal alkene compounds 41, 42, 44, and
45) (Scheme 4). It is interesting to note that comparison of
the developed method with the classical Sharpless catalytic
allylic oxidation, employing SeO, with ¢BuOOH in DCM
shows superiority in isolated yields of the current method in
every compound tested. The latter can be attributed to the
beneficial effects of hydrogen bonding in HFIP, which inhibit
the overoxidation of allylic alcohols prohibiting the pro-
duction of undesired ketones or aldehydes, usual byproducts
in the selenium dioxide reaction. Further screening of reac-
tion conditions shows that diminished selenium dioxide
loadings of 1-5% provide cleaner reaction profiles due to the

This journal is © The Royal Society of Chemistry 2021

avoidance of overoxidized products and produced
selenoxides.

The preferential ability of this protocol for allylic oxidation
over epoxidation can be credited to the enhanced electrophilic
profile of the SeO,-1 hybrid (intermediate I, Scheme 4, pro-
posed mechanism) that is proposed to initiate the allylic oxi-
dation reaction, over 1 which is responsible for the epoxidation
reaction. The electrophilic enhancement is evident from the
terminal alkene ability to react under these conditions, in con-
trast to their epoxidation. An ene-reaction of intermediate I
with alkenes followed by a [2,3]-sigmatropic rearrangement
produce selenoxide II with subsequent cleavage of aminal 2
(DKP-OH) (Scheme 4). Finally, regeneration of DKP-OOH (1)
according to the oxygen-Hantzsch mediated catalytic cycle
(Scheme 2) allows the cleavage of selenoxide II to provide

allylic alcohol and regenerate the active allylic oxidant I.

Green Chem., 2021, 23, 9172-9178 | 9175
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Scheme 4 Allylic oxidation of alkenes, protocol and proposed mechanism. Comparison of aerobic DKP-SeO, allylic hydroxylation with the well-
established allylic hydroxylation by SeO, and t-BuOOH. (Remaining percentage corresponds to starting alkene). Reported yields refer to isolated

products.

Conclusions

In conclusion, an efficient organocatalytic aerobic protocol for
the epoxidation of electron-rich alkenes is described which
relies on the mediacy of pyrrole-proline DKP as an activator of
dioxygen. The described protocol allows the chemoselective
reaction of the most electron rich alkenes over the terminal,
allylic and homoallylic positions, avoiding the use of toxic
metals and hazardous peroxides as oxidants. The method
under the same principles can also be expanded to provide
allylic alcohols in good to excellent yields, if catalytic selenium
dioxide is introduced as an additive. The latter is to the best of
our knowledge the first catalytic aerobic allylic oxidation based
on selenium dioxide.
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